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Abstract

Cerebral dopamine neurotrophic factor (CDNF) and mesencephalic astro-
cyte-derived neurotrophic factor (MANF) are involved in neuroprotection and
mitigating endoplasmic reticulum (ER) stress in the brain and peripheral or-
gans. In earlier work, an increase in histone acetylation, following treatment
with an epigenetic modulator, valproic acid, was associated with induction of
CDNF and MANTF in cultured cells and rat brain. These findings prompted an
investigation of the effects of DNA methyltransferase (DNMT) inhibitors,
which can alter epigenetic function, on the expression of CDNF and MANF.
Rat C6 glioma cells were treated with a micromolar range of DNMT inhibi-
tors: 5-aza-2’-deoxycytidine (DAC or decitabine), 5-azacytidine (AZA) or ze-
bularine (ZEB) for 24 h. Subsequently, qPCR analysis was used to examine the
mRNA expression of DNMT1, ten-eleven translocation methylcytosine dio-
xygenase 2 (TET-2), CDNF and MANF. A significant dose-dependent de-
crease in DNMT1 mRNA levels, together with a significant increase in TET-2
expression, was observed following treatment with AZA or DAC. Importantly,
DAC, AZA and ZEB caused a significant dose-dependent increase in CDNF
mRNA levels. In contrast, MANF mRNA expression decreased following
treatment with AZA, with no significant effects observed with DAC or ZEB.
Western analysis revealed no significant changes in CDNF protein levels fol-
lowing treatment with DAC for 24 h. The significant increase in CDNF ex-
pression, following treatment with DNMT]1 inhibitors, suggests that DNA
methylation is involved in the regulation of this neurotrophic factor. Clarifi-
cation of the epigenetic or other mechanisms underlying the regulation of
CDNF may provide novel therapeutic approaches in neurodegenerative and
ER stress-related disorders.
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1. Introduction

The neurotrophic factors, cerebral dopamine neurotrophic factor (CDNF) and
mesencephalic astrocyte-derived neurotrophic factor (MANF), have been ob-
served to have a protective effect on central dopaminergic neurons, providing
potential candidates in the treatment of neurodegenerative disorders [1] [2]. In
addition to their effects in the central nervous system (CNS), CDNF and MANF
have also been shown to be expressed and have protective effects in peripheral
organs, including the heart, pancreas and enteric system [3] [4]. These atypical
neurotrophic factors are located in the endoplasmic reticulum (ER) and they
play an important role in modulating unfolded-protein response (UPR) signal-
ing, protecting cells from ER stress-induced death, and exerting trophic activities
in the extracellular space under pathological conditions [5].

There is evidence that the expression of CDNF and MANF may be regulated
by epigenetic mechanisms. Valproic acid (VPA), an inhibitor of histone deace-
tylase (HDAC) activity, promotes gene transcription through the acetylation of
histones that results in an open chromatin structure, facilitating access to DNA
by transcription factors and related agents [6]. VPA has been shown to induce
CDNF and MANTF expression both in vitro and in vivo. In neural stem cells, the
expression of CDNF and MANF was induced following treatment with VPA [7].
Furthermore, CDNF and MANF expression were elevated in rat hippocampus
and striatum following chronic VPA treatment, suggesting epigenetic regulation
of these proteins [8]. In addition to their effects on histone acetylation, HDAC
inhibitors, such as VPA and trichostatin A, have been implicated in DNA me-
thylation [9] [10], which is a major mechanism involved in the epigenetic regu-
lation of gene expression [11]. Given the interplay between histone acetylation
and DNA methylation [6], it is possible that the latter mechanism was also in-
volved in the induction of CDNF and MANF by VPA, as observed in earlier stu-
dies [7] [8]. Therefore, this study examined the effects of epidrugs, which inhibit
DNA methylation, on the expression of CDNF and MANF. The mRNA levels of
DNA methyltransferase 1 (DNMT1) which encodes an enzyme with a major role
in DNA methylation [12], were examined in order to assess the suppressive ac-
tion of the inhibitors used. In addition, the expression of ten-eleven transloca-
tion methylcytosine dioxygenase 2 (TET-2), was assessed, as this enzyme is an
essential mediator of DNA demethylation [13], and an upregulation target for
DNMT inhibitors [14] [15].

2. Materials and Methods
2.1. Cell Culture and Drug Treatment

Rat C6 glioma cells, obtained from the American Type Culture Collection (Ma-
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nassas, VA), were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, fungizone and penicillin/streptomycin, as reported
previously [16]. Cells from passages 15 - 25 were seeded at a density of 10*/cm?
and maintained at 37°C in a humidified incubator with 5% CO,/air.

5-Azacytidine (AZA) was obtained from Sigma Aldrich (Oakville, ON, CA),
5-aza-2’-deoxycytidine (decitabine; DAC) and zebularine (ZEB) were purchased
from Abcam (Toronto, ON, CA). Cells were treated at a confluency of 60% -
70% with AZA (0.1 - 25 uM), DAC (0.1 - 20 uM) or ZEB (5 - 100 pM) for 24 h.
Vehicle controls were 0.05% and 0.04% DMSO for AZA and DAC respectively,
or PBS for ZEB. Dose-dependent and time-dependent cytotoxicity has been re-
ported for the cytosine nucleoside analogs examined in this study after at least
48 - 72 h of treatment [17] [18]. At a concentration of 5 uM or lower, treatment
of various cell lines with AZA or DAC produces slight non-significant effects on
cell viability after 24 h [19] [20] [21]. Therefore, in the present study, cells were
treated with a range from low to high drug concentrations for only 24 h.

2.2. Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was extracted with TRIzol as described by the supplier (Invitrogen
Canada Inc.). Subsequently, cDNA was synthesized from 1 pg of DNase-treated
RNA using the SensiFAST cDNA Synthesis Kit (FroggaBio, Toronto, ON, CA),
and oligo (dT) primers. Following drug treatment, the relative expression levels
of DNMT1, TET-2, MANF and CDNF were examined by RT-qPCR using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories Ltd, Mis-
sissauga, ON, CA) and primers (Table 1). Amplification was performed on the
CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories Ltd,
Mississauga, ON, CA), as follows: initial heat activation at 95°C for 30 sec, fol-
lowed by denaturation at 95°C for 15 sec and annealing/extension at 60°C for 30
sec for 40 cycles, followed by 95°C for 10 sec, as reported previously [22]. Inter-
nal controls, £2 microglobulin (B2M) and/or TATA-box binding protein (TBP),
were used in each experiment. No template controls were included, along with

melt curve analysis, to confirm specificity.

2.3. Western Blotting

Cytosolic protein samples were extracted in lysis buffer (20 mM Tris-HCI, 150
mM NacCl, 1% Triton-X 100, 1 mM EDTA) with added protease inhibitors. The
DC Protein Assay Kit II (Bio-Rad Laboratories Ltd, Mississauga, ON, CA) was
used to assess protein concentrations, according to supplier instructions.
SDS-PAGE gels were loaded with 20 pg protein and run at 100 V for 2 h. Fol-
lowing protein transfer, polyvinylidene difluoride (PVDEF; 0.2 uM) membranes
were blocked for 1 h and incubated with primary antibodies: CDNF (1:250; Novus
Biologicals, Centennial, CO, USA) and S-Actin (1:10,000; Sigma-Aldrich, Oakville,
ON, CA) for 72 h at 4°C. Membranes were then probed with secondary antibo-
dy: 1:2000 of anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Dallas, TX, USA)
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Table 1. Nucleotide sequences of primers used for RT-qPCR.

Gene Primers (5'—>3") Nucleotides Size (bp)
CCTGGAGAACGAACACTCT 113-132
DNMT1 163
CATGGTCTCACTGTCCGACT 275 - 256
CAA CAT GGT CTC CCA CAC AG 6035 - 6054
TET-2 206
TGG AAG GAT CCT GGA AGT TG 6240 - 6221
AAAGAAAACCGCCTGTGCTA 289 - 308
CDNF 199
TCATTTTCCACAGGTCCACA 487 - 468
GGCGACTGCGAAGTTTGTAT 133 -152
MANEF 137
CGATTTTCTTTGCCTCTTGC 269 - 250
CCC AAA GAG ACA GTG GGT GT 962 - 981
B2M 150
CCCTACTCCCCT CAGTTT CC 1111 - 1092
CTCAGTTACAGGTGGCAGCA 1264 - 1283
TBP 80
CTCAGTGCAGAGGAGGGAAC 1343 - 1324

for CDNF blots, and 1:10,000 of anti-mouse IgG-HRP (Sigma Aldrich, Oakville,
ON, CA) for f-Actin blots, at room temperature for 1 h, and bands were visua-

lized by film autoradiography as reported previously [23].

2.4. Statistical Analysis

The delta-delta cycle threshold (AACq) method [24] was used to analyze relative
fold changes in gene expression, following treatment with DNMT inhibitors or
vehicle, as reported previously [8] [22]. Normalized optical density values for
CDNF vs. S-actin were used to assess protein expression. One-way analysis of
variance (ANOVA) was used to determine whether there were significant treat-
ment effects on mRNA or protein levels. In addition, post-hoc analysis (New-
man-Keuls) was used to determine significant differences between drug treat-
ments and controls, as reported previously [7] [23]. P < 0.05 was considered to

be statistically significant.

3. Results
3.1. Effects of DNMT Inhibitors on DNMT1 Expression

Following treatment with AZA for 24 h, a decrease of DNMT1 mRNA expres-
sion was observed, with a significant treatment effect (Fo, 35 = 9.257, P < 0.0001)
revealed by one-way ANOVA. A Newman-Keuls test showed significant de-
creases in DNMT1 mRNA levels at 0.5, 3 and 10 pM (P < 0.0I) and at 1, 5, 20
and 25 pM AZA (P < 0.001), compared to control (Figure 1A). Treatment with
another DNMT inhibitor, DAC, also resulted in a significant treatment effect
(Fs,12 = 7.035, P < 0.0002) as revealed by one-way ANOVA. A significant de-
crease of DNMT1 mRNA levels at 0.5 - 20 uM (P < 0.01) was seen compared to
control (Figure 1B). Treatment with ZEB at higher doses reduced DNMT1
mRNA levels, but these changes were not significant (Figure 1C).

DOI: 10.4236/ajmb.2023.133012

173 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2023.133012

S. Z. Mukhtar, L. P. Niles

A g, 1.25 B 9 1.25- c %1.25—
g s s oL
& 1.004 & 1.00 & 1004 —
3 T z
2 0.75+ - 2 0.75+ D 0.75-
< el R - 3 2
Z 0.50] - £ o0.50- 2 0.50-
5 £
£ 0.25 £ 0.254 £ 0.257
= = =
= = z
8 0.00- Q 0.00- 8 0.00-—4—71
0.0 0.10.250.5 1.0 3.0 5.0 10 20 25 000102505 1 3 5 10 20 0 5 10 25 50 100
Azacytidine (uM) Decitabine (uM) Zebularine (uM)

Figure 1. Concentration-dependent effects of DNA methyltransferase inhibitors on DNMT]1 expression. C6 cells were treated
with (A) Azacytidine (0.1 - 25 uM), (B) Decitabine (0.1 - 20 uM), and (C) Zebularine (5 - 100 pM) for 24 h, and RT-qPCR used to
quantify relative mRNA levels. Data shown are the means = SEM (n = 3 - 5). **p < 0.01, ***p < 0.001 versus control.

3.2. Effects of DNMT Inhibitors on TET-2 Expression

Treatment with AZA for 24 h resulted in a significant treatment effect (s, 25 =
4.061, P < 0.026) on TET-2 expression. There appeared to be a concentra-
tion-dependent increase in TET-2 mRNA levels after treatment with AZA (0.1 -
5 uM) for 24 h, followed by a decrease at higher doses, 10, 20 and 25 uM. How-
ever, a significant increase in mRNA levels was only observed at the 5 uM dose
(P < 0.05) compared to control and higher doses, 10, 20 and 25 uM (Figure 2A).
DAC treatment for 24 h resulted in a significant treatment effect (s, 12 = 3.783,
P < 0.0091), with significant concentration-dependent increases seen at doses 1,
5,10 uM (P < 0.05) and 20 pM (P < 0.01) compared to control (Figure 2B). Sim-
ilar to DNMT1 results, treatment with ZEB for 24 h resulted in no significant ef-
fects on TET-2 mRNA levels (Figure 2C).

3.3. Effects of DNMT Inhibitors on MANF Expression

Treatment with AZA for 24 h caused a decrease in MANF mRNA expression.
One-way ANOVA showed a significant treatment effect (Fs, 27y = 10.35, P <
0.0001), and a Newman-Keuls test revealed significant decreases at 5 pM (P <
0.05), and at 10 - 25 pM (P < 0.0I) compared to control (Figure 3A). Treatment
with other DNMT inhibitors, DAC or ZEB, for 24 h, had no significant effects
on MANF mRNA levels (Figure 3B, Figure 3C).

3.4. Effects of DNMT Inhibitors on CDNF Expression

A concentration-dependent increase in CDNF mRNA expression was observed
after treatment with AZA (0.1 - 25 uM) for 24 h. One-way ANOVA revealed a
significant treatment effect (Fs,33 = 5.326, P < 0.0002), with significant increases
in CDNF mRNA levels at 20 and 25 pM AZA (P < 0.01) compared to control
(Figure 4A). Treatment with DAC also resulted in a significant treatment effect
(Hs, 18 = 4.977, P < 0.0023), with dose-dependent increases in CDNF expression,
after 24 h. Significant increases were seen at doses 3, 5 and 20 M (P < 0.05), and
10 uM (P < 0.01), compared to control (Figure 4B). Similarly, treatment with
ZEB for the same time period resulted in a significant treatment effect (s, 12 =
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5.997, P< 0.0052). A significant increase in CDNF mRNA levels was observed at
100 uM ZEB (P < 0.05) compared to control (Figure 4C). DAC, which appeared
to be more potent than AZA or ZEB in altering CDNF mRNA expression, was
selected for western analysis of CDNF. However, there were no significant
changes in CDNF protein levels following treatment with DAC for 24 h (Figure
4D, Figure 4E).

4. Discussion

Previously, treatment with VPA, which can alter epigenetic function via inhibi-
tion of HDAC activity, was found to induce CDNF and MANF expression to-
gether with an increase in histone acetylation in mouse C17.2 cells [7]. Given the
functional interaction between histone acetylation and DNA demethylation [6],
it is reasonable to infer that changes in the methylation status of DNA may also
play a role in regulating these neurotrophic factors. In keeping with this view, an
increase in CDNF expression was observed following treatment with AZA or
DAC, which also suppressed DNMT1 mRNA levels. In addition, as observed in
mouse T cells [15] and human skin fibroblasts [14], DAC and AZA induced ex-
pression of TET-2, which catalyzes the conversion of 5-mC (5-methylcytosine) to
5-hmC (5-hydroxymethylcytosine), an intermediate product in TET-mediated
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Figure 2. Concentration-dependent effects of DNA methyltransferase inhibitors on TET-2 expression. C6 cells were treated with (A)
Azacytidine (0.1 - 25 pM), (B) Decitabine (0.1 - 20 uM), and (C) Zebularine (5 - 100 pM) for 24 h, and RT-qPCR used to quantify
relative mRNA levels. Data shown are the means + SEM (n =3 - 5). *p < 0.05, **p < 0.01 versus control.
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Figure 3. Concentration-dependent effects of DNA methyltransferase inhibitors on MANF expression. C6 cells were treated with (A)
Azacytidine (0.1 - 25 pM), (B) Decitabine (0.1 - 20 uM), and (C) Zebularine (5 - 100 pM) for 24 h, and RT-qPCR used to quantify
relative mRNA levels. Data shown are the means + SEM (n = 3 - 4). *p < 0.05, **p < 0.01 versus control.
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Figure 4. Induction of CDNF expression by DNA methyltransferase inhibitors. C6 cells were treated with (A) Azacytidine (0.1 -
25 uM), (B) Decitabine (0.1 - 20 puM), and (C) Zebularine (5 - 100 pM) for 24 h, and RT-qPCR used to quantify relative mRNA
levels. Data shown are the means + SEM (n=3 - 5). *p < 0.05, **p < 0.01 versus control. (D) Immunoblots of CDNF (18 kDa) and
[-actin (42 kDa) following decitabine treatment. (E) Histograms showing the means + SEM (n = 4) for percentage (%) values of
CDNF/S-actin optical density ratios.

DNA demethylation [13]. The induction of TET-2 was similar up to 5 uM DAC
or AZA treatment, but the sudden decrease in TET-2 mRNA levels observed at
higher AZA (but not DAC) concentrations, may be related to structural and
pharmacological differences between these drugs. In contrast to DAC and ZEB
which are incorporated only into DNA, AZA is primarily incorporated into RNA
allowing it to induce effects, such as destabilization and degradation of RNA,
which do not involve DNA hypomethylation [25].

DNMT1 inhibition by DAC has been associated with hypomethylation of
gene promoters and increases in gene expression [26] [27]. While it is possible
that demethylation of the CDNF promoter accounts for its induction by DAC,
other sites or mechanisms may be involved. There is increasing evidence that
DAC can alter gene expression via direct or indirect mechanisms [28]. The di-
rect actions of DAC result in changes in DNA methylation in the promoter
and/or gene body of a particular target, while its indirect actions could involve
the methylation of upstream transcription factors and other regulatory elements
which can modulate expression of the target gene [28]. For example, DAC
caused a significant increase in COX-2 expression in fibrotic lung fibroblasts by
demethylation of the transcription factor C8orf4 (chromosome 8 open reading
frame 4), which can regulate COX-2 expression [29]. In view of the foregoing, a

major weakness of the present study is the lack of mechanistic information on
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potential changes in the DNA methylation of the CDNF promoter and/or gene
body. Future work in this area should include DNA methylation analysis such as
bisulfite sequencing in order to determine the methylation status of the CDNF
gene following DAC treatment.

Although a wide range of low to high concentrations of DAC increased CDNF
mRNA expression, there were no changes in CDNF protein levels following sim-
ilar treatment with this cytosine nucleoside analog for 24 h. Several factors could
account for the discordance between mRNA and protein levels, which has been
observed in other studies [30]. While a correlation is generally seen between
mRNA and protein levels under steady state conditions, this relationship can be
altered by multiple factors including the rate of translation (which is influenced
by the mRNA sequence), regulatory proteins or micro-RNAs binding to the
transcript, the time required for protein synthesis and cellular disruptions such
as ER stress [31] [32]. Another shortcoming in the present study was the exami-
nation of the effects of DAC treatment after only a 24 h period, which could
have missed earlier or later changes in the expression of CDNF protein. Future
time course studies, over a range of treatment periods, should help to clarify the
relationship between the CDNF transcript and protein expression.

Interestingly, in contrast to its induction of CDNF, DAC did not alter MANF
expression, suggesting differential epigenetic regulation of these proteins. It is
known that ER stress, which is caused by the accumulation of unfolded or mis-
folded proteins, can induce MANF expression [33] [34]. Recent in vivo studies
have shown that CDNF levels are increased in mouse tissues following injection
of tunicamycin (an ER stress inducer), indicating that like MANF, it can be in-
duced by ER stress [35]. Furthermore, emerging reports have suggested that mi-
croRNAs (miRNAs) are involved in the regulation of endogenous CDNF and
MANTF levels. Recently, miR-144 was shown to directly suppress human MANF
mRNA and protein levels in HEK293-T cells without affecting ER stress markers
[36]. Thus, the suppression of MANF could involve induction of miR-144,
which AZA was found to upregulate in HepG2 cells [37]. AZA and DAC were
also seen to modulate other miRNAs [38] [39] that were linked to CDNF expres-
sion [36]. The possible role of these miRNAs in the observed epidrug-induced
changes in CDNF and MANF expression should be examined in future studies.

It is well known that ER stress can activate the UPR (unfolded protein re-
sponse), an adaptive signaling cascade, which mediates the restoration of ER pro-
teostasis [40]. CDNF was shown to increase the expression of an early UPR reg-
ulator, glucose-regulated protein 78 (GRP78), following ER stress induction by
thapsigargin in HEK293-T cells, indicating an activation of this cytoprotective
signaling pathway [41]. Furthermore, activation of early UPR signaling was as-
sociated with a suppression of pro-apoptotic signals, such as active caspase-3
and C/EBP homologous protein (CHOP), suggesting that CDNF may act to mi-
tigate ER stress through early activation of the UPR pathway, as well as provide
protection from apoptotic signaling [41]. In addition, CDNF has been shown to
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have neuroprotective and neurorestorative effects in neurodegenerative models.
Pre-treatment with CDNF was found to inhibit a-synuclein aggregation in H4
human neuroglioma cells, as well as protecting cells from toxicity caused by
a-synuclein oligomers [42]. In vivo, CDNF was seen to recover a number of ty-
rosine hydroxylase (TH)-positive cells in the substantia nigra following infusion
of 6-hydroxydopamine, demonstrating a neurorestorative effect [43]. In the pe-
ripheral system, high levels of CDNF were especially seen in tissues with high me-
tabolic function, including the skeletal muscle, heart and exocrine tissue of the
pancreas [3]. CDNF was also detected in the submucosal and myenteric plexuses
of the enteric system, where emerging evidence suggests that it is involved in the

development and maintenance of this system [4].

5. Conclusion

In conclusion, earlier evidence that HDAC inhibition by VPA induces MANF
and CDNF expression in rat brain and cultured cells [7] [8] suggested that these
neurotrophic factors may be subject to epigenetic modulation. The present pre-
liminary findings partially corroborate this view, as CDNF expression was in-
duced by inhibitors of DNMT activity, although the picture is less clear for MANF
which showed a decrease in expression after similar treatment. In view of the neu-
roprotective and cytoprotective properties of CDNF and MANF, future studies of
the epigenetic and/or other mechanisms underlying their regulation may provide a

therapeutic avenue for neurodegenerative and metabolic/ER-stress disorders.
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