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Abstract

We have recently shown that E1A protein of human adenovirus downregulates epidermal growth
factor receptor (EGFR) expression and induces apoptosis in head and neck (HNSCC) and lung
cancer cells independently of their p53 status. E1A has five isoforms of which the major ones
E1A12S and E1A13S regulate transcription of cellular genes by binding to transcriptional
modulators such as pRB, CtBP, p300 and p400. In this study, we have identified E1A12S isoform
to have the highest effect on EGFR suppression and induction of apoptosis in HNSCC cells.
Similar to Ad5, E1A12S from human adenovirus types 2, 3, 9 and 12 suppressed EGFR, whereas
E1A12S of adenovirus types 4 and 40 had no effect on EGFR expression. Using deletion mutants
of ELA12S we have shown that interaction of E1A with p400, but not p300 or pRB, is required for
EGFR suppression and apoptosis. Inhibition of p400 by short hairpin RNA confirmed that
HNSCC cells with reduced p400 expression were less sensitive to E1A-induced suppression of
EGFR and apoptosis. p300 function was shown to be dispensable, as cells expressing E1A
mutants that are unable to bind p300, or p300 knockout cells, remained sensitive to E1A-induced
apoptosis. In summary, this study identifies p400 as an important mediator of E1A-induced
downregulation of EGFR and apoptosis.
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Introduction

Activation of epidermal growth factor receptor (EGFR) is associated with increased tumour
growth, metastasis and adverse outcome in many epithelial cancers, particularly squamous
cell carcinomas of lung and head and neck (HNSCC) (Prenzel et al., 2001; Kalyankrishna
and Grandis, 2006). Because EGFR is overexpressed in many cancers and its inhibition
causes tumour growth inhibition, novel and effective agents that inhibit EGFR can have a
major clinical and commercial benefit. So far, several strategies have been used to block
EGFR activity, including monoclonal antibodies, antisense oligonucleotides, ligand—toxin
and immunotoxin conjugates, as well as tyrosine kinase inhibitors (reviewed in Prenzel et
al., 2001).

The E1A gene of the subgroup C of human adenovirus types 2 and 5 is essential for
adenoviral replication, the primary E1A transcript produces five distinct mRNA isoforms;
13S, 12S, 118, 10S and 9S (Frisch and Mymryk, 2002). E1A interacts with a number of
cellular regulatory proteins to reprogramme gene expression and to induce cell growth
(Frisch and Mymryk, 2002). In particular, E1A targets pRB family members, the p300/CBP
acetyltransferases and the CtBP family of transcriptional repressors (Egan et al., 1988).
CtBPs are important regulators of both gene transcription and organelle assembly. They are
involved in a large number of transcriptional regulatory networks and intracellular signalling
pathways, and play an essential pro-survival role in tumour-derived cells (Bergman and
Blaydes, 2006). The N-terminal end of E1A binds and interferes with the function of p300
and CBP, two highly related transcriptional co-activators that regulate the expression of
genes involved in growth inhibition and differentiation (reviewed in Samuelson et al., 2005).
The N-terminal portion of E1A also binds two unrelated proteins, p400 and TRRAP, which
interact with each other and function in large multi-subunit complexes that regulate gene
transcription by affecting chromatin organization (Fuchs et al., 2001). Interaction of E1A
with p300/CBP is seemingly not required for induction of ARF, p53 and apoptosis in normal
fibroblasts, whereas E1A interaction with the p400-containing complex has been shown to
be important (Samuelson et al., 2005). The p400 complex was shown to be part of the
p21WAFL/CIP1/sidl pathway: it inhibits transcription of p21WAFL through p53 and the
senescence pathway (Chan et al., 2005). We and others have shown that ELA12S, but not
E1A13S, suppresses transcription from the p21WAFL promoter resulting in cell-cycle arrest
(Najafi et al., 2003; Flinterman et al., 2005). In addition, we have shown that induction of
apoptosis in normal rat kidney and mouse embryonic fibroblast (MEF) cells requires the
interaction of E1A with p300 and pRB (Mymryk et al., 1994; Samuelson and Lowe, 1997).
Other studies using rodent and human cells have demonstrated that activation of apoptosis is
predominantly mediated by interaction of ELA with p300 (Chiou and White, 1997; Querido
et al., 1997). In some cases, the induction of apoptosis by E1A is clearly related to the
stabilization of p53 (Debbas and White, 1993; Lowe and Ruley, 1993). However, E1A can
clearly stimulate apoptosis independently of p53 (Flinterman et al., 2003; Samuelson et al.,
2005). E1A has been shown to have antitumour and antimetastatic functions in cancer cells
by suppressing overexpression of c-erbB2/HER-2, a member of the EGFR tyrosine kinase
family (reviewed in Yu and Hung, 1998). We have recently shown that EIA downregulates
EGFR expression, resulting in the induction of apoptosis in a panel of HNSCC cell lines
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(Flinterman et al., 2003). Furthermore, overexpression of EGFR under a heterologous
promoter conferred resistance to E1A-induced apoptosis. This provides direct evidence that
E1A-induced EGFR downregulation mediates induction of apoptosis. All cell lines used in
our study lacked functional p53, suggesting that in these cells ELA-induced EGFR
suppression and induction of cell death is p53-independent (Flinterman et al., 2003).

Here, we have used all five E1A isoforms as well as a panel of ELA mutant and deletion
constructs to identify the E1A region/s important for EGFR suppression and induction of
apoptosis. The 12S-encoded E1A was found to be the most effective suppressor of EGFR
expression in HNSCC cells. Using deletion mutants of ELA12S interaction of E1A with
p400, but not p300 or pRB, was found to be important for the ability of E1A to suppress
EGFR. Silencing of p400 by short hairpin RNA (shRNA) confirmed that HNSCC cells with
reduced p400 expression were less sensitive to E1A-induced EGFR suppression and
apoptosis. However, p300 knockout in HCT116 colon cancer cells did not block E1A-
induced apoptosis. In summary, this study identifies p400 as an important component
involved in the regulation of EGFR and may lead to the discovery of novel control
mechanisms of EGFR expression.

Adenovirus type 2 E1A12S isoform induces downregulation of EGFR expression

The effect of each of the five Ad2 E1A isoforms, fused to green fluorescent protein (GFP),
on EGFR expression was investigated in EGFR overexpressing HN5 cells (Figure 1a). The
expression of the ELA12S protein (green) resulted in a significant suppression of EGFR
(red) 48 h after transfection. Expression of E1A13S showed some reduction in EGFR levels
but to a lesser extent than E1A12S. Expression of other E1A isoforms was ineffective in
EGFR downregulation (Figure 1b). Both E1A12S- and E1A13S-encoded proteins contain a
region between amino acids 27 and 98, which is absent in the E1A9S, E1A10S and E1A11S
products. These results suggest that this region, which includes the conserved region (CR) 1
domain, is important for E1A-induced EGFR downregulation. The CR1 domain of E1A
contains binding sites for both p300 and p400 proteins. Plasmids encoding the conserved
regions CR1, CR2 and CR3 on their own were similarly examined in HN5 cells. No effect
on EGFR expression was observed by the expression of individual CRs, possibly owing to
their cytoplasmic localization, as detected by indirect immunofluorescent microscopy (data
not shown).

EGFR suppression by E1A of different human adenovirus types

As shown above, the adenovirus type 2 E1A12S product downregulated EGFR
overexpression in HN5 cells. We then investigated the effect of the corresponding 12S
encoded E1A proteins from a representative panel of five other human adenovirus
subgroups. HN5 cells were transiently transfected with plasmids expressing E1A12S of
human adenovirus type 3, 4, 9, 12 or 40 fused to GFP; cells were analysed 48 h after
transfection. ELA12S of adenovirus types 2, 3, 9 and 12 induced EGFR downregulation,
while expression of ELA12S of adenovirus types 4 and 40 had no effect on EGFR

Oncogene. Author manuscript; available in PMC 2015 October 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flinterman et al. Page 4

expression (Figure 2 and Table 1). Therefore, ELA12S of most, but not all human
adenoviruses can suppress EGFR expression in HN5 cells.

Identification of E1A domains involved in EGFR suppression

Having identified ELA12S as the most effective isoform in EGFR suppression, we sought to
identify the ELA12S region/s responsible for EGFR downregulation. HN5 cells were
transfected with a panel of deletion/mutant ELA-GFP constructs listed in Table 2 and Figure
3a. We have previously shown that these cells express mutant p53 (Sartor et al., 1999) and
wild-type pRB (Paterson et al., 1995). The C-terminal end of E1LA12S (C-term; amino acids
187-289), which binds the CtBP transcriptional repressor, was used as a negative control
(Figure 3a). Expression of the ELA12S mutants dl1101, dl1102, d11103 (unable to bind
p400) and Y47H/C124G (unable to bind pRB) (Wang et al., 1993) had no effect on the level
of EGFR (Figure 3b). Expression of the E1LA12S mutants dl1104, RG2 (unable to bind
p300), dI1107 and Y47H (unable to bind pRB in some cell types such as HeLa, but able to
bind pRB in other cell types such as BRK cells) (Wang et al., 1993) downregulated EGFR
as efficiently as the wild-type E1A12S (Figure 3b). These results show that binding to p300
is not required for ELA-mediated EGFR suppression. In contrast, d11101, d11102, di1103
mutants that are unable to bind p400 have lost the ability to suppress EGFR expression
(Figure 3b). These results indicate that p400, but not p300, is required for EGFR suppression
by E1A (summarized in Table 2). The role of pRB was less clear as the Y47H mutant with a
mutation in the putative pRB-binding site suppressed EGFR expression, suggesting that
pRB may not be required for EGFR downregulation by E1A. However, the Y47H/C124G
double mutant, with mutations in both the putative and the known pRB-binding sites was
inactive in EGFR downregulation.

The importance of these regions in ELA-mediated EGFR suppression was further
investigated by western blot analysis. EGFR overexpressing H357 cells with mutant p53
(Sartor et al., 1999) and a functional pRB pathway (based on TGF-#mediated accumulation
of underphosphorylated pRB (Paterson et al., 1995)) were infected with adenovirus vectors
encoding Ad5 E1A12S, dI1101, dI1102/06, d11102/08, dI1105/07 or the control E1A9S,
which was shown not to suppress EGFR (Figure 3a). At 48 h post-infection, cell lysates
were analysed for EGFR expression. An almost complete EGFR suppression was observed
in cells expressing E1A12S and significant EGFR downregulation in cells expressing
dl1105/07, which contains a deletion in the pRB-binding site (Figure 3c). EGFR expression
was quantified using Aida 2D Densitometry software. Normalization against the control Ad-
E1A9S-infected cells showed EGFR expression was reduced to 7 and 10% by E1A12S and
dl1105/07 (unable to bind pRB), respectively (Figure 3c). In contrast, control, non-infected
or dI1101 (unable to bind p300 or p400)-infected cells did not show EGFR suppression.
Cells expressing d11102/06 or d1102/08 (unable to bind p400 but still able to bind p300)
showed reduced EGFR suppression (EGFR expression was 30 and 32%, respectively, as
compared to control cells expressing E1LA9S) but no apoptosis, as no poly (ADP ribose)
polymerase (PARP) cleavage was detected (Figure 3c). Differences in the levels of E1A
protein between different samples, is believed to be due to higher affinity of the M73 anti-
E1A antibody, which binds to the C-terminus of exon 2 of E1A, for complete E1A12S.
High-level expression of mutant E1A was shown using anti-E1A antibody M58 (data not
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shown). EGFR suppression by E1A12S and d11105/07 was shown to induce apoptosis as it
corresponded with the detection of PARP p85 fragment (Figure 3c). These results further
confirm the importance of p400 but not p300 and pRB in the E1A-induced EGFR
suppression in HNSCC cell lines HN5 and H357.

E1A induces apoptosis by downregulation of EGFR protein and mRNA

The effect of E1A on EGFR protein and mMRNA levels was investigated in H357 and Saos-2
cells, using a recombinant adenovirus vector expressing wild-type E1A and a control Ad-
Del vector (Yan et al., 1991). Western blot analysis showed downregulation of EGFR
protein levels in Ad-E1A-infected H357 and Saos-2 cells at 24 and 48 h (Figure 4a).
Complete downregulation of EGFR was observed in H357 cells at 48 h, but not in control
Ad-Del-infected H357 cells. Apoptosis detected by PARP p85 antibody was shown in Ad-
E1A-infected H357 and Saos-2 cells but not in non-infected or Ad-Del-infected cells (Figure
4a). 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay suggested
that Saos-2 cells were less sensitive to ELA-induced cell death than EGFR overexpressing
H357 (data not shown). At 48 h, control non-infected and Ad-Del-infected Saos-2 cells
showed higher EGFR expression than at 24 h, these cells have a slow growth rate; therefore,
this difference could be due to more cells being in the log growth phase at 48 h.
Downregulation of EGFR was not due to reduced protein levels as actin levels were similar
in all samples. We have previously shown that ELA expression results in reorganization of
promyelocytic leukaemia (PML) oncogenic domains (PODs) in HN5 cells. PODs are
dynamic nuclear subcompartments involved in the regulation of several cellular processes
such as transcription, tumour suppression and apoptosis (reviewed in Vallian et al., 1998). In
this study, western blot analysis showed induction of PML protein levels in E1A expressing
Saos-2 and in H357 cells but not in the controls (Figure 4a). Semiquantitative reverse
transcription polymerase chain reaction (RT-PCR) showed that similar to protein levels, at
48 h EGFR mRNA levels were downregulated in Ad-E1A-infected H357 cells compared
with controls (Figure 4b).

Role of p300 in E1A-induced cell death

Previous studies have implicated p300 as a key target for ELA-induced apoptosis (Mymryk
et al., 1994; Chiou and White, 1997). Using E1A deletion mutants (Figure 3 and Table 2),
p300 binding was found not to be required for E1A-induced EGFR suppression and
induction of apoptosis. To further investigate the role of p300, wild-type HCT116 or
syngeneic p300~/~ colon cancer cells were infected with adenovirus expressing ELA12S
(Figure 5). MTT cell viability assay showed efficient killing of p300~/~ HCT116 cells by
E1A12S (Figure 5a). Western blot analysis showed undetectable levels of p53 in untreated
HCT116 cells, which are p53*/* (Figure 5b, right panel). ELA expression induced the
elevation of p53 protein levels in both HCT116 and p300~/~ HCT116 cells. However,
apoptosis, indicated by PARP p85, was detectable only in the ELA expressing p300~/~ cells,
confirming that ELA-mediated induction of cell death is through a p300- and p53-
independent pathway. These data are in agreement with the study of lyer et al. (2004),
showing that HCT116 cells were more sensitive to DNA-damage-induced apoptosis in the
absence of p300 (lyer et al., 2004). The effect of ELA on EGFR expression was also
examined in the HCT116 cells. However, these cells were shown to have undetectable
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EGFR levels and therefore the results were inconclusive (data not shown). In summary,
these results suggest that p300 is not required for E1A-induced cell death. The
morphological analysis (data not shown) and detection of PARP p85 suggest that p300~/~
HCT116 cells are more sensitive to E1A-induced apoptosis than parental HCT116.

Role of p400 in E1A-mediated downregulation of EGFR

It has recently been shown that p400 is required for E1A-induced apoptosis (Samuelson et
al., 2005). We therefore investigated the role of p400 in the ELA-induced downregulation of
EGFR and apoptosis in HNSCC cells. p400 protein was silenced using a p400 shRNA
expressing retrovirus as described previously (Samuelson et al., 2005). Selected cell
populations were established in several cancer cell lines including the HSC3 cells. These
mixed cell populations were used to investigate the effect of p400 on ELA-induced
apoptosis. Significant reductions in p400 protein levels were observed by western blot
analysis in several p400 shRNA-selected populations derived from HSC3 cells. The HSC3-
p400mp2 mixed population showing the highest inhibition of p400 protein level was used in
subsequent experiments; the empty vector transduced cells (HSC3-HImp1l) were used as
control (Figure 6a). The p400 level was quantified using Aida 2D Densitometry software
showing the reduction of p400 in HSC3-p400mp2 to 15% of the p400 expression level in
HSC3-HImp1 cells (Figure 6a). MTT assay detected a significant reduction in cell death
(P<0.001) at 72 h in Ad-E1A-infected HSC3-p400mp2 compared to Ad-E1A-infected
HSC3-HImp1 cells (Figure 6b). PARP p85 was detected only in HSC3-HImp1 cells and not
in Ad-E1A-infected HSC3-p400mp2 cells. These results indicate reduced sensitivity to
apoptosis in cells with reduced p400 expression (Figure 6¢). These results further confirm
that p400 is an important component of E1A-induced suppression of EGFR expression and
cell death.

Expression of ELA12S of Ad2, Ad3, Ad9 and Ad12, but not Ad4 and Ad40, was shown to
induce EGFR suppression (Figure 2). Therefore, we next compared the homology of the
p400-binding site in these different ELA sequences. Amino acids 12-47 of Ad2 E1A have
been identified as the region required for interaction with p400 (Barbeau et al., 1994;
Samuelson et al., 2005). Sequence alignment of this region with the corresponding regions
of the other E1A sequences used in this study (Figure 7; Avvakumov et al., 2004) did not
reveal an obvious difference between the p400-binding site of E1LA12S in Ad4 and Ad40
(unable to suppress EGFR) with Ad2, Ad3, Ad9 and Ad12 (able to suppress EGFR).

However, protein structure prediction using the JNET neural network feature of JPRED
(Cuff and Barton, 2000) suggests that amino acids 12-47 of E1A12S of Ad2, Ad3, Ad9 and
Ad12 form an apparent motif family. The first half of the sequence in these four proteins
forms an a-helix, with the rest of the sequence apparently having no predicted structure
(Figure 1, Supplementary Data). Interestingly, Ad4 and Ad40 E1A12S seem to have a
different structure in this part of the sequence. Ad4 E1A12S seems to lack the robust helical
structure on the front end. Ad40 E1A12S, however, has a second helical structure in the
back end of the sequence that the four EGFR suppressing sequences do not have, suggesting
that the second helix alters the binding ability of the front end a-helix somehow. It can be
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speculated that these structural differences in the region binding p400 could provide an
explanation as to why Ad4 and Ad40 E1A12S differentially regulate EGFR.

Discussion

In this study, ELA12S was shown to strongly suppress EGFR expression in HNSCC cells.
E1A13S also showed some effect on EGFR suppression, but significantly less than E1A12S
(Figure 1b). The other isoforms E1A9S, E1A10S and E1A11S, which lack the CR1 region,
had no significant effect on EGFR expression (Figure 1b), identifying CR1 as an important
region in the regulation of EGFR expression. CR1 contains binding sites for p300 and p400,
as well as a putative binding site for pRB. These host proteins are found in distinct
chromatin remodelling complexes that modulate gene expression either by activating or
repressing transcription. The importance of these factors in the ELA-mediated regulation of
EGFR was therefore investigated. Our data showed that the ability to bind p400, but not
p300 or pRB, is important for ELA-induced suppression of EGFR expression and apoptosis
(Figure 3). HN5 and H357 cells used in this study express wild-type pRB (Sartor et al.,
1999) and H357 cells respond to TGF-#mediated accumulation of underphosphorylated
pRB protein (Paterson et al., 1995), suggesting that the pRB pathway is functional in these
cells. Therefore, it is likely that E1A binds pRB to regulate transcription of some cellular
proteins. However, pRB binding did not appear to be required for EGFR suppression by
E1A. Specifically, ELA12S mutants lacking p400-binding sites were unable to induce
apoptosis and to suppress EGFR expression in HNSCC cell lines (Figure 3). Using shRNA-
mediated inhibition, we have demonstrated that HNSCC cells expressing reduced levels of
p400 become resistant to E1A-induced EGFR suppression and apoptosis (Figure 6).
Collectively, these results strongly suggest that p400 is an important mediator in these
processes.

Currently, there are no data available to indicate whether there are any physical or functional
interactions between p400 and EGFR. Chromatin immunoprecipitation (ChlP) analysis has
shown p400 complexes at certain c-Myc- and E2F-regulated promoters. The recruitment of
p400 to these promoters was correlated with an increase in histone acetylation in the
surrounding chromatin and induction of transcription (Frank et al., 2003; Taubert et al.,
2004). These studies suggest that p400-containing complexes employ major chromatin-
modifying functions and that they are involved in transcription regulation. Tyteca et al.
(2006) have shown that it was possible to change the fate of irradiated cells from undergoing
apoptosis to cell-cycle arrest by altering p400 levels. They conclude that cells with lower
p400 expression become less sensitive to DNA-damage-induced apoptosis. The histone
acetyl transferase Tip60 (HTATIP) is part of a multimolecular complex involved in the
cellular response to DNA damage. Tip60 plays a role in cell-cycle arrest following DNA
damage, by allowing p53 to activate p21WAFL expression (reviewed in Tyteca et al., 2006).
p400 is a component of the Tip60 complex and p21WAFL gene activation by p400 knock-
down is Tip60-dependent. In unstressed cells, p400 functions as a negative regulator of
Tip60. Upon DNA damage Tip60 repression by p400 is abolished, resulting in the
upregulation of p21WAFL (Tyteca et al., 2006). Perhaps E1A together with p400 recruit
transcription repressors such as PML, a known suppressor of EGFR transcription (Vallian et
al., 1998), to regulate EGFR expression. Analysis of p400 and EGFR interactions by ChIP
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will help to investigate whether p400 interacts directly with the EGFR promoter. However,
owing to problems with p400 antibodies, which gave high level of nonspecific binding we
have so far been unable to confirm direct association between these two proteins.

Interaction of E1A with p300 was not required for the induction of cell death as the p300~/~
colon cancer HCT116 cells were shown to be highly sensitive to E1A-induced apoptosis.
E1A deletion studies confirmed that p300 binding is dispensable for ELA-induced apoptosis
and EGFR suppression. Based on microscopic studies and the detection of PARP p85,
HCT116 p300~/~ cells were found to be more sensitive to E1A-induced apoptosis than wild-
type cells. Interestingly, p300 exhibits an intrinsic ubiquitin ligase activity that functions in
concert with MDM2 to generate poly-ubiquitinated forms of p53 that are targeted for
proteasome degradation (Grossman et al., 2003). This activity of p300 is inhibited by E1A,
which contributes to the stabilization of p53 and a corresponding increase in sensitivity to
apoptosis inducing signals in E1A expressing cells. In this study, E1A induced p53
expression in both p300~/~ and parental HCT116 cells, whereas PARP p85 was not detected
in E1A expressing wild-type HCT116 cells. It is therefore not clear whether elevated levels
of p53 play a role in the induction of apoptosis by E1A in the p300 knockout cells. EGFR
expression in HCT116 cells was found to be very low, making the analysis of the effect of
E1A expression on EGFR levels inconclusive.

EGFR is overexpressed in many types of human cancers including HNSCC. EGFR
overexpression is rarely due to gene amplification and in the majority of tumours the
mechanism of EGFR overexpression is unknown, but is believed to be due to altered
transcriptional regulation by EGFR transactivators/suppressors. EGFR is believed to
function in HNSCC as a survival factor. Many EGFR targeting strategies have been
developed worldwide and candidate EGFR inhibitors including antagonistic antibodies and
tyrosine kinase inhibitors are currently in phase 1-3 clinical trials (reviewed in Grandis and
Sok, 2004). However, the results of these studies have so far been disappointing
(Kalyankrishna and Grandis, 2006). This could be due to the complexity of EGFR signalling
pathways, including its heterodimerization with other members of the HER family of
tyrosine kinases such as ErbB2, ErbB3 or ErbB4. It seems that tumour cells may be sensitive
to EGFR inhibition only if they are dependent on EGFR for Akt activation, cell survival and
growth (Kalyankrishna and Grandis, 2006). E1A has been shown to inhibit cell proliferation
of lung, ovarian and breast cancer cells overexpressing c-erbB2/HER2, a member of the
EGFR family (reviewed in Yu and Hung, 1998). E1A was shown to be unable to inhibit
growth of breast cancer cells with low c-erbB2/HER?2 expression. Furthermore, E1A has
been shown to suppress the transcription of the c-erbB2 promoter (reviewed in Yu and
Hung, 1998). It would therefore be interesting to find out whether transcriptional regulators
such as p400 are involved in ELA-mediated suppression of c-erbB2/HER2. Furthermore, it
would be interesting to investigate whether in EGFR- or HER2-overexpressing cancer cells
the function of p400 is compromised.

In summary, we have identified the E1A12S isoform as a powerful inhibitor of EGFR
expression and a strong inducer of cell death in a range of solid tumour cell lines. Head and
neck cancer cells in which EGFR is highly overexpressed, and presumably functions as a
survival mechanism, were particularly sensitive to E1A-induced apoptosis. This function of
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E1A12S is shared by several, but not all, adenovirus subgroups. Additionally, p400 but not
pRB and p300 function was found to be important for ELA-mediated suppression of EGFR.
The exact mechanism by which E1A utilizes p400 to reduce EGFR expression, remains to
be elucidated. However, our results clearly show that E1A does not simply sequester p400,
as shRNA-induced reduction of p400 does not in itself reduce EGFR expression or induce
apoptosis. It seems likely that E1A redirects p400 and its associated chromatin-modifying
activity to novel targets, thus indirectly leading to a reduction in EGFR expression and the
consequent induction of apoptosis. Comparative studies of E1A proteins from EGFR-
suppressing adenovirus subgroups, with those from non-suppressing adenovirus subgroups
can help in the elucidation of the details of the mechanisms involved. Given the importance
of EGFR overexpression and signalling in a broad range of human cancers, the
demonstrated E1A-mediated regulation of EGFR levels and the identification of p400 as an
important component of this regulation may be of clinical value.

Materials and methods

Cell lines

Plasmids

Human HNSCC cell lines HN5, HSC3, p400 knockout HSC3, osteosarcoma cell line
Saos-2, MEF PG13 retroviral packaging cell line and human embryonal kidney 293A
adenoviral packaging cell line were cultured in Dulbecco’s Modified Eagle Medium
supplemented with 10% FCS (fetal calf serum), 50 ug/ml streptomycin, 100 ug/ml penicillin
and 1mM sodium pyruvate, all purchased from Sigma (Gillingham, UK). HNSCC cell line
H357 was cultured in Nut mix (Invitrogen, Paisley, UK) supplemented with 5% FCS, 4mM
L-glutamine, 25 pg/l hydrocortisone, 50 pg/ml streptomycin and 100 pg/ml penicillin.
HCT116 parental and p300~/~ cells were cultured in RPMI containing HEPES supplemented
with 10% FCS, 50 pg/ml streptomycin and 100 pg/ml penicillin.

To establish sShRNA p400 knockout, PG13 packaging cells were stably transfected with
pSIN-puro p400-sh or control pSIN-puro HI-sh retroviral vectors. Supernatant from selected
PG13 populations producing p400shRNA retroviral vectors was used to infect HSC3 cells,
after 72 h cells were put under puromycin selection.

PCR products encoding the various human adenovirus type 2 E1A isoforms were cloned in-
frame into the pEGFP expression vector as EcoRI/Sall fragments. ELA12S mutants with
specific small in-frame deletions were similarly expressed from pEGFP, as were the 12S
complementary DNAs (cDNAs) for human adenovirus types 3, 4, 9, 12 and 40. All PCR
products were sequenced to ensure fidelity.

Adenovirus vectors

The adenoviruses used in this study are all derived from the Ad5 dI309 background, which
lacks the E3 domain encoding genes for 14.7K, 14.5K and 10.4K, but retains the wild-type
Ad-E1A region (Jones and Shenk, 1979). The following replication incompetent
adenoviruses were used: Ad-E1A (dI324) containing functional E1A but with complete
deletion of E1B (Yan et al., 1991), Ad-Del (dI312) as a control containing a complete
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deletion of E1A (Yan et al., 1991). The E1A12S virus and mutants d11101, d11102/06,
dl1102/08 and d11105/07 do not express the ELA13S product or the E1B proteins (Shepherd
etal., 1993; Mymryk, 1998). The positions of the E1A mutations in these mutants are
illustrated in Figure 3a. The E1A9S virus does not express the E1B proteins and was
constructed by replacing the E1A region with the Ad2 9S E1A cDNA (Moran et al., 1986),
kindly provided by Dr E Moran (Fels Institute for Cancer Research and Molecular Biology,
Philadelphia, PA, USA). Adenovirus amplification and purification was essentially
performed as described previously (Graham and Prevec, 1991).

MTT cell proliferation assay

Cell survival was measured by MTT assay as described previously (Flinterman et al., 2003).

Transient transfection and indirect fluorescence microscopy

Cells were seeded in Falcon eight-well culture slides (Becton Dickinson, Oxford, UK) and
transfected at 50-80% confluency with 400 ng plasmid DNA preincubated with 1.4 pl
Lipofectamine 2000 Reagent (Invitrogen), according to the manufacturer’s protocol. EGFR
expression was detected using EGFR-specific monoclonal antibody clone F4 (gift from
Professor William Gullick, Department of Biosciences, University of Kent at Canterbury,
UK) followed by horse anti-mouse Texas-Red (Vector Laboratories, Peterborough, UK).
Fixation and preparation of slides were carried out as described previously (Flinterman et
al., 2003).

Expression analysis by RT-PCR

RT-PCR was performed as described previously (Flinterman et al., 2005). EGFR cDNA
was amplified using primers EGFR-F1 (5’-CAG-CCC-ACC-TGT-GTC-AAC-AGC-3') and
EGFR-R1 (5-AAT-AAA-TTC-ACT-GCT-TTG-TGG-3), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) cDNA was amplified as an internal control for the RT-PCR
procedure using primers GAPDH-F1 (5-ACC-TGA-CCT-GCC-GTCTAG-AA-3) and
GAPDH-R1 (5-TCC-ACC-ACC-CTG-TTGCTG-TA-3). Thirty-five cycles were
performed, consisting of denaturation at 94°C, annealing at 58°C and extension at 72°C
(each step 30 s).

Western blot analysis

Western blotting was performed as described previously (Sartor et al., 1999). For analysis of
p400 protein expression, 4-12% gradient NuPage Bis—Tris precast gels were used
(Invitrogen) to resolve lysates. The antibodies used for western blot analysis were: rabbit
anti-PARP p85 fragment clone G734A (Promega, Southampton, UK) in a 1:2000 dilution,
mouse anti-#-actin (Sigma) in a 1:500 dilution, mouse anti-tubulin (Sigma) in a 1:4000
dilution, mouse anti-E1A clone M58 (Pharmingen, BD Biosciences, Oxford, UK) in a 1:500
dilution, mouse anti-E1A clone M73 (Oncogene Research Products) in a 1:1000 dilution,
mouse anti-EGFR clone F4 in a 1:1000 dilution, rabbit anti-PML clone 3573 (gift from Dr
Kun-San Chang, Department of Molecular Pathology, MD Anderson Cancer Center, USA)
in a 1:10 000 dilution, mouse anti-p400 clone RW144 (gift from Dr Ho-Man Chan, Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY, USA) in a 1:2 dilution. Secondary anti-

Oncogene. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Flinterman et al. Page 11

mouse and anti-rabbit antibodies linked to horseradish peroxidase (Amersham Biosciences,
Piscataway, NJ, USA) were used diluted at 1:1000 and 1:2000, respectively.
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BSA bovine serum albumin
CR conserved region
DAPI 4’ 6-diamino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
EGFR epidermal growth factor receptor
FCS fetal calf serum
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GFP green fluorescent protein
HA influenza A virus haemagglutinin
HEK 293A human embryonal kidney 293A
HNSCC human head and neck squamous cell carcinoma
MOI multiplicity of infection
MTT 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
PAGE polyacrylamide gel electrophoresis
PBS phosphate-buffered saline
PCR polymerase chain reaction
RT reverse transcription
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Figure 1.
(a) Different splice variants of the E1A gene are schematically depicted. Boxes represent

coding sequences. The coding sequence represented by the light grey box in ELA9S is in a
different frame from the other coding sequences. The number of amino acids of the encoded
E1A isoforms and the positions of the conserved regions CR1, CR2, CR3 and CR4 in the
different E1A splice variants are indicated (CR positions have previously been described in
Avvakumov et al., 2002, 2004). (b) Downregulation of EGFR expression by adenovirus
type 2 ELA12S. HN5 cells were transiently transfected with plasmids expressing adenovirus
type 2 ELIA9S, E1A10S, E1A11S, E1A12S and E1A13S fused to GFP. Cells were fixed 48 h
post-transfection and stained for EGFR by indirect immunofluorescent staining using anti-
EGFR F4 primary antibody and Texas-Red-labelled secondary anti-mouse antibody. Cells
were mounted in DAPI-containing solution. EGFR stained red and ELA-GFP was observed
as green. E1A expressing cells are indicated with white arrows. Abbreviations: CR,
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conserved region; DAPI, 4’,6-diamino-2-phenylindole; EGFR, epidermal growth factor
receptor; GFP, green fluorescent protein.
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Figure2.
Downregulation of EGFR expression by the 12S-encoded E1A proteins of human

adenovirus types 2, 3, 9 and 12, but not 4 and 40. HN5 cells were transiently transfected
with GFP plasmids expressing E1A12S of different human adenovirus types. Cells were
fixed 48 h post-transfection and stained for EGFR by indirect immunofluorescent staining
using anti-EGFR F4 primary antibody and Texas-Red-labelled secondary anti-mouse
antibody. Cells were mounted in DAPI-containing solution. EGFR stained red and E1A-
GFP was observed as green. E1A expressing cells are indicated with white arrows.
Abbreviations: DAPI, 4’,6-diamino-2-phenylindole; EGFR, epidermal growth factor
receptor; GFP, green fluorescent protein.
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Figure 3.
Downregulation of EGFR expression by adenovirus type 2 E1A is p400-dependent. (a) Map

showing adenovirus type 2 EIA12S deletion mutants and the regions required for binding to
p300, p400 and pRB. Binding of E1A and its mutants to the indicated proteins was graded
as complete (+), reduced (+/-) or none (=) (Wang et al., 1993). (b) HN5 cells were
transiently transfected with plasmids expressing GFP fused to E1A12S or deletion mutants
that are unable to bind p300 (d11101, dI1103 and dl1104, RG2), p400 (dI11101 and dI1102)
or pRB (dI1107, Y47H and Y47H,C124G), as well as the C-terminal region of E1A, (C-
term). Cells were fixed 48 h post-transfection and stained for EGFR by indirect
immunofluorescent staining using anti-EGFR F4 primary antibody and Texas-Red-labelled
secondary anti-mouse antibody. Cells were mounted in DAPI-containing solution. EGFR
stained red and E1A-GFP was observed as green. E1A expressing cells are indicated with
white arrows. (c) H357 cells were infected with adenovirus expressing ELA12S and deletion
mutants that are unable to bind p300 (d11101), p400 (d11101, di1102/06 and dI1102/08) or
pRB (d11105/07) as well as control expressing only the ELA9S product. Cells were lysed 48
h post-infection and equal amounts of total protein from each sample was separated by
SDS-PAGE, transferred to nitrocellulose and hybridized using different antibodies as
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described in the Materials and methods section. The intensity of tubulin and EGFR bands
from the western blot was measured using Version 2.0 of Aida 2D Densitometry software.
The amount of EGFR protein was normalized with tubulin expression level to correct for
loading differences. The percentage of EGFR expression of H357 cells infected with Ad-
E1A12S and its mutants was calculated with respect to the EGFR expression of control Ad-
E1A9S-infected H357 cells which was set at 100%. Abbreviations: EGFR, epidermal
growth factor receptor; GFP, green fluorescent protein; SDS-PAGE, lauryl sulphate—
polyacrylamide gel electrophoresis.
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Figure4.
Adenovirus type 2 E1A downregulates EGFR protein and mRNA. (a) Western blot analysis

showing expression of EGFR, PARP p85, E1A and actin using F4, G734A, M58 and anti-/#
actin primary antibodies, respectively. H357 and Saos-2 cells were infected with Ad-E1A or
control Ad-Del adenoviral vectors at a MOI of 10. Cells were lysed 24 and 48 h after
infection, equal amounts of total protein from each sample was separated by SDS-PAGE,
transferred to nitrocellulose and hybridized to different antibodies as described in the
Materials and methods section. (b) ELA-mediated downregulation of EGFR mRNA. H357
cells were either untreated or infected with Ad-Del or Ad-E1A at a MOI of 10 and harvested
48 h after infection. PCR was performed on cDNA generated from whole mRNA. Specific
EGFR was amplified using GAPDH as an internal control. The sizes of amplified fragments
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are indicated. Abbreviations: cDNA, complementary DNA; EGFR, epidermal growth factor
receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MOI, multiplicity of
infection; PARP, poly (ADP ribose) polymerase; PCR, polymerase chain reaction; SDS—
PAGE, lauryl sulphate—polyacrylamide gel electrophoresis.
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(a) MTT analysis of HCT116 and HCT116 p300~/~ cells 48 h after infection with Ad-
E1A12S or control Ad-Del adenoviral vectors at a MOI of 10. Error bars indicate s.d. (b)
Western blot analysis of HCT116 and HCT116 p300~/~ cells infected with indicated
recombinant adenoviruses. Cells were lysed 24 h after infection, equal amounts of total
protein from each sample was separated by SDS—-PAGE, transferred to nitrocellulose and
hybridized to different antibodies as described in the Materials and methods section.
Abbreviations: MOI, multiplicity of infection; MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide; SDS-PAGE, lauryl sulphate—polyacrylamide gel

electrophoresis.
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Figure®6.
(a) Western blot analysis of HSC3 HI and p400 mixed populations. p400 was detected using

anti-p400 RW144 monoclonal primary antibody and tubulin was detected using anti-tubulin
monoclonal antibody (Sigma). The intensity of tubulin and p400 bands from the western
blot was measured using Version 2.0 of Aida 2D Densitometry software. The amount of
p400 protein was normalized with tubulin expression level to correct for loading differences.
The percentage of p400 expression of HSC3-p400mp2 was calculated with respect to HSC3-
HIimpl, which was set at 100%. (b) MTT analysis of HSC3 HI and p400 mixed populations
48 and 72 h after infection with Ad-Del and Ad-E1A with a MOI of 10. Error bars indicate
s.d. Statistical analysis was performed using Tukey’s Multiple Comparison Test, P-values
are shown. (c) Western blot analysis of HSC3-HImp1 and HSC3-p400mp2 48 and 72 h after
infection with indicated recombinant adenoviruses. Cells were lysed at 48 and 72 h post-
infection, equal amounts of total protein from each sample was separated by SDS-PAGE,
transferred to nitrocellulose and hybridized to different antibodies as described in the
Materials and methods section. The percentage of EGFR expression of cells infected with
Ad-E1A was calculated with respect to the EGFR expression of control Ad-Del-infected
cells, which was set at 100%. Abbreviations: EGFR, epidermal growth factor receptor;
MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide; SDS-PAGE, lauryl
sulphate—polyacrylamide gel electrophoresis.
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Alignment of the homologous regions of the six different E1As used in this study (adapted
from Avvakumov et al., 2004). The sequence spans amino acids 12-47 of Ad2 E1A, which
corresponds to the region required for interaction to p400 (Barbeau et al., 1994; Samuelson
et al., 2005). Shading is based on similarity as defined by the Blosum 45 score table.
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Table 1

The effect of ELA isoforms from different adenovirus subgroups on EGFR expression in HN5 cells

Construct (all fused to GFP) Localization

EGFR suppression

Residues from E1A12S

GFP

CR1

CR2

CR3
C-term
Ad3 125
Ad4 125
Ad9 125
Ad12 12S
Ad40 12S
Ad2 9S
Ad2 10S
Ad2 11S
Ad2 125
Ad2 135

Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Nuclear

Nuclear

Nuclear

Nuclear

Nuclear
Nuclear/cytoplasmic
Cytoplasmic
Cytoplasmic/nuclear
Nuclear

Nuclear

Nuclear

No
No
No
No
No
Yes
No
Yes
Yes

No
Yes
Yes

aa 42-72
aa 115-140
aa 44-191
aa 187-289

Contains 55 aa, bp 560-637, 1229-1315

Contains 171 aa, bp 560-637, 854-974, 1229-1542
Contains 217 aa, bp 560-637, 854-1112, 1229-1542
Contains 243 aa, bp 560-974, 1229-1542

Contains 289 aa, bp 560-1112, 1229-1542

Abbreviations: aa, amino acids; bp, base pair; EGFR, epidermal growth factor receptor; GFP, green fluorescent protein.
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Table 2

The effect of ELA12S deletion mutants on EGFR expression in HN5 cells

Construct® Localization EGFR suppression  Residuesfrom E1A12S

dl1101-GFP (A569-634)  Nuclear No Deletion aa 4-25, does not bind p300 or p400

dl1102-GFP (A635-664)  Nuclear No Deletion aa 25-35, does not bind p400 but still binds p300

dl1103-GFP (A647-706)  Nuclear No Deletion aa 30-49, does not bind p400 or p300

dl1104-GFP (A701-739)  Nuclear Yes Deletion aa 48-60, does not bind p300

dl1107-GFP (A890-928)  Nuclear Yes Deletion aa 111-123, does not bind pRB

dl1102/06 Partially Deletion aa 26-35 and 90-105, does not bind p400 but still binds
p300

dl1102/08 Partially Deletion aa 2635 and 124-127, does not bind p400 or pRB, but
still binds p300

dl1105/07 Yes Deletion aa 70-81 and 111-123, does not bind pRB

1-158-GFP Cytoplasmic/nuclear ~ Yes Deletion aa 159-243, binds pRB, p300, p400

RG2-GFP Nuclear Yes Point mutation at 2 from R to G, does not bind p300, reduced
binding to pRB

Y47H-GFP Nuclear Yes Point mutation at 47 from Y to H, does not bind pRB or p130 in
Hela cells, but does bind pRB in BRK cells (Wang et al., 1993)

Y47H/C124G-GFP Nuclear No Point mutations at 47 from Y to H and at 124 C to G, double mutant,

does not bind pRB and p107 in HeLa or in BRK cells (Wang et al.,
1993).

Abbreviations: EGFR, epidermal growth factor receptor; GFP, green fluorescent protein.

aThe position of base-pair deletions in the E1A12S is shown in bracket.
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