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Introduction

Lung cancer is the leading cause of cancer death worldwide.!
This high mortality rate is because of the fact that most cases
of lung cancer are diagnosed at an advanced stage of develop-
ment. Although morphological differences between the cat-
egories are well recognized, the underlying molecular
alterations are poorly understood. Perhaps because of an
inability to recognize premalignant lesions, physicians are
seldom able to diagnose lung cancer before it has reached an

advanced stage.’
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Abstract

Background: Lung cancer is the leading cause of morbidity and death worldwide.
Although the available lung cancer animal models have been informative and
further propel our understanding of human lung cancer, they still do not fully reca-
pitulate the complexities of human lung cancer. The pathogenesis of lung cancer
remains highly elusive because of its aggressive biologic nature and considerable het-
erogeneity, compared to other cancers. The association of Cul4A amplification with
aggressive tumor growth and poor prognosis has been suggested. Our previous
study suggested that Cul4A is oncogenic in vitro, but its oncogenic role in vivo has
not been studied.

Methods: Viral delivery approaches have been used extensively to model cancer
in mouse models. In our experiments, we used Cre-recombinase induced
overexpression of the Cul4A gene in transgenic mice to study the role of Cul4A on
lung tumor initiation and progression and have developed a new model of lung
tumor development in mice harboring a conditionally expressed allele of Cul4A.
Results: Here we show that the use of a recombinant adenovirus expressing Cre-
recombinase (“AdenoCre”) to induce Cul4A overexpression in the lungs of mice
allows controls of the timing and multiplicity of tumor initiation. Following our
mouse models, we are able to study the potential role of Cul4A in the development
and progression in pulmonary adenocarcinoma as well.

Conclusion: Our findings indicate that Cul4A is oncogenic in vivo, and this mouse
modelis a tool in understanding the mechanisms of Cul4A in human cancers and for
testing experimental therapies targeting Cul4A.

The cullin 4A/B (CRL4)-based ubiquitin ligase complex
has recently become the subject of intense investigation after
publication of the crystal structure of its core components
and identification of some of its substrates.>* The central role
of CRL4“" in regulating the expression of various proteins
that regulate the cell cycle, and its role in determining the
integrity of DNA replication and repair, suggest that various
components of CRL4“? could be involved in tumorigenesis.
We previously found that Cul4A is an oncogene in mesothe-
lioma cells.” However, the relationship between Cul4A and
lung tumor occurrence has not been reported, and the
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potential oncogenic role of the gene in vivo is yet to be deter-
mined. In our experiments, we used Cre-recombinase-
induced overexpression of the Cul4A gene in transgenic mice
to study the role of Cul4A on lung tumor initiation and pro-
gression and to discover a new cell type contributing to the
development of pulmonary adenocarcinoma.

To date, most mouse models generate lung adenocarcino-
mas with various stages of malignancy. A frequently used
method to induce lung tumorigenesis is through conditional
or spontaneously activated Kirsten rat sarcoma viral onco-
gene homolog (K-ras) mutations.® However, it is obvious that
more complex mouse models are needed to further our
understanding of highly complex lung cancer genetics. Simu-
lating more complex lung tumor genetics in human lung
cancer requires an expanded approach with other conditional
genetic systems. Cre-mediated recombination can be
achieved through the administration of an engineered
adenovirus expressing Cre-recombinase (AdenoCre) via
nasal or tracheal instillation.” In an effort to improve mouse
lung tumor modeling, we developed a Lox-Stop-Lox Cul4A
conditional mouse strain (referred to as LSL-Cul4A), in
which overexpression of Cul4A is activated by the removal of
a transcriptional termination stop element, achieved through
exposure to AdenoCre.® An advantage of this method is thata
limited amount of adult mouse lung cells can be targeted in a
localized and controlled fashion. Infection of adult mouse
lungs with AdenoCre virus rapidly resulted in the onset of
pre-invasive lesions at 16 weeks, followed by the development
of adenocarcinoma at 40 weeks. Through synchronized
tumor initiation, we were able to characterize the early stages
of lung tumor progression. Another important aspect of this
model was that lung tumor multiplicity could be controlled,
because application of AdenoCre infects only a subset of lung
epithelial cells. This, together with control of the time-points
of AdenoCre application, ensured a precise mimicking of the
sporadic character of human lung cancer development and
progression.

Methods

AdenoCre induction in Cul4A transgenic mice

Mice were infected with AdenoCre or Ade-green fluorescent
protein (GFP; as control group) at 6-10 weeks of age. The
University of California, San Francisco (UCSF) Institutional
Animal Care and Use Committee approved the study
(Approval No. AN085516-03C). The intranasal administra-
tion of the adenoviruses was performed as previously
described.” The AdenoCre (Ad5CMVCre) and Ade-GFP
(Ad5CMVeGFP) were purchased from the Gene Transfer
Vector Core of the University of Iowa, and have been used in
several studies. To generate a mouse model that would condi-
tionally overexpress Cul4A protein, we used the pCALL2
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vector.'” Transgenic mice were mated with FVB/N mice to
produce transgenic offspring. The pCALL2-Cul4A transgene
was genotyped by polymerase chain reaction (PCR) using
genomic DNA isolated from the tail." Transgenic mice were
anesthetized with 2.5% Avertin via intraperitoneal injection,
after which half of the mice inhaled approximately 10° or 10”
particles of AdenoCre introduced directly into the lungs. The
other half inhaled Ade-GFP without AdenoCre. Eight weeks
later, the mice were killed and the lungs dissected and sections
analyzed.

Histological analysis and
immunohistochemistry

Mice were killed at the post-infection times indicated and
subjected to full necropsy for histological and immunobhisto-
chemical analyses. Endogenous peroxidase was quenched for
15 minutes at room temperature with 3% H,O, in methanol.
Sections were blocked with 4% normal goat serum in phos-
phate buffered saline (PBS) with 0.2% Triton for two hours at
room temperature before incubating overnight at 4°C
with the properly diluted antibodies: anti-Cul4A1:500
(ab34897, Abcam, Cambridge, UK); anti-CCSP:2000 (07-
623, Millipore, Billerica, MA, USA); anti-proS-PC1:4000
(AB3786, Millipore).

For immunofluorescence, sections were blocked at room
temperature for two hours in PBS containing 0.2% Triton
X-100 and normal horse serum. They were then incubated at
4°C overnight with dilutions of the appropriate antibodies in
blocking buffer. After incubation, sections were washed three
times for five minutes with 0.2% Triton X-100 in PBS. Sec-
tions were then incubated for 30 minutes at room tempera-
ture with GFP-conjugated anti-goat at a 1:200 dilution,
followed by a 30-minute incubation with fluorescein
isothiocyanate-conjugated anti-rabbit at a 1:1000 dilution.
Sections were then counterstained for five minutes with 47,6-
diamidino-2-phenylindole.

Immunohistochemical and
statistical analyses

Three independent researchers blindly scored positivity, and
the data represent the samples that were scored positive by all
three individuals. The following scoring system was used: —,
no stain; +, weak staining (10% or above stained cellularity
considered as positive); ++, moderate staining (30% or above
stained cellularity considered as positive); and +++, strong
staining (50% or above stained cellularity considered as posi-
tive). All scoring was performed under magnification (20x)
with a Zeiss Axioskop 2 microscope (Carl Zeiss Inc., Dussel-
dorf, Germany) and photomicrographs were obtained with a
Carl Zeiss AxioCam MrC5 camera.

© 2015 The Authors. Thoracic Cancer published by China Lung Oncology Group and Wiley Publishing Asia Pty Ltd 481



Lung tumors in Cul4A transgenic mice

Correlation analyses were performed using SPSS 13.0
(SPSS Inc., Chicago, IL, USA). Zero, 1, 2, and 3 were used to
represent —, +, ++, and -+, respectively.

Results

Overexpression of Cul4A in mouse lungs
elicits tumor formation

Infected LSL-Cul4A mice (hereafter referred to as Lox-Cul4A)
were killed at eight, 12, 16, 20, and 24 weeks after infection
with Ade-GFP and AdenoCre. On examination, the lungs
from the wild-type mice induced with Ade-GFP and those
induced with AdenoCre appeared grossly normal and
uniform at 12 weeks post-infection (Fig 1a,b), whereas small,
scattered hyperplasia lesions were observed histologically at
eight and 12 weeks post-infection (Fig 1f, g). The lungs of the
Lox-Cul4A mice had numerous bumpy lesions at 16 weeks
post-infection, and histological sections showed a single
lesion (Fig 1c, h). At 20 weeks post-infection with AdenoCre,
the surface of Lox-Cul4A lungs had a cobblestone appearance,
and histological sections showing a single lesion (Fig 1d, 1).
This may more closely mimic human lung cancer, in which
patients typically develop a single tumor that progresses over

8 wk 12 wk

16 wk
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time to metastatic disease. At 24 weeks post-infection with
AdenoCre, numerous adenocarcinoma-like lesions were
clearly visible on the surface of the Lox-Cul4A mouse lungs
(Fig le,j).

Distinct types of preneoplastic and
adenocarcinomous lesions allow progression
to be followed over time

Three types of pulmonary preneoplastic lesions have been
recognized in Lox-Cul4A mouse lungs at eight, 12, and 16
weeks post-infection with AdenoCre, according to the recent
World Health Organization (WHO) classification system.

Immunohistochemical analysis reveals that
hyperplasias and adenocarcinomas are
related to both Clara cells and alveolar type
Il pneumocytes

We detected positive cells lining the bronchioles by staining
for Clara cell secretory protein (CCSP), but found that
Cul4A-induced lesions were largely CCSP negative (Fig 2a, c,
g). In contrast, most cells within Cul4A-induced lesions
expressed surfactant protein-C (SP-C), suggesting that they

20 wk

24 wk

Figure 1 Tumor pathology in mouse lungs with Cul4A overexpression. (a) Wild-type mouse lungs eight weeks post-infection with Ade-green fluores-
cent protein. The surface of the lungs is smooth and uniform. (b) Lox-Cul4A mouse lungs 12 weeks post-infection with adenovirus expressing Cre-
recombinase (AdenoCre). The surface of the lungs is also smooth and uniform. (c) Lox-Cul4A mouse lungs 16 weeks post-infection with AdenoCre. The
surface of the lungs have a bumpy appearance, arrows indicate the lesions. (d) Lox-Cul4A mouse lungs 20 weeks post-infection with AdenoCre. An iso-
lated cobblestone-like nodule on the surface of the lungs is visible; the arrow indicates the lesion. (e) Lox-Cul4A mouse lungs 24 weeks post-infection
with AdenoCre. Several nodules on the surface of the lungs have appeared; arrows indicate the lesions. (f) Histological sections of wild-type mouse lungs
eight weeks post-infection with AdenoCre. (g) Histological sections of Lox-Cul4A mouse lungs 12 weeks post-infection with AdenoCre; the arrow shows
asingle lesion. (h) Histological sections of Lox-Cul4A mouse lungs 16 weeks post-infection with AdenoCre; arrows indicate isolated lesions. (i) Histologi-
cal sections of Lox-Cul4A mouse lungs 20 weeks post-infection with AdenoCre; arrow shows a single adenocarcinoma-like lesion. (j) Histological sec-
tions of Lox-Cul4A mouse lungs 24 weeks post-infection with AdenoCre; arrows show diffuse severe adenocarcinoma-like lesions. Scale bar indicates
200 um. Wk, weeks.
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Anti-CCSP Anti-pro-SP-C
a4 Lo 2

Figure 2 Immunophenotype of lesions in Lox-Cul4A mice. (a) Clara cell secretory protein (CCSP)-positive in nonrespiratory bronchiole epithelial cells
and negative in atypical adenomatous hyperplasias. (b) Surfactant protein-C (SP-C) positive adenoma and SP-C negative bronchiole epithelial cells in the
same lesion of (a). (c) CCSP positive papillary structures in epithelial hyperplasia (EH) continuous with an adenoma. (d) SP-C-positive papillary structures
and adenoma in the same continuous lesion in the adjacent serial section. Arrows indicate the same papillary structure in (c) and (d) that is positive for
both CCSP and SP-C. (e) Histological section of EH continuous with an adenoma. (f) Higher magnification of papillary structures in which there are
double-positive SP-C/CCSP cells. (g) CCSP immunofluorescence alone in the adenocarcinomatous lesion 24 weeks post-infection with adenovirus
expressing Cre-recombinase (AdenoCre). (h) SP-C immunofluorescence alone in the adenocarcinomatous lesion 24 weeks post-infection with
AdenoCre. Scale bar indicates 100 um in A-f, and 50 um in G-H.
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have properties reminiscent of type II pneumocytes (Fig 2b,
d, h). Serial section analysis indicated that Cul4A induced
adenomas often arose near terminal bronchioles (Fig 2e, f).

Discussion

Our study demonstrates that Cul4A is oncogenic in vivo and
that the development of lung tumors can be induced by
Cul4A overexpression. The very reproducible tumor latency
obviously depends on strain susceptibility and/or the appli-
cation of carcinogen-induction protocols. Mouse lung cells
may be especially sensitive to the proliferative effects of
Cul4A, such that a tumor will more readily arise when the
Cre-recombination event occurs in these cell types. A
similar situation happens in K-ras and B-Raf mutations,
which are both associated with tumor progression in mouse
models.”” By 20 weeks post-infection, we observed no
adenocarcinomas or metastases in any of the models with
overexpression of Cul4A, most probably because by itself,
the overexpression of Cul4A is not enough to allow the
adenocarcinoma to progress to a later state of malignancy.
However, these straightforward experiments elucidate the
important role of Cul4A in mouse lung tumor initiation and
progression.

To test that the lesions were associated with excision of
the transcriptional stop element, genomic DNA was pre-
pared from portions of the infected lungs, and PCR con-
firmed the presence of the Cul4A allele. To verify that
excision of the stop element resulted in the expression of
Cul4A protein, immunostainings of Cul4A in mouse lung
sections post-infection were analyzed at the indicated time
points. The rearranged Cul4A allele was not detected
in any of the other tissues from the infected mice, indicat-
ing that infection and Cul4A overexpression were limited to
the lungs (data not shown; see Methods)." The lungs of
mice inducted with AdenoCre were strongly positive for
Cul4A, whereas the lungs of mice without Cre-excision were
negative (Fig 3). Interestingly, we detected overexpressions
of Cul4A in some hyperplasia and adenocarcinomous
lesions in the mouse lungs after AdenoCre inhalation. Possi-
bly, this is a result of the oncogenic functions of the Cul4A
protein.

The first preneoplastic lesion is atypical adenomatous
hyperplasia (AAH), a proliferation of atypical epithelial cells
growing along the alveolar septae, which do not disrupt
underlying lung architecture. In the 1999 and 2004 WHO
classifications, AAH was recognized as a pre-invasive lesion
for lung adenocarcinoma.” The AAH present in Lox-Cul4A
mice closely resembles human AAH, a dysplastic lesion pro-
posed to be a precursor of pulmonary adenocarcinoma.'
Lesions of the second type are epithelial hyperplasia (EH), the
papillary proliferations of epithelial cells lining the bronchi-
oles, for which analogous lesions have not been identified in
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humans. Lesions of the third type are adenomas, which are
neoplasms with papillary, solid or mixed architecture that
distort or obliterate the alveolar septae. Adenomas of the lung
are reported infrequently in humans, but this may reflect the
fact that lung cancer patients typically present in an advanced
stage of the disease.

Early on in our study (around 8 weeks post-infection),
mice with Cul4A overexpression had AAH arising within the
terminal bronchioles and within the central lung paren-
chyma (n=5). The lesions appeared to arise in alveolar ducts
and expand outward and around bronchioles. This hyper-
plastic epithelium displayed papillary excrescences (Fig 4b,
e), but at early time points (4—-8 weeks), nodules had not
formed (Figla, b). At 12 weeks post-infection with
AdenoCre (1 = 7), the mouse lungs contained a spectrum of
lesions ranging from AAH to small adenomas. We detected
changes in the papillary adenomas where they appeared to
undergo alterations at their periphery, appearing to take on a
more solid architecture (Fig 4c, f). EH of the bronchioles also
persisted at this time-point, and a subset of EH appeared to
be continuous with AAH, as before, as well as with adeno-
mas. It is striking that the Cul4A-induced lung adenomas
formed rapidly (8-12 weeks). At 16 weeks post-infection
with AdenoCre, we observed the continued presence of AAH
(n =5), but these lesions were outnumbered by adenomas.
The adenomas were significantly larger than those seen at
eight weeks. There was no invasive component. In two slides
at 16 weeks, AAH lesions were rare, but moderate EH was
more prevalent, suggesting that these lesions are indeed pre-
cursor lesions that progress over time, eventually becoming
tumors of more advanced stages (Fig 4d, g). At 20 weeks (1=
7) post-infection with AdenoCre, AAH lesions were no
longer seen, and overt minimally invasive adenocarcinoma
(MIA) was present. MIA is usually nonmucinous but may
rarely be mucinous (Fig 4h, 1). It is a small, solitary adenocar-
cinoma, with a predominantly lepidic growth pattern, with
tumor cells infiltrating myofibroblastic stroma. These find-
ings provide strong evidence for a progression from AAH
lesion to adenoma, and then to adenocarcinoma, and an
overexpression of Cul4A appears sufficient to rapidly induce
the hyperplastic lesions that progress to adenoma. At 24
weeks (n=6), the multiple adenocarcinomas showed numer-
ous mitoses and nuclear pleomorphisms, including enlarged
nuclei with prominent nucleoli (Fig 4j, k, 1). Major histologic
predominant patterns of invasive adenocarcinoma consist of
lepidic and acinar growth. The lepidic pattern consists of a
proliferation of type II pneumocytes and Clara cells along
the surface alveolar walls. Acinar adenocarcinoma consists of
round to oval-shaped malignant glands invading a fibrous
stroma.

In our observations, the short latency and high penetrance
of AAH formation was particularly striking, and suggested
that overexpression of Cul4A is sufficient for the induction of
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Adeno-Cre

Anti-CudA

Figure 3 Immunostaining of anti-Cul4A in mouse lung sections. (a) Eight weeks with Ade-green fluorescent protein (GFP); (b) eight weeks with adeno-
virus expressing Cre recombinase (AdenoCre); (c) 12 weeks with Ade-GFP; (d) 12 weeks with AdenoCre; (e) 16 weeks with Ade-GFP; (f) 16 weeks with

AdenoCr; (g) 20 weeks with Ade-GFP; (h) 20 weeks with AdenoCre.

hyperplastic lesions. The time-course study performed here
indicated that AAH lesions became progressively larger and
more solid, until it became impossible to make a distinction
between advanced AAH and adenoma. Depending on the
extensiveness of the search, AAH may be multiple in up to 7%
of resected lung adenocarcinomas." Multiple subtypes with
different growth patterns show that these mouse lung tumors
are bilologically heterogeneous and contain genotypically

Thoracic Cancer 6 (2015) 480-487

and phenotypically diverse subpopulations of tumor cells,
each of which has the potential to complete some but not all
of the steps in the metastatic process. Meanwhile, we found
that most lesions were located subpleurally (Fig 1j), which is
consistent with the ability of metastatic cells to grow at a
foreign site, and suggests that metastasis favors the survival
and growth of a few subpopulations of cells that preexist
within the parent neoplasm.
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Figure 4 Histological analysis of distinct types of lesions and stages of tumor progression in Lox-Cul4A mice. (a) Eight weeks post-infection with Ade-
green fluorescent protein (GFP. (b) Slightly atypical adenomatous hyperplasia of terminal (bottom) and epithelial hyperplasia (EH) of a respiratory (top)
bronchiole in Lox-Cul4A lungs eight weeks post-infection; (c) Small papillary adenoma in Lox-Cul4A lungs 12 weeks post-infection. (d) Moderate EH of
a terminal bronchiole 16 weeks post-infection; arrow indicates the destroyed basal membrane. (e) Higher magnification of the lesion in B; arrows indi-
cate the lesions. (f) Higher magnification of the lesion in (c). (g) Higher magnification of the lesion in (d). (h) Nonmucinous minimally invasive adenocar-
cinoma (MIA). This subpleural adenocarcinoma tumor consists primarily of lepidic growth area of invasion 20 weeks post-infection. (i) Higher
magnification of the lesion in (h). (j) Mucinous MIA 24 weeks post-infection. This consists of a tumor showing lepidic growth. (k) Higher magnification of
the lesion in (j). The tumor cells grow mostly in a lepidic pattern along the surface of alveolar walls. (I) The tumor invades the areas of stromal fibrosis in

an acinar pattern. Scale bar indicates 100 um.

The cellular origins of human lung adenocarcinoma and
mouse lung adenomas are unclear.”” To assess the properties
of mouse lunglesions brought about by the overexpression of
Cul4A, we used immunohistochemical and immunofluores-
cence analysis to detect CCSP/CC10 and SP-C, a surface
marker of type IT pneumocytes (AT2 cells).'* Non-small cell
lung cancers frequently express markers of Clara cells or
alveolar type II pneumocytes (AT2 cells). We discovered that
the areas of alveolar hyperplasia, AAH, adenomas, and
adenocarcinomas observed in the alveolar septa following
Cul4A activation induced by the AdenoCre virus were found
to be negative for CCSP but strongly positive for SP-C.

The earliest studies focused on AT?2 cells and a rare popula-
tion found within the bronchioalveolar duct junction (BAD]J)
termed bronchioalveolar stem cells (BASCs)."” Based on our
staining of alveolar type II pneumocytes and Clara cell-

486 Thoracic Cancer 6 (2015) 480-487

specific markers in Cul4A-induced lesions, we discovered that
the hyperplasia and adenocarcinomous lesions were mostly
located at the bifurcation between bronchiolar and respira-
tory epithelium. We therefore hypothesize that BASCs consti-
tute a stem or progenitor cell population that maintains Clara
cells and alveolar type II pneumocyte cells in mouse lungs.
The cell of origin for most lung cancers remains elusive,
but several studies have pointed to cells residing in the BAD]
region.'”® As with these other studies, we observed an
increased incidence of tumor formation in this region, espe-
cially in the Kras activation model. Although it was difficult to
explain why this also occurred in our Cul4A overexpression
mouse model, our results suggest that the origin of these
tumors is either BASC-like cells or Clara cells within the
bronchiolar epithelium. In fact, lesions present at early post-
infection time points appeared to be continuations of
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bronchiolar hyperplasia and alveolar hyperplasia arising in
terminal bronchioles. To explore this hypothesis, we will need
to isolate and further characterize BASCs.

Conclusion

The role Cul4A plays in the initiation and development of
lung tumors in our mouse model has implications for under-
standing cancer biology and introduces new avenues for
therapeutic development targeting Cul4A. Identifying the
cells of origin of lung cancer may lead to new therapeutic
strategies. This new Cul4A mouse model of lung cancer has
many advantages over existing models. A better understand-
ing of Cul4A signaling pathways and mechanisms and their
effects on the growth of lung tumors in our mouse model
could provide new insights, thus contributing to future
experimental therapies.
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