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Abstract

Several of the functions of the human adenovirus type 5 E1B 55 kDa protein are fulfilled via the 

virus-specific E3 ubiquitin ligase it forms with the viral E4 Orf6 protein and several cellular 

proteins. Important substrates of this enzyme have not been identified, and other functions, 

including repression of transcription of interferon-sensitive genes, do not require the ligase. We 

therefore used immunoaffinity purification and liquid chromatography-mass spectrometry of 

lysates of normal human cells infected in parallel with HAdV-C5 and E1B 55 kDa protein-null 

mutant viruses to identify specifically E1B 55 kDa-associated proteins. The resulting set of > 90 

E1B-associated proteins contained the great majority identified previously, and was enriched for 

those associated with the ubiquitin-proteasome system, RNA metabolism and the cell cycle. We 

also report very severe inhibition of viral genome replication when cells were exposed to both 

specific or non-specific siRNAs and interferon prior to infection.

Keywords

Human adenovirus type 5 (HAdV-C5); E1B 55 kDa protein; Normal human cells; Mass 
spectrometry; Type I interferons; Ubiquitin-proteasome system; RNA metabolism

1. Introduction

Successful reproduction of species C human adenoviruses such as HAdV-C5 depends on 

extensive cooperation among viral and host cell components to achieve efficient expression 

of viral genes, replication of the viral genome and assembly of progeny virus particles in 

infected nuclei (Berk, 2013). Various viral gene products also optimize the intracellular 

milieu by countering cellular responses to infection that would limit virus reproduction. One 

of several viral proteins that both promote viral gene expression and block anti-viral 

defenses mounted by the host cell is the E1B 55 kDa protein (Berk, 2013; Blackford and 

Grand, 2009).

The multi-functional E1B 55 kDa protein assembles with the viral E4 Orf6 protein and the 

cellular proteins cullin 5, TCEB1, TCEB2 and RBX1 to form a virus-specific E3 ubiquitin 

ligase (Harada et al., 2002; Querido et al., 2001). The E4 protein interacts with TCEB1 and 

TCEB2 to recruit the cellular components of this enzyme (Blanchette et al., 2004; Luo et al., 

*Corresponding author. sjflint@princeton.edu (S.J. Flint).
1Present address: Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA.

HHS Public Access
Author manuscript
Virology. Author manuscript; available in PMC 2018 April 01.

Published in final edited form as:
Virology. 2017 April ; 504: 12–24. doi:10.1016/j.virol.2017.01.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2007), while the E1B protein is thought to serve as the substrate-recognition subunit, as it 

interacts with such proteins via distinct sequences (Schwartz et al., 2008). These substrates, 

which are targeted for proteasomal degradation, include the tumor suppressor p53 

(Cathomen and Weitzman, 2000; Grand et al., 1994; Harada et al., 2002; Querido et al., 

2001, 1997; Roth et al., 1998; Steegenga et al., 1998), the MRE11, RAD50 and NBN 

proteins that form the MRN complex (Carson et al., 2003; Stracker et al., 2002) and DNA 

ligase IV (Baker et al., 2007). The p53 protein accumulates to very high concentrations in 

cells infected by E1B 55 kDa or E4 Orf6 protein-null mutant viruses (Cathomen and 

Weitzman, 2000; Grand et al., 1994; Moore et al., 1996; Ridgway et al., 1997; Roth et al., 

1998; Steegenga et al., 1998; Wienzek et al., 2000), but does not induce apoptosis (Cardoso 

et al., 2008; Hobom and Dobbelstein, 2004; Miller et al., 2009; O'Shea et al., 2004), as its 

transcriptional activity is blocked by the viral E4 orf3 protein (Soria et al., 2010) and likely 

one or more additional viral gene products (DeHart et al., 2015). When the MRN proteins 

cannot either be degraded in infected cells because of the absence of the E1B 55 kDa or 

E4Orf6 proteins or relocalized by the E4 Orf3 protein, viral DNA synthesis is severely 

inhibited (Boyer et al., 1999; Evans and Hearing, 2005; Huang and Hearing, 1989; 

Lakdawala et al., 2008; Mathew and Bridge, 2007; Shepard and Ornelles, 2004; Stracker et 

al., 2002). Such inhibition is partly an indirect consequence of concatamerization of viral 

DNA molecules late in infection (Baker et al., 2007; Boyer et al., 1999; Carson et al., 2003; 

Lakdawala et al., 2008; Mathew and Bridge, 2007; Weiden and Ginsberg, 1994). However, 

viral DNA synthesis is also inhibited directly, by a mechanism that is not fully understood 

but thought to result from sequestration of the viral origins of replication by binding of 

cellular double-stranded (ds) DNA damage repair proteins (Karen and Hearing, 2011; Karen 

et al., 2009; Lakdawala et al., 2008; Mathew and Bridge, 2007; Shah and O'Shea, 2015).

Other substrates of the E1B 55 kDa protein-containing E3 ubiquitin ligase that are targeted 

proteasomal degradation include integrin α3 (Dallaire et al., 2009b), Bloom helicase (Orazio 

et al., 2011), TIP60 (Gupta et al., 2013), SPOC1 (Schreiner et al., 2013) and ATRX 

(Berscheminski et al., 2014). The elimination of the lysine acetyl transferase TIP60 relieves 

repression of E1A gene expression (Gupta, 2013), whereas both SPOC1 and ATRX have 

been reported to reduce transcription from several viral promoters (Berscheminski et al., 

2014; Schreiner et al., 2013). At this juncture, the benefits conferred by degradation of 

integrin α3 or Bloom helicase have not been established. Conversely, assembly of the virus-

specific E3 ubiquitin ligase has been shown to be necessary for an important function of the 

E1B 55 kDa protein, induction of selective export of viral late mRNAs from the nucleus 

(Blanchette et al., 2008; Woo and Berk, 2007), but the relevant substrate(s) have not been 

identified.

Although most of the E1B 55 kDa protein is associated with the E4 Orf6 protein in infected 

cells (Harada et al., 2002; Sarnow, Sullivan, and Levine, 1982), the E1B protein also 

possesses E4 Orf6 protein-independent activities. In the absence of other viral proteins, 

interaction of the E1B 55 kDa protein with p53 greatly stimulates sumoylation of the 

cellular protein (Muller and Dobner, 2008). Addition of SUMO-1 to p53 also takes place in 

infected human cell lines, and the E1B 55 kDa protein synthesized in insect cells catalyzes 

sumoylation of p53 in vitro, indicating that is also an E3 SUMO ligase (Pennella et al., 

2010). This modification has been reported to induce colocalization of p53 with the E1B 

Hung and Flint Page 2

Virology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein in PML-bodies, efficient export of p53 from the nucleus, and inhibition of p53-

dependent transcription in cells synthesizing the E1B 55 kDa protein in the absence of other 

viral proteins (Pennella et al., 2010). The E3 SUMO ligase activity of the E1B protein is 

therefore thought to make an important contribution to inactivation of p53 in cells 

transformed by adenoviral E1A and E1B gene products (Muller and Dobner, 2008; Pennella 

et al., 2010), but how (or whether) it facilitates adenovirus reproduction is not known. A 

second function ascribed to the E1B 55 kDa protein alone is induction of proteasomal 

degradation of DAXX (Schreiner et al., 2010). This cellular protein has been reported to 

interact with the E1B protein (Sieber and Dobner, 2007; Zhao et al., 2003), and is removed 

from infected cells later in infection than substrates of the virus-specific E3 ubiquitin ligase 

described above (Schreiner et al., 2010). Such degradation appears to counter inhibition of 

viral gene expression and replication, as these processes are stimulated to a modest degree 

when production of DAXX is prevented (Schreiner et al., 2010). The E3 SUMO ligase 

activity of the E1B 55 kDa protein and its ability to interact with DAXX have also been 

reported to be necessary for maximal transforming activity of the viral protein (Schreiner et 

al., 2011).

Another E4 Orf6 protein-independent function of the E1B 55 kD protein is transcriptional 

repression. This E1B protein is sufficient to block p53-depdendent transcription in vitro and 

in transient expression assays (Martin and Berk, 1998; Yew and Berk, 1992). Repression of 

p53-dependent transcription by the E1B protein correlates with the efficiency of 

transformation of rodent cells in cooperation with E1A gene products (Endter et al., 2005, 

2001; Martin and Berk, 1999; Teodoro and Branton, 1997; Teodoro et al., 1994). During the 

infectious cycle, the E1B 55 kDa protein does not contribute to repression of p53-dependent 

transcription, as expression of these genes does not increase even when p53 accumulates to 

high concentrations in infected cells in which the E1B protein is not made (Hobom and 

Dobbelstein, 2004; Miller et al., 2009; O'Shea et al., 2004; Soria et al., 2010). However, 

expression of a relatively small set of cellular genes is increased ≥2-fold in normal human 

cells under these circumstances (Miller et al., 2009). The set of E1B 55 kDa protein-

repressed genes is very highly enriched in those associated with immune and anti-viral 

defenses, with some 40% being interferon-sensitive genes (ISGs). Indeed, we demonstrated 

that a mutation that prevents production of the E1B 55 kDa protein greatly increases the 

sensitivity of HAdV-C5 reproduction in normal human cells to type I interferon (IFN), as a 

result of IFN-induced inhibition of viral DNA synthesis (Chahal et al., 2012). The E1B 

protein blocks expression of ISGs at the level of transcription, an activity that does not 

require assembly of the virus-specific E3 ubiquitin ligase (Chahal et al., 2013, 2012). 

However, substitution of six consecutive residues near the C-terminus of the E1B protein 

impaired protection against the antiviral action of IFN and repression of ISG transcription 

(Chahal et al., 2013), consistent with the previous identification of this region as part of the 

repression domain of the viral protein (Martin and Berk, 1999; Yew et al., 1994). Although 

the E1B protein has been reported to interact with cellular proteins implicated in 

transcriptional repression, notably SIN3A (Punga and Akusjarvi, 2000) and DAXX 

(Schreiner et al., 2010; Sieber and Dobner, 2007; Zhao et al., 2003), the mechanism by 

which ISG transcription is inhibited is not known.
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Previous unbiased efforts to identify E1B 55 kDa-interacting proteins or substrates of the 

virus E3 ubiquitin ligase have relied on transformed human cell lines as hosts for HAdV-C5 

and exploited two dimensional difference gel electrophoresis (Dallaire et al., 2009a, 2009b) 

or immunoprecipitation and mass spectrometry (MS) (Harada et al., 2002; Querido et al., 

2001). The former approach failed to detect known substrates of the virus-specific E3 

ubiquitin ligase as proteins that decrease in concentration as the infectious cycle progresses, 

and hence appears to be limited in sensitivity (Dallaire et al., 2009a). On the other hand, the 

resolution and sensitivity of MS methods have increased dramatically in the past 15 years 

(Ahmad and Lamond, 2014; Gallien and Domon, 2015). The studies reported here were 

undertaken to harness such improvements to identify proteins that associate with the E1B 55 

kDa protein in normal human cells.

2. Materials and methods

2.1. Cells and Viruses

Human foreskin fibroblasts (HFFs) were maintained in Dubecco's modified Eagle medium 

(DMEM, Gibco-ThermoFisher Scientific) containing 7.5% (v/v) bovine growth serum 

(ThermoFisher Scientific Hyclone). Human 293 (Graham et al., 1977) and adenocarcinoma 

A549 cells were maintained in DMEM supplemented with 5% (v/v) bovine growth serum 

and 5% (v/v) calf serum (Gibco-ThermoFisher Scientific).

The phenotypically wild-type derivative of HAdV-C5 AdEasyE1 and the E1B 55 kDa-null 

mutant virus derived from it, AdEasyE1Δ2347, have been described previously (Kato et al., 

2011), as has the substitution mutant AdEasyE1-S19 (Chahal et al., 2013). All viruses were 

propagated by low multiplicity infection of 293 cells, and virus titers determined by a 

fluorescent focus assay in which cells were monitored for production of the viral E2 single-

stranded DNA-binding protein (E2 DBP). Human 293 cells in monolayer cultures on 

polylysine-coated 6 well tissue culture plates (ThermoFisher Scientific) were infected in 

duplicate with 10-fold dilutions of virus stocks for 18 h, when the E2 DBP was visualized by 

immunofluoresence as described below, and cells stained with DAP1. Fluorescent foci were 

visualized by fluorescence microscopy using a Nikon TE2000-U inverted microscope. The 

total number of cells and number of infected cells were counted for 3 random images in each 

field with at least 200 cells using Image J, and the values were used in conjunction with 

number of cells/well to calculate virus titer as infectious units/ml.

2.2. Immunoblotting

Viral and cellular proteins were detected by immunoblotting, as described previously 

(Gonzalez and Flint, 2002), using the anti-E1B 55 kDa protein monoclonal antibody (MAb) 

2A6 (Sarnow et al., 1982) the anti-E2 DBP MAb B6 (Reich et al., 1983), the anti-E4 Orf6 

protein Mab RSA3 (Marton et al., 1990), the anti-protein V MAb F54 (Lunt et al., 1988) and 

a polyclonal goat antibody against the cellular protein ANP32A (Santa Cruz 

Biotechnology). Horse radish peroxidase (HRP)-labelled anti-mouse TruBlot secondary 

antibodies (eBioScience) and HRP-labelled donkey anti-rabbit antibodies (GE Healthcare) 

were used to detect mouse and rabbit primary antibodies, respectively, by 
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chemiluminescence detection system with Luminata HRP substrates (Millipore). Cellular β-

actin was examined using an HRP-conjugated mouse MAb (Abcam).

2.3. Isolation of the E1B kDa and associated proteins

Pierce protein G-Plus agarose beads (ThermoFisher Scientific) were washed in 0.05 M Tris-

HCl, pH 7.5, containing 0.15 M NaCl (TBS) prior to incubation overnight with rotation at 

4 °C with 2A6 plus 7F9 mouse anti-E1B 55 kDa protein hybridoma supernatants, or with 

polyclonal rabbit anti-ANP32A IgG (Bioss). Beads were then washed with TBS and 0.2 M 

triethanolamine, pH8.9 and incubated for 1 h at room temperature in 0.2 M ethanolamine, 

pH8.9, containing 0.05 M dimethyl pimelimidate dihydrochloride (cross-linking buffer). 

They were then washed in 0.2 M triethanolamine, incubated with rocking for 15 min at room 

temperature with 0.1 M ethanolamine, pH 8.9, washed with 0.2 M triethanolamine, pH12.0, 

and then with TBS. Protease inhibitors antipain, leupeptin and phenylmethylslfonyl fluoride 

(PMSF) were added to TBS to final concentrations of 4 µm, 1.7 µm and 1 mM, respectively, 

and beads stored in this buffer on ice at 4 °C until use.

HFFs were infected with 200 pfu/cell AdEasyE1, AdEasyE1Δ2347 or AdEasyE1-S19 for 24 

h., harvested and washed with phosphate-buffered saline (PBS). Cells were suspended in 

0.05 M Tris-HCl, pH7.5 containing 0.15 M NaCl 1.5 mM MgCl2, 0.5% (v/v) Non-idet P40 

(NP40), 1 mM PMSF and 1 protease inhibitor cocktail tablet (Roche) per 10 ml (NP40 lysis 

buffer). They were incubated for 5 mins on ice and then with 250 U/ml benzonase (Sigma) 

for 10 mins at 37 °C. The lysates were sonicated on ice in 10 s bursts until homogenous and 

centrifuged at 16,000g for 10 mins at 4 °C. Supernatants were precleared by incubation with 

protein G-Plus agarose beads for 1 h at 4 °C. Anti-E1B 55 kDa IgG beads were added to 

precleared lysates and the mixtures agitated overnight at 4 °C. Beads were then washed once 

with NP40 lysis buffer, once with 0.05 M Tris-HCl, pH7.4 containing 0.15 M NaCl, 0.001 

M EDTA and 1% (v/v) NP40, twice in the same buffer except containing 0.5 M NaCl, and 

twice in 0.05 M Tris-HCl, pH7.5 containing 0.01 M MgCl2 and 0.5% (v/v) NP40. For 

immunoblotting, proteins were released by incubation of beads at 70 °C for 10 mins in 0.12 

M Tris-HCl, pH 6.8 containing 4% (w/v) SDS, 20% (v/v) glycerol and 0.004% (w/v) 

bromphenol blue. For mass spectrometry, proteins were recovered by incubation at 70 °C for 

10 mins in 0.12 M Tris-HCl, pH6.8 containing 4% (w/v) SDS and 1 protease inhibitor 

cocktail tablet per 10 ml.

2.4. Liquid chromatography and mass spectrometry

Proteins recovered from anti-E1B 55 kDa MAb immunoprecipitates were resolved by 

electrophoresis in 4–12% Novex®-Tris-glycine gels (InVitrogen) and stained with 

Coomassie blue by standard protocols (Sasse and Gallagher, 2009). Each lane was cut into 6 

equal-sized pieces, which were then diced into ~1 mm3 cubes and processed as described 

previously (DeHart et al., 2014), prior to overnight digestion with trypsin according to the 

method of Shevchenko et al. (2006). Samples in solution were subjected to buffer exchange 

into 8 M urea prior to thiol reduction and alkylation and trysin digestion by the FASP 

procedure (Wisniewski et al., 2009). Samples were desalted as described previously (DeHart 

et al., 2014) and subjected to reversed-phase nano-LC-MS performed using a Nano Ultra 2D 

nano-flow capillary high pressure HPLC system (EKsigent) coupled to an LTQ Orbitrap XL 
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hybrid mass spectrometer (ThermoFisher Scientific) outfitted with Triversa NanoMate ion 

source robot (Advion). Sample concentration, washing and separation were performed as 

described previously (DeHart et al., 2014), as was acquisition of full scan mass spectra and 

MS/MS spectra.

The LC-MS/MS data were preprocessed into peaklist files (mgf) using Proteome Discoverer 

(v 1.3, ThermoFisher Scientific). The files were searched against concatenated Swiss Prot 

human and species C human adenoviruses databases using the Mascot search engine (v 

2.2.7, Matrix Science), allowing for no more than 3 missed trypsin cleavages, 

carbamidomethylation of cysteines as a fixed modification, and methionine oxidation and N-

terminal protein acetylation as variable modifications. Aggregate search results for each 

sample were imported into scaffold software (Proteome software), consolidated as described 

previously (DeHart et al., 2014), and filtered to contain 95% protein/90% peptide 

confidence, requiring 2 peptides per protein assignment, which corresponds to an estimate 

protein false discovery rate of ≤0.1%.

2.5. Immunofluoresence

Proteins in mock- or infected- cells were visualized by immunofluorescence as described 

(Gonzalez and Flint, 2002) using the anti-E1B 55 kDa MAb 2A6, the anti-DBP MAb B6, 

the goat polyclonal anti-ANP32A antibodies listed previously, and a rabbit polyclonal anti-

ANP32A antibody (Bioss). Mouse, rabbit and goat primary antibodies were visualized using 

AlexaFluor®488 chicken anti-mouse IgG, Alexa Fluor®546 goat anti-rabbit IgG, Alexa 

Fluor®546, and Alexa Flour® 647 donkey anti-goat IgG, respectively, all from InVitrogen.

2.6. Measurement of viral DNA concentrations

Isolation of DNA from mock- or infected HFFs and quantificiation of viral DNA using the 

ABI PRISM 7900HT sequence detected system were performed as described (Chahal et al., 

2012). Viral DNA was detected via an amplicon in the major late (ML) transcription unit 

(nucleotides 7128–7218 in the HAdV-C5 genome) with the forward and reverse primers 

described previously (Chahal et al., 2012). An amplicon within the promoter of the human 

glyceraldehyde-3-phosphate dehydrogenase (GADH) gene was measured to provide an 

internal control, using the forward primer TAC TAG CGG TTT TAC GGG CG and reverse 

primer TCG AAC AGG AGG AGC AGA GAG CA. ML values were normalized to the 

GADPH values and analyzed by the comparative Ct method (Schmittgen and Livak, 2008). 

All samples were analyzed in triplicate, with at least two experimental replicates. The values 

shown represent the means of all measurements, and the error bars cumulative standard 

deviations.

2.7. RNA Interference

HFFs between passages 8 and 13 were grown to 70 – 80% confluence and 10 pmols double-

stranded siRNAs introduced using Lipofectamine RNAiMAX (InVitrogen) according to the 

manufacturer's instructions. The siRNAs, all from Sigma, targeted mRNAs for ANP32A, 

SIN3A or EGFP, or served as a universal non-targeting control (SIC0001). Two days after 

siRNA introduction, 250 U/ml type I interferon (PBL Interferon Source) diluted in PBS 

containing 0.1% (w/ v) bovine serum albumin (BSA) (Sigma-Aldrich) or the BSA solution 
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were added to the medium. After incubation for a further 24 h., cells were infected with 50 

pfu/cell and incubated in IFN-containing or control medium for 24 h.

3. Results

3.1. Isolation and identification of proteins associated with the HAdV-C5 E1B 55 kDa 
protein

Previous ventures to identify E1B 55 kDa protein-interacting proteins relied on the 

monoclonal antibody 2A6 (Harada et al., 2002; Querido et al., 2001) which recognizes an 

epitope in the N-terminal segment of the protein (Sarnow et al., 1982); cited in Kao et al., 

1990). To avoid failure to capture proteins that interact with the region of the E1B 55 kDa 

protein containing this epitope, we attempted to construct vectors for expression of tagged 

E1B proteins in cells infected by mutant viruses defective for synthesis of only this viral 

protein, such as AdEasyE1Δ2347 (Kato et al., 2012). However, addition of coding sequences 

specifying, for example, a FLAG tag resulted in plasmid sequence loss in E. coli (N-terminal 

tag) or prevented the localization of the tagged E1B protein to the nucleus in infected cells 

(C-terminal tag) (C.J. DeHart and S.J.F. unpublished observations). Consequently, it was 

necessary to resort to immunoprecipitation of the E1B 55 kDa protein from extracts of 

HAdV-C5-infected cells.

We had previously purified a (his)6-tagged derivative of the E1B 55 kDa protein from insect 

cells infected with a baculovirus vector by metal chelate affinity chromatography and gel 

filtration, and isolated a panel of mouse monoclonal antibodies that recognize the E1B 55 

kDa protein in ELISAs (Huang and Flint, 2003). A subset of these monoclonal antibodies of 

the IgG1 isotype was screened for immunoprecipitation of the E1B 55 kDa protein from 

HeLa cells infected with the phenotypically wild type virus AdEasyE1 (Kato et al., 2011) 

for 20 h, and one (7F9) that was efficient as MAb 2A6 identified (data not shown). 

Immunoaffinity resin to which both 2A6 and 7F9 IgGs were coupled was therefore prepared 

as described in Materials and Methods, and assessed for immunoprecipitation of the E1B 55 

kDa protein from lysates of AdEasy E1-infected HFFs. This protein was readily isolated 

from such cells, but was not detected in cells infected by the E1B 55 kDa protein null mutant 

virus AdEasy E1Δ2347 (Fig. 1). The six Ala substitutions (for amino acids 443–448) 

introduced into the AdEasyE1-S19 E1B 55 kDa protein result in increased sensitivity of 

viral DNA synthesis to inhibition by type 1 IFN (Chahal et al., 2012), but do not block 

efficient immunoprecipitation of the protein by the immunoaffinity resin used in these 

experiments (Fig. 1). As anticipated (see the Introduction), the viral E4 Orf6 protein was 

also recovered in the immunoprecipitates, but in considerably reduced quantities with the 

S19 compared to wild type E1B protein (Fig. 1 lower panel). This observation indicates that 

the S19 substitutions impair the interaction of these viral proteins. As the altered amino 

acids do not include residues previously reported to be necessary for association of the E1B 

protein with E4 Orf6 (Rubenwolf et al., 1997; Shen et al., 2001), It seems likely that they 

alter the conformation of the E1B 55 kDa protein to reduce association with the E4 Orf 6 

protein, or the stability of the complex.

The immunoaffinity resin carrying the two anti-E1B 55 kDa protein MAbs was exploited to 

purify the viral and associated proteins from infected normal human cells. HFFs were 
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infected for 24 h with 200 pfu/cell of the phenotypically wild-type virus AdEasyE1 (Kato et 

al., 2011); the mutant virus AdEasyE1Sub19, which carries substitutions that impair the 

ability of the E1B 55 kDa protein to block the inhibitory effects of type I interferons (Chahal 

and Flint, 2012), or, as a control for non-specific binding to the immunoaffinity resin, the 

E1B 55 kDa null mutant virus AdEasyE1Δ2347 (Chahal and Flint, 2012). Whole cell lysates 

were prepared and sonicated prior to immunoprecipitation and elution of bound proteins as 

described in Materials and Methods. Proteins were identified by LC-MS/MS after typsin 

digestion of the eluted proteins either in solution or after separation by electrophoresis in 4–

12% polyacrylamide gels, as described in Materials and Methods. The resulting data were 

preprocessed into peak list files and searched against the Swiss Prot human and species C 

adenovirus databases. A total of 845 proteins with at least 2 peptides were identified at a 

95% confidence interval in immunoprecipates from AdEasyE1-infected cells. Many of these 

proteins were also detected in immunoprecipates from HFFs infected with the E1B 55 kDa 

protein-null mutant virus, and were eliminated from further consideration. The list was 

filtered further to remove proteins highly represented in MS datasets of negative controls for 

immunoaffinity purification from human cells of target proteins on agarose beads from the 

contaminant repository for affinity purification-mass spectrometry database (Mellacheruvu 

et al., 2013). The final list of 92 E1B 55 kDa protein-associated proteins represents a much 

larger set than reported previously (Harada et al., 2002; Querido et al., 2001).

The E1B 55 kDa-associated proteins with the greatest numbers of spectral counts (Table 1) 

include multiple viral and cellular proteins previously reported to interact with the E1B 

protein. The former group includes the E4 Orf6 protein (see Introduction), as well as the 

IVa2 and L4 100 K proteins (Harada et al., 2002). The cellular proteins that assemble with 

the viral E1B 55 kDa and E4 Orf6 proteins to form a virus-specific E3 ubiquitin ligase, as 

well as its substrates MRE11, NBN and RAD50 were all detected, as were importin α1, 

NUMAl and ANP32A previously observed in immunoprecipitates of the E1B protein 

(Harada et al., 2002), and Usp7, which has been reported more recently to bind directly to 

this viral protein (Ching et al., 2013). The specific recovery of such a substantial number of 

previously described E1B 55 kDa-interacting proteins affords considerable confidence in the 

data set described here. Furthermore, this result establishes that cellular proteins listed above 

associate with the E1B 55 kDa protein in normal human cells as well as in the established 

cell lines derived from human tumors used in previous studies (Harada et al., 2002; Querido 

et al., 2001).

Other reported substrates of the virus-specific E3 ubiquitin ligase, integrin α3 (Dallaire et 

al., 2009b), DNA Ligase IV (Baker et al., 2007), Bloom helicase (Orazio et al., 2011) and 

SPOC1 (Schreiner et al., 2013) were not detected. Furthermore, two peptides from the first 

substrate to be identified, p53 (Harada et al., 2002; Querido et al., 2001) were observed only 

in immunoprecipates from cells infected by the mutant virus AdEasy E1-S19 (data not 

shown). The failure to recover these proteins could be because they are targeted for efficient 

proteasomal degradation by the E1B 55 kDa and E4 Orf6 protein-containing E3 ubiquitin 

ligase. However, the ready detection of other substrates (Table 1) suggests that this 

possibility is not very likely. Rather, these other proteins modified by the virus-specific E3 

ligase may be present at lower concentrations in the normal human cells used in these 

experiments than in the tumor-derived cell lines examined previously.
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The E1B 55 kDa protein has also been reported to interact with two proteins implicated in 

regulation of transcription, DAXX (Schreiner et al., 2010; Zhao et al., 2003) and SIN3A 

(Punga and Akusjarvi, 2000). In a genome-wide RNAi screen, the latter protein was shown 

to be required for efficient transcription of several interferon-stimulated genes and IFN-

mediated inhibition of influenza virus and hepatitis C virus replication (Icardi et al., 2012). 

Proteins with which DAXX has been reported to associate include regulators of transcription 

of genes that encode components of the innate immune system (Salomoni and Khelifi, 

2006). These proteins were, therefore, of particular interest as possible mediators of E1B 55 

kDa protein-dependent repression of ISG transcription. Consequently, we re-analyzed the 

LC-MS datasets, searching specifically for DAXX and SIN3A peptides. Such peptides were 

detected, but with similar spectral counts in the protein populations isolated from cells 

infected by AdEasyE1, AdEasyE1Δ2347 or AdEasyE1-S19 (for example, 3, 3 and 2, 

respectively for DAXX). Thus, we obtained no evidence for the specific association of either 

DAXX or SIN3A with viral E1B 55 kDa protein. These discrepanies with previous 

observation (Punga and Akusjarvi, 2000; Schreiner et al., 2010; Zhao et al., 2003) might 

indicate that such interactions do not take place in normal human cells, or that they occur 

later in infection than the very beginning of the late phase examined in these experiments. 

They may also arise from cell type- specific differences in the production of DAXX and 

SIN3A or their association with the E1B 55 kDa protein, as the previous studies employed 

cell lines derived from epithelial cells or hepatocytes, rather fibroblasts as examined in this 

work.

3.2. Gene ontology analysis of E1B 55 kDa-associated proteins

To obtain an overview of the functions of E1B 55 kDa-interacting proteins, the set of 

proteins specifically recovered with it in immunoprecipates was assessed for over-

representation of gene ontology (GO) terms using the BiNGo Cytoscape plugin (Maere et 

al., 2005). This analysis identified proteins that participate in a limited number of cellular 

systems or processes, such as the ubiquitin-proteasome system and RNA metabolism (Table 

2). The latter class includes RNA binding proteins, for example several HNRNP proteins, 

and proteins that participate in pre-mRNA processing reactions. Protein classified in the GO 

category ubiquitin-dependent catabolic process were also highly enriched. This group 

contains many of the E1B 55 kDa-associated proteins with the highest spectral counts and 

includes thiolesterases (e.g. USP7, USP8 and USP47), E3 ubiquitin ligases (e.g. CUL5 and 

UBR5) and proteins that regulate the cell cycle (Table 2). It is striking that, apart from the 

cellular components of the virus-specific E3 ubiquitin ligase, previously described E1B 55 

kDa-associated proteins also detected in these experiments fall into the cell cycle GO 

category (Table 2). While the number of these proteins is relatively small, it is possible that 

their limited functional repertoire reflects the properties of the tumor-derived cells employed 

as host in previous studies. Be that as it may, the GO analysis reported here suggests that the 

E1B 55 kDa protein modulates a greater range of host cell processes than previously 

suspected.

3.3. Interactions of the E1B 55 kDa protein impaired by the S19 substitutions

We have reported previously that substitution of Ala for residues 443–448 in the E1B 55 

kDa protein leads to impaired repression of interferon sensitive gene transcription and large 
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defects in viral DNA synthesis and production of progeny virus particles in IFN-treated cells 

infected by the mutant virus AdEasy E1-S19 (Chahal et al., 2013). As the mechanism(s) by 

which this viral protein counters the IFN-induced anti-viral effects is not yet clear, it was of 

interest to identify cellular proteins that did not associate efficiently with the S19 E1B 55 

kDa protein. Comparison of the spectral counts for proteins immunoprecipitated with the 

wild-type or S19 E1B proteins defined a small subset absent from or reduced in the S19-

E1B 55 kDa-interacting population (Table 3). As the spectral counts for the wild-type and 

altered E1B 55 kDa proteins were closely similar (Table 3), this difference can be ascribed 

to impaired association, rather than indirect effects of a decreased concentration of the 

substituted viral protein. The S19 substitutions did not impair interaction of the E1B 55 kDa 

protein with the majority of the proteins detected in association with the wild type viral 

protein, including other viral proteins and the cellular protein USP7, which associates 

directly with the N-terminal 97 amino acids of the E1B protein (Ching et al., 2013). In 

contrast, these substitutions eliminated interaction of the E1B 55 kDa protein with all three 

components of the MRN complex (Table 3), consistent with the previous observation that 

insertion of 4 amino acids at residue 443 (Yew et al., 1990) prevented degradation of these 

substrates of the virus-specific E3 ubiquitin ligase (Schwartz et al., 2008). They also 

prevented association of additional proteins, including NUMA1 and CEP170, and impaired 

interaction with ANP32A and TCEB1. None of these proteins are known substrates of the 

E1B 55 kDa- and E4 Orf6 protein-containing E3 ubiquitin ligase, suggesting that they might 

mediate functions of the E1B protein that do not depend on formation of this enzyme in 

infected cells. Of this set, ANP32A was chosen for further investigation.

The multifunctional ANP32A protein was originally identified as an inhibitor of protein 

phosphatase 2 A (Li et al., 1996) and has been assigned a variety of physiological functions, 

including repression of transcription and export of specific mRNAs from the nucleus (see 

Reilly et al., 2014). In particular, ANP32A has been reported to interact with STAT1 and 

STAT2 in HeLa cells exposed to IFNβ, and to be required for binding of STAT-containing 

transcriptional activators to the promoters of ISGs (Kadota and Nagata, 2011). These 

properties suggested that sequestration of ANP32A by the E1B 55 kDa protein might 

contribute to the repression of ISG transcription by this viral protein. The ANP32A protein 

has also been observed to interact with the HAdV-5 E4 Orf6 protein in transformed human 

and rat cells that also produce viral E1A and E1B gene products (Higashino et al., 2005). In 

such cells, as well as infected HeLa cells, the E4 Orf6 protein promotes cytoplasmic 

accumulation and stabilization of short-lived, AU-rich element containing mRNAs, with 

which this protein, the E1B 55 kDa protein, ANP 32 A and the ARE- and ANP32A-binding 

protein HuR become associated (Higashino et al., 2005). These interactions switched export 

of the ARE-containing mRNAs from the Xpo1 export pathway to an Xpo1-independent 

route (Higashino et al., 2005), raising the possibility that ANP32A might participate in 

regulation of mRNA export from the nucleus during the late phase of HAdV infection.

3.4. Properties of ANP32A in infected cells

In one approach to validate the association of the E1B 55 kDa protein with ANP32A, we 

searched the tandem MS/MS spectra of the proteins recovered with the E1B protein for 

peptides derived from the cellular protein. Ten and 13 such peptides were identified in the 
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protein populations immunoprecipated with the wild type and S19 E1B 55 kDa proteins, 

respectively, representing 46% and 52% coverage of the ANP32A sequence. The C-terminal 

97 residues of ANP32A (some 40% of the total) include a very large number of acidic amino 

acids and no cleavage sites (after R or K) for trypsin (Fig. 2A). These properties seem likely 

to account for the absence of peptides from this region of ANP32A in the MS spectra. This 

cellular protein was also detected readily when immunprecipates of the E1B 55 kDa proteins 

were examined by immunoblotting (Fig. 2B). Despite similar E1B 55 kDa protein 

concentration, this protein was recovered in reduced quantities from AdEasy E1-S19-

infected cells (Fig. 2B), in agreement with the MS data described previously.

Before attempting reciprocal co-immunoprecipitation, we examined the steady-state 

concentration of ANP32A as a function of time after infection of HFFs. In contrast to the 

substrates of the virus-specific E3 ubiquitin ligase described previously, ANP32A, which 

appeared as two species perhaps representing phosphorylated and non-phosphorylated forms 

(Hong et al., 2004; Yu et al., 2004), did not decrease in abundance as the infectious cycle 

proceded, but rather increased slightly (Fig. 3A). The same response was observed in 

AdEasy E1Δ2347-infected cells (Fig. 3A), indicating that it does not depend on production 

of the E1B 55 kDa protein. HFFs were therefore infected with AdEasyE1 for increasing 

periods, proteins immunoprecipitated from whole cell lysates using anti-ANP32A 

polyclonal antibodies and the immunoprecipitates examined by immunoblotting with the 

anti-E1B 55 kDa protein MAB 2A6. As expected, the concentration of the viral protein in 

the lysates increased considerably as the infectious cycle advanced. A relatively small 

fraction of the total was recovered with ANP32A at all times examined (Fig. 3B).

To determine the effect of HAdV-C5 infection, and in particular of the E1B 55 kDa protein, 

on the intracellular location of ANP32A, HFFs were infected with AdEasyE1 or 

AdEasyE1Δ2347 for 24 h, or mock-infected. The viral E1B 55 kDa and cellular ANP32A 

proteins were visualized by indirect immunofluorescence as described in Materials and 

Methods. The cellular protein was largely nuclear in uninfected HFFs (Fig. 4, panels a–d), as 

it has also been reported to be in uninfected HeLa cells (Kadota and Nagata, 2011) and 

human and rat cells transformed by HAdV-C5 E1A and E1B genes (Higashino et al., 2005). 

ANP32A was also observed to be present in nuclei of wild-type virus-infected cells, but 

concentrated in discrete dots or foci (Fig. 4, panels e-h). This altered distribution of 

ANP32A could not be attributed to its interaction with the E1B 55 kDa protein at this time 

of infection (early in the late phase (Gonzalez et al., 2006): the viral protein appeared as 

diffuse staining throughout nuclei (Fig. 4, panels e–h), and ANP32A nuclear foci also 

formed in cells infected by the E1B 55 kDa-null mutant virus AdEasyE1Δ2347 (Fig. 4, 

panels i–l).

As the punctate appearance of ANP32A in infected cell nuclei was reminiscent of early viral 

replication centers, we determined whether the cellular protein became associated with these 

virus-specific structures. Viral replication centers were visualized by virtue of the presence 

of the E2 single-stranded DNA-binding protein (DBP) (Sugawara et al., 1977; Voelkerding 

and Klessig, 1986), and were evident as discrete nuclear foci in the majority of HFFs 

infected by the wild-type or E1B 55 kDa-null mutant viruses (Fig. 5, panels f and j). Some 

cells displayed diffuse nuclear DBP staining, the pattern observed when replication centers 
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have not yet formed. Most, if not all, of the DBP-containing replication centers were 

associated with ANP32 in both wild-type (Fig, panels e–h) and E1B 55 kDa null mutant 

virus–infected cells (Fig. 5, panels i–l). However, in both cases, the cellular protein was also 

observed in DBP-independent puncta or foci, which might be ANP32A associated with the 

viral genome and its viral binding protein VII (Xue et al., 2005). In view of the lack of effect 

of the absence of the E1B 55 kDa protein on the localization of ANP32A and the reported 

interaction of this cellular protein with the viral E4 Orf6 protein (Higashino et al., 2005), we 

also examined the distribution of ANP32A in cells infected by the E4 Orf6-null mutant virus 

dl355 and wild-type HAdV-C5. In both cases, ANP32A was again concentrated at viral 

replication centers when present and more diffusely distributed when these infected cell-

specific structures had not yet formed (Fig. 5, panels m–t). We therefore conclude that 

neither the E1B 55 kDa nor the E4 Orf6 proteins are necessary for recruitment of ANP32A 

to viral replication centers.

3.5. The impact of ANP32A knockdown on viral gene expression

ANP32A has been implicated in export of certain cellular mRNAs from the nucleus 

(Gallouzi and Steitz, 2001; Gallouzi et al., 2001). Furthermore, its interaction with the 

HAdV-C5 E4 Orf6 protein has been reported to promote cytoplasmic accumulation of ARE-

containing mRNAs via an XPO1-independent pathway (Higashino et al., 2005). The 

selective export of viral late mRNAs is also XPOl independent (Flint et al., 2005; 

Yatherajam et al., 2011) and requires the E4 Orf6 protein (Blanchette et al., 2008; Woo and 

Berk, 2007) raising the possibility that ANP32A might participate in regulation of mRNA 

export in HAdV-C5-infected cells. We therefore investigated the effect of RNAi-mediated 

inhibition of ANP32A synthesis on viral late gene expression, by monitoring the 

accumulation of the late protein, protein V (Berk, 2013), as it is well established that the 

impaired export of viral late mRNAs in cells infected by E1B 55 kDa-null mutant viruses 

leads to substantial defects in late protein synthesis (Babiss et al., 1985; Harada and Berk, 

1999; Pilder et al., 1986; Williams et al., 1986). We wished to compare the effects of 

ANP32A knockdown to those resulting from the absence of the E1B 55 kDa protein, but 

E1B 55 kDa null mutant viruses exhibit impaired viral DNA synthesis in HFFs, and hence 

delayed progression into the late phase of infection (Chahal and Flint, 2012). Consequently, 

these experiments were performed in A549 cells.

A small double-stranded interfering RNA (siRNA) specific for ANP32A mRNA or a non-

targeting control siRNA was introduced in dividing A549 cells as described in Materials and 

Methods, and the concentration of the cellular protein examined 3 days thereafter. The 

control siRNA had no effect on the accumulation of ANP32A, whereas this protein was 

essentially undetectable in cells that received the ANP32A-specific siRNA (Fig. 6A). Such 

siRNA-treated cells were infected with 10 pfu/cell AdEasy E1 or AdEasyE1Δ2347 and the 

accumulation of protein V examined at 24 h. p.i. As anticipated, production of this protein 

was severely compromised in cells infected by the mutant virus, and knockdown of 

ANP32A had little further effect (Fig. 6B). Nor did prior knockdown of ANP32A reduce 

accumulation of protein V in AdEasyE1-infected cells (Fig. 6B), indicating that this cellular 

protein does not contribute to regulation of viral late mRNA production by the E1B 55 kDa 

protein.

Hung and Flint Page 12

Virology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We also wished to assess the effect of ANP32A knockdown on the sensitivity of viral 

replication to type I IFN, in this case in HFFs which, in contrast to A549 cells, mount an 

effective IFN-induced anti-adenoviral defense in the absence of the E1B 55 kDa protein 

(Chahal et al., 2013). As illustrated in Fig. 7A, introduction of siRNA targeting ANP32A 

mRNA into proliferating HFFs as described in Materials and Methods, led to a substantial 

reduction in ANP32A concentration 4 days later, as well as by 3 days later (data not shown), 

but the non-targeting control siRNAs were without effect. The control or specific siRNA was 

therefore introduced into HFFs and 250 unit/mol IFN or solvent (PBS plus 0.1% BSA) 

added to the medium 2 days thereafter. After a further 24 h., the cells were infected, and the 

concentration of viral DNA measured 24 h. p.i. by quantitative PCR as described in 

Materials and Methods. We had planned to assess whether the ability of the E1B 55 kDa 

protein to counter the IFN-induced inhibition of viral genome replication (Chahal and Flint, 

2012) was impaired in the absence of ANP32A, and hence to compare IFN-treated cells 

infected by wild-type and E1B 55 kDa null mutant viruses. However, in initial experiments, 

we observed that viral DNA synthesis was strongly inhibited in cells exposed to any of three 

different siRNA prior to AdEasyE1 infection (Fig. 7B). All three siRNAs were introduced 

into HFFs using lipofectamine RNAiMAX (InVitrogen), raising the possibility that this 

reagent is deleterious to HFFs and/or viral genome replication. We therefore compared viral 

DNA synthesis in cells exposed in lipofectamine alone or mock-treated in the absence and 

presence of type I IFN. The cytokine led to a reduction in viral DNA synthesis of some 12-

fold in mock-treated cells (Fig. 7C), a decrease similar in magnitude to those observed in our 

previous experiments (Chahal et al., 2012). Prior exposure to lipofectamine had no effect on 

the efficiency of viral DNA synthesis in cells exposed to IFN or vesicle control (Fig. 7C), 

indicating that the siRNAs induced a strong anti-viral response. This robust and non-specific 

inhibition of viral genome replication even in cells infected by wild-type virus precluded 

detection of any responses resulting from the absence of ANP32A.

4. Discussion

The application of newer methods of collection and analysis of MS data to proteins 

immunoprecipitated with the HAdV-C5 E1B 55 kDa protein from infected normal human 

cells has identified an order of magnitude more E1B-associated proteins than described 

previously (Harada et al., 2002; Querido et al., 2001). This list (Table 1) was filtered to 

exclude proteins detected in negative control immunoprecipitates of extracts of cells infected 

by an E1B 55 kDa protein-null mutant virus, as well as proteins routinely contaminating 

proteomic analyses of samples from human cells in culture (Mellacheruvu et al., 2013). The 

filtered catalogue includes all subunits of the virus-specific E3 ubiquitin ligase, several of its 

substrates, all but one of the other viral and cellular proteins previously reported to 

immunoprecipitate with the E1B 55 kDa protein (Harada et al., 2002), and many additional 

proteins. The large set of E1B-associated proteins we have identified seems likely to be the 

result of the greatly improved resolution and sensitivity of MS methods (Ahmed et al., 2014; 

Gallien and Domon, 2015), but the use of normal human cells as hosts may also be a 

contributing factor. Infection by HAdV-C5 induces far more limited changes in cellular gene 

expression in transformed human cells (Zhao et al., 2007) than in normal human cells 

(Miller et al., 2007; Zhao et al., 2012), especially at the time of infection (soon after entry 
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into the late phase) examined in these experiments, consistent with the view that the protein 

populations of infected transformed and normal cells are far from identical.

The expanded catalogue of E1B 55 kDa-associated proteins we describe suggests 

candidiates for cellular proteins that mediate incompletely understood functions of the viral 

protein, such as regulation of export of mRNA from the nucleus. Selective export of viral 

late mRNAs requires formation of the E1B 55 kDa protein-containing E3 ubiquitin ligase 

(Blanchette et al., 2008; Woo and Berk, 2007) and the major cellular mRNA export receptor 

NXF1 (Yatherajam et al., 2011), but the relevant substrate(s) of the virus-specific ligase have 

not been identified. The NXF1 receptor is not targeted for proteasomal degradation in 

HAdV-C5-infected cells, nor are two subunits (THOC1 and THOC4) of the TREX complex 

(Yatherajam et al., 2011), which couples export to prior reactions in mRNA biogenesis 

(Katahira, 2012; Reed and Cheng, 2005). One class of proteins enriched in the E1B 55 kDa 

protein-associated population is defined by the GO term RNA splicing (Table 2). This group 

includes not only several proteins that mediate or regulate splicing, such as U2 snRNP 

protein B (SNRBP2), the spliceosome component HNRNPR and the SR proteins SRSF3 and 

SNF638, but also protein implicated in mRNA export, notably the TREX subunits THOC2 

and THOC5. The ser-arg rich protein SRSF3 has also been reported to facilitate export of 

viral and cellular mRNAs (Escudero-Paunetto et al., 2010; Huang and Steitz, 2001; Shin et 

al., 2007), by serving as an adaptor for NXF1 and stimulating RNA binding by this export 

receptor (Muller-McNicoll et al., 2016). It will therefore be of interest to investigate whether 

any of these proteins is required for selective export of viral late mRNAs, and the impact of 

HAdV-C5 infection on their concentration, intracellular location and modification state.

Infection of synchronized HeLa cells in S phase with an E1B 55 kDa null mutant virus leads 

to considerably higher yields of infectious virus particles than does infection of cells in G1 

(Goodrum and Ornelles, 1997). The wild type virus can infect all cells in a population 

regardless of their position in the cell cycle, indicating that the E1B protein is necessary to 

overcome some restriction on virus reproduction imposed in the G1 phase (Goodrum and 

Ornelles, 1997). More recently, it has been demonstrated that cells infected by the mutant 

virus when in G1 phase tend to arrest with the signature of mitotic catastrophe, a response 

that the E1B 55 kDa protein circumvents by preventing entry into mitosis (Turner et al., 

2015). Although there is some evidence that this function of the E1B protein is mediated via 

effects on p53 (Turner et al., 2015), this viral protein is also associated with a number of 

other proteins that participate in cell cycle progression and its regulation (Table 2). In 

addition to the previously identified MRN complex components, this class includes four 

proteins that mediate or govern mitosis; structural maintenance of choromosomes 2 (SMC2), 

a subunit of condensin that is important for chromosome condensation prior to mitosis and 

maintains nuclear architectures (George et al., 2014; Hudson et al., 2003; Saitoh et al., 

1995); nuclear migration protein NUDC, which is required for correct spindle formation and 

cytokinesis (Aumais et al., 2003; Zhang et al., 2002); the serine, threonine protein kinase 

NEKG (aka NERCC), which is a component of a signaling cascade that governs proper 

spindle assembly and centrosome separation (Bertran et al., 2011; Roig et al., 2005, 2002), 

and nuclear mitotic apparatus protein 1 (NUMA1), which tethers microtubules to spindle 

poles and is important for correct spindle positioning (Kotak and Gonczy, 2013; Radulescu 

and Cleveland, 2010). Furthermore, several of the E1B 55 kDa – associated proteins that fall 
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into GO categories related to the ubiquitin-proteasome system (Table 2) have been 

implicated in governing cell cycle progression, and the E3 ubiquitin ligase UDR5 (aka EDD) 

and the ubiquitin C-terminal hydrolase USF8 (aka ubiquitin isopeptidase Y, UBPY) in 

regulation of mitosis (Jiang et al., 2015; Mukai et al., 2008; Scialpi et al., 2015). Of 

particular note, UBR5 is required for maintenance of G2/M arrest in response to dsDNA 

breaks, and its depletion results in premature entry into mitosis, mitotic catastrophe and cell 

death (Munoz et al., 2007), phenotypes like those observed in adenovirus-infected cells in 

which neither the E1B 55 kDa nor the E4 Orf3 protein can be made (Turner et al., 2015). It 

is therefore possible that one or more of these E1B-associated proteins contributes to the cell 

cycle-related functions of the E1B 55 kDa protein. Indeed enrichment in the E1B 55 kDa-

associated protein population of several proteins that regulate various aspects of cell cycle 

progression suggests that this viral protein might exert more profound effects on passage of 

normal human cells through the cycle.

Previous studies have established the potential of the E1B 55 kDa protein to alter the 

concentrations of host cell proteins by virtue of its function as a subunit of a virus-specific 

E3 ubiquitin ligase and, independently, as a SUMO E3 ligase (see Introduction). However, 

proteins of the ubiquitin-proteasome system comprise the two class most enriched in the 

E1B 55 kDa-associated population (Table 2), suggesting that such potential may be even 

greater than previously appreciated. These proteins include the E3 ubiquitin C-terminal 

hydrolyases USP8, 15 and 34 and the ubiquitin ligase regulator NEDD8. Covalent 

attachment of NEDD8 to cullins is required for maximal ubiquitinylation by cullin-ring 

ligases (CRLs), including cullins implicated in DNA damage repair responses (Brown and 

Jackson, 2016), as this modification prevents binding of the CRL inhibitor CAND1 (Soucy 

et al., 2010; Watson et al., 2011). It is therefore possible that association of NEDD8 with the 

E1B 55 kDa protein ensures activity of the virus-specific, CUL5-containing E3 ubiquitin 

ligase, and/or sequesters NEDD8 and reduces ubiquitinylation by other CRLs. Furthermore, 

addition of NEDD8 to E2F1, a transcriptional activator first identified by virtue of its 

binding to HAdV-C5 E2 early (ERE) promoter, has been reported to reduce the stability of 

E2F1 and its transcriptional activity (Loftus et al., 2012). Sequestration of NEDD8 by the 

E1B 55 kDa protein might therefore contribute to efficient progression through the 

infectious cycle by preventing loss and inhibition of E2F1, which is required for efficient 

E2E expression and hence synthesis of viral replication proteins (see Berk, 2013).

Among the various potentially interesting E1B 55 kDa-associated proteins, we chose to 

focus initially on ANP32A. This protein was also recovered in E1B 55 kDa protein 

immunopreciptates from HAdV-C5-infected HeLa cells (Harada et al., 2002) and its 

interaction with the viral protein is impaired by the S19 substitutions (Table 3) that impair 

repression of ISG transcription (Chahal et al., 2013). Furthermore, as discussed previously, 

ANP32A has been implicated in both mRNA export from the nucleus and optimal 

transcription of ISGs. In contrast to substrates of the virus-specific E3 ubiquitin ligase, the 

steady state concentration of ANP32A increased slightly, rather than decreased, during the 

late phase of infection (Fig. 3A). Some fraction of this cellular protein was visualized at 

DBP-containing viral replication centers (Fig. 5). During the late phase of infection in both 

transformed and normal human cells, a portion of the E1B 55 kDa protein is also localized 

to viral replication centers and appears in ring-like structures (Gonzalez et al., 2006; 
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Ornelles and Shenk, 1991). However, at the time examined in these experiments (24 h. p.i.), 

the E1B 55 kDa protein exhibited diffuse nuclear staining (Fig. 4), precluding unambiguous 

observation of colocalization with ANP32A.

Efficient depletion of ANP32A was achieved using siRNAs in both HeLa cells and HFFs. 

Despite large reductions in ANP32A concentration in A549 Cells, the viral late protein V 

accumulated as efficiently as in untreated cells, whereas the absence of the E1B 55 kDa 

protein, and hence selective export of viral late mRNAs, reduced the concentration of 

protein V considerably (Fig. 6). We therefore conclude that ANP32A does not make a major 

contribution to regulation of mRNA export in HAdV-C5-infected cells.

Investigation of responses to the short, interfering RNAs typically used to achieve inhibition 

of expression of specific genes established that these RNAs activate production of type I 

IFNs and other cytokines in mammalian cells in culture (Gantier and Williams, 2007; 

Karpala et al., 2005; Schlee et al., 2006; Sledz et al., 2003) and in mice (Shin et al., 2007). 

Nevertheless, RNA interference-mediated knockdown of specific genes has been exploited 

in numerous studies of adenovirus-host cell interactions, with no non-specific, detrimental 

effects on HAdV-C5 replication. For example, we have exploited this methodology to 

examine the roles of mRNA export receptor NXF1 (Yatherajam et al., 2011) and the tumor 

suppressor p53 (Chahal and Flint, 2013) in infected cells, and observed no deleterious 

responses to control, non-targeting siRNAs. It is also well established that pretreatment of 

host cells with IFN reduces HAdV-C5 replication to only a modest degree in both 

transformed and normal human cells (Chahal et al., 2012; Evans and Hearing, 2005; 

Thimmappaya et al., 1982). However, the results reported here indicate that exposure of cells 

to both siRNAs (specific or non-specific) and type I IFN prior to infection led to severe 

inhibition of viral genome replication (Fig. 7). Such inhibition was not attributable to the 

reagent used to introduce siRNAs, and was an order of magnitude greater than observed in 

the same type of normal cells treated with only IFN (Chahal et al., 2012). This response 

precluded any inference about the contribution of ANP32A to the ability of the E1B 55 kDa 

protein to prevent inhibition of viral DNA synthesis in IFN-treated cells. On the other hand, 

these observations indicate that, under particular circumstance, HAdV-C5 replication is quite 

sensitive to the anti-viral defenses induced by IFN, as also reported recently by Hearing and 

colleagues (Zheng et al., 2016).
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Fig. 1. 
Recovery of wild-type and altered E1B 55 kDa proteins by immunoprecipitation. HFFs were 

infected with 200 pfu/cell AdEasyE1, AdEasyE1Δ2347 or AdEasyE1-S19 for 24 h. Whole 

cell lysates were prepared and incubated with protein G agarose beads to which anti-E1B 55 

kDa 2A6 and 7F9 MAbs were cross linked as described in Materials and Methods. The 

immunoprecipates were washed and eluted with buffer containing 4% (w/v) SDS as 

described in Materials and Methods. Input (I) and eluted (E1, and E2) proteins (1% and 4% 

of samples, respectively) were examined by immunoblotting with MAbs specific for the 

viral E1B 55 kDa (2A6) and E4 Orf6 (RSA-3) proteins.
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Fig. 2. 
Validation of the E1B 55 kDa-ANP32A interaction. A. Peptide coverage of ANP32A 

immunoprecipitated with the wild type or S19 substituted E1B 55 kDa proteins, with the 

peptides detected by LC-MS/MS indicated in bold, italic face. These peptides represent 46% 

and 52%, respectively, of the sequence of ANP32A. B. HFFs were infected with 200 pfu/cell 

AdEasy E1, AdEasyE1Δ2347 or AdEasyE1-S19 for 24 h., and the E1B 55 kDa protein 

immunoprecipated from whole cell lysates as described in Materials and Methods. Input (E) 

and eluted (E1, E2) proteins (1% and 33% of samples, respectively) were examined by 

immunblotting with the E1B 55 kDa- and ANP32A-specific antibodies described in 

Materials and Methods.
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Fig. 3. 
Effect of HAdV-C5 infection on accumulation of ANP32A: Effect of HAdV-C5 infection 
on accumulation of ANP32A. HFFs were mock infected (M), or infected with AdEasy E1 

or AdEasyE1Δ2347 for the periods indicated and the ANP32A protein examined by 

immunblotting of whole cell lysates. B. HFFs were mock-infected (O) or infected with 200 

pfu/cell AdEasyE1 for the periods indicated. Proteins were immunoprecipitated from whole 

cell lysates with polyclonal anti-ANP32A antibodies as described in Materials and Methods. 

Proteins present in lysates (I) and eluted from immnoprecipitates (E) (2% and 10% of 

samples, respectively were examined by immunoblotting with the 2A6 anti-E1B 55 kDa 

Mab.
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Fig. 4. 
Localization of the E1B 55 kDa and ANP32A proteins in infected cells. HFFs were mock-

infected or infected with 200 pfu/cell AdEasyE1 or AdEasyEΔ12347 for 24 h, and the viral 

E1B 55 kDa and cellular ANP32A proteins visualized by immunofluorescence as described 

in Materials and Methods.
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Fig. 5. 
Colocalization of the E2DBP and ANP32A proteins. HAdV-C5 (Ad5) or the mutant dl355 

or infected with 200 pfu/ull HFFs were mock-infected as described in the legend to Fig. 4, 

and the viral E2 DBP and cellular ANP32A proteins examined by immunofluorescence.
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Fig. 6. 
Impact of ANP32A knockdown on viral late gene expression. A. A double-stranded siRNA 

targeting ANP32A mRNA (ANP) or a universal, non-targeting control siRNA (C) were 

introduced in A549 cells using lipofectamine RNAiMAX (InVitrogen) as described in 

Materials and Methods, or were exposed only to lipofectamine (LF) or only to medium (−). 

Whole cell lysates were prepared 3 days thereafter and ANP32A and β-actin examined by 

immunoblotting. B. Proliferating A549 cells were treated with ANP32A (ANP) or control 

(C) siRNAs, or exposed to lipofectamine (LF) or medium (−) only for 72 h. They were then 

infected with 10 pfu/cell AdEasyE1 or AdeasyE1Δ2347 or mock infected for 24 h. Viral 

protein V and cellular β-actin in whole cell lysates were examined by immunoblotting.
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Fig. 7. 
Impact of ANP32A knockdown on viral DNA synthesis in type I IFN-treated cells. A. 
SiRNAs specific for ANP32A or for EGFP (control, C) were introduced into proliferating 

HFFs using lipofectamine as described in Materials and Methods, or cells were mock-treated 

(M). Whole cells lysates were prepared 4 days thereafter and ANP32A and cellular β-actin 

examined by immunoblotting. B. Proliferating HFFs were treated in siRNAs specific for 

ANP32A, SIN3A or EGFP (Control) or mock treated as described in Materials and methods, 

and incubated for 48 h. β-interferon or solvent only was then added to the medium and 
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incubation continued for a further 24 h., when cells were infected with 50 pfu/cell 

AdEasyE1 or AdEasy E1Δ2347. Total DNA was isolated 24 h. after infection and the 

concentrations of viral DNA and cellular GAPDH DNA determined by qPCR as described 

in Materials and Methods. Shown are the ratios of the relative viral DNA concentrations in 

cells treated with IFN and cells not so treated. C. Viral DNA concentrations were measured 

as described for panel B in HFFs treated with lipofectamine for 48 h (+LF) or mock treated 

(−LF) prior to exposure to 250 U/ml type I IFN or solvent for 24 h. followed by infection 

with 50 pfu/cell AdEasyE1 for 24 h.
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Table 1

Protein immunoprecipitating with E1B 55 kDa proteins

Protein/gene name Mol. mass, kDa

Spectral counts

AdEasyE1 AdEasyE1-S19

Target

E1B 55 kDa 55 301 281

Viral

E4 Orf 6 37 49 40

L4 100 kDa 100 69 117

pVI 28 7 4

pVII 22 3 1

Cellular

CUL5 91 335 165

UBR5 309 17 97

NUMA1 237 15 0

RAD50 154 13 0

ANP32A 29 87 49

GGCT 21 8 0

TCEB2 13 38 21

USP15 112 7 6

KPNA1 60 37 13

MRE11 81 22 0

TCEB1 12 83 5

FAM111B 85 4 6

CEP170 161 4 0

LGALS7 15 4 0

PAPSS2 70 3 2

CASP14 28 3 2

BPTF 338 3 0

PIP 17 3 0

NBN (NBSI) 85 3 0

RNF7 13 3 4

HNRNPR 71 3 2

USP7 128 2 3

TRAF7 75 2 4

LASP1 30 2 10

PSMC2 48 1 11

ZNF638 221 1 10

USP34 404 0 38

MYCBP2 510 0 5

NUDC 38 0 11

SQSTM1 48 0 3
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Protein/gene name Mol. mass, kDa

Spectral counts

AdEasyE1 AdEasyE1-S19

PSMC6 44 0 9

USP8 128 16 0

THOC2 183 1 2

PSMC4 47 1 2

SRSF3 19 1 1
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Table 2

Functional categories of cellular proteins associated with the HAdV-5 E1B 55 kDa protein.

GO category P value Proteins

Ubiquitin-
dependent
catabolic
process

NEDD8; SQSTMI;
TCEB1; TCEB2;
USP15; PSMC6;
PSMD4; CUL5;
USP34; PSMC2; USP7;
PSMC4; UBR5;
TRAF7; USP8

Proteolysis
involved in
cellular protein
catabolic
process

Cell Cycle 6.68 × 10−6 SMC2; PSMD4;
NUDC; p53; NEK9;
AP2AI; PIP; MRE11;
PSMC6; UBR5;
RAD50; PSMC4;
NUMA1

RNA Splicing 1.46 × 10−5 HNRNPD; THOC2;
THOC5; ZFN638;
HNRNPAO; SRSF3;
AP2A1; SNRBP2;
HNRNPR
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Table 3

Interactions of the E1B 55 kDa protein impaired by the S19 substitutions

Protein

Spectral countsa Enrichment in WTb

WT S19

CUL5 335 165 1.9

NUMA1 15 0 ≥15

RAD50 13 0 ≥13

ANP32A 87 49 1.7

MRE11 22 0 ≥22

TCEB1 83 5 15.5

CEP170 4 0 ≥4

NBN 3 0 ≥3

E1B 55 kDa 301 281 NA

NA = not applicable

a
Total spectral counts from the in-gel and in-solution MS/MS analyses

b
The determinate values listed were corrected for the small difference in the abundance of E1B 55 kDa protein spectral counts in the AdEasyE1 

and AdEasyE1-S19 immunoprecipitates
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