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Abstract

We previously reported a pathogenic de novo p.R342W mutation in the transcriptional corepressor CTBP! in four independent
patients with neurodevelopmental disabilities [1]. Here, we report the clinical phenotypes of seven additional individuals with the
same recurrent de novo CTBP1 mutation. Within this cohort, we identified consistent CtBP1-related phenotypes of intellectual
disability, ataxia, hypotonia, and tooth enamel defects present in most patients. The R342W mutation in CtBP1 is located within a
region implicated in a high affinity-binding cleft for CtBP-interacting proteins. Unbiased proteomic analysis demonstrated
reduced interaction of several chromatin-modifying factors with the CtBP1 W342 mutant. Genome-wide transcriptome analysis
in human glioblastoma cell lines expressing -CtBP1 R342 (wt) or W342 mutation revealed changes in the expression profiles of
genes controlling multiple cellular processes. Patient-derived dermal fibroblasts were found to be more sensitive to apoptosis
during acute glucose deprivation compared to controls. Glucose deprivation strongly activated the BH3-only pro-apoptotic gene
NOXA, suggesting a link between enhanced cell death and NOXA expression in patient fibroblasts. Our results suggest that
context-dependent relief of transcriptional repression of the CtBP1 mutant W342 allele may contribute to deregulation of
apoptosis in target tissues of patients leading to neurodevelopmental phenotypes.

Keywords C-terminal binding protein - CtBP1 - Chromatin modifying complex - Neurodevelopmental disease - p.R342W
mutation

Introduction

The C-terminal binding protein (CtBP) was originally discovered
as a cellular protein that interacts with the C-terminal region of
adenovirus E1A protein that antagonizes Ras-induced oncogen-
esis [2, 3]. Vertebrate genomes code for two different CtBP
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paralogs that exhibit a high degree of sequence homology
[reviewed in ref. [4]]. The major nuclear isoforms of CtBP1
(CtBP1-L, NM 001328.2) and CtBP2 (CtBP2-L,
NM _ 022802.2) function as transcriptional corepressors
(reviewed in [5]). CtBPs recruit both DNA-binding repressors
and chromatin modifying enzymes through a high-affinity pro-
tein-binding interface (PXDLS-binding cleft) (Fig. 1). Besides
the PXDLS-binding cleft, a secondary binding interface (RRT-
binding groove) is also involved in interacting with certain Zn-
finger transcription factors. The enzymatic constituents of the
CtBP1 corepressor complex mediate coordinated histone modi-
fications by deacetylation and methylation of histone H3-Lysine
9 and demethylation of histone H3-Lysine 4 [6]. In addition to
the transcriptional repression activity, CtBPs have been reported
to exert developmental context-dependent transcriptional activa-
tion [7-11]. CtBP1 can form homodimers and heterodimers with
CtBP2; however, the importance of these interactions has yet to
be elucidated. Specifically, many transcriptional activities of
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Fig. 1 The structure of CtBP1(S)
bound to a PXDLS containing
model peptide. The NAD(H)-
binding domain and the PXDLS-
binding cleft are indicated. The
mutation W342 observed in
patients with developmental
delays is shown by the arrow
(R331 of CtBP1-S, short isoform
of CtBP1) that is located within
the «-5 region (C-terminal part of
the PXDLS-binding cleft). The
structure of the PXDLS binding
cleft bound to the model peptide
PIDLSKK is shown. The Protein
Data Bank accession codes are
1h13 and r1hI3sf [16]

CtBP proteins appear to be associated with CtBP dimers; others
have been associated with oligomeric [7, 12—14] and monomeric
forms [15]. CtBPs act as metabolic sensors due to their structural
similarity to D-isomer-specific 2-hydroxy acid dehydrogenases
(D2-HDH), and they employ the dehydrogenase fold for dimer-
ization by complexing with NAD(H) dinucleotides [16, 17].
Since CtBPs bind with NADH more avidly than NAD(+) [18],
the nuclear ratio of NAD+/NADH appears to regulate the tran-
scriptional activity of CtBP via conformational changes that in-
fluence interactions with cofactors and dimerization/
oligomerization status. Thus, CtBPs function as metabolically
regulated transcription factors resulting in altered transcriptional
profiles with changes in oxidation-reduction activities in the cell.

Studies in mice have indicated that the two Ctbp genes play
both overlapping and unique transcriptional roles during devel-
opment [19]. Homozygous deletion of the Cthp2 gene is embry-
onic lethal beyond E10.5 while homozygous deletion of Ctbpl
results in viable mice with reduced size and lifespan. The devel-
opmental and oncogenic activities of CtBPs have been linked to
transcriptional regulation of genes that control cell differentiation
and apoptosis (reviewed by [4, 20, 21]. A recurrent de novo
missense mutation in CTBPI (¢.991C>T, R331W in
NM _001012614.1; R342W ¢.1024 C>T in NM_001328.2)
was recently identified to cause a genetic disorder characterized
by developmental delay, intellectual disability, ataxia, hypotonia,
and tooth enamel defects in four unrelated patients (MIM:
617915). More recently, Sommerville et al. [22] identified an
additional patient with the same mutation and an overlapping
phenotype although noted to have progressive neurodegenerative
disease with evidence of mitochondrial dysfunction. All reported
patients are heterozygous for the p.R342W mutation. Since
healthy individuals with heterozygous loss of function alleles
have been reported, these mutations likely act through either as
a dominant negative or gain of function rather than loss of func-
tion mechanism.
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The R342W mutation is located in the C-terminal region of
CtBP1 that constitutes the substrate-binding cleft, in conjunc-
tion with the N-terminal region [16, 17]) (Fig. 1). The
substrate-binding cleft is also involved in high-affinity inter-
action with various CtBP-binding proteins that contain bind-
ing motifs related to the prototypical binding motif PXDLS
found in the E1A protein [3]. The PXDLS-binding cleft plays
an essential role in recruiting various chromatin-modifying
components and interacting with different transcriptional reg-
ulators [15]. The R342 residue is located in juxtaposition to «-
5 sequences that appear to tightly pack against the rest of the
substrate-binding domain [16, 17]. The discovery of the re-
current R342W mutation raises the possibility that this residue
might be critical in regulating «-5 function, and thereby pro-
tein interaction partners. In this manuscript, we report seven
additional individuals with the same de novo CTBPI
p-R342W missense mutation and neurodevelopmental pheno-
types to further characterize their clinical condition. We also
have determined the effect of the R342W mutation (referred
here as W342) on the interaction of various transcriptional
regulators and the effect on transcription of select CtBP1-
target genes.

Materials and methods
DNA extraction and exome sequencing

Genomic DNA was extracted from whole blood. Exome se-
quencing was performed on exon targets captured using the
Agilent SureSelect Human All Exon V4 (50 Mb) kit. After
automated filtering of variants with a minor allele frequency
(MAF) of > 10%, manual curation was performed to filter less
common variants with MAF of 1-10% and variants in genes
inherited from unaffected parents, evaluating predicted effects
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of rare variants and known function of the genes and associ-
ated human conditions, and examining overlapping pheno-
types of individuals with de novo variants in the same gene
as previously described.

Cells, plasmids, and antibodies

The glioblastoma cell line (HTB17) was purchased from
ATCC and grown in DMEM supplemented with 10% fetal
bovine serum. The human dermal fibroblasts from patients
[1] and heathy donors were received from Columbia
University, Department of Pediatrics and Medicine, and were
grown in DMEM supplemented with 10% fetal bovine serum.
The cDNA coding for human CtBP1 was cloned into the
lentiviral vector, pCDH-CMV-MCS-EF1-Puro (System
Biosciences, Mountain View, CA) with 3XFlag tag at the N-
terminus and the mutation; W342 was introduced into the
lentiviral vector by oligonucleotide-directed mutagenesis.
Lentiviruses were prepared using standard protocols and used
to infect HTB17 cells. Infected cells were selected for puro-
mycin resistance to establish pooled cell lines. The expression
of ectopically expressed CtBP1protein was confirmed by
Western blot analysis. The following antibodies were used in
this study; Flag antibody agarose and Flag mAb from Sigma,
antibodies specific to CoREST1, CtBP1, CtBP2 from BD
Biosciences; antibodies to REST, G9a, and ZNF217 from
Abcam,; antibodies for ZEB1, BIK, and HDAC2 from Santa
Cruz Biotechnology; anti-LSD1 from Bethyl Laboratories,
anti-BAK and anti-BAX from Upstate Biotechnologies, anti-
NOXA from Cell Signaling and rabbit anti-BCL-2 was raised
against a synthetic peptide of human BCL-2. Patient-derived
fibroblasts were cultured from a 3-mm punch skin biopsy.

Proteomic analysis and Western blotting

HTB17 glioblastoma cells expressing 3XFlag-CtBP1, mutant
W342, or the vector were grown in preparative quantities and
collected by centrifugation (5.0 ml pellet volume) and lysed in
lysis buffer (20 mM Tris pH 7.9, 0.5 mM EDTA, 10% glycerol,
300 mM KCI. 5 mM MgCI2, 1 mM DTT, 0.1% Tween 20,
0.25 mM PMSF and protease inhibitor cocktail). The lysates
were cleared with protein A agarose beads and the proteins were
immunoprecipitated with anti-Flag agarose beads. The beads
with protein complexes were collected, washed four times with
the wash buffer, and subjected to trypsin digestion and LC-MS
mass spectrometric analysis (Danforth Plant Research Center, St.
Louis). All MS/MS samples were analyzed using Mascot
(Matrix Science, London, UK; version 2.5.1). Mascot was set
up to search the Uni human database (unknown version, 68,997
entries) assuming the digestion enzyme stricttrypsin. Mascot was
searched with a fragment ion mass tolerance of 0.60 Da and a
parent ion tolerance of 20 PPM. Oxidation of methionine, acetyl

of the n-terminus, and carbamidomethyl of cysteine were speci-
fied in Mascot as variable modifications.

Scaffold (version Scaffold 4.8.3, Proteome Software Inc.,
Portland, OR) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if
they could be established at greater than 95.0% probability to
achieve an FDR less than 1.0% by the Scaffold Local FDR
algorithm. Protein identifications were accepted if they could
be established at greater than 99.0% probability and contained
at least one identified peptide. Protein probabilities were assigned
by the Protein Prophet algorithm [23]. Proteins that contained
similar peptides and could not be differentiated based on MS/
MS analysis alone were grouped to satisfy the principles of par-
simony. The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the PRIDE [1]
partner repository with the dataset identifier PXD012702 and
https://doi.org/10.6019/PXD012702.

An aliquot of immunoprecipitated samples and lysates were
separated by 4-12% gradient gels, transferred to nitrocellulose
membrane and incubated at 4 °C overnight with various antibod-
ies. The blots were washed and incubated with the corresponding
secondary antibodies conjugated with horseradish peroxidase
(Santa Cruz) for 30 min. The blots were then washed and the
protein bands were visualized with Western blotting detection
system (Roche) according to the manufacturer’s specifications.
Among the apoptosis-related proteins, NOXA was not detected
by Western blotting. Therefore, we immunoprecipitated the cell
extracts with NOXA antibody and carried out Western blotting in
three independent experiments.

Glucose deprivation and cell death assay

Normal control dermal fibroblasts and patient fibroblasts were
plated in duplicate in 35-mm dishes and incubated at 37 °C for
overnight. Next day, cells were washed with phosphate-
buffered saline (PBS) and one set of cells were fed with
glucose-free DMEM (Invitrogen) supplemented with 10% di-
alyzed fetal bovine serum (Invitrogen). The other set of cells
were fed with normal DMEM supplemented with 10% fetal
bovine serum. The cells were incubated at 37 °C for 5-7 days.
At the end of experiments, cells were photographed. The sec-
ond set of cells was stained with DAPI for 10 min,
photographed, and quantified. In the third set of experiments,
cells were stained with Annexin V and PI using an apoptosis
detection kit and analyzed by FACS.

RNA sequencing and RT-qPCR

HTB17 cells expressing CtBP1 R342 or W342 and the fibro-
blasts were grown in 150-mm dishes. The cells were washed
with PBS and RNA was isolated using TRIzol reagent
(Invitrogen). RNA samples were quantitated using
Nanodrop and cDNA was synthesized from 2 pg of RNA
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using oligo(dT) primer and RT kit (high capacity RNA-to-
cDNA kit, Invitrogen) according to the manufacturer’s speci-
fication. Real-time qPCR was performed with 50 ng of cDNA
using TagMan gene expression master mix, TagMan primers,
and probes (Invitrogen) as mentioned in manufacturer’s in-
struction manual. The following were the specific primer as-
say ID used for RT-qPCR: ACTIN (Hs99999903 ml),
NOXA (Hs00560402 m1), BIK (Hs00609636 m1), BAX
(Hs00180269 m1), BAK (Ss03373472 ml), BIM
(Hs00708019 s1), MCL1 (Hs01050896 _m1), BCL2
(Hs00608023 ml), P21 (Hs01040810 m1), PERP
(Hs00751717 s1), CITED1 (Hs00918445 g1), MXD1
(Hs00965581 m1), ENG (Hs00923996 ml), ZNF69
(Hs00737054 m1), and ZNF107 (Hs01598135 mH). All
samples were run in triplicate on the Applied Biosystems™
QuantStudio™ 5 Real-Time PCR System and the data analy-
sis done in Thermo Fisher Connect™ (Cloud) https://www.
thermofisher.com/us/en/home/digital-science.html

Relative quantification was performed using the RQ App in
cloud with Actin as endogenous and reference control is men-
tioned in the legend. RQ settings—Plot type -RQ Vs Target,
Graph Type-Linear, Analysis Type—Singleplex, Confidence
Level-95, Benjamini-Hochberg false discovery rate for P
value-On and Maximum allowed Ct—40.

RNA-seq and analysis was performed in the Saint Louis
University Genomics Core. Ribosomal RNA was depleted from
total RNA and libraries were constructed using the Eukaryotic
RiboMinus and Ion Total RNA-seq v2 kits (Life Technologies,
Thermofisher) according to the manufacturer’s directions.
Sequencing was performed on an Ion Torrent Proton with a mean
read length of ~ 100 nucleotides, and reads were aligned to the
hg19 human genome sequence using the TMAP aligner map4
algorithm. Soft-clipping at both 5" and 3’ ends of the reads was
permitted during alignment to accommodate spliced reads, with a
minimum seed length of 20 nt. The nucleotide coverage for all
non-redundant exons was calculated and normalized to total ex-
on coverage using custom scripts in R (R Core Team (2013). R:
A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0, URL http://www.R-project.org/). Expression
values are total normalized nucleotide exon coverage per gene.
Fold changes in gene expression, p values, and ¢ values were
calculated using custom R scripts and Microsoft Excel.
Biological process gene ontology analysis was performed using
DAVID [24]. RNA-seq data is deposited in the NCBI GEO
database.

Statistical analysis
Allanalyses were performed in three independent experiments. All
data were analyzed using GraphPad Prism 5 software and are pre-

sented as the mean = standard error of the mean. Differences be-
tween groups were analyzed via one-way analysis with post hoc
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contrasts by Student-Newman-Keuls multiple comparisontest. P<
0.05 was considered to indicate a statistically significant difference.

Results

Clinical characterization of patients with the CTBP1
p-R342W mutation

We present here the clinical profiles of 12 individuals with a
heterozygous p.R342W CTBP! variant (Table 1) (MIM:
617915). Five cases were previously reported (patients 1-4 and
12 in Table 1) [1, 22], while seven additional cases have not been
reported. These cases include four females and eight males and
range in age from 4 to 21 years of age. Eleven of twelve individ-
uals exhibit cerebellar atrophy, hypotonia, and global develop-
mental delay with initial recognition of neurodevelopmental dis-
ease within the first-year life. The cerebellar disease manifesta-
tions include dysarthria, ataxia, gait imbalance, and dysmetria.
Nine patients have tooth enamel defects with representative im-
ages for patient 8 shown in Fig. 2. Five patients have oculomotor
apraxia.

Only one patient had an inherited p.R342W mutation from a
clinically unaffected mosaic mother while the mutation in all
other patients was de novo. Multiple patients had muscle biopsies
with two showing evidence of mitochondrial dysfunction, spe-
cifically Complex I deficiency, thought to be secondary to under-
lying disease. No evidence of myopathy was identified in other
patients. Of note, four patients experienced regression of motor
milestones and two of these patients also experienced regression
in language and cognition. None of the patients had a history of
seizures. Together, these additional cases show that
CTBP]-related disease primarily manifests as cerebellar disease,
hypotonia, and enamel defects and highlight the critical role of a
single arginine residue in CtBP1 in human development.

Interaction of CtBP1 corepressor components

In order to understand the mechanisms that contribute to the
clinical phenotypes, we first modeled the heterozygous
R342W mutation in an established cell culture systeml. We
introduced lentiviral constructs that express CtBP1 R342 or
mutant W342 in a human glioblastoma cell line, HTB17.
Since this mutation is located juxtaposed to «-5 that might
regulate cofactor interaction with the PXDLS-binding cleft,
we analyzed the interaction of various cofactors with CtBP1
in cells expressing affinity (Flag)-tagged versions of CtBP1
R342 or mutant W342. The protein complexes were
immunoprecipitated with the Flag antibody and analyzed by
LC/MS analysis (Fig. 3a). The interactions of various proteins
were further analyzed by Western blot analysis (Fig. 3b, c,
supplemental Fig. 1). These analyses revealed interaction of
several previously known components of the CtBP
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% 7; Ey ‘Lg’ atypical interaction with CtBP2 by interacting with monomer-
CECRC + g ic forms of CtBP2 [25]. These results suggest that the W342
5 2 §- mutation in the -5 region of the PXDLS-binding cleft may
g) S . E affect the level of cofactor recruitment by CtBP1.
3 =
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sl g 5 Effect on genome-wide transcription
~ < o
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213 o S In order to examine whether reduced interaction of various
el & = CtBP1-associated transcription factors might alter the
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Fig. 3 Proteomic analyses of CtBP1 and W342 mutant. HTB17 cell lines
expressing CtBP1 R342 or mutant W342 with Flag tag or the vector were
lysed, pulled with Flag antibody and subjected to LC-MS mass
spectrometric analysis. a The experiment was repeated twice and the
proteomics data are available in ProteomeXchange Consortium via the
PRIDE [1] partner repository with the dataset identifier PXD012702 and
https://doi.org/10.6019/PXD012702”. The results are presented in the
supplemental file. From our results, we have selected several known
CtBP1 interacting proteins and presented here. The average number of
peptides of each protein present in the complexes of CtBP1 R342 and
W342 mutant is shown. The names of the proteins with their

transcriptional patterns of CtBP1-target genes, we carried out
genome-wide RNA-seq analysis of coding and non-coding
RNAs from HTB17 cells that express CtBP1 R342 or W342
mutant. These results revealed similar overall transcriptional
profiles between the two cell lines. However, significant
(g <.05) increases (red) and decreases (blue) in multiple RNA
species were detected in W342 cells relative to R342 cells
(Fig. 4a). The changes significantly altered multiple biological
processes as shown by gene ontology analysis (Fig. 4b, c). Our
transcriptome data did not reveal significant differences in the
expression of most genes including previously known CtBP-
target genes. Since we observed enhanced cell death in patient
fibroblasts during glucose deprivation, we examined the ex-
pression of known CtBP-target apoptotic genes by qRT-PCR.

corresponding molecular weights are given. b Western blot analysis of
CtBP1 interacting proteins. An aliquot of the immune-affinity purified
(IP) samples and lysates were separated by 4-12% gradient gels and
analyzed by Western blotting. The experiments were repeated 3 times
and the protein levels were determined using Image Studio
Litesoftware, LI-COR Biosciences and the relative interactions were
calculated (¢). The relative level of protein interaction to R342 is
normalized to 1.0. The P values were determined by comparing the
interaction of specific protein with R342 to W342: *P <0.05, **P <0.
01. Since there was no detectable interaction of CtBP1 with REST, we are
unable to quantitate the interaction

Quantitative RT-PCR analysis of selected differentially
deregulated genes was in general agreement with RNA-seq data
(Fig. 4d). However, these data were insufficient to identify spe-
cific pathways deregulated in the glioblastoma cell model.
Consistent with this, we did not observe differences in the
in vitro growth characteristics between the two glioblastoma
cell models,which were present in patient fibroblast cell lines.

Deregulation of cell death in patient fibroblasts

We obtained dermal fibroblasts from two patients and two age
matched healthy controls (NTO11 and LE028) and patients
(CSC43 and 44) to analyze cell growth and proliferation. At
baseline, the growth and proliferation characteristics of these
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cells did not differ between control and patient fibroblasts (in
glucose containing growth media). Since the transcriptional
activity of CtBP1 is strongly influenced by the metabolic sta-
tus of the cells, we rationalized that the mutant allele might
exhibit exaggerated differential activity under metabolic
stress. We then compared the normal and mutant fibroblasts
that were deprived of glucose for 5—7 days. The mutant fibro-
blasts exhibited strikingly more cell death compared to the
normal fibroblasts as revealed by microscopic examination
(Fig. 5a), quantification of dead cells stained with DAPI
(4',6-Diamidino-2-phenylindole dihydrochloride) (Fig. 5b),
and FACS analysis of cells stained with propidium iodide
(PI) and Annexin V (Fig. 5¢).

Since several pro-apoptotic genes (such as Bax, Bik, and
Noxa) have previously been identified as targets for CtBP1/2
([26, 27], we carried out g-RT PCR analysis of RNA from
control and patient fibroblasts with or without glucose depri-
vation (Fig. 6a). These results revealed that in control fibro-
blasts, expression of the transcript for BH3-only pro-apoptotic
molecule Noxa was enhanced 8- to 10-fold under glucose
starvation compared to cells that were maintained under nor-
mal glucose. These results were comparable to a previous
report on the effect of glucose starvation on Noxa expression
[28]. However, the level of Noxa mRNA expression in
glucose-starved patient fibroblasts was more than 30-fold
higher compared to patient cells with glucose. To determine
the effect of glucose starvation on Noxa protein expression,
we carried out immunoprecipitation (IP) and Western blot
analysis (Fig. 6b) (endogenous Noxa protein was not detect-
able in fibroblasts by Western blot analysis of total cell ex-
tracts; data not shown). Consistent with the results on the
increased levels of Noxa mRNA, higher levels of Noxa pro-
tein were detected by immunoprecipitation and Western blot
analyses in patient fibroblasts that were exposed to glucose

@ Springer

Fig. 4 Gene expression profiling of W342 mutant in HTB17 cells by P>
RNA seq analysis. a The log2 fold-change in RNA level with the
W342 mutant relative to CtBP R342 is plotted against the log2 total
expression level in CtBP R342 cells. Expression values are total
normalized nucleotide coverage per gene. Red dots indicate genes that
are expressed at higher levels in W342 mutant cells than in wt CtBP cells
(¢ £0.05) and blue indicates genes that are expressed at lower levels. The
RNA seq results were submitted to data bank, and the geo accession
number is GSE126253. b Biological process ontology analysis of genes
expressed at higher levels in W342 cells. ¢ Biological process gene
ontology analysis of genes expressed at lower levels in W342 cells. d
Examples of upregulated and down regulated genes. Reference control
used in this experiment is HTB17CtBP1 RNA

starvation. In addition to the effect on Noxa, q-RT PCR anal-
ysis also revealed varying levels of activation of other pro-
apoptotic molecules such as Bax, Bik, and Bim, as well as
the anti-apoptotic molecules Bcl-2. However, Western blot
analysis did not reveal consistent changes in the protein
amounts for these genes (Fig. 6b). Thus, our results identify
Noxa as a specific target pro-apoptotic target molecule
deregulated by the CTBPI mutant allele.

Discussion

As expected from the structure of CtBP1 [16, 17], R342W
mutation may affect stable association of various transcrip-
tional regulatory proteins with the PXDLS-binding cleft.
Consistent with this interpretation, we have observed reduced
levels of interaction of various chromatin-modifying factors
such as HDAC1/2, HMTases (G9a and GLA) and H3-K4
demethylase LSD1, the scaffolding protein Co-REST as well
as several zinc-finger transcription factors such as ZEB1/2 in
unbiased proteomic analysis and by Western blotting (Fig. 3).
The expression of the mutant protein in the glioblastoma cell
model also resulted in altered expression profiles of genes
involved in multiple cellular pathways. Similar to our glio-
blastoma cell model, we did not detect major differences in
the in vitro growth phenotypes of patient fibroblasts compared
to control fibroblasts. However, when exposed to glucose dep-
rivation, the patient fibroblasts expressed elevated transcript
and protein levels of the pro-apoptotic molecule Noxa that
resulted in increased cell death. Thus, our study has identified
Noxa as a transcriptional target gene for the CtBP1 mutant
allele in human fibroblasts (Fig. 6). Noxa was originally iden-
tified as one of the pro-apoptotic CtBP-target genes in mouse
fibroblasts derived from ctbp1/2 double knockout embryos
[29].

Noxa expression was increased under glucose deprivation,
suggesting that the transcriptional repression activity of
CtBP1 might be relieved in cells that express the mutant allele
under bioenergetic changes resulting from glycolysis inhibi-
tion. As cellular NADH levels affect the association of CtBP
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contribute to the relief of transcriptional repression by the
mutant allele. We also noted the CtBP1 mutant W342

with cofactors via dimerization and oligomerization [18], re-
ductions in NADH caused by glucose deprivation may
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Fig. 5 Effect of glucose deprivation on cell death. Dermal fibroblasts
from normal donors (NTO11 and LE028) and patients (CSC43 and 44)
were grown in media containing normal media (indicated by +) or media
lacking glucose (indicated by —) for 6 days. The cells were photographed
under phase contrast (a) or quantitated under fluorescence microscope
after staining with DAPI (b). Cells were also stained with Annexin V

interacted with various binding partners at reduced levels even
under normal glucose conditions (Fig. 3). Thus, W342 muta-
tion may affect the association of CtBP-binding proteins even
in the presence of glucose. However, reduction in the levels of
NADH with glucose deprivation may exaggerate the defect.
In addition, glucose deprivation in patient cells with primary
or secondary mitochondrial dysfunction may also lead to in-
creased cell death which may, in part, explain the phenotype.
associated with CTBP1 mutations. These results raise the pos-
sibility that the de novo CTBPI mutation p.R342W may con-
tribute to developmental phenotypes as a result of deregulated

@ Springer

and PI using an apoptosis detection reagents and analyzed by FACS (c).
The experiments were repeated 3 times and the average number and
percentage of cell death with standard deviation was plotted. The P
values were determined by comparing the cell death in the presence and
absence of glucose in growth medium: ***P < 0.001

apoptosis in affected regions of the brain such as the cerebel-
lum where CtBP1 is highly expressed (www.proteinatlas.org/
ENSG00000159692-CTBP1/tissue).

There are multiple reports of heterozygous frameshift mu-
tations in unaffected individuals [30], suggesting that one
wild-type allele of CtBPI is sufficient for normal
neurodevelopment and that haploinsufficiency is not the dis-
ease mechanism present in these cases. The number of inde-
pendent recurrent de novo mutations of the same missense
mutation with overlapping phenotypes suggest significant
specificity of the effect of this alteration. Our results combined
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Fig. 6 Effect of glucose deprivation on the expression of apoptotic and
anti-apoptotic genes. a RNA analysis by RT-qPCR. The experiment was
carried out in triplicate and the relative quantification (RQ) values are
plotted. Reference control used in this experiment is NTO11(+
Glu)RNA. b Western blot analysis of apoptosis-related proteins. To
detect NOXA, cell extracts were immunoprecipitated and analyzed by
Western blotting. + indicates cells in glucose media. — indicates cells in

with the known autosomal dominant mode of inheritance
of the CtBPI p.R342W mutation suggest different binding
of the W342 allele [1]. Interestingly, CzBP2 has a highly
conserved PXDLS motif and with a neighboring arginine
which is not mutated in the healthy population. It is pos-
sible that similar mode of disease will be shown for this
paralog and that CTBPI and CTBP2 may function

media lacking glucose. The experiment was repeated 3 times and
quantitated the relative protein level using Image Studio Lite software,
LI-COR Biosciences (¢). The relative level of expression of NOXA in
CSC44 cells in medium lacking glucose is normalized to 1.0. The P
values were determined by comparing the expression of NOXA in the
presence and absence of glucose in growth medium: **P <0.01, ***P <
0.001

together in disease. In spite of the predictions, it remains
to be determined whether the mutant allele indeed func-
tions in a dominant negative fashion in patient cells to
activate Noxa. Future, studies with patient-derived lineage
specific cell models may illuminate the detailed mecha-
nistic basis leading to manifestation of different
phenotypes.
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