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Background: Photodynamic therapy (PDT) is used for cancer treatment including brain tumors. But the role of
epigenetic processes in photodynamic injury of normal brain tissue is unknown.

Methods: 5-Aminolevulinic acid (ALA), a precursor of protoporphyrin IX (PpIX), was used to photosensitize
mouse cerebral cortex. PpIX accumulation in cortical tissue was measured spectrofluorometrically. Hematoxy-
lin/eosin, gallocyanin-chromalum and immunohistochemical staining were used to study morphological
changes in PDT-treated cerebral cortex. Proteomic antibody microarrays were used to evaluate expression of
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ALA-PDT 112 proteins involved in epigenetic regulation.

Brain cortex Results: ALA administration induced 2.5-fold increase in the PpIX accumulation in the mouse brain cortex com-
Proteomic pared to untreated mice. Histological study demonstrated PDT-induced injury of some neurons and cortical ves-
Epigenetic sels. ALA-PDT induced dimethylation of histone H3, upregulation of histone deacetylases HDAC-1 and HDAC-11,

Antibody microarray and DNA methylation-dependent protein Kaiso that suppressed transcriptional activity. Upregulation of HDAC-1
and H3K9me2 was confirmed immunohistochemically. Down-regulation of transcription factor FOXC2, PABP,
and hBrm/hsnf2a negatively regulated transcription. Overexpression of phosphorylated histone H2AX indicated
activation of DNA repair, but down-regulation of MTA1/MTA1L1 and PML — impairment of DNA repair.
Overexpression of arginine methyltransferase PRMT5 correlated with up-regulation of transcription factor
E2F4 and importin o5/7.
Conclusion: ALA-PDT injures and kills some but not all neurons and caused limited microvascular alterations in
the mouse cerebral cortex. It alters expression of some proteins involved in epigenetic regulation of transcription,
histone modification, DNA repair, nuclear protein import, and proliferation.
General significance: These data indicate epigenetic markers of photo-oxidative injury of normal brain tissue.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) based on photogeneration of highly cy-
totoxic singlet oxygen and following development of oxidative stress that
leads to death of stained cells is currently used in oncology [1]. Protopor-
phyrin IX (PpIX) is a very efficient endogenous photosensitizer. After ad-
ministration of 5-aminolevulinic acid (ALA), its natural precursor, cells
produce PpIX through the heme biosynthetic pathway [2]. ALA-based
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factor 1; BACH1, breast cancer typel protein; CENP-E, centromere protein E; hBrm/
hsnf2a, chromatin remodeling factor; E2F4, E2F transcription factor 4; FOXC2, forkhead
box C2; G9a, histone methyltransferase G9a; hABH1, human AlkB homolog 1; YH2AX, his-

tone H2AX phosphorylated at serine 139; H3K9me2, histone H3 dimethylated at lysine 9;
HDAC-1, HDAC-10 and HDAC-11, histone deacetylases; HDRP, HDAC related protein;
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porphyrin IX; SIR 2, silent information regulator; SUV39H1, suppressor of variegation 3-9
homolog 1; TXNIP, thioredoxin-interacting protein
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PDT is currently used for photodynamic diagnosis and therapy of brain
tumors [3-6]. However, PDT use for treatment of brain tumors is limited
by injury of normal neuronal and glial cells around a tumor that can in-
duce unacceptable neurological disorders and side effects. Therefore,
PDT effects on normal nervous tissue should be carefully investigated.
Cell reactions to various impacts including PDT and their death are
controlled by the complex signaling system consisting of thousands sig-
naling proteins organized in tens of signaling pathways [7-9]. The first
level of intracellular regulation is provided by proteins present in a
cell. If their ability is insufficient, additional gene expression and protein
synthesis are stimulated. Gene expression is controlled by transcription
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factors and epigenetic regulators. Main epigenetic processes include
DNA methylation/demethylation, and covalent histone modifications:
methylation/demethylation, acetylation/deacetylation, and phosphory-
lation/dephosphorylation, which regulate access of transcription factors
and RNA polymerase II to gene promoters. Aberrant DNA methylation
and histone modifications are involved in diverse neuronal functions
and neurological disorders such as synaptic plasticity and memory for-
mation [10], Alzheimer, Parkinson, and Huntington diseases [11,12],
schizophrenia [13], epilepsy [14] and stroke [14]. However, the role of
epigenetic processes in the reactions of the nervous tissue to photody-
namic treatment remains unknown.

In the present work we studied ALA-mediated PpIX accumulation in
the mouse cerebral cortex tissue, ALA-PDT-induced morphological al-
terations, and changes in the expression of 112 proteins involved in epi-
genetic regulation.

2. Materials and methods
2.1. Chemicals

The Panorama Ab Microarray Gene Regulation Kits (GRAA2),
CelLytic™ NuCLEAR™ Extraction Kit (NXTRACT), Bradford reagent,
anti-HDAC-1 (H3284, Sigma-Aldrich), anti-H3K9me2 (D5567, Sigma-
Aldrich), protoporphyrin IX, and 5-aminolevulinic acid hydrochloride
were obtained from Sigma-Aldrich Rus (Moscow, Russia). Cy3™ or
Cy5™ monofunctional reactive dyes were supplied by GE Healthcare
(UK). The test-system REVEAL Polyvalent HRP-DAB Detection System
(SPD-060) was supplied by Spring Bioscience (USA).

2.2. Experimental animals

Outbred male mice CD-I (20-25 g) were obtained from the Labo-
ratory of animal breeding at the Institute of Bioorganic Chemistry
RAS (Moscow, Russia). The animal holding room was maintained at
a constant temperature and humidity, 12-hour light/dark schedule,
and an air exchange rate of 18 changes per hour. Animal care proto-
col corresponded to the institutional guidelines. For the surgical pro-
cedures, the mice were anesthetized with intraperitoneally injected
(i.p.) sodium thiopental (40 mg/kg). After the experiment, all ani-
mals were euthanized with sodium thiopental (120 mg/kg, i.p.). All
experimental procedures were conducted in accordance with the
European Union guidelines for the use of experimental animals.

2.3. Protoporphyrin IX assay

Experimental mice were i.p. injected with 0.30 ml ALA dissolved in
PBS at a dose of 100 mg/kg like that was used for PpIX measurements
in glioma-bearing mice [15]. At 4 h after ALA administration, mice
were injected with heparin (0.15 ml, 1000 UI) to prevent blood coagu-
lation, perfused with 200 ml of sterile saline, and sacrificed. According
to [16,17], the 2 mm thick cerebral cortex slices were homogenized on
ice in ethyl acetate:acetic acid mixture (4:1) using consecutively the
Potter homogenizer and the ultrasound homogenizer Sonics Vibracell
(Sonics and Materials Inc., Newtown, USA). The homogenates were
then centrifuged 30 min at 3000 g. The supernatants were treated
with the equal volume of 5% HCl and centrifuged 2 min at 1400 g. The
HCl extraction was repeated until no detectable fluorescence remained
in the organic layer. PpIX fluorescence spectra were measured at
604 nm (the excitation wavelength 406 nm) using the Hitachi F-4010
spectrofluorometer (Hitachi, Japan). 1 nmol/ml PpIX solution was used
as a reference standard.

2.4. Histological study

Animals were sacrificed at 1 or 4 h after ALA-PDT, and their brains
were extracted and fixed by 10% buffered formalin (pH 7.2). Paraffin-

embedded tissue samples were cross-sectioned by 6-8 pum slices, and
mounted on standard microscopic slides. Deparaffinization was accom-
plished by consecutive immersions in xylene (twice, 3 min each);
100% ethanol (twice, 3 min each); 95% ethanol (twice, 3 min each);
and distilled water (3 min). The sections were stained with hematoxylin
and eosin. The sections were dehydrated by ethanol (50%, 70%, 80%,
95% x 2,100% x 2), cleared by xylene (3-4 times), mounted in Canada
balsam and examined under the microscope Nikon Eclipse FN1 (Japan).
Normal and pathological neurons were counted in the PDT-treated
sensomotory mouse cerebral cortex stained with hematoxylin/eosin.
All observed neurons were divided into three categories: (1) normal,
(2) intermediately damaged (hypochromic or hyperchromic), and
(3) pyknotic. Their numbers were counted using an ocular grid (magni-
fication x 400) in six randomized fields in each slide. The average num-
ber of neurons per a visual field in PDT-treated mice (1 or 4 h after the
treatment, n = 5 in each group) was compared to that in the control
group using the Student's t-test. Gallocyanin-chromalum staining of
deparaffinated slices [ 18] was used for estimation of the level of nucleic
acids in the brain cortex samples.

2.5. Immunohistochemical staining

Mice were perfused transcardially with 4% paraformaldehyde in
0.1 M PBS (pH 7.4) at 1 h after ALA-PDT. The 7 x 7 x 2 mm° pieces of
the irradiated brain sensomotory cortex were incubated 12 h in this fix-
ative solution and embedded into paraffin. Unmasking of deparaffinated
slices was performed in Tween 20-containing Tris-EDTA Buffer (10 mM
Tris, 1 mM EDTA, 0.05% Tween 20, pH9.0) in the pressure chamber Pas-
cal (Dako, USA). Slides were triple washed in Tris-buffered saline, pH 7.4
(TBS). The test-system REVEAL Polyvalent HRP-DAB Detection System
(SPD-060, Spring Bioscience, USA) was used according to producer
recommendations. After washing, slides were incubated 10 min with
200 pl of the Hydrogen Peroxide Block (0.3% Hy0,, <0.1% sodium
azide) at room temperature; washed twice by TBS; incubated 10 min
with 200 pl of Protein Block (PBS, pH 7.6, with 0.5% BSA, 0.5% casein,
<0.1% sodium azide), and washed twice by TBS. After that, 200 pl solu-
tions of anti-HDAC-1 (H3284, Sigma-Aldrich; 1:700) or anti-H3K9me2
(D5567, Sigma-Aldrich; 1:1500) in PBS were applied for 1 h at 37 °C.
After triple washing in TBS, 200 ul of the Complement (Rabbit anti-
mouse secondary antibody) was applied for 10 min. After following
washing in TBS, the HRP Conjugate (goat anti-rabbit secondary antibody
conjugated to horseradish peroxidase) was applied for 15 min. After 4-
fold washing in TBS, the mixture of 4 Wl of DAB Chromogen (3,3’
Diaminobenzidine chromogen) and 200 (il of DAB Substrate (Substrate
buffer, pH 7.5 with hydrogen peroxide) was applied for 3 min. Then
the slides were washed 4 times in TBS and stained with Mayer's hema-
toxylin. Images were photographed on the microscope Nikon Eclipse
FN1 (Japan), objective 40 x. All analyses were carried out in comparable
areas under the same optical and light conditions. The software Image]
(NIH, USA) was used for image analysis. The RGB splitting revealed the
most contrast immune-positive structures in the blue channel. Binary
images in this channel showed only the immunopositive structures.
The immunoreactivity index was determined like in [19] as:

K, — > immunopositive pixels/ _ total number of pixels « 100%.

K; was determined in 12 sections in each of 3 experimental and 3
control mice. Any significant difference between non-irradiated
and animals that were irradiated without ALA administration was not
observed (not shown).

2.6. PDT protocol

Four hours after ALA administration (100 mg/kg, i.p), the animals
were anesthetized and fixed in the stereotactic frame. After pericranium
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removal, the brain was irradiated 20 min by He-Ne laser (633 nm,
15 mW/cm?; the total PDT dose = 18 J/cm?) through the cranial bone
as in [5,20]. After 1 or 4 h, the mice were perfused with saline, and
sacrificed. The 7 x 7 x 2 mm? brain cortex slices were quickly weight-
ed, frozen in the liquid nitrogen, and then stored in a freezer at — 85 °C.

2.7. Proteomic study

The frozen tissue samples of cerebral cortex were primarily ground in
cooled mortars. Then the tissues were homogenized 1 min (20 x 3-
second intervals interrupted by 10-second silence intervals) on ice by
the ultrasound homogenizer Sonics Vibracell (Sonics and Materials Inc.,
Newtown, USA) in the Buffer A consisting of the Extraction/Labeling
Buffer, a component of GRAA2, supplied with protease and phosphatase
inhibitor cocktails and nuclease benzonase. Then the samples were cen-
trifuged 20 min at 10000 rpm in the cooled centrifuge Eppendorf 5417
C/R (Hamburg, Germany). The supernatant that contained mainly cyto-
plasmic proteins was stored on ice. The precipitate containing cell nuclei
was resuspended and incubated 30 min at a room temperature with the
Extraction Buffer, NXTRACT component. The lysate containing nuclear
proteins was centrifuged 10 min at 14200 rpm. The obtained superna-
tant was mixed with the equal volume of the cytoplasmic fraction. The
experimental (cerebral cortex tissues obtained at 1 or 4 h after ALA-
PDT) and control samples were diluted to 1 mg/ml protein content. Ex-
perimental and control samples were then incubated 30 min with Cy3
or Cy5 (1 mg/ml), respectively, at a room temperature in the dark. The
unbound dye was removed by centrifugation (4000 rpm; 4 min) of the
SigmaSpin Columns (GRAA2 components) filled with 200 pl of the la-
beled protein samples. The eluates were collected, and protein concen-
tration was assayed using Bradford reagent. The samples with the dye-
to-protein ratio >2 were used. In another set, these samples were stained
oppositely, by Cy5 and Cy3, respectively.

Each of two identical antibody microarrays (GRAA2 components) con-
tains 224 antibody spots organized in 16 sub-arrays and immobilized on
the nitrocellulose-coated glass slide. Each sub-array has duplicate spots of
7 antibodies against various proteins involved in epigenetic modifica-
tions. Additionally, these sub-arrays contain a single spot with non-
labeled bovine serum albumin (BSA) as a negative control and a single
spot with Cy3 and Cy5-conjugated BSA as a positive control.

Microarray slides were incubated 40 min at a room temperature on
arocking shaker with 5 ml of the Array Incubation Buffer (GRAA2 com-
ponent) containing the mixture of both: the experimental sample
stained with Cy3 and the control sample stained with Cy5 at equal pro-
tein concentrations (10 pg/ml). Cy3 and Cy5 fluoresce in different spec-
tral regions (532 and 635 nm, respectively), so that these samples can
be easily distinguished on their fluorescence. Another microarray slide
was incubated with the oppositely stained samples: Cy5 and Cy3, re-
spectively. Such swapped staining provided verification of results and
compensation of a potential bias in binding of Cy3 or Cy5 dyes to protein
samples. This provides the double test and full self-control of the exper-
iment. After following triple washing in the Washing buffer (GRAA2
component) and triple washing in pure water, the microarray slides
were air dried overnight in the dark.

The microarrays were scanned using the GenePix 4100A Microarray
Scanner (Molecular Devices, Sunnyvale, USA) at 532 and 635 nm (fluo-
rescence maximums of Cy3 and Cy5, respectively). The fluorescence im-
ages were analyzed using the GenePix Pro 6.0 software. The ratio of the
median fluorescence intensity in each spot of experimental samples
(minus background fluorescence in the ring around the spot) to that
of control samples indicated changes in the levels of proteins from
photosensitized cerebral cortex relatively to control samples (the cere-
bral cortex tissue without ALA administration taken at the same time
after irradiation). The GenePix Pro 6.0 method of normalization of the
experimental data was used. This corrects the bias associated with dif-
ferent protein and bound dye content so that the data distribution is
centered on 1. Two samples labeled in duplicate independently and

reversely provided 4 experimental values for each protein. Experiments
were duplicated. These values were averaged and standard deviations
were determined. We used 30% cut-off level, i.e. only the experimental
values differed from control by 30% or more were taken into account
and interpreted. Although more than twofold difference (>100%) is
often considered to be more reliable for interpretation of genomic
data (in which thousands genes are analyzed), the 30% cut-off levels
in the microarray proteomic experiments (that operate with only
100-200 proteins) allows involving into interpretation much more cel-
lular proteins than 100% cut-off. This makes the picture more complete
and logical. The validation and reliability of the proteomic microarray
data are provided by the self-control experiment using the swapped
staining in the second microarray.

3. Results
3.1. PpIX accumulation in the mouse cerebral cortex

The fluorescence spectrum (\ex = 406 nm) of PpIX dissolved in the
extraction mixture with 5% HCl contained the sharp pike at 600-
605 nm and the shoulder at 700-710 nm (Fig. 1) like in papers [21].
The control mouse cerebral cortex contained 1.2 4+ 0.2 nmol/g tissue
(n = 5) of endogenous PpIX that was in agreement with the data of
other authors [17,22]. At 4 h after ALA administration (100 mg/kg,
i.p.), PpIX level in the mouse cerebral cortex increased up to 3.1 4+
0.3 nmol/g tissue (p < 0.01; n = 5) relatively to control animals.

3.2. PDT-induced pathohistological changes

In the absence of ALA administration, laser irradiation (633 nm,
15 mW/cm?, 20 min) did not induce significant morphological changes
in the mouse cerebral cortex at 1 or 4 h post-treatment (Fig. 2A) as com-
pared with untreated but operated mice. This group of animals was
used as a control in further experiments. In contrast, ALA-PDT notice-
ably influenced the cerebral tissue morphology. At 1 h after ALA-PDT
some neurons within the irradiated zone became hyperchromic, or hy-
pochromic; some cells contained pyknotic nuclei. At the same time,
others retained the normal morphology (Fig. 2B). The number of
hyperchromic neurons increased by 4.5 times (p < 0.01), but numbers
of hypochromic or pyknotic neurons did not change (Table 1). This rep-
resents the initial stage of brain injury.

069 Control
——ALA
0,5 _ _ PpIX reference
standard

0,4
0,31

0,2+

PpIX Fluorescence (A.U.)

0,14

550 600 650 700 750
Wavelength (nm)

Fig. 1. Fluorescence spectra of protoporphyrin IX (Aex = 406 nm) in the mouse cerebral
cortex at4 h after i.p. administration of 100 mg/kg ALA (solid line) or without ALA (dotted
line). Reference standard: 1 nmol/ml (dashed line).
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Fig. 2. ALA-PDT-induced changes in morphology of the mouse brain cortex. Hematoxylin-eosin staining. A) Untreated control prepair. B) The pyramid cortex layer at 1 h after ALA-PDT.
White arrows show pyknotic neurons, black arrow — karyolysis. N — normal pyramid neurons. C-H) The pyramid cortex layer at 4 h after ALA-PDT. C) Cells at different death stages; loss of
neurons. D) Karyolysis of neurons (black arrows). E) The blood vessels are filled with elements of plasma. Perivascular space is expanded. F) The glial infiltration region. Scale bar is 50 pm

in all figures.

At 4 h after ALA-PDT, morphological alterations became more signif-
icant and characteristic for the late injury stages (Fig. 2C). Karyolysis and
karyopyknosis occurred in some neuronal cells. Some “ghost neurons”,
which lost the affinity to hematoxylin, were observed (Fig. 2D). Such al-
terations were most significant in the cerebral pyramid neuron layer. At
this time, the number of normal neurons decreased about 3 times but

Table 1

The number of normal and altered neurons stained with hematoxylin/eosin in the mouse
sensomotory cortex at 1 or 4 h after ALA-PDT. Mean numbers of neurons (4 SEM) were
determined in six randomized fields in each slide. All groups consisted of 5 animals.

Normal Hypochromic Hyperchromic Pyknotic Total number
neurons neurons neurons neurons of neurons per
visual field
Control 146 + 20 12+3 441 7+2 169 + 23
ALA-PDT, 122 +£13 1443 1846 9+2 162+ 13
1h
ALA-PDT, 49 + 12" 36+ 9" 57 +13" 27 4+8° 168+ 10
4h
Significant difference from control group.
* p<0.05.
** p<001.

numbers of hyperchromic, hypochromic and pyknotic neurons substan-
tially increased (Table 1). Blood vessels in the irradiation zone contained
the expanded perivascular areas. Some vessels were filled with blood
plasma that indicated the impaired microcirculation (Fig. 2E). Local infil-
trations of glial cells (Fig. 2F) were observed in the upper cortex layers.
Infiltrations of lymphocytes and macrophages also occurred. Notably,
some normal cortex areas were present between necrotic zones. Thus,
ALA-PDT killed some but not all neurons and caused limited microcircu-
latory alteration in the normal mouse cerebral cortex.

The gallocyanin-chromalum staining showed decrease in the RNA
level in the nucleoli and cytoplasm of pyramid neurons at 1 and, espe-
cially, at 4 h after ALA-PDT (Fig. 3) that indicates the general suppres-
sion of biosynthetic processes.

3.3. PDT-induced changes in expression of proteins involved in epigenetic
regulation

More than 30% changes in the expression of some proteins involved
in epigenetic regulation in the mouse cerebral cortex at different time
intervals after ALA-PDT are shown in Table 2.

At 1 h after PDT we observed increase in the levels of phosphoryla-
tion of histone H2AX at serine 139 (yH2AX) and dimethylation of


image of Fig.�2

266 S.V. Demyanenko et al. / Biochimica et Biophysica Acta 1840 (2014) 262-270

Fig. 3. Detection of nucleic acids in pyramid neurons in the mouse sensomotory cortex. Gallocyanin-chromalum staining. A) Control; B) 1 h after ALA-PDT; C) 4 h after ALA-PDT. Scale

bars — 50 um.

histone H3 at lysine 9 (H3K9me2) by 35-37%. The expression of histone
deacetylases HDAC-1 and HDAC-11 increased by 33-36%, whereas the
level of HDAC-10 decreased by 51%. We also observed 35% increase in
the level of CENP-E (centromere protein E) involved in mitotic separa-
tion of chromosomes. The level of DNA methyl-binding protein Kaiso in-
creased by 31% (Table 1). At the same time, the expression of PABP
(poly(A)-binding protein) that is involved in transcription termination
and provides stability and translation of mRNA in the cytoplasm, PML
(promyelocytic leukemia), which participates in DNA replication and
repair and regulates apoptosis, forkhead family transcription factor
FOXC2 that regulates multiple key processes including differentiation,
apoptosis, embryogenesis, and carcinogenesis, hABH1, a mitochondrial
protein that demethylates 3-methylcytosine in single-stranded DNA
and RNA, were down-regulated by 38-50%. Stronger decrease by 1.75-
2.08 times demonstrated histone methyltransferases G9a and SUV39H1,
which methylate lysine 9 in histone H3 and thereby induce gene si-
lencing, and MTA1/MTA1L1 (metastasis-associated protein 1/metastasis
tumor associated 1-like 1) that interacts with HDAC-1 and thereby par-
ticipates in transcriptional repression.

More than 5-fold overexpression of transcription factor AP-1/c-Jun
was the biggest change among the studied proteins at 4 h after ALA-
PDT. The expression of arginine methyltransferase PRMT5, importin
a5/7 and transcription factor E2F4 increased by 30-37%, whereas at
1 h after PDT their expression exceeded the control levels only by 8-
26% (Table 2). On the other hand, the overexpression of YH2AX,
H3K9me2, CENP-E was diminished and almost approached the control

Table 2

levels. However, the down-regulation of BACH1 (breast cancer type
1 protein), histone deacetylase SIR 2, and chromatin-remodeling fac-
tor hBrm/hsnf2a became higher and reached 30-38%. The difference
between expression of PABP, PML, FOXC2, G9a, MTA1/MTA1L1 and
SUV39H1 in the PDT-treated and control brain tissues was less com-
pared to 1 h after ALA-PDT. Nevertheless, the expression of G9a,
MTA1/MTA1L1 and SUV39H1 remained 1.5 times higher than in con-
trol samples. At 4 h after ALA-PDT the levels of HDAC-1, HDAC-10,
HDAC-11, Kaiso, hABH1, and importin a5/7 changed insignificantly
(<10%) compared to 1 h interval (Table 2).

3.4. Immunohistochemical detection of HDAC-1 and H3K9me2 in the
PDT-treated mouse cerebral cortex

At 1 h after ALA-PDT, the immunoreactivity of HDAC-1 and H3K9me2
in the mouse cerebral cortex increased by 44 and 33%: from 12.1 4+ 1.5%
to 174 + 2.1% (p < 0.05) and from 6.1 + 0.6% to 8.1 £1.0% (p < 0.05),
respectively (Fig. 4).

4. Discussion

Blood-brain barrier limits penetration of ALA into the normal brain
tissue and following PpIX production [23]. Nevertheless, i.p. administra-
tion of ALA caused 2.5-fold increase in the PpIX level to 3.1 nmol/g tis-
sue (or 1.7 pg/g) in the normal mouse cerebral cortex as compared to its
background level (1.2 nmol/g tissue, or 0.7 pg/g). This is in agreement

More than 30% increase (experimental/control group) or decrease (control/experimental group) of the level of epigenetic proteins in the mouse cerebral cortex at 1 and 4 h after ALA-PDT

as compared to the control levels.

Name 1h 4h

Mean SD Mean SD

Protein function

Exp/Ctr (up-regulation)

Phosphorylated histone H2AX (pSer139) 1.37 0.04 121 0.02 Phosphorylation of serine139 in histone H2AX; a marker of double-strand DNA breaks

HDAC-11 136 002 1.28 0.02 Histone deacetylase. Inhibits gene expression

Dimethylated histone H3 (H3K9me2) 135 007 120 0.05 Methylation of lysine 9 in histone H3 leads to epigenetic gene silencing

CENP-E 135 002 1.06 0.03 mitotic separation of chromosomes

HDAC-1 133 013 130 0.22 Histone deacetylase. Inhibits gene expression

Kaiso 131 006 1.27 0.1 DNA methyl-binding protein. Transcription repressor

PRMT5 126 008 137 0.01 Arginine methyl transferase. Regulates signal transduction, transcription and splicing

Importin a5/7 123 009 134 0.04 Nuclear protein import

AP-1/c-Jun 1.08 004 543 237 Activation Protein transcription factor 1 (AP-1)

E2F4 110 004 130 0.24 Transcription factor. Regulation of proliferation

Ctr/Exp (down-regulation)

BACH1 116 002 131 0.07 Breast cancer typel protein: C-terminal helicase

SIR2 120 011 130 0.05 NAD-dependent histone deacetylase. Removes acetyl groups from histone lysines

hBrm/hsnf2a 127 008 138 0.07 Chromatin remodeling factor; activates transcription

PABP 138 007 1.14 0.06 Poly(A)-binding protein. Involved in transcription termination.

PML 141 015 127 0.16 Involved in DNA replication and reparation. Protects p53 from degradation. Regulates apoptosis.
FOXC2 144 008 131 0.08 Forkhead family transcription factor. Regulates cell differentiation, apoptosis, embryogenesis, carcinogenesis
hABH1 150 022 150 030 Demethylates 3-methylcytosine in mitochondrial DNA and RNA.

HDAC-10 151 009 141 0.16 Histone deacetylase. Inhibits gene expression

G9a methyltransferase 175 005 150 0.29 Histone methyltransferase; methylates Lys-9 in histone H3

MTA1/MTA1L1 193 034 147 0.11 Links corepressor complexes and the general transcription machinery
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Fig. 4. ALA-PDT-induced changes in the HDAC-1 and H3K9me2 immunoreactivity in the mouse cerebral cortex. A) HDAC-1; control mouse. B) HDAC-1; PDT-treated mouse (1 h after ALA-
PDT). C) H3K9me2; control mouse. D) H3K9me2; PDT-treated mouse (1 h after ALA-PDT). Objective 40 x. Scale bars — 50 pm. E) The immunoreactivity indexes of HDAC-1 and H3K9me2

(mean + SD) in the experimental and control groups (12 sections in each of 3 experimental and 3 control mice were examined). *

with PpIX accumulation in the brain tissue of normal mice but several
times lower than in tumor-bearing mice [17] and patients |[6]. Brain tu-
mors accumulate more ALA-induced PpIX due to disruption of blood-
brain barrier and more efficient enzymatic pathways as compared
with normal tissue [4,24,25].

ALA-PDT injured the nervous tissue. Morphological alterations in-
cluding blood vessel impairments and cell death developed in the
photosensitized mouse cerebral cortex at 1 h and, more significantly,
at 4 h after the treatment. PDT-induced formation and enlargement of
endothelial gaps in cerebral vessels and brain edema were also observed
by other authors [20]. Disruption of the blood-brain barrier by ALA-PDT
exacerbates injury of the nervous tissue [24]. As shown in vitro, ALA-PDT
induces massive apoptosis mediated by the mitochondrial proapoptotic
pathway in glioma cell lines [26,27]. However, other authors showed
that ALA-PDT induces predominately necrosis in various glioma cell
lines and spheroids [28], glioblastoma tissue [29], and normal rabbit

—p <0.05.

brain [30]. Seldom apoptotic cells were observed near the regions of
coagulative necrosis [30]. As reported by Lilge et al., PDT-induced necro-
sis resulted from direct oxidative cell injury, whereas apoptosis could be
associated with secondary effects such as vascular damage, edema, and
hypoxia [30]. The results of our histological study are in agreement with
these data. The number of normal neurons progressively decreased
after ALA-PDT. At the same time, the number of pathologically altered
cells (pyknotic, hypo- or hyperchromic) increased at 4 h after the treat-
ment. The level of nucleic acid (mainly RNA) in cytoplasm and nucleoli
also decreased. These observations correspond to general PDT-induced
injury of the brain tissue. Nevertheless, some cell protection reactions
occur along with injurious processes. Epigenetic regulations play an im-
portant role in both cell survival and death.

Epigenetic processes are involved in the oxidative injury of the ner-
vous tissue [31]. However, their role in PDT-induced normal brain dam-
age remains unstudied. According to our data, ALA-PDT influenced the
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expression of some proteins involved in epigenetic regulation of tran-
scription, DNA repair, nuclear protein transport, proliferation, and cell
survival in the cerebral cortex of normal mice. These changes depended
on the time interval after the treatment. Expression of some proteins
changed only at 1 h after PDT, others — at 4 h; some proteins were
up- or down-regulated during both intervals.

4.1. Transcription regulation

Transcriptional activity is regulated at the epigenetic level by cyto-
sine methylation of gene promoters or covalent histone modifications.
At 1 h after ALA-PDT we observed changes in the expression of diverse
epigenetic proteins leading to overall suppression of transcriptional ac-
tivity in the mouse cerebral cortex. Although the microarray technology
does not estimate DNA methylation, we observed 31% up-regulation of
DNA methylation-dependent transcriptional repressor Kaiso, which re-
cruits the HDAC-containing co-repressor complex N-CoR to methylated
sites in the genome [32]. This represses transcription of target genes in-
volved in some signaling pathways (i.e. Wnt). The 38% decrease in the
level of PABP, which participates in transcription termination [33], and
44% down-regulation of transcription factor FOXC2 also indicated the
negative regulation of gene transcription in the photosensitized cere-
bral cortex. Since FOXC2 directly regulates the expression of some
genes involved in angiogenesis [34], one can suggest that its down-
regulation is related to microvascular remodeling in the photosensitized
brain that was observed in our histological study. The 38% down-
regulation of chromatin remodeling factor hBrm/hsnf2a that activates
transcription indicated the delayed (at 4 h after PDT) suppression of
transcriptional activity in the mouse cerebral cortex.

4.2. Histone modifications

Histone modifications represent another level of transcriptional reg-
ulation. The 35% overexpression of dimethylated histone H3 that leads
to long-term transcriptional repression [35] was observed at 1 h after
ALA-PDT. This data was confirmed in the immunohistochemical exper-
iments. However, the levels of histone methyltransferases G9a and
SUV39H1, which methylate lysine 9 in histone H3 [36], significantly de-
creased by 1.8 and 2.1 times at 1 h after ALA-PDT and remained 1.5-fold
increased at4 h. Histone H3 could be rapidly methylated within the first
hour after PDT, and the unnecessary enzymes degraded later.

Histone acetylation involved in chromatin unpacking stimulates tran-
scription and gene expression. Oppositely, histone deacetylation sup-
presses transcription [36]. ALA-PDT induced up-regulation of histone
deacetylases HDAC-1 and HDAC-11 by 28-36% and down-regulation of
HDAC-10 by 41-51% at 1-4 h after the treatment. The difference between
responses of various HDACs to PDT could be associated with their differ-
ent localization and functions in the nervous system. HDAC-1 and -11 are
widely expressed in the mammalian brain including cerebral cortex.
HDAC-1 resides mainly in the cell nuclei, whereas HDAC-11 has dual, nu-
clear and cytoplasmic, localization [37,38]. In the mouse brain HDAC-11 is
especially expressed in the nuclei of mature oligodendrocytes but not
astrocytes [39]. Since glia is the major part of the mammalian cerebral
cortex, one can suggest that the up-regulation of HDAC-11 in the
photosensitized mouse cerebral cortex represented mainly the oligoden-
droglial response, whereas the up-regulation of HDAC-1 was possibly the
neuronal response. This suggestion was confirmed in the immunohisto-
chemical study. HDAC-1 is known as a molecular switch between neuro-
nal survival and death. Its activity depends on inclusion into the multi-
protein chromatin-remodeling complex. For example, its interaction
with HDAC-related protein (HDRP) promotes neuronal survival, whereas
interaction with HDAC-3 leads to cell death [40].

HDAC-10 is found in the nuclei and the cytoplasm of dopamine and
noradrenaline neurons [34], which do not reside in the cerebral cortex.
The cortical HDAC-10 could possibly present in axons of these neurons,
which are spreading throughout the brain, or in glial cells. Its functions

in neuronal cells are still unknown. However, as shown in human
cancer cells, down-regulation of HDAC-10 can induce expression of
thioredoxin-interacting protein (TXNIP), accumulation of reactive oxy-
gen species, release of cytochrome ¢ and apoptosis [41]. One can suggest
the similar role of HDAC-10 in PDT-treated mouse brain, where its
down-regulation could exacerbate oxidative tissue damage.

At 4 h after ALA-PDT we observed 30% decrease in the level of NAD-
dependent histone deacetylase SIR2, which mediates chromatin silenc-
ing and links cellular metabolism and transcriptional activity. Sirt1, the
mammalian homolog of SIR2, is known to regulate cell resistance to ox-
idative stress and prevent apoptosis [42]. Down-regulation of SIR-2 in
our experiments could indicate a slow decrease in the resistance of
brain tissue to PDT-induced oxidative stress.

4.3. Proteins involved in DNA repair

Changes in DNA repair and transcription regulation were among the
first responses of the brain tissue to photodynamic treatment. PDT does
not induce DNA breaks by itself because PpIX does not penetrate into
the cell nucleus [43]. However, PDT stimulates apoptotic DNA fragmen-
tation. The present experiments showed significant down-regulation of
MTA1/MTA1L1 by 93 and 47% at 1 and 4 h after ALA-PDT, respectively.
This protein is involved in DNA repair, regulation of cell resistance, and
early apoptosis stages [44]. The level of PML, which also participates in
DNA repair, was decreased by 41% at 1 h after PDT. PML induction is
known to precede DNA fragmentation in neurons at 1 h after ischemic
damage [45]. The 50% down-regulation of a mitochondrial protein
hABH1 was observed at 1 and 4 h after PDT. This protein demethylates
3-methylcytosines in mitochondrial DNA and RNA. hABH-mediated
base repair increases survival of glia cells [46]. The observed down-
regulation of MTA1/MTA1L1, PML, and hABH1 indicates impairment of
the DNA repair complex. As a result, phosphorylated histone H2AX
(YH2AX) that participates in the double-strand break DNA repair was
up-regulated by 37%. This signals about DNA breaks and initiates the
assembly of DNA repair complex. The level of YH2AX is known to be in-
creased under UV radiation and at early stages of apoptosis, but de-
creased gradually during apoptosis progression [47]. ALA-PDT-induced
overexpression of YH2AX in the present work indicated the appearance
of double-strand DNA breaks.

4.4. Proteins involved in cell proliferation

The first observed alteration in the expression of a protein involved in
regulation of the cell cycle was 35% up-regulation of centromere protein
E (CENP-E), which participates in mitotic separation of chromosomes, at
1 h after ALA-PDT. At 4 h post-treatment, we observed 30% up-
regulation of transcription factor E2F4, which controls proliferation
of neuronal cells [48]. This data correlated with 37% up-regulation of ar-
ginine methyltransferase PRMT5, which methylates arginines in cytoplas-
mic proteins and thereby regulates signal transduction, transcription,
splicing and RNA transport. Being associated with chromatin remodeling
complex hSWI/SNF, PRMT5 negatively controls transcription of growth
inhibitory genes. Therefore, its overexpression stimulates proliferation
and promotes tumor growth [49]. The level of importin a5/7 was in-
creased simultaneously by 34%. This protein participates in the import
of transcription factors such as NF-«B and following elevated transcription
of genes involved into anti-apoptotic protection and cell proliferation
[50]. Thus, ALA-PDT induces proteins involved in epigenetic stimulation
of the cell proliferation in the cerebral cortex. Since neurons do not prolif-
erate, this process may be related to proliferation of glial cells, named as
reactive gliosis.

4.5. Proteins involved in regulation of cell death

c-Jun protein, a component of activation protein transcription factor
1 (AP-1), is involved in regulation of cell proliferation, differentiation,
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responses to stress factors and apoptosis. Overexpression of c-Jun
is involved in apoptosis in neuronal cells [51]. More than 5-fold
overexpression of AP-1/c-Jun at 4 h after ALA-PDT was the most signif-
icant change among the studied proteins. This data may indicate to pro-
motion of apoptotic processes in the mouse cerebral cortex at 4 but not
1 h after ALA-PDT.

On the other hand, the 31% down-regulation of BACH1 (breast can-
cer typel protein), a transcriptional repressor of the heme oxigenase-1
gene, was observed at this moment. Its down-regulation results in pro-
duction of heme oxigenase-1 that plays a critical role in tissue protec-
tion from oxidative stress [52]. Therefore, two opposite tendencies
directed to cell survival and cell death are developed simultaneously
in the photosensitized mouse cerebral cortex.

These results are summarized in Fig. 5.

4.6. General comments

The advantage of the microarray technology is the capability to eval-
uate simultaneous changes in the expression of hundreds and thou-
sands proteins or genes in the same experimental or clinical material.
However, the consistence of the data obtained in different laboratories
is limited due to fragmentary information on various cellular processes.
Because of too high the cut-off level, some significant proteins are not
considered [53]. Cell functions are regulated by coordinated activity of
numerous interacting signaling pathways. Therefore, the comprehen-
sive evaluation of coherent changes in the complex massive of proteins

involved in various signaling pathways and epigenetic processes signif-
icantly increases understanding of the inner logics of cellular processes
and elevates the reliability and reasonability of biologically valuable
conclusions [54,55]. The proteomic, like genomic data are rather de-
scriptive. They list proteins with altered expression and point out to
possible participants of the studied pathological process. However,
they do not disclose the reasons of changes in their expression because
the signaling pathways and transcription factors that control production
of these proteins remain unknown. Further mechanistic investigations
should reveal the signaling and metabolic pathways that regulate pro-
duction, transport, processing and degradation of these proteins. Never-
theless, the obtained results may indicate possible markers and targets
for diagnosis and treatment of oxidative brain injury.

Thus, our experiments demonstrated that ALA-PDT kills some but
not all neuronal cells and causes microvascular alterations in the normal
mouse cerebral cortex. Using proteomic microarrays, we showed that
ALA-PDT induced changes in the expression of some proteins involved
in epigenetic regulation and histone modifications directed to suppres-
sion of transcriptional activity, inhibition of DNA repair, stimulation of
proliferation, nuclear protein import, and regulation of cell survival
and apoptosis in the mouse cerebral cortex. These changes depended
on the time interval after PDT. Major alterations observed in the
first hour after the treatment resulted in suppression of transcription
and DNA repair. At 4 h after PDT the expression of proteins involved
in regulation of proliferation or death of cortical cells changed more
significantly.
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Fig. 5. Changes in the expression of proteins involved in epigenetic regulation in the mouse cerebral cortex at 1 or 4 h after ALA-PDT.
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