
Abstract. Background/Aim: Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is a highly abundant
housekeeping gene. GAPDH overexpression has been
reported in diverse types of human cancers including
cutaneous melanoma. Our goal was to quantify GAPDH
mRNA and protein expression in the whole spectrum of
primary and metastatic melanomas in the search for a
specific role for this ubiquitous molecule during tumor
progression. Materials and Methods: Intratumoral GAPDH
mRNA expression was quantified by real-time PCR in 71
cases, including 29 primary melanomas and 42 metastatic
cases. Relative expression levels in thin (≤1 mm) and thick
(>1 mm) primary tumors and ‘in-transit’, lymph node and
distant metastases were compared. Similarly, protein
expression was investigated by means of immuno -
histochemistry. Specific exons of GAPDH were analyzed by
DNA sequencing. Results: GAPDH mRNA expression was
significantly up-regulated in thick melanomas when
compared to primary thin melanomas. Similar differences
were also encountered between metastatic melanomas when
compared to lymph-node metastatic melanomas.
Interestingly, GAPDH protein immunoexpression was higher
in thick melanomas and distant metastases than in thin
tumors and lymph node metastases, respectively. However,
no specific point-mutations in GAPDH-specific exons were
found in any patient. Conclusion: Deregulation of GAPDH
during melanoma progression was demonstrated in our
series by mRNA and protein expression studies.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
highly abundant molecule in humans commonly used as an
endogenous reference gene in quantitative gene expression
studies (1-3). Extensive data obtained in the last decade
strongly support the concept that GAPDH is a multi-
functional protein which, in addition to being an integral
factor in glycolysis, plays an outstanding role in apoptosis
and a large variety of cellular functions within membrane,
cytoplasmic and nuclear compartments (4-9). Accordingly,
GAPDH expression may vary significantly in different
cellular settings, and, particularly, in transformed tumor
cells (2, 3, 10, 11). Indeed, Otto Warburg first described
high levels of GAPDH in tumor cells in comparison to
normal tissues (12, 13). Consequently, GAPDH cannot be
currently recommended as an endogenous reference gene
in quantitative studies of gene expression in cancer research
(2, 3, 11, 14). 

In comparison to normal tissues, GAPDH has been
demonstrated to be overexpressed in breast, lung, kidney,
pancreatic, cervical, and skin carcinomas (15-18). In
contrast, in a series of cutaneous melanocytic lesions,
Seykora et al. found GAPDH expression to be slightly
diminished in nodular primary melanomas and melanoma
metastases in comparison to melanocytic nevi (19), whereas
other studies described a remarkable up-regulation of
melanoma tissues compared with normal samples (14). In
addition, specific point-mutations in the GAPDH gene have
recently been identified as a new melanoma tumor antigen
recognized by tumor-infiltrating T-lymphocytes from one
patient with metastatic melanoma (20).

In an attempt to clarify the specific role of this molecule
during progression of human melanoma tumor, we carried
out a quantitative study of GAPDH mRNA expression, as
well as a semi-quantitative protein expression analysis in the
whole spectrum of patients with melanoma, from primary
(thin and thick) to metastatic (‘in-transit’, lymph node and
systemic) cutaneous melanomas. 
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Materials and Methods

Human tissues. Seventy-one consecutive specimens of cutaneous
melanoma were included in the study. Primary melanomas (n=29)
were sub-divided according to the current American Joint
Committee on Cancer (AJCC) staging system [21] into thin
(Breslow index ≤1 mm) (n=14), and thick (Breslow index >1 mm)
(n=15) tumors. Metastatic melanomas (n=42) included ‘in-transit’
metastases (n=16), regional lymph node metastases (n=13), and
distant metastasis (n=13; four in brain, two in liver, two in bone,
one in pleura, two in skin, and two subcutaneous). Likewise, four
cases of normal skin specimens (including non-tumor melanocytes,
keratinocytes and normal appendages) were also included as a non-
malignant control group. All tumor specimens were received at the
Department of Anatomic Pathology, Valencia University Clinic
Hospital, from November 2002 to April 2005.

Two contiguous slices were obtained from macrodissected tumor
areas from each specimen. One slice was immediately frozen in
liquid nitrogen and stored at −80˚C until molecular analysis. The
remaining fresh tumor tissue from each case was fixed in formalin
and embedded in paraffin for routine diagnosis and, subsequently,
for the construction of tissue microarrays (TMA) platforms in order
to facilitate homogeneous morphological and immunohistochemical
studies (MTA1-Manual Tissue Arrayer; Beecher Instruments Inc;
Sun Prairie, Wisconsin, USA). This protocol was approved by the
Ethics Committee (H1413973212956) of the Valencia University
Clinic Hospital/University of Valencia. In each case, informed
consent was obtained from the patient. 

Immunohistochemistry. Protein expression was determined by means
of immunohistochemistry. Five TMA blocks were constructed and
subsequently, each TMA was arranged by grouping cases into
different prognostic groups of patients with melanoma in triplicate.
GAPDH (clone 6C5; 1:200 dilution; Chemicon Merck Millipore,
Darmstadt, Germany) was utilized as the primary antibody and
Giemsa counterstaining was used so as to be able to differentiate
true immunoreaction from melanin pigment. Citrate-buffered
solution was utilized for antigen retrieval (pH=6), and the reaction
was visualized with EnvisionFlex revealing system (DAKO
Denmark, Glostrup, Denmark). Finally, protein expression levels
were semiquantitatively evaluated by three different pathologists
separately, and discordant judgments were resolved in consensus.
Both cytoplasmic and nuclear reactions were recorded. Nuclear
staining was scored as a total percentage of positively stained tumor
cells, whereas the intensity of cytoplasmic immunoreactivity was
stratified according to intensity as: 0: absent, 1: weak, 2: moderate
and 3: strong immunostaining; and the percentage of positively
stained tumor cells: 0: none; 1: 1-25%; 2: 26-50%, and 3: more than
50%. Consequently, the final score ranged from 0 to 6. 

Cardiac muscle fibers were utilized as external positive control
with the maximum staining level and utilized then as the reference
in comparison of expression levels of GAPDH in our cases.

Real-time Polymerase Chain Reaction (PCR). Total RNA extraction
was performed according to the manufacturer’s instructions using 
1 ml TRIzol Reagent (Gibco BRL, Gaithersburg, MD, USA) per 50 mg
of tissue. RNA was quantified by spectrophotometry at 260 nm, and
the integrity of the 28S and 18S ribosomal bands was checked by 1%
ultraPURE agarose (Life Technologies, Paisley, Scotland, UK) gel
electrophoresis and ethidium-bromide staining. 

Relative quantification of messenger RNA (mRNA) of GAPDH
was performed by real-time quantitative reverse transcriptase PCR
(qRT-PCR). Briefly, 1 μg of total RNA was converted to single-
stranded cDNA using the High-Capacity cDNA Archive Kit (Perkin-
Elmer, Applied Biosystems Inc., Foster City, CA, USA). Then 25-μl
PCR reactions were performed using TaqMan Universal PCR
Master Mix (Perkin-Elmer, Applied Biosystems Inc.) and Assays-
on-Demand gene expression products (Perkin-Elmer, Applied
Biosystems Inc., Foster City, CA, USA), consisting of a mix of
unlabeled PCR primers and the TaqMan MGB probes (dye-labeled)
for the target gene GAPDH (Hs99999905_m1), and endogenous
reference gene 18S rRNA (Hs99999901_s1) (2). All reactions were
performed in triplicate, and the results were automatically analyzed
by an ABI-PRISM 7700 Sequence Detection System and software
(Perkin-Elmer, Applied Biosystems, Inc.). For the relative
quantification of gene expression, the comparative Ct method was
used. The final amount of the target gene, normalized to an
endogenous reference gene (ΔCt=Ct target gene – Ct reference
gene) was given by the formula: 2–ΔΔCt (22), which allowed for the
comparison of the different samples of our study. Additionally, a
standard curve with six serial dilutions of one of the cases was
designed for both target and reference genes in each sample. The
slope (‘m’ values) of the standard curve ranged from −3.1 to −3.5
with a correlation coefficient of 0.98 or more. 

DNA sequencing. To screen for mutations in the GAPDH gene (codon
175 of exon 7), complementary cDNA was amplified by PCR using the
following primer pair “GAPDH.ex7-F” (ATG TTC GTC ATG GGT
GTG AA); “GAPDH.ex7-R” (ATC ACT GCC ACC CAG AAG AC).

The PCR products were checked on standard agarose gels and
purified before they were sequenced. The sequence reactions were
run on an Applied Biosystems 310 Genetic Analyzer (Perkin-Elmer,
Foster City, CA, USA). Data were collected and analyzed using
Applied Biosystems sequencing analysis software, according to the
manufacturer’s protocols.

Statistical analysis. Statistical analysis was performed using the
SPSS software package “version 12.0” (Statistical Analysis
Department, University of Valencia, Valencia. Spain). Differences
between the relative expression of “median values” of GAPDH in
the different tumor groups (primary tumors with a Breslow index
≤1 mm, primary tumors with a Breslow index >1 mm, in-transit
metastatic melanomas, lymph node metastases, and distant
metastases) were analyzed by two-tailed univariate statistical non-
parametric tests. The association of GAPDH mRNA expression in
primary tumors with clinical and histopathological prognostic
variables was also analyzed. Mann–Whitney U and Kruskal–Wallis
tests were utilized for the statistical comparison between two or
more groups of patients, respectively. 

A p-value of less than 0.05 was considered statistically
significant. 

Results

Relative GAPDH mRNA expression demonstrated a strong
correlation with GAPDH protein expression by means of
immunohistochemistry on TMA paraffin blocks (p<0.001;
correlation coefficient: 0.408), particularly when the
cytoplasmic distribution of the protein was taken into
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account. On the contrary, in our study, nuclear protein
immunoexpression did not show any correlation with mRNA
gene expression. The differences found between qRT-PCR
and immunohistochemistry could be related to the presence
of a variable percentage of contaminating non-tumor cells in
tumor samples, especially with lymphocytes in lymph-node
metastatic melanomas.

GAPDH mRNA levels showed some differences among
the different predictive groups of patients with melanoma
(primary tumors with Breslow index ≤1 mm; primary tumors
with Breslow index >1 mm; in transit metastases; lymph
node metastases, and distant organ metastases) as shown in
Figure 1. Interestingly, the strongest differences were found
between thick primary melanomas vs. lymph node
metastastatic cases (p=0.041); thick primary melanomas plus
in-transit metastases, when compared simultaneously to
lymph node melanoma metastases (p=0.011); and, finally,
in-transit vs. lymph node metastases (p=0.017).

GAPDH immunoexpression demonstrated that many cases
presented with moderate or intense staining within each
predictive group of patients with melanoma, although the
vast majority of cases with a GAPDH immunohistochemical
score of between 4 and 6 (high protein expression level)
were recorded in the groups of patients with thick primary
melanomas, in-transit metastases, and distant organ
metastases. The strongest differences were observed among
the following prognostic groups: thin vs. thick primary

melanomas (p=0.005); thin melanomas vs. in-transit
metastases (p=0.003); thin melanomas vs. distant metastases
(p=0.009); thick melanomas vs. lymph node metastases
(p=0.023); in-transit vs. lymph node metastases (p=0.019);
and, finally, between lymph node vs. distant metastases
(p=0.037), as shown in detail in Figures 2 and 3.

No point-mutations were encountered in any of the 45
cases analyzed by means of sequencing analysis of the
specific exon 7 within the GAPDH gene.

Discussion

Understanding the molecular mechanisms that facilitate
neoplastic dissemination in the carcinogenetic process is an
essential step towards predicting and therapeutically-preventing
the metastatic process, which is responsible for the high
mortality rates associated with cutaneous melanoma (21, 23). 

GAPDH constitutes an extremely abundant and multi-
functional glycolytic enzyme that is also considered to be a
major intracellular messenger mediating apoptotic cell death
(5-7). Knockdown of GAPDH using antisense strategies
demonstrated its role in apoptotic processes (7). Recent
investigations indicated that GAPDH mediates a novel cell
death cascade, namely cytotoxic stimuli, via nitric oxide
generation, leading to the binding of GAPDH to the protein
SIAH1 (Seven in Absentia Homolog protein 1), translocation
of GAPDH–SIAH1 to the nucleus, and ultimately cell death
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Figure 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
expression levels of median values in the different groups of primary and
metastatic melanoma patients: Normal skin, non-tumoral; <1 mm, thin
primary melanomas; ≥1 mm, thick melanomas; in-transit met., in-transit
metastatic cases; node met., lymph node metastatic cases; distant organ
met., melanomas metastatic to distant organs. Box plots with the median
and range of the Ct values, the 25 and 75% percentiles, and outliers.

Figure 2. Cytoplasmic immunoexpression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein in the different groups of patients with
primary and metastatic melanoma: Normal skin, non-tumoral; <1 mm,
thin primary melanomas; ≥1 mm, thick melanomas; in-transit met., in-
transit metastatic cases; node met., lymph node metastatic cases; distant
organ met., melanomas metastatic to distant organs.  Box plots and the
median and range of values of the immunohistochemical protein
expression ranging between 0 and 6 are shown.



(6). Our cases frequently demonstrated high levels of
GAPDH mRNA expression through all predictive groups of
melanoma (primary and metastatic), together with the
demonstration of positive cytoplasmic and nuclear GAPDH
protein expression at the immunohistochemical level. As
mentioned above, GAPDH plays a significant role in multiple
membrane, cytoplasmic and nuclear pathways such as
endocytosis, mRNA regulation, tRNA export, transcriptional
control of histone expression, nuclear membrane fusion,
recognition of fraudulently incorporated nucleotides in DNA,
and the maintenance of telomere structure (4, 5).
Interestingly, the interaction of GAPDH with disease-related
proteins and drugs suggests that it could be considered a
molecular target for drug development (7).

In diverse tumor models, glycolytic activity in the tumor cell
population has been postulated to be dramatically enhanced in
comparison with normal tissues. In this regard, Otto Warburg
first described that some tumors possess an abnormally high
metabolic rate of aerobic metabolism when compared to non-
tumor tissues, so determining the so-called ‘Warburg
phenotype’ of cancer cells (24), as well as its close relationship
with the proliferative rate of tumor cells (25). Likewise,
Ganapathy-Kanniappan et al. showed an increase of GAPDH
expression in progression of murine hepatocarcinoma, so that
this molecule could be considered as a probable target for
future target therapies (25). Our results revealed a significant
deregulation of GAPDH protein and mRNA in the progression
of melanoma in patients through primary and metastatic
disease; this fact also seems to support the hypothesis of an
enhancement or loss of aerobic glycolytic pathways could
predict the biological aggressiveness of the disease, especially
when comparing thin with thick primary cutaneous melanomas.

In the literature, GAPDH was found overexpressed in breast,
lung, pancreatic, and kidney carcinomas in comparison to
normal tissue (15-18). In breast cancer, GAPDH levels were
found to inversely correlate with patient age,
oestrogen/progesterone receptor status, overall survival, and
relapse-free survival, and was positively correlated with the
histo-prognostic grading, cancer cell proliferation and tumor
aggressiveness (15). Conversely, cutaneous melanomas appear
to behave differently from carcinomas. In fact, according to a
DNA microarray study, which included primary nodular
cutaneous melanomas (two cases), melanoma metastases (two
cases), and melanocytic nevi (four cases), GAPDH expression
was slightly lower in melanomas when compared to
melanocytic nevi (19). The latter study, which to our
knowledge is one of the few reports focused specifically on
GAPDH expression in human malignant melanoma, did not
include thin primary melanomas and the number of cases was
very limited. The unique study of Falkenius et al. indicates that
higher mRNA and protein GAPDH expression levels correlate
with worse survival in patients with stage III melanomas (26).
In the current study, up-regulation of GAPDH protein and
mRNA expression in melanoma metastases in comparison to
thin primary melanomas suggests that low GAPDH levels
(down-regulation of glycolytic activity in tumor cells) found in
thin melanomas and melanocytic nevi might be a protective
factor against metastatic dissemination of melanocytic tumor
cells. Conversely, high levels of GAPDH activity probably
mean an increase in the provision of energy and higher risk for
tumor dissemination.

Distinct mechanisms by which GAPDH enhances the
metastatic ability of melanoma tumor cells have been also
described. Firstly, GAPDH plays a significant role in the
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Figure 3. Tissue microarrays of selected cases illustrating immunoexpression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in each stage
of melanoma progression. A-E: ×100; F-J: ×400.



apoptotic cascade, and, therefore, high levels of this molecule
may be responsible for a high cell death rate, which might then
restrict tumor growth (8-9), although our results do not support
this point. Secondly, GAPDH binds to Nm23-H1/Nucleoside
Diphosphate Kinase A (27, 28), the first putative metastasis-
suppressor gene, which was originally identified in murine
melanoma cells (29) and is highly expressed in non-metastatic
tumor cells in breast and ovarian carcinoma and melanoma (29,
30). In this regard, GAPDH binding to NM23-H1 activates
histidine kinase function of NM23-H1 (28) and underlies its
metastasis-suppressive effect (31, 32). In a large series of
human melanomas, McDermott et al. found that strong
immunoreactivity for NM23-H1 correlated positively with
survival and inversely with indicators of poor prognosis (33).
Other authors found reduced or lack of NM23-H1
immunostaining in thick primary melanomas and melanoma
metastases (34). Moreover, such immunoreactivity was a
predictor for cerebral metastasis in patients with primary
melanomas (35). Therefore, high GAPDH levels may be
associated with high histidine kinase activity of NM23-H1 and
may suppress or reduce the metastatic potential of melanoma
cells in thin primary tumors. However, our results indicate that
up-regulation of GAPDH mRNA and, in particular, protein
overexpression of cytoplasmic GAPDH, may serve as an
indicator of potential aggressiveness in primary and metastatic
melanoma due to the activation of glycolytic enzymes in tumor
cells required for cancer cell growth and high proliferative rates
in the progression of the disease. In contrast, nuclear
translocation of GAPDH demonstrated by means of
immunohistochemistry did not show any statistical correlation
with any of the predictive groups analyzed in our series, which
probably indicates a minor role of GAPDH in apoptotic
deregulation or other nuclear functions.  

Aerts et al. demonstrated that GAPDH was the
housekeeping gene with the highest variability in mRNA
expression techniques in diverse tumor models (36).
Accordingly, the demonstration of remarkable overexpression
of GAPDH mRNA in our patients as the disease progresses
does not recommend the use of this molecule as a control
gene in methodologies based on real-time PCR methods.

Intriguingly, mutated GAPDH (G- to-A substitution in
codon 175) was identified as a human melanoma tumor
antigen since it was recognized in intratumoral lymphocytes
in a patient with metastatic melanoma (20). The mutated
GAPDH epitope stimulates the release of high levels of
interferon-γ from tumor-infiltrating 2098 T-cells (20). Zhou
et al. suggested that the GAPDH molecule may be involved
in tumor development and T-cell recognition (20).
Unfortunately, no point-mutations were found in our cases
of primary and metastatic melanomas in exon 7 of GAPDH.
The frequency, clinical significance, and diagnostic value of
GAPDH mutations in cutaneous malignant melanomas
require further investigation in larger series.

In conclusion, our results appear to invalidate GAPDH as an
appropriate housekeeping gene for mRNA expression studies
in cutaneous malignant melanoma and suggest that  in patients
with melanoma, this ubiquitous molecule may facilitate tumor
progression and metastatic dissemination of tumor cells by
increasing glycolytic metabolism. Moreover, up-regulation of
GAPDH protein and mRNA expression in  thick primary and
metastatic cases when compared to thin primary melanomas,
together with the differences encountered between thick and
thin melanomas, supports the concept that low GAPDH levels
could be a protective or limiting factor against metastatic
dissemination of skin melanoma (except for lymph node
metastases; in which contamination with lymphocytes could
explain mRNA down-regulation). Therefore, GAPDH might be
considered a useful prognostic marker and could be taken into
account in future strategies as a potential therapeutic target in
patients with cutaneous melanoma. However, these results
should be validated in a larger series of patients and other
functional studies. 
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