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Abbreviations
AP: Alkaline phosphatase
ARE: AU rich elements
BCIP: 5-bromo-4-chloro-3-indolylphosphate
CatC: Cathepsin C
c-fms: M-CSFR, macrophage colony-stimulating factor receptor
CNS: Central nervous system D
CysF: Cystatin F
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DIG: Digoxigenin
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ELAVL-1: Embryonic lethal, abnormal vision, drosophila like RNA binding protein 1
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Iba1: Ionized calcium-binding adapter molecule 1
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IL1β: Interleukin 1 beta
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MABT: Maleic acid buffer containing Tween 20
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miRBase: MicroRNA database
Mlc: Megalencephalic leukoencephalopathy with subcortical cysts
MS: Multiple sclerosis
NBT: Nitro blue tetrazolium chloride
NGS: Normal goat serum
NK: Natural killer
OE: Overexpression
PBS: Phosphate buffered saline
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RISC: RNA- induced silencing complex
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Summary

Demyelinating diseases (eg, multiple sclerosis) is a series of disorders that damage
the protective myelin sheath in the central nervous system. During the process of
demyelinating disease, demyelination is accompanied by remyelination at an early
phase forming the shadow plaque. But at a late stage, remyelination become arrested.
Cystatin F, a papain-like lysosomal cysteine proteinase inhibitor, and its main target,
cathepsin C, have been demonstrated to be crucial factors in regulating remyelination
arrest. It is found that the expression of cathepsin C and cystatin F are profoundly
elevated and matched with ongoing demyelination/ remyelination with different
kinetics. The balance of cystatin F level and cathepsin C level seems to be a crucial
factor to determine whether remyelination continues or not. We have been using a
chronic demyelination mouse model, named heterozygous PLP transgenic 4e (PLP4e/-)
mouse and to study cystatin F function, Flexible Accelerated STOP Tetracycline
Operator Knockin system was applied to generate gene overexpression or knockdown
mice. We found cystatin F upregulation from 2.5 months of age to 4 months of age
and then decreased from 4 months to 8months of age when remyelination is almost
blocked. I addressed the reason of the remyelination arrested in the chronic
demyelinating disorders. I also clarified the mechanisms decreasing the expression of
the beneficial factor cystatin F accompanying the remyelination arrest. If the cystatin
F gene regulatory mechanisms are clarified, we may be able to control cystatin F
expression, thus overcoming remyelination arrest in demyelinating disorders.
To clarify cystatin F gene regulatory mechanisms. I raised three potential pathways:
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firstly, as cystatin F is expressed in microglia, decrease in microglia number may result
in cystatin F downregulation. Secondly, cystatin F gene expression maybe regulated
through the decrease in the DNA promoter activity. Thirdly, post-transcriptional
regulation is another important regulatory site.
I counted the microglia number in PLP4e/- mouse by c-fms in situ hybridization.
Microglia number was not decreased from 4 months to 8months in PLP4e/- mouse.
Secondly, DNA promoter activity influence on cystatin F expression was checked by
switching endogenous cystatin F gene promoter to tetO promoter by skillfully use of
FAST system. I surprisingly found that cystatin F expression was automatically
decreased in CysF-STOP-tetO::Iba-tTA mouse from 3 weeks of age to 2.5 months of
age, which suggests cystatin F gene is regulated in post-transcriptional level instead
of transcriptional level. The reliability of this result was confirmed by the fact that tTA
was stably expressed during this period in CysF-STOP-tetO::Iba-tTA mouse.
Furthermore, I tried to characterize cystatin F mRNA destabilizing/ stabilizing
factors. Data showed that the factors specifically regulating cystatin F gene expression
is present in microglia but not in astrocyte. The factor(s) seem to be induced when
cystatin F gene was expressed independent of mouse age.
Next, I searched for RNA stabilization/destabilization factors that match the above
criteria. Two kinds of factors were found to match these condition: one mRNA binding
proteins and the other non-coding molecular such as microRNAs. ELAVL-1 is an AU
rich elements binding protein that has the function in stabilizing mRNA. I found
ELAVL-1 was more abundantly expressed in the cerebellum white matter of CysFSTOP-tetO::Iba-tTA 3 weeks mouse than in 2.5 months mouse. In PLP4e/- mouse from
4 months of age to 8 months of age, ELAVL-1 expressed in the microglia was
7

significantly decreased in the thalamus. In vitro study also showed ELAVL-1 siRNA
downregulated cystatin F expression. MicroRNAs is another possible regulator of
cystatin F mRNA. MicroRNAs cooperating with other factors (eg. Ago2, Not4p et al.)
form RNA-induced silencing complex (miRISC). The miRISC recognize the target
mRNA (usually 3’UTR) and repress gene translation. MiR29a is a member or miR29
family. Its sequence indicated that miR29a would hybridize with 3’UTR of cystatin F
mRNA. In my study, I detected miR29a dramatically increased from 3 weeks to 2.5
months in CysF-STOP-tetO::Iba-tTA mouse. In PLP4e/- mouse, miR29a was found to
be upregulated form 4 to 8 months old. However, in vitro, mouse NIH3T3 cells
transfected with miR29a precursor did not change cystatin F expression compared
with the control group. This is the first finding of the role of ELAVL-1 in cystatin F
gene regulation.
In summary, cystatin F gene regulatory pathways were explored in this research.
Cystatin F gene was post-transcriptionally regulated in PLP4e/- mouse. The characters
of cystatin F-mRNA stabilizing/ destabilizing factors were described in my work.
ELAVL-1 as ARE binding protein stabilized cystatin F mRNA. I demonstrated
ELAVL-1 decrease can lead to cystatin F gene downregulation in a post-transcritional
manner. All of these may be useful to develop a new therapy against demyelinating
disorders by blocking the remyelination arrest.
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Introduction

Demyelinating diseases is a series of disorders that damage the protective myelin
sheet surrounding neurons in the central nervous system (CNS). Multiple Sclerosis
(MS) is one common kind of demyelinating diseases. In MS, it is believed that
autoimmune system disorder leads to the inflammation and injury to the myelin sheet,
then further damaging the nerve fibers inside and resulting in sclerosis at last (Charcot
et al., 1868; Lumsden et al., 1970). With the process of demyelinating diseases, myelin
could be somehow repaired by newly generating myelin surrounding demyelinated
axons. This process is named as remyelination. Remyelination always appears at an
early phase of demyelinating diseases in the shadow plaque, which is present at the
border region surrounding demyelinating plaque. (Schlesinger et al., 1909; Lassmann
et al., 1983; Prineas et al., 1984; Prineas et al., 1985; Prineas et al.,1993a; Prineas et
al., 1993b). In chronic demyelinated lesions, remyelination gradually slows down and
eventually arrests (Franklin et al., 2002; Chari et al., 2007).
To clarify the mechanism suppressing remyelination in chronic demyelinating
lesions, Ma et al. performed cDNA microarray analysis and found cystatin F was
expressed in the shadow plaque, but not in the chronic lesions, and indicated that its
expression is highly related to demyelination associated with remyelination (Ma et al,.
2007; Ma et al,. 2011).
Cystatin F, also named as leukocystatin, is a papain-like lysosomal cysteine
proteinase inhibitor, which belongs to type II cystatin superfamily. It is mainly
expressed in immune system cells, for example spleen, resting T-cells, premonocytic
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cells, activated dendritic cells and some natural killer cell clones (Halfon et al., 1998;
Ni et al., 1998; Hashimoto et al., 2000; Obata et al., 2002). Cystatin F is firstly
synthesized as an inactive glycosylated disulphide-linked dimeric precursor and
activated to monomer form by N-terminal processing through endosomal/ lysosomal
pathway via mannose-6-phosphate receptor (Nathanson et al., 2002; Hamilton et al.,
2008; Colbert et al., 2009). Cathepin C (also known as dipeptidyl peptidase I, DPPI)
as the main substrate of cystatin F, plays a key role in activation granule serine
peptidases in inflammatory cells (Adkison et al., 2002; Mallen et al., 2004). It has been
proved that the activity of cathepsin C could be inhibited by N-terminal processed
cystatin F. Since cathepin C is involved in a range of functions in inflammatory cells,
eg. T cells, natural killer (NK) cells and neutrophils, cystatin F may play important
roles in immune cells through inhibition of cathepsin C. (Cappello et al., 2004;
Langerholc et al., 2005; Hamilton et al., 2008; Conus et al., 2010)
Previous studies have shown that the expression of cystatin F could be induced by
phagocytosis of compact myelin in microglia. The expression of cathepsin C and
cystatin F are profoundly elevated and matched with ongoing remyelination (Ma et al.,
2011).
To study the function of cystatain F/cathepsin C, we utilized PLP4e/- mouse as the
demyelinating disease model. Myelin proteolipid protein (PLP) is the major component
of the myelin. Kagawa et al. (1994) showed that transgenic mouse baring two extra
copies of PLP gene exhibited demyelination in the CNS (Kagawa et al., 1994). In the
PLP4e/- mouse demyelination starts from 2.5 months of age, during the period from 4-6
months of age demyelination is accompanied by active remyelination, and after 8
months of age the demyelination continues, however, remyelintaion is impaired. PLP4e/10

mouse model well simulated chronic demyelinating disorders. Ma et al., checked
cystatin F expression in PLP4e/- mouse and found that cystatin F started expressing in
PLP4e/- mouse from 2.5 months of age. Then upregulated until 4 months old. After 4
months cystatin F expression declined and almost disappeared by 8months. To clarify
the role of cystatin F in MS we introduced Flexible Accelerated STOP Tetracycline
Operator-Knockin (FAST) system to regulate gene expression of cystatin F and
cathepsin C. FAST system allows us to rapidly generate multiple lines of mice (Tanaka
et al., 2010). First, we generated cystatin F/cathepsin C knockdown (KD) mouse by
transgenic STOP-tetO (tTA (tetracycline-controlled transcriptional activator)-dependent
promoter) element into cystatin F/cathepsin C gene. Then we generated mice
overexpressing (OE) cystatin F/cystatin C specifically in microglia by crossing
CysF/CatC-STOP-tetO mouse with Iba1-tTA mouse (Tanaka et al., 2010; Tanaka et al.,
2012). By crossing these mice with PLP4e/- mouse, it was found that cystatin F KD or
cathepsin C OE result in exaggerated demyelination and cathepsin C KD rescued
impaired remyelination (Shimizu, Weisessmith, Li et al. submitted). Therefore, the
balance between cystatin F and cathepsin C expression determines whether
remyelination continues or not. It is thus interesting that cystatin F expression declines
in MS plaques or in aged PLP4e/- mouse because this could result in cathepsin C
dominant balance and remyelination arrest.
In this study, I investigated the mechanism that downregulates cystatin F expression
in PLP4e/- mouse. Understanding this mechanism and prevention of cystatin F
downregulation could contribute to a development of a new therapy against MS.
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Materials and Methods

Animals
All animals were bred and maintained in accordance with the guidelines described
by the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
and approved by National Institute for Physiological Sciences Animal Care and Use
Committee. Hemizygote Plp transgenic (PLP4e/-) mouse, with mixed background of
C57BU6JCr and DBA2Cr Fl mice (Kagawa et al., 1994) was used as the
demyelinating disease animal model. Flexible Accelerated STOP TetO- knockin
(FAST) system (Tanaka et al., 2010) was applied to generate cystatin F
overexpression/ knockdown mice (Shimizu, Weisessmith, Li et al. submitted). The
following genotypes mice were used in my experiment: CysF-STOP-tetO, Iba1-tTA,
Mlc-tTA, CysF-STOP-tetO::Iba-tTA, CysF-STOP-tetO::Mlc-tTA, wild type (WT),
and PLP4e/-mouse. Mlc-tTA mouse was generated and provided by Kenji F. Tanaka
(Tanaka et al., 2010).

Doxycycline treatment
Doxycycline (DOX) (Sigma, St. Louis, MO) was administered to regulate cystatin
F expression by feeding mice with 100 mg/kg DOX containing chow (Nosan Co.,
Yokohama, Japan). CysF-STOP-tetO::Iba-tTA and WT mice were treated with DOX
from the mother mice pregnant to 2 months after birth. Mice were sacrificed 3 weeks,
2.5 months and 4 months after removing DOX.
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Mouse Genotyping
Mouse tails were cut and collected in a 1.5 ml tube. DNA was extracted by using
100 μl of 25 mM NaOH solution containing 2 mM EDTA and incubated at 100℃ for
1.5 h. Then 100 μl of 40 mM Tris-HCl pH 7.5 was added. The following PCR primer
sets

were

used

in

genotyping:

mouse

ATGCCTGGGAGTTAGCAAGGGAAT-3’)

and

Iba1552U
mtTA-24L

(5’(5’-

CGGAGTTGATCACCTTGGACTTGT-3’) for Iba-tTA mouse; Mlc-0657U (5’and

AAATTCAGGAAGCTGTGTGCCTGC-3’)

mtTA-24L

(5’-

CGGAGTTGATCACCTTGGACTTGT-3’) for Mlc-tTA mouse; CysF-791L (5’and

GCTGCTGTTATGCTTGATCCC-3’)

tetO-Up

(5’-

AGCAGAGCTCGTTTAGTGAACCGT-3’) for genotyping Cystatin F-STOP-tetO
and WT mice; CysF-708L (5’-TCTCAGGGTTCCAAGAGTGTCC-3’) and CysF202U (5’-TTTCTTCACATCAGCATCCC-3’) for genotyping CysF-STOP-tetO
homozygote and heterozygote mice; two pairs of primers: CXRF2 Forward (5’CRXR2

TACTCAAGTGCCCCTAGGAAG-3’),
ATTGATCTTAAGAACCTC-3’)

and

Reverse
4e-primer-2

(5’(5’-

CAATGCGCTTACTGATGCGG-3’), 4e-primer-3 (5’-CGCACAGAAGCTATTATG
CG-3’) for PLP4e/- mouse.
Genotyping PCR programs used in my experiments were as follows. For cystatin F
gene: initial denaturation at 95℃ for 2 min, followed by 30 cycles of 95℃ for 30 sec,
59.5℃ for 30 sec, 72℃ for 30 sec and finally at 72℃ for 2 min. For Iba1 gene and
Mlc gene: Samples were heated at 95℃ for 2 min, followed by 2 cycles of (95℃ for
15 sec, 64℃ for 15 sec, 72℃ for 30 sec), 2 cycles of (95℃ for 15 sec, 61℃ for 15 sec,
72℃ for 30 sec), 15 cycles of (95℃ for 15 sec, 58℃ for 15 sec, 72℃ for 30 sec), and
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20 cycles of (95℃ for 15 sec, 55℃ for 15 sec, 72℃ for 30 sec). Finally the samples
were heated at 72℃ for 1 min, and 25℃ for 30 sec. For PLP gene: Samples were
heated at 95℃ for 2 min, followed by 35 cycles of (95℃ for 20 sec, 56℃ for 30 sec,
72℃ for 30 sec), and ending at 72℃ for 5 min. After genotyping PCR, DNAs were
detected by 1.2% (for cystatin F gene，Iba1 gene and Mlc gene) or 2% (for PLP gene)
agarose gel electrophoresis.

Mouse tissue preparation
Mice were anesthetized with pentobarbital (70mg/kg) and perfused with 4%
paraformaldehyde (PFA) solution in 0.1M phosphate buffer, pH7.4. Mice brains were
carefully removed, washed with PBS and immersed in 4% PFA overnight at 4℃. Then
the solution was changed to 20% sucrose/ PBS and to 30% sucrose/ PBS after 12 hours
incubation. Finally, brains were embedded in OCT compound (Sakura Finetechnical
Co., Tokyo, Japan), frozen in liquid nitrogen and stored at -80℃. Blocks were cut into
20μm sections by a cryostat (Leica CM 3050S, Leica Biosystems) at -20℃. Slides
were stored at -30℃.

Cell culture and transfection
Fibroblast cell line NIH3T3 was cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai Tesque, Kyoto, Japan) with 10% fetal bovine serum (FBS; ICN
Biomedicals Inc., Aurora, Colorado) and 1% penicillin/streptomycin (PS; Life
Technologies, Carlsbad, CA) at 37℃ under 5% CO2 atmosphere. Twenty four hours
before transfection, cells were passaged at a density of 2×104 /cm2 into 6 well plate in
DMEM with 10%FBS. Cells were transfected with 1μg cystatin F vector (CysF14

pcDNA1) mixing with Lipofectamine 2000 (Invitrogen, Waltham, MA) in DMEM.
Six hours later cell medium was changed to DMEM plus 10%FBS. Forty eight hours
after transfection cells were collected for real time PCR or immunostaining.
RNA interference studies were run using ELAVL-1 siRNA (sense 5’GAGGCAAUUACCAGUUUCA-dTdT-3’; anti-sense 5’-UGAAACUGGTAAUUG
CCUC-dTdT-3’, Sigma, St. Louis, MO) at a concentration of 100nM.
MiR29a treatment was performed by co-transfecting CysF-pcDNA1 plasmid with
miR29a precursor (Ambion, Waltham, MA) at a concentration of 100nM.

Cystatin F expression plasmid construction
Cystatin F expression plasmid was generated by ligation of cystatin F full-length
cDNA and pcDNA1 vector. The cystatin F full-length cDNA was obtained by binding
two parts. The 5’ part of the DNA was obtained from 4 months PLP4e/- mouse by using
RT-PCR.

Following

primers

were

used:

forward

5’-

GCGCGGATCCGGCCCACTACATGCTCCCTG-3’, reverse 5’-GCGCCTCGAG
ATGATAAATCATCCCCATCA-3’.

These

primers

have

extra

sequence

complementary to BamH1 and Xho1 respectively. However, when checking the
plasmid, I found an extra exon existed between the first and second exons of cystatin
F gene. Therefore, I purchased cystatin F cDNA (Thermo Scientific, Waltham, MA).
Unfortunately, sequencing result showed the 3’UTR of cystatin F gene was incomplete.
Thus, I connected these two cDNA, ligated to pcDNA1 vector and obtained the
cystatin F full-length cDNA containing plasmid.

In Situ Hybridization (ISH)
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Slides were fixed in 4% PFA for 20 min, and washed in PBS for 5 min twice,
followed by proteinase K (20 μg/ ml) treatment for 30 min. For miR29a ISH, slides
were incubated with proteinase K at 37℃ for 10 min. Then samples were fixed again
in 4% PFA for 15 min and washed with PBS for 5 min 2 times. Slides were then
transferred to the acetylation solution containing 0.25% acetic anhydride for 10 min
and washed with PBS 5 min twice. Prehybridization was carried out for 2-4 h at 65℃
in hybridization buffer containing 50% formamide, 5× saline-sodium citrate (SSC),
0.2 mg/ml yeast tRNA and 200 μg/ml heparin. Slides were then incubated in
digoxigenin (DIG)-labeled cystatin F, c-fms, ELAVL-1 probes (300 ng/ml) diluted in
hybridization buffer at 60℃ over night. Slides were washed with 5×SSC at 60℃ for
5 min , 2×SSC at 60℃ for 5 min, 0.2×SSC in 50% formamide at 60℃ for 30 min,
0.2×SSC at room temperature for 10 min, B1 buffer containing 0.1 M Tris-HCl, pH
7.5, 0.15M NaCl, 0.1% Tween and supplemented with 10% normal goat serum (NGS)
in room temperature for 5 min respectively. After blocking with the blocking buffer,
sections were incubated with anti- digoxigenin (DIG) – alkaline phosphatase(AP)
(Roche Life Science, Indianapolis, Indiana) (diluted to 1: 5000 in B1 buffer) for 90
min at room temperature. Unbound antibody was removed by washing with maleic
acid buffer containing Tween 20(MABT) for 10 min twice. Color developments were
performed by nitro blue tetrazolium chloride/ 5-bromo-4-chloro-3-indolylphosphate
(NBT/BCIP) (Roche Life Science, Indianapolis, Indiana) for 12-48 hours in dark.
Reactions were stopped by immersing the slides into PBS. The sections were
counterstained with Nuclear Fast Red (Vector laboratories, Burlingame, CA),
dehydrated with serial concentration of ethanol (70%, 80%, 90%, 100% twice),
cleared with clear plus and mounted with permount solution. Some slides were
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processed for immunohistochemistry (IHC) after ISH.
To detect miR29a, miRCURY LNA Detection probe (Exiqon, Woburn, MA) diluted
in miRCURY LNA microRNA detection microRNA ISH Buffer (Exiqon, Woburn,
MA) (10pmol) was used according to the manufacturer’s recommendation.

Immunostaining
Cryosections from 4% PFA perfused brains were used. Antigen retrieval was
performed by using antigen retrieval solution (10mM citrate butter, pH 6.0) and heated
in a microwave. Then slides were briefly washed by PBS-T (0.1% Triton-X100) and
incubated with 0.03% H2O2 in PBS-T for 30 min at room temperature. Sections were
blocked with 10% animal sera, which were chosen in accordance with the secondary
antibody species, for 1 hour at room temperature. Sections were incubated with the
primary antibodies at 4℃ overnight and with secondary antibodies for 1h at room
temperature. In DAB staining, sections were incubated with ABC solutions
(horseradish peroxidase- streptavidin- biotin complex, Vectastain Elite ABC Standard
kit; Vector laboratories, Burlingame, CA) and colored with 3,3’- diaminobenzidine
(DAB) solution containing 0.03% H2O2. Images were taken by Olympus digital
camera system (DP70) and Olympus microscopy (Olympus BX51).
For immunocytochemistry, NIH3T3 cells were fixed with 4% PFA. After brief wash
with PBST, blocking was performed with donkey serum. Then cells were incubated
with the 1st antibody at 4℃ overnight followed by the 2nd antibody treatment together
with Hoechst Dye at room temperature for 30minutes.
The following antibodies were used in the immunohistochemistry: rabbit anti-Iba1
polyclonal antibody (1:1000, Wako, Osaka, Japan), mouse anti- CNPase monoclonal
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antibody (1: 1000, Sigma, St. Louis, MO), goat anti-cystatin F polyclonal anbitody
(1:100, Santa Cruz Biotechnology, CA), rat anti-LAMP-2 monoclonal antibody (1:200.
Developmental Studies Hybridoma Bank, Iowa, Iowa), biotinlated anti rabbit IgG
(H+L) antibody (1: 1000, Vector laboratories, Burlingame, CA), biotinylated anti
mouse IgG (H+L) antibody (1: 1000, Vector laboratories, Burlingame, CA), Alexa
Fluor○ 594 donkey anti-goat IgG(H+L) (1:1000, Molecular Probes, Eugene, Oregon),
R

Alexa Fluor R○ 488 goat anti-rat IgG(H+L) (1:1000, Molecular Probes, Eugene,
Oregon).

RNA extraction, reverse transcription and quantitative real time PCR assay
(qRT-PCR)
Mice were killed by cervical vertebra dislocation. Brains were taken out and washed
with cold PBS. The whole procedure was performed on ice. Total RNA was extracted
by using Sepasol-RNAI Super Reagent (Nacalai Tesque, Kyoto, Japan) according to
the manufacturer's protocol. To purify RNA I treated RNA with DNase (Roche Life
Science, Indianapolis, Indiana). Reverse transcriptase (RT) reaction was performed
using TOYOBO ReverTra Ace according to the manufacturer’s protocol. Primers used
for cystatin F, tTA, ZFP36, ELAVL-1 and β-actin reverse transcription was Oligo (dT);
for

microRNAs

were

Gene

Specific

Primers

(miR29a-3p:

5’-

CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTAACCGAT-3’; miR173p:5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACAAGT-3’;
miR195a-3p: 5’- CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGA
GGGAGCAGC-3’; snoRNA135: 5’-CTCAACTGGTGTCGTGGAGTCGGCAATT
CAGTTGAGCTTCAGAA-3’). Quantitative real time PCR was performed by KAPA
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SYBR○
R FAST qPCR Kit Master Mix (2×) ABI Prism (Kapa Biosystems, Wilmington,
MA) as manufacture’s protocol. The following primer sets were used: cystatin F-F:
5’-

GGTCCTGGAGCTGTACTTGC-3’,

cystatin

F-R:

5’-

CAGTTGGTGATGCATGGTCT-3’; tTA-F: 5’-CCGAGAAGCAGTACGAGACC-3’,
tTA-R: 5’-TAGTCGACCTTGCGCTTCTT-3’; ELAVL-1-F: 5’- TGACAAACGGTC
AGAAGCAG-3’,

ELAVL-1-R:

5’-

AAACCCTTTGCACTTGTTGG-3’;

the

universal primer for micrRNA is 5’- TGGTGTCGTGGAGTCG-3’; miR29a-3p-F: 5’ACACTCCAGCTGGGTAGCACCATCTGAAAT-3’;

miR17-3p-F:

5’-

ACACTCCAGCTGGGACTGCAGTGAGGGCAC-3’;

miR195a-3p-F:

5’-

ACACTCCAGCTGGGCCAATATTGGCTGTGC-3’;

snoRNA135-F:

5’-

TAGTGGTGAGCCTATGGTTTT-3’. The cystatin F, tTA, ELAVL-1 expression was
quantified and normalized to endogenous control gene, β-actin. MiR29a, miR17 and
miR195a were normalized to the control gene, snoRNA135.

ARE binding proteins and microRNAs prediction
I used the RNA binding protein database (RBPDB) predicting proteins potentially
bind to 3’UTR of cystatin F mRNA. For microRNAs, three databases were applied
(microRNA.org basic on miRanda, Target Scan Mouse and DIANA). Among
hundreds of targets, I only picked up the proteins satisfying all the following three
conditions: 1. 100% matching sequence. 2. Matching sequence were located in AU
rich elements (ARE). 3. The proteins are highly related to mRNA stability according
to previous studies. For microRNAs, we chose those highly expressed in microglia for
the further study.
Cystatin F 3’UTR sequence used was as follows:
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5’-CTTCTGTCTCTTTAGCAAGACTGCAGCTGTGATACATATCCACTCGTGTT
TTCCCCACTCCTTACTTTCCACCCCATCCTGGCCATCTCAGATCCTCAGGG
CCTGCTTACCAGCGAGCAGATTAACATGCCAGTGGGTCATCAGGGGGCTG
GACTGGGAGAATATAGTGCCCTCCTCTCCAGATTAACTGTATTCACACTTT
CTTCTAAAATGAATTCTCTGGTGCTACACACCTAGATTCAGGATGTGGGCA
CGCAGAGAGTCCTTTGATGACATTACTGGAGCACGTGCAGAGCAAAGCA
GATACAGTCAACAAGGTGGTAGTGTGGGAAGCTTCTTGATGCCCGACTGC
ATGAGCAGATTCTGCAGCCGTCTGGTCTGCTACCATCAGACTAATATTGAT
GGGGATGATTTATCATAAATAAAAAGCTGATCACCTAAAAGCAA-3’

Statistical Analysis
All data were analyzed by using the scientific statistic software GraphPad Prism
version 5.0b (GraphPad Software, Inc., La Jolla, CA). Comparison of cystatin F
expressing and c-fms expressing microglia number at different time points in PLP4e/mouse and cystatin F expression in vitro study were assessed by one way ANOVA.
Comparison of cystatin F and c-fms expression in different parts of the brain and all
of the real-time RT-PCR results, except for in vitro study, two way ANOVA was used.
P values of less than 0.05 were considered significant.
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Results

Cystatin F expression is downregulated in PLP4e/- mouse from 4 months of age to
8 months of age.
Previous researches from our group have documented the important role of cystatin
F in demyelination and remyelination (Ma et al., 2011; Shimizu, Weisessmith, Li et al.
submitted).
First I confirmed cystatin F expression in PLP4e/- mouse at different stages (Figure
1. A and B). From an early stage of demyelination in PLP4e/- mouse (2.5 months of
age) cystatin F expression started, gradually increased and peaked at 4 months of age,
this is the stage when demyelination is accompanied by active remyelination. Then
from 4 months to 8 months of age cystatin F expression is significantly decreased. At
8 months PLP4e/- mouse, when demyelination still continues but remyelination is
already stopped, cystatin F expression is mostly gone. We have shown that the balance
between cystatin F and cathepsin C expression is crucial for determining whether
remyelination to be continued or not. Therefore, clarifying the cystatin F gene
regulatory mechanisms becomes interesting and if we could prevent cystatin F gene
expression termination, we may provide a new strategy to continue remyelination in
the chronic demyelinating lesions.

Cystatin F gene is regulated at the post-transcriptional level.
As cystatin F expression downregulation mechanism, I raised three possibilities as
follows: 1) microglia number decrease, 2) gene promoter activity downregulation and
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3) post-transcriptional regulation (Figure 2).
In demyelinating disorders (MS, PLP4e/- mouse and MOG-EAE model) cystatin F
is specifically expressed in microglia (Ma et al., 2011; Wilaiwan et al., in preparation),
and therefore, cystatin F downregulation may be attributed to the microglial cell
number decrease (possibility 1). I counted microglia number in PLP4e/- mouse at
different time points (4 months of age and 8 months of age) by in situ hybridization.
C-fms stained microglia number did not significantly change between 4 months and 8
months control and PLP4e/- mouse. (Figure 3) The index of cystatin F/c-fms indicates
the portion of microglia expressing cystatin F is decreased from 4 months to 8 months
(Figure 3C).
In the eukaryocytes, gene expression is tightly regulated at three steps from DNA
to protein. It contains the gene transcription from DNA to mRNA, mRNA processing
and the process from mRNA to protein. Because cystatin F expression decline is
observed by the method of in situ hybridization with cystatin F mRNA probe (Figure
1), the cystatin F gene should be modified at the first two steps. In the first step from
DNA to mRNA, gene promoter is an important regulatory site. To check the regulation
by the gene promoter activity, I switched cystatin F promoter from endogenous
promoter to tTA-tetO promoter by FAST system shown as Figure 4A. I used CysFSTOP-tetO transgenic mouse baring STOP-tetO fragment in the cystatin F gene. Then,
CysF-STOP-tetO mouse was crossed with Iba-tTA mouse and CysF-STOP-tetO::IbatTA mouse was generated (Tanaka et al., 2010; Tanaka et al., 2012). In CysF-STOPtetO::Iba-tTA mouse cystatin F gene is expressed using the tTA-tetO promoter in
microglia. However, I found that cystatin F mRNA level is decreased in CysF-STOPtetO::Iba-tTA mouse from 3 weeks of age to adult mouse of 2.5 months and 4 months
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of age (Figure 4B, C, 5A). These results suggested that cystatin F is regulated at the
post-transcription level.

CysF-STOP-tetO::Iba-tTA mouse is a useful mouse model for studying cystatin
F gene regulation.
To confirm cystatin F expression in CysF-STOP-tetO::Iba-tTA mouse is regulated
at the post-transcription level, analysis of mtTA expression by the tTA-dependent
promoter (tetO) and counting microglial number are necessary.
I examined microglia number in CysF-STOP-tetO::Iba-tTA mouse at 3 weeks, 2.5
months and 4 months of age by c-fms in situ hybridization. No significant difference
was observed among these mice and controls (Figure 5C).
Tanaka et al. (2012) has already demonstrated that mtTA is continuously expressed
by generating Iba-tTA::tetO-ChR2-EYFP double transgenic mouse and studying
EYFP expression at day21 (Tanaka et al., 2012). In my study, real time PCR results
also showed that in CysF-STOP-tetO::Iba-tTA mouse between 3 weeks and 2.5
months tTA expression level did not show significant difference (Figure 5B).
Therefore, cystatin F mRNA level decreased even in the continuous presence of mtTA.
By analyzing tTA-tetO expression efficiency and microglia number, I successfully
confirmed cystatin F expression is also regulated at the post-transcriptional level in
CysF-STOP-tetO::Iba-tTA mouse and demonstrated that CysF-STOP-tetO::Iba-tTA
mouse is a useful mouse model for studying cystatin F gene expression regulatory
mechanisms.

Characterization of cystatin F mRNA stabilizing/ destabilizing factors.
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I have demonstrated cystatin F is regulated at the post-transcriptional level. In other
words, cystatin F mRNA is decayed by some mRNA destabilizing factors. To further
understand the characters of these factors, I characterized these factors by answering
two questions: 1. Do these factors exist independent of mouse development? In other
words, is the expression of factor(s) dependent on cystatin F expression or are they
present at 2.5 months of age irrespective of cystatin F expression (and not at 3 weeks
of age), resulting in destabilization of cystatin F-mRNA at 2.5 months of age? 2. Do
these factors exist in cell types other than microglia?
To answer the first question, I designed the experiment shown in Figure 6. Cystatin
F

expression

can

be

modified

in

CysF-STOP-tetO::Iba-tTA mouse

by

doxycycline(DOX). Cystatin F is not expressed in the CysF-STOP-tetO::Iba-tTA
mouse in the presence of DOX, because DOX binds to mtTA and block the binding of
mtTA to the tetO site, which results in inhibition of cystatin F expression. According
to this principle, I administered DOX to embryonic CysF-STOP-tetO::Iba-tTA mouse
and wild type mice through the mother and to the pups until they grew to an adulthood
(2 months of age). After removing DOX for 2 weeks, 4 weeks, 2 months and 4 months,
I tested cystatin F expression by in situ hybridization (Figure 7). Interestingly, cystatin
F mRNA is also decreased in CysF-STOP-tetO::Iba-tTA mouse 2 months and 4
months after removing DOX compared with 2 weeks and 4 weeks after removing
DOX. It suggests the cystatin F mRNA destabilizing factors/stabilizing factors are
independent of mouse development and their expression is dependent on the cystatin
F expression.
To answer the second question, (cystatin F mRNA destabilizing factors/stabilizing
factors localization in cell types other than microglia), I generated the mouse
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expressing cystatin F in astrocyte specific manner. CysF-STOP-tetO::MLC-tTA knock
in mouse was generated and cystatin F mRNA was detected by in situ hybridization. I
used 3 weeks old mouse and 2.5 months old mouse again. As shown in Figure 8, I did
not observe significant difference in cystatin F expression in all parts of the brain
(cerebellum, hippocampus, cortex, thalamus and midbrain) between the two mouse
groups. It indicates cystatin F mRNA destabilizing factors/ stabilizing factors exist in
microglia but not in astrocytes.

ELAVL-1 and miR29a are regulated in CysF-STOP-tetO::Iba-tTA mouse during
mouse development.
Above results have revealed that cystatin F gene is regulated at the post-transcriptional
level in microglia. However, the factors and mechanisms controlling cystatin F mRNA
stability are still unknown. Messenger RNA degradation is dependent on two aspect:
mRNA elements and mRNA binding factors. The best studied elements controlling
mRNA stability in mammalian genome is AU rich elements (ARE), which locate at the
3’ untranslated region (UTR) of mRNA (Chen et al., 1995). RNA binding proteins (RBPs)
regulate mRNA stability by interacting with AREs of target gene. I predicted the RBPs
that potentially bind to cystatin F 3’UTR through searching the RNA binding protein
database (RBPDB) (data not shown). I selected ARE binding proteins related to mRNA
stability which have been reported be expressed in the microglia in the central nervous
system. Proteins satisfying these conditions were ELAVL-1 and Zfp36. Zfp36 is a mRNA
destabilizing factor and involved in regulation of various cytokine expression, such as
TNF-α，IL-1β and GM-CSF. (Carballo et al., 1998; Carballo et al., 2000; Carrick et al.,
2004; Ogilvie et al., 2005 ). I analyzed Zfp36 expression level by real time PCR, however,
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there was no significant difference between CysF-STOP-tetO::Iba-tTA 3 weeks and 2.5
months old mice (Figure 9A). The factor I am pursuing should be elevated from 3 weeks
to 2.5 months, thus Zfp36 is less likely to be the candidate. ELAVL-1 in situ hybridization
result showed that its expression in the white matter of cerebellum of CysF-STOPtetO::Iba-tTA mice decreased from 3 weeks to 2.5 months of age, while it did not change
in the wild type mice and remained at a low level (Figure 9B). The expression pattern of
ELAVL-1 is consistent to the character of the factor I am pursuing, considering the fact
that ELAVL-1 functions as mRNA stabilizing factor (Levy et al., 1998; Peng et al., 1998;
Wang et al., 2000; Brennan et al., 2001; Abdelmohsen et al., 2007).
MicroRNAs are another kind of mRNA stability regulatory factors. Various studies
have documented the functions of microRNAs in RNA silencing and posttranscriptional regulation of gene expression (Berezikov et al., 2005; Engels et al.,
2006; Fabian et al., 2012). Three different databases were applied for cystatin F mRNA
regulatory

microRNA

predication:

the

microRNA

database

(miRBase),

TargetScanMouse and DIANA Tools. Among hundreds of predicted targets, I picked
up microRNAs that have been reported to be expressed in microglia. They were
miR29a, miR17 and miR195 (Guedes et al., 2013; Butovsky et al., 2014). I performed
real time PCR to examine their expression. Even through miR17 and miR195 levels
were significantly increased in the wild type mouse from 3 weeks of age to 2.5 months
of age, there was no significant difference in CysF-STOP-tetO::Iba-tTA mouse
between 3 weeks and 2.5 months (Figure 10A, 10B). However, miR29a was
dramatically increased in CysF-STOP-tetO::Iba-tTA mouse from 3 weeks of age to
2.5 months of age. (Figure 10C). I further detected miR29a expression by in situ
hybridization in CysF-STOP-tetO::Iba-tTA mouse. MiR29a expression was
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dramatically upregulated from 3 weeks old to 2.5 months old in the whole brain,
especially in the cerebellum. MiR29a was partially expressed in the microglia, and its
expression in the microglia was also increased. (Figure 11)
These results reveals that ELAVL-1 and miR29a are the factors potentially
regulating cystatin F mRNA stability in CysF-STOP-tetO::Iba-tTA mouse.

ELAVL-1 and miR29a are regulated in PLP4e/- mouse from 4 months of age to 8
months of age.
Further, I tested ELAVL-1 and miR29a expression level in PLP4e/- mouse of 4
months of age to 8 months of age (Figure 12, 13). From 4 months of age to 8 months
of age cystatin F expression was significantly decreased in the whole brain including
cerebellum, midbrain, thalamus etc. (for the cerebellum see Figure 1). By using
ELAVL-1 ISH and Iba1 IHC double staining, I found the expression of ELAVL-1 was
significantly decreased in the microglia in PLP4e/- mouse from 4 months old to 8
months old in the thalamus (Figure 12). Similarly, I tested miR29a expression in the
PLP4e/- mouse. In the white matter of the cerebellum, miR29a was rarely detected in
PLP4e/- mouse of 4 months of age. However, miR29a could be found in the 8 months
old PLP4e/- mouse. MiR29a was detected in various cell types including microglia.
(Figure 13)
These findings suggest the potential roles of ELAVL-1 and miR29a in the cystatin
F gene regulation in the demyelinating disease animal model PLP4e/- mouse.

Cystatin F gene is regulated by ELAVL-1 in vitro.
To further prove ELAVL-1 and miR29a roles in cystatin F gene regulation, in vitro
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study is performed. I chose NIH3T3 cells in my study for two reasons: 1. NIH3T3 is
the cell line from mouse which provide the same genome as our in vivo study; 2.
NIH3T3 cells endogenously express ELAVL-1 protein (Dai et al., 2014). The diagram
outlines NIH3T3 cells co-transfected with cystatin F expression vector (CysFpcDNA1) and ELAVL-1 siRNA/ miR29a precursor. 48 hours after transfection,
cystatin F expression is measured (Figure 14A).
At first, I tested siRNA or microRNA precursor transfection efficiency by
transfecting

Fluorescent

labeled

oligonucleotides.

High

percentage

of

oligonucleotides were transfected into NIH3T3 cells. (Figure 14B, 14C) Then, I
constructed cystatin F expression vector (CysF-pcDNA1) and stained cystatin F
protein in the cells transfected with CysF-pcDNA1 by using immunofluorescence
(Figure 15A). Together with real time PCR results (Figure 15B), cystatin F was found
to be successfully transfected and expressed in NIH3T3 cells. Additionally, double
staining results show that cystatin F is partially localized in the lysosomes.
(Figure15A).
I quantified cystatin F expression in the cells by real time PCR. Compared with the
group transfected with CysF-pcDNA1 vector only, in the cells co-transfected with
ELAVL-1 siRNA cystatin F expression were significantly decreased. However, no
significant difference was detected in miR29a precursor transfected cells. It reveals
that cystatin F gene is regulated by ELAVL-1 but not by miR29a in vitro.
In summary, in this study I elucidated the cystatin F gene regulatory mechanism and
found ELAVL-1 post-transcriptionally regulates cystatin F gene. This finding may
provide us with a new insight for the understanding of remyelination arrest. (Figure
16)
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Discussion

Cystatin F predicted gene regulatory pathways.
Cystatin F has been proven to be an important factor tightly related to remyelination
and demyelination. Ma et al. found cystatin F is highly expressed in the shadow plaque
in the brain of multiple sclerosis patients and various demyelinating animal models,
such as PLP4e/- mouse model, cuprizone-induced demyelinating model and MOGinduced EAE demyelinating model. (Ma et al., 2007; Ma et al., 2011; Shimizu,
Wilaiwan, Li et al., submitted). In all of these demyelinating disease animal models,
cystatin F expression was induced from actively demyelinating phase and the early
phase of remyelination, however, reduced in the late phase when remyelination is
impaired. In my study, I found cystatin F is post-transcriptional regulated on the basis
of following reasons. 1). c-fms in situ hybridization results show that microglia
numbers were not changed in PLP4e/- mouse from 4 to 8 months of age. 2). Even when
I switched cystatin F promoter from endogenous promoter to Iba1 mtTA-tet O
promoter by the use of FAST system, cystatin F expression was also downregulated,
which indicates cystatin F downregulation is not the result of gene promoter activity
decline. (Figure 2, 3 and 4)
I further characterized the cystatin F mRNA stabilizing/destabilizing factors
responsible for cystatin F gene post-transcriptional regulation.
ELAVL-1 as a mRNA ARE binding protein, potentially binds to cystatin F mRNA
(AUUUA).(López de Silanes et al., 2003) In physiological conditions, ELAVL-1 has
a function in stabilizing mRNA and protecting mRNA rapidly destabilized by other
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RBPs. Whereas in some cancer, ELAVL-1 switched its function to mRNA
degeneration. (Myer et al., 1997; Gallouzi et al., 2001; Leandersson et al., 2006;
Prechtel et al., 2006; Izquierdo et al., 2008; Hinman et al., 2008; Abdelmohsen et al.,
2007; Doller et al., 2008) The accurate function of ELAVL-1 has not clearly clarified
yet. The functions of ELAVL-1 are controlled by its target mRNA, which is involved
in many cellular processes, such as cell proliferation, apoptosis, inflammation and
differentiation. In the CNS, ELAVL-1 is expressed in neuron and glial cells. I also
proved ELAVL-1 is localized in microglia as well as other cell types. In my work,
ELAVL-1 was highly expressed in 3weeks CysF-STOP-tetO::Iba-tTA mouse white
matter. In the PLP4e/- mouse from 4 to 8 months of age ELAVL-1 expressed in the
microglia was significantly decreased in the thalamus. Furthermore, cystatin F
expression was inhibited by ELAVL-1 siRNA in vitro (Figure 9B, 12 and 15B). I
highly suspect that ELAVL-1 downregulation leads to cystatin F mRNA unstable,
damaged and decreased at last.
Another important factor focused in this study was miR29a. MiR29a is a member
of miR29 family mainly expressed in the immune system. In the CNS, miR29a can be
expressed in the neuron, microglia and so on. There are 7 continuous complementary
bases between miR29a and cystatin F mRNA (Figure 10D). I found miR29a
expressioin was weakly expressed in CysF-tetO::Iba-tTA mouse at 3weeks of age,
however, significantly upregulated at 2.5months and 4months of age (Figure 10C, 11).
Even through the in vitro study, I could not detect significant difference in cystatin F
expression in miR29a precursor transfected cells compared with the control group, in
vivo, in PLP4e/- mouse from 4 months old to 8 months old miR29a was upregulated.
(Figure 13, 15B) MiR29a was highly expressed and regulated in various kinds of cell
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(neurons, microglia etc.), which indicates miR29a may have important functions in
many cell types and is involved in the regulation of demyelination and remyelination.
Interestingly, in the white matter of cerebellum in PLP4e/- mouse of 8 months of age, I
detected miR29a expressed in other glia cells apart from microglia. In the microglia,
miR29a was mainly localized in the processes but not in the cell body. Many studies
have proved that microRNAs can be stably encapsulated and trafficked in exosomes
between cells. (Cazzoli et al., 2013; Huang et al., 2013; Zhang et al., 2015; Liu et al.,
2016). In the CNS, Morel et al. demonstrated the pathway of exosome-mediated
transfer of microRNAs, especially miR124a, from neuron to astrocyte in regulating
glutamate transporter1 (GLT1) (Morel et al., 2012). Thus, I highly hypothesize that
miR29a was expressed in other glia cells and transported into microglia by exosomes.

Hypothesis for the mechanism of cystatin F working on remyelination.
Cystatin F as a secretory protein, some of them plays functions in the ECM and the
others could be uptake by other cells, which indicates its multiple functions in MS.
However, the detailed pathways are poorly understand. Previous researchers have
detected cystatin F protein in many cell types in the CNS including neuron, astrocyte
etc. even through it is only produced by the microglia in the brain. As cystatin F is a
protease inhibitor, it must play its function through its substrate protease. The main
substrate of cystatin F is cathepsin C, which is a protease regulating maturation of
cytokines through granzymes (Hamilton et al., 2008). Granzymes are neutral serine
proteases expressed in activated T-lymphocytes (CTLs) and natural killer cells (NK),
which could be cleaved and activated by cathepsin C from progranzymes A and B to
proteolytically active form. (Pham and Ley 1999; Kam et al., 2004) Activated
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granzymes maturate cytokines such as IL-1β and TNF-α. (Irmler et al., 1995; Fan et
al., 2003) These cytokines will regulate proliferation and differentiation of
oligodendrocyte progenitor cells then modulate remyelination. (Vela et al., 2002)
Since cystatin F inhibits cathepsin C activity, it is highly likely that it inhibits
activation of proinflammatory cytokines. Downregulation of cystatin F expression,
possibly by downregulation of ELAVL1 expression (this study) may play an important
role in remyelination arrest.
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Figure legends

Figure 1. Cystatin F expression pattern in the PLP4e/- mouse cerebellum.
(A) Cystatin F mRNAs in the cerebellum of PLP4e/- mouse at 2.5 months, 4 months,
6 months and 8 months of age were detected respectively by in situ hybridization. (B)
Cystatin F positive cell number per mm2 in the cerebellum of PLP4e/- mouse was
counted at 2.5 months, 4 months, 6 months and 8 months of age. Cystatin F expression
was significantly increased from 2.5 months to 4 months of age and then sharply
decreased from 4 months to 8 months in the PLP4e/- mouse. Data are presented as mean
±SEM of at least three independent experiments (n= 3-4). One way ANOVA was
performed, * indicates P＜0.05, ** indicates P＜0.01, **** indicates P＜0.0001.

Figure 2. Schematic drawings of factors potentially regulating cystatin F gene
expression in the PLP4e/- mouse.
There are three possible mechanisms regulating cystatin F gene expression. (A)
First, decrease in microglia number in the PLP4e/- mouse from 4 months to 8 months
of age may result in the low level of cystatin F mRNA. (B) Second, cystatin F gene
expression might be transcriptionally regulated. In this case, cystatin F gene promoter
should be downregulated. The blockage of cystatin F gene transcription might lead to
the downregulation of cystatin F mRNA expression. (C) Third, cystatin F gene can
also be regulated at the post transcriptional level. Cystatin F gene can be transcribed
into mRNA, but the cystatin F mRNA may be destroyed by mRNA destabilizing
factors.
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Figure 3. Cystatin F downregulation in the PLP4e/- mouse is not due to microglia
cell number decrease.
(A) Microglia in the cerebella of 4 months and 8 months old PLP4e/- mice was
detected by in situ hybridization using c-fms probe. The blue signals indicates stained
microglia. (B) The c-fms positive cell number per mm2 in the cerebellum was counted
and the number was compared between PLP4e/- mouse of 4 months and 8 months of
age. There was no significant difference in the c-fms positive cell number between 4
months and 8 months old PLP4e/- mice in the cerebellum (p=0.4741, n=3-4). (C) The
index obtained by dividing cystatin F positive cells number by c-fms positive cells
number significantly decreased from 4 months of age to 8 months of age in the PLP4e/mouse(p=0.0051, n=3-4). Student’s t-test were performed, ns indicates no significance,
p＞0.05, ** indicates P＜0.01.

Figure 4. Cystatin F expression is decreased in CysF-STOP-tetO::Iba-tTA mouse
during mouse development.
(A) Cystatin F endogenous gene promoter was changed into tTA-tetO promoter
using FAST system. I used the CysF-STOP-tetO::Iba-tTA mouse, so that tTA is
produced in the microglia and tTA binds to the tetO sequence in the cystatin F gene.
Cystatin F gene is forced to be expressed by the tetO promoter. (B) Cystatin F mRNA
in the cerebellum, hippocampus and cortex of CysF-STOP-tetO::Iba-tTA mouse at 3
weeks, 2.5 months and 4 months of age was detected by in situ hybridization. Wild
type mouse was used as a control. The data show that cystatin F mRNA is not
detectable in the wild type mouse at 3 weeks of age. Cystatin F is successfully
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expressed in the CysF-STOP-tetO::Iba-tTA mouse. But the cystatin F expression is
decreased from 3 weeks of age to 2.5 months and 4 months of age. (C) In almost all
parts of the brain (cerebellum, hippocampus, thalamus and midbrain) cystatin F
positive cell number per mm2 detected by in situ hybridization was decreased during
mouse development in CysF-STOP-tetO::Iba-tTA mouse. But there was no significant
difference between 2.5 months and 4 months groups. Data are presented as mean
±SEM of three independent experiments. Two way ANOVA was performed, ns
indicates no significance, p＞0.05, * indicates P＜0.05, ** indicates P＜0.01.

Figure 5.Microglia number in the CysF-STOP-tetO::Iba-tTA mouse brain was
not decreased.
(A) Microglia was detected by c-fms in situ hybridization in CysF-STOP-tetO::IbatTA mouse of 3 weeks, 2.5 months and 4 months of age. C-fms positive cell number
was similar between these three groups. (B) In order to check tTA expression
efficiency I collected mRNA from the brains of CysF-STOP-tetO::Iba-tTA mouse at 3
weeks and 4 months of age. CysF-STOP-tetO mouse was applied as the control. tTA
expression was quantified by real time PCR and normalized to the β-actin gene
expression. tTA was highly expressed in CysF-STOP-tetO::Iba-tTA mouse and had no
significant difference between 3 weeks and 4 months of age. (C) Quantification of
cystatin F gene expression by real time PCR. Cystatin F is overexpressed in CysFSTOP-tetO::Iba-tTA mouse compared with CysF-STOP-tetO control mouse. However,
from 3 weeks to 4 months cystatin F is significantly decreased. Data are representative
of five independent experiment. ns indicates no significance, p＞0.05, ** indicates P
＜0.01.
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Figure 6. Schematic drawing of the effect of doxycycline (DOX) treatment on
tetO promoter activity.
When CysF-STOP-tetO::Iba-tTA mouse is treated with doxycycline, it blocks tTAtetO binding by binding to tTA. Thus, cystatin F will not be expressed. However, when
doxycycline is removed, tTA could freely bind to tetO sequence. Cystatin F gene is
then overexpressed by the tetO promoter. I designed an experiment in which
doxycycline was administered to CysF-STOP-tetO::Iba-tTA mouse or CysF-STOPtetO mouse (control) from embryo to 2 months of age and then doxycycline was
removed. After removing doxycycline for 2 weeks, 4 weeks, 2 months and 4 months,
mice were sacrificed.

Figure 7. Cystatin F expression is also downregulated in CysF-STOP-tetO::IbatTA mouse after removing doxycycline.
(A) Figure 7A shows the in situ hybridization results of cystatin F expression in
CysF-STOP-tetO::Iba-tTA mouse after removing doxycycline at the age of 2 months
for 2 weeks, 4 weeks, 2 months and 4 months. After removing doxycycline for 2 weeks
and 4 weeks, cystatin F was highly expressed but was then significantly
downregulated after 2 months and 4 months. (B) Cystatin F in situ hybridization
results are quantified and compared between 2 weeks and 2 months after removing
doxycycline in different parts of the brain. In cerebellum, hippocampus, cortex,
thalamus and pons cystatin F expression was decreased from 2 weeks to 2 months
after removing doxycycline (Two way ANOVA, n=4). * indicates P＜0.05.
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Figure 8. Cystatin F expression level was constant in astrocyte.
Cystatin F expression pattern was analyzed in CysF-STOP-tetO::Mlc-tTA mouse
during development. Cystatin F was specifically overexpressed in astrocyte. (A)
Cystatin F in situ hybridization results in the brain of CysF-STOP-tetO::Mlc-tTA
mouse at 3 weeks and 2.5 months of age. (B) Quantification of cystatin F in situ
hybridization results showed no significant difference between 3 weeks and 2.5
months old CysF-STOP-tetO::Mlc-tTA mouse in all parts of the brain (Two way
ANOVA, n=3-5). Ns indicates no significance.

Figure 9. Zfp36 and ELAVL-1 expression in CysF-STOP-tetO::Iba-tTA mouse
during development.
(A) Zfp36 expression was detected by the real time PCR in CysF-STOP-tetO::IbatTA mouse at 3 weeks and 4 months of age. There was no significant difference
observed between the two groups. (B) ELAVL-1 mRNA was detected by in situ
hybridization in CysF-STOP-tetO::Iba-tTA mouse and wild type mouse as control at
different time points: 3 weeks, 2.5 months and 4 months. ELAVL-1 expression was
rarely detected in the white matter of cerebellum in the wild type mouse, while in 3
weeks CysF-STOP-tetO::Iba-tTA mouse it was detected. However, the expression
decreased at 2.5 months and 4 months of age.

Figure 10. MiR29a expression level was significantly increased in CysF-STOPtetO::Iba-tTA mouse during mouse development but not that of miR17 or
miR195.
(A, B and C) I measured miR29a, miR17 and miR195 expression level in CysF47

STOP-tetO::Iba-tTA and CysF-STOP-tetO (control) mice by the real time PCR. I used
Sno135 as the housekeeping gene for real time PCR normalization. Real time PCR
was performed by using stem-loop RT followed by standard TaqMan PCR analysis.
Stem-loop RT primers for miR29a, miR17, miR195 and sno135 were designed and
used for reverse transcription from mRNA to cDNA. Quantification results were
normalized against sno135 expression level. Ratio to the expression level in CysFSTOP-tetO 3 weeks are shown and compared with each other groups. MiR29a (C) was
significantly increased from 3 weeks to 2.5 months of age in CysF-STOP-tetO::IbatTA mouse. However, in CysF-STOP-tetO control groups the expression levels were
low in both 3 weeks and 2.5 months. As for MiR17 (A) and miR195 (B), there were
no significant difference in CysF-STOP-tetO::Iba-tTA mouse between 3 weeks and
2.5 months of age. Two way ANOVA was performed, ns indicates no significance, p
＞0.05, * indicates P＜0.05, ** indicates P＜0.01, *** indicates P＜0.001.
(D) It shows the predicted binding sequences between cystatin F mRNA and
miR29a.

Figure 11. MiR29a mRNA was detected in CysF-STOP-tetO::Iba-tTA mouse.
MiR29a in situ hybridization and Iba1 IHC double staining was performed in CysFSTOP-tetO::Iba-tTA mouse of 3 weeks old and 2.5 months old. MiR29a expression
was significantly increased from 3 weeks to 2.5 months. MiR29a was partially
localized in the microglia, and expression level of miR29a in microglia was also
increased in CysF-STOP-tetO::Iba-tTA mouse from 3 weeks to 2.5 months of age.

Figure 12. ELAVL-1 expression level was significantly decreased in PLP4e/- mouse
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from 4 months of age to 8 months of age.
(A) ELAVL-1 in situ hybridization and Iba1 immunohistochemistry double staining
was done in PLP4e/- mouse of 4 months and 8 months of age. Double stained cells
were often detected in 4 months PLP4e/- mouse, however, much less were detected in
the 8 months old PLP4e/- mouse. (B) I counted ELAVL-1 and Iba1 double stained cells
and its percentage to Iba1 positive cells is shown. The double stained cell percentage
was significantly decreased in PLP4e/- mouse from 4 to 8 months of age.

Figure 13. MiR29a expression was upregulated in PLP4e/- mouse from 4 months
of age to 8 months of age.
I did miR29a in situ hybridization and Iba1 double staining in PLP4e/- mouse of 4
months of age and 8 months of age. In the cerebellum, miR29a signal was detected in
microglia and other cell types as well. In the microglia, it is mainly located in the
processes but rarely in the cell body. MiR29a expression was upregulated from 4
months to 8 months in PLP4e/- mouse.

Figure 14. In vitro study design.
I checked the role of miR29a and ELAVL-1 function on cystatin F expression by in
vitro study. (A) NIH3T3 cells was cultured in DMEM containing 10% FBS. One day
after cell passage, I co-transfected cystatin F expression vector (CysF-pcDNA1) and
miR29a/ ELAVL-1 siRNA to the cells. 48 hours later, cells were collected for
immunostaining and real time PCR. (B) I measured the siRNA or microRNA precursor
transfection efficiency by transfecting Fluorescent Oligo to NIH3T3 cells. The blue
color (Hoechst staining) indicates the nuclear, green color indicates transfected
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oligonucleotides. High percentage of oligonucleotides were successfully transfected
into NIH3T3 cells. (C) I counted Fluorescent Oligo containing cell percentage against
Hoechst staining cells. The cells without Fluorescent Oligo transfection were used as
a control. About 44.4% cells were successfully transfected with Fluorescent Oligo.

Figure 15. Cystatin F is regulated by ELAVL-1 but not by miR29a in NIH3T3
cells.
(A) I detected cystatin F protein expression in the cells transfected with or without
CysF-pcDNA1 vector by immunocytochemistry. Cystatin F was successfully
expressed in NIH3T3 cells by CysF-pcDNA1 expression vector. Cystatin F protein
(green color) was partially co-localized with LAMP2 staining (red color) lysosomes.
(B) NIH3T3 cells were transfected with CysF-pcDNA1 or CysF-pcDNA1+ELAVL-1
siRNA or CysF-pcDNA1+ miR29a precursor. Cells transfected with Lipofectamine
2000 only was set as the negative control group. Cystatin F gene expression was
detected by the real time PCR. Cystatin F was upregulated in CysF-pcDNA1
transfected group. However, its expression was significantly decreased by cotransfecting with ELAVL-1 siRNA but not with miR29a precursor. One way ANOVA
was performed, ns indicates no significance, p＞0.05, * indicates P＜0.05.

Figure 16. Possible cystatin F gene regulatory pathways obtained from my study.
Scheme shows the predicted cystatin F gene regulatory pathways according to my
results in this study. In demyelinating diseases, phagocytosis of debris by microglia
induces cystatin F expression. However, with the diseases going on, cystatin F
expression is downregulated. I highly hypothesize that cystatin F gene is post
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transcriptionally regulated. Mainly two kinds of factors might bind to and regulate
mRNA stability: ARE binding proteins and microRNAs. As to cystatin F, at least
partially, decrease of mRNA stabilizing factor ELAVL-1 causes cystatin F mRNA
unstable and downregulation. Then, downregulated cystatin F may result in
remyelination arrest.
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