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Abstract

Neurodegenerative diseases are linked to tauopathy as a result of cyclin dependent kinase 5 (cdk5)
binding to its p25 activator instead of its p35 activator and becoming over-activated. The
overactive complex stimulates the hyperphosphorylation of tau proteins, leading to neurofibrillary
tangles (NFTs) and stunting axon growth and development. It is known that the sigma-1 receptor
(Sig-1R), an endoplasmic reticulum chaperone, can be involved in axon growth by promoting
neurite sprouting through nerve growth factor (NGF) and tropomyosin receptor kinase B
(TrkB)[™: 21 1t has also been previously demonstrated that a Sig-1R deficiency impairs the process
of neurogenesis by causing a down-regulation of N-methyl-D-aspartate receptors (NMDARS)[3].
The recent study by Tsai ef a/ sought to understand the relationship between Sig-1R and
tauopathy[“l. It was discovered that the Sig-1R helps maintain proper tau phosphorylation and
axon development by facilitating p35 myristoylation and promoting p35 turnover. Neurons that
had the Sig-1R knocked down exhibited shortened axons and higher levels of phosphorylated tau
proteins compared to control neurons. Here we discuss these recent findings on the role of Sig-1R
in tauopathy and highlight the newly presented physiological consequences of the Sig-1R-lipid
interaction, helping to understand the close relationship between lipids and neurodegeneration.

Neurodegenerative and CNS diseases, such as Alzheimer’s disease and Parkinson’s disease,
are in part caused by disturbances in proper axonal maintenance and can be recognized by a
decrease in axonal lengthl>=71. There are a variety of factors that can impact axon length: for
example, proteins such as glial cell-line derived neurotrophic factor (GDNF) and nerve
growth factor (NGF) can influence axon length, branching, and growth kinetics[8], and the
expression of ADP-ribosylation factor nucleotide-binding site opener (ARNO) and ADP-
ribosylation factor 6 (ARF6) can result in enhanced axonal extension via downstream
activation of phosphatidyl-inositol-4-phosphate 5-Kinase o [PI1(4)P 5-Kinase (. It has
also been demonstrated that sphingolipid synthesis is necessary for axon growth[10],
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In normally functioning neurons, tau proteins stabilize the structure of microtubules,
contributing to proper axon growth[11: 121 |n contrast, in CNS disorders it is characteristic
for tau proteins to be highly-phosphorylated and form neurofibrillary tangles (NFTs), often
in aggregates known as paired helical filaments (PHFs)!3]. It has been proposed that
hyperphosphorylation causes a functional loss of tau, preventing it from interacting with or
stabilizing microtubules. This would result in axonal microtubules becoming destabilized
and depolymerized and could cause neurons to degeneratel4l. It has also been suggested
that abnormally phosphorylated tau proteins interact with normal tau proteins, making the
latter unavailable to stabilize microtubules!?®l. The kinases that phosphorylate tau proteins
are generally divided into two categories: proline directed kinases and non-proline directed
kinasesl6]. Examples of proline directed kinases include GSK3B, cdk5, p38, MAP, and
JNK, and examples of non-proline directed kinases include the tyrosine kinase fyn, MARK,
PKA, PKC, and CK1[16-19],

Important to this paper is the role of cyclin-dependent kinase 5 (cdk5), a proline directed
kinase, in maintaining proper function of axonal maintenance by phosphorylating tau
proteins. Cdk5 can be activated by p35 or p25[29-251. These two activators cause different
responses: p35 causes “beneficial” activation of cdk5, whereas p25 causes “abnormal”
activation of cdk5. P35 has a relatively short half-life; there exists a negative feedback loop
in which the activity of the p35/cdk5 kinase complex leads to autophosphorylation and
degradation of p35 and therefore inactivation!2¢l. In adult neurons it is more common for
p35 to be cleaved by calpain into p25[27-291. P25 has a longer half-life than p35, so upon
cleavage, p25 activates cdk5 and allows the complex to remain activated longer. In addition
to prolonging activation of cdk5, p25 induces aberrant activation by releasing the complex
from the membrane and allowing it to access additional substrates[3%l. This overactive cdk5
complex can cause the hyperphosphorylation of tau proteins that leads to NFTSs.

The study led by Tsai et al examined the role of the Sig-1R, an endoplasmic reticulum (ER)
chaperone, in the process of tauopathy!4l. Tsai and colleagues ultimately learned that the
Sig-1R associates with myristic acid, promoting p35 turnover and regulating tau
phosphorylation. To confirm the hypothesis that the Sig-1R is involved in regulating tau
phosphorylation, Tsai et al. first transfected neurons with Sig-1R siRNA (siSig-1R) or
control siRNA (SiCon) to verify that the Sig-1R is associated with axon development. When
compared to the control group, it was seen that neurons transfected with siSig-1R resulted in
reduced axon length. This supports the idea that the Sig-1R chaperone is involved in the
regulation of axonal length and density. It was also discovered that diminished Sig-1R
expression in neurons resulted in a noticeable accumulation of PHFs, which are indicative of
hyperphosphorylated tau proteins and ultimately affect axon length.

When crude brain extracts from Sig-1R WT and KO mice were treated with CaCl, to induce
calpain activity, there was no difference in the cleavage of p35 to p25 between types of
micel4]. When taken together with data from treatments with the calpain inhibitor ALLM,
these results show that the Sig-1R is not related to axonal length by affecting the conversion
of p35 to p25 via calpain but rather by controlling the p35 degradation mainly through the
proteasomal pathway.
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Work by Patrick et al. demonstrated that p35 is more abundant than p25 in the membrane
fraction, which may indicate that p35 is normally located at the membranel?1]. Asada et a/
furthered this notion and revealed that myristoylation regulates the membrane association of
p35[31]. Martin and Hayden recently reported that post-translational myristoylation (PTMyr)
may not be limited to apoptosis and may play a role in cell survival, differentiation, and
autophagy32l. Tsai et a/. determined that in the process of tauopathy, the Sig-1R binds
myristic acid, which is used to myristoylate p35, and regulates the attachment of p35 to the
membrane, perhaps by transferring myristic acid to p35[4]. Once p35 is myristoylated and
bound to the membrane it can activate cdk5. Minegishi and colleagues found that both
proteasomal degradation and calpain cleavage of p35 are stimulated by membrane
association, which is in turn mediated via myristoylation of the N-terminal p10 region of
p35. Therefore, when p35 is bound to the membrane the total turnover rate (by both
degradation and cleavage) is greater than when p35 is not bound to the membranel3%]. The
Sig-1R, by binding myristic acid, effectively helps balance the rate at which p35 is cleaved
into p25 or degraded by proteasomes, serving thus as a modulator between the “normal” and
“abnormal” activation of cdk5 and the regulation of axonal development.

By supplementing cells with exogenously added myristic acid, it was confirmed that
myristic acid is important in regulating axon length and density[4]. In Sig-1R knockdown
neurons, the addition of myristic acid eliminated irregular buildups of p35. Additionally, in
WT and Sig-1R KO neurons, adding exogenous myristate not only amplified axon growth in
the WT neurons but recovered the loss of axon length in KO neurons.

Several authors have previously reported on the relationship between Sig-1R and lipids.
Results from Hayashi and Su indicate that the Sig-1R regulates the dynamics and
compartmentalization of lipids on the ER[33]. Hayashi and Fujimoto stated that the Sig-1R is
located at the MAM at specific ceramide- and cholesterol-rich lipid microdomains and that
these lipid raft microdomains play a role in the distribution of Sig-1R[34l. When these sets of
data are analyzed together they appear to indicate a seemingly reciprocal regulating
relationship between the Sig-1R and lipids. On the one hand, it was found that changing the
lipid membrane composition results in the translocation of Sig-1R, and it was thus proposed
that the microdomains are used to anchor the Sig-1R to a location[34]. On the other hand,
Palmer et al. provided evidence that in breast cancer cell lines the Sig-1R helps model and
stabilize lipid rafts by binding to and inserting cholesterol into the membranel3°l. Slightly
relevant to this relationship is a report that demonstrated that the Sig-1R associates with
Insig in a 25-hydroxycholesterol-dependent manner to form an ER associated degradation
(ERAD) system at the membrane and that the degradation of the sphingolipid enzyme
CGalT is regulated by this ERAD system possibly through an interaction between CGalT
and sterols[36]. Although those previous studies have shown that Sig-1Rs are interacting with
the lipids, this paper by Tsai et al. reported for the first time on the physiological
significance of the Sig-1R-lipid interaction[4l. Thus, the new finding of Tsai ef a/. suggests
that the Sig-1R apparently provides the myristic acid, by means of myristic acid
“hitchhiking” on the Sig-1R that allows p35 to bind to the lipid membrane where p35 can
accomplish the balanced or homeostatic activation of cdk5. This ultimately results in the
regulation of normal axonal growth and maintenance.

Receptors Clin Investig. Author manuscript; available in PMC 2016 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ciesielski et al.

Page 4

Acknowledgments

This work was supported by the Intramural Research Program of the National Institute on Drug Abuse, National
Institutes of Health, US Department of Health and Human Services.

References

1.

Takebayashi M, Hayashi T, Su T-P. Nerve Growth Factor-Induced Neurite Sprouting in PC12 Cells
Involves o-1 Receptors: Implications for Antidepressants. J Pharmacol Exp Ther. 2002; 303:1227-
1237. [PubMed: 12438547]

. Kimura Y, Fujita Y, Shibata K, Mori M, Yamashita T. Sigma-1 Receptor Enhances Neurite

Elongation of Cerebellar Granule Neurons via TrkB Signaling. PLOS ONE. 2013; 8:1-8.

.Sha 'S, QuW-J, LiL, Lu Z-H, Chen L, Yu W-F, et al. Sigma-1 Receptor Knockout Impairs

Neurogenesis in Dentate Gyrus of Adult Hippocampus Via Down-Regulation of NMDA Receptors.
CNS Neurosci Ther. 2013; 19:705-713. [PubMed: 23745740]

. Tsai S-YA, Pokrass MJ, Klauer NR, Nohara H, Su T-P. Sigma-1 receptor regulates Tau

phosphorylation and axon extension by shaping p35 turnover via myristic acid. Proc Natl Acad Sci
USA. 2015; 112:6742-6747. [PubMed: 25964330]

. Lesnick TG, Papapetropoulos S, Mash DC, Ffrench-Mullen J, Shehadeh L, de Andrade M, et al. A

genomic pathway approach to a complex disease: Axon guidance and Parkinson disease. PloS
Genet. 2007; 3:€98. [PubMed: 17571925]

. Lin L, Lesnick TG, Maraganore DM, Isacson O. Axon guidance and synaptic maintenance:

preclinical markers for neurodegenerative disease and therapeutics. Trends Neurosci. 2009; 32:142—
149. [PubMed: 19162339]

. Kubo T, Yamaguchi A, Iwata N, Yamashita T. The therapeutic effects of Rho-ROCK inhibitors on

CNS disorders. Ther Clin Risk Manag. 2008; 4:605-615. [PubMed: 18827856]

. Madduri S, Papaloizos M, Gander B. Synergistic effect of GDNF and NGF on axonal branching and

elongation in vitro. Neurosci Res. 2009; 65:88-97. [PubMed: 19523996]

. Hernandez DJ, Roth MG, Casanova JE, Wilson JM. ARNO and ARF6 Regulate Axonal Elongation

and Branching through Downstream Activation of Phosphatidylinositol 4-Phosphate 5-Kinase a.
Mol Biol Cell. 2004; 15:111-120. [PubMed: 14565977]

10. Schwarz A, Rapaport E, Hirschberg K, Futerman AH. A Regulatory Role for Sphingolipids in

11.

Neuronal Growth: Inhibition of Sphingolipid Synthesis and Degradation have Opposite Effects on
Axonal Branching. J Biol Chem. 1995; 270:10990-10998. [PubMed: 7738041]

Pollanen MS, Bergeron C, Weyer L. Characterization of a shared epitope in cortical Lewy body
fibrils and Alzheimer paired helical filaments. Acta Neuropathol. 1994; 88:1-6. [PubMed:
7524261]

12. Mishina M, Ohyama M, Ishii K, Kitamura S, Kimura Y, Oda K, et al. Low density of sigmal

receptors in early Alzheimer’s disease. Ann Nucl Med. 2008; 22:151-156. [PubMed: 18498028]

13. Brion JP, Anderton BH, Authelet M, Dayanandan R, Leroy K, Lovestone S, et al. Neurofibrillary

tangles and tau phosphorylation. Biochem Soc Symp. 2001; 67:81-88. [PubMed: 11447842]

14. Shahani N, Brandt R. Functions and malfunctions of the tau proteins. Cell Mol Life Sci. 2002;

59:1668-1680. [PubMed: 12475178]

15. Alonso AC, Zaidi T, Grundke-Igbal I, Igbal K. Role of abnormally phosphorylated tau in the

breakdown of microtubules in Alzheimer disease. Proc Natl Acad Sci USA. 1994; 91:5562-5566.
[PubMed: 8202528]

16. Avila J. Tau phosphorylation and aggregation in Alzheimer’s disease pathology. FEBS Lett. 2006;

580:2922-2927. [PubMed: 16529745]

17. Stoothoff WH, Johnson GVW. Tau phosphorylation: physiological and pathological consequences.

BBA-Mol Basis Dis. 2005; 1739:280-297.

18. Hanger DP, Anderton BH, Noble W. Tau phosphorylation: the therapeutic challenge for

neurodegenerative disease. Trends Mol Med. 2009; 15:112-119. [PubMed: 19246243]

Receptors Clin Investig. Author manuscript; available in PMC 2016 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ciesielski et al.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 5

Buee L, Bussiere T, Buee-Scherrer V, Delacourte A, Hof PR. Tau protein isoforms,
phosphorylation and role in neurodegenerative disorders. Brain Res Rev. 2000; 33:95-130.
[PubMed: 10967355]

Bian F, Nath R, Sobocinski G, Booher RN, Lipinski WJ, Callahan MJ, et al. Axonopathy, tau
abnormalities, and dyskinesia, but no neurofibrillary tangles in p25-transgenic mice. J Comp
Neurol. 2002; 446:257-266. [PubMed: 11932941]

Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH. Conversion of p35 to p25
deregulates Cdk5 activity and promotes neurodegeneration. Nature. 1999; 402:615-622. [PubMed:
10604467]

Hisanaga S, Saito T. The regulation of cyclin-dependent kinase 5 activity through the metabolism
of p35 or p39 Cdk5 activator. Neurosignals. 2003; 12:221-229. [PubMed: 14673209]

Su SC, Tsai L-H. Cyclin-dependent kinases in brain development and disease. Annu Rev Cell Dev
Biol. 2011; 27:465-491. [PubMed: 21740229]

Zhu Y-S, Saito T, Asada A, Maekawa S, Hisanaga S. Activation of latent cyclin-dependent kinase 5
(Cdk5)-p35 complexes by membrane dissociation. J Neurochem. 2005; 94:1535-1545. [PubMed:
15992363]

Humbert S, Dhavan R, Tsai L. p39 activates cdk5 in neurons, and is associated with the actin
cytoskeleton. J Cell Sci. 2000; 113:975-983. [PubMed: 10683146]

Patrick GN, Zhou P, Kwon YT, Howley PM, Tsai LH. p35, the neuronal-specific activator of
cyclin-dependent kinase 5 (Cdk5) is degraded by the ubiquitin-proteasome pathway. J Biol Chem.
1998; 273:24057-24064. [PubMed: 9727024]

Lee MS, Kwon YT, Li M, Peng J, Friedlander RM, Tsai LH. Neurotoxicity induces cleavage of
p35 to p25 by calpain. Nature. 2000; 405:360-364. [PubMed: 10830966]

Kusakawa G, Saito T, Onuki R, Ishiguro K, Kishimoto T, Hisanaga S. Calpain-dependent
proteolytic cleavage of the p35 cyclin-dependent kinase 5 activator to p25. J Biol Chem. 2000;
275:17166-17172. [PubMed: 10748088]

Nath R, Davis M, Probert AW, Kupina NC, Ren X, Schielke GP, et al. Processing of cdk5 activator
p35 to its truncated form (p25) by calpain in acutely injured neuronal cells. Biochem Biophys Res
Commun. 2000; 274:16-21. [PubMed: 10903889]

Minegishi S, Asada A, Miyauchi S, Fuchigami T, Saito T, Hisanaga S. Membrane association
facilitates degradation and cleavage of the cyclin-dependent kinase 5 activators p35 and p39.
Biochemistry. 2010; 49:5482-5493. [PubMed: 20518484]

Asada A, Yamamoto N, Gohda M, Saito T, Hayashi N, Hisanaga S. Myristoylation of p39 and p35
is a determinant of cytoplasmic or nuclear localization of active cyclin-dependent kinase 5
complexes. J Neurochem. 2008; 106:1325-1336. [PubMed: 18507738]

Martin DDO, Hayden MR. Post-translational myristoylation at the cross roads of cell death,
autophagy and neurodegeneration. Biochem Soc Trans. 2015; 43:229-234. [PubMed: 25849922]

Hayashi T, Su T-P. Sigma-1 receptors (sigma(1) binding sites) form raft-like microdomains and
target lipid droplets on the endoplasmic reticulum: roles in endoplasmic reticulum lipid
compartmentalization and export. J Pharmacol Exp Ther. 2003; 306:718-725. [PubMed:
12730355]

Hayashi T, Fujimoto M. Detergent-Resistant Microdomains Determine the Localization of o-1
Receptors to the Endoplasmic Reticulum-Mitochondria Junction. Mol Pharmacol. 2010; 77:517-
528. [PubMed: 20053954]

Palmer CP, Mahen R, Schnell E, Djamgoz MBA, Aydar E. Sigma-1 Receptors Bind Cholesterol
and Remodel Lipid Rafts in Breast Cancer Cell Lines. Cancer Res. 2007; 67:11166-11175.
[PubMed: 18056441]

Hayashi T, Hayashi E, Fujimoto M, Sprong H, Su T-P. The Lifetime of UDP-galactose:Ceramide
Galactosyltransferase Is Controlled by a Distinct Endoplasmic Reticulum-associated Degradation
(ERAD) Regulated by Sigma-1 Receptor Chaperones. J Biol Chem. 2012; 287:43156-431609.
[PubMed: 23105111]

Receptors Clin Investig. Author manuscript; available in PMC 2016 April 11.



