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ABSTRACT: The serine protease tissue-type plasminogen activator (t-PA) is involved in both vital physiological brain processes, such as synaptic plasticity,
and pathophysiological conditions, such as neurodegeneration and ischemic stroke. Recent data suggest that epigenetic mechanisms play an important role
in the regulation of t-PA in human endothelial cells. However, there are limited data on epigenetic regulation of t-PA in human brain-derived cells. We
demonstrate that treatment of cultured human neurons and human astrocytes with the histone deacetylase inhibitors trichostatin A (TSA) and MS-275
resulted in a two- to threefold increase in t-PA mRNA and protein expression levels. Next, we performed a chromatin immunoprecipitation assay on treated
astrocytes with antibodies directed against acetylated histones H3 and H4 (both markers of gene activation). Treatment with MS-275 and TSA for 24 hours
resulted in a significant increase in H3 acetylation, which could explain the observed increase in t-PA gene activity after the inhibition of histone deacety-
lation. Furthermore, DNA methylation analysis of cultured human neurons and astrocytes, as well as human postmortem brain tissue, revealed a stretch
of unmethylated CpG dinucleotides in the proximal t-PA promoter, whereas more upstream CpGs were highly methylated. Taken together, these results

implicate involvement of epigenetic mechanisms in the regulation of t-PA expression in the human brain.
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Introduction

Tissue-type plasminogen activator (t+PA) is produced by
endothelial cells (ECs) and is the main activator of the fibrin-
olytic system in the intravascular compartment. In the brain,
t-PA is also expressed by neurons and glial cells.! Under physi-
ological conditions, t-PA promotes synaptic remodeling and
neuronal plasticity.? On the other hand, excessive release of
t-PA into the extracellular space during pathological condi-
tions, such as inflammatory and ischemic events, can potentiate
excitotoxicity and neurodegeneration.>* Several physiological
and pathological processes in the brain have been associated
with epigenetic events, including synaptic plasticity, neuro-
degeneration, and ischemic stroke.” Interestingly, histone
deacetylase (HDAC) inhibitors have been shown to potentiate
synaptic plasticity® and show therapeutic efficiency in murine
models of ischemic stroke.”

Studies on human ECs have demonstrated that the t-PA
gene is under epigenetic control in this cell type.® Epigenetic
regulation is commonly cell-type specific. Thus, an increased
knowledge regarding the epigenetic regulation of t-PA in the
human brain is of importance. Here, we sought to investigate

DNA methylation at the t-PA gene promoter and the effect
of histone acetylation on t-PA expression in human brain-
derived cells.

Materials and Methods

Cell culture and treatments. Human primary astrocytes
(ScienCell Research Laboratories) were cultured in astrocyte
growth medium supplemented with 2% fetal bovine serum,
1% astrocyte growth supplement, and 1% penicillin/strepto-
mycin solution (ScienCell Research Laboratories). The cells
were split and subcultured using trypsin-EDTA (0.25 mg/mL;
ScienCell Research Laboratories) treatment. Human primary
neurons (ScienCell Research Laboratories) were cultured on
poly-L-lysine-coated flasks (ScienCell Research Laborato-
ries) in neuronal medium supplemented with 1% neuronal
growth supplement and 1% penicillin/streptomycin solution
(ScienCell Research Laboratories). The cells were kept at
37 °C and 5% CO, in a humidified environment. The medium
was replaced in the first two days and every two to three days
thereafter. To investigate the influence of histone modifica-
tions on t-PA gene expression, cultures of human neurons and
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astrocytes were treated with HDAC inhibitors trichostatin A
(TSA, 1 uM; Sigma-Aldrich) or MS-275 (10 pM; Selleck
Chemicals) for the indicated time periods. T'SA inhibits class I
and class II HDACs, whereas MS-275 specifically inhibits
class  HDACs.” HDAC inhibitors were prepared in dimethyl
sulfoxide (DMSO) and diluted in astrocyte growth medium
or neuronal medium. Control cultures were exposed to the
maximum final concentration of DMSO (0.1%). All stimula-
tions were performed in six separate cell culture wells (z = 6).
For practical reasons, cells were derived from two different
individuals. Following treatments, cell media and cellular
extracts were collected and stored at —20 and —80 °C, respec-
tively, until further analysis.

Human brain tissues. The study was conducted in com-
pliance with the principles of the Declaration of Helsinki.
Fresh frozen brain tissue samples derived from the cortex
and the hippocampus (z = 10 per brain region) were obtained
from the Neurological Foundation of New Zealand Human
Brain Bank. All donated brains were collected with the full
consent of the next of kin and in line with ethics approval
from The University of Auckland Human Participants Ethics
Committee (Ref 011654). There were no evident neurological
injuries associated with the cause of death, and the assessment
of all brains by a neuropathologist revealed no neurological

abnormalities. Mean postmortem delay was 13 hours (range
7-21 hours).

Analysis of t-PA mRNA and protein expression.
Total cellular RNA was isolated from cellular extracts using
E.Z.N.A. Total RNA Isolation Kit (Omega Bio-tek) accord-
ing to the manufacturer’s protocol. Isolated RNA was con-
verted to cDNA using a GeneAmp RNA PCR Kit (Applied
Biosystems). Expression levels of -PA mRNA were deter-
mined using TagMan Real-Time qPCR (Applied Biosys-
tems). All samples were normalized relative to glyceraldehyde
3-phosphate dehydrogenase. The reactions were performed in
a 384-well format using an ABI Prism 79100HT Sequence
Detection System (Applied Biosystems) in a total volume of
10 puL. Thermocycling conditions were two minutes at 50 °C
and 10 minutes at 95 °C, followed by 40 cycles for 15 seconds
at 95 °C and one minute at 60 “C. Relative quantification of
gene expression was analyzed as a treatment-to-control expres-
sion ratio using the comparative C. method. Each sample was
analyzed in triplicate for both target and control genes. Probe
and primer sequences are shown in Table 1.

Antigen levels of t-PA in the cell culture media following
treatment with HDAC inhibitors were determined by Enzyme-
Linked Immunosorbent Assay (ELISA) (TriniLIZE t-PA;
Trinity Biotech) according to the manufacturer’s protocol.

Table 1. Primer and probe nucleotide sequences used in this study.

GENE EXPRESSION qPCR
GENE PRIMER SEQUENCE

t-PA Fw 5-GGC CTTGTC TCC TTT CTATTC G-3’
Rv 5’-AGC GGC TGG ATG GGT ACA G-3’

PROBE SEQUENCE

5-TGA CAT GAG CCT CCT
TCA GCC GCT-3’

GAPDH Fw 5-CCA CAT CGC TCA GAC ACC AT-3’

Rv &-CCA GGC GCC CAA TAC G-3’

5-AAG GTG AAG GTC GGA
GTC AAC GGATTT G-3'

ChiP qPCR
REGION PRIMER SEQUENCE LOCATION*
t-PA promoter Fw 5-ACC CCC TGC CTG GAA ACT TA-3’ —46 to +92
Rv 5"-GGT ACA GAA ACC CGA CCT ACC A-3’
BISULFITE SEQUENCING
REGION PRIMER SEQUENCE LOCATION*
t-PA promoter 1 Outer 1 Fw 5-TTT GAA AAG GTG TTA GTA AG-3’ 721 to —-382
Rv 5’-ACC ACT AAA AAA ACA AAA CC-3’
Inner 2 Fw 5-TAA GGG AAATGG TTT GTT TA-3’ —705to —416
Rv 5’-CTACRATAAAAAATACCCCCATA-3’
t-PA promoter 2 Outer 3 Fw 5-TTT GGG TTT ATT TAA GGG GAT GT-3’ -577 to +156
Rv 5-AAA AAT TTT CTC TCC AAC CCT AAA C-3’
Inner 4 Fw 5-GAG GTT ATT TAT TGT AGT TTT GTATTT TAT-3°  -535to +118
Rv 5’-CAA CTC TAA ACT CCC CAC AAC TC-3’
t-PA promoter 3 Outer 5 Fw 5-TTA GGA TTT TAAAGG AAG ATG ATT TTT AA-3"  —176 to +222
Rv 5’-AAA AAA ACA AAC CCC AAA ATA CAA-3’
Inner 6 Fw 5-AAA GGAAGATGATTTTTAAGG TTTTAT TT-3° 166 to +155
Rv 5-AAA ATT TTC TCT CCA ACC CTAAAC T-3’

Notes: *Location with respect to the transcription start site of the t-PA gene. Top panel: Primers and TagMan probes used in the real-time RT-PCR. mRNA of the t-PA
gene was converted to complementary DNA and quantitatively amplified together with the reference gene GAPDH. Middle panel: Primes sequences used for SYBR
Green real-time PCR quantification of chromatin immunoprecipitation (ChIP) samples. Bottom panel: Primer sequences used in the methylation analysis of the t-PA
promoter. Three overlapping regions of the t-PA promoter (t-PA promoter 1, 2 and 3) were amplified in a nested PCR. The reaction was run in two stages with outer and
an inner primers. Locations are given according to the NCBI Reference Sequences for t-PA. Fw denotes forward, Rv denotes reverse.
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Chromatin immunoprecipitation assay. Chromatin
immunoprecipitation (ChIP) was performed using the ChIP-IT
Express Kit (Active Motif) as follows. Human astrocytes were
cultured on 15-cm plates until ~80% confluence and stimu-
lated with TSA (1 uM) or MS-275 (10 uM) for 24 hours.
Control cultures were treated with the final maximum con-
centration of DMSO as described above. After treatments,
chromatin was cross-linked by adding serum-free astrocyte
growth medium supplemented with 1% formaldehyde to
each plate and incubating for 10 minutes at room tempera-
ture. The cells were washed with ice-cold Phosphate-Buffered
Saline (PBS), and the fixation reaction was stopped by the
addition of 1 X glycine/PBS buffer for five minutes. The fixed
cells were washed in PBS, and the plates were scraped using
a rubber policeman and a cell-scraping solution of ice-cold
PBS supplemented with 30 uL of 100 mM phenylmethane-
sulfonyl fluoride (PMSF). The harvested cells were pelleted
by centrifugation, resuspended in ice-cold lysis buffer supple-
mented with PMSF and protein inhibitor cocktail (PIC), and
incubated on ice for 30 minutes. The lysates were transferred
to a homogenizer and dounced on ice. Following centrifuga-
tion, the pellets were resuspended in shearing buffer supple-
mented with PMSF and PIC and sonicated at 4 °C using a
Bioruptor Pico (Diagenode). The sheared chromatin samples
were centrifuged at 4 °C, and the supernatants containing the
sheared chromatin were collected. At this point, 10 uL of each
sample was removed and stored at 20 “C to serve as the input
DNA control.

The ChIP reaction was performed with sheared chro-
matin, protein G magnet beads, ChIP bufter, PIC, and rab-
bit anti-acetyl-histone H3 (1 mg/mL) or anti-acetyl-histone
H4 (Merck Millipore). No-antibody controls were also per-
formed. All samples were incubated overnight on a rotator at
4 °C. 'The next day, beads were washed, resuspended in elu-
tion buffer, and incubated on a rotator for 10 minutes at room
temperature. Reverse cross-linking buffer was added to each
sample, and the captured DNA was eluted by magnetic sepa-
ration of the beads.

In the next step, ChIP buffer 2 and 5 M NaCl was added
to the input DNA samples. ChIP samples and input DNA
samples were incubated at 95 °C for 15 minutes, followed by
the addition of proteinase K and further incubation for one
hour at 37 °C. Thereafter, samples were returned to room tem-
perature, and proteinase K stop solution was added. Samples
were cleaned using a Chromatin IP DNA Purification Kit
(Active Motif), and the captured DNA was quantified using
SYBR Green detection. Samples were analyzed in triplicates
on a CFX384 Real-Time PCR Detection System (Bio-Rad).
ChIP results are presented as the percentage of input frac-
tion and corrected for background with no-antibody controls.
Primer sequences are displayed in Table 1.

DNA methylation analysis of the t-PA promoter.
Total DNA from cultured cells and brain tissues was iso-
lated using the E.Z.N.A. Tissue DNA Kit (Omega Bio-tek)

and modified with bisulfite using a MethylCode Bisulfite
Conversion Kit (Invitrogen). Following bisulfite conver-
sion, three overlapping regions of the t-PA promoter were
amplified by nested Polymerase Chain Reaction (PCR).
All primer sequences are shown in Table 1. Conditions for
both the primary and the secondary reactions were 95 °C for
two minutes, followed by 35 cycles at 94 °C for one minute,
58 °C for one minute, and 72 °C for two minutes, followed
by 10 minutes at 72 °C. The sequencing of the PCR products
was performed using the inner primers (primers 2, 4, and 6;
Table 1), and the conditions for the reaction were 94 °C for
three minutes, followed by 50 cycles at 96 °C for 30 seconds,
50 °C for 10 seconds, and 60 °C for three minutes. The methy-
lation state of each individual CG dinucleotide (CpG) in the
region of interest was analyzed subsequent to direct bisulfite
sequencing, as described elsewhere.!”

Statistical analysis. Differences in mRNA and pro-
tein expression levels and differences in histone acetylation
levels between HDAC inhibitor-treated cells and control-
treated cells were determined by the unpaired Student’s #test.
A P value of =0.05 was considered statistically significant.
Values are presented as mean and standard error of the mean.

Results and Discussion

Following treatment with the HDAC inhibitors, TSA and
MS-275, for 24 hours, we observed a two- to threefold increase
in -PA mRNA expression in astrocyte cultures compared
to the control-treated cells (Fig. 1A). Similar results were
obtained for neuronal cultures (Fig. 1B). t-PA antigen levels
in astrocyte-conditioned media also increased ~1.5- to 2-fold
in response to HDAC inhibitor treatment (Fig. 1A). Antigen
levels of t-PA were below the detection limit in the culture
media from neuronal cells. The observed increase in t-PA
expression after HDAC inhibition suggests a role for histone
modifications in t-PA gene regulation in brain-derived cells,
either direct or indirect.

Compared with astrocytes, induction of t-PA mRNA in
neurons appeared to occur at a later time point. The reason
for this delayed response could indicate a difference in the
fine-tuning of t-PA regulation between the two cell types and
should be examined further.

HDAC:S act not only on histones but also on a variety of
other proteins, such as transcription factors, that may influ-
ence gene regulation. To determine whether treatment with
HDAC inhibitors de facto increased t-PA promoter acetyla-
tion, we performed a ChIP assay on treated astrocytes with
antibodies directed against acetylated histones H3 and H4
(both markers of gene activation). Treatment with MS-275
and TSA for 24 hours resulted in a significant increase in
H3 acetylation (Fig. 2). This confirms that the treatment of
astrocytes with HDAC inhibitors acts directly on histone H3
acetylation in the t-PA promoter, which could explain the
observed increase in t-PA gene activity after the inhibition of
histone deacetylation. In contrast, no significant increase in
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Figure 1. Treatment with histone deacetylase (HDAC) inhibitors resulted in a significant increase in t-PA expression in cultured human astrocytes

and neurons. (A) t-PA mRNA and protein expression levels in cultured human astrocytes following treatment with 1 uM trichostatin A (TSA) or 10 uM
MS-275. (B) t-PA mRNA expression levels in cultured human neurons following treatment with TSA or MS-275. Cells were treated for 14 or 24 hours.
Results are shown as fold induction compared with control-treated cells and presented as mean = SEM. Each data point represents the average of three
independent treatment series performed on two different occasions (n = 6). Cells were derived from two different individuals. Response to treatment was
evaluated by the unpaired Student’s t-test: *P = 0.05, **P = 0.01, and ***P = 0.001.
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Figure 2. Treatment with histone deacetylase (HDAC) inhibitors resulted
in a significant increase in acetylation of histone H3 but not histone

H4 in the t-PA promoter. Results are presented as mean percentage

of input DNA + SEM. Each data point represents the average of two
independent ChIP experiments performed in triplicates (n = 2).

histone H4 acetylation was observed following treatment with
MS-275 or TSA.

In all human brain-derived cells and brain tissue samples
examined, we observed a high degree of DNA methylation
(50-100%) in the t-PA promoter CpG dinucleotides from
position —618 to =366, relative to the transcription start site,
whereas the CpG dinucleotides in the proximal promoter,
from position —121 to +94, showed a minimal degree of
methylation (0-20%; Fig. 3). Minor differences in the meth-
ylation state of the t-PA promoter were found between cul-
tured human astrocytes and neurons, as well as hippocampal
and cortical human brain tissues. The observed hypomethy-
lation at the t-PA promoter region in human brain-derived
cells and brain tissue is in line with previous results in human
ECs, whereas human hepatoma cells and hepatocytes exhibit

a considerably higher degree of DNA methylation in the
same genetic region.® Neurons, astrocytes, and ECs are cell
types with a high basal expression of t-PA, whereas hepatoma
cells and hepatocytes have a low basal expression.® Thus, the
expression level of t-PA appears inversely correlated with the
degree of promoter methylation, which is expected for genes
that are under epigenetic influence. However, the mechanistic
significance for the regulation of the t-PA gene remains to be
examined further.

Conclusion

Our study presents two novel findings considering epige-
netic aspects of t-PA gene regulation in the human brain.
First, we demonstrate that the expression of t-PA is induced
in cultured human neurons and astrocytes after the inhibi-
tion of histone deacetylation and this is associated with an
increase in histone H3 acetylation in cultured astrocytes.
Second, our DNA methylation analysis of cultured human
neurons, astrocytes, and human brain tissues revealed a
stretch of unmethylated CpG dinucleotides in the proxi-
mal t-PA promoter, whereas more upstream CpGs were
highly methylated.

Taken together, these results suggest that epigenetic
mechanisms are of significance for the regulation of t-PA
gene in the human brain. Thus, future studies on the putative
impact of epigenetic modulation on t-PA gene expression in
brain disorders are motivated.
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Figure 3. DNA methylation analysis revealed a stretch of unmethylated CpG dinucleotides in the proximal t-PA promoter, whereas more upstream CpGs
were highly methylated. DNA methylation levels (%) are shown for human hippocampal tissue (n = 10), human cortical brain tissue (n = 10), cultured
human astrocytes (n = 2), and cultured human neurons (n = 2). Results are presented as mean £ SEM.
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