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INTRODUCTION 
The identification of therapeutic approaches for the treatment of cancer is an arduous, costly, and 

often inefficient process. Drug repositioning, which is the discovery of new indications for existing 
drugs that are outside their original indications, is an increasingly attractive mode of therapeutic 
discovery. In addition to saving time and money, an advantageous aspect of drug repositioning is that 
existing drugs have already been vetted in terms of safety, dosage, and toxicity. Therefore, repurposed 
candidate drugs can often enter clinical trials much more rapidly than usual. The primary goal of the 
research funded by this award is to validate candidate drugs identified through a computational 
repurposing approach against small cell lung cancer and to uncover the mechanisms of action of these 
drugs. 

KEYWORDS 
SCLC, small cell lung cancer, drug repositioning, tri-cyclic antidepressants, GPCR signaling 

OVERALL PROJECT SUMMARY 
Small cell lung carcinoma (SCLC) is a neuroendocrine form of lung cancer. SCLC patients have a 5-

year survival of less than 5%. This dismal survival rate has remained the same for the last 30 years and 
~200,000 patients die every year worldwide from SCLC, emphasizing the need for the development of 
novel therapeutic approaches against this aggressive cancer subtype. The idea behind this proposal is to 
use a drug repositioning approach to identify and validate FDA-approved drugs that can be repurposed 
to treat SCLC. A unique aspect of our strategy is that we use a novel bioinformatics-based drug-
repositioning pipeline based on the analysis of thousands of gene expression profiles experiments. 

We had already conducted a preliminary bioinformatics analysis and identified candidate drugs that 
are predicted to inhibit the growth of SCLC. Among these candidate drugs are inhibitors of G-protein 
coupled receptors (GPCRs) including anti-depressant molecules; those are novel candidate inhibitors of 
SCLC. Our objective was to test the effects of these drug candidates on mouse and human SCLC cells in 
culture and in vivo and to identify one or two top candidates, as well as to uncover the mechanisms of 
action of these candidates. In the past year, we found that tricyclic antidepressants (TCAs) and related 
molecules potently induce apoptosis in both chemonaïve and chemoresistant SCLC cells. The candidate 
drugs activate stress pathways and induce cell death in SCLC cells, at least in part by disrupting 
autocrine survival signals involving neurotransmitters and their G protein-coupled receptors.  

Specific tasks and timeline (defined in the initial Statement of Work): 
- Task 1 (from now to the beginning of the funding period, including the time required for review 

and approval processes for mouse studies): expansion and maintenance of the mouse colony to 
continually generate mice with the appropriate genotypes, including NSG immunocompromised 
mice. This task has been achieved, but we keep the mouse colony active for new experiments. 

- Task 2 (first few months): experiments in mouse and human SCLC and control cell lines to test 
the effects of the four top candidate drugs. This task has been largely achieved. 

- Task 3 (months 1-9): while the first cohorts of mice developing are aging, we will perform short-
term experiments in allografts and xenografts transplanted under the skin of NSG mice. The 
effects of the drugs will be quantified using markers of proliferation, apoptosis, and 
differentiation. This task has been largely achieved. 

- Task 4 (months 6-18): 4-6 months after Ad-Cre infection, tumor development will be measured 
in Rb/p53/p130 mutant mice using the luciferase reporter and mice will be treated with the drugs. 
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Histopathological analysis will be performed, using markers of proliferation and differentiation. 
This task has been largely achieved. 

- Task 5 (months 18-24): we will complete the experiments in Aim 1 in cell lines and mice. This 
task has been largely largely achieved. 

- Task 6 (months 6-12): once we have identified the best cell lines and the top candidate drugs, we 
will perform the initial experiments to investigate the mechanisms of action of these drugs. In 
particular, we will measure cell death, cell proliferation, ROS production. This task has been 
largely achieved. 

- Task 7 (months 6-18): we will perform all the experiments for the second part of Aim 2, 
investigating the role of various GPCRs in promoting survival in SCLC cells. This task has been 
largely achieved. 

- Task 8 (months 18-24): we will use that time to apply for additional funding and to initiate a 
novel series of experiments (including gene expression profiles, and the analysis of signaling 
pathways). This task is still in progress. 

 
Please find the data supporting these statements in the manuscript attached (Cancer Discovery) 1. 
 
As noted by Sheila Rowe, the Science Officer who reviewed the first version of our annual report, 

we have been more efficient than planned in our timeline and performed a large number of the 
experiments proposed in the original application just before the grant was awarded. Please note, 
however, that the grant was awarded August 1st, 2013, and the manuscript was resubmitted 2 weeks later 
and accepted another week after that, so there is some overalp between the funding time and the final 
acceptance of the paper, and we have used some of the funds from this award to complete the 
experiments. 

KEY RESEARCH ACCOMPLISHMENTS 
- We validated tricyclic antidepressants such as Imipramine as inducers of cell death in SCLC 

(Aim 1 of the research proposal) 
- We determined that TCA treatment inhibit PKA signaling in SCLC cells and leads to increased 

stress signals eventually resulting in cell death (Aim 2 of the research proposal) 
 

More recent work in the past year 
(related to the initial Statement of 
Work): 

A number of the initial tasks 
(presented above) have been largely 
achieved, but we have been performing a 
number of related experiments, which 
are presented below: 

 
1) As discussed in the initial proposal, 

we have been on the lookout for novel 
drugs to test. We tested a number of 
other drugs from the initial drug 

 
Figure 1: Computational drug repositioning – top 
candidate drugs from the second iteration. 
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repositioning but none of these drugs showed promising results (data not shown). In collaboration with 
our previous collaborators (Drs. Atul Butte and Purvesh Khatri), we then performed a second drug 
repositioning analysis in silico, using novel gene 
expression datasets for human SCLC in the literature 
and improved computational methods. This analysis 
generated a second list of candidate drugs to test 
(these candidates are now coined “perturbagens”) 
(see Figure 1 for the top candidates). 

Interestingly, we found drugs interacting with 
signaling pathways that we previously identified as 
critical in SCLC cells in our Cancer Discovery study 
1 (e.g. JNK). It is also well known that PI3K 2 and 
Bcl-2 3 are playing a role in SCLC cells. We have 
just begun to validate some of these new compounds 
and for example wee intrigued by Selamectin, an 
activator of glutamate-gated chloride channels, which 
is normally used in pets to kill parasites. Our preliminary observations indicate that this chemical indeed 
potently induces cell death in SCLC cells in culture (Figure 2).  

 
2) At the same time as we are exploring novel candidate drugs, we have continued our analysis of the 

mechanisms by which TCAs may induce cell death in SCLC cells. In collaboration with the laboratory 
of Jan Carette at Stanford, we have performed a whole-genome screen 4 to identify genes whose loss-of-
function would prevent 
the induction of cell death 
by Imipramine; in this 
screen, every gene in the 
genome has been 
disrupted by several 
retroviral integrations and 
top candidates are genes 
for which many 
independent integrations 
are shown. The results of 
this screen are shown in 
Figure 3. Notably, among 
the top candidates, a 
number of regulator of 
cell death were found 
(e.g. BCL2L1, also known 
as BCLXL, or BAX, or PMAIP1 also known as NOXA). Very interestingly, PMAIP1 was initially 
identified as “Phorbol-12-Myristate-13-Acetate-Induced-Protein-1”, which means it is induced by the 
phorbol ester PMA, itself identified in the new drug repositioning experiment (top hits in Figure 1). We 
are still trying to understand what these observations are telling us and have begun preliminary 
experiments to validate these findings.   

Another interesting candidate from this experiment is SLC3A2, which is also known as CD98; it is a 
solute carrier that can transport amino acids in cells, such as phenylalanine, tyrosine, leucine, arginine 
and tryptophan. It has been found in a gene fusion event in lung cancer5  and could play a role in SCLC 
progression 6; it may also play a role in metastasis 7. However, its role in the survival of SCLC cells is 
completely unknown and we have begun to generate reagents to study its function in SCLC; one 

 
Figure 2: Selamectin induces cell death in 
mouse SCLC cells in culture (MTT assays) 
(representative experiments).  

 
Figure 3: Genome-wide haploid genetic screen to identify mediators of 
cell death by Imipramine in cancer cells. Genes are indicated on the left: 
red indicates genes that were found in previous creens from the Carette 
lab and are probably not specific; orange indicates that while the p-value 
is low, the number of insertions raises some concerns regarding the hit; 
green indicates the best candidates. 
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interesting observation is that SLC3A2 interacts with the glucose transporter GLUT1 8, which raises the 
possibility that its loss-of-function may affect tumor metabolism. 

 
3) In parallel to these 

new mechanistic efforts, we 
have explored the 
possibility that an 
alternative mechanism for 
how TCAs kill 
neuroendocrine cancer 
cells: a possible 
lysosomotropic mechanism 
in which the drugs may 
accumulate in lysosomes, 
blocking their function, 
thereby leading to cell 
death. The best known 
lysosomotropic agent is 
chloroquine (because its 
deprotonated form is more 
membrane-permeable than 
its protonated form, it is 
trapped in lysosomes). Our 
experiments to test this 
possibility indicate that 
there may be indeed some 
induction of cell death in 
culture in SCLC cells 
through this mechanism 
(Figure 4), but this is only 
seen at high doses of the 
drug (around 20 hours after 
treatment) and we do not know yet if similar mechanisms may be at play in tumors in vivo. 

 
3) Finally, we have been pursuing our analysis of the possible role of PKA downstream of TCAs in 

SCLC cells: PKA was identified as a key enzyme downstream of TCAs in our previous analysis since 
PKA activators completely blocked the inhibitory effects of TCAs. This part of the project has been 
slowed by the long time it has taken to obtain mice in which a point mutation in PKA allows for its 
specific inactivation using a small molecule inhibitor and at the same time may allow to identify its 
targets (technology developed by the Shokat lab, 9). However, to first confirm that PKA is indeed active 
in SCLC cells, we have used methods developed in the Shokat lab 10-12 to identify active kinases in cells  
(“inhibitor bead” approach 13). 

Using this platform, we have performed preliminary experiments that have successfully mapped 
groups of activated kinases in a number of human and mouse SCLC xenografts (Fig. 6). Importantly, 
among the top candidates identified in these pilot experiment is PKA (Figure 5). These experiments 
solidify our interest in PKA in neuroendocrine tumors. 

 

 
Figure 4: A possible lysosomotropic effect of TCAs in SCLC cells. Kp1 
mouse SCLC cells (A) and H69 human SCLC cells (B) were treated with 
varying doses of Imipramine at 30 µM (I30), 50 µM (I50), and 75 µM 
(I75) under different conditions: acidic pH (6.5), alkalinic pH (9), with 
0.5 µM or 1 µM of bafilomycin (Baf0.5 or Baf1), and 0.5 µM or 1 µM of 
oligomycin (Oligo0.5 or Oligo1). Representative FACS histograms of 
Kp1 (C) and H69 (D) cells treated with and without 50uM of Imipramine 
for 20 hours and stained with Lysotracker green. Black arrows depict an 
increase in Lysotracker signal. 
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CONCLUSION 
These experiments identify novel 

targeted strategies that can be rapidly 
evaluated in patients with neuroendocrine 
tumors through the repurposing of approved 
drugs. The goal of the Lung Cancer 
Research Program is to eradicate deaths 
from lung cancer to better the health and 
welfare of the military and the American 
public. One area of focus for the LCRP is 
the cure and the control of lung cancer. Our 
proposal directly addresses this long-term 
goal because we idnetified novel FDA-
approved drugs that can be used to treat 
patients with SCLC, the most aggressive 
subtype of lung cancer. Importantly, the 
smoking rate in the military is still higher 
than in the rest of the populations (~32% 
versus ~21%) and SCLC development 
strongly correlate with cigarette smoking; 
thus, while the general population may 
benefit from our work, military personnel 
may benefit even more from our studies. 

Beyond the publication that has resulted 
from this work, we have also performed an 
investigator-driven clinical trial at Stanford 
(phase 2a, led by Dr. Joel Neal) – this was 
funded by other funds from the Stanford 
Cancer Institute. While only a few patients were enrolled, this clinical trial, which is now closed 
(https://clinicaltrials.gov/ct2/show/NCT01719861?term=NCT01719861&rank=1), was very instructive 
and will help us initiate a larger trial soon hopefully. 

Future/ongoing plans: as discussed above, we have performed a number of “screens” in the past year 
to refine our drug repositioning analysis but also to better understand the mechanisms underlying our 
past observations. We will follow up on these screens and top candidates and we will publish the results 
of the clinical trial. We are also applying for additional sources of funding to pursue this work. 

PUBLICATIONS, ABSTRACTS, AND PRESENTATION 

a) Publications:  

N Jahchan, JT Dudley, PK Mazur, N Flores, D Yang, A Palmerton, AF Zmoos, D Vaka, KQT Tran, M 
Zhou, K Krasinska, JW Riess, JW Neal, KS Park, P Khatri, AJ Butte*, J Sage*. A drug repositioning 
approach identifies tricyclic antidepressants as potent inhibitors of small cell lung cancer and other 
neuroendocrine tumors. Cancer Discovery, 2013, Dec;3:1364-77. *, co-corresponding authors. 
Featured in a New Focus in Science (Oct 11, 2013 – “Biology’s Dry Future”). 
Featured in two Perspectives in Science Translational Medicine (Oct 16, 2013 – “ An anti-depressing 
discovery for lung cancer treatment” and Oct 30, 2013 – “out with the new, in with the old”). 

 

Figure 6. Preliminary inhibitor beads data. A. 
Schematic of statistically significantly altered kinase 
to inhibitor beads in mouse SCLC vs. mouse lung and 
human SCLC vs. human NSCLC. Relatively lower 
number of significant kinases in mouse reflects 
analysis still in process. B. Scatter plots of kinase 
intensity from characteristic pairs of mouse and 
human SCLC specimens shows greater variability in 
human specimens. C. Table of (preliminaryly) 
selected shared significantly different kinases between 
mSCLC and lung and hSCLC and hNSCLC. FC = 
fold change; p-value adjusted for repeat sampling. 
PKA is active. 
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b) Presentations (specifically on this project):  

Jan. 2014: invited speaker, Third AACR-IASLC Joint Conference on the Molecular Origins of Lung 
Cancer, San Diego, CA. 

INVENTIONS, PATENTS, AND LICENSES 
Nothing to report 

REPORTABLE OUTCOMES 
As mentioned above, we initiated a clinical trial based on our results. 

OTHER ACHIEVEMENTS 
Nothing to report 

PUBLISHED STUDY  
N Jahchan, JT Dudley, PK Mazur, N Flores, D Yang, A Palmerton, AF Zmoos, D Vaka, KQT Tran, M 
Zhou, K Krasinska, JW Riess, JW Neal, KS Park, P Khatri, AJ Butte*, J Sage*. A drug repositioning 
approach identifies tricyclic antidepressants as potent inhibitors of small cell lung cancer and other 
neuroendocrine tumors. Cancer Discovery, 2013, Dec;3:1364-77. *, co-corresponding authors. 

APPENDICES 
See publication below. 
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 ABSTRACT     Small cell lung cancer (SCLC) is an aggressive neuroendocrine subtype of lung 

cancer with high mortality. We used a systematic drug repositioning bioinformat-

ics approach querying a large compendium of gene expression profi les to identify candidate U.S. Food 

and Drug Administration (FDA)–approved drugs to treat SCLC. We found that tricyclic antidepressants 

and related molecules potently induce apoptosis in both chemonaïve and chemoresistant SCLC cells in 

culture, in mouse and human SCLC tumors transplanted into immunocompromised mice, and in endog-

enous tumors from a mouse model for human SCLC. The candidate drugs activate stress pathways 

and induce cell death in SCLC cells, at least in part by disrupting autocrine survival signals involving 

neurotransmitters and their G protein–coupled receptors. The candidate drugs inhibit the growth of 

other neuroendocrine tumors, including pancreatic neuroendocrine tumors and Merkel cell carcinoma. 

These experiments identify novel targeted strategies that can be rapidly evaluated in patients with 

neuroendocrine tumors through the repurposing of approved drugs. 

  SIGNIFICANCE:  Our work shows the power of bioinformatics-based drug approaches to rapidly repur-

pose FDA-approved drugs and identifi es a novel class of molecules to treat patients with SCLC, a 

cancer for which no effective novel systemic treatments have been identifi ed in several decades. In 

addition, our experiments highlight the importance of novel autocrine mechanisms in promoting the 

growth of neuroendocrine tumor cells.  Cancer Discov; 3(12); 1364–77. ©2013 AACR.   

See related commentary by Wang and Byers, p. 1333    .

  Authors’ Affi liations:  Departments of    1 Pediatrics,    2 Genetics, and    5 Medicine-
Oncology,    3 Vincent Coates Mass Spectrometry Laboratory, Stanford 
University, Stanford; and    4 Division of Hematology/Oncology, Department 
of Internal Medicine, University of California Davis Cancer Center, Univer-
sity of California Davis School of Medicine, Sacramento, California  

    Note:  Supplementary data for this article are available at Cancer Discovery 
Online (http://cancerdiscovery.aacrjournals.org/). 

   J.T. Dudley and P.K. Mazur contributed equally to this work. 

Current address for J.T. Dudley: Department of Genetics and Genomic Sci-
ences, Mount Sinai School of Medicine, New York, NY; current address for 
P. Khatri: Department of Medicine-Biomedical Informatics Research, Stan-
ford University, Stanford, CA; current address for K.S. Park: Department of 
Microbiology, University of Virginia, Charlottesville, VA.

   Corresponding Authors:  Julien Sage, Stanford University, 265 Campus 
Drive, SIM1 G2078, Stanford, CA 94305-5457. Phone: 650-724-9246; Fax: 
650-736-0195; E-mail:  julsage@stanford.edu ; and Atul J. Butte, Stanford 
University, 251 Campus Drive West, MSOB X1C63, Stanford, CA 94305-
5479. Phone: 650-725-1337; Fax: 650-723-7070;  abutte@stanford.edu   

doi: 10.1158/2159-8290.CD-13-0183

                      ©2013 American Association for Cancer Research.   

 INTRODUCTION 
 The identifi cation of therapeutic approaches for the treat-

ment of cancer is an arduous, costly, and often ineffi cient 

process. Drug repositioning, which is the discovery of new indi-

cations for existing drugs that are outside their original indica-

tions, is an increasingly attractive mode of therapeutic discovery. 

In addition to saving time and money, an advantage of drug 

repurposing strategies is the fact that existing drugs have already 

been vetted in terms of safety, dosage, and toxicity. Therefore, 

repurposed candidate drugs can often enter clinical trials much 

more rapidly than newly developed drugs ( 1 ). Recent advance-

ments in computing, concomitant with the dramatic expansion 

of available high-throughput datasets, have enabled the devel-

opment of  in silico  approaches to drug discovery, including the 

incorporation of genomics-, network-, systems-, and signature-

based approaches. Although these computational approaches 

are still in their infancy, emerging evidence suggests that they 

enable the discovery of novel treatment options for a wide range 

of human diseases ( 2–6 ). 

 Lung cancer is the number-one cause of cancer-related deaths 

in the world, with more than 1.3 million deaths annually. Lung 

cancer is divided into two major histopathologic groups: non–

small cell lung cancer (NSCLC; ∼80%–85% of cases) and small 

cell lung cancer (SCLC; ∼15%–20% of cases; refs.  7, 8 ). SCLC is 

a very deadly subtype of lung cancer characterized by the rapid 

expansion and metastasis of small cells with neuroendocrine 

features. Patients are most commonly diagnosed with metastatic 

(extensive stage) disease. Without treatment, they may survive 

only a few weeks to months after the initial diagnosis, but sys-

temic chemotherapy improves the median survival to approach a 

year. Still, cure is not possible with currently used therapies, and 

there is no approved targeted therapy for SCLC despite numer-

ous attempts and clinical trials ( 9 ). In recent years, a substantial 

effort from many groups has been made to identify novel treat-

ment options for SCLC. For instance, a proteomic profi ling 

approach has recently identifi ed PARP1 as a novel therapeutic 

target in SCLC ( 10 ). However, it is essential to identify additional 

therapeutic strategies to block the growth of SCLC tumors. 

 In this study, we sought to use a systematic drug-

repositioning bioinformatics approach to identify novel U.S. 

Food and Drug Administration (FDA)–approved candidate 

drugs to treat SCLC. Using this strategy, we identifi ed tri-

cyclic antidepressants (TCA) and related inhibitors of G 

protein–coupled receptors (GPCR) as potent inducers of cell 

death in SCLC cells and other neuroendocrine tumors.   

 RESULTS 
 To identify novel therapeutic strategies for patients with 

SCLC, we used a bioinformatics approach that evaluates the 
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 Figure 1.      A  bioinformatics-based drug-repositioning approach identifi es candidate drugs to inhibit SCLC. A, schematic representation of the bioin-
formatics workfl ow for the repositioning approach used to identify potential candidate drugs for the treatment of SCLC. B, representative MTT survival 
assays of cells cultured in 0.5% serum ( n  ≥ 3 independent experiments). A549 are NSCLC cells, H82, H69, and H187 are human SCLC cell lines, and Kp1, 
Kp2, and Kp3 are mouse SCLC cell lines. Cells were treated for 48 hours with 20 μmol/L clomipramine, 50 μmol/L imipramine, 30 μmol/L promethazine, 
100 μmol/L tranylcypromine, 100 μmol/L pargyline, and 10 μmol/L bepridil. C, MTT survival assays of NSCLC (A549 and LKR13) and SCLC cells (H82, 
H69, H187, Kp1, Kp2, and Kp3) cultured in 2% serum ( n  > 3 independent experiments) for 48 hours with 50 μmol/L imipramine, 30 μmol/L promethazine, 
and 10 μmol/L bepridil. Similar results were obtained in cells growing in dialyzed serum (data not shown). The black bars represent the vehicle-treated 
cells normalized to 100%. *,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001.   
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therapeutic potential of FDA-approved drugs for a given dis-

ease by  comparing gene expression profi les in response to these 

drugs in multiple cell types across multiple diseases (ref.  4 ;  Fig. 

1A ). From this drug-repositioning approach, we computed a 

list of candidate drugs with predicted effi cacy against SCLC 

(Supplementary Table S1). This list contained a wide variety 

of drugs, including some chemotherapeutic agents previously 

tested with some success in patients with SCLC (e.g., doxorubicin 

and irinotecan; ref.  7 ), suggesting that these agents used in the 

clinic may affect the SCLC gene expression signature. Rather 

than screen a large number of candidate drugs in cells, we fi rst 

annotated the known targets of the top-scoring candidates, as 

well as the pathways enriched in these drug targets ( Table 1 ). This 

analysis led us to focus on drugs targeting molecules in the “Neu-

roactive ligand receptor interaction” and “Calcium signaling” 

pathways, the top two most signifi cant pathways. Notably, SCLC 

cells are known to express molecules in these pathways, including 

neurohormonal ligands, channels, and receptors ( 11–13 ).   

 We selected an initial group of six drugs for experimental 

validation from these two groups. In the “Neuroactive ligand 

receptor interaction” module, imipramine and clomipramine 

are two fi rst-generation TCAs with moderate to strong serot-

onin and epinephrine reuptake inhibition activity, which also 

display strong anticholinergic, antihistaminic, and antiadren-

ergic effects. Promethazine is a fi rst-generation histamine H1 

receptor antagonist that also possesses anticholinergic and 

antiadrenergic activities. Tranylcypromine and pargyline are 

irreversible inhibitors of the enzymes monoamine oxidase A 

and B, respectively. In the “Calcium signaling pathway,” bepridil 

blocks both voltage- and receptor-operated calcium channels. 

 We fi rst conducted cell viability assays after exposure to 

the drugs in culture. As a negative control, we used the lung 

adenocarcinoma (NSCLC) cell lines A549 (human) and 

LKR13 (mouse), which are not expected to respond to the 

same candidate drugs ( 5 ). We tested three established human 

SCLC lines (H82, H69, and H187) and three primary tumor 

cell lines from a genetically defi ned mouse model of SCLC 

(Kp1, Kp2, and Kp3; ref.  14 ). The doses and concentrations 

used were optimized for each drug and ranged from 1 to 

20 μmol/L  for bepridil and 10 to 100 μmol/L for clomipramine, 

promethazine, imipramine, tranylcypromine, and pargyline; all 

of these doses have been well documented in multiple cellular 

contexts. We confi rmed that the IC 50  of these drugs in the 

human and mouse SCLC cells used was in the same ranges as 

was previously reported (Supplementary Fig. S1A; data not 

shown). Next, we used the IC 80  of the selected drugs to determine 

the survival of each cell line compared with its vehicle-treated 

control. Treatment of SCLC cells with imipramine, clomi-

pramine, promethazine, and bepridil, but not  tranylcypromine 

or pargyline, signifi cantly inhibited the growth of mouse and 

human SCLC cells but not NSCLC cells when cultured in 

0.5% or 2% serum ( Fig. 1B and C ). Cells were also responsive to 

the drugs in higher serum conditions (5% and 10%; data not 

shown). Phase contrast images of control and treated SCLC 

cells suggested that imipramine, promethazine, and bepridil 

were inducing cell death rather than having cytostatic effects 

(Supplementary Fig. S1B). Of note, the least responsive SCLC 

cell line in this initial analysis, H82, is often classifi ed as a vari-

ant SCLC cell line with decreased neuroendocrine features. 

 On the basis of these experiments in culture, we selected 

one drug in each of the three main categories to carry out 

experiments  in vivo  (imipramine, promethazine, and bepridil). 

Once measurable tumors had formed after subcutaneous 

injection of SCLC cells in immunocompromised NOD.SCID.

Gamma (NSG) mice, we treated the transplanted mice for 

2 weeks daily with each drug ( Fig. 2A ). All three drugs inhib-

ited the growth of transplanted mouse Kp1 and Kp3 SCLC 

cells and human H187 SCLC cells as single agents, although 

the effects of bepridil were not as signifi cant on the human 

cell line ( Fig. 2B and C  and data not shown); promethazine 

inhibited the growth of human H82 SCLC xenografts signifi -

cantly, whereas imipramine had a less profound effect (data 

not shown). We next treated a human primary SCLC tumor 

growing under the skin of NSG mice with imipramine or 

promethazine ( Fig. 2D ) and found that the two drugs had a 

long-term cytostatic effect on tumor growth ( Fig. 2D and E ).  

 These results led us to further investigate the effects and mech-

anisms of action of the two best candidate drugs, the TCA imi-

pramine and the antihistamine and antiemetic promethazine. To 

determine the effi cacy of the candidate drugs on primary tumors 

 in vivo , we examined how endogenous SCLC tumors developing 

in the lungs of  Rb/p53/p130 –mutant mice ( 15 ) responded to 

drug treatment. Five months after intratracheal instillation of 

Ad-Cre to delete the three tumor suppressor genes and initiate 

 Table 1.    Pathways  signifi cantly enriched among top-scoring SCLC-repositioning hits  

Pathway name (KEGG ID) Fold-enrichment  P Gene targets

Neuroactive ligand-receptor interaction (hsa04080) 6.75 1.66 × 10 −8  GABRA1 ,  THRA ,  THRB ,  DRD2 ,  GRIN3A , 

 ADRA1 ,  H1R ,  CHRM5 ,  CHRM4 ,  HTR1A , 

 CHRM3 ,  CHRM2 ,  CHRM1 ,  F2 ,  ADRA1B , 

 ADRA2A ,  ADRA1A ,  HTR2A 

Calcium signaling pathway (hsa04020) 5.99 3.13 × 10 −4  CHRM5 ,  HRH1 ,  CHRM3 ,  TNNC1 ,  CHRM2 , 

 CHRM1 ,  ADRA1B ,  ADRA1A ,  CACNA1A , 

 CALM1 ,  HTR2A 

Complement and coagulation cascades (hsa04610) 8.3 1.52 × 10 −2  F10 ,  F2 ,  F9 ,  F7 ,  PROS1 ,  PROC 

  NOTE: The unique set of canonical targets associated with the top-scoring SCLC-repositioning hits was evaluated for biologic enrichment in KEGG 
pathways using DAVID. The enrichment statistic  P  values were adjusted for multiple testing using the Benjamini–Hochberg method, and pathways 
with adjusted  P  < 0.05 are reported as being enriched for targets of top-scoring SCLC-repositioning hits.  
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 Figure 2.      Inhibitory effects of imipramine, promethazine, and bepridil on SCLC allografts and xenografts. A, strategy used for the treatment of mice 
growing SCLC allograft or xenograft tumors under their skin. NSG immunocompromised mice were subcutaneously implanted with one mouse SCLC cell 
line (Kp1; B), one human SCLC cell line (H187; C), and one primary patient-derived xenograft (PDX) human SCLC tumor (NJH29; D). Tumor volume was 
measured at the times indicated of daily intraperitoneal injections with vehicle control (saline;  n  = 8 in B,  n  = 4 in C, and  n  = 12 in D), imipramine (25 mg/kg; 
 n  = 5 in B,  n  = 4 in C, and  n  = 12 in D), promethazine (25 mg/kg;  n  = 7 in B,  n  = 4 in C, and  n  = 9 in D), and bepridil (10 mg/kg;  n  = 7 in B and  n  = 3 in C; three 
independent experiments in B, one experiment in C, and two independent experiments in D). Values are shown as the mean ± SEM. An unpaired  t  test was 
used to calculate the  P  values of imipramine- and promethazine-treated tumors versus saline-treated tumors at different days of treatment. *,  P  < 0.05; 
**,  P  < 0.01; ***,  P  < 0.001. Values that are not signifi cant are not indicated. E, representative images of the primary human SCLC xenografts (NJH29 cells) 
collected 24 days after daily treatment with saline, imipramine, and promethazine.   
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tumor development, at a time when these mutant mice have 

developed advanced lesions, daily intraperitoneal injections of 

imipramine, promethazine, or saline were carried out on groups 

of mutant mice. After 30 days of treatment ( Fig. 3A ), the analysis 

of whole lungs and hematoxylin and eosin (H&E)–stained sec-

tions indicated that imipramine- and promethazine-treated mice 

had fewer and smaller SCLC tumors than control mice ( Fig. 3B ). 

Drug treatment signifi cantly reduced tumor burden as measured 

by the total tumor area occupying the lungs and the size of the 

tumors ( Fig. 3C and D ). Three of 10 control mice developed large 

metastases in their livers, as described before ( 15 ), whereas no 

large lesions were found in the six promethazine-treated and nine 

imipramine-treated mice analyzed.  

 Patients with SCLC are typically treated with a combina-

tion of a platinum-based agent and etoposide. Patients often 

respond well initially but almost invariably relapse with dis-

ease that is often resistant to their primary therapy and other 

agents ( 9 ). We observed strong toxicity in tumor-bearing mice 

simultaneously treated with both cisplatin and etoposide 

(data not shown), limiting our ability to assess the long-term 

response of endogenous tumors to both drugs. Consequently, 

to determine the effects of the candidate drugs on chemo-

resistant tumors, we treated  Rb/p53/p130;Rosa26 LSL-Luciferase  –

mutant mice bearing SCLC tumors with saline or cisplatin 

only, using luciferase expression to monitor tumor burden 

 in vivo  ( Fig. 3E ). Tumors that had survived chemotherapy 
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 Figure 3.      Imipramine and promethazine inhibit the growth of SCLC tumors in a preclinical mouse model. A, strategy used for the treatment of  Rb/p53/
p130 –mutant mice developing endogenous SCLC tumors. B, representative photographs of whole lungs and corresponding H&E-stained sections from 
mutant mice 6 months after Ad-Cre infection, 1 month after the beginning of treatment with saline, imipramine (25 mg/kg), or promethazine (25 mg/kg). 
C, quantifi cation of the tumor surface area (pixel area units quantifi ed by ImageJ) of mutant mice treated with saline ( n  = 10), imipramine ( n  = 9), and pro-
methazine ( n  = 6; from fi ve independent experiments). An unpaired  t  test was used to calculate the  P  values of imipramine-treated ( P  = 0.0017) and 
promethazine-treated ( P  = 0.0008) mice compared with control triple knockout mice. D, bar graph showing the percentage size distribution of the tumors 
from mutant mice injected with saline ( n  = 10), imipramine ( n  = 9), and promethazine ( n  = 5). Values are shown as the mean ± SEM. *,  P  < 0.05; **,  P  < 0.01; 
***,  P  < 0.001; ns, not signifi cant. E, strategy used for the treatment of  Rb/p53/p130;Rosa26 lox-Stop-lox-Luciferase   mice developing endogenous SCLC tumors and 
treated with saline and cisplatin weekly to generate chemonaïve and chemoresistant tumors. Deletion of the  lox-Stop-lox  cassette by Cre allows expres-
sion of the reporter and measurement of tumor volume. F, fold change of the tumor volume measured by luciferase activity in saline- and cisplatin-treated 
mice. G, NSG mice were subcutaneously implanted with the saline-treated and cisplatin-treated mouse SCLC cells shown in F and the fold change of the 
tumor volume was measured at the times indicated of daily intraperitoneal injections with vehicle control (saline;  n  = 4) and imipramine (25 mg/kg;  n  = 4). 
Values are shown as the mean ± SEM. An unpaired  t  test was used to calculate the  P  values of imipramine-treated versus saline-treated chemonaïve and 
chemoresistant tumors at different days of treatment. *,  P  < 0.05; **,  P  < 0.01; and ***,  P  < 0.001. Values that are not signifi cant are not indicated. H, repre-
sentative images of cisplatin- and saline-treated SCLC allografts collected 17 days after daily treatment.   
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and control chemonaïve tumors ( Fig. 3F ) were then grown in 

culture or transplanted into immunocompromised recipient 

mice ( Fig. 3E ). We found that chemoresistant mouse tumors 

were inhibited by imipramine treatment similar to chemo-

naïve tumors both  ex vivo  (data not shown) and in primary 

allografts ( Fig. 3G and H ). Thus, tumor cells emerging from 

long-term treatment with a chemotherapeutic agent are still 

inhibited by this candidate drug. 

 Together, these experiments indicate that the expansion 

of SCLC cells is potently inhibited by imipramine and pro-

methazine and suggest that both chemoresistant tumors and 

disseminated tumors may respond to treatment in patients 

with advanced disease. 

 The visual appearance of SCLC cells treated with imi-

pramine and promethazine in culture suggested that these 

drugs inhibit SCLC growth by inducing cell death (Sup-

plementary Fig. S1B). Indeed , we found that drug treatment 

led to apoptotic cell death in culture (data from two repre-

sentative cell lines, mouse Kp1 cells and human H82 cells), 

in transplanted tumors, and in endogenous mouse tumors 

( Fig. 4A–C  and Supplementary Fig. S2A and S2B). A concomi-

tant decrease in proliferation was also observed in tumor sec-

tions  in vivo  (Supplementary Fig. S2C). Importantly, treatment 

with the pan-caspase inhibitor zVAD-FMK rescued the cell 

death induced by imipramine after 24 hours in a dose-depend-

ent manner ( Fig. 4D and E ), further indicating that apoptotic 

cell death is a major mechanism by which the candidate drugs 

inhibit SCLC growth. No induction of cell death was observed 

in human A549 and mouse LKR13 NSCLC cells in culture 

at the drug concentrations used ( Fig. 1C ; Supplementary 

Fig. S1B; and data not shown) or in the lung epithelium of 

mice treated daily for 1 month with the candidate drugs, 

including lung neuroendocrine cells (Supplementary Fig. S2D). 

We also noted large areas of necrosis in treated tumors (Sup-

plementary Fig. S2B) and found that treatment of SCLC cells 

with an inhibitor of necrosis also partly rescued the cell death 

induced by the candidate drugs in culture (Supplementary 

Fig. S2E). Thus, the candidate drugs induce a rapid cell death 

specifi cally in neuroendocrine tumor cells.  

 Washing out the drugs up to 6 hours after addition to the 

cells was enough to prevent the appearance of cell death and 

the decrease in viability observed 24 hours after treatment, 

whereas exposure of the cells to imipramine for 8 hours or 

more was suffi cient to induce an irreversible cell death in SCLC 

cells (Supplementary Fig. S3A). This observation allowed us 

to begin to explore the signaling mechanisms downstream of 

imipramine treatment in SCLC cells ( 16, 17 ). Because the cal-

cium channel blocker bepridil also had some inhibitory effect 

on SCLC cells ( Fig. 1  and Supplementary Fig. S1), we exam-

ined changes in calcium levels in response to imipramine and 

promethazine. We observed a rapid decrease in intracellular 

calcium levels in SCLC cells after treatment with both drugs 

( Fig. 4F  and Supplementary Fig. S3B and S3C). We also 

observed increased levels of reactive oxygen species (ROS) 

after drug treatment (Supplementary Fig. S3D). Increased 

ROS and oscillations in calcium levels have been directly 

linked to activation of caspases and apoptotic cell death in 

certain contexts, including via activation of stress mitogen-

activated protein kinase (MAPK) pathways ( 18 ). Accordingly, 

we found changes in the c- jun -NH2-kinase (JNK)/c-Jun path-

way upon treatment of SCLC cells with imipramine starting at 

1 hour after treatment ( Fig. 4G ). This rapid activation of 

the stress MAPK pathway was detected only in SCLC 

cells and not in mouse or human NSCLC cells ( Fig. 4H ). 

Combined treatment of SCLC cells with imipramine and 

the selective JNK inhibitor SP600125 resulted in a sig-

nifi cant rescue of the cell death induced by imipramine 

( Fig. 4I ). Together, these experiments indicate that treat-

ment of SCLC cells with the candidate drugs triggers cellular 

stresses culminating in apoptotic and necrotic cell death. 

 The variety of responses triggered by imipramine and pro-

methazine and their known binding to multiple receptors at 

the surface of cells makes it very likely that one reason they 

are so effective at inducing death in SCLC is their action on 

multiple targets. This broad range of action of the candidate 

drugs may be a positive aspect clinically. Nevertheless, we 

sought to identify at least some of the molecules targeted 

by these drugs in SCLC. On  the basis of previous pharmaco-

logic studies ( 19, 20 ), the dose of imipramine that we used 

in mice is in the same range as the dose to treat depression 

in patients, suggesting that the candidate drugs act at least 

in part through the targets for which they have the highest 

affi nity, including the histamine H1 receptor (H1R), the mus-

carinic acetylcholine receptor (mAchR; including the CHRM3 

isoform), the 5-HT2 serotonin receptor (HTR2; and in par-

ticular HTR2a), and the α1-adrenergic receptor (ADRA1a and 

ADRA1b; refs.  21–26 ). Our analysis of microarray experiments 

from human ( 27–29 ) and mouse ( 15 ) SCLC, binding assays, 

and previous reports ( 30–32 ) indicated that these GPCRs are 

expressed in SCLC cells (Supplementary Fig. S4A and S4B). 

These observations led us to treat SCLC cells with related mol-

ecules and selective inhibitors of these GPCRs; we also ectopi-

cally added purifi ed ligands. Treatment  with amitriptyline 

and desipramine, two fi rst-generation TCAs with high bind-

ing affi nity to H1R, HTR2, ADRA1, and mAchR; doxazosin 

mesylate (a selective ADRA1 antagonist); azelastine (H1R); 

4-DAMP (CHRM3); and ritanserin (HTR2) in all cases led to 

a signifi cant reduction in cell survival specifi cally in SCLC 

cells and not in NSCLC cells ( Fig. 5A  and Supplementary 

Fig. S5A–S5E). Furthermore, the addition of purifi ed epine-

phrine and of a selective agonist of the H1R to the culture 

medium was suffi cient to increase survival and partially res-

cued the cell death phenotype induced by promethazine and 

imipramine ( Fig. 5B  and Supplementary Fig. S5F). Acetyl-

choline and serotonin also partially rescued the cell death 

induced by promethazine, which possesses fewer targets than 

imipramine (Supplementary Fig. S5G and S5H). Importantly, 

SCLC cells express the enzymes required for the biosynthesis 

of the ligands that normally activate the main GPCRs inhib-

ited by this drug (Supplementary Fig. S6A). We also detected 

the rapid production of serotonin and epinephrine in the 

supernatant of SCLC cells by mass spectrometry (Supplemen-

tary Fig. S6B and S6C). Of note, competition by these endog-

enous ligands may explain the relatively high concentrations 

of drugs required to induce cell death in SCLC cells.  

 Different  GPCRs often activate similar downstream sig-

naling pathways, including the Gα s  adenyl cyclase/cAMP/

protein kinase A (PKA) module and the Gα q  phospholipase 

C β (PLCβ)/protein kinase C (PKC) module ( 24 ,  33 ). Our 

analysis of microarray experiments indicated that most of 
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 Figure 4.      Imipramine and promethazine induce the apoptotic cell death of SCLC cells through activation of caspase-3. A, representative immunoblotting 
of cleaved caspase-3 (CC3) in mSCLC (Kp1) and hSCLC (H82) cells treated with 50 μmol/L imipramine for 12 hours. Karyopherin was used as a loading con-
trol. B, representative immunostaining of CC3 in tumor sections (white dashed lines) from  Rb/p53/p130 –mutant mice treated daily with saline, imipramine, 
and promethazine for 30 consecutive days. C, quantifi cation of the percentage of CC3-positive cells per tumor area of saline- ( n  = 142 tumors from 10 mice), 
imipramine- ( n  = 153 tumors from 9 mice;  P  < 0.0001), and promethazine- ( n  = 103 from 6 mice;  P  < 0.0001) treated tumors. D and E, effects of the combined 
treatment of imipramine (50 μmol/L) and the pan-caspase inhibitor Z-VAD-FMK on the survival of mSCLC (D) and hSCLC (E) after 24 hours of treatment, as 
measured by the MTT viability assay. Values from three independent experiments are shown as the mean ± SEM. The paired  t  test was used to calculate the 
 P  values of imipramine-treated cells versus control dimethyl sulfoxide (DMSO)-treated cells and of imipramine-treated cells versus Z-VAD-FMK–treated 
cells combined with imipramine. The black bars represent the vehicle-treated cells normalized to 100%. *,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001; ns, not signifi -
cant. F, quantifi cation of the percentage of mSCLC cells (Kp1 and Kp3) with low Ca 2+  levels by FACS analysis of control untreated cells (Ctrl) and imipramine-
treated cells at the times indicated. Values from three independent experiments for each cell line are shown as the mean ± SEM. An unpaired  t  test was used 
to calculate the  P  values of imipramine-treated cells versus the untreated control cells at the times indicated. *,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001; ns, not 
signifi cant. G, representative immunoblotting of p-c-Jun, total c-Jun, p-JNK, and total JNK in mSCLC cells (Kp1) treated with 50 μmol/L imipramine for the 
indicated times. Tubulin was used as a loading control. H, representative immunoblotting of p-c-Jun, total c-Jun, p-JNK, and total JNK in mSCLC cells (Kp1 
and H82) and NSCLC cells (LKR13 and A549) treated with 50 μmol/L imipramine for 1 hour. Tubulin was used as a loading control. I, effects of the combined 
treatment of 50 μmol/L imipramine and 500 nmol/L of the JNK inhibitor SP600125 on mSCLC cells (Kp1) after 24 hours of treatment, as measured by the 
MTT viability assay. Values from three independent experiments are shown as the mean ± SEM. An unpaired  t  test was used to calculate the  P  values of 
imipramine-treated cells versus control DMSO-treated cells and of imipramine-treated cells versus SP600125-treated cells combined with imipramine. 
*,  P  < 0.05 and ***,  P  < 0.001. DAPI, 4′,6-diamidino-2-phenylindole.   
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the different Gα subunits are expressed in SCLC cells, includ-

ing the Gα s  and Gα q  subunits (Supplementary Fig. S7A). 

H1R, CHRM3, ADRA1, and HTR2A are usually thought to 

be Gα q -coupled receptors ( 26 ,  34–36 ), which led us to fi rst 

test whether blocking PKC signaling may reduce the survival 

of SCLC cells. However, treatment with the PKC inhibi-

tor GF109203X had no signifi cant inhibitory effect on the 

survival of mouse and human SCLC cells ( Fig. 5C ). In addi-

tion, treatment with the PKC activator phorbol 12-myristate 

13-acetate (PMA) did not rescue the cell death induced by 

imipramine ( Fig. 5D ). Accordingly, we did not observe any 

decrease in phospho-PKC levels (an indicator of PKC activa-

tion) at different time points after imipramine treatment in 

SCLC cells ( Fig. 5E  and data not shown). 
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 Figure 5.      The candidate drugs inhibit the expansion of SCLC cells via several GPCRs. A  and B, MTT viability assays of cells cultured at 2% serum 
( n  ≥ 3 independent experiments) and treated with the ADRA1 antagonist doxazosin mesylate in comparison with treatment with imipramine (Imip) for 
48 hours (A) and with increasing doses of epinephrine (Epi) in the absence or presence of 50 μmol/L imipramine or 30 μmol/L promethazine (Prom; B). The 
paired  t  test was used to calculate the  P  values of epinephrine-, imipramine-, and promethazine-treated cells versus control cells and of imipramine- and 
promethazine-treated cells versus epinephrine-treated cells combined with imipramine or promethazine. *,  P  < 0.05; **,  P  < 0.01; ns, not signifi cant. C, MTT 
viability assay for mSCLC (Kp1) and mNSCLC (LKR13) cells following 48 hours of treatment with increasing doses of the PKC inhibitor GF109203X. 
Values from three independent experiments are shown as the mean ± SEM. An unpaired  t  test was used to calculate the  P  values of the drug-treated cells 
versus control cells. *,  P  < 0.05; **, P < 0.01; ***, P < 0.001; ns, not signifi cant. D, MTT viability assay for mSCLC (Kp1) cells following 24 hours of treatment 
with 50 μmol/L imipramine alone and with increasing doses of PMA in the absence or presence of 50 μmol/L imipramine. An unpaired  t  test was used 
to calculate the  P  values of dimethyl sulfoxide (DMSO)–treated cells versus PMA-treated cells and of imipramine-treated cells versus PMA-treated 
cells combined with imipramine. ns, not signifi cant. E, representative immunoblotting of p-PKC, total PKC, p-CREB, and total CREB in mSCLC cells (Kp1) 
untreated and treated with 50 μmol/L imipramine for 30 minutes. Tubulin was used as a loading control. F and G, MTT viability assay for mSCLC (Kp1) and 
mNSCLC (LKR13) cells following 48 hours of treatment with increasing doses of the adenyl cyclase inhibitor KH7 (F) and the PKA inhibitor H89 dihydro-
chloride (G). Values from three independent experiments are shown as the mean ± SEM. An unpaired  t  test was used to calculate the  P  values of the drug-
treated cells versus control cells. *,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001; ns, not signifi cant. H, MTT viability assay for mSCLC (Kp1) and hSCLC (H187) cells 
following 24 hours of treatment with 50 μmol/L forskolin (FSK), 100 μmol/L IBMX, or both drugs combined. An unpaired  t  test was used to calculate the 
 P  values of the drug-treated cells versus control DMSO-treated cells. ns, not signifi cant. I, effects of the combined treatment of 50 μmol/L imipramine and 
50 μmol/L FSK alone, 100 μmol/L IBMX alone, or FSK and IBMX together, as measured by the MTT viability assay. Values from at least three inde-
pendent experiments are shown as the mean ± SEM. An unpaired  t  test was used to calculate the  P  values of imipramine-treated cells versus control 
DMSO-treated cells and of imipramine-treated cells versus FSK-, IBMX-, and FSK + IBMX–treated cells combined with imipramine. J, representative 
immunoblotting of p-c-Jun and total c-Jun in mSCLC cells (Kp1) untreated, treated with 50 μmol/L imipramine for 30 minutes in the absence or presence 
of 50 μmol/L forskolin (FSK) and 100 μmol/L IBMX, and treated with DMSO. Tubulin was used as a loading control. The black bars in all the MTT assays 
represent the vehicle-treated cells normalized to 100%. IBMX, 3-isobutyl-1-methylxanthine.   
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 Some reports suggest that, in certain contexts, the GPCRs 

targeted by the candidate drugs can also signal through Gα s  

signaling, leading to an increase in adenyl cyclase activity, 

cAMP levels, PKA activity, and ultimately cAMP-responsive 

element binding protein (CREB; refs.  37–41 ). Thus, we next 

tested the alternative possibility that imipramine and pro-

methazine may induce cell death in SCLC cells by interfering 

with Gα s  signaling. Indeed, we observed a decrease in the 

phosphorylation of the PKA substrates CREB and activating 

transcription factor 1 (ATF1) starting at 30 minutes after 

imipramine treatment in SCLC cells ( Fig. 5E  and data not 

shown). To determine the involvement of the Gα s  signaling 

pathway in the survival of SCLC cells and in response to 

the TCAs, we fi rst treated the cells with inhibitors of this 

pathway. Treatment with KH7 (an inhibitor of soluble ade-

nyl cyclase) and H-89 dihydrochloride (an inhibitor of PKA) 

decreased the survival of SCLC cells, but not of NSCLC cells, 

in a dose-dependent manner ( Fig. 5F and G ). We  next used 

forskolin and the phosphodiesterase inhibitor 3-isobutyl-1-

methylxanthine (IBMX), which are known to activate adenyl 

cyclase and raised the levels of intracellular cAMP, leading to 

subsequent PKA activation. Upon addition of forskolin and/

or IBMX, alone or in combination, to vehicle-treated mouse 

and human SCLC cells, no signifi cant increase in cell viability 

was observed after 24 hours ( Fig. 5H ). In contrast, the addi-

tion of 50 μmol/L of forskolin alone or 100 μmol/L of IBMX 

alone to imipramine-treated SCLC cells partially rescued the 

cell death phenotype; full rescue of viability was observed 

when forskolin and IBMX were added together ( Fig. 5I ). 

Finally, the addition of forskolin and IBMX to imipramine-

treated cells reverted the elevated levels of phospho-c-Jun to 

the levels observed in untreated cells ( Fig. 5J ). These results 

indicate that imipramine and promethazine induce cell death 

of SCLC cells by affecting signaling downstream of the Gα s  

subunit of the targeted GPCRs, thereby inhibiting the adenyl 

cyclase and cAMP-dependent activation of PKA and inducing 

cell death via activation of the JNK/c-Jun module ( 42 ). 

 Although the candidate drugs probably bind to multiple 

targets in SCLC cells, these experiments suggest that the potent 

effects of these drugs in the induction of cell death in SCLC 

cell populations are mediated at least in part by the capacity of 

these drugs to disrupt autocrine survival loops between neuro-

transmitters and their receptors at the surface of SCLC cells. 

These observations in SCLC led us to hypothesize that other 

neuroendocrine tumors may have similar signaling networks as 

SCLC cells and may be sensitive to the same drugs. The analysis 

of the few publicly available microarray experiments from other 

rare human neuroendocrine tumors indicates that Merkel cell 

carcinoma, midgut carcinoid tumors, pheochromocytoma, 

and neuroblastoma tumor cells also express several of the 

main GPCR targets of imipramine and promethazine ( Fig. 6A ). 

Indeed, we found that both drugs are effi cient in inducing rapid 

cell death in human cell lines from most of these cancer types 

as well as in mouse pancreatic neuroendocrine tumor cells, 

but not as strongly and effi ciently as in non-neuroendocrine 

pancreatic adenocarcinoma cells (Supplementary Fig. S7B and 

 Fig. 6B and C ). We also tested neuroendocrine large cell carci-

noma cells and large cell lung adenocarcinoma cells and found 

that they do not undergo signifi cant cell death in response to 

both imipramine and promethazine (Supplementary Fig. S7B 

and  Fig. 6B and C ). We recently developed a novel model of 

pancreatic neuroendocrine tumors resulting from the deletion 

of  Rb ,  p53 , and  p130  in insulin-producing cells ( RIP-Cre Rb/p53/

p130 , similar to the RIP-Tag model; ref.  43 ). These mice develop 

pancreatic tumors expressing insulin ( Fig. 6D ) and die approxi-

mately 2 months after birth ( Fig. 6E ). We found that treatment 

of these mice with imipramine starting at day 35 signifi cantly 

increased survival (from 58 days for the mice injected with 

saline to 74.5 days for imipramine-treated mice;  P  = 0.024), fur-

ther validating imipramine as a novel therapeutic agent against 

neuroendocrine tumors ( Fig. 6E ).    

 DISCUSSION 
 In this study, we used a systematic computational drug-

repositioning strategy to identify FDA-approved TCAs and 

related molecules as potent inducers of cell death in SCLC 

cells through activation of stress pathways. We also show that 

the same drugs induce cell death in other types of neuroen-

docrine tumor cells. Together, these experiments elucidate a 

general mechanism of survival in neuroendocrine tumor cells 

and identify a common therapeutic strategy for a heterogene-

ous group of patients with cancer. 

 Our observations linking the survival of SCLC cells to the 

activity of GPCRs may be relevant to the biology of other 

tumors, including brain tumors, as suggested by epidemio-

logic studies ( 44 ), retinoblastoma ( 45 ), and pancreatic neu-

roendocrine tumors ( 46 ), which can be inhibited by drugs 

targeting neuronal signaling such as monoamine transmit-

ters and receptors. Our study also illustrates the potential 

of drug-repositioning approaches, especially computational 

approaches, in the treatment of cancer. In this specifi c case, 

we were able to experimentally expand our fi ndings in SCLC 

to other neuroendocrine tumors for which few gene expres-

sion profi le datasets exist and for which the bioinformatics 

pipeline would not have been possible. 

 Our experiments suggest that inhibition of GPCRs at the 

surface of SCLC cells results in inhibition of PKA activity. An 

important aspect of future experiments will be to continue to 

investigate the signaling networks perturbed by these drugs 

in SCLC cells. We found that one important difference 

between SCLC and NSCLC cells is the rapid activation of 

the stress MAPK pathway in response to the candidate drugs. 

Thus, it will be interesting to determine if the engagement of 

different Gα subunits and downstream effectors explains the 

sensitivity of neuroendocrine cancer cells to these drugs. On a 

related note, we did not fi nd a signifi cant correlation between 

the mRNA expression levels of the candidate GPCRs and drug 

response in cancer cells. In particular, adenocarcinoma cells 

and other normal cells express these GPCRs at levels similar 

to SCLC cells, but do not die in response to the same drugs. It 

is probable that the total levels of these GPCRs on the surface 

of SCLC cells are not the determinant of the drug response 

but rather it is the activity of the molecular components of 

the signaling pathway downstream of the GPCRs and/or the 

activity of the ligands secreted by SCLC cells. Similar observa-

tions have been made recently in lung adenocarcinoma cells 

in which the effects of EGFR inhibition are not dependent on 

EGFR levels ( 47 ). Future experiments will be needed to shed 

light on the establishment of autocrine survival loops between 
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 Figure 6.      TCAs inhibit the growth of several other types of neuroendocrine tumors. A, heatmaps showing the normalized RNA expression levels of the 
H1R, CHRM3, ADRA1A, ADRA1B, and HTR2 in 35 human primary Merkel cell carcinomas, 42 midgut carcinoid tumors, 76 pheochromocytomas, and 
88 neuroblastomas. B and C, MTT viability assays of human pancreatic adenocarcinoma (PDAC), mouse pancreatic neuroendocrine tumors (PNET), human 
neuroblastoma (NB), human Merkel cell carcinoma (MCC), human large cell adenocarcinoma (LCLC), and neuroendocrine large cell lung carcinoma (NE-LCLC) 
cultured in low serum and treated with increasing doses of imipramine (B) and promethazine (C) for 48 hours. Values from three independent experiments 
are shown as the mean ± SEM. *,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001; ns, not signifi cant. D, representative H&E images (top) and insulin immunohistochemistry 
(IHC; bottom) of sections from the pancreas of wild-type and  RIP-Cre Rb/p53/p130 –mutant mice. Scale bar is 50 μm. E, survival curve generated from the 
 RIP-Cre Rb/p53/p130  mice treated daily with intraperitoneal injections of saline and imipramine starting at day 35 after birth; median survival is 58 days for 
saline- and 74.5 days for imipramine-treated mutant mice;  P  = 0.024 by the Mantel–Cox test.   
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GPCRs and their ligands in SCLC cells and to determine how 

these loops promote the survival of SCLC cells. 

 We have made a substantial effort to identify patients who 

may have been treated with TCAs incidentally as part of their 

routine care. Promethazine is sometimes used for nausea, 

but its heavily sedating effects limit its outpatient use to 

infrequent use. Much more commonly, the preferred pheno-

thiazine antiemetic drug is prochlorperazine, as it is much 

less sedating. Even this drug is received only intermittently 

for the primary prevention of nausea from cisplatin and other 

chemotherapies. We have searched the electronic portion of 

the Stanford medical record (dating back to around the year 

2000) for patients who received a TCA, and found fewer than 

fi ve patients, none of whom were on the drugs chronically. 

Similarly, other database searches did not yield high patient 

numbers. On the basis of our preclinical results, prospective 

validation of these fi ndings in a clinical trial setting has begun 

(NCT01719861—A phase IIa trial of desipramine in small cell 

lung cancer and other high-grade neuroendocrine tumors), 

but reportable results are not expected for years. An advantage 

of a drug-repositioning approach with approved medications 

for other indications is accelerated drug development times. 

 TCAs have largely been replaced in the clinic by a new gen-

eration of selective serotonin reuptake inhibitors. However, the 

anticancer effects of TCAs are in large part due to the less-

specifi c, “off-target” mode of action of these drugs, which target 

multiple molecules at the surface of cells. The monoamine oxi-

dase inhibitors tranylcypromine and pargyline do not antago-

nize these GPCRs and are not effi cient in inducing cell death in 

SCLC cells. The fact that TCAs target multiple surface molecules 

has important consequences for patients with cancer: fi rst, our 

analysis of gene expression profi les of SCLC and other neuroen-

docrine tumors indicates that most, if not all, individual tumors 

express at least one of these GPCRs. Thus, the vast majority of 

neuroendocrine tumors may be at least partly responsive to TCA 

treatment. In addition, acquired resistance to TCA treatment 

may take a long time to occur. Additional  experiments in pre-

clinical mouse models and early-phase clinical trials in patients 

with these FDA-approved drugs may help in rapidly identifying 

ways to translate these observations to better treatment options 

for patients with neuroendocrine tumors. 

 Finally, we believe that imipramine and other related TCAs 

could potentially be used as a second-line therapy in patients 

with SCLC who become refractory to cisplatin/etoposide. 

Our studies indicate that cisplatin-resistant tumors are still 

sensitive to imipramine treatment. We have tested the effects 

of combining imipramine with cisplatin at the early stages 

when the tumor was still sensitive to cisplatin  in vivo , but 

we did not observe a signifi cantly greater decrease in tumor 

growth compared with imipramine alone or cisplatin alone 

at the concentrations used; both drugs induce apoptotic 

cell death and may not induce more death together (data 

not shown). Moreover, the side-effect profi le of TCAs is not 

benign, and combining with chemotherapy likely will sub-

stantially increase toxicity in a patient population with often 

compromised functional status, further reducing potential 

clinical benefi t. On the basis of these observations, we pro-

pose that TCAs in the platinum refractory setting or as 

maintenance treatment after chemotherapy may be the most 

useful settings for these candidate drugs in clinical trials.   

 METHODS  
  Ethics Statement  

 Mice were maintained according to practices prescribed by the 

NIH  (Bethesda, MD) at Stanford’s Research Animal Facility, accred-

ited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care (AAALAC).    

  Drug-Repositioning and Bioinformatics Approach  
 The drug-repositioning analysis was based on a systematic 

approach described previously ( 4, 5 ). Detailed information can be 

found in the Supplementary Data.   

  Mice, Adenoviral Infections, and Subcutaneous Xenografts  
 The SCLC mouse model bearing deletions in  p53 ,  Rb , and  p130  (triple 

knockout) was previously described ( 15 ). The pancreatic neuroendo-

crine cancer mouse model is based on the deletion of  Rb ,  p53 , and  p130  

in insulin-producing cells ( RIP-Cre Rb/p53/p130 , similar to the RIP-Tag 

model; ref.  43 ). This mouse model will be described in detail elsewhere. 

Ad-Cre (Baylor College of Medicine, Houston, TX) infections were car-

ried out as previously described ( 14 ). Mice were maintained at the Stan-

ford Research Animal Facility, accredited by the AAALAC. NSG mice 

were housed in the barrier facility at Stanford University (Stanford, CA). 

For the endogenous SCLC mice, treatment started 5 months after Ad-

Cre infection. Imipramine (25 mg/kg), promethazine (25 mg/kg), and 

bepridil (10 mg/kg) were administered intraperitoneally daily for 30 

consecutive days, whereas cisplatin (5 mg/kg) was administered intra-

peritoneally once weekly for a total of 6 to 8 weeks until tumors became 

chemoresistant. Chemonaïve tumors were generated after weekly injec-

tion of saline for a total of 6 weeks. Growth of these endogenous mouse 

tumors was monitored weekly by live imaging using Xenogen In Vivo 

Imaging System  in the animal imaging facility at Stanford University, 

and quantifi cation of the luciferase activity was calculated using the 

Living  Image software. For subcutaneous injections, 0.5 × 10 6  mSCLC 

(Kp1, Kp3, saline-treated chemonaïve, and cisplatin-treated chemore-

sistant), and 2 × 10 6  hSCLC (H187 and H82) cells were injected into 

the two fl anks of each NSG mouse with Matrigel (1:1; BD Biosciences). 

Treatment with the drugs started once the SCLC tumors reached 100 

to 150 mm 3  (around 10–14 days after implantation). Imipramine 

(25  mg/kg), promethazine (25 mg/kg), and bepridil (10 mg/kg) were 

administered intraperitoneally daily for 36 to 48 consecutive days. 

Tumor volume was measured at the times indicated and calculated 

using the ellipsoid formula (length × width 2 ). The human primary 

SCLC sample was obtained from the National Disease Research Inter-

change  program at the NIH. The tumor was digested with colla-

genase and dispase (Roche). Cells were collected and passed through 

a  Magnetic-Activated Cell Sorting (Miltenyi Biotec)  magnetic beads 

column to deplete CD45 +  blood cells. The remaining cells were injected 

into the fl ank of NSG mice with Matrigel (1:1) for expansion. Single-

cell suspensions (1 × 10 6  and 3 × 10 6 ) from this new primary cell line 

(NJH29) were used for the primary human xenograft studies. Treatment 

with the drugs started once the xenografts reached 100 to 150 mm 3 . 

Saline, imipramine (25 mg/kg), and promethazine (25  mg/kg) were 

administered intraperitoneally daily for 24 consecutive days.   

  Drugs and Inhibitors  
 Imipramine, promethazine, clomipramine, bepridil, necrostatin-1, 

azelastine, epinephrine, acetylcholine, serotonin, the histamine ana-

log 2-(2-pyridyl) ethylamine, forskolin, and IBMX were all purchased 

from Sigma-Aldrich. Z-VAD-FMK, ritanserin, 4-DAMP, doxazosin 

mesylate, H89 dihydrochloride, KH7, and GF109203X were all pur-

chased from Tocris Bioscience. The JNK inhibitor SP600125 was 

purchased from LC Laboratories. Fluo-3AM was purchased from 

 Invitrogen. All these powders were dissolved in the appropriate sol-

vent according to the manufacturer’s instructions.   
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  Cell Lines and Tissue Culture  
 Mouse SCLC cells (Kp1, Kp2, and Kp3) were grown in RPMI-1640 

media containing 10% bovine growth serum (Fisher Scientifi c; ref.  15 ) 

or dialyzed FBS (dFBS; Fisher Scientifi c). NCI-H82 , NCI-H69, and NCI-

H187 human SCLC cells were obtained from American Type Culture 

Collection (ATCC) and cultured in RPMI media containing 10% serum. 

For the original cellular assays, we used the H82 cells because they 

grow very rapidly and enough cells can be obtained to conduct most 

of these assays. However, because they are the least sensitive of all three 

human SCLC cell lines, we used the other cell lines in the subsequent 

mechanistic experiments to investigate the mechanism of action of the 

drugs. The NSCLC cell lines A549 and LKR13 were a generous gift from 

Dr. A. Sweet-Cordero’s laboratory (Stanford University). The NE-LCLC 

cell line H1155 was a generous gift from Dr. J. Minna’s laboratory (UT 

Southwestern). Human pancreatic adenocarcinoma cell line PANC1, 

human neuroblastoma cell line HTB1, and LCLC NCI-1915 were 

obtained from ATCC and cultured in the same conditions described 

above. The Merkel cell carcinoma cell line was a generous gift from 

Dr. P. Nghiem’s laboratory (University of Washington). The neuroen-

docrine mouse pancreatic cancer cells (MIN-6 and β-TC, both insuli-

nomas) were a generous gift from Dr. S. Kim’s laboratory (Stanford 

University) and were cultured in Dulbecco’s Modifi ed Eagle Medium  

containing high glucose (Thermo Scientifi c) and 15% serum. All mouse 

SCLC cell lines were generated in the Sage Laboratory and were authen-

ticated by genotyping for the mutant alleles and the expression of neu-

roendocrine markers. All human cell lines were either repurchased from 

ATCC or given to us by other laboratories, except for NJH29, which was 

generated in the Sage Laboratory; no further authentication was carried 

out on these cell lines.   

  MTT Assays and Calcium Measurement  
 For MTT assays (Roche), fl oating cells were seeded at 8 × 10 4  

(2% serum) or 1 × 10 5  (0.5% serum) per well in 96-well plates at day 

0, and drugs were added on day 1. MTT reagents were added on day 

2 or 3 depending on the experiments. The percentage survival was 

determined as the ratio of treated cells versus vehicle control. For all 

the rescue experiments, cells were pretreated with the various drugs or 

exogenous ligands for 30 minutes before the addition of imipramine 

or promethazine. Calcium measurements using the indicator Fluo-

3AM were carried out per the manufacturer’s instructions (Invitro-

gen). Briefl y, trypsinized cells treated with the drugs in 2% serum at 

different time points were stained with 2.5 μmol/L Fluo-3AM for 

30 minutes in RPMI media at 37°C. Cells were then washed in indicator-

free RPMI media and then resuspended in PBS directly before being run 

through an Aria Analyzer fl uorescence-activated cell sorting machine.   

  Immunoblot Analysis and Immunostaining  
 For immunoblotting, SCLC cells were homogenized using lysis 

buffer containing 1% NP-40, 50 mmol/L HEPES–KOH pH 7.8, 150 mmol/L 

NaCl, 10 mmol/L EDTA, and a cocktail of protease inhibitors. The 

antibodies used were phospho–stress-activated protein kinase (SAPK)/

JNK Thr183 and Tyr185 (p-JNK), JNK, phospho-c-Jun Ser63 (p-c-

Jun), c-Jun, phospho-CREB Ser133 (p-CREB antibody also recognizes 

p-ATF1), CREB, pan phospho-PKC βII Ser660 (p-PKC), PKC, and 

cleaved caspase-3 (all purchased from Cell Signaling technology), 

Karyopherin β1 (Santa  Cruz Biotechnology), and α-tubulin (Sigma). 

We used 5-μm paraffi n sections for H&E staining and immunostain-

ing. Paraffi n sections were dewaxed and rehydrated in the Trilogy 

reagent (Cell Marque). The primary antibodies used were phospho-

histone 3 Ser10 (p-H3; Millipore), cleaved caspase-3 (CC3; Cell Signal-

ing Technology), insulin (DAKO), and synaptophysin (SYN; Neuro-

mics). Alexa Fluor secondary antibodies (Invitrogen) were used for 

antibody detection. Fluorescent images were captured on the Leica 

fl uorescent microscope. For quantifi cation of the number of CC3- and 

p-H3–positive cells, tumors of similar size and area ranging between 

1,000 and 30,000 pixel units were included. Very small and very large 

tumors of areas measuring below or above this range were excluded.   

  Image Analysis and Statistics  
 Analysis of tumor areas and fl uorescent images was conducted 

using ImageJ software by measuring pixel units. Mice were scored as 

having signifi cant liver metastases if they had more than three metas-

tases with at least 50 cells each. Statistical signifi cance was assayed 

by a Student  t  test with the Prism GraphPad software (two-tailed 

unpaired and paired  t  test depending on the experiment). *,  P  < 0.05; 

**,  P  < 0.01; ***,  P  < 0.005; ns, not signifi cant. Data are represented 

as the mean ± SEM. For the survival curve analysis and comparison, 

we used the Mantel–Cox test.    
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