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Abstract
It has been challenging to engineer lung adenocarcinoma models via oncogene-mediated transformation of

primary cultured normal human cells. Although viral oncoprotein-mediated malignant transformation has been
reported, xenografts derived from such transformed cells generally represent poorly differentiated cancers. Here,
we demonstrate that the combined expression of multiple cellular factors induces malignant transformation in
normal human lung epithelial cells. Although a combination of four genetic alterations, including hTERT
overexpression, inactivation of the pRB and p53 pathways, and KRAS activation, is insufficient for normal human
small airway epithelial cells to be fully transformed, expression of one additional oncogene induces malignant
transformation. Notably, we have succeeded in reproducing human lung adenocarcinoma phenotypes in the
flanks of nude mice by introducing an active form of PIK3CA, CYCLIN-D1, or a dominant-negative form of LKB1
in combination with the four genetic alterations above. Besides differentiated lung cancer, poorly differentiated
cancer models can also be engineered by employing c-MYC as one of the genetic elements, indicating that
histologic features and degree of differentiation of xenografts are controllable to some extent by changing the
combination of genetic elements introduced. This is the first study reporting malignant transformation of
normal lung epithelial cells in the absence of viral oncoproteins. We propose that our model system would be
useful to identify the minimal and most crucial set of changes required for lung tumorigenesis, and that it would
provide a broadly applicable approach for discovering attractive therapeutic targets. Cancer Res; 71(7); 2541–9.
�2011 AACR.

Introduction

More than 1 million people worldwide die from lung cancer
each year, making it the leading cause of cancer mortality in
both women and men. Non–small-cell lung cancer, account-
ing for approximately 80% of all lung cancer cases with
adenocarcinoma being the major subtype, is often diagnosed
at an advanced stage and has a poor prognosis despite
advances in early detection and standard treatment (1, 2).
The treatment and prevention of lung cancer are major unmet
needs that can be improved by a better understanding of the
molecular basis and evolution of the disease. Identifying the
minimal and most crucial set of changes required for tumor-
igenesis is vital in developing the best targets for early detec-

tion and therapeutic intervention. To address this issue, in
vitro model systems using genetically manipulated normal
human cells have been developed (3, 4).

Several groups have attempted to render human lung
epithelial cells immortalized and transformed (5–7). In these
studies, 3 of the genetic alterations that occur in a majority of
human non–small-cell lung cancers are induced by retroviral-
mediated gene transfer: introduction of hTERT (telomerase
catalytic subunit) and inactivation of the pRB- and p53-path-
ways. This seems to be a reasonable strategy, as telomerase is
almost universally expressed at high levels in lung cancers (8),
the loss of p53 function is observed in approximately 50% of
non–small-cell lung cancers, and loss of p16 protein expres-
sion caused by promoter methylation or homozygous deletion
inactivates the pRB pathway in approximately 70% of non–
small-cell lung cancers (1, 2). Lundberg and colleagues have
succeeded in the malignant transformation of primary human
airway epithelial cells using the SV40 early region as one of the
genetic elements (7). It is widely acknowledged that SV40 large
T antigen inactivates 2major tumor suppressors, p53 and pRB,
through direct binding (9). However, this viral oncoprotein
also possesses multiple uncharacterized functions (10), which
makes it difficult to estimate the importance of additional
genetic alterations in epithelial cells immortalized by the SV40
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early region. Because a combined alteration of 4 cellular
elements has failed to convert normal human bronchial
epithelial cells into tumorigenic cells (5), one of the greatest
challenges facing the field is to engineer transformed lung
epithelial cells by the expression of a set of cellular factors.

In the present study, we have succeeded in transforming
normal human small airway epithelial cells (HSAEC) without
the expression of viral oncoproteins. Interestingly, the tumors’
histological features represent well-differentiated or poorly
differentiated human lung cancers depending on the combi-
nation of genetic elements introduced. Our model system
provides a powerful new approach to assess the contribution
of individual genetic alterations in lung cancer development.

Materials and Methods

Cell culture and soft-agar colony formation assay
Normal HSAECs established from a 19-year-old Caucasian

female and from a 47-year-old Hispanic male (HSAEC-2) were
purchased from Lonza. They were cultured on collagen-coated
dishes in a serum-free SAGM medium supplemented with
various growth factors supplied by the manufacturer (SAGM
Bullet Kit; Lonza). The soft-agar colony formation assay was
done as described previously (11), using Dulbecco's modified
Eagle's medium instead of SAGM medium, and senescence-
associated b-galactosidase (SA-b-gal) staining was carried out
using the Senescence b-Galactosidase Staining Kit (Cell Sig-
naling Technology). In all cases (both adherent culture and
soft-agar assay), cells were maintained at 37�C under a low
oxygen environment (3% O2 and 5% CO2) in a humidified
incubator.

Retroviral vectors and retroviral-mediated gene
transfer

All retroviral vector plasmids used in this study are listed in
Supplementary Table S1, and maps for the plasmids expres-
sing different levels of an activated form of KRAS (KRASV12)
are shown in Supplementary Figure S1A. Retroviral-mediated
gene transfer was carried out as described previously (11)
using the retrovirus-packaging constructs (pGP, pE-Ampho,
pE-Eco) obtained from Takara Bio. The murine ecotropic
retrovirus receptor (Eco VR) was first introduced into HSAECs
by using amphotropic virus to make human cells susceptible
to the subsequent infection with ecotropic viral vectors. The
Eco VR-expressing HSAECs were then infected with retro-
viruses expressing CDK4, hTERT, and a dominant-negative
form of p53 (p53CT, c-terminal region of wild-type p53; see
also Supplementary Fig. S1B), and infected cell populations
were selected in culture media containing blasticidin (2 mg/
mL), G418 (500 mg/mL), and L-histidinol (4 mmol/L) to obtain
immortalized HSAECs (hereafter termed 4T53 cells). As shown
in Supplementary Figure S2, the 4T53 cells remained diploid.
One or more oncogenes were further introduced into the 4T53
cells, and infected cell populations were selected in culture
media containing puromycin (1 mg/mL) and/or bleocine (40
mg/mL) for 2 weeks. In all cases, cultures arose from the
polyclonal expansion of infected cells, and all resultant cells
were used at population doublings of less than 15.

Xenograft propagation experiment
All mouse studies were carried out according to protocols

approved by the institutional Animal Care and Use Committee
at KAN Research Institute, Inc. Single cell suspensions of 1 �
106 HSAECs were resuspended in 50% Matrigel (BD
Bioscience) and injected subcutaneously in the flank of 6-
to 7-week-old female athymic nude mice (BALB/c nu/nu;
Japan SLC). Tumor sizes were measured using calipers and
tumor volumes were calculated according to the following
formula, ab2/2 (a, width; b, length). Portions of the xenografts
were fixed in 10% formalin for histologic analyses, and the
remainder were used for primary culture by making a single-
cell suspension as described previously (12). The cultures were
maintained for 10 days under regular conditions for HSAEC
culture as described previously, and were then subjected to
biochemical analyses.

Histologic analysis and immunohistochemistry
Formalin-fixed, paraffin-embedded xenograft tissues were

sectioned and stained with hematoxylin and eosin (H&E) and
alcian blue using standard protocols. Immunohistochemistry
was carried out as described previously (13) using the anti-
bodies listed in Supplementary Table S2.

Immunoblotting
Protein determination, SDS-PAGE, and immunoblotting

were carried out as described previously (14), and the reactive
protein signals were visualized by chemiluminescence using
the SuperSignal WestFemto reagent (Pierce). Antibodies used
in this experiment are listed in Supplementary Table S2.

Results

HASECs expressing hTERT, CDK4, and a dominant-nega-
tive form of p53 (4T53 cells) were immortalized but not
transformed (see Table 1), consistent with the previous
observation that the combination of 3 genetic alterations,
including bypass of the pRB and p53-pathways and over-
expression of telomerase, was still not sufficient for malig-
nant transformation of normal human bronchial epithelial
cells (5, 6). To inactivate the p53 pathway, we introduced a
dominant-negative form of the p53 gene (p53CT; c-terminal
region of wild-type p53, see also Supplementary Table S1),
which resulted in the accumulation of the inactivated p53
protein in immortalized HSAECs (Fig. 1A and Supplemen-
tary Fig. S1B), as was reported in the previous studies (15–
17). As KRASmutations are detected in approximately 20% of
non–small-cell lung carcinomas (1, 2), an activated-form of
KRAS (KRASV12) was expressed in the 4T53 cells (4T53R
cells; Fig. 1A). We found that transduction of high-level of
KRASV12 into 4T53 cells resulted in growth arrest with
vacuolation (Fig. 1B). As only a small number of cells were
positive for SA-b-gal staining (Fig. 1B), the growth arrest
observed in the 4T53R (high level) cells might be due to the
mechanisms other than oncogene-induced senescence. In
contrast, the 4T53R cells with the reduced levels of KRASV12

expression, made by using a different type of expression
vector (Supplementary Fig. S1A), did not show any signs of

Sasai et al.

Cancer Res; 71(7) April 1, 2011 Cancer Research2542

Research. 
on October 3, 2017. © 2011 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 31, 2011; DOI: 10.1158/0008-5472.CAN-10-2221 

http://cancerres.aacrjournals.org/


growth arrest (Fig. 1B). We therefore used 4T53R cells with
the reduced levels of KRASV12 for further study: levels of
KRAS protein were only 2 to 3 times higher in KRAS-
expressing HSAECs (4T53R, 4T53RM, and 4T53RMB cells)
compared with immortalized HSAECs (Fig. 1A).
While the 4T53R cells often failed to form colonies in soft

agar (Fig. 1C) or tumors in vivo (Table 1), 1 xenograft devel-
oped a very small tumor (Table 1) that contained small areas
displaying adenocarcinoma-like phenotypes (Supplementary
Fig. S3A). However, the tumor comprised mainly of mouse
stromal cells (Supplementary Fig. S3A), which might be one of
the reasons for its less progressive phenotype. Furthermore,
although we attempted to increase tumor incidence by
implanting 2 � 106 cells (2-fold higher than in regular con-
ditions), the 4T53R cells failed to form tumors in the flank of
nude mice (incidence, 0/4; data not shown). Therefore, we
concluded that KRASV12 alone was insufficient for immorta-
lized lung epithelial cells to be fully transformed, which
supports the results from a previous study (5). Because
MYC amplification was detected in 5% to 20% of non–
small-cell lung carcinomas (1, 2), we introduced c-MYC into
immortalized cells. Although the 4T53 cells expressing c-MYC
(4T53M cells) failed to form colonies in soft agar or tumors in
vivo, the 4T53 cells expressing both KRASV12 and c-Myc
(4T53RM cells) grew in soft-agar and propagated in xenografts
(Fig. 1C and Table 1).
Although the combined expression of c-MYC and KRASV12

was sufficient for immortalized HSAECs to be transformed,
the oncogenic potential of the 4T53RM cells was low: tumor
incidence of flank xenograft was only 38% (Table 1) and the
tumor took an average of 8 weeks to reach a volume of 250
mm3. As the 4T53RM cells exhibited several features of
apoptosis in adherent culture (data not shown), BCL2 was
additionally introduced into the 4T53RM cells (4T53RMB
cells). BCL2 is known to suppress MYC-induced apoptosis,
and its expression is associated with 25% to 30% of squamous

cell carcinomas and approximately 10% of adenocarcinomas
(1). Although only a limited increase in colony number was
observed in the 4T53RMB cells compared with the 4T53RM
cells (Fig. 1C), the tumor incidence was dramatically increased
(80%; Table 1), suggesting that BCL2 suppresses MYC-induced
apoptosis and increases tumor formation in transformed
HSAECs, as observed with transformed ovarian surface epithe-
lial cells (18).

Histological examination demonstrated that flank xeno-
grafts derived from 4T53RM and 4T53RMB cells were com-
prised mainly of poorly differentiated cancer cells (Fig. 1D).
Tumor cells were strongly positive for VIMENTIN and
weakly positive for cytokeratins (AE1/AE3, Fig. 1D; CK8/
18, data not shown). Interestingly, only one of the 4T53RMB
xenografts contained both poorly differentiated and adeno-
carcinoma-like cancer cells within the same specimen (Sup-
plementary Fig. S3B). However, the majority of the 4T53RMB
xenografts did not demonstrate any characteristics of squa-
mous-cell carcinomas or adenocarcinomas, and therefore,
we consider that it is difficult to generate differentiated lung
cancer models by using this combination of oncogenes. It is
possible that the generation of a differentiated cancer might
be hampered by the use of c-MYC because it is generally
acknowledged that MYC inhibits terminal differentiation of
multiple cell types (19). In fact, xenografts derived from
c-MYC-transduced human keratinocytes also produced
poorly differentiated tumors (20), and overexpression of
c-MYC was reported to correlate with poorly differentiated
human carcinomas compared with the well and moderately
differentiated lung cancers (21). It is also possible that the
combination of introduced oncogenes might not recapitu-
late the genetic alterations of corresponding human lung
cancers. Although KRAS, c-MYC, and BCL2 are individually
associated with non–small-cell lung cancer, it is unclear
whether these genetic alterations occur simultaneously in
the same lung cancer patients.

Table 1. Summary of xenograft propagation experiments

Cell types Incidence Latencya Diagnosis AE1/AE3 VIMENTIN p63 TTF1

4T53 0/2 N/A N/A N/A N/A N/A N/A
4T53M 0/ 4 N/A N/A N/A N/A N/A N/A
4T53R 0/6b N/A N/A N/A N/A N/A N/A
4T53RM 3/8 58 Poorly differentiated cancer þ þþ � �
4T53RMB 8/10 51 Poorly differentiated cancer þ þþ � �
4T53RP 5/5 14 Adenosquamous carcinoma þþ þ þ þ
4T53RD 6/6 16 Adenocarcinoma þþ þ þ þ
4T53RL 5/6 23 Adenocarcinoma þþ þ þ þ

NOTE: Immortalized HSAECs (4T53 cells) infected with retroviral vectors expressing c-MYC (M), KRASV12 (R), BCL2 (B), PIK3-
CAH1047R (P), CYCLIN-D1 (D) and/or LKB1D194A (L) were injected s.c. into nudemice (1� 106 cells/site), andmicewere observed up to
10 weeks. Tumor incidence, latency, and diagnosis are listed with the results of immunohistochemistry. Immunostaining of AE1/AE3,
VIMENTIN, p63, and TTF1 were evaluated by the 3-tiered grading system (þþ, strongly positive;þ, partially positive;�, negative). N/
A, not applicable.
aMedian time (d) for s.c. xenograft to reach 250 mm3.
bOnly one case developed very small adenocarcinoma-like tumor (xenograft reached �140 mm3 at d 70).
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In an attempt to reproduce well-differentiated lung
cancer phenotypes more effectively, we used an active form
of PIK3CA (encoding the PI3K catalytic subunit; PIK3-
CAH1047R), CYCLIN-D1, and a dominant-negative form of
LKB1 (LKB1D194A) instead of c-MYC (Fig. 2A). Mutations
and/or overexpression of these factors are associated with
non–small-cell lung cancers and with KRAS mutations (1).
All of the 4T53R-derived cells, expressing PIK3CAH1047R

(4T53RP), CYCLIN-D1 (4T53RD), or LKB1D194A (4T53RL),
could be propagated as xenografts, although the growth
rates varied among the samples (Table 1). We were sur-
prised to discover that the histology of the xenografts
obtained from these 4T53R-derived cells accurately reca-
pitulated human lung cancers (Figs. 2 and 3). This is very
interesting as flank xenografts derived from cancer cell
lines generally have displayed more homogeneous and
undifferentiated histologies, indicative of the higher selec-

tion pressure occurring in vitro during extensive culturing
(22).

The 4T53RP xenografts representedhuman adenosquamous
carcinoma containing gland-forming adenocarcinoma-like
regions and regions with squamous differentiation (Fig. 2B
and 2C), and tumor cells were strongly positive for cytokeratins
(AE1/AE3, Fig. 2B; CK8/18, data not shown). Furthermore, p63-
staining displayed a unique peripheral staining pattern in
4T53RP xenografts (Fig. 2B), and a similar staining pattern
was reported in some adenosquamous carcinomas as well as
in the basal reserve cells of normal bronchial epithelium (23).
On the other hand, 4T53RD and 4T53RL xenografts com-
prised of a cytokeratin-positive glandular epithelial malig-
nancy and fibrous stroma (Fig. 2B). Although the 4T53RMB
xenografts were totally negative of TTF1-staining, the xeno-
grafts showing differentiated histologies contained substan-
tial numbers of tumor cells that were positive for TTF1

Figure 1. Combined expression of
KRASV12 and c-MYC confers
tumorigenic potential onto
immortalized HSAECs. A, protein
extracts (10 mg) from HSAECs
infected with retroviral vectors
expressing the indicated genes (T,
hTERT; 4, CDK4; 53, dominant-
negative form of p53; M, c-MYC;
R, KRASV12; B, BCL2) were
analyzed by immunoblotting.
Numbers on left indicate
molecular mass (kDa). B, the
morphologies (left) and SA-b-gal
staining (right) of 4T53 cells
expressing high-level (bottom) or
low-level KRASV12 (top) are
shown. The levels of KRAS protein
were confirmed by
immunoblotting. Scale bar, 200
mm. C, the anchorage-
independent growth properties of
4T53M, 4T53R, 4T53RM, and
4T53RMB cells are shown. D,
formalin-fixed, paraffin-
embedded tissue sections (4-mm-
thick) of xenografts derived from
4T53RM (left) and 4T53RMB (right)
cells were subjected to staining for
H&E (top), cytokeratins (AE1/AE3;
center), and VIMENTIN (bottom).
Scale bar, 100 mm.
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(Fig. 3A), which is frequently expressed in adenocarcinomas
and small-cell lung carcinomas (24, 25). Extracellular and
intracellular mucin production in differentiated cancers was
highlighted by alcian blue staining (Fig. 3B). On the basis of
the histological appearance and expression of these markers,
we concluded that both 4T53RD and 4T53RL xenografts
represented human lung adenocarcinomas with different
amounts of stroma (Fig. 2B). Furthermore, reproduction
of papillary-subtype phenotypes was especially noted in
the 4T53RD xenografts whereas an adenocarcinoma-like
region showing an acinar-subtype was detected both in

4T53RD and 4T53RL xenografts. These findings are reason-
able because an increased CYCLIN-D1 gene copy number has
been reported in several human cancers including lung
adenocarcinomas (26, 27) and LKB1 mutations, detected
in 34% of adenocarcinomas (28), are often associated with
KRAS mutations (29).

We also made an interesting observation that p63-positive
cells were detected in all xenografts displaying differentiated
cancer histology (Fig. 2B). This is reasonable, as p63 expres-
sion is detectable in all types of lung cancers although its
expression is often associated with squamous cell carcinoma

Figure 2. Generation of well-
differentiated lung cancer models
from immortalized HSAECs. A,
protein extracts (10 mg) from
4T53R cells infected with retroviral
vectors expressing PIK3CAH1047R

(P), CYCLIN-D1 (D) or LKB1D194A

(L) were analyzed by
immunoblotting. Numbers on left
indicate molecular mass (kDa). B,
xenograft sections derived from
4T53RP (left), 4T53RD (center),
and 4T53RL cells (right) were
subjected to H&E staining (top).
Immunohistochemical analyses
were also carried out using
antibodies against cytokeratins
(AE1/AE3; center) and p63
(bottom). Scale bar, 100 mm.C, the
4T53RP xenograft contains both
adenocarcinoma-like regions (Ad)
and regions with squamous
differentiation (Sq). Scale bar, 100
mm.
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(24). However, it should be noted that, particularly in the
4T53RD xenografts, the majority of cytokeratin-positive can-
cer cells were p63-negative (Fig. 2B) whereas all of 4T53 cells
as well as 4T53RD cells expressed p63 in adherent culture
(Supplementary Fig. S4A and S4B). As p63-positive basal cells

have been identified as stem cells in mouse trachea and
human airway epithelium (30), it would be interesting to
further characterize the p63-positive and -negative tumor
cells in the xenograft specimens.

As the inactivated p53 protein accumulated in 4T53-derived
cells (see Fig. 1A), p53-staining allowed us to easily identify
tumor cells in stroma-containing xenograft specimens: p53-
positive tumor cells are clearly distinguishable from stromal
regions in xenografts representing differentiated lung cancers
(Fig. 4A). On the other hand, p53- and VIMENTIN-staining
almost merged in 4T53RMB xenografts (Fig. 4A), indicating
that tumor cells express mesenchymal markers in poorly
differentiated cancers. These observations suggest that the
epithelial-to-mesenchymal transition (EMT) may particularly
occur in xenografts demonstrating poorly differentiated his-
tology. To further investigate the alterations in the morphol-
ogies of tumor cells during xenograft propagation, single-cell
suspensions obtained from xenografts were cultured under
conditions identical to those used for regular HSAEC culture.
Primary cultured cells were selected with puromycin, resulting
in bulk populations of postgrafted KRAS-transformed HSAECs
(the KRAS expression plasmid contains the puromycin resis-
tance gene; see Supplementary Fig. S1A). Fibroblastic cells
with an elongated shape were predominantly detected in
postgrafted 4T53RMB cells whereas pregrafted 4T53RMB
cultures displayed a polygonal or round appearance
(Fig. 4B). In contrast, postgrafted 4T53RP and 4T53RD cul-
tures displayed an epithelial morphology that was similar to
pregrafted matched materials (Fig. 4B). Because one of the
hallmarks of EMT is the functional loss of E-CADHERIN (31),
we further investigated E-CADHERIN expression. As a result,
we found that E-CADHERIN expression was decreased and N-
CADHERIN was upregulated in 4T53RMB cells after xenograft
propagation, but these changes were not observed in 4T53RP,
4T53RD, or 4T53RL cells (Fig. 4C). Furthermore, p63 expres-
sion levels were lower even in pregrafted 4T53RMB cells and
they were lost in postgrafted cells, whereas KRAS-transformed
HSAEC lines other than 4T53RMB cells clearly maintained p63
expression (Fig. 4C).

Discussion

In mouse models of human cancers, including lung cancer,
tumors spontaneously arise and recapitulate the histologic,
spatial, and temporal context of the corresponding human
diseases, and these models have proven to be valuable tools
not only for understanding the basic cancer biology but also
for proof-of-concept studies of molecular targeted therapies
(1, 32). However, genetic models are often not suited to high-
throughput studies for potential new treatments as this
approach is usually time-consuming and labor-intensive.
Furthermore, fundamental differences in the biology between
human and rodent cells have been demonstrated (3, 4),
and therefore, it has been important to complement
studies on genetic models with approaches involving human
cancer cells propagated in vitro and in vivo. The majority of
preclinical cancer studies have employed xenograft models
established from human tumor cell lines in the flank of

Figure 3. The xenografts with differential histology express
adenocarcinoma marker. A, TTF1-positivity of differentiated lung cancer
models (4T53RP, 4T53RD, 4T53RL xenografts) were compared with the
4T53RMB xenograft. Scale bar, 100 mm. B, representative images of alcian
blue staining of 4T53RMB, 4T53RP, 4T53RD, and 4T53RL xenografts are
shown. Scale bar, 100 mm.
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immunocompromised mice (22). Although these models are
often assumed to be representative of the original disease, it is
unclear to what degree such experimental models replicate
the phenotype of the original human cancers as the tumor
cells have been removed from their native environment and
selected for their ability to grow under artificial conditions. In
addition, cancer cell lines often harbor a large number of
undefined genetic lesions which complicates the study of
specific molecules and pathways. These considerations raise
concerns about many of the human tumor xenografts that are
currently being used to test anticancer drugs. In fact, a recent
study has proposed that genetically engineered mouse models
can improve the ability to predict patient outcomes in clinical
trials compared with the xenografts derived from cancer cell
lines (33).
Here we have succeeded in immortalizing HSAECs by

introducing genes for multiple cellular factors and further
converting these immortalized cells (4T53 cells) into malig-
nant cells by additionally expressing c-MYC, PIK3CAH1047R,
CYCLIN-D1, or LKB1D194A in combination with KRASV12. As
growth rates were almost indistinguishable between all of the
transformed cells in adherent culture, and were slightly higher

than those of immortalized cells, differences in the growth
properties among transformed HSAECs were particularly
evident after transplantation. The cytogenetic analyses indi-
cated that both immortalized and transformed cells were
nearly diploid, whereas approximately 10% of 4T53RMB cells
were tetraploid (Supplementary Fig. S2B and 2C). We also
found that substantial numbers of 4T53RP, 4T53RD, and
4T53RL cells were trisomic for chromosomes 11 and 20
(Supplementary Fig. S2B), consistent with the previous obser-
vation that the duplication of chromosome 20 was frequently
observed in immortalized human bronchial epithelial cells (6).
However, the trisomy for chromosome 20 was rarely seen in
the 4T53 cells as well as in 4T53RMB cells (Supplementary
Fig. S2B). Therefore, it is possible that gain of chromosome 20
might not necessarily be required for cellular immortalization
or transformation in the case of HSAECs.

We confirmed the tumorigenic effects of these combina-
tions of oncogenes by employing another independent batch
of HSAECs derived from an individual with a different age,
gender, and race (HSAEC-2; from a 47-year-old Hispanic male).
Although tumor incidence, latency and histology of 4T53RMB
cells were similar between the 2 types of HSAECs, larger

Figure 4. EMT occurs in poorly
differentiated cancers but not in
well-differentiated cancers during
xenograft propagation. A, double
staining of HSAEC-derived
xenografts was carried out using
anti-p53 (brown) and anti-
VIMENTIN antibodies (blue). Scale
bar, 100 mm. B, single cell
suspensions were isolated from
4T53RMB, 4T53RP, and 4T53RD
xenografts and maintained in
SAGM medium. Their
morphologies (right, postxenograft)
were compared with pregrafted
matched materials (left,
prexenograft). C, protein extracts
(10 mg) from 4T53-derived cultures
of pre- and postxenograft
propagation experiments were
analyzed by immunoblotting.
Numbers on left indicate molecular
mass (kDa).
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numbers of cells and longer latency were required to obtain
differentiated lung cancers in the case of HSAEC-2 (Supple-
mentary Fig. S5A). Similar to the case of the first line, xeno-
grafts derived from the HSAEC-2_4T53RD cells represented
lung adenocarcinomas (Supplementary Fig. S5A and S5B).
However, histological features of the 4T53RP-derived xeno-
graft were moderately different between HSAEC and HSAEC-
2. The xenografts derived from HSAEC-2_4T53RP cells repre-
sented human lung squamous-cell carcinoma: gland-forming
adenocarcinoma-like regions were rarely observed whereas
they were frequently detected in the case of the first line
(Supplementary Fig. S5A and S5B). These observations are
consistent with a previous report showing that mutation or
amplification of PIK3CA was found in a subgroup of non–
small-cell lung cancers and squamous-cell carcinomas in
particular (34). The difference in the histology between 2
independent batches of HSAECs might depend on the differ-
ent origins of the cells. It is possible that HSAEC-2 might
contain cells that were isolated from themore proximal region
of the lung. As human lung squamous-cell carcinoma usually
arises in the proximal lung, it would be interesting to test
whether transformed bronchial epithelial cells effectively
reproduce squamous-cell carcinoma phenotypes. Collectively,
we concluded that immortalized HSAECs can be converted
into cancer cells when KRASV12 is introduced in combination
with an additional cellular oncogene as described previously.

The most important observation made here is that several
HSAEC-derived flank xenografts (4T53RP, 4T53RD, and
4T53RL) reproduce the human lung adenocarcinoma pheno-
type. This is a surprising finding as the adenocarcinoma
phenotype is difficult to recapitulate in xenograft models.
In fact, although differentiated breast cancers have been
generated by the propagation of transformed mammary/
breast epithelial cells in the mammary fat pad (35), the
generation of differentiated cancer models from normal
human epithelial cells has rarely been successful. As adeno-
carcinoma constitutes a large majority of lung cancers (1, 2),
the present flank xenograft models offer a convenient system
for high-throughput studies of potential new therapies. In
addition to differentiated lung cancer models, poorly differ-
entiated cancer models can also be engineered, indicating that
the histological features and degree of differentiation are
controllable to some extent by changing the combination

of genetic elements introduced. The degree of differentiation
of human tumors is routinely assessed in the clinic, with
poorly differentiated tumors generally having the worst prog-
nosis. As the exploration of factors that are present in poorly
differentiated cancers but are absent in well-differentiated
cancers should reveal potential molecular targets, our model
system is useful to find and authenticate molecules with
promise for therapeutic targeting.

One of the greatest benefits of our system may be its
applications for high-throughput screening systems. There
has been increasing hope that novel molecular targeted
therapies will be efficacious in the treatment of specific
tumors and cell line–based screening for anticancer drugs
has been carried out for several decades. However, such
screening strategies have often been hampered by the lack
of "appropriate counterparts", because many cytotoxic com-
pounds are toxic to cancer cells as well as all other proliferat-
ing cells. Conversely, our system allows us to propagate both
normal/immortalized and tumorigenic cells under the same
conditions in vitro. Thus, the use of isogenic cells (i.e., normal/
immortalized versus transformed samples) should prove to be
a powerful tool for high-throughput screening. In fact, the use
of experimentally immortalized and transformed mammary
epithelial cells has succeeded in identifying selective inhibitors
of cancer stem cells using high-throughput screening (36).
Collectively, engineered cancer cells derived from normal
HSAECs can serve as valuable reagents not only to elucidate
the molecular basis of lung cancer development but also to
identify candidate targets for anticancer drugs by high-
throughput screening, ultimately improving future therapies.
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