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Abstract
Background—Small cell lung cancer (SCLC) is an aggressive malignancy. Current treatments
yield dismal survival rates. We have previously demonstrated that histone deacetylase (HDAC)
inhibitors can inhibit neuroendocrine tumor growth. Activation of the Notch1 signaling pathway also
impairs SCLC cell viability. In this study, we investigated the ability of the HDAC inhibitor valproic
acid (VPA) to activate Notch1 signaling and inhibit proliferation in SCLC cells.

Materials and Methods—DMS53 human SCLC cells were treated with VPA (0–10 mM) for two
days. Light microscopy was used to examine changes in cell morphology. Western analysis was
performed using antibodies against various Notch1 pathway proteins to assess Notch1 activation.
Additionally, immunoblotting was performed for two neuroendocrine tumor markers, chromogranin
A and achaete-scute complex-like 1 (ASCL-1). Finally, a cell proliferation assay was used to measure
the effects of VPA on SCLC growth over eight days.

Results—After treatment with VPA, DMS53 cells underwent dramatic changes in morphology.
VPA induced expression of the full-length and active forms of Notch1 protein. Furthermore, VPA
suppressed levels of neuroendocrine tumor markers chromogranin A and ASLC-1. Importantly, VPA
treatment led to dose-dependent inhibition of SCLC cell proliferation.

Conclusions—The HDAC inhibitor VPA activates Notch1 signaling in SCLC cells. VPA induces
changes in cell morphology and suppresses neuroendocrine tumor markers, indicating a change in
phenotype. Additionally, VPA profoundly inhibits SCLC cell growth. These results suggest that VPA
has potential as a novel therapeutic agent for SCLC.
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Introduction
Lung cancer has the highest mortality of all cancers in the United States (1,2). In 2007, an
estimated 213,380 Americans will be diagnosed with lung cancer and 160,390 will die of the
disease (1). Small cell lung cancer (SCLC) accounts for approximately 20% of all lung cancer
cases (3–6) and is characterized by an aggressive course with early metastasis (3–8). Without
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treatment, the median survival time with the disease is only 2–3 months (3). There are currently
few methods for early detection, and most patients present with symptomatic, late-stage disease
(1,3). Upon diagnosis, over 90% of patients with SCLC have metastases to regional lymph
nodes or other distant sites, making complete surgical resection possible in less than 10% of
cases (7). Treatment of SCLC typically involves an intense regimen of chemotherapy with or
without radiotherapy (2,3,7,9). Unfortunately, current treatments yield a dismal 5-year survival
rate of only 5–10% (3,9). Clearly, there is a need for novel therapeutic approaches to this disease
(8,10).

The Notch1 signaling pathway plays a critical role in the normal embryonic development of
the lung and the disseminated neuroendocrine (NE) cell system (5,11,12). Notch1 is a
transmembrane receptor which is activated upon ligand binding by a series of proteolytic
cleavage events. Once cleaved, the Notch1 intracellular domain (NICD) translocates into the
nucleus, where it forms a DNA binding complex and alters transcription of target genes. Notch1
activation then increases expression of hairy-enhancer of split-1 (Hes-1) which in turn down-
regulates achaete-scute homolog-1 (ASCL-1) (5,11,12).

Abnormal Notch1 signaling has been implicated in NE tumorigenesis. Notch1 signaling is
suppressed in NE tumor (NET) cells, including SCLC cells (5,6,11–14). Expression of
exogenous Notch1 resulted in suppression of NET hormone production and inhibition of NET
cell growth (11,12), suggesting that Notch1 induction was an attractive strategy for the
treatment of these tumors. Until recently, however, there were no known small molecule
activators of the Notch1 pathway.

Histone deacetylase (HDAC) inhibitors are a class of molecules that modify chromatin
structure and regulate gene transcription and expression (15). HDAC inhibitors have been
shown to cause growth inhibition in several malignant cell lines, including SCLC (16,17).
Valproic acid (VPA) is an HDAC inhibitor that has been used for decades in the treatment of
patients with epilepsy and other neuropsychiatric disorders (18). As the safety profile of VPA
is well-established, this HDAC inhibitor is an attractive candidate for development as an anti-
cancer agent. We have previously shown that Notch1 signaling is minimal or absent at baseline
in several NET cell lines, and that expression of exogenous Notch1 via an inducible construct
inhibits NET cell growth (6,14). Additionally, VPA has been reported to activate Notch1
signaling in neuroblastoma, carcinoid, and medullary thyroid cancer cells (13,19,20). We
hypothesized, then, that VPA may also activate Notch1 signaling in SCLC cells with
subsequent anti-tumor effects. To test this hypothesis we treated human SCLC cells with VPA,
and analyzed the effects on Notch1 signaling, cellular morphology, expression of NET
markers, and cancer cell proliferation.

Materials and Methods
Cell Culture

DMS53 human SCLC cells were obtained from American Type Culture Collection (Manassas,
VA) and maintained in Waymouth’s MB752/1 medium (Invitrogen, San Diego, CA),
supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO), 100 IU/ml
penicillin and 100 μg/ml streptomycin (Invitrogen). The cells were maintained in a humidified
atmosphere of 5% CO2 in air at 37° C.

VPA Treatment
DMS53 cells were plated at 50% to 60% confluence in 100-mm cell-culture dishes and
incubated overnight. On the following day, cells were treated with VPA (2-propylpentanoic
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acid; Sigma-Aldrich) for 2 d in doses ranging from 1 to 10 mM. DMSO (0.1%), the solvent
used for VPA, was used for control treatments.

Light Microscopy
After treatment with VPA for 2 d, DMS53 cells were examined under light microscopy for
changes in cell growth and morphology. Photographs were taken using AxioVision40AC
V4.5.0.0 (Carl Zeiss MicroImaging, Oberkochen, Germany) prior to protein isolation for
Western blotting.

Western Blotting
Cellular extracts were prepared and quantified with a bicinchoninic (BCA) protein assay kit
(Pierce Biotechnology, Rockford, IL) as previously described (14,21). Denatured cellular
extracts were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes (Schleicher and Schuell, Keene, NH).
Membranes were blocked 30–60 min in milk solution (1X PBS, 5% nonfat dry milk, 0.05%
Tween 20) and incubated at 4° C overnight with primary antibodies. The following primary
antibody dilutions were used: 1:1,000 for Notch1 (Santa Cruz Biotechnology, Santa Cruz, CA),
Hes-1 (Santa Cruz), mammalian ASCL-1 (BD Biosciences San Diego, CA), and CgA (Zymed
Laboratories, San Francisco, CA); and 1:10,000 for G3PDH (Trevigen, Gaithersburg, MD).
After primary antibody incubation, membranes were washed either 3 X 5 min or 3 X 10 min
in wash buffer (1x PBS, 0.05% Tween-20). The membranes were then incubated with 1:2,000
dilution of horseradish peroxidase conjugated with either goat anti-rabbit or goat anti-mouse
secondary antibody (Cell Signaling Technology, Danvers, MA), depending on the source of
the primary antibody, at room temperature for 1 h. The membranes were then washed 3 X 5
min or 3 X 10 min in 1X PBS wash buffer and developed by Super Signal West Femto
chemiluminescence substrate (Pierce Biotechnology) or Immun-Star (Bio-Rad Laboratories,
Hercules, CA) depending on the primary antibody. Protein levels were quantified from the
developed films with ImageQuant 5.2 (GE Healthcare Lifesciences, Buckinghamshire, United
Kingdom).

MTT Cell Proliferation Assay
Proliferation of DMS53 cells following treatment with control or VPA was measured using
the MTT (methylthiazolyldiphenyl-tetrazolium bromide; Sigma-Aldrich) assay. The MTT
reagent is a soluble tetrazolium salt that is converted to an insoluble formazan pigment in active,
viable cells by the enzymatic activity of a mitochondrial dehydrogenase. The quantity of
formazan pigment can then be measured via spectrophotometry (22,23). DMS53 cells were
trypsinized and plated in triplicate in 24-well plates and allowed to adhere overnight. Cells
were then treated with varying concentrations of VPA or control (0.1% DMSO) for 8 d. Cells
were given fresh media containing control or VPA every 2 d. At each time point, media were
removed and replaced with 250 μL of medium containing MTT and incubated for 3 h. Then,
750 μL DMSO was added to each well and the plates were shaken at room temperature for 5
min to dissolve the cell membranes. Absorbance was determined using a spectrophotometer
(μQuant; Bio-Tek Instruments, Winooski, VT) at a wavelength of 540 nm. Experiments were
performed in triplicate at least twice.

Statistical Analysis
Statistical analyses were preformed using the SPSS statistical package (SPSS 10.0, SPSS Inc.,
Chicago, IL). Analysis of variance (ANOVA) was used for the MTT growth assay and
quantified Western blot data. P-values less than 0.05 were considered statistically significant.
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Results
VPA Induces Notch1 Signaling in SCLC Cells

Given that VPA has been reported to activate Notch1 signaling in several NET cell lines (13,
20), we were interested in determining the ability of VPA to activate Notch1 signaling in SCLC
cells. To assess this, we measured protein levels of full-length Notch1 and NICD after treatment
with various concentrations of VPA. Notch1 proteins were not detectable in untreated cells.
However, VPA treatment resulted in a dose-dependent induction of both full-length Notch1
and NICD (Figure 1). Hes-1 is a well-established target of Notch1 signaling and is positively
regulated by Notch1 (5,11,12). Treatment of SCLC cells with VPA in concentrations as low
as 1mM led to increased cellular levels of Hes-1 (Figure 1). These results indicate that VPA
induces Notch1 signaling in SCLC cells.

VPA Induces Morphologic Differentiation in SCLC Cells
We next examined SCLC cells under light microscopy to evaluate for changes in cellular
appearance after treatment with VPA. Cells cultured in control media grew in clumps and
sheets with poorly defined cellular borders (Figure 2A). There were indefinite points of cell-
to-cell contact between tumor cells in the control plates, representing typical uninhibited tumor
cell growth. Cells treated with increasing concentrations of VPA showed marked morphologic
changes and reduced cell density. At VPA concentrations as low as 4 mM (Figure 2B), cells
had clearly defined cellular margins and a characteristic spindle shaped morphology with
neuronal-like projections suggestive of differentiation. Distinctly noticeable in the
photomicrograph is the lack of cell-to-cell contact between the tumor cells, as was previously
seen in the control plates. When VPA concentrations were increased to10 mM (Figure 2C),
there was a further decrease in cell viability and further decreases in points of cell-to-cell
contact. With increasing concentrations of VPA, the cells became more differentiated in
appearance, assuming a spindle-shaped morphology with increases in the size of gaps between
the once confluent tumor cells.

VPA suppresses production of NE tumor markers in SCLC cells
The observed changes in SCLC cellular morphology after VPA treatment suggested an
alteration in phenotype. Previous studies utilizing an inducible Notch1 construct in NET cells,
including SCLC, have demonstrated that Notch1 induction leads to a decrease in NET markers
such as ASCL-1 and chromogranin (CgA) (5,11–13). We performed Western blot analysis to
assess whether VPA treatment would reproduce these effects. As shown in Figure 3, high levels
of the NET marker ASCL-1 were present in SCLC cells at baseline. Treatment with increasing
concentrations of VPA suppressed ASCL-1 levels in a dose-dependant manner, with complete
suppression of ASCL-1 at the 10 mM concentration.

Similar results were seen with CgA, a NET marker that is clinically used in the diagnosis and
monitoring of NETs. Significant quantities of CgA were observed in control cells. However,
VPA treatment in concentrations of 2 and 4 mM led to a significant decrease in CgA levels,
and the tumor marker was undetectable after the cells were exposed to 6 and 10 mM
concentrations of VPA (Figure 3).

VPA Inhibits Proliferation of SCLC Cells
After demonstrating that VPA activates Notch1 signaling in SCLC cells leading to changes in
cellular morphology and suppression of NET markers, we were interested in objectively
measuring the effect of VPA treatment on SCLC cell growth. VPA has been shown to inhibit
growth in several tumor cell lines (13,19,20,24). To date, the effect of VPA treatment on SCLC
cell growth has not been characterized. In order to assess the impact of VPA on SCLC cells,
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we utilized the MTT cell proliferation assay, a measure cell mitochondrial activity. Treatment
of SCLC cells with VPA concentrations as low as 1 mM significantly impaired cell
mitochondrial activity (Figure 4). Higher concentrations of VPA actually resulted in a decrease
in activity compared to baseline, suggesting arrest of cell proliferation and possible cell death.

Discussion
Lung cancer is the leading cause of cancer deaths worldwide, with nearly one million deaths
occurring each year (2,3,25). Lung cancer by itself accounts for more deaths than colorectal,
breast, and prostate cancers combined (4). SCLC is the most aggressive type of lung cancer,
and is characterized by rapid spread to regional lymph nodes as well as other distant sites of
metastasis (3–8). Current treatment regimens yield unsatisfactory results, and new treatment
options are sorely needed (8,10).

Notch1 signaling has been identified as a potential therapeutic target for SCLC. The Notch1
signaling pathway is silenced in many NE malignancies, including SCLC (5,6,11–14).
Induction of Notch1 with an inducible construct led to inhibition of tumor cell growth and NET
marker levels. This suggested that activation of Notch1 signaling could have anti-tumor effects
in patients with SCLC. Until recently, however, no small molecule activators of Notch1
signaling were available.

In 2005, Stockhausen and colleagues reported the ability of VPA, a branched-chain fatty acid
that has long been used in the treatment of patients with epilepsy, to activate Notch1 signaling
in neuroblastoma cells (19). We subsequently treated human carcinoid tumor and medullary
thyroid cancer cells with VPA, and found that Notch1 was also activated in these cell lines,
with a resultant decrease in cell proliferation and NET marker expression (13,20). VPA is an
attractive potential anticancer drug for neuroendocrine tumors because it is approved by the
U.S. Food and Drug Administration (FDA) and has a favorable toxicity profile compared to
most cytotoxic chemotherapeutic agents.

VPA is a member of the HDAC inhibitor drug class. HDAC inhibitors antagonize histone
deacetylase (HDAC) enzymes, which remove acetyl groups from DNA histone proteins.
Inhibition of HDAC enzymes results in increased histone acetylation due to the unopposed
activity of histone acetyl transferase, which leads to changes in chromatin structure and
modification of transcriptional activity (26,27). In an earlier study we treated SCLC cells with
trichostatin A (TSA), an HDAC inhibitor (16). TSA treatment resulted in inhibition of SCLC
cell proliferation through both apoptosis and cell cycle arrest.

In the current study we assessed the effects of VPA treatment on SCLC cells. Previous research
has demonstrated that Notch1 signaling is minimal or absent in SCLC (5,6,11,12). Consistent
with these earlier observations, we found no detectable full-length or cleaved Notch1 protein
by Western blot in untreated SCLC cells. As Notch1 is suppressed in SCLC, we hypothesized
that activation of this signaling pathway may have antitumor effects.

VPA treatment of SCLC cells resulted in induction of Notch1. The exact mechanism by which
VPA is able to affect Notch1 protein levels has yet to be described. Previous studies have
demonstrated that although there is minimal Notch1 protein in NET cells at baseline, Notch1
mRNA is present (14,28). It is possible that VPA interferes with Notch1 protein degradation,
which is mediated by proteins such as Sel-10, Itch, c-CBL, and Deltex (29). The mechanism
by which VPA activates Notch1 signaling is a subject of ongoing investigation.

Previous experiments showed that expression of exogenous Notch1 in NET cells resulted in
increased levels of Hes-1. Increased Hes-1 gene expression resulted in transcriptional
repression of the ASCL-1 gene, thus decreasing cellular levels of ASCL-1 protein (5,6,10–
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12). Additionally, the presence of Notch1 protein itself has been correlated with increases in
ASCL-1 protein ubiquitination and degradation (11). Thus, control of ASCL-1 protein levels
in SCLC cells is regulated by both Hes-1 dependent and Hes-1 independent mechanisms. In
the present study, Notch1 induction with VPA was associated with increased expression of
Hes-1 and down-regulation of ASCL-1. Similar to ASCL-1, the NET marker CgA was also
suppressed by VPA treatment. These changes in NET marker expression, combined with the
observed alterations in cellular morphology, suggest that VPA exerts a profound effect on the
NE phenotype of SCLC cells.

An important finding of the current study is that VPA causes inhibition of proliferation in
SCLC cells. Histologic changes diagramed in the photomicrographs indicate decreased cell
density and increased differentiation of the VPA treated cells when compared to control
(DMSO). NETs such as SCLC have been shown to be less aggressive when increased histologic
differentiation is noted (30,31). Growth inhibition was further supported by an MTT
proliferation assay, where doses as low as 1 mM of VPA, after only 4 days of treatment,
significantly inhibited cell growth. Higher concentrations of VPA and extended duration of
treatments led to an even more dramatic suppression of cancer cell growth. VPA treatment led
to a dose-dependent inhibition of mitochondrial activity as measured by the MTT assay,
suggesting a decrease in cell viability or cell proliferation. It should be noted, however, that
the MTT assay measures mitochondrial activity of the cell, and not the number of living cells
(32). It is possible that VPA treatment induces cell cycle arrest or other metabolic changes
specific to the mitochondria rather than causing overt cell death in SCLC. We hypothesize that
a combination of the former mechanisms may be at work when SCLC is treated with VPA.
Additional research is needed to further elucidate the mechanism by which VPA inhibits SCLC
cell proliferation.

Furthermore, we have previously demonstrated in a mouse xenograft model of NET disease
that non-toxic concentrations of VPA can activate Notch1 signaling and inhibit tumor growth
(13). The mean blood level of VPA in treated mice was within the therapeutic range for human
patients treated for epilepsy. The ability of VPA to activate Notch1 and inhibit NET
proliferation both in vitro and in vivo is encouraging, and suggests that clinical trials are
warranted.

In summary, the HDAC inhibitor VPA activates Notch1 signaling, suppresses NET markers,
and inhibits growth in SCLC cells. As the safety profile of VPA in humans is well established,
we conclude that VPA is a potential new therapeutic agent for SCLC, worthy of further
investigation.
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FIG 1.
(A) VPA Induces Notch1 Signaling in SCLC Cells. Western blots of cell extracts from DMS53
cells treated with control (DMSO 0.1%) or VPA (1 to 10 mM) for 2 d showed increased
expression of full-length Notch1 and the cleaved, active Notch intracellular domain (NICD).
Levels of Hes-1, a downstream target of Notch1, were also elevated from baseline with VPA
treatments. Equal protein loading was confirmed with antibodies against G3PDH. (B) After
quantification with image analysis software, there were statistically significant differences
between control and treatment groups with full-length Notch, NICD, and Hes-1 expression (p-
value <0.001).
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FIG 2.
VPA Decreases Growth and Induces Morphologic Differentiation in SCLC Cells. DMS53 cells
were treated with VPA or control (DMSO 0.1%) for 2 d and examined with light microscopy
under 20x magnification. Control plates (A) grew in confluent sheets with ill-defined cellular
borders. Cells treated with VPA in 4 mM (B) or 10 mM (C) concentrations progressively
assumed a flatter, rounder, and spindle shaped conformation with neuronal-like projections,
decreased points of cell-to-cell contact, and more distinct cellular borders.
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FIG 3.
(A) Induction of Notch1 Signaling by VPA Regulates Levels of the NET Markers ASCL-1
and CgA. Western analysis of cell extracts from DMS53 cells treated with control (DMSO
0.1%) or VPA (1 to 10 mM) for 2 d show decreases in NET markers ASCL-1 and CgA. Equal
protein loading was confirmed with G3PDH. (B) After quantification with image analysis
software, there were statistically significant differences between control and treatment groups
with ASCL-1 and CgA expression (p-value <0.001).
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FIG 4.
VPA Inhibits Proliferation of SCLC Cells. DMS53 cells were treated with control (DMSO) or
varying doses of VPA (1 to 10 mM) for up to 8 d and cell proliferation was measured by the
MTT assay. VPA inhibited cell proliferation in a dose-dependent and statistically-significant
manner.
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