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Abstract 

Patients with common variable immunodeficiency associated with autoimmune cytopenias 

(CVID+AIC) generate few isotype-switched B cells with severely decreased frequencies of 

somatic hypermutations (SHM) but their underlying molecular defects remain poorly 

characterized. We identified a CVID+AIC patient who displays a rare homozygous missense 

M466V mutation in the beta catenin-like protein 1 (CTNNBL1). Since CTNNBL1 binds activation-

induced cytidine deaminase (AID) that catalyzes SHM, we tested AID interactions with the 

CTNNBL1 M466V variant. We found that the M466V mutation interfered with the association of 

CTNNBL1 with AID, resulting in decreased AID in the nucleus of patient EBV-transformed B cell 

lines and of CTNNBL1 466V/V Ramos B cells engineered to only express M466V CTNNBL1 using 

CRISPR/Cas9 technology. As a consequence, the scarce IgG+ memory B cells from the 

CTNNBL1 466V/V patient showed a low SHM frequency that averaged 6.7 mutations compared to 

about 18 mutations per clone in healthy donor counterparts. In addition, CTNNBL1 466V/V Ramos 

B cells displayed a decreased incidence of SHM that was reduced by half compared to parental 

wild-type Ramos B cells, demonstrating that the CTNNBL1 M466V mutation is responsible for 

defective SHM induction. We conclude that CTNNBL1 plays an important role in regulating AID-

dependent antibody diversification in humans. 

 

 



Introduction 

Isotype-switched high-affinity antibodies are essential for protection against a vast range of 

pathogens. Activation-induced cytidine deaminase (AID) is the enzyme that mediates somatic 

hypermutation (SHM) and class-switch recombination (CSR), two processes resulting in the 

production of high affinity mutated isotype-switched antibodies (1, 2). As a consequence, AID 

deficiency in mice and humans is characterized by a susceptibility to bacterial infections 

associated with a lack of serum protective isotype-switched antibodies and memory B cells that 

are devoid of SHM (1, 2). The absence of functional AID also prevents the establishment of central 

and peripheral B cell tolerance and leads to the emergence of autoreactive B cells that often 

produce autoantibodies targeting erythrocytes and platelets associated with the development of 

autoimmune cytopenias (AIC) or other self-antigens characteristic of arthritis and systemic lupus 

erythematosus (3-6).  

Patients with common variable immunodeficiency (CVID) also suffer from recurrent infections 

resulting from decreased serum antibody production and low frequencies of isotype-switched B 

cells (7, 8) Paradoxically, about 20% of CVID patients display defective early B cell tolerance 

checkpoints and secrete autoantibodies targeting erythrocytes and/or platelets, which result in 

AIC development (7, 9). The analysis of the scarce circulating IgG+ B cells from CVID patients 

with autoimmune cytopenias (CVID+AIC) has revealed very low frequencies of SHM compared 

to counterparts in patients only affected by CVID, whereas CD27+IgA+ B cells are virtually absent 

in CVID+AIC patients (10). CVID+AIC patients are therefore unable to contain gut microbiota, 

exhibit hyperplastic germinal centers (GCs) also observed in AID deficiency, and produce 

autoreactive VH4-34-expressing IgG+ B cell clones that may recognize both commensal bacteria 

and I/i self-antigens expressed on erythrocytes, platelets and other hematopoietic cells (6, 10-14)  

The genetic defects associated with a failure to properly induced SHM in B cells from most 

patients with CVID+AIC remain currently unknown. 



 

Here we describe a CVID+AIC patient with progressive severe hypogammaglobulinemia who 

harbors a rare homozygous damaging missense variant allele in CTNNBL1, which encodes a 

single M466V amino acid replacement in the catenin-beta-like protein 1 (CTNNBL1) protein. 

CTNNBL1 is a member of the armadillo-containing protein family and is part of the Pre-mRNA 

Processing Factor 19 (Prp19) spliceosome through binding to the N-terminus of Cell Division 

Cycle 5-Like (CDC5L) (15-17).  CTNNBL1 has also been shown to interact with AID and AID 

mutations abolishing interaction with CTNNBL1 reduce IgV diversification in chicken DT40 cells, 

suggesting that CTNNBL1 may play an important role in regulating AID function (18). Using 

patient-derived B cells and CRISPR/Cas9 engineered CTNNBL1 466V/V Ramos B cells, we 

provide evidence that the M466V mutation decreases CTNNBL1 interaction with AID and its 

nuclear translocation, which results in defective SHM and CSR in human B cells. 

 

Results 

Sequencing the whole exome of a CVID patient with autoimmune cytopenia identifies a CTNNBL1 

homozygous mutation. The patient is a 15 y.o. Hispanic female born to non-consanguineous 

parents who presented in early life with progressive hypogammaglobulinemia, autoimmune 

cytopenias and recurrent infections and was therefore diagnosed with CVID+AIC (Table 1, 

Supplemental Table 1 and Methods section for detailed clinical presentation). Exome sequencing 

revealed a homozygous missense mutation at position Chr20(hg19):g.36488304A>G in exon 14 

of the gene encoding CTNNBL1, resulting in a single amino acid exchange of a methionine into 

a valine at position 466 (NM_030877.4:c.1396A>G, M466V; Figure 1, A and B). This methionine 

466 is near the C-terminal domain of CTNNBL1 and is conserved among species besides rodents 

that display an isoleucine, another bulky hydrophobic residue (Figure 1, C and D). The variant is 

very rare with a minor allelic frequency of 7.97 x 10-6 and no homozygotes in gnomAD database 



(19). At the time of this report, no other human disease-causing mutation in CTNNBL1 has been 

reported. Since CTNNBL1 is part of the spliceosome complex, which associates with AID that 

catalyzes somatic hypermutation in B cells, we investigated whether the CTNNBL1-M466V 

mutation could alter AID function and impair SHM and possibly CSR (18, 20-22). 

To determine whether the M466V rare variant is a pathogenic mutation, we first assessed 

potential functional consequences by examining if its effect on CTNNBL1 interaction with AID 

(Figure 2).  Using CRISPR/Cas9 technology, we engineered Ramos B cells to carry the same 

biallelic A>G change in CTNNBL1 so that CTNNBL1 466V/V Ramos B cells only express the 

CTNNBL1 variant of the patient (Supplemental Figure 1). We then subjected patient EBV-derived 

BLCLs and CTNNBL1 466V/V Ramos B cells to immunoprecipitation with anti-CTNNBL1 antibody 

and tested by western blot CTNNBL1 expression and interactions with AID and CDC5L, a 

spliceosome component that binds CTNNBL1 (Figure 2) (20). Comparisons were made by 

studying other EBV-immortalized B cell lines derived from three different healthy donors (HD), an 

AID-deficient patient (AID-/-) and a uracil N-glycosylase-deficient (UNG-deficient) patient (UNG-/-) 

as well as unmodified CTNNBL1M/M Ramos B cells and CRISPR/Cas9 edited AID-/- Ramos B cells 

that lack AID expression (Figure 2 and Supplemental Figures 1 and 2) (23, 24). We found that 

CTNNBL1 expression in both the patient EBV BLCLs and the CTNNBL1 466V/V Ramos B cells 

was similar to expression in control EBV-derived BLCLs and Ramos B cells, showing that the 

M466V missense mutation does not appear to alter the CTNNBL1 cellular pool (Figure 2).  

However, AID association with CTNNBL1 was severely decreased in patient EBV-derived BLCLs 

and only a quarter of AID:CTNNBL1 complexes were detected in these cells compared to EBV 

BLCLs from healthy donors (Figure 2, A and B, and Supplemental Figure 2). As anticipated, we 

did not observe AID interaction with CTNNBL1 in AID-deficient EBV BLCLs (Figure 2, A and B, 

and Supplemental Figure 2). Putative differences in AID expression in patient vs control EBV 

BLCLs did not account for decreased AID binding to the CTNNBL1 466V variant because AID 



expression in the total lysates of patient EBV BLCLs was found similar to control B cell lines 

(Figure 2A). We also excluded the possibility that decreased AID:CTNNBL1 complexes in patient 

EBV BLCLs was due to differences in B cell development and the presence of isotype switched 

B cells in EBV BLCLs derived from healthy donors because a similar conclusion was reached 

when comparing patient cells with EBV BLCLs derived from an UNG-deficient patient who also 

suffers from severe hypogammaglobulinemia due to a lack of isotype switched B cells 

(Supplemental Figure 2) (23). In contrast, CDC5L interaction with CTNNBL1 was unaffected by 

the M466V missense mutation since equal amounts of CDC5L were detected after CTNNBL1 

immunoprecipitation in EBV BLCLs from controls and patient (Figure 2, A and B and 

Supplemental Figure 2). The analysis of Ramos B cell lines confirmed results obtained with EBV-

derived BLCLs in that the M466V mutation decreased AID interaction with CTNNBL1 by half in 

CTNNBL1 466V/V Ramos B cells compared to unmodified CTNNBL1 466M/M control Ramos B 

cells, whereas AID was detected at approximately similar levels in the total lysates of both Ramos 

B cell lines (Figure 2, C and D). CDC5L binding to CTNNBL1 was found unaffected by the M466V 

mutation in Ramos B cell lines since similar amounts of CDC5L:CTNNBL1 complexes were 

detected in all Ramos B cell variants (Figure 2, C and D). Of note, immunoprecipitation of CDC5L 

showed its association with CTNNBL1 in the absence of AID implicating that CDC5L binding to 

CTNNBL1 does not require AID, which may not be part of CDC5L:CTNNBL1 complexes 

(Supplemental Figure 3, A and B). Our experiments therefore show that the M466V mutation 

decreases the ability of CTNNBL1 to interact with AID but does not alter CTNNBL1 association 

with CDC5L. 

The CTNNBL1 M466V mutation decreases AID transport in the nucleus. AID cellular localization 

is predominantly cytoplasmic, and AID needs to translocate to the nucleus to alter DNA and initiate 

molecular events resulting in SHM and CSR (25-27). Active nuclear transport of AID is mediated 

by a nuclear localization signal (NLS), and CTNNBL1 is a known NLS-binding and splicing 



associated factor that has been shown to colocalize with AID to traffic and localize to the nucleus 

(21).  We therefore investigated the impact of the CTNNBL1 M466V mutation on the nuclear 

localization of AID.  We first assessed the stability of the CTNNBL1 variants by cellular thermal 

shift assay (CETSA).  Ligand-bound proteins remain in solution when heat-treated, whereas the 

unbound or poorly bound proteins denature (28).  We found that the M466V decreased the 

stability of CTNNBL1 as illustrated by the loss of CTNNBL1 in nuclear lysates of CTNNBL1 466V/V 

Ramos B cells at lower temperature than in wild-type (WT) CTNNBL1 cells (Figure 3A).  

CTNNBL1 stability was unaffected by the absence of AID expression in AID-/- Ramos B cells, 

suggesting that the decreased stability of CTNNBL1 466V is not the result of decreased AID 

binding by this variant (Figure 3A). We then analyzed CTNNBL1, AID, and CDC5L cellular 

localization in various Ramos B cell lines using western blots with nuclear and cytosolic lysates 

characterized by the presence of Laminin B1 and b-Tubulin, respectively (Figure 3B). The 

CTNNBL1-M466V mutation impairs nuclear import of AID (Figure 3B).  Both CTNNBL1 and 

CDC5L spliceosome proteins were enriched in the nucleus, whereas AID was found in the cytosol 

and to a lesser extent in the nucleus as previously reported (20).  While CTNNBL1 and CDC5L 

nuclear pools were similar in all Ramos B cell lines, AID nuclear detection was decreased by half 

in CTNNBL1 466V/V Ramos B cells compared to parental WT CTNNBL1 466M/M counterparts and 

absent in AID-/- Ramos B cells as expected (Figure 3, B and C). Hence, the CTNNBL1 M466V 

mutation specifically diminishes AID but not CDC5L nuclear localization.  

The CTNNBL1-M466V patient displays severely decreased CSR and SHM.  We have established 

that the CTNNBL1-M466V mutation interferes with CTNNBL1 interaction with AID and its nuclear 

localization but its impact on CSR and SHM remained undetermined. We evaluated the 

production of isotype switched IgG+ and IgA+ B cells generated by CSR and SHM frequency in 

IgG+ B cells isolated from the blood of the CTNNBL1 466V/V patient compared to her relatives who 

were all heterozygous for the CTNNBL1 variant allele (Figure 1, A and B) and unrelated healthy 



donors (Figure 4). We found markedly reduced frequencies of CD19+CD27+ memory B cells in 

the patient’s blood compared to healthy donors and relatives who displayed memory B cell 

proportions similar to controls, revealing the recessive nature of the CTNNBL1 M466V mutation 

(Figure 4, A and B). Among memory B cells, the homozygous CTNNBL1 466V/V mutation resulted 

in a decrease in CD19+CD27+IgG+ B cells and a virtual absence of CD19+CD27+IgA+ isotype 

switched B cells, as previously observed for other CVID+AIC patients with uncharacterized 

genetic defects (Figure 4, A and B) (10).  In agreement with impaired CSR processes in the 

CTNNBL1 466V/V patient, most of her CD19+CD27+ B cells expressed IgM (Figure 4B). We then 

investigated whether SHM was also affected by the CTNNBL1 M466V mutation by evaluating the 

frequency of mutations in her scarce IgG+ B cells and comparing them with those in counterparts 

from 14 healthy donors and 6 previously analyzed CVID+AIC patients (10). The average number 

of mutations in VH transcripts from CD27+IgG+ B cells from the CTNNBL1 466V/V patient was very 

low (6.7 mutations) and similar to those in other CVID+AIC patients (7.6+/-2.2) compared to 

18.2+/-3.0 mutations per VH segment in healthy donors (Figure 4, C and D). Many of the 

CD27+IgG+ B cells from the CTNNBL1 466V/V patient appeared to display VH transcripts with even 

less SHM than those in other CVID+AIC, whereas a few clones managed to accumulate large 

numbers of mutations potentially induced by recurrent exposure to a specific pathogen (Figure 

4D). Similarly, SHM frequencies were also significantly decreased in CD27+IgM+_B cells from the 

CTNNBL1 466V/V patient compared to counterparts in healthy donors (Supplemental Figure 4). 

The analysis of the VH repertoire also revealed biased VH gene usage associated with the 

homozygous CTNNBL1 variant. While VH3 is the most used gene segment in CD27+IgG+ B cells 

from healthy donors, patient CD27+IgG+ B cells favored clones expressing VH4-encoded 

antibodies like other CVID+AIC patients (Figure 4E).  Among VH4 family members, VH4-34, 

which is known to encode autoreactive antibodies that bind the conserved I/i self-antigen on 

hematopoietic cells (11, 14), has recently been reported to be enriched in IgG+ B cells in patients 

that may fail to contain gut microbiota and which include CVID+AIC patients likely due to their 



defects in producing IgA antibodies (10, 13). In agreement with these observations, we found that 

the CD27+IgG+ B cells from the CTNNBL1 466V/V patient were also enriched in VH4-34-expressing 

clones (5.4%), as in other CVID+AIC patients (8.1+/-5.4%), and contrasted with the very low 

frequencies (1.5+/-2.4%) of these rare clones in healthy donors (Figure 4F).  

To further assess whether CTNNBL1 466V/V associated SHM defects correlated with an alteration 

in germinal center (GC) development in secondary lymphoid organs, as recently reported for 

patients with CVID+AIC (10), we evaluated a lymph node obtained through an excisional biopsy 

from our patient (Supplemental Figure 5).  This lymph node displayed distorted, irregular shaped 

follicles (Supplemental Figure 5A), follicular hyperplasia (Supplemental Figure 5B), and many 

GCs which appeared to have attenuation of the mantle zones and some coalescent follicles 

(Supplemental Figure 5C) with some prominent tingible body macrophages and some peripheral 

epithelioid histiocytes (Supplemental Figure 5D). These findings were consistent with the lymph 

node analysis of patients with CVID+AIC (10).  The expanded GC also correlated with the 

presence of an expanded peripheral autoimmune/autoreactive CD19hiCD21-/loCD10-CD27- B cell 

subset as reported in other CVID+AIC patients (Supplemental Figure 5E) (10, 29). Additional 

immunological analysis of the CTNNBL1 466V/V patient revealed a decreased frequency of 

CD3+CD4+CD25hiCD127loFoxP3+ regulatory T cells (Tregs) compared to healthy donors and her 

asymptomatic relatives and resembled those in CVID+AIC patients (Supplemental Figure 6, A 

and B) (10). However, Tregs from the CTNNBL1 466V/V patient suppressed in vitro the proliferation 

of stimulated T responder cells unlike Tregs from other CVID+AIC patients (Supplemental Figure 

6C) (10). Finally, the hyperplastic GC reactions in both AID-deficient and CVID+AIC patients were 

associated with an increase in circulating CD3+CD4+CXCR5+PD-1hi T follicular helper (Tfh) like T 

cells, a feature also identified in the CTNNBL1 466V/V patient (Supplemental Figure 6, D and E) 

(6, 10). Thus, the CTNNBL1 466V/V patient demonstrates defective CSR and SHM processes that 

are associated with hyperplastic GC reactions and a dysregulated T cell compartment 



characterized by decreased Treg and increased circulating Tfh-like cell frequencies previously 

reported in other CVID+AIC patients. In addition, her asymptomatic heterozygous relatives who 

display normal memory B and T cell populations reveal that CSR and SHM defects in the patient 

likely follow an autosomal recessive inheritance pattern.  

 

 The CTNNBL1 466V mutation is responsible for defective SHM. To determine whether the 

CTNNBL1 M466V missense mutation interferes with the acquisition of SHM, we analyzed the 

emergence of SHM in single sorted unmodified CTNNBL1 466M/M Ramos B cells that 

spontaneously undergo SHM in culture and compared it to SHM in CTNNBL1 466v/v and AID-/- 

counterparts. Since SHM can generate stop codons or other deleterious mutations in the 

immunoglobulin heavy and light chain genes, we first monitored the loss of IgM expression by 

flow cytometry 12 weeks after seeding sorted IgM+ single B cell clones from the 3 Ramos B cell 

lines (Figure 5, A and B). While about 10% of the unmodified CTNNBL1 466M/M Ramos B cell 

clones lost IgM expression during the 12-week culture, over 97% of CTNNBL1 466v/v Ramos B 

cell clones retained IgM expression, suggesting that SHM is affected by the CTNNBL1 M466V 

mutation (Figure 5, A and B). We then sequenced VH transcripts amplified from a total of 572 

sorted single B cells from the seeded clones cultivated for 12 weeks from the 3 Ramos B cell lines 

and assessed the number of unique mutations per IgM sequence. We found that the CTNNBL1 

466v/v Ramos mutants displayed a significant ~2-fold reduction in SHM as compared to unmodified 

CTNNBL1 466M/M Ramos B cell clones (p=0.0064; Figure 5, C and D). In addition, the measure 

of BrdU incorporation that quantifies cycling B cells demonstrated that proliferation rates were 

similar in all Ramos B cell lines, documenting that defective SHM induction resulting from the 

CTNNBL1 M466V mutation is not due to decreased B cell division (Figure 5E). As expected, 

virtually none of the AID-/- Ramos B cell clones lost IgM expression or acquired mutations (Figure 

5, A-D). We conclude that the CTNNBL1 M466V mutation is likely responsible for defective SHM. 



 

 Lentiviral-driven expression of WT CTNNBL1 restores SHM induction in CTNNBL1 466V/V Ramos 

B cells. To exclude the possibility that decreased SHM associated with the engineered CTNNBL1 

M466V missense mutation in Ramos cells may be due to a CRISPR/Cas9-mediated off-target 

activity that might alter another gene involved in SHM regulation, we reintroduced either WT or 

466V CTNNBL1 variants in CTNNBL1 466v/v Ramos B cells using a GFP-tagged lentiviral strategy 

and assessed loss of IgM expression and SHM induction in comparison to WT Ramos cells 

transduced with the lentivirus expressing WT CTNNBL1 (Figure 6A) (30). GFP+ CTNNBL1 WT 

and 466v/v Ramos B cells that express lentiviral driven CTNNBL1 variants were batch sorted one 

week after transduction and single GFP+IgM+ Ramos cells were subsequently plated the following 

week and cultivated for 12 weeks before assessment of IgM cell surface expression and SHM 

frequencies as described above (Figure 6A). We found that the lentiviral-driven expression of WT 

CTNNBL1 in CTNNBL1 466v/v Ramos clones induced loss of IgM expression during the 12-week 

culture similar to that in WT Ramos clone counterparts, whereas CTNNBL1 466v/v Ramos B cells 

expressing lentiviral-driven 466V CTNNBL1 variant retained significantly higher IgM cell surface 

expression, suggesting that the reintroduction of WT CTNNBL1 in 466v/v Ramos B cells favored 

the generation of deleterious mutations that abrogate IgM production (CTNNBL1 466v/v Ramos + 

lentiviral-driven WT vs 466V CTNNBL1, p=0.0257; Figure 6, B and C). In agreement with these 

observations, sequencing VH transcripts amplified from 1,060 sorted single B cells from these 

seeded clones revealed that the lentiviral-driven expression of WT CTNNBL1 in WT and 

CTNNBL1 466v/v Ramos B cells induced an average of 0.458 and 0.694 mutation per VH 

transcript, respectively, compared to only 0.266 mutation per VH transcript in CTNNBL1 466v/v 

Ramos B cells transduced with lentiviruses encoding the 466V CTNNBL1 variant and which 

therefore displayed a significant ~2-3 fold reduction in SHM (WT Ramos + lentiviral-driven WT 

CTNNBL1 vs CTNNBL1 466v/v Ramos + lentiviral-driven 466V CTNNBL1, p=0.0199; CTNNBL1 



466v/v Ramos + lentiviral-driven WT vs 466V CTNNBL1, p<0.0001; Figure 6, D and E).  Thus, the 

WT CTNNBL1 variant rescues SHM impairments in CTNNBL1 466v/v Ramos B cells, which is 

consistent with CTNNBL1 M466V mutation decreasing SHM in humans. 

 

Discussion 

 

We report herein that a pathogenic homozygous allele in the CTNNBL1 gene impairs SHM and 

CSR in human B cells. Indeed, the c.1396A>G (NM_030877.4) CTNNBL1 gene change, which 

induces a single methionine to valine amino acid replacement at position 466, interfered with SHM 

in Ramos B cells and resulted in progressive hypogammaglobulinemia associated with defective 

isotype switched B cell production, a failure to secrete serum IgG and IgA along with immune-

mediated thrombocytopenia in the first years of the patient’s life. Since the father, mother and 

brother who all carry a heterozygous CTNNBL1 variant allele are unaffected and display normal 

isotype switched B cell numbers and function, we conclude that the patient has a novel autosomal 

recessive primary immunodeficiency caused by the biallelic CTNNBL1 defect. Our patient showed 

striking similarities to other CVID+AIC of unknown genetic origin and AID-deficient patients 

because they all display hyperplastic GCs in their lymph nodes likely resulting from extended 

immune reactions induced by impaired high affinity antibody production associated with defective 

SHM (2, 6, 10). While we cannot rule out that abnormal cell cycle regulation associated with 

defective CTNNBL1 function might contribute to this phenotype (31, 32), defective SHM and CSR 

in these patients lead to severely reduced IgA production and a failure to control gut microbiota, 

which may also result in systemic immune responses targeting commensal bacteria that will also 

favor GC formation (6, 10, 33). This pathobiological scenario is supported by the detection of 

increased endotoxin plasma concentrations in IgA deficient patients with CVID+AIC and AID-

deficiency and the emergence of non-tolerized commensal reactive VH4-34-expressing clones in 



their IgG memory B cell compartment (10, 13). Since these VH4-34-encoded IgG antibodies still 

recognize I/i self-antigen expressed on red blood cells and platelets, they may be responsible for 

the elimination of these cells, thereby resulting in autoimmune cytopenia that developed in all of 

these patients including our CTNNBL1 466V/V patient (10).  

 

How does the CTNNBL1 M466V mutation interfere with SHM and CSR? CTNNBL1 is a part of 

Prp19/CDC5L spliceosome complexes in distinct nuclear structures called Cajal bodies (15-17). 

AID, which initiates SHM and CSR, has been identified as a CTNNBL1 binding partner (18, 34). 

Our studies confirm that CTNNBL1 binds CDC5L and AID but we found that CDC5L appears to 

associate with CTNNBL1 in the absence of AID. CDC5L binds the C-terminal armadillo domain 

VII (ARM VII) of CTNNBL1 (32, 34-37). A structural model of the AID-CTNNBL1 interaction 

suggests that AID binds both N- and C-terminal domains of CTNNBL1(34). Hence, CDC5L and 

AID may compete for docking to the protein binding groove of CTNNBL1, resulting in the formation 

of CTNNBL1 complexes containing either CDC5L or AID. However, analysis of the CTNNBL1 

mutation in our patient revealed that the M466V amino acid change decreases CTNNBL1 

association with AID but not CDC5L. The M466 is located in the ARM VII domain of CTNNBL1 

that is predicted to interact with AID residues 39-43, which are important for CTNNBL1 interaction 

(34). Indeed, mutations in amino acid stretch A39TSFS43 of AID abrogate the formation of 

AID:CTNNBL1 complexes (18). Hence, the M466V mutation likely disrupts the interaction of the 

C-terminal domain of CTNNBL1 with A39TSFS43 AID motif and therefore weakens the formation 

of CTNNBL1:AID complexes when AID can only bind the N-terminal domain of CTNNBL1. Our 

data also reveal that the C-terminal domain of CTNNBL1 that binds CDC5L differs from the region 

that interacts with AID and which is perturbed by the M466V mutation. Of note, mutations of AID 

residues 39-43 important for binding CTNNBL1 do not affect AID phosphorylation at nearby 

position S38 by the catalytic subunit of cAMP-dependent protein kinase (PKA), which enables 



binding to replication protein A (RPA) and strongly stimulates substrate deamination by AID and 

SHM (38-41). In addition, S38 mutation does not alter AID binding to CTNNBL1, suggesting that 

AID interaction with RPA and CTNNBL1 can occur simultaneously (18, 39, 42).  In line with this 

hypothesis, AID, CTNNBL1, and PKA all colocalize to Cajal bodies and nuclear speckles, the site 

of maturation and storage of splicing machinery (22). Hence, the analysis of the M466V CTNNBL1 

variant confirms that the predicted ARM VII region of CTNNBL1 is important for interactions with 

AID.  

 

Studies in human cell lines suggest that CTNNBL1 plays a role in nuclear translocation and sub-

nuclear localization of AID into spliceosome-associated compartments and that AID nuclear 

shuttling occurs through a NLS-dependent import mechanism (21, 22, 27). We found that the 

CTNNBL1 M466V mutation decreases the AID nuclear pool without affecting global AID cellular 

expression, suggesting that decreased AID binding to CTNNBL1 466V variant impairs AID 

shuttling to the nucleus. Decreased AID in the nucleus is likely to result in reduced AID-mediated 

function, i.e. SHM and CSR, as observed in our CTNNBL1 466V/V patient. In agreement with this 

hypothesis, it has been shown that AID haploinsufficiency in both mice and humans results in 

decreased AID expression and suboptimal SHM and CSR processes (5, 6, 43-45). However, 

previous studies investigating the role of CTNNBL1 in AID-mediated antibody diversification have 

yielded conflicting conclusions. Loss of CTNNBL1 expression in chicken DT40 B cells reduced 

AID-dependent IgV gene conversion, supporting a role for CTNNBL1 in regulating this antibody 

diversification processes (18). However, B cell specific knock out of Ctnnbl1 in mice only showed 

a mild decrease in CSR when B cells were activated in vitro, and Ctnnbl1 knock out in the CH12F3 

mouse B cell line had no effect on CSR (18, 33). In humans, the S43P missense mutation in AID 

identified in a patient with hyper IgM syndrome abrogated CSR and was shown to interfere with 

AID binding to CTNNBL1, consistent with an important role for CTNNBL1 in regulating AID 



function in human B cells (18, 46).  Since methionine 466 is conserved among many vertebrates 

with the notable exception of rodents, where it is replaced by an isoleucine which is structurally 

more similar to valine (Figure 1D), this amino acid replacement at CTNNBL1 position 466 in mice 

may potentially account for some of the observed differences between results obtained in murine 

B cells compared to avian and human B cells. Analysis of CTNNBL1 466v/v Ramos B cells 

engineered by CRISPR/Cas9 to express only the CTNNBL1 variant with the patient’s mutation 

demonstrated that the M466V amino acid change impairs SHM in these human B cells without 

altering B cell proliferation rates. In addition, the rescue of defective SHM processes in CTNNBL1 

466v/v Ramos B cells by the reintroduction of WT but not 466V CTNNBL1 strongly suggests that 

decreased SHM and CSR in the CTNNBL1 466v/v patient are the result of her homozygous 

CTNNBL1 gene defect and that impaired CTNNBL1 function causes a new autosomal recessive 

immunodeficiency characterized by SHM and CSR impediment associated with severe CVID with 

AIC.    

 

  



Methods 

Patient and donor controls. A Hispanic female with a history of sinopulmonary infections first 

presented at 2 years of age with idiopathic thrombocytopenia purpura and was treated with IV 

steroids and discharged (Supplemental Table 1).   Born to non-consanguineous parents in 

Columbia, she developed some growth delay, two other episodes of ITP, vitiligo and by 8 years 

of age lymphadenopathy.  As a part of the lymphadenopathy evaluation, she was found to have 

severe progressive hypogammaglobulinemia and no specific antibody responses with low B cells 

and absent switch memory B cells (Table 1).  The lymph node biopsy showed benign reactive 

follicular and intrafollicular hyperplasia with some intra-and perifollicular histiocytic infiltrates with 

ill-defined epithelioid cell granulomas, no evidence of malignancy.  She had persistent 

lymphopenia with low absolute numbers of T and B cells and poor T cell proliferation to PHA.  She 

continues to require romiplostim to treat her steroid resistant thrombocytopenia and IVIG for 

progressive severe hypogammaglobulinemia; however, the vitiligo and growth delay have 

resolved.  The unusual nature of disease and clinical presentation prompted a genetic evaluation.  

Whole exome sequencing revealed a rare homozygous missense variant 

NM_030877.4(CTNNBL1):c.[1396A>G];[1396A>G], which results in a single amino acid 

exchange: M466V in CTNNBL1. The study also includes comparison with six CVID+AIC patients 

and 15 healthy donors previously reported (10) 

 

Generation of EBV lymphoblastoid cells. B-lymphocyte cell lines (BLCL) were generated from 

healthy donors and patient PBMCs by addition of EBV as previously described (47). PBMCs were 

transduced with a B95-8 EBV supernatant and cultured by three weeks in RPMI medium with 

10% of FBS and 1 µg/ml of cyclosporine A. Cell lines were confirmed mycoplasma negative before 

use.  

 



Cell staining and sorting, cDNA, RT-PCR, and VH sequence analysis. Mononuclear cells were 

isolated from peripheral blood using ficoll density gradient centrifugation, and B cells were 

enriched using anti-CD20 microbeads (Miltenyi Biotech). B cells were stained with Pacific Blue 

anti-human CD19 (HIB19), PerCPCy5.5 anti-human CD27 (M-T271), APC anti-human CD21 

(Bu32) and PE anti-human IgG (HP6017) (all from Biolegend). Single CD19+CD21+CD27+IgG+ 

and CD19+CD21+CD27+IgM+ B cells from the CTNNBL1 466V/V patient were sorted on FACSAria 

(Becton Dickinson) flow cytometers into 96-well PCR plates that were immediately frozen on dry 

ice. RNA from single cells was reverse-transcribed in the original 96 well plate in 12.5 µL reactions 

containing Superscript II RT (Gibco BRL) for 45 minutes at 42°C. RT-PCR reactions, including 

primer sequences, were as described. In brief, IgG gene transcripts were amplified in 96-well 

plates with two rounds of nested PCRs using HotStar® Taq DNA polymerase (Qiagen) and 3.5 

μL of cDNA as template for the first PCR reactions and 3.5 μL of PCR1 reaction as template for 

the second PCR reactions (16). VH sequences were analyzed using the National Center for 

Biotechnology Information (NCBI) IGBLAST software. 

 

Flow cytometry analysis. The following antibodies were used for flow cytometric stainings: APC-

Cy7 anti-CD19 (HIB19), PerCP-Cy5.5 anti-CD27 (M-T271), Pacific Blue anti-CD21 (B-ly4), APC-

Cy7 anti-CD4 (OKT4), PE-Cy7, PE or PE Dazzle anti-CD25 (BC96), PerCP-Cy5.5 or APC anti-

CD127 (A019D5), Alexa Fluor 700 anti-CD45RO (UCHL1), Pacific Blue anti-CXCR5 (J252D4), 

PE-Cy7 anti-PD-1(EH12.2H7) (all from Biolegend), eFluor 605NC anti-CD3 (OKT3), FITC or 

PerCP-Cy5.5 anti-IgM (MHM-88) (eBioscience) and APC anti-IgG (G18-145) (Becton Dickinson). 

Intracellular staining with Alexa Fluor 488 anti-FOXP3 (PCH101) (eBioscience) or Alexa Fluor 

647 anti-FOXP3 (150D) (Biolegend) was performed using the Foxp3/Transcription Factor 

Staining Buffer Set (eBioscience) in accordance with manufacturer instructions. 

 



In vitro Treg suppression assay. CD4+ T cells were enriched using the EasySep® Human CD4+T 

cell enrichment kit (STEMCELL). CD4+CD25hiCD127lo/- Tregs and CD3+CD4+CD25- Tresp cells 

were sorted by flow cytometry and labeled with carboxyfluorescein diacetate succinimidyl ester 

(CFSE) (Thermo Fischer). Treg and Tresp cells were co-cultured at a 1:1 ratio with beads loaded 

with anti-CD2, anti-CD3 and anti-CD28 (Treg suppression inspector human, Miltenyi). 

Proliferation of viable Tresp cells analyzed for CFSE dilution at 3.5-4.5 days. 

 

Lymph node staining and analysis. Hematoxylin and eosin stained lymph node sections were 

analyzed at low-power (12.5X) on a DM4000B microscope (Leica Biosystems), to capture the 

nodes entire two-dimensional area with a Spot RT/SE Slider camera (Spot Imaging). All pathology 

images were reviewed by one or more hematopathologists. Immunohistochemical staining was 

performed with anti-CD21 (1:100, Dako), anti-CD3 (pre-diluted, Ventana), anti-CD20 (1:200, 

Dako) and anti-BCL6 (1:50, Dako) antibodies. 

 

Generation of CTNNBL1 466V/V Ramos cell lines. Guide RNAs targeting human AID CTNNBL1 

were designed using the Broad Institute’s sgRNA designer 

(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). Guide RNAs were then 

cloned into px458 (addgene: 48138) and transiently transfected with Gene Pulser Electroporation 

Buffer (BioRad, 1652676) into Ramos cells with an ssODN.   Cells were single cell sorted for the 

GFPhi population into 96 well plates 24-36 hours post-transfection. After 2-3 weeks, colonies were 

expanded and genomic DNA prepared. To determine potential CTNNBL1 466V/V mutants, 

genomic DNA collected from individual colonies were subjected to PCR for a region surrounding 

exon 14 of human CTNNBL1. Since successful repair from the ssODN results in the introduction 

of a BmgBI/Ajil site, PCR products were digested with Ajil (Thermo Scientific, ER1941). The 

CTNNBL1 466V/V clone was further validated by TA cloning and Sanger Sequencing. 

 



Lentiviral-driven expression of WT and 466V CTNNBL1 variants in Ramos cells. The pTRIP-Ubi-

GFP lentiviral vector has been used for expression of WT and 466V CTNNBL1 variants. Vector 

constructions have been described previously (30). Lentiviral particles were produced by transient 

transfection of 293T cells, as previously described (48). Viruses were then used to transduce 

either WT or 466V/V Ramos cells in the presence of protamine sulfate (Sigma). 

 

IgM fluctuation assay and SHM frequency assessment. IgM-positive single Ramos cells were 

FACS sorted into round-bottom 96-well cell culture plates. After 12 weeks in culture, surface IgM 

expression was assessed on individual Ramos subclones by flow cytometry using FITC-anti-

human IgM monoclonal antibody (Biolegend). Subsequently, single cells from each Ramos 

subclone were sorted into 96well PCR plates as described above and immediately frozen on dry 

ice. VH sequences were amplified by RT-PCRs and analyzed using the NCBI IGBLAST software, 

VH4-34 transcripts were aligned to the germ-line consensus VH4-34*01 sequence. Proliferation 

rates were assessed by BrdU incorporation following the manufacturer’s instructions (FITC BrdU 

Flow Kit, Becton Dickinson). 

 

Cytosol-nucleus fractionation. Cells were lysed in hypertonic buffer (20 mM Tris-HCl, pH 7.4; 10 

mM NaCl; 3 mM MgCl2). After centrifugation, the supernatant was collected as cytosolic fraction. 

The nuclei were lysed in cell extraction buffer (100 mM Tris-HCl, pH 7.4; 100 mM NaCl; 1 mM 

EDTA; 1 mM EGTA; 10% Glycerol; 1% Triton X-100; 0.1% SDS; 0.5% Na-deoxycholate). After 

centrifugation, the supernatant was collected as nucleic fraction.  

 

Cellular thermal shift assay (CETSA). CETSA protocol was previously described (28). In brief, 

cells were distributed into PCR tubes for each temperature step. PCR machine (Eppendorf) was 



pre-heated to the desired temperatures and cell aliquots were heated for precisely 3 minutes and 

then kept on ice until further processing. 

 

Western Blot analysis. Cells lysed in 0.1% Triton-X buffer [50 mM Tris, pH 7.4; 150 mM NaCl; 

1mM sodium orthovanadate; 25mM β -glycerophophate, plus protease and phosphatase inhibitor 

cocktail (Thermo Scientific #78443)]. Immune precipitations were performed using anti-human 

CTNNBL-1 [EP2669Y] (#ab76243, Abcam), anti-human AID [30F12] (#4949S, cell signaling 

technologies), anti-human AID [ZA001] (#39-2500, Thermo Fisher), anti-human CDC5L 

[2136C1a] (#sc-81220, Santa Cruz Biotechnology) and anti-human Actin [13E5] (#4970S, Cell 

Signaling Technologies) as controls. Prepared samples were electrophoresed on Mini-Protean 

SDS-PAGE gels (Bio-Rad) following protein quantitation by BCA Protein Assay (Thermo Fisher) 

according to manufacturer’s protocol and equivalent protein amount were loaded for each 

condition. Proteins were blotted onto PVDF membranes (Roche) by wet transfer. The membrane 

was probed with the appropriate primary and secondary antibodies, developed using enhanced 

chemiluminescence reagent, and images were acquired using a ChemiDoc gel documentation 

system. Densitometry was performed using Image Lab v6 (all Bio-Rad).  

 

Statistical analysis. Statistical analysis was performed using Prism v8.4.2 (GraphPad). Data are 

reported as means ± SD. Differences between two groups of research subjects were analyzed 

for statistical significance with unpaired two-tailed Student’s t test. Differences between three 

groups were analyzed by one- or two-way ANOVA followed by Tukey’s post test. A p-value of 

≤0.05 was considered significant. 

 

Study approval. The present human studies were reviewed and approved by Yale University 

institutional review board in New Haven, CT (IRB protocol # 0906005336) and by the Baylor 



College of Medicine institutional review board in Houston, TX (protocol numbers H-29697 and H-

21453); subjects provided informed consent prior to their participation in the study. 
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Figure 1. Homozygous CTNNBL1 mutation in a patient with CVID+AIC. (A) Family pedigree 
with homozygous CTNNBL1 M466V mutation. The patient is II.2. (B) Confirmation of single 
nucleotide substitution Chr20(hg19):36488304A>G by Sanger sequencing (highlighted). 
CTNNBL1 region was amplified from gDNA from patient and 3 relatives. Representative 
chromatograms are shown. (C) Schematic representation of CTNNBL1 protein structure. 
Numbers indicate amino acid residue number. BLNS, bipartite nuclear localization sequence; 
NAM, N-terminal anchoring motive; NTD, N-terminal domain; ARM, armadillo repeats; CTD, C-
terminal domain. (D) Multiple sequence alignment of human CTNNBL1 and its orthologues. The 
M466 residue of human CTNNBL1 (top row) and corresponding residues in other species are 
highlighted. 
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Figure 2. CTNNBL1 M446V mutation decreases AID association with CTNNBL1. (A) Lysates 
of EBV BLCLs from healthy donor (HD), CTNNBL1 466V/V patient, or AID-deficient patient were 
subjected to immune precipitation with anti-CTNNBL1 antibody; precipitates and total cell lysates 
were analyzed by immune blotting with indicated antibodies (shown are representative 
experiments). (B) Summary of densitometric quantification of at least 6 independent experiments. 
Represented are values relative to HDs, indicated by dashed lines; bar represents mean. (C) 
Lysates of parental WT, CTNNBL1 466V/V, and AID-/- Ramos B cells were analyzed as in (A) 
(shown are representative experiments). (D) Summary of densitometric quantification of 5 
independent experiments. Represented are values relative to parental WT cells, indicated by 
dashed lines; bar represents mean. 
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Figure 3. CTNNBL1 M446V mutation interferes with CTNNBL1 thermal stability and reduces 
AID nuclear localization. (A) Thermal treatment of parental WT, CTNNBL1 466V/V, and AID-/- 
Ramos B cells at indicated temperatures; nuclear lysates were analyzed by immune blotting with 
anti-CTNNBL1 antibody. (B) Nuclear and cytosolic lysates of WT, CTNNBL1 466-/- and AID-/- 
Ramos B cells were analyzed by immune blotting with indicated antibodies and (C) 4 independent 
experiments were quantified by densitometry. Represented are values relative to those of parental 
WT control indicated by dashed lines. Shown are representative immune blots of at least 3 
independent experiments. Immune blot of AID shows different exposures for nuclear and cytosolic 
fractions; bar represents mean. 
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Figure 4. CTNNBL1 466V/V patient shows defective CSR, SHM and skewed VH4 gene 
segment usage in her scarce IgG+ B cell compartment. (A) Surface CD19 and CD27 
expression on PBMCs (upper panels) and IgA and IgG expression on CD19+ CD27+ memory B 
cells (lower panels). Shown are representative dot plots from healthy control (HD) and patient 
with CTNNBL1 466V/V mutation. (B) Frequency of total CD19+ CD27+, and IgM+, IgG+ or IgA+ 
memory B cells. (C) Mutations in VH transcripts from CD27+IgG+ B cells from 14 healthy donors 
(HD), 6 CVID patients with AICs and 1 patient with CTNNBL1 466V/V mutation are displayed as 
averaged mutation number per subject. Bar represents mean. (D) Distribution of number of 
mutations per sequence. (E) Pie charts represent VH family gene segment usage from pooled 
IgG transcripts of 14 healthy controls (HD), 6 CVID patients with AICs and 1 patient with 
CTNNBL1 466V/V mutation. Number of transcripts is indicated in pie’s center. (F) Frequency of 
VH4-34 gene segment usage in transcripts from 14 healthy controls (HD), 6 CVID patients with 
AICs and 1 patient with CTNNBL1 466V/V mutation. Bar represents mean. p-values were obtained 
with unpaired two-tailed Student’s t-test, single measurements from CTNNBL1 466V/V patient were 
excluded from statistical analysis. 
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Figure 5. The CTNNBL1 466V mutation impairs SHM in Ramos B cells. (A) Representative 
dot plots of surface IgM expression on single cell-derived colonies of WT, CTNNBL1 466V/V, and 
AID-/- Ramos B cells 12 weeks after seeding. (B) Summary of IgM+ cell frequencies in single cell-
derived Ramos colonies. Bar represents mean, p-values were obtained by one-way ANOVA 
followed by Tukey’s post test. (C) Pie chart represents the number of newly acquired mutations 
per VH4-34 sequence after single cell seeding. Number of analyzed sequences indicated in the 
center of the chart. (D) Summary of newly acquired mutations per sequence originating from a 
single cell. Each data point represents the average mutations per sequence of one single-cell-
derived culture; bars indicate mean. p-value comparing CTNNBL1 genotypes was obtained by 
two-tailed, unpaired t-test. (E) Proliferation rate of randomly selected single cell-derived colonies 
measured by BrdU incorporation at indicated time points. Represented are means and SD, p-
value was obtained by two-way ANOVA followed by Tukey’s post test. 
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Figure 6. Lentiviral-driven expression of WT CTNNBL1 restores SHM induction in 
CTNNBL1 466V/V Ramos B cells. (A) WT and CTNNBL1 466V/V Ramos B cells were transduced 
with GFP-tagged lentiviruses allowing the expression of either WT or 466V CTNNBL1 variants. 
GFP+ Ramos B cells were batch sorted one week after lentiviral transduction and single 
GFP+IgM+ Ramos cells were plated the following week and cultivated for 12 weeks before 
assessment of IgM cell surface expression and SHM frequencies. (B) Representative dot plots of 
cell surface IgM expression on GFP+ single cell-derived colonies of WT and CTNNBL1 466V/V 
Ramos B cells transduced with the indicated lentivirus expressing either WT or 466V CTNNBL1 
variants 12 weeks after seeding. (C) Summary of IgM+ cell frequencies in single cell-derived 
Ramos colonies. (D) Pie chart represents the number of newly acquired mutations per VH4-34 
sequence after single cell seeding. Number of analyzed sequences indicated in the center of the 
chart. (E) Summary of newly acquired mutations per sequence originating from a single cell. Each 
data point represents the average mutations per sequence of one single-cell-derived culture; bars 
indicate mean. p-values were obtained by one-way ANOVA followed by Tukey’s post test. 
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