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ABSTRACT
◥

Invasive lung adenocarcinoma (LADC) can be classified
histologically as lepidic, acinar, papillary, micropapillary, or solid.
Most LADC tumors manifest several of these histological subtypes,
with heterogeneity being related to therapeutic resistance. We
report here that in immunodeficient mice, human LADC cells form
tumors with distinct histological features, MUC5AC-expressing
solid-type or cytokeratin 7 (CK7)-expressing acinar-type tumors,
depending on the site of development, and that a solid-to-acinar
transition (SAT) could be induced by the tumormicroenvironment.
The TGFb-Smad signaling pathway was activated in both tumor
and stromal cells of acinar-type tumors. Immortalized cancer-
associated fibroblasts (CAF) derived from acinar-type tumors
induced SAT in 3D cocultures with LADC cells. Exogenous TGFb1

or overexpression of an active form of TGFb1 increased CK7
expression and reduced MUC5AC expression in LADC cells, and
knockdown of Tgfb1 mRNA in CAFs attenuated SAT induction.
RNA-sequencing analysis suggested that angiogenesis and neutro-
phil recruitment are associated with SAT in vivo. Our data indicate
that CAF-mediated paracrine TGFb signaling induces remodeling
of tumor tissue and determines the histological pattern of LADC,
thereby contributing to tumor heterogeneity.

Significance: CAFs secrete TGFb to induce a solid-to-acinar
transition in lung cancer cells, demonstrating how the tumor
microenvironment influences histological patterns and tumor het-
erogeneity in lung adenocarcinoma.

Introduction
Intratumoral heterogeneity is a hallmark of lung adenocarcinoma

(LADC), which accounts for approximately 50% of all lung cancers
and continues to have a poor prognosis despite progress inmultimodal
treatments (1). LADC is classified into five histological subtypes—
lepidic, papillary, acinar, micropapillary, and solid—according to the
latest WHO classification. Although the relation between histological
subtypes and prognosis for individuals with LADC has been investi-
gated (2), histopathologic analysis has revealed spatial heterogeneity of
LADC tissue (3), with >80% to 90% of such tumors containing
components corresponding to several of the five histological sub-
types (4). Such tumor heterogeneity might be a major contributor to

therapeutic resistance. In addition to the genomic diversity of lung
cancer cells (5), functional and phenotypic heterogeneity among
tumor cells can arise from nongenetic factors (6–8). However, the
molecular mechanisms that determine the individual histological
subtypes of LADC have remained unknown.

Tumor tissue consists of cancer cells, stromal cells, and various
extracellular components such as extracellular matrix (ECM). The
tumor microenvironment—including fibroblasts, immune cells, and
endothelial cells—has been found to influence tumor progression (9).
In particular, cancer-associated fibroblasts (CAF) are thought to play a
key role in lung tumor development (10, 11). CAFs modulate the
tumor microenvironment by synthesizing and remodeling ECM as
well as by producing growth factors, and they thereby influence tumor
cell proliferation, migration, metastasis, metabolism, and stem-
ness (12, 13). In colorectal cancer, CAFs have been shown to stimulate
glucose uptake by tumor cells as well as to promote tumor progression
and to increase intratumoral heterogeneity (14). Furthermore, single-
cell RNA-sequencing (RNA-seq) analysis revealed that CAFs and
CAF-derived TGFb contribute to the heterogeneity of pancreatic
ductal adenocarcinoma (15).

TGFb is a multifunctional cytokine that binds to a serine-threonine
kinase receptor (TGFBR) and thereby triggers the phosphorylation
of intracellular Smad protein effectors. Phosphorylated Smads trans-
locate to the nucleus, where they induce the transcription of various
genes that regulate cellular responses such as growth arrest, apoptosis,
differentiation, motility, invasion, epithelial–mesenchymal transition,
ECM production, fibrosis, angiogenesis, and modulation of immune
function (16, 17). Given that TGFb signaling is disordered in cancer,
it is an attractive therapeutic target (17, 18). However, the biological
actions of TGFb are complex, and they include both tumor promotion
and suppression (16, 18, 19), with the result that inhibition of TGFb
signaling is not always therapeutic. It is therefore important
to determine which cells in tumor tissue release and which cells
respond to TGFb, as well as to examine which tumor subtypes depend
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on TGFb signaling. A better understanding of the role of TGFb
signaling in tumor and stromal cells of LADC will facilitate the
development of therapies that target the TGFb signaling pathway in
patients with cancer.

We here investigated the role of environmental factors in
LADC tumor heterogeneity with the use of A549 human LADC
cells transplanted into immunodeficient mice as well as of three-
dimensional (3D) cocultures of CAFs andA549, Calu-3 human LADC
cells, or NCI-H292 human lungmucoepidermoid carcinoma cells. We
found that human lung cancer cells form tumors with distinct histo-
logical features inmice depending on the site of implantation, and that
TGFb signaling dependent on CAFs promotes a transition in the
histological features of the injected tumor cells from solid type to
acinar type. This solid-to-acinar transition (SAT) includes changes in
cell morphology and gene expression as well as in TGFb signaling.
The TGFb signaling pathway was thus highly activated in acinar-
type tumors, and inhibition of this pathway suppressed acinar
tumor formation by LADC cells. Our data suggest that TGFb
signaling dependent on CAFs induces SAT in LADC cells, and
that this transition may contribute to the histological heterogeneity
of LADC tissue.

Materials and Methods
Cell culture

The human LADC cell lines A549 and Calu-3, human lung mucoe-
pidermoid carcinoma cell line NCI-H292, and mouse embryonic
fibroblast cell line NIH3T3 were obtained from the ATCC. A549 and
A549-GFP cells were cultured in DMEM–Ham’s F12 nutrient mixture
(1:1, v/v; Fujifilm Wako) supplemented with 10% FCS. Calu-3 and
Calu-3–GFP cells were cultured in Eagle’s MEM (ATCC) supplemen-
ted with 10% FCS. NCI-H292 and NCI-H292–GFP cells were cultured
in RPMI-1640medium (FujifilmWako) supplemented with 10% FCS.
NIH3T3 cells were cultured in DMEM (FujifilmWako) supplemented
with 10% FCS. All cells were maintained at 37�C under a humidified
atmosphere of 5% CO2, were authenticated by examination of in vitro
growth characteristics and morphological properties, and were found
to be Mycoplasma negative. Early-passage cells were used for
experiments.

Mice
Four-week-old female Balb/c nu/nu immune-deficient mice were

obtained from Charles River Japan. They were bred andmaintained in
the animal facility at KeioUniversity or KumamotoUniversity accord-
ing to institutional guidelines. All animal experiments were performed
in accordance with protocols approved by the ethics committee of Keio
University or Kumamoto University.

Human LADC tumor samples
Tumor specimens from patients with LADC treated surgically at

Kumamoto University Hospital were fixed in 10% formalin and
subjected to hematoxylin–eosin staining or fluorescent multiplex
IHC. This aspect of the study was approved by the institutional
review board of Kumamoto University Hospital (Institutional Review
Board approval number, 402).

Cell transplantation
Lung cancer cells were injected into the pleural cavity (1� 106 cells

in 50mL of PBS), below the renal capsule (1� 106 cells in 10mL of PBS),
below the skin (1� 106 cells in 100 mL of PBS), or into the left ventricle
(1 � 105 cells in 100 mL of PBS) of 4-week-old female Balb/c nu/nu

immune-deficient mice that had been anesthetized by intraperitoneal
administration of a combination of medetomidine (Nippon Zenyaku
Kogyo), midazolam (Sandoz), and butorphanol (Meiji Seika Pharma).
The resulting tumors were removed at 6 weeks after cell injection.

For the establishment of solid- or acinar-type tumor cells, cranial
bonemetastases or kidney subcapsular tumorswere isolated frommice
that had been injected with A549 cells expressing green fluorescent
protein (GFP) into the left ventricle or below the renal capsule,
respectively. The isolated tissuewas cut into small pieces and incubated
for 60 minutes at 37�C in a dissociation medium consisting of a 1:9 (v/
v) mixture of 10� collagenase/hyaluronidase (Stemcell Technologies)
and of DMEM–Ham’s F12 nutrient mixture (1:1, v/v; Fujifilm Wako)
containing DNase I (200 mg/mL, Millipore Sigma). The dissociated
cells were isolated by centrifugation at 300 � g for 3 minutes at room
temperature, suspended in a red blood cell lysis buffer (154 mmol/L
NH4Cl, 14 mmol/L NaHCO3, and 0.1 mmol/L EDTA), and incubated
for 1 minutes at room temperature. The suspension was again cen-
trifuged at 300 � g for 3 minutes at room temperature, and the
resulting pellet was suspended in DMEM–Ham’s F12 medium sup-
plemented with 10% FCS and seeded in 100-mm culture dishes.

Mucinous differentiation
On the basis of previous studies (20, 21), cells were seeded in 6-well

ultralow attachment plates (#3471, Corning) at a density of 50,000
cells/mL and cultured for 2 days in serum-free DMEM–Ham’s F12
medium supplemented with EGF (20 ng/mL, PeproTech), basic
fibroblast growth factor (bFGF; 20 ng/mL, PeproTech), heparan
sulfate (200 ng/mL, Seikagaku), and B27 supplement (Thermo Fisher
Scientific). The resulting spheres were collected by centrifugation
(300 � g for 3 minutes at room temperature) and dissociated by
exposure to trypsin-EDTA (Thermo Fisher Scientific), and the
released cells were then subjected to the indicated analyses.

Establishment of immortalized CAFs
A549-GFP pleural tumors, which contained abundant CAFs, were

cut into small pieces and subjected to dissociation and lysis of red blood
cells as described above. The dissociated cells were suspended in
DMEM–Ham’s F12 medium supplemented with 10% FCS and seeded
in a 100-mm culture dish coated with collagen type I (Iwaki). After
culture for 3 days, GFP-negative stromal cells were collected with a
MoFlo cell sorter (Beckman Coulter), and human TERT cDNA was
introduced into the sorted cells by infection with a retrovirus vector
(pMSCV-CLXPpuro-ACC-hTERT). We used an ecotropic retrovirus
to infect the mouse-derived stromal cells selectively and to allow
complete exclusion of human-derived A549 cells through selection
of the infected cells with puromycin (5 mg/mL). CAFs were cultured in
DMEM–Ham’s F12 medium supplemented with 10% FCS and in 35-
or 100-mm culture dishes coated with collagen type I.

Establishment of CAF-containing tumor colonies
Lung cancer cells and CAFs were incubated separately overnight in

corresponding culture medium containing NanoShuttle-PL (1 mL/
10,000 cells, Nano3D Biosciences). The cells were then washed with
PBS and dissociated into single cells with the use of TrypLE Express
(Thermo Fisher Scientific). Dissociated lung cancer cells and CAFs
were mixed at a 1:1 ratio (1,500 cells each) and suspended in serum-
free DMEM–Ham’s F12 medium supplemented with epidermal
growth factor (20 ng/mL), bFGF (20 ng/mL), heparan sulfate
(200 ng/mL), B27 supplement, and 5% Matrigel (#354234, Corning).
The cell suspension (100 mL/well) was dispensed into the wells of a
96-well round-bottom ultralow attachment plate (#7007, Corning),

Sato et al.

Cancer Res; 81(18) September 15, 2021 CANCER RESEARCH4752



which was then placed on top of a 96-well spheroid drive (Nano3D
Biosciences) for 15 minutes on ice before transfer to an incubator at
37�C.After incubation for 15minutes, the spheroid drive was removed
from the plate. For single-culture of lung cancer cells, the same number
of cells (1,500) was similarly processed. After 3D culture for 4 days,
tumor colonies were subjected to live imaging with a fluorescence
microscope (BZ-X700, Keyence), and 3D reconstruction of the images
was performed with a BZ-X analyzer (Keyence). They were then
subjected to immunofluorescence staining with a clearing technique
or to cell sorting.

Immunofluorescence staining of tumor colonies with a clearing
technique

Tumor colonies were immersed in a cell recovery solution (Corn-
ing) for 60minutes on ice before fixationwith 4%paraformaldehyde in
PBS also for 60 minutes on ice. The fixed samples were washed twice
with PBS and then stained with the use of a Visikol HISTO tissue-
clearing technique (Visikol). The samples were permeabilized with a
graded series of ethanol solutions (50% ethanol in PBS, 80% ethanol in
deionized water, and 100% ethanol), washed consecutively with 20%
dimethyl sufoxide in ethanol, 80% ethanol in deionized water, 50%
ethanol in PBS, PBS, and PBS containing 0.2% Triton X-100, and then
incubated with gentle shaking for 30 minutes at room temperature in
Visikol HISTO penetration buffer. For the prevention of nonspecific
binding of antibodies, the samples were incubated with gentle shaking
for 30 minutes at 37�C in Visikol HISTO blocking buffer. They were
then exposed with gentle shaking overnight at room temperature to
primary antibodies in Visikol HISTO antibody buffer. The primary
antibodies included mouse anti-MUC5AC (ab3649, Abcam), rabbit
anti-CK7 (ab181598, Abcam), chicken anti-GFP (ab13970, Abcam),
rabbit anti-DsRed (600–401–379, Rockland Immunochemicals), and
rabbit anti–cleaved caspase-3 (#9661, Cell Signaling Technology). The
samples were washed five times with 10% Visikol HISTO washing
buffer in PBS, exposed with gentle shaking overnight at room tem-
perature to Alexa Fluor 488–conjugated anti-mouse (Thermo Fisher
Scientific), Alexa Fluor 555–conjugated anti-rabbit (Thermo Fisher
Scientific), and Alexa Fluor 647–conjugated anti-chicken (Abcam)
secondary antibodies in Visikol HISTO antibody buffer, and washed
10 times with 10% Visikol HISTO washing buffer in PBS. Nuclei were
stained with 40,6-diamidino-2-phenylindole (DAPI) in 10% Visikol
HISTO washing buffer in PBS. The samples were then transferred to
the wells of a 96-well glass-bottom plate (Iwaki) and incubated with
Visikol HISTO-M. The stained tumor colonies were observed with a
confocal fluorescence microscope (FV3000, Olympus).

Data access
Raw and processed RNA-seq data generated in this study are

available at Gene Expression Omnibus under accession GSE169029.

Other methods
All other methods are included in Supplementary Information.

Results
A549 human LADC cells form tumors with distinct histological
features in mice

Human invasive LADC tissue often contains components corre-
sponding to several of the five histological subtypes of such tumors
(Supplementary Fig. S1A–S1E). To clarify the influence of environ-
mental factors on LADC histology, we injected A549 human
LADCcells into immunodeficientmice via four routes—pleural cavity,

subcutaneous, left ventricle, or subrenal capsule injection (Fig. 1A)—
and then examined the histology of the developed tumors. We found
that the A549 cells formed tumors with distinct histological features,
solid-type or acinar-type, depending on the site of tumor development
(Fig. 1B–E). The solid-type tumors were composed of aggregates of
uniform tumor cells positive for acidic mucin production (Fig. 1F),
whereas the acinar-type tumors manifested glandlike structures
encircled by stromal cells. Acinar-type cancer cells facing the stroma
were positive for integrin a6, a basement membrane component
(Supplementary Fig. S2A). In the pleural cavity, the developed tumors
manifested both solid- and acinar-type histological components
(Fig. 1B). Tumors that formed immediately below the renal capsule
were predominantly acinar type, whereas those invading the kidney
parenchyma were solid type (Fig. 1C). Subcutaneous tumors as well as
those that formed in the vertebrae, cranial bone, or adrenal gland
manifested solid-type histology (Fig. 1D and E). The proportions of
histological subtypes for tumors formed at the various sites are shown
in Fig. 1G.

To characterize the biological features of the two histological
subtypes of the A549 tumors, we isolated each type of tumor cell by
laser microdissection from frozen sections of pleural tumors and
performed RNA-seq analysis. Given that the expression of mucin and
cytokeratin genes has been found to be related to the histological
subtype of lung cancer, we compared gene expression patterns—in
particular, the expression of mucin and cytokeratin genes—between
solid-type and acinar-type tumor cells. We found that MUC5AC,
which encodes a secretory mucin found predominantly in lung
cancer (22), was expressed at a higher level in the solid-type tumor
cells than in the acinar-type tumor cells. In contrast, KRT7, which
encodes cytokeratin 7 (CK7), one of the most common cytokeratins
expressed in LADC (23), was expressed at a higher level in the acinar-
type tumor cells (Fig. 2A).We confirmed this differential expression of
MUC5AC and KRT7 in the laser microdissection samples by reverse
transcription (RT) and real-time PCR analysis (Fig. 2B). In addition to
KRT7 mRNA, higher levels of KRT8 and KRT18 mRNA were
expressed in the acinar-type tumor cells (Supplementary Fig. S2B).
Immunohistofluorescence analysis also confirmed thatMUC5AC and
CK7were preferentially expressed in solid-type and acinar-type tumor
xenografts, respectively (Fig. 2C and D). Whereas peripheral acinar-
type tumor cells in contact with stromal cells expressed CK7, however,
central acinar-type tumor cells expressed MUC5AC, indicating that
the expression of these proteins is spatially regulated.

To investigate further the role of the environment in determination
of LADC histology, we first established two types of tumor-
derived cells—solid-type cells isolated from cranial bone metastases
(A549-solid) and acinar-type cells from subrenal capsule tumors
(A549-acinar)—and then injected the two types of tumor cells into
mice (Fig. 2E). Although the established A549-solid cells expressed
MUC5AC at a high level (Fig. 2F), these cells were able to form CK7-
expressing acinar-type tumors when injected below the kidney capsule
(Fig. 2G), andwe therefore termed this phenomenon SAT. In contrast,
the A549-acinar cells formed solid-type tumors when injected sub-
cutaneously (Fig. 2H). These results indicated that A549 LADC cells
can develop into solid or acinar tumors, and that they can subsequently
convert their histological subtype in a manner dependent on the
environment that they colonize. Of note, GFP-labeled A549 (A549-
GFP) cells in whichMUC5AC had been disrupted with the use of the
CRISPR-Cas9 system gave rise to histologically solid-type but not
acinar-type tumors when injected below the renal capsule of mice
(Supplementary Fig. S2C and S2D), indicating that downregulation of
MUC5AC expression was not a trigger for SAT.

Fibroblast-Derived TGFb Determines Lung Cancer Histology
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Figure 1.

A549 cells form tumors of distinct histological subtypes depending on their site of development. A, Experimental scheme for establishment of A549
xenograft tumor models. A549 cells were injected into the pleural cavity, subcutaneously, into the left ventricle, or below the renal capsule of
immunodeficient mice. B–E, Representative hematoxylin–eosin staining of tumors formed at 6 weeks after A549 cell injection via the four routes. B, A
tumor that developed in the pleural cavity. The boxed regions on the left are shown at higher magnification on the right and correspond to solid- or acinar-type
histology. Scale bars, 200 mm (left) and 50 mm (right). C, Tumors that developed in the kidney parenchyma (red outline) or below the renal capsule (blue
outline) showed solid- and acinar-type histology, respectively. D, A subcutaneous tumor showing solid-type histology. E, Vertebral (left), cranial bone
(middle), and adrenal gland (right) metastases formed after intracardiac injection of A549 cells all exhibited solid-type histology. Scale bars (C–E), 1,000 mm
(low-power fields) and 50 mm (high-power fields). F, Alcian blue and periodic acid–Schiff staining of tumors formed after subrenal capsule injection of A549
cells. The tumor in the kidney (solid) showed a higher level of acidic mucin stained with Alcian blue than did that below the renal capsule (acinar). Scale bars,
200 mm (top) and 50 mm (bottom). G, The percentage area of each histological subtype within individual A549 xenograft tumors. Data are means � SEM for
three or four tumors at each site derived from at least three independent experiments.
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Figure 2.

Environmental factors trigger SAT of A549 xenograft tumors.A,Heatmap of the expression levels (counts) of mucin and cytokeratin genes determined by RNA-seq
analysis of solid- or acinar-type tumor cells isolated by laser microdissection from pleural tumors formed by A549 cells in immunodeficient mice. Each sample is
pooled from threemice in one experiment.B,RT and real-time PCR analysis ofMUC5AC andKRT7 expression in solid- or acinar-type tumor cells isolated frompleural
tumors by laser microdissection. The data were normalized by the amount of HPRT1mRNA, are expressed relative to the corresponding value for solid-type tumor
cells, and are meansþ SD for triplicate determinations. Each sample is pooled from three mice in one experiment. �� , P < 0.01; ����, P < 0.0001 (unpaired two-tailed
Student t test). C, Immunofluorescence staining for MUC5AC (red) and CK7 (green) in solid and acinar components of the same pleural tumor formed by A549 cells.
Nuclei were stainedwith DAPI (blue). Scale bars, 50 mm.D, Immunofluorescence staining for MUC5AC (red) and CK7 (green) in A549 tumors formed at the indicated
sites. Nuclei were stained with DAPI (blue). Scale bars, 50 mm. E, Experimental scheme for establishment of solid-type (A549-solid) and acinar-type (A549-acinar)
tumor cells. For establishment of A549-solid cells, A549 cells (1 � 105) were injected into the left ventricle, and tumor cells were subsequently isolated from cranial
bone metastases and were maintained in culture. For establishment of A549-acinar cells, A549 cells (1 � 106) were injected below the renal capsule, and
cells were subsequently isolated from tumors that developed at the injection site and were maintained in culture. F, RT and real-time PCR analysis of MUC5AC
and KRT7 expression in A549 parental cells, A549-solid cells, and A549-acinar cells. Data were normalized by the amount of HPRT1mRNA, are expressed relative to
the corresponding value for A549 parental cells, and are meansþ SD for triplicates of one of two independent experiments that yielded similar results. �� , P < 0.01;
���� , P < 0.0001; NS, not significant; by two-way ANOVA with Tukey multiple-comparison test. G and H, A549-solid cells were injected below the renal capsule (G),
and A549-acinar cells were injected subcutaneously (H). The tumors that formed at each injection site were subjected to immunofluorescence staining for MUC5AC
(red) and CK7 (green), and the percentage area of each histological subtype within individual tumors was determined. Nuclei were stained with DAPI (blue). Scale
bars, 50 mm. The quantitative data are means � SEM for three tumors at each site derived from three independent experiments.
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Lung cancer cell lines have the potential to undergo acinar-to-
solid transition and SAT

We found that three lung cancer cell lines (A549, Calu-3, and NCI-
H292) were heterogeneous under adherent culture conditions. These
cell lines comprised cells with different patterns of MUC5AC/CK7
expression as determined by immunocytofluorescence analysis,
including MUC5AChigh/CK7low and MUC5AClow/CK7high cells
(Fig. 3A–C). Cells expressing bothMUC5AC andCK7 (stained yellow
in Fig. 3A) might have a phenotype intermediate between solid and
acinar, or manifest a hybrid SAT state. We then induced mucinous
differentiation in these cell lines by culturing them under serum-free
adhesion-restricted conditions. Such culture resulted in an increase in
the expression ofMUC5AC as well as in that of SPDEF, which encodes
a master transcription factor for mucinous differentiation (24), indi-
cating that such differentiation had indeed occurred (Supplementary
Fig. S3A). In addition, flow cytometric analysis revealed that the
number of MUC5ACþ cells increased in association with mucinous
differentiation of A549, Calu-3, and NCI-H292 cells (Fig. 3D–F,
Supplementary Fig. S3B). Changes in the relative abundance of
MUC5AC and KRT7 mRNAs also showed that the cells underwent
an acinar-to-solid transition (AST) in associationwith the induction of
mucinous differentiation (Fig. 3D–F).

We performed single-cell cloning of A549 cells to determine
whether AST/SAT occurs via cell selection or induction. We isolated
six subclones that showed different expression patterns of MUC5AC
and CK7 (Fig. 3G andH). All subclones formed solid-type and acinar-
type tumors in the kidney parenchyma and below the renal capsule,
respectively, after subrenal capsule injection in immunodeficient mice
(Supplementary Fig. S3C). Although the B3 and B8 subclones
expressed CK7 but not MUC5AC, they formed both CK7-expressing
acinar-type and MUC5AC-expressing solid-type tumors in mice
(Fig. 3I). In addition, the B3 subclone (MUC5AC negative) had the
ability to undergo mucinous differentiation in vitro (Supplementary
Fig. S3D). These data suggested that lung cancer cells possess phe-
notypic plasticity, including the ability to adopt solid- or acinar-type
histology, depending on their environment.

CAFs induce histological transition of lung cancer cells
To understand the cellular mechanisms underlying AST or SAT, we

focused on the stromal components of acinar-type tumor tissue,
given that CK7-expressing acinar-type tumors manifested glandlike
structures surrounded by stromal cells. Subrenal capsule injection of
A549-GFP cells into immunodeficient mice resulted in the develop-
ment of solid-type tumors consisting of almost all A549-GFP cells as
well as of acinar-type tumors consisting of a substantial number of
GFP-negative stromal cells in addition to A549-GFP cells (Fig. 4A).
The acinar-type tumors also contained many fibroblasts positive for
a–smooth muscle actin (aSMA; Fig. 4B) as well as abundant ECM—
in particular, type I collagen (Supplementary Fig. S4A)—suggesting
that CAFs might contribute to the tumor histological subtype.

We isolated CAFs from acinar-type pleural tumor tissue formed by
A549 cells and then immortalized them by introducing human TERT
cDNA and labeled them with DsRed (Fig. 4C). The established CAFs
expressed aSMA (Fig. 4D), and flow cytometric analysis (Fig. 4E)
revealed that they corresponded to a fibroblast-enriched cell fraction
(CD31�CD45�Sca-1þ; ref. 25) and were positive for platelet-derived
growth factor receptor a (PDGFRa), a representative marker for
fibroblasts, including CAFs (26). We then established a 3D coculture
system in which LADC cells were mixed with CAFs in vitro (Fig. 4F),
and we found that the aSMA-positive CAFs induced the formation of
acini by A549 cells in this system (Fig. 4G), showing that CAFs and

cancer cells interact to direct tumor histology toward the acinar type.
Confocal microscopy of the colonies formed in cocultures of A549-
GFP cells and CAFs indeed revealed glandlike structures (Fig. 4H).
Moreover, coculture of Calu-3 cells or NCI-H292 cells with CAFs also
gave rise to colonies that manifested glandlike structures (Supplemen-
tary Fig. S4B–S4E). We isolated A549-GFP cells from colonies formed
in cocultures and found that the interaction of these cells with CAFs
resulted in downregulation ofMUC5AC expression and upregulation
of KRT7 expression (Fig. 4I). Confocal immunofluorescence micros-
copy confirmed similar effects at the protein level (Fig. 4J). These data
thus indicated that interaction between cancer cells and CAFs con-
tributes to determination of the histological subtype of LADC by
promoting SAT.

TGFb signaling is activated in acinar-type tumor cells
To clarify the molecular mechanisms contributing to SAT induc-

tion, we performed RNA-seq analysis of four A549 tumor cell samples
derived from solid- or acinar-type tumor tissue formed in vivo or from
3D tumor colonies formedwith orwithoutCAFs in vitro (Fig. 5A), and
we then subjected the expression data to principal component analysis
(Fig. 5B). The tumor xenograft and 3D coculture models were
separated by PC1, as expected. Given that PC2 reflected the direction
of phenotypic change from solid to acinar in bothmodels (Fig. 5B), we
focused on genes contributing to PC2, which may be specifically
associated with SAT induced by CAFs. With this approach, we
identified 25 genes, which included those related to the cytoskeleton
or to TGFb or NF-kB signaling (Fig. 5C). RT and real-time PCR
analysis confirmed that the expression of CCN2 and PMEPA1, both of
which are related to the TGFb signaling pathway, was significantly
higher in acinar-type than in solid-type tumor cells in both the in vivo
and in vitro models (Fig. 5D and E). In addition, the expression of
TGFBI, which is induced by activation of TGFb signaling (27, 28), was
increased in the acinar-type tumor cells (Fig. 5F). Immunofluores-
cence (Fig. 5G) and immunohistochemical (Fig. 5H) analysis revealed
that the amount of phosphorylated Smad3 (p-Smad3) was increased in
CAFs and in cancer cells with neighboring fibroblasts of acinar-type
tumors compared with cancer cells of solid-type tumors. These results
thus indicated that theTGFbpathwaywas activated in associationwith
SAT.

TGFb1 released by CAFs contributes to SAT induction in lung
cancer cells

Exogenous TGFb1 increased the expression of KRT7 and reduced
that of MUC5AC in A549, Calu-3, and NCI-H292 cells (Fig. 6A). In
addition, mucinous differentiation was suppressed by exogenous
TGFb1 in these three cell lines (Fig. 6B, Supplementary Fig. S5A).
We next established A549-TGFb1 cells, which were engineered to
express an active form of human TGFb1 as well as GFP. Immunoblot
analysis revealed amarked increase in Smad3 phosphorylation in these
cells compared with the corresponding A549-mock control cells,
confirming that the TGFb signaling pathway was activated
(Fig. 6C). Subcutaneous injection of A549-mock cells into immuno-
deficient mice resulted in the formation of solid-type tumors, whereas
that of A549-TGFb1 cells gave rise to tumors with acinar-like mor-
phology, a MUC5AClow/CK7high protein expression pattern, and the
presence of aSMAþ CAFs (Fig. 6D). Comparison of gene expression
levels, including those for genes related to TGFb signaling, showed
upregulation of TGFb–responsive genes (TGFBR1, TGFBI, and
PMEPA1) in the acinar-type tumor cells or 3D coculture cells
(Fig. 6E). Overexpression of wild-type TGFb1 in A549 cells did not
result in the formation of acinar-type tumors after subcutaneous
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Figure 3.

Lung cancer cell lines have the ability to undergo AST and SAT.A–C, Immunofluorescence staining for MUC5AC (red) and CK7 (green) in A549, Calu-3, andNCI-H292
lung cancer cells, respectively. Nuclei were stained with DAPI (blue). Scale bars, 50 mm. D–F, A549, Calu-3, and NCI-H292 cells, respectively, were cultured for
48 hours under normal or serum-free adhesion-restricted (mucinous differentiation) conditions. Theywere then examined by phase-contrast microscopy (top; scale
bars, 100 mm) and subjected both to flow cytometric analysis of MUC5AC expression (bottom left) and to RT and real-time PCR analysis of MUC5AC and KRT7
expression (bottom right). The microscopic and flow cytometric data are representative of three independent experiments. ThemRNA datawere normalized by the
amount ofHPRT1mRNA, are expressed relative to the corresponding value for cells cultured under the normal condition, and aremeansþ SD from three independent
experiments. �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 (unpaired two-tailed Student t test). G, Phase-contrast microscopy and immunofluorescence staining for
MUC5AC (red) and CK7 (green) in six A549 subclones established by single-cell cloning. Nuclei were stained with DAPI (blue). Scale bars, 50 mm.H, RT and real-time
PCR analysis ofMUC5AC and KRT7 expression in A549 parental cells and the six subclones. The data were normalized by the amount of HPRT1mRNA, are expressed
relative to the corresponding value for parental cells, and aremeansþ SD of triplicates from one experiment. I, Immunofluorescence staining for MUC5AC (red) and
CK7 (green) in tumors formedafter injection of B3 subclone cells below the renal capsule of an immunodeficientmouse. Nuclei were stainedwithDAPI (blue). The top
image shows the boundary (yellow line) between the kidney parenchyma and subrenal capsule regions. The kidney and subrenal capsule tumors are shown at higher
magnification in the bottom left and bottom right images, respectively. The data are representative of two independent experiments. Scale bars, 200 mm (top) and
50 mm (bottom).
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Figure 4.

CAFs induce histological transition of lung cancer cells.A, Immunohistochemical staining for GFP in tumors developed after subrenal capsular injection of A549-GFP
cells in immunodeficient mice. The red line demarcates a solid-type tumor in the kidney parenchyma, and the blue line an acinar-type tumor below the renal capsule.
Scale bar, 200mm. The image is representative of three independent experiments.B, Immunohistochemical staining foraSMA in solid and acinar tumors formed after
subrenal capsular injection of A549-GFP cells. Scale bars, 50 mm. The images are representative of three independent experiments. C, Experimental scheme for
establishment of immortalized CAFs. A549-GFP cells were injected into the pleural cavity of immunodeficient mice. After 6 weeks, pleural tumors were isolated and
dissociated into single cells, GFP-negative stromal cellswere collected by fluorescence-activated cell sorting, and human TERT cDNAwas introduced into the stromal
cells. The resulting immortalized CAFs were then labeled with DsRed. D, Phase-contrast microscopy and immunofluorescence staining for aSMA (green) in
immortalized CAFs. Nuclei were stained with Hoechst 33342 (blue) in the immunofluorescence image. Scale bars, 100 mm (left) and 50 mm (right). The images are
representative of three independent experiments. E, Flow cytometric analysis of CD31, CD45, Sca-1, and PDGFRa in immortalized CAFs. Data are representative of
two independent experiments. F, Experimental scheme for 3D culture of GFP-labeled lung cancer cells with or without DsRed-labeled immortalized CAFs inmedium
containing 5%Matrigel for 4 days.G, Live imaging of GFP and DsRed fluorescence for A549-GFP colonies formed in the absence or presence of DsRed-labeled CAFs
during 3D culture. Scale bars, 200 mm. The images are representative of three independent experiments. H, Confocal microscopy of GFP (green) and DsRed (red)
immunofluorescence for tumor colonies formed by A549-GFP cells cultured alone or together with DsRed-labeled CAFs for 4 days. Nuclei were stained with DAPI
(blue). Scale bars, 50mm. The images are representative of three independent experiments. I,RT and real-timePCR analysis ofMUC5AC andKRT7 expression in GFPþ

cells sorted from A549-GFP tumor colonies formed as in H. Data were normalized by the amount ofHPRT1mRNA, are expressed relative to the corresponding value
for the cells derived from CAF-free colonies, and are means þ SD from two independent experiments. � , P < 0.05; �� , P < 0.01 (unpaired two-tailed Student t test).
J, Confocal microscopy of MUC5AC (red) and CK7 (green) immunofluorescence for tumor colonies formed as in H. Nuclei were stained with DAPI (blue). Scale bars,
50 mm. The images are representative of two independent experiments.
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Figure 5.

TGFb signaling is activated in acinar-type tumor cells. A, Experimental scheme for RNA-seq analysis of solid- or acinar-type tumor cells derived from pleural
tumors formed by A549 cells in immunodeficient mice or from tumor colonies formed by A549 cells cultured with (acinar) or without (solid) CAFs in vitro.
B, PCA plots for the transcriptomes of solid- or acinar-type tumor cells determined as in A. Blue dots, cells isolated by laser microdissection (LMD) from
the mouse tumor model; yellow dots, cells sorted from the 3D coculture model. C, Genes contributing to PC2 that are positively related to the change from
solid-to-acinar type in the PCA analysis. Those related to the cytoskeleton (blue), to TGFb signaling (red), or to NF-kB signaling (green) are highlighted.
D and E, RT and real-time PCR analysis of genes related to TGFb signaling (CCN2, PMEPA1, and CDH2) or to NF-kB signaling (RELB, TNFAIP3, and TNFRSF12A)
in cells isolated as in A from the mouse model (D) or from the 3D coculture model (E). F, RT and real-time PCR analysis of TGFBI expression in cells as in D
and E. Data in D through F were normalized by the amount of HPRT1 mRNA, are expressed relative to the corresponding value for solid-type tumor cells or
single-cultured tumor cells, and are means þ SD of triplicates. Each sample is pooled from three mice examined in one experiment. �� , P < 0.01; ����, P < 0.0001
(unpaired two-tailed Student t test). G, Immunofluorescence staining for GFP (green) and p-Smad3 (red) in solid or acinar tumors formed after subrenal
capsule injection of A549-GFP cells in immunodeficient mice. Nuclei were stained with Hoechst 33342 (blue). Scale bars, 50 mm. The images are representative
of two independent experiments. H, Immunohistochemical staining for Smad2, p-Smad2, Smad3, and p-Smad3 in solid- or acinar-type tumors as in G. Scale
bars, 50 mm. The images are representative of two independent experiments.
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Figure 6.

TGFb1 signalingmediated by CAFs contributes to SAT induction in lung cancer cells.A,RT and real-time PCR analysis ofMUC5AC andKRT7 expression in A549, Calu-
3, and NCI-H292 lung cancer cells cultured in the absence or presence of TGFb1 (2 ng/mL) for 24 hours. Data were normalized by the amount of HPRT1 mRNA,
are expressed relative to the corresponding value for cells cultured in the absence of TGFb1, and aremeansþSD from three independent experiments. � ,P<0.05; �� ,P
< 0.01; ��� , P < 0.001; ���� , P < 0.0001 (unpaired two-tailed Student t test). B, Flow cytometric analysis of MUC5AC expression in A549, Calu-3, and NCI-H292 cells
cultured undermucinous differentiation conditions in the absence or presence of TGFb1 (2 ng/mL) for 48 hours. Data aremeansþ SD for the percentage ofMUC5AC-
positive cells from three independent experiments (a representative experiment is shown in Supplementary Fig. S5A). � , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001
(unpaired two-tailed Student t test).C, Phase-contrastmicroscopy of (left; scale bars, 50 mm) aswell as immunoblot analysis (right) of Smad3 and p-Smad3 inA549-
TGFb1 cells (expressing GFP and an active form of TGFb1) and control (A549-mock) cells.a-Tubulinwas examined as a loading control for immunoblot analysis. Data
are representative of two independent experiments. D, Hematoxylin and eosin (H&E) staining as well as immunofluorescence staining for MUC5AC (red) and CK7
(green), GFP (green) and aSMA (red), or GFP (green) and p-Smad3 (red), as indicated, in subcutaneous tumors formed by A549-mock or A549-TGFb1 cells in
immunodeficient mice. Nuclei were stained with DAPI (blue) in the immunofluorescence images. Scale bars, 50 mm. Data are representative of three independent
experiments. E, Heat map of expression levels (counts) of TGFb signaling–related genes derived from RNA-seq data of solid- and acinar-type tumor cells from both
xenograft tumor and 3D coculture models (see Fig. 5A). F, RT and real-time PCR analysis of Tgfb1 expression in NIH3T3 fibroblasts and immortalized mouse CAFs.
Data were normalized by the amount of B2 mmRNA, are expressed relative to the value for NIH3T3 cells, and are meansþ SD of triplicates from one of two similar
experiments. ���� , P < 0.0001 (unpaired two-tailed Student t test). G, Experimental scheme for 3D coculture of A549-GFP cells with CAF-DsRed or NIH3T3–DsRed
cells for 4 days. H, Confocal microscopy of GFP (green) and DsRed (red) immunofluorescence in colonies formed as in G. Nuclei were stained with DAPI (blue).
Scale bars, 50 mm. The images are representative of two independent experiments. I and J, RT and real-time PCR analysis of Tgfb1 mRNA (I) and immunoblot
analysis of TGFb1 (J) in CAF-DsRed cells transfected with a control siRNA or Tgfb1 siRNAs 1 or 2 for 48 hours. The RT-PCR data were normalized by the amount of
B2mmRNA, are expressed relative to the value for cells transfectedwith the control siRNA, and aremeansþSD from three independent experiments. ���� ,P<0.0001
(unpaired two-tailed Student t test). The immunoblot data are representative of two independent experiments. K, Experimental scheme for 3D coculture of
A549-GFP cells with CAF-DsRed cells transfected with siRNAs as in I and J. L, Confocal microscopy of GFP (green) and DsRed (red) immunofluorescence in
colonies formed after 4 days in culture as in K. Nuclei were stained with DAPI (blue). Scale bars, 50 mm. The images are representative of two independent
experiments.
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injection of the cells in immunodeficient mice (Supplementary
Fig. S5B), suggesting that activation of TGFb signaling is required
for acinar tissue formation. Our results were thus consistent with the
notion that paracrine TGFb signaling mediated by CAFs rather than
autocrine TGFb signaling in tumor cells contributes to SAT induction.
Indeed, in the absence of CAFs, autocrine activation of TGFb signaling
in A549 cells was insufficient to induce morphological changes in 3D
culture (Supplementary Fig. S5C). Attenuation of MUC5AC expres-
sion by exogenous TGFb1 in A549 cells in 3D culture without CAFs
was also insufficient for the induction of morphological changes
associated with SAT (Supplementary Fig. S5D), indicating that direct
interaction between lung cancer cells and CAFs is important for SAT
induction. Of note, washout of exogenous TGFb1 in such 3D cultures
attenuated CK7 expression and restored MUC5AC expression at both
mRNA and protein levels, suggesting that SAT is a reversible phe-
nomenon, at least with regard to gene and protein expression (Sup-
plementary Fig. S5E and S5F).

We found that the relative abundance of Tgfb1 mRNA in immor-
talized CAFs derived from A549 acinar-type tumor tissue was about
four times that in NIH3T3 mouse embryonic fibroblasts (Fig. 6F).
NIH3T3 fibroblasts also did not induce the adoption of acinar-type
morphology by A549-GFP cells during coculture under 3D conditions
(Fig. 6G and H). We then introduced Tgfb1 siRNAs into CAFs to
determine the relevance of paracrine TGFb signaling mediated by
these cells (Fig. 6I and J). CAFs transfected with control or Tgfb1
siRNAs were thus cocultured with A549-GFP cells under 3D
conditions (Fig. 6K). Acinar formation by A549-GFP cells was
induced by CAFs transfected with the control siRNA but not by those
transfected with Tgfb1 siRNAs (Fig. 6L). In addition, treatment
with TGFBR inhibitors (SB431542 or LY2157299) suppressed
acinar formation by A549-GFP cells cultured with CAFs under 3D
conditions (Supplementary Fig. S6A). Together, these results indicated
that TGFb signaling mediated by CAFs plays a key role in SAT
induction in lung cancer cells.

Immunohistochemical analysis showed that both A549 cells and
CAFs in acinar tumor tissue expressed TGFb1 (Supplementary
Fig. S6B). RT and real-time PCR analysis also revealed that the
expression of TGFb1, TGFb2, and TGFb3 genes was upregulated in
CAFs that had been cocultured with A549 cells compared with those
that had been cultured alone (Supplementary Fig. S6C). TGFb is
secreted as a biologically inactive (latent) complex containing a
latency-associated peptide and latent TGFb–binding proteins (LTBP;
ref. 29), and this complex is converted to active TGFb by integrin-,
thrombospondin 1 (THBS1)-, or protease-mediatedmechanisms (30).
To examine the activation mechanism for TGFb related to cross-talk
between cancer cells and CAFs during SAT, we determined gene
expression levels for LTBP1, integrins (ITGAV, ITGB6, and ITGB8),
THBS1, matrix metalloproteinases (MMP2, MMP3, MMP9, and
MMP13), and cathepsin cysteine proteinases (CTSB and CTSD;
Supplementary Fig. S6D). The expression of Thbs1, Mmp9, and
Mmp13 was markedly upregulated in CAFs under the coculture
condition, suggesting that CAFs play a role in the activation of TGFb.

CXCL8 expression is upregulated by TGFb-smad3 signaling in
acinar-type tumor cells

To characterize further the effects of SAT on the biology of tumor
tissue, we again examined genes whose expression was upregulated in
acinar-type tumor cells compared with solid-type tumor cells of both
our in vivo mouse and in vitro 3D culture models. Our RNA-seq
analysis identified 182 such geneswhose expressionwas upregulated in
association with acinar formation in both models (Fig. 7A). Gene

ontology (GO) analysis revealed that neutrophil activation was one of
the most significant enriched biological process terms for these
182 genes (Fig. 7A). Indeed, the number of infiltrating neutrophils
[CD11bþ myeloperoxidase (MPO)þ immune cells] was significantly
increased in acinar-type tumor tissue compared with solid-type tumor
tissue (Fig. 7B). CXCL8was identified both as a key gene contributing
to SAT in lung cancer cells (Fig. 5C) as well as one of the 182 genes
whose expression was increased in acinar-type tumor cells in both
models. CXCL8 encodes C–X–C motif chemokine ligand 8 (CXCL8),
also known as IL8, which is a key cytokine in inflammatory responses
and serves as a chemotactic factor for recruitment of neutrophils as
well as a potent angiogenic factor. Our RNA-seq analysis revealed that
GO terms related to angiogenesis were also associated with SAT
(Fig. 7A). CXCL8 is released from various cell types, including
immune cells, endothelial cells, fibroblasts, and tumor cells, and RT
and real-time PCR analysis confirmed that the relative abundance of
CXCL8mRNAwas increased in acinar-type tumor cells (Fig. 7C). We
also found that TGFb1 treatment upregulated CXCL8 expression in
A549, Calu-3, and NCI-H292 lung cancer cells (Fig. 7D). Further-
more, we performed fluorescent multiplex IHC of A549 xenograft
tumors and human LADC tissue, and we found that the expression
of CXCL8 was increased in CK7-positive acinar-type tumor tissue
compared with solid-type tumor tissue (Fig. 7E). In addition to
the clinical sample examined, we identified the SAT phenotype in a
mutant KRAS (KRASmut)-driven mouse lung cancer model that we
recently established (Supplementary Fig. S7A; ref. 31). Of note, CXCL8
was expressed in p-Smad3þ acinar-type tumor cells of mouse xeno-
graft and human LADC tissue (Fig. 7E) as well as in those of
KRASmut-driven mouse lung cancer tissue (Supplementary
Fig. S7B). Collectively, these findings suggested that CAF-mediated
activation of TGFb-Smad3 signaling induces CXCL8 secretion in lung
cancer cells during SAT.

We performed an apoptosis assay in A549 cells treated with the
anticancer agent cisplatin to investigate the effect of SAT on drug
sensitivity. The 3D culture of A549 cells with CAFs or treatment with
TGFb1 showed that the acinar-type A549 cells are more sensitive to
cisplatin than the solid-type A549 cells (Supplementary Fig. S8A–
S8D). However, therapeutic resistance and patient outcomes in clinical
settings are influenced not only by cellular sensitivity to anticancer
drugs but also by multiple environmental factors such as immune
response and drug delivery. For instance, CXCL8may contribute to the
SAT-associated microenvironmental changes because it plays a role in
inflammatory responses such as angiogenesis and neutrophil recruit-
ment, and intratumor neutrophils contribute to the immune suppres-
sion that can underlie resistance to immune checkpoint therapy in
patients with cancer (32, 33). Further experiments using experimental
models that recapitulates in in vivo microenvironments, including
neutrophils, other immune cells, and endothelial cells, are necessary to
determine the differences in the biological properties of solid tumors
and acinar-type tumors.

The NF-kB and JNK signaling pathways have previously been
implicated as key regulators of CXCL8 expression (34). Given that
genes related to NF-kB signaling were also activated in acinar-type
tumor cells (Fig. 5C), both TGFb and NF-kB pathways may
contribute to the expression of CXCL8 in these cells. Indeed, we
found that the relative abundance of CXCL8 mRNA was positively
correlated with the expression of TGFb target genes (TGFBI, CCN2,
and PMEPA1) as well as with that of NF-kB target genes (JUNB,
RELB, TNFAIP3, TNFAIP6, and TNFRSF12A) in LADC tissue of
patients in The Cancer Genome Atlas (TCGA) database (Fig. 7F,
Supplementary Fig. S8E).
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Figure 7.

CXCL8 expression is upregulated by TGFb-Smad3 signaling in acinar-type tumor cells.A, Enrichment analysis for geneswhose expressionwas upregulated in acinar-
type cells comparedwith solid-type cells in both themouse xenograft and 3D culture models as determined from RNA-seq data (see Fig. 5A). Themost significantly
enrichedGO terms for biological processes are listed togetherwith the corresponding P values.B, Immunofluorescence staining for pan-CK (green), CD11b (red), and
MPO (gray) in solid and acinar components of a pleural tumor formed after injection of A549 cells in immunodeficient mice. Nuclei were stained with DAPI (blue).
Scale bars, 50mm. Thenumber of neutrophils (CD11bþMPOþ cells) in solid or acinar components of the tumor tissuewas also quantified,with the presented data being
meansþ SD from three independent experiments. �� , P < 0.01 (unpaired two-tailed Student t test). C, RT and real-time PCR analysis of CXCL8 expression in solid- or
acinar-type tumor cells isolated from A549 pleural tumor tissue or from A549 colonies cultured in the absence or presence of CAFs. Data were normalized by the
amount ofHPRT1mRNA, are expressed relative to the corresponding value for solid-type tumor cells or single-cultured tumor cells, and aremeansþ SDof triplicates.
Each sample was pooled from three mice in one experiment. ���� , P < 0.0001 (unpaired two-tailed Student t test). D, RT and real-time PCR analysis of CXCL8
expression inA549, Calu-3, andNCI-H292 lung cancer cells cultured in the absence or presence of TGFb1 (2 ng/mL) for 48 hours. Datawere normalized by the amount
of HPRT1 mRNA, are expressed relative to the corresponding value for cells cultured in the absence of TGFb1, and are means þ SD from three independent
experiments. ���� , P < 0.0001 (unpaired two-tailed Student t test). E, Immunofluorescence staining for CK7 or pan-CK (cyan), for p-Smad3 (red), and for CXCL8
(yellow) in solid and acinar components either of an A549 pleural tumor (top) or of a human LADC tumor (bottom). Nuclei were stained with DAPI (blue). Scale bars,
50 mm. The image of the A549 xenograft tumor is representative of three independent experiments, and one human LADC tumor was examined. F, Relationship
between CXCL8 and TGFBI, CCN2, or PMEPA1 expression levels determined from RNA-seq data for 566 LADC tumors in TCGA. Spearman and Pearson correlation
coefficients are indicated. G, LADC cells form tumors with distinct histological features, including MUC5AC-expressing solid-type and CK7-expressing acinar-type
tumors. In amanner dependent on the tumormicroenvironment, these two types of tumor can undergo interconversion.aSMA-positive CAFs surrounding LADCcells
induce the formation of acinar tumor tissueby eliciting TGFb–Smad3 signaling and consequent SAT in the tumor cells. Activation of TGFb signaling also contributes to
upregulation of CXCL8 expression in LADC cells, which has the potential to lead to changes in the tumor microenvironment, including the induction of angiogenesis
and the recruitment of neutrophils into the tumor tissue.
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Discussion
We have here described a potential mechanism underlying the

generation of LADC tumor heterogeneity. We found that human
A549 cells form tumors with distinct histological features in immu-
nodeficient mice. In particular, the cells form MUC5AC-expressing
solid-type or CK7-expressing acinar-type tumors depending on the
tumor microenvironment. We found that aSMA-positive CAFs sur-
rounding cancer cells induce acinar tissue formation via activation of
TGFb-Smad3 signaling and consequent induction of SAT in the
cancer cells (Fig. 7G). SAT was found to be characterized by
changes in morphology (solid to acinar), gene expression (in
particular, expression ofMUC5AC and KRT7), and TGFb signaling.
Our data thus show that TGFb signaling mediated by CAFs induces
SAT in LADC cells, and that SAT may contribute to tumor
histological heterogeneity in LADC.

More than 80% to 90% of human LADC tumors comprise several
histological subtypes, with such intratumoral histological heteroge-
neity being thought to contribute to tumor malignancy and thera-
peutic resistance. However, the mechanisms underlying the histolog-
ical heterogeneity of LADC have remained unclear. No definitive
studies have shown a direct relation between the histological subtypes
of LADC and specific genetic alterations. Multiregion analysis of
genetic mutations in individual patients with LADC has revealed the
same EGFR mutations in spatially distinct locations within a single
tumor (35, 36). Furthermore, components of LADC tumors corre-
sponding to distinct histological subtypes within individual patients
have been found to harbor the same driver gene mutation (37),
suggesting that extrinsic factors contribute to the determination of
tumor histology. In the present study, we examined three human lung
cancer cell lines and found that they all manifested histological
plasticity, including the ability to undergo SAT. A549 cells are
wild-type for EGFR but have a mutant KRAS (G12S) allele; Calu-3
cells manifest amplification of ERBB2, are wild type for EGFR, and
possess a mutant KRAS (G13D) allele; and NCI-H292 cells are wild-
type for both EGFR and KRAS. Our data therefore also suggest that
histological phenotype is regulated by the tumor environment rather
than being determined by driver gene mutations.

We have shown that cross-talk between lung cancer cells and CAFs
contributes to changes in tumor histology—in particular, to SAT. We
established a line ofaSMA-expressing CAFs and found that these cells
interact directly with LADC cells and that TGFb signaling was
activated in both interacting cell types. CAFs that exist in close
proximity to tumor cells have previously been shown to expressaSMA
at a high level as a result of TGFb signaling in pancreatic cancer (38).
Our data further suggest that TGFb signaling contributes to the
induction of CXCL8 expression in LADC cells. Tumor-associated
neutrophils have recently been implicated in a shift in the histological
features of lung tumors from adenocarcinoma to squamous cell
carcinoma (39). Given that neutrophils have recently been shown to
produce MMP9 and to activate latent TGFb in colon cancer (40),
neutrophils in LADC might also play a role in the activation of TGFb
and thereby complete a positive feedback loop involving TGFb
signaling, CXCL8 expression, neutrophil recruitment, and TGFb
activation. Further studies are thus warranted to clarify the role of
the interaction between CAFs and such neutrophils in determination
of the histological subtype of LADC.

Our RNA-seq analysis suggested that NF-kB signaling might also
contribute to SAT, with orchestration between TGFb and NF-kB
signaling pathways, therefore, possibly playing an important role in
determination of the histological features of lung tumor tissue. In vitro

experiments have shown that transcription of CXCL8 is regulated
by multiple stimulus-responsive transcription factors—in particu-
lar, by NF-kB, activator protein–1(AP-1), and C/EBPb (34). We
found that the activation of TGFb signaling increased the expres-
sion of CXCL8 in lung cancer cells, and analysis of RNA-seq data
for patients with LADC in TCGA also revealed a correlation
between CXCL8 expression and the expression of genes related to
TGFb signaling or to NF-kB signaling. Regulation of CXCL8
expression by TGFb and NF-kB signaling pathways may therefore
be a key determinant of SAT.

CAFs and CAF-derived TGFb contribute to tumor development by
modulating aspects of the tumor microenvironment, including
the production of ECM and growth factors, as well as by promoting
tumor cell proliferation. In addition, evidence suggests that CAFs
may promote tumor growth by targeting the immune system (41).
Differences in the tumor immunemicroenvironment have been found
to be dependent on tumor histological subtype (42, 43), with solid-type
LADC tumors having been shown to express programmed death–
ligand 1 (PD-L1) at a higher level compared with other sub-
types (44). Moreover, the serum level of CXCL8 allowed prediction
of responsiveness to immune checkpoint inhibitors in patients
with LADC (45, 46). Determination of the relevance of regulation
of CXCL8 expression by TGFb and NF-kB signaling during SAT
to therapeutic resistance, including immunosuppression may
provide a basis for the development of new treatment strategies
for and consequent improvement in the prognosis of patients with
lung cancer.

Our data thus show that interference with cross-talk between LADC
cells and CAFs via suppression of TGFb signaling may influence not
only tumor heterogeneity but also the tumor immune microenviron-
ment. Given that neutrophils have been shown to suppress tumor-
infiltrating T cells viaMMP-mediated activation of TGFb in the tumor
microenvironment (40), targeting of TGFb signaling might increase
the efficacy of T-cell–based immunotherapies. Furthermore, p-Smad3
rather than p-Smad2 can be a potential biomarker for the TGFb–
targeting therapy. In our model, we found that the A549 acinar-type
tumor cells highly expressed CK7, CK8, and CK18 genes. Cytokeratins
(CK) have become an important diagnostic marker for a disease state
of cancer, and CK7, CK8, CK18, and CK19 are known to be prefer-
entially expressed in non–small cell lung cancer (47). Therefore,
change of the CKs expression is a potential diagnostic marker for SAT.
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