
UCLA
UCLA Previously Published Works

Title
Adenovirus E1A binding to DCAF10 targets proteasomal degradation of RUVBL1/2 
AAA+ ATPases required for quaternary assembly of multiprotein machines, innate 
immunity, and responses to metabolic stress

Permalink
https://escholarship.org/uc/item/0wz968xz

Journal
Journal of Virology, 97(12)

ISSN
0022-538X

Authors
Zemke, Nathan R
Hsu, Emily
Barshop, William D
et al.

Publication Date
2023-12-21

DOI
10.1128/jvi.00993-23
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0wz968xz
https://escholarship.org/uc/item/0wz968xz#author
https://escholarship.org
http://www.cdlib.org/


Editor’s Pick | Virology | Full-Length Text

Adenovirus E1A binding to DCAF10 targets proteasomal 
degradation of RUVBL1/2 AAA+ ATPases required for quaternary 
assembly of multiprotein machines, innate immunity, and 
responses to metabolic stress

Nathan R. Zemke,1,2,3 Emily Hsu,1,3,4 William D. Barshop,5,6 Jihui Sha,5 James A. Wohlschlegel,1,5 Arnold J. Berk1,3

AUTHOR AFFILIATIONS See affiliation list on p. 17.

ABSTRACT Adenovirus small e1a protein modifies host cell physiology to optimize 
virus replication. The N-terminal ~140 aa of e1a interacts with RB-family proteins to 
derepress dNTP and DNA synthesis and with EP300/CREBBP lysine acetyltransferases and 
EP400-TIP60 chromatin-modifying complexes to inhibit host anti-viral innate immune 
responses. However, the e1a N-terminal region activates a late host anti-viral response 
due to stabilization and activation of IRF3. The E1A C-terminal region counteracts 
IRF3 stabilization through interactions with three host nuclear proteins with seemingly 
unrelated functions. All three C-terminal interactions are required for e1a-association 
into a multi-protein complex with scaffold subunits of a CRL4 E3 ubiquitin ligase and 
DCAF10, a presumed specificity subunit. This e1a-DCAF10-CRL4 prevents IRF3 stabiliza­
tion indirectly by targeting the essential AAA+ ATPases RUVBL1/2, subunits of several 
HSP90 co-chaperones required for quaternary assembly of cellular protein machines 
required for anti-viral defenses and responses to genotoxic and metabolic stress.

IMPORTANCE Inactivation of EP300/CREBB paralogous cellular lysine acetyltransferases 
(KATs) during the early phase of infection is a consistent feature of DNA viruses. The cell 
responds by stabilizing transcription factor IRF3 which activates transcription of scores 
of interferon-stimulated genes (ISGs), inhibiting viral replication. Human respiratory 
adenoviruses counter this by assembling a CUL4-based ubiquitin ligase complex that 
polyubiquitinylates RUVBL1 and 2 inducing their proteasomal degradation. This inhibits 
accumulation of active IRF3 and the expression of anti-viral ISGs, allowing replication 
of the respiratory HAdVs in the face of inhibition of EP300/CBEBBP KAT activity by the 
N-terminal region of E1A.

KEYWORDS adenovirus, E1A, IRF3, DCAF10, CRL4, innate immunity, virology, P300, CBP

H uman adenoviruses HAdV-C2 and HAdV-C5 are closely related DNA tumor viruses 
that infect the ciliated pseudostratified columnar epithelial cells covering the 

air-tissue interface of the upper respiratory tract. To produce maximum progeny, these 
respiratory adenoviruses repress host innate anti-viral immune responses (1, 2) and force 
terminally differentiated, G0-arrested host cells into S-phase to achieve high rates of 
viral DNA replication (3–6). Two major E1A protein isoforms are the first viral proteins 
expressed after infection (3): large E1A, 289 amino acids and small e1a, 243 amino acids 
(7). Large E1A contains an ~60 amino acid transcriptional activation domain near the 
middle of the protein that activates transcription of viral early genes (3, 6, 8). Small 
e1a lacks the transcriptional activation domain but is sufficient to force G0-arrested 
cells into S-phase (3–5). This activity of E1A/e1a promotes oncogenic transformation 
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of cultured primary mammalian cells when cooperating with other oncogenes such as 
G12V H-RAS (9) or either of the HAdV-C5 major E1B proteins (10, 11). Conserved 
regions in e1a’s N-terminal half activate cell cycle genes by binding and inhibiting 
RB-family proteins (RBs) (12–16). Additional conserved peptides in the N-terminal half of 
e1a repress innate anti-viral defense genes by binding and inhibiting the closely related 
nuclear lysine-acetyl transferases (KATs) EP300 and CREBBP (14, 16) and the ~20 subunit 
TIP60 chromatin-modifying complexes containing the EP400 helicase (17) and TIP60 KATs 
(18, 19). While much is understood about the conserved N-terminal regions of E1A/e1a 
referred to as CR1 and CR2 (Fig. S1), much less is known about the functions of three 
conserved peptides in the C-terminal region (~120 amino acids) (20) diagrammed in 
orange, pink, and blue in Fig. S1 and how they contribute to virus fitness.

Members of three distinct cellular protein families bind the three conserved peptides 
in the C-terminal region of E1A proteins (21). All are encoded in the second exon of 
the two major E1A mRNAs (7) expressed during the early phase of infection before the 
onset of viral DNA replication. These peptides are bound by the paralogous transcrip­
tion factors FOXK1 and FOXK2 at a conserved serine/threonine-rich region of E1A/e1a 
between amino acids 169 and 193 (large E1A numbering) (orange in Fig. S1) via their FHA 
(forkhead-associated) domain that binds phospho-Ser/Thr-containing peptides (22, 23). 
E1A peptide 202–227 (pink in Fig. S1) is bound by cellular protein DCAF7 and associated 
protein kinases DYRK1A, DYRK1B, and HIPK2 (23, 24). The paralogous transcriptional 
co-repressors CtBP1 and CtBP2 bind to the conserved PXDLS CtBP-binding motif near 
e1a’s C-terminus (blue in Fig. S1) (25, 26). These three interactions are mediated through 
distinct e1a regions allowing for mutational disruption of any single interaction without 
interfering with the other two (21).

We reported previously on gene expression changes in primary human bronchial/tra­
cheal epithelial cells (HBTECs) after HAdV infection (21). These G0-arrested, confluent 
primary HBTECs are a cell culture model of the human respiratory epithelium, which 
the human group C adenoviruses infect in nature. HBTECs were infected with HAdV-C5 
vectors expressing wild-type e1a or e1a mutants defective for binding FOXK transcrip­
tion factors, DCAF7 protein kinase complexes, or CtBP1 and 2. In addition to the 
dramatic changes in host cell gene expression regulated by the N-terminal half of 
E1A that stimulate cell growth and replication, these e1a C-terminal mutants activated 
expression of ~50 interferon-stimulated genes (ISGs) (21). Despite interacting with three 
host nuclear proteins with no known related functions (Fig. S1), each of these e1a 
C-terminal mutants caused stabilization and activating phosphorylation of IRF3 (21), a 
sequence-specific DNA-binding activator of ISGs (27, 28). After the expression of e1a 
C-terminal mutants, IRF3 was imported from its repressed cytoplasmic localization in 
unstimulated cells into nuclei during a “late interferon response” (29). In the nucleus, 
activated IRF3 binds interferon response elements in the promoter regions of target 
genes and activates high rates of ISG transcription (21).

Importantly, infection with the E1A deletion mutant dl312 (30) did not induce most of 
these ISGs even though its viral DNA is transported into nuclei of infected cells using the 
normal HAdV-C5 infectious process (31). The observation that many ISGs were induced 
by the e1a C-terminal mutants, but not by infection with dl312, indicated that this late 
innate immune response (29) is triggered by the expression of the C-terminal e1a mutant 
proteins and not by the detection of adenovirus nucleic acids exposed during infection. 
These observations led us to investigate how the e1a C-terminal mutant proteins induce 
IRF3 stabilization and how IRF3 stabilization is prevented by e1a C-terminal region 
interactions with FOXK1/2, DCAF7, and CtBP1/2.

Here, we report that e1a inhibition of EP300 and CREBBP KAT activities by the 
N-terminal half of the e1a C-terminal mutants induces IRF3 stabilization and activation. 
WT e1a counters this IRF3 stabilization by assembling a ubiquitin ligase with presumed 
host cell specificity factor DCAF10. This large complex assembled by WT e1a induces 
proteasomal degradation of IRF3, e1a itself, and the essential host cell helicases RUVBL1 
and RUVBL2. RUVBL1 and RUVBL2 are required for maximal activation of ISGs in response 
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to interferon (32, 33). They are also essential subunits of the TIP60-containing chro­
matin-modifying complexes as well as several HSP90 co-chaperones required for the 
quaternary assembly of cellular “multi-protein machines” involved in host cell anti-viral 
defenses and responses to genotoxic and metabolic stresses (34). Our results reveal new 
insights into how RUVBL1/2 HSP90 co-chaperones promote anti-viral defense responses 
and how the three conserved C-terminal regions of the E1A proteins cooperate to inhibit 
the anti-viral response induced by the oncogenic N-terminal half of E1A during the “epic 
battle” between virus and host.

RESULTS

Adenovirus e1a C-terminal mutants activate an innate immune response

To assess the influence of interactions of conserved peptides in the C-terminal region of 
e1a with host proteins, we constructed HAdV-C5 vectors (35) that express WT e1a or an 
e1a C-terminal region mutant with two or four amino acid substitutions that completely 
block detectable e1a binding to FOXK1/2 (T229A, S231A, large E1A numbering), DCAF7 
complexes (R258E, D271K, L272A, L273A), or CtBP1/2 (PLDLS to ALAAA at amino acids 
279–283) (Fig. S1) (21). We used amino acid substitutions to block host cell protein 
binding rather than deletions so that the precise spacing between the remaining host 
protein binding sites was not altered (21). These C-terminal mutant vectors were named, 
respectively, “FOXKb−,” “DCAF7b−,” and “CtBPb−.” To inhibit the expression of all other 
HAdV-C5 genes before 24 h post infection (hpi), these vectors did not express large E1A, 
the principal E1A transcriptional activator of the early viral genes (3, 6), because of a 
9 bp deletion that removes the 5′ splice-site required for producing the 13S E1A mRNA 
encoding the large E1A protein isoform. As a result, these vectors express small e1a but 
are defective for the expression of all other viral proteins before 24 hpi (3).

RNA-seq of G0-arrested primary human respiratory tract epithelial cells (HBTECs) at 
24 hpi with these vectors identified 52 host cell genes activated >5-fold by all three 
of these distinct e1a C-terminal mutants (FOXKb− , DCAF7b− , and CtBPb− ) (21) (Fig. 
1A) (GEO accession GSE105039). These genes are >90% reported ISGs with established 
anti-viral activities (21). Most of these genes (33/52) were not activated by infection with 
the E1A deletion mutant dl312 (30) (Fig. 1A, top cluster: e1a C-terminal mutant respon­
sive). The activation of ISGs coincided with an increase in IRF3 protein (Fig. 1B) without a 
corresponding increase in IRF3 mRNA (Fig. 1C), consistent with IRF3 protein stabilization 
shown previously with 35S-Met/Cys pulse-chase radio-labeling experiments (21). An 
siRNA knockdown (KD) of IRF3 greatly reduced the ability of DCAF7b− e1a to activate 
IRF3 target genes IFIT2, OASL, or MX1 (Fig. 1D). Thus, the e1a C-terminal mutants trigger 
a “late interferon response” (29) in infected HBTECs by stabilizing IRF3 by a mechanism 
that is not triggered by viral DNA alone (since it is not triggered by infection with dl312) 
but rather by the expression of the C-terminal e1a mutant proteins. Furthermore, earlier 
co-infection assays indicated that a single e1a molecule must interact with FOXK1/2, 
DCAF7, and CtBP1/2 to inhibit the late interferon response since e1a C-terminal mutant 
co-infections did not complement to phenocopy wild-type e1a (21).

Inhibition of EP300/CREBBP acetyl transferase activities triggers IRF3 stabili­
zation

Most of e1a’s ability to regulate transcription of the viral and host cell genomes is 
credited to interactions of peptides conserved between the ~50 different primate 
adenoviruses (20) in the intrinsically disordered N-terminal half of e1a (13, 14). This 
region of e1a interacts with RB family proteins (12–15), EP300/CREBBP (14), and EP400/
TIP60-containing chromatin remodeling complexes (Fig. S1) (17–19).To determine if any 
of the interactions of the N-terminal half of e1a are necessary for IRF3 stabilization in 
response to the e1a C-terminal mutations, we constructed three HAdV-C5 vectors that 
express double-interaction mutants of e1a: e1a defective in binding both DCAF7 and the 
closely related KAT paralogs EP300 and CREBBP (P300b−/DCAF7b−), e1a defective in 
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binding both DCAF7 and the three RB paralogs (RBb−/DCAF7b−), and e1a defective in 
binding both DCAF7 and TIP60 complexes (TIP60b−/DCAF7b−). Infection of HBTECs with 
increasing moi (20–140) of dl312 (ΔE1A) or the vector expressing wild-type small e1a 
(e1aWT) had only modest effects on IRF3 level (Fig. 1E upper). But, as before (Fig. 1B), 
infection with increasing moi of the Ad vector for the DCAF7b− e1a mutant increased the 
level of IRF3 protein more (Fig. 1E, upper). RBb−/DCAF7b− and TIP60b−/DCAF7b− e1a also 
induced IRF3 accumulation (Fig. 1F). However, the P300b−/DCAF7b− e1a mutant induced 
much less accumulation of IRF3 protein (Fig. 1E lower, 1F). We conclude that the e1a C-
terminal mutants must bind CREBBP and EP300 through their N-terminus and CR1 (Fig. 
S1) to induce IRF3 stabilization, but binding to either RBs or TIP60 complexes is not 
necessary to induce IRF3 stabilization.

Small e1a binds directly to EP300 and CREBBP and inhibits their KAT activities (14, 
16). To determine if inhibition of EP300 and CREBBP KAT activities is responsible for 
increasing IRF3 stability in cells infected with the e1a C-terminal mutants, we performed 
experiments with A485, a potent small-molecule competitive inhibitor of acetyl CoA 
binding to EP300 and CREBBP with exquisite specificity for binding to EP300 and CREBBP 

FIG 1 e1a inhibition of E300/CBP lysine-acetyl transferase activity induces IRF3 stabilization. (A) Heatmap displaying changes in RNA-seq FPKM of 52 host genes 

In G0-arrested primary HBTECs that are activated by infection with the e1a C-terminal mutant expression vectors compared to cells infected with the e1aWT 

vector. Cluster 1 = e1 a C-terminal mutant responsive genes activated >5-fold by the expression of the e1a C-terminal mutants, but <2-fold by infection with the 

E1A deletion mutant dl312 (35). Cluster 2 = genes activated >2-fold by the expression of the e1a C-terminal mutants and by infection with dl312. (B) Western 

blots of HBTECs 24 hpi with the Ad5 vectors indicated at the top. (C) qRT-PCR with RNA extracted from HBTECs 24 hpi with Ad5 vectors indicated at the top. 

(D) qRT-PCR with RNA from HBTECs transfected for 2 days with the indicated siRNAs and then infected with Ad5 vectors indicated at the top for an additional 

24 h. (E) Western blots of HBTECs infected with the indicated vectors at increasing MOI: 20, 60, 100, 140. (F) Western blots of protein isolated 24 hpi with HAdV-C5 

vectors expressing the e1a mutants indicated at the top. (G) Western blots of protein from HBTECs infected for 12 h with vectors expressing the indicated double 

e1a mutants, followed by the addition of DMSO or 10 µM A485 for an additional 12 h (averages of three experimental replicates + SD). In D and G, “−” indicates 

results from cells transfected with the negative control siRNA (siCtrl).
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as opposed to acetyltransferases in other structural classes such as PCAF (KAT2B) and 
GCN5 (KAT2A) (36). As expected, EP300 and CREBBP-mediated acetylation of histone H3 
lysine 27 (H3K27ac) was greatly reduced by A485 treatment for 12 h (Fig. 1G, two lower 
rows). These results indicate that inhibition of EP300 and CREBBP KAT activities either by 
the N-terminal half of e1a or by treatment with A485 induces IRF3 stabilization. Since WT 
e1a inhibits EP300 and CREBBP KAT activity but does not increase IRF3 stability (Fig. 1G), 
we hypothesized that WT e1a has an additional activity that prevents IRF3 stabilization in 
response to the inhibition of EP300 and CREBBP KAT activity, but this activity is lost when 
any one of the C-terminal e1a interactions with host proteins fails to occur.

Interactomes of WT e1a and e1a C-terminal mutants

To investigate why e1a C-terminal mutants stabilize IRF3, but WT e1a does not, we 
compared proteins bound by WT e1a and the C-terminal mutants by co-immunopre­
cipitation (co-IP) followed by mass spectrometry. A549 cells derived from a human 
bronchial carcinoma (37) were infected with the HAdV-C5 vectors expressing WT e1a 
or a C-terminal e1a mutant. Cell lysates were immunoprecipitated with a monoclonal 
antibody (M58) that binds an epitope in e1a’s N terminal half (38). Mass spec results 
confirmed specific disruption of FOXK TF-binding to the FOXKb− e1a mutant, DCAF7 
and DYRK1A/B binding to the DCAF7b− e1a mutant, and CtBP1 or CtBP2 binding to the 
CtBPb− e1a mutants. (Fig. 2A). Host proteins that bind to peptides in the N-terminal 
half of e1a (CBP, EP300, RB, RBL1, RBL2, TRRAP, and EP400) were all enriched in M58 
anti-e1a IPs of extracts from cells infected with the WT e1a and C-terminal mutant 
vectors compared to mock-infected cells (Fig. 2A; Table S1). This confirmed that WT e1a, 
C-terminal e1a mutants, and their associated proteins were all specifically immunopreci­
pitated by M58. Because of these positive internal controls with host proteins that bind 
to the N-terminal half of e1a, the absence of a host protein co-IPed with WTe1a from an 
IP of cells infected with a C-terminal mutant vector indicates that the mutant does not 
bind the identified protein. Other previously reported e1a interacting proteins were also 
detected in the M58 IPs such as MYC (39) and 26S proteasome subunits (40).

The 191 host proteins that co-IPed with the C-terminal mutants were significantly 
enriched for known protein-protein interactions compared to random proteins (P < 1e−6, 
Fig. 2B). Enriched KEGG pathways gene ontology terms associated with the specifically 
IPed proteins include cell cycle, pathways in cancer, TGFβ signaling, mismatch repair, 
carcinogenesis, proteasome, and spliceosome (Fig. 2B). Among the proteins not previ­
ously reported to associate with E1A/e1a were PRKDC, KS6A4, DCAF10, U119A, and 
ZYG11B (UniProtKB names, Table S1). PRKDC is the catalytic subunit of DNA-PK, a protein 
kinase in a large complex involved in double-stranded DNA break repair whose function 
is antagonized by e1a (41). KS6A4S, also known as Ribosomal protein S6 kinase alpha-4 , 
and PRDKC co-IPed with WT e1a, the FOXKb− e1a, mutant and the CtBPb− e1a mutant, 
but not with the DCAF7b− e1a mutant (Fig. 2A; Table S1). These results indicate that WT 
e1a interacts with the protein kinases PRKDC and K6A4S dependent on DCAF7 in 
addition to DYRK1A, DYRK1B, and HIPK2 (23, 24). Additional key proteins of signaling 
pathways regulating cell growth that co-IPed with e1a in these analyses include the 
MAPK signaling pathway kinase ARAF, the TGFβ-signaling pathway-regulated transcrip­
tion factor SMAD3, and the epidermal growth factor receptor EGFR (Fig. 2B; Table S1).

DCAF10 associates with and destabilizes e1a and regulates IRF3 stability

The most differentially bound protein between WT e1a and all three e1a C-terminal 
mutants was DCAF10 (aka WDR32), which bound to WT e1a but not the e1a C-terminal 
mutants in both A549 cells and HBTECs (Table S1; Fig. 3A). DCAF10 was originally 
identified as a DDB1-interacting WD-repeat-containing protein (42). DDB1 is a central 
scaffold subunit of a class of cullin 4A and 4B-containing multi-subunit ubiquitin ligases 
that bind and polyubiquitinylate target proteins by associating with alternative specific-
ity subunits (42). Consequently, DCAF10 may function as a substrate receptor for a CUL4-
DDB1 E3 ubiquitin ligase complex (i.e., a Cullin 4-ring ligase or “CRL4”) (42). The specific 
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interaction of DCAF10 with WT e1a but not e1a C-terminal mutants was confirmed by 
e1a IP-western blot from A549 cells infected with the HAdV-C5 vector for HA-tagged 
DCAF10 (Fig. 3B).

To determine if DCAF10 does, indeed, function as a specificity subunit for a CRL4 
ubiquitin ligase, we performed DCAF10 siRNA knock-down (KD) experiments in primary 
HBTECs, which reduced DCAF10 mRNA to ~30%–40% the level in negative control (siCtrl) 
transfected cells (Fig. 3C). DCAF10 KD resulted in an increase in WT e1a protein, but no 
change in the levels of the e1a C-terminal mutant proteins that do not associate with 
DCAF10 (Fig. 3D). While DCAF10 KD caused e1a protein to increase, it had no effect on 
e1a mRNA levels (Fig. 3E). These results indicate that DCAF10 association with e1a, either 

FIG 2 e1a interactome. (A) Heatmap displaying values for spectral counts of peptides from proteins detected by mass spec 

from M58 (anti-e1a) IPs. Values for duplicate mass spec runs are represented in adjacent columns. The heatmap is limited to 

proteins with an average of 10 spectral counts or higher between duplicates and ≥5-fold enrichment of WT e1a over mock. 

(B) Cytoscape protein-protein interaction map for 191 proteins that were enriched for binding to WT e1a and at least two e1a 

C-terminal mutants >5-fold over mock. Colors refer to the gene ontology shown below. Below, select enriched KEGG pathways 

gene ontologies for proteins represented in the Cytoscape protein-protein interaction network.
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directly or indirectly as part of a complex, destabilizes e1a protein. Treatment with 
MLN4924, a selective inhibitor of the NEDD8-activating enzyme required for the activity 
of Cullin-based E3 ubiquitin ligases (43), confirmed that e1a degradation depends on 
ubiquitinylation by a Cullin-based E3 (Fig. 3F).

To determine if DCAF10 regulates IRF3 stability, we performed DCAF10 KD in 
mock-infected HBTECs and HBTECs infected with the vector for wt e1a and western 
blotted for IRF3. KD of DCAF10 caused an increase in IRF3 protein in both mock-infected 

FIG 3 WT e1a binds DCAF10, decreasing e1a stability, but e1a mutants in the C-terminal conserved regions are not 

destabilized. (A) Spectral counts for DCAF10 mapped peptides from anti-e1a (M58) IP mass spec from A549 (left) and HBTEC 

(right) 24 hpi with vectors for WT or C-terminal mutant e1as as indicated at the bottom. (B) Western blots for HA-DCAF10 

(upper panel) and e1a (lower panel) in input cell extract (left lanes) and IPed proteins (right lanes) following M58 (anti-e1a) 

IP of protein from A549 cells 24 hpi with vectors for WT e1a or the indicated e1a C-terminal mutants. (C) qRT-PCR with cDNA 

prepared from HBTECs transfected with control or anti-siRNA for 2 days and then mock-infected (left) or infected with the WT 

e1a vector (right). (D) Western blots with protein from HBTECs transfected for 2 days with control or anti-DCAF10 siRNA and 

then infected for 24 h with the vectors for WT or C-terminal mutant e1as indicated at the top. (E) qRT-PCR for E1A mRNA with 

cDNA prepared from HBTECs transfected for 2 days with control (−) or anti-DCAF10 siRNA (+) and then infected with the e1a 

WT vector for 24 h. (F) Western blots with protein from HBTECs infected with the e1a WT vector for 24 h and then treated 

for 6 h with control DMSO or 20 µM MLN4924. In C, D, and E, “–” indicates negative control siRNA (siCtrl). In C and E, data 

represent averages of three experimental replicates + SD.
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HBTECs and HBTECs expressing wt e1a (Fig. 4A), without increasing IRF3 mRNA (Fig. 
4B). DCAF10 KD also activated OASL and IFIT2 mRNA expression, ISGs induced by the 
e1a C-terminal mutants, in uninfected HBTECs and HBTECs expressing wt e1a (Fig. 4C), 
indicating that the increased IRF3 protein was functional for activating ISG transcription. 
These data suggest that e1a binding to DCAF10 inhibits ISG activation by promoting 
degradation of IRF3, which counteracts ISG activation as a consequence of e1a inhibition 
of EP300/CREBBP KAT activity during HAdV infection.

DCAF10 association with e1a promotes assembly of a CRL4 E3 ubiquitin 
ligase

To identify proteins that interact with DCAF10 that might be substrates of a DCAF10-
CRL4, HA-tagged DCAF10 was expressed using an HAdV-C5 expression vector that 
infects HBTECs efficiently and does not express E1A proteins. Proteins associated with 
HA-DCAF10 were identified by mass spec of anti-HA IPs prepared under conditions 
that maintain specific protein-protein interactions (Table S2). CRL4 E3 ubiquitin ligase 
components DDB1, CUL4A, and CUL4B co-immunoprecipitated with HA-DCAF10 when 
WT e1a was co-expressed (Fig. 5A and C). Although DDB1 co-IPed with HA-DCAF10 in 
the absence and presence of WT e1a, subunits CUL4A/B, critical for E3 ubiquitin ligase 
activity, did not co-IP with DCAF10 in the absence of WT e1a (Fig. 5B). Furthermore, WT 
e1a bound more CUL4A/B than the C-terminal mutants that do not bind DCAF10 (Fig. 
S2). These results suggest that WT e1a promotes assembly of an e1a-DCAF10-containing 
Cullin 4-based E3 ubiquitin ligase complex (an “e1a-DCAF10-CRL4”).

Importantly, we did not detect co-IP of IRF3 with HA-DCAF10. This argues against 
a direct interaction between the two proteins and, therefore, against direct ubiquitinyla­
tion of IRF3 by the e1a-DCAF10-CRL4. We did find that HUWE1, a HECT-type E3 ubiquitin 
ligase also targeted by the HIV Vpr-CRL1 E3 (44), co-IPed specifically with HA-DCAF10, 

FIG 4 DCAF10 destabilizes IRF3 and inhibits ISG activation. (A) Western blots of protein from HBTECs 

transfected with control or DCAF10 targeting siRNAs for 2 days, followed by mock-infection or infection 

with the WT e1a expression vector for 24 h. (B) qRT-PCR with RNA extracted from HBTECs transfected with 

control or DCAF10 siRNA for 2 days and then 24 h post mock-infection (left) or 24 hpi with the Ad5 vector 

expressing WT e1a (right). (C) qRT-PCR with RNA extracted from HBTECs treated as in (B). (B, C) Data 

represent averages of three experimental replicates + SD. “*” indicates P < 0.01.
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FIG 5 e1a C-terminal mutant stabilization of IRF3 requires RUVBL1/2. Spectral counts of (A) DDB1, (B) RUVBL1/2, (C) CUL4A/B in anti-HA IPs from cells expressing 

HA-DCAF10. (D) Western blots for the proteins indicated at the left from HBTECs treated for 2 days with control siRNA (−) or siRNAs for RUVBL1 and 2 (+) and 

then mock-infected or infected with the vectors indicated at the top for 24 h. (E) qRT-PCR of IFIT2 and OASL mRNA from HBTECs treated as in (D). Averages of 

three experimental replicates + SD. “*” indicates P < 0.01 for the difference between control siRNA and RUVBL1/2 siRNA-transfected HBTECs. (F) Western blots for 

IRF3 or ACTB from HBTECs transfected with control siRNA (−) or siRNAs for RUVBL1/2 (+) for 2 days then treated for 12 h with DMSO or 10 µM A485. (G) Model 

accounting for the increase in IRF3 protein and ISG activation by the expression of the e1a C-terminal mutants.
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with reduced co-IPed HUWE1 after the expression of e1a (Fig. S3; Fig. 6A). This reduced 
HUWE1 in the presence of e1a may have been due to enhanced polyubiquitinylation 
and proteasomal degradation of HUWE1 in the presence of e1a. However, HUWE1 did 
not appear to be directly involved in regulating IRF3 stability because HUWE1 KD did 
not alter IRF3 levels in uninfected or e1a C-terminal mutant-expressing HBTECs (data not 
shown). Other potential specificity subunits that might direct an e1a-Cullin 4A/B-contain­
ing ubiquitin ligase to IRF3 or other substrates include ZYG11B and UNC119. Both were 
specifically IPed by M58 from lysates prepared 24 hpi with the WT e1a vector but not 
with vectors for the e1a C-terminal mutants (Table S1).

AAA+ ATPases RUVBL1 and RUVBL2 are targets of the e1a-DCAF10-CRL4

The essential AAA+ family ATPases RUVBL1 and RUVBL2 (a.k.a. Pontin and Reptin, 
respectively) form complexes first studied for their function in DNA damage sensing and 
repair (34). RUVBL1/2 complexes are also required for maximal transcriptional responses 
to interferon (32, 33) and to metabolic stress (45). RUVBL1 and RUVBL2 were found 
in HA-DCAF10 IPs, whether e1a was co-expressed or not (Fig. 5C; Table S2). Unlike 
HUWE1, KD of both RUVBL1 and RUVBL2 caused a dramatic increase in the level of IRF3 
in A485-treated HBTECs (Fig. 5D) with only modest changes in IRF3 mRNA levels (Fig. 
S4). These results demonstrate that RUVBL1/2 are necessary for stabilization of IRF3 in 
HBTECs expressing e1a C-terminal mutants. RUVBL1 and RUVBL2 proteins also increased 
after the expression of the e1a C-terminal mutants but not WT e1a (Fig. 5D), without 
increases in their mRNAs (Fig. S5), suggesting that DCAF10 regulates the stabilities of 
RUVBL1/2 as well as IRF3. Importantly for the mechanism of e1a inhibition of innate 
immunity, RUVBL1/2 KD inhibited activation of ISGs by the e1a C-terminal mutants 

FIG 6 e1a-bound proteins HUWE1 and DNAJA1 accumulate when e1a cannot bind DCAF10. (A) Spectral counts for HUWE1 (left) and DNAJA1 (right) peptides 

from HA-DCAF10 (anti-HA) IP mass spec from A549 cells 24 hpi. (B) Spectral counts for HUWE1 (left) and DNAJA1 (right) peptides from M58 (anti-e1a) IP mass 

spec from A549 cells 24 hpi. (C) Western blots with protein from HBTECs 24 hpi with the indicated Ad5 vectors. (D) FPKM of HUWE1 (left) and DNAJA1 (right) from 

RNA-seq of 24 h-infected HBTECs. Data represent averages of three experimental replicates + SD.
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(Fig. 5E), possibly because KD of RUVBL1/2 inhibited stabilization of IRF3 by the e1a 
C-terminal mutants (Fig. 5D).

The results above indicate that RUVBL1/2 are required for e1a C-terminal mutants 
to stabilize IRF3. To determine if RUVBL1/2 are also necessary for the IRF3 stabilization 
observed with inhibition of EP300/CBP acetyltransferase activity (Fig. 1G), we treated 
HBTECs with A485 with or without RUVBL1/2 KD (Fig. 5F). A485 treatment increased IRF3 
protein as before, but RUVBL1/2 KD prevented the A485-induced increase (Fig. 5F). Taken 
together these data suggest that inhibition of EP300 and CBP acetyltransferases by A485 
or by the e1a C-terminal mutants leads to stabilization of IRF3 dependent on RUVBL1/2 
activity and that the e1a-DCAF10 interaction inhibits RUVBL1/2 from stabilizing IRF3 and 
activating interferon-stimulated genes (Fig. 5G).

Since our results were consistent with the model that e1a assembles a DCAF10-con­
taining CRL4 E3 ubiquitin ligase complex, we searched for proteins that might be 
substrates for this complex in the e1a-IPs. HUWE1 and DNAJA1 co-IPed with both e1a 
and HA-DCAF10 (Fig. 6A and B), raising the hypothesis that they are substrates for 
the e1a-DCAF10-CRL4 E3 ubiquitin ligase complex. Supporting this hypothesis, western 
blots for HUWE1 and DNAJA1 from infected HBTECs showed that both proteins had 
higher levels when e1a C-terminal mutants were expressed compared to WT e1a (Fig. 
6C) although their mRNA levels were not higher (Fig. 6D). Additionally, more HUWE1 
and DNAJA1 associated with e1a C-terminal mutants compared with WT e1a (Fig. 6B). 
This could be due to a lower rate of HUWE1 and DNAJA1 degradation when e1a cannot 
complex with DCAF10. These results are consistent with the model that e1a redirects 
a DCAF10-CRL4 to target e1a-bound proteins such as HUWE1 and DNAJA1, as well 
as RUVBL1 and RUVBL2 and other potential substrates, for ubiquitin ligase-mediated 
proteasomal degradation.

DISCUSSION

Several recent observations have provided clues to the functions of three highly 
conserved peptides in the ~75 C-terminal amino acids of HAdV-C5 E1A. When expressed 
as an E1A mutant with a deletion of the entire N-terminal half of E1A, the C-terminal 
half of E1A binds RUVBL1, an AAA+ ATPase required for maximal activation of genes 
stimulated by interferons (33). RUVBL1 and RUVBL2 were earlier studied as members of a 
complex required for the response to metabolic stress (45). Three types of host proteins 
were found to bind to highly conserved peptides in the C-terminal region of E1A (Fig. 
S1): An ~25 aa Ser/Thr-rich peptide beginning ~175 aa from the C-terminus of the E1A 
proteins of the species C respiratory adenoviruses (orange in Fig. S1) binds transcription 
factors FOXK1 and its closely related paralog FOXK2, dependent on E1A-phosphorylation 
in this region (22). This region includes the most highly phosphorylated site in both the 
large and small E1A proteins, S219 (large E1A numbering) (46). A second region near the 
E1A C-terminus (169—193) binds host protein DCAF7 and its associated protein kinases 
DYRK1A, DYRK1B, and HIPK2 (24). The first host proteins observed to bind to the region 
of E1A encoded by the second exon bind near the C-terminus and consequently were 
named C-terminal-binding proteins 1 and 2 (CtBP1/2) (25). CtBP1/2 are orthologs of a 
critical co-repressor regulating multiple genes during Drosophila embryogenesis (26). 
Here, we report that the three separate interactions of these peptides in the C-termi­
nal region of E1A with host proteins FOXK1/FOXK2, DCAF7 and its associated protein 
kinases, and CtBP1/CtBP2 lead to assembly of a ubiquitin ligase complex that targets 
RUVBL1, RUVBL2, and E1A proteins for proteasomal degradation and indirectly induces 
IRF3 degradation.

RUVBL1 and RUVBL2 form a complex of two heterohexomeric ring AAA+ ATPases 
stacked on top of each other into a 12-mer that is required for quaternary complex 
assembly of several cellular “multiprotein machines” (34). Adenovirus E1A C-terminal 
mutants defective for binding cellular proteins FOXK1/2, DCAF7, or CtBP1/2 through 
these three conserved E1A peptides potently activate transcription of ~50 interferon-
stimulated genes (ISGs) (21). Activation of these ISGs requires transcription factor IRF3 
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which is normally regulated by polyubiquitinylation and proteasomal degradation (27, 
28). The expression of any one of these three E1A C-terminal mutants causes stabilization 
of IRF3 which accumulates to high concentration, is transported into nuclei, associates 
with chromatin, and is phosphorylated at its previously discovered activating sites (47) 
leading to transcriptional activation of the ~50 ISGs (21). Since infection with the E1A 
deletion mutant dl312 (30) with a nearly complete deletion of E1A does not activate 
this antiviral response, adenovirus DNA alone does not activate it. This may be because 
adenovirus DNA is sterically blocked from detection by pathogen-associated molecular 
pattern receptors (PAMPs) such as TLR9 in endosomes (48) and cyclic GMP-AMP synthase 
(cGAS) and other sensors of DNA in the cytoplasm (49). This blockage of viral DNA 
recognition probably results from thousands of copies of the small positively charged 
histone-like virion protein VII blocking DNA interactions with PAMPs (50, 51). These 
observations led us to investigate how the expression of E1A mutant proteins, and 
not adenovirus nucleic acids, triggered this antiviral response, and how this antiviral 
response was prevented by WT E1A, dependent on these three interactions with 
different host cell proteins not previously understood to be involved in a common 
function.

Inhibition of EP300 and CREBBP lysine acetyltransferase activity leads to IRF3 
stabilization and activation of ISGs

Experiments with HAdV-C5 vectors expressing E1A double interaction mutants defective 
for binding both EP300/CREBBP and DCAF7, or RBs and DCAF7, or the TIP60 complex and 
DCAF7 revealed that E1A C-terminal mutants must bind EP300/CREBBP through their 
N-terminal regions to trigger IRF3 stabilization (Fig. 1E and F). Also, inhibition of EP300/
CREBBP lysine acetyltransferase (KAT) activity with the highly specific small molecule 
inhibitor A485 (36) was sufficient to induce IRF3 stabilization (Fig. 1G). These results 
indicate that inhibition of EP300/CREBBP KAT enzymatic activity by either the N-terminal 
region of E1A or A485 is responsible for triggering this innate immune response. Since 
EP300/CREBBP are common targets of DNA tumor viruses, e.g., HPV (52), SV40 and 
mouse polyomavirus large T antigens (53, 54), and adenovirus E1A (14), IRF3 stabilization 
and activation in response to EP300/CREBBP inhibition may have evolved in metazoans 
as a generalized antiviral host defense. Since this previously uncharacterized activation 
of an innate immune response by inhibition of EP300/CREBBP KAT activity was revealed 
by E1A mutants defective for any one of the three E1A C-terminal protein interactions, 
and WT E1A prevented IRF3 stabilization, we hypothesize that WT E1A evolved an 
activity dependent on the three C-terminal interactions in order to retain EP300/CREBBP 
inhibition but counter the resulting IRF3 stabilization that otherwise induces ISGs and 
inhibits viral replication (21). Our earlier complementation analysis indicated that a 
single E1A protein molecule must bind FOXK1/2, the DCAF7-complexes, and CtBP1/2 
to prevent activation of ISG expression (21). These results suggest that assembly of a 
complex containing the N-terminal half of the large or small E1A proteins, and these 
three seemingly unrelated host proteins prevents IRF3 stabilization that is otherwise 
induced by E1A inhibition of EP300/CREBBP acetyltransferase activity.

DCAF10 associates with E1A dependent on all three E1A C-terminal interac­
tions with these host cell proteins

To explore why all three of the E1A C-terminal mutants fail to prevent IRF3 stabilization, 
we searched for proteins differentially bound to WT E1A versus all three of the E1A 
C-terminal mutants. DCAF10 fulfills these criteria: it associated with WT E1A but none 
of the three E1A C-terminal mutants (Fig. 3A and B). A possible explanation for why 
three different, well-separated mutations in E1A’s C-terminal region resulted in loss of 
DCAF10 binding may be because of common alterations in E1A phosphorylation of 
all three mutants compared to WT E1A. Previously, we reported that WT E1A is phos­
phorylated resulting in decreased mobility during SDS-PAGE compared to the phospha­
tase-treated protein (21). However, phosphorylation of the E1A C-terminal mutants does 
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not occur (21). Phosphorylation of Ser/Thr in the region of E1A bound by FOXK1/2 
(orange in Fig. S1) is necessary for the E1A-FOXK1/2 interaction (21). These observations 
indicate that this region of E1A is a “phospho-degron.” Regulation of the phosphoryla­
tion of phospho-degron peptides is a strategy commonly used by the cell to regulate 
protein polyubiquitinylation and proteasomal degradation. Indeed, DCAF10 association 
destabilized WT E1A (Fig. 3D). The lack of a mobility shift during SDS-PAGE for all three 
C-terminal mutants suggests that E1A phosphorylation at a specific site(s) is required for 
DCAF10-binding to E1A and that E1A polyubiquitinylation and proteasomal degradation 
is decreased for all three of the E1A C-terminal mutants because they fail to be phos­
phorylated. One or more of the DCAF7 associated protein kinases DYRK1A, DYRK1B, 
HIPK2 (24), or KS6A4 (identified here, Fig. 2A; Table S1) may phosphorylate these sites 
in E1A, stimulating FOXK1/2 binding and assembly of the complete E1A-DCAF10-CRL4 
ubiquitin ligase complex.

E1A-DCAF10 targeting RUVBL1/2 prevents IRF3 stabilization and activation 
of ISGs in response to EP300/CREBBP inhibition

We did not detect a direct interaction between epitope-tagged HA-DCAF10 and IRF3 
in the presence or absence of E1A (Table S2). This suggests that IRF3 is not directly 
polyubiquitinylated by an E1A-DCAF10-CRL4 E3. However, we did detect association of 
epitope-tagged DCAF10 with RUVBL1 and RUVBL2 (Fig. 5C). Stabilization of RUVBL1/2 
by the E1A C-terminal mutants also was observed, and RUVBL1/2 were required for 
stabilization of IRF3 by the E1A C-terminal mutants (Fig. 5D). Since the E1A C-terminal 
mutants caused an increase in RUVBL1/2 proteins but not their mRNAs (Fig. 5D; Fig. 
S5), they likely cause stabilization of RUVBL1 and RUVBL2 proteins. In contrast, WT 
E1A prevented RUVBL1/2 stabilization (Fig. 5D). Although DCAF10 fulfills many of the 
requirements of a substrate specificity factor that targets the postulated E1A-CRL4 
ubiquitin ligase to IRF3, ZY11B (Table S1) (gene symbol ZYG11B) and U119A (Table S1) 
(gene symbol UNC119) may be redundant substrate specificity subunits with overlap­
ping specificity to DCAF10 because they also fail to bind to all three of the C-terminal 
mutants. ZYG11B is an established specificity factor for one of the ubiquitin ligases 
that enforce the “N-end rule” inducing degradation of polypeptides beginning with 
N-terminal glycine (55). UNC119 is itself an N-terminal myristoylated protein found in 
basal bodies of primary cilia that is required for cilia assembly and function (56). The 
biochemical activity of UNC119 that controls cilia assembly is not known. Our finding 
that UNC119 is associated with an E1A-containing ubiquitin ligase complex suggests that 
UNC119 may function in cilia as a specificity subunit of a ubiquitin ligase.

Detection of higher levels of DDB1 and CUL4A and B binding to HA-DCAF10 in the 
presence of E1A (Fig. 5A and C) suggests that E1A promotes assembly of an E1A-CRL4 
complex. Also, the stabilization of WT E1A by knocking-down DCAF10, but not by 
knocking-down DCAF10 in cells expressing the E1A C-terminal mutants unable to bind 
DCAF10 (Fig. 3D), suggests that DCAF10 binds to WT E1A as part of an active ubiquitin 
ligase complex that polyubiquitinylates WT E1A as well as other proteins associated 
with WT E1A including RUVBL1 and RUVBL2. Our observations that E1A-bound proteins 
HUWE1 and DNAJA1 (Table S1) accumulated to higher levels when E1A had mutations 
blocking its interaction with DCAF10 (Fig. 6C) are consistent with this model that E1A 
directs substrate targeting by this DCAF10-containing CRL4 ubiquitin ligase to proteins 
associated with E1A.

A similar activity to the one we propose here for the C-terminal region of E1A was 
first discovered for the HIV-1 Vpr protein (57). Like the E1A association with DCAF10, Vpr 
binds DCAF1 and forms a DDB1-CRL4 E3 ubiquitin ligase that polyubiquitinylates several 
cellular proteins that inhibit HIV replication (57).

A surprising observation was that RUVBL1/2 knock-down prevented the increase in 
IRF3 by the expression of the E1A C-terminal mutants and by inhibition of EP300/CREBBP 
KAT activity with A485 (Fig. 5D and F). IRF3 stabilization was presumably due to inhibition 
of IRF3 polyubiquitinylation following the expression of the E1A C-terminal mutants or 

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.00993-23 13

https://doi.org/10.1128/jvi.00993-23


treatment with A485. Also, Olanubi et al. (33) reported that the E1A C-terminal half 
binds RUVBL1 thereby inhibiting ISG activation by IFNα. These observations might be 
explained if the RUVBL1/2 dodecamer is required for the proper folding and stabilization 
of IRF3. Alternatively, RUVBL1/2 may be required to cause a conformational change in 
IRF3 that reveals a site of polyubiquitinylation.

RUVBL1/2 function in both the cytoplasm and nucleus as dodecameric HSP90 
co-chaperones consisting of two stacked heterohexameric ring AAA+ ATPases (34). In 
the cytoplasm, RUVBL1/2-containing complexes function in the assembly of several 
essential multi-molecular complexes such as snRNPs, snoRNPs, the telomerase RNP, RNA 
polymerases II and III, and the PIKK family of multi-subunit protein kinases (34). The 
PIKK family includes mTORC1, which regulates ribosome and protein synthesis (58), 
and SMG-1 required for nonsense-mediated mRNA decay (NMD) (58). In the nucleus, 
RUVBL1/2 regulate transcription, DNA double-strand break repair, and cell size as 
subunits of chromatin remodeling complexes TIP60 and INO80 (18, 19), the Fanconi 
Anemia DNA repair complex (59), and MYC-containing complexes (60). We speculate 
that the connection between RUVBL1/2 and IRF3 polyubiquitinylation is mediated 
by a chaperone-like complex similar to R2TP, a subcomplex in several multi-protein 
chaperone complexes consisting of RUVBL1, RUVBL2, PIH1D1, and RPAP3 (34). RUVBL1, 
RUVBL2, and RPAP3 were enriched in anti-HA IPs from cells expressing HA-DCAF10, but 
not PIH1D1 (Table S2). The modular nature of these complexes suggests that another 
subunit may substitute for PIH1D1 in a complex similar to R2TP that binds WT E1A.

In addition to the DCAF10-E1A ubiquitin ligase targeting IRF3 discussed above 
assembled by the C-terminal region of E1A, earlier studies established the importance of 
the E1B-55K/E4orf6 ubiquitin ligase during viral infection of permissive human cells (61). 
The virus-encoded E1B-55K and E4orf6 proteins form a complex that polyubiquitinylates 
p53 and a subunit of the MRN complex, leading to their proteosomal degradation. If the 
MRN complex is not inactivated, it causes Ad5 genomes to be ligated together in random 
orientation, interfering with viral DNA replication and packaging.

AAA+ ATPases such as RUVBL1/2 are the “moving parts” of several cellular multi-pro­
tein machines such as myosins. They undergo large conformational changes when ATP 
is exchanged for ADP in their nucleotide binding pocket, when that ATP is hydrolyzed to 
ADP and phosphate, and again when the phosphate is released. Such large, regulated 
changes in protein conformation in RUVBL1/2 and HSP90-associated proteins bound 
to RUVBL1/2, including IRF3, may be necessary to expose sites in the target proteins 
to ubiquitin ligases. Whatever the molecular mechanism, it is clear from the results 
reported here that RUVBL1/2 are required to activate innate immunity in response to 
inhibition of EP300/CREBBP KAT activity (Fig. 5E and F). Since abnormally high IRF3 
activity appears to contribute to the pathology of several auto-immune diseases, it is 
important to pursue additional studies that explain why the RUVBL1/2 AAA+ ATPases 
are required for stabilization of IRF3 when EP300/CREBBP KAT activity is inhibited. 
Understanding RUVBL1/2 function in the regulation of IRF3 activity may allow rational 
design of therapeutic approaches to reduce IRF3 activity and reduce pathology in many 
auto-immune diseases.

MATERIALS AND METHODS

siRNA and small-molecule treatment

siRNA KD was performed in HBTECs using Invitrogen RNAiMAX reverse transfection 
protocol. Cells were plated in antibiotic free HBTECs media containing indicated Ambion/
ThermoFisher Silencer Select siRNA for a final concentration of 10 nM that was pre-incu­
bated in 7.5 µL of lipofectamine RNAiMAX (ThermoFisher Cat#13778075) reagent in 
750 µL of Opti-MEM in 6 cm2 plates. For a complete list of Ambion/ThermoFisher Silencer 
Select siRNAs used see Table 1. Ambion/ThermoFisher Silencer Negative Control no.1 
AM4611 was used as a negative control (siCtrl). Double knock-downs were performed 
with a total siRNA concentration of 10 nM. MLN4924 (BostonBiochem Cat# I-502) was 
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added directly to media of cultured HBTECs at a final concentration of 20 µM for a 
treatment time of 6 h. A485 (MedChemExpress Cat# HY-107455) was added directly to 
media of cultured HBTECs at a final concentration of 10 µM for a treatment time of 12 h. 
DMSO was used as a negative control for both MLN4924 and A485 at an equal volume.

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 Cat#04693132001). 
Protein concentration was quantified by Bradford assay, normalized in Laemmli buffer, 
heated for 10 min at 65°C, and then resolved in a 9% SDS-polyacrylamide gel. Pro­
teins were electrotransferred to a polyvinylidene difluoride (PVDF) membrane and then 
blocked in 5% milk in TBS-Tween 0.1% (blocking buffer) for 30 min. Primary antibody 
M58 (anti-E1A), M73 (anti-E1A), H3K27ac, H3, KU-86 (H-300), β-Actin, IRF3, RUVBL1, 
RUVBL2, HUWE1, or DNAJA1 (Table 2) was added at 1:2,000 dilution or 1:200 for M58 
and M73 hybridoma supernatant for 1 h at room temperature or O/N at 4°C. Membranes 
were washed 3× in TBS-Tween (0.1%), and then HRP-conjugated anti-mouse or anti-
rabbit secondary antibodies were added for 1 h room temperature in blocking buffer. 
Membranes were then washed 3× in TBS-Tween (0.1%) prior to addition of ECL reagent 
for the 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, and RNA was isolated 
using QIAGEN RNeasy Plus Mini Kit (Cat#74134). One microgram of RNA, as measured 

TABLE 1 siRNA targets

siRNA target Ambion siRNA ID # siRNA sequence

IRF3 s7507 ACACCUCUCCGGACACCAAtt
DCAF10 s35727 CUCUACGACUGACUCAUUAtt
RUVBL1 s16369 CGAGUGAUGAUAAUCCGGAtt
RUVBL2 s21309 GAAACGCAAGGGUACAGAAtt

TABLE 2 Antibodies

Antibody Source Identifier

Rabbit polyclonal antiH3K27ac Active Motif Cat#39133; RRID:
AB_2561016;
Lot#31814008

Mouse monoclonal anti-E1A (M58) 
hybridoma supernatant

Produced in house (38)

Rabbit polyclonal antiBeta-Actin GeneTex Cat#GTX16039; RRID: 
AB_367276

Rabbit polyclonal antiKU-86 (H-300) Santa Cruz Cat#sc-9034; RRID: 
AB_2218743

Rabbit monoclonal antiIRF3 (D6I4C) Cell Signaling Technology Cat#11904S
Mouse monoclonal antiH3 Abcam Cat#ab10799
Anti-HA Tag (C29F4) Cell Signaling Technology Cat#3724S
Rabbit monoclonal anti-
Pontin/RUVBL1 (D1L8J)

Cell Signaling Technology Cat#74775S

Rabbit monoclonal anti-
Reptin/RUVBL2 (D8N3J)

Cell Signaling Technology Cat#12668S

Rabbit polyclonal anti-
HUWE1

Bethyl Cat#A300-486A

Rabbit polyclonal anti-
DNAJA1

Bethyl Cat#A304-516A
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by Qubit fluorometer, was used for reverse transcription with SuperScript III FirstStrand 
Synthesis SuperMix using random hexamer primers (Table 3). qRT-PCR was performed 
with 5 µL of cDNA, diluted 1:10. Runs were done using an ABI 7500 Real Time Thermo­
cycler and reactions took place in optical-grade, 96-well plates (Applied Biosystems, 
Carlsbad, CA, USA) 25 µL total volume with primers at a concentration of 900 nM and 
12.5 µL of 2× FastStart Universal SYBR Green Master (Rox) (Roche Cat#04913850001). 
Relative mRNA levels were calculated as 2ΔCt. Equal cDNA loading was confirmed with 
primers to 18 s rRNA cDNA. Data are presented as an average of 3 or more biological 
replicates ± SD.

RNA-seq procedure and data analysis

Previously published RNA-seq data used in this study can be downloaded from GEO 
accession GSE105039. 1 × 106 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 5′ splice site (3) 3 days after 
reaching confluence. RNA was isolated 24 hpi 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 and then PCR amplified with bar-coded primers for separate samples 
to prepare sequencing libraries using the Illumina TruSeq RNA Sample Preparation 
procedure. Libraries were sequenced using the Illumina Hiseq-2000 to obtain single end 
50 base pair 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.cbcb.umd.edu.

Co-immunoprecipitation

Co-IPs were performed using M58 crosslinked to protein G agarose beads or with 
goat anti-HA agarose immobilized (Bethyl cat#S190-138). One milliliter of clarified M58 
hybridoma supernatant was incubated with 50 µL of 50% slurry protein G agarose beads 
on nutator for 4 h at 4°C. Beads were washed 3× with 0.2 M sodium borate pH 9, and 
then antibody was crosslinked to protein G beads in 20 mM DMP in 0.2 M sodium borate 
pH 9 for 40 min on nutator at room temperature. Beads were then washed once with 
0.2 M ethanolamine pH 8 and then quenched in 1 mL ethanolamine pH 8 on nutator for 
2 h at room temperature. To remove uncoupled IgGs, beads were washed 3× with 0.58% 
acetic acid and 150 mM NaCl and then washed 3× 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 

TABLE 3 Primers

Primer target Primer sequence

OASL Forward 5′ CAACGTGGCAGAAGGGTACA 3′
OASL Reverse 5′ TCAAGTGGATGTCTCGTGCC 3′
IFIT2 Forward 5′ CCTGCCGAACAGCTGAGAA 3′
IFIT2 Reverse 5′ TAGTTGCCGTAGGCTGCTCT 3′
MX1 Forward 5′ AGCTCGGCAACAGACTCTTC 3′
MX1 Reverse 5′ CCGTACGTCTGGAGCATGAA
IRF3 Forward 5′ GCCCCGACCTTCCATCG 3′
IRF3 Reverse 5′ CAGTTGCCCCAGGTCCAG 3′
DCAF10 Forward 5′ TTTCGCACCATGACTAGCCT 3′
DCAF10 Reverse 5′ CACAAGCAACTGTCAGCACT 3′
E1A Forward 5′ CCACCTACCCTTCACGAACT 3′
E1A Reverse 5′ AAAATCTGCGAAACCGCCTC 3′
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inhibitors and phosphatase inhibitors Sigma Aldrich cat# P5726-1ML and P0044-1ML) 
on ice. For western blots, 2–4 mg of protein in supernatant lysate was precleared with 
30 µL agarose G beads for 1 h and then immunoprecipitated overnight at 4°C with M58 
cross-linked to agarose G beads. Immuno-bead complexes were washed three times with 
cold EBC buffer, eluted in Laemmli buffer, and incubated 10 min at 65°C. For mass spec 
samples, 5–6 mg of protein in supernatant lysate was precleared with 50 µL agarose G 
beads for 1 h, and then 50 µL of M58-beads or anti-HA beads was added for 4 h at 4°C 
for immunoprecipitation. Immuno-bead complexes were washed four times with cold 
PBS and then eluted in 500 µL of 0.2 M glycine pH 2.0. Proteins in 400 µL of eluent 
were precipitated with 20% TCA on ice for 1 h and then microcentrifuged at 14 K rpm 
for 25 min at 4°C. Supernatant was removed, and pellets were washed with 500 µL of 
ice cold acetone and then microcentrifuged at 14 K rpm for 25 min at 4°C. Supernatant 
was removed, and pellets were stored in parafilmed tubes at −20°C for eventual trypsin 
digest and mass spec.

Sample digestion and desalting

The protein pellets were resuspended in digestion buffer (8 M urea, 100 mM Tris pH 
8.5), later reduced and alkylated via sequential 20 min incubations of 5 mM TCEP 
10 mM iodoacetamide at room temperature in the dark while being mixed at 1,200 rpm 
in an Eppendorf thermomixer. Then, the proteins were digested by 0.1 µg of Lys-C 
(Thermo Scientific, 90051) and 0.8 µg Trypsin (Thermo Scientific, 90057) proteases at 
37°C overnight. The digested samples were quenched by the addition of formic acid to 
5% (vol/vol) final concentration. Each sample was desalted via C18 stage tips (Thermo 
Scientific, 87784), washed twice in 200 µL of 5% formic acid, and eluted in 60% Acetoni­
trile with 5% formic acid. Eluted peptide samples were dried in a SpeedVac before being 
resuspended in 5% formic acid.

LC-MS acquisition

Peptide samples were separated on a 75 µM ID, 25 cm C18 column packed with 1.9 µM 
C18 particles (Dr. Maisch GmbH HPLC) using a 140 min gradient of increasing acetonitrile 
and eluted directly into a Thermo Orbitrap Fusion Lumos instrument where MS/MS 
spectra were acquired by Data Dependent Acquisition (DDA).

Mass spectrometry analysis

Analysis was performed by using ProLuCID (62) and DTASelect2 (63) implemented in 
Integrated Proteomics Pipeline IP2 (Integrated Proteomics Applications). Protein and 
peptide identifications were filtered using DTASelect and required a minimum of two 
unique peptides per protein and a peptide-level false positive rate of less than 1% as 
estimated by a target-decoy database competition strategy.
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