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Recent branching (100 MYA) of the mammalian evolutionary tree has enhanced brain complexity and functions at the puta-
tive cost of increased emotional circuitry vulnerability. Thus, to better understand psychopathology, a burden for the modern
society, novel approaches should exploit evolutionary aspects of psychiatric-relevant molecular pathways. A handful of genes
is nowadays tightly associated to psychiatric disorders. Among them, neuronal-enriched RbFOX1 modifies the activity of syn-
aptic regulators in response to neuronal activity, keeping excitability within healthy domains. We here dissect a higher prima-
tes-restricted interaction between RbFOX1 and the transcriptional corepressor Lysine Specific Demethylase 1 (LSD1/KDM1A).
A single nucleotide variation (AA to AG) in LSD1 gene appeared in higher primates and humans, endowing RbFOX1 with
the ability to promote the alternative usage of a novel 39 AG splice site, which extends LSD1 exon E9 in the upstream intron
(E9-long). Exon E9-long regulates LSD1 levels by Nonsense-Mediated mRNA Decay. As reintroduction of the archaic LSD1
variant (AA) abolishes E9-long splicing, the novel 39 AG splice site is necessary for RbFOX1 to control LSD1 levels. LSD1 is a
homeostatic immediate early genes (IEGs) regulator playing a relevant part in environmental stress-response. In primates and
humans, inclusion of LSD1 as RbFOX1 target provides RbFOX1 with the additional ability to regulate the IEGs. These data,
together with extensive RbFOX1 involvement in psychiatric disorders and its stress-dependent regulation in male mice, sug-
gest the RbFOX1-LSD1-IEGs axis as an evolutionary recent psychiatric-relevant pathway. Notably, outside the nervous system,
RbFOX2-dependent LSD1 modulation could be a candidate deregulated mechanism in cancer.
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Significance Statement

To be better understood, anxiety and depression need large human genetics studies aimed at further resolving the often am-
biguous, aberrant neuronal pathomechanisms that impact corticolimbic circuitry physiology. Several genetic associations of
the alternative splicing regulator RbFOX1 with psychiatric conditions suggest homeostatic unbalance as a neuronal signature
of psychopathology. Here we move a step forward, characterizing a disease-relevant higher primates-specific pathway by
which RbFOX1 acquires the ability to regulate neuronal levels of Lysine Specific Demethylase 1, an epigenetic modulator of
environmental stress response. Thus, two brain-enriched enzymes, independently shown to homeostatically protect neurons
with a clear readout in terms of emotional behavior in lower mammals, establish in higher primates and humans a new func-
tional cooperation enhancing the complexity of environmental adaptation and stress vulnerability.

Introduction
Splicing modulation represents one of the most important sour-
ces of proteome complexity, especially in the mammalian brain,
where it is spatially and temporally modulated. Within neurons,
peculiar splicing pathways also respond to electrical activity con-
tributing to balancing the input/output ratio (Eom et al., 2013;
Longaretti et al., 2020b; Thalhammer et al., 2020), thus modulat-
ing the availability of synaptic, but also nuclear, factors. Such
mechanisms have been gathered as homeostatic splicing and
guarantee efficient information processing in the frame of

Received Sep. 2, 2021; revised Feb. 28, 2022; accepted Mar. 3, 2022.
Author contributions: C.F., F.R., and E.B. designed research; C.F., M.I., E.T., E.R., M.P.B., and V.R. performed research;

C.F., M.I., E.T., B.B., F.R., and E.B. analyzed data; C.F., F.R., and E.B. edited the paper; M.P.B. contributed unpublished
reagents/analytic tools; F.R. and E.B. wrote the first draft of the paper; F.R. and E.B. wrote the paper.
This work was supported by CARIPLO Foundation Grant 2016-0908 and KAUST CRG 2018 to E.B. and PSR_2019 to

F.R. We thank Leda Paganini for the initial contribution to the work; Graziano Rocchi for providing nonprimates and
primate cell lines; and Marco Venturin for postmortem human cerebellar and hippocampal samples.
The authors declare no competing financial interests.
Correspondence should be addressed to Elena Battaglioli at elena.battaglioli@unimi.it or Francesco Rusconi

at francesco.rusconi@unimi.it.
https://doi.org/10.1523/JNEUROSCI.1782-21.2022

Copyright © 2022 the authors

The Journal of Neuroscience, May 4, 2022 • 42(18):3689–3703 • 3689

https://orcid.org/0000-0001-6386-2466
mailto:elena.battaglioli@unimi.it
mailto:francesco.rusconi@unimi.it


excitatory circuitry preservation (Turrigiano, 2012). Alterations
of this process can profoundly impact in normal brain physiol-
ogy, causing different neurologic pathologies, from epileptic to
neurodevelopmental and neuropsychiatric disorders (Gehman et
al., 2011; Quesnel-Vallières et al., 2016; Thalhammer et al.,
2020).

Homeostatic splicing has been described thanks to the inde-
pendent characterization of few RNA binding proteins highly
enriched in neurons, including RbFOX1/A2BP1 (Lee et al., 2009;
Gehman et al., 2011), nSR100/SRRM4 (Irimia et al., 2014;
Quesnel-Vallières et al., 2016), NOVA1/2 (Zhang et al., 2010;
Eom et al., 2013), and SAM68 (Iijima et al., 2011). All these fac-
tors undergo neuronal activity-dependent modulation allowing a
timely program of splicing regulation devoted to synaptic-related
and neuronal connectivity-instrumental targets (Lee et al., 2009;
Gehman et al., 2011; Eom et al., 2013; Quesnel-Vallières et al.,
2016). Indeed, homeostatic splicing reduces neuronal excitability
within a homeostasis-demanding window that follows neuronal
depolarization (Thalhammer et al., 2020). Consistently with
RbFOX1 splicing activity, which is aimed at reestablishing rest-
ing-like splicing pattern via attenuation of neuronal excitabil-
ity, RbFOX1KO mice are hyperexcitable (Gehman et al.,
2011). One of the prominent neuronal RbFOX1 mRNA tar-
gets is the glutamate ionotropic NMDAR constitutive subu-
nit GluN1. Interestingly, RbFOX1 regulates exon 5 inclusion
(Lee et al., 2009) with the purpose to limit NMDAR activity,
negatively impacting neuroplasticity modification and mem-
ory formation with homeostatic purposes (Sengar et al.,
2019). In accordance with this role, mutations in RbFOX1
have been associated with multiple neurologic, neurodege-
nerative, and neuropsychiatric disorders, including epilepsy
(Lal et al., 2015), schizophrenia (Xu et al., 2008), aggressive
behavior (Fernàndez-Castillo et al., 2020), autism (Lee et al.,
2016), and attention deficit and hyperactivity disorder (Elia
et al., 2010). Recently, an important genome-wide association
study listed RbFOX1 as one of the genes mostly associated
with human depression, a pathology that holds important
environmental stress-related determinants (Sullivan, 2015),
along with overload of homeostatic mechanisms.

In this work, we identified a novel RbFOX1 target gene,
namely Lysine Specific Demethylase 1 (LSD1) that might help
deciphering recently identified implications of RbFOX1 in
psychiatric conditions. LSD1 is a transcriptional restrainer of
neuroplastic gene expression belonging to the CoREST/
HDAC2 corepressor complex (Guan et al., 2009; Wang et al.,
2015; Rusconi et al., 2017). In the brain, LSD1 activity is
modulated by neuroLSD1, a dominant negative neurospe-
cific splicing isoform generated by splicing inclusion of exon
E8a. The relative ratio between LSD1 and neuroLSD1 sets
LSD1 repressive activity and, as a result, target genes expres-
sion. The LSD1/neuroLSD1 ratio is developmentally regu-
lated during synaptogenesis and aging through the concerted
activity of its master splicing modulator nSR100/SRRM4 and
the ancillary splicing factor NOVA1 (Rusconi et al., 2015).
Remarkably, the LSD1/neuroLSD1 ratio can also be modulated in
response to environmental stress, a process that is likely controlled
by the same splicing factors, nSR100/SRRM4 and NOVA1
(Rusconi et al., 2016; Longaretti et al., 2020b). In particular, we
showed that activity-induced splicing modulation causes a tran-
sient shift of LSD1/neuroLSD1 ratio in favor of LSD1 that is
instrumental to negative feedback, ultimately reducing glutamater-
gic synaptic excitability (Rusconi and Battaglioli, 2018; Longaretti
et al., 2020b; Rusconi et al., 2020). Transient increase of LSD1

activity fosters repression of a transcriptional pathway controlling
the immediate early genes (IEGs) and two negative regulators of
the endocannabinoid system, MAGL and ABHD6 (Longaretti
et al., 2020a). Activation of this pathway is dependent on
glutamate via NMDAR activation that is required to induce
exon E8a skipping (Longaretti et al., 2020b). Thus, the fine-
tuning of LSD1/neuroLSD1 ratio can be rightfully listed as a
homeostatic splicing. All this evidence suggests that both
RbFOX1 and LSD1 are independently involved in neuronal
homeostasis.

We here show that, only in humans and higher primates, these
two pathways converge, providing LSD1 with a specific RbFOX1
regulation. Indeed, a single nucleotide variation only present in
higher primates’ LSD1 gene, creates a cryptic splicing acceptor AG
dinucleotide within INT8a-9, regulated by RbFOX1. The alterna-
tive usage of such AG site extends exon E9 and generates the alter-
native LSD1 exon E9-long. E9-long includes a premature STOP
codon, which, by non-sense-mediated decay (NMD) reduces
LSD1 levels. With this work, we provide a novel higher primate’s
restricted RbFOX1-dependent regulation of LSD1 levels poten-
tially important to better define RbFOX1 and LSD1 roles in
psychopathology.

Materials and Methods
Cell cultures. Cell lines used are as follows: human neuroblastoma

cell lines SH-SY5Y (Sigma Aldrich, ECACC) and SK-N-BE (ATCC),
human ovarian granulosa tumor cell line COV434 (Sigma Aldrich,
ECACC), and mouse neuroblastoma cell line Neuro2A (Sigma Aldrich,
ECACC). EFU1 fibroblast cell lines derived from Eulemur fulvus, LCA1
from Lemur catta, and MMU Macaca mulatta (MMU) lymphoblast cell
line were a generous gift from Graziano Rocchi. All cell lines were cul-
tured according to standard procedures. SH-SY5Y-TetON derived
clones were cultured in complete medium added with antibiotics (G418
400mg/ml alone or with hygromycin B 100mg/ml).

NMD. NMD was inhibited by cycloheximide (CHX) treatment at a
concentration of 100mg/ml for 6 and/or 8 h as in (Cardamone et al.,
2017).

Cell lines transfection and vectors. Cells were transfected using
Lipofectamine LTX and PLUS Reagent (15338, Invitrogen) accord-
ing to the manufacturer’s protocol. SH-SY5Y cells were transfected
with human minigene MG2700 (hMG2700) carrying 2700 bp
human genomic fragment, including exon E8a flanking intronic
region (chr1:23 065,790-23 068,538) cloned in the NdeI restriction
site of pBS-Splicing; lemurMG2700 containing the corresponding
genomic fragment obtained through high-fidelity PCR from LCA1
cells gDNA; hMG2700 archaic MUT [AA] and lemurMG2700 MUT
[AG] obtained by conventional site-directed mutagenesis using spe-
cific primers. The indicated genomic coordinate refers to human ge-
nome assembly GRCh38/hg38. Other expression plasmids used
are as follows: pCDNA3.1-Flag-nSR100, containing human full-
length nSR100 cDNA cloned into pCDNA3.1 (V79020, Invitrogen)
from the lentiviral pLDPuro-hsnSR100N (35172, Addgene); pCGN-
HA-RbFOX1, carrying human full-length nuclear isoform of RbFOX1
cDNA cloned into pCGN vector (53395, Addgene) from pENTR-A2BP1
(16176, Addgene); pEGFP-rbFOX2, with human full-length nuclear iso-
form of RbFOX2, was a gift from Nicolas Charlet-Berguerand (Addgene
plasmid #63086; http://n2t.net/addgene:63086: RRID:Addgene_63086). SH-
SY5Y cells were transfected with LSD1 expression vector (pCGN-
HA-LSD1). N2a cells were transfected with RbFOX1 expression
vector (pCGN-HA-RbFOX1). In order to generate inducible stable
SH-SY5Y cell line that expresses RbFOX1 only in presence of dox-
ycycline (DOX, TetON RbFOX1), we performed a double stable
transfection with pTet-On (K1621-A, Clontech) and pTRE2hyg-
HA-RbFOX1 plasmids, the latter produced by cloning HA-
RbFOX1 sequence, obtained through high-fidelity PCR from
pCGN-HA-RbFOX1, into pTRE2hyg vector (6255-1, Clontech).
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Minigene reporter assay. Minigene reporter assay was performed as
described previously (Baralle and Baralle, 2005; Rusconi et al., 2015).
The minigenes (hMG2700 WT, archaic MUT hMG2700, lemur
MG2700, and MUT lemur MG2700) were transfected alone or together
with nSR100 and/or RbFOX1 or RbFOX2 expression plasmids. At 48 h
after transfection, RNA was extracted and rqfRT-PCR was conducted
using primers that anneal on minigene exons.

Total RNA extraction, RT-PCR, qRT-PCR, rqfRT-PCR. Total RNA
extraction from cells and tissue samples was performed using TRIzol re-
agent (15596026; Invitrogen) according to the manufacturer’s protocol.
RNA was reverse-transcribed using Maxima H Minus cDNA Synthesis
Master Mix with dsDNase kit (M1682; Thermo Fisher Scientific). RT-
PCR was conducted with GoTaq G2 Flexi DNA Polymerase (M7805,
Promega) following standard PCR protocol. PCR products were sepa-
rated on 2% agarose gels. Since endogenous E8b-including LSD1 mRNA
is present in a very low amount, we exploited touchdown PCR strategy
to increase amplification specificity and sensitivity, and we ran 50 cycles
of amplification to detect it. E8b expression was quantified using
UVITEC Gel Documentation System Essential V6 (Cambridge) and
normalized over RPSA.

qRT-PCR analysis was performed on QuantStudio 5 Real-Time PCR
System (A28575, Thermo Fisher Scientific) using Power SYBR Green
PCR Master Mix (A25742, Applied Biosystem) as described (Spreafico et
al., 2018). Gene expression levels were normalized over a proper house-
keeping gene (human RPSA, mouse GJA1, and mouse RPSA) and calcu-
lated based on the fold change method (2-DDCt). Relative quantity
fluorescent PCR (rqfRT-PCR) was conducted using forward primer con-
jugated with 6-carboxyfluorescein (6-FAM) and a reverse unmodified
one, as described (Zibetti et al., 2010). PCR products were mixed to-
gether with GeneScan 500 ROX dye Size Standard (4310361, Applied
Biosystems) and separated by capillary electrophoresis under denaturing
conditions using 3130xl Genetic Analyzer (Applied Biosystems). The
amount of each amplified product was quantified using GeneMapper
software (RRID:SCR_014290).

An application-specific primer list is provided in Extended Data
Table 1-1.

Protein extraction and Western blotting. Total protein extracts were
obtained lysing the cells directly with Laemmli’s sample buffer 1� sup-
plemented with 2% 2-mercaptoethanol (M6250, Sigma Aldrich) imme-
diately before use (Rusconi et al., 2010). Immunoreactive bands were
detected and quantified with UVITEC Alliance Mini HD9 (Cambridge).
GAPDH was used as control protein for normalization. Primary and sec-
ondary antibodies used are as follows: HA-probe (F-7) mouse mAb (Santa
Cruz Biotechnology, RRID:AB_627809); LSD1 (C69G12) rabbit mAb
(Cell Signaling Technology, RRID:AB_2070132); GAPDH (D16H11) rab-
bit mAb (Cell Signaling Technology, RRID:AB_10622025); anti-mouse
IgGk BP-HRP (Santa Cruz Biotechnology, RRID:AB_2687626); and
anti-rabbit IgG, HRP-linked whole Ab (GE Healthcare, RRID:AB_
772206).

Sanger sequencing of PCR-derived DNA samples. PCR fragment,
purified from agarose gel, were sequenced using BigDye Terminator ver-
sion 3.1 Cycle Sequencing Kit (4337455, Applied Biosystems) and run
on 3130xl Genetic Analyzer (Applied Biosystems). Electropherograms
were visualized and analyzed with SeqMan Pro package of DNASTAR
Lasergene (DNASTAR, RRID:SCR_000283).

Acute social defeat stress (ASDS) and experimental animals.We per-
formed ASDS as described by Italia et al. (2020). During ASDS, 3-
month-old male CD1 (RRID:IMSR_CRL:022) aggressor mice were used
to defeat 2-month-old male C57BL/6N (RRID:IMSR_CRL:027) WT
mice in a two-phase psychosocial stress paradigm. First, the experimen-
tal C57BL/6N mouse is forced in a direct interaction with an aggressor
CD1 mouse for 5min (physical stress phase). During the second phase,
mice are divided through a perforated Plexiglas barrier and kept in visual
and olfactory interaction for 2/7 h (psychological stress phase). Control
mice were manipulated, housed in opposite sides of the Plexiglas divider,
and roomed in a different place to avoid conditioning. At the end of the
psychosocial stress or after 24 h resting phase, control and experimental
mice were killed and tissues were collected for molecular analyses.
Animals were housed in a SPF animal facility, were kept in an enriched

environment, and individually caged only during testing periods. All ex-
perimental procedures involving animals followed the Italian Council on
Animal Care guidelines (Legislative Decree no. 26, March 2014) and
European regulations (2010/63/UE) and were approved by Italian
Ministry of Health (no. 322/2018). Every effort was made to accom-
plish to the “3R” regulations, that is, Reduction of animal number,
Refinement of experimental procedures, Replacement with simpler
research models.

Human hippocampal samples. Postmortem frozen human tissues
were obtained from MRC London Neurodegenerative Diseases Brain
Bank and Newcastle Brain Tissue Resource and from routine autopsy
at Arcispedale Maria Nuova in Reggio Emilia, Italy (University of
Milan Ethic Committee protocol no. 40-18 and Territorial Ethic
Committee AUSLRE protocol no. 2019/0004645). Sex, age, cause of
death, and postmortem delay were available for each donor, and we
scored the agonal state using a 3 point classification based on the
cause of death and clinical records (adapted from Monoranu et al.,
2009) (Table 1). The quality of RNA extracted from human speci-
mens was assessed using RNA 6000 Nano Chips on Agilent 2100
bioanalyzer measuring RNA integrity number (RIN), which set
between 4.6 and 7.5 a range declared previously (Le François et al.,
2018) as sufficient for our analyses purpose.

Quantification of LSD1 transcripts expression. We estimated the
expression of LSD1 transcripts in HeLa cells using RNA-seq bulk data al-
ready available in GEO repository (GSE86148). We considered the fol-
lowing samples: GSM2295861, GSM2295862, and GSM2295876 for
scramble; GSM2295864, GSM2295865, and GSM2295866 for UPF1 KD;
and GSM2295885, GSM2295886, and GSM2295887 for double KD
SMG6-SMG7. We quantified the transcripts using Salmon 1.4.0 (Patro et
al., 2017) (in selective alignment mode with default parameters) to
increase the accuracy and minimizing the confounding effects of partially
overlapping transcriptional isoforms. The salmon index was built using as
reference transcriptome GENCODE version 29 considering four isoforms
for LSD1 transcripts: ENST00000465864.2, ENST00000685102.1,
and the variants of these transcripts with the elongation of the exon
E9 (LSD1-E8/E9-long and LSD1-E2a1E8/E9-long; exon coordinate
chr1:23068067-23068681). The relative abundances of individual
transcript isoforms were calculated to analyze the LSD1 transcrip-
tional dynamics across different conditions (scr, UPF1 KD, and
dKD SMG6-SMG7). Briefly, the percentage of the ratio between
each LDS1 transcript abundance (TPM) and the total abundance of
all LSD1 transcripts was performed.

Experimental design and statistical analyses. For all figures, results
are presented with error bars as 6 SEM, and the n for each condition
indicates the number of experimental replicates. For experiments per-
formed in cell cultures, two independent samples from at least three cul-
tures were analyzed. For experiments performed on human postmortem
brain specimens, we analyzed 17 hippocampal and 6 cerebellar samples.
For ASDS, 4 or 5 C57BL/6N mice were used for each experimental
condition. Statistical analyses were performed using GraphPad PRISM
9.0 software (RRID:SCR_002798). For single comparisons, unpaired
Student’s t test was performed when data followed a normal distribu-
tion (CHX treatment in SK-N-BE, COV434, and N2a cell lines; DOX
treatment in SH-SY5Y TetOn and TetOn RbFOX1 clones and in N2a
cells; overall E8a inclusion percentage in hMG2700-derived transcripts
in nSR100 and nSR1001RbFOX1 overexpression conditions), while a
Mann–Whitney test was performed for those that did not (LSD1 over-
expression in SH-SY5Y). Normality was determined using a Shapiro–
Wilk normality test. For comparisons between matched data, we
performed a paired Student’s t test (human hippocampal and cerebellar
samples analysis). For comparison among .2 conditions (E8b inclu-
sion percentage in hMG2700-derived transcripts on RbFOX1 or
RbFOX2 overexpression; CHX treatment in SH-SY5Y cells; ASDS), a
one-way ANOVA was performed and results were corrected for multi-
ple comparisons (Tukey’s multiple comparisons test). Two-way
ANOVA was performed for comparison between MG and MG-E8b af-
ter nSR100 or nSR1001RbFOX1 overexpression. Results were cor-
rected for multiple comparisons (Sidak’s multiple comparisons test).
p, 0.05 was considered statistically significant.
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Results
RbFOX1 promotes the alternative usage of a cryptic 39 AG
splice site in LSD1 gene generating additional splicing
isoforms
Considering that RbFOX1 is a brain-enriched RNA-binding pro-
tein implicated in homeostatic splicing regulation (Lee et al.,
2009; Gehman et al., 2011; Amir-Zilberstein et al., 2012), we
hypothesized its possible role in controlling, alongside nSR100
and NOVA1 (Rusconi et al., 2015), alternative splicing of LSD1
exon E8a, and the consequent generation of neuroLSD1.
RbFOX1 exerts its function as splicing factor binding the con-
served consensus motif (U)GCAUG within introns. In the
human LSD1 INT8a-9 (downstream of exon E8a), we identified
two RbFOX1 consensus sequences very close to each other (Fig.
1A). To evaluate RbFOX1 contribution to E8a splicing, we
exploited a minigene reporter assay (Baralle and Baralle, 2005;
Rusconi et al., 2015). We cloned the inherent 2749 nucleotide-
long human genomic region (chr1:23065790-23068538) in
pBSplicing plasmid, spanning from ;400 bp upstream of
exon E8a to the whole downstream INT8a-9 (hMG2700).

We cotransfected the hMG2700 reporter plasmid with or
without the E8a master regulator nSR100 (pCDNA3.1 Flag-
nSR100) in SH-SY5Y cells and analyzed all minigene-derived
transcripts using rqfRT-PCR with vector-specific primers
(Baralle et al., 2003; Baralle and Baralle, 2005) (Fig. 1B). The
minigene-derived transcript is identified by a PCR fragment of
246 bp (MG) (Fig. 1B). As previously shown, Flag-nSR100
cotransfection highlights a second peak of 258 bp relative to a
second minigene-derived transcript that includes 12-bp-long
exon E8a (MG-E8a) (Fig. 1B). Unexpectedly, when contra-
nsfecting the minigene with HA-RbFOX1 alone, an unknown
transcript appeared, including additional 77 bp to the mini-
gene-derived transcript (total of 323 bp corresponding to
MG1 77bp). When HA-RbFOX1 is cotransfected with Flag-
nSR100, the novel 77 bp additional fragment is included
within MG and MG-E8a transcripts. Hence, a total of four

peaks are detectable, which include MG (peak 1), MG-E8a
(peak 2), MG1 77bp (peak 3), and another transcript MG-
E8a1 77bp of 335 bp (peak 4) (Fig. 1B). To assess the nature
of this 77-bp-long fragment, we sequenced the PCR product
relative to the MG1 77bp and the MG-E8a1 77bp ampli-
cons. This analysis unraveled the existence of a novel LSD1
alternative exon, whose splicing is promoted by RbFOX1
that we named exon E8b (Fig. 1A). MG-E8a (peak 2), MG-
E8b (peak 3), and MG-E8a1E8b (peak 4) corresponding
peaks can be detected also without nSR100 and RbFOX1
cotransfection when a higher amount of amplified DNA is
loaded, which however leads to peak 1 and 2 saturation (Fig.
1B9). Exon E8b seems to represent a true cryptic exon with
acceptor (AG) and donor (GU) splice sites that includes an
in-frame stop codon potentially leading to the degradation of
endogenous LSD1 transcripts via NMD (Fig. 1A). Notably,
exon E8b has never been reported. This is presumably
because of rapid physiological NMD, a cellular process that
requires protein synthesis (Chang et al., 2007). We could eas-
ily identify minigene-derived transcripts including exon E8b
because transcripts generated from this plasmid do not
assemble ribosomal subunits, due to the designed absence of
the AUG codon in pBSplicing vector (Baralle and Baralle,
2005); hence, they are not subjected to NMD (Rusconi and
Battaglioli, 2018).

RbFOX1 is highly enriched in brain and muscles, while in all
other tissues an RbFOX1 paralog, namely, RbFOX2, is prevalent
(Kuroyanagi, 2009). Indeed, RbFOX1 and RbFOX2 RNA-bind-
ing domains share the same target sequence (UGCAUG)
(Kuroyanagi, 2009). We therefore tested the ability of RbFOX2
to induce E8b exonization in hMG2700 when overexpressed,
showing that also RbFOX2 is able to induce E8b inclusion in
minigene transcripts. However, RbFOX2 promotes E8b exoniza-
tion 4 times less efficiently compared with RbFOX1 (Fig. 1C,
CTR vs RbFOX1, 0.74 6 0.22 vs 47.18 6 1.35, ****p, 0.0001;
CTR vs RbFOX2, 0.74 6 0.22 vs 11.83 6 0.58, ****p, 0.0001;

Table 1. Postmortem brain samples information

Tissue ID Gender Age (yr) Origin Cause of death Agonal state (1-3) PMD (h)

Hippocampus hHIPPO C18 M 21 Dedicated study Accident 1 75
hHIPPO CO2 M 25 Dedicated study Intoxication 3 44
hHIPPO C20 M 35 Dedicated study Accident 1 50
hHIPPO C12 M 39 Dedicated study Hypersensitivity reaction 3 50
hHIPPO C09 M 44 Dedicated study Ischemic heart disease 1 30
hHIPPO C14 M 49 Dedicated study Ischemic heart disease 1 68
hHIPPO C17 M 50 Dedicated study Ischemic heart disease 1 60
hHIPPO C04 F 53 Dedicated study Sepsis 3 28
hHIPPO C11 M 54 Dedicated study Ischemic heart disease 1 30
hHIPPO C13 F 56 Dedicated study Accident 1 27
hHIPPO C22 F 60 Dedicated study Ischemic heart disease 1 80
hHIPPO C07 M 66 Dedicated study Ischemic heart disease 1 26
hHIPPO C08 F 71 Dedicated study Pulmonary embolism 3 70
hHIPPO C10 M 71 Dedicated study Ischemic heart disease 1 24
hHIPPO C25 M 73 MRC Brain Bank Cancer 3 23
hHIPPO C01 F 77 Dedicated study Accident 1 72
hHIPPO C27 M 78 MRC Brain Bank Infection 3 24

Cerebellum hCB 01 M 77 MRC Brain Bank Cancer 3 1
hCB 02 M 78 MRC Brain Bank Infection 3 24
hCB 03 F 80 MRC Brain Bank Cancer 3 22
hCB 04 M 87 NBTR Renal failure 2 8
hCB 05 F 92 MRC Brain Bank Natural death 2 9
hCB 06 F 94 NBTR Ischemic heart disease 1 15

PMD, Postmortem delay; Dedicated study, University of Milan Ethic Committee Protocol 40-18 and Territorial Ethic Committee AUSLRE Protocol 2019/0004645; MRC Brain Bank, MRC London Neurodegenerative Diseases Brain
Bank; NBTR, Newcastle Brain Tissue Resource.
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Figure 1. RbFOX1 regulates the inclusion of a novel LSD1 cryptic exon (E8b) in minigene reporter assays. In human tissues, this cryptic exon is present in two versions: brain-specific E8b and
ubiquitously expressed E9-long. A, The “peaks and valley” graph, generated with Genome Vista browser, shows a high degree of conservation among mammalian species at specific genomic
coordinates (human GRCh38/hg38) of LSD1 INT8-9. The enlarged schematic representation of exon E8a downstream intron shows the localization of E8a (purple), E8b (green), the two RbFOX1
consensus motifs (red), and E9 (purple). DNA sequence of exon E8b (highlighted in green) and its intronic flanking regions are reported. Embedded premature (TGA) STOP codon is in bold.
Bold represents E8b splice sites. Red represents RbFOX1 consensus motifs. Purple represents first 110 nucleotide of exon E9. B, GeneMapper capillary gel electrophoresis analysis of minigene
amplicons by rqfRT-PCR performed SH-SY5Y cells transfected with hMG2700 alone, or cotransfected with nSR100 and/or RbFOX1. The transfection of hMG2700 alone generates the minigene
minimal transcript (MG, 246 bp, peak 1) and a second transcript including the 12 nt-long E8a (MG-E8a, 2461 12= 258 bp, peak 2) whose expression is increased by nSR100 transfection.
After RbFOX1 transfection, unexpected splicing event entails exonization of a further 77-bp-long LSD1 intronic region (MG-E8b, 2461 77 = 323 bp, peak 3), the exon E8b. On nSR100 cotrans-
fection, exon E8b can also be included in E8a-containing minigene transcripts (MG-E8a1E8b, 2461 121 77 = 335 bp, peak 4). B9, By loading a higher amount of minigene PCR products on
the capillary electrophoresis, regardless the consequent saturation of the minigene-derived transcript without alternative exons (peak 1), E8a and E8b corresponding peaks (peak 2 and 3)
appeared in the electropherogram trace, showing that E8a and E8b, respectively, are included in minigene-derived transcripts also when nSR100 and RbFOX1 are not overexpressed. Left, When
nSR100 is overexpressed, E8a1E8b-including isoform appears (peak 4) in addition to MG-E8b (peak 3). C, GeneMapper capillary gel electrophoresis analysis of minigene amplicons by rqfRT-
PCR performed in SH-SY5Y cells transfected with hMG2700 alone (CTR), or cotransfected with RbFOX1 or RbFOX2. The transfection of hMG2700 alone generates the minigene minimal transcript
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RbFOX1 vs RbFOX2, 47.18 6 1.35 vs 11.83 6 0.58, ####p,
0.0001), suggesting that RbFOX1 and RbFOX2 are not fully redun-
dant as LSD1 regulators.

In order to verify the existence of LSD1-E8b isoforms in vivo,
we analyzed a panel of human tissues. LSD1 can be visualized
with two RT-PCR bands corresponding to LSD1 with or without
alternative exon E2a (E8a cannot be resolved being only 12nt in
length) (Fig. 1D, PCR1). PCR1 does not show any further ampli-
con, except the two above mentioned, including LSD1 and
LSD1-E2a related sequences. For this reason, we decided to mod-
ify the PCR probes to increase isoform selectivity and detectabil-
ity. Hypothesizing that transcripts including the further 77 bp
could be expressed at very low levels because of a rapid degrada-
tion, we designed E8b-specific forward primer and LSD1 E10-
annealing reverse primer (PCR2, Fig. 1D). With this approach,
we successfully detected E8b-including amplicons in the human
brain. Interestingly, with PCR2, we also detected in all tissues, a
second slower migrating PCR band, which on sequencing
resulted to include exon E8b along with its intronic downstream
sequences. As such, E9-long novel exon is generated, which com-
prises E8b sequence together with exonized INT8a-9 and E9
(Fig. 1D, right). Thus, the exon E8b identified by minigene
experiments (77 bp long) does exist in brain-derived LSD1 tran-
scripts (Fig. 1D). However, in all other human tissues analyzed,
the E8b GU donor splice site is generally neglected, becoming
the dominant donor splice site of exon E9, which makes E9-long
prevailingly spliced into LSD1 transcripts. Figure 1E shows a
schematic representation of the two possible LSD1 alternative
exons, respectively, E8b and E9-long highlighted by PCR2.

Taking into consideration that E8b and E9-long have in com-
mon the same in-frame stop codon, the two isoforms should be
functionally equivalent and both candidates to be subjected to
NMD. As both are present in human tissues, although E9-long is
more widespread and E8b restricted to the brain, we will refer to
E8b/E9-long as the alternative LSD1 exons whose functional sig-
nificance is studied throughout this work.

Splicing of the cryptic LSD1 exons E8b/E9-long is a higher
primates’ acquisition
While the genomic region encompassing exons E8a and E8b is
not conserved in other vertebrates, in mammals, this intronic
sequence is particularly highly conserved (Fig. 1A). We pro-
ceeded by aligning the identified exon E8b/E9-long sequence
among mammals (Fig. 2A). Interestingly, our analysis showed
that exon E8b/E9-long acceptor splice site (AG dinucleotide) is
only present in the genome of higher primates, suggesting that
E8b/E9-long splicing is restricted to these species. To confirm
this assumption, we performed exon E8b/E9-long specific PCR
on cDNA obtained from a representative panel of nonprimates
(rodents), lower primates (nonprimate monkeys, prosimians),
and higher primates (great apes and humans) tissues (Fig. 2B).
As E8b/E9-long inclusion in LSD1 transcripts is a ubiquitous

process, we used cDNA from the mouse hippocampus, fibroblast
cell lines from lemur (Eulemur fulvus 1 [EFU1], Lemur catta 1
[LCA1]), lymphoblast cell line of MMU, and human hippocam-
pus. Two different RT-PCR strategies were performed: the
PCR2, already described above, and a third PCR using a forward
primer specifically annealing to LSD1-E7 and the reverse primer
on exon E8b (PCR3) (Fig. 2B). As expected, from both analyses
emerged that only those mammalian species holding the E8b
acceptor splice site (i.e., higher primates) show exon E9-long
inclusion in LSD1 transcripts (Fig. 2B). While in the human hip-
pocampal samples PCR3 generates two amplicons (including
E8b with or without E8a), in the MMU lymphoblast samples,
only one PCR product was present. This is because the upper
band includes neurospecific LSD1 exon E8a sequences that are
not expressed in lymphoblast. As positive control, we assayed the
presence of LSD1 transcripts with PCR1, as described in Figure
1D. These data indicate that the A to G substitution creates in all
higher primates a new acceptor splice site for E8b/E9-long inclu-
sion (Fig. 2A). To unambiguously demonstrate that such a ge-
nome modification is per se necessary to exonize E8b, we
mutagenized the acceptor splice site AG in the hMG2700, back
into the archaic AA to re-create the lower primate layout.
Notably, this single mutation impedes E8b exonization (Fig. 2C)
also when RbFOX1 is overexpressed. In order to investigate
whether AG dinucleotide was also sufficient to induce E8b/E9-
long splicing, we cloned lemur genomic sequences correspond-
ing to the human MG2700 and mutagenized the 39 acceptor
splice site of E8b/E9-long (the AA dinucleotide) into AG (Fig.
2D). Regardless of RbFOX1 overexpression, we did not observe
E8b inclusion in the mutagenized lemur minigene. This experi-
ment indicates that AG dinucleotide is necessary but not suffi-
cient to promote E8b/E9-long exonization. Other E8b-flanking
genomic sequences among the few which differ between lemur
and simiiformes, must be necessary but not sufficient for E8b
inclusion.

Exon E8b/E9-long inclusion regulates LSD1 expression via
NMD
Near the 59 end of exon E8b/E9-long, a premature stop codon is
present (Fig. 2A). Hence, we investigated the ability of its inclu-
sion to mediate LSD1 transcript degradation through NMD. To
inhibit NMD, we treated human and rodent cell lines with a
compound capable of blocking protein synthesis, such as CHX.
We applied CHX for 6 and 8 h, scoring LSD1 transcripts increase
by qRT-PCR. Notably, NMD inhibition increased total LSD1
transcripts in the human neuroblastoma cell line SH-SY5Y (Fig.
3A, LSD1 CTR vs CHX 6 h, 0.94 6 0.05 vs 1.46 6 0.16,
**p= 0.0073; CTR vs CHX 8 h, 0.94 6 0.05 vs 1.36 6 0.14,
*p = 0.0383). As positive control, we measured in SH-SY5Y
a transcript known to undergo NMD, namely, PRKCA
(Cardamone et al., 2017) (Fig. 3A, PRKCA CTR vs CHX 6
h, 0.85 6 0.17 vs 2.05 6 0.20, *p = 0.0261; CTR vs CHX 8 h,
0.85 6 0.17 vs 2.50 6 0.32, **p = 0.0061). We also analyzed
the specific modulation of E8b/E9-long-including LSD1
transcripts on CHX treatment and observed more than a
fourfold increase of this isoform mRNA when NMD is
inhibited (Fig. 3B, LSD1-E8b/E9-long CTR vs CHX 6 h,
1.02 6 0.07 vs 4.53 6 0.48, ***p = 0.0003; CTR vs CHX 8 h,
1.02 6 0.07 vs 4.98 6 0.61, ***p = 0.0001). Thus, on NMD
inhibition, E8b/E9-long including transcripts appear to
increase more than total LSD1 transcripts (compare Fig. 3B
with Fig. 3A), which is consistent with E8b/E9-long splicing
responsible for LSD1 transcript degradation. Indeed, among

/

(MG, 246 bp) and a second transcript including the 12-nt-long E8a (MG-E8a, 2461 12 = 258
bp). Upon transfection, both RbFOX1 and RbFOX2 induce the exonization of E8b (MG-E8b,
2461 77= 323 bp). Comparison of E8b inclusion in minigene-derived transcripts on RbFOX1
and RbFOX2 overexpression (F(2,15) = 780.3, p, 0.0001). Data are mean6 SEM. *Compared
with CTR. #Compared with RbFOX1. ****p, 0.0001, ####p, 0.0001, one-way ANOVA, Tukey’s
post hoc test. D, panLSD1-isoforms RT-PCR (top, PCR1) and LSD1-E8b specific RT-PCR (middle,
PCR2) performed in human tissues (b -actin is shown). PCR strategies are indicated. *An aspe-
cific band. E, Schematic representation of PCR2 amplicons. In human tissues, the prevailing iso-
form is LSD1-E9-long; LSD1-E8b is only present in brain tissues.
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all LSD1 transcript isoforms, only the fraction including
E8b/E9-long exon is prevented by CHX treatment from
NMD-induced degradation, supplying a mechanistic expla-
nation for overall increase of total LSD1 isoforms. We
repeated these experiments with two other human cell lines
(SK-N-BE and COV434), confirming E8b/E9-long-induced
LSD1 degradation (not shown). To strengthen the link
between exon E8b/E9-long and NMD-mediated decrease of
LSD1, we performed the same CHX experiment in a murine
cell line, in which E8b/E9-long splicing inclusion cannot
occur because of the absence of 39 AG acceptor splice site. In
the murine neuroblastoma cell line N2a, NMD inhibition did
not exert any effect on LSD1 transcripts, whereas it increased

the levels of a known positive control, namely, HNRNPL
(Fig. 3C, LSD1 CTR vs CHX 6 h, 0.69 6 0.18 vs 0.50 6 0.04,
p = 0.36; HNRNPL CTR vs CHX 6 h, 1.36 6 0.20 vs 28.91 6
2.01, ***p = 0.0002).

To provide a further proof that LSD1 levels are regulated by
NMD via alternative inclusion of E8b/E9-long, we took advant-
age of available RNA-seq datasets obtained by specific knock-
down of NMD-instrumental factors, such as UPF1 and SMG6-7
in HeLa cells (Colombo et al., 2017). With this approach, we
observed a modest increase of E8b/E9-long-including LSD1 tran-
script isoforms (Fig. 3D). However, in this cell line, the overall
level of E8b/E9-long-including LSD1 transcript is extremely
low (not shown), and we could not detect any appreciable

Figure 2. Exon E8b/E9-long inclusion is a higher primate acquisition. A, Multiple alignment of the human LSD1 exon E8b/E9-long 59 end in mammals. E8b/E9-long AG splice acceptor site
(highlighted in yellow) is only present in higher primates. B, LSD1 isoform detections by RT-PCR (PCR1, PCR2, and PCR3) in mRNA extracted from mouse hippocampus, lemur (EFU1, LCA1)
fibroblast cell lines, MMU lymphoblast cell line, and human hippocampus. PCR strategies are indicated. PCR3 reverse primer anneals on E8b, amplifying both E8b- and E9-long-including LSD1
isoforms (a schematic view of all LSD1 splicing isoforms is presented in Fig. 6). C, In the human minigene MG-2700, mutation of AG E8b acceptor splice site into the archaic AA dinucleotide pre-
vents RbFOX1-mediated E8b exonization. GeneMapper capillary gel electrophoresis analysis of minigene amplicons by rqfRT-PCR performed in SH-SY5Y cells transfected with WT hMG2700
[AG], or mutant hMG2700 [AA] alone, or cotransfected with RbFOX1. D, GeneMapper capillary gel electrophoresis analysis of minigene amplicons by rqfRT-PCR performed in SH-SY5Y cells trans-
fected with WT lemur MG2700 [AA], or mutant lemur MG2700 [AG] alone or cotransfected with RbFOX1.
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modulation of total LSD1 mRNA. This could because of the very
low levels of RbFOX1 and RbFOX2 expression in HeLa cells.

Together, these results suggest a novel post-transcriptional
mechanism of negative LSD1 regulation, which is restricted to
higher primates and humans.

RbFOX1 negatively modulates LSD1 expression via exon
E8b/E9-long splicing, ultimately regulating the IEGs
Minigene splicing assays suggested that E8b/E9-long inclusion
into mature LSD1 transcripts requires RbFOX1, which seems
to be necessary and sufficient to promote LSD1 exon E8b/E9-
long alternative splicing in higher primates. To verify whether
RbFOX1 regulates LSD1 expression via controlling E8b/E9-long
splicing into LSD1 transcripts, we generated a RbFOX1 DOX-in-
ducible cell line. We used SH-SY5Y TetOn cells, stably transfect-
ing pTRE2hyg-HA-RbFOX1 (TetOn RbFOX1). As control, we
used SH-SY5Y TetOn parental cell line. At this point, we exam-
ined HA-RbFOX1 effects on LSD1 expression at the protein and
mRNA levels. Upon DOX treatment, which induces HA-
RbFOX1 protein expression, we could observe significant LSD1
protein downregulation compared with its control (Fig. 4A,
TetOn RbFOX1 CTR vs DOX, 0.93 6 0.04 vs 0.73 6 0.04,
*p=0.0108). On the contrary, LSD1 protein level did not change
in SH-SY5Y TetOn cells with or without DOX (Fig. 4A, TetOn
CTR vs DOX, 1.12 6 0.08 vs 1.12 6 0.08, p=0.9989). Consis-
tently with the proposed NMD-mediated mechanism of LSD1
regulation, also total LSD1 transcript levels, amplified by qRT-
PCR using panLSD1 primers, were clearly reduced only in SH-

SY5Y TetOn HA-RbFOX1 cells but not in TetOn parental cell
line (Fig. 4B, TetOn RbFOX1 CTR vs DOX, 1.24 6 0.15 vs 0.79
6 0.06, **p=0.0055; TetOn CTR vs DOX, 0.906 0.06 vs 0.936
0.13, p=0.7907). Relevantly, all these results rely on RbFOX1-
mediated exonization of LSD1 exon E8b/E9-long, whose inclu-
sion is eventually increased by DOX as evidenced with RT-PCR
performed with an exon E8b-specific primer (Fig. 4C, TetOn
RbFOX1 CTR vs DOX, 0.96 6 0.15 vs 1.67 6 0.21, *p=0.0165;
TetOn CTR vs DOX, 1.22 6 0.28 vs 1.07 6 0.15, p=0.6540). As
positive control, DOX-induced RbFOX1 expression modulates
alternative splicing of the known RbFOX1 target, NUMA1
(Zhang et al., 2008; Denichenko et al., 2019) (Fig. 4D).

LSD1 is a transcriptional regulator of the IEGs (Toffolo et al.,
2014; Wang et al., 2015; Rusconi et al., 2016); consistently, its
overexpression in SH-SY5Y cell line leads to Egr1 and C-fos
downregulation (Fig. 4E, VEC vs LSD1 OEX; Egr1, 1.08 6 0.08
vs 0.77 6 0.09, *p= 0.0291; C-Fos, 1.05 6 0.08 vs 0.64 6 0.06,
**p= 0.0012; Npas4, 1.08 6 0.12 vs 0.78 6 0.09, p= 0.0676). In
order to verify whether RbFOX1-mediated LSD1 downregula-
tion also impacts the expression of LSD1 downstream targets,
we measured IEG expression on RbFOX1 induction by DOX
treatment. In Figure 4F, we show that Egr1, C-Fos, and Npas4
are significantly upregulated on RbFOX1 overexpression. This
modulation did not occur in the TetOn parental SH-SY5Y clone
(Fig. 4F, TetOn RbFOX1, Egr1 CTR vs DOX, 0.926 0.09 vs 1.58
6 0.15, **p=0.0055; C-Fos CTR vs DOX, 0.75 6 0.12 vs 1.306
0.10, **p= 0.0084; Npas4 CTR vs DOX, 0.95 6 0.04 vs 1.44 6
0.21, *p=0.0318; TetOn, Egr1 CTR vs DOX, 0.96 6 0.09 vs

Figure 3. Splicing inclusion of E8b/E9-long in LSD1 mature transcripts causes LSD1 transcript degradation via NMD. A, LSD1 transcript level (normalized over RPSA) on NMD inhibition (CHX,
100mg/ml for 6/8 h) in human cell line SH-SY5Y assessed by qRT-PCR (F(2,14) = 7.79, p= 0.0053). PRKCA1 was used as NMD-positive control (F(2,6) = 13.18, p= 0.0064). B, Representative
agarose gel visualization of upstream LSD1-E8b/E9-long specific RT-PCR (PCR3) on SH-SY5Y cell line after CHX treatment and corresponding quantification of LSD1-E8b transcripts, normalized
over RPSA (F(2,8) = 42.02, p, 0.0001). C, LSD1 transcript level (normalized over GJA1) on NMD inhibition in a mouse (N2a) cell line, assessed by qRT-PCR. HNRNPL was used as NMD-positive
control. Data are mean6 SEM. Compared with CTR (untreated cells): *p, 0.05, **p, 0.01, ***p, 0.001, Student’s t test for simple comparisons; one-way ANOVA, Tukey’s post hoc test
for multiple comparisons. D, Relative abundance of LSD1 canonical transcripts (LSD1 and LSD1-E2a) and of their variants with E8b/E9-long (LSD1-E8/E9-long and LSD1-E2a1E8/E9-long) in
RNA-seq data of UPF1 KD and SMG6-7 kD performed in HeLa cells (Colombo et al., 2017) (n= 3 individual for each condition) KD, knock down; scr, scramble. For box-and-whisker plots, the
central line, box, and whiskers represent the median, interquartile range from first to third quartiles, and 1.5� interquartile range, respectively.
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Figure 4. RbFOX1 regulates LSD1 expression through NMD by promoting exon E8b/E9-long inclusion. A, LSD1 protein quantification using anti-LSD1 antibody (normalized over GAPDH) on
DOX induction (1mg/ml for 24 h) of HA-RbFOX1 in SH-SY5Y clonal line (SH-SY5Y TetOn HA-RbFOX1) compared with SH-SY5Y parental line (TetOn). HA antibody was used to visualize RbFOX1
overexpression (1, positive control for HA-RbFOX1 expression). B, LSD1 transcript, assessed by qRT-PCR (normalized over RPSA) in the two SH-SY5Y clones as in A. C, E8b/E9-long-specific RT-
PCR quantification over RPSA in the two SH-SY5Y clones as in A. D, RbFOX1 overexpression regulates alternative splicing of NUMA1 exon E13 (known RbFOX1/2 target gene) in SH-SY5Y TetOn
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1.02 6 0.19, p= 0.7811; C-Fos CTR vs DOX, 1.12 6 0.10 vs
1.05 6 0.13, p=0.6822; Npas4 CTR vs DOX, 1.78 6 0.57 vs
1.306 0.31, p= 0.4760).

Once again, to fortify the link between exon E8b/E9-long and
NMD-mediated decrease of LSD1, we overexpressed RbFOX1 in
mouse neuroblastoma N2a cell line. This approach did not affect
LSD1 level at either the mRNA or the protein level (Fig. 4G,
LSD1 protein VEC vs RbFOX1 OEX, 0.976 0.04 vs 0.846 0.05,
p=0.0625; LSD1 mRNA VEC vs RbFOX1 OEX, 0.98 6 0.04 vs
0.91 6 0.07, p=0.3862), although able to modify the splicing of
the known RbFOX1 target grin1 (Lee et al., 2009) (Fig. 4H). This
is again consistent with the absence of a functional E8b/E9-long
dinucleotide acceptor splice site in lower mammals (Fig. 2A).
Remarkably, LSD1 target genes were not modified in mouse N2a
cells overexpressing RbFOX1 with the eminent exception of c-
fos (Fig. 4I, egr1 VEC vs RbFOX1 OEX, 0.88 6 0.05 vs 0.79 6
0.09, p= 0.3722; c-fos VEC vs RbFOX1 OEX, 0.966 0.06 vs 1.75
6 0.26, **p= 0.0074; npas4 VEC vs RbFOX1 OEX, 1.03 6 0.08
vs 0.95 6 0.17, p= 0.6648), whose increased level suggests an al-
ternative, LSD1-independent RbFOX1-mediated regulation.

Lsd1 exons E8a and E8b/E9-long are preferentially spliced
together impacting LSD1/neuroLSD1 ratio
In mammals LSD1 intron INT8-9 shows many peculiarities.
Indeed, this single intron contains two alternative exons of pre-
dicted functional importance, E8a and E8b/E9-long. As dis-
cussed until now, inclusion of exon E8b/E9-long can modulate
overall LSD1 expression in a neuronal but in principle also in
non-neuronal contexts. However, in the brain, exon E8b/E9-long
inclusion could have an additional effect that is to fine-tune the
LSD1/neuroLSD1 ratio. This could happen if E8b/E9-long were
preferentially included in a specific LSD1 isoform (i.e., if E8a and
E8b/E9-long were preferentially spliced together).

We quantitatively analyzed minigene splicing experiments
performed in SH-SY5Y cells, in which minigene hMG2700 was
cotransfected with Flag-nSR100 or with both Flag-nSR100 and
HA-RbFOX1 (Fig. 5A, left). As previously shown in Figure 1B,
on Flag-nSR100 overexpression, the MG transcript, including
E8a (peak 2) increases and after Flag-nSR100/HA-RbFOX1
cotransfection, the two MG transcripts, including exon E8b alone
(peak 3), or together with exon E8a (peak 4) rise. We observed that
overall E8a inclusion, calculated as (peak21 4)/(peak11 2131 4),
is only dependent on nSR100 presence, being not modified by
RbFOX1 (Fig. 5A, middle, nSR100 vs nSR1001RbFOX1, 31.63 6
1.59 vs 26.85 6 2.21, p=0.0758). We then examined E8a inclusion
frequency in the two different populations of minigene transcripts:
those skipping E8b (MG and MG1E8a, peaks 1 and 2) and those
including E8b (MG1E8b and MG1E8a/E8b, peaks 3 and 4). E8a

frequency within E8b nonincluding and including transcripts was
plotted and calculated as peak2/(peak11 2) and peak4/(peak31 4),
respectively (Fig. 5A, right, E8a inclusion in nSR1001RbFOX1,
MG vs MG-E8b, 16.85 6 2.41 vs 31.55 6 1.96, ****p, 0.0001).
From this analysis, we clearly established that E8a is preferentially
included together with E8b. Considering that minigene-derived
transcripts do not undergo NMD, with this experiment, we foresee
that preferential E8a/E8b inclusion should favor NMD-mediated
decrease of E8a containing isoforms, namely, neuroLSD1 in the
brain.

To further investigate this hypothesis, we studied E8a and
E8b/E9-long splicing in human cerebral tissues. We sequenced
PCR3 amplicons obtained from human hippocampus to unam-
biguously confirm the existence of LSD1-E8b/E9-long including
or skipping the exon E8a (Fig. 5B). Considering that exon E8b/
E9-long-including isoforms are present at very low levels in vivo,
as they are rapidly degraded by NMD, we exploited a strategy
based on two specific internally standardized rqfRT-PCR (Zibetti
et al., 2010), allowing the former (PCR1), a reliable evaluation of
highly expressed LSD1 isoforms and the latter (PCR3) a measure
of E8b/E9-long-containing transcripts (Fig. 5C). In principle,
PCR1 should also amplify E8b/E9-long-containing amplicons,
but this is not the case because they fall under the resolution
threshold of the PCR. PCR3 (with E7- and E8b/E9-long-anneal-
ing forward and reverse primers, respectively) allows the identifi-
cation of E8a inclusion frequency in E8b/E9-long-containing
LSD1 transcripts. We reasoned that, if E8a were included in
LSD1 transcripts independently on E8b/E9-long, then E8a inclu-
sion frequency in PCR1 and PCR3 should be identical. Vice
versa, if exon E8a is preferentially included together with E8b/
E9-long, the E8a percentages should be different in the two
PCRs. We conducted PCR1 and PCR3 on RNA extracted from
human postmortem hippocampal and cerebellar samples (Table
1), comparing E8a inclusion frequency in total LSD1 transcripts
(PCR1) and in E8b/E9-long-containing LSD1 isoforms (PCR3).
We observed that neuroLSD1 relative percentage is higher in
E8b/E9-long-including LSD1 transcripts compared with those
who do not, both in human hippocampal and cerebellar samples.
In the hippocampus, E8a relative percentage in E8b/E9-long-
containing LSD1 transcripts is higher compared with E8a inclu-
sion in total LSD1 transcripts (Fig. 5C, Total LSD1 vs LSD1-E8b/
E9-long, 23.35 6 1.58 vs 50.71 6 6.56, **p=0.0011). Similarly,
in the cerebellum, relative E8a percentage inclusion in E8b-con-
taining LSD1 transcripts is higher compared with that of total
LSD1 transcripts (Fig. 5C, Total LSD1 vs LSD1-E8b/E9-long,
58.87 6 4.21 vs 78.02 6 4.61, p=0.0547). Individual differences
in E8a-E8b/E9-long co-splicing are shown in Figure 5D. Thus,
also in endogenous human brain-derived transcripts, E8a and
E8b/E9-long exons are preferentially spliced together, entailing
increased degradation of neuroLSD1 (the LSD1 isoform includ-
ing E8a) and affecting LSD1/neuroLSD1 ratio. All this said, we
can conclude that, in addition to the above-described RbFOX1-
mediated LSD1 general-level modulation, RbFOX1-operated
preferential degradation of neuroLSD1 in the human brain rep-
resents a further molecular layer of LSD1/neuroLSD1 ratio
regulation.

Considering the fundamental role played by LSD1/
neuroLSD1 ratio modulation in allowing environmental ad-
aptation to stress and its important readouts on stress-coping
and emotional behaviors, these data indicate a new molecu-
lar pathway linking RbFOX1 function to stress responses.
We here show that the social defeat stress, which signifi-
cantly elicits LSD1/neuroLSD1 splicing modulation in the
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RbFOX1 but not in TetOn parental line. E, LSD1 overexpression in SH-SY5Y cells elicits IEG
downregulation: qRT-PCR analysis of the IEGs Egr1, C-Fos, and Npas4 (normalized over RPSA)
on LSD1 overexpression (LSD1 OEX) in SH-SY5Y cells. F, qRT-PCR analysis shows that RbFOX1
overexpression regulates LSD1 downstream IEGs targets Egr1, c-Fos, and Npas4 (normalized
over RPSA) in TetOn HA-RbFOX1 but not in TetOn parental line. G, RbFOX1 does not regulate
LSD1 in lower primates. Overexpression of RbFOX1 (OEX) in mouse-derived N2a cell line (24
h) does not affect LSD1 protein level and mRNA expression (VEC, vector). H, RT-PCR analysis
of grin1 E5 alternative splicing (AS) on RbFOX1 overexpression (OEX). I, qRT-PCR analysis of
the IEGs egr1, c-fos, and npas4 (normalized over RPSA) on RbFOX1 overexpression (OEX) in
N2a. In RbFOX1 overexpression experiments, data are mean6 SEM. *Compared with CTR or
VEC in SH-SH5Y or N2a cells, respectively. *p, 0.05, **p, 0.01, Student’s t test. In LSD1
overexpression experiment, data are mean 6 SEM. *Compared with VEC. *p, 0.05,
**p, 0.01, Mann–Whitney test.
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Figure 5. LSD1 exons E8a and E8b/E9-long are preferentially spliced together impacting LSD1/neuroLSD1 relative ratio. A, Quantification of GeneMapper capillary gel electrophoresis of mini-
gene products amplified by rqfRT-PCR performed SH-SY5Y cells transfected with hMG2700, together with nSR100 alone or with RbFOX1. Overall E8a splicing (left histogram) depends on
nSR100 presence and is calculated as follows: (peak21 4)/(peak11 2131 4). E8a inclusion percentage (right histogram) in E8b nonincluding peak2/(peak11 2) and including peak4/
(peak31 4) transcripts (MG vs MG-E8b: F(1,20) = 26.65, p, 0.0001; nSR100 vs nSR1001RbFOX1: F(1,20) = 21.51, p= 0.0002). Data are mean6 SEM. Not significant, p. 0.05 (Student’s t
test). ****p, 0.0001 (two-way ANOVA Sidak’s post hoc test). B, Sequence analysis of purified LSD1-related PCR band (PCR3) from human hippocampus shows LSD1 E8-E8b/E9long and E8a-
E8b/E9-long splice junctions. C, Quantification of exon E8a (neuroLSD1) inclusion frequency by rqfRT-PCR in total LSD1 transcripts (PCR1, see Fig. 2B) and E8b/E9-long-containing LSD1
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mouse hippocampus, also shifts the ratio between the nuclear
and the cytosolic RbFOX1 isoforms in favor of the nuclear
one, namely, RbFOX1-FAPY, involved in splicing regulation
(Fig. 5E, RbFOX1 nuclear isoform percentage, CTR vs ASDS
2 h, 37.27 6 0.91 vs 44.42 6 1.44, **p = 0.0076; CTR vs ASDS
7 h, 37.27 6 0.91 vs 55.79 6 1.67, ****p, 0.0001; CTR vs
ASDS 7 h1 24 h resting, 37.27 6 0.91 vs 38.42 6 1.47,
p = 0.9323; ASDS 2 h vs ASDS 7 h, 44.42 6 1.44 vs 55.79 6
1.67, ###p = 0.0002). Notably, in the mouse brain, the LSD1/
neuroLSD1 ratio modulation cannot be contributed by increased
nuclear RbFOX1 splicing isoform, indeed, as explained above,
RbFOX1-LSD1 functional interaction is a higher primates’ acqui-
sition. Nonetheless, the evolutionary conserved (functionally inde-
pendent) molecular stress-homeostatic pathways of RbFOX1 and
LSD1 are functionally linked in higher primates thanks to LSD1
E8b/E9-long exons.

Discussion
In this work, we present the first example of a higher primate-
specific target of homeostatic splicing, namely, LSD1, whose al-
ternative isoforms, only in simiiformes, are regulated by
RbFOX1. RbFOX1 is the best described homeostatic splicing reg-
ulator acting in the mammalian brain as a guardian of neuronal
integrity in the face of excessive neuronal activation (Lee et al.,
2009; Thalhammer et al., 2020). RbFOX1 plays a major role in
neurologic and psychiatric disorders, as described by several
genetic studies (Xu et al., 2008; Elia et al., 2010; Lal et al., 2015;
Sullivan, 2015; Lee et al., 2016; Fernàndez-Castillo et al., 2020).
In the light of LSD1 implications in stress response and emo-
tional behavior (Rusconi et al., 2015, 2016, 2017; Rusconi and
Battaglioli, 2018; Longaretti et al., 2020b), our finding of a
RbFOX1-LSD1 functional interaction opens a new perspective to
further understand pathogenic mechanisms controlled by
RbFOX1. LSD1 gene splicing complexity increases in mammals
and higher primates (for details, see Fig. 6). Within this work, we
discovered that RbFOX1 positively regulates the choice of an al-
ternative cryptic AG 39 splice site of LSD1 exon 9, which elon-
gates including the last part of the upstream intron (INT8a-9).
We refer to this novel exon as E9-long. In the brain, RbFOX1
also causes the additional appearance of the alternative exon E8b
(77 bp long), which shares the same 39 splice site used by exon
E9-long. Thus, E9-long, sharing the first 77 nucleotides with E8b
in which a stop codon is present, induces, likewise E8b, LSD1
transcript degradation via NMD. In the human brain, where al-
ternative exon E8a inclusion generates neuroLSD1, a dominant

negative isoform unable to repress transcription (Zibetti et
al., 2010), we observed a preferential inclusion of E8b/E9-
long within neuroLSD1 transcripts. As a result, RbFOX1
concurs, together with NOVA1 and nSR100, to the fine regu-
lation of LSD1/neuroLSD1 relative ratio. While NOVA1 and
nSR100 are positive neuroLSD1 regulators, promoting exon
E8a inclusion, RbFOX1 induces a preferential neuroLSD1
transcript degradation. A relevant aspect of exon E8b/E9-
long is its higher primate-restricted splicing. Indeed, reintro-
ducing the archaic LSD1 variant by mutating a single nucleo-
tide in the cryptic AG 39 splice site and converting it to AA,
causes loss of E8b/E9-long.

Pathologic domains of altered neuronal excitability and
stress susceptibility associate with all those human neuro-
logic and psychiatric disorders featuring a role for RbFOX1,
from epilepsy to autism and depression (Lal et al., 2015;
Sullivan, 2015; Lee et al., 2016). Consistently, in animal mod-
els of stress response, RbFOX1 regulates the hypothalamo-
pituitary-adrenal axis (Amir-Zilberstein et al., 2012), whose
hyperactivation represents a prominent common biomarker
of emotional dysfunction (McEwen and Akil, 2020). It was
shown that, on a foot-shock stressful challenge, an increased
RbFOX1 transcription reduces corticotropin-releasing hor-
mone levels to terminate hypothalamo-pituitary-adrenal axis
activation in the mouse hypothalamus. This work integrated
the well-described synaptic homeostatic function of RbFOX1
(Lee et al., 2009) with a behavioral readout in terms of proper
regulation of stress response (Amir-Zilberstein et al., 2012).
In our work, we widen RbFOX1 implications in stress re-
sponse, showing that also social defeat stress paradigm
increases RbFOX1 nuclear splicing isoform, instrumentally
to transient downstream splicing regulation. Thus, in mam-
mals, different types of environmental stress elicit the tran-
sient generation of an active nuclear RbFOX1 splicing
isoform with homeostatic means. Moreover, these stressful
paradigms also entail a transient decrease of the neurospe-
cific LSD1 dominant-negative isoform neuroLSD1, through tem-
porarily decreased inclusion of exon E8a in LSD1 transcripts
(Rusconi et al., 2015, 2016; Gerosa et al., 2020; Longaretti et al.,
2020a, 2020b), a process that is not controlled by RbFOX1. If we
integrate this evidence with the novel finding that restricted to
simiiformes, another RbFOX1-related mechanism can spe-
cifically decrease neuroLSD1 levels via preferential inclu-
sion of E8b/E9-long within neuroLSD1 isoforms, and
consequent selective NMD of neuroLSD1 encoding tran-
scripts, a picture emerges suggesting that this higher prima-
tes-specific supplemental mechanism is aimed at an
ultimate fine-tuning of LSD1/neuroLSD1 ratio.

Concerning the functional role of RbFOX1-LSD1 interaction,
we should keep into consideration an important aspect shared by
psychiatric disorders, namely, neuroplasticity issues (Gallo et al.,
2018). As modulators of the IEG transcription, LSD1 and
neuroLSD1 regulate neuronal plasticity (Wang et al., 2015; Rusconi
et al., 2016). In this work, we functionally link RbFOX1 to IEG reg-
ulation through LSD1, showing for the first time that RbFOX1, via
modulating LSD1 isoforms levels but only in human cells, impacts
IEG transcription. Thus, our data indicate that in, higher primates
and humans, IEG modulation is endowed with a further regulatory
layer, suggesting acquired complexity of cognition and memory-
instrumental pathways. IEG regulation must be optimal as their
evenminimal improper tuning could lead to neurologic and psychi-
atric issues (Gallo et al., 2018). In humans, the evolutionarily con-
served AA to AG INT8a-9 mutation seems therefore to be

/

transcripts (PCR3, see Fig. 2B) in human hippocampus (n= 17) and in human cerebellum
(n= 6); average E8a inclusion values are mechanistically evaluated with different quantita-
tive PCRs that are anyway internally standardized (Zibetti et al., 2010). Human postmortem
brain specimen description is reported in Table 1. D, Quantification of exon E8a (neuroLSD1)
inclusion frequency by rqfRT-PCR in total LSD1 transcripts, in white (PCR1, see Fig. 2B), and
E8b/E9-long-containing LSD1 transcripts, in green (PCR3, see Fig. 2B) in human hippocampus
(n= 17) and in human cerebellum (n= 6) for each individual brain sample. Age (years) for
each donor is reported. Data are mean 6 SEM. **p, 0.01 (paired Student’s t test). E,
Nuclear (RbFOX1-FAPY) and cytoplasmic (RbFOX1-TALVP) RbFOX1 splicing isoforms (Lee et
al., 2009; Gehman et al., 2011) are modulated during ASDS in the mouse hippocampus.
Quantification of the relative percentage of RbFOX1 nuclear isoform in the mouse hippocam-
pus comparing defeated mice (ASDS) to control ones (CTR) (n= 4 or 5 mice per condition)
(F(3,14) = 36.03, p, 0.0001). Agarose gel images are reported: nuclear and cytoplasmic
RbFOX1 isoforms are indicated. Data are mean 6 SEM. *Compared with CTR. #Compared
with ASDS 2 h. **p, 0.01, ****p, 0.0001, ###p, 0.001, one-way ANOVA Tukey’s post
hoc test.
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necessary for a species-specific IEG expression. Within this context,
we believe that fine RbFOX1-mediated LSD1 modulation, playing a
relevant role in synapse homeostasis also via the control of the IEGs
(Gerosa et al., 2020; Longaretti et al., 2020a,b), could contribute to

bridging the gap between RbFOX1 malfunction and psychiatric
disorders.

Interestingly, another evolutionary conserved point mutation
at the level of an important homeostatic splicing regulator,

Figure 6. Schematic representation of the human LSD1 gene splicing complexity at different branches of the evolutionary tree. In nonmammalian vertebrates (in the white subset), a single LSD1 iso-
form is present. Only in mammals (in the light violet subset), two additional exons (E2a and E8a) appeared whose combinatorial inclusion in mature LSD1 transcripts generate four alternative isoforms
(exon E2a is also present in some reptiles and birds). Restricted to higher primates (in the light green subset), another two exons (E8b and E9-long) can be included in mature LSD1 transcripts accounting
for the generation of eight additional splicing isoforms. All LSD1 splicing isoforms deriving from the inclusion of alternatively spliced exons E2a (in orange), E8a (in violet) (neuroLSD1), E8b (in green), and
E9-long (in green fading to white, E8b1INTE8b-E91E9) expressed in non-neuronal and neuronal cells are shown. Constitutive exons are shown in white.
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NOVA1(Eom et al., 2013), which also participates to the modu-
lation of LSD1 activity (Rusconi et al., 2015), has been recently
reported to contribute to Homo sapiens-specific neurodevelop-
mental processes (Rusconi et al., 2015; Trujillo et al., 2021).

Within this work, we showed that also RbFOX2, a ubiqui-
tously expressed RbFOX1 paralog without an established
relationship with psychiatric disorders, can exert a positive regu-
lation of exon E8b inclusion in mature LSD1 transcripts.
However, RbFOX2 is capable of a significantly weaker regulation
of E8b splicing compared with RbFOX1, which in the brain can
be therefore considered among the two, the main LSD1 level
modulator, supporting the potential neurologic and neuro-
psychiatric disease relevance of RbFOX1-LSD1 molecular part-
nership. Since E9-long is ubiquitously detectable in all analyzed
human tissues, including those that do not express RbFOX1, a
putative relevance of RbFOX2-LSD1 interaction could be further
investigated outside the nervous system. For instance, both LSD1
and RbFOX2 have been reportedly implicated in several human
cancers (Braeutigam et al., 2014; Hosseini and Minucci, 2017;
Karakaidos et al., 2019). LSD1 overexpression is often associated
with negative prognostic parameters; and accordingly, LSD1
represents a promising pharmacological target to restrain
tumor de-differentiation ability (Hosseini and Minucci,
2017; Karakaidos et al., 2019). On the other hand, RbFOX2
seems to represent an essential regulator of epithelial-mes-
enchymal transition (Braeutigam et al., 2014). All this
considered, we anticipate RbFOX2 importance in LSD1-
regulated cancer progression in metastasis (Karakaidos et
al., 2019).
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