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The association of nonsense mutation with
exon-skipping in hprt mRNA of Chinese hamster
ovary cells results from an artifact of RT-PCR

CARRIE R. VALENTINE and ROBERT H. HEFLICH
Division of Genetic Toxicology, National Center for Toxicological Research, Jefferson, Arkansas 72079-9502, USA

ABSTRACT

RT-PCR of RNA from CHO cells with nonsense mutations in the hprt gene frequently detects minor hprt mRNA species
lacking one or more exons. Many nonsense mutants also contain greatly reduced concentrations of the major,
normally spliced hprt mRNA. In this study, we examined the hypothesis that exon-deleted mRNAs are normal con-
stituents of CHO cells, but are not detected in wild-type parental cells and most missense mutants because their
amplification is suppressed by relatively high concentrations of normally spliced hprt mRNA. A protocol designed to
specifically detect exon-deleted mRNAs was conducted using RNA from parental cells and identified all the exon-
deleted species typical of nonsense mutants. Quantitative analysis of parental cell RNA measured these exon-deleted
mRNAs at < 0.7% of the abundance of the full-sized species. Nonsense and missense mutants had comparable
amounts of exon-deleted mRNAs, which varied both above and below parental concentrations. The relative concen-
trations of particular exon-deleted species could be explained by the location of nonsense mutations remaining in the
mRNA or by structural effects of mutations on splicing. Exon-deleted mRNAs were detected by RT-PCR when the
concentration of the most abundant exon-deleted species was = 2% of the full-length mRNA. This occurred for
mutants with nonsense mutations in internal exons. RT-PCR conditions were shown to suppress the amplification of
exon-deleted species 40-fold when full-length mRNA was abundant, which occurred for parental lines and missense
mutants. Our results verify that RT-PCR conditions can produce an artifactual association between nonsense muta-
tion and exon-skipping when minor, exon-deleted mRNA is relatively enriched.

Keywords: mRNA abundance; quantitative RT-PCR; relative enrichment

INTRODUCTION sured by northern blot hybridization (Newton et al.,
1992a; Manjanatha et al., 1994).
The hypoxanthine phosphoribosyl transferase (hprt) The association between nonsense mutation and

gene is one of the most widely used reporter genes for ~ mRNA reduction is a general phenomenon that is usu-
mutational analysis (Cole & Skopek, 1994). Our study  ally attributed to an increased degradation of mRNA
of mutation in the hprt gene of Chinese hamster ovary  [reviewed for mammalian cells by Maquat (1995, 1996)
(CHO) cells demonstrates that CHO cell mutants with  and for yeast by Caponigro and Parker (1996); Kessler
nonsense mutations in exons 2-6 contain minor hprt  and Chasin (1996)]. The reduction in mRNA abun-
mRNAs with deletions of exons 2, 2 and 3, and 2-4 in dance is limited to nonsense mutations in the internal
addition to the major, normally spliced mRNA (Man-  portion of the protein-coding sequence. There is a 3’
janatha et al., 1994). These mRNA species are detected ~ boundary beyond which nonsense mutations have no
by RT-PCR (reverse transcription followed by poly-  apparent effect (Chasin et al., 1990; Cheng et al., 1990;
merase chain reaction). Our studies also show that Belgrader & Maquat, 1994; Manjanatha et al., 1994), as
nonsense mutations within exons 2-7 of the CHO hprt ~ well as a necessary distance from the initiating AUG
gene are accompanied by a reduction in the abun-  (Chasin et al., 1990; Manjanatha et al., 1994). In-frame
dance of total hprt mRNA to 0-30% of normal as mea-  exon deletions that remove a nonsense codon can re-
sult in normal levels of the exon-deleted mRNA (Bel-
grader et al., 1994), which then results in its enrichment
Reprint requests to: Carrie R. Valentine, Division of Genetic Toxicol- relative to full—length mRNA. However, even if the
ogy, National Center for Toxicological Research, HFT-120, 3900 NCTR o £ £ if i idid h
Road, Jefferson, Arkansas 72079-9502, USA; e-mail: cvalentine@ deletion is out-of-frame, the rameshift cou elay the
nctr.fda.gov. appearance of a nonsense codon until it is past the 3’
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boundary or could produce a nonsense codon so close
to the 5" end that it escapes the effect on mRNA abun-
dance (mutant DUS8, Chasin et al., 1990).

The generality of the association between nonsense
mutation and exon-skipping is less clear. Most exam-
ples are isolated mutations from clinical specimens
whose mRNA lacks only the exon that contains the
nonsense mutation, rather than lacking multiple exons
(Dietz et al., 1993; Gibson et al.,, 1993; Naylor et al.,
1993; Hull et al., 1994; Will et al., 1995). Also, in con-
trast to our results with the hprt gene, most of these
reports involve the efficient deletion of an exon in the
major mRNA species, rather than producing a minor,
exon-deleted species. However, a nonsense mutation
in the gene for ornithine §-aminotransferase does re-
sult in an exon-deleted product that is minor com-
pared to the properly spliced species (Dietz et al., 1993).
Many other nonsense mutations are not associated with
exon-skipping (Maquat, 1996).

Several investigators have suggested that exon-skip-
ping associated with nonsense mutation is a reflection
of the method of semi-quantitative RT-PCR. In this
relative enrichment model, exon-deleted mRNA spe-
cies are normal cellular constituents, but are not de-
tected by RT-PCR when their concentrations are low
relative to the major, normally spliced mRNA (Bach
et al., 1993; Gibson et al., 1993; Naylor et al., 1993;
Jarolim et al., 1995; reviewed in Maquat, 1995). It has
been suggested (Dietz & Kendzior, 1994) that the minor
mRNA species compete more effectively for primers
when the full-length message is reduced in abundance.

A second model for the association of exon-skipping
with nonsense mutation is “nuclear scanning,” which
has been used to explain exon-skipping in the human
fibrillin gene (Dietz & Kendzior, 1994). It states that
some unidentified nuclear process is able to recognize
the presence of stop codons within exons (still sepa-
rated by introns) and influence the selection of exons
for splicing. This results in the nonsense-containing
exon being omitted from the final, spliced mRNA. The
nuclear scanning model has been tested by site-specific
mutagenesis using transfected minigene constructs of
the human fibrillin gene (Dietz & Kendzior, 1994). In
this system, the altered splicing does not always elim-
inate a nonsense codon. Some structural effects of the
nonsense mutations on splice-site selection are recog-
nized (Dietz & Kendzior, 1994; Maquat, 1996). A clear
connection between exon-skipping and “nonsense” is
lacking for this gene: of eight nonsense mutations in
the fibrillin gene that affect mRNA abundance, only
one causes exon-skipping (Dietz & Pyeritz, 1995).

Neither the relative enrichment nor the nuclear scan-
ning model have been verified experimentally in a
conclusive manner for any gene (Maquat, 1995, 1996).
The strong association between nonsense mutation and
exon-skipping for the hprt gene of CHO cells and the
availability of a large set of characterized mutants pre-
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sented an opportunity for us to test the relative en-
richment model for this gene.

RESULTS

Evaluation of missense and nonsense
mutants for abundance of total mRNA
and for the presence of exon-skipping

We used northern blot hybridization previously to de-
termine the relative total iprt mRNA concentration in
each of 84 CHO cell lines having mutations in the hprt
gene (Newton et al.,, 1992a; Manjanatha et al., 1994).
All 84 lines possessed different mutations; 35 were non-
sense mutations and 49 missense mutations. We eval-
uated the same set of mutant cell lines for the presence
of minor hprt mRNA species lacking one or more exons
by an RT-PCR protocol (Newton et al., 1992a; Manjan-
atha et al., 1994), hereafter referred to as the prepara-
tive RT-PCR protocol because it was designed originally
for preparing DNA sequencing templates for muta-
tional analysis (see Materials and Methods). The exon-
deleted species typically detected for nonsense mutants
(deletion of exons 2, 2 and 3, and 2-4) are shown in
Figure 1 (lane N). The only exception to missense mu-
tants having a single product was mutant 237-1, which
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FIGURE 1. Agarose gel electrophoresis of hprt RT-PCR products
from mRNA of various mutants and parental CHO lines (Valentine
& Heflich, 1995). Messenger RNA was reverse transcribed and am-
plified with primers 215 and 216 (Fig. 2B) to amplify the entire hprt
coding sequence by the preparative RT-PCR protocol (Newton et al.,
1992a). The exon deletions found in each species by DNA sequenc-
ing are indicated at the side. B, blank, water for RNA; P, parental
lines (K1, UV5); 100, 100-bp ladder; N, nonsense mutation in exon 2
(mutant 240-5); M, missense mutation in exon 2 (mutant 237-1); A,
acceptor site mutations of exon 3 (mutants 282-1A, 240-8). Full, full-
length (containing all exons), 838 bp; A2, deletion of exon 2, 731 bp;
A3, deletion of exon 3, 654 bp; A2,3, deletions of exons 2 and 3, 547
bp; A2-4, deletion of exons 2-4, 481 bp.
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had minor, exon-deleted products typical of nonsense
mutants (Fig. 1, lanes M, N). One nonsense mutant
(240-7), whose mutation in exon 5 is also a donor site
mutation and which lacks exon 5 in the major RNA
species, had only a single exon-deleted mRNA con-
taining an exon 2-4 deletion (Valentine & Heflich, 1995).
Exon-deleted mRINA species are not detected in RNA
from the parental cell lines by the preparative protocol
(Fig. 1, lanes P). A graphic representation of the data
from these studies is presented in Figure 2A.

Two observations about nonsense mutations can be
made from Figure 2A. First, all 19 of the nonsense mu-
tants with multiple, minor mRNA species also have total
mRNA levels below 20% of parental levels (18 were
below 10%). These mutants include all those with non-
sense mutations between the end of exon 2 and the
beginning of exon 6. The 24 missense mutants with mu-
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FIGURE 2. A: Scattergram comparing CHO hprt nonsense muta-
tions with missense mutations for prt mRNA concentrations and
detection of minor, exon-deleted iiprt mRNA species using the pre-
parative RT-PCR protocol. The position of each symbol along the
abscissa designates the position of a particular mutation in cDNA
(given in Table 1 for selected mutations). Symbols for frameshift
mutations are displayed at the position of the generated nonsense
codon. Squares, nonsense mutations; circles, missense mutations.
Open symbols indicate that only the normally spliced species is
present. Solid symbols indicate that, in addition to the normally
spliced species, exon-deleted minor species are also present. Exon-
deleted products are detected by RT-PCR using primers 215 and 216
(Fig. 2B). Minor mRNAs include species with deletions of exon 2,
exons 2 and 3, and exons 2-4 (Fig. 1). Two mutants mentioned in the
text are identified by number. The data are from Manjanatha et al.
(1994). The RT-PCR datum for mutant 237-1 is from Valentine and
Heflich (1995) and the northern blot datum for 237-1 is from Newton
et al. (1992a). This mutant was evaluated by northern blot in a
semi-quantitative manner (high: 85-100%); a value of 85% was as-
signed arbitrarily. B: Exonic map of hamster hprt cDNA, aligned to
scale of A. Tall vertical lines separate exons and numbers between
lines indicate exon numbers. Numbering is from the first nucleotide
of the initial AUG (Konecki et al., 1982). Positions of PCR primers
are indicated by arrowheads. Positions of restriction enzyme sites
are shown by short vertical bars; Tag I restriction sites are indicated
by T, Hae 1II sites by H. The size of each exon that contributes to
coding sequence is exon 1, 27 bp; exon 2, 107 bp; exon 3, 184 bp;
exon 4, 66 bp; exon 5, 18 bp; exon 6, 83 bp; exon 7, 33 bp; exon 8, 77
bp; exon 9, 48 bp.
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tations in the same region are varied in their mRNA
levels, but none is below 25% of parental levels. This
variation in mRNA abundance may reflect the fact that
each mutant line has gone through a selection process
for the loss of hprt function, which may have affected
mRNA levels. Second, with one exception, all mutants
that display exon-skipping are nonsense mutants. The
one missense mutant that displays exon-skipping (mu-
tant 237-1) has a mutation in exon 2 at an adjacent nu-
cleotide to a nonsense mutation (mutant 240-5; Table 1)
that also is associated with exon-skipping. The non-
sense mutant has hprt mRNA undetectable by northern
blot, whereas the missense mutant has a normal abun-
dance of hprt mRNA. Thus, even though this missense
mutant was atypical in having exon-deleted products,
it was typical of other missense mutants with regard to
a normal abundance of total hprt mRNA.

Detection and sequencing of exon-deleted
cDNAs from parental lines

The detection of exon-deleted mRNAs from one mis-
sense mutant (237-1) prompted us to consider the pos-
sibility that these exon-deleted hprt mRNA species were
present in the parental cell lines (even though their
amplification products were not visible in Fig. 1,
lanes P). Exon-deleted mRNAs may have been en-
riched to the point of detection in the nonsense mu-
tants because of the reduction in the amount of the
normally spliced mRNA. This is basically the relative
enrichment model. We hypothesized tentatively that
the missense mutation in 237-1 has a structural effect
on splicing that increases concentrations of exon-deleted
species in the cell.

In order to test whether or not hprt mRNAs with
exon deletions were present in the parental cell lines,
we reamplified RT-PCR products after the full-length
product had been digested by a restriction enzyme
(Belgrader & Maquat, 1994). The hprt mRNA was first
amplified by our preparative protocol using primers
221 and 216 (Fig. 2B). Primer 221 was used in order to
include a control with cloned hprt cDNA as the tem-
plate (the cloned cDNA does not include the sequence
for primer 215). The purified products of this reaction
were digested with either Tag I or Hae III, which cut
within the deleted exons (Fig. 2B). The digests were
diluted and reamplified with primer 221 and a nested
primer complementary to sequence in exon 7 (C7L,
Fig. 2B). More than 90% of the full-length Aprt cDNA
was cleaved during Tagq I digestion (Fig. 6A) and
Hage III digestion was found to be even more efficient
(Fig. 3A). Either enzyme permitted detection of mul-
tiple exon deletions involving both exons 2 and 3; Tag I
allowed detection of the deletion of exon 2 only and
Hae III allowed detection of the deletion of exon 3 only.

The products of the reamplification reactions for pa-
rental cell lines and selected mutants (used as positive
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FIGURE 3. Reamplification of hprt RT-PCR products with primers
221 and C7L after digestion with restriction enzymes. Products were
separated on an acrylamide gel and stained with ethidium bromide.
Identities determined for the exon-deleted species (by DNA sequenc-
ing) are indicated at the side. C, cloned Chinese hamster hprt cDNA;
P, parental CHO lines K1 (lane 2) and UV5 (lane 3); 100, 100-bp
ladder; N, nonsense mutation in exon 2 (mutant 240-5); M, missense
mutation in exon 2 (mutant 237-1); A, acceptor site mutation of
exon 3 (mutant 240-8). N.S. stands for a “nonspecific” product due
to priming of the C7L primer at position 97. A: Hae III digestion.
“A2-5/2-4 het” was sequenced only for P lanes. Full-length, 543 bp;
A2, 436 bp; A3, 359 bp; A2,3, 252 bp; A2-4, 186 bp; A2-6, 85 bp; N.S.,,
145 bp; A2-5/2-4 het, heteroduplex of A2-5 and A2-4. The A2-5
sequence is 168 bases long, but was found only in a heteroduplex
band with A2-4 and migrated at 436 bp. B: Tag I-digestion. The A3
band is destroyed by Tag I. The band at 436 bp in lanes 2, 5, and 6
contained only an exon 2 deletion, but in lane 3 contained primarily
the heteroduplex of A2-5/A2-4 and probably also A2. The band just
below the heteroduplex band (~390 bp) contained a sequence the
same as an exon 2-4 deletion (about twice the expected size, possi-
bly a dimer aggregate).

controls for exon-deleted species) were separated on
acrylamide gels (Fig. 3), eluted from the gels, and se-
quenced. RNA from the two parental lines, K1 and
UV5, produced amplification products with deletions
of exons 2, 2 and 3, 2-4, 2-5, and 2-6 (Fig. 3). The
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2-5-deleted species was not found at its expected size
(168 bp), but as part of a heteroduplex with the exon
2-4-deleted product. This heteroduplex migrated at the
same position as the exon 2-deleted product (436 bp).
Digestion with Hae III (Fig. 3A) removed the exon
2-deleted product and allowed sequencing of the het-
eroduplex. All of the exon-deleted species involving
exons 2 and 3 that were found in mRNA from our
mutant collection (Valentine & Heflich, 1995) were de-
tected in the parental lines, with the exception of a
singly deleted exon 3 species. The deletion of exon 3
alone was found only for mutants with acceptor site
mutations of exon 3 (Fig. 1, lanes A; Fig. 3A, lane A).
Significantly, none of these exon-deleted products were
detected in the amplification of cloned hprt cDNA
(Fig. 3, lanes C), indicating that they reflected mRINA
species specific to CHO cells and were not artifacts of
PCR amplification.

Quantitative RT-PCR of exon-deleted mRNAs

Having demonstrated that the exon-deleted hprt
mRNAs were present in the parental cell lines, it was
necessary to quantitate their levels to see if nonsense
mutation was associated with an elevated amount of
exon-deleted species. If so, it could be argued that
nonsense mutation increased the abundance of exon-
deleted mRNAs to a point that was detectable by RT-
PCR, not that these species were amplified more readily
when full-length mRNA was reduced in abundance.

Development of a quantitative protocol
for hprt mRNAs

We modified the reamplification procedure of Figure 3
to allow a quantitative analysis of hprt mRNAs. This
protocol is hereafter referred to as the quantitative RT-
PCR protocol, as opposed to the preparative RT-PCR
protocol (Figs. 1, 2). For quantitative analysis, we used
only nine cycles for the first round of PCR (primers
221 and 216, as well as aprt primers for an internal
standard) in order to minimize interactions between
the more abundant full-length species and the exon-
deleted species. After Taq I digestion and dilution, the
products were reamplified for 26 cycles (primers 221
and C7L) in the presence of [a-*?P] dATP. Taq I was used
in order to preserve the exon 2-deleted product and be-
cause Hae III digestion destroyed the aprt standard.
The quantitative character of the protocol was eval-
uated by analyzing twofold serial dilutions of total
RNA from the parental line K1. Analyses of the aprt
standard, full-length species, and exon-deleted prod-
ucts are shown in Figure 4. The amount of RNA used
in our preparative protocol, 1 ug/100 uL PCR reaction
mix (Newton et al., 1992a), was beyond the linear range
of amplification for the aprt standard (Fig. 4A) and the
full-length hprt species (Fig. 4B). The exon-deleted



C.R. Valentine and R.H. Heflich

664

- I $0°0 (ZED) pPU (€07) pPU 90 (¥6¥ Ted0) UOU 9 - G9% (a9sN) (1) 6-0%C
i+ o84 10 (601) 70 (6£1) 80 1 uou 9 1<V 99¥ (@9sN) (SAN) 99-28¢
+ i 200 #9) vpu (0cD) U €0 uou 9 LeV | X474 (V9SN) (GAN) 9¥-78T
€0/ 20y ATepunoq 9/G uoxy
+ 7 a€0'0 €1 (601) €0 40 uop ‘uou (W GY)§ LD 00% (1) £-0%C
G8¢ /%8¢ Arepunoq G/¥ Uoxg
+ 061 $00°0 % (€291 70 uou i Vi Gl 749 (V#SN) (SAN) V8-28¢C
ot 61 WST°0 g ypu ypu (6€€ @1yd0) uou (U1 HV) ¥ D—  9ge-gee (SAN) DE-T8¢C
ot 9 w€0 € ypu ypu uou (WHY)F DD 67 (SAN) £-15¢C
ot € ul 6 spu ypu ST S(UT SpV)if & D) 628 (SAN) VNT-0-€€C
61€/81¢ Arepunoq /¢ uoxg
- 90 €0 60 €0 €0 s € Vel 16T (NESW) (1) DS-¥8¢
- €0 G0 ¥0 70 10 s € =) T6C (1€SW) (12D 0-S€T
+ 4 200 L0 €0 61 uou ¢ LV 14T (IESN) (SAN) D6-78¢C
+ w 60°0 4 iz Gl uou ¢ LV 652 (feSN) (SAN) DS-28T
+ ¥9 $00°0 60 T S0 (9% ¥e 21yd0) uou ¢ L+  €£2/T6T (1eSN) (1>1) 1-8€¢
- ¥0 1 80 / 70 STuI € TRCtS) 6CC (fesW) (1) €-18
- 90 o L0 % @ st € D) GV 61T (1ES) (SAN) D8-T8C
- ¥0 0C 680 G0 ¥ STt ¢ 1< 9 11¢e (9ESW) (1) #-0%¢
+ T T0 @ 8 90 uou € L<V S0¢C (4€SN) (SAN) dT-T8¢T
wt 0'S 200 0 @ (601) S0°0 uou € L< D 6€1 (1) 212
+ = 0 €1 0€2 ypu (ano ‘gv) doe € L) -7 (1) 8-0¥¢
+ e 0 % 09 ypu (dno 1gy) doe 9 IV U (SAN) VI-T8C
GET /€1 Arepunoq ¢/ uoxg
+ i 81 ST GE9 001'T (ur ‘zv) PP 4 uonsEp  9I+:TIHS (D 0-%9¢
+ z G0 € T 8T ST @ <) 611 (D) 1-2£¢C
+ Al €0°0 % ¥ 9 uou 4 LoD 811 (1) §-0%¢
- £0 01 01 0T 01 = — = - SAN
- ¥0 01 (s 01 01 = — = = ™
sspnpord (%) 00T X M (Imd sV 3€'TV 3TV RdAL SuoXg a3uey pUOnISOJ (aury TejusIRg)
ordnmn = -7V souanbag _uenuI /U] 2D
FELURICR] rejuared 03 aAne[RY
wC: \ juenu mEmm Goﬁﬁaﬂz
saadg NRIW
SADd-IY aAnyeyjuenb \E SYNRw 14dy ﬁwz&-:& pue Pa3o[ap-U0Xa JO SUOIeIIUdUO0D IATR[3Y “| 319VL



665

Exon-skipping and nonsense mutation

£-0¥T JuenuI 10§ se ‘SYNW oM} Sutaey se pajtodar usaq aaey prnod juenw siyy Juawedpn( aanoalgns
awios s03[jax Bur103s [UI3LI0 A, ‘SISATEUEAI UO pajoelap sem sapads PajaPp-p-z UOXD Ue (99 aseq) yg a3y ur Agusnbasuod pue (5661) ‘Te 10 eyreurluely ur aaneSsu papodar ySnoyry,
'SUOPOD ISUSSUOU SUIBL-UT UTRIUOD [[§S $910ads 3say) ‘pasn sT N ndur 19jesis sowm oy uaym pajossap aie spnpord MDd-L¥b
"PaI3BP SI G UOXH 4
"UOH3[PP § pUE g UOXd ue 105 az1s apetidordde ue jo jonpoid e pamoys osfe vz-0-£67 BN F UOX JO UOHIEP
3y 0} UOHIPpe U J[qIsIA AJ1ead sem Jonpord uonaep -z UoXe gy ‘1eadmoy JUS1s1aa0 £q (Se61) PIJIH pue BURUATEA ur pajrodar jou sem sponpord YD -1y dumnu jo aoussard ayy,
'PaI[3P ST § UOXHy,
"SIUBIIUL 3SUASUOU 3130 Jo [edrd4} syonpord ayy pey jueynw sty jey; pamoys
uoneredard Y] JoyFoUR Ym SISATEURSY "UONORI YD J PUODSS © I333e ‘9-7y 4onpord YO J-Iy Joutwr suo A[uo pey Juenu Iy Feys (G661 ‘YIYeH P dunusien) Arsnoraard pariodar ap
‘Juasaxd sawads yySusr-[ny ON]
"sawads snyy w10y 03 pasmbai aq pnom uoxs papagze ays jo Surrds 109110 UOXD Ue $oe[ saads ofewr aupy asnedaq a1ay paydadxa st sawads ONy
‘PaIS[3P ST 7 UOXH;
(5661 “UHIPH T SUNUI[LA H66T e 30 eyreuRluRly ‘RZ66T “[8 3 UOIMAN ‘YT “31) [090301d ¥DJ-1N daneredard oy £q paynuapr,
"9J0U300§ B Ul pajedtipur ‘uoxa paddrys ‘a18urs ayy
Uim sa1ads oy se uaxey st sawads Wp3usl-[[ny ayp ‘(Surids Sundajze a31s JIUOXs Ue 10 331s 2011ds SNSUBSUOD © JO uoKEARORUL WOL) UOHI[IP UOXD U sey sarads 1ofewr ay a1aym syuepnui 10,4,
"OWRL-§O-INO BIE SUOKI[DP 7 UOXD ISNEdI] Saseq gf 19}e JeUIULID} SUOIS[AP 7 UOX3 [[8 ‘Z-T/ JUBINUI 10]
1doaoxg ‘sa1ads Pa3a[ap-UOX3 3U} UT PAUTEIUOD [[)S UOPOD ISUISUOU 3U} JO 3Seq ISIj o) pue DV Suneniur ayj Jo seq 111y Y} UsdMI] S3SEq JO IQUINU S} S}eITPUI sasayjuared ur sIqUINNg
‘(dwey-jo-yno ,no,, ‘ourely-ur ,‘ur,) payedIPUI ST surey SUIPESI Ay} UO UOTIEP AU
30 199312 3y} pue v 4q pajeusIsop I UOHI[EP UOXD I3 “UOTI[AP UOX3 Ue SUTejuod sapads yaRw 1ofeu Y3 J[ 33IS IOUOP ‘UOP !531s 10300k ‘D0 UOTI[IP ‘[3P ‘ISUSSSIW ‘SIUI /9SUISUOU “uou,
"UOT}E}NWI SUTRIUOD JeY} UOXH,
(o118 103dadde) pUB ¢ Ay WLy premdpeq of
sI9quInu 913U {(3)1S J0UOP 0} 3X3U) PUD ,G Ay} J¥ T3S STAqUINU 2a1Isod “Uonur SAIBIIPUT [, (2861 “[€ 39 PPAUOY DNV Suneniur a3 woxy SuLaqunmu) YN(? UT UoHeInu Jo uonIsod,
"(7661) Te 32 BUFBUB[UREY WOL JURIIU SUILS 10J SAUIRU SJBUI)[E 218 SUOHRUSISIP N ‘SN,
"qeUILISIP jou samads “pru
"UOBI[PP 7 UOXS SUIRH-JO-INO S WoY Sun[nsal ‘g¢ aseq 38 ISUISUOU dARY [[e 3SNedaq papdur jou st sspads Pa1a[ap-z uoxa ayJ, ‘sewads ajeurdordde ay
JO WmyEp 313 03 3XBU sasauated ur usAIS aTe UOPODd dSUBSUOU BWeL-UT Ue Surureuod (s saads P339[9P-UOXD 10§ UOPOD SSUISUOU By} PUE DY SUNPHIUT 5} UddM]3q SISeq JO JDqUINU A\,
(V¢ “81d) 1000301d YD J-1¥ 2aneredard mo £q sspads pajarop-uoxs adymu Jo UoKdAP Ay} 0} (SUWN[Od oM} jse]) pareduwiod Os[e st [000301d YD J-1¥ danesuenb oy £q pauruwialep juemu
oe3 10§ YN W Y3Ua[-[[ 03 pa3dp-p-¢ uoxa juadiad ayJ ‘6z £4q Surd[dunwr 4q (dq ¢55) 1onpoid ySusy-[ny ayy pue (dq 981) 3onpoxd YD J pasaap-p-7 Uoxa s usamiaq sired dseq Ul 9ZIS Ul
9DUSISHIP U} 10§ P3}OALI0D AIom saFejusdiad sy 'SUOHE[NITED 353U} 10§ PIsN SeM 14dp O} UOLBZI[BULIOU 1O saul] [ejusred 0} UoSLIEAWOD OU JUBINUI YoES 10§ SUOHSISIP YO0UW 8y} W01 pajernored
219M SAN[A YNRW PSUS-[[Ny 0} dATE[SI VNN Paja[op-p-7 uoxa juadiad ay -(umoys 10U) SWAZUD UOHIISAI 10§ PAMITSANS I9JeMm UM JUOP SeM UOHSIFIp ool e Yorym ut ang ‘g a3 ur
2501} 0} Ie[1Is spuaWILIadXd WOy are (,[[Ng + -7V, PUe ,[ng,,) sawads ySus[-[ny ayy aa[oAul jey3 sanfea sAneIUEN]) "PIEPURIS J4dp U} 0} UOHEZI[EWLIOU 193Je auT] 30 [ejusied ayerrdordde
ay3 03 paredwos usaq aarY YoM ‘g 3mSi] jo spued ayy woy are sawads para[ap-uoxa 103 sanfea saneinuenb sy -aual Lidif ) UI SUOPOD FSUSSUOU 313 JO IOPIO Y3 UI PaYSI[ dIe SJueRINAL,



666

>
N
8

aprt (K1)
150 4

100

504

% of signal at 250ng RNA

200 400 600 800 1000 1200
Total RNA (ng)

o

300

93]

250 . full-length (K1)

200
150 4
100 4

50 4

% of signal at 250ng RNA

T

T T T T
0 200 400 600 800 1000 1200

Total RNA (ng)
600

o

500
A2-4
400 -

300 4

200 4

% 2-4 deletion at 250ng

100

T

0 200 400 600 800
Total RNA (ng)

1000 1200

FIGURE 4. Relative concentration of hprt RT-PCR products ampli-
fied by the quantitative RT-PCR protocol as a function of amount of
input RNA. Tag I digestion followed nine cycles of RT-PCR; after
dilution, the products were reamplified for 26 cycles (primers 221
and C7L) in the presence of [a-*?P]dATP. Quantitative analyses are
expressed as a percentage of the signal obtained using 250 ng input
RNA, which was the amount chosen for further quantitative exper-
iments. A: Amplified aprt cDNA standard from the parental line K1
(77 bp). B: Amplified full-length cDNA species (normally spliced) of
parental line K1 (543 bp). C: Amplified cDNA of the three exon-
deleted species: A2, deletion of exon 2 (436 bp); A2,3, deletion of
exons 2 and 3 (252 bp); A2-4, deletion of exons 2-4 (186 bp). No
correction was made for the difference in molecular weight between
the different exon-deleted species.
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mRNAs were in their linear amplification range
throughout the dilution series (Fig. 4C) and were lin-
ear well above these concentrations as determined by
a similar experiment with the deletion mutant 264-0,
which overproduced these species (not shown). The
most abundant exon-deleted mRNA species had the
deletion of exons 2-4 (Fig. 4C). When corrected for the
difference in size, the 2-4-deleted species was four times
more abundant than the exon 2-deleted species.

Subsequent experiments were conducted with 250 ng
of total RNA /100 uL PCR reaction in order to have all
species in a linear range of amplification. For compar-
ison between cell lines, the quantitative results were
normalized to the aprt product, with corrections for
the dual linearity of the aprt standard curve. We con-
sidered that results from this assay were accurate within
a factor of two.

Analyses of RNA from parental
and mutant cell lines

The quantitative RT-PCR protocol was used to deter-
mine the concentrations of the various hprt mRNA spe-
cies in both parental cell lines, in a set of mutant cell
lines selected from those analyzed in Figure 2A, and in
a group of additional mutants (264-0, 240-8, 282-1A,
233-0-2UA, 251-7, and 282-3C) that had single exon
deletions in the major hprt mRNA species and that
were selected for comparative purposes.

Comparison of the hprt mRNA products amplified
by the quantitative RT-PCR protocol from mutants with
mutations in exon 2 is shown in Figure 5A. The pa-
rental line for all mutants in this panel is shown in the
first lane marked “P.” For the nonsense mutant
(lane N), levels of the three exon-deleted hprt mRNAs
were elevated from two- to sixfold over parental con-
centrations (Table 1, mutant 240-5). The missense mu-
tant (lane M), whose mutation was adjacent to that of
the nonsense mutant, had amounts that were 3- to
30-fold greater than parental (Table 1, mutant 237-1).
For the deletion mutant (lane D), which had no exon 2
donor site, increases of the exon-deleted mRNA were
from 15- to 2,000-fold (Table 1, mutant 264-0). For all
three of these mutants, the exon 2-deleted species was
the most greatly increased. The abundance of the ma-
jor mRNA species in the nonsense mutant was re-
duced to 3% of the parent, but was relatively normal in
the missense and deletion mutant (Table 1; the full-
length species is not quantitative in Figure 5 because
Tag 1 digestion has reduced its concentration). Al-
though the nonsense mutant had some increase in the
abundance of exon-deleted species, we confirmed our
expectation that the missense mutant contained a sub-
stantial increase in the abundance of exon-deleted spe-
cies.

Figures 5B-E show the same comparison for CHO
mutant cell lines containing nonsense (N) and mis-
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FIGURE 5. Acrylamide-gel separations of radioactive PCR products from quantitative RT-PCR (primers 221 and C7L) of
hprt mutants. B, blank; P, parental lines K1 (lane 2) and UV5 (lane 3) in each panel; N, nonsense mutant; M, missense
mutant; D, deletion mutant; A, acceptor site mutant. Full-length and exon 3-deleted species are not quantitative because
they have been reduced by Tug I digestion. Quantitative comparisons between mutants and parent strains for each
exon-deleted species are shown in Table 1. Information giving parental line of each mutant, exon-containing mutation, and
cDNA position of nonsense codons is also given in Table 1. Mutants are in order from left to right through panels A-E as
the mutations they contain are distant from the 5’ end of the gene. Identities of mutants for each panel are as follows. A:
Lanes 4-6: 240-5, 237-1, 264-0. B: Lanes 4-8: 71-2, 282-2B, 240-4, 282-8C, 81-3. C: Lanes 4-8: 238-1, 282-5C, 282-9C, 235-0,
284-5C. D: Lanes 4-7: 233-02UA, 251-7, 282-3C, 282-8A. E: Lanes 4-9: 240-7, 282-4B, 240-9, 282-6B, 282-1A, 240-8. Lanes E6
and E7 should be reversed to match the order in Table 1 and Figure 2A, which are in the order of the nonsense codons from
the 5’ end of the gene (rather than the order of the mutations). Numbers above the lettering are exon numbers. The

exon 5-deleted species is 525 bp. Sizes of other fragments are the same as in Figure 3.

sense (M) mutations throughout exons 3-6 as well as
two acceptor site (A) mutations of exon 3. There was
no general increase of exon-deleted hprt mRNAs for
nonsense mutants compared to missense mutants
(Table 1). However, as for mutants with mutations in
exon 2, several of these mutants had concentrations of
individual exon deleted mRNAs that differed from
those in parental cells.

Three mutants with mutations in exon 4 were un-
usual in that they lacked exon 4 in the major mRNA
species and they had an increased abundance of exon
2-4-deleted mRNA; one was a missense mutant and
two were nonsense mutants (Fig. 5D, lane M, first two
lanes marked “N;” Table 1, mutants 233-0-2UA, 251-7,
and 282-3C). The missense mutant had the greatest

increase in the exon 2-4-deleted mRINA, ninefold. Also,
no exon 2-deleted or exon 2 and 3-deleted species was
found in any of these mutants, suggesting that little
correct splicing of exon 4 took place because of the
mutations. These species may have been shifted to the
exon 2-4-deleted mRINA, because it was increased, or
to a unique band, which was an appropriate size to
contain an exon 2 and exon 4 deletion (Fig. 5D,
lane M).

The missense mutant had a normal abundance of
the exon 4-deleted mRNA relative to parental full-
length mRNA, whereas these two nonsense mutants
had somewhat reduced amounts, 30% for mutant 251-7
and 15% for mutant 282-3C (Table 1). Exon 4 deletions
are in-frame, so these reductions in abundance of the
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exon 4-deleted species relative to full-length species in
the parental line cannot be attributed to the presence
of a nonsense codon in this species. It could reflect the
relative amount of this species actually made, assum-
ing normal stability.

The missense mutant has its mutation in exon 4 at
the same nucleotide as one of the nonsense mutants
(251-7) with exon 4 skipping. This nucleotide is lo-
cated 11 bp from the 5’ end of exon 4 (Table 1). The
other nonsense mutation associated with exon 4 skip-
ping (282-3C) is four bases downstream. A third mu-
tant with a nonsense mutation in exon 4 had full-length
mRNA as the most abundant species, and its concen-
tration was reduced to 0.4% of normal (Table 1, mutant
282-8A; comparable in amount to the exon 2-4 dele-
tion, not shown). This reduction was at the low end of
the range for mutants having a nonsense codon in the
full-length mRNA. The mutation for this nonsense mu-
tant was further removed from the missense mutation,
being 45 bases downstream.

The exon 5 nonsense mutant, 240-7, was also un-
usual in that its mutation was in the donor site of
exon 5 and its major hprt mRNA species had a deletion
of exon 5. In addition, this species was reduced in
abundance to 3% that of the full-length species in the
parental line by quantitative RT-PCR (Table 1) or 9%
by northern blot (Fig. 2A; Manjanatha et al., 1994).
Because this is also an in-frame deletion, the exon-
deleted mRNA contains no nonsense codon and can-
not be the cause of the reduced abundance. In contrast,
the exon 2-4-deleted species (in-frame deletion), which
still retains exon 5 and the nonsense codon (Valentine
& Heflich, 1995), showed no reduction in relative abun-
dance (Table 1). Faint bands below each exon-deleted
species may represent additional deletions of exon 5
(Fig. 5E, N in exon 5).

Two mutants with mutations in the acceptor site of
exon 3, included for comparison, had a 2- to 200-fold
increase in the relative abundance of exon-deleted
mRNAs (Fig. 5E, lanes A; Table 1, 282-1A and 240-8).
There was no quantifiable full-length product in mu-
tant 240-8 (Fig. 6B,C,D, lanes A). In contrast, the dele-
tion mutant with no exon 2 donor site caused no
reduction in abundance of the major, exon 2-deleted
species (Fig. 6A, lane D; Table 1, increased 1.8-fold,
mutant 264-0). Missense mutant 233-0-2UA also had a
normal abundance of exon 4-deleted mRNA (Fig. 6D,
lane M; Table 1).

Abundance of exon 2—4-deleted mRNA relative to
full-length mRNA in mutant and parental cells

We demonstrated above that the exon 2-4-deleted prod-
uct was the most abundant exon-deleted product for
the parental line K1 (Fig. 4C). Figure 5A (lanes P) shows
that the exon 2-4-deleted species is even more pre-
dominant for the parental line UV5. Therefore, the
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amount of exon 2-4-deleted mRNA relative to full-
length mRNA was determined as an indicator of the
abundance of exon-deleted species. These compari-
sons were made from the same quantitative RT-PCR
analysis used to determine the abundance of full-
length mRNA (mock enzyme digestion, not shown;
Table 1, column titled “Full”). Table 1 (next to the last
column) shows the abundance of exon 2-4-deleted
mRNA relative to the normally spliced species for each
cell line expressed as a percent. This was 0.4 or 0.7%
for the two parental cell lines (Table 1, K1 and UV5).
The last column of Table 1 shows whether we detected
minor, exon-deleted mRNAs by our preparative RT-
PCR protocol for each cell line in previous work
(Fig. 2A). Comparing the last two columns of Table 1
shows the relationship between the relative abun-
dance of the exon-deleted mRNA and the detection of
exon-deleted products by the preparative protocol.

All mutants having a concentration of exon 2-4-
deleted mRNA < 2% of the full-length mRNA are
negative for exon-deleted mRNA by the preparative
protocol and contain missense mutations. All mutants
having an abundance of exon-deleted mRNA = 2%
of the full-length mRNA are positive for multiple
exon-deleted species by the preparative protocol, and
all but two have nonsense mutations. The two mis-
sense mutants that have exon-deleted species above
2%, 237-1 (exon 2) and 233-0-2UA (exon 4), have been
described above as containing elevated concentra-
tions of exon-deleted species, presumably through
structural effects of the mutation on splice site recog-
nition (see Discussion).

Suppression of the amplification
of minor, exon-deleted mRNA
by the preparative protocol

We had designed our quantitative RT-PCR protocol to
reduce the amount of full-length product by restriction
enzyme digestion so it would not inhibit the amplifi-
cation of the minor products. The quantitative nature
of the protocol is demonstrated in Figure 4. However,
a direct comparison of enzyme digestion to mock di-
gestion using this protocol showed that the level of the
exon 2-4-deleted species was the same with and with-
out enzyme digestion (Fig. 6A; Table 2A). This indi-
cated that abundant full-length species did not suppress
the amplification of exon-deleted cDNA under the con-
ditions of the quantitative protocol.

We therefore determined whether there was an in-
hibitory effect on the amplification of exon-deleted
products when amplified by the preparative RT-PCR
protocol used to generate the data in Figure 2A. We
mixed RNA from our parental cell line K1 with RNA
from mutant 240-8, which had a mutation in the ac-
ceptor site of exon 3 and contained abundant exon-
deleted hprt mRNA, but no full-length species (Fig. 2,
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FIGURE 6. Effects of PCR conditions that differ between the preparative RT-PCR protocol and the quantitative RT-PCR protocol on the
amount of exon-deleted hprt cDNA products obtained. Quantitative data from this figure appear in Table 2. B, blank; P, parental line, K1; N,
nonsense mutant 238-1; A, acceptor site mutant 240-8. Mixtures are indicated by +. Except for panel B, all reactions contained aprt primers
even though the aprt product is not included in all reproductions. A: Quantitative RT-PCR. Quantitative comparison of exon-deleted products
formed with and without enzyme digestion. The mock samples had water added for enzyme. Mock and Taq I lanes were on the same gel,
but four lanes between them have been removed electronically. B: Preparative RT-PCR. Amplification of hprt gene using preparative protocol
(1 ug RNA, primers 215 and 216, 30 cycles of PCR) except that a-[**P]JdATP was added in the same quantity as for quantitative PCR and the
RNA from the acceptor site mutant 240-8 was diluted 10-fold. The left half of panel A shows an ethidium bromide-stained agarose gel as done
for the preparative protocol and the right half shows the same samples on an acrylamide gel scanned for radioactivity. C: Same PCR
conditions as for B, except substituting primer 221 for 215 and adding aprt primers. D: Same conditions as for C, except input RNA for
samples P and N was 25% of that in C. E: Quantitative RT-PCR protocol. Same as D, except samples were stopped after nine cycles, digested
with Tag 1, and reamplified with primers 221 and C7L and [*P]dATP for 26 cycles. F: The same samples as in panel E were amplified similarly

by the quantitative protocol, except that a mock restriction enzyme digestion substituted water for enzyme.

second lane marked “A”). Because mutant 240-8 had
exon-deleted mRNA concentrations that were 10-100
times greater than the parent (Table 1), its RNA was
diluted 10-fold before mixing. RT-PCR was conducted
by the preparative protocol, but [«-**P]dATP was in-
cluded in the PCR reaction, as for quantitative RT-
PCR, in order to identify and quantify the minor
products formed by the parental line.

Figure 6B shows the effect of adding parental RNA
to RNA from the mutant both by ethidium bromide
staining on an agarose gel and by phosphorimaging of
an acrylamide gel. Parental RNA suppressed dramat-
ically (more than 40-fold, Table 2B) the amplification
of the major exon-deleted hprt mRNA of the mutant

(deletion of exons 2 and 3). This was within twofold of
the level of the same exon-deleted species amplified
from parental RNA itself. Although minor products
were not seen for the parental cell line by ethidium
bromide staining on the agarose gel, they were de-
tected with radiolabeling on an acrylamide gel. This
experiment demonstrated that RNA from parental cells
did inhibit the amplification of exon-deleted species,
but it did not specifically address the question of
whether the abundant full-length mRNA was respon-
sible for this suppression.

Several differences between our preparative proce-
dure and the quantitative RT-PCR protocol existed,
and we proceeded to test these variables systemati-
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TABLE 2. Concentrations of exon-deleted RT-PCR products rela-
tive to the least abundant species (42,3) for each panel of Figure 6.2

A3 A2,3 A2-4

A. Quantitative RT-PCR protocol

Mock
K1 — 3.0 42
UVvs — 1.9 7.9
Tag 1
K1 = 2.4 5.3
uvs — 1.0 8.1
B. Preparative RT-PCR protocol
P —° 1.0 2.5
P+A 12 1.7 2:5
A 20 78 8.5

C. Same as B except one different hprt primer
and aprt primers

P b 1.0 1.7
P+A S=b 1.9 1.7
A 3.6 25 35
A+N i) 14 9.4
N 0 6.5 9.4

D. Same as C except 25% the amount of
input RNA for P and N

P = 1.0 12
P+A =D 7.3 1.4
A 7.3 47 6.8
A+N 39 31 7.9
N 0 28] 25

E. Quantitative RT-PCR protocol: Same as D except
Taq 1 digestion after nine cycles, dilution, and
reamplification for 26 cycles with primers 221 and C7L

P — 1.0 1.9
P+A — 95 255
A = 8.4 1.4
A+N — 9.7 1.9
N — 1.4 132:

F. Same as E except mock enzyme digestion
(water for Tug 1)

P s 1.0 1.6
P+A = 10 2.6
A — 18 2.0
A+N — 12, 2.0
N S 2:2 1.5,

“Row designations are the same as the lane headings of Figure 6;
column headings are the same as the labels in Figure 6.

PThis band from the parent (P) is the result of nonspecific ampli-
fication because it disappeared after Hae I digestion (Fig. 3A).

cally in order to identify which was responsible for the
suppressive effect on the amplification of exon-deleted
species. We also used RNA from mutant 238-1, which
had a frameshift mutation causing nonsense and con-
tained a greatly reduced concentration of full-length
hprt mRNA (Table 1), for mixing with RNA from mu-
tant 240-8 in order to determine the contribution of
abundant full-length mRNA to suppression. Figure 6C
shows the results of mixing diluted RNA from accep-
tor site mutant 240-8 with either the parental RNA or
RNA from the nonsense mutant 238-1 and amplifica-
tion using primer 221 instead of 215 and aprt primers
(i-e., the primers used for the first round of the quan-
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titative RT-PCR). Again, the amplification of the major
exon-deleted mRNA was suppressed by parental RNA
to a concentration that was within twofold of the par-
ent (Table 2C). The aprt primers were assumed to have
no effect on amplification of hprt species.

RNA from nonsense mutant 238-1, however, caused
less than twofold suppression (Fig. 6C; Table 2C). This
result ruled out the possibility that the more concen-
trated RNA preparation of the parent had inhibited RT-
PCR of diluted RNA from mutant 240-8. The primary
difference between the RNA preparations from parental
cells and mutant 240-8 was the amount of full-length
hprt mRNA, because the RNA preparations were pre-
pared by the same method. The overall suppression in
this experiment was 13-fold, because the parental exon-
deleted species were more highly amplified.

Figure 6D shows the same experiment as in Fig-
ure 6C performed with 25% the amount of input RNA
from the parent and nonsense mutant 238-1 (250 ng in
a 100-uL PCR reaction, as was used for the quantita-
tive protocol). The suppression by the parental RNA
was somewhat moderated in that amplification of the
exon 2 and 3-deleted mRNA from the mixture was
suppressed only sixfold relative to the mutant 240-8
RNA alone (Table 2D); suppression by the nonsense
mutant 238-1 RNA was again less than twofold.

Figure 6E shows the same experiment carried fur-
ther through the entire quantitative protocol [Tag I di-
gestion (which removed the exon 3-deleted species),
dilution, and reamplification with primers 221 and C7L
and aprt primers for 26 cycles instead of 30]. No sup-
pression was seen by either parent or nonsense mutant
RNA; the amount of product from mixtures was in-
stead additive. There are several differences between
panels D and E: a 333-fold dilution accompanying en-
zyme digestion, reamplification with four fewer cycles
of PCR, and the use of a nested lower primer, C7L.
The dilution effectively reversed the amplification of
the first nine cycles because 2° = 512. We performed
the same mixing experiment by the preparative pro-
tocol with only 26 cycles and found a 10-fold suppres-
sion (not shown) compared to 40-fold with 30 cycles.
Therefore, the shorter cycle number may have been
the major factor in eliminating the sixfold suppression
that occurred in the absence of abundant full-sized
mRNA and reduced RNA input (Table 2D). The re-
maining twofold difference may be attributed either to
the dilution or the different lower primer.

Figure 6F shows a mixing experiment identical to
Figure 6E (quantitative protocol) except that the same
samples were carried through a mock enzyme diges-
tion (water for Tag I). Amplification of exon 2 and
3-deleted mRNA was suppressed less than twofold by
the addition of RNA from either parental cells or non-
sense mutant 238-1 (Table 2F). This minor difference
seems to be related more to mixing RNA samples than
from enzyme digestion because no decrease in the
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amount of exon-deleted species was detected for ei-
ther K1 or UV5 RNA without Taq I digestion (Fig. 6A).
Although enzyme digestion turned out not to be nec-
essary for quantitative RT-PCR, it did reduce nonspe-
cific background and increased the signal to noise ratio
(Fig. 6A).

It was not possible to detect exon-deleted mRNA
products after nine cycles of the first round of PCR,
even with radiolabeling.

DISCUSSION

Correlation of nonsense mutation with
exon-skipping is based on a PCR artifact

We now are able to attribute the association of non-
sense mutation with exon-skipping for the hprt gene of
CHO cells (illustrated in Fig. 2A) to an artifact of the
RT-PCR method used. Using a standard, preparative
RT-PCR protocol, the amplification of minor hprt mRNA
species is suppressed both by the presence of an abun-
dant amount of full-length mRNA and by the condi-
tions of the PCR reaction. This produces a false negative
result for parental lines and missense mutants, which
have mRNA of normal abundance. When the amount
of cellular full-length mRNA is reduced so that the
exon-deleted species are 2% or greater of the full-
length mRINA, as is the case for many nonsense mu-
tants, the suppression is reduced and minor, exon-
deleted species become detectable.

The use of a modified RT-PCR protocol (quantitative
protocol) allowed us to nearly eliminate this suppres-
sive effect and thus make a more accurate assessment
of the levels of minor exon-deleted RNA species. Using
this protocol, we found that exon-deleted RINA species
were present in wild-type parental cells and did not, in
general, increase in nonsense mutants. These results
support the idea of relative enrichment (described as a
“proposal” in Maquat, 1995): that exon-deleted mol-
ecules are detected by RT-PCR of RNA from nonsense
mutants because they are increased in abundance rel-
ative to full-length mRNA, not because they are actu-
ally increased in abundance in the cell.

We found several factors that affected suppression
of the amplification of minor, exon-deleted mRNA spe-
cies by our preparative RT-PCR protocol. Suppression
was reduced by the use of a more stable primer (the T,,
of primer 221 is 8 °C higher than 215) at a nested po-
sition, dilution of the input RNA, and reduction of the
number of PCR cycles. The single largest contributor
to suppressing the amplification of exon-deleted cDNA
species was abundant full-length mRNA.

The mechanism that leads to detection of exon-
deleted products only when their concentration is
= 2% of normally spliced mRNA may be related to
PCR artifacts that have already been described. The
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factors mentioned above that reduced suppression of
the amplification of exon-deleted species are factors
that could reduce a reannealing reaction. The C,t effect
results in a relative loss of abundant species because
the reannealing (rehybridization) of major species
competes with amplification (Mathieu-Daudé et al.,
1996). We observed this phenomenon when the quan-
titative RI-PCR was conducted employing the concen-
tration of RNA used in the preparative RT-PCR protocol
(Fig. 4B). However, if the major species reannealed
with the minor species (heteroduplex formation) un-
der our preparative RI-PCR conditions, the minor spe-
cies could, in effect, be removed from the amplification
reaction at low relative abundance. A more stable
primer could speed replication of one strand and re-
duce its ability to reanneal. The primers used in the
final PCR amplification of the quantitative protocol
(221 and C7L, Fig. 4) also reduce the amount of se-
quence common to both the full-length and exon-
deleted species (Fig. 2B); this could explain why the
exon-deleted species were quantitative in Figure 4C.
Even abundant species can be lost in PCR if they are
GC rich in the presence of salt, but can be recovered by
agents that destabilize DNA duplexes (Weissensteiner
& Lanchbury, 1996). This suggests that species that do
not completely melt within 1 min at 94 °C (the same
conditions as our melting step) can be preferentially
lost. Heteroduplexes between full-length and exon-
deleted species amplified with primers for the prepar-
ative PCR protocol (215 and 216) may have secondary
structures that slow their melting. Exon-deleted spe-
cies are only slightly elevated in GC content relative to
full-length species (1-3%) using primers 215 and 216.

Abundance of hprt mRNA species
in mutant cell lines

Besides the nonsense-mediated effects on mRNA abun-
dance described in the Introduction, base pair substi-
tutions, without regard to their being nonsense or
missense mutations, can cause exon-skipping and al-
ter the concentrations of particular mRNA species due
to structural effects on splice-site selection (Stein-
grimmsdottir et al., 1992; Belgrader & Maquat, 1994).
Consideration of the quantitative RT-PCR data pre-
sented in Table 1 indicates that most concentrations of
the exon-deleted hprt species formed in our mutant
collection can be explained by either nonsense-mediated
or structural effects.

Nonsense-mediated effects on the abundance
of minor hprt mRNA species

Our previous work shows that the effect of nonsense
mutation on full-length hprt mRNA abundance begins
somewhere between 75 and 118 bases from the initial



672

AUG (Manjanatha et al., 1994; Fig. 2A). Several of the
exon-deleted species of Table 1 still contain a nonsense
mutation because the mutation was outside the de-
leted exons. The number of bases between the initial
AUG and the first nonsense codon encountered in the
deleted species is given in the table next to the quan-
titative value for each species (except for exon 2 dele-
tions, explained next). Exons 2 and 3, exons 2-4,
exon 4, and exon 5 deletions are in-frame; an exon 2 or
3 deletion is out-of-frame.

The exon 2-deleted species, which retained all non-
sense mutations that were located in exons 3-6, was of
normal abundance for most mutants. This is consistent
with the fact that the translated portion of exon 1 is
short (27 bases) and the exon 2 deletion is out-of-
frame, producing a stop codon in the second codon of
exon 3. Thus, for this species, chain termination occurs
early in the message (base 33), where Figure 2A sug-
gests there is no effect on hprt mRNA abundance.

The lack of the exon 2-deleted mRNA in some mu-
tants with mutations in exon 4 was attributed (see
Results) to the lack of correct splicing of exon 4. How-
ever, this species was also 20-fold less than normal
in mutant 71-2, which had a nonsense mutation close
to the 5" end of exon 3. This can be explained by the
nature of the mutation, which occurs in the same co-
don of exon 3 that becomes a stop codon in an exon
2-deleted transcript. Although the 71-2 mutation cre-
ates nonsense in the full-length transcript, it changes
the first stop codon in the exon 2-deleted mRNA to a
sense codon. Consequently, translation of the exon
2-deleted species with this mutation does not termi-
nate after 33 bases, but continues to 109 bases before
reaching a stop codon. This is in the borderline region
for an effect on abundance and was, apparently, too far
for normal abundance for this species.

There were two exceptions to the generality that hprt
mRNA abundance is reduced when peptide termina-
tion occurs after 100 bases. Mutant 282-6B, with a non-
sense mutation in exon 6, had little reduction in the
abundance of the exon 2-4-deleted species, which con-
tained a nonsense codon after 109 bases, or of the
exon 2 and 3-deleted species, which contained a non-
sense codon after 175 bases (Table 1). This mutation
does not appear to lie beyond the coding region sen-
sitive to nonsense-mediated effects on mRNA abun-
dance because another nonsense codon that was 28
bases downstream (caused by a frameshift in mutant
240-9) nearly eliminated these exon-deleted species. In
contrast to the minimal effect on mRNA abundance in
mutant 282-6B, the exon 6 nonsense mutation in mu-
tant 282-4B was located only 64 and 130 bases into the
coding region of the exon 2-4- and 2- and 3-deleted
mRNAs, and this mutant had a severe reduction of
these exon-deleted species. For this severe effect, the
nonsense codon was closer to the 5" end of the coding
sequence than expected because a deletion producing
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anonsense codon at 75 bases had little effect on mRNA
abundance (Fig. 1A; Manjanatha et al., 1994). Exon 6 is
approaching the boundary of the effect on full-sized
mRNA abundance, and it may be that the boundary
region confers some site specificity. However, these
exceptions are not understood.

Structural effects of exonic mutations
on exon splicing and the abundance
of minor hprt mRNA species

Mutant 237-1, with a missense mutation in exon 2, was
the only missense mutant in our collection that con-
tained exon-deleted mRNAs by our preparative RT-
PCR protocol (Fig. 1A, M; Fig. 2). Quantitative RT-PCR
indicates that mutant 237-1 had a 30-fold increase in
the exon 2-deleted species (Table 1). The increase in
this mRNA was intermediate between the sixfold in-
crease in mutant 240-5 with a nonsense mutation ad-
jacent to that in 237-1 and the 2,000-fold increase in
mutant 264-0 with an exon 2 donor site deletion. This
argues strongly that this missense mutation, which is
16 bp from the 3’ end of exon 2, affected splicing of
exon 2 by its structural change. The sixfold increase
associated with the nonsense mutation could have been
caused by a modest structural effect of the same type.

Our conclusion that exon 2 mutations are acting
through a structural effect on splice site recognition is
strengthened by the work of Hennig et al. (1995). These
authors propose a structural model for skipping of
exon 2 in hprt mRNA of Chinese hamster V-79 cells
based on a stem-loop structure that sequesters the
exon 2 donor site. Mutations that stabilize the struc-
ture result in aberrant splicing. This structure not only
accommodates the effects of our nonsense and mis-
sense mutations at positions 118 and 119 (mutants 240-5
and 237-1), but also another missense mutation at po-
sition 83, which was associated with the same minor,
exon-deleted products by RT-PCR. This missense mu-
tation is 56 bases from the 5 end of exon 2 and 52
bases from the 3’ end. Thus, it would appear that a
missense mutation even in the middle of a 107-base
exon can cause exon skipping.

We also attribute the efficient skipping of exon 4
found for mutants 251-7 and 282-3C to structural ef-
fects of the nonsense mutations because mutant 233-
0-2UA with a missense mutation at the same nucleotide
as one of the nonsense mutations (11 bp from the 5’
end of exon 4) also had skipping of exon 4 and ele-
vated exon-deleted products. Also, another mutant (282-
8A) with a nonsense mutation further removed in
exon 4 had exon-deleted products and mRNA abun-
dance typical of most nonsense mutants. Other inves-
tigators have identified another missense mutation in
exon 4 of the hamster hprt gene associated with effi-
cient skipping of exons 3 and 4, a unique combination
for the hprt gene to our knowledge (mutant HU/
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MNUS3; Zhang & Jenssen, 1991). This mutation is 29 bp
from the 3’ end of the exon.

We suggest that structural effects caused by exonic
mutation may also be the mechanism of action of the
single nonsense mutation of the fibrillin gene that causes
exon skipping, which is 26 bases from the end of its
exon.

Donor site mutation effects on abundance
of hprt mRNA species

The exon 5 nonsense and donor site mutation of mu-
tant 240-7 was associated with unusual effects on
mRNA abundance. The exon 5 deleted species was the
most abundant species at 3% of the normal full-length
mRNA abundance, even though it contained no non-
sense mutation. The exon 2-4-deleted species was of
normal abundance for that species even with the
exon 5 nonsense mutation and greatly exceeded the
exon 2-5-deleted species (in-frame deletion) in abun-
dance. These results can be explained by assuming
that the 3% abundance of the exon 5-deleted species is
the amount of exon 5 skipping that occurred for all
species, because this species had no nonsense codon
and should have normal stability. The mutation is in
the —3 position of the donor site, which is less well
conserved and not included in the scoring system of
consensus site strength of Shapiro and Senapathy
(1987). Even with the mutation, this donor site still has
an optimum score by this system for donor site strength
(Valentine & Heflich, 1995). The full-length species was
presumably reduced in abundance to less than 3% be-
cause of nonsense-mediated effects on abundance, mak-
ing the exon 5-deleted species the major species. The
second most abundant species, deletion of exons 2-4
(in-frame deletion), terminates translation after 43 bases
at the exon 5 mutation, probably too soon to have an
effect on mRNA abundance. The mRNA with deletion
of exons 2 and 3 (in-frame deletion) may have short-
ened the distance to the exon 5 nonsense codon (109
bases, Table 1) sufficiently to eliminate or reduce the
nonsense-mediated effect on abundance for this species.

Conclusions

Our data indicate that most nonsense mutations in the
hprt gene of CHO cells that are associated with exon-
skipping do not actually increase the normal abun-
dance of exon-deleted mRNA species. Exon-deleted
mRNAs are detected by a preparative RT-PCR proto-
col because they are relatively enriched when the non-
sense mutation reduces the abundance of full-length
mRNA. Because wild-type parental cells have abun-
dant full-length mRNA and missense mutations do
not reduce that abundance substantially, this protocol
does not detect exon-deleted species for them. Various
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conditions of the RT-PCR allowed the full-length mRNA
to suppress the amplification of the exon-deleted
mRNAs.

A few nonsense mutations were associated with an
increased abundance of exon-deleted mRNA. We
attribute these results to structural effects of the mu-
tations on splice site selection because we saw similar
results with missense mutations at the same or nearby
base. The possibility of exonic mutations affecting splice
site selection should be considered seriously in the
interpretation of occasional nonsense mutations asso-
ciated with exon skipping for other genes.

MATERIALS AND METHODS

Cell lines

Cell lines and mutants are described in Valentine and Hef-
lich (1995). Hamster hprt cDNA cloned in pBR322 (plasmid
pHPT20; Brennand et al., 1983) was obtained from an Esch-
erichia coli strain (ATCC #37430). pHPT20 includes the entire
coding region of the hprt gene, but does not include the
sequence for primer 215 (cDNA position —88 to —69; num-
bered from initial AUG, Konecki et al., 1982). It does include
the sequence for primer 221 (—25 to —6). DNA for amplifi-
cation was prepared by taking the supernatant from a col-
ony boiled in sterile water (Valentine et al., 1994).

PCR primers

First-round hprt amplification

CHO hprt primers (positions shown in Fig. 2B) used for
first-round amplification were either 215 (T,, = 55.2°C) in
Figures 2 and 6 or 221 (T,, = 63.5°C) in Figures 3, 4, 5, and
6 for the upper primer and 216 (T,, = 50.2°C) for the lower
primer. They are from Newton et al. (1992b), except that the
sequence of primer 216 is 5'-AAGCAGATGGCTGCAGAACT-
3’. The length of the 215-216 fragment is 838 bp (Fig. 1).

Second-round hprt amplification

Second-round primers (positions shown in Fig. 2B) were 221
(Newton et al., 1992b) and C7L (5'-CCAACACTTCGAGAG
GTCCTTTTC-3'; cDNA position 518-495; T,, = 55.9 °C) and
PCR amplification using them produced a 543-bp fragment
(Fig. 3). The Taq I site of exon 7 is underlined. Primer C7L
was selected with the software program OLIGO™ (National
Biosciences, Plymouth, Minnesota) from the CHO hprt cDNA
sequence of Konecki et al. (1982) to prime outside exons 2
and 6 after Taq I restriction enzyme digestion. The 5’ end of
primer C7L is not present in the PCR target after Tag I di-
gestion, but 13 bp of the 3’ end of the primer were sufficient
for priming in the second round of PCR. Some nonspecific
priming was seen with C7L; the seven 3’ nucleotides of the
primer are complementary to the sequence at positions 97-
103 in exon 2 and produced a fragment of 145 bp with primer
221 when used in a 30-cycle PCR.
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aprt Amplification

For quantitative RT-PCR, aprt primers were added to both
rounds of amplification at the same concentration as the hprt
primers. They were selected using OLIGO™ from the CHO
aprt sequence of de Boer et al. (1989) to be inside Tug I re-
striction enzyme sites. Primers for the first round of amplifi-
cation were A193U (5'-GACTCCAGGGGATTCTTGTTTG-3’;
position 193-214) and A283L (5'-ATAGGAGGCTGACACT
GTGGG-3'; position 303-283). Primers for the second round
were A193U and A253L (5'-CCTCGCTTCCGGATGAG-3'; po-
sition 269-253). The first product was 111 bp long and the
second product was 77 bp.

RNA extraction

RNA from 35-75 X 10 cells was isolated by the method of
Chomczynski and Sacchi (1987) with the exception that 5%
2-mercaptoethanol was used instead of 0.7%. The yield of
RNA was ~400 pg (~1 pg/uL).

Preparative RT-PCR protocol

The conditions for preparative RT-PCR have been described
previously (Newton et al., 1992a), except they were scaled
up twofold. The RT reaction contained 1 ug of input RNA
based on Aj¢y and was conducted in a volume of 20 uL. For
the PCR, 80 uL of PCR mix was added to the RT reaction for
a final volume of 100 uL. Cycling conditions were 1 min at
94°C, 2 min at 60°C, and 3 min at 72 °C for 30 cycles, fol-
lowed by 7 min at 72°C. Routine detection of preparative
RT-PCR products was accomplished by electrophoresis on a
1% agarose gel containing 0.5 ug/mL ethidium bromide and
photography using a UV-transilluminator.

Reamplification after restriction enzyme
digestion of pooled RT-PCR products

In order to detect minor mRNA species by RT-PCR (Fig. 3),
multiple reactions were conducted by the preparative pro-
tocol, modified by substituting primer 221 for 215. Reaction
mixtures from these amplifications were pooled and the prod-
ucts were purified with a Centricon 100 filtration apparatus
(Amicon, Beverly, Massachusetts). Approximately 100 ng of
the PCR products were digested in a 20-uL reaction volume
with 20U of Hae III or Tag I (GIBCO-BRL, Gaithersburg, Mary-
land) for 2 h at 37°C or 65°C, respectively. The reaction
mixtures were diluted 1/100 and 2 uL was reamplified in a
100-uL reaction using primers 221 and C7L and the same
thermocycling conditions used as for the first amplification.
Eight microliters of each reaction mixture was applied to 6%
acrylamide TBE gels (Novex, San Diego, California).

DNA sequencing

Bands cut from ethidium bromide-stained acrylamide gels
were eluted in 0.5 M ammonium acetate, 10 mM magnesium
acetate, 1.0 mM EDTA, and 0.1% SDS overnight with rocking
at 37 °C. The DNA was concentrated by ethanol precipitation
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and sequenced by dideoxy cycle sequencing using an auto-
mated ABI 373A sequencer as described previously (Valen-
tine & Heflich, 1995). The sequence of Chinese hamster lines
K1, UV5, and V79 differs from the sequence of Konecki et al.
(1982) by a C at position 464 instead of T. All of our parent
strains and mutants also had C at this position.

Quantitative RT-PCR

The methods were adapted from the preparative RT-PCR
protocol as follows. The concentration of RNA from the pa-
rental line K1 was 1.2 ug/uL as determined by Aygp; all other
samples were normalized to this concentration based on
285 RNA amount. In order to quantitate 285 RNA, 2 ug of all
RNA samples were electrophoresed on a 2% formaldehyde,
1% agarose gel in 0.05 M HEPES, pH 7.8, 5 mM EDTA buffer.
The gel was stained with SYBR™ Green II (FMC, Rockland,
Maine) and visualized with a FluorImager SI (Molecular Dy-
namics, Sunnyvale, California). Quantitation of the 28S bands
was performed with ImageQuant™ software.

The first round of RT-PCR was performed using the con-
ditions described for the preparative protocol except that
only nine cycles were used and that the hprt primers were
221 and 216 and aprt primers were added (PCR primers
above). Six microliters of this mixture was diluted into a
20-uL Tag I restriction enzyme digest (3.3-fold dilution) and
digested for 2 h at 65°C. If the full-length mRNA or the
relative amount of exon 2-4-deleted to full-length species
was being evaluated, a mock digestion was performed con-
taining water for enzyme. After a 100-fold dilution, 5 uL
were amplified in a 50-uL PCR reaction with primers 221
and C7L (above) for 26 cycles using the same cycling con-
ditions as the first round. This reaction contained 0.4 uCi
[@-32P] dATP (Chen & Chasin, 1993; 3,000 Ci/mmol for the
dilution series; 6,000 Ci/mmol for all subsequent reactions
with 250 ng RNA). Nine microliters of this reaction mixture
was electrophoresed on a 6% acrylamide gel. The gel was
dried and exposed to a phosphor storage screen for 3-21 h.
Radioactivity was detected using a Molecular Dynamics Phos-
phorImager. Quantitation of the bands was performed with
ImageQuant™ software. Three different quantitations for
each band were averaged together. Images were exported
for graphics additions with Adobe Ilustrator™ (Adobe,
Mountain View, California).

In order to establish the linearity of the amplification, two-
fold dilutions of K1 RNA (maximum of 1 ug per reaction)
were analyzed by this protocol. After the serial dilutions
were quantitated, a fourfold dilution of all RNA samples
was chosen as the concentration for all further work (~250
ng RNA /100 uL reaction).

Mixing experiments

The preparative and quantitative RT-PCR protocols were used
as well as stepwise variations between the two as specified
in the legend to Figure 6. RNA from two different samples
was used in some amplifications without changing the total
volume of the reaction mixture. The same amount of RNA
added to reactions conducted with individual RNA samples
was added to the mixtures.
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Quantitative comparisons between
mutants and parental lines

Corrections were applied to the aprt measurements because
two distinct linear ranges could be distinguished for the
relationship between aprt amplification and RNA concentra-
tion. Figure 4A shows a linear relationship with a y-intercept
of 33% when the product was 65% or above the 250 ng level.
Therefore, for aprt values of mutants that were = 65% of the
parent strain’s value, 33% of the parent aprt value was sub-
tracted from the mutant value in order to bring the line
through the origin and make the % aprt product formed
proportional to the input RNA. The aprt values from the
mutant and the parent were then expressed as a ratio and
used to normalize the values for exon-deleted bands. A few
mutants had aprt values below 65% of the parent strain’s
value; for these, the correction was done graphically from
Figure 4A, instead of arithmetically. For example, if an aprt
value for a mutant was 45% of the value from the parent
strain, a value of 84 ng RNA was read from the graph
(Fig. 4A). This value was divided by 250 ng RNA, which was
the standard amount used for the parental samples, to arrive
at the normalizing ratio. This allowed a comparison between
the two linear parts of the dose-response curve.

The full-length species also showed a dual linearity that
was less pronounced (Fig. 4B). Because the ratio of full-
length species to aprt standard was constant (within 10%)
over the range of RNA amounts up to 500 ng, no further
correction was made for the quantitation of the full-length
species after the correction for the aprt standard. We consid-
ered that the comparisons were accurate within twofold.
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