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Abstract

The N-terminal half of adenovirus ela assembles multimeric complexes with host proteins that
repress innate immune responses and force host cells into S-phase. In contrast, the functions of
ela’s C-terminal interactions with FOXK, DCAF7 and CtBP are unknown. We found that these
interactions modulate RAS signaling, and that a single e1la molecule must bind all three of these
host proteins to suppress activation of a subset of IFN-stimulated genes (ISGs). These ISGs were
otherwise induced in primary respiratory epithelial cells at 12h p.i. This delayed activation of ISGs
required IRF3 and coincided with an ~10-fold increase in IRF3 from protein stabilization. The
induced IRF3 bound to chromatin and localized to the promoters of activated ISGs. While IRF3,
STAT1/2 and IRF9 all greatly increased in concentration, there were no corresponding mRNA
increases, suggesting that ela regulates the stabilities of these key activators of innate immune
responses, as shown directly for IRF3.

Graphical Abstract

Zemke and Berk report that interactions of neighboring regions in the C-terminal half of a single
adenovirus ela molecule with a host transcription factor, a co-repressor, and a ubiquitin ligase
substrate receptor inhibit a noncanonical activation of interferon stimulated genes by adenovirus
infection.
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Viruses are ancient pathogens that evolved to exploit cellular processes through
sophisticated mechanisms that promote viral replication. Human adenovirus type 2 (and the
closely related Ad5) is a small DNA tumor virus that infects the exposed, terminally
differentiated epithelial cells that line the upper respiratory tract. Normally, these terminally
differentiated cells are suboptimal for DNA virus replication since they have low rates of
deoxynucleotide synthesis due to their cell cycle arrest in Gg. Ad2 overcomes this obstacle
through expression of early region genes immediately after infection that establish a cellular
environment suitable for efficient viral replication. The first Ad2 gene expressed is E1A,
expressed as two major isoforms, large E1A and small E1A (ela) (Perricaudet et al., 1979;
Zhao et al., 2014). While large E1A is necessary for normal activation of other Ad2 genes
(Montell et al., 1984; Winberg and Shenk, 1984), ela is sufficient to drive quiescent cells
into S-phase (Kaczmarek et al., 1986; Stabel et al., 1985) while repressing cellular
differentiation (Frisch and Mymryk, 2002). As a viral oncogene, ela transforms primary
rodent cells in cooperation with Ad2 E1B55K (Branton et al., 1984; Debbas and White,
1993), Ad2 E1B19K (Debbas and White, 1993), or G12V HRAS (Ruley, 1983). ela
modulates expression of thousands of host genes (Ferrari et al., 2014), yet it does not bind
DNA directly. All of ela’s functions are credited to the binding of host cell proteins, most of
which are known to regulate transcription. ela’s interactions usually map to one or more of
four regions highly conserved among primate adenoviruses (CR1-CR4) (Avvakumov et al.,
2004; Kimelman, 1986).

ela’s ability to force quiescent cells into S-phase is mainly attributed to its interaction with
the RB proteins (RB1, p107 and p130) (Pelka et al., 2008). RNA-sequencing of mMRNAs
from cells expressing WT ela or an ela mutant defective for binding RB proteins revealed
that activation of most ela induced genes requires the interaction between the purple regions
of ela diagrammed in Fig 1 and the RB proteins (Ferrari et al., 2014). The binding and
functional inhibition of the closely related nuclear lysine acetyltransferases p300 and CBP is
ela’s primary mechanism for gene repression by inhibiting acetylation of histone H3 at
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lysine 18 (H3K18) and 27 (H3K27) (Ferrari et al., 2014; Horwitz et al., 2008). The ela
interaction with p300/CBP promotes dedifferentiation through repression of genes related to
cell identity (Ferrari et al., 2014). Interactions with both RB proteins and p300/CBP in ela’s
N-terminal half, are necessary for ela-mediated transformation (Howe et al., 1990).

The C-terminal region of E1A, referring to the sequence encoded by exon 2, is not required
for co-transformation of rodent cells by ela plus G12V HRAS (Howe et al., 1990). In fact,
deletions in ela’s C-terminal region result in increased numbers of transformants in co-
transformation assays with activated HRAS (Boyd et al., 1993). Paradoxically, ela’s C-
terminal region is necessary for normal rates of transformation when cooperating with E1B
(Subramanian et al., 1991).

Two members of the forkhead box family transcription factors, FOXK1 and FOXK2
(collectively FOXK) interact with a serine/threonine rich region of Ad2 ela just upstream of
CR4 in its C-terminal half (Fig 1A; Komorek et al., 2010). This region is conserved among
the human adenoviruses classified in “species C” and is similar to a domain of the human
papillomavirus E6 protein from HPV14 and HPV21, also shown to bind FOXK1 and 2
(Komorek et al., 2010). This interaction is mediated through a forkhead-associated (FHA)
domain that is unique to FOXK within the forkhead box family and facilitates an interaction
with phosphorylated serine/threonine (Durocher and Jackson, 2002; Komorek et al., 2010).
Foxkl knockout mice show a severe growth defect as well as impairment of myogenic cell
proliferation (Garry et al., 2000). In synchronized U20S cells, FOXK1 knockdown causes
loss of normal cell cycle oscillations (Grant et al., 2012). Little is known about the
functional consequences of the FOXK1/2-ela interaction, though ela mutations that disrupt
this interaction present a G12V HRAS-cooperative hyper-transformation phenotype
(Komorek et al., 2010).

Recently, it was shown that DCAF7 (a.k.a. HAN11 or WDR68) directly interacts with a
broad region of E1A’s CR4 (Fig 1A; Glenewinkel et al., 2016). Mutations in E1A that
interfere with DCAF7 binding also exhibit hyper-transformation in cooperation with G12V
HRAS (Komorek et al., 2010). DCAF7 is a CLR4 E3 ubiquitin ligase substrate receptor (Jin
et al., 2006). DCAF7 binds to the dual specificity tyrosine-regulated kinases, DYRK1A and
DYRKZ1B (collectively DYRKZ1) as well as the homeodomain interacting protein kinase 2,
HIPK2 (Miyata and Nishida, 2011; Ritterhoff et al., 2010). Through its direct binding to
E1A, DCAFT is responsible for E1A’s indirect association with DYRK1A/B and HIPK2
(Glenewinkel et al., 2016). Genetic studies in zebrafish and Drosophila indicate that DCAF7
orthologs are necessary for normal organismal development (Morriss et al., 2013; Nissen et
al., 2006). The DYRKL1 Drosophila ortholog, minibrain (/mnb) is necessary for normal
postembryonic neurogenesis (Tejedor et al., 1995). DYRK1A is found on the Down
syndrome critical region of chromosome 21 in humans, and is believed to contribute to the
pathology of the disease (Shapiro, 1999). Also, DYRK1A promotes formation of the
DREAM complex, which represses E2F-regulated cell cycle genes during quiescence
(Sadasivam and DeCaprio, 2013).

CtBP1 and CtBP2 (collectively CtBP) bind directly to proteins, including transcriptional
repressors, with a PXDLS amino acid motif, located in ELA CR4 (Fig 1A; Schaeper et al.,
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1995). Repressors with PXDLS-like motifs such as Zeb1/2 and Znf217 recruit CtBP dimers
to target promoters (Postigo and Dean, 1999; Quinlan et al., 2006). CtBP acts as a
corepressor, through its association with chromatin modifying enzymes such as histone
deactylases and the KDM1A H3K4 demethylase (Shi et al., 2003). CtBP is reported to
repress transcription of tumor suppressor genes like Caknl1A, Perp, Bax, and Noxa
(Grooteclaes et al., 2003). However, how ela modulates CtBP activity and how the ela-
CtBP interaction inhibits co-transformation with G12V HRAS remains poorly understood.
To further explore functions of these interactions with regions of the C-terminal half of ela,
we constructed multi-site ela mutants that disrupt these interactions and analyzed the effects
of these mutations on ela-regulated host cell gene expression.

ela mutants defective for C-terminal region-host protein interactions

We constructed Ad vectors expressing mutant elas defective for interacting with FOXK,
DCAF7 or CtBP (FOXKb™, DCAF7b™ and CtBPb™, respectively). Multi-site combinations
of individual mutations that had been previously shown to reduce these interactions were
constructed in order to generate strong phenotypes that simplify genomic level analysis. To
eliminate the FOXK interaction with the ela ser/thr-rich region just N-terminal of CR4 (Fig
1A), two ela amino acid substitutions T183A and S185A were introduced (Fig 1B),
previously reported to individually interfere with ela’s ability to bind FOXK (Komorek et
al., 2010). Immunoprecipitation of ela followed by western blotting validated that these
amino acid substitutions inhibited ela-association with FOXK1 but not with CtBP, DCAF7
or DYRKI1A (Fig 1C,1D). To prevent ela binding to DCAF7 complexes we constructed a
four amino acid substitution, R212E, D225K, L226A and L227A (Fig 1B), mutations
previously shown to individually reduce association with DYRK1A (Cohen et al., 2013).
This mutant failed to co-IP DCAF7 and one of its associated kinases, DYRK1A (Fig 1D),
however ela’s interactions with FOXK1 and CtBP remained intact (Fig 1C). Lastly, we
mutated the previously characterized ela CtBP binding motif (Zhao et al., 2007), PLDLS, to
ALAAA spanning amino acids 233-237 (Fig 1B). These mutations completely eliminate
ela’s ability to co-IP CtBP (Fig 1C). The mutations introduced in FOXKb~, DCAF7b™ and
CtBPb™ did not interfere with ela’s ability to bind RB1 or p300 (Fig 1D).

WT ela from whole cell lysate can be resolved into two differentially migrating bands by
SDS-PAGE; however, the ela C-terminal mutants exhibited primarily the faster migrating
form (Fig 1C, S1). The slower migrating form is due to phosphorylation at Ser89 (Dumont
et al., 1989). Although pSer89 is reduced in the C-terminal mutants, phosphorylation at
Ser173, the major site of ela phosphorylation (Tsukamoto et al., 1986), was similar to WT
ela (Fig S1).

To assay the effects of these mutations following infection, we incorporated these E1A
mutants into @/2500 background human Ad5 vectors, previously described (Ferrari et al.,
2014), that do not express the large E1A isoform making them defective for activation of
other adenoviral promoters and viral replication (Montell et al., 1984).
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Consequences of defects in ela interactions on regulation of cellular mRNAs and virus

replication

Contact-inhibited, G1-arrested human primary bronchial/tracheal epithelial cells (HBTEC),
derived from the natural host tissue for Ad2 and the closely related Ad5, were infected with
FOXKb™, DCAF7b~, CtBPb~, or a WT ela expressing Ad5 vector (e1aWT). To control for
the effects of the infectious process on cellular gene expression, cells were also mock-
infected or infected with an Ad5 E1A deletion mutant (AE1A), @312 (Jones and Shenk,
1979). For comparison, we included infections with two Ad5 vectors expressing ela N-
terminal multi-site mutants, a p300/CBP-binding mutant, e1aP300b~, and an RB1/p107/
p130-binding mutant, elaRBb™ (Ferrari et al., 2014). e1aP300b™ and elaRBb™~ were found
previously to misregulate hundreds of genes that are activated or repressed by elaWT in
primary human fibroblasts (Ferrari et al., 2014).

RNA-seq was performed with RNA isolated at 24 h p.i. to determine which expressed genes
(FPKM>1) were differentially expressed 2-fold or more by the ela mutant expressing cells
compared to cells expressing WT ela. Relatively small numbers of genes were expressed
differently in cells producing ela C-terminal mutants compared to cells expressing elaWT
(105 — 146 genes overexpressed by the different C-terminal mutants compared to elaWT,
and 68 — 138 genes underexpressed (Fig 2A, Table S1,S2). Since the genes expressed at
higher level in the ela mutant compared to e1laWT expressing cells were also expressed at
higher level than in mock-infected cells (Fig 3A), they were activated by infection with the
vectors expressing the ela C-terminal mutants. The same genes were only slightly activated
by the AE1A mutant (Fig 3A). Similarly, genes expressed at lower level by the C-terminal
mutants than in cells expressing WT ela were expressed at lower level than in mock-
infected cells, and were reduced less by the AE1A mutant (Fig 3B). Consequently, these
genes were more repressed by the ela C-terminal mutants than by WT ela. The number of
genes differentially expressed by the C-terminal mutants compared to e1laWT was much
lower than the number of differentially expressed genes comparing e1aP300b™ and elaRBb~
to elaWT (Fig 2B, Table S1,S2). These data show that the e1a-p300/CBP and ela-RB
family protein interactions regulate many more cellular genes than the ela C-terminal
interactions.

Unexpectedly, there was a large overlap in the genes overexpressed in response to each of
the C-terminal mutants (Fig 3A,C). Most of these genes were overexpressed 2-fold or more
by two or more C-terminal mutants with 52 genes being overexpressed by all three.
Furthermore, when considering the three groups of genes overexpressed in response to the
FOXKb™, DCAF7b~, and CtBPb~ ela mutants, changes in their expression relative to that in
cells expressing WT ela were similar for each of the mutants (Fig 3A). These results suggest
that each of the ela C-terminal interactions influence host cell gene expression similarly.
Gene ontology analysis of the 52 genes overexpressed =2-fold by all three mutants showed
overwhelming enrichment for interferon (IFN) response genes (p=7.2 E-47) (Fig 3C).
Several of these genes are known to have antiviral functions (Schoggins, 2014). Motif
analysis of the promoter regions of the 52 genes overexpressed by all three C-terminal
mutants shows that they are highly enriched for the well-characterized IFN-stimulated
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response element (ISRE) (p-value 1 E-22) (Fig 3C) bound by IFN-signaling activated
transcription factors such as IRFs and STATs (Borden et al., 2007).

As with the genes overexpressed by the C-terminal mutants, the genes expressed 2-fold
lower in cells expressing a C-terminal mutant compared to e1laWT also showed a
surprisingly high degree of overlap (Fig 3B,D). Again, the distributions of expression for the
three sets of genes 2-fold lower for each C-terminal mutant, were significantly lower for all
three C-terminal mutants compared to e1laWT (Fig 3B). These results further demonstrate
that all three of the ela C-terminal interactions regulate a similar set of cellular genes. The
genes that were expressed at lower level when ela was defective for any one of its C-
terminal interactions are enriched for genes related to the HRAS oncogenic signature (Fig
3D).

To test if the loss of ela’s C-terminal interactions affect virus replication through the
activation of this subset of ISGs we infected separate plates of HBTEC with vectors for each
of the mutants to induce the C-terminal mutant activated genes. 12h later the cells were
superinfected with WT Ad5. 48h later, virus was harvested and WT Ad5 was assayed by
plaque formation on HeLa cells. (The recombinant Ad5 vectors cannot form plaques on
Hel a cells because they do not express the large E1A protein required to activate
transcription from the other viral early promoters.) Cells initially infected with the ela
FOXKb™ and CtBPb~ vectors produced ~12 fold less WT Ad5 than cells pre-infected with
an elaWT expressing vector, while cells initially infected with the DCAF7b™ vector
produced ~28 fold less (Fig 4A). These data indicate that activation and/or repression of host
genes by the ela C-terminal mutants greatly interfere with Ad5 replication. This interference
with viral replication correlates with the level of the ISGs induced by the C-terminal mutants
(Fig 3A4A).

The same ela molecule must make all three C-terminal region interactions to block
transcriptional activation of a subset of IFN-stimulated genes

ela has been postulated to function as a molecular hub (Pelka et al., 2008) due to its
intrinsically disordered flexible structure (Ferreon et al., 2009), allowing it to form
functional multimeric complexes by simultaneously binding to multiple proteins that would
otherwise not interact. While the RNA-seq results indicate that ela must make all three C-
terminal interactions with host cell proteins to reduce expression of certain ISGs, they do not
address the question of whether one ela molecule must make two or three of the three
possible interactions to prevent activation of these ISGs. To address this question we
performed a coinfection with vectors for all three C-terminal mutants to determine if there
would be complementation of the defect in suppressing overexpression of these I1SGs.
Expression of IFIT2, ISG15 and OASL were similar in the coinfected cells as in cells
expressing the individual mutants (Fig 4B). The ela mutants expressed in the coinfected
cells can make each of the three possible bimolecular interactions between ela and FOXK,
ela and the DCAF7 complex, and ela and CtBP (Fig 1C,D). Yet these ISGs continued to be
overexpressed, phenocopying cells expressing the single mutants. These results suggest that
ela prevents activation of these ISGs, dependent on the same ela molecule interacting with
all three C-terminal binding proteins, either simultaneously or in series. Coinfection of cells
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with vectors that produced equal amounts of WT ela and the DCAF7b™ mutant showed that
DCAF7b™ is partially dominant to e1laWT (Fig S2A).

To further explore the complexes ela forms with cellular proteins, nuclear extracts from
mock or e1aWT vector-infected HeL a cells were subjected to gel filtration on a Superose 6
column capable of resolving globular protein complexes of 0.1 to 2 MDa. In the presence of
ela, p300, RB1 and FOXK1 were shifted to earlier eluting fractions indicating incorporation
into higher molecular weight complexes (Fig S2B). The most dramatic shift was with RB1;
a large fraction of RB1 co-eluted with p300 in the presence of ela, consistent with our
previous observations (Ferrari et al., 2014) and an earlier report of an ela-p300-RB1 trimeric
complex (Wang et al., 1995). Eluted fractions containing FOXK1 and CtBP1 were distinct
from fractions containing p300-ela-RB1 complexes (Fig S2B, compare red and purple
boxes). DCAF7 and DYRKI1A eluted heterogeneously from high molecular weight fractions
~1 MDa, consistent with a recent report (Vona et al., 2015), through lower molecular weight
fractions down to ~150 kD. These data indicate that most of the ela-p300-RB1 complexes in
the nucleus are distinct from ela complexes containing FOXK1 and CtBP1.

Increased transcription of overexpressed ISGs

An increase in mMRNA expression can be due to a higher level of transcription or increased
stability of the transcript. To test if the increased expression of /F/72and /SG15in cells
expressing the C-terminal ela mutants was due to increased transcription, we designed
primers for gRT-PCR that only amplify intron-containing pre-mRNA. The higher levels of
IFIT2and /SG15pre-mRNA induced by expression of the C-terminal ela mutants (Fig 5A)
indicates that these genes were activated at the level of transcription. Transcriptional
activation was further confirmed by the observation of activating chromatin signatures.
ChiIP-seq for RNA polymerase 11 (pol2) revealed that /SG15had an increase in pol2
association near the transcription start site (TSS) as well as through the gene body after
infection with the C-terminal mutant vectors but not with the e1laWT vector (Fig 5B).
Another ISG, MXZ also had peaks of pol2 near the alternative TSSs that increased after
infection with the C-terminal mutant vectors compared to the e1laWT vector, correlating
with the increased level of MRNA (Fig 5B). A similar profile was seen for OASL (Fig S3A)
and other activated ISGs (not shown). ChlP-seq was also performed on two histone
modifications that correlate with levels of active transcription, acetylated (ac) H3K18 and
H3K27. Both /SG15and MX1 exhibited increases in H3K18ac near their TSSs after
expression of the ela C-terminal mutants but not elaWT, while H3K27ac increased only
slightly or not at all (Fig 5B). OASL gained acetylation on both H3K18 and H3K27 near its
TSS in response to the C-terminal mutants (Fig S3A). The average profile of pol2 and
H3K18ac near the TSS for the 52 genes overexpressed by all three C-terminal mutants
showed that on average pol2 and H3K18ac were higher in cells expressing the mutants
compared to e1laWT (Fig S3B). The higher levels of pre-mRNA, pol2 and H3 acetylation
demonstrate a transcriptional activation of these ISGs induced by the ela C-terminal
mutants.
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ela C-terminal mutants cause increases in IRFs and STATSs, but only IRF3 is necessary for
ISG activation

STAT1 and STAT2 are phosphorylated following Type I IFN receptor activation resulting in
formation of transcription factor ISGF3 composed of p-STAT1, p-STAT2 and IRF9 (Borden
etal., 2007; Darnell et al., 1994). We noted that many of the 52 genes overexpressed by all
three C-terminal ela mutants are also in a list of genes activated by the transcription factor
unphosphorylated ISGF3 (U-ISGF3), a complex of unphosphorylated STAT1 (U-STAT1)
and STAT2 (U-STAT2) with IRF9 that reach high concentrations and drive a secondary
prolonged response to IFNB-stimulation lasting for days (Cheon and Stark, 2009; Cheon et
al., 2013). 21 out of the 29 U-ISGF3 activated genes (72%) reported in Cheon et al. (2013)
were overexpressed 2-fold or more by all three ela C-terminal mutants (Fig S4A) and 26
(90%) were overexpressed by at least one ela C-terminal mutant. Given this striking
overlap, we examined levels of total and phosphorylated STAT1, STAT2, and IRF9 protein
following infection to determine if we could attribute ISG activation by the C-terminal ela
mutants to increased U-ISGF3.

Indeed, by 24h p.i. the C-terminal ela mutants caused a substantial increase in the
concentrations of STAT1, STAT2 and IRF9 compared to mock-infected cells (Fig 6A).
Infection with the AE1A vector also increased STAT1/2, although to a lesser extent than
vectors for the C-terminal mutants, but IRF9 was increased to a comparable level. While U-
ISGF3 subunits have been reported to increase in concentration following activation of the
type | IFN receptors and JAK/STAT signaling pathway, we did not detect any
phosphorylated STAT1 following infection from 2—-24h with any of the Ad5 vectors (Fig
S4B). Importantly, the type | IFN encoding mRNAs were not significantly increased as
measured by RNA-seq. These observations indicate that ISG activation is not due to an
autocrine response to IFN production by the infected cells, but rather, may result from the
large increase in the U-1ISGF3 subunits, independent of JAK/STAT pathway activation.

To determine if the U-ISGF3 complex was responsible for ISG activation by the ela C-
terminal mutants, we infected U2A cells, which do not express IRF9 (McKendry et al.,
1991), the principal DNA binding subunit (Fink and Grandvaux, 2013). Inconsistent with a
requirement for U-ISGF3, the FOXKb™ ela mutant activated OASL and /F/T2to a similar
level as in the parental cells, 2fTGH (Fig 6C,D), which express IRF9 (Fig 6B). Similar
results were observed in STAT1 mutant U3A and STAT2 mutant U6A cells (Stark, 2007)
(Fig S5). Therefore U-ISGF3 is not necessary for activation of these ISGs by the ela C-
terminal mutants.

Since, the promoters of the activated 1SGs contain ISREs bound by all the IRFs, we
analyzed changes in expression of other IRFs in addition to IRF9. IRF3 is the principal
effector activating the IFN response pathway following cellular detection of viral DNA
during infection (Ikushima et al., 2013). When we analyzed IRF3 protein following infection
of HBTEC by the C-terminal mutants, we observed an increase over mock-infected cells by
12h p.i. that became still greater by 24h p.i. (Fig 6E). The structurally related IRF7,
however, did not change. IRF3 is regulated by cytoplasmic restriction until phosphorylated
to allow nuclear entry (Lin et al., 1998). Consequently we analyzed the phosphorylation
status of IRF3 at activating site Ser396. Cells expressing the ela C-terminal mutants but not
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WT ela had high IRF3 Ser396 phosphorylation at 24h p.i., comparable to the level induced
by poly(l:C), a TLR3 ligand, after 3h (Fig S6A). Although we observed increased total IRF3
by 12h p.i. (Fig 6E), phosphorylation was not induced until 24h p.i. (Fig S6A); therefore the
increase in IRF3 preceded its phosphorylation at Ser396.

Unlike IRF9, IRF3 siRNA knockdowns in U2A cells did prevent ela-FOXKb™ from
activating OASL and /F/72 (Fig 6B,C). IRF3 siRNA KD In the parental 2fTGH cells also
prevented activation of these genes, while sSiRNA KD of IRF9 had no significant effect (Fig
6B,D). Taken together, these results indicate that IRF3, but not U-ISGF3, is necessary for
ela C-terminal mutant activation of these 1SGs.

IRFs and STATSs increase post-transcriptionally leading to IRF3 accumulation on chromatin
independent of phosphorylation to activate a subset of ISGs

Following the observation that IRF3, and not IRF9, was required for ISG activation by the
ela C-terminal mutants, we analyzed chromatin associated levels of these proteins as well as
STAT1/2. We observed a dramatic increase in IRF3 association with chromatin at 12h p.i.
that persisted to 36h p.i., specifically in response to the C-terminal mutants (Fig 7A).
Furthermore, IRF3 ChIP-seq in C-terminal mutant, but not mock-infected or elaWT
expressing HBTEC revealed IRF3 binding to the promoters of activated ISGs such as /SG15
and MX1 (Fig 7B). Inconsistent with phosphorylation being required for IRF3’s nuclear
entry, we did not observe IRF3 phosphorylation at 12h p.i. when IRF3 had increased on
chromatin. However, an increase in pIRF3 was observed at later time points. STAT1 also
accumulated on chromatin in ela C-terminal mutant expressing cells, but with slower
kinetics than IRF3 (Fig 7A). STAT2 and IRF9 showed only modest increases in association
with chromatin. The observed increase of IRF3 on chromatin 12h p.i. is consistent with the
kinetics of ISG activation induced in cells expressing ela C-terminal mutants. In these cells
OASL, ISG15and IF/T2were activated by 12h p.i. and ISG15 and IFIT2 mRNAs continued
to increase until or past 24h (Fig 7C, left).

The increased levels of IRFs and STATSs could be due to an increase in their respective
MRNAS, accelerated translation or stabilization of the proteins. To determine which
mechanism occurs under these conditions, /RF3, STAT1/2and IRFImRNA were assayed
by gRT-PCR from 0-36h p.i. (Fig 7C, right). The levels of these mRNAs increased 2-fold or
less, whereas their encoded proteins increased much more by 24h p.i. (Fig 6A,E). Therefore,
the increase in these proteins is not a result of their mMRNAs increasing, whether from
transcription or message stabilization. To determine if IRF3 is stabilized we performed S3°
protein labeling pulse-chase experiments followed by IRF3 immunopreciptitaion and
autoradiography. In elaWT expressing HBTEC IRF3 had a short half-life, ~20 min. In
contrast, in cells expressing e1laFOXKb™ there was no observed IRF3 decay (Fig 7D). Taken
together, our data suggest that the ela C-terminal mutants activate transcription of a subset
of ISGs through an increase in IRF3 by protein stabilization, leading to selective ISG
promoter binding and transcription activation. Furthermore, the phosphorylation of IRF3
induced by poly(I:C) activation of TLR3 signaling, did not lead to an increase in total IRF3
in HBTEC (Fig S6B). Therefore a mechanism that increases IRF3 protein level
independently of phosphorylation at the activating site operates in the ela C-terminal mutant
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expressing cells. We note that the well-characterized IRF3 target /FNBI (Ikushima et al.,
2013), was not activated throughout a timecourse of infection (Fig S4C), and IRF3 was not
found to bind the /FNB1 promoter following infection with the ela C-terminal mutant
expressing Ad vectors (Fig S6C), while IRF3 is recruited to /FNVB1 following infection with
other viruses as seen in Sendai virus infected human B lymphocytes (Freaney et al., 2013).
Taken together this suggests a noncanonical mechanism of activation by IRF3 with restricted
gene targets.

Discussion

This study has identified a previously unrecognized anti-viral defense involving activation of
a subset of interferon stimulated genes (ISGs) beginning 12h post adenovirus infection. This
is a much later time course than activation of ISGs by recognition of viral nucleic acids in
endosomes during infection by the pathogen pattern receptors TLR7 and 9 (Ikushima et al.,
2013). This late activation of ISGs was revealed by infection of primary human bronchial/
tracheal epithelial cells (HBTEC) with adenovirus mutants expressing only the small ela
protein mutated at binding sites for host proteins and protein complexes in the C-terminal
half of the 243 amino acid ela protein. Infection with these mutants resulted in activation of
a small subset (~50) of the hundreds of 1ISGs activated by the binding of an a.- or B-IFN to
the type I IFN receptor on the cell surface (Stark, 2007). This late activation of this subset of
ISGs requires IRF3, which accumulates to high levels by 12h p.i. in cells expressing ela C-
terminal mutants, but not in cells expressing WT ela. Unexpectedly, the C-terminal mutants
induce phosphorylation of IRF3 at its activating site Ser396 after accumulation of
unphosphorylated IRF3 on chromatin. This is in contrast to the canonical view that nuclear
import of IRF3 is regulated by phosphorylation (Lin et al., 1998). Complementation analysis
in HBTEC coinfected with the mutants indicate that a single ela molecule must interact via
conserved regions in its C-terminal half with transcription factors FOXK1 or 2, the DCAF7
specificity factor of CLR4 ubiquitin-ligase complexes, and co-repressors CtBP1 or 2 in order
to block activation of these I1SGs. It is worth noting that only human adenovirus species C
elas contain the FOXK binding region (Cohen et al., 2013). Therefore this function of the
ela C-terminus may be limited to Ads in species C.

Similarly to the genes activated by mutations in ela’s C-terminal region, the genes repressed
by these mutations had a high degree of overlap between the three different ela C-terminal
mutants (Fig 3C,D). Surprisingly, these genes are enriched for the HRAS oncogenic
signature. Repression of the Ras pathway by these mutants was unexpected considering
oncogenic Ras cooperative co-transformation assays with ela C-terminal mutants result in a
larger number of transformed colonies compared to WT ela (Boyd et al., 1993). Perhaps the
C-terminal mutations increase the number of transformed foci in ela-G12V HRAS co-
transformation assays (Boyd et al. 1993; Cohen et al. 2013) because they lower gene
activation by oncogenic RAS to a level that is more compatible with cell survival and
replication. In this regard, it is well-established that high level RAS signaling induces
senescence (Serrano et al., 1997).

Cells coinfected with all three ela C-terminal mutant expressing Ad vectors caused
increased expression of /F/T2, ISG15and OASL similarly to infections with any of the
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individual mutants (Fig 4B,5A). This observation suggests that all three ela C-terminal
binding events must occur on the same ela molecule to prevent induction of these 1SGs.
Some evidence supporting a multimeric ela C-terminal region complex comes from a
proteomic analysis of DYRK1A and DYRK1B complexes in the E1A expressing HEK293
cells (Varjosalo et al., 2013). The authors detected FOXK1 and CtBP2 as well as other major
E1A binding proteins such as p300, RBs and p400 in complexes with DYRK1A and
DYRK1B. In support of a possible multimeric complex with ela and its C-terminal region
binding partners, these proteins partially co-elute in size exclusion gel filtration column
fractions from infected HelL a cell nuclear extract (Fig S2B). Additionally, p300-associated
ela complexes were distinct from those containing FOXK1 and CtBP1, while DCAF7 and
DYRKI1A eluted in all ela-containing fractions. Also, phosphorylation of ela Ser89 causing
a reduction in mobility in SDS-PAGE, varied between size-fractionated complexes (Fig
S2B). These results indicate that there are multiple different ela-containing complexes in the
cell, probably with distinct functions.

ela co-eluting with FOXK1 was hyperphosphorylated (Fig S2B, upper band), consistent
with the notion that FOXKs bind ela through their FHA domains that bind phosphoserine/
threonine (Li et al., 2000). DYRKZ1A was recently reported to phosphorylate E1A in vivo
(Glenewinkel et al., 2016). Consequently, the decrease in the slower migrating form of
elaDCAF7b™ may be explained if one or more of the protein kinases associated with the
DCAF7 complex, DYRK1A, DYRKU1B, or HIPK2, is responsible for phosphorylating ela
Ser89.

Since our list of 52 ela C-terminal mutant induced genes had a high degree of overlap with
genes activated by the U-ISGF3 complex generated very late in response to p-interferon
(Cheon and Stark, 2009; Cheon et al., 2013) (Fig S4A), we asked if U-ISGF3 components,
U-STAT1, U-STAT2 and IRF9, increase following expression of ela C-terminal mutants.
Indeed, we found much higher levels of these proteins in cells expressing the ela C-terminal
mutants (Fig 6A). However, the ela C-terminal mutants continued to induce these ISGs in
IRF9 mutant cells. We found that another IRF, IRF3, was necessary, as a SiRNA KD of IRF3
prevented activation of these ISGs (Fig 6C,D). IRF3, STAT1/2 and IRF9 proteins increased
greatly, yet the mRNAs encoding them did not increase more than 2-fold (Fig 7B). IRF3 was
found to increase as a result of protein stabilization in cells expressing elaDCAF7b-.
Similarly, the ela C-terminal binding mutants may influence the stability of IRF9 and
STAT1/2 proteins.

Relevant to our observation that the ela C-terminal mutant induces stabilization of IRF3,
IRF3 stability is regulated by polyubiquitinylation by the E3 ubiquitin ligase RAUL (a.k.a.
UBE3C). RAUL activity is increased by the Kaposi’s sarcoma virus protein RTA to suppress
an innate immune response (Yu and Hayward, 2010). Adenovirus ela may also be regulating
an IRF3 ubiquitin ligase by a mechanism dependent on all three C-terminal interactions to
prevent IRF3 protein from accumulating in response to adenovirus infection.

It is not immediately obvious how ela interactions with FOXK, DCAF7 and CtBP prevent
the stabilization of transcription factors that activate a restricted set of 1ISGs. However, a
recent RNAI screen in Drosophilarevealed that D.m. FOXKL1 is required for activation of
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antiviral genes following infection with RNA viruses in both Drosophila and mammalian
cells (Panda et al., 2015). Relevantly, depletion of FOXK1 by siRNA knockdown in U20S
cells reduced expression from a virus-inducible ISRE-luciferase reporter. FOXK1
transcriptional activation of ISRE-containing promoters could be a direct link between ela’s
FOXK binding and regulation of a subset of 1SGs.

Downregulation of some ISGs by ela has been attributed to its ability to bind the H2B E3
ubiquitin ligase complex hBrel/RNF20 via an N-terminal region including aa 4-25,
inhibiting H2B ubiquitinylation (Fonseca et al., 2012). However, it is unlikely that the
mutations made in ela’s C-terminal region affect its ability to bind hBrel via amino acids
4-25. Another recent report suggested that ela’s C-terminal region binding to RuvBL1
contributes to the suppression of ISG activation (Olanubi et al., 2017). However the ela
mutants that were defective in RuvBL1 binding also have disrupted FOXK and DYRK1A
binding (Komorek et al., 2010).

It is remarkable that these ela mutants, defective for binding different host proteins with no
known overlapping functions, result in a similar phenotypic cellular response. One unifying
feature shared among these ela mutants is their hypophosphorylation. The
phosphorylation(s) absent in the three ela C-terminal mutants might be required for ela to
form a complex that counteracts the increase in IRF3 and subsequent ISG activation. The
mechanism by which these hypophosphorylated ela C-terminal mutants activate a late IFN
response by increasing IRF3 protein warrants further exploration.

STAR Methods

Contact For Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Arnold Berk (berk@mbi.ucla.edu).

Experimental Model and Subject Details

Cell Culture—Male human Bronchial/Tracheal Epithelial Cells (HBTEC, Lifeline Cell
Technology Cat# FC-0035; lot# 02196) were grown at 37°C in BronchiaLife Medium
Complete Kit (Lifeline Cell Technology catalog number: LL-0023) in a 5% CO2 incubator
until they reached confluence. Cells were then incubated 3 days more without addition of
fresh media and were either mock infected or infected with the indicated Ad5-based vectors
in the conditioned medium. All other cell lines were grown in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% fetal bovine serum.

Method Details

Ad Vectors, Infection, Interferon Treatment—Ad5 vectors expressed Ad2 WT or
mutant ela’s from the normal E1A promoter with the dI1500 deletion removing the 13S
E1A mRNA 5’ splice site (Montell et al.,1984). The vectors were constructed using the 5
vector and in vivo Cre24 mediated recombination (Hardy et al., 1997), and consequently
contain an out of frame insertion of a LoxP site at the Bgl 11 site in the region encoding the
carboxy-terminus of E1B-55K. All infections were for 24 h at an moi of 60, unless
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otherwised indicated. These multiplicities of infection yielded approximately equal amounts
of WT and C-terminal mutant ela proteins and mRNA as judged by western blotting, qRT-
PCR of E1A message and mapping of RNA-seq reads to the Ad2 genome. Human
interferon-a. 1 (IFNa) from Cell Signaling Technology (Cat#8927) was added to the
conditioned media of HBTEC cultures at a concentration of 10 ng/mL for indicated times.
The AE1A mutant was dI312 (Jones and Shenk, 1979).

RNA-seq Procedure and Data Analysis—1X106 Low-passage HBTEC were mock-
infected or infected with Ad5 E1A-E1B-substituted, E3-deleted vectors expressing WT Ad2
small E1A proteins from the dl1520 deletion removing the 13S E1A mRNA 50 splice site
(Montell et al., 1984), 3 days after reaching confluence. RNA was isolated 24h p.i. using
QIAGEN RNeasy Plus Mini Kit. Eluted RNA was treated with Ambion DNA-free™ DNA
Removal Kit and then Ambion TRIzol reagent, precipitated with isopropanol, and dissolved
in sterile water. RNA concentration was measured with a Qubit fluorometer. One microgram
of RNA was fragmented and copied into DNA then PCR amplified with bar-coded primers
for separate samples to prepare sequencing libraries using the lllumina TruSeq RNA Sample
Preparation procedure. Libraries were sequenced using the Illumina Hlseq-2000 to obtain
single end 50-base-long reads. Sequences were aligned to the hg19 human genome sequence
using TopHat v2. FPKM (fragments per kb per million mapped reads) for each annotated
hg19 RefSeq gene ID was determined using Cuffdiff v2 from Cufflinks RNA-Seq analysis
tools at http://cufflinks.cbch.umd.edu. Homer (http://homer.salk.edu/homer PMID:
20513432) gene ontology enrichment analysis was performed on indicated gene lists. Homer
motif discovery algorithm was used to look for transcription factor motifs +/— 1 kb from the
TSS of genes expressed 2X or more by all three ela C-terminal mutants compared to
elaWT. RNA-seq results from mock, AE1A, elaWT and ela C-terminal mutants were
validated with three replicate experiments. One representative experiment was used for
further analysis and presentation of the data.

ChIP-Seq—Pol2, H3K18ac and H3K27ac ChlP-seq was performed using 1x107 low-
passage HBTEC were mock-infected or infected with indicated Ad vector 3 days after
reaching confluence. 24h p.i. cells were cross-linked for 1% formaldehyde for 10 minutes at
room temperature on rotator. Formaldehyde crosslinking was quenched with 0.14M glycine
for 30 minutes at room temperature on rotator. Cells were washed with PBS and scraped
from plates in PBS with Roche protease inhibitor cocktail. Cells were pelleted and lysed in
400uL lysis buffer (1% SDS, 50mM Tris-HCI pH8, 20mM EDTA, Roche complete protease
inhibitors) and sonicated at 4°C using the Qsonica Q800R2 at 20% amplitude 10s on 30s off
until DNA fragments from sheared chromatin were mostly between the sizes of 200-600
base pairs. 100uL of sonicated chromatin was diluted in 10X lysis dilution buffer (16.7 mM
Tris-HCI, 1.1% Triton X-100, 1.2mM EDTA, 167mM NaCl) and precleared for 1h 4°C with
30uL of protein A dynabe ads washed 10X lysis dilution buffer on nutator. IPs were
performed O/N at 4°C on nutator with precleared chromatin and 2ug of anti-Pol2, -H3K27ac
or 5uL of H3K18ac anti-rabbit sera. 50uL of protein A dynabeads were added for 4h on
nutator at 4°C. Bead-immunocomplexes were was hed for 5min 2X with each of the
following buffers in order: wash buffer A (50mM Hepes pH 7.9, 0.1% SDS, 1% Triton
X-100, 0.1% Deoxycholate, ImM EDTA, 140mM NaCl), wash buffer B (50mM Hepes pH
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7.9, 0.1% SDS, 1% Triton X-100, 0.1% Deoxycholate, 1ImM EDTA, 500mM NacCl), LiCl
buffer (20mM Tris-HCI pH8, 0.5% NP-40, 0.5% Deoxycholate, ImM EDTA, 250mM LiCl),
TE (50mM Tris-HCI pH8, 1mM EDTA). Elution was performed in 150uL of elution buffer
(50mM Tris HCI pH8, 1mM EDTA, 1% SDS) then ChIP samples and inputs (10uL of
precleared chromatin lysis plus 140uL elution buffer) were reverse crosslinked O/N at 65°C.
Samples were RNase A treated for 1h at 37°C and DNA was purified and extracted with
phenol/chloroform and ethanol precipitated. DNA pellets were resuspended in 12uL of TE
and measured using Qubit fluorometer. IRF3 ChIP-seq was performed similarly with the
following modifications: cells were double crosslinked with 4mM DSG in PBS for 30min
then 1% formaldehyde for 10 min, crosslinking was quenched in 500mM Tris pH7.9 for
20min and cell pellets were lysed in 1mL lysis buffer 1 (50mM HEPES-KOH, pH 7.5,
140mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, Roche
complete protease inhibitors) for 10min on ice. Lysate was pelleted at 3000 rpm 5min 4°C
then resuspended in 1mL lysis buffer 2 (10mM Tris-HCI, pH 8.0, 200mM NaCl, 1mM
EDTA, 0.5mM EGTA, Roche complete protease inhibitors) and placed on nutator 10min
4°C and pelleted as before, then resuspended in 125uL of lysis buffer 3 (10mM Tris-HCI,
pH 8.0, 100mM NaCl, ImM EDTA, 0.5mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-
lauroylsarcosine, Roche complete protease inhibitors) and sonicated, 5ug of anti-IRF3
(Cat#sc-9082; Lot#31515) was used, magnetic beads were washed and blocked in 0.5%
BSA in PBS. Sequencing libraries were constructed from 1 ng of immunoprecipitated and
input DNA using the KAPA Hyper Prep Kit from KAPA Biosystems and NEXTflex ChlP-
Seq barcodes purchased from Bioo Scientific.

Data Analysis of ChIP-seq—ChlIP-seq libraries were sequenced using Hiseg-2000 or
4000 systems for single-end 50 base pair reads. Reads were mapped to the hg19 human
genome reference using Bowtie2 software. Only reads that aligned to a unique position in
the genome with no more than two sequence mismatches were retained for further analysis.
Duplicate reads that mapped to the same exact location in the genome were counted only
once to reduce clonal amplification effects. A custom algorithm executed by MATLAB was
used for further processing. The genome was tiled into 50 base pair windows and each read
was extended by 150 bases and was counted as one read to each window to which it partially
or fully matched. The total counts of the input and ChIP samples were normalized to each
other. Normalization was done across samples for equal number of uniquely mapped reads.
The input sample was used to estimate the expected counts in a window. Wiggle files were
generated using a custom algorithm and present the data as normalized tag density as seen in
all figures with genome browser shots and average tag density for the indicated TSSs
generated by CEAS software.

siRNA and Poly(l:C) Transfections—siRNA KD was performed in U2A or 2fTGH
using Invitrogen RNAIMAX reverse transfection protocol. 500,000 cells were plated in
6cm? plates in antibiotic free 10% FBS DMEM containing siRNA for a final concentration
of 10nM that was preincubated in 7.5uL of lipofectamine RNAIMAX reagent in 750uL of
Opti-MEM. Ambion siRNAs used were IRF3 s7505, IRF9 s2029 and negative control no.1
AMA4611. After 48h of transfections cells were infected for 24h in U2A cells and 12h in
2fTGH with Ad5 vectors or mock-infected. Poly(l:C) purchased from Sigma-Aldrich was
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transfected into cells at 20ug/mL final concentration using 20uL of lipofectamine 2000
Invitrogen diluted in 1mL of Opti-Mem into 10cm? plates of confluent HBTECs. RNA was
isolated using QIAGEN RNeasy Plus Mini Kit. Cells were lysed for protein in EBC lysis
buffer (120mM NacCl, 0.5% NP-40, 50mM Tris-Cl pH 8.0, Roche cOmplete protease
inhibitor). Transfections were performed in triplicate. Data are represented as an average of
n=3 experimental replicates.

Cellular Biochemical Fractionation—For chromatin associated protein 4x108 HBTEC
were infected for indicated times collected and washed in PBS and resuspended in 100uL of
Buffer A (10mM HEPES [pH 7.9], 10mM KCI, 1.5mM MgCI2, 0.34 M sucrose, 10%
glycerol, ImM dithiothreitol, and Roche protease inhibitor cocktail) and triton X-100 was
added for 0.1% final concentration. Cells were incubated on ice for 8 minutes then nuclei
were pelleted by centrifugation 5 min, 1,300 x g, 4°C. Supernatant extract was collected as
cytoplasmic extract. The pellet was washed 1X in buffer A and lysed in buffer B (3mM
EDTA, 0.2mM EGTA, 1mM dithiothreitol, and Roche protease inhibitor cocktail), and
insoluble chromatin was pelleted from soluble (nucleoplasmic supernatant) by centrifugation
(5 min, 1,700 x g, 4°C). The chromatin pellet was wash ed once with buffer B and
resuspended in 1% SDS Laemmli buffer and denatured for 10 min at 65°C. HeLa cell
nuclear extract for Superose 6 gel filtration was isolated as described in (Dignam et al.,
1983). 15x107 HeLa cells were mock or e1laWT infected for 24h then pelleted in PBS. Cells
were resuspended in 5 volumes to pellet size with Buffer A (10mM HEPES (pH 7.9 at 4C),
1.5mM MgCI2, 10mM KC1 and 0.5mM DTT). Cells were transferred to B-type pestle
dounce homogenizer and lysed with 10 strokes then centrifuged for 20 min at 10,000 rpm.
Nuclei pellets were resuspended in buffer C (20mM HEPES (pH 7.9), 25% (v/v) glycerol,
0.42M NaCl, 1.5mM MgCI2, 0.2mM EDTA, 0.5mM PMSF and 0.5mM DTT) and stirred
gently for 30 min at 4°C. Nuclei were spun at 10,000 rpm for 30min. Supernatant was
collected and used for Superose 6 gel filtration.

Co-Immunoprecipitation—Co-I1Ps were performed using M58 crosslinked to protein G
agarose beads. 1mL of clarified M58 hybridoma supernatant was incubated with 50ulL of
50% slurry protein G agarose beads on nutator for 4h at 4°C. Beads were washed 3X with 0.
2M sodium borate pH 9 then antibody was crosslinked to protein G beads in 20mM DMP in
0.2M sodium borate pH 9 for 40 min on nutator at room temperature. Beads were then
washed once with 0.2M ethanolamine pH 8 then quenched in ImL ethanolamine pH 8 on
nutator for 2h at room temperature. To remove uncoupled 1gGs beads were washed 3X with
0.58% acetic acid and 150mM NacCl, then washed 3X with PBS. Cells were lysed in EBC
lysis buffer (120 mM NaCl, 0.5% NP-40, 50 mM Tris-Cl pH 8.0, and Roche cOmplete
protease inhibitors) | on ice. 2-4 mg of supernatant lysate from infected HeLa or A549 cells
was precleared with 30uL agarose G beads for 1h then immunoprecipitated overnight at 4°C
with M58 cross-linked to agarose G beads. Immuno-bead complexes were washed 3 times
with cold EBC buffer and eluted in Laemmli buffer and incubated 10 min at 65°C.

Western blot—Proteins were extracted from indicated cells by lysis in EBC (120 mM

NaCl, 0.5% NP-40, 50 mM Tris-Cl pH 8.0, and Roche cOmplete protease inhibitors).
Protein concentration was quantified by Bradford assay and normalized in Laemmli buffer

Cell Host Microbe. Author manuscript; available in PMC 2018 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zemke and Berk

Page 16

and heated for 10min at 65°C then resolved in a 9% SDS-polyacrylamide gel. Proteins were
electrotransferred to a polyvinylidene difluoride (PVDF) membrane then blocked in 5%
milk in TBS-Tween 0.1% (blocking buffer) for 30 minutes. Primary antibody was added at
manufacturer recommended dilutions for 1h at room temperature or O/N at 4°C. Membranes
were washed 3X in TBS-Tween (0.1%) then anti-mouse or anti-rabbit secondary antibodies
were added for 1h room temperature in blocking buffer. Membranes were then washed 3X in
TBS-Tween (0.1%) prior to addition of ECL reagent for detection of chemiluminescence.
Western blots were validated with replicates of two or more with representative western
blots presented.

qRT-PCR—Cells were collected at indicated times following transfection or infection and
RNA was isolated as described above. 1ug of RNA, as measured by Qubit fluorometer, was
used for reverse transcription with SuperScript 111 First-Strand Synthesis SuperMix using
random hexamer primers. gRT-PCR was performed with 5uL. of cDNA, diluted 1:10 or
1:10000 for 18s rRNA. Runs were done using an ABI 7500 Real Time Thermocycler and
reactions took place in optical-grade, 96-well plates (Applied Biosystems, Carlsbad, CA,
USA) 25uL total volume with primers at a concentration of 900nM and 12.5uL of 2X
FastStart Universal SYBR Green Master (Rox). Relative mRNA levels were calculated as
2ACt and normalized to relative values of 18s rRNA. Data are presented as average of three
or more experimental replicates + standard deviation.

Plaque Assay—6cm? confluent HBTEC plates were infected for 12h at moi 60 with the
indicated ela-expressing recombinant Ad5 vectors then superinfected with WT Ad5 virus
for 48h. Cells were lysed with 3 cycles of freeze/thaw/vortex in ImL of PBS and the cellular
debris was pelleted. The supernatant, containing released Ad particles, was serially diluted
to 1074 — 107 and 100uL of the dilutions used to infect 6cm? 80% confluent HelLa
monolayer. After 1h absorption of virus 5mL of 0.7% agarose in DMEM with 10% fetal
bovine serum was overlayed. 1 day later 3mL of 0.7% agarose and DMEM with 10% fetal
bovine serum was overlayed. Cells were stained with neutral red stain on day 6 p.i. and
plaques were counted on day 7 to determine Ad5 titers. Data are represent the average
plaque forming units from three replicate superinfections + standard deviation.

S35 Pulse-Chase Protein Labeling and Autoradiography—Confluent 3x106
HBTEC were mock-infected or infected for 22h with the indicated Ad vectors. Cells were
washed 2X with room temperature PBS and DMEM Met-Cys-free (Gibco Cat#21013) pulse
media with 250uCi/mL EasyTag EXPRESS 35S Protein Labeling Kit was added to cells for
2h and placed in cell culture incubators. After labeling, labeling media was removed and
cells were washed 2X with room temperature PBS and Fresh HBTEC media was added for
indicated chase times. Upon harvesting cells were washed with cold PBS and collected and
lysed in 500uL of EBC lysis buffer (120 mM NacCl, 0.5% NP-40, 50 mM Tris-Cl pH 8.0,
and Roche cOmplete protease inhibitors). Cell lysate was used for IRF3
immunoprecipitation as described above in co-immunoprecipitation section with 2uL of
anti-IRF3 (D614C) from Cell Signaling Technology. Eluted protein was run on 9% SDS
polyacrylamide gels. Gels were fixed in 10% acetic acid and 20% methanol in water on
rotator for 30 minutes. Gels were washed for 30 minutes in DI water on rotator and
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incubated in 1M sodium salicylate on rotator for 30 minutes prior to being dried on a gel
drying vacuum system. Exposed films were scanned and band intensities were quantified
using ImageJ software.

Quantification and Statistical Analysis

Relative mRNA values as determined by gRT-PCR from experiments of three independent
biological replicates were used to determine significance between conditions using a one-
way ANOVA statistical tests. Statistical differences in the distributions of expression (FPKM
values) of a given set of genes between conditions were determined using Kolmogorov-
Smirnov tests.

Data and Software Availability

The accession number for the sequencing data reported in this paper is GEO: GSE105040;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE105040.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Adenovirus infection induces a late IFN-independent activation of IFN
stimulated genes

. Adenovirus ela C-terminus complexes with FOXK, DCAF7 and CtBP to
inhibit ISG activation

. ela C-terminal mutants increase the concentration of IRFs and STATS
. Increased level of IRF3 through protein stabilization activates a subset of
ISGs
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Figure 1. Mutations in ela’s C-terminal Region that Disrupt Interactions with Host Proteins
(A) ela protein interaction map with p300/CBP (green), RBs (purple), FOXK (yellow),
DCAF7 complexes (red) and CtBP (blue), and ela conserved regions (CR) 1, 2 and 4. (CR3

is uniquely in Large E1A)

(B) Amino acid substitutions in ela to disrupt FOXK binding (elaFOXKb-), DCAF7
binding (e1laDCAF7b-), or CtBP binding (elaCtBPb-).

(C) Extracts of HelLa cells 24h p.i. with the indicated mutant ela expression vectors were
immunoprecipitated with anti-ela mAb (M58) and immunoprecipitates were subjected to
western blotting with the indicated antibodies. (D) Same as C but with A549 cells.
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Figure 2. Cellular Gene Expression in HBTEC Expressing WT ela or ela Mutants
(A) Scatter plot of log2 FPKM values for all expressed cellular genes (>1 FPKM) in cells

expressing ela mutants (y-axis), (FOXKb™, orange; DCAF7b™, red; CtBPb~, blue), and WT
ela (x-axis). Colored dots above and below the black lines show the FPKMs of genes
expressed at two times higher (above) or two times lower (below) than the level from
elaWT. FPKMs of genes expressed within 2-fold of the mock-infected levels are shown in
gray.

(B) Same as (A) but for cells expressing the ela p300b™ mutant (green) or the RBb™ mutant

(purple).
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Figure 3. Genes Differentially Expressed by ela C-terminal Mutants
(A) Distributions of FPKMs plotted as boxplots for the genes expressed 2-fold higher by

HBTEC expressing FOXKb™ (left, 105 genes), DCAF7b~ (middle, 146 genes) or CtBPb~
(right, 119 genes) compared to elaWT.
(B) Distributions of FPKM values for genes expressed 2-fold lower by HBTECs expressing
FOXKb- (68 genes, left), DCAF7b— (105 genes, middle) or CtBPb— (138 genes, right)
compared to elaWT. (A,B) * p<0.005, ** p<0.001, *** p<0.0001 Kolmogorov-Smirnov test
for significant differences from the distribution in e1laWT expressing HBTECs.
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(C-D) Venn diagrams showing overlap and gene ontologies, with p values shown in
parentheses, for genes expressed 2-fold higher (C) or 2-fold lower (D) by each ela mutant
compared to elaWT. The ISRE motif enriched in promoters of genes expressed 2-fold
higher by all three ela mutants is shown in (C).
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Figure 4. Individual elas Must Complex with FOXK, DCAF7, and CtBP to Maximize Virus
Replication by Preventing ISG Activation

(A) HBTEC were infected with vectors expressing WT ela or the indicated C-terminal
mutants. 12h later, the same cells were superinfected with WT Ad5 virus at an moi of 5 for
48h before harvesting virus. Virus titers were quantified by plaque assays on a HelLa
monolayer.

(B) Relative levels of indicated mRNAs in HBTEC infected with vectors for the indicated
ela C-terminal mutants, as assayed by qRT-PCR. F—/D—-/C- refers to cells coinfected with
all three of the ela C-terminal mutants. (A,B) Data are represented as averages of three
separate experiments + S.D. * p<0.05, ** p<0.01, *** p<0.001, compared to WT ela.
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Figure 5. Transcriptional Activation of ISGs by ela C-terminal Mutants
(A) Relative levels of IFIT2 and ISG15 pre-mRNAs following infection with the indicated

vectors or coinfection with the vectors for each of the three ela C-terminal mutants (F-/D
-/C-). Data are represented as averages of three separate experiments + S.D. * p<0.05

compared to WT ela.

(B) Genome browser plots of RNA- or ChlP-seq normalized sequence tags.
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Figure 6. ela C-terminal Mutants Increase STAT1/2, IRF9 and IRF3 but Only IRF3 is Necessary
for ISG Activation

(A) Western blots of HBTEC extract from 24h p.i., with the indicated expression vectors.
(B) Western blots with extract from 2fTGH and U2A cells transfected with indicated
siRNAs for 72h and immunoblotted for KD efficiency of IRF3 and IRF9.

(C) gRT-PCR assaying OASL and IFIT2 mRNA from U2A cells transfected with a negative
control siRNA with no known targets (si CTRL), siRNA targeting IRF3 (si IRF3) or no
SiRNA (-). Data are represented as averages of three separate experiments + S.D.

(D) Same as with (C) but in 2fTGH and including siRNA targeting IRF9. Data are
represented as averages of three separate experiments + S.D.
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(E) Western blots of HBTEC extract from 6, 12 or 24 h p.i., with the indicated expression
vectors.
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Figure 7. ela C-terminal Mutants induce stabilization and IRF3 binding to Chromatin Prior to
Phosphorylation

(A) Western blot of chromatin associated proteins from HBTEC 6, 12, 24 or 36h p.i. with
the indicated vectors.

(B) Genome browser plots of IRF3 ChlP-seq normalized sequence tags.

(C) gRT-PCR of OASL, ISG15, IFIT2, IRF3, STAT1, STAT2 and IRF9 mRNA from
HBTEC during a time course of infection with the indicated vectors. Data are plotted as
relative to mock-infected.

(D) S35-Met —Cys pulse-chase followed by IRF3 IP SDS-PAGE and autoradiography from
HBTEC infected with either elaWT or DCAF7b-. Left is autoradiogram displaying IRF3
band and right is graph of log2 of the relative intensities of the bands measured by
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densitometry from the autoradiogram. The least squares line through the points indicates a
t12 # 0.33 h.
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