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Interferon regulatory factor-3 (IRF-3) was found to specifically interact with HPV16 E6 in a yeast two-hybrid
screen. IRF-3 is activated by the presence of double-stranded RNA or by virus infection to form a stable
complex with other transcriptional regulators that bind to the regulatory elements of the IFNb promoter. We
show that IRF-3 is a potent transcriptional activator and demonstrate that HPV16 E6 can inhibit its
transactivation function. The expression of HPV16 E6 in primary human keratinocytes inhibits the induction
of IFNb mRNA following Sendai virus infection. The binding of HPV16 E6 to IRF-3 does not result in its
ubiquitination or degradation. We propose that the interaction of E6 with IRF-3 and the inhibition of IRF-3’s
transcriptional activity may provide the virus a means to circumvent the normal antiviral response of an
HPV16-infected cell.
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The papillomaviruses (PVs) display a specific tropism for
squamous epithelial cells and produce benign cutaneous
or squamous mucosal proliferative lesions. PVs often es-
tablish persistent or latent infections, and the virus pro-
ductive life cycle is linked to the differentiation program
of the infected squamous cell. Several of the PVs, includ-
ing the human papillomaviruses (HPVs) that have been
associated with cervical cancer, encode transforming
genes whose functions create a cellular environment
that allows replication of the viral DNA. Relatively little
is known, however, about other essential viral functions
that are necessary to establish a state of persistent infec-
tion, to circumvent the cellular anti-viral mechanisms,
or to evade the host immune response (Howley 1996).

A close association between cervical cancer and the
HPVs has now been established (zur Hausen 1996). Over
70 different types of HPV have been identified and a sub-
set of these has been found in >90% of cervical cancers
(Bosch et al. 1995). These high-risk HPV types include
HPV16, HPV18, HPV31, and HPV33, and a number of
additional related viruses. HPV16 DNA can be found in
>50% of cervical cancers. Functional studies of the early
region of high-risk HPV virus genomes have demon-
strated that two early viral genes, E6 and E7, are both
necessary and sufficient for the efficient immortaliza-
tion of primary human keratinocytes in vitro (Hawley-
Nelson et al. 1988; Münger et al. 1989; Hudson et al.

1990). The major mechanism by which E6 and E7 con-
tribute to immortalization is by targeting two distinct
cellular tumor suppressor proteins for inactivation or
degradation. E7 binds and inactivates the retinoblastoma
tumor suppressor protein (pRB) and two closely related
proteins, p107 and p130, leading to the activation of E2F
responsive genes and the loss of a G1 checkpoint (Jones
and Münger 1996). E6 forms a ternary complex with p53
and the E6AP ubiquitin protein ligase resulting in the
ubiquitination and degradation of p53 (Scheffner et al.
1990; Werness et al. 1990; Huibregtse et al. 1991, 1993a).
Loss of p53 results in deregulated cellular growth and
genomic instability, both of which are characteristics of
immortalized cells (Hartwell 1992).

We have focused our studies on E6 because several
lines of evidence suggest that the E6 protein retains func-
tions in addition to its ability to target the ubiquitina-
tion of p53. For instance, whereas p53 deficient mice
display normal lens development, transgenic mice ex-
pressing HPV16 E6 in the lens are impaired in the nor-
mal pattern of differentiation, which include fiber cell
denucleation and apoptotic-like DNA degradation (Pan
and Griep 1994). In addition, E6 can increase cellular
telomerase activity in the absence of p53 degradation
(Klingelhutz et al. 1996). Furthermore, it is highly likely
that E6 has functions in addition to those that are re-
vealed in transformation or differentiation assays. For
instance, E6 can modulate the transcriptional activity
of several cellular and viral promoters in both a p53 de-
pendent and independent manner (Desaintes et al. 1992;
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Etscheid et al. 1994; Shirasawa et al. 1994; Shino et al.
1997). HPV16 E6 like BPV1 E6 can interact with the focal
adhesion protein paxillin and, for BPV1 E6, this interac-
tion has been shown to result in the disruption of the
actin cytoskeleton (Tong and Howley 1997). Finally, E6
molecules have also been shown to interact with ERC
55, a putative calcium binding protein, although the
physiologic consequence of this interaction is unclear
(Chen et al. 1995).

Little is known about what regulates the PV life cycle
or the antiviral response of squamous epithelial cells to
a PV infection. An initial PV infection is associated with
little or no inflammation, perhaps because of the lack of
induction of cell death and release of viral antigen, or to
viral interference with some specific aspect of the host
immune response. There is little or no immune recogni-
tion of an early PV infection despite the ability of kera-
tinocytes to serve as semiprofessional antigen presenting
cells (Frazer 1996). DNA viruses have developed a vari-
ety of ways to overcome interferon (IFN) inhibitory ef-
fects and to evade host immunity (Vilcek and Sen 1996).
To date however, the mechanisms by which the PVs
may affect these pathways have not been elucidated.

Type I IFN production is stimulated early in the course
of a viral infection, and IFN production is an important
determinant of the course of the subsequent disease (De
Maeyer and De Maeyer-Guignard 1988; Muller et al.
1994). IFNs act directly on the virally infected cell by
interfering with viral replication and by inhibiting cel-
lular proliferation. To carry out these functions, IFNs
impinge on many mechanisms ranging from inhibition
of viral penetration and uncoating, to reduction of
mRNA stability and protein production. Immunomodu-
latory activities of IFNs also contribute to their antiviral
roles. IFNs enhance the expression of cellular proteins
such as MHC class I molecules that contribute to im-
mune-mediated lysis of virus-infected cells (De Maeyer
and De Maeyer-Guignard 1988). In addition, IFN produc-
tion, stimulated by viral infection, is responsible for the
activation and proliferation of natural killer cells, which
act to lyse virus infected cells and to activate the im-
mune system (Brutkiewiewicz and Welsh 1995).

To identify additional cellular targets of HPV16 E6 in-
volved in various aspects of the viral pathogenic mecha-
nism, we carried out a yeast two-hybrid screen. Two in-
dependent human cDNAs were identified that inter-
acted with HPV-16 E6. One of these clones was
interferon regulatory factor-3 (IRF-3) (Au et al. 1995). A
structurally related group of transcription factors, the in-
terferon a-stimulated gene factor (ISGF) or IRF family,
has been implicated in the mediation of cellular re-
sponses to IFN and to a variety of other cytokines (Vilcek
and Sen 1996). IRF-3 was initially identified by its ho-
mology to other IRF family members. It was character-
ized as a transcriptional activator that could bind to the
interferon-stimulated response element (ISRE). Its anti-
viral and interferon signaling activities were initially un-
clear because IRF-3 mRNA levels were not inducible by
IFN or viral infection (Au et al. 1995). Recent studies,
however, have shown that IRF-3 is part of a virus acti-

vated transcription factor complex and that its transcrip-
tional activity is increased in response to viral infection
(Fujita et al. 1989; Schafer et al. 1998; Wathelet et al.
1998; Weaver et al. 1998).

IRF family members are believed to play a critical role
in the regulated expression of the IFNa and b genes.
IRF-1 in particular can activate transcription from the
ISRE, which is present in the promoters of genes acti-
vated by IFN and virus infection. In addition, some
members of the IRF family are involved in a variety of
cellular growth control mechanisms. To date, seven hu-
man members of this family have been characterized:
IRF-1, IRF-2, IRF-3, IRF-4, IRF-7, IFN consensus se-
quence binding protein (ICSBP), and ISGF3g. IRF-1 has
been characterized as a transcriptional activator and an
antioncogene whose functional loss contributes to aber-
rant cellular growth (Fujita et al. 1989; Harada et al.
1990, 1993; Reis et al. 1992). The role of IRF-1 as a tumor
suppressor is supported by the finding that IRF-1-defi-
cient mouse embryonic fibroblasts readily undergo c-Ha-
ras-induced transformation (Tanaka et al. 1994). IRF-2
can repress IRF-1-stimulated transcription and exhibits
oncogenic activity (Harada et al. 1990, 1993). Recently,
IRF-2 was also characterized as a transcriptional activa-
tor that can activate transcription of the human histone
H4 gene in a cell-cycle-dependent manner (Vaughan et
al. 1995). ICSBP expression is restricted to the immune
system and ICSBP can interact with both IRF-1 and IRF-2
at the ISRE to suppress IFN-inducible gene transcription
(Driggers et al. 1992; Nelson et al. 1993; Bovolenta et al.
1994). ISGF3g (p48) is a positive regulator of IFNa-stimu-
lated transcription and forms the ISGF3 complex to-
gether with the Stat1 and Stat2 proteins. IRF-4 is a B
cell-specific factor that associates with PU.1 and binds to
the light-chain gene enhancer (Levy et al. 1988; Eisenbeis
et al. 1995). It is essential for B and T cell function and
homeostasis (Mittrucker et al. 1997). IRF-7 can repress
transcriptional activation by IFN and IRF-1 (Zhang and
Pagano 1997). Each member of this family can be stimu-
lated to bind DNA and activate or repress gene transcrip-
tion upon treatment of cells with cytokines, growth fac-
tors, double-stranded RNA, or viral infection.

We have found that the E6 protein encoded by HPV16
can bind to IRF-3. IRF-3 can stimulate transcription from
a luciferase reporter construct containing tandem ISRE
sites, and as a fusion protein with the Gal4 DNA binding
domain it can activate transcription from a chloram-
phenicol acetyltransferase (CAT) reporter plasmid con-
taining five repeats of the Gal4 binding site. We show
that HPV16 E6 does not target IRF-3 for degradation. The
interaction of HPV16 E6 with IRF-3 is specific and re-
sults in a marked reduction of the IRF-3 transactivation
function in vivo. Finally, HPV16 E6 expression in pri-
mary keratinocytes significantly dampens the induction
of IFNb mRNA after viral infection. These results sug-
gest a novel function for E6 that may be relevant to the
life cycle of the PV. The interaction of HPV16 E6 with
IRF-3 and the inhibition of its transactivation function
could contribute to the ability of the virus to disrupt the
cellular antiviral response. Furthermore, it is possible
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that the interaction of E6 with IRF-3 could be related to
the oncogenic potential of the virus, affecting either the
regulation of cellular proliferation or apoptosis, or
through a perturbation of the ability of the immune sys-
tem to recognize an HPV16-infected cell.

Results

Identification of HPV16 E6-interacting proteins

HPV16 E6 protein fused to the Gal4 DNA-binding do-
main (amino acids 1–147) was employed as the bait in a
yeast two-hybrid screen to identify additional cellular
proteins whose interactions may be important for E6
functions. A cDNA library from activated human T cells
was screened (4 × 106 transformants) for interaction with
the Gal4–HPV16 E6 fusion protein. Fifty-six indepen-
dent colonies were selected for elevated expression of the
HIS3 reporter gene on 3-aminotriazole (3AT)-containing
plates. The corresponding Gal4-activation domain
cDNA encoding plasmids were isolated and retrans-
formed into fresh yeast cells. The interaction of these
retransformed clones with HPV16 E6 was tested under a
series of selection conditions. In addition to growth on
3AT (Fig. 1), transformants were also tested for b-galac-
tosidase production and growth on uracil-deficient plates
(data not shown). One of these cDNAs, found six times
in the screen, was identified as IRF-3 by sequence analy-
sis.

IRF-3 interacts selectively with HPV16 E6

To further characterize the association of IRF-3 with
HPV16 E6 and to determine whether the ability to inter-
act with IRF-3 was shared among the E6 proteins en-
coded by other HPV types, we examined the in vitro
interaction of full-length IRF-3 synthesized in Escherich-
ia coli as a GST fusion protein (GST–IRF-3) with E6 pro-
teins from both high and low-risk HPV types. HPV18,
HPV16, HPV11, and HPV6 E6 were transcribed and
translated in wheat germ extract and tested for interac-
tion with GST–IRF-3. GST–IRF-3 interacted strongly
with HPV16 E6, binding up to 41% of the input HPV16
E6 protein in a number of experiments. In these experi-
ments, HPV6, HPV11, and HPV18 E6 proteins interacted

poorly with IRF-3, exhibiting only 1%–2% binding in
vitro (Fig. 2A). The reciprocal experiment was conducted
by use of GST-18 E6, GST-16 E6, and GST-11 E6 proteins
and in vitro-translated IRF-3. Strong binding of IRF-3
with GST–16 E6 (53% of input) and lesser binding with
GST-18 E6 (5% of input) was detected. No binding was
seen between GST-11 E6 and IRF-3 (Fig. 2B). These re-
sults indicate that HPV16 E6 has the highest affinity for
interaction with IRF-3. The ability of HPV16 E6 to bind
IRF-3 cannot be dependent on the cellular factor E6AP
because E6AP is not present in wheat germ extract (Hui-
bregtse et al. 1991). Furthermore, in the presence of
HPV16 E6, IRF-3 was not brought into a complex with
E6AP (data not shown). Finally, HPV16 E6 does not tar-
get IRF-3 for ubiquitin-mediated degradation in vitro
(data not shown).

To demonstrate an in vivo interaction of HPV16 E6
and human IRF-3, COS cells were transfected with plas-
mids expressing each protein individually or together.
Figure 2C shows a coimmunoprecipitation of the AU1-
tagged HPV16 E6 (Sherman and Schlegel 1996) and IRF-3
with the IRF-3-specific monoclonal antibody SL-12. SL-
12 was raised against human IRF-3 and has been used
previously to immunoprecipitate endogenous IRF-3 from
human cells (Wathelet et al. 1998). SL-12 does not rec-
ognize monkey IRF-3 and does not detect IRF-3 in COS
cells by Western analysis or by immunoprecipitation
(data not shown). In the experiment depicted in Figure
2C, AU1-tagged HPV16 E6 was detected by Western
analysis with the AU1 monoclonal antibody. Attempts
to coimmunoprecipitate IRF-3 with the AU-1 antibody
recognizing the tagged HPV16 E6 were not successful.

Because the members of the IRF transcription factor
family share substantial sequence homology, we next
examined whether HPV16 E6 could bind to other mem-
bers of the IRF/ISGF family of proteins (Fig. 2D). IRF-1,
IRF-2, ISGF3g, and ICSBP were tested for interaction
with GST-16 E6 in vitro. HPV16 E6 exhibited weaker
interaction with in vitro-translated IRF-1 (binding 7.6%
of input IRF-1) compared with IRF-3, and did not
strongly interact with any other family members (Fig.
2D). GST-16 E6 bound 3%, 1.5%, and 2.5% of the input
IRF-2, ICSBP, and ISGF3g proteins, respectively. These
results suggest that HPV16 E6 specifically interacted
with only a subset of the members of the IRF family in
vitro, and that the strongest interaction was with IRF-3.

Identification of the E6-binding region within IRF-3

To map the domain of IRF-3 involved in binding to
HPV16 E6, a series of carboxy-terminal deletion mutants
of IRF-3 fused to GST were synthesized. Equal amounts
of the GST fusion proteins (∼0.15 µg) were assayed for
their abilities to bind HPV16 E6 by mixing the GST fu-
sion proteins, immobilized on glutathione-Sepharose,
with 35S-labeled, in vitro-translated HPV16 E6. Figure 3B
shows schematics of the IRF-3 proteins that were tested
for interaction with HPV16 E6. Full-length IRF-3 was
found to bind 42% of the HPV16 E6 present in the reac-
tion mixture (Fig. 3A, lane 1). The two IRF-3 proteins

Figure 1. A yeast two-hybrid system was used to identify pro-
teins that interact with HPV16 E6. The four patches of cells on
the left of each plate contain empty Gal4 DB vector, pPC97, and
prey cDNA–AD vectors (AD–IRF-3). The four patches of cells on
the right contain HPV16 E6–DB vector and AD–IRF-3. Patches
of cells growing on plates selective for the presence of both
plasmids (Sc-L-T-H) were replica plated onto plates lacking his-
tidine and containing 25 mM 3AT (Sc-L-T-H+3AT).
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truncated at amino acids 244 and 149 bound 62% and
55% of the input E6, respectively (Fig. 3A, lanes 2 and 3).
The amino-terminal portion of IRF-3 comprising amino
acids 2–109 bound only 1% of the input E6 (Fig. 3A, lane
4). On close analysis, the portion of IRF-3 located be-
tween amino acids 109 and 149 was found to contain a
stretch of amino acids (ELLG) that are present in the E6
binding domain of E6AP (Huibregtse et al. 1993b). This
ELLG sequence has also been implicated as an E6 inter-
action domain by screening of a two-hybrid peptide li-
brary in which peptide sequences containing ELLG, or
variants of it such as EFLG, ELVG, or DILG, were found
to interact with HPV16 E6 (Elston et al. 1998).

HPV16 E6 expression does not promote
the degradation of IRF-3 in human keratinocytes

To determine whether interaction of IRF-3 with E6 re-
sulted in its ubiquitination and degradation, primary

neonatal human foreskin keratinocytes (HFKs) were iso-
lated and infected with a recombinant retrovirus carry-
ing individual HPV16 genes (Halbert et al. 1991). West-
ern analyses to determine HPV16 E7, p53 and IRF-3 pro-
tein levels were conducted on lysates from HFKs
infected with viruses expressing vector alone, HPV16 E6,
E7, or E6 and E7. E7 expression was demonstrated in
these cells by Western analysis (data not shown). Func-
tional E6 production was determined by analysis of p53
protein levels. As expected, E6 expression led to a
marked reduction in p53 protein levels (Fig. 4A); how-
ever, E6 did not affect the steady-state levels of IRF-3
(Fig. 4B). In addition, in vitro ubiquitination and degra-
dation experiments were carried out and HPV16 E6 did
not promote the ubiquitination or degradation of IRF-3
under conditions that led to the proteolysis of p53 (data
not shown). Half-life determinations for p53 and IRF-3
were also conducted in HFK cells expressing the HPV
viral oncoproteins. E6 expression resulted in a shortened

Figure 2. Analysis of the interactions between
HPV E6 proteins and interferon regulatory fac-
tors (A) The indicated HPV E6 proteins were in
vitro-translated in the presence of [35S]cysteine
and methionine and mixed with GST–IRF-3 im-
mobilized on glutathione–Sepharose. The com-
plexes were washed to removed noninteracting
proteins and resolved by PAGE. Input corre-
sponds to 10% of protein used in the binding
experiments. (B) IRF-3 was synthesized in rabbit
reticulocyte lysate in the presence of [35S]cys-
teine and methionine and mixed with indicated
GST alone or GST–E6 immobilized on glutathi-
one–Sepharose. Complexes were washed and re-
solved by PAGE. Input corresponds to 50% of
the protein used in the binding reactions. (C)
COS-7 cells were electroporated with indicated
constructs and after 36 hr, lysates were immu-
noprecipitated with control C, AU1, or IRF-3
(SL-12) monoclonal antibodies. HPV16 E6 and
the light chain are indicated by arrows. (D) In-
dicated IRF proteins were synthesized in rabbit
reticulocyte lysate in the presence of [35S]cys-
teine and methionine and mixed with either
GST or GST–E6 immobilized on glutatione–
Sepharose. Complexes were washed and re-
solved by PAGE. Input corresponds to 50% of
protein.
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half-life for p53 in agreement with previous reports, but
had no effect on the half-life of IRF-3. The IRF-3 protein
in HFK was long-lived with a half-life of >3 hr (data not
shown).

IRF-3 is a potent transcriptional activator

The initial published characterization of IRF-3 con-
cluded that the protein did not contain a transcriptional
activation domain (Au et al. 1995). In those experiments,
the IRF-3 cDNA was fused in-frame to the DNA-binding
domain of Gal4. Using a CAT reporter containing five
Gal4 binding sites upstream of a minimal thymidine ki-
nase promoter to assay Gal4–IRF-3 transactivation func-
tion, Au et al. (1995) found Gal4–IRF-3 to be devoid of
intrinsic transactivational activity in the murine fibro-
blast cell line L929. We also constructed an IRF-3 Gal4
DNA-binding domain fusion protein and assayed it for
transcriptional activation capacity. In contrast to the
previously published results, our experiments showed
Gal4–IRF-3 to be a potent transcriptional activator in
each of several different cell types tested, including
C33A and U2OS cell lines.

Increasing concentrations of a Gal4–IRF-3 expressing
plasmid were cotransfected into L929 cells with either a
CAT reporter containing five Gal4 binding sites (5Gal4–
TKCAT) upstream of the thymidine kinase promoter, or
a luciferase reporter containing five Gal4 binding sites
upstream of a TATA box. Figure 5A shows representa-
tive luciferase assays comparing the transcriptional ac-
tivity of Gal4–IRF-3 to that of Gal4–IRF-1 and Gal4–Stat
2. These results indicate that Gal4–IRF-3 is a 10- to 100-
fold more potent transcriptional activator than Gal4–

IRF-1 and possesses similar transcriptional activity as
Gal4–Stat-2. Similar results were observed by use of a
5Gal4–CAT reporter.

HPV16 E6 inhibits IRF-3 transactivation

Several studies have suggested that HPV16 E6 may be
able to modulate transcription of certain cellular genes
(Dey et al. 1997; Kinoshita et al. 1997; Shino et al. 1997).
To examine what effect HPV16 E6 might have on IRF-3
function in vivo, we ascertained whether HPV16 E6
could influence IRF-3 transactivation. In this assay,
HPV16 E6 and Gal4–IRF-3 were cotransfected into L929
cells with a Gal4–CAT reporter and a b-galactosidase
indicator plasmid. Transfection of increasing concentra-
tions of plasmid DNA expressing HPV16 E6 (p1436)
(Münger et al. 1989) resulted in a dose-dependent inhi-
bition of IRF-3 transactivation (Fig. 5B). Similar results
were observed by use of a Gal4–luciferase reporter and in
the cervical carcimona cell line C33A (data not shown).
A reduction of >85% in the levels of IRF-3 transactiva-
tion was observed at the highest concentration of HPV16
E6 plasmid. In contrast, transfection with HPV6 E6 at
similar plasmid concentrations did not impair IRF-3
transactivation (Fig. 5C). Because of the lack of sensitive
antibodies to the E6 proteins, we were unable to measure
and compare the HPV16 and HPV6 E6 protein levels in
these experiments. However, we have confirmed expres-
sion from both constructs by Northern analysis (data not
shown) and both constructs have been demonstrated to
have activity in human mammary epithelial cell immor-
talization assays suggesting that both constructs encode
a functional E6 protein (Band et al. 1993). The results
presented here are consistent with our in vitro binding
results that showed binding of HPV16 E6 but not of
HPV6 E6 to IRF-3. Because a low level of HPV16 E6
binding to IRF-1 was observed in the GST binding stud-

Figure 4. HPV16 E6 expression does not promote IRF-3 degra-
dation in vivo. Immunoblot analysis of 100 µg of total protein
lysates from HFK cells expressing HPV ORFs as indicated. (A)
Western blot probed with p53-specific antibody, Ab6 (Calbio-
chem). (B) Western blot probed with IRF-3-specific monoclonal
antibody, SL-12. High range molecular weight protein standards
are indicated (GIBCO-BRL).

Figure 3. Mapping of the IRF-3 region that directs E6 binding.
(A) Binding of HPV16 E6 to GST–IRF-3 proteins 1–5. HPV16 E6
was in vitro-translated in wheat germ extract in the presence of
[35S]cysteine and methionine and mixed with the indicated
GST–IRF-3 proteins as described previously. Input represents
50% of the E6 protein used in each assay. (B) Schematic repre-
sentation of the GST-fused carboxy-terminal deletions and site-
specific mutation containing indicated portions of IRF-3. (Open
boxes) IRF-3 coding sequences.
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ies (Fig 2C), we next determined what effect HPV16
E6 expression had on IRF-1 transactivation in vivo.
Because Gal4–IRF-1 is a relatively weak transactivator,
the more sensitive luciferase reporter system was used.
Cotransfection of HPV16 E6 with Gal4–IRF-1 had no
effect on IRF-1 transactivation (Fig. 5D). To further
determine whether HPV16 E6 inhibition of IRF-3 trans-
activation was specific, experiments were conducted
with Gal4–Stat2. HPV16 E6 had no effect on Stat-2 trans-
activation (Fig. 5E). Taken together, these results suggest
that the ability to impair IRF-3 transactivation was
specific for a high risk form of E6, and that HPV16
E6 does not have a general inhibitory effect on trans-
activation. Furthermore, the relatively weak interaction
of HPV16 E6 with IRF-1 observed in vitro does not
appear to be physiologically significant because HPV16
E6 had no effect on IRF-1 dependent transactivation in
vivo.

We have demonstrated that HPV16 E6 can inhibit
IRF-3 transactivation when IRF-3 binds DNA via the
Gal4 DNA-binding domain. Next, we determined
whether HPV16 E6 affected the transactivation capacity

of IRF-3 acting on the ISRE. It was demonstrated previ-
ously that cotransfection of IRF-3 (not as a Gal4 fusion)
with the ISG15 promoter inserted upstream of the CAT
reporter gene resulted in a dose-dependent increase in
CAT activity (Au et al. 1995). Therefore, we examined
the activity of IRF-3 at a promoter containing three cop-
ies of the ISG15 ISRE. The HPV negative human cervical
carcinoma cell line C33A was used for these experi-
ments to demonstrate that this activity of HPV16 E6 is
conserved in a human epithelial cell line. Because the
p53 gene is mutated in C33A cells (Scheffner et al. 1991),
these experiments also allowed us to determine the ef-
fect of HPV16 E6 on IRF-3 transactivation in the absence
of wild-type p53. As seen with the Gal4–IRF-3 experi-
ments, increasing concentrations of the HPV16 E6 plas-
mid resulted in a dose-dependent inhibition of IRF-3
transactivation at the ISRE (Fig. 5F). In these experi-
ments, we consistently observed 40%–70% inhibition of
IRF-3 transactivation at the highest transfected concen-
tration of the HPV16 E6 expression plasmid. Comparable
results were found in L929 and U2OS cells (data not
shown).

Figure 5. Stimulation of 5Gal4–TK–lucifer-
ase expression by Gal4–IRF-3, Gal4–IRF-1,
and Gal4–Stat-2 and dose-dependent inhibi-
tion of IRF-3 transactivation by HPV16 E6.
(A) L929 cells were cotransfected with 2 µg of
the 5Gal4–TK–luciferase reporter construct
and increasing amounts of Gal4–IRF-3 (j),
Gal4–Stat2 (m), or Gal4–IRF-1 (d) expression
plasmids. (B) L929 cells were cotransfected
with 1 µg of SV40-b-gal, 2 µg of the 5Gal4–
E1bTATA–CAT reporter (pG4BCAT) and 0.1
µg of Gal4–IRF-3 expression construct and in-
creasing amounts of the HPV16 E6 expression
plasmid p1436. (C) L929 cells were cotrans-
fected with 1 µg of SV40–b-gal, 2 µg of the 5Gal4–TKCAT reporter, 0.1 µg of Gal4–IRF-3
expression construct and increasing amounts of p1436. (D) L929 cells were cotransfected
with 1 µg of SV40–b-gal, 2 µg of the 5Gal4–TK-luciferase reporter, 1 µg of a Gal4–IRF-1
expression construct and increasing amounts of the HPV6 E6 expression plasmid p1478.
(E) L929 cells were cotransfected with 1 µg of SV40–b-gal, 2 µg of the 5Gal4–TKCAT
reporter, 0.1 µg of Gal4–Stat2 expression construct and increasing amounts of p1436. (F)
C33A cells were cotransfected with 0.5 µg of SV40–b-gal, 0.25 µg of the ISG15–ISRE
luciferase reporter, 0.5 µg of pCDNA3–IRF-3 and increasing amounts of p1436. The levels
indicated were derived from duplicate samples within each experiment and are means
from at least three independent experiments. CAT and luciferase activities were normal-
ized to b-galactosidase expression levels. Error bars, standard error.
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E6 inhibits the viral induction of IFNb mRNA

Wathelet et al. (1998) have demonstrated that viral in-
fection leads to the phosphorylation and nuclear trans-
location of IRF-3 and its incorporation into a complex
designated the virus-activated factor (VAF). Once acti-
vated, VAF binds to the ISRE-like elements in virus-in-
ducible promoters and promotes transcription (Fujita et
al. 1989; Schafer et al. 1998; Wathelet et al. 1998; Weaver
et al. 1998). IFNb then activates a complex antiviral cel-
lular response. Therefore, we asked whether HPV16 E6
had an effect on the induction of IFNb by virus infection.
Primary human keratinocytes stably expressing HPV16
E6, HPV6 E6, or HPV16 E7 were infected with Sendai
virus and the induction of IFNb mRNA was determined
by Northern analysis (Fig. 6A). The expression of HPV16
E6 resulted in a 44% inhibition of IFNb mRNA produc-
tion. Expression of HPV6 E6 or HPV16 E7 had no effect
on the induction of IFNb mRNA. IRF-3 has been found
to be directly activated by viral infection resulting in the
production of IFNb. Type I IFN treatment of cells in-
duces the production of a variety of IFN-inducible tran-
scripts. The 28–58 (A) synthetase family of enzymes ac-
tivates a latent ribonuclease that can cleave single-
stranded RNAs (Vilcek and Sen 1996). To determine
whether HPV16 E6 could affect the induction of the
28–58 (A) synthetase, the Northern blot was stripped and

probed with the 28–58 (A) synthetase cDNA. In the pres-
ence of HPV16 E6, the 28–58 (A) synthetase mRNA was
induced to 32% of the level found in cells expressing
vector alone (LXSN). The induction of 28–58 (A) synthase
mRNA by viral infection is indirect (Wathelet et al.
1992) and our results suggest that the inhibitory effect of
HPV16 E6 on IFNb production is physiologically signifi-
cant in that it can impair the induction of secondary
antiviral transcripts.

To determine whether HPV16 E6 had an effect on the
kinetics of IFNb induction as well as the level of expres-
sion, we examined IFNb expression in HFKs expressing
HPV16 E6 or HPV6 E6 that had been infected with Sen-
dai virus. Total cellular RNA was isolated at the indicted
times and Northern blots were probed for IFNb and
GAPDH mRNAs (Fig. 6B). The levels of IFNb indicated
were normalized by the amount of GAPDH present at
each time. Although HPV16 E6 did not have a significant
effect on the timing of IFNb mRNA induction, the ex-
tent of induction was impaired by 73% and 38% at 5 and
6 hr after Sendai virus infection.

HPV16 E6 expression does not affect the stability
of IRF-3 in human keratinocytes after Sendai
virus infection

To determine whether the decrease in IRF-3 activity fol-
lowing Sendai virus infection resulted from the HPV16
E6 mediated degradation of IRF-3 protein, we examined
the IRF-3 levels in HFK retrovirus vector control (LXSN)
or HPV16 E6 expressing cells. Whole cell extracts har-
vested 0, 3, 4, 5, and 6 hr after Sendai virus infection
were analyzed by Western blot with the SL-12 antibody
to detect IRF-3 levels. Interestingly, in the parental HFKs
as well as the LXSN control HKFs, IRF-3 protein levels
dropped dramatically 5 hr after viral infection (Fig. 7A,B).
Only a small amount of slower migrating IRF-3 protein
could be detected at 5 and 6 hr after infection. IRF-3 is
phosphorylated as a consequence of viral infection. It is
possible that the slower migrating forms of IRF-3 appar-
ent at 5 and 6 hr corresponded to phosphorylated IRF-3
(Fujita et al. 1989; Wathelet et al. 1998; Weaver et al.
1998). The levels of IRF-3 in HPV16 E6 expressing HFKs
were similar to the levels in the LXSN control HFKs at
each of the time points (Fig. 7A). To determine whether
IRF-3 protein loss resulted from proteosome mediated
degradation, parental HFK were treated with the proteo-
some inhibitor MG132 immediately prior to viral infec-
tion (Rock et al. 1994). MG132 stabilized IRF-3 after viral
infection, indicating that the degradation of IRF-3 was
proteosome mediated. Further experiments will be
needed to address whether IRF-3 degradation involves
ubiquitination.

Discussion

In this study we have found that HPV16 E6 can interact
with IRF-3 and inhibit its ability to transactivate. HPV16
E6 is required for the efficient immortalization of human
keratinocytes and has been implicated in the initial steps

Figure 6. HPV16 E6 impairs virus induction of IFNb. (A) A
Northern blot, containing 7.5 µg of total cell RNA isolated from
the indicated cell lines 5 hr after Sendai virus infection, was
hybridized with an IFNb-specific probe (top), with a 28–58 (A)
specific probe (middle), or with a GAPDH probe (bottom). After
hybridization and washing, filters were exposed to X-ray film for
18, 24, and 26 hr, respectively. (B) Northern blots, containing
7.5 µg of total cellular RNA isolated at indicated times after
virus infection from HPV16 E6 (j)- and HPV6 E6 (s)-expressing
HKFs, were hybridized with an IFNb-specific probe or with a
GAPDH probe. Specific signals were quantitated by Phosphor-
Imager analysis and the IFNb levels were normalized to
GAPDH levels at each time point.
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of cellular transformation. IRF-3 was originally identi-
fied by its amino acid sequence homology to a family of
structurally related transcription factors. The results
presented here indicate that IRF-3 is a potent transcrip-
tional activator and that the interaction of HPV16 E6
with IRF-3 inhibits this function in vivo. IRF-3 can ac-
tivate transcription by binding to ISRE and ISRE-like el-
ements in regulatory regions of genes activated by viral
infection. IRF-3 has been shown recently to be an essen-
tial component of the VAF complex that transactivates
the IFNb promoter after viral infection (Fujita et al. 1989;
Schafer et al. 1998; Wathelet et al. 1998; Weaver et al.
1998). We demonstrate here that E6 inhibition of IRF-3
transcriptional activity impairs the induction of IFNb in
response to viral infection. This represents the first de-
scription of a biochemical mechanism by which HPV
modulates the antiviral activities of infected cells.

HPV16 E6 inhibited the transactivation of Gal4–IRF-3
by 85% at the highest E6 plasmid concentrations. The
inhibitory effect of HPV16 E6 on intact IRF-3 transcrip-
tional activity at the ISRE was more modest, ∼50%.
Similar levels of inhibition by HPV16 E6 were seen on
the cellular promoter for IFNb where HPV16 E6 reduced
the response to virus infection by 38% to 73% depending
on the experiment and time after Sendai virus infection.
Multiple signal transduction pathways lead to activation
of transcription factors including NFkB, ATF-2, and c-
Jun, which converge to affect the expression of the IFNb
gene (Thanos and Maniatis 1995; Kim and Maniatis
1997). In addition, after viral infection, IRF-3 becomes
part of a large complex that includes IRF-7, p300, and
pCBP. The partial inhibitory effect of HPV16 E6 on the
IFNb promoter may be caused by the complex regulatory

pathways that control expression from the IFNb pro-
moter. As demonstrated by the impaired induction of
28–58 (A) synthetase, the inhibitory effect of HPV16 E6
on IRF-3 is sufficient to affect genes regulated by IFNb,
thereby modulating the cellular physiologic response to
viral infection.

It has been shown previously that HPV16 E6 can in-
hibit the transactivation function of p53 (Mietz et al.
1992). That inhibition is presumably the result of the
interaction of E6 with the E6AP ubiquitin protein ligase
and the formation of a ternary complex with p53, which
results in the ubiquitination and degradation of p53.
However, the effect of E6 on IRF-3 does not involve its
proteolysis. The IRF-3 half-life and steady-state protein
levels were unaffected by the expression of HPV16 E6.
We have mapped the region of IRF-3 that is involved in
HPV16 E6 binding. This region contains a motif similar
to the one found within the E6 binding domain of E6AP
(Huibregtse et al. 1993; Elston et al. 1998). This suggests
that E6 may bind directly to IRF-3, and furthermore sug-
gests that E6AP is not required for the interaction. In
support of this, we have found that IRF-3 is not part of a
complex with E6AP in the presence or absence of E6
(data not shown). We found that IRF-3 is degraded 5–6 hr
after viral infection and that HPV16 E6 expression does
not affect this degradation. We have begun to address the
mechanism of IRF-3 loss after viral infection. The stabi-
lization of IRF-3 by the proteosome inhibitor MG132
suggests that IRF-3 is targeted for degradation in a pro-
teosome-dependent manner. Interestingly, the timing of
the attenuation of IFNb mRNA production in response
to virus infection in HFK mirrors the timing of the deg-
radation of IRF-3 (Figs. 6B and 7A,B). These results sug-
gest that the regulated degradation of IRF-3 may be re-
sponsible for shutting off the IFNb response.

The list of transcription factors that can act as bifunc-
tional regulators of transcription, by activating gene ex-
pression from some promoters while repressing others, is
quite large. HPV E6 proteins have transcriptional-modu-
latory activities, some of which are p53 dependent and
some are p53 independent (Lamberti et al. 1990; Sedman
et al. 1991; Mietz et al. 1992). HPV16 E6 can increase
cellular fibronectin gene expression (Shino et al. 1997).
HPV16 E6 can also transactivate the prothymosin a, c-
myc, and TGF-b1 promoters (Dey et al. 1997; Kinoshita
et al. 1997). Furthermore, both high-risk and low-risk
HPV E6 proteins can transactivate the adenovirus E2
promoter as well as a number of viral TATA-containing
promoters in NIH-3T3 cells (Crook et al. 1991; Sedman
et al. 1991; Desaintes et al. 1992). In contrast, HPV16 E6
can inhibit the activity of two viral promoters, the
Molony murine leukemia virus LTR and the cytomega-
lovirus immediate early promoter (Etscheid et al. 1994).
HPV16 E6 has been shown to localize to the nucleus as
well as the cytoplasm, consistent with the studies im-
plicating it with functions affecting transcription of spe-
cific genes (Androphy et al. 1987; Lechner et al. 1992). In
this paper we demonstrate that HPV16 E6 interacts very
strongly with IRF-3 in vitro whereas HPV18 E6 interacts
only modestly with IRF-3. Similarly, in vitro-translated

Figure 7. HPV16 E6 expression does not affect the stability of
IRF-3 in human keratinocytes after Sendai virus infection. Im-
munoblot analyses of 100 µg of total protein lysates from HFK
cells. (A) Western blot of HFKs expressing vector alone (LXSN)
or HPV16 E6 as indicated probed with SL-12. (B) Western blot of
the parental HFKs probed with SL-12. Cells were treated with
MG132 (40 µm) immediately prior to virus infection. Total cell
lysates were harvested at the times indicated after Sendai virus
infection.
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HPV18 E6 interacts less well with E6AP, however,
HPV18 E6 does function in vivo to degrade p53. Experi-
ments are ongoing to address whether HPV18 E6 can
bind to IRF-3 in vivo and modulate its transcriptional
activity.

IRF family members have been shown to be modula-
tors of the cell cycle and of apoptosis, and may have
functional similarities to p53. That IRF-1 can function as
a tumor suppressor has been most clearly demonstrated
in experiments that showed that embryonic fibroblasts
from IRF-1 null mice could undergo transformation by
the expression of c-Ha-ras alone (Tanaka et al. 1994). In
addition, IRF-1 and p53 appear to cooperate in response
to DNA damage and in the transcriptional activation of
p21 (Tanaka et al. 1996). Both IRF-1 and p53 are essential
for DNA damage-induced apoptosis in T lymphocytes
and in embryonic fibroblasts (Lowe et al. 1993; Tanaka et
al. 1994, 1996; Tamura et al. 1995). Through these stud-
ies, the regulators of the IFN pathway have been linked
to cellular transformation and apoptosis. HPV16 E6 can
functionally impair p53, and from the experiments pre-
sented here, E6 can interfere with the function of an IRF
family member. It is tempting to speculate that in addi-
tion to diminishing the cellular response to viral infec-
tion, the ability of E6 to interfere with keratinocyte dif-
ferentiation and its potential to avert an apoptotic signal
in a p53 independent manner may reside in part in its
ability to interact with and modulate the activity of
IRF-3.

Materials and methods

Plasmids

The Gal4 DNA-binding domain in pSG424 (Sadowski and
Ptashne 1989) was fused to full-length IRF-3 residues 2–427.
The Gal4–Stat2 plasmid contained residues 670–851 (Bhat-
tacharya et al. 1996). The Gal4–IRF-1 plasmid contained the
full-length IRF-1 residues 1–325, IFNb, and 28–58 (A) synthetase
cDNA containing plasmids were provided by Marc Wathelet
(Wathelet et al. 1992). The b-actin HPV16 E6 (p1436) and b-
actin HPV6 E6 (p1478) plasmids were constructed by Karl
Munger (Munger et al. 1989). GST–IRF-3 was constructed by
cloning an EcoRI–NotI fragment from the yeast prey vector,
pPC86 into pGex4T-1. Truncated forms of GST–IRF-3 were con-
structed by PCR cloning an EcoRI–XhoI fragment containing
the indicated amino acids into pGex4T-1. Gal4–IRF-3 was con-
structed by cloning an EcoI–NotI fragment from the GST–IRF-3
construct into pSG424. The IRF-3 expression plasmid was
cloned into pCDNA3 (Invitrogen) by PCR of the first 139 amino
acids of IRF-3 containing an EcoRI–XmnI fragment and ligation
to the remaining portion of IRF-3 (XmnI–NotI) derived from the
yeast prey vector–IRF-3 plasmid. Plasmids used for in vitro
translation of other IRF family members, IRF-1, IRF-2, ICSBP,
and ISGF3 were kindly provided by Dr. K. Ozato (Bovolenta et
al. 1994). Plasmids for in vitro translation of E6 proteins and
GST–E6 plasmids have been desccribed previously (Werness et
al. 1990; Huibregtse et al. 1993). The ISG15–ISRE luciferase
reporter was constructed by insertion of a HindIII–SacI fragment
containing three copies of the ISG15 ISRE upstream of the E1b
TATA box into the G5luciferase (G5luc) reporter plasmid (Deng
and Karin 1993). All constructs generated by PCR were con-
firmed by DNA sequencing. Plasmids used for transfections
were purified by CsCl gradients two times.

Two-hybrid screening

A Gal4-based yeast two-hybrid screen was performed as de-
scribed previously (Yasugi et al. 1997). The HPV16 E6 bait
plasmid was constructed by cloning the full-length HPV16 E6
gene in-frame with the Gal4 DNA-binding domain (amino
acids 1–147) in the pPC97 vector. For the library screen, an
activated human T cell cDNA library, kindly provided by Dr.
Joshua La Baer (MGH), cloned into the Gal4 activating do-
main (amino acids 768–881; pPC86), was transformed into the
yeast host strain MaV103 (Mata ura3-53 leu2-3,112 trp1-901
hisD200 ade2-101 gal4gal80D GAL1::LacZ GAL1::HIS3 lys2
SPAL10;URA3) carrying the pPC97-16 E6 plasmid. Transfor-
mants were replica plated onto plates lacking histidine and with
3AT (synthetic complete medium [Sc]-L-T-H+3AT 30 mM). Po-
tential interactors were picked from the 3AT-selective plates.
The pPC86–cDNA plasmids were recovered and reintroduced
into yeast MaV103 containing pPC97-16 E6. To confirm the
interaction, transformants were plated onto Sc-L-T-H+3AT 30
mM plates, Sc-L-T-U plates, and Sc-L-T plates containing X-gal,
a substrate for the lacZ-encoded enzyme.

In vitro binding assays

The HPV E6 in vitro-transcribed and -translated proteins were
tested for association with IRF-3 proteins by mixing 7.5 µl of
35S-labeled wheat germ extract-translated HPV16, HPV18,
HPV11, or HPV6 E6 and 10 µl of glutathione–Sepharose beads
containing GST–IRF-3 protein. The mixture contained 125 µl of
25 mM Tris-HCl (pH 7.4), 50 mM NaCl and 25 µl of lysis buffer
containing 0.1 M NaCl, 1% NP-40, and 0.1 M Tris (pH 7.4). The
mixtures were rotated at 4°C for 4 hr. The beads were collected
by centrifugation, washed three times with lysis buffer, boiled
in SDS–gel loading buffer and electrophoresed on SDS–13%
polyacrylamide gels. Gels were fixed, dried, and exposed to Ko-
dak XAR film. Binding of in vitro-translated IRF proteins to
GST and GST–E6 proteins was carried out in the same manner.

Immunoprecipitations

Electroporated COS-7 cells were washed with PBS, scrapped in
PBS, and pelleted by centrifugation. Pellets were frozen in dry
ice then resuspended in 4 volumes of lysis buffer [20 mM HEPES
(pH 7.9), 0.2 mM EDTA, 0.2 mM EGTA, 10% glycerol, and the
protease inhibitor cocktail (Pharmingen)]. KCl (2 M) was added
to 400 mM final concentration, and the extracts were rotated at
4°C for 30 min and centrifuged at 12,000 rpm for 10 min. Ly-
sates were precleared with 50 µl of a 50% slurry of protein
A–agarose and protein G–agarose (1:1) and 1 µl of normal mouse
serum in lysis buffer. The IP was conducted with ∼5 µg of an
irrelevant mAb, AU1, or SL-12 mAb. Fifty microliters of a 50%
slurry of protein A–agarose and protein G–agarose (1:1) was
added to each lysate, and the suspension was rotated for 2 hr at
4°C. The protein A/G–agarose from each sample was washed
three times at 4°C with 1 ml of lysis buffer, boiled in SDS-PAGE
loading buffer containing DTT and analyzed by PAGE and au-
toradiography.

Northern analysis

RNA was harvested from HFK cells with Trizol (GIBCO-BRL).
Five micrograms of total RNA was separated on a 1.1% agarose–
formaldehyde gel and transferred to Hybond-N+ membrane.
The membranes were sequentially hybridized with IFNb, 28–58

(A), GAPDH, 16 E6 or 6 E6 radiolabeled probes. Gene specific
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signals on each Northern blot were quantified by PhosphorIm-
ager analysis (Molecular Dynamics).

Preparation of primary cell culture and infection
by retroviral vectors

Primary keratinocytes were isolated from human neonatal fore-
skins by standard techniques. Briefly, foreskins were cut into
several strips and were incubated in dispase (43.7 mg/ml) over-
night. Epidermal layers were removed from the dermis and in-
cubated in trypsin two times at 37°C for 15 min. Trypsin con-
taining keratinocytes was removed, pooled, and inactivated by
centrifugation through DMEM containing 10% fetal calf serum.
Keratinocytes were maintained in serum-free medium supple-
mented with human-growth hormone and pituitary extract
(GIBCO-BRL).

The amphotropic packaging cell line (PA317) was used to pro-
duce recombinant retroviruses LXSN, HPV16 E6, HPV6 E6,
HPV16 E7, or HPV17 E6/E7 under the transcriptional control of
the Moloney leukemia virus promoter–enhancer sequences
(kindly provided by Dr. D. Galloway) (Miller and Rosman 1989;
Halbert et al. 1991). The LXSN vectors contain the gene con-
ferring neomycin resistance directed from the SV40 promoter.
Recombinant virus was generated according to previously de-
scribed procedures (Halbert et al. 1991). Viruses produced from
PA317 cells were used to infect passage 2 human neonatal fore-
skin keratinocytes. Infected cells were placed under G418 (200
µg/ml) selection for 48 hr and then carried for 8 additional days
until selection was complete. To determine expression of viral
proteins, cells lysates were prepared in RIPA lysis buffer plus
0.01% PMSF, and 1 µg of aprotinin and leupeptin per milliliter.
Lysates were cleared by centrifugation at 15,000g at 4°C for 5
min. One hundred micrograms of protein was separated by SDS-
PAGE (12% polyacrylamide gel), and the levels of HPV16 E7,
p53, and IRF-3 were determined by Western analysis as de-
scribed (Dowhanick et al. 1995). The HPV16 E7 antibody was
kindly provided by Dr. K. Münger (Harvard Medical School).

Monoclonal antibody preparation and Western blot analysis

Monoclonal antibody SL-12 was prepared by injecting mice four
times with GST–IRF-3 (amino acids 56–427) protein. Serum
samples from immunized mice were checked for antibody titers
by assaying the efficiency with which they immunoprecipitated
in vitro-translated IRF-3 protein. Spleen cells from the mouse
displaying the best response were fused to NS-1 cells (Harlow
and Lane 1988). Positive clones were identified by testing the
ability of the hybridoma supernatants to immunoprecipitate in
vitro-translated IRF-3, and by their efficiency to detect IRF-3
protein by Western analysis.

Cell culture, transfection, CAT, and luciferase assays

C33A, HeLa, L929, SL-12 hybridoma and SiHa cell lines were
maintained in DMEM supplemented with 10% bovine calf se-
rum (GIBCO). Sendai virus (SPAFAS) was used at 200 HAU/ml.
MG132 was purchased from Peptides International.

For transient transfections, 60 mM plates of 50% confluent
cells were transfected by the calcium phosphate procedure
(Dowhanick et al. 1995). The DNA–calcium phospate precipi-
tate was added to the culture and left on cells for 10 to 15 hr.
The transfection cocktail contained 2 µg of reporter plasmid, 1
µg of SV40–b-gal (pSVb; Clontech Laboratories, Inc.) and the
indicated amounts of expression vectors. The total amount of
DNA added to each plate was kept constant by including the
appropriate amount of empty expression vector. Precipitate was

removed, cells were washed twice with PBS, refed with com-
plete media, and CAT assays were performed as described after
36–48 hr (Sakai et al. 1996). The percent acetylation was quan-
tified by PhosphorImager (Dynamics) scanning of chromatogra-
phy plates. Luciferase assays were conducted as described (Bhat-
tacharya et al. 1996). Briefly, six-well plates were seeded with
2.5 E5 cells and the next day were transfected for 15–18 hr by
the calcium-phosphate procedure. Luciferase assays were con-
ducted 24 hr after the removal of the DNA/precipitate.

Acknowledgments
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