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Differential accumulation of U14
SNORNA and hsc70 mRNA in Chinese
hamster cells after exposure to
various stress conditions
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Abstract We have previously characterized the unique organization of the U14 small nucleolar ribonucleic acid
(snoRNA) gene in Chinese hamster HA-1 cells. The single copy of the hsc70/U14 gene is the only source for the
production of both U14 snoRNA species and hsc70 messenger ribonucleic acid (mMRNA) in these cells. Here we report
that the accumulations of U14 snoRNA and hsc70 mRNA are different in response to various stress conditions, although
both of them are transcribed in a single primary transcript. Heat shock induced an increased accumulation of both U14
snoRNA and hsc70 mRNA. On the other hand, exposure to sodium arsenite or azetidine induced an increased ac-
cumulation of hsc70 mRNA, but did not lead to a concomitant increase in the level of U14 snoRNA. Under normal
growth conditions, the variations in the levels of U14 snoRNA and hsc70 mRNA, in the different phases of the cell
cycle, are correlated. The increased expression of U14 snoRNA and hsc70 mRNA, and the hsc70 protein induced
specifically by heat shock suggest that they participate in the repair process of heat-induced damage to macromolecular

complexes involved in the synthesis and processing of ribosomal RNA.

INTRODUCTION

Eukaryotic cells contain diverse populations of metabol-
ically stable small nucleolar ribonucleic acids (snoRNAs)
(reviewed by Maxwell and Fournier 1995; Smith and
Steitz 1997; Tollervey and Kiss 1997; Eddy 1999). Most of
the snoRNA species identified so far are encoded by the
introns of genes, which often encode proteins with roles
in either the biogenesis of ribosomal RNA or the func-
tioning of ribosomes (Liu and Maxwell 1990; Sollner-
Webb 1993; Tollervey and Kiss 1997; Barneche et al 2000).
U14 snoRNA is one of the most extensively studied small
nucleolar RNAs. It is an essential RNA and is required
for the synthesis and processing of 18S ribosomal RNA
(Zagorski et al 1988; Li et al 1990; Liang and Fournier
1995). In human and Xenopus cells, the U14 snoRNA spe-
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cies are encoded by the introns of 2 different genes, the
hsc70 gene and the ribosomal protein S13 gene (Xia et al
1995; Kenmochi et al 1996). However, in Chinese hamster
cells, the organization of the Ul4 snoRNA genes is dif-
ferent. The ribosomal protein S13 gene, in Chinese ham-
ster HA-1 cells, does not encode a functional U14 sno-
RNA (Chen and Laszlo 1999), and therefore the only
source for the production of Ul4 snoRNA is from the
transcription of the unique hsc70 gene in which 3 of the
8 introns encode U14 snoRNA species (Chen et al 1996a,
Chen and Laszlo 1999). Even though there are some var-
iations in the sequence of the Ul4 snoRNA species en-
coded by the different introns, all the 3 U14 snoRNA spe-
cies encoded in the mammalian hsc70 gene contain 4
highly conserved regions, referred to as region A, region
B, box C, and box D, that are essential for Ul4 snoRNA
function (Balakin et al 1996; Tollervey and Kiss 1997).
None of the 3 U14 snoRNA encoding introns of the mam-
malian hsc70 gene contain a Ul4 snoRNA-specific pro-
moter (Leverette et al 1992; Chen et al 1996a). The 3 U14
snoRNA species and the hsc70 messenger RNA (mRNA)
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are transcribed as a part of an hsc70/U14 primary tran-
script (Leverette et al 1992). After transcription, the 3 U14
snoRINA species are excised from the individual introns,
and the rest of the primary transcript is processed to pro-
duce a single mature hsc70 mRNA (Leverette et al 1992;
Xia et al 1995).

The hsc70 protein is expressed abundantly under nor-
mal growth conditions, and it is further induced after
exposure to various stresses (Laszlo and Li 1985; Laszlo
1988a, 1988b). The promoter of the mammalian hsc70
gene contains a set of basic transcriptional elements, in-
cluding a TATA box, 2 CCAAT boxes, and 2 SP1 elements,
and 2 sets of heat shock transcriptional elements (HSEs)
to which the heat shock transcriptional factors (HSFs)
bind, as a consequence of exposure to various stresses,
resulting in an increased transcription of the hsc70 gene
(Sarge et al 1993; Chen et al 1996a). The positioning of
U14 snoRNA species in the 3 separate introns of the hsc70
gene strongly suggests that the host gene had been se-
lected to allow some form of coregulation of the expres-
sion of both hsc70 mRNA and U14 snoRNA (Maxwell
and Fournier 1995; Smith and Steitz 1997; Tollervey and
Kiss 1997). Because the expression of both U14 snoRNA
and hsc70 mRNA are regulated by the same promoter, it
would be expected that the expression patterns of both
U14 snoRNA and hsc70 mRNA are similar, provided that
the turnover rates for both RNAs remain constant.

Here we report the differential accumulation of Ul14
snoRNA and hsc70 mRNA after exposure to various
stress conditions, even though the levels of these RNAs
are correlated under normal growth conditions in differ-
ent phases of the cell cycle. Heat shock increased the lev-
els of both U14 snoRNA and hsc70 mRNA. However, ex-
posure of cells to sodium arsenite and azetidine only in-
creased the level of hsc70 mRNA, without a concomitant
increase in the level of U14 snoRNA.

MATERIALS AND METHODS
Cell culture and stress conditions

Chinese hamster HA-1 and mouse NIH 3T3 cells were
cultured in monolayers at 37°C in the presence of 5% CO,,
as previously described (Goswami et al 1994; Chen et al
1996a). Briefly, HA-1 cells were grown in minimum es-
sential medium (MEM), supplemented with 10% fetal
calf serum and antibiotics, whereas the 3T3 cells were
grown in Ham’s F10 medium supplemented with 10%
calf serum and antibiotic. Exponentially growing cells
were used throughout these experiments. Cells were heat-
ed in a precisely controlled water bath (=0.05°C). The
culture medium was changed before heating, using me-
dium prewarmed at 37°C, followed by incubation in a
37°C water bath for 10 minutes. The cells were then ex-
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posed to various elevated temperatures by immersion
into a water bath for various lengths of time. Following
heating, the cell monolayers were incubated in a 37°C wa-
ter bath for 10 minutes, the medium was changed again,
and cells were allowed to recover at 37°C for various
lengths of time. Sodium arsenite treatment involved a 55-
minute exposure to 100 pM sodium arsenite (Sigma, St
Louis, MO, USA) in a growth medium at 37°C, followed
by 5 rinses with fresh medium and recovery at 37°C for
various lengths of time. For the treatment with the proline
analog 2-azetidine-4-carboxylic acid (azetidine), exponen-
tially growing cells were washed with warm (37°C) phos-
phate-buffered saline (PBS) 3 times, followed by the ad-
dition of prewarmed, fresh medium containing 2.5 mg/
mL azetidine (Sigma), and then incubated for various
lengths of time at 37°C.

Cell synchronization

Synchronous cell populations were obtained by the si-
multaneous selective mechanical detachment of mitotic
cells from 10 T175 flasks, as described (Goswami et al
1996). 3 X 10¢ synchronized cells were plated per plate.
The plates were then incubated at 37°C and harvested at
different points in the cell cycle. Viability of the selected
cells as measured by a colony-forming assay was more
than 95%, and the mitotic index was more than 97% as
determined by microscopic examination. Cell cycle pro-
gression was monitored by 1-dimensional flow cytometric
analysis of ethanol-fixed cells collected at various points
during the cell cycle. Samples were first treated with RN-
ase A, stained with propidium iodide (10 pg/mL in PBS),
and then analyzed on a FACS 440 flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, CA,
USA). Data from 1 X 10* cells were acquired, and the
fraction of cells in each phase of the cell cycle was cal-
culated using Multicycle software (Phoenix Flow System,
San Diego, CA, USA). The synchrony was >90% up
through the S phase and >70% up through the G2 phase.

Northern blot analysis

Total cellular RNA from cells exposed to various experi-
mental conditions was isolated using TRI reagent (Mo-
lecular Research Center Inc, Cincinnati, OH, USA), fol-
lowing the protocol provided by the manufacturer. Equal
amounts (~5 pg) of the total RNA were separated on a
1.2% agarose gel containing formaldehyde or on a 15%
polyacrylamide gel (for the analysis of Ul4 snoRNA),
blotted onto a GeneScreen filter, baked at 80°C for 2 hours
after transfer, and hybridized with individual probes
made by random primer labeling of purified deoxyribon-
ucleic acid (DNA) fragments as described (Chen et al
1996a). An hsc70 specific probe was made from the 3'-
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Fig 1. Expression of Ul4 small nucleolar ribonucleic acid (sno-
RNA) and the hsc70 messenger RNA (mRNA) in different phases
of the cell cycle under normal growth conditions. RNA samples were
prepared from cells in the M (lane 1), early G, (lane 2), G, (lane 3),
S (lane 4), late S (lane5), and G, (lane 6) phases of the cell cycle,
respectively. Five micrograms of the total RNA were separated on
a 1.2% agarose gel containing formaldehyde and blotted onto nitro-
cellulose, and hybridized with the hsc70 probe. For U14 analysis,
equal amounts of total RNA were separated on a 10% polyacryl-
amide gel, electro-blotted onto a GeneScreen filter, and hybridized
with a U14 probe made from intron 5 of the hamster hsc70/U14 gene
(Chen et al 1996a). Hybridization conditions are described under
“Materials and Methods”. The figure represents an autoradiogram
obtained after a 48-hour exposure.

noncoding region of the hsc70 gene (Chen et al 1996a),
and a Ul4 probe was made from the U14 coding region
of intron 5 of the same gene. The prehybridization and
hybridization reactions were carried out in 10% dextran
sulfate, 1% sodium dodecyl sulfate (SDS), and 1 M NaCl
at 65°C overnight. The filters were washed twice with 2X
standard saline citrate (55C) at room temperature for 30
minutes, twice with 2X SSC and 1% SDS at 65°C, and
once with 0.1X SSC and 0.1% SDS at 65°C. The filters
were analyzed, using a Storm 840 Fluorescence Imager
(Molecular Dynamics, Sunnyvale, CA, USA) or exposed
to a Kodak SR-5 X-ray film. The probe made from the
hamster intron 5-encoded Ul4 snoRNA presumably de-
tects the intron 6- and the intron 8-encoded U14 sno-
RNAs in the hamster hsc70 gene because, under the same
hybridization stringency conditions, we detected the
mouse hsc70 intron 5—encoded sequences (Figs 1 and 3),
and the sequence differences between the mouse and the
hamster intron 5-encoded snoRNAs are greater than the

differences between the hamster intron 5-, intron 6—, and
intron 8—encoded snoRNAs (Liu and Maxwell 1990; Chen
et al 1996a).

Nuclear-run-off analysis

Nuclear-run-off transcription assays were conducted fol-
lowing standard procedures (Ausubel et al 1987). The as-
say was performed with nuclei isolated from 3 indepen-
dent, complete experiments. Briefly, cell monolayers were
exposed to heat shock, sodium arsenite, or azetidine, re-
spectively, as described earlier. In each experiment, about
1 X 10# cells were dislodged into 20 mL ice-cold PBS from
the surface of four 175-cm? tissue culture flasks by scrap-
ing with a rubber policeman, and collected by centrifu-
gation for 5 minutes at 500 X g at 4°C. The cell pellets
were lysed for 5 minutes in 4 mL lysis buffer (10 mM
Tris-Cl, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.5% non-
idet P40 (NP40)) on ice. The lysate was then centrifuged
for 5 minutes at 500 X g at 4°C, and the supernatant (cy-
toplasmic fraction) and pellet (nuclear fraction) were
saved separately. The nuclear fraction was again treated
with a lysis buffer and centrifuged as described earlier.
The nuclei were then resuspended in 200 pL storage buff-
er (50 mM Tris-Cl, pH 8.3, 40% glycerol, 5 mM MgCl,,
and 0.1 mM ethylenediaminetetraacetic acid [EDTA]).
This fraction was then frozen immediately in a dry ice
ethanol bath and stored in liquid nitrogen.

The cytoplasmic fraction was treated with 80 wL of 20
mg/mL proteinase K in a solution containing 0.1 M
Tris-Cl (pH 7.5), 0.22 M NaCl, 1% SDS, and 12.5 mM
EDTA for 30 minutes at 37°C. The resulting mixture was
rapidly extracted twice with an equal volume of phenol-
chloroform mixture (1:1). The RNA was precipitated by
adding 2.5 volumes of ethanol to the aqueous phase and
analyzed as described earlier for Northern blots.

For the nuclear-run-off transcription assay, 200 L of fro-
zen nuclei were thawed by incubating at 30°C for 15 min-
utes. Then 200 pL of the reaction buffer (10 mM Tris-Cl
[pH 8.0], 5 mM MgCl,, 0.3 M KCl, 5 mM dithiothreitol
[DTT], and 1 mM of each nucleoside triphosphate [NTP]
except uridine triphosphate [UTP]) plus 0.1 mCi of [a-
2PJUTP (760 Ci/mmol, 10 mCi/mL) (New England Nu-
clear, Boston, MA, USA (NEN)) was added to the nuclei,
and the reaction mixture was incubated further at 30°C for
30 minutes. The reaction was stopped by the addition of
24 g RNase-free DNase I (Worthington Biochemical, Lak-
ewood, NJ, USA) and the incubation of the resulting mix-
ture for 5 minutes at 37°C. The mixture was then extracted
twice with an equal volume of phenol-chloroform, and the
RNA was precipitated with an equal volume of isopropa-
nol. Nonincorporated isotope was removed from the ra-
dioactive RNA sample by passing through a NucTrap
pushing column (Stratagene, La Jolla, CA, USA).
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Fig 2. Northern blot analysis of total cellular ribonucleic acid (RNA) isolated from Chinese hamster HA-1 cells exposed to a heat shock of
15 minutes at 45°C (heat), 100 .M sodium arsenite for 55 minutes (arsenite), or continuous exposure to a medium containing 2.5 mg/mL of
azetidine for up to 24 hours (azetidine). The numbers above each lane indicate the number of hours of recovery at 37°C following exposure
to heat shock or sodium arsenite, or the number of hours of treatment with azetidine-containing medium at 37°C, whereas (-) represents the
control, nontreated cells. Exposure to the various stresses, and preparation and analysis of total cellular RNAs were performed as described

under “Materials and Methods”.

Equal amounts (about 200 png) of various DNA tem-
plates, including the 3’-noncoding region of the hsc70
gene (Chen et al 1996a), U14 coding sequence from intron
5 of the hsc70/U14 gene (generated by polymerase chain
reaction [PCR]), B-actin complementary DNA (cDNA),
Bluescript II (BSII, Stratagene), the coding region of the
human glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH, obtained from American Type Culture Collec-
tion, Manassas, VA, USA), were slot blotted onto a
GeneScreen-plus membrane. The DNA templates were
denatured by autoclaving the membrane for 3 minutes.
The filter was then prehybridized and hybridized with
the RNA probes obtained from nuclear-run-off transcrip-
tion, under the same conditions as described earlier for
the Northern blots. The filter was then exposed to X-ray
film for 2 weeks. Desitometric analysis of the autoradio-
grams was performed on a personal densitometer (Mo-
lecular Dynamics), using the Image Quant Software sup-
plied by the manufacturer.

RESULTS

Expression of U14 snoRNA and hsc70 mRNA under
normal growth conditions

The levels of both U14 snoRNA and hsc70 mRNA in the
different phases of the cell cycle were examined under
normal growth conditions. Cells were synchronized by
mitotic shakeoff, and RNA was prepared from cells in
different phases of the cell cycle. Northern blot analysis
of these RNA samples indicated that the levels of Ul4
snoRNA and hsc70 mRNA are correlated in each phase
of the cell cycle (Fig 1). Although the absolute levels of
both U14 snoRNA and hsc70 mRNA exhibited some var-
iation in different phases of the cell cycle, they covaried.
Cells in the M phase had the lowest level of both Ul4
snoRNA and hsc70 mRNA, followed by early G, and late
S phases. Cells in G,, early S, and G, phases contained
the highest levels of both U14 snoRNA and hsc70 mRNA.
Even though the levels of U14 snoRNA and hsc70 mRNA
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vary in the different phases of the cell cycle in compari-
son with the level of the 285 ribosomal RNA species, the
expression patterns of U14 snoRNA and hsc70 mRNA are
quite similar to that of the GAPDH mRNA, which is often
used as a control on Northern blots. The pattern of the
laminin receptor mRNA (Chen et al 1996b) expression
was also similar on the same blot (data not shown).

Expression of U14 snoRNA and hsc70 mRNA after
exposure to various stress conditions

Exposing cells to various stress conditions increased the
levels of hsc70 mRNA (Chen et al 1996a). In order to de-
termine the effects of exposure to such stress conditions
on the levels of Ul4 snoRNA and on the correlation be-
tween the levels of hsc70 and U14 snoRNA, RNA was
isolated from cells exposed to various stresses. The anal-
ysis of these RNAs indicated that there was differential
accumulation of U14 snoRNA and hsc70 mRNA in re-
sponse to exposure to various stresses in both Chinese
hamster HA-1 cells (Fig 2) and mouse NIH 3T3 cells (Fig
3). (Because Northern blots were exposed for different
times to assess the effect of different stresses on the levels
of U14 snoRNA, we compared the effect of the different
stresses on the levels of U14 snoRNA relative to the level
of the U14 snoRNA found in the nontreated cells in each
group. The figure does not imply that there is a signifi-
cant variation in the levels of U14 snoRNA in nontreated
cells in the various groups.) In Chinese hamster HA-1
cells, exposure to sodium arsenite (100 uM), induced a
prompt elevation of the level of hsc70 mRNA level, but
did not induce any significant change in the relative level
of U14 snoRNA over that found in the nontreated cells in
this group (Fig 2, arsenite). An increase in the level of
hsc70 mRNA was detected after 1 hour of the sodium
arsenite treatment. The level of hsc70 mRNA reached a
maximum at around 2 hours and returned to the level
observed in control cells after 6 hours. On the other hand,
the level of U14 snoRNA stayed constant under these con-
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Fig 3. Northern blot analysis of total cellular ribonucleic acid (RNA) isolated from mouse NIH 3T3 cells exposed to a heat shock of 15
minutes at 45°C (heat), 100 uM sodium arsenite for 55 minutes (arsenite), or continuous exposure to a medium containing 2.5 mg/mL
azetidine for up to 24 hours (azetidine). The numbers above each lane indicate the number of hours of recovery at 37°C following exposure
to heat shock or sodium arsenite, or the number of hours of treatment with azetidine at 37°C, whereas (-) represents the control, nontreated
cells. Exposure to the various stresses, and preparation and analysis of total cellular RNAs were performed as described under “Materials

and Methods™.

ditions. Similar results were obtained after exposure of
the cells to other concentrations of sodium arsenite, rang-
ing from 50 uM to 400 uM (data not shown). Exposure
to azetidine (an analog of proline) led to the accumulation
of elevated levels of hsc70 mRNA, which was higher than
that observed with either heat or sodium arsenite treat-
ments (Fig 2, azetidine). Again, there was no significant
change in the levels of Ul4 snoRNA under these condi-
tions, when compared with that found in the nontreated
cells in this group, similar to what was observed after
exposure to sodium arsenite. On the other hand, expo-
sure of HA-1 cells to a heat shock of 45°C for 15 minutes
led to a parallel increase in the levels of both U14 sno-
RNA and hsc70 mRNA, which was detected initially after
4 hours of recovery from the heat shock treatment (Fig 2,
heat). Both the RNAs reached the maximum level about
8 hours after the treatment. The induction patterns of U14
snoRNA and hsc70 mRNA were also examined in cells
exposed to other heat doses, including 43°C for 30 min-
utes, 45°C for 5 minutes, and 45°C for 30 minutes, with
similar results, namely a parallel increase in the levels of
both RNAs and the persistence of elevated levels during
the recovery period following heat shock (Chen and Lasz-
lo, unpublished observations). Similar results were ob-
tained with NIH 3T3 cells exposed to heat shock (Fig 3,
heat), arsenite (Fig 3, arsenite), and azetidine (Fig 3, aze-
tidine). Again, in the case of arsenite and azetidine, there
was no increase in the levels of U14 snoRNA relative to
the levels found in the nontreated cells in the respective
groups. In the case of arsenite, the induction of hsc70
mRNA was slightly lower than that observed in HA-1
cells following sodium arsenite treatment, and was slight-
ly delayed (Fig 3, arsenite). This difference was also ob-
served after exposure to other doses of sodium arsenite,
indicating that there is a slight difference in the response
to this agent between HA-1 and 3T3 cells (Chen and Lasz-
lo, unpublished observations).

Nuclear-run-off analysis

In order to examine the mechanisms involved in the in-
creased levels of hsc70 mRNA and U14 snoRNA after
exposure to various stresses, we performed nuclear-run-
off experiments. To obtain comparable results, HA-1 cells
exhibiting the maximum induction of hsc70 mRNA (as
indicated by Northern blots illustrated in Fig 2) after each
stress treatment were chosen for the nuclear-run-off as-
say. Namely, cells were collected at 2 hours, 8 hours, or
24 hours after treatment with sodium arsenite, heat
shock, or azetidine, respectively, using the same experi-
mental conditions as in the experiments illustrated in Fig-
ure 2. The results of these experiments are shown in Fig-
ure 4. The data indicate that there is an increase in the
transcription of the hsc70/U14 snoRNA gene in HA-1
cells after exposure to heat shock, sodium arsenite, or
azetidine. The relative increase of the rate of transcription
observed with the different stresses was similar for both
hsc70 mRNA and U14 snoRNA (Table 1).

DISCUSSION

In mammalian cells, U14 snoRNA and hsc70 mRNA are
first transcribed as a single RNA precursor, and then pro-
cessed into 3 individual U14 snoRNA species (encoded
in introns 5, 6, and 8 of the hsc70/U14 gene) and 1 ma-
ture hsc70 mRNA (Leverette et al 1992). The single-copy
hsc70/U14 gene is the only source for the production of
hsc70 mRNA and U14 snoRNA in Chinese hamster HA-
1 cells (Chen et al 1996a, Chen and Laszlo 1999), and
possibly in other rodent cells such as mouse (Trinh-Roh-
lik and Maxwell 1988; Liu and Maxwell 1990). Therefore,
in HA-1 cells, the expression of both the 3 U14 snoRNA
species and the hsc70 mRNA is regulated by the same
sets of transcriptional elements located within the pro-
moter of the hsc70/U14 gene. These elements include 2
HSEs (Chen et al 1996a), to which the HSFs bind, medi-
ating an increased transcription after exposure to various

Cell Stress & Chaperones (2002) 7 (1), 65-72
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Fig 4. Panel A: Nuclear-run-off transcription assays performed with nuclei isolated from control (CO), heated (HS), sodium arsenite—treated
(AR), or azetidine-treated (AZ) HA-1 cells. The nuclei for each assay were isolated from cells that contained the maximal levels of hsc70
messenger ribonucleic acid (MRNA) as judged by Northern blots (see Fig 2): for heat shock, 8 hours after exposure to 45°C for 15 minutes;
for sodium arsenite, 2 hours after exposure to 100 uM sodium arsenite; and for azetidine, 24 hours after exposure to the medium containing
2.5 mg/mL azetidine. The Bluescript (BS) KS Il (Stratagene) DNA was used as a negative control, whereas the B-actin complementary
deoxyribonucleic acid (cDNA) (actin) was used as a positive control. Both the U14- and the hsc70-specific DNA fragments were generated
by polymerase chain reaction (PCR) from intron 5 and the 3’-noncoding region of the hsc70/U14 gene, respectively, as described under
“Materials and Methods”. Equal amounts of each DNA sample were slot blotted onto GeneScreen filters, denatured by high temperature,
and hybridized separately to individual *?P-labeled RNA samples derived from the nuclear-run-off transcription reactions. The autoradiogram
represents a 14-day exposure. Panel B: Dot-blot analysis of the corresponding cytoplasmic RNA fractions with the hsc70 and B-actin probes,
respectively, demonstrating the effectiveness of the stress treatments.

Table 1. Transcriptional induction of the hsc70 messenger ribon-
ucleic acid (mRNA), the U14 small nucleolar RNA (snoRNA), and
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
under various stress conditions

Heat shock Azetidine Sodium arsenite
Hsc70 5.02 + 0.05 5.04 = 0.07 4.76 = 0.12
Ui14 (5) 451 + 0.07 4.86 + 0.24 4.43 + 0.08
GAPDH 1.70 = 0.21 0.68 + 0.23 1.13 + 0.08

Each assay was conducted with nuclei isolated from cells that
contain the maximum amount of hsc70 mRNA on Northern blots
(see Fig 4). Each assay was repeated 3 times. The images resulting
from the hybridization were scanned in a personal densitometer and
analyzed using the Image Quant software supplied by the manufac-
turer. In this analysis, the relative intensities of the bands corre-
sponding to hsc70, U14 snoRNA, and GAPDH transcripts were nor-
malized to the actin transcripts in each treatment category. The num-
bers obtained from this normalization were then normalized to the
ratio of these transcripts to actin found in the control, nontreated
cells.

stress conditions. Thus, one would expect that as the tran-
scription of the Ul4 snoRNA species and hsc70 mRNA
are linked, there would be a correlation between the levels
of Ul4 snoRNA and hsc70 mRNA, both under normal
conditions and after exposure to stress. Such correlation
between U14 snoRNA and hsc70 mRNA levels was ob-
served in different phases of the cell cycle under normal
growth conditions (Fig 1). In comparison with the level
of the ribosomal RNAs, the levels of both the U14 sno-
RNA species and the hsc70 mRNA exhibited similar var-
iations in different phases of the cell cycle, namely, high-
est level in G,, S, and G, phases, followed by late S and
early G, phases, and lowest in M phase. A similar cell-
cycle dependent variation was also observed with several
other polymerase II transcripts, including the GAPDH
mRNA (Fig 1) and the laminin receptor mRNA (Chen et
al 1996b) in the same blot (data not shown).
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In contrast to the apparent correlation of their levels
under normal growth conditions, the increase in the lev-
els of Ul4 snoRNA and hsc70 mRNA, after exposure to
different stresses, was more complex. Northern blots in-
dicated that heat shock increased the levels of both Ul4
snoRNA and hsc70 mRNA in both hamster and mouse
cells (Figs 2 and 3). Exposure to sodium arsenite or aze-
tidine did not lead to a significant increase in the levels
of Ul4 snoRNA, although the levels of hsc70 mRNA in-
creased. In the case of exposure to azetidine, the levels of
hsc70 mRNA were significantly higher than those ob-
served in heated cells, without any significant increase in
the levels of U14 snoRNA (Figs 2 and 3). Nuclear-run-off
transcription assays indicated that the transcription of
both of Ul4 snoRNA and hsc70 mRNA were induced to
the same extent by these 3 stress agents (Fig 3 and Table
1) as expected. Therefore, the differential accumulation of
U14 snoRNA and hsc70 mRNA under different stress
conditions must be due to posttranscriptional processes.

As both U14 snoRNA and hsc70 mRNA are transcribed
as a single pre-mRNA, and then processed to produce
individual products, changes in the relative levels of both
U14 snoRNA and hsc70 mRNA should be similar after
alterations in their expression, if these 2 RNA species
have similar stability. The difference in the levels between
U14 snoRNA and hsc70 mRNA, after exposure to differ-
ent stress conditions, could result from the altered sta-
bility of U14 snoRNA. The increase in the Ul4 snoRNA
level after heat shock may also indicate that U14 snoRNA
is involved in the recovery from and repair of heat-in-
duced perturbations in cellular functions. Alternatively,
the increased accumulation of Ul4 snoRNA may be be-
cause of a decreased efficiency in its degradation after
heat shock. It is of interest to note, however, that in gen-
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eral, the snoRNAs are quite stable (reviewed by Smith
and Steitz 1997).

Although other possibilities cannot be ruled out at pre-
sent, it is likely that there is a function associated with
the increased accumulation of Ul4 snoRNA after expo-
sure to heat shock. In yeast, U14 snoRNA is one of the
essential components involved in the processing and
modification of 18S ribosomal RNA, and its deletion is
lethal (Li et al 1990). Vertebrate U14 snoRNA may have
similar functions because a hybrid of the yeast and mouse
U14 snoRNA (containing the entire mouse U14 snoRNA
and a yeast-specific sequence of around 100 bp) can func-
tionally complement the otherwise lethal deletion of the
yeast U14 gene (Li and Fournier 1992). Moreover, all U14
snoRNA species are highly conserved from yeast to hu-
mans (Dworniczak and Mirault 1987; Zagorski et al 1988;
Xia et al 1995; Kenmochi et al 1996). Disruption of the
U14 snoRNA expression in yeast results in an alteration
in the patterns of ribosomal RNA processing and in an
underaccumulation of the 18S rRNA (Li et al 1990). Heat
shock inhibits ribosomal RNA processing and results in
an underaccumulation of the 185 rRNA in hamster cells
(Bouche et al 1981a, 1981b). It is likely that the Ul4
snoRNA and hsc70 protein cooperate with each other, ei-
ther directly or indirectly, to aid in the process of the
recovery of the macromolecular machinery involved in
ribosomal RNA synthesis and processing from heat-in-
duced perturbations. The fact that both snoRNA and
hsc70 are encoded by a single gene, and their expression
is regulated by a stress-responsive promoter (Sarge et al
1993; Chen et al 1996a) supports this notion. Consistent
with this possibility, the hsc70 protein is translocated into
the nucleus from the cytoplasm promptly upon heat
shock and localized in the nucleolus (Laszlo 1992; Hattori
et al 1993; Morcillo et al 1997), where the U14 snoRNA
is also located. Such a translocation of the hsc70 protein
has not been observed after the treatments with either
sodium arsenite or azetidine (Ohtsuka and Laszlo 1992),
which also failed to induce an elevated accumulation of
U14 snoRNA. There is a domain in the hsc70 protein,
which is homologous to a group of RNA-binding pro-
teins, suggesting that it is possible for U14 snoRNA and
hsc70 protein to interact with each other in the recovery
of the nucleolar function from heat-induced perturbation
(Chen et al 1996b). We are currently investigating possible
interactions between the Ul4 snoRNA species and the
hsc70 protein under normal conditions and after heat
shock.
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