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CAKUT and Autonomic Dysfunction Caused
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Nina Mann,!14 Franziska Kause,.1¢ Erik K. Henze,2 Anant Gharpure,? Shirlee Shril,!

Dervla M. Connaughton,! Makiko Nakayama,! Verena Klambt,! Amar J. Majmundar,!

Chen-Han W. Wu,! Caroline M. Kolvenbach,! Rufeng Daij,! Jing Chen,! Amelie T. van der Ven,!
Hadas Ityel,! Madeleine J. Tooley,* Jameela A. Kari,> Lucy Bownass,* Sherif El Desoky,> Elisa De Franco,®
Mohamed Shalaby,> Velibor Tasic,” Stuart B. Bauer,® Richard S. Lee,® Jonathan M. Beckel,” Weiqun Yu,1°
Shrikant M. Mane,!! Richard P. Lifton,!!.'2 Heiko Reutter,!3 Sian Ellard,® Ryan E. Hibbs,3

Toshimitsu Kawate,?2 and Friedhelm Hildebrandt!*

Congenital anomalies of the kidney and urinary tract (CAKUT) are the most common cause of chronic kidney disease in the first three
decades of life, and in utero obstruction to urine flow is a frequent cause of secondary upper urinary tract malformations. Here, using
whole-exome sequencing, we identified three different biallelic mutations in CHRNA3, which encodes the a3 subunit of the nicotinic
acetylcholine receptor, in five affected individuals from three unrelated families with functional lower urinary tract obstruction and sec-
ondary CAKUT. Four individuals from two families have additional dysautonomic features, including impaired pupillary light reflexes.
Functional studies in vitro demonstrated that the mutant nicotinic acetylcholine receptors were unable to generate current following
stimulation with acetylcholine. Moreover, the truncating mutations p.Thr337Asnfs*81 and p.Ser340* led to impaired plasma membrane
localization of CHRNA3. Although the importance of acetylcholine signaling in normal bladder function has been recognized, we
demonstrate for the first time that mutations in CHRNA3 can cause bladder dysfunction, urinary tract malformations, and dysautono-
mia. These data point to a pathophysiologic sequence by which monogenic mutations in genes that regulate bladder innervation may
secondarily cause CAKUT.

Congenital anomalies of the kidney and urinary tract (CA-
KUT) represent up to 20%-30% of all prenatally detected
anomalies and are the most common cause of chronic
kidney disease in the first three decades of life.' The dis-
covery of more than 40 monogenic causes of CAKUT in
humans has led to the understanding that urogenital mal-
formations often arise from defects in the signaling path-
ways that regulate nephrogenesis.*® In addition, animal
studies have demonstrated that intrauterine obstruction
to urine flow can secondarily lead to CAKUT, although
the genetic etiologies and molecular pathogenesis of these
processes are not well understood.”

Nicotinic acetylcholine receptors (nAChR) are hetero-
pentameric ligand-gated ion channels that are widely ex-
pressed in the nervous system and in certain non-neuronal
tissues, such as the bladder urothelium.*’ Interestingly,
mice lacking Chrna3, the gene encoding the a3 nAChR
subunit, develop a prominent genitourinary phenotype,
with reduced bladder contractility, megacystis, and recur-
rent urinary tract infections.' The &3 nAChR subunit me-
diates fast synaptic transmission in the parasympathetic,

sympathetic, and enteric ganglia and plays a critical role
in modulating normal bladder function."’

To date, only one gene involved in neuronal synaptic
transmission, CHRM3 (MIM: 118494), has been implicated
in lower urinary tract obstruction in humans.'” Here, we
describe the discovery of biallelic mutations in CHRNA3
in three families with CAKUT and additional extra-renal
dysautonomic features.

Approval for human subject research was obtained from
the Institutional Review Board at the respective institu-
tions, and samples were obtained after written informed
consent. The index case subject, B1717-21, is a young
man who was born to consanguineous parents of Arabic
descent and who presented in childhood with recurrent
urinary tract infections. Renal ultrasound demonstrated
bilateral hydronephrosis, a thickened bladder wall, and a
large post-void residual (Figure 1A). Voiding cysturethro-
gram (VCUG) revealed bilateral grade 5 vesicoureteral re-
flux (VUR) without posterior urethral valves (not shown),
and the affected individual was given a diagnosis of non-
neurogenic neurogenic bladder. He developed progressive
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Figure 1. Identification of Biallelic CHRNA3 Mutations in Three Families with CAKUT

(A) Renal and bladder imaging for affected individuals. The two left panels depict a renal ultrasound and DMSA (dimercaptosuccinic
acid) scan from individual B1717-21. The renal ultrasound demonstrates severe left-sided hydronephrosis with cortical thinning, and
DMSA scan shows reduced cortical uptake of the left kidney (arrow head). VCUG from individual GM-21 and bladder ultrasound
from individual B1402 both demonstrate thickened and irregular bladder walls. The echogenic circular irregularity on the bladder ultra-
sound for B1402 (orange arrowhead) is an artifact from a STING procedure that was done after recurrent vesicoureteral reflux developed
following bilateral ureteral reimplantation.

(B) Pedigrees for the three affected families. In the pedigrees, squares represent males and circles represent females. Open symbols repre-
sent unaffected individuals, and filled symbols represent affected individuals. Consanguineous unions are depicted as double horizontal
lines. Probands (individuals -21 of each family) are denoted by blue arrows. WT, wild type.

(C) Exon and protein domain structure of CHRNA3. The exon structure is depicted in the upper bar, with positions of the start codon
(ATG) and stop codon (TAA) indicated. The lower bar depicts the protein structure of CHRNA3, with an N-terminal signal peptide (pink),
a large extracellular ligand-binding domain (blue), and four transmembrane helices (green). The three different mutations detected in
three families are mapped to the exon and protein structures.

renal insufficiency, and by 19 years of age, a DMSA scan
demonstrated a small, atrophic left kidney with 10% resid-
ual function (Figure 1A). He also presented to the ophthal-
mologist in adolescence for difficulty seeing in bright light
and was found to have bilateral mydriasis with impaired
pupillary constriction. Moreover, orthostatic hypotension
was diagnosed on routine physical examination (Table
1). The proband’s brother, B1717-22, was also noted to
have an impaired pupillary light reflex. He additionally
has a history of recurrent urinary tract infections, although

renal ultrasound revealed normal-appearing kidneys and
bladder (not shown).

We applied whole-exome sequencing (WES) and homo-
zygosity mapping to individual B1717-21."*'* Mutation
calling was performed in line with proposed guidelines
by clinician-scientists who had knowledge of the clinical
phenotypes and pedigree structure (Figure S1).'> We iden-
tified a homozygous truncating mutation (GenBank:
NM_000743.4; ¢.1010_1011delCA [p.Thr337Asnfs*81])
in exon 5 of the gene CHRNA3 (Cholinergic Receptor
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Table 1.

Recessive Mutations Identified in CHRNA3 in Three Families with CAKUT

Nucleotide Change;

Ethnic Exon Amino Acid Change gnomAD Allele Genitourinary Dysautonomic
Family Origin Gender (Zygosity) (Segregation)® Frequencies® Manifestations Manifestations Other®
B1402 Macedonian female intron C.267+2T>G (essential 0/1/246,220 bilat. VUR, grade IV none none
3 (hom) splice); (m. het; p. het) recurrent VUR
post ureteral
reimplantation
CKD (stage 2)
B1717-21 Arabic male exon c.1010_1011delCA NP non-neurogenic impaired pupillary none
5 (hom) (p-Thr337Asnfs*81); (ND) neurogenic bladder  light reflex
bilat. VUR, grade V. orthostatic
bilat. hydronephrosis hypotension
atrophic left kidney
CKD (stage 2)
B1717-22 Arabic male exon ¢.1010_1011delCA NP recurrent UTIs impaired pupillary none
5 (hom) (p.Thr337Asnfs*81); (ND) light reflex
GM-21  Pakistani male exon c.1019C>G (p.Ser340*); 0/4/246,010 non-neurogenic impaired pupillary hypertelorism
5 (hom) (m. het; p. het) neurogenic bladder  light reflex broad nasal root
left hydronephrosis  flat CTG tracing intellectual
right cystic kidney  in utero disability
hypospadias 2q31.1-32.3
duplication
(de novo)
GM-22  Pakistani female exon ¢.1019C>G (p.Ser340*);  0/4/246,010 voiding dysfunction impaired pupillary GERD, failure
5 (hom) (m. het; p. het) recurrent UTIs light reflex to thrive

flat CTG tracing
in utero

Abbreviations: Bilat., bilateral; CKD, chronic kidney disease; CTG, cardiotocography; GERD, gastresophageal reflux; het, heterozygous; Hom, homozygous; m,
maternal allele; ND, no data; NP, not present; p, paternal allele; UTI, urinary tract infection; VUR, vesicoureteral reflux.

aSegregation is listed as (maternal allele, paternal allele) when available. If parental DNA was not available, segregation is listed as ND.

PNone of the identified CHRNA3 mutations have been reported homozygously in gnomAD, which includes exome or genome sequencing data from 141,456

unrelated individuals.

“One affected individual was found to have additional genetic abnormalities that were thought to explain some of his extra-renal manifestations. GM-21 has a de
novo 2q31.1-32.3 duplication which may explain his facial dysmorphisms and intellectual disability. This duplication was not shared by his sister, GM-22.

Nicotinic Alpha 3 Subunit), which encodes the 23 nAChR
subunit. The same homozygous mutation was found in the
proband’s affected older brother, B1717-22 (Figure 1B,
Table 1).

Through the use of the on-line tool, GeneMatcher,
we identified two siblings of Pakistani descent (GM-21
and GM-22) who also have biallelic mutations in CHRNA3
(c.1019C>G [p.Ser340*]). GM-21 was diagnosed prenatally
with hydronephrosis, and post-natal imaging revealed a
dilated, cystic right kidney, left hydroureteronephrosis,
and a thickened, trabeculated bladder wall (Figure 1A).
He was diagnosed with non-neurogenic neurogenic
bladder and was managed with clean intermittent cathe-
terizations and subsequent vesicostomy. His younger sis-
ter, GM-22, had recurrent urinary tract infections, and
VCUG demonstrated a large-capacity bladder with incom-
plete emptying (not shown). Ophthalmology examination
for both children revealed constant miosis with pupils that
did not dilate, and both siblings additionally had flat cardi-
otocography (CTG) tracings in utero. This was detected at
36 weeks gestational age in the older child, for which he
underwent emergent cesarean section. A flat CTG tracing
was noticed at 29 weeks gestational age for the younger sib-
ling and persisted until she was delivered at full term.

We subsequently queried WES data in our cohort of
380 families with CAKUT and identified one additional

16,17

affected individual with biallelic CHRNA3 mutations. In
individual B1402, who has bilateral VUR and hydroneph-
rosis, we detected a homozygous essential splice site
mutation (c.267+2T>G). Interestingly, this individual un-
derwent ureteral reimplantation as a child but developed
recurrence of her VUR, for which she underwent a STING
procedure (Figure 1A). We did not detect any biallelic mu-
tations in CHRNA3 in a control cohort of 419 families with
either nephrotic syndrome or nephronophthisis.

All three CHRNA3 mutations were confirmed via Sanger
sequencing (Figure S3). A summary of the clinical charac-
teristics of the affected individuals and the mutations iden-
tified is provided in Table 1, and a schematic of the
CHRNA3 exon and protein structure with locations of
the three mutations is depicted in Figure 1C. Both the
p.Thr337Asnfs*81 and p.Ser340* variants are predicted to
lead to premature termination of the protein prior to the
fourth transmembrane helix (Figure 1C). As RNA was not
available from the individual with the c.267+2T>G splice
mutation, we used in silico prediction tools to determine
the splicing effect. Because the ¢.267+2T>G change occurs
at an obligatory splice site, we predict that this will lead to
skipping of exon 3 and an in-frame deletion of 15 amino
acids in the protein’s extracellular ligand-binding domain.
However, it should be noted that this may not recapitulate
the splicing effect in vivo.
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Figure 2. CHRNA3 Mutants Perturb «3p4 nAChR Function and Impair Plasma Membrane Trafficking

(A) Whole-cell currents obtained from HEK293 cells overexpressing both wild-type and the indicated mutant «a384 nicotinic acetylcho-
line receptors (NAChRs). Wild-type 2384 nAChR generates a strong current after incubation with acetylcholine (n = 7). In contrast, the
essential splice (n = 4), p.Thr337Asnfs*81 (n = 4), and p.Ser340* (n = 4) mutants were unable to generate any current.

(B) Membrane localization of 3 nAChR in HEK293 cells. Quantification of immunofluorescence images of HEK293 cells overexpressing
either wild-type or mutant GFP-tagged CHRNA3. Graphs represent an average of three independent experiments. For each experiment,
100-150 transfected cells were evaluated for membrane staining. 49% of cells transfected with WT-CHRNA3 demonstrated membrane
staining. In contrast, only 12%-13% of cells transfected with the p.Thr337Asnfs*81 and p.Ser340* mutants demonstrate membrane
staining, respectively. The error bars represent SEM for three experiments. **p value < 0.01 when compared to wild type; n.s. not signif-
icant when compared to wild type.

(C) Representative immunofluorescence images depicting the cellular localization of overexpressed GFP-tagged wild-type and mutant .3
nAChRs in HEK293 cells. Unpermeabilized (left) and permeabilized (right) cells are stained with an anti-CHRNA3 antibody raised against
the protein’s extracellular N terminus. The green GFP signal demonstrates total transfected CHRNA3 protein, whereas in

(legend continued on next page)
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In the two families in which homozygosity mapping
was available, the CHRNA3 mutations were all located
within regions of homozygosity by descent (Figure S4).
None of the three CHRNA3 variants were present homo-
zygously in the large population database, gnomAD
(Table 1). Exome data for each proband from the three
families were also analyzed for mutations in known CA-
KUT genes® and no causative variants were identified.
However, individual GM-21 was noted to have a de novo
25.6 Mb duplication of chromosome 2q31.1-2q32.3 that
was not shared by his affected sister. This is thought to
contribute to his cognitive deficits, although further
studies will be required for causality to be more defini-
tively established.

In order to examine whether the identified mutations
in CHRNA3 affect receptor function, we performed
electrophysiology and immunofluorescence studies in
HEK293 cells. The a3 nAChR subunit is known to hetero-
pentamerize with the p4 nAChR subunit,'® and we first
aimed to determine whether the CHRNA3 mutations
affect the ability of the «3p4 nAChR to induce current
after stimulation with acetylcholine. Patch-clamping ex-
periments were performed in HEK293 cells co-transfected
with wild-type CHRNB4 c¢DNA and either wild-type or
mutant CHRNA3 cDNA. Acetylcholine induced a dose-
dependent inward current in cells overexpressing the
wild-type 234 nAChR (Figure 2A). In contrast, no current
was generated in cells expressing receptors composed of
the splice site, p.Thr337Asnfs81* or p.Ser340* mutant
a3 subunits (Figure 2A). These data demonstrate complete
loss of function for the essential splice and two truncating
variants.

Because the two truncating mutations (p.Thr337Asnfs*
81 and p.Ser340*) lead to premature termination of the
CHRNA3 protein prior to the fourth transmembrane
helix, we hypothesized that this would disrupt mem-
brane trafficking of the mutant receptors. We expressed
GFP-tagged wild-type and mutant CHRNA3 cDNA in
HEK293 cells and labeled unpermeabilized cells with an
antibody to the extracellular N terminus of the 3 nAChR
subunit, which is expected to bind only those proteins
that are inserted into the plasma membrane (Figures 2B
and 2C). We detected membrane localization of the
wild-type 3 nAChR subunit in 49% of transfected cells.
In contrast, only 12%-13% of transfected cells demon-
strated membrane staining for the p.Thr337Asnfs*81
and p.Ser340* mutants, suggesting impaired membrane
trafficking (Figure 2B). There is a trend toward reduced
membrane localization for the essential splice site
variant, but this did not reach statistical significance.
Representative immunofluorescence images are depicted

in Figure 2C. Permeabilized cells, in which both extracel-
lular and intracellular labeling is established, were uti-
lized as controls.

We here discovered by whole-exome sequencing three
different homozygous loss-of-function mutations in
CHRNAS3 in three families with CAKUT. We demonstrate
that all three mutations attenuate the ability of the a3p4
nAChR to generate current after stimulation with acetyl-
choline. Additionally, the two truncating mutations,
p-Thr337Asnfs* and p.Ser340*, impair receptor trafficking
to the plasma membrane.

Micturition requires coordinated stimulation of the
urinary bladder and urethral sphincters by the para-
sympathetic, sympathetic, and somatic nervous systems
(Figure S5)."" CHRNA3 mediates fast synaptic transmission
in the autonomic ganglia, and we predict that loss of
CHRNA3 may result in discoordinated detrusor and ure-
thral function. CHRNAS3 is also expressed in the bladder
urothelium and therefore may play additional roles in
regulating bladder contraction beyond its known function
in the autonomic ganglia.” Of interest, all three families in
our cohort developed secondary upper urinary tract mal-
formations, such as hydronephrosis and renal cysts,
consistent with the notion that obstruction to urinary
flow in utero can lead to abnormalities in renal develop-
ment.”'??° Indeed, individual B1402 underwent bilateral
ureteral reimplantation, only to develop recurrent VUR
and worsening hydronephrosis, likely because her under-
lying bladder dysfunction had not been recognized. We
propose that disruption of CHRNA3 can result in a patho-
physiological sequence by which impaired neuronal inner-
vation leads to bladder dysfunction, functional lower
urinary tract obstruction, and subsequent upper urinary
tract anomalies.

In addition to their renal manifestations, families B1717
and GM, in whom truncating CHRNA3 mutations were
found, have dysautonomic features, most notably an
impaired pupillary light reflex. Compellingly, autoanti-
bodies to the a3 nAChR subunit have been described to
cause an autoimmune autonomic ganglionopathy in hu-
mans.”’ These individuals develop profound autonomic
failure, with symptoms overlapping those found in
families with truncating CHRNA3 mutations, including
bladder dysfunction, impaired pupillary light reflexes,
and orthostatic hypotension.”""** Notably, individual
B1402 does not have dysautonomic manifestations. This
may be due to subtle findings that are not clinically man-
ifest, or it may be the case that hypomorphic mutations
lead to a milder phenotype. Identification of additional
affected individuals with CHRNA3 mutations may provide
further insight into genotype-phenotype correlations.

unpermeabilized cells, the red signal (anti-CHRNA3) depicts protein localized to the plasma membrane. Wild-type CHRNA3 and the
splice site mutant both demonstrate membrane localization. In contrast, there is no signal from the anti-CHRNA3 antibody for the pro-
tein truncating p.Thr337Asnfs* and p.Ser340* mutants, suggesting impaired membrane localization. In permeabilized cells, both the
GFP signal (green) and antibody staining (red) demonstrate cytoplasmic localization of the p.Thr337Asnfs* and p.Ser340* mutant

proteins.
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The genitourinary and ocular phenotypes seen in fam-
ilies B1717 and GM are strikingly similar to that of the
Chrna3™~/~ mice, which have megacystis, recurrent uri-
nary tract infections, and persistent mydriasis.'” Bladder
strips from these animals fail to contract in response to
nicotine, and neurons from the superior cervical ganglia
do not generate current in response to acetylcholine,
consistent with the notion that loss of CHRNA3 results
in impaired fast synaptic transmission within the auto-
nomic ganglia.'? It is interesting to note that there is var-
iable expressivity among affected individuals with
CHRNA3 mutations. The two siblings in family B1717,
who harbor the same CHRNA3 p.Thr337Asnfs*87 trun-
cating mutation, for example, exhibit a range of renal
phenotypes, from only recurrent urinary tract infections
to severe hydronephrosis, vesicoureteral reflux, and
chronic kidney disease. This supports the notion that
the renal disease manifesting in these individuals is
the result of a pathophysiological sequence whereby
impairment of bladder contraction results in secondary
upper urinary tract malformations. The degree of renal
impairment is likely a result of stochastic changes that
occur in utero, and such variable expressivity is often
seen in a variety of other monogenic diseases that cause
CAKUT.*?**

To date, few monogenic causes of bladder dysfunction
have been described in humans, including mutations
in the genes CHRM3 (MIM: 118494), ACTG2 (MIM:
102545), ACTA2 (MIM: 102620), MYH11 (MIM: 160745),
MYLK (MIM: 600922), HPSE2 (MIM: 613469), and LRIG2
(MIM: 608869).'%?*3" These genes have been implicated
in the regulation of smooth muscle actin contraction,
neuronal patterning, and synaptic neuronal transmis-
sion (Figure S5), and mutations cause syndromes such
as megacystis-microcolon-intestinal hypoperistalsis syn-
drome (MMIHS [MIM: 155310, 613834]) or urofacial syn-
drome (MIM: 236730, 615112). Interestingly, individuals
with mutations in CHRM3, which encodes a muscarinic
acetylcholine receptor, also present with persistent mydri-
asis.'” The findings in our study provide additional evi-
dence that disruption of the neural pathways regulating
bladder function can be important genetic causes of both
CAKUT and autonomic dysfunction in humans.

Our findings may point to important therapeutic impli-
cations. Current management for children with lower uri-
nary obstruction involves surgical intervention to relieve
anatomic obstruction and subsequent medical manage-
ment of the sequelae from chronic kidney disease.*' How-
ever, surgical techniques alone may not be successful for
individuals in whom mutations in CHRNA3 are identified,
as was the case for individual B1402. The neuronal path-
ways regulating bladder contraction additionally provide
tractable therapeutic targets that may be amenable to
pharmacological intervention. In addition, early prenatal
genetic diagnoses might eventually allow for pharmaco-
logical interventions in utero, which could prevent the
development of renal dysgenesis. Further identification

of novel genetic causes of urinary tract obstruction will
provide additional strategies toward precision medicine.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.10.004.
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