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Frequency of Cystic Fibrosis Transmembrane Conductance Regulatc;?a‘es
Variants in Individuals Evaluated for Primary Ciliary Dyskinesia

William B. Hannah, MD"?, Rebecca Truty, PhD?, Virginia Gonzales, BSN*, Gregory P. Kithcart, BA*, Karen Ouyang, PhD?,
Michelle K. Zeman, PhD®, Chun Li, PhD°, Mitchell Drumm, PhD*“, Keith Nykamp, PhD?, and Benjamin M. Gaston, MD*

Objective To evaluate whether cystic fibrosis transmembrane conductance regulator (CFTR) variants are more
common among individuals tested for primary ciliary dyskinesia (PCD) compared with controls.

Study design Data were studied from 1021 individuals with commercial genetic testing for suspected PCD and
91777 controls with genetic testing at the same company (Invitae) for symptoms/diseases unrelated to PCD or
CFTR testing. The prevalence of CFTR variants was compared between controls and each of 3 groups of individuals
tested for PCD (PCD-positive, -uncertain, and -negative molecular diagnosis).

Results The prevalence of 1 pathogenic CFTR variant was similar among the individual groups. When combining
the PCD-uncertain and PCR-negative molecular diagnosis groups, there was a higher prevalence of single patho-
genic CFTR variants compared with controls (P = .03). Importantly, >1% of individuals who had negative genetic
testing results for PCD had 2 pathogenic CFTR variants (8 of 723), and the incidence of cystic fibrosis (CF) (2 path-
ogenic variants) is roughly 1 in 3000 individuals of Caucasian ethnicity (~0.03%). This incidence was also greater
than that of 2 pathogenic CFTR variants in the control population (0.09% [84 of 91 777]; P = 9.60 x 10~ '°). These
variants correlate with mild CFTR-related disease.

Conclusions Our results suggest that a single pathogenic CFTR variant is not likely to be a PCD-mimetic, but
ongoing studies are needed in individuals in whom PCD is suspected and genetic testing results are uncertain
or negative. Furthermore, CF may be misdiagnosed as PCD, reflecting phenotypic overlap. Among individuals
evaluated for PCD, CF should be considered in the differential even in the CF newborn screening era. (J Pediatr
2019;215:172-7).

rimary ciliary dyskinesia (PCD; MIM 244400) is characterized by a defect in motile cilia"” and is associated with oto-

sinopulmonary disease,' ” heterotaxy,” neonatal respiratory distress,” and diminished fertility.”” There is phenotypic

overlap between PCD and cystic fibrosis (CF; MIM 219700) (Table 1).® Patients with CF have impaired mucociliary
clearance associated with defective anion permeability across epithelial membranes.” Some individuals present with atypical
CF,'"’and a cystic fibrosis transmembrane conductance regulator (CFTR)-related metabolic syndrome (CRMS) can occur in
individuals with intermediate sweat chloride values.'' Atypical CF and CRMS can be missed on newborn screening.

Electron microscopy findings are often falsely positive or negative in patients evaluated for PCD, and recent guidelines

recommend that a PCD diagnosis requires at least 2 classic clinical PCD findings, coupled with an abnormal nasal nitric oxide
and/or abnormal electron microscopy findings, and/or a diagnostic genotype.”'* Thus, most PCD centers request genetic
testing early during the evaluation of a patient considered likely to have PCD. However, genetic defects have been identified
in only ~65% of patients with PCD," and the correct diagnosis can remain elusive for many patients. An increased CF carrier
frequency has been reported among individuals with asthma,'’ and genes encoding ciliary proteins have been identified as
modifiers of CF lung disease.'* Therefore, we hypothesized that CFTR haploin-
sufficiency could be observed in patients with clinical suspicion of PCD but with
nondiagnostic PCD genetic testing. Next-generation sequencing allows for inter- From the "Genter for Human Genetics, University
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Invitae (San Fransisco, California) performed genetic testing
in evaluation of PCD (Table II; available at www.jpeds.com)
for 1021 individuals from 2014 to 2017."” Invitae uses next-
generation sequencing, and analysis of CFTR was possible.
According to an Institutional Review Board—approved
protocol, we performed deidentified retrospective analysis of
the CFIR variants in all individuals tested for PCD at
Invitae. There were also 91777 control CFTR genotypes
available from patients who underwent genetic testing for
diseases/symptoms unrelated to PCD or CFTR during the
same period. The majority of these controls had undergone
testing for cancer syndromes, cardiac conditions, and
neurologic conditions. Individuals with genetic testing for
pancreatitis or gastrointestinal cancer were excluded from
the control population, because these conditions are more
common in patients with CF than in the general population.
Any individual with a test requisition for genetic testing of
CFTR was excluded from this control dataset.

Variant classification was performed as described previ-
ously.'® In brief, each variant was classified as pathogenic,
likely pathogenic, variant of uncertain significance (VUS),
likely benign, or benign. Classification was based on confi-
dence that a variant was likely to cause disease as recommen-
ded by joint consensus guidelines of the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology.'” In this study, “pathogenic” variants
refer to variants that have been classified as pathogenic or
likely pathogenic at Invitae.

Individuals who had undergone genetic testing to evaluate
possible PCD were stratified into 3 cohorts: PCD-positive,
PCD-uncertain, and PCD-negative (Table III). Not all
individuals with PCD genetic testing were tested for the
same number of genes because of improvements in the
sequencing assay design. For the 32 PCD genes studied, the
number of individuals with sequencing data for each gene
is shown in Table II. Individuals were also stratified based
on CFTR variants as 2 pathogenic, 1 pathogenic, uncertain,
or negative (Table II).

Some CFTR variants are associated with milder disease
and/or incomplete penetrance. Specifically, deleterious
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Table I. Phenotypic differences and similarities
between PCD and CF

Clinical features
common to both
PCD conditions CF

Laterality defects Recurrent ear infections  Pancreatic insufficiency
Neonatal respiratory  Recurrent pneumonia Liver disease

distress
Congenital heart Bronchiectasis Diabetes
disease
Sinus infections Meconium ileus
Infertility Distal intestinal obstruction
. W

variants that have been shown to retain ~10%-25% of
CFTR activity relative to wild-type are often associated with
variable expressivity and penetrance.'®'” Attention was given
to the classification of the polythymidine variants. Variations
in 2 regions of intron 9 of CFTR, known as the polyT
(polythymidine) and TG (thymidine and guanine) tracts,
have a complex association with disease. Most individuals
have 1 of 3 different polyT lengths on each copy of the
gene: T5, T7, or T9. The T5 variant can affect CFTR splicing
efficiency and is associated with the full spectrum of disease,
from severe CF to asymptomatic.'””’ The T7 and T9 variants
are considered benign; they do not lead to clinical symptoms.
The TG tract is upstream of the polyT tract. The length of the
TG tract modifies the severity and penetrance of the T5
variant'”**% in most individuals, its length ranges from 10
to 13 TG repeats. When a T5 is next to a TG13 (TG13T5)
or TG12 (TG12T5), the phenotype is associated with CF or
CFTR-related disorders > 80% of the time.”**”** When the
T5 is next to a TG11 (TG11T5), the effect on CFTR splicing
efficiency is less common, and this is associated with milder
CFTR-related disorders with lower penetrance (<50%). T5
next to a TG10 (TG10T5) does not lead to clinical symptoms.
Thus, the TG13T5 and TGI12T5 variants are classified as
pathogenic at Invitae, and the TG11T5 variant is classified
as pathogenic (low penetrance). Because the TG11T5 variant
can be asymptomatic, individuals with this variant are
included here in the “uncertain” findings group.

When the R117H CFTR variant is on the same allele as (“in
cis with”) TGI12T5, together these variants disrupt CFTR

Table III. Description of cohorts of PCD genetic testing results and CFTR genetic testing results

Category

Definition

PCD-positive
PCD-uncertain
PCD-negative

Two pathogenic variants in the same gene or a homozygous variant; males with 1 pathogenic variant in an X-linked PCD gene
Two VUSs in the same gene; 1 pathogenic variant, with or without a concurrent VUS in the same gene; males with a single VUS in an X-linked PCD gene
A single VUS in 1 or more autosomal recessive gene; only likely benign and/or benign variants

CFTR1 A single CFTR pathogenic variant, including TG13T5 and TG12T5
pathogenic

CFTR uncertain  Uncertain significance and/or low-penetrance CFTR variants, including TG11T5 and R117H

CFTR 2 Two pathogenic CFTR variants including TG13T5 and TG12T5 or a homozygous pathogenic CFTR variant
pathogenic

173


http://www.jpeds.com

THE JOURNAL OF PEDIATRICS . www.jpeds.com

more than the TG12T5 variant alone’”>°; this may result in

increased severity of CFTR-related symptoms.”"”” The
impact of having R117H in cis with a T7 or T9 is currently
unclear, however.”’ > As a result, Invitae has classified this
as a VUS. We were unable to determine the phase of
TG12T5 and R117H variants in this study: those with only
R117H were included in the uncertain group; those with
TG12T5 and R117H were included in the 1 pathogenic
group; and those with the TG12T5 variant, 1 additional path-
ogenic variant, and the R117H variant composed the 2 path-
ogenic group. In individuals who are homozygous for a
specific TGT5 variant and heterozygous for a R117H variant
we can assert that the TGT5 and R117H variants are in cis.
There were 3 such individuals (2 controls and 1 PCD-
negative), each of whom was homozygous for TG12T5 and
heterozygous for R117H. These 3 individuals are included
in the 2 pathogenic CFTR variant cohort, given the variant
classifications used. No individual was both homozygous
for TG13T5 or TGIIT5 and also heterozygous for an
R117H variant.

A trend test was used to compare the frequency of 1 path-
ogenic CFTR variant among the patients with PCD-positive,
-uncertain, and -negative molecular diagnoses. The Pearson
x” test was performed to compare the frequency of CFTR var-
iants between the patients who were PCD-positive and con-
trols, between the patients who were PCD-uncertain and
controls, and between the PCD-negative patients who were
and controls. Finally, the Pearson X2 test was used to compare
the prevalence of 1 pathogenic CFTR variant among all indi-
viduals with nondiagnostic genetic testing for PCD
(combining the PCD-unknown and -negative molecular
diagnosis cohorts) and controls. For all statistical analyses
comparing the frequency of 1 pathogenic CFTR variant, indi-
viduals with 2 pathogenic CFTR variants were excluded.

Comparing the frequency of individuals with a single patho-
genic CFTR variant among the PCD-positive, -uncertain, and
-negative molecular diagnosis cohorts revealed no significant
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differences (Table III). There was also no difference in the
frequency of carriers with a single pathogenic CFTR variant
when comparing the PCD-positive, -uncertain, or -negative
molecular diagnosis group with the control population
(Table 1V). However, when the PCD-uncertain and
-negative molecular diagnosis cohorts were combined into
a single group, there was a small but statistically significant
enrichment of carriers with a single pathogenic CFTR
variant compared with controls (P = .03, Pearson ¥ test).

In our analysis, it was apparent that >1% of individuals in
the PCD-negative molecular diagnosis cohort had 2 patho-
genic CFTR variants (8 of 723 individuals, compared with
84 of 91 777 controls; P = 9.60 x 107 '°). This may be an un-
derestimate, because individuals with both a pathogenic
variant and a TG11T5 variant were excluded from the 2 path-
ogenic CFTR variants cohort (Table V; available at www.
jpeds.com).

The average age of the PCD negative molecular testing
cohort was 14.5 years, and the median age was 6 years
(Table VI; available at www.jpeds.com). The average age of
controls was significantly greater than that of the
individuals tested for PCD, likely because of the later age of
diagnostic testing for the control cohort, which consisted
mainly of individuals evaluated for cancer, heart disease,
and neurologic disorders. The CFTR2 database
demonstrates that some of the 8 CFTR genotypes of
individuals with negative PCD genetic testing and 2
pathogenic CFTR variants are associated with borderline
sweat chloride values and sometimes with preserved
pancreatic function (Table VII). This database, when first
published in 2013, provided phenotypic data for 39696
individuals with CF, stratified by CFTR genotype.”’
Interestingly, 4 of the 8 individuals had at least 1
3849 + 10kbC > T variant (1 individual was homozygous
for this variant), which can be associated with atypical CF
(Table VII). Some of the genotypes are not sufficiently
common to have determinate phenotypic data. As may be
expected, lung function of individuals with these genotypes
varies widely. Given that some of these CFTR genotypes are
uncommon and others may be associated with borderline

4 1
Table IV. Frequency of CFTR genotypes stratified by PCD genetic test results
PCD-combined uncertain
PCD-positive molecular PCD-uncertain molecular PCD-negative molecular and negative molecular
CFTR findings diagnosis diagnosis diagnosis diagnosis Controls
1 pathogenic variant, n (%) 11 (6.5) 10 (7.8) 53 (7.3) 63 (7.4) 5272 (5.8)
Uncertain, n (%) 17 (9.9) 17 (13.4) 69 (9.5) 86 (10.1) 10123 (11.0)
2 pathogenic variants, n (%) 0 1(0.8) 8(1.1) 9(1.1) 84 (0.1)
Negative, n (%) 143 (83.6) 99 (78.0) 593 (82.0) 692 (81.4) 76298 (83.1)
Total, n 171 723 850 91777
Pvalue, 1 pathogenic variant compared .70 0.57 .03
with controls
Pvalue, 2 pathogenic variants compared 1* 9.60 x 10 '® <22 x 10718
with controls J

Pvalues are provided for each group based on PCD genetic test results (positive, uncertain, or negative) comparing the frequency of 1 pathogenic CFTR variant with controls and the frequency of 2
pathogenic CFTR variants with controls. Also, the frequency of CFTR variants among all individuals with nondiagnostic genetic testing (combining both PCD-uncertain and -negative molecular diag-

nosis cohorts into 1 group) was compared with controls. Significant P values are in bold type.
*Continuity-corrected P value.
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Table VII. CFTR genotype of 8 individuals with 2 pathogenic CFTR variants and negative PCD molecular testing
FEV1 % predicted
% with genotype % with genotype Avg sweat chloride = FEV1% predicted for individuals age ~ FEV1 % predicted
# individuals  in CFTR2 who are  in CFTR2 with value (mEg/L) of for individuals 10-20 with for individuals > age
First CFTR in CFTR2 pancreatic Pseudomonas individuals with < age 10 with genotype 20 with genotype
variant Second CFTR variant with genotype insufficient infection genotype in CFTR2  genotype in CFTR2 in CFTR2 in CFTR2
1 ¢.3181G > C (p. Gly1061Arg) ¢.3718-2477C>T 1 Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient
(legacy 3849 + 10kbC > T) data data data data data data
2 c.1521_1523delCTT €.3454G > C (p.Asp1152His) 358 27 36 44 81-117 70-122 35-108
(p. Phe508del)
(legacy F508del)
3 . 3718-2477C > T (legacy c.3718-2477C > T 56 30 45 53 Insufficient data 60-111 28-76
3849 +10kb C>T) (legacy 3849 + 10kbC > T)
4 c¢.1521_1523delCTT c579+3A>G 42 20 40 65 102-119 Insufficient 34-99
(p. Phe508del) (legacy (legacy 711 + 3A > G) data
F508del)
5 ¢.3266 G> A (p. Trp1089X)  ¢.3718-2477C>T 4 Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient
(legacy 3849 + 10kbC > T) data data data data data data
6 c.1521_1523delCTT €.200C > T (p.Pro67Leu) 186 33 45 61 87-117 74-115 30-104
(p. Phe508del) (legacy
F508del)
7 €.3718-2477C>T .1680-886A > G 2 Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient
(legacy 3849 + 10kbC > T) (legacy 1811 + 1.6 kbA > G) data data data data data data
8* TG12T5 TG12T5 3' Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient
data data data data data data
\
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CFTR2 was queried to obtain genotype—phenotype correlation data. For each of the 8 CFTR genotypes, data from CFTR2 is provided regarding pancreatic insufficiency, % with Pseudomonas infection, average sweat chloride values, and FEV; % predicted data.
*There was also an individual with this CFTR genotype who had uncertain PCD molecular testing.
TAlthough additional individuals in CFTR2 have a 5T genotype without a known TG tract genotype, only 3 individuals are known to be TG12T5 homozygous.
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sweat chloride values or pancreatic sufficiency, it would not
be surprising if some of these individuals evaluated for
PCD may have undiagnosed CFTR-related disease that
could be missed by newborn screening protocols and with
symptoms that may present at a later age than classic CF.

The role of a single pathogenic CFTR variant in causing PCD-
like symptoms. No individual PCD group (positive, uncer-
tain, or negative molecular diagnosis) had a significant
enrichment of individuals with a single pathogenic CFTR
variant compared with controls. However, when combining
the PCD-uncertain and PCD-negative groups (individuals
with nondiagnostic genetic testing), there was a small but
statistically significant (P = .03) enrichment for 1 pathogenic
CFTR variant compared with controls, suggesting that path-
ogenic variants in CFTR may contribute to the clinical
presentation or severity of PCD-like symptoms. Ongoing
studies of patients with PCD-like symptoms are needed to
address the possibility that CFTR haploinsufficiency could
contribute to PCD-like symptoms.

Frequency of CFTR Variants in a Symptomatic
Population with PCD

A previous study suggested that prevalent CFTR variants in
the Polish population were not seen more commonly in in-
dividuals with PCD.”” We had access to genetic testing results
from much larger suspected PCD and control cohorts, and
we conducted this analysis with all observed pathogenic
CFTR variants. Consistent with the previous study, we did
not find an enrichment of heterozygous pathogenic CFTR
variants in the PCD- positive molecular diagnosis cohort.

Frequency of CF in a Population of Patients with
Suspected PCD

More than 1% of individuals with negative PCD genetic
testing were found to have 2 pathogenic CFTR variants and
a likely diagnosis of CFTR-related disease. The prevalence
of 2 pathogenic CFTR variants is also greater than that
observed in the general population, ~1 in 3000 individuals
of Caucasian ethnicity. This could be an underestimate, given
that we are using a conservative classification of pathogenic
variants. For instance, 2 individuals in the PCD-negative
molecular diagnosis cohort had 1 clearly pathogenic CFTR
variant and the reduced penetrance TGI11T5 variant but
were not included in the 2 pathogenic CFTR variant group,
given how we classify the different T5 variants (Table V).
Some CFTR VUS may also be pathogenic, but evidence is
conflicting and/or insufficient at this time. Therefore, at a
minimum, we expect 1% of individuals with negative PCD
genetic testing to have a positive molecular diagnosis of
CFTR-related disease. This likely reflects the phenotypic
overlap of these 2 conditions (otosinopulmonary disease
and infertility; Table I). Thus, the possibility of an atypical
or mild form of CF missed on newborn screen should
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always be considered in patients with PCD symptoms,
particularly in the absence of heterotaxy/laterality defects.
CFTR genetic testing can be included with PCD genetic
testing.

Limitations
This retrospective study used deidentified data, and thus we
were unable to obtain specific clinical information for indi-
viduals with 2 pathogenic CFTR variants. As discussed above,
it is likely that some individuals with negative PCD genetic
testing and 2 pathogenic CFTR variants have atypical CF
(as is expected to be true of a portion of individuals within
the control population with 2 pathogenic CFTR variants),
but we cannot know this for certain. Furthermore, the phase
of the pathogenic CFTR variants remains unknown, meaning
that we cannot be sure the variants are biallelic. Finally, it re-
mains possible that ethnic differences between the PCD and
control groups affected the prevalence of individuals with a
single pathogenic CFTR variant among these groups.
Future studies evaluating phenotype and frequency of CFTR
variants in individuals with positive PCD molecular test results
may be particularly interesting, considering that this study was
not capable of testing the hypothesis that a pathogenic CFTR
variant may be a modifier of PCD phenotypic severity. With
the advent of a PCD patient registry through the PCD Founda-
tion, such an experiment may soon be feasible. B
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Table II. The 32 genes included in PCD genetic testing
Individuals with Individuals with Individuals with
PCD- positive PCD- uncertain PCD- negative

Gene molecular testing molecular testing molecular testing
ARMC4 170 126 718
ccbe103 170 126 718
cebeii4 170 126 718
cCDC151 170 126 718
CCDC39 17 127 723
ccbc40 17 127 723
CCDC65 170 126 718

CCNO 170 126 718
DNAAF1 17 127 723
DNAAF2 171 127 723
DNAAF3 170 126 718
DNAAF5 170 126 718
DNAH1 91 63 300
DNAH11 17 127 723
DNAH5 171 127 723
DNAHS8 170 126 718

DNAI1 17 127 723

DNAI2 171 127 723
DNAL1 17 127 723

DRC1 170 126 718

GAS8 91 63 300
LRRC6 91 63 300
MCIDAS 170 126 718

NME8 170 126 718

OFD1 17 127 723

RPGR 170 126 718
RSPH1 170 126 718
RSPH3 91 63 300
RSPH4A 171 127 723

RSPH9 17 127 723
SPAG1 170 126 718
ZMYND10 170 126 718

. W

Not all individuals with PCD genetic testing were tested for the same number of PCD genes due
to revisions and improvements in the sequencing assay design. For each of 32 PCD genes stud-

ied, the number of individuals with sequencing data is shown.
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Table V. Number of individuals with T5 variant(s) (stratified by TG tract) and R117H variant(s) in the PCD-positive,
PCD-uncertain, and PCD-negative molecular testing groups and controls

PCD-positive PCD-uncertain PCD-negative Controls

Variants (n=17) (n=127) (n =723) (n=91777) Classification
2 TG13T5 0 0 0 2 2 pathogenic variants
2 TG12T5 0 1 1 22 2 pathogenic variants
2 TG11T5 0 0 0 94 Uncertain
2 R117H 0 0 0 0 Uncertain
TG13T5 + TG12T5 0 0 0 3 2 pathogenic variants
TG13T5 + TG11T5 0 0 0 2 1 pathogenic variant
TG12T5 + TG11T5 0 0 0 49 1 pathogenic variant
TG13T5 + R117H 0 0 0 0 1 pathogenic variant
TG12T5 + R117H 1 0 1 23 1 pathogenic variant
TG11T5 + R117H 0 0 0 13 Uncertain
TG13T5 + other pathogenic CFTR variant 0 0 0 2 2 pathogenic variants
TG12T5 + other pathogenic CFTR variant 0 0 0 39 2 pathogenic variants
TG11T5 + pathogenic CFTR variant 0 0 2 107 1 pathogenic variant
R117H + pathogenic CFTR variant 0 0 0 3 1 pathogenic variant
1TG13T5 0 0 4 187 1 pathogenic variant
1TG12T5 2 5 20 2014 1 pathogenic variant
1TG11T5 9 13 34 5090 Uncertain
1R117H 0 0 0 309 Uncertain

\ v

The number of individuals is provided for each genotype (for individuals with 2 different CFTR variants, phase is not known). The CFTR classification used in this study is also provided for each of these
genotypes (2 pathogenic variants, 1 pathogenic variant, or uncertain).

Table VI. Demographic data for each cohort

Cohorts Median age, y Mean age, y Self-reported white ethnicity, %
PCD-positive molecular testing 16 20.4 53.8
PCD-uncertain molecular testing 9 16.9 54.3
PCD-negative molecular testing 6 14.5 59.5

1 48.8 61.2

Control population 5
\
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