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During human adenovirus 5 infection, a temporal cascade of gene expression leads ultimately to the
production of large amounts of the proteins needed to construct progeny virions. However, the mechanism for
the activation of the major late gene that encodes these viral structural proteins has not been well understood.
We show here that two key positive regulators of the major late gene, L4-22K and L4-33K, previously thought
to be expressed under the control of the major late promoter itself, initially are expressed from a novel
promoter that is embedded within the major late gene and dedicated to their expression. This L4 promoter is
required for late gene expression and is activated by a combination of viral protein activators produced during
the infection, including E1A, E4 Orf3, and the intermediate-phase protein IVa2, and also by viral genome
replication. This new understanding redraws the long-established view of how adenoviral gene expression patterns
are controlled and offers new ways to manipulate that gene expression cascade for adenovirus vector applications.

Although years of study have produced a detailed under-
standing of most molecular events during human adenovirus
type 5 (AdYS) infection (4, 27), how the transition in viral gene
expression from the early to the late phase is controlled has
remained poorly defined. This control is crucial, since it deter-
mines the activity of the genes that encode virion proteins and,
hence, the productivity of the infection. Residual activity from
these genes is a confounding factor in the utility of E1-deleted
AdS5 vectors for long-term gene delivery (51).

The initial expression of E1A from the linear Ad5 genome
provides transcriptional activators that, with host proteins, turn
on the expression of the remaining early genes E1B, E2, E3,
and E4 (Fig. 1A). The major-late transcription unit (MLTU)
also is weakly active at this time, but only the most 5’-proximal
L1 product is produced (1, 35, 41). Around the time of tran-
sition to the late phase of infection, when the replication of the
viral genome also begins, the transcription of intermediate
genes IX and IVa2 commences (13, 39, 48, 49), while major-
late promoter (MLP) activity greatly increases, and its scope
expands to direct the expression of a full set of around 15
MLTU products from regions L1 to LS via alternative splicing
and polyadenylation (35, 41). This transition in MLTU activity
reflects transcriptional and posttranscriptional changes, both of
which require proteins encoded by genes in the MLTU L4 region
(Fig. 1B). L4-22K and L4-33K act posttranscriptionally to activate
the production of the full set of MLTU mRNAs (16, 33, 44). At
the same time, the MLP is further activated by IVa2 protein (30,
45) working with 14-22K and/or L4-33K (2, 33, 38).

The essential role of 1.4-22K and L.4-33K in producing full
late-phase expression from the Ad5 MLTU creates a paradox
since, according to the current model of AdS gene expression,
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their expression is achieved only as a consequence of this
activation process. Here, we show that a novel Ad5 promoter
expresses L4-22K and L4-33K independently from the MLP,
resolving this paradox, and that this promoter is activated by a
combination of viral proteins and viral DNA replication.

MATERIALS AND METHODS

Plasmids. pTG3602-Ad5wt (pWT) is a clone of the complete wild-type (WT)
Ad5 genome (11); pTG3602-L4-22K™ (pL4-22K ™) was derived from pWT and
contains a premature stop codon within the C-terminal unique portion of the
L4-22K open reading frame (ORF) (38). Linear genome was prepared from each
of these plasmids by Pacl digestion. Specific protein expression plasmids
pCMV-IX (9); pMEPCMV-1Va2 (7); pPCMV22KFLAG, pCMV33KFLAG, and
pCMV100KFLAG (33); and pcDNA3.10rf3 and pcDNA3.10rf3 N82A (21)
have been described previously. pE1A, provided by J. Logan, contains Ad5 bp 1
to 5788 cloned between the EcoRI and Sall sites of the pBR322 derivative,
pML2, and with a deletion of the Ad5 Sacl fragment (bp 1770 to 5644).
pcDNA3.10rf6 contains the Ad5 E40rf6 sequence (bp 34089 to 33182), which
was obtained by PCR and cloned at the EcoRI site of pcDNA3.1.

L4 luciferase reporter plasmids were generated by amplifying various frag-
ments in the region of Ad5 positions 25887 to 26295 using primer pairs contain-
ing restriction recognition sites for Kpnl (5’ primer) and Nhel (3’ primer) and
cloning into pGL3-Basic luciferase reporter plasmid (Promega) using these sites.
pcDNA3.1HisLacZ (Invitrogen) was used as a transfection control. pA-22/
33KFLAG was generated by amplifying the relevant sequence as an EcoRI
fragment from AdS5 strain 300 wild-type viral DNA. pA-22KFLAG was gener-
ated from pA-22/33KFLAG by exchanging the HindIII/EcoRI 3’ fragment (Ad5
positions 26328 to 26785 and C-Terminal FLAG tag) with the equivalent frag-
ment from pCMV22KFLAG (33).

pLoxPGFP was obtained by the modification of pBiIEGFPPacI (16), with the
insertion of a LoxP sequence between the promoter Pg;-1 and the enhanced
green fluorescent protein (EGFP) ORF and a zeocin resistance gene driven by
the thymidine kinase promoter. L4 shuttle plasmids were constructed from
pBiEGFPPacl (16) first by replacing the Pg;-1 promoter and EGFP with a LoxP
sequence and adding a hygromycin resistance cassette from pTK-Hyg (Clon-
tech), and then inserting one of several L4 cassettes downstream of LoxP. These
were (i) TPL-L4 cassettes, comprising the Ad5 tripartite leader (bp 6049 to 6089,
7111 to 7182, 9644 to 9733) and 109-bp intron sequence downstream of leader 3
(9734 to 9842), joined to L4 sequence from either 198 bp upstream of the 100K
ORF or 177 bp upstream of the 22/33K ORF to a C-terminal FLAG tag on
L4-33K, giving pShuttle100/22/33KFLAG and pShuttle22/33KFLAG, respec-
tively; (ii) L4-only cassettes comprising the L4 components of the TPL-L4
cassettes, giving pShuttle26018-22KFLAG and pShuttle26018-22/33KFLAG;
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FIG. 1. (A) Ad5 transcription map showing immediate-early (light
gray), early (black), intermediate (white), and major late transcription
units (MLTU; dark gray arrows), which are expressed during infection
in a temporal cascade (bottom). All transcription units except IX and
IVa2 produce multiple mRNAs and protein products by alternative
RNA processing. MLTU mRNAs each comprise the three exons of
the tripartite leader (TPL) spliced to 1 of ~15 possible acceptor
sites within regions L1 to L5. (B) Organization of the L4 region of
the MLTU showing L4-100K, L4-22K, L4-33K, and pVIII ORFs,
with 3" splice sites for their expression from the major late pro-
moter. 22K and L4-33K share the same N-terminal sequence but
have distinct C termini.

or (iii) the L4-22/33K ORF alone from its AUG at bp 26195, giving
pShuttle22/33KFLAG ORF.

Production of L4P~ genome. pBR322AHindIII was generated by digesting
pBR322 with HindIII, end-filling with DNA poll (Klenow fragment), and reli-
gating. The Ndel fragment from pWT was subcloned into pBR322AHindIII to
generate pWTNdel19548-31088. The core promoter (positions 26018 to 26098)
was deleted from this subclone by a two-step PCR protocol using primers that
incorporated sequence from each side of the deletion (Ad26003-26017/26099-
26119f and Ad26112-26099/26017-25997r) with 3’- and 5’'-flanking primers
(Ad26511-26487r and Ad25198-26027f, respectively). The second-stage PCR
product (positions 25198 to 26511) with the core promoter deleted was digested
with Ascl and HindIII at sites within the Ad5 sequence and used to replace the
equivalent wild-type sequence, generating pWTNdel19548-31088AP. The Ndel
fragment from pWTNdel19548-31088AP then was recloned into pWT to gener-
ate pL4P~, from which linear genome was prepared as above.

Cell culture. 293 and Hela cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% newborn bovine serum.
293TETOFF cells (Clontech) and their derivatives were maintained in DMEM
plus 10% fetal bovine serum on plates precoated with polylysine. Full details of
the isolation of L4 cell lines will be presented elsewhere. Briefly, 293TETOFF
cells, preselected for the stable expression of GFP following pLoxPGFP trans-
fection and zeocin selection, were transfected with either pShuttle100/22/
33KFLAG or pShuttle22/33KFLAG together with 500 ng Cre recombinase ex-
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pression plasmid (pCre; Invitrogen), and hygromycin-resistant lines were
isolated.

Transfection and inhibitors. Transient transfections were carried out in 12-
well cultures with cells plated at a density of 7 X 10° cells/well, using TransIT-
LT1 (Cambridge Bioscience) at a ratio of 3 ul/ng DNA by following the man-
ufacturers’ protocols. For the inhibition of ATM/ATR signaling, cells were
pretreated with 3 mM caffeine for 3 h, washed twice with serum-free medium,
and then transfected as described above. Five hours posttransfection, medium
was replaced with medium containing 3 mM caffeine until harvest at 48 h
posttransfection. For the inhibition of viral DNA replication in genome-trans-
fected cells, 5 h posttransfection media were replaced with medium containing 10
mM hydroxyurea until harvested 48 h posttransfection.

Luciferase reporter assays. Assays were performed as previously described
(33). B-Galactosidase activity was used to correct luciferase levels for differences
in transfection efficiency. The effect of added E1A on B-galactosidase expression
in HeLa cells was adjusted for by using the ratio of mean activity between cells
expressing and not expressing E1A. Data are shown either as fold induction,
where mean corrected luciferase expression from the specified basic or parental
reporter plasmid is set as 1, or as the percentage of the activity of the defined L4
promoter reporter (bp 25887 to 26125). Values shown are the means from
triplicate independent determinations within an experiment and are representa-
tive of multiple independent experiments.

Antibodies. Proteins were detected using the following antibodies: anti-FLAG
rabbit polyclonal serum (Sigma) at 1:10,000 for Western blotting and at 1:1,000
for immunofluorescence; AbJLBI rabbit polyclonal serum to AdS late proteins
at 1:10,000 (16); rabbit anti-L4-100K (W. C. Russell, University of St. Andrews)
at 1:10,000 for Western blotting and 1:1,000 for immunofluorescence; rabbit
anti-L4-33K at 1:1,000 (18); mouse anti-DNA binding protein monoclonal anti-
body (MAb) B6-8 at 1:10,000 (40); anti-E4-Orf3 (6A11) rat monoclonal antibody
at 1:500 (34); rabbit anti-IVa2 at 1:10,000 (7); and anti-B-tubulin mouse MAb
(Sigma) at 1:200. Secondary antibodies were goat-anti-mouse IgG-horseradish
peroxidase (HRP) conjugate (Sigma) at 1:5,000, goat-anti-rabbit IgG-HRP
(Santa Cruz) at 1:100,000, goat-anti-rat IgG-HRP (Chemicon) at 1:100,000, and
Alexa Fluor 594 goat-anti-rabbit IgG (Invitrogen) at 1:500.

Protein expression detection. Transfections used 500 ng pA-22KFLAG or
pA-22/33KFLAG alone or cotransfected with either 1 pg linear viral genome or
500 ng various expression plasmids. All transfections were equalized for DNA
content by the addition of either salmon sperm DNA or empty vector to account
for the absence of genome or expression plasmid, respectively. Transfected cells
were harvested 48 h posttransfection, and FLAG-tagged proteins were isolated
using anti-FLAG (M2) agarose as described previously (21). Samples corre-
sponding to 50% of the volume of immunoprecipitated proteins and 1 to 2% of
the volume of cell lysates taken prior to immunoprecipitation were resolved
through either 10% or 15% SDS-polyacrylamide gels as appropriate. Proteins
were transferred to enhanced-chemiluminescence nitrocellulose membranes
(GE Healthcare), and Western blot analysis was carried out as described previ-
ously (29) using horseradish peroxidase-conjugated secondary antibodies and
detection via ECL-Advance (GE Healthcare). Immunofluorescence was per-
formed as previously described (28).

RESULTS

Expression of Ad5 L4 22/33K and 100K proteins is sepa-
rately regulated. Early data showing that L4 mRNAs accumu-
lated before those from L2, L3, and L5 during the onset of the
late phase suggested that L4 expression is regulated differently
from other MLTU regions, although transcription rate data
did not suggest any additional promoter within the MLTU
(25). L4 encodes several proteins (Fig. 1B). During attempts to
produce stable cell lines expressing L4-100K, 22K, and 33K
proteins from a shortened MLTU under the control of a tet-
racycline-regulated promoter (Fig. 2A), cells were repeatedly
obtained that showed correctly inducible 100K expression but
the constitutive expression of 33K (Fig. 2B). Similar constructs
designed to express just the 22K and 33K proteins also gave
only constitutively expressing cell lines (Fig. 2C), while the
shuttle plasmids (Fig. 2D) used to produce these cell lines
produced readily detectable 33K in transient assays despite
lacking any known promoter (Fig. 2E and F). The removal
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FIG. 2. Differences in control of L4-22K, L4-33K, and L4-100K expression. (A) Schematic representing the method for generating stable L4
protein cell lines. Target cells express GFP under doxycycline control, and this gene then is replaced with L4 sequences by Cre-mediated
recombination with a promoterless shuttle plasmid. (B) 100/22/33KFLAG cells containing the L4 region linked to a tetracycline-regulated
promoter or parental 293TETOFF cells were grown in the presence (+) or absence (—) of doxycycline for 3 days with daily medium changes.
L4-100K and L4-33KFLAG in total cell lysates were detected by Western blot analysis. (C) 22/33KFLAG cells (a to d) or parental 293TETOFF cells
(e to h) were grown in the presence (a, b, e, and f) or absence (c, d, g, and h) of doxycycline for 3 days with daily medium changes. Cells were fixed and
stained for FLAG-tagged 33K (red) and for nuclear DNA (DAPI; blue), and images were collected sequentially using a Leica SP2 confocal microscope
to avoid cross-talk between the fluors. FLAG and DAPI images were overlaid using Leica software (b, d, f, and h); scale bar, 20 pwm. (D) Schematic
representation of the AdS sequences present in pShuttle plasmids. Brown, MLTU exon sequences (rightward transcription); blue, E2A exon (leftward
transcription); pale brown, L4 ORFs as indicated. (E) Transient expression from promoterless L4 shuttle plasmids. 293TETOFF cells were transfected
with pShuttle100/22/33KFLAG (a and b), pShuttle22/33KFLAG (c and d), or pShuttle22/33KFLAG OREF (e and f), or they were mock transfected (g
and h). Cells were fixed and stained 48 h later and were imaged as described for panel C; scale bar, 20 um. (F) 293TETOFF cells were mock transfected
or transfected with L4-22K™ genome together with either pShuttle100/22/33KFLAG or pShuttle22/33KFLAG. 33KFLAG protein in total cell lysates was
detected by Western blot analysis. Protein molecular mass markers migrated to the positions shown on the left of panels B and F (in kDa).

from these constructs of all Ad5 sequence upstream of the Ad5 L4 contains a promoter for 22K/33K expression. The
L4-33K reading frame abolished this expression (Fig. 2E). promoterless shuttle plasmids, which nonetheless expressed
These results suggested that L4 22/33K could be expressed L4-33K, retained the Ad5 DNA that encodes the tripartite
from a novel viral promoter independently of the AdS MLP. leader (TPL), which is spliced onto all MLP-encoded mRNAs
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FIG. 3. Defining sequences important for L4 promoter activity.
(A) A schematic representation of the L4 sequences included in lucif-
erase reporter constructs analyzed in panels B to D. (B and C) 293 cells
were mock transfected or transfected with luciferase reporter con-
structs containing various lengths of L4 sequence as the promoter.
Firefly luciferase activity, corrected for transfection efficiency using
B-galactosidase expression from an independent control plasmid, is
expressed as the fold difference from the activity of the promoterless
reporter plasmid (pGL3Basic) (B) or as the percentage of the activity
of the full L4 promoter, construct F (C). (D) HeLa cells (black bars)
or 293 cells (white bars) were transfected with construct D plus either
empty vector, E1A expression plasmid, or the Ad5 WT genome (wt
gen). Firefly luciferase activity, corrected as described for panels B and
C, is expressed as the fold difference from the activity of construct D
in the presence of empty vector, which was set as 1. Each panel shows
the mean values from biological triplicates within a single experiment
(error bars indicate standard deviations) and is representative of at
least three independent experiments.

during Ad infection. However, this was not required for L4-
22/33K expression, as plasmids lacking this TPL-encoding se-
quence were equally capable of expressing these proteins (data
not shown). Attention therefore focused on the 177 bp of L4
DNA upstream of the 22/33K start codon also present in these
constructs, which was hypothesized to contain a promoter for
L4 22/33K expression. When this sequence plus 100 bp of the
downstream 22/33K reading frame (Fig. 3A, construct B) was
placed in front of a promoterless luciferase reporter gene, it
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caused a modest 4-fold increase in activity (Fig. 3B). However,
extending the sequence further upstream to position 25887
increased activation to 40-fold (Fig. 3B, construct E). A similar
analysis of a series of constructs with different lengths of Ad
sequence showed that an essential sequence for the L4 pro-
moter was located between bp 26018 and 26098. This sequence
alone activated luciferase expression more than 10-fold (Fig.
3B, construct D), and its deletion from the full promoter com-
pletely destroyed activity (Fig. 3C, construct I). Including se-
quence upstream of this essential sequence to position 25887
greatly increased promoter activity, while sequences down-
stream to 26125 were repressive; however, the presence of the
upstream sequences overcame this repressive effect (Fig. 3B).
The full L4 promoter (L4P), which gave a >80-fold increase in
activity above the background, therefore was designated Ad5
position 25887 to 26125. The addition of further downstream
sequence, to position 26296, gave lower activity than that of the
full promoter, possibly because this sequence includes the L4
22/33K AUG, which would reduce translation from the luciferase
start codon. Alternatively, this decrease in activity may be due to
negative control elements within the extended region.

Previously described AdS promoters are activated by the
E1A proteins that are produced in the earliest stages of infec-
tion. These E1A proteins are constitutively expressed in 293
cells, where LA4P activity was first detected (Fig. 3B). The im-
portance of E1A to L4P activity therefore was tested in HeLa
cells, in which the basal activity of the promoter was very low.
Activity was increased 40-fold by E1A, whereas adding further
E1A in 293 cells gave only a 6-fold enhancement of a much
higher basal level (Fig. 3D). Thus, the L4P is responsive to
E1A. The cotransfection of WT AdS5 genome also strongly
activated the promoter (Fig. 3D); this activation is explored
further below.

L4 promoter is functionally relevant and required for infec-
tion to enter late phase. To determine whether L4P in its
natural context directed the expression of L4 proteins, DNA
from position 25887 to the 3’ end of the 22K coding sequence
[FLAG tagged for detection and with a poly(A) site added]
was cloned into a plasmid with no other viral or eukaryotic
sequences present (pA-22KFLAG). This plasmid alone ex-
pressed little or no 22K-FLAG in 293 cells, but when cotrans-
fected with 22K-deficient AdS genome, 22K-FLAG was readily
detected (Fig. 4A). Cotransfected genome also activated the
expression of 33K from a similar construct capable of express-
ing both 22K (untagged) and 33K-FLAG (Fig. 4B). Ad5 su-
perinfection also activated L4P in HeLa cells (data not shown).
To test whether these amounts of 22K expressed from L4P
were functionally significant, we made use of a complementa-
tion assay using the Ad5 22K~ genome. Such genomes are
substantially defective in the synthesis of all proteins encoded
in the MLTU but can be complemented in trans with a 22K
expression plasmid (33). Using this test, L4P directed the ex-
pression of functional amounts of 22K-FLAG, either from a
22K-only construct (Fig. 4C) or from a 22/33K construct (Fig.
4D). LAP therefore is active in its natural context, and the
amount of 22K it produces is sufficient to promote the early-
late transition in MLTU activity.

To show the importance of L4P to the life cycle of the virus,
the region bp 26018 to 26098 (which is essential for L4P ac-
tivity) (Fig. 3C) was deleted within full-length wild-type ge-
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FIG. 4. L4-22K expression from L4 promoter is functionally signif-
icant. (A to D) 293 cells were mock transfected or transfected with
L4-22K™ genome alone or with either pA-22KFLAG (A and C) or
pA-22/33KFLAG (B and D). Immunoprecipitated FLAG-tagged 22K
(A) or 33K (B), or Ad5 late proteins in total cell lysates (C and D),
were detected by Western blot analysis. (E) Ad5 wild-type (Wt), L4-
22K™, or LAP~ genomes were transfected into 293 cells with combi-
nations of expression plasmids for individual L4 proteins 100K, 22K, and
33K as indicated. Total cell extracts were analyzed as described for panels
A and B for specific viral proteins indicated to the right of the panel.
Where a blot with a given antibody is shown in segments, these all were
taken from the same exposure of the same blot, with lanes rearranged for
clarity of explanation. The positions to which proteins of known molecular
mass migrated are indicated for all panels (in kDa).
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nome plasmid to create the L4P~ genome. This deletion also
disrupts the essential L4-100K open reading frame; however,
late proteins (except hexon) still are expressed from MLTU
plasmids in the absence of 100K (16), meaning that the impor-
tance of LAP for gene expression from the MLTU could be
tested using this mutant genome. The L4P~ genome expressed
amounts of DNA binding protein (DBP), a representative
early protein, equivalent to those of the wild-type genome, but
it essentially failed to express either MLTU-derived proteins or
IVa2, reproducing the phenotype of the L[4-22K™ genome
(Fig. 4E). The cotransfection of 22K expression plasmid with
L4P™ allowed the significant expression of IVa2 and MLTU
proteins, except hexon, which accumulated when 100K was
additionally expressed in trans. Thus, the L4P~ genome is
functionally deficient in L4-22K. Although the promoter dele-
tion is some distance upstream of the major splice acceptor site
by which L4-22K and 33K are expressed from the MLP (posi-
tion 26158), its use could have been affected by the deletion,
thus preventing 22K/33K expression. However, this is not the
case, since L4-33K expression from the L4P~ genome clearly
was induced following complementation with 22K in trans (Fig.
4E). Thus, the gross defect in late gene expression from the
L4P~ genome is due to a lack of L4 promoter activity, which
therefore is required to initiate late-phase gene expression.
Surprisingly, the cotransfection of L4P~ with 100K alone did
cause some increase in certain late proteins, particularly pen-
ton base, although it was substantially less than that achieved
by 22K complementation. This may reflect low levels of tran-
scription from the MLP in the absence of L4-22K, from which
translation can be enhanced by L4-100K. Alternatively, be-
cause, uniquely among the plasmids used here, the DNA
present in the complementing L4-100K plasmid covers the
L4P~ deletion, some rescue of the mutation may be occurring
by homologous recombination in this case only.

Defining activators of the L4 promoter. The strong activa-
tion of the L4 promoter by the AdS genome in cells that
already expressed E1A suggested that the genome supplied
activators in addition to E1A. Full late-phase activation of the
MLTU requires genome replication; given the expected timing
of the activation of L4P at the early- to late-phase transition,
we first tested whether or not the replication of the added
genome was required for its effect. Genome DNA fragmented
to prevent its replication by exhaustive digestion with BglII and
HindIII (digest 1; 23 fragments) still significantly activated L4P
(Fig. 5A), suggesting that genome replication is not essential
for LAP trans-activation. However, replication must contribute
to the activation caused by intact genome, since (i) digest 1 has
somewhat lower activity than intact genome, and (ii) hydroxy-
urea (HU), which blocks DNA synthesis among other effects,
essentially blocked the stimulation of the promoter by genome
(Fig. 5B and D).

We considered the possibility that some component of L4P
activation by complete or fragmented genome could be due to
the expression of specific viral proteins. AdS genome digest 2
(Haell; 77 fragments), which truncates or separates from their
promoters all known open reading frames except protein IX,
was a much less potent activator of the L4 promoter than
genome digest 1, which could, in principle, express E1A, IX,
IVa2, and E4 Orfl from individual fragments (Fig. 5A). Since
additional E1A contributed only modestly to 22K expression



VoL. 84, 2010 ADENOVIRUS GENE EXPRESSION CASCADE 7101

A. pA-22KFLAG B. 12 C D. pA-22KFLAG
a N :5‘87 ° g
P cg o
g8 92 pA-22KFLAG v g5
g 22 88 x g8 ® G
g s s 284 5 £ 28 Sy
c c c5 '
N 35 2 53 Tt T
: 5% t5o0 E 58 - - - 4+ - - 4+ - - 4+ HU
+ + X 4 ]
i o(ie \y"’}- 39 ~ gCJn Eg 35 22K
z o
G T ¥ g 30 8 FLAG
g 5ottt
35 35— _t:“.— | 22K
" FLAG
28 28 o —

FIG. 5. Activation of L4P by Ad5 genome. (A) 293 cells were mock transfected or transfected with pA-22KFLAG together with undigested Ad5
WT genome (wt gen.), Ad5 WT genome digested with either BglII/HindIII (digest 1) or Haell (digest 2), or an E1A expression plasmid, and
22KFLAG was detected as described for Fig. 4. (B) 293 cells were transfected with L4 promoter luciferase reporter construct D (Fig. 3A), with
or without L4-22K™ genome and/or treatment with 10 mM hydroxyurea (HU) from 5 h posttransfection. Luciferase expression, corrected for
transfection efficiency, is expressed as the fold increase above the activity of core promoter alone, set as 1. Error bars show the standard deviations
from three replicate determinations. The graph is representative of two experiments. (C) As described for panel A, except using digested salmon
sperm DNA as an L4P activator in comparison with intact Ad5 genome. (D) 293 cells were mock treated or pretreated with 3 mM caffeine for
3 h and then were mock transfected or transfected with pA25887-22KFLAG together with intact Ad5 WT genome or digest 1. From 5 h
posttransfection, cells were maintained in DMEM or DMEM supplemented with 3 mM caffeine (Caf) or 10 mM hydroxyurea (HU).

from L4P in 293 cells (Fig. 5A), while E4 Orfl is expressed late protein expression, initially because these proteins had been
in AdS infection (14) and Orfl mutants express late proteins shown to affect MLTU splicing during Ad infection (36, 37),
normally (8, 43), the involvement of these proteins in genome- and it was conceivable that part of the induction of 22K by the
mediated L4P activation in 293 cells was unlikely. In contrast, genome was by altering the splicing balance between 22K and
the production of IX and IVa2 begins around the early-late 33K expression. However, both 22K (from pA-22KFLAG) and
transition, making them plausible L4P activators. When tested, 33K (from pA-22/33KFLAG) were induced by exogenous
IVa2 but not IX activated L4P significantly (Fig. 6A and B), E4-Orf3 (Fig. 6C), suggesting that this was not the case. More-
although it was less potent than the intact genome. over, Orf3 activated L4P while Orf6 did not (Fig. 6A and E).

Ad5 E4 Orf3 and E4 Orf6 also were tested for effects on L4 Thus, Orf3, like IVa2, is an activator of L4P. Furthermore, this
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FIG. 6. Viral proteins activate the L4 promoter. (A, C, and D) 293 cells were mock transfected or transfected with pA-22KFLAG or
PA-22/33KFLAG, together with viral protein expression plasmids as indicated, or with WT AdS5 genome. Immunoprecipitated 22KFLAG protein
or proteins from unfractionated cell lysates were detected by Western blot analysis as indicated at the right of each panel. The positions of
molecular mass marker proteins are shown on the left (in kDa). (B) 293 cells were mock transfected or transfected with L4 promoter luciferase
reporter construct D or F (Fig. 3A), with or without IVa2 expression plasmid. Firefly luciferase activity, corrected for transfection efficiency, is
expressed as the fold difference from the activity of the relevant promoter reporter alone, which was set as 1. Error bars show the standard
deviations from three replicate determinations. (E) As described for panel B, except that cells were transfected with L4 promoter reporter
construct D, with or without either E4-Orf3 or E4-Orf6 expression plasmid. The graphs are representative of two experiments.
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activity was retained by mutant Orf3 N82A (Fig. 6D), a protein
that is defective in other Orf3 activities.

The fact that highly fragmented genome (digest 2, 77 frag-
ments) still was able to activate L4P to some extent (Fig. 5A),
even though it was incapable of replicating or expressing any
viral proteins other than potentially IX, which did not activate
in trans, suggested that a general stress/DNA damage re-
sponse, consequent upon the transfection of this fragmented
DNA, was affecting the promoter. During infection, replicating
linear adenovirus genome also activates this response. In sup-
port of this idea, a nonspecific fragmented DNA also activated
LA4P (Fig. 5C). The fragmentation of the DNA clearly was the
critical factor in this activating response, since the same DNA
was used unfragmented as the transfection control in all of
these experiments and had no effect on the promoter. Cellular
responses to double-strand DNA breaks are signaled via the
kinase ATM, which is inhibited by caffeine. However, caffeine
treatment did not inhibit L4P activation by digested genome
(Fig. 5D). Thus, the mechanism by which LA4P is activated by
fragmented DNA remains unclear.

DISCUSSION

Our data show that L.4-22K and 33K expression is driven by
a previously undetected intermediate-phase promoter (L4P)
embedded within the body of the Ad5 MLTU, and that this
promoter triggers the progression of infection into the late
phase. The ability of Ad5 to produce 1.4-22/33K proteins in-
dependently of the MLP resolves the paradox created by these
otherwise MLP-derived proteins being required for their own
production. This discovery therefore fills a significant gap in
our understanding of how the Ad5 infectious cycle progresses
to virus production.

As might have been expected from knowledge of other Ad5
promoters, L4P activity was strongly upregulated by several
virus-derived factors. In particular, L4P was strongly activated
by the presence and replication of viral genome. This stimula-
tion was partly attributable to the expression of viral protein
activators, including E1A, E4 Orf3, and IVa2, the synthesis of
the latter itself being dependent on the onset of DNA repli-
cation (22). The role of E1A proteins was not surprising, since
they activate several other Ad promoters (5, 23). Similarly, the
role of IVa2 in LA4P activation fits with its induction at the
onset of replication and with its role as a transcription factor in
activating the MLP (32, 45). Since we have shown recently that
L4-22K increases the levels of IVa2, probably through protein-
protein interaction and stabilization (33), there is a mutual
enhancement relationship between these two proteins. This
creates a molecular switch that can reinforce itself to drive the
infection into the late phase.

The involvement of IVa2 in L4P activation may explain, at
least in part, the increased activation of L4P that is observed
when cotransfected genome is able to replicate, since the ex-
pression of IVa2 is itself activated by replication (22). IVa2
expression also may account for some of the difference in L4P
trans-activation activity between digested genome preparations
1 and 2. Where the IVa2 gene remained intact (digest 1), the
genome fragment preparation still was able to express low
levels of IVa2 (data not shown), whereas equivalent amounts
of digest 2 were, unsurprisingly, unable to express any [Va2
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protein. However, there remains a component of activation by
highly fragmented genome that cannot be accounted for by
protein expression and that is not specific to the presence of
Ad5 sequences. The basis of this component of LAP trans-
activation remains to be determined.

The relevance to the L4P activation of known Orf3 activities,
which either disrupt DNA damage responses through the mis-
localization of key cellular proteins (42), disrupt promyelocytic
leukemia (PML) nuclear bodies through direct interaction
with PML protein (10, 15, 21) to overcome antiviral responses
(46, 47), or bind the transcription factor TIFla (52), can be
discounted, since these activities are lost by the Orf3 N82A
mutant, which we have shown retains full activity toward L4P.
Two further Orf3 activities, the regulation of MLTU RNA
splicing (36, 37) and the relief of the repression of cellular p53
activity that is imposed by other viral proteins during the early
phase of infection (24), have not been tested for the N§2A
mutant; however, Orf3 activation of L4P was not diminished by
a significant reduction in p53 levels (data not shown), suggest-
ing that Orf3 does not act via this route. Thus, the basis for the
activation of L4P by E4 Orf3 remains to be determined.

Differences were observed between the activity of L4P when
incorporated into 293-based cell lines within an inducible ex-
pression cassette and when used transiently to drive L4-22K/
33K expression. In the former case, the expression of L4 pro-
teins was detectable (via their FLAG tag) without additional
inducers, whereas the plasmid-based promoter required induc-
tion by one or more of several factors for its protein product to
be detected. There are two potential reasons for this differ-
ence. First, the level of protein detected in cell lines reflects
accumulation to steady state over a considerable time,
whereas in a transient assay the level of protein observed is
more dependent on its rate of synthesis. Second, the basal
activity of L4P appears to be sensitive to the state of the cells
since, in some transient assays, a low level of 22K was detected
from LA4P in the absence of genome and we have shown L4P
induction by fragmented DNA, a known cell stressor. Because
the cell lines were maintained in a cocktail of drugs to maintain
the appropriate selection regimen, this also may have imposed
a stress on the cells that served to activate L4P. There also
were differences in the requirement for specific activators to
observe detectable LAP activity between the natural context
where L4P was driving the expression of L4-22K and the lu-
ciferase reporter context. In the natural context, activity was
highly dependent on activators provided by the viral genome,
while considerable luciferase reporter activity was seen in the
absence of activation, although this was further increased by
trans-activation. We believe this difference likely is due to the
presence of negative regulatory elements downstream of our
mapped promoter region, within the 22/33K coding sequence.

The DNA sequence within the mapped L4P contains poten-
tial binding sites for a large number of transcription factors,
including known mediators of E1A activation, such as E2F and
ATF, that may well be significant in the activity of L4P as well
as numerous other factors, the significance of which cannot be
predicted. It is notable that there is no obvious TATA box in
the promoter region, and in this respect L4P is similar to the
IVa2 promoter, which depends for its activity on an initiator
element at the transcription start site (12). However, the func-
tional significance of this lack of TATA box is uncertain, since
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TATA boxes, although once thought to be fairly ubiquitous
features of eukaryotic promoters, more recently have been
shown to be present in only around 25% of genes in genome-
wide surveys (50).

L4P overlaps with the E2 late promoter (E2-L) on the
opposite genome strand. Like L4P, E2-L becomes active
during the intermediate phase of infection (3). However, the
two promoters have different sequence requirements, with
sequence from bp 25910 to 26065 providing E2-L full activ-
ity with correct temporal regulation within the Ad replication
cycle (6), while the minimum L4 promoter was shown here to
be bp 26018 to 26098. Moreover, the two promoters differ in
their response to E1A, with L4P being activated by E1A while
E2-L is insensitive (26) or repressed (20). Thus, L4P and E2-L
are distinct and independent in their regulation.

The discovery of L4P creates a new understanding of how
the full late phase of AdS infection is initiated, which is im-
portant in two ways. First, it creates a new opportunity to
enhance the properties of Ad5-based gene delivery vectors.
E1-deleted vectors have been intensively investigated for many
applications, but in situations where the long-term persistence
of the delivered gene is required, cellular immune responses to
residual viral gene expression products are a significant con-
founding factor (51). While these problems can be avoided by
removing all viral genes from the vector (31), such vectors are
difficult to produce in quantity. Second, the importance of L4P
can be speculatively linked to the ability of Ad5 to persist for
extended periods in lymphoid cells in its natural host (17, 19).
This property requires that Ad5 can regulate its infectious
cycle to limit or prevent commitment to the late phase. The
discovery of the essential role of L4P therefore presents fur-
ther avenues through which to explore this aspect of AdS
biology.
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