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Certain types of human papillomaviruses (HPVs) are etiologically
linked to cervical cancer. Their transforming capacity is encodedbya
polycistronic premRNA, where alternative splicing leads to the
translation of functional distinct proteins such as E6, E6*, and E7.
Hereweshowthat splicingofHPV16E6/E7ORF cassette is regulated
by the epidermal growth factor (EGF) pathway. The presence of EGF
was coupled to preferential E6 expression, whereas depletion of
EGF, or treatment with EGF receptor (EGFR) neutralizing antibodies
or the EGFR inhibitor tyrphostin AG1478, resulted in E6 exon exclu-
sion in favor of E6*. As a consequence, increased p53 levels and
enhanced translation of E7 with a subsequent reduction of the ret-
inoblastoma protein pRb could be discerned. E6 exon exclusion
upon EGF depletionwas independent from promoter usage, mRNA
stability, or selectivemRNAtransport. Time-course experiments and
incubation with cycloheximide demonstrated that E6 alternative
splicing is a direct and reversible effect of EGF signal transduction,
not depending on de novo protein synthesis. Within this process,
Erk1/2-kinase activationwas the critical event for E6 exon inclusion,
mediated by the upstream MAP kinase MEK1/2. Moreover, siRNA
knockdown experiments revealed an involvement of splicing fac-
tors hnRNPA1andhnRNPA2 in E6 exonexclusion,whereas the splic-
ing factors Brm and Sam68 were found to promote E6 exon
inclusion. Because there is a natural gradient of EGF and EGF recep-
tor expression in the stratifiedepithelium, it is reasonable toassume
that EGF modulates E6/E7 splicing during the viral life cycle
and transformation.
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Particular types of human papillomaviruses (HPVs) such as
HPV16, 18, 31, and 33, respectively, are the etiological agents

for the development of anogenital tumors. Their transforming
potential is encoded by the viral oncoproteins E6 and E7, where
among other functions, E6 labilizes p53 and prevents apoptosis,
and E7 promotes cell cycle progression by degrading the retino-
blastoma protein pRb (1). HPV gene transcription is regulated by
twomain promoters, the early p97 and the late p670 promoter (2).
Activation of either promoter is regulated by differentiation,
resulting in the synthesis of polycistronic mRNAs, which are fur-
ther regulated by differential splicing (3, 4). For polycistronic
mRNAs, it is known that only the first ORF is translated efficiently
when intercistronic distances are short (5).
Alternative splicing can be regulated dependent on the devel-

opmental stage or by extracellular stimuli, where an increasing
number of pathways and splicing factors have been identified (6).
For splicing reaction, the spliceosome recognizes exon-intron
boundaries of the 5′-donor and 3′-acceptor splice site. Fur-
thermore, specific sequence motifs within exons can positively or
negatively influence the recognition of nearby splice sites (7). The
activity of so-called exonic splicing enhancers or exonic splicing
silencers can be modulated by splicing factors like SR proteins or

hnRNPs, which in turn allow precise gene expression in a spatio-
temporal manner (6). Signaling pathways attributed to growth
factor receptor activation are known to influence splicing patterns
of different genes, such asCD44 v5 andfibronectin, respectively. A
common feature of these examples is that activation of the growth
factor pathway leads to enhanced exon inclusion by activation or
suppression of different splicing factors (6).
Referring to HPV E6/E7 splicing, selection of the first 5′ alter-

native splice site gives rise to a new ORF termed E6* (Fig. S1A),
which has so far only been described for high-risk but not for low-risk
HPVs (8). For HPV16, E6* is produced via exclusion of a 183-bp
fragment of the E6 ORF, which leads to a frameshift and a pre-
mature termination codon. Only full-length E6 was shown to exhibit
transforming capacity, whereas experimentally modified viruses
containing only E6* are not able to replicate efficiently in organo-
typic cultures (9). Conversely, the E6* ORF is often found to be the
most abundant transcript in progressed CIN lesions, cervical carci-
nomabiopsies, and inexplanted carcinomacell lines (10).The8-kDa
E6* protein was shown to modulate E6 functions. Studies show that
HPV18 E6* can counteract E6 protein functions by rescuing p53
levels in vivo (11). Furthermore, though interaction of HPV16 E6
with procaspase-8 accelerates its degradation, binding of E6* results
in procaspase-8 stabilization and therefore may sensitize the cells to
tumor necrosis factor-alpha (TNFα)-mediated apoptosis (12).
Although these biochemical differences of the different E6 iso-

forms have been known for some time, the in vivo regulation of
HPVE6/E6* splicing is still unexplored. Controversial publications
exist on the function of splicing and its effect on the efficiency of E7
translation. In vitro experiments favor the assumption that E7 can
be only translated on E6*mRNA in a distance-dependent manner
by reinitiation of translation (13, 14). Moreover, modulation of
splicing could so far only be linked to the autoregulatory functions
of viral E6 and E2 themselves under in vitro conditions (15).
However, no information exists on the regulation of alternative
splicing in vivo and its biological function within the epithelia and
during virus-induced carcinogenesis.
Hereweshow thatHPV16E6alternative splicing isdependenton

the presence of EGF, and identify the MEK1/2-Erk1/2 MAP
kinases as key regulatory components, either promoting or inhibit-
ingexon inclusion.Using siRNAknockdowns,we furtheruncovered
the splicing factors involved in this process. Our findings may shed
light on the role of HPV E6 splicing during differentiation and the
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viral life cycle, and could also provide insights in the regulation of
viral oncogene expression during malignant transformation.

Results
EGF Presence Induces HPV16 E6 Exon Inclusion. To monitor HPV16
oncogene alternative splicing, we first determined the cytoplasmic
E6*/E6 ratios with primers covering the complete first alternative
exon (Fig. S1A). Using HPV16 immortalized keratinocytes express-
ingHPV16E6 andE7 as a bicistronicmRNA(16), depletion ofEGF
resulted in a strong decline of E6 full-length mRNA in favor of
increased E6* mRNA (Fig. 1A). The change in E6*/E6 ratio could
also be detected using both nuclear and total RNA (Fig. 2A), ruling
out the possibility that alterations in nuclear transport of E6*mRNA
account for this effect. E6 exon exclusion was accompanied by ele-
vated p53 expression, which can be taken as an indicator for a
decreaseof theE6protein andan increaseofE7expression (Fig. 1B).
Consequently, higher E7 protein levels led to a reduction of the
retinoblastoma protein (pRb; Fig. 1B). Treatment of cells with acti-
nomycin D ensured that the observed increased exon exclusion was
not due to a shorter mRNA half-life of E6 as compared with E6*
mRNA.Both could still bedetectedafter 5–7hof treatment,whereas
E6 mRNA turned out to be even more stable than the E6* isoform
(Fig. 2B). The efficacy of the drug was demonstrated using the short-
lived c-jun mRNA as a control (17), whereas GAPDH as house-
keeping mRNA was not found to be affected during this timeframe
(18). EGFdepletion also led to enhanced exon exclusion in different
immortalized cell lines expressing HPV16 E6/E7 either from its own
or from a heterologous promoter (Fig. 2C) or in cells immortalized
with the completeHPV16 genome (Fig. 2D). This suggests that EGF
modulation of splicing is a general feature, independent of the cell
line or the promoter directing E6/E7 expression.

HPV16 E6 Alternative Splicing Is Reversible and Directly Mediated by
EGF Signaling. To verify that EGF receptor (EGFR) activation is
responsible for the observed changes in exon inclusion, we spe-
cifically inhibited its activation with either neutralizing anti-EGFR
antibodies (α-EGFR) or with the inhibitor tyrphostin AG 1478.
This drug can specifically bind to and inhibit EGFR autophos-
phorylation (19), thereby blocking its activation and subsequent
downstream signaling events. Treatment with both agents led to a
similar increase in E6 exon exclusion (Fig. 3A) when compared
with untreated controls. Modulation of viral alternative splicing is
also dependent on the amount of EGFwithin the culture medium.
As demonstrated in Fig. 3B, reduction of E6 in favor to E6* can be
clearly seen when EGF levels drop below 1 ng/mL.
To estimate the time course of EGF signaling on E6 alternative

splicing, EGF depletion kinetics were performed. Here, dis-
cernible changes in E6*/E6 ratio could be detected within 5–7 h
after EGFdepletion (Fig. 3C), which is consistent with the half-life
of the corresponding preexisting viral RNA (Fig. 2B). Conversely,
readdition of EGF after 24 h of starvation led to a visible increase
of E6 mRNA after 7 h of treatment (Fig. 3D), showing that EGF-
mediated alternative splicing is a dynamic and reversible process.

Moreover, E6 alternative splicing did not require de novo protein
synthesis, because the shift from E6 to E6* after EGF omission
also occurred in the presence of cycloheximide (Fig. 3E). This
indicates that EGF-mediated viral splicing is achieved by preex-
isting splicing factors rather than by newly synthesized proteins.

EGF-DirectedAlternativeSplicingofHPV16E6 IsMediatedbyMAPKinase
Signaling.Because it is known that there is crosstalk between signal
transduction pathways and alternative splicing, cells were treated
with various inhibitors, targeting different downstream pathways
known to be modulated by EGF (20). As shown in Fig. 4A, neither
wortmannin nor staurosporine or pyridone 6, which block the
phosphatidylinositol (PI) 3-kinase-dependent cascade, protein
kinase C (PKC) signaling, or Janus kinase (JAK)/signal transducer
and activator of transcription (STAT; Jak-STAT) signal trans-
duction, respectively, had any impact on the E6*/E6 ratio. In con-

Fig. 1. EGF depletion leads to HPV16 E6 exon exclusion. “1321” cells were
cultured in presence or absence of EGF for 24 h. (A) RT-PCR showing E6, E6*,
p53, and GAPDH cytoplasmic mRNA levels. (B) Western blot analysis of total
protein levels of p53, E7, pRb, and actin.

Fig. 2. E6 splicing pattern is not dependent onmRNA transport, RNA stability,
or promoter regulation. (A) “1321” cells were depleted for EGF, and nuclear
RNA(N)or total RNA(T)washarvested forRT-PCRanalysis. (B)“1321” cellswere
treatedwith actinomycinD (5 μg/mL) for indicatedperiodsof time. Cytoplasmic
RNAwas harvested and E6*/E6 levels were determined with RT-PCR. c-Jun was
analyzed as a control. (C) “1637” cells were depleted from EGF or treated with
MEK1 inhibitor U0126 for 24 h. Cytoplasmic RNAwas extracted for RT-PCR. (D)
RT-PCR showing E6, E6*, andGAPDH cytoplasmicmRNA levels in FK16A cells in
presence and absence of EGF.

Fig. 3. HPV16 E6 alternative splicing is directly mediated by EGFR signaling.
(A) “1321” cells were treated with neutralizing anti-EGF receptor antibody
or the specific EGF receptor inhibitor AG1478 for 24 h. (B) “1321” cells were
grown in presence of indicated amounts of EGF for 24 h. (C and D) Time
course of E6/E6* splicing after EGF depletion (C) or readdition (D). (E) “1321”
cells were pretreated with cycloheximide (CHX) for 1.5 h. Subsequently, EGF
was depleted for additional 5 h in the presence of CHX. In each case, cyto-
plasmic RNA was analyzed by RT-PCR.
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trast, inhibition of p38 signaling with SB203580, which specifically
targets p38α and p38β (21), resulted in enhanced exon exclusion.
The effect was evenmore pronounced after treatment with U0126,
an inhibitor of mitogen-activated protein kinase kinase (MEK1/2)
signaling (22), where the efficacy was almost comparable to that of
AG 1478 (Fig. 4A). This finding could also be observed in kerati-
nocytes expressing HPV16 E6/E7 under the control of the HPV
native promoter (Fig. 2C), again excluding the possibility that dif-
ferential promoter usage determined splicing site selection (23).
To further analyze the kinase signaling activation pattern in the

presence and absence of EGF, a human phospho-MAPK antibody
array was applied. This represents a rapid and sensitive assay to
simultaneously detect the relative phosphorylation levels of vari-
ous MAPKs and other serine/threonine kinases. Based on this
method, the most prominent effect after EGF depletion was a
strong reduction of extracellular signal-regulated kinases (Erk1/2)
phosphorylation (Fig. 4B). Other intracellular kinases like Akt 1
showed only a negligible decrease of phosphorylation upon EGF-
depletion, whereas Akt 2 and 3 were not involved.

Having identified Erk1/2 as the major MAP kinase affected by
EGF, we next tried to modulate splicing by cotransfection of a
dominant negativemutant of themitogen-activated protein kinase
kinase 1 (MEK1dn), which is the upstream kinase of Erk1/2.Using
human embryonic kidney (293) cells, a heterologous cell line,
which can be more easily transfected than immortalized human
keratinocytes, a similar E6/E6* ratio was detectable as shown
for HPV-positive cells (compare Figs. 1 and 4C). Moreover,
consistent with the inhibitor studies shown in Fig. 4A, cotrans-
fection of E6 with MEK1dn also revealed a reduction of E6 exon
inclusion (Fig. 4C), when compared with EGFP transfected con-
trol cells. These data indicate that EGF-mediated alternative E6
splicing is regulated via the MEK1-Erk1/2 pathway.
To further investigate the effect on the E6*/E6 splicing ratio and

to ask whether other growth-promoting factors can substitute or
block the effect ofEGF-depletion, the cellswere treatedwith 12-O-
tetradecanoyl-phorbol-13-acetate (TPA), insulin-like-growth fac-
tor (IGF1), and TNF-α in the presence and absence of EGF. As
depicted in Fig. S2A, neither IGF1 nor TNF-α treatment had an
influence on EGF-modulated splicing of E6, as neither of these
factors could induceErk1/2phosphorylation in theabsenceofEGF
(Fig. S2B). In contrast, TPA strongly induced Erk1/2 phosphor-
ylation in the absence of EGF (Fig. S2B), mimicking the effect of
EGF presence on E6 splicing (Fig. S2A). To investigate the influ-
ence of different growth factors on the overall cellular fate, cell
cycle analyses were performed (for methods, see SI Text). Here, no
major changes in cell cycle stages could be observed (Fig. S2C).

hnRNPA1 and hnRNPA2 Promote HPV16 E6 Exon Exclusion, Whereas
Brm and Sam68 Mediate Exon Inclusion. There is growing evidence
that splicingand splicing factors arealsodysregulated inmany forms
of human cancers (24). To determine which of them is involved E6
splicing, we focused our attention on hnRNPA1 and A2, ASF/SF2,
Sam68, and Brm (6), which are all expressed in HPV16 immortal-
ized keratinocytes (Fig. S3) and were shown to be modulated by
growth factor pathways (6). Using siRNA knockdown experiments
(Fig. S3A), Brm and Sam68 could be identified as splicing factors
promoting exon inclusion in thepresenceofEGF(Fig. 5A),whereas
siRNAs against ASF/SF2 had no effect under these experimental
conditions.Conversely, individual and combinatorial knockdownby
siRNA delivery revealed that hnRNPA1 and hnRNPA2 are pro-
moting HPV16 E6 exon exclusion. In EGF-depleted cells, knock-
down of hnRNPA1 or hnRNPA2 alone had no effect on E6 exon
retention. Knockdown of hnRNPA1 in the presence of EGF even

Fig. 4. EGF-regulated E6 alternative splicing is mediated by MAP kinase
signaling. (A) “1321” keratinocytes were depleted from EGF or treated with
various inhibitors of the EGFR signaling pathways as indicated for 24 h. Cyto-
plasmic RNA was harvested and E6 splicing pattern analyzed by RT-PCR. (B)
Phospho-MAPK Array (R&D Systems) showing the phosphorylation status of
Erk1/2 and Akt1/2/3, respectively, after 24 h in presence of absence of EGF.
Whole-cell extracts were prepared and processed as described. (C) 293 cells
were cotransfectedwith2μgpLXSN-E6andeitherof5μgpEGFPorwithaMEK1
dominant negative mutant, respectively. Twenty-four hours posttransfection,
cells were harvested and cytoplasmic RNA was extracted for RT-PCR analysis.

Fig. 5. siRNA knockdowns of splicing factors. “1321” keratinocytes were transfected with the indicated siRNAs as described. Cytoplasmic RNA was harvested
and analyzed by RT-PCR. (A) Splicing factors found to promote exon inclusion were analyzed in the presence of EGF. (B) hnRNP knockdown in the presence
and absence of EGF. Band intensities were quantified from three independent experiments using ImageJ and E6*/E6 ratios were calculated. Ordinate:
percentage of the E6*/E6 ratio, where values for untransfected samples were set as 100%. Abscissa: (−), untransfected; (c), scramble siRNA transfection.
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decreased E6 exon inclusion as compared with control cells, which
were transfected with scramble siRNA. Nevertheless, in cells with
decreased levels of both hnRNPA1 and hnRNPA2, inclusion of E6
alternative exon by EGF depletion could partially be retained (Fig.
5B). Conversely, EGF- depletion has no obvious effect on the
quantity of the splicing factors (Fig. S3B), arguing for a post-
translational modification upon EGF withdrawal.

Discussion
Alternative splicing within the E6/E7 transcription cassette of
high-risk HPV types was discovered several years ago (8), but
little is known about splicing regulation under in vivo conditions.
Referring to a potential function of alternative splicing, however,
examination of clinical samples has shown that the prevalence of
the E6* mRNA isoform apparently increases with lesion severity,
being finally the most abundant viral transcript found in cervical
cancer cells and cell lines derived there from (10, 25).
Using monolayer cultures of HPV16 immortalized keratino-

cytes, we showed that E6/E6* alternative splicing is coupled to
EGF signal transduction. In the presence of EGF, distinct levels of
E6 full-lengthmRNA in conjunction with the E6* splicing isoform
could be discerned, whereas EGF depletion resulted in a shift
toward E6* mRNA (Fig. 1A). Due to the lack of functional anti-
HPV16 E6 antibodies, we were not able to examine E6 or E6*
protein levels directly. Nonetheless, decreased E6 levels can be
deduced from enhanced p53 stabilization (Fig. 1B), which is con-
sistent with the finding that E6* can counteract full-length E6-
mediated p53 degradation (11).
It has been postulated that translation of the E7 ORF is rather

inefficient in E6 full-length polycistronicmRNAs, as only two base
pairs separate the stop codon of theE6ORF from the downstream
E7 start codon. With exclusion of E6 alternative exon, however,
enhanced translation can occur, because ribosome assembly at the
E7 AUGmight be facilitated (14). In fact, as further consequence
ofE6 exon exclusion, higher levels of E7 protein could be observed
(Fig. 1B), supporting data already predicted from in vitro studies
(14). Elevated E7 protein levels also affected the amount of the
retinoblastoma protein pRb (Fig. 1B), known to be targeted by E7
for proteasomal degradation (1).
We could further rule out a selective mRNA export from the

nucleus on the splicing pattern, because an increased ratio of E6*/
E6 was detectable independently of whether nuclear, total, or
cytoplasmic RNA was analyzed (Figs. 1A and 2A). Unspliced E6
mRNA even showed a longer half-life than E6* mRNA after acti-
nomycin D treatment (Fig. 2B), arguing against the possibility that
different mRNA stability may account for this effect. Because
certain promoter/enhancer elements or recruitment of tran-
scription factors may influence alternative splicing by coupling
transcription and pre-mRNA processing (26), we tested different
immortalized keratinocyte cell lines, where the HPV16 E6/E7
transcription was driven by the β-actin promoter, the viral specific
upstreamregulatory region (16), ora long-terminal repeat (LTR)of
theMoloney sarcoma virus. In each case, however, the same shift of
E6 toward E6* was detected (Figs. 1A, 2C, and 4D), clearly sup-
porting the notion that E6 splicing is entirely modulated by EGF.
Inhibition of receptor activation with neutralizing antibodies and

with the EGFR inhibitor AG1478 (19) mimicked EGF depletion
with respect of increased E6 exon exclusion (Fig. 3A). Therefore,
EGFRactivation isnecessary and sufficient tomaintainhigh levels of
E6 full-length mRNA. To further decipher the signaling events
launched at the EGFR upon ligand addition (20), inhibitor treat-
ment showed thatMAPkinaseactivationcontributed substantially to
the maintenance of E6 exon inclusion. Treatment with MEK1/2
inhibitor U0126 or SB203580 (a p38α/β inhibitor) or overexpressing
a dominant negative MEK1 mutant, resulted in enhanced E6 exon
exclusion (Fig. 4A andC). Protein array data directly demonstrated
that the extracellular signal-regulated kinase 1 and 2 (Erk1/2) are the
major downstream kinases, which were strongly dephosphorylated

upon EGF depletion (Fig. 4B). Consistent with this finding was that
TPA, which also induced Erk1/2 phosphorylation, could overcome
the effects of EGFdepletion onE6 exon exclusion (Fig. S2A andB).
As an initial attempt to identify the splicing factors that are

involved in this process, siRNA knockdown experiments were
performed. Considering the heterogeneous nuclear ribonucleo-
proteins (hnRNP) isoforms A1 and A2 as negative splicing regu-
lators, already known to be increased during epithelial cell
differentiation and involved in HPV16 gene late expression (27),
pronounced exon exclusion was only detectable when both splicing
factors were knocked down, whereas reduction of only hnRNPA2
showed a moderate effect on exon retention (Fig. 5). Similar
observationswere alsomade forBRCA1exon18mutant alternative
splicing (28). The positive splicing regulator ASF/SF2 is an SR-
protein, often described as antagonist of hnRNPA1 (29). Although
it can promote inclusion of fibronectin alternative exons upon
activationbyPI3-kinase signaling (30) and is involved inHPV16 late
gene splicing (31), ASF/SF2 had no influence on HPV16 E6/E6*
alternative splicing in our experimental system (Fig. 5A). In con-
trast, knockdown of Sam68, a member of the STAR (signal trans-
duction and activators of RNA) family of splicing factors (32), and
Brm, a protein of the SWI/SNF chromatin remodeling complex
(33), revealed the role of both factors in E6 alternative exon
retention (Fig. 5B).Notably,Brm isalreadyknown tobe recruited to
the HPV promoter where it acts as a transcription factor (34).
What could be the relevance of EGF-mediated E6/E6* alter-

native splicing regarding the viral life cycle and malignant pro-
gression? Expression of the EGFR can be detected throughout the
epidermis, with elevated levels in the basal and parabasal layers (35)
(Fig. S1B). Hence, the connection of EGFR activation and HPV
early gene alternative splicing might be an important regulatory
mechanism for viral gene expression and the differentiation-
dependent viral life cycle. In fact, analyzing E6 mRNA splicing
during cellular differentiation, enhanced E6 exon exclusion could
be discerned (Fig. S4A). Here, the stages of differentiation can be
monitored by expression of distinct cytokeratins (36) (for methods,
see SI Text). As shown in Fig. S4B, panelA, only single cells express
cytokeratin K10 when cultivated inK-SFM/EGFmedium, but their
number increased after EGF depletion Fig. S4B, panel B. This was
also observed by incubating the cells inDMEM/10%FCS (37) (Fig.
S4B, panel C). Shifting cells into differentiation can even be more
recognized by a strong reduction of cytokeratin K18-positive cells
(Fig. S4B, panelsE and F). This particular cytokeratin is a common
cytoskeletal component in nondifferentiated keratinocytes grown
under in vitro conditions (Fig. S4B, panel D), but becomes rapidly
suppressed during differentiation from monolayer toward focally
stratified areas (38).
Based on our observations, it is reasonable to assume that during

the first events of viral infection of the basal keratinocytes, HPV
might require high levels of full-length E6 to prevent apoptosis.
With increasing differentiation and decreasing EGF/EGFR levels
(Fig. S1B), it might be beneficial for the virus to use E7 expression
to overcome reduced proliferation of the cells (1). Moreover,
during natural infection, there is an additional expression of theE5
protein, which is also able to enhance EGFR signaling through up-
regulationof bothEGFRandERK1/2 signaling (39). Thereforewe
propose that depending on the localization and the status of the cell
within the stratified epithelium, EGFR-dependent regulation of
E6/E6* alternative splicing can be considered a fine-tuning process
of oncogene expression to fulfill the intracellular requirements
necessary for viral maturation.
In the context of HPV-mediated immortalization and sub-

sequent transformation, it is also tempting to speculate that
enhanced E6 exon inclusion and in turn full-length E6 expression
is first required for p53 labilization, thereby favoring chromosomal
destabilization as initial early event in carcinogenesis (1). In a
second selection step, cells with preferential E6 exon exclusion and
high E7 expression gain a selective growth advantage during pro-
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gression (40), providing a reliable explanation for the prevalence
of E6* mRNA found in most cervix carcinoma cell lines and CIN
lesions (10, 25).Analyzing theE6*/E6 ratio in twowell-established
HPV16 positive cervical carcinoma cells, both expressing mainly
E6*, only SiHa cells showed a moderate isoform shift toward full-
length E6 after EGF addition, whereas CaSki cells were not
responding (Fig. S5A). Accordingly, analysis of SiHa and CaSki in
comparison with immortalized cells also revealed an apparent
correlation between E6*/E6 splicing ratio, the expression levels of
p53 andE7 (Fig. S5B). This indicates that these cells were selected
for robust E6 exon exclusion during multistep progression to
cervical cancer, ensuring higher levels of E7 protein for enhanced
proliferation, independently of the cellular environment. It will be
of interest to investigate whether long-term selection of immor-
talized cells in the presence of the tyrphostin inhibitor AG1478
results in an expansion of subclones with differences in splicing
pattern, levels of E7, and in vivo growth properties in nude mice.

Materials and Methods
Cell Culture. “1321” (β-actin promoter driven HPV16 E6/E7), “1637” (HPV16
URR driven HPV16 E6/E7), and FK16A (complete HPV16 genome) immortal-
ized keratinocytes (16, 41) were cultured in Keratinocyte-Serum Free Media
(K-SFM; GIBCO) containing 5 ng/mL EGF and 50 ng/mL bovine pituitary
extract. For passaging, trypsinized cells were collected in DMEM (DMEM;
Sigma) supplemented with 10% calf serum (Linaris) and subsequently
washed twice with PBS before seeding in a 1:3 dilution in K-SFM. SiHa and
CaSki cervical carcinoma cell lines as well as HEK 293 cells were maintained in
DMEM, supplemented with 10% FCS.

EGF Depletion and Cell Treatment. For each experiment, 8 × 105 cells were
seeded in6-cmplates (Greiner) for 24h. For EGFdepletion, plateswerewashed
twice with PBS (Linaris) and K-SFM without EGF was added. For treatment,
inhibitors andcytokineswereaddeddirectly to theK-SFMgrowthmedia at the
following final concentrations: 30 μM tyrphostin AG1478 (Axxora), 50 nM
staurosporine (Calbiochem), 500 nM JAKI inhibitor pyridone 6 (Calbiochem),
10 μg/mL neutralizing anti-EGF-receptor antibody (Upstate), 10 nM wort-
mannin (Calbiochem), 10 μM SB203580 (Calbiochem), 20 μM U0126 (Calbio-
chem), 5 μg/mL actinomycin D (Sigma), 10 μg/mL cycloheximide (Sigma), 100
ng/mL IGF1 (Millipore), 250 U/mL TNF-α (MACS Miltenyi Biotec), and 100 μM
TPA (Sigma). Cells were incubated for 24 h before harvesting.

RNA Isolation and Semiquantitative RT-PCR. CytoplasmicRNAwas isolatedwith
the RNeasy Kit (Qiagen) according to themanufacturer’s instructions after cell
fractionation. Total and nuclear RNA was isolated with TRIZOL (Invitrogen).
RNA was quantified using the NanoDrop1000 system (Thermo Scientific). For
reverse transcription, 1 μg RNAwas diluted in H2O along with 1 μL of Oligo dT
Primer (500 μg/μL; Promega) to obtain a total volume of 12.5 μL. Samples were
incubated at 70 °C for 10min and chilled on ice for 3min. Then, 0.5 μL of RNase
OUT (Invitrogen), 2 μL 0.1 M DTT (Invitrogen), and 4 μL 5× First Strand Buffer

(Invitrogen)were added and samples were then incubated at 25 °C for 10min.
Finally, 0.5 μL SuperScriptII Reverse Transriptase (Invitrogen) was added to
obtain afinal volume of 20 μL. For semiquantitative RT-PCR, cDNAwas diluted
1:40 in H2O and 2 μL were amplified in 20 μL with GoTaq Green (Promega)
Mastermix using 0.5 μL of a 20 μM primer mix. For primer sequences, product
length, annealing temperature, and cycle number, see Table S1. Quantifica-
tion of band intensities was done with ImageJ. For objective analysis, splicing
rate was calculated as E6*/E6 ratio and the control sample was set to 100%.

Protein Detection and MAP Kinase Array. RIPA protein extracts or total cellular
extracts (forMAPKanalyses)were prepared as described previously (42). Equal
amounts of protein extracts were separated in 12% SDS-PAGE and electro-
transferred to Immobilon-P membranes (polyvinylidene difluoride; Millipore)
using 1 mA/cm2 for 70 min. Membranes were blocked in 5% skin milk /TBS-
Tween for 1 h and subsequently incubated with different antibodies over-
night at 4 °C. The following antibodies have been used: anti-p53 (DO-1; Santa
Cruz), anti-HPV16 E7 (NM-2; a generous gift from M. Müller; DKFZ), anti-pRb
(Beckton Dickinson), anti-Erk-1/2 (NEB), anti-phospho-Erk-1/2 (NEB), anti-p38
MAPK (NEB), anti-phospho-p38 MAPK (NEB), anti-hnRNP A1 (Abcam, 9H10),
anti-hnRNP A2B1 (DP3B3; Abcam) anti-ASF (Abcam), anti-Sam68 (Santa Cruz),
anti-Brahma (Abcam), and anti-actin (ICN). For detection of the respective
bands, HRP-conjugated secondary antibodies anti-mouse (Dianova), anti-
mouse IgG1 (SantaCruz), andanti-rabbit (Dianova)were incubated for 1hand
visualized using the ECL detection system (PerkinElmer Life Sciences) or the
SuperSignal West Femto Substrate (Thermo Scientific). For stripping, mem-
braneswerewashed for 5min in TBS-Tween, 0.2MNaOH, 5minH20, and5min
TBS-Tween. MAP kinase array (Proteome Profiler Array; R&D Systems) was
performed according to manufacturer’s instructions.

Transient Transfection Studies. E6 coding sequence was amplified from SiHa
cells and cloned into pLXSN retroviral vector. MEK1-dominant negative
expression vector was a generous gift from Roger Davis (University of
Massachusetts Medical School, Worcester, MA). A total of 8 × 105 293 cells
were seeded in 6-cm plates. After 24 h, cells were transfected using Lip-
ofectamine 2000 (Invitrogen) according to manufacturer’s protocol. Cells
were harvested 24 h posttransfection.

siRNA Knockdown. Using HiPerfect (Qiagen) transfection reagent and fol-
lowing manufacturer’s instructions, 7 × 105 cells were plated in 6-cm well
plates and transfected with 100 nM siRNA (Dharmacon). siRNA sequences
were described previously for Brm (33), ASF, hnRNPA1, hnRNPA2 (28), Sam68
(43), and siScramble (44). Twenty-four hours posttransfection, fresh media
was added and, where indicated, EGF was depleted for an additional 24 h.
Seventy-two hours posttransfection, cells were harvested.
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