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Background. We have shown previously that activation of the Raf-1/mitogen-activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK)1/2 signaling pathway by ZM336372 inhibits
carcinoid cells growth. In the present study, we further characterize the molecular details of the growth
inhibition by the signaling-based compound ZM336372 in neuroendocrine neoplasms (NENs).
Methods. NEN cells were treated with ZM336372 (20 to 100 �mol/L) or carrier (DMSO). Western
Blot was used to determine the activation of the Raf-1/MEK/ERK, other pathways activation, and
cellular bioactive hormone production.
Results. ZM336372 in NEN cells resulted in increasing raf-1 activation and inactivation of glycogen
synthase kinase-3 beta (GSK-3�) as measured by phosphorylation of ERK1/2 and GSK-3�,
respectively. There was no alteration in the levels of phosphorylated Akt, an important mediator of the
phosphatidyl inositol 3 kinase pathway. Importantly, blocking of raf-1 pathway by U0126, a potent
inhibitor, in the presence of ZM336372 did not reduce the levels of p-GSK-3�, indicating that GSK-3�
inactivation is independent of raf-1 pathway activation. Moreover, the levels of chromogranin A and
achaete–scute complex like-1 reductions were persistent even after blocking the raf-1 pathway. Treatment
with ZM336372 in the presence of small interfering RNA against raf-1 resulted in an increase in Raf-
1 production, suggesting that ZM336372 upregulates raf-1 at the transcriptional level.
Conclusion. This is the first description of a novel compound ZM336372 that regulates multiple
pathways in NEN cells. (Surgery 2007;142:959-64.)
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Neuroendocrine neoplasms (NENs), such as car-
cinoids and medullary thyroid cancer (MTC), pro-
duce excess amounts of various bioactive hormones
that cause important symptoms. Although opera-
tive resection is currently the only potential cura-
tive treatment for NENs, most patients present with
metastatic disease. Therefore, other forms of therapy
are needed. Several signaling pathways, such as the
phosphatidyl inositol 3 kinase (PI3K)/Akt, Raf-1/
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mitogen-activated protein kinase (MEK)/extracel-
lular signal-regulated kinase (ERK), Notch1/Hairy
Enhancer of Split-1/achaete–scute complex like-1
(ASCL1), and glycogen synthase kinase-3 beta (GSK-
3�) signaling pathways, play important roles in regu-
lating the growth of NENs.1-12 Thus, a potential
therapeutic target could be manipulation of these
various cellular signaling pathways. Recently, we have
shown that activation of the raf-1 pathway in MTC
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and human MTC (TT) cells, resulted in phosphory-
lation of GSK-3�, which is associated with growth
inhibition.1 We have also shown previously that acti-
vation of the raf-1 pathway by a pharmacologic com-
pound, ZM336372, inhibits carcinoid cell growth.13

Other than raf-1 activation, the molecular mecha-
nism(s) by which carcinoid cells growth inhibition
occurs by ZM336372 is unknown.

Given the background information on ZM336372
and our recent results, we hypothesized that
ZM336372 might alter other signaling pathways. In
this study, we demonstrated that the treatment of
MTC cells resulted in activation of raf-1 pathway by
increasing the phosphorylation of ERK1/2 in a dose-
dependent manner similar to our earlier reports
on carcinoid cells.13 Treatment of NEN cells with
ZM336372 resulted in inactivation of GSK-3� by
phosphorylation. To determine the importance of
the GSK-3� pathway in cellular proliferation, we
treated MTC and bronchopulmonary carcinoid
cells with a known MEK inhibitor, U0126, to block
the raf-1 pathway and showed that the inhibition
of the raf-1 pathway did not alter the levels of
phosphorylated GSK-3� protein, suggesting that
ZM336372 regulates multiple pathways. Impor-
tantly, the reduction in the neuroendocrine mark-
ers, such as chromogranin A (CgA) and ASCL1, did
not change with U0126 treatment. We also demon-
strated the progressive upregulation of Raf-1 pro-
tein in carcinoid cells treated with ZM336372 in the
presence of small interfering RNA (siRNA) against
raf-1.

MATERIALS AND METHODS
Cell culture. TT and human bronchopulmonary

carcinoid (H727) cells were obtained from ATCC
and maintained in RPMI 1640 (Invitrogen, Carls-
bad, CA) supplemented with fetal bovine serum
(Sigma, St. Louis, MO), 100 IU/mL penicillin, and
100 �g/mL streptomycin (Invitrogen) in a humid-
ified atmosphere of 5% CO2 in air at 37°C as
described.4,11,14

ZM336372 treatment. TT or H727 cells were
plated onto 100-mm dishes. The following day, me-
dia was changed to fresh media containing varying
concentrations of ZM336372 (0 to 200 �mol/L)
and incubated for different time points as indi-
cated. Control cells were incubated with DMSO,
because this was used as a solvent for ZM336372. In
the case of the MEK inhibitor study, cells were
treated with U0126 at 15 �mol/L concentrations
for 45 minutes before adding ZM336372.

Immunoblot analysis. Total cellular proteins
were isolated and the protein concentrations were

determined with a bicinchoninic acid assay kit
(Pierce, Rockford, IL) as previously described.3 De-
natured cellular extracts (30 �g) were separated on
a 10% SDS-PAGE and Western blot was carried out
as previously described.3 Proteins transferred onto
nitrocellulose membranes (Schleicher and Schuell,
Keene, NH) were blocked in milk (5% nonfat dry
milk, 0.05% Tween 20; in 1� phosphate-buffered
saline) and incubated with primary and secondary
antibodies as previously described.3 The following
primary antibody dilutions were used: MASH1 for
human ASCL1 (1:1,000; BD Pharmingen, San Di-
ego, CA), G3PDH (1:10,000, Trevigen, Gaithers-
burg, MD), p-ERK1/2 (1:1,000), p-GSK3�Ser9 (1:
1,000), raf-1 (1:1,000, Cell Signaling Technology,
Beverly, MA) and CgA (1:1,000, Invitrogen). Pri-
mary antibody incubations were kept overnight at
4°C and then, depending on the antibodies, mem-
branes were washed 3 times for 5 minutes or 3
times for 10 minutes. Then the membranes were
incubated with a 1:2,000 dilution of HRP-linked
anti-rabbit or anti-mouse secondary antibody (Cell
Signaling Technology) depending on the source
of the antibody used. Membranes were developed
by Immun-Star (Bio-Rad Laboratories, Hercules,
CA) for p-ERK1/2, p-GSK3�Ser9, raf-1, CgA, and
G3PDH or Super West Femto chemiluminescence’s
substrate (Pierce) for ASCL1 according to the man-
ufacturer’s directions.

MTT cellular proliferation assay. To measure
proliferation rate, cells were plated in triplicate in
24-well plates. Then the cells were treated with 100
and 200 �mol/L concentrations of ZM336372 for 6
and 8 days. At each time point, cell viability for the
treated cells was determined by thiazolyl blue tet-
razolium bromide (MTT; Sigma) assay as previ-
ously described.11,14 Experiments were performed
at least twice.

siRNA assay. To determine the mechanism by
which ZM336372 reduces neuroendocrine mark-
ers, siRNA against raf-1 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) was transfected into broncho-
pulmonary carcinoid cells using Lipofectamine
2000 (Invitrogen) per the manufacturer’s instruc-
tions. Next day, the media containing the transfec-
tion complexes were replaced with fresh medium
containing either ZM336372 or DMSO and the cells
were incubated for another 2 days. Then the cell
lysates were prepared and analyzed for the levels of
raf-1, ASCL1, and CgA proteins by Western analysis.

Statistical analysis. Analysis of variance with Bon-
ferroni post hoc testing was performed using a
statistical analysis software package (SPSS version
10.0, SPSS, Chicago, IL). P � .05 was considered

significant.
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RESULTS

ZM336372 inhibits cellular growth in TT cells.
We have reported that treatment of carcinoid cells
(BON and H727) with ZM336372 resulted in acti-
vation of raf-1 pathway that was associated with
growth inhibition.13 Furthermore, we reported re-
cently that inhibition of pheochromocytoma (PC12)
cell growth in vitro by ZM336372 was shown to be
associated with raf-1 pathway activation15; however,
the effect of ZM336372 on the growth of TT cells is
not known. We have done cytotoxic experiment with
different cell lines including TT and observed that, in
300-�mol/L concentrations, there was 30% cell
death at day 2 (data not shown). Therefore, we
treated TT cells with below the cytotoxic concentra-
tions of ZM336372 (100 and 200 �mol/L), and the
results of the cell viability assay are shown in Figure 1.
Control experiments contains equal amount of
DMSO (solvent for ZM336372), which did not ex-
ceed 0.2% (v/v) in any of our experiments. We have
earlier shown that this concentration did not affect
the cell growth or any activity.13 Cells treated with
DMSO showed more growth than cells treated with
100 �mol/L of ZM336372. At the 200 �mol/L con-
centration of ZM336372, treated cells had more sig-
nificant growth reduction compared with the 100
�mol/L treatment. Even at the 4-day time point, the
growth reduction can be seen with different doses of
ZM336372, indicating that the growth inhibition is
concentration dependent rather than time depen-
dent. Interestingly, carcinoid cells showed dramatic

Fig 1. Effect of ZM336372 on viability of TT cells. Hu-
man MTC-TT cells were treated with indicated concen-
trations of ZM336372 (ZM) for 4, 6, and 8 days, and cell
viability was determined by MTT assay. There was a dra-
matic reduction in growth seen at 200 �mol/L concen-
trations compared with DMSO-treated control cells. *P �
.05; **P � .001.
growth reduction at the 100 �mol/L concentra-
tion.13 Statistical analysis showed that the growth in-
hibition is significant at all time points.

ZM336372 activates multiple pathways in NEN
cells. It has been shown that ZM336372 activates
the raf-1 pathway, indicated by phosphorylation of
ERK1/2 in carcinoids and pheochromocytoma cell
lines. To determine that similar results were obtain-
able in TT cells, ZM336372-treated cell lysates were
analyzed for the activation of the raf-1 pathway
by Western blot analysis for phosphorylation of
ERK1/2 as a surrogate measure. Phosphorylation
of ERK1/2 is increased progressively with increas-
ing concentrations of ZM336372 (Fig 2, A). These
data provide evidence that the raf-1 pathway was
activated successfully by ZM336372 in TT cells. Re-
cently, we observed the inactivation of GSK-3� by
phosphorylation at Ser 9th position in raf-1 acti-
vated TT cells.1 Furthermore, we have shown that
inactivation of GSK-3� by pharmacologic inhibitors
alone is sufficient to reduce neuroendocrine mark-
ers and growth of TT cells.1 Therefore, to deter-
mine if other pathways, such as PI3K/Akt and
GSK-3�, are activated by ZM336372 in TT cells,
Western analyses were carried out for the ZM336372-
treated cells. Interestingly, a dose-dependent in-

Fig 2. ZM336372 regulates multiple pathways in NEN
cells. Immunoblot to identify the activation of raf-1 path-
way and inhibition of the GSK-3� pathway by ZM336372
in NEN cells. A, Increasing concentrations of ZM336372
treatment of TT cells (A) and H727 cells (B) lead to the
activation of the raf-1 pathway as evidenced by increased
levels of phosphorylated ERK1/2 protein. There was also
an increase in the levels of phosphorylated GSK-3� pro-
tein at Ser 9th position, indicating the inactivation of
GSK-3� protein. Neuroendocrine markers such as CgA
and ASCL1 decreased with treatment. G3PDH was used
as loading control.
crease in the phosphorylation of GSK-3� at Ser 9th



962 Kunnimalaiyaan, Ndiaye, and Chen Surgery
December 2007
position was observed with treatment (Fig 2, A);
however, no increase in the phosphorylation of Akt
was observed (data not shown), indicating that per-
haps raf-1 activation by ZM336372 is also associated
with phosphorylation of GSK-3� in TT cells. To
determine if this effect is limited to TT cells or appli-
cable to other NENs, we treated H727 cells with in-
creasing concentrations of ZM336372 for 2 days and
Western analysis was carried out as described in Meth-
ods. Treatment with ZM336372 resulted in an in-
crease in both phosphorylated ERK1/2 and GSK-3�
proteins similar to TT cells (Fig 2, B). As expected,
ZM336372-treated cells also resulted in a reduction in
the levels of CgA and ASCL1 proteins.

Reduction in neuroendocrine markers by
ZM336372 is independent of raf-1 activation. We
have reported that NEN cells express significant
levels of neuroendocrine markers such as ASCL1
and CgA and that activation of raf-1 lead to signif-
icant reductions in these markers.7,8,13 Further-
more, we have shown that inactivation of GSK-3�
alone is sufficient for a reduction in neuroendo-
crine markers. In the present study, we showed
both raf-1 activation and inactivation of GSK-3� as
evidenced by phosphorylation of ERK1/2 and GSK-
3�, respectively, in ZM336372-treated NEN cells.
Therefore, we were interested in determining
if both pathways are required to see a decrease
in neuroendocrine markers in ZM336372-treated
NEN cells. Treatment of H727 cells with ZM336372
in the absence of U0126 treatment showed an in-
crease in the levels of both phosphorylated ERK1/2
and GSK-3� proteins, an effect associated with
a reduction in neuroendocrine markers such as
CgA and ASCL1 (Fig 3, A). Blocking raf-1 activation
by U0126, a well-known MEK inhibitor, before
ZM336372 treatment led to the absence of phos-
phorylated ERK1/2 (lane 4). Importantly, there
was no change in the levels of phosphorylation of
GSK-3� in both U0126 treated and untreated cells,
suggesting that inactivation of or phosphorylation
of GSK-3� is independent of raf-1 activation. The
levels of CgA and ASCL1 were persistent even after
blocking the raf-1 pathway in ZM336372-treated
cells. To determine if this effect was limited to
H727 cells or applicable to other NENs, we treated
TT cells with same combinations of ZM336372 and
U0126 and similar results were observed (Fig 3, B).
Taken together, these results suggest that the re-
duction in neuroendocrine markers in ZM336372-
treated NEN cells was independent of ERK1/2
phosphorylation.

ZM336372 induces raf-1 protein in H727 cells.
We have shown that carcinoid cells treated with

ZM336372 resulted in the phosphorylation of raf-1
Fig 3. Reduction in neuroendocrine markers was inde-
pendent of ERK1/2 activation by ZM336372. H727 (A)
and TT cells (B) were pretreated with 15 �mol/L U0126
for 45 minutes and then with ZM336372 at 100 �mol/L
concentrations. During the treatment period, U0126 was
present in the treatment groups. Total cellular extracts
were isolated and analyzed by Western blot using anti-
bodies against phospho-ERK1/2, phospho-GSK-3�, ASCL1,
and CgA proteins to determine if Raf-1 pathway activa-
tion is required for neuroendocrine marker reduction.
ZM336372-treated cells showed an increase in phosphor-
ylated ERK1/2, whereas similar treatment in the pres-
ence of U0126 showed the absence of phosphorylated
ERK1/2, indicating that the Raf-1 pathway was blocked
successfully by U0126. In cells treated with ZM336372
alone, there was a reduction in neuroendocrine markers
such as ASCL1 and CgA. Inhibition of the ERK1/2 path-
way did not increase ASCL1 and CgA to normal levels in
ZM336372 and U0126 treated cells. C, To determine the
effect of raf-1, H727 cells were treated with siRNA against
raf-1 for 2 days and then measured for the levels of Raf-1,
CgA, and ASCL1. siRNA against raf-1 reduced the pro-
tein level of Raf-1 significantly, whereas an increase in the
levels of Raf-1 protein was seen in ZM336372-treated
cells. Importantly, both ZM336372 alone or with siRNA
against raf-1 treated cells showed the reduction in the
levels of CgA and ASCL1. G3PDH was used as a loading

control.
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at Ser338, which indicated that this system is acti-
vated at least at the level of raf-1. To further char-
acterize the effect of ZM336372 on raf-1, we treated
H727 cells with siRNA against raf-1 and then
treated them with ZM336372. Cells treated with
siRNA against raf-1 did not have Raf-1 protein, and
there was no change in the levels of neuroendocrine
markers (ASCL1 and CgA; lane 3; Fig 3, C). Cells
treated with ZM336372 alone and combination of
both ZM336372 and raf-1 siRNA, however, showed an
increase in the levels of Raf-1 protein, suggesting that
ZM336372 activates raf-1 at transcriptional level
(lanes 2 and 4, respectively). As expected, the levels of
neuroendocrine markers were decreased under both
ZM336372 alone or with siRNA treatment.

DISCUSSION
NENs such as MTC and carcinoid neoplasms rep-

resent a diverse group of neoplasms with unique
clinical presentations. NENs metastasize frequently to
distant organs. Endocrinopathies related to the pro-
duction of various amines and peptides from these
neoplasms can result in debilitating symptoms. Oper-
ative resection is the only curative therapy for patients
with NENs, but complete resection is often not pos-
sible owing to the metastatic nature of the disease.
Therefore, there is a great need for the development
of novel treatment strategies for patients with NENs.
In NEN cells, the raf-1 pathway is not expressed or
expressed at a very minimal level that could not be
detected by Western analysis. We have shown that
activation of the raf-1 signaling pathway in these cells
by overexpression of estradiol-inducible raf-1 leads to
CgA and ASCL1 reduction.5,7,8,13

Although ZM336372 was identified originally as
an inhibitor of raf-1 protein, we and others showed
a paradoxic response as raf-1 activator in an in vitro
cell culture systems. Furthermore, pharmacologic
activation of raf-1 by ZM336372 led to neuroendo-
crine marker reductions in carcinoid cells.13,15 The
molecular mechanism by which ZM336372 inhibits
growth and reduces neuroendocrine markers, how-
ever, is not known. We showed in the present study
that ZM336372 is capable of reducing tumor
growth in TT cells, another NEN, suggesting that
ZM336372 inhibits growth of several types of NENs.
Furthermore, we demonstrated that ZM336372 reg-
ulates the GSK-3� pathway independent of the raf-1
pathway. Importantly, reduction in neuroendo-
crine markers is independent of the ERK1/2 or
raf-1 pathway. Interestingly, Western analysis of
raf-1 siRNA-treated cells suggested that ZM336372
activates raf-1 at transcriptional level. Figure 4 sum-

marizes the downstream targets of ZM336372.
In summary, the novel compound, ZM336372, in-
hibits growth of several cancer cell lines that are
representative of a wide range of NEN phenotypes
and does so by regulating multiple pathways. Further-
more, this compound pharmacologically blocks hor-
mone production. In addition, the present study
extends our understanding and appreciation of this
drug in cancer treatment, particularly its potential
role against NENs. In its current formulation,
ZM336372 would need to be administered systemi-
cally. In proposed animal studies, the drug would be
given either intravenously or intraperitoneally. Thus,
ZM336372 may display significant potential in an in
vivo setting, but a fundamental question is whether
the concentrations of ZM336372 required to regulate
these pathways in this study are achievable in the
human. Therefore, these results warrant future stud-
ies examining the therapeutic and palliative potential
of this drug alone or in combination with other drugs
for patients with metastatic NENs.
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DISCUSSION
Dr Michael J. Demeure (Tucson, Arizona): You

mentioned the formulation IP. And I was going to ask
you if you did something with xenografts. But can you
tell us about the toxicities you see with the agent to
know whether it would be possibly used in humans?
What toxicities do you see with ZM336372?

Dr Muthusamy Kunnimalaiyaan (Madison, Wis-
consin): In a toxicity experiment, we used concen-
trations up to 300 �mol/L of ZM336372 in TT
cells, and at this concentration there was 50% cell
death at 2 days. Therefore, we used �300 �mol/L
concentration of ZM336372 in our in vitro experi-
ments.

Dr Michael J. Demeure (Tucson, Arizona): So
you have not seen the toxicity in your nude mice?

Dr Muthusamy Kunnimalaiyaan (Madison, Wis-
consin): No, we have not tested ZM336372 toxicity
in xenograft model. However, in our preliminary
experiments we treated mice with 1, 2 and 3 molar
concentrations, just to see whether the mice had
any side effects and we did not find any change in

the mice activity.
Dr Sonia L. Sugg (Milwaukee, Wisconsin): I
think it is very exciting that you are seeing the
pathways being interrupted at multiple places, be-
cause, as we know, cancer cells have multiple ways
of overcoming growth inhibition. Do you have any
idea of the mechanism of how this compound
works? Are these pathways that you have been look-
ing at active in other neuroendocrine tumor cells,
as well as pheochromocytoma or insulinoma cells?

Dr Muthusamy Kunnimalaiyaan (Madison, Wis-
consin): When the NET cells were treated with
ZM336372, we observed an increase in the phos-
phorylation of ERK1/2, suggesting that the Raf-1
pathway is activated by ZM336372 in these cells.
Interestingly, we showed here that in addition to
the raf-1 pathway activation, inactivation of the
GSK3 pathway by phosphorylation of GSK-3� at Ser
9th position also was seen. However, when the cells
were pretreated with a known MEK inhibitor,
which blocks the phosphorylation of ERK1/2, in-
activation of GSK-3� was persistent. Moreover,
siRNA assay against raf-1 in the presence or absence
of ZM336372 indicated that ZM336372 increases
the levels of raf-1 protein. These experiments indi-
cated that ZM336372 activates multiple pathways.

Regarding the second question, we have recently
shown that treatment of pheochromocytoma cells
with ZM336372 resulted in raf-1 activation by an
increase in the phosphorylation of ERK1/2 pro-
teins. We have previously shown that neuroendo-
crine cells so far tested did not show endogenous
activation of the raf-1 signaling.

Dr Cord Sturgeon (Chicago, Illinois): You
showed that there was growth inhibition with this
agent. Do you know anything more about whether
this is leading toward apoptosis, perhaps, or necro-
sis, or some other way that the cells are not prolif-
erating as much?

Dr Muthusamy Kunnimalaiyaan (Madison, Wis-
consin): Raf-1 gene activation in TT cells resulted
in growth inhibition mediated by cell cycle arrest.
In addition, treatment of carcinoid cells with
ZM336372 also showed growth reduction mediated
through cell cycle arrest by an increase in p21
protein. Therefore, we assume that growth inhibi-
tion by ZM336372 in other NET cell line, might

also be due to cell cycle arrest.
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