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Abstract
Despite the type I insulin-like growth factor receptor (IGF-IR) being highly expressed in more than 80% of human
lung tumors, a transgenic model of IGF-IR overexpression in the lung has not been created. We produced two novel
transgenic mouse models in which IGF-IR is overexpressed in either lung type II alveolar cells (surfactant protein C
[SPC]–IGFIR) or Clara cells (CCSP-IGFIR) in a doxycycline-inducible manner. Overexpression of IGF-IR in either cell
type caused multifocal adenomatous alveolar hyperplasia with papillary and solid adenomas. These tumors ex-
pressed thyroid transcription factor 1 and Kruppel-like factor 5 in most tumor cells. Similar to our previous work with
lung tumors that developed in the mouse mammary tumor virus–IGF-II transgenic mice, the lung tumors that de-
velop in the SPC-IGFIR and CCSP-IGFIR transgenic mice expressed high levels of the cyclic adenosine monophos-
phate response element binding protein that was localized primarily to the nucleus. Although elevated IGF-IR
expression can initiate lung tumor development, tumors can become independent of IGF-IR signaling as IGF-IR
down-regulation in established tumors produced tumor regression in some, but not all, of the tumors. These find-
ings implicate IGF-IR as an important initiator of lung tumorigenesis and suggest that the SPC-IGFIR and CCSP-
IGFIR transgenic mice can be used to further our understanding of human lung cancer and the role IGF-IR plays in
this disease.
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Introduction
Lung cancer is the leading cause of cancer-related deaths for both
men and women in Canada and the United States (Canadian Cancer
Statistics 2007 and National Cancer Institute Statistics 2007). The
devastatingly high mortality rate (approximately 80%) of this disease
is largely attributable to difficulties in early diagnosis and lack of
effective therapies [1–3].

Lung cancer is associated with a number of different epithelial cell
types and broadly classified into small cell lung cancer (SCLC) and non–
small cell lung cancer (NSCLC).Non–small cell lung cancer cells, which
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Figure 6. Quantification of CREB protein levels (A) and nuclear
localization (B) in normal lung or lung tumors cores.

678 IGF-IR Overexpression Induces Pulmonary Tumors Linnerth et al. Neoplasia Vol. 11, No. 7, 2009
protein was also elevated in the transgenic lung tissue compared with
wild-type controls.

Immunohistochemistry and immunofluorescence revealed that
IGF-IR (Figure 5, A and D), phospho-Akt (Figure 5, B and E ), and
phospho-CREBwere highly expressed in the lung tumor cells compared
with the normal surrounding cells (Figure 5, C and F ). Phospho-p38
mitogen-activated protein kinase, but not pErk1/2, was also highly ex-
pressed in the lung tumor cells (data not shown). Tumor cells expressing
high levels of phospho-Akt (Figure 5H) or phospho-CREB (Figure 5K )
coexpressed high levels of IGF-IR (Figure 5, G , I , J , and L).

As high levels of CREB were observed in lung tumors arising in
MMTV-IGF-II [49], SPC-IGFIR, and CCSP-IGFIR transgenic mice,
CREB expression was examined in human lung tissue. Most of the
human lung adenocarcinomas, squamous cell carcinomas, and small
cell carcinomas expressed moderate or high levels of CREB (Figure 6A)
with most of this CREB being localized to the nucleus (Figure 6B).
Incomplete Tumor Regression after IGF-IR Down-regulation
To determine whether IGF-IR–induced tumors remained dependent

on IGF-IR signaling, doxycycline was withdrawn from SPC-IGFIR
and CCSP-IGFIR transgenic mice after an 8-month treatment period.
Lung tissue was then collected 96 hours, 2 weeks or 1 month after the
removal of doxycycline. Of the threemice examined (twoCCSP-IGFIR
and one SPC-IGFIR) after a 96-hour doxycycline withdrawal, the lungs
of all of the mice displayed either IGF-IR–positive cells or IGF-IR–
positive tumors (data not shown). Of the three mice examined after a
2-week doxycycline withdrawal period, one CCSP-IGFIR transgenic
mouse lung contained IGF-IR–positive cells and several IGF-IR-positive
tumors, one SPC-IGFIR transgenic mouse lung contained IGF-IR-
positive cells and at least one tumor with both IGF-IR–positive and
–negative cells, whereas one CCSP-IGFIR transgenic mouse lung con-
tained IGF-IR–positive tumors and a few areas that resembled com-
pletely regressed tumor lesions (data not shown). Eight mice (six
SPC-IGFIR and two CCSP-IGFIR) were examined after a 1-month
doxycycline withdrawal period. Lung tissue from one of the CCSP-
IGFIR transgenic mice did not contain any IGF-IR–positive cells or
apparent tumors but did contain several regions that resembled re-
gressed tumor lesions (Figure 7A). These areas of tumor regression
are similar to the mammary tumors that regressed after doxycycline
withdrawal in MMTV-IGFIR transgenic mice (unpublished observa-
tions). Three of the mice (all SPC-IGFIR) contained only tumors that
were primarily negative for IGF-IR staining (Figure 7C ), whereas two
of the mice (both SPC-IGFIR) contained either IGF-IR–positive cells
or IGF-IR–positive tumors (Figure 7B). The remaining two mice (one
SPC-IGFIR and one CCSP-IGFIR) contained both IGF-IR–positive
and –negative tumors. Some of the tumors in the lungs of these
mice also demonstrated a mixture of IGF-IR–positive and IGF-IR–
negative cells (Figure 7D). Immunohistochemistry revealed that
CREB (Figure 8, A and B) and KLF5 (data not shown) were expressed
at high levels in tumors where IGF-IR levels were mixed (Figure 8C ) or
absent (Figure 8D).
Discussion
The IGF-IR has been associated with human SCLC and NSCLC

in that the IGF-IR is highly expressed in approximately 95% of SCLC
and 80% of NSCLC cases [36–38]. In addition, studies on human
lung cancer cell lines demonstrated that IGF signaling promotes lung
tumor proliferation and inhibits apoptosis, whereas down-regulation
of IGF-IR inhibits lung tumor cell proliferation, promotes apoptosis,
and sensitizes lung cancer cells to chemotherapy and radiotherapy
[42–48]. Although these studies demonstrate that IGF signaling is
an important regulator of lung tumorigenesis, they do not address
whether IGF signaling mediates transformation of normal lung cells
and is thus involved in tumor initiation or whether IGF-IR primarily
mediates lung tumor progression. Our characterization of SPC-IGFIR
and CCSP-IGFIR transgenic mice demonstrated that elevated levels
of IGF-IR and hyperactive IGF-IR signaling are sufficient to promote
lung tumor initiation. This finding supports our previous transgenic
model where elevated levels of IGF-II induced pulmonary tumorigen-
esis [49].

Interestingly, IGF-IR overexpression in Clara cells produced solid
adenomas that were largely negative for the Clara cell marker CCSP.
Loss of CCSP expression has been observed in at least two other trans-
genic models of lung tumorigenesis, the CC10TAg transgenic mice and
the CCSP-rtTA-FGF10 transgenic mice [57,58]. There are at least
three possible explanations for the loss of Clara cell protein markers
in lung tumors arising from CCSP-targeted transgenes. First, it is pos-
sible that upon transformation, Clara cells undergo changes in gene
expression leading to very low levels of the Clara cell marker [59].
An alternative explanation is that the CCSP promoter is expressed in
both Clara cells and type II alveolar cells, and only type II alveolar cells
are transformed and thus give rise to tumors [57]. As we observed ele-
vated IGF-IR levels in Clara cells as well as cells in the lung periphery
in the CCSP-IGFIR transgenic mice, and there is no apparent bron-
chiolar hyperplasia, it is possible that type II alveolar cells are the cells
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ourmammary tumormodel, tumors initiated by IGF-IR overexpression
also display IGF-IR–independent tumor growth [75] indicating that
this escape from IGF-IR dependence is not restricted to lung tumors.
Development of IGF-IR independence has important clinical ramifica-
tions because it suggests that some lung tumors could either acquire or
be intrinsically resistant to IGF-IR targeting agents.
In summary, using IGF-IR transgenic mice, we have shown that

IGF-IR overexpression in type II alveolar cells or Clara cells is sufficient
to initiate lung tumor development; however, continued growth of
these lung tumors is not explicitly dependent on continued IGF-IR ex-
pression. Two proteins that may mediate IGF-IR induced lung tumori-
genesis and possibly tumor escape from IGF-IR dependence are CREB
and KLF5. Therefore, CREB and KLF5 may represent more viable
therapeutic targets for the treatment of lung cancer than IGF-IR.
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