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Abstract 

Mutations in the PQBP1 gene (polyglutamine-binding protein 1) are responsible for a 

syndromic X-linked form of intellectual disability (XLID), the Renpenning syndrome. 

PQBP1 encodes a protein that plays a role in the regulation of gene expression, splicing and 

mRNA translation. To investigate the consequences of variants in PQBP1, we performed 

transcriptomic studies in 1) patients’ lymphoblastoid cell lines (LCL) carrying pathogenic 

variants in PQBP1 and 2) in human neural stem cells (hNSC) knocked-down (KD) for 

PQBP1. This led to the identification of a hundred dysregulated genes. In particular, we 

identified an increase in the expression of a non-canonical isoform of another XLID gene, 

UPF3B.  UPF3B plays a crucial role during neurodevelopment by coding for an important 

actor of the nonsense mRNA mediated decay (NMD) system involved in regulation of protein 

translation, however, the exact function of the non-canonical isoform, UPF3B_S, is currently 

unknown. In order to investigate the role of UPF3B_S isoform, we compared the protein 

interactome of UPF3B_S to the canonical isoform (UPF3B_L). We confirmed that, on the 

contrary to UPF3B_L, UPF3B_S does not interact with the UPF2/UPF1 complex while it still 

interacts with exon junction complexes (EJC). However, no notable decrease of NMD 

pathways was observed in patient’s LCL or in hNSC KD for PQBP1. We identified several 

additional protein interactors specific to UPF3B_S. Moreover, we used the increase of 

UPF3B_S mRNA as a molecular marker to test the pathogenicity of variants of unknown 

clinical significance identified in individuals with ID in PQPB1. We analyzed patients’ LCL 

mRNA as well as blood mRNA samples and performed complementation studies in HeLa 

cells by overexpressing Wild-type and mutant PQBP1 cDNA. We showed that all these three 

approaches were efficient to test the effect of variants, at least for variants affecting the CTD 

domain of the protein. In conclusion, our study provides information on how PQBP1 

deficiency may affect the expression of genes and isoforms, such as UPF3B. This informs 

about the pathological mechanisms involved in Renpenning syndrome but also allows to 

propose a functional test for variants of unknown significance identified in PQBP1.  
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INTRODUCTION 

More than a dozen of pathogenic variants, mostly truncating, have been described in PQBP1 

(polyglutamine-binding protein 1), responsible for syndromic X-linked intellectual disabilities 

(XLID) (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 syndromes include microcephaly, growth retardation, lean profile 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). It also contains on its N-terminal side a 

WW domain which has a transcriptional activity and interacts with the splicing factor 

SIPP1/WP11. The C-terminal part of PQBP1 includes a domain (CTD) interacting with other 

splicing factors such as U5-15kDa/TXNL4A (8). Moreover, a nuclear localization signal 

(NLS) allows its addressing to the nucleus through the Kapβ2 receptor (9,10). In the nucleus, 

PQBP1 is involved in transcription regulation through its interaction with activated RNA 

polymerase II (7) and various transcription factors such as POU3F2/Brn2 (11). PQBP1 has 

been found to be located in nuclear speckles, suggesting a role in splicing regulation, 

consistent with its interactions with the different splicing factors cited above and with the 

general splicing alterations observed after PQBP1 knock-down in a model of murine primary 

neurons (12). PQBP1 is a nuclear-cytoplasmic shuttling protein playing also various roles in 

the cytoplasm. Indeed, it can be localized in stress granules (13) and was shown to play a role 

in translation of messenger RNAs (14). PQBP1 binds to the elongation factor eEF2 via its 

WW domain and suppresses its phosphorylation-mediated inactivation. 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 (14). PQBP1 is involved in the regulation of neuronal 

ciliogenesis via its interaction with Dynamin2 (15). 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 (16). 
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Constitutive knock-out of Pqbp1 in mice appears to be lethal (www.mousephenotype.org/),  

mice models where Pqbp1 was knocked-down (~50%) display abnormal anxiety-related 

behavior, and a decrease in anxiety-related cognition (17). Nestin-Cre conditional knock-out 

(Pqbp1 cKO) display abnormal anxiety-related behavior, as well as abnormal fear 

conditioning and motor dysfunction at the rotarod test (18). Recently, the same group 

demonstrated that cKO mice showed a short stature and a reduction in bone mass, and display 

impairment in bone formation and chondrocyte deficiency with reduced osteoblast and 

chondrocyte-related gene expression (19). The Pqbp1 cKO showed microcephaly, probably 

resulting from an elongated cell cycle of neural progenitors (18).  

In humans, most of the variants described are small indels, located in the AG hexamer of exon 

4 or downstream, resulting in truncated proteins lacking their C-terminal domain, but few 

additional truncating variants were also reported (6,20–22). Only few missense variants have 

been reported in PQBP1 and for years, only a unique missense variant (p.Tyr65Cys) was 

considered as pathogenic (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 (23). Two other 

missense variations (p.Arg243Trp and p.Pro244Leu), located in the CTD domain were 

identified more recently in patients with ID by our group and others (24,25). The Pro244Leu 

change was shown to disrupt PQBP1 binding to the splicing factor U5-15kDa/TXNL4A (10).  

We describe in this study the changes in gene expression induced by a loss of function of 

PQBP1 in human cells, using both lymphoblastoid cell lines (LCL) of patients carrying 

pathogenic variants in PQBP1 and human neural stem cells (hNSC) where PQBP1 was 

knocked-down (KD) by siRNA.  We report in particular the increase of expression of a non-

canonical isoform of the UPF3B gene, another gene involved in XLID playing a role in 

nonsense-mediated mRNA decay (NMD) and regulation of translation. Finally, we showed 

that we can use this increase as a biomarker for Renpenning syndrome to test the 

pathogenicity of variants of unknown significance in PQBP1 located in the C terminal part of 

the protein. 

 

Material and methods 

 

Subjects 
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Clinical information was retrieved from clinicians for individuals carrying pathogenic variants 

identified by panel or exome sequencing. 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/). 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 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) (Table S1). 

 

Plasmids, siRNA and antibodies 

A pool of 4 different siRNA directed against PQBP1 mRNA was used for PQBP1 KD (1: 

UGACAGGGAUCGAGAGCGU; 2: AGCCAUGACAAGUCGGACA; 3: 

ACGAUGAUCCUGUGGACUA; 4: AGAUCAUUGCCGAGGACUA). For 

complementation test, PQBP1 inactivation was performed using siRNA number 4. Human 

PQBP1 cDNA NM_005710.2 sequence (including UTR) was subcloned into PCS2+ plasmid 

under CMV promoter and optimized to escape to degradation by siRNA against PQBP1 by 

introducing 3 silent point mutations. Benign, pathogenic and VUS variants were introduced 

by site-directed mutagenesis (Table S1). Human UPF3B_L cDNA (ENST00000276201 or 

NM_080632.2) and UPF3B_S (ENST00000636792) were subcloned into pcDNA3 plasmid 

under CMV promoter and tagged with HA motif (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-APP (Invitrogen 

Invitrogen 51-2700), 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 

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 
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and 10% fetal calf serum. Two lines of human neuronal stem cells (hNSC) were used: hNSC-

1 (SA001) and hNSC-2 (GM01869), previously described (26,27).  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 (20ng/mL), FGF-2 (10ng/mL) (PeproTech, Rocky Hill, NJ, 

USA) and EGF (R&D Systems; 10ng/mL) as described (27). HEK293 and HeLa cells were 

maintained respectively in DMEM (1g glucose / liter), 10% fetal calf serum and gentamicin 

(40µg/mL) in CellBind® flasks (Corning, NY, USA) for HEK293T, DMEM (1g glucose / 

liter), 5% fetal calf serum and gentamicin (40µg/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 (6,400 cells/cm2) 

was performed in 96-well plates using INTERFERin reagent and 120nM 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).  

 

mRNASeq 

For the LCL cells, RNA-seq libraries of template molecules were prepared as previously 

described (27). For the hNSC, RNA-seq libraries of template molecules suitable for high 

throughput sequencing were established from 300ng 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 (28) and the bowtie version 2-2.1.0 aligner (29) Gene expression was 

quantified using HTSeq-0.6.1 (30) ), using intersection-nonempty mode and gene annotations 

from Ensembl release 85. Only non-ambiguously assigned reads were kept. Comparisons of 

interest were performed using R 3.2.5 and DESeq2 1.10.1 (31). More precisely, read 

counts were normalized across libraries with the median-of-ratios method proposed by 

Anders and Huber (30) and a Wald test was used to estimate the p-values. Adjustment for 

multiple testing was performed with the Benjamini and Hochberg method (31). Alternative 
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splicing and isoform-specific differential expression were identified using DEXSeq 1.14.2 

(32). 

 

RT-qPCR 

Total RNAs were extracted from cells using the RNeasy extraction kit and treated with RNase 

free DNAse set during 20 min (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), 500ng to 1μg 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). 

 

Western Blot 

Cells were lysed in RIPA buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 0.25% sodium 

deoxycholate, 1% NP-40) supplemented with protease inhibitor cocktail and phosphatase 

inhibitor cocktail. 5 to 50μg 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 (50mM Tris, 150mM NaCl, 0.05% Tween 

20) and probed using the antibodies overnight at 4°C. GAPDH was used as loading control. 

Incubation with appropriate secondary HRP-labelled antibody (less than 1h) was followed by 

detection with Immobilon western chemiluminescent HRP substrate (Merck Millipore, 

Darmstadt, Germany). 
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Immunoprecipitation and Mass Spectrometry analyses 

Protein were extracted from HEK293 cells overexpressing UPF3B_L (ENST00000276201) or 

UPF3B_S (ENST00000636792) and subjected to immunoprecipitation with Pierce Anti-HA 

Magnetic Beads (Thermofisher 88836) according to manufacturer protocol. 

Immunoprecipitations were validated by WB as previoulsy done (33) 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 50cm 

(20μL 0.1%TFA / 1μL) for 2h runs in triplicate. Data were processed with Proteome 

Discoverer 2.2 software using Homosapiens_190716_reviewed. fasta and 

contaminants_190528.fasta databases. To consider a protein as a candidate interactor, we 

applied the thresholds to keep only protein with 1) at least two unique peptides, 2) a positive 

value of Peptide-Spectrum Matching (PSM) in each replicate 3) a positive eXtracted Ion 

Chromatogram (XIC) value in at least one replicate, 4) a sum of PSM for the three replicates 

of the control (empty) condition inferior to 5, 5) a sum of PSM for the three replicates of the 

test condition (UPF3B_L or UPF3B_L) greater or equal to 5 and 6) a ratio between the 

Normalized Spectral Abundance Factor (NSAF) of the test condition (UPF3B_L or 

UPF3B_L) and the NSAF of the control (empty) condition greater or equal to 2. Enrichment 

analysis were realized using DAVID (Database for Annotation, Visualization and Integrated 

Discovery) or the GO (Gene Ontology Resource). 

 

 

RESULTS 

 

Identification of genes differentially expressed in individuals with Renpenning syndrome 

In order to identify the effect of PQBP1 deficiency on the regulation of gene expression and 

alternative splicing, we performed sequencing of mRNA extracted from lymphoblastoid cell 

lines (LCL) obtained from unrelated control males (n=3) and males carrying pathogenic or 

likely pathogenic variants in PQBP1 (n=5) (Figure 1, Figure S1-S2-S3, Table S1), including 

one patient with the recurrent truncating p.Arg153fs variant as well as four patients with 

missense variants p.Tyr65Cys, p.Arg243Trp and p.Pro244Leu variants (4,24,25,34) reported 

to affect PQBP1’s ability to interact with partners (10,23,34). Analysis of gene expression 

revealed 79 protein-coding genes differentially expressed (DEG) in individuals with variants 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2022. ; https://doi.org/10.1101/2022.05.29.493091doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.29.493091
http://creativecommons.org/licenses/by/4.0/


in PQBP1, 53 up-regulated and 26 down-regulated (Figure S3, Table S3). We observed for 

instance a strong increase in APP expression in individuals with a pathogenic variant in 

PQBP1. RT-qPCR was used to confirm the results obtained by RNAseq on mRNA from the 

same individuals and from a second set of LCLs including additional: control individuals 

(n=3), individuals with PQBP1 frameshift variants (n=2), individuals with PQBP1 variant of 

unknown significance (VUS, n=3) and individual with a neurodevelopmental condition from 

another genetic origin, the Fragile-X syndrome (FXS, n=4). However, while the increase 

observed in patients has been confirmed by RT-qPCR on the first set of LCLs at the mRNA 

level (Figure S3C) and at the protein level (Figure S3D), this was failed to be confirmed by 

the analysis of the second set of LCL (Figure S3E), which detected a large variability in APP 

expression, regardless of the status of the individuals.  Similar results were obtained for other 

genes found upregulated in the RNASeq analysis (data not shown). Transcriptomic analysis 

performed at exon level using DEXseq identified 117 different expressed exons (DEE) 

belonging to 97 protein-coding genes (Table S4). Among them, four exons corresponding to 

a non-canonical short isoform of the UPF3B gene (ENST00000636792, UPF3B_S), were 

significantly more covered in patients (log2FC: 1.06-2.17, adjusted p-value: 1.4E-3 – 1.78E-

5) (Figure 2A, Figure S4A). The increase was confirmed by RT-qPCR in the same 

individuals, even if it seems less pronounced for the individual with the p.Tyr65Cys (P4) than 

for the other patients, and also found significant in the second set of patients while not 

detected for individuals with FXS (Figure 2B-C). This effect was specific to the short 

isoform as no change was observed in RNAseq or RT-qPCR for the long UPF3B isoform 

(ENST00000276201, UPF3B_L) (Figure S4B). To confirm that PQBP1 loss leads to an 

upregulation of UPF3B_S, we treated two human Neural Stem Cell lines (hNSC), which are 

self-renewal homogenous precursors of cortical neurons, with a pool of siRNA directed 

against PQBP1. A knock-down (KD) of 40% of PQBP1 expression was obtained (Figure 3A-

B). A significant increase of UPF3B_S but not UPF3B_L expression was identified in the KD 

condition (while no change was observed using a nonspecific siRNA, scramble) (Figure 3C), 

confirming what was observed in patients with pathogenic variants in PQBP1. This increase 

was confirmed in various cell types after PQBP1-KD (HeLa, fibroblasts, HEK293, etc)(data 

not shown). 

 

Consequences of PQBP1 knock-down in human neural stem cells (hNSC) 
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In order to identify additional DEG or DEE after PQBP1-KD in hNSC, we performed 

RNAseq of mRNA extracted from the first hNSC line (hNSC-1, in duplicates) (Figure S2). 

Transcriptomic analysis revealed 59 significant DEG (12 up-regulated and 47 down-

regulated) in PQBP1-KD cells compared to cells treated with transfection agent only 

(INTERFERin), while no gene was found significantly DE in the scramble siRNA condition 

(Table S5, Figure 3D). Unsurprisingly, the most significant DE gene was PQBP1 (log2FC=-

0.82, adjusted p-value =3.7E-8). To confirm these changes in gene expression, RT-qPCR was 

performed for the best candidate genes on a third series of hNSC-1 (n=3 samples per 

condition) as well as on three series of hNSC-2 (n=9 samples per condition in total) (Figure 

3E). Among others, we identified that PQBP1-KD leads to a decrease in expression of genes 

encoding proteins essential for brain development, including transcription factors (FOXJ1, 

NPAS3), neurotrophic factor (GFMB) or autophagic proteins (AMBRA1). A decrease of genes 

encoding proteins involved in neurite outgrowth and synaptic formation (LRFN4, APC2 or 

FIGNL2) or synaptic function (SYT2, NRXN2, SARM1, MAPK8IP2 or RNF167) was also 

observed. Two RNA-binding proteins involved in mRNA metabolism and particularly 

regulation of alternative splicing (CELF2 and RBPMS2) were found to be down-regulated 

after PQBP1-KD. Decrease in expression of genes encoding metabolic enzymes, and 

especially enzymes involved in lipid or steroid metabolism (HSDL2, MID1IP1) have also 

been observed. As PQBP1 is known to play a role of cell cycle regulator in neural progenitors 

(18), which is consistent with the microcephaly observed in individuals affected by 

Renpenning syndrome, we decided to test if PQBP1-KD affect the proliferation of hNSC. We 

observed a significant decrease in hNSC proliferation 96 hours after PQBP1-KD in hNSC-1 

when compared to transfection agent only (INTERFERin) or Scramble siRNA (Figure 3F).  

A similar tendency was obtained for hNSC-2 (p=0.059). Despite the described role of PQBP1 

in splicing regulation, difference in exon coverage were observed in a few genes only using 

DEXSeq (n=3) (Table S6), but could not be confirmed by RT-PCR. 

 

The increase of UPF3B_S expression induced by PQBP1 deficiency does not affect NMD 

The UPF3B_L isoform encodes a protein involved in mRNA nonsense mediated decay 

(NMD), but the role of UPF3B_S is currently not known. This isoform is particularly 

expressed in testis and in EBV-immortalized lymphocytes but is also detected at lower level 

in other tissues such as cerebellum (GTex database). Therefore, to test if this increase in 

UPF3B_S expression caused by PQBP1 deficiency affects NMD, we first searched if known 
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NMD target genes (35) were DE in LCL from individuals with Renpenning syndrome or in 

PQBP1-KD hNSC but found no significant overlap. Finally, we proceeded to PQBP1-KD in 

fibroblasts carrying a truncating variant in the DYRK1A gene (c.1232dup, p.Arg413fs) known 

to be degraded by the NMD system (36). We observed an increase of UPF3B_S expression 

(2,4 and 6 days after inactivation) but with no effect on the DYRK1A mutant transcript, 

confirming that PQBP1 inactivation has no obvious effect on NMD (data not shown). To 

study the role of UPF3B_S, we generated plasmids containing human UPF3B_L 

(ENST00000276201) and UPF3B_S cDNA sequences (ENST00000636792) and performed 

immunoprecipitation-coupled mass spectrometry on proteins extracted from HEK293 cells 

transfected with each of the constructs. We identified a total of 101 proteins: 13 proteins 

interacting with both isoforms, 74 proteins interacting preferentially or exclusively with 

UPF3B_L and only 14 preferentially or exclusively with UPF3B_S (Table S7). We retrieved 

eight of the known UPF3B interactors annotated in the STRING and BioGRID databases 

(Figure 4). As expected, we found that UPF1, UPF2 and ERF3A/GSPT1 interact only with 

UPF3B_L and not UPF3B_S, which lacks the interaction domain (Figure 4), while the 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, SDHA).  

 

Increase in UPF3B_S expression is useful for variant testing 

As the increase of UPF3B_S expression was observed in both cells from individuals with 

Renpenning syndrome and in all types of cells KD for PQBP1 (Figure 3C), we intent to use it 

as a biomarker of PQPB1 deficiency in order to test the functional consequences of variants 

of uncertain significance in this gene. We tested UPF3B_S expression in LCLs from 

individuals with PQBP1 variants. We observed a significant increase of UPF3B_S in LCL 

obtained from two brothers carrying a distal frameshift variant, p.Phe240fs, leading to a 

protein 10 amino acids longer than the wild-type and previously reported by Hu et al. 

(24)(V1, V2). On the contrary, no significant increase was found in the individual carrying 

the p.Arg10Pro (V3)(Figure 5A). To avoid the immortalization step necessary to generate a 

LCL which is not routinely practiced by hospital laboratories, we tested if UPF3B_S 

expression could be detected on mRNA directly extracted form patients’ blood (PaxGene). 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 
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PQBP1 (P9-P11) (Figure 5B). Confirming the results obtained in LCLs, a slight but still not 

significant increase of UPF3B_S was observed in blood mRNA from individual V3 with the 

p.Arg10Pro variant. 

In order to set up a functional assay which does not require patient’s 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 (Figure 5C, 

Figure S5). We confirmed that PQBP1-KD increases UPF3B_S expression, while co-

transfection with optimized WT PQBP1 reverts this increase. As expected, transfection with 

the PQBP1 containing a variant reported in two males from the GnomAD population, 

p.Arg181Trp, gave results similar to WT. On the contrary, co-transfection with mutant 

Arg153fs* PQBP1 failed to revert the UPF3B_S increase, confirming the functional effect of 

this variant on UPF3B_S. Similarly, no complementation was obtained with p.Arg243Trp, 

p.Pro244Leu and p.Phe240fs mutants. and (Figure 5C). Interestingly, the UPF3B_S increase 

was even more pronounced for these mutants than for p.Arg153fs* and an increase was 

observed even without PQBP1-KD, suggesting that these mutants have a stronger effect than 

just a loss of PQBP1. The increase was not significant for the p.Tyr65Cys and p.Arg10Pro 

variants, confirming what we previously observed in LCL (Figure 2B) and suggesting that 

UPF3B_S increase is more pronounced for variants affecting the CTD domain of PQBP1 

(truncating variants and missense variants in this domain) than for variants located in the N-

terminal part of the protein. In addition, 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 (Morgan et al., 2015), and found a significant increase of UPF3B_S 

expression, suggesting a likely pathogenic effect (Figure 5C). 

 

DISCUSSION 

In this study, we identified genes and exons differentially expressed in individuals with 

pathogenic variants in PQBP1 or after a transient knock-down of PQBP1 in human neural 

stem cells (hNSC). If we observed a high variability in gene expression in LCL, which 

prevented us to confirm several of the deregulations identified by RNA sequencing such as 

APP increase, the changes in gene expression observed in hNSC were robust and most of 

them were successfully replicated in a second independent hNSC line. Decrease in the 

expression of genes involved in brain development and synapse formation or in lipid 

metabolism were observed, which are consistent with the roles of PQBP1 previously 
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described by others. For instance, a role of PQBP1 in regulation of  dendrite length and 

branching has been described in mouse embryonic primary cortical neurons (12). PQBP1 was 

also found to regulate lipid metabolism: a decrease of the lipid content was observed in 

nematode intestinal cells, which could be related to the low body mass index observed in 

patients (37). Among the genes deregulated after PQBP1-KD, we found 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 

(38), or UPF3B (expression increased for its non-canonical isoform UPF3B_S), another X-

linked gene involved in ID (39). This increase of UPF3B_S was observed in different cell 

types after PQBP1-KD (hNSC, HeLa, fibroblasts, etc) and was also detected from patients’ 

material (LCL and blood). Compared to the canonical UPF3B_L transcript, this isoform 

involves an alternative transcription initiation site as well as an alternative splicing of exon 11 

(the last exon of the canonical isoform).  

There is no report about the biological function of this short isoform of UPF3B. UPF3B_S 

mRNA appears to be low expressed, except in testis, according to GTEx database. It is 

noticeable that genital manifestations, and especially microorchidia, were reported for 

individuals with Renpenning syndrome. A mild expression in Epstein Barr Virus-

immortalized lymphoblastoid cells is also reported in GTEx, and might explain why we 

particularly detected this increase in LCL. If no expression of UPF3B_S is reported in GTEx 

in adult brain tissue, we cannot exclude that it could be expressed in a transient way during 

brain development. UPF3B_S predicted protein sequence contains motifs known to mediate 

interaction with RBM8A (alias Y14) but not those mediating interaction with UPF2/UPF1. 

Using immunoprecipitation coupled to mass spectrometry (IP-MS), we confirmed that 

UPF3B_S can bind to the EJC-protein RBM8A but fails to interact with NMD effectors UPF1 

and UPF2.  We could speculate that UPF3B_S could therefore exert a competitive antagonist 

activity to UPF3B_L on NMD. However, we did not observe NMD dysfunction after PQBP-

KD in fibroblasts carrying a premature stop codon (PTC) and we observed no change in 

expression of natural target of NMD in hNSC or LCL. We found that UPF3B isoforms 

interact with proteins involved in mRNA binding and regulation of translation (ribosomal 

proteins and translation initiation or elongation factors). In particular, both isoforms interact 

with the translation elongation factor eEF2 (14), which is also known to be a partner of 

PQBP1. Indeed, PQBP1 binds to eEF2 and prevent its phosphorylation, which decreases 

translational elongation (14). Further experiments will be necessary to test whether UPF3B, 
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known to play a role in the regulation of normal translation termination in addition to its role 

in NMD (40), could also be involved in regulation of translation elongation. 

Among the few proteins detected as interacting specifically with UPF3B_S, some play a role 

in regulation of cell cycle (PRDX4, GLUL). In this study, we showed that PQBP1-KD affects 

the ability of hNSC to proliferate. This result is consistent with the microcephaly observed in 

individuals with Renpenning syndrome and with what was previously reported by other in 

non-human neuronal progenitors (18). Ito et al. observed, in nestin-Cre conditional KO mice 

for Pqbp1, which present with microcephaly, a loss of proliferation of neural progenitors 

probably due to an elongated cell cycle. As Upf3b KD in mouse neural progenitor cells leads 

on the contrary to an increase of cell proliferation (41), additional experiments would be 

needed to test if UPF3B_S expression increase might participates to the decrease of hNSC 

proliferation induced by PQBP1-KD. In addition, several other UPF3B_S-specific interactors 

are implicated in immune defense against bacterial infection (ex: LTF) while PQBP1 is 

known to play a role in response to infection as it can recognize viral DNA, interact with 

cGAS  and LATS2 (42)  and regulate immune response (16).  

As UPF3B_S increase could be detected in blood RNA extracted from Renpenning patients, 

pathogenicity of future VUS identified in PQBP1 could be evaluated from a simple blood 

RNA extraction. This biomarker seems to be more robust for variants located in the CTD 

domain than for variants located in the N-terminal part of the protein. To date, the CTD 

domain of PQBP1 is known to be involved in the interaction with the splicing factor 

TXNL4A alias U5-15kD (8) and it was recently shown that both Arg243Trp and Pro244Leu 

variants alter this binding (10,34). Tyr65Cys variant, which does not affect binding to 

TXNL4A (10), has  a smaller effect on UPF3B_S expression increase. It is noticeable that 

some of these variants (Phe240fs, Pro244Leu 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, Figure 5C), suggesting a potential dominant-negative effect. We could 

therefore speculate that pathogenic variants in PQBP1 have different molecular effects 

depending of their location on the protein. However, it remains puzzling to note that no 

obvious phenotypic difference could be observed between patients with these different types 

of variants. 

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 
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the expression of a about fifty genes, some of them known to be involved in other 

neurodevelopmental disorders. Despite the known role of PQBP1 in splicing regulation and 

the fact that the pathogenic variants are known to disrupt interactions with splicing factors 

(10,23), we failed to identify important changes in alternative splicing events. The only 

isoform-specific event we could detect was the increase of a non-canonical isoform of 

UPF3B, which has a still unknown function, but which can be used as a biomarker for 

PQBP1 deficiency. 
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Figure Legends 

Figure 1. Variants in PQBP1 in individuals with ID 

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: on the top, missense variants; on the bottom,  

truncating variants; in green, 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.  

 

Figure 2. Transcriptomic study in LCL from individuals with pathogenic variants in 
PQBP1 reveals an increase in the expression of a non-canonical isoform of UPF3B  

(A) Schematic representation of the different exons composing the canonical longest isoform 

of UPF3B (ENST00000276201, UPF3B_L) as well as the shorter 3’ isoform 
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(ENST00000636792, UPF3B_S). IGV visualization of RNAseq data from one control 

individual (CT1) and one patient (P4). qPCR primers used for RT-qPCR validation are 

represented by black arrows. RT-qPCR analysis of UPF3B_S (normalized on GAPDH and 

YWHAZ) in  (B) the first serie of LCL, control individuals (Cont, CT1-3, in green), 

individuals with pathogenic variants in PQBP1 (Patho, in red) and individuals affected with 

Fragile-X syndrome (FXS, in yellow) (n ≥2 per cell line) and (C) in a second set of LCL from 

control individuals (CT4-6 in green) and individuals with the same frameshift p.Glu155fs 

variant in PQBP1 (P6-7 in red). 

 

Figure 3. 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 

lines (hNSC-1 and hNSC-2) after 48h of transient knock-down (KD) of PQBP1 using 

siPQBP1 (n=3 per line). (B) Level of PQBP1 protein extracted from hNSC-1 after 48h 

transient PQBP1-KD (n=3 in total) (C) RT-qPCR analysis of UPF3B_S and UPF3B_L 

mRNA (normalized on GAPDH and YWHAZ) in hNSC-1 and hNSC-2 after a transient 

PQBP1-KD (n=3 per line). Multiple comparisons tests were performed using one-way 

ANOVA test with Dunnet’s correction: ns: not significant; ***: p-value <0.001; Errors bars 

represent SEM (standard error of the mean (D) Volcano plot showing RNA sequencing data 

(siPQBP1 vs. INTERFERin 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) RT-qPCR analysis of 24 DEG (normalized on GAPDH and YWHAZ) after 

PQBP1-KD in hNSC-1 (third serie) and in hNSC-2 (3 independent series in triplicates). 

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; Errors 

bars represent SEM (F) Proliferation assay performed on hNSC-1 and hNSC-2 treated with 

lipofectant alone (INTERFERin) or transfected with Scramble siRNA (siScramble), PQBP1 

siRNA (siPQBP1) or PLK1 siRNA (siPLK1), a control leading to cell apoptosis. At each time 

point (day 0, 1, 2, 3, and 4), cells were counted and data normalized to INTERFERin 

treatment (n=3 per line). Student’s t test comparison was done comparing to INTERFERin: *: 

p-value<0.05; Errors bars represent SEM 
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Figure 4. Representation and protein interactomes of UPF3B protein isoforms. 

(A) Schematic representation of UPF3B_L and UPF3B_S proteins with their domains known 

to interact with UPF2, GSTP1 and RBM8A proteins. (B) Protein interactome of UPF3B_L 

and UPF3B_S isoforms characterized by immunoprecipitation coupled to mass spectrometry 

(IP-MS) in HEK293 cells. In orange: interactors specific to UPF3B_L; in blue: interactors 

specific to UPF3B_S; in green: interactors of both UPF3B_L and UPF3B_S isoforms. Protein 

already described as interacting with UPF3B are circled with a black line. 

 

Figure 5. UPF3B_S increase is a robust marker of PQBP1 loss of function and can be 

used for VUS testing 

(A) RT-qPCR analysis of UPF3B_S (normalized on GAPDH and YWHAZ) in LCL from 

control individuals (CT4-6, in green), individuals with VUS in PQBP1 (in blue, the two 

brothers V1 and V2 carrying p.Phe240fs and individual V3 carrying p.Arg10Pro) and in one 

individual affected from Fragile-X syndrome (FXS4, in yellow) (n=3 per cell line). LCL from 

individuals with pathogenic variants from the first set (P1-5) were used a calibrator. (B) 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), 

individuals with pathogenic variants in PQBP1 in red p.Arg153fs (P9, P11) and p.Arg243Trp 

(P10), individual with VUS in PQBP1 (in blue) p.Arg10Pro (V3), and individuals affected 

from Fragile-X syndrome (FXS4, FSX5 in yellow) (n=1 per Paxgene) (C) RT-qPCR analysis 

of UPF3B_S mRNA (normalized on GAPDH and YWHAZ) in HeLa cells co-transfected by 

scramble or PQBP1 siRNA and overexpressing WT or mutant PQBP1. 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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