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The quaking viable mouse mutation (gkY) is a deletion including the
5’ regulatory region of the quaking gene (Qki), which causes body
tremor and severe dysmyelination in mouse. The function of the
human quaking gene, called quaking homolog KH domain RNA-
binding (mouse) (QKI), is not well known. We have previously
shown that QK/is a new candidate gene for schizophrenia. Here we
show that human QKI mRNA levels can account for a high propor-
tion (47%) of normal interindividual mRNA expression variation
(and covariation) of six oligodendrocyte-related genes (PLP1, MAG,
MBP, TF, SOX10, and CDKN1B) in 55 human brain autopsy samples
from individuals without psychiatric diagnoses. In addition, the
tightly coexpressed myelin-related genes (PLP1, MAG, and TF) have
decreased mRNA levels in 55 schizophrenic patients, as compared
with 55 control individuals, and most of this difference (68-96%)
can be explained by variation in the relative mRNA levels of
QKl-7kb, the same QKI splice variant previously shown to be
down-regulated in patients with schizophrenia. Taken together,
our results suggest that QKI levels may regulate oligodendrocyte
differentiation and maturation in human brain, in a similar way as
in mouse. Moreover, we hypothesize that previously observed
decreased activity of myelin-related genes in schizophrenia might
be caused by disturbed QKI splicing.

myelin | quaking | splice variant

he quaking gene (Qki) is a member of the signal transduction
and activation of RNA (STAR) protein family, also called GSG
(GRP33, Sam68, and GLD-1) or SGQ (Sam68, GLD-1, and Qk1),
following the name of the initial protein members (1-3). The gene
is highly conserved over different species and is important for
normal development in both vertebrates and invertebrates (4, 5).
The function of the Qki gene has been well studied in mouse by
using an autosomal recessive mutant (gk"), characterized by body
tremor and severe dysmyelination of the CNS (6). The mutation
consists of a 1-Mb deletion including the 5’ regulatory region of Qki
(1) that causes oligodendrocyte dysfunction and reduced expression
of myelin components in CNS (7). The Qki gene contains an
RNA-binding domain (KH domain) that binds directly to cellular
RNA (8). Several different sequence motifs have been identified as
targets for the Qki protein (9-12). One of these Qki response
elements (QREs) consists of a bipartite consensus sequence that
has been shown to bind the Qki protein in vivo in at least 23 different
mouse mRNA species (9). This mouse protein directly regulates the
expression of at least one myelin-specific gene, e.g., myelin basic
protein (Mbp) (1), and controls the alternative splicing of the
myelin-associated glycoprotein (Mag) (12). In addition, Qki protein
regulates the cell cycle inhibitor cyclin-dependent kinase inhibitor
1B (Cdknlb) (10), which is involved in the terminal differentiation
of oligodendrocytes (13). Cdknlb also activates the mouse Mbp
promoter through interaction with the transcription factor sex-
determining region Y-box10 (Sox10) (14, 15).
The human homolog of the mouse Qki gene is called the quaking
homolog KH domain RNA-binding (mouse) (QKI). The genetic
structure of the human QKT gene is well defined, and four different
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mRNA splice variants, QKI-5kb, QKI-6kb, QKI-7kb, and QKI-
7kb-B, are observed. The splice variants are produced by differen-
tial splicing of the exon 6, 7a-c, 8, and different parts of the
untranslated region of the gene (16).

Growing evidence from histological, genetic, and gene expres-
sion studies suggests that myelin and oligodendrocyte dysfunction
contributes to the development of schizophrenia [see e.g., Stewart
and Davis (17) for a recent review]. For example, several genes
expressed in oligodendrocytes are reported as down-regulated in
schizophrenic patients (18-20). Among these are genes that are
expressed only in mature myelin-producing oligodendrocytes, such
as MAG, proteolipid protein 1 (PLPI), and MBP, but also genes
involved in the differentiation and maturation of oligodendrocytes,
like SOX10 and transferrin (7F) (17). We have recently presented
evidence for association between a locus including the human QKI
gene and schizophrenia in two unrelated sample sets. In addition,
we showed that all four QKI splicing variants are expressed in
frontal cortex of human brain, and that the relative mRNA
expression levels of the QKI splice-variant QKI-7kb is down-
regulated in schizophrenic patients (21). Because Qki regulates
differentiation and maturation of oligodendrocytes in mouse, we
hypothesize that the gene has a similar function in humans. Thus,
we predict that expression patterns of QKI will coincide with the
expression pattern of genes involved in oligodendrocyte differen-
tiation and myelination. We use 55 frontal cortex autopsy samples
from normal human brains to test whether the mRNA expression
level of the OKI gene (or the relative amount of specific splice
variants) can predict mRNA expression (and coexpression) of the
six oligodendrocyte-related (OR) genes CDKNIB, SOX10, MBP,
MAG, PLP1, and TF. In addition, we searched in silico for potential
QKI-binding motifs within these six genes. Finally, we compare
brain mRNA levels between 55 schizophrenic and 55 control
individuals and examine whether disturbed gene expression in the
patients and differences between patient subgroups could be ex-
plained by the variation in QKI mRNA expression levels that we
have described (21).

Results

Correlation Between mRNA Expression in OR Genes Suggests QK/ as a
Common Regulator. The expression levels of six OR genes, MAG,
MBP, PLPI, TF, SOX10, and CDKNIB, in the 55 brain autopsies
investigated were all positively correlated (r > 0.5, Table 1), and
MAG, PLPI, and TF were particularly strongly correlated (r > 0.9,
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Table 1. Correlation (r2) between mRNA levels of OR genes
in brain autopsy samples from individuals not affected by
schizophrenia (controls)

Gene name MAG PLP1 TF MBP  SOX10 CDKN1B
MAG — 0.90 0.95 0.67 0.79 0.71
PLP1 — — 0.92 0.73 0.78 0.74
TF — — — 0.63 0.67 0.68
MBP — — — — 0.73 0.51
SOX10 — — — — — 0.67
CDKN1B — — — — — —

Table 1). Principal component analysis indicated that 78% of the
total expression variation of the six genes could be explained by an
underlying principal component [principal component 1 (PC1)]. All
genes loaded similarly on the PC1, with loadings ranging from 0.37
(CDKNIB and MBP) to 0.44 (MAG). Thus, PC1 appears to reflect
normal interindividual variation in the proportion of immature and
mature oligodendrocytes in brain autopsy samples. Higher-order
principal components were disregarded, because they had eigen
values <1 (<0.52) and explained little additional variation (<9%).

The total expression level of QKI could explain 19-55% of the
expression variation of individual OR genes and 47% of their
coordinated variation, as assessed by PC1 (Table 2). In addition to
the total OKI mRNA level, the relative mRNA amount of specific
splice variants also appeared to modify expression of OR genes in
human brain autopsies (Table 2). In particular, the relative mRNA
level of splice variant QKI-7kb could explain significant (P <
0.0001) additional expression variation in MAG, PLP1, TF, and PC1
(41%, 31%, 46%, and 25%, respectively). The mRNA expression of
SOX10 and CDKNI1B was affected by QKI-7kb, but the variation
was marginal (6%, P = 0.005; and 8%, P = 0.008 for the two genes,
respectively). The balance between the Qki splice variants has
previously been suggested as an important factor for the control of
myelin-specific genes in mouse (11). In this study, we noted that the
importance of QKI-7kb for the expression of the two MAG splice
variants differed: the relative amount of QKI-7kb explained 53%
(P < 0.0001) of the variation of S-MAG, but only 22% (P < 0.0001)
of L-MAG. On the other hand, the total QKI expression level
affected the two MAG splice variants equally (Table 2).

Human Myelin-Related Genes Contain a Potential QKI-Binding Site
Located in the 3’ UTR of the Transcripts. In mouse, one type of a QRE
has been identified as a bipartite consensus sequence, consisting of
a core element (NACUAAY) and a half site (YAAY) positioned
within 20 bp up- or downstream of the core element (9). To identify
potential QKI-binding target motifs of this type in the six investi-
gated human genes, their sequences were retrieved from the public
databases and scanned for a core QKI-binding element in combi-

nation with a half site, as described in Materials and Methods. We
also aligned the homologous genes to investigate whether the
sequence of putative and experimentally verified QREs was con-
served between mice and humans.

We first identified putative QKI-binding elements in mRNA
sequences of three of the six investigated genes, namely in MBP,
PLPI, and SOXI0 (Fig. 1). For these genes, the putative site was
located in the 3" UTR of the mRNA sequence. In MBP, the putative
human-binding site resided in a portion of the mRNA that corre-
sponded to an experimentally verified QRE in mice, with high
affinity for OKI (QRE-2) (9), and we noted that the sequence of the
core and the half site had been particularly well conserved between
mouse and humans. In PLPI and SOXI0, the putative human
QREs were not described previously in mouse. However, the
sequence of these putative elements was also well conserved
between the two species, suggesting that this portion of the 3' UTR
might be functional. Because other types of QRE elements have
also been described (9-12), we therefore attempted to find other
QREs for the remaining three genes (CDKN1B, MAG, and TF). An
experimentally verified QRE that contains the bipartite consensus
sequence has been identified in the coding sequence of CdknIb in
mouse (10). In human CDKNIB, the sequence of the mouse QRE
is fairly well conserved (Fig. 1). However, we noted three substi-
tutions in the half site and two substitutions in the core site, making
it dubious that this portion of the QRE is functionally important in
humans. A quaking alternative splicing element (QASE) has pre-
viously been identified and experimentally verified downstream of
the 5’ splice site of mouse MAG exon 12 (12). We found the QASE
sequence to be highly conserved in the latest assemblies of the
human and mouse genome sequences (22) (Fig. 1). In summary, we
have detected potential QKI-binding sites in five of the six stud-
ied genes, indicating that these genes might be directly regulated
by QKI.

Expression of Myelin-Specific Genes in Schizophrenia Patients. In
schizophrenic patients, we observed a 1.7-fold down-regulation of
total MAG (P = 0.003) as well as a down-regulation of both MAG
splice variants (1.5-fold, P = 0.003; and 2.2-fold, P < 0.001 for S-
and L-MAG, respectively). PLPI and TF were also 1.3- and 1.4-fold
down-regulated in the patients (P values were 0.031 and 0.036,
respectively) (Fig. 2). In addition, we observed a 1.2-fold up-
regulation of CDKNIB (P = 0.016). The difference in mRNA levels
of S-MAG between patients and controls was less pronounced than
the difference in L-MAG, and consequently the ratio of the two
splice variants was significantly altered in schizophrenic patients
(P < 0.001; data not shown). We have previously reported a
reduction in relative expression of splice-variant QKI-7kb in schizo-
phrenic patients compared with controls (21). To evaluate the
possibility that this abnormal QKI expression may modify myeli-
nation in schizophrenia, we studied the covariation of expression
levels of OR genes with splice-variant QKI-7kb. We found that the

Table 2. Variation of expression levels in CDKN1B, SOX10, MBP, PLP1, TF, MAG, and PC1 explained by total QKI mRNA levels and
additional variation explained by the relative mRNA amount of each of four QKI splice variants

Gene QKI QKI-5kb QKI-6kb QKI-7kb QKI-7kbB

name Variation, % P value Variation, % Pvalue Variation, % Pvalue Variation, % P value Variation, % P value
CDKN1B 41 <0.0001 10 0.0025 1 0.2803 8 0.0076 10 0.0024
SOX10 55 0.0002 0 0.8047 0 0.7782 6 0.0050 2 0.1243
MBP 52 0.0015 1 0.3164 0 0.8597 3 0.0494 1 0.3243
TF 19 0.0016 9 0.0129 7 0.0357 46 <0.0001 15 0.0012
PLP1 40 0.0012 8 0.0065 1 0.3546 31 <0.0001 9 0.0036
MAG 27 0.1264 4 0.0869 4 0.0865 41 <0.0001 10 0.0047
S-MAG 14 0.1277 4 0.1231 5 0.0953 53 <0.0001 9 0.0149
L-MAG 13 0.1266 4 0.1149 3 0.1806 22 0.0001 3 0.1663
PC1 47 0.0001 5 0.0192 2 0.1671 25 <0.0001 9 0.0021
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Gene and ref. seq Position

MBP

Human (NM_001025081.1) CA G C G GCAGTGCACAGT GGC CAG[CACTAACCICTCCCTGAGAAGA[LAACICG 1701

Mouse (NM_001025251.1) CCAT GGCAGTGCCCATTGGTACACACTAACC-TCGGTGGAAAAATAACC- 1638
* * % ok X% x X X X * % * X X% * ¥ X% % *x X% x x * ¥ * X * ¥ * ¥ X X X X

PLP1

Human (NM_000533.3) TGGCGATGGACTACTGAAGCCCTAAC|ITCAGC[CAAC|CTTACTTACAIGCA-T 1664

Mouse (NM_011123.1) TGGCAATGGACTATTTAAGCCCTAACTCAGCCAAC T-CTTACGGCAAT 1632
* ok % x X X ¥ X% X x x x * ¥ % % % % X% x X X % % % *x X Xx X % % % % % x X X X X X L *

SOX10

Human (NM_006941.3) CTAGCCACTCTAGCCCCTATTAACTICTGCATTAAGCATTCCACA[TAATIAA 2844

Mouse (BC023356.1) CTAGCTACTCCAGCCCCGATTAACT-TGCATTAAGCACTCCAAGTAATAA 2543
X X X X X * ¥ k% x X X X X % X ¥ % ok %X X X X X X X ¥ X% X% X X X X X L I 3 * X% X% *x *x x

CDKN1B

Human (NM_0040642) GAACCT CTTCGGCCCGGTGGACCACGAAGAGTTAACCCGGGACTTGGAGA 604

Mouse (NM_009875.2) AAATCTCTTCGGCCCGGT[CAAT|ICATGAAGA[ACTAACICCGGGACTTGGAGA 645
* % X %X X X X kK X x % % % x % * * * % X X kX X X ¥ x x % * k k k x * x ¥ * * * * ¥ *

MAG

Human (chr19:40495077") C 6 G 6 G GCCTCAGTGTGCCCTCCTCTGGGCCCTCCTTGGGCCCTGGGGTTG 50

Mouse(chr7:263119642) CGGGGGCCTCAGTGTGCCAGCC

* %

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

! from Human assembly May 2004
% from Mouse assembly March 2005. Reverse complementary sequence.

Fig. 1.

CCGGGCCCTAGCTGGGCTTCGGGGTTG 50

* % * ok k%

*
*
*
*
*
*
*
*

Alignment of human and mouse sequences. The aligned reference sequence numbers or the positions in the human genome are indicated on the left,

and the end position of each sequence is indicated on the right. Asterisks indicate sequence identity. Bold text indicates quaking-binding elements previously
described in the mouse. Boxed regions highlight the core and half sites of the QRE consensus sequence.

expression difference in MAG, PLPI, and TF between schizo-
phrenic cases and controls (Fig. 2) was greatly reduced when the
covariation of these three genes with the variation of QKI-7kb
was removed (Table 3), demonstrating that the disturbed expres-
sion levels of these three genes in schizophrenia is strongly associ-
ated with a disturbed balance in the mRNA levels of QKT splice-
variant 7kb.

When we divided the patients into subgroups according to
neuroleptics received, we noted that mRNA expression tended to
differ among the three groups. In general, the expression pattern of
the three patient subgroups changed similarly for all genes (Fig. 3).
That is, patients treated with typical neuroleptics tended to show
increased mRNA levels of all OR genes. In addition, the mRNA
levels of patients treated with atypical neuroleptics tended to be
somewhat lower than the levels of the untreated patients. This

pattern was most clearly seen in the mRNA levels of TF, where the
differences among the three neuroleptic subgroups were highly
significant (P < 0.001). Although less pronounced, significant
differences between the neuroleptic subgroups were also observed
for S-MAG, PLPI, SOX10, and PCI (P = 0.011, 0.002, 0.018, and
0.002, respectively). These differences were confirmed by permut-
ing the subgroup classification among the patients (10,000 permu-
tations, empirical P values for TF, S-MAG, PLPI, SOX10, and PC1
were <0.001, 0.015, <0.001, 0.003, and 0.002, respectively). More-
over, the observed expression differences in OR genes were coor-
dinated, as evident by the response of the PC1 (Fig. 3). We have
reported that the expression levels of all QKT splice variants differ
among patient subgroups (21). Interestingly, when the differences
in total OKI levels are accounted for, the observed expression
differences in OR genes are greatly reduced (Table 3).

0.5

* * * % % % -
0
E 3
-0.5
-1

CDKN1B SOX10 MBP TF

Fig. 2.

PLP1

MAG S-MAG L-MAG PC1

Disease effects on mRNA expression of OR genes and PC1. Messenger RNA expression levels relative to the expression of reference genes (ACTB, GAPD)

for schizophrenic patients are shown. The zero line indicates the average expression level for controls. Asterisk indicates significant deviation in mRNA levels
between the patients and controls (P < 0.05, P < 0.01, and P < 0.001 for one, two, and three asterisks, respectively). Mean and standard errors are given.
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Table 3. Variation in expression levels of OR genes between schizophrenic patients and
controls and between patient subgroups, when QKI expression levels are, or are not,

accounted for
Analysis without QKI/

Analysis accounting for QKI/ levels

Neuroleptic
Schizo. vs. Ctrl. treatment
df =1) (df = 2) Schizo. vs. Ctrl. Neuroleptic treatment
Gene
name SS SS SS*AQKka SSoverlap. % SS7QKI SSoverlap, %
CDKN1B 1.84* 1.39 1.58 14 0.02 98
SOX10 0.35 8.39* 0.15 56 0.01 100
MBP 3.59 4.14 3.34 7 1.03 75
TF 5.81* 18.12*%** 0.25 96 5.19 71
PLP1 3.97* 10.11** 1.01 75 1.84 82
MAG 15.84** 7.52 5.02 68 2.35 69
S-MAG 8.47** 7.52** 1.91 77 2.58 66
L-MAG 33.06%** 7.03 19.23** 42 3.97 a4
PC1 7.32 79.76** 1.55 79 8.03 90

The variation in target gene expression explained by the disease status or the patient subgroup is listed for
models excluding (left) or including (right) total QK/ expression [schizophrenic (Schizo.) vs. control (Ctrl.)] or
relative QKI-7kb (subgroup) levels. The reduction (or overlap) in variation is expressed as a percentage of the
variation explained by models excluding QK/ expression. Variation is estimated by sums of squares (SS). Asterisk
(*) indicates significant deviation in mRNA levels between patients and controls and between the three groups
of patients (P < 0.05, P < 0.01, and P < 0.001, for one, two, and three asterisks, respectively).

Discussion

In this work, we show that (i) human QKI coincides with
expression levels of several OR genes, and (ii) disturbed
expression of myelin-related genes in schizophrenic patients
may be explained by alterations in QKI splice-variant expres-
sion pattern.

For our experiments, we selected six genes (PLPI, MAG,
MBP, TF, SOX10, and CDKNIB) previously shown to be directly
or indirectly involved in oligodendrocyte differentiation and
maturation. CDKNIB is a cell cycle inhibitor, and SOX10 is a
nervous-system-specific transcription factor, both involved in the
terminal differentiation of oligodendrocytes (13, 23). The two
genes are also related to transcription factor Spl-dependent
activation of the MBP promoter (15). Mature myelinating oli-

godendrocytes are characterized by the presence of PLP1, MBP,
and MAG. PLP1 and MBP are the two most abundant myelin
proteins in the CNS, and MAG is a minor but important
glycoprotein component of myelin (17). All three genes are
exclusively expressed in mature myelinating oligodendrocytes
(24). TF is an iron transporter that is predominantly expressed
in oligodendrocytes, and that accumulates at the onset of
myelination (25).

Normal Function of the Human QKI Gene. In this study, we show three
lines of evidence that suggest that human QKI controls myelination
in CNS in a similar way as in mouse, by regulating mRNA
expression of genes involved in oligodendrocyte differentiation and
maturation.

3
W Atypical neuroleptics
B Typical neuroleptics
2 O No neuroleptics XX

o

[u

S

-4
CDKN1B SOX10 MBP TF PLP1 MAG S-MAG L-MAG PC1

Fig.3. Schizophrenic subgroup differences in expression of OR genes and PC7. Messenger RNA expression levels relative to the expression of reference genes
(ACTB, GAPD) for three groups of schizophrenic patients treated with different types of neuroleptics are shown. The zero line indicates the average expression
level of all 55 schizophrenic patients. Asterisk indicates significant deviation in mRNA levels between the three groups of patients (P < 0.05, P < 0.01, and P <
0.001 for one, two, and three asterisks, respectively). Mean and standard errors are given.
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First, our analysis showed that 78% of the total expression
variation of the six OR genes could be explained by an underlying
principal component, and because all of the genes loaded similarly
on the PC1, this probably reflects interindividual variation in the
proportion of oligodendrocytes (immature and mature) in the brain
autopsy samples.

Furthermore, the variation in the total mRNA expression of the
human QKI gene can explain a large proportion (47%) of the
coordinated variation (PC1) of the analyzed genes. Thus, total QKT
mRNA levels and the expression of OR genes are tightly correlated
in human brain autopsy samples.

Second, we also noted that total OKI mRNA levels could explain
40-55% of the variation of CDKNI1B, SOX10, PLPI, and MBP.
These results suggest that functional QKI-binding elements should
be present within these genes. In fact, mouse mRNA from Cdknlb
and MBP contain Qki-binding elements that are known to physi-
cally interact with a region of the QKI protein, present in all QKI
splice variants (9, 10). Qki-binding sites for Sox/0 and PlpI have not
been characterized previously in mouse or humans. However, we
identified conserved putative QKI recognition elements in the 3’
UTR of the human mRNA for MBP, PLPI, and SOXI0 and a
partially conserved site for CDKN1B. Together, these observations
suggest that QKI may have a similar function in the human CNS as
it has in mouse, where it regulates oligodendrocyte differentiation
and maturation.

Third, we noted that variation in relative expression level of
splice-variant QKI-7kb can explain a large fraction (>31%) of
additional mRNA variation in three highly coexpressed genes,
MAG, PLPI, and TF, which are all directly involved in myelination.
Our results are in agreement with findings in mouse, which suggest
that a disrupted balance between QKI splice variants is of impor-
tance for mRNA expression of myelination-related genes (12).
Thus, the balance between splice-variant QKI-7kb and total QKI
mRNA levels may be of importance for myelination also in the
human brain. For MAG, a QASE has been functionally character-
ized in mouse (12). Our results indicate that a similar MAG-QASE
might exist in humans. Furthermore, we predict that novel QASEs
might be found in other myelin-related genes, such as PLPI and TF.

Potential Involvement of the Human QKI Gene in Schizophrenia.
Recent multiple lines of evidence, including alterations in white
matter volumes during adolescence, linkage studies that identify
loci containing myelin-related genes, effects of antipsychotic drugs,
and mRNA expression studies, support the idea that myelin ab-
normalities are involved in schizophrenia pathogenesis (17, 19-21,
26, 27).

In this study, we replicated previous findings that showed de-
crease of myelin-related genes MAG, PLPI, and TF in schizo-
phrenic cases (18-20, 28). Here, as well as in previous studies,
expression differences are small. However, in the large sample set
investigated, these small differences are strongly significant. Our
analysis demonstrated that disturbed expression levels of these
genes are strongly associated with a disrupted relative expression
of splice-variant QKI-7kb in patients. This suggests that alteration
of OKI-7kb might be the primary cause of the down-regulation of
myelin-related genes observed in schizophrenia.

It is interesting to note that not all OR genes are down-regulated
in schizophrenic patients, because mRNA levels of SOXI0 and
MBP are not modified and CDKNIB is up-regulated. This suggests
that dysmyelination in schizophrenia is caused by a cellular dys-
function rather than being the consequence of a decrease in
oligodendrocyte number. It is possible to speculate that the up-
regulation of CDKNIB, a cell cycle inhibitor, may be a feedback
mechanism caused by the down-regulation of myelin-related genes,
to increase oligodendrocyte differentiation.

Typical and atypical neuroleptics are known to bind with differ-
ent affinities to dopamine and serotonin receptors (29), but the
downstream effects of these drugs are not well known. When

7486 | www.pnas.org/cgi/doi/10.1073/pnas.0601213103

patients were subdivided according to medication received, we
noticed that the expression of all OR genes tended to differ among
the three subgroups (atypical neuroleptic, typical neuroleptic, and
not treated with neuroleptics before death). However, because this
was not a clinical trial, it is possible that the differences in expression
pattern of OR genes might be due to one or several unknown
confounding factors. Nevertheless, the expression differences in
OR genes among the three patient subgroups were coordinated and
almost disappeared when the total QKI expression was accounted
for. We hypothesize that differences in total QKI among patient
subgroups may cause a global change in the number of immature
and mature oligodendrocytes.

Taken together, our results point toward QKI being a regulator
of oligodendrocyte differentiation and maturation in the human
brain, in a similar way as in mouse. We also show that this
myelination control is altered in schizophrenia. Future functional
analysis of the interaction between QKI and OR genes in, e.g.,
human cell lines will provide additional clues to the normal control
of myelination in the human brain and the functional abnormalities
observed in schizophrenia.

Materials and Methods

Case/Control Brain Autopsies. The Stanley Foundation Brain Con-
sortium (Bethesda) contributed brain autopsies from 30 individu-
als; 48 samples were provided by Maudsley Brain Bank (Institute of
Psychiatry, Department of Neuropathology, London), and 32 came
from the Harvard Brain Tissue Resource Center (Massachusetts
General Hospital, Boston). The diagnostic criterion used by the
Stanley Foundation was DSM-1V, whereas the Maudsley Brain
Bank used ICD-10 (30), and the Harvard Resource Center used the
Feighner criteria (31). From each brain bank, an equal number of
tissue samples from individuals diagnosed with schizophrenia and
individuals without psychiatric diagnoses were obtained. Forty-six
samples were from females, and 64 were from males. In total, 110
tissue samples from frontal cortex, Brodmann’s area 8 (from the
Harvard and Stanley Brain Banks), and the left side of the frontal
gyrus (from the Maudsley Brain Bank) were included in the study.
The mean time postmortem was 34.3 h for controls (standard error,
22.6) and 34.6 h for schizophrenic cases (standard error, 20.5).
Fifty-five tissue samples came from control individuals. Seven of the
schizophrenic individuals were treated with atypical neuroleptics,
19 were treated with typical neuroleptics, and 11 were not treated
with neuroleptics before death. For the remaining 18 schizophrenic
individuals, no information regarding medication was available.
The typical neuroleptics group included patients treated with
chlorpromazine, promazine, haloperidol, thioridazine, stelazine,
trifluroperazine, thiothixene, and sulpiride. The atypical neurolep-
tics group included patients treated with clozapine and risperidone.
This sample set was previously described by Castensson et al. (32).
Ethical approval for the use of these samples was received accord-
ing to Swedish regulations (Ethical Research Committee Ups dnr
99277).

Real-Time RT-PCR. Tissue sample preparation, total RNA prepara-
tion, and poly(A) RNA purification, as well as reverse transcription
reactions, were performed as described (33). In brief, total RNA
was prepared by using TRIzol reagent (Life Technologies, Stock-
holm), mRNA was extracted by using the PolyATtract mRNA
isolation system (Promega SDS), and reverse transcription used
Superscript II (Life Technologies). The 110 individuals, including
55 patients and 55 controls, were distributed in duplicates on three
plates according to a balanced incomplete block design, with
respect to diagnosis, sex, and brain bank. Real-time RT-PCR was
performed with an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems) as follows: 2 min at 50°C and 10 min at 95°C
followed by 40 cycles of 15 seconds at 95°C and 1 min at 60°C. Each
reaction was carried out in a total volume of 25 ul, consisting of 9.8
wl of TagMan universal PCR master mix, 0.125 uM probe (Applied
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Biosystems), a 0.25 uM concentration of each primer (Thermo
Electron, Drelelch, Germany), and ~10-100 ng of cDNA. The
primer/probe set for the reference genes (ACTB and GAPD) as
well as for the MAG (MAG-tot) and each of its splice variants,
MAG-L and MAG-S, was uniquely designed by using PRIMER
EXPRESS (Applied Biosystems). The MAG-tot assay was designed to
simultaneously detect both MAG splice variants. Primers for PLP]I,
MBP, TF, SOXI10, and CDKNIB were ordered as “Assay on
Demand” and were performed according to the manufacturer’s
protocol (Applied Biosystems). The expression data were collected
with the ABI PRISM 7000 SDs software (Applied Biosystems).

Statistical Analyses. Before analysis of gene expression levels in the
55 control individuals, systematic variation in target gene expres-
sion was removed by fitting a linear model to the observed data
(Proc GLM, sas 8.2). The linear model included the categorical
factors brain bank, gender, and replicate PCR plate and the
covariates age, postmortem time, and reference gene expression
(the geometric mean of GAPD and ACTB). The differences be-
tween the observed and fitted values (i.e., the residuals) were
considered the normalized expression level.

The correlation pattern of normalized expression levels of the
OR genes (MAG, MBP, PLPI, TF, SOX10, and CDKNIB) was
explored with a principal component analysis (Proc PRINCOMP,
sAs 8.2), and PC1 was used as an additional derived variable in
further statistical analysis.

We then examined whether the variation in the total QKI level
can predict the expression variation in OR genes and whether
additional splice-variant expression variation in QKI can explain any
additional variation in the expression of OR genes. For this analysis,
we used a linear regression approach (Proc GLM, sAs 8.2). Because
the expression levels of the four QKI splice variants were highly
correlated to the total QKT level (2 > 0.81), it was necessary to
adjust the expression levels of splice variants (with respect to the
total QKT level) before analysis. We did this by regressing expression
levels of each splice variant onto the total QKI expression and
stored the residuals as the orthogonalized splice-variant expression.
These orthogonalized variables are positive when the amount of the
splice variant is larger than expected from the total QKI levels and
negative when the amount of the splice variant is lower than
expected from the total QKI levels. Thus, the orthogonalized
splice-variant levels can be interpreted in terms of amounts of the
splice variant relative to the total QKI level. To examine to what
extent the variation in total QKT expression and QKI splice-variant
expression explained variation in the investigated genes, we fitted a
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regression model, including the total QKI expression and the
orthogonalized expression, for one splice variant at a time to the
expression levels of the six target genes.

To test whether the expression of the six genes involved in
oligodendrocyte differentiation and maturation was disturbed in
patients suffering from schizophrenia and/or affected by patient
subgroup with respect to neuroleptic treatment, we analyzed the
mRNA levels of target genes with an analysis of covariance model
(Proc GLM, sas 8.2). The model included the main factors disease
status (schizophrenic vs. control) and disease subgroup (atypical
neuroleptic, typical neuroleptic, and not treated with neuroleptics
before death) nested within disease status. Thus the 18 patients with
unknown medication status were included in the comparisons of all
patients vs. controls, but they were excluded in the test of patient
subgroups. In addition, we included the categorical factors brain
bank, gender, and replicate PCR plate and the covariates age,
postmortem time, and reference gene expression to account for the
effects of these variables on mRNA levels of the target genes. To
explore to what extent the disease effect and differences between
patient subgroups in mRNA levels of target genes overlapped with
the variation explained by total QKI mRNA levels or the relative
amount of QKI-7kb (QKI-7kb/QKltotal), models with these addi-
tional variables added were compared with the original model
described above. We used logarithmic transformed expression data
and averaged the mRNA levels obtained from the duplicate
samples from each individual before the statistical analysis.

QKI-Binding Motif Identification. The core Qki265-binding site ma-
trix described by Galarneau and Richard (9) was used to search
RefSeq c¢cDNA sequences for MBP (NM_001025081), MAG
(NM_080600), PLPI (NM_000533), SOX10 (NM_006941), TF
(NM_001063), and CDKN1B (NM_004064), using the transcription
factor-binding site PERL modules (34). The presence of QKI half
sites (AYYA) (9) in the vicinity the QKI core-binding sites was
identified by using the FUZzZNUC program from the EMBOSS suite
(35). Orthologous human and mouse sequences were aligned by
using CLUSTALW (36).
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