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Abstract Sirtuin2 (SIRT2) is a deacetylase enzyme pre-

dominantly expressed in myelinating glia of the central

nervous system (CNS). We have previously demonstrated

that Sirt2 expression enhances oligodendrocyte (OL) dif-

ferentiation and arborization in vitro, but the molecular

targets of SIRT2 in OLs remain speculative. SIRT2 has

been implicated in cholesterol biosynthesis by promoting

the nuclear translocation of sterol regulatory element

binding protein (SREBP)-2. We investigated this further in

CNS myelination by examining the role of Sirt2 in

cholesterol biosynthesis in vivo and in vitro employing

Sirt2-/- mice, primary OL cells and CG4-OL cells. Our

results demonstrate that expression of cholesterol biosyn-

thetic genes in the CNS white matter or cholesterol content

in purified myelin fractions did not differ between Sirt2-/-

and age-matched wild-type mice. Cholesterol biosynthetic

gene expression profiles and total cholesterol content were

not altered in primary OLs from Sirt2-/- mice and in CG4-

OLs when Sirt2 was either down-regulated with RNAi or

overexpressed. In addition, Sirt2 knockdown or overex-

pression in CG4-OLs had no effect on SREBP-2 nuclear

translocation. Our results indicate that Sirt2 does not

impact the expression of genes encoding enzymes involved

in cholesterol biosynthesis, total cholesterol content, or

nuclear translocation of SREBP-2 during OL differentia-

tion and myelination.
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Introduction

In the developing central nervous system (CNS), oligo-

dendrocyte precursor cells (OPCs) originate from the

ventricular/subventricular zone. OPCs proliferate and

migrate throughout the cortical white matter, such as the

corpus callosum (CC), and ultimately differentiate into

mature, myelinating oligodendrocytes (OLs) (Baumann

and Pham-Dinh 2001; Bergles and Richardson 2015;

Nicolay et al. 2007). These differentiating OLs, which are

rich in myelin lipids and structural proteins, extend their

plasma membranes to wrap axons with compact, multi-

layered membranous sheath. Proper myelination is critical

for rapid signal conduction and long-term axonal survival

(Baumann and Pham-Dinh 2001; Simons and Nave 2015).

Myelin contains greater than 70% lipids in its dry weight

with 25% cholesterol in the total lipid content (Norton and

Poduslo 1973a; Saher and Simons 2010). In the brain,

cholesterol biosynthesis increases during the peak of

myelination (Dietschy and Turley 2004; Jurevics et al.

1997; Jurevics and Morell 1995; Muse et al. 2001), and
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cholesterol needed for the myelin biogenesis is primarily

derived from in situ biosynthesis in differentiating OLs

with little imported via circulation (Jurevics et al. 1997;

Jurevics and Morell 1995). In addition to being a large

structural component of myelin membranes, cholesterol

may also facilitate transport and sorting of proteins to form

compact myelin sheath (Saher and Simons 2010; Saher

et al. 2005; Saher et al. 2009; Simons et al. 2000; Werner

et al. 2013). Inactivation or mutation of enzymes involved

in the cholesterol biosynthetic pathway in OLs, such as

squalene synthase (SQS; Saher et al. 2005) and Hmg-CoA

synthase 1 (HMGCS1; Mathews et al. 2014), perturbs

myelin gene expression and axon ensheathment. Thus, the

supply of cholesterol is a rate-limiting factor for proper

CNS myelination (Mathews et al. 2014; Mathews and

Appel 2016; Saher et al. 2005).

Two master regulatory transcription factors, sterol reg-

ulatory element binding protein (SREBP)-1 and SREBP-2,

regulate lipid and cholesterol biosynthesis, respectively

(Brown and Goldstein 1997; Eberlé et al. 2004). SREBP-2

is synthesized as a precursor (125 kDa) and is bound to

SREBP cleavage activating protein (SCAP) in the endo-

plasmic reticulum. Under low sterol levels, the SREBP-

SCAP complex is exported to the Golgi where the cyto-

plasmic N-terminal active domain of SREBP-2 is cleaved

(Sakai et al. 1996; Wang et al. 1994; Yabe et al. 2002;

Yang et al. 2002). Subsequently, this mature form (N-ter-

minal domain) of SREBP-2 (68 kDa) translocates to the

nucleus and binds to sterol response element (SRE)

inducing genes encoding enzymes involved in cholesterol

biosynthesis (Amemiya-Kudo et al. 2002; Eberlé et al.

2004; Horton et al. 2002, 2003). The activity of SREBP

family of transcription factors is regulated by acetylation

and deacetylation of lysine residues within the DNA

binding domain, which modulates SREBPs activity and

downstream target gene expression (Giandomenico et al.

2003; Ponugoti et al. 2010; Walker et al. 2010). However,

relatively little is known about the regulatory factors gov-

erning SREBP-2 activity and cholesterol biosynthesis

during OL differentiation and myelination in the develop-

ing CNS.

Sirtuin2 (SIRT2), an NAD?-dependent deacetylase

enzyme has been implicated in cholesterol biosynthesis by

facilitating the nuclear translocation of SREBP-2 (Luthi-

Carter et al. 2010; Taylor et al. 2011). SIRT2 is primarily

expressed in OLs and incorporated into the myelin sheath

near paranodal loops (Li et al. 2007; Werner et al. 2007).

Sirt2 expression promotes process formation and induces

myelin gene expression during OL differentiation in vitro

(Ji et al. 2011). Loss of Sirt2 in the peripheral nervous

system (PNS) delays Schwann cell myelin formation via

deacetylation of Par-3 (Beirowski et al. 2011), but its role

in CNS myelination in vivo remains speculative. It was

reported that pharmacological inhibition of SIRT2 or

deacetylase mutation in Sirt2 impairs cholesterol biosyn-

thesis by reducing nuclear translocation of SREBP-2

leading to downregulation of several key genes in choles-

terol biosynthetic pathways in neuronal cultures (Luthi-

Carter et al. 2010). In contrast, Bobrowska et al. (2012)

reported no effect on nuclear translocation of SREBP-2 or

cholesterol biosynthesis in brain tissue from one month-old

Sirt2-/- mice. As SIRT2 expression is upregulated dra-

matically during the peak of myelination (Li et al. 2007;

Southwood et al. 2007; Werner et al. 2007; Zhu et al.

2012), we speculated that SREBP-2 may be a target of

SIRT2 in CNS white matter when OLs are undergoing

active differentiation and myelination.

In the present study, we have used Sirt2-/- mutant mice

to investigate the role of SIRT2 in regulating cholesterol

biosynthesis in the developing CNS white matter and pri-

mary OL cultures. Furthermore, we evaluated the impact of

loss or gain of Sirt2 function in CG4-OLs on the expression

of cholesterol biosynthetic genes, cholesterol content, and

nuclear translocation of SREBP-2.

Materials and Methods

Animals

Sirt2-/- mice (lacking exons 5, 6 and part of exon 7 of the

Sirt2 gene) (Strain name: B6.129-Sirt2tm1.1FWa/J; Stock

number: 012772) and C57BL6/J mice were obtained from

The Jackson Laboratory for breeding in-house at the

University of Saskatchewan. Genotyping was performed

using the following primers: Common—50-GACTG
GAAGTGATCAAAGCTC-30, Wild-type—50-CAGGGTC
TCACGAGTCTCATG-30, and Mutant—50-TCAAATC
TGGCCAGAACTTATG-30. All animal studies were con-

ducted in compliance with the University of Saskatch-

ewan’s Animal Care Committee guidelines.

Primary OL Cell Culture

Primary OLs were isolated from C57BL/6 mice or Sirt2-/-

mice at post-natal day 1, as previously described (Chen

et al. 2007; Niu et al. 2012; Thangaraj et al. 2017). Briefly,

cortices from the neonatal pups were digested with accu-

max solution (Sigma�) and passed through a 70 lm nylon

cell strainer. The filtered cell suspensions were maintained

as mixed glial cells in medium containing Dulbecco’s

modified Eagle medium/nutrient mixture F-12 (DMEM/

F12), 10% fetal bovine serum (FBS), and 1% penicillin–

streptomycin solution. After 7 days of culture, mixed glial

cells were grown in OL growth medium (OGM) containing

10 ng/mL biotin, 5 lg/mL insulin, 50 lg/mL transferrin,

330 Cell Mol Neurobiol (2018) 38:329–340

123



2 mM glutamine, 30 nM sodium selenite, 0.1% BSA,

10 nM hydrocortisone, 1% penicillin–streptomycin solu-

tion, and 30% B104-conditioned medium in DMEM/F12 to

enrich OL progenitors. After 14 days of culture, primary

OLs were shaken off (at 200 rpm; 37 �C) and isolated from

the mixed glial cultures. Differentiation of purified primary

OLs was induced by plating in OL differentiation medium

(ODM) containing 10 ng/mL biotin, 5 lg/mL insulin,

50 lg/mL transferrin, 2 mM glutamine, 30 nM sodium

selenite, 0.1% BSA, 10 nM hydrocortisone, 5 lg/ml N-

acetyl-L-cysteine, 1% penicillin–streptomycin solution, and

1% FBS in DMEM/F12. In some experiments, primary

OLs were differentiated using 1% delipidated FBS

(DLFBS; cholesterol-depleted FBS) to avoid the interfer-

ence of any external source of cholesterol from the media

components. Primary OLs were harvested 6 days after

differentiation for RNA extraction and cholesterol assay.

CG4-OL Cell Culture, Small Interference RNA,

Overexpression Vector Construct, and Transfection

The CG4-OL cell line was derived from O-2A progenitors

isolated from the rat forebrain (Louis et al. 1992). CG4-OLs

were cultured on Poly-D-Lysine (Sigma)-coated tissue cul-

ture dishes in growth medium (GM) containing DMEM,

50 lg/mL transferrin, 5 lg/mL insulin, 9.8 ng/mL biotin,

50 ng/mL selenium, 1% antibiotic–antimycotic solution,

and 30% B104 conditioned medium (Thangaraj et al., 2017;

Ji et al. 2011; Louis et al. 1992; Wang et al. 2011). Differ-

entiation was induced by changing GM to differentiation

medium (DM) containing DMEM, 50 lg/mL transferrin,

5 lg/mL insulin, 9.8 ng/mL biotin, 50 ng/mL selenium, 1%

antibiotic–antimycotic solution, and 2% FBS or DLFBS

(Thangaraj et al. 2017; Ji et al. 2011; Wang et al. 2011).

Sirt2 siRNA with sense sequence 50-AGGGAG
CAUGCCAACAUAGAU-30 commercially synthesized

(Qiagen�) and pcDNAvector carrying full length Sirt2 insert

have been described previously (Ji et al. 2011). Transfection

was carried out with 40 nM of scramble control siRNA or

Sirt2 siRNA and 3 lg of pcDNA control vector or pcDNA-

Sirt2 vector on (day) d0, d2, d4 using 0.3% Lipofectamine

2000 (Invitrogen�) in serum-free/antibiotic-free medium.

Cells were harvested for biochemical analyses after 6 days

of differentiation.

RNA Isolation, Reverse Transcription-PCR (RT-

PCR), and Quantitative Real-Time-PCR (qRT-

PCR)

Total RNA was isolated from the CC, primary OLs, or CG4-

OL cells using Ambion� total RNA miniprep kit (Invitro-

gen�) as per the manufacturer’s protocol. RNA

concentration was determined using NanoVue UV/Visible

spectrophotometer (GE Healthcare Life Sciences). First

strand cDNA synthesis was performed with 250–500 ng of

total RNA using High-Capacity cDNA Reverse Transcrip-

tion kit (Applied Biosystems�) with random primers. Final

concentration of total RNA for RT-PCR or qRT-PCR was

5–25 ng/lL. RT-PCR was carried out for Sirt2 in CG4-OLs

transfected with Sirt2 siRNA and pcDNA-Sirt2 according to

Ji et al. (2011). The following primer pairs were used:

(i) Sirt2, forward 50-TGAATGGCACCTACAGAGAC-30

and reverse 50-CAAAGGCATTATGGTAGGGC-30;
and (ii) b-Actin, forward 50-ATTGTAACCAACTGG
GACG-30 and reverse 50-TTGCCGATAGTGATGACC
T-30. The qRT-PCR was carried out using SYBR select

master mix in ABI 7300 (Applied Biosystems�) with cDNA

samples from CG4-OL cells, primary OLs, or CC of mouse

brain. Expression levels of Srebp-2, Hmgcr, Sqs, Sqle, and

Dhcr7 were quantified using the following primers pairs:

(i) Srebp-2, forward 50-TGCAGGTCAAAGTCTCTCCT-30

and reverse 50-GCAGGACTTGAAAGCTGGT-30; (ii)

Hmgcr, forward 50-CTGGTCCTAGAGCTTTCTCG-30 and

reverse 50-TGCTGTTCTGAGGAGAAGGA-30; (iii) Sqs, for-
ward 50-GAAGATTCGGAAGGGGCAAG-30 and reverse 50-
CTCAAGTACTGCCAGCTCAG-30; (iv) Sqle, forward 50-
TAAGAAATGCGGGGATGTCA-30 and reverse 50-GAA-
TATCTGAGAAGGCAGCG-30; and (v) Dhcr7, forward 50-
TTTATGGCCATGTGACCAAC-30 and reverse 50-
AACAGGTCCTTCTGATGGTT-30. Relative quantification

of transcripts was determined by threshold cycle differences

(2-DDCT) of target normalized to the endogenous controlb-actin
as described previously (Doucette et al. 2010; Thangaraj et al.

2017).

Immunocytochemistry

Immunocytochemistry was carried out as previously

described in (Thangaraj et al. 2017; Wang et al. 2011).

CG4-OL cells were cultured on coverslips at a density of

2 9 102 cells/mm2. Cells were fixed with 4%

paraformaldehyde and rinsed twice with PBS for 10 min.

Cells were blocked with 3% skim milk in phosphate-buf-

fered saline (PBS) containing 0.1% Triton X-100, incubated

with the anti-SREBP-2 (Abcam�) antibody overnight at

4 �C followed by incubation with Alexa Fluor� 594

(Molecular Probes�) secondary antibody for 1 h at room

temperature. Coverslips were mounted with Prolong Gold

anti-fade reagent containing DAPI (Invitrogen�) to visual-

ize nuclei. Blinded cell counts were performed (Doucette

et al. 2010; Thangaraj et al. 2017) using Image J software

(NIH). Mean % nuclear SREBP-2 (SREBP-2/DAPI co-lo-

calization) was calculated by counting[1500 cells and

expressed as a percentage of total cells (DAPI).
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Cholesterol Assay

Cholesterol assay was carried out using Amplex Red

Cholesterol Assay Kit (Invitrogen Molecular Probes�)

according to manufacturer’s instructions. CG4-OLs and

primary OLs were rinsed with 19 PBS and lysed with

reaction buffer (Invitrogen�). Cholesterol assay in wild-type

and Sirt2-/- mice were carried out using purified myelin

fractions. Total cholesterol values were normalized to total

protein as estimated with the BCA Protein Assay (Pierce�).

Fig. 1 Sirt2-/- mice show complete loss of Sirt2 mRNA and protein

expression: (a) Genotyping of Sirt2-/- mice was performed using

primers specific for wild-type (WT; lane 2 and 4) and Sirt2-/-

mutants (lane 1 and 3) (see ‘‘Materials and Methods’’ section). The

presence of amplicon at 538 bp (lane 2) and absence of amplicon at

700 bp (lane 1) confirms the WT phenotype, whereas the presence of

amplicon at 700 bp (lane 3) and absence of amplicon at 538 bp (lane

4) confirms the Sirt2 mutant phenotype. (b) RT-PCR show the

complete absence of Sirt2 mRNA in the corpus callosum (CC) of

Sirt2-/- mutants and (c) immunoblots of purified myelin isolated

from the whole brain show complete absence of the SIRT2 protein

Fig. 2 Cholesterol biosynthesis

is not altered in CNS white

matter of Sirt2-/- mice.

Quantification of mRNA

expression of key cholesterol

biosynthetic genes by qRT-PCR

at P15 (a) and P60 (b) showed
no difference between Sirt2-/-

mice and age-matched wild-

type (WT) mice. The bar graphs

represent the transcript levels of

Srebp2, Hmgcr, Sqs, Sqle, and

Dhcr7 normalized to the

housekeeping gene b-actin and

represented relative to WT

controls (n = 6). Data

represented as Mean ± SEM;

unpaired t test; n.s.

(c) Quantification of total

cholesterol content from

purified myelin fraction of

the whole brain at P15 showed

no difference between Sirt2-/-

and WT mice. Protein content in

the purified myelin fraction was

used to normalize total

cholesterol (n = 4). Data

represented as Mean ± SEM;

unpaired t test; n.s
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Preparation of Purified Myelin Fraction

Myelin was isolated from the whole brain of wild-type and

Sirt2-/- mice as described previously (Larocca and Norton

2007; Norton and Poduslo 1973b). Briefly, brain was

homogenized in ice-cold 0.3 M sucrose solution containing

20 mM Tris–HCl buffer (pH 7.45), 1 mM EDTA, 1 mM

DTT, 100 lM phenylmethylsulfonyl fluoride (PMSF), and

10 lg/mL leupeptin. Brain homogenate was layered over

0.83 M sucrose and centrifuged in an ultracentrifuge at

75,0009g. Myelin membranes were recovered from the 0.3

and 0.83 M interface and further purified by two rounds of

hypo-osmotic shock by resuspension in Tris–HCl buffer,

followed by a second round of centrifugation in a sucrose

gradient. Purified myelin was collected from the interface

and resuspended in Tris–HCl buffer.

Statistical Analysis

All quantitative data were compared using student’s t test

(Prism� Software Corporation) and are presented as

mean ± standard error of the mean (SEM).

Results

Cholesterol Biosynthesis is not Altered in CNS

White Matter of Sirt22/2 Mice

To investigate the role of Sirt2 in regulating cholesterol

biosynthesis in vivo, gene expression profiles of key

cholesterogenic enzymes were characterized in Sirt2-/-

mice during the period of peak myelination (P15) and in

Fig. 3 Cholesterol biosynthesis

is not altered in primary OLs

isolated from Sirt2-/- mice.

Primary OLs isolated from WT

and Sirt2-/- mice were allowed

to differentiate for 6 days.

Quantification of mRNA

expression levels of Hmgcr and

Sqle by qRT-PCR showed no

change in Sirt2-/- primary OLs

compared to WT primary OLs

cultured with FBS (a) or
DLFBS (c). qRT-PCR data were

normalized to the housekeeping

gene b-actin and represented

relative to WT controls (n = 6).

Mean ± SEM; unpaired t test;

n.s. Quantification of total

cholesterol content showed no

difference between Sirt2-/- and

WT primary OLs cultured with

FBS (b) or DLFBS (d). Protein
content in the cell lysate was

used to normalize total

cholesterol (n = 6).

Mean ± SEM; unpaired t test;

n.s
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adulthood (P60). Mice were genotyped using specific pri-

mers for wild-type (WT) and Sirt2-/- mutant alleles

(Fig. 1a). A complete loss of Sirt2 mRNA (Fig. 1b) and

SIRT2 protein (Fig. 1c) was observed in the CC and

purified myelin isolated from the whole brain, respectively,

from Sirt2-/- mice. Expression levels of Srebp-2, Hmgcr,

Sqs, Sqle, and Dhcr7 were not altered in the CC of Sirt2-/-

mice compared to their age-matched WT controls at P15

(Fig. 2a) or P60 (Fig. 2b). In addition, total cholesterol

content in the purified myelin isolated from the whole brain

of Sirt2-/- and WT mice did not differ significantly

(Fig. 2c).

Sirt2 Does not Regulate the Cholesterol Biosynthesis

Pathway in OLs

To directly evaluate the impact of Sirt2 on cholesterol

biosynthesis in OLs, progenitor cells were isolated from the

Fig. 4 Expression of

cholesterol biosynthetic genes

and total cholesterol content in

CG4-OLs after knockdown of

Sirt2. CG4-OLs were

transfected with control siRNA

or Sirt2 siRNA under

differentiation conditions. (a,
b) Transfection with Sirt2

siRNA down-regulated the

expression of Sirt2 mRNA after

6 days. qRT-PCR data

normalized to b-actin and

represented relative to control

siRNA (n = 3). Mean ± SEM;

unpaired t test; ***p\ 0.001.

Knockdown of Sirt2 did not

alter the expression of Hmgcr,

Sqs, and Sqle mRNAs in CG4-

OL cells differentiated with

FBS (c) or DLFBS (e). qRT-
PCR data were normalized to

the housekeeping gene b-actin
and represented relative to

control siRNA (n = 3).

Mean ± SEM; unpaired t test;

n.s. Total cholesterol content

did not change after knockdown

of Sirt2 in CG4-OL cells

differentiated with FBS (d) or
DLFBS (f). Protein
concentration in the cell lysate

was used to normalize total

cholesterol (n = 3).

Mean ± SEM; unpaired t test;

n.s
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neonatal forebrain of Sirt2-/- and WT mice followed by

differentiation in serum-supplemented media for 6 days.

The loss of Sirt2-/- in primary OLs did not result in altered

expression of Hmgcr or Sqle when cultured in FBS

(Fig. 3a) or in DLFBS (Fig. 3c). Consistent with this, total

cholesterol content did not differ between Sirt2-/- and WT

primary OL cultures (Fig. 3b, d).

Furthermore, Sirt2 was knocked down or overexpressed

in CG4-OL cells during differentiation in media containing

either FBS or DLFBS. In Sirt2-siRNA-treated CG4-OLs,

expression of Sirt2 mRNA was significantly down-regu-

lated by *70% compared to control siRNA-treated cells

(Fig. 4a, b). However, the expressions of Hmgcr, Sqs, and

Sqle (Fig. 4c, e) and total cholesterol content (Fig. 4d, f)

were not altered in Sirt2-siRNA-treated cells. In CG4-OLs

transfected with pcDNA-Sirt2, expression of Sirt2 mRNA

is significantly upregulated by *500-fold (Fig. 5a, b).

Again, neither the expression of Hmgcr, Sqs, and Sqle

(Fig. 5c, e) nor total cholesterol content (Fig. 5d, f) was

altered in cells overexpressing Sirt2.

Fig. 5 Expression of

cholesterol biosynthetic genes

and total cholesterol content in

CG4-OLs overexpressing Sirt2.

CG4-OLs were transfected with

pcDNA or pcDNA-Sirt2 under

differentiation conditions. (a,
b) Overexpression of Sirt2

displays *500-fold increase in

the Sirt2 mRNA levels in CG4-

OL cells after 6 days. qRT-PCR

data normalized to b-actin and

represented relative to pcDNA

control vector (n = 3).

Mean ± SEM; unpaired t test;

**p\ 0.01. Overexpression of

Sirt2 did not alter the expression

of Hmgcr, Sqs, and Sqle

mRNAs in CG4-OL cells

differentiated with FBS (c) or
DLFBS (e). qRT-PCR data were

normalized to the housekeeping

gene b-actin and represented

relative to pcDNA vector

(n = 3). Mean ± SEM;

unpaired t test; n.s. Total

cholesterol content did not

change after overexpression of

Sirt2 in CG4-OL cells

differentiated with FBS (d) or
DLFBS (f). Protein content in

the cell lysate was used to

normalize total cholesterol

(n = 3). Mean ± SEM;

unpaired t test; n.s
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Sirt2 Does not Impact Nuclear Translocation

of SREBP-2

Nuclear translocation was assessed in CG4-OL cells

transfected with Sirt2-siRNA or pcDNA-Sirt2 by

immunostaining with SREBP-2 antibody (Fig. 6a–b, d–e).

SREBP-2 was largely expressed in the perinuclear region

of differentiating cells, presumably associated with the ER.

Approximately 35–40% of cells also showed nuclear

localization of SREBP-2. Knockdown (Fig. 6c) or over-

expression (Fig. 6f) of Sirt2 resulted in no change in the

subcellular distribution of SREBP-2 compared to their

respective controls.

Discussion

Myelin is highly enriched in cholesterol, compris-

ing *80% of total brain cholesterol (Dietschy and Turley

2004; Muse et al. 2001). Cholesterol is thought to play a

vital role in transport and sorting of the myelin proteins

(Saher and Simons 2010; Saher et al. 2005, 2009; Simons

et al. 2000; Werner et al. 2013). Cholesterol-enriched

membrane domains in OPCs may also be important for

efficient signal transduction to facilitate the differentiation

(Mathews and Appel 2016). Defects in the cholesterol

biosynthesis pathway can cause dysmyelination, reduced

myelin gene expression, and impaired axon wrapping in

both the CNS (Mathews et al. 2014; Mathews and Appel

2016; Saher et al. 2005) and PNS (Saher et al. 2009;

Verheijen et al. 2009).

SREBP-2 is a key transcription factor that modulates

cholesterol biosynthesis. SREBP-2 is synthesized in the

endoplasmic reticulum, where it binds to SCAP. Low

cellular sterol level induces SREBP-2 processing and

translocation to the nucleus where it activates downstream

target genes (Horton et al. 2002, 2003). Previous studies

using SIRT2 specific inhibitors AGK2, AK-1, and AK-7

reported that the deacetylase activity of SIRT2 impacted

sterol biosynthesis by regulating nuclear trafficking of

Fig. 6 Sirt2 knockdown or Sirt2 overexpression in CG4-OL cells

does not impact nuclear translocation of SREBP-2. Representative

images of CG4-OLs cells transfected with the control siRNA (a) and
Sirt2 siRNA (b) or pcDNA (d) and pcDNA-Sirt2 (e) at day 6 under

differentiation conditions. Scale bar indicates 100 lm. Blinded

counts (n = 3;[1500 cells) of SREBP-2 (red) expression in the

nucleus (DAPI; blue) showed no difference in the subcellular

localization of SREBP-2 in CG4-OL cells after Sirt2 downregulation

(c) or Sirt2 overexpression (f). Mean ± SEM; unpaired t test, n.s

336 Cell Mol Neurobiol (2018) 38:329–340

123



Fig. 7 Schematic diagram depicting the speculative role of Sirt2 in

SREBP-2 nuclear trafficking and cholesterol biosynthesis. (a) In

silico analysis revealed putative lysine acetylation sites in the DNA

binding domain of SREBP-2 protein. Sequence alignment of the

conserved lysine residues in mouse, rat, and human SREBP proteins

with predicted acetylation lysine residues highlighted in red.

(b) Acetylation/deacetylation regulates nuclear trafficking and

activity of mature SREBP-2 (N-terminal fragment). In the nucleus,

SREBP-2 binds to sterol response element (SRE) and activates the

downstream genes encoding enzymes involved in cholesterol biosyn-

thesis. Collectively, our finding shows no impact of Sirt2 expression

on the cholesterol biosynthesis pathway indicating that SREBP-2 is

not a primary target of SIRT2 during oligodendroglial differentiation
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SREBP-2 protein in neuronal cells (Luthi-Carter et al.

2010; Taylor et al. 2011). Overexpression of Sirt2

increased nuclear translocation of SREBP-2, while over-

expression of deacetylase-deficient Sirt2 (Sirt2H150Y) or

pharmacological inhibition of SIRT2 reduced the nuclear

translocation of SREBP-2 (Luthi-Carter et al. 2010; Taylor

et al. 2011). Our in silico analysis revealed the presence of

two lysine residues at K310 and K329 in the DNA binding

domain of SREBP-2 (Fig. 7a). These lysine residues are

highly conserved across various SREBPs of which K283

and K303 in SREBP-1c have been shown to be deacety-

lated by SIRT1 (Ponugoti et al. 2010; Walker et al. 2010).

Hence, it is possible that the two conserved lysine residues

in SREBP-2 would be potential deacetylation sites for

SIRT2.

Loss of Sirt2 function in Schwann cells has been

shown to delay myelin formation in PNS (Beirowski et al.

2011). Sirt2 expression is also upregulated during OL

differentiation and in CNS myelination (Ji et al. 2011; Li

et al. 2007; Thangaraj et al., 2017; Werner et al. 2007;

Zhu et al. 2012). Our previous work demonstrates that

Sirt2 expression promotes differentiation in CG4-OLs,

including upregulation of myelin basic protein (MBP)

expression and enhanced outgrowth of cellular processes

(Ji et al. 2011). While a-tubulin has been identified as a

primary target of SIRT2 in oligodendroglial cells in vitro

(Li et al. 2007), this may not be the case in vivo (Bo-

browska et al. 2012). Thus, we postulated that SREBP-2

may be a possible target of SIRT2 during OL differenti-

ation and myelination. This would not only drive sterol

synthesis for the formation of myelin membranes (Saher

et al. 2005; Mathews et al. 2014) but may indirectly

facilitate myelin gene expression (Mathews and Appel

2016).

In the present study, we found no impact of Sirt2

expression on cholesterol biosynthesis in CNS white matter

in vivo and OL cultures in vitro (Fig. 7b). Although

Sirt2-/- mice showed a complete absence of Sirt2 mRNA

and SIRT2 protein in white matter tracts, no difference in

the expression level of Srebp2 or four of the key genes in

the biosynthesis pathway was observed (Figs. 1 and 2).

Furthermore, there was no difference in the cholesterol

content of purified myelin from Sirt2-/- and WT mice

(Fig. 2). Although OLs are thought to be primarily

responsible for the production of sterol required for myelin

formation, some of the cholesterol may be derived from

extracellular sources to maintain the integrity of myelin

sheath (Saher et al. 2005; Verheijen et al. 2009). Thus, it is

possible that in Sirt2-/- mice OLs might be dependent on

cholesterol coming from an external source for myelin

synthesis in vivo. To negate this caveat, primary OL and

CG4-OL cultures were differentiated in vitro to assess the

role of SIRT2 in cholesterol biosynthesis. In mammalian

cells, the presence of excess sterol induces feedback reg-

ulation by promoting the retention of SREBP-SCAP

complex in the endoplasmic reticulum and inhibiting

SREBP processing (Wang et al. 1994; Yang et al. 2002).

To control the presence of cholesterol in the media, CG4-

OLs and primary OLs were cultured in media containing

normal serum (FBS) or delipidated serum (DLFBS). The

loss of Sirt2 in primary OLs (Fig. 3), as well as knockdown

of Sirt2 or overexpression of Sirt2 in CG4-OLs (Figs. 4 and

5), did not alter the expression of cholesterol biosynthetic

genes and total cholesterol content.

The findings presented here are in agreement with

Bobrowska et al. (2012) who did not find a change in the

gene expression profile of enzymes involved in choles-

terol biosynthesis in the cortex, hippocampus, or brain

stem of Sirt2-/- mice. Unlike neuronal cells (Luthi-Carter

et al. 2010; Taylor et al. 2011), knockdown or overex-

pression of Sirt2 did not impact nuclear translocation of

SREBP-2 in OLs (Fig. 6). This discrepancy could be due

to cell type-specific differences in the expression pattern,

as Sirt2 is more abundantly expressed by OLs than other

cell types in the CNS (Zhang et al. 2014). Moreover, the

predominate isoform in OLs is SIRT2.2 (Thangaraj et al.

2017; Zhu et al. 2012), whereas in neurons it is SIRT2.1

(Luthi-Carter et al. 2010) which may result in selective

deacetylation targets. In summary, we have presented

several lines of evidence (Fig. 7b) to conclude that Sirt2

does not impact cholesterol biosynthesis during OL dif-

ferentiation and myelination in the developing CNS white

matter.
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