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Summary
Genetic testing has increased the number of variants identified in disease genes, but the diagnostic utility is limited by lack of under-

standing variant function. CARD11 encodes an adaptor protein that expresses dominant-negative and gain-of-function variants associ-

ated with distinct immunodeficiencies. Here, we used a ‘‘cloning-free’’ saturation genome editing approach in a diploid cell line to simul-

taneously score 2,542 variants for decreased or increased function in the region of CARD11 associated with immunodeficiency. We also

described an exon-skipping mechanism for CARD11 dominant-negative activity. The classification of reported clinical variants was sen-

sitive (94.6%) and specific (88.9%), which rendered the data immediately useful for interpretation of seven coding and splicing variants

implicated in immunodeficiency found in our clinic. This approach is generalizable for variant interpretation in many other clinically

actionable genes, in any relevant cell type.
Introduction

Precision medicine requires accurate predictions for the ef-

fects of variants in genes known to be associated with dis-

ease. However, the vast majority (> 98%) of clinical vari-

ants are interpreted as variants of uncertain significance

(VUSs), because their effect on the underlying function

of the gene-product and therefore disease is unknown.1,2

VUSs should not be used to guide treatment decisions,3

so VUS results frequently lead to confusion and concern

among treating physicians and patients, thereby limiting

the clinical utility of genetic testing.

Dominant variants in the multi-adaptor immune

signaling protein, CARD11 (MIM: 607210), are impli-

cated in two rare primary immunodeficiency syn-

dromes. Gain-of-function variants are associated with a

lymphoproliferative disorder known as B cell expansion

with NF-kB and T cell anergy (BENTA [MIM: 616452]),

which can lead to lymphoma.4 In contrast, variants
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with loss-of-function are associated with two distinct

immune diseases: heterozygous dominant-negative var-

iants are associated with combined immune deficiency,

which also variably presents with atopy and other auto-

immune features (IMD11B; also known as CARD11-asso-

ciated atopy with dominant interference of NF-kB

signaling [CADINS]; [MIM: 617638]),5,6 while homozy-

gous or compound heterozygous loss-of-function

CARD11 variants are associated with severe combined

immunodeficiency (SCID) (IMD11A [MIM: 615206]).7

Haploinsufficiency of CARD11 is not associated with

disease.8 Individuals with CARD11-associated disease

harboring gain-of-function variants need regular evalua-

tion of lymphoma risk, whereas those with dominant-

negative variants require aggressive treatment of their

autoimmune and atopic symptoms. Using sequence

data alone, it is currently impossible to predict which

variants in CARD11 decrease or increase protein

function.
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Multiplexed assays of variant effect9 (MAVEs) have

enabled simultaneous functional characterization of thou-

sands of variants. Therefore, MAVEs can rapidly generate

data that can be used as evidence for or against pathoge-

nicity for genetic variants,10,11 such as those found in

CARD11. In aMAVE, all possible single-nucleotide or amino

acid variants in a specific gene are subject enmasse to a func-

tional assaywhere the genotype is linked to phenotype such

that DNA sequencing can be used to quantify the functional

effect of each variant. MAVEs have been developed to mea-

sure the effects of variants in clinically relevant coding and

non-coding sequences based on molecular function,12–14

gene expression,15,16 protein abundance,14,16 and cellular

viability.17–19 One limitation ofMAVEs is that human genes

of interest are often overexpressed or assayed in non-human

contexts.12 Saturation genome editing (SGE),17,20 which

uses CRISPR-Cas9 to install genetic variants directly into

the genomic copy of the gene, can alleviate problems asso-

ciated with overexpression of cDNAs. However, SGE has

previously been used effectively in a haploid cell line,

HAP1, which is not useful for assessing dominant effects

or those specific to B or T cell biology.

Here, we developed a cloning-free, SGE approach to

functionally classify CARD11 variants in a diploid human

immune cell model. We generated functional scores for

2,542 coding and 38 noncoding variants of CARD11. We

were also able to identify putative dominant-negative var-

iants that cause exon skipping, which we also found in two

unrelated families with CADINS disease. These results

demonstrate that SGE in diploid cells is a powerful tool

to assess variant function, including functional effects

caused by non-coding variants. Finally, by combining

functional data with clinical features, we classified seven

CARD11 variants recently found in our clinics as ‘‘likely

pathogenic’’ for CADINS disease and posit that the data

generated by this SGE can be used to interpret future clin-

ical variants.
Material and Methods

Saturation Genome Editing
All CRISPR gRNAs (Table S7) targeting the CARD domain (amino

acids 4–146) were designed using the Broad Institute’s single

gRNA design tool21 and synthesized by Integrated DNA Technolo-

gies (IDT) as described previously.22 Single-stranded ODN repair

templates (Table S7) were ordered from IDT with asymmetrical

homology arms (longer on the PAM-proximal side), complemen-

tary to the non-target strand of Cas9, and two phosphorothioate

bonds on each end.23

Exons 3–5 of CARD11 were divided into 9 regions to be targeted

with a single gRNA (sgRNA). For each sgRNA, libraries of ssODNs

for each amino acid position were ordered from IDT with mixed

bases NNK (N ¼ A, C, G, or T; K ¼ G or T), or NNM for non target

strands (M ¼ A or C) to generate HDR templates with each of the

20 possible amino acids and one of the STOP codons. Each ssODN

introduced (1) two synonymous substitutions at and near the PAM

site to prevent Cas9-mediated cleavage of repaired DNA and (2) a

single NNK/NNM amino acid variant. For each region, 23 106 hu-
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man TMD8 cells were electroporated as described previously22

with 2.5 mM Cas9-gRNA complex (2.1:1.2 ratio) and 100 pmol of

ssODNs (equimolar mix of oligonucleotides), and after electropo-

ration cultured at 37�C in Iscove’s modified Dulbecco’s medium

(IMDM) (Thermo Fisher Scientific) supplemented with 10% FBS

and 55 mM beta-mercaptoethanol. Two days after transfection, a

portion of the cells were lysed and their genomic DNA (gDNA)

and mRNA isolated using Quick DNA Kit (Zymo Research) or All-

Prep DNA/RNA Micro Kit (QIAGEN). The remainder of the cells

were cultured in either IMDM with 50 nM Ibrutinib or IMDM

with vehicle (DMSO). On day 16 post transfection, gDNA from

the cells was harvested again.

Amplicon Sequencing
To avoid amplifying residual editing templates, each sample was

amplified for 18 cycles with primers (Table S7) that generated

700–980 bp amplicons using GXL PrimSTAR Polymerase (TaKaRa).

Samples were then purified with Agencourt AMPure XP reagent

(Beckman Coulter) at 0.83 beads to sample volume ratio according

to manufacturer’s protocol and amplified for another 7 cycles with

locus-specific primers containing Illumina adaptor sequences. The

amplicons were purified with 1 3 AMPure beads and reamplified

for 7 cycles using primers containing Illumina p5 and p7 sequences

and a unique sample index. The amplicon library was verified for

purity by PAGE gel, quantified by Qubit 3 (Thermo Fisher Scienti-

fic), pooled, and paired-end sequenced on an Illumina NextSeq

with a NextSeq v2 300 cycle kit (Illumina). The amplicon

sequencing results from this study have been deposited on the

Gene Expression Omnibus, record number GEO: GSE152129.

Data Analysis, Scoring, and Classification of CARD11

Variants
After Illumina sequencing, individual replicates (n ¼ 5 per region)

were de-multiplexed. Next, the data were filtered to isolate HDR

events. We then used the Enrich224 algorithm and custom Python

scripts to count variants and filter variants that were either poor

quality, low coverage, or depleted at the RNA level. To generate func-

tional scores for both assays, we scaled, normalized, and log trans-

formed all variant count data. Finally, for the growth assay, individ-

ual variants were classified based on the distribution of the variant

replicate data relative to that of all nonsense and synonymous vari-

ants. Variants were classified in the ibrutinib assay using the value

for the lowest scoring known gain-of-function variant and the distri-

bution of the synonymous variants. Detailed descriptions of the

data analysis are found in the Supplemental Material and Methods.

Diagnosis and Genetic Sequencing
Clinical diagnosis was made by the referring immunologist.

Whole-exome sequencing was performed in collaboration with

University of Washington Center for Mendelian Genomics

(UWCMG25), targeted clinical CARD11 Sanger sequencing (Gen-

eDx), or clinical targeted panel (Invitae). Sanger sequencing also

confirmed the variants. The procedures followed were in accor-

dance with the ethical standards of the responsible committee

on human experimentation (institutional and national) and

proper informed consent was obtained.

NF-kB Reporter and Viability Assays
We measured NF-kB activity using three different methods. In

OCI-Ly7 cells stably expressing a Gaussia NF-kB reporter, we intro-

duced variants using gene editing as described above. Cells were
ember 3, 2020



plated in a 96-well imaging microplate (Corning) at 40K cells per

well (in replicates of 3) and cultured overnight in 100 mL of

IMDM media supplemented with either vehicle (DMSO) or

33 nM Phorbol 12-myristate 13-acetate (PMA) and 1.4 mM iono-

mycin. After 16 h, NF-kB activity was quantified using a BioLux

Gaussia Luciferase Assay Kit and cell viability read out using Cell-

Titer-Glo Assay (Promega).

To study the downstream effects of intronic splicing variants

and binding domain variants in CARD11 on NF-kB activity, we

generated a CARD11-deficient Jurkat cell line by single cell dilu-

tion from cells transfected with a sgRNA targeting exon 3 of the

CARD11 locus (guide ID 3.4). MND-wtCARD11-T2A-GFP vector

was modified using overlapping oligonucleotides and restriction

digest with Xho1 and BamHI to introduce point mutations or

CARD11 exon-deficient variants. The cloning oligos are listed

inTable S6 2 3 106 human CARD11-deficient Jurkat cells were

simultaneously electroporated (Neon apparatus settings:

1,700V, 20 ms, 1 pulse) with 1,900 ng NF-kB-firefly luciferase re-

porter and 500 ng or 1,100 ng CARD11 vector. After resting in

culture for 7 h, cells were plated in a 96-well imaging microplate

at 100K cells per well in either RPMI culture media supplemented

with vehicle (DMSO) or 33 nM PMA and 1.4 mM ionomycin. Af-

ter 16 h of stimulation, NF-kB activation was measured as

described above.

JPM50.6 and Jurkat CARD11 KO transfection experiments were

used to assess dominant-negative activity in amino acid variants

in CARD11 as previously described.6 Briefly, 3 3 106 JPM50.6 cells

were transfected with 3 mg of empty vector, WT or mutant pUNO-

CARD11-FLAG plasmids in RPMI þ 10%FCS using a BTX electro-

porator (Harvard Apparatus, 260V, 950 mF). Mutant CARD11

expression plasmids were produced via site-directed mutagenesis

as previously described.6 24 h post-transfection, cells were stimu-

lated with 1 mg/mL each of anti-CD3/CD28 antibodies (BD Biosci-

ences) and cultured another 24 h. Relative NF-kB activity (based

on kB-driven GFP mean fluorescence intensity) was quantified us-

ing an Accuri C6 flow cytometer (BD Biosciences).

To confirm protein expression, lysates were separated by SDS-

PAGE, transferred to nitrocellulose, and blotted as previously

described,6 using the following antibodies: anti-CARD11 (clone

1D12) and anti-V5 (D3H8Q) (Cell Signaling Technologies), anti-

FLAG (M2), and anti-beta-actin (AC-15) (Millipore Sigma). Blots

were imaged and quantified using a LiCOR Odyssey system.
Modeling the CARD11 CARD Domain
The cryoEM map EMD-0013 was segmented with Segger and vol-

umes corrected in Chimera using the BCL10-MALT1 fitted coordi-

nates (PDB: 6GK2) as templates to obtain one segment per mole-

cule.26,27 CARD11 was remodelled on the BCL10 moiety of PDB:

6GK2 with Modeler.28 Remodelled CARD11 structures were fitted

into individual BCL10 segments of the cryoEM map with Segger.

Experimentally observed high B-factor values at residues 64–66

in free CARD11 indicate that K69 is located in the vicinity of a

highly dynamic loop, which is extended in free CARD11 and pre-

vents the formation of a type III interface with BCL10. Remodeling

CARD11 using UCSF Chimera with BCL10 (PDB: 6GK2), we

assumed a conformation similar to polymerized BCL10 at the

type III interface. This conformation placed K69 in a favorable

electrostatic position for interaction with BCL10 E53. We also

observed that K41, K69, and R72 in the remodeled CARD11

were in favorable positions to interact with the negatively charged

residues of BCL10 at the type II interface.
The American Jour
Results

An Assay to Measure the Effect of CARD11 Variants on

Function

CARD11, a 1,154 amino acid protein with seven functional

domains, is required for B cell receptor-mediated activation

of NF-kB29 (Figure 1A). Growth of a human B cell lym-

phoma cell line, TMD8, is dependent on B cell receptor

signaling (Figure 1B), CARD11 (Figure S1A), and NF-kB.30

Therefore, we hypothesized that we could assess the func-

tional effect of variants in CARD11 by measuring changes

in cell growth. Additionally, the BTK inhibitor ibrutinib

blocks B cell receptor signaling upstream of CARD11 and

kills TMD8 cells (Figure S1B). However, since CARD11 pro-

motes NF-kB signaling downstream of B cell receptor trig-

gered BTK, gain-of-function CARD11 variants can rescue

TMD8 survival (Figures S1C and S1D) in the presence of

ibrutinib.31

Because decreased expression and alternative splicing

are possible pathogenic mechanisms in CARD11-related

disease, we introduced variants into the endogenous

CARD11 locus by SGE. SGE has previously been performed

in cultured human HAP1 cells, which have a haploid

genome, a feature that simplifies analysis of loss-of-func-

tion variants. SGE in HAP1 also required transient transfec-

tion of Cas9 and repair templates on plasmids. In contrast,

the TMD8 B cell line has a diploid genome but dies in

response to transfection with plasmid DNA. To circumvent

plasmid toxicity, we introduced Cas9 and guide RNAs as ri-

bonucleoproteins along with libraries of single-stranded

oligonucleotide (ssODN) repair templates22,23 (Figure 1A).

The repair templates contained synonymous variants

that prevent Cas9 recutting and mixed bases (NNK) to

introduce all possible amino acid substitutions into exons

and single nucleotide variants at exon-intron junctions.

We targeted exons 3–5, which encode the CARD, LATCH,

and N-terminal coiled-coil domains (amino acids 4–146),

where the majority of pathogenic germline CARD11 vari-

ants have been reported32 (Figure 1A).
Assessing SGE in Diploid Immune Cells

To determine the feasibility of SGE in the TMD8 cell line,

we assessed the homology-directed repair (HDR) rates for

each single guide RNA (sgRNA) and repair template library

by targeted sequencing. Total HDR ranged from 20% to

40% (Figure 1C). We determined the relative HDR rate at

each nucleotide position by comparing the frequency of

variant introduction at each position divided by the total

HDR observed with each sgRNA. HDR efficiency directly

correlated with proximity to the sgRNA target sites, with

rates dropping substantially 10 bases 30 to the cut site

and 20 bases 50 (Figures S2A–S2C). This result is consistent
with reports showing HDR of double-strand breaks with

ssODN repair templates is primarily accomplished using

synthesis-dependent strand annealing, with conversion

primarily occurring in an asymmetric distribution within
nal of Human Genetics 107, 1029–1043, December 3, 2020 1031
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Figure 1. A Saturation Genome Editing Screen for Functional Assessment of CARD11
(A) A schematic of CARD11 containing domains and sites of clinically documented mutations (red, severe combined immunodeficiency
[SCID]; orange, CARD11-associated atopy with dominant interference of NF-kB signaling [CADINS]; green, B cell expansion with NF-kB
and T cell anergy [BENTA]; blue, diffuse large B cell lymphoma [DLBCL]; and purple, Sezary).
(B) A schematic of B cell receptor signaling in TMD8 cells. Loss of CARD11 or BTK inhibition with ibrutinib leads to TMD8 cell death.
Gain-of-function mutations in CARD11 lead to constitutive activation of NF-kB, allowing TMD8 cells to survive in the presence of
ibrutinib.
(C) HDR was used to introduce all possible amino acid variants into exons 3–5, including the CARD domain, where many variants asso-
ciated with disease are located have been identified. gDNA from TMD8 lymphoma cells were sequenced 2 days after editing. A graph
representing HDR rates for all replicates across each editing region plotted as a boxplot centered on the median with the whiskers rep-
resenting the 5th-95th percentiles.
(D) Table summarizing the number of variants introduced, scored, and classified in the SGE experiment.
(E) TMD8 cells were edited at the CCR5 locus with increasing amounts of single-stranded oligonucleotide repair template to compare
low, mid, and high editing rates. Monoclonal lines were isolated, and the identity of the other allele was quantified for cells containing
at least one HDR allele.
(F) Quantification of the percentage of HDR events that solely introduce silent Cas9-blocking variants, which is plotted as mean5 stan-
dard error.
20 nt of the cut site.33 The five replicate experiments were

reproducible (pearson’s R between 0.45 and 0.72)

(Figure S3). We successfully introduced 98.9% of intended

amino acid variants (Figure 1D), demonstrating the capac-
1032 The American Journal of Human Genetics 107, 1029–1043, Dec
ity of this SGE method for comprehensive assessment of

variants in this region of CARD11.

Because we performed SGE in a diploid instead of a

haploid cell line, we assessed the editing outcomes on
ember 3, 2020



A C

am
in

o 
ac

id
 v

ar
ia

nt
s

missense

nonsense
canonical splicing

synonymous

am
in

o 
ac

id
 v

ar
ia

nt
s

functional score (growth)
-2.0 0.4-0.2-0.8-1.4

50

40

20

10

0

30

missense

synonymous
nonsense

800

400

200

40
20
0

am
in

o 
ac

id
 v

ar
ia

nt
s

2.41.20.0-1.0

E93D
F130I

G123S
T117P

E134G
C49Y

C49S
T128M

49 111 134amino acid

CARD LATCH CC

P
G
Y
W
F
V
L
I
A
T
S
Q
N
M
C
E
D
R
K
H

C PTR R F ST I VV E EG GEH L TH F LMNE

functional score (growth)
0.0

0.0

-2.0

-2.0-4.0
-4.0

2.0

2.0

4.0

fu
nc

tio
na

l s
co

re
 (i

br
ut

in
ib

)

E F
GOF
likely GOF

100

400

200

0

300

500

800

400

200

40
20
0

am
in

o 
ac

id
 v

ar
ia

nt
s

functional score (ibrutinib)

loss of function
threshold

gain of function
threshold

B D

G H

κB
-G

FP
 M

FI
  (

10
5 u

ni
ts

)

0

20

40

60

80
CD3/CD28
No stimulation

CARD11 -/- Jurkat

ibrutinib score:

EV WT Cys
49
Tyr
2.0

Gly
126
Arg
1.06

Thr
117
Pro
4.07

Phe
115
Ile

2.67

Cys
49

Asn
0.88

Cys
49

Phe
0.67

Cys
49
Glu
3.99

Phe
130
Cys
2.73

WB:CARD11

Cys
49
Tyr

EV WT

EV WT

Cys
49
Glu

Cys
49

Phe

Cys
49

Asn

Phe
115
Ile

Thr
117
Pro

Gly
126
Arg

Phe
130
Cys

WB:ACTB

WB:CARD11

WB:ACTB

**** ********
********

****
**

****

****
***

****
****

****
****

****

Figure 2. Pathogenic Gain-of-Function Variants in CARD11 Grow Selectively in the Presence of Ibrutinib
(A–D) Functional scores for all variants in the SGE experiment of CARD11 using the cell growth and ibrutinib assays were plotted as dis-
tributions. The thresholds used to score loss-of-function (dotted line, A and B) and gain-of-function (dotted line, C and D) were indi-
cated. The distribution of scores was plotted for all missense (A and C) and synonymous and nonsense variants (C and D). The location
of activating variants in CARD11 previously published to lead to BENTA were highlighted, or BENTA and DLBCL (light blue color) (C).
(E) An X-Y scatterplot of functional scores from the growth (x axis) and ibrutinib (y axis) SGE. The functional classification of variants as
gain-of-function or likely gain-of-function were annotated using the indicated colors.

(legend continued on next page)
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both alleles in the same cell. To avoid complications due to

selection, we introduced a variant into CCR5, which is not

expressed in TMD8 cells and likely has no effect on

viability. We varied HDR rates to mimic the observed rates

we saw in the CARD11 SGE experiments, by introducing a

sgRNA with increasing quantities of non-cleavable repair

template to achieve low (3%), mid (15%), and high

(45%) HDR. We analyzed 240 individual clonal cell lines

to assess the editing outcomes at both alleles (HDR,

NHEJ, unedited). At high HDR rates, like those observed

in the SGE, we observed HDR events on both alleles in

most cells that undergo HDR (Figure 1E).

Furthermore, in the SGE experiments, we found that

almost half of quantified HDR events (Figure 1F) solely

introduced the synonymous changes that prevent re-cleav-

age of repaired sequence by Cas9, and thus expressed wild-

type protein. This likely occurred because the ssODN repair

template libraries contained intended variants outside of

the high-efficiency conversion zone for oligonucleotide-

based HDR33 (Figure S2). Taken together, the (1) high rates

of bi-allelic HDR (Figure 1E) and (2) high rates of silent

HDR in the SGE (Figure 1F) enable the identification of var-

iants with decreased function, which include those that

result solely in loss of protein function and those that

also result in dominant-negative activity.
Identifying CARD11 Variants with Decreased or

Increased Function

To determine the abundance of variants before outgrowth,

genomic DNA (gDNA) was isolated from a portion of the

cells 2 days after Cas9 transfection and variants were

counted by targeted sequencing. We also sequenced

cDNAs at this time point to identify variants depleted at

the mRNA level. Then, to measure the effect of each

variant on cell growth, cells were grown for an additional

14 days either without ibrutinib to assess variants that

decrease function (growth assay) or with ibrutinib (ibruti-

nib assay) to assess variants that increase function. A func-

tional score was computed for 88.9% of possible amino

acid variants (Figures 2A–2D) and many intronic variants

by taking the log2 ratio of the variant’s count on day 14

divided by the count on day 2 and normalizing the result

to the wild-type ratio (Tables S1, S2, and S3).

Since TMD8 cells require CARD11 for survival and we

observe some indel/HDR allele combinations (Figure 1E),

we hypothesized that variants with decreased function

would become depleted from the population during cul-

ture in medium without ibrutinib. We observed that the

functional scores of nonsense and canonical splice variants
(F) Gain-of-function variants were primarily clustered at cysteine 49, a
substitutions that promote gain-of-function activity are color coded
(G) JPM50.6 cells were transfected with empty vector (EV), WT, or m
24 h anti-CD3/CD28 stimulation was quantified by flow cytometry a
Data are shown from three independent experiments; statistical si
ANOVA with the SIDAK correction for multiple comparisons ****p <
(H) Immunoblot showing CARD11-FLAG expression for each varian
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(orange and red bars, Figure 2B), which are predicted to

decrease CARD11 function, are generally lower than those

of synonymous variants (blue bars, Figure 2B). In contrast,

the functional scores of missense amino acid variants were

distributed bimodally (green bars, Figure 2A) with one peak

overlapping the synonymous distribution and the other

overlapping the distribution of the scores of nonsense var-

iants. These data show that the growth assay differentiated

functionally normal and loss-of-function missense vari-

ants in CARD11. We note that the separation of synony-

mous and nonsense variants is not mutually exclusive,

likely because nonfunctional variants can be rescued by a

functional allele of CARD11 on the other chromosome in

diploid cells.
Ibrutinib Selection Identifies Variants that Increase

CARD11 Function

Ibrutinib blocks NF-kB signaling via BTK inhibition and

kills cultured TMD8 lymphoma cells; however, gain-of-

function CARD11 variants rescue cell growth by restoring

NF-kB signaling downstream. Accordingly, ibrutinib treat-

ment negatively skewed the distribution of functional

scores for synonymous and most missense variants such

that they directly overlapped with the distribution of

nonsense variants scores (Figures 2C and 2D) leaving a

small set of missense variants that were enriched. We hy-

pothesized that these enriched variants might increase

CARD11 function, and indeed measurements of the eight

known gain-of-function variants32,34 (e.g., p.Cys49Tyr,

p.Gly123Ser, p.Gly123Asp, p.Glu134Gly) that are associ-

ated with BENTAwere overrepresented in the ibrutinib-en-

riched set (Figure 2C; chi square p ¼ 2.4 3 10�52; n ¼ 5

replicates).

We classified variants that increase function as gain-of-

function, likely gain-of-function, likely not gain-of-func-

tion, and not gain-of-function by their overlap with the

synonymous or known gain-of-function distributions (Fig-

ures 2C and 2D). We then compared the functional scores

of variants in the growth and ibrutinib assays and as pre-

dicted, the ibrutinib assay produced a much larger shift

in previously validated gain-of-function variant functional

scores than selection without drug (Figure 2E, Table S1).

The majority of variants identified in the ibrutinib assay

are located in two regions: at cysteine 49 and in the LATCH

domain (amino acids 111–134; Figures 2F and S4), a

domain critical for autoinhibition of CARD11 and

CARD9.34 22 gain-of-function variants identified in a prior

CARD11 overexpression screen,34 as well as all known

DLBCL variants that were scored in the ibrutinib assay,
nd in the N-terminal coiled-coil and the latch domains. Individual
as in (E).
utant CARD11 plasmids. NF-kB-driven GFP reporter expression 5
nd plotted as mean fluorescence intensity (MFI) 5 standard error.
gnificance versus WT (or WTþWT) was assessed using one-way
0.0001, **p < 0.01.
t; ACTB serves as a loading control.
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showed high concordance with the SGE functional scores

(Figure S5A). To independently validate additional variants

that increase CARD11 function, we assessed the effect of

several using an NF-kB reporter assay. We introduced

several variants classified as ‘‘gain-of-function’’ in our assay

in the LATCH domain (p.Phe115Ile, p.Thr117Pro,

p.Gly126Arg, and p.Phe130Cys) and at cysteine 49

(p.Cys49Tyr, p.Cys49Glu, p.Cys49Phe, and p.Cys49Asn)

into JPM50.6 cells, a CARD11-deficient Jurkat T cell line

that includes an integrated NF-kB-driven GFP reporter.

We found that each variant significantly increased NF-kB

reporter signal, either with or without stimulation by

anti-CD3/CD28 antibodies (Figures 2G and 2H). Moreover,

the degree of NF-kB activation in the absence of stimula-

tion was highly correlated with functional scores in the

ibrutinib assay (Figure S5B; Pearson’s r ¼ 0.9056). We also

confirmed that several of the cysteine 49 variants increased

NF-kB signaling in the Ly7 B cell line (Figure S5C). Finally,

a variant at position (p.Gly123Val) was identified in a

recently diagnosed BENTA-affected subject (Table S4). Us-

ing transient transfection of JPM50.6 cells, we found that

p.Gly123Val CARD11 increased constitutive NF-kB activity

(Supplemental Note, Table S4, Figures S5D–S5F). In sum-

mary, SGE results in the ibrutinib assay accurately predict

gain-of-function effects on CARD11-dependent NF-kB

signaling.

Classification of CARD11 Variants with Decreased

Function

To classify variants found in the growth assay, we defined

loss-of-function threshold as the upper bound of the

95% confidence interval for nonsense variants (dotted

line, Figure 2A) and defined the functionally normal

threshold as the lower bound of the confidence interval

for synonymous variants (95%). We classified individual

variants as functionally normal (n ¼ 366) or likely func-

tionally normal (n ¼ 760) if the mean variant score was

greater than the functionally normal threshold. If the

lower bound of the confidence interval for the variant

was not greater than the functional threshold, we classi-

fied the variant as likely functional. Conversely, we clas-

sified variants as nonfunctional (n ¼ 668) or likely

nonfunctional (n ¼ 634) if the mean score was less

than the nonfunctional threshold; likely nonfunctional

was used when the upper bound of the confidence inter-

val was greater than the nonfunctional threshold.

Finally, all variants with confidence intervals that span

or fall between the functional and nonfunctional thresh-

olds were classified as ‘‘not definitive’’ (Table S2).

Functional Scores Accurately Predict CARD11 Dominant-

Negative Activity in Variants Associated with CADINS

Disease

We next investigated the relationship between the func-

tional classification of CARD11 variants and RNA abun-

dance. As expected, nonsense variants were depleted at

the RNA level, most likely by nonsense-mediated decay
The American Jour
(Table S3). Correlations between variant effect on RNA

abundance and functional scores in the growth assay

(Figure 3A) highlighted the expected result that nonsense

and splicing variants were depleted in both assays (Pearson

R ¼ 0.54).

We also found many other missense variants that in-

hibited growth (Figure S6) in culture but were not depleted

at the RNA level. Using a computational predictor of

variant function, CADD,35 we found that variants classi-

fied as nonfunctional or likely nonfunctional exhibited

relatively high CADD scores (Figure 3B). However, variants

that were classified as functional or likely functional ex-

hibited a wide distribution of CADD scores that overlap

with variants classified as nonfunctional, indicating that

CADD scoring is sensitive to nonfunctional variants in

CARD11, but is not highly specific.36 Finally, we noted

that many CARD11 variants classified as nonfunctional ap-

peared to inhibit growth to a greater degree than nonsense

variants (Figure 3A). Because this SGE enabled expression

of variants in the presence of wild-type CARD11, we

reasoned that a subset of low scoring variants might

exhibit dominant-negative activity. Given this possibility,

we tested whether the growth assay could sensitively clas-

sify known variants found in individuals with CADINS

disease.

CADINS disease is a rare but likely underdiagnosed disor-

der, with 14 dominant-negative variants previously re-

ported, 8 of which are in the CARD and LATCH domains

of CARD115,6,37 (Figure 1A). Each of the 8 previously iden-

tified dominant-negative variants were scored as either

nonfunctional or likely nonfunctional (Table S2,

Figure S6) using the growth assay. During the course of

this project, we identified five additional variants in the

CARD domain from ten individuals with clinical pheno-

types suggestive of CADINS disease. Each of these were

also scored as nonfunctional or likely nonfunctional scores

in the growth assay, which indicates decreased protein

function (Table S2; p.Thr43Met, p.Asp58Gly, p.Val60Glu,

p.Pro64Arg, and p.Arg72Leu).

To test whether these identified variants are dominant

negative, we again used the gold-standard JPM50.6 NF-

kB reporter assay.6 Full-length CARD11 expressing each

variant was transfected into CARD11-deficient JPM50.6

T cells. After activation with soluble anti-CD3 and

-CD28, we quantified mean fluorescence intensity of

NF-kB-driven GFP. Cells transfected with each of these

variants exhibited significantly reduced NF-kB activity

(Figure 3C), relative to controls. We next repeated the

assay in the presence of co-transfected wild-type

CARD11. Each of these variants potently inhibited

CARD11-dependent NF-kB signaling (Figure 3D), indi-

cating dominant-negative activity with comparable

expression relative to wild-type protein (Figure 3E). After

considering the associated clinical findings (Table S4 and

Supplemental Note) and applying the American Society

of Medical Genetics criteria for classification of variants,

we concluded that each of these identified variants is
nal of Human Genetics 107, 1029–1043, December 3, 2020 1035
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Figure 3. Functional Scoring from SGE
Accurately Identify Variants that
Decrease CARD11 Function
(A) An X-Y scatterplot showing SGE func-
tional scores from RNA (y axis) versus the
growth assay (x axis). Correlation scores
between the variant effect on RNA abun-
dance and growth were quantified (pear-
son) for nonsense/splice (orange) and all
missense (green) variants.
(B) Violin plots showing the distribution
of CADD scores for single nucleotide vari-
ants in each functional classification.
(C and D) JPM50.6 cells were transfected
with empty vector (EV), WT or mutant
CARD11 plasmids alone (C) or in 50:50 ra-
tio with WT (D). After stimulation with
anti-CD3/CD28, NF-kB-driven GFP re-
porter expression was quantified by flow
cytometry and plotted as mean 5 stan-
dard error. NS, non-stimulated. Statistical
significance versus WT (or WTþWT) was
assessed using one-way ANOVA with the
SIDAK correction for multiple compari-
sons ****p < 0.0001, **p < 0.01.
(E) Immunoblot showing CARD11-FLAG
expression for each variant; actin serves
as a loading control.
(F) SGE functional scores were plotted for
likely pathogenic/pathogenic variants
and likely non-damaging variants present
in gnomAD at a frequency greater than 1
in 300,000.
(G) A ROC curve reveals the sensitivity
and specificity of SGE functional
scoring for identification of these disease
variants.
pathogenic or likely pathogenic (Table S5). The probands

are being treated for CADINS disease, and these

interpretations and evidence have been submitted to

ClinVar.
1036 The American Journal of Human Genetics 107, 1029–1043, December 3, 2020
To investigate whether the

CARD11 functional scoring using

the growth assay accurately pre-

dicted pathogenicity in cases

screened for CARD11 dominant-

negative variants, we defined ‘‘dis-

ease’’ variants as those previously

published5,6,37 or characterized

here based upon the clinical fea-

tures (Table S4) and ‘‘healthy’’ as

those present in gnomAD with fre-

quencies higher than one in

300,000, which is higher than the

expected incidence of CADINS dis-

ease (Supplemental Note). All mea-

surements of CADINS disease-asso-

ciated variants fell below the

functional threshold (�0.216;

Figure 3F). At the threshold we

used to score non-functional vari-
ants (�0.711), a ROC curve showed a sensitivity of

94.6% at 88.9% specificity for the SGE data to detect

dominant-negative variants (Figure 3G). We conclude

that this growth assay meets the criteria for a validated
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Figure 4. Splice Junction Variants Can Lead to Exon Skipping and Dominant-Negative Activity CARD11
(A) Functional scores for all single-nucleotide variants in the growth assay were plotted by position in each of the CARD11 exons.
Nonsense (orange) and intronic (red) variants were colored and exonic sequences spanning the intron-exon boundaries were labeled.
Finally, we annotated the locations of two heterozygous variants identified in subjects with clinical suspicion for CARD11 dominant-
negative disease.
(B) A pedigree chart shows inheritance of the c.358þ1G>A variant in family A.
(C) PBMCswere isolated fromhealthy control subjects and case subjects (A-II.a and A-II.b) and stimulatedwith PMA for 0, 5, and 10min.
Ikb-alpha and phospho-ERK was quantified by flow cytometry and plotted as mean 5 stardard deviation.

(legend continued on next page)
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functional assay,10 providing moderate evidence of

pathogenicity for CADINS disease (> 11 likely patho-

genic and > 11 likely benign variants used for assay vali-

dation) in the context of clinical suspicion.

Pathogenic In-Frame Exon Skipping in CARD11

Identified from Intronic Splicing Variants

Variants in the canonical splice acceptor and donor se-

quences often inhibited growth to a greater degree than

nonsense variants (Figure 4A, red). A possible explanation

for these findings is that variants in splice acceptors and

donors in this region lead to expression of CARD11 that

is missing all or part of one of the exons. Importantly, com-

plete deletion of exon three, exon four, or both exons

would produce an in-frame transcript (Figure 4A).

We identified two additional families with probands that

exhibited clinical phenotypes consistent with CADINS dis-

ease with splice donor variants (hg38: chr7:2947574G>A;

c.220þ1G>A and hg38: chr7:2945818G>A; c.358þ1G>A;

Figures 4A and 4B and Supplemental Note). In one of these

families, one of three affected individuals and her unaf-

fected mother exhibited a second variant in CARD11

(p.Pro554del) not included in our screen, which had no

functional effect using the NF-kB reporter assay (Figures

3C and 3D). Relative to healthy control subjects, white

blood cells from two affected individuals (c.358þ1G>A)

exhibited decreased stimulation-induced NF-kB signaling

and poor proliferative response to anti-CD3 stimulation

(Figures 4B and 4C). We PCR amplified mRNA taken

from white blood cells from affected individuals from

both families and found additional high mobility bands

with primers that flanked exon 4 (c.358þ1G>A;

Figure 4D) or exon 3 (c.220þ1G>A; Figure 4E). Upon

sequencing products from affected subjects with

c.358þ1G>A, we found that the smaller bands had a dele-

tion of exon 4 (Figure 4F). These data confirm that individ-

uals with these intronic variants in CARD11 express both

full-length (from the wild type allele) and exon-deleted

(from the c.358þ1G>A or c.220þ1G>A allele) RNA.

We next investigated whether in-frame deletions in the

CARD domains of CARD11 (D exon 3, D exon 4, or D

exon 3-4) alter NF-kB signaling. Using the NF-kB assay

described above, we introduced each of these deletion con-

structs into CARD11-deficient T cells. None of the in-frame

deletions in CARD11 were sufficient to promote NF-kB ac-

tivity (Figure 4G). Additionally, each of these variants
(D–F) cDNA was isolated from PBMCs of affected individuals with
primers indicated on the exon-intron diagram in (F). These amplicons
(F).
(G) CARD11-deficient Jurkat cells were co-transfected with a plasmi
structs. After stimulation with PMA/ionomycin, NF-kB reporter sig
mean 5 standard deviation.
(H) Immunoblot showing CARD11-FLAG expression for each varian
(I) Cas9 RNPs and HDR templates were used to introduce the indicat
cells that express an NF-kB reporter. Following activation of CARD11
normalized to cell viability, quantified, and plotted as mean 5 starnd
SIDAK correction for multiple comparisons; ****p < 0.0001, **p < 0.

1038 The American Journal of Human Genetics 107, 1029–1043, Dec
significantly inhibited wild-type CARD11 when co-trans-

fected despite being expressed at lower abundance

(Figure 4H), indicating that each exhibited dominant-

negative activity. To further verify that the splice site

change leads to altered NF-kB signaling, we used gene edit-

ing to introduce the c.358G>A variant into the Ly7 NF-kB

reporter cell line. Unlike TMD8 cells, Ly7 cells do not

require CARD11 for survival, but can respond to stimulus

and activate NF-kB. After introducing the c.358G>A

variant, or an adjacent silent mutation, we activated these

cells with PMA/ionomycin and measured NF-kB activity.

We found that cells receiving repair templates that intro-

duce the silent variant, but not the c.358G>A, activate

the NF-kB reporter (Figure 4I). Taken together, these data

demonstrate that variants in CARD11 that lead to exclu-

sion of either exons three, four, or both are likely to result

in a dominant-negative form of CARD11. Consequently,

individuals with clinical suspicion for CADINS disease

that have splice variants in exons three through five in

CARD11 should be evaluated for exon skipping, as these

variants likely lead to dominant-negative activity rather

than haploinsufficiency, which clinically has no known

phenotype.

Functional Scores Imply that Disruption of the CARD11-

BCL10 Interaction Leads to Dominant-Negative Activity

Data from gel filtration and structural modeling suggest

that downstream signaling is initiated after CARD11

homo-trimerization, and then a CARD11-BCL10 interac-

tion leads to formation of BCL10 filaments that scaffold

downstream signaling proteins.29,38,39 Crystal structures

of the CARD11-BCL10 interface and alanine replacement

experiments highlight the importance of four critical resi-

dues (Arg35, Lys41, Lys69, and Arg72) for CARD11-BCL10

co-immunoprecipitation and activation of NF-kB.40 Func-

tional scores from our growth assay similarly showed

that positively charged residues in CARD11 known to be

important for interaction between BCL10 and CARD11

(Arg35, Lys41, Lys69, and Arg72) are intolerant to most

changes (Table S2), except conservative substitutions at

Lys41, Lys69, and Arg72 that retain the positive charge.

To further explore this interaction, we modeled the

BCL10-CARD11 interaction by substituting CARD11 for

one of the BCL10 proteins in the BCL10-BCL10 cryoEM

structure (Figures 5A and 5B).38 We found these positively

charged residues to be in favorable positions to form
CARD11 splice variants (A-II.a and F-I.a) and amplified with the
were analyzed via DNA PAGE gel (D and E) and colony sequencing

d expressing an NF-kB luciferase reporter and the indicated con-
nal was quantified, normalized to cell viability, and plotted as

t; actin serves as a loading control.
ed variants in place of c.358þ1G in CARD11 into Ly7 lymphoma
-dependent signaling with PMA/ionomycin, reporter activity was
ard deveiation. For (G) and (I), we used one-way ANOVA with the
01.
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Figure 5. Modeling Conservative Changes to Amino Acid R35, K41, K69, and R72 of CARD11
(A and B) Structure of CARD11 protein CARD domainmodeled based upon the cryoEM structures of BCL10 filaments in an (A) unbound
state and (B) together with BCL10 illustrating the type III interaction. Blue indicates positive charge and red indicates negative charges.
(C and D) CARD11-deficient Jurkat cells were co-transfected with a plasmid expressing an NF-kB luciferase reporter and the indicated
constructs. After stimulation with PMA/ionomycin, NF-kB reporter signal was quantified, normalized to cell viability, and plotted as
mean5 standard deveiation. Variants highlighted in red have been previously identified in affected individuals. We used one-way AN-
OVA with the SIDAK correction for multiple comparisons; ****p < 0.0001, **p < 0.01.
(E) Immunoblots showing CARD11 expression for each construct; actin serves as a loading control. Images are representative of two repeat
experiments.

The American Journal of Human Genetics 107, 1029–1043, December 3, 2020 1039



electrostatic interactions with BCL10 Glu53. We further

tested the effects of selected changes using the NF-kB assay

and found each replacement of the positively charged

amino acid with either Leu or Gln rendered CARD11 to

be nonfunctional (Figure 5C) and exhibit dominant-nega-

tive activity in an NF-kB assay (Figure 5D). In contrast, con-

servative changes at Lys41, Lys69, and Lys72 (p.Lys41Arg,

p.Lys69Arg, p.Arg72Lys) that theoretically retained this

electrostatic interaction behaved like wild type (Figures

5C and 5D). Consistent with these findings, a previously

reported pathogenic variant p.Arg72Gly6 and a pathogenic

variant found in this study, p.Arg72Leu (Table S4), are asso-

ciated with CADINS disease, which support the prior struc-

tural predictions and functional data.
Discussion

Here we describe an SGE approach to functionally charac-

terize the effect of 2542 amino acid variants and 38 non-

coding variants in their native genomic context in a critical

region of CARD11. Features of our cloning-free SGE

approach (high-efficiency RNP-ssODN co-delivery and

synthesis-dependent annealing-based HDR) permitted

introduction and analysis of variants in the presence of a

wild-type copy of CARD11 expressed on the other allele.

These key features of assay design enabled us to simulta-

neously identify variants that decrease or increase

CARD11 function. The results of these two functional as-

says are highly accurate for predicting disease outcomes

and add critical information, which we hope will aid diag-

nosis and treatment of individuals with suspected

CARD11-associated disease (see Table S6 for a comprehen-

sive summary of high-confidence functional variants). The

simplicity of the approach will enable its use in a variety of

cell types and possibly organisms, facilitating the tracta-

bility of MAVEs that query gene functions that are cell

type specific, like that for CARD11.41

The American College of Medical Genetics and Geno-

mics guidelines allows that functional evidence can be

added to clinical evidence3 to interpret genetic vari-

ants.10 Clinical and molecular immunologists have histor-

ically regarded the NF-kB reporter assay as the gold-stan-

dard functional readout for dominant-negative and gain-

of-function CARD11 variants.4–6,37 With the Clingen

guidelines for using functional assays as evidence for inter-

pretation,10 a positive result using the NF-kB reporter

would solely provide ‘‘supporting’’ evidence for pathoge-

nicity, primarily because there is scant published data

showing the effect of known benign variants using the

assay. We found that SGE functional scores predicted the

effect of known likely pathogenic (>11) and likely benign

(>11) variants in CADINS disease with high specificity

(88.9%) and sensitivity (94.8%). Additionally, we indepen-

dently validated the functional effects of several variants

found in our screen using the NF-kB reporter assay. Based

on the Clingen guidelines10 and the number of known
1040 The American Journal of Human Genetics 107, 1029–1043, Dec
pathogenic and benign variants used to validate the ability

of the assay to predict pathogenicity, the functional scores

generated in the SGE growth assay should be used as ‘‘mod-

erate’’ evidence for pathogenicity in patients with clinical

suspicion for CADINS disease. Because wemeasured the ef-

fect of all variants in this region of CARD11, validation

with additional known pathogenic or benign variants

could increase the level of evidence to strong in the future.

The LATCH domain of CARD11 plays a crucial role

mediating autoinhibition of the CARD and coiled-coil do-

mains.42 Structural data from the closely related CARD9

(MIM: 607212) shows that Gly111 (equivalent to

Gly123 in CARD11) acts as a hinge between the LATCH

and coiled-coil domains. The structural data suggested39

that Gly111 is incompatible with any non-glycine resi-

due, and its alteration is likely to disrupt the autoinhibi-

tory interaction, leading to constitutive activation. Our

data are also consistent with the structural data showing

that other residues conserved between CARD9 and

CARD11 are likely to be crucial for autoinhibition

(including the following residues identified and validated

in our screen as hotspots for gain-of-function variants:

CARD11 Phe115, Thr117, Ile118, Val119, Gly126, and

Leu127). After activation and release of auto-inhibition,

the CARD domain functions as a nucleation factor for

the CARD11-BCL10-MALT1 scaffold signaling com-

plex.38,42,43 The SGE results were consistent with

biochemical data showing that Arg72, Lys69, Lys41, and

Arg35 are collectively required for the interaction between

the CARD domains of BCL10 and CARD11.40 Our find-

ings are consistent with the results from this report and

show that replacement of each residue with nonpolar

amino acids ablates NF-kB activity, even in the context

of wild-type CARD11. Disruption of this interaction could

partly explain the propensity of missense variants in the

CARD domain to be associated with dominant-negative

disease. We hope that the SGE functional scores will

help improve our interpretation of CARD11 structural

models.

We identified in-frame splicing defects that lead to exon

exclusion within the CARD domain and expression of

dominant-negative versions of CARD11. We predict that

protein products lacking exons 3, 4, or both will behave

similarly to CARD domain deletions, which fail to bind

BCL10,44 and this could explain their dominant-negative

activity. The clinical importance of these findings became

clear when we found two unrelated families with affected

individuals presenting with phenotypes resembling CA-

DINS disease expressing splicing variants that caused in-

frame exon skipping. Despite the clear CADINS pheno-

type in heterozygous affected individuals, overexpression

of the deletion constructs resulted in relatively moderate

dominant-negative activity in the NF-kB assay. The rela-

tively modest effect in the overexpression assay relative

to the R30W CADINS variant could easily be explained

by less expression in the assay, more robust effects in

the context of physiological expression levels, or
ember 3, 2020



alterations of other pathways that contribute to the clin-

ical phenotypes (e.g., mTORC1 signaling6). Although

splicing defects in other genes can lead to haploinsuffi-

ciency due to nonsense-mediated decay,45 the extent to

which in-frame splicing leads directly to altered protein

function and disease is underappreciated. Although 9%

of exons should be ‘‘in-frame’’ if skipped, genomic panels

and traditional sequencing approaches treat splice vari-

ants as loss-of-function. Given no evidence of CARD11

haploinsufficiency to date, mere loss of expression of

the mutated allele is likely not enough to cause disease.

Our data demonstrate that splice variants should be eval-

uated for damaging effects on protein function and that

SGE may be a useful tool for assessing the functional ef-

fects of splice variants.

Overall, we present an improved cloning-free SGE for

use in diploid cells that coupled survival with drug selec-

tion to identify thousands of variants in CARD11, a clini-

cally actionable gene. We demonstrate a high sensitivity

and specificity for predicting pathogenicity and function-

ally classifying both variants previously found in patients

with disease that decrease or increase CARD11 function.

Additionally, we identified a group of in-frame CARD11

splicing defects that cause a dominant phenotype similar

to other CARD11 dominant-negative variants. The SGE

functional data were immediately useful for diagnosing

CADINS disease in two families with splice defects and

five additional families with missense variants. It should

be noted that in the absence of definitive clinical data

(see Supplemental Note), variants that decrease CARD11

function in our assay should be further tested to determine

whether they exhibit dominant-negative activity or are

solely loss-of-function. Finally, many other clinically rele-

vant immune genes (STAT3,46 STAT1,47 and NFKB2,48,49

among many others) can exhibit disease-associated vari-

ants that both decrease or increase protein function and

will be high value targets for future SGE.
Data and Code Availability

The amplicon sequencing datasets generated in this study

have been deposited on the Gene Expression Omnibus, re-

cord number GEO: GSE152129. The published article in-

cludes an explicit description of published analysis tools

used to process and analyze the data. Any custom python

scripts described in the Supplemental Material and

Methods for routine analysis are available upon request.
Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2020.10.015.
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