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Depression is a common disorder that affects women at twice the rate of men. Here we report that
long non-coding RNAs (IncRNAS), a recently discovered class of regulatory transcripts, represent
about one-third of the differentially expressed genes in the brains of depressed humans, and
display complex region- and sex-specific patterns of regulation. We identified the primate-specific,
neuronal-enriched gene, LINC00473, as downregulated in prefrontal cortex (PFC) of depressed
females but not males. Using viral-mediated gene transfer to express LINC00473 in adult mouse
PFC neurons, we mirrored the human sex-specific phenotype by inducing stress resilience solely
in female mice. This sex-specific phenotype was accompanied by changes in synaptic function and
gene expression selectively in female mice and, along with studies of human neuron-like cells in
culture, implicates LINC00473 as a CREB effector. Together, our studies identify LINC00473 as a
female-specific driver of stress resilience that is aberrant in female depression.

eTOC Blurb

Issler et al. demonstrate that long non-coding RNAs are robustly regulated in the brains of
postmortem depressed humans in a brain-site and sex-specific manner. LINC00473 is highlighted
as key regulator of mood in females only, where it acts in prefrontal cortex by regulating gene
expression, neurophysiology and behavior.

Introduction

Depression is a devastating disorder and the leading cause of disability worldwide (WHO,
2017). Although many patients benefit from antidepressant medications, less than half show
complete remission (Rush, 2007). The etiology and pathophysiology of depression remain
incompletely understood. Along with genetic factors that represent ~35% of the risk for
depression, environmental factors - predominantly stress exposure - are strongly associated
with depression risk (Akil et al., 2018), (Otte et al., 2016). A more comprehensive
appreciation of the molecular basis of depression will promote the development of novel and
more effective pharmacotherapies.

Women are twice as likely to develop depression as men (Seedat et al., 2009), (Ferrari et al.,
2013), yet the molecular mechanisms contributing to this sex difference remain poorly
understood. Among women, depression tends to be more severe (Ferrari et al., 2013) and is
characterized by partly different subsets of symptoms such as increased likelihood for co-
morbid anxiety (Martin et al., 2013). Women can also respond differently to
pharmacological interventions (Sramek et al., 2016). Sex differences in depression risk have
been attributed to enhanced stress responses in women (Bangasser and Valentino, 2014) and
to alterations in circulating ovarian hormones (Bale and Epperson, 2015), (Solomon and
Herman, 2009). However, the brain mechanisms responsible for mediating the actions of
these and other factors are not fully known (Issler and Nestler, 2018). Only recently have the
molecular and cellular mechanisms underlying these differences begun to be systematically
addressed (Hodes et al., 2015), (Labonte et al., 2017), (Seney et al., 2018), focusing on the
role of transcription, particularly of protein-coding genes (PCGSs).

Long non-coding RNAs (IncRNAS) are a recently discovered class of regulatory RNAs that
play pivotal roles in epigenetic regulation (Ulitsky and Bartel, 2013). They are defined as
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containing more than 200 nucleotides and generally have similar structural properties as
transcripts of PCGs (Rinn and Chang, 2012). LncRNAs play regulatory roles as decoys,
scaffolds, or guides by interacting with DNA, RNAs (including microRNAS), or proteins
(Quinn and Chang, 2016). LncRNAs are classified into several biotypes according to their
genomic proximity to PCGs, for example, ones with no overlap with a PCG are named long
intergenic noncoding RNAs (lincRNAS), or others that are coded from the opposite strand of
a PCG are antisense RNAs (St Laurent et al., 2015). Notably, in the human genome there are
more INcRNAs than PCGs (Zhao et al., 2016). Comparative genomic studies indicate that a
third of InNcRNAs have arisen within the primate lineage and that ~40% of IncCRNAs are
brain specific (Ransohoff et al., 2018), (Derrien et al., 2012). These observations suggest a
key role for IncRNAs in the evolution of higher brain functions (Barry, 2014), although
research focusing on the role of IncRNAs in mood and depression is in its infancy.

To evaluate the contribution of INcRNAs to depression, we bioinformatically analyzed
IncRNAs within our recently published dataset of sex-specific transcriptional signatures in
human depression (Labonte et al., 2017). We noted robust regulation of INCRNAs in
depression in a brain-region and sex-specific manner. Our analysis identified LINC00473 as
a key sex-specific target that is downregulated in prefrontal cortex (PFC) of depressed
women only. Using parallel approaches in mouse models and human-derived neural-like
cells in culture, we found that LINC00473, a primate-specific INCRNA, promotes behavioral
resilience and alters neuroendocrine, neurophysiological, and transcriptional responses to
stress specifically in females. This study opens a new avenue of research on the involvement
of IncRNAs generally, and LINC00473 specifically, in sex-specific regulation of mood
disorders.

Brain-region and sex-specific regulation of IncRNAs in depression

To explore the potential role of IncRNAs in depression, we utilized a whole-genome RNA
sequencing (RNA-seq) dataset recently generated by our laboratory from human postmortem
brain samples from ~50 depressed and control human subjects of both sexes (Supplementary
Table S1) (Labonte et al., 2017). In this dataset, the transcriptome of the following six brain
regions was profiled: the ventromedial PFC (vmPFC), dorsolateral PFC (dIPFC),
orbitofrontal cortex (OFC), nucleus accumbens (NAc), anterior insula (aINS), and ventral
subiculum (vSUB) (Figure 1A). Our published analysis focused on PCGs (Labonte et al.,
2017); here we turned our attention to INCRNAS.

We first examined the biotypes of the genes regulated across the brain regions analyzed and
found that IncRNAs represent about 30% of the differentially expressed genes in human
depression in both men and women (Figure 1B). The abnormally expressed INCRNAs were
primarily of the antisense and lincRNA biotypes. We next compared the differentially
expressed IncRNAs among the six brain regions and noted highly brain-region specific
differential expression patterns in both sexes (Figure 1C,D). Subsets of IncRNAs are
similarly regulated in multiple brain regions, yet others are oppositely regulated, not
regulated, or even not expressed in other regions. We compared the regulation of INCRNAs in
depression between the sexes and noted an extremely small overlap in identity and
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directionality of the regulated IncRNAs between the sexes (Figure 1E,F). Notably, in most of
the brain regions, females had a larger number of INcRNAs regulated in depression, and
there was only ~3% overlap between the IncRNAs regulated in depression in men vs.
women. We repeated this analysis on an independent dataset of RNA-seq of rostral anterior
cingulate cortex (rACC), which disregarded the sex of the subjects in their analyses (Zhou et
al., 2018). In line with findings from our dataset, we identified numerous IncRNAs among
the differentially expressed genes in rACC, with a very small (0.5%) overlap of the regulated
IncRNAS between the two sexes (Figure S1A,B). These findings support our hypothesis that
IncRNASs are highly regulated in depression pathophysiology and in a dramatic sex-specific
fashion.

To further explore this hypothesis and to identify key depression-related INCRNAs, we
performed a correlation analysis of the expression levels of INcCRNAs and those of PCGs
between the sexes in our human dataset. LncRNA and PCG transcripts that exhibit
coordinated expression might be considered “guilty by association” and potentially take part
in common biological processes (Rinn and Chang, 2012). We found that the number of
correlated IncRNA-PCG pairs is higher in female compared to male brain (Wilcoxon test Z=
-2.20558, P=0.0274), suggesting stronger INcCRNA-PCG interactions in females. To identify
key IncRNA targets, we filtered the list of INCRNAs that have any correlated PCG according
to four parameters: 1) abundance (at least 1 read on average across all samples), 2)
differential expression in depression (fold change >30% and P<0.05), 3) enrichment in
neurons (Zhang et al., 2016), and 4) expression in neural progenitor cells (NPCs) (Hoffman
et al., 2017) (Figure 2A). This pinpointed LINC00473, which is significantly correlated with
35 PCGs in the female brain, is robustly expressed, is downregulated in several brain regions
of depressed females, and is expressed in NPCs. Several of the PCGs that associate with
LINCO00473 have previously been implicated in depression, including activity-regulated
cytoskeleton-associated protein (ARC) (Li et al., 2015), nuclear receptor subfamily 4 group
A member 1 (NR4AI) (Orsetti et al., 2008), early growth response 1 (EGRI) (Covington et
al., 2010)), EGRZ2 (Orsetti et al., 2008), and dual specificity phosphatase 6 (DUSP6)
(Labonte et al., 2017). Furthermore, LINC00473 is downregulated in depression across brain
regions among females, but not males (Figure 2B). To validate the RNA-seq results we
performed gPCR on vmPFC samples and confirmed its downregulation in depression in
females, with a weak trend only seen in males (Two- way ANOVA, F group(; 42)=7.661,
P=0.008, post hoc Fisher LSD, q42)=2.154, P=0.037) (Figure 2C). Furthermore, our
analysis of an independent RNA-seq dataset (Zhou et al., 2018) confirmed LINC00473
downregulation in rACC of depressed females but not males (t=—2.629, P=0.008) (Figure
S2A). Finally, we confirmed this sex-specific regulation using RNA fluorescence in situ
hybridization (FISH) in the rACC in a third independent cohort (Figures 2D and S2B)
(Supplementary Table S2), where LINC00473 expression was downregulated only in
depressed females compared to control subjects (Two-way ANOVA, F groupy,35)=5.453,
P=0.0254, post hoc Fisher LSD, q(35)=2.389, P=0.0224).

LINCO00473 is expressed in primates only, with no apparent homolog expressed in rodents
(Kent et al., 2002). It is found on chromosome 6 in humans, and expressed in the human
brain and several other organs (GTEX, 2013) (Figure S2C). In brain, LINC00473 is
expressed primarily in neurons at moderate levels (Zhang et al., 2016) (Figure S2D),
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predominantly in glutamatergic pyramidal neurons (p= 3.1072E-08) (Kozlenkov et al., 2016)
(Figure S2E), and enriched within the cell nucleus (Figure 2E,F) (Mas-Ponte et al., 2017).
There are no baseline sex differences in expression levels of LINC00473 in published
datasets (GTEX, 2013) (Figure S2C), in the brains of control subjects in our RNA-seq
dataset, or in the FISH results. Interestingly, studies show that LINC00473 is robustly
induced by cAMP and CREB signaling (Liang et al., 2016), (Chen et al., 2016) and by
neuronal activity (Pruunsild et al., 2017), (Ataman et al., 2016) in cultured cells derived
from humans. Otherwise, LINC00473 has not been studied in neuropsychiatric syndromes
or in the context of sex differences.

LINC00473 expression in mouse PFC neurons promotes behavioral, physiological, and
transcriptional changes selectively in female mice

To test a causal role for LINC00473 in depression, we turned to chronic stress models in
mice, with the notion that, even though LINC00473 is not normally expressed in rodents, its
expression might nevertheless induce homologous functions and thereby regulate
depression-related behavioral responses. Notably, this approach of using mice for studying
mechanisms of action of primate-specific IncRNAs was fruitful in liver for cardiometabolic
traits (Ruan et al., 2020). We generated neurotropic Herpes Simplex Virus (HSV) vectors
expressing LINC00473 and eGFP (LINC00473) or eGFP only (GFP) as a control, and
stereotactically delivered the HSVs bilaterally into medial PFC (mPFC) of adult male or
female mice. This manipulation induced expression of LINC00473 to a similar extent in
both sexes (Figure S3A-C). Since LINC00473 is downregulated in human female
depression, we hypothesized that expressing it in female mice would promote stress
resilience. To test this hypothesis, we used chronic social defeat stress (CSDS), which has
been validated extensively in male mice (Krishnan et al., 2007), and more recently in female
mice (Takahashi et al., 2017). We utilized an accelerated version of the protocol to match the
short (4 days) time line of HSV-mediated transgene expression (Figure 3A). As predicted,
socially defeated male mice (Two-way ANOVA F stressy 40)=4.470, P=0.041) and female
GFP mice (Two-way ANOVA F virus (1 31)=4.470, P=0.0088, post hoc Fisher LSD
CSDS:GFP vs. Control:GFP t3;=2.273, P=0.030) showed increased social avoidance as
indicated by decreased social interaction (Figure 3B-D). We found that LINC00473 rescued
social interaction to control levels only among female mice (post hoc Fisher LSD
CSDS:LINC00473 vs. CSDS:GFP t31=3.169, P=0.0033) (Figure 3C), supporting a female-
specific pro-resilient effect of LINC00473. We collected blood from the control and CSDS
mice and probed serum corticosterone (CORT) levels (Figure S3D). The behavioral
resilience observed in LINC00473-stressed females was associated with reduced levels of
circulating CORT (Two-way ANOVA F stress(; 29)=8.380, P=0.007, post hoc Fisher LSD
Control:GFP vs. CSDS:LINC00473 tyg=2.405, P=0.022; Control:LINC00473 vs.
CSDS:LINC00473 tpg=3.13, P<0.004) (Figure S3E), while no differences were observed in
male mice between the groups (Figure S3F).

We next sought to validate our findings in a second chronic stress model, chronic variable
stress (CVS), in which female mice are more sensitive than males (Hodes et al., 2015;

Labonté et al., 2017) (Figure 3E). Female mice expressing LINC00473 in mPFC neurons
displayed no baseline differences in the elevated plus maze (Figure 3F) or marble burying
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test (Figure 3G) compared to GFP-expressing control mice. However, after CVS,
LINCO00473-expressing female mice spent more time in the open arms (Two-way ANOVA F
Virusy 39)=6.875, P=0.0124; post hoc Fisher LSD CVS:GFP vs. CVS:LINC00473
t39=2.675, P=0.011) and buried fewer marbles compared to the stressed GFP group (Two-
way ANOVA F interactiony 7gy=4.573, P=0.0356; post hoc Fisher LSD CVS:GFP vs.
CVS:LINC00473 t7g=2.300, P=0.0241). Both of these behavioral measures suggest reduced
anxiety-related behavior. In the novelty suppressed feeding test, which is more stressful at
baseline than the elevated plus maze or marble burying tests due to the use of food
deprivation (Two-way ANOVA F stress(; 74y=11.96, P=0.0009), we noted differences at
baseline where LINC00473-expressing female mice displayed the shortest latency to feed
(survival analysis, Mantel-Cox Test, Chi square3=14.47 p=0.0023) (Figure 3H), indicative of
reduced anxiety- and depression-like behavior. A similar pro-resilient effect was seen in the
tail suspension test in female mice (Figure S3G). When we performed the same experiments
in male mice, we noted no effects of LINC00473 expression in the elevated plus maze
(Figure 3I), novelty suppressed feeding (Figure 3K), or tail suspension tests (Figure S3H),
however, we observed increased marble burying indicative of increased anxiety-related
behavior (Two-way ANOVA F virus(; 33)=4.285, P=0.0463; post hoc Fisher LSD
Control:GFP vs. CVS:LINCO00473 t33=2.394, P=0.0225) (Figure 3J). Interestingly, we noted
that CVS led to a decrease in body weigh only in males expressing LINC00473 (Two-way
ANOVA F virus(y 34)=9.219, P=0.0046; post hoc Fisher LSD CVS:GFP vs.
CVS:LINC00473 t34=2.331, P=0.0258) (Figure S3M). In neither sex were there effects of
LINC00473 expression on sucrose preference or forced swim test measures (Figure
S3K,L,N,&Q). Combined, expression of LINC00473 in mPFC had a pro-resilient role in
female, but not male, mice. These results are in line with our human findings, where lower
levels of LINC00473 are associated with female, but not male, depression.

To explore one possible mechanism by which expression of the activity-induced LINC00473
(Pruunsild et al., 2017), (Ataman et al., 2016) in mPFC promotes stress resilience in female
mice specifically, we probed its effects on synaptic function. LINC00473 was expressed in
mPFC neurons in vivo by use of our HSV vectors, after which brain slices were prepared
and intracellular electrophysiological recordings were obtained from mPFC pyramidal
neurons expressing LINC00473 plus GFP or GFP alone in both sexes. We found that
LINCO00473 expression decreased both the frequency (One-way ANOVA F 3 18)=4.709,
P=0.0227; post hoc Fisher LSD Non-infected vs. LINC00473 t;5=2.843, P=0.0108; GFP vs.
LINC00473 t1g=2.636, P=0.0168) (Figure 4A,B) and amplitude (One-way ANOVA
F(2,19)=5.022, P=0.0177; post hoc Fisher LSD GFP vs. LINC00473 t19=3.166, P=0.0051) of
spontaneous excitatory postsynaptic currents (SEPSCs) in females (Figure 4C) compared to
GFP-infected or non-infected neurons. By contrast, SEPSCs in males were not different
between the LINC00473 and GFP groups (Figure 4D-F). There was no effect of
LINC00473 expression on membrane excitability in either sex (Figure S4). These results
suggest that LINC00473 affects the pre- and postsynaptic properties of mPFC pyramidal
neurons selectively in female mice, which parallels its sex-specific effect in controlling
depression- and anxiety-like behavior.

Nuclear INcRNAs can regulate gene expression through diverse mechanisms (Quinn and
Chang, 2016), therefore, we tested the effect of LINC00473 expression in mPFC neurons
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using RNA-seq. We profiled RNAs in mPFC of female mice expressing LINC00473 or GFP
only in this brain region, either at baseline or after CVS (Figure 5A). We found that CVS
induces altered expression of ~5x more genes in the GFP group compared to the LINC00473
group (Figure 5B, Supplementary Table S4). These data reveal that the transcriptional effects
of CVS in mPFC are dramatically blunted by LINC00473 expression (Figure 5C), which
parallels the dampened effects of CVS seen under these same conditions at the behavioral
level.

We explored the genes regulated by CVS in the GFP and LINC00473 groups using gene
ontology (GO) analysis (Eden et al., 2009). In the GFP groups, the top GO terms are linked
to stress response, including changes in glia and neurogenesis (Figure 5D), while the GO
terms associated with CVS in the context of LINC00473 expression were very different and
included signaling receptor activity and peptide hormones binding (Figure 5E). Ingenuity
Pathway Analysis (IPA) (QIAGEN) was used to search for upstream regulators of the genes
altered by CVS in the GFP and LINC00473 groups. The top predicted upstream regulators
of differential gene expression following CVS in the GFP group included factors previously
implicated in stress regulation (Figure 5F) such as Rictor (Carson et al., 2013), (Kaska et al.,
2017), while the top upstream regulators in the LINC00473 group included forskolin and
CREBL (Figure 5G). The cAMP-CREB pathway has an established role in depression
(Carlezon et al., 2005), including within the mPFC specifically (Lorsch et al., 2019), and it
has been demonstrated that LINC00473 is induced by this pathway in cultured cells as well
(Liang et al., 2016), (Chen et al., 2016).

Together, these findings demonstrate that expressing the primate-specific gene LINC00473
in mPFC neurons in mice can affect behavioral responses of the mice to stress, the
neurophysiological properties of mPFC pyramidal neurons, and gene expression profiles
within this brain region. Of note, the RNA-seq data show that LINC00473 expression
perturbs a conserved signaling pathway (i.e., CAMP—CREB) as seen in human cells.

LINC00473 expression alters gene transcription preferentially in female human neural-like

cells

We next examined the actions of LINC00473 in cells that express it endogenously and
therefore turned to NPCs derived from male or female healthy human subjects (Hoffman et
al., 2017). We utilized antisense oligonucleotides (ASOs), an approach shown previously to
knockdown (KD) nuclear levels of specific INcRNAs (Lennox and Behlke, 2016), in our case
to KD LINCO00473 as a way to mimic its downregulation in female depression (Figure 6A).
We screened multiple ASOs to identify ones that potently KD LINC00473 expression in
both female (one sample t- test t,=14.19, P=0.0049) (Figure 6B) and male (t,=19.88,
P=0.0025) cell lines (Figure 6C) compared to control ASOs, and then subjected the samples
to RNA-seq. We found that 5x more genes are significantly regulated by LINC00473 KD in
female-derived than in male-derived NPCs (Figure 6D, Supplementary Table S5). There is
also very little overlap between the transcriptional changes caused by LINC00473 KD in
female vs male NPCs (Figure 6D). These data provide further evidence for greater
regulatory effects of LINC00473 in females than males.
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Finally, we sought to identify direct partners for LINC00473 in human cells. Since
LINCO00473 is predominately nuclear (Figures 2E and S2F) and regulates gene expression
(Figures 4 and 5), we hypothesized that LINC00473 might interact directly with DNA. We
therefore performed chromatin isolation by RNA purification (ChIRP) followed by DNA-
sequencing (DNA-seq). We used a human neuroblastoma female-derived SH-SY5Y cell line
which, unlike human NPCs, endogenously expresses LINC00473 at sufficient levels for this
assay. We tested the effects of inducing endogenous LINC00473 expression by stimulating
cAMP-CREB signaling with the adenylyl cyclase activator, forskolin (One-way ANOVA
F(4,14)=34.75, P<0.0001) (Figure S5A). We precipitated substantial amounts of LINC00473
both in control (DMSO) and forskolin-treated cells (Figure 7A) in a specific manner (Figure
7B,C). We then sequenced DNA precipitated using probes for LINC00473 or LacZ as
control, and input DNA for background. In the DMSO condition, we identified binding sites
for LINC00473 predominately in intergenic areas (Figure 7D, Supplementary Table S6). In
contrast, in forskolin-treated samples there was enhanced binding in gene bodies and
promoters (Figure 7E, Supplementary Table S6). Notably, among the genes to which
LINC00473 binds in the forskolin condition, there is enrichment for genes that have been
implicated in brain function in general, and in depression- or anxiety-related behavior
specifically (Figure 7F). Such LINC00473-precipitated and depression-linked genes include
those encoding CREB binding protein (CREB-BP) which is a transcriptional co-activator of
CREB and other transcription factors (Malki et al., 2012), (Datson et al., 2012), centrosomal
protein 350 (CEP350) (Dunn et al., 2016) which has a role in microtubule binding,
microtubule associated protein 2 (MAP2) which regulates neurogenesis during development
and controls dendritic function in adulthood (Cereseto et al., 2006), (Pei et al., 1998), and
ERB-B2 receptor tyrosine kinase 4 (ERBB4) which is a member of the EGFR subfamily of
receptor tyrosine kinases (Bi et al., 2015), (Chung et al., 2018), (Dang et al., 2016).

We next overlapped genes that bind LINC00473 in the forskolin condition in the ChIRP
experiment with genes whose expression levels are altered by LINC00473 KD in the NPC
experiment described in Figure 6. We found a subset of forskolin-LINC00473-ChIRP hits
that are also regulated in female NPCs upon LINC00473 KD, with significantly fewer of
these genes affected in male-derived NPCs (Figure 7G). Using HOMER motif analysis, we
identified DNA motifs that are common to LINC00473 genomic binding sites in either the
DMSO (Figure S5B) or forskolin (Figure S5C) condition. The motifs identified under either
condition do not correspond to known transcription factor binding motifs. Moreover, the
only overlap between DMSO and forskolin conditions with respect to LINC00473 binding is
its own genomic loci (Figure 7H), indicating a potential auto-regulatory role for this
lincRNA. Finally, we identified the corresponding sites in the mouse genome that match the
coordinates to which LINC00473 binds in human cells (LiftOver). This analysis revealed
that many of the sites identified by ChIRP in human cells have parallel sites in mouse
(Figure 71 & J). In fact, 25% of LINC00473 binding sites within PCGs in the forskolin
condition are identical in the mouse (Figure 7K). This analysis reveals that the mouse
genome contains a significant fraction of homologous sites to which LINC00473 binds in
the human genome, and provides the basis for the functional effects we observe at the
behavioral, electrophysiological, and molecular levels upon LINC00473 expression in
mouse PFC neurons.
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Discussion

In this study, we show the dramatic regulation of INcRNAs in human depression with a
complex pattern seen across brain regions and sexes. We identified a target IncRNA with a
sex-specific role in depression, LINC00473, which is downregulated in mPFC and several
other forebrain regions in depressed women only. Viral-mediated expression of LINC00473
in mouse mPFC neurons increased behavioral resilience in two chronic stress paradigms in
females only. This behavioral resilience was associated with blunted CORT levels, decreased
SEPSC frequency and amplitude of mPFC pyramidal neurons, and dramatically blunted
effects of chronic stress on gene expression. We found that the genes regulated by
LINC00473 include components of cAMP-CREB signaling, a pathway known to regulate
LINC00473 in cultured cells (Liang et al., 2016), (Chen et al., 2016). When we induced
endogenous LINC00473 expression in human-derived neuroblastoma cells with forskolin,
we found that LINC00473 binds predominantly to genes involved in brain function,
including several implicated previously in depression and anxiety. Together, this study
provides a fundamentally new view of the molecular adaptations in brain that contribute to
depression in a sex-specific manner and may lead to the identification of novel targets for
sex-specific treatments of this syndrome.

Our overall hypothesis, that IncRNAs participate in depression pathogenesis, is supported by
two recent GWASs: numerous INcRNA genomic loci are associated with depression (Wray
et al., 2018), (Howard et al., 2019), (Zeng et al., 2017) and single nucleotide polymorphisms
within IncRNA genes were individually linked with depression risk (Delacretaz et al., 2015),
(Ye et al., 2017). Descriptive studies profiling IncRNAs in humans have found differences in
rACC (Zhou et al., 2018) and blood (Liu et al., 2014), (Cui et al., 2017), (Seki et al., 2019)
of depressed patients. Similar profiles have been observed in rodent hippocampus after stress
exposure (Wang et al., 2019), (Li et al., 2017), (Roy et al., 2018). However, none of these
prior studies accounted for sex of the subjects or provided a mechanistic link between
IncRNA expression and sex-specific risk for depression. Notably, LINC00473 was not
highlighted in any of these studies. This is unsurprising given the sex-specific role of
LINC00473 found here. Given that the study of IncRNAs in depression is a burgeoning field,
we provide both an important resource for further exploration of additional INcRNA targets
and a frame work of the variety of experimental approaches that can be utilized for probing
specific INCRNA candidates and their sex-specific role in depression.

Our analysis reveals that INcRNAs represent a large proportion of all of the regulated
transcripts in human depression in a brain region- and sex-specific manner. This regional
selectivity is consistent with the highly tissue-specific expression patterns that characterize
IncRNAs in general (Cabili et al., 2011), (Derrien et al., 2012). Sex-specific regulation of
PCGs in the brain in depression was noted by us (Labonte et al., 2017) and others (Seney et
al., 2018), but these studies did not examine INcCRNAs. In support of our present findings,
Seney et al. (2018) reported an analysis of our dataset that suggested that the top transcripts
opposingly regulated by depression between the sexes were enriched for IncRNAs. Some of
the effects we report may be due to baseline sex differences in INCRNA expression levels,
however, that is not the case for LINC00473 whose expression in brain is equivalent
between females and males at baseline. Little is known about regulation of INCRNAs by sex
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at the genome-wide level, for example, there are reports of sex-specific expression patterns
of IncRNAs in mouse liver (Melia and Waxman, 2019) and brain (Reinius et al., 2010),
however, this has not yet been demonstrated in human brain. One of the most studied
IncRNAs, Xist, is highly sexually dimorphic, female-specific, and plays a pivotal role in
chromosome X inactivation (Sahakyan et al., 2018). Our findings thus support the
importance of further investigations of the sex-specific regulation of INcRNAs in brain.
Future studies should include determining the potential effects of psychotropic drugs such as
antidepressant medications and alcohol, as well as the effects of depression severity and
other clinical variables on IncRNA regulation.

It has been suggested that LINC00473 is an oncogene as it is upregulated in several types of
cancers (Bai et al., 2019), (Chen et al., 2016), (Dinh et al., 2017), (Zhu et al., 2018), (Zhang
and Song, 2018), (Wang et al., 2018), (Chen et al., 2018a), (Shi et al., 2017), (Han et al.,
2018), (Zhang et al., 2017). Interestingly, studies investigating the regulatory mechanisms of
LINC00473 in cancer have identified several targets that have also been implicated in stress
responses. Some of these genes encode microRNAs (miRNAs), a subset of which have
competitive interactions with IncRNAs (Quinn and Chang, 2016). For example, miR-34
which is upregulated by stress in amygdala (Haramati et al., 2011) reduces the stability of
LINC00473 (Shi et al., 2017), suggesting a potential mechanism for the reduced levels
observed in our dataset. Altering levels of LINC00473 may have downstream effects as well.
miR-15, which is inhibited by LINC00473 in cell culture (Wang et al., 2018), is upregulated
by stress in amygdala (Volk et al., 2016), and others have shown that LINC00473 activates
[B-catenin signaling in cell culture (Han et al., 2018), which has been linked to stress
resilience in brain (Dias et al., 2014). LINC00473 is robustly upregulated by cAMP in cell
culture (Liang et al., 2016) and its promoter harbors CRE binding sites that facilitate this
induction by CREB binding (Liang et al., 2016), (Chen et al., 2016). CREB signaling is
strongly associated with depression (Carlezon et al., 2005) and with stress resilience in
mPFC specifically (Lorsch et al., 2019).

We report that endogenous LINC00473 is enriched within the nucleus of rACC neurons
(Figure 2E). This finding matches reports in the LncATLAS database (Mas-Ponte et al.,
2017) and other studies performed in different tissues (Chen et al., 2016), (Chen et al.,
2018b), (Wu et al., 2018), (Chujo et al., 2017). Nuclear localization suggests the
involvement IncRNAS in nuclear processes, such as scaffolding or regulation of transcription
(Quinn and Chang, 2016). Indeed, we show here that altering LINC00473 expression levels,
either in mouse mPFC neurons or in human NPCs, has a robust effect on gene expression,
with much stronger effects seen in female-derived cells. Interestingly, similar to our FISH
results (Figure 2E), other groups noted as well that LINC00473 is localized within distinct
nuclear structures in two main puncta per nucleus (Chen et al., 2016), (Chujo et al., 2017).
This localization pattern might be explained by our ChIRP results, indicating binding of
LINC00473 to its own genomic loci, suggesting a potential auto-regulatory feedback loop of
LINCO00473.

Using viral-mediated gene delivery we found that expression of LINC00473 in mPFC
neurons, despite it being a primate-specific INCRNA, promotes stress resilience, an effect
seen in female mice only despite equivalent expression levels achieved in females and males.
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Such pro-resilient behavioral effects were documented in two chronic stress models, CSDS
and CVS, both widely used in the field. The various behavioral outcomes measured in the
present study suggest that LINC00473 reduces both depression- and anxiety-like behaviors
induced by stress exposure. This is interesting because human females tend to have a greater
degree of comorbidity of depression with anxiety than males (Martin et al., 2013). We used
6 days of CVS to fit within the short timeline of HSV expression. This relatively short stress
exposure is sufficient to induced certain stress effects, as we report for marble burying and
novelty suppressed feeding, but was not strong enough to affect forced swim or sucrose
preference behavior. We also found a baseline sex difference in circulating CORT levels,
with higher levels in females (Figure S3D-F), that matches reports in the literature (Kalil et
al., 2013). LINCO00473 expression in mPFC neurons affected circulating CORT levels in
female mice, an effect not seen in male mice. Together, the mouse models reveal a female-
specific effect of LINC00473 expression in mPFC consistent with LINC00473
downregulation in mPFC and several other brain regions of depressed females only.

We found that LINC00473 decreases SEPSC amplitude and frequency of mPFC pyramidal
neurons in female mice only. These changes are interpreted as reflecting alterations in both
pre- and postsynaptic domains. These findings are in line with our earlier studies of DUSPS,
the knockdown of which in mPFC neurons promotes behavioral resilience and decreases
SEPSP frequency in female mice only (Labonte et al., 2017). LINC00473 is induced in
human-induced neurons in culture upon electrical activation (Pruunsild et al., 2017),
(Ataman et al., 2016), suggesting a homeostatic mechanism by which neural activity induces
LINC00473 which then feeds back to dampen neural activity. In addition, our ChIRP study
showed that LINC00473 binds to genes that encode proteins with a role in synaptic function,
such as MAP2 (Sanchez et al., 2000) and trio rho guanine nucleotide exchange factor
(TRIO) (Miller et al., 2013), among several others, thus providing putative mechanisms by
which LINC00473 controls synaptic function.

The RNA-seq experiment in female mouse mPFC showed that the behavioral stress
resilience seen in mice expressing LINC00473 is associated with dramatically blunted
induction of gene expression changes by chronic stress. The genes affected by LINC00473
include a subset which are predicted to be regulated by the CREB pathway. As mentioned
above, there is ample evidence, including our results (Figure S5A), showing that
LINCO00473 is upregulated by CREB signaling. In addition, it is very well established that
CREB signaling is altered in depression in a brain-site specific manner (Carlezon et al.,
2005). We recently reported that downregulation of CREB in mPFC promotes stress
susceptibility in both sexes (Lorsch et al., 2019). This is consistent with our finding of
decreased LINC00473 expression in depressed women, and the pro-resilient effect of
expressing LINC00473 in female mice. Our ChIRP study found that, upon forskolin
treatment and consequent LINC00473 induction, LINC00473 binds the CREBBP genomic
locus, suggesting that LINC00473 potentially affects CREB action. Moreover, comparative
genomic analysis suggests that the LINC00473 sequence originated from partial duplication
of the phosphodiesterase 10A (PDE10A) genomic locus. PDE10A is also associated with
CREB signaling as it is an enzyme that degrades cAMP (Soderling et al., 1999). Moreover
there is evidence for sex-specific roles of PDE10A function (Porcu et al., 2013) (Hsu et al.,
2011), with primate-specific splice variants of the gene associating with bipolar disorder
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(MacMullen et al., 2016). Collectively, these findings propose that LINC00473 arose in
primates to mediate additional effects of CREB on its gene targets, and to possibly control
mood particularly in females.

It will be important to fully understand the molecular basis by which LINC00473 affects
gene expression and downstream consequences (synaptic activity and behavior) in females
only. Further studies are required to determine whether these sex-specific actions reflect
distinct chromatin architecture at gene targets for LINC00473 in females vs. males or the
sex-specific expression of other molecules (RNAs or proteins) that control LINC00473
action. Regardless of the underlying mechanisms, LINC00473 joins several PCGs (e.g.,
DUSP6, EMX1, ESRI) which also have been shown to control depression-related
behavioral outcomes in a sex-selective fashion (Labonteé et al., 2017; (Lorsch et al., 2018).

In summary, studying the mechanisms of action of primate-specific genes in psychiatric
disorders is challenging. To address this, we used a combination of approaches, including
expressing the primate-specific LINC00473 in adult mouse mPFC neurons, knocking down
the gene in human NPCs, and controlling expression of the endogenous gene in cultured
cells derived from humans. The cell culture studies made it possible to examine the effects
of manipulating endogenous LINC00473 within the relevant genomic context, while the
animal models allowed studying the gene in vivo in stress models with direct relevance to
depression. While both approaches offered insight into the mechanisms underlying the pro-
resilient and female-specific effects of LINC00473, it is likely that the molecular basis of
LINC00473 action also involves additional primate-specific effects. Our results provide a
roadmap for others to investigate how primate-specific IncRNAs influence complex brain
disorders and provide a repository of sex-specific IncRNAs for future studies. Taken
together, this work suggests that the complex primate brain uses INcRNAs to facilitate
regulation of higher brain function including mood, with malfunction of these processes
contributing to pathological conditions such as depression and anxiety in a sex-specific
manner.

STAR Methods

Resource availability

Lead Contact—Further information and requests should be directed to the lead contact,
Eric J. Nestler (eric.nestler@mssm.edu).

Materials Availability

Plasmids and viruses generated in this study are available by contacting the lead contact.

Data Availability

The RNA-seq and ChIRP datasets generated during this study are available at GEO
(GSE138677).
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Experimental models and subjects details Mice

Experimental animals were eight-week-old C57BL/6J male or female mice (Jackson
Laboratory). Mice were habituated to the animal facility for 1 week before any
manipulations, and were maintained at 23-25°C with a 12 h light/dark cycle (lights on 7:00
A.M.) with ad libitum access to food and water. Experiments were conducted in accordance
with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at Mount
Sinai. Female estrous phase was monitored by microscopy of vaginal smears at the end of all
experiments to minimize the confounding effects of the stress involved.

Human subjects

Human postmortem RNA-seq data from depressed and control subjects were collected,
analyzed, and reported as part of a published study (Labonte et al., 2017). This earlier paper
focused solely on protein-coding genes (PCGs). Briefly, brain tissue was obtained from the
Douglas Bell Canada Brain Bank Québec. Subject information is listed in Supplementary
Table S1. Males and females were group-matched for age, pH, and PMI. Inclusion criteria
for both cases and controls were French-Canadian European origin and sudden death.

Florescent in situ hybridization (FISH) was performed on an independent cohort of male and
female depressed cases and controls (N=10 per group per sex) (Supplementary Table S2).
The samples were obtained by The University of Texas Southwestern Medical Center at
Dallas

Neural progenitor cells (NPCs)

NPCs were derived from human iPSCs as described (Hoffman et al., 2017). Three lines
derived from healthy control males (lines NSB690, NSB553 and NSB2607) and females
(lines NSB 3182, NSB3188 and NSB 3121) were used. NPCs were maintained in NPC
media (Dulbecco’s Modified Eagle Medium/Ham’s F12 Nutrient Mixture (ThermoFisher
Scientific), 1x N2, 1x B27-RA (ThermoFisher Scientific) and 20 ng mI=1 FGF2, cultured at
high density on Matrigel (BD Biosciences) and split approximately 1:4 once a week with
Accutase (Millipore).

Method Details

Chronic social defeat stress (CSDS)—Experiments utilized published procedures for
CSDS to induce depressive-like behaviors in male (Krishnan et al., 2007) and female
(Takahashi et al., 2017) mice. For males, retired breeder CD1 male mice were screened for
aggression. C57BL/6J mice were subjected to a 5-min defeat by a novel CD1 aggressor
mouse and were then housed across a ventilated divider to allow for sensory contact. Control
mice were housed in cages separated from other control mice by a ventilated divider and
were rotated to a different cage daily. For the females, ERa-Cre mice were injected into the
ventrolateral ventromedial hypothalamus with rAAV2/hSyn-DIO-hM3D(Gq)-mCherry
(Krashes et al., 2011) to express an excitatory DREADD. Mice were screened for aggressive
behavior toward females. Male aggressors were housed individually and females were paired
and housed with another female from the same stress condition, all in standard mouse cages.
Aggressors were injected with CNO (1 mg/kg, i.p.) 30 min before the encounter. A

Neuron. Author manuscript; available in PMC 2021 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Issler et al.

Page 14

C57BL/6J female was introduced into the aggressor’s cage for 5 min and after the physical
defeat, the female was returned to her home cage. For both sexes an accelerated social defeat
paradigm (twice daily defeats for 5 d for 10 total defeats) was utilized to capture behavior
within the timeframe of HSV expression (Krishnan et al., 2007). After the final defeat, both
defeated and control mice were housed individually for behavioral testing.

Social interaction (SI)—Testing for social avoidance behavior was assessed with a novel
CD1 mouse in a two-stage social interaction (SI) test under red lighting (Berton et al., 2006).
In the first 2.5-min test, the experimental mouse was allowed to freely explore an arena
(44x44 cm) containing a plexiglass and wire mesh enclosure (10x6 cm) centered against one
wall of the arena. In the second 2.5 min test, the experimental mouse was immediately
returned to the arena with a novel CD1 mouse enclosed in the plexiglass wire mesh cage.
Time spent in the ‘interaction zone’ (14%26 cm) surrounding the CD1 mouse was measured
by video tracking software (Ethovision, Noldus). An Sl ratio was calculated as time spent
exploring the interaction zone with the CD1 mouse present, divided by time spent exploring
the interaction zone with CD1 mouse absent.

Chronic variable stress (CVS)—A shortened CVS protocol was used to induced
depression- and anxiety-like behavior with a time line that matches the expression of HSVs
(Labonte et al., 2017), (Hodes et al., 2015). The protocol consists of exposure to three
different stressors repeated over a period of six days and alternated to prevent habituation.
The mice were exposed to one of the following stressors for one hour daily: 100 random
mild foot shocks at 0.45 mA, a tail suspension, or restraint stress within a ventilated 50 mL
conical tube. Mice were group housed during the stress exposure and individually housed
during the behavioral assessment. Unstressed mice were used as controls.

Novelty suppressed feeding—The novelty suppressed feeding test assesses primarily
anxiety-like behaviors (Wang et al., 2008), (Lorsch et al., 2018). Mice were food deprived
for 24 h before testing and were habituated to the experimental room for 1 h prior to testing.
Mice were placed in the corner of a 50 x 50 x 20 cm box covered with bedding with a single
food pellet placed in the center of the arena. The latency to eat was recorded during 5 min of
testing. Mice were then transferred to their home cage and their latency to eat was recorded
there as well.

Sucrose preference—Muice were individually housed and were given a choice between
two 50-mL conical tubes with either water or 1% sucrose solution for 24 h (Pena et al.,
2017). The bottles were weighed and sucrose preference was calculated by determining the
percentage of sucrose consumption divided by total liquid intake.

Elevated plus maze—TFor the elevated plus maze, which assesses anxiety-like behaviors
(Sun et al., 2015), mice were acclimated to the testing room for 1 h before testing. Animals
were tested in a cross-shaped maze consisting of two 12 x 50 cm open arms and two closed
arms with 40 cm high walls under red light for 5 min. Behavior was tracked using an
automated system (Ethovision, Noldus).
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Marble burying—The marble burying test for anxiety-like behaviors (Anderson et al.,
2019) was conducted under red light conditions. After one hour of acclimation to the testing
room, mice were put in a standard mouse cage filled with 15 cm of corn cob bedding topped
with 20 glass marbles. After 15 min, the mice were removed and the number of marbles
fully or partiality buried was counted.

Forced swim test—The forced swim test was performed following 1 h of habitation to
the testing room. Mice were tested in a 4 L glass beaker, containing 3 L of water at 25+1°C
for 6 min. The behavior was video tracked using an automated system (Ethovision, Noldus)
(Pena et al., 2017).

Tail suspension test—The tail suspension test was performed following 1 h of habitation
to the testing room. Mice were taped from there tail for a 10 min video recorded trail. Time
spent immobile was manually scored by an observer blind to the mice group.

Corticosterone assay—Trunk blood was collected 5 h after lights on from both male and
female mice exposed to CSDS or control conditions. The blood was allowed to clot for 2 h
at room temperature, centrifuged at 2000xg for 20 min at 4°C, and serum was removed and
stored at —80°C. Corticosterone was quantified by an enzyme-linked immunosorbent assay
(Parameter Corticosterone Assay KGE009, R&D Systems). All samples were analyzed in
duplicate and were within the standard curve.

Viral constructs—LINC00473 was prepared (Gene Script) and Gateway (Invitrogen)
cloned into a p1005+ HSV vector. This vector expresses eGFP with a CMV promoter while
the gene of interest is driven by the IE4/5 promoter. Empty p1005+ expressing eGFP only
was used as the control. Viral vector expression was confirmed in vivo by epifluorescence
microscopy and qPCR.

Stereotactic surgery—Mice were anesthetized with a mixture of ketamine (100 mg/kg)
and xylazine (10 mg/kg) and positioned in a small-animal stereotactic instrument (Kopf
Instruments). The skull surface was exposed and 33-g syringe needles (Hamilton) were used
to bilaterally infuse 0.5 pl of HSV vector at a rate of 0.1 pl/min. mPFC coordinates relative
to the Bregma were: AP + 1.8 mm; ML +0.75 mm and DV -2.7 mm with 15° angle.

Electrophysiology—Mice were injected with HSVs expressing LINC00473 plus GFP or
GFP alone two days before electrophysiological recordings. Virally-infected neurons were
distinguished from non-infected neurons by their GFP signals under epifluorescence
microscopy. Recordings were restricted to pyramidal neurons that were determined based on
morphological criteria and firing patterns (Yang et al., 1996). Spontaneous EPSCs (SEPSCs)
of pyramidal neurons were recorded for 3 min in the voltage-clamp mode, with a K-based
internal solution (in mM: 130 K-methanesulfate, 10 KCI, 10 HEPES, 0.4 EGTA, 2.0 MgClI2,
3 MgATP, 0.5 Na3GTP, 7.5 phosphocreatine, pH 7.4; 285 mOsm). Frequency and amplitude
of SEPSCs were analyzed with Minianalysis Program (Synaptosoft).

Antisense oligonucleotides (ASOs) for LINC00473—Five sequences of antisense
LNA GapmeRs (Exigon) targeting LINC00473 were ordered and screened for knockdown
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efficiency in SH-SY5Y cells compared to negative control A (Cat. #: 300610) and positive
control targeting GAPDH (Cat. #: 300632-411) ASOs. See Supplementary Table S3 for list
of ASOs. RNAIMAX and Opti-MEM (Thermo Fisher Scientific) were used for transfection
according to manufacturer instructions. RT-qPCR was used for probing LINC00473
downregulation. The most effective probes were then validated in male and female NPCs.

ChIRP—Chromatin isolation by RNA purification (ChIRP) was performed to identify the
DNA binding sites of LINC00473 (Chu et al., 2012). Antisense oligonucleotide probes for
LINCO00473 (n = 13) were designed using an online tool (LGC Biosearch Technologies; see
Supplementary Table S3 for list of probes) and synthesized (IDT) to include 3’-biotinylated
ends along with probes for LacZ as control. The probes were numerically labeled according
to the sequential position on the RNA as “even” and “odd”. SH-SY5Y human female-
derived neuroblastoma cells were grown to confluence and cross-linked with 1%
glutaraldehyde 6 h after adding forskolin (10 M) or DMSO as control. Next, the cells were
lysed and sonicated for 120 min (Bioruptor). Shearing was validated using a DNA high
sensitivity Bioanalyzer (Agelint). The chromatin obtained from 10 million cells per
condition was hybridized with the biotinylated antisense probes overnight at 37°C.
Streptavidin-conjugated magnetic beads were used to capture the biotinylated probes,
followed by five stringent washes. From the ChIRP chromatin, RNA was purified from the
beads using a miRNeasy kit (Qiagen). DNA was purified after RNase A, RNase H, and
proteinase K treatment. RNA was subjected to RT and gPCR to detect LINC00473
enrichment; DNA was subjected to high-throughput sequencing.

Human postmortem FISH—Florescent in situ hybridyzation (FISH) was performed on
an independent cohort of male and female depressed cases (N=10 per group)
(Supplementary Table S2). The samples were obtained by The University of Texas
Southwestern Medical Center at Dallas with consent from the next of kin. Collection criteria
included <24 hour postmortem interval (PMI), and no direct head trauma or other medical
illness. The brains were taken from the scull, put on ice, dissected, and flash frozen. Samples
were stored at —80°C in plastic under vacuum seal. Diagnosis was performed based on
hospital and medical records and interview with next of kin. This information was reviewed
by four clinicians that came to a consensus diagnosis using DSM-IV criteria. Subjects were
matched to controls for age, pH, RNA integrity number (RIN), and PMI.

FISH was performed using RNAscope in human rostral anterior cingulate cortex (rACC)
layers 11-111. Fixed-frozen tissue samples were cryostat sectioned (14 um) and mounted on
SuperFrost Plus slides. RNAscope Multiplex Fluorescent reagent kit and probes for
LINC00473 and positive (HS-PPIB, Cat. #: 313901) and negative (DapB, Cat. #: 310043)
controls (ACD) and fluorophore (TSA) were used according to manufacturer instructions.
Briefly, the slides were subjected to pretreatment, including hydrogen peroxide, epitope
retrieval in 100°C water bath and digestion enzyme. Next, the sections received LINC00473
probe in parallel to positive and negative controls and hybridized for 2 hours at 40°C.
Amplification and detection was performed using TSA Fluorescein (1:750) prior to
counterstain with Dapi. Confocal images were acquired using a Zeiss LSM800 confocal
microscope. High-resolution and high-magnification tiling images were taken from the
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region of interest (ROI): cortical layers II-111. Quantification was performed with Fiji/lmageJ
(NIH). The number of puncta was extracted and density was calculated by dividing the size
of ROI.

RNA extraction—~For in vivo samples, mice were cervically dislocated and the brains
were rapidly removed. Bilateral 1 mm-thick 14 g microdissections of mPFC were taken
from fresh slices and flash-frozen on dry ice. Total RNA was isolated with TriZol reagent
(Invitrogen) and purified with RNeasy Micro Kits (Qiagen). For cell culture samples, a
RNAeasy kit mini (Qiagen) was used for total RNA. All samples were tested for
concentration and purified using a NanoDrop (Thermo Fisher). Samples used for RNA- seq
were analyzed using a bioanalyzer RNA Nano chip (Agilent) for integrity.

RT and gPCR—RNA amount was normalized across samples and cDNA was created
using iScript (Bio-Rad). See Supplementary Table S3 for the sequences of primers used.
Real-time PCR reactions were run in triplicate and SYBR-green was used in a QuantStudio
7 (ThermoFisher) gPCR machine. The 2-AACt method was used to calculate relative gene
expression normalized to controls with Hprt1 as control gene. See Key Resources Table for
primer sequences.

Sequencing library preparation—RNA libraries were prepared separately from female
mouse mPFC infected with LINC00473 or GFP, and from male and female NPCs
transfected with LINC00473 ASO or control ASO. The successful manipulation of
LINC00473 was confirmed in the samples used for sequencing. Libraries were made using 1
ug of purified RNA using the ScriptSeq Complete Kit (Epicentre). Briefly, the cDNA was
synthesized from ribosomal depleted RNA and then fragmented total RNA using random
hexamers, followed by terminal tagging. The libraries were PCR amplified and then purified
using AMPure XP beads (Beckman Coulter, Brea, CA). Barcode bases (6 bp) were
introduced at one end of the adaptors during PCR amplification steps. Quality and
concentration of libraries were confirmed on a Bioanalyzer (Agilent) and libraries were
sequenced on an lllumina Hi-seq machine with 150-bp paired-end reads in Genewiz.
Samples were multiplexed to produce >40 million reads per sample. Sample size was n=3-5
independent samples per group.

ChIRP-seq libraries were prepared from samples from DMSO- or forskolin-treated SH-
SY5Y cells purified with two sets of probes (‘odd” and “‘even’) for LINC00473 or LacZ and
input samples. The libraries were made using the entire precipitation product with the
NEBNext Ultra DNA Library Prep kit for lllumina (New England BioLabs), without size
selection, as recommended for low-input samples. Barcodes were used to multiplex samples
to achieve >60 million reads/sample. Library size and quality were assessed on a
BioAnalyzer prior to sequencing on an lllumina Hi-seq machine with 150- bp paired-end
reads at Genewiz.

RNA-seq analysis of human postmortem brain, mouse brain, and NPCs—
Human postmortem RNA-seq data from our published study (Lebonte et al., 2017) include
forty-eight subjects with tissue collected from six brain regions—orbitofrontal cortex (OFC;
BA11), dorsolateral PFC (BA8/9; dIPFC), cingulate gyrus 25 (BA25; cg25; vmPFC),
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anterior insula (aINS), nucleus accumbens (NAc), and ventral subiculum (vSUB). Tissue
was dissected by histopathologists using reference neuroanatomical maps at 4°C followed
by flash-freezing in isopentane at —80°C. The study was approved by the research ethics
boards of McGill University. Psychiatric history and socio-demographics were obtained for
both cases and controls by “psychological autopsies” performed by clinicians with
informants best acquainted with the deceased. Diagnoses were obtained using DSM-IV
criteria by means of SCID-I interviews adapted for psychological autopsies. In this original
RNA-seq analysis (Labonté et al., 2017)—in addition to phenotype (depressed vs. control),
sex and brain region—RIN, age and alcohol had a significant effect on the overall variance
in the dataset, whereas antidepressant use did not. All of these factors were included in the
statistical models as covariates. By contrast, other drugs, cause of death, history of child
abuse or other early life adversity and toxicology findings were not significantly associated
with global variance of gene expression.

The correlation analysis between IncRNA and PCG expression data was converted to
logCPM and normalized across brain regions for each sex separately, combining the
depressed and control subjects to obtain sufficient statistical power. Permutation analysis of
the same number of random genes iterated 10,000 times was used to calculate a threshold
for significant Pearson correlation at R>0.58771 or R<-0.59516.

For RNA-seq differential expression analysis, raw reads were aligned to the mouse genome
(mm210) for mouse PFC or to the human genome (hg38) for NPC data using HISAT2 (Kim
et al., 2015). The average mapping rates for mouse and human studies were 84% and 89%,
respectively. Quality control was performed using FastQC (Andrews, 2010) and principal
component analysis was used to identify outliers. Normalization and differential expression
analysis were performed using DESeq2 (Love et al., 2014). Raw data was deposited in GEO
(GSE138677). Significance was set at uncorrected P<0.05 for broad pattern identification. A
fold-change (FC) threshold was set at >1.3. See Supplementary Table S4 and S5 for genes
differential expression lists. A similar approach was used for re-analyzing the published data
of IncRNA regulation in depression (Zhou et al., 2018), but including sex as variable, which
was not performed in the original publication. Heatmaps were generated using Morpheus
and gene ontology analysis was performed using GOrilla (Eden et al., 2009). Upstream
regulator predictions were made using Ingenuity Pathway Analysis (IPA, Qiagen).
Comparison of RNA-seq data from mouse PFC and from human NPCs showed very little
overlap between the two datasets, consistent with the knowledge that NPCs are highly
immature cells with a very distinct transcriptome. Accordingly, very little overlap was seen
between RNAs regulated by LINC00473 expression in mouse PFC vs. those regulated by
LINC00473 knockdown in human NPCs, although we did identify a subset of RNAs
regulated oppositely under these two conditions (not shown).

ChIRP-seq data analysis—ChIRP-seq data was checked for quality using FastQC. Raw
sequencing reads were then aligned to the human hgl19 genome using default settings of
Bowtie where ~92% were successfully aligned. Raw data was deposited in GEO
(GSE138677). The alignment data were visualized using the Integrative Genomics Viewer
(IGV) programPeak-calling was performed using MACS with a FDR cutoff of 0.05.
Bedtools was used to identify peaks common between data generated using the ‘odd’ and
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‘even’ probes requiring at least 20% overlap. See Supplementary Table S6 for picks lists.
HOMER (Heinz et al., 2010) was used to identify and predict DNA binding motifs. LiftOver
tool was used to convert the human genome peaks to mouse genome following by annotation
using HOMER.

Quantification and statistical analysis—All statistics were performed using Prizm 8.
Outliers were defined as more than 2.5 standard deviations from the group mean and were
removed from the analysis. Main effects and interactions were determined using one- or
two-way ANOVA with Fisher LSD post hoc analysis. Student’s t test was used for
comparisons of only two groups. All significance thresholds were set at P<0.05. Data in
figures represent mean + SEM, with sample size in figure legends and detailed statistic
values listed in Results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

IncRNAs are robustly altered in depression in a sex- and brain-site specific
manner

LINC00473 is downregulated in cortex of depressed female, but not in males

LINCO00473 expression in mouse cortex promotes stress resilience in females
only

LINC00473 regulates gene expression and physiology in a sex-specific
manner
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Figure 1. Brain-region and sex-specific regulation of IncRNAs in depression.
(A) Schematic illustration of the postmortem human brain regions used in the study from

depressed and control subjects from both sexes. vmPFC, ventromedial prefrontal cortex;
dIPFC, dorsolateral PFC; OFC, orbitofrontal cortex; NAc, nucleus accumbens; aINS,
anterior insula; and vSUB, ventral subiculum. (B) Pie chart demonstrating the proportion of
RNA biotypes that are differentially expressed in depression across brain regions and sexes.
LncRNAs, long noncoding RNAS; snRNAs, short noncoding RNAs; and lincRNAs, long
intergenic noncoding RNAs. Differential expression criteria: fold change >30% and P<0.05.
Mean number of differently expressed INcCRNAs is noted. (C—-D) Heatmaps illustrating low
similarly in the pattern of differentially expressed IncRNAs between brain regions in
depressed subjects compared to controls in females (C) and males (D). Yellow, upregulation;
blue, downregulation; black, no regulation; and gray, no expression. (E-F) Low overlap in
IncRNASs regulated by depression between females and males in vmPFC (E) and other brain
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regions (F). % overlap and number of differentially expressed IncRNAs are noted. N=9-13
per group. RNA-seq data from Labonté et al. (2017). See also Figure S1.
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Figure 2. Neuronal LINC00473 is downregulated in depressed females.
(A) Filtering of IncRNA hits from correlation analysis by abundance, regulation in

depression, and cell-type specificity leads to LINC00473. (B) LINC00473 is downregulated
in depressed females, but not males, across several brain regions. Stars indicate significance
in MDD vs. control, *P<0.05, **P<0.01, ***P<0.001. (C) LINC00473 is downregulated in
the rACC of depressed females compared to controls, an effect not seen in males. N=5-7 for
females, N=19 for males. Data re-analyzed from (Zhou et al., 2018). (D) Quantification of
LINC00473 mRNA expression by RNA FISH in rostral anterior cingulate cortex (rACC)
from an independent cohort shows downregulation of LINC00473 in depressed females
only. N=10 per group. (E) Representative LINC00473 FISH indicates nuclear enrichment
characterized by two main puncta per nucleus. Scale bar=10 pM. *P<0.05. Bar graphs show
mean + SEM. See also Figure S2.
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Figure 3. LINC00473 expression in adult mouse mPFC neurons promotes stress resilience in
females only.

(A) Schematic illustration of experimental timeline of LINC00473 expression followed by
accelerated chronic social defeat stress (CSDS) and testing. S, social interaction. (B)
Representative heatmaps of tracks of mice in the Sl test. Warmer colors indicate longer
duration of time spent in the region. The black rectangle is the interaction zone. (C) Female
mice expressing LINC00473 have similar Sl scores to non-stressed mice, while GFP
controls exhibit decreased Sl after CSDS. N=7-10 per group. (D) Male mice exposed to
CSDS have decreased SI compared to control, regardless of viral treatment. N=9-13 per
group. (E) Schematic illustration of experimental time line of LINC00473 expression
followed by chronic variable stress (CVS) and behavioral testing. (F-G) Female mice
expressing LINC00473 and exposed to CVS spent similar amounts of time as non-stressed
mice in the open arms of the elevated plus maze (N=10-11 per group) (F) and buried similar
numbers of marbles (N=15-35 per group) (G), unlike the stress GFP mice. (H) LINC00473
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control mice have the shortest latency to feed in the novelty suppressed feeding test
compared to other groups. N=15-26 per group. (I-K) No differences were seen between the
groups of male mice in the elevated plus maze (1) and novelty suppressed feeding test (K).
(J) Male mice expressing LINC00473 bury more marbles than GFP mice at baseline. (J).
N=8-10 per group. * P<0.05, **P<0.01. Bar graphs show mean + SEM. See also Figure S3.
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Figure 4. LINCO00473 expression modulates SEPSCs in mPFC pyramidal neurons of female but
not male mice.

(A, D) Representative membrane potential of pyramidal neurons from either female (A) or
male (D) mPFC in slices obtained from non-infected (top panel), GFP (middle panel), or
LINCO00473 expressing (lower panel) mice. Lower spiking frequency (B) and amplitude (C)
of spontaneous excitatory postsynaptic currents (SEPSCs) in female mouse neurons
expressing LINC00473 compared to controls. (N=5-10 per group). No difference in the
frequency (D) or amplitude (E) of SEPSCs was seen in male mice. N=3-8 mice per group. *
P<0.05. Bar graphs show mean = SEM. See also Figure S4.
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Figure 5. LINC00473 expression in adult mPFC neurons blunts gene expression changes induced
by CVS.

(A) Schematic representation of experimental design and groups used for analyzing
differentially expressed genes (DEGs) comparing CVS to control groups for each viral
treatment, LINC00473 vs. GFP. (B) The number of DEGs induced by CVS in GFP controls
is ~5x higher than in the LINC00473 group. (C) This blunting is also apparent on heatmaps,
which also identify a subset of genes that are regulated uniquely in the LINC00473 group.
(D-E) GO terms enriched for genes regulated by CVS vs. control focusing on genes
uniquely regulated in the GFP (D) or LINC00473 (E) group. Number of DEGs in each term
is indicated in brackets. (F-G) Predicted upstream regulators of genes uniquely regulated in
GFP (F) or LINC00473 (G) groups by CVS compared to control. N=3-5 mice per group.
DEG cutoff is fold change >20% and P<0.05.
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Figure 6. LINC00473 knockdown in human female NPCs has a stronger effect on gene

expression than in male NPCs.
(A) Schematic representation of INcRNA knockdown (KD) by antisense oligonucleotides

(ASOs).

(B—C) Validation of LINC00473 KD in female- (B) and male- (C) derived neural

progenitor cells (NPCs). (D-E) Five times more genes are regulated by LINC00473 KD in
female NPCs than in male (D) and there is a small overlap in the regulated genes between
the sexes (E). DEG cutoff is fold change >30% and P<0.05. N=3 lines per group. *P<0.05;
** P<0.01. Bar graphs show mean + SEM.
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Figure 7. Induction of endogenous LINC00473 expression recruits its binding to depression-
related genomic loci.

(A) Experimental conditions in LINC00473 ChIRP performed in SH-SY5Y cells. Odd and
even represent replicates of tiling antisense biotinylated oligonucleotides for LINC00473.
(B-C) Validation of efficacy (B) and specificity (C) of LINC00473 pull down. (D-E)
LINCO00473 binds mainly in intergenic regions under control DMSO conditions (D), with
increased LINC00473 binding to gene bodies and promoters following treatment with
forskolin which induces LINC00473 (E). (F) Enrichment for genes with a functional role in
brain and implicated in depression that are bound by LINC00473 in the forskolin condition.
(G) Stronger regulation of LINC00473-forskolin ChIRP hits in female NPCs with
LINC00473 KD than in male. (H) Binding of LINC00473 to its own genomic locus both
under DMSO and forskolin conditions. (1,J) Number of corresponding sequences in the
mouse genome that are identical to sequences in the human genome that bind LINC00473 in
the DMSO (1) or foskolin (J) conditions. (K) 25% of the genomic sites bound by
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LINC00473 in human cells treated with forskolin have matching DNA sequences in the
mouse genome. See also Figure S5.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Clozapine N-oxide

Enzo Life Sciences

Cat. #: BML-NS105

Lipofectamine RNAIMAX

Thermo Fisher

Cat. #: 13778150

Critical Commercial Assays

RNeasy Micro Kits

Qiagen

Cat. #: 74004

iScript

BioRad

Cat. #: 1708891

Fast SYBR™ Green Master Mix

Applied Biosystems

Cat. #: 4334973

ScriptSeq Complete Kit

Epicentre

Cat. #: BHMR1224

Corticosterone Assay

R&D Systems

Cat. #: KGE009

RNAscope Multiplex Fluorescent reagent kit
version 2

Advanced Cell Diagnostics

Cat. #: 323110

Fluorescein plus evaluation kit

Perkin Elmer

Cat. #: TA1IEQ01KT

NEBNext Ultra DNA Library Prep kit

New England Biolabs

Cat. #: E7645S/L

Deposited Data

RNA-Seq Human depression postmortem (Labonté et al., 2017) N/A
RNA-Seq Human depression postmortem (Zhou et al., 2018) N/A
RNA-seq LINC00473 KD in NPCs This Study GSE138677
RNA-seq LINC00473 expression in mouse This Study GSE138677
ChIRP seq LINC00473 SHSY-5Y cells This Study GSE138677
Experimental Models: Cell Lines

Neuron Progenitor Cells (NPCs) (Hoffman et al., 2017) N/A

SH-SY5Y

ATCC

ATCC CRL-2266

Experimental Models: Organisms/Strains

C57BI6/j

| Jackson Laboratory

Cat. #: 000664

Oligonucleotides sequences listed in Supplementary Table S3

HS-LINCO00473 probes (RNAScope)

| Advanced Cell Diagnostics

Cat. #: 464821

Recombinant DNA

p1005-LINC00473-eGFP

This study

N/A

p1005-eGFP

This study

N/A

rAAV2/hSyn-DIO-hM3D(Gq)-mCherry

(Krashes et al., 2011)

Addgene, Cat. #: 44361-AAV2

Software and Algorithms

Ethovision XT Noldus https://www.noldus.com/ethovision-xt

Fiji/lmageJ NIH https://imagej.net/Fiji/Downloads

Prism 8 GraphPad https://www.graphpad.com/scientific-software/prism/
R GNU package https://www.r-project.org/

QuantStudio 7

Thermo Fisher

https://www.thermofisher.com/us/en/home/global/forms/

life-science/quantstudio-6-7-flex-software.html
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