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Abstract
Background— Surgical resection is the only curative treatment for patients with
pheochromocytomas, paragangliomas, and other catecholamine-producing tumors. Activation of
glycogen synthase kinase 3β (GSK3β) is thought to promote tumor growth and neuroendocrine (NE)
peptide secretion in NE tumors. Thus, we hypothesized that inhibition of this signaling pathway with
lithium chloride (LiCl), a well-known GSK3β inhibitor, could be a potential therapeutic strategy to
control tumor growth and hormone production.

Methods— Pheochromocytoma PC-12 cells were treated with varying concentrations of LiCl [0–
30mM]. Levels of active and inactive GSK3β, and NE peptides Chromogranin A (CgA) and mASH1/
ASCL1 were determined by Western blot. Cellular growth was measured by MTT cell-proliferation
assay

Results— At baseline, PC-12 cells had increased active GSK3β signaling. Treatment of PC-12 cells
with increasing dosages of LiCl resulted in dose-dependent inhibition of GSK3β. Importantly, LiCl
significantly inhibited pheochromocytoma cellular proliferation. Furthermore, inhibition of
GSK3β by LiCl was associated with marked suppression of CgA and mASH1 levels.

Conclusions— These data suggest that GSK3β inhibition may be a novel strategy to treat
pheochromocytoma and other catecholamine-producing tumors.

Introduction
Pheochromocytomas, catecholamine producing tumors of the adrenal gland are relatively
uncommon. Although these tumors have a reported incidence of only 2 to 8 cases per million
annually, the consequence of catecholamine excess can be devastating to patients1. Patients
commonly experience hypertension, and it is estimated that pheochromocytomas account for
between 0.1% and 1.0% of all hypertensive individuals, representing a potentially curable
group2, 3. The clinical manifestations of pheochromocytomas are a result of catecholamine
excess and include headaches, diaphoresis, and palpitations in addition to hypertension2. These
symptoms can lead to a reduced quality of life for patients suffering from this disease. The
only current curative therapy remains surgery, which can usually be done by laparoscopic
adrenalectomy; however, some patients present with unresectable disease. Although these
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patients can often be palliated with alpha and beta-blockade and chemotherapy, there remains
significant room for improvement. It is therefore crucial that additional therapies be developed
to help those patients with unresectable disease.

The glycogen synthase kinase-3-beta (GSK3β) pathway may be a potential target for therapy
in these tumors. Glycogen synthase kinase was first identified as negative regulator of glycogen
synthesis. GSK3β is one of the several kinases that phosphorylate glycogen synthase to
maintain the enzyme in an inactive state4. GSK3β is a multifunctional serine/threonine protein
kinase which regulates numerous cellular processes such as metabolism, cell fate
determination, proliferation, and survival5–8. In contrast to other kinases, GSK3β is non-
phosphorylated and highly active in unstimulated cells, and becomes inactivated by being
phosphorylated in response to signaling cascades9. Active GSK3β is thought to promote tumor
growth and vasoactive, neuroendocrine (NE) peptide secretion in pheochromocytomas and
other NE tumors.

In this paper we explored the effect of pharmacologically inhibiting the GSK3β pathway in
pheochromocytoma cells through the use of Lithium Chloride (LiCl). We show that treatment
with LiCl results in progressive phosphorylation of GSK3β, inactivating the protein, and also
reduces the amount of chromogranin A (CgA) and mASH1/ASCL1, markers for vasoactive
peptides in NE tumors. Furthermore, we report that LiCl successfully inhibits the growth of
pheochromocytoma cells.

Materials and Methods
Cell culture

Rat pheochromocytoma cells (PC-12) were obtained from American Type Culture Collection
(Manassas, VA) and maintained in Ham’s F12K medium (American Type Culture Collection),
supplemented with 15% Horse Serum (Sigma, St. Louis, MO), 2.5% Fetal Bovine Serum
(Sigma) and 100 IU/ml penicillin and 100 g/ml streptomycin (Invitrogen, Carlsbad, CA). The
cells were maintained in a humidified atmosphere of 5% CO2 in air at 37°C.

Lithium Chloride treatment
PC-12 cells were plated in 100 mm cell culture dishes and incubated overnight. Cells were
treated with LiCl (Sigma) at 0–30mM concentrations. NaCl was used as a control.

Western blot analysis
Cellular extracts were prepared and quantified by BCA protein assay kit (Pierce, Rockford,
IL) as previously described10, 11. 30g of denatured proteins from each sample underwent
electrophoresis on a 10% Bis-Tris pre-cast polyacrylamide gel (Invitrogen) and transferred to
nitrocellulose membranes (Schleicher and Schuell, Keene, NH). Membranes were then blocked
for 1 hour in milk solution (1x Tris Buffered Saline, 5% non-fat dry milk, 0.05% Tween-20)
and then incubated at 4°C overnight with primary antibodies. The following primary antibody
dilutions were used: phospho-GSK3β (1:1,000); GSK3β (1:1,000), (Cell Signal Technology,
Beverly, MA); Chromogranin A (1:1,000), (Zymed Laboratories, San Francisco, CA);
MASH-1 (1:1,000), (BD Biosciences Pharmingen, San Jose, CA); and G3PDH (1:10,000),
(Trevigen, Gaithersburg, MD). After primary antibody incubation, membranes were washed
either 3 × 5 minutes (phospho- GSK3β and GSK3β) or 3 × 10 minutes (CgA, MASH-1 and
G3PDH) in 1X TBS-T buffer (1X TBS, 0.05% Tween 20). The membranes were then incubated
with 1:2,000 dilution of horse-radish peroxidase conjugated anti-rabbit (phospho- GSK3β,
GSK3β, CgA and G3PDH) or anti-mouse (MASH-1) secondary antibody (Cell Signal
Technology) at room temperature for 1 hour. The membranes were washed 3 × 5 minutes
(phospho-GSK3β and GSK3β) or 3 × 10 minutes (CgA, MASH-1 and G3PDH) in 1XTBS-T
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buffer and developed by Immunstar™ (phospho-GSK3β, GSK3β, CgA and G3PDH) (Bio-rad
Laboratories, Hercules, CA) or Supersignal® West Femto (MASH-1) (Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s directions.

Cell Proliferation Assay
Proliferation of PC-12 cells following treatment with LiCl was measured using a 3,4-(4,5-
dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) (Sigma) as previously
described10, 11. Cells were plated in triplicate into 24 well plates, allowed to adhere overnight
and then treated with LiCl [0–30mM] and incubated. The media were changed every 2 days
with new treatment. At each time point, cell growth rates were analyzed following addition of
MTT reagent to the cultured cells as described11. Absorbance was measured using
spectrophotometer at a wavelength of 540 nm.

Results
Lithium Chloride inhibits GSK3β

Western analysis was used to demonstrate that GSK3β phosphorylation and inactivation is
achieved by treatment with LiCl in PC-12 cells. At baseline, PC-12 cells have little or no
phosphorylated GSK3β, demonstrating that most of the GSK3β is in the active form. After two
days treatment with LiCl, inactivation of GSK3β was increased compared to control treatments
as demonstrated by protein phosphorylation (figure 1). Phosphorylation was initially
demonstrated at concentrations as low as 5mM LiCl, with full inactivation of GSK3β seen by
10mM LiCl (figure 1). Subsequent experiments revealed that LiCl was effective at inactivating
GSK3β at concentrations as low as 1mM LiCl (not shown). This data shows that
pheochromocytoma cells are particulary sensitive to LiCl treatment.

LiCl inhibits cell proliferation in pheochromocytoma tumor cells
When PC-12 cells were treated with LiCl at concentrations above 5mM LiCl, cellular
proliferation was suppressed as shown by MTT cell proliferation assay (figure 2). Increased
growth suppression appears to vary directly with increased concentration of LiCl treatment.
Complete inhibition of growth was observed in cells treated with 30mM concentrations.
Beginning at 8 days, significant growth suppression was seen, and this continued out to 10
days. In addition, 10mM concentration treatment proved to greatly reduce the growth of PC-12
cells, observed at both 8 and 10 days. While there was not complete suppression of growth
with 5mM concentration, the cells did not grow to the same extent as the control cells. Overall,
10 and 30mM concentrations of LiCl produce significant growth reduction after 8 days.

LiCl reduces NE vasoactive hormone production in pheochromocytoma tumor cells
It has been well established that changes in CgA and mASH1/ASCL1 levels are representative
of changes in other NE hormones such as histamine and serotonin10, 12. Therefore, to
determine the effect of GSK3β inhibition with LiCl on vasoactive peptide production in
pheochromocytoma cells we performed western blot analysis for CgA and mASH1. Untreated
PC-12 cells display high amounts of protein. Subsequent treatment with LiCl results in a
complete elimination of the markers as shown by western analysis (figure 3). This finding is
again demonstrated with concentrations as low as 1mM LiCl again indicating that
pheochromocytoma cells are very sensitive to GSK3β inhibition with LiCl (not shown).
However, for the growth inhibition, higher concentrations are required.
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Discussion
Patients with untreatable pheochromocytomas, paragangliomas and other catecholamine-
producing tumors often have a poor quality of life. These tumors produce a detrimentally
excessive amount of hormones leading to the devastating symptoms characteristic of the
disease. Thus patients with pheochromocytomas experience such debilitating symptoms as
hypertension, headaches, diaphoresis, and palpitations. Although surgery can be a curative
therapy for patients with this disease, unfortunately not all patients are candidates for surgical
removal. The incidence of metastatic disease is low in patients with pheochromocytomas;
however, for this 10% of patients surgery is not always an option2. These patients can often
be palliated with alpha and beta-blockade and chemotherapy, but there is significant room for
improvement and therefore alternative methods of therapy would be more advantageous.

We believe that GSK3β pathway inhibition is a potential form of alternative therapy for
pheochromocytomas. In this paper we have shown that LiCl can effectively be used to inhibit
growth and reduce vasoactive hormone production in pheochromocytoma cells. GSK3β
pathway inhibition was achieved through the use of LiCl treatment in PC-12 cells. Interestingly,
these cells seem to be very sensitive to LiCl treatment. In PC-12 cells phosphorylation
GSK3β was evident at concentrations as low as 1mM LiCl. While we have not yet conducted
any animal studies with pheochromocytoma cells and LiCl treatment, we are confident the low
concentrations of LiCl needed to produce a growth effect in vitro will be easily achievable in
animal models without toxicity.

LiCl treatment to PC-12 cells was effective in inhibiting growth of the cells after 8 days.
Observation of psychiatric patients undergoing lithium therapy has previously proven that these
patients had a lower incidence of cancers of non-epithelial origin. In addition, there is a
significant inverse relationship between the dose of lithium and the incidence of cancers of
non-epithelial origin13. This data is supportive of the results we obtained, showing that LiCl
inhibits the growth of pheochromocytoma cells. While inhibition of the GSK3β pathway is
seen at concentrations as low as 1mM LiCl, substantial growth inhibition of tumor cells does
not appear until treatment with 10mM LiCl (figures 1 and 2). It may be that growth inhibition
requires longer treatment with LiCl, while inhibition of the GSK3β pathway occurs quite
rapidly with initiation of treatment. Furthermore, LiCl is not generally toxic to all cells. In fact,
lithium has been shown to promote cell survival in several cell types including neuronal, breast
cancer, and renal cells14–17. These doses of lithium also do not inhibit growth of NIH 3T3
cells in our hands.

Finally since the symptoms associated with pheochromocytomas are a result of catecholamine
excess, a reduction in hormone production could potentially palliate the symptoms experienced
by patients. Pheochromocytoma cells have reduced production of CgA and mASH1/ASCL1,
biomarkers for vasoactive hormones, after inhibition of GSK3β with LiCl. PC-12 cells display
high levels of mASH1 and CgA at baseline. PC-12 cells display high levels of mASH1 and
CgA at baseline. mASH1 is virtually eliminated at 5mM LiCl and although CgA levels are not
reduced completely they are greatly reduced by 5mM LiCl treatment. CgA and mASH1 are
established to be representative of NE hormones including histamine and serotonin, and these
biomarkers are decreased with LiCl treatment. These data suggest that LiCl will effectively
and significantly reduce hormone production by pheochromocytoma cells, thus alleviating the
symptoms of catecholamine excess.

In summary, GSK3β pathway inhibition by LiCl may be a novel strategy in the treatment of
pheochromocytomas and other catecholamine-producing tumors. LiCl treatment could
improve the quality of life for patients with this debilitating disease.
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Figure 1.
Western analysis for GSK3β inhibition in response to LiCl treatment. Protein extracts from
PC-12 cells treated with LiCl [0–30mM] for 2 days. Treatment with LiCl led to inhibition of
the GSK3β pathway as shown by increased levels of inactive phosphorylated GSK3β compared
to total GSK3β. Equal loading of samples is shown by G3PDH.
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Figure 2.
Cell proliferation analysis of PC-12 cells treated with LiCl by MTT assay. PC-12 cells treated
with 0, 5 mM, 10 mM, and 30 mM LiCl at 2 day intervals for 10 days. LiCl suppressed cellular
proliferation in PC-12 pheochromocytoma cells. Cell growth was significantly inhibited by
day 8 in the all LiCl treatments.
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Figure 3.
Western analysis of the effect of LiCl treatment on chromogranin A (CgA) and MASH-1.
Protein extracts from PC-12 cells treated with LiCl [0–30 mM] for 2 days. Treatment with LiCl
led to a reduction in the NE markers CgA and MASH-1. Equal loading of samples is shown
by G3PDH. Reduction in CgA, quantified by Quant= 42% at 5mM, 42% at 10 mM, 49% at
20mM, and 50% at 30mM.
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