
ORIGINAL INVESTIGATION

Human Genetics           (2026) 145:8 
https://doi.org/10.1007/s00439-025-02800-7

molecules targeting the faulty CFTR protein, known as 
modulators, have resulted in improved lung function and 
quality of life for individuals with CF (Grasemann and 
Ratjen 2023; Keating et al. 2025; Middleton et al. 2019; 
Salvatore and Pepe 2025). Access to the current modula-
tors is costly and there remain no effective modulators for 
individuals with null or minimally functioning CFTR alleles 
(Guo et al. 2022). Further, CF individuals with the same 
causal variants display variable lung, pancreatic and gastro-
intestinal disease severity (Kerem and Kerem 1996; Luisetti 
1997; Rosenstein 1994) and exhibit variable response to 
the modulators (Alicandro et al. 2024; Gong et al. 2022; 
Heijerman et al. 2019; Middleton et al. 2019; Strug et al. 
2016; Zemanick et al. 2024). Genome-wide association 
studies (GWAS) have identified multiple modifier genes 
including SLC6A14 (Solute Carrier 6 family member A14), 
which contribute to CF disease morbidity across multiple 
organs (Corvol et al. 2015; Gong et al. 2019, 2022; Strug 
et al. 2016; Sun et al. 2012). SLC6A14 encodes a Na+/Cl−-
coupled, neutral and cationic amino acid transporter that is 

Introduction

Cystic Fibrosis (CF [MIM: 219700]) is a life-limiting reces-
sive disease that affects the respiratory, digestive and repro-
ductive systems, and is caused by loss of function variants 
in the Cystic Fibrosis Transmembrane Conductance Regu-
lator (CFTR) (Kerem et al. 1989). Development of small 
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Abstract
The SLC6A14 gene on chromosome X modifies disease presentation in individuals with cystic fibrosis (CF). Population 
studies have revealed distinct proximal and distal SNP clusters associated with gastrointestinal and lung phenotypes, 
respectively. Given the co-localization of cis-eQTLs within the corresponding associated chromosomal regions, where 
less SLC6A14 expression aligns with improved phenotypic outcomes, we sought to understand the SNP contributions to 
SLC6A14 expression regulation. Using reporter gene assays, we show that the proximal cluster, aligning with pancreas 
eQTLs, provides variation in promoter activity that is allele-dependent. The more expansive distal cluster, aligning with 
primary nasal cell eQTLs, was surveyed and found to harbour an enhancer feature that augmented expression in conjunc-
tion with the promoter in cells of lung origin. The rs4446858 SNP present within the enhancer aligns with the binding 
motif of the IRF1 transcription factor, where the alternate C allele was found to respond to direct addition of IRF1 or 
its increase following IFN-γ stimulation, resulting in increased SLC6A14 expression. Our data support a conclusion that 
SLC6A14 expression in airway tissue is regulated, in part, by immune-responsive genetic features, likely involving goblet 
cells. While our findings support previous model system studies indicating beneficial acute effects of SLC6A14 expression, 
they also highlight a distinction between immune-related responses and cumulative effects of long term disease reflected 
as lung function in individuals with CF. Our studies emphasize the challenges of elucidating complex genetic loci where 
there are multiple levels of regulatory influence with competing contributions.
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expressed in epithelia of several organs including the lungs 
(Sikder et al. 2017; Sloan and Mager 1999). SLC6A14 has 
been shown to contribute to risk of intestinal obstruction at 
birth (meconium ileus, MI) and lung disease severity in CF. 
The single nucleotide polymorphisms (SNPs) associated 
with MI reside near the SLC6A14 transcription start site 
(TSS), while the SNPs associated with lung disease severity 
and Pseudomonas aeruginosa (PsA) infection localize to a 
far upstream intergenic region, more than 200 kb from the 
SLC6A14 TSS (Corvol et al. 2015; Gong et al. 2019; Lin 
et al. 2024). Both clusters include cis-expression quantita-
tive trait loci (eQTLs) for SLC6A14. Based on adult non-
CF pancreatic tissue from the Genotype Tissue Expression 
project (GTEx; GTEx Consortium 2015) and naïve CF 
primary human nasal epithelia (HNEs; Gong et al. 2019), 
alleles associated with reduced MI risk or better lung func-
tion consistently implicated less SLC6A14 transcript levels. 
The mechanisms by which the associated SNPs contribute 
to SLC6A14 expression, and correspondingly the CF pheno-
types, are poorly understood. Further, despite replication for 
the GWAS and eQTL evidence pointing to less SLC6A14 
expression, there appears to be some inconsistency as cell 
model investigations point to beneficial roles of SLC6A14 
in the airway, at least with respect to pathogen engagement 
and capacity for wound healing in CF tissues (Di Paola et al. 
2017; Mercier et al. 2022). In this study, we sought to under-
stand the airway-distinct GWAS and eQTL signals, and gain 
insight into the underlying contributors to SLC6A14 expres-
sion that influence CF phenotypes.

Materials and methods

Study population

The phenotypic dataset for MI occurrence was obtained 
from the Canadian CF Gene Modifier Study (CGMS) and 
has been described previously (Corvol et al. 2015; Gong et 
al. 2019; Sun et al. 2012).

Bulk RNA sequencing and analyses

RNA sequencing (RNA-Seq) was performed on HNEs col-
lected from 107 individuals with CF from the CGMS. Sam-
ples were obtained through nasal brushing of the inferior 
turbinate tissues and RNA was extracted with the RNeasy 
Micro Kit (Qiagen, 74004) with sequencing on Illumina 
HiSeq 2000 or 2500 platforms (Gong et al. 2019; Polineni 
et al. 2018).

All sequenced reads were aligned to the human genome 
GRCh38 reference using STAR version 2.5.4b (Dobin et al. 
2013). Aligned reads were converted into expression counts 

using RNA-SeQC version 2.0.0 (DeLuca et al. 2012) and 
analyzed as normalized measures of transcripts per million 
(TPM) (Wagner et al. 2012) or trimmed mean of M values 
(TMM) (Robinson and Oshlack 2010).

Cis-expression quantitative trait loci (eQTL) analysis

eQTLs for SLC6A14 transcript levels were calculated from 
HNE bulk RNA-Seq data. Associations between TMM-nor-
malized gene expression and SNP genotypes within 1 Mb 
up- and down-stream of the SLC6A14 TSS were evaluated 
using FastQTL version 2.0 (Ongen et al. 2016). Covari-
ates were included in the model to adjust for: sample qual-
ity based on RNA integrity number (RIN; RIN ≥ 7 for all 
samples), population structure (top three genotype princi-
pal components), individual and study background (sex, 
study source), immune cell contamination (PTPRC/CD45 
gene expression) and fifteen latent probabilistic estima-
tion of expression residual (PEER) factors to account for 
background effects. Genotype principal components were 
calculated using the R package GENESIS (Conomos et 
al. 2015). PEER factors were generated by the R package 
PEER (Stegle et al. 2012).

Co-localization analyses

Analysis with the Simple Sum (SS) co-localization testing 
framework (Gong et al. 2019; Wang et al. 2022) was used 
to assess whether the same variants contribute to different 
traits. The chromosome X-associated locus from a previ-
ous lung function GWAS meta-analysis (Gong et al. 2019) 
was used to evaluate co-localization with SLC6A14 eQTLs 
from primary HNEs and with GWAS summary statistics 
from the age of first PsA infection in individuals with CF. 
In brief, the lung GWAS included 6365 individuals with CF 
with a median age of 19.5 years from four separate stud-
ies in Canada, USA and France. Linear regression (for data 
from unrelated individuals) and linear mixed modeling (for 
data that included siblings) were used to test for associa-
tion with lung function, measured in sex- and age-specific 
CF FEV1 percentiles adjusted for mortality, revealing the 
extended associated locus between AGTR2 (Angiotensin II 
receptor type 2) and SLC6A14 genes. The age of first PsA 
infection GWAS included 1653 individuals with CF from 
the CGMS with mean age of 34 years (Lin et al. 2024) using 
linear mixed modeling. Linkage disequilibrium (LD) with 
the most significant lung function GWAS SNP was cal-
culated based on the female European samples from the 
1000 Genomes Project (1000 Genomes Project Consortium 
2015). Both SS testing and co-localization visualizations 
displaying p-values plotted along the physical map in the 
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SLC6A14 region were generated using the web tool Locus-
Focus version 1.4.9 alpha (Panjwani et al. 2020).

Long range interaction and assessment of 
chromatin accessibility

Circular chromosome conformation capture with deep 
sequencing (4C-seq) analysis was performed with Calu-3 
cells as described previously (NandyMazumdar et al. 2020) 
using SLC6A14-specific primers (Table S1). Assays for 
transposase-accessible chromatin with deep sequencing 
(ATAC-Seq) were performed with Calu-3 and 16HBE14o- 
cell lines, and for human bronchial epithelia grown at air 
liquid interface (HBE-ALI) as described previously (Nan-
dyMazumdar et al. 2020).

Co-expression analysis of SLC6A14 and IRF1/2

For the bulk HNE RNA-Seq samples, co-expression was 
tested using linear regression models with TMM-nor-
malized expression data for IRF1 or IRF2 regressed on 
SLC6A14 expression TMMs. The co-expression model was 
adjusted for the same set of covariates as the eQTL analy-
sis, excluding PTPRC/CD45 expression and 4 PEER factors 
associated with immune responses. SLC6A14 is known to 
be subject to X-inactivation (Tukiainen et al. 2017).

For the analyses of single cell RNA-Seq data, raw read 
count data was obtained from the human lung cell atlas study 
by Travaglini and colleagues involving a set of 9394 cells 
and 44 cell types (Synapse: syn21041850/wiki/600865, 
accessed 2021-11-28; Travaglini et al. 2020).

SmartSeq2 (SS2) single cell data were used to assess 
SLC6A14 co-expressions with IRF1 and IRF2 in differ-
ent lung cell types. Zero-inflated negative binomial mod-
els were fitted by regressing IRF1 or IRF2 expression read 
counts on that of SLC6A14 using a log link function. Pro-
portion of genes with detected expression was estimated for 
each cell and included as a covariate in the zero-inflation 
portion of the model, using R function zeroinfl() from the 
package pscl in R version 3.5.1 (Zeileis et al. 2008). Bonfer-
roni correction was applied for multiple hypothesis testing.

Cell culture

HEK-293, PANC-1 and IB3-1 cells were cultured in 
DMEM supplemented with 10% fetal bovine serum (FBS), 
100 U/ml penicillin/streptomycin (pen/strep), 1mM sodium 
pyruvate, 2mM L-glutamine and 25mM HEPES (pH 7.8). 
GripTite 293 MSR cells (Thermo Fisher Scientific) were 
cultured in DMEM supplemented with 10% FBS, 25 U/ml 
pen/strep, 4mM L-glutamine, 0.1 mM MEM Non-Essential 
Amino Acids (NEAA) and 600 µg/ml Geneticin. CFPAC-1 

and Capan-1 cells were cultured in IMDM with 100U/ml 
pen/strep plus 10 and 20% FBS, respectively. H6c7 cells 
(Kerafast, ECA001-FP), were cultured in keratinocyte 
serum free media supplemented with 25  mg bovine pitu-
itary extract, 2.5 µg human recombinant epidermal growth 
factor and 100U/ml pen/strep. 16HBE14o- cells (Milli-
poreSigma, SCC150) were cultured in MEM supplemented 
with 10% FBS, 100U/ml pen/strep and 2mM L-glutamine. 
Calu-3 cells were grown as for 16HBE14o- with addition 
of 1mM sodium pyruvate and 0.1mM NEAA. MOR cells 
were grown in RPMI1640 supplemented with 10% FBS and 
100U/ml pen/strep. All cell lines were cultivated in media 
without phenol red in a humidified atmosphere with 5% 
CO2 at 37  °C. HNE samples were prepared and cultured 
using Collagen IV-coated transwell membranes as described 
previously (Gunawardena et al. 2023).

For the experiments involving interferon stimulation, 
human recombinant IFN-α (STEMCELL Technologies, 
78076), IFN-ß (STEMCELL Technologies, 78113) and 
IFN-γ (Cell signaling, 80385) were reconstituted and used 
according to supplier protocols.

Plasmids and site directed mutagenesis

The restriction enzyme cut-free cloning strategy was car-
ried out to generate expression vectors for human SLC6A14 
(GenBank: NM_007231), IRF1 (GenBank: NM_002198) 
and IRF2 (GenBank: NM_002199) genes, as described 
(Lou and Jin 2017). Briefly, coding sequences were ampli-
fied by PCR using two primer pairs (Table S2) to obtain 
products that were then mixed, denatured and re-annealed 
to generate gene fragments with desired cohesive ends. The 
SLC6A14 insert was ligated to the EcoRI/BamHI-digested 
pTetOne vector (Clontech, 634310), and IRF1, IRF2 inserts 
were ligated to the NotI-digested pCMV vector (Clontech, 
631719), replacing LacZ. To generate the luciferase reporter 
plasmids with the SLC6A14 proximal promoter, the 2442 bp 
(2.4 kb) fragment was first generated from human genomic 
DNA from individuals with CF with appropriate haplotypes 
by PCR, using SLC6A14-Prom 2442 primers (Table S2) 
for insertion into the luciferase reporter plasmid pGL4.10 
(Promega, E6651) via Acc65I and HindIII sites. To gener-
ate truncated expression plasmid versions, specific prim-
ers (Table S2) and the Q5® Site-Directed Mutagenesis Kit 
(NEB, E0554S) was used as recommended.

The upstream segment (205 kb from the SLC6A14 TSS) 
of 2102 base pairs (NC_000023.11:116229787–116231888; 
2.1 kb) was added to selected promoter vectors using the 
restriction enzyme cut-free cloning strategy indicated above. 
The most common haplotype (D1) was amplified by PCR 
from human genomic DNA using primers 9 and 10 (Table 
S2) yielding Acc65I cohesive ends for direct insertion into 
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Antibodies and immunoblot analyses

Whole cell protein lysates were prepared by lysis in NETN 
buffer (100mM NaCl, 20mM Tris/HCl pH 8.0, 1mM EDTA, 
0.5% NP-40) containing MS-SAFE Protease and Phospha-
tase Inhibitor Cocktail (MilliporeSigma, MSSAFE-1VL) 
with three freeze/thaw cycles (liquid nitrogen/37°C). 30 µg 
of protein extracts were resolved on SDS‐PAGE. For degly-
cosylation experiments, the samples were treated with 
PNGase F (NEB, P0704) or Endo H (NEB, P0702) accord-
ing to the supplier's protocol except that denaturation by 
heating was replaced with incubation at room temperature 
for 30 min. Primary antibodies used for immunodetection 
included SLC6A14 (Atlas Antibodies, HPA003193), IRF1 
(Cell Signaling, 8478), IRF2 (Invitrogen, PA584335) and 
Calnexin (MilliporeSigma, C4731). Horseradish perox-
idase-conjugated goat anti-rabbit IgG (MilliporeSigma, 
A6154) was used as the secondary antibody. Signal detec-
tion was captured with enhanced chemiluminescence (ECL) 
reagent (Bio-Rad, 1705060) using an Amersham Imager 
AI680 (GE Healthcare, 29270769).

Statistical and bioinformatic analyses

Two-tailed unpaired t-tests were performed for comparisons 
of groups in reporter gene and immunoblot analyses using 
the GraphPad QuickCalcs (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​r​a​p​​h​p​a​d​​.​c​o​​m​/​q​​
u​i​c​k​c​a​l​c​s​/​t​t​e​s​t​1​/. Accessed February 2025). Chi-squared 
testing was used to compare MI frequency among CF indi-
viduals with various haplotypes. Bonferroni correction was 
applied for multiple comparisons. Bioinformatic analysis 
of the broad GWAS association region (chrX:116173577–
116286195, GRCh38) was utilized to prioritize sub-regions 
for cis-regulatory potential using supporting tools from 
the UCSC Genome Browser (Perez et al. 2025); including 
evidence from open chromatin (ATAC-Seq) and chromatin 
conformation (4C) data, transcription factor (TF) ChIP-Seq 
data from ReMap (Hammal et al. 2022), TF binding motif 
predictions by JASPAR (Fornes et al. 2020) and annotations 
from the ENCODE project (ENCODE Project Consortium 
2020).

Results

SLC6A14 transcript and protein expression

The MI and lung disease GWAS signals on the X chromo-
some showed narrow proximal and broad distal intergenic 
regions, respectively, indicating distinct determinants for 
SLC6A14 in corresponding tissues (Gong et al. 2019). We 
first surveyed primary and respective tissue-derived cell 

pGL4.10 reporter vectors in both orientations. SLC6A14 
reporter vectors with the SV40 enhancer were prepared 
similarly using primers indicated in Table S2.

Site directed mutagenesis was performed with appropri-
ate primers (Table S2) to convert the common D1 haplo-
type to D1/D4 (rs4446858 (T > C) or D4 (rs4446858 (T > C) 
plus rs12009976 (G > A). Reporter plasmids containing only 
D1 fragments were generated by deletion of the SLC6A14 
proximal promoter fragments using an overlap extension 
PCR protocol (Lee et al. 2010). Briefly, PCR products rep-
resenting the flanking regions of the sequence to be deleted 
were prepared separately using nonchimeric and chimeric 
primer sets (Fragments A and B, in Table S2). The prod-
ucts were merged in a second round of PCR and inserted 
into respective vectors at EcoRI and HindIII sites. The Q5® 
High-Fidelity DNA polymerase (NEB, M0491) was used 
for all vector constructions with verification by restriction 
enzyme mapping and Sanger sequencing.

Reporter gene assays

Cells in 6-well plates were cotransfected with 0.8 µg reporter 
vector and 0.2 µg pCMV-lacZ (Clontech, 631719) for inter-
nal normalization/transfection control, 24  h after seeding. 
As required, control vector or expression vectors for the 
human IRF1 and IRF2 genes were added to the transfection 
mixes. HEK-293 and PANC-1 cells were transfected with a 
modified CaPO4 method (Esmaeili et al. 2016). After 16 h, 
the cells were washed with PBS and given fresh medium. 
Other cell lines were transfected using X-tremeGENE 
HP™ DNA Transfection Reagent (Roche, MilliporeSigma, 
6366236001) according to manufacturer’s protocol, with 
minor modification. Cells were harvested 72 h after trans-
fection to measure both luciferase and beta-galactosidase 
activities (Esmaeili et al. 2016). Obtained luciferase units 
were normalized to those of beta-galactosidase.

Quantitative reverse transcription PCR (qRT-PCR)

RNA was isolated from the cells using TriPure™ isolation 
reagent (Roche, MilliporeSigma, 11667157001) accord-
ing to the manufacturer’s protocol and genomic DNA was 
removed with ezDNase™ enzyme (Invitrogen™, Thermo 
Fisher Scientific, 11766051). One-step qRT-PCR was con-
ducted using SuperScript™ III Platinum™ SYBR™ Green 
One-Step qRT-PCR Kit (Invitrogen™, Thermo Fisher Sci-
entific, 11736051), gene specific primers (Table S3) and 
a Bio-Rad CFX96™ Real Time PCR detection system. 
qRT-PCR results were analyzed using ΔΔCt method (Pfaffl 
2001).
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lines, observing that expression of SLC6A14 protein could 
be detected by immunoblotting of cell extracts (Fig.  1A) 
with robust levels in HNE-ALI cultures, and in CFPAC-1 
and MOR cell lines. SLC6A14 is an integral membrane pro-
tein with multiple predicted glycosylation sites. Treatments 
of protein extracts with EndoH and PNGaseF endoglyco-
sidases supported complex and N-linked glycosylation 
with a consistent single core polypeptide (Sloan and Mager 
1999) with either endogenous or heterologous expression 
(Fig.  1B). The higher and variable mobility bands reflect 
tissue glycosylation differences and multiple membrane 
spanning characteristics, consistent with previous reports 
(Kovalchuk et al. 2019; Rath and Deber 2013). SLC6A14 
mRNA could readily be detected in HNEs (Gong et al. 2019; 
He et al. 2022) and in multiple epithelial-derived cell lines 
of pancreas and lung origins by qRT-PCR aligning with 
the protein findings (Fig. S1). For the Calu-3 cell line, the 
absence of an immunoreactive signal was consistent with 
the comparatively low level of SLC6A14 mRNA (Fig. S1). 
Further alignment of protein and RNA levels was evident in 
additional HNE-ALI samples (Fig. 1C), where expression 
was notably variable and readily influenced by culturing 
conditions. Consistency of protein and transcript expression 
has also been supported by direct functional investigation of 
SLC6A14 by others, including studies involving amino acid 
uptake assays (Ahmadi et al. 2019).

CF phenotype associations and proximal control of 
SLC6A14 expression

The GWAS SNPs for MI risk and the most significant 
eQTLs for expression in the pancreas showed co-localiza-
tion and alignment with the 5’ end of SLC6A14 (Gong et 
al. 2019). The absence of eQTLs directly within the early 
coding exons, pointed to expression regulatory capacity of 
the sequence near the TSS. This sub-region is conserved 
across mammals and has been annotated with two promi-
nent candidate cis-Regulatory Elements (cCREs) by the 
ENCODE and Epigenomics Roadmap consortium projects 
(ENCODE Project Consortium 2020; Roadmap Epigenom-
ics Consortium 2015; Satterlee et al. 2019) including one 
with a promoter-like signature (E2765491/prom), and one 
with a proximal enhancer-like signature (E2765490/enhP; 
Figs. 2A and S2A). A corresponding 2.4 kb segment con-
taining the cCREs, the TSS and the transcript leader (hap-
lotype PI, Fig. 2A, middle panel) was introduced into the 
pGL4.10 luciferase reporter expression vector system to 
evaluate promoter activity. Following transient transfec-
tion, robust reporter response was evident in both CFPAC-1 
and MOR cell lines with less expression in Calu-3 cells 
(Fig. 2B), aligning with the SLC6A14 expression findings 
above.

Fig. 1  Expression of SLC6A14 glycoisoforms in cell lines and primary 
respiratory epithelia. A Immunoblot analysis of whole cell extracts 
of the indicated cell lines were carried out with SLC6A14 and Cal-
nexin (control) antibodies. The SLC6A14 antibody was validated with 
extracts of GripTite cells transiently transfected with an SLC6A14-
inducible expression vector and treated with and without doxycycline 
(Dox; 100ng/ml) for 48 h. B Treatment of extracts of cell lines and 
HNEs with endoglycosidases or buffer only (–), revealed extensive 
glycosylation leaving residual SLC6A14 protein with PNGaseF treat-
ment (indicated by the arrows). The lower panel includes untreated 
whole cell extracts in lanes 1 and 5. C Immunoblot analysis of protein 
extracts of HNE cells grown on transwell membrane as ALI cultures 
for 14 and 28 days (left panel). Quantification is shown normalized 
with Calnexin level to the respective 14 day culture. qRT-PCR analysis 
of RNA prepared from parallel cultures (right panel) with normaliza-
tion to GUSB and TBP indicates alignment of RNA with protein levels. 
Error bars represent standard deviation of three technical replicates
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cell line, and in combination with the rs12710568 SNP 
in the CFPAC-1 cell line (Fig.  2D). The 1.1  kb fragment 
encompassing only the two SNPs near the TSS (AC haplo-
type for rs3788766 and rs12710568) reflected comparable 
levels of reporter activation as for the longer 2.4 kb segment 
(haplotype PI) in both CFPAC-1 and MOR cells (Fig. 2D). 
The modestly shorter 878 bp fragment containing only the 
rs12710568 SNP yielded response comparable to the short-
est fragment tested with only 381 bp, implying that at least 
the segment containing the rs3788766 SNP is needed to 
contribute to functionality of the longer fragments, and that 
its individual alleles contribute to differential expression.

Moreover, the trimmed fragments align with the 
ENCODE-annotated cCREs for directing expression, as 
the inclusion of both E2765490/enhP and E2765491/prom 
yielded haplotype-responsive reporter gene expression 
comparable to the initial 2.4  kb segment, and the single 
E2765491/prom overlapping the TSS supported ‘core’ pro-
moter activity in both CFPAC-1 and MOR cell lines.

Taken together, the reporter gene findings highlight 
the regulatory contribution of the near promoter region to 
expression, revealing the functional proximal and core pro-
moter elements of SLC6A14. The alleles of the SNPs pres-
ent also support the direction of effect as more expression 
was associated with increased MI risk in the initial GWAS 
and eQTL findings.

Lung phenotype associations and the distal SLC6A14 
locus

GWAS-associated variants with lung function in individu-
als with CF were annotated far upstream of SLC6A14. The 
distant locus encompasses genome-wide significant SNPs 
spanning at least 112.6  kb (from rs5194 to rs5952122; 
Gong et al. 2019). The more distal portion includes multiple 
associated SNPs in LD (Fig. 3A, red palette) that includes 
rs7879546, the SNP with the most significant GWAS 
p-value (p = 1.11 × 10− 9; Fig.  3A, purple dot), positioned 
219.6 kb 5’ to the TSS.

The associated region contains no annotated protein cod-
ing genes and is just downstream of the AGTR2 gene with 
functional roles in the renin-angiotensin system, and negli-
gible expression in airway tissues. Lung samples from the 
GTEx dataset report corresponding AGTR2 transcript levels 
of only 1.1 TPM (GTEx V10) (GTEx Consortium 2015) and 
essentially none (0.00057 TPM) in a set of 107 primary CF 
HNE samples (increased by 44 samples from a previously 
reported analysis in Gong et al. 2019). This is in contrast to 
the notable levels of SLC6A14 transcripts (average of 198.0 
TPM) in HNEs and the readily detected SLC6A14 protein 
levels (Fig. 1B, C).

Four SLC6A14 eQTLs in the pancreas (Gong et al. 2019; 
GTEx V6) were present within the 2.4 kb segment including 
rs3788766 that exhibited the smallest p-value for genetic 
association with MI in consecutive GWAS studies by the 
International CF Gene Modifier Consortium (Gong et al. 
2019; Sun et al. 2012; Fig.  2A, upper panel). Five allele 
combinations (PI to PV) explain > 98% of the haplotypes of 
the studied population with CF (6831 participants; Fig. 2A, 
middle panel). Groupings of individuals with these inferred 
haplotypes show MI frequencies that reflect the earlier 
GWAS (Fig. 2A, lower panel, Table S4). The PV and PIV 
haplotype groups are both limited in size, with haplotype 
PIV indicating no difference from overall MI occurrence of 
16.5%. The larger PII and PIII groups exhibited lower MI 
frequency, and the PI group (with only risk alleles) exhib-
ited higher frequency compared to the overall frequency of 
16.5%.

To determine how the various haplotypes drive differen-
tial expression, reporter gene experiments were performed 
in CFPAC-1 and MOR cell lines. Both cell lines revealed 
expression contribution of the alleles, particularly for the 
rs3788766 and rs12710568 SNPs, where the respective A 
and C MI risk alleles were consistent with increased expres-
sion (compare PI or PIV versus PII or PIII; Fig. 2C).

Subsequent trimming of the 2.4 kb fragment to shorter 
lengths for additional reporter gene comparisons further 
supported the impact of the rs3788766 SNP in the MOR 

Fig. 2  MI risk haplotypes increase SLC6A14 promoter activity in pan-
creatic and lung cell lines. A The genome segment with the MI-associ-
ated SNPs (risk and protective alleles in red and green, respectively), 
the TSS and 133  bp of the 5’ untranslated region of the SLC6A14 
transcript is displayed with the annotated ENCODE cCREs (orange 
and red boxes) aligned above the complete 2.4 kb proximal promoter 
and trimmed segments tested for promoter activity in reporter assays. 
The middle panel describes the five common haplotypes along this 
proximal segment with indicated frequencies. The lower panel indi-
cates the frequency of MI in individuals with CF grouped by haplotype 
(see Table S4 for haplotype interpretation). MI occurrence by haplo-
type was compared to the total occurrence by chi squared testing; ns: 
not significant, **P < 0.01, ***P < 0.001 B Reporter assays with the 
common PI haplotype assessed promoter activity in pancreatic and 
lung cell lines. Beta-galactosidase was used as an internal control for 
transfection efficiency. The normalized luciferase values are shown as 
fold relative light units (RLU) after setting the values of pGL4.10-Luc 
arbitrarily at 1 for comparisons. Two to five independent assays were 
performed, each with two or three technical replicates. Error bars rep-
resent standard error of the mean (SEM). C Reporter gene assays were 
performed for all five common haplotypes in CFPAC-1 and MOR 
cell lines, with luciferase activity values determined as in (B). Mean 
± SEM values from five independent assays for CFPAC-1 and two 
independent assays for MOR are shown, each with two or three techni-
cal replicates. Comparisons were performed using t tests; **P < 0.01, 
***P < 0.001. D Complete and trimmed segments with combinations 
of risk and protective alleles were then assessed as in (C). The mean ± 
SEM values from four independent assays for CFPAC-1 and two inde-
pendent assays for MOR are shown, each with two technical replicates 
of each vector
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none of the eQTL alleles directly aligned with the impli-
cated c/gTg/tGAGa/tGg/c consensus motif (Watanabe et al. 
2013) present in the identified ChIP-Seq segments. We thus 
focused on the more distal 17 kb segment.

The 17  kb sub-region showed additional features rele-
vant to expression regulation. Foremost, interrogations of 
the Calu-3 cell line by 4C analysis supported the linking of 
this region to the immediate SLC6A14 promoter (Fig. 3B). 
Second, while the SNPs across this segment showed very 
strong LD, a further partitioning appeared evident by multi-
ple eQTLs with the smallest p-values (≤ 5 × 10− 4) toward the 
more distal 6-7 kb sub-portion where the association with 
lung function was also strong (Fig.  3C). Third, multiple 
transcription factor motifs were present, consistent with the 
notable number of cCREs, as determined by the JASPAR 
database (Fig. S2C, upper panel). A compelling candidate 
feature included the alleles of the rs4446858 SNP with T 
reference and C alternate alleles. The T allele occurs within 
a potential Interferon Regulatory Factor (IRF) 1 motif, 
whereas the alternate allele C would provide stronger motif 
consensus (Fig.  3D). IRF1 and 2 motifs partially overlap 
and their corresponding transcription factor activities can 
counter each other depending on exposure context (Figs. 3D 
and S2C, lower panel). IRF2 is a general repressive factor 
(with some exceptions), whereas IRF1 is activating and 
responsive to interferon stimulation where consequent 
activities involve engagement in multiple cell pathways 
including immune responses (Tanaka et al. 1993; Wang et 
al. 2024). The rs4446858 SNP occurs within the annotated 
cCRE designated as E2765449/enhD and also displayed 
significant association with lung function (p = 1.69 × 10− 9, 
Table 1). Further, a ChIP-Seq study identified IRF1 binding 
at this position in pancreatic adenocarcinoma cells (Diaferia 
et al. 2016). A nearby cCRE designated as E2765448/enhD 
contained another SNP, rs12009976 with comparable asso-
ciation with lung function but no transcription factor motifs 
were assigned directly to this position (Fig. S2C, lower 
panel and Tables  1 and 2). Of direct relevance for proxi-
mal airway tissue, the ATAC-Seq findings in the HBE-ALI 
cultures suggested that the chromatin structure is open in 
this region. Taken together, a prioritized segment limited to 
2.1 kb (highlighted in green within the 17 kb blue region, 
Fig.  3C) was then selected for more detailed assessment 
given the strong support from lung function GWAS variants 
and HNE eQTLs as well as the inclusion of the rs4446858 
SNP directly implicated in transcription factor binding (Fig. 
S2C).

The many SNPs that are eQTLs for SLC6A14 transcript 
levels in both GTEx tissues (non-CF) and the primary HNEs 
(from individuals with CF) broadened the locus to at least 
161.3  kb (rs5950577 to rs5905248) with significant co-
localization of the lung GWAS and HNE eQTL (n = 107) 
statistics, with SS p-value = 6.02 × 10-6 using 418 SNPs 
across a span of ± 0.1 Mb (pale grey shading in Fig.  3A) 
relative to the rs7879546 SNP. The consistent direction of 
effects of the HNE eQTLs support that poorer lung function 
is associated with more SLC6A14 expression (Table 1). The 
eQTLs also apportioned the broad GWAS peak to at least 
two distinct segments (Fig. 3A, grey solid line).

An additional interrogation of the larger locus also con-
sidered association with age at first PsA infection, a sec-
ondary lung phenotype available in individuals with CF 
enrolled in the CGMS. The corresponding PsA association 
summary statistics colocalized with lung function GWAS 
association statistics with SS p-value = 6.02 × 10− 6, using 
377 SNPs (Fig. 3A, yellow solid line), suggesting the same 
variants could influence the two phenotypes.

We then surveyed the entire broad distal interval using 
a layered approach to assess evidence for involvement in 
transcription regulation, with emphasis on information 
from nasal/airway tissue sources. Notable features included 
intermittent conservation and bioinformatic compilation of 
at least 26 cCREs, all annotated with distal enhancer sig-
natures based on DNase hypersensitivity, histone modifi-
cation or CTCF-binding as assigned by the ENCODE and 
Roadmap Epigenomics Consortium projects (ENCODE 
Project Consortium 2020; Roadmap Epigenomics Consor-
tium 2015; Satterlee et al. 2019; Fig. S2A). These attributes 
together with the eQTLs and ATAC-Seq signals detected 
in differentiated HBE-ALI cultures and lung cell models 
(Fig. 3B), highlighted conserved sub-regions that could be 
prioritized with potential for expression modulation in the 
airway. These included at least a less distal 10 kb segment 
relative to the TSS of SLC6A14 (116,278.7–116,288.7 kb; 
GRCh38; orange shading, Figs. 3A, S2A) with five cCREs 
(Fig. S2B) and a more distal 17  kb segment (116,226.7 
to 116,243.7 kb; blue shading in Figs.  3A and S2A) with 
thirteen cCREs, encompassing several of the lung func-
tion GWAS-associated SNPs with the smallest p-values 
(Figs. 3C and S2C, upper panel).

The 10 kb sub-region was present in the eQTL peak seg-
ment where p-values were notable, but larger than those of 
the more distal segment (Figs.  3A; S2B). Of interest, the 
region contained a series of binding motifs for NKX2 gene 
family members (Fig. S2B) with ChIP-Seq evidence for 
direct NKX2-1 binding (Watanabe et al. 2013). The NKX2-1 
homeodomain transcription factor is important early in lung 
development with expression levels that are maintained into 
adulthood in bronchial and alveolar epithelia. However, 
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Fig. 3  The upstream locus associated 
with lung function in individuals 
with CF harbours regulatory features. 
A The schematic with annotated 
genes below highlight the p-values 
of the individual SNPs (coloured 
dots) from the lung function GWAS 
are shown overlying those of HNE 
eQTLs (continuous grey line), where 
the right and left y-axes indicate the 
respective p-value with -log10 scales. 
The dot colours indicate LD with 
the rs7879546 SNP (purple) with the 
smallest association p-value. The 
PsA association analysis is indicated 
by the solid yellow line. The pale 
grey-shaded portion of the plot indi-
cates the region of SNPs (± 0.1 Mb 
centred on the most significant Lung 
GWAS SNP) used to perform the SS 
colocalization tests. The 10 and 17 kb 
sub-regions are marked with orange 
and blue shadings. B Long range 
interaction of the GWAS association 
neighbourhood is shown in the upper 
panel with the 4C-seq domaino-
gram from the SLC6A14 promoter 
viewpoint, marked by the red verti-
cal dashed line. The main trend of 
contact profile using a 5 kb window 
size is shown as a solid black line 
above the domainogram where rela-
tive interactions are normalized to 
the strongest point (which is set to 1). 
The domainogram uses color coded 
intensity values to show relative 
interactions with window sizes vary-
ing from 2 to 50 kb. Red denotes the 
strongest interactions and dark blue, 
through turquoise, to gray represent 
decreasing frequencies. Shown below 
are ATAC-seq tracks across the same 
genomic region in the indicated 
cells. C Features of the 17 kb sub-
region are shown in refined tracks; 
including association p-values for 
GWAS SNPs for lung function and 
eQTLs for SLC6A14 expression with 
–log10 scales, DNaseI hypersensi-
tive clusters and ATAC-Seq peaks for 
cell lines and HBE-ALI as indicated. 
The 2.1 kb segment is shown with 
green shading. D The immediate 
sequence including the rs4446858 
SNP within the prioritized 2.1 kb 
segment retaining annotations as in 
(C), is shown with the alternate C 
allele aligned directly with an IRF1 
binding consensus motif. RC reverse 
complement.
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The distal enhancer element responds to IRF1 and 
IFN-γ

To assess underlying sequence differences in the putative 
enhancer that may explain genetic influence in lung and 
HNEs, the local haplotypes of the SNP alleles in the 2.1 kb 
segment of 6365 individuals with CF were considered. 
These SNPs exhibited notable eQTL effects for SLC6A14 
(Table 2A), but due to extensive LD, only four sets of allele 
combinations explain > 99% of all haplotypes (named D1 to 
D4; Table 2B). Of these, D1 and D4 differ at only two of the 
sixteen analyzed SNPs, rs12009976 and rs4446858.

Activity of the 2.1  kb segment with corresponding D1 
and D4 haplotypes, as well as a D1/D4 combination to spe-
cifically target the C allele of rs4446858, was then assessed. 
Consistent strong enhancement, with no obvious difference 
in capacities of the allele combinations in the MOR cell line 
was evident (Fig. 4B). Under the conditions used however, 
only basal transcription factor levels would be present, and 
response difference may require a stimulated situation. IRF 
genes encode transcription factors that are key effectors of 
interferons (reviewed in Wang et al. 2024). Before consid-
ering effects of interferons, we directly tested for effects of 
exogenous IRF1 and IRF2 factors via expression vectors 
added directly in the reporter gene assays. Addition of an 
IRF1 expression vector with the enhancer/core promoter 
reporter vector yielded heightened response compared to 
no addition (pCMV vehicle only), or to only IRF2 addition. 
The effect was dampened if IRF2 was added in addition to 
IRF1 (Fig. 4C). Notably, these effects were observed in the 
presence of the rs4446858 C allele and were irrespective of 
the rs12009976 allele. The findings implicate the rs4446858 
allele in IRF1 binding with potential manifestation in 

An enhancer from the distal GWAS locus contributes 
to the expression of SLC6A14

The prioritized 2.1 kb segment was first investigated for reg-
ulatory contribution to SLC6A14 transcription via reporter 
gene assay. Insertion of the fragment (containing only the 
reference alleles of all sixteen eQTLs present, including the 
T allele of rs4446858, Table  2) into the pGL4.10 lucifer-
ase reporter expression vector alone did not drive response 
(Fig. S3), but its juxtaposition adjacent to the core promoter 
element (381 bp) or the trimmed promoter fragments con-
taining only the proximal rs12710569 SNP (878 bp) or the 
rs12710569 and rs3788766 SNP combination (1106 bp; as 
described above, Fig. 2A) led to marked increase in reporter 
gene expression. Expression levels exceeded the core or 
trimmed promoter elements alone by 10- to 45-fold in the 
MOR cell line (Fig.  4A, right panel). Enhancement was 
achieved with either forward or reverse orientations, con-
sistent with a classical enhancer definition. In direct con-
trast, no enhancement was observed in the CFPAC-1 cell 
line (Fig.  4A, left panel). The CFPAC-1 cell line is not 
refractory to reporter gene enhancement as activation of the 
core or trimmed promoter segments could be detected with 
a general alternate SV40 enhancer (Herr 1993) in a series 
of parallel vectors (Fig. S4). The distinction in cell line 
response with the distal upstream SLC6A14 segment would 
appear to reflect presence of at least one critical factor or 
binding complex in the lung-derived MOR cell line, but not 
in the pancreas-derived CFPAC-1 cell line, that could con-
tribute gene expression regulation in airway-derived or lung 
tissues.

Table 1  Top 15 significant SNPs from the CF lung function GWAS study and corresponding eQTLs in HNEs
SNP Posa Refb Altc Lung Estd Lung Pe eQTL Estd eQTL Pf Regiong

rs7879546 116,217,020 T C 0.0726 1.11e–9 – 0.1807 1.65e–4 No
rs12559259 116,217,066 A G 0.0723 1.20e–9 – 0.19532 2.93e–5 No
rs12556757 116,217,035 G A 0.0724 1.43e–9 – 0.18264 1.16e–4 No
rs6520193 116,234,232 T C 0.0708 1.50e–9 – 0.1807 1.65e–4 Blue
rs12009976 116,230,240 G A 0.0706 1.65e–9 – 0.16848 5.08e–4 Blue
rs12559834 116,217,159 T C 0.0711 1.66e–9 – 0.17972 1.88e–4 No
rs4446858 116,230,553 T C 0.0705 1.69e–9 – 0.1807 1.65e–4 Blue
rs5952223 116,255,308 C T 0.079 1.83e–9 – 0.07319 1.76e–1 No
rs7052638 116,217,348 A C 0.0715 1.84e–9 – 0.19532 2.93e–5 No
rs5905350 116,225,152 T C 0.0704 1.86e–9 – 0.1807 1.65e–4 No
rs5905340 116,222,048 T C 0.0704 2.02e–9 – 0.1807 1.65e–4 No
rs10854906 116,228,156 C A 0.0705 2.08e–9 – 0.20017 1.95e–5 Blue
rs4468049 116,211,666 C G 0.0701 2.16e–9 – 0.1557 1.37e–3 No
rs5905214 116,228,498 C T 0.0703 2.32e–9 – 0.18869 5.77e–5 Blue
rs5905282 116,209,043 C T 0.0703 2.33e–9 – 0.19415 3.82e–5 No
aSNPs are located on chromosome X; positions are based on genome assembly GRCh38, bReference allele, cAlternate allele, dLung function 
GWAS and eQTL SNP effect estimates are given for the alternate alleles, eLung GWAS p-value, feQTL analysis p-value, gSNP location as blue 
indicates within prioritized 17 kb region, features of SNP in bold are shown in Fig. 3D
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SLC6A14 protein levels was then also evident by 24 h fol-
lowing onset of treatment with IFN-γ (Fig. 5B, C).

While the newly identified distal enhancer provides a key 
determinant to drive expression of SLC6A14, the rs4446858 
SNP appears to direct an acute effect with prompted increase 
in SLC6A14 expression involving IRF1/IFN-γ stimulation.

SLC6A14 co-expresses with IRF1 and IRF2

As SLC6A14 responds to stimulation by IRF1, driven by 
IFN-γ in the MOR cell line, we then sought to examine its 
expression together with IRF1 and IRF2 in vivo. IRF1/2 
genes are expressed in many cells types, whereas SLC6A14 
is most prominently expressed in airway and gastrointestinal 
epithelia. Using bulk and single cell RNA-Seq datasets, we 
evaluated SLC6A14, IRF1 and IRF2 expression specifically 
in primary nasal and proximal airway tissues, respectively. 
There was significant co-expression between SLC6A14 and 
IRF1 and SLC6A14 and IRF2 with effect estimates show-
ing positive association of expression levels in naïve HNEs 
(Table 3). Recent single-cell lung expression studies include 
ones with sufficient depth to critically define multiple cell 
types in the adult upper airway. When assessing SLC6A14 
in the twelve defined epithelial cell types reported in the 
proximal airway by Travaglini and colleagues (Travaglini 
et al. 2020), expression was noted to be in ‘differentiating 
basal’ and ‘club’ cells at low levels with 7.8 and 3.2 TPM, 
respectively, and in ‘goblet’ cells at 28.6 TPM. This expres-
sion pattern is consistent with the derivation of goblet cells 
from club and basal cells (Davis and Wypych 2021). Co-
expression was evident with both IRF genes in the goblet 
cells (Table 3), with the effect estimates showing positive 
association relationships as observed with the HNE bulk 
RNA-Seq results, indicating that this cell type of the proxi-
mal airway could contribute to IFN-γ and immune responses 
involving SLC6A14.

Discussion

Earlier GWAS studies in individuals with CF had impli-
cated SNPs in the immediate and distant upstream regions 
of SLC6A14 as contributing to disease phenotypes in diverse 
tissues (Gong et al. 2019). The eQTLs within these regions 
highlighted that less SLC6A14 expression aligns with better 
disease outcome.

The functional analyses of the immediate SNPs in their 
haplotype contexts defined the proximal promoter region in 
both pancreas- and lung-derived cell models, and supported 
that MI-associated SNPs, specifically the alternate alleles 
for rs3788766 and rs12710568 align with more expression 
and higher MI risk. The protective reference G allele for 

immune (and presumably other) responses that could result 
in increases in SLC6A14 expression in relevant stimulated 
states.

To induce IRF1 levels in the context of living cells, we 
then considered whether type I or II interferons (IFNs) 
could provide stimulus for the SNP response, with potential 
to then contribute to immune processes and perhaps impact 
lung function. The rapid interferon signaling of an innate 
immune response would readily boost IRF1 levels upon 
pathogen engagement. Indeed, addition of IFN-γ, but not 
IFN-α or IFN-β to the culturing media of MOR cells that did 
contain the alternate C allele at rs4446858 (data not shown) 
resulted in increased IRF1 levels most evident at 6 h, that 
waned by 24 h of treatment. IRF2 remained below detection 
with all treatments (Fig. 5A). Further, stimulation of mature 

Table 2  SLC6A14 eQTL associations and haplotypes of the prioritized 
2.1 kb segment
A. Position and SLC6A14 eQTL associations from HNE cells
SNP Posa Ref Alt eQTL Est eQTL P
rs4824330 116,229,787 A G – 0.195045 2.69e–5
rs17095260 116,230,215 G A – 0.229871 8.05e–5
rs12009976 116,230,240 G A – 0.168484 5.07e–4
rs60405377 116,230,456 A T – 0.229871 8.05e–5
rs4446858 116,230,553 T C – 0.180704 1.64e–4
rs5952115 116,230,755 T C – 0.229871 8.05e–5
rs5952116 116,230,820 C T – 0.229871 8.05e–5
rs5905357 116,230,940 T C – 0.0621687 2.76e–1
rs5905215 116,230,979 G A – 0.0621687 2.76e–1
rs5952203 116,231,057 A T – 0.229871 8.05e–5
rs5905359 116,231,469 C A – 0.0649908 2.56e–1
rs4579644 116,231,477 G A – 0.233367 6.77e–5
rs5905360 116,231,568 T G – 0.0621687 2.76e–1
rs4427295 116,231,594 C A – 0.195045 2.69e–5
rs4623576 116,231,674 C T – 0.215003 3.32e–4
rs5952204 116,231,888 T G – 0.229871 8.05e–5
B. Haplotypes of contained SNP alleles and frequency
Haplotypeb N Percentagec Haplotype code
0000000000000000 6511 51.13 D1
1111111001010111 2981 23.41 D2
1010100110101100 2685 21.09 D3
0010100000000000 495 3.89 D4
1010100000101100 49 0.38 D5
1010100000000100 4 0.03 D6
1010100000100100 3 0.02 D7
0010000000000000 2 0.02 D8
0000100110101100 1 0.01 D9
1010000110101100 1 0.01 D10
1010100110100100 1 0.01 D11
1111101001010111 1 0.01 D12
aChromosome positions are from genome assembly version GRCh38, 
bHaplotypes of the 16 listed SNPs are shown left to right with refer-
ence (0) or alternate alleles (1), cProportion (percentage) of sample 
with given haplotype identified from SNP typing of 6365 individuals 
of the CF lung function GWAS (Corvol et al. 2015; Gong et al. 2019)
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(Gibson-Corley et al. 2016), an indirect role for SLC6A14 
in the pancreas could reflect disturbed digestive enzyme 
release and activation due to abnormal pancreatic ductal 

rs3788766 alone has also pointed to less expression using a 
comparable reporter gene assay system in modified Calu-3 
cells (Mercier et al. 2022). While MI occurs in the intestine 
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We showed that at least one prioritized and conserved 
segment from this interval, positioned ~ 205  kb upstream 
of the SLC6A14 TSS, exhibits strong enhancer activity 
for the proximal promoter in a lung-derived cell model. 
While signatures of chromatin accessibility for transcrip-
tional machinery and long-range interactions were noted in 
HBE-ALI cultures, further assessment would be helpful to 
confirm tissue specificity of the enhancer. The context of 
regulatory function and the relationship of the identified 
enhancer with other local and neighboring sequences also 
remain unknown. Additional sub-regions, with evidence of 
open chromatin and the cCRE annotations that are derived 
from various cell lines and tissues do support further con-
tributors for airway tissue and for regulatory complexity in 
other epithelial tissues. Indeed, alternate upstream contribu-
tors to regulation of SLC6A14 have been suggested (Bari-
lli et al. 2021; Di Paola et al. 2017). In addition, based on 
GTEx data (release V10), a set of at least six eQTLs occur 
within the distal GWAS interval for SLC6A14 in minor sali-
vary gland, where four overlap lung eQTLs and all are more 
distal of the prioritized 17 kb sub-region.

The initial SLC6A14 eQTLs were calculated with RNA 
sampling from tissues of non-CF and overall healthy indi-
viduals while HNE analysis involved tissue directly from 
individuals with CF; both yielded consistent genetically-
determined directions of effect for SLC6A14 expression. 
While the enhancer itself would appear to be a promi-
nent determinant of expression in the lung, the contained 
rs4446858 SNP challenges how SLC6A14 actually con-
tributes to variation in lung-related phenotypes. Although 
many of the alternate SLC6A14 eQTL alleles of the entire 
upstream locus including some within the enhancer segment 
contribute to stronger lung function via negative effects 
on expression (Tables 1 and 2A), the alternate C allele of 
rs4446858 with an allele frequency of 47% in European 
populations appears to exert effects on the IRF1/2 binding 
site while supporting further increased expression involving 
response to IRF1. It would thus appear that an immediate 
situation, determined by IFN-γ presence and stimulation in 
our experimental setting, adds a level of regulation to the 
role of the enhancer where the GWAS analysis then only 
reflected a net steady state without (or with limited) stimula-
tion where less SLC6A14 expression is predominant, and in 
line with observing better cumulative lung function.

A direct role for SLC6A14 has already been demonstrated 
when CF cells encounter pathogens, where arginine trans-
port has been implicated in altering the epithelial surface 
liquid layer of the airway affecting early phases of bacterial 
infection (Barilli et al. 2021; Di Paola et al. 2017). Being 
a major contributor to the import of neutral and cationic 
amino acids, including arginine, SLC6A14 has also been 
implicated in other and multiple airway diseases. Arginine 

fluid (Venglovecz et al. 2021). This aligns with reported cor-
relations between CFTR-causal variants and residual pan-
creatic function and occurrence of MI (Dupuis et al. 2016). 
The relatively early development and presentation of MI 
implicate influence in utero, at a time when there is already 
pathology in the CF pancreas. However, there remains lim-
ited information on endogenous SLC6A14 expression and 
its relationship to CFTR function. From single cell RNA 
sequencing studies of human fetal pancreas tissue, CFTR 
expression initiates with early exocrine differentiation well 
before digestive enzyme expression, but SLC6A14 expres-
sion is more restricted and only seen after exocrine ductal 
cell emergence at ten to eleven weeks following conception 
(Ma et al. 2023).

The lung GWAS, involving cases from multiple centers 
with a wide range in ages did not show evidence of associa-
tion between the SNPs and lung function in the proximal 
promoter region of SLC6A14 (Corvol et al. 2015; Gong et 
al. 2019), but any modest expression alteration may have 
been influenced by a relatively stronger effect of the more 
distal region, with notable enhancer features. At least a 
couple of earlier studies of CF lung disease (Li et al. 2014; 
Pereira et al. 2017) had indicated some association for the 
proximal rs3788766 SNP, but these studies included fewer 
subjects and concentrated mostly on younger individuals 
with CF. Given the complexity and enduring disease pro-
gression in the CF lung, it remains a possibility that there is 
genetic influence at the proximal locus in the airways, but 
only at younger ages.

The large distal GWAS region implicated for lung pheno-
types contains no protein coding genes but many SLC6A14 
eQTLs pointing to complexity in regulation of expression. 

Fig. 4  Distal enhancer activity with augmented response to IRF1 
depending on rs4446858 SNP allele. A Juxtaposition of the 2.1 kb seg-
ment of the 17 kb sub-region in forward (F) or reverse (R) orientation 
to the core promoter increased reporter gene activity in MOR cells, but 
not in CFPAC-1 cells. Luciferase activity values were determined as in 
Fig. 2, except that activity of core promoter only was set as 1 for com-
parisons. Two independent experiments were performed, each with 
two to four technical replicates for each vector. B The 2.1 kb segment 
with the most common SNP combination (haplotype D1; black), with 
alternate alleles A and C for rs12009976 and rs4446858, respectively 
(haplotype D4; pale) and with the alternate C allele for rs4446858 only 
(grey) yielded comparable reporter gene activities. Each bar represents 
the mean of five to ten replicates from two independent experiments. 
C Inclusion of exogenous IRF1 by co-transfection revealed further 
enhancement of the reporter gene activity with the alternate C allele 
of rs4446858. The exogenous inclusion of IRF2 modestly reduced 
enhancer activity, compared to the pCMV control vector only, and 
was independent of the C allele. A combination of IRF2 with IRF1 
reduced the effect of IRF1 alone. The reporter gene assays were per-
formed as in (A) except the core promoter fragment with pGL4.10 plus 
pCMV was set as 1 for comparisons. Each bar represents mean of six 
to twelve replicates from two independent experiments. For all experi-
ments error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001 
using unpaired t tests.
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hyperimmunoreactive milieu with impaired and disturbed 
innate and humoral responses (Bojanowski et al. 2021). It 
had been suggested that there may be increased expression 
of SLC6A14 in severe CF lung disease versus healthy con-
trols (Auslander et al. 2020) as also seen in the intestine 
of CF mice (Ikpa et al. 2020), however subsequent studies 
involving primary nasal samples from pediatric individu-
als with CF versus non-CF (Loske et al. 2024), and lung 
samples from older individuals with late stage CF versus 
non-CF (Carraro et al. 2021) show reduced expression of 
SLC6A14 in airway secretory epithelial cell types. These 
studies also emphasize the need to consider the possibility 
of altered cell component makeup as well as the effects of 
progressive disease in barrier airway epithelia function with 
CF (Carraro et al. 2021; Gustafsson and Hansson 2025). Of 
interest, the studies of nasal cells from pediatric patients 
highlighted the marked disturbance of interferon response 
pathways well before lung function would be markedly 
deteriorated (Loske et al. 2024) and thus a careful look at 
alteration in IFN-γ signaling reflecting genetic determina-
tion and variability would be warranted already at these 
early stages.

While treatments may alleviate symptoms, disease pro-
gression in the CF lung reflects a complex interplay of 
chronic infections, repeated cycles of infection and inflam-
mation involving immune and tissue repair responses (Tur-
cios 2020). Additional complications imposed by viral 
co-infections further aggravate progression (Kiedrowski 
and Bomberger 2018). Many studies of interferons and 
interferon responsive factors have highlighted their roles 
in immunity well beyond their long-established functions 
in combating viral infections. They facilitate immune 
responses but also contribute to supporting or hindering tis-
sue damage responses depending on context (Boehmer and 

metabolism is particularly relevant in airway inflammation 
involving nitric oxide and related arginase pathways (Asos-
ingh et al. 2020; Barilli et al. 2021; Li et al. 2025).

To more fully understand the contribution of SLC6A14 
to modification of airway phenotypes, interpretation will 
require understanding of the specific CF lung environ-
ment, including its progressive disease aspects. The CF 
airway involves immunodeficient mucosa (Cohen and 
Prince 2012) with serious and chronic infections in a 

Table 3  Co-expression of SLC6A14 with IRF1 and IRF2
Analysis Tissue Model Effect 

estimate
P-value Adjusted 

Pa

Bulk 
RNA-Seq

HNE IRF1 0.620020487 8.81e–
10

1.76e–9

IRF2 0.425270729 3.53e–5 7.06e–5
Single 
cell 
RNA-Seq

Goblet cells IRF1 0.000340471 1.32e–
11

5.25e–9

IRF2 0.00017935 2.86e–5 2.01e–3
Basal IRF1 – 

0.030758985
5.09e–2 7.71e–1

IRF2 – 
0.180431605

2.32e–1 1

Ciliated IRF1 0.000890285 2.45e–1 1
IRF2 0.000408788 7.78e–1 1

Club IRF1 0.000283596 1.95e–1 1
IRF2 – 

0.001583417
2.91e–1 1

Neuroendo-
crine

IRF1 NAb NA NA
IRF2 NA NA NA

Ionocyte IRF1 NA NA NA
IRF2 NA NA NA

Differentiat-
ing basal

IRF1 0.003644613 4.36e–1 1
IRF2 0.00791775 1.17e–1 1

aAdjusted p : Bonferroni corrected p-values
bNA: data not available due to very low expression or insufficient 
cell numbers

Fig. 5  IFN-γ induces IRF1 and SLC6A14. A MOR cells at ~ 50% con-
fluence were treated with or without recombinant interferons (10ng/
ml) for 6 or24 h durations. Immunoblot analysis of whole cell extracts 
were carried out with IRF1, IRF2 and Calnexin (control) antibodies. 
IRF1 and IRF2 antibodies were validated with extracts of MOR cells 
transfected with expression vectors without IFN treatment in far left 
lanes. B MOR cells were treated similarly with IFN-γ only to assess 

SLC6A14 expression; the immunoblot is a representative of three 
independent experiments, shown summarized in (C). C Bar graph 
indicates the mean (± SEM) of SLC6A14 abundance after normaliza-
tion to Calnexin. The value of (-, 6 h) was arbitrarily set at 1, for com-
parisons. Data are from three experiments. *P < 0.05 using an unpaired 
t test
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Zanoni 2025). IFN-γ has substantial influence on multiple 
immune cell types and their respective cytokine production 
(Lee and Ashkar 2018). It has been observed that CFTR 
itself may respond to IRF1 stimulation based on cell model 
studies, but any direct consequent effects are presumably 
further hindered in the CF disease state (Zhang et al. 2013). 
We observed that SLC6A14 co-expresses with both IRF1 
and 2 in goblet cells, and propose that at least short term 
enhanced expression is favorable, toward the dampening 
of inflammation. Better definitions of the states reflecting 
what are typically transitory responses of IFN-γ and IRF1 
within the hyperinflammatory environment of the CF lung 
are needed to appreciate influence by genetic variation. This 
will enable better understanding of the relationship between 
SLC6A14 and lung function measures and cumulative dis-
ease. While acute and highly dynamic features are likely 
difficult to capture, the GWAS studies of large populations 
of individuals with CF do point to protective benefits of 
less expression for lung function, a direction that was also 
noted for the gastrointestinal phenotype involving reduced 
MI risk.

Conclusions

Our findings demonstrate that previously implicated asso-
ciated SNP regions supported by colocalization analyses 
directly contribute to SLC6A14 expression variation. The far 
upstream region includes cell/tissue-type differential regula-
tion that explains the distinct locations for association with 
the different phenotypes studied. In the distal region, at least 
one potent regulatory element together with the proximal 
promoter enhances SLC6A14 expression consistent with the 
strong expression in upper airway tissue including primary 
HNEs. While the population investigations point to benefits 
in lung function of less expression of SLC6A14, the investi-
gations involving the IFN-γ cytokine and IRF1 stimulation 
support a complexity of regulation consistent with a favor-
able role of SLC6A14 in acute immunoregulatory responses 
involving goblet cells in individuals with CF harbouring the 
alternate C allele of the rs4446856 SNP. Lung function in 
CF is a complex measure reflecting a progressive multitude 
of effects including inflammation and its resolution, as well 
as damage and repair affecting residual tissue integrity and 
function. More precise delineation of when and how altered 
levels of SLC6A14 are beneficial or detrimental is needed to 
resolve and understand all of the effects of this modifier on 
CF disease. Our studies further emphasize the challenge of 
elucidating the contributions of GWAS loci where there are 
multiple levels of regulation with interacting and/or com-
peting contributions.
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