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Diagnostic application of hM LH 1 methylation
in hereditary non-polyposis colorectal cancer
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Abstract. Colorectal cancer (CRC) due to mismatch repair (MMR) defect has distinct characteristics among unselected CRCs.
These CRCs are biologically less aggressive and, thus, showing better prognosis but less sensitive to the 5FU-based chemotherapy.
CRCs with MMR defect derive from both hereditary and sporadic reasons. Germline inactivation of MMR genes (hMLH1,
hMSH2, hMSH6, and hPMS2) underlies the hereditary CRC with MMR defect (Lynch syndrome) and epigenetic silencing of
hMLH1 gene causes the sporadic CRC with MMR defect. Hereditary and sporadic CRC with MMR defect can be detectable by
microsatellite instability (MSI) test or immunohistochemical analysis among general CRCs. Lynch syndrome can be diagnosed
by the clinical criteria or by genetic test to detect pathogenic germline mutations in MMR genes. However, both clinical criteria
and genetic test are inadequate for the diagnosis of Lynch syndrome. Since genetic test for the diagnosis of the Lynch syndrome
is expensive and not always identify pathogenic germline mutations, effective and inexpensive screening program is desirable.
Here we propose a possible application of methylation test combined with MSI or pathological analysis as an effective and a
cost-saving new strategy for screening of Lynch syndrome.
Keywords: Hereditary non-polyposis colorectal cancer, hMLH1, methylation, immunohistochemistry, microsatellite instability.
Abbreviations: CRC, colorectal cancer; MMR, mismatch repair; MSI, microsatellite instability; MNR, mononucleotide repeat;
CIMP, CpG island methylator phenotype; IHC, immunohistochemical.

1. Introduction
Colorectal cancer (CRC) causes a major public
health problem in Western nations and in parts of the
Orient including Japan. If one knows who is at high risk
due either to certain environmental exposures and/or to
a hereditary risk, CRC can be better controlled. Thus,
the knowledge of a hereditary cancer syndrome is important for making effective screening programs, and
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ultimately the mortality rate due to CRC can be decreased.
Taking family history is of course the initial step
for the diagnosis of Lynch syndrome (hereditary nonpolyposis colorectal cancer (HNPCC)) because the
CRC involved in this syndrome has less obvious clinical features compared to familiar adenomatous polyposis (FAP), another hereditary CRC syndrome that
has observable numbers of polyps in colon and rectum.
High-level microsatellite instability (MSI-H) is demonstrated in majority of the HNPCC and in 10 to 15% of
sporadic CRC [1–4]. Accordingly, MSI test is a good
way to recruit highly probable Lynch syndrome patients
from general CRC patients. Deficiency in mismatch
repair (MMR) machinery causes instability (length alteration by slippage) of microsatellite sequences either
in hereditary or sporadic CRCs with MMR defect and
mononucleotide repeat markers such as BAT25, BAT26,
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BAT40 etc. reveal frequent instability [5,6]. Germline
mutation of MMR genes underlies the Lynch syndrome
and epigenetic silencing of hMLH1 gene causes the
sporadic CRC with MSI-H [7–10].
Immunohistochamical (IHC) analysis of MMR gene
products, such as hMSH2, hMLH1, hPMS2, and
hMSH6, in tumor samples has been applied to help
the diagnosis of Lynch syndrome [11] because this
syndrome is caused by germline inactivation of MMR
genes. Recently the CRCs with MMR deficiency can
simply be identified by the histopathological examination without IHC, because observable histopathological features of these tumors have been elucidated and
been generally recognized. If one can identify MSI-H
CRC and distinguish the sporadic subset then most of
the remainder should be HNPCC. Accordingly, elucidating of the distinguishable differences in methylation
pattern of hMLH1 promoter between sporadic MSI-H
and HNPCC may be important for such purposes.

2. Methylation pattern of hMLH1 in sporadic
MSI-H CRC and HNPCC
Hypermethylation of the promoter region of the
hMLH1 gene is considered to be associated with absent
expression of hMLH1 protein in sporadic CRCs with
MSI-H [8,12–14]. If the precise difference including
incidence or pattern of the hMLH1 promoter hypermethylation in Lynch syndrome versus MSI-H sporadic
CRC is identified, that could ultimately help to diagnose HNPCC. However, difficulty in promoter analysis of hMLH1 has been demonstrated in many studies
because the methylation pattern in hMLH1 promoter
is a little different from other genes also silenced by
methylation.
Methylation-sensitive enzyme (e.g., HpaII) digestion and MSP have been applied to determine the
methylation status of the hMLH1 promoter [8,12–14].
However, methylation-sensitive enzyme digestion can
identify only those CpG sites in enzyme-recognitionsequences and, therefore, fails to recognize most CpG
sites. Similarly, the methylation specific PCR (MSP)
can analyze only two CpG sites at the 3  ends of each
two primers. One seemingly straightforward way of
determining the precise methylation status of a gene
promoter in surgically removed tumor samples would
involve multiple subcloning of the relevant bisulfitetreated (and untreated) DNA fragments and sequencing them. Unfortunately most of the colorectal tumors
are heterogeneous, and so we cannot be sure the re-

liability and reproducibility of the results that we obtain from bisulfite sequencing of the extracted DNA.
Accordingly, precise methylation status of hMLH1 related to the transcriptional silencing and hence role of
MMR deficiency was not well elucidated in surgically
removed materials.
Another problem for the analysis of hMLH1 methylation is its unique methylation pattern for the gene
silencing compared to other gene silenced by methylation. For example O 6 -methylguanine-DNA methyltransferase (MGMT) has dense CpG islands in its promoter, and methylation occurs simultaneously over the
entire promoter except central ‘C’ region. Thus, MSP
primer designed to hybridize anywhere but ‘C’ region
could effectively detect the silencing of the MGMT
gene. On the other hand, hMLH1 has less number of
CpG islands in its promoter especially at 3’ side. Previous authors have studied different regions of hMLH1
promoter, such as its 5  -promoter part [12], 3  -promoter
part [15], a small number of CpG sites, or combinations of above (Fig. 1). Methylation at the 5  -most CpG
sites was initially reported to correlate with loss of expression of hMLH1 both RNA and protein levels [12].
However, most of the methylation dense area located
upstream promoter has been shown to have no relation to the silencing of hMLH1, and even normal mucosa acquires hypermethylation at these upstream regions [16]. On the other hand, methylation at a 3  -small
region closer to the transcription start site invariably
correlated with the absence of the hMLH1 expression in
vitro and colorectal tumors [17]. However, methylation
status in 3 region sometimes does not correlate with
the gene silencing (unpublished data). Even the semiquantitative COBRA analysis on that 3  region [18] did
not reveal stationary results (unpublished data). Another report demonstrated that the promoter methylation of the hMLH1 initiates from 5  end and accumulate
CpG island methylation over downward to the 3  site
to complete full-methylation [19] (Fig. 2). Age-related
hypermethylation of the 5  region of hMLH1 already
starts in normal colonic mucosa and is considered to be
associated with microsatellite-unstable colorectal cancer development. Full methylation from 5  to 3 region
of the promoter only accounts for the silencing of the
hMLH1. Accordingly, the conventional MSP method
have failed to identify the silencing of the gene due to
the difficulty in primer design, since the limited CpG
site responsible for the hMLH1 silencing was not well
elucidated (Fig. 1).
There were several reports with attempt to identify more precise transcriptional regulating regions in
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Fig. 1. Map of the 5 promoter region and exon 1 of hMLH1. Individual CpG sites are represented by vertical lines. MSP site amplified with
both primers designed by Herman et al. and Toula Bouras et al. are shown. CCAAT box, which specifically bound transcription factor CBF, are
shown in this map. Methylation at a CpG site two base pairs upstream of the CCAAT box inhibits the binding of CBF to CCAAT box, which are
considered to cause silencing of hMLH1 gene. COBRA site designed by Toyota et al. are also shown in this figure.

Fig. 2. (a) In sporadic CRC, initial epimutation in 5 region occurs in normal mucosa by aging and/or environmental factors. Methylation
upstream of the hMLH1 promoter appears to be an early event in the carcinogenesis of MSH-H tumors. (b) The progress of epimutation towards
3 region causes inactivation of hMLH1.

hMLH1 mostly by using cell lines. Methylation silencing of the hMLH1 3’ proximal promoter region is not
uniform, but instead, appears to be confined to several
targeted regions. Deng et al. identified a CCAAT box
in this region, which specifically bound transcription
factor CBF [20]. Methylation at CpG site two base
pairs upstream of the CCAAT box inhibited the binding
of CBF to CCAAT box, and is one of the causes of
hMLH1 gene silencing in colon cancer cells (Fig. 1).
The second element is included between nucleotides
–273 and –222, and it is recognized by a nuclear factor
of about 120 kDa [21].
Thus, if one can identify the precise methylated
CpGs to inhibit binding of these important elements
for the silencing of the hMLH1, analysis of these specific CpG islands could be helpful to diagnosis HNPCC
before germline mutation analysis of MMR genes.

3. Microsatellite markers
MSI in sporadic colorectal tumors was discovered
independently in 1993 [3,4]. That same year MSI
was linked to the majority of HNPCC [1]. In December 1997, the National Cancer Institute (NCI), Division of Cancer Prevention, held a workshop entitled
“The International Workshop on Microsatellite Instability and Replication Error (RER) Phenotypes in Cancer Detection and Familial Predisposition” [22]. Recommendations from this workshop included five specific microsatellite markers (2 mono-nucleotide and 3
di-nucleotide markers) and reference panels for future
research. This reference panel (called NCI panel for
MSI) has broad utility in several experimental and diagnostic settings. At that time MSI panel was intended
to elucidate the tumors caused by MMR deficiency.
However, the latest findings in this very active area of
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research required some modification on the definition
because false positive and false negative cases by the
usage of the NCI panel have been identified. In December 2002, NCI held a workshop entitled “The International Workshop on Diagnostic Guidelines for HNPCC
and MSI”. At that workshop, over-diagnosis and underdiagnosis of MSI-H by the NCI panel was discussed.
Jass et al. demonstrated that alteration in more than
60% instead of 30–40% of markers could be more reliable for the diagnosis of tumor with DNA MMR gene
inactivation. Moreover, instability in mono-nucleotide
markers (MNMs) are most specifically observed in such
tumors, thus examination of MSI with multiple MNMs
is important and sufficient for the diagnosis of tumor
with MMR inactivation, either in hereditary or sporadic. Hemelin’s group proposed the mononucleotide
repeats pentaplex (MRP) PCR that includes BAT25,
BAT26, and 3 more mononucleotide markers they identified [6]. By using their panel, they can distinguish
the subset of CRCs with distinctive clinicopathological
features due to the true MMR defects either in hereditary or sporadic. The specifici ty and sensitivity for the
diagnosis of MSI-H is both 100%. HNPCC due to the
gremline mutation of hMLH6 infrequently shows MSIH but more frequently shows MSI-L/S because such tumors have rare instability in dinucleotide markers. But
by using MRP markers, hMLH6 mutants can be properly diagnosed as MSI-H. Thus, only mononucleotide
repeat markers may be sufficient for the diagnosis of
true MSI-H. Dinucleotide markers may only be useful
for the diagnosis of MSI-L cancers, and 5 markers are
not enough but nearly 10 markers are required identify MSI-L to exclude the background low-instability,
and proper specific markers for the detection of MSI-L
should be selected for this purpose.

‘medullary’ or ‘undifferentiated’ carcinoma, poor differentiation, and the presence of intra-epithelial lymphocytes, mainly cytotoxic T lymphocytes described
as tumor infiltrating lymphocytes (TILs). TILs can
be identified in haematoxylin and eosin stained sections and more TILs are present in HNPCC. Given
that more pathologists understand the features of CRC
with MMR deficiency, MSI-H CRC can be now easily picked up in routine clinical setting after colorectal
biopsy or surgery. If so, histopathological diagnosis
plus methylation analysis of hMLH1 promoter could be
most cost effective for the screening of the HNPCC.

5. Is it true that all sporadic MSI-H CRCs are
caused by silencing of the hMLH1 gene and
HNPCC has no methylation in hMLH1?
Germline mutation of MMR genes including
hMLH1, hMSH2, hMSH6, and hPMS2 has been identified in HNPCC. On the other hand, promoter hypermethylation of hMLH1 is only known for sporadic
MSI-H CRC. The question to be resolved is “Is there
any HNPCC whose hMLH1 key promoter is methylated?” There was no consensus description regarding
this question, and the frequency of HNPCC with promoter hypermethylation of hMLH1 were reported with
a range from 0% to 30%, because method employed for
the hMLH1 methylation may not be properly chosen to
detect true silencing of the gene. Collaborative study
to ask this question should be needed to identify the
true incidence of hMLH1 methylation among HNPCC
cases with pathological germline mutation.

6. CIMP
4. Pathological diagnosis of Lynch syndrome and
MSI-H sporadic CRC
Limitation of immunohistochmistry (IHC) in the
evaluation of MMR status in CRC was due to the frequent failure of antigenic retrieval, this being especially
problematic in the case of hMLH1. These technical
problems have proven to be surmountable, though false
negative staining still will occur in laboratories that
have not fully worked up a reliable protocol.
On the other hand, histopathological features for
MSI-H CRC have been discussed in the last NCI
consensus meeting. The most important variables
for MSI-H CRC were mucinous adenocarcinoma and

It has recently been discovered that some tumors contain several genes whose promoter regions have all been
silenced by methylation; cells displaying this property
are said to have an unusual phenotype known which
has been described as CpG island methylator phenotype (CIMP) by Toyota et al. [18]. In the study of the
epigenetic alterations in cancer causation, there was a
high correlation between the methylation status of the
hMLH1 gene and the methylation status of four typical
CIMP genes (p16, MINT 1, 2, and 31) in the CRCc [18].
Accordingly, CIMP tumors were markedly more common in the proximal colon; frequencies of K-ras mutations were significantly higher; and mutation and/or
LOH of p53 were significantly lower.
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Since most of the colorectal tumors with promoter
hypermethylation of hMLH1 fulfill CIMP criteria, it
may be the case that MSI-H CRC with CIMP is more
likely to be sporadic while those without CIMP are HNPCC. However, we do not have a consensus definition
of CIMP criteria regarding which genes are involved
in CIMP, and some of the HNPCC has promoter hypermethylation in several genes other than p16, MINT
1, 2, and 31 (unpublished data). In the aspect of colorectal carcinogenesis, it may be possible that CIMP
tumor without hMLH1 methylation and thus exhibit
MSS/MSI-L (non-MSI-H) may become MSI-H after
the acquisition of hMLH1 methylation in the course of
progression.
7. Conclusions
As key methylation site in hMLH1 promoter where
directly silence the expression of the gene has been
elucidated, reliable methylation test to detect hMLH1
silencing becomes available, which could help cost effective and time saving diagnosis of HNPCC before
confirmed by germline analysis. Promoter hypermethylation may not cause hMLH1 defect in HNPCC, but
large samples of HNPCC confirmed by germline inactivation of hMLH1 should be evaluated for the true
occasion of hMLH1 methylation on opposite allele as a
second hit. This information should be rationale of the
methylation test for HNPCC.
Since clinicopathological feature of MSI-H CRC has
significant differences from others especially in the aspect of prognosis and sensitivity to the chemotherapeutic agent, diagnosis of the CRC with MMR deficiency has become essential for the treatment of the
CRC patient. Most cost effective and desirable diagnosis of CRC with MMR defect can be simply made
by histopathology. However, IHC examination of
MMR protein including hMLH1, hMSH2, hMSH6, and
hPMS2, may be more important to diagnose CRC with
MMR defect including sporadic MSI-H and Lynch syndrome because there are few sporadic CRC with alteration of hMSH2 gene. MSI test with (3 to) 5 mononucleotide microsatellite markers would be another alternative for the diagnosis MMR defect cancer. This
method can be done in a single PCR on tumor samples
without normal counterpart, which will make cost saving and can be done by tumor biopsy samples. Then, in
combination with either of the test (pathology or MSI)
and the test for hMLH1 promoter hypermethylation,
identification of HNPCC can be made before the analysis of the germline mutation with cost effective and
time saving manner.
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[2] P. Tannergärd, T. Liu, A. Weger, M. Nordenskjold and A.
Lindblöm, Tumorigenesis in colorectal tumors from patients
with hereditary non-polyposis colorectal cancer, Hum. Genet.
101 (1997), 51–55.
[3] Y. Ionov, M.A. Peinado, S. Malkhosyan, D. Shibata and M.
Perucho, Ubiquitoius somatic mutations in simple repeated
sequences reveal a new mechanism for colonic carcinogenesis,
Nature 363 (1993), 558–561.
[4] S.N. Thibodeau, G. Bren and D. Schaid, Microsatellite instability in cancer of the proximal colon, Science 260 (1993),
816–819.
[5] N. Suraweera, B. Iacopetta, A. Duval, A. Compoint, E.
Tubacher and R. Hamelin, Conservbation of mononucleotide
repeats within 3 and 5 untranslated regions and their instability in MSI-H colorectal cancer, Oncogene 20 (2001), 7472–
7477.
[6] N. Suraweera, A. Duval, M. Reperant, C. Vaury, D. Furlan,
K. Leroy, R. Seruca, B. Iacopetta and R. Hamelin, Evaluation
of tumor microsatellite instability using five quasimonomorphic mononucleotide repeats and pentaplex PCR, Gastroenterol 123 (2002), 1804–1811.
[7] R. Parsons, G.M. Li, M.J. Longley, W.H. Fang, N. Papadopoulos, J. Jen, A. de la Chapelle, K.W. Kinzler, B. Vogelstein and
P. Modrich, Hypermutability and mismatch repair deficiency
in RER+ tumor cells, Cell 75 (1993), 1227–1236.
[8] M.F. Kane, M. Loda, G.M. Gaida, m J. Lipman, R. Mishra,
H. Goldman, J.M. Jessup and R. Kolodner, Methylaiton of the
hMLH1 promoter correlates with lack of expression of hMLH1
in sporadic colon tumors and mismatch repair-difective human
tumor cell lines, Cancer Res 57 (1997), 808–811.
[9] S.N. Thibodeau, A.J. French, J.M. Cunningham, D. Tester,
L.J. Burgart, P.C. Roche, S.K. McDonnell, D.J. Schaid, C.W.
Vockley, V.V. Micheles, G.H. Farr, Jr, and M.J. O’Connell,
Microsatellite instability in colorectal cancer: Different mutator phenotypes and the principal involvement of hMLH1,
Cancer Res 58 (1998), 1713–1718.
[10] S.A. Kuismanen, M.T. Holmberg, R. Salovaara, P. Schweizer,
L.A. Aaltonen, A. de la Chapelle, M. Nystrom-Lahti and P.
Peltomaki, Epigenetic phenotypes distinguish microsatellitestable and –unstable colorectal cancers, Proc. Natl. Acad. Sci,
USA 96 (1999), 12661–12666.
[11] V.A. Marcus, L. Madlensky, R. Gryfe, H. Kim, K. So, A. Millar, L.K. Temple, E. Hsieh, T. Hiruki, S. Narod, B.V. Bapat, S.
Gallinger and M. Redston, Immunohistochemistry for hMLH1
and hMSH2: A practical test for DNA mismatch repair deficient tumors, Am. J. Surg. Pathol. 23 (1999), 1248–1255.
[12] J.G. Herman, A. Umar, K. Polyak, J.R. Graff, N. Ahnja, J.P.
Issa, S. Markowitz, J.K. Willson, S.R. Hamilton, K.W. Kinzler,
M.F. Kane, R.D. Kolodner, B. Vogelstein, T.A. Kunkel and

282

[13]

[14]

[15]

[16]

[17]

[18]

N. Matsubara / Diagnostic application of hMLH1 methylation in hereditary non-polyposis colorectal cancer
S.B. Baylin, Incidence and functional consequences of hMLH1
promoter hypermethylation in clolorectal carcinoma, Proc.
Natl. Acad. Sci. USA 95 (1998), 6870–6875.
J.M. Cunningham, E.R. Christensen, D.J. Tester, C.Y. Kim,
P.C. Roche, L.J. Burgart and S.N. Thibodeau, Hypermethylation of the hMLH1 promoter in colon cancer with microsatellite instability, Cancer Res 58 (1998), 3455–3460.
M.L. Veigl, L. Kasturi, J. Olechnowicz, A.H. Ma, J.D. Lutterbaugh, S. Periyasamy, G.M. Li, J. Drummond, P.L. Modrich, W.D. Sedwick and S.D. Markowitz, Biallelic inactivation
of hMLH1 by epigenetic gene silencing, a novel mechanism
causing human MSI cancers, Proc. Natl. Acad. Sci. USA 95
(1998), 8698–8702.
G. Deng, A. Chen, J. Hong, H.S. Chae and Y.S. Kim, Methylation of CpG in a small region of the hMLH1 promoter invariably correlates with the absence of gene expression, Cancer
Res 59 (1999), 2029–2033.
H. Nakagawa, G.J. Nuovo, E.E. Zervos, E.W. Martin, Jr., R.
Salovaara, L.A. Aaltonen and A. de la Chapelle, Age-related
hypermethylation of the 5’ region of MLH1 in normal colonic
mucosa is associated with microsatellite-unstable colorectal
cancer development, Cancer Res 61 (2001), 6991–6995.
H. Nakagawa, R.B. Chadwick, P. Peltonaki, C. Plass, Y. Nakamura and A. dela Chapelle, Loss of imprinting of the insulinlike growth factor II gene occurs by biallelic methylation in a
core region of H19-associted CTCF-binding sites in colorectal
cancer, Proc. Natl. Acad. Sci, USA 98 (2001), 591–596.
M. Toyota, N. Ahuja, M. Ohe-Toyota, J.G. Herman, S.B.

[19]

[20]

[21]

[22]

[23]

Baylin and J.P. Issa, CpG island methylator phenotype in colorectal cancer, Proc. Natl. Acad. Sci. USA 96 (1999), 8681–
8686.
Y. Miyakura, K. Sugano, F. Konishi, A. Ichikawa, M.
Maekawa, K. Shitoh, S. Igarashi, K. Kotake, Y. Koyoma and
H. Nagai, Extensive methylation of hMLH1 promoter region
predominates in proximal colon cancer with microsatellite instability, Gastroenterol 121 (2001), 1300–1309.
G. Deng, A. Chen, E. Pong and Y.S. Kim, Methylation in
MLH1 promoter interferes with its binding to transcription
factor CBF and inhibits gene expression, Oncogene 48 (2001),
7120–7127.
B. Quaresima, M.C. Faniello, F. Baudi, G. Cuda, C.
Grandinetti, P. Tassone, F. Costanzo and S. Venuta, Transcriptional regulation of the mismatch repair gene hMLH1, Gene
275 (2001), 261–265.
C.R. Bolandm, S.N. Thibodeau, S.R. Hamilton, D. Sidransky, J.R. Eshleman, R.W. Burt, S.J. Meltzer, M.A. RodriguezBigas, R. Fodde, G.N. Ranzani and S. Srivastava, A National
Cancer Institute workshop on microsatellite instability for cancer detection and familial predisposition: development of international criteria for the determination of microsatellite instability in colorectal cancer, Cancer Res 58 (1998), 5248–
5257.
M. Toyota, N. Ahuja, M. Ohe-Toyota, J.G. Herman, S.B.
Baylin and J.P. Issa, CpG island methylator phenotype in colorectal cancer, Proc. Natl. Acad. Sci. USA 96 (1999), 8681–
8686.

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Gastroenterology
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Diabetes Research
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
http://www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Journal of

Obesity

Journal of

Ophthalmology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Oncology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

AIDS

Behavioural
Neurology
Hindawi Publishing Corporation
http://www.hindawi.com

Research and Treatment
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Oxidative Medicine and
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

