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Differentiation and Characterization of Cystic Fibrosis
Transmembrane Conductance Regulator Knockout Human
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The differentiation of pluripotent stem cells has been used to study disease mechanisms and development. We previously
described a method for differentiating human pluripotent stem cells (hPSCs) into salivary gland epithelial progenitors
(SGEPs). Here, cystic fibrosis transmembrane conductance regulator (CFTR) knockout hPSCs were differentiated into
SGEPs derived from CFTR knockout hESCs (CF-SGEPs) using the same protocol to investigate whether the hPSC-de-
rived SGEPs can model the characteristics of CF. CF—a disease that affects salivary gland (SG) function—is caused
by mutations of the CFTR gene. Firstly, we successfully generated CFTR knockout hPSCs with reduced CFTR protein
expression using the CRISPR-Cas9 system. After 16 days of differentiation, the protein expression of CFTR decreased
in SGEPs derived from CFTR knockout hESCs (CF-SGEPs). RNA-Seq revealed that multiple genes modulating SG
development and function were down-regulated, and positive regulators of inflammation were up-regulated in CF-SGEPs,
correlating with the salivary phenotype of CF patients. These results demonstrated that CFTR suppression disrupted
the differentiation of hPSC-derived SGEPs, which modeled the SG development of CF patients. In summary, this study
not only proved that the hPSC-derived SGEPs could serve as manipulable and readily accessible cell models for the
study of SG developmental diseases but also opened up new avenues for the study of the CF mechanism.
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Introduction

Pluripotent stem cells (PSCs) can self-renewal and differ-
entiate into all cell types derived from the three germ layers
(). Therefore, PSCs have demonstrated promising applica-
tion prospects in regenerative medicine, developmental bi-
ology, and disease modeling (2). They have been applied
to multiple human organs, including the brain, heart, stom-
ach, intestine, bone, pancreas, and liver (3-9).

Salivary glands (SGs) are vital organs in the oral cavity,
primarily composing of the parotid, submandibular, sub-
lingual, and many small glands (10). The primary func-
tion of SGs is to secrete saliva. Saliva has the functions
of lubricating the mouth, aiding digestion, promoting den-
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tal health, and maintaining oral homeostasis (11). Few
studies have been conducted on inducing the differen-
tiation of PSCs into SGs (12, 13). Our group previously
established a protocol for differentiating human embry-
onic stem cells (hESCs) into salivary gland epithelial pro-
genitors (SGEPs), which recapitulated the characteristics
of developing human SGs (13). However, it is still un-
known whether the differentiation of SGEPs can be further
applied to the study of SG development-related diseases.

Cystic fibrosis (CF) is the most common autosomal re-
cessive genetic disease associated with exocrine gland
dysfunction. It is caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, re-
sulting in non-expression or reduced expression of the
CFTR protein (14). The most common CFTR mutation is
the deletion of a single phenylalanine residue at position
508 in the CFTR protein, known as the 4F508 mutation.
This mutation has deleterious effects on the processing of
CFTR protein within the endoplasmic reticulum, resulting
in a dramatic decrease in protein levels expressed on the
plasma membrane of epithelial cells, with unchanged CFTR
mRNA expression levels (15, 16). SG involvement is a com-
mon symptom of CF disease. An epidemiological survey
found that 92% of CF children had enlarged subman-
dibular glands. Chronic swelling of the submandibular
glands is one of the common clinical manifestations in CF
children (17). CF patients also exhibit clinical manifes-
tations of the decreased saliva flow rate, hyposalivation, an
increased caries rate, and blockage of ducts and acini (18,
19). Notably, the CFTR-knockout mouse model lacked
granular ducts in the SGs (20). In this study, we used the
CRISPR-Cas9 system to construct CFTR-knockout hESCs
and explored whether our previously reported SGEPs
could model the characteristics of CF.

We first successfully generated a CFTR knockout hESCs
and confirmed a decrease in CFTR protein expression.
After 16 days of differentiation, CFTR protein expression
also decreased in SGEPs derived from CFTR knockout
hESCs (CF-SGEPs). Furthermore, RNA-Seq revealed a low
expression of multiple SG development-related genes in
CF-SGEPs and reduced expression of genes involved in saliva
secretion. The expression of positively regulated inflamma-
tion genes increased. These results confirmed that the CF-
SGEPs mimic the development of SGs in CF patients.

Materials and Methods

Cell culture and SGEPs differentiation
The hESC lines H1 were kindly provided by WiCell
Research Institute. The hESC lines H1 (HIES) were mai-

ntained under feeder-free conditions and passaged on
Matrigel™ (1 : 160 dilution) coated plates in mTeSR™
medium (STEMCELL Technologies) supplemented with
1% penicillin/streptomycin. At 70% ~80% confluence, H1
cells were passaged by S-minute incubation with ethyl-
enediaminetetraacetic acid. The cells were then dissocia-
ted by gently blowing 3 times with a pipette and plated
into a six-well plate coated with Matrigel (1 : 160 dilu-
tion) in mTeSR™ medium. The differentiation of SGEPs
was performed as previously described (13). H1 cells were
digested with Dispase II for 5-minute and the cell aggre-
gates were suspended in low-adhesion culture plates for
three days to form embryoid bodies (EBs). The differ-
entiation medium was DMEM/F12 medium with 10%
knockout serum replacement, 1.5% FBS, 1 mM GlutaMAX,
2 mM NEAA, 1 mM penicillin-streptomycin and 0.14 mM
2-mercaptoethanol. EBs were transferred to a six-well plate
at a ratio of 1 : 3 to allow cell adherence for 2 additional
days. Then, cells were cultured in differentiation medium
plus 10 pM BMP4 from day 5 to day 10. RA was applied
to the cultures on day 10 for 2 days at a final concentration
of 1 «M, followed by a 4-day treatment of 6 1M CHIR99021
to induce SGEP specification. The fresh medium was
changed every 2 days.

CRISPR-Cas9 genomic editing

The construction of the single-guide RNA (sgRNA) ex-
pression vector was performed as previously described (21).
Briefly, the CFTR gene sequence was searched on Gen-
Bank and then CFTR (gene number NC_000007.14) se-
quence was analyzed. Based on the ninth exon sequence,
oligos for guide RNAs were selected with the help of the
online platform chopchop and 5°-CACCG-3’ was added to
the five prime end of the oligo (5-CACCG tctgtatcta-
tattcatcat-3’, 5’- AAACatgatgaatatagatacagaC-3’). Annealed
guide oligos were cloned into the CRISPR-Cas9 expression
vector pSpCas9(BB)-2A-puro (PX462) (#48141, Addgene
plasmid). The vector was linearized with Bbsl (Thermo
Fisher Scientific), and guide oligos were cloned into the
vector with T4 DNA ligase (cat#15224041, Invitrogen).
The recombination plasmid was expanded with trans5 al-
pha-competent cells and extracted with the plasmids ex-
traction kit according to the manufacturer’s instructions.

At 70%~80% confluence, the HI cells were transfected
with 2 g of PX462 plasmid and 8 1 of Lipofectamine
3000 per well. After 24 hours, the cells were treated with
Accutase (Gibco) to obtain a single cell suspension. The
cells were then resuspended and plated into a six-well plate
coated with Matrigel in mTesR1 containing 10 M Y27632
and 0.75 #g/ml of puromycin. Puromycin was removed af-
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ter 48 hours, and the cells were maintained in mTesR1 for
10~14 days until colonies were large enough to be isolated.
The cell pellet was collected under a microscope and in-
oculated into a 24-well plate to continue the culture.

DNA extraction and sequencing

The cells were cultured in 6-well plates, and the genomic
DNA was isolated using the Agencourt DNAdvance Genomic
DNA Isolation Kit (TIANGEN) according to the manu-
facturer’s instructions. On-target genomic regions of interest
were amplified using PrimeSTAR HS DNA Polymerase
(Takara) and primers (Supplementary Table S1). The poly-
merase chain reaction (PCR) products were used to perform
sanger sequencing (NovaSeq 6000; Illumina).

Western blot

The cells were lysed with RIPA regent, and the super-
natant was centrifuged to obtain the sample. The concen-
tration of total proteins was measured using the BCA Kit
(Solarbio). Samples were electrophoresed on sodium do-
decyl sulfate-polyacrylamide gel electrophoresis at 60 V
for 60 minutes. After being transferred to the poly-
vinylidene difluoride (PVDF) membrane with 300 mA for
180 minutes, the PVDF membrane was blocked in
tris-buffered saline-0.05% Tween-20 with 5% non-fat milk
at 37°C for 60 minutes and then incubated overnight at
37°C with primary antibodies. The PVDF membrane was
then incubated with secondary antibodies after extensive
wash. After three washes, immunoblots were visualized us-
ing ECL Western Blotting Detection System (Bio-Rad). The
primary and secondary antibodies are rabbit anti- 5 actin
(Solarbio), mouse anti-CFTR (Santa Cruz), goat anti-mouse
IgG-HRP (Absin) and goat anti-rabbit IgG-HRP (Absin).

Off-target analysis

Off-target sites prediction of selected sgRNA was per-
formed using the online CRISPR-Cas9 Design tool (https://
chopchop.cbu.uib.no/). A 500-bp region was amplified using
PCR with PrimeSTAR® Max DNA Polymerase (Takara),
and forward and reverse primers for each gene are reported
in Supplementary Table S1. Amplification was performed as
follows: 30 cycles consisting of 98°C for 10 seconds, 55°C
for 5 seconds, and 72°C for 10 seconds. PCR products were
purified and sequenced using Sanger methods.

Immunofluorescence

Seeded cells on glass bottom dishes were fixed with 4%
paraformaldehyde for 30 minutes at room temperature or
overnight at 4°C. The cells were treated with 0.1% Triton
X-100 at room temperature for 10 minutes, and then

blocked in 3% BCA for 2 hours at room temperature. The
samples were incubated with primary antibodies in the
blocking buffer overnight at 4°C and incubated with sec-
ondary antibodies for 1 hour at room temperature. Finally,
the cells were stained with DAPI (1 1g/ml) and observed
using a AlR-si confocal microscope (Nikon).

RNA extraction and quantitative real-time polymerase
chain reaction )

Total RNA was extracted using the FastPure® Cell/
Tissue Total RNA Isolation Kit (Vazyme). cDNA syn-
thesis was performed using HiScript® II Q Select RT
SuperMix for quantitative real-time polymerase chain re-
action (QPCR) (+gDNA wiper) (Vazyme), according to the
manufacturer’s instructions. The mRNA expression levels
were measured using qPCR with SYBR Green master mix
(Roche) as follows: predenaturation at 95°C for 10 mi-
nutes, followed by the introduction of 40 cycles of 95°C
for 5 seconds and 60°C for 30 seconds. The qPCR primers
are presented in Supplementary Table S2.

RNA sequencing and analysis

On day 16, total RNA was extracted from wild type (WT)
and CF-SGEPs with the FastPure®™ Cell/Tissue Total RNA
Isolation Kit, according to the manufacturer’s instructions.
RNA concentration and quality were measured using
NanoDrop 2000 (Thermo Fisher Scientific) and the 2100
Bioanalyzer system (Agilent Technologies). According to
the manufacturer’s recommendation, sequencing libraries
were prepared using NEBNext Ultra™ RNA Library Prep
Kit for Illumina (New England Biolabs). The index codes
were added to the attribute sequences of each sample.
Sequencing was performed on Novaseq 6000 platform, and
paired-end reads were generated. Quality-controlled clean
data was generated and then mapped to the reference ge-
nome (GRCh38 release95) using Hisat2. Quantification of
gene expression levels was measured using fragments per
kilobase of transcript per million fragments mapped. DESeq2
was used to perform differential expression analysis and
genes with an adjusted p-value<0.01 were considered as
differentially expressed.

Statistical analysis

The data are presented as mean+SD deviation of three
independent experiments. Statistical significance was cal-
culated with a two-tailed, unpaired Student’s t-test.
Multiple group comparisons were performed using one-
way ANOVA followed by Tukey’s multiple comparison
test. Significant difference was tested at p<0.05, p<0.01,
and p<0.001.
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Results

Construction of hESCs clones with CFTR mutation
To generate a hESC line with CFTR gene mutation, we
first used the CRISPR-Cas9 system to interrupt the CFTR
gene. As the most common mutation of CFIR is the 4F508
on the ninth exon, we used the online CRISPR design tool
chopchop to design a sgRNA around the 4F508 (Fig. 1A).
The sgRNA expression construct was prepared using the
CRISPR-Cas9 expression vector PX462. Guide oligos were
successfully cloned into CRISPR-Cas9 expression vectors
after sanger sequencing (Supplementary Fig. SI1A).
Recombinant plasmids were then transfected into hESCs.
After a screening, 30 clones were selected. After Sanger
sequencing, one of the clones had a mutation in the CFTR
gene, which was called a CFTR knockout hESCs. Sanger
sequencing revealed that the CFTR knockout hESCs had
an adenine deoxynucleotide inserted compared with the

A CFTR

WT cell line (Fig. 1B). Furthermore, the sequence analysis
of the off-targets cleavage sites, based on the used sgRNA,
revealed no alterations in the investigated genomic re-
gions, indicating the absence of undesired genome mod-
ifications mediated by the Cas9 protein (Supplementary
Table S3). Moreover, CFTR knockout hESCs showed no
changes in mRNA levels and reduced protein expression
levels of CFTR in comparison to WT cells (Fig. 1C, 1D,
Supplementary Fig. S1B), which were similar to those of
AF508 (15).

Pluripotency of CFTR gene mutant hESCs clones
Before induction into SGEPs, we must ensure that the
gene editing process has no effect on the pluripotency of
CFTR knockout hESCs. The CFTR knockout hESCs pre-
sented normal morphology (Fig. 2A). We also examined
the expression of OCT4, NANOG, SOX2, and KLF4, plu-
ripotent markers of hESCs. The expression levels of OCT4,
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Fig. 1. Construction of a mutant cystic fibrosis transmembrane conductance regulator (CFTR) gene hESCs clone. (A) Schematic diagram
of the CRISPR/Cas9 guide RNA (gRNA) targeting exon9 of the CFTR gene: three exons of CFTR gene are shown, with the gRNA targeting
a specific region of exon 9, orange sequence represents the position of the 4F508 mutation, red sequences represent protospacer adjacent
motif (PAM), and green sequences with underscore represent single-guide RNA (sgRNA). (B) Electropherograms comparison between the
wild-type cells and CFTR knockout human embryonic stem cells (hESCs). A insertion of 1 bp was detected using Sanger sequencing in
CFTR knockout hESCs. The black triangle indicates the predicted cut site of the Cas9 nuclease. The gray boxes highlight sequences that
differ between CFTR knockout hESCs and the wild type. (C) Western blot. 8-Actin was used as a loading control. CFTR protein expression
levels were assessed by Western blot analysis. (D) Immunofluorescence staining revealed that the wild type and CFTR knockout hESCs
expressed CFTR. Scale bar=20 #m. WT: the wild-type hESCs, CFTR-KO: CFTR knockout hESCs.
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NANOG, SOX2, and KLF4 in CFTR knockout hESCs
were comparable to the WT (Fig. 2B, Supplementary Fig.
S1C). Immunofluorescence analysis also revealed the sim-
ilar results for two cells (Fig. 2C). Previous studies have
demonstrated that the expression of target genes of the
Wnt pathway is decreased in murine embryonic stem cells
that do not express the CFTR protein (22). To investigate
whether the same observations were present in hESCs, we
examined the expression of Wnt pathway target genes—
AXIN2, CD44, CCNDI1, and CCND2. However, there was
no significant difference in the expression of AXIN2,
CD44, CCNDI1, and CCND2 between CFTR knockout
hESCs and WT (Supplementary Fig. S2A), which may be
due to species-specific differences between humans and
mice. Overall, the aforementioned data suggested that the
pluripotency of CFTR knockout hESCs was maintained.

Differentiation of CFTR knockout hESCs into SGEPs
The CFTR knockout hESCs were induced into SGEPs.

2.0

OCT4

NANOG
N.S.

Fig. 2. Pluripotency detection of cyst-
ic fibrosis transmembrane conducta-
nce regulator (CFTR) knockout hu-
man embryonic stem cells (hESCs)
and the wild-type hESCs. (A) Bright-
field images showed the morphology
of the wild-type cells and CFTR kno-
ckout hESCs. Scale bar=200 sm.
(B) OCT4 and NANOG expression
levels of wild type and CFTR knock-
out hESCs were detected. Data are
presented as mean+SD and were
normalized to B-actin in three inde-
pendent experiments. The results were
reported as the fold change com-
pared to the wild-type hESCs by un-
paired, two-tailed Student’s t-test. (C)
Immunofluorescence staining showed
that the wild-type hESCs and CFTR
knockout hESCs expressed OCT4 and
NANOG. Scale bar=75 1m. WT: the
wildtype hESCs, CFTR-KO: CFTR
knockout hESCs, N.S.: no significant.

T
WT CFTR-KO

First of all, hESCs were cultured in suspension to form EBs
for three days. (Fig. 3A). During the suspension culture of
EBs, the number of EBs had decreased in CFTR knockout
hPSCs cultures under the same conditions (Fig. 3B). On
the third day of differentiation, EBs derived from CFTR
knockout hESCs exhibited decreased ectoderm (PAX6) ex-
pression, increased mesoderm (7) expression, and no differ-
ence in the endoderm (GATA4) expression compared with
WT EBs (Fig. 3C). The expression levels of Wnt pathway
target genes—AXIN2, CD44, and CCND2—did not differ
between EBs differentiated from CFTR knockout hESCs
and the WT EBs (Supplementary Fig. S2B).Compared with
the WT EBs, the expression levels of Wnt pathway target
gene CCNDI in EBs differentiated from CFTR knockout
hESCs was decreased (Supplementary Fig. S2B). These
data revealed that CFTR knockout might affect the Wnt
pathway.

According to the protocol described previously (13), the
CFTR knockout hESCs were induced to differentiate for



Shuang Yan, et al: Differentiation of Cystic Fibrosis

A

Transmembrane Conductance Regulator Knockout Human Pluripotent Stem Cells

399

hESCs

suspension

culture 3 days

C EB D3

- PAX6 T GATA4
)
W 1.5 3+ 1.5 N.S.
(7} *%*
2
g N
o 1.0 2 1.0+ —
g *kk
2 054 = 1 0.5
®
o)
4

0.0- T 0- T 0.0- T

wT CFTR-KO wT CFTR-KO wT CFTR-KO

Fig. 3. Formation of cystic fibrosis transmembrane conductance regulator (CFTR) knockout and wild type human embryonic stem cells
(hESCs) to embryoid bodies (EBs). (A) EBs were formed in suspension culture condition for 3 days. (B) Brightfield images showed the morphol-
ogy of EBs from CFTR knockout and wild-type hESCs on the third day of suspension culture. Scale bar=200 «m. (C) The expressions
of three germ layer markers were examined on day 3. The data are presented as mean+SD, and were normalized to B-actin in three
independent experiments. The results were reported as the fold change compared to the wild-type hESCs by unpaired, two-tailed Student’s
t-test; **p<0.01 and ***p<0.001. WT: EBs derived from the wild-type hESCs, CFTR-KO: EBs derived from CFTR knockout hESCs, N.S.:

no significant.

16 days to form CF-SGEPs by adding BMP4, RA, and
CHIR99021 to the differentiation medium successively
(Fig. 4A). After the 16 days of the differentiation, there
was no difference in the morphology of CF-SGEPs, which
was similar to that described in the previously described
(Fig. 4B) (13). CFTR mRNA levels of CF-SGEPs were
similar to WT (Fig. 4C). The Western blot and immuno-
fluorescence staining results revealed that the protein ex-
pression of CFTR in CF-SGEPs was decreased (Fig. 4D,
4E). It is worth mentioning that the mRNA level of CFTR
in the cells of patients with the 4F508 mutation is similar
to that of normal individuals, and the expression of ma-
ture CFTR protein is decreased (16). Therefore, these re-
sults suggested that the CF-SGEPs mimicked the gene ex-
pression characteristics of CF patients. On day 16, we then
examined the Wnt target genes of SGEPs. The expression
of LEF1, CD44, CCNDI, and CCND2 was decreased, and
there was no difference in AXIN2 (Fig. 4F, 4G). These
data indicated that CFTR protein may affect the Wnt
pathway, while we successfully constructed SGEPs with
robust correlations to CF features.

RNA-Seq reveals gene expression differences between
CF-SGEPs and the SGEPs derived from the WT hESCs

To further demonstrate that the CF-SGEPs could model
the characteristics of CF patients, we performed a tran-
scriptome analysis of CF-SGEPs. The results of hierarc-
hical cluster analysis of differentially expressed genes be-
tween SGEPs derived from the WT hESCs (WT-SGEPs)
and CF-SGEPs revealed that the gene expression of CF-
SGEPs was quite different from that of the WT (Fig. 5A).
Differences between the transcriptome sequencing data of
WT-SGEPs and CF-SGEPs were analyzed and statistical
histogram (Supplementary Fig. S3A) and volcano map
(Supplementary Fig. S3B) were drawn. Among the differ-
ential genes, 593 genes were up-regulated, 1,348 genes
were down-regulated, and the number of down-regulated
genes was relatively large, accounting for 69% of the total
(Supplementary Fig. S3). We conducted Gene Ontology (GO)
analysis to investigate the difference between CF-SGEPs
and WT-SGEPs (Fig. 5B). The significant GO terms of
genes with low expression in CF-SGEPs were related to
SG development including tube development, positive reg-
ulation of cell differentiation, and morphogenesis of an
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Fig. 4. Formation of salivary gland epithelial progenitors (SGEPs) by induction of H1ES differentiation. (A) The protocol of derivation of
SGEPs from human embryonic stem cells (hESCs) by BMP4, RA, and CHIR99021. (B) Brightfield images showed the morphology of SGEPs
from cystic fibrosis transmembrane conductance regulator (CFTR) knockout hESCs and wild-type hESCs on day 16. Scale bar=200 #m.
(O) Real-time polymerase chain reaction (PCR) analysis of CFTR in SGEPs on day 16. Data are presented as mean+SD and were normalized
to B-actin in three independent experiments. The results are reported as the fold change compared to the wild type SGEPs by unpaired,
two-tailed Student’s t-test. (D) Immunofluorescence staining showed that SGEPs from H1ES wild-type cells and clone 28 expressed CFTR.
Scale bar=75 1m. (E) Western blot. S-actin was used as a loading control. CFTR protein expression levels of SGEPs were assessed by
Western blot analysis. (F) Real-time PCR analysis of Wnt downstream targets AXIN2 and CCND2 in SGEPs on day 16. Data are presented
as mean+SD and were normalized to /-actin in three independent experiments. The results are reported as the fold change compared
to the wild-type SGEPs by unpaired, two-tailed Student’s t-test; ***p<0.001. (G) Real-time PCR analysis of Wnt downstream targets LEFT,
CD44, and CCNDT1 in SGEPs on day 16. Data are presented as mean+SD and were normalized to B-actin in three independent
experiments. The results are reported as the fold change compared to the wild-type SGEPs by unpaired, two-tailed Student’s t-test; *p<0.05
and **p<0.01. WT-SGEPs: SGEPs derived from the wild-type hESCs, CF-SGEPs: SGEPs derived from CFTR knockout hESCs, N.S.: no
significant.
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epithelium sheet. Compared with WT-SGEPs, the other
significant GO terms of with low expression in CF-SGEPs
was related to transport and canonical Wnt signaling path-
way (Fig. 5B). The heat map revealed the expression of
the SG progenitor cell marker CD24 (23), the key gene
of SG development LAMA1 (24, 25), and the marker of
SG maturation CHRM3 were decreased in the CF-SGEPs
(Fig. 5C). The qPCR data also revealed the same tendency
(Fig. 6A). Notably, we found that the CF-SGEPs exhibited
decreased expression of multiple salivary secretion-related
markers such as ATP2B1, SLC9A1, PRKG1, SSC4D, and
TRPV6. (Fig. SC, 6B). These results were similar to the
salivation deficits seen in CF patients. The expression of

inflammatory molecules in CF patients is elevated (26).
Interestingly, the expression of positive regulatory genes
for inflammation, including BDKRBI, F2R, and KL, was
increased (Fig. 5C). The qPCR data revealed that the
mRNA level of KL was not significantly changed in
CF-SGEPs, and the mRNA level of BDKRBI and F2R in
CF-SGEPs was increased (Fig. 6C). Thus, these data re-
vealed that there was a strong association between CF-
SGEP and CF phenotypes. Furthermore, compared with
the WT, the expression of the negative regulatory genes—
DKKI and SFRP5—of the canonical Wnt pathway of the
CF-SGEPs was increased, and the expression of the pos-
itive regulatory gene DLXS5 was decreased (Fig. 5C). The
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Fig. 6. Real-time polymerase chain reaction (PCR) analysis of salivary gland epithelial progenitors (SGEPs) on day 16 quantitative PCR
revealed the expression of specific markers of SGEPs. Salivary gland-related genes: CD24, LAMAT, and CHRM3 (A). Salivary gland secre-
tion-related genes: SLC9AT, SSC4D, and TRPV6 (B). Positive regulatory genes of inflammation: F2R, KL, and BDKRB1 (C). Canonical Wnt
pathway-related genes: DKK1, SFRP5, and DLX5 (D). The data are presented as mean+SD and were normalized to /-actin in three in-
dependent experiments. The results are reported as the fold change compared to the wild-type human embryonic stem cells (hESCs) by
unpaired, two-tailed Student’s t-test; *p<0.05, **p<0.01, and ***p<0.001. WT-SGEPs: SGEPs derived from the wild-type hESCs,
CF-SGEPs: SGEPs derived from cystic fibrosis transmembrane conductance regulator knockout hESCs.

gPCR data revealed that the mRNA expression level of
SFRPS and DLXS was consistent with the trend of the
RNA-Seq results of CF-SGEPs. There was no significant
difference in the mRNA expression level of DKKI in CF-
SGEPs compared with WT-SGEPs (Fig. 6D). These re-
sults suggest that CFTR protein may affect the Wnt path-
way, which is also similar to other studies (27, 28). The
aforementioned data suggest that CF-SGEPs share fea-
tures highly associated with CF in terms of SG develop-
ment, SG secretion and inflammation.

Discussion

To determine whether the hESCs-derived SGEPs, we
constructed earlier are capable of modeling the SG devel-
opment of patients with CF and could be used for devel-
opment research, we first successfully constructed CFTR
knockout hESCs. We have demonstrated that CFTR
knockout hESCs have reduced CFTR protein expression
and maintained pluripotency. We also observed that CF-
SGEPs decreased the expression of CFTR protein. Fur-
thermore, CF-SGEPs also simulated the disease character-

istics of CF in terms of SG development and secretion.

Therefore, we used CRISPR-Cas9 technology to design
a specific guide RNA on the CFTR gene and mutate the
CFTR gene. After screening and sequencing, we generated
CFTR knockout hESCs with a gene mutation; a base was
inserted, and confirmed that the expression of CFTR pro-
tein was decreased. The phenotype of CF is that the muta-
tion of CFTR leads to the defect of CFTR protein. In the
process of protein processing and transportation to cell
membrane, it is recognized and degraded by the endoplas-
mic reticulum, and the expression of CFTR protein is re-
duced (29). Most patients with CF have the 4F508 muta-
tion, which is characterized by no change in CFTR mRNA
expression and decreased expression of mature CFTR
protein. CFTR knockout hESCs showed no changes in
mRNA levels (15). CFTR knockout hESCs showed no
changes in mRNA levels in comparison to WT cells.
Therefore, the CFTR knockout hESCs are similar to the
characterization of the 4F508 mutant. The results dem-
onstrated that the CFTR knockout hESCs were success-
fully established, which provides a tool for studying CF.
Moreover, CFTR knockout hESCs maintained the pluri-
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potency of hESCs, indicating that the cells could be used
to induce differentiation.

The CFTR knockout hESCs were induced SGEPs using
our previously reported method (13). CFTR knockout hESCs
formed fewer EBs than the WT and the expression of the
ectoderm marker was decreased. Previous studies have
demonstrated that SGs develop from ectoderm (11); there-
fore, a decrease in CFTR protein expression may affect
the embryonic development of SGs. Importantly, the ex-
pression of CFTR protein in CF-SGEPs was decreased af-
ter 16 days of differentiation, consistent with the finding
that SG in CF patients exhibited decreased expression of
CFTR protein (30). Simultaneously, SGEPs derived from
WT hESCs expressed CFTR protein. Studies have re-
ported that CFTR protein was distributed in SGs (31),
which demonstrated the specificity of the SGEP induction
protocol we provided in the past. Previous studies have
found that the expression of CFTR protein in mouse em-
bryonic stem cells is decreased, which affects the ex-
pression of AXIN2 and CCND2, the target genes of the
Wnt classic pathway, thereby affecting the development of
mouse embryos (22). We also found that the expression
of CCNDI1, CCND2 and LEF1lin CF-SGEPs was reduced,
indicating that the human CFTR protein may influence
the canonical Wnt pathway.

Transcriptome analysis of CF-SGEPs and WT were per-
formed and compared to each other further to investigate the
correlation between CF-SGEPs and CF manifestation. RNA-
Seq results revealed that CF-SGEPs exhibited many genes
with reduced expression. LAMAI contributes substantially to
SG branching development (24). When LAMALI is knocked
down, the number of branches of SGs is decreased (25).
We found that LAMAI expression was also decreased in
the reduced genes. The g-PCR results also showed this, so
we speculated that the reduced expression of CFTR pro-
tein might affect the branching development of SGs, which
is similar to the absence of granular ducts in SGs found
in previous studies in CFTR knockout mice (20). CHRM3
is a SG-related marker (32). And the expression of CHRM3
in CF-SGEPs also was decreased. Previous studies have re-
vealed that injection of CD24-positive cells or CD44-pos-
itive cells into SG injury models can help restore SG func-
tion (33). It has also been proposed that CD44 is involved
in regulating the growth and renewal of normal SG tissue
(34). We found that compared with WT-SGEPs, the ex-
pressions of CD24 and CD44 in CF-SGEPs decreased. In
summary, the reduced expression of CFTR protein may in-
fluence the early development of SGs. The SGs of CF pa-
tients often exhibit insufficient salivary secretion, and de-
creased SG flow rate (18). The expression of SLC9A1 was

decreased, the secretion of saliva decreased (35), and
TRPV6 was also involved in the secretion of saliva (36).
Interestingly, the expressions of SLC9A1 and TRPV6 were
also decreased in CF-SGEPs, which was also similar to the
SG characterization in CF patients. CF-SGEPs had de-
creased expression of the canonical Wnt pathway target
gene DLXS and increased expression of the Wnt canonical
pathway inhibitor SFRPS (37), indicating that CFTR pro-
tein affects the canonical Wnt pathway. Previous studies
have demonstrated that CF patients are susceptible to in-
fection and develop an inflammatory response (26), which
is also present in the SGs (38). We found that the
CF-SGEPs had elevated expression of BDKRBI and F2R,
which are positively associated with inflammation (39, 40).
In summary, the CF-SGEPs exhibited a strong association
with the phenotype of CF patients. Furthermore, the dif-
ferentiation of CF-SGEPs mimicked the development of
SGs in CF patients.

In conclusion, we demonstrated that our previously re-
ported protocol is capable of modeling the SG develop-
mental disease through the differentiation of CFTR mu-
tant hESCs into SGEPs, which could serve as models for
studying the disease mechanism not only for CF but also
for other development-related diseases of SGs, such as SG
hypoplasia/hypoplasia, cleft lip, and palate syndrome.
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