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Mammalian heat shock p70 and histone H4
transcripts, which derive from naturally
intronless genes, are immune to
nonsense-mediated decay
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ABSTRACT

Nonsense-mediated decay (NMD), also called mRNA surveillance, is an evolutionarily conserved pathway that de-
grades mRNAs that prematurely terminate translation. To date, the pathway in mammalian cells has been shown to
depend on the presence of a cis-acting destabilizing element that usually consists of an exon—-exon junction gener-

ated by the process of pre-mRNA splicing. Whether or not mRNAs that derive from naturally intronless genes, that is,
mRNAs not formed by the process of splicing, are also subject to NMD has yet to be investigated. The possibility of
Saccharomyces cerevisiae are subject to NMD even though

NMD is certainly reasonable considering that mRNAs of

most derive from naturally intronless genes. In fact, mMRNAs of

S. cerevisiae generally harbor a loosely defined

splicing-independent destabilizing element that has been proposed to function in NMD analogously to the spliced
exon—exon junction of mammalian mMRNAs. Here, we demonstrate that nonsense codons introduced into naturally
intronless genes encoding mouse heat shock protein 70 or human histone H4 fail to elicit NMD. Failure is most likely
because each mRNA lacks a cis-acting destabilizing element, because insertion of a spliceable intron a sufficient
distance downstream of a nonsense codon within either gene is sufficient to elicit NMD.

Keywords: heat shock gene; histone gene; immunity to nonsense-mediated mMRNA decay; naturally intronless

genes

INTRODUCTION

Nonsense-mediated decay (NMD), also called mRNA
surveillance, typifies all organisms that have been ex-
amined, including Saccharomyces cerevisiae, Caeno-
rhabditis elegans, and Homo sapiens (for reviews, see
Maquat, 1995, 2000; Li & Wilkinson, 1998; Culbertson,
1999; Hentze & Kulozik, 1999; Jacobson & Peltz, 2000).
NMD eliminates mRNAs that harbor premature termi-
nation codons, presumably to preclude the synthesis of
proteins that acquire new functions or are otherwise
deleterious to cellular metabolism. Premature termina-
tion codons can arise as the consequence of genomic
mutations or routine abnormalities in gene expression,
such as inefficient or inaccurate splicing. Most mam-
malian genes harbor at least one intron, and studies of
genes of this type indicate that NMD requires both splic-

Reprint requests to: Lynne E. Maquat, Department of Biochemis-
try and Biophysics, School of Medicine and Dentistry, University of
Rochester, Rochester, New York 14642, USA; e-mail: lynne_maquat@
urmc.rochester.edu.

445

ing of product pre-mRNA and translation of product
MRNA (Cheng et al., 1994; Carter et al., 1996; Moriarty
et al,, 1998; Zhang et al., 1998a, 1998b; Thermann
et al., 1998; Sun & Maquat, 2000). Generally, a non-
sense codon elicits NMD when followed by a splicing-
generated exon—exon junction that resides more than
50-55 nt downstream (Nagy & Maquat, 1998, and ref-
erences therein). This finding has led to the hypothesis
that the process of pre-mRNA splicing deposits signa-
ture proteins at or near the exon—exon junctions of
product mRNA, and these proteins remain bound to
MRNA so as to influence translating ribosomes during
or after translation termination. In support of this model,
studies using Hela-cell nuclear extract and in vitro-
synthesized transcripts have found that a splicing-
dependent complex of proteins binds near exon—exon
junctions and remains bound after spliceosome disso-
ciation, providing evidence that splicing does influence
MRNP structure (Le Hir et al., 2000a, 2000b). Further-
more, MRNAs that derive from intron-containing pre-
MRNAs have been shown in Xenopus laevis oocytes
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to be either more efficiently translated (Matsumoto et al.,
1998) or more efficiently transported from nuclei to the
cytoplasm (Lou & Reed, 1999; Zhou et al., 2000) than
their intronless counterparts, indicating that splicing-
induced alterations to mMRNP can influence downstream
events. Consistent with the idea that splicing plays a
critical role in NMD, the removal of all introns from the
gene for either classical glutathione peroxidase 1 or
triosephosphate isomerase results in mRNA that is im-
mune to NMD (Moriarty et al., 1997; Zhang et al., 1998a).

A relatively small number of mammalian genes are
notable because they naturally lack introns. Because
the one or more introns of intron-containing genes are
important for pre-mRNA stability, RNA 3’-end forma-
tion, and mMRNA export to the cytoplasm (see, e.g., Ryu
& Mertz, 1989; Morimoto, 1998; and references therein),
naturally intronless genes are characterized by fea-
tures that bypass the need for introns. For example,
mouse histone H2a mMRNA harbors a coding-region de-
terminant that permits efficient cytoplasmic accumula-
tion of intronless transcripts by promoting nuclear export
(Huang et al., 1999). mRNAs from the naturally intron-
less thymidine kinase genes of herpes simplex virus
and hepatitis B virus are characterized by similar de-
terminants (Huang et al., 1999). In theory, mRNAs pro-
duced from naturally intronless genes may be subject
to an intron-independent NMD pathway. If so, then a
yet-to-be characterized cis-acting destabilizing ele-
ment that functions analogously to an exon—exon junc-
tion must exist. Such an element may be related to the
cis-acting destabilizing element, loosely defined by the
consensus sequence 5'-YGCUGAUGYYYYY-3', that
typifies most S. cerevisiae mRNAs (Peltz et al., 1993;
Hagan et al., 1995; Ruiz-Echevarria et al., 1998; Gon-
zélez et al., 2000), which usually derive from naturally
intronless genes.

Here, we present the results of experiments de-
signed to determine if nonsense-harboring MRNAS from
two naturally intronless genes—the mouse HSP70.1
(HSP70) gene and the human histone H4 (H4) gene—
are subject to NMD. The HSP70 gene is interesting not
only because it is intronless, but also because its tran-
scription requires heat shock (Hunt & Calderwood,
1990). We demonstrate that heat shock for 1 h at 43°C
allows for sufficient pre-mRNA splicing and mRNA
translation to support NMD by demonstrating that a
nonsense codon-containing B-globin allele driven by
the heat shock-dependent HSP70 promoter produces
spliced mRNA that is subject to NMD. We next dem-
onstrate that the HSP70 gene is immune to NMD with
the findings that (1) the levels of mRNA from four
nonsense-containing HSP70 alleles are comparable to
the level of mMRNA from the corresponding nonsense-
free allele, and (2) the level of MRNA from the nonsense-
free allele is unaffected when the NMD pathway is
inhibited by overexpressing a dominant-negative hu-
man Upf1 protein. Our finding that nonsense-containing
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HSP70 mRNA is subject to NMD if it derives from a
gene harboring an intron inserted downstream of any
one of the four nonsense codons tested indicates that
HSP70 mRNA lacks a cis-acting destabilizing element
required for NMD rather than contains a stabilizing ele-
ment that precludes NMD.

H4 mRNA is distinct from the vast majority of mam-
malian mRNAs not only because it derives from an
intronless gene, but also because it has a 3’ end that is
not generated by polyadenylation (reviewed in Domin-
ski & Marzluff, 1999). The H4 gene is efficiently ex-
pressed in HelLa cells when stably but not transiently
introduced. We have found by stably transfecting HeLa
cells with either a nonsense-free or nonsense-containing
H4 allele that none of three nonsense codons tested
reduce mRNA abundance. This finding was corrobo-
rated by transiently transfecting HelLa cells with the
same alleles harboring B-globin polyadenylation se-
guences in place of H4 sequences that direct H4 RNA
3’-end formation. Therefore, immunity is not attribut-
able to the absence of polyadenylation. Because inser-
tion of an intron a sufficient distance downstream of a
nonsense codon results in NMD, we conclude that H4
MRNA, like HSP70 mRNA, lacks a cis-acting destabi-
lizing element required for NMD.

RESULTS

Heat shock fo r 1 h allows for NMD

The mouse HSP70.1 (HSP70) gene is an intronless
member of the heat shock family of genes. HSP70
gene expression is strictly dependent on elevated
temperature (Hunt & Calderwood, 1990). To establish
conditions optimal for expression, HelLa cells were tran-
siently transfected with pmHSP70, a plasmid harboring
the full-length HSP70 gene (Fig. 1), and phCMV-MUP,
a plasmid harboring the mouse major urinary protein
driven by the human cytomegalovirus (hCMV) pro-
moter (Belgrader & Maquat, 1994). Measurements of
MUP RNA were used to control for variations in the
efficiencies of cell transfection and RNA recovery. The
results of northern blot hybridization indicated that
HSP70 RNA production in human Hela cells is depen-
dent on the HSP70 gene and incubation at elevated
temperature, in this case 43 °C (Fig. 1, lanes 1-6). Iden-
tification of the 2.1-kb transcript as HSP70 RNA was
corroborated by the observation of a similar-sized heat
shock-dependent RNA in mouse NIH 3T3 cells (Fig. 1,
lanes 7-8). The ratio of HSP70 mRNA to MUP mRNA
in HeLa cells was 1.1, 1.6, or 2.3 after, respectively, 30,
60, or 120 min incubations at 43 °C (Fig. 1, lanes 4—6).
Considering the deleterious effects of prolonged heat
shock to cell viability, subsequent analyses were con-
fined to incubations at elevated temperature for no more
than 60 min.
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FIGURE 1. HSP70 gene expression in HelLa cells is dependent on
heat shock. The upper diagram represents the mouse (m) HSP70
gene, where ATG(0) and TAG(642) specify translation initiation and
termination codons, respectively. HeLa cells (1-2 X 10°8) were tran-
siently transfected with 18 ug of pHSP70 test plasmid and 6 ug of
phCMV-MUP reference plasmid using calcium phosphate, cultured
for 40 h, and incubated at 43°C for the times specified. Total RNA
was then isolated, and HSP70 and MUP transcripts were detected by
RNA blot hybridization. RNA (15 ug) from transfected (+) HeLa cells
or untransfected (—) HeLa or NIH 3T3 cells were denatured, elec-
trophoresed in 1.5% agarose, and transferred to nylon. HSP70 and
MUP transcripts were detected using uniformly 3?P-labeled DNAs.
Notably, the HSP70 probe did not cross-react with HeLa-cell HSP70
RNA, and the slight alteration in the size of MUP mRNA with heat
shock that is evident here was not characteristic of three other in-
dependently performed experiments.

HSP70 mRNA contains an AU-rich element (ARE) in
the 3’ untranslated region yet fails to be rapidly de-
graded during heat shock despite its active translation
(Moore et al., 1987). A recent study demonstrated that
heat shock is associated with a block in the degrada-
tion of ARE-mRNAs due to the nuclear sequestration of
AUF1, which promotes ARE-mediated decay, in a com-
plex with HSPp70, translation initiation factor elF-4G
and poly(A) binding protein (Laroia et al., 1999). Be-
cause heat shock can alter mRNA decay, and HSP70
gene transcription is strictly dependent on heat shock,
we first aimed to determine if NMD is active during heat
shock. To this end, HeLa cells were transiently trans-
fected with two plasmids: (1) a test pmHSP70-Gl plas-
mid harboring a hybrid human-mouse g-globin (Gl) gene
(Zhang et al., 1998b), in which the promoter and 5’
untranslated region had been substituted for 579 bp of
5’ flanking DNA and 224 bp of 5’ untranslated region of
the mouse HSP70 gene so that transcription was likely
to be heat-shock dependent (for reviews, see Fernan-
dez et al., 1994; Morimoto, 1998), and (2) the reference
plasmid phCMV-MUP that generates MUP transcripts
independent of heat shock (Belgrader & Maquat, 1994).
The GI gene was either nonsense-free (Norm) or har-
bored a nonsense codon at position 39 (39Ter). The Gl

gene was chosen for study because it is known to en-
code mRNA that undergoes NMD (Thermann et al.,
1998; Zhang et al., 1998b). However, it differs from the
HSP70 gene in having two introns that must be re-
moved from pre-mRNA by splicing for proper expres-
sion. Because heat shock at elevated temperatures
has been reported to block pre-mRNA splicing (see,
e.g., Kay et al., 1987) and translation initiation (see,
e.g., Duncan & Hershey, 1989; Feigenblum & Schneider,
1996; Vries et al., 1997), we chose to assay the effect
of heat shock for 1 h at the standard 43°C as well as
the less stringent 39 °C.

The results of control transfections, which assayed
test pmCMV-GI plasmids harboring the nonsense-free
or 39Ter-containing Gl allele driven by the heat-insensi-
tive mouse (m) CMV promoter, demonstrated that 39Ter
reduced the level of GI MRNA to ~20% of normal with
or without heat shock at 43°C (Fig. 2A). Considering
the heat-shock-insensitive nature of the mCMV-GI al-
leles, nothing could be learned about the heat sensi-
tivity of NMD because most transcription (and, therefore,
NMD) took place prior to heat shock. In contrast, the
pHSP70-Gl alleles were heat-shock sensitive: HSP-GI
MRNA production was not evident in the absence of
heat shock, barely detectable after heat shock at 39 °C,
and required heat shock at 43°C (Fig. 2B; data not
shown). Because HSP-GI mRNA production required
splicing, we can conclude that heat shock at 43 °C did
not preclude pre-mRNA splicing. Furthermore, the
level of 39Ter-containing HSP-GI mRNA was 30% the
level of nonsense-free HSP-GI mRNA after heat shock
(Fig. 2B), indicating that heat shock at 43°C did not
preclude NMD for at least some of the time after the
transcriptional induction.

Nonsense codons within HSP70 mRNA
fail to elicit NMD

Normally, translation of HSP70 mRNA terminates at
position 642, where the initiation codon is designated
position 0. To determine if HSP70 mRNA is subject to
NMD, HSP70 alleles that harbored a nonsense codon
at positions 34, 209, 357, or 547 were generated (Fig. 3).
Furthermore, an allele in which the normal termination
codon was converted to a missense codon so that trans-
lation terminated at position 660 was also generated
(Fig. 3). Each allele was transiently expressed in HeLa
cells together with the reference MUP allele. Results
indicated that none of the nonsense mutations or the
missense mutation elicited NMD (Fig. 3).

Evidence that HSP70 mRNA is immune
to NMD because it lacks a cis -acting
destabilizing element required for NMD

Most simply, the apparent immunity of HSP70 mRNAto
NMD may be attributable to one of three possibilities:



L.E. Maquat and X. Li

448
ATG(0) 39 TGA(147)
B H 'J,_Tr Jf— mCMV-GI gene
ATG(0) 39 TGA(147)
.y _
| H‘— HSP70-Gl gene
A STBC 43°C B 3?nC sgoc 430(:
E 5 € 5 E 5 E B E @8
5 £ 5 E E @ £ @& £ g
z 8 2 8 2 g 2 g 2 8

HSP-GI mRNA —

]
2 |
=i i
=

mup mAna— B0 T - e .

— 100 30

Gl mRBRNA (% of Norm) 100 23 100 17

HSP-GI mRNA (% of Norm) — — —

FIGURE 2. NMD is detectable after heat shock. Upper diagrams represent mCMV-GI and HSP-GI genes, where hatched
and solid regions specify mMCMV and HSP70 promoters, respectively; ATG(0) and TGA(147) specify translation initiation and
termination codons, respectively; and 39 positions the normal (CAG) or nonsense (TAG, Ter) codon. HelLa cells were
transfected as described in the legend to Figure 1, except the test plasmid consisted of either pnCMV-GI (A) or pHSP70-GlI
(B), each of which was either nonsense free (Norm) or 39Ter. Cells were incubated at the specified temperature for 1 h prior
to RNA isolation. HSP-GI and MUP transcripts were detected by RNA blot hybridization using uniformly 3?P-labeled DNAs.
The level of MRNA from each mCMV-GI and HSP70-GlI allele was normalized to the level of MUP mRNA in order for the
analysis to be quantitative. Normalized values were then calculated as a percentage of the normalized value for either
mMCMV-GIN™ mRNA (i.e., nonsense-free mRNA) or HSP-GIN™ mRNA from the 43°C incubation, each of which was
considered to be 100. Dashes for % of Norm indicate that the level of HSP-GI mRNA was undetectable. Percentages from
two independently performed experiments did not differ by more than 7%. At 43 °C, the level of GI mMRNA produced using

the HSP70 promoter was generally 15% the level of GI mRNA produced using the mCMV promoter.

HSP70 mRNA may (1) be a natural substrate for NMD,
(2) lack a destabilizing element required for NMD, or
(3) contain a stabilizing element that precludes NMD.
HSP70 mRNA could be a natural substrate for NMD if
its normal termination codon resides a sufficient dis-
tance upstream of a destabilizing element so as to elicit
NMD. Under such circumstances, the introduction of a
nonsense codon would be of no consequence to mMRNA
abundance because two nonsense codons in cis re-
duce mRNA abundance to the same extent as one
nonsense codon (reviewed in Maquat, 1995). Notably,
if such a destabilizing element does exist, it must also
function to elicit NMD brought about by termination at
position 660 considering that conversion of the normal
termination codon to missense (so that translation ter-
minates at position 660) is also of no consequence to
mRNA abundance.

To determine if HSP70 mRNA is a natural substrate
for NMD, HelLa cells were transiently transfected with
pmHSP70, phCMV-MUP, and either pCl-Neo-hUPF1
Wt or pCl-neo-hUPF1 R844C. pCl-neo-hUPF1 Wt pro-
duces wild-type (Wt) hUpfl protein (p) and is of no

consequence to NMD in HelLa cells, whereas pCl-
neo-hUFP1 R844C produces hUpflp that harbors an
arginine-to-cysteine change at position 844 and has a
dominant-negative effect on both nucleus-associated
and cytoplasmic NMD (Sun et al., 1998). If HSP70
MRNA is a natural substrate for NMD, then its abun-
dance should be increased by R844C hUpflp and un-
affected by Wt hUpflp. Results indicated that Wt hUpflp
and R844C hUpflp did not differentially affect the abun-
dance of HSP70 mRNA (Fig. 4). Therefore, the appar-
ent immunity of HSP70 mRNA to NMD is not because
the mRNA is a natural substrate for NMD.

To determine if immunity is due to the lack of a cis-
acting destabilizing element required for NMD or the
presence of a cis-acting stabilizing element that pre-
cludes NMD, a spliceable intron from the gene for hu-
man triosephosphate isomerase (TPI) was inserted
between positions 435 and 436 of the nonsense-free
and various nonsense-containing HSP70 alleles (Fig. 5).
Based on studies of naturally intron-containing tran-
scripts in which this or another intron was inserted at
one of a number of sites (Cheng et al., 1994; Thermann
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FIGURE 3. Nonsense codons within the HSP70 gene do not decrease the abundance of HSP70 mRNA. Hela cells were
transiently transfected with the specified HSP70 test allele and MUP reference allele, and subjected to 43°C for 1 h prior
to RNA purification. RNA was blot hybridized as described in the legend to Figure 1. The level of each HSP70 mRNA was
normalized to the level of MUP mRNA, and normalized values were then calculated as a percentage of the normalized value
for HSP70N™ mRNA, which was considered to be 100. Percentages from two independently performed experiments did

not differ by more than 8%.
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FIGURE 4. HSP70 mRNA is not a natural substrate for NMD. HelLa
cells were transiently transfected using calcium phosphate with a
total of 20 ug of plasmid DNA (8 ug of pmHSP70N™ or pmCMV-
GINo™ or pmMCMV-GI®™®"; 2 g of phCMV-MUP; and 10 ug of either
pCl-neo-hUPF1 Wt, which harbors an unmutagenized hUpflp read-
ing frame, pCl-neo-hUPF1 R(844)C, which harbors an arginine-to-
cysteine change at amino acid position 844, or pCl-neo, which consists
only of vector sequences). Prior to RNA purification, cells were in-
cubated at 43 °C for 1 h. RNA was blot hybridized as described in the
legend to Figure 1. The level of HSP70 mRNA from each HSP70
allele was normalized to the level of MUP mRNA, and normalized
values were then calculated as a percentage of the normalized value
of HSP70N°™ mRNA in the absence of either hUPF1 allele. Per-
centages differed between two independently performed experiment
by no more than 10%.

et al., 1998; Zhang et al., 1998b), and provided that
HSP70 mRNA simply lacks a destabilizing element,
nonsense codons at positions 34, 209, and 357, which
reside more than 50-55 nt upstream of the inserted
intron, would be expected to elicit NMD; in contrast, the
nonsense codon at position 547, which resides down-
stream of the inserted intron, would not be expected to
elicit NMD. If results counterindicated this simple sce-
nario, then the possibility of a stabilizing element would
have to be entertained. The only stabilizing element
demonstrated to date for mammalian transcripts con-
sists of a efficiently utilized translation reinitiation site
that nullifies NMD when located downstream of and in
frame with a nonsense codon so as to restore the site
of translation termination to normal (Zhang & Maquat,
1997). In theory, however, a stabilizing element could
be modeled after one of the two additional types de-
scribed for mRNAs of S. cerevisiae. One type prevents
upstream termination codons from eliciting NMD, pre-
sumably by modifying the termination complex and its
interaction with downstream destabilizing element(s)
(Ruiz-Echevarria et al., 1998; Ruiz-Echevarria & Peltz,
2000). The other type prevents downstream termination
codons from eliciting NMD, presumably by modifying
the translation elongation complex and its interaction
with downstream destabilizing element(s) (Peltz et al.,
1993).
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FIGURE 5. Inserting TPI intron 6 between codons 435 and 436 of the HSP70 alleles harboring 34Ter, 209Ter, or 357 Ter but
not 547Ter elicits NMD. Transfections and RNA analyses were as described in the legend to Figure 3, except that HSP70
mRNA levels are presented as a percentage of Norm w/intron, which was considered to be 100. Percentages differed
between two independently performed experiment by no more than 5%. The amount of HSP70 transcript (unspliced and
spliced) from the nonsense-free intron-containing allele was 160% the amount of HSP70 transcript from the nonsense-free

intronless allele.

Hela cells were transiently transfected with phCMV-
MUP and each of the intron-containing HSP70 alleles.
Two HSP70 transcripts were evident for each allele
(Fig. 5). The faster migrating transcript was the product
of pre-mRNA splicing, consistent with its migrating iden-
tically to the transcript from the intronless HSP70 gene.
Sequence analysis of the faster migrating product of
PCR-amplified HSP70 cDNA, obtained using primers
that spanned the site of intron insertion, indicated that
the intron was accurately removed by splicing (data not
shown). The slower migrating transcript corresponded
to intron-containing RNA as evidenced by its hybridiza-
tion to the TPI intron (data not shown). Its prevalence,
which is likely attributable to the intron residing within
an exonic sequence that is suboptimal for splicing, did
not interfere with the analysis of spliced mRNA. Rela-
tive to the level of spliced mMRNA from the nonsense-
free intron-containing HSP70 allele, which was defined
as 100, the level of spliced mMRNA harboring 34Ter,
209Ter, 357Ter, or 547Ter was 54%, 48%, 36%, or 93%,
respectively (Fig. 5). As would be predicted from a num-
ber of studies (see, e.g., Cheng & Maquat, 1993), the
level of intron-containing RNA was unaffected by any
Ter (Fig. 5). Therefore, the inserted intron together with
those nonsense codons located 234 nt or more up-
stream are capable of eliciting the NMD of spliced
mRNA, whereas the intron and the nonsense codon
located 333 nt or, in the case of the normal termination

codon, 618 nt downstream are incapable of eliciting
NMD. We conclude that 34Ter, 209Ter, 357Ter, and
547Ter do not elicit NMD of HSP70 mRNA that derives
from the intronless gene because the gene lacks an
appropriately positioned destabilizing element.

Human H4 mRNA harboring one
of several nonsense codons
is not a substrate for NMD

To determine if immunity to NMD characterizes the tran-
script of a different intronless gene, nonsense codons
were generated at positions 22, 44, or 77 of the human
histone 4 (H4) gene driven by the mCMV promoter and
harboring 44 nt of mMCMV 5’ untranslated region (Fig. 6).
Normally, translation terminates at position 105, where
the initiation codon is designated position 0. Because
H4 gene expression is barely detectable in transient
transfections unless sequences that direct H4 RNA 3'-
end formation are replaced with sequences that direct
polyadenylation (W.S. Marzluff, pers. comm.; our un-
publ. data), each allele was inserted into a plasmid that
confers resistance to G418 and stably introduced into
HelLa cells. Several individual G418-resistant clones
expressing each construct were isolated and expanded
for analysis, and pools of transfectants that expressed
each construct were established with the remaining
G418-resistant cells. Both H4 and G418 transcripts were
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FIGURE 6. Nonsense codons within the H4 gene do not affect the
abundance of H4 mRNA. Hela cells were stably transfected using
lipofection with pCl-neo-H4 alleles (either Norm, 22Ter, 44Ter, or
77Ter). Encoded H4 and G418-resistance (G418) transcripts were
quantitated by RNase mapping using uniformly 3?P-labeled anti-
sense RNASs (probes; 1/20 of which are shown in the right-most lane)
and RNases A+T1. Notably, H4 mRNA generated multiple RNase-
resistant bands due to either incomplete or excessive RNase diges-
tion, and there was always some RNase-resistant H4 probe regardless
of the amount of RNase A+T1 or probe used. The level of each H4
mRNA was normalized to the level of G418 mRNA, and normalized
values were then calculated as a percentage of the normalized value
for HAN™ mRNA, which was considered to be 100. For each
mCMV-H4 construct analyzed, percentages from at least five inde-
pendently performed experiments using at least four independently
derived G418-resistant clonal HeLa-cell lines as well as a pool of
minimally 50 HeLa-cell transfectants did not differ by more than 8%.

gquantitated from each of the clonal transfectants by
RNase mapping. The presence of mCMV sequences
provided a means to distinguish transcripts from the
introduced H4 allele and transcripts from the endog-
enous H4 gene (Fig. 6). Results indicated that none of
the three nonsense codons elicited NMD (Fig. 6; data
not shown for additional clonal transfectants and pools
of transfectants).

H4 mRNA is unique in lacking poly(A) at the 3’ end.
To determine if immunity is attributable to the absence
of polyadenylation, sequences within each allele that
direct H4 3’-end formation were replaced with se-
guences from the mouse B-globin gene that direct poly-

adenylation (Fig. 7). The resulting constructs were tran-
siently introduced into HeLa cells together with the ref-
erence phCMV-MUP plasmid. Test and reference
transcripts were then analyzed by blot hybridization,
which was possible because B-globin sequences within
H4-Gl RNA provided a means to distinguish H4-Gl
mMRNA from the endogenous H4 mRNA. Again, results
indicated that none of the three nonsense codons elic-
ited NMD (Fig. 7). Notably, the H4-Gl transcripts were
polyadenylated (and, as a consequence, detectably het-
erogenous in length) as evidenced by their binding to
oligo(dT) along with MUP transcripts, in contrast to en-
dogenous H4 transcripts that did not bind to oligo(dT)
(data not shown). Therefore, the immunity of H4 mRNA
to NMD is not due to the absence of polyadenylation at
the 3’ end.

To gain additional insight into the immunity of H4
MRNA to NMD, the TPI intron was inserted between
codons 87 and 88 of the nonsense-free and each
nonsense-containing H4-Gl allele. By so doing, the
intron was located within the resulting H4-Gl pre-mRNA
195 nt, 129 nt, or 30 nt downstream of 22Ter, 44Ter, or
77Ter, respectively. Notably, H4-GlI alleles rather than
H4 alleles were used for the intron insertion experi-
ments, not only because the consequence could be
assayed by transient transfection, but also because
introns are known to target transcripts to the cleavage
and polyadenylation pathway, and an intron insertion

mCMV-H4-Gl gene

. ‘ . - <— H4-GI mRNA

100 92 112 90 H4-Gl mRNA (% of Norm)
FIGURE 7. Nonsense codons within the H4-GIl gene do not de-
crease the abundance of H4-GI mRNA. HelLa cells were transiently
transfected with the specified test pmCMV-H4-GlI constructs and the
MUP reference construct. Total RNA was quantitated by blot hybrid-
ization. The level of mMRNA from each pmCMV-H4-Gl allele was nor-
malized to the level of MUP mRNA, and normalized values were then
calculated as a percentage of the normalized value for H4-GINo™
mRNA, which was considered to be 100. Percentages from two in-
dependently performed experiments did not differ by more than 19%.
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FIGURE 8. Inserting TPl intron 6 between codons 87 and 88 of H4-Gl alleles harboring 22Ter or 44Ter elicits NMD, but the
same intron insertion into the H4-GI allele harboring 77Ter does not elicit NMD. Transfections were as described in the
legend to Figure 7. H4-Gl and MUP transcripts were quantitated using RT-PCR, and H4-Gl mRNA levels are presented as
a percentage of Norm wy/intron using either H4-GI pre-mRNA (upper panel) or MUP mRNA (lower panel) as a standard. The
first four lanes demonstrate a linear relationship between the amount of RNA analyzed and the intensity of the RT-PCR
products. The lane labeled with a dash analyzes RNA from untransfected cells. Percentages from four independently
performed experiments did not differ by more than 8% except for data using 77Ter shown here. The amount of H4 transcript
(unspliced and spliced) from the nonsense-free intron-containing allele was 135% the amount of H4 transcript from the

nonsense-free intronless allele.

in the absence of a bone fide cis-residing cleavage/
polyadenylation sequence would likely facilitate use of
one or more cryptic cleavage/polyadenylation se-
quences (Pandey et al., 1990). RT-PCR rather than
northern blot hybridization was used to assess the ef-
fect of the intron insertions because the H4-Gl mRNA
RT-PCR product was a discrete size, unlike the product
of northern blot hybridization (compare Figs. 7 and 8),
which facilitates quantitation. Using the level of either
MUP mRNA or H4-Gl pre-mRNA as a reference, 22Ter
and 44Ter reduced H4 mRNA abundance to ~55% of
normal and, thus, elicited NMD whereas 77Ter did not
significantly reduce mRNA abundance (Fig. 8), as would
be predicted from the rule for termination codon posi-
tion (Nagy & Maquat, 1998). Sequence analysis of PCR-
amplified H4-GI cDNA, obtained using primers that
spanned the site of intron insertion, indicated that the
intron was accurately removed by splicing (data not
shown). Therefore, 22Ter and 44Ter fail to elicit NMD of
H4 mRNA that derives from the naturally intronless gene
because there is no appropriately positioned destabi-
lizing element. The same situation most likely explains
why 77Ter fails to elicit NMD.

DISCUSSION

Here, we demonstrate that naturally intronless genes
for HSP70 and H4 generate mRNAs that are immune
to NMD by demonstrating that none of the nonsense
codons introduced into the gene for either mRNA elic-
ited NMD (Figs. 3 and 6). Immunity is most likely at-
tributable to the lack of a destabilizing element rather
than the presence of a stabilizing element, because
insertion of an intron resulted in NMD, provided the
intron was located a sufficient distance downstream of
a nonsense codon. In the case of HSP70 mRNA, an
intron located either 234 nt, 678 nt, or 1,203 nt down-
stream of a nonsense codon elicited NMD (Fig. 5). In
the case of H4 mRNA, an intron located only 30 nt
downstream of a nonsense codon failed to elicit NMD,
but an intron located either 129 nt or 195 nt down-
stream of a nonsense codon did elicit NMD (Fig. 8).
Notably, the NMD of either HSP70 or H4 mRNA re-
sulted in only a twofold reduction in mRNA abundance.
Although this level of reduction is less than the >50-
fold reduction characteristic of T-cell receptor mRNA
(Carter et al., 1996) or the four- to fivefold reduction
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characteristic of TPI or 8-globin mMRNA (Thermann et al.,
1998; Zhang et al., 1998a, 1998b), it is comparable
to the reduction that typifies glutathione peroxidase
1 mRNA (Moriarty et al., 1998; Sun et al., 2000).

Our findings are consistent with the general rule that
a nonsense codon elicits NMD provided an intron is
located at least 50-55 nt downstream (Cheng et al.,
1994; Nagy & Maquat, 1998; Thermann et al., 1998;
Zhang et al., 1998a, 1998b). Notable exceptions to the
rule include (1) T-cell receptor-8 mRNA, which can be
subjectto NMD when an intron is located less than 10 nt
downstream of a nonsense codon (Carter et al., 1996)
and (2) instances where ill-defined exonic sequences
can apparently function in the absence of an intron pro-
vided at least one upstream intron exists (Cheng et al.,
1994; Zhang et al., 1998b). Our findings also correct a
limitation previously attributed to the rule: namely, that
a nonsense codon located more than 416 nt upstream
of an intron fails to elicit NMD (Zhang et al., 1998a;
Sun & Magquat, 2000). As a nonsense codon located
well beyond this distance can elicit NMD for both HSP70
and H4 transcripts, we believe that the failure of a non-
sense codon within TPl exon 1 to elicit NMD in the
absence of all but the first of six TPI gene introns
does not indicate that NMD requires a minimum dis-
tance between a nonsense codon and a downstream
intron, but reflects a mechanism that has yet to be
understood but appears to be particular to the specific
TPI construct.

Anumber of other interesting observations were made
during the course of this study. First, studies of the
B-globin gene driven by the HSP70 promoter so that
transcription is dependent on heat shock indicate that
heat shock at 43 °C for 1 h fails to block NMD (Fig. 2).
Because NMD of HSP-GI mRNA requires pre-mRNA
processing and mRNA translation, neither processing
of HSP-GI pre-mRNA nor translation of HSP-GI mRNA
must be inhibited to an extent that precludes NMD for
at least some of the time after transcriptional induction.
Consistent with this finding, other studies found an in-
hibition of MRNA translation does not occur until after
1 h of heat shock at 44 °C (Laroia et al., 1999). Second,
although it is debatable if NMD in S. cerevisiae is trig-
gered by a loosely defined downstream destabilizing
element (see, e.g., Gonzélez et al., 2000) or the ab-
sence of proper spatial arrangement of the translation
termination codon with respect to the polyadenylation
site (see, e.g., Hilleren & Parker, 1999; Muhlrad & Parker,
1999; Jacobson & Peltz, 2000), our finding that NMD
can be elicited in mammalian cells by insertion of an
intron, which does not change the spatial arrangement
of the translation termination codon with respect to the
polyadenylation site, provides evidence that a splicing-
generated exon—exon junction can function as the cis-
acting destabilizing element in mammalian cells. This
result is consistent with the finding that deletion of the
last four introns (introns 3—6) of a TPI allele harboring

a termination codon located 24 bp upstream of intron 2
(the new 3’-most intron) failed to elicit NMD even though
the same termination codon in the context of the full-
length allele did elicit NMD (Zhang et al., 1998a). Be-
cause there is no difference between the two alleles in
the distance between the termination codon and poly-
adenylation site, the failure to elicit NMD in the case of
the first allele must be due to the change in distance
between the termination codon and downstream in-
tron(s). Also consistent are studies that convert a nor-
mal termination codon to one that elicits NMD with
insertion of a downstream intron (Thermann et al., 1998).

It will be of interest to determine if splicing-generated
exon—exon junctions can function to elicit NMD in S. ce-
revisiae. Also of interest is the mechanism by which
the transcripts of several intron-containing mammalian
genes appear to be immune to NMD despite harboring
a termination codon followed by an intron located more
than 50-55 nt downstream (X. Sun, X. Li, P.M. Mori-
arty, T. Henics, J.P. LaDuca, and L.E. Maquat, in press).

MATERIALS AND METHODS

Mouse HSP70 gene constructions

pmHSP70N™ " which harbors the mouse heat shock 70.1
gene, was generated by inserting the 3.5-kbp EcoRI-Hindlll
fragment from PM70.1 (a gift from Clayton Hunt), into the
EcoRIl and Hindlll sites of pBluescript Il KS(+). Nonsense
mutations at positions 34 (AAC — TAG), 209 (CTG — TAG),
357 (ACC — TAG), and 547 (ACC — TAG), and a missense
mutation at position 642 (TAG — CAG) were introduced using
the sense mutagenic primers 5'-GCCAACGACCAGGGCT
AGCGCACGACCC-3' (where italicized nucleotides consti-
tute a Nhel site), 5'-CGTGTCCATCTAGACGATCGACGAC
GGC-3'’ (where italicized nucleotides constitute a Xbal site),
5'-GGACTTCTTCAACGGGCGCTAGCTGAACAAGAGC-3’
(where italicized nucleotides constitute a Nhel site), 5'-
CCTATGCCTTCTAGATGAAGAGCGCC-3’ (where italicized
nucleotides constitute a Xbal site), and 5'-GGAGGTGGA
TCAGAGGCCTCTGCTGGC-3', respectively, where under-
lined nucleotides are mutagenic. After the mutagenesis was
confirmed by DNA sequencing, the 529-bp Mscl-Notl frag-
ment harboring 34Ter, the 238-bp Notl-BssHIl fragment har-
boring 209Ter, the 626-bp BssHII-Nael fragment harboring
357Ter, the 270-bp Nael-PshAl fragment harboring 547Ter,
or the 429-bp PshAl-Nsil fragment harboring the missense
mutation were used to replace the corresponding fragment of
pmHSP7QNem,

pmHSP70-GIN°™ was generated by ligating the 830-bp
EcoRI-Ncol fragment, which includes vector DNA, 580 bp of
5’-flanking DNA, and the entire 224 bp of 5’-untranslated
region of the HSP70 gene, to the 427-bp Ncol-BamHI and
1,521-bp BamHI-Xbal fragments of pmCMV-GIN°™ (Zhang &
Magquat, 1997), which together include the entire Gl reading
frame, 3'-untranslated region, 3'-flanking DNA, and most vec-
tor sequences of pmCMV-GIN°™. Prior to ligation, the BamHI
site and EcoRlI sites were Klenow filled. pmHSP70-GI3°Ter
was generated by substituting the 1.95-kbp Ncol-Xbal frag-
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ment from pmHSP70-GIN™ with the corresponding frag-
ment of pmCMV-GI3°Ter,

To generate pmHSP70N°™ w/intron, intron 6 of the human
gene for TPl was generated by PCR, cleaved with Pml/l and
Kpnl, Klenow filled (Cheng et al., 1994), and inserted into the
Smal site of pHSP70 that resides between codons 435 and
436. Prior to insertion, the Smal site in the pUC10 portion of
pHSP70 was destroyed by Klenow chewing the adjacent Kpnl
site. Derivatives harboring either 34Ter, 209Ter, or 547Ter
were generated by substituting the 626-bp BssHII-Nael frag-
ment of pmHSP70 w/intron with the corresponding fragment
from pmHSP70%4Te", pmHSP702%°™" or pmHSP70%47®', re-
spectively. A derivative harboring 357Ter was generated by
ligating the 581-bp Notl-Bgll fragment from pmHSP70357Ter
to the 638-bp Bgll-Xhol and Xhol-Notl fragments from
pmMHSP70N°™ wy/intron.

Human H4 gene constructions

pMT-H4NY"™ was generated by inserting the 504-bp BamHI-
Xbal fragment of the human H4 gene of pJUC50 (Sierra
et al., 1993) into the BamHI and Mboll sites of pUC13. Prior
to insertion, the Xbal and Mboll sites were Klenow filled.
pmCMV-H4, a plasmid harboring the H4 gene driven by the
mouse cytomegalovirus (MCMV) promoter was generated
in two steps. First, the 510-bp BamHI-Hindlll fragment from
pMT-H4 was inserted into the BamHI and Hindlll sites of
pBluescript Il KS(+) (Stratagene). Second, the 585-bp Xbal-
EcoRlI fragment from pM-H4 (a gift from Jack Gauldie) that
harbors the mCMV promoter was Klenow filled and inserted
into the Hincll site. Nonsense mutations at positions 22
(TTG — TAG), 44 (AAG — TAG) and 77 (AAG — TAG) were
introduced using antisense mutagenic primers 5-GTCTC
TCTAGACCTTGCG-3’, 5'-GATCCGCTAAACGCCGCC-3’
and 5'-CTTGCGCTAGGCGTGCTC-3', respectively, where
underlined nucleotides are mutagenic. The translational read-
ing frame was then sequenced in entirety.
pmMCMV-H4-GIN°™ - 3 derivative of pmCMV-H4 harboring
the mouse B™a°-globin polyadenylation sequence in place
of sequences that determine H4 mRNA 3’-end formation,
was generated by inserting a 138-bp Pvull-Hincll fragment
that spans the mouse ™a°"-globin polyadenylation sequence
and includes 68 bp of exon 3 and 70 bp of 3’-flanking DNA
(Nesic et al., 1995) 8 bp downstream of the translation ter-
mination codon at an artificially created BamHI site in pmCMV-
H4Nerm The 138-bp fragment was generated by PCR (Nesic
et al., 1995), and the BamHI site was created using the mu-
tagenic antisense primer 5'-GCAAAGCTGGATCCGCGGC
CTAGC-3’ (where italicized nucleotides constitute a BamHI
site). pmCMV-H4-GlI containing either 22Ter, 44Ter, or 77Ter
was similarly made using the 225-bp fragment from the cor-
responding nonsense-containing pmCMV-H4 construct.

To generate pmCMV-H4-GIN°™ wy/intron, a Hpal site was
generated between codons 87 and 88 using overlap-extension
PCR (Ho et al., 1989). The two overlapping fragments were
a 272-bp fragment made using oligonucleotides 5’-CCTG
CGGTCATGTCCGGCTGTGG-3' (sense) and 5-GCGCTT
GAGCGCGTTAACCACATCCATGGCTGTGACGG-3' (anti-
sense, where italicized nucleotides correspond to the Hpal
site), and a 250-bp fragment made using oligonucleotides
5'-GCCATGGATGTGGTTAACGCGCTCAAGCGCCAGGG
G-3' (sense, where italicized nucleotides correspond to the
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Hpal site) and 5'-AATACGACTCACTATAG-3' (same as the
antisense T7 primer from Stratagene). The resulting 482-bp
fragment was digested with Ncol and Notl and inserted into
the Ncol and Notl sites of pmCMV-H4-GIN°™ TP] intron 6
was subsequently inserted into the Hpal site. Derivatives of
pMCMV-H4-GIN°™ w/intron harboring 22Ter, 44Ter, or 77Ter
were then constructed using the 351-bp Ncol-Notl fragment
from the corresponding nonsense-containing pmCMV-H4-Gl
construct.

pCl-neo-H4N°™ was generated by inserting the 1,080-bp
Apal-Notl fragment from pmCMV-H4N°™ into the Bgl/ll and
Drall sites of pCl-neo (Promega). Prior to insertion, all sites
were Klenow treated. pCl-neo-H4 containing either 22Ter,
44Ter, or 77Ter were similarly made from the corresponding
nonsense-containing pmCMV-H4 construct.

Notably, all PCR-generated fragments were sequenced in
entirety in the context of the final construction.

Cell transfections and RNA purification

Human HelLa (CCL-2; ATCC) cells were grown to 60% con-
fluency in 100-mm diameter dishes in minimal essential me-
dium alpha medium (GIBCO/BRL/Life Technologies, Inc.)
containing 10% fetal calf serum and antibiotics, and tran-
siently transfected with 18 ug of a test pmHSP70 DNA and
6 wng of reference phCMV-MUP DNA (Belgrader & Maquat,
1994) using calcium phosphate (Wigler et al., 1979). For heat
shock, dishes were sealed 40 h after transfection with para-
film, floated in a 43 °C water bath for 60 min, and harvested
immediately. Alternatively, HeLa cells were grown to 60%
confluency in 60-mm dishes as described above, transferred
to antibiotic-free medium, and stably transfected with 2 ug of
pCl-neo-H4N°™ or a nonsense-containing derivative using
LipofectAMINE PLUS Reagent (GIBCO/BRL/Life Technolo-
gies, Inc.) according to the manufacturer’s instructions. G418
(GIBCO/BRL/Life Technologies, Inc.) was added to 800 wg/mL
20 h following the start of transfection and raised after 3 days
to 1 mg/mL. After an additional 15 days, individual G418-
resistant colonies were isolated and expanded in 200 ug/mL
of G418.

Northern blot analysis

To detect HSP70, H4, or MUP transcripts, total HeLa-cell
RNA (5-15 ug) was denatured, electrophoresed in a 1.5%
agarose gel, transferred to a nylon membrane, and hybrid-
ized to, respectively, a 518-bp Xbal-Nspl fragment from the
3’-untranslated region of the HSP70N°™ gene, a 336-bp Kpnl-
Notl fragment of the mCMV-H4N°™ gene, or an 800-bp Pstl-
Pstl fragment from MUP cDNA (Belgrader & Maquat, 1994).
Prior to hybridization, each fragment was 3?P-labeled by ran-
dom priming. Hybridization was quantitated by phosphor-
imaging (Molecular Dynamics) and autoradiography.

RNase mapping

In the case of stable transfections, uniformly 32P-labeled anti-
sense RNAs for mapping H4 or G418-resistance transcripts
were synthesized using T7 RNA polymerase, the MAXIscript
T7/SP6 Kit (Ambion), and, respectively, pGEM-antiH4 that
had been linearized with Xbal or pGEM-antiG418 that had
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been linearized with Hindlll. pPGEM-antiH4 harbored a 140-bp
PCR product of the H4 gene construct that consisted of 84 bp
of the H4 gene, 44 bp of the mCMV promoter, and 12 bp of
vector. The PCR product was synthesized using 5'-CGACC
GCGTCGGTACCGTCG-3' (sense) and 5'-CTTGCGGTGG
GAATTCGCGCC-3' (antisense). pGEM-antiG418 harbored
a 232-bp Hindlll-Pstl fragment from pCl-neo that consisted
of 2,321 bp of the G418-resistance gene and 48 bp of vector
DNA. The fragment was inserted into the Hindlll and Pstl
sites of pGEM-7Z. RNase mapping was performed using 5 ng
of total HeLa-cell RNA, 35 ng (8 X 10° cpm) of each probe,
and the RPA Il Kit (Ambion) following the manufacturer’s
instructions. Samples were electrophoresed in 6% polyacryl-
amide-7 M urea gels, and radioactivity was quantitated using
phosphorimaging and autoradiography.

RT-PCR

RNA (5 ng) was treated with 1 U of RNase-free RQ DNase |
(Promega), and cDNA was synthesized from 2.5 ug using
Moloney murine leukemia virus reverse transcriptase (Super-
script Il; GIBCO/BRL/Life Technologies, Inc). H4-Gl and MUP
transcripts were then PCR-amplified in separate reactions
using Tag DNA polymerase (Promega) and primer pairs that
amplify either H4-GI RNA from the mCMV 5’-untranslated
region (Sun et al., 1998) through the first 5 nt of the 3'-
untranslated region (antisense; 5'-GCCTAGCCTCCGAAGC
CGTAGAGG-3’) or MUP RNA from exon 1 through exon 7
(Belgrader & Maquat, 1994). Separate reactions were re-
quired because H4-Gl pre-mRNA and MUP mRNA generate
similar-sized RT-PCR products.
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