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Abstract 

Cystic fibrosis is realizing the promise of personalized medicine.  Recent advances in drug 

development that target the causal CFTR directly result in lung function improvement, but 

variability in response is demanding better prediction of outcomes to improve management 

decisions.  The genetic modifier SLC26A9 contributes to disease severity in the CF pancreas and 

intestine at birth and here we assess its relationship with disease severity and therapeutic 

response in the CF lungs. 

 

SLC26A9 association with lung disease was assessed in individuals from the Canadian and 

French CF Gene Modifier consortia with CFTR-gating mutations and in those homozygous for 

the common Phe508del mutation.  Variability in response to a CFTR-directed therapy attributed 

to SLC26A9 genotype was assessed in Canadian patients with gating mutations.  A primary 

airway model system determined if SLC26A9 shows modification of Phe508del CFTR function 

upon treatment with a CFTR corrector.  

 

In those with gating mutations that retain cell-surface localized CFTR we show that SLC26A9 

modifies lung function while this is not the case in individuals homozygous for Phe508del where 

cell surface expression is lacking. Treatment response to ivacaftor, which aims to improve 

CFTR-channel opening probability in patients with gating mutations, shows substantial 

variability in response, 28% of which can be explained by rs7512462 in SLC26A9 (p=0.0006).  
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When homozygous Phe508del primary bronchial cells are treated to restore surface CFTR, 

SLC26A9 likewise modifies treatment response (p=0.02).   

Our findings indicate that SLC26A9 airway modification requires CFTR at the cell surface, and 

that a common variant in SLC26A9 may predict response to CFTR-directed therapeutics. 
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Introduction 

Cystic fibrosis (CF; MIM:219700) is a common life-limiting genetic disease caused by mutations 

in the cystic fibrosis transmembrane conductance regulator (CFTR; MIM:602421) gene. CF 

affects multiple organs including the lungs, pancreas, sweat glands, intestine and male 

reproductive tract. Meconium ileus (intestinal obstruction at birth; ~ 15% of patients) and 

exocrine pancreatic dysfunction occur early in life, while the majority of CF-associated mortality 

results from repeated pulmonary exacerbations and reduced lung function later in the course of 

disease. Individuals with the same CFTR mutations have variable disease outcomes across CF-

affected organs. Mutation heterogeneity and several environmental exposures (such as infection 

history, secondhand smoke, and ambient air pollution) (1-3) along with other genes beyond 

CFTR (referred to as modifier genes) (4-6) also influence lung disease severity. 

 CFTR is an anion channel present in select epithelial tissues. CF-causing variants affect 

the amount of protein and/or the function of the CFTR channel at the apical membrane surface 

(7). For example, the most common CF-causing allele is a three base pair deletion resulting in 

the loss of a phenylalanine residue at position 508 in the CFTR protein, Phe508del 

(c.1521_1523delCTT; p.Phe508del). Phe508del represents ~70% of all CF-causing alleles (8) 

and results in only nominal CFTR levels at the apical membrane due to processing deficiencies 

(9, 10); any residual mutant channel that does reach the cell surface exhibits reduced open 

probability (11) and appears subject to rapid elimination (12). In contrast, the missense mutation 

G551D (c.1652G>A; p.Gly551Asp), occurring on at least one allele in ~4-5% of individuals with 

CF (with varying geographical frequency; (13)), results in cell-surface channel localization but 

exhibits defective gating (14, 15). 
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Until recently, treatment of CF has focused on lessening the manifestations of CF disease 

in the affected organs (7). The development of ivacaftor led to the first prescribed drug that 

targets CFTR. Ivacaftor increases the opening probability of CFTR at the apical surface to aid 

chloride and bicarbonate ion transport in CF-epithelia (16). Ivacaftor was shown to significantly 

improve lung function as measured by percent-predicted forced expiratory volume in 1 second 

(FEV1pp) in individuals with at least one G551D-CFTR allele (17), and is now approved for use 

in CF individuals with gating mutations (18). More recently, ivacaftor has been combined with 

lumacaftor (VX-809), which is a CFTR corrector that improves the Phe508del CFTR processing 

to increase the amount of cell surface-localized protein, demonstrating improved outcomes in a 

clinical trial (19). Although important, the average improvements appear more modest than were 

observed in the ivacaftor trial (17, 19).    

 Individuals treated with ivacaftor, or ivacaftor and lumacaftor combinations responded to 

their respective treatments with marked variability in both mutation groups (17, 19, 20). The 

factors that explain this variability remain unknown, although the extent and nature of 

compromised tissue integrity due to lung disease or infection status, bioavailability and aspects 

of drug metabolism (including interaction), compliance, and effects of modifier genes all may 

play a role. Identifying the genetic factors that contribute to this variability could lead to 

improved regimens and personalized approaches to treatment. 

 SLC26A9 has been shown to modify CF phenotypes, but its functional role is not well 

understood.  An inhibitory relation between CFTR and SLC26A9 had initially been suggested by 

in vitro studies of individual regulatory (R) and Sulfate Transporter and Anti-Sigma factor 

antagonist domains, respectively (21). However, biochemical and electrophysiological studies 

support the hypothesis that SLC26A9 is an anion channel (22, 23) that may physically interact 
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and enhance the functional expression of CFTR (24-26). The latter studies are further supported 

by in vivo studies, wherein the disruption of Slc26a9 exacerbates the gut CF-related morbidities 

in Cftr-deficient mice (27). 

Genome-wide studies of CF patient populations consisting of individuals with any two 

severe loss-of-function CFTR mutations (including Phe508del) have shown SLC26A9 to be 

associated with early-onset CF phenotypes in the gastrointestinal tract (28, 29), possibly by 

providing alternate anion transport to CFTR. In fact, one intronic SNP, rs7512462 in SLC26A9, 

accounts for almost 12% of the variability in a biomarker of CF exocrine pancreatic disease at 

birth (30). However, no association of SLC26A9 was seen with lung function in CF patients (31), 

even with stratification by age (32) or in a recent meta-analysis of the largest CF population 

studied for genetic modification to date (6). This finding is inconsistent with observations that 

SLC26A9 is expressed in the human (33, 34) and mouse (27, 35)) adult lung (and stomach), with 

only low expression in other organs such as the pancreas or the intestinal tract.  

Here we attempt to reconcile why SLC26A9 did not appear to influence lung disease 

across the CF population with severe CFTR mutations. Given our current understanding of 

SLC26A9 and the failings of different CFTR mutations (7), we hypothesized that modification 

by SLC26A9 may be evident in individuals with CF-causing variants such as G551D that co-

localize at the surface of airway epithelial cells. Such specificity could then imply that SLC26A9 

may modulate response to CFTR-directed therapies aimed at increasing cell-surface localized 

CFTR protein, particularly in the airway (7). Given the recent introduction of CFTR-directed 

therapies and the low frequency of the G551D mutation, we provide convergent evidence from 

CF population studies (Canada and France), small cohorts of patients with G551D undergoing 

 at U
PM

C
 on Septem

ber 7, 2016
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


 8

treatment, as well as studies of primary tissue explants homozygous for Phe508del, to support 

that CFTR response is influenced by SLC26A9 genotype. 

 

Results  

SLC26A9 rs7512462 is a modifier of CF lung disease in individuals with a G551D allele  

Of the individuals enrolled in the Canadian and French CF Gene Modifier studies with genome-

wide genotyping (29) and previously analyzed for lung function associations with SLC26A9 (6, 

36, 37), 70 individuals carried at least one G551D allele and 1,759 carried two Phe508del alleles. 

None of the patients were being treated with ivacaftor at the time of lung function assessment, 

which involved multiple longitudinal measures of forced expiratory volume in 1 second (FEV1) 

over a three-year period. For genetic association analysis a Survival-adjusted averaged CF-

specific Kulich (38) FEV1 percentile (calculated as a function of age, height and sex) that was 

normalized (Saknorm) was used, as has been previously described (37). The minor allele C of 

rs7512462 (sample MAF=0.38) occurring in intron 5 of SLC26A9 was identified as a significant 

and protective modifier of CF phenotypes in the pancreas and intestine in previous studies (29, 

30, 39), with other variants in high linkage disequilibrium (LD) generally aggregating toward the 

transcription start region of SLC26A9.   

The distribution of lung function in individuals homozygous for Phe508del (n=1,759) is 

similar across the rs7512462 genotypes (Figure 1A, Table 1, top panel, p=0.20), whereas for 

those with at least one G551D CFTR allele (or other gating mutation), the number of C alleles is 

positively associated with improved lung function (Figure 1B, Table 1, bottom panel, p=0.04); in 

those with a G551D allele each additional C allele at rs7512462 is associated with a ~0.31 unit 

increase in Saknorm, which corresponds to a change in FEV1 of approximately 8.5 percentage 
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points for an 18-year-old at the 50th percentile for height. Genotypic analysis suggests 

individuals with the CC genotype display a 0.69 (s.e.=0.32, p=0.04) unit improvement in 

Saknorm over those with the TT genotype, while those who are CT have a 0.21 (s.e.=0.22, 

p=0.34) unit improvement over those with TT. To determine whether the effect size of 

rs7512462 on lung function differs significantly between individuals homozygous for Phe508del 

and those who carry a G551D-CFTR allele, we assessed statistical interaction in an analysis of 

the combined samples (all individuals with a G551D allele and those homozygous for 

Phe508del, n=1,829) which indicated that even with the modest number of individuals with a 

G551D allele there is evidence of CFTR-by-SLC26A9 interaction (p=0.055). This is consistent 

with an hypothesis that the SLC26A9 channel modifies lung disease through interaction with 

CFTR. 

 

[Figure 1 here] 

 

Response to ivacaftor in patients with a gating mutation is dependent on SLC26A9 rs7512462 

genotype  

The association with lung function in individuals with a G551D or other gating mutation 

together with the earlier protein interaction studies suggested that SLC26A9 may influence 

response to CFTR-directed therapies that have the objective of increasing the activity of surface 

localized mutant CFTR. We therefore tested whether rs7512462 could explain variability in 

FEV1pp response to treatment in a total of 24 individuals prescribed the CFTR-directed therapy 

ivacaftor, with recruitment in two phases. Baseline and post-treatment measures of FEV1pp with 

ivacaftor were first obtained from 11 individuals with a G551D allele or other gating mutation 
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enrolled in a prospective observational study of ivacaftor response at The Hospital for Sick 

Children and St. Michael’s Hospital CF clinics. Most had at least 3 post-treatment measurements 

that were averaged (see below; Suppl. Table 1). The primary treatment response outcome was 

defined as the difference between the average FEV1pp post treatment and the baseline FEV1pp 

taken prior to treatment.  

Individuals displayed variable response to treatment with ivacaftor, with observed 

treatment differences ranging from -6.25 to 29.33 FEV1pp.  Although almost all individuals on 

ivacaftor exhibited improvement in their FEV1pp from baseline, each rs7512462 C allele was 

associated with an improvement of 9.56 (se=2.98) FEV1pp after adjustment for baseline FEV1pp. 

The magnitude of the improvement associated with the rs7512462 C allele was substantial 

enough to achieve statistical significance (p=0.01) despite the small sample size.  

We then obtained an independent sample of 13 individuals with a G551D allele on 

ivacaftor from across Canada. Remarkably, in this replication sample where there were no 

individuals with the CC genotype, having the CT genotype at rs7512462 was associated with an 

improvement of 9.93 (se=3.98) in FEV1pp (p=0.03) over individuals with the TT genotype after 

adjusting for baseline FEV1pp, very similar to the discovery sample. 

 The response to treatment as a function of rs7512462 genotype (coded additively) in the 

combined sample of n=24 is shown in Figure 2; using the average of all recorded FEV1pp post-

treatment measurements (15 to 400 days; Figure 2A, 9.8 increase in FEV1pp per additional C 

allele, p=0.0006, n=24; Table 2; Suppl. Table 1), or with only the first FEV1pp post-treatment 

measurement (up to 55 days; Figure 2B, 8.5 increase in FEV1pp per additional C allele, p=0.004, 

n=21; Table 2; Suppl. Table 1). Therefore, analyses of treatment response defined by the 

difference between baseline and the average or the first post-treatment measurements yielded the 
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same qualitative conclusion, although the variability in response by rs7512462 genotype appears 

reduced when using the single post-treatment measure within the first 2 months. The number of 

post-treatment measurements per individual varied, but was not associated with baseline FEV1pp 

(p=0.51), sex (p=0.34), age (p=0.41), or treatment response (p=0.73). Whether the individual 

was from the discovery or replication sample had no effect on the lung function response 

(p=0.96), and therefore results are only adjusted for baseline FEV1pp and are not unadjusted for 

study sample. The variance explained in the treatment response by rs7512462 (n=24) is 28%, and 

inclusion of baseline FEV1pp results in a model that explains 34% of the variation. The TC 

genotype results in an improved treatment response of 8.98 and 6.00 percentage points over 

individuals with the TT genotype (p=0.01, p=0.05; Table 2) when treatment response is defined 

by averaging the measurements or by using the first post-treatment measurement, respectively.  

[Figure 2] 

Although we include baseline FEV1pp in all reported models to adjust for inclusion of 

participants with a broad range of initial lung function values (i.e. 30-96% FEV1pp), it did not 

reach statistical significance with treatment response alone (p=0.35) or in the multivariate model 

that included the rs7512462 genotype (p=0.18), and rs7512462 was not associated with baseline 

FEV1pp in a univariate analysis (p=0.52). Analysis of participants specifically with the G551D 

variant (removing the three participants with non-G551D-gating mutations) resulted in a larger 

estimated effect size (11.66 increase in FEV1pp per additional C allele, p<0.0001).   

 

It is important to determine how modification of the treatment response by SLC26A9 may 

translate more generally to other therapeutics and other CFTR genotypes. However large 

numbers of individuals on other CFTR-directed therapies such as the lumacaftor (VX809) and 
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ivacaftor combination therapy are not yet available. Therefore we evaluated the effects of 

SLC26A9 genotypes in a cell culture system devised to directly measure CFTR activity with 

corrector treatment of the Phe508del mutation. 

 

CFTR-mediated current in Phe508del CF-monolayers with VX-809 treatment is dependent on 

SLC26A9 rs7512462 genotype 

Given that CF lung disease severity was influenced by SLC26A9 genotype in individuals where 

mutant CFTR (G551D) is known to successfully traffic to the apical surface, where effects were 

enhanced upon potentiation, we asked whether SLC26A9 would also influence responses to 

CFTR-directed therapies aimed at improved folding and trafficking of mutant CFTR to the apical 

surface of epithelial cells.   

 Primary human bronchial epithelial monolayers of 11 individuals with CF, homozygous 

for Phe508del, were assessed in an Ussing chamber following 24 hours exposure to vehicle alone 

(control) or the corrector drug, VX-809 (Figure 3A). Forskolin-stimulated currents mediated by 

CFTR (measured as change in current after application of forskolin, ∆Ieq-forskolin) were 

increased following treatment with corrector VX-809 (Figure 3, more negative values correspond 

to more CFTR activity).  Differences in residual CFTR-mediated current across the rs7512462 

genotypes in the cultures without drug treatment (DMSO, n=10) did not reach statistical 

significance (p=0.09, -0.17 µA/cm2 ∆Ieq-forskolin per C protective allele, Figure 3B, red). 

However, CFTR-medicated currents generated with corrector VX-809 treatment (n=11, Figure 

3), indicated that each additional C allele of rs7512462 was associated with improved function 

(p=0.02, -0.49 µA/cm2 ∆Ieq-forskolin per C protective allele, Figure 3B, blue). Taken together 
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with the G551D findings above, the rs7512462-SLC26A9 allele effect upon treatment with 

corrector drug would be consistent with modification of surface-localized Phe508del CFTR.   

[Figure 3 here] 

 

SLC26A9 genome landscape and expression 

The rs7512462 SNP (C/T) occurs within intron 5 of the two known human RefSeq SLC26A9 

transcripts (Figure 4). Associations with common variation in the protein coding portions of 

SLC26A9 have not been reported in CF population samples. Data obtained from the Roadmap 

Epigenomics Mapping Consortium (REMC) (40, 41) and ENCODE projects (42) indicate that 

rs7512462 itself does not overlap with known functional annotations (Figure 4 and Suppl. Figure 

1). The association evidence (on the -log10 p-value scale) of rs7512462 and other SNPs in the 

gene region with Saknorm (n=70) and with FEV1pp ivacaftor treatment difference in the 

combined discovery and replication set (n=24, Suppl. Table 1) are given in Figure 4A. Linkage 

disequilibrium estimation using D’ (Figure 4A, upper panel) indicates strong LD between 

rs7512462 and SNPs that extend upstream of the gene, with association evidence for both 

Saknorm and FEV1pp difference also extending in this direction. This 5’ region of association 

falls within non-coding regulatory elements. Notably one of these FEV1pp-associated 5’ variants, 

rs1342063 (sample MAF=0.29, p=0.002, n=24), which is also in high LD with variants reported 

to be associated with meconium ileus and CF-related diabetes (eg. rs4077468 (29, 39)), is only 

271 base pairs from the SLC26A9 mRNA start site occurring within and immediately adjacent to 

enhancer and transcription start ‘state’ segments, respectively, in both gastric and adult lung 

tissues (Figure 4B). These data suggest that rs7512462 may be marking the rs1342063 variant, 

which could contribute to variability in SLC26A9 expression level, although relationships 
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between the noted and other nearby variants and gene expression remain to be established.  

[Figure 4 here] 

The observation that modification of lung function is dependent on CFTR mutation type 

is in contrast to investigations of gene modifiers in other CF-affected organs.  Previous studies 

have indicated that SLC26A9 common variants are associated with CF exocrine pancreatic 

disease and other phenotypes close to birth, and that these associations exist in patient 

populations with any two severe CFTR mutations, the majority being Phe508del (30). The 

specific early timing of the CFTR-independent associated phenotypes  as well as the distinct 

regulatory state patterns in fetal versus adult human lung tissues (Figure 4B) prompted us to 

consider expression of SLC26A9 in mouse tissues (Figure 4C), where notable difference in 

mRNA levels are apparent between late gestation and adult stages for SLC26A9 in the pancreas 

and the lung, and in opposing directions.  

Discussion  

CFTR-directed therapeutics have tremendous potential to improve outcomes in individuals with 

CF. However, not all individuals respond uniformly to a given therapy as both genetic 

background and environmental exposures vary. The rs7512462 C allele in SLC26A9 is associated 

with better lung function in untreated population-based studies of Canadian and French CF 

individuals with at least one G551D allele or other gating mutation, and leads to notably 

improved response after treatment with ivacaftor in an observational study of treated patients 

from Canada. Although rs7512462 does not show association with lung function in CF 

populations homozygous for Phe508del, they do appear to influence forskolin-stimulated CFTR 

currents in primary cell monolayers from CF patients upon treatment with a recently developed 

drug to restore Phe508del CFTR maturation and cell surface delivery. Together, these findings 
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support that SLC26A9 can influence the lung function in CF, especially in the context of CFTR-

directed therapies.  

That the SLC26A9 benefit is realized when CFTR is present at the apical membrane is 

insightful with regard to how modification may be occurring. In the airways, the presence of 

CFTR at the membrane appears necessary, possibly to enable interaction with SLC26A9 that is 

then further accommodated when CFTR is functioning. These notions are consistent with the 

rationale of ivacaftor treatment for G551D (wherein this potentiator drug is used to obviate the 

gating limitation imposed by the missense change), and with earlier studies showing that 

SLC26A9 can enhance CFTR channel function (24-26). Further, CF individuals with the 

homozygous Phe508del genotype would not show benefit in lung function from their respective 

SLC26A9 genotype (as we observed), without facilitation of mutant protein delivery and 

restoration of some CFTR function as should occur with the introduction of corrector drugs such 

as VX-809. Together these findings predict that SLC26A9 may influence airway outcomes in 

any therapeutic situation with increased apical-surface localized CFTR protein and therefore 

would be generalizable to pharmacological, gene therapy-driven or other efforts to increase or 

restore working CFTR. Of immediate interest are how the SLC26A9 alleles are enabling benefit, 

and more precisely, how this is being achieved.   

  The CFTR-independent SLC26A9 association with the gastrointestinal phenotypes in 

contrast to the lungs, argue that there are unique aspects in the airway and future work must 

address these interesting cross-organ differences. Expression differences, as noted here using 

mouse tissues, may contribute to the mode of modification.  In the pancreas, SLC26A9 could 

simply provide an alternate anion channel whereas its role in the lung may involve a more 

complex relationship where direct or indirect interaction with CFTR may be needed.  Detailed 

 at U
PM

C
 on Septem

ber 7, 2016
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


 16 

delineation of where and how SLC26A9 interacts with mutant CFTR in CF-affected tissues, as 

well as a better understanding of SLC26A9 function is needed.  

 Future development of models based on SLC26A9 genotype that can accurately predict 

individual response to treatment could be used to guide companion or alternative therapeutic 

strategies, and patient monitoring. Since most individuals on ivacaftor benefit, we anticipate that 

predictive models involving the SLC26A9 modifier will have their greatest utility in settings 

where CFTR-directed therapies result in more modest effects on lung function, such as for the 

ivacaftor and lumacaftor (VX-809) combination therapy.  

 Limitations of the study are important to note.  We present data on a limited number of 

subjects in each analysis, due to the rarity of the gating mutations (~4% of individuals with CF), 

as well as poorly coordinated efforts to capture baseline FEV1 measurements at ivacaftor 

treatment initiation. Although larger sample sizes were not available for the individual 

association analyses, converging evidence show consistent benefit of the C allele of rs7512462, 

with notably large effect sizes. Our results prompt further evaluation of SLC26A9 as a modifier 

of treatment response in larger samples and in individuals on alternative therapeutics with 

different CFTR genotypes; both would be important next steps in extending the current findings.  

Specifically, we maintain for future studies there should be careful consideration of inclusion 

criteria such as availability of a baseline measure within 30 days (ideally <7 days) of treatment 

initiation, and restriction to younger individuals (<~40) with baseline FEV1pp within 40-90 (as in 

(17)).  While statistical association evidence suggests rs7512462 is a robust marker for 

therapeutic response, understanding the impact of SLC26A9 alleles on in vivo gene expression is 

essential and not addressed here.  
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The discovery that rs7512462 is a marker of treatment response with presumed altered 

SLC26A9 expression level has clinical relevance in multiple settings. Knowledge of the 

rs7512462 genotype in an individual with CF can assist in guiding CFTR-directed therapeutic 

strategies, especially for those treatments with variable effects across patients. Such personalized 

approaches to therapy can then indicate additional monitoring or complementary considerations 

for patients with alleles that predict less response to treatment. For future clinical trials of new 

(or revisited) CFTR-directed therapies or gene therapy, stratification by rs7512462 genotype 

should be considered to optimize outcomes.  

Together, our findings highlight the impact of genetic associations beyond CFTR, and 

their potential to personalize therapeutic approaches to improve outcomes, possibly, for all CF 

patients. Recognition of the clinical utility of common genetic variants found to be associated 

with disease has been challenging, largely due to the complexity of modeling the pertinent 

interactions in the correct context. Despite the earlier experimental evidence of interactions with 

CFTR and SLC26A9 in lung tissue models (24, 25), SLC26A9 was identified as a modifier gene 

in genome-wide association studies of meconium ileus in CF (29) and of CF-related diabetes 

(39), but not initially for the most concerning CF feature of progressive lung disease (6, 31, 32).  

That SLC26A9 may provide an alternative therapeutic target in CF has already been 

suggested (43, 44).  In fact, our findings argue that targeting both SLC26A9 and CFTR may have 

benefit, but also highlight that any SLC26A9-directed therapies should also carefully consider 

the nature of the mutant CFTR, especially in the airways. Finally, SLC26A9 has been reported to 

be a target for lung diseases beyond CF, including asthma and idiopathic bronchiectasis (45, 46). 

Given that a common SLC26A9 variant can discriminate lung function with pharmacological 

rescue of CFTR, it would appear pertinent that CFTR and SLC26A9 genotype combinations be 
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carefully re-considered in these sino-pulmonary conditions, especially where CF carrier 

frequencies are known to be elevated (47-50).  

 

Materials and Methods 

Human Subjects, Phenotypes and Genotypes 

The majority of participant genotyping was performed as part of the Canadian and French CF 

gene modifier studies using Illumina platforms or by Taqman genotyping (as described in (29, 

31)).  For the replication subset of individuals on ivacaftor (n=13), DNA genotyping was 

performed for 10 individuals using the Illumina Omni2.5 BeadChip at The Centre for Applied 

Genomics, The Hospital For Sick Children. Informed consent was obtained for all participants.    

 Data from the Canadian and French CF Gene Modifier studies were used to assess 

whether SLC26A9 is a modifier of lung function using a phenotype of Survival-adjusted 

averaged CF-specific FEV1 percentiles (38) that is then normalized (Saknorm) (37). The 

percentiles are calculated by sex, height and age since FEV1 in liters is associated with lung size. 

These adjustments provide for the direct comparison of patients of various ages and their 

differential cohort-specific mortalities. We analyzed n=56 participants from the Canadian CF 

Gene Modifier study (Suppl. Table 2) and n=14 from the French CF Gene Modifier Study with 

one G551D allele and n=1,036 and 723 individuals homozygous for Phe508del from the 

Canadian and French studies respectively, for association with Saknorm.  

     For the ivacaftor response study, only participants that consented to have their clinical 

data linked to their genetic data were included.  There were eleven individuals with a G551D or 

other gating mutation that were enrolled in a prospective observational study of ivacaftor at the 

CF clinics of The Hospital for Sick Children and St. Michael’s Hospital from April 2013 to 
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August 2015 and were already enrolled in the Canadian CF Gene Modifier study with rs7512462 

genotype data available.  These eleven comprised the discovery sample to assess whether 

SLC26A9 rs7512462 was associated with response to treatment with ivacaftor. A replication 

sample was subsequently assembled using a retrospective observational study design. Thirteen 

individuals with a G551D or other gating mutation from CF clinics at University of Calgary, 

London Health Sciences Centre, University of Alberta, The Hospital for Sick Children and St. 

Michael’s Hospital who were on ivacaftor and had baseline and post-treatment FEV1 

measurements were included. FEV1pp (51) was used as the lung function measure to mirror the 

original clinical trial (17). All participants were taking a constant dose of 150mg of ivacaftor 

every 12 hours, over the entire study period.  

 For inclusion in either the discovery or replication ivacaftor treated sample, all 

individuals had to have at least one lung function measurement post-treatment and a baseline 

measurement between 30 and 96 FEV1pp. The majority of participants had their baseline 

measurement taken on the day of treatment initiation, although patients with a baseline 

measurement as early as 30 days prior to initiating treatment were included (Suppl. Table 1). The 

number of follow-up measurements ranged from 1-6, with the majority having 3-4 post-

treatment measurements; essentially aligning with routine clinic visit schedules in Canada. The 

first post-treatment measurement included in the study was taken as early as 15 days (Suppl. 

Table 1). Individuals on compassionate use of ivacaftor due to severe disease, or who were 

previously enrolled in the Phase II or III ivacaftor clinical trials were excluded from the study. 

The primary treatment response was defined as the difference between the average of their post-

treatment measures (taken up to 400 days post treatment for some participants, Suppl Table 1) 

and their baseline measure, given an early treatment response within the first few weeks 
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generally persists, with some measure-to-measure variability (Suppl. Figure 2).  For comparison, 

treatment response was also defined as the difference between the first post-treatment measure 

and their baseline measure (this analysis included only n=21 individuals who had a first 

measurement within 55 days of initiating treatment). Individual treatment responses (defined 

both ways) were then assessed for association with SLC26A9 rs7512462 genotype adjusting for 

their baseline FEV1pp measurement. Adjustment for baseline FEV1pp measurement had little 

affect on the rs7512462 association, but is included in all model results presented.  

 

Ussing chamber studies with primary human bronchial epithelial cells   

The primary human bronchial epithelial cells were obtained from 11 CF lung explants 

homozygous for the Phe508del CFTR mutation (as described in (52)). SLC26A9 rs7512462 

genotypes included n=3 with CC, n=5 with CT and n=3 with TT. Cell monolayers were mounted 

in a circulating Ussing chamber (Physiological Instruments Inc), maintained at 37°C and 

continuously perfused with buffer at pH7.4  (with 126 mM NaCl, 24 mM NaHCO3, 2.13 mM 

K2HPO4, 0.38 mM KH2PO4, 1 mM MgSO4, 1 mM CaCl2, 10 mM glucose) with symmetrical 

chloride concentrations in apical and basolateral chambers, and constant gassing with 5% CO2 

and 95% O2. Transepithelial voltage was recorded and resistance was measured, following brief 

1 µA current pulses every 30 seconds (53) to obtain calculated equivalent short-circuit currents 

(Ieq). CFTR function was assessed following inhibition of the epithelial Na+ channel with 

amiloride (100µM, Spectrum Chemical Mfg Corp) as forskolin (10µM, Sigma Alrich)-activated 

currents (∆Ieq-forskolin; µA/cm2) in monolayers treated with lumacaftor (VX-809; 3 µM) or with 

DMSO (vehicle), for 48h (53, 54).  
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Statistical Analyses 

All association analyses used linear regression implemented in the R statistical package (version 

3.1.3, http://www.R-project.org/). Linear regression analysis of SLC26A9-rs7512462 to predict 

lung function severity (Saknorm) adjusted for whether the individual was from the Canadian or 

French CF Gene modifier study. Primary analysis coded rs7512462 additively with respect to the 

number of C alleles. The C allele was presumed to be the protective allele of rs7512462 since it 

was previously shown to associate with better pancreatic function at birth in CF (30), lower risk 

of meconium ileus at birth (29), and lower risk of CF-related diabetes (39). For comparison, 

genotypic models comparing CC and TC to the risk TT genotype are provided by including two 

indicator variables for the CC and TC genotypes in the multiple linear regression model.    

Likewise, linear regression was used to determine the association between rs7512462 and 

FEV1pp treatment difference in the discovery, replication and combined analyses, as well as in 

the functional studies. To account for the presence of related (one set of siblings) individuals in 

the treatment studies as well as for the possibility of heteroscedastic errors we used a robust 

sandwich variance estimator (version 4.4-2, https://cran.r-

project.org/web/packages/rms/index.html). All analyses of treatment response were adjusted for 

baseline FEV1pp measurement. Despite the specific hypothesis throughout that the C allele of 

rs7512462 was associated with improved CFTR function, all reported p-values are two-sided to 

be conservative.  The variability in treatment response explained by baseline and rs7512462 was 

estimated by the coefficient of determination (R-squared). The treatment response for TC was 

compared to the TT genotype using a genotypic model as described above with the CC excluded. 

Univariate linear regression was used to assess the association between the numbers of post-

treatment measurements and baseline FEV1pp, sex, age or treatment response.   
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Expression analysis 

Total RNA was isolated from RNAlater (QIAGEN) stabilized pancreas and lung tissues 

of wild type mice with C57BL/6J background using the RNeasy Mini Plus Kit (QIAGEN) 

according to manufacturer’s instructions. Quality control, preparation of complementary DNA 

(cDNA) from RNA followed by quantitative real-time PCR using SYBR-green (BioRad Labs) 

labeling, was carried out as previously described (55). For the pancreas at E17.5, n=4; P5, n=4 

and P40, n=3. For the lung at E18.5, n=4 and P55, n=3. Results are presented relative to the 

expression of the control gene, Gusb.  Oligonucleotide primers for Slc26a9 were 5’-

GCTTTGTGGATTTGATGGGC and 5’-ATTTGCTTGGGCAAAGAGGA (product of 203bp); 

for Cftr were 5’-CGGAGTGATAACACAGAAAGT and 5’-

CAGGAAACTGCTCTATTACAGAC (product of 140bp) and for Gusb were 5’-

CCGATTATCCAGAGCGAGTATG and 5’-CTCAGCGGTGACTGGTTCG (product of 

197bp).    

 

Bioinformatics Analyses 

 To assess the genomic regulatory landscape of the SLC26A9 region, the University of 

Santa Cruz (UCSC) genome browser (56) was used to query and download integrated and 

consolidated track data from the Roadmap Epigenomics Mapping Consortium (REMC) (40, 41) 

regarding predicted chromatin states and RNASeq expression evidence from CF-relevant human 

primary tissues. Brain hippocampus information was included as a non-CF tissue for 

comparison. Transcription factor (15) chromatin immunoprecipitation followed by sequencing 

(ChIP-seq) experimental data from multiple cell line investigations were also accessed from the 
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ReMap database, which includes data from cell lines in the ENCODE consortium (42, 57) and 

other public data (58). The findings were displayed in context of the association evidence for 

Saknorm and FEV1pp treatment difference at SNPs across the region. Linkage disequilibrium 

patterns and haplotypes were estimated using Haploview (59), and the functional annotations 

were interpreted as relevant for SNPs that have a D’>0.85 with rs7512462 and provided 

association evidence across the SLC26A9 locus in the population studies (i.e Saknorm and 

FEV1pp with ivacaftor), or had been previously reported in other relevant studies (29, 32, 39).  

Supplementary Materials 

Supplementary Material is available in a separate submitted file. 
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Legends to Figures   

 

Figure 1. SLC26A9 rs7512462 modifies lung function in CF patients with G551D. Boxplots of 

Saknorm measures grouped by rs7512462 genotype; A, individuals homozygous for 

Phe508del (n=1,759) and B, individuals with a G551D allele (n=70). 

 

Figure 2. Response to ivacaftor is dependent on SLC26A9 rs7512462 genotype. Boxplots of 

FEV1pp treatment difference for the combined discovery and replication samples. A, 

treatment response defined as the difference between the averaged FEV1pp measurements 

within 400 days of treatment initiation and baseline measure prior to onset of treatment 

(n=24); B, treatment response defined as the difference between the first FEV1pp 

measurement within 55 days of treatment initiation and baseline measure (n=21). 

Differences are presented as a function of SLC26A9 rs7512462 genotype. 

 

Figure 3. CFTR-mediated current in primary CF bronchial monolayers treated with VX-809 is a 

function of SLC26A9 rs7512462 genotype.  Forskolin-stimualted currents were assessed 

in cultured primary human bronchial cells from n=11 individuals with homozygous 

Phe508del CF alleles treated with VX-809 or vehicle only (DMSO, n=10). CFTR 

function (∆Ieq-forskolin) was measured as the current difference obtained with and 

without forskolin stimulation. More negative ∆Ieq-forskolin values are associated with 

greater CFTR activity. A, Individual trajectories of ∆Ieq-forskolin measures with vehicle 

followed by VX-809 treatments are shown color-coded by rs7512462 genotype; one 
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sample treated with VX-809 had a missing baseline measurement.  B, Boxplots of the 

∆Ieq-forskolin with VX-809 treatment (blue) and DMSO vehicle measurements (red) 

stratified by rs7512462 genotype.  

 

Figure 4. Regional association evidence, genomic landscape and expression of SLC26A9. 

SLC26A9 with at least two major RefSeq transcript isoforms (in human) is shown 

aligned with genetic, physical and regulatory landmarks. SNPs with p-values <0.05 for 

both Saknorm and FEV1pp difference, and other variants of interest are indicated with 

light blue shaded vertical lines. A, Regional association evidence. Linkage disequilibrium 

(LD, upper panel; D’) was estimated using Canadian CF Gene Modifier Consortium 

participants (n=1,659; (29)), revealing strong D’ between rs7512462 and previously 

reported CF-associated variants including rs4077468 upstream of the gene (29, 39), and 

weaker D’ with an asthma-associated region in the 3’ untranslated region, including 

rs12733647 (45). Pairwise relationships with no numeric value indicate complete LD 

(D’=1). The stronger LD between rs7512462 and variants upstream of the gene lead us to 

favor the 5’ region as contributing to the phenotypic variability.  P-values for association 

evidence of Saknorm (n=70) and combined ivacaftor studies (difference in FEV1pp, 

n=24) are shown as separate tracks across the interval with black vertical lines. B, 

Regulatory features of the SLC26A9 locus. Chromatin state prediction tracks are shown 

aligned to SLC26A9 transcripts based on chromHMM modeling (41) using the integrated 

and consolidated Roadmap Epigenomics Mapping Consortium (REMC) data, which 

consists of histone methylation and DNase hypersensitivity assays in primary human 

tissues (40). A cluster of ‘active’ features including enhancers, active transcription start 
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sites and/or transcription are indicated in adult gastric, lung and pancreas tissues. Features 

corresponding to active repression or no expression are evident in other tissues shown. 

Mammalian conservation (60) and transcription evidence based on RNASeq studies from 

REMC (40) are shown aligned below the chromHMM tracks. C, High expression of 

Slc26a9 in young murine pancreas. Transcript expression of Slc26a9 and Cftr in mouse 

pancreas (left panel) and lung (right panel) tissues. Late gestation (E) and post birth (P) 

time points are indicated in days. Expression levels are normalized to the control gene, 

Gusb.    
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Tables 

Table 1. Association between Saknorm and rs7512462 under both additive and genotypic 
models.  

    

Phe508del♭ (n = 1,759) 

Additive Model Estimate Standard Error T statistic p-value 

rs7512462♮ 0.03434 0.0267 1.286 0.1986 

Cohort* 0.08185 0.0384 2.131 0.0332 

Genotypic Model     

TC 0.0216 0.04202 0.514 0.6073 

CC 0.07384 0.05502 1.342 0.1797 

Cohort* 0.08174 0.03841 2.128 0.0335 

   

G551D♯ (n = 70) 

Additive Model Estimate Standard Error T statistic p-value 

rs7512462♮ 0.3084 0.1497 2.061 0.0432 

Cohort* -0.2895 0.2485 -1.165 0.2481 

Genotypic Model     

TC 0.2091 0.2162 0.967 0.3370 

CC 0.6924 0.3231 2.143 0.0358 

Cohort* -0.2882 0.2496 -1.155 0.2524 
♭Association analysis in individuals homozygous for Phe508del CF-causing variants 
♮rs7512462 was coded additively as the number of C alleles 
♯Association analysis in individuals with at least one G551D CF-causing variant. 
*Cohort refers to French or Canadian sample 
+There are no additional covariates included in the model, because the phenotype Saknorm is a 
normalized function of FEV1 adjusted for age, sex, and cohort-specific survival. 
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Table 2. Association between ivacaftor treatment response and rs7512462 for additive and 
genotypic models 

Treatment Response defined as averaged FEV1pp measures on Ivacaftor 

Additive Model (n=24) Estimate Standard Error# T statistic p-value 

Baseline -0.1477 0.1055 -1.4 0.1761 

rs7512462 9.8059 2.4104 4.07 0.0006 

Genotypic Model* (n=24)     

Baseline -0.1526 0.105 -1.45 0.1615 

TC 8.9809 3.266 2.75 0.0123 

CC^ 22.5572 2.331 9.68 <0.0001 

   

Treatment Response defined as first FEV1pp measure on Ivacaftor 

Additive Model (n=21) Estimate Standard Error# T statistic p-value 

Baseline -0.1124 0.0844 -1.33 0.1994 

rs7512462 8.4982 2.583 3.29 0.0041 

Genotypic Model* (n=20)     

Baseline -0.1284 0.0823 -1.56 0.1371 

TC 6.0027 2.8141 2.13 0.0478 

CC^ 24.4784 2.0671 11.84 <0.0001 

*Genotypic model compares the improvement in treatment response for TC over the TT 
genotype.   
^There is only one individual with the CC genotype. 
# Robust standard errors calculated using the robcov function in R. 
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Figure 1. SLC26A9 rs7512462 modifies lung function in CF patients with G551D. Boxplots of Saknorm 
measures grouped by rs7512462 genotype; A, individuals homozygous for Phe508del (n=1,759) and B, 

individuals with a G551D allele (n=70).  
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Figure 2. Response to ivacaftor is dependent on SLC26A9 rs7512462 genotype. Boxplots of FEV1pp 
treatment difference for the combined discovery and replication samples. A, treatment response defined as 
the difference between the averaged FEV1pp measurements within 400 days of treatment initiation and 

baseline measure prior to onset of treatment (n=24); B, treatment response defined as the difference 
between the first FEV1pp measurement within 55 days of treatment initiation and baseline measure (n=21). 

Differences are presented as a function of SLC26A9 rs7512462 genotype.  
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Figure 3. CFTR-mediated current in primary CF bronchial monolayers treated with VX-809 is a function of 
SLC26A9 rs7512462 genotype.  Forskolin-stimualted currents were assessed in cultured primary human 

bronchial cells from n=11 individuals with homozygous Phe508del CF alleles treated with VX-809 or vehicle 

only (DMSO, n=10). CFTR function (∆Ieq-forskolin) was measured as the current difference obtained with 
and without forskolin stimulation. More negative ∆Ieq-forskolin values are associated with greater CFTR 

activity. A, Individual trajectories of ∆Ieq-forskolin measures with vehicle followed by VX-809 treatments are 
shown color-coded by rs7512462 genotype; one sample treated with VX-809 had a missing baseline 

measurement.  B, Boxplots of the ∆Ieq-forskolin with VX-809 treatment (blue) and DMSO vehicle 
measurements (red) stratified by rs7512462 genotype.  
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Figure 4. Regional association evidence, genomic landscape and expression of SLC26A9. SLC26A9 with at 
least two major RefSeq transcript isoforms (in human) is shown aligned with genetic, physical and 
regulatory landmarks. SNPs with p-values <0.05 for both Saknorm and FEV1pp difference, and other 

variants of interest are indicated with light blue shaded vertical lines. A, Regional association evidence. 
Linkage disequilibrium (LD, upper panel; D’) was estimated using Canadian CF Gene Modifier Consortium 

participants (n=1,659; (29)), revealing strong D’ between rs7512462 and previously reported CF-associated 
variants including rs4077468 upstream of the gene (29, 39), and weaker D’ with an asthma-associated 

region in the 3’ untranslated region, including rs12733647 (45). Pairwise relationships with no numeric value 
indicate complete LD (D’=1). The stronger LD between rs7512462 and variants upstream of the gene lead 
us to favor the 5’ region as contributing to the phenotypic variability.  P-values for association evidence of 
Saknorm (n=70) and combined ivacaftor studies (difference in FEV1pp, n=24) are shown as separate tracks 
across the interval with black vertical lines. B, Regulatory features of the SLC26A9 locus. Chromatin state 
prediction tracks are shown aligned to SLC26A9 transcripts based on chromHMM modeling (41) using the 
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integrated and consolidated Roadmap Epigenomics Mapping Consortium (REMC) data, which consists of 
histone methylation and DNase hypersensitivity assays in primary human tissues (40). A cluster of ‘active’ 
features including enhancers, active transcription start sites and/or transcription are indicated in adult 

gastric, lung and pancreas tissues. Features corresponding to active repression or no expression are evident 
in other tissues shown. Mammalian conservation (60) and transcription evidence based on RNASeq studies 
from REMC (40) are shown aligned below the chromHMM tracks. C, High expression of Slc26a9 in young 

murine pancreas. Transcript expression of Slc26a9 and Cftr in mouse pancreas (left panel) and lung (right 
panel) tissues. Late gestation (E) and post birth (P) time points are indicated in days. Expression levels are 

normalized to the control gene, Gusb.  
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