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A Novel Alternative Splicing Mechanism That Enhances
Human 5-HT1A Receptor RNA Stability s Altered in Major
Depression

Brice Le Frangois,'2 Lei Zhang,' Gouri J. Mahajan,’ “Craig A. Stockmeier,> “Eitan Friedman,'*
and “Paul R. Albert>*
'Department of Molecular, Cellular & Biomedical Sciences, CUNY School of Medicine, Ph.D. Programs in Biochemistry and Biology, City University of
New York, New York, New York, 10031, 2Department of Cellular and Molecular Medicine, UOttawa Brain and Mind Research Institute, Ottawa Hospital
Research Institute (Neuroscience), Ottawa, Ontario K1H 8M5, Canada, and *Department of Psychiatry and Human Behavior, University of Mississippi
Medical Center, Jackson, Mississippi 39216

The serotonin-1A (5-HT1A) receptor is a key regulator of serotonergic activity and is implicated in mood and emotion. However, its
post-transcriptional regulation has never been studied in humans. In the present study, we show that the “intronless” human 5-HT1A
gene (HTRIA) is alternatively spliced in its 3'-UTR, yielding two novel splice variants. These variants lack a ~1.6 kb intron, which
contains an microRNA-135 (miR135) target site. Unlike the human HTR14, the mouse HTR1A lacks the splice donor/accepter sites. Thus,
in the mouse HTR1A, splicing was not detected. The two spliced mRNAs are extremely stable, are resistant to miR135-induced down-
regulation, and have greater translational output than the unspliced variant. Moreover, alternative HTR1A RNA splicing is oppositely
regulated by the splice factors PTBP1 and nSR100, which inhibit or enhance its splicing, respectively. In postmortem human brain tissue
from both sexes, HTRIA mRNA splicing was prevalent and region-specific. Unspliced HTRIA was expressed more strongly in the
hippocampus and midbrain versus the prefrontal cortex (PFC), and correlated with reduced levels of nSR100. Importantly, HTR1IA RNA
splicing and nSR100 levels were reduced in the PFC of individuals with major depression compared with controls. Our unexpected
findings uncover a novel mechanism to regulate HTRIA gene expression through alternative splicing of microRNA sites. Altered levels of
splice factors could contribute to changes in regional and depression-related gene expression through alternative splicing.
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/Signiﬁcance Statement \

Alternative splicing, which is prevalent in brain tissue, increases gene diversity. The serotonin-1A receptor gene (HTRIA) is a
regulator of serotonin, which is implicated in mood and emotion. Here we show that human HTRIA RNA is alternately spliced.
Splicing removes a microRNA site to generate ultrastable RNA and increase HTRIA expression. This splicing varies in different
brain regions and is reduced in major depression. We also identify specific splice factors for HTRIA RNA, showing they are also
reduced in depression. Thus, we describe a novel mechanism to regulate gene expression through splicing. Altered levels of splice
factors could contribute to depression by changing gene expression. j

Introduction
The 5-HT1A receptor is widely expressed throughout the brain,
both as a somatodendritic autoreceptor that negatively regulates
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expression of presynaptic and postsynaptic 5-HT1A receptors
dictate depression-like and anxiety-like behavior, as well as re-
sponse to antidepressants (Santarelli et al., 2003; Richardson-
Jones et al., 2010, 2011; Samuels et al., 2015; Vahid-Ansari et al.,
2017). Suppression of 5-HT1A autoreceptors increases 5-HT
neuronal activity and enhances stress resilience/antidepressant
response, while their overexpression has the opposite effect
(Richardson-Jones et al., 2010; Vahid-Ansari et al., 2017). Post-
synaptic 5-HT1A heteroreceptors in the hippocampus are critical
for antidepressant response, while those in the prefrontal cortex
(PFC) provide protection from anxiety and depression pheno-
types (Albert et al., 2014; Samuels et al., 2015). In humans, reduc-
tions in postsynaptic 5-HT1A receptors, especially in the PFC, are
associated with depression and anxiety (Savitz et al., 2009; Szew-
czyk et al., 2009). Conversely, an increase in presynaptic 5-HT1A
receptors is seen in depression and depressed suicides and correlates
with resistance to treatment with antidepressant drugs (Hesselgrave
and Parsey, 2013). However, the molecular basis for these dynamic
changes in 5-HT1A receptor expression remains elusive.

At thelevel of the human 5-HT1A gene (HTRIA), a functional
C(-1019)G promoter polymorphism (rs6295) associated with
depression, mood disorders, suicide risk, and antidepressant re-
sistance, alters transcription-factor binding to affect HTRIA ex-
pression in vivo (Lemonde et al., 2003, 2004; Le Frangois et al.,
2008; Donaldson et al., 2016). However, although meta-analyses
have confirmed these associations, they are not seen in all co-
horts, suggesting that additional regulatory mechanisms control
5-HT1A gene expression. While the HTRIA promoter and cod-
ing sequences have been intensively studied (Albert et al., 2014),
the gene’s full mRNA sequence, including the 3'-untranslated
regions (3'-UTR), remains unknown. However, within the
HTRIA 3'-UTR, a site for microRNA-135 (miR135) has been
identified and miR135 has been shown to regulate 5-HT1A auto-
receptor levels, 5-HT system activity, and antidepressant action
(Issler et al., 2014).

Alternative splicing is a prevalent post-transcriptional modi-
fication, especially in human neuronal genes (Kang et al., 2011),
resulting in a greater diversity of RNA transcripts (Darnell, 2013;
Raj and Blencowe, 2015). Alternative splicing is regulated by
RNA binding proteins that dictate exon inclusion or skipping
(Lee and Rio, 2015). These include Noval and Nova2, the ubiq-
uitous poly-pyrimidine tract binding protein 1 (PTBP1) and its
neuronal paralog PTBP2 (nPTB), or the RNA splicing domain
protein nSR100, which positively regulates a vast splicing regula-
tory network critical for neuronal differentiation and function
(Calarco et al., 2009; Irimia et al., 2014). In the present study, we
are the first to demonstrate that the human 5-HT1A mRNA 3'-
UTR is alternatively spliced to yield three mRNA isoforms that
differ drastically in their half-lives and translational output. In-
terestingly, expression levels of the 5-HT1A mRNA variants vary
across brain regions in humans and correlate with nSR100 levels,
indicating that this molecular event is dynamically regulated. We
show that this novel splicing event is regulated by PTBP1 and
nSR100 in an antagonistic fashion. Also, the 5-HT1A RNA splic-
ing ratio is decreased in the PFC of depressed individuals, corre-
lating with a decrease in the expression of nSR100. These studies
highlight the importance of alternative splicing and splice factors
in the regulation of gene expression in the brain, and show how
regulation of global splicing may be altered in depression.

Materials and Methods

Plasmids, reporter constructs, and 3' RACE. The 3056 bp human 5-HT1A
3'-UTR was amplified by PCR from HEK293 genomic DNA using prim-
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ers 5-CAGTGATGACGGAGGAGTAGCC and 5'-CCAGAGACTG
TAGTTTTCCTCCAT with Nhel/Sall sites and cloned in Xbal/Sall-cut
pGL3P (Promega, catalog #E1761), replacing the SV40 polyadenylation
site, generating pGL3P-HTRIA 3'-UTR [wild type (WT)]. Our con-
structs correspond to the WT human 5-HT1A genotype (Rs6449693-T,
Rs878567-C, Rs749099-A). For 3'RACE and transfections, RNA was ex-
tracted 48 h post-transfection, DNase treated, and cDNA synthesized
using (dT),, primer (Integrated DNA Technologies, catalog #51-01-15-
01). The 5-HT1A 3'UTR was amplified by PCR using the primers 5'-
GACGAAGTACCGAAAGGT and 5'-CACTGGAGTTGTCCCAATTC.
Products were cloned in pGEM-TEasy (Promega, catalog #A1360) and
sequenced. The pGL3P-unspliceable 5-HT1A-3'-UTR construct was
obtained by mutating the 3'-splice acceptor using primers fwd 5'-
CCATTTATTTGTGTCTTTTACTCAATTGTATGACAATG and rev5'-
CATTGTCATACAATTGAGTAAAAGACACAAATAAATGG (mutation
in boldface). The pGL3P-spliced 5-HTIA 3’-UTR construct was ob-
tained by subcloning BamHI/BpmI-digested 5-HT1A 3'-UTR [long
spliced (LS)] 814 bp fragment into pGL3P 5-HT1A 3'UTR. Noval,
Nova2, nPTB, and nSR100 cDNAs were amplified by PCR from mouse
brain cDNA and cloned in Smal/HindIII-digested pTRIEX4 (Millipore-
Sigma, catalog #70824-3).

Cell lines, transfections, and luciferase assays. HEK293, 293T, and
SKN-SH cells were maintained in DMEM supplemented with 10% FBS
in 5% CO, at 37°C. For RNA/protein extraction, cells were transfected
with plasmids (1.5 ug) using polyethylenimine and harvested after
36—48 h. For luciferase assays, cells were cotransfected with 750 ng of
luciferase constructs and 750 ng of pCMV B-galactosidase using Lipo-
fectamine 2000 (Life Technologies) and harvested after 36—48 h in re-
porter lysis buffer (Promega). Similarly, 50 nm of either miR135b or
control mimic (Dharmacon) were cotransfected with 1 ug of the indi-
cated reporter constructs in SKN-SH and HEK293 cells using Lipo-
fectamine 2000 (Thermo Fisher Scientific, catalog #11668019) and
harvested 36—48 h later in reporter lysis buffer. Luciferase activity was
normalized to [(-galactosidase activity measured using chlorophenol
red-3-D-galactoside (Santa Cruz Biotechnology, catalog #sc-257242).

Lentiviruses and 5-HT1A minigenes. WT 5-HT1A minigene containing
4316-bp 5-HT1A ORF and 3’ UTR was obtained by PCR amplification of
HEK293 gDNA using primers fwd 5'-ATGGATGTGCTCAGCCCT and
rev 5'-CCAGAGACTGTAGTTTTCCTCCAT, containing 5'-Flag epitope
and Xhol site and 3-SnaBI site, and cloned in Xhol/SnaBI-cut pWPXLd
(Addgene, catalog #12258). The unspliceable and spliced minigenes were
obtained by replacing the WT 3’-UTR with the respective BamHI/SbfI
fragments of pGL3-P constructs. The 1269 bp 5-HT1A ORF was ampli-
fied from HEK293 genomic DNA using primers fwd 5'-ATGGATG
TGCTCAGCCCT and rev 5'-TCACTGGCGGCAGAACTT, with Flag-
epitope/Pmel and EcoRlI sites, and cloned in Pmel/EcoRI-cut pWPXLd.

For virus production, 293T cells were transfected with pWPXLd or
pGIPZ shRNA clones with pMDG2 and psPAX2 using polyethylenimine.
Supernatants were harvested 48 h post-transfection, concentrated using
Lenti-X concentrator (Clontech, catalog #631231), and titered using a
p24 ELISA kit (Clontech, catalog #632200). Cells were infected in the
presence of 10 pg/ml Polybrene (Santa Cruz Biotechnology, catalog #sc-
134220). For PTBP1 and PTBP2 knockdown, cells stably expressing the
shRNAs (GE Healthcare, pGIPZ clones V3LHS_645699 and V3LHS_
635160 respectively) were selected with 2 ug/ul puromycin (Thermo
Fisher Scientific, catalog #A1113802) for =1 week.

Western blot. Cells were lyzed in 1% SDS supplemented with protease
inhibitors and sonicated for 20-30 s. Protein concentration was deter-
mined with the BCA assay (Thermo Fisher Scientific, catalog #23225).
Then, 30—80 ug of total protein was resolved on a 10% SDS PAGE gel
and transferred to a 0.45 wm nitrocellulose or PVDF membrane. Follow-
ing blocking with 5% milk in PBST, membranes were incubated over-
night with antibodies against FLAG epitope (1:1000; Sigma-Aldrich,
catalog #F1804, RRID:AB_262044), S-Tag (1:1000; Cell Signaling Tech-
nology, catalog #8476, RRID:AB_10949895), PTBP1 (1:1000; Santa Cruz
Biotechnology, catalog #sc-16547, RRID:AB_2253470), PTBP2 (1:2000;
Abcam, catalog #ab57619, RRID:AB_2284865), and a-tubulin (1:5000;
Sigma-Aldrich, catalog #T6074, RRID:AB_477582). After five washes in
PBST, membranes were incubated 1 h with anti-goat HRP (1:2500; Santa
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Table 1. Demographics of the human brain samples

PFC

Control Depressed Hippocampus  Midbrain
Age (years) 4384 (+4.77) 4947 (£4.47) 47.67(*£4.47) 49.11(£5.73)
Sex 11 males, 11 males, 4 males, 4 males,

8 females 4 females 8 females 5 females
Postmortem 20.22 (+1.85) 204 (*£1.77) 2278 (%£2.50) 22.18(=*+3.32)
interval (hours)

RNA integrity 5.35(=%0.24) 5.18(*0.33) 5.31(=*0.36) 5.88(*0.22)

number

Age, post-mortem interval, RNA quality, and sex distribution of the subjects whose brain samples were used to
quantify 5-HT1A alternative splicing across the human brain regions from control and depressed subjects. Hip-
pocampus and midbrain were a from subset of the same controls as for PFC. For each region data is presented as
mean = SEM.

Cruz Biotechnology, catalog #sc-2020, RRID:AB_631728), anti-rabbit
HRP (1:2500; Santa Cruz Biotechnology, catalog #sc-2004, RRID:
AB_631746), or anti-mouse-HRP (1:2500; Santa Cruz Biotechnology,
catalog #sc-2371, RRID:AB_634824) secondary antibodies, washed five
more times in PBST, and then developed using the ECL Prime detection
reagent (GE Healthcare, catalog #RPN2232). Densitometry analysis was
performed using National Institutes of Health Image] software.

Human brain samples. Postmortem brain tissues from subjects of both
sexes (Table 1) were collected at autopsy at the Cuyahoga County Med-
ical Examiner’s Office, Cleveland, Ohio. The Institutional Review Boards
of the University of Mississippi Medical Center and University Hospitals
Case Medical Center approved the protocol for recruitment, tissue col-
lection, and interviews of the next-of-kin. Written informed consent was
secured from legally defined next-of-kin. For the study of the PFC, 15
depressed subjects met criteria for major depressive disorder and one
subject met criteria for adjustment disorder with depressed mood. The
structured clinical interview for Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-1V') Axis I disorders (First et al.,
2002) was administered to knowledgeable informants for all subjects and
diagnoses were made according to the DSM-IV (American Psychiatric
Association, 1994), as described previously (Mahajan et al., 2018). All the
depressed subjects were experiencing depressed mood in the last month
of life, and none were diagnosed with a comorbid psychoactive substance-
use disorder. Tissues were also sampled from psychiatrically normal con-
trol subjects matched for age and postmortem interval (Table 1). For PEC
tissues, toxicology screen of the depressed cohort revealed the following:
carbon monoxide (two), diazepam (one), and fluoxetine, nortriptyline,
or sertraline (one each). Gray matter was dissected with a scalpel from
frozen blocks of the PFC (areas 8 and 9), placed in an RNase-free and
DNase-free cold centrifuge tube on dry ice, and then stored at —80°C.
Frozen sections (60 wm) were collected from the midbrain and hip-
pocampus. A 2 mm punch was used to isolate the dorsal raphe nucleus in
the midbrain sections, and the hippocampal sections included the den-
tate gyrus and cornu ammonis subfields. The RNA integrity number of
90% of the PFC samples was between 4 and 8, assessed using RNA6000
picochip on 2100 bioanalyzer (Agilent).

RNA extraction, cDNA synthesis, RT-PCR, and real-time PCR. RNA
was extracted from cells and tissue using TRI reagent (Thermo Fisher
Scientific, catalog #AM9738), quantified, and treated with TURBO
DNase (Thermo Fisher Scientific, catalog #AM2238). cDNA was synthe-
sized and analyzed by RT-PCR and real-time PCR. Unspliced and spliced
5-HT1A 3’-UTR PCR amplifications were performed with TagDNA
polymerase in ThermoPol buffer (New England Biolabs, catalog
#M0267) at 95°C for 30 s; 35 cycles of 95°C for 15 s; 50°C for 30 s, and
72°C for 20 s using the following primers: unspliced fwd 5'-GAACTTT
GGGAATAGTTTGTC; unspliced rev 5-GGCTTTACTTAGATTAT-
GTGAGCG; spliced fwd 5'-CCTATTTCCTTTGTTTCC; spliced rev 5'-
GTTGGATGTTCCTTCTCC. PCR products were resolved on a 3%
agarose gel. Real-time PCR was performed using PrimeTime FAM-
labeled probes (Integrated DNA Technologies; LS probe 5'-AGG
TATCTTTTAGAGTGGACTTAATTGT; total-spliced probe 5'-TGACT
TTTGGACATTTGTTCTTTCGG; unspliced probe 5'-GCTGAGAAGG
GTCTGCAGTG). Real-time PCR quantifications of total 5-HTIA,
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PTBP1/2, nSR100, and GAPDH RNA were performed using TagMan
Gene expression assay kits (Thermo Fisher Scientific) for human 5-HT1A
(Hs00265014_s1), PTBP1 (Hs00243060p_m1), PTBP2 (Hs00221842_m1),
nSR100 (Hs00916552_m1), and GAPDH (Hs02758991_gl1) in a 20 ul
reaction. Relative quantification was performed using the AACt method
(Livak and Schmittgen, 2001), using GAPDH as a reference gene.

Statistical analysis. All analyses were done using the Statistical Package
for the Social Sciences (GraphPad Prism version 6.00 for Windows,
GraphPad Software, www.graphpad.com). Data are expressed as mean =
SEM. For analysis of splicing in brain samples, Rout test of spliced/
unspliced ratios was used to exclude two outliers in the hippocampal
spliced dataset; no other data were excluded. Data comparing depressed
versus control were analyzed using an unpaired ¢ test. One-way ANOVA
followed by Tukey’s post hoc test was performed for comparing all other
data.

Results

Human HTRIA alternative splicing enhances its RNA
stability and translation

Although cloned 30 years ago (Fargin et al., 1988), the full se-
quence of the human 5-HT1A 3'-UTR remains unknown. Be-
cause of its potential role in RNA stability, the 3056 bp human
HTRIA gene 3'-UTR was cloned downstream of the luciferase
reporter (Fig. 1A) and transfected in human HEK293 cells. The
RNA produced was characterized by 3'-RACE. An 885-bp-long
5-HT1A-specific RNA was identified containing the consensus
polyadenylation signal located at 2553 bp but lacking a 1.6 kb
intron (Fig. 1A). Since the 5-HT1A gene is considered intronless
(Fargin et al., 1988; Albert et al., 1990), further RT-PCR analyses
were performed. These showed that the 5-HT1A 3’-UTR is alter-
natively spliced to generate an unspliced isoform (2573 bp) and
two spliced isoforms (885 bp LS and 865 bp SS), which use the
same splice acceptor site but different splice donor sites located
20 bp apart (Fig. 1A, B). To assess the extent of HTRIA splicing,
we quantified spliced and unspliced 5-HT1A RNA levels in trans-
fected HEK293 cells using real-time PCR and found that spliced
variants represented 5% of total 5-HT1A RNA (Fig. 1B). Similar
results were obtained in SKN-SH human neuroblastoma cells
(data not shown). To confirm whether splicing occurs in the
presence of the 5-HT1A coding sequence, a lentiviral 5-HT1A
minigene containing the full 5-HT1A coding and 3'-UTR se-
quences was stably integrated in SKN-SH cells. Under these con-
ditions, splicing also accounted for 4% of total 5-HT1A mRNA
levels (Fig. 1C). In contrast to the human HTRIA RNA, a single
unspliced mRNA species in mouse PFC and hippocampus was
obtained by RT-PCR (Fig. 1D). The lack of splicing is consistent
with nonconserved splice donor/acceptor sites in the mouse
compared with primate 3’-UTR sequences (Fig. 1E). Thus, the
human, but not mouse, HTRIA gene is alternatively spliced to
generate three transcripts.

Because splicing of the 3’-UTR typically generates unstable
mRNAs that can be targeted by the nonsense-mediated decay
(NMD) pathway (Chang et al., 2007), we analyzed the relative
stability of the three HTRIA mRNA variants. SKN-SH cells were
transduced with the WT 5-HT1A minigene construct and treated
with transcription blocker actinomycin D. Then levels of HTRIA
RNA were determined by RT-PCR. Unexpectedly, the unspliced
mRNA variant had a very short half-life (<30 min), while the
spliced mRNA variants were extremely stable, with half-lives of
>12h (Fig. 2A). To assess the importance of splicing on 5-HT1A
expression, we compared the expression of 5>-HT1A minigenes or
reporter constructs containing WT, unspliceable, or constitu-
tively spliced (LS variant) 3'-UTR sequences, leading to specific
expression of each RNA species (Fig. 2B,C). SKN-SH (Fig. 2B)
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Figure 1.  The 5-HT1A mRNA 3'-UTR is alternatively spliced in human cells to give rise to several mRNA isoforms. A, Schematic representation of the human 5-HT1A 3’-UTR construct used for
3'-RACE experiments, and of primers A-D used to quantify the resulting mRNA variants upon its transfection in human cells (unspliced, LS, and SS). Dashed lines represent the intron removed
following splicing of the 3'-UTR. The relative location of the poly-adenylationssite (polyA signal), miR135 site, and splice donor (gt dinucleotides) and acceptor (cag) sites are indicated. B, Top, RT-PCR
analysis of the 5-HTTA 3’-UTR splice variants in HEK293 cells. RNA from HEK293 cells transfected with luciferase vector pGL3P or pGL3P 5-HT1A-3"-UTR was assessed by RT-PCR for the expression
of unspliced (U, top, primers A/B) and spliced 3 UTRisoforms, short (SS) and long (LS) (bottom, primers (/D). M, DNA size markers; 1, negative control; 2, pGL3P; 3, pGL3P 5-HT1A-3"-UTR. Bottom,
Real-time PCR quantification of unspliced (100%) and spliced HTRTA mRNA in HEK293 cells transfected with pGL3P 5-HT1A-3"-UTR using probes specific for unspliced, total spliced (S), or LS isoform
5-HT1A mRNA. €, Splicing of human 5-HT1A minigene in stably transfected SKN-SH cells. Top, RT-PCR: cDNA from uninfected cells (Lane 1) or cells infected with the 5-HT1A minigene (Lane 2) were
analyzed for the unspliced 3'-UTR (U) or spliced isoforms (SS, LS) using primers shown in A. Below, real-time PCR: relative mRNA levels were normalized to GAPDH using the AACt method. Data are
presented as mean == SEM of the %unspliced from three independent experiments. D, Undetectable HTR7A RNA splicing in mouse brain. Full-length cDNA from human SKN-SH cells expressing the
human 5-HT1A minigene or mouse PFC and hippocampus (HP) tissue was analyzed using two human primers Cand D in A or the corresponding mouse 3’-UTR primers (521—2444 bp downstream
of the stop codon). Spliced 5-HT1A mRNA isoforms (S) were only detected for the human transcript, while the unspliced form (U) was present in both. M, DNA size markers; 1, negative control. E,
Sequence conservation of the mouse, human, and rhesus macaque 5-HT1A 3"-UTR sequences (701/2333 bp; 721/2462 bp; 719/2476 bp, respectively). The splice acceptor and donor sites are in bold
and underlined; dashes indicate gaps; * indicates conservation among all three species. Alignment was performed with the multiple sequence comparison by log-expectation [Multiple Sequence
Comparison by Log-Expectation (MUSCLE)] at the European Bioinformatics Institute (EMBL-EBI) website (https://www.ebi.ac.uk/Tools/msa/muscle/).
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The 5-HT1A spliced mRNA variants display increased stability and lead to greater protein expression. A, Relative stability of the unspliced (U) and spliced (LS, SS) mRNA isoforms detected

Figure2.

by RT-PCR (Fig. 1B) in SKN-SH cells infected with the 5-HT1A WT minigene lentivirus and treated with 10 ug/ml actinomycin D to inhibit de novo transcription. B, Increased luciferase activity from
spliced 5-HT1A 3"-UTR. Luciferase constructs containing either the vector (P, pGL3P), WT, unspliceable (U, Unspliced) or constitutively spliced (LS, Spliced) human 5-HT1A 3’-UTR were analyzed (M,
DNA size markers). Top, RT-PCR analysis shows equivalent expression of the appropriate 5-HT1A 3'-UTR isoform in SKN-SH cells transfected with the indicated construct. Bottom, SKN-SH cells
cotransfected with the indicated construct and pCMV B-galactosidase were assayed for relative luciferase activity, normalized to pGL3P (100%). Data shown as mean == SEM of 3—5 experiments.
***p < 0.001 one-way ANOVA with Tukey's post hoc test. C~E, Relative expression of Flag-5-HT1A 3’-UTR minigene isoforms. RT-PCR analysis shows equivalent expression of the appropriate
5-HT1A 3'-UTR isoform in SKN-SH cells infected at multiplicity of infection 20 for 72 h with the indicated construct (C). D, Top, Western blot for Flag-5-HT1A fusion protein (*) or tubulin (c-Tub,
below) in SKN-SH cells infected with vector (V), WT, U, or LS 3"-UTR minigenes or 5-HT1A coding sequence with SV40 3'-UTR (ORF). D, Bottom, Densitometry analysis of Flag-5-HT1A protein levels
relative to tubulin. E, Immunofluorescence for Flag-tag. For densitometry, mean = SEM from three independent experiments is shown. ***p << 0.001. One-way ANOVA, Tukey's post hoc test.

and HEK293 cells (data not shown) were transfected with these
reporter constructs. The constitutive-spliced 3'-UTR displayed a
2.5-fold increase in luciferase activity compared with the WT or
unspliceable constructs (F; 4y = 67.01, p < 0.0001, ANOVA),
which is consistent with the increased RNA stability of the spliced
variant (Fig. 2A). Similarly, infection of SKN-SH cells with the
constitutively spliced 5-HT1A minigene led to a significant in-
crease in the expression of 5-HT1A receptor protein compared
with the WT or unspliceable minigenes (F,4 = 93.41, p <
0.0001, ANOVA; Fig. 2D, E), which is similar to levels achieved
with the highly stable SV40 3'-UTR in the ORF construct. These
data demonstrate that the spliced 5-HT1A mRNA variants are

more stable than the full-length mRNA and lead to increased
receptor expression in human cells.

The splicing-induced increase in RNA stability could be me-
diated by an excision of miR sites, since miRs are known to de-
stabilize RNA transcripts. In a screen for 5-HT neuron-specific
miRs, miR135 was identified and shown to repress the HTRIA
3'-UTR at a target site located from 1879 to 1886 nt (Issler et al.,
2014). Since this site is located within the intron excised in the
HTRIA spliced variants (Fig. 1A), we tested whether miR135-
induced repression was affected by splicing (Fig. 3). In both
SKN-SH and HEK293 cells, miR135 suppressed the WT and un-
spliceable HTRIA 3'-UTR, but not the constitutively spliced ver-
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Resistance of spliced 5-HT1A 3'-UTR to miR135. SKN-SH or HEK-293 cells were transfected with luciferase constructs: vector (pGL3P), WT, unspliceable (U, Unspliced), or constitutively

spliced (LS, Spliced) human 5-HT1A 3’-UTR, treated with control miR (Ctrl) or miR135, and analyzed for relative luciferase activity normalized to pGL3P (100%). Data are shown as mean == SEM of
three experiments. *p << 0.05, ***p << 0.001 versus Ctrl or as shown; ##p << 0.01, ###p << 0.001 vs WT; one-way ANOVA, Tukey's post hoc test.

sion. Also, in both cell lines, the luciferase activity of the spliced
HTRIA was greater than the WT UTR, with or without miR135
treatment. These data indicate that loss of the miR135 binding
site following splicing contributes to the increased stability of the
spliced HTRIA RNA.

HTRI1A mRNA splicing is oppositely regulated by PTBP1

and nSR100

To better understand the mechanisms regulating 5>-HT1A mRNA
splicing, we examined the roles of specific RNA binding proteins,
including the ubiquitous poly-pyrimidine-tract binding proteins
(PTBP1, PTBP2), which usually repress neuronal-specific splic-
ing (Wagner and Garcia-Blanco, 2001; Boutz et al., 2007). In
SKN-SH cells expressing the WT 5-HT1A minigene, shRNA-
mediated knockdown of PTBP1, but not PTBP2, induced a two-
fold increase in 5-HT1A receptor protein levels (Fig. 4A).
Knockdown of PTBP1 also increased PTBP2 protein (Fig. 4A),
which is consistent with previous findings (Boutz et al., 2007).
Knockdown of PTBP1, but not PTBP2, led to a significant in-
crease in total spliced and LS variant mRNA (F 5 ,,, = 4.325,p =
0.0276, ANOVA; Fig. 4 B, C), which is consistent with the increase
in 5-HT1A protein (Fig. 4A). Double knockdown of PTBP1 and
PTBP2 did not further increase splicing or 5>-HT1A receptor lev-
els (Fig. 4A—C). This indicates that PTBP1, but not PTBP2, re-
presses 5-HT1A mRNA splicing in SKN-SH cells.

In silico analysis also identified consensus binding sites for the
neuron-enriched splice regulators Noval, Nova2, and nSR100
(SSRM4) near the HTRIA intron—exon boundary. To better
understand the function of these regulators, they were overex-
pressed in SKN-SH cells stably expressing the WT 5-HT1A-3'-
UTR minigene (Fig. 4D). Overexpression of nSR100 led to a
twofold increase in the SS mRNA variant (F54) = 9.426, p =
0.0053, ANOVA), while Noval and Nova2 overexpression had
no detectable effect (Fig. 4E,F). Increased 5-HT1A splicing in
nSR100-transfected cells was accompanied by an increase in
5-HT1A receptor levels (Fig. 4A). Collectively, these data demon-
strate that 5-HT1A splicing and receptor expression is repressed
by PTBP1 but enhanced by the neuron-enriched splice factor
nSR100.

HTRIA mRNA splicing is dynamic in the human brain

To determine the extent of 5-HT1A RNA splicing in vivo, we
measured and compared the expression of the 5-HT1A mRNA
splice variants in the PFC (n = 19), hippocampus (n = 12), and

midbrain (n = 9) of the same cohort of healthy subjects (Table 1).
In human brain tissue the LS isoform was the only splice variant
detected and splicing in brain tissues was greater than that ob-
served in cell lines (Fig. 5A). Real-time PCR quantification
showed a significant increase in unspliced mRNA levels in the
midbrain and hippocampus compared with the PFC (F, ;) =
14.46, p < 0.0001, ANOVA), with levels 3—4-fold greater (Fig.
5B). Splicing was highest in the PFC (30 = 6%) compared with
the hippocampus (14 * 6%) and midbrain (22 * 14%), but no
significant difference in the spliced/unspliced ratio was detected
due to the variability between samples (Fig. 5C).

Given the role of PTBP1 and nSR100 in regulation of 5-HT1A
mRNA splicing, we measured their relative expression in the
PFC, hippocampus, and midbrain. Significant differences in
PTBP2 (F, 3, = 7.046, p = 0.0026, ANOVA) and nSR100 ex-
pression (F, 3,y = 13.42, p < 0.0001, ANOVA) were observed,
with PTBP2 expressed at higher levels in the hippocampus, and
nSR100 expressed at higher levels in the PFC than in both other
regions (Fig. 5D). No significant difference was seen in PTBP1
levels, while total 5-HT1A mRNA levels tended to be higher in the
midbrain and the hippocampus, independently of splicing, likely
reflecting greater transcriptional activity in these brain regions.
Thus, 5-HT1A RNA splicing appears to mostly correlate with
nSR100 and is robust in the PFC compared with the hippocam-
pus and midbrain, where nSR100 expression is lower (Fig. 5D).

Because 5-HT1A receptor expression in the PFC is reduced in
depression (Savitz et al., 2009) and splicing affects receptor ex-
pression, we next explored whether 5-HT1A splicing is altered in
depression. Real-time quantification of HTRIA mRNA revealed
an increase in the unspliced variant in depressed versus healthy
control PFC tissue (t(3,) = 2.025, p = 0.0512, unpaired ¢ test; Fig.
5E) and a significant reduction in total spliced/unspliced ratio (#3,,
= 2.09, p = 0.0446, unpaired t test; Fig. 5F), suggesting reduced
splicing efficiency. Interestingly, both PTBP1 and nSR100 levels
were significantly decreased in the PFC of depressed individuals
(ts2) = 3.691, p = 0.0008; t 5, = 3.836, p = 0.0006 unpaired ¢
tests; Fig. 5G). The reduction in nSR100 may drive reduced
HTRIA splicing efficiency in depressed PFC (Fig. 5H), a change
partly counteracted by reduced PTBP1 suppression and thus not
sufficient to alter total 5-HT1A RNA levels. Importantly, these
changes in splice factor levels could affect the expression of many
other neuronal-specific mRNA variants. As a consequence, de-
pressed subjects may have profound alterations in neural-specific
splicing.
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Figure4. Opposite regulation of 5-HTTA mRNA splicing and protein levels by splicing factors PTBP1and nSR100. A—(, Effect of PTBP1 and PTBP2 knockdown on 5-HT1A RNA splicing. SKN-SH cells
were infected with lentiviruses expressing shRNAs against PTBP1, PTBP2, or a nontargeting control (Ctrl) shRNA at multiplicity of infection of 10 and selected using puromycin. Puromycin-resistant
cells were infected with the WT 5-HT1A minigene at multiplicity of infection of 20 for 72 h and RNA and protein were extracted and analyzed. Relative expression of PTBP1, PTBP2, and Flag-5-HT1A
proteins was determined by Western blot (A), while the expression of the various 5-HT1A mRNA variants was assessed by RT-PCR (B) and quantified by real-time PCR (C) using probes specific for the
spliced mRNA isoforms (total spliced (Tot spliced) or LS isoform), unspliced mRNA isoforms, or total 5-HT1A mRNA (Total 1A). Relative mRNA levels were normalized to GAPDH using the AACt
method. D—F, Effect of Nova1, Nova2, and nSR100 overexpression on 5-HT1A RNA splicing. SKN-SH cells were infected with the WT 5-HT1A minigene at multiplicity of infection of 20 for 72 h, and
then transfected with vector (pTRIEX) or plasmids encoding the S-tagged Nova1, Nova2, and nSR100 neuronal splice regulators. The relative expression of the S-tagged proteins (S-tag), Flag-5-HT1A
receptor and alpha-tubulin was determined by Western blot (D), while the expression of the various 5-HT1A mRNA isoforms was assessed by RT-PCR (E) and quantified by real-time PCR (F). Data
presented as the mean and SEM of 3—4 independent experiments (C, F). *p << 0.05, one-way ANOVA, Tukey's post hoc test.

Discussion

Alternative splicing of human 5-HT1A receptor RNA alters

its stability

Despite its fundamental role in serotonergic neurotransmission
and mood disorders, the full 5-HT1A mRNA sequence was in-
completely characterized. Although long considered an “intron-
less” gene (Fargin et al., 1988; Charest et al., 1993), we show that
the human 5-HT1A 3’-UTR is alternatively spliced into three
mRNA isoforms that differ greatly in their stability and transla-
tional output. Corroborating our results, the LS variant has been
identified in RN Aseq databases (National Center for Biotechnol-
ogy Information Homo Sapiens annotation release 108), but
never actually characterized. In rodent HTRIA genes, the splice
acceptor/donor sites are poorly conserved and splicing was not
detected (Fig. 1D). In contrast, sequence comparison of the rhe-
sus macaque and human 5-HT1A 3’-UTRs shows strong homol-
ogy (93% identity) and conservation of the splice sites (Fig. 1E),
suggesting that 5-HT1A splicing may occur in other primates.

This is consistent with genome-wide evidence that the incidence
of splicing increases with evolution (Barbosa-Morais et al., 2012;
Gueroussov et al., 2015), and the presence of introns in the
5-HT1A mRNA 3’-UTR confers a powerful mechanism for
splice-dependent tuning of 5-HT1A receptor expression in pri-
mates. Elucidation of human-specific or primate-specific mech-
anisms [e.g., miRNA-dependent mechanisms (Lopez et al,
2014)] implicated in depression may provide new targets and
insights that cannot be gleaned from rodent models.

The presence of 3'-UTR introns occurs in only 6% of genes
(Bicknell et al., 2012) and typically yields highly unstable mRNAs
degraded by NMD. However, this is not the case for the spliced
5-HT1A mRNA variants, which are extremely stable compared
with the unspliced form. Hence, we addressed the role of miR135
in splicing-induced HTRIA stabilization, since miR135 acts at a
highly conserved site within the HTRIA intron to negatively reg-
ulate 5-HT1A receptor RNA levels (Issler et al., 2014). In murine
5-HT neurons, miR135 is rapidly induced by antidepressants
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miR135 pathway, leading to higher expression of the 5-HT1A receptor.
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imipramine and fluoxetine, and the overexpression of miR135 in
5-HT neurons downregulates 5-HT1A receptor RNA and re-
duces anxiety and depression in the chronic social-defeat model
(Issler et al., 2014). By contrast, knockdown of miR135 in raphe
increased anxiety and revealed selective serotonin reuptake
inhibitor (SSRI)-induced depression-like behavior, while pre-
venting SSRI-induced antianxiety actions. These findings are
consistent with a key role of miR135 in suppressing 5-HT1A
autoreceptor expression and its behavioral consequences. Our
data show that HTRIA splicing prevents miR135-mediated de-
stabilization by removing the miRNA binding site. This finding
in the HTRIA 3'-UTR provides further evidence of this novel
mechanism for RNA stabilization (Mohr and Mott, 2015).

nSR100 and PTBP1 as the determinants of 5-HT1A

mRNA splicing

Tissue-specific RNA binding proteins that promote or block the
inclusion of alternative exons in RNA transcripts are important
regulators of alternative splicing (Lee and Rio, 2015). By manip-
ulating several brain-enriched splicing regulators and examining
changes in 5-HT1A mRNA splicing, we found that 5-HT1A RNA
splicing is repressed by PTBP1, but enhanced by nSR100. How-
ever, we cannot rule out the possibility that another splice factor
downstream of PTBP1 or nSR100 could mediate or contribute to
the regulation of 5-HT1A mRNA splicing. PTBP1, a ubiquitous
repressor of splicing, is downregulated by miR124 during neuro-
nal differentiation, enabling PTBP2 expression and activation of
a neural-specific splicing program (Makeyev et al., 2007). The
low basal levels of 5-HT1A mRNA splicing in cell lines appear to
be mostly driven by high PTBP1 expression, since knockdown of
PTBPI increased HTRIA splicing despite an increase in PTBP2, a
weaker repressor of splicing (Markovtsov et al., 2000). In con-
trast, nSR100 promotes inclusion of a number of neuronal-
specific exons (Raj et al., 2014), and its overexpression in
SKN-SH cells increased levels of the SS variant, which we did not
detect in brain tissue. This suggests that additional splice regula-
tors not present in SKN-SH cells may be required for proper
5-HT1A splicing in vivo. Opposing regulation of splicing by
PTBP1 and nSR100 has been reported for other neuronal genes,
including PTBP2 (Calarco et al., 2009; Raj et al., 2014). Our data
suggest that in neuronal cells, lower levels of PTBP1 combined
with the presence of nSR100 promote synthesis of the stable
spliced 5-HT1A RNA isoform to enhance receptor levels (Fig.
5H), whereas in non-neuronal cells, PTBP1 strongly inhibits
splicing and receptor expression. Importantly, regional differ-
ences in nSR100 and PTBP1 levels also appear to affect 5-HT1A
splicing in vivo.

Regulation of 5-HT1A mRNA splicing in the human brain

Consistent with the prevalence of alternative splicing in the hu-
man brain (Kang et al., 2011), we found that HTRIA splicing in
the postmortem human brain was greater than in cell lines and
was region-specific. Region-specific HTRIA splicing appeared to
be primarily driven by nSR100 expression: it was lowest in the
midbrain/hippocampus, where low nSR100 and high PTBP1 ex-
pression were associated with increased unspliced HTRIA RNA,
while higher levels of nSR100 in the PFC were associated with
reduced unspliced mRNA and higher spliced/unspliced ratios
(Fig. 5H). While nSR100 has been strongly implicated in brain
developmental splicing (Calarco et al., 2009; Irimia et al., 2014;
Raj et al., 2014), our results suggest it may be important in dy-
namic regulation of region-specific RNA expression. Moreover,
reduced splicing to augment miR135-induced downregulation of
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5-HT1A RNA (Issler et al., 2014) could also contribute to the
preferential reduction in 5-HT1A receptors observed in the mid-
brain and hippocampus following chronic SSRI treatment in hu-
man depression (Gray et al., 2013) and anxiety, respectively
(Spindelegger et al., 2009). The region-specificity of HTRIA
splicing establishes a novel mechanism for differential regulation
of postsynaptic and presynaptic 5-HT1A receptors, complemen-
tary to transcriptional mechanisms (Czesak et al., 2006, 2012).

In the PFC of depressed individuals, there was a significant
reduction in the splicing ratio, consistent with a reduction in
nSR100, although the reduction in PTBP1 may partially counter-
act the effect of reduced nSR100 levels. Both imaging and post-
mortem studies have reported reductions in cortical 5-HT1A
receptors in depression (Lopez-Figueroa et al., 2004; Savitz et al.,
2009; Szewczyk et al., 2009), a phenotype that reduced 5-HT1A
splicing could contribute to. In contrast, presynaptic 5-HT1A
autoreceptors appear to be upregulated in depression (Stock-
meier et al., 1998; Boldrini et al., 2008; Hesselgrave and Parsey,
2013), which is consistent with their role in inhibition of 5-HT
neuronal activity. While we did not see a significant reduction in
total 5-HT1A RNA in the PFC, most studies show highly localized
changes in frontal cortex 5-HT1A receptors that may have been
missed in the tissue we studied.

Several human HTRIA single-nucleotide polymorphisms
(SNPs) are associated with depression (Kishi et al., 2013), includ-
ing the functional promoter SNP rs6295 C(-1019)G (Lemonde et
al., 2003), which has been associated with increased expression of
5-HT1A autoreceptors (Hesselgrave and Parsey, 2013) and a re-
duction in PFC 5-HT1A receptors (Kautzky et al., 2017). There
are several SNPs located proximal to the spliced region, two of
which are in strong linkage disequilibrium with rs6295-C/G:
rs6449693 T/C and rs878567 C/T (Donaldson et al., 2016).
HTRIA RNA with the rs878567-C allele is the more strongly
expressed allele in a normal PFC, but is reduced in a depressed
PFC (Donaldson et al., 2016). This suggests a stabilizing effect of
rs878567-C, perhaps by increasing spliced HTRIA RNA. How-
ever, HTRIA RNA levels are also influenced by allele-specific
transcription of the rs6295-C promoter SNP (Lemonde et al.,
2003). Interestingly, the rs749099 A/G SNP sits a few nucleotides
from the splice acceptor site and could affect splicing. Further
studies will be needed to address the linkage between promoter
and 3"-UTR SNPs and their impact on 5-HT1A splicing, receptor
levels, and major depression.

In summary, our data provide the first evidence of altered
HTRIA splicing in depression. Two other serotonergic genes are
regulated by alternative splicing (HTR2C and TPH2), and im-
pairment in their splicing patterns correlates with psychiatric dis-
orders (Grohmann et al., 2010; Zhang et al., 2011; Martin et al.,
2013). However, the splice factors implicated are unknown. We
propose that depression-related changes in splice-factor expres-
sion or activity could potentially affect many neuronal genes sub-
ject to regulation by splicing (Calarco etal., 2009; Raj et al., 2014).
Further studies like this one are needed to elucidate the mecha-
nisms that regulate brain region-specific splicing and their im-
pact on brain function and disease.
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