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Levels of AKTIP and TUBA1B mRNA in the Frontal Pole
from People with Schizophrenia: Pathophysiological and
Methodological Considerations
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gPCR has been used to validate results from studies of the tran-
scriptome in postmortem brain and blood from people with schizo-
phrenia. gPCR has specific methodological limitations which we
now consider in our ongoing study of two genes that we have found
altered in the frontal pole (BA 10) from people with schizophrenia
using expression microarrays.
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gPCR was used to measure levels of RNA of 3 possible reference
genes (TFB1M, GAPDH and SKP1) and to validate changed levels in
2 genes of interest (AKTIP and TUBA1B) which were identified in
an expression microarray, in BA 10 from people with schizophrenia.
Our study was made more novel because we were able to divide
the subjects in our schizophrenia cohort into those who were, or
were not (non-MRDS), in a subtype defined by these individuals
having a marked loss of cortical muscarinic M1 receptors (Musca-
rinic Receptor Deficit Schizophrenia (MRDS)).
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Compared to controls, there were no significant differences in
levels of RNA for AKTIP and TUBA1B in BA 10 from people with
schizophrenia, MRDS and non-MRDS.

Our current gPCR findings contrast our previous findings us-
ing expression microarrays which showed lower levels of RNA for
AKTIP and TUBA1B in BA 10 from people with schizophrenia. It is
also notable that we found lower levels of TUBA1B protein in BA 10
from people with schizophrenia and higher levels of AKTIP protein
in people with schizophrenia due to higher levels of that protein in
MRDS. We were unable to identify any methodological issues to ac-
count for differences in our gPCR and expression microarray data.
We therefore conclude that caution is needed in assessing RNA
data from different methodologies when studying the molecular
pathology of schizophrenia and it cannot be assumed that changes
in RNA will mirror changes in protein translated from that RNA in
the human brain.
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Introduction Subtypes

Schizophreniais a serious psychiatric disorder with a complex
molecular pathology that affects DNA transcription into coding
[1] and non-coding [2] RNA. Changes in levels of coding and
non-coding RNA in brain and blood have been reported using
high-throughput transcriptomic technologies such as gene ex-
pression arrays [3] and RNA Sequencing (RNA-seq) [4]. In many
of these transcriptomic studies, Quantitative Polymerase Chain
Reaction (gqPCR) has been used to validate the transcriptomic
data as it is quantitative, reproducible and relatively rapid [5].

There are a number of issues that must be considered in us-
ing qPCR to measure RNA levels that include the consistency
of sample storage, sample preparation, the need to normalise
data to levels of reference genes, primer design and statistical
analysis [6]. Another limitation is the potential to exhaust re-
agents when amplifying genes with low copy numbers [7]. The
need to normalise data to levels of reference genes adds an-
other level of complexity as the criteria for a reference gene
are that their levels do not vary between different biological
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samples, are not affected by any experimental procedure or
disease aetiologies [6]. Notably, we examined levels of RNA for
six potential reference genes in Brodmann’s Area (BA) 8, 9 and
44 from people with schizophrenia and controls to show none
of these genes fulfilled all of the requirements of a reference
gene [8]. These, and other data [9], suggest that the selection
of reference genes is critical in using qPCR to validate data from
other technologies that measure levels of RNA.

Acknowledging the potential problems in using gPCR, we
have been looking to further explore data we obtained using
expression microarrays and tissue from the frontal pole (BA
10) from people with schizophrenia. These data showed that,
compared to controls, there were 566 changes in levels of
coding and non-coding RNA in BA 10 compared to 65 and 40
changes in BA 9 and BA 33, respectively [10]. This finding was
of particular interest as there is mounting evidence of dysfunc-
tion at a molecular, cellular, structural, regional connectivity
and functional level in BA 10 from people with schizophrenia
[11]. To determine if the changes in levels of coding RNA in BA
10 from people with schizophrenia could have functional bio-
chemical consequences, we have begun to measure levels of
the proteins they encode because multiple checks and balances
controlling gene translation means changes in levels of coding
RNA do not necessarily correspond to changes in levels of their
encoded proteins [12]. In the first of these studies, we showed
a 61% decrease in tubulin alpha 1b (TUBA1B) mRNA equated to
an 18.6% decrease in the level of protein in BA 10 from people
with schizophrenia [10, 13].

It is now accepted that understanding the molecular pathol-
ogy of schizophrenia will require the study of subtypes, based
on biologically defined criteria, within that syndrome [14]. We
are leaders in this endeavour having defined a subtype within
schizophrenia which can be defined by a person with the disor-
der having a level of [*H]pirenzepine binding to the muscarinic
M1 receptors in BA 9 < 110 fmol / mg estimated tissue equiva-
lents [15] which we have termed the Muscarinic Receptor Defi-
cit Subgroup (MRDS) within schizophrenia. Unfortunately, there
were insufficient people with MRDS in our transcriptomic stud-
ies in BA 10 to determine if any changes in levels of coding or
non-coding RNA were specific or more profound in those within
the subgroup. It is therefore of interest that, compared to con-
trols, we have found that there are higher levels (41%) of AKT-
interacting protein in BA 10 from people with schizophrenia
whereas levels of AKTIP RNA were lower (-23%) in those with
the disorder. Significantly, the higher levels of AKTIP protein
were only detectable in those with MRDS (+54%) with levels
of the protein not being different from controls in those with
schizophrenia who were not part of the subtype (non-MRDS)
[16]. This raised the question as to whether levels of AKTIP
mMRNA were only higher in those with MRDS.

Our microarray study did not include sufficient cases to allow
us to separate our data into MRDS and non- MRDS for analyses.
Thus, acknowledging potential methodological limitations, we
decided to use gPCR to measure AKTIP and TUBA1B mRNA in
a larger cohort of people with schizophrenia than were used in
our microarray study, 50% of whom were classified as MRDS.

Methods
Human Brain Collection and Processing

The tissue for this study was collected following approval
from the Ethics Committee of the Victorian Institute of Forensic
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Figure 1: Levels of RNA in Brodmann’s area 10, expressed as relative
quantities and standardized tocontrols, for S-phase Kinase associat-
ed Protein 1 (SKP1), Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) and transcription factor B1, mitochondrial (TFB1M) (A)
and levels of RNA for AKT interacting protein (AKTIP) and tubulin
alpha 1b (TUBA1B), expressed as relative quantities, standardised
to controls and normalized to the geometric mean of two refer-
ence genes (B), from schizophrenia (Scz), muscarinic receptor defi-
cit schizophrenia (MRDS), non-MRDS, and controls.

Medicine and after consent from the nearest next of kin.

Cadavers whose death was witnessed or who were known
to be alive within 5 hours of being found deceased were stored
at low temperatures until such time that the brain could be re-
moved at autopsy and the left hemisphere processed according
to a standardized procedure [17] and stored at -80°C. The cool
temperatures are intended to minimize autolysis [18] and the
pH was subsequently measured to ensure that the tissue was
appropriately preserved [19].

On all cases, a DSM-IV psychiatric diagnosis was agreed upon
by 2 psychiatrists and a psychologist [20], utilizing the compre-
hensive case history collected with the Diagnostic Instrument
for Brain Studies [21]. In the same manner, cases without a psy-
chiatric diagnosis were labelled as controls and were matched
to psychiatric cases based on age (+ 2.5 years) and sex. For all
cases, the postmortem interval (PMI) was calculated as the time
from autopsy to death, or the midway point between the time a
donor was last known to be alive and was found dead. For cases
with a diagnosis of schizophrenia, the duration of illness (Dl)
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was calculated as the time from the first record of symptoms
to death.

Lifetime Exposure to Antipsychotic drug dose standardized
to chlorpromazine equivalents (LEAP) and the Final Recorded
Antipsychotic Drug Dose standardized to chlorpromazine equiv-
alents (FRADD) was also calculated.

RNA Extraction and DNase Treatment

RNA was extracted from 36 people with schizophrenia and
18 controls using the Qiagen RNeasy kit. By experimental de-
sign, the schizophrenia cohort (n=36) contained an equal num-
ber of MRDS (n=18) and non-MRDS (n=18).

Frozen tissue was homogenized in TRIzol reagent (1 mL/ 100
mg) using a chilled glass-Teflon homogenizer then transferred
to a 1.7 mL tube to incubate for 5 min at room temperature.
Chloroform (0.2 mL chloroform/ 1 mL TRIzol) was added and
shaken vigorously for 15 sec then allowed to incubate for 3 min
at room temperature before centrifuging at 12000 g for 15 min
at 4°C. The upper, aqueous phase was transferred to a new tube
and gently mixed with an equal volume of 70% ethanol. The
sample, 700 uL at a time, was transferred to a RNeasy spin col-
umn in a 2 mL collection tube and centrifuged at 8000 g for 15
sec at room temperature, discarding the flow-through.

To wash the spin column membrane, 350 plL of buffer RW1
was added and centrifuged at 8000 g for 15 sec. The spin col-
umn membrane was incubated for 15 min in a pre-mixed solu-
tion of 70 uL buffer RDD and 10 pL DNase | stock. 350 pL of
buffer RW1 was then added prior to centrifuging at 8000 g for
15 sec. 500 pL buffer RPE was added to the spin column and
centrifuged at 8000 g for 15 sec then repeated with another 500
pL buffer RPE for a 2 min centrifugation. The flow-through was
discarded following each centrifugation.

Finally, to elute the RNA, the spin column was placed into a
new 1.7 mL collection tube. 35 uL RNase-free water was added
directly to the spin column membrane and centrifuged at 8000
g for 1 min. The eluted RNA in the collection tube was immedi-
ately chilled on ice then stored in aliquots at -80°C. The concen-
tration and quality of the extracted RNA was determined by the
Nanodrop Spectrophotometer (Thermo Scientific).

Checking RNA samples for genomic DNA contamination

2 ug of each RNA sample was combined with 5 uL 10x RT-PCR
buffer (100 mM Tris-HCI, 500 mM KCl, 15 mM MgCl2), 2.5 uL
2.5 mM dNTP mix (10 pL each of 100mM dATP, dCTP, dGTP and
dTTP, up to 400 uL dH20), 2.5 uL 5 uM primer mix (10 pL 100mM
forward primer: TTCCGCAAGTTCACCTACC, 10 L 100mM reverse
primer: CGGGCCGGCCATGCTTTACG, up to 200 uL dH,0), 0.25
pL Tag DNA polymerase and made up to 50 plL in DEPC-treated
dH,O. A negative control tube contained the same mix in the
absence of RNA and a positive control tube contained 2 pL of
genomic DNA instead of RNA.

The PCR was run under the following conditions: 95°C for
1 minute, 30 cycles [94°C for 30 seconds, 58°C for 30 seconds,
72°C for 30 seconds], 72°C for 5 minutes. Following the PCR, 20
uL of each PCR sample was mixed with 4 pL gel loading dye on a
1% agarose gel alongside 5 uL of 100 Base Pair (bp) ladder and
run at 100 V for approx. 1 hour. The sample was considered free
of genomic DNA contamination if the 361bp ladder was present
in the positive control lane but absent in the sample lanes and if
the negative control lane was clear of any bands.

First Strand cDNA Synthesis

2 pug RNA was combined with 2 pL of 10x RT-PCR buffer, 4 uL
of 2.5 mM dNTP mix, 1 uL of 50 M oligo(dT) primers, 1 pL of 50
UM random decamers, 1 pL of SUPERaseeIn™ RNase Inhibitor
(20 U/uL), 1 pL of MMLV-RT (100U/uL) and made up to 20 pL in
DEPC-treated dH,0. The samples were incubated at 44°C for 1
hour, 92°C for 10 minutes then put on ice for 2 minutes before
briefly centrifuging and storing at -20°C.

qPCR

Bio-Rad PrimePCR primers were used for AKTIP (PrimePCR
SYBR Green Assay: AKTIP, Human, Cat# qHsaClD0011161) and
the potential reference genes TFB1M (PrimePCR Probe Assay:
TFB1M, Human, Cat# gHsaCEP0058019), GAPDH (PrimePCR
SYBR Green Assay: GAPDH, Human, Cat# gqHSACEP0041396)
and SKP1 (PrimePCR SYBR Green Assay: SKP1, Human, Cat# gH-
saCIP0027663). A custom Invitrogen standard primer was used
for TUBA1B (906F — CTTCAACACCTTCTTCAG, 980R — TGTCAG-
GTCAACATTCAG).

For AKTIP, TFB1M, GAPDH and SKP1, 2 pL of cDNA from each
sample was mixed 1.25 pL of 20x Bio- Rad PrimePCR, 12.5 uL
of Bio-Rad SsoAdvanced Universal SYBR® Green Supermix and
9.25 plL DEPC- treated dH,0. For TUBA1B, 2 plL of cDNA from
each sample was mixed with 4 pL Invitrogen standard primer,
25 uL of Bio-Rad SsoAdvanced Universal SYBR® Green Supermix
and 17 L DEPC-treated dH_O. Every plate contained a quality
control case, standard curve and non-template control which
contained DEPC-treated dH,O instead of cDNA. All samples
were run in triplicate.

The QlAgility automatic liquid handler was used to prepare
the reactions in the iQ™ 96-Well PCR Plates (Bio-Rad Cat#
2239441). The plates were sealed with Microseal 'B' PCR Plate
Sealing Film (Bio-Rad Cat #MSB1001) and placed in the Bio-Rad
iQ5 Real-Time PCR Detection System.

For AKTIP, TFB1M, GAPDH and SKP1, the qPCR cycling condi-
tions were: 95°C for 2 min, 40 cycles [95°C for 5 sec, 60°C for 30
sec] and 65-95°C increasing at 0.5°C increments for 5 sec/incre-
ment. For TUBA1B, the gPCR cycling conditions were: 95°C for 3
min, 95°C for 10sec, 40 cycles [57°C for 30sec, 72°C for 30 sec,
95°C for 1 min], 55°C for 1 min and 55-95°C increasing at 0.5°C
increments for 10 sec/increment.

The baseline threshold was set to 100 for each run to obtain
consistency between plates. It was ensured that the efficiency
of each reaction was between 95-105%, R2 was >0.98, the melt
curve had only a single product, the triplicates were consistent,
and the non-template control was at least 5 cycles fewer than
the samples.

Data Processing and Statistics

As we have done previously [8], data for all genes were first
analysed at the levels of threshold cycle corrected for efficiency
of amplification (relative quantities) and after being standard-
ized across plates relative to the quality control sample (stan-
dardized quantities). Finally, levels of AKTIP and TUBA1B data
were analysed after being normalized to the geometric mean of
the reference genes that did not vary with diagnosis.

The D’Agostino & Pearson test [22] was used to determine
that all data were normally distributed. The students t-test was
used for analyses between the syndrome of schizophrenia and
controls, and a one-way ANOVA was used for analyses between
the schizophrenia subgroups (MRDS and non-MRDS) and con-
trols. Differences in sex and death by suicide between groups
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were analysed using a Chi-square test and correlations be-
tween the demographic variables and AKTIP and TUBA1B were
measured using Pearson’s correlation coefficient. All statistical
analyses were performed using GraphPad Prism (GraphPad
Software, Boston, Massachusetts USA).

Results
Demographic Variables

There were no significant differences in sex, age, pH, PMI or
brain weight at the syndrome or subgroup level between people
with schizophrenia, MRDS or non-MRDS and controls (Table 1,
Supplementary Table 1). There were no significant differences
in DI, FRADD, LEAP or rates of death by suicide between MRDS
and non- MRDS (Table 1, Supplementary Table 1). Pearson’s cor-
relation coefficient determined no significant correlations be-
tween AKTIP or TUBA1B and any of the demographic variables
(Supplementary Table 2).

Reference Genes

At the syndrome level, levels of GAPDH (relative quantities:
1(52)=0.27, p=0.79; transformed: t(52)=0.05, p=0.96), TFB1M
(raw: t(52)=0.07, p=0.94; transformed: t(52)=0.20, p=0.84)
or SKP1 (relative quantities: t(52)=0.88, p=0.38; transformed:
t(52)=0.73, p=0.47) RNAs did not differ with diagnosis (Fig-
ure 1A). Dividing schizophrenia into MRDS and non-MRDS did
not show any differences in levels of GAPDH (relative quanti-
ties: F(2,51)=0.87, p=0.61; transformed: F(2,51)=0.33, p=0.72),
TFB1M (relative quantities: F(2,51)=1.17, p=0.32; transformed:
F(2,51)=0.52, p=0.60) or SKP1 (relative quantities: F(2,51)=0.16,
p=0.85; transformed: F(2,51)=0.07, p=0.93) with diagnosis (Fig-
ure 1A).

Although SKP1 RNA did not differ between groups, the trans-
formed data for this RNA showed greater variability than the
data from the other reference genes (GAPDH and TFB1M) (Fig-
ure 1A) and the genes of interest (AKTIP and TUBA1B) (Figure
1B). Hence, to avoid any concerns about the gene normalisation
process, the geometric mean of TFB1M and GAPDH was used in
the normalisation process.

AKTIP and TUBA1B

There were no significant differences between levels of AKTIP
RNA in BA 10 from controls and people with schizophrenia (rela-
tive quantities: t(52)=0.19, p=0.85; transformed: t(52)=0.64,
p=0.52; normalised: t(52)=0.76, p=0.45) or people with MRDS

and non-MRDS (relative quantities: F(2,51)=1.20, p=0.31;
transformed: F(2,51)=0.46, p=0.63; normalised: F(2,51)=0.52),
p=0.67) (Figure 1B).

There were no significant differences between levels of
TUBA1B RNA in BA 10 from controls and people with schizo-
phrenia (relative quantities: t(52)=0.87, p=0.39; transformed:
t(52)=0.40, p=0.69; normalised: t(52)=0.61, p=0.54) or people
with MRDS and non-MRDS (relative quantities: F(2,51)=2.05,
p=0.14; transformed: F(2,51)=0.73, p=0.49; normalised:
F(2,51)=0.47, p=0.63) (Figure 1B, Table 1, Supplementary Table
1).

Discussion

This study shows that, compared to controls, levels of AKTIP
and TUBA1B RNA do not differ in BA 10 from people with schizo-
phrenia, MRDS or non-MRDS. This contrasts to our findings on
the same cases using expression microarrays which show that
levels of RNA for AKTIP (-23%) and TUBA1B (-61%) are lower
in people with schizophrenia (we do not have data on MRDS
and non-MRDS). In addition, at the level of protein in BA 10, we
have shown that levels of AKTIP are higher in schizophrenia due
to an increase in that protein in people with MRDS [16]. By con-
trast, TUBA1B is lower in schizophrenia whether or not a case is
classified as MRDS or non-MRDS [13]. Hence, this study raises
issues as to whether the technologies used to measure RNA in
the human brain are giving apparent discrepant results.

The issue of non-reproducibility of findings in biological
psychiatry is recognised as an impediment to increasing un-
derstanding of the pathophysiologies of these disorders [23].
It is therefore worthwhile to attempt to understand why we
obtained different outcomes in measuring the level of RNA for
two genes in BA 10 from people with schizophrenia. Notably,
one difference between the analysis of gPCR data and high-
throughput RNA data in schizophrenia is the use of reference
genes to normalize gPCR data [24]. We have argued that, due to
the complexity of gene expression across the human brain, no
gene can fulfill all the criteria required of a reference gene [8].
However, the reference genes used for normalization for this
study did not differ with diagnosis within BA 10 and had low lev-
els of intra-personal variability making them acceptable for use
in our study. Moreover, our findings comparing levels of RNA
in controls to that in schizophrenia did not differ using either
minimally derived or normalized data which indicates, in this
study, the use of reference genes was not a significant variable.

Table 1: Demographic, brain collection, pharmacological data, and levels of AKTIP and TUBA1B RNA, normalised to the geometric mean of two

reference genes for the cases used in this study.

‘ Sex ‘ Age (yr) ‘ pH ‘ PMI (hr) ‘ Brain Weight (g) ‘ Suicide ‘ DI (yr) ‘ FRADD ‘ LEAP ‘ AKTIP ‘ TUBA1B
Controls vs Schizophrenia
tory2 2.36 0.64 1.19 0.29 1.3 0.76 0.61
d.f. 1 52 52 52 48 52 52
p 0.12 0.53 0.24 0.77 0.2 0.45 0.54
Controls vs MRDS vs non-MRDS
Forx2 251 0.22 0.91 0.40 0.88 0.67 0.47
d.f. 2 2,51 2,51 2,51 2,47 2,51 2,51
p 0.29 0.80 0.41 0.68 0.42 0.52 0.63
MRDS vs non-MRDS
tory2 1.03 0.52 1.18 1.31
d.f. 1 34 32 34
p 0.31 0.61 0.25 0.20

DI: Duration of Iliness, FRADD: Final Recorded Antipsychotic Drug Dose as chlorpromazine equivalents, LEAP: Lifetime Exposure to Antipsychotic drug dose as
chlorpromazine equivalents, MRDS: Muscarinic Receptor Deficit Schizophrenia, PMI: Postmortem Interval. Schizophrenia represents MRDS and non- MRDS

combined.
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In addition to reference gene selection, the outcomes from
using gPCR to measure RNA levels can be influenced by sample
preparation, sample storage, primer design and statistical anal-
ysis [6]. In our studies using expression microarrays and gPCR,
RNA was made using tissue stored identically and therefore
sample storage was not a confound in our studies. In our stud-
ies using gPCR and expression microarrays, data was compared
using parametric statistics (t-tests or one-way ANOVAs) and, for
gPCR, the validity of primer designs were confirmed by the sup-
plier and therefore this should not have been a significant vari-
able. The number of cycles required to give a measure of levels
of RNA did not vary significantly between reference genes and
our genes of interest and therefore reagents would not have
been exhausted because we were trying to amplify genes with
low copy number [7]. In conclusion there is no methodological
variable that explains the different outcomes we have obtained
measuring levels of RNA using gPCR or expression microarrays.

One final methodological consideration is how the high-
throughput technologies and qPCR interact with RNA. Expres-
sion microarrays we use in our studies on the molecular pathol-
ogy of psychiatric disorders in BA 10 [10,25] use 20mer probes
to hybridize RNA for subsequent quantification [26]. RNA-seq
uses next- generation sequencing (NGS) to quantify levels of
RNA in a biological sample [27] whereas qPCR measures lev-
els of an amplicon of cDNA sequence between two hybridised
primers [28]. Significantly, total number of coding genes in the
human genome is not markedly higher than those in much sim-
pler eukaryotes but the number of variants produced during
the transcription of both coding and non-coding RNA is higher
in more complex organisms [29]. Therefore, differences in re-
sults from the use of expression microarrays and gPCR could be
due to the ability to quantify different transcriptional variants.
This is relevant to schizophrenia because differential expression
of different gene variants has been suggested to be important
in the molecular pathology of the disorder [30]. Notably, RNA-
seq should have the advantage of providing data on all tran-
scriptional variants [31].

Conclusion

In conclusion, whilst it has been a common practice to
use gPCR data on a few genes to validate studies using high-
throughput transcriptomic screening in the brain and blood
from people with schizophrenia [32,33], data from this study
shows that if we had used that approach to validate our study
of changes in levels of coding and non-coding RNA in BA 10 [10]
we would have concluded the expression microarray study was
not valid. However, our follow up studies showing changes in
levels of AKTIP and TUBA1B protein in BA 10 from people with
schizophrenia [13,16] argues our transcriptomic study is point-
ing to both changes in transcription and translation in BA 10 that
could be involved in the molecular pathology of schizophrenia.
Given the potential importance of BA 10 in the pathophysiology
of schizophrenia [11], not continuing to understand the full bio-
logical consequences of changes in the human transcriptome
in that brain region due to our gqPCR data could have been a
significant error. Importantly, there is no clear methodological
factor, other than a potential difference in being able to detect
coding and non-coding RNA variants, which could account for
the different outcomes we have from measuring RNA in BA 10
from controls and people with schizophrenia. Notably, the issue
of different sensitivities to detecting transcriptional variants can
be overcome by repeating our studies in BA 10 using RNA-seq
that would provide data on RNA variants [31]. However, RNA-

seq is a complex methodology and it may not be giving consis-
tent results when used to measure levels of RNA [34]. Finally,
whilst the study of the transcriptome is giving invaluable new
insights into the molecular pathology of schizophrenia [35], it
must be acknowledged that the functioning of any tissue is gov-
erned by levels and activities of proteins [12] and is therefore
not necessarily reflected in changes in levels of RNA. In this re-
spect, this study confirms that the complex regulation of gene
translation by a cell [12] means that changes at the level of the
transcriptome do not necessarily reflect changes at the level of
the proteome.
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