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ABSTRACT

Our understanding of adenovirus (Ad) biology is largely extrapolated from human species C Ad5. Most humans are immune to
Ad5, so lower-seroprevalence viruses like human Ad6 and Ad26 are being tested as therapeutic vectors. Ad6 and Ad26 differ at
the DNA level by 34%. To better understand how this might impact their biology, we examined the life cycle of the two viruses in
human lung cells in vitro. Both viruses infected A549 cells with similar efficiencies, executed DNA replication with identical ki-
netics within 12 h, and began killing cells within 72 h. While Ad6-infected cells remained adherent until death, Ad26-infected
cells detached within 12 h of infection but remained viable. Next-generation sequencing (NGS) of mRNA from infected cells
demonstrated that viral transcripts constituted 1% of cellular mRNAs within 6 h and 8 to 16% within 12 h. Quantitative PCR
and NGS revealed the activation of key early genes at 6 h and transition to late gene activation by 12 h by both viruses. There
were marked differences in the balance of E1A and E1B activation by the two viruses and in the expression of E3 immune evasion
mRNAs. Ad6 was markedly more effective at suppressing major histocompatibility complex class I (MHC I) display on the cell
surface and in evading TRAIL-mediated apoptosis than was Ad26. These data demonstrate shared as well as divergent life cycles
in these genetically distant human adenoviruses. An understanding of these differences expands the knowledge of alternative Ad
species and may inform the selection of related Ads for therapeutic development.

IMPORTANCE

A burgeoning number of adenoviruses (Ads) are being harnessed as therapeutics, yet the biology of these viruses is generally ex-
trapolated from Ad2 and Ad5. Here, we are the first to compare the transcriptional programs of two genetically distant Ads by
mRNA next-generation sequencing (NGS). Species C Ad6 and Ad26 are being pursued as lower-seroprevalence Ad vectors but
differ at the DNA level by 34%. Head-to-head comparison in human lung cells by NGS revealed that the two viruses generally
conform to our general understanding of the Ad transcriptional program. However, fine mapping revealed subtle and strong
differences in how these two viruses execute these programs, including differences in the balance of E1A and E1B mRNAs and in
E3 immune evasion genes. This suggests that not all adenoviruses behave like Ad2 and Ad5 and that they may have unique strate-
gies to infect cells and evade the immune system.

There are currently nearly 60 genotypes of adenoviruses (Ads)
that infect humans, causing an array of ocular, respiratory,

digestive, and systemic infections (reviewed in reference 1). Hu-
man mastadenoviruses (HAdVs) fall into genetically grouped spe-
cies A (HAdV-A) through species G (HAdV-G), with the level of
sequence diversity across the virome being as high as 40% (2).
Despite this drastic genetic diversity, the biology of most Ads is
often extrapolated from the study of just two respiratory serotypes
of HAdV-C, Ad2 and Ad5.

Transcriptional activation of adenovirus early (E) genes and
late (L) genes is pivotal to the viral life cycle (Fig. 1A). All subse-
quent effects on the infected cell and host are defined by these early
and late transcriptional events (reviewed in reference 3). Briefly,
the viral life cycle is initiated by the activation of E1A and E1B
transcription, followed by a cascade of activation of E2 and E4
genes. Ad E3 immune evasion genes are activated early but can
extend into late stages. Finally, the major late promoter (MLP) is
activated to coordinate the expression of capsid and accessory
proteins involved largely in genome encapsidation. While these
processes are well understood, particularly for species C adenovi-
ruses Ad2 and Ad5, there is less extensive study of other human
and nonhuman Ad species.

Recently, high-throughput genetic analyses using microarrays

and mRNA next-generation sequencing (NGS) have been applied
to better understand transcriptional events after infection with
human species C Ad2 (4–7) and after infection by bat adenovirus
(8). These studies demonstrate that these individual viruses exe-
cute programs that generally conform to our knowledge of the
adenovirus transcriptional cascade and host cell responses to the
virus but in markedly more depth and with scrutiny of many more
viral and host mRNAs than was feasible with earlier technologies.
While these analyses provide useful insights into the biology of
each virus, it is unclear in these separate studies how these two
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viruses or any two adenoviruses may execute their transcriptional
programs in similar or different ways.

Human Ad6 falls into species C with Ad2 and Ad5 and shares
98 and 94% identities at the DNA level, respectively (2). Ad6 was
originally isolated from the tonsils of a child and is generally
thought to be a respiratory virus like other species C viruses (9).
Human Ad26 falls into species D, the largest group of human
adenoviruses (1). While Ad26 falls into this species, which in-
cludes viruses that infect ocular surfaces, it is unclear what natural
site Ad26 infects. Both Ad6 and Ad26 are thought to infect differ-
ent initial sites, but both viruses are shed from the digestive track
for months after infection (1). Ad6 and Ad26 differ at the DNA
genome level by 34% and represent two ends of the viral phyloge-
netic tree (2). Like other HAdV-C serotypes, Ad6 uses the cox-
sackievirus and adenovirus receptor (CAR) and �v integrins as
well as binds vitamin K-dependent clotting factors that modulate
its pharmacology (reviewed in reference 10). In contrast, Ad26 is
thought to bind CD46 as its primary receptor (11) and to use �v
integrins (12) but does not appear to bind clotting factors (13).
Given their lower seroprevalence and unique biological proper-
ties, both Ad6 and Ad26 are being developed as vaccine and on-
colytic vectors (12, 14–20).

In this work, we compare the postentry effects of two geneti-
cally distinct human adenoviruses, including transcriptional
mRNA expression by NGS, as well as provide insights into their
differing expression by looking at specific functional effects on
host cell responses. We compare human species C Ad6, which is a
lower-seroprevalence family member of Ad2 and Ad5, with hu-
man species D Ad26.

MATERIALS AND METHODS
Cell lines. Human 293 cells were purchased from Microbix (Mississauga,
Ontario, Canada). A549 lung cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). Cells were maintained
in HyClone Dulbecco’s high-glucose modified Eagle’s medium (Thermo
Scientific, Waltham, MA) supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 �g/ml streptomycin.

Adenoviruses. The human Ad6 “Tonsil 99” and Ad26 “BP-2” strains
were purchased from the ATCC. Viruses were grown in 293 cells and

purified by double CsCl banding, and viral particle concentrations were
calculated from measurements of the optical density determined by ab-
sorbance at 260 nm (OD260) using a Nanodrop ND-1000 spectrophotom-
eter (Labtech International, Ringmer, United Kingdom). The bioactivity
of the two viruses was measured by serial dilution on A549 cells in repli-
cates of 8. Infectivity was calculated 2 weeks after infection from wells
suffering cytopathic effect (CPE) to derive a 50% tissue culture infectious
dose (TCID50) based on the Reed-Muench method (66). Ad6 and Ad26
E3-deleted viruses were generated by red recombination in bacteria, as
described previously (19, 21).

Cell infections. A549 cell monolayers at 50% confluence were infected
with Ad6 or Ad26 at the indicated multiplicity of infection (MOI), in
terms of viral particles per cell. To synchronize infection, cells were first
incubated for 1 h at 37°C to permit particle entry. Following this, cells
were treated with trypsin and washed 3 times with phosphate-buffered
saline (PBS) to remove bound and unbound particles. Cells were collected
after washing (0-h time point) or returned to culture conditions for an
additional 6, 12, 24, or 48 h after entry. For each treatment condition
(mock, Ad6, or Ad26 infection), cells were infected en masse in a T225
culture flask to ensure homogeneous infection, and 106 cells were then
divided into separate T25 culture flasks after washing for later collection.
At the indicated time points, the medium from each T25 flask was saved,
adherent cells were detached with trypsin, and the two were combined.
Total cells were pelleted by centrifugation and processed to collect DNA
or RNA for subsequent analyses.

Quantitative PCR for viral genome replication. Viral genome repli-
cation was quantified by quantitative PCR (qPCR) as described previously
(16). DNA was purified from �106 cells by using DNeasy blood and
tissue kits (Qiagen, Valencia, CA). The total DNA concentration was
determined by using a Nanodrop ND-1000 spectrophotometer (Labtech
International, Ringmer, United Kingdom) as described above. Ad ge-
nomes were quantified by using species-specific primers against the Ad6
(species C) or Ad26 (species D) hexon, as previously described (16).
Twenty nanograms of DNA template was analyzed in a 20-�l reaction
mixture containing 300 nM F primer, 300 nM R primer, and SYBR green
by using an AB7900HT instrument (Applied Biosystems). Genome quan-
tification was achieved by comparison to a standard curve for each virus
by using plasmid DNA at 10-fold dilutions from 109 to 103 viral genomes
(vg). Samples were run in triplicate.

RNA purification. Total RNA was purified from �106 cells by using
an RNeasy minikit (Qiagen, Valencia, CA) according to the manufactur-
er’s protocol, including on-column DNase treatment. RNA was quanti-
fied by using a Nanodrop Abs260 ND-1000 spectrophotometer (Labtech
International, Ringmer, United Kingdom). A total of 1,500 ng of RNA was
submitted to the Genome Expression Core in the Medical Genome Facil-
ity, Mayo Clinic, for RNA quality testing, library preparation, and subse-
quent sequencing. RNA quality was determined by using a 2100 Bioana-
lyzer (Agilent, Santa Clara, CA). All RNA samples were rated with an RNA
integrity number (RIN) of 7.7 or greater and deemed of acceptable quality
for subsequent analyses.

mRNA library construction. TruSeq mRNA libraries (Illumina, San
Diego, CA) were generated for three treatments (mock, Ad6, and Ad26) at
two time points (6 and 12 h). RNA libraries were prepared according to
the manufacturer’s instructions for the TruSeq RNA Sample Prep v2 kit
by using an Eppendorf EpMotion 5075 robot (Eppendorf, Hamburg, Ger-
many). Reverse transcription and adaptor ligation steps were performed
manually. Briefly, poly(A) mRNA was purified from total RNA by using
oligo(dT) magnetic beads. The purified mRNA was fragmented at 95°C
for 8 min, eluted from the beads, and primed for first-strand cDNA syn-
thesis. RNA fragments were reverse transcribed into cDNA by using Su-
perScript III reverse transcriptase with random primers (Invitrogen,
Carlsbad, CA). Second-strand cDNA synthesis was performed by using
DNA polymerase I and RNase H. Double-stranded cDNA was purified by
using a single AMPure XP bead (Agencourt, Danvers, MA) cleanup step.
cDNA ends were repaired and phosphorylated by using Klenow fragment,

FIG 1 Schematic of genome organizations and comparison of E3 genes of Ad6
and Ad26. Shown are a basic schematic of all adenoviruses, including early
(gray arrows) (E1A, E1B, E2A, E2B, E3, and E4), intermediate (open arrows)
(pIX and Iva2), and late (black arrows) (L1, L2, L3, L4, and L5) transcription
units (top) and a diagram of the unique E3 regions of Ad6 and Ad26 (bottom).
Species C Ads (Ad6) have two distinct E3-encoded products (6.7K and ADP)
(gray), while species D Ads (Ad26) have three species-specific protein-encod-
ing regions (23K, 31K, and 49K) (white). The five conserved protein-encoding
regions (12.5K, E3-19K, RID-alpha, RID-beta, and 14.7K) are shown in black.
The direction of arrows indicates coding strand and transcription direction.
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T4 polymerase, and T4 polynucleotide kinase, followed by a single
AMPure XP bead cleanup. A single 3= adenosine was added to these blunt-
ended cDNAs with Klenow exo- (Illumina). Paired-end DNA adaptors
(Illumina) with a single “T” base overhang at the 3= end were immediately
ligated to the “A-tailed” cDNA population. Unique indexes included in
the standard TruSeq kits (12 set A and 12 set B) were incorporated at the
adaptor ligation step for multiplex sample loading onto the flow cells. The
adaptor-modified DNA fragments were purified by two rounds of AM-
Pure XP bead cleanup steps and were enriched by 12 cycles of PCR using
primers included in the Illumina Sample Prep kit. The concentration and
size distribution of the libraries were determined on an Agilent Bioana-
lyzer DNA 1000 chip (Agilent, Santa Clara, CA). A final quantification,
using Qubit fluorometry (Invitrogen, Carlsbad, CA), was done to confirm
the sample concentration.

mRNA library sequencing. Libraries were loaded onto paired-end
flow cells at concentrations of 8 to 10 pM to generate cluster densities of
700,000 cells/mm2 according to Illumina’s standard protocol, using Illu-
mina cBot and the cBot paired-end cluster kit version 3. Libraries were
indexed on the flow cell, accommodating 3 or 4 libraries per lane. The flow
cells were sequenced as 101-by-2 paired-end reads on an Illumina HiSeq
2000 instrument using TruSeq SBS sequencing kit version 3 and HCS
v2.0.12 data collection software. Base calling was performed by using Il-
lumina RTA version 1.17.21.3. An initial sequencing run was performed
on single mock-, Ad6-, and Ad26-infected samples followed by a second
batch of samples, for a final “n” of 3 samples per test group. The triplicate
data set was used for downstream analyses.

NGS data analysis. Sequenced reads from the instrument were
aligned, using Bowtie2 aligner (22), to a reference consisting of the Ad6
genome (GenBank accession number HQ413315.1) and the Ad26 ge-
nome (GenBank accession number EF153474.1). In order to quantify the
number of reads mapped to adenovirus genes, the Bowtie2-aligned SAM
(sequence alignment map) files were converted to BAM (binary align-
ment map) file format. BEDTools (23) was used on the BAM files and
GenBank annotation files to report the number of mapped reads inter-
secting with the adenovirus gene features. Custom shell and perl scripts
were used for parsing the data. Total numbers of mRNA reads as well as
reads per kilobase per million mapped viral reads (RPKM) or reads per
kilobase per million total reads (RPKMtotal) were quantified for each Ad
region of interest (see Table 2). Undefined Ad regions in the main sero-
type-specific references were predicted through sequence alignment of
Ad6 and Ad26 sequences to other species C (GenBank accession number
FJ349096.1 for Ad6 and accession number NC_001405.1 for AdC) and
species D (accession number NC_010956.1 for Ad54 and AdD) GenBank
reference sequences, respectively. All definitions of mapped coding re-
gions used are given in Table 2. Raw reads mapping across Ad genomes
were visualized by using Integrative Genomics Viewer (IGV) (24). The
image detail and complexity generated with IGV favored the use of 500-
bp-read mapping, as shown in Fig. 3B.

Reverse transcription-quantitative PCR (RT-qPCR) for viral mRNAs.
Total RNA was isolated from infected cells as described above under
“RNA purification.” cDNA was prepared from purified RNA samples by
using the First Strand Synthesis SuperMix kit (Invitrogen/Life Technolo-
gies), according to the manufacturer’s protocol, with oligo(dT) primers.
Ad mRNA expression from cDNA samples was evaluated by using spe-
cies-specific primers for E1A (5=-TGAAGAGGGTGAGGAGTTTG-3=
and 5=-GGTGATAATGACAAGACCTG-3= for Ad6 and 5=-ACCGACTC
TGTCACCCATAC-3= and 5=-AAACCTTCCTCATAACACCG-3= for
Ad26), E1B-55K (5=-ACAACATACTGACCCGCTG-3= and 5=-GCATTG
GTAAGGTAGGAACAC-3= for Ad6 and 5=-GCAACTTTAGCCAGACC
AAG-3= and 5=-AGATGCCGTTCAGGTTCAC-3= for Ad26), E3-19K (5=-
CCCCCACAAAAGTGTTTAGAG-3= and 5=-TGTAATAAGCAGAGCG
GTG-3= for Ad6 and 5=-TGGGAAATGTATGGGTGGG-3= and 5=-GACA
GTGACCGTGTAGTTC-3= for Ad26), E3-10.4K (5=-TGCGTGCTCTAC
ATTGGCTG-3= and 5=-ACTGTGAAAGGTGGGATGC-3= for Ad6 and
5=-TTCCCCACCTACCTCCTCTTTG-3= and 5=-ATGACCAGGCAGAC

AATGC-3= for Ad26), hexon (5=-CAACCTGAACCACAAGTAGG-3=
and 5=-TAAGAACCCTTCCACCAGC-3= for Ad6 and 5=-TTCCAGCCA
GAACCTCAAG-3= and 5=-AAGAGCCCTTCCTCCATAG-3= for Ad26),
and fiber (5=-TGCTTTTGACAACACCGC-3= and 5=-ATTTCCGTTTGA
GGAGTCTG-3= for Ad6 and 5=-AAGGGGAATAGGAACGGAG-3= and
5=-AAGTCTTACACGCAAGCC-3= for Ad26). Ten nanograms of the
cDNA template was analyzed in a 20-�l reaction mixture containing 300
nM forward (F) primer, 300 nM reverse (R) primer, and SYBR green on
an ABI ViiA 7 system (Applied Biosystems). Absolute quantification was
achieved by comparison to a standard curve for each virus by using puri-
fied viral DNA at 10-fold dilutions from 108 to 103 viral genomes. Samples
were run in triplicate.

Flow cytometry for major histocompatibility complex class I in in-
fected cells. Cells were infected with Ads or mock infected for the indi-
cated times, and major histocompatibility complex class I (MHC I) was
detected by flow cytometry after staining for 1 h with anti-HLA-A, -B, and
-C (W6/32; Abcam, Cambridge MA) or the isotype control in fluores-
cence-activated cell sorter (FACS) buffer (PBS, 1% bovine serum albumin
[BSA], 0.1% sodium azide), washed twice with FACS buffer, and fixed in
a 4% paraformaldehyde solution. Cells were evaluated on a FACScan flow
cytometer (Becton-Dickinson, Franklin Lakes, NJ). The geometric mean
fluorescence intensities (gMFI) were compared between samples. E3-19K
does not affect preexisting MHC I on the cell surface, so these MHC I
molecules were removed from the cells prior to measurement of the ef-
fects of E3-19K. Trypsin failed to remove cell surface MHC I (data not
shown), so MHC I was instead removed by dissociating the MHC I-�2
microglobulin-peptide complexes by transient exposure to low-pH citric
acid buffer, as described previously (25). For strip-and-recovery MHC I
experiments, cells were infected at 1,000 virus particles (vp)/cell. After 6 h
of infection, cells were disassociated from flasks and collected. Cell pellets
were resuspended in a solution containing 133 mM citric acid and 66 mM
sodium phosphate (pH 3.1) with 1% BSA for 2 min. The cells were washed
twice in culture medium and returned to culture flasks. Following a 3-h
“recovery” incubation, surface staining of MHC I for flow cytometry was
carried out as stated above.

Evaluation of resistance to TRAIL-induced apoptosis. A549 cells
were infected with 1,000 vp/cell of the specified Ads in 96-well plates. After
6 h of infection, cells were sensitized with cycloheximide (CHX) and
treated with 0 to 50 ng/ml of soluble recombinant tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) (catalog number cyt-
443; Prospec Bio, Ness Ziona, Israel). Samples were run in triplicate. Cell
viability and apoptosis were determined after 24 h by using the Tali apop-
tosis kit (catalog number A10788; Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. Briefly, culture media and detached cells
were collected from wells, and the remaining adherent cells were disasso-
ciated by using trypsin and added to the collection. Cells were stained with
the Tali apoptotic marker (annexin V-Alexa Fluor 488) and viability dye
(propidium iodide). By using the Tali system, dead cells are defined by
propidium iodide inclusion independent of annexin V staining, apoptotic
cells are defined by annexin V positivity, and live nonapoptotic cells are
defined as annexin V- and propidium iodide-double-negative cells.

Differential expression and statistical analyses. Total reads were cal-
culated and converted to RPKM values for each region of interest. Since
we are assessing Ad mRNA, these RPKM values are normalized to reads
that map to the viral genome and ignore reads assigned to the host ge-
nome. Unpaired, 2-tailed t tests of log2 RPKM values were performed on
triplicate values for each comparison between Ads at a given time point.
Significance is noted in the figure legends as P values of �0.05, �0.01,
�0.001, and �0.0001. Similarly, regions of interest were compared for
their change over time (�T12 h– 6 h) by first calculating the �T12 h– 6 h value
for each replicate, as paired observations, and subjecting the triplicate �T
values for each viral treatment to a t test as described above (unpaired and
2 tailed). Thus, paired log2 RPKM values from 6 h and 12 h from a single
replicate were subtracted, giving rise to the log2 fold change in RPKM
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values from 6 to 12 h: T12 h– 6 h � log2 RPKM12 h 	 log2 RPKM6 h and
�T12 h– 6 h � log2(RPKM12 h/RPKM6 h).

Accession numbers. Details and raw sequencing reads can be found in
NCBI databases through the following accession numbers: PRJNA296866
(BioProject), SAMN04168604 to SAMN04168615 (BioSample), and
SRP064863 (Sequence Read Archive).

RESULTS
Infection of human A549 lung cells by Ad6 and Ad26. The kinet-
ics of infection for the two viruses in A549 human lung carcinoma
cells were compared. A549 cells have often been used to study
adenoviral infection and are highly permissive to many species
and serotypes, including Ad6 and Ad26. A549 cells were infected
at various multiplicities of infection, and cell morphology and
viability were assessed by microscopy and propidium iodide ex-
clusion (Fig. 2A and C). Infections with 100, 1,000, 3,000, 10,000,
30,000, and 100,000 vp per cell produced a cell rounding pheno-
type 12 h after infection by Ad26 (Fig. 2A and data not shown).
Ad6 cells remained adherent for 30 h after infection and detached
only by 48 h. In contrast, a large fraction of Ad26-infected cells
detached from the plate within 12 h and remained detached over
48 h (Fig. 2A). At all of these time points, the cells appeared viable,
with no indications of apoptosis or necrosis as assessed by pro-
pidium iodide exclusion and annexin V staining, respectively (Fig.
2C and data not shown). Only at late time points after 48 h was a
loss of membrane integrity observed.

This detachment-and-rounding phenotype induced by Ad26
required functional infectious viruses, since UV and heat inacti-

vation of Ad26 ablated this effect (Fig. 3A). This effect also de-
pended on E1 expression, since E1-deleted, replication-defective
Ad26 (Ad26�E1) did not induce the same degree of rounding
(Fig. 3B). Early cell rounding was observed for other cell types
(data not shown) and was not specific to Ad26 E1 genes, since
Ad26�E1 induced the phenotype in 293 cells that express Ad2 E1A
in trans (data not shown). This rounding phenotype was also not
mediated by E3 proteins, since E3-deleted Ad26�E3 still mediated
the phenotypes (Fig. 3B).

Viral genome replication by Ad6 and Ad26. The kinetics of
viral entry and DNA replication of the two viruses in A549 human
lung carcinoma cells were next compared by quantitative PCR
(qPCR) (Fig. 2B). A549 cells were infected at various MOIs for 1 h,
and the cells were washed with trypsin to remove viruses that had
not yet entered the cells to synchronize infections. At the indicated
times, total DNA was extracted, and viral DNA was quantified by
qPCR. Infections with 100, 1,000, and 10,000 vp per cell produced
increasing numbers of viral genomes in the cells, which were pro-
portionate to the MOI after a 1-h exposure (data not shown). One
hour of exposure with 10,000 vp/cell yielded �2 
 105 viral ge-
nomes (vg) per 20 ng of genomic DNA for both viruses (Fig. 2B).
This translates into �60 to 90 viral genomes per A549 cell for both
Ad6 and Ad26 (A549 cells are hypotriploid, so they may have 2 or
3 copies of each human genome). This indicated that the two
viruses internalized their DNAs into the cells to similar degrees
after 1 h of synchronous infection.

qPCR analysis of Ad6 and Ad26 DNAs after 1 h of infection
revealed that genome copy numbers remained constant for 6 h,

FIG 2 Ad6 and Ad26 infection of A549 cells. (A) A549 cells were infected with
1,000 vp/cell of Ad6 or Ad26 and imaged over time. (B) Time course of detec-
tion of Ad genomes in A549 cells 0, 6, 12, 24, 36, and 48 h after infection with
10,000 vp per cell. Twenty nanograms of DNA was evaluated by qPCR at each
time. Averages and standard errors for three independent experiments are
shown. (C) Viability of infected A549 cells (10,000 vp per cell) evaluated by a
propidium iodide exclusion assay. Averages and standard errors for three rep-
licates are shown (*, P � 0.05; ****, P � 0.001; ns, not significant).

FIG 3 Influence of physical and genetic characteristics of adenoviruses on
morphology of infected A549 cells. (A) Cells infected with 10,000 vp/cell of
virus after no treatment (untreated) or virus that was treated with UV for 15
min, heat inactivated at 55°C for 15 min, or both. Images were taken after 17 h
of infection. Magnification, 
100. (B) Cells were infected with 10,000 vp/cell
of replication-competent E3-deleted Ad26 (Ad26�E3-GL) or replication-de-
fective E1-deleted Ad26 (Ad26�E1-GL) or uninfected. Images were taken after
16 h of infection. Phase-contrast and fluorescence microscopy images are
shown. Magnification, 
100.
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but these copy numbers were amplified drastically from 6 to 12 h
(Fig. 2B). Genome copy numbers increased through 36 to 48 h and
then plateaued. The maximum level of viral genome production
by this time was �109 viral genomes per 20 ng of genomic DNA.
This means that the initial infections that began with 60 to 90 viral
genomes were amplified �10,000-fold to a final level of 105 ge-
nomes per cell for both viruses.

Quantitative comparison of E1, E3, and late gene transcripts
by RT-qPCR. We performed reverse transcription-quantitative
PCR (RT-qPCR) on mRNA from A549 cells 6, 12, and 24 h after
infection with Ad6 or Ad26, to compare mRNA output from a
subset of viral genes: E1A, E1B-55K, E3-19K, E3-10.4K, hexon,
and fiber (Fig. 4). E1A was scrutinized because of its importance in
representing the immediate early response and master regulator.
E1B-55K regions were scrutinized as a representative of early gene
transcription downstream of E1A activation. Two E3 open read-
ing frames (ORFs) shared between Ad6 and Ad26, E3-19K and
E3-10.4K, were evaluated, since E3 is uniquely described as being
expressed both early and late in the viral life cycle. Finally, the
mRNAs for hexon and fiber capsomer proteins were also analyzed
as benchmarks for late gene activation.

RT-qPCR revealed that rates of E1A mRNA expression differed
between Ad6 and Ad26. Notably, of the time points examined,
levels of E1A were the highest, at 3 
 105 mRNA copies per 10 ng
6 h after Ad6 infection, while E1A levels peaked at 12 h for Ad26
(Fig. 4A). At 12 h, quantities were similar, as Ad6 E1A levels
steadily decreased from 6 h to 12 h, while Ad26 levels rose from 6
h to 12 h. Finally, after 24 h, E1A expression declined for both
viruses but at a much higher rate for Ad6. These differences re-
sulted in 2-fold-higher Ad6 E1A expression levels at 6 h (P �
0.0001), a minimal difference at 12 h, and �3-fold-higher Ad26
E1A expression levels at 24 h.

High levels of E1B-55K were found for both viruses at 6 h (Fig.
4A). However, E1B-55K levels were higher than those of E1A in
Ad26 samples after 6 h (P � 0.0001), while Ad6 had higher levels
of E1A expression than of E1B-55K expression at this time (P �
0.0001). E1B-55K levels increased from 6 to 12 h and were higher
than E1A levels for both treatments after 12 h. However, this dif-
ference was far greater for Ad26 than for Ad6, resulting in differ-
ences in expression levels of 4-fold (P � 0.001) and �2-fold (P �
0.001) between the two early genes in Ad26 and Ad6, respectively.
E1B-55K levels diminished from 12 h to 24 h, with levels in Ad26
remaining higher than those in Ad6.

The level of transcription of E3 mRNAs was relatively high at 6
h but, unlike E1A and E1B-55K, steadily increased out to 24 h after
infection (Fig. 4B). At 6 h, Ad6 E3-19K mRNA levels were 10-fold
higher than Ad26 E3-19K levels (P � 0.0001). E3-10.4K mRNA
levels were more similar between viruses, but Ad26 had slightly
higher levels than did Ad6 (P � 0.01). Overall, 10.4K levels were
intermediate between the Ad6 E3-19K and Ad26 E3-19K mRNA
levels. Therefore, Ad6 expressed E3-19K more strongly than it
expressed E3-10.4K, and Ad26 expressed E3-10.4K more strongly
than it expressed E3-19K.

mRNA levels for both hexon and fiber 6 h after infection were
not significantly above background levels but increased dramati-
cally 12 h after infection and increased steadily out to 24 h (Fig.
4C). This observation is consistent with the dogma of adenovirus
late gene synthesis occurring after the onset of viral gene replica-
tion, which was absent at 6 h but initiated by 12 h (Fig. 3C).
Interestingly, Ad26 had higher levels of hexon than did Ad6 at
both 12 and 24 h (P � 0.0001). Fiber levels were also moderately
higher for Ad26 at 12 h and significantly higher than those for Ad6
at 24 h (P � 0.05).

Viral mRNA expression profiles for Ad6 and Ad26 6 and 12 h
after infection. These data suggested that Ad6 and Ad26 internal-
ize and replicate their DNA similarly after a synchronous 1-h in-
fection. However, the two viruses provoke markedly different
downstream events, including cell rounding. RT-qPCR evalua-
tion of Ad genes revealed some unique differences in Ad6 and
Ad26, implying transcriptional differences. To examine if the vi-
ruses activate their total transcriptional programs differently,
next-generation sequencing (NGS) of viral mRNAs was per-
formed. We chose the time point of 6 h after infection to perform
NGS mRNA sequencing, since this corresponds to a time just
before the initiation of viral genome replication (Fig. 2B). We also
chose the time point of 12 h after infection as a time to examine
viral mRNAs by NGS since it represents a time after the onset of
viral DNA replication and expression of late genes.

Cells were infected with 10,000 vp/cell of Ad6 or Ad26 for 1 h,
as shown in Fig. 2B and C. In addition, uninfected control or
“mock-infected” cells were treated in parallel. Total cellular RNA

FIG 4 Detection of viral expression in A549 cells by RT-qPCR. Expression of
E1A and E1B-55K (A), E3-19K and E3-10.4K (RID-�) (B), and fiber and
hexon late gene (C) cDNAs detected in Ad6- and Ad26-infected samples 6, 12,
and 24 h after infection. Averages and standard errors for triplicate experimen-
tal samples are plotted. Statistical significance was determined by one-way
analysis of variance for all genes at 6, 12, or 24 h. Significance and P values are
noted in Results.
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was extracted from cells 6 h or 12 h after infection. Triplicate
samples were prepared for each condition, and 18 mRNA se-
quencing (mRNA-seq) libraries were prepared and subjected to
mRNA-seq. mRNA-seq resulted in upwards of 100 million se-
quencing reads per sample (range, 96 million to 234 million) (Ta-
ble 1). Over 99% of reads were of acceptable quality and were used
for downstream analysis.

For mock-treated cells, 93 to 94% of these reads mapped to the
human genome at both time points (Table 1). For Ad6, 91 to 93%
of reads mapped to the host at 6 h, and this proportion fell to 75 to
80% by 12 h. In parallel, 0.85 to 1.63% of mRNA-seq reads
mapped to the Ad6 genome at 6 h, and this proportion increased
to 14 to 17% by 12 h. For Ad26, 91 to 92% of reads mapped to the
host at 6 h, and this proportion fell to 80 to 91% by 12 h. At 6 h,
0.13 to 1.13% of mRNA-seq reads mapped to the Ad26 genome.
This proportion increased to 3 to 13% of Ad26 viral reads by 12 h,
reflecting greater variation in reads from Ad26 infections. These
data indicate substantial conversion of transcription toward viral
mRNAs from 6 to 12 h after synchronous infection.

Global adenoviral transcription across the Ad6 and Ad26 ge-
nomes. To correct for various read outputs between samples and
for differences in sequencing depth due to various transcript
lengths, RNA-seq data are often normalized to reads per million

mapped reads (RPM) and reads per kilobase per million mapped
reads (RPKM), respectively. Since we are specifically assessing Ad
mRNA, RPM and RPKM values are normalized to only total viral
reads and not host reads (Table 1).

To assess where the RNA-seq reads were expressed along the
Ad6 and Ad26 genomes, we plotted these reads across the viral
genome in 500-bp increments (Fig. 5A and B). When aligned to
Ad early and late gene regions (Fig. 1A and 5A), a clear shift in this
mRNA “landscape” is evident for both Ad6 and Ad26 from 6 to 12
h after infection, which was similar to alignments performed by
using Integrated Genomics Viewer (data not shown). At 6 h, peaks
were evident at multiple positions across the genome, and largely
corresponded to early (E) gene regions, as expected (Fig. 5B). At
12 h, the proportions of reads mapping to most early region reads
were reduced, and late gene peaks increased across the genome.
While most mapped reads were similar between the two viruses,
there were notable differences between Ad6 and Ad26 in the dis-
tribution of reads from 500 to 4,000 bp as well as from 26,000 to
31,000 bp corresponding to the E1A and E1B regions and the E3
region, respectively (Fig. 5B).

Following visualization of the transcriptional landscape, reads
were mapped specifically to entire early and late transcription
units for quantitative and statistical comparisons (Fig. 5C). Reads

TABLE 1 Summary of sequencing reads from mRNA-seq sample sets

Parameter

Value for sample set

1 2 3

6 h 12 h 6 h 12 h 6 12

Ad6 infection
Total no. of reads 180,782,044 210,282,090 135,071,614 108,274,812 118,058,558 121,554,014
No. of reads used 180,463,643 209,914,762 134,893,355 108,130,934 117,900,862 121,404,039
Cellular results

Total no. of mapped reads 165,041,538 159,043,960 126,368,625 86,774,447 110,615,057 97,662,010
% of mapped reads 91.45 75.77 93.68 80.25 93.82 80.44

Viral results
Total no. of mapped reads 2,942,687 36,619,873 1,150,964 15,251,237 1,130,752 16,931,217
No. of properly paired mapped reads 2,755,224 34,702,806 1,070,978 14,227,066 1,051,572 15,817,326
% of mapped reads 1.63 17.45 0.85 14.10 0.96 13.95

Ad26 infection
Total no. of reads 196,950,760 198,932,178 135,228,756 116,166,350 110,402,754 131,713,602
No. of reads used 196,600,536 198,582,602 135,061,729 116,020,082 110,267,078 131,545,913
Cellular results

No. of mapped reads 182,415,868 160,373,156 127,298,181 105,704,250 103,757,608 120,185,933
% cellular mapped reads 92.79 80.76 94.25 91.11 94.10 91.36

Viral results
No. of mapped reads 2,226,651 25,852,093 179,986 3,955,512 143,315 4,005,895
No. of properly paired mapped reads 2,122,808 24,463,322 168,616 3,728,562 134,076 3,781,340
% of virus mapped 1.13 13.02 0.13 3.41 0.13 3.05

Mock infection
Total no. of reads 170,005,708 234,859,512 115,569,388 127,419,472 96,004,636 121,989,820
No. of reads used 169,674,316 234,389,298 115,423,082 127,271,387 95,892,810 121,848,550
Cellular results

No. of mapped reads 159,035,022 219,390,337 108,857,737 120,348,547 90,486,964 114,675,762
% cellular mapped reads 93.73 93.60 94.31 94.56 94.36 94.11

Viral results
No. of mapped reads 22 351 1,962 10 22 76
No. of properly paired mapped reads 22 322 686 10 22 72
% of virus mapped 0.00 0.00 0.00 0.00 0.00 0.00
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FIG 5 mRNA sequencing reads across Ad genomes at 6 and 12 h. (A) Ad genome organization schematic from Fig. 1 for ease of comparison. Early (gray arrows)
(E1A, E1B, E2A, E2B, E3, and E4), intermediate (open arrows) (pIX and Iva2), and late (black arrows) (L1, L2, L3, L4, and L5) transcription units are shown. The
direction of arrows indicates the coding strand and transcription direction. (B) mRNA RPM values. RPM values were calculated and are displayed in 500-bp
increments across the Ad6 (left) and Ad26 (right) genomes 6 h (top) and 12 h (bottom) after infection. Average values and standard errors for three data sets are
shown. (C) Quantification of RPKM values for the specific Ad6 (black) and Ad26 (gray) regions indicated after 6 h (top) and 12 h (bottom) (see Materials and
Methods and Table 2 for quantification methods and sequence coordinates for defined regions). Averages and standard errors for three data sets are shown.
Significance between Ad6 and Ad26 values was determined by an unpaired 2-tailed t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

Comparison of Ad6 and Ad26 mRNA Expression

December 2015 Volume 89 Number 24 jvi.asm.org 12407Journal of Virology

http://jvi.asm.org


were similar between the two viruses in many regions but notably
different in others. At 6 h, all early genes were expressed, but only
a few late genes were transcribed. Both viruses expressed the late
L4 cassette, but only Ad26 had reads in L5 at 6 h. Ad6 transcription
of the pivotal E1 regions was stronger from E1A than from E1B at
6 h, whereas Ad26 transcript levels were higher for E1B than for
E1A. Expression of E2A was strong at 6 h, but that of E2B was
minimal. Overall, E3 transcription was stronger than those of
other early regions with Ad6 infection, while Ad26 E3 was tran-
scribed less on average than both E4 and E1B at this early time
point.

By 12 h, both viruses devoted a substantial proportion of their
total transcriptional activity to late genes, as evidenced by in-
creases in late mRNA levels along with reductions in RPKM values
for E1A, E3, and E4 (Fig. 5C). Interestingly, the relative E1B ex-
pression level remained high at 6 and 12 h, whereas E2B expres-
sion increased from 6 to 12 h. All late genes were activated by 12 h
to similar degrees in both viruses. Ad26 expression levels of L2, L3,
and L4 were slightly higher than those for Ad6 at 12 h.

Early gene expression. (i) E1. E1 encodes a number of master
regulators of the adenoviral life cycle that interact with the tumor
suppressor proteins pRB and p53 and many other cellular targets
(26, 27). Overall, E1A and E1B reads differed between the two
viruses at 6 h (Fig. 6A). Ad6 drove E1A more strongly than it drove
E1B, and Ad26 drove E1B more strongly than it drove E1A. The
difference in E1B expression (Fig. 5C) mapped to the E1B-19K
and -55K ORFs (Fig. 6A). Interestingly, E1B-19K reads were quite
similar for Ad6 and Ad26 at both time points, whereas E1B-55K
RPKM values were significantly higher for Ad26 at both time
points (P � 0.0458 at 6 h, and P � 0.0229 at 12 h). Interestingly,
the relative expression of E1 products shifted from 6 to 12 h when
E1B-19K became dominant over E1A and E1B-55K for both vi-
ruses.

(ii) E4. E4 encodes pivotal early proteins that work in cooper-
ation with E1 to activate the viral transcription-and-replication
program (28, 29). Six hours after infection, Ad6 and Ad26 had
similar RPKM values for E4 (Fig. 5C). While overall RPKM values
were similar, Ad6 and Ad26 had distinctly different distributions
of reads that mapped to different E4 ORFs (Fig. 6C). Ad6 reads
mapped similarly to E4-ORF7 (of E4-ORF6/7), E4-ORF6 (34K),
and E4-ORF4. However, mapping to these regions in Ad26 was
somewhat different than that for Ad6. E4-ORF3, -ORF2, and
-ORF1 mapped reads were similar between the two Ads, and lower
than those for the other E4 ORFs. Distributions of reads across E4
remained similar for each virus from 6 to 12 h after infection (Fig.
6C). However, the RPKM value was higher overall for the E4 re-
gion in Ad26 than in Ad6 (Fig. 5C).

(iii) E2. E2 region genes encode a number of proteins that are
critical to viral DNA replication. Surprisingly, the transcriptional
dynamics of the two E2 regions (E2A and E2B) differed markedly.
E2A encoding the single-stranded DNA binding protein (DBP)
was transcribed at levels comparable to the levels for the E1 prod-
ucts (�100,000 RPKM) (Fig. 6A and B). In contrast, transcription
of E2B encoding the viral DNA polymerase (DNA Pol) and pre-
terminal protein (pTp) was barely detectable in comparison to E1
and E2A, with values of �5,000 RPKM (Fig. 6B). These differ-
ences translate into 85- and 41-fold-higher DBP expression levels
than DNA Pol expression levels for Ad6 and Ad26, respectively,
and 142- and 115-fold-higher DBP expression levels than pTp
expression levels in Ad6 and Ad26, respectively. By 12 h, the rela-

tive expression levels of DBP remained similar, with average val-
ues of �105,000 and 96,000 RPKM for Ad6 and Ad26, respec-
tively. In contrast, expression levels of DNA Pol and pTp increased
from 6 to 12 h after infection. The DNA Pol transcription level
increased 8-fold for Ad6 and 4-fold for Ad26. Similarly, pTp ex-
pression levels increased to a greater extent, resulting in 27-fold
and 14-fold increases from 6 to 12 h for Ad6 and Ad26, respec-
tively.

Intermediate gene expression. Ad pIX and Iva2 genes make
up the “intermediate” genes, as their expression from species C
viruses peaks at times between those for E and L genes (30, 31).
pIX functions as a minor capsid structural protein and may also
act as a transcriptional activator via nuclear reorganization (32).
pIX and IVa2 expression requires the synthesis of a new DNA
template and begins immediately after the onset of viral DNA
replication (30, 31). IVa2 is critical for Ad genome recognition
and packaging through its interaction with the viral packaging
signal and subsequent recruitment and interaction with critical
packaging proteins, including L4-22K, L4-33K, L1-52/55K, and
E2 DBP (33, 34). IVa2 has also been implicated as a transcriptional

FIG 6 mRNA expression across E1, E2, and E4 coding regions. Quantification
of RPKM values for ORFs in E1 (A), E2 (B), and E4 (C) is shown. RPKM values
were calculated for 6-h (top) and 12-h (bottom) time points. Ad6 is shown in
black, and Ad26 is shown in gray (see Materials and Methods and Table 2 for
quantification methods and base pair coordinates for defined regions). Aver-
ages and standard errors for three data sets are shown. Significance between
Ad6 and Ad26 values was determined by an unpaired 2-tailed t test (*, P �
0.05; **, P � 0.01; ***, P � 0.001).
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activator of the major late promoter (MLP) (35). For Ad6 and
Ad26, pIX expression was observed at 6 h, with a 2-fold increase in
expression at 12 h (Fig. 7A). IVa2 expression was also seen at both
time points; however, RPKM was markedly lower than those of
early or late genes. Similar to pIX, IVa2 relative reads increased
from 6 to 12 h.

Late gene expression. Expression of adenoviral late genes
arises almost exclusively from the MLP (reviewed in reference 36).
Extensive splicing occurs within five primary transcripts (L1, L2,
L3, L4, and L5) arising from the MLP and constitutes the major
late transcription unit (MLTU) (37).

In this comparison of species C Ad6 and species D Ad26, late
gene expression largely recapitulated previous observations (Fig. 4
and 5). Most late gene transcripts were “off” and nearly undetect-
able 6 h after infection (Fig. 4C and 7). By 12 h, late gene expres-
sion was “on” and increased 80-, 83-, 63-, and 21-fold for L1, L2,
L3, and L5, respectively, in Ad6. Similarly, Ad26 late gene expres-
sion increased 69-, 71-, 39-, 3-, and 1.5-fold for L1, L2, L3, L4, and
L5, respectively, by 12 h. RPKM values for L1 to L4 were similar
between the two viruses (Fig. 4C and 7).

While most late genes were not expressed at 6 h, two were: L4
and L5. L4 transcripts had higher RPKM values than those of other
late regions at both time points (Fig. 4C and 7). This is consistent
with previous observations of species C Ads where moderate ex-

pression of L4 precedes MLP activation through an independent
promoter, presumably since L4 products are critical for the shift
from early to late phase (38–40). The L5 transcript encodes only
one protein, fiber. The fiber protein functions as the major in vitro
attachment protein for adenovirus binding to primary receptors
on cells (reviewed in references 10, 41, and 42). Fiber proteins for
Ad6 and Ad26 differ significantly both structurally and function-
ally. The Ad6 fiber is �35 nm long and contains 22 � turn repeats,
whereas the Ad26 fiber is much shorter, with only 8 repeats. Spe-
cies C Ads, including Ad6, utilize coxsackievirus and adenovirus
receptor (CAR) as their primary receptor, whereas species D Ad26
may use sialic acid and CD46. Ad6 and Ad26 regulated fiber ex-
pression differently (Fig. 7F). While both viruses drove fiber ex-
pression by 12 h, only Ad26 expressed fiber mRNA early at 6 h.

(i) U. The U exon protein (UXP) is expressed from the com-
plementary l-strand of the viral genome from an exon (U) located
within E3, with two subsequent exons located in the 100K and
DBP coding regions (Table 2) (43). Activation of the U promoter
element located in fiber has been shown to occur after, and to be
dependent on, Ad genome replication (44). In concordance with
these observations, transcripts from U are found at later time
points, consistent with late gene transcripts.

When mRNA levels for Ad6 and Ad26 were assessed, reads
across the U exon were observed at 12 h for both viruses (Fig. 7F).

FIG 7 mRNA expression across intermediate and late regions at 6 h and 12 h. Sequence reads (RPKM) were mapped to protein-coding regions of intermediate
gene regions (A) or late gene regions L1 to L5 (B to F) for Ad6 (black) and Ad26 (gray). RPKM values were calculated for the 6-h (top) and 12-h (bottom) time
points, as indicated in Materials and Methods, using the sequence definitions given in Table 2. Averages and standard errors for three data sets are shown.
Significance between Ad6 and Ad26 values was determined by an unpaired 2-tailed t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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TABLE 2 Summary of adenovial sequence definitionsb

Gene or CDS Coding stranda

Ad6 Ad26

Start position End position Size (bp) Start position End position Size (bp)

E1A 467 1633 1,165 481 1465 985

E1A exon 1 559 1111 553 571 1114 544

E1A exon 2 1228 1544 317 1210 1437 228

E1B 1702 4064 2,362 1521 3865 2,344

E1B-19K 1713 2240 528 1573 2121 548

E1B-55K 2018 3505 1,488 1878 3365 1,487

IX 3548 4064 516 3401 3863 462

IX (protein) 3602 4024 423 3450 3854 404

IVa2 l-strand 4053 5829 1,776 3894 5522 1,628

IVa2 exon 2 l-strand 4083 5419 1,337 3898 5231 1,333

IVa2 exon 1 l-strand 5698 5710 13 5510 5522 12

E2B l-strand 4053 14108 10,055 3894 13490 9,596

DNA polymerase exon 2 l-strand 5189 8776 3,588 5001 8522 3,521

DNA polymerase exon 1 l-strand 14098 14106 9 13477 13485 8

pTp exon 2 l-strand 8575 10581 2,007 8321 10220 1,899

pTp exon 1 l-strand 14098 14106 9 13479 13485 6

L1 long 7945 14107 6,162 7756 13471 5,715

Protein 13.6K exon 1 7970 8383 414 7782 8162 380

Protein 13.6K exon 2 9636 9659 24 9373 9381 8

L1 short 11043 14107 3,064 10634 13471 2,837

Encapsidation protein 52K 11042 12289 1,248 10634 11755 1,121

pIIIa 12310 14067 1,758 11778 13460 1,682

L2 14144 17971 3,827 13512 16966 3,454

Penton 14143 15867 1,725 13512 15071 1,559

pVII 15874 16470 597 15076 15663 587

V 16540 17649 1,110 15696 16700 1,004

pX 17677 17919 243 16730 16951 221

L3 17803 22429 4,626 17010 21276 4,266

pVI 18001 18753 753 17010 17714 704

Hexon 18839 21730 2,892 17755 20643 2,888

Protease 21763 22377 615 20646 21275 629

E2A l-strand 22406 27103 4,697 21284 25482 4,198

ssDBP l-strand 22474 24063 1,590 21319 22788 1,469

E2A-L gene l-strand 22406 25970 3,564 21284 24571 3,287

L4 24080 28206 4,126 22805 26526 3,721

Hexon assembly protein 100K 24092 26512 2,421 22805 25000 2,195

Protein 33K exon 1 26223 26538 316 24786 25024 238

Protein 33K exon 2 26741 27108 368 25194 25482 288

Encapsidation protein 22K 26223 26807 585 24786 25196 410

pVIII 27196 27765 570 25528 26211 683

E3 27562 30819 3,257 25893 30960 5,067

E3-12.5K 27881 28204 324 26212 26532 320

E3-6.7K (CR1-alpha) 28609 28794 186

E3-23K (CR1-alpha) 26486 27073 587

E3-19K (grp19K) 28791 29270 480 27040 27543 503

E3-11.6K (ADP, CR1-beta) 29447 29752 306

E3-49K (CR1-beta) 27518 28819 1,301

E3-31K (CR1-gamma) 28846 29628 782

E3-10.4K (RID-alpha) 29760 30035 276 29635 29910 275

E3 14K (RID-beta) 30038 30430 393 29913 30305 392

E3-14.7K 30423 30809 387 30298 30690 392

U exon l-strand 30836 30999 164 30798 30946 148

L5 31010 32615 1,606 5826 32084 26,258

Fiber (pIV) 31010 32596 1,587 30962 32086 1,124

E4 l-strand 32619 35459 2,840 32107 34772 2,665

E4orf6/7 (orf7) l-strand 32732 33010 279 32107 32355 248

E4orf6/7 (orf6) l-strand 33722 33895 174 33084 33227 143

E4-34K (ORF 6) l-strand 33011 33895 885 32349 33227 878

E4orf4 l-strand 33816 34160 345 33157 33519 362

E4orf3 l-strand 34172 34522 351 33522 33875 353

E4orf2 l-strand 34519 34911 393 33872 34264 392

E4orf1 l-strand 34965 35351 387 34305 34682 377

VAI RNA 10612 10768 157 10248 10410 162

VAII RNA 10868 11025 158 10465 10620 155

MLP tripartite exon 1 6041 6081 41 5853 5893 40

MLP tripartite exon 2 7103 7174 72 6915 6986 71

MLP tripartite exon 3 9636 9725 90 9270 9447 177

a The coding strand is typical unless otherwise indicated. The l-strand designation indicates “leftward transcription.”
b CDS, coding sequence; ssDBP, single-stranded DNA binding protein. Shading indicates the major adenoviral gene regions; those not shaded are the smaller coding regions or
ORFs belonging to the shaded coding region above.
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Interestingly, Ad6 also had detectable U exon expression at 6 h.
Ad6 had �5,000 RPKM at 6 h, which increased to �8,000 RPKM
at 12 h. In contrast, Ad26 U reads at 6 h were �500 RPKM but
increased substantially at 12 h (�10,000 RPKM), resulting in a
24-fold increase.

(ii) E3. Unlike E1, E2, and E4, the E3 region is dispensable for
the viral life cycle and is instead devoted to proteins involved in
immune evasion, avoidance of apoptosis, and, for species C vi-
ruses, accelerated cell death (Fig. 1) (45, 46). As such, most adeno-
viral vectors have the E3 region deleted to make space for the
insertion of exogenous transgenes in the viral genome. The E3
region is known to be one of the most genetically variable regions
among different Ad species (45). Indeed, the E3 region encodes
two distinct products for Ad6 (E3-6.7K and E3-11.6K) that are not
present in Ad26 (Fig. 1). Conversely, Ad26 encodes three unique
products (E3-23K, E3-31K, and E3-49K).

Since E3 is dispensable in vitro, it was interesting to observe
that Ad6 E3 actually had more transcript reads per kilobase pair
that mapped to this region at 6 h than to any other region in the
viral genome (Fig. 5). In addition, E3 provided some of the great-
est differences in mapped reads between Ad6 and Ad26 (Fig. 5C).
Specifically, Ad6 had more RPKM that mapped to the first few
coding regions, including E3-6.7K, E3-19K, and E3-11.6K than to
later ORFs, including E3-10.4K, E3-14K, and E3-14.7K (Fig. 8). In
contrast, Ad26 had three to six times as many RPKM mapping to
later E3-10.4K, -14K, and -14.7K ORFs as those mapping to earlier
E3-23K, -19K, -49K, and -31K ORFs (Fig. 8). These E3 expression

dynamics were largely maintained through the 12-h time point
although with less overall transcriptional activity dedicated to E3
than at 6 h.

NGS provides relative quantitation of transcripts. To correct
for various read outputs among samples and for differences in
sequencing depth, the NGS data in Fig. 3 through 7 are normalized
to RPKM values (Table 1). This method allows comparisons of
mRNA distributions of reads across the genome of each adenovi-
rus and is used to evaluate the relative investment of that virus in
its own transcription. For example, for E3 ORFs, RPKM evalua-
tion emphasizes that Ad6 invests more of its viral transcription in
6.7K, 19K, and its unique ADP ORF than later E3 ORFs at 6 h. In
contrast, RPKM analysis shows that Ad26 invests more in later
10.4K, 14K, and 14.7K ORFs than in 23K, 19K, 49K, and 31K
ORFs (Ad26 lacks ADP but has unique 49K and 31K ORFs) (Fig.
8). However, normalization of reads to total viral reads by RPKM
analysis ignores differences in the levels of mRNAs between the
two viruses. When viral reads are instead normalized to all mRNA
reads from the cell (RPKMtotal), the same balance in transcription
is observed, but differences in mRNA levels between the viruses
are revealed (Fig. 8). Consistent with the qPCR data (Fig. 4B),
RPKMtotal values show that E3-19K is more highly expressed by
Ad6 than by Ad26, while E3-10.4K expression levels are nearly
equal between the two Ads by this analysis (Fig. 8).

Effects of Ad6 and Ad26 on cellular functions. (i) Effects of
E3-19K on MHC I. The qPCR and NGS data described above
suggest select differences in mRNA expression by Ad6 and Ad26
primarily in E1 and E3 regions. To evaluate if these differences
may impact the interactions of the viruses with host cells, we com-
pared select cellular functions after infection in A549 cells. E3-19K
(also known as E3grp19K) enhances viral immune evasion in part
by preventing newly synthesized MHC I proteins from reaching
the cell surface (reviewed in references 45 and 46). By all measures,
Ad6 expressed E3-19K more strongly than did Ad26, particularly 6
h after infection (Fig. 4B and 8). To test if the two viruses affect the
display of MHC I on cells differently, A549 cells were infected with
Ad6 and Ad26, and the display of newly synthesized MHC I was
measured by flow cytometry (Fig. 9A). A549 cells were infected for
6 h to allow the expression of E3-19K to impact MHC I loading.
Preexisting cell surface MHC I was removed at this time point by
a brief low-pH wash, and the cells were allowed to load MHC I
onto their surfaces for 3 h before MHC I staining by flow cytom-
etry (Fig. 9A). Under these conditions, Ad26 did not reduce MHC
I levels significantly compared to the levels in uninfected cells. In
contrast, Ad6 reduced cell surface MHC I levels by 40% compared
to those in uninfected cells (P � 0.001). Ad6 downregulation of
MHC I was significantly stronger than that for Ad26 (P � 0.01).
These effects of Ad6 were mediated by the E3 region, since Ad6
reduced MHC I levels significantly compared to E3-deleted Ad6
(P � 0.001). This difference in the inhibition of MHC I display
between the viruses was transient, since both viruses were able to
reduce these levels after 24 h of infection (Fig. 9B). Both Ad6 and
Ad26 downregulated MHC I to levels comparable to those of the
benchmark Ad5 at this time point (data not shown).

(ii) Effects of Ad6 and Ad26 on TRAIL-mediated cell death.
Ad2 and Ad5 evade apoptosis by expressing their E3 receptor in-
ternalization and degradation (RID) (10.4K and 14K) proteins
and E3-14.7K proteins, which reduce the display of TNF family
death receptors, including Fas, TRAIL receptor 1 (TRAIL-R1),
and TRAIL-R2, and inhibit DISC complex formation, respectively

FIG 8 mRNA expression across Ad6 and Ad26 E3 genes at 6 h and 12 h. (Top)
RPKM values calculated for the 6-h (top) and 12-h (bottom) time points, as
indicated in Materials and Methods, by using the sequence definitions given in
Table 2. (Bottom) RPKMtotal values calculated based on total reads as opposed
to viral reads and represented as described above. Averages and standard errors
for three data sets are shown. Significance between Ad6 and Ad26 values was
determined by an unpaired 2-tailed t test.
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(47, 48). Ad6 expressed these regions to similar levels as Ad26 (Fig.
4 and 8). To test how these differences in expression impact the
ability to evade apoptosis, Ad6- and Ad26-infected cells were
treated with TRAIL at increasing concentrations (0 to 50 mg/li-
ter), and levels of apoptosis induction were compared (Fig. 9C). In
uninfected cells, increasing concentrations of TRAIL induced de-
creasing numbers of viable cells. In contrast, Ad6 and Ad26 sig-
nificantly increased the number of viable, nonapoptotic cells (P �
0.05 to P � 0.01). However, Ad6-infected cells were more resistant
to TRAIL than were Ad26-infected cells (P � 0.001). E3 deletion
reduced protection against TRAIL by Ad6 slightly but only at the
highest concentration of TRAIL (50 mg/liter) (P � 0.05). Other-
wise, E3 deletion in either virus had weak effects on protection
against TRAIL, suggesting that other viral proteins mediated most
of this effect.

DISCUSSION

Human species C mastadenoviruses Ad2 and Ad5 are the founda-
tion for most human adenovirus therapies. While they are potent
for many uses, rampant preexisting immunity to these viruses in
most humans makes them likely to be ineffective in patients. This
has led to the evaluation of alternate adenoviral serotypes to avoid
immune neutralization (14, 49). In the course of our work on

oncolytic virotherapy, we identified species C Ad6 and species D
Ad26 as two promising lower-seroprevalence viruses (2, 12, 16, 18,
50–52). Ad6 appears promising as an oncolytic agent against pros-
tate cancer, whereas Ad26 holds promise against B cell malignan-
cies. However, both viruses can infect and kill cells like A549 cells
with similar kinetics but with differing effects on cell phenotypes.
In this work, we explored the innate biology of these clinically
relevant viruses to determine if they activate similar or different
life cycles in cells that are permissive for both Ads.

We first established the biological boundaries within which the
two viruses act: genome delivery through cell death. Between these
two boundaries, we examined the kinetics of how the two viruses
replicate their DNA and found them to be nearly identical.

We first measured the number of Ad6 and Ad26 genomes that
enter A549 cells after a 1-h exposure by qPCR. Ad6 and Ad26
virions were allowed 1 h at 37°C to bind and then be internalized,
followed by trypsinization to remove virions that are on the sur-
face. This somewhat synchronizes the infection, so subsequent
events occur with similar timelines. If these bound virions were
allowed to persist, they might asynchronously slowly enter and
smear the kinetics of subsequent events. Under these conditions,
wherein each cell was exposed to 104 viral particles/vg for 1 h, we
observed �2 
 105 vg in 20 ng of total cellular DNA after 1 h at
37°C and after a trypsin wash. A549 cells are hypotriploid, with
�40% being triploid and 60% being diploid, so each diploid cell
would have �6 pg of genomic DNA and each triploid cell would
have �9 pg. Based on this estimate, 2 
 105 vg in 20 ng of total
cellular DNA would translate into �60 to 90 vg per cell after a 1-h
exposure and a trypsin wash.

This number of viruses entering in an hour may differ to some
degree from those reported in other studies. For example, in one
study, adenoviruses were permitted to interact with cells at 10,000
vp/cell (53). In this case, the cells were exposed to virus for 1 h at
4°C, such that the virus binds but does not enter; the medium was
then removed; and any bound virus was allowed to enter at 37°C.
Under these conditions, slightly less than 100 vg of adenovirus
were observed per cell. In another study (54), cells were exposed to
5,000 vg/cell, and �200 vg/cell were observed. This is about twice
our result at a lower multiplicity of infection. While there may be
differences in the numbers of virions per cell reported by different
studies, these differences are unlikely to affect the interpretation of
the downstream transcriptional events that we report here.

We determined that the two boundaries of viral entry and cell
death were nearly identical for these two evolutionarily divergent
adenoviruses. While many aspects were similar, we observed that
Ad26 induced a strong rounding phenotype but did not induce
apoptosis or a loss of membrane integrity. This effect did not
appear related to differences in cellular receptor binding, since
heat- or UV-inactivated viruses did not produce the effect. This
was therefore a postentry effect likely independent of receptor
engagement. E1 deletion inactivated the ability of Ad26 to induce
this phenotype, suggesting again that events after early activation
of transcription were involved and were different between the two
viruses.

Given this, we tested whether the two viruses activated pivotal
E1A and E1B mRNAs differentially and found that there were
substantial differences in their balance. Both viruses drove similar
levels of E1A at 6 h; however, Ad26 drove its E1B mRNA to levels
as high as 5 times above Ad6 E1B mRNA levels and E1A mRNA
levels of both viruses. RT-qPCR also demonstrated that Ad26 con-

FIG 9 Phenotype of immune evasion functions of Ad6 and Ad26. (A) Surface
MHC I (pan-HLA-A, -B, and -C) detection by flow cytometry on A549 cells
after mock infection or infection with Ad6, Ad26, or E3-deleted viruses after 6
h of infection and 3 h of MHC I recovery (see Materials and Methods for
details). Averages and standard errors for five independent experiments are
shown. (B) Surface MHC I (pan-HLA-A, -B, and -C) detection by flow cytom-
etry on A549 cells after 24 h of infection. Averages and standard errors for three
experiments are shown. (C) TRAIL-induced cell death and resistance after
mock infection or infection with Ad6, Ad26, or E3-deleted virus. Percent via-
ble (propidium iodide-negative [PI	] and annexin V-negative) cells plotted
are averages of data from three experimental samples. Significance was deter-
mined by two-way analysis of variance with a Tukey posttest. Significance at a
specific concentration is denoted with a symbol or number next to the aster-
isk(s), where ****# indicates significance of Ad6 infection compared to mock
infection at 0.5 mg/liter and **� indicates significance of Ad26 and Ad6�E3
infections compared to mock infection at 0.5 mg/liter (*, P � 0.05; **, P �
0.01; ***, P � 0.001; ****, P � 0.001).
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tinued driving E1B-55K expression strongly over 24 h, while other
E1 transcript levels waned over this same time. E3 transcript levels
were also markedly different between the two viruses, as deter-
mined by RT-qPCR, where Ad6 appeared to drive the strongest
expression of its E3-19K mRNA compared to its E3-10.4K mRNA,
whereas Ad26 drove these mRNAs in the reverse balance. While
E1 and E3 mRNA balances were struck quite differently, both
viruses drove the late hexon and fiber mRNAs similarly over 24 h,
consistent with their similar end-of-life programs terminating in a
loss of viability beginning after 48 h.

These observations of differential regulation in four of six
mRNAs justified a more global study of Ad6 and Ad26 mRNA
regulation by NGS of viral mRNAs. NGS mRNA sequencing pro-
vided a tremendous depth of scrutiny of viral mRNAs by analysis
of �100 million separate mRNA sequence reads for each virus and
each control. Importantly, this NGS analysis was performed in
triplicate for each sample and time point to ensure that the ob-
served mRNA changes were not due simply to biological variation
within one sample. Here, we compared the biologies of two genet-
ically divergent adenoviruses using �1.5 billion mRNA reads, al-
lowing similarities and differences in adenoviral transcriptional
control and persistence to be evaluated in one study.

Six hours after infection, �1% of each of their half billion
mRNA reads for Ad6 and Ad26 mapped to their viral genomes. At
12 h, �15% of reads mapped to the Ad6 genome, and 3 to 13%
mapped to Ad26, emphasizing the degree to which biological vari-
ation can occur within replicate infections and the need for these
replicates despite the high cost of NGS. When these viral mRNA
reads were mapped to their full genomes, Ad6 and Ad26 activated
distinct viral mRNA landscapes at 6 and 12 h. This provided a
global comparison of viral transcription to complement the gran-
ular analysis provided by RT-qPCR. Looking at transcriptional
distributions across the viral genomes, the relationships between
E1A and E1B expression and E3 expression that was observed by
qPCR were magnified and reinforced by NGS.

Consistent with the results of previous studies examining a
single Ad (5, 8), a large number of mRNA reads mapped to the
early gene region E1 in Ad6 and Ad26 6 h after infection. However,
unlike previous work examining one virus, in this case, where two
adenoviruses were compared, significant differences in E1 activa-
tion between the viruses were also observed by qPCR and by NGS.
E1B-19K RPKM values for Ad6 and Ad26 were quite similar. In-
terestingly, the relative expression levels of E1A and E1B-55K
products for both viruses decreased significantly from 6 to 12 h,
while E1B-19K reads persisted and predominated over E1A and
E1B-55K reads. This is perhaps unsurprising given the role of
E1B-19K in preventing apoptosis, a function potentially needed
longer into the adenoviral life cycle than E1A and E1B-55K func-
tions. In addition to activating adenoviral genes, E1A also inter-
acts with a number of cell cycle and transcriptional regulators,
including pRB, p53, and p300, to enable viral replication (26, 27).

Considering the level of amino acid divergence in E1 proteins
between Ad6 and Ad26 (Fig. 10), it is also not surprising that the
two viruses drive the expression of interacting viral and host pro-
teins in different ways. Ad6 E1A has the known Ad2 and Ad5
motifs to bind the transcription factors pRB and p300, but these
are not conserved in Ad26. The Ad26 E1A protein also has a nat-
ural deletion protein that ablates the BS69 binding site that inac-
tivates transactivation by species C E1A 289R proteins (55). These
differences are interesting given that E1A proteins by themselves

induce cell rounding phenotypes (56) similar to those observed
after Ad26 but not Ad6 infection. The activation of E1A within 6 h
of infection before cell rounding by Ad26 at 12 h suggests that its
E1A proteins could be involved in this different cell phenotype.
However, the fact that this phenotype can be observed in
Ad26�E1-infected 293 cells, where there is no Ad26 E1 but there
is Ad2 E1, suggests that this phenotype is not due directly to
Ad26 E1 proteins. This finding suggests that this is an event
downstream of E1.

The most profound difference in E1 expression between the
two viruses was the substantially stronger and more persistent
induction of E1B-55K by Ad26. E1B-55K binds to p53, releasing
its interactions with E2F transcription factors (23, 24, 26, 27, 54,
57). The Ad26 E1B-55K expression level peaked 12 h after infec-
tion and was as much as 5 times higher than the transcription
levels of E1B of Ad6 and E1A of both viruses. The N terminus of
Ad26 E1B-55K diverges substantially from the species C con-
served region in Ad6 (Fig. 10C). In contrast, the C terminus of
Ad26 E1B-55K is more conserved and still appears to bear p53
binding and zinc finger motifs (58). It is interesting that mutations
in species C E1B-55K perturb cell morphology and increase cell
rounding during species C Ad infection (59). It is therefore also
possible that the stronger induction of E1B-55K on downstream
events by Ad26 may be associated with the distinct cell rounding
phenotype observed in Ad26- but not Ad6-infected cells.

The most notable differences in viral activation between the
two viruses were observed in E3 immune evasion ORFs. This is
emphasized particularly in the degree to which the two viruses
“invest” in their E3 ORFs relative to other early and late genes. At
6 h, both viruses generate E3 mRNAs at levels that are comparable
to the expression levels of the pivotal E1 and E4 genes. The E3
expression level actually remained higher than those of E1
through 24 h and E4 through 12 h, supporting that this gene re-
gion is important for virus biology. The fact that Ad6 preferen-
tially drives E3-19K and early ORFs over later ORFs while Ad26
drives the inverse balance also suggests that the two viruses have
evolved different immune evasion strategies.

The reality check for these speculations based on E3 mRNAs
was revealed in the ability of the viruses to downregulate MHC I
and avoid apoptosis. Ad6 more rapidly downregulated the cell
surface display of MHC I than did Ad26 at 6 h. At the same time,
Ad26 had little effect on hiding this immunologic “red flag.” How-
ever, over time, Ad26 was able to catch up to Ad6 by 24 h. Con-
sidering that the T cell response take days to weeks to evolve, it
may well be that this difference in kinetics may have little conse-
quence for Ad26 in vivo, at least during a first infection. However,
faster downregulation may favor a virus during a second infection,
where memory responses may impact infected cells quickly.

Previous studies comparing the sequence homologies and
functions of E3-19K molecules across many Ad species and sero-
types showed that E3-19K from HAdV-D, such as Ad37, can have
a drastically lower binding affinity for MHC I molecules than E3-
19K from HAdV-B, -C, and -E (60). Furthermore, E3-19K from
species B, C, and E had a higher affinity for HLA-A than for
HLA-B, and interactions were allele specific with these molecules.
Given the early low number of transcript reads across E3-19K for
our species D representative Ad26, the limited effect on surface
MHC I, and the low affinity of other species D Ads for HLA mol-
ecules, it is possible that species D Ads may have evolved to invest
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more transcriptional and translational activity in other E3 pro-
teins.

The balance of E3 expression favoring later ORFs over early
ORFs by Ad26 is in line with its slower use of E3-19K functions.
Ad26 had significantly higher mRNA expression levels of the E3B
genes E3-10.4K, -14K, and -14.7K than of E3A. However, the ab-
solute expression level of E3-10.4K (RID-alpha) determined by
RNA-seq or RT-qPCR was only moderately higher for Ad26 than

for Ad6. RID-alpha and RID-beta combine to form the RID com-
plex, which reduces the display of Fas, TRAIL-R1, and TRAIL-R2
on the cell surface (45–47). Since the total expression level of RID-
alpha as determined by RNA-seq or RT-qPCR was moderately
higher for Ad26, with RNA-seq data suggesting similar levels for
RID-beta and 14.7K, we hypothesized that Ad26-infected cells
may be more resistant to the extrinsic activation of apoptosis than
cells that infected with Ad6. However, this hypothesis was not

FIG 10 Amino acid alignments of Ad6 and Ad26 E1 proteins. (A) E1A. Boxes highlight residues for interaction with the transcription p300 (FXD/EXXXL), pRB
(DLXCXE), and BS69. (B) E1B-19K. (C) E1B-55K.
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supported by in vitro test results; both viruses induced significant
resistance to TRAIL compared to infection of mock-infected cells.
Indeed, Ad6 was even more resistant than Ad26. This suggests that
the Ad6 proteins may be more effective at evading TRAIL. While
we did not find evidence of increased TRAIL resistance by Ad26,
this is only one potential effect of E3B proteins and is also influ-
enced by multiple proteins, including RID, 14.7K, and E1B-19K
(61). Our results also point to the functionality of the Ad26 E1B-
19K protein since E3-deleted Ad26 was also resistant to TRAIL
apoptosis. More comprehensive evaluation of immune evasion
differences between Ad6 and Ad26 would necessarily include per-
missive animal models for the two viruses.

Most data in the literature were obtained from replication-
defective E1- and E3-deleted vectors to make space for transgenes
and to avoid potentially dangerous adenovirus infections. It
should therefore be noted that immune evasion functions for Ad6
or Ad26 will be relevant in humans only if (i) the viruses are
replication competent and (ii) their E3 region has not been de-
leted. Applications where this may be relevant include natural Ad
infections, replication-competent oncolytic Ads, replication-
competent Ad vaccines, and single-cycle replicating Ad vectors
(19, 20).

Beyond subtle differences, most other early and late genes were
activated in a similar fashion in Ad6 and Ad26 before and after the
initiation of DNA synthesis. However, this global transcription
evaluation of the two viruses still provides confirmation of prior
data and new insights into the key biology of human adenoviruses.
E2A, E2B, and E4 expressions had subtle differences in the two
viruses, but by and large, their levels of activation 6 and 12 h after
infection were relatively similar. This is consistent with the con-
served need to express these workhorse genes for DNA replication
and host cell takeover. The L1, L2, and L3 regions were barely
expressed by both viruses at 6 h and were markedly upregulated by
12 h. In contrast, the L4 region was expressed at 6 h, with 2- to
3-fold increases by 12 h. At 6 h, Ad6 expressed the late proteins
L4-22K and L4-33K more strongly than did Ad26. Ad6 also in-
duced higher levels of IVa2 and E4orf3 than did Ad26 at this early
time point. Interestingly all four proteins play a role in the shift
from early to late transcription (35, 39, 40, 62, 63). This suggests
that the transition from early to late transcription occurs earlier in
Ad6 infection than in Ad26 infection. This is also supported by the
kinetics of UXP expression that occurs at significantly higher lev-
els in Ad6 samples than in Ad26 samples at 6 h, even though UXP
has traditionally been characterized as a late gene. These results are
consistent with those reported previously by Wu et al. (8) for bat
adenovirus, who also found the U exon, 22K, and 33K proteins to
have a more “intermediate” level of expression than traditionally
seen.

L5 encodes the fiber protein involved in receptor binding. L5
was not expressed early by Ad6 but was surprisingly expressed by
Ad26 at 6 h. This is interesting, since fiber proteins are expressed in
a 100-fold excess of the amount need for encapsidation. For Ad5,
this excess fiber has been shown to bind the coxsackievirus and
adenovirus receptor after cell lysis and opening of tight junctions
(64, 65). While it is possible that early expression of Ad26 fiber
could be associated with the rounding phenotype at 12 h, the
membranes of the cells remain intact, suggesting that this early
fiber expression is not related to this effect.

In summary, this was the first head-to-head deep mRNA se-
quencing comparison of two genetically divergent adenoviruses

after infection of cells permissive for both viruses. We found that
much of the temporal expression of viral mRNAs for Ad6 and
Ad26 in A549 cell infection was similar for the two viruses. Many
of these events were comfortingly familiar and consistent with the
literature on Ad biology. At the same time, this comparison re-
vealed key differences in the activation of E1 and E3 proteins that
are pivotal for the in vivo biology of wild versions of these viruses
and for their replication-competent vectors. An understanding of
the differences between these two viruses in a shared permissive
cell model lays the foundation for comparisons of their biologies
in cells where their efficacy is diametrically opposite and exami-
nation of in vivo immune evasion functions.
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