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Abstract. N-myristoyltransferase (NMT) catalyzes the
myristoylation of proteins involved in signal transduction,
cellular transformation, differentiation, proliferation and
oncogenesis. In this study, we report for the first time on the
elevated NMT activity in oral squamous cell carcinoma
(OSCQ). Increased activity is marked with increased staining
for NMT in the OSCC samples compared to the normal
adjacent tissues. In addition, we observed increased staining
for the N-myristoyltransferase inhibitor protein 71 (NIP71) in
the OSCC samples compared to the control tissues. These
findings suggest the regulatory relationship between NMT
and NIP71 during tumorigenesis. It is possible that the
increased activity results in the overexpression of NIP71 in
an effort to control NMT activity.

Introduction

Oral squamous cell carcinoma (OSCC) is diagnosed in an
estimated 30,000 Americans per year causing more than
8,000 deaths. The disease kills approximately one person
every hour of each day. OSCC is currently the sixth most
common cancer in men and the fourteenth most common in
women. Currently, OSCC remains the most frequent malignant
neoplasm of the head and neck region, and health agencies
anticipate that only half of those diagnosed will survive more
than five years. However, in spite of the high mortality rates
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it remains one of the most preventable of all cancers. If the
disease is discovered in the early stages, cure rates can reach
up to 80-90%. The major obstacle is that the majority of
patients present in the latter stage of the disease, making it
difficult to treat, and this accounts for the high mortality rate
(http://www nidcr.nih.gov/HealthInformation/DiseasesAndC
onditions/OralCancer/OralCancer.htm).

OSCC is the most frequent malignant neoplasm of the
head and neck region. The conversion of normal cells to
cancer cells is achieved through a multi-step process that is
closely associated with the accumulation of multiple gene
changes including both oncogenes and tumor suppressor
genes.

N-myristoylation is an important co-translational lipidic
modification of proteins involved in various cellular processes
including signaling, cellular transformations and most notably,
oncogenesis (1). Myristoylation is the process involving the
covalent attachment of myristate, a 14 carbon saturated fatty
acid, to the N-terminal glycine residue of a protein (1,2).
Myristoylation ensures the proper functioning and intra-
cellular trafficking of proteins. c-Src is the cellular homologue
of v-Src, the transforming gene of the Rous sarcoma virus (3)
and is the first reported oncoprotein. The myristoylation of c-
Src is essential for its membrane attachment and activation
(4). The overexpression and/or activation of c-Src is linked
genetically and biochemically to the development of several
human cancers especially those of the colon and breast (5,6).

The myristoylation of proteins is catalyzed by the enzyme,
N-myristoyltransferase (NMT) (7). NMT has been implicated
in various diseases and is an emerging therapeutic and drug
target (8-13). We have demonstrated, for the first time, the
alteration of NMT activity during the progression of cancer
(11,12,14). We have also observed a higher NMT activity in
the rat model in colonic epithelial neoplasms compared to the
corresponding normal colonic tissue. Increases in NMT
activity appear at the early stages of colonic carcinogenesis
(11). Increased NMT activity has also been observed in
human colonic tumors and this was predominantly cytosolic
(11). Furthermore, colorectal tumors have shown increased
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immunohistochemical staining for NMT compared to normal
mucosae (12). In addition, gallbladder carcinomas have
displayed strong cytoplasmic positivity for NMT with an
increased intensity in the invasive component, whereas normal
gallbladder mucosae have shown weak to negative cyto-
plasmic staining (14). These findings have significant
implications with regard to the prognosis of cancer and the
design of chemotherapeutic drugs. Studies from various
laboratories including ours have established NMT as a
putative therapeutic target for cancer (9-11,14,15).

Schliephake has reviewed some of the molecular markers
for OSCC (16). Markers belong to different functionality
groups such as the epithelial growth factor (EGF) and the
epithelial growth factor receptor (EGF-R, c-erb1-4 or Her-
2/neu), cyclins (cyclin A, B1, D1, E), the proliferation cell
nuclear antigen (PCNA), Ki67/MIB, the argyrophylic nucleolar
organiser region-associated proteins (AgNOR), skp2, bcl2/
BAG-1, heat shock proteins (HSP27 and HSP70) and telo-
merase. Molecular markers alone are not sufficient for the
prognosis of OSCC. However, these markers in association
with a histopathological evaluation present a better case for
the prognosis of OSCC. The increased expression and activity
of NMT in colon and gallbladder cancer suggests its involve-
ment in carcinogenesis. We have also demonstrated that the
heat shock cognate protein 70 (hsc70), a constitutive active
form of hsp70, is homologous to the N-myristoyltransferase
inhibitor protein 71 (NIP71). Hsp70 is one of the molecular
markers for OSCC, which has led us to study the role of
NMT in oral cancer. In this study, we report for the first time
on the involvement of NMT in oral cancer.

Materials and methods

[9,10-3H] Myristic acid (39.3 Ci/mMol) was purchased from
Perkin-Elmer (USA). Pseudomonas acyl CoA synthetase was
purchased from ICN Biochemicals (USA). The PVDF
membrane and powdered milk were purchased from BioRad
Laboratories (Canada). The monoclonal antibody to NMT-1
and the HRP-conjugated goat anti mouse antibody were
obtained from BD-Biosciences, Canada. Monoclonal anti-
hsc70 was bought from Cedarlane Laboratories (Canada).
Chemiluminescence reagent plus was obtained from NEN
Life Science products, USA. Peptide substrate based on the
N-terminal of pp60¢* (GSSKSKPKR) was synthesized by
the Alberta Peptide Institute, Canada. Recombinant human
NMT (hNMT) was purified as described previously (17).
General laboratory reagents of analytical grade were obtained
from Sigma Chemical Co. (Canada).

Preparation of homogenates. Oral cancer tissues and adjacent
normal tissues were obtained after written consent was given
from the patients and the guidelines of the University of
Saskatchewan Ethics Board were followed. Tissue samples
were homogenized, using a homogenizing probe twice for
30 sec in 2 ml ice-cold buffer A (PBS containing 0.1 mM
EGTA and 10 mM 2-mercaptoethanol) and further centri-
fuged at 9000 rpm to obtain a clear homogenate.

NMT assay. NMT activity was assayed as described earlier
(18). Briefly, [*H]myristoyl-CoA was synthesized according

to the literature (18). The reaction mixture contained 40 mM
Tris-HCI, pH 74, 0.1 mM EGTA, 10 mM MgCl,, 5 mM ATP,
1 mM LiCoA, 1 uM [*H]myristic acid (7.5 pCi) and 0.3 units/
ml Pseudomonas acyl-CoA synthetase in a total volume of
200 pl. The reaction was carried out for 30 min at 30°C. The
conversion to [*H]myristoyl-CoA was generally >95%. The
assay mixture contained 40 mM Tris-HCI, pH 7.4, 0.5 mM
EGTA, 0.45 mM 2-mercaptoethanol, 1% Triton X-100,
peptide substrate (500 xM) and NMT in a total volume of
25 pl. The transferase reaction was initiated by the addition
of freshly generated [*H]myristoyl-CoA and incubated at
30°C for 30 min. The reaction was terminated by spotting
15 pl aliquots of the incubation mixture onto P81 phospho-
cellulose paper discs and drying under a stream of warm air.
The P81 phosphocellulose paper discs were washed in two
changes of 40 mM Tris-HCI, pH 7.3 for 30 min. The radio-
activity was quantified in 7.5 ml Beckman Ready Safe Liquid
Scintillation mixture in a Beckman Liquid Scintillation
Counter. One unit of NMT activity was expressed as 1 pmol
myristoyl peptide formed per min.

Immunohistochemical analysis. Both normal and cancerous
oral tissues were fixed in 10% formaldehyde, dehydrated in
ascending concentrations of ethanol and xylene, and then
embedded in paraffin. Sections (57 pm-thick) were prepared
and placed on silane-coated slides. The slides were incubated
at 55°C for 45 min in an oven in order to enhance the adherence
of the sections.

The labeling of the sections with the antibodies was
performed as described previously (19). Briefly, the sections
were incubated in xylene to remove the paraffin and rehydrated
in ethanol followed by the neutralization of endogenous
peroxide in 0.5% H,0, in methanol. The sections were treated
with pepsin (2 mg/ml 0.01 N HCI) for 45 min to expose the
antigens and blocked with 1% BSA in PBS for 30 min. The
sections were reacted with anti-human NMT antibody (dilution,
1:100) for 90 min and HRP-conjugated secondary antibodies
(dilution, 1:100) for 45 min followed by color development.
The controls included the omission of the primary antibody
or both the primary and secondary anti-bodies to determine,
respectively, the non-specific binding of the secondary antibody
and the inhibition of endogenous tissue peroxidase. Another
control section was incubated with the anti-von Willebrand
Factor antibody (dilution, 1:100) that delineates blood vessels.
The stained sections were examined and photographed.

Other methods. Proteins were estimated by the Bradford
method (20). GraphPad Prism® software was used for the
statistical analysis.

Results and Discussion

A total of ten samples were analyzed, including five normal
and five malignant samples. In addition, the role of NMT
activity and protein expression studies were performed in the
tissue samples provided. Duplicate tissue sections were then
reviewed by a co-investigator to determine the location and
boundaries of the H&E-stained tissue sections. The oral
tissue samples consisted of three patients with carcinoma of
the tongue and two with right tonsillar carcinoma.
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Figure 1. N-myristoyltransferase (NMT) activity in the oral samples. NMT
activity was determined in the oral tissue homogenates of oral squamous cell
carcinoma (OSCC) patients (1-5) as described in ‘Materials and methods’
using pp60*© as the substrate. 3, OSCC sample; m, adjacent normal tissue.
Values are means + SD of three independent experiments.

NMT activity in the OSCC samples. NMT activity was deter-
mined in the tumor region and the normal region from the
same patient. In total we analyzed eight paired samples from
OSCC patients including a normal and tumor tissue sample.
NMT activity was carried out, as described in the ‘Materials
and methods’ section, in the presence of the pp60¥°-derived
peptide substrate. We found that NMT activity was ~2.5
folds higher in the tumor samples as compared to the normal
sample of the same patient (Fig. 1). The increased NMT
activity could be due to several reasons. One of the reasons
could be the increased demand of the myristoylation of
various proteins/oncoproteins involved in tumorigenesis. For
instance, the levels of the myristoylated tyrosine kinases,
pp60= and pp60°¥es, are several folds higher in colonic
preneoplastic lesions and neoplasms compared with normal
colon cells (21,22). It is possible, that the high NMT activity
in the neoplasia could result into the aberrant myristoylation
of proteins which are otherwise not usually myristoylated.
For example, the N-myristoylation of the normal cellular
protein, p21 ras, resulted in potent transformation activity
(23). The myristoylation of H-ras and K-ras altered the
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subcellular localization and significantly affected the activation
of MAP kinase (24).

Immunohistochemical staining of NMT and its inhibitory
protein in OSCC samples. The increased NMT activity
observed above could be due to the overexpression of the
protein during tumorigenesis or the differential regulation of
the NMT activity by other NMT regulator proteins. First, we
stained normal and OSCC samples with H&E in order to
depict the cancerous growth in the oral tissues. Normal oral
tissues exhibit a normal growth with tight cellular morphology
and an unremarkable surface epithelium (Fig. 2, normal),
whereas OSSC samples reveal islands of malignant squamous
epithelium invading into the lamina propria (Fig. 2, tumor).
In order to study the reason for the enhanced NMT activity, we
determined the NMT expression and localization by immuno-
histochemical analysis, which revealed increased staining of
NMT in the tumor samples compared to the adjacent normal
oral tissue (Fig. 3). Generally, NMT is a cytoplasmic protein
and is mostly cytoplasmic in normal epithelial cells (Fig. 3,
normal), although nuclear localization is also evident in
cancerous epithelial cells (Fig. 3, tumor). We have shown
earlier that during ischemia, NMT is rendered nuclear in
cardiac cells (25). The altered localization of NMT could be
due to stress. It is possible that due to the tumor load, squamous
cells are undergoing stress and this results in the altered
localization of NMT. These results suggest that the increased
NMT activity could be due to the overexpression of total
NMT in general.

NMT activity can be regulated by NIP71 (26). We have
recently demonstrated that NIP71 is homologous to hsc70
(27). The cell synthesis of heat shock proteins is increased by
a variety of environmental and pathophysiological stressful
conditions. The 70-kDa heat shock protein family which
constitutively expresses hsc70 and heat-inducible hsp70 is
thought to be involved in oncogene products. Various studies
have implicated both hsc70 and hsp70 in the diagnosis of
OSCC and other cancer types (28,29). The differential
expression of hsp70 during oral tumorigenesis has also been
reported (30). The overexpression of hsp70 in oral cancer is
not merely a molecular marker but is also implicated in the
pathogenesis of oral cancer (30). We observed positive staining

Tumor

Figure 2. H&E staining of the normal and oral squamous cell carcinoma (OSCC) sample. The normal sample shows an unremarkable surface epithelium,
whereas the OSCC sample shows islands of malignant squamous epithelium invading into the lamina propria at x10 original magnification in the photo-

micrograph.
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Figure 3. Immunohistochemical analysis of normal and tumor oral samples from patients. The immunohistochemical analysis of normal or tumor oral tissues
was carried out as described in ‘Materials and methods’. Weak staining of N-myristoyltransferase was observed in the normal adjacent oral tissues as compared to
the intense staining in the oral squamous cell carcinoma samples at different magnifications.

Normal Tumor

Figure 4. Immunohistochemical analysis of normal and tumor oral samples from patients. The immunohistochemical analysis of normal or tumor oral tissues
was carried out as described in ‘Materials and methods’. Weak staining of the N-myristoyltransferase inhibitor protein 71/hsc70 was observed in the normal
adjacent oral tissues as compared to the intense staining in the oral squamous cell carcinoma samples at different magnifications.
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aining in the tumor samples (Fig. 4, tumor) is in
agreement with earlier reports. The majority of the tumor
cells show a nuclear localization of NIP71/hsc70 (Fig. 4,
tumor). Heat shock proteins are known to translocate to the
nucleus under stress. We have observed that NIP71/hsc70
and NMT interact and, given the chaperon activity of hsc70,
it could be possible that due to protein-protein interaction,
NMT is localized in the nucleus by hsc70 in tumor cells. The
overexpression of NIP71/hsc70 is due to the cells undergoing
stress as a result of the tumor load (29). Our results suggest
that another aspect of the NIP71/hsc70 overexpression could
be to regulate elevated NMT activity in tumor cells. It has
recently been shown that the knock down of NMT results in
apoptosis (31,32). Our results suggest a novel relationship of
NIP71/hsc70 and NMT and assign an important function of
NIP71/hsc70 to regulate NMT activity in OSCC. Our results
also corroborate the earlier findings that the heat shock protein
70 family is involved in the pathogenesis of oral cancer (30).
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