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observed a significant decrease in luciferase reporter
activity from SHSY5Y cells transfected with miR-17
and constructs containing the NPAS3 3#UTR compared
with cells transfected with miR-17 and the empty vector
(t = �4.24, df = 4,P = .01) (figure 3C). In contrast, cotrans-
fection of SHSY5Y cells with the NPAS3 3#UTR and
anti-miR-17 significantly enhanced luciferase reporter

activity compared with cells cotransfected with the empty
vector and anti-miR-17 (t = 4.20,df = 4, P = .01).

We then focused more specifically on the putative
miR-17 binding site in the NPAS3 3#UTR by cloning
the miR-17 binding sequence into a luciferase reporter
construct (figure 3D). A mutant form of this sequence
(containing a 3 base-pair mutation in the miRNA seed

Fig. 3.miR-17 expression in the dorsolateral prefrontal cortex across development. (A) MiR-17 expression was measured by gene microarray
for the 7 developmental groups. Data is expressed as miR-17 expression normalized to the geometric mean of small nucleolar RNAs and is
presented as mean� SEM. *P � .05, **P � .005, *** P � .0005. (B) Identification of a putative miR-17 binding sequence in the NPAS3
3#UTR. The binding site was identified using PicTar and confirmed using TargetScan. The NPAS3 3#UTR is shaded gray and boxed and
includes the sequences between the gray. The putative miR-17 binding site is highlighted blue with dotted underline and the seed region within
the binding site is indicated in yellow with solid underline. Sequences flanking the putative miR-17 binding site are highlighted green (no
underline or boxing). (C) SHSY5Y cells were transfected with empty vector (luciferase construct) or a luciferase construct containing the
NPAS3 3#UTR in combination with miR-17, anti-miR-17, or scrambled controls. Data representative ofn � 3 independent experiments from
three replicatecultures. **P � .01. (D) A mutantversionof theNPAS3microRNA(miRNA) bindingsequence that has basechanges (indicated
byhighlighted [redandbold]bases) introducedtothemiRNAseed-pairing region. (E)HEK293cellswerecotransfectedwithemptyvector,wild-
type, or mutated miRNA binding sequence in combination with miR-17, anti-miR-17, or scrambled controls. Data representative ofn � 4
independent experiments from four replicate cultures are normalized to the respective empty vector controls and expressed as relative luciferase
activity. *** P � .001. This figure can be seen in color at Schizophrenia Bulletin online.
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sequence) was also cloned to determine the specificity of
miR-17 binding to the putative binding sequence (figure
3D). Consistent with observations using the endogenous
NPAS3 3#UTR in neuronal cells, we showed that miR-17
decreases luciferase reporter activity in cells transfected
with constructs containing the wild-type miR-17
binding sequence in the luciferase 3#UTR (t = �8.04,
df = 6, P = .0002) (figure 3E). Moreover, expression of
anti-miR-17 showed the opposite effect by increasing
luciferase reporter activity (t = 6.48, df = 6, P = .0006).
Finally, miR-17 and anti-miR-17 did not alter luciferase re-
porteractivityof themiRNAmutantconstructs (allP> .36).

miR-17 mRNA Expression and NPAS3 mRNA and
Protein Expression in the DLPFC of People With
Schizophrenia

Using microarray analysis and qPCR, we did not detect
a significant difference in NPAS3 mRNA in schizophre-
nia. Moreover, we did not find a significant main effect of
gender or a diagnosis 3 gender interaction on NPAS3
mRNA expression between controls and schizophrenics.
Two-way ANCOVA analyses were conducted (all
F < 1.08, df = 1, 60, P > .30) covarying for demographic
cohort characteristics (figure 4A) including age (r = .28,
P = .02), pH (r = �.61, P < .000001), PMI (r = �.32,
P = .006), RIN (r = �.42, P = .0003), brain weight
(r = �.40, P = .0006), and agonal state (r = .24, P = .048).

We did not detect a significant main effect of diagnosis
or gender on NPAS3 protein levels. Interestingly, a diag-
nosis 3gender interaction effect was observed for NPAS3
protein levels (F = 4.75, df = 1, 68, P = .03) (figure 4B).
Females with schizophrenia showed a significant de-
crease in NPAS3 protein compared with control females
(P = .03), whereas males showed no diagnostic change in
NPAS3 protein expression (P = .58). NPAS3 protein
did not correlate significantly with any of the cohort
demographics (all P > .07).

Interestingly, NPAS3 expression was found to correlate
significantlywith the estimated last chlorpromazine-equiv-
alent dose (NPAS3 mRNA [r = �.45, P = .006]; NPAS3
protein expression [r = .38,P = .02]). However, this clinical
variable was not used in covariate analyses because it is
applicable only to the schizophrenia group.
Despite the subtle and possibly gender-specific change

in NPAS3 in schizophrenia, we detected a significant in-
crease in miR-17 mRNA expression in our total cohort of
individuals with schizophrenia compared with controls
(F = 6.18, df = 1, 67, P = .02) (figure 4C). No significant
main effects of gender or diagnosis 3 gender interaction
were observed between controls and schizophrenics (all
F < 0.04, df = 1, 67, P > .85) and no tested cohort
demographics did correlated with miR-17 expression
(all P � .25). Moreover, no significant correlations
were observed between miR-17 expression and clinical
variables (all P � .11). Since we found that miR-17 was
increased in the prefrontal cortex of people with schizo-
phrenia, we asked if other miR-17 mRNA targets would
be reduced in adults with schizophrenia. By examining the
publically available microarray data from the SMRI
Website (https://www.stanleygenomics.org/index.html),
we identified 18 putative miR-17 targets that were reduced
in the brains of people with schizophrenia (see online
supplementary material for table S3).

Discussion

To advance understanding of the putative role of NPAS3
in schizophrenia, we examined NPAS3 expression in the
developing and schizophrenic brain.

NPAS3 mRNA and Protein Are Reciprocally Expressed
During Development

We found a postnatal downregulation of NPAS3 mRNA
and a postnatal upregulation of NPAS3 protein in the
prefrontal cortex that occurred over a protracted
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Fig. 4. NPAS3 mRNA (messenger RNA) and protein expression in the dorsolateral prefrontal cortex of people with schizophrenia.
(A) NPAS3 mRNA expression was measured by quantitative real-time PCR (qPCR) and (B) NPAS3 protein expression was measured by
Western blotting. For NPAS3 mRNA and protein, expression was grouped based on gender (females and males) and diagnosis (control
[black]andschizophrenia [white]).NPAS3mRNAexpressionwasnormalized to thegeometricmeanof thehousekeepinggenesandpresented
asmeanþ SEM.NPAS3 protein expression was normalized to b-actin and presented as meanþ SEM. *P< .05. (C)miR-17 expression was
measured by qPCR. Expression was grouped based on diagnosis. Data is expressed as miR-17 normalized to the geometric mean of small
nucleolar RNAs and presented as mean þ SEM. *P < .05.
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5-year period: from neonates to early adolescence. These
reciprocal patterns of expression suggest the lack of a di-
rect relationship between NPAS3 mRNA and NPAS3
protein levels in the developing human postnatal DLPFC
and demonstrate that NPAS3 protein levels are not sim-
ply determined by the steady-state mRNA levels of the
primary NPAS3 transcript. Posttranscriptional regula-
tion of mRNA can be mediated by miRNAs and we con-
firmed, for the first time, that NPAS3 mRNA is a target
of miRNA-mediated gene silencing.

A miRNA Is Capable of Regulating Human NPAS3
Levels

We identified a miR-17 binding site in the NPAS3
3#UTR and showed regulation of NPAS3 expression
via miR-17 in vitro, indicating that miR-17 may regulate
NPAS3 in human brain. The developmental profile of
miR-17 was reciprocal to NPAS3 protein expression
but mirrored the expression pattern observed for
NPAS3 mRNA in the human DLPFC, suggesting that
miR-17 is inhibiting translation of the NPAS3 transcript
in vivo. This model is strongly supported by our exper-
imental data demonstrating that miR-17 downregulates
protein synthesis by targeting specific sites on the
3#UTR of NPAS3. Steady-state levels of NPAS3 tran-
scription may be unchanged or elevated with respect to
protein level in the developing cortex, due to the influence
of homeostatic feedback attempting to support levels in
the face of miRNA-induced restraint on translation.
Since the reciprocal regulation of NPAS3 mRNA and
protein we detect occurs early in human life, the extent
to which this mechanism is used in the adult human brain
is unknown. Our data from people with schizophrenia
suggest that NPAS3 may not be a primary target for
miR-17 in the adult cortex. However, other genes that
have been found to be reduced in the DLPFC in people
with schizophrenia by previous microarray studies are
miR-17 targets, consistent with the upregulation of
miR-17 that we find in schizophrenia having widespread
consequences on gene expression in adult human cortex.

NPAS3 Expression in Schizophrenia

Themost robust change detected in theDLPFC of people
with schizophrenia was a novel increase in miR-17, which
would be consistent with increased degradation and turn-
over or translational suppression of target mRNAs in-
cluding NPAS3 mRNA. However, we did not detect
a significant change in NPAS3mRNA in this schizophre-
nia cohort. It is important to note that our current cohort
is composed of individuals in the young adult and adult
age range. While we observed no overall change in
NPAS3 mRNA in adults with schizophrenia, we do
not know if NPAS3 expression is altered early in devel-
opment in schizophrenia. Based on the developmental ex-
pression profile of NPAS3, the most robust changes took

place between the neonate to school age period, yet if
changes in NPAS3 mRNA were occurring early in devel-
opment in people with schizophrenia, this would have
been missed in our study. If NPAS3 synthesis and/or
function were altered this early in the development, it
could potentially lead to lasting changes in interneurons
(or a subset of interneurons) without leading to lasting
changes in NPAS3 levels in all people with schizophrenia.
Our finding of decreased NPAS3 protein in females with
schizophrenia may suggest that changes in NPAS3 ex-
pression may be found in subgroups of patients and is
consistent with reduced translational ability of evidently
stable levels of NPAS3 mRNA.

How Does NPAS3 Contribute to Understanding the
Pathophysiology of Schizophrenia?

Despite only detecting decreased NPAS3 expression in
a subset of schizophrenic individuals in our cohort, we
know that NPAS3 knockout mice show reduced neuro-
genesis, abnormal brain pathology, GABAergic dysfunc-
tion, and altered metabolism—all features that are
detected differentially in schizophrenia.25 It is intriguing
to consider that loss of NPAS3 function may be one
among many putative causative factors upstream of the
cortical pathology in schizophrenia, as is supported by ge-
netic studies. Indeed, given the clinical heterogeneity of
schizophrenia, one would expect that there are various
causes underlying the disease. Thus, the closer we examine
any putative single risk factor (in this case, NPAS3), the
more likely it is that we will find changes in only a subset
of individuals, as others afflicted will have distinct risk fac-
tors at work. Critically, these risk factors should have the
ability to converge onto a common pathophysiology
found in the disease as is the case for the developmentally
regulated NPAS3 gene. Alternatively, the fact that we cur-
rently are only able to study adults with schizophreniamay
have obscured our ability to identify critical developmental
changes in NPAS3 levels that may be more widespread
earlier in the disease course. This is especially relevant
for genes/proteins that show increased prominence early
on in human life and underscores the importance of using
animals in modeling how developmental risk factors may
contribute to schizophrenia pathogenesis.

NPAS3 in Relationship to GABAergic Interneuron
Markers in Development and Schizophrenia

NPAS3 is expressed by GABAergic interneurons, in
particular, NPAS3 colocalizes with calretinin-expressing
and reelin-producing interneuron subtypes,11 which we26

and others find decreased in schizophrenia,12 However,
other studies using schizophrenia sample sizes of 5–15
brains have found no change in calretinin mRNA or
cell density in the prefrontal cortex in schizophrenia.27–29

Calretinin mRNA expression is most abundant in layer
II,27 and we found NPAS3 mRNA to be enriched in
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cortical layers II and IV. Furthermore, in the human
DLPFC, calretinin mRNA levels are significantly elevated
in the neonate and declined with increasing age, as seen
with NPAS3 mRNA in our study.14 This reduction of
NPAS3 mRNA levels coincident with a developmental
downregulation of calretinin mRNAmay indicate coregu-
lation of NPAS3 and calretinin within these inhibitory
interneurons. Indeed, since NPAS3 functions as a tran-
scription factor, it is likely to be playing a direct role in
the regulation of other genes within cortical interneurons.
Interestingly, the profile of NPAS3 protein is distinct from
NPAS3 mRNA but similar to the mRNA expression
profiles of both calbindin and vasoactive intestinal
peptide, suggesting a role for NPAS3 in these interneuron
subtypes.14 Further study into the interneuron cell-type
specific expression of NPAS3 may help to clarify the
role of NPAS3 in interneuron pathology in schizophrenia.
Additionally, colocalization of miR-17 and NPAS3 is
needed to confirm that a direct regulatory mechanism
between miR-17 and NPAS3 may be occurring in
interneurons.

Summary

Our study is the first to detect developmental regulation
of NPAS3 in the human cortex and to further support
a role for NPAS3 in the pathophysiology of schizophre-
nia using evidence from the brains of people with
schizophrenia. Furthermore, we demonstrate a novel reg-
ulatory mechanism by which NPAS3mRNA and protein
may be reciprocally regulated during postnatal develop-
ment by miR-17, which targets the 3#UTR of the NPAS3
primary transcript to diminish gene product activity. In
schizophrenia, we found significantly increased miR-17,
gender-specific differences in NPAS3 protein, but no
change inNPAS3mRNA expression. Our study supports
an NPAS3 hypofunction model of schizophrenia patho-
genesis and suggests that further neurobiological work on
NPAS3 is warranted to determine how it may be involved
in the development of mental illness.
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