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Abstract The human papillomavirus type 16 (HPV-16)

L1 capsid protein is very poorly expressed from cDNA

expression plasmids transiently transfected into mamma-

lian cells. The results described herein demonstrate that

inhibition of HPV-16 L1 expression from L1 cDNAs cor-

relates with the presence of splicing regulatory sequences

in the L1 coding region. This inhibitory effect correlates

with the binding of hnRNP A1 to the RNA elements.

Similar to unutilised splice sites that may retain mRNAs in

the nucleus, regulatory splicing RNA elements may also

inhibit gene expression in the absence of splicing. The

results presented here explain the inefficient expression of

HPV-16 L1 protein from the wild type L1 cDNA expres-

sion plasmids in mammalian cells. These results may be of

general interest since alteration of RNA sequences to pre-

vent unwanted RNA–protein interactions may increase

expression of many different genes in transient transfec-

tions or after plasmid uptake in DNA vaccination

approaches.
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Introduction

The human papillomavirus type 16 (HPV-16) genome

contains an early and a late region [1]. The late region

encodes the two capsid proteins L1 and L2 that are

expressed exclusively in terminally differentiated

keratinocytes, late in infection [2]. Expression of papil-

lomavirus L1 and L2 from mammalian expression

plasmids transfected into various mammalian cells has

been very inefficient [3]. In case of HPV-16 L1, expres-

sion of L1 was achieved after insertion in cis of the

HIV-1 Rev-responsive element and expression in trans of

the HIV-1 Rev export protein [3]. Similarly, the presence

of the simian retrovirus type 1 constitutive transport

element on the L1 mRNA could induce HPV-16 L1

production [3]. These results suggested that the processing

or transport of the L1 mRNA was affected by inhibitory

RNA sequences within the L1 protein-coding region [4].

Indeed, hybrids between the efficiently expressed EIAV

gag gene and HPV-16 L1 mapped inhibitory RNA

elements to the 50-end of L1 [5]. The presence of distinct

RNA elements was proven when mutations that were

introduced in the first 514 nucleotides of L1 that changed

the RNA but not the protein sequence of L1 resulted in

high expression of L1 mRNA and protein from CMV

driven expression plasmids transfected into human cells

[5]. In addition, mice immunised with a plasmid

expressing the mutant L1 sequence developed neutralising

antibodies and cell-mediated immune responses against

HPV-16 L1, whereas mice immunised with a plasmid

encoding the wild type HPV-16 L1 did not [6]. A func-

tional analysis of the HPV-16 mutant L1 sequence

revealed that splicing silencers in the L1 RNA had been

destroyed by the L1 mutations [7], while splicing

enhancers were intact [8].
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Materials and methods

Plasmid constructions

CMV-driven expression plasmids

To generate plasmids pC16WT1, pC16WT2 and

pC16WT3, the L1-encoding BamHI-XhoI sequences in

previously described plasmids pCL1H:I, pCL1H:II and

pCL1H:III [5] were replaced with a PCR fragment

encoding CAT that was generated with primers CATBAM

and CATXHO (Table 1). pC16WTL1 and pC16mutL1

were generated in the same way except that CAT was

inserted into pC16L1 and Pc16L1MUT123 [5]. To gener-

ate plasmids pCC184-366L1 and pCC184-366L1M, HPV-

16 wt or mutant L1 sequences were first PCR-amplified

using the following two primer pairs: 16L1(184)S/SalI and

16L1(366)AS or 16L1M(184)S/SalI and 16L1M(366)AS.

The PCR fragments were then separately ligated to a PCR

fragment encoding CAT, generated with primers CAT-

BAM and CATXHO. The ligated fragment was

subsequently introduced into pCL086 [5] with SalI and

BamHI, which resulted in the two in-frame L1-CAT

hybrids. The constructed plasmids were all subjected to

sequencing. pPLW1, pPLW2 and pPLW3 were generated

by digesting the plasmids pCL1H:I, pCL1H:II and

pCL1H:III [5] with BssHII and BamHI, and transferring

the digested fragments into pBEL-pAEPL which was also

digested with the same emzymes, respectively. To con-

struct plasmids pC1-129WT, pC1-129mut, pC1-36WT and

pC94-129WT, plasmids pT1-129WT, pT1-129mut, pT1-

36WT and pT94-129WT were digested with SalI and MluI,

and HPV fragments were cloned into the CAT vector

described above.

T7 promoter driven plasmids

To generate plasmid pT178-366, PCR amplification was

performed from pBELDPU with primers 16L1(178SalI)S and

16L1(366)AS [7]. The PCR fragment was transferred into

pT7 by SalI and BamHI. To generate plasmids pT1-36WT,

pT94-129WT and pT94-129mut, the following pairs of oligos

were annealed: 1–36(S) and 1–36(AS), 94–129(S), and

94–129(AS) and 16L194129MUT(S) and 16L194129MUT.

The fragments were separately inserted into SalI and MluI

digested pT7 plasmid. pT178-226, pT1-129WT and pT1-

129mut have been described previously [7, 8].

Transfections

Transfections were performed in HeLa cells according to

the Fugene 6 method (Roche Molecular Biochemicals).

Briefly, 1 lg of DNA was mixed with 3 ll of Fugene 6,

and subsequently added in 200 ll aliquots consisting of

DNA, Fugene 6 and DMEM medium to 60-mm plates

containing sub-confluent HeLa cells. The transfected cells

were harvested at 24 h post-transfection. The data variation

in each transfection experiment was less than 20%.

RNA extraction and Northern blotting

Total and cytoplasmic RNA was prepared according to the

RNeasy Mini protocol (Qiagen). Northern blot analysis

was performed by the separation of 10 lg of total or

cytoplasmic RNA on a 1% agarose gels containing 2.2 M

formaldehyde, followed by transfer to a nitrocellulose filter

and hybridisation, as described previously [5]. The L1 and

CAT probes indicated in Figs. 1 and 2 were generated by

Table 1 Sequences of oligonucleotides

Oligonucleotide Sequence (50?30)

16L1(366)AS AAGCTTGGATCCTAAAGGATGGCCACTAATGC

16L1(184)S/SalI GTCGACAAGAAATGGTTCCTAAAGTATCAGG

16L1M(184)S/SalI GTCGACAAGAAATGGTGCCCAAGGTGAGCGG

16L1M(366)AS AAGCTTGGATCCCAGGGGGTGGCCAGAGATG

CATBAM GGATCCATGGAGAAAAAAATCACTGGATATACC

1–36(S) CGTCGACAAGATGTCTCTTTGGCTGCCTAGTGAG GCCACTGTCTACACGCGTT

1–36(AS) CTAGAACGCGTGTAGACAGTGGCCTCACTAGGC AGCCAAAGAGACATCTTGTCGACGGTAC

16L194129MUT(S) CGTCGACAAGATGAACATCTACTACCACGCCGC ACCAGCCGCCTGCTGACGCGTT

16L194129MUT CTAGAACGCGTCAGCAGGCGGCTGCTGCCGGCG TGGTAGTAGATGTTCATCTTGTCGACGGTAC

94–129(S) CGTCGACAAGATGAACATATATTATCATGCAGG AACATCCAGACTACTTACGCGTT

94–129(AS) CTAGAACGCGTAAGTAGTCTGGATGTTCCTGCA TGATAATATATGTTCATCTTGTCGACGGTAC
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digestion of pC16L1 [5] or pL1-129WTCAT [5] with

BamHI and XhoI followed by gel purification and labelling

of the DNA fragments. Random priming of the DNA probe

was performed using a Decaprime kit (Ambion) according

to the manufacturer’s instructions. All Northern blots were

quantified in a Bio-Rad phosphorimager (GS-250).

CAT-ELISA

To monitor CAT protein levels, transfected HeLa cells

were harvested as described previously. The levels of

chloramphenicol acetyltransferase (CAT) protein were

quantified using a CAT antigen capture enzyme-linked

immunosorbent assay (ELISA; Roche Molecular Bio-

chemicals). All CAT quantitations were normalised to the

protein concentration of the cell extract, as determined by

the Bradford method.

UV cross-linking and preparation of cellular extracts

In vitro synthesis of radiolabelled and unlabelled RNA was

performed on linearised plasmid DNA. In vitro transcription

was performed with T7-RNA polymerase in the presence of

(32P)-UTP, as previously described [12]. The radiolabelled

RNAs were purified by phenol–chloroform extraction and

EtOH precipitation, and resuspended in water. UV cross-

linking and synthesis of radiolabelled RNA was performed

as previously described [12]. Around 105 cpm radiolabelled

RNA was used in each UV cross-linking reaction. HeLa cell

nuclear extracts were prepared according to the method of

Dignam [13].

Results

Binding of the 35 kDa hnRNP A1 to HPV-16 L1 RNA

correlates with inhibition of gene expression in the

absence of splicing

We have previously reported that the HPV-16 L1 coding

region contains sequences that strongly inhibit expression

of L1 from L1 cDNAs [3–5] (Fig. 1). In contrast, a mutant

L1 cDNA in which the wobbling base in the AU-rich HPV-

16 genome was changed, in many cases to a G or a C to

reduce the high AU-content, expressed high L1 mRNA and

protein levels [5]. Care was taken not to introduce rare
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codons. We have also shown that the first 514 nucleotides

of L1 contain splicing silencers that are inactivated in the

genetically altered L1 mutant sequence [7]. To investigate

the link between inhibition of L1 mRNA splicing and

inhibition of L1 cDNA expression, we first compared the

inhibitory effect on gene expression with the inhibitory

effect on splicing by three hybrids between wt and mutant

L1 sequences. The first 514 nts of L1 were divided into

three regions (1, 2 and 3) (Fig. 2a). Hybrids between wt

and mutant fragments 1, 2 and 3 were generated and

inserted into pBEL-pAEL [7], which contains a polylinker

between the L1 ATG and the BamHI site 514 nucleotides

further down (Fig. 2a). Analysis of late mRNA production

in cells transfected with the pBEL-pAEL-derived plasmids

demonstrated that the strongest inhibitory effect on splicing

was exerted by fragment 1 (Fig. 2b). Fragments 2 and 3 do

not seem to inhibit splicing in this context. Fragment 1 also

contains splicing enhancers that are not destroyed by the

mutations introduced in L1, explaining why pPLW2

produces more spliced L1 mRNA than pPLW1 [8].

The splicing efficiency was much lower in pPL178-366

(Fig. 2c), since the first 177 nucleotides containing the

enhancers had been deleted. Plasmid pPL1-520, which

contained the full wild type L1 sequence, produced the

lowest levels of spliced L1 mRNA of all plasmids (Fig. 2

b), suggesting that multiple splicing silencers were located

in the first 514 nucleotides of L1. In contrast, pPL1-520M,

which contained HPV-16 L1 sequences derived from the

mutant L1 gene [5] described above, produced primarily

spliced mRNAs, as expected (Fig. 2b).

We wished to compare the inhibitory activity of the

hybrids on splicing to the inhibitory effect on the expres-

sion of a reporter gene in the absence of splicing. The first

514 nucleotides of the five L1 sequences shown in Fig. 2a

were therefore inserted in frame with the CAT reporter

gene, resulting in the plasmids shown in Fig. 3a. Analysis

of RNA levels produced by these plasmids in transfected

HeLa cells revealed that the full wild type 514 nucleotides

reduced mRNA levels to the highest extent, whereas the

full mutant 514 nucleotides reduced mRNA levels to the

lowest extent (Fig. 3b). One of the hybrids, pC16WT1

reduced mRNA levels to the highest extent, whereas both
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Fig. 2 (a) The structure of the

pBEL-pAEPL [10] expression

plasmid is shown. The early

polyadenylation signal pAE has

been deleted to induce

detectable levels of late mRNAs

[7]. The late UTR which

contains RNA instability

elements [11] was originally

deleted to increase the chances

of obtaining detectable levels of

late mRNAs [7]. The L1 probe

is indicated. The wild type and
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Plasmid names are on the left.

(b and c) Northern blots of total

RNA extracted from HeLa cells

transfected with the indicated

plasmids hybridised to the L1

probe (Fig. 1). Spliced mRNA

as a percentage of total late

RNA in each lane is indicated at

the bottom of the gel. The

predicted late mRNAs are

displayed to the right. The data

variation in each transfection
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pC16WT2 and pC16WT3 had a smaller effect on mRNA

levels (Fig. 3b). Similar results were obtained when CAT

protein levels were monitored (Fig. 3c). We concluded that

there was a good correlation between inhibition of CAT

expression and inhibition of splicing (Figs. 2b and 3b). In

addition, the 178–366 sequences that inhibited splicing very

strongly in the absence of the first 177 nucleotides of L1

(Fig. 2c), also inhibited CAT mRNA and protein production

when fused in frame with CAT (Fig. 4a and b). The mutant

184–366 L1 sequence did not reduce CAT mRNA and pro-

tein levels to the same extent (Fig. 4b and c), further

demonstrating a correlation between inhibition of splicing

and inhibition of expression of an unspliceable mRNA.

We speculated that the 35 kDa hnRNP A1 protein that

binds to the HPV-16 L1 splicing silencers mediated the

inhibitory effect on CAT expression. To test this idea, we

used UV cross-linking to identify proteins that interacted

with the 178–366 sequence. HPV-16 L1 sequences under

the control of the bacteriophage T7 promoter were con-

structed and used for in vitro synthesis of radiolabelled

RNA (Fig. 5a). The results revealed that the 178–366

fragment that inhibited splicing (Fig. 2c), and CAT

expression in the absence of splicing (Fig. 3b), interacted

strongly with the same 35 kDa protein that binds to a

previously described splicing silencer located between L1

nucleotide positions 178–226 (Fig. 5b). This protein has

been identified previously as hnRNP A1.

The 129WT sequence strongly inhibits CAT when fused

to the CAT gene, while the mutant 1-129mut does not

(Fig. 6a and b). The 35 kDa protein cross-linked to the first

129 nucleotides of HPV-16 L1 (129WT) that have been

shown previously to inhibit splicing [8] (Fig. 5c], but not to
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Fig. 3 (a) Schematic

representation of the HPV-16

L1-CAT in frame hybrids.

Boxes indicate the protein

coding regions. The CMV

promoter is indicated. Plasmid

names are on the left. Numbers

refer to nucleotide positions in

HPV-16 L1, position 1 being A

in the AUG. The CAT probe is

indicated. (b) Northern blots of

total RNA extracted from HeLa

cells transfected with the

indicated plasmids hybridised to

the CAT probe (Fig. 3a). The

quantitation of the RNA levels

in a phosphorimager is shown in

the graph below. Northern blots

were quantified in a Bio-Rad

phosphorimager (GS-250). (c)

CAT protein levels produced by

the indicated plasmids in the

transfected cells were monitored

by a CAT-capture ELISA as

described in Materials and

methods. Arbitrary CAT units

are shown
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a mutant variant of the first 129 nucleotides (129mut)

(Fig. 5c), that does not inhibit splicing [8]. Mapping of the

inhibitory sequence in the first 129 nucleotides of L1 by

fusion to CAT (Fig. 6a) revealed that nucleotides 94–129

strongly inhibited CAT production (Fig. 6b), whereas

nucleotides 1–36 did not (Fig. 6b). The latter probe inter-

acted with an unidentified 55 kDa protein indicated with an

arrow (Fig. 6b). UV cross-linking experiments to probes

spanning wild type nucleotides 1–36 or 94–129, revealed

that the 35 kDa protein cross-linked to 94-129WT (Fig. 5

d), but not to 1-36WT (Fig. 5e). Neither did p35 cross-link

to nucleotides 94–129 derived from the mutant L1

sequence (94–129mut) (Fig. 5d), as expected. We con-

cluded that all sequences that inhibited CAT expression

also cross-linked to p35 (hnRNP A1). Therefore, binding of

hnRNP A1 to HPV-16 L1 cording region correlated with

inhibition with inefficient L1 expression from HPV-16 L1

cDNAs.

Discussion

Many viral genes are poorly expressed from mammalian

expression plasmids. In some cases, this may be due to

presence on the mRNAs of unutilised splice sites [14–16].

These splice sites are presumably interacting with the

splicing machinery, but fail to splice the message. As a

result, the mRNAs are retained in the nucleus and degra-

ded. However, in other mRNAs, the presence of unutilised

splice site clearly has no inhibitory effect [17]. It has also

been shown that it is difficult to express a number of many

retroviral genes even though the splice sites had been

carefully deleted [17–20]. These mRNAs were invariably

derived from alternatively spliced mRNAs and were often

overlapping protein coding regions. It was proposed that

these mRNAs contained regulatory RNA elements that

inhibited gene expression under certain circumstances.

Some of the elements have also been shown to interact with
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representation of the HPV-16
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names are on the left. Numbers

refer to nucleotide positions in
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various cellular factors. For example, the inhibitory ele-

ments in the HIV-1 gag have been shown to interact with

PABP [21], PSF [22], hnRNP A1 [23], and hnRNP H [24],

and it has been suggested that similar inhibitory RNA

elements in HIV-1 pol binds hnRNP A1 [25]. In addition,

RNA elements in the HTLV long terminal repeats also

inhibit gene expression [26, 27]. Also in this case, did the

RNAs interact with hnRNP A1 [27]. Although the exact

function of these elements have not yet been determined, it

is reasonable to assume that they play important roles in the

viral gene expression programmes, perhaps regulating

RNA processing steps. Other RNA elements on HIV-1

mRNAs located in the close vicinity of splice sites have

been shown to act as splicing silencer of suboptimal HIV-1

splice sites [28]. In some cases, these silencers interacted

with hnRNP A1. In one model, cooperative binding of

hnRNP A1 to multiple binding sites on the HIV-1 mRNA

extended over splice sites, thereby inhibiting splicing [29].

One may speculate that the inhibitory RNA elements

described above are involved in viral gene expression by

regulating RNA splicing or nuclear RNA export. HIV-1

and HTLV-1 have evolved to contain the viral Rev and Rex

proteins that bind to the partially spliced mRNAs and

induce nuclear export in order to overcome nuclear reten-

tion [30]. Indeed, it has been shown that over-expression of

hnRNP A1 enhances nuclear retention of HIV-1 mRNAs

[31]. One report suggested that HIV-1 Rev and hnRNP A1

acted in concert to induce export of HIV-1 mRNAs [23],

suggesting that HIV-1 Rev could overcome nuclear reten-

tion of hnRNP A1 binding mRNAs. In the experiments

described here, we mapped an inhibitory RNA element to a

36-nucleotide sequence located between positions 94–129

in the HPV-16 L1 gene. This RNA is one of several

splicing silencers that are located in HPV-16 L1 that bind

to hnRNP A1. In contrast, a splicing enhancer that we

recently mapped to nucleotides 1–17 in L1 [8] did not

display inhibitory activity when fused to the CAT gene

(Fig. 6b), nor did it bind to hnRNP A1 (Fig. 5e).
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Interestingly, Taniguchi et al. recently reported that splic-

ing enhancers may retain mRNAs in the nucleus through a

nuclear retention factor [32]. Splicing silencer and enhan-

cer elements may both prevent further processing of

immature mRNAs, perhaps in a position-dependent

manner.

HPV-16 has been shown to contain regulatory RNA

elements in the L1 and L2 coding regions [3–5, 33, 34].

These RNA elements inhibit expression of L1 and L2 from

mammalian expression plasmids by reducing RNA and/

protein production [3–5, 34]. These cis-acting elements

also displayed a sequence specific inhibitory activity when

placed downstream of a reporter gene, demonstrating that

they acted in a position independent manner [4]. For HPV-

16 L1, two ways to overcome inhibition have been dem-

onstrated. Either, one could provide HIV-1 Rev in trans

and the Rev responsive element RRE in cis [3] or one could

mutationally destroy the RNA element by alteration of the

wobbling base in the L1 coding region [5]. In either case

was the production of HPV-16 L1 protein achieved [3, 5].

We later showed that these inhibitory elements in HPV-16

L1 were multiple splicing silencers that interacted with

hnRNP A1 and acted on the upstream, late 30 splice on

HPV-16 [7, 8]. Here we show that the inhibitory activity of

these splicing silencers coincides with their interactions

with hnRNP A1. The HPV-16 L2 coding region also

contains inhibitory RNA elements [4, 5, 34]. These ele-

ments could be destroyed by the alteration of the woobling

bases [34] as we described for HPV-16 L1 [5]. In the case

of HPV-16 L2, we found that the inhibitory elements

coincided with a downstream polyadenylation element that

was required for full polyadenylation at the early polyad-

enylation signal of HPV-16 [34]. The function of this

element correlated with the binding of hnRNP H [34]

Interestingly, hnRNP H has also been implicated in nega-

tive regulation of mRNA splicing [35, 36], suggesting that

cellular factors that are involved in splicing inhibition,

inhibit gene expression when they interact with mRNAs

that are unable to splice.

A few investigators have ‘‘codon optimised’’ HIV-1

[37], BPV-1 [38] and HPV-16 [39–41] genes. Translation

codons in the viral genes have been replaced by codons that

are used more frequently in the human genome. As these

experiments in many cases have resulted in increased

levels of gene expression, it has in most cases been

attributed to an increase in mRNA translation efficiency,

unfortunately many times in the absence of RNA analysis

[39], not to mention the complete lack of consideration of

the effect of the mutations on RNA protein interactions.

We predict that an analysis of the proteins binding to a wild

type RNA compared to a corresponding ‘‘codon opti-

mised’’ RNA will invariably show a qualitative or

quantitative difference in the RNA-protein interactions. We

propose that the increase in gene expression in mammalian

cells observed for most if not all ‘‘codon optimised’’

mRNAs is a result of the destruction of protein binding

sites on the mRNAs, in many cases splicing silencer fac-

tors, and to a minor extent, if any, is the result of enhanced

translation of more common codons.
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