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and Splicing of Genes Associated with Cellular Morphology
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Cultures

Juan Pablo Muiioz-Cobo ' - Noemi Sanchez-Hernandez'” - Sara Gutiérrez> -
Younes El Yousfi' - Marta Montes'* - Carme Gallego3 - Cristina Hernandez-Munain® -

Carlos Suiié!

Received: 13 June 2016 / Accepted: 31 October 2016 /Published online: 14 November 2016

© Springer Science+Business Media New York 2016

Abstract TCERGI is a highly conserved human protein im-
plicated in interactions with the transcriptional and splicing
machinery that is associated with neurodegenerative disor-
ders. Biochemical, neuropathological, and genetic evidence
suggests an important role for TCERG1 in Huntington’s dis-
ease (HD) pathogenesis. At present, the molecular mechanism
underlying TCERG1-mediated neuronal effects is unknown.
Here, we show that TCERG1 depletion led to widespread
alterations in mRNA processing that affected different types
of alternative transcriptional or splicing events, indicating that
TCERGTI plays a broad role in the regulation of alternative
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splicing. We observed considerable changes in the transcrip-
tion and alternative splicing patterns of genes involved in cy-
toskeleton dynamics and neurite outgrowth. Accordingly,
TCERGTI depletion in the neuroblastoma SH-SYSY cell line
and primary mouse neurons affected morphogenesis and re-
sulted in reduced dendritic outgrowth, with a major effect on
dendrite ramification and branching complexity. These defects
could be rescued by ectopic expression of TCERGI1. Our re-
sults indicate that TCERGI affects expression of multiple
mRNAs involved in neuron projection development, whose
misregulation may be involved in TCERG1-linked neurolog-
ical disorders.

Keywords TCERG] - Transcription - Alternative splicing -
Cytoskeleton - Neurite outgrowth - Dendrites

Abbreviations

TCERG1 Transcription elongation regulator 1
HD Huntington’s disease

RNAPII  RNA polymerase II;

qPCR Quantitative PCR

Introduction

Global transcriptome analyses suggest that >90% of human
multiexon genes undergo alternative splicing [1, 2]; this pro-
cess contributes greatly to the diversity of cell- and tissue-
specific protein expression patterns. A large fraction of these
alternatively spliced events occur in the nervous system,


http://orcid.org/0000-0002-7991-0458
http://dx.doi.org/10.1007/s12035-016-0284-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-016-0284-6&domain=pdf

Mol Neurobiol (2017) 54:7808-7823

7809

highlighting the exquisite and intricate regulation that occurs
among neurons, which must respond quickly to many stimuli
and perform adequate timely responses [3—5]. Alterations in
the regulation of this mRNA biogenesis process cause
missplicing of genes that alter gene functions and lead to dis-
ease pathology, including diverse neurological disorders [6,
7]. Splicing defects can occur due to mutations in the primary
gene sequence that lead to alterations in pre-mRNA splicing,
changing splice sites or weakening or strengthening splicing
enhancer and silencer elements, or to mutations in core
spliceosomal factors or other trans-regulatory factors. Many
disorders caused by these mutations have been identified [6];
however, the molecular links between alternative splicing and
the disease phenotype and the molecular mechanisms at work
remain to be elucidated.

Several neurodegenerative disorders are associated with
alterations in dendrite morphology or defects in neuronal de-
velopment, including changes in dendrite branching patterns,
the retraction or loss of dendrite branching, and changes in
spine morphology and number. These phenotypes lead to an
impairment in neuronal connectivity and are the cause of
many neurological and cognitive disorders [§8]. One of the
mechanisms that has been proposed to explain the effect of
these alterations on diseases is the disturbance of the function
oftranscription and RNA processing factors, which may result
in the deregulation of pre-mRNA processing, such as splicing,
of important neuronal genes and the subsequent disruption of
proper neuronal gene expression [9, 10].

TCERGTI, previously named CA150 [11], is a nuclear pro-
tein involved in transcription and splicing regulation.
TCERGTI binds to transcription and splicing components
[12—16], localizes at the interface of nuclear speckles and what
are presumably nearby transcription/splicing sites [14, 17],
and affects the transcriptional activity of CCAAT/enhancer-
binding protein alpha (CEBPA) [18] and the splicing of sev-
eral splicing reporters [13, 19-22]. Based on these data,
TCERGTI has been suggested to couple the transcribing RNA
polymerase I (RNAPII) with spliceosome complexes to regu-
late co-transcriptional splicing events [23, 24]. We recently
found support for this hypothesis by showing that TCERG1
regulated the alternative splicing of the BCL2L1 gene by mod-
ulating the rate of RNAPII transcription [22]. Interestingly,
TCERGTI has been implicated in the pathogenesis of the neu-
rodegenerative disorder Huntington’s disease (HD). TCERG
interacts with the huntingtin (HTT) protein, is expressed in
cells harboring the mutated HTT (striatal and cortical neu-
rons), and has been associated with the morphological de-
posits related to the disease [25]. TCERG1 may play a neuro-
protective role in HD because its overexpression rescues neu-
ronal cell death due to mutant HTT neurotoxicity [26]. These
data suggest a pathway that is likely to involve an abnormal
interaction of HTT with TCERG1, perhaps by altering ribo-
nucleoprotein functions with deleterious consequences.

Moreover, these results suggest an important role for
TCERG! in neuronal development and function. However,
little is known about the function of TCERG]1 in neurons,
where its expression level is high [27].

In the current study, we used whole-transcriptome analysis
to identify endogenous TCERGI gene targets. We found that
TCERGTH affects the transcription and alternative splicing of
numerous genes. Cells derived from the nervous lineage rela-
tive to other tissues possess a larger proportion of TCERG1-
dependent differentially expressed genes, especially those in-
volved in cytoskeleton dynamics and neurite outgrowth. This
prompted us to examine the role of TCERG] in the nervous
system. We characterized the function of TCERG1 in neurons
using shRNAs to specifically silence TCERGI expression.
Our results suggest that TCERG1 is required for normal
neurite development in cultured cells. These findings provide
novel insight into the molecular function of TCERG1 in neu-
rons and suggest how abnormal regulation of the transcription
and/or alternative splicing of TCERG1-specific targets may
play a role in the pathogenesis of TCERG1-associated neuro-
logical disorders.

Materials and Methods

Cell Culture, siRNA and Plasmid Transfection,
and shRNA Transduction

The HEK293T, SH-SYS5Y, and C2C12 cell lines were grown
under standard conditions. SH-SY5Y and C2C12 cells, which
were kindly provided by J. Ortin (CNB, Madrid) and F.
Ventura (University of Barcelona), respectively, were plated
in collagen-coated plates. The T-REx-HEK293 cell lines have
been described previously [28]. For RNAi-mediated depletion
of TCERG1, HEK293T cells were grown to approximately
50% confluence and transfected using the Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s
protocols with 60 nM (final concentration) of either of the
following siRNA duplexes: siEGFP (5'-CUACAACA
GCCACAACGE-3") or siTCERG1 (5'-GGAG
UUGCACAAGAUAGUU-3’) [20]. The cells were harvested
72 h after transfection. For plasmid transfection, SH-SY5Y
cells were transfected with the appropriate amounts of the
indicated constructs using JetPRIME reagent.

For lentiviral infection, HEK293T cells growing in a 9.6-
cm dish were transfected with the packaging, envelope, and
shRNA vector DNA (1.5 ug each) using LipoD293 reagent
(1:3 ratio of DNA/reagent) according to the manufacturer’s
protocol. After 72 h, the medium was collected, and the virus
was concentrated by ultracentrifugation at 50.000xg for
90 min at 4 °C. Viral particles were added to the SH-SY5Y
cells. Transduced cells were selected with 1 pg/ml puromycin
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for a first round of selection and routinely cultured in the
presence of 1.5 pg/ml puromycin.

Hippocampal neurons were dissected from E17.5 CDI1
mice (undetermined sex) in HBSS containing 0.6% glucose
and 10 mM HEPES. The culture protocols employed have
been described previously [29]. Primary cultures were
transfected at 3 or 7 days in vitro (DIV) using a CalPhos
Mammalian Transfection Kit (Clontech) and analyzed at 7
or 14 DIV, respectively.

Western Blot Analysis

A fraction of total cells was lysed in cold T7 buffer (20 mM
HEPES [pH 7.9], 150 mM EDTA, 1% NP-40, 1 mM dithio-
threitol, protease inhibitor mixture (Complete, Roche), and
1 mM PMSF), as previously described [22]. The proteins were
separated by SDS-PAGE, transferred to a nitrocellulose mem-
brane (Amersham Biosciences), and incubated with specific
antibodies against TCERGI [14] or CDK9 (catalog no. sc-
484, Santa Cruz Biotechnology) as a control at a 1:2000 dilu-
tion. Peroxidase-conjugated secondary antibodies (Perkin
Elmer Life Science) were used, and the bound antibodies were
detected by enhanced chemiluminescence (Perkin Elmer Life
Science).

Plasmids

The following viral vectors were purchased from Sigma:
pLKO.1, pLKO.1-TCERG1-sh9 (5-GCCAAGAATTTAGA
CTCAGAA-3'), and pLKO.1-TCERGI1-sh4 (5'-TCCT
AAAGAAGAGCCTATAAA-3'). To generate the TCERG1
mutant vector resistant to sh9 (mut-TCERG1), wild-type
TCERG1 cDNA was subcloned from the pEFBOST7-
TCERGI1 vector [30] into the pcDNA3-EGFP vector
(Addgene) using PCR. A QuikChange I XL Site-Directed
Mutagenesis Kit (Stratagene) was then used to change nucle-
otides 2590 (T to C), 2591 (T to C), 2593 (A to G), 2599 (A to
C), and 2602 (A to G) using the following primer: 5'-
GTACATTGAAAAAATAGCCAAGAACCTGGACT
CCGAGAAAGAAAAGGAGCTTG-3'. The construct was
verified by DNA sequencing. Plasmids were transformed into
DH5« cells for selection.

RNA Sample Preparation and Exon Array Processing

Total RNA was isolated from HEK293T cells from four inde-
pendent experiments in triplicate with TRIzol reagent
(Invitrogen) and RNeasy columns (Qiagen). Samples were
subjected to quality tests, labeled, and hybridized to
Affymetrix GeneChIP Human Exon 1.0ST Array
(Affymetrix) according to the manufacturer’s recommenda-
tions in the Genomic Unit of CABIMER (Sevilla, Spain).
Dataset analysis and visualization were performed using
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EASANA (GenoSplice, Paris, France), which is based on
FAST DB annotations [31, 32]. Array data are available at
the Gene Expression Omnibus (accession number
GSE73815).

Computational Analysis

The 419 hits detected at the alternative splicing level were
manually inspected using the EASANA Visualization
Module and aligned using the UCSC Genome Browser Blat
alignment tool. The number of endogenous targets was re-
duced to 356. The DAVID Functional Annotation tool [33,
34] was used to examine TCERG] transcript- and exon-
level target genes for over-representation in GO categories
and biological pathways. Cassette exon sequences were ana-
lyzed using the MEME program found in the MEME suite
v.4.11.1 (http://meme-suite.org/tools/meme). In total, 37 and
29 up- and down-regulated sequences, respectively, and the
same number of control sequences were analyzed separately.
The analysis settings were adjusted to a “site distribution” of
“any number of repetitions” per sequence to search up to 10
motifs and to search in the given strand (appropriate for
RNA). We compared the similarity of the significant motifs
found in cassette exons up- or down-regulated with the motif
found within random exons using the Tomtom tool and
discarded the sequences with significant similarity (P < 0.05
). We also used the Tomtom tool to find the predicted RNA
binding proteins that would preferentially bind to these con-
served motifs. The GC content was calculated for each exon
as the percentage of G and C nucleotides divided by the total
number of nucleotides within the exon. Unpaired Student’s ¢
test was used for statistical analysis.

Experimental Validation by RT-qPCR Analysis

Total RNA was isolated using TRIzol. RNA quantity and pu-
rity were assessed with a NanoDrop spectrophotometer
(Thermo Scientific). The RNA was digested with 10 U of
RNase-free DNase I (Roche) for 30 min at 37 °C. After
DNase inactivation at 70 °C for 5 min, 1 pg of RNA was
reverse transcribed by the Moloney murine leukemia virus
RT (Invitrogen) for 1 h at 37 °C using random hexamer
primers in a 20-ul reaction according to the manufacturer’s
instructions. Negative control reactions (without reverse tran-
scriptase) were also performed. One-tenth of the resulting
cDNA was amplified by PCR using primers designed to am-
plify a 100-160 bp region. The primers were designed using
the Primer3Plus web interface [35]. The specificity of the
primers was confirmed using the in silico tools available at
the UCSC Genome Bioinformatics site (http://genome.ucsc.
edu/cgi-bin/hgPcr) and the Friendly Alternative Splicing and
Transcripts Database (http://www.fast-db.com/fastdb2
/frame_2.html). The quantification of the transcripts was
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performed by real-time PCR using iQ™ SYBR® Green
Supermix (Bio-Rad) and an iCycler iQ™ thermal cycler sta-
tion (Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal gene control for transcript
level validation because its mRNA level did not change upon
TCERGI! knockdown by exon array or RT-qPCR analysis.
The following thermal cycler program was used: 95 °C for
3', 40 amplification cycles of 95 °C for 30", (annealing tem-
perature appropriate for each primer pair) for 30”, and 72 °C
for 45", followed by melting curve analysis. Melting curves
and agarose gel analysis confirmed the presence of one spe-
cific product of the correct size and the absence of primer
dimers. For transcript-level targets, target mRNA was quanti-
fied relative to GAPDH using the AACt method [36]:

ACt target (SIEGFP—siTCERG1)
(E targct)

(E GAPDH )

ACt GAPDH (siEGFP—siTCERG.)

where E is the PCR efficiency and ACt = (the cycle threshold
[Ct] for EGFP treatment) — (Ct for TCERG1 knockdown).
Duplicate reactions were performed with each primer pair
for each cDNA from three independent silencing experiments.
For exon-level targets, the transcript variant of interest was
quantified relative to GAPDH and to an exon common to all
transcript variants, which was quantified relative to GAPDH,
using the same formula.

Immunofluorescence

Cells were grown on coverslips and fixed with 4% parafor-
maldehyde and 4% sucrose in PBS (pH 7.4) for 20 min at
37 °C. The cells were washed and permeabilized three times
with PBS containing 0.5% Triton X-100 for 5 min at room
temperature and blocked in PBS containing 10% BSA and
0.5% Triton X-100 for 1 h at room temperature. The cells were
incubated with 50 pg/ml Phalloidin-Tetramethylrhodamine B
isothiocyanate (TRITC) (Sigma) in PBS containing 10% BSA
for 1 h at room temperature (humidity chamber). The cells
were subsequently washed three times with 0.1% BSA in
PBS, three times with PBS, and once with distilled water;
lastly, the cells were rinsed with 70% ethanol. Coverslips were
mounted onto glass slides using the ProLong Gold Antifade
reagent with DAPI (Life Technologies). Images were acquired
with an inverted Leica SP2 confocal microscope using an
HCX PL APO CS 63.0 x 1.40 OIL UV objective. All images
were digitally processed for presentation using Image J and
Adobe Photoshop CS5 software.

Neurite Length Quantification
Neurite extension and soma area were assessed in the acquired

images using gvSIG software (http://www.gvsig.org). For
these experiments, the SH-SY-5Y cells were seeded at the

same confluence (5.2 x 10° and 2.6 x 10° cells in 100 mm
culture dishes without or with retinoic acid, respectively) and
allowed to grow for 48 h prior to image collection.
Approximately 13 images were captured via light microscopy
using a x20 objective. At least 30 cells were measured for
each replicate using gvSIG software. To create a pixel/um
relationship, several images were acquired with the
Neubauer chamber and the lengths of two lines of different
known lengths were measured in pixels.

We used NeuronStudio software for semi-automatic mea-
surement and analysis of the primary culture images [37],
followed by manual inspection of automatic tracings and, if
necessary, manual editing of the tracings. All images were
treated with the same image filters. The NeuronJ plug-in
(ImageJ) was used for the rescue experiments, and only green
channel images were measured to analyze neurites belonging
to single cells.

Statistical Analysis

Statistical analysis was performed using Prism 5.0 software
(GraphPad). Two-tailed paired Student’s ¢ tests were used to
compare the samples and their respective controls in RT-
gPCR, overexpression experiments, and primary cultures.
One-way ANOVA was used to quantify neurite length and
soma area in SH-SYSY cells. The P values are represented
by asterisks (*P = 0.01-0.05; **P = 0.001-0.01; and
#*%P < (0.001). The absence of an asterisk indicates that the
change relative to the control is not statistically significant.

Results

TCERGTI Depletion Results in Significant Changes
in Both Transcript and Exon Levels

To investigate the global role of TCERG] in the regulation of
gene expression, we performed a genome-wide analysis of
transcript- and exon-level changes in HEK293T cells treated
with an siRNA targeting TCERG! (siTCERG1) compared to
mock siRNA (siEGFP)-treated control cells. Treatment of
cells with siTCERG1 (60 nM) reduced TCERG1 expression
(Fig. 1a). Quantitative RT-PCR (RT-qPCR) confirmed that
knockdown with siTCERG1 led to a decrease in mRNA levels
(see below). Total RNA was prepared from siEGFP- and
siTCERG]-treated cells from four independent experiments.
RNA samples were used to measure global transcriptome and
alternative splicing changes using the Affymetrix Human
Exon 1.0 Array, which features probesets corresponding to
exonic, intronic, and untranslated (UTR) regions of all well-
annotated human genes [38]. Therefore, variations in expres-
sion levels and changes in pre-mRNA splicing can be mea-
sured to analyze the effect of TCERG1 knockdown on gene
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Fig. 1 Identification of differentially expressed genes upon TCERGI
knockdown. a TCERGI1 knockdown in HEK293T cells. HEK293T
cells were transfected with control (siEGFP) or TCERG1 (siTCERGI)
siRNA duplexes. At approximately 72 h after transfection, a sample of the
cell lysates was resolved on SDS-PAGE gels, and the proteins were
transferred to membranes to detect TCERG1 and CDK9 protein
expression. b Number of transcripts and exons that were differentially
expressed under TCERG1 knockdown conditions. Up- and down-
regulated genes are depicted in red and green, respectively. ¢

expression. Transcript- and exon-level changes were identi-
fied with the EASANA algorithm (see the “Materials and
Methods”) [27]. Changes in transcript levels in response to
TCERGTI depletion were detected for 128 protein-coding
genes (fold-change >1.5; P < 0.05) of 16,762 genes tested
(Table S1). Of the 128 regulated genes, 108 (84.5%) were
down-regulated and 20 (15.5%) were up-regulated upon
TCERG]1 knockdown compared to control cells (Fig. 1b).
Differential exon levels were detected in 314 genes (fold-
change >1.5; P < 0.05) of the 16,762 genes tested (Fig. 1b),
including 356 alternative transcriptional or splicing events
(Table S1). Additionally, 34 genes showed changes in more
than one exon, and six (C19o0rf48, GPR125, PCLO, PHF6,
TTC39A, and UBAP2) exhibited up- and down-regulation.
After manually inspecting the 356 TCERG1 depletion-
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Classification of the alternative transcriptional or splicing events found
in the array after manually inspecting the 356 TCERG]1 depletion-
mediated exon-level changes (314 genes). d Number of up- (red) or
down-regulated (green) alternative transcriptional or splicing events (up
and down refers to a greater or lesser inclusion of the exon in the mature
transcript, respectively). e Venn diagram illustrating the overlap between
the changes identified at the transcript and exon levels. The comparison
identified 28 genes with both transcript- and exon-level changes

mediated exon-level changes, we assessed individual types
of alternative transcriptional or splicing events. We found 14
alternative 3’ splice sites (4%) and 16 alternative 5’ splice sites
(4%), 50 intron retentions (14%), 60 alternative first exons
(17%), 68 alternative last exons (19%), 71 cassette exons
(skipped exons, 20%), and 77 patterns in which the change
could not be explained by a clear event (22%) (Fig. 1c). The
data show that TCERG] regulates different types of alterna-
tive transcriptional or splicing events, indicating its broad role
in the regulation of pre-mRNA processing. Notably, the larg-
est number of exon-level targets corresponded to cassette
exons followed by alternative last/first exons and intron reten-
tion events. The majority of events (236 of 356) were up-
regulated upon TCERG1 knockdown, which may indicate a
role for TCERG1 as a repressor (Fig. 1d). We also observed
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changes in both transcript and exon levels for 28 genes
(Fig. le). This result suggests that TCERG1 may regulate
these genes by coupling transcription and alternative splicing,
a mechanism to which TCERGI has been previously linked
[22]. However, the number of genes that showed changes in
both transcript and exon levels was not significantly higher
than would be expected by chance alone (23 genes, P = 0.05).

We used RT-qPCR to verify the differential expression of
selected targets identified after the bioinformatics analysis of
the microarray data, which showed changes at the transcrip-
tion or splicing levels or both. These genes were also selected
because of their implication in cytoskeleton dynamics and
neuron development (see below). We first selected ten genes
showing changes in overall transcript levels, some of which
also showed changes at the exon level. We validated all ten
genes (Fig. 2a). We also analyzed five putative exon-level
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Fig. 2 RT-qPCR analyses for several transcript- (a) and exon-level (b)
changes predicted to be differentially expressed in TCERG1-depleted
cells. The transcript isoform (Iso, gray bars) was quantified relative to
an mRNA common to all transcript variants (black bars). GAPDH was
selected as a reference gene for the validations (see Experimental
Procedures). Each gene target is shown as a schematic representation,
with exons (black boxes) and introns (gray boxes) and with the
predicted alternative processing event; arrows indicate primer locations.
Relative expression levels and fold changes were log, transformed for
visual evaluation. The data are from at least three independent
experiments (means = SEM). **P = 0.001-0.01; ***P < 0.001

target genes using primers spanning alternatively spliced
exons. We validated four genes tested that displayed the same
direction of change as the array prediction. ATM did not show
a significant change and thus was not considered as having a
validated change (Fig. 2b). Of note, TCERGI regulates its
own message, generating an isoform with a longer first exon
upon its silencing (Fig. 2b). The observed changes in tran-
scription and splicing were also tested in the T-REx-
HEK293 cell line, in which expression of control shRNA
and shRNA targeting TCERG1 can be induced by adding
tetracycline. Analysis of cell lysates of these induced cells
showed that cells containing shRNAs targeting TCERG1
expressed significantly lower levels of TCERG1 protein com-
pared to cells containing control shRNAs [28] (Fig. S1C). We
first validated Vimentin (VIM), in which the retention of two
introns (seven and eight) in its 3’ end leads to an alternative
longer 3'UTR. Primers were designed to anneal at intron 7 and
at the end of exon 8, thus covering the alternative 3" UTR
(Fig. S1A), and RT-PCR results confirmed the presence of
decreased levels of this isoform upon TCERG! knockdown
(Fig. S1B). TCERGI depletion correlated with increased pro-
tein levels (Fig. S1C). To our knowledge, this is the first report
of a correlation between retention of these VIM introns and
protein expression levels. We also analyzed and validated
three more target genes with putative changes in gene expres-
sion in these cells (Fig. S1D).

Most of the alternative transcriptional or splicing events
regulated by TCERG1 were identified in the cassette exon
category (Fig. 1c). To investigate the common features asso-
ciated with these alternatively spliced regions, we examined
the sequences within or flanking the regulated exon. First, we
analyzed sequences in the regulated exon and compared these
sequences to a background of TCERGI-non-regulated cas-
sette exon events from the exon array analysis. Additionally,
we analyzed a set of randomly selected constitutive exons
proximal to the TCERGI-regulated cassette exons. We did
not observe substantial differences in the GT-AG rule of the
5" and 3’ splice sites (Fig. S2A) or in the exon length among
the analyzed set of sequences (Fig. S2B). We also examined
the position of the regulated exons relative to the 5 and 3’ ends
of the pre-mRNA. We observed a similar distribution along
the pre-mRNA between the control and the up-regulated cas-
sette exon events (mean of 51%, P = 0.926) and a different
distribution for the down-regulated exons toward the 3’ end of
the pre-mRNA (mean of 65%, P < 0.05) (Fig. S2C). Next, we
analyzed the nucleotide composition across exons. Cassette
exons that were down-regulated upon TCERG1 depletion ex-
hibited GC content similar to intronic sequences, which was
lower than the GC content of the up-regulated or control se-
quences (P < 0.05) (Fig. S2D). The higher GC content in
exons relative to introns has been proposed to regulate exon
inclusion [39], and higher GC content within the gene body
has been associated with lower elongation rates [40, 41].
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Given that TCERG1 has been shown to regulate alternative
splicing by modulating the rate of RNAPII [22], these data
may indicate a transcription-related mechanism that regulates
the down-regulated cassette exons.

To characterize the differences between control and
TCERGI-depleted cells, we assessed the genes related to the
biological processes, cellular components, and molecular
functions that were over-represented among the identified
TCERGI! -target genes using the DAVID bioinformatics re-
sources webserver [33, 34]. Gene ontology (GO) analysis in-
dicated that the most significantly enriched terms for the bio-
logical process category among the transcript-level targets are
associated with the regulation of metabolic processes, mor-
phogenesis and development, microtubule-based processes,
and cell cycle arrest (Table 1). The exon-level targets showed
changes in genes involved in processes such as metabolic
regulation, neuron apoptosis, negative regulation of cellular
component organization, cell cycle, and intracellular transport
(Table 2). Analysis of the cellular components showed signif-
icant enrichment of the following: genes annotated as part of
the z disc, a region of the sarcomere considered to primarily be
important for mechanical stability, components of the contrac-
tile fiber, the basolateral plasma membrane, and the cell-
substrate junction, among others (Tables 1 and 2). Finally,
molecular function analysis revealed that transcription and
RNA processing were significantly enriched terms among
the TCERGI exon-level targets (Table 2), supporting the hy-
pothesis of the existence of a complex regulatory RNA net-
work regulated and/or organized by transcription/splicing reg-
ulators [42].

To investigate the tissue specificity of TCERG1-regulated
targets, we extracted tissue-specific profiles based on data for
the 128 and 356 TCERGI transcript- and alternative splicing-
regulated events across 126 primary human tissues in a refer-
ence microarray dataset. The enrichment score was compara-
ble between genes, allowing the genes in each tissue profile to

be ranked. The software was described previously [43] and is
available at http://xavierlab2.mgh.harvard.edu/Enrich
mentProfiler/index.html. A non-supervised hierarchical clus-
tering analysis using this tool revealed that cells derived from
the nervous lineage possess a larger proportion of TCERG1-
dependent differentially expressed genes (Fig. 3a). We evalu-
ated the types of alternative transcriptional or splicing events
within this population of targets specific for the CNS and
found the cassette exon and alternative last exon to be over-
represented patterns (Fig. 3b). To identify the most promising
genes of interest in the dataset, we significantly increased the
threshold value and observed that many of the targets in the
central nervous system (CNS) were associated with cellular
morphology and cytoskeleton dynamics (Fig. 3¢ and
Table S2).

TCERGT1 Depletion Leads to Alterations in Neurite
Outgrowth

The transcriptome analysis of TCERG1-depleted HEK293T
cells showed most of the alternative transcriptional or splicing
events to be in genes predominantly expressed in the CNS and
related to morphogenesis and cytoskeleton dynamics (Fig. 3
and Table S2). HEK293 cells were originally generated in the
1970s from normal human embryonic kidney cells through
Adenovirus 5 transfection [44]. Despite their origin,
HEK293 cells were later shown to possess characteristics of
neurons (e.g., expressing more than 60 neuronal genes), sug-
gesting that the original kidney culture was transformed into a
neuronal lineage cell by the adenovirus [45]. As such, this cell
line and derivatives have been extensively used in the study of
neuron-specific voltage-gated ion channels ([46] and refer-
ences therein), neuronal signaling [47], synaptogenesis
[48-51], and propagation of highly neurotropic viruses
[52—-54]. This cell type, however, is not the best experimental
model for studying neuronal function. Thus, to further

Table 1 Gene ontology (GO):

pathways over-represented GO ID GO term TCERGI targets P value

among TCERGI transcript-level

targets Biological process
GO:0010605 Negative regulation of macromolecule metabolic process 13 8.9x107°
GO:0048704 Embryonic skeletal system morphogenesis 4 95%x107°
GO:0034622 Cellular macromolecular complex assembly 7 3.1 %1072
GO0:0007017 Microtubule-based process 6 401072
G0:0007050  Cell cycle arrest 4 41%x1072
GO:0048568 Embryonic organ development 5 42x1072
G0:0042445  Hormone metabolic process 4 47 %1072
Cellular components
G0:0030018  Z disc 3 3.6x 1072
Molecular function
GO0:0019834 Phospholipase A2 inhibitor activity 2 29%1072
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investigate the role of TCERGI in neurons, we examined the
effects of TCERGI depletion in the neuroblastoma cell line
SH-SYS5Y. Regulation of cytoskeleton dynamics in SH-SYS5Y
cells is fundamental to the outgrowth of neurites. To ensure
long-term, reproducible, and defined silencing effects, we

Fig. 3 a Hierarchical clustering representation of enrichment scores for P>
the TCERGT transcript- and exon-level targets across 126 human primary
tissues. Tissues are shown on the left of the panel, and each vertical line
refers to a gene. Red indicates genes with increased expression, and green
indicates genes with reduced expression relative to the geometrical mean.
b Alternative processing events regulated by TCERGI in the central

nervous system. A total of 32 exon-level targets (28 genes) were manually
inspected for known alternative splicing patterns and then categorized. ¢
Gene ontology (GO) categories over-represented among the TCERG1
targets in the central nervous system. The ordinate is the name of the
pathway, and the abscissa is the number of genes belonging to this
pathway. Color scale representing the P values of the GO categories.
Brown and purple correspond to values of 4.5 x 102 and 7.4 x 107,
respectively, shown below the diagram

generated SH-SY5Y cells with stable TCERG1 mRNA inter-
ference using specific ShRNAs delivered by lentiviruses. SH-
SYS5Y-sh9 cells were generated by infecting the cells with
lentiviruses expressing a ShRNA against TCERG1. The con-
trol SH-SYSY cell line was generated using pLKO.1 shRNA,
which does not target any known mammalian genes. sShRNA-
mediated TCERG1 depletion was verified by Western blot

Table 2 Gene ontology (GO):

pathways over-represented GO ID GO term TCERGI targets P value

among TCERG! exon-level

targets Biological process
GO:0006259 DNA metabolic process 18 41x1073
GO:0046907 Intracellular transport 21 55%x107°
GO:0048193 Golgi vesicle transport 8 56x107°
GO:0007049 Cell cycle 23 8.9x107°
GO0:0022402 Cell cycle process 18 12 %1072
GO:0010639 Negative regulation of organelle organization 6 12x1072
GO0:0010628 Positive regulation of gene expression 18 1.5% 1072
GO:0006350 Transcription 48 15%1072
G0:0006281 DNA repair 11 2.0x 1072
GO:0008654 Phospholipid biosynthetic process 6 2.6 %1072
GO:0051129 Negative regulation of cellular component organization 7 3.0 x 1072
GO:0045449 Regulation of transcription 55 33 %1072
GO:0051402 Neuron apoptosis 3 3.8 %1072
GO:0006511 Ubiquitin-dependent protein catabolic process 9 40 x1072
GO:0045941 Positive regulation of transcription 16 44x1072
GO:0045927 Positive regulation of growth 5 45x1072
GO:0009314 Response to radiation 8 47 %1072
GO:0033554 Cellular response to stress 16 47 %1072
Cellular components
GO:0030018 Z disc 7 93x107°
G0:0043292 Contractile fiber 9 79 %107
GO:0043228 Non-membrane-bounded organelle 61 1.8x107°
GO0:0043232 Intracellular non-membrane-bounded organelle 61 18x107°
GO:0031090 Organelle membrane 32 26x%107°
GO:0005730 Nucleolus 22 46107
GO:0016323 Basolateral plasma membrane 10 63 %107
GO:0030055 Cell-substrate junction 7 1.0 x 1072
GO0:0031974 Membrane-enclosed lumen 42 25 %1072
GO:0016529 Sarcoplasmic reticulum 4 25% 1072
GO:0016528 Sarcoplasm 4 29 %1072
GO0:0005794 Golgi apparatus 23 32 %1072
GO:0012505 Endomembrane system 21 35 %1072
GO:0031966 Mitochondrial membrane 13 3.8 %1072
G0:0044454 Nuclear chromosome part 6 48 x 1072
Molecular function
GO:0003712 Transcription cofactor activity 16 72x10*
GO0:0008134 Transcription factor binding 17 8.1x107
GO0:0003723 RNA binding 21 12 %1072
G0:0019899 Enzyme binding 16 2.1 x 1072
GO:0000166 Nucleotide binding 49 22 %1072
GO:0004674 Protein serine/threonine kinase activity 14 22%x107
GO:0043566 Structure-specific DNA binding 7 3.0 x 1072
GO:0017151 Dead/h-box RNA helicase binding 2 32%x107
GO:0005315 Inorganic phosphate transmembrane transporter activity 2 47 %1072
GO:0003707 Steroid hormone receptor activity 4 48 x1072
GO:0008565 Protein transporter activity 5 49 x1072
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analysis (Fig. 4a). The control shRNA and other non-related
shRNAs did not have an effect on TCERGI expression
(Fig. S3). We also verified TCERG1 depletion by RT-qPCR
(Fig. 4b) and validated the change in the alternative first exon
isoform of TCERG1 upon TCERGI silencing in these cells
(Fig. 4b). Depletion of TCERGI1 in SH-SYS5Y cells also led to
increases in VIM protein (Fig. S4), suggesting that the gene
expression changes observed in HEK293T cells are relevant to
neuronal cells. Then, we analyzed the effects of TCERGI
depletion on cell morphology by bright-field microscopy.
We observed that the TCERG1 knockdown cells became
more rounded and had shorter neurites compared to the unin-
fected and shControl cells (Fig. 4c). To quantify the effects of
TCERGI depletion, we performed morphometric measure-
ments on sShTCERGI and control neurons. A significant de-
crease in the length of the neurites and an increase in the size
of the soma were observed in the TCERG1-depleted cells
(Fig. 4d). The same results were obtained upon neuronal dif-
ferentiation induced by retinoic acid treatment [55] (Fig. 4c,
d). We did not observe clear differences between undifferen-
tiated and retinoic-differentiated cells, which suggested that
TCERGT does not have a role in the differentiation process
itself. Overall, these data indicate that TCERGI is required for
proper neurite outgrowth of SH-SYSY cells.

‘We sought to corroborate these data by assessing the cyto-
skeletal organization in neurons by immunostaining with
phalloidin, which binds specifically between F-actin polymer
subunits. Alterations in cytoskeleton structural components,
such as actin filaments and microtubules, affect neuronal mor-
phology and neurite elongation and guidance [56]. Consistent
with our previous results, the cells were more rounded and had
shorter neurites (Fig. 5a—f). We corroborated these data upon
neuronal differentiation induced by retinoic acid treatment
(Fig. 5g-1). A different sShRNA against TCERG1 (sh4) led to
similar defects in neurite morphology (Fig. S5). These results
suggest that TCERG1 is important for the organization of the
actin cytoskeleton, which is required for neurite projection
and outgrowth during neuron development.

To confirm that the observed dendritic outgrowth de-
fect was a direct effect of TCERG1 knockdown, we ex-
amined whether the cell alteration could be rescued by
introducing an epitope-tagged TCERG1 expression vector
into the depleted cells. shRNA-resistant, EGFP-tagged
TCERGI (Fig. 6a) was coexpressed in the SH-SYSY cell
lines. Western blot analysis confirmed expression of the
tagged TCERGI protein (Fig. 6b). The band correspond-
ing to the ectopically expressed protein appears very faint
when using TCERG]1-specific antibodies because of the
low transfection efficiency (~20%) obtained with these
constructs (Fig. 6b). We observed that EGFP expression
did not change the cellular structure of the TCERGI1-
depleted cells, which remained rounded and had shorter
neurites (Fig. 6¢, EGFP). Interestingly, a significant
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Fig. 4 Depletion of TCERG] affects the morphology and neurite size of
SH-SY5Y cells. a Western blot analysis of TCERGI expression in the
SH-SYS5Y cell lines compared with endogenous CDK9 expression. b RT-
qPCR analysis for TCERGI transcript levels predicted to be differentially
expressed. GAPDH was selected as a reference gene. Relative expression
levels and fold changes were log, transformed for visual evaluation. The
data are from three independent experiments (means = SEM).
*#P =0.001-0.01; ***P < 0.001. ¢ The cell morphology of uninfected,
control, and TCERG1 (sh9) knockdown cells was evaluated by bright-
field microscopy in the absence or presence of retinoic acid. Scale bar,
20 um. A higher magnification of individual cells is also shown. Scale
bar, 10 pm. d The graphs show the quantification of the total neurite
length and soma area from three independent experiments (» = 100 for
each condition) (means + SEM). **P = 0.001-0.01; ***P < 0.001
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- Retinoic Acid

Uninfected

shTCERG1(sh9) shControl

Fig. 5 TCERG]1 depletion results in severe defects in the actin
cytoskeleton and neurite outgrowth of SH-SY5Y neuroblastoma cells.
Uninfected, shControl and shTCERG1 cells were stained with

restoration of cellular morphology was observed in the
TCERGI1-depleted cells upon TCERGI re-expression,
resulting in significantly longer dendrites (Fig. 6c,
TCERG1). Quantification of the data confirmed the resto-
ration of the dendrite length in wild-type TCERG]1-res-
cued cells compared to the control cells (Fig. 6d). These
results show that TCERG1 expression can compensate for
the functional deficits caused by TCERGI1 depletion.
Thus, endogenous TCERG]1 regulates neurite outgrowth
and elongation in these cells.

According to The Human Protein Atlas (http://www.
proteinatlas.org/), human TCERGI is widely expressed in
the brain (cerebral cortex, hippocampus, lateral ventricle,
and cerebellum). Murine TCERGI is also expressed in the
brain and hippocampal neurons as assessed by retrieval of
its profile from quantitative expression databases of the
adult mouse brain (http://brainstars.org/ and http://mouse.
brain-map.org/). As further confirmation of the effects of
TCERG! on dendritic outgrowth, we knocked down
TCERGTI expression in primary neuronal cultures derived
from mouse hippocampi. Although the sequence of sSiRNA
(sh9) is conserved between humans and mice, we first con-
firmed its capacity to knock down expression of TCERGI
in C2C12 murine cells prior to transfection into primary
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phalloidin-rhodamine to visualize the actin cytoskeleton in the absence
(a to f) or presence (g to 1) of retinoic acid. DAPI labeling was used to
stain the nuclei. Scale bar, 50 pm

cultures (data not shown). Next, hippocampal neurons
were transfected with a shRNA targeting TCERG1 or the
control shRNA together with a GFP vector. RT-qPCR anal-
ysis confirmed inhibition of the TCERGI transcript upon
lentiviral transduction (Fig. S6). We observed that neurons
with reduced TCERGI levels showed a general alteration
in cellular morphology, with substantially diminished den-
drite branching (Fig. 7a). Quantification of the changes in
neurite outgrowth confirmed the reduced total neurite
length in the shTCERG]1-treated cells compared with cells
expressing the control shRNA and a reduction in the com-
plexity of the dendrite ramification and branching near the
soma (Fig. 7b—d). These results confirmed our previous
data and indicate that TCERG] is essential for proper
neurite projection and outgrowth during neuritogenesis in
cell culture. Thus, the absence of TCERGI may lead to
defects in neuronal functions.

Discussion

In this study, we showed that the transcription/splicing and
disease-associated factor TCERG] plays a role in cytoskele-
ton dynamics and neurite outgrowth. Following down-
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Target sequence for shTCERG1

TCERG1 GCC AAG AAT TTA GAC TCA GAA

A K N L D S

mut-TCERG1 GCC AAG AAC CTG GAC TCC GAG

A K N L D S

EGFP

mut-TCERG1

Fig. 6 TCERGTI rescues the neuron morphological defects. a Schematic
representation of the silent mutations in mutant TCERG1 (mut-TCERG1)
that prevented its knockdown by sh9. b Western blot of samples of cells
transiently transfected with control (EGFP) or sh-resistant TCERG1-
EGFP expression vectors. The antibodies used are listed on the right.
The asterisk indicates the position of the transiently overexpressed
protein. Lanes from the original blot were removed for presentation
purposes. ¢ Immunofluorescence of TCERG1-knockdown SH-SYSY

regulation of TCERG1, we observed that cells derived from
the nervous lineage possess a greater proportion of TCERG1-
dependent differentially expressed genes. Specifically, mRNA
profiling of TCERG1-depleted cells revealed preferential
misregulation of alternative transcriptional or splicing in fac-
tors that are important for proper morphogenesis and neurite
outgrowth. Accordingly, defective morphogenesis and neurite
outgrowth were observed in SH-SY5Y cells and primary neu-
ronal cultures upon TCERG1 depletion. Collectively, our data
indicate a role for TCERG1 in the synthesis and processing of
pre-mRNA of important neuronal genes and suggest that al-
terations in alternative transcriptional or splicing events regu-
lated by TCERGI are involved in the neurological disorders
associated with this factor.

We used the Affymetrix Human Exon 1.0 ST Array, which
contains approximately 5.4 million probes grouped into 1.4
million probe sets for interrogating over 1 million exon clus-
ters, to identify genes that are differentially expressed in nor-
mal TCERG1-depleted HEK293T cells. Through combining
the exon array with a powerful commercial software for gene
expression analysis, we persuasively identified expression
variations in 414 human genes. We observed that TCERG1
depletion changed the overall transcript levels of 128 genes.
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cells transiently transfected with the control (EGFP) and sh-resistant
TCERG1-EGFP expression vectors. White arrowheads indicate
examples of longer dendrites observed in the rescued cells. Green,
EGFP fluorescence; red, phalloidin-rhodamine staining; blue, DAPI
staining. Images representative of triplicate experiments are shown.
Scale bar, 50 um. d The graph shows the quantification of the total
neurite length from three independent experiments (green channel,
EGFP; n = 60, cells for each condition) (means = SEM). ***P < 0.001

Eighty-four percent of these genes were down-regulated,
which was consistent with the positive regulation of the tran-
scription of these endogenous targets by TCERGI. Initially,
TCERGI was identified as an elongation factor that represses
RNAPII transcription, although in a specific fashion, i.e., it
does not repress the transcription of all genes [30].
Consistently, TCERGI acts as a co-repressor that inhibits
the transcriptional activities of the CEBPA protein [18].
TCERGI] also acts as an activator of transcription [21].
These data suggest that TCERGI is able to repress or activate
genes, depending on the cell type context and/or gene se-
quence. Nevertheless, our study establishes that TCERGI is
not a general elongation factor because most genes are not
transcriptionally sensitive to its depletion. Another finding
from our analysis corroborates the functional link between
TCERGTI and splicing in vivo . We observed that TCERG1
knockdown changed the alternative transcriptional or splicing
patterns of 314 genes, most of which were up-regulated, par-
ticularly in the cases of alternative last and first exons and
alternative 5' splice sites (72, 80, and 94%, respectively).
Furthermore, our data suggest that TCERGI alters the use of
alternative last exons (approximately 23% of neuron-specific
genes compared to a prevalence of approximately 7% of this
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Fig. 7 TCERGI affects dendritic outgrowth and branching in mouse
hippocampal neurons. a Immunofluorescence of individual neurons that
were transiently transfected with either the non-targeting control ShRNA
(shControl) or the TCERG-targeting shRNA (sh9) together with a GFP
vector. The morphology of the transfected cells was detected based on the
GFP signal (green). Scale bar, 25 pm. b The graph shows the
quantification of the total neurite length and total branch number from
three independent experiments (n = 24 and 22 for shControl and sh9-
transfected neurons, respectively); hippocampal neurons were
transfected at 3 DIV and fixed at 7 DIV (means = SEM). **P = 0.001—
0.01; ***P < 0.001. ¢ Sholl analysis of dendritic branching. Concentric

splicing event in the genome as assessed by retrieving alter-
natively splicing events from the ENCODE data at UCSC),
which might lead to shorter or longer UTRs that potentially
influence mRNA stability by changing miRNA and/or
polyadenylation binding sites, and/or modify the fate of the
nascent transcript by nonsense-mediated decay [57, 58].
Finally, previous studies concluded that TCERGI regulates
alternative splicing by changing the transcriptional capabili-
ties of RNAPII [22]; however, our data indicate that only a
limited number of genes are regulated through coupling be-
tween transcription and splicing, at least in the HEK293T cells
used here. A previous report used classical GeneChip arrays to
identify TCERG] targets in HEK293T and HeLa cells [20]. A
relatively small number of the targets (31 genes) identified in
this previous work were also targets in our study. Possible
explanations for these discrepancies include the reduced gene
content coverage of this earlier study that was not able to
detect a wide range of alternative splicing events [59], the
different experimental silencing conditions, and/or the use of
different bioinformatics approaches. Interestingly, a signifi-
cant number of genes from this previous genome-wide analy-
sis related to cytoskeleton dynamics were also observed in this
previous study [20].
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circles were drawn at intervals of 5 um. The number of dendritic branch
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center, and the ordinate depicts the number of branch points. Mean
values between 15 and 90 um are highlighted with a line.

transfected with the shControl and shTCERGI was performed using
NeuronStudio software. The graph shows the number of branches for
each order of a branching structure. Note the marked decrease in
branching complexity between branch order 3 and 12, which is labeled
with a line. ***P < 0.001

Abnormalities in the dendritic tree and in the synaptic spine
morphology and density are the origin of several neurodegen-
erative disorders [8, 60, 61]. Cytoskeletal organization is
widely believed to be key to the formation and loss of den-
drites and dendrite spines [56, 62, 63]. In our analysis, we
found many TCERG]1-regulated genes with enriched CNS
expression to be related to morphogenesis, cytoskeleton, and
cell dynamics: actin-related genes, such as the actin-binding
protein ACTN2 (Actinin), ABLIMI (Actin-Binding LIM
Protein 1), and PAK3 and SRGAP3 (Rho-GTPase signaling);
microtubule-related proteins, such as TUBB2B (Tubulin, Beta
2B Class IIb), MAP2 and MAP7 (Microtubule-Associated
Proteins 2 and 7, respectively); and linker proteins between
the inner cytoskeleton and the extracellular matrix, such as
ANK2 (Ankyrin 2), DMD (Dystrophin), CLASP2
(Cytoplasmic Linker Associated Protein 2), and EFEMP]
(EGF Containing Fibulin-Like Extracellular Matrix).
Notably, more than half of the endogenous CNS gene targets
(56%, 23 genes) affected by TCERGI depletion were cyto-
skeleton components. Based on our data, a possible mecha-
nism for the TCERG1 knockdown-mediated disruption of
neurite outgrowth is reliant on alterations in the cytoskeletal
organization, e.g., in the polymerization and/or stability of
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actin filaments, which are critical for the regulation of neuro-
nal morphogenesis and structural plasticity ([63] and refer-
ences herein). Microtubule cytoskeleton organization and reg-
ulation of cell substrate adhesion are also potential targets
contributing to the observed phenotype. Synaptic plasticity
through cytoskeletal remodeling can also be achieved by the
action of factors regulating other important neuronal func-
tions, such as the transport, localization, and translation of
mRNA granules. UHMKI1 (KIS) is a protein kinase with a
unique RNA binding domain that localizes to RNA granules
and enhances local mRNA translation [64]. UHMKI1 plays
important roles in dendritic spine morphology and dendritic
arborization by affecting the tubulin cytoskeleton [29], which
controls actin polymerization within the spines [65].
Interestingly, TCERGI1 depletion down-regulated UHMK 1
transcript levels and provoked an increase in the inclusion of
its second exon, which possesses a longer alternative S'UTR.
Our initial efforts to identify the target genes responsible for
the phenotype observed upon TCERG!1 depletion failed, and
further experimentation involving a genome-wide comple-
mentation assay is required (data not shown). However, we
are aware that TCERG1 could be affecting gene targets direct
or indirectly. We observed that TCERG1 depletion affects the
expression of several transcription and splicing factors as well
as critical regulators of the miRNA pathway, which may
change the expression levels of other downstream gene tar-
gets. Further work involving each of the endogenous genes
that was affected by the depletion of TCERGI and that was
detected in our assay will distinguish between both effects.
Nevertheless, coexpression of TCERG] in the knockdown
cells compensates the functional deficits caused by TCERG1
depletion, strongly suggesting that endogenous TCERGI reg-
ulates neurite outgrowth and elongation.

Analysis of the morphological parameters of the
shTCERGI primary cultures showed a decrease in total
neurite length, the number of dendritic ramifications up to
approximately 40 um from the soma, and less complex ram-
ifications than control cells; similarly, we did not observe sig-
nificant differences in neurite branches at longer distances.
Although our analysis was not separately performed on den-
drites and axons, these results suggest that TCERG1 regulates
overall dendrite ramification and branching complexity near
the soma in hippocampus neurons. Axon length and
branching at long distances do not seem to be affected by
TCERGI depletion. Importantly, changes in the dendritic ar-
borization of pyramidal neurons affect their physiological
properties and may lead to many brain disorders [8].

Several findings suggest that TCERG1 may be involved in
HD pathogenesis: It binds to HTT, accumulates in striatal and
cortical neurons as the disease grade increases, rescues striatal
cell death for mutant HTT neurotoxicity, and may modify the
age of HD onset [25, 26, 66, 67]. Abnormal interaction of
misfolded mutant HTT species with TCERGI, as is the case

for CREB binding protein (CREB), Spl, and TAFII 130
[68—70], could affect the expression of important TCERG1-
regulated genes, and this may be central to HD pathogenesis.
Such rescue by TCERGT is consistent with the restoration of
transcriptional/splicing activation. There are also several re-
ports showing the amyloidogenic properties of the second
WW domain of human TCERG1 [71-74]. These comprehen-
sive structural data may explain the deposits observed during
HD and other neurodegenerative pathologies, such as
Parkinson’s disease and Alzheimer’s disease. Finally, the arti-
cle by Gau et al. [75] suggested a relationship between
TCERGTI deficiency and cognitive impairment. These authors
identified a microdeletion at the TCERG1 chromosomal loca-
tion together with a microduplication on a different chromo-
some in a male patient with autism. Although more genes are
present within the altered chromosomal regions and because
of'the previous studies linking TCERG1 with HD, the authors
proposed that TCERG1 might play an important role in neu-
rons, and that haploinsufficiency of this gene might have rel-
evance to the clinical phenotypes of the patient.

Gaining insights into the molecular mechanisms by which
factors such as TCERGI regulate the morphology and mor-
phological plasticity of dendrites may help to elucidate their
role and function in normal and disease states.
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