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Cystic fibrosis (CF) is a recessive disease caused by mutations in the
CF transmembrane conductance regulator (CFTR) gene. The most
common symptoms include progressive lung disease and chronic
digestive conditions. CF is the first human genetic disease to ben-
efit from having five different species of animal models. Despite
the phenotypic differences among the animal models and human
CF, these models have provided invaluable insight into under-
standing disease mechanisms at the organ-system level. Here,
we identify a member of the ABCC4 family, CG5789, that has the
structural and functional properties expected for encoding the
Drosophila equivalent of human CFTR, and thus refer to it as Dro-
sophila CFTR (Dmel\CFTR). We show that knockdown of DmeN\CFTR
in the adult intestine disrupts osmotic homeostasis and displays
CF-like phenotypes that lead to intestinal stem cell hyperplasia.
We also show that expression of wild-type human CFTR, but not
mutant variants of CFTR that prevent plasma membrane expres-
sion, rescues the mutant phenotypes of DmeN\CFTR. Furthermore,
we performed RNA sequencing (RNA-Seq)-based transcriptomic
analysis using Dme\CFTR fly intestine and identified a mucin gene,
Muc68D, which is required for proper intestinal barrier protection.
Altogether, our findings suggest that Drosophila can be a power-
ful model organism for studying CF pathophysiology.
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Cystic fibrosis (CF) is an autosomal recessive disorder that
primarily affects individuals of European descent at a rate of
1 in 2,500 newborns (1). CF is caused by a mutation in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene,
which encodes a chloride channel expressed in the apical mem-
branes of various epithelia (2-4). The most common symptom of
CF includes accumulation of viscous mucus in the pulmonary
and gastrointestinal tract, which is associated with bacterial in-
fections, aberrant inflammation, and malnutrition (5, 6). Besides
chloride secretion, CFTR’s regulation of other membrane pro-
teins, including epithelial sodium channel (ENaC), plays an im-
portant role in maintaining osmotic homeostasis by controlling
the movement of water through the epithelium, which is par-
ticularly important for mucous membranes. In CF, loss-of-func-
tion mutations in CFTR can elevate the activity of ENaC through
a mechanism that is not fully understood (7). Up-regulation of
ENaC activity can increase Na* and water influx, which ultimately
leads to dehydration of the epithelial surface and reduction in
mucus transport in multiple mucin-producing organs, such as the
lungs, sinuses, intestine, pancreas, and reproductive organs (8).
While there has been immense progress made in understanding
the basic biology of the CF, many important questions regarding
the initiation and progression of the disease remains unanswered.

Animal models of human genetic diseases allow a more in-
depth study of the pathophysiology of a disease than is possible
in humans. CF is unique among human genetic disorders in that
five animal models have been created: mouse (9), pig (10), ferret
(11), zebrafish (12), and rat (13). The availability of these models,
each with different features and advantages, has provided in-
valuable insight into understanding disease mechanisms at the
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organ-system level. However, widespread use of these models has
been hampered due to limited accessibility to different develop-
mental stages, high animal husbandry costs, and difficulties in
genetic manipulations. Therefore, to better understand disease
onset and to develop new treatments for CF, it is important to
develop a more tractable model of CF that reflects the disease
in humans.

Recently, we identified an evolutionarily conserved miRNA,
miR-263a, that maintains intestinal stem cell (ISC) and osmotic
homeostasis by directly negatively regulating the expression of
ENaC in Drosophila (14). In the absence of miR-263a, the
intraluminal surface of the intestine displays dehydration-like
phenotypes, Na* levels are increased in enterocytes (ECS), stress
pathways are activated in ECs, and ISCs overproliferate. Fur-
thermore, miR-263a mutants have increased bacterial load and are
more susceptible to bacterial infections. Strikingly, these pheno-
types are reminiscent of the pathophysiology of CF. Similar to the
ENaC-overexpression mouse model of CF (15), our ENaC-
overexpression fly model can be a powerful genetic model or-
ganism for studying the molecular mechanisms of CF. However,
given that CF is caused by a mutation in CFTR, we decided to
further establish the fly gut as a model for CF by identifying and
characterizing Drosophila CFTR (Dmel\CFTR). Here, we identify
a member of the ABCC4 family, CG5789, that has the structural
and functional properties expected for encoding the Drosophila
equivalent of human CFTR, and thus refer to it as Dmel\CFTR.
We show that knockdown of Dmel\CFTR in the adult fly intestine
disrupts osmotic homeostasis and activates a stress response that,
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in turn, activates signaling pathways required for ISC proliferation,
resulting in intestinal hyperplasia. We show that expression of
human CFTR (hCFTR) rescues the Dmel\CFTR mutant pheno-
types, indicating that the genes are functional orthologs. Fur-
thermore, we performed RNA sequencing (RNA-Seq)-based
transcriptomic analysis using Dmel|CFTR fly intestine. Global
gene expression analysis identified a mucin gene, Muc68D, which
may play an analogous role to that of mammalian mucin genes,
MUCSAC and MUCSB, which are commonly misregulated in CF
(16, 17). Altogether, our findings establish a Drosophila model for
studying CF pathophysiology.

Results

Drosophila CG5789 Is the Predicted Ortholog of hCFTR. CFTR is the
only member of the ABC superfamily of membrane transporters
that function as an ion channel (18-20). More specifically, se-
quence similarity comparison and phylogenetic analysis indicate
that CFTR is most closely related to the ABCC4 member of the
ABCC family (21). Previous to this work, a Drosophila ortholog
of CFTR had not been identified. Based on ortholog predictions
(22), hCFTR has 11 predicted orthologs in the Drosophila ge-
nome (SI Appendix, Fig. S14), each of which had already been
tentatively categorized as Drosophila ABCC4 genes, based on
sequence similarities alone (FlyBase, 2018). When we assessed
the phylogenetic relationships among the candidate Dmel/\CFTRs
and 16 functionally characterized vertebrate CFTR and 15 func-
tionally characterized vertebrate ABCC4 orthologs, we observed
that one Drosophila gene, CG5789, branches basally to all other
Dmel|\CFTR candidates (SI Appendix, Fig. S1B), suggesting that it
may have potentially retained sequence/function similarities to
vertebrate CFTR genes. However, we note that CG5789 does not
form a monophyletic group with vertebrate CFTR genes.

Since none of the 11 Dmel\CFTR genes shows a clear full-
length sequence similarity to vertebrate CFTR orthologs, we de-
cided to examine a specific domain that is unique to CFTR. CFTR
is distinct from ABCC4 by the presence of the R domain, which
contains multiple protein kinase A-dependent phosphorylation
sites for full channel activity (23-25). Sequence similarity com-
parison and phylogenetic analysis indicate that hCFTR R domain
is most closely related to the putative R domain of CG5789 (SI
Appendix, Fig. S1C and Fig. 14) while CG5789 groups with the R
domains of hCFTR (SI Appendix, Fig. S1D).

Next, we extended our analysis to include the transmembrane
domain 8 (TMS8) of hCFTR that may play a critical role in ion
conduction and gating (26-28). As further evidence that CG5789
may be the functional ortholog of CFTR, hCFTR TMS is most
closely related to the putative TM8 of CG5789 (SI Appendix, Fig.
S1E and Fig. 1B). However, CG5789 TMS is slightly more
identical to the TMS8 of zebrafish than it is to human (SI Ap-
pendix, Fig. S1F and Fig. 1B). Furthermore, a BLAST search using
either hCFTR or zebrafish CFTR (zCFTR) TMS protein sequence
both returned CG5789 as the only positive result in the Drosophila
melanogaster genome (FlyBase-BLAST, 2018). Lastly, using a
portal for predicting three-dimensional structure of protein from
its amino acid sequence (29), we find that zCFTR TMS is pre-
dicted to be most identical to the CG5789 TMS8 based on this
structural analysis (SI Appendix, Fig. S1G). Altogether, these
analyses provide several lines of evidence that CG5789 may be
the functional ortholog of vertebrate CFTRs.

RNAi Knockdown of CG5789 Disrupts CI~ and Na* Homeostasis in the
Intestinal Epithelium. In CF, loss-of-function mutations in CFTR
lead to buildup of Cl™ inside the cell. Therefore, we asked
whether depletion of CG5789 also leads to CI™ buildup in the
intestinal epithelium. Using two independent RNAI lines tar-
geting different regions of the gene, we knocked down CG5789
in the ECs where we had previously observed ENaC-dependent
CF-like phenotypes (14). To monitor the amount of CI™ in the
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midgut epithelium, we used a quinoline-based Cl -sensitive
fluorescent dye, MQAE (N-(Ethoxycarbonylmethyl)-6-methox-
yquinolinium bromide), which detects CI™ via diffusion-limited
collisional quenching of fluorescence (30). When CG5789 was
depleted in the ECs, we observed significantly reduced MQAE
fluorescence compared to wild-type control (Fig. 1C). Quantifi-
cation of MQAE fluorescence revealed ~70 to 85% reduction in
signal (SI Appendix, Fig. S2A4), suggesting that more Cl~ are
present within the epithelium.

In CF, CFTR inhibition of ENaC is eliminated, resulting in
increased Na™ transport across the epithelial cell membrane. In
our previous study, we showed that up-regulation of ENaC ac-
tivity causes a dramatic increase in the overall amount of in-
tracellular Na* in the intestinal epithelium (14). Therefore, we
examined whether loss of CG5789 activity also leads to up-
regulation of ENaC-mediated Na™ transport. To monitor the
levels of intracellular Na™, we used a Na™-sensitive fluorescent
indicator, Sodium Green (31, 32). Indeed, depletion of CG5789
resulted in higher levels of intracellular Na™ indicated by the
increase in fluorescence (Fig. 1D). Quantification of Sodium
Green fluorescence showed ~4.5-fold increase in signal (SI Ap-
pendix, Fig. S2B), suggesting that these cells are allowing more
Na* across the epithelial membrane. Hereafter, all subsequent
experiments were performed using the CG5789™¢ RNAI line,
since both the National Institute of Genetics (NIG) and Vienna
Drosophila Resource Center (VDRC) RNAI lines show comparable
phenotypes.

hCFTR Restores CI~ and Na* Homeostasis in the Intestinal Epithelium.
If CG5789 is a true ortholog of hACFTR, expression of ACFTR in
the presence of CG5789 RNAI may rescue the imbalance of CI™
and Na™ levels in the intestinal epithelium. To test the functional
conservation between the CFTR orthologs, we generated a
transgenic fly that expresses wild-type #CFTR (hCFTR""). In
addition, we generated transgenic flies that carry mutations that
are commonly found in CF patients: two mutations that affect
CFTR g}rotein production (class I mutations: ACFTR*"**X and
hCFTR"'?82X) ‘and two mutations that affect CFTR protein
transport (class II mutations: A”CFTRY%X and hCFTR*™%).
When expressed in ECs, hCFTR™" proteins are properly lo-
calized to the apical membrane of the epithelial cells (SI Ap-
pendix, Fig. S2C), whereas expression of mutant hCFTRs was not
detected, which is expected since class I mutations fail to form
functional CFTR proteins and class II mutations form misfolded
proteins that are degraded by the ubiquitin—proteasome degra-
dation pathway (33).

We next asked whether expression of ACFTR in the presence
of CG5789 RNAI can reverse the buildup of Cl™ inside the in-
testinal epithelium. We find that coexpression of ”CFTR"" in
the presence of CG5789 RNAI completely suppressed the phe-
notype, whereas coexpression of mutant h<CFTR constructs failed
to do so (Fig. 1C and SI Appendix, Fig. S24). Consistent with our
CI~ conductance results, coexpression of ACFTR"” was able to
significantly reduce the amount of Na* that entered the epi-
thelium in the intestines of CG5789 RNAI flies, whereas mutant
hCFTR constructs failed to do so (Fig. 1D and SI Appendix, Fig.
S2B). Collectively, these results indicate that CG5789 is neces-
sary for CI™ conductance across the intestinal epithelial cell mem-
brane as well as to prevent increased influx of Na™, and that
hCFTR can replace CG5789 function. Finally, since all four
hCFTR mutations failed to rescue the imbalance of Cl~ and Na™
levels, we chose to use the in-frame deletion of phenylalanine 508
(AF508), a mutation that occurs in more than 70% of CF patients
(34), as our negative control for all subsequent experiments.

Cell Swelling and Dehydration of Epithelial Membrane Phenotypes of

€G5789 RNAi. In CF patients, disruption in salt homeostasis is
associated with disordered cell volume regulation in both the
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Fig. 1. Disruption of CI~ and Na* homeostasis in the absence of CG5789. (A) Pairwise sequence identity and similarity of R domain between labeled species.
(B) Pairwise sequence identity and similarity of TM8 domain between labeled species. (C) Fluorescent monitoring of intracellular CI~ levels in the midgut
epithelium using MQAE. Significant quenching of fluorescence is observed when CG5789 was depleted in the ECs compared to wild-type control. (D)
Fluorescent monitoring of intracellular Na* levels in the midgut epithelium using Sodium Green. Enhancement of Sodium Green fluorescence is observed in
the absence of CG5789 compared to wild-type control (C and D) (Scale bar, 50 pm.).

pulmonary and gastrointestinal tract (35-37), resulting in cell
swelling. Likewise, we frequently observed large swollen ECs in
the intestines of our ENaC-overexpression fly model (14). To
determine whether impaired Cl~ conductance in the absence
of CG5789 also leads to swelling of ECs, we generated flip-
out clones expressing CG5789 RNAI alone or in combination
with the hCFTR constructs to measure cell volume. We find
that knocking down CG5789 resulted in ECs that have nearly
twice the cell volume compared to neighboring wild-type ECs
(Fig. 24). In addition, coexpression of hCFTR"” in the pres-
ence of CG5789 RNAI completely reversed the cell swelling
phenotype, whereas coexpression of «CFTR*"? failed to do so
(Fig. 24).

Kim et al.

An increase in uptake of Na* and water by CF cells results in
an abnormal mucus gel with an increased polymeric mucin con-
centration and altered biophysical properties in the epithelial
surface (38, 39). Therefore, we examined the fly intestinal lumen
and features of the peritrophic matrix (PM), which plays a role
analogous to that of mucous membranes in the vertebrate di-
gestive tract, for signs of dehydration. Interestingly, transmission
electron microscopy of intestinal sections revealed that the thick-
ness of the PM in CG5789 RNA.I flies is significantly reduced and
the phenotype can be completely suppressed by coexpressing
hCFTR"", whereas coexpression of ACFTR*** failed to do so
(Fig. 2 B and C).
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CG5789v6
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Intestinal phenotypes in the absence of CG5789. (A) Quantitative measurements of the total EC cell volume. “n" denotes the number of cells of which

total cell volume was measured for each genotype. (B) EM cross-sections of posterior midguts. Arrows indicate the PM, mucus (M), and lumen (L). (Scale bar, 800
nm.) (C) Quantitative measurements of the PM thickness. “n” denotes the number of PM thickness measurements for each genotype. (D) qPCR analysis of Crys
using total RNA from dissected midguts of indicated genotypes. (E) Survival analysis of wild-type, CG5789 RNAI, and flies coexpressing hCFTRs upon oral infection
with P. aeruginosa. Error bars indicate SEM. (F) gPCR analysis of Dpt using total RNA from dissected midguts of indicated genotypes 24 h after Ecc15 oral infection.
(G) The posterior midguts of 7- to 10-d-old wild type and RNAi line against CG5789 stained anti-g-gal to mark DI (green)-expressing ISCs and anti-pH3 to mark
mitotic ISCs (red). White arrowheads mark mitotically active ISCs. (Scale bar, 50 pm.) (H) The average number of pH3™* cells in the posterior midguts expressing
RNAI against CG5789. (/) The average number of pH3* cells in the posterior midguts coexpressing wild-type or mutant hCFTRs with CG5789 RNAI. “n"” denotes the
number of posterior midguts examined for each genotype. Error bars indicate SEM. ***P < 0.001 (two-tailed t test). n.s., not significant.

To determine whether reduced PM production is responsible
for the reduced PM thickness in the absence of CG5789, we
measured the transcript levels of Crystallin (Crys), an integral
component of the PM (40). We find that Crys levels were ~2.5-
fold higher when CG5789 is depleted compared to the control
(Fig. 2D). In addition, coexpression of ACFTR"7 in the presence
of CG5789 RNAI completely suppressed the increased expres-
sion of Crys, whereas coexpression of A”CFTR*™% failed to do so
(Fig. 2D). These results suggest that decreased PM production is
not the cause of reduced PM thickness but rather, EC swelling
and reduced PM thickness result from increased influx of Na*
and water by the epithelium.

10360 | www.pnas.org/cgi/doi/10.1073/pnas.1913127117

CG5789 Is Required for Defense Against Oral Bacterial Infection.
Because structurally compromising the PM is also associated
with increased susceptibility to bacterial infections (14, 40), we
asked whether loss of CG5789 results in increased susceptibility
to bacterial infection using Pseudomonas aeruginosa, a major
pathogen in the CF lung (41, 42). Oral infection of wild-type flies
with P. aeruginosa causes both acute and chronic infection and
the animals ultimately succumb to the infection (43, 44). Al-
though the cause of death after chronic infection is likely de-
pendent on other environmental factors, one study demonstrates
a systemic bacteremia as the cause of death after intestinal
damages (43). After oral infection, CG5789 RNAI flies exhibited

Kim et al.
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a higher susceptibility than wild-type flies (Fig. 2E), which may
be due to structurally compromised PM. However, as we mea-
sured survival and not hemolymph bacteria titer, we cannot rule
out other factors that may contribute to the higher susceptibility
observed in CG5789 RNAI flies, including formation of biofilms
in the crop, as reported in flies infected with an environmental
strain of P. aeruginosa (44). Consistent with our previous results,
coexpression of ACFTR™" in the presence of CG5789 RNAi
rescued the increased susceptibility phenotype, whereas coex-
pression of ACFTR*% failed to do so (Fig. 2E).

The Imd pathway regulates antimicrobial peptide production
in the gut and plays an important function in resistance to bac-
terial infections (45-47). This prompted us to investigate the effect
of depleting CG5789 in the adult intestine on the Imd pathway by
comparing the expression of Diptericin (Dpt), an antibacterial
peptide gene tightly controlled by the Imd pathway after oral in-
fection with the gram-negative bacterium Erwinia carotovora car-
otovora 15 (Eccl15). We chose Eccl5, as ingestion of this bacterium
strongly induces the Imd pathway in the gut but does not kill the
host (48). Real-time qPCR revealed that knocking down CG5789
leads to stronger induction of Dpt in the intestine upon oral in-
fection with Eccl5. Coexpression of h=CFTR"” in the presence of
CG5789 RNAI completely suppressed this phenotype, whereas
coexpression of hCFTR*F% failed to do so (Fig. 2F). In addition,
knockdown of CG5789 in the absence of Eccl5 also leads to
strong induction of Dpt (SI Appendix, Fig. S2D). Together, our
results show that the structurally compromised PM of CG5789
RNAI flies allows for greater susceptibility to bacterial infection
and leads to a stronger overall activation of the Imd pathway after
oral infection.

CG5789 Is Required in EC to Maintain ISC Homeostasis. Although the
mechanism for the inhibition of ENaC activity by CFTR is not
clear, up-regulation of ENaC activity in the ECs led to over-
proliferation of ISCs in the intestine (14). Therefore, we exam-
ined the ISC phenotype associated with CG5789 depletion in the
ECs. We found that knockdown of CG5789 altered the basal
number of ISCs in the adult intestine, as marked by increased
Delta (DI) expression (Fig. 2G). Consistent with these observa-
tions, staining with a mitotic marker, anti-phosphohistone H3
(pH3), revealed that the increased number of ISCs was due to an
increase in proliferation when CG5789 was depleted (Fig. 2 G
and H). Although coexpression of mutant hCFTRs failed to
suppress the increased ISC proliferation phenotype of CG5789
RNAI, coexpression of h=CFTR" significantly reduced the num-
ber of pH3" cells (Fig. 2I). Expression of ACFTR"" or all four
mutant ACFTRs in an otherwise wild-type background did not
perturb ISC homeostasis (SI Appendix, Fig. S34). Interestingly,
RNAI knockdown of three other Dmel|\CFTR candidate genes,
which are also expressed in fly intestine (49, 50), resulted in in-
creased ISC proliferation as indicated by the increased number of
pH3" cells (SI Appendix, Fig. S3B). However, coexpression of
hCFTR"" failed to suppress the increased ISC proliferation phe-
notype (SI Appendix, Fig. S3B), further suggesting that CG5789 is
indeed a functional ortholog of ACFTR.

According to a Drosophila midgut transcriptome database
(50), CG5789 is expressed broadly in all cell types, including in
ISCs and progenitors (enteroblasts [EBs]) and differentiated
epithelial cells (ECs and enteroendocrine cells [EEs]). To de-
termine whether CG5789 is also required in the ISCs/progenitors
and/or EEs to maintain ISC homeostasis, we performed RNAi
against CG5789 using ISC/progenitor (Escargot-Gal4)- or EE
(Tachykinin-gut-Gal4)-specific Gal4 drivers and measured ISC
proliferation. Interestingly, depletion of CG5789 in neither ISCs/
progenitors nor EEs increased the number of proliferating ISCs
(81 Appendix, Fig. S3 C and D). Altogether, these results suggest
that CG5789 is required in the ECs to maintain ISC homeostasis
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through maintenance of osmotic homeostasis, whereas it is dis-
pensable in the other cell types.

We and others have previously shown that stress/damage
triggered by cell swelling can activate the Jun N-terminal kinase
(JNK) pathway (14, 51-53). Similarly, we find that CG5789 RNAi
leads to activation of the JNK pathway that, in turn, activates the
JAK/STAT and EGFR pathways, leading to intestinal hyperplasia
(SI Appendix, Fig. S4 A-C). Consistent with our previous results,
coexpression of the h”CFTR"" transgene completely suppressed
activation of the JNK pathway and the downstream develop-
mental signaling pathways (SI Appendix, Fig. S4 A-C). Expression
of hCFTRA™% "however, failed to suppress these signaling path-
ways (SI Appendix, Fig. S4 A-C).

miR-263a Regulates ENaC and Osmotic Stress Downstream of
Dmel\CFTR. Mutations in CFTR not only alters chloride levels in
the epithelia, but also has a profound effect on sodium uptake
through up-regulation of ENaC by a not fully understood mech-
anism (7, 8). We previously identified miR-263a as a modulator of
ENaC activity, that when lost recapitulates many CF phenotypes.
Interestingly, miR-263a levels are reduced when CG5789 is de-
pleted in the ECs (Fig. 34). Therefore, we examined if the re-
duced levels of miR-263a in CG5789-depleted guts are responsible
for the increased ENaC activity and Na* influx into the ECs.
When we overexpressed miR-263a in CG5789-depleted ECs and
measured intracellular Na*, using the fluorescent indicator So-
dium Green, we partially rescued the increased Na™ observed with
loss of CG5789 activity (Fig. 3B). In addition, overexpression of
miR-263a in CG5789-depleted cells was sufficient to rescue the
cell swelling phenotype and was able to partially rescue the in-
creased stem cell proliferation observed with loss of CG5789 (Fig.
3 C and D). Together these data suggest that miR-263a functions
downstream of CG5789 to regulate ENaC activity to maintain
osmotic and ISC homeostasis.

Global Gene Expression and Function Analysis of Dmel\CFTR Intestine
Using RNA-Seq. Pursuit of a one-time cure for CF using gene re-
placement and gene editing techniques has so far led to ques-
tionable clinical results (54, 55). In contrast, small molecules that
correct or potentiate CFTR functions have shown clinical ben-
efits, but only for patient with specific CFTR mutations (55),
leaving a significant population of CF patients without any ef-
fective treatment options. Past CF twin sibling studies (56) and
genome-wide association studies (GWAS) (57) have demon-
strated that modifier genes contribute to the severity of the CF
phenotypes, demonstrating the need to better understand the
underlying pathophysiological mechanisms of CF. In an attempt
to better understand the complex sequence of transcriptional
events influenced by nonfunctional CFTR, we performed RNA-
Seq-based transcriptomic analysis using Dmel|\CFTR fly intestine.

Gene expression patterns of the RNA-Seq revealed very high
correlations between expression levels of any of two samples
(Fig. 44). Next, genes with high variance (SD > 0.5) were applied
to cluster the samples. The results revealed that the samples
were not clustered as their conditions, mutant vs. wild type, but
clustered as some confounding factors, very likely due to bias
from sequencing depth (SI Appendix, Fig. S54). DESeq2, with
samples having the similar sequencing depth paired, was applied
to identify differentially expressed genes (DEGs) associated with
CF in the intestine. The DEGs were called using P value <0.05
and fold-change >1.2 as the cutoff (Fig. 4B and Dataset S2).
From our analysis, we identified 914 DEGs of which 451 genes
were up-regulated and 463 genes were down-regulated.

We next performed enrichment analyses to understand the
biological processes that could be modified in Dmel\CFTR mutants
(SI Appendix, Fig. S5B). For up-regulated DEGs, metabolic pro-
cesses were selectively enriched (SI Appendix, Fig. S5C). More
specifically, glutathione metabolism was selectively enriched in
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Fig. 3. miR-263a regulates ENaC and osmotic stress downstream of Dmel\CFTR. (A) miR-263a levels are reduced when CG5789 is depleted compared to wild-
type controls. (B) Fluorescent monitoring of intracellular Na* levels in the midgut epithelium using Sodium Green. Overexpressing miR-263a in a CG5789-
depleted background partially rescues increased fluorescence observed in absence of CG5789 compared to wild-type controls. (C) Quantitative measurements
of the total EC cell volume. “n” denotes the number of cells of which total cell volume was measured for each genotype. (D) The number of pH3* cells in the
midguts of indicated genotype. Error bars indicate SEM. **P < 0.005 and ***P < 0.0005 two-tailed t test (A) or one-way ANOVA (B-D). n.s., not significant.

both gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses (SI Appendix, Fig. S5C). Interestingly,
glutathione, a major antioxidant in the epithelial lung lining fluid,
was found to be decreased in the apical fluid of CF airway epi-
thelia due to reduced glutathione efflux (58), suggesting that
Dmel\CFTR may also be necessary for glutathione efflux across
the intestinal epithelium in flies. For down-regulated genes, pro-
teolysis process was selectively enriched in the GO analysis (S
Appendix, Fig. S5D). In the case of nonresolving pathologies such
as CF lung disease and chronic obstructive pulmonary disease,
neutrophils are continuously recruited to the airways to release
proteases and oxidants in an uncontrolled fashion, which leads to
harmful oxidative stress (59—63). Although Drosophila species lack
neutrophils, disruption of the proteolytic and redox processes may
also cause harmful oxidative stress on the intestinal epithelium
and consequently lead to CF-like phenotypes in the fly intestine.
Detailed information about the enrichment functions by up-
regulated or down-regulated DEGs can be found in Datasets S3
and S4, respectively.

Although expression patterns of many genes were altered in
our dCFTR intestinal model, it is unclear how these changes
compare to other established CF models. From 914 DEGs iden-
tified in our dataset, we identified 708 orthologous genes in rat
and 710 orthologous genes in mouse. Using the hypothesis testing
based on the random sampling technique, we observed statistically
significant overlaps between the DEGs of Dmel\CFTR and all
three mammalian datasets (Fig. 4 C-E). From these analyses, we
identified 151 overlapping DEGs in rat (P < 0.001), and 120 (P <
0.001) and 47 DEGs (P < 0.001) in mouse. The detailed infor-
mation of the overlapping DEGs can be found in Dataset S2.
When we used the adjusted P value <0.1 as the cutoff, 448 DEGs
were identified. The functions enriched by 448 DEGs were similar
with those found by 914 DEGs (SI Appendix, Fig. S5 C and D).
Statistically significant overlaps were still observed (Fig. 4 C-E).

Muc68D Is an Important Component of PM. In advanced CF, airways
show goblet cell hyperplasia, submucosal gland hypertrophy, and
reduction in mucociliary transport (MCT), an important host
defense mechanism that removes particulate from airways (64,
65). Previous reports have shown that excess mucus production
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and increased transcript levels of MUC5AC and MUCS5B, major
secreted gel-forming mucins in human airways (66, 67), are
common in CF (16, 17). However, in Drosophila, besides Crys
being an integral component of the PM (40), not much is known
about the role of mucins in the formation of PM. Therefore, we
decided to examine the role of mucin genes in the formation of
PM and their role in CF pathophysiology using our fly CF model.

In the Drosophila genome, 17 mucin genes and 19 additional
genes encoding mucin-related proteins have been identified (68),
yet none of these genes have been studied in the context of the
PM to date. Based on our RNA-Seq results, we identified four
mucin (Mucl4A, Muc68D, Muc55B, and Muc68E) and three
mucin-related (Mur64D, Mur77A, and Murl8B) genes that were
differentially expressed in CG5789 RNAIi (fold change >1.2).
Out of the 7 genes, only one mucin (Muc68D) and one mucin-
like (Mur29B) genes are abundantly expressed in the adult in-
testine based on the Drosophila midgut transcriptome database
(50). Since Muc68D is the only abundant gene found to be dif-
ferentially expressed in CG5789 RNAI, we decided to investigate
whether Muc68D is an integral component of PM and whether it
has a role in CF pathophysiology.

Based on our RNA-Seq results, Muc68D transcript levels were
significantly up-regulated (~1.35-fold increase) in CG5789 RNAi
(Dataset S1). Our qPCR analysis also confirmed the RNA-Seq
results, revealing a ~1.79-fold increase in its transcript levels (SI
Appendix, Fig. S6A4). Interestingly, we also find that Muc68D ex-
pression is significantly increased in CG5789 RNAi and hCFTR*™%
coexpressing flies (SI Appendix, Fig. S6A4). Furthermore, coex-
pression of h(CFTR"” in the presence of CG5789 RNAi com-
pletely suppressed the increased expression of Muc68D as it did
for Crys transcript levels (SI Appendix, Fig. S64 and Fig. 2D).

Upon Eccl5 infection, we also find that Crys levels are ~17-fold
higher when CG5789 is depleted after oral infection compared to
the 2.5-fold increase we observed with no infection (SI Appendix,
Fig. S6B and Fig. 2D). Similarly, Muc68D transcript levels were
also significantly elevated after the infection when CG5789 was
depleted (SI Appendix, Fig. S6B). Coexpression of hCFTR" in
the presence of CG5789 RNAIi completely restored the transcript
levels of both Crys and Muc68D to levels observed in wild-type an-
imals (SI Appendix, Fig. S6B). However, coexpression of ACFTR*F%
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failed to restore the transcript levels of both genes (SI Appendix,
Fig. S6B). These results are consistent with increased transcript
levels of MUC5AC and MUC5B mucins in human CF airways (16,
17) as removing CG5789 from the intestine also results in in-
creased transcript levels of Crys and Muc68D in both wild-type and
infection conditions. Furthermore, the thickness of the PM in
Muc68D RNAI flies is significantly reduced (SI Appendix, Fig.
S6 C and D), suggesting that Muc68D is an essential component
of the PM.

Muc68D Is Required for Maintaining ISC Homeostasis. Since Muc68D
is an integral component of PM, we asked whether knocking
down Muc68D in wild-type flies can lead to greater susceptibility
to bacterial infections, which consequently damages the intestinal
epithelium and results in disruption of ISC homeostasis. Upon
Eccl5 infection, Muc68D RNAI flies show an ~2.6-fold increase
(VDRC) and ~2-fold increase (Transgenic RNAi Project [TRiP])
in pH3™ cell numbers compared to wild-type flies (Fig. 54).
Hereafter, all subsequent experiments were performed using the
Muc68DVPRE RNAI line, since the VDRC RNAI line shows more
robust pH3 phenotypes. Consistent with our results, we also find
that knocking down Muc68D leads to stronger induction of Dpt in
the intestine upon oral infection with Ecc15 (SI Appendix, Fig.
S6E). Interestingly, in the absence of Eccl5 infection, we did not
detect a significant induction of Dpt levels, suggesting that signif-
icant changes in the Dpt levels may require Eccl5 challenge in the
Muc68D RNAI flies to be detected. However, we find that
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knockdown of Muc68D without Eccl5 infection also results in
significant increase in pH3* cell numbers (Fig. 5B), which is as-
sociated with activation of the JNK, JAK/STAT, and EGFR
pathways (SI Appendix, Fig. S6 F-H). We suspect that decreased
barrier protection in Muc68D RNAI intestine leads to activation
of the Imd pathway that synergies with JNK signaling, as pre-
viously reported (69), to induce ISC proliferation.

Muc68D RNAI also shows increased susceptibility to P. aeruginosa,
which is consistent with our model that Muc68D is necessary to
protect intestinal epithelium from exogenous insults as an essen-
tial component of PM (Fig. 5C). Interestingly, we also find that
internal bacterial loads of Muc68D RNA. flies were ~5.5-fold
higher compared to the controls (Fig. 5D). In addition, we find
that internal bacterial loads of CG5789 RNAI flies were ~3.2-fold
higher compared to the controls (Fig. 5D). To determine whether
an inflammatory response due to increased internal bacterial load
leads to disruption of ISC homeostasis in the Muc68D RNA.I flies,
we cultured control and Muc68D RNAI flies in food containing
antibiotics, which eliminated all internal bacteria. Treatment with
antibiotics significantly reduces the pH3™ cell numbers in Muc68D
RNAI flies (Fig. 5E), indicating that structurally compromised PM
leads to increased bacterial accumulation resulting in the activa-
tion of the Imd pathway and increased ISC proliferation.

Since reduction of Dmel\CFTR leads to increase in Muc68D
transcript levels in the intestine, we tested whether knocking down
Muc68D in the presence of CG5789 RNAI can suppress the in-
creased pH3* cell numbers. Knocking down the levels of Muc68D
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Fig. 5. Intestinal stem cell phenotypes of Muc68D RNAI. (A) The average number of pH3* cells in the posterior midguts expressing RNAi against Muc68D 24 h
after Ecc15 oral infection. (B) The average number of pH3* cells in the posterior midguts expressing RNAi against Muc68D, CG5789, and both Muc68D and
CG5789. (C) Survival analysis of wild-type and Muc68D RNAI flies upon oral infection with P. aeruginosa. Error bars indicate SEM. (D) Internal bacterial load
significantly increased in Muc68D RNAi and CG5789 RNA. flies. (E) The average number of pH3* cells in the posterior midguts expressing RNAi against Muc68D
with and without antibiotics treatment. (A, B, and E) “n” denotes the number of posterior midguts examined for each genotype. Error bars indicate SEM.

**P < 0.05 and ***P < 0.001 (two-tailed t test). n.s., not significant.

in the CG5789 RNA.I failed to suppress the increase in pH3* cell
number (Fig. 5B), suggesting that increased expression of Muc68D
may be an indirect consequence of ionic and osmotic homeostatic
disruption. Based on our results, our current model is that, while
knockdown of Muc68D in the absence of Dmel\CFTR may reduce
the increased transcription of Muc68D, the swelling of ECs caused
by disruption of ionic and osmotic homeostasis can still lead to
increased ISC proliferation (Fig. 6). Although the exact mecha-
nism of Muc68D transcriptional regulation is still unknown, mucin
response to nonfunctional CFTR seems similar between fly and
mammalian CF models, as increased MUC5AC and MUC5B
transcript levels are common in CF (16, 17).

Discussion

In this study, we identify a Drosophila transporter of the ABC
superfamily that functions as a putative CFTR and refer to it as
Dmel\CFTR. We show that expression of hCFTRWT fully rescues
the CF-like phenotypes of CG5789 RNAI flies, whereas mutant
hCFTRs failed to rescue, indicating that both are functional
orthologs. Knockdown of Dmel\CFTR, CG5789, in the adult fly
intestine disrupts osmotic homeostasis that activates a stress re-
sponse that, in turn, activates signaling pathways required for ISC
proliferation, resulting in intestinal hyperplasia. Knockdown of
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CG5789 impairs Cl™ efflux across the intestinal epithelium,
resulting in increased Na* and water influx that leads to swelling
of ECs and dehydration of the extracellular PM, which is analo-
gous to mucous secretions in the vertebrate digestive tract. De-
pletion of intraluminal surface liquid increases mucus viscosity and
impairs mucus clearance, which traps invading bacteria in the in-
testine and lungs of CF patients. This inability to clear bacteria,
especially in the lungs, causes chronic infection and inflammation
that can ultimately lead to death (5, 6). Consistent with this, we find
greater susceptibility to bacterial infection, evident by the de-
creased viability after P. aeruginosa infection, and increased acti-
vation of the Imd pathway in the CG5789 RNAI lines after Eccl5
infection. Using Dmel\CFTR intestine, we performed RNA-Seq
and identified Muc68D as an essential component of PM required
for proper barrier protection against pathogens. We also find that
increased expressions of Muc68D in Dmel\CFTR knockdown are
similar to the response of several mucin genes observed in CF
models. Consistent with our previous report that EC swelling can
activate the JNK pathway (14), we find that CG5789 RNAI leads to
activation of the JNK pathway that, in turn, activates the JAK/STAT
and EGFR pathways, leading to intestinal hyperplasia. We also find
that loss of Muc68D leads to increased accumulation of bacteria that
activates the Imd pathway and disrupts ISC homeostasis.
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Our results highlight the importance of maintaining proper
barrier protection, as disrupting the balance of mucin production
may exacerbate the severity of the disease such as CF. As the
most common symptom of CF includes accumulation of viscous
mucus in the pulmonary and gastrointestinal tract, which is as-
sociated with bacterial infections, aberrant inflammation, and
malnutrition (5, 6), better understanding of mucin gene regula-
tion is of great interest. Although we cannot address the specific
questions about the role of MUCSAC and MUCSB in CF
pathophysiology using our fly CF model system, we were able to
show that Muc68D functions in an analogous mechanism that
can be further exploited to better understand the role of mucins
in the progression of CF.

CF is generally thought of as a lung disease since much of the
associated morbidity and mortality is related to pulmonary com-
plications. Indeed, lung transplantation and improved pulmonary
care have improved the survival of CF patients. However, gas-
trointestinal complications have become an increasingly important
cause of morbidity in patients with CF, in part because of im-
proved life expectancy. As CF patients live well into adulthood,
later complications from the disease, such as small-bowel bacterial
overgrowth, bowel obstructions, and an increased incidence of
intestinal cancers, have become a major problem. A study released
in 2013 of more than 40,000 patients from 250 US CF centers
showed an increased risk of colon cancer and small-bowel cancer
(70). In addition, increased incidences of polyp detection and
progression after age 40 have been observed (71, 72), suggesting
that enhanced colon cancer screening procedures will be re-
quired as long-term patient survival rates improve. Interestingly,
our fly model of CF recapitulates increased proliferation of crypt
cells observed in CF mice (73). We find that knocking down
Dmel\CFTR leads to increased ISC proliferation, which can be
suppressed when ACFTR is coexpressed. Given its phenotypic
similarities to the gastrointestinal manifestations of CF, and as the
Drosophila gut is amenable to large-scale small molecule screens
(74), our fly CF model may provide a cost-effective and high-
throughput animal model for identifying therapeutic treatments
that can rescue the activity of CFTR in vivo. There are many
advantages to using Drosophila as a model organism for per-
forming whole-animal in vivo drug screens. First, it is estimated
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that ~75% of disease-related genes in humans have functional
orthologs in the fly (22). The overall sequence identity at the
nucleotide or protein levels between fly and mammal is ~40%
between homologs. However, in conserved functional domains,
similarities can be 80 to 90% or higher (75, 76). Second, the adult
fly has structures that perform the equivalent functions of the
mammalian heart, lung, kidney, gut, liver, and reproductive tract.
Third, about 60 compounds that were originally known for their
activity in human cells were later shown to have the same mo-
lecular mechanism of action in Drosophila, which includes: actin
and microtubule poisons; inhibitors of DNA topoisomerases, ki-
nases, and phosphatases; alkylating agents; and modulators of
membrane channels (77). This observation demonstrates that
small compounds identified for their activity in flies may indeed
work equally well in mammals, since the reverse is demonstrably
true. Lastly, a Drosophila model provides powerful genetics,
highly conserved disease pathways, and very low comparative
costs, which are all excellent features for whole-animal high-
throughput drug screens and validation studies. Moreover, al-
though primates and other large mammals will continue to be
the gold standard for assessing efficacy and safety in the late
stages of drug development, model systems like Drosophila can
help to test the efficacy and safety of thousands of compounds in
the earlier drug discovery stage. Finally, our fly model will con-
tribute significantly to genetically dissecting CF pathogenesis
through large-scale genetic screens that are more feasible in flies
than in vertebrate models.

Data Availability. All data are available within this report and the
associated SI Appendix.

Materials and Methods

Detailed materials and methods, including Drosophila stocks and genetics,
immunostaining of midgut, generation of hCFTR transgenic flies, sequence
conservation analysis, MQAE and Sodium Green assays, quantification of EC
volume, electron microscopy, bacterial oral infection assays, gPCR, process-
ing of RNA-Seq data, and DEG analysis can be found in S/ Appendix.
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