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Abstract: Pulmonary surfactant (PS), which is synthesized by type II alveolar epithelial cells (AECIIs), maintains 
alveolar integrity by reducing surface tension. Many premature neonates who lack adequate PS are predisposed to 
developing respiratory distress syndrome (RDS), one of the leading causes of neonatal morbidity and mortality. PS 
synthesis is influenced and regulated by various factors, including microRNAs. Previous in vitro studies have shown 
that PS synthesis is regulated by miR-26a in fetal rat AECIIs. This study aimed to investigate the role of miR-26a 
in PS synthesis in vivo. To obtain a miR-26a-1/miR-26a-2 double knockout mouse model, we used the clustered 
regularly interspaced short palindromic repeat/CRISPR-associated protein 9 (CRISPR/Cas9) system, an important 
genome editing technology. Real-time PCR was performed to determine the miR-26a levels in various organs, as 
well as the mRNA levels of surfactant-associated proteins. Moreover, AECIIs and surfactant-associated proteins in 
lung tissues were analyzed by hematoxylin-eosin staining and immunohistochemistry. Homozygous offspring of miR-
26a-1/miR-26a-2 double knockout mice generated using the CRISPR/Cas9 system were successfully obtained, and 
PS synthesis and the number of AECIIs were significantly increased in the miR-26a knockout mice. These results 
indicate that miR-26a plays an important role in PS synthesis in AECIIs. 
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Introduction

Pulmonary surfactant (PS) is a complex fluid 
that consists of phospholipids, neutral lipids, 
and proteins and is synthesized and secreted 
by type II alveolar epithelial cells (AECIIs) [1]. It 
maintains alveolar integrity by reducing surface 
tension and increases lung compliance. Prema- 
ture neonates, who have immature lungs and 
lack adequate PS, are predisposed to develop-
ing respiratory distress syndrome (RDS), one of 
the leading causes of neonatal morbidity and 
mortality [2]. Lung maturation and PS synthesis 
in AECIIs are influenced and regulated by a vari-
ety of factors, such as circulating hormones, 
cell-cell interactions, and local paracrine medi-
ators [3-5]. In addition to these factors, microR-
NAs (miRNAs) have been increasingly recog-
nized to be involved in the regulation of fetal 
lung maturation [6].

miRNAs are a class of small, endogenous, non-
coding RNAs (approximately 22-24 nucleotides 
in length) that regulate eukaryotic gene expres-
sion by binding to the 5’-untranslated regions 
(UTRs) of target messenger RNAs (mRNAs), typi-
cally leading to the repression of protein trans-
lation or mRNA degradation [7, 8]. It has been 
speculated that miRNAs are involved in the 
regulation of almost every aspect of cell physiol-
ogy [9, 10]. Many studies have highlighted roles 
of miRNAs in the regulation of fetal lung matu-
ration and PS metabolism [6, 11, 12].  For exam- 
ple, transgenic overexpression of miR17-92 has 
been reported to promote the proliferation and 
to inhibit the differentiation of epithelial progen-
itor cells in developing lungs, whereas deletion 
of this miRNA has been shown to result in lung 
hypoplasia [13, 14]. Additionally, overexpres-
sion of miR-127 has been demonstrated to sig-
nificantly decrease the terminal bud count, 
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increase the terminal and internal bud sizes, 
and cause unevenness in bud sizes [15]. Fur- 
thermore, miR-150 [16] and miR-375 [17] have 
been reported to be involved in the regulation 
of PS secretion. In our previous study, miR-26a 
was one of seven miRNAs that showed signifi-
cant changes in expression, as determined by 
miRNA profiling, at three time points in the 
developing rat lung [18]. Zhang et al. [11] have 
shown that PS synthesis is regulated by miR-
26a in fetal rat AECIIs. These reports have indi-
cated potential roles of miR-26a in lung devel-
opment and PS synthesis and metabolism.

Mature miR-26a includes both miR-26a-1 and 
miR-26a-2, which have the same sequence but 
are derived from different chromosomes [19]. 
In mice, mmu-miR-26a-1 is located on chromo-
some 9 (119031796-119031885 [+]), and 
mmu-miR-26a-2 is located on chromosome 10 
(126995530-126995613 [+]). In this study, to 
further investigate the biological functions of 
miR-26a in vivo, we sought to generate miR-
26a-1/miR-26a-2 double knockout (miR-26a- 
1-/-/miR-26a-2-/-) mice using the clustered regu-
larly interspaced short palindromic repeat/
CRISPR-associated protein 9 (CRISPR/Cas9) 
system. 

In recent years, various genome editing tech-
niques have been developed, including the use 
of zinc-finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and 
the CRISPR/Cas9 system. However, the CRIS- 
PR/Cas9 system has significant advantages 
over ZFNs or TALENs, including increased tar-
get accuracy, the ability to simultaneously 
knock out multiple target genes, easier and 
less time-consuming experimental procedures, 
and a lack of species limitations. In addition, 
because the Cas9 gene is consistently used 
this system, only two short guide RNAs (sgRNAs) 
targeting murine miR-26a-1 and miR-26a-2 
need to be synthesized. The gene targeting sys-
tem, with CRISPR RNA-guided Cas9 nuclease, 
has been extensively utilized to edit the 
genomes of several organisms [20-24]. The 

CRISPR/Cas9 system has been demonstrated 
to be very highly efficient in live mice. However, 
reports of double knockout mice, especially for 
miRNAs, are rare. In the Cas9/gRNA system, 
when the RNA-guided Cas9 protein is combined 
with an sgRNA, it can target and cleave DNA 
sequences [25-28]. Subsequently, genetically 
modified animals can be generated through the 
introduction of double-strand breaks (DSBs) 
and non-homologous end joining (NHEJ)-medi- 
ated repair [29, 30], leading to the deletion of a 
DNA fragment at the target locus. To dissect 
the functions of gene family members and to 
analyze relationships among signaling path-
ways, mice with two or more mutated genes are 
required [21]. For such purposes, the CRISPR/
Cas9 system is a useful and highly efficient 
genetic tool, provided that the double knockout 
mice (miR-26a-1/miR-26a-2 knockout mice in 
this study) are viable and that they can be pro-
duced from a single embryo [21]. In this study, 
homozygous offspring of miR-26a-1-/-/miR-
26a-2-/- mice generated using the CRISPR/
Cas9 system were successfully obtained and 
represented a suitable model for studying the 
role of miR-26a in vivo.

Materials and methods

Animals

C57BL/6J and FVB mice were purchased from 
Nanjing Biomedical Research Institute (NBRI) 
of Nanjing University, China, and were main-
tained on a normal 12 h light/dark schedule at 
a constant temperature and humidity. The 
housing conditions met the specific pathogen-
free (SPF) standards. All procedures were per-
formed in accordance with protocols approved 
by the Nanjing Medical University Animal Care 
Committee.

Microinjection

A Cas9 expression plasmid containing the SP6 
promoter was used as a template for in vitro 
transcription (IVT) using an mMESSAGE mMA-
CHINE SP6 Kit (Invitrogen, CA, US) after linear-
ization and purification. As previously described 
[22], we constructed fusion crRNA and tracrRNA 
expression vectors with a customizable syn-
thetic (sgRNA) template using miR-26a-1F/R 
and miR-26a-2F/R primers (Table 1A). The 
T7-sgRNA PCR product was purified and used 
as a template for IVT, performed using a T7 kit 

Table 1A. sgRNA primer sequences
mmu-mir-26a-1 F: 5’-GGGCTCTTTCCTTAGACTTGG-3’

R: 5’-GACCTGCTTTGCTCATAACACTC-3’
mmu-mir-26a-2 F: 5’-GTTGGTGCTGATGTGGGCTAG-3’

R: 5’-CTGGGAGACAGAGTGGATTGC-3’
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(TaKaRa, Japan). Female FVB mice (7-8 weeks 
old) were superovulated using pregnant mare 
serum gonadotropin (PMSG) and were in- 
jected with human chorionic gonadotropin 
(HCG) after 48 h. The superovulated female 
mice (FVB mice) were mated with C57BL/6J 
stud males, and fertilized embryos were col-
lected from their oviducts. miR-26a-1 and miR-
26a-2 sgRNAs (12.5 ng/uL each) were mixed 
with Cas9 mRNA (25 ng/μL), and the mixture 
was microinjected into the cytoplasm of the 
female mouse embryos at the pronuclei  
stage. The injected zygotes were cultured in 
KSOM with amino acids at 37°C and 5% CO2  
in air until the blastocyst stage (at 3.5 days). 
Subsequently, approximately 15-25 blasto-
cysts were transferred into the uterus of each 
pseudopregnant FVB female. 

Genotyping and breeding

After approximately 19 days, DNA was extract-
ed from the pups’ tails (founder mice), and the 
mice were genotyped by PCR and sequencing. 
Then, male (7-week-old) and female (4-week-
old) founder mice were mated with wild-type 
mice. The next generation of mice (F1 mice) 
was obtained and genotyped until mice posi-
tive for either or both mutations in miR-26a-1 
and/or miR-26a-2 were identified, indicating 
the successful generation of gene knockout 
mouse strains. Positive mice (> 3 females and 
> 3 males) were mated with wild-type mice (SPF 
standard), and the PCR products from the tail 
DNA samples were identified after restriction 
digestion with T7 endonuclease I (T7EI) and 
resolution in a 1% agarose gel. The 20 μL PCR 
mixture contained 10 μL master mix (Vazyme 
Biotech, Nanjing, China), 8.2 μL ddH2O, 1 μL 
DNA, and 0.4 μL each of the miR-26a-1 forward 
and reverse primers or 0.4 μL each of the miR-
26a-2 forward and reverse primers. The PCR 
amplification program was as follows: 94°C for 
5 minutes; 35 cycles at 94°C for 30 seconds, 
55°C for 30 seconds, and 72°C for 60 sec-
onds; and 72°C for 7 minutes. The amplicons 

were separated by 1.0% agarose gel electro- 
phoresis. 

RNA extraction and real-time quantitative poly-
merase chain reaction

Total RNA was extracted from mouse organs 
using Trizol reagent (Invitrogen, CA, US) accord-
ing to the manufacturer’s instructions. The ratio 
of absorbance at 260 to that at 280 nm 
(A260/280) was used to assess RNA purity and 
quantity. First-strand cDNA was generated 
using a TaqMan MicroRNA Reverse Transcrip- 
tase Kit (Applied Biosystems, US) and oligo(dT) 
primers, which were designed and produced by 
Sangon Biotech (Shanghai, China) according to 
the manufacturer’s instructions. The probes 
were designed to target miR-26a-5p and U6 for 
reverse transcription (5× dilution) and real-time 
PCR (20× dilution). Moreover, RNA samples 
from mouse lungs were subjected to reverse 
transcription with a High-Capacity cDNA Re- 
verse Transcription Kit (Applied Biosystems, 
US). Real-time PCR was performed using SYBR 
Green (Roche, Shanghai, China), and specific 
primers for SP-A (Sftpa1) and SP-B (Sftpb) were 
synthesized according to published cDNA se- 
quences (Table 1B). PCR was performed with 
an ABI 7500 thermal cycler (Applied Biosyste- 
ms) using the following two-step cycling pro-
gram: 95°C for 10 minutes; 50°C for 2 minutes 
and 40 cycles at 60°C for 1 minute; and 95°C 
for 15 seconds. Dissociation curves were gen-
erated for both genes under the following con-
ditions: 95°C for 15 seconds, 60°C for 60 sec-
onds, and 95°C for 15 seconds. The expression 
levels of the miR-26a-5p genes were normal-
ized to that of an internal control, U6, to obtain 
relative threshold cycle (ΔCt) values. Relative 
quantification of gene expression in multiple 
samples was achieved by normalization against 
an endogenous control, GAPDH. Then, the rela-
tive expression levels were compared between 
the wild-type mice and knockout mice using the 
comparative Ct (ΔΔCt) method (ΔΔCt = ΔCt of 
the wild-type mice -ΔCt of the knockout mice)  
or the 2-ΔΔCT method. A P < 0.05 was considered 
to indicate significance.

Immunohistochemistry and hematoxylin-eosin 
staining

The mice were anesthetized with 2% chloral 
hydrate (0.2 mL/10 g) and transcardially per-
fused with 4% paraformaldehyde (PFA) in PBS. 

Table 1B. Real-time PCR primer sequences
mmu-SP-A F: 5’-GCCTTCACCCTCTTCTTGACT-3

R: 5’-ACCATCTCTCCCATCTCTGC-3
mmu-SP-B F: 5’-CTGCTTCCTACCCTCTGCTG-3’

R: 5’-ATCCTCACACTCTTGGCACA-3’
mmu-GAPDH F: 5’-GGTGAAGGTCGGTGTGAACG-3’

R: 5’-CTCGCTCCTGGAAGATGGTG-3’
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Dissected lungs were post-fixed overnight with 
4% PFA in PBS. To obtain coronal sections, the 

with GraphPad Prism 5.0, and a P < 0.05 was 
considered to indicate statistical significance. 

Figure 1. Map of Cas9 protein bound to sgRNAs. The 20-nucleotide sequences 
in miR-26a-1 and miR-26a-2 followed by the protospacer-adjacent motif (PAM) 
sequence (NGG) can be used to target and cleave DNA sequences.

lungs were cryoprotected 
by overnight immersion in 
30% sucrose in PBS and 
embedded in OCT com-
pound. Sections of 50 µm 
thickness were prepared 
using a cryostat, permeabi-
lized with 0.3% Triton X-100 
in PBS and blocked with 2% 
BSA and 0.3% Triton X-100 
in PBS. The sections were 
incubated overnight with 
primary antibodies, rinsed 
with PBS, incubated with 
secondary antibodies, and 
developed using DAB. The 
primary antibodies used 
included a rabbit anti-podo-
planin/gp36 antibody (Ab- 
cam, Shanghai, China) and 
rabbit anti-prosurfactant 
protein C antibody (Milli- 
pore, Shanghai, China) for 
AECIs and AECIIs and rabbit 
anti-prosurfactant protein 
A and B antibodies for PS. 
As described above, the 
mouse lungs were pretreat-
ed for hematoxylin-eosin 
staining, and the obtained 
sections were dewaxed wi- 
th xylene and incubated in 
a series of ethanol/water 
solutions. Then, the sec-
tions were stained with 
hematoxylin, differentiated 
with ethanol hydrochloride, 
transferred to eosin solu-
tion. Subsequently, the sec-
tions were dehydrated and 
mounted. Finally, microsco- 
pic analysis was perform- 
ed.

Statistical analysis

The data are presented as 
the mean ± SEM. All of the 
in vitro experiments were 
repeated three times (n = 
6). The data were analyzed 
using the unpaired t-test 

Table 2. Generation of knockout mice using the CRISPR-Cas system

Gene Strain Cas9/sgRNA 
doses (ng/ul)

Numbers 
injected/trans-

ferred (%)

Total number 
of newborns 

(%)

Mutant 
number

mir26a-1 C57BL/6J 7
mir26a-2 C57BL/6J 25/12.5+12.5 107/74 (69) 18 (20) 3
1&2 C57BL/6J 5
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Results

Construction of CRISPR/Cas9 plasmids target-
ing miR-26a-1 and miR-26a-2

To select Cas9 target sites in the miR-26a-1 
and miR-26a-2 genes, we searched for 20- 
nucleotide sequences that were followed by the 
protospacer-adjacent motif (PAM) sequence 
(NGG) (Figure 1). To examine the effectiveness 
of gene knockout, we sequenced the PCR frag-
ments and ensured that all of the heterozygous 
mice had deletions of at least 4 base pairs. 
Additionally, more than three mice harbored 
biallelic miR-26a-1 and miR-26a-2 double mu- 
tations, as determined by sequencing.

One-step generation of double mutant mice by 
zygote injection

To determine whether miR-26a-1/miR-26a-2 
double mutant mice could be produced from 
single embryos, we co-microinjected Cas9 
mRNA (25 ng/μL) and sgRNA (12.5 g/μL) into 
the pronuclei of fertilized eggs. The blastocysts 
derived from the injected embryos were trans-
planted into foster mothers, and the resulting 
newborn pups were genotyped. A total of 18 
pups were born from 90 embryos injected with 
in vitro-synthesized RNA and transferred into 
foster mothers (20% live birth rate) (Table 2). In 
total, 15 mice carried targeted mutations in all 

four alleles of the miR-26a-1 and miR-26a-2 
genes, and the numbers of mice carrying muta-
tions in either or both genes are shown in Table 
2. More than 30% of the pups were biallelic 
miR-26a-1 and miR-26a-2 double mutants 
(Table 2). These results demonstrate that post-
natal mice carrying biallelic mutations in two 
different genes can be generated with high 
efficiency.

Breeding strategy and genotyping

Once the F1 mice were obtained, breeding 
cages were established as described in Table 
3. A total of 3 female and 3 male knockout mice 
were selected and mated with wild-type mice, 
as shown in Table 3A. Embryos from pregnant 
mice were transplanted into the uteri of surro-
gate mice under SPF conditions, as shown in 
Table 3B. The mouse genotypes were identified 
by 1% agarose gel electrophoresis (Figure 2A 
and 2B) and sequencing (Figure 2C). No differ-
ence in miR-26a expression was detected in 
the double-heterozygous or single-homozygous 
mice compared with the wild-type mice. Ph- 
enotypic analysis of miR-26a-1-/-/miR-26a-2-/- 

mice revealed that some of the mice were blind 
and had white abdominal hair, but the reason 
for the observed phenotype was unknown. 
However, most of the double knockout mice did 
not phenotypically differ from the wild-type 
mice. The homozygous mice that were subse-
quently obtained did not show any differences 
in body weight, birth rate, pregnancy rate, or 
growth rate compared with the wild-type mice.

Expression of miR-26a, SP-A and SP-B

Various organs were excised from homozygous 
mutant mice (n > 6) and wild-type mice (n > 6), 
and the miR-26a expression levels were mea-
sured by real-time PCR. miR-26a expression 
was downregulated in various organs in the 
knockout mice compared with the wild-type 
mice, with the greatest decrease in expression 
observed in the lungs (Figure 3). To determine 
whether lung surfactant synthesis in knockout 
mice is affected by miR-26a, the SP-A and SP-B 
levels were measured by real-time quantitative 
PCR. The results revealed that the SP-A and 
SP-B mRNA levels were significantly increased 
in the lungs of the miR-26a knockout mice 
(Figure 6) compared with those of the wild-type 
mice. 

Table 3A. Breeding strategy
Number Sex Strain mir-26a-1 mir-26a-2 Gen
5# ♂ C57BL/6J HET HET F1
19# ♂ C57BL/6J HET HET F1
24# ♂ C57BL/6J HET HET F1
2# ♀ C57BL/6J HET HET F1
21# ♀ C57BL/6J HET HET F1
22# ♀ C57BL/6J WT HET F1
Method of purification: HET (mir-26a-1+/-/mir-26a-2+/-) × WT 
(mir-26a-1+/+/ mir-26a-2+/+).

Table 3B. Purification strategy
Transplant 
recipient

Embryo 
type

Number of 
transplantations

Number of 
recipients

C57BL/6J♀ 2-cell 9 1
C57BL/6J♀ 2-cell 23 2
C57BL/6J♀ 4-cell 16 1
C57BL/6J♀ 4-cell 32 2
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Hematoxylin-eosin staining and immunohisto-
chemistry

To observe differences in lung tissue structure 
between the miR-26a double knockout and 
wild-type (5-week-old) mice, hematoxylin-eosin 

not by AECIs. It maintains alveolar integrity by 
reducing surface tension and participates in 
host defense and the regulation of inflamma-
tion in the lungs [1, 31]. In this study, we aimed 
to investigate the role of miR-26a in PS synthe-
sis using knockout mice. 

Figure 2. A, B. The PCR products were separated by 1% agarose gel electrophoresis. B6-blank control; and N-
negative control. C. Genotyping was performed by sequencing; the different deletion locations and fragments of the 
three types of mutants are shown. The numbers #392, #394, #421, #381, and #409 are representative numbers 
of all homozygous mice. 

Figure 3. A. miR-26a expression in the lung showed the greatest change among 
various organs. B. miR-26a expression was significantly downregulated in the 
lungs of the KO mice compared with those of the WT mice (P < 0.05). KO: knock-
out mice; WT: wild-type mice.

Figure 4. Hematoxylin-eosin staining of lung tissues. More type II alveolar epi-
thelial cells (black arrow) and fewer type I alveolar epithelial cells were detected 
in the KO mice compared with the WT mice. Representative images (n > 4 per 
genotype) are shown. 

staining and immunohisto-
chemistry (IHC) were per-
formed. The number of 
AECIIs was significantly in- 
creased and that of AECIs 
was significantly decreased 
in the knockout mice com-
pared with the wild-type 
mice (Figures 4 and 5), 
indicating the increased 
maturity of the lung tissues 
of the double knockout 
mice. To determine wheth-
er surfactant synthesis in 
the knockout mice was 
affected by miR-26a, the 
SP-A and SP-B levels were 
detected by IHC (Figure 7). 
The results indicated that 
the lungs of the miR-26a 
knockout mice contained 
more mature cells and were 
thus more conducive to the 
synthesis and secretion of 
PS.

Discussion

With advances in perinatal 
medicine and neonatal in- 
tensive care technologies, 
the birth and survival rates 
of premature infants with 
structurally immature lungs 
have increased, and the 
incidence of RDS has also 
increased. Inadequate PS 
synthesis in premature in- 
fants can result in RDS, 
which is the leading cause 
of neonatal morbidity and 
mortality. PS is synthesized 
and secreted by AECIIs but 
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Studies have suggested that lung maturation 
and PS synthesis in AECIIs are influenced and 
regulated by a number of hormones and fac-
tors, including glucocorticoids, prolactin, insu-
lin, and growth factors [3-5]. In addition, miR-

differentially expressed in fetal rat lung tissues 
during various stages of pregnancy [11]. In 
addition, we have demonstrated that PS syn-
thesis is reduced upon miR-26a overexpres-
sion in vitro [11]. In this study, we sought to gen-

Figure 5. Significant lung morphological changes were observed in IHC analysis. 
A. Type I alveolar epithelial cells were identified with a rabbit anti-podoplanin/
gp36 antibody (indicated by the black arrow), and type II alveolar epithelial cells 
were identified with a rabbit anti-prosurfactant protein C antibody (indicated 
by the white arrow). B, C. Analysis of the mean IODs revealed that significantly 
more type II alveolar epithelial cells and significantly fewer type I alveolar epi-
thelial cells were present in the KO mice compared with the WT mice. The data 
are presented as the mean ± standard deviation (*P < 0.05).

Figure 6. Real-time PCR was performed to determine the SP-A and SP-B mRNA 
levels, which were significantly increased in the KO mice compared with the WT 
mice (P < 0.05).

NAs, including miR-26a, 
have been increasingly rec-
ognized to be involved in 
the regulation of fetal lung 
maturation [6]. Links bet- 
ween miR-26a and circulat-
ing hormones, such as lac-
togenic hormones, have 
been reported in the litera-
ture [32]. However, it is 
unclear whether miR-26a 
impacts lung development 
by regulating circulating 
hormones. It is well known 
that miR-26a exerts multi-
ple biological effects in 
lung-related diseases; it 
plays a key role in various 
types of carcinoma, includ-
ing lung adenocarcinoma 
[33], and participates in 
inflammation, including pul-
monary inflammation [34]. 
Furthermore, serum miR-
26a has been used as a 
potential biomarker for the 
diagnosis of various dis-
eases [35]. Jiang et al. [34]. 
have shown that circulating 
miR-26a in wheezing chil-
dren and AIPI rats is associ-
ated with recurrent child-
hood wheezing with asth-
matic risk, and Liu et al. 
[36]. have demonstrated 
that miR-26a enhances the 
metastatic potential of lung 
cancer cells via the AKT 
pathway by targeting PTEN. 
Additionally, Cinegaglia et 
al. [33] have reported that 
miR-26a is significantly un- 
der-expressed in lung ade-
nocarcinoma and that se- 
rum miR-26a might be a 
useful biomarker for the 
diagnosis of several diseas-
es [35]. Our previous study 
has shown that miR-26a is 
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erate miR-26a-1/miR-26a-2 double knockout 
mice using the CRISPR/Cas9 system to further 
study the biological functions of miR-26a in 
vivo.

The CRISPR/Cas9 system is a useful gene 
knockout technique for investigating gene func-
tion in vivo; since its development, this tech-
nique has been utilized to generate knockout 
cell lines [25, 26] and animal models [22, 23]. 
In this study, we constructed CRISPR/Cas9 
plasmids targeting miR-26a-1 and miR-26a-2. 
Different NGG PAM sequences for S. pyogenes 
Cas9 in the mouse genome were selected to 
induce targeted DNA cleavage, as shown in 
Figure 1. Mice harboring mutations in both 
genes were produced by coinjection of Cas9 

development and its influence on PS synthesis. 
However, whether miR-26a directly affects sur-
factant synthesis or whether these findings are 
due to some undefined molecular mechanism(s) 
affected by the miRNA knockout is unclear, and 
further research is needed.

There are potential limitations to our study. 
First, miR-26a is selectively expressed in bron-
chial and alveolar epithelial cells of the murine 
lung and is upregulated in the adult lung follow-
ing the postnatal period of lung development 
[37, 38]. Although the miR-26a deficiency of the 
strain used in this study was not specific to the 
lungs, it is still an important model for studying 
lung disease. In addition, considering that miR-
26a overexpression may cause lethality, we 

Figure 7. A. SP-A and SP-B were identified by IHC with rabbit anti-prosurfactant 
protein A and rabbit anti-prosurfactant protein B, respectively. Representative 
images (n > 4 per genotype) are shown. B, C. Analysis of the mean IODs re-
vealed that the SP-A and SP-B levels were significantly increased in the KO mice 
compared with the WT mice. The data are presented as the mean ± standard 
deviation (*P < 0.05).

with miR-26a-1 and miR-
26a-2 sgRNAs into zygotes. 
The efficiency of obtaining 
mice carrying mutations in 
both targeted genes rea- 
ched 28%, and approxi-
mately 56% of the mice 
harbored a biallelic muta-
tion in one of the targeted 
genes. Thus, double knock-
out mice could be generat-
ed within 32 days. As men-
tioned above, the crossing 
of mice with the appropri-
ate genotypes and the fur-
ther breeding required to 
obtain homozygous off-
spring for studying miR-26a 
gene function were time 
consuming.

In this study, the homozy-
gous double knockout mice 
represented an ideal exper-
imental model to analyze 
the function of miR-26a in 
vivo. Our results obtained 
in vivo were more credible 
and convincing than those 
obtained in vitro. The num-
ber of mature cells, AECIIs, 
and PS synthesis were 
increased in the lungs of 
the miR-26a-1/miR-26a-2 
double knockout mice, indi-
cating the close involve-
ment of miR-26a in lung 
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created a gene knockout mouse model using 
the CRISPR/Cas9 system. Second, there may 
be off-target effects of the CRISPR/Cas9 sys-
tem, but they can be resolved by conducting a 
more thorough sequencing analysis, as previ-
ously reported [21]. Finally, the mechanism by 
which miR-26a regulates PS synthesis in lung 
AECIIs in vivo is unclear and needs to be further 
explored. Therefore, the miR-26a knockout 
mouse model that we generated will enable us 
to study the biological functions of miR-26a 
and to elucidate its roles in lung development 
and pathogenesis. These findings may allow for 
increased understanding and the development 
of novel approaches for the prevention and 
cure of RDS. 
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