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Human papillomaviruses infect stratifying squamous epithelia, causing benign and malignant lesions. Upon
differentiation of the host keratinocyte, the virus undergoes a dramatic increase in both DNA replication and
transcription from the late promoter, leading to expression of late genes and virion morphogenesis. In human
papillomavirus type 31 (HPV31), the late promoter is designated p742 and includes multiple start sites
embedded within the E7 gene. In this report, we mapped viral DNA elements that control transcriptional
activity from p742. Enhancer elements in the viral upstream regulatory region positively regulate this pro-
moter. The region containing the transcriptional start sites is dispensable for activity, and at least two separate
elements in the E6/E7 region are capable of supporting transcription. Of these, we mapped one to a 150-bp
region of the E7 open reading frame and designate it the core p742 promoter. Using GF109203X, an inhibitor
of protein kinase C signaling, we show that p742 activation is independent of viral genome amplification.
Finally, we mapped elements in the region of p742 that confer responsiveness to differentiation and show that
the upstream regulatory region does not contribute to the differentiation response of p742. These studies are
an important step toward understanding the functioning and regulation of this multiple-start promoter.

Human papillomaviruses (HPVs) are small closed circular
DNA viruses that infect the keratinocytes of stratified squa-
mous epithelia, causing benign or malignant hyperproliferative
lesions (65, 66). Over 100 types of papillomaviruses have been
identified to date, infecting numerous cutaneous or mucosal
sites (67). All HPVs have strong species and tissue tropism.
Because of their association with malignancy, especially cervi-
cal cancer, certain HPV types that infect the anogenital mu-
cosa are of particular concern. Types 16, 18, 31, 33, 39, 45, 51,
and 52 are termed high risk because of their frequent presence
in cervical carcinomas; whereas the low-risk types 6 and 11 also
cause genital lesions, they are rarely associated with malig-
nancy (28, 66).

HPVs are thought to gain access to the basal cells of the
epithelium through small traumas (47). After a burst of DNA
replication to establish the copy number at 50 to 200 in basal
cells, the virus maintains itself in the basal layer, replicating
once per cycle as an episome (19). As the cells move from the
basal into the spinous layer of the epithelium, the first step in
the keratinocyte differentiation program, a substantial increase
in viral DNA synthesis occurs (6, 51); this increase is accom-
panied by a change from theta replication to a rolling-circle
mechanism (19). The cells of suprabasal layers normally do not
express DNA replication machinery, but the viral oncoproteins
E6 and E7 circumvent the normal cellular controls on the cell
cycle, causing the cells to continue the expression of replication
factors for use by the virus (18, 32, 61). As the infected cells
undergo terminal differentiation in the granular and cornified
layers, viral late genes, including the major and minor capsid

proteins L1 and L2, are expressed and virions are assembled
(42).

Both replication of viral DNA and transcription from HPV
promoters increase in response to differentiation of host ker-
atinocytes (1, 19, 34, 44–46). In particular, transcripts encoding
the capsid proteins L1 and L2 increase dramatically upon dif-
ferentiation (22, 26, 44, 58), presumably in preparation for
virion assembly in the terminally differentiated strata of the
epithelium. In HPV31, this increase is largely attributable to an
upregulation of transcripts from the viral late promoter p742.
This promoter initiates transcription from a family of start sites
located near nucleotide 742 of the viral genome in the E7 open
reading frame (ORF) (26, 46). Although activity from p742 is
detectable in monolayer cultures, suggesting a basal transcrip-
tional activity not dependent on differentiation, the steady-
state level of transcripts originating from p742 increases dra-
matically upon differentiation of infected cells in rafts (44, 46)
or upon suspension of the cells in semisolid medium (51). This
differentiation responsiveness coupled to its apparent contri-
bution to late gene expression make understanding p742 an
important starting point in unraveling the late stages of the
productive HPV life cycle.

It is assumed that, as in most promoters, there are elements
in the HPV genome that together constitute a “core” p742
promoter, i.e., the information necessary and sufficient for
basal transcription. The locations of such elements in the case
of p742 or any other HPV late promoter are unknown, as are
the roles of any enhancer elements in the upstream regulatory
region or elsewhere. Differentiation responsiveness could be
conferred by elements either within or in addition to those of
the core promoter. The mechanism by which transcripts orig-
inating from p742 increase in response to differentiation has
not been clearly demonstrated, but three hypotheses may be
proposed. First, the increase in transcripts may be due to an
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increase in transcriptional initiation rate, or transactivation of
the promoter, mediated by a combination of positive and neg-
ative transcription factors. Second, because all studies to date
have measured only steady-state transcript levels, it is possible
that increased transcript stability rather than initiation is the
key regulatory event. In this case, the relevant genetic elements
that would interact with either stabilizing or destabilizing pro-
tein factors would function in the RNA rather than DNA. A
third and perhaps most mechanistically simple hypothesis is
that because viral genome amplification and p742 transcript
upregulation occur in the same strata of the tissue, increased
gene dosage as a result of amplification may lead to a greater
overall level of transcripts even in the absence of changes in
initiation or degradation rates. In this case, the major relevant
cis element would be the viral origin of replication.

Because the elements that control the basal or differentia-
tion-inducible function of any HPV late promoter have not
been systematically mapped, we have initiated studies aimed at
identifying the elements that control transcription from
HPV31 p742 and, in particular, the element(s) that controls
responsiveness to differentiation. In this report, we show that
the viral upstream regulatory region contains enhancer ele-
ments that influence p742 activity but not responsiveness to
differentiation. We also map the core p742 promoter to a
150-bp region in the E7 open reading frame and show that
p742 activation is not dependent on genome amplification.

Finally, we show that although the region containing the start
sites is not needed for strong promoter activity, it is necessary
for responsiveness to differentiation.

MATERIALS AND METHODS

Plasmid constructs. The oligonucleotides and primers (Integrated DNA Tech-
nologies, Coralville, Iowa) used for cloning the constructs described in this study
are shown in Table 1. Primers 1 to 14 were designed to introduce a KpnI site at
the 5� end of the resulting PCR product. Similarly, primers 17 to 21 were
designed to introduce a BglII site at the 3� end. PCR was performed with the
Expand High Fidelity PCR System (Roche, Indianapolis, Ind.) with pBS-HPV31
as a template. The PCR products were precipitated with ethanol, resuspended in
water, digested with KpnI and BglII, purified with the Geneclean or Mermaid
kits (Qbiogene, Carlsbad, California), and ligated into KpnI- and BglII-digested
pGL2B (Promega, Madison, Wis.). Alternatively, the PCR products were cloned
into the pCRII vector with the TA cloning kit (Invitrogen, Carlsbad, Calif.), and
then subsequently freed by digestion with KpnI and BglII and ligated into
digested pGL2B vector.

Oligonucleotides 15 to 16 and 26 to 31 were designed so that when annealed
to the complementary oligonucleotide, the ends would resemble KpnI- and
BglII-digested overhangs and could be ligated directly into the digested vector.
The primers used to create each plasmid construct were as follows, with the name
of the plasmid followed by the letter designation of the HPV fragment in
parentheses and the numbers of the primers used in PCR (Table 1): pGL2B-1706
(fragment A): 1 and 17; pGL2B-1530 (fragment B): 2 and 17; pGL2B-1380
(fragment C): 3 and 17; pGL2B-1230 (fragment D): 4 and 17; pGL2B-1080
(fragment E): 5 and 17; pGL2B-930 (fragment F): 6 and 17; pGL2B-780 (frag-
ment G): 7 and 17; pGL2B-630 (fragment H): 8 and 17; pGL2B-480 (fragment
I): 9 and 17; pGL2B-330 (fragment J): 10 and 17; pGL2B-180 (fragment K): 12
and 17; pGL2B-130 (fragment L): 13 and 17; pGL2B-80 (fragment M): 14 and

TABLE 1. Oligonucleotides used in this study

Oligonucleotide Name Positions Sequencea

1 CM742 1706 5 7067–7084 ccgggtaccTGGATGTGTATGTAATAC
2 CM742 1530 5 7243–7260 ccgggtaccCCTGTGTGTGTTGTGTAT
3 CM742 1380 5 7393–7410 ccgggtaccCCATAGTAAAAGTTGTAC
4 CM742 1230 5 7543–7560 ccgggtaccTTGGTTTCCTGAATACTA
5 CM742 1080 5 7693–7710 ccgggtaccACATATATTATATTATCC
6 CM742 930 5 7843–7860 ccgggtaccATAATTAATTGCATATAG
7 CM742 780 5 81–98 ccgggtaccAGTATTTTGTGCAAACCT
8 CM742 630 5 231–248 ccgggtaccGTATTAGATTTTGCATTT
9 CM742 480 5 381–398 ccgggtaccACAAACAAAGGTATATGT
10 CM742 330 5 531–548 ccgggtaccAGACCTCGTACTGAAACC
11 CM742 280 5 581–598 ccgggtaccTTGCAAGACTATGTGTTA
12 CM742 180 5 681–698 ccgggtaccCAGCTGGACAAGCAGAAC
13 CM742 130 5 731–748 ccgggtaccTGTTGTCAGTGTAAGTCT
14 CM742 80 5 781–798 ccgggtaccAGATATTCGCATATTGCA
15 CM742 30 5 831–861 cGCCCCAACTGTTCTACTAGACTGTAACTACAa
16 CM742 30 3 862–831 gatcTTGTAGTTACAGTCTAGTAGAACAGTTGGGGCggtac
17 CM742 3 861–844 gcgagatctTGTAGTTACAGTCTAGTA
18 CM742 1520 3 680–663 cgcgagatctGACTGTCT ATGACATCCT
19 CM742 1370 3 530–513 cgcgagatctTCTCCAAC ATGCTATGCA
20 CM742 1220 3 380–363 cgcgagatctCAATTTTT CTAATGTTGT
21 CM742 230 3 630–613 cgcgagatctCAGTGGAGGTCAGTTGCC
22 CM31enhd 5 7413–7391 GGTGTACAACTTTTACTATGGCG
23 CM31enhd 3 7790–7815 TTTAAACTGCCAAGGTTGTGTCATGC
24 CM31KEd 5 7594–7569 GCAGGAAACTACAAGCCAGAATGTTG
25 CM31AEd 3 7595–7621 CTAACACACCTTGCCAACATATAATCC
26 330�280 5 531–580 cAGACCTCGTACTGAAACCCAAGTGTAAACATGCGTGGAGAAACACCTACGa
27 330�280 3 580–531 gatcTCGTAGGTGTTTCTCCACGCATGTTTACACTTGGGTTTCAGTACGAGGTCTggtac
28 280�230 5 581–630 cTTGCAAGACTATGTGTTAGATTTGCAACCTGAGGCAACTGACCTCCACTGa
29 280�230 3 630–581 gatcTCAGTGGAGGTCAGTTGCCTCAGGTTGCAAATCTAACACATAGTCTTGCAAggtac
30 230�180 5 631–680 cTTATGAGCAATTACCCGACAGCTCAGATGAGGAGGATGTCATAGACAGTCa
31 230�180 3 680–631 gatcTGACTGTCTATGACATCCTCCTCATCTGAGCTGTCGGGTAATTGCTCATAAggtac
32 CMp99TATA5 53–89 CCGAAAAC GGTTGGgAgA cAAAGCACAT AGTATTTTG
33 CMp99TATA3 89–53 CAAAATACTA TGTGCTTTgT cTcCCAACCG TTTTCGG

a Nucleotides not found in the HPV31 sequence are in lowercase.
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17; pGL2B-30 (fragment N): 15 and 16; pGL2B-630�180 (fragment O): 8 and 18;
pGL2B-630�330 (fragment P): 8 and 19; pGL2B-630�480 (fragment Q): 8 and
20; pGL2B-480�180 (fragment R): 9, and 18; pGL2B-480�330 (fragment S): 9
and 19; pGL2B-330�180 (fragment T): 10 and 18; pGL2B-330�230 (fragment
T1,2): 10 and 21; pGL2B-280�180 (fragment T2,3): 11 and 18; pGL2B-330�280
(fragment T1): 26 and 27; pGL2B-280�230 (fragment T2): 28 and 29; and
pGL2B-230�180 (fragment T3): 30 and 31.

The p99 TATA mutants were made with primers 32 and 33, with the corre-
sponding wild-type plasmids as templates, and the QuickChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s instructions. Con-
structs containing internal deletions of the auxiliary and/or keratinocyte enhanc-
ers were made by PCR with pGL2B-1706 as a template with primers that diverge
away from the region to be deleted, leaving a linearized fragment lacking the
deleted region. The linearized fragment was recircularized to create a plasmid
with the deletion. The enhancer deletions were made with the following primers:
pGL2B-1706 �AE, 22 and 25; pGL2B-1706 �KE, 23 and 24; and pGL2B-1706
�AEKE, 22 and 23.

Cell culture and transfections. CIN-612 9E primary human foreskin keratin-
ocytes (HFK), and C33A cells were maintained with standard cell culture tech-
niques as described (53). Human foreskin keratinocytes were isolated from
neonatal foreskins and maintained in medium 154 (Cascade Biologics) as de-
scribed (40). The HFK31a:1 cell line was derived from electroporation of human
foreskin keratinocytes with HPV31a genomic DNA as described (43) and main-
tains HPV31 genomes episomally (39). Transfection followed by monolayer
culture or differentiation by suspension in 1.6% methylcellulose was performed
as reported previously (10, 11, 53), except that cells were plated directly in KGM
overnight before transfection.

For the experiments in Fig. 4 to 6, 2 �g of DNA/well (monolayer) or 8 �g of
DNA/plate (methylcellulose) was transfected with 10 �l/well (monolayer) or 40
�l/plate (methylcellulose) of Lipofectamine reagent. Lysates from transfected
cells were prepared and assayed for luciferase activity as described (10, 11, 53).
Experiments were repeated three to six times (monolayer) or four to eight times
(methylcellulose). The luciferase activity for each experimental construct was
normalized to the activity of pGL2B-1706 (Fig. 2 and 3) or pGL2B-630 (Fig. 4 to
6) for the individual experiment, and the normalized values were averaged. Error
bars represent one standard error of the mean.

To assay differentiation responsiveness, we performed duplicate transfection
in 100-mm cell culture dishes as described above for methylcellulose transfec-
tions. Following the transfection, the cells were washed with phosphate-buffered
saline and detached from the plate by trypsin treatment. Duplicate transfections
were pooled and centrifuged, and half of the cells were suspended in methylcel-
lulose and half were plated in 100-mm dishes. Following 48 h of culture, the
methylcellulose was washed by two to three rounds of dilution in phosphate-
buffered saline followed by centrifugation, the monolayer cultures were detached
by trypsin treatment, and both samples were resuspended in 1 ml of phosphate-
buffered saline. The cells in each sample were counted with a Coulter Z1 particle
counter (Coulter Corp.), and then equal numbers of cells were added to a
microcentrifuge tube, centrifuged briefly, resuspended in passive lysis buffer, and
assayed as described (10, 11, 53). Induction was calculated by subtracting the
value of the empty vector from the raw monolayer or methylcellulose luciferase
values for each condition and then dividing the resulting methylcellulose value by
the resulting monolayer value. Data represent the mean of 6 to 12 experiments.
Error bars represent one standard error of the mean.

Analysis of replication and transcript expression. GF109203X hydrochloride
(62) was obtained from Alexis Biochemicals, dissolved in water at 3 mg/ml, and
stored at �20°C in small aliquots. CIN-612 9E cells were plated overnight at a
density of 1 � 106 to 2 � 106 cells/100-mm plate. The next day, cells were
trypsinized and grown either in monolayer cultures at 106 cells/100-mm plate or
suspended at 106 cells/10 ml of methylcellulose. GF109203X was diluted in E
medium (monolayer) or in methylcellulose before the addition of cells. Follow-
ing 48 h of culture, cells were harvested by washing (methylcellulose) or by
treatment with trypsin (monolayer), and the cultures were divided for either
DNA or RNA analysis. DNA extraction and Southern analysis were performed
as described (42, 43). The probe for the RNase protection assay was prepared by
digesting pGL2B-330 with KpnI and BglII and ligating the resulting HPV frag-
ment (J) into pGEM-7Zf(�) (Promega) which had been digested with KpnI and
BamHI. The resulting plasmid (pGEM-330) was linearized with KpnI, treated
with protease K, phenol-chloroform-isoamyl alcohol extracted, precipitated with
ethanol, and resuspended in Tris-EDTA. RNA was extracted with Trizol reagent
(Invitrogen) according to the manufacturer’s instructions, followed by treatment
with DNase as described (44); 10 �g of total RNA was analyzed by RNase
protection assay as described (44) with the RPA III kit (Ambion) replacing the

RPA II kit. A probe against cyclophilin (Ambion) was included as an internal
control (57).

To detect the start sites used on reporter plasmid templates, we transfected 9.6
� 106 HFKs with 48 �g of reporter plasmid or empty vector DNA with Lipo-
fectamine reagent as described (10, 11, 53). Following 48 h of incubation, the
cells were trypsinized and pelleted by centrifugation, and total RNA was har-
vested with Trizol reagent. mRNA was purified from total RNA with the Oli-
gotex mRNA mini kit (Qiagen); 1 �g of total RNA from the HFK31a:1 cell line
or 1 �g of poly(A)-selected mRNA from transfected HFKs were mixed with
riboprobe, coprecipitated with 5 �g of yeast RNA, and then subjected to hybrid-
ization and RNase protection assay analysis as described above.

RESULTS

To analyze the functional elements of p742, we used the
pGL2B luciferase reporter plasmid (10, 11, 53). By cloning
various wild-type and mutant HPV sequences into this plas-
mid, we could determine their transcriptional activities with
luciferase activity as a readout. This strategy required isolating
a region of the HPV31 genome to drive reporter activity.
Because the boundaries of p742 have not been defined, any
selection of a subset of HPV sequences involved some risk that
a relevant element would be excluded. We reasoned that the
promoter was likely to contain the region encompassing the
start sites. From work in our laboratory (44, 46) and others
(26), we knew that p742 drives transcription from a family of
start sites in the E7 open reading frame between nucleotides
700 and 800 of the HPV31 genome. We assumed that most or
all of the control elements for this promoter would be located
5� of this region. Because of the large number of start sites, to
ensure that all would be included, we set the nucleotide just
before the ATG of E1 (nucleotide 861) as the 3� boundary of
our region of study. This position also serves as the reference
point (�1) for locations within the promoter. Because the
upstream regulatory region of HPV31, like that of other HPVs,
contains enhancer elements that control the early promoter(s),
and considering that enhancers can work at some distance
from a promoter, we reasoned that some elements in the up-
stream regulatory region may be important for p742 regulation
as well. We therefore included the entire upstream regulatory
region in our cloned fragment, setting the 5� boundary just
downstream of the stop codon of L1 (nucleotide 7066). This
region, extending from the end of L1 through the upstream
regulatory region and the E6 and E7 open reading frames to
just before the beginning of the E1 open reading frame, totaled
1,706 bp. This fragment (A) was subcloned into pGL2B to
create pGL2B-1706.

To determine whether the pattern of transcriptional activity
from a transiently transfected fragment A reporter resembles
the pattern from episomally replicating whole virus genomes,
we transfected either the empty vector or the fragment A
reporter plasmid into HFK cells. After 48 h of incubation in
monolayers, we isolated mRNA and analyzed the transcripts
by RNase protection assay. Total RNA from a cell line main-
taining HPV31a genomes episomally was also analyzed for
comparison. The results are shown in Fig. 1. Some nonspecific
bands are visible, probably as a result of the vast excess of
probe relative to target RNA in this experiment. However, the
transcriptional pattern from the transfected reporter largely
resembles that of the infected cell RNAs. The larger size of
the top band is probably due to additional protection by
polylinker- and vector-derived sequences in the riboprobe by
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vector sequences present in reporter RNAs. Minor alterations
in the positions of the bands are seen but are probably not
significant for the purposes of measuring overall activity, given
that even extensive alterations of start site patterns often do
not alter the activity or regulation of multiple start promoters
(4, 7, 12, 36, 48, 56). It is evident that no essential information
for generally wild-type p742 transcription is present down-
stream of nucleotide 861.

Mapping the enhancer. To determine the 5� boundary of the
promoter region as well as any enhancer elements that may be
present, we created a series of 5� deletion constructs that
differed by150 bp (Fig. 2). The HPV fragments represented by
these deletions are designated with the letters A to J and have
the 5� ends indicated, with a common 3� end at nucleotide 861.
The reporter plasmids were transfected into three different cell
types. The CIN-612 9E cell line is derived from a low-grade
cervical lesion and maintains HPV31b episomally (26). This
cell line is capable of producing infectious virions when grown
in organotypic culture and therefore possesses all of the viral
and cellular factors needed for the virus to complete its life

cycle (42). We used this cell line to represent the situation in a
normal infected cell with all of the necessary cellular and viral
gene products present. Normal human foreskin keratinocytes
(HFKs) are primary cells derived from neonatal foreskins.
These cells are not immortalized, contain no viral gene prod-
ucts, and represent the cell environment as it would be found
initially upon infection. The C33A cell line is derived from a
cervical carcinoma but is not known to harbor any HPV se-
quences (15). Although not representative of either the in-
fected or the normal uninfected situations, C33A cells are
often used in transcriptional studies of HPV and were there-
fore initially included for comparison.

Each of these cell types was transfected with the deletion
constructs described and grown in monolayer culture, which
represents the undifferentiated condition. The results are
shown in Fig. 2a, b, and c (black bars). A number of findings
are apparent. First, the pattern of activities of these constructs
in C33A cells differed from that seen in CIN-612 9E cells or
HFKs. Several elements appeared to be repressive in C33A
cells but not in the other cell types, for example, between
nucleotides 7242 and 7392 (�1530 to �1380) and between 81
and 231 (�780 to �630). Second, in both CIN-612 9E cells and
HFKs, there was a loss in transcriptional activity relative to the
activity of fragment A as sequences were deleted from the 5�
end. In either cell type, the bulk of the loss of activity was
between nucleotides 7392 and 7542 (�1380 to �1230) bp up-
stream of E1 (compare fragments C and D). This region was
previously identified as an enhancer and called the auxiliary
enhancer (30). Third, there also was only a minor loss of
activity upon subsequent deletions up to within 330 bp of the
E1 start codon.

Fragment A contains not only p742 but also p99, the major
viral early promoter (46). It is likely that p99 also contributes
to reporter activity in the context of these constructs. To test
this possibility, we created variants of the deletion mutants
containing a mutation in the p99 TATA box. This mutation
was predicted to abolish p99 promoter activity (49) and was
found by RNase protection assay to abolish the start site at
nucleotide 99 and by luciferase assay to eliminate transcrip-
tional activity from the upstream regulatory region (data not
shown). These TATA mutant constructs were transfected into
CIN-612 9E, HFK, and C33A cells as described, and the results
are also shown in Fig. 2a, b, and c (grey bars; note that al-
though fragment G contains the start site for p99, the TATA
box is absent.) These data indicate that roughly half of the
activity of each construct was attributable to p99 in monolayer
culture. Furthermore, the loss of activity seen with deletion of
nucleotides 7392 to 7542 was no longer apparent without p99
activity, indicating that the contribution of the auxiliary en-
hancer to reporter activity is mediated through p99 in mono-
layer culture. Finally, there was little consistent effect of even
extensive 5� deletion on reporter activity in the absence of p99,
indicating that in monolayer culture, the elements that drive
the activity of p742 must be located very close to the start sites.
Our laboratory has found that studies of HPV in C33A cells
frequently yield results that differ substantially from those ob-
tained in cell types that more closely resemble infected or
uninfected cells in vivo (Meyers et al., unpublished observa-
tions). Because of these disparities, we did not pursue further
studies with C33A cells.

FIG. 1. RNase protection assay of transcripts from transfected re-
porter template. A 1,706-bp fragment of the HPV31 genome extending
from the 3� end of the L1 gene through the upstream regulatory region
(URR) and E6 and E7 genes to the 5� end of the E1 gene was cloned
into the pGL2B luciferase reporter vector to create pGL2B-1706 (frag-
ment A). This plasmid or the empty vector was transfected into HFK
cells and incubated in monolayer culture. After 48 h, mRNA was iso-
lated and RNase protection analysis was performed with a riboprobe
specific for transcripts in the p742 region. The RNA analyzed in each
lane is as follows: A, mRNA from HFKs transected with the fragment
A reporter; pGL2B, mRNA from HFKs transfected with the empty
vector; HPV31a, total RNA from monolayer HFK31a:1 cells; Y� and
Y�, total yeast RNA with and without nuclease digestion, respectively.
A darker exposure of the HPV31a lane (*) from the same gel is shown
to the right.
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Because p742 transcripts increase upon differentiation, it
was important to examine the activity of p742 in differentiating
conditions in order to understand how this promoter is regu-
lated. Suspension of keratinocytes in medium containing 1.6%
methylcellulose causes at least a population of cells to differ-
entiate (51), providing a convenient method to test numerous
transfected DNAs under differentiating conditions. CIN-612
9E and HFK cells were transfected and suspended in methyl-
cellulose for 48 h, followed by washing and measurement of
luciferase activity. Figures 2d and e show the data from these
experiments and permit several conclusions. First, although a
significant portion of the activity of the reporters in monolayer
was attributable to p99, the effect of the p99 TATA mutation
was less apparent in methylcellulose culture in CIN-612 9E
cells. This is expected since p99 is constitutive and p742 is
inducible (46). As p742 is induced by differentiation, the rela-
tive importance of p742 in driving the reporter should be
increased, and so the loss of a p99 component should have less
of an impact. The reason for the more complex pattern of
activities seen in HFKs is not understood.

Second, deletion from the 5� end resulted in gradually re-
duced activity in methylcellulose culture, especially in CIN-612
9E cells, indicating that the upstream regulatory region con-

tributes to p742 activity under differentiating conditions. Be-
cause in methylcellulose most of the activity was attributable to
p742, at least in CIN-612 9E cells, these elements appear to be
authentic regulators of p742 activity. We do not understand the
consistently low activity of the TATA mutant fragment E rel-
ative to fragments D and F.

To test whether the auxiliary enhancer, the neighboring ker-
atinocyte enhancer (35), or both regions contribute to p742
activity, we made internal deletions of each region either alone
or in combination in the context of pGL2B-1706 (fragment A)
and studied their activities in monolayer and methylcellulose
cultures as described above. In both monolayer and methylcel-
lulose culture, deletion of the auxiliary enhancer, the keratin-
ocyte enhancer, or both led to a reduction of activity relative to
the wild type (Fig. 3). Although the differences between dele-
tion of the auxiliary enhancer and deletion of the keratinocyte
enhancer were not sufficient to unambiguously determine
which is the more important element, it is clear that both
contributed to activity under both monolayer and methylcellu-
lose conditions in CIN-612 9E cells. Because activity in meth-
ylcellulose is attributable mostly to p742 in CIN-612 9E cells,
we can conclude that both the auxiliary enhancer and keratin-
ocyte enhancer contribute to p742 activity, at least in methyl-

FIG. 2. Deletion analysis of the p742 upstream region. A 1,706-bp fragment of the HPV31 genome extending from the 3� end of the L1 gene
through the upstream regulatory region (URR) and E6 and E7 genes to the 5� end of the E1 gene was cloned into the pGL2B luciferase reporter
vector (fragment A). AE, auxiliary enhancer; KE, keratinocyte enhancer. 5� deletions of this fragment with wild-type sequence (black bars) or
containing a mutated p99 TATA box (grey bars) were also generated and cloned. Numbers to the left of the bars in the schematic diagram
represent the nucleotide position of the 5� end of the fragment in the HPV31 genome. The constructs were transfected into CIN-612 9E cells (a
and d), primary HFKs (b and e), or C33A cells (c) and cultured in monolayer (a, b, and c) or in methylcellulose (d and e) as described in Materials
and Methods. After 48 h, the cells were washed in phosphate-buffered saline, lysed, and assayed for luciferase activity. The raw luciferase values
were normalized to the value of fragment A within each experiment, and then the normalized values were averaged. Bars represent � 1 standard
error of the mean. Bent arrows represent transcriptional start sites.
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cellulose. We therefore suggest that the auxiliary enhancer and
keratinocyte enhancer act as enhancers of p742 activity under
differentiating conditions.

Mapping the core promoter. To disentangle the contribution
of p99 from that of p742, we chose to focus our attention on
fragment H, which includes the region surrounding and up-
stream of the p742 region but does not contain p99, the other
upstream regulatory region promoters (46), or any of their
reported control elements. It also lacks the upstream regula-
tory region, meaning that its activity should represent that of
the core p742 promoter, the minimal region necessary and
sufficient to drive basal transcription without the contribution
of enhancers. To map the minimal region sufficient to drive
transcription, we made a series of deletions of fragment H and
tested them for activity in the CIN-612 9E cell line, under
either monolayer or methylcellulose culture conditions (Fig.
4).

5� deletion through the promoter revealed that information
essential to transcriptional activity in both monolayer and
methylcellulose culture maps to between 330 and 180 bp up-
stream of the start codon of E1 (fragment J versus K, corre-
sponding to nucleotides 531 to 681 of the genome), indicating
that the 5� boundary of a major transcriptional element resides
in this region. In contrast, by 3� deletion, most activity was lost
by deletion of the segment between 330 and 480 bp upstream

of E1, corresponding to nucleotides 381 to 530 of the genome
(fragment I versus J). It is important to note that fragment J
and fragment P have no sequence in common. Because both
fragments had activity comparable to that of the full-length
fragment H, there must be at least two elements in this region,
one with a 3� boundary between nucleotides 380 to 530 and one
with a 5� boundary between nucleotides 531 to 681, either of
which is necessary for driving transcription in the absence of
the other. We also note that the two elements must not be
additive, because deletion of either did not lead to a loss in
activity as long as the other was present (fragments H and I
versus J and H and O versus P). We designated the element
mapping downstream of 531 the proximal element and the
element mapping upstream of 530 the distal element. Finally,
we observe that the known major transcriptional start sites for
p742 (Fig. 1) are located within 180 bp of the E1 start codon
(16, 44, 46). Because neither fragment O nor fragment P con-
tains this region but both retain robust transcriptional activity,
the DNA surrounding the transcriptional initiation sites does
not play a role in controlling the strength of p742 activity.

The experiments above show that the presence of either the
proximal element or distal element is necessary for the tran-
scriptional activity of the reporter constructs. Information nec-
essary for the activity of the distal element is located between
nucleotides 380 and 530, and information necessary for the

FIG. 3. Deletion of upstream regulatory region enhancer elements. Reporter constructs lacking the auxiliary enhancer (�AE), keratinocyte
enhancer (�KE), or both (�AE/KE) were transfected into CIN-612 9E cells, cultured under (a) monolayer or (b) methylcellulose conditions, and
assayed as described in the legend to Fig. 1. Numbers to the left or under the bars in the schematic diagram represent the nucleotide positions
in the HPV31 genome of the 5� and 3� termini or of the deleted regions within the fragments. The raw luciferase values were normalized to the
value of pGL2B-1706 within each experiment, and then the normalized values were averaged. Bars represent � 1 standard error of the mean.
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activity of the proximal element is located between nucleotides
531 and 681. To determine whether either of these necessary
regions is sufficient to drive the activity of the proximal element
or the distal element, we created and tested fragments that
isolate the two regions from surrounding sequences, either
separately or in combination (Fig. 5). In contrast to fragment
P (see Fig. 4), the nucleotide 381 to 530 segment alone (frag-
ment S) was unable to support transcription to a level compa-
rable to that of fragment H, indicating that some information
between nucleotides 231 and 380 is necessary for distal ele-
ment activity but is not sufficient (see fragment Q, Fig. 4). The
segment between nucleotides 531 and 680 in isolation (frag-
ment T), however, was sufficient for robust activity, suggesting
that this fragment contains the entire proximal element.

When the information between nucleotides 381 and 530 is
added to the segment containing proximal element activity, the
activity was low (fragment R), suggesting that although some
information between nucleotides 381 and 530 is necessary for
the distal element, these elements inhibited the activity of the
proximal element. This inhibition was not seen when upstream
sequences were present (see fragment O, Fig. 4), suggesting

FIG. 4. Localization of the core p742 promoter. Reporter constructs containing 5� or 3� deletions of the E6/E7 region were transfected into
CIN-612 9E cells and cultured under (a) monolayer or (b) methylcellulose conditions. Numbers to the left and right of the bars in the schematic
diagram represent the nucleotide positions of the 5� and 3� termini of the fragments in the HPV31 genome. The raw luciferase values were
normalized to the value of fragment H within each experiment, and then the normalized values were averaged. Bars represent � 1 standard error
of the mean.

FIG. 5. Activities of the proximal and distal elements. Numbers to
the right and left of the bars in the schematic diagram represent the
nucleotide positions of the 5� and 3� termini of the fragments in the
HPV31 genome. Reporter constructs were transfected into CIN-612
9E cells and cultured in monolayer (a) or methylcellulose (b). The raw
luciferase values were normalized to the value of fragment H within
each experiment, and then the normalized values were averaged. Bars
represent � 1 standard error of the mean.
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that the observed repression of activity was counteracted by
elements between nucleotides 231 and 380 (�630 to �480).
Relative to fragment H, the proximal element (fragment T)
had substantially higher activity in monolayer than in methyl-
cellulose. This result suggests either that the proximal element
is repressed by differentiation in methylcellulose or that frag-
ment H is activated by differentiation.

To determine whether the 150-bp fragment containing the
proximal element (fragment T) can be further subdivided, we
created constructs in which 50-bp segments of fragment T were
placed upstream of luciferase, either alone or in combination,
to test their activities (Fig. 6). Again, fragment T drove tran-
scription at a level comparable to that of fragment H, and the
relative activity was higher in monolayer than in methylcellu-
lose. None of the three 50-bp segments (T1, T2, or T3) could
drive transcription as well as fragment T in either monolayer or
methylcellulose. Additionally, 100-bp fragments consisting of
the upstream two (T1 and T2) or downstream two (T2 and T3)
50-bp segments also did not support transcription to a degree
comparable to fragment T. This indicates that information
essential for the function of the proximal element is present in
each of these three 50-bp segments. Based on these results, we
conclude that fragment T contains necessary and sufficient
information for promoter activity and designated it the core
p742 promoter.

Relationship of amplification to upregulation of p742 tran-
scripts. Having mapped the enhancer and basal promoter el-
ements of p742, we turned our attention to the regulation of
the promoter by differentiation. As described above, several
hypotheses could explain the increase in the steady-state level
of transcripts from p742 when cells differentiate. A simple
possibility is that differentiation-dependent amplification of
viral genomes provides an increased number of templates from
which transcription can occur. Template amplification would

lead to an increase in the steady-state level of transcripts even
in the absence of changes in rates of transcription initiation or
degradation. To attempt to prevent differentiation of CIN-612
9E cells suspended in methylcellulose, we treated cells with the
general protein kinase C inhibitor GF109203X (62). This com-
pound has been reported to block the cell cycle withdrawal and
induction of involucrin expression that accompany suspension
of primary keratinocytes in methylcellulose culture (60). If this
drug also blocked differentiation-dependent genome amplifi-
cation, it could be used to test whether template amplification
is necessary for p742 activation. The results are shown in Fig.
7.

By Southern analysis (Fig. 7a), HPV31b genomes in CIN-
612 9E cells amplified when the cells were differentiated in
methylcellulose, in agreement with previous results (51).
Treatment of monolayer cells with GF109203X had no effect
on copy number, but addition of GF109203X to methylcellu-
lose cultures blocked amplification of the viral genome so that
the copy number remained at monolayer levels. When the

FIG. 6. Activity of segments of the proximal element (fragment T).
Numbers to the right and left of the bars in the schematic diagram
represent the nucleotide positions of the 5� and 3� termini of the
fragments in the HPV31 genome. Reporter constructs were trans-
fected into CIN-612 9E cells and cultured in monolayer (a) or meth-
ylcellulose (b). The raw luciferase values were normalized to the value
of fragment H within each experiment, and then the normalized values
were averaged. Bars represent � 1 standard error of the mean.

FIG. 7. Independence of p742 upregulation from amplification. (a)
Southern analysis of CIN-612 9E cells cultured in monolayer or meth-
ylcellulose (MC), with or without 5 �M GF109203X. B, digested with
BamHI, which does not cut the HPV31b genome; H, digested with
HindIII, which digests the HPV31b genome once. (b) RNase protec-
tion analysis of CIN-612 9E cells from the same experiment as part a.
Total RNA was hybridized with a probe specific to the p742 start site
region, subjected to RNase treatment, and analyzed by electrophoresis
as described in Materials and Methods. The positions of bands corre-
sponding to the initiation sites of p742 as well as the cyclophilin
internal control are indicated. Samples containing yeast RNA hybrid-
ized with the probes and treated with RNase or untreated are also
indicated.

3316 BODILY AND MEYERS J. VIROL.



RNA from these cultures was examined by RNase protection
assay with a probe for the p742 region (Fig. 7b), the multiple
start sites were clearly visible and there was an increase in
these transcripts as a result of methylcellulose culture, as ex-
pected (51). Strikingly, aside from minor variations in band
intensity at some positions, GF109203X had no effect on p742
activation in response to differentiation in methylcellulose.
This result clearly indicates that p742 activation can proceed in
the absence of significant genome amplification and that an
increase in gene dosage as a result of genome amplification
cannot account for the differentiation-dependent increase in
p742 transcripts.

Mapping differentiation response elements. In Fig. 5 and 6,
fragment T, the core promoter, had higher activity in mono-
layer culture than fragment H, whereas in methylcellulose, its
activity was equivalent to or less than that of fragment H. This
result supports the possibility that fragment H was activated by
methylcellulose culture while fragment T was not, so that the
activity of H increased relative to that of T. However, this

experimental approach is insufficient to test that possibility
directly. The monolayer and methylcellulose values shown in
Fig. 2 to 6 show patterns of transcriptional activity compared to
a reference construct (fragment A or fragment H) under each
culture condition. The values for each condition (monolayer or
methylcellulose) were obtained in independent experiments,
and because the transfection conditions and the treatment of
the cells differed between monolayer and methylcellulose cul-
tures, the activities could be compared directly. To determine
the locations of differentiation-responsive elements in the
DNA with the reporter strategy, it is necessary to directly
compare the activity in monolayers to that in methylcellulose
for each construct.

Accordingly, we altered our standard transfection assays ac-
cording to the scheme diagramed in Fig. 8a. We performed a
transfection of each reporter plasmid construct in duplicate
and pooled the cells. We split the sample into two and cultured
half in methylcellulose and half in monolayer. After harvesting,
the number of cells in each sample was equalized for the

FIG. 8. Mapping the major differentiation response element. (a) Schematic diagram of the differentiation response assay. (b) Differentiation
response of p742, the core promoter, and the upstream regulatory region (URR). Transfections were performed as described in the text and
diagramed in part a. (c) Mapping the differentiation response element (DRE). Bars represent � 1 standard error of the mean.
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luciferase reaction. Because the original transfections and the
final cell number were the same, any difference in activity must
be due to the conditions of the culture, i.e., whether the cells
were differentiated in methylcellulose or not. The ratio of
activity in methylcellulose to that in monolayer was termed
induction, which is the responsiveness of a given reporter to
differentiation.

When this analysis was performed with our reporters (Fig.
8b), we found that fragment H, which was expected to contain
the p742 promoter more or less in its entirety, was inducible by
differentiation approximately 2.5-fold. The core promoter,
fragment T, was not inducible. Fragment H does not contain
the viral origin of replication, adding further evidence that viral
genome replication is not necessary for the differentiation re-
sponsiveness of p742. Fragment A, which includes the up-
stream regulatory region and p99, was also inducible by ap-
proximately twofold. This level was comparable to that of
fragment H, even though the total activity of fragment A is
higher than that of H in both monolayer and methylcellulose
conditions (Fig. 2a and d). Thus, although the upstream reg-
ulatory region contributed to the strength of transcriptional
activity, elements surrounding the core promoter control the
differentiation response. This result illustrates the distinction
between activity and induction.

Using our panel of deletion constructs, we found that a
major differentiation response element (DRE) is located
downstream of nucleotide 531 (3� of �330), within fragment J,
and that upstream sequences are dispensable for this response
(compare fragment J to H and I). We designated this element
DRE1. Information important for DRE1 is found between
nucleotides 680 and 861 (3� of �180, compare fragments J and
T). Because the region downstream of nucleotide 680 alone
(fragment K) had no transcriptional activity (see Fig. 4), it is
not by definition inducible. Note that nucleotides 680 to 861
contain the transcriptional start sites and sequences in the 5�
untranslated region of the p742 mRNAs. It also appears that
sequences between nucleotides 231 and 530, although not suf-
ficient for a response alone (fragment P), may confer a re-
sponse when added to the core promoter (fragment T) in the
absence of the information downstream of nucleotide 680
(compare fragments O and T). This suggests the possibility of
a distinct element in this region that is sufficient for differen-
tiation inducibility but independent the information between
nucleotides 680 and 861. The differentiation response element
between nucleotides 231 and 680 we tentatively designated
DRE2, although further experiments will be required to de-
termine whether it is distinct from DRE1.

DISCUSSION

In this study, we used a reporter strategy to locate enhancer
and core promoter elements of p742, the HPV31 late pro-
moter. In many transcription studies, the term core promoter
is used to mean the minimal elements needed to drive tran-
scription from a fixed start site (50). In the case of promoters
with multiple start sites such as p742, this definition is prob-
lematic. We use the term core promoter somewhat more
broadly to mean the minimal DNA region necessary and suf-
ficient to drive transcription. We have shown that in CIN-612
9E cells in monolayer culture, mutation of the p99 TATA box

in the context of our reporters results in a substantial reduction
in transcriptional activity (Fig. 2a). This loss of activity by
TATA mutation is mirrored by 5� deletion of enhancer ele-
ments shown by others to be important for p99 activity (30, 35),
indicating that total luciferase activity in monolayer has both a
p99 and p742 component. On the other hand, mutation of the
p99 TATA fails to significantly reduce reporter activity in CIN-
612 9E cells in methylcellulose (see Fig. 2d), suggesting
strongly that the majority of the reporter activity in methylcel-
lulose originates from p742. The observation that deletion of
enhancer elements under differentiating conditions reduces
reporter activity (see Fig. 2d and 3) indicates that the enhanc-
ers previously identified in the upstream regulatory region
have an effect on the activity of p742 even in the absence of a
p99. Whether p99 and p742 respond to exactly the same cis
elements and same binding factors remains to be determined.
Protein factors bound to various DNA elements in the up-
stream regulatory region change as a function of differentiation
(52), so a given element could affect one or both promoters
differently under undifferentiated versus differentiated condi-
tions.

We also mapped the major differentiation response element
of p742 and demonstrated that the differentiation response is
independent of viral genome amplification. Two lines of rea-
soning illustrate this independence. First, the major differen-
tiation-responsive element does not map to the origin of rep-
lication, because the level of induction of the p742 reporter
(fragment H) was not augmented upon the addition of the
upstream regulatory region (i.e., fragment A), which contains
the minimal viral origin (20, 25). Thus, the elements needed
for replication are distinct from those that confer differentia-
tion response (Fig. 8b). CIN-612 9E cells contain the E1 and
E2 proteins, which are the two viral factors needed for repli-
cation, and a transfected origin-containing plasmid such as
fragment A could conceivably replicate in these cells. On the
other hand, because we have not determined whether such
replication actually takes place, the failure of fragment A to be
more differentiation responsive than fragment H cannot be
taken alone as clear evidence that replication per se is not
involved in the differentiation response.

More direct evidence that p742 is independent of amplifi-
cation is that inhibition of protein kinase C activity in methyl-
cellulose culture can separate amplification of genomes from
activation of p742 (Fig. 7). Since p742 was upregulated in the
same cultures at the same time that amplification was inhibited
clearly demonstrates that increased genome copy number was
not necessary for increased transcripts from p742 in methyl-
cellulose. The results of Flores et al. (18) demonstrate that late
replication involves not only a quantitative change in genome
copy number (i.e., amplification) but also a qualitative change
in replication mechanism. This change in mechanism undoubt-
edly involves changes in template structure in addition to tem-
plate number. We have shown that inhibition of protein ki-
nase C can block amplification, but we have not shown that
GF109203X can block any qualitative changes in the template
associated with late replication. Although our results indicate
that the quantitative phenomenon of amplification is not nec-
essary for p742 activation, it is possible that as yet unidentified
structural changes associated with late replication may still be
needed. A more thorough understanding of the structural and

3318 BODILY AND MEYERS J. VIROL.



mechanistic basis of amplification will help resolve this ques-
tion. The observation that amplification was effectively blocked
by GF109203X indicates that protein kinase C activity is im-
portant for differentiation-dependent viral replication, and ex-
periments are under way to explore this observation.

Although transcripts from p742 become abundant upon cel-
lular differentiation, it has not been shown definitively that this
increase in transcripts is mediated at the transcriptional level,
that is, by direct promoter activation, as opposed to stabiliza-
tion of transcripts during differentiation. The experiments re-
ported here also did not distinguish between these possibilities.
Posttranscriptional modification of papillomavirus transcripts
can change with differentiation (5, 27, 59), and these changes
could result in stabilization of transcripts from p742, although
this has not been demonstrated.

A noteworthy finding in this study is that information
needed for the function of DRE1 lies downstream of the tran-
scription start sites. Because of this location, information con-
tained in part of DRE1 would be present in the 5� untranslated
region of all p742 transcripts, leaving open the possibility that
this element is in fact an RNA stability element. Although
many elements controlling RNA stability are located at the 3�
ends of mRNAs, some elements in 5� untranslated regions also

have been described (23). p742-derived transcripts have either
of two 3� ends, corresponding to either the early or late poly-
adenylation signal (44, 59). Conservation of a stability element
at the 5� end of p742 transcripts would allow both classes of
transcripts to be upregulated by the same mechanism. How-
ever, the location of essential DRE1 elements downstream of
the core promoter does not exclude the possibility that the
relevant elements are DNA elements, as transcription factor
binding sites downstream of initiation sties are hardly rare,
especially in multiple-start promoters (8, 9, 13, 14, 17, 24, 29,
33, 38, 63).

It is possible that both mechanisms contribute to the final
activation. Perhaps transactivation versus stabilization may
turn out to distinguish DRE2 versus DRE1. The resolution of
our mapping studies was insufficient to unambiguously sepa-
rate DRE1 from DRE2, so they may actually share important
information (e.g., within fragment T). We note that the level of
induction as measured by luciferase reporter assays is less than
that observed at the RNA level in infected cells (compare Fig.
7 and 8). Assuming that the luciferase assays predominantly
measure transcriptional effects, the remaining induction ob-
served at the RNA level may be due to additional posttran-
scriptional effects. A similar phenomenon was observed in the

FIG. 9. Diagram of elements identified in this report. A schematic of the HPV genome with the nucleotide numbers, open reading frames, and other
features shown. Bent arrows represent selected transcriptional start sites. At the top of the figure is the sequence of the core promoter (fragment T) with
potential transcription factor binding sites in bold, as predicted by the Match program available at http://www.gene-regulation.com/cgi-bin/pub/programs
/match/bin/match.cgi. At the bottom is the sequence of fragment K, which contains information necessary for DRE1, with predicted factor binding sites
in bold, shadowed, or boxed. Also indicated are the approximate boundaries of the differentiation-dependent DNase-hypersensitive region as described
earlier (16).
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simian virus 40 late promoter, in which both transcriptional
and nontranscriptional mechanisms contribute to the final
transcript level (31).

We favor the hypothesis that p742 is transcriptionally acti-
vated at least to some degree as a function of differentiation
because of several circumstantial considerations. First, a
marked increase in DNase I hypersensitivity occurs around the
p742 region as a function of differentiation (16), suggesting
that the DNA template may become more competent for tran-
scription under these conditions. Second, if transcription were
to be upregulated by differentiation, two nonexclusive mecha-
nisms could be responsible: gain of a differentiation-specific
activator or loss of a repressor. Binding of human Skn-1a, an
Oct family transcriptional activator specifically expressed in
differentiating epithelia (2), has been shown for the analogous
promoter (p670) of HPV16 (34). Binding of CCAAT displace-
ment protein (CDP/cut), a transcriptional repressor not found
in differentiating cells, has been demonstrated for both HPV6
and HPV31 and may also result in alleviation of repression as
a function of differentiation (1).

We note (Fig. 9) that DRE1 contains potential binding sites
for both of these factors as well as others, such as Tst-1 and
C/EBP, that have also been implicated in epithelial or HPV
differentiation-dependent transcription (3, 52, 64). That frag-
ment T is more active than fragment H in monolayer but
approximately equal in methylcellulose (Fig. 5 and 6) supports
the idea that H may contain an element that is repressive in
undifferentiated conditions and would result in activation of
p742 as the cells differentiate. Further studies are under way to
determine whether transactivation is in fact a mechanism by
which p742 transcripts are upregulated and what sites and
mechanisms are responsible for the activity of the differentia-
tion response elements in vivo.

The use of genetic reporters to analyze promoter activity is
a widely used strategy but can lead to artifactual results, espe-
cially in the case of HPV, in which the small viral genome is
densely packed with cis- and trans-acting control elements
(E. Sen, J. M. Bodily, S. Alam, and C. Meyers, unpublished
data). The fact that the pattern of transcriptional start sites
used by the reporter resembles that seen from native genomes
(Fig. 1) lends some confidence to the accuracy of the mapping
results reported here. Certainly the definitive test of the func-
tion of a transcriptional control element would be mutation in
the context of the whole genome followed by analysis of the
functionality of the mutant virus throughout the life cycle in
raft culture. Because this is the first study using genetic strat-
egies to examine the activity and regulation of p742, elements
at the resolution of individual transcription factor binding sites
have yet to be identified. We anticipate that the studies in this
report will serve as a guide to identify such sequence elements,
leading to their analysis in the context of the whole virus ge-
nome.

HPV31 has evolved a late promoter with multiple start sites.
Neither the mechanistic basis nor any adaptive significance of
such a promoter strategy is understood. It is intriguing that in
addition to the mucosal papillomaviruses, simian virus 40 (21,
56), and polyomavirus (8), which are also small, circular, on-
cogenic DNA viruses, have multiple-start late promoters. The
common occurrence of multiple-start promoters in both cellu-
lar and viral systems raises an important question in the field of

transcription that remains unanswered: why are there so many
different kinds of promoters in the first place? Is it biologically
significant that some promoters have TATA boxes, some have
initiator elements, some have both, some have neither, some
have a single start, and some have dozens? Despite some
suggestions that different classes of promoters may have dif-
ferent regulatory properties (37, 54, 55), real understanding of
this basic question remains elusive.

As a model multiple-start promoter, p742 has many impor-
tant features, including responsiveness to experimentally con-
trollable conditions (16, 26, 44) and its location on a small,
genetically self-contained virus for which the technology exists
to study its regulation at any point in its natural history (41–
43). Because of these considerations, we expect that a full
understanding of the components, regulation, and biological
function of p742 will deepen not only our understanding HPV
biology but also the function of multiple-start promoters in
general and how they uniquely contribute to gene expression.
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