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ORIGINAL RESEARCH

ZNF804A rs1344706 interacts with COMT rs4680 to affect
prefrontal volume in healthy adults
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Abstract The biological function of ZNF804A rs1344706,
the first genome-wide supported risk variant of schizophrenia,
remains largely unknown. Based on the upregulating effect of
ZNF804A on the expression of COMT, we hypothesize that
ZNF804A may affect grey matter volume (GMV) by
interacting with COMT. Voxel-based morphometry was ap-
plied to analyze the main and interaction effects of
ZNF804A rs1344706 and COMT rs4680 on brain GMV in
274 healthy young human subjects. The GMVof the left dor-
solateral prefrontal cortex (DLPFC) showed a significant
COMT rs4680 × ZNF804A rs1344706 interaction, manifest-
ing as an inverted U-shape modulation by the presumed do-
pamine signaling. In COMTMet-allele carriers, the ZNF804A
TG heterozygotes showed greater GMV in the left DLPFC
than both GG and TT homozygotes. In COMT Val/Val homo-
zygotes, however, the ZNF804A TG heterozygotes exhibited
smaller GMV in the left DLPFC than GG homozygotes and
comparable GMVwith TT homozygotes. These findings sug-
gest that ZNF804A affects the GMVof the prefrontal cortex by
interacting with COMT, which may improve our understand-
ing of neurobiological effect of ZNF804A and its association
with schizophrenia.

Keywords ZNF804A .COMT . Single nucleotide
polymorphism . Greymatter volume .Magnetic
resonance imaging

Introduction

As a complex and polygenic hereditary disorder, schizo-
phrenia has been linked to multiple genetic variations
(Purcell et al. 2009; Kauppi et al. 2015; Walton et al.
2013). Among these genetic variations, a single nucleotide
polymorphism (SNP) in zinc finger protein 804A
(ZNF804A, rs1344706, G > T) is consistently associated
with schizophrenia in Caucasian (Esslinger et al. 2009;
O’Donovan et al. 2008). Recently, one large scale meta-
analysis has shown that the allelic effects of ZNF804A
rs1344706 are in the same direction between Asian and
European populations (Xiao et al. 2016). Although biolog-
ical function of this SNP remains largely unknown,
ZNF804A rs1344706 has been suggested to be linked to
schizophrenia by regulating the expression of risk genes
of schizophrenia, including catechol-O-methyltransferase
(COMT), PRSS16, PDE4B and DRD2 (Girgenti et al.
2012). For example, the expression of ZNF804A can inter-
act with the premotor region of COMT and result in an
increase in transcript level of COMT (Girgenti et al.
2012), suggesting a potential genotypic interaction between
ZNF804A and COMT on phenotypes.

COMT catalyzes the degradation of synaptic dopamine in
the brain, especially in the prefrontal cortex (PFC) because of
the lack of dopamine transporter in the PFC synapses
(Mannisto and Kaakkola 1999; Seamans and Yang 2004).
Compared with Val/Val homozygotes of COMT rs4680,
Met-allele carriers have a fourfold lower enzymatic activity
resulting in higher extracellular dopamine concentration
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(Mannisto and Kaakkola 1999; Seamans and Yang 2004;
Chen et al. 2004a, b; Lachman et al. 1996). An optimal dopa-
mine signaling promotes neuronal growth and differentiation
by inducing the expression of brain-derived neurotropic factor
(BDNF) (Kuppers and Beyer 2001), which is vital for
neurodevelopment of the brain, such as the hippocampal vol-
ume (Ho et al. 2007; Szeszko et al. 2005). However, insuffi-
cient or excessive extracellular dopamine signaling can impair
the neuronal integrity and survival (Honea et al. 2009;
Kuppers and Beyer 2001; Noh et al. 1999). As a result, the
modulation of extracellular dopamine signaling on cognitive
and imaging phenotypes is nonlinear, in which both the lowest
and highest dopamine levels may play an unfavorable effect
(Seamans and Yang 2004; Tian et al. 2013; Zhao et al. 2015).

Similar to the effect of COMT rs4680, ZNF804A
rs1344706 also affects the PFC volume in both schizophrenia
patients and healthy subjects (Schultz et al. 2014; Lencz et al.
2010; Wei et al. 2015). However, the neurobiological mecha-
nisms underlying the ZNF804A effect remain largely un-
known. Because ZNF804A can upregulate the transcription
of COMT (Girgenti et al. 2012) and COMT can affect grey
matter volume (GMV) of the brain (Tian et al. 2013; Honea
et al. 2009), we hypothesize that ZNF804A may indirectly
affect brain GMV bymodulating the expression of theCOMT.

To test the hypothesis, we performed voxel-wise GMV
analysis to identify COMT rs4680 × ZNF804A rs1344706
interactions in 274 Chinese Han healthy young individuals.
The GMV was selected because the heritability of structural
properties is much greater than that of functional properties
(Winkler et al. 2010; Glahn et al. 2010; Hibar et al. 2015).
Based on the upregulating effect of ZNF804A on COMT
(Girgenti et al. 2012) and the modulatory effect of COMT on
dopamine signaling (Mannisto and Kaakkola 1999; Seamans
and Yang 2004; Chen et al. 2004a, b Lachman et al. 1996), we
can roughly estimate the extracellular dopamine signaling in
the human brain. For instance, subjects with COMT Val/Val
and ZNF804ATGwould show the lowest dopamine signaling;
in contrast, subjects with Met-allele/GG would have the
highest dopamine signaling.

Materials and methods

Subjects

A total of 323 right-handed healthy young human subjects
(157 males and 166 females, mean age = 22.7 years,
range = 18–31 years) participated in the study. Participants
were screened carefully to guarantee that they had no history
of neurological or psychological diseases, mental retardation,
traumatic brain injury, alcoholism or drug dependency and
abuse, psychiatric treatment or visible brain lesions, and had
no contraindication for MRI examinations. Only Chinese Han

subjects were included in the study to purify the sample. All
subjects were strongly right-handed judged by the Chinese
edition of the Edinburgh Handedness Inventory (Oldfield
1971). After a full explanation of the study, all subjects pro-
vided written informed consent. The protocol was approved
by the Ethics Committee of Tianjin Medical University.

Cognitive tests

The Chinese Revised Wechsler Adult Intelligence Scale
(WAIS-RC) was used to measure the Full-scale Intelligence
Quotient (FIQ) (Gong 1982). The working memory was eval-
uated using the n-back task outside of MR scanner (Owen
et al. 2005). Detailed procedures of the task were described
previously (Ding et al. 2012). The accuracy rate of the 3-back
task was used to assess working memory performance.

Genotyping

Genomic DNAwas extracted from white blood cells with the
EZgene TMBlood gDNAMiniprep Kit according to standard
protocols. COMT rs4680 was genotyped using the PCR and
ligation detection reaction (LDR) method (Thomas et al.
2004; Yi et al. 2009). The PCR primer sequences for COMT
were as fol lows: forward, 5 ′ GGGCCTACTGTG
GCTACTCA 3′; and reverse: 5′ CCCTTTTTCCAGGT
CTGACA 3′. Detailed procedures were described previously
(Zhao et al. 2015). ZNF804A rs1344706 was genotyped using
the iPLEX Gold Assay following the manufacturer’s instruc-
tions and using primers (ZNF804A amplification primer 1: 5′-
ACGTTGGATGCCAGATAGATATCCAAGAAG-3′; primer
2: 5′- ACGTTGGATGTCAAAGCCTTATCTCTTCAC-3′;
ZNF804A extension primer: AGATCTCCAAGAAG
TTGATTCTGAT. Detailed procedures please see (B. Liu
et al. 2014). According to the genotypes of the COMT
rs4680 and ZNF804A rs1344706, we divided subjects into
six genotypic subgroups: Val/Val/TG, Val/Val/TT, Val/Val/
GG, Met-allele/TG, Met-allele/TT and Met-allele/GG.

Image acquisition

MR images were acquired using a Signa HDx 3.0-Tesla
MR scanner (General Electric, Milwaukee, WI, USA).
For minimizing head motion and reducing scanner noise,
tight but comfortable foam padding and ear plugs were
used during scanning. Sagittal 3D T1-weighted images
were acquired using a brain volume sequence with the
following parameters: repetition time/echo time = 8.1/
3.1 ms; inversion time = 450 ms; flap angle =13°; field
of view =256 mm × 256 mm; matrix =256 × 256; slice
thickness = 1 mm; no gap; and 176 sagittal slices.

Brain Imaging and Behavior



Structural data preprocessing

All structural images were carefully checked slice by slice to
ensure image quality and to exclude gross anatomical abnor-
malities. The structural MR images were segmented into grey
matter (GM), white matter and cerebrospinal fluid using the
Statistical Parametric Mapping (SPM8, http://www.fil.ion.ucl.
ac.uk/spm). Following segmentation, a GM template was
generated from the entire image datasets using diffeomorphic
anatomical registration through the exponentiated Lie algebra
(DARTEL) technique. After an initial affine registration of the
GM template to the tissue probability map in the Montreal
Neurological Institute (MNI) space, non-linear warping of
GM images was performed to the GM template in the MNI
space with a resolution of 1.5-mm3. The non-linear compo-
nents derived during spatial normalization were used to mod-
ulate the GMvalue of each voxel (F. Liu et al. 2012). Finally, to
compensate for residual between-subjects anatomical differ-
ences, the GMV images were smoothed using a Gaussian ker-
nel of 8 mm full-width-at-half-maximum (FWHM).

Voxel-based morphometry (VBM) analysis

We performed analysis of covariance (ANCOVA) with a fully
factorial (genotype-by-genotype) design with age, gender and
years of education as nuisance variables to compare voxel-wise
GMV differences between the two genotypic groups. Non-
stationary cluster extent correction was utilized to correct inho-
mogeneity of local smoothness which might result in misesti-
mate of cluster size (Kurth et al. 2015). We first set an initial
voxel-wise threshold ofP = 0.0001, and thenwe used the family
wise error (FWE) method (P < 0.05) with non-stationary cluster
size correction. If the interaction was significant, the significant
clusters were picked as brain regions of interest (ROIs). We
extracted each ROI by drawing a sphere (r = 3 mm) centered
at the peak MNI coordinates of the ROI. The mean GMVs of
these ROIs were compared across six genotypic subgroups.

Statistical analysis

Statistical analyses for the demographic, cognitive and behav-
ioral data were performed using Statistical Package for the
Social Sciences version 18.0 (SPSS, Chicago, IL, USA) for
Windows. A two-way (COMT and ZNF804A) analysis of var-
iance (ANOVA) was used to evaluate the main effects of each
SNP and their interactions for demographic, cognitive and
psychological data (P < 0.05).

Two schemes were used to define the order of the six geno-
typic groups with dopamine signaling from low to high under
different hypotheses on the effects of ZNF804A rs1344706 and
COMT rs4680. If the ZNF804A rs1344706 has a stronger ef-
fect than COMT rs4680, the presumed dopamine signaling
from low to high would be: Val/Val/TG < Met-allele/
TG < Val/Val/TT < Met-allele/TT < Val/Val/GG < Met-allele/
GG. On the contrary, if the COMT rs4680 has a stronger effect
than ZNF804A rs1344706, the presumed dopamine signaling
from low to high would be: Val/Val/TG < Val/Val/TT < Val/
Val/GG <Met-allele/TG <Met-allele/TT <Met-allele/GG.We
used the quadratic curve fitting analysis to test which scheme is
more plausible based on the inverted U-shape modulation of
dopamine on the GMVof the brain (Tian et al. 2013).

Results

Demographic and genotypic data

After excluding of 37 participants with genotyping failure, one
participant with poor image quality and 12 participants without
cognitive data, a total of 274 healthy young Chinese Han partic-
ipants finally included in the study. The genotypic distributions
of both COMT rs4680 and ZNF804A rs1344706 were in Hardy-
Weinberg equilibrium (COMT:P= 0.987,ZNF804A:P= 0.484).
Therewere no significant differences (P> 0.05,details in Table 1)
in gender, age, year of education, FIQ and working memory
performance among the six genotypic groups.

Table 1 Demographic and
behavioral data of the 274 finally
included healthy young
participants

Subgroups
(COMT/ZNF804A)

n Age
(years)

Years of
education

Gender
(M:F)

FIQ Accuracy
2-back (%)

Accuracy
3-back (%)

Met-allele/TT 32 23.1(2.6) 15.8(2.1) 18:14 116.3(12.6) 88.8(5.4) 81.8(6.0)

Met-allele/TG 70 22.5(2.3) 15.6(2.1) 38:32 116.9(8.8) 88.1(5.7) 81.4(7.3)

Met-allele/GG 45 22.5(2.9) 15.2(2.3) 19:26 114.2(8.8) 87.4(5.5) 81.1(6.1)

Val/Val/TT 34 22.9(2.3) 16.0(2.0) 15:19 118.7(6.8) 89.3(5.4) 83.5(5.5)

Val/Val/TG 61 23.0(2.5) 15.8(1.7) 25:36 117.1(9.0) 89.6(5.7) 81.5(6.6)

Val/Val/GG 32 22.0(2.2) 15.4(2.0) 16:16 117.0(9.0) 89.8(5.4) 81.9(6.9)

F values 274 1.056 0.980 0.802 1.599 1.352 0.670

P values 274 0.385 0.430 0.549 0.161 0.243 0.646

COMT catechol-O-methyltransferase, F female, FIQ Full-scale Intelligence Quotient, M male, ZNF804A zinc
finger protein 804A
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VBM analysis

We found a significant COMT rs4680 × ZNF804A rs1344706
interaction (P = 0.048, FWE corrected at the cluster level) on
the GMV in the left dorsolateral prefrontal cortex (DLPFC)
(Peak MNI coordinates: x = −18, y = −4.5, z = −69; cluster
size =257 voxels; peak F(2,265) = 13.95; Fig. 1a). However,
there was no significant main effect of eitherCOMT rs4680 or
ZNF804A rs1344706 on brain GMV at the same statistical
threshold. The GMV of the left DLPFC (Peak MNI coordi-
nates = −18, −4.5, 69, a sphere with r = 3 mm) of each par-
ticipant was extracted for the post hoc comparisons.

Post-hoc analysis

The GMV of the left DLPFC exhibited a non-linear mod-
ulation by the presumed dopamine signaling (Fig. 1b). In
COMT Met-allele carriers, ZNF804A TG heterozygotes

showed greater GMV in the left DLPFC than GG
(P = 0.047, Bonferroni corrected) and TT homozygotes
(P = 0.0002, Bonferroni corrected). However, there was
no significant GMV difference between GG and TT ho-
mozygotes (P = 0.081, uncorrected). In COMT Val/Val
homozygotes, ZNF804A TG heterozygotes exhibited
smaller GMV in the left DLPFC than GG (P = 0.041,
Bonferroni corrected) but not than TT homozygotes
(P = 0.465, Bonferroni corrected). There was no signifi-
cant GMV difference between GG and TT homozygotes
(P = 0.408, uncorrected).

The quadratic curve fitting analysis is statistically signifi-
cant (P = 0.000086, Fig. S1A) and consistent to the inverted
U-shape theory of dopamine signaling when we ordered the
six genotypic groups by assuming that theCOMT rs4680 has a
stronger effect than ZNF804A rs1344706. On the contrary, the
quadratic curve fitting analysis is not statistically significant
(P = 0.123, Fig. S1B) when the order was based on the

Fig. 1 Interaction effect of COMT rs4680 and ZNF804A rs1344706 on
the GMV of the DLPFC. a represents the brain region with significant
COMT rs4680 × ZNF804A rs1344706 interaction on GMV (P = 0.048,
FWE corrected at the cluster level). Color bar shows the F scores. b. the
upper panel of B represents the intergroup difference of the GMV in the
left DLPFC, exhibiting an inverted U-shape modulation when assuming
the COMT rs4680 has a stronger effect than ZNF804A rs1344706. The
lower panel of B represents the intergroup difference of the GMV in the
left DLPFC, not satisfying the inverted U-shape modulation when

assuming that the ZNF804A rs1344706 has a stronger effect than
COMT rs4680. The horizontal axis of the bar plot represents six
genotypic subgroups of COMT rs4680 and ZNF804A rs1344706
arranged by extracellular dopamine signaling from low to high. The
vertical axis represents the GMV (mean ± SE) in the DLPFC of each
genotypic subgroup. COMT, catechol-O-methyltransferase; DLPFC,
dorsolateral prefrontal cortex; FWE, family wise error; GMV, grey matter
volume; L, left; R, right; ZNF804A, zinc finger protein 804A
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hypothesis that the ZNF804A rs1344706 has a stronger effect
than COMT rs4680.

Discussion

It is well known that the dopamine signaling modulates phe-
notypes (i.e., neuronal growth, brain volume, cognition, and
so on) in an inverted U-shape manner (Fallon et al. 2013;
Giakoumaki et al. 2008; Qin et al. 2012; Meyer-Lindenberg
et al. 2005; Zhao et al. 2015; Honea et al. 2009; Tian et al.
2013). That is, only the optimal dopamine signaling predicts
favorable outcome, in contrast, either too low or too high
dopamine signaling predicts bad outcome. The underlying
mechanism is dopamine signaling level-dependent neuro-
trophic and neurotoxic effects (Honea et al. 2009; Kuppers
and Beyer 2001; Noh et al. 1999). In the ascending branch
of the inverted U-shape curve, dopamine plays neurotrophic
effect and the outcome becomes favorable with the enhancing
dopamine signaling. In contrast, dopamine plays neurotoxic
effect in the descending branch of the curve and the outcome
becomes unfavorable with the enhancing dopamine signaling.
In the roof of the curve, the dopamine signaling is optimal and
the outcome is the most favorable.

In the human brain, the extracellular dopamine signaling is
difficult to be measured in vivo. However, it can be roughly
estimated by the genotypic information. COMT accounts for a
large portion of extracellular dopamine concentration in the
PFC because of the lack of dopamine transporter in the PFC
synapses (Mannisto and Kaakkola 1999; Seamans and Yang
2004). It is clear that Met-allele carriers of COMT rs4680 can
reduce the expression of the COMT and result in lower enzy-
matic activity, lower efficient dopamine degradation, and higher
dopamine signaling than Val/Val homozygotes (Mannisto and
Kaakkola 1999; Chen et al. 2004a, b; Lachman et al. 1996;
Seamans and Yang 2004). However, the effect of ZNF804A
rs1344706 on dopamine signaling is rather complex. The ex-
pression of ZNF804A is higher in T-allele carriers than in GG
homozygotes (Schultz et al. 2014; Riley et al. 2010; Williams
et al. 2011). In the PFC, the ZNF804A TG heterozygote can
induce over-expression of the rs12476147 T-allele via a cis-
regulatory mechanism, further resulting in the over-expression
of ZNF804A (Guella et al. 2014; Guella and Vawter 2014).
Consequently, the presumed ZNF804A expression level from
low to high was: GG < TT < TG. The ZNF804A may be
associated with dopamine signaling through up-regulating the
transcript level of the COMT (Girgenti et al. 2012). According
to the genotypes of the COMT rs4680 and ZNF804A
rs1344706, we proposed two sorting schemes. Based on the
inverted U-shape hypothesis of dopamine signaling on the
GMV (Tian et al. 2013), the quadratic curve fitting analysis
suggests that the more reasonable sorting scheme is Val/Val/
TG < Val/Val/TT < Val/Val/GG < Met-allele/TG < Met-allele/

TT < Met-allele/GG in the presumed dopamine signaling from
low to high. Cautiously, this statement needs to be validated by
biological investigations.

In the present study, we found an inverted U-shaped mod-
ulation of the presumed dopamine signaling on the GMV of
the left DLPFC, which can be well explained by the
dopamine-dependent neurotrophic and neurotoxic effects
(Honea et al. 2009; Noh et al. 1999; Kuppers and Beyer
2001). Both COMT rs4680 and ZNF804A rs1344706 have
been reported to affect the PFC volume of the human brain
(Honea et al. 2009; Tian et al. 2013; Lencz et al. 2010).
Although we have known that COMT rs4680 affects the
PFC via modulating the dopamine concentration in this region
(Tian et al. 2013; Honea et al. 2009), it remains largely un-
known how ZNF804A rs1344706 affects the PFC. We found
that the effect of ZNF804A rs1344706 on the prefrontal vol-
ume can be well incorporated into COMT-dependent modu-
lation model of the dopamine signaling. That is, ZNF804A
rs1344706 may affect the PFC volume by interacting with
COMT rs4680. This is consistent with a pioneer study
reporting that ZNF804A can regulate the transcription of the
COMT gene (Girgenti et al. 2012).

In summary, following the clue of neurobiological asso-
ciation between ZNF804A and COMT, we provided the
first evidence for an epistatic interaction between
ZNF804A rs1344706 and COMT rs4680 on the GMV of
the left DLPFC, which may improve our understanding
on the biological mechanism underlying the genome-wide
supported variant ZNF804 rs1344706 of schizophrenia on
the prefrontal anatomy.

Compliance with ethical standards

Funding This study was funded by the Natural Science Foundation of
China (Grants number: 81425013, 81271551, 91132301, 81501451 and
81301201).

Conflict of interest The authors declare no conflict of interest.

Ethical approval All procedures performed in studies involving hu-
man participants were in accordance with the ethical standards of the
institutional and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem,
S., et al. (2004a). Functional analysis of genetic variation in
catechol-O-methyltransferase (COMT)_ effects on mRNA, protein,

Brain Imaging and Behavior



and enzyme activity in postmortem human brain. Human Genetics,
75, 807–821.

Chen, X., Wang, X., O’Neill, A. F., Walsh, D., & Kendler, K. S. (2004b).
Variants in the catechol-o-methyltransferase (COMT) gene are as-
sociated with schizophrenia in Irish high-density families.
Molecular Psychiatry, 9(10), 962–967. doi:10.1038/sj.mp.4001519.

Ding, H., Qin, W., Jiang, T., Zhang, Y., & Yu, C. (2012). Volumetric
variation in subregions of the cerebellum correlates with working
memory performance. Neuroscience Letters, 508(1), 47–51.
doi:10.1016/j.neulet.2011.12.016.

Esslinger, C., Walter, H., Kirsch, P., Erk, S., Schnell, K., Arnold, C., et al.
(2009). Neural mechanisms of a genome-wide supported psychosis
variant. Science, 324(5927), 605. doi:10.1126/science.1167768.

Fallon, S. J., Williams-Gray, C. H., Barker, R. A., Owen, A. M., &
Hampshire, A. (2013). Prefrontal dopamine levels determine the
balance between cognitive stability and flexibility. Cerebral
Cortex, 23(2), 361–369. doi:10.1093/cercor/bhs025.

Giakoumaki, S. G., Roussos, P., & Bitsios, P. (2008). Improvement of
prepulse inhibition and executive function by the COMT inhibitor
tolcapone depends on COMT Val158Met polymorphism.
Neuropsychopharmacology, 33(13), 3058–3068. doi:10.1038
/npp.2008.82.

Girgenti, M. J., LoTurco, J. J., & Maher, B. J. (2012). ZNF804a regulates
expression of the schizophrenia-associated genes PRSS16, COMT,
PDE4B, and DRD2. PloS One, 7(2), e32404. doi:10.1371/journal.
pone.0032404.

Glahn, D. C., Winkler, A. M., Kochunov, P., Almasy, L., Duggirala, R.,
Carless, M. A., et al. (2010). Genetic control over the resting brain.
Proceedings of the National Academy of Sciences of the United
Sta tes of America, 107 (3) , 1223–1228. doi :10.1073
/pnas.0909969107.

Gong, Y. (1982). Manual of modified Wechsler adult intelligence scale
(WAIS-RC) (in Chinese). Changsha: Hunan Med College.

Guella, I., & Vawter, M. P. (2014). Allelic imbalance associated with the
schizophrenia risk SNP rs1344706 indicates a cis-acting variant in
ZNF804A. Schizophrenia Research, 153(1–3), 243–245.
doi:10.1016/j.schres.2014.01.005.

Guella, I., Sequeira, A., Rollins, B.,Morgan, L., Myers, R.M.,Watson, S.
J., et al. (2014). Evidence of allelic imbalance in the schizophrenia
susceptibility gene ZNF804A in human dorsolateral prefrontal cor-
tex. Schizophrenia Research, 152(1), 111–116. doi:10.1016/j.
schres.2013.11.021.

Hibar, D. P., Stein, J. L., Renteria, M. E., Arias-Vasquez, A., Desrivieres,
S., Jahanshad, N., et al. (2015). Common genetic variants influence
human subcortical brain structures. Nature, 520(7546), 224–229.
doi:10.1038/nature14101.

Ho, B. C., Andreasen, N. C., Dawson, J. D., & Wassink, T. H. (2007).
Association between brain-derived neurotrophic factor Val66Met
gene polymorphism and progressive brain volume changes in
schizophrenia. The American Journal of Psychiatry, 164(12),
1890–1899. doi:10.1176/appi.ajp.2007.05111903.

Honea, R., Verchinski, B. A., Pezawas, L., Kolachana, B. S., Callicott, J.
H., Mattay, V. S., et al. (2009). Impact of interacting functional
variants in COMT on regional gray matter volume in human brain.
NeuroImage, 45(1), 44–51. doi:10.1016/j.neuroimage.2008.10.064.

Kauppi, K., Westlye, L. T., Tesli, M., Bettella, F., Brandt, C. L.,
Mattingsdal, M., et al. (2015). Polygenic risk for schizophrenia as-
sociated with working memory-related prefrontal brain activation in
patients with schizophrenia and healthy controls. Schizophrenia
Bulletin, 41(3), 736–743. doi:10.1093/schbul/sbu152.

Kuppers, E., & Beyer, C. (2001). Dopamine regulates brain-derived neu-
rotrophic factor (BDNF) expression in cultured embryonic mouse
striatal cells. Neuroreport, 12(6), 1175–1179.

Kurth, F., Gaser, C., & Luders, E. (2015). A 12-step user guide for ana-
lyzing voxel-wise gray matter asymmetries in statistical parametric

mapping (SPM). Nature Protocols, 10(2), 293–304. doi:10.1038
/nprot.2015.014.

Lachman, H. M., Papolos, D. F., Saito, T., Yu, Y. M., Szumlanski, C. L.,
& Weinshi lboum, R. M. (1996). Human catechol-O-
methyltransferase pharma- cogenetics: description of a functional
polymorphism and its potential application to neuropsychiatric dis-
orders. Pharmacogenetics, 6, 243–250.

Lencz, T., Szeszko, P. R., DeRosse, P., Burdick, K. E., Bromet, E. J.,
Bilder, R. M., et al. (2010). A schizophrenia risk gene, ZNF804A,
influences neuroanatomical and neurocognitive phenotypes.
Neuropsychopharmacology, 35(11), 2284–2291. doi:10.1038
/npp.2010.102.

Liu, F., Guo, W., Yu, D., Gao, Q., Gao, K., Xue, Z., et al. (2012).
Classification of different therapeutic responses of major depressive
disorder with multivariate pattern analysis method based on struc-
tural MR scans. PloS One, 7(7), e40968. doi:10.1371/journal.
pone.0040968.

Liu, B., Zhang, X., Hou, B., Li, J., Qiu, C., Qin, W., et al. (2014). The
impact of MIR137 on dorsolateral prefrontal-hippocampal function-
al connectivity in healthy subjects. Neuropsychopharmacology,
39(9), 2153–2160. doi:10.1038/npp.2014.63.

Mannisto, P. T., & Kaakkola, S. (1999). Catechol-O-methyltransferase
(COMT): biochemistry, molecular biology, pharmacology, and clin-
ical eff icacy of the new selective COMT inhibi tors .
Pharmacological Reviews, 51(4), 593–628.

Meyer-Lindenberg, A., Kohn, P. D., Kolachana, B., Kippenhan, S.,
McInerney-Leo, A., Nussbaum, R., et al. (2005). Midbrain dopa-
mine and prefrontal function in humans: interaction and modulation
by COMT genotype. Nature Neuroscience, 8(5), 594–596.
doi:10.1038/nn1438.

Noh, J. S., Kim, E. Y., Kang, J. S., Kim, H. R., Oh, Y. J., & Gwag, B. J.
(1999). Neurotoxic and neuroprotective actions of catecholamines
in cortical neurons. Experimental Neurology, 159(1), 217–224.
doi:10.1006/exnr.1999.7144.

O’Donovan, M. C., Craddock, N., Norton, N., Williams, H., Peirce, T.,
Moskvina, V., et al. (2008). Identification of loci associated with
schizophrenia by genome-wide association and follow-up. Nature
Genetics, 40(9), 1053–1055. doi:10.1038/ng.201.

Oldfield, R. C. (1971). The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia, 9(1), 97–113.

Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. (2005). N-
back working memory paradigm: a meta-analysis of normative
functional neuroimaging studies. Human Brain Mapping, 25, 46–
59.

Purcell, S. M., Wray, N. R., Stone, J. L., Visscher, P. M., O’Donovan, M.
C., Sullivan, P. F., et al. (2009). Common polygenic variation con-
tributes to risk of schizophrenia and bipolar disorder. Nature,
460(7256), 748–752. doi:10.1038/nature08185.

Qin, S., Cousijn, H., Rijpkema, M., Luo, J., Franke, B., Hermans, E. J.,
et al. (2012). The effect of moderate acute psychological stress on
working memory-related neural activity is modulated by a genetic
variation in catecholaminergic function in humans. Frontiers in
Integrative Neuroscience, 6, 16. doi:10.3389/fnint.2012.00016.

Riley, B., Thiselton, D., Maher, B. S., Bigdeli, T., Wormley, B.,
McMichael, G. O., et al. (2010). Replication of association between
schizophrenia and ZNF804A in the Irish case-control study of
schizophrenia sample. Molecular Psychiatry, 15(1), 29–37.
doi:10.1038/mp.2009.109.

Schultz, C. C., Nenadic, I., Riley, B., Vladimirov, V. I., Wagner, G., Koch,
K., et al. (2014). ZNF804A and cortical structure in schizophrenia:
in vivo and postmortem studies. Schizophrenia Bulletin, 40(3), 532–
541. doi:10.1093/schbul/sbt123.

Seamans, J. K., & Yang, C. R. (2004). The principal features and mech-
anisms of dopamine modulation in the prefrontal cortex. Progress in
Neurobiology, 74(1), 1–58. doi:10.1016/j.pneurobio.2004.05.006.

Brain Imaging and Behavior

http://dx.doi.org/10.1038/sj.mp.4001519
http://dx.doi.org/10.1016/j.neulet.2011.12.016
http://dx.doi.org/10.1126/science.1167768
http://dx.doi.org/10.1093/cercor/bhs025
http://dx.doi.org/10.1038/npp.2008.82
http://dx.doi.org/10.1038/npp.2008.82
http://dx.doi.org/10.1371/journal.pone.0032404
http://dx.doi.org/10.1371/journal.pone.0032404
http://dx.doi.org/10.1073/pnas.0909969107
http://dx.doi.org/10.1073/pnas.0909969107
http://dx.doi.org/10.1016/j.schres.2014.01.005
http://dx.doi.org/10.1016/j.schres.2013.11.021
http://dx.doi.org/10.1016/j.schres.2013.11.021
http://dx.doi.org/10.1038/nature14101
http://dx.doi.org/10.1176/appi.ajp.2007.05111903
http://dx.doi.org/10.1016/j.neuroimage.2008.10.064
http://dx.doi.org/10.1093/schbul/sbu152
http://dx.doi.org/10.1038/nprot.2015.014
http://dx.doi.org/10.1038/nprot.2015.014
http://dx.doi.org/10.1038/npp.2010.102
http://dx.doi.org/10.1038/npp.2010.102
http://dx.doi.org/10.1371/journal.pone.0040968
http://dx.doi.org/10.1371/journal.pone.0040968
http://dx.doi.org/10.1038/npp.2014.63
http://dx.doi.org/10.1038/nn1438
http://dx.doi.org/10.1006/exnr.1999.7144
http://dx.doi.org/10.1038/ng.201
http://dx.doi.org/10.1038/nature08185
http://dx.doi.org/10.3389/fnint.2012.00016
http://dx.doi.org/10.1038/mp.2009.109
http://dx.doi.org/10.1093/schbul/sbt123
http://dx.doi.org/10.1016/j.pneurobio.2004.05.006


Szeszko, P. R., Lipsky, R., Mentschel, C., Robinson, D., Gunduz-Bruce,
H., Sevy, S., et al. (2005). Brain-derived neurotrophic factor
val66met polymorphism and volume of the hippocampal formation.
Molecular Psychiatry, 10(7), 631–636. doi:10.1038/sj.mp.4001656.

Thomas, G., Sinville, R., Sutton, S., Farquar, H., Hammer, R. P., Soper, S.
A., et al. (2004). Capillary and microelectrophoretic separations of
ligase detection reaction products produced from low-abundant
point mutations in genomic DNA. Electrophoresis, 25, 1668–1677.

Tian, T., Qin, W., Liu, B., Wang, D., Wang, J., Jiang, T., et al. (2013).
Catechol-O-methyltransferase Val158Met polymorphismmodulates
gray matter volume and functional connectivity of the default mode
network. PloS One, 8(10), e78697. doi:10.1371/journal.
pone.0078697.

Walton, E., Turner, J., Gollub, R. L., Manoach, D. S., Yendiki, A., Ho, B.
C., et al. (2013). Cumulative genetic risk and prefrontal activity in
patients with schizophrenia. Schizophrenia Bulletin, 39(3), 703–
711. doi:10.1093/schbul/sbr190.

Wei, Q., Li, M., Kang, Z., Li, L., Diao, F., Zhang, R., et al. (2015).
ZNF804A rs1344706 is associated with cortical thickness, surface
area, and cortical volume of the unmedicated first episode schizo-
phrenia and healthy controls. American Journal of Medical
Genetics. Part B, Neuropsychiatric Genetics, 168B(4), 265–273.
doi:10.1002/ajmg.b.32308.

Williams, H. J., Norton, N., Dwyer, S., Moskvina, V., Nikolov, I., Carroll,
L., et al. (2011). Fine mapping of ZNF804A and genome-wide sig-
nificant evidence for its involvement in schizophrenia and bipolar
disorder. [research support, N.I.H., extramural research support,
non-U.S. Gov’t]. Molecular Psychiatry, 16(4), 429–441.
doi:10.1038/mp.2010.36.

Winkler, A. M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K.,
Fox, P. T., et al. (2010). Cortical thickness or grey matter vol-
ume? The importance of selecting the phenotype for imaging
genetics studies. NeuroImage, 53(3), 1135–1146. doi:10.1016
/j.neuroimage.2009.12.028.

Xiao, X., Luo, X. J., Chang, H., Liu, Z., & Li, M. (2016). Evaluation of
European schizophrenia GWAS loci in Asian populations via com-
prehensive meta-analyses. Molecular Neurobiology. doi:10.1007
/s12035-016-9990-3.

Yi, P., Chen, Z., Zhao, Y., Guo, J., Fu, H., Zhou, Y., et al. (2009). PCR/
LDR/capillary electrophoresis for detection of single-nucleotide dif-
ferences between fetal and maternal DNA in maternal plasma.
Prenatal Diagnosis, 29(3), 217–222. doi:10.1002/pd.2072.

Zhao, F., Zhang, X., Qin, W., Liu, F., Wang, Q., Xu, Q., et al. (2015).
Network-dependent modulation of COMT and DRD2 polymor-
phisms in healthy young adults. Scientific Reports, 5, 17996.
doi:10.1038/srep17996.

Brain Imaging and Behavior

View publication statsView publication stats

http://dx.doi.org/10.1038/sj.mp.4001656
http://dx.doi.org/10.1371/journal.pone.0078697
http://dx.doi.org/10.1371/journal.pone.0078697
http://dx.doi.org/10.1093/schbul/sbr190
http://dx.doi.org/10.1002/ajmg.b.32308
http://dx.doi.org/10.1038/mp.2010.36
http://dx.doi.org/10.1016/j.neuroimage.2009.12.028
http://dx.doi.org/10.1016/j.neuroimage.2009.12.028
http://dx.doi.org/10.1007/s12035-016-9990-3
http://dx.doi.org/10.1007/s12035-016-9990-3
http://dx.doi.org/10.1002/pd.2072
http://dx.doi.org/10.1038/srep17996
https://www.researchgate.net/publication/312302193

	ZNF804A rs1344706 interacts with COMT rs4680 to affect prefrontal volume in healthy adults
	Abstract
	Introduction
	Materials and methods
	Subjects
	Cognitive tests
	Genotyping
	Image acquisition
	Structural data preprocessing
	Voxel-based morphometry (VBM) analysis
	Statistical analysis

	Results
	Demographic and genotypic data
	VBM analysis
	Post-hoc analysis

	Discussion
	References


