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Abstract
BACKGROUND—In several types of cancer, up-regulation of phosphatidylinositol 3-kinase
(PI3K)-Akt signaling facilitates tumor cell growth and inhibits apoptosis. Previous reports
demonstrate that this pathway promotes growth, survival, and chemotherapy resistance in non-
small cell and small cell lung cancer cells. However, the importance of PI3K-Akt signaling has not
been explored in pulmonary carcinoids. In this study, our objective was to establish the role of the
PI3K-Akt signal transduction pathway in pulmonary carcinoid cells.

STUDY DESIGN—Human pulmonary carcinoid NCI-H727 cells were treated with LY294002
(0-100 μM), a well-known PI3K inhibitor, or transfected with Akt1 siRNA (75 nM). Cellular
proliferation was measured by MTT assay for up to 8 days. Western analysis was performed for
expression of active, phosphorylated Akt (pAkt), total Akt, Akt1, and the neuroendocrine markers
chromogranin A (CgA) and achaete-scute complex-like1 (ASCL1).

RESULTS—Treatment of NCI-H727 cells with LY294002 significantly reduced tumor cell
growth (85.3%). Similarly, Akt1 siRNA transfection led to diminished tumor cell proliferation
(31.3%). A dose-dependent decrease in CgA and ASCL1 production was observed with both PI3K
inhibition and Akt1 RNA interference. Expression of Akt1 was reduced at all time points by
transient Akt1 siRNA transfection.

CONCLUSIONS—The PI3K-Akt pathway plays a role in both tumor cell growth and
neuroendocrine hormone secretion in human pulmonary carcinoid cells. Inhibition of Akt1, PI3K-
Akt signaling, or a downstream mediator of this pathway may provide therapeutic approaches for
patients with pulmonary carcinoid tumors.
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Pulmonary carcinoid tumors are neuroendocrine malignancies that develop in the
bronchopulmonary epithelium. These low-grade malignant neoplasms arise from Kulchitsky
or enterochromaffin-like cells and have an age-adjusted annual incidence between 0.4 and
0.9 cases per 100,000 people (1). Over the last 30 years, the incidence of pulmonary
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carcinoids has more than doubled (1). Furthermore, up to 35% of patients present with
unlocalized disease (1). The 5-year survival for patients with distant metastases is
approximately 26%, compared to 81% for patients with localized tumors (1). Patients with
pulmonary carcinoids suffer from symptoms secondary to luminal obstruction and
ulceration, such as cough, hemoptysis, pneumonia, chest pain, and dyspnea. Currently, the
only potentially curative treatment option for patients with pulmonary carcinoid tumors is
surgical resection (2). Effective therapies for patients with unresectable disease are lacking
since radiotherapy, systemic chemotherapy, and biotherapy have all shown limited success
(3). As a result, innovative therapies are necessary to address patients who present with
complex pulmonary carcinoid disease.

One strategy that has been explored in several cancers is manipulation of signaling pathways
like the phosphatidylinositol 3-kinase (PI3K)-Akt pathway. Overactivation of Akt signaling
has been demonstrated in breast and colon cancer, as well as non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC) (4-6). PI3K-Akt signaling normally regulates
cell survival, proliferation, and motility. Akt, also known as protein kinase B, is the key
effector of the pathway and must be phosphorylated at two distinct sites, threonine 308 and
serine 473, to be active. PI3K and phosphate-dependent dehydrogenase kinase-1 (PDK1) are
responsible for this Akt phosphorylation. Active, phosphorylated Akt (pAkt) then modulates
several downstream substrates including, but not limited to various caspases and Forkhead
transcription factors. An additional important point about PI3K-Akt signaling is that 3
isoforms of Akt exist: Akt1, 2, and 3 (or protein kinase B-alpha, beta, and gamma,
respectively). These isoforms appear to have tissue-specific roles and differential clinical
implications (7).

In both NSCLC and SCLC cell lines, PI3K-Akt signaling has been shown to play an
important role in cell survival and growth (5,6). In addition, Akt1 inhibition has been shown
to be critical in sensitizing NSCLC and SCLC to chemotherapy and radiation (8,9). Like
pulmonary carcinoids, SCLC is also categorized as a neuroendocrine tumor of the lung. We
have previously demonstrated that the PI3K-Akt pathway is significant in another non-
pulmonary neuroendocrine tumor, medullary thyroid cancer (10). These observations
suggest that this signaling pathway may be important in the tumorigenesis of pulmonary
carcinoid cells as well. However, to date, the function of PI3K-Akt signaling in pulmonary
carcinoid tumors remains unknown. Therefore, our objective was to establish the role of the
PI3K-Akt signal transduction pathway in pulmonary carcinoid cells.

In this study, we describe the effects of PI3K and Akt1 inhibition on pulmonary carcinoid
cells. Suppression of PI3K-Akt signaling with the well-known PI3K inhibitor, LY294002, in
vitro resulted in a profound dose-dependent reduction in pulmonary carcinoid cell growth. In
addition to inhibiting cell growth, LY294002 also decreased expression of the
neuroendocrine tumor markers, chromogranin A (CgA) and achaete-scute complex-like1
(ASCL1). Small-interfering RNA (siRNA) against Akt1 recapitulated the effects of
LY294002 on both cell growth and neuroendocrine marker expression, suggesting that PI3K
signals through Akt1. These results indicate that PI3K-Akt signaling and Akt1 are involved
in cell survival and tumor growth in pulmonary carcinoid cells.

METHODS
Cell Treatment and Growth

NCI-H727 cells, a human pulmonary carcinoid cell line, were obtained from American Type
Culture Collection (Manassas, VA) and maintained as previously described (11,12). For
treatment with the PI3K inhibitor, LY294002 (Promega, Madison, WI), NCI-H727 cells
were plated onto 100-cm2 dishes for protein isolation or counted using a hemocytometer and
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plated at a concentration of 30,000 cells/well onto 24-well plates in quadruplicate for cell
proliferation measurement. The next day the cells were washed with phosphate buffered
saline and treated with LY294002 in phenol-free standard media at concentrations of 0, 25,
50, 75, and100 μM. The concentration of dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, MO), the solvent for LY294002, was the same in each treatment group, including
control (0 μM). For protein analysis, the cells were incubated and isolated after either 48 or
96 hours. To measure cellular proliferation, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT, Sigma) rapid calorimetric assay was utilized. Every 48
hours, the MTT assay was performed on one 24-well plate by removing the standard
medium and replacing it with 250 μL of serum-free media containing a 0.5 mg/mL
concentration of MTT. After incubation at 37 °C for 3-4 hours, 750 μL of DMSO was added
to each well and mixed gently. Absorbance was then measured at a wavelength of 540 nm
using a spectrometer (μQuant; Bio-Tek Instruments, Winooski, VT). On the remaining 24-
well plates, the medium was changed and the cells were retreated with the same
concentrations of LY294002 every 48 hours until the MTT assay was performed.

siRNA Transfection
NCI-H727 cells also were plated onto 100-cm2 dishes at approximately 30% confluence,
and transfection of 75 nM non-specific (NS) or Akt1 siRNAs (Santa Cruz Biotechnology,
Santa Cruz, CA) was performed per manufacturers instructions with the reagent
Lipofectamine™ 2000 (Invitrogen Corporation, Carlsbad, CA) as described (11). After 24
hours of incubation, the cells were trypsinized and plated in the standard medium onto either
6-well plates for protein isolation or counted with a hemocytometer and plated at a
concentration of 30,000 cells/well onto 24-well plates in quadruplicate for the MTT growth
assay. Cellular extracts for protein analysis were isolated every 48 hours for up to 6 days.
The MTT assay was performed in the same manner as described above.

Western Blotting
After NCI-H727 cells were treated, whole cell lysates were prepared as previously described
(11). Total protein concentrations were quantified using a bicinchoninic acid assay kit
(Pierce Biotechnology, Rockford, IL). Per manufacturer’s instructions, gel electrophoresis
on NuPAGE® Novex® Bis-Tris 10% Mini Gels (Invitrogen) was performed on 30 to 40 μg
of denatured cellular extracts. Then, proteins were transferred onto nitrocellulose
membranes (Bio-Rad Laboratories, Hercules, CA), which were subsequently blocked in
milk (5% non-fat dry milk and 0.05% Tween 20 in phosphate buffered saline), and
incubated with the appropriate primary antibody overnight at 4°C. The antibody dilutions
were: 1:1000 for total Akt, pAkt, Akt1 (Cell Signaling Technology, Beverly, MA), ASCL1
(BD Biosciences, San Diego, CA), CgA (Zymed Laboratories, San Francisco, CA); and
1:10,000 for glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Trevigen, Gaithersburg,
MD). After primary antibody incubation and washing, horseradish peroxidase-conjugated
goat anti-rabbit or goat anti-mouse (Pierce) secondary antibodies were used depending upon
the source of the primary antibody. For visualization of the protein signal, Immunstar (Bio-
Rad) or SuperSignal West Femto (Pierce) kits were utilized according to the manufacturer’s
specifications.

Data analysis
Using SPSS statistical software (version 10.0, SPSS Inc, Chicago, IL), t-tests were used for
statistical comparisons between treatment groups. A p value of less than 0.05 was
considered statistically significant.
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RESULTS
PI3K Inhibition Suppressed NCI-H727 Cell Growth

PI3K-Akt pathway inhibition has been shown to suppress growth in several cancer lines,
including both non-pulmonary and pulmonary tumors such as NSCLC and SCLC (5-7). In
addition, PI3K inhibitors have shown in vitro effectiveness in certain neuroendocrine tumors
(10). However, the role of PI3K-Akt signaling in the growth of pulmonary carcinoid tumors
has not yet been elucidated. To measure cell viability, we utilized the MTT assay over 8
days on NCI-H727 cells treated with LY294002 (0-100 μM). We observed a profound dose-
dependent decrease in NCI-H727 human pulmonary carcinoid cancer cell growth (Fig. 1A).
At 6 and 8 days, cell proliferation was significantly inhibited compared to control was seen
even at 10 μM LY294002, the lowest treatment concentration (p<0.005). After 8 days of
treatment with 100 μM LY294002, pulmonary carcinoid tumor cell growth was reduced by
85.3% relative to untreated cells (p<0.0001). Therefore, PI3K-Akt signaling appeared to
play a significant role in pulmonary carcinoid cell growth.

In order to determine the effectiveness of our PI3K inhibition with LY294002 in pulmonary
carcinoid NCI-H727 cells, western blotting was performed for activation of Akt. Figure 1B
illustrates the effects of LY294002 treatment on Akt phosphorylation (pAkt) at serine 473.
Treatment of NCI-H727 cells with LY294002 caused a dose-dependent decrease in the
levels of pAkt. We observed no effects on the levels of Total Akt (Fig. 1B). These results
suggested that LY294002 successfully inhibited the PI3K. Furthermore, the growth
suppression observed in our MTT experiment was likely due to inhibition of PI3K by
LY294002.

Akt1 Knockdown Suppressed the Proliferation of NCI-H727 Cells
Previous studies implicate Akt1 in tumor cell survival in NSCLC and SCLC (8,9).
Therefore, we sought to determine if the effects of LY294002 treatment were mediated by
Akt1, a specific isoform of Akt. We performed the MTT cellular proliferation assay over 6
days on NCI-H727 cells transiently transfected with 75 nM Akt1 siRNA. Inhibition of Akt1
protein production by siRNA treatment resulted in significant growth suppression of
pulmonary carcinoid cells (Fig. 2A). We observed 27% and 31% reductions in the growth of
Akt1 siRNA trnsfected cells at 4 and 6 days, respectively, compared to the lipofectamine
(Lipo) control (p ≤ 0.001 for both). These MTT data suggested that PI3K-Akt signaling and
Akt1 play a definite role in the proliferation of pulmonary carcinoid cells in vitro.

Next, we performed western blot analysis for Akt1 protein levels in order to confirm that our
RNA interference blocked translation of Akt1 mRNA. Cellular lysates were prepared at 2, 4,
and 6 days after transient transfection of NCI-H727 cells with Akt1 siRNA. Expression of
Akt1 was reduced relative to the two control groups, lipofectamine alone and NS siRNA
(Fig. 2B). These reductions in Akt1 protein levels corresponded directly with the degree of
growth reduction observed by MTT assay (Fig. 2A). Thus, Akt1 seemed to be mediating
some of the growth effects seen with LY294002 treatment.

PI3K and Akt1 Inhibition Decreased CgA and ASCL1 Levels
As a neuroendocrine tumor, pulmonary carcinoid tumors frequently excrete excess bioactive
amines and peptides, such as chromogranin A (CgA), that can be used diagnostically and as
markers of tumor progression. Our previous studies on carcinoids also have examined a
basic helix-loop-helix transcription factor that regulates the neuroendocrine phenotype,
ASCL1 (11,12). Therefore, in NCI-H7272 cells, we wanted to determine whether PI3K-Akt
signaling regulates CgA and ASCL1 expression. Western blot analysis of LY294002-treated
pulmonary carcinoid cells at 2 (Fig. 3A) and 4 days (Fig. 3B) revealed dose-dependent
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reductions in CgA and ASCL1 protein levels. At a concentration of 100 μM, CgA was
significantly suppressed at 2 days and undetectable at 4 days. Similarly, ASCL1 levels were
nearly or totally absent at both 2 and 4 days after treatment with the same concentration of
LY294002. These data indicated that PI3K-Akt signaling is involved in the expression of
neuroendocrine markers in pulmonary carcinoid cells.

After establishing the effects of PI3K inhibition on CgA and ASCL1 expression, we wanted
to verify that Akt1 inhibition also suppressed neuroendocrine marker expression in
pulmonary carcinoid cells. At 2, 4, and 6 days after transient transfection of Akt1 siRNA
into NCI-H727 cells, CgA levels were decreased (Fig. 4). Similar to the reduction in CgA
protein levels observed with PI3K inhibition, our siRNA experiment showed that CgA levels
were lowest at 4 days after Akt1 inhibition. Expression of ASCL1 also was suppressed by
transfection of NCI-H727 cells with Akt1 siRNA at all three time points examined (Fig. 4).
When combined with the results of the LY294002 experiments, our findings suggested that
the PI3K-Akt pathway mediates the neuroendocrine phenotype of pulmonary carcinoid cells
at least in part through Akt1.

DISCUSSION
The principal findings of this study were that inhibition of PI3K and Akt1 in pulmonary
carcinoid cells (NCI-H727) significantly reduced cellular proliferation and neuroendocrine
marker expression in vitro. LY294002, a well-described PI3K inhibitor, was used to treat
NCI-H727 cells. In response to this treatment, cell growth and active pAkt expression was
reduced in a dose-dependent manner (Fig. 1A and 1B). In addition, LY294002 treatment led
to profoundly decreased levels of the neuroendocrine tumor markers ASCL1 and CgA (Fig.
3A and 3B). RNA interference (RNAi) against Akt1 mRNA also decreased pulmonary
carcinoid cell viability as well as ASCL1 and CgA protein levels (Figs. 2A and 4). Our
results demonstrate that the PI3K-Akt signaling and Akt1, specifically, mediate pulmonary
carcinoid cell survival and neuroendocrine phenotype.

Signal transduction pathways, such as PI3K-Akt, are activated by growth factor receptors
and are known to regulate cell growth, survival, motility, and differentiation (4,7). As a
consequence, these pathways are often dysregulated during tumorigenesis. Thus, a
significant amount of research has focused on identifying suitable targets in these pathways
for anticancer drug development. The PI3K-Akt pathway is one of many pathways that is
being explored and has been shown to have a critical function in the neoplastic process of
NSCLC, SCLC, and neuroendocrine cancers (5,6,10,14). Moreover, Akt1 has been
recognized as an attractive target for directed therapies in these and other tumors (8,9,15). A
group from Korea has shown that Akt1 siRNA can be delivered in an aerosolized form that
effectively suppresses lung tumor progression in murine models of NSCLC (15). Therefore,
investigation into the role of PI3K-Akt signaling in pulmonary carcinoid cells is necessary to
establish if targeted approaches would be promising in patients with advanced pulmonary
carcinoid tumors.

We utilized two complimentary approaches to assess the importance of PI3K-Akt signaling
in pulmonary carcinoid NCI-H727 cells. First, we treated pulmonary carcinoid cells with
LY294002, a PI3K inhibitor. The degree of growth inhibition observed with this treatment
corresponded directly with the level of pAkt suppression by LY294002 (Fig. 1A and 1B). At
concentrations of LY294002 greater than 10 μM, where the drug’s actions are most
selective, considerable cytotoxicity was seen. In other neuroendocrine tumors, such as
SCLC and medullary thyroid cancer, LY294002 has similarly resulted in growth
suppression (6, 10). Furthermore, treatment of pulmonary carcinoid cells with this PI3K
inhibitor decreased levels of ASCL1 and CgA (Fig. 3A and 3B). These data confirm our
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previous in vitro work with PI3K-Akt signaling in medullary thyroid cancer cells where
inhibition of this pathway also reduced expression of neuroendocrine tumor markers (10).
However, because LY294002 has been shown to inhibit related enzymes, these studies do
not definitively establish that the PI3K-Akt pathway is responsible for cell death and
neuroendocrine marker suppression in pulmonary carcinoid cells (17).

In order to address this issue, we attempted to inhibit translation of a specific Akt isoform
using RNAi technology. This particular Akt isoform has previously been identified as an
oncogenic molecule in other pulmonary tumor cell lines (8,9). However, the significance of
Akt1 in pulmonary carcinoid cells has not been explored. In this study, targeting Akt1 by
siRNA considerably reduced the levels of Akt1 protein detectable by Western blot analysis
as expected (Fig. 2B). Interestingly, pulmonary carcinoid cell growth and expression of
neuroendocrine tumor markers also were inhibited by the Akt1 siRNA treatment (Figs. 2A
and 4). To our knowledge, this finding is the first to suggest that Akt1 may be involved in
neuroendocrine tumor marker expression. In prostate cancer cells, the PI3K-Akt signaling
pathway appears to be critical for neuroendocrine differentiation (14). However, Akt1 has
not been specifically identified as playing a part in this process. Others have shown that
Akt1 controls migration and invasion by modulating downstream molecules in breast cancer
cells (15). These same investigators also have linked expression of Akt1 to progression of
metastatic disease in patients with breast cancer (15). Further investigation is needed to
clarify the role of Akt1 in the migration and invasion of pulmonary carcinoid cells.
Nonetheless, our data support the current evidence that Akt1 is involved in tumor cell
survival (8,9,15,18).

The therapeutic implications of the results of this study are multiple. In solid and
hematologic malignancies, several researchers have postulated that manipulation of the
PI3K-Akt signaling pathway could inhibit tumor growth in humans (6,7,10,14,15,19-21).
Currently, clinical trials are being conducted to examining the efficacy of various PI3K-Akt
pathway inhibitors. However, these compounds are not specific to any particular Akt
isoform. Our data suggest that Akt1 is an important therapeutic target. Though we have not
investigated the role of Akt1 in relation to the radiosensitivity of pulmonary carcinoids here,
other researchers have demonstrated that Akt1 inhibition sensitizes SCLC cells, another
radiation-resistant pulmonary neuroendocrine tumor, to radiotherapy (8). Pulmonary
carcinoid tumors also typically have low response rates to chemotherapy. In NSCLC, RNAi
against Akt1 enhances the chemosensitivity of these tumors (9). Furthermore, aerosol
delivery of Akt1 siRNA may be a feasible noninvasive method of delivery in patients with
pulmonary tumors (16). Taken together, the data collected here and by others provide
support for therapeutically targeting Akt1 in patients with pulmonary carcinoid tumors.

This study showed that PI3K-Akt signaling and Akt1 are important in pulmonary carcinoid
tumor cell growth and neuroendocrine tumor marker expression. Besides surgical resection,
few alternative therapies for patients with these tumors exist, since chemotherapy and
external beam radiation are generally ineffective. Thus, developing effective and selective
pharmacologic inhibitors of PI3K and Akt1 may present new treatment options for patients
with unresectable pulmonary carcinoid disease.
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Abbreviations

PI3K phosphatidylinositol 3-kinase

pAkt phosphorylated Akt

siRNA small interfering RNA

NSCLC non-small cell lung cancer

SCLC small cell lung cancer

ASCL1 achaete-scute complex-like 1

CgA chromogranin A

RNAi RNA interference

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide

GAPDH glyceraldehyde-3-phosphate dehydrogenase
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Figure 1.
PI3K inhibition caused dose-dependent reduction of pulmonary carcinoid cell growth and
Akt phosphorylation (pAkt) in vitro. A, NCI-H727 cells were treated with the indicated
concentrations of LY294002, a PI3K inhibitor, over an 8 day time period. A MTT growth
assay was done to measure cell viability (bars represent SE from 4 separate experiments). B,
Western blot analysis of NCI-H727 cells shows that inhibition of PI3K-Akt signaling by
LY294002 at 96 hours suppressed the levels of active, pAkt (Ser473) with no effect on Total
Akt. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.
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Figure 2.
Pulmonary carcinoid cell growth was inhibited by Akt1 knockdown in vitro. A, Akt1 and
non-specific (NS) siRNA were transfected into NCI-H727 cells using Lipofectamine 2000®
(Lipo). Cellular proliferation was measured by MTT growth assay every 2 days for up to 6
days. Significant growth reduction was observed in cell transfected with Akt1 siRNA (* p ≤
0.001) B, Transfection of pulmonary carcinoid cells with Akt1 siRNA also led to decreased
Akt1 protein production at all time points. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a loading control.
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Figure 3.
LY294002 treatment decreased levels of the neuroendocrine tumor markers, achaete-scute
complex-like1 (ASCL1) and chromogranin A (CgA) in a dose-dependent manner. Western
blot data at 2 (A) and 4 (B) days revealed these changes in ASCL1 and CgA expression.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.

Pitt et al. Page 11

J Am Coll Surg. Author manuscript; available in PMC 2010 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Lysates from NCI-H727 pulmonary carcinoid cells transfected with Akt1 siRNA were
analyzed by western blotting. Non-specific (NS) siRNA was used as a control. Cells were
transfected at day 0, and whole cell lysates were isolated every 2 days for 6 days. Achaete-
scute complex-like1 (ASCL1) and chromogranin (CgA) expression was reduced at all time
points. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading
control.
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