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Abstract: Methyl CpG binding protein 2 (MeCP2) is the main DNA methyl-binding protein in the
brain that binds to 5-methylcytosine and 5-hydroxymethyl cytosine. MECP2 gene mutations are the
main origin of Rett Syndrome (RTT), a neurodevelopmental disorder in young females. The disease
has no existing cure, however, metabolic drugs such as metformin and statins have recently emerged
as potential therapeutic candidates. In addition, induced MECP2-BDNF homeostasis regulation has
been suggested as a therapy avenue. Here, we analyzed nascent RNA synthesis versus steady state
total cellular RNA to study the transcriptional effects of metformin (an anti-diabetic drug) on MECP2
isoforms (EI and E2) and BNDF in a human brain cell line. Additionally, we investigated the impact
of simvastatin (a cholesterol lowering drug) on transcriptional regulation of MECP2E1/E2-BDNF.
Metformin was capable of post-transcriptionally inducing BDNF and/or MECP2E1, while transcrip-
tionally inhibiting MECP2E2. In contrast simvastatin significantly inhibited BDNF transcription
without significantly impacting MECP2E2 transcripts. Further analysis of ribosomal RNA tran-
scripts confirmed that the drug neither individually nor in combination affected these fundamentally
important transcripts. Experimental analysis was completed in conditions of the presence or ab-
sence of serum starvation that showed minimal impact for serum deprival, although significant
inhibition of steady state MECP2E1 by simvastatin was only detected in non-serum starved cells.
Taken together, our results suggest that metformin controls MECP2E1/E2-BDNF transcriptionally
and/or post-transcriptionally, and that simvastatin is a potent transcriptional inhibitor of BDNF.
The transcriptional effect of these drugs on MECP2E1/E2-BDNF were not additive under these tested
conditions, however, either drug may have potential application for related disorders.

Keywords: DNA methylation; MeCP2; MeCP2 isoforms; MECP2E1; MECP2E2; Rett Syndrome;
metformin; statins; simvastatin; BDNF; ribosomal RNA; transcription; Daoy medulloblastoma cells

1. Introduction

Rett Syndrome (RTT) is a rare and progressive neurodevelopmental disorder that
results from de novo mutations in the X-linked methyl-CpG binding protein 2 (MECP2)
gene [1]. RTT has no available cure, and current clinical efforts are mostly toward managing
the symptoms. MeCP2 is the main protein in the brain that binds to methylated DNA, in the
context of 5-methyl cytosine, known as 5-mC and 5-hydroxymethyl cytosine, commonly re-
ferred to as 5-hmC [2]. DNA methylation is a major epigenetic modification that is involved
in brain cellular differentiation and neuronal maturation [3-5]. As such, deregulated DNA
methylation is largely involved in neurodevelopmental disorders [6,7], and has been the
subject of intensive investigations [2,8-10]. The X-linked MECP2/Mecp2 gene produces
multiple coding and non-coding transcript isoforms, among them, MECP2E1/Mecp2el and
MECP2E2/Mecp2e? are the best studied splice variants [11-17]. In the brain, MeCP2EL1 is
the dominant protein isoform and has direct relevance to Rett Syndrome [18-20]. Our team
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has reported that the murine Mecp2 gene regulation is coordinated by DNA methylation at
the Mecp? cis-regulatory elements in the promoter regions (R1-to-R3) and its first intron
(R4-to-R6) in the brain and brain cells [12,21-23]. Indeed, certain CpG dinucleotide methy-
lation at R1-R6 are correlated with the expression of Mecp2/MeCP2 isoforms (E1 and E2)
in the murine brain, and primary embryonic brain cells that include self-renewing and
differentiated neural stem cells, astrocytes, and cortical neurons [11,12,21-23].

In addition to MECP2E1 and E2 isoforms, regulation of the brain-derived neurotrophic
factor (BDNF) is also important for RTT [24]. BDNF promotes cell survival, neurite out-
growth, synaptic transmission, synaptic plasticity, and cell migration in neurons [25],
processes that are defective in RTT and MECP2 Duplication Syndrome. Recent studies from
our team have also highlighted impairment of the MECP2E1/E2-BDNF homeostasis in RTT
patients that is regulated in a brain region-specific manner [26]. Our immunohistochemical
analysis of the human brain tissues from RTT patients have indicated that both neurons and
glial cells are important and that RTT patients have compromised cell signaling pathways
in the cerebellum [27,28].

As RTT has no cure, identification of potential therapeutic candidate drugs has been
a research priority [29,30]. Recent pre-clinical efforts for RTT have been focused on com-
monly used metabolite drugs that have low or no side-effects. In this respect, statins have
been emerging candidate drugs for RTT [31]. Simvastatin is a member of the statin family
of drugs used to treat dyslipidemia in patients with elevated cholesterol by inhibiting
HMG-CoA reductase, which is a critical step in cholesterol biogenesis. Elevated cholesterol
is also observed in RTT patients and mouse models [32-34]. Statins have been implicated
in providing neuroprotection for various cognitive and neurological disorders [35,36].
Upregulation of BDNF has been observed in mouse models treated with simvastatin fol-
lowing brain injury and spinal cord injury [37]. Another candidate drug is metformin
that acts as an mTOR inhibitor [38], a fundamentally important signaling pathway that
is impaired in the brain of RTT patients [28]. Metformin is commonly used for treatment
of type 2 diabetes patients [39], and has shown promising effects for neurological dis-
orders [40-42]. The mechanisms of metformin action in brain cells still require further
investigation including whether increases in MECP2E1/E2 and/or BDNF transcription
are involved.

Here, we studied the transcriptional effects of metformin and simvastatin on MECP2E1/
E2-BDNF transcripts through nascent RNA analysis in a human brain cell line. These drugs
were selected because of their ability to cross the blood-brain barrier [43,44], their neuropro-
tective potential in other neurological diseases [45—47], and their potential to correct defects
in carbohydrate and cholesterol metabolism that have been observed in RTT patients [31].
The focus of this study was to investigate the effects of metformin and simvastatin treat-
ment on MECP2E1, MECP2E2, BDNF, and ribosomal RNA (rRNA) transcription in a human
brain cell line (Daoy cells). Drugs that induce MECP2 levels are of interest, since even
increased expression of the mutated MeCP2 in Mecp2-T158M knock in mice ameliorated
symptoms [48]. Induction of BDNF is also a desired effect of drug treatment, and has been
a targeted molecule for RTT [19].

2. Material and Methods
2.1. Cell Cultures and Drug Treatments

Daoy cells (ATCC HTB-186) were cultured in MEM with the addition of 10% FBS,
1 mM sodium pyruvate, and 1% penicillin-streptomycin-glutamine (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). Cells were cultured and maintained at 37 °C and 5%
CO;. Metformin (metformin hydrochloride: catalogue number PHR1084, lot number:
LRAAS8975 =lot A, lot number: P500240 = lot B, Sigma-Aldrich, Saint Louis, MO, USA)
was dissolved in water. All metformin experiments were completed with lot A, except
where the data presents a side-by-side comparison of both lots; A and B. Simvastatin
(Sigma-Aldrich) was dissolved in DMSO. The final concentration of DMSO applied to
simvastatin treated cells did not exceed 0.0125%. Drug treatments were done in conditions
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with or without prior serum starvation. Cells that underwent serum starvation were
cultured in serum-free media for 24 h (h) prior to drug treatment, as shown in Figure 1.
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Figure 1. Schematic representation of Daoy cell treatment with metformin and simvastatin.

2.2. Total RNA Extraction, Nascent RNA Collection, cDNA Preparation, and gRT-PCR

Total RNA extraction was done with RNeasy Plus Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturers’ protocols, and as reported [49]. The cDNA synthesis of
total RNA was done by Superscript III reverse transcriptase (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA), as reported previously [21,22].

For nascent RNA, metabolic labelling was followed by RNA isolation for targeted
gene-specific transcript analysis. The 4-thiouridine labeled RNAs was purified by bi-
otin/streptavidin interaction [50]. The 5-ethynyl-uridine (EU) was incorporated into RNA
transcripts by RNA polymerases I, II, and III, specifically labeling the newly synthesized
RNA and labeling approximately one in every 35 uridines. EU was then detected with
click chemistry by a copper(I)-catalyzed cycloaddition reaction [51]. Nascent RNA was
isolated with Click-iT Nascent RNA Capture Kit (Invitrogen, Thermo Fisher Scientific).
Daoy cells were labelled with 0.1 mM 5-ethynyl-uridine in the culture media for, 6 h, 24 h,
or 48 h. Cells were harvested, snap frozen, and RNA was extracted with the RNeasy
Mini Kit. EU-RNA was then biotinylated by a copper-catalyzed click reaction using an
azide-modified biotin and precipitated overnight at —80 °C.

Biotinylated EU-RNA were bound to Dynabeads MyOne Streptavidin T1 magnetic
beads according to the manufacturer protocol. We used the Qiagen magnetic tube rack
for steps requiring immobilization of the beads. This was followed by cDNA synthesis
on the beads. Beads were heated for 5 min at 68-70 °C, followed by the addition of the
c¢DNA synthesis mix containing random primers and dNTPs. The mix was brought to room
temperature and subjected to cDNA synthesis by Superscript III Reverse Transcriptase.
The reaction was done at 50 °C for 1 h. The reaction was then terminated, and cDNA
released from the beads by heating at 85 °C for 5 min. Beads were immobilized and
supernatant containing cDNA was collected.

Gene expression analysis was conducted by qRT-PCR on the Applied Biosystems 7500
Fast Real-Time PCR System with PowerUp SYBR Green Master Mix (Applied Biosystems,
Thermo Fisher Scientific), as previously reported [52]. The sequences of gene-specific
primers are shown in Table 1. Target gene Ct values were normalized to the housekeeping
gene GAPDH. Fold change values were calculated by the 27#2¢T method.
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Table 1. Primer sequences used for qRT-PCR in this study.
Primer Name Sequence References
BDNE Forward 5/ /—TAACGGCGGCAGACAAAAAGA-B/’ [26,55]
Reverse 5'-GAAGTATTGCTTCAGTTGGCCT-3
mseva OO Fectacracencc toe 26,57

2.3. Statistical Analysis

Statistical analysis was done by GraphPad Prism (Version 8.4.0, San Diego, CA, USA),
as we previously reported [27,52]. Comparisons between three or more groups were
analyzed by one way ANOVA followed by the Tukey multiple comparisons test, with an
alpha of 0.05. Levels of significance were determined as * p < 0.05, ** p < 0.01, ** p < 0.001,
and **** p < 0.0001.

3. Results
3.1. Metformin Regulates MECP2 and BDNF Transcripts in a Time- and Dose-Dependent Manner

To study the transcriptional role of metformin on MECP2E1/E2 and BDNF transcripts,
Daoy cells were treated with two different concentrations of 250 uM and 1000 uM met-
formin. Cells were exposed to metformin for 6 h and 24 h, and under two conditions of 24 h
serum starvation or no serum starvation. Daoy cells were seeded at 50,000 cells per well
in 6-well plates. Approximately 16 h later, cells were subjected to serum starvation and
cultured in serum-free media for 24 h, followed by drug treatments in media containing
serum. One set of drug-treated cells were labelled with 0.1 mM EU to label the nascent RNA
produced during drug treatments, and a second set of cells was left unlabeled for analysis
of steady-state total RNA transcripts. Based on the Click iT Nascent RNA Capture Kit
manufacturer’s recommendations, two time points of 6 h and 24 h were initially selected
for RNA collection and analysis. Under these conditions, we did not detect any signifi-
cant changes in the nascent or steady-state MECP2E1, MECP2E2, and BDNF transcripts
(Figure 2A). Under conditions with no serum starvation, MECP2E1 steady-state transcripts
were slightly lowered by about 30% in 1000 M metformin treated cells at 24 h (p < 0.05)
(Figure 2B, top panels). There were no other statistically significant changes in MECP2E2
or BDNF transcripts in metformin treated cells (Figure 2B, middle and bottom panels),
indicating similar trends to metformin treated cells in the serum starved condition. A slight
pattern of decreased MECP2E1 steady-state transcripts was observed at 6 h, but this was
not statistically significant.

Next, we asked the question whether increased metformin concentration and addi-
tional exposure time may have any impact. We kept cells at the time-point of 6 h and
1000 uM as a common condition with the first set of treatment and extended the treatment
time to 48 h. Thus, Daoy cells were treated with 1000 pM and 2000 uM metformin for
6 h and 48 h (Figure 3A). Our results indicated that like 24 h, the nascent and steady-
state MECP2E1 transcripts were still not significantly changed (Figure 3A, top panels).
As previously, nascent MECP2E? transcripts were unchanged at 6 h but the steady-state
level of MECP2E? transcripts showed slight but significantly decreased levels by approxi-
mately 20% in 6 h 2000 uM treated cells (p < 0.05) (Figure 3A, middle panels). After 48 h
MECP2E? transcripts showed higher levels of significant decrease. The nascent MECP2E2
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transcripts were reduced approximately 25% by 1000 uM (p < 0.01) and approximately
40% by 2000 uM treatment (p < 0.001). The decrease in nascent MECP2E2 in 2000 ptM
treated cells was also significantly lower compared to 1000 uM treated cells (p < 0.05),
indicating a dose-dependent effect of metformin. Steady-state MECP2E2 transcripts were
decreased approximately 30% by 1000 uM (p < 0.001) and approximately 50% by 2000 uM
treatment (p < 0.0001). The difference between 1000 uM and 2000 uM treatment was
also statistically significant (p < 0.01). The decrease in MECP2E?2 transcripts at both the
nascent and steady-state levels indicated that metformin treatment reduces MECP2E? at
the transcriptional level. Nascent and steady-state BDNF transcripts were unchanged at
6 h (Figure 3A, bottom panels). Nascent BDNF transcripts remained unchanged after 48 h,
but steady-state BDNF transcripts were significantly increased by about 2-fold compared
to the controls in cells treated with 2000 uM (p < 0.001) at 48 h, which was also significantly
greater compared to the cells treated with 1000 tM metformin (p < 0.01). The increase in
BDNF transcripts only at the steady-state level suggested that metformin treatment may
impact BDNF post-transcriptionally, which may possibly involve altered transcript stability.

In our studies, we noticed some lot variation for metformin with regard to the effects
on MECP2E1 transcripts. Indeed, lot variation has been noted for metformin HCI [58].
Therefore, we completed a new side-by-side experiment to study the effect of Daoy cells
with metformin from the same company and catalogue number, but two different lot
numbers, the new lot being referred to as Lot B, at concentrations of 1000 pM and 2000 pM
for 6 and 48 h (Figure 3B). Our analysis showed some lot-specific differences for metformin
only with regard to inducing MECP2E1 transcripts, while a similar effect was detected for
MECP2E2 and BDNF. The levels of nascent and steady-state MECP2E1 transcripts at 6 h
or 48 h of nascent remained unchanged, however, steady-state MECP2E1 transcripts were
increased by 40% in cells treated with 2000 uM metformin for 48 h, which was significant
compared to both the control and 1000 uM treated cells (p < 0.05) (Figure 3B, top panels).
Nascent MECP2E? transcripts were again unchanged at 6 h and steady-state MECP2E2
was also unchanged using this lot number (Figure 3B). However, after 48 h, nascent
and steady-state MECP2E?2 transcripts showed similar results to that of metformin lot
number A. Nascent MECP2E? transcripts were decreased approximately 30% by 1000 uM
metformin (p < 0.05) and approximately 40% by 2000 uM treatment (p < 0.01). Steady-
state MECP2E? transcripts were reduced by approximately 30% by 1000 uM (p < 0.001)
and approximately 50% by 2000 uM treatment (p < 0.0001). The decrease in steady-state
MECP2E2 in 2000 uM treated cells was again significantly lower compared to 1000 uM
treated cells (p < 0.01). Nascent and steady-state BDNF transcripts were unchanged at 6 h
(Figure 3B, bottom panels). Nascent BDNF transcripts remained unchanged after 48 h,
but steady-state BDNF transcripts were significantly increased by about 1.3-fold in cells
treated with 1000 uM metformin (p < 0.01), a result unique to this specific lot of metformin.
Steady-state BDNF transcripts were significantly increased in cells treated with 2000 uM
metformin by approximately 2.25-fold, which was statistically significant compared to
both the control and cells treated with 1000 pM metformin (p < 0.0001). Taken together,
the results for 1000 and 2000 uM metformin were shown to be largely reproducible with
two different lot numbers of metformin. The reduction in MECP2E? transcripts at the
transcriptional level was reproduced as well as the increase in BDNF transcripts at the
steady-state level. Our results indicated that both tested lots of metformin transcriptionally
inhibited MECP2E?2 transcripts, while induced BDNF post-transcriptionally (Figure 3A,B,
middle and bottom panels).
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Figure 2. Transcriptional effect of metformin on MECP2E1-E2 and BDNF in Daoy cells under the condition of with and
without serum starvation. (A) Daoy cells were serum-starved for 24 h prior to drug treatment with 250 and 1000 M
metformin. Samples were collected at 6 and 24 h and gene-specific nascent and steady RNA transcripts were analyzed
by RT-PCR for MECP2E1, MECP2E2, and BDNF. C values were normalized to the housekeeping gene GAPDH and fold
change was determined relative to the average control. N = 3 & SEM. Fold change values were analyzed by one-way
ANOVA followed by Tukey’s multiple comparisons test, * p < 0.05. (B) Similar to A, but Daoy cells were subjected to the
same drug treatment, without prior serum starvation.
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Figure 3. Transcriptional effect of two lots of metformin on MECP2E1-E2 and BDNF in Daoy cells with serum starvation.
(A,B) Daoy cells were serum-starved for 24 h prior to drug treatment with 1000 and 2000 uM metformin (Met) with two lots
of the drug from the same company. Samples were collected at 6 and 48 h and gene transcripts were analyzed by RT-PCR
for MECP2E1, MECP2E2, and BDNF. Ct values were normalized to the housekeeping gene GAPDH and fold change was
determined relative to the average control. N = 3 £ SEM. Fold change values were analyzed by one-way ANOVA followed
by Tukey’s multiple comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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3.2. Simvastatin Treatment Does Not Impact MECP2E2 but Inhibits BDNF Transcription in Daoy
Cells, with Condition-Dependent Effect on Steady State Level of MECP21 Transcripts

To study the role of simvastatin on MECP2E1/E2-BDNF transcripts, Daoy cells were
treated with two concentrations of simvastatin at 2.5 uM and 5.0 pM. Nascent and steady-
state MECP2E1, MECP2E2, and BDNF transcripts are shown in Figure 4A,B. MECP2E1
and MECP2E2 transcript levels did not show any statistically significant changes following
simvastatin treatments at 6 h or 24 h in condition with serum starvation (Figure 4A, top and
middle panels). Nascent and steady-state BDNF transcripts were not significantly changed
at 6 h (Figure 4A, bottom panels). However, at 24 h, nascent BDNF transcripts were
significantly decreased in 5.0 uM simvastatin treated cells by approximately 80% (p < 0.05).
Steady-state BDNF transcripts were significantly decreased at 24 h in both 2.5 pM and
5.0 uM simvastatin treated cells by approximately 60% and 70%, respectively (p < 0.01)
(Figure 4A, bottom panels). Therefore, 5.0 uM simvastatin treatment resulted in reduced
BDNF transcription after 24 h. Though steady-state BDNF was decreased to similar levels
by both simvastatin concentrations, nascent BDNF only showed statistically significant
decreases in the 5.0 uM treatment. Simvastatin at 2.5 uM treatment also appeared to result
in a slight decrease in nascent BDNF, but this was not statistically significant.

While similar results were obtained for MECP2E2 in cells without serum starvation
(Figure 4B, middle panels), decreased steady state expression of MECP2E1 was detected at
6 h and 24 h, suggesting a post-transcriptional effect on MECP2E1. Similarly, simvastatin
reduced BDNF transcripts both at the nascent and steady state RNA levels, suggesting
transcriptional inhibition of BDNF by simvastatin at 24 h. As indicated, nascent MECP2E1
transcript levels were unchanged in Daoy cells treated with simvastatin in a non-serum
starved condition (Figure 4B, top panel), similar to serum starved condition. However,
decreases in steady-state MECP2E1 transcripts were observed in the non-serum starved
condition, which had not been observed in serum starved condition. At 6 h, steady state
MECP2E1 was reduced by approximately 40% compared to the controls in Daoy cells
treated with either 2.5 uM or 5.0 pM simvastatin (p < 0.05). At 24 h, steady-state MECP2E1
was reduced by approximately 30% compared to controls in Daoy cells treated with 2.5 uM
simvastatin, which was not statistically significant, but remained reduced by approximately
40% by 5.0 pM simvastatin (p < 0.05). Nascent and steady-state MECP2E2 transcripts were
not significantly altered by simvastatin treatment in the non-serum starved condition
(Figure 4B, middle panels). Like the results seen in the serum starved condition, nascent
BDNF transcripts were significantly reduced at 24 h in cells treated with 2.5 uM and 5.0 pM
simvastatin by approximate fold changes of 70-80% for both nascent (p < 0.01 and p < 0.001)
and steady state (p < 0.001) transcripts (Figure 4B, bottom panels). This suggests the
possibility that simvastatin inhibits BDNF expression through transcriptional mechanisms.

3.3. Metformin and Simvastatin Do Not Show Additive Transcriptional Effects on
MECP2E1/E2-BDNF

Combination treatments may be required for MeCP2-related disorders due to the
broad impact of MECP2 mutations. Combining metformin and simvastatin may be of
interest in correcting both the glucose and cholesterol metabolism abnormalities seen in
RTT patients. The scope of this study was to assess changes in gene expression resulting
from treatment with these drugs, and this was also tested for one combination condition.
Thus, a combination of 250 M metformin and 2.5 pM simvastatin was tested for possible
synergistic effects of the two drugs under condition with or without serum starvation
for 24 h. Daoy cells were treated with a combination of 2.5 uM simvastatin and 250 uM
metformin for 6 h and 24 h followed by testing of nascent and steady-state levels of
MECP2E1, MECP2E2, and BDNF transcripts by RT-PCR (Figure 5A).

Our results showed that MECP2E1 and MECP2E? transcript levels did not have
any statistically significant changes in Daoy cells treated with the combination in serum
starved conditions, similar to the individual treatments (Figure 5A, top and middle panels).
The effect of the combination treatment on BDNF transcripts was similar to the effect
of simvastatin treatment alone. Nascent and steady-state BDNF transcripts were not
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significantly changed at 6 h (Figure 5A, bottom panels). Nascent BDNF transcripts were
reduced at 24 h in cells treated with the combination by approximately 60%, which was
statistically significant compared to 250 uM metformin (p < 0.05), but not compared to
the control. Steady-state BDNF transcripts were reduced by about 60% in cells treated
with 2.5 uM simvastatin alone as well as the combination, and these decreases were both
statistically significant compared to the control (p < 0.05) and cells treated with 250 uM
metformin (p < 0.01) (Figure 5A, bottom panels). The effect of 2.5 uM simvastatin on
steady-state BDNF transcripts appeared to predominate in the combination treatment.

Analyzing cells under conditions of no serum starvation resulted in the same con-
clusion for MECP2E? (Figure 5B, middle panels), with reduced steady-state transcripts
for MECP2E1 by simvastatin at 6 h and 24 h and inhibition of BDNF transcription at
24 h (Figure 5B, top and bottom panels). In the combination treatments of metformin
and simvastatin in non-serum starved conditions, MECP2E1 steady state transcripts were
significantly reduced at both 6 h and 24 h in cells treated with 2.5 uM simvastatin and com-
bination of 2.5 uM simvastatin and 250 uM metformin by approximately 50% (p < 0.5 and
p < 0.01) (Figure 5B, top panels). MECP2E2 transcript levels did not show any statistically
significant changes in Daoy cells treated with a combination of the two drugs, similar to
individual treatments, although steady state transcripts were reduced approximately 50%
at 6- and 24-h, this was not statistically significant (Figure 5B, middle panels). The effect
of combination treatment on BDNF transcripts was again a significant reduction. Nascent
and steady state BDNF transcripts were not significantly changed at 6 h (Figure 5B, bottom
panels). Nascent BDNF transcripts were reduced at 24 h in cells treated with 2.5 uM
simvastatin by approximately 30% (p < 0.001) and in cells treated with the combination
by approximately 20% (p < 0.001). These reductions were also statistically significant
compared to 250 pM metformin (p < 0.001). Steady state BDNF transcripts were similarly
reduced in cells treated with 2.5 uM simvastatin as well as the combination, and these
decreases were both statistically significant compared to the control (p < 0.01) and cells
treated with 250 uM metformin (p < 0.01). Future studies could expand the results to
include additional combination treatments of metformin and simvastatin.

3.4. Metformin and Simvastatin Treatment Do Not Impact Ribosomal RNA Expression

Previous studies from ourselves and others have implicated MeCP2 in regulating
rRNA transcripts [28,59]. Thus, we evaluated rRNA expression in metformin and sim-
vastatin treated Daoy cells. Nascent and steady state 45S pre-rRNA, 28S rRNA, and 185
rRNA transcripts were evaluated in Daoy cells treated with 2.5 pM and 5.0 uM sim-
vastatin, 250 uM and 1000 uM metformin, and the combination treatment of 2.5 uM
simvastatin + 250 uM metformin. Two time points of 6 h and 24 h were evaluated. No sta-
tistically significant differences in YRNA transcripts were observed because of metformin
treatment (Figure 6A). There were also no statistically significant differences in *fRNA
transcript levels in Daoy cells treated with simvastatin (Figure 6B) Though a trend of a
slight decrease was observed in levels of steady state rRNA transcripts at 6 h, these were
not statistically significant, and levels appeared similar to the controls by 24 h. No sta-
tistically significant differences were observed in Daoy cells treated with a combination
of 2.5 uM simvastatin + 250 pM metformin (Figure 7). In evaluating rRNA transcripts,
high level of variation between biological replicates was observed, and no statistical sig-
nificance was detected. Overall, these results indicate that simvastatin and metformin
treatment at the time points and under these conditions does not impact the 455 rRNA
precursor or processed 28S and 18S transcripts.
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Figure 4. Transcriptional effect of simvastatin on MECP2E1-E2 and BDNF in Daoy cells under the condition with and

without serum starvation. (A) Daoy cells were serum-starved for 24 h prior to drug treatment with 2.5 and 5.0 uM
simvastatin. Samples were collected at 6 and 24 h and gene transcripts were analyzed by RT-PCR for MECP2E1, MECP2E2,
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the average control. N = 3 &+ SEM. Fold change values were analyzed by one-way ANOVA followed by Tukey’s multiple

comparisons test, * p < 0.05, ** p < 0.01, and ** p < 0.001. (B) Similar to A, but Daoy cells were subjected to the same drug

treatment, without prior serum starvation.
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Figure 5. Combined transcriptional effects of simvastatin and metformin on MECP2E1-E2 and BDNF in Daoy cells under

the condition with and without serum starvation. (A) Daoy cells were serum-starved prior to drug treatment with 2.5 uM

simvastatin (Stat), 250 uM metformin (Met), and a combination of 2.5 uM Stat + 250 uM metformin. Samples were collected
at 6 and 24 h and gene transcripts (nascent and steady-state) were analyzed by RT-PCR for MECP2E1, MECP2E2, and BDNF.
Cr values were normalized to the housekeeping gene GAPDH and fold change was determined relative to the average

control. N = 3 &+ SEM. Fold change values were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons
test, * p < 0.05, ** p < 0.01, *** p < 0.001. (B) Similar to A, but Daoy cells were subjected to the same drug treatment without
prior serum starvation.
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Figure 6. Transcriptional effect of individual metabolic drugs; metformin and simvastatin, on ribosomal RNA genes in Daoy

cells. Cells were serum-starved for 24 h prior to drug treatment with 250 uM and 1000 tM metformin (A), or simvastatin (B)

at two concentrations of 2.5 and 5.0 uM. Samples were collected at 6 and 24 h and gene expression was analyzed by RT-PCR
for 455 pre-rRNA, 285 rRNA, and 18S rRNA transcripts. Ct values were normalized to the housekeeping gene GAPDH and
fold change was determined relative to the average control. N = 3 £ SEM. Fold change values were analyzed by one-way
ANOVA followed by Tukey’s multiple comparisons test.
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Figure 7. Combined transcriptional effect of simvastatin and metformin on ribosomal RNA genes with serum starvation.
Daoy cells were serum-starved for 24 h prior to drug treatment with 2.5 uM simvastatin (Stat), 250 uM metformin (Met),
and a combination of 2.5 uM Stat + 250 uM metformin. Samples were collected at 6 and 24 h and gene transcripts were
analyzed by RT-PCR for 45S pre-rRNA, 285 rRNA, and 18S rRNA transcripts. Ct values were normalized to the housekeeping
gene GAPDH and fold change was determined relative to the average control. N = 3 & SEM. Fold change values were
analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test.

4. Discussion

This study was intended to provide insight into the effects of metformin and sim-
vastatin on the nascent transcription of MECP2E1, MECP2E2, and BDNF in a human
brain cell line. The results indicated that simvastatin inhibits BDNF transcription, reduc-
ing MECP2E1 steady state transcripts in no serum-starved cells, without any effect on
MECP2E2. On the other hand, metformin increased transcript levels of MECP2E1 (in a
time-, lot-, and dose-dependent manner) and BDNF while decreasing MECP2E?2 tran-
scription. Nascent transcripts of MECP2E1 and BDNF were unchanged by metformin
treatment, which indicated that the mechanism by which metformin acts is not directly
transcriptional. Future studies could address whether metformin treatment influences the
transcript stability of MECP2E1 and BDNF, resulting in the increase in the steady state
transcripts. The results of metformin treatment also indicated that an isoform-specific
effect is occurring. This highlights the importance of investigating the mechanisms of
isoform-specific regulation and determining how they may be relevant to the pathology of
Rett Syndrome, MECP2 Duplication Syndrome, and other MeCP2-associated disorders.

Metformin and simvastatin are both well-established metabolism-modulating drugs,
whose effects are suggested to correct the metabolic defects detected in RTT patients. Here,
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the effects of metformin and simvastatin treatment on MECP2E1, MECP2E2, BDNF, 455
rRNA, 285 rRNA, and 18S rRNA transcription were tested in Daoy cells using nascent
RNA analysis. The mechanistic effects of metformin in liver cells are well known, and of
simvastatin on cholesterol biosynthesis, but there is limited knowledge of the effects of
these drugs in brain cell models.

Metformin and simvastatin cross the blood-brain barrier [35,60]. Metformin has
been shown to enhance neurogenesis and spatial memory formation in adult mice through
increased phosphorylation of atypical protein kinase C (aPKC) and activation of CREB bind-
ing protein (CBP) [61]. Further studies could address whether these signaling molecules
are involved in the effects of metformin on MECP2E1, MECP2E2, and BDNF. Simvastatin
promoted neurogenesis in models of traumatic brain injury involving increased BDNF
expression, which appears in contradiction to our observation of reduced BDNF transcrip-
tion in Daoy cells treated with simvastatin [37]. This could be a result of the differences
between the in vivo and in vitro contexts or differential impact at the transcript and protein
levels. A wider range of simvastatin concentrations could also be tested. Further study of
the effects of both drugs on DNA methylation, transcription factors regulating the genes
of interest, and microRNAs is needed to characterize the role of these drugs in brain cell
models. In humans, the BDNF gene has eleven exons and nine functional promoters
with the last exon containing the coding region [62]. Regulation is complex with many
transcription factors at play [63], which could potentially be influenced by drug treatment.

In our studies, metformin induced BDNF, while simvastatin inhibited it. These effects
were detectable after 24 h. Whether or not either drug acts through mediatory mechanisms
that result in indirect regulation of BDNF transcription or transcript stability is unclear.
BDNF is known to be influenced by inflammation-related pathways [64], thus, we cannot
exclude the possibility that metformin induction of BDNF might be indirect. Similarly,
inhibition of BDNF by simvastatin could either be direct or indirect through different
regulatory mechanisms that warrant further investigations.

Daoy medulloblastoma cells are commonly used for studies on MeCP2 regulation and
function [65,66]. Our results were in experimental conditions in cells either with or without
serum starvation. Serum deprivation is a common method to synchronize cells prior to
drug treatment and is commonly used to bring the cell populations to a similar metabolic
state in the same stage of the cell cycle [67]. This is expected to result in consistent effect
among the cells. In our study, the transcript levels detected in cells that did not undergo
serum starvation prior to drug treatment showed some differences with those that were
serum starved.

The selected doses for the drugs in in vitro studies may commonly differ from what is
detectable in patients. Regarding metformin, type 2 diabetes patients receiving an 850 mg
metformin dose have a plasma metformin concentration of approximately 8-24 uM 3 h after
the dose. Caution is required with increasing metformin dosages since patients with plasma
metformin concentrations of 150-820 M may develop lactic acidosis due to increased
plasma lactate levels. Plasma concentrations of approximately 2.5 mg/L, or 20 uM are
generally considered to be safe [68]. In our study, Daoy cells were treated with 250, 1000,
and 2000 utM metformin, which are higher compared to what is recommended for patient
plasma levels. However, the purpose of this study was to evaluate the transcriptional
effects of metformin on gene transcripts in vitro over a short time. In agreement with our
approach, concentrations of metformin in this range have previously been used in vitro to
analyze the impact of metformin on cell signaling molecules [61,69]. Future studies could
investigate the effects of prolonged metformin treatment at lower concentrations.

In addition to neurodevelopmental disorders such as Fragile X syndrome, clinical
studies have shown that metformin treatment also lowers the probability of Parkinson’s
disease in type 2 diabetes patients [70]. The neuroprotective effects of metformin were also
seen in mouse models of Parkinson’s disease with increased BDNF protein levels observed
in metformin-treated mice [71,72]. Metformin was also found to enhance neurogenesis and
spatial memory formation in mice [71].
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For simvastatin treatment in Daoy cells, we selected doses based on a recent study
from our own lab [73]. Simvastatin concentrations of 2.5 and 5.0 uM were selected here
for a 24 h treatment. This is a greater concentration than what is typically found in the
plasma of patients taking statins, which tends to peak at a wide nanomolar range of 6 nM to
80 nM. In vitro studies have commonly employed statins in the micromolar range [74,75].
Our results showed that 2.5 and 5.0 uM simvastatin treatment significantly inhibited
BDNF transcription in Daoy cells, but did not significantly impact MECP2E? transcripts.
The effects of simvastatin on MECP2E1 showed some variation between experimental
conditions of the presence or absence of serum starvation prior to drug treatment. Cells that
were not serum starved prior to drug treatment showed some decrease in MECP2E1 and
MECP2E2 transcripts, indicating the metabolic state of cells may impact the effect of
simvastatin on transcript levels. Simvastatin treatment of Daoy cells has also been tested in
applications as a cancer therapeutic. As cancer cells, Daoy cells may respond differently to
cholesterol inhibition than perhaps a neuronal in vitro model or an in vivo model would
show. Toxic effects of simvastatin have not been observed previously in other mouse
models of neurological disorders, and it may be most ideal to test this drug in the in vivo
model of RTT.

Our approach was a side-by-side comparison of the transcriptional effect of these
drugs on nascent RNA versus steady state total RNA transcripts. In vitro studies that
used this technique include imaging of the nascent RNA production in cultured NIH-3T3
cells [51] as well as in dendrites of cultured hippocampal neurons [76]. Targeted gene
transcript analysis has also been reported in vitro for NEAT1 transcripts in HeLa cells [77]
and to study MECP2 post-transcriptional regulation in a human embryonic stem cell (hESC)
differentiation model of neurodevelopment [78]. In vivo studies have been performed by
injecting EU into mice and zebrafish [51,76].

Taken together, this current study would contribute to our knowledge about the
potential application of metformin for transcriptional regulation of MECP2E1/E2-BDNF
homeostasis and provides important insight toward future therapeutic studies for RTT.

Since treatment of RTT patients with exogenous BDNF is not feasible due to its low
blood-brain barrier permeability, small molecule drug treatments that do pass the BBB and
stimulate BDNF expression are of interest. Fingolimod has been used to indirectly stimulate
BDNF metabolism, improving locomotion in Mecp2-null mice and increasing the volume
of the striatum, an important region of BDNF transport and function [79]. Ampakine
treatment increased BDNF levels through stimulating neuronal activation and improved
breathing patterns in Mecp2-null mice [80]. Agonists of the TrkB receptor, the receptor
for BDNF, also improve breathing patterns [81,82]. In these studies, treatment had to be
initiated before the appearance of first symptoms in order to be efficacious, but usually RTT
is diagnosed long after the symptoms have begun. Treatment with FK506, a calcineurin
inhibitor, can be initiated after the symptoms appear and improves the transportation
of BDNF between brain regions, improves lifespan, motor strength and coordination,
and exploratory behavior, and reduced the frequency of apneas in Mecp2-null mice [83].
RTT patients may benefit from a combination treatment with a drug that induces MeCP2
and/or BDNF expression along with a drug that corrects BDNF transport.

To our knowledge, this study is the first to show that metformin induces MECP2E1
and BDNF transcripts while transcriptionally inhibits MECP2E2 transcripts. Perhaps this is
part of the mechanism by which metformin enhances neurogenesis in mice [71]. The effects
of metformin treatment on transcript levels were time- and concentration-dependent.
In Daoy cells, changes in MECP2E1, MECP2E2, and BDNF transcripts were all seen at
48 h in cells treated with 2000 uM metformin. There was a slight increase in steady-state
MECP2E1 transcripts and approximately 2-fold increase in BDNF transcripts, but these
were not changed at the nascent RNA level. MECP2E2 transcripts were decreased by
metformin treatment at the nascent and steady-state levels. Further studies are required to
determine how metformin affects transcripts at different levels of regulation, and how it
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can produce MeCP2 isoform-specific regulation mechanisms. It is still unknown whether
these transcript changes are also translated to the level of protein.

Further in vivo studies of metformin in RTT models should evaluate the effects of met-
formin on glucose metabolism and whether increases in MECP2E1 and BDNF are observed
in vivo. Decreases in MECP2E2, which were observed in this study, may have potential
application where its overexpression is detected in disease states. For example, in the case
of MECP2 Duplication Syndrome, metformin may be of interest if it is capable of somewhat
normalizing MeCP2 levels. In addition, the combination of metformin and simvastatin
in vivo can be tested to target both glucose and cholesterol metabolism abnormalities.

5. Limitations of the Study

One limitation of this study would be the effects of simvastatin and metformin treat-
ments on MeCP2 and BDNF protein levels at the nascent protein and steady-state levels.

6. Conclusions

In conclusion, BDNF transcript levels were shown to be targeted by both metformin
and simvastatin in a Daoy cell model, although in opposite directions. While simvastatin
did not significantly alter the MECP2E?2 isoform, metformin showed an isoform-specific
inhibition of MECP2E2. Metformin was also capable of inducing MECP2E1, although this
effect in our hands was dependent on the lot of the drug. The true efficacy of these drugs
could further be evaluated by in vivo studies using Rett Syndrome or MDS transgenic mice.
Metformin treatment resulted in significantly increased BDNF transcripts in Daoy cells,
which along with its previously demonstrated function of enhancing neurogenesis indicate
it to be considered as a promising therapeutic for RTT Syndrome.
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