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a b s t r a c t
4.5SH and 4.5SI RNA are two abundant small non-coding RNAs speciﬁc for several related rodent families including Muridae. These RNAs have a number of common characteristics such as the short length (about 100 nt), transcription by RNA polymerase III, and origin from Short Interspersed Elements (SINEs). However, their stabilities
in cells substantially differ: the half-life of 4.5SH RNA is about 20 min, while that of 4.5SI RNA is 22 h. Here we
studied the inﬂuence of cell stress such as heat shock or viral infection on these two RNAs. We found that the
level of 4.5SI RNA did not change in stressed cells; whereas heat shock increased the abundance of 4.5SH RNA
3.2–10.5 times in different cell lines; and viral infection, 5 times. Due to the signiﬁcant difference in the turnover
rates of these two RNAs, a similar activation of their transcription by heat shock increases the level of the shortlived 4.5SH RNA and has minor effect on the level of the long-lived 4.5SI RNA. In addition, the accumulation of
4.5SH RNA results not only from the induction of its transcription but also from a substantial retardation of its
decay. To our knowledge, it is the ﬁrst example of a short-lived non-coding RNA whose elongated lifetime
contributes signiﬁcantly to its accumulation in stressed cells.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The study of small cellular RNAs began with the discovery of tRNA
and 5S ribosomal RNA. Their role in translation of mRNA was soon conﬁrmed. A number of new small RNAs (70–300 nt) were found in eukaryotic cells in the 1970-s (Weinberg and Penman, 1968; Ro-Choi
and Busch, 1974; Zieve and Penman, 1976). It became clear that they
play an important role in pre-mRNA splicing (U1, U2, U4, U5, U6, U11,
and U12 RNAs), pre-rRNA processing (U3 and U14 RNAs) and modiﬁcation (C/D box RNAs and H/ACA box RNAs), as well as protein secretion
(7SL RNA), transcription regulation (7SK RNA), and the initiation of
DNA replication (Y RNAs) (Makarova Iu and Kramerov, 2007; Cooper
et al., 2009; Diribarne and Bensaude, 2009; Moazed, 2009; Krude,
2010). The discovery of numerous microRNAs about 22 nt-long caused
a surge of studies, which established that these RNAs regulate the gene
expression using mRNA silencing (Bartel, 2004).
Among the ﬁrst discovered and sequenced small RNAs were 4.5SI
and 4.5SH RNAs (Ro-Choi et al., 1972; Harada and Kato, 1980). Each is
about 100 nt in length, but their nucleotide sequences only slightly resemble each other. These RNAs are synthesized by RNA polymerase III
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(pol III), which generates short similar sequences: (i) internal promoter
consisting of A and B boxes (each 11 nt long), and (ii) 3–4 U nucleotide
residues on the 3′-end of the RNA which result from transcription of the
terminator (TTTTTT) (Leinwand et al., 1982; Reddy et al., 1983). Both
RNAs are transcribed in various tissues and are localized predominantly
in the nucleus; however, their functions remain unclear. Nevertheless, it
was recently reported that 4.5SH RNA could interact with antisense B1
sequence (see below) in mRNA molecules and retain them in the nucleus (Ishida et al., 2015).
Contrary to most abundant small RNAs, 4.5SH RNA has rapid turnover in mouse cells (Schoeniger and Jelinek, 1986). The half-life of
4.5SH RNA is only 18 min, whereas t1/2 of 4.5SI RNA is 22 h (Koval
et al., 2012). Our experiments showed that the complementary interaction between 5′- and 3′- end regions (16 nt) of 4.5SI RNA contributed to
its stability in cells, whereas lack of such complementarity in 4.5SH RNA
caused its rapid decay (Koval et al., 2012, 2015).
4.5SI and 4.5SH RNAs were discovered in mouse and rat cells, but
they were not found in the human cells (Harada et al., 1979; Busch
et al., 1982). Later it was established that 4.5SI RNA is only present
in rodents of three related families: Muridae (mice, rats, gerbils),
Cricetidae (hamsters, voles), and Spalacidae (mole rats, root rats,
zokors) (Gogolevskaya and Kramerov, 2002; Gogolevskaya et al.,
2010). 4.5SH RNA is found in the same rodents, as well as jerboas and
birch mice (Dipodidae) (Gogolevskaya et al., 2005). The genes that
code these two RNAs are organized differently in the genome. In mice,
4.5SI RNA is transcribed from three genes located on chromosome 6
and spaced 40 kb apart (Gogolevskaya and Kramerov, 2010). The
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number of 4.5SH genes is much higher (700–800) in the genomes of all
rodents studied; each 4.5SH gene is a part of a 4–5 kb tandemly repeated unit (Schoeniger and Jelinek, 1986; Gogolevskaya et al., 2005). Interestingly, both RNAs are evolutionarily related to Short Interspersed
Elements (SINEs): it would appear that 4.5SI RNA genes originated
from SINE B2 (Serdobova and Kramerov, 1998), whereas 4.5SH RNA
genes were derived from a copy of an ancient SINE pB1 (Krayev et al.,
1982; Quentin, 1994). SINEs are non-autonomic mobile genetic elements that are typical of most multicellular eukaryotes (Vassetzky and
Kramerov, 2013). Their lengths range from 100 to 500 bp and their genomic copy numbers can reach a million. The relationship between
SINEs and the genes of 4.5SI and 4.5SH RNAs is not unique: other examples of evolutionary linkage between SINEs and genes of small noncoding RNAs (BC1, BC200, snaR) have been reported (Martignetti and
Brosius, 1993; Kim et al., 1994; Parrott et al., 2011).
It is well established that cells (in vivo or ex vivo) respond biochemically to heat shock and other stresses (Velichko et al., 2013).
In heat stressed cells transcription of most of the genes ceases
(DiDomenico et al., 1982; Vazquez et al., 1993), splicing of premRNA stops (Yost and Lindquist, 1986; Vogel et al., 1995), translation of many mRNAs ends, and these mRNAs together with initiation
translation factors accumulate in so called stress granules (Buchan
and Parker, 2009). A small increase in temperature can cause protein
unfolding, entanglement, and unspeciﬁc aggregation in cells. The
main response to heat stress is the synthesis of heat shock proteins
(HSPs), their number in human may approach 100 (Richter et al.,
2010). Chaperones that play a critical role in protein folding, intracellular trafﬁcking of proteins, and coping with proteins denatured
by heat, are the most important HSPs for cells to overcome the consequences of heat shock.
A discrete speciﬁc ﬁeld connected with SINEs transcripts emerged in
studies of cell response to heat shock and other stresses. It was found
that heat shock leads to an increase in the level of RNAs transcribed
from such SINEs as B1 and B2 (mice, hamsters), Alu (human), C (rabbit)
and Bm 1 (silkworm) (Fornace and Mitchell, 1986; Liu et al., 1995; Li
et al., 1999; Kimura et al., 2001). It is caused by a signiﬁcant increase
of SINE transcription by pol III. Viral infection is also considered a type
of cell stress. Interestingly, transcription of SINEs Alu, B1 and B2 signiﬁcantly increases during infection of cells by different viruses (herpes
simplex virus, adenovirus, minute virus of mice) (Jang and Latchman,
1992; Russanova et al., 1995; Williams et al., 2004).
The group of Schmid (Chu et al., 1998; Rubin et al., 2002) showed
that increased level of Alu RNA after cellular heat shock stimulates protein synthesis by inhibiting PKR, the eIF2 kinase that is regulated by
double-stranded RNA. It was proposed that such stimulation of protein
synthesis contributes to the survival of stressed cells. Later the group of
Goodrich and Kugel made an amazing discovery: the RNAs transcribed
by pol III from SINEs such as B2 and Alu can bind to RNA pol III polymerase II (pol II) and effectively inhibit it (Espinoza et al., 2004, 2007;
Mariner et al., 2008). The authors suggested that the high level of B2
or Alu RNA observed during heat shock suppresses the activity of pol
II and the synthesis of mRNA, characteristic for cellular response to
stress (Allen et al., 2004; Mariner et al., 2008). The genes of HSPs somehow avoid such inhibition of transcription and, on the contrary, increase
their expression. Consequently, the synthesis of heat shock chaperones
contributes to cell recovery from stress.
As mentioned above, the genes of 4.5SH and 4.5SI RNAs are evolutionary related to SINEs B1 and B2, respectively. Therefore, we were interested
to know how these two RNAs would behave after exposure of cells to heat
shock. We found that the level of 4.5SH RNA (but not 4.5SI RNA) increased
several-fold under the inﬂuence of heat shock in different cell lines of mice
and rats. We found that this effect is determined by the activation of 4.5SH
RNA genes transcription and by the considerable retardation of its decay.
Viral infection of cells, another stress inﬂuence, produced similar results.
Furthermore, we obtained data indicating speciﬁc character of 4.5SH
RNA accumulation in cells exposed to heat shock.

2. Materials and methods
2.1. Cultivation of KAC II, Rat1, L929, NIH/3T3 and 4T1 cells
Procedures involving live animals were reviewed and approved by
the Animal Care and Use Committee of The Severtsev Institute of Problems of Evolution and Ecology (Russian Academy of Sciences) where animals were housed. Krebs ascites carcinoma II cells (KAC II) (Yushok
et al., 1956) were collected from a mouse tumor 7–10 days after intraperitoneal administration of 0.7 ml of previously obtained ascites. The
cells were washed with PBS and suspended (107 cells per ml) in
Dulbecco's modiﬁed Eagle's medium (DMEM) containing 10% fetal calf
serum and 10 mM Hepes, pH 7.0 and gently stirred at 37 °C in a vial
with a tightly closed cap for 1 h before experiment.
Rat1 (Reynolds et al., 1987), L929 (ATCC CCL-1), NIH/3T3 (ATCC
CRL-1658) and 4T1 (ATCC CRL-2539) cells were grown to 70–90%
conﬂuence in 75 cm2 ﬂasks using DMEM with 10% fetal calf serum
and then passaged to 25 cm2 ﬂasks for experiment.
2.2. Cell heat shock
Heat shock of the KAC II cells was performed by placing the vial into
a 45 °C stirring water bath for 30 min. After that the vial was returned to
37 °C for recovery for 24 h. 5 ml aliquots of medium with KAC II cells
were taken at different time points during heat shock and recovery.
Flasks with Rat1, L929, NIH/3T3 and 4T1 cells were exposed to 45 °C
heat shock in a water bath for 30 min (Rat1, L929 and 4T1) or for 12 min
(NIH/3T3). Recovery of the cells after heat shock was performed for
different periods of time (0 to 24 h) in a 37 °C incubator.
2.3. Infection of the cells by the encephalomyocarditis (EMC) virus
KAC II cells were suspended in DMEM containing EMC (titer
2 × 109 PFU/ml) at the multiplicity of infection (MOI) 20 PFU/cell and
were left at room temperature for 30 min. The cells were washed with
PBS and suspended in DMEM containing 10% fetal calf serum. The cells
(107 per ml) were gently stirred at 37 °C in a vial with a tightly closed
cap for 6 h. 5 ml aliquots were taken at different time points.
2.4. Inhibition of transcription
To determine the lifetime of the RNAs the inhibitor of transcription,
actinomycin D (5 μg/ml), was added to medium after 1 h of recovery.
The RNA of interest was detected by Northern-blot hybridization and
its level was measured with phosphoroimager (Section 2.8). To characterize the RNA lifetime in cell the value t1/2 was used (the time of decay
of half the studied RNA). The value t1/2 (half-life) is generally applied to
decay with a constant rate. Although in some of our experiments the
4.5SH RNA decay rate was changing in course of measuring the halflife, in such cases we also used t1/2 which therefore represented the
average value for the measuring period. In spite of such extended
interpretation of the value t1/2, it appeared to be quite convenient for
comparing the RNA decay kinetics.
2.5. Transfection of 4T1 cells
4T1 cells were grown to 70–80% conﬂuence in 25 cm2 ﬂasks using
DMEM with 10% fetal calf serum. 4T1 cells were transiently transfected
with 5 μg of plasmid DNA applying TurboFect in vitro Transfection Reagent (Fermentas, Vilnius, Lithuania) following the manufacturer's
protocol.
2.6. Permeabilization of cell membranes and degradation reaction
1 volume of KAC II ascites was collected, washed with PBS, then with
permeabilization buffer (150 mM sucrose, 80 mM KCl, 35 mM Hepes
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pH 7.4, 5 mM KH2PO4 pH 7.4, 5 mM MgCl2, 0.5 mM CaCl2). The cells
were suspended in two volumes of permeabilization buffer, then 0.7
volumes of permeabilization buffer with lysolecithin (1 mg/ml) was
added. The suspension was incubated at 4 °C for 1 min, and then centrifuged at 1000 rpm for 5 min. The pellet was suspended in 1.5 volumes of
70 mM KCl, 5 mM MgCl2, 2 mM DTT, 0.5 mM MnCl2, 10 mM Tris–HCl
pH 8.0, 0.4 mM ATP, and 10% glycerol. Actinomycin D (5 μg/ml) was
added as transcription inhibitor. The probes were incubated at 37 °C
for 40 or 120 min.
2.7. RNA isolation
Total cellular RNA was isolated using the guanidinium thiocyanate
method (Chomczynski and Sacchi, 1987), precipitated by ethanol and
suspended in 0.1% SDS. Its concentration was measured by NanoDrop
1000 Spectrophotometer.
2.8. Northern blot analysis
RNA (10 μg of total cellular RNA for each probe) was resolved by denaturing electrophoresis in 6% PAAG and transferred onto Hybond-XL
membrane (GE Healthcare UK Ltd., Buckinghamshire, England) by
semi-dry electroblotting at 5 V for 2 h. The 4.5SH RNA, 4.5SI RNA, 5S
RNA, Hsp70 RNA and Rhin-1 RNA were detected by hybridization
with α[32P]-labeled probe obtained by PCR (Gogolevskaya and
Kramerov, 2002; Gogolevskaya et al., 2005). The blot was incubated
overnight with the probe in 50% formamide, 5 × Denhardt solution,
4 × SSC, 1% SDS, and 0.1 mg/ml salmon sperm DNA at 42 °C. The membrane was washed in 0.1 × SSC and 0.1% SDS at 42 °C for 1 h, exposed to
an X-ray ﬁlm, and scanned by Cyclone phosphoroimager.
2.9. Quantitative real-time PCR
Following ethanol precipitation, RNA was treated with 7 U RNasefree DNase I at 37 °C for 30 min and puriﬁed by chloroform extraction.
The RNA was used as a template to generate the ﬁrst strand cDNA by reverse transcriptase. The quantity of the cDNA was measured on the RTPCR ampliﬁer (Applied biosystem 7500) using Cyber Green ﬂuorescent
dye.
2.10. Run-on transcription on nuclei
1 ml of KAC II ascites was collected, washed with PBS buffer and centrifuged for 5 min at 1000 rpm. The cell pellet was suspended in 10 ml of
cold lysis buffer (0.32 M sucrose, 5 mM CaCl2, 3 mM MgCl2, 0.1 mM
EDTA, 1 mM DTT, 10 mM Tris–HCl pH 8.0), with 0.5 mM of PMSF
added. Then the cell suspension was mixed with 10 ml of the same
lysis buffer containing 0.2% Triton X-100 and homogenized at 4 °C by
Dounce homogenizer (15 strokes). The lysate was centrifuged at
1500 rpm, 5 min, 4 °C, the pelleted nuclei were suspended in 5 ml of
lysis buffer and centrifuged (1500 rpm, 10 min, 4 °C) through a 3.5-ml
cushion of 30% (w/w) sucrose in lysis buffer. The pellet was suspended
in 2 ml of “nuclei-storage” buffer (20 mM Tris–HCl pH 8.0, 75 mM NaCl,
0.5 mM EDTA, 0.85 mM DTT, 50% glycerol, 0.125 mM PMSF), packaged
by 200 μl (2x107 nuclei) and stored in liquid nitrogen until use.
For run-on transcription reaction the nuclei (2x107) were centrifuged (2000 rpm, 5 min, 4 °C) and suspended in 100 μl of transcription
buffer (70 mM KCl, 5 mM MgCl2, 2 mM DTT, 0.1 mM EDTA, 0.5 mM
MnCl2, 10 mM Tris–HCl pH 8.0, 0.4 mM ATP, 10% glycerol, 1 mg/ml
BSA, 0.4 mM ATP, CTP, UTP). RiboLock RNase inhibitor (600 u/ml) and
α[32P]-GTP (0.5 mCi/ml) were added to each reaction; α-amanitin
(2.5 μg/ml) was used as an inhibitor of pol II transcription. Reaction of
“transcription on nuclei” was performed at 30 °C for 30 min.
The [32P]-labeled RNA was isolated using the guanidinium thiocyanate method, then precipitated ﬁrst by isopropanol, then by ethanol
with 2 M ammonium acetate and ﬁnally by ethanol with 0.2 M NaCl;
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tRNA was used as a carrier. The RNA was treated with 7 U RNase-free
DNase I at 37 °C for 30 min and puriﬁed by chloroform extraction.
Following ethanol precipitation the RNA was subjected to limited
hydrolysis for 13 min in ice-cold 0.2 M NaOH, 5 mM EDTA, then again
precipitated and suspended in 30 μl of water.
Plasmid DNA (1 μg of a plasmid for one dot) was incubated in 10 μl of
0.5 M NaOH for 1 h at 65 °C. After the incubation 20 volumes of 6 × SSC,
6% formaldehyde and 0.025 M NaH2PO4 were added, and the DNA was
transferred to Hybond-XL membrane. Following RNA denaturation it
was hybridized for 72 h with the blot in 1 ml of 50% formamide,
5 × Denhardt solution, 4 × SSC, 1% SDS, and 0.1 mg/ml salmon sperm
DNA at 42 °C. The membrane was washed in 0.1 × SSC and 0.1% SDS
at 42 °C for 1 h and scanned by Cyclone phosphoroimager.
2.11. Primer-extension reaction
Oligodeoxyribonucleotide was γ[32P]-labeled at its 5′-end by T4polynucleotide kinase, then annealed with the RNA isolated from KAC
II cells in 1.25 M KCl, 10 mM Tris–HCl pH 8.0, and 1 mM EDTA in 80 °C
water bath and cooled down at 4 °C for 30 min. Following ethanol
precipitation of the annealed DNA–RNA duplex the reaction of reverse transcription was performed by M-MLV reverse transcriptase
at 37 °C for 1 h. The reaction was stopped by 5 mM EDTA and two volumes of stop-buffer (98% formamide, 0.025% xilencyanol, 0.025%
bromophenol blue). The DNA was resolved by denaturing electrophoresis in 8% PAAG and transferred onto Hybond-XL membrane
by semidry electroblotting at 5 V for 2.5 h. The blot was exposed to
an X-ray ﬁlm, and scanned by Cyclone phosphoroimager.
3. Results
3.1. The level of 4.5SH RNA increases in the Krebs ascites carcinoma cells
that had undergone heat shock due to activation of its transcription and
retardation of its decay
KAC cells suspended in medium were incubated at 45 °С for 30 min,
then returned to 37 °С. Aliquots of the cell suspension were taken at different time points; total RNA was isolated from the cells and subjected
to Northern-blot analysis. The heat shock had no inﬂuence on the
level of 4.5SI RNA (Fig. 1). Meanwhile the level of 4.5SH RNA increased
4 times after 30 min of incubation at 45 °С and it was 10.5 times higher
than in control group 2 h after transfer of the cells to 37 °С (Fig. 1). The
level of 4.5SH RNA remained high for 24 h. In this experiment, the
behavior of HSP70 mRNA indicated typical heat shock cell response.
This mRNA was detected only 1 h after the end of heat shock, reaching
its maximum in 5 more hours and decreased sharply by 24 h of cell
recovery after heat shock (Fig. 1).
In the next experiment we examined how the abundance of 4.5SH
RNA changes with the heat shock temperature. The level of this RNA increased after the incubation of KAC cells at 41 °С, and the effect reached
its maximum at 45 °С (Fig. S1a). In another experiment we established
that the level of 4.5SH RNA increased almost linearly with time of cell
incubation at high temperature (45 °С) (Fig. S1b). Based on these results
we performed heat shock by incubating the cells at 45 °С for 30 min in
the majority of the experiments.
The 4.5SH RNA level increase after heat shock may be related to the
intensiﬁcation of transcription of the RNA genes and (or) with the retardation of its decay. Considering the short lifetime of 4.5SH RNA in the
cells the second possibility seems likely. To verify this hypothesis, the
KAC cells that had undergone heat shock were returned to 37 °С and following 1 h of incubation a transcription inhibitor actinomycin D was
added to the medium. Aliquots were taken at 20, 40, 60 and 120 min
and the RNA was isolated and analyzed by Northern-blotting (Fig. 2).
4.5SH RNA decayed quickly (t1/2 = 16 min) in the control cells in accord
with our earlier observation (Koval et al., 2012), whereas heat shock led
to a signiﬁcant slowing down of the RNA degradation (t1/2 = 112 min).
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Fig. 1. Change of 4.5SH and 4.5SI RNA levels in heat-stressed KAC cells. (A) Detection of
4.5SH, 4.5SI and Hsp70 RNAs by Northern hybridization in total RNA isolated from KAC
II cells exposed to 30 min heat shock at 45 °С and then left to recover at 37 °С for 24 h.
5S rRNA was used as a loading control. (B) Graphs showing the change of 4.5SH, 4.5SI
and Hsp70 RNA levels during 30 min heat shock at 45 °С and the recovery of KAC II
cells; the level of each RNA before heat shock (t = 0) was taken as a unit; error bars, SD,
N = 3.

Furthermore, the shape of the 4.5SH RNA degradation curve suggests
that the RNA virtually does not decay during the ﬁrst 1–1.5 h after the
heat shock (see also Fig. S2b). Heat shock did not reliably affect the
decay rate of the long-lived 4.5SI RNA (Fig. 2). Thus, the results obtained
indicate that in cells exposed to heat shock, upregulation of 4.5SH RNA
is in part due to an increase of its lifetime.
There remains a question whether a possible activation of transcription by pol III contributed to the increase of 4.5SH RNA level in response
to heat shock. This possibility is supported by reports on activation of
pol III transcription of SINEs in cells subjected to heat shock (see
Introduction) and the fact that the rise of 4.5SH RNA level by 9.2 times
at the end of the 1st hour of recovery cannot be achieved only by its stabilization. The following experiment was performed to study the
change of 4.5SH RNA transcription intensity under heat shock conditions. The nuclei were isolated from the control KAC cells and the heat
stressed cells right after the heat shock and in 1 h of recovery. The reaction of “run-on” transcription was performed on these nuclei. The nuclei
were incubated in a transcription buffer containing [α-32P]-GTP. The
RNA was isolated and used as a labeled probe for hybridization with
4.5SH and 4.5SI RNA genes, as well as with B1 and B2 SINEs (Fig. 3).
We tested the SINEs transcription to compare our data with the results
of Fornace and Mitchell (1986) who had been the ﬁrst to show the activation of SINE B2 pol III transcription due to heat shock of cells. Many
SINEs are present in the intron sequences of pre-mRNAs, therefore αamanitin was added to the reaction. The concentration of α-amanitin
was such that it inhibited pol II completely, whereas pol III was not affected. In accordance with the previous studies the heat shock signiﬁcantly activated the pol III transcription in KAC cells. For B1, B2, 4.5SH
and 4.5SI RNA genes, this increase of transcription was 1.8, 1.9, 2.0
and 1.9 times, respectively, just after heat shock and 9.5, 15.0, 6.5 and
9.0 times, respectively, in 1 h of recovery (Fig. 3). Thus the results indicate that the change in transcription contributes to the increase in 4.5SH
RNA level in the cells exposed to heat shock alongside with the retardation of its decay.

3.2. Heat shock raises the 4.5SH RNA level due to the increase of its lifetime
in various mouse and rat cell cultures
We performed the experiments on the heat shock effect on 4.5SH
RNA in three cultures of normal immortalized ﬁbroblasts of different origin (L929, Rat-1, and NIH/3T3). NIH/3T3 cells were incubated at 45 °С
for only 12 min instead of 30 min, because they do not tolerate heat

Fig. 2. 4.5SH and 4.5SI RNA stability in KAC cells exposed to heat shock. (A) Northern
hybridization of 4.5SH and 4.5SI RNAs in total RNA isolated at different time points
(from 0 to 120 min) after actinomycin D administration, from KAC II cells that had or
had not undergone heat shock. Actinomycin D was added to the cell suspension
following 1 h of incubation at 37 °C (recovery). 5S rRNA was used as a loading control.
(B) Graphs demonstrating the decay of 4.5SH and 4.5SI RNAs in cells that were exposed
to heat shock and in control cells; error bars, SD, N = 3.

Fig. 3. Transcription of 4.5SH and 4.5SI RNAs in heat-stressed KAC cells. Dot hybridization
of plasmids containing SINEs B1, B2, 4.5SH, 4.5SI genes or pUC-19 plasmid with RNA
isolated from KAC II cells that had or had not undergone heat shock (1 h of recovery)
and labeled by nuclear “run-on” transcription. Pol II-transcription was inhibited by αamanitin.
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shock as well as the other cells (Liu et al., 1995). Apart from that, the
design of the experiment was similar to the one used for KAC cells
(see above). In all three types of ﬁbroblasts the abundance of 4.5SH
RNA reached its maximum by the 1st or 2nd hour of incubation at
37 °C (period of recovery) (Fig. 4). It should be noted that the maximal
level of 4.5SH RNA in L929, Rat-1, and NIH/3T3 cells has not been as high
as in KAC cells – only 5.0, 4.2, and 3.2 times higher than in control, respectively. Unlike KAC cells, the level of 4.5SH RNA in these three cell
types decreased signiﬁcantly by the 6th hour (Figs. 1 and 4). This difference could be explained by the fact that KAC are transplantable tumor
cells which are not adapted to prolonged incubation in vitro. It is likely
that the long-term incubation of KAC cells has similarities with cellular
stress preventing the full recovery of 4.5SH RNA normal level.
Further, we performed the experiments to measure the lifetime of
4.5SH RNA in Rat-1 and L929 cells that had and had not undergone
heat shock (Fig. 5). Actinomycin D was added to the cells 1 h after
their transfer to 37 °С. The half-life of 4.5SH RNA in the control Rat-1
and L929 cells (20 and 26 min, respectively) appeared to be slightly longer than in KAC cells. However, as in the case of KAC cells, heat shock
increased the half-life of 4.5SH RNA in Rat-1 and L929 cells strikingly
(4 times) (Fig. 5). Therefore the increase of 4.5SH RNA stability contributes signiﬁcantly to the accumulation of 4.5SH RNA under heat shock
conditions in Rat-1 and L929 cells.

Fig. 5. 4.5SH and 4.5SI RNA stability in Rat1 and L929 cells exposed to heat shock.
(A) Detection of 4.5SH RNA by Northern hybridization in total RNA isolated at different
time points (from 0 to 120 min) after actinomycin D administration, from Rat1 and
L929 cells that had or had not undergone heat shock. Actinomycin D was added to the
cell suspension following 1 h of incubation at 37 °C (recovery). 5S rRNA was used as a
loading control. (B) Degradation kinetics of 4.5SH RNA in Rat1 and L929 cells that were
subjected to heat shock, and in control cells.

3.3. Heat shock enables the generation of a shortened RNA from 4.5SH RNA

Fig. 4. Change of 4.5SH and 4.5SI RNA levels in Rat1, L929 and NIH/3T3 cells subjected to
heat shock. (A) Northern hybridization of 4.5SH RNA in total RNA isolated from Rat1, L929
and NIH/3T3 cells exposed to 45 °С heat shock for 30 min (Rat1 and L929 cells) or 12 min
(NIH/3T3 cells) and left to recover at 37°С for 24 h. 5S rRNA was used as a loading control.
(B) Graphs showing the change of 4.5SH RNA levels during heat shock and the recovery of
Rat1, L929 and NIH/3T3 cells; the level of 4.5SH RNA before heat shock (t = 0) for each cell
line was taken as a unit.

We noticed that after heat shock an additional (usually minor) RNA
hybridizing with 4.5SH-probe appeared in KAC and Rat-1 cells that was
slightly shorter than the actual 4.5SH RNA (see Figs. 1, 2, 4, and 5).
The canonical 4.5SH RNA was indicated as “band 1”, and the additional
RNA — “band 2”. A priori band 2 could have appeared due to the change
in the transcription character (turning on the alternative start or termination site of 4.5SH RNA gene, or activation of some other related RNA
gene). Alternatively, band 2 RNA could have originated from the normal
4.5SH RNA because of the change in its degradation mode (appearance
of new RNA cleavage sites or, on the contrary, the retardation of degradation of a normal 4.5SH RNA decay transition product).
The following experiment was performed in order to establish
which of the two hypotheses is true. The KAC cells were exposed to
heat shock (45 °С, 30 min), then they were returned to 37 °С and actinomycin D was added to one of the two portions of cell suspension.
The cells were collected at 20, 40, 60 and 120 min, RNA was isolated
and subjected to Northern-blot analysis. Despite the inhibition of
transcription (actinomycin D administration) band 2 RNA appeared
(Fig. S2a), which indicates that it originated due to the change in
4.5SH RNA degradation character, but not due to its transcription. The
experiment on the dynamics of band 1 and 2 RNA levels suggests that
band 2 RNA originates from band 1 RNA as a result of its processing/
degradation. The total level of 4.5SH RNA (band 1 plus band 2) remained
practically unchanged after administration of actinomycin D, which
indicates that as we had suggested earlier, the degradation of this RNA
stops due to heat shock (Fig. S2b).
The denaturing PAGE followed by Northern-blot hybridization
allowed us to estimate the length of band 2 RNA; it appeared to be
86 nt, which is 8 nt shorter than the 4.5SH RNA (data not shown).
Using primer extension method we tried to determine from which
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end of the 4.5SH RNA the 8-nt region has been deleted. The primer extension reaction was performed using the RNA from the KAC cells that
had undergone heat shock (rich in band 2) and with the RNA from the
cells that were not exposed to this stress. There was no primer extension product corresponding to the shortened variant of RNA in this experiment (Fig. S3). These data suggest that the deleted 8-nt region is
located not at the 5′-end of 4.5SH RNA, but at the 3′-end of this RNA.
3.4. Heat shock affects 4.5SH RNA speciﬁcally
During the course of the present study, the following question arose:
whether the ability to accumulate in the cells exposed to heat shock is a
characteristic of 4.5SH RNA or whether any other short-lived RNA will
behave the same way? To answer this question we have chosen a
SINE Rhin-1 transcript as such RNA that is synthesized by pol III. This
SINE was isolated from the genome of bat Rhinolophus ferrumequinum
(Borodulina and Kramerov, 2005), but it is absent in the mouse. Nonpolyadenylated SINE transcripts, unlike the polyadenylated ones, have
a short lifetime in cells (Borodulina and Kramerov, 2008), therefore
the Rhin-1 with the polyadenylation signal AATAAA inactivated by conversion to AACAAA was used in this experiment (Koval et al., 2015). 4T1
cells from mouse mammary carcinoma were transfected by Rhin-1 SINE
with an inactivated polyadenylation signal. After 20 h these cells were
routinely exposed to heat shock, transferred to 37 °С and RNA was isolated at different times. The following Northern-blot analysis showed
that heat shock raised the 4.5SH RNA level 5-fold (2 h recovery), whereas the level of Rhin-1 RNA increased only 1.2–1.3 times (Fig. 6). This result suggests that the 4.5SH RNA's reaction to heat shock is unique. We
also conducted an experiment to estimate lifetimes of these two RNAs
in 4T1 cells with heat shock and without one. The experiment was performed as described above, but 1 h after cells were transferred from

Fig. 7. 4.5SH and Rhin-1 RNA lifetime in 4T1 cells subjected to heat shock. (A) Northern
hybridization of 4.5SH and Rhin-1 RNAs in total RNA isolated at different time points
(from 0 to 120 min) after actinomycin D administration, from the Rhin-1 SINEtransfected 4T1 cells that had or had not undergone heat shock. Actinomycin D was
added to the cell suspension following 1 h of incubation at 37 °C (recovery). 5S rRNA
was used as a loading control. (B) Degradation kinetics of 4.5SH and Rhin-1 RNAs in the
transfected 4T1 cells that had or had not undergone heat shock; error bars, SD, N = 3.

45 °С to 37 °С actinomycin D was added to some of the ﬂasks with
transfected cells. RNA was isolated at different time periods (from 0 to
120 min) and subjected to Northern-blot analysis (Fig. 7). Our results
showed that heat shock increased the half-lives of 4.5SH RNA and
Rhin-1 RNA 2.3 and 1.4-fold respectively. Thus the slowdown of 4.5SH
RNA degradation after heat shock is much stronger than the retardation
of Rhin-1 RNA decay, which suggests the existence of a speciﬁc way of
4.5SH RNA degradation in cell.
The rapid 4.5SH RNA decay in the nucleus appears to be a very labile
and sensitive process. We tried to reproduce it on isolated nuclei of KAC
cells. The nuclei were incubated (at 37 °C) in a buffer usually used for
transcription on isolated nuclei. However, 4.5SH RNA remained stable
and almost did not decay in these conditions (data not shown). To minimize cell distortion, we performed a similar experiment on the permeabilized cells (specially treated cells that become penetrable for any
low-molecular compounds). The reaction was performed in a standard
transcription buffer, as well as in a buffer without several components:
Mg2+, Mn2+, ATP, or with the addition of the other three ribonucleoside
triphosphates. The rapid 4.5SH RNA decay characteristic of the native
cells was not observed in any of the cases (Fig. S4). The 4.5SH RNA
level decreased to only 73% in 40 min and it could be reduced to 45%
in 120 min (compare this with the data on Fig. 2). Interestingly, in this
experiment with the permeabilized cells band 2 RNA accumulated during incubation, same as had been observed after heat shock. It appears
that 4.5SH RNA decay is very slow and distorted in permeabilized
cells. Therefore, the obtained results suggest the lability of 4.5SH RNA
decay in cell.
Fig. 6. Change of 4.5SH and Rhin-1 RNA levels in heat-stressed 4T1 cells. (A) Detection of
4.5SH and Rhin-1 RNAs by Northern hybridization in total RNA isolated from 4T1 cells that
were transfected by a plasmid containing Rhin-1 SINE, exposed to heat shock (45 °С,
30 min) and left to recover at 37 °С for 24 h. 5S rRNA was used as a loading control.
(B) Graphs showing the change of 4.5SH and Rhin-1 RNAs abundance during heat shock
and the recovery of 4T1 cells; the level of each RNA before heat shock (t = 0) was taken
as a unit; error bars, SD, N = 3.

3.5. The viral infection of KAC cells increases the 4.5SH RNA level and leads
to retardation of its decay
In the last part of this study we examined whether other cellular
stresses inﬂuence 4.5SH RNA. The KAC cells were infected by
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encephalomyocarditis (EMC) virus, and after 2 h of infection aliquots of
cells were collected every hour. The isolated RNA was examined by
Northern-blot analysis which showed that 4.5SH RNA level gradually
rose reaching 5-fold increase as compared to the control, by the 6th
hour of infection (Fig. 8). At the same time 4.5SI RNA level did not
change at all in the course of infection. To conﬁrm that the infection actually took place the abundance of the negative-sense viral RNA in the
cells was measured using the quantitative real-time PCR. The level of
the viral RNA did rise rapidly after the 3rd hour of infection (Fig. 8).
By the 8th hour of infection cell lysis conﬁrmed high efﬁciency of infection. Thus, based on the present experiment one can conclude that cell
stresses, such as viral infection, can signiﬁcantly increase the level of
the 4.5SH RNA in cells.
It was presumed that retardation of 4.5SH RNA decay contributes to
its accumulation in the infected cells. To prove this hypothesis actinomycin D was added to the KAC cells in 4 h after the beginning of the
EMC viral infection (the hour of the maximal activity of the viral RNAdependent RNA polymerase). After that aliquots were collected at 20,
40, 60 and 120 min, RNA was isolated from the cells and subjected to
Northern-blot analysis. The infection of the cells did not change the
stability of 4.5SI RNA, whereas the half-life of 4.5SH RNA in the infected
cells was 2.3-fold longer than that in non-infected cells (Fig. 9). (Considering that not all of the cells are infected by the virus the effect of retardation of 4.5SH RNA decay in the infected cells might be even more
signiﬁcant). Therefore the increase of its lifetime contributes to the
rise of 4.5SH RNA level in cells infected by EMC virus.
Fig. 8. Change of 4.5SH and 4.5SI RNA levels in EMC-infected KAC cells. (A) Detection of
4.5SH and 4.5SI RNAs by Northern hybridization in total RNA isolated from the KAC II
cells at different time points (from 0 to 6 h) of infection by the encephalomyocarditis
(EMC) virus. 5S rRNA was used as a loading control. (B) Graphs demonstrating the
change of 4.5SH, 4.5SI and EMC RNAs levels during the viral infection; the level of each
RNA before viral infection (t = 0) was taken as a unit; error bars, SD, N = 3. The
abundance of the negative-sense EMC viral RNA was determined by the quantitative RTPCR.

4. Discussion
In this study we found that the level of a low-molecular-weight
4.5SH RNA increased substantially in response to heat shock. Activation
of its transcription and retardation of its decay in cell contribute significantly to this phenomenon. The level of another low-molecular-weight

Fig. 9. 4.5SH and 4.5SI RNA stability in KAC cells infected by EMC virus. (A) Northern hybridization of 4.5SH and 4.5SI RNAs in total RNA isolated at different time points (from 0 to 120 min)
after actinomycin D administration, from KAC II cells that were subjected to the EMC viral infection, and control cells. 5S rRNA was used as a loading control. (B) Decay kinetics of 4.5SH and
4.5SI RNAs in the infected KAC II cells and the cells that were not exposed to viral infection; error bars, SD, N = 3.
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RNA, 4.5SI, barely changes under the same impact, even though its transcription also increases. Such results can be explained by the difference
in the dynamics of synthesis and decay of these two RNAs in control and
under heat shock conditions.
To study these dynamics we used the following differential equation
(Miller et al., 1982), describing the increment of the RNA in a cell given
its transcription intensity A and its half-life B:


dx
ln2
¼ A−x
:
dt
B
The solution to the equation describes the RNA level (x), which accumulates in a cell by the point in time t:

x¼

 


t
AB
AB
þ x0 −
 2ð−BÞ ;
ln 2
ln 2

where x0 is the equilibrium level of RNA at which the rate of its synthesis is equal to the rate of its decay.
According to our data (Tatosyan K, Koval A, Gogolevskaya I,
Kramerov D. in preparation) the number of 4.5SI RNA molecules in
KAC cells is about 2.3 times greater than the number of 4.5SH RNA molecules. Therefore the equilibrium level of 4.5SI RNA is 2.3 times higher
than that of 4.5SH RNA. Considering that the half-life of 4.5SH RNA in
KAC cells is 16 min, and of 4.5SI RNA is 22 h (Koval et al., 2012), we estimated that the intensity of 4.5SH RNA transcription is about 36 times
higher than that of 4.5SI RNA. Indeed, the intensity of synthesis of a
short-lived RNA should be much higher in order to maintain its constant
level than that of a long-lived RNA. This is consistent with the fact that
there is an unusually high number (700–800) of genes coding for
4.5SH RNA (Schoeniger and Jelinek, 1986). Apparently all the genes of
this RNA are actively transcribed because they are a part of tandemly
repeated units. One can suggest that a cluster of tandem repeats is organized as an active euchromatin where 4.5SH RNA genes are transcribed
with high intensity. On the contrary, 4.5SI RNA is represented in the
genome by only three genes (Gogolevskaya and Kramerov, 2010), the
transcription of which is enough to maintain the level of the stable
RNA in cell.
In the experiments on “run-on” transcription we showed that the
synthesis of both 4.5SI and 4.5SH RNAs increased signiﬁcantly under
heat shock conditions (by 6 and 4 times on average, respectively). By
inhibiting the cellular transcription with actinomycin D we demonstrated that the half-life of 4.5SH RNA increased from 16 to 112 min. Based
on these results we altered the parameters A (transcription intensity)
and B (half-life) and calculated how the levels of 4.5SH and 4.5SI RNAs
should change under heat shock conditions comparing to the control
levels of these two RNAs in KAC cells. The time of RNA level measuring
(t) was set equal to 90 min, which corresponded to 30 min of heat shock
followed by 1 h of recovery. When the parameter B (4.5SH RNA halflife) increased from 16 to 112 min, 4.5SH RNA level increased 3.6
times by the moment t = 90, and taking into account the intensiﬁcation
of transcription (A) by 4 times on average the abundance of this RNA in
cell was estimated to increase by 12.5 times, which correlated strongly
with our experimental data (9.2 times in 1 h of recovery, Fig. 1). The
analogical calculation for the long-lived 4.5SI RNA, the transcription of
which, according to our results increased 6-fold under heat shock
conditions, demonstrates the rise of this RNA level by only 23%, which
corresponds to our experimental data (Fig. 1). This result surprising at
ﬁrst, is explained by the fact that the increment of 4.5SI RNA molecules
achieved by its synthesis composes such a small proportion of the overall amount of this RNA in cells that even the activation of its transcription does not substantially change the abundance of 4.5SI RNA. As to
4.5SH RNA, due to its rapid turnover in cell the increase of its synthesis
activity leads to a considerable rise of the RNA abundance. Therefore the
intensiﬁcation of pol III transcription caused by heat shock leads to a
signiﬁcant increase in the level of the short-lived rapidly synthesized

4.5SH RNA, but practically does not inﬂuence the accumulation of the
long-lived slowly synthesized 4.5SI RNA.
The contribution of the retardation of 4.5SH RNA decay to the increase of the RNA level in cell in response to heat shock is equally significant. Such mechanism of RNA accumulation is a priori only possible for
a short-living molecule, because further extension of lifetime of stable
RNAs (such as 4.5SI RNA with half-life equal to 22 h) will not raise its
level in cells because of the brevity of the heat shock and the recovery
period. The increase of 4.5SH RNA level and retardation of its decay
under heat shock conditions were shown in all of the tested rodent
cell lines (KAC, L929, Rat1, NIH/3T3 and 4T1). Apparently, 4.5SH RNA
is the ﬁrst example of an RNA that accumulates in cells subjected to
heat shock due to the extension of its lifetime. Our research showed
that another cell stress, viral infection, also leads to the rise of 4.5SH
RNA level. Similar to heat shock, the retardation of the RNA decay contributes considerably to the increase of its abundance in KAC cells during their infection with the encephalomyocarditis virus. Other stress
implications, such as oxidative or alcoholic stress, do not inﬂuence the
level of 4.5SH RNA in cells (data not shown).
Short-lived abundant non-coding RNAs, such as 4.5SH RNA, are apparently very rare. However, many mRNAs and rare non-coding RNAs
have short lifetimes (Barreau et al., 2005; Preker et al., 2008; Gong
and Maquat, 2011; Parrott et al., 2011). The accumulation of such
RNAs in cells using the mechanism of extension of their lifetime is
quite possible.
All RNA molecules in cell are eventually degraded by exosome
complex in 3′-5′ direction or/and by 5′-3′ XRN exoribonucleases
(Lykke-Andersen et al., 2009; Nagarajan et al., 2013). We suggested
that accumulation of the short-lived 4.5SH RNA in heat-stressed cells
is caused by the disturbance of this general RNA degradation machinery.
In order to check this hypothesis we examined whether any short-lived
RNA would accumulate in cells exposed to heat shock. For this purpose
the 4T1 mouse carcinoma cells were transfected with the heterologous
SINE Rhin-1 and the level of Rhin-1 pol III transcript after heat shock
were measured. Unlike 4.5SH RNA, this transcript was accumulated
rather slightly and its lifetime extended by only 1.4 times, which indicates that general RNA degradation machinery is inhibited insigniﬁcantly (if at all) in response to heat shock. We presume that some
characteristics of 4.5SH RNA make its degradation more sensitive to
the heat shock compared to the decay of the pol III transcript Rhin-1. Intracellular localization, the binding with proteins, and speciﬁc mechanisms of degradation can be among such characteristics. Therefore,
the rise of 4.5SH RNA level in response to heat shock of the cells appears
to be speciﬁc. It can be suggested that the increase of 4.5SH RNA abundance not only reﬂects the disturbance of its decay but somehow facilitates the survival of cells after heat shock. However it is impossible yet
to estimate it at this time.
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