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Role of GSK-3 f in neurodegenerative disorders
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Abstract

Glycogen synthase kinase (GSK-3) is a ubiquitously expressed, highly conserved serine/threonine protein kinase found in all eukaryotes. The GSK-3
was first characterized for its role in glycogen metabolism by phosphorylating and inactivating the enzyme glycogen synthase. There are two
mammalian GSK-3 isoforms encoded by distinct genes: GSK-3a and GSK-3.

GSK-3 is involved in the regulation of a wide range of cellular functions including differentiation, growth, proliferation motility, cell cycle
progression, embryonic development, apoptosis, and insulin response. Dysregulation of GSK-3[3 expression leads to many pathological conditions,
including diabetes or insulin resistance and neurodegeneration. Here we review on role and association of GSK-3f polymorphisms in different
neurodegenerative disorders. Several lines of evidences including association and gene expression studies have suggested GSK-3p as a susceptible
gene for neurodegenerative disorders, and its expression alteration caused by the risk SNP in the promoter region may contribute to the etiology of
neurodegenerative disorders. This suggests that pertaining to the molecular clock as possible endophenotypes of neurodisorders, and for GSK-3f as a

target of a new class of antidepressant drugs.

INTRODUCTION

lycogen synthase kinase (GSK-3) is a ubiquitously

expressed in all eukaryotes. It is highly conserved
serine/threonine protein kinase first characterized in glycogen
metabolism by phosphorylating and inactivating the enzyme
glycogen synthase ""*" GSK-3 is present in a multiprotein complex
in two iso forms (GSK-3a and GSK-3f) that targets B-catenin for
ubiquitin- mediated degradation and has an important role in
several signaling cascades viz. cell fate regulation, embryonic
development, protein synthesis, glycogen metabolism, mitosis,
apoptosis, transcriptional activity, etc " It is highly expressed in
brain and causes a variety of neurological, CNS disorders and
other metabolic disorders.

GSK-3p (46 kDa) is comprised of 12 exons in humans (433 aa)
and 11 exons (420 aa) in mice.

Itis involved in the regulation of various cellular functions via
neuronal, endothelial, hepatocyte, fibroblast and astrocyte cell
death in response to various stimuli including differentiation,
growth, proliferation motility, cell cycle progression, embryonic
development, apoptosis and insulin response """ Its dysregulation
leads to many pathological conditions, including diabetes,
neuronal dysregulation, alzheimer's disease'”"" schizophrenia™"
Dopamine-associated behaviors”"" bipolar disorders"”*”
Parkinson's disease”" and cancer”**™ Thus the kinase has dual
functions in cancer, both in regulation of cell survival and
activate/inhibit apoptosis ™

Biochemical Regulation of GSK3

As GSK-3 is involved in diverse processes, regulation of its
activity is critical to ensure that the pathways can be appropriately
coordinated by multiple levels of regulation mediated by
phosphorylation, cellular localization and proteinprotein
interactions. GSK-3f phosphorylate both prime substrates
(glycogen synthase, eukaryotic initiation factor 2B (elF2B), B
catenin) and unprimed substrates (cyclin D3, axin) but efficiency
for unprimed substrates is less than prime substrate " The
phosphorylated priming site of the substrate interacts with three

positive residues (Arg 96, Arg 180 and Lys 205) in GSK-3f
forming substrate binding pocket """

Phe 67, Gln 89 and Asn 95 are required for specific substrate
binding with precise positioning of the substrate binding pocket
in GSK-3p substrate recognition " The impact of GSK-3 protein
activity depends on amino acid modification by self multiple
phosphorylation events “**. N terminal Phosphorylation of Ser
21 for GSK-3a and Ser 9 for GSK-3f (pseudo substrate) inhibits
the regulation of GSK-3 function in insulin signaling ****" By this
Serine phosphorylation in Akt/ PKB (protein kinase B) during
insulin signaling leads enzyme inactivation and activation of
glycogen substrate. Several other kinases like AGC kinase, p70
ribosomal S6 kinase and p90 ribosomal S6 kinase are also
involved during the phosphorylation of Ser residues (21/9) ™
Phosphorylation of Tyr 279 for GSK-3a and Tyr 216 for GSK-3
in C terminus activates the enzyme while activity decreases by
mutation in it ®*** However, its activity is also decreased by p38
mitogen- activated protein kinase (MAPK) phosphorylation "
GSK-3 has been known for more than 20 years as part of the
insulin signaling pathway, and is still receiving a great deal of
attention, due to its role in this and other disease-related signaling
pathways. Glycogen synthase is the terminal enzyme in the
insulin signalling pathway that regulates glycogen synthesis. In
response to insulin, GSK-3 becomes inhibited, facilitating the
dephosphorylation and activation of glycogen synthase *”"

The GSK-3 inhibition by preventing the aggregation of f3-
amyloid and hyperphosphorylation of tau protein will give a lead
to ameliorate neurodegenerative developments. Moreover, the
series of pathological changes have been induced by the over
expression/over activation of GSK-3 especially in Type 2
Diabetes mellitus and Alzheimer disease.

Association of GSK-3 polymorphism in multiple
disorders

Parkinson's disease

Parkinson's disease (PD) is a neurodegenerative disorder
characterized by a combination of motor symptoms. The T allele

196



Asian J. Biol. Life Sci. | Sep-Dec 2013 | Vol-2 | Issue-3

is associated with altered splicing in lymphocytes and increased
levels of GSK-3p transcripts that lack exons 9 and 11 (GSK Delta
exon 9+11). Increased levels of GSK Delta exon 9 +11 correlated
with enhanced phosphorylation of its substrate, Tau (t). In a
comparison of PD and control brains, there was increased in
frequency of T allele (rs6438552) and corresponding increase in
GSK Delta exon 9+11 and Tau phosphorylation in PD brains.
Conditional logistic regression indicated gene-gene interaction
between T/T genotype of rs334558 and H1/H1 haplotype of
microtubule-associated protein Tau (MAPT) gene (p=0.009).

There was association between a haplotype (T alleles of
both GSK-3f polymorphisms) and disease risk after stratification
by Tau haplotypes ((H1/H2+H2/H2 individuals: odds ratio, 1.64;
p=0.007; (H1/H1 individuals: odds ratio, 0.68; p<0.001). These
results suggest GSK-3f polymorphisms alter transcription and
splicing and interact with Tau haplotypes to modify disease risk in
PD [40].

The GSK-3p gene encodes a protein kinase which is abundant
in the brain, and its product is involved in signal transduction
cascades of neuronal cell development, energy metabolism and
body pattern formation. Previous studies have suggested that
GSK-3f might act as a potential candidate locus for schizophrenia
susceptibility. Genotyping of six SNPs within the gene in the
Chinese population has shown that allele and genotype
frequencies and haplotype distributions in the schizophrenic
patients. These results failed to replicate the association of the
GSK-3p gene with susceptibility to schizophrenia in the Chinese
population "

Alzheimer disease

The variant ion in GSK3/ showed positive associations with
Alzheimer disease (AD), familial front temporal dementia (FTD),
primary progressive aphasia, efc " Recent reviews on GSK-3
have been published both on general issues “*" and on its
involvement in neurodegenerative disease, cell fate and
tumorigenesis ““** The importance of GSK-3 is highlighted by its
possible use as a drug target for the treatment of
neurodegenerative diseases and diabetes " " The
neuroprotective effects of novel drugs developed to treat T2DM,
glucagon- like peptide 1(GLP-1) and its long-lasting analogs have
apossible link to GSK-3 modification.

Aberrant phosphorylated tau is the major component of the
neurofibrillary tangles in Alzheimer's disease (AD) brains. GSK-
3 phosphorylates tau protein, and increased GSK-3/ expression
has been associated with neurofibrillary tangles. Saitohin (STH)
is a recently identified protein that shares tissue expression
pattern with tau, and previous evidence in the Spanish population
indicated that a polymorphism at codon 7 (Q7R) of the STH gene
was associated with late-onset AD. Since both GSK-3f and STH
are related to tau, the association between a polymorphism in the
promoter region  (-50) of the GSK-3p gene and AD, through an
independent effect or through interaction with the STH (Q7R)

polymorphism in a Spain "

Bipolar Disorder

GSK3-p codes for an enzyme which is a target for the action of
lithium and valproic acid and the inhibition of which causes
antidepressant like behaviors. Genetic variation of GSK-3f have
been involved in Lithium prophylaxis in bipolar patients "
However, negative correlation was observed with schizophrenia
" While, homozygous mutant allele of GSK3-f promoter (-

50T/C) showed a later onset of bipolar illness and better acute
effects of total Sleep Deprivation treatment on perceived mood.
Overall, previous reports suggested that it plays a protective role
in bipolar illness. As a help of the mechanism elucidation of
alcoholism, the relationship between GSK-3f -507/C and -
1727A4/T polymorphisms, which are reported to relate to bipolar
disorder. The two polymorphisms in gene have been genotyped
and no significant difference between alcoholics and controls was
found.

GSK-3 -50T/C polymorphism, which is reported to have the
relationship for bipolar disorder and Japanese alcoholics and the
relationship between GSK-3f, -50T/C polymorphism which is
one of the risk factor for alcoholism was investigated. It was
suggested that bipolar disorder may not be one of the
pathogenesis of alcoholism "

Major Depressive Disorders

As a known fact of increased activity of GSK-3f in brain of
patients with major depressive disorders (MDD) it can be a key
feature for the development of antidepressants. GSK-3f genetic
variants play a role in the antidepressant therapeutic response and
support the hypothesis that drugs regulating GSK-3f activity may
represent a novel treatment strategy for MDD "

These studies show that there is an association between the
GSK-3f gene and temporal lobe brain structure specific to
patients with major depressive disorder (MDD), suggesting that
GSK-3f genotypes might interact with MDD status. In
psychiatric genetics, alternative phenotypic markers for genetic
association studies that are more closely related to the underlying
neurobiology of the disease are increasingly being used. This
derives partly from a need to address problems of clinical
heterogeneity in psychiatric disorders such as MDD, and partly
from the need to delineate the functional consequences of
identified risk variants at the level of brain structure and function.
Imaging genetics is particularly useful in both regards by enabling
an elucidation of the impact of genes at the level of the brain,
which can then be related to the pathophysiology of the disease.
The concept that differences in brain structure are associated with
MDD is supported by several studies, and some found specific
changes in patients with MDD, e.g. related to the serotonin
transporter polymorphism. In the study by Inkster e al, ™' a large
sample of 134 patients with MDD and 143 healthy volunteers
were investigated using structural MRI with an analysis of grey
matter density and 15 GSK-3/ single- nucleotide polymorphisms
(SNPs). The GSK-3f gene has previously been implicated in
MDD. In vitro data have demonstrated that this intronic
polymorphism regulates the selection of splice acceptor sites and,
thus, alters GSK-3f transcription, so that it likely is functionally
relevant. Results of the study suggest that variation in grey matter
volume in temporal lobe regions, including the hippocampus,
were associated with GSK-3f polymorphisms in a manner
distinguishable between patients and healthy controls
(particularly for the right hippocampus). While the exact
mechanism of how GSK-3 influences the brain structures remains
unsolved, the finding is interesting because inhibition of GSK-3
activity might play a role in the therapeutic effects of
antidepressants and lithium in patients with refractory MDD. The
activity of GSK-3p has been shown to be regulated by selective
serotonin reuptake inhibitors in mice. As hippocampal integrity
has previously been associated with depression, the effect seen
here of GSK-3f polymorphisms on hippocampal structure may
represent a pathway by which this effect occurs. The GSK-35
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gene may have arole in determining regional grey matter volume
differences of the right hippocampus and bilateral superior
temporal gyri. The association between genotype and brain
structure was specific to the patients with MDD, suggesting that
GSK-3f genotypes might interact with MDD status. This is a
consequence of regional neocortical, glial, or neuronal growth or
survival. In considering core cognitive features of MDD, the
association of GSK-3f polymorphism with structural variation in
the temporal lobe and hippocampus is of particular interest in the
context of other evidence for structural and functional
abnormalities in the hippocampi of patients with MDD ***

Diabetes

Activation of glycogen synthesis in skeletal muscle is a
response to insulin, results from the combined inactivation of
glycogen synthase kinase-3 (GSK-3) and activation of the protein
phosphatase-1, changing the ratio between the inactive
phosphorylated glycogen synthase to the active
dephosphorylated state. In a search for genetic defects
responsible for the decreased insulin stimulated glycogen
synthesis seen in patients with non- insulin-dependent diabetes
mellitus (NIDDM) and their glucose-tolerant first-degree
relatives, mutational analysis of the coding region of the 2
isoforms of GSK-3a and GSK-3f in 72 NIDDM patients and 12
control subjects has been performed. No structural changes were
detected apart from a few silent mutations. Mapping of the GSK-
3a to chromosome 19q13.1-13.2 and the GSK-3/ to chromosome
3q13.3-g21 outside known genetic loci linked to NIDDM further
makes it unlikely that these genes are involved in the pathogenesis
of common forms of NIDDM “*

Moreover, diabetes has recently been strongly linked to CNS
diseases such as schizophrenia and bipolar illness. GSK-3 is both
directly and indirectly inhibited by lithium, a key compound for
treatment of bipolar disorder. Several antipsychotic drugs also
affect the GSK-3 mediated pathways and postmortem study of
brain in schizophrenia led to reports of alterations of GSK-3
activity or mRNA message. However, other reports are
contradictory. Development of GSK-3 inhibitors for CNS
diseases is complicated by the importance of GSK-3 in glucose
metabolism and pancreas function and the possible effect of GSK-
3 inhibition to be oncogenic ** The function of two key targets of
insulin action, glycogen synthase and insulin receptor substrate-
1, are suppressed by GSK-3, as well as the fact that GSK-3 activity
is higher in diabetic tissues, makes it a promising drug discovery
target for insulin resistance and Type 2 diabetes. Thus, the
development of GSK-3 inhibitors has received attention as an
attempt to control both the spread of disease and its severity **"

The possible association between the Xbal polymorphism of
the glycogen synthase gene and non- insulin-dependent diabetes
mellitus (NIDDM) could not be used as a genetic marker for
NIDDM in Chinese population " However, Nine alleles (-4G, -
3G, -2G, -1G, 0G, 1G, 2G, 3G, and 4G) were identified in the
study group of 164 patients with NIDDM and 115 non-diabetic
subjects. The overall frequency distribution of the glycogen
synthase gene alleles was significantly different between the two
groups (p =0.0316). The 2G allele was found more frequently in
patients with NIDDM than in non-diabetic subjects (17.7% vs
8.7%,p=0.0016). These results suggested that the 2G allele could
be a genetic marker of NIDDM in Japanese subjects "

CONCLUSION

GSK3, has increased the focus on this Ser/Thr kinase that was

already characterized as having a tentacular capacity to influence
numerous aspects of cell function, often acting as a centralized
integrator of many intracellular signals. Abnormal function of
GSK3 was already implicated in a large number of prevalent
diseases, such as mood disorders, Alzheimer Disease,
Parkinson’s disease, bipolar disorder, diabetes, and cancer. These
conditions are associated with a high rate of mortality and
inadequate therapeutic options.

In overall, GSK-3f is a key gene in neurodevelopment, and
also an important target of antipsychotics. Several lines of
evidences including association and gene expression studies have
suggested GSK-3f as a susceptibility gene for neurodegenerative
disorders, and its expression alteration caused by the risk SNP in
the promoter region may contribute to the etiology of
neurodegenerative disorders. Results of these data suggest that
pertaining to the molecular clock as possible endophenotypes of
neurodisorders, and for GSK-3f as a target of a new class of
antidepressant and antidiabetic drugs.

ACKNOWLEDGEMENTS

NS is thankful for CSIR, New Delhi, India for providing
Research Associateship and MS is grateful to [CMR, New Delhi,
India for Senior Research Fellowship.

REFERENCES

1. Woodgett JR, Cohen P. Multisite phosphorylation of
glycogen-synthase - molecular-basis for the substrate-specificity
of glycogen-synthase kinase-3 and casein kinase-ii (glycogen-
synthase kinase-5). Biochimica Et Biophysica Acta. 1984: 788:
339-347.

2. Rylatt DB, Aitken A, Bilham T, Condon GD, Embi N.
Glycogen-Synthase from Rabbit Skeletal-Muscle - Amino-Acid-
Sequence at the Sites Phosphorylated by Glycogen-Synthase
Kinase-3, and Extension of the N-Terminal Sequence Containing
the Site Phosphorylated by Phosphorylase-Kinase. European
Journal of Biochemistry.1980:107:529-537.

3.  Ding VW, Chen RH, McCormick F. Differential regulation
of glycogen synthase kinase 3 beta by insulin and Wnt signaling.
Journal of Biological Chemistry. 2000:275:32475-32481.

4.  Rubinfeld B, Albert I, Porfiri E, Fiol C, Munemitsu S.
Binding of GSK3beta to the APC-- catenin complex and
regulation of complex assembly. Science. 1996:272:1023-
1026.

5. Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. -
catenin is a target for the ubiquitin-proteasome pathway. EMBO
Journal. 1997:16:3797-3804.

6.  Woodgett JR. Molecular-Cloning and Expression of
Glycogen-Synthase Kinase-3 Factor- A. EMBO Journal.
1990:9:2431-2438.

7. Frame S, Cohen P. GSK3 takes centre stage more than 20
years after its discovery. Biochemical Journal. 2001:359(1):1-
16.

8. Doble BW, Woodgett JR. GSK-3: tricks of the trade for a
multi- tasking kinase. Journal of Cell Science. 2003:116:1175-
1186.

9. Jope RS, Johnson GVW. The glamour and gloom of
glycogen synthase kinase-3. Trends in Biochemical Sciences.
2004:29:95-102.

198



Asian J. Biol. Life Sci. | Sep-Dec 2013 | Vol-2 | Issue-3

10. Grimes CA, Jope RS. The multifaceted roles of glycogen
synthase kinase 3/ in cellular signaling. Progress in
Neurobiology.2001:65:391-426.

11. Luo J. Glycogen synthase kinase 35 (GSK3p) in
tumorigenesis and cancer chemotherapy. Cancer Letters.
2009:273:194-200.

12.  Pap M, Cooper GM. Role of translation initiation factor 2B
in control of cell survival by the phosphatidylinositol-3-
kinase/Akt/glycogen synthase kinase-34 signaling pathway.
Molecular and Cellular Biology. 2002:22:578-586.

13. Sanchez JF, Sniderhan LF, Williamson AL, Fan S,
Chakraborty-Sett S, Maggirwar SB. Glycogen synthase kinase
3/- mediated apoptosis of primary cortical astrocytes involves
inhibition of nuclear factor xB signaling. Molecular and Cellular
Biology. 2003:23:4649-4662.

14. Cohen P, Frame S. The renaissance of GSK3. Nature
Reviews Molecular Cell Biology. 2001:2:769-776.

15. Yazlovitskaya EM, Edwards E, Thotala D. Lithium
treatment prevents neurocognitive deficit resulting from cranial
irradiation. Cancer Research. 2006:66:11179-11186.

16. Bhat RV, Budd Haeberlein SL, Avila J. Glycogen synthase
kinase 3: a drug target for CNS therapies. .Journal of
Neurochemistry. 2004:89:1313-1317.

17. Hernandez F, Pérez M, Lucas JJ, Mata AM, Bhat R, AvilaJ.
Glycogen synthase kinase-3 plays a crucial role in tau exon 10
splicing and intranuclear distribution of SC35: implications for
AlzheimerlJs disease. Journal of Biological Chemistry.
2004:279:3801-3806.

18. Fulga TA, Elson-Schwab I, Khurana V. Abnormal bundling
and accumulation of F-actin mediates tau- induced neuronal
degeneration in vivo. Nature Cell Biology. 2007:9:139-148.

19. Cohen P, Goedert M. GSK3 inhibitors: development and
therapeutic potential. Nature Reviews Drug Discovery.
2004:3(6):479-487.

20. Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M,
Gogos JA. Convergent evidence for impaired AKT1-GSK3p
signaling in schizophrenia. Nature Genetics. 2004:36:131-137.

21. Beaulieu JM, Sotnikova TD, Yao WD. Lithium antagonizes
dopamine-dependent behaviors mediated by an AKT/glycogen
synthase kinase 3 signaling cascade. Proceedings of the National
Academy of Sciences of the United States of America.
2004:101:5099-5104.

22. KleinPS, Melton DA. A molecular mechanism for the effect
of lithium on development. Proceedings of the National Academy
of Sciences of the United States of America. 1996:93:8455-8459.

23. Kozikowski AP, Gaisina IN, Petukhov PA. Highly potent
and specific GSK-3f inhibitors that block tau phosphorylation
and decrease a-synuclein protein expression in a ellular model of
Parkinson’s disease. Chemical Medicine Chemistry. 2006:1:256-
266.

24. Wang L, Lin HK, Hu YC, Xie S, Yang L, Chang C.
Suppression of androgen receptor-mediated transactivation and
cell growth by the glycogen synthase kinase 3/ in prostate cells.
Journal of Biological Chemistry.2004:279:32444-32452.

25. Shakoori A, Ougolkov A, Zhi WY. Deregulated GSK3p
activity in colorectal cancer: its association with tumor cell

survival and proliferation. Biochemical and Biophysical
Research Communications. 2005:334:1365-1373.

26. Shakoori A, Mai W, Miyashita K. Inhibition of GSK-34
activity attenuates proliferation of human colon cancer cells in
rodents. Cancer Science. 2007:98:1388-1393.

27. Ougolkov AV, Fernandez-Zapico ME, Savoy DN, Urrutia
RA, Billadeau DD. Glycogen synthase kinase-3/ participates in
nuclear factor ¥ B-mediated gene transcription and cell survival
in pancreatic cancer cells. Cancer Research.2005:65:2076-2081.

28. Beurel E, Jope RS. The paradoxical pro- and anti-apoptotic
actions of GSK3 in the intrinsic and extrinsic apoptosis signaling
pathways. Progress in Neurobiology. 2006:79:173-189.

29. Dajani R, Fraser E, Roe SM. Crystal structure of glycogen
synthase kinase 3f: structural basis for phosphate-primed
substrate specificity and autoinhibition. Cell. 2001:105:721-732.

30. Ter Haar E, Coll JT, Austen DA, Hsiao HM, Swenson L,
Jain J. Structure of GSK3p reveals a primed phosphorylation
mechanism. Nature Structural Biology.2001:8:593-596.

31. Ilouz R, Kowalsman N, Eisenstein M, Eldar-Finkelman H.
Identification of novel glycogen synthase kinase-3beta substrate-
interacting residues suggests a common mechanism for substrate
recognition. Journal of Biological Chemistry. 2006:281:30621-
30630.

32. Hughes K, Nikolakaki E, Plyte SE, Totty NF, Woodgett JR.
Modulation of the glycogen synthase kinase-3 family by tyrosine
phosphorylation. EMBOJ. 1993:12:803-808.

33. Wang QM, Fiol CJ, DePaoli-Roach AA, Roach PJ.
Glycogen synthase kinase-3 beta is a dual specificity kinase
differentially regulated by tyrosine and serine/threonine
phosphorylation. Journal of Biological Chemistry. 1994:269:
14566-14574.

34. Stambolic V, Woodgett JR. Mitogen inactivation of
glycogen synthase kinase-3 beta in intact cells via serine 9
phosphorylation. Biochemical Journal. 1994:303:701-704.

35. Cross DA, Alessi DR, Cohen P, Andjelkovich M,
Hemmings BA. Inhibition of glycogen synthase kinase-3 by
insulin mediated by protein kinase B. Nature. 1995:378:785-789.

36. Frame S, Cohen P. GSK3 takes centre stage more than 20
years after its discovery. Biochemical Journal.2001:359:1-16.

37. Thornton TM, Pedraza-Alva G, Deng B, Wood CD,
Aronshtam A, Clements JL. Phosphorylation by p38 MAPK
as an alternative pathway for GSK 3 beta inactivation.
Science. 2008:320:667-670.

38.  Welsh GI, Proud CG. Glycogen synthase kinase-3 is rapidly
inactivated in response to insulin and phosphorylates eukaryotic
initiation factor e[F-2B. BiochemJ. 2003:294:625-629.

39. Kwok JB, Hallupp M, Loy CT, Chan DK, Woo J, Mellick
GD, Buchanan DD, Silburn PA, Halliday GM, Schofield PR.
GSK3B polymorphisms alter transcription and splicing in
Parkinson's disease. Annual of Neurology. 2005:58:829-39.

40. Tsai SJ, Liou YJ, Hong CJ, Yu Y, Chen TJ. Glycogen
synthase kinase-33 gene is associated with antidepressant
treatment response in Chinese major depressive disorderGSK3B
and antidepressant response. The Pharmacogenomics Journal.
2008:8:384-390.

199



Asian J. Biol. Life Sci. | Sep-Dec 2013 | Vol-2 | Issue-3

41. Barbara A, Schaffer J, Bertram L, Miller BL, Mullin K,
Weintraub S, Johnson N, Bigio HE, Mesulam M, Pazos MW,
George RJ, Cummings JL, Rita M, Allan I, Levey Tanzi ER,
Geschwind HD. Association of GSK3B with Alzheimer Disease
and Frontotemporal Dementia.  Archive of Neurology.
2008:65:1368-1374.

42. Ali A, Hoeflich KP, Woodgett JR. Glycogen synthase
kinase-3: properties, functions, and regulation. Chemical Review.
2001:101:2527-2540.

43. Kaytor MD, Orr HT. The GSK3b signaling cascade and
neurodegenerative disease. Current Opinion of Neurobiology.
2002:12:275-278.

44. KimL, Kimmel AR. GSK3, a master switch regulating cell-
fate specification and tumorigenesis. Curent Opinion Genetics
Development. 2000:10:508-514.

45. Manoukian AS, Woodgett JR. Role of glycogen synthase
kinase-3 in cancer: regulation by Wnts and other signaling
pathways. Advance Cancer Research. 2002:84:203-229.

46. Mateo I, Infante J, Llorca J, Rodriguez E, Berciano J,
Combarros O. Association between Glycogen Synthase Kinase-
3 Genetic Polymorphism and Late-Onset Alzheimer!(]s Disease.
Dement Geriatr Cogn Disord. 2006:21:228-232.

47. Szczepankiewicz A, Rybakowski JK, Suwalska A,
Skibinska M, Leszczynska Rodziewicz A, Weglarz MD,
Czerski PM, Hauser J. Association study of the glycogen
synthase kinase-3beta gene polymorphism with prophylactic
lithium response in bipolar patients. World Journal of Biological
Psychiatry. 2006:7(3):158-61.

48. Benedetti F. A glycogen synthase kinase 3-beta promoter
gene single nucleotide polymorphism is associated with age at
onset and response to total sleep deprivation in bipolar depression.
Neurosci Lett. 2004:368(2):123-6.

49. Lee YK, Ahn MY, Eun-Jeong J, Seong-Hoon J, Chang JS,
Seong-Chan K, Kim YS. No association of two common SNPs at
position —1727 A/T, =50 C/T of GSK-3 beta polymorphisms with
schizophrenia and bipolar disorder of Korean population.
Neuroscience Letters.2006:395:175-178.

50. Inkster B, Nichols TE, Saemann PG, Auer DP, Holsboer F,
Muglia P, Matthews PM. Association of GSK3beta
polymorphisms with brain structural changes in major depressive
disorder. Archive of General Psychiatry. 2009:66:721-728.

51. Hansen L, Arden KC, Rasmussen SB, Viars CS, Vestergaard
H, Hansen T, Moller AM, Woodgett JR, Pedersen O.
Chromosomal mapping and mutational analysis of the coding
region of the glycogen synthase kinase-3alpha and beta isoforms
in patients with NIDDM. Diabetologia. 1997:40:940-946.

52. Amar S, Belmaker RH, Agam G. The possible involvement
of glycogen synthase kinase-3 (GSK-3) in diabetes, cancer and
central nervous system diseases. Curr Pharm Des. 2011:17:2264-
2277.

53. Kaidanovich O, Eldar-Finkelman H. The role of glycogen
synthase kinase-3 in insulin resistance and type 2 diabetes. Expert
Opin Ther Targets. 2002:6:555-61.

54. MenglJ, ShiY, Zhao X, Zhou J, Zheng Y, Tang R, Ma G, Zhu
X,He Z,Wang Z, Xu Y, Feng G, He L. No significant association
between the genetic polymorphisms in the GSK-3 beta gene and
schizophrenia in the Chinese population. J Psychiatric Research.

2008:42:365-70.

55. Kurihara K, Aoki J, Numajiri M, Ikeda K, Kawai A, Waga
C, Yoshihara E, Murayama O, Iwahashi K. Relationship between
GSK-3 beta -50T/C and DBI +529A/T polymorphisms in
Japanese alcoholics. Nihon Arukoru Yakubutsu Igakkai Zasshi.
2010:45:430-436.

56. Wang C, Bai Y, Ouyang A. Polymorphism of the glycogen
synthase gene and non-insulin-dependent diabetes mellitus in
Chinese population. Chin Med J (Eng). 1998:111:903-905.

57. Kuroyama H, Sanke T, Ohagi S, Furuta M, Furuta H, Nanjo
K. Simple tandem repeat DNA polymorphism in the human
glycogen synthase gene is associated with NIDDM in Japanese
subjects. Diabetologia. 1994:37:536-539.

200



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5

