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Abstract

The role of human papillomavirus (HPV) proteins in the patho-
genesis of cervical intra-epithelial neoplasia (CIN) and invasive
cervical cancer is poorly understood. To characterize E4 pro-
tein expression in 49 paraffin-embedded cervical biopsies repre-
senting different histopathologic grades of disease, antibodies
were elicited to a synthetic peptide corresponding to amino
acids 20-34 of a protein predicted to be encoded by the HPV 16
E4 open reading frame. The E4 protein was detected through-
out the spectrum of CIN, from CIN 1 to CIN 3. Expression was
localized to the cell nucleus, primarily in the superficial layers
of the squamous cervical epithelium. Ultrastructural studies
showed that the E4 protein was organized into compact, intran-
uclear arrays 25-35 nm in diameter. E4 protein expression was
also demonstrated in some histologically normal tissues con-
taining HPV 16 DNA, but not in any of five cervical cancers
containing HPV 16 DNA. These results suggest that E4 pro-
tein expression may precede development of light microscopic
tissue abnormalities, that it may continue through the spectrum
of CIN, and that expression of this protein may be reduced or
terminated in invasive cancer. The function of this protein re-
mains unknown, but its nuclear localization may be consistent
with a role in viral maturation. (J. Clin. Invest. 1991. 87:2132-
2141.) Key words: human papillomavirus « cervical intra-epith-
elial neoplasia ¢ cervical cancer « E4 protein

Introduction

The relationship between human papillomavirus (HPV)' in-
fection and disease of the human uterine cervix, ranging from
cervical intra-epithelial neoplasia (CIN) to squamous cell carci-
noma (SCC) is now well established (1-3). Several studies have
suggested that CIN may progress from low grade disease (CIN
1) to high grade disease (CIN 3) over a period of months to
years, and that CIN 3 is associated with a high risk of progres-
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sion to invasive cervical cancer (4, 5). HPV types 6 and 11 have
been detected primarily in association with low grade cervical
disease (condyloma acuminatum and CIN 1), whereas types
16, 18, 31, 33, and 35 have been detected in association with
high grade cervical disease and a higher risk of progression to
malignancy (6-11). Of the latter group, HPV 16 has been the
most frequently detected HPV type in several studies of
women with CIN or cervical cancer (12).

The genome of HPV 16 consists of the early region (E) and
the late region (L) (13). The latter can encode the L1 and L2
proteins which are thought to be the major and minor capsid
proteins, respectively; these are believed to be expressed only in
productive viral infection (14). The E region proteins E1 and
E2 are important in viral transcriptional regulation (15-17),
whereas the E6 and E7 proteins are thought to be more directly
involved in malignant transformation, with the latter playing
the major role (18-20). In contrast, the function of the proteins
encoded by the E4 open reading frame (ORF) is unknown. In
plantar warts containing HPV 1a DNA, the E4 proteins appear
to constitute a family of polypeptides ranging in size from 10 to
17 kD. They are of considerable interest because they are ex-
pressed in great abundance, comprising up to one-third of the
total cellular mass (21). Similarly, mRNA species encoded by
the E4 ORF are among the most abundant viral transcripts in
biopsies of CIN and condyloma (22, 23).

At this time, little is known about the functional role of
early region proteins during the progression of HPV-infected
lesions from infection of histologically normal tissue to the
development of CIN and SCC. As a first approach to this fun-
damental question, we sought to characterize the expression of
early region proteins at each stage of CIN and in invasive
cancer. In this report, we describe the preparation of antibodies
specific for the E4 protein of HPV 16, and their use in the
characterization of E4 protein expression in HPV 16-infected
cervical tissues ranging from histologically normal to invasive
cancer.

Methods

Collection of clinical specimens. After a routine Papanicolaou smear
was performed, a Dacron™ cervical swab was used to obtain exocervi-
cal and endocervical material from 49 consenting women attending
four San Francisco Bay area colposcopy clinics; each woman was re-
ferred to one of these clinics because of a recent history of an abnormal
Papanicolaou smear. Swabs were placed in a 1-ml solution consisting
of 25mM Tris HC buffer, pH 8.0, containing 4.2M guanidium isothio-
cyanate (Sigma Chemical Co., St. Louis, MO), 0.5M 2-ME (Sigma
Chemical Co.), and 0.5% (wt/vol) N-lauroylsarcosine (Sigma Chemical
Co.), and stored at —20 C. A biopsy of a region fulfilling colposcopic
criteria (24) for cervical disease was obtained during the same visit from
each subject. Cervical biopsies were fixed in formalin, embedded in
paraffin, and cut into 4-um tissue sections; these sections were prepared



for routine histopathologic examination and for immunohistochemi-
cal studies using the antibodies specific for the E4 protein described
below. Histopathology was evaluated using standard diagnostic criteria
for the female genital tract (24).

Preparation of the HPV 16 and HPV 6 E4 synthetic peptides. A
peptide corresponding to amino acids 20-34 (Gly-Ser-Thr-Trp-Pro-
Thr-Thr-Pro-Pro-Arg-Pro-lIle-Pro-Lys-Pro) of the E4 ORF of HPV 16
(HPV 16 E4[20-34]) was synthesized by solid-phase techniques using
commercially available amino acids and tert-butoxy carbonyl-protect-
ing groups (Peninsula Laboratories, Belmont, CA) (25). A peptide se-
quence found in both HPV 6 and 11, corresponding to amino acids
33-46 (Asn-Leu-Leu-His-Thr-Pro-Pro-His-Arg-Pro-Pro-Pro-Leu-Cys)
of the E4 ORF of HPV 6 was also synthesized. As indicated in Fig. 1,
both sequences are derived from the homologous regions of their re-
spective E4 ORFs. After synthesis, the amino acid compositions and
sequences of the peptides were confirmed by amino acid analysis and
automated Edman degradation, respectively. For the purpose of cova-
lent coupling of the HPV 16 E4[{20-34] peptide to thyroglobulin, a
cysteine residue was added to the peptide’s carboxyl terminus during
synthesis; conjugation of the peptide to thyroglobulin was then per-
formed using the heterobifunctional cross-linker m-maleimidoben-
zoyl-n-hydroxysuccinimide ester (MBS) (Pierce Chemical Co., Rock-
ford, IL) (26).

A synthetic peptide corresponding to the entire predicted HPV 16
E4 ORF was synthesized as well. The HPV 16 E4 ORF does not encode
an NH,-terminal methionine, and the predicted sequence of the native
protein includes a splice from the E1 ORF to amino acid 10 of the E4
ORF (27). This sequence was therefore prepared synthetically using a
peptide synthesizer (No. 9050; Milligen, Inc., Cambridge, MA) and
N-a-fluorenylmethoxylcarbonyl (Fmoc)-protected amino acids acti-
vated as pentafluoropheny! esters (28). Protected amino acids and res-
ins (substituted at 0.9 mEq/g) used for synthesis were purchased from
Milligen, Inc. Synthesis was accomplished using successive cycles of
deprotection with 20% wt/vol piperidine and coupling in the presence
of 1-hydroxybenzotriazole (Aldridge Chemical Co., Milwaukee, WI) as
described (28). Peptides were cleaved from 2 g of resin by acidolysis
using 30 ml of a solution containing 95% trifluoroacetic acid (Aldridge
Chemical Co.), 5% distilled water, and 1 mg of phenol for a period of 8
h. The solution was separated from the resin, evaporated, and extracted
with 200 ml of cold ether. The precipitated peptide was dried, resus-
pended in 100 ml of 5% acetic acid, lyophilized, and characterized by
amino acid analysis and NH,-terminal sequencing.

Preparation of affinity-purified HPV 16 E4 peptide-specific anti-
sera. To elicit antibodies to synthetic peptide HPV 16 E4[20-34], the
peptide-thyroglobulin conjugate was emulsified with CFA and injected
into New Zealand White rabbits; 6 wk later, the conjugate was adminis-
tered with IFA, and the animals were bled 10 d thereafter. The IgG
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fraction was precipitated from the corresponding pre-immune sera and
from the hyperimmune E4 antisera with 2 M ammonium sulfate, fol-
lowed by anion-exchange chromatography with DEAE-cellulose
(Sigma Chemical Co.). For the purpose of affinity purification, the
synthetic peptide was conjugated to BSA with the heterobifunctional
cross-linker succinimidyl 4-(n-maleimidomethyl) cyclohexane-1-car-
boxylate (SMCC) (Pierce Chemical Co.), and the peptide-BSA conju-
gate linked to an Affigel 15 column (Bio-Rad Laboratories, Richmond,
CA). Bound (E4 peptide-specific) IgG was eluted in 20 mM glycine
buffer, pH 2.5, and neutralized with 30 mM Tris HCI buffer, pH 8.0.
The E4 peptide-specific IgG, the pre-immune IgG, and the IgG fraction
of the same immune sera that did not bind the column were assessed
for reactivity to the HPV 16 E4[20-34] peptide by a solid-phase RIA.

Radioimmunoassays. Polystyrene microtiter plate wells were incu-
bated overnight with 5 ug of HPV 16 E4[20-34]-SMCC-BSA conjugate
or HPV 6[33-46]}-SMCC-BSA conjugate in 0.1 M sodium carbonate,
pH 9.2, at room temperature. Wells were then washed with blocking
buffer (0.1% BSA in PBS). The affinity-purified antibodies to HPV
16[20-34], at an initial concentration of 1.4 ug/ml, were then added in
serial 1:2 dilutions in blocking buffer containing 0.17% BRLJ 35 (Pierce
Chemical Co.), beginning with a dilution of the initial antibody prepara-
tion of 1:50. Each dilution was tested in duplicate. The plates were
incubated at 37°C for 3 h and the wells were then washed with BRIJ-
blocking buffer. 5 X 10* cpm of '*I-protein A were added in BRIJ-
blocking buffer to each well and the plate was incubated for 3 h at
37°C. Finally, the wells were washed with BRIJ-blocking buffer, cut
out of the plate, and the bound radioactivity was quantitated by
gamma counting. The results for each dilution are given as the average
of the duplicate wells.

In a separate experiment, polystyrene microtiter wells were incu-
bated overnight with 5 ug/ml of HPV 16 E4[20-34] or with 30 ug/ml of
the full-length synthetic HPV 16 E4 peptide. Greater concentrations
were chosen for the latter to obtain approximately equimolar concen-
trations of the E4[20-34] epitope, since the molecular mass of the full-
length peptide is approximately six times greater than the E4[20-34]
peptide. Affinity-purified antibodies to HPV 16[20-34], at an initial
concentration of 1.65 ug/ml, were then added in serial 1:2 dilutions in
the Brij blocking buffer, beginning with a dilution of 1:50. Each dilu-
tion was tested in triplicate. The plates were incubated at 37°C for 3 h
and the wells were then washed with BRIJ-blocking buffer. 7 X 10* cpm
of '*I-protein A were added in BRIJ-blocking buffer to each well, the
plate was incubated for 3 h at 37°C, and the RIAs were performed as
described above.

Reactivity of the antibodies to HPV 16 E4[20-34] to the full-length
synthetic E4 protein sequence. Reactivity of the antibodies elicited to
HPV 16[20-34] for the full-length protein described above was studied
by RIA (as described above), and by Western blot analysis. 2 ug of the

Figure 1. Amino acid sequence of
synthetic peptide HPV 16 E4[20-
34]. The amino acid sequences
specified by the HPV 16, 6, and 11
ORFs were derived from the corre-
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HPV 16 YYVI]
HPV 6 .... LAL
HPV 11 .... Y]
50 60
HPV 16 KH SDQD QSQTPETPAT
HPV 6 KTQC NEHE ESNSPuTPCVWPT
HPV 11  KTAC SEHV DR PuTPCVWPT
80 90
HPV 16 TVLQSSLHLT A 1 HP
HPV 6
HPV 11 jﬂ

P CTETQW
ETT T TITTS
S QST T TITTS

sponding genomic sequences (13,
53, 54), aligned to depict regions of
homology and numbered according
to the HPV 16 sequence. The pre-
dicted NH,-terminal sequences of
these ORFs are not shown. Identical
70 amino acids are enclosed in the
boxes. The HPV 16 E4[20-34] se-
quence is denoted in boldface; anti-
bodies to this sequence were used in
this study to detect the E4 protein

in cervical tissues containing HPV
16 DNA. The one-letter amino acid
code is used.
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synthetic full-length E4 protein were subjected to SDS-PAGE using
18% polyacrylamide in the resolving gel (29), and the protein was trans-
ferred to a nitrocellulose membrane (30). The membrane was incu-
bated in 10 ng/ml of affinity-purified antibodies to HPV 16 E4[20-34]
for 1.5 hat 37°C, followed by incubation in 15,000 cpm/ml of '**I-pro-
tein A for 1.5 h at room temperature. The membrane was washed and
exposed to Kodak XAR 5 film overnight at —70°C.

Immunohistochemistry. Formalin-fixed, paraffin-embedded cervi-
cal biopsies were cut into sections 4 um in thickness, placed on glass
slides coated with aminopropyltriethoxysilane (AES) (Sigma Chemical
Co.), and baked overnight at 60°C. Each tissue was assessed with pre-
immune IgG and affinity-purified IgG at a concentration of 1.4 ug/ml.
Tissues were also assessed with immune IgG from which the peptide-
specific antibodies had been removed by affinity chromatography;
these antibodies, which did not bind the peptide, were also used at a
concentration of 1.4 ug/ml. Immunohistochemistry was performed ac-
cording to the method of Hsu and Raine (31). Slides were deparaffin-
ized in xylene, followed by graded ethanol washes from 100% ethanol
to 70% ethanol. Slides were washed in 0.2% Tween (Sigma Chemical
Co.) in PBS, followed by two washes in PBS. 10% normal goat serum in
PBS was added to the slides for 30 min at room temperature in a
humidity chamber. The slides were incubated with the IgG prepara-
tions described above in PBS with 0.05% Tween for 16 h at 4°C or for 1
h at room temperatufe, and were washed in PBS with 0.2% Tween.
Biotinylated goat anti-rabbit IgG in PBS with 0.05% Tween was added
for 30 min (ABC; Vector Laboratories, Inc., Burlingame, CA). Avidin-
alkaline phosphatase conjugate in PBS with 0.05% Tween was added to
the slides for 1 h at room temperature, followed by incubation with Red
alkaline phosphatase substrate (Vector Laboratories, Inc.) for 1 h at
room temperature in the dark. The slides were washed in distilled
water, counterstained lightly with hematoxylin, dehydrated through
graded washes from 70% to 100% ethanol, and mounted with Per-
mount. !

To be considered positive for the E4 protein, each tissue was re-
quired to satisfy the following criteria for antibody specificity: (a) affin-
ity-purified antibodies to E4[20-34]-bound epithelial, but not stromal
structures; (b) the IgG fraction of the pre-immune sera did not bind
epithelial structures when used in the same concentration as the affin-
ity-purified antibodies; and (¢) immune IgG from which the E4-specific
antibodies had been removed by affinity chromatography did not bind
epithelial structures when used in the same concentration as the affin-
ity-purified antibodies. The latter criterion was used in place of compet-
itive inhibition experiments with the soluble synthetic peptide because
the peptide precipitated onto the surface of the slide during this assay.

Immunoelectronmicroscopy. Immunoelectron microscopy was
performed on a biopsy of a cervical lesion obtained at the time of
cervical conization using previously described techniques (32, 33).
Subsequent histopathologic assessment of tissue adjacent to the area of
the biopsy demonstrated CIN 2. The biopsy specimen was immediately
fixed in 4% paraformaldehyde in double-distilled water at 4°C for 2 h.
The specimen was cut into blocks measuring 1 mm X 1 mm X ¢ mm,
(where ¢ equals the thickness of the epithelium), infiltrated successively
in 4% paraformaldehyde with 10, 20, 40, and 78% sucrose in PBS, pH
7.2, and shock-frozen in slush nitrogen (—210°C). Ultrathin frozen
sections were obtained on dry glass knives in an Ultracut FC-4E unit at
—120°C (Reichert AG, Vienna, Austria). Sections were collected with
droplets of 4% paraformaldehyde in 2.3 M sucrose in PBS and placed
after thawing onto carbon-reinforced Pioloform F hexagonal gold grids
(Wacker Chemie, Munich, FRG). Nonspecific binding sites were
blocked with 0.1% gelatin and 0.5% BSA in PBS, and subsequently
with goat nonimmune serum. The sections were then incubated for 1 h
in 700 ng/ml antibodies to HPV 16 E4[20-34] in PBS containing 0.1%
gelatin. Sections were then incubated with affinity-purified goat anti-
rabbit IgG conjugated with 5-nm colloidal gold particles (Janssen,
Beerse, Belgium). As a control, sections were also incubated in equal
concentrations of rabbit pre-immune IgG. After staining with uranyl
acetate, the specimens were stabilized with 1.0% methylcellulose

2134

Palefsky, Winkler, Rabanus, Clark, Chan, Nizet, and Schoolnik

(Methocyl; Fluka Feinchemikalien, Neu-Ulm, FRG), and examined at
80 kV with a Jeol JEM-1200 EX electron microscope.

Detection of HPV DNA. The HPV type present in the cervix was
determined by Southern blot hybridization of cervical swab material
obtained before cervical biopsy. The guanidium isothiocyanate collec-
tion medium containing exfoliated cervical cells was extracted with
phenol/chloroform, followed by isopropanol precipitation to partially
purify the DNA. DNA was digested with 10 U PstI for 2h at 37°Cin 20
ul, and the fragments were electrophoresed in a 1% agarose gel. South-
ern blot hybridization (34) was performed with probes consisting of
32p_labeled nick-translated genomic DNA of HPV types 16, 18, and 31
separately, and a mixture of probes corresponding to HPV 6 and-11.
Initial washes were performed under conditions of temperature mid-
point —25°C. After appropriate exposure to Kodak XAR-5 film at
—70°C, the blots were rewashed under conditions of temperature mid-
point —10°C and re-exposed.

Polymerase chain reaction studies for the detection of HPV DNA
were performed on 10 histologically normal tissue blocks using a modi-
fication of the method of Shibata et al. (35). Oligonucleotide primers
(Operon Inc., Richmond, CA) were selected to amplify a portion of the
E6 region specific to each of HPV 16, 18, and 31, as well as a portion
common to HPV 6 and 11.

Sequential 7-um tissue sections were cut from each block and
placed in separate Eppendorf tubes. Before amplification, tissue sec-
tions from each block were deparaffinized in xylene and washed in 95%
ethanol. Polymerase chain reaction studies were performed after diges-
tion of the section with 100 ug/ml Proteinase K (Sigma Chemical Co.).
The Proteinase K was then inactivated by boiling for 10 min. One-half
of the digested material was brought to a final volume of 100 gl in
10mM Tris-HCl buffer, pH 8.3, containing a concentration of 1 uM of
primers for amplification of hemoglobin, HPV 16, and HPV 18, 50
mM KCl, 2.5 mM MgCl,, 200 ug/ml gelatin, 200 uM dNTPs, and 5 U
Taq polymerase (Perkin-Elmer Cetus Corp., Norwalk, CT). The re-
maining one-half of the digested material was added to a similar solu-
tion containing primers for amplification of HPV 6/11 and HPV 31
instead of HPV types 16 and 18. 50 cycles of amplification were per-
formed in a Thermal Cycler (Perkin-Elmer Corp.).

Oligonucleotide probes specific for each of HPV 16, 18, 31, and
6/11 DNA were synthesized (Operon, Inc.) and were end-labeled with
32p_ and the specificity of the primers and probe for each HPV DNA
type was confirmed by dot-blot and Southern blot analysis in cross-hy-
bridization experiments. One-fifth of each of the tissue amplification
mixtures was probed separately for each of the potential target DNA
sequences in a dot blot format, and the size of the amplification prod-
uct was confirmed in selected samples by Southern blot analysis. Mem-
branes were exposed to Kodak XAR-5 film at —70°C; clearly detect-
able signal was usually seen within 1-2 h of exposure.

Positive controls for the presence of tissue and the integrity of the
reaction consisted of the amplification of human alpha hemoglobin
DNA from each tissue. As a positive control for HPV DNA amplifica-
tion, cloned DNA corresponding to each of the HPV types was ampli-
fied as well. Three types of negative controls were used: (a) to minimize
the possibility of false-positives due to contamination from one speci-
men to another in the laboratory, each mixture with all components of
the reaction except the target DNA was amplified; (b) reaction mix-
tures containing the cloned HPV DNA of each type were amplified
with each primer set to rule out cross-reactivity, and (c) histologically
normal cervical tissues from women whose cervical swabs were HPV-
negative, and whose tissues were negative for the E4 protein by immu-
nohistochemistry, were studied to minimize the possibility of contami-
nation due to tissue processing and/or nonspecificity of the amplifica-
tion signal.

HPV DNA in situ hybridization. HPV DNA in situ hybridization
was performed on selected tissue sections using the ViraType® In-Situ
tissue hybridization technique (Life Technologies, Inc., Gaithersburg,
MD). Three sequential tissue sections from each biopsy, adjacent to
those used for polymerase chain reaction studies, were probed for HPV



6 and 11, HPV 16 and 18, and HPV 31, 33, and 35, respectively,
according to the conditions recommended by the manufacturer.

Resuits

Identification of an E4 synthetic peptide sequence yielding HPV
16-specific antibodies. The predicted amino acid sequences en-
coded by the E4 ORFs of HPVs 16, 6, and 11 were compared
(Fig. 1) in order to identify a region of the E4 protein that might
contain an HPV 16-specific epitope. A peptide corresponding
to amino acids 20 to 34 of the E4 ORF of HPV 16 (termed
HPV 16 E4[20-34]) was selected for synthesis because it con-
tains amino acids unique to the HPV 16 sequence, and there-
fore was predicted to elicit antibodies specific for the E4 protein
of HPV 16. In addition, this sequence corresponds to a hydro-
philic region of the protein (36, 37), contains a probable beta-
reverse turn (38), and thus was expected to elicit antibodies that
would bind the full-length E4 protein in HPV-infected tissues.

Specificity of antibodies to the HPV 16 E4 [20-34] peptide.
Monospecific IgG antibodies to the HPV 16 E4 [20-34] pep-
tide were obtained from hyperimmune sera by affinity purifica-
tion and characterized using a solid-phase RIA. As a measure
of the specificity of these antibodies, their reactivity to the im-
munizing peptide was compared with a peptide corresponding
to the same region of the HPV 6 and 11 E4 ORF (Fig. 2 a). The
affinity-purified IgG exhibited reactivity for the HPV 16 immu-
nizing peptide in concentrations as low as 280 pg/ml, represent-
ing a dilution of the initial antibody preparation of ~ 1:5,000.
In contrast, these antibodies did not recognize the HPV 6 and
11 E4 peptide, indicating that they were specific for the HPV
16 E4 sequence. In addition, a control antibody preparation
consisting of an equal concentration of IgG antibodies pre-
pared from the pre-immune serum did not exhibit any reactiv-
ity to the HPV 16 E4 peptide. Similarly, IgG from the non-pep-

—=&— 16 E4 [20-34) peptide
—o— 6/11 E4 [33-46] peptide
—a— Control

T Baay
100 1000 10000 100000
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tide binding fraction of the immune serum did not exhibit
reactivity (data not shown), providing further evidence for the
specificity of the affinity-purified antibodies.

To determine if the antibodies to HPV 16 E4[20-34] could
recognize the full-length HPV 16 E4 protein, a 98 amino acid
polypeptide corresponding to the entire predicted E1-E4
spliced gene product was synthesized as described above. Anti-
bodies to the HPV 16 E4 [20-34] peptide bound the full-length
polypeptide when tested either by Western blotting (data not
shown) or solid-phase RIA (Fig. 2 b), indicating that the epi-
tope specified by amino acids 20-34 of the HPV 16 E4 ORF is
antigenic within the context of the predicted full-length E4 pro-
tein. However, the reactivity of the antibodies to HPV 16
E4[20-34] was approximately four times greater for the small
immunizing peptide than for the full-length protein. In the
experiment depicted in Fig. 2b, the affinity-purified IgG
reacted with the small immunizing peptide at concentrations
as low as 550 pg/ml, representing a dilution of the initial anti-
body preparation of ~ 1:3,000. In contrast, these antibodies
reacted with the full-length E4 protein at concentrations as low
as 2.4 ng/ml, which corresponded to a dilution of about 1:700.

Expression of the E4 protein in CIN and cervical carcinoma
tissues. Immunohistochemical studies of 49 cervical tissues
with antibodies to HPV 16 E4 [20-34] were performed in order
to answer the following questions: Is the E4 protein expressed
in HPV 16-infected, histologically abnormal tissues? If so, what
is the location of the E4 protein within the cell? How does
expression vary with the stage of cervical disease? In which cell
layers of the squamous epithelium is the E4 protein expressed
and is its expression linked to cellular differentiation? The re-
sults of these studies are presented in Table I and Fig. 3.

12 tissues with histologic abnormalities ranging from CIN 1
to CIN 3 were obtained from subjects whose corresponding
cervical swabs contained HPV 16 DNA (Table I). Expression

—a&— 16 E4 [20-34] peptide

CPM —e—  Fulklength 16 E4 peptide

100000

10000

T vrreey
10 100 1000

Dilution

Figure 2. (a) The specificity of antibodies to HPV 16 E4[20-34]. An antiserum to HPV 16 E4[20-34] was prepared and the mono-specific IgG
antibodies were obtained by affinity chromatography. The antigenic specificity of these antibodies was determined by RIA using the homologous
HPV 16 E4[20-34] peptide as an antigen versus a heterologous peptide derived from the same region of the HPV 6 E4 ORF. The amino acid
sequence of the HPV 16 E4[20-34] peptide is H,N-GSTWPTTPPRPIPKP-COOH, whereas the sequence of the corresponding HPV 6 E4[33-46]
peptide is H,N-NLLHTPPHRPPPLC-COOH. The underlined residues in each sequence are identical. The affinity-purified antibodies bound
only the HPV 16 E4[20-34] sequence. The control indicated in this figure consists of wells not coated with any antigen, and represents back-
ground reactivity. In addition, the non—peptide binding fraction of the immune serum did not demonstrate any reactivity (data not shown). (b)
The crossreactivity of affinity-purified antibodies to the HPV 16 E4[20-34] peptide for the full-length E4 protein. Affinity-purified antibodies
were prepared as described above, and their reactivities for this peptide versus the full-length 98 amino acid E4 protein were then compared using
a solid-phase RIA. Specific binding to the full-length E4 protein was noted at antibody concentrations as low as 2.4 ng/ml (which corresponded

to a dilution of this antibody preparation of ~ 1:700). The same antibodies bound the small immunizing peptide approximately four times bet-
ter, reacting with it at concentrations as low as 550 pg/ml (which corresponded to a dilution of this antibody preparation of ~ 1:3,000).
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Table I. Expression of the E4 Protein in Cervical Biopsies

HPV DNA Type by Southern Blot Hybridization

HPV HPV HPV
Histopathology 16 6/11 Negative*
Normal 172 0/1 0/10
CIN 1 4/4 0/1 0/5
CIN2 2/2 — 0/3
CIN3 6/6 — 0/2
Condyloma —_ 0/4 —
Scct 0/5 — 0/4
Total 13/19 0/6 0/24

Numerator indicates number of tissues in category in which E4 anti-
gen was detected. Denominator indicates total number of tissues
studied in that category. Each tissue was obtained from a different
subject.

* Blots were probed under conditions of medium stringency and high
stringency for HPV 6, 11, 16, 18, and 31 DNA. '

* Squamous cell carcinoma.

of the E4 protein was found in all grades of CIN; it was detected
primarily in the middle and superficial cell layers, and in many,
but not all cells comprising these layers (Fig. 3 A). In all grades
of CIN, the E4 protein was detected only in the epithelial cell
nucleus.

When high and low grade CIN were present in the same
tissue, E4 protein expression was generally more marked in
areas containing the latter. However, expression did not corre-
late with cell differentiation per se, since the E4 protein was
detected in lesions containing CIN 3, which exhibit little or no
squamous differentiation. Instead, the location of the E4 pro-
tein within a lesion appeared to correlate with the location of
HPV DNA as determined by in situ hybridization (Fig. 3, B
and C).

In addition to lesions containing CIN, five invasive cancer
tissues were obtained from subjects whose corresponding cervi-
cal swabs contained HPV 16 DNA. In these biopsies, the pres-
ence of HPV DNA was confirmed by in situ hybridization.
However, in contrast to expression of the E4 protein in the
superficial layers of CIN, the E4 protein was not detected in
any of the cervical carcinoma tissues, even though these tissues
contained HPV DNA. This finding was investigated further
using the CaSki cell line, which contains HPV 16 DNA and was
derived from a cervical cancer (31, 32). The E4 protein was not

detected in this cell line with the HPV 16 E4 [20-34] antibodies
by immunohistology (data not shown).

To determine the location of the E4 protein within the nu-
clei of HPV-infected cells, immunoelectron microscopy was
performed on ultrathin cryosections of a cervical lesion using
the E4 [20-34] antibodies. Approximately 120 cells per section
from the superficial cell layers of the epithelium of a cervical
lesion were screened. Arrays of spherical structures 25 to 35 nm
in diameter were observed in the nuclei of 10 cells. These struc-
tures appeared to resemble partially assembled or partially de-
graded virions (Fig. 4, A and B). The more compact arrays were
labeled with gold particles, localizing the E4 protein to these
structures (Fig. 4 B). No colloidal gold particles were noted in
other regions of the nucleus or in the cytoplasm, and no bind-
ing was noted in sections incubated with pre-immune IgG.

Detection of the E4 protein in histologically normal tissue. It
is now recognized that histologically normal cervical tissue can
contain HPV DNA (39, 40). However, it is not known if any
proteins specified by the viral genome are expressed in these
tissues. This question was addressed by examining histologi-
cally normal tissues adjacent to the lesions described above. Of
the 12 CIN tissues containing HPV 16 DNA, adjacent histologi-
cally normal tissue was present in 6. In three of these six tissues,
E4 protein expression was noted in areas that were otherwise
normal histologically (Fig. 3 D), even though in situ hybridiza-
tion studies of the same tissues revealed HPV DNA only in the
lesional areas. This finding led to the examination of two tis-
sues that were entirely normal histologically from patients
whose cervical swabs contained HPV 16 DNA. E4 protein ex-
pression was noted in one of these two tissues. Although HPV
16 DNA could not be detected in this tissue by in situ hybridiza-
tion, it was readily detected in a paraffin section of the same
tissue using the polymerase chain reaction. In contrast, al-
though hemoglobin DNA was successfully amplified from each
of the samples, no HPV DNA was detected in three histologi-
cally normal, E4 protein—negative tissues from patients whose
cervical swabs did not contain HPV DNA. Similarly, controls
consisting of amplification of all components of the reaction
except HPV DNA were negative for HPV amplification, and
among the positive HPV DNA controls, there was no
crossreactivity between primers and probes for each HPV type.

Specificity of antibodies to the HPV 16 E4 protein in cervi-
cal tissues. The results described above indicate that in cervical
epithelia containing HPV 16 DNA, the E4 protein is expressed
in some histologically normal tissues and in all grades of CIN,
but not in cervical cancer. To investigate the possibility that the
E4 [20-34] antibodies were actually recognizing a normal non-

Figure 3. (A) E4 protein localization in a CIN 3 lesion. A cervical biopsy was obtained from a patient whose cervical swab contained HPV 16
DNA. The tissue was examined by immunohistochemistry for the presence of the E4 protein using 1.4 ug/ml of the affinity-purified IgG
antibodies to the HPV 16 E4[20-34] peptide. Nuclei containing the E4 protein stain red (arrows) and are localized to the middle and superficial
cell layers of the epithelium. Studies were also conducted with the same tissue using IgG obtained from the pre-immune serum and the
non-peptide binding fraction of the immune serum; these antibodies did not bind the tissue (data not shown). Hematoxylin counterstain, par-
affin-embedded, 4-um section, X100. (B) E4 protein localization in a CIN 1 lesion. A cervical biopsy was obtained from a patient whose cervical
swab contained HPV 16 DNA. The tissue was examined for the presence of the E4 protein as described for the tissue shown in 4. Hematoxylin
counterstain, paraffin-embedded, 4-um section, X100. (C) Localization of HPV DNA by in situ hybridization in a CIN 1 lesion. The same tissue
depicted in B was studied using a biotin-labeled HPV 16/18 DNA probe. Nuclei containing HPV DNA stain blue (arrows). The distribution of
the E4 protein (B) and HPV DNA (C) is similar. Nuclear Fast Red counterstain, paraffin-embedded, 4-um section, X100. (D) E4 protein ex-
pression in a histologically normal tissue. A cervical biopsy was obtained from a patient whose cervical swab contained HPV 16 DNA. The tissue
depicted in this figure is histologically normal, and is adjacent to a region that contains CIN 2 (not shown). Nuclei containing the E4 protein
are apparent (arrows) in the superficial cell layers. Hematoxylin counterstain, paraffin-embedded, 4-um section, X100.
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viral, crossreacting cellular antigen, or a cellular antigen in-
duced by the abnormal histopathologic process giving rise to
CIN, 24 tissues were obtained from subjects whose correspond-
ing cervical swabs did not contain HPV types 6, 11, 16, 18, or
31 DNA by Southern blotting. These tissues, which ranged
from histologically normal to invasive cancer, were not bound
by antibodies to the HPV 16 E4 peptide (Table I). An addi-
tional six tissues were obtained from subjects whose corre-
sponding cervical swabs contained HPV 6/11 DNA, and none
of these tissues were bound by the HPV 16 E4 antibodies. Con-
sistent with their specificity for the HPV 16 E4 peptide demon-
strated by RIA, this finding indicates that these antibodies react
with tissues from subjects infected with HPV 16 DNA, but do
not react with tissues from HPV-negative subjects or subjects
infected with HPV 6 or 11 DNA, regardless of lesional status.

Discussion

Genital HPV infections are rapidly increasing in incidence (41)
among both men and women, and the incidence of high grade
CIN is increasing as well (42). In the United States, over 14,000
new cases of invasive SCC of the cervix are reported annually,
resulting in ~ 7,000 deaths per year (43). In many developing
countries, cancer of the cervix is a leading cause of death
among young women (44). Thus, the prevalence of HPV as a
sexually transmitted pathogen and its established connection
to cancer underlie the need for a better understanding of HPV
protein expression and the role of HPV proteins in the patho-
genesis of cervical disease.

RNA in situ hybridization studies of HPV-infected cervical
tissues have shown that transcripts from most of the early re-
gion ORFs can be detected in cervical biopsies (22). Of the
early region transcripts, mRNA transcribed from the E4 ORF
appears to be the most abundant in CIN tissues containing
HPV 16 DNA. Similarly, mRNA from the E4 ORF was found
to be the most abundant viral transcript in cervical condyloma
acuminatum containing HPV 6 DNA (23). While the forego-
ing studies have documented the presence of HPV mRNAs in
genital tissues, little is known about the corresponding proteins
in these sites. Thus, in the present study, we have used E4
protein-specific antibodies to determine the presence and loca-
tion of the E4 protein in HPV-infected cervical tissues, and the
relationship between E4 protein expression and the severity of
the associated histopathologic abnormalities.

Immunohistochemical studies with the affinity-purified an-
tibodies to the HPV 16 E4[20-34] peptide indicated that they
reacted with the HPV 16 sequence, but not with the corre-
sponding sequence of HPV 6 or 11; this kind of HPV type-spe-
cificity was sought in this study in order to use this immuno-
logic reagent to discriminate between HPV 16 and HPV 6- or
1 1-infected cells. We further sought to determine if the antibod-
ies that had been elicited to the HPV 16 E4[20-34] peptide
could bind the corresponding region of the full-length HPV 16
E4 protein. Asindicated in Fig. 2 b, the reactivity of the antibod-
ies to the HPV 16 E4[20-34] peptide was approximately four
times greater than for the full-length protein. This kind of di-
minished reactivity of an anti-peptide antibody for the corre-
sponding full-length native protein is a well-documented phe-
nomenon (45) and appears to be due to: (@) antibodies to the
free amino and carboxy terminus of the small peptide that do
not crossreact with the same sequence when present as an inter-
nal region of a longer protein; and () possible differences in the

higher order structure of an epitope within a peptide versus the
same epitope when present as part of a folded protein. Thus,
while these antibodies bound the E4[20-34] peptide better
than the full-length E4 protein, they nonetheless bound the
longer protein specifically and in relatively high titer.

Using these antibodies, E4 protein expression was localized
to cells comprising the middle and superficial cell layers of the
cervical squamous epithelium (Fig. 3). Previous studies have
shown that E4 mRNA in CIN containing HPV 16 DNA is also
found in the same epithelial cell strata (22). Similarly, late re-
gion protein expression occurs in the upper cell layers of the
epithelium (14). One interpretation of these findings is that
HPV gene expression is linked to cell differentiation, since the
middle and superficial layers of the epithelium contain cells
that are more differentiated than cells comprising the basal
layer. However, DNA in situ hybridization studies of both high
and low grade lesions (e.g., Fig. 3 C) show that most of the cells
harboring substantial quantities of HPV DNA are also located
in the middle and superficial cell layers, indicating that these
strata contain the highest DNA copy number. Thus, a second
interpretation of the localization data is that expression of the
E4 protein in the superficial layers of these tissues may simply
be due to an increased viral DNA copy number in the cells
comprising these layers. This in turn may be associated with a
higher level of E4 mRNA and protein expression in these cells.
This explanation is supported by the observation that E4 pro-
tein expression is also evident in the middle and superficial cell
layers of CIN 3 lesions harboring HPV 16 DNA (Fig. 3 4), even
though these lesions are principally composed of immature,
poorly differentiated cells.

The E4 protein was not found in any of five invasive cervi-
cal cancer tissues containing HPV 16 DNA, indicating that it
may not be expressed at this stage of disease. Similarly, it was
not detected in the CaSki cell line (data not shown). Loss of E4
protein expression in these tissues and cells could be due to
alteration or diminution of E4 transcription after malignant
transformation. Evidence in support of this possibility comes
from studies of cervical cancer cell lines containing either HPV
16 or 18 DNA, in which the major detectable viral transcripts
are specified by ORFs other than E4 (46, 47). Furthermore,
studies of cervical cancer tissues containing HPV 16 DNA have
shown that integration of the viral genome into the host chro-
mosome may occur at this stage of the disease (48); this integra-
tion event might result in the disruption or deletion of the E4
OREF. Alternatively, decreased E4 protein expression in cancer
cells could be due to a post-transcriptional block, as suggested
by studies in CaSki cells. In these studies, the E4 protein was
detectable among the in vitro translation products of CaSki cell
mRNA, but was not detected in protein extracts of these cells
using immunoprecipitation of [>*S]methionine-labeled cells
(46). Additional studies will be required to determine whether
loss of E4 protein expression is causally related to the onco-
genic process or is simply an associated finding.

In addition to its expression in CIN lesions, E4 protein ex-
pression can be detected in some histologically normal tissues
containing HPV 16 DNA, whether these tissues are adjacent to
lesional areas or are completely normal histologically (Table I).
This finding was unexpected, since HPV DNA and mRNA
have rarely been found in such tissues by in situ hybridization.
However, by analyzing a larger number of cells using the
Southern blot hybridization technique, HPV DNA could be
detected in histologically normal tissue located up to 5 cm from
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lesions shown to contain HPV DNA (39, 40). Thus, not only
can histologically normal tissues contain HPV DNA, but the
viral genome in such tissues can direct the synthesis of the E4
protein. Accumulation of the E4 protein in such tissues may
therefore precede the development of histologic abnormalities,
although we cannot rule out the possibility that we are detect-
ing E4 expression in what was recently lesional tissue that had
regressed to histologic normalcy.

Our immunohistochemical and immunoelectron micros-
copy studies localize E4 protein expression to the cell nuclei of
HPV-infected tissues. In contrast, Doorbar et al. detected large
quantities of E4 protein in the cytoplasm of plantar warts in-
fected by HPV l1a; they also found that the E4 ORF of this HPV
type can encode a family of polypeptides differing in size, post-
translational modifications, and possibly, functions (21). Breit-
burd et al. detected the E4 protein in both cytoplasmic and
nuclear inclusions of HPV 1-infected warts, and observed that
cell keratinization was disturbed in cells containing the E4 pro-
tein (49). However, HPV la, in contrast to HPV 16, is not
believed to be a sexually transmitted pathogen and causes only
benign lesions of the skin. Thus, localization of the HPV 16 E4
protein exclusively to the cell nucleus using the antibodies de-
scribed in this report may be due to intrinsic differences in the
biology of these two HPV types. Alternatively, other HPV 16
E4 protein variants could be present in the cytoplasm and these
might lack the epitope recognized by antibodies to the HPV 16
E4[20-34] peptide. Evidence for this includes the observation
of E4 protein expression in the cytoplasm of a small number of
CIN biopsies positive for HPV 16 or 18 DNA using antibodies
to a segment of the E4 protein expressed in Escherichia coli
(50). It is also possible that the concentration of the E4 protein
in the cytoplasm of these cells is too low to be detected by our
assay.

"l)‘,he significance of E4 protein expression for the pathobiol-
ogy of CIN and invasive cancer is not yet known. Studies with
bovine papillomavirus indicate that mutation of its E4 ORF
does not alter the transforming ability of the virus (51). Because
viral capsid proteins are present in the cell nucleus, the nuclear
location of the E4 protein may be consistent with a role in the
process of virus maturation or as a structural protein. If so, it
would be functionally analogous to a “late region” protein as
suggested by Doorbar et al. (21). Our ultrastructural studies are
consistent with this hypothesis; within the nucleus, the E4 pro-
tein appears to be organized into regular arrays that have the
appearance of viral particles, but with a diameter less than that
of an intact viral capsid, which is ~ 55 nm (52). Of note, how-
ever, L1 and L2 gene expression are not necessarily linked to
E4 expression, because in contrast to our finding that E4 ex-
pression often occurs in high grade CIN, most cases of high
grade CIN are not found to contain the L1 and L2 proteins
(14). Further studies will be needed, however, to determine the
significance of these findings for the function of the E4 protein,
the significance of its loss of expression in cervical cancer, and
the prognostic implications of the detection of the protein in
normal tissues.
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