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Abstract—In some cases, gene transfer from euchromatin to constitutive heterochromatin as a result of chromosomal
rearrangement is accompanied by epigenetic inactivation of this gene (cis-inactivation). In the case of #rans-inactivation,
transgenes in the normal chromosome are repressed by the cis-inactivation-causing rearranged homologous chromosome.
Trans-inactivation is a result of the somatic pairing of homologs and the transfer of the normal chromosomal segment to the
heterochromatic compartment of the nucleus. Previously, we have shown that the degree of frans-inactivation of the UAS-
eGFP reporter gene in adult flies depends on its transcription level that can be regulated by temperature using the GAL4
transcription activator and its temperature-sensitive inhibitor GAL80". In this paper, we investigated the epigenetic inheri-
tance of the active/repressed state of the frans-inactivated reporter gene at different expression levels by measuring eGFP
fluorescence in the individual cells of Malpighian tubules in adult flies. High expression levels at the embryonic stage pro-
tected the eGFP gene from frans-inactivation in adult flies. The activated state was inherited over the entire period of devel-
opment and differentiation, while the activating effect of GAL4 was turned off.
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The position effect (PE) is an alteration in the
expression of a gene when its location in the genome is
changed without changes in nucleotide sequence. A par-
ticular case of PE is heterochromatin-induced position
effect variegation (PEV), at which the expression of
euchromatin genes is repressed as they are translocated to
constitutive heterochromatin. As a result of chromosomal
rearrangement, euchromatin juxtaposed close to the new
euchromatin/heterochromatin boundary acquires the
properties of heterochromatin (heterochromatinization),
and this process can occur over long distances (hundreds
kbp to millions bp). Heterochromatinization is accompa-
nied by the recruitment of heterochromatin-specific pro-
teins (HP1la and others) and the appearance of histone
modifications (H3K9me2/3) in euchromatic regions [1-
3], leading to the impairments in gene functioning. In

Abbreviations: A4, chromosomal inversion /n(2)A4; PE, posi-
tion effect; PEV, position effect variegation; UAS-eGFP, eGFP
gene under the control of the UAS regulatory element.

* To whom correspondence should be addressed.

heterochromatin-induced PEV, the genes are inactivated
in some cells at the embryonic stage, and the resulting
active/repressed state can be epigenetically inherited in
the cell line, eventually yielding tissues with mosaic gene
expression.

In some cases, the rearranged chromosome with the
new euchromatin/heterochromatin boundaries inacti-
vates genes in normal (non- rearranged) chromosome [4-
6]. This phenomenon (termed frans-inactivation) cannot
be explained by heterochromatin spreading into euchro-
matin from the new boundary and, according to current
concepts, is associated with the translocation of euchro-
matin regions to the heterochromatic compartment of the
nucleus during somatic pairing of the normal and homol-
ogous rearranged chromosomes. 7Trans-inactivation is
accompanied by de novo heterochromatin formation in
the normal chromosome [7-10].

Chromosomal inversion In(2)A4 (A4; fig. 1) causes
cis-inactivation of the genes located near the new euchro-
matin/heterochromatin boundaries and trans-inactiva-
tion of reporter constructs in the homologous chromo-
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Fig. 1. Control of the reporter gene expression in the Drosophila strain used in the study. Chromosome 2 with the A4 rearrangement causes
trans-inactivation of the UAS-eGFP reporter gene in the homologous normal chromosome. Chromosome 3 was obtained through recombina-
tion and carries the genes for GAL4 (tubGal4) and GALS0" (fubGal80"). An increase in temperature results in the destruction of the GAL80"

repressor, an increase in the content of active GAL4, and activation of the UAS-eGFP transcription.

some [6, 9-12]. To investigate the inheritance of the epi-
genetic states of frans-inactivated genes during develop-
ment, Drosophila strain containing reporter eGFP gene
under the control of the UAS regulatory element (UAS-
eGFP) in normal chromosome 2, the A4 inversion in the
homologous chromosome, and the GAL4 trans-activator
together with a thermosensitive form of GALS0 repressor
(GALSB0") in chromosome 3 (for the regulation of the
reporter gene expression by varying the temperature) have
been constructed. In the present work, this genetic system
was used to study the interconnection between the
reporter gene frans-inactivation in adult flies and the level
of its expression at different developmental stages. It was
shown that the high expression level at the embryonic
stage resulted in the resistance of the reporter gene to
trans-inactivation, which is epigenetically inherited
throughout development.

MATERIALS AND METHODS

Drosophila lines. The w®**; In(2)A4/CyO line con-
taining the frams-inactivation-inducing chromosome
rearrangement [In(2)A4 (hereinafter A4) has been
obtained and studied in the Laboratory of Biochemical
Genetics of Animals (Institute of Molecular Genetics,
Russian Academy of Sciences) [6].

The following lines were provided by the
Bloomington Drosophila Stock Center: line 7018 (w*;
sna>/Cy0; P{tubP-GALS0®}7), containing the gene for
the GALS80" protein under the control of the
alphaTub&84B promoter [13] on chromosome 3; line 5138
(' w*; P{tubP-GAL4}LL7/TM3 Sb' Ser'), containing the
gene for GAL4 under control of the alphaTub&84B pro-
moter [14].
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Line w*; UAS-eGFP/CyO; P{tubP-GAL4}LL7,
P{tubP-GAL80"}7/TM3 Sb' Ser' contains the UAS-eGFP
reporter gene on chromosome 2 [11] and the GAL4 and
GALS80" regulatory genes on chromosome 3. Chromo-
some 3 with GAL4 and GAL&0" was obtained by recombi-
nation between lines 7018 (w*; sna>/CyO; P{tubP-
GAL80%}7) and 5138 (' w*; P{tubP-GAL4}LL7/TM3 Sb'
Ser!). The crosses are described in the Supplement.

The effect of eGFP activation at different developmen-
tal stages on zrans-inactivation in adult flies was studied by
crossing w*; UAS-eGFP; GALSOSGAL4/TM3 Sb'Ser' and
w*; In(2)A4/Cy0; +/+ lines. The offspring from this cross
contained flies of four genotypes. The w*; UAS-
eGFP/In(2)A4; GALS0“GAL4/+ (experiment) and w*;
UAS-eGFP/CyO; GAL80“GAL4/+ (control) flies carried
GAL4 and GALS0" genes. In these flies, an increase in
growth temperature promotes eGFP expression. In the
experimental flies, the UAS-eGFP gene undergoes trans-
inactivation under the influence of /n(2)A4; in the control
flies, trans-inactivation is absent. The temperature of fly
development was varied as shown in the table and Fig. 2a.

eGFP fluorescence in individual cells of Malpighian
tubules was analyzed in 2-day-old adult females.
Malpighian tubules were chosen due to the facts that
mosaic PEV is well pronounced in these organs and that
their tissue morphology (large isolated cells forming sin-
gle-layer tubules) considerably facilitates quantitative
measurements.

The w*; UAS-eGFP/In(2)A4; TM3 Sb'Ser'/+ and w*;
UAS-eGFP/CyO; TM3 Sb'Ser'/+ flies lack the GAL4 acti-
vator. In these flies, eGFP was expressed at the background
level. Comparison of eGFP expression levels with (UAS-
eGFP/In(2)A4) and without (UAS-eGFP/Cy0) trans-inac-
tivation at different temperatures allowed us to assess the
direct effect of temperature on frans-inactivation.
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Temperature variations, T°C
Stage
Variant

Embryo, LI1-L3 Larva before Pupa, Pupa, 2 days —» Adults, Adults,
0-24 h larva pupation, 24 h 0-24 h hatching 2 days 48-72 h

A 18 18 29 18 18 18 18

B 18 18 18 29 18 18 18

C 18 18 18 18 18 18 18

D 18 18 18 18 18 18 25

E 18 18 18 18 18 18 29

F 25 18 18 18 18 18 25

G 25 25 25 25 25 25 25

H 29 18 18 18 18 18 25

| 29 29 29 29 29 29 29

Notes: Variations of temperature at different stages of fly development (see Fig. 1). For example (variant B), development was carried out at 18°C
until pupation; the pupae developed for 24 h at 29°C; then the development continued at 18°C. eGFP fluorescence was evaluated in the cells of
Malpighian tubules of adult 2-day-old flies. L1-L3 is the period of larval development (first-, second-, and third-instar larvae, respectively).

eGFP fluorescence in the cells of Malpighian tubules.
The images of Malpighian tubules (Fig. 2b) were obtained
on LeicaDM6000 fluorescence microscope equipped
with a Hamamatsu ORCA ER camera and a set of filters
for fluorescence detection. Malpighian tubules were dis-
sected in PBT (phosphate buffer with 0.1% Tween 20),
then incubated in PBT with DAPI for 15 min at room
temperature and photographed. Images were captured at
a 5x magnification and with the same acquisition param-
eters (exposure, gain, resolution); the exposure was
selected to avoid image saturation in the brightest sam-
ples. The samples were photographed in the GFP
(488 nm) and DAPI (405 nm) channels; the images were
saved as 16-bit TIFF files and processed with ImagelJ. The
DAPI channel was used for image segmentation
(Threshold). The resulting set of regions of interest
(ROIs) was transferred to the eGFP image; the region
without the objects was chosen for background subtrac-
tion. The following parameters were measured for each
ROI: area, modal optical density, a standard deviation of
the pixel intensity and ROI sphericity (MultiMeasure in
ImagelJ). The data were transferred to an Excel datasheet
and the records were filtered by the area (30-300 pixels),
standard deviation (no more than the ROI intensity) and
sphericity (>0.2). As a result, ~100 records of eGFP fluo-
rescence measurements corresponding to individual cells
were obtained for each image. These data were used to
construct histograms of the eGFP fluorescence intensity
distribution. The results were obtained from two inde-
pendent experiments and processed statistically in MS
Excel and R (https://cran.r-project.org/). Five to ten flies
of each genotype were analyzed.

Quantitative PCR. RNA was isolated from adult
flies of the w*; UAS-eGFP/In(2)A4; GALS0“GAL4/+

(experiment); w*; UAS-eGFP/Cy0O; GALS0“GAL4/+
(control); and w*; UAS-eGFP/In(2)A4 (the study of the
direct effect of temperature increase on frans-inactiva-
tion) lines. Reverse transcription and quantitative PCR
with the eGFP gene-specific primers were carried out as
described in [11]. The amount of eGFP mRNA was nor-
malized to the amount of mRNA for the housekeeping
gene Rpl32.

RESULTS

The reporter construct used in the work did not con-
tain any functional elements except for UAS; in the
absence of GAL4, eGFP expressed at a low level at all
stages of fly development. The UAS-eGFP expression can
be regulated by GAL4 transcription activator and its
thermosensitive repressor GAL80" [11]. The genes for
GAL4 transactivator and GALS80" repressor are placed
under the control of the promoter of the ubiquitously
active alpha-tubulin gene and expressed at similarly high
levels at all developmental stages. GALS80" blocks the
GALA4 activator domain at 18°C; however, it undergoes
degradation at higher temperatures with the release of
the GAL4 activator, leading to the upregulation of eGFP
expression [13]. The temperature decrease results in the
accumulation of the active form of GAL80", GAL4 inac-
tivation, and reduction in the reporter expression level.
The activation of the reporter gene does not require
GALA4 expression but is determined by the protein-pro-
tein interactions between GAL4 and GALS80"“ already
present in the cells. Thus, the combined effect of GAL4
and GALS0" makes it possible to predictably regulate the
level of gene expression by incubation temperature

BIOCHEMISTRY (Moscow) Vol. 85 No. 4 2020



POSITION EFFECT AND TRANSCRIPTION

adjustment [11]. The use of eGFP as a reporter gene
allows us to observe PEV in vivo and to assess the level of
eGFP expression by measuring eGFP fluorescence (which
correlates with the amount of eGFP mRNA) (Fig. S1 in
the Supplement). Previous measurements of the eGFP
mRNA level by PCR have shown that it increased ~3-
fold at 18°C, ~50-fold at 25°C and ~100-fold at 29°C in
whole adult flies compared to flies lacking the GAL4 gene
(background level) [11]. The degrees of the eGFP tran-
scription activation at different temperatures were simi-
lar in the adult flies and fly embryos (unpublished data).
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Hereinafter, the expression of eGFP denoted as weak
(~3-fold) at 18°C, moderate (~50-fold) at 25°C, and
strong (~100-fold) at 29°C.

Figure 1 shows the genetic system with recombinant
chromosome 3 carrying GAL4 and GALS80" sources used in
this study. In the flies of UAS-eGFP/A4; GAL4 GALS80"/+
(eGFP/A4) genotype, the reporter gene was frans-inacti-
vated under the influence of the A4 inversion. The UAS-
eGFP/Cy0; GAL4 GAL80"/+ (eGFP/+) flies lacking chro-
mosome A4 were used as a control. Trans-inactivation
was manifested as the appearance of cells with the low
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Fig. 2. Trans-inactivation of the UAS-eGFP reporter gene in adult flies after modulation of its expression at different stages of development.
a) Variants of temperature treatment (A to I) (see also the table) in the development of eGFP/A4; GAL80" GAL4/+ (A4, trans-inactivation)
and eGFP/+; GALS0"GAL4/+ (A4—, control) flies. E, embryos; L1-L3, 1-3 instar larvae; P, pupae; A, adult flies. b) eGFP fluorescence in the
Malpighian tubules of flies with and without (44—, control) the A4 chromosome. Variants B, D, E, F, and G (44) demonstrate non-uniform
fluorescence distribution representing heterochromatin #rans-inactivation. ¢) Distribution of eGFP fluorescence in the cells of Malpighian
tubules in the flies with frans-inactivation (44) and the control flies (44—). Fluorescence intensity was measured in each Malpighian tubule
cell and normalized to the modal (most frequently occurring) level of fluorescence in the Malpighian tubules of A4— flies at 18°C that was
taken as a unit (column C, A44—). The resulting values (FC, fold change) show how many times the level of fluorescence is higher than the
level taken as a unit. The entire range of fluorescence values was divided into subranges (indicated in the leftmost column); the percentage of
cells falling into a subrange was counted for each variant of temperature treatment and indicated in the table cells. Yellow color denotes the
fluorescence range for the majority of the cells of Malpighian tubules in the flies without frans-inactivation (44—), i.e., the normal value of
fluorescence intensity for a given variant of temperature treatment. The significance of differences between the fluorescence levels in each
variant (p-values) is given in Table S1 in the Supplement; standard deviations are given in Table S2 and Fig. S2 in the Supplement. (Colored
version of Fig. 2 is available in electronic version of the article on the site http://sciencejournals.ru/journal/biokhsm/)
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level or absence of eGFP fluorescence in the Malpighian
tubules of adult flies (Fig. 2b, variants B, D-G).

One of our goals was to examine the stability of epi-
genetic inheritance of the expression level of a gene
undergoing heterochromatinization induced by homolo-
gous rearranged chromosome A4. We investigated the
dependence of the degree of frans-inactivation of reporter
gene eGFP in adult flies on the level of its expression
(weak, moderate, and strong) at the earlier developmen-
tal stages, beginning from the embryo. The degree of
trans-inactivation was estimated by measuring the level of
eGFP fluorescence in the cells of Malpighian tubules in
adult flies A4 and A4— (Fig. 2, b and c). The temperature
was varied during the development as shown in Fig. 2a
and the table (variants A-I).

The eGFP fluorescence in Malpighian tubule cells in
the experimental (UAS-eGFP/A4, A4 in Fig. 2, b and ¢)
and control (UAS-eGFP/Cy0O, A4— in Fig. 2, b and c) flies
was measures and normalized to the modal (most fre-
quently occurring) level of fluorescence in the
Malpighian tubules of control flies developing at 18°C
(variant C, A4—) that was taken as a unit. The data
obtained for all variants of temperature treatment of the
experimental and control flies were used to construct his-
tograms showing the percentage of cells falling within the
given ranges of fluorescence intensity. For example, in the
case D (Fig. 2c¢), both control and experimental flies
developed to the adult stage at 18°C (weak eGFP activa-
tion); then, the reporter gene was moderately activated at
25°C before fluorescence measurements. In 61% of cells,
the level of fluorescence in case of trans-inactivation (D,
column A4) was below or equal to the value taken as a
unit, while in the control flies without frans-inactivation
(D, column A4—), the level of expression exceeded this
value 4-32 times in 89% of cells. The distribution of fluo-
rescence intensity in the experimental and control flies
was different, demonstrating strong frans-inactivation
under the influence of the A4 inversion.

Data analysis has led us to the following conclusions.
The low level of reporter gene expression at the early
stages of development was accompanied by its strong
trans-inactivation in adult flies (variants A-D); in all vari-
ants, a population of cells with the background level of
eGFP fluorescence was observed. In the case of moderate
and strong expression at the embryonic stage, the cells
with the background level of eGFP fluorescence were not
observed in adult flies (variants F-I). In the case of mod-
erate expression throughout the development (25°C, vari-
ant G), ~45% of cells demonstrated frans-inactivation of
eGFP and their fluorescence was below the minimum
level of fluorescence in the control. Strong expression of
eGFP throughout the development prevented frans-inac-
tivation in most cells; the distribution of fluorescence was
not significantly different in the experimental and control
flies (variant I). However, in ~10% of cells, the reporter
gene was trans-inactivated. Unexpectedly, the fluores-
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cence level in ~10% of cells of UAS-eGFP/A4 flies exceeds
the maximum level of fluorescence in the control. The
repressed state of the reporter gene established at the early
stages of development could be overcome by strong tran-
scriptional activation. For example, in variant D, eGFP
was weakly expressed over the entire period of develop-
ment (18°C) and then moderately activated in adult flies
(25°C), while in variant E, its expression was strongly
activated in adult flies (29°C). As a result, only 9% of the
cells in the variant E demonstrated complete repression of
the reporter gene, compared to variant D, where the
number of such cells was up to 60%. In other words, up to
80% of cells with trans-inactivated eGFP (Fig. 2c, variant
E) resumed its active expression upon strong transcrip-
tional activation in adult flies. At the same time, the level
of fluorescence in variant E in the flies with frans-inacti-
vation was generally lower than in the control (44—).

Comparison of variants D, F, and H shows that acti-
vation of the reporter gene at the embryonic stage in the
presence of A4 chromosome leads to the formation of sta-
ble active epigenetic imprinting. eGFP was weakly activat-
ed (18°C) in variant D, moderately activated in variant F
(25°C), and strongly activated in variant H (29°C) at the
embryonic stage. Further fly development in all cases
occurred at 18°C (weak expression of the reporter gene)
until hatching; then, expression of the reporter gene was
moderately activated (25°C) to analyze the degree of
trans-inactivation. The fraction of the Malpighian tubule
cells with repressed eGFP substantially varied between the
variants. In variant D, we observed strong PEV (85% cells
with impaired reporter activation); repression was found
in ~40% cells in variant F and only in 12% cells in variant
H. Comparison of variants D, F, and H shows that the
maintenance of the active state of chromatin (resistance
to trans-inactivation) until the adult stage requires high
expression levels at the embryonic stage, whereas at the
post-embryonic stages, active transcription of the
reporter gene is not obligatory.

It is well known that the manifestation of the hete-
rochromatin PEV usually decreases at higher tempera-
tures [1, 3]. Since the level of the reporter gene expression
in the studied system was regulated by varying the tem-
perature, such effect could influence the degree of frans-
inactivation directly (not only through the activation of
the reporter gene expression by GAL4). However, quanti-
tative PCR showed no evident differences in the eGFP
mRNA amount in the UAS-eGFP/A4 flies lacking the
GAL4 gene (UAS-eGFP/A4; +/+) that developed at 18°C
and 29°C (Fig. S3 in the Supplement). It is also known
that temperature dependence of PEV varies for different
rearrangements and, in some cases, the effect of temper-
ature on repression is absent [3, 15]. It seems more prob-
able that the observed influence of the reporter gene
expression level on the degree of its frans-inactivation is
determined by the activation of transcription with the
involvement of GALA4.
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DISCUSSION

Gene repression in the case of heterochromatin PEV
during individual development has been previously inves-
tigated in [16-19]. In studies [18, 19], the behavior of a
reporter construct carrying UAS-eGFP (as well as other
functional elements) under the influence of heterochro-
matin was investigated. Sage et al. [19] studied the trans-
acting PEV [19].

Ahmad and Henikoff [18] used a reporter construct
containing the GFP gene (under control of UAS) and
mini-white gene. The construct was affected by PEV and
the GFP expression was triggered at different stages of
development using the GAL4 gene placed under the con-
trol of tissue- or stage-specific promoters. The authors
analyzed imaginal discs of larvae and eyes of adult flies
and showed that the high level of activation of GFP
reporter gene at the embryonic stage (GAL4 driver under
the actin promoter) led to the PEV suppression; however,
PEV was observable at a lower level of expression activa-
tion (GAL4 under the control of the armadillo [arm] gene
promoter, weak but active in most tissues and at all stages
of development). PEV of the reporter gene was also
observed if its transcriptional activation occurred at the
post-embryonic stages. Derepression of the reporter gene
(emergence of GFP-expressing cells) was observed during
differentiation of imaginal discs in larvae; derepression
occurred in both mitotically active and already differenti-
ated cells. This observation implies that the cell cycle pro-
gression is not necessary for the reactivation of genes
repressed in PEV.

Trans-inactivation of the reporter construct carrying
UAS-eGFP and mini-white under the influence of the BwP
allele on the homologous chromosome was studied in
[19]. BwP is an insertion of satellite DNA in the Brown
gene. UAS-eGFP expression was activated using the GAL4
gene placed under the control of promoters of various
strength and specificity (including actin and arm, like in
[18]); then the degree of the reporter gene trans-inactiva-
tion was analyzed in the tissues of the third-instar larvae
and adults. The trans-inactivation of UAS-eGFP in this
work demonstrated significant variability in different tis-
sues and was observed in the case of the low level of the
reporter gene expression at the developmental stages pre-
ceding the studied ones (third-instar larvae and adult
flies).

Analysis of data from earlier studies revealed the fol-
lowing properties of gene inactivation, common to cis-
and trans-acting PEV during development. PEV — caused
repression begins at the gastrulation stage in the embryos.
If a gene is expressed at a high level starting from the
embryonic stage (e.g., under control of actin promoter), it
is resistant to PEV. If a gene is expressed at a low/medi-
um level (arm promoter) starting from the embryonic
stage, it can be repressed. Genes whose expression is
turned on at the post-embryonic stages are also repressed.
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A gene repressed at the early stages of development can be
reactivated at the later stages (usually during metamor-
phosis). Reactivation does not require cell cycle progres-
sion [18, 19].

Our system allows us to predictably and quantita-
tively regulate the reporter gene expression level [11],
while in the previous works, the expression profiles of
PEV-affected reporter genes in different types of tissues
during development were characterized only qualitative-
ly. In our study, the frans-inactivation was investigated in
only one type of tissue (Malpighian tubules of adult
flies). Malpighian tubules originate from the ectoderm
and mesoderm at stages 5-13 of embryonic development.
Cell proliferation is completed at stage 13, after which
the number of cells in these organs does not change.
Malpighian tubules do not undergo histolysis during
metamorphosis [20]. Polytene chromosomes in the
nuclei of Malpighian tubule cells pass through up to eight
cycles of DNA endoreplication without cytokinesis dur-
ing the development and can contain up to 256 sister
chromatids [21]. Malpighian tubules consist of terminal-
ly differentiated cells like salivary glands; but in contrast
to the latter, they are preserved in adult flies.

According to our data, frams-inactivation of the
reporter gene under the influence of the A4 inversion
behaves similarly to PEV cases in the above-mentioned
works, presumably reflecting the characteristic features of
heterochromatin repression in general. For example,
high-level expression of UAS-eGFP at the embryonic
stage suppressed trans-inactivation in adult flies. No
trans-inactivation in adult flies was observed at a 100-fold
increase in the reporter expression at the embryonic
stage; however, well-pronounced repression was found at
a 30-50-fold activation. At a 100-fold activation, the level
of eGFP expression was about 17% of the expression level
of the housekeeping gene Rp/32 [11]. This fact suggests
that genes expressed at similar or higher levels at the
embryonic stage will not be subject to heterochromatin
repression. The studies of gene transcription levels in the
case of cis-acting PEV have shown that only a few of
dozens of genes existing in the region of PEV undergo
heterochromatin repression [9, 22], which might be
explained by low transcription levels of these genes at the
embryonic stage.

In the case of trams-inactivation, the epigenetic
effect is associated with changes in the intranuclear loca-
tion of the reporter gene. It has been shown previously [7-
9, 23] that repression is accompanied by gene transfer to
the heterochromatic compartment of the nucleus, while
the maintenance of the active state, on the contrary, leads
the gene localization to the euchromatin. Local activa-
tion of UAS-eGFP can result in the disturbed pairing of
the trans-inactivated region of the normal chromosome
and the inversion and the transfer of the region contain-
ing the reporter gene to the euchromatic compartment of
the nucleus. It would be interesting to use FISH



478

hybridization to compare the location of low-active and
100-fold activated reporter genes in the Malpighian tube
cells with different degree of trans-inactivation.

We have shown that trans-inactivation of the reporter
gene established at the embryonic stage can be overcome
by the high-level activation of transcription in young
adult flies (Fig. 2b, variant E, A4). The temperature for
the expression activation corresponded to that necessary
for preventing frans-inactivation at the embryonic stage.
It is possible that the threshold level of the reporter gene
expression, at which the heterochromatinized chromatin
state in the region of the gene becomes unstable, was
achieved. Heterochromatin on the reporter gene, in this
case, does not form in the embryos and gets disturbed in
adult flies. Since Malpighian tubules are a non-proliferat-
ing terminally differentiated tissue, changes in the chro-
matin organization/nuclear location of the reporter gene
during reactivation is achieved in the absence of cell divi-
sion and in polytenized nuclei.

When the reporter gene was strongly activated
throughout the development (29°C) in the presence of A4
inversion, up to ~10% Malpighian tubule cells demon-
strate higher fluorescence compared to the control (Fig.
2, variant I). It indicates that the heterochromatic envi-
ronment can maintain a high level of expression and
enhance transcription. It appears that heterochromatin is
not a nonspecific repressor of euchromatin genes — some
of them can behave similarly to heterochromatin genes
demonstrating high levels of transcription in the hete-
rochromatic environment. Hyperactivated reporter genes
may be located in the heterochromatin compartment of
the nucleus and, concerning chromatin organization,
should be similar to highly expressed heterochromatin
genes, i.e., include both heterochromatin markers (HP1a
and H3K9me2/3) and the markers of active transcription,
e.g., H3K4me3 [24].

In this work, we demonstrated that epigenetic
changes in gene expression upon heterochromatin-
induced frans-inactivation can be investigated in a genet-
ic system with the adjustable expression of the reporter
gene during development. The system allows monitoring
of the inheritance of epigenetic state up to the adult stage
in the absence of transcription inducer. We found that the
high-level activation of gene expression at the embryonic
stage switches the repressed state to the active state in
adult flies. The genetic system proposed in this work can
be used for further studies of heterochromatin-induced
PEYV, including identification of new genes involved in
epigenetic inheritance, as well as the mechanisms of het-
erochromatic repression.
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