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Regenerative medicine has continued to progress for lung biology and lung diseases. Efforts have focused on a variety of different
applications for pluripotent stem cells. Several groups have reported successful methods for inducing differentiation of induced
pluripotent stem cells (iPSCs) into the airway epithelium such as alveolar epithelium type II (ATII). However, differentiation
efficiency varies among reports and improvements are needed. In the present paper, we propose a novel method for elimination
of residual undifferentiated murine iPSCs using JQ1, a potent inhibitor of bromodomain (BRD) and extraterminal domain
(BET) family proteins, for efficient differentiation into ATII. First, the murine iPSC line 20D-17 was induced to differentiate into
ATII over a period of 26 days (days 0-26) using previously reported embryoid body seeding and stepwise differentiation
methods. mRNA expressions of differentiation markers including surfactant protein C (Sftpc) were confirmed by real-time
reverse transcription-polymerase chain reaction (RT-PCR) results, and 17% of the cells were shown positive for prosurfactant
protein C (proSPC) in flow cytometry analysis. Next, those cells were cultured three-dimensionally in Matrigel for an additional
14 days (days 26-40), during which JQ1 was added for 4 days (days 28-32) to remove residual undifferentiated iPSCs. As a
result, on day 40, the mRNA expression level of Sftpc in the three-dimensional culture was maintained at the same level as on
day 26 and shown to be further increased by the addition of JQ1, with 39% of the cells found to express proSPC, showing that
differentiation efficiency could be further increased. Three-dimensional culture with BRD4 inhibition by JQ1 improved the
differentiation induction efficiency to ATII by removing residual undifferentiated murine iPSCs during the differentiation
induction process.

1. Introduction

The lung has a complex structure with major differences in
the composition of the epithelium. Several cell types, such
as basal cells, club cells, bronchioalveolar stem cells, alveolar
epithelium type II (ATII), and distal lung progenitor cells,
have also been identified and characterized as endogenous

stem and progenitor cells of the epithelium. These cells play
a key role in the regeneration of damaged tissues [1–3]. The
most distal region of the alveoli includes alveolar epithelium
type I (ATI) and ATII. ATI make up the majority of the alve-
oli and are essential for gas exchange. ATII secrete surfac-
tants and are critical for the maintenance of alveoli. ATII
act as endogenous stem and progenitor cells in the alveoli,
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contributing to alveolar repair by proliferation of ATII and
subsequent differentiation into ATI following pulmonary
injury [1, 2].

Recently, regenerative medicine has continued to prog-
ress for lung biology and lung diseases. The term “stem cells”
in lung biology refers to endogenous progenitor cells, plurip-
otent stem cells, mesenchymal stromal cells, and endothelial
progenitor cells as cell therapy agents [4]. Efforts have
focused on a variety of different applications for pluripotent
stem cells such as embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs). These applications include
disease modeling, drug discovery, tissue regeneration, and
stem cell-based therapies [5]. Although stem cell-based ther-
apy using differentiated cells from iPSCs is challenging [6],
such therapy is considered the ultimate goal [7].

Several groups have reported successful methods for
inducing differentiation of human and murine iPSCs into
airway epithelium cells, including both proximal and distal
epithelial cells, using a variety of protocols [8–13]. For induc-
ing differentiation of ATII, most of those studies used embry-
oid body (EB) seeding or stepwise differentiation methods
[14–16], with additional attempts implemented to improve
differentiation efficiency. In vitro differentiation methods
for pluripotent stem cells include a monolayer culture on
defined matrices (dissociate seeding method), coculture with
heterotypic cell types, and an EB seeding method. The EB
seeding method is highly reliable and commonly used
[17, 18] since it was first reported as a technique for in vitro
differentiation induction of mouse embryonal carcinoma
cells (ECCs) [19]. The stepwise differentiation method for
inducing differentiation into ATII uses the processes of EB,
definitive endoderm (DE), anterior foregut endoderm
(AFE), and ventralized AFE (VAFE) formation and then dif-
ferentiation into ATII [14]. However, the efficiency of differ-
entiation into ATII varies, with possible causes including
variable maintenance of the differentiation state of the cells
after induction and the presence of residual undifferentiated
cells following differentiation of iPSCs. Gene expression
and protein synthesis change due to various influences, such
as flattening of cells in a conventional two-dimensional cul-
ture [20, 21]. Three-dimensional cell culturing has been
developed in recent years [22] and shown to better maintain
the morphology and function of differentiated cells [22, 23].
Matrigel, a complex mixture of multiple proteins of extracel-
lular matrix (ECM) and associated molecules, is widely used
for this purpose [24]. On the other hand, a certain number of
undifferentiated iPSCs remain in iPSC-derived differentiated
cell populations. Undifferentiated murine iPSCs make differ-
entiated derivatives tumorigenic, and even a small number of
undifferentiated murine cells can result in teratoma forma-
tion in vivo [25]. Methods for reducing residual undifferenti-
ated cells have been presented [26] and are broadly classified
into those for collecting differentiated cells expressing a dif-
ferentiation marker, such as sorting-based methods, and
methods for removing undifferentiated cells.

The bromodomain (BRD) and extraterminal domain
(BET) proteins have been targeted for controlling cancerous
cell growth [27]. BRD is a protein domain that recognizes
acetylated lysine residues of histones and functions to con-

centrate regulatory proteins and control the chromatin struc-
ture and gene expression [28]. BRD2, BRD3, BRD4, and
BRDT are BET family proteins with a BRD repeat sequence
and a specific terminal sequence [29]. These proteins play
important roles in various intracellular processes such as
inflammation-related gene expression, cell division, and
virus-host interaction [27]. JQ1, a selective small-molecule
inhibitor of BRD4, is a low molecular weight compound that
is permeable to the cell membrane and competitively inhibits
the binding of the BRD protein (particularly BRD4) to the
acetylated lysine residues of histones [30]. JQ1 inhibits cell
proliferation of cancer cell-derived cell lines in vitro and
in vivo, mainly by downregulating the expression of cMYC
[31, 32]. In ESCs and mesenchymal stem cells, expression
of many pluripotent genes is decreased by BET inhibition
using JQ1 [33, 34]. Thus, JQ1 is expected to be applicable
for the elimination of residual undifferentiated iPSCs [26].

In the present paper, we propose a novel method to elim-
inate undifferentiated murine iPSCs with BET inhibition for
efficient differentiation into ATII. We investigated whether
undifferentiated murine iPSCs were selectively eliminated
using medium supplemented with JQ1 after the ATII differ-
entiation protocol.

2. Materials and Methods

2.1. Cell Lines and Cultures of Murine iPSCs and Murine
Lung Epithelial Type II Cells. A murine iPSC line, iPS-MEF-
Ng-20D-17 (20D-17) [35], was provided by Riken BRC
through the National BioResource Project of MEXT/AMED,
Japan. Murine iPSCs were maintained in an undifferentiated
state on 0.1% gelatin-coated tissue culture dishes in the
absence of serum and feeder cells using ESGRO Complete
PLUS Clonal Grade Medium (Millipore, Billerica, MA). Cells
were passaged with Accutase (Millipore) and replated every
3-4 days. A murine lung epithelial type II cell line, MLE12,
was purchased from ATCC (Manassas, VA) and cultured in
HITES (hydrocortisone, insulin, transferrin, estrogen, and
selenium) medium (RPMI 1640, 2% FBS, insulin (5μg/mL),
transferrin (10μg/mL), sodium selenite (30 nM), hydrocorti-
sone (10 nM), β-estradiol (10 nM), and HEPES (10nM)).
Cells were passaged with Accutase (Millipore) and replated
every 3-4 days.

2.2. Murine iPSC Differentiation into ATII In Vitro. Murine
iPSCs were induced to differentiate into ATII as previously
described [14–16], with modifications. One thousand iPSCs
were resuspended in 100μL aliquots of differentiation
medium (DM) (D-MEM (high glucose); Wako, Osaka,
Japan) supplemented with 100mmol/L nonessential amino
acids (Gibco, Grand Island, NY), 2mmol/L L-glutamine
(Gibco), 0.1mmol/L 2-mercaptoethanol (Gibco), 50U/mL
penicillin, and 50μg/mL streptomycin (Wako) containing
15% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis,
MO) and cultured in 96-well Corning Costar ultra-low
attachment multiwell plates (Sigma-Aldrich) for 2 days.
Next, individual embryoid bodies (EBs) were plated on
0.1% gelatin-coated tissue culture dishes in DM containing
15% FBS for 1 day. For differentiation into definitive
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endoderm (DE), the medium was changed to DM contain-
ing 0.2% FBS supplemented with 20ng/mL Activin A
(R&D Systems, Minneapolis, MN) and 10ng/mL Wnt3a
(R&D Systems) and then incubated for 4 days with daily
medium changes. For anterior foregut endoderm (AFE),
the medium was changed to DM containing 0.2% FBS,
100ng/mL Noggin (R&D Systems), and 5μM SB431542
(Tocris Bioscience, Bristol, UK) and then incubated for 2
days with daily medium changes. For ventralized AFE
(VAFE), the medium was changed to DM containing 0.2%
FBS, 20 ng/mL Wnt3a, 5 ng/mL fibroblast growth factor-
(FGF-) 10 (R&D Systems), 5 ng/mL keratinocyte growth fac-
tor (KGF) (R&D Systems), and 5ng/mL epidermal growth
factor (EGF) (R&D Systems) and then incubated for 7 days
with daily medium changes. For ATII, the medium was
changed to DM containing 0.2% FBS, 20 ng/mL Wnt3a,
5 ng/mL FGF-10, and 5ng/mL KGF and then incubated for
10 days with daily medium changes (Figure 1(a)).

2.3. RNA Extraction and Real-Time Reverse Transcription
Polymerase Chain Reaction. The timing of harvesting cells
for RNA extraction and specific markers at each differentia-
tion stage are shown in Supplemental Figure 1. Total RNA
was isolated using an RNeasy Kit (Qiagen, Hilden,
Germany), and First-Strand cDNA was synthesized from
500-1000 ng total RNA using the PrimeScript RT Master
Mix (Takara, Shiga, Japan) according to the manufacturer’s
manual. Quantitative real-time polymerase chain reaction
(qPCR) was performed in duplicate for each sample using
the THUNDERBIRD Probe qPCR Mix (Toyobo, Tokyo,
Japan) and TaqMan Gene Expression Assay (Applied
Biosystems, Foster City, CA) with the CFX96 Real-Time
System (Bio-Rad, Hercules, CA). All reactions were started
with a cycle of 95°C for 1 minute, followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute. The TaqMan
Gene Expression Assay identifiers of detected genes were
Mm01996749_s1 (Cxcr4), Mm01976556_s1 (Foxa2),
Mm00488363_m1 (Sox17), Mm03053810_s1 (Sox2),
Mm00440629_m1 (Pax9), Mm00448949_m1 (Tbx1),
Mm00447558_m1 (Nkx2-1), Mm00485928_m1 (Atxn1),
Mm00488144_m1 (Sftpc), Mm00455678_m1 (Sftpb),
Mm03053917_m1 (Klf4), Mm00487804_m1 (Myc),
Mm03053917_g1 (Pou5f1), and Mm99999915_g1 (Gapdh).
The level of expression of each gene was normalized to
that of Gapdh.

2.4. Immunofluorescence Analysis. The cells were fixed in
3.7% formalin/phosphate-buffered saline (PBS) for 15
minutes and permeabilized for 15 minutes in 0.2% Triton
X-100/PBS. Next, the cells were blocked with 10% normal
goat serum blocking solution (Vector Laboratories, Burlin-
game, CA; S-1000)/PBS for 15 minutes and then stained with
a primary antibody at room temperature for 60 minutes.
Next, the cells were stained with a secondary antibody at
room temperature for 60 minutes and then mounted with
VECTASHIELD Hardset Antifade Mounting Medium with
DAPI (Vector Laboratories, H-1500). The cells were stained
with the following primary antibodies: rabbit anti-forkhead
box protein A2 (FOXA2) antibody (1 : 300; Abcam, Cam-

bridge, UK; ab108422), rabbit anti-SRY-box 2 (SOX2) anti-
body (1 : 100; Abcam; ab97959), rat anti-paired box 9
(PAX9) antibody (1 : 100; Santa Cruz Biotechnology, Santa
Cruz, CA; sc-56823), rabbit anti-transcription termination
factor 1 (TTF1) antibody (1 : 200; Abcam; ab76013), rabbit
anti-prosurfactant protein C (pro-SPC) antibody (1 : 100;
Abcam; ab170699), and rabbit anti-pro/mature surfactant
protein B (pro-SPB/SPB) antibody (1 : 100; Abcam;
ab40876). Stained cells were visualized with the following
secondary antibodies: Alexa Fluor 568 goat anti-rabbit IgG
(1 : 300; Invitrogen, Carlsbad, CA; A11036) and Alexa Fluor
568 goat anti-rat IgG (1 : 300; Life Technologies, Carlsbad,
CA; A11077). Fluorescent photographs were acquired using
the confocal laser scanning microscope FSX100 (Olympus,
Tokyo, Japan).

2.5. Flow Cytometry Analysis of Differentiated VAFE and
ATII. The cells were dissociated with Accutase for 15
minutes. The detached cells were diluted in 1% bovine serum
albumin/PBS and centrifuged at 900 rpm for 4 minutes. The
cell pellets were resuspended in PBS and blocked with puri-
fied rat anti-mouse CD16/CD32 (Mouse BD Fc Block)
(1 : 50; BD Biosciences, San Jose, CA; 5543142) for 10
minutes on ice. The cells were permeabilized and fixed with
Cytofix/Cytoperm fixation and permeabilization solution
(BD Biosciences; 51-2090KZ) for 20 minutes, incubated with
the primary antibodies for 30 minutes, and, if necessary,
incubated with the secondary antibodies for 30 minutes on
ice. These cells were analyzed on a FACSAria II flow cyt-
ometer (BD Biosciences). To quantify the TTF1-positive
cells, the cells were stained with a mouse anti-TTF1 antibody
conjugated to APC (1 : 50; Abcore, Ramona, CA; AC12-0362-
03). An anti-mouse IgG1 isotype control antibody (APC)
(1 : 50; Abcore; 1A-632) was used as an isotype control. For
pro-SPC, the cells were stained with a rabbit anti-pro-SPC
antibody (2 : 50; Abcam; ab170699), goat anti-rabbit IgG
(APC) (1 : 50; Abcam; ab130805), and an anti-rabbit IgG iso-
type control antibody (APC) (1 : 50, Abcam; ab130805).

2.6. Enzyme-Linked Immunosorbent Assay of SPC in Cell
Culture Supernatants. Cell culture supernatants were col-
lected; then, a sandwich enzyme-linked immunosorbent
assay (Cloud-Clone Corp., Katy, TX) was used for measure-
ment of SPC, according to the manufacturer’s protocol. Sam-
ples and standards were assayed in duplicate using a CFX96
Real-Time System (Bio-Rad).

2.7. Cytostatic Effect of JQ1 on Undifferentiated iPSCs and
MLE12. Cell viability was assessed with a premix WST-1 cell
proliferation assay system (Takara, Tokyo, Japan). Undiffer-
entiated 20D-17 cells were seeded at a density of 2:0 × 103
cells/well in 96-well plates. The medium was changed every
2 days, and JQ1 (Sigma-Aldrich) was added on the 2nd and
4th days after seeding at concentrations of 0, 0.05, 0.1, 0.2,
0.5, 1, and 2μM. Measurement was performed on the 6th
day, and live cells were evaluated quantitatively. The premix
WST-1 reagents were added and incubated with the cells for
1 hour. The absorbance of each well was determined based on
formazan product optical densities (450 nm with reference
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Figure 1: (a) Differentiation protocols for the derivation of ATII using an embryoid body seeding method and a stepwise differentiation
method. (b) Quantitative polymerase chain reaction analysis of DE (day 7) (n = 5). Expression of Cxcr4, Foxa2, and Sox17 mRNA.
Expression ratios were normalized to the level of Gapdh expression. Expression levels were compared with those of undifferentiated iPSCs
(day 0). ∗P < 0:05. (c) Phase-contrast image and immunofluorescence images of FOXA2 in DE (day 7). Scale bars: 100 μm. (d)
Quantitative polymerase chain reaction analysis of AFE (day 9) (n = 4). Expression of Pax9, Tbx1, and Sox2 mRNA. Expression ratios
were normalized to the level of Gapdh expression. Expression levels were compared with those of undifferentiated iPSCs (day 0). ∗P < 0:05
. (e) Phase-contrast image and immunofluorescence images of PAX9 and SOX2 in AFE (day 9). Scale bars: 100 μm.
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absorbance at 650nm) using a microplate reader (iMARK,
Bio-Rad). AWST assay was also used for MLE12 cells instead
of differentiated cells at the minimum inhibitory concentra-
tion of JQ1 with undifferentiated iPSCs. MLE12 cells were
seeded at a density of 2:0 × 103 cells/well in 96-well plates.

2.8. Suppression of Pluripotency of Undifferentiated iPSCs by
JQ1. Undifferentiated 20D-17 cells were seeded at a density
of 5:0 × 103 cells/well in 12-well plates. Two days after seed-
ing, 0.2μM JQ1 was added. Total RNA was isolated the next
day and the following day, and changes in Klf4, Pou5f1, Sox2,
and cMyc were measured by qPCR.

2.9. SDS-PAGE and Western Blot Analysis. Undifferentiated
20D-17 cells were seeded at a density of 1:0 × 105 cells in a
10 cm dish. Two days after seeding, 0.2μM JQ1 was added
for 24 hours. Cultured cells were treated according to the
conditions indicated above; then, proteins were extracted
using radioimmunoprecipitation assay buffer (#9806, Cell
Signaling Technology, Inc., Danvers, MA). Total proteins
were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), followed by immunoblot-
ting. Western blotting was performed with the ChemiDoc™
Imaging System (Bio-Rad Laboratories, Inc.). Quantification
of protein signals was performed using Image Lab Software,
according to the manufacturer’s protocol (Bio-Rad Laborato-
ries, Inc.). The primary antibody was anti-Brd4 (dilution
1 : 2000) (Abcam, ab128874). Secondary antibodies were
anti-rabbit IgG horseradish peroxidase- (HRP-) conjugated
(1 : 2000, Cell Signaling Technology, Inc., 7074). Proteins
were visualized using enhanced Western Lightning® Plus-
ECL (Perkin Elmer, Inc., Waltham, MA, NEL104001EA),
according to the manufacturer’s recommendations.

2.10. Three-Dimensional Culture of Differentiated ATII with
Matrigel and JQ1. On day 26, differentiated cells were disso-
ciated with Accutase, detached single cells were collected, and
cells were cultured in three dimensions in Matrigel (Corning,
Corning, NY), as described [36], with modifications. In brief,
Matrigel at 80μL/cm2 was spread and incubated at 37°C for
30 minutes. Detached cells in SAGM culture medium (Lonza,
Verviers, Belgium) containing 2% Matrigel (vol/vol) were
seeded on solidified gel. Y27632, an inhibitor of Rho-
associated protein kinase, and SB431542 were added as addi-
tional factors [11, 37, 38]. Cells were seeded at a density of
2:0 × 105 cells/well in 6-well plates or 1:5 × 106 cells/dish in
10 cm dishes. The SAGM culture medium was changed every
2 days. JQ1 at a concentration of 0.2μM was also added on
days 28 and 30 to remove residual undifferentiated iPSCs.
Cultured cells were harvested on day 40. mRNA expression
levels were determined on days 26 and 40.

2.11. Transmission Electron Microscopy. Differentiated cells
were fixed with 2.5% glutaraldehyde in 0.1M phosphate
buffer at pH7.0 for 1 hour at room temperature, followed
by postfixation with 1% osmium tetroxide in 0.1M phos-
phate buffer for 1 hour at room temperature. After washing
with 0.15M phosphate buffer, specimens were dehydrated
in an ethanol series ranging from 25 to 100% and embedded
in Quetol 812 (Nisshin EM, Tokyo, Japan). The samples were

cut with a glass knife on an ultramicrotome and poststained
with uranyl acetate and lead citrate. Transmission electron
microscopic analysis was performed with Hitachi H-7000
(Hitachi High-Technologies Corp., Tokyo, Japan).

2.12. Statistical Analysis. All data were obtained from at least
three independent experiments. All values are expressed as
the mean ± standard deviation. All statistical analyses were
conducted using SAS9.4, and the level of significance was
5% (two-tailed). Repeated measurement data were used in
this study. However, since cell preservation status and pas-
sage number may have influenced the results, we used a lin-
ear mixed model. Restricted maximum likelihood was used
for estimation. Individual identification and time were
included in the model as random effects, and time was
included in the model as a fixed effect. The covariance struc-
ture assumed a correlation as autoregressive. For comparison
between the points of measurement, we used the Dunnett-
Hsu method for multiplex adjustment. For comparison at
the same point, we used the Tukey-Kramer method for mul-
tiplex adjustment.

3. Results

3.1. Differentiation of Murine iPSCs into ATII. Based on pre-
vious reports [14–16], differentiation of murine iPSCs into
ATII in vitro was induced with the stepwise differentiation
method to generate DE, AFE, VAFE, and subsequently ATII
(Figure 1(a)). After EB formation, DE cells were induced by
exposure to Activin A and Wnt3a for 4 days. The mRNA
expression levels of the DE markers Cxcr4, Foxa2, and
Sox17 were increased as compared with those of undifferen-
tiated iPSCs on day 7. The addition of Activin A and Wnt3a
to DM containing 0.2% FBS (medium) induced stronger dif-
ferentiation into DE (Figure 1(b)). Microscopically, differen-
tiated cells spread around the EB, and the cells stained
positively for FOXA2 (Figure 1(c)). Differentiation of AFE
cells from DE cells was induced by exposure to Noggin and
SB431542 for 2 days. The mRNA expression levels of the
AFE markers PAX9 and Tbx1 were increased, while that of
Sox2 showed another increase on day 9 (Figure 1(d)). In
comparisons between days 7 and 9, PAX9 continued to
increase, while Tbx1, considered to be a specific marker of
the thyroid gland rather than the lungs among AFE markers
[39], remained nearly unchanged. Cells that differentiated
into AFE showed positive staining for PAX9 and SOX2
(Figure 1(e)).

Differentiation of VAFE cells from AFE cells was induced
by Wnt3a, FGF-10, KGF, and EGF for 7 days. The mRNA
expression levels of both Nkx2-1 and Atxn1, the most repre-
sentative markers of VAFE, were increased on day 16
(Figure 2(a)). In particular, Nkx2-1 was not expressed in an
undifferentiated state on day 0, while its expression was
observed on day 7 and increased over time. Cells that differ-
entiated into VAFE were stained positively for TTF-1
(Figure 2(b)). Additionally, flow cytometry analysis showed
that 36:2 ± 5:9% of the total cell population was positive for
TTF-1 (Figure 2(c)). Differentiation of ATII from VAFE cells
was induced by Wnt3a, FGF-10, and KGF for 10 days.
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The mRNA expression levels of both the surfactant pro-
tein C (Sftpc) and surfactant protein B (Sftpb) genes were
increased on day 26 (Figure 3(a)). Neither Sftpc nor Sftpb
was expressed until day 9, after which Sftpc expression was
generally increased over time. On day 23, Sftpb expression
was temporarily decreased but then showed a strong increase
on day 26. Cells that differentiated into ATII were stained
positively for pro-SPC and pro-/mature SPB (Figure 3(b)).
In addition, the concentration of SPC increased in the cell
supernatant (Figure 3(c)). Nkx2-1 expression, a specific
marker of VAFE, was decreased but was maintained on day
26 (Figure 3(d)). At this point, various cell groups were mixed
in the dish. Flow cytometry analysis showed that 17:1 ± 1:5%

of the collected cell population was positive for pro-SPC
(Figure 3(e)). These data suggested that undifferentiated
murine iPSCs partially differentiated into ATII with the step-
wise differentiation method as reported previously [14–16].

3.2. Suppression of Proliferation and Pluripotency of
Undifferentiated iPSCs by JQ1. We also examined whether
undifferentiated murine iPSCs were selectively eliminated
using medium supplemented with JQ1 after implementation
of the ATII differentiation protocol. First, to confirm the
cytostatic effect of JQ1 on undifferentiated iPSCs and
MLE12, a WST assay was performed. Cell death of iPSCs
was induced with a JQ1 concentration of 0.2μM or more
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Figure 2: (a) Quantitative polymerase chain reaction analysis of VAFE (day 16) (n = 4). Expressions ofNkx2-1 and Atxn1mRNA. Expression
ratios were normalized to the level of Gapdh expression. Expression levels of Nkx2-1 and Atxn1 were compared with those of VAFE (day 16).
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Flow cytometry analysis of TTF1 expression in VAFE (day 16).
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Figure 3: (a) Quantitative polymerase chain reaction analysis of ATII (day 26) (n = 5). Expressions of Sftpc and Sftpb mRNA. Expression
ratios were normalized to the level of Gapdh expression. Expression levels were compared with those of ATII (day 26). ∗P < 0:05. (b)
Phase-contrast image and immunofluorescence images of pro-SPC and pro-/mature SPB in ATII (day 26). Scale bars: 100 μm. (c)
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(Figure 4(a)). Administration of 0.2μM JQ1 was less cyto-
toxic towards MLE12 (Figure 4(b)). Next, to investigate the
suppression of pluripotency of undifferentiated iPSCs by
JQ1, changes in Klf4, Pou5f1, Sox2, and cMyc were con-
firmed. The expression of each was decreased at day 1 after
the addition of 0.2μM JQ1 and then further decreased the
following day (Figure 4(c)). Furthermore, to confirm the
change in BRD4, JQ1 was administered to undifferentiated
iPSCs, which resulted in decreased protein expression of
BRD4, as shown by Western blot analysis (Figure 4(e)).

3.3. Maintaining ATII and Removal of Residual
Undifferentiated iPSCs. On day 26 (Figure 1(a)), differenti-
ated cells were recovered by enzyme treatment with Accutase
cell detachment solution and three-dimensional culture with

Matrigel was started. JQ1 was also added to remove residual
undifferentiated iPSCs (Figure 5(a)). Three cell groups, those
obtained on day 26, as well as day 40/JQ1(-) and day
40/JQ1(+) cells, were compared and examined. On day 40,
the mRNA expression levels of Sftpc and Sftpb were shown
to be maintained in the three-dimensional culture (day
40/JQ1(-)) at the same level as on day 26, with expression fur-
ther increased by the addition of JQ1 (day 40/JQ1(+))
(Figure 5(b)). The mRNA expression levels of the pluripo-
tency markers Klf4, Pou5f1, Sox2, and cMyc were also mea-
sured, and Pou5f1 and Sox2 were found to be decreased by
JQ1 (Figure 4(d)). Microscopic examinations of cells grown
in three-dimensional cultures in Matrigel showed a group
of cells that formed spheroids and expressed pro-SPC and
pro-/mature SPB (Figure 5(c)), as well as Nanog-GFP-
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Figure 4: (a) Effect of JQ1 on the WST-1 reduction potential in undifferentiated iPSCs (n = 3). Undifferentiated iPSCs were treated with 0,
0.05, 0.1, 0.2, 0.5, 1.0, or 2.0 μM JQ1. ∗P < 0:05. (b) Effect of JQ1 onWST-1 reduction potential inMLE12 (n = 3). Undifferentiated iPSCs were
treated with JQ1 at 0, 0.05, 0.1, 0.2, 0.5, 1.0, or 2.0μM. (c) Quantitative polymerase chain reaction analysis in undifferentiated iPSCs (n= 4).
Expressions of Klf4, cMyc, Pou5f1, and Sox2 mRNA. Expression ratios were normalized to the level of Gapdh expression. Expression levels
were compared with those of undifferentiated cells (day 0). ∗P < 0:05. (d) Quantitative polymerase chain reaction analysis (n = 3).
Expressions of Pou5f1 and Sox2 mRNA. Expression ratios were normalized to the level of Gapdh expression. Pou5f1 and Sox2 mRNA
expression levels were decreased. (e) Western blot analysis of undifferentiated iPSCs, with the expression of BRD4 protein shown.
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positive cells, thus indicating that residual undifferentiated
iPSCs were suppressed by JQ1 (Figure 5(d)). Electron
microscopic analysis showed structures in the cytoplasm
similar to lamellar-like bodies, which were specific for
ATII (Figure 5(e)). Additionally, flow cytometry analysis
showed that 39:4 ± 16:8% of the total cell population was
positive for pro-SPC (Figure 5(f)). These data suggested
that three-dimensional culture with JQ1 enabled effective
removal of residual undifferentiated iPSCs.

4. Discussion

4.1. Differentiation of Murine iPSCs into ATII. The murine
iPSC line 20D-17 was shown to differentiate into ATII over
a period of 26 days (days 0-26) by the use of EB seeding
and stepwise differentiation methods. The presence of ATII
was mainly demonstrated by mRNA expression of Sftpc
and protein expression of pro-SPC. Additionally, mRNA
expressions of Sftpc and Sftpb were also confirmed, and
17% of the cells were positive for pro-SPC on day 26. Several
reports have shown that both human and murine iPSCs can
be induced to differentiate into the airway epithelium,
including proximal and distal epithelial cells [8–13]. Most
reports were on induction of differentiation into ATII, and
basic differentiation medium and additive trophic factors
have been investigated. In particular, the added trophic fac-
tors, Activin A and Wnt3a, were used for induction of differ-
entiation into DE. Both the Nodal and canonical Wnt
signaling pathways work synergistically to specify the endo-
derm layer [40]. For induction of differentiation into AFE,
NOGGIN and SB431542 were used. Green et al.’s report
[14] and that of Longmire et al. [39] demonstrated that dif-
ferentiation into AFE is induced by dual inhibition of bone
morphogenetic protein and transforming growth factor-β
signaling. In the differentiation of AFE into lung progenitor
cells, several molecules and signaling pathways are involved,
such as Nodal, transforming growth factor-β, bone morpho-
genetic protein, FGF, retinoic acid, Notch, and Wnt, and bet-

ter understanding is required [40]. Therefore, various
induction methods after AFE have been used. Examination
of each cell line may be required. With reference to previous
reports [14–16], four trophic factors, Wnt3a, FGF-10, KGF,
and EGF, were used to induce differentiation of AFE into
VAFE, and three trophic factors, Wnt3a, FGF-10, and KGF,
were used to induce ATII from VAFE in this study. Although
differences in details such as concentrations of each added
factor and the incubation period are present between our
study and previous studies, the murine iPSC line (20D-17)
could be differentiated into ATII at day 26. Nevertheless, fur-
ther improvements to increase the differentiation efficiency
to ATII are required.

4.2. Maintaining a Differentiated State of ATII and Removal
of Residual Undifferentiated iPSCs. Cells that differentiated
into ATII over a period of 26 days were cultured in three-
dimensional cultures in Matrigel for 14 more days (days
26-40), with JQ1 added on 4 of those days (days 28-32), using
previously reported methods. As a result, the mRNA expres-
sion levels of Sftpc and Sftpb were maintained in the three-
dimensional culture at the same level as seen on day 26, with
expression further increased by the addition of JQ1. Further-
more, 39% of the cells expressed pro-SPC.

Three-dimensional cultures can be generally categorized
as scaffold-free and scaffold-based culture systems [22, 23].
A scaffold-free culture is synonymous with an aggregate cul-
ture, and in stem cell biology, the aggregate is specifically
expressed as EB. The EB seeding method, the differentiation
induction method used until day 26 in the present study,
employs a scaffold-free culture at the beginning. On the other
hand, hydrogel technology is a representative scaffold-based
culture system and based on various components of the
ECM [22, 23]. Some recent studies that induced differentia-
tion of iPSCs into the lung epithelium attempted three-
dimensional cultures using Matrigel [8–11]. In the present
study, cells had differentiated into ATII by day 26 and
then were further cultured three-dimensionally with
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Figure 5: (a) Differentiation protocols for maintaining ATII and removal of residual undifferentiated iPSCs by JQ1. (b) Quantitative
polymerase chain reaction analysis (n = 4). Expressions of Sftpc and Sftpb mRNA. Expression ratios were normalized to the level of Gapdh
expression. Expression levels were compared with those on day 26. ∗P < 0:05. Three cell groups, day 26, day 40/JQ1(-), and day
40/JQ1(+), were compared. (c) Phase-contrast image and immunofluorescence images of pro-SPC and pro-/mature SPB on day 40. Scale
bars: 70 μm. (d) Phase-contrast and fluorescence images of Nanog-GFP on day 40. Nanog-GFP-positive cells were decreased in the JQ1-
administered group (day 40/JQ1(+)). Scale bars: 100μm. (e) Transmission electron microscopy of differentiated ATII on day 40. Lamellar
body-like structures were observed (arrowheads). Scale bar: 2μm. (f) Flow cytometry analysis of pro-SPC on day 40.

10 Stem Cells International



Matrigel for an additional 14 days and shown to maintain
their differentiated state.

Some recent reports have shown high efficiency for dif-
ferentiation into the airway epithelium by the use of a
sorting-based method. Yamamoto et al. demonstrated that
carboxypeptidaseM (CPM), a surface marker ofNkx2-1-pos-
itive VAFE cells, had high potential for differentiation to
ATII and purified Nkx2-1-enriched VAFE cells by the use
of CPM sorting and also reported 51% induction efficiency
of SFTPC-GFP-positive cells [11]. Hawkins et al. reported
CD47 as a positive surface marker and CD26 as a negative
surface marker of Nkx2-1-positive primordial lung progeni-
tor cells and also purified Nkx2-1-positive primordial lung
progenitor cells by sorting based on CD47highCD26low gating
[41]. Sorting-based methods have an important feature of
removal of the vast majority of undifferentiated cells from a
differentiated culture by sorting the derivatives. To reduce
residual undifferentiated cells, several techniques have been
suggested, including cell sorting, as described above, and
genetic manipulation, such as introduction of suicide genes
and interference with tumor progression genes or tumor sup-
pressors. On the other hand, cell transplantation usually
requires a large number of differentiated cells, as well as
extensive cell purification methods for both laboratory and
clinical applications. Therefore, these methods are not con-
sidered optimal for removing undifferentiated cells from
mixed cell cultures, and attempts have been made to identify
small-molecule compounds that selectively inhibit pluripo-
tent stem cells [42, 43]. In the present study, we attempted
to remove undifferentiated cells with JQ1. The transcription
factor cMYC plays essential roles in cell proliferation, apo-
ptosis, and differentiation [44] and is overexpressed in vari-
ous types of malignant tumors [45, 46]. JQ1 attenuates
cMYC expression and suppresses cell proliferation, and thus,
the effect of JQ1 treatment on Merkel cell carcinoma [47, 48],
bladder cancer [49], oral squamous cell carcinoma [50], and
hematologic malignancies [44, 51] in which cMYC is overex-
pressed has been reported. Regarding ESCs and mesenchy-
mal stem cells, the expressions of many pluripotent genes,
such as cMyc, Klf4, Pou5f1, Sox2, Nanog, Lefty, andMof, have
been found to be decreased following BET inhibition with
JQ1, though the key target of JQ1 varied in previous reports
[33, 34, 52]. As for murine ESCs, Horne et al. reported that
JQ1 significantly reduced the expression of Nanog but not
cMyc, and the primary target for JQ1 was found to be Nanog
[52]. Additionally, Wu et al. reported that BRD4 interact
with Pou5f1 [33]. In our study of murine iPSCs, JQ1 reduced
the expression of Pou5f1 and Sox2. BET inhibition reduces
the expression of many pluripotency genes, but the target
may differ depending on the cell type. Furthermore, Horne
et al. reported that morphological differentiation of murine
ESC occurred within as few as 6 hours after JQ1 administra-
tion, though that change could not be confirmed with the
present findings, probably because JQ1 was added to cells
subjected to a stepwise method for differentiation to ATII.
These results suggest that the response to JQ1 may differ
depending on the cell type. During the process of induction
of differentiation of iPSCs, elimination of residual undiffer-
entiated iPSCs without harm to differentiated cells is

required. Kim et al. reported that BET proteins might be
involved in cell cycle regulation of distinct cell types and that
their inhibition selectively induced cell death of stem cells,
but not other somatic cell types [53]. Also, in our study,
JQ1 induced cell death with a relatively low effect on murine
lung epithelial type II. Together, these findings suggest that
the differentiation state of ATII was maintained by suppress-
ing proliferation of residual undifferentiated cells by JQ1.

Murine iPSCs are expected to be useful for animal exper-
imental models of airway disease modeling and regenerative
medicine; thus, generation of pure cultures of murine iPSC-
differentiated cells is of great importance. A more robust
method for elimination of undifferentiated murine iPSCs
from culture is required. Although there is identification of
small molecules that perturb vital cells more selectively and
efficiently, JQ1 may be an intriguing candidate for efficient
and robust elimination of undifferentiated murine iPSCs.

5. Conclusions

Three-dimensional culture with the BRD4 inhibitor JQ1
improved the efficiency of induction of differentiation into
ATII by removing residual undifferentiated murine iPSCs
during the differentiation induction process.
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