








sense-oriented B1 and B2 sequences present in the untranslated
regions of numerous protein-coding mRNAs can be predicted to
create a large pool of dsRNA potentially capable of triggering an
IFN response (Fig. 4F).
In contrast to SINEs, transcripts of GSAT sequences vary in

length from 240 bp to more than 10 kb (Northern blot in Fig.
4A). Detection of GSAT transcripts can be revealed by radio-
labeled probes representing both positive and negative strands of
GSAT DNA as demonstrated by dot-blot hybridization with the
probes specific for different RNA strands, indicative of bi-
directional transcription. This result is consistent with previous

reports in which temporary activation of GSAT transcription and
the appearance of dsRNA of various lengths was observed during
specific stages of embryonic development (30) and in the hearts
of old adult mice (31). dsRNA formed by annealed comple-
mentary GSAT RNA strands could trigger IFN induction.
To gain an appreciation of the potential biological impact of

the identified 5-aza-dC–induced transcripts in p53-null MEFs,
we estimated their overall abundance vis-à-vis the abundance of
mRNAs for β-actin, a highly expressed transcript commonly used
as a reference in gene-expression studies. We calculated the re-
lative representation of RNAs transcribed from SINEs (B1 and

0
20
40
60
80

100
120
140
160

p5
3K

O
-a

za
W

T-
az

a
p5

3K
O

W
T

sat DNA
SINEs
ncRNA
ERVs

A

FE

RN
A

ab
un

da
nc

e
(β

-a
c�

n
un

its
)

RN
A

ab
un

da
nc

e
(β

-a
c�

n
un

its
)

D

Pol III
transcripts

gene

Pol II transcripts

dsRNA

exon
intron
non-coding region
B1, sense
B1, an�sense

RN
A

ab
un

da
nc

e
(β

-a
c�

n
un

its
)

IIIIIbIaI

B C

Fig. 4. Massive transcriptional up-regulation of repetitive elements in p53-null MEFs treated with 5-aza-dC. The abundance of GSAT (A), B2 (B), B1 (C), and
ncRNA (D) transcripts in RNA samples isolated from untreated p53-WT MEFs, 5-aza-dC–treated p53-WT MEFs, untreated p53-null MEFs, and 5-aza-dC–treated
MEFs relative to the abundance of β-actin mRNA is shown in bar graphs (calculations are based on the results of total RNA sequencing) and Northern blots. For
Northern blots the positions of 18S and 28S rRNAs are indicated by arrowheads, and ethidium bromide staining of the gel before transfer is shown in A as
a common control for RNA loading and quality. (E) The overall abundance of RNA transcripts representing GSAT DNA (sat DNA), SINEs B1 and B2, ncRNAs, and
IAPs in the p53-null (KO) or p53-WT MEFs, untreated or treated with 5-aza-dC, is shown in β-actin units (y axis). Pie diagrams show the proportion of each of
the above-listed classes of RNAs in the pool of new transcripts induced by 5-aza-dC treatment in p53-null MEFs (Upper) and in the pool of transcripts present
in untreated p53-null cells versus untreated p53-WTcells (Lower). (F) Hypothetical scheme of formation of dsRNA by annealing of RNA-polymerase III-driven
transcripts of B1 or B2 SINEs with B1 and B2 sequences present in antisense orientation in polymerase II-driven mRNAs. Introns within mRNA are spliced out
before nuclear export, so it is unlikely that a dsRNA will be formed by the annealing of a polymerase III-transcribed SINE sequence to SINE sequences within
mRNA introns for further detection by pattern recognition receptors outside the nucleus, such as PKR.
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Fig. 5. Structural features of major repetitive sequences that are transcriptionally repressed by p53. (A and B) Comparison of putative p53-binding sites from
B1, B2, and GSAT repeats with “activating” and “repressing” p53-binding consensus sequences (32). (C and D) p53 binding to its consensus sequence within
a 32P-labeled oligonucleotide was detected by EMSA (C, lane 1), and the specificity of the observed p53-probe complex was confirmed by supershift with the
anti-p53 antibody Ab421 (lane 2). Unlabeled competitor oligonucleotides were added at 10:1, 20:1, and 40:1 molar excess over the labeled probe in lanes 3–5
(oligonucleotide containing the p53-binding consensus sequence, positive control), lanes 6–8 (an 84-bp oligonucleotide containing the first two B1-derived
putative p53-binding sequences), and lanes 9–11 (λpL promoter-derived oligonucleotides of similar length, negative control). Bands corresponding to p53-
binding complexes were quantified by densitometry and normalized to the free radio-labeled probe. (E) Relative frequency of deviations from consensus at
specific nucleotides positions within putative p53-binding sites of B1 elements activated by 5-aza-dC in p53-null MEFs. Mutation rates (calculated as P values)
were determined for the indicated sets of nucleotides of the three putative p53-binding sites found in B1 consensus sequence. The directed minimal dif-
ference was calculated between P values in the 5-aza-dC–treated p53-KO sample versus the first three samples. Analysis of each key position (highlighted in
red) of the p53-binding sites within the SINE B1 revealed that the positive minimal differences (black bars) are indicative of lower mutation rates found in the
treated p53-KO samples as compared with any other sample set comprising other nucleotides from p53 recognition element (blue bars; shown for only one of
four sets analyzed). (F) Comparison of the mutation rate in the key nucleotide positions with mutation rates in other nucleotides within putative p53-binding
sites in all four series was performed by the voting method. For each series, the sum of squares of positive differences is χ2 distributed; the sum of squares of
the negative differences also is χ2 distributed. The first χ2 value indicates the overall voting of series’ positions for lower rate of mutation in 5-aza-dC–treated
p53-KO. Conversely, the second χ2 value is voting for higher overall rate of mutations in the series. The ratio of these two values normalized by the cor-
responding degrees of freedom (numbers of positive and negative differences) is F-distributed. Results are shown as minus log P values of the F-test in key-
position series (red) and four control series (blue). The F-test P values of a lower mutation rate in the 5aza+p53ko sample across five series of positions are
listed. *Only one P value (0.004 of the key positions) is statistically significant.
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B2), satellite DNA (GSAT and SATMIN), IAPs, and ncRNAs in
each sample based on the proportions of their corresponding
sequences in RNA samples used for high-throughput sequenc-
ing. The results shown in Fig. 4E demonstrate that the amount of
new RNA (counted as the number of monomeric copies) syn-
thesized specifically in p53-null cells following treatment with
5-aza-dC was more than 150 times greater than the level of β-actin
mRNA. Two-thirds of this new pool of RNA comprised tran-
scripts of SINEs and satellite DNA in nearly equal proportions,
and the remaining one-third consisted of equal proportions of
IAP transcripts and ncRNAs. Interestingly, however, IAPs were
not among the RNA species that showed differential expression
between untreated p53-null and untreated p53-WT MEFs, thus
suggesting that their DNA methylation-based silencing is not
strictly p53 dependent.

Structural Properties of Major Classes of p53-Controlled Repeats.
Reconstruction of the phylogenetic history of SINEs suggests
that their amplification in mammalian genomes started about 65
million years ago and involved a series of explosions that created
subfamilies of repeats, each with shared mutations (9, 12, 32). To
determine whether B1 and B2 transcription initiated by DNA
hypomethylation in p53-null cells involved random or specific
subsets of repeats, we calculated the deviation from the con-
sensus SINE sequence (built by analyzing the entire SINE family
in the mouse genome) for each nucleotide position of the B1 and
B2 sequences identified in sequencing our four RNA samples
(p53-WT and p53-null MEFs, untreated and 5-aza-dC–treated).
No major differences were found in the profiles of nucleotide
polymorphisms along B1 and B2 transcripts among thefour sam-
ples, thus indicating roughly random activation of transcription of
different subsets of SINEs in p53-null cells treated with 5-aza-dC
(correlation coefficients >0.96). However, more precise analysis
revealed significant shifts in frequency of mutations in a number of
positions in B1 transcripts in the RNA sample from 5-aza-dC–
treated p53-null MEFs as compared with the three other subsets.
Interestingly, nucleotide substitutions were significantly less fre-
quent in specific positions within putative p53-binding sequences
(Fig. 5 E and F).
p53 is known as a repressor of transcription acting via recog-

nition of specific sequences that are similar to those that serve as
p53-binding sites in p53-induced genes (33, 34). A search for
putative p53-binding–like sites revealed a series of candidate
sequences in B1, B2, and GSAT elements (Fig. 5 A and B). GSAT
elements were found to be especially enriched with potential
p53-binding sequences. The functionality of predicted p53-binding
sites was tested using EMSA with synthetic oligonucleotides rep-
resenting different B1 fragments incubated with nuclear extracts
of mouse cells known to have WT and functional p53. Although
the oligonucleotides used did not show stable binding with p53
under the applied conditions, they nevertheless were capable of
inhibiting p53 binding to a control oligonucleotide containing a
consensus p53-binding site (Fig. 5 C and D). This inhibition was
dependent on the presence of intact putative p53-binding sites
in B1-derived oligonucleotides, because point mutations at key
nucleotides of the p53-binding sequence completely abrogated
the ability of oligonucleotide to compete for p53 binding (Fig.
S5). Remarkably, mutations were less frequent in these particular
nucleotides than in the rest of the positions within p53-binding
sites of B1 transcripts induced by 5-aza-dC treatment (Fig. 5 E and
F). These observations suggest that B1 repeats are capable of
specific p53 binding, albeit with low affinity, and that this binding
is required for their transcriptional repression by p53.

Transcription of Repeats and ncRNAs Can Occur in Tumors. p53 is the
most frequently mutated gene in tumors. However, even in tumors
that retain WT p53 gene sequences, p53 commonly is inactivated
by other means [e.g., viral protein expression, overexpression of

the natural p53 inhibitor mdm2, or loss of Arf (35)]. Hence, we
hypothesized that tumor cells might be prone to induction of
transcription of repeats and ncRNAs following 5-aza-dC treat-
ment, as was observed in p53-null MEFs. To test this hypothesis,
we chose three mouse tumor-derived cell lines (SCC-VII, CT26,
and LLC) without significant levels of basal repetitive element
transcription (as illustrated by low levels of GSAT transcripts;
Fig. 6A). We found that SCC-VII, CT26, and LLC cells showed
strong, intermediate, and undetectable expression of GSAT RNA,
respectively, upon treatment with 5-aza-dC (Fig. 6A). In addition,
we detected strong up-regulation of the mRNAs encoding IFN-β1
and its downstream responsive genes, IFN regulatory factor 7
(IRF7) and CXCL10, in 5-aza-dC–treated SCC-VII cells and, to
a somewhat lesser extent, in 5-aza-dC–treated CT26 cells (Fig.
6B). In contrast, none of these IFN response-associated tran-
scripts was detected in 5-aza-dC–treated LLC cells. Consistent
with these findings, SCC-VII cells were the most 5-aza-dC–sen-
sitive cell line (LD50 = 0.125 μM), CT26 cells showed in-
termediate sensitivity (LD50 = 2 μM), and LLC cells were the
least sensitive (LD50 = 14 μM) (Fig. 6C). The identified positive
correlation between transcription of repeats, induction of an IFN
response, and sensitivity to 5-aza-dC supports our model in
which tumors with reduced p53 function (36–38) are prone to
activation of transcription of repeats under conditions of re-
duced DNA methylation. These results suggest that the sensi-
tivity of tumor cells with silent repeats to 5-aza-dC (i.e., the drug
decitabine approved for treatment of myelodysplastic syndrome
and considered for anticancer use) may depend on whether they
have functional p53.
Decreased genome-wide DNA methylation is another com-

mon property of tumors acquired during in vivo growth (39).
Together with inactivation of p53, this decreased methylation
could create conditions sufficient to induce transcription of
repeats and ncRNAs normally suppressed by a combination of
p53 and DNA methylation. Therefore, we hypothesized that
transcription of repeats leading to the induction of an IFN re-
sponse might occur spontaneously during tumor growth and
progression in vivo. We tested this hypothesis in two mouse tu-
mor models. First, we showed that all tested spontaneous thymic
lymphomas [the tumors that develop most frequently in cancer-
prone p53-null mice (40)] contained much higher levels of re-
petitive element transcripts than normal tissues of p53-null mice,
including thymuses of p53-null mice before lymphoma de-
velopment (Fig. 6D, shown for GSAT RNA transcribed from
both DNA strands). As in p53-null MEFs treated with 5-aza-dC,
the activation of transcription of repeats correlated with the in-
duction of IFN response, as demonstrated by RT-PCR results
(Fig. 6D).
Similarly, repetitive element expression was observed in six of

the eight the mammary gland tumors that developed spontane-
ously in untreated MMTV-her2/neu transgenic mice (41) (Fig.
6E). Previous reports indicate acquisition of missense mutations
in at least 37% of these tumors (42). Note that although expres-
sion of only one specific class of repeats is shown for each of the
above cases, activation of GSAT, B1, and B2 always occurred to-
gether. Our finding that growing tumors express high levels of
repeats capable of generating dsRNA and subsequently inducing a
lethal IFN response suggest that such tumors have passed success-
fully through selection for resistance to endogenous IFN toxicity.

Discussion
This study reveals a function of p53 that, in cooperation with DNA
methylation, keeps large families of interspersed and tandem re-
peats transcriptionally dormant. Treatment of p53-deficient but not
p53-WT cells with the DNA-demethylating agent 5-aza-dC was
shown to cause transcriptional derepression of several classes of
normally silent interspersed repeats (e.g., SINEs such as B1 and B2
repeats), tandem DNA satellites (e.g., GSAT), and ncRNAs. To-
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gether, these elements represent a significant proportion of the
mouse genome (>10%) and, when transcribed, give rise to new
RNA species comparable in their abundance to the bulk of
cellular mRNA.
Transcriptional derepression of repeats resulting from a com-

bined lack of p53 function and DNA methylation was accom-
panied by induction of the classical type I IFN signaling pathway,
which in MEFs is driven by IFN-β1 and leads to apoptotic cell
death. We have named this phenomenon TRAIN. The critical
role played by the IFN response in death of MEFs under con-
ditions of TRAIN was demonstrated using cells deficient in IFN
receptor expression. Although the precise mechanism underlying
this toxicity remains to be determined, our findings are consistent
with a growing body of evidence indicating that activation of a
strong IFN response by dsRNA can result in apoptosis mediated
either by induction of the proapoptotic protein kinase R (PKR)
and 2’-5′-oligoadenylate synthetase (OAS)/RNase L pathways or
activation of TRAIL/FAS death receptors (24).
In mammalian cells, IFN signaling commonly is triggered as an

antiviral defense mechanism in response to dsRNA produced
during viral replication (24). Our results suggest that RNA species
produced following transcriptional derepression of endogenous
repeats in the absence of p53 and methylation also can trigger of
the IFN response. Transcripts of repetitive elements, retro-
transposons, and satellite DNA sequences can form dsRNA
because of their intense secondary structure and the presence of

complementary transcripts in the cell. For SINEs, such com-
plementary sequences exist in noncoding regions of mRNAs that
were transcribed through SINEs integrated in their antisense
orientation (Fig. 4F). In the case of GSAT, both strands are
transcribed, thereby producing cRNA strands (30). Although we
have shown that total RNA from 2-aza-dC–treated p53-null cells
has stronger IFN-inducing capacity than RNA from untreated
p53-null cells or from both treated and untreated p53-WT cells
(Fig. 3E), our current technical capabilities are not sufficient to
determine the relative impact of each of these classes of tran-
scripts on TRAIN. In fact, the scale of expression of “new”
transcripts that appear in p53−/− cells treated with 5-aza-dC is so
strong and their copy number in the genome is so high as to
preclude the use of any gene knockout or knockdown technique
to assess this impact directly. Nevertheless, because transcripts of
SINEs and GSAT, both of which are capable of forming dsRNAs,
comprise the major proportion of new RNA synthesized in p53-
null cells following DNA hypomethylation, it is highly probably
that these RNA species are responsible for IFN induction.
Overall, our results support a model in which epigenetic si-

lencing of repeats (an essential condition for genomic stability and
viability of currently existing species) is controlled by three factors:
(i) p53-mediated transcriptional silencing, (ii) DNA methylation-
mediated suppression of transcription, and (iii) a suicidal IFN re-
sponse which eliminates cells that escape the first two lines of con-
trol. This model presents a major role for p53 as a “guardian of
repeats,” which is likely an important component of its function as
a “guardian of the genome” (43). In fact, for at least interspersed
repeats (products of reverse transcription), transcription is an es-
sential prerequisite for their amplification and subsequent possible
insertional mutagenesis. Given the abundance of repeats in mam-
malian genomes and their potential for producing large amounts
of transcripts (which in the presence of reverse transcriptase may
be converted into insertional mutagens), it is reasonable to state
that silencing of repeats is likely an evolutionarily important
function of p53 that may have been critical for survival of prede-
cessors of current species during times of active repeat amplifi-
cation. Our work also reveals a function for the IFN response in
addition to its role in antiviral innate immunity: maintenance of
genomic stability through the elimination of cells that have lost
epigenetic silencing of interspersed and tandem repeats. Although
all the results reported here were obtained in mice, the literature
provides numerous indications that TRAIN may be universal
among mammals. For example, aberrant overexpression of satel-
lite repeats was reported recently in pancreatic and other epi-
thelial human cancers (18). In addition, hypomethylation and
activation of polymerase III-driven Alu (the only major SINE in
the human genome) transcription was found in human tumors
(44, 45). TRAIN is likely to be the explanation for the previously
described phenomenon of inhibition of growth of pancreatic
tumor cells by 5-aza-dC accompanied with the induction of IFN
response signaling (46).
Although the precise mechanism by which p53 controls si-

lencing of repeats remains to be defined, it is reasonable to
consider that it may involve the known transcriptional repressor
function of p53 (34). The power of p53 as an epigenetic silencer
is implied by the fact that none of the multiple, independently
generated lines of transgenic mice carrying p53-responsive re-
porter genes (47–49) was able to maintain transgene inducibility
for more than two generations (in contrast to mice with reporters
of other transcriptional regulators). p53 exerts its transcriptional
repressor function by binding to sites that are similar to those
that mediate its transcriptional activation function but that have
more sequence flexibility (50). Thus, we hypothesized that p53-
mediated silencing of repeats might occur through a similar
mechanism involving direct binding of p53 to specific sites within
the repetitive elements. Support for this hypothesis was provided
by our identification of predicted p53-binding sites within ele-
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Fig. 6. Detection of transcripts of repetitive elements in mouse tumor cell
lines and spontaneous tumors. (A) Detection of mouse GSAT sequences in
total RNA frommouse tumor cell lines CT-26 (colon tumor), LLC-1 (Lewis lung
carcinoma), and SCC-VII (squamous cell carcinoma) left untreated or treated
with 10 μM 5-aza-dC for 48 h. Dot blotting was performed with 500 ng total
RNA per dot and single-strand hybridization probes GSAT-F and GSAT-R. (B)
Detection of IFN-β1, IRF-7, CXCL10, and β-actin (loading control) mRNA by
RT-PCR in the cells described in A. (C) Cytotoxicity of 5-aza-dC in LLC-1, CT26,
and SCC-VII cells. Cells were treated with the indicated concentrations of
5-aza-dC for 5 d. Viability was determined by methylene blue staining and
extraction, followed by spectrophotometric quantification. Percent viability
is shown relative to control cells treated with 0.1% DMSO. (D) (Upper Two
Panels) GSAT sequences were detected in total RNA from thymic lymphomas
of p53-null mice (five tumors, L1–L5, from five different mice assayed in
duplicate) and in two normal thymuses (T4 and T5) isolated from p53-null
mice using dot blotting as described in A. (Lower Two Panels) RT-PCR analysis
of IFN-β1 and β-actin (loading control) mRNA expression. (E) Northern hy-
bridization was used to detect SINE B1 sequences in total RNA from MMTV-
her2/neu mammary tumors (eight tumors from eight different mice). 18S
and 28S rRNA levels detected by ethidium bromide staining confirmed
equivalent RNA quality and loading for all tumors.
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ments representing all the major classes of repeats that become
activated in the absence of p53 and DNA methylation and
demonstration of p53 binding (albeit weak) to such sites in
EMSA competition assays. After low-affinity binding to sites in
repeat elements, p53 may recruit other factors to establish tran-
scriptional repression. Candidates for such factors include DNMT1
(51) and DNA methyltransferase 3a (DNMT3a) (52), which have
been shown to interact with p53 and execute p53-mediated gene
repression. It should be noted, nevertheless, that other p53-in-
dependent mechanisms must exist to explain DNA methylation-
mediated silencing of repeats observed in tissues of p53-null
mice. In this regard, it would be interesting to determine whether
other p53 family members (e.g., p63 or p73) might contribute to
the suppression of TRAIN.
A striking observation related to the phenomenon of TRAIN

is the presence of p53-binding sites within major classes of SINEs
of both primates [Alu repeats (53)] and rodents [B1, B2, and
GSAT (this work)], even though primate and rodent repeats
evolved independently after the divergence of these two phylo-
genetic branches. The presence of these sites suggests that p53
may play a similar role in silencing SINEs in both genera and
that this role may be evolutionarily important for preventing
SINE expansion and maintaining genetic stability.
The contribution of the TRAIN-suppressor function of p53 to

its tumor-suppressor activity (if any) remains to be elucidated.
Tumors developing spontaneously in p53-null mice demon-
strated naturally occurring derepression of repetitive elements
involved in TRAIN, thus suggesting a potential link between
TRAIN and carcinogenesis. Whether unleashed expression of
repeats in tumors causes amplification of repeats and increased
genomic instability remains to be determined. It is noteworthy
that activation of transcription of reverse transcriptase-associ-
ated repetitive elements was limited to SINEs and did not in-
volve long interspersed nuclear elements, the likely source of
functional reverse transcriptase in mammalian genome (54).
Our observation of repeat derepression in spontaneous breast

tumors from p53-WT MMTV-neu transgenic mice suggests that
tumor progression provides a platform upon which such dere-
pression occurs naturally. Tumors, including those that develop
in this particular model (42), frequently are characterized by p53
inactivation, which enables unconstrained cell proliferation.
There also is extensive evidence showing that the general degree
of DNA methylation declines during tumor progression (23).
Hence, both conditions required to initiate TRAIN (loss of p53
function and hypomethylation) occur naturally and with high
frequency in tumors. In fact, transcription of normally silent and
heavily methylated sequences representing different types of
repeats (both interspersed and tandem repeats) has been shown
to occur in tumors (refs. 18, 45, and this work) as well as under
other stress conditions (15). Nevertheless, tumor cells appar-
ently escape TRAIN-induced cell death. This avoidance pre-
sumably involves selection of tumor cells that have acquired
changes that make them resistant to suicidal IFN induction, thus
implying an important tumor-suppressor role for the IFN
pathway. In fact, the combination of p53 deficiency with the
knockout of the irf1 gene, one of the major triggers of IFN
signaling by dsRNA (24), dramatically increases the frequency
and spontaneous tumor development (55).
Tolerance of tumor cells to constitutive expression of repetitive

elements associated with TRAIN is likely caused by (i) acquired

defects in IFN induction or (ii) acquired or intrinsic resistance to
the suicidal IFN response. Consistent with this notion, there are
numerous indications of loss of IFN function in multiple tumor
types (56, 57), including, for example, homozygous loss of chro-
mosome 9p21, which contains the genes for all type I IFNs (58,
59). In this regard, it should be noted that tumor cells frequently
are hypersensitive to lytic viruses (60), a property that could be
well explained by acquisition of defects in IFN responses driven
by the necessity to survive TRAIN.
Thus, the phenomenon of TRAIN explains a series of previ-

ously unconnected but well-documented properties of tumor
cells, including transcription of repeats, deregulation of IFN
function, and increased sensitivity to lytic viruses. Identification
of specific derepressed sequences involved in TRAIN in human
cells and development of assays for detection of TRAIN in
clinical samples of human tumors will be an essential step in
linking this biological process to the diagnosis of specific tumor
types and stages of progression as well as the prediction of their
prognosis and sensitivity to treatment. For example, detection of
TRAIN-associated marker transcripts or signs of constitutively
active IFN signaling (without signs of toxicity) could be used to
assess p53 functionality in tumors.

Materials and Methods
Analysis of Results of Total RNA Sequencing. Mapping of Illumina reads onto
repetitive elements and ncRNA species was performed by the BOWTIE pro-
gram (61) under default parameters. As to ndRNAs, the sequences from all
of the RNAdb (http://research.imb.uq.edu.au/rnadb/) subbases (fantom 3,
RNAz, and others) were used for mapping of reads from the samples. The
Repbase database (www.girinst.org/repbase/) was used as a set of unique
repetitive elements for the mapping. The expression level of each ncRNA
and repetitive element was calculated as median per-position coverage of its
sequence by mapped reads, the per-position normalized measure of ex-
pression that does not depend on the sequence length. To give a biological
dimension to this measure of expression for the studied ncRNA species and
repetitive elements, each value was recalculated in “β-actin units.” Namely,
first, the reads of four RNA-sequence samples were mapped onto β-actin
mRNA, and the median per-position counts of this mRNA across samples
were calculated. Next, the per-position measure of expression for a particu-
lar ncRNA or a repetitive element in a sample was divided by the per-posi-
tion value of expression for β-actin in the same sample, giving the expression
level of each studied sequence across the four RNA-seq samples in units of
the β-actin expression in the corresponding sample.

Mapping of reads from the RNA samples onto B1 and B2 consensus
sequences was performed by a BLAST-like alignment program that detects
mutations more accurately than the programs based on Burrows–Wheeler
indexing. For each position, a significance of the mutation in three treated
samples regarding the WT sample was calculated via Poisson statistics.
Namely, for each position of the consensus, the expected number of counts
of the consensus nucleotide at this position in a treated sample was calcu-
lated based on the frequency of this nucleotide in the WT sample. A distance
in SD units between the real number of counts of the consensus nucleotide
in a treated sample and expected number of nucleotide counts defines the
polymorphism of this particular position. A limit of 20 SDs was considered
the threshold of mutation significance.
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