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Human scribble, a novel tumor suppressor identified
as a target of high-risk HPV E6 for ubiquitin-mediated
degradation, interacts with adenomatous polyposis coli
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Recently, we have identified human scribble (hScrib), human homolog of the Drosophila tumor
suppressor Scribble, as a substrate of human papillomavirus E6 oncoproteins for ubiquitin-
mediated degradation dependent on ubiquitin-protein ligase E6AP. Human Scribble, classified as
a LAP protein containing leucine-rich repeats and PDZ domains, interacts with E6 through its
PDZ domains and C-terminal PDZ domain-binding motif of E6 protein. Interaction between
human Discs Large (hDlg), which is a substrate of E6 for the ubiquitin-mediated degradation,
and adenomatous polyposis coli (APC) has been shown. Here, we investigated whether hScrib and
APC interact with each other in vitro and in vive. Interaction between hScrib and APC is mediated
by the PDZ domains 1 and 4 of hScrib and C-terminal PDZ domain-binding motif of APC.
Human Scribble co-localized with APC at the synaptic sites of hippocampal neuron and at the
tip of membrane protrusion in the epithelial cell line. Interference of the interaction between
hScrib and APC caused disruption of adherens junction. Knockdown of hScrib expression by
RINNAJ disrupts localization of APC at the adherens junction. These data suggest that hScrib may
participate in the hDlg-APC complex through its PDZ domains and regulate cell cycle and neural

function by associating with APC.

Introduction

Epithelial cells are characterized by a regular columnar or
cuboidal shape with defined apical-basal polarity (Peifer
& Tepass 2000; Bissell & Radisky 2001; Muller & Boss-
inger 2003). During the development of neoplastic
turnors from their precursor lesions to invasive cancers,
epithelia lose their regular cell shape, defined apical-basal
polarity, and tissue architecture. Formation of the two
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Communicated by: Tadashi Yamamoto
*Correspondence: E-mail: nakagawas-tky@umin.ac.jp

DCGE10.1311/).1365-2443.2006.00954.x
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integral junctions, the tight junction and the adherens
junction, 15 required for vertebrate epithelial celis to
establish the cell polarity (Bryant & Huawe 2000; Muller
& Bossinger 2003). Recently, Bilder & Perrimon {2000)
reported that Drosophila tumor suppressor Scribble
whicl: localizes at the septate junction, a structure equiva-
lent to the vertebrate tight junction, serves as an apical-
basal polarity determinant in epithelial cells. Loss of
seribble mutation causes disruption of the cell polarity and
leads to the overgrowth of epithelial cells in the imaginal
discs, follicle, and brain in Drsephila (Bilder ef al. 2000b;
Greaves 2000; Peifer 2000; Wodarz 2000), Human Serib-
ble (hSerib), a human homolog of Drosopliila Scribble,

Genes to Cells {2006) 11, 453-464

Journal compilation ©@ 2006 by the Molecular Biology Society of Japan/Blackwell Publishing Led.

453



$ Takizawa et al.

was identified as a substrate of human papillomavirus
(HPV) E6 oncoprotein for the ubiquitin-mediated deg-
radation dependent on E6AP, ubiquitin-protein ligase
{(Nakagawa & Huibregtse 2000). Human Scribble has
two typical protein-protein interaction domains: leucine-
rich repeats (LRRs) and PDZ-domains (Nakagawa &
Huibregtse 2000}, Recently, the proteins with 16 canonical
leucine-rich repeats (LRRs) and 1 or 4 PDZ-domains
are grouped as LAP (leucine-rich repeats and PDZ.-domains)
proteins (Bilder et al. 2000a; Bilder & Perrimon 2000;
Bryant & Huwe 2000). LAP proteins share common features
such as the basolateral localization and apical-basolateral
polarity determination in epithelial cells (Bryant & Huwe
2000). In addition to hScrib, Densin-180 (Apperson
et al. 1996; lzawa et al. 2002; Ohtakara ef al. 2002), Erbin
(Borg et al. 2000; Huang et al. 2001; Jaulin-Bastard et al.
2002; Laura et al. 2002), and Lano (Saito et al. 2001) have
joined the list of manumalian LAT proteins. Erbin, which
has one PDZ domain, was shown to bind to EGF-
receptor ErbB2/HER (Borg ef al. 2000). Loss of binding
domain of ErbB2/HER causes the mis-localization of
Erbin, indicating the in vive interaction between these
two proteins (Borg ez al. 2000},

The genetic study on Drosophila established an inter-
action among the three tumor suppressors, Scribble,
Discs large (Dlg) and Lethal giant larvae {lgl) (Bilder ef al.
2000b}. Loss of dLg or Igl mutant resulted in loss of
apical-basolateral polarity and massive overgrowth of
epithelial cells, as was observed with scribble mutation
{Bilder et al. 2000b). These data indicate that these tumor
suppressors act cooperatively in a commmon pathway to
regulate cell polarity and tissue growth (Bilder ef al.
2000b; Bilder et al. 2003). Human Dig (hDlg) was
shown to be a substrate of high-risk HPV E& for the
ubiquitin-mediated degradation (Gardiol et al. 1999;
Mantovani et al. 2001). The interaction between these
two proteins needs the PDZ domains of hDlg and the C-
terminal S/ T-X-V/L motif conserved among the high-
risk but not the low-risk E6 proteins (Kiyono ef al
1997). The PDZ domains of hDig were reported to
interact with the C-terminal region of the tumor sup-
pressor adenomatous pelyposis coli {APC) (Matsumine
et al. 1996). The high-risk HPV E6 and APC share the
class 1 PDZ-binding moutf, Threonine/Serine-X-
Leucine/Valine at their C-terminus (Morais Cabral et al.
1996; Kiyono et al. 1997). We recently reported that the
interaction between hScrib and E6 depends on PDZ
domains of hScrib and the conserved C-terminal motif
{Threonine-X-Leucine/Valine) among the high-risk
HPV E6 proteins (Nakagawa & Huibregtse 2000), as the
interaction between hDlg and the high-risk HPV E6
does (Kiyono et al. 1997). These data suggest the possi-

454  Genes o Cells (2006) 11, 453—464

bility that hScrib binds to APC, a regulator of cell pro-
liferation and cell cycle (Ishidate ef al. 2000). If it is the
case, 1t gives us a clue to solve an unanswered questicn
how scribble determines cell polarity and exerts its
tumor suppressive effect during the establishment of tis-
sue architecture of epithelia. Here, we demonstrate that
hSerib binds to APC in vitro and in vive and thereby is
possibly involved in the control of cell proliferation by
interacting with APC.

Results

Specificity of the anti~hScrib PDZ domains 1—-4
antibody

The specificity of the affinity-purified anti-hScrib PDZ
domains 1-4 was examined by Western blotting. The
anti-hScrib PDZ domains 1-4 polyclonal antibody
detected a sharp band around 220 kDa, which corre-
sponds to the in vifro translated hScrib in the rabbit retic-
ulocyte lysate and the endogenous hSerib in 293-T cell
lysate (Fig. 1B, lanes 2 and 3). In contrast, the anti-
hScrib PDZ domain antibody did not react to the in vitro
translated hDig, another PDZ domain containing pro-
tein, in the rabbit reticulocyte lysate (Fig. 1B, lane 1).
These data indicate that the anti-hScrib PDZ domain
antibody can recognize hSerib specifically.

In vitre interaction between hScrib and APC

To examine which PDZ domain of hScrib binds to the
high-risk HPV E6, we expressed each PDZ domain of
hSerib as a GST-fusion protein. GST-fusion PDZ
domains 1, 3 and 4 of hScrib bound to E6, but GST-
fusion PDZ domain 2 did not bind to E6 (Fig. 1D).\We
compared the amino acid sequence of mucosotropic
HPV E6 proteins found in anogenital lesions. The C-
terminal of the high-risk HPV type 16, 18, 31, 33,51, 52
and 58 E6 proteins, but not the low-risk HPV type 11
E6 conserved the PDZ domain-binding motif, Threonine-
X-Leucine/Valine (Fig. 1C). The high-risk HPV E&
proteins and the tumor suppressor APC have the con-
served C-terminal amino acid sequence Threonine-X-
Leucine/Valine, which is essential for interaction with
the PDZ domains of hDlg (Fig. 1C) (Matsumine ef al.
1996; Kiyono et al. 1997). We next examined whether
the in vitro translated APC binds to GST fusion hScrib
PDZ domains. The i virro tanslated APC bound to the
PDZ domains 1 and 4 of hScrib (Fig. 1D).

To explore the mechanism of the interaction berween
hSerib and APC, we investigated fn vitre binding berween
these two proteins by the immunoprecipitation. First, we

€ 2006 The Authors
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Figure 1 The scheme of the protein structure of hScrib and Western blatting of the fn vitro translated hScrib and the endogenous hScrib.
The high-risk HPV E6 proteins and the tumor suppressor APC share the class 1 PDZ-binding motif, which is essential for the interaction
with PDZ domain of hScrib. {A) Human scribble has 16 canonical lercine-rich repeats (LR Rs) at its N-terminal region, 4 PIXZ domains
at its central region, and LAP specific domain (LAPSD) between LR Rs and PDZ domains. (B) The Western blotting of hScrib by using
the polyclonal antibodies raised against PDZ domains of hScrib. Lane 1, negative control (i vitre translated hDlg); lane 2, in vitro translated
hSerib; Jane 3, the endogenous hSerib in 293T cells. (C) Comparison of the C-terminal sequences of the mucosotropic HPV E6 proteins
found in the anogenical lesions and the tumeor suppressor APC. (D) The identification of the binding domain for the interaction between
HPV 16 E6 and hScrib by the GST-pult down assay (upper). The identification of the binding domain for the interaction between APC

and hScrib {lower).

examined whether our anti-hSerib PDZ domain and C-
rerminus antibodies recognize the in wvifio transiated
hSerib by immunoprecipitation. The anti-hScrib PDZ
domain antibody {Fig. 24, lane 2) and anti-hScrib C-
teriminus antibody (data not shown} Immunoprecipi-
tated the in vifro translated hScrib successfully. The
anti-APC C-terrminus antibody also immunoprecipitated
the i vitro translated APC C-terminal 369 amino acids
(Fig. 2A, lane 1). We next examined whether in vitro
translated hScrib and APC make complex in vitro. After
incubation for 2 h at 4 °C, the mixture of the in vitro
translated two proteins was anaiyzed by immunoprecip~
itation. The anti-hScrib C-terminus antibody immuno-
precipitated hScrib and it also co-precipitated APC,
confirming our data by GST-pull down assay (Fig. 2A,
lane 5). In contrast, ant-APC C-terminus antibody co-
precipitated smaller amount of hScrib compared with
co-precipitation analysis of the same complex by
anti-hScrib C-terminus antibody (Fig. 2A, lane 4), pre-
sumably because the epitope of anti-APC C-terminus
antibody could overlap with the region interacting with
hSerib PDZ domains. The anti-hScrib PDZ domain
antibody failed to co~precipitate the APC probably for
the same reason (Fig. 24, lane 3). To test whather APC

© 2006 The Authors

and E6 are competitive for binding to hScrib, we per-
formed a GST-pull down assay of hScrib, with or with-
out the presence of E6. The E6 interfered the interaction
between hScrib and APC (Fig. 2B).

In vivo interaction between hScrib and APC

We examined whether hScrib and APC make complex
in vive. We subjected the embryonic mouse brain tissue
extract to the immunoprecipitation with the anti-hScrib
or the anti-APC antibody. The embryonic mouse brains
extract immunogprecipitated with the anti-APC N-
terminus antibody was followed by Western blotting with
anti-APC, anti-hSerib and anti-B catenin antibodies.
The anti-APC N-terminus antibody co-precipitated
hScrib and [ catenin (Fig. 3), indicating that hScrib is a
member of a protein complex containing APC and f3
catenin. The anti-hScrib C-terminus antibody ako co-
precipitated APC and 3 catenin. In contrast, the ant-
APC C-terminus antibody and the ant-hSerib PDZ
domain anubody co-precipitated neghgible amount of
hScrib and APC, respectively (Fig. 3). We confirmed
that the non-immune immunoglobulin does not immu-
noprecipitate hScrib or APC (data not shown).

Genes to Cells (2006) 11, 433-464
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Figure 3 In vive interaction berween hScrib and APC. The in viva
interaction between hSecrib and APC was analyzed using the
immunoprecipitation assay of the mouse brain exuact followed by
‘Western blocting. Note that the anti-APC C-terminus antibody
co-precipitated negligible amount of hScrib, which indicates that
C-terminal epitope of APC is masked by the interaction with
hScrib or hDlg, For the negative control, the anti-hScrib C-
terminus antibody pre-absorbed against the antigen was used for
the immunoprecipitation.

To investigate the mechanism by which hScrib interacts
with APC, we constructed GST-fusion APC C terminal
mutants {Fig. 4A,B) and examined whether these mustants
associate with hScrib. These GST fusion APC C terminal
mutants were incubated wich 2937 cell extract and those
binding ability to hScrib was analyzed by Western blotting.
While GST fusion APC C termural 369 and 72 amino acids
associated with hSerib, these GST fusion proteins lacking
three C terminal amino acids, Threenine-~Serine-Valine

Genes 1o Cells (2000) 11, 453464

LY

pll down wn GET APC

5
= . Figure 2 {A) In vitre interactions berween
hScrib and APC through the C-terminal
region of APC and PDZ domains of
hScrib. Lane 1,immunoprecipitation of the
i vito tanslated APC by apti-APC C-
antibody; lane 2, immuno-
precipitation of the {n vitro translated hScrib
by anti-hScrib PDDZ domain antibody; lane
3, co-precipitation assay of hScrib and APC
by anti-hScrib PDZ domain; lane 4, co-
precipitation assay of hScrib and APC by
anti~APC C-terminus antibody; lane 3, co-
precipitation assay of hSerib and APC by
anti-hScrib C-terminus aniibedy. (B} The
i witro transiated hScrib was apalyzed by
the GST fusien APC with or without
presence of HPV E6.

terminus

(GST APC C369DTSV and APC C72D TSV), did not
associate with hSerib (Fig. 4C.D). To explore which of
these three amino acids is critical for the interaction with
hSerib, we constructed GST fusion APC mutants with a
single amino acid substitution (Fig. 4A). GST fusion APC
V2843Q}, which has a Glycine substitution for Valine at
amino acid 2843, lost the ability to associate with hSerib
(Fig. 4C,D). GST fusion APCT2841L, which has a Leu-
cine substitution for Threonine at amino acid 2841, and
APC AV, which has a deletion of 2843, Valine, also lost
the association with hScrib. In contrast, GST fusion APC
528421, which has a Leucine substitution for Serine at
amino acid 2842, still associated with hScrib. These data
provided the evidence that APC interacts with hScrib
through its C terminal class 1 PDZ domain-binding
sequence Threonine-X-Valine, which is shared by the C
terminal sequences of the high-risk HPV E6 proteins.

Co-localization of hScrib and APC in the epithelial
cells and cultured rat hippocampal neurons

To further explore the in vivo interaction between hScrib
and APC, we examined whether these two proteins
show the co-localized expression in cultured MDCK
cells. APC accumulates at their plus ends along the
microtubules and associates with membrane protrusions
(Mimori-Kiyosue et al, 2000). [ the fully confluen: and
polarized culture condinon, hScrib showed the membrane-
associated localization, as we previously described
(Nakagawa ef al. 2004). In the growing MDCK cells,
hSerib localized at the membrane protrusions, where the
tumor suppressor APC localized (Fig. 58-1). To confirm
our results of the in vive association of hScrib with APC

© 2006 The Authors
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A C-terminal sequences of GST-fusion APC mutants
Figure 4 The class 1 PDZ- binding motif 1 APC 368 LVTSY
of APC is essential for the association with 2 APC \TSV Ly---
hSecrib. (A} The ahgnment of amino acid 3 APC V28430 LYTSO
sequences of the GST-fusion APC C-teriminal 4 APC §2842L LYTLY
mutants. (B) The amount of GST fusion 5 APC T2841L LVLEY
APC C-terminal constructs is shown. (C} 6 APC \V LV?S .
GST-pull down assay of the 293T cell i .
extracts using the APC Coternmnal region B GST-fusion APC C-terminal mutants
mutants followed by Western blotting with GST 1APC369 2 \TSV3 V28430 452842L 5T2841L 6.V
the anti-hScrib PDZ domain antibody. The 53 KDa
C-rerminal 72 amino acids of APC showed
the binding to hSerib, but the same construct 28 kDa e G R
tacking the last three amino acids lost the
ability to interact with hScrib. Threonine at ¢ GST-pull down (2937 cell extract)
amino acid 2841 and Valine at amino acid 1APC 369 2 \ISVY3 V2B43Q 452842L S5 T2841L 6 W
2843 of APC are critica for the association
with hScrib. (D) GST-pull down asay of P
the in vitro wanslated hScrib using the APC
C-terminal region mutants. Threonine at p GST-pull down (in vitro transiated hScrib)
amino acid 2841 and Valine at amino acid input 1APC369 2 \TSV3 v2843Q 4 52842L 5T2841L 6.V

2843 of APC are agsin critical for the
association with the i vifro translated hScrib.

and B catenin, we analyzed the co-lacalization between
hScrib and P catenin. The § catenin also localized at the
membrane protrusions in the growing MDCK cells and
showed the co-localization with hSerib (Fig. 5C-1).

Because APC is highly expressed in the central nerv-
ous system and scribble is also related to the neural func-
tion (Senda etal 1998; Li eral. 2001; Mathew ef al.
2002; Roche et al. 2002; Albertson & Doe 2003; Mur-
doch et al. 2003), we analyzed the localization of both
proteins in the rat hippocampal neurons. APC showed
the highly condensed dot-like expression at the synaptic
sites along the dendrites, where the synaptic membrane
protein synaptotagmin localizes beside the cell bodies of
the neurons (Matsumine et al. 1996) (Fig. 5A-2,B-2).
Human scribble showed the synapse-associated expres-
sion along the dendrites and co-localization with APC at
the synaptic sites (Fig. 5C-2}.

Over-expression of the C-terminal PDZ domain-
binding motif of APC and high-risk HPV Eé
disrupts the junctional integrity of the epithelial cells

To explore the importance of the association between
hScrib and APC in the epithelial cells, we examined the
effect of over-expression of the C-termunal region of
APC on the formation of the cellular junctions by dis-
rupting the endogenous interaction between hScrib and
APC. We over-expressed the 369 amino acids C-terminal
region of APC in addition to GFP vector at the ratio

© 2006 The Authors
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of 1000 : 1, as a marker of the transfection. In 85 of the
GFP-labeled transfected cells with APC C-terminal 369
amino acids in 356 cells {24%), the formation of the
adherens junctions were disrupted, as revealed by the loss
of expression of hScrib (Fig. 6A-1) and the adherens
junction marker, E-cadherin (data not shown). In con-
irast, the 450 cells transfected with the same construct
lacking the last three amino acids sull showed the normal
expression of hScrib and the regular formation of the
adherens junction as the untransfected cells (Fig. 6B-1).

As described above, APC and the high-risk HPV Eés
share the class 1 PDZ domain-binding motif. Further-
more, APC and the high-risk HPV E6s share the PDZ
domains 1 and 4 of hScrib as their binding sites. These
data suggest the possibilicy that E6 exerts its oncogenic
functions partly by campeting with APC for binding to
these PDZ domains of hScrib. To investigate this possi-
bility, we over-expressed the high-risk type 16 E6 in
MDCK cells and analyzed the junctional integrity in the
E6 transfected cells. In the E6 transfected 265 cells, the
expression of E-cadherin, the adherens junctional
marker, as well as hiSerib, was markedly reduced in the
78 cells transfected with E6 (29.4%), indicating that E6
disrupts the structure of adherens juncdon (Fig. 6A-2).
In contrast, the structure of the adherens iunction was
less affected in the three cells transfected with E6 lacking
the last three amino acids (287 cells, 0.01%), comparing
with the cells tranfected with the wild-type E& (Fig. 6B~
2). These data strongly suggest the possibility that E6 is

Genes to Cells (2006} 11, 453464
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Figure 5 Human scribble co-localized with APC at the membrane protrusions in the growing epithelial cells. {(A) The negative
immunofluorescence staining of hScrib and APC in the epithelial cell line, MDCK using the antbodies pre-absorbed against the antigens.
1, immunofluorescence staining with the anti-hSerib antibody pre-absorbed against the antigen; 2, immunofiuorescence staining with
the anti~-APC antibody pre-absorbed against the ancigen; 3, the merge. (B) Immunofluorescence staining of hSerib and APC in the
epithelial cell line, MDCK. 1, hScrib; 2, APC; 3, the merge. The artows indicate that hScrib and APC co-localize at the membrane
protrusions of MDCK cells. (C) Immunofluorescence staining of hScrib and B catenin in the epithelial cell line, MDCE. 1, hSerib; 2,
B catenin; 3, the merge. The arrows indicate that hScrib and B catenin co-localize at the membrane protrusions of MDCK cells. Co-
localization of hScrib with APC in the synaptic sites of cultured rac hippocampal neurons, () The immunofluorescence staining of APC
{2) in the cultured neurons showed the dot-like staining along the dendrites, where the synaptic membrane protein synaptotagmin {3)
localized beside the cell bodies of the neurons. 4. The merged image of Fig, APC (2) and synaptotagmin (3). The phase contrast image
is shown in Fig 5D-1. (E) The immunoflucrescence staining of hSerib (1) and synaptotagimin (2} revealed the co-localizaton of these
proteins at the synaptic sites. 3. The merged image of hScrib {1} and synaprotagmin (2). (F) The immunofluorescence staining of hScrib

(1) and APC (2) revealed the co-localization of these proteins at the synaptic sites. 3. The merged image of hScrib (1) and APC (2).

involved in the process of carcinogenesis of the cervical
epithelia partly through the interference with the associ-
ation between the tumor suppressor APC and the ceflu-
lar apical-basal polarity determinant hScrib.

Knockdown of hScrib disrupts proper localization
of APC at the adherens junction

To reveal whether the complex formation between
hScrib and APC is required for the normal expression
and localization of APC, we investigated the expression
of APC in Caco-2 cells transfected with the siRNA
against human scribble. In Caco~2 cells transfected with
three RINAis against human scribble, the expression of
hScrib was almost lost, while its expression was not
affected in cells transfected with the control RINAI
{Fig. 7A). The expression level of rtubulin was not
affected with treatments of RINAIs against human scrib-
ble (Fig. 7A). Human Scribble and APC co-localize at
the basolateral membranes of Caco-2 cells transfected

Genes to Cells (2006) 11, 453-464

with control RINA1 (Fig. 7B). The expression of hScrib
was lost in cells transfected with siRINA against human
scribble, confirming the Western blot analysis (Fig. 7A,B).
The membrane bound expression of APC was almost
negative in cells transfected with siRINA against human
scribble (Fig. 7B3). These data underscore that the com-
plex formation between hScrib and APC is necessary to
the proper localization of APC at the adherens junction
and may be required for the signal transduction through
this protein complex (Fig. 7B).

Discussion

Scribble was first identfied as an apical-basclateral cell
polarity determinant in the Drosophila epithelia (Bilder &
Perrimon 2000).To date, about 50 Drosophila tameor sup-
pressor genes 1 which mutation gives rise to the over-
proliferation of the larvae imaginal discs and brain tissues
have been reported and they are classified as hyperplastic
tumor suppressors (Bilder et al. 2000b; Humbert éf af,
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Figure 6 Over-expression of the C-terminal PDZ domain-binding motif of APC disruprs the adherens juncional architecture. (A)
Over-expression of the C-terminal 369 amino acids of APC with GFP vector as a marker for the transfection disrupted the localization
of hScrib at the adherens junction. 1. GFP signal was used as 2 marker of the expression of the C-terminal 369 amino acids of APC. 2.
The immunofluorescence staining of anti-hScrib antibody revealed the loss of the expression of the endogenous hScrib in the cells
transfected with the 369 C-terininal amino acids of APC. 3. The merged image of Fig 6A-1 and Fig 6A-2. Z-section images showed that
the cells transfected with the C-terminal 369 zmino acids of APC lost the basolateral expression of hScrib. (B) Over-expression of the
C-terminal region of APC lacking the PDZ domain-binding motif lost the ability to disrupt the junctional integrity, as revealed by
the normal expression of hScrib and regular shape of the adherens junction in the transfected cells. 1. GFP signal was used as a marker
of the expression of the 369 C-terminal amino acids of APC lacking the PDZ domain-binding motif. 2. The inmunofluorescence staining
of anti-hScrib antibody revealed the normal basolateral expression of hScrib and conserved regular stzucture of the adherens junction in
the cells transfected with the 369 C-terminal amino acids of APC lacking the PDZ domain-binding motif. 3. The merged image of
Fig. 6B-1 and Fig. 6B-2. Z-section images showed that the cells transfected with the C-terminal 369 amino acids of APC lacking the
PDZ domain-binding motif show the normal basolateral expression of hSerib. (C) Over-expression of the high-risk HPV E6 elicits its
oncogenic effect on the epithelial cells partly through the interference with the association between hScrib and APC, Over-expression
of the HPV 16 wild-type E6 in addition to the GFP vector as a markey for the transfection disrupred the adherens junction. 1. GFP signal
was used a5 a marker of the expression of the HPV 16 wild-type E6. 2. The immunofluerescence staining of the adherens junction marker,
E-cadherin, revealed the distuption of the adherens junction in the cells transfected wich the HPV 16 wild-type E6. 3. The merged image
of Fig. 6C-1 and Fig. 6C-2. Z-section images showed that the cells transfected with the HPV 16 wild-type E6 lost the integrity of the
adherens junction. (D} Over-expresion of the HPV 16 E6 construct lacking the last three amino acids showed the weaker ability to
disrupt the adherens junction. The GFP vector was also used as a marker for the transfected cells. 1. GFP signal was used as 2 marker of
the expression of the E6 construct lacking the last three amino acids. 2. The immunofluorescence staining of the adherens junction nuarker,
E-cadhezin, revealed the conserved regular structure of the acdherens junction in the cells transfected with the E6 construct Jacking the
last three amino acids. 3. The merged image of Fig. 601 and Fig. 612-2. Z-section images showed that the cells transfected with the
HPV 16 wild-rype E6 lacking the last three amino acids preserved the integrity of the adherens junction,

2003). Only serib, dLg and lgl are grouped as a malignant
neoplastic tumor suppressor in which mutation causes
disruption of the tissue structure and marked overgrowth
of the epithelial tissues (Bilder ef al. 2000b; Humbert
et al. 2003}, Human Scribble was first identified as a sub-
strate of the high-risk HPV E6 for ubiguitin-mediated
degradation dependent on EGAP, a ubiquitin protein-
ligase (Nakagawa & Huibregtse 2000). Recenty, we
{Nakagawa et al. 2004) and Legouis et al. (2003} revealed
its proper localization along the basolateral membrane,
very sinlar to the site of the adherens junction, by using
the GFP-tagged full-length hScrib clone and the immuno-

© 2006 The Authors

fluorescence staining of the endogenous hScrib protein
with the antibody raised against hScrib. Audebert et al.
(2004) demonstrated that hScrib forms complex with
the BPIX exchange factor and these complex may have
a role in neural transmission. However, the fuaction of
hSecrib as a tumor suppressor is barely understood.

Here we demonstrate that the tumor suppressor APC
is a binding partner of hScrib. The germ Hne mutation of
the APC gene is found in over 95% of patients with familial
adenomatous polyposis (FAP}, which s an autesomal-
dominant intestinal disorder characterized by the devel-
opment of hundreds to thousands colerectal polyposis

Genes to Cells (2006) 11, 453~464

Journal compilation © 2006 by the Molecular Biology Society of Japan/Blackwell Publishing Lid.

459



S Takizawa et af,

Figure 7 Knockdown of hSerib by siRINAs
disrupts proper localization of APC at the
adherens junction. (A) Western blor
analysis of hScrib and G-tubulin expression
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{Fodde et al. 2001). Moreoves, the somatic mutations of
APC are found in the majority of sporadic colorectal
cancers (Fodde et al. 2001). APC is known to have a
broad range of functions from the control of the Wnt
signal transduction to cell rmigration, cell-cell adhesion,
and cell cycle control (Henderson 2000; Ishidate er al.
2000; Fodde ef al. 2001). Most of APC mutations found
in cancers lose its C-terminal coding sequence, leading
to the loss of the interaction with partner proteins, such
as § catenin (Fodde ef al. 2001). The intracellular level of
B catenin is contralled by the degradation in the prote-
osomes depending on the ‘destruction complex’ con-
taining APC, axin/conductin, and glycogen synthase
kinase 3P (GSK3(3) (Nakamnura ef al. 1998). APC gene
mutations allow P catenin to escape from this destruction
complex and abnormally high level of B catenin in the
nucleus leads to the transactivation of the transforming
genes (Henderson 2000).

Qur data on the analysis of the embryonic mouse
brain extract confirmed the in wive mteraction among
hScrib, APC and f§ catenin. Because hScrib does not
bind to [ catenin directly, it is thought to interact with
[ catenin by binding to the C-terminal region of APC.
While the anti-hScrib C-terminus antibody co-
precipitated APC and B catenin, the ang-APC C-terminus
antibody co-precipitated negligible amount of hScrib,
suggesting the possibility that the C-terminal epitope
region of APC could be masked by binding to hSerib or
hDlg PDZ domains and it could be mportant for the
association with these protems. Moreover, knockdown

460  Genes to Cells (2006) 11, 453-464

in Cace-2 cells transfected with the hSerib
siIRNA. (B) Immunofluorescence analysis
of hScrib and APC expression in Caco2
cells transfected with the hScrib siRINA.

of hScrib expression by RINAI against human scribble
distupted proper localization of APC at the adherens
junction. These data also underline the evidence of inter-
action between these proteins. It 1s possible that the PDZ
domains of hScrib and hDlg are competitive for interac-
tion with the C-terminal PDZ domain-binding mortif of
APC and that these two human homologs of Drosophila
tumor suppressor are involved in formation of protein
complex at the adherens junction through their interac-
tion with APC.

Our finding that hScrib associates with APC and 8
catenin in vitro and in vivo and it co-localizes with them
at the membrane protrusion in the MDCIK cell hne
strongly suggests that hSerib elicits its inhibitory effect
on the cell proliferation through the transduction of cell
cycle regulatory signal of APC. Actually, hDlg, which is
another target of HPV E6 for the ubiquitin-mediated
degradation {Gardiol ef al. 1999; Mantovani et al. 2001},
makes a complex with APC and thereby negatively con-
wols cell cycle from G0/G1 to S phase (Ishidate et al.
2000). Our unpublished observations on the inhibitory
effect of cell-cycle progression of hScrib indicate that
hScrib is involved in suppression of cellular proliferation
of epithelia by controlling cell-cycle. Loss of PDZ
domains of hScrib, which are crisical to interact with
APC, lost its negative regulatory ability of cell-cycle pro-
gression from G1 to § phase (unpublished observations,
K.N. & S.N.). These data underscore that hScrib nega-
tively controls cell-cycle by associating wich APC. APC
moves along microtubules through its interaction with

© 2006 The Authors
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kinesin superfamily (KIF) 3 A-KIF3B proteins and accu-
mulates at their plus ends in migrating epithelial cells
{Kawasaki ef al. 2000). Based on the report that C-
termunal region of APC imncluding the class 1 PDZ
domain-binding motf 15 important for the association
with microtubule cytoskeleton, it 35 intriguing to speculate
that hScrib, as well as hDig, could represent potential
export cargo for APC (Matsumine et al. 1996; Mimori-
Kiyosue ef al. 2000; Kawasaki et al. 2000, 2003). If it is
the case, hScrib might be involved in cell-cell contact
and adhesion and thus the early formation of the adher-
ens junction through its association with APC. This is
conceivable considering that Drosopliila scribble is essen-
tial for the formation of apical-basal cell polarity and tis-
sue architecture in the epithelia and hScrib can rescue
the polarity loss and overgrowth of epithelia in the Dro-
sophila scrib mutant (Bilder & Perrimon 2000; Bilder et al.
2000b, 2003; Dow et al. 2003). Furthermore, the mouse
homolog of Drosophila scrib has been identified as a can-
didate gene of the most severe form of neural tube
defect, termed craniorhachischisis (Murdoch et al. 2003).
In Cireletail, which is one of the two mouse mutants
exhibiting this phenotype, the entire brain and spinal
code remain open. In Circletail, a single base insertion in
Serib? causes a frameshift that leads to a truncation of the
protein with loss of two PDZ domains {Murdoch et al.
2003). These data also underscore the importance of
hScrib as a determinant of tissue architecture.

QOur data that the over-expression of the C-terminal
region of APC in the epithelial MDCK cell line, but not
the same construct without the PDZ domain-binding
motif, disrupts the configuration of the adherens
junction underscore the importance of the association
between hScrib and APC for the formation of proper
adherens junction and tissue architecture in epithelial
cells. We previously showed that the high-risk HPV E6,
but not the low-risk HPV E6, target hScrib for ubiquitin-
mediated degradation depending on EGAP ubiquitin
protein-ligase (Nakagawa & Huibregtse 2000). Moreo-
ver, destruction of the adherens junction structure by the
over-expression of the high-risk HPV E6, but not that
lacking the last three amino acids, strongly support the
evidence that the E6 elicits its oncogenic effect partly
through the interference with the association between
the hScrib and APC with its clags 1 PDZ domain binding
rotif, in addition to that between hDlg and APC. The
E6 of HPV type 18, which is known to its more aggres-
sive character, has the same C-terminal conserved amino
acids, T-x-V, as the C-terminal amino acids of APC. The
E6 of PV type 16, which is more frequent type of HPV
found in cervical cancer, has different amino acids 1n 1its
C-terimmal PDZ domain-binding motif from thatr of

© 2006 The Authors
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APC (I-x-L, Fig. 1). Loss of hScrib expression led to
disruption of the adherens junction. Our data are in line
with the recent study reporting the potential link
between E-cadherin and hScrib (Navarro et al. 2005}
Taken together, the interaction between the hScrib and
APC through the C-terminal motif of APC and the
PDZ domains of hScrib have a critical role in the regu-
lation of the formation of regular shape and control of
the cell cycle in the epithelia. The high-risk HPV Eb
might be involved in cancer generation and develop-
ment through both the ubiquitin-mediated degradation
of hScrib and the interference with the association of
hScrib with APC through its C-terminal PDZ domain-
binding motif. It is possible that HPV 18 E6 has a
stronger effect on the interference in the interaction
between hScrib and APC, which is involved in its more
aggressive character in the cervical tumor genesis.

In our study, hScrib co-localizes with APC at the syn-
aptic sites in the cultured neurons, indicating that hScrib
is involved in the synapse formation and control of neu-
ral growth by cooperating with APC. The previous
report by Matsumine ef al. (1996) describing thar hDlg
co-localizes with APC at the presynaptic nerve terminals
and our data showing that hSerib co-lacalizes with APC
and synaptotagmin in the cultured primary neurons sup-
port the idea that hScrib makes a complex with APC and
hDlg at the presynaptic sites and thereby controls the
neural growth and signal transduction. The shared pheno-
type of the Drosoplifla sarib and dLg mutants and the
genetic interaction between Drosophila scrib and dLg also
suppart the possibility that hSerib interacts with hDlg
and these two tumor suppressors corporate and nega-
tively regulate the growth of the neurons and epithelial
cells (Bilder et al. 2000b; Bilder 2003). The investigation
of the mechanisms underlying the association of these two
human homologs of the Drosephila malignant neoplastic
tumor suppressors is under the way in our laborarory.

In summary, we identified that hScrib associates in
vitro and in vivo with the tumor suppressor APC through
its PDZ domains 1 and 4 and the class 1 PDZ demain-
binding motf of APC. The association: between hScrib
and APC is essentizl for the structure of the adherens
junction in the epithelia and also might be important for
the proper formation of the synapse in the neuron. Disso-
ciation of the interaction between hScrib and APC, as well
as that between hDlg and APC could be a part of the onco-
genic potentiai of the high-risk HPV E6 besides the
ubiquitin-mediated degradation of these two tumor sup-
pressors. The identification of the association between hScrib
and APC shed light on the mechanism of how the LAP
protein hiSerib is involved in the control of epithelial cell
growth through the proper formation of adherens junction.

Genes to Cells (2006) 11, 453-464
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Experimental procedures

Preparation of the anti-hScrib antibodies and the
anti-APC antibodies

The hScrib has 16 canonical leucine-rich repeats (LR Rs) at its N-
terminus and 4 PDZ domains at its central region (Fig. 1A). To
further explore the interaction berween hScrib and APC, we gen-
erated the polyclonal antibody against the PDZ-domains -4
{amino acids 728-1188) of hScrib in rabbits. The DNA sequence,
which encodes PDZ-domains 1-4 (amino acids 728—1188), was
subcloned into the pGEX-6P-1 vector (Amersham Biosciences,
Litle Chalfont, UK}, Glutathione S-transferase (GST) fusion pro-
tein, GST-hScrib PDZ-domain was made in the bacteria and
purified according to the manufacturer’s recommendation. The
amino acids encoding hScrib PDZ-domain were cleaved from the
GST-fusion proteins with the PreScission Protease (Amersham
Biosciences) and purified. This hScrib PDZ-domain was injected
to rabbits as an antigen. The hScrib PDZ-domain antibedy {anti-
hScrib PDZ-domain} was purified from the serum of the inumu-
nized rabbits by affinity chromatography. The construction of the
polyclonal antibody against the C-terminal region (amino acids
1189-1630) of hScrib was previously described (Nakagawa ef al.
2004}. The ant-f catenin and E-cadherin antibodies were pur-
chased from BD Transduction Laboratories, Inc. (Lexington, KY,
USA}. The construction of the ant-APC antibodies was previ-
ousty described {Matsumine ef al. 1996).

Western blotting

293T cells were grown in DMEM medinm supplemented with
10% feral bovine serum. Protein extracts of 293T cells were made
in the NP-40 lysis buffer containing 100 mm Tris (pH 8.0},
100 mm NaCl, and 1% NP-40. Protein concentration was deter~
mined by standard Bradford assay. Equal amount of extracts were
fractionated by SDS-PAGE and electrophoretically transferred on
to the polyvinylidene difluoride membranes (Millipore Co., Bed-
ford, MA, USA}. The anti-hScrib PDZ~domain and Ceterminus
antibodies were used at the dilution of 1:1000 to detect the
expression of hScrib as indicated The i vitro-translaced hScrib and
hDig with the reticulocyte lysate system (Promegz Corp., Madi-
son, W1, USA) were used for the immuncblotting as the pasitive
and negative contrel, respectively. The level of protein expression
was analyzed by the STORM 860 according to the manufacturer’s
recommendation (Molecular Dynamics, Inc., Sunnyvale, CA,
Usa).

In vitre and in vivo binding assay

Inn witre tanslations were performed in the reticulocyte lysate system
{Promega Corp.) in the presence of “S-labeled methionine. The
plasmids for in vitre transladon of HPY 16 E6 and hScrib were pre-
viously described (Nakagawa & Huibregtse 2000). The construc-
tion of the plasmid for in virro wanslation of APC was previously
described {Matwsumine er al. 1996). Five wo 18 UL of i vitro twans-
laton reaction mixture was incubarted with 100 ng of GST-fusion

Genes to Cells (2006} 11, 453-464

protein immobilized on to glutathione-Sepharose. The GST-
fusion hScrib and APC constructs were made by subclening PCR
fragments into the pGEX-6P-1 vector. The GST-fusion APC C-
terminal mutants were made by subcloning the amplified PCR
products with primers containing mutations into the pGEX-6P-
1 vector. Binding reactions were performed in 250 Ul total vol-
ume of buffer containing 25 mm Tris (pH 8.0}, 125 mm NaCl and
the cell lysis buffer (100 mm Tris (pH 8.0), 100 mm NaCl and 1%
NP-40) ac the ratio of 9-1. Reaction mixtures were rotated at 4 °C
for 2 h and glutathione-Sepharose beads were washed three times
with the celi lysis buffer. Then, the proteins were released in SDS-
PAGE loading buffer and analyzed by SDS-PAGE followed by
autoradiography. For the analysis of in vitro binding between
hScrib and APC, both in vitro translated proteins were incubated
at 4 °C for 2 h under the conditions described above and mixed
with the anti-hScrib or anti-APC antibody and protein A sepha-
rose 4B for 1 h.Then, the immunoprecipitated proteins were ana-
lyzed by SDS-PAGE. Recombinant baculovirus for HPV39 Eo6
was produced using the BaculeGold system (Pharmingen) in
High5 insect cells {(Invitrogen). Protein was isolated from infected
cells 48 h postinfection and partially purified by cation exchange
chromatography on Bio-Rad MacroPrep S.To analyze whether
HPV E6 interfere the association between hSerib and APC,
immunoprecipitation was done with or without of the presence
of 100 nanoegrams of HPV39 E6 protein.

The cell exeracts prepared {rom embryonic mouse brain were
subjected to the immunoprecipitation with anti-APC N-
terminus, ani-APC C-terminus, anti-hScrib PDZ domain, or anti-
hSerib C-terminus antibodies. The immunoprecipitated proteins
were fractionated by the 6—8% SDS-PAGE, tansferred to the
PVDF membrane, and then immunoblotted with the indicated
antibodies,

Immunofluorescence of MDCK cells and the
cultured hippecampal neurons

Subconfluent MDCK cells were grown on coverslips in the enloure
medivm. Cells were washed three times with phosphate-buffered
saline (PBS) and then fixed with 3.7% formaldehyde in PBS
for 10 min. After washing with PBS three times, cells were rinsed
with distilled water and permeabilized with acetone at —20 °C for
10 min.Then, cells were washed with PBS and incubated with the
diluted anti-hScrib C-terminus, anti-APC, anti-ff catenin or anti-
E-cadherin antibodies (BD Transduction Laboratories) for 30 min
at room temperature. After washing with PBS three times, cells
were incubated with rhodamine or FITC-conjugated secondary
antbodies (Sigma, St. Louis, MO, USA) and then washed three
times with PBS. Finally, cells were mounted on a slide giass and
analyzed under 2 confocal fAuorescence microscopy {Zeiss LSM
410). Images were captured with 1 CCD camera. The subconflu-
ent MDCK cells were wansfected with the wild-type APC C-
terminal or the APC C-terminal ATSV (the last three amino acids)
expression plasmid along with pEGFP-C1 vector using Lipo-
fecramine {Inwitrogen Corp., Carlsbad, CA, USA). MDCK cells were
also transfected with the HPV E6 in wivo expression plasmid,
generously provided by Dr Theru Kiyono (Virology Division,
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National Cancer Center Research Insttute, Japan). The GFP signal
was served as a marker for wansfected cells. The effects of over-
expression of the APC C-terminal sequences and HPV E6 were
examined by analyzing the formation of adherens junction with
mmunofluoresence staining of E-cadherin in the transfected cells.

The primary neural cultures were obtained from the hippocam-
pus of 15-18-day-cld fetal rats, prepared in the dish culture, and
then incubated for 2 week until the immunoflunorescence analysis.
The immunoflorescence staining was performed as described
above.

siRINAs transfection

All siRNAs were obtained from Qiagen as purified. The targec
sequence of hScrib siRINA were designed using HiPerformance 2,
for silencing siRINA duplexes, from Qiagen. The sequence was
submitted to a BLAST seach against the human genome sequence
to ensure that no gene of the human genome was targeted, An
siIRINA against hDlg was used as a positive control which has been
previously described (Laprise cf al. 2004). To minimize possible
off-targeting effects, we detected three different target sequence
against hScrib. The target sequence against hScrib were as follows
hScrib 1: 5’-CAG GAT GAA GTC ATT GGA ACA; hScrib 2:
5'-CCG CAG GAG GAG GAT GGA GAA; hiScrib 3: 5-CTG
GGA GGC AAC GAT CTG GAA.

Several cell-knes, Caco2, HaCaT and 293T cells were trans-
fected by the use of 5Ul of X-twreme GENE siRNA transfection
reagent (Roche) per i and a final siRINA concenteation of 10 nm
according to the manufacturer’s instructions. Alexa 568 labeled
negative control siIRNA (Qiagen) was used as a measure of trans-
fection efficiency. The transfection efficiency was determined to
be 80-90% for each cells. The cells were fixed at 72 h post-
transfection for immunofluorescence or lysed in NP-40 buffer
for Western blot analysis.
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Abstract

Production of human papillomavirus type 16 major capsid protein L1 in undifferentiated cells is negatively regulated by several
yet unidentified cis-acting inhibitory RNA elements, among which a major element is located within the first 514 nucleotides
of the L1-mRNA. By Northern blotting we examined effect of the major element on the steady-state level of mRNA transiently
transcribed in 293T cells from the firefly luciferase (Fluc) gene combined with the L1 DNA fragment encoding the major element.
As reported previously, the element down-regulated steady-state level of the mRNA. The most efficient down-regulation was
achieved by insertion of the element near the 5’ end of mRNA, resulting in an undetectable Jevel of the mRNA. The longer the
distance from the 5 end of the mRNA to the element, the weaker the down-regulation. The half-life of the mRNA having the
element was similar to that of normal Fluc-mRNA. When the element near the 5’ end was removed by splicing, the steady-
state'level of the resultant mRNA was raised to a readily detectable level. The steady-state level of RNA synthesized by RNA
polymerase-I was not influenced by the presence of the element. Taken together, it is suggested that DNA region encoding
the major inhibitory element does not disturb transcription and that the pre-mRNA is degraded by an RNA clement-mediated
mechanism after the splicing step in the course of mRNA maturation. (Mol Cell Biochem 288: 47-57, 2006)

Key words: inhibitory RNA element, HPV 16, L1 protein

Introduction

Human papillomavirus (HPV), a small icosahedral virus with
a circular double-stranded DNA. genome of 8k base pairs, has
a strong epithelial tropism [1]. More than 100 genotypes of
HPYV have been identified so far [2]; HPV type 16 (HPV16)
has been studied most extensively because of its association

with 50% of cervical cancer, the second most prevalent can-
cer among wemen in the world. HPV infects the basal cells
of the stratified epithelia through small epithelial legions. In
the basal cells the viral DNA is maintained as episomes, and
the genes encoding nonstructural proteins are transcribed at
very low levels [3]. When the host cells initiate terminal dif-
[erentiation, HPV DNA starts to replicate. The synthesis of

Address for offprimts: T. Kanda, Division of Molecular Genelics, National Insiitute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640

(E-mail: kanda@nih.go.jp)
*These authors contributed equally to this work.



48

the major (L1) and minor (L2) capsid proteins takes place
only in the upper layers of the epithelium {4].

The production of LT and L2 is primarily regulated at tran-
scription. The HPV16 late promoter directing transcripiion
of the I.1 and L2 genes is negatively regulated by CCAAT
displacement protein (CDP) [5] and YY1, a multifunctional
protein acting ag a transcriptional activator or repressor [6].
CDP and YY1 bind directly to the upstream region of the pro-
moter in undifferentiated cells. Recently, it has been shown
that YYI inthe YY 1/DNA-complex is displaced by hSkn-1a,
one of key factors to trigger epithelial differentiation [6]. The
detailed reguniatory mechanism for the late promoter has yet
to be fully elucidated.

The production of L1 and L2 is further regulated at the
posttranscriptional steps. The cis-acting negative regulatory
RNA elements are found at the 3’ untranslated region (UTR)
of HPV late mRNAs {7, 8]. hnRNPC1/C2 and HuR bind to an
AU-rich element in 3'UTR of HPV1 L1-mRNA and reduces
stability [9] and translation efficiency [10] of the L1-mRNA.
HPVI16 L1-mRNA contains a 79-nt negative regulatory ¢l-
ement (NRE) in the 3'UTR [11]. The 5’ part of the NRE
contains four weak consensus 5 splice sites and the 3’ part
is very GU rich [12]. Three cellular proteins, the U2 auxil-
iary splicing factor 65-kDa subunit, the cleavage stimulation
factor 64-kDa subunit, and the HuR protein, are found to
directly bind to NRE {13]. RNA having NRE becomes un-
stable in vitro degradation assay [14] and is not transported
from nuclens to cytoplasm {13].

The additional cis-acting negative regulatory RNA ele-
ments, which are not yet precisely identified, are found in the
HPVI16 L1- and L2-coding regions of the mRNAs [15-17].
Transcripts encoding L1 are not detectable in HeLa and hu-
man 2937 cells transfected with the expression plasmid di-
recting the L1 gene by a heterologous strong promoter, such
as the cytomegalovirus immediate early promoter [16, 18].
But certain changes in the DNA sequence that do not affect
the protein sequence of HPV16 LI destroy the inhibitory
function and induce efficient production of the L1 [18]. Com-
parison of the levels of transcripts from series of fusion genes
composed of a part of the HPV 16 L1 gene and the p55gag
gene of equine infectious anemia virus (EIAV) indicates that
the coding region of L1-mRNA has multiple inhibitory ele-
ments [16]. The major inhibitory element is located within the
first 129 nucleotides [16]. When the first 367 nucleotides se-
quences are fused to the 3" end of the EIAV coding sequence,
inhibition is substantially reduced [16].

The putative inhibitory RNA elements of the LI-mRNA-
coding region act in the nucleus. HPV16 L1 is produced,
when the human immunodeficiency virus type 1 (HIV1) Rev-
responsive element 1s inserted just after the stop codon of
the L1-DNA coding region and transcribed from HIV1 LTR
under the presence of nuclear export protein Rev [19]. The
L1 is also produced from a vaccinia virus [20}, T7 RNA

polymerase-based expression system {16] and from a recom-
binant Semliki forest virus directing the transcription in the
cytoplasm [21}. The L1 is produced in Hela cells transfected
with in vitro synthesized L1-mRINA [16].

In this study, we further characterized the decay of the
HPV16 L1-RNA mediated by the putative major inhibitory
RNA element. It was found that pre-mRINA having the el-
ement was degraded after the splicing step in the course of
mRNA maturation and that once matured, the mRNA having
the element was stable.

Materials and methods
Production of the codon-modified HPVI16 L1 gene

The codons of HPV16 L1 were changed to those used most
frequently in human mRNAs; Ala: GCC; Cys: TGC; Asp:
GAC; Glu: GAG; Phe: TTC; Gly: GGC; His: CAC; lle: ATC;
Lys: AAG; Leu: CTG; Asn: AAC; Pro: CCC; Gln: CAG; Arg;
AGG; Ser: AGC; Thr: ACC; Val: GTG; Trp: TGG; Tyr: TAC.
The entire 1518 nucleotide sequence of the codon-modified
HPV16 L1 gene was produced by ligating 11 fragments (ap-
proximately 100 to 200 base pairs). Each DNA fragment
was produced by PCR using sense and antisense synthetic
oligonucleotides that had an annealing region (approximately
20 nucleotides) at its 3’ end. Each fragment was designed to
have appropriate restriction enzyme sites at both ends avail-
able for ligation with fragments for adjacent segments. The
codon-modified L1 DNA was cloned into pGEM-T Easy vec-
tor {(Promega, Madison, W1, USA) at the No¢l site to produce
pGEM-LIMut.

Construction of plasmicds

(i) Expression plasmids for L1-chimeric genes

The HPV16 L1 gene was amplified from cloned HPV16
genome by PCR using primer pairs having No sites at their
5 ends. The forward primer was designed to have Kozak
sequence adjacent to the start codon. The PCR product was
digested with Nofl, and inserted into the Not 1 site of pGL3-
Not that had been produced by replacement aof the luciferase
gene (from the HindIIL site to Xbeal site} of pGL3-control
(Promega) with Nod linker to produce pSV-L1IWT. The
codon-modified L1 gene was excised from pGEM-L 1Mut by
digestion with Notl, and cloned into the Nol site of pGL3-
Not to produce pSV-L1Mut.

Parts of the codon-modified LI gene, ntl to nt514, n413
to nt914, nt915 to nt1518 (A at the first ATG of the codon-
modified L1 gene was numbered as ntl) of pGEM-LIMut
were replaced with corresponding region of LIWT by pro-
cedures described previously [171 te produce pSV-L1ChI,
pSV-L1Ch2, and pSV-L1Ch3, respectively.



(ii) Expression plasmids for firefly luciferase genes having
the LI-fragment encoding the major inhibitory element

The HPV16 L1 region of nt4 to nt313 (inhibitory region, IR)
wag amplified by PCR with sense-primer having HindlII site
and Kozak sequence and antisense-primer having Ncol site.
The amplified fragment was digested with Hindill and Ncol,
and inserted between the HindIll and Neol sites of pGL3-
control (Promega) to produce p5'UTR-IRLuc. Simitarly IR
amplified by PCR with primers having Xbeal sites at their 5’
ends was digested with Xbal, and inserted into the Xbal site
of pGL3-control to produce p3'UTR-IRLuc.

IRs amplified by PCR with primers having BstBI, Bell,
and EcoQ1091 sites at their 5 ends were inserted in frame
into firefly luciferase gene (Fluc) of pGL3-control at the
BsiBI (ntl171, A of the first AT'G of luciferase coding region
was numbered as ntl), Beil (nt382), and EcoO1091 (nt1181})
sites, respectively, to produce p171-IRLuc, p582-IRLuc, and
p1181-IRLuc. IR was inserted in frame at nt3, at nt780, at
nt981, and at nt1630 by the standard PCR technigues [22]
to produce p3-IRLuc, p780-IRLuc, p981-IRLuc, and p1650-
IRLuc.

The DNA fragment containing SV40 splicing donoer and
acceptor signals (spl DNA) in pCMV-§ (BD Bioscience
Clontech, Palo Alto, CA, USA) (nucleotide 641 to 843
of pCMV-beta) was used to produce p5'UTR-IRspl and
p¥UTR-IRspl. The PpuMI site between the donor signal
and the acceptor signal was converted to a Nhel site by a
linker insertion, and then used as the template for PCR to
amplify the spl DNA. The spl DNA was inserted between
the HindlIl and Ncol sites and at the Xbal site of pGL3-
control to produce pGL3-5'spt or pGL3-3'spl, respectively.
Then, the IR amplified by PCR using primers having Xbal
sites at their 5’ ends was digested with Xbal and inserted into
the Nhel site (nucleotide sequences of the cohesive ends of
Nhel and Xbal are identical) of pGL3-5'spl and pGL3-3'spl
to produce p5S"UTR-IRspl and p3"UTR-IRspl, respectively.
The signal sequences for splicing donor {ACTTACCAG) and
acceptor (TAGG) of p5’UTR-IRspl and p3'UTR-IRspl were
converted to CTGGGAAGA and GTTC, respectively, by the
standard PCR techniques [34] to produce p5'UTR-IRmspl
and p3'UTR-IRmspl.

A DNA fragment containing the human ribosomal RNA
promoter (HrD}, which directs transcription by the RNA
polymerase-1 [23], was amplified from HelLa genomic
DNA by PCR using a sense primer having Kpnl site (5'-
ggtaccegegatectitctggagagteee-3) and an antisense primer
having HindHI sites (5'-aagciigacgagaacgectgacacgeac-3').
The amplified DNA digested with Kpnl and HindIIl
was inserted between the Kpnl and HindllI sites of
pGL3-control. A DNA fragment contajining Sal box,
which directs termination of transcription by the RNA
polymerase-1 [24], was produced by annealing of synthetic
oligonucleotides of 3'-ctagatccgeacgggtegaceaga-3' and 5'-
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tegatciggregaceegtgeggat-3'. The Sal box fragment was in-
serted between the Xbal and Hpal sites of the pGL3-control
having HrD to produce pHrD-Luc. Then, IR was inserted be-
tween the HindIll and Ncol site and at the Xba I site of the
pHrD-Luc to produce pHrD-5'TRLuc and pHrD-3'TRLuc, re-
spectively.

{iii) Expression plasmids for EGFP genes having the
L1-fragment encoding the major inhibitory element

IR was inserted into the enhanced green fluorescence protein
(EGFP) gene (pEGFP-Tub, BD Bioscience Clontech) at nt3,
nt240, nt478, and nt717 (A at the first ATG of EGFP coding
region was numbered as ntl) by the standard PCR techniques
[22]. The fusion genes were inserted between the Neol and
Xbal sites of pGL.3-control to produce p3-IREGFP, p240-
IREGFP, p478-IREGFP and p717-IREGFE.

(iv) Expression plasmids for -galactosidase genes having
the L1-fragment encoding the major inhibitory

element

The Fluc gene in pGL3-control was replaced with the §-
galactosidase (8-gal) gene of pCMV-g (B Bioscience Clon-
tech) to produce pSV-8-gal. IR amplified by PCR with
primers having the Clal and AorSTHI sites at their 5’ ends
were inserted in frame into S-gal gene in pSV-fS-gal at the
Clal (nt909, A of the first ATG of 8-gal coding region was
numbered as ntl) and the Aor51HI (nt1920) sites, respec-
tively, to produce p908-1R 8-gal and p1920-IR 8-gal. IR was
inserted at nt3 and nt3141 of B-gal by the standard PCR
techniques [22] to produce p3-IRS-gal and p3141-IR §-gal,
respectively.

Cell culture and transfection

Human 293T cells were cultured in Dulbecco’s modified min-
imal essential medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and grown in 5% CO; at 37°C,
6 x 10° cells in a 6cm plate were transfected with 2 g
of plasmid DNA using FuGene 6 (Roche Diagnostics, In-
dianapolis, IN, USA}. Each transfection mixture contained
0.05 ug of pEFla-renilla, an expression plasmid for renilla
luciferase gene driven by the human EF1 alpha promoter,
as an intemnal control for transfection efficiency. RNA was
extracted at 2 days after the transfection.

Western blotting

293 T cells were transfected with the expression plasmid. At
48 h after the transfection the cells were suspended in an ap-
nropriate volume of SDS-sample buffer (153 mM Tris-HCI,
npH7.5,4.9% SDS, 6.13% 2-mercapt ethanol, 24.5% glycerol,





