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Abstract

PIK3CD encodes the phosphoinositide 3-kinase (PI3K) catalytic subunit, p110¢, a lipid kinase linked to neurodevelopmental
disorders, including schizophrenia (SZ). PIK3CD is regulated at the transcript level through alternate use of 5’ untranslated
exons (UTRs), promoters, and proinflammatory cytokines. Increases in global PIK3CD expression and downregulation by
neuroleptics are observed in SZ, and preclinical efficacy of a p110s-selective inhibitor is seen in rodent models of risk. Here,
we cloned PIK3CD alternative transcripts in human brain and evaluated temporal- and tissue-specific expression. We
quantified PIK3CD transcripts in B-lymphoblastoid cells from patients with SZ and examined 5’ UTR transcriptional
regulation by tumor necrosis factor « (TNFe) and interleukin-18 (IL18) in patient-derived fibroblasts. We report that PIK3CD
transcripts are differentially expressed in human brain in a developmental-specific manner. Transcripts encoding 5’ UTRs
-2A and alternative exon -1 (Altl), P37 and AS1 and AS2 were increased in SZ. Alt1, P37, and AS2 were also preferentially
expressed in fetal brain, and all transcripts were regulated by TNFa and IL18. Our findings provide novel insight into the

complexity of PIK3CD regulation in human brain, implicate PIK3CD in human neurodevelopment, and identify

isoform-specific disruption in SZ.

Introduction

Abnormal PIK3CD signaling is implicated in diverse neurodevel-
opmental disorders, including schizophrenia (SZ), autism and
developmental delay, whereby increased PIK3CD expression is
observed in patients with SZ and autism (1,2), and gain-of-
function genetic mutations are associated with developmental
delay (3). In addition, PIK3CD has been identified as a candidate
risk gene for SZ through familial-based genetic associations (1),
and its expression is shown to be regulated by upstream vari-
ation in receptor tyrosine kinase function (1). The mechanisms
underlying gene dysregulation and the transcripts involved are

unknown. Like many genes implicated in SZ, the PIK3CD gene
locus is highly complex. The gene encodes several 5’ untrans-
lated exons (5’ UTRs; Fig. 1A) as well as an alternative splice
isoform, P37 (JN190435), that results in a truncated protein prod-
uct (Fig. 1C) (4-6). In addition to alternative transcript utilization,
two novel antisense transcripts, PIK3CD AS1 (NR_027045.1) and
PIK3CD AS2 (NR_126366.1) (Fig. 1B), have been identified and
may function as an additional mechanism for transcriptional
regulation of PIK3CD (7).

Importantly, emerging work in non-neuronal cells shows that
PIK3CD is additionally regulated at the transcriptional level by
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Figure 1. Human PIK3CD mRNA transcripts. (A) PIK3CD protein coding sequence (exons 1-22) are preceded by alternative 5’ UTRs. mRNA sequences generally contain
two 5’ UTR exons (exon -2A, -2B, -2C, or -2D and exon -1; 2e not shown). Some transcripts contain an alternative exon -1 (Alt1, arrow), either as the sole leader exon or
following exon -2A. Data derived from Whitehead et al (4), the Ensembl database, and cloning experiments described here. (B) PIK3CD-AS1 and PIK3CD-AS?2 are recently
identified IncRNAs located antisense to the upstream 5’ UTR region of the PIK3CD gene. (C) The P37 transcript is formed by use of an alternative splice site between
Exons 3 and 4 that includes intronic sequence immediately downstream of Exon 3 (termed Exon 3A), resulting in a frame shift that introduces a premature stop codon
within Exon 4. The resulting product, p37s, is a truncated protein lacking the kinase domain of full-length p110s. The 5’ UTR exon composition of P37 transcripts has
not been investigated, although our preliminary data suggest transcripts contain -2A and Alt1. Transcript structure was derived from Refs. (4, 5). Block arrows denote

location of PCR primers.

immune genes that are linked to SZ, including the proinflamma-
tory cytokines tumor necrosis factor « (TNFa) and interleukin-
18 (IL1B) (8,9). These findings suggest that dysregulation of the
immune system in SZ (10-17) could lead to secondary, transcrip-
tional dysregulation of PIK3CD. Notably, the major histocompat-
ibility complex (MHC) contains the most significant association
of common variants in current genome-wide association studies
of SZ and several of these variants reside in the TNFa gene (8).
Additionally, environmental stimuli related to immunological
activation, including infections during pregnancy and stress in
early childhood, have been correlated with an increased risk of
later SZ (18), and studies of peripheral cells and serum from
patients with SZ have found increased levels of inflammatory
molecules including TNFe and IL-18 (10-13,19). Nevertheless,
despite strong genetic and environmental association to SZ,
studies in postmortem human brain have been conflicting, with
some reports failing to identify global expression changes in
genes of the immune system in SZ (20) and others finding
disease-associated increases in specific immune genes, such as
the complement component 4, C4A (21). It is worth noting that
such studies may not capture, or take into account, temporal
dynamic changes in neuroimmune genes in response to the
biological environment (i.e.immune challenge), nor the effects of
antipsychotic agents on the neuroimmune system, or reflect the
early effects of maternal or fetal immune activation on neuroim-
mune gene function during critical periods of brain development
relevant to later risk for SZ (22).

In an original study in SZ, a pan-transcriptomic PIK3CD
assay (1) revealed increased expression of PIK3CD in patient

lymphoblastoid cell lines (LCLs). As emerging work highlights
the clinical significance of disrupted alternative splicing and
transcriptional dysregulation in neurological disease (23,24) and
given that alternative splicing is especially prevalent in brain
(23), understanding alternative transcription patterns of PIK3CD
during normal brain development, as well as risk for SZ, is a
pivotal next step.

The PIK3CD gene encodes for the p110§ protein, a Class I
catalytic isoform of the phosphoinositide 3-kinase (PI3K) fam-
ily that functions downstream of receptor tyrosine kinases to
activate signaling cascades including the AKT and mTOR path-
ways (25). Originally identified as an immune system-specific
isoform, PIK3CD expression has been reported in the Central
Nervous System (CNS) and contributes to axonal growth, den-
dritic branching, and microglial activation (1,26-28). Importantly,
inhibition of the p110s protein in brain with the selective phar-
macological inhibitor, IC87114, has been shown to ameliorate
neurobehavioral and cognitive phenotypes in several rodent
models of SZ (1,29), supporting PIK3CD as an important signaling
molecule in the context of brain development, maturation, and
disease. To date, it is unknown how or if alternative transcripts
of PIK3CD, or its antisense RNAs, are utilized in brain tissue, or if
specific transcripts contribute to increases previously observed
in patients with SZ.

As noted, the complexity of the PIK3CD gene stems in part
from the alternative use of one of several 5’ UTR exons, termed
-2A (NM_005026.4), -2B (from (5)), -2C (NM_377346.8), or -2D
(NP_005017.3), which are spliced to a second 5’ UTR exon, termed
exon -1 (4,5). An additional non-coding leader exon, alterna-
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tive exon -1 (Altl; ENST 361110.6), appears to function as an
alternative to utilization of exon -1 ((5) and Fig. 1A). The regu-
lation of PIK3CD 5’ UTRs has recently been investigated in non-
neuronal cells, with evidence supporting that they are regulated
by three separate promoters that are differentially sensitive
to environmental regulation by proinflammatory cytokines, via
activation of the downstream target Nf«B (5). In addition to the
complex 5’ UTR exon usage, the recently isolated splice-variant
of PIK3CD, P37, introduces a premature stop codon, which leads
to a truncated form of the protein, p37§. p37s lacks a catalytic
domain, yet remains functional through sequestration of regula-
tory molecules, allowing PI3K pathway activation to occur more
rapidly (6,30). Finally, two novel antisense transcripts to PIK3CD,
AS1 and AS2, have recently been identified (7). Long non-coding
RNAs, including antisense RNAs, are abundantly expressed and
utilized in the brain and have been associated with neurocog-
nitive and degenerative disorders (31,32). The complexity of
PIK3CD transcriptional regulation, in conjunction with evidence
suggesting the importance of alternative and antisense RNAs in
normal human brain development (31), led us to hypothesize
that alternative PIK3CD transcripts, including AS1 and AS2 are
differentially expressed across brain development and selec-
tively altered in SZ.

Our study reveals alternate expression of multiple PIK3CD
transcripts in human brain and identifies distinct 5’ UTR exon
usage that is temporally and spatially regulated across tissue
and developmental stage. Furthermore, we show that specific
PIK3CD transcripts, including AS1 and AS2, and the novel trun-
cated variant, P37 are increased in patients with SZ. Finally,
we show significant induction of PIK3CD transcript expression
following acute cytokine stimulation but failed to detect any
differential effects of diagnosis. Together, these findings further
highlight the importance of alternative RNA transcript usage in
brain and suggest that aberrant expression of specific PIK3CD
transcripts may contribute to disease pathophysiology.

In summary, these data provide the first evidence to support
alternate PIK3CD transcript expression in human brain, show
that PIK3CD is developmentally regulated and altered in patients
with SZ and suggest that dysregulation of proinflammatory
cytokine signaling in SZ could be a mediator of altered PIK3CD
transcription.

Results

Verification of multiple discrete PIK3CD transcripts with
alternate 5’ UTRs in fetal brain, and adult neocortex

Previous work has demonstrated that multiple distinct PIK3CD
transcripts are expressed in leucocytes and non-neuronal
peripheral cells ((4,5) and Fig. 1). Each transcript includes two
untranslated exons: an alternate 5" UTR exon (termed -2A, -
2B, -2C, -2D, and -2E) and a canonical exon -1, which span a
81 kb region upstream of the translational start codon in exon 1.
Other transcripts with exon -1 spliced contain an alternative
exon (termed Altl; (5) and Fig. 1). Based on this complexity,
we examined whether diversity in transcript expression was
conserved in human brain and whether such variants were
expressed differentially in fetal brain. Using isoform-selective
primers, we identified full-length products of PIK3CD (~3.2 kb)
containing 2A, -2B, -2C and -2D, and Alt 1 in fetal brain, adult
neocortex (Fig.2) and adult hippocampus (data not shown).
-2E containing transcripts were not assessed due to below
detectable quantities. All assayed isoforms were detectable
in brain, with the exception of transcripts containing the -2B

Fetal Brain Adult Neocortex
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Figure 2. Expression of PIK3CD alternate 5’ UTR transcripts in the adult and
fetal human brain. Isoform specific primers were used (Table 1) to amplify cDNA
transcripts from fetal and adult brain. PCR confirms a predicted amplicon size of
~3.2 kb for each PIK3CD 5’ UTR isoform. 5’ UTR -2B was poorly expressed in fetal
brain and undetectable in adult neocortex.

leader exon, which were minimally expressed in fetal brain and
absent in adult brain. Such observations are consistent with
previous findings demonstrating that expression of exon -2B is
restricted to leucocytes (5). Cloning, sequencing and alignment
of nucleotide sequences in NCBI BLAST verified that the cloned
sequences match previously reported transcripts (4,5) and as
presented in Figure 1. These data provide novel evidence that
multiple PIK3CD transcripts are expressed in the developing
and adult human brain and that alternate 5’ UTR exon usage is
conserved in human brain.

Quantitative expression profiling of PIK3CD transcripts
in fetal brain, adult neocortex, adult hippocampus and
peripheral leucocytes

Previous evidence suggests that most non-leucocytic cell types
express low levels of PIK3CD under basal conditions (4,5,25).
After verifying the presence of PIK3CD alternative transcripts
in brain, we sought to characterize quantitative expression
of PIK3CD across tissues (leucocyte vs. brain) using isoform
specific quantitative real-time polymerase chain reaction (QRT-
PCR) (Fig. 3, Table 1). Consistent with previous data (4,5), we
confirm that PIK3CD is more highly expressed in LCLs, with
transcripts containing the 5’ UTR exon -2A being 16-fold more
abundant than in any brain region (Fig. 3D). Interestingly, in
brain, transcripts containing -2C (t=-14.2, P <0.0001), Altl
(t=-51.53,P <1 x 1077) and transcript P37 (t=—14.5, P <0.0001)
were significantly more highly expressed in fetal brain compared
to adult (Fig. 3). Transcripts containing 5'UTR exon -2B were
undetectable in brain, but present at lower levels in LCLs
(Fig. 3A-D). These results exemplify the tissue specificity of
PIK3CD transcript usage and additionally imply that there is
developmental-specific regulation of PIK3CD in human brain.

Altered expression of 5’ UTR transcripts of PIK3CD and
PIK3CD P37 in SZ

Given the findings that global PIK3CD transcript expression is
elevated in peripheral LCLs of patients with SZ, that antipsy-
chotic drugs attenuate transcriptional expression in the rodent
and human brain (1), combined with new knowledge that dif-
ferential utilization of promoters and 5’ UTR exons occurs in
human brain and at different stages of development (Fig. 3), we
sought to determine the degree and specificity of transcript-
specific dysregulation of PIK3CD in SZ. We used qRT-PCR with
isoform specific custom primer and probes (Table 1) to measure
all known PIK3CD transcripts in an independent cohort of LCLs
derived from 30 SZ patients and 30 healthy control subjects.
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Figure 3. PIK3CD isoform expression is tissue- and development-stage specific. Quantitative analysis of PIK3CD isoform transcripts as measured by real-time qRT-PCR
in fetal brain (A), adult neocortex (B), adult hippocampus (C), and LCL (D). (E) Statistical comparison of transcript expression between fetal brain and adult neocortex
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and (E).

Table 1. PCR and qPCR primer sequences for PIK3CD transcripts

Primer name Sequence (5-3) Direction
PIK3CD -2A TCCGAGCGGCCGCGAGCAGA Forward
PIK3CD -2B GTCTGTCTGGTGATACCAGG Forward
PIK3CD -2C TGGCGTCTTCCCGTCACT Forward
PIK3CD -2D TTCAAACCACCTTCTACCAC Forward
PIK3CD Alt1l GAGTAGTAGGAGCCACAAGCC Forward
PIK3CD E1 AACCTCAGCACCATCAAGCA Forward
PIK3CD E22 GGTTTTCCAGCTCTCACGGA Reverse (PCR)
PIK3CD E1 TGCTTGATGGTGCTGAGGTTG Reverse (qPCR)
P37 E3 CCCTTCTGGTCAACGTTAAG Forward

P37 E3A GAGTTTCACAGAGGAAGTGCT Reverse
AS1E1 ACATCTGCGTGGTCGGGAGT Forward
AS1E2 TATTACAGTGCCACTGCGCT Reverse

AS2 E1 ACAGAGGCTGGGAGGAGTTCT Forward

AS2 E2 TAGCATGGCCACTGGCTTAC Reverse

Transcriptional profiling revealed that PIK3CD “pan” (Ct range,
24-25), -2A (Ct range, 22-24), -2D (Ct range, 26-30), Alt1 (Ct range,
28-30) and P37 (Ct range, 23-25) transcripts were abundant in
LCLs, while -2B and -2C were at levels below detection, con-
firming independent observations in experiments in Figure 3.
PIK3CD transcripts containing the untranslated exon -2A (F(1,
59)=6.82,P=0.01; Fig. 4), as well as the novel truncated P37 tran-
script (F(1, 59) = 3.94, P < 0.05; Fig. 4), were significantly increased
in SZ. Transcripts with the Altl leader exon also showed a
trend for increased expression (F(1, 59) = 3.6, P=0.06, Fig. 4). Pan-
PIK3CD (assay spanning exons 8-9), as well as transcripts con-
taining -2D, also showed trends toward being increased in SZ

(P> 0.1; Supplemental Fig. 1); however, these failed to reach sta-
tistical significance. Synthesis of P37 specific cDNA, using a gene
specific primer, indicated that both -2A and Alt1 can be utilized
as part of the P37 transcript (data not shown), suggesting that
increases in these three assays may represent a single transcript.
These results further support dysregulation of PIK3CD tran-
scriptional regulation in SZ and suggest involvement of specific
alternative transcripts.

Expression of the novel antisense transcripts, PIK3CD
AS1 and AS2 is increased in SZ

Bioinformatic study of the Ensembl database (GRCh38.p12)
and the UCSC genome browser (GRCh38/hg38) inspected for
annotated human PIK3CD transcripts, revealed two previously
unstudied PIK3CD transcripts (AS1, NR_027045.1 and AS2
NR_126366.1) that are directly antisense to the 5’ region
upstream of the PIK3CD translational start site (7). This region
contains the promoter regions 2 and 3 (5).

To investigate if alterations in expression of AS1 or AS2 are
observed in SZ, we developed custom primers to span exons 1-
2 of each antisense transcript. Both AS1 and AS2 were found to
be highly expressed in LCLs (Ct ranges, 24-26) and additionally
are significantly increased in SZ (AS1, F(1, 58) = 14.043, P < 0.001,
AS2, F(1, 58)=5.711, P=0.02; Fig. 5B). These results suggest a
possible positive relationship between AS1/AS2 expression reg-
ulation and other isoforms of PIK3CD. Current studies of the
molecular role of AS1 and AS2 are underway. Second, we tran-
scriptionally profiled AS1 and AS2 across developmental stage in
human brain and compared to LCLs. While considerably lower in
brain than in LCLs, AS1 expression was consistently expressed
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Figure 4. PIK3CD alternative transcript expression is increased in SZ. Quantitative analysis of PIK3CD isoform transcripts P37 (A), UTR-2A (B), and UTR Alt1 (C) as
measured by qRT-PCR in LCLs from patients with SZ (n =30) or normal controls (n =30). All values were extrapolated using the standard curve method and normalized

to PBGD. au, arbitrary units. Error bars represent +1 SEM. *Represents P < 0.05.

at comparable levels across fetal brain, adult neocortex, and
adult hippocampus. Conversely, AS2 expression levels were 5-
fold higher in fetal brain than in adult neocortex or hippocampus
(Fig. 5A, right panel), comparable to levels seen in LCLs. This
predominance of AS2 in fetal brain suggests a potential role for
AS2 in early brain development.

Proinflammatory cytokines TNF« and IL18 induce
PIK3CD transcript expression in primary human cells

Previous work in human endothelial cells, synovial fibroblasts
and human leucocytes has reported isoform-selective induction
of PIK3CD expression by TNFa and IL18, mediated via inducible
promoters and differential transcriptional regulation of PIK3CD
5’ UTR exons (5). Given these data, we explored whether PIK3CD
expression can be modulated by inflammatory cytokines in
different cell types of human origin and examined whether
human dermal fibroblasts represent a viable cell model sys-
tem for studying the relationship between proinflammatory
cytokines, PIK3CD regulation, and SZ.

HEK-293 cells and human primary fibroblast cell lines (N = 8)
where stimulated with recombinant human TNFe, IL18, or a
PBS with 0.1% BSA control for 8 h. TNFa stimulation evoked
the most robust transcriptional responses in both cell types,
and while increases in PIK3CD in HEK293 cells were less in
response to IL1B, dermal fibroblasts responded strongly to
IL18 stimulation (Supplemental Fig.2). In both HEK293 cells

and fibroblasts, “pan” PIK3CD (analysis of variance [ANOVA],
main effect of treatment: HEK293, F=121.722, P=0.001; Fibro,
F=5.888, P=0.009) increased upon IL-18 and TNF« stimulation
(Supplemental Fig. 2). Similar responses to IL18 and TNF«
stimulation were observed for the P37 transcript (ANOVA, main
effect of treatment: HEK293, F=8.923, P=0.05; Fibro, F=3.265,
P=0.055), showing for the first time that P37 expression
is regulated by proinflammatory cytokine stimulation. In
HEK293 cells, TNFa stimulation increased transcript levels
of UTRs -2A (F=10.197, P=0.046), -2C (F=15.211, P=0.027),
and -2D (F=55.417, P=0.004). Similar results were observed
in dermal fibroblasts with both TNF«a and IL1B significantly
increasing levels of transcripts containing UTRs -2A (F=8.641,
P=0.002) and Altl (F=5.568, P=0.011). Transcripts containing
-2C, while elevated under both conditions, however, failed
to reach statistical significance (F=2.542, P=0.103). Together,
these findings demonstrate that human primary non-immune
cells can be utilized to examine the relationship between
PIK3CD transcriptional regulation and cytokine stimulation
and that proinflammatory cytokines increase expression of
multiple alternative PIK3CD transcripts, in a cell-type specific
manner (5).

Next, we utilized a larger cohort of patient-derived and
control primary dermal fibroblasts (n=230 vs. 30) to determine
if there was a differential PIK3CD transcriptional response to
cytokine stimulation in the context of SZ. In this larger cohort,
expression of all PIK3CD transcripts was significantly elevated in
response to both TNF« (Fig. 6A; ANOVA, main effect of treatment,
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“pan,” F=169.977, P <0.0001; P37, F=34.024, P <0.0001; Altl,
F=64.892, P<0.0001, UTR-2A, F=264.916, P <0.0001; UTR-
2C, F=24.75, P<0.001; UTR-2D, F=47.412, P <0.001) and IL18
(Fig. 6B; ANOVA, main effect of treatment, “pan,” F=121.351,
P <0.0001; P37, F=57.048, P < 0.0001; Alt1, F=63.862, P <0.0001;
UTR-2A,F=86.212,P <0.0001; UTR-2C, F=39.879, P < 0.001; UTR-
2D, F=62.937, P <0.001). No main effect of diagnosis or diagno-
sis-treatment interaction was observed (Fig.6). Furthermore,
baseline levels of PIK3CD transcript expression did not differ
between SZ patients and controls, in contrast to that observed
in LCLs (Fig. 4).

Discussion

Here, we present novel evidence that the leucocyte-enriched
PI3K, PIK3CD, is expressed in human brain, with select tran-
scripts containing alternate 5’ UTR exons, being temporally and
spatially regulated. We also show that alternative 5’ UTR splicing
is selectively affected in patients with SZ, with several isoforms
showing increased expression in SZ. Notably, Altl containing
and P37 transcripts are also predominantly expressed in fetal
brain, suggesting a potential immature profile of expression
related to disease. Furthermore, we demonstrate that two novel
antisense RNAs, PIK3CD-AS1 and -AS2, are expressed in human

brain and reveal increased expression in SZ. Taken together,
these findings emphasize the importance of tight regulation of
alternative RNA utilization in the PIK3CD gene and imply that
dysregulation may contribute to disease pathophysiology in SZ.
Finally, although we failed to find differential responses between
patients and controls, we provide novel evidence to support a
potential mechanism of disruption of PIK3CD transcriptional
regulation in SZ, mediated via altered immune regulation of
proinflammatory cytokine signaling.

Developmental programming and normal functioning
of complex systems require stringent ontogenic- and cell-
type-specific regulation of gene expression (33). Here, we
provide novel evidence that cell-type- and tissue-, as well as
developmental-, specific regulation of PIK3CD 5’ UTR transcript
expression occurs in the human brain and human LCLs.
Confirming previous observations in human and mouse cell
lines (4,5), we show that the PIK3CD -2A exon has the highest
basal promoter activity and expression in leucocytes than in
non-leucocytes and further demonstrate that, while expressed
abundantly in human brain, transcripts containing -2A exon
are not differentially expressed during development. These
observations suggest that tight control of PIK3CD -2A RNA
transcription in human brain is biologically important. In LCLs,
we also show that basal levels of PIK3CD transcripts containing
-2C and -2D are at low or undetectable levels, consistent with
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Figure 6. Proinflammatory cytokines induce PIK3CD transcript expression, in the absence of diagnosis effects. Acute cellular stimulation of human dermal fibroblasts
from patients with SZ (N =30) and normal controls (N =30) with TNF« (A) of IL18 (B) for 8 hours induced transcription of all PIK3CD alternate transcripts as measured
by qPCR. There was no effect of diagnosis for any assay in response to either cytokine stimulation. Note transcripts containing -2B are not expressed in human
dermal fibroblasts. mRNA quantification was derived from a pooled-sample standard curve and normalized to g-actin. Error bars represent +1 SEM for the average of
experimental triplicate analysis for n= 30 vs. n=30. a.u.= arbitrary units. *represents post hoc LSD P-value of <0.05 when compared to PBS control.

previous observations (5). We now reveal that -2D transcripts
are also observed at low levels in human brain and that
PIK3CD transcripts containing -2C exon are higher in brain
and preferentially expressed during prenatal development,
highlighting a novel roll for -2C containing PIK3CD transcripts
in human brain.

Expanding upon previous findings of increased global
transcript expression of PIK3CD in SZ (1), we reveal specific
increases in expression of transcripts containing the 5’ UTRs
-2A or Altl in an independent cohort of SZ patients. While the
precise function of alternative promoter usage and splicing of
the PIK3CD 5’ UTRs is unknown, 5’ UTRs are often involved
in the regulation of mRNA stability or translational efficiency
(34,35), and such flexible use of exons and alternative promoters
has been proposed to allow cells to dynamically respond to
the biological environment (5). Investigation of the role of
the PIK3CD 5’ UTRs in cellular function is underway. Another
finding of particular interest is the observation that P37, the
transcript encoding the C-terminally truncated p37§ protein
product, is increased in SZ. While p37§ lacks the catalytic
domain of the full-length p110§ protein, it retains the p85-
binding domain and has been shown to have growth-promoting
properties (6,36). To date, the extent of our knowledge of p37s has
come from tumor biology. Here, we present novel evidence to
support that P37 is not a tumor-specific variant (6,36) but is also

expressed at high levels in human fetal brain and in SZ periph-
eral cells. These data warrant further investigation into the
normal biological function of p37§ and the consequences of its
overexpression.

The origins of dysregulated PIK3CD transcription in SZ are
presently unclear; however, emerging evidence suggests that
altered signaling in the PI3K pathway (1) may be attributable
to altered upstream regulation by genes relevant to disease
risk, such as the growth factor NRG1, or its receptor ErbB4
(1,29). Recently, Whitehead etal. (5) demonstrated that the
proinflammatory cytokines, TNFa or IL1B, are key transcrip-
tional regulators of full-length PIK3CD and determinants of
alternative 5’ UTRs usage. Importantly, increases in cytokine
levels have been reported in patients with SZ and genome-
wide association studies demonstrate consistent association
with regions of the genome rich in immune genes, in particular
MHC region (9-17,19). These findings implicate dysregulated
immune gene or neuroimmune function in the disease as a
potential mechanism of altered PIK3CD transcription. In support
of this hypothesis, our data further confirm the relationship
between cytokine stimulation and transcriptional regulation of
PIK3CD (5).

In HEK293 cells and human dermal fibroblasts, TNF« and IL18
stimulation induced dramatic increases in total “pan” PIK3CD
and transcripts containing each of the 5’ UTR exons, consistent



with prior observation in human endothelial cells and synovial
fibroblasts (5). Our data in HEK293 cells are contrary to the
absence of effects of TNF« stimulation previously reported in
HEK293T cells (5). However, we note that our experiments were
conducted on serum starved cells and at a 10-fold higher dose of
TNFa, suggesting that higher doses of cytokine stimulation may
be required in certain cell types to affect PIK3CD gene activity. We
also report for the first time that the P37 transcript is sensitive
to acute cytokine stimulation.

While robust increases in PIK3CD transcript expression were
observed in response to cytokine stimulation, in a large cohort
of patient (N=30) and control-derived (N=230) fibroblasts, we
failed to detect effects of diagnosis on transcriptional response,
or baseline levels of PIK3CD. These findings are potentially con-
sistent with observations that pathological changes related to
disease gene expression are highly tissue specific (37) and rel-
evant to the pathology of the disease. Such findings would
be consistent with observed changes in PIK3CD expression in
patient brain and LCLs, but not in skin fibroblasts.

Finally, while our study focused specifically on investigation
of the transcriptional landscape of PIK3CD, we acknowledge that
insight into protein changes in response to cytokine stimulation
is valuable. Indeed, although beyond the scope of our study,
prior work characterizing PIK3CD transcript regulation by TNF«
confirmed concomitant increases in p110§ protein following
increases in PIK3CD transcript expression (5).

Alterations of PIK3CD transcriptional regulation in peripheral
cells from SZ patients would have less impact on our under-
standing of neuropsychiatric disease without confirmation
of conserved brain utilization of alternative PIK3CD tran-
scripts. Indeed, our results demonstrate that multiple PIK3CD
transcripts are expressed in human brain and that they are
developmentally regulated. One of the prevailing theories in SZ
is that the disorder is one of neurodevelopmental origins (38)
and data support that genes implicated in genetic risk for SZ are
predominantly expressed during prenatal brain development
(38,39). The pronounced expression of -2C, Altl, and P37 in fetal
brain and differential expression in patients with SZ suggests
that PIK3CD regulation is pertinent to normal human brain
development and a contributor to disease risk.

Finally, we report that the putative PIK3CD antisense tran-
scripts, PIK3CD-AS1 (NR_027045.1) and PIK3CD-AS2 (NR_126366.1)
are increased in SZ. Non-coding RNAs have become of increasing
interest in the field of neuroscience as they allow for additional
levels of gene regulation and are abundantly expressed in the
brain and differentially regulated during brain development
(31,32,40,41). AS1 and AS2 are antisense to sequence within the
intron between UTR -2A and -2D in an area with high epigenetic
modifications (UCSC Genome browser) and known alternative
promoter regions (5), suggesting the possibility that AS1 and
AS2 can regulate transcription of PIK3CD. Importantly, PIK3CD-
AS2 is expressed at a significantly higher level in fetal brain,
signifying a potential novel role in neurodevelopment. Future
studies utilizing knock-down and overexpression of AS1 and
AS2 are underway to assess the functional role of the antisense
transcripts and relationship between and regulation of full-
length PIK3CD expression.

Taken together, our study shows that alternative promoter
usage in the PIK3CD gene, which gives rise to expression of
associated 5’ UTR exons containing transcripts, is differentially
regulated in both a tissue and developmental-specific manner
in human brain and human peripheral cells and that this tran-
scriptional landscape is altered in patients with SZ, in a cell-type
specific manner and regulated by peripheral cytokines.
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Materials and Methods

Molecular cloning and sequencing of PIK3CD cDNA
transcripts in human brain

Commercial RNA from brain was obtained from Clontech (cortex,
no. 636561; hippocampus, no. 636593; fetal total brain, no.
636526). Two micrograms of total RNA was reverse transcribed
using Superscript III (Invitrogen, no. 18080-400) with oligo
dT primers according to manufacturer’s protocol. Polymerase
chain reaction (PCR) amplification of full-length PIK3CD was
performed using Platinum High Fidelity Taq polymerase
(Invitrogen, no. 11304-011). PCR conditions were 94°C for 2 min
for Taq activation, followed by 40 cycles of 94°C for 30 s, 55°C
for 30 s, and 68°C for 4 min with a final extension of 10 min
at 68°C. All PCR reactions used a forward primer from a unique
PIK3CD leader exon (Table 1, Fig. 1) in combination with a reverse
primer located in exon 22 (Table 1). Amplified PCR products
were separated by electrophoresis on 0.75% agarose gels stained
with ethidium bromide and visualized under ultraviolet light.
PCR products were cloned into the pCR 2.1 TOPO vector, and
the cloning reaction was used to transform TOP10 competent
cells (Invitrogen, no. K4500-02). Plasmid miniprep DNAs were
prepared from bacterial cultures by using QIAprepSpin miniprep
kit (Qiagen). Inserts in selected clones were sequenced by using
M13 forward and reverse primers in the DNA sequencing Core
at the University of Colorado, School of Medicine.

gRT-PCR analysis of PIK3CD transcript abundance in
human fetal brain, adult brain and LCLs

Commercial RNA from brain was obtained from Clontech
(cortex, no. 636561; hippocampus, no. 636593; fetal total brain,
no. 636526). RNA derived from LCL lines from human subjects
was extracted (see Human subjects below), as previously reported
(1). cDNA was amplified using a Multi-Scribe kit with random
primers (Life Technologies, no. 4304134). LCL cDNA from a subset
of the control subjects (N=6) was pooled for tissue-specific
analysis. Gene expression levels were measured by qRT-PCR,
using an ABI Prism 7900 sequence detection system with 384-
well format (Applied Bio-systems), as previously described in
detail (1). Assays were performed using SYBR green detection
(Life Technologies, cat. no. 4367659) with PIK3CD leader forward
primers (Table 1) and a reverse primer located in exon 1 (Table 1).
A P37 specific assay was designed using a forward primer from
exon 3 (Table 1) and a reverse primer from the included exon
downstream from exon 3 (named exon 3A, Table 1). Isoform
specific assays for AS1 and AS2 were designed to span exon 1
and 2 (Table 1). The “pan” PIK3CD was a stock Tagman Assay
to Exons 7-8 of the PIK3CD transcript (Applied Bio-systems,
Hs00908671). PCR conditions for each assay were 10 min at
95°C for Taq activation followed by 40 cycles of 95°C for 15 s,
60°C for 1 min. For cross-tissue comparisons (Fig. 3), each assay
was performed on all tissues in a single 384 well plate, using a
standard curve method. Mean quantities (triplicates) of 50 ng
reactions were used for expression comparisons, and final
quantities were calculated using the A-CT method, normalized
to the endogenous control gene, porphobilinogen deaminase
(PBGD, Applied Biosystems, Hs00609297). For LCL, case vs. control
(N=60) analysis, PCR data were acquired from the Sequence
Detector Software (SDS version 2.0; Applied Bio-systems) and
quantified by a standard curve method (1). In each experiment,
the R? of the curve was more than 0.99 and controls constituting
no-template cDNA resulted in no detectable signal. The software
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plotted a standard curve of the cycles at threshold (Ct) vs.
quantity of RNA. Primary data analysis is based on normalization
of mRNA transcript quantity to PBGD.

Human subjects

Blood collection and Epstein-Barr virus lymphocyte transfor-
mation were approved by the Colorado Multiple Institutional
Review Board, University of Colorado, School of Medicine and
collected in accordance with the Declaration of Helsinki prin-
ciples. All donors gave written informed consent. All subjects
were drawn from individuals participating in the Department of
Psychiatry “Genetic Research in Schizophrenia Study” [original
PI, R.F; current Principle Investigator (PI), A.J.L.], part of a larger
original study of the Molecular Genetics of Schizophrenia, and as
described previously (42). A consensus diagnosis of SZ based on
Diagnostic and Statistical Manual of Mental Disorders, Third Edi-
tion, Revised or Diagnostic and Statistical Manual of Mental Dis-
orders, Fourth Edition, criteria was made following a systematic
and comprehensive examination of multiple sources of available
information obtained from relatives, medical records, clinicians,
and direct assessment using one or more diagnostic interviews
including the Diagnostic Interview for Genetic Studies and the
Structured Clinical Interview for Axis I DSM Disorders (SCID).
Control subjects were evaluated using the SCID—Non-patient
Edition. All subjects in the study were unrelated to each other.
Ethnicities of case-control participants were recorded from self-
report or family. Thirty unaffected controls (20 males and 10
females; 80% Caucasian, 10% African American, 3% Hispanic,
non-Caucasian, 7% Asian) and 30 individuals with a diagnosis
of SZ (21 males and 9 females; 83% Caucasian, 7% African Amer-
ican, 7% Hispanic, non-Caucasian, 3% Asian) were used for LCL
studies.

Primary skin fibroblasts were obtained from the Schizophre-
nia Research Center Brain Bank at the University of Colorado,
School of Medicine, all of which were donated through the Col-
orado Anatomical Gift Act. The Brain/Fibroblast Bank contains
tissue collected postmortem from subjects with a diagnosis of
SZ as well as from unaffected individuals and as described pre-
viously (43-45). Thirty unaffected controls (Caucasian; 22 males
and 8 females; mean age at death 57.5+/~126(D) years) and 30
individuals with a diagnosis of SZ (Caucasian; 22 males and 8
females; mean age at death 54.0%/~ 163 (D) years) were used for
cytokine stimulation studies.

Cytokine cellular stimulation assay

HEK-293 cells (ATCC) were grown in DMEM (Gibco) with 10% fetal
calf serum (Gibco), 100 mg/ml streptomycin, 100 units/ml peni-
cillin (Gibco), and 2 mmol/L L-glutamine (Gibco) in an incubator
(37°C/5% CO,). Cells were plated at a density of 1 x 10° cells/well
in 6-well plates, serum-starved overnight, and stimulated with
100 ng/ml recombinant human TNF« (R&D Systems) or 20 ng/ml
recombinant human IL18 (Peprotech) for 8 h.IL18 concentrations
and stimulation times were selected based on established prior
literature (5) and dose/time-response experiments presented in
Supplemental Figure 3. One hundred nanograms per milliliter
recombinant human TNF«/8 h was selected as producing the
most consistent and robust response across all isoforms for
each time point and dose in our cell lines of study (i.e. human
fibroblasts; Supplemental Fig. 3). RNA was extracted using Qia-
gen Lysis Buffer. cDNA synthesis and expression assays were
performed as described above. Human dermal fibroblasts were
grown in DMEM/F12 (Gibco) with 15% fetal calf serum (Gibco),

100 mg/ml streptomycin, 100 units/ml penicillin (Gibco), and
2 mmol/L r-glutamine (Gibco) in an incubator (37°C/5% COy).
Cells were plated at a density of 0.5 x 10° cells/well in 6-well
plates, serum-starved overnight, and stimulated as above. For
fibroblast case vs. control (N=60) analysis, qPCR data were
acquired from the Sequence Detector Software (SDS version 2.0;
Applied Biosystems) and quantified by a standard curve method
(1). In each experiment, the R? of the curve was more than
0.99 and controls constituting no-template cDNA resulted in no
detectable signal. The software plotted a standard curve of the
cycles at threshold (Ct) vs. quantity of RNA. Primary data analysis
is based on normalization of average triplicate mRNA transcript
quantity to GAPDH (Applied Biosystems, Hs99999905).

Statistical analysis

All statistical comparisons were performed using the SPSS
statistics package version 24.0 Independent samples t tests
were used to analyze the effect of age (fetal brain vs. adult
brain) on measures of gene expression for the PIK3CD iso-
forms. ANOVA was used to compare gene expression data
in patients vs. control subjects with diagnosis and sex as
fixed factors. ANOVA with treatment, diagnosis, and sex as
fixed factors was used to compare effects of TNFa and IL1B
stimulation on PIK3CD isoform expression. Fisher’s post hoc least
significant difference (LSD) was used to investigate significant
effects.
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