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Mutations in the PQBP1 gene (polyglutamine-binding protein-1) are responsible for a syndromic X-linked form of
neurodevelopmental disorder (XL-NDD) with intellectual disability (ID), named Renpenning syndrome. PQBP1 encodes a protein
involved in transcriptional and post-transcriptional regulation of gene expression. To investigate the consequences of PQBP1 loss,
we used RNA interference to knock-down (KD) PQBP1 in human neural stem cells (hNSC). We observed a decrease of cell
proliferation, as well as the deregulation of the expression of 58 genes, comprising genes encoding proteins associated with
neurodegenerative diseases, playing a role in mRNA regulation or involved in innate immunity. We also observed an enrichment of
genes involved in other forms of NDD (CELF2, APC2, etc). In particular, we identified an increase of a non-canonical isoform of
another XL-NDD gene, UPF3B, an actor of nonsense mRNA mediated decay (NMD). This isoform encodes a shorter protein
(UPF3B_S) deprived from the domains binding NMD effectors, however no notable change in NMD was observed after PQBP1-KD in
fibroblasts containing a premature termination codon. We showed that short non-canonical and long canonical UPF3B isoforms
have different interactomes, suggesting they could play distinct roles. The link between PQBP1 loss and increase of UPF3B_S
expression was confirmed in mRNA obtained from patients with pathogenic variants in PQBP1, particularly pronounced for
truncating variants and missense variants located in the C-terminal domain. We therefore used it as a molecular marker of
Renpenning syndrome, to test the pathogenicity of variants of uncertain clinical significance identified in PQPB1 in individuals with
NDD, using patient blood mRNA and HeLa cells expressing wild-type or mutant PQBP1 cDNA. We showed that these different
approaches were efficient to prove a functional effect of variants in the C-terminal domain of the protein. In conclusion, our study
provided information on the pathological mechanisms involved in Renpenning syndrome, but also allowed the identification of a
biomarker of PQBP1 deficiency useful to test variant effect.
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INTRODUCTION
More than a dozen of pathogenic variants, mostly truncating, have
been described in PQBP1 (polyglutamine-binding protein 1) as
responsible for syndromic X-linked neurodevelopmental disorders
(XL-NDD) with intellectual disability (ID) (Renpenning, Sutherland‐
Haan, Hamel, Porteous, and Golabi‐Ito‐Hall) [1–4] regrouped now
under the unique term of Renpenning syndrome [5]. Clinical
manifestations associated with these neurodevelopmental syn-
dromes include ID, microcephaly, growth retardation, lean body
and specific facial features [6].
PQBP1 encodes a protein involved in different cellular processes

such as regulation of transcription, splicing, translation or even
response to retroviral infection. PQBP1 was initially described as a

protein interacting with polyglutamine tracts of huntingtin or
ataxin1, through its polar amino-acid-rich domain (PRD) [7]. PQBP1
possesses a nuclear localization signal (NLS) allowing its addres-
sing to the nucleus through the Kapβ2 receptor [8, 9]. In the
nucleus, PQBP1 is involved in transcription regulation through its
interaction with activated RNA polymerase II [7] and various
transcription factors, and in splicing regulation [10]. A WW
domain, on the N-terminal side of PQBP1, has a transcriptional
activity and interacts with the splicing factor SIPP1 alias WP11. The
C-terminal part of PQBP1 includes a domain (CTD) interacting with
other splicing factors such as U5-15kDa alias TXNL4A [11]. In the
cytoplasm, PQBP1 can be localized in stress granules [12] and was
shown to play a role in translation of messenger RNAs [13],
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notably by binding the elongation factor eEF2 via its WW domain.
Loss of PQBP1 leads to an increase of the phosphorylation of
eEF2 stopping translational elongation and resulting in a global
decrease of protein synthesis, which affect protein synthesis-
dependent synaptic plasticity in the hippocampus [13]. PQBP1 is
also involved in the regulation of neuronal ciliogenesis via its
interaction with Dynamin2 [14]. Finally, PQBP1 can also play a role
in response to retroviral infection, interacting with reverse-
transcribed HIV-1 DNA, probably through its CTD domain, and
to the viral DNA sensor cGAS probably through its WW domain,
and therefore contributing to the innate immune response [15].
In humans, most of the variants described as causing ID are small

indels, located in the AG hexamer of exon 4 or downstream,
resulting in truncated proteins lacking their C-terminal domain, and
few additional truncating variants were also reported [6, 16–18].
Only a unique missense variant (p.Tyr65Cys) was considered as
pathogenic for years, reported in a family with severe clinical
manifestations classified as Golabi‐Ito‐Hall syndrome at that time
[4]. This missense variant affects a very conserved amino acid
position located in the WW domain and disrupts the interaction
between PQBP1 and the splicing factor WBP11 leading to a
decreased pre-mRNA splicing efficiency [19]. Two other missense
variants (p.Arg243Trp and p.Pro244Leu), located in the CTD domain,
were identified more recently in patients with ID by our group
and others [20, 21] and were considered as likely pathogenic as
they were shown to disrupt the binding with the splicing factor
TXNL4A [9, 22].
Different animal models of Pqbp1 loss have been generated,

including mice, Drosophila, nematode and Xenopus [23–27].
Constitutive knock-out of Pqbp1 in mice appears to be lethal
(www.mousephenotype.org/), mouse models where Pqbp1 was
knocked-down (~50%) display abnormal anxiety-related behavior,
and a decrease in anxiety-related cognition [25]. Nestin-Cre
neural-tissue-specific conditional knock-out (Pqbp1 cKO) display
abnormal anxiety-related behavior, as well as abnormal fear
conditioning and motor dysfunction at the rotarod test [26].
Recently, the same group demonstrated that cKO mice showed a
short stature and a reduction in bone mass, and displayed
impairment in bone formation and chondrocyte deficiency with
reduced osteoblast and chondrocyte-related gene expression [28].
The Pqbp1 cKO showed reduced head size, probably resulting
from an elongated cell cycle of neural progenitors [26], consistent
with the microcephaly described in patients. All these studies have
led to a better understanding of the different roles of Pqbp1, but
no studies have been performed to decipher the consequences of
PQBP1 loss on human neuronal cells.
We describe in this study the consequences of PQBP1 deficiency

in human neural stem cells (hNSC) where PQBP1 was knocked-
down (KD) using siRNA. We report a deregulation of 58 genes,
with an enrichment of genes known to cause ID when mutated, as
well as the increase of expression of a non-canonical isoform of
the UPF3B gene, another XL-NDD gene playing a role in nonsense-
mediated mRNA decay (NMD) and regulation of translation. While
the consequences of this increase and its involvement in the
pathophysiology of Renpenning syndrome remain unclear, we
showed that we can use it as a biomarker for this form of XL- NDD,
in particular to test the pathogenicity of variants of uncertain
clinical significance (VUS).

MATERIAL AND METHODS
Plasmids, siRNA and antibodies
A pool of 4 different siRNA directed against PQBP1 mRNA was used for the
KD (1: UGACAGGGAUCGAGAGCGU; 2: AGCCAUGACAAGUCGGACA; 3:
ACGAUGAUCCUGUGGACUA; 4: AGAUCAUUGCCGAGGACUA). For comple-
mentation test, PQBP1 inactivation was performed using siRNA n°4. Human
PQBP1 cDNA NM_005710.2 sequence (including the UTR) was subcloned
into PCS2+ plasmid under the CMV promoter and optimized to escape to

degradation by siRNA n°4 against PQBP1 by introducing three silent point
mutations (c.87 T > A, c.90 C > A and c.96 C > T at positions underlined in
siRNA n°4). Benign, pathogenic and VUS variants (Table S1) were
introduced by site-directed mutagenesis. Human UPF3B_L cDNA
(ENST00000276201.7 or NM_080632.2) and UPF3B_S (ENST00000636792.1
from ENSEMBL release 106) were subcloned into pcDNA3 plasmid under
the CMV promoter and tagged with HA (YPYDVPDYA) at the C-terminal
side of the protein. For western blots and immunostaining, specific primary
antibodies were used: anti-UPF3B (NSJ BIOREAGENTS), anti-PQBP1
(NOVUSBIO), anti-GAPDH (G9545 Sigma Aldrich). The secondary antibodies
used were HRP-labelled goat anti-mouse or anti-rabbit IgG and HRP
(Jackson Immunoresearch, Baltimore, PA, USA).

Cell culture, transfection and proliferation assay
Two lines of human neuronal stem cells (hNSC) from male origin were
used: hNSC-1 (SA001) and hNSC-2 (GM01869), previously described
[29, 30]. They were seeded on poly-ornithine and laminin-coated (Sigma-
Aldrich) dishes and maintained in DMEM/F12 and Neurobasal medium
(1:1) supplemented with N2, B27, 2-mercaptoethanol (Invitrogen, Carlsbad,
CA, USA), BDNF (20 ng/mL), FGF-2 (10 ng/mL)(PeproTech, Rocky Hill, NJ,
USA) and EGF (R&D Systems; 10 ng/mL) as described [30]. Lymphoblastoid
cell lines (LCL) were previously [1] or newly established by infection of
blood lymphocytes using Epstein-Barr virus and were maintained in RPMI
without HEPES and 10% fetal calf serum. HEK293 and HeLa cells were
maintained respectively in DMEM (1 g glucose / liter), 10% fetal calf serum
and gentamicin (40 µg/mL) in CellBind® flasks (Corning, NY, USA) for
HEK293T, DMEM (1 g glucose / liter), 5% fetal calf serum and gentamicin
(40 µg/mL) in CellBind® flasks (Corning, NY, USA) for HeLa. Cells were
transfected using INTERFERin (Polyplus) or Lipofectamine 2000 transfection
protocol (Thermo Fisher Scientific) for siRNA and plasmids respectively.
Cells were stopped at 24/48 and 96 hours after transfection for protein and
RNA extractions. For proliferation assay, reverse transfection of SA001 and
GM01869 hNSCs (6400 cells/cm2) was performed in 96-well plates using
INTERFERin reagent and 120 nM siRNA according to manufacturer’s
recommendation. Each day a plate was fixed and stained with DAPI and
number of nuclei in each condition counted using CellInsight automated
microscope and HCS Studio software (Thermo Fisher Scientific).

Subjects
Lymphoblastoid cell lines (LCL) were available for individuals with pathogenic
variants in PQBP1 (n= 7), with variants of uncertain significance (n= 3),
control individuals (n= 6) and individuals with a pathogenic variant in FMR1
(Fragile X syndrome, FXS) (n= 4) (Figure S1, Table S1). Blood RNA samples
(PaxGene) were available for individuals with pathogenic variants (n= 3) in
PQBP1, VUS in PQBP1 (n= 1) pathogenic variants in FMR1 (n= 2) and
individuals with other genetic forms of ID (n= 5, one with a pathogenic
variant in RPS6KA3, one in HCN1 and three with no clear molecular diagnosis
established). The individuals were referred for genetic testing as part of
routine clinical care. The participants or their legal representative signed
informed consent for research use (project approved by the Ethics Committee
of the Strasbourg University Hospital) as well as authorization for publication.
All PQBP1 variants were named according to the isoform NM_005710.2 which
encodes a protein of 265 amino acids. The potential effect of missense
variants was predicted using PolyPhen2 (http://genetics.bwh.harvard.edu/
pph2/) and CADD (https://cadd.gs.washington.edu/). We collected clinical
information for the patients reported for the first time in this study (P7, P8, P9,
P10, V2 and V2_s), as well as for the two brothers for whom we previously
reported the variant p.Pro244Leu (P2, P2_s)(Table S8).

mRNASeq
Total RNA was extracted 48 h after hNSC transfection. RNA-seq libraries of
template molecules suitable for high throughput sequencing were
established from 300 ng of total RNA using the KAPA RNA HyperPrep Kit
after a first step of purification using poly-T oligo-attached magnetic beads
(Roche). Libraries were sequenced on the Illumina Hiseq 4000 sequencer as
paired-end 100 base reads. Reads were mapped onto the hg38 assembly
of the human genome using Tophat 2.0.10 or 2.0.14 [31] and the bowtie
version 2-2.1.0 aligner [32]. Gene expression was quantified using HTSeq-
0.6.1 [33], using intersection-nonempty mode and gene annotations from
Ensembl release 85. Only non-ambiguously assigned reads were kept.
Comparisons of interest were performed using after normalization of read
count across libraries with the median-of-ratios method proposed by
Anders and Huber and a Wald test was used to estimate the p-values.
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Adjustment for multiple testing was performed with the Benjamini and
Hochberg method [34]. Alternative splicing and isoform-specific differ-
ential expression were identified using DEXSeq 1.14.2 [35], removing the
events with less than 5 reads. Only the differences found significant in the
siPQBP1 condition compared to INTERFERin treatment and not with the
siScramble, were considered. For the LCL cells, RNA-seq libraries of
template molecules were prepared as previously described [30]. The
discovery of enriched functional-related gene groups has been performed
using DAVID using a background list of 23,600 genes expressed in hNSC (5
reads or more in average obtained in RNaseq data) and a high stringency
parameter. Enrichment in genes involved in NDD (SysNDD, may 2022
update) was tested using hypergeometric probability (R package:
phyper(overlap-1, list1, population-list1, list2, lower.tail=FALSE).

RT-qPCR
Total RNAs were extracted from cells using the RNeasy extraction kit and
treated with RNase free DNAse set during 20min (Qiagen, Valencia, CA,
USA) or from blood using PaxGene blood RNA kit extraction (Preanalytix,
Hombrechtikon, Switzerland). RNA levels and quality were quantified using
a Nanodrop spectrophotometer and then with a 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA) for the RNA used for RNA-sequencing. For reverse
transcription-PCR (RT-PCR), 500 ng to 1 μg of total RNA was reverse
transcribed into cDNA using random hexamers and SuperScript IV reverse
transcriptase according to manufacturer’s recommendation. Real-time PCR
quantification (qPCR) was performed on LightCycler 480 II (Roche, Basel,
Switzerland) using the QuantiTect SYBR Green PCR Master Mix (Qiagen). All
qPCR reactions were performed in triplicate. Primer sets are listed in
Table S2. Reaction specificity was controlled by post-amplification melting
curve analysis. The relative expression of gene-of-interest vs GAPDH and
YWHAZ was calculated using the 2-(ΔΔCt) method and a parametric
Student’s t-test was performed in order to compare control vs patient cells
or untreated vs siRNA treated cells. Error bars represent standard error of
the mean (SEM). All the RNASeq and RT-qPCR experiments are summarized
in Figure S1.

Western Blot
Cells were lysed in RIPA buffer supplemented with protease inhibitor cocktail
and phosphatase inhibitor cocktail. 5 to 50 μg of protein lysate were
separated on 10% SDS-PAGE and transferred to polyvinylidene fluoride
membrane. Membranes were blocked in 5% nonfat dry milk diluted in tris
buffered saline with tween 20 and probed using the antibodies overnight at
4 °C. GAPDH was used as loading control. Incubation with appropriate
secondary HRP-labelled antibody (1 hour at room temperature) was followed
by detection with Immobilon western chemiluminescent HRP substrate
(Merck Millipore, Darmstadt, Germany).

Immunoprecipitation and Mass Spectrometry analyses
HEK293 were transfected in 6-well plates with 1 µg of pcDNA3 containing
the coding sequence of UPF3B_L or UPF3B_S. Proteins were extracted after
48 hoursand subjected to immunoprecipitation with Pierce Anti-HA
Magnetic Beads (Thermofisher 88836) according to manufacturer protocol.
Immunoprecipitations were validated by western-blots as previoulsy done
[36] before the mass spectrometry analyses (Proteomic platform, IGBMC).
Briefly, samples were treated with LysC/Trypsine for liquid digestion and
injected in Orbitrap ELITE / C18 Accucore 50 cm (20 μL 0.1%TFA / 1 μL) for
2 h runs in triplicate. Data were processed with Proteome Discoverer
2.2 software using Homosapiens_190716_reviewed. fasta and contam-
inants_190528.fasta databases. To consider a protein as a candidate
interactor, we applied the thresholds to keep only proteins with 1) at least
two unique peptides identified, 2) a positive value of Peptide-Spectrum
Matching (PSM) in each replicate of the tested condition 3) a positive
eXtracted Ion Chromatogram (XIC) value in at least one replicate of the
tested condition, 4) a sum of PSM for the three replicates of the control
condition (HA-beads only, “Empty”) inferior to 5, 5) a sum of PSM for the
three replicates of the tested condition (UPF3B_L or UPF3B_L) greater or
equal to 5 and 6) a ratio between the Normalized Spectral Abundance
Factor (NSAF) of the tested condition (UPF3B_L or UPF3B_L) and the NSAF
of the control (“Empty”) condition greater or equal to 2.

Measure of nonsense mediated mRNA decay (NMD)
Three fibroblast cell lines carrying heterozygote variants leading to
premature stop codon (PTC) in DYRK1A (PTC1, NM_001396.4: c.1232dupG,
p.Arg413fs), BRPF1 (PTC2, NM_001003694.1: c.1052_1053del, p.Val351fs)

and CNOT3 (PTC3, NM_014516.3: c.1127_1145del, p.Ala376fs) were used to
test the effect of PQBP1 inactivation or overexpression of UPF3B isoforms
on nonsense mediated mRNA decay (NMD). Fibroblasts were cultivated in
6-well-plates and treated during 24 h with the NMD inhibitor emetine
(50 µg/ml), siPQBP1 or pcDNA3-UPF3B_S/UPF3B_L. mRNA were extracted,
reverse transcribed, amplified and Sanger sequenced. Quantification of the
mutant alleles were performed by calculating the ratio between intensity
of peaks corresponding to the mutant vs wilt-type sequences. These ratios
were calculated for the different conditions and normalized to emetine
treatment (condition without NMD). Comparisons were performed using
one-way ANOVA test with Dunnet’s correction.

RESULTS
Consequences of PQBP1 knock-down in human neural stem
cells (hNSC)
In order to identify the consequences of PQBP1 deficiency, we used
human neural stem cells (hNSC), which are self-renewal homo-
genous precursors of cortical neurons representing a relevant
model to study pathophysiological mechanisms involved in NDD
[30]. We transiently inactivated PQBP1 in a first line of hNSC (hNSC-1)
using specific siRNA and obtained a knock-down (KD) of ~60% of
PQBP1 expression (Fig. 1A, B). As PQBP1 is known to play a role as
cell cycle regulator in neural progenitors [26], which is consistent
with the microcephaly observed in individuals affected by
Renpenning syndrome, we first tested if PQBP1-KD affects the
proliferation of hNSC. We observed a significant decrease in hNSC
proliferation 96 hours after PQBP1-KD in hNSC-1 when compared to
control condition (transfection agent only) or siScramble (Fig. 1C). A
decrease in proliferation, although not reaching statistically
significance, was observed for a second line of hNSC from another
genetic background (hNSC-2, p= 0.059, Figure S2). In order to study
the consequences of PQBP1-KD on the regulation of gene
expression and alternative splicing, we performed bulk RNA
sequencing on hNSC-1, which revealed 59 significant differentially
expressed protein-coding genes (DEG) in PQBP1-KD cells compared
to cells treated with transfection agent only (Fig. 1D, Table S3), while
no gene was found significantly differentially expressed in the
siScramble condition. Unsurprisingly, the most significant DEG was
PQBP1 (log2FC= –0.82, adjusted p-value= 3.7E–8). Among the
other DEG, 46 were down-regulated in PQBP1-KD context while only
12 were up-regulated. The down-regulated DEG were enriched in
genes known to cause neurodevelopmental disorders (NDD)(9/46 in
the “definitive” category from sysNDD database, p-value 2.9E-3) and
in candidate NDD genes (7/46 in the “limited” category from
sysNDD database, p-value= 1.1E–2). Pathway analysis revealed six
clusters among the DEG: genes encoding i) proteins linked to
neurodegenerative diseases including those related to mitochon-
drial function (APC2, AMBRA1, MT-CO2, MT-ND3), ii) RNA-binding
proteins involved inmRNAmetabolism and regulation of alternative
splicing (ex: CELF2, RBPSM2), iii) proteins containing LRR repeats
(LRRC61, LRRC4B, LRFN4), iv) proteins related to innate immunity
(SARM1, PRDM1, N4BP3), v) transmembrane proteins (SMIM13,
TM4SF18, CPM, NRP1, etc) and vi) ATP-binding proteins (DYRK2,
CPS1, ABCD1, UHMK1), however, due to the limited number of DEG
identified, the enrichment was not significant after multiple testing
corrections (Fig. 1E, Table S4). Decrease in expression of genes
encoding enzymes involved in lipid or steroid metabolism (HSDL2,
MID1IP1) has also been observed. To confirm these changes in gene
expression, RT-qPCR was performed on a third serie obtained from
hNSC-1 (n= 3 samples per condition) as well as on three series of
the second hNSC line coming from another genetic background
(hNSC-2, n= 9 samples per condition in total) (Fig. 1F). Differences
in exon coverage were also identified using DEXSeq in 48 protein-
coding genes, such as UPF3B, PLXNA2, PPP2R5C or CHD24 (Table S5,
Fig. 2A, Figure S3A). UPF3B is, like PQBP1, involved in X-linked NDD.
The coverage increase detected after PQBP1-KD corresponds to an
exon of a non-canonical short isoform of UPF3B (UPF3B_S,
ENST00000636792.1) (E’3 in Fig. 2A). This increase was confirmed
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Fig. 1 Consequences of PQBP1 Knock-Down (KD) in human neural stem cells (hNSC). A RT-qPCR analysis of PQBP1 mRNA (normalized on
GAPDH and YWHAZ) in hNSC-1 treated using siScramble or siPQBP1 compared to cells treated with transfectant only (48 h, n= 3). Multiple
comparison tests were performed using one-way ANOVA test with Dunnet’s correction: ns: not significant; **p-value < 0.01; Errors bars
represent SEM (standard error of the mean). B Level of PQBP1 protein extracted from hNSC-1 after 48 h transient PQBP1-KD (representative of
n= 3). C Proliferation assay performed on hNSC-1 treated with transfectant alone (Ctrl) or transfected with siScramble, siPQBP1 or siPLK1 siRNA
(known to induce cell apoptosis). At each time point (day D0, 1, 2, 3, and 4), the number of cells were counted and data normalized with
control condition D0 (n= 3). Student’s t test comparison was done comparing to control: *p-value < 0.05; Errors bars represent SEM. D Volcano
plot showing RNA sequencing data (siPQBP1 vs. Ctrl treated hNSC-1). Genes with no significant change in expression are shown in black;
genes deregulated with an adjusted p-value between 0.1 and 0.05 are shown in orange while genes significantly top deregulated (adjusted p-
value < 0.05, DEG) are shown in red. E Clusters of enriched functional-related gene groups identified using DAVID tools among DEG, detailed
in Table S4. F RT-qPCR analysis of 30 DEG (normalized on GAPDH and YWHAZ) after PQBP1-KD in hNSC-1 (third serie) and in hNSC-2 (3
independent series in triplicates). Genes known to be certainly (“Definitive”) or potentially (“Limited”) involved in NDD according to the
SysNDD database are indicated. Multiple comparison tests were performed using one-way ANOVA test with Dunnet’s correction: ns: not
significant; *p-value < 0.01; **p-value < 0.01 ***p-value < 0.001; NA: not tested; expression change is represented in log2FC (blue: increase, red:
decrease).
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by RT-qPCR in both hNSC-1 and hNSC-2, while no change was
observed at the mRNA level for the canonical long isoform
(UPF3B_L, ENST00000276201.7) (Fig. 2B).

The increase of UPF3B_S expression induced by PQBP1 knock-
down does not affect NMD
UPF3B encodes a protein involved in mRNA nonsense mediated
decay (NMD), but the role of UPF3B_S is currently unknown. This
isoform is particularly expressed in testis but is also expressed at
low level in EBV-transformed lymphocytes, in kidney and in
different brain region (GTEx database, Figure S4). Therefore, to test
if this increase in UPF3B_S expression caused by PQBP1 deficiency
affects NMD, we first searched for known NMD target genes [37]
among DEG but found no overlap. In parallel, we proceeded to
PQBP1-KD in fibroblasts carrying a premature truncating variant in
other NDD genes (DYRK1A, BRPF1 and CNOT3) known to induce
transcript degradation by the NMD system [38]. While we were
able to confirm the increase of UPF3B_S expression after PQBP1-KD
in fibroblasts, no effect was observed on the level of mutant
transcript compared to the untreated condition, suggesting that

this has no obvious effect on NMD in fibroblasts (Figure S5).
Overexpression of human UPF3B_L (ENST00000276201.7) and
UPF3B_S (ENST00000636792.1) cDNA sequences did not signifi-
cantly change the NMD level. To better understand the distinct
role of UPF3B isoforms, we performed immunoprecipitation-
coupled mass spectrometry on proteins extracted from HEK293
cells transfected with these constructs (Fig. 2C). We identified a
total of 101 proteins interacting with UPF3B: 13 proteins
interacting with both isoforms, 74 proteins interacting preferen-
tially or exclusively with UPF3B_L and only 14 preferentially or
exclusively with UPF3B_S (Table S7, Fig. 2D). As expected, we
retrieved nine of the known UPF3B interactors annotated in the
STRING and BioGRID databases (Fig. 2D) and found that UPF1,
UPF2 and ERF3A alias GSPT1 interact only with UPF3B_L but not
with UPF3B_S, which lacks the corresponding binding domains
(Fig. 2C), while the exon junction complex (EJC)-binding protein
RBM8A (alias Y14) interacts with both isoforms. Among the
proteins interacting preferentially with UPF3B_S, we identified
proteins involved in antibacterial humoral response (LTF, SEMG1,
IGHA1) and in redox homeostasis (PRDX4, PHGDH, SDHA).

Fig. 2 Expression of a non-canonical isoform of UPF3B (UPF3B_S) is increased after PQBP1-KD. A IGV visualization at the UPF3B locus of
RNAseq data (Sashimi plot) from hNSC-1 treated with transfectant agent only (Ctrl), siScramble or PQBP1 siRNA. Exons from the canonical
(UPF3B_L, ENST00000276201.7) and non-canonical (UPF3B_S, ENST00000636792.1) isoforms are represented under the RNASeq reads. The
number of reads supporting the E’2-E’3 junction are indicated. qPCR primers used for RT-qPCR validation of UPF3B_S and UPF3B_L isoforms are
represented by black arrows. B RT-qPCR analysis of UPF3B_S and UPF3B_L mRNA levels (normalized on GAPDH and YWHAZ) in hNSC treated
with siScramble or siPQBP1. Errors bars represent SEM Multiple comparison tests were performed using one-way ANOVA test with Dunnet’s
correction: ns: not significant; ***p-value < 0.001 C Schematic representation of UPF3B_L and UPF3B_S proteins with their domains known to
interact with UPF2, GSTP1 and RBM8A proteins, Uniprot accession numbers are indicated un light blue. D Protein interactome of UPF3B_L and
UPF3B_S isoforms characterized by immunoprecipitation coupled to mass spectrometry (IP-MS) after transfection in HEK293 cells. In orange:
proteins interacting preferentially with UPF3B_L; in blue: proteins interacting preferentially with UPF3B_S; in green: proteins interacting with
both UPF3B_L and UPF3B_S isoforms. Proteins already described as interacting with UPF3B are circled with a black line.
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Increase of UPF3B_S expression is observed in patients with
pathogenic variants in PQBP1
In order to test if UPF3B_S expression increase observed after
transient PQBP1-KD in hNSC and fibroblasts is also observed in

individuals with Renpenning syndrome, we used lymphoblastoid
cell lines (LCL) from individuals carrying variants in PQBP1 and
unaffected individuals (Fig. 3A, Figure S6, Table S1). We performed
RNA-Sequencing of LCL from 5 patients carrying pathogenic or

Fig. 3 Increase of UPF3B_S is a molecular marker for Renpenning syndrome. A Schematic representation of PQBP1 protein with its different
domains (WW: WW domain, PRD: Proline-rich domain, NLS: nuclear localization signal, CTD :C-terminal domain) and the different variants
analyzed in this study: in green, a missense variant found in males from gnomAD population and considered therefore as non-disease
causing; in red, variants reported as disease causing or likely disease-causing; in blue, variants of uncertain significance. B IGV visualization of
RNAseq data from lymphoblastoid cell lines (LCL) of control individuals (CT1-3) and patients with PQBP1 pathogenic variants (P1-4). C RT-qPCR
analysis of UPF3B_S (normalized on GAPDH and YWHAZ) in the first serie of LCL including control individuals (CONT, CT1-3, in green) and
individuals with pathogenic variants in PQBP1 (Patho, P1-4, in red) and individuals affected with Fragile-X syndrome (FXS1-3, in yellow) (n ≥ 2
per cell line), a second set of LCL from control individuals (CT4-6 in green) and individuals with frameshift variant in PQBP1 (P5, P6 in red),
individuals with variants of uncertain significance in PQBP1 (V1, V1_s, V2) and an additional individual with FXS (FXS4). LCL from individuals
with pathogenic variants from the first set (P1-4) were used a calibrator. D RT-qPCR analysis of UPF3B_S (normalized on GAPDH and YWHAZ) in
blood RNA samples (Paxgene) from individuals with ID without pathogenic variant in PQBP1 (in green), in individuals with pathogenic or likely
pathogenic variants in PQBP1 p.Arg153fs (P7, P9) and p.Arg243Trp (P8)(in red), individual with VUS in PQBP1 p.Arg10Pro (V3, in blue), and
individuals affected from Fragile-X syndrome (FXS4, FSX5 in yellow) (n= 1 Paxgene sample, qPCR triplicates). E RT-qPCR analysis of UPF3B_S
mRNA (normalized on GAPDH and YWHAZ) in HeLa cells co-transfected with siScramble or siPQBP1 and WT or mutant PQBP1 cDNA (WT and
benign variant in green, pathogenic variants in red and VUS in blue, n= 3 series minimum per condition). Multiple comparisons tests were
performed using one-way ANOVA test with Dunnet’s correction: ns: not significant; **p-value < 0.01; ***p-value < 0.001; Errors bars
represent SEM.
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likely pathogenic (P1, P1_s, P2, P3 and P4) versus 3 control
individuals (CT1-3), we were able to retrieve the increase of
UPF3B_S expression (Fig. 3B), as well as the increase of the PLXNA2
isoform (Figure S3B) observed in hNSC. These increases were
found to be more pronounced for patients carrying the truncating
recurrent p.Arg153fs variant (P4) or the missense variants located
in the CTD domain p.Pro244Leu (P2) and p.Arg243Trp (P1, P1_s)
than for the patient with the missense variant located in the WW
domain p.Tyr65Cys (P3). UPF3B_S increase was confirmed by RT-
qPCR (Fig. 3C) and was not detected for individuals with another
X-linked NDD syndrome, FXS (FXS1-3), while it was confirmed in a
second set of patients with truncating variants in PQBP1 (P5, P6)
(Fig. 3C). As the increase of UPF3B_S expression was observed in
both patients’ LCL and after PQBP1-KD in all the cell types
analyzed, we intent to use it as a biomarker of PQPB1 deficiency in
order to test the functional consequences of variants in this gene.
We tested UPF3B_S expression in LCLs from individuals with
variants of uncertain significance (VUS) in PQBP1: one distal
frameshift variant, p.Phe240fs, leading to a protein ten amino
acids longer than the wild-type and previously reported by Hu
et al. in two brothers with ID with no additional clinical
information available [20] and one missense variant p.Arg10Pro
located on the N-terminal side of the protein identified in two
brothers with severe ID, microcephaly and severe growth
retardation, spasticity and additional findings detailed in Table S8.
We observed a significant increase of UPF3B_S in LCL obtained
from two brothers (V1, V1_s) carrying the distal frameshift variant,
(Fig. 3C). On the contrary, only a moderate increase, not reaching
statistical significance, was found for one of the individuals
carrying the p.Arg10Pro missense variant (V2), similar to what was
found for the other variant located on N-terminal side of the
protein, p.Tyr65Cys (Fig. 3C).

Increase of UPF3B_S expression is a biomarker for variants
affecting PQBP1 CTD
As LCL immortalization is not routinely practiced by hospital
laboratories, we tested if UPF3B_S expression could be detected
on mRNA directly extracted from patients’ blood. As expected, no
expression was detected in control individuals and individuals
with FXS, while UPF3B_S was found expressed in blood from three
individuals with pathogenic variants in PQBP1 (P7, P8, P9) (Fig. 3D).
Confirming the results obtained in LCL, only a slight but not
significant increase of UPF3B_S was observed in blood mRNA from
an individual with the p.Arg10Pro variant (V2). In order to set up a
functional assay which does not require patient material, we
performed a complementation test in HeLa cells by co-
transfecting PQBP1 siRNA with optimized siRNA-resistant plasmids
containing the wild-type or mutant human PQBP1 cDNA. We first
confirmed that siPQBP1 transfection increases UPF3B_S expression
in HeLa cells, while co-transfection with optimized WT PQBP1
constructs reverts this increase (Fig. 3E, Figure S7). As expected,
co-transfection with the PQBP1 construct containing a variant
predicted to be benign (reported in two males from the GnomAD
population), p.Arg181Trp, gave results similar to WT. On the
contrary, co-transfection with mutant p.Arg153fs failed to revert
the UPF3B_S increase. Similarly, no complementation was
obtained for p.Arg243Trp, p.Pro244Leu and p.Phe240fs mutants,
while a partial complementation was observed for p.Tyr65Cys and
p.Arg10Pro variants, confirming what we previously observed in
LCL (Fig. 3B, C) and suggesting that UPF3B_S increase is more
pronounced for variants affecting the CTD domain of PQBP1
(truncating variants and missense variants located in this domain)
than for variants located in the N-terminal part of the protein.
Surprisingly, UPF3B_S expression increase was even more
pronounced for the p.Arg243Trp, p.Pro244Leu and p.Phe240fs
mutants than for p.Arg153fs and the increase was observed even
without PQBP1-KD, suggesting that these mutants might have a
stronger effect than just a loss of PQBP1. Therefore, we used this

complementation assay to test the effect of an additional variant
located in this CTD and reported in literature in an individual with
NDD, p.Asp202His [39], and found a significant increase of
UPF3B_S expression, suggesting a likely pathogenic effect (Fig. 3E).
We reviewed the clinical manifestations of the patients analyzed in
this study and carrying either a missense variant in the CTD
domain, in the N-terminal part, or a frameshift variant. We
observed that, independently from their variant location, the
different patients present with clinical symptoms which could be
consistent with Renpenning syndrome: ID, microcephaly, short
stature, language impairment facial dysmorphism including a
prominent nose, hypermetropia, ADHD [3, 6] (Table S8). However,
patients with the missense variants p.Arg243Trp and p.Pro244Leu
seem to present with a milder form of ID, and sometimes
borderline or even no ID. An heterogenous IQ illustrating a
preserved verbal comprehension ability with a more impaired
working memory was measured for P2 and P8 for instance, in
accordance with what was recently described by others for
another individual with the p.Arg243Trp variant [22]. If such mild
ID was already previously reported in a few patients with
frameshift variants [6], those patients tend in general to present
with a more pronounced form of ID. The individuals reported with
the missense variants in the WW domain (p.Cys65Tyr and
p.Arg10Pro) also have a more severe form of ID and very severe
growth retardation [4] (Table S8).

DISCUSSION
In this study, we identified genes and exons differentially
expressed after a transient knock-down of PQBP1 in human
neural stem cells (hNSC). The changes in gene expression
observed in hNSC, mainly down-regulations, were robust as 80%
of them were found significantly deregulated in a second
independent hNSC line from another genetic background.
Functional annotation of DEG revealed that PQBP1-KD affect
expression of genes related to neurodegenerative disorders,
mRNA regulation and innate immunity, which is highly consistent
with the functional roles of PQBP1 previously described by others
(review [40]). Identified originally as an interactor of polyQ
proteins, PQBP1 is linked to several neurodegenerative disorders.
For instance, PQBP1 interacts with proteins involved in cerebellar
ataxia type 1 (ATXN1) and Huntington disease (HTT) [7, 11]. PQBP1
was also found to be down-regulated in cortical neurons of
individuals with Alzheimer Disease [41]. Moreover, motor neuron
degeneration, linked to mitochondrial morphological abnormal-
ities, was identified in Pqbp1 ko mice [42]. Interestingly several
genes related to mitochondrial functions are deregulated after
PQBP1-KD in hNSC, consistent with what was previously observed
in Pqbp1 cko mice [42], and we observed a decrease of AMBRA1
expression, a regulator of autophagy leading to a severe form of
neurodevelopmental defects when mutated [43]. Several genes
encoding transmembrane proteins are down-regulated after
PQBP1-KD, some of them being important for synapse formation
or function (NRXN2, LRFN4, LRRC4B, SYT2). Among the genes
down-regulated after PQBP1-KD, we observed an enrichment in
genes involved in other neurodevelopmental disorders such as
CELF2 (expression decreased after PQBP1-KD), an RNA binding
protein mutated in a neurodevelopmental syndrome with ID and
epilepsy [44]. On the other hand, we identified an increase of
expression for a non-canonical isoform of UPF3B, another X-linked
gene involved in different types NDD including ID, autism
spectrum disorder and even childhood onset schizophrenia
[45, 46]. The increase of this UPF3B_S isoform was observed after
PQBP1-KD in all the cell types analyzed (hNSC, HeLa, fibroblasts)
and was also detected from patients’ material (mRNA extracted
from LCL and blood). Compared to the canonical UPF3B_L
transcript, this isoform is described to use an alternative
transcription initiation site as well as an alternative splicing of
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exon 11 (the last exon of the canonical isoform). We therefore
showed that UPF3B_S expression is a molecular marker for PQBP1
deficiency, and that effect of variant of uncertain significance
(VUS) identified in PQBP1 could be evaluated from a simple blood
RNA extraction.
There is no report about the biological function of this short

isoform of UPF3B. In a normal context, UPF3B_S mRNA appears
to be low expressed compared to the canonical isoform,
according to the GTEx database. Low expression is detected in
different tissues including the brain, and the highest expression
was detected in testis. It is noticeable that genital manifesta-
tions, and especially microorchidia, are reported for individuals
with Renpenning syndrome. While a strong increase of UPF3B_S
expression was observed for truncating variants or missense
variants located in the CTD domain of PQBP1, only a slight
increase could be detected for the missense variant p.Tyr65Cys,
located in the WW domain, and Pro10Leu. Moreover, several
variants affecting the CTD (p.Phe240fs, p.Pro244Leu and
p.Arg243Trp) tend to have a stronger effect than PQBP1
deficiency and lead to UPF3B_S increase even when PQBP1 WT
is still expressed (siScramble condition, Fig. 3E). The CTD domain
of PQBP1 is known to be involved in the interaction with the
splicing factor TXNL4A [11] and it was recently shown that both
p.Arg243Trp and p.Pro244Leu variants alter this binding [9, 22].
The p.Tyr65Cys variant, on the contrary, does not affect binding
to TXNL4A [9]. We could therefore speculate that pathogenic
variants in PQBP1 have different molecular effects depending of
their location on the protein, as UPF3B_S expression increase
seems to be stronger for variants located affecting CTD domain
than for variants located in the N-terminal part of the protein,
and we would not recommend using it to test the effect of VUS
located on the N-terminal part of the protein. However, if
missense variants located in the WW and CTD domains would
affect PQBP1 functions in different way, it remains puzzling that
the different individuals present clinical symptoms overlapping
with Renpenning syndrome. That being said, it is noteworthy the
clinical manifestations of the individuals carrying the p.Pro10Leu
overlap more strongly with the Golabi-Ito-Hall description of the
family with the p.Tyr65Cys variant by Lubs et al. (severe growth
retardation, asymmetric face, severe spasticity, etc) [4] than with
other individuals with Repenning syndrome. Very recently,
a DNA methylation signature was described for individuals
with PQBP1 variants, which could also represent an interesting
biomarker for Renpenning syndrome [47]: the methylation
profile obtained for the individual with the Tyr65Cys variant
seems to show an intermediate profile.
Using immunoprecipitation coupled to mass spectrometry (IP-

MS), we confirmed that UPF3B_S can bind to the EJC-protein
RBM8A (as predicted by its protein sequence containing RBM8A
binding motifs) but not with NMD effectors UPF1 and UPF2. We
did not observe NMD dysfunction after PQBP1-KD in fibroblasts
carrying a premature stop codon (PTC) and we observed no
change in expression of natural target of NMD in hNSC. We found
that UPF3B isoforms interact with proteins involved in mRNA
binding and regulation of translation (ribosomal proteins and
translation initiation or elongation factors). Several proteins found
to interact with UPF3B are known to be also PQBP1 interactors,
such as the translation elongation factor eEF2 [13] or the splicing
factor SRRM2. Among the few proteins detected as interacting
preferentially with UPF3B_S, some play a role in redox home-
ostasis or in immune defense against infection. EBV-infected
lymphocytes being the second type of cells showing the highest
UPF3B_S expression, we could speculate that this isoform might
play a role in response to infection.
In this study, we showed that PQBP1-KD affects the ability of

hNSC to proliferate, consistent with what was previously
reported by other in non-human neuronal progenitors [26].
Indeed, Ito et al. observed, in nestin-Cre conditional KO mice for

Pqbp1, which present with reduced head size, a loss of
proliferation of neural progenitors probably due to an elongated
cell cycle. Interestingly, Upf3b KD in mouse neural progenitor
cells leads on the contrary to an increase of cell proliferation
[48], and patients with loss-of-function variants in UPF3B have
macrocephaly. Additional experiments would be needed to test
if UPF3B_S expression increase might contribute to the decrease
of hNSC proliferation induced by PQBP1-KD and could be linked
to Renpenning patients’ microcephaly. As UPF3B_S is highly
expressed in testis, this might also contribute to the micro-
orchidia phenotype of individuals with Renpenning syndrome.
Beside head size, additional mirror phenotypes can be observed
between Renpenning syndrome and UPF3B-related ID, as the
short versus tall stature for instance.
In conclusion, we describe here for the first time the

consequences of PQBP1 inactivation in human neural stem cells.
We were able to show that cell proliferation is affected, as well as
the expression of about fifty genes, with an enrichment of genes
involved in other neurodevelopmental disorders. We identified an
increase in the expression of a non-canonical isoform of the
X-linked NDD gene UPF3B. If the function of this isoform remains
to be elucidated, its expression represents a biomarker for PQBP1
deficiency, useful to test VUS and eventually to assess the impact
of future therapeutic approaches for Renpenning syndrome.

Web Resources
The URLs for online tools and data presented herein are:
CADD: https://cadd.gs.washington.edu/
ClinVar: http://www.ncbi.nlm.nih.gov/clinvar/
BioGRID: https://thebiogrid.org/
DAVID Tools: https://david.ncifcrf.gov/tools.jsp
Ensembl: https://www.ensembl.org/
GEO: https://www.ncbi.nlm.nih.gov/geo/
GnomAD: http://gnomad.broadinstitute.org/
GTEx : https://gtexportal.org/home/
Integrative Genomics Viewer (IGV): http://www.broadinstitute.org/
igv/
OMIM: http://www.omim/org/
SysNDD: https://sysndd.dbmr.unibe.ch/
UCSC: http://genome.ucsc.edu/

DATA AVAILABILITY
Data have been submitted to Gene Expression Omnibus (GSE247739).
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