
 

 

 

Targeting viral epigenetics for the control of human 

adenovirus replication 

 

 

 

Morgan Jennings 

 

 

 

Thesis submitted to the University of Ottawa 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy in Microbiology and Immunology 

 

 

 

 

 

Department of Biochemistry, Microbiology, and Immunology 

Faculty of Medicine, University of Ottawa 

 

 

 

 

 

© Morgan Jennings, Ottawa, Canada, 2025  



 
 

ii 

 

Abstract 

 Human adenovirus (HAdV) causes minor illness in healthy individuals, but can 

cause severe disease in at-risk individuals, such as pediatric, geriatric, and especially 

immunocompromised individuals. This is problematic, as no approved therapeutic exists 

for treating HAdV infection, worsening the burden these individuals face. During infection, 

HAdV exploits epigenetic regulation of the host cell by modulating chromatin dynamics, 

promoting expression of cellular genes productive to infection. Epigenetic regulation of 

viral DNA is also important, as HAdV DNA is chromatinized during infection. As such, 

we hypothesized that treatment with compounds capable of regulating viral epigenetics 

during infection would be an effective strategy in combating HAdV infection. Though 

treatment with curcumin and CBL0137 have diverse effects within the cell, these 

compounds are each capable of affecting epigenetic processes, by modulating the 

expression of epigenetic machinery as well as inhibiting histone chaperones. Thus, we 

aimed to evaluate the effect of curcumin and CBL0137 treatment, as well as siRNA-

mediated depletion of the histone chaperone facilitates chromatin transactions (FACT) 

complex on HAdV infection. Treatment with curcumin inhibited expression of the viral 

early 1A (E1A) proteins as well as the late capsid protein hexon. E1A is the first region 

expressed during infection, and the E1A proteins are vital for modulating cellular gene 

expression and transactivating other viral genes, and the lack of E1A proteins following 

curcumin treatment subsequently impacted viral DNA replication and progeny formation. 

CBL0137 treatment also prevented E1A protein production, which was attributed to 

CBL0137-induced degradation of the catalytic subunit of RNA polymerase II. However, 

we noted that other early viral genes contribute to the stabilization of RNA polymerase II 
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during CBL0137 treatment. Finally, the role of the FACT complex in HAdV infection was 

explored. Depletion of the FACT complex reduced E1A production by lowering the amount 

of E1A transcripts within the cell. The FACT complex was also observed co-localizing 

with viral replication centers, with the FACT complex associating with the viral DNA-

binding protein, a key protein in viral replication centers. Taken together, these results 

indicate targeting E1A production by interfering with viral chromatin is a viable strategy 

in treating HAdV infection. 
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Curaxins and Curcumin as Therapeutics 
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Viruses are obligate intracellular parasites, capable of infecting all known forms of 

life (1). For as long as viruses have existed, viruses have co-evolved with their hosts (2), 

and this intimate relationship has led to an evolutionary arms race. Various antiviral 

strategies employed by hosts have evolved, ranging from the restriction enzymes of 

bacteria (3) to the innate and adaptive immune systems of vertebrates (4, 5). In turn, viruses 

evolve to both combat cellular attempts to limit their replication as well as exploit cellular 

machinery to support productive infection (6, 7). Viruses pose a significant threat to 

humans, directly as human pathogens but also by infecting livestock and crops (8, 9). 

Preventing virally-induced disease has been a concern even prior to the discovery of viruses 

as infectious agents in the late 19th century, with many societies employing traditional 

medicines to combat infection (10-12). Advances in our understanding of both cellular and 

viral biology has greatly increased our ability to more specifically target and inhibit viral 

replication (13-15). Despite this, much work is needed to reduce the burden of known 

virally-induced disease as well as potential emerging pathogens (8, 16, 17). 

Human adenovirus (HAdV) is a non-enveloped, double-stranded DNA (dsDNA) 

virus. There are more than 100 different types of HAdV that are grouped into species A-G 

(18). Due to variable tissue tropism depending on the type, HAdV is capable of causing 

respiratory, ocular, and gastrointestinal disease (18). In healthy individuals, HAdV-induced 

disease is typically self-limiting (19). However, in at-risk populations, such as pediatric, 

geriatric, and especially immunocompromised individuals, HAdV-induced disease is more 

severe (20, 21), and can even be fatal, with a mortality rate of as high as 70% in patients 

with disseminated disease (22). There are currently no approved therapeutics specific for 

treating HAdV infection (14), and while off-label use of other broad-spectrum antivirals, 
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such as cidofovir (23), show some success in treating HAdV, these drugs are often 

associated with secondary toxicity (24). As such, there is a need to discover new 

compounds or repurpose existing ones for the treatment of HAdV infection in vulnerable 

patients. 

HAdV was first isolated from adenoid tissues in the 1950s (25, 26), which is where 

HAdV derives its name. Research into HAdV has in turn greatly improved our general 

understanding of cellular biology, such as gene splicing, which was initially identified due 

to HAdV gene expression (27, 28), as well as alternative polyadenylation (29, 30). The 

ability of the early region 1A (E1A) proteins to interact with numerous cellular proteins 

(31) contributed to identification and characterization of cellular proteins, such as the 

retinoblastoma protein (32-34) and histone acetyltransferases (HATs) E1A-associated 

protein p300 (EP300) (35, 36) and related CBP (37) (referred to as the p300/CBP family). 

Additionally, due to advances in both our understanding of HAdV biology and genome 

editing techniques such as molecular cloning, HAdV emerged as a promising viral vector 

for gene therapy, as later generations of helper-dependent HAdV vectors can have most of 

the viral genome replaced with transgenes, giving a large coding capacity (38). HAdV has 

also been modified to preferentially replicate within cancer cells as an anticancer strategy 

(39), with two such oncolytic viruses approved for use in humans (40, 41). Finally, HAdV 

vectors have been used as vaccine platforms, targeting influenza A virus (IAV) (42), human 

immunodeficiency virus 1 (HIV-1) (43), tuberculosis (44) or severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) (45) infection. 

 

1.1 HAdV biology: the viral genome 
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HAdV contains a linear dsDNA genome of ∼30–40 kb (46). HAdV species C types 

2 (HAdV-2) and 5 (HAdV-5) are the most extensively characterized types of HAdV, and 

are very similar in their biology. Unless otherwise noted, the data presented pertains to 

HAdV-2 and HAdV-5. The HAdV-5 genome is approximately 36 kb, and encodes over 40 

proteins, many of which due to alternative splicing of the same transcript (figure 1.1). 

Adenoviral coding regions are designated early or late if they occur prior to or following 

viral DNA replication, respectively (47), though some genes are expressed intermediately 

(48). The ends of HAdV genomes are composed of inverted terminal repeats (ITRs), which 

act as the origin of DNA replication, with the ~200 bp viral packaging sequence positioned 

adjacent to the left ITR (49). Bound to the 5’ end of each strand is the viral terminal protein 

(TP), explained in greater detail below. 

 

1.1.1 Early genes 

The E1 region encodes the E1A proteins, which are the first viral proteins expressed 

following entry into the nucleus, and are vital for productive infection. The E1A gene is 

known to produce 5 major isoforms of 289, 243, 217, 171, and 55 amino acids, with the 

two larger isoforms predominating during early infection (50). The E1A proteins are major 

transcriptional regulators, but do not bind to DNA directly. Instead, E1A performs this task 

by interacting directly with at least 32 proteins and indirectly with over 2000 proteins (31), 

and modulates over 10,000 cellular promoters during infection (51). As the virus tends to 

naturally infect terminally differentiated epithelial cells, one of the roles of E1A is to induce 

entry into the S-phase of the cell cycle (52). E1A accomplishes this task by interacting with 

several proteins, such as the retinoblastoma tumour suppressor protein (35), which frees 
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Figure 1.1 Schematic representation of the HAdV-5 genome. Obtained with permission 

from (53). Relative location of early regions (E1-E4, highlighted in grey), virus associated 

RNAs, and late regions (L1-L5) are shown. On either end of the genome are the inverted 

terminal repeats (ITRs). Not shown is the U exon protein. 
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E2F to promote expression of genes to enter S-phase (54). E1A also binds to p300/CBP in 

order to redirect H3 lysine 18 acetylation to cellular targets involved in induction of the S-

phase while many other genes are inactivated (51, 52). In addition to regulating cellular 

gene expression, E1A transactivates its own promoter (55, 56), as well as the other early 

viral promoters (57), allowing expression of the early regions E1B, E2, E3, and E4. 

Also encoded by the E1 region are the E1B proteins, E1B-19K, and E1B-55K. In 

general, the E1B proteins serve to prevent apoptosis induced by the activities of E1A (58-

60). However, E1B-55K plays a much larger role in infection. E1B-55K binds to and 

repurposes p53 as a repressor of p53 activated genes (61). Additionally, E1B-55K itself can 

target cellular substrates for degradation, such as DAXX (62). E1B-55K can interact with 

the viral E4 open reading frame (orf) 6 protein and cellular Elongin B/C, Cul5, and RBX1 

proteins to form an E3 ligase complex, which targets numerous cellular targets for 

proteasomal degradation. Examples of targets include p53 to inhibit apoptosis and ensuring 

the infected cell remains in the s-phase (63), Mre11 of the MRN complex to contribute to 

inhibition of the DNA-damage response (DDR) (64), or RALY and hnRNP-C to relieve a 

restriction on viral RNA processing (65). Together, the E1 proteins are crucial for 

productive viral infection, and are removed to generate replication incompetent viral 

vectors (also known as helper-dependent HAdV), increasing coding capacity (38, 66).  

The E2 region encodes proteins involved in viral DNA replication and is split into 

two units. E2A encodes the DNA-binding protein (DBP), while E2B encodes the viral DNA 

polymerase (Pol) and precursor form of TP, preTP, which is cleaved by the adenoviral 

protease (AVP) upon maturation of the capsid (67). Though DBP is vital for viral DNA 

replication, DBP is also involved in regulation of viral gene expression, such as enhancing 
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E1A and E2A expression while partially inhibiting the E4 promoter (68). DBP is also 

involved in particle assembly by interacting with viral packaging proteins (69, 70), though 

DBP is typically not present within mature capsids. In addition to the role of the preTP/TP 

in viral DNA replication, preTP/TP also helps protect viral genomes from being recognized 

by the DDR, as the ends of viral genomes would otherwise appear like double-stranded 

breaks (71), as well as prevents nucleases from attacking viral DNA (72). The specifics of 

HAdV-5 DNA replication are explained in greater detail in section 1.2.4.  

The E3 region encodes at least six proteins that have immunomodulatory functions 

(73, 74). The E3 region is not required for replication in culture, and thus is removed to 

further increase cloning capacity in gene therapy vectors (66, 75). Finally, the E4 region 

encodes proteins with numerous functions, such as altering cellular protein stability, 

reorganization of cellular structures within the nucleus, regulation of late viral RNA 

splicing, and inhibition of the cellular DNA damage response, with many of these proteins 

having redundant activity (76). Expression of the E4 region yields a single transcript that 

is spliced to generate at least seven proteins, E4orf1, E4orf2, E4orf3, E4orf3/4, E4orf4, 

E4orf6, and E4orf6/7 (74). E4orf6 is the best studied of the E4 proteins, due to its ability 

to be sufficient for viral replication in the absence of other E4 proteins (76). As outlined 

above, the E4orf6 protein also associates with E1B-55K and cellular proteins to form an 

E3 ligase complex to redirect ubiquitin machinery to promote degradation of alternative 

substrates. 

 

1.1.2 Intermediate genes 

Though HAdV infection is typically divided into early and late phases, some 
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proteins are expressed intermediately. Examples include the structural protein IX (pIX, 

though expression increases as the late phase progresses) (77), and the U exon protein, 

which is possibly involved in DNA replication or RNA transcription (78, 79). HAdV also 

encodes virus-associated (VA) RNAs (VA RNAI and RNAII), which are involved in 

translation of early and late viral genes, inactivation of the interferon response, contributes 

to host gene expression modulation, and inhibits the RNA interference (RNAi) pathway 

during late infection (80-83). IVa2 is expressed following DNA replication (84). To fully 

activate the major late promoter (MLP), the late region 4 (L4) proteins L4-22K and L4-

33K are required. These proteins are regulated by the L4 promoter, which is activated by 

IVa2 and E4orf3 (48). The discovery of the L4 promoter resolved the paradox of late 

proteins being required to activate their own promoter. 

 

1.1.3 Late genes 

Once activated, transcription from the MLP gives rise to a long transcript (27,000 

bp long, or ~75% the total genome length (85)) that is alternatively spliced into the late 

transcription units, L1–L5 (86). The majority of the proteins produced by the major late 

transcriptional unit are structural capsid proteins. The L1 region encodes the proteins L1-

52/55K, which are involved in virion assembly (87), and precursor protein IIIa (preIIIa), 

which in its mature, cleaved form (pIIIa), acts as a minor cement protein within the capsid 

(46). The L2 region encodes the penton base (also known as protein III), one of the major 

capsid proteins found at each vertex, and inner core precursor protein VII (preVII), protein 

V (pV), and precursor protein µ (preµ), also known as protein X (46, 88). Both preVII and 

preµ are cleaved by the AVP during capsid maturation, yielding protein VII (pVII) and µ 
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(89). The L3 region encodes inner core precursor protein VI (preVI), major capsid protein 

hexon (also known as protein II), and the AVP (46). The L4 region encodes the mentioned 

L4-100k and L4-22/33K proteins, as well as protein VIII (pVIII), another cement protein 

(46). In addition to activating the MLP, L4-33K is also involved in virion assembly (90). 

Finally, L5 encodes the fiber protein (protein IV), the last major capsid protein, which 

extends out of each vertex (46), and is used for cell attachment (91). 

 

1.2 HAdV biology: life cycle 

1.2.1 The mature virion 

The mature HAdV virion is composed of 12 proteins grouped into major, 

minor/cement, and core proteins, as well as the viral DNA and two copies of TP (figure 

1.2). The virion is ~90 nm from vertex to vertex, and in the case of HAdV-5, the fiber 

protein further extends out ~30 nm. The length of the fiber protein varies depending on the 

type of HAdV (46). Each vertex is composed of a pentamer of the penton protein 

surrounded by five trimers of the hexon protein (referred to as the group of six), while each 

face is composed of nine trimers of hexon (referred to as the group of nine) (92).  Each 

vertex is in turn capped by a trimer of the fiber protein (88). pIX is the only minor protein 

found on the outside of the capsid, and helps stabilize hexon trimers with one another (93). 

Within the virion, the minor proteins pIIIa, pVI, and pVIII also assist with stabilizing the 

capsid (88, 94, 95). The proteins pV, pVII, and protein µ are all inner core proteins (88, 96, 

97). Proteins pVII and µ contribute to condensation of viral DNA within the capsid (97), 

while pV connects the condensed viral DNA with the inner shell of the capsid, by 

interacting with pVII and pX, as well as the cement proteins pVI and pVIII (46). Virions 
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Figure 1.2 Schematic of the HAdV-5 virion. Obtained with permission from (98), 

depicting approximate locations of viral major, minor, and core proteins. 
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can be generated in the absence of pVII, suggesting condensation of viral DNA is not 

necessary for packaging, but these virions are unable to escape the endosome following 

endocytosis (99). Finally, capsids contain the proteins IVa2, which is found at a single 

vertex (49) and AVP, which is required for maturation of the virion (88). The exact structure 

of the viral core has not been elucidated (46). 

 

1.2.2 Cellular uptake to nuclear import 

The overall infection cycle takes about 48 h in normal cells (100), while in 

transformed cells replication is much more rapid, completing a cycle in 24-36 h. At the 

beginning of HAdV-5 infection, the fiber protein binds to the Coxsackie-Adenovirus 

receptor (CAR), which is the primary receptor for HAdV-5 and Coxsackie B virus (101, 

102), though alternate receptors exist (103). Once the fiber knob binds to CAR, a secondary 

interaction occurs between the penton protein and αvβ3 or αvβ5 integrins, which triggers 

internalization of HAdV by clathrin-mediated endocytosis (104). During internalization, 

difference in mobility between CAR and relatively immobile integrins leads to shearing 

off the fiber proteins from the capsid (105), allowing for the release of pVI from the inner 

capsid. pVI possesses membrane lytic activity, and results in rupture of the endosome and 

subsequent release of the virus into the cytoplasm (106). To reach the nucleus, the capsid 

travels along microtubules (107), and is progressively dismantled (108-110). Once the 

partially disassembled capsid reaches a nuclear pore, pVII-bound HAdV DNA is released 

and subsequently imported into the nucleus (108-114).  

The pVII molecules that accompany viral DNA into the nucleus are known to serve 

a few functions. First, pVII helps protect HAdV DNA from detection by the DDR (115), 
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as activation of the DDR prior to expression of early viral genes to counter the DDR leads 

to concatemerization of viral DNA, which prevents productive infection (116, 117). 

Second, free pVII can associate with host chromatin as well as high-mobility-group B 

(HMGB) proteins, together suppressing cellular immune danger sensing (118, 119). Third, 

free pVII also depletes histone H1 isoforms from cellular chromatin, and the combination 

of sequestering HMGB and H1 depletion inhibits cell cycle progression beyond the S-

phase, ensuring efficient viral replication (120). Fourth, small amounts of pVII on viral 

DNA appears to stimulate transcription of viral DNA (121-123), and pVII can be found 

bound to the viral DNA up to at least ∼10 h post infection (hpi) (121, 122, 124-127). pVII 

is removed from viral DNA in a transcription-independent manner (127, 128). In cell-free 

experiments, the proteins SET (129, 130), NAP-1 (131), and nucleophosmin (132) have 

been identified as potential remodelers of pVII-wrapped viral DNA, though this has not 

been demonstrated during actual infection. 

 

1.2.3 Epigenetic regulation during HAdV replication 

On cellular DNA, two histone H2A–H2B and H3–H4 dimers (forming an octamer) 

wrapped by ~150 bp of DNA form the basic unit of chromatin, nucleosomes. Post-

translational modification (PTM) of the N-terminal “tails” of histones influences the 

“openness” and “compactness” of chromatin, or regions of active and repressive gene 

expression, respectively (133, 134). In general, acetylation of histone tails is associated 

with open chromatin (e.g. acetylation of H3K9, H3K18, H3K56, and H4K16), while 

methylation is associated with closed chromatin (e.g. trimethylation of H3K9 and H3K27) 

(133, 135). DNA itself may also be methylated, typically repressing gene expression 

(though DNA methylation of some loci can promote gene expression) (136, 137). Other 
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mechanisms utilized by the cell to control gene expression include non-coding RNAs 

(138), as well as direct accessibility to DNA sequences by remodeling nucleosome position 

(139). Together, these epigenetic mechanisms grant the cell more control over gene 

regulation and allow the establishment of cell identity (140).  

The dynamics of epigenetic regulation is exploited by HAdV and other nuclear 

viruses (141-143), allowing modulation of viral gene expression, as well as altering cellular 

gene expression to support productive infection. HAdV infection induces global changes 

in the epigenetic landscape, such as reducing global H3K18 acetylation status, while 

maintaining the marks on promoters for genes involved in the cell cycle (51). Prior to 

expression of E1A, cellular histones must be deposited on viral DNA (128), suggesting 

HAdV DNA must also be chromatinized for productive infection. Indeed, all members of 

the nucleosome can be detected on viral DNA (121, 126, 127, 144). Furthermore, 

micrococcal nuclease digestion of early HAdV DNA yields a repeating ∼200 bp structure, 

similar to cellular chromatin, suggesting that the histones found on viral DNA are indeed 

wrapped in physiologically-spaced, nucleosome-like structures (126, 145-149). The 

histones on HAdV DNA are also modified, as acetylated H3 can be detected at all HAdV 

promoters tested (121). However, as the infection progresses into the late phase, viral 

genomes instead show irregularly spaced nucleosome-like structures at approximately one-

tenth the density of cellular chromatin (127), though it is not known if this is an intentional 

strategy employed by HAdV, or rather due a combination of increasing number of viral 

genomes and reduced histone pools available due to inhibition of cellular mRNA 

translation (150, 151). 

The importance of epigenetic regulation during HAdV infection is underscored by 
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the fact that several studies have shown that compounds that modulate the activity of 

cellular epigenetic proteins are capable of inhibiting HAdV replication (14). Compounds 

such as pan-histone deacetylase (HDAC) inhibitors SAHA (inhibiting HDACs 1-3, 6, 7, 

and 11), trichostatin A (HDACs 1, 3, 4, 6, and 10) (152), and valproic acid (HDACs 1-5, 

and 7) (153) have anti-HAdV effects, with many more with potential compounds (154). 

Histone methyltransferases inhibitors also are capable of inhibiting HAdV replication (154, 

155). 

Despite forcing cells into the S-phase of the cell cycle, HAdV does not incorporate 

the histone variant H3.1, which is expressed exclusively during the S-phase (156, 157), 

onto viral DNA (126, 127, 144). Instead, HAdV DNA incorporates the histone variant H3.3 

(121, 127, 144), though the histone chaperone that accomplishes this task has not been 

identified (98). While knockdown (KD) of histone H3.3 chaperone HIRA did not decrease 

association of H3.3 on wild type HAdV-5 DNA (127), loss of HIRA did reduce association 

of H3.3 on a helper-dependent vector (126). KD of CHD1, another H3.3 chaperone, did 

not lower viral yield in HAdV-5 infected cells (158). While DAXX is known to act as a 

H3.3 chaperone, it is actively targeted for degradation during HAdV infection, and mutant 

viruses unable to degrade DAXX actually leads to repression of viral transcription, as these 

histones were unacetylated (62, 159, 160). The chaperone responsible for H2A-H2B 

deposition is also unknown. Regardless of the histone chaperone that deposits histones on 

viral DNA, once chromatinized, E1A expression can commence, leading to changes in 

cellular gene expression to better support productive infection. Expression of E1A also 

leads to transactivation of the other early viral genes, which all slowly accumulate over 

time (161). Once sufficient E2 proteins are present, viral DNA replication commences (67). 
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1.2.4 Viral DNA replication 

In HAdV-infected cells, viral DNA replication begins ~30 hpi in normal cells (161), 

and much more rapidly in cancer cells, between 10-12 hpi (162). As viral DNA replication 

commences (summarized in figure 1.3), the viral Pol and preTP associate with one another. 

The Pol/preTP complex then binds to the viral ITR, and along with Oct-1 and NF1, forms 

the viral DNA replication pre-initiation complex. DBP binding to the pre-initiation 

complex enhances binding of Pol and NF1 to the origin of replication (163), and aids in 

unwinding the dsDNA genome (165, 166). This also has the effect of stimulating the 

elongation phase of DNA replication (163). As Pol progresses along viral DNA, DBP binds 

to the displaced single-stranded DNA (ssDNA) intermediate, cooperatively binding to 

other DBP molecules, thereby allowing ATP-independent unwinding of viral DNA. These 

ssDNA intermediates are additionally protected by DBP to avoid degradation by cellular 

nucleases (167, 168) as well as recognition by the DDR against naked DNA (167, 169). 

Once the ssDNA intermediate is fully displaced, by annealing the complementary ITR at 

the ends of viral DNA, the ssDNA intermediate forms a “pan-handle” structure. This 

process recapitulates the native ITR, serving as a template for another round of DNA 

replication, eventually generating another dsDNA molecule (170). DBP-bound viral DNA 

is not the template for viral gene expression (171), and since histones remain associated 

with viral DNA at 18 hpi (127), it is likely that some viral genomes remain associated with 

histones to support viral gene expression. Indeed, viral transcription can be detected on the 

periphery of both early and late viral replication centers (VRCs) (172, 173). As outlined 

above, viral DNA replication induces the expression of IVa2 (84). IVa2 and E4orf3 activate 

expression of L4-22K and L4-33K (48), which in turn activate the MLP and ushers in the 
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Figure 1.3 HAdV DNA strand displacement replication.  Obtained with permission 

from the ExPASy Bioinformatics Resource Portal (164). The linear HAdV genome is 

replicated through protein-primed, strand displacement. 
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late phase of infection. 

 

1.2.5 Late gene expression to viral egress 

Following the activation of the MLP, late viral proteins accumulate within the 

nucleus, eventually leading to virion formation (69, 173). Historically, it was unknown if 

HAdV virions were formed by inserting viral DNA into preformed capsids, known as the 

sequential model, or if capsids formed around viral cores, known as the concerted model. 

Despite some evidence suggesting virions are formed via the sequential model (174, 175), 

a larger body of evidence would suggest that virions form via the concerted model (69, 

173, 176). Virion assembly is coupled to active viral DNA replication, as inhibition of viral 

DNA replication after the onset of late gene expression reduced virion formation despite 

the presence of accumulated viral DNA which could otherwise be packaged into virions 

(177). DBP-negative viral genomes bubble out of VRCs, acquiring core proteins as the 

genomes travel to the nuclear periphery where final capsid assembly takes place (69, 173, 

178). Eventually, increased expression of the adenoviral death protein induces 

destabilization of the nuclear envelope, rupturing the nucleus and leading to death of the 

cell, allowing escape of replicated virions (179), completing the viral lifecycle. 

 While viral cores during virion formation appear to be devoid of DBP, it is unknown 

if these viral genomes are still associated with significant amounts of histones, which need 

to be replaced by preVII.  The protein TAF-III has been identified as a potential chaperone 

for deposition of preVII onto viral DNA, as it has a greater affinity for preVII over pVII, 

and can transfer preVII onto DNA in cell-free systems (180), which would otherwise form 

insoluble complexes without TAF-III (181). Depletion of TAF-III causes histones to be 



 
 

19 

 

retained on viral DNA (182). PreVII also interacts with chromatin remodeling proteins 

CHD3 and BAZ1A, potentially contributing to removal of histones from viral DNA (183).  

In addition, viral DNA may be predisposed to bind to preVII due to reduced cellular protein 

translation impacting the levels of histones within the nucleus (150, 151). Regardless, viral 

DNA associated with preVII and other core proteins would then go on to form mature 

virions, as outlined above. 

 Taken together, HAdV infection involves many complex processes where a 

significant disruption can prevent successful generation of progeny. While targeting viral 

proteins and processes during infection directly reduces the potential for cytotoxicity 

against the host, such a strategy increases the risk of resistance due to direct evolutionary 

pressure against the virus (184, 185). An alternative strategy is instead to target the host 

processes the virus co-opts for productive infection, striking a balance between direct 

impact on the host and reducing the possibility of the virus developing resistance against a 

treatment (185, 186). Such strategies may also reveal compounds with broad-spectrum 

activity against many viruses (187, 188), allowing for repurposing of compounds against 

viral infection. Thus, identifying host factors vital for productive infection can represent 

potential targets to inhibit viral infection.  

 

1.3 The Facilitates Chromatin Transactions complex 

  Among eukaryotes, the facilitates chromatin transactions (FACT) complex is a 

conserved protein complex involved in numerous cellular processes (189-191). The FACT 

complex was initially identified as a key factor involved in transcription elongation through 

nucleosomes (192), which can act as physical obstacles impeding the passage of RNA 
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polymerase II (RNAP II) (193-195). This led to the complex initially being named the 

facilitates chromatin transcription complex (192). However, since then, the FACT complex 

has been shown to be involved in other cellular processes, such as transcription initiation 

(196, 197), DNA replication (198, 199) and repair (200, 201). The FACT complex is also 

capable of assembling nucleosomes on naked DNA (202, 203).  The role of the FACT 

complex in diverse chromatin-related processes has led some to instead use the word 

transactions when referring to the complex (204). In yeast, a common model organism used 

in studies of eukaryotic processes (205, 206), the complex is composed of three protein 

subunits, suppressor of Ty 16 (Spt16, also known as Cdc68), polymerase one binding 

protein 3 (Pob3), and non-histone protein 6 (Nhp6) (189). In humans, the FACT complex 

is only composed of two proteins, SUPT16H (Spt16 homologue) and structure specific 

recognition protein 1 (SSRP1, a fusion of Pob3 and Nhp6) (189, 196, 207).  

 The FACT complex is reported to have an unusual mode of self regulation (208). 

The mRNA of both SUPT16H and SSRP1 associate with the FACT complex itself, 

stabilizing the complex. In turn, the loss of mRNA (such as via RNAi) of either subunit 

destabilizes the entire complex and leads to reduced quantities of both SUPT16H and 

SSRP1 protein. This indicates only one subunit needs to necessarily be targeted in order 

lower the quantity of the entire complex. 

Within the cell, the FACT complex is distributed throughout the nucleoplasm and 

associates with genes undergoing active transcription (209-211). The FACT complex is 

also enriched in nucleoli, where it is involved in RNAP I and III transcription (212). In 

proliferating cells, transcription of rRNA genes by RNAP I accounts for 60-80% of total 

RNA transcription (213, 214), which could explain the enrichment of the FACT complex 
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within nucleoli.  

During embryonic development, FACT expression is high and remains high in 

undifferentiated/proliferating cells, but decreases as cells differentiate (210, 215-217). 

Owing to the importance of the FACT complex in undifferentiated cells, knockout (KO) of 

the FACT complex is embryonically lethal (218, 219). In adult mice, differentiated cells 

are unharmed by the loss of the FACT complex while stem cells in several organs are 

unable to properly proliferate, which ultimately contributed to lethality (220). In many 

cancers, the FACT complex is upregulated (217, 221), and the discrepancy between FACT 

complex expression in differentiated vs cancer cells have led to researchers targeting the 

FACT complex as an anticancer strategy (221, 222).  

 Each subunit of the FACT complex functions cooperatively to remodel 

nucleosomes (figure 1.4). During nucleosome remodeling, the FACT complex can only 

weakly bind to intact nucleosomes, and requires the DNA to be partially unwound from 

the nucleosome, such as by the activity of RNA and DNA polymerases (223, 224). Once 

bound to the nucleosome and DNA, SUPT16H removes one H2A-H2B dimer from the 

nucleosome, forming a hexasome and leads to unwrapping of DNA from the hexasome, 

thereby allowing passage of the polymerase (225, 226). After the polymerase has passed, 

the FACT complex reassembles the nucleosome in order to maintain chromatin stability 

(190, 200, 225, 227). Depletion of the FACT complex has been associated with increased 

histone turnover (228), and results in increased transcription from cryptic promoters (229-

231), as well as scrambling of histone marks (232).  

 

1.3.1 Role of the FACT complex in gene transcription 



 
 

22 

 

 

 

 

 

 

 

Figure 1.4 Schematic of the FACT complex. Obtained with permission from (204). The 

gray double arrows indicate known physical interactions of FACT domains with histones. 

NTD, N-terminal domain; DD, dimerization domain; MD, middle domain; CTD, C-

terminal domain; IDD, intrinsically disordered domain; HMG, High mobility group 

domain; PH, Pleckstrin homology. 
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 As mentioned above, the FACT complex is best known for its role in gene 

transcription, both in transcription initiation and elongation. During transcription initiation, 

the RNAP II complex and general transcription factors bind to the core promoter of a given 

gene, forming the pre-initiation complex (233, 234). Enhancers promote pre-initiation 

complex assembly at the core promoter as well as contribute to activation of RNAP II (233, 

235-237). The FACT complex contributes to transcription initiation. For the pre-initiation 

complex to form, the promoter of a particular gene needs to be open, and nucleosomes 

present on the promoter can inhibit the formation of the pre-initiation complex (238). In 

studies of yeast, the FACT complex is required for disassembly of nucleosomes on several 

promoters, such as PHO5 (197), HO (239, 240), and GAL1-GAL10 (241). The FACT 

complex plays a similar role in mammalian cells. For example, the FACT complex interacts 

transiently with Oct4 and is recruited to the promoters of Oct4 target genes to deplete 

nucleosomes (242). Loss of the FACT complex strongly reduced formation of the pre-

initiation complex globally (243). Additionally, the FACT complex itself may recruit 

transcription factors to promoters, as is the case for the HO promoter in yeast (239, 240). 

However, the FACT complex also plays a role in maintaining the silenced state of repressed 

genes, as mentioned above (228-231).  

 In in vitro studies of transcription, RNAP II transcribes very poorly on chromatin 

templates (244), while in vivo, factors exist that can alleviate the barrier nucleosomes pose 

to the passage of RNAP II during transcription elongation. Such factors include the FACT 

complex (190, 192), though other transcription elongation factors exist (245-250). As 

RNAP II attempts to transcribe through a nucleosome, it encounters regions where there is 

a strong interaction between nucleosomal DNA and histones at +15 and +45 bp into the 
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nucleosome (251). The pausing at the +45 position is alleviated by the FACT complex 

(252), as the nucleosomal DNA is sufficiently peeled off for FACT complex to bind to the 

nucleosome/nucleosomal DNA (223, 224). Once the FACT complex is recruited to the first 

nucleosome of a gene (referred to as the +1 nucleosome), work by Jeronimo et al. (211) 

suggests that Chd1 assists the FACT complex in following RNAP II towards the 3’ end of 

the gene, possibly by “evicting” the FACT complex from post-transcribed nucleosomes. 

Following passage of RNAP II, the FACT complex reassembles the nucleosome by 

returning the H2A-H2B dimer to the hexasome (190, 200, 225, 227), which contributes to 

the maintenance of histone marks patterns on nucleosomes (232). RNAP I (transcribing 

rRNA, except for 5S rRNA) and III (transcribing tRNA and 5S rRNA)-dependent 

transcription also appears to require the FACT complex, as the FACT complex is associated 

with the chromatin of RNAP I and III-transcribed genes, and loss of the FACT complex 

decreases transcription of these genes (212). 

 

1.3.2 Role of the FACT complex in DNA replication 

 The ability of the FACT complex to modulate nucleosomes is also utilized by 

eukaryotic cells during DNA replication. Similar to gene transcription initiation, 

nucleosomes can influence the ability of the pre-replication complex to form at origins of 

replication (253), suggesting the FACT complex could be involved in clearing origins of 

replication of nucleosomes. Additionally, nucleosomes not only need to be disassembled 

ahead of the replication fork to allow passage of the replisome, but nucleosomes need to 

be reassembled on both the parental strand and daughter strand. This maintains proper 

histone marks such that the replicated cell can maintain its epigenetic state (254, 255). 
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While other histone chaperones can contribute to these processes (256-261), the FACT 

complex has been shown to be involved in both tasks. The FACT complex interacts with 

the MCM complex to disassemble nucleosomes ahead of the replication fork (198), and 

the interaction between the MCM and FACT complexes increases the helicase activity of 

the MCM complex (262), improving DNA replication efficiency. The FACT complex 

reassembles parental nucleosomes on replicated DNA (199). Loss of the FACT complex 

leads to the dissociation of the MCM complex following replication stress (263). The 

FACT complex also weakly but directly interacts with RPA (264), and since RPA can bind 

to free H3-H4 (265), this may be another mechanism promoting nucleosome deposition on 

replicated DNA by the FACT complex. 

 

1.3.3 Role of the FACT complex in DNA damage repair 

  The FACT complex assists in maintaining chromatin stability as well as 

reorganizing chromatin to facilitate DNA repair following DNA damage (200, 201), 

accumulating at sites of DNA damage (266-268). Perhaps unsurprisingly given the role of 

the FACT complex in transcription, the FACT complex contributes to transcription-coupled 

nucleotide excision repair, with rapid eviction of H2A-H2B dimers at sites of UV-induced 

damage, not only allowing repair machinery access to damaged DNA (269), but even 

recruiting repair factors to the lesion (270). FACT-mediated repair allows transcriptional 

restart following repair, which does not occur in the absence of the FACT complex, even 

if the lesion is repaired (269). At least in the context of UV-induced DNA damage, the 

FACT complex appears to be recruited to sites of damage by the association CK2 with 

SSRP1, which phosphorylates SSRP1 and switches the specificity of SSRP1 binding to 
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damaged DNA (266, 271-273). During dsDNA break repair, H2AX can be phosphorylated 

(known as γH2AX) by the ATM, ATR, and DNA-PK pathways (274, 275). The FACT 

complex is implicated specifically with the DNA-PK-mediated pathway, as cisplatin-

induced DNA damage caused relocalization of FACT proteins from the nucleolus to the 

site of DNA damage that appeared to be dependent on DNA-PK (276). At the site of 

damage, γH2AX is exchanged onto nucleosomes by the FACT complex, and this process 

is reversed by ADP-Ribosylation of SUPT16H by PARP1 (277), while KD of RNF40 

inhibited recruitment of the FACT complex to sites of DNA damage (278). The FACT 

complex associates with APE1 during base excision repair (279), XRCC1 and PARP1 

during ssDNA break repair (280), and Rad54 during homologous recombination (281). 

 

1.3.4 Role of the FACT complex in viral infection 

 Though it depends on the virus and context of infection, the FACT complex has 

been shown to be either a pro or antiviral factor during viral infection. Recently, a major 

antiviral pathway involving the FACT complex was identified, termed the FACT-ETS-1 

Antiviral Response (FEAR) pathway (282). Early viral gene expression induces the 

SUMOylation of SUPT16H, and the resulting accumulation of SUMOylated SUPT16H 

activates the FEAR pathway. Activation of the FEAR pathway induces expression of ETS-

1, and ETS-1 in turn increases the expression of genes involved in the antiviral response. 

Activation of the FEAR pathway is independent of the interferon response, and may have 

evolved prior to the interferon response itself. The pathway was identified due to 

cytoplasmic retention of SUMOylated SUPT16H by the vaccinia virus A51R protein 

(which itself is conserved among poxviruses). KD of SUPT16H was sufficient to increase 
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viral titers of vesicular stomatitis virus, IAV, and yellow fever virus (but not of herpes 

simplex virus type 1 (HSV-1)), suggesting the FEAR pathway may inhibit infection of 

diverse viruses (282). 

 Despite the FEAR pathway, the FACT complex is exploited by both RNA and DNA 

viruses to promote infection. Consistent with the role of the FACT complex in maintaining 

the silenced state on cryptic promoters (229-231), the FACT complex can suppress viral 

transcription from integrated viral DNA in HIV-1 and human T-lymphotropic virus type 1 

infection, likely acting as a pro-latency factor (283). Paradoxically, the FACT complex is 

required for expression driven by the long terminal repeat of HIV-1 (284), despite earlier 

work indicating the FACT complex is a pro-latency factor, suggesting different cellular 

cues may influence FACT complex activity during HIV-1 infection. Avian leukosis virus 

requires the FACT complex for integration of viral DNA (285), but appears not to be 

involved in integration of HIV (284).  Loss of the FACT complex or inhibition by the 

curaxin CBL0137, a DNA intercalating agent with pleiotropic effects (286, 287) (discussed 

in greater detail in section 1.4), increased interferon activity and inhibited replication of 

zika virus (ZIKV), IAV, and SARS-CoV-2 (288). In the case of IAV, inhibition of 

replication was due to CBL0137 treatment, suggesting the additional effects of CBL0137-

treatment were responsible for the anti-IAV effects observed, as KD of SUPT16H alone 

improved IAV replication (282). CBL0137-treatment during human cytomegalovirus 

(HCMV) infection indicated that the FACT complex is required for viral reactivation, as 

the FACT complex was prevented from binding to the major immediate early promoter 

(MIEP) (289). The FACT complex is required for Kaposi's sarcoma-associated herpesvirus 

(KSHV) latency-associated nuclear antigen-dependent DNA replication (290). The FACT 
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complex has been shown to interact with the viral ICP22 protein during HSV-1 infection 

(291, 292), a requirement for efficient transcription elongation of viral genes. Finally, the 

FACT complex has been observed co-localizing with HAdV VRCs (293), though the role 

of the FACT complex in HAdV infection was not determined. Efforts to inhibit the FACT 

complex via curaxins have indicated that curaxins may be potent, broad-spectrum antiviral 

compounds. The ability of CBL0137 to inhibit HSV-1 and HCMV, both dsDNA viruses, 

suggests it may be able to inhibit HAdV replication as well. 

 

1.4 Curaxins as therapeutics 

 Curaxins are small, carbazole-like DNA intercalating molecules (286, 287). 

Without causing DNA damage (294), curaxin-treatment leads to nucleosome unfolding and 

subsequently affects chromatin organization (295). As curaxin molecules intercalate DNA, 

they induce a conformational change that causes DNA to be partially unwound from 

nucleosomes, mimicking the effect induced by RNAP II and replisome complexes as they 

attempt to pass through the nucleosome (296).  As binding of the FACT complex to 

nucleosomes requires partial unwinding of nucleosomal DNA (223, 224), curaxin-

treatment causes the FACT complex to become associated with nucleosomes globally and 

essentially sequestered, a process referred to as chromatin-trapping (c-trapping) (296, 297). 

Curaxin treatment ultimately has pleiotropic effects on the cell, such as suppression of NF-

κB signaling, activation of NOTCH1 signaling, suppression of MYCN expression, 

stabilization of p53, formation of Z-DNA, and in sufficiently high concentrations (10 µM), 

eviction of histones from chromatin (287, 296, 298, 299). A recent study also demonstrated 

that curaxin-treatment induces the degradation of the catalytic subunit of the RNAP I and 
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II complexes, as these complexes become stalled and are targeted by the ubiquitin-

proteosome system (299). It is unclear if curaxin-induced stalling of RNAP II complexes 

is due to the inability to transcribe past the unfolded nucleosome or, more likely, if curaxin 

treatment induces a DNA lesion originating from torsional stress, possibly by accumulation 

of Z-DNA.  

 The original curaxin molecule, CBLC000, was initially identified during a drug 

screen against the renal carcinoma RCC45 cell line for compounds that stabilize p53 

without causing genotoxicity (286). Subsequent molecular optimization studies of 

CBLC000 yielded several derivative molecules with enhanced biological potency, 

including CBL0137 (figure 1.5), which has improved stability and water-solubility. Due to 

these favourable properties, CBL0137 is the primary curaxin molecule used in research, 

including numerous preclinical cancer models demonstrating antineoplastic efficacy (286, 

300-307), which ultimately led to a phase I/II clinical trial investigating CBL0137 

treatment for various solid tumours (NCT04870944). 

As alluded to above, curaxin treatment is also capable of inhibiting both RNA and 

DNA virus replication. The FACT complex, in conjunction with BRD4, appears to control 

the induction of interferon signaling via epigenetic suppression, and CBL0137 treatment 

induced an interferon response, which ultimately inhibited ZIKV, IAV, and SARS-CoV-2 

replication (288). HIV-1 replication is inhibited both by CBL0137 and CBL0100 (308, 

309). CBL0137 is not only capable of inhibiting replication of HSV-1 (292) and HCMV 

(289), but also increased survival in a lethal mouse model of HSV-1 infection (292). Should 

CBL0137 be approved for use in treating cancer in humans, the broad antiviral properties 

of CBL0137 suggest it could easily be repurposed to treat viral infection as well. 
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Figure 1.5 Chemical structure of CBL0137. Chemical structure of the curaxin CBL0137. 
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The antiviral properties of CBL0137 are in part due to CBL0137 interfering with 

proper gene regulation/expression of either viral or cellular genes (288, 289, 292, 308). As 

epigenetic modulating compounds can have anti-HAdV properties (152-155), discovering 

additional compounds capable of interfering with HAdV infection via epigenetic 

modulation could prove useful. One promising source of such modulators are natural 

compounds (310, 311), such as curcumin (312). 

 

1.5 Curcumin as a therapeutic 

Curcumin (diferuloylmethane) is a natural compound derived from the rhizome of 

Curcuma longa plant (313, 314). Curcumin along with desmethoxycurcumin, and 

bisdemethoxycurcumin, form the curcuminoids (figure 1.6), representing approximately 3-

5% of ground and dried turmeric (315). While used as a strong food dye and consumed as 

a spice (via turmeric) (313), curcumin is perhaps known best for its use in traditional 

medicine, due to anti-inflammatory and wound-healing properties (316, 317). As a natural 

compound that is easily sourced, these properties have made curcumin an attractive 

potential therapeutic, and much research has gone into the feasibility of using curcumin to 

treat various diseases. Such research has demonstrated that curcumin has anticancer, 

antioxidant, and antimicrobial (including antifungal, antibacterial, and importantly, 

antiviral) properties, at least in vitro (12, 316, 318, 319). However, hampering the 

translation from in vitro to successful in vivo studies and clinical trials is the poor water-

solubility and bioavailability of curcumin. Due to its poor solubility, as little as 1% of 

administered curcumin is actually absorbed by the body, and is undetectable in target 

tissues (320, 321). Additionally, what little curcumin that is actually absorbed is unstable  
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Figure 1.6 Chemical structure of curcuminoids. Obtained with permission from (12). 

Chemical structure of curcumin (A), demethoxycurcumin (B), and bisdemethoxycurcumin 

(C). 
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at physiological pH, and rapidly degrades into ineffective products (313). As a result, many 

groups have performed studies into alternative formulations and analogues of curcumin in 

attempts to improve bioavailability and stability to increase the effectiveness of curcumin 

in potential clinical trials (322-327). 

Similar to curaxins, curcumin treatment has pleiotropic effects on cellular processes 

(328-330). For example, research into the anticancer properties of curcumin demonstrated 

that curcumin can downregulate the PI3K–AKT–mTOR pathway (331, 332), suppress NF-

κB signaling (333-335), inhibit cell cycle progression through upregulation of p53, p21, 

and p27 (331, 336-339), among many other pathways (328). Curcumin also interferes with 

epigenetic regulation (312, 340). Curcumin treatment modulates HDAC activity, 

downregulating HDACs 1-4, 6, and 8 (341-350). However, other groups reported 

upregulation of HDACs 1, 2, 4, 5, and 8 (346, 351, 352), and this discrepancy between 

upregulating and downregulating specific HDACs may be due to lower doses of curcumin 

used (<12.5 µM), as well as a cell type-specific effect. The HAT p300/CBP is also inhibited 

by curcumin (353-355).  

 Thanks to the pleiotropic effect of treatment with curcumin and derivatives, 

curcumin can inhibit both RNA and DNA viruses via diverse mechanisms (12, 356, 357). 

The first evidence of the antiviral properties of curcumin was inhibition of the HIV-1 viral 

protease (358), with subsequent research also demonstrating inhibition of reverse 

transcription (325), replication (359), and degradation of the viral TAT protein (360). 

Direct incubation of IAV with curcumin inhibits viral entry (361), and suppression of NF-

κB and PI3K/AKT signaling pathways also inhibit viral replication and egress, respectively 

(334, 362). Curcumin and analogues can weakly inhibit the dengue virus protease, while 
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alterations in cellular lipogenesis and actin filament organization interfere with productive 

replication (363). Curcumin inhibits SARS-CoV-2 by interfering with the binding of the 

viral spike protein with ACE2 (364-366), and was able to inhibit viral replication as well 

(367-370). Many studies have performed molecular-docking simulations suggesting 

curcumin can also inhibit the SARS-CoV-2 protease (368, 371-373), though to date no 

studies have verified this in vitro. Curcumin prevents hepatitis B virus entry by 

downregulation of the NTCP receptor (374). Both HSV-1 and 2 are inhibited by curcumin 

by preventing VP16-mediated recruitment of RNAP II to viral promoters (359, 375, 376), 

while KSHV is inhibited due to inhibition of APE1-mediated redox function (377). Against 

HCMV, curcumin reduces the expression of viral IEA proteins (378), and downregulates 

Hsp90 (379). Taken together, should a reliable solution to the poor bioavailability, 

solubility, and stability of curcumin be found, curcumin could act as a potent broad-

spectrum antiviral compound. 

HAdV, though self-limiting in healthy individuals, can induce severe disease at-risk 

populations (20-22). However, there is no approved therapeutic for treating HAdV 

infection (14). As HAdV exploits cellular epigenetic machinery for productive infection, 

interfering with HAdV infection by targeting such processes represents a promising 

strategy (14). Direct targeting of the FACT complex, should it be required during HAdV 

infection, could potentially impact HAdV gene expression, as is the case with HSV-1 (291). 

Treatment with the compounds CBL0137 or curcumin, each having broad-spectrum 

antiviral properties (12, 289, 292, 309), could also potentially inhibit HAdV infection by 

interfering with proper epigenetic regulation (295, 299, 341, 343, 344, 346, 350, 353).  
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1.6 Rationale, hypothesis and objectives 

As is the case with the host cell, proper maintenance of chromatin is important for 

regulation of viral gene expression during productive HAdV infection, and represents a 

target for controlling HAdV disease in at-risk individuals. The overarching hypothesis of 

this thesis is that treatment with compounds capable of regulating viral epigenetics can 

interfere with HAdV infection. This includes evaluating siRNA-mediated depletion of the 

FACT complex, as well as treatment with the pleiotropic drugs CBL0137 and curcumin. 

Thus, the objective is to evaluate compounds capable of interfering with chromatin 

dynamics in the context of HAdV infection. The specific aims include: 

(a) Evaluate curcumin as an anti-HAdV compound. 

i. Determine if curcumin-treatment can inhibit HAdV replication. 

(b) Evaluate curaxin as an anti-HAdV compound. 

i. Determine if curaxin-treatment can inhibit HAdV replication. 

ii. Elucidate the mechanism of action of any anti-HAdV effect. 

(c) Evaluate the role of the FACT complex in HAdV infection. 

i. Determine if the FACT complex is required for HAdV replication. 

ii. Elucidate the mechanism of action of any anti-HAdV effect. 
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2.1 Abstract  

Human adenovirus (HAdV) is a common pathogen that can cause severe morbidity 

and mortality in certain populations, including pediatric, geriatric, and 

immunocompromised patients. Unfortunately, there are no approved therapeutics to 

combat HAdV infections. Curcumin, the primary curcuminoid compound found in 

turmeric spice, has shown broad activity as an antimicrobial agent, limiting the replication 

of many different bacteria and viruses. In this study, we evaluated curcumin as an anti-

HAdV agent. Treatment of cells in culture with curcumin reduced HAdV replication, gene 

expression, and virus yield, at concentrations of curcumin that had little effect on cell 

viability. Thus, curcumin represents a promising class of compounds for further study as 

potential therapeutics to combat HAdV infection. 
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2.2 Introduction 

Human adenovirus (HAdV) is a non-enveloped, icosahedral, double-stranded DNA 

(dsDNA) virus, capable of infecting ocular (380), respiratory (381), or gastrointestinal 

tissues (382). HAdV is grouped into 7 species (A to G), and further sub-grouped into over 

90 different types (381). In healthy individuals, HAdV infection is typically self-limiting 

(19). However, HAdV infection can cause severe morbidity and mortality in certain 

populations, including pediatric, geriatric, and immunocompromised patients (20). 

Currently, there is no therapy specific to HAdV available to the general public, and 

infections are usually treated with common antiviral drugs, such as cidofovir (14). 

Cidofovir, a cytidine analog, inhibits HAdV DNA replication by inhibiting HAdV DNA 

polymerase, as well as preventing chain elongation when incorporated into the viral DNA 

(23). However, cidofovir is often associated with high levels of nephrotoxicity (24, 383, 

384). Brincidofovir (CMX001, Chimerix Inc., Durham, NC, USA), a lipid conjugate of 

cidofovir, has improved oral bioavailability and reduced nephrotoxicity (385, 386), but has 

been associated with gastrointestinal toxicity (386). Immunotherapy using anti-HAdV T-

cells has shown some early success in bone marrow transplant patients, but studies are still 

ongoing and there is a lack of data on the effectiveness of this therapy in solid organ 

transplant patients (20, 386, 387). Additionally, the time-intensive nature of producing anti-

HAdV T-cells severely limits the wider adoptability of this therapy (386). 

An effective method used to discover novel antiviral compounds is to screen 

libraries of small molecules to assess their effect on viral replication. Several groups have 

performed such high throughput screens (HTS) to identify compounds affecting HAdV 

(14, 154, 388-390). Using reporter viruses derived from several HAdV types and 
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expressing green fluorescent protein (GFP), Sanchez-Cespedes et al. (388) identified the 

piperazinone derivative 15D8 as an effective inhibitor of HAdV replication. Using an assay 

based on inhibition of cytopathic effect in cells, Hartline et al. (389) performed a screen of 

16 compounds for efficacy against several different DNA viruses, including HAdV, and 

identified filociclovir, a nucleoside analogue (391), as effective against HAdV and several 

other viruses. 

Our research group developed an HTS protocol to identify compounds that inhibit 

HAdV replication (390). We utilized a HAdV type 5-based construct that expressed red 

fluorescent protein (RFP) as part of the late transcription unit, such that RFP is only 

expressed at appreciable levels following viral DNA replication (152). As such, the degree 

to which a test compound affects viral gene expression and replication inversely correlates 

with quantity of RFP present in the treated cells (390). Using this HTS strategy, we tested 

the Prestwick library (~1200 compounds, most of which are FDA-approved) for 

compounds affecting HAdV infection and identified 11 compounds with anti-HAdV 

activity (390). Follow-up studies on three cardiotonic steroids (digoxin, digitoxigenin, and 

lanatoside C) identified in this screen showed that these compounds primarily affected 

early 1 A (E1A) expression, and ultimately all reduced virus yield from treated cells (390). 

We also screened the Cayman Epigenetic Screening library, containing 150 small 

molecules that modulate the activity of epigenetic regulatory proteins, including 

methyltransferases, demethylases, histone acetyltransferases and deacetylases, and 

acetylated lysine readers, and identified 19 compounds exhibiting anti-HAdV activity 

(154). Finally, we showed that suberoylanilide hydroxamic acid (SAHA), a histone 

deacetylase (HDAC) inhibitor, effectively inhibits HAdV replication at several stages in 
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the HAdV lifecycle, including gene expression and DNA replication (152). The effect of 

SAHA was attributed to inhibition of Class I HDAC, primarily HDAC2, showing that 

HDAC activity is required for normal HAdV replication. Thus, compounds identified in 

these screens may act as effective anti-HAdV therapeutics in addition to providing insight 

into basic virus biology. 

A promising class of compounds that show broad antimicrobial activity are the 

curcuminoids. Curcumin (diferuloylmethane) is a polyphenolic chemical naturally 

produced by the turmeric plant (Curcuma longa), and is the primary curcuminoid 

compound found in turmeric spice (314). Curcumin has a variety of biological activities, 

impacting many different cellular pathways (315, 392). Curcumin has shown efficacy in a 

variety of model systems, including models of cancer (393-395), inflammation (318) and 

wound healing (317). Curcumin also exhibits anti-bacterial (396) and anti-viral properties 

(reviewed in Reference (397)). Indeed, curcumin has shown wide-ranging antiviral activity 

against many diverse viral species, including single-stranded RNA (ssRNA) and dsDNA 

viruses (397). Mechanistically, curcumin can exert antiviral effects either directly on virus-

encoded factors (360, 362, 398), or through affecting cellular processes or pathways crucial 

for normal virus function (334, 363). In this study, we investigated the efficacy of curcumin 

as an anti-HAdV compound.  
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2.3 Materials and Methods 

2.3.1 Cell lines, Viruses and Reagents 

Experiments were conducted in the human lung adenocarcinoma-derived A549 cell 

line (CCL-185, American Type Culture Collection (ATCC), Manassas, VA, USA), unless 

stated otherwise. Cells were cultured in Minimum Essential Medium (MEM, Sigma 

Aldrich, St. Louis, MO, USA) containing 10% (v/v) Fetal Bovine Serum (FBS, Sigma 

Aldrich), 2 mM GlutaMAX (Invitrogen, Carlsbad, CA, USA), and 1x antibiotic-

antimycotic (Invitrogen). HAdV-4 (VR-4), and HAdV-7 (VR-7) were obtained from the 

ATCC, and stocks were propagated and titered on A549 cells. HAdV-5 was obtained from 

Dr. John Bell (Ottawa Hospital Research Institute, Ottawa, Canada), and it was grown and 

titered on 293 cells. 

The curcumin used in the experiments described in figures 2.1–6 was obtained from 

Sigma Aldrich (≥65% purity, C1386), while the curcumin used in the experiments 

described in figure 2.7 was obtained from Cayman Chemical (≥90% purity, 81025, Ann 

Arbor, MI, USA). Curcumin was freshly dissolved in dimethyl sulfoxide (DMSO, BP231-

1, Thermo Fisher Scientific, Waltham, MA, USA) to prepare a stock solution before each 

experiment. The stock solution of curcumin was diluted to the desired concentration in cell 

medium with a final DMSO concentration of 0.25% for each treatment. 

 

2.3.2 Infection and Drug Treatments 

Medium was removed from confluent monolayers of A549 cells prior to infection 

with HAdV in a minimum volume. The multiplicity of infection (MOI) was calculated as 

plaque-forming units (PFU) per cell, and an MOI of 10 was used for all experiments, unless 
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specified otherwise. Virus inoculums were diluted in phosphate-buffered saline (PBS, 

Sigma Aldrich), and added to the cells for 1 hour (h) at 37 °C with periodic rocking. 

Medium containing either vehicle or curcumin was then added to the cells, followed by 

incubation in a humidified CO2 incubator at 37 °C until the indicated time points. Unless 

otherwise noted, the indicated hours post-infection (hpi) are from the initiation of infection. 

Thus, for example, at 8 hpi, the infected cells would have been exposed to curcumin for 7 

h. 

 

2.3.3 Immunoblot analysis 

At the indicated timepoints, medium was removed, and the cells were lysed in 2x 

Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 25% w/v glycerol, 2% w/v sodium dodecyl 

sulphate (SDS), 0.01% w/v bromophenol blue) containing 5% v/v β-mercaptoethanol, and 

stored at −20 °C. Samples were boiled for 5 min prior to protein separation by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins 

were transferred to an Immobilon-P polyvinylidene difluoride (PVDF) membrane 

(Millipore, Burlington, MA, USA). The membrane was blocked with 5% w/v skim milk 

powder dissolved in Tris-buffered saline (20 mM Tris-HCl pH 7.6, 135 mM NaCl) 

containing 0.2% Tween 20 (Thermo Fisher Scientific) (TBST) and probed with antibodies 

diluted in the 5% milk solution. The following primary antibodies were used: anti-HAdV-

5 E1A (1/5000 typically incubated overnight; MA5-13643, Invitrogen), mouse anti-tubulin 

(1/10,000 for 1 h incubation; CP06, Millipore), rabbit anti-tubulin (1/10,000 for 1 h 

incubation; ab59680, Abcam, Cambridge, UK), anti-Adenovirus Type 5 (α-HAdV-5, 

1/10,000 for 1 h incubation; ab6982, Abcam). The membranes were then washed three 
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times in TBST and incubated with the appropriate secondary antibodies conjugated to 

horseradish peroxidase (HRP, BioRad, Hercules, CA, USA). Blots were developed using 

the Immobilon Classico Western HRP Substrate (Millipore) and visualized by standard 

autoradiography. All immunoblot data are representative of three or more independent 

experiments. 

To more accurately quantify protein band intensities, immunoblots were processed 

for and analyzed using an Odyssey CLx imaging system (Li-Cor Biosciences, Lincoln, NE, 

USA). Separated proteins were transferred to an Immobilon-FL PVDF membrane 

(Millipore), and the membrane was blocked with Intercept Blocking Buffer (Li-Cor 

Biosciences). The following primary antibodies were used: anti-HAdV-5 E1A (1/5000 

incubated overnight), mouse anti-tubulin (1/10,000 for 1 h incubation), rabbit anti-tubulin 

(1/10,000 for 1 h incubation), and α-HAdV-5 (1/10,000 for 1 h incubation), which were 

diluted in Intercept Blocking Buffer solution containing 0.2% Tween 20. The membrane 

was then washed three times in PBS containing 0.2% Tween (PBST) and incubated with 

the appropriate IRDye secondary antibodies (680RD and 800CW, Li-Cor Biosciences), 

diluted in Intercept Blocking Buffer solution containing 0.2% Tween 20 and 0.01% SDS 

and protected from light. The membrane was washed three times in PBST while still 

protected from light, followed by a final rinse with PBS. Membranes were then scanned 

using an Odyssey CLx system (Li-Cor Biosciences) and analyzed using Image Studio Lite 

(version 5, Li-Cor Biosciences). All protein quantification data are representative of three 

or more independent experiments. 

 

2.3.4 Quantitative real-time PCR (qPCR) 
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A549 cells were infected and incubated in medium containing curcumin as 

described above. At the indicated time points, medium was removed, and the cells were 

harvested using SDS-proteinase K (10 mM Tris-HCl pH 7.4, 10 mM EDTA, 1% w/v SDS, 

1 mg/mL proteinase K) and incubated overnight at 37 °C. DNA was extracted from the cell 

lysates using a standard phenol-chloroform method, precipitated with ethanol and NaCl, 

and the resulting DNA pellet was dissolved in 1x Tris-EDTA (TE). qPCR was performed 

using 200 ng of genomic DNA per reaction. The following primers were used: 5’-CTC 

CCC ACA CAC ATG CAC TTA and 5’-CCT AGT CCC AGG GCT TTG ATT for human 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 5’-CCA TTA AAC CAG TTG 

CCG TGA GAG and 5’-GGC GTT TAC AGC TCA AGT CCA AAG for HAdV E1A. Viral 

genome copy numbers were calculated from the Ct values using a standard curve obtained 

using serial dilutions of pCB6, a bacterial plasmid containing the entire HAdV-5 genome. 

Values were normalized using GAPDH copy numbers, calculated from a standard curve 

obtained using serial dilutions of a bacterial plasmid containing a cloned fragment of the 

human GAPDH gene, designated pMJ100. To generate pMJ100, a 99 bp fragment of the 

human GAPDH gene (generated using PCR primers 5’-CTC CCC ACA CAC ATG CAC 

TTA and 5’-CCT AGT CCC AGG GCT TTG ATT) was cloned into SmaI-digested 

pBlueScript II KS(+), verified by sequencing, and purified by cesium chloride buoyant 

density centrifugation. 

 

2.3.5 Plaque Assay for Virus Yield 

To determine the effect of curcumin on virus yield, we performed a plaque assay of 

virus recovered from curcumin-treated cells. Briefly, monolayers of A549 cells were 
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infected with HAdV-5 at an MOI of 10. The virus inoculum was removed after one h of 

infection, cells were washed with PBS to remove unbound virus, and fresh medium 

containing vehicle or curcumin was added. After 24 h of infection, the cells were collected 

by scraping into the medium, 40% w/v sucrose (diluted in 10 mM Tris pH 8.0) was added 

to a final concentration of 4% w/v, and the samples lysed by three freeze/thaw cycles. For 

the plaque assay, monolayers of A549 cells were infected with dilutions of the cell lysates. 

After 1 h of infection, the cells were overlaid with medium containing agarose (50% v/v of 

a 1% w/v agarose solution, 43% clear 2x MEM, 5% FBS, 1% GlutaMAX, and 1% 

antibiotic-antimycotic). Plaques were counted 10 days later. 

 

2.3.6 MTS Metabolic Activity Assays 

Next, 96-well plates were seeded with 5000 A549 cells per well and incubated 

overnight. The next day, the medium was removed from the wells and fresh medium 

containing either vehicle or curcumin was added, and incubated for the required time. 

Metabolic activity was determined using the CellTiter 96 Aqueous Non-Radioactive Cell 

Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer’s 

instructions. Briefly, cells were incubated for 1 h at 37 °C with 20 µL of the 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) substrate, and absorbance readings were obtained at 490 nm using the SpectraMax 

190 plate spectrophotometer (Molecular Devices, San Jose, CA, USA). As curcumin can 

alter the color of the medium, all absorbances were corrected using wells containing 

curcumin-treated medium but lacking cells. 
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2.3.7 Statistical Analysis 

Statistical analysis was performed by using GraphPad Prism8 software (version 8, 

GraphPad Software Inc., San Diego, CA, USA). A two-tailed unpaired t-test with Welch’s 

correction was used for comparing treatment to mock or vehicle. Differences with p ≤ 0.05 

were considered significant. 
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2.4 Results 

2.4.1 Treatment with Curcumin Reduces HAdV-5 Protein Expression 

Curcumin has broad anti-viral activity and can inhibit replication of a diverse group 

of viruses (397). To investigate whether curcumin can inhibit HAdV replication, we first 

examined early and late protein expression from the virus in cells treated with varying 

concentrations of curcumin. A549 cells were infected with HAdV-5 at an MOI of 10 and, 

1 hpi, medium containing curcumin (0, 25, 50, and 100 μM) was added. An MOI of 10 was 

chosen to ensure sufficient E1A production for detection by immunoblot analysis. At 8 and 

24 hpi, medium was removed and the cells were collected in 2x Laemmli buffer. For the 

samples collected at the early 8hpi time point, we examined the quantity of E1A protein 

within the cells, as the E1A region is the first region to be transcribed following entry of 

viral DNA into the nucleus, and the E1A species of proteins are vital for stimulating 

subsequent aspects of the viral replicative cycle (399). Treatment with curcumin caused a 

dose-dependent decrease in the quantity of E1A protein in the HAdV-infected cells. At 8 

hpi, a trend appeared toward lower E1A protein in cells treated with 25 μM curcumin, 

which reached significance at 50 μM, and was below the level of detection at 100 μM 

(figure 2.1A). E1A expression was quantified using the Odyssey CLx imaging system, with 

E1A levels reduced to 75%, 30%, and 0% of vehicle with 25, 50, and 100 μM of curcumin, 

respectively (figure 2.1B). Samples harvested 24 hpi were also analyzed by immunoblot 

using the Odyssey imaging system, using an α-HAdV-5 antibody capable of binding to 

several late HAdV-5 proteins, such as the capsid proteins hexon, penton, and fiber. As 

observed for E1A protein, there appeared a dose-dependent decrease in the quantity of late 

proteins present in the curcumin-treated cells (figure 2.1C). The decrease in late proteins 
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Figure 2.1. Treatment with curcumin reduces human adenovirus (HAdV)-5 protein 

levels. A549 cells were infected with HAdV-5 at a multiplicity of infection (MOI) of 10 

for 1 h, and overlaid with medium containing curcumin (0, 25, 50, and 100 μM). At 8 and 

24 hours post-infection (hpi), crude cell protein extracts were collected for immunoblot 

analysis. (A), (B) Samples prepared at 8 hpi were analyzed for quantity of the early 1 A 

(E1A) protein. (C), (D) Samples harvested 24 hpi were probed with antibody to HAdV-5 

capsids proteins. Images and quantification for penton protein are shown. Signal intensities 

were quantified using Odyssey CLx imaging system, with each sample normalized to the 

tubulin loading control. Values are plotted relative to vehicle-treated cells. The mean of 

nine experiments are shown and the error bars represent standard deviation (SD) of the 

mean. (E) A549 cells were infected with HAdV-5 at an MOI of 10 for 1 h in the presence 

of 0, 25, and 50 μM of curcumin. One hpi, one group received medium containing no 

curcumin, while the other received medium containing the indicated concentrations of 

curcumin. At 8 hpi, crude cell protein extracts were prepared and analyzed by immunoblot 

for E1A, with tubulin as a loading control. ** p ≤ 0.01, **** p ≤ 0.0001. 
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reached significance at concentrations 50 μM and above, as shown by quantification of 

penton protein levels within the infected cells (figure 2.1D). Of note, treatment with 50 µM 

of curcumin led to an identical level of inhibition of late gene expression when the 

experiment was repeated with HAdV at an MOI of 1, 5, or 10. Thus, treatment with 

curcumin reduced the quantity of both early and late viral proteins in HAdV-5-infected 

cells. 

Curcumin can exert its anti-viral effects through multiple mechanisms, including 

preventing the virus from entering the cell. Curcumin can directly inactivate the virion prior 

to infection (400), sterically interfere with cellular receptor engagement (401), or inhibit 

cellular pathways necessary for internalization (363). Indeed, curcumin was shown to 

suppress PI3K/Akt signalling (402), which is required for HAdV internalization (403). 

Thus, the curcumin-induced reduction in HAdV gene expression may be due to reduced 

virus entry. To test this possibility, A549 cells were infected with HAdV-5 at an MOI of 10 

in the presence of curcumin (0, 25, and 50 μM), and 1 hpi, one group received medium 

lacking curcumin, while the other received medium containing curcumin (0, 25, and 50 

μM). At 8 hpi, medium was removed and the cells were collected in 2x Laemmli buffer. 

Exposure of the infected cells to 50 μM curcumin for the entire 8 h of infection prevented 

detectable expression of E1A (figure 2.1E). However, treatment with curcumin during only 

the 1 h of infection did not lower E1A levels, indicating curcumin does not inhibit HAdV 

inactivate the virus or prevent internalization, at least at the concentrations tested.  

 

2.4.2 Treatment with Curcumin Causes a Dose-Dependent Decrease in A549 Cellular 

Metabolic Activity 
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The effect of curcumin on HAdV protein expression could be due to a direct effect 

of the drug on the virus, or indirect due to the effect of the drug on host cell health. We thus 

examined the effect of curcumin on A549 cell metabolic activity. Briefly, A549 cells in a 

96-well plate were treated with medium containing 0–100 μM curcumin and, 8 and 24 h 

later, assayed for cellular metabolic activity using the CellTiter 96 Aqueous Non-

Radioactive Cell Proliferation assay. After 8 h of incubation with curcumin, concentrations 

of 50 μM and below showed no significant difference in metabolic activity relative to 

vehicle, although higher concentrations of curcumin adversely affected cell metabolism 

(figure 2.2A). Thus, at 8 hpi, the 75% reduction in E1A protein we observed in HAdV-

infected cells treated with 50 μM curcumin (figure 2.1A, B) is likely due to direct effects 

of the drug on the virus and not due to indirect effects on host cell health. Conversely, the 

complete loss of E1A protein levels we observe at 100 μM of curcumin is due to adverse 

effects on host cell health. At the 24 h timepoint, cells treated with 50 μM of curcumin 

showed a significant ~30% reduction in metabolic activity, suggesting that reduced penton 

levels observed in treated cells (figure 2.1C, D) may be due, at least in part, to effects on 

host cell health rather than solely due to direct effects of curcumin on HAdV function. 

 

2.4.3 Treatment with Curcumin Reduces HAdV-5 Genome Copy Number within Cells 

Given that treatment with curcumin can reduce the quantity of both viral early and 

late proteins within cells, we next examined whether genome copy number of the virus was 

also reduced. A549 cells were infected with HAdV-5 at an MOI of 10 for 1 h, and incubated 

in curcumin-containing medium until 8 or 24 hpi. DNA isolated from the infected cells was 

subjected to qPCR with primers to an amplicon located within the viral E1A region and 
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Figure 2.2. Treatment with curcumin causes a dose-depended decrease in cellular 

metabolic activity. A549 cells in 96-well plates were incubated with medium containing 

curcumin from 0–100 μM. Cellular metabolic activity was determined 8 (A) or 24 (B) h 

later. The mean of three experiments are shown and the error bars represent standard 

deviation (SD) of the mean. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001, ns p > 0.05. 
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also the cellular gene GAPDH. All cells showed a similar viral genome copy number at 8 

hpi (figure 2.3A). At 24 hpi, we observed a ~2-fold and ~5-fold decline in genome copy 

number in cells treated with 25 and 50 µM of curcumin, respectively, although these 

differences did not reach significance. However, cells treated with 100 µM exhibited 

almost a 3-log reduction in viral genome copy number, as expected based on the significant 

effect curcumin has on cell health at this concentration (figure 2.2B). Indeed, the quantity 

of viral genome present in cells treated with 100 µM of curcumin was not significantly 

different from samples analyzed at 8 h.  

We also examined the kinetics of viral DNA replication in the presence of 50 µM 

of curcumin. A549 cells were infected with HAdV-5 at an MOI of 10 for 1 h, and incubated 

in curcumin-containing medium. DNA was isolated from infected cells at 8 hpi, and then 

every subsequent 4 h until 24 hpi. Isolated DNA was subjected to qPCR using the same 

primers as above. Treatment of cells with curcumin appeared to delay the onset of viral 

DNA replication by 4 h (figure 2.3B). However, once viral DNA replication had initiated, 

the rate of replication appeared similar between curcumin- and vehicle-treated cells, 

although the peak quantity of viral DNA at 24 hpi was reduced by ~5-fold in the curcumin 

treated cells, similar to the previous experiment (figure 2.3A). Therefore, treatment with 

curcumin causes a delay in the onset of HAdV DNA replication. 

 

2.4.4 Treatment with Curcumin Reduces Viral Yield 

Next, we examined the effect of curcumin on virus yield. A549 cells were infected 

with HAdV-5 at an MOI of 10, and 1 hpi, the cells were washed extensively to remove 

unattached virus, and medium containing curcumin (0, 25, 50, and 100 μM) was added. At  
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Figure 2.3. Treatment with curcumin reduces HAdV-5 genome copy number within 

cells. (A) A549 cells were infected with HAdV-5 at an MOI of 10 and overlaid with 

medium containing curcumin (0, 25, 50, and 100 μM). At 8 and 24 hpi, total DNA was 

isolated from the cells by sodium dodecyl sulphate (SDS)-proteinase K digestion and 

phenol/chloroform extraction. The resulting DNA was subjected to qPCR to determine the 

average genome copy number per 200 ng DNA, normalized to the average copy number 

of human GAPDH. The mean of three experiments are shown and the error bars represent 

standard deviation (SD) of the mean. (B) A549 cells were infected with HAdV-5 at an MOI 

of 10 and overlaid with medium containing curcumin (0 and 50 μM). Eight hpi and every 

4 h until 24 hpi, total DNA was isolated from the cells by SDS-proteinase K digestion and 

phenol/chloroform extraction. The resulting DNA was subjected to qPCR to determine the 

average genome copy number per 200 ng DNA, normalized by average copy number of 

human GAPDH. Data represents a single experiment analyzed in duplicate, with error bars 

representing standard deviation (SD) of the mean. * p ≤ 0.05.  
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24 hpi, the infected cells were collected into the medium, and the recovered virus was 

analyzed by plaque assay. While 50 μM of curcumin lowered virus yield by approximately 

one log, this was not statistically significant (figure 2.4). However, 100 μM of curcumin 

significantly reduced viral yield by approximately 3.5 log. Since there are no detectable 

early or late viral proteins in HAdV-infected cells treated with 100 μM curcumin (figure 

2.1), and no significant increase in viral genome copy number within the cell (figure 2.3A), 

the virus present at 24 hpi in 100 μM curcumin-treated cells likely represents residual virus 

from the infecting inoculum, as we have observed previously (404). Indeed, there was no 

difference in virus recovery when comparing the titer of virus recovered at 4 hpi (before 

virus DNA replication) for vehicle or 100 μM of curcumin treated cells with that of virus 

recovered at 24 hpi in the cells treated with 100 μM curcumin. Thus, treatment of cells with 

curcumin causes a reduction in early and late proteins within the HAdV-infected cell, 

ultimately reducing virus yield. 

 

2.4.5 Continued Exposure to Curcumin is Required to Inhibit HAdV Protein Expression 

Our data indicates that the concentrations of curcumin that abrogate HAdV 

infection are in the range that can have significant adverse effects on cell function. Given 

this narrow therapeutic window, we asked whether transient exposure to curcumin could 

inhibit HAdV replication while preserving cell function. We first examined cell metabolic 

activity in cells exposed to either 50 or 100 μM of curcumin for different periods of time. 

Briefly, A549 cells in a 96-well plate were treated with medium containing 0, 50, or 100 

μM of curcumin for either 1, 2, or 4 h, at which point the cells were washed and fresh 

medium without curcumin was replaced, or the cells were exposed to curcumin for the  
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Figure 2.4. Treatment with curcumin reduces viral yield. A549 cells were infected with 

HAdV-5 at an MOI of 10 for 1 h and overlaid with medium containing curcumin (0, 25, 

50, and 100 μM). Twenty-four hpi, the cells were harvested into the medium, and the titer 

of recovered viruses was analyzed by plaque assay. The mean of three experiments are 

shown, and the error bars represent standard deviation (SD) of the mean. * p ≤ 0.05. 
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entire 24-h period. Metabolic activity in all cells was examined after 24 h. As shown in 

figure 2.5A, incubation of cells with 50 μM curcumin for all time periods caused a similar 

minor reduction in metabolic activity which was not significantly different from cells 

treated with vehicle. For cells treated with 100 μM curcumin, exposure to the drug for the 

entire 24 h period caused a significant ~90% reduction in metabolic activity. However, 

treatment with 100 μM curcumin for 1, 2, or 4 h preserved metabolic activity, although 

there was still a trend toward reduced activity relative to cells treated with vehicle. Thus, 

there are conditions under which cells can be treated with higher doses of curcumin, and 

metabolic activity can be preserved. 

  We next asked whether transient treatment with curcumin was sufficient to abrogate 

HAdV replication. A549 cells were infected with HAdV-5 at an MOI of 10 for 1 h, at which 

point medium containing 50 μM of curcumin was added. The cells were incubated in the 

presence of the drug for 2, 4, 7, and 23 h (i.e., equivalent to 3, 5, 8, and 24 hpi, respectively), 

washed with PBS and fresh medium with no curcumin replaced. In addition, a control plate 

of HAdV-infected cells received medium supplemented with vehicle for the entire 8 or 24 

h period. At 8 and 24 hpi, crude protein lysates were collected and analyzed by immunoblot 

for early and late proteins. Treatment with 50 μM of curcumin prevented expression of 

E1A protein at the 8 hpi when the cells were exposed to drug for the first 4 or more h of 

infection; however, removal of the drug after 2 h led to detectable levels of E1A protein at 

the 8 h time point (figure 2.5B). This observation suggests that continued exposure to 

curcumin is required for anti-HAdV efficacy. Indeed, for late protein expression, we 

observed an inverse correlation between time of exposure to drug and quantity of penton 

present within the infected cells (figure 2.5C). Thus, removal of curcumin allows the virus  
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Figure 2.5. Continued exposure to curcumin is required to inhibit HAdV replication. 

(A) A549 cells were treated with medium containing 0, 50, or 100 μM of curcumin. 

Medium was removed from the plates after 1, 2, or 4 h and replaced with fresh medium for 

the remainder of the 24-h time course. As a control, a series of plates were incubated in the 

presence of curcumin for the entire 24 h. Cellular metabolic activity was determined at the 

24-h timepoint by MTS assay. The mean of two experiments are shown and the error bars 

represent standard deviation (SD) of the mean. (B), (C) A549 cells were infected with 

HAdV-5 at an MOI of 10 for 1 h and overlaid with medium containing curcumin (50 μM) 

or vehicle. After 2, 4, 7, and 23 h incubation in the presence of curcumin, the medium was 

replaced with fresh medium lacking curcumin. Eight and 24 hpi, crude cell protein extracts 

were prepared and analyzed by immunoblot for E1A and late protein levels, with tubulin 

as a loading control. * p ≤ 0.05, ** p ≤ 0.01, ns p > 0.05. 

  



 
 

60 

 

to initiate gene expression, albeit with delayed kinetics that is dependent on the length of 

exposure, indicating that the cells need constant exposure to curcumin in order to 

effectively limit HAdV protein expression. 

 

2.4.6 Treatment with Curcumin Reduces HAdV Types 4 and 7 Protein Levels 

Our study shows that curcumin can limit HAdV-5 gene expression and replication. 

However, HAdV-5 is not the most prevalent serotype associated with human disease and 

accounted for only less than 4% of all HAdV infection cases reported in the USA (405). 

HAdV-4 and HAdV-7 are typically associated with more severe disease, accounting for 

12.4 and 8.5%, respectively, of all reported cases in patients (406). Therefore, we next 

examined whether curcumin could be used to control infection by other, more clinically 

relevant HAdV types. A549 cells were infected with either HAdV-4 or HAdV-7, treated 

with medium containing curcumin (0, 25, 50, and 100 μM), and the cells were harvested 

24 hpi in 2x Laemmli buffer. We examined late protein expression for these viruses using 

the α-HAdV-5 antibody, as several of the HAdV-4 and HAdV-7 capsid proteins cross-react 

with these antibodies (390). Similar to HAdV-5, we observed a dose-dependent reduction 

in late proteins in samples infected with HAdV-4 and HAdV-7 and treated with 50 and 100 

μM of curcumin (figure 2.6A, C). The quantity of penton capsid protein (~65 kDa major 

band) within the infected cells was significantly reduced for HAdV-4 at concentrations of 

curcumin 50 μM and above, while HAdV-7 showed a statistically significant reduction in 

late protein levels only at 100 μM of curcumin (figure 2.6B, D). Thus, curcumin is capable 

of reducing HAdV protein expression in all three types of HAdV tested.  
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Figure 2.6. Treatment with curcumin reduces HAdV types 4 and 7 protein levels. A549 

cells were infected with HAdV-4 or -7 at an MOI of 10 for 1 h, and overlaid with medium 

containing curcumin (0, 25, 50, and 100 μM). Twenty-four hpi, crude cell protein extracts 

were prepared and analyzed by immunoblot for late protein levels. (A) Samples infected 

with HAdV-4 were analyzed for expression of several late HAdV proteins by immunoblot 

using an α-HAdV-5 antibody. (B) Quantification of penton protein from HAdV-4 (~63 kDa 

major band) normalized to tubulin. Values are presented relative to vehicle-treated cells. 

(C) Samples infected with HAdV-7 were analyzed for expression of several late HAdV 

proteins by immunoblot using an α-HAdV-5 antibody. (D) Quantification of penton protein 

from HAdV-7 (~63 kDa major band) normalized to tubulin. Values are presented relative 

to vehicle-treated cells. The mean of three experiments are shown, and the error bars 

represent standard deviation (SD) of the mean. * p ≤ 0.05, **** p ≤ 0.0001. 
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 2.4.7 Treatment with Curcumin of Higher Purity Improves Efficacy and Selectivity against 

HAdV 

The curcumin used in our study to this point was reported ≥65% pure. Thus, there 

may be a significant level of impurities in our curcumin preparations which may affect 

efficacy of the test compound. We obtained curcumin of greater purity (≥90% pure) and 

examined its effect on HAdV gene expression and cell health. Briefly, A549 cells were 

infected with HAdV-5 at an MOI of 10 and, 1 hpi, medium containing the higher purity 

curcumin (0, 25, 50, and 100 μM) was added. Samples were harvested 8 and 24 hpi for 

immunoblot analysis. Similar to our previous results, treatment with curcumin caused a 

dose-dependent decrease in the quantity of E1A protein in the HAdV-infected cells (figure 

2.7). However, perhaps unsurprisingly, treatment with curcumin of higher purity appeared 

to have a greater effect on viral gene expression compared to curcumin of lower purity: 

less E1A protein was present within the infected cells at 25 μM for the higher-purity 

curcumin relative to less pure curcumin (figure 2.1A, B). E1A protein was undetectable in 

cells treated with 50 μM of the high purity curcumin (figure 2.7A). Quantification of signal 

intensities showed that E1A protein levels were reduced to 53%, 1%, and 1% of vehicle 

with 25, 50, and 100 μM of curcumin, respectively (figure 2.7B). As observed for E1A 

protein, a dose-dependent decrease appeared in the quantity of late proteins present in the 

curcumin-treated cells. Indeed, treatment with 50 μM of above of the higher-purity 

curcumin resulted in undetectable levels of penton (figure 2.7C, D). 

We additionally analyzed the effect of the higher-purity curcumin on cell health. 

Briefly, A549 cells were treated with medium containing 0–100 μM higher-purity curcumin 

and, 8 and 24 h later, assayed for cellular metabolic activity. Compared to the lower purity  
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Figure 2.7. Treatment with higher purity curcumin improves efficacy against HAdV. 

A549 cells were infected with HAdV-5 at an MOI of 10 for 1 h and overlaid with medium 

containing curcumin of higher purity (0, 25, 50, and 100 μM). (A), (B) Samples prepared 

at 8 hpi were analyzed for the quantity of the early protein E1A. (C), (D): Samples 

harvested 24 hpi were probed with antibody to HAdV-5 capsid proteins. Images and 

quantification for penton protein are shown. Signal intensities were quantified using 

Odyssey CLx imaging system, with each sample normalized to the tubulin loading control. 

(E), (F) A549 cells in 96-well plates were incubated with medium containing higher-purity 

curcumin from 0–100 μM. Cellular metabolic activity was determined 8 (E) or 24 (F) h 

later. Values are plotted relative to vehicle-treated cells. The mean of three experiments are 

shown, and the error bars represent standard deviation (SD) of the mean. * p ≤ 0.05, ** p 

≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns p > 0.05. 
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curcumin, the higher purity curcumin was slightly less toxic to the cells. After 8 h 

treatment, treatment with the higher-purity curcumin had no effect on cellular metabolic 

activity until concentrations exceeded approximately 70 μM (figure 2.7E). Treatment of 

cells with the higher-purity curcumin resulted in no greater than a ~25% reduction in 

cellular metabolic activity up to a concentration of 60 μM (figure 2.7E, F); however, 

concentrations above this had a greater deleterious effect on cell health. Thus, treatment of 

cells with higher-purity curcumin appears to improve the efficacy of the compound against 

HAdV with no additional increase in cellular toxicity. 
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2.5 Discussion 

HAdV infection continues to be a serious cause of morbidity and mortality in 

populations at risk (20, 382, 386). Though drugs capable of inhibiting HAdV replication 

are available, these are off-label uses and can result in significant toxicity to the patient 

(382, 386). Thus, there is a need for identification of compounds that can effectively and 

safely inhibit HAdV replication to treat infection. 

Our results show that treatment with curcumin reduces both early and late gene 

expression (figure 2.1), genome accumulation (figure 2.3) and, ultimately, virus yield 

(figure 2.4) for HAdV-5. Using late gene expression as a surrogate read-out for virus 

replicative capacity, we show that curcumin also inhibits HAdV-4 and HAdV-7 (figure 2.6). 

The effects on early gene expression appear to be direct, as at 50 μM curcumin there was 

a significant reduction in E1A protein levels within treated cells (figure 2.1B, 2.7B) with 

no effect on cell health (figure 2.2A, 2.7E). However, extended exposure to 50 μM 

curcumin did reduce cellular metabolic activity by ~30% (figure 2.2B, 2.7F), suggesting at 

least part of the effect on late HAdV protein levels may be due to effects on cell health. In 

addition, E1A proteins are critically required for virus gene expression and replication 

(399), so it is possible that the later effects on virus function may also be due to an inability 

to generate sufficient quantities of E1A proteins. If the efficacy of curcumin is solely due 

to inhibition of E1A protein expression, forced expression of E1A should rescue the ability 

of HAdV to replicate in curcumin-treated cells. We previously described an HAdV vector 

in which high-level E1A expression is driven by the human cytomegalovirus (HCMV) 

immediate early enhancer/promoter (152), and attempted to circumvent the curcumin-

induced block in HAdV replication. Treatment with curcumin dramatically lowered the 
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levels of E1A produced from this virus and, as a result, HAdV replication was not rescued. 

However, since the HCMV immediate early enhancer/promoter is the first promoter 

activated during native HCMV infection and drives expression of proteins crucial for 

efficient initiation of the HCMV lifecycle (406), our observation suggests that curcumin 

could also be an effective treatment for HCMV. 

There are a number of potential mechanisms by which curcumin may inhibit HAdV 

gene expression and replication. First, curcumin upregulates expression of the death-

domain-associated protein (Daxx) (407), a protein found in promyelocytic leukemia 

protein (PML) nuclear bodies (PML-NB) that are involved in an interferon (IFN)-induced 

antiviral response against HAdV (159). During infection, the HAdV proteins E4 ORF3 and 

E1B-55k normally antagonize this response (62, 159). Ineffective expression of early viral 

proteins caused by curcumin may prevent HAdV from shutting down this anti-viral 

pathway. Second, as previously reported by our research group, HDAC activity is required 

for HAdV replication (152), and curcumin has been reported to lower HDAC activity 

(350). Finally, curcumin can inhibit the activity of p300/CREB-binding protein 

(p300/CBP) (353), a key cellular protein that interact with E1A and mediates global 

changes in gene expression within the cell to modify the microenvironment for optimal 

viral replication (51). Any or all these mechanisms may be involved in the anti-HAdV 

effects of curcumin. 

Our studies revealed that, although showing some efficacy against HAdV, curcumin 

displays a very narrow therapeutic window. Similar to our observations, previous work 

using curcumin against A549 cells as an in vitro cancer model showed that curcumin can 

cause apoptosis in A549 cells (408). Thus, a balance must be reached between efficacy 
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against HAdV and maintaining health of the cell. Curcumin may show greater efficacy as 

an anti-HAdV agent in non-transformed cell lines or patients. Curcumin also naturally 

shows poor bioavailability and stability at physiological pH (409), which would limit its 

distribution to infected tissues in vivo. However, many research groups have synthesized 

and evaluated curcumin derivatives that show enhanced bioavailability, stability, and/or 

anti-viral activity (325, 362, 363). The use of nanoparticles and other formulations and 

carriers can enhance curcumin solubility and bioactivity (315), which can improve antiviral 

activity (410-412). Such approaches may enhance efficacy of curcumin against HAdV. 

In summary, our work shows that curcumin can reduce HAdV early and late gene 

expression, as well as virus yield, in vitro. Our work extends previous observations that 

curcumin is capable of inhibiting other viruses, including zika virus, human 

immunodeficiency virus, and influenza A virus, among many others (397). Thus, curcumin-

derivative compounds or formulations that reduce toxicity while increasing efficacy may 

find use as effective broad-spectrum antiviral therapeutics.  
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3.1 Abstract 

Human adenovirus (HAdV) is a common cold virus, which can cause severe disease 

in at-risk populations. No therapeutic has been approved to treat HAdV infections. 

Curaxins are a family of DNA intercalating agents that induce chromatin damage, 

ultimately altering cellular gene regulation and expression, and are currently in human 

clinical trial as anticancer agents. Many of the pathways that are aberrant in cancer are also 

co-opted by viruses, suggesting curaxins could also act as broad anti-viral agents. 

Treatment of cells with the curaxin CBL0137 significantly decreased HAdV protein levels, 

inhibited viral DNA replication, and lowered viral yield at concentrations well tolerated by 

the cell. Mechanistically, CBL0137 induced degradation of the catalytic subunit of cellular 

RNA polymerase II, which reduced transcription of the viral early region 1A (E1A). E1A 

is the first region expressed from the virus and encodes key proteins vital for transactivating 

other viral genes and subverting many cellular pathways within the infected cell. Time of 

addition experiments showed that CBL0137 was less effective at inhibiting HAdV 

replication when administered after the onset of early gene expression. We show that co-

expression of the HAdV early proteins E1 and E4orf6 prevent CBL0137-mediated RNAP 

II degradation, thus allowing progression of the viral lifecycle even in the presence of the 

drug. Thus, CBL0137 is effective at preventing initiation of viral gene expression, but less 

effective at combating an established infection. Taken together, our results suggest that 

CBL0137 may be an effective therapeutic to treat HAdV in patients with refractory disease. 
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3.2 Introduction 

Human Adenovirus (HAdV) is a common cold virus, accounting for approximately 

5-10% of all respiratory tract infections in children under 5 years of age (22, 413), with a 

hospitalization rate of 18.9 per 10,000 discharges in the US for children under the age of 

18 (414). In addition to respiratory disease, HAdV can also cause conjunctivitis and 

gastrointestinal disease, depending on the viral type and infected tissue, and over 100 

different types have been identified that are grouped into 7 species (18). HAdV infections 

are typically benign in healthy individuals (19), but can cause severe morbidity and 

mortality in pediatric, geriatric, and especially immunocompromised patients (20, 21), with 

a mortality rate as high as ~70% in patients with disseminated disease (22). There are 

currently no FDA-approved therapies specific to HAdV (14), despite many drug-screening 

efforts to discover inhibitory compounds (152, 154, 388-390) (reviewed in (14, 415)). 

Certain broad-spectrum antivirals have shown some success in treating HAdV infection, 

however these drugs are often associated with unwanted side-effects, such as 

hepatotoxicity in the case of cidofovir (24). As such, discovery of new compounds capable 

of safely inhibiting HAdV replication is needed to lessen the burden of HAdV infection in 

at-risk populations.  

During a screen against the RCC45 renal cell carcinoma cell line to identify non-

genotoxic compounds capable of activating/stabilizing p53 in cancer cells, Gasparian et al. 

(286) identified a carbazole-like molecule, CBLC000, that induced cell-death in cancer 

cells but spared normal cells. Molecular optimization studies of CBLC000 yielded several 

derivative molecules with enhanced biological potency, which collectively are referred to 

as curaxins (286). One such compound, CBL0137, showed superior stability and water-
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solubility relative to the parent compound. CBL0137 has shown anti-neoplastic efficacy in 

numerous preclinical cancer models, including renal cell carcinoma (286), glioblastoma 

(301, 303), neuroblastoma (300), small-cell lung cancer (304), melanoma (302), ovarian 

cancer (305), leukemia (306), and myeloproliferative neoplasm (MPN) (307). These 

promising results in preclinical studies has led to a phase I/II clinical trial investigating 

CBL0137 treatment for relapsed or refractory glioma, malignant central nervous system 

neoplasm, lymphoma, malignant solid neoplasm, and osteosarcoma solid tumours 

(NCT04870944).  

CBL0137 is a DNA intercalating agent that does not induce DNA damage (294). 

Instead, CBL0137 causes nucleosome unfolding and impacts chromatin organization 

(295). This process has pleiotropic effects, including inducing stabilization of p53, 

suppression of NF-κB signaling, activation of NOTCH1 signaling, suppression of MYCN 

expression and trapping of the facilitates chromatin transactions (FACT) complex on the 

unfolded nucleosomes (referred to as chromatin-trapping, or c-trapping) (287, 296). 

CBL0137 was recently reported to induce stalling of RNA polymerase II (RNAP II) and 

subsequent degradation of the protein by the ubiquitin-proteosome system (299).  

While much of the focus on CBL0137 is due to its anti-cancer properties, others 

have reported that CBL0137 treatment of infected cells can inhibit viral replication. 

Treatment of cells with CBL0137 led to induction of the interferon response and activation 

of interferon-stimulated genes, which resulted in an intracellular environment that was 

refractory to replication of zika virus (ZIKV), influenza A virus (IAV), and severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) (288). CBL0100 (a more potent, but 

less soluble and stable curaxin) and CBL0137 were each capable of inhibiting acute human 
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immunodeficiency virus 1 (HIV-1) replication (308, 309). CBL0137 was also effective 

against the nuclear dsDNA viruses human cytomegalovirus (HCMV) and herpes simplex 

virus type 1 (HSV-1). In the case of HCMV, CBL0137 prevented the FACT complex from 

binding to and transactivating the major immediate early promoter (MIEP), which 

subsequently inhibited viral reactivation (289), while CBL0137-treatment in HSV-1 

infection inhibited the interaction of the FACT complex with the viral protein ICP22, which 

normally acts to recruit the FACT complex to the viral genome to promote expression of 

the viral immediate early genes necessary for productive infection (292). In short, curaxins 

appear to have broad anti-viral activity. In this study, we show that CBL0137 inhibits 

HAdV-5 replication.  
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3.3 Materials and Methods 

3.3.1 Cell lines, Viruses, Transfections, and Reagents 

Experiments were conducted in the human lung adenocarcinoma-derived A549 cell 

line (CCL-185, American Type Culture Collection (ATCC), Manassas, VA, USA) or 293 

cells (a kind gift from Dr. Frank Graham, Professor Emeritus, McMaster University) (416). 

Cells were cultured in Minimum Essential Medium (MEM, M2279-500ML, Sigma 

Aldrich, Oakville, ON, Canada) containing 10% (v/v) Fetal Bovine Serum (FBS, Sigma 

Aldrich), 2 mM GlutaMAX (35050061, Gibco, Ottawa, ON, Canada), and 1x antibiotic-

antimycotic (15240062, Gibco).  

HAdV-5 was obtained from Dr. John Bell (Ottawa Hospital Research Institute, 

Ottawa, Canada), and was grown in 293N3S cells (a gift from Dr. Frank Graham) (417) 

and titered on 293 cells. HAdV-5 was purified by cesium chloride buoyant density 

centrifugation, as previously described (418). For infections, medium was removed from 

confluent monolayers of cells prior to infection with HAdV in a minimum volume. The 

multiplicity of infection (MOI) was calculated as plaque-forming units (PFU) per cell. 

Virus inoculums were diluted in phosphate-buffered saline (PBS, D8537-500ML, Sigma 

Aldrich), and incubated with the cells for 1 hour (h) at 37 °C with periodic rocking. 

Medium containing vehicle (0.1% dimethyl sulfoxide (DMSO)) or CBL0137 (19110, 

Cayman Chemical, Burlington, ON, Canada) was then added to the cells, followed by 

incubation in a humidified CO2 incubator at 37 °C until the indicated time points. All time 

points are relative to the initial addition of the virus inoculum to the cells, which is 

considered t=0 h post infection (hpi). 

For transfections, 293 cells were seeded onto 35 mm plates (3.0x105 cells/plate). 
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The next day, when cells were ~80% confluent, 1 µg of either pEGFP-C3, pRP3512 (GFP-

tagged E4orf6 regulated by the CMV promoter), or pRP3516 (FLAG-tagged E4orf6 

regulated by the CMV promoter) was transfected into cells using Lipofectamine 2000 

(11668019, Invitrogen, Ottawa, ON, Canada), according to manufacturer’s instructions. To 

generate pRP3512, an 896 bp HindIII/BamHI fragment from pRP1068 (419) containing 

the E4orf6 gene was cloned into HindIII/BamHI-digested pEGFP-C3. To generate 

pRP3516, pRP3512 was first digested with NheI/XhoI to remove GFP, the DNA ends 

repaired with T4 DNA polymerase, and recircularized generating pRP3515. 

Complementary 54 bp oligonucleotides encoding a FLAG-tag sequence and HindIII 

compatible ends were cloned into HindIII-digested pRP3515, generating pRP3516. 

Plasmids were verified by sequencing, and purified by cesium chloride buoyant density 

centrifugation using standard methods. 

 

3.3.2 Immunoblot Analysis 

Immunoblots were processed for and analyzed using a ChemiDoc MP imaging 

system (Bio-Rad, Mississauga, ON, Canada). At the indicated timepoints, medium was 

removed, and the cells were lysed directly on the plates in 2x Laemmli buffer (referred to 

as protein loading buffer (PLB), 62.5 mM Tris-HCl pH 6.8, 25% w/v glycerol, 2% w/v 

sodium dodecyl sulphate (SDS), 0.01% w/v bromophenol blue, 5% v/v β-mercaptoethanol 

(added immediately prior to use)), and stored at −20 °C. Samples were boiled for 5 min 

prior to protein separation by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Separated proteins were transferred to an Immobilon-FL PVDF membrane 

(IPFL00010, Sigma Aldrich), and the membrane was blocked with Intercept Blocking 
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Buffer (927-70001, Li-Cor Biosciences). The following primary antibodies were used: 

anti-Adenovirus Type 5 (M58) (E1A, 1/5,000 for overnight incubation; MA513643, 

Invitrogen), Anti-Adenovirus Type 5 (recognizes all capsid proteins including hexon, 

1/10,000 for 1h incubation; ab6982, Abcam, Toronto, ON, Canada), mouse anti-Tubulin 

(1/10,000 for 1 h incubation; CP06, Sigma Aldrich), rabbit anti-Tubulin (1/10,000 for 1 h 

incubation; ab59680, Abcam), anti-Rpb1 NTD (D8L4Y) (POLR2A, 1/2,000 for overnight 

incubation; 14958S, Cell Signaling Technology, Canada, Whitby, ON, Canada), anti-GFP 

(1/5,000 for overnight incubation; A-11122, Invitrogen), and anti-FLAG (1/5,000 for 

overnight incubation; F1804, Sigma Aldrich), which were diluted in Intercept Blocking 

Buffer containing 0.2% Tween 20 (BP337500, Thermo Fisher Scientific, Ottawa, ON, 

Canada). The membrane was then washed three times in phosphate-buffered saline (10 

mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4) containing 0.1% 

Tween 20 (PBST) and incubated with the appropriate IRDye secondary antibodies (680RD 

and 800CW, Li-Cor Biosciences), diluted in Intercept Blocking Buffer containing 0.2% 

Tween 20 and 0.01% SDS and protected from light. The membrane was washed three times 

in PBST while still protected from light, followed by a final rinse with PBS. Membranes 

were scanned and analyzed using Image Lab (version 6.1, Bio-Rad). All immunoblot data 

are representative of three or more independent experiments. 

 

3.3.3 MTS Metabolic Activity Assay  

96-well plates were seeded with 5,000 A549 cells per well and incubated overnight. 

The next day, the medium was removed from the wells and fresh medium containing either 

vehicle or CBL0137 was added, and incubated for 24h. Metabolic activity was determined 
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using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega, 

Madison, WI, USA) according to the manufacturer’s instructions. Briefly, cells were 

incubated for 1 h at 37 °C with 20 µL of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) substrate, and 

absorbance readings were obtained at 490 nm using the SpectraMax 190 plate 

spectrophotometer (Molecular Devices, San Jose, CA, USA). Wells containing no cells 

were used as a negative control. 

 

3.3.4 Quantitative PCR (qPCR) and Reverse Transcription qPCR (RT-qPCR) 

To examine whether CBL0137 affected HAdV-5 DNA replication, we determined 

the viral genome copy number in infected cells. A549 cells were infected and incubated in 

medium containing CBL0137 as described above. At the indicated time points, medium 

was removed, and the cells were harvested using SDS-proteinase K (10 mM Tris-HCl pH 

7.4, 10 mM EDTA, 1% w/v SDS, 1 mg/mL proteinase K (P8044-5G, Sigma Aldrich)) and 

incubated overnight at 37 °C. DNA was extracted from the cell lysates using a standard 

phenol-chloroform method, precipitated with isopropanol and NaCl, and the resulting 

DNA pellet was dissolved in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA). qPCR was 

performed using 200 ng of genomic DNA per reaction. The following primers were used: 

5’-CTC CCC ACA CAC ATG CAC TTA and 5’-CCT AGT CCC AGG GCT TTG ATT 

for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 5’-CCA TTA AAC 

CAG TTG CCG TGA GAG and 5’-GGC GTT TAC AGC TCA AGT CCA AAG for 

HAdV E1A. Viral genome copy number were calculated from the Ct values using a 

standard curve obtained using serial dilutions of pCB6, a plasmid containing the entire 
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HAdV-5 genome. Values were normalized using GAPDH copy number, calculated from a 

standard curve obtained using serial dilutions of a plasmid containing a cloned fragment of 

the human GAPDH gene, pMJ100, as described previously (162).  

To determine if CBL0137 affected viral E1A transcription, we determined E1A 

mRNA copy number from infected cells. A549 cells were infected and incubated in 

medium containing CBL0137 as described above. At the indicated time points, medium 

was removed, and the cells were harvested using TRIzol (15596026, Invitrogen). Total 

RNA was extracted from the cell lysates using the PureLink RNA Mini Kit (12183018A, 

Invitrogen), according to the manufacturer’s instructions, and then treated with the DNA-

free DNA removal kit (AM1906, Invitrogen). The resulting RNA was reverse transcribed 

into complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription 

kit (4368814, Applied Biosciences, Ottawa, ON, Canada). qPCR was performed using 1 

µL of the cDNA reaction. The following primers were used: 5’-ACA ACT TTG GTA TCG 

TGG AAG G and 5’- GCC ATC ACG CCA CAG TTT C for human GAPDH; 5’- TCC 

GGT CCT TCT AAC ACA CC and 5’-GGC GTT TAC AGC TCA AGT CC for HAdV 

E1A. E1A mRNA copy number were calculated from the Ct values using a standard curve 

obtained using serial dilutions of pCB6. Values were normalized using GAPDH mRNA 

copy number, calculated from a standard curve obtained using serial dilutions of a bacterial 

plasmid containing a cloned fragment of human GAPDH cDNA, pMJ111. To generate 

pMJ111, a 105 bp fragment of the human GAPDH cDNA (generated using PCR primers 

5’-ACA ACT TTG GTA TCG TGG AAG G and 5’- GCC ATC ACG CCA CAG TTT C) 

was cloned into SmaI-digested pBlueScript II KS (+), verified by sequencing, and purified 

by cesium chloride buoyant density centrifugation using standard methods. 
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3.3.5 Plaque Assay for Virus Yield 

To determine the effect of CBL0137 on virus yield, we performed a plaque assay 

of virus recovered from CBL0137-treated cells. Briefly, monolayers of A549 cells were 

infected with HAdV-5 at an MOI of 10. The virus inoculum was removed after one h of 

infection, cells were washed with PBS to remove unbound virus, and fresh medium 

containing vehicle or CBL0137 was added. After 4 or 24 h of infection, the cells were 

collected by scraping into the medium, 40% w/v sucrose (diluted in 10 mM Tris pH 8.0) 

was added to a final concentration of 4% w/v, and the samples were lysed by three 

freeze/thaw cycles. For the plaque assay, monolayers of A549 cells were infected with 

dilutions of the cell lysates. After 1 h of infection, the cells were overlaid with medium 

containing agarose (50% v/v of a 1% w/v agarose solution, 43% clear 2x MEM (11935046, 

Gibco), 5% FBS, 1% GlutaMAX, and 1% antibiotic-antimycotic). Plaques were counted 

10 days later. 

 

3.3.6 Immunofluorescence Microscopy 

To confirm transfection efficiency of GFP-tagged constructs, 293 cells were seeded 

onto 35 mm plates (3.0x105 cells/plate), and the next day, transfected with pEGFP-C3 or 

pRP3512, as described above. The following day, fluorescent images of live cells were 

obtained with a Plan-APOCHROMAT 20x/0.75 NA Infinity objective on a Zeiss Axiovert 

200m microscope equipped with an Axiocam 506 mono camera and captured using ZEN 

2 (version 2.0.0.0, Carl Zeiss Microscopy LLC, White Plains, NY, USA), and images were 

processed using FIJI (version 2.14.0 (419)). 
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3.3.7 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism8 software (version 8, 

GraphPad Software Inc., San Diego, CA, USA). To calculate significance, a one-way 

ANOVA or T-test was performed, as indicated. Differences with p ≤ 0.05 were considered 

significant. 
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3.4 Results 

3.4.1 Treatment with CBL0137 inhibits HAdV early and late protein production 

We first assessed the effect of varying concentrations of CBL0137 on cellular 

metabolic activity of A549 cells at 24 h post-treatment by MTS assay. Treatment of cells 

with CBL0137 at 0.1 M or lower did not affect cellular metabolic activity relative to 

vehicle-treated cells, whereas doses of 0.5 M or above had a modest effect on metabolic 

activity of A549 cells (figure 3.1A). Although we did not test higher doses of CBL0137, 

extrapolation of the data shown in figure 3.1A suggests a 50% cytotoxic concentration 

(CC50) of approximately 100 M. Treatment with 0.5 or 3.0 M CBL0137 both caused a 

~20% reduction in cellular metabolic activity. In general, a decrease in cellular metabolic 

activity of less than 30% is considered non-cytotoxic (421), and therefore we limited our 

testing of CBL0137 to concentrations 3 M or lower. 

We next evaluated the effect of CBL0137 treatment on the quantity of HAdV-5 

early and late proteins produced during infection. A549 cells were infected with HAdV-5 

at an MOI of 10, and 1 hpi, medium containing varying concentrations of CBL0137 was 

added. Infection was then allowed to progress for 8 and 24 hpi, indicative of the early and 

late phases of infection, respectively, before the cells were harvested. The quantity of E1A 

(early) and hexon (late) protein was examined by immunoblot. E1A is the first region to be 

expressed from the HAdV genome, and encodes proteins that are vital for hijacking cellular 

gene expression to support productive infection, and also transactivating expression from 

several other HAdV promoters (31, 422). Hexon protein is a component of the viral capsid, 

and is only expressed at appreciable levels after the induction of viral DNA replication and 

onset of the late phase of infection (161, 423). Treatment with 3.0 µM of CBL0137 caused 
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Figure 3.1. Treatment with CBL0137 inhibits HAdV early and late protein 

production. Panel A: A549 cells were treated with varying concentrations of CBL0137 

and, after 24 h of treatment, metabolic activity was assessed by MTS assay.  Panel B-D: 

A549 cells were infected with HAdV-5 at an MOI of 10. One hpi, medium containing 

varying concentrations of CBL0137 was added. At 8 and 24 hpi (early and late, 

respectively), medium was removed and the cells were harvested into protein loading 

buffer (PLB), and the quantity of E1A (early) and hexon (late) was analyzed by 

immunoblot analysis. The signal intensity of E1A (Panel C) and hexon (Panel D) was 

quantified and normalized to the quantity of tubulin. The mean of three experiments is 

shown, and the error bars represent standard deviation (SD) of the mean. Significance was 

calculated using a one-way ANOVA. NS – not significant, * – p < 0.05, ** – p < 0.01, **** 

– p < 0.0001.  
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a significant reduction in both E1A and hexon proteins, producing only ~15% and ~1%, 

respectively, of these proteins relative to vehicle treatment (figure 3.1B-D). Since HAdV 

gene expression was unaffected in cells treated with 0.5 M but inhibited at 3.0 M, despite 

both concentrations reducing metabolic activity to a similar extent (figure 3.1A), this 

suggests the effect of CBL0137 treatment is not due to general cytotoxic effects of the drug 

on cell health but, rather, due to more specific effects on virus function. Thus, these results 

show that CBL0137 is capable of significantly attenuating HAdV protein production at 

concentrations that are tolerated by the host cell. 

 

3.4.2 Treatment with CBL0137 inhibits viral DNA replication and lowers viral yield 

Given the key role of E1A proteins in promoting all subsequent aspects of HAdV 

gene expression and replication, the ability of CBL0137 to abrogate E1A protein 

expression suggests that genome replication is likely also affected by the drug. Therefore, 

we next assessed viral genome copy number within CBL0137-treated A549 cells. A549 

cells were infected with HAdV-5 and, 1 hpi, treated with 3.0 µM of CBL0137. Total cellular 

DNA was isolated 8 and 24 hpi, with the 8 hpi timepoint representing a time prior to viral 

DNA replication in these cells, thus acting as a control to verify similar viral input. To 

assess viral genome copy number, quantitative PCR (qPCR) was performed using primers 

recognizing the E1A gene which was then normalized to cellular GAPDH. Treatment with 

CBL0137 had no effect on viral genome copy number at 8 hpi, indicating identical 

association or uptake of virus in vehicle- and CBL0137-treated cells (figure 3.2A). In 

vehicle-treated cells, we observed an ~460-fold increase in viral genome copy number 

between 8 and 24 hpi. In CBL0137-treated cells, we observed only an ~10-fold increase in  
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Figure 3.2. Treatment with CBL0137 inhibits viral DNA replication and lowers viral 

yield. Panel A: A549 cells were infected with HAdV-5 at an MOI 10, and 1 hpi, medium 

containing vehicle or 3 μM CBL0137 was added. Total DNA was isolated from the cells at 

8 and 24 hpi by sodium dodecyl sulphate (SDS)-proteinase K digestion and 

phenol/chloroform extraction. The resulting DNA (200 ng) was subjected to qPCR to 

determine the relative average viral genome copy number, normalized to the average copy 

number of human GAPDH. Panel B: A549 cells were infected with HAdV-5 at an MOI of 

10 for 1 h and overlaid with medium containing either vehicle or 3 μM CBL0137. The cells 

were harvested into the medium at 4 and 24 hpi, and the titer of recovered viruses was 

analyzed by plaque assay. For both panels, the mean of three experiments is shown, and 

the error bars represent standard deviation (SD) of the mean. Significance was calculated 

using a one-way ANOVA. NS – not significant, * – p < 0.05, ** – p < 0.01, **** – p < 

0.0001. 
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genome copy number between 8 and 24 hpi, or 40-fold less viral genomes relative to 

vehicle treatment, indicating that treatment with CBL0137 significantly reduced HAdV 

genome accumulation within the cells. As expected, treatment of A549 cells with CBL0137 

also reduced viral yield, as assessed by plaque assay (figure 3.2B). Indeed, virus recovery 

from CBL0137-treated cells was reduced ~600-fold relative to vehicle-treated cells, and 

was not significantly different from samples isolated at 4 hpi, suggesting that virus 

recovered at the 24 hpi time point may simply reflect residual virus from the applied 

inoculum. Taken together, these results indicate that treatment with CBL0137 reduced 

HAdV early gene expression, resulting in reduced viral DNA replication and late gene 

expression, ultimately preventing production of progeny virions. 

 

3.4.3 CBL0137 inhibits E1A transcription through induction of degradation of the catalytic 

subunit of RNA polymerase II 

Recently, Espinoza et al. (299) demonstrated that select DNA intercalating agents, 

including CBL0137, induce degradation of RNAP II, which suggests a mechanism by 

which CBL0137 may affect HAdV early gene expression. These DNA intercalators induce 

torsional stress in the DNA that impacts nuclear chromatin structure, resulting in a stalling 

of RNA transcription. The stalled RNA polymerase is then ubiquitinated, removed from 

the DNA, and degraded by the proteasome (299, 424-426). HAdV does not encode a viral 

RNA polymerase and relies on host RNAP II (427). We first determined whether treatment 

with 3.0 µM of CBL0137 induced degradation of RNAP II in uninfected A549 cells. A549 

cells were treated with either vehicle or 3.0 µM of CBL0137, and protein lysates were 

harvested 0.5, 1, 2, 4, and 8 h post treatment, and we assessed the effect on RNAP II by 
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immunoblot. We used an antibody which recognizes both the unphosphorylated (IIa) and 

hyperphosphorylated (IIo) forms of POLR2A, the catalytic subunit of RNAP II. The IIa 

form of POLR2A provides a measure of free RNAP II, while the IIo form provides a 

measure of RNAP II that is bound to DNA (299, 428). CBL0137 treatment caused a time-

dependent reduction of the total cellular level of POLR2A (figure 3.3A), with an initial 

half-life of approximately 1.25 h, though the rate of degradation slowed with the quantity 

of total POLR2A plateauing at ~15-20% between 4 and 8 h (figure 3.3B), consistent with 

observations in other cell types (299). Next, we assessed POLR2A protein levels following 

treatment with 3.0 µM of CBL0137 in both mock- and HAdV-5-infected cells that were 

harvested 8 and 24 hpi. For the 8 h timepoint, CBL0137 caused a reduction in both forms 

of POLR2A in both uninfected and infected cells (figure 3.3C). As we observed previously, 

there was reduced levels of E1A proteins in infected cells treated with CBL0137, relative 

to untreated or vehicle-treated cells. At 24 hpi, infection with HAdV-5 caused a modest 

accumulation of POLR2A form IIo in untreated and vehicle treated cells (figure 3.3D). As 

the POLR2A form IIo represents RNAP II bound to DNA, this suggests that transcription 

was more active in the infected cells relative to uninfected cells. Treatment of infected cells 

with CBL0137 caused a loss of form IIo, and a modest enrichment of POLR2A form IIa. 

As we observed previously, the quantity of hexon protein within the CBL0137-treated cells 

was greatly reduced relative to vehicle-treated cells. Interestingly, E1A proteins could be 

detected in CBL0137-treated cells at 24 hpi, although at a significantly reduced level 

compared to that observed in vehicle-treated cells (figure 3.3D). The presence of low 

quantities of E1A proteins at late times of infection in CBL0137-treated cells could reflect 

incomplete inhibition of HAdV gene expression by the drug or loss of efficacy of the drug 
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Figure 3.3. CBL0137 inhibits E1A transcription through induction of degradation of 

the catalytic subunit of RNA polymerase II. Panel A: A549 cells were treated with 

vehicle or 3.0 μM CBL0137, and at 0.5, 1, 2, 4, and 8 h post treatment, medium was 

removed and the cells were harvested into PLB, and the quantity of POLR2A was 

determined by immunoblot analysis. Panel B: The signal intensity of total POLR2A from 

Panel A was quantified and normalized to the quantity of tubulin, and plotted relative to t 

= 0 h. Panel C and D: A549 cells were mock infected or infected with HAdV-5 at an MOI 

of 10, and medium containing varying concentrations of CBL0137 was added at 1 hpi. At 

8 (Panel C) and 24 (Panel D) hpi, medium was removed and cells were harvested into PLB 

and the quantity of E1A, hexon, and POLR2A protein were determined by immunoblot 

analysis. Panel E: A549 cells were infected with HAdV-5 at an MOI of 10, and 1 hpi, 

medium containing 3.0 μM of CBL0137 was added. Total RNA was isolated at 8 hpi, and 

analyzed by qRT-PCR for relative E1A mRNA copy number, normalized to cellular 

GAPDH. For panels B and E, the mean of three experiments is shown, and the error bars 

represent standard deviation (SD) of the mean. Significance was calculated using a T-test. 

**** – p < 0.0001. 
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over time, possibly due to the natural half-life of the drug. CBL0137 is reported to have a 

half-life of ~6-24 h in plasma of pediatric and adult patients (429, 430). We also evaluated 

E1A mRNA copy number at 8 hpi following treatment with CBL1037. Consistent with a 

loss of RNAP II, treatment of cells with 3.0 µM CBL0137 reduced the quantity of E1A 

transcripts to ~10% of that observed in vehicle-treated cells (figure 3.3E). Thus, CBL0137 

treatment induces an early loss of RNAP II, which prevents efficient expression of E1A, 

and likely other early proteins, ultimately compromising initiation of a productive 

infection. 

 

3.4.4 CBL0137 treatment is required early in infection to inhibit HAdV replication 

Since HAdV is reliant on cellular RNAP II for transcription of both early and late 

viral genes, we would predict that CBL0137 should directly inhibit late gene expression if 

the drug is applied solely during the late phase of the virus lifecycle. This would be a direct 

effect on late gene expression, rather than a ripple effect caused by lack of early gene 

expression. We therefore performed a time of addition experiment to evaluate the effect of 

CBL0137 on accumulation of early and late proteins within the cell. For the early time 

points, CBL0137 was added to medium at 1, 4 or 6 hpi, and samples were harvested and 

analyzed at 8 hpi (figure 3.4A). For the late time points, CBL0137 was added at varying 

time points between 1 and 12 hpi, and protein samples were harvested at 24 hpi (figure 

3.4B). For samples harvested at 8 hpi, the quantity of E1A protein within the cells 

correlated with the time of drug addition, suggesting that CBL0137 was fairly effective at 

blocking early viral gene expression at the time that it was applied to the cells (figure 3.4A). 

Thus, no E1A proteins are present within the cells treated at 1 hpi, with progressively more 



 
 

93 

 

 

 

 

 

 

 

 

Figure 3.4. CBL0137 treatment is required early in infection to inhibit HAdV 

replication. A549 cells were infected with HAdV-5 at an MOI of 10 for 1 h, and medium 

containing 3.0 μM of CBL0137 was added at the indicated timepoints (open triangles). At 

8 (Panel A) and 24 (Panel B) hpi, the cells were harvested into PLB, and the quantity of 

E1A (Panel A), hexon (Panel B), POLR2A and tubulin (Panels A and B) were analyzed by 

immunoblot assay. 
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E1A proteins present within the cells if infection is allowed to proceed for 4 or 6 h before 

drug is added, but all time points showed reduced levels of E1A proteins relative to vehicle-

treated cells harvested at 8 hpi. We also observed a progressively increased quantity of 

POLR2A within the cells when the drug was added at 4 or 6 hpi, with more POLR2A 

present if the drug was added later. In A549 cells, HAdV late gene expression typically 

begins at 12 hpi (152, 390, 431). If CBL0137 was applied to the infected cells at 6 hpi or 

earlier, we did not observe any hexon protein at the 24 hpi time point (figure 3.4B), 

indicating a complete block of late gene expression. However, treatment of infected cells 

with CBL0137 at 8 hpi or later allowed for some expression of hexon protein at the 24 hpi 

time point. Thus, sufficient POLR2A activity was retained in cells treated with CBL0137 

at 8 hpi or later to mediate hexon expression. Curiously, analysis of POLR2A protein levels 

within the treated cells showed that application of CBL0137 no longer induced degradation 

of the protein when applied at later time points, most notably at 12 hpi where the protein 

levels of POLR2A appeared identical to mock-treated cells. This was somewhat surprising, 

as we previously determined the half-life of POLR2A in CBL0137-treated cells was only 

1.25 h (figure 3.3B). These data indicate that CBL0137 treatment is required during the 

early phase of infection to successfully inhibit HAdV replication, and also suggests that 

early viral gene expression may promote at least partial stabilization of POLR2A within 

the cells. 

   

3.4.5 HAdV-5 early genes inhibit CBL0137-induced degradation of POLR2A protein 

Chromatin damage caused by the DNA intercalator BMH-21 leads to degradation 

of POLR2A that is dependent on the activity of the ubiquitin-dependent protein segregase 
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p97, a Cullin-RING ubiquitin ligase and the proteasome (299). The specific Cullin-RING 

ubiquitin ligase family member involved in this process has not been determined. In 

response to DNA damage-dependent stalling, POLR2A is initially monoubiquitinated by 

NEDD4 and subsequently polyubiquitinated by Elongin A/B/C–CUL5–RBX2 or pVHL–

Elongin B/C–CUL2–RBX1 E3 ligase complexes (424-426). For DNA damage-

independent RNAP II stalling, POLR2A is instead polyubiquitinated solely by NEDD4 

(432). In HAdV-infected cells, the viral proteins E1B-55K and E4orf6 are known to 

integrate with Elongin B/C, CUL5, and RBX1 to form an E3 ligase complex, which 

redirects the ubiquitin machinery to alternative substrates, ultimately degrading a selection 

of cellular proteins that would be refractory to the progression of infection, such as p53, 

Mre11, and RAD50 (63-65). The ability of E1B-55K/E4orf6 to alter ubiquitin-dependent 

protein degradation within the cell could be responsible for the observed RNAP II 

stabilization, or rather lack of degradation, in CBL0137-treated cells. As such, we 

examined whether expression of E1B-55K and E4orf6 were sufficient to block CBL0137-

mediated RNAP II degradation. We transfected 293 cells (which endogenously express 

HAdV-5 E1A and E1B, including E1B-55K (416, 433)) with an expression plasmid 

encoding GFP-tagged E4orf6 (or GFP alone as a control) and, 24 h post transfection, the 

cells were treated with CBL0137, and harvested 8 h post drug treatment. We confirmed 

expression of both control GFP and our GFP-E4orf6 proteins in the transfected cells by 

immunofluorescence and immunoblot. Although a similar transfection efficiency was 

achieved (figure 3.5A), the quantity of GFP-E4orf6 was significantly reduced relative to 

GFP alone (figure 3.5B). We also observed a high molecular weight GFP-positive smear  
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Figure 3.5. HAdV-5 early genes inhibit CBL0137-induced degradation of POLR2A 

protein. 293 cells were transfected with pEGFP-C3 (GFP), pRP3512 (GFP-E4orf6) 

(Panels A and B), or pRP3516 (FLAG-E4orf6) (Panel C). Immunofluorescent microscopy 

of GFP signal was performed 24 h post-transfection to ensure similar transfection 

efficiency (Panel A). The cells were treated with CBL0137 at 24 h post transfection and 

protein samples collected after 8 h of treatment. Samples were analyzed by immunoblot 

assay for GFP (Panels B and C), FLAG (Panel C), and POLR2A (Panels B and C), with 

tubulin as a loading control. 
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from ~135 to 245 kDa only in GFP-E4orf6-transfected lanes (figure 3.5B), suggesting that 

the GFP-E4orf6 protein itself may be subjected to post-translational modification. This 

high molecular species was also observed for FLAG-tagged E4orf6 which lacks the GFP 

protein fusion (figure 3.5C), indicating that E4orf6 protein is indeed post-translationally 

modified when expressed in 293 cells. In untransfected and GFP-transfected cells, addition 

of 3.0 µM CBL0137 induced degradation of RNAP II (figure 3.5B, C). Expression of GFP-

E4orf6 or FLAG-E4orf6 within the CBL0137-treated 293 cells partially rescued the 

cellular levels of POLR2A IIa, suggesting that E4orf6 may influence the 

stability/degradation of RNAP II in the CBL0137-treated cells. Thus, in our time of 

addition experiment, allowing early gene expression to proceed, before applying 

CBL0137, likely actively prevented CBL0137-induced degradation of RNAP II (figure 

3.4D). Taken together, these results suggest that early expression of E1B-55K and E4orf6 

from the viral genome may redirect ubiquitin/proteosome protein(s) to prevent CBL0137-

induced degradation of RNAP II. Thus, these studies have identified the curaxin family of 

compounds as an effective class of anti-HAdV agents, but also highlight that HAdV 

encodes proteins that may impact the efficacy of the drug.  
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3.5 Discussion 

While HAdV causes only minor illness in otherwise healthy patients, HAdV can 

cause significant morbidity and mortality in at-risk populations, such as the pediatric, 

geriatric, or immunocompromised individuals (20, 21, 434, 435). There are currently no 

approved therapeutics to safely treat HAdV infection (14). Our lab conducted previous 

studies to identify and evaluate compounds that can potentially be used to treat HAdV 

infection (152, 154, 162, 390). Repurposing drugs represents a very attractive avenue for 

treating viruses, as it has the potential to decrease the time needed from a discovery at the 

bench to an approved treatment. CBL0137 is currently under evaluation as an anti-cancer 

therapeutic (286, 287, 436), with data supporting in vivo use (286, 292, 300-307, 437). The 

promising results observed in preclinical models of cancer have led to a clinical trial 

evaluating the use of CBL0137 against several different cancer types in humans 

(NCT04870944). Furthermore, curaxins have already shown efficacy against several DNA 

and RNA viruses (288, 289, 292, 308, 309), and in vivo CBL0137 treatment protected mice 

against lethal HSV-1 infection (292). Thus, CBL0137 and other curaxins could show 

therapeutic efficacy against HAdV and be easily adopted for human use.   

CBL0137 is a DNA intercalating agent that induces nucleosome unfolding thus 

causing chromatin damage (295). CBL0137-mediated alteration of chromatin has 

pleiotropic effects within the cell, including stabilization of p53, suppression of MYCN 

expression, suppression of NF-κB signaling, activation of NOTCH1 signaling, and 

trapping of the FACT complex on the unfolded nucleosomes (287, 296), as well as the 

downstream consequences of these effects. CBL0137 treatment also induces degradation 

of RNAP II and Z-DNA formation (299). We confirmed that RNAP II is degraded upon 
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treatment with 3.0 µM of CBL0137 in A549 cells (figure 3.3), which reduced E1A 

transcription and subsequently prevented progression of infection (figures 3.2-4). 

Interestingly, CBL0137-mediated degradation of RNAP II may have been counteracted by 

HAdV early gene expression, likely through action of E1B-55K and E4orf6 proteins (figure 

3.5). E1B-55K and E4orf6 naturally function in concert with several cellular Cullin-RING 

E3 ligase complexes to promote degradation of several cellular proteins that would 

naturally be refractory to efficient virus replication (63-65). These viral proteins may 

function to redirect normal E3 ligase activity away from RNAP II. Alternatively, if 

CBL0137 is inducing RNAP II degradation using the DNA damage-independent NEDD4 

polyubiquitination pathway (432), NEDD4 itself may be targeted for degradation by the 

viral E3 ligase, again leading to RNAP II stabilization. As such, CBL0137 may be expected 

to have reduced efficacy against a virus already undergoing replication, but would 

effectively block initiation of subsequent rounds of infection/replication, thus preventing 

spread of the virus within the host. 

For both HSV-1 and HCMV, CBL0137 is believed to exert its antiviral effects 

through inhibition of the FACT complex. While CBL0137 does not directly bind to the 

FACT complex, CBL0137 establishes a chromatin state in which the FACT complex 

becomes trapped on destabilized nucleosomes (c-trapping), though the process is reversible 

following removal of CBL0137 from DNA (296, 297). For HSV-1 infection, the viral 

ICP22 protein interacts with the FACT complex to promote efficient transcription 

elongation of viral genes (291, 292), while the FACT complex is required by HCMV for 

transactivation of the viral MIEP (289). The FACT complex could also be required for 

efficient expression of HAdV early genes, but CBL0137-induced degradation of RNAP II 
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is a major insult within the cell, and precludes analysis of any specific role of FACT in 

modulating HAdV gene expression. Indeed, given the pleiotropic effects of CBL0137 

treatment, it is possible that other cellular processes vital for productive infection may be 

negatively impacted by the drug, thus contributing to inhibition of infection of these 

viruses. 

The ability of CBL0137 to stabilize p53 (286) could potentially explain our results, 

as HAdV normally antagonizes p53 to prevent cell cycle arrest and induction of apoptosis 

(52, 63). While we did observe stabilization of p53 following CBL0137 treatment in 

infected A549 cells, KD of the cell cycle inhibitor p21 did not rescue HAdV-5 replication 

following CBL0137 treatment (data not shown). We also examined CBL0137 treatment in 

HAdV-5 infected the p53-null H1299 cell line. Though CBL0137 treatment still inhibited 

HAdV-5 infection in H1299 cells, we later determined that CBL0137 was cytotoxic (data 

not shown), confounding our results. Though not definitive, our results therefore suggest 

that the effect of CBL0137 on HAdV-5 replication is independent of p53. 

CBL0137 treatment has also been shown to induce an interferon response, 

restricting replication of ZIKV, IAV, and SARS-CoV-2 (288). However, when we examined 

the expression of IFNβ in CBL0137-treated, HAdV-5 infected-A549 cells, we observed 

that at CBL0137 concentrations capable of inhibiting HAdV-5, there was no corresponding 

increase in IFNβ expression (data not shown). This suggests, at least in A549 cells, that 

CBL0137-mediated induction of the interferon response does not contribute to the anti-

HAdV-5 effect of CBL0137 treatment. 

Our results also suggest that targeting RNAP II, at least transiently, could be an 

effective approach to treat HAdV infection. Other DNA intercalating agents, such as BMH-
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21, aclarubicin, and actinomycin D, also induce degradation of RNAP II (299), suggesting 

these compounds may also impact HAdV infection. Actinomycin D is already approved 

for use in treating human cancer (438). Future studies will need to address the efficacy of 

these compounds in appropriate tissue culture and animal models of HAdV infection (439, 

440). 

In summary, we have shown that treatment with CBL0137 inhibits HAdV infection. 

Our work extends the observation that CBL0137 treatment can be used to inhibit infection 

of several dsDNA (289, 292) and RNA (288, 309) viruses. Given the success of CBL0137 

in preclinical in vivo cancer (286, 437) and viral infection (292) models, CBL0137 could 

easily be repurposed to treat HAdV infection in at-risk individuals, thereby reducing the 

burden of disease in these patients. 
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4.1 Abstract 

The facilitates chromatin transactions (FACT) complex, a heterodimer of SSRP1 

and SUPT16H proteins, is a key cellular complex involved in cellular gene transcription 

initiation and elongation, DNA replication and DNA repair, due to its histone chaperone 

activity. The FACT complex has also been shown to have both pro- and anti-viral 

properties, depending on the virus. We therefore investigated whether the FACT complex 

was required for human adenovirus (HAdV) type 5 replication. Small interfering RNA-

mediated knockdown of SSRP1 or SUPT16H reduced expression of early region 1A (E1A) 

proteins, due to a reduction of E1A transcripts within cells. Although E1A proteins and the 

FACT complex proteins showed partial overlap in the infected cell nucleus, as assessed by 

immunofluorescence analysis, the two proteins do not associate. We show that late in 

HAdV-5 infected cells, the FACT complex relocalizes from the nucleolus to viral 

replication centers, where the FACT complex proteins interact with the HAdV-encoded 

DNA-binding protein. Knockdown of the FACT complex also led to reduced accumulation 

of newly replicated genomes within infected cells, a subsequent reduction in late protein 

expression and reduced production of progeny virions. Taken together, these results 

indicate that the FACT complex is required for optimal HAdV-5 replication. 
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4.2 Introduction 

 Within the nucleus, cellular DNA is organized into chromatin, with nucleosomes 

serving as its fundamental unit. Nucleosomes consist of an octamer of histones (H2A, H2B, 

H3, and H4), around which DNA is wrapped. Post-translational modifications of the N-

terminal of histones tails play a vital role in gene expression and regulation, helping 

determine the “openness” and “compactness” of chromatin, or regions of active and 

repressive gene expression, respectively (133, 134). Indeed, epigenetic regulation is vital 

in establishing global gene regulation within the cell and, consequently, determining cell 

identity (140). Epigenetic regulation is also important for many nuclear viruses (reviewed 

in (141-143)), which frequently exploit the cellular epigenetic machinery to regulate 

expression of viral genes, as well as to modulate host cellular gene expression to promote 

expression of genes that support productive infection and inhibit genes that are refractory 

to viral replication. For human adenovirus (HAdV), the viral DNA is dynamically 

remodeled throughout the course of infection (98), and becomes associated with histones 

and wrapped in repeating nucleosome-like structures early in infection, prior to initiation 

of expression of early viral genes (128). Thus, HAdV likely utilizes cellular epigenetic 

regulatory proteins to support viral gene expression and replication. Indeed, work by our 

lab and others has demonstrated that compounds that modulate the activity of epigenetic 

regulatory proteins can impact HAdV infection (152-155, 441), suggesting that epigenetic 

regulation is critical during HAdV infection. 

 While nucleosomes are vital for epigenetic regulation of genes, nucleosomes can 

also represent a physical obstacle for gene transcription initiation and transcription 

elongation (194). Additional chromatin remodeling proteins are typically required to 



 
 

108 

 

modify, shift or evict nucleosomes from promoter regions to provide access for 

transcription factors to bind to the DNA, as well as to allow the passage of RNA polymerase 

II (RNAP II) through the nucleosome-bound DNA. One such factor is the facilitates 

chromatin transactions (FACT) complex which, in humans, is composed of two proteins, 

SUPT16H and SSRP1 (208). The FACT complex is perhaps best known for its role in 

transcription elongation (200), and is thought to destabilize the nucleosomal structure 

through removal of one H2A/H2B dimer from the nucleosome during passage of the RNAP 

II enzyme and replacing the dimer after the polymerase has passed (202, 225, 226). 

However, the FACT complex has also been implicated in several other processes within 

the cell, including transcription initiation (227), DNA replication (198, 199), and DNA 

repair (200, 201). Homozygous knockout of SUPT16H (219) or SSRP1 (218) is lethal to 

early mouse embryos, clearly indicating that the FACT complex has a crucial role(s) within 

the cell.  

Previous studies have shown that the FACT complex can be either a pro-viral or an 

anti-viral factor of both RNA and DNA viruses, depending on the virus and specific 

context. Work by Rex et. al. (282) demonstrated that the FACT complex is involved in an 

antiviral response that appears to have evolved prior to the interferon response. Termed the 

FACT-ETS-1 Antiviral Response (FEAR) pathway, activation of this pathway results in 

enhanced expression of the ETS-1 transcription factor, which ultimately induces virus 

restriction programs within the cell. Although the FEAR pathway is induced by vaccinia 

virus, the virus-encoded A51R protein antagonizes the response and blocks FACT-

mediated expression of ETS-1. The FEAR pathway also inhibits vesicular stomatitis virus, 

influenza A virus (IAV), and yellow fever virus replication, as knockdown (KD) of 



 
 

109 

 

SUPT16H was sufficient to increase the quantity of virus produced in the cell (282). For 

human immunodeficiency virus 1 (HIV-1) and human T-lymphotropic virus type 1 

infections, the FACT complex suppressed viral transcription, possibly acting as a pro-

latency factor (283) and, consistent with this, the FACT complex also repressed murine 

endogenous retrovirus-L (MERVL) gene expression (231). However, paradoxically, Lopez 

et. al. (284) found that the FACT complex is required for expression driven by the long 

terminal repeat during HIV-1 infection, but is not required for integration of the reverse 

transcribed viral DNA, suggesting the FACT complex may have a dual role during HIV-1 

infection. By contrast, the avian leukosis virus, another retrovirus, required the FACT 

complex for integration of viral DNA (285). The FACT complex also appears to regulate 

the interferon response, through interaction with BRD4, a regulator of interferon signaling 

(442). KD of SUPT16H or treatment with the curaxin CBL0137, a drug that can inhibit the 

FACT complex (286, 287), increased interferon activity, which ultimately inhibited 

replication of zika virus, IAV, and severe acute respiratory syndrome coronavirus 2 (288). 

However, it should be noted that IAV replication was inhibited specifically by CBL0137 

treatment, suggesting that additional effects of CBL0137-treatment may contribute to the 

observed antiviral effect, since KD of SUPT16H actually promoted IAV replication (282). 

Kaposi's sarcoma-associated herpesvirus requires the FACT complex for latency-

associated nuclear antigen dependent DNA replication (290). During herpes simplex virus 

1 (HSV-1) infection, the viral ICP22 protein recruits the FACT complex to the viral genome 

to promote efficient transcription elongation of viral genes (282, 291). Infection with an 

ICP22 mutant unable to bind FACT led to stalling of RNAP II near the transcription start 

sites on the viral genome, suggesting inefficient transcription elongation. Human 
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cytomegalovirus (HCMV) also requires the FACT complex for viral reactivation, as 

treatment with CBL0137 prevented the FACT complex from binding to and transactivating 

the major immediate early promoter, thereby inhibiting viral reactivation (289).  

Unpublished work by our lab also demonstrated that treatment with CBL0137 is 

capable of inhibiting HAdV-5 infection, but this effect was attributed to CBL0137-induced 

degradation of RNA polymerase II (RNAP II) (299), which precluded us from determining 

any specific role for the FACT complex in HAdV-5 infection. In this study, we evaluated 

the role of the FACT complex in HAdV-5 infection directly using small interfering RNA 

(siRNA)-mediated KD of SUPT16H and/or SSRP1, and show that the FACT complex is 

required for optimal HAdV-5 replication. 
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4.3 Materials and Methods 

4.3.1 Cell lines, Viruses, Transfections and Reagents 

Experiments were conducted in the human lung adenocarcinoma-derived A549 cell 

line (CCL-185, American Type Culture Collection (ATCC), Manassas, VA, USA). Cells 

were cultured in Minimum Essential Medium (MEM, Sigma Aldrich, Oakville, ON, 

Canada) containing 10% (v/v) Fetal Bovine Serum (FBS, Sigma Aldrich), 2 mM 

GlutaMAX (35050061, Gibco, Ottawa, ON, Canada), and 1x antibiotic-antimycotic 

(15240062, Gibco). 

 HAdV-5 was obtained from Dr. John Bell (Ottawa Hospital Research Institute, 

Ottawa, Canada). AdDBPFLAG (lab designation AdRP3122) has been described previously 

(404), and is an E1+ and E3-deleted virus encoding a FLAG-tagged DNA-binding protein 

(DBP). AdPVIIFLAG (AdCC100) is an E1+ and E3-deleted virus encoding a FLAG-tagged 

protein VII, and was constructed in a similar manner as previously described (126, 127). 

All viruses were grown in 293N3S cells (417) and titered on 293 cells (416), both a kind 

gift from Dr. Frank Graham (Professor Emeritus, McMaster University). All viruses were 

purified by cesium chloride buoyant density centrifugation, as described previously (418). 

For viral infections, medium was removed from confluent monolayers of cells prior to 

infection with HAdV in a minimum volume. The multiplicity of infection (MOI) was 

calculated as plaque-forming units (PFU) per cell. Unless noted otherwise, infections were 

performed at an MOI of 10. Virus inoculums were diluted in phosphate-buffered saline 

(PBS, D8537-500ML, Sigma Aldrich), and added to the cells for 1 hour (h) at 37 °C with 

periodic rocking. The cells were subsequently washed with PBS to remove unbound virus 

and fresh medium was added to the cells. The infected cells were incubated in a humidified 
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CO2 incubator at 37 °C until the indicated time points. All time points are relative to the 

initial addition of the virus inoculum to the cells, which is considered t=0 h post infection 

(hpi). 

 To generate pMJ102, which encodes FLAG-tagged DBP driven by the human 

cytomegalovirus (HCMV) immediate early enhancer/promoter and contains ampicillin and 

neomycin resistance genes, viral DNA obtained from AdDBPFLAG was PCR amplified 

using the following primers: 5’- ATA GAA TTC GCC ACC ATG GCC AGT CG and 5’ 

– ATA GCG GCC GCG CCG TTT AA. The resulting DNA product was digested with 

EcoRI and NotI, and cloned into EcoRI and NotI digested pcDNA3.1. The plasmid 

integrity was verified by sequencing, and the plasmid was purified by cesium chloride 

buoyant density centrifugation using standard methods. 

 Pooled small interfering RNA (siRNA) targeting human SUPT16H (M-009517-00-

0005) and SSRP1 (M-011783-01-0005), and siGenome non-targeting control siRNA (D-

001206-13-05) were obtained from Horizon Discovery (Lafayette, CO, USA). A549 cells 

were seeded in 12-well (0.5x105 cells/well) or 6-well (3.2x105 cells/well) plates and 

transfected with 100 nM total siRNA using Lipofectamine 2000 (11668019, Invitrogen, 

Ottawa, ON, CA) according to the manufacturer’s instructions for A549 cells. Single KDs 

were performed using 50 nM siRNA targeting SUPT16H or SSRP1 along with 50 nM non-

targeting control siRNA to a final concentration of 100 nM, while double KDs targeting 

both SUPT16H and SSRP1 used 50 nM siRNA each for a final concentration of 100 nM. 

The transfection medium was removed after 4 h, the cells were rinsed with PBS, and 

complete medium was added. KD was confirmed at 72 h post-transfection by immunoblot 

analysis, and the cells were infected at this point, as described above.  
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4.3.2 Immunoblot Analysis 

At the indicated timepoints, medium was removed, and the cells were lysed in 2x 

Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 25% w/v glycerol, 2% w/v sodium dodecyl 

sulphate (SDS), 0.01% w/v bromophenol blue, 5% v/v β-mercaptoethanol (added 

immediately prior to use)), and stored at −20 °C. The samples were boiled for 5 min prior 

to protein separation by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Separated proteins were transferred to an Immobilon-FL PVDF membrane 

(IPFL00010, Sigma Aldrich), and the membrane was blocked with Intercept Blocking 

Buffer (927-70001, Li-Cor Biosciences, Lincoln, NE, USA). The following primary 

antibodies were used: anti-Adenovirus Type 5 (M58) (E1A, 1/5,000 for overnight (O/N) 

incubation; MA513643, Thermo Fisher Scientific), Anti-Adenovirus Type 5 E1A (1/2,000 

for O/N incubation; 554155, BD Biosciences, Mississauga, CA), Anti-Adenovirus Type 5 

(recognizes all capsid proteins, including hexon, 1/10,000 for 1 h incubation; ab6982, 

Abcam, Toronto, ON, Canada), anti-SUPT16H (1/5,000 for O/N incubation; ab204343, 

Abcam), anti-SSRP1 (1/5,000 for O/N incubation; 15696-1-AP, Proteintech, Rosemont, 

IL, USA),  mouse anti-tubulin (1/10,000 for 1 h incubation; CP06, Sigma Aldrich), rabbit 

anti-tubulin (1/10,000 for 1 h incubation; ab59680, Abcam). The primary antibodies were 

diluted in Intercept Blocking Buffer containing 0.2% Tween 20. The membrane was then 

washed three times in PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 137 mM 

NaCl, pH 7.4) containing 0.1% Tween 20 (PBST) and incubated with the appropriate 

IRDye secondary antibodies (680RD and 800CW, Li-Cor Biosciences), diluted in Intercept 

Blocking Buffer containing 0.2% Tween 20 and 0.01% SDS, again protected from light. 

The membrane was washed three times in PBST, followed by a final rinse with PBS. 
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Membranes were scanned using a ChemiDoc MP imaging system (Bio-Rad, Mississauga, 

ON, Canada), and the resulting signal analyzed using Image Lab (version 6.1, Bio-Rad). 

All immunoblot data are representative of three or more independent experiments. 

 

4.3.3 MTS Metabolic Activity Assay 

96-well plates were seeded with 5,000 A549 cells per well and incubated O/N. The 

next day, the cells were transfected with siRNA targeting SSRP1 or non-targeting control, 

as described above. The cells were incubated in medium without serum, containing 2mM 

GlutaMAX and 1x antibiotic-antimycotic. Three days later, the medium was removed from 

the wells and fresh medium containing serum was added, and incubated for 24 h. Metabolic 

activity was determined using the CellTiter 96 Aqueous Non-Radioactive Cell 

Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer’s 

instructions. Briefly, cells were incubated for 1 h at 37 °C with 20 µL of the 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) substrate, and absorbance readings were obtained at 490 nm using the SpectraMax 

190 plate spectrophotometer (Molecular Devices, San Jose, CA, USA). Wells containing 

no cells were used as a negative control. 

 

4.3.4 Polymerase Chain Reaction 

To determine if KD of SUPT16H or SSRP1 affected HAdV-5 DNA replication, we 

determined the viral genome copy number in infected cells by quantitative PCR. Three 

days post KD, A549 cells were infected as described above. At the indicated time points, 

medium was removed, and the cells were harvested using SDS-proteinase K (10 mM Tris-
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HCl pH 7.4, 10 mM EDTA, 1% w/v SDS, 1 mg/mL proteinase K (P8044-5G, Sigma 

Aldrich)) and incubated O/N at 37°C. DNA was extracted from the cell lysates using a 

standard phenol-chloroform method, precipitated with isopropanol and NaCl, and the 

resulting DNA pellet was dissolved in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA). qPCR 

was performed using 200 ng of genomic DNA per reaction. The following primers were 

used: 5’-CTC CCC ACA CAC ATG CAC TTA and 5’-CCT AGT CCC AGG GCT TTG 

ATT for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 5’-CCA TTA 

AAC CAG TTG CCG TGA GAG and 5’-GGC GTT TAC AGC TCA AGT CCA AAG for 

HAdV E1A. Viral genome copy number were calculated from the Ct values using a 

standard curve obtained from serial dilutions of pCB6, a plasmid containing the entire 

HAdV-5 genome. Values were normalized using GAPDH copy number, calculated from a 

standard curve obtained using serial dilutions of a plasmid containing a cloned fragment of 

the human GAPDH gene, pMJ100, as described previously (162).  

To determine whether FACT KD affected production and accumulation of viral 

E1A transcripts, we determined E1A mRNA copy number from infected cells. Three days 

after KD, A549 cells were infected as described above and, at the indicated time points, 

medium was removed, and cell lysates were obtained using TRIzol (15596026, Invitrogen). 

Total RNA was extracted from the cell lysates using the PureLink RNA Mini Kit columns 

(12183018A, Invitrogen), according to the manufacturer’s instructions. The isolated RNA 

was then treated with the DNA-free DNA removal kit (AM1906, Invitrogen). The resulting 

RNA was reverse transcribed into complementary DNA (cDNA) using the High Capacity 

cDNA Reverse Transcription kit (4368814, Invitrogen). qPCR was performed using 1 µL 

of the cDNA per reaction. The following primers were used: 5’-ACA ACT TTG GTA TCG 
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TGG AAG G and 5’- GCC ATC ACG CCA CAG TTT C for human GAPDH; 5’- TCC 

GGT CCT TCT AAC ACA CC and 5’-GGC GTT TAC AGC TCA AGT CC for HAdV-5 

E1A. E1A mRNA copy number were calculated from the Ct values using a standard curve 

obtained using serial dilutions of pCB6. Values were normalized using GAPDH mRNA 

copy number, calculated from a standard curve obtained using serial dilutions of a bacterial 

plasmid containing a cloned fragment of human GAPDH cDNA, pMJ111. To generate 

pMJ111, a 105 bp fragment of the human GAPDH cDNA (generated using PCR primers 

5’-ACA ACT TTG GTA TCG TGG AAG G and 5’- GCC ATC ACG CCA CAG TTT C) 

was cloned into SmaI-digested pBlueScript II KS (+), verified by sequencing, and purified 

by cesium chloride buoyant density centrifugation using standard methods. To quantify the 

relative abundance of each E1A isoform following FACT KD, we performed PCR using 

the following primers: 5’-ATT ATC TGC CAC GGA GGT GT-3’ and 5’-GGA TAG CAG 

GCG CCA TTT TA-3’ (443). Amplicons were resolved on 2% agarose gels and the image 

was captured using the ChemiDoc imaging system. 

 

4.3.5 Plaque Assay for Virus Yield 

To examine the effect of FACT KD on virus yield, we performed a plaque assay of 

virus recovered from treated A549 cells. Briefly, 3 days after KD, monolayers of A549 

cells were infected with HAdV-5 at an MOI of 10. After 1 h of infection, the virus inoculum 

was removed, the cells were washed once with PBS to remove unbound virus, and fresh 

medium was added. At 4, 18, 21, and 24 hpi, the cells were collected by scraping into the 

medium, 40% w/v sucrose (prepared in 10 mM Tris pH 8.0) was added to a final 

concentration of 4% w/v, and the samples were lysed by three freeze/thaw cycles. For the 
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plaque assay, monolayers of A549 cells were infected with dilutions of the cell lysates. 

After 1 h of infection, the cells were overlaid with medium containing agarose (50% v/v of 

a 1% w/v agarose solution, 43% clear 2x MEM (11935046, Gibco), 5% FBS, 1% 

GlutaMAX, and 1% antibiotic-antimycotic). Plaques were counted 10 days later.  

 

4.3.6 Immunofluorescence 

A549 cells (4x104 cells) were seeded onto 1 cm round coverslips in 12-well tissue-

culture plates and, the next day, infected with AdDBPFLAG. At the indicated timepoints, 

medium was removed and the cells were rinsed with cold PBS. Cells were fixed using 4% 

paraformaldehyde (pH 7.0) in PBS for 10 minutes (min), then rinsed 3 times with cold 

PBS. Cells were permeabilized using 0.25% Triton X-100 (X100-100ML, Sigma Aldrich) 

in PBS for 10 min, followed by 3 rinses in PBS, 5 min each. Coverslips were incubated in 

5% donkey serum (DS, S30-100ML, Sigma Aldrich) in PBS for 30 min to block 

nonspecific antibody binding. Coverslips were incubated in 5% DS in PBS containing the 

following primary antibodies: anti-SUPT16H (1/1,500, 28598-1-AP, Proteintech), anti-

SSRP1 (1/1,000), anti-FLAG (1/1,000, F1804, Sigma Aldrich) O/N at 4°C, or for 1 h at 

21°C with anti-nucleolin (1/1,000, MAB1277-I-25UG, Sigma Aldrich). The coverslips 

were then rinsed 3 times with PBS. Coverslips were incubated 1 h protected from light in 

5% DS in PBS containing the following secondary antibodies: Alexa Fluor 594 anti-rabbit 

IgG (1/1,000; A21207, Invitrogen), Alexa Fluor 488 anti-rabbit IgG (1/1,000; A21206, 

Invitrogen), Alexa Fluor 594 anti-mouse IgG (1/1,000; A21203, Invitrogen), and Alexa 

Fluor 488 anti-mouse IgG (1/1,000; A21202, Invitrogen). After secondary antibody 

removal and 6 washes in PBS, 5 min each, the coverslips were incubated with Hoechst 
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3342 (1 μg/ml in PBS, H3570, Life Technologies, Burlington, ON, CA) for 1 min. Lastly, 

the coverslips were rinsed with PBS and placed on glass slides using Dako Fluorescent 

Mounting Medium (Agilent Technologies, Santa Clara, CA, USA). Fluorescent images 

were obtained with a Plan-APOCHROMAT 63x/1.4 oil-immersion Ph3 objective on a 

Zeiss Axio Imager.M1 microscope equipped with an AxioCam HRm camera and captured 

using AxioVision software (version 4.9.1, Carl Zeiss Microscopy LLC, White Plains, NY, 

USA), and images were processed using FIJI (version 2.14.0 (419)). 

 

4.3.7 Nuclear Fractionation and Co-immunoprecipitation 

 To evaluate protein associations, A549 cells were seeded onto 10-cm dishes 

(4.0x106 cells). The next day, the cells were infected with appropriate virus, as described 

above. At the indicated timepoints, medium was removed, and the cells were rinsed in cold 

PBS. The cells were scraped from the plate and transferred to a new tube. The cells were 

rinsed 3-times with cold PBS, with cells pelleted between washes by centrifugation at 

3000xg for 5 min at 4°C. All subsequent steps were performed on ice using cold reagents. 

The PBS was discarded, the cells were resuspended in 500 μL hypotonic buffer (20 mM 

Tris pH 7.4, 10 mM NaCl, 3 mM MgCl2), and incubated for 15 min. Next, 25 μL of 10% 

Nonidet P40 substitute (Biolynx, Brockville, ON, CA) was added, and the tube was 

vortexed for 10 seconds (s) at maximum speed to lyse the cells, and the nuclei were pelleted 

by centrifugation (845xg for 10 min at 4°C). The supernatant (cytoplasmic fraction) was 

discarded, while the nuclei were resuspended in a volume equivalent to the packed nuclei 

(approximately 50 L) with nuclear resuspension buffer (50 mM HEPES pH 7.6, 300 mM 

NaCl, 1 mM EDTA, 0.5 mM dithiothreitol (DTT), with 1x protease inhibitor tablet, 10 mM 
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β-glycerophosphate (BGP), and 200 μM phenylmethylsulfonylfluoride (PMSF) added 

prior to use). Nuclei were flash frozen, and thawed on ice to lyse the nuclei. Once thawed, 

the solution was clarified by centrifugation (15,000xg for 20 min at 4°C), and the resulting 

supernatant (nuclear lysate) was transferred to a new tube and brought up to 200 μL with 

pulldown buffer (PD buffer, 50 mM HEPES pH 7.6, 150 nM NaCl, 1mM EDTA, 0.5mM 

DTT, with 1x protease inhibitor tablet, 10 mM BGP, and 200 μM PMSF added prior to 

use). 

 A bead slurry was prepared by washing 300 µL of unconjugated protein G 

Dynabeads (10004D, Invitrogen) in 1 mL PD buffer 3 times, and resuspended in 300 µL 

of PD buffer. An aliquot (40 μL) of the nuclear lysate was reserved as input. The remaining 

nuclear lysate was brought up to 400 μL with PD buffer, and 40 μL of the bead slurry was 

added to the tube, which was then placed on a rotating platform for 1.5 h at 4°C, to 

eliminate proteins that non-specifically bound to the beads. After preclearing, the 

supernatant was divided into 5 tubes, each of which was brought to 400 μL with PD buffer. 

Each tube received 10 μg of antibody targeting mouse FLAG (F1804, Millipore, 

Burlington, MA, USA), SUPT16H (20551-1-AP), or SSRP1 (15696-1-AP) as indicated, 

while the remaining tubes received 10 μg of IgG of the appropriate species. The tubes were 

incubated on a rotating platform at 4°C O/N. 

The next day, 40 μL of the prepared bead slurry was added to each tube and placed 

back on the rotating platform for 2 h at 4°C to conjugate the antibody complexes to the 

beads. The supernatant, containing the unbound, flowthrough proteins, was transferred to 

a new tube and combined with 5x Laemmli buffer (156.25 mM Tris-HCl pH 6.8, 62.5% 

v/v glycerol, 5% w/v sodium dodecyl sulphate (SDS), 0.01% w/v bromophenol blue, 
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12.5% v/v β-mercaptoethanol). The beads were washed 3 times in pulldown wash buffer 

(50 mM HEPES pH 7.6, 150 nM NaCl, 1mM EDTA, 0.5mM DTT, 0.1% Nonidet P40 

substitute, with 1x protease inhibitor tablet, 10 mM BGP, and 200 μM PMSF added prior 

to use), before being resuspended in 40 μL of 2x Laemmli buffer (62.5 mM Tris-HCl pH 

6.8, 25% v/v glycerol, 2% w/v sodium dodecyl sulphate (SDS), 0.01% w/v bromophenol 

blue, 5% v/v β-mercaptoethanol). After processing, all samples were stored at -20°C. 

To confirm that the protein associations were due to direct binding, and not due to 

independent binding of the two proteins to the same DNA molecule, the nuclear lysates 

were pretreated with DNase I prior to incubation with antibody. MgCl2 (final 5 mM) and 

CaCl2 (final 0.5 mM) were added to the nuclear lysates, and 1 µL of DNase I (10 mg/mL) 

was added, and incubated O/N at 4°C. The next day, appropriate antibody was added and 

the lysates were processed for co-immunoprecipitation (co-IP) as described above. 

 

4.3.8 Statistical Analysis 

Statistical analysis was performed by using GraphPad Prism8 software (version 8, 

GraphPad Software Inc., San Diego, CA, USA). Statistical significance was determined 

using one-way ANOVA or multiple T-tests, as indicated in each figure legend. Differences 

with p ≤ 0.05 were considered significant.  
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4.4 Results 

4.4.1 Knockdown of SUPT16H and SSRP1 lowers expression of E1A proteins in infected 

cells 

We first assessed whether the FACT complex was required for expression of HAdV 

early genes, focusing on early region 1A (E1A), the first region expressed from the viral 

genome and which encodes proteins crucial for regulating many aspects of the virus 

lifecycle (55, 444, 445). A549 cells were transfected with siRNA targeting SUPT16H 

and/or SSRP1, or non-targeting control. Seventy-two hours (h) post-transfection, the cells 

were infected with HAdV-5, and protein lysates were harvested at 8 hpi, indicative of the 

early phase of infection. The FACT complex has an unusual mode of self-regulation 

whereby SUPT16H and SSRP1 mRNA associate with the FACT complex itself. This 

interaction is required not only for stability of the FACT complex proteins but, in the 

absence of this interaction, SUPT16H and SSRP1 mRNA becomes unstable and are less 

efficiently translated (208). As a consequence, KD of one member of the FACT complex 

directly impacts the protein levels of the other member of the complex (208). We confirmed 

KD of SUPT16H and SSRP1 and, as anticipated, KD of one protein was sufficient to lower 

the quantity of the other protein (figure 4.1A). Treatment of infected cells with non-

targeting siRNA had no effect on the levels of E1A proteins, whereas siRNA-mediated KD 

of SUPT16H, SSRP1, or both reduced the quantity of E1A proteins present within the cells 

(figure 4.1B, C), suggesting that the FACT complex is required for optimal E1A expression. 

We confirmed that treatment of the cells with siRNA to the SUPT16H, SSRP1, or both, did 

not significantly impact cell metabolic activity (figure 4.1D), indicating that reduced 

expression of E1A was not simply due to reduced cell bioenergetics. Taken  



 
 

122 

 

 

 

 

 

 

 

 

 

  



 
 

123 

 

 

 

 

 

 

Figure 4.1. Knockdown of SUPT16H and SSRP1 lowers expression of E1A proteins 

in infected cells. Panels A-C: A549 cells were transfected with siRNA targeting SUPT16H, 

and/or SSRP1, or non-targeting control. Seventy-two hours post-transfection, the cells 

were infected with HAdV-5 at an MOI of 10. At 8 hpi, medium was removed and cells 

were harvested using protein loading buffer. The quantity of SUPT16H and SSRP1 (A), 

and E1A (B) were analyzed by immunoblot using the ChemiDoc MP imaging system, and 

the relative quantity of E1A proteins, normalized to tubulin protein signal, was calculated 

(C). Panel D: A549 cells were transfected with siRNA targeting SUPT16H, and/or SSRP1, 

or non-targeting control. Seventy-two hours post-transfection, fresh medium was added, 

and 24 h later, the MTS solution was added to each well, and placed in the incubator for 1 

h. The absorbance of each well was measured, and metabolic activity was calculated, 

relative to non-targeting control. The mean of three independent experiments is shown, and 

the error bars represent standard deviation (SD) of the mean. Significance was calculated 

by one-way ANOVA. ** – p < 0.01, *** – p < 0.001, **** – p < 0.0001. 
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together, these results indicate that the FACT complex is required for optimal E1A 

expression. Since KD of one member of the FACT complex was sufficient to reduce both 

proteins, for subsequent experiments we only performed KD of SSRP1 alone. 

 

4.4.2 Knockdown of SSRP1 reduces E1A transcript accumulation 

The FACT complex is well known for its role in transcription initiation and 

elongation (200, 227). Thus, the reduction in the quantity of E1A protein following FACT 

complex KD could be due to less efficient E1A transcription, resulting in fewer E1A mRNA 

transcripts. As such, we next examined the effect of SSRP1 KD on E1A mRNA copy 

number within infected cells. Briefly, SSRP1 was subjected to KD in A549 cells and, 72 h 

later, cells were infected with HAdV-5, and total RNA was isolated each hour from 3 to 7 

hpi, converted to cDNA, and then analyzed by qPCR using primers that target E1A within 

exon 2 (common to all E1A mRNA isoforms). Under our qPCR conditions, E1A mRNA 

could not be detected prior to 3 hpi. KD of SSRP1 did not affect the quantity of GAPDH 

mRNA (figure 4.2A), indicating GAPDH could be used to normalize our results. KD of 

SSRP1 caused a modest delay in the appearance of E1A mRNA transcripts, by about 30 

min, but the overall rate of mRNA expression was unchanged, as shown by the identical 

slope of E1A transcript accumulation in siSSRP1- and siCtrl-treated cells (figure 4.2B). 

We also assessed the relative abundance of each E1A RNA isoform. During infection, 

HAdV expresses 5 isoforms of E1A, termed 13, 12, 11, 10, and 9 S, with isoforms 13 and 

12 S being more abundant during early infection (50). SSRP1 KD caused a very modest 

decrease in both the 13 and 12 S isoforms, while 11, 10 and 9 S appeared modestly 

increased in abundance, but these differences were not statistically significant (unpublished  
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Figure 4.2. Knockdown of SSRP1 reduces E1A transcript accumulation. Panels A-B: 

A549 cells were transfected with siRNA targeting SSRP1 or non-targeting control and, 72 

h later, the cells were infected with HAdV-5 at an MOI of 10. At the indicated timepoints, 

total RNA was isolated, and converted to cDNA. The resulting cDNA was analyzed by 

qPCR for E1A and GAPDH. (A) Raw Ct values are reported. Note: A higher Ct value is 

indicative of less DNA in the sample. (B) Relative E1A mRNA copy number, normalized 

to cellular GAPDH. Panels C-E: A549 cells were transfected with siRNA targeting SSRP1 

or non-targeting control and, 72 h post-transfection, the cells were infected with HAdV-5 

at an MOI of 10. At the indicated timepoints, cells were harvested using reporter loading 

buffer. The quantity of SUPT16H, SSRP1 (C), E1A (D), and tubulin proteins were analyzed 

by immunoblot and relative quantity of E1A proteins calculated (E). The mean of three 

independent experiments is shown, and the error bars represent SD of the mean. 

Significance was calculated by one-way ANOVA (B) and multiple T-tests (E). * – p < 0.05. 
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data, MRJ and RJP). 

 The modest delay in E1A mRNA accumulation within HAdV-infected cells treated 

with siRNA to SSRP1 suggests that there may also be a delay in initiation of expression 

and accumulation of E1A proteins. We therefore examined the kinetics of E1A protein 

accumulation in infected cells treated with siRNA targeting SSRP1 or a non-targeting 

control, to get a more comprehensive view for E1A expression. Protein lysates from the 

cells were harvested every hour from 2-8 hpi and at 24 hpi. KD of SSPR1 was confirmed, 

and led to a reduction in levels of both SSRP1 and SUPT16H within the cells at all time 

points (figure 4.2C). In cells treated with non-targeting control siRNA, E1A was detectable 

by immunoblot at approximately 6-7 hpi, and increased approximately 10-fold between 6 

and 8 hpi (figure 4.2D, E). In contrast, in cells treated with siRNA to SSRP1, E1A protein 

was first detected at 8 hpi at a level that was ~5-fold lower than that observed in controls, 

and reached only ~40% of control levels at 24 hpi. Taken together, KD of SSRP1 reduces 

production of E1A proteins within HAdV-infected cells. 

 

4.4.3 E1A proteins do not associate with the FACT complex 

E1A proteins have many different binding partners within the cell (31, 444), and 

can indirectly control the epigenetic status of the chromatin. For example, HAdV E1A 

proteins bind to and redirect the cellular p300/CBP histone acetyltransferase to 

epigenetically reprogram cellular chromatin thus conferring a global change in cellular 

gene expression (51, 446). As E1A proteins stimulate the activity of the E1A promoter (55, 

56), we examined whether E1A proteins associate with the FACT complex to perhaps 

redirect its activity and enhance expression of E1A, similar to as reported for the HSV-1 
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ICP22 protein (291). We first performed immunofluorescence (IF) analysis of infected 

cells to determine if E1A proteins co-localized with or re-localized FACT complex 

proteins. A549 cells were seeded onto sterilized coverslips, and infected with AdPVIIFLAG 

at a multiplicity of infection (MOI) of 100 to ensure sufficient E1A protein for visualization 

by IF. Cells were fixed 8 hpi, and probed with antibodies to E1A and SUPT16H proteins, 

while nuclei were stained with Hoechst. In uninfected cells, SUPT16H was localized 

primarily to the nucleolus, as has been described previously (212). We also observed 

diffuse staining of SUPT16H throughout the nucleoplasm (Figure 4.3A). In HAdV-

infected cells, E1A was found throughout the nucleoplasm but specifically excluded from 

the nucleolus. SUPT16H in HAdV-infected cells showed a similar distribution pattern as 

in uninfected cells at this 8 hpi time point, with no obvious relocalization away from the 

nucleolus. Thus, E1A and the FACT complex share a diffuse expression pattern within the 

nucleoplasm, with the exclusion of the nucleolus, suggesting that the two proteins could 

associate. To more directly address whether the two proteins are associated, we performed 

a co-immunoprecipitation (co-IP) experiment. Nuclear lysates were prepared at 8 hpi from 

HAdV-5 infected cells and subjected to IP with antibodies to E1A, SUPT16H, and SSRP1 

proteins, or isotype control. Pulldown with antibody to E1A proteins efficiently enriched 

for E1A proteins, but failed to co-immunoprecipitate either SUPT16H or SSRP1 (figure 

4.3B). Similarly, pulldown of SUPT16H or SSRP1 did not co-immunoprecipitate E1A 

(figures 4.3C, D). Taken together, these results suggest under our immunoprecipitation (IP) 

conditions, the FACT complex and HAdV E1A proteins do not associate with one another. 

 

4.4.4 SSRP1 and SUPT16H co-localize with viral replication centers late in infection 
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Figure 4.3. E1A proteins do not associate with the FACT complex. Panel A: A549 cells 

on sterilized coverslips were infected with AdPVIIFLAG (encoding FLAG-tagged viral 

protein VII) at an MOI of 100, and 8 hpi, the cells were analyzed by immunofluorescence 

for E1A, and SUPT16H proteins. Panels B-D: A549 cells were infected with HAdV-5 at 

an MOI of 10 and 8 h later, nuclei were fractionated and the resulting nuclear lysates were 

subjected to immunoprecipitation using antibodies to E1A (B), SUPT16H (C), and SSRP1 

(D) or IgG as a negative control. E1A, SUPT16H, and SSRP1 in the resulting samples were 

analyzed by immunoblot. B - bound fraction, U - unbound fraction, * - antibody heavy 

chain. 
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Although FACT complex proteins in the nucleus of infected cells did not re-localize 

early during HAdV infection, we did observe the proteins re-localizing from the nucleolus 

to viral replication centers (VRCs) at late times of infection, as has been recently reported 

(293). Other nucleolar proteins, such as upstream binding factor (UBF) and B23 (also 

known as nucleophosmin or NPM1) have also been observed to relocalize to VRCs (178, 

447). To effectively mark the VRCs, we utilized an HAdV-5 vector containing a FLAG tag 

on the viral DNA-binding protein (DBP), termed AdDBPFLAG (404). DBP is a key protein 

involved in viral DNA replication (67, 448) and, as VRCs are the site of viral DNA 

replication, DBP is an excellent marker of these structures in infected cells. A549 cells 

were seeded onto sterilized coverslips, and infected with AdPVIIFLAG (to compare FACT 

complex localization relative to figure 4.3) or AdDBPFLAG. Cells were fixed 18 hpi, and 

probed with antibodies targeting FLAG, SSRP1, SUPT16H, and nucleolin, while nuclei 

were stained with Hoechst. In mock-infected cells, SSRP1 and SUPT16H were present 

throughout the nucleus, but with a clear concentration of the proteins within the nucleolus, 

as marked by nucleolin (figure 4.4A, B). In infected cells, the two proteins no longer 

localize to the nucleolus, but instead formed district regions reminiscent of VRC (figure 

4.4A, B). Indeed, the two proteins localize with DBP in infected cells (figure 4.4C) and, as 

expected (449), the DBP does not localize to the nucleolus (figure 4.4D). Nucleolin has 

been reported to translocate from the nucleolus to the cytoplasm when HAdV protein V is 

expressed from a plasmid (450), and to VRCs during infection. This appears to occur as 

the VRCs mature into structures containing virus-induced post replication bodies (451), 

which themselves are surrounded by a shell of protein V (173). We did not observe re-

localization of nucleolin during the time frame used in our studies. These results show  
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Figure 4.4. SSRP1 and SUPT16H co-localize with viral replication centers late in 

infection. A549 cells on sterilized coverslips were infected with AdPVIIFLAG (encoding 

FLAG-tagged viral protein VII) or AdDBPFLAG (encoding FLAG-tagged viral DNA-

binding protein (DBP)) at an MOI of 10 and, 18 hpi, the cells were analyzed by 

immunofluorescence microscopy for DBP-FLAG, SSRP1, SUPT16H or nucleolin. 
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that the FACT complex co-localizes with VRCs that form late in infection. 

 

4.4.5 SSRP1 and SUPT16H associate with DBP 

The FACT complex proteins SUPT16H and SSRP1 appeared to strongly co-

localize with DBP within the VRC (figure 4.4). We therefore investigated whether the 

FACT proteins associate with DBP through a co-IP assay. Briefly, A549 cells were infected 

with AdDBPFLAG and, 24 hpi, nuclear lysates were prepared from infected cells and 

incubated overnight (O/N) with antibodies targeting FLAG, SUPT16H, or SSRP1, as well 

as isotype control. FLAG IP of DBPFLAG resulted in co-IP of both SUPT16H and SSRP1 

(figure 4.5A). These results were confirmed using reciprocal co-IP, whereby IP of SSRP1 

(figure 4.5B) or SUPT16H (figure 4.5C) resulted in co-IP of DBPFLAG. These results 

suggest that FACT can associate with HAdV-5 DBP. 

 The association of FACT and DBP could be due to direct interaction of the proteins 

or mediated indirectly simply through both proteins being bound to the same DNA 

fragment. We therefore repeated our co-IP experiment in the presence of DNase I. We first 

confirmed the conditions for DNase I treatment. One µg of the pcDNA3.1 was resuspended 

in pulldown (PD) buffer alone or supplemented with 5.0 mM MgCl2 and 0.5 mM CaCl2, 

treated with DNase I, and incubated O/N at 4°C. We observed complete digestion of 

pcDNA3.1, but only when PD buffer was supplemented with MgCl2, CaCl2 and DNase I 

(figure 4.5D). We repeated the FLAG IP experiment using nuclear lysates which had been 

supplemented with MgCl2 and CaCl2, and treated with DNase I O/N at 4°C. The next day, 

antibodies targeting FLAG or IgG isotype control were added, and IP was performed as 

described above. Treating the nuclear lysates with DNase I prior to IP did not impact the  
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Figure 4.5. SSRP1 and SUPT16H associate with DBP.  Panels A-C: A549 cells were 

infected with AdDBPFLAG at an MOI of 10. Twenty-four hpi, nuclei were fractionated and 

the resulting nuclear lysates were subjected to immunoprecipitation using antibodies to 

FLAG (A), SSRP1 (B), and SUPT16H (C). Panel D: To confirm DNase activity under our 

conditions, 1 µg of pcDNA3 was resuspended in pulldown (PD) buffer alone or 

supplemented with 5.0 mM MgCl2 and 0.5 mM CaCl2, and incubated with or without 

DNase at 4°C overnight. The resulting samples were subjected to agarose gel 

electrophoresis. Panel E: A549 cells were infected with AdDBPFLAG at an MOI of 10. 

Twenty-four hpi, nuclei were fractionated and the resulting nuclear lysates was 

supplemented with 5.0 mM MgCl2 and 0.5 mM CaCl2, and incubated overnight at 4°C with 

and without DNase. The following day, the nuclear lysate was subjected to 

immunoprecipitation using antibody to FLAG. Panel F: A549 cells were transfected with 

an expression plasmid encoding FLAG-tagged DBP, and 24 h post transfection, nuclei were 

fractionated, and the resulting nuclear protein lysate was subjected to immunoprecipitation 

using antibody to FLAG. The resulting samples were analyzed for SSRP1, SUPT16H, 

DBP-FLAG by immunoblot. B - bound fraction, U - unbound fraction. 
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ability of SUPT16H to co-IP with DBP (figure 4.5E). These results indicate that the 

association of the FACT complex and DBP was due to protein-protein interactions and not 

due to the proteins binding to the same DNA molecule. 

Finally, to determine whether other viral accessory proteins were required for the 

DBP-FACT complex interaction, we performed plasmid-based overexpression of DBP 

within A549 cells. Briefly, A549 cells were transfected with an expression plasmid 

encoding FLAG-tagged DBP, and 24 h post-transfection, nuclear lysates were obtained 

and subjected to IP using anti-FLAG antibody. Similar to AdDBPFLAG infected cells, 

SUPT16H protein co-immunoprecipitated following IP of DBP (figure 4.5F), indicating 

DBP and the FACT complex can associate in the absence of viral infection or other viral 

proteins. Taken together, these results indicate DBP and the FACT complex proteins are 

associated with one another. 

 

4.4.6 Knockdown of FACT proteins inhibits viral DNA replication and late protein 

production 

As E1A proteins are vital for productive infection (31, 422), the lag in accumulation 

of E1A transcripts and proteins within cells subjected to KD for FACT proteins suggests 

subsequent stages of the viral life cycle will likely be similarly impacted. Thus, we next 

evaluated the effect of SSRP1 KD on viral genome copy number with the cells. A549 cells 

were treated with siRNA to SSRP1 (or non-targeting control), and 72 h later the cells were 

infected with HAdV-5, and total DNA isolated at 8 hpi (before onset of viral DNA 

replication) and 24 hpi. As shown in figure 4.6A, although similar genome copy numbers 

were present within the cells at 8 hpi, indicating similar input of virus, KD of SSRP1 
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Figure 4.6. Knockdown of SSRP1 inhibits viral DNA replication and late protein 

production. Panel A: A549 cells were transfected with siRNA targeting SSRP1 or non-

targeting control. Seventy-two h post-transfection, the cells were infected with HAdV-5 at 

an MOI of 10. Total DNA was isolated at 8, 18, 21, and 24 hpi and subjected to qPCR to 

determine the genome copy number per 200 ng DNA, normalized to the copy number of 

human GAPDH. Panels B-D: A549 cells were transfected with siRNA targeting SSRP1 or 

non-targeting control, infected 72 h later with HAdV-5 at an MOI of 10, and protein 

samples collected from 12-24 hpi. The quantity of hexon (B, C), SUPT16H, and SSRP1 

(D) was analyzed by immunoblot and, where appropriate, normalized to tubulin signal. The 

mean of three independent experiments is shown, and the error bars represent SD of the 

mean. Significance was calculated by multiple T-tests. **** – p < 0.05.  



 
 

138 

 

resulted in a reduction of viral genomes at 24 hpi to approximately 35% of that observed 

in cells treated with non-targeting control siRNA. Thus, KD of SSRP1 adversely affected 

the accumulation of viral genomes within the cells.  

 In part, the newly replicated viral DNA serves as the template for late gene 

expression (173, 423), suggesting that reduced accumulation of genomes within cells 

subjected to KD for FACT complex proteins may also lead to reduced accumulation of late 

proteins. To directly examine this, we determined the levels of the late protein hexon in 

cells KD for SSRP1. A549 cells were transfected with siRNA targeting SSRP1, or non-

targeting control, and 3 days post-transfection, were infected with HAdV-5. Protein lysates 

were harvested every 3 h from 12-24 hpi, and analyzed by immunoblot for hexon, 

SUPT16H, and SSRP1 proteins, with tubulin as a loading control. In siCtrl-treated cells 

hexon protein was first detectable by immunoblot at 18 hpi (figure 4.6B); however, the 

quantity of hexon protein present in cells treated with siRNA targeting SSRP1 was reduced 

by ~20% relative to cells treated with non-targeted control siRNA at 18 hpi and all 

subsequent time points (figure 4.6B, C). KD of SSRP1 and SUPT16H was confirmed 

(figure 4.6D). Although the differences in hexon protein levels were not statistically 

significant, these results suggest that there is a delay in initiation of expression or 

accumulation of late proteins in cells depleted of the FACT complex. Taken together, these 

results indicate that KD of FACT complex proteins leads to decreased viral DNA 

replication and a concomitant reduction in late protein synthesis during infection. 

 

4.4.7 Knockdown of FACT complex proteins reduces progeny virion production 
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Our results indicate that KD of SSRP1 delays both early and late gene expression, 

as well as genome replication, suggesting that viral yield will ultimately be reduced. To 

examine virus recovery in cells following KD of SSRP1, we harvested virus from cells at 

4, 18, 21, and 24 hpi, and performed a plaque assay. The 4 hpi is before production of 

progeny virions, thus acting as a control to confirm similar input of virus. At 4 hpi, there 

was no difference in titer between cells treated with non-targeting control siRNA or SSRP1 

siRNA (figure 4.7). However, as infection progressed, KD of SSRP1 led to reduced virion 

recovery relative to the non-targeting control, which was statistically significant by the 21 

hpi timepoint. At 21 hpi, the titer recovered from cells treated with siRNA targeting SSRP1 

was ~18% of control levels, while the titer at 24 hpi was ~24% of control. Thus, KD of 

SSRP1 reduces progeny virus production. Taken together, our results indicate that the 

FACT complex is required for optimal HAdV-5 replication.  
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Figure 4.7. Knockdown of SSRP1 reduces progeny virus production. A549 cells were 

transfected with siRNA to SSRP1 or non-targeting control and, 72 h later, infected with 

HAdV-5 at an MOI of 10 (4x106 PFU/well). The cells were harvested into the medium at 

the indicated times post infection and the titer of recovered virus was analyzed by plaque 

assay. The mean of three independent experiments is shown, and the error bars represent 

standard deviation (SD) of the mean. Significance was calculated by multiple T-tests. * – 

p < 0.05, **** – p < 0.05. 
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4.5 Discussion 

Eukaryotic genomic DNA is packaged into chromatin, a highly organized complex 

of DNA and proteins that encodes epigenetic information governing gene expression and 

cell identity (134, 452, 453). The histones contained in nucleosomes play an active role in 

gene regulation through post-translational modification of their N-termini and by serving 

as docking and recognition sites for regulatory proteins required to promote gene 

expression (134, 454). However, these same nucleosomes can present as physical obstacles 

during transcription initiation and elongation, impeding binding of transcription factors to 

promoters and stalling the passage of RNAP II, respectively (194). Thus, additional factors, 

such as the FACT complex, are required for efficient gene transcription (194, 200, 227). 

During early HAdV infection, the protein VII-bound viral DNA that enters the nucleus is 

quickly remodeled and becomes associated with cellular histones that form nucleosome-

like structures (98), and this event occurs prior to the onset of early viral gene expression 

(128). HAdV utilizes many host proteins to facilitate viral gene expression and has evolved 

to manipulate cellular epigenetic pathways to effectively accomplish this task. The FACT 

complex appears to be crucial for gene expression of a number of RNA and DNA viruses 

(284, 289, 291, 292), suggesting HAdV may also require this complex.  

 Our results show that KD of the FACT complex led to reduced transcription of the 

E1A gene (figures 4.2A, B) leading to reduced production of E1A proteins within infected 

cells (figures 4.1, 4.2E, F). E1A proteins are crucial for transactivation of other HAdV 

promoters, thus ensuring efficient expression of other viral genes (455), and also in altering 

the cellular microenvironment to promote viral replication (31). Thus, it is perhaps 

unsurprising that KD of the FACT complex also lowered viral DNA replication (figure 
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4.6A), late gene expression (figure 4.6B, C) and viral yield (figure 4.7) relative to the non-

targeting control siRNA, which are likely all due to ripple effects caused by poor E1A 

expression. 

The FACT complex could be involved in promoting E1A transcription at several 

different stages of the process. As mentioned, incoming viral genomes are associated with 

the virus-encoded protein VII, which is a histone/protamine-like protein (456) responsible 

for condensing the viral DNA in the virion (although virions can still be generated that lack 

protein VII (99)). Protein VII is removed from the viral DNA before transcription begins 

(128). The FACT complex can act as a histone chaperone (202, 203), and could be involved 

in removal or displacement of protein VII from the incoming DNA. We did not detect an 

interaction of the FACT complex and protein VII by co-IP (MRJ and RJP, unpublished 

results), indicating that removal of protein VII is likely not accomplished by the FACT 

complex. The incoming HAdV genome is more accessible to micrococcal nuclease 

digestion at early gene loci (128), relative to late coding regions, suggesting that the E1 

region is already relatively devoid of protein VII and perhaps already accessible for binding 

to cellular factors. Deposition of histones on viral DNA occurs as early as 0.5 hpi, but the 

chaperone(s) responsible for this event has not been identified (98). We and others have 

shown that HAdV-5 DNA associates with nucleosomes containing exclusively the histone 

variant H3.3 and not H3.1 (126-128, 144). For vectors based on HAdV-5, our studies 

implicated the histone chaperone HIRA as mediating deposition of H3.3 on the viral DNA 

(126). However, HIRA appeared not to be involved in H3.3 deposition during infection of 

wildtype HAdV-5 (127). The FACT complex is capable of assembling nucleosomes on 

naked DNA (202, 203), thus HAdV could utilize the FACT complex as a histone chaperone 
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in the early deposition of nucleosome-like structures on the viral DNA. In the absence of 

this histone chaperoning function of the FACT complex in the KD cells, the viral genome 

template would not be efficiently transitioned to the nucleosome-bound, transcriptionally-

competent form. 

The FACT complex is also involved in transcription initiation (200, 227). 

Nucleosomes need to be in the correct position for transcription factors to bind (238), and 

the FACT complex can shift nucleosome positioning on certain promoters (197). Thus, the 

FACT complex could be involved in shifting the location of newly-deposited nucleosomes 

on the E1A promoter, thus providing access for binding of transcription factors or RNA pol 

II. In yeast, the FACT complex has been shown to be directly involved in recruitment of 

transcription factors to the promoter region of certain genes, such as the HO promoter (239, 

240), though this process has not been reported in mammalian cells. ChIP-seq of SSRP1 

binding sites in HT1080 human cancer cells showed enrichment for several transcription 

factor binding sites, including Sp1 (221), a key transcription factor involved in E1A 

promoter activation (457). The FACT complex could be required by HAdV to either shift 

nucleosomes to allow binding of Sp1 or directly recruit Sp1 to the viral DNA. Lastly, the 

FACT complex is well known for a role in loosening the DNA-nucleosome structure to aid 

passage of RNA pol II during transcription elongation (192, 202). The FACT complex 

removes one histone H2A-H2B dimer from the nucleosome, thus increasing DNA 

accessibility while still preserving the sub-nucleosome structure, and reassembles the 

nucleosome after passage of the RNA polymerase (225, 226). However, KD of the FACT 

complex appeared to delay the temporal expression of E1A transcripts but not the rate of 

E1A transcript accumulation (Figure 4.2B), indicating that FACT is likely not required or 
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is not crucial for elongation of E1A transcripts.  

During HSV-1 infection, the viral ICP22 protein recruits the FACT complex to the 

viral genome to aid in transcription elongation of viral genes (291). HAdV E1A proteins 

have been shown to interact directly with several chromatin modulating proteins, such as 

EP300/CBP (458), EP400 (459), and PCAF (460), to alter their specificity and/or function 

to promote viral infection. We did not detect interaction of E1A proteins with the FACT 

complex by co-IP analysis (Figure 4.3), indicating that the ability of E1A proteins to 

activate the E1A promoter (55, 56) is likely not through E1A-mediated modulation of 

FACT activity directed towards the E1A promoter.  

Although our data indicates the FACT complex is required for optimal E1A 

expression, we also observed that the FACT complex co-localized (figure 4.4) and co-

immunoprecipitated (figure 4.5) with the viral DBP in VRCs at late time of infection. The 

FACT complex was recently reported to co-localize with VRCs in HAdV-infected cells 

(293), confirming our results. In cells subjected to FACT KD, we observed reduced 

accumulation of viral genomes (Figure 4.6), which could have been due to ripple effects 

caused by reduced expression of HAdV early genes. However, the association of FACT 

complex proteins and DBP suggests an additional, more direct role for the complex during 

the late phase of infection. DBP is encoded by the viral E2A transcription unit and is 

involved in promoting replication elongation by the HAdV-encoded DNA polymerase (67, 

448) as well as coating and protecting the ssDNA viral replication intermediate from 

degradation by cellular nucleases (167, 168). DBP is also involved in regulation of viral 

gene expression and particle assembly (reviewed in (70)). During replication of cellular 

DNA, the FACT complex interacts with the MCM complex in order to disassemble 
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nucleosomes ahead of the replication fork (198) and reassemble the parental nucleosomes 

on the newly-replicated DNA (199). The FACT complex could be involved in modulating 

the viral nucleoprotein structure during DNA replication, displacing and replacing histones 

or DBP to facilitate passage of the viral DNA polymerase.  However, treatment of cells 

with CBL0137 at 8 hpi, a time after early gene expression but before viral DNA replication, 

had no effect on accumulation of late proteins, suggesting that DNA replication was also 

unaffected (MRJ and RJP, unpublished results). This indirect evidence suggests that the 

FACT complex may not play a crucial role in promoting viral DNA replication.  

 The FACT complex has also been implicated in the DNA damage response (DDR) 

(reviewed in (200, 201)), and accumulates at sites of DNA damage to modulate the local 

chromatin to facilitate DNA repair (266-268). This could suggest that the FACT complex 

is recruited to VRCs by detecting viral genomes simply as broken or damaged DNA. HAdV 

replication does activate the ATM and ATR pathways (117), or the DNA-PK (461) pathway. 

Interestingly, cisplatin-induced re-localization of FACT proteins from the nucleolus to the 

site of DNA damage has been reported to be dependent on DNA-PK (276). However, the 

downstream consequences of FACT localization in the context of HAdV replication and 

the DDR are unclear, as HAdV is known to promote degradation (116) or mislocalization 

(462) of many components of the MRN complex necessary for DNA repair (reviewed in 

(71)), to prevent repair-mediated concatemerization of the HAdV genome.  

 Recently, the FACT complex was shown to be involved in an evolutionarily 

conserved antiviral pathway termed FEAR (FACT-ETS-1 Antiviral Response) (282). Early 

gene expression of some viruses triggers nuclear accumulation of SUMOylated SUPT16H 

and activation of expression of E26 transformation-specific sequence-1 (ETS-1), a 
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transcription factor that regulates cellular virus restriction programs. The poxvirus A51R 

protein antagonizes this pathway by tethering the SUMOlyated SPT16H in the cytoplasm 

(282). DBP could be acting in a similar manner to sequester the FACT complex and prevent 

activation of the FEAR pathway. DBP appeared to interact equally well with both species 

of SUPT16H present in infected cells, as presumably the upper band of SUPT16H observed 

in our immunoblots is the SUMOlyated form of SUPT16H. Identification of the specific 

residues of DBP that bind to FACT may allow for the development of a virus encoding 

mutant DBP that can no longer bind the protein, allowing for investigation of FEAR 

pathway attenuation. 

 Our results also provide an additional mechanism behind the anti-HAdV-5 effects 

of CBL0137 (MRJ and RJP, unpublished results). CBL0137 is a water-soluble DNA 

intercalating agent initially evaluated for its anti-cancer properties (286, 287, 436), but it 

has also shown efficacy as an antiviral agent against a number of RNA and DNA viruses 

(288, 289, 291, 292, 309). The anti-HAdV properties of CBL0137-treatment was attributed 

to degradation of the cellular RNA polymerase II, which HAdV uses to transcribe early 

genes necessary to kick-start the virus replicative cycle. However, CBL0137 induces 

pleiotropic effects on the cell (reviewed in (287)), including induction of chromatin damage 

which results in trapping of the FACT complex onto unfolded nucleosomes (200, 296, 297). 

As KD of the FACT complex alone was sufficient to lower E1A proteins (Figure 4.1), our 

results indicate that in addition to RNAP II degradation, trapping of the FACT complex 

may also contribute to the anti-HAdV effects of CBL0137.  

In summary, this report shows that the FACT complex is required for optimal 

HAdV infection. Our work extends the observation that the FACT complex is important 
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for productive infection in both RNA and DNA viruses. These findings provide a greater 

understanding of HAdV biology, representing another potential target for anti-HAdV 

therapeutics. 
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HAdV causes respiratory, gastrointestinal, and ocular disease (18) that in healthy 

individuals is often self-limiting (19). However, in pediatric, geriatric, and 

immunocompromised individuals, HAdV-induced disease is much more severe (20-22). 

There is no therapeutic approved for use in treating HAdV infection (14). Targeting host 

processes represents a promising avenue for treating viral infections due to decreased direct 

evolutionary pressure on the virus (185, 186). Viruses have minimized genomes, dispensed 

with many crucial functions and thus are reliant on host processes. Given the crucial role 

of epigenetic regulation in modulating expression of host genes, it is not surprising that 

nuclear viruses, such as HAdV, have evolved to exploit cellular machinery involved in 

epigenetic regulation (142). Indeed, compounds that can modulate epigenetic regulatory 

proteins are capable of inhibiting HAdV infection (152-155). Thus, the overall objective 

of this work was to evaluate additional compounds capable of regulating viral epigenetics 

in the context of HAdV infection, such as treatment with siRNA targeting the FACT 

complex and CBL0137. Curcumin treatment has also been shown to interfere with 

epigenetic regulation (312, 340), providing a potential mechanism behind the anti-HAdV 

effect observed. The results obtained and their significance are discussed below. 

 

5.1 The FACT complex is required for optimal human adenoviral replication 

 In chapter 4, the role of the FACT complex in HAdV-5 infection was examined. 

KD of the FACT complex or SSRP1 alone was sufficient to decrease the relative quantity 

of E1A proteins, while simultaneously not significantly impacting cell health (figure 4.1, 

4.2E, F). Examination of the relative quantity of E1A mRNA transcripts showed that KD 

of SSRP1 delayed the timing of appearance of E1A transcripts but not the overall kinetics 
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of E1A transcript accumulation (figure 4.2A, B). Though E1A and SSRP1 were present 

throughout the nucleoplasm, E1A does not associate with the FACT complex (figure 4.3). 

However, as infection progressed, it was observed that the FACT complex co-localizes 

with VRCs (figure 4.4), and co-IP analysis indicated that the FACT complex associates 

with the viral DBP (figure 4.5). SSRP1 KD reduced viral DNA replication, and also 

reduced the relative quantity of hexon protein, though this did not reach significance (figure 

4.6). Finally, depletion of the FACT complex significantly reduced the formation of 

progeny virions (figure 4.7). 

 The FACT complex is best known as a transcription elongation factor (192, 200, 

202), with the precedent of another dsDNA virus, HSV-1, exploiting this property for 

transcription elongation of viral genes (291). However, our results suggest that HAdV does 

not require the FACT complex for transcription elongation of viral genes, as the overall 

rate of E1A transcription was not affected by SSRP1 KD (figure 4.2). Instead, our results 

are more consistent with the FACT complex initially preparing viral genomes for E1A 

transcription. In this context, the histone chaperone activity of the FACT complex (202, 

203) suggests the FACT complex could be depositing histones onto viral DNA, a 

requirement for E1A transcription (128). The chaperone that accomplishes this task has not 

been identified (98). This could be tested by performing ChIP-seq targeting H3.3 on 

siSRRP1 and siCtrl treated samples, and evaluating histone association on the E1A gene. 

Should the FACT complex be the histone chaperone that chromatinizes viral DNA, KD of 

the FACT complex should reduce histone association on the E1A gene. 

Alternatively, the FACT complex may instead be supporting transcription initiation 

of E1A by ensuring the E1A promoter is free of nucleosomes to allow binding of 
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transcription factors. The FACT complex can shift nucleosomes off promoters (197, 239-

242), and at least in yeast, the FACT complex can also recruit transcription factors 

themselves to certain promoters (239, 240). The FACT complex is recruited to various 

transcription factor binding sites, including SP1 (221), a transcription factor involved in 

E1A activation (457). This suggests the FACT complex may be recruited to the E1A 

promoter, and may even recruit SP1 itself to the E1A promoter, to ensure efficient binding 

of E1A transcription factors by shifting deposited nucleosomes. Similar to above, this 

possibility could be tested by performing ChIP-seq analysis targeting H3.3, examining the 

positioning of deposited histones on the E1A promoter, as well as evaluating SP1 

association with the E1A promoter in the context of SSRP1 KD. Regardless of how the 

FACT complex is required in preparing the E1A promoter, once E1A is successfully 

produced, the ability of E1A to transactivate its own promoter (55, 56) could compensate 

for FACT complex depletion and may explain our E1A mRNA transcript results. 

 Our results also indicate that the FACT complex associates and colocalizes with the 

viral DBP, a finding that was recently confirmed by Hidalgo et al. (293). We did not explore 

the significance of this observation in the context of HAdV infection. However, given that 

c-trapping induced by CBL0137 treatment when added between 8-10 hpi did not prevent 

production of the hexon protein, and thus viral DNA replication (figure 3.4), this implies 

the FACT complex within VRCs is not involved with viral DNA replication. Instead, it is 

possible that the FACT complex is sequestered into VRCs in order to inhibit normal 

activity, possibly due to the role of the FACT complex in the DDR (via DNA-PK-mediated 

phosphorylation of H2AX) or in the FEAR pathway (282). Assuming the FACT complex 

interacts directly with DBP, generation of a cell line expressing mutant FACT complex 
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proteins unable to bind to DBP would allow evaluation of FACT association with DNA-

PK or expression of ETS-1-associated genes during HAdV infection. If the association 

between the FACT complex and DBP is due to anchoring by an additional protein(s), then 

the above experiment would require identifying the anchoring protein, and evaluating 

infection following depletion of said protein. These experiments would also allow 

verification if productive infection can still proceed despite preventing FACT complex 

localization to VRCs. Ultimately, our results suggest the FACT complex may play a 

positive role during early HAdV infection, but as infection transitions to the late phase, the 

FACT complex is instead neutral or even refractory to HAdV infection, as has been 

observed with DNA-PK during HAdV infection (71).  

 

5.2 Inhibition of human adenovirus replication by the small molecule curaxin 

 In chapter 3, the effect of the curaxin molecule CBL0137 on HAdV-5 replication 

was examined. We initially evaluated CBL0137 treatment in HAdV-5 infection as an 

inhibitor of the FACT complex, however CBL0137-induced RNAP II degradation 

precluded us from attributing the effects of CBL0137 treatment on HAdV-5 replication on 

c-trapping. Treatment with CBL0137 significantly reduced both the relative quantity of 

E1A and hexon proteins, at concentrations tolerated by the cell (figure 3.1). The loss of 

E1A proteins, which was attributed to degradation of RNAP II (figure 3.3), impacted later 

stages of infection, reducing viral DNA replication and lowering progeny formation (figure 

3.2). However, we also observed that at the late timepoint in infected cells, RNAP II 

appeared to be partially stabilized, as well as there being evidence of early viral gene 

expression (figure 3.3D). Indeed, during a time of addition analysis, treating infected cells 
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with CBL0137 at later times resulted in a greater preservation of POLR2A, and hexon 

became detectable once treated sufficiently late in infection (figure 3.4). These 

observations led us to speculate that early viral genes redirect E3 ligase activity away from 

POLR2A following CBL0137 treatment. Transfection of 293 cells with plasmids that 

encodes tagged E4orf6 proteins partially stabilized POLR2A following CBL0137 

treatment, suggesting that early viral proteins do indeed contribute to stabilization of RNAP 

II (figure 3.5). 

  CBL0137, a DNA intercalating agent, has pleiotropic effects on the cell (286, 287, 

299). Without inducing direct DNA damage (294), CBL0137 nonetheless appears to cause 

a DNA lesion which leads to stalling of the RNAP II complex and eventual targeting and 

degradation of POLR2A by the proteasome system (299). CBL0137-induced degradation 

of RNAP II inhibited E1A transcription. However, as discussed in chapter 4, the FACT 

complex itself is required for optimal viral replication. Thus, c-trapping of the FACT 

complex onto nucleosomes by CBL0137 may also contribute to the anti-HAdV-5 effect of 

CBL0137 treatment. 

 CBL0137 has been shown to lead to stabilization of p53 (286). Indeed, in HAdV-

infected, we observed stabilization of p53 following CBL0137 treatment (data not shown). 

During infection, HAdV normally antagonizes p53 to prevent cell cycle arrest and 

induction of apoptosis (52, 63), suggesting another mechanism behind the anti-HAdV 

effects of CBL0137 treatment. Furthermore, the reduction in E1A transcription also implies 

a reduction in E1B transcription, indicating that the virus would also be unable to repurpose 

and degrade p53. However, KD of p21, a cell cycle inhibitor activated by p53 (463), did 

not rescue HAdV-5 replication following CBL0137 treatment (data not shown). We also 
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examined CBL0137 treatment in HAdV-5 infected H1299 cells, a cancer cell line that does 

not express p53. We initially found that CBL0137 treatment still inhibited HAdV-5 

infection despite the lack of p53, though it was later determined that CBL0137 was 

cytotoxic to H1299 cells, potentially explaining the lack of viral replication (data not 

shown). Additionally, CBL0137 treatment can inhibit ZIKV, IAV, and SARS-CoV-2 

replication by inducing an interferon response normally negatively regulated by the FACT 

complex (287). However, at least in HAdV-5-infected A549 cells, treatment with CBL0137 

did not appear to induce IFNβ expression (data not shown). These results ultimately 

suggest that the effect of CBL0137 on HAdV-5 replication is independent of p53 and the 

interferon response. 

Due to interest as an anti-cancer compound, CBL0137 has been extensively studied 

in in vivo models of cancer (286, 300-307). Success in these models has led to a phase I/II 

clinical trial investigating CBL0137 treatment in solid tumours (NCT04870944), which is 

still recruiting. CBL0137 has also successfully been used in a lethal in vivo model of HSV-

1 infection (292). Should CBL0137 be approved for use in humans to treat cancer, our 

results indicate it could very easily be repurposed to treat HAdV infection.  

 

5.3 Antiviral effects of curcumin on adenovirus replication 

In chapter 2, the antiviral properties of curcumin on HAdV infection were 

evaluated. Treatment with curcumin in HAdV-5 infected cells was sufficient to 

significantly reduce the relative quantity of both the early E1A proteins and late penton 

protein (figure 2.1), but only at concentrations that appeared to reduce cell health, 

suggesting curcumin has a narrow therapeutic window (figure 2.2). Due to the effect of 
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curcumin on E1A, treatment with curcumin reduced both viral DNA replication (figure 

2.3) and progeny formation (figure 2.4). Transient treatment with curcumin was sufficient 

to increase metabolic activity, and was still effective at reducing the relative quantity of 

early E1A proteins, but was less effective at reducing the relative quantity of late penton 

(figure 2.5). Curcumin treatment was slightly less effective against the more pathogenic 

types HAdV-4 and 7 infection (figure 2.6). Finally, the effect of the purity of curcumin was 

evaluated, and indicated higher purity curcumin was more effective at reducing the relative 

quantities of E1A and penton, while also lowering cellular metabolic activity to a lesser 

extent relative to less pure curcumin (figure 2.7). 

 Curcumin treatment has diverse effects within the cell (328-330). The ability of 

curcumin to modulate epigenetic regulation (312, 340) may contribute to the anti-HAdV 

effects observed. Curcumin treatment downregulates expression of HDACs 1-4, 6, and 8 

(341-350). Work by Saha et al. (152) indicated that between HDACs 1-3, it was loss of 

HDAC2 that inhibited late viral expression. The effect of HDAC6 (inhibited by SAHA and 

trichostatin A treatment) KD on HAdV-5 infection was not evaluated. Though we did not 

evaluate the effect of curcumin treatment on HDAC2 or 6 in HAdV-5 infected cells, this 

suggests that curcumin treatment could be inhibiting HAdV replication by downregulating 

HDAC2, and possibly HDAC6. The relative quantity of E1A proteins during wild type 

HAdV-5 infection was reduced following SAHA treatment (152), in agreement with the 

effect of curcumin treatment on E1A.  

As discussed in chapter 2, curcumin treatment also increases DAXX expression 

(407). DAXX is normally targeted for degradation by HAdV-5 (62), and preventing DAXX 

degradation causes deposition of unacetylated histones on viral DNA, which leads to 
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repression of viral gene expression (160). Increased DAXX expression due to curcumin 

treatment therefore may be contributing to repression of E1A expression. 

 Inhibition of p300/CBP by curcumin may also contribute to HAdV inhibition. 

While p300/CBP is important for induction of the S-phase in HAdV-infected terminally 

differentiated cells (51, 52), this process may not be as required in proliferating cells, such 

as the A549 cells used in our study. Currently, no evidence exists directly linking p300/CBP 

activity to E1A expression itself, suggesting that if initial E1A expression requires 

p300/CBP, inhibition of p300/CBP by curcumin could potentially contribute to the 

reduction in the quantity of E1A observed. Additionally, work by Pelka et al. (455) 

indicated that KD of p300/CBP reduced transactivation of the E4 promoter by E1A. 

Deletion of the E4 proteins leads to severe defects in viral DNA replication and late gene 

expression (76). This suggests that even if p300/CBP inhibition does not contribute to the 

effect of curcumin on E1A in HAdV-infected cells, these may have reduced expression of 

E4 proteins, which could contribute to inhibition of late viral gene expression. 

Though curcumin has potent epigenetic modulating properties (312, 340), 

curcumin could be inhibiting E1A production by alternate means. Though curcumin-

induced upregulation of DAXX expression may contribute to repression of viral genes, 

DAXX is also a component of the anti-HAdV interferon response that is normally 

countered by early HAdV proteins (159). Increased quantities of DAXX may leave the cell 

in an antiviral state unable to be countered by early viral proteins, inhibiting infection, 

which could be tested by evaluating induction of the interferon response in curcumin-

treated, infected cells. Curcumin may have a more direct effect on E1A proteins by 

inhibiting Hsp90 (379, 464), which chaperones newly synthesized E1A proteins (465). If 
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this is the case and is the primary mechanism behind the effect of curcumin on E1A, then 

in theory E1A mRNA transcripts would be similar between treated and untreated, HAdV-

infected cells.  

 While curcumin has shown much promise in vitro, the poor solubility, 

bioavailability, and stability (313, 320, 321) of curcumin significantly hampers translation 

to use in human therapies. Attempts to solve this issue by various groups involves 

generating alternative formulations or analogues of curcumin, which have shown some 

success (322-327), including improving the efficacy of curcumin against viruses (12). 

Strategies that can successfully bypass the limitations of curcumin could potentially lead 

to approval of curcumin as a therapeutic in humans. 

 

5.4 Concluding remarks 

 In at-risk individuals, HAdV infection represents a significant burden (20-22). The 

lack of safe and efficacious treatment for HAdV infection contributes a great deal to the 

suffering of these individuals (14), highlighting the need to discover compounds that can 

treat HAdV infection. We have shown treatment with curcumin, CBL0137, and siRNA 

targeting the FACT complex, compounds that regulate viral epigenetics, can interfere with 

HAdV replication. Though the mechanism of action varies, all three compounds primarily 

control HAdV infection by interfering with production of the viral E1A proteins. The lack 

of E1A proteins negatively impacts all subsequent aspects of HAdV infection (31, 55-57), 

representing an excellent target to combat HAdV. While more work is needed before these 

compounds can be translated to human use, they nonetheless constitute promising 

treatments for HAdV infection.  
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• Citation: Lee CS, Bishop ES, Zhang R, Yu X, Farina EM, Yan S, et al. Adenovirus-

mediated gene delivery: Potential applications for gene and cell-based therapies in 

the new era of personalized medicine. Genes Dis. 2017;4(2):43-63. 

• Additional information: 

https://www.elsevier.com/about/policies/copyright/permissions 

 

Figure 1.2 Schematic of the HAdV-5 virion 

• This figure was obtained from an open access review article (provided in Appendix 

2) published in Viruses (an MDPI journal), on which I am the primary author. Since 

the authors retain copyright and the article falls under the CC-BY, permissions are 

not required. 

• Citation: Jennings MR, Parks RJ. Human Adenovirus Gene Expression and 

Replication Is Regulated through Dynamic Changes in Nucleoprotein Structure 
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Figure 1.3 HAdV DNA strand displacement replication 

• This figure was obtained from ViralZone, which is hosted by the Swiss Institute of 

Bioinformatics. It is also licensed under the CC-BY and use for non-commercial 

purposes is permitted. Citation and a link to the license is required (see below).  

• Citation: Bioinformatics SSIo. DNA Strand Displacement Replication - ViralZone. 

https://viralzone.expasy.org/1940. Accessed October 15. 

• CC-BY license: https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Figure 1.4 Schematic of the FACT complex 

• This figure was obtained from an open access article by Jeronimo et al. published 

in Transcription (a Taylor and Francis journal). It is subject to the Creative 

Commons Attributions License (CC-BY 4.0). As stated by Taylor and Francis, reuse 

of its content for a thesis or dissertation is free of charge contingent on resubmission 

of permission request if work is published. 

• Citation: Jeronimo C, Robert F. The histone chaperone FACT: a guardian of 

chromatin structure integrity. Transcription. 2022;13(1-3):16-38. 

• Additional information: https://taylorandfrancis.com/contact/rights-and-

permissions/journals/ 

 

Figure 1.6 Chemical structure of curcuminoids 

• This figure was obtained from an open access review article (provided in Appendix 

3) published in Viruses (an MDPI journal), on which I am the primary author. Since 
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the authors retain copyright and the article falls under the CC-BY, permissions are 

not required. 
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• Additional information: https://www.mdpi.com/authors/rights 

 

Chapter 2: Antiviral Effects of Curcumin on Adenovirus Replication 

• This article, on which I am the primary author, was published in Microorganisms, 

an MDPI journal. Since the authors retain copyright and the article falls under the 

CC-BY, permissions are not required. 
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• Additional information: https://www.mdpi.com/authors/rights 
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 Abstract: Human adenovirus (HAdV) is extremely common and can rapidly 

spread in confined populations such as daycare centers, hospitals, and 

retirement homes. Although HAdV usually causes only minor illness in 

otherwise healthy patients, HAdV can cause significant morbidity and mortality 

in certain populations, such as the very young, very old, or 

immunocompromised individuals. During infection, the viral DNA undergoes 

dramatic changes in nucleoprotein structure that promote the rapid expression 

of viral genes, replication of the DNA, and generation of thousands of new 

infectious virions—each process requiring a distinct complement of virus and 

host-encoded proteins. In this review, we summarize our current understanding 

of the nucleoprotein structure of HAdV DNA during the various phases of 

infection, the cellular proteins implicated in mediating these changes, and the 

role of epigenetics in HAdV gene expression and replication. 

 

Keywords: adenovirus; epigenetics; nucleoprotein; nucleoprotein remodeling; 
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1. Introduction 

Adenoviruses (AdV) are a diverse group of viruses that infect a large range of 

vertebrates, including humans [1]. Human AdV (HAdV) was first isolated from adenoid 

tissues (from which it derives its name) in the 1950s [2, 3]. Since its discovery, research 

into HAdV has contributed greatly to our general understanding of many aspects of 

molecular cell biology, largely due to the fact that viruses are exquisitely adept at 

identifying crucial pathways/processes within the cell and then modulating the activity of 

key proteins within those pathways to facilitate optimal viral replication. For HAdV, 

examples include gene splicing, which was first identified as an aspect of HAdV gene 

expression [4, 5], but subsequently shown to be a fundamental process for almost all genes 

in eukaryotic cells. Studies of cellular proteins that interact with E1A proteins (early region 

1A, the first viral proteins expressed following HAdV infection) contributed to the 

identification and/or functional characterization of many key cellular proteins, such as the 

histone acetyltransferase E1A-associated protein p300 (EP300 [6, 7]), and the tumor 

suppressor Rb and its family members [8–10]. In many ways, studying virus biology is 

synonymous with studying host molecular cell biology. 

Within the cell, eukaryotic genomic DNA is packaged into chromatin, a highly 

organized complex of DNA and proteins that encodes epigenetic information governing 

gene expression and cell identity [11–13]. The basic unit of chromatin is the nucleosome, 

147 base pairs of DNA wrapped around two molecules each of H2A, H2B, H3, and H4. 

Histones play an active role in gene regulation, through post-translational modification 

(PTM) of their N-termini, which are subsequently recognized by many cellular regulatory 

proteins [12, 14]. As a nuclear virus, it is within this environment that HAdV must express 

its genes and replicate its DNA, suggesting that the virus has likely evolved an ability to 

manipulate cellular epigenetic pathways to effectively accomplish these tasks. The purpose 

of this review is to summarize our current knowledge of viral and host proteins that 

establish and remodel the HAdV nucleoprotein structure. 

 

2. Adenovirus Biology                         

The AdV virion (Figure 1) is comprised of a non-enveloped icosahedral capsid with  
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a diameter of ∼80–90 nm, with each spike-like fiber protein protruding an additional ~12–

35 nm, depending on the specific subtype [15]. HAdV contains a linear double-stranded 

DNA (dsDNA) genome of ∼30–40 kb [15], with over 100 distinct types grouped into 

species A-G [16]. HAdV types 2 (HAdV-2) and 5 (HAdV-5), which both belong to species 

C, are perhaps the most extensively characterized and are very similar in biology and DNA 

sequence (i.e., most findings utilizing HAdV-2 are directly applicable to HAdV-5 and vice 

versa). If not otherwise stated, we refer here primarily to the situation in HAdV-2 and 

HAdV-5. The HAdV-5 genome is approximately 36 kb and encodes over 40 proteins. 

Adenoviral coding regions are designated early or late depending on when they are 

expressed (i.e., before or after DNA replication) [17]. The E1 region encodes the E1A 

proteins, which induce mitogenic activity in the host cell and stimulate expression of other 

viral genes [18, 19], and E1B proteins, which serve to prevent apoptosis induced by the 

activities of E1A [20, 21]. E1B-55K also associates with E4-encoded proteins and other 

cellular proteins to form a ubiquitin ligase complex that promotes degradation of specific 

proteins, such as the cellular Mre11-Rad50-Nbs1 (MRN) DNA repair complex [22]. The 

E2 region encodes proteins involved directly in viral DNA replication [23]. The E3 region 

encodes proteins that primarily have immunomodulatory functions [24], but also encodes 

the adenovirus death protein (ADP), which assists with cell lysis at the end of the infection 

cycle [25]. The E4 region encodes proteins with numerous functions, such as alteration of 

cellular protein stability, reorganization of cellular structures within the nucleus, regulation 

of late viral RNA splicing, and inhibition of the cellular DNA damage response (DDR), 

with several of these proteins having redundant activity [26, 27]. The onset of viral DNA 

replication leads to the activation of the major late promoter (MLP) [28], which gives rise 

to a long transcript that is alternatively spliced into the late transcription units, L1–L5. 

Indeed, during infection, HAdV uses high levels of alternative splicing, generating over 

11,000 differently spliced transcripts, likely as a mechanism driving evolutionary change 

and possibly compensating for the reduced inherent spontaneous mutation rate during 

genome replication of this DNA virus relative to many RNA viruses [29, 30]. The regions 

encoding the L4-22K and L4-33K proteins are initially expressed at low levels from a 

promoter located within the L4 region [31], and these proteins contribute to full activation  
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of the MLP [32]. Additional transcripts are produced at intermediate/late times of infection, 

including the structural protein IX (pIX) and the IVa2 protein, which is involved in packing 

the viral DNA into immature virions [33]. The U exon protein (UXP) is expressed late in 

infection and likely has a role in DNA replication or RNA transcription, but it is largely 

uncharacterized [32, 34]. HAdV also encodes two virus-associated (VA) RNAs (VA RNAI 

and RNAII) which improve the translation of early and late viral genes, inhibit activation 

of the interferon response, and may alter the expression of host genes [35–37]. Given the 

large number of transcripts produced during infection [30], there are likely other as-yet 

uncharacterized proteins generated during normal HAdV infection. Located on both ends 

of the genome are the inverted terminal repeats (ITRs), which vary in length based on type 

(e.g., ~100 bp for HAdV-C5), and act as the origin of DNA replication, with the ~200 bp 

viral DNA packaging sequence positioned adjacent to the left ITR. 

 

 

Figure 1. Schematic of the HAdV-5 virion. Adapted from [38], with modifications based 

on [33, 39–41]. Created with BioRender.com. 

 

The mature HAdV-5 capsid is composed of proteins encoded within the late region. 

There are three major (II, III, and IV) and five minor (IIIa, IVa2, VI, VIII, and IX) proteins  



 
 

225 

 

Viruses 2023, 15, 161 

 

that make up the viral capsid [33, 38–40, 42], reviewed in [15]. Trimers of protein II (more 

commonly known as hexon) form each facet of the icosahedron, with vertices being capped 

by pentamers of protein III (also known as penton). Extending from the penton bases are 

trimers of protein IV, the fiber protein. In large part, the minor polypeptides function to 

stabilize the major proteins and solidify the virion structure [43, 44]. HAdV DNA within 

the mature capsid associates with three highly basic proteins, VII, V, and µ (Mu) [42, 45–

49]. 

The actual architecture of the HAdV DNA core within the virion is currently 

unknown [15]. Protein VII is the main protein responsible for wrapping and condensing 

the viral DNA [50]. Digestion of the viral nucleoprotein core with micrococcal nuclease 

(MNase) produces protected fragments of 90–150 bp [51, 52], somewhat analogous to what 

is observed for cellular chromatin. The protein VII-DNA nucleoprotein complex is believed 

to be organized into a central dense core with 12 large spherical nucleoprotein projections, 

termed adenosomes, which extend into each vertex of the capsid [53, 54]. Recent work 

using atomic force microscopy revealed that protein VII condenses the viral genome by 

both direct clustering and by promoting bridging of different regions through protein Mu 

[41]. Virions formed in the absence of protein VII are non-infectious due to an inability to 

escape the endosome as a result of a failure to process pre-protein VI [55], which normally 

facilitates endosomal escape during infection [56]. Protein V forms a shell around the 

protein VII-DNA complex within the virion [53, 57, 58] and tethers it to the capsid [47, 

57–60]. Virions formed in the absence of protein V are recoverable but less infectious due 

to premature capsid degradation, which leads to early release of the viral DNA into the 

cytoplasm [61, 62]. Inappropriate release of the viral DNA in the cytoplasm can activate 

antiviral innate immune signaling through engagement of the cytoplasmic DNA sensor 

cGAS [62], clearly illustrating the crucial nature of the virion-stabilizing function of 

protein V. 

The HAdV genomic DNA may also contribute indirectly to virion stability, as 

virions with genomes less than ~80% of the wildtype genome length are relatively unstable 

and rapidly disintegrate upon heating [63, 64]. Indeed, HAdV strongly selects for 

appropriate genome size: vectors with genome sizes greater than 105% [65] or less than  
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75% [66] undergo spontaneous genome rearrangement to attain a size closer to wildtype 

virus. This phenomenon has been observed for other viruses with icosahedral capsids [49, 

64]. For HAdV, the mechanism by which the genome size influences virion stability has 

not been elucidated. In the HAdV virion, the nucleoprotein core extends into the vertex 

regions of the inner capsid and makes direct contact with penton and peripentonal hexon 

[59]. This region appears to be preferentially destabilized upon heating of HAdV vectors 

with sub-wildtype genomes [63]. Tight packaging of wildtype-length DNA into the capsid 

may force the DNA in the vertex regions into the proper position to achieve the required 

linkage between the DNA and the peripentonal hexons, bridged by proteins V and VI. For 

virions containing sub-wildtype length genomes, loose packing of the nucleoprotein core 

may prevent these interactions, leading to destabilization of the capsid. 

While the receptors used by HAdVs for cell entry vary by type, for HAdV-5, the 

fiber protein binds to the Coxsackie adenovirus receptor (CAR), the primary receptor for 

HAdV5 and Coxsackie B virus [67, 68]. HAdV-5 can also utilize heparin sulfate 

proteoglycans located on the cell surface as an alternative receptor, either through direct 

binding to the fiber shaft of HAdV [69] or bridged through the interaction of HAdV-5 with 

various factors in the blood [70–73]. After the initial binding to CAR, the HAdV-5 penton 

protein interacts with a secondary receptor composed of αvβ3 or αvβ5 integrins, which 

triggers internalization of HAdV and occurs through clathrin-mediated endocytosis [74]. 

Acidification of the endosome alters the HAdV capsid structure, allowing for the release 

of protein VI from the inner capsid. Protein VI possesses membrane lytic activity [56] and 

mediates rupture of the endosome and release of the virus [75]. As the capsid is transported 

to the nucleus along the microtubule network [76], it is progressively dismantled [77–79]. 

Upon reaching the nuclear pore, protein V is released from the viral genome following 

ubiquitination by the E3 ligase Mind bomb 1 [62, 78], which allows release of the protein-

VII-wrapped HAdV DNA and subsequent import into the nucleus [62, 77–82]. Both viral 

DNA replication and progeny formation occur within the nucleus, and one infectious cycle 

takes 24–36 h in immortalized cells, although the time for completion of the lifecycle is 

slightly extended in primary cells. 
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3. The Role of Protein VII in Early Infection 

Protein VII is the only viral protein that accompanies the viral DNA into the nucleus 

and appears to have several functions during early infection. Protein VII is thought to 

protect the incoming HAdV DNA from detection by the DDR [83]. Inadvertent activation 

of the DDR can lead to concatemerization of the viral DNA, which presumably is too large 

to be efficiently packaged into capsids [22, 84]. Although protein VII is important for 

protecting the viral DNA during the very early stages of virus infection, some studies have 

suggested that prolonged association could negatively impact early viral gene expression. 

When injected into Xenopus laevis eggs, protein VII condenses the Xenopus chromatin 

and inhibits transcription [85]. Cell-free systems developed to study HAdV DNA 

replication have shown that protein-VII-wrapped viral DNA allows for only limited 

transcription and DNA replication [86–88]. Conversely, other studies have suggested that 

protein VII may be important for actually promoting transcription of viral genes. 

Transfection of plasmid DNA complexed to protein VII actually enhanced reporter gene 

expression compared to naked DNA alone [89]. The N-terminus of E1A is capable of 

associating with protein VII, which might allow protein VII to recruit E1A and other E1A-

associated proteins, such as components of the cellular transcriptional machinery, to the 

protein-VII-wrapped DNA to facilitate initiation of transcription [85, 90]. Thus, dynamic 

regulation of protein VII is likely necessary for optimal viral growth; sufficient protein VII 

must be removed or remodeled to decondense the viral DNA–nucleoprotein complex to 

allow access to the transcription machinery, but some protein VII may need to be retained 

to stimulate transcription. 

Protein VII can undergo PTM, which influences its subcellular localization [91, 

92]. For example, mature protein VII can be acetylated on lysine 2 or lysine 3, and the 

mutation of either of these residues to alanine changes the localization of protein VII from 

being dispersed throughout the chromatin to localized in the nucleolus [92], while the same 

change on pre-protein VII has the opposite effect [91]. In the case of cellular histones, 

acetylation of histones “loosens” the cellular chromatin structure and promotes 

transcription [14], but whether such modification is required to loosen the viral 

nucleoprotein structure or as a prelude to protein VII removal is unknown. 
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The conflicting data on the importance of protein VII for early transcription are 

mirrored by conflicting data on the timing of protein VII removal from the viral DNA. 

Protein VII can be cross-linked to the viral DNA at all stages of infection [47], and 

chromatin immunoprecipitation (ChIP) studies have shown that protein VII can be found 

bound to the viral DNA up to at least ~10 hpi [85, 89, 93–96]. However, some studies found 

that protein VII association does not change during the early stage of infection [47, 90, 94], 

while others instead suggest a decline in protein VII association with the viral DNA [89, 

93, 95, 97]. Compounding this issue is the observation that protein VII association may 

vary depending on the region of the genome being analysed. For example, between 1 and 

10 hpi, protein VII appeared to remain stably associated with the late-gene hexon coding 

region but showed declining association over time with the major late promoter [89]. 

Protein VII also showed reduced association with the late hexon region when comparing 

early (4 hpi) versus late (18 hpi) time points of infection [96]. 

Another aspect of protein VII biology with contradictory data is whether 

transcription of the HAdV DNA template is required for removal of protein VII. Some 

studies showed that inhibiting transcription prolongs the retention of protein VII on the 

HAdV genome [90, 97], while others saw no such effect [89, 95, 96]. Recruitment of E1A 

to the protein-VII-wrapped genome may stimulate early transcription, which could 

subsequently strip protein VII from the viral DNA [85, 90]. However, protein VII is still 

removed in the absence of E1A [89, 95], suggesting that this function of E1A is not essential 

for expression of virus-encoded genes. If E1A was absolutely required for transcription 

initiation on HAdV DNA, HAdV-based vectors that are deleted of the E1 region would not 

function well, which is not the case. Transgene expression from E1-deleted vectors appears 

quite efficient and can be detected as early as 2 hpi [95]. However, there may be host-

encoded proteins that can compensate for the loss of E1A. Indeed, E1-deleted HAdV can 

complete a full replication cycle in certain cell types, although the time required to 

complete the replication cycle is extended [98, 99], suggesting that compensating proteins 

may exist. 

Based on studies in cell-free systems, three cellular proteins have been implicated 

in remodeling the protein-VII-wrapped viral DNA. Transcription activating factor (TAF)- 
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Iβ (also known as SET) is perhaps the best characterized [87]. TAF-Iβ can form a tertiary 

complex with the protein-VII-wrapped DNA [93, 94, 100], which improved accessibility 

to restriction enzymes [88], which would presumably also increase accessibility to 

transcriptional activators. Fluorescently labeled TAF-Iβ co-localizes with protein VII on 

incoming viral genomes in the nucleus, which can be used to track the virus in live cells 

[101]. siRNA mediated knockdown of TAF-Iβ had a modest effect on viral replication 

[102] but did not affect the binding level of protein VII on viral DNA as assessed by ChIP 

[89], suggesting that other proteins are responsible for the removal of protein VII or can 

compensate for the lack of TAF-Iβ. TAF-II (NAP-1 [103]) and TAF-III 

(B23/nucleophosmin [104]) were also identified as potential remodelers of the protein-VII-

wrapped viral DNA in cell free systems, and both can stimulate replication from the HAdV 

core, while TAF-II can also enhance transcription. 

Protein VII can also associate with host chromatin, where it contributes to 

suppressing immune danger signals [92]. Protein VII was shown to interact with the high-

mobility group B (HMGB) family of proteins and cause their retention on chromatin [92]. 

Since free HMGB functions as a danger signal to activate an immune response [105], these 

data suggest that protein VII is acting to blunt the cells’ response to infection. Protein VII 

also causes a depletion of histone H1 isoforms from cellular chromatin [106]. This 

imbalance of HMGB and H1 caused by protein VII prevents cell cycle progression, which 

the authors speculated could be a mechanism normally employed by HAdV to ensure that 

the cell cycle progression induced by E1 proteins stops in S phase [106], as progression 

beyond this phase may be deleterious to viral replication. Indeed, in the absence of protein 

VII, HAdV-infected cells express markers of G2 and mitosis [106]. Thus, protein VII 

released from the incoming virion, or newly synthesized within the infected cell, may help 

shape the microenvironment for optimal viral replication. 

 

4. HAdV DNA Associates with Nucleosome-like Structures Early in Infection 

Though there was initially debate over whether cellular histones were found on 

HAdV DNA [107–111], more recent studies have clearly shown that histones are detectable 

on the HAdV DNA as early as 1 h post-infection [89, 95, 96, 112]. Within the host cell, 
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histone variant H3.1 is expressed exclusively during S phase and is deposited on newly 

replicated cellular DNA by the Chromatin Assembly Factor I (CAF1) complex [113, 114]. 

Thus, deposition of H3.1 is intimately tied to host DNA replication. In contrast, the histone 

variant H3.3 is expressed throughout the cell cycle and is deposited on DNA independent 

of DNA replication [115]. The histone chaperone involved in deposition of H3.3 varies by 

chromosome region; H3.3 is deposited on active promoters and enhancers by EP400 [116], 

within actively transcribed genes or on incoming male pro-nuclear DNA by the histone cell 

cycle regulator A (HIRA) complex [117, 118], and on telomeres and pericentric DNA 

repeats by death-associated protein 6 (DAXX) [117, 119, 120]. Thus, the identity of the H3 

variant contained in nucleosomes can provide some insight into the mechanism of 

deposition. During normal viral transmission, HAdV primarily infects non-dividing cells, 

inducing cell cycle progression only after E1A gene expression has already occurred, 

suggesting that HAdV DNA is likely to be chromatinized by exploiting a mechanism 

independent of host cell or viral DNA replication. ChIP experiments showed that DNA 

from replication-defective HAdV-based vectors [95] and wildtype HAdV [89, 96, 112] 

preferentially associates with H3.3 beginning as early as 1 hpi. Although the H3.1 

chaperone CAF-1 appears to localize to viral replication centers in the nucleus of infected 

cells [112], H3.1 does not associate with HAdV DNA at any point during infection [95, 96, 

112]. Herpes Simplex Virus 1 (HSV1) DNA also associates preferentially with H3.3 during 

the early phase of infection, although HSV1 switches to association with H3.1 late in 

infection [121]. Knockdown of HIRA decreased association of H3 with the HAdV-based 

vectors [95] and HSV1 DNA [121] and subsequently reduced expression of genes encoded 

by the viruses. However, knockdown of HIRA did not decrease association of H3.3 on 

wildtype HAdV-5 DNA [96], suggesting that either HIRA is not responsible for depositing 

H3.3 on wildtype HAdV DNA or that there are other proteins that can compensate for the 

loss of HIRA for wildtype virus but not for HAdV-based vectors. DAXX is likely not used 

by HAdV as a histone chaperone, as it is actively degraded during infection [122]. HAdVs 

that are unable to degrade DAXX ultimately associate with unacetylated histones, resulting 

in repression of viral transcription [122–124], indicating that DAXX functions as an innate 

factor to limit gene expression on incoming viral DNA. Despite TAF-Iβ demonstrating 
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histone chaperone activity [88], it does not appear to act as a histone chaperone for 

incoming HAdV genomes [89]. Knockdown of the histone chaperone CHD1, which binds 

to trimethylated lysine 4 on H3 (H3K4me3), a mark associated with active genes [125], 

did not lower viral yield in HAdV-5-infected cells [126], suggesting it is not used by HAdV 

to remodel its DNA. 

Work by Komatsu et al. [89] demonstrated that HAdV DNA associates with all 

members of the nucleosome, H2A–H2B and H3–H4. While H4 would be deposited as a 

heterodimer with H3.3, the chaperone responsible for deposition of H2A/H2B is unknown. 

Upon MNase digestion, HAdV DNA in the nucleus displays a repeating ∼200 bp structure 

similar to cellular chromatin, suggesting that much of the DNA is indeed wrapped in 

physiologically spaced, nucleosome-like structures, at least during the early phase of 

infection [95, 107–110, 127]. All regions of the genome are represented in the MNase-

protected fractions [107]. The observation that both protein VII and histones can be found 

bound to the same viral DNA molecule at the same time suggests that the viral chromatin 

likely does not completely resemble that of the host cell [89]. At late times of infection 

(16–18 hpi), viral genomes no longer appear to be wrapped in the repeating nucleosome-

like structure [96], instead showing irregularly spaced nucleosome-like structures at 

approximately one-tenth the density of cellular chromatin (three versus twenty-six 

nucleosomes per µm of DNA, respectively [109]). HSV1 also shows viral DNA associating 

with regularly spaced nucleosomes during latent infection, while the spacing becomes 

‘unstable’ during a lytic infection [128]. For HAdV, the decreased nucleosome density at 

late times of infection could be merely a result of decreased histone expression [129, 130] 

coupled with increased amounts of viral DNA, thereby reducing the pool of histones 

available for binding to the viral DNA. 

 

5. Nucleoprotein Structure of HAdV during Active DNA Replication 

HAdV has evolved a unique mechanism to maintain genome length and replicate 

the ends of its linear dsDNA genome. Proteins directly involved in viral DNA replication 

are encoded within the E2 transcription unit, which consists of two regions, E2A and E2B, 

which have separate polyadenylation sites [23]. E2A encodes the 72 kDa DNA-binding 
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protein (DBP), whereas the E2B region codes for the 80 kDa precursor terminal protein 

(pTP) and the 140 kDa HAdV DNA polymerase (Pol). Replication initiates through a 

protein priming mechanism (reviewed in [131]); Pol covalently attaches a dCMP residue 

to pTP, the pTP/dCMP molecule then binds to the viral ITR, and the 30-OH group of the 

dCMP serves as a primer for elongation by Pol. Thus, the dCMP moiety becomes the first 

nucleotide of the newly synthesized genome. Pol replicates one entire strand of the genome 

in a continuous manner, while the second strand is displaced. pTP remains covalently 

bound to the ends of the viral DNA at all stages of infection and in the virion but is cleaved 

by the HAdV-encoded protease to produce the mature 55 kDa terminal protein (TP) during 

virion maturation. DBP aids in unwinding the dsDNA genome during replication [132, 

133] and promotes DNA replication elongation [134]. DBP also coats and protects the 

displaced single-stranded DNA (ssDNA), thus preventing immune and DNA damage 

responses that can be induced in the cell against naked DNA [135, 136]. The displaced 

ssDNA can then form a “pan-handle” structure (by annealing the complementary ssDNA 

ITR at each end of the molecule), which functionally resembles the native ITR and can 

serve as a template for initiation of replication of the ssDNA in a manner similar to the 

dsDNA genome [137]. DBP also binds dsDNA but with lower affinity [134]. It is unlikely 

that newly replicated HAdV DNA is “naked” within the nucleus at any point in the 

lifecycle; naked DNA is not well tolerated in the nucleus of a cell [138] and can contribute 

to genome instability and susceptibility to mutation. Since there is a dramatic decline in 

cellular histone synthesis late in HAdV infection [129, 130], DBP may be the major protein 

associating with viral replicative intermediates and newly replicated genomes within the 

cell at late times of infection. However, DBP-wrapped viral DNA is probably not the 

template for late gene expression [139, 140], as cellular RNA polymerase likely cannot 

contend with such a radically different nucleoprotein structure compared to cellular 

chromatin. A small fraction of the viral DNA does remain associated with H3.3 at 18 hpi 

[96], and it is perhaps this subpopulation that acts as the transcription template. Indeed, 

each genome in a replication center may associate with different proteins depending on its 

assigned task—histones for gene expression, DBP for genome replication, and pVII for 

packaging into capsids, as discussed below. 
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6. The Switch from Histones to Protein VII 

Prior to encapsidation, the histones or DBP must be displaced from the HAdV DNA 

and replaced with pre-protein VII. However, the mechanism by which this occurs is 

unknown. Given that histone production is reduced late in HAdV infection [129, 130], as 

the levels of cellular histones decline and the quantity of pre-protein VII within the cell 

increases, the viral genome may be predisposed to associate with pre-protein VII rather 

than histones [108, 110, 141]. During late infection, newly replicated viral dsDNA 

accumulates within the center of “virally induced post-replicative” (ViPR) bodies along 

with pre-protein VII, and these regions actively exclude cellular histones, indicating 

another potential mechanism for this switch [142]. Additionally, as discussed above, PTM 

of both pre-protein VII and protein VII may influence their localization within the nucleus 

[91, 92] and may therefore be another mechanism used by HAdV to mediate the switch of 

histones to pre-protein VII on viral DNA.  

Mixing HAdV DNA and purified pre-protein VII leads to the formation of an 

insoluble complex [143], suggesting that a specific cellular chaperone(s) is required for 

deposition of pre-protein VII on HAdV DNA. TAF-III, identified using a cell-free system 

as a HAdV core remodeler, has a greater affinity for pre-protein VII than the mature protein 

VII and will transfer pre-protein VII onto HAdV DNA in cell-free systems [144]. 

Consistent with this, depletion of TAF-III caused histones to be retained longer on the viral 

DNA [145]. Pre-protein VII also interacts with chromatin remodeling proteins CHD3 and 

BAZ1A, suggesting these proteins could also be involved in late viral chromatin 

remodeling [146], although this has not been confirmed experimentally. Once wrapped in 

pre-protein VII, the viral DNA is available for packaging into capsids. Based on current 

evidence, HAdV capsids appear to form around nascent viral cores, as opposed to viral 

DNA being inserted into partially assembled capsids (the concerted vs. sequential models, 

respectively) [147]. 

 

7. Epigenetic Regulation of Viral and Cellular Chromatin during HAdV Infection 

The observation that HAdV DNA is wrapped in physiologically spaced 

nucleosome-like structures, at least at earlier times of infection, suggests that HAdV may 
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make use of epigenetic regulation to help modulate viral gene expression. HAdV certainly 

induces global changes in the epigenetic landscape of the host cell in order to modulate the 

microenvironment for optimal viral replication. E1A interaction with CBP and p300 causes 

a global reduction in histone H3 lysine 18 acetylation (H3K18ac, a histone mark for active 

genes) [148] but maintains H3K18ac marks on the promoters for genes involved in the cell 

cycle [149]. Kulej et al. [150] also observed large-scale global changes in histone PTMs 

over the course of infection, but these changes were not mapped to any specific regions or 

genes in their study. Epigenetic changes are also observed on the HAdV chromatin, with 

an increase in the association of acetylated H3 at all HAdV promoters tested [89]. Since 

acetylated histones are commonly associated with actively transcribed genes, it suggests 

that as these promoters become active, they adopt an epigenetic status similar to cellular 

genes, which may aid in recruiting appropriate co-factors for optimal gene expression. 

Several studies have demonstrated that compounds that modulate the activity of 

cellular epigenetic regulatory proteins are capable of impacting HAdV replication 

(reviewed in [151]). Histone deacetylase (HDAC) inhibitors, such as valproic acid [152], 

suberoylanilide hydroxamic acid (SAHA, also known as vorinostat), and trichostatin A 

[153], can inhibit HAdV infection. Indeed, HDAC inhibitors appear effective against 

multiple HAdV types, including HAdV-B7, HAdV-C5, and HAdV-E4 [153]. A screen of 

small molecules that modulate the activity of epigenetic regulatory proteins identified 

numerous pan-HDAC inhibitors with anti-HAdV properties [154]. However, HDAC 

inhibitors were also shown to reactivate latent viruses in tonsillectomy specimens [155], 

suggesting a varied mechanism of gene regulation during lytic and latent infection. Histone 

methyltransferases (HMTs) also appear to be required for HAdV replication, as inhibition 

of EZH2/1 (an H3K27 HMT [156]) or treatment of cells with chaetocin (an inhibitor of 

H3K9 HMT G9/G9a and SUV39H1/2 [154]) negatively impacted HAdV replication. 

These H3K9 methylation marks are typically associated with gene repression [157], and it 

is not clear if these compounds are primarily impacting viral or cellular chromatin (or both). 

In the case of the EZH2/1 HMT, inhibition appears to be affecting cellular chromatin and 

promotes the expression of cellular genes that establish an antiviral state within the cell 

that is hostile to virus replication [156]. 
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8. Conclusions 

As we have shown throughout this review, the HAdV nucleoprotein structure 

undergoes dynamic changes throughout viral replication (summarized in Figure 2). 

Understanding the mechanisms by which HAdV accomplishes viral gene expression and 

replication in the host cell is important for several reasons. First, while typically self-

limiting in healthy adults, HAdV can induce severe disease in certain populations, such as 

pediatric, geriatric, and immunocompromised individuals (including those on 

immunosuppressants) [158–161]. For example, recently, HAdV has received significant 

notoriety for its potential involvement in a mysterious outbreak of severe acute hepatitis of 

unknown origin that has been diagnosed in over 650 children from 33 countries around the 

world (reviewed in [162, 163]). Despite the potential for significant HAdV-induced disease 

in infected patients, there are still no approved therapeutics for HAdV [151]. Use of some 

broad-spectrum antivirals shows some success against HAdV [164], but there are often 

secondary toxicities associated with these treatments [165]. Epigenetic modulator 

compounds, such as HDACs, are already being explored for use against other diseases such 

as cancer; thus, if they are proven safe, they could easily be used to treat HAdV infection 

[151]. Second, a better understanding of the dynamics of the epigenetic regulation of 

HAdV may help improve the safety and efficacy of HAdV-based vectors for gene therapy, 

such as improving tissue-specific transgene expression to avoid effects in non-target cells 

[166, 167]. Finally, given that HAdV is adept at identifying and hijacking key cellular 

processes, exploration of HAdV biology can lead to greater knowledge of host molecular 

cell biology, knowledge that could ultimately lead to new treatments and therapies for 

human disease. Undoubtedly, continued studies of HAdV-mediated epigenetic regulation 

of viral and cellular gene expression should provide novel insight in all of these areas. 
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Figure 2. The structure of HAdV DNA throughout the replicative cycle. Black represents 

events/processes we know, while blue represents speculation based on the literature. Within 

the viral capsid, condensed viral DNA is wrapped in protein VII [50] (1). After entry into 

the cell, the protein-VII-wrapped DNA is translocated into the nucleus [77–82] (2) and is 

subsequently remodeled, possibly involving TAF-Iβ [87], removing some protein VII from 

viral DNA and decondensing the genome (3). Cellular histones are deposited onto viral 

DNA [89, 95, 96, 112], possibly by HIRA [95] and other histone chaperones (4), allowing 

for more efficient early gene expression. The nucleosome-like structures present on the 

viral DNA contain H2A-H2B, H3.3, and H4 [89, 96]. Following DNA replication, the viral 

DBP is deposited onto replicating genomes [134, 135], while some histones are present for 

late gene expression [96], possibly on two distinct DNA populations (5). As late infection 

progresses, histone pools decrease and are gradually replaced on viral DNA by pre-protein 

VII by TAFIII [145], recondensing the genome (6). The condensed viral core is 

subsequently encapsidated [147] and the virion released following lysis of the cell (1). 

Created with BioRender.com. 
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 Abstract: Curcumin, the primary curcuminoid compound found in turmeric 

spice, has shown broad activity as an antimicrobial agent, limiting the 

replication of many different fungi, bacteria and viruses. In this review, we 

summarize recent studies supporting the development of curcumin and its 

derivatives as broad-spectrum antiviral agents. 
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1. Introduction 

Curcumin (diferuloylmethane) is the primary curcuminoid derived from the 

rhizome of Curcuma longa plant [1, 2], and is typically used both as a strong food dye and 

consumed as a spice in the form of turmeric [1]. In addition, curcumin has seen wide use 

in traditional medicine throughout Asia, due to its anti-inflammatory and wound-healing 

properties [3, 4]. Modern research has also demonstrated that curcumin has diverse 

biological functions, with reported anti-cancer, antioxidant and anti-microbial properties 

[3, 5, 6]. Curcumin can act not only as an anti-fungal and anti-bacterial compound, but also 

as an anti-viral compound, inhibiting replication in a wide-range of viruses [7], as 

summarized in Table 1. In this review, recent research into the antiviral properties of 

curcumin, its derivatives, and formulations will be discussed. 
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Table 1. Pathways/processes impacted by curcumin and analogues, and their effect on 

viruses. 

Pathway/Process Antiviral 

Activity 

Virus References 

Actin filament 

organization 

Viral entry 

Dengue virus 

Viral hemorrhagic 

septicemia virus 

[8] 

[9] 

Replication Dengue virus [8] 

Anti-inflammation Replication 
Human immunodeficiency 

virus 
[10] 

Antioxidation Replication 
Human immunodeficiency 

virus 
[11] 

APE1 redox reactions Replication 
Kaposi’s sarcoma-associated 

herpesvirus 
[12] 

Cell lipogenesis Replication Dengue virus [8] 

Cleavage of eIF4G 
Protein 

expression 
Enterovirus 71 [13] 

Conformation of 

viral/cellular surface 

proteins 

Viral attachment 

Zika virus 

Chikungunya virus 

Vesicular stomatitis virus 

[14–16] 

Human respiratory syncytial 

virus 
[17, 18] 

HSC71 expression Viral entry 
Viral hemorrhagic 

septicemia virus 
[9] 

NF-κB signalling 
Replication Viral 

egress 

Influenza A virus 

Herpes simplex virus 2 

[19] 

[10] 

PKCδ phosphorylation 
Protein 

expression? 
Enterovirus 71 [20] 

ROS production Viricidal Norovirus [21, 22] 

Lipid raft formation  Bovine herpes virus 1 [23] 

Viral enzymes 
Viral egress 

Viral protease 

Influenza A virus 

Dengue virus 

[24] 

[8] 

Viral proteins 

Viral entry 

Influenza A virus 

Porcine reproductive and 

respiratory syndrome virus 

[24] 

[25] 

Viral protein 

degradation 

Human immunodeficiency 

virus 
[26] 

Viricidal Norovirus [21] 
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2. Curcumin 

Approximately 3–5% of ground and dried turmeric are the curcuminoids [27]. 

The curcuminoids are comprised of curcumin (77%), demethoxycurcumin (17%) and 

bisdemethoxycurcumin (6%) (Figure 1). For the purpose of this review, we will refer to 

the purified products by name, and curcuminoid will refer to two or more of these 

compounds together. Curcumin is “generally recognized as safe” by the Food and Drug 

Administration (FDA) [28], with consumption of doses up to 5 g/kg reported to have no 

toxic effects in rats [29]. For comparison, the median lethal dose (LD50) of table salt in 

rats is approximately 3 g/kg [30]. 

 

 

Figure1. Chemical structure of curcuminoids. Chemical structure of curcumin (A), 

demethoxycurcumin (B) and bisdemethoxycurcumin (C). 

 

The first suggestion that curcumin had antiviral properties came in the 1990s with 

the discovery that curcumin could inhibit the human immunodeficiency virus (HIV) viral 

protease in vitro, with a median inhibitory concentration (IC50) of 100 µM [31]. Since 

then, numerous studies have reported on the antiviral properties of curcumin against a  

diverse set of viruses, including those with RNA and DNA genomes, both enveloped and 
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non-enveloped, as discussed in greater detail below. 

Despite promise as an antimicrobial agent, curcumin has several limitations. 

Curcumin is practically insoluble in water, with low in vivo bioavailability. As little as 1% 

of administered curcumin is absorbed by the body, and it remains virtually undetectable in 

target tissues [32, 33]. For example, ingestion of 12 g of curcumin resulted in a 

concentration of 29.7 ng/mL (~81 nM) of curcumin in human blood serum one-hour (h) 

post-ingestion [34], which is far below any effective concentration reported in many in 

vitro studies. For example, curcumin is needed at an IC50 of 40 µM to inhibit the HIV-1 

integrase [35], while the effective dose against influenza A virus (IAV) is ~10 µM [36]. In 

addition, curcumin is unstable at physiological pH, with a half-life in growth medium 

containing serum of approximately 8 h, and rapidly degrades into several ineffective 

products [1]. Such limitations have prevented translation of the many very promising in 

vitro findings with curcumin into clinical benefit. To overcome these obstacles, researchers 

have explored the use of curcumin derivatives. These compounds include the other 

curcuminoids present in turmeric besides curcumin, as well as synthetic curcumin 

analogues. Typically, these compounds maintain a particular chemical moiety of curcumin 

that is responsible for biological efficacy, but are designed to improve biological activity, 

solubility and/or stability. One such example includes the synthesis of novel carbocyclic 

curcumin derivatives (addition of a carbon ring to one of curcumin’s ketone groups), which 

led to improved HIV-1 protease inhibition [37]. Many research groups have sought to 

improve delivery of curcumin through the use of various formulations such as 

nanoemulsions and nanoparticles. Examples include liposome-encapsulated curcumin, 

which improved stability in phosphate-buffered saline (PBS) and reduced toxicity 

compared to free curcumin [38], and curcumin-loaded apotransferrin nanoparticles, which 

improved cellular uptake [39]. Further examples of chemical derivatives and alternative 

formulations for delivery and stability are provided throughout this review. 

 

3. RNA Viruses 

3.1. Human Immunodeficiency Virus 

Perhaps the largest body of work on the anti-viral properties of curcumin pertain to 
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its efficacy against HIV. Indeed, curcumin can impact HIV function at several different 

stages of the virus lifecycle. Given the anti-inflammatory properties of curcumin, Ferreira 

et al. [10] evaluated whether curcumin could reduce inflammation in the female genital 

tract (FGT), which is known to facilitate HIV acquisition. Epithelial cells lining the FGT 

play a key role in forming a primary barrier to HIV entry, yet exposure of genital epithelial 

cells (GECs) to intact virus or HIV-1 glycoprotein 120 (gp120) induces an inflammatory 

response that results in downregulation of tight junction (TJ) proteins [40]. This loss of 

barrier integrity may allow HIV-1 to traverse the genital epithelium and establish an 

infection. Pre-treatment of primary GECs with 5 µM of curcumin prevented the down-

regulation of TJ proteins, thus potentially reducing HIV infection rates [10]. Treatment of 

chronically infected T-cells (H9 T-cells) with at least 5 µM curcumin significantly reduced 

expression of p24, a marker of virus replication, at 24 hpi compared to untreated cells [10]. 

This inhibition could be maintained for several days if the curcumin in the medium was 

replaced every 24 h [10]. Curcumin can inhibit HIV replication through impacting the 

function of several viral proteins including the viral integrase, protease, as well as the trans-

activator of transcription (Tat) protein [31, 35, 41]. Curcumin may inhibit the viral integrase 

through direct interaction with the catalytic core of the protein [35]. Similarly, computer 

modeling suggests that curcumin may also bind the active site of the HIV-1 protease [31, 

42]. In the case of Tat, treatment with curcumin induces Tat degradation in a dose- (20 to 

120 µM) and time-dependent manner, which appears to be mediated through a proteasomal 

pathway independent of ubiquitination [26]. Five µM of curcumin can also inhibit HIV-

LTR activation by inflammatory cytokines induced through infection of other STI, such as 

HSV-1, HSV-2 and N. gonorrhoeae [10, 43]. 

Hypothesizing that the β-diketone moiety of curcumin may be responsible for its 

decomposition at physiological pH, Kumari et al. [11] evaluated the anti-HIV-1 properties 

of a synthetic curcumin analogue lacking the β-diketone moiety, termed curcumin A. 

Curcumin A exhibited improved stability relative to curcumin in PBS and in serum in vitro, 

but similar stability in complete tissue culture medium [11]. Using an HIV reporter virus 

encoding luciferase, curcumin A reduced luciferase activity to a similar extent as curcumin 

in human T-cell leukemia (CEM) cells (IC50 of 0.8 and 0.7 µM, respectively) and with  
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greater potency in primary peripheral blood mononuclear cells (PMBCs) (IC50 of 2 and 

12 µM, respectively). Although both curcumin and curcumin A could inhibit early reverse 

transcription of the virus, only curcumin A lowered late viral genome copy levels. At least 

part of the therapeutic efficacy of curcumin and curcumin A appears to be due to their 

ability to activate heme oxygenase-1 (HO-1), since activation of HO-1 by heme inhibits 

HIV-1 [44]. Curcumin A was moderately less toxic than curcumin to both cell lines (median 

cytotoxic concentration (CC50) of 2.4 vs 1.26 µM, and 35 vs. 22 µM, respectively), 

suggesting that curcumin A has an improved therapeutic potential compared to native 

curcumin [11]. 

Curcumin-stabilized silver nanoparticles (Cur-AgNP) have also been investigated 

for their efficacy against HIV [45]. Treatment of ACH-2 cells with Cur-AgNP was more 

effective at lowering HIV-LTR expression compared to curcumin alone [45]. However, 

Cur-AgNP did not completely abolish HIV-1 p24 expression, as the levels of this protein 

continued to increase throughout the course of infection, albeit with significantly reduced 

kinetics relative to vehicle-treated cells. Cur-AgNP also showed greater 

immunomodulatory effects than curcumin, lowering expression of TNF-α, IL-6, IL-1β, and 

NF-κB [45]. These results suggest that stabilized nanoparticles may hold promise for 

improving the efficacy of curcumin for treating HIV, and possibly other viruses. 

Mirani et al. [46] studied the efficacy of tetrahydrocurcumin, a colourless 

metabolite of curcumin, either alone or formulated as a microemulsion (designated TME), 

as a potential vaginal microbicide for topical application as a prophylactic approach to 

prevent HIV infection. In a reporter cell line, TME showed greater HIV-1 inhibition than 

the drug alone (IC50 of 0.9357 µM and 3.639 µM, respectively). In a p24 antigen assay, 1 

µM of TME also showed a greater ability to lower p24 levels over a 10-day time course of 

infection compared to 5 µM of tetrahydrocurcumin [46]. To further validate the potential 

of TME as a vaginal microbicide, the effect of TME on Lactobacillus species was  

evaluated, as these bacteria form part of the natural microbiota and are important for 

maintaining the acidic environment of the FGT [47]. No change in viability was observed 

at any concentration for L. casie and L. acidophilus [46]. Finally, the authors showed that 

both TME and tetrahydrocurcumin were efficacious when formulated into suspension gels,  
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which would be easy to apply, with no loss of anti-HIV-1 efficacy. Collectively, these 

studies show curcumin’s potential against HIV-1, both through direct inhibition and as a 

prophylactic strategy. 

 

3.2. Zika Virus 

Mounce et al. [14] compared the efficacy of curcumin and several curcumin 

analogues against Zika (ZIKV), chikungunya virus (CHIKV) and vesicular stomatitis virus 

(VSV), all enveloped viruses, as well as Coxsackie B3 virus (CVB3), a non-enveloped 

virus. Direct incubation of ZIKV in 10 µM to 1 mM of curcumin, bisdemethoxycurcumin, 

demethoxycurcumin or the synthetic curcumin structural analogue EF-24 and derivative 

FLLL31 (originally synthesized by Adams et al. [48] and Lin et al. [49], respectively), 

resulted in a dose- and time-dependent decrease in subsequent virus infection, suggesting 

these drugs have a direct ability to inactivate virus or inhibit cell attachment. EF-24 and 

FLLL31 were less effective than the curcuminoids, and only the curcuminoids had a lower 

IC50 relative to their CC50 in HeLa cells [14]. In several time-of-addition assays, only 

cells treated prior to or during infection reduced ZIKV recovery, indicating that curcumin 

acts against ZIKV exclusively during cell-attachment or entry and not at later stages of 

infection [14]. Incubation with curcumin was shown to reduce virus binding to the cell, but 

it did not lower the total number of virus particles, indicating that curcumin and its 

analogues are not viricidal compounds per se but rather prevent ZIKV attachment to cells. 

The authors speculated that, since curcumin has been reported to alter the membrane 

fluidity of the hepatitis C virus (HCV) envelope [50], it may work by a similar mechanism 

to prevent ZIKV cell attachment. 

Gao et al. [15] evaluated a natural product library for phytochemicals, including 

curcumin, for compounds with anti-ZIKV activity. In their initial screen in Vero E6 cells, 

curcumin (amongst other compounds) had a lower IC50 (~5–14 µM) relative to CC50 (~53 

µM) against several strains of ZIKV as determined by plaque assay. Time-of-addition 

assays again suggested that curcumin exerts anti-ZIKV activity through an ability to 

interfere with cell attachment [15]. Taken together, these studies demonstrate curcumin’s 

potential against ZIKV. 
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3.3. Dengue Virus 

In addition to evaluating curcumin against ZIKV, Gao et al. [15] also investigated 

the same selection of compounds against dengue virus (DENV). Curcumin reduced plaque 

formation of all four strains (DENV-1-4, IC50 of 9.37, 3.07, 2.09, and 4.83 µM, 

respectively) examined in LLC-MK2 cells while showing limited toxicity (CC50 of 59.42 

µM) [15]. Though the mechanism of inhibition was not addressed, an earlier study 

demonstrated that curcumin likely inhibits DENV-2 indirectly through impact on cellular 

systems rather than directly on viral functions [51]. 

Balasubramanian et al. [8] evaluated the anti-DENV properties of curcumin, 

bisdemethoxycurcumin and three other synthesized analogues. In an in vitro activity assay, 

curcumin and the four analogues modestly inhibited viral protease activity (IC50 of ~36–

66 µM). Similarly, these compounds only modestly inhibited replication of a DENV2 

reporter replicon construct, with the acyclic and cyclohexanone analogues of curcumin 

performing slightly better than the natural curcuminoids (50% effective concentration 

(EC50) of 8.61 and 8.07 µM versus 13.91 µM) [8]. However, the compounds showed 

greater activity in a plaque assay, with all analogues demonstrating greater inhibition than 

curcumin (EC50 of 2.34–6.49 µM versus 13.95 µM, respectively). The mechanism by 

which curcumin inhibits DENV appeared to be due to effects on cellular lipid metabolism. 

Curcumin and its derivatives downregulated acetyl-CoA carboxylase and fatty acid 

synthase, and lowered lipid droplet (LD) formation, processes that normally may function 

to enhance DENV infection [8]. Curcumin treatment also led to actin filament 

disorganization and defects in polymerization, another process that is naturally important 

for DENV entry and replication [8]. 

 

3.4. Chikungunya Virus 

Pre-incubation of lentiviral vectors pseudotyped with chikungunya virus (CHIKV) 

envelop proteins E2 and E1 with curcumin prevented infection of HEK 293T cells (IC50 

of 10.79 µM) [16]. Time-of-addition assays with CHIKV encoding an mCherry-tagged 

viral replicase showed that treatment with curcumin lowered the number of mCherry 

positive cells when added up to 2 hpi, but it had no effect thereafter. Immunofluorescence 
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analysis revealed that curcumin treatment did not alter the intensity or pattern of mCherry 

staining within the cells, but it did reduce the total amount of cells positive for mCherry. 

Taken together, this study suggests that, much like ZIKV, curcumin prevents cell-entry or 

attachment, but it has no effect on virus replication [16]. A similar conclusion was obtained 

by Mounce et al. [14], who postulated that curcumin may be altering the conformation of 

viral surface glycoproteins, thus preventing viral attachment. Thus, for CHIKV, curcumin 

may be an effective treatment to prevent initial infection but is likely ineffective at 

controlling a pre-existing infection. 

 

3.5. Vesicular Stomatitis Virus 

As in the case with ZIKV and CHIKV, VSV infection was inhibited when the virus 

was incubated directly with curcumin (IC50 of 4.5 µM) [14, 16]. Although these studies 

did not address the mechanism by which curcumin inhibited VSV, this effect can likely be 

attributed to inhibition of cell attachment [14]. 

 

3.6. Influenza A Virus 

Curcumin is also a potent inhibitor of IAV, and likely exerts its effect at multiple 

different stages of the virus lifecycle. Incubation of IAV with curcumin results in reduced 

infectivity, possibly due to the ability of curcumin to interfere with viral haemagglutinin 

activity [19, 36]. Curcumin also inhibits NF-κB signalling, which is required for IAV 

replication [52]. Time-of-addition experiments showed that addition of curcumin as late as 

5 hpi reduced plaque formation (EC50 of ~58 µM), suggesting curcumin interferes with an 

early stage of virus gene expression or replication [19]. Additionally, curcumin inhibited 

several IAV-induced toll-like receptor (TLR) signalling pathways and proteins, which are 

normally required for efficient virus internalization and/or replication, including TLR2/4/7, 

MyD88, TRIF, and TRAF6. Indeed, treatment of cells with agonists for TLR2/4, p38/JNK 

MAPK or NF-κB were able to circumvent the replication block imposed by curcumin [19]. 

Importantly, curcumin treatment by oral gavage (50 and 150 mg/kg) reduced IAV 

replication and lung injury in an in vivo animal model [19], clearly illustrating that 

curcumin can provide a therapeutic benefit to combat infection and virus-induced disease. 
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This latter observation was supported by a study by Han et al. [53], who demonstrated that 

mice infected with the IAV strain PR8 and fed 30 or 100 mg/kg of curcumin had increased 

survival, reduced bodyweight loss, and lower IAV burden in lung tissues as determined by 

immunohistochemistry. Bronchoalveolar lavage (BAL) fluid and lung tissues from 

infected, curcumin-treated mice had lower levels of monocyte chemoattractant protein-1 

(MCP-1) and tumour necrosis factor-alpha (TNFα) compared to untreated mice, suggesting 

reduced inflammation. Similarly, bone marrow-derived macrophages (BMDM cells) 

isolated from mice and infected with PR8 produced lower levels of inflammatory cytokines 

IL-6, TNF-α and MCP-1 following treatment with curcumin [53]. These results indicate 

that curcumin is not only capable of inhibiting IAV replication, but also attenuates IAV-

induced lung disease, likely through inhibition of NF-κB signaling leading to reduced 

secretion of inflammatory cytokines by resident macrophages [53]. 

The enone functional groups (α, β-unsaturated carbonyls) of curcumin appear to be 

at least partially responsible for the anti-IAV properties of curcumin [54]. These enone 

groups can form Michael adducts with sulfhydryl (SH) groups on other proteins, suggesting 

that curcumin may exert anti-IAV activity through the ability to conjugate with viral surface 

protein(s) and interfere with their function [54]. Richart et al. [24] compared the 

effectiveness of curcumin and monoacetylcurcumin (MAC), a curcumin analogue that 

maintains the enone groups and shows improved stability. As with curcumin, direct 

incubation of IAV with MAC inhibited subsequent plaque formation (IC50 of ~0.2 µM), 

and 30 µM of MAC was more effective in limiting virus replication in long-term cultures 

(up to 36 h, [24]). Addition of GSH, which can act as a competitive inhibitor during the 

Michael addition reaction, to MAC reduced its ability to prevent plaque formation, once 

again highlighting the importance of the enone groups on MAC efficacy. Although both 

MAC and curcumin were capable of mildly reducing IAV neuraminidase (NA) activity 

(which is vital for viral egress) at high drug concentrations (200 µM), only MAC was 

effective at lower concentrations (25 µM) [24]. However, unlike curcumin, MAC was 

unable to reduce haemagglutinin (HA) activity at any concentration tested, indicating MAC 

cannot prevent cell attachment [24]. Compared to curcumin, MAC was a stronger 

suppressor of the PI3K/Akt signalling pathway, which is required for IAV membrane 
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fusion, suggesting at least part of the anti-IAV efficacy of MAC may be due to its effects 

on membrane fusion and virus internalization. Given that curcumin and MAC appear to 

inhibit IAV via different mechanisms, the authors also showed that combined treatment 

with both compounds was more effective than either compound alone. 

Combining several aspects of the studies described above, Lai et al. [55] analyzed 

curcumin and several analogues for anti-IAV activity. In MDCK cells, treatment with the 

maximum non-toxic dose of each compound significantly reduced mRNA levels of the IAV 

M gene in infected cells, with curcumin showing the greatest reduction. Using 

immunohistochemistry, only curcumin and tetramethylcurcumin inhibited the nuclear 

export of the IAV nucleoprotein, thus preventing viral assembly. All compounds reduced 

neuraminidase activity. Consistent with the previous studies, in vivo treatment of mice with 

25–100 mg/kg of curcumin reduced lung pathology compared to untreated controls [55]. 

Additionally, both pre- and post-infection treatment with curcumin improved average 

survival time of infected mice [55]. 

Taken together, treatment with curcumin or curcumin analogues can inhibit IAV 

through several means, including preventing entry [24, 55], inhibiting replication [19, 55], 

and preventing exit [24, 55]. Additionally, oral treatment with curcumin improved the 

survival of IAV-infected mice [19, 53, 55], indicating the potential of curcumin and its 

analogues against IAV infection. 

 

3.7. Enterovirus 71 

Though previous research has demonstrated that curcumin can inhibit human 

enterovirus 71 (EV71) replication in vitro [56], those studies were performed using Vero 

cells, which are non-human kidney epithelial cells. To better approximate the in vivo 

conditions of EV71 infection, Huang et al. [20] evaluated curcumin against EV71 in HT29 

human intestinal epithelial cells. Treatment with 10 µM of curcumin significantly reduced 

viral protein expression, genome replication and titer, and prevented EV71-induced cell 

death. Time-of-addition assays revealed that curcumin did not affect viral attachment and 

entry, but it effectively inhibited protein expression during early stages of infection [20]. 

These effects appear to be at least partly due to the ability of curcumin to inhibit protein 
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kinase C-δ (PKCδ). Infection of a cell with EV71 induces phosphorylation of a key 

activating residue of PKCδ, Tyr311, which is reduced in curcumin-treated cells. 

Knockdown of PKCδ using siRNA or administration of the PKCδ inhibitor rottlerin also 

drastically reduced viral protein expression, indicating the importance of PKCδ activation 

for optimal EV71 gene expression [20]. Treatment with 10–20 µM of curcumin also 

reduced viral protein expression in C2BBe1 cells that had been differentiated into mature 

intestinal epithelial cells [20]. 

Lin et al. evaluated several curcumin-derived carbon quantum dot (Cur-CQD) 

formulations against EV71 [13]. These quantum dot formulations improve curcumin’s 

solubility in water, which may explain its increased antiviral activity [13]. In human 

rhabdomyosarcoma (RD) cells, all Cur-CQD formulations had superior CC50 and EC50 

scores compared to curcumin, with Cur-CQD-180 (named for the heat applied during 

synthesis, i.e., 180 ◦C) having the highest selectivity index (SI, <0.07 vs. 2261.0, 

respectively) inhibiting EV71-induced cytopathic effect (CPE) and virus recovery [13]. 

Cur-CQD-180 lowered expression of several viral proteins when added post-infection, 

such as the structural protein VP1 and non-structural proteins 3CDpro and 3Dpol, in a dose-

dependent manner [13]. Additionally, Cur-CQD-180 reduced the cleavage of eukaryotic 

translation initiation factor 4G (eIF4G), which the virus utilizes to inhibit host protein 

synthesis while encouraging its own [13, 57]. In vivo, treatment of EV71-infected mice 

with Cur-CQD-180 improved survival, lowered pathology scores and prevented virus-

induced weight loss compared to untreated and curcumin-treated mice [13]. Cur-CQD-180 

treatment also reduced the quantity of viral mRNA and protein that were detected in brain 

and limb muscle tissue [13]. These results demonstrate the potential of curcumin 

formulations in bypassing the limitations of native curcumin for in vivo treatment against 

EV71. 

 

3.8. Human Respiratory Syncytial Virus 

Incubation of Human Respiratory Syncytial Virus (HRSV) with curcumin-

stabilized silver nanoparticles (Cur-AgNP) produced particles of ~200 nm, which is larger 

than either Cur-AgNP or HRSV particles alone, suggesting Cur-AgNP binds directly to 
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HRSV, and this binding appeared to inhibit virus infection [17]. Treatment of cells with 

Cur-AgNP post-infection was not as effective as the pre-treatment at reducing virus 

recovery [17]. A derivate of curcumin in which the drug was loaded into β-cyclodextrin 

and attached to sulfonated graphene oxide sheets (termed GSCC) was also evaluated 

against HRSV [18]. This formulation inhibited HRSV primarily by preventing viral 

attachment, but it also inhibited HRSV when applied to cells after infection [18]. Given the 

presence of sulfonic acid in the formulation and that HRSV can utilise heparin sulfate for 

entry [58, 59], the authors suggest the GSCC sheets prevent infection by acting as a 

competitive inhibitor to sequester viruses away from the cell. Additionally, both pre- and 

post-treatment with the GSCC sheets reduced viral G protein expression, which is 

responsible for viral attachment, indicating the GSCC sheets also can directly affect viral 

gene expression [18]. Taken together, these results clearly show that encapsulation can be 

used to improve the efficacy of curcumin against HRSV. 

 

3.9. Norovirus 

For enveloped viruses, direct incubation of curcumin frequently reduces the ability 

of the virus to infect cells, which is thought to be due to the ability of curcumin to bind to 

and inhibit the action of surface glycoproteins on the virus [14–16]. Somewhat surprisingly, 

incubation of murine norovirus (MuNoV) with ~679 µM curcumin also significantly 

lowered plaque formation, despite the fact that noroviruses are non-enveloped [60]. This 

effect was time- and dose-dependent, suggesting the reduction in plaque formation was due 

to direct neutralization of viral particles as opposed to preventing infection [60]. However, 

in human norovirus (HuNoV) replicon-bearing HG23 cells, curcumin had no effect on 

HuNoV replication [60], suggesting curcumin only affects virus particle integrity and does 

not alter other aspects of the virus lifecycle. 

Curcumin has also been investigated against norovirus in the context of a 

photodynamic therapy (PDT), in which the compound in question (termed the sensitizer) 

is “activated” by exposure to specific wavelengths of light, leading to the production of 

reactive oxygen species (ROS). Treatment with 5 µM of curcumin photodynamically 

activated (PDAC) by blue light radiation reduced MuNoV titers with greater effect than 
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curcumin or blue light alone [21]. The morphology of the virions were examined using 

TEM, and samples treated with PDAC had visible viral debris suggesting PDAC treatment 

is capable of physically disrupting MuNoV particles [21]. For an in vivo test of this therapy, 

live oysters, which are known to bio-accumulate norovirus, were exposed to MuNoV and 

curcumin for 6 h, the intestines of the oysters were then removed and exposed to blue light. 

Titration of virus from these tissues showed that, while the viral titer was reduced in a dose-

dependent manner, curcumin was less effective in oyster tissues compared to virus in 

solution, which was attributed to lower final concentration of curcumin in the oysters and 

possible absorption of light by oyster tissues, reducing the fraction of energy reaching the 

curcumin [21]. 

Randazzo et al. [22] also evaluated PDAC against norovirus, using MuNoV and 

feline calicivirus (FCV) as HuNoV surrogates. PDAC treatment using up to 13.6 µM of 

curcumin reduced the 50% tissue culture infective dose (TCID50) of both FCV and 

MuNoV, but appeared more effective against FCV [22]. Increasing the concentration of 

viruses reduced the effect of PDAC, which the authors attributed to the limited quantity of 

ROS produced being spread over a greater quantity of virus—each particle receives less 

damage from the available ROS [22]. The strategy of using PDAC against norovirus in 

oysters represents a potentially simple solution to combat norovirus accumulation, given 

curcumin is already viewed as safe for use in the food industry. 

 

3.10. Viral Hemorrhagic Septicemia Virus 

Viral Hemorrhagic Septicemia Virus (VHSV) affects numerous species of fish 

throughout the world, with mortality as high as 90% [61]. Pre-treatment of fathead minnow 

(FHM) cells with 0–240 µM curcumin reduced CPE and improved cell viability in a dose-

dependent manner [9]. VHSV infection significantly increases ROS production compared 

to uninfected cells, and pre-treatment with curcumin lowered ROS production to baseline 

levels, which could have contributed to the lower CPE observed in the curcumin pre-treated 

cells [9]. Additionally, 120 µM curcumin reduced viral genome copy numbers within 

infected cells, indicating curcumin can inhibit virus replication [9]. Based on protein 

network analysis, the authors speculated that curcumin reduced VHSV infection by 
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downregulating heat shock cognate 71 kDa protein (HSC71), which is naturally 

upregulated by PNV during early infection. Consistent with this mechanism, treatment with 

heat shock protein inhibitor KNK437 reduced virus-induced CPE and lowered viral 

genome copy numbers within the cell [9]. 

 

3.11. Porcine Reproductive and Respiratory Syndrome Virus 

Porcine reproductive and respiratory syndrome virus (PRSSV) causes large 

economic losses in the swine industry [62]. Although a vaccine exists against PRSSV, 

adverse effects from vaccine treatments have led researchers to look for antiviral 

compounds [63]. Incubation of 15 µM of curcumin directly with several strains of PRRSV 

prevented infection of Marc-145 cells (permissive to PRRSV infection) [25]. While 

curcumin did not lower expression of surface receptors or prevent viral attachment, 

curcumin appeared to inhibit PRRSV cell membrane fusion and internalization. Similar 

results were obtained in primary porcine alveolar macrophage [25]. 

 

3.12. Transmissible Gastroenteritis Virus 

Another virus that causes significant livestock and economic loss in the pork 

industry is transmissible gastroenteritis virus (TGV), a porcine coronavirus [64]. Noting 

curcumin’s activity against other enveloped viruses, Li et al. [65] evaluated curcumin 

against TGV. Direct incubation with at least 20 µM of curcumin prior to infection reduced 

viral yield. Furthermore, treatment with curcumin caused a dose-dependant decrease in 

viral absorption, and a reduction in both viral yield (IC50 of 8.6 µM) and protein levels at 

concentrations that are non-toxic to porcine kidney (PD-15) cells [65]. 

 

3.13. Severe Acute Respiratory Syndrome Coronavirus 2 

While there have been no published research articles at the time of writing on any 

antiviral effect of curcumin on severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), the causative agent in the worldwide COVID-19 pandemic, it has been speculated 

that curcumin could inhibit SARS-CoV-2 replication. Curcumin has already been 

demonstrated to inhibit SARS-CoV-1 replication (EC50 of >10 µM), the coronavirus 
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which caused the 2003 epidemic [66]. Additionally, several molecular docking studies have 

been performed that suggest curcumin would be effective at inhibiting SARS-CoV-2 

replication [67], through interacting with the spike glycoprotein and inhibiting angiotensin-

converting enzyme 2 (ACE2) [68], inhibiting the viral non-structural protein Nsp15 [69], 

or inhibiting the main viral protease [70]. 

 

4. DNA Viruses 

4.1. Herpes Simplex Virus 2 

Herpes Simplex Virus 2 (HSV-2) infection is associated with increased 

susceptibility to HIV infection and control of HSV-2 replication lowers HIV replication 

[71]. As part of their study investigating the efficacy of curcumin against HIV, Ferreira et 

al. [10] also examined the effect of curcumin on HSV-2 replication. In primary human 

GECs, pre-treatment of cells with 5 µM curcumin reduced HSV-2 shedding by 1000-fold, 

and 50 µM completely prevented production of virus [10]. Investigation of the cellular 

pathways known to be impacted by curcumin implicated NF-κB was responsible for the 

effects on HSV-2 [10]. Vitali et al. [72] evaluated the efficacy of curcumin encapsulated by 

Poly-(Lactic-Co-Glycolic Acid) (PLGA, Cur-PLGA), which can enhance curcumin 

bioavailability 9-fold [73] against HSV-2 infection in vivo. In mice, although intravaginal 

(IVAG) delivery of Cur-PLGA (containing 0.5 mg of curcumin) reduced CpG-

oligodeoxynucleotides (ODN)-induced acute inflammation, Cur-PLGA had no effect on 

mice survival following a low- or lethal-dose of HSV-2 [72]. The authors next examined 

the use of crude curcumin extract in conjunction with polymers that increase curcumin 

solubility in water [74, 75]. Compared to 1 mg of crude curcumin, mice treated with 100 

µg of curcumin with PVP-K30 or Soluplus® had increased survival and lower pathology 

scores [72]. The authors commented that it is difficult to determine if an effective dose is 

reached when using nanoparticles, whereas it is easier to control the dosage using crude 

extracts in combination with compounds to improve solubility [72]. 

 

4.2. Kaposi’s Sarcoma-Associated Herpesvirus 

Li et al. [12] noted while reviewing the genes and pathways impacted by curcumin 
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that there was overlap with pathways controlling the redox reaction of 

apurinic/apyrimidinic endonuclease 1 (APE1), suggesting curcumin could inhibit APE1 

redox reactions. Since Kaposi’s sarcoma-associated herpesvirus (KSHV) replication 

requires the redox function of APE1 [76], the authors investigated whether curcumin could 

inhibit KSHV replication. Primary effusive lymphoma (PEL) BCBL-1 cells that were 

latently infected with KSHV were treated with TPA to induce activation of KSHV and 

subsequently treated with curcumin. Treatment with 30 µM of curcumin effectively 

blocked reactivation of KSHV by lowering expression of the switch gene replication and 

transcription activator (RTA), and the delayed-early gene K8 [12]. Curcumin treatment 

reduced both the intra- and extracellular KSHV genomic DNA levels (IC50 of 8.76 µM 

and EC50 of 6.68 µM, respectively) [12], indicating that curcumin is an effective treatment 

for KSHV infection. 

 

4.3. Bovine Herpesvirus 1 

Bovine herpesvirus 1 (BoHV-1) incubated directly with 10 µM of curcumin caused 

a significant reduction in viral titer as analyzed by TCID50 [23]. However, curcumin did 

not reduce BoHV-1 titer during a binding assay, suggesting curcumin does not prevent viral 

attachment but, rather, may be affecting internalization. In Madin-Darby Bovine Kidney 

(MDBK) cells, 10 µM of curcumin significantly reduced viral titer when applied at the 

time of infection, but it had no significant effect when added immediately after the one h 

incubation of cells with the virus inoculum. The authors speculate that curcumin may be 

inhibiting BoHV-1 infection by upregulating lipid raft formation, a process they previously 

reported to be disrupted during BoHV-1 infection [23, 77]. Reolon et al. [78] evaluated the 

co-encapsulation of acyclovir, an approved pro-drug that inhibits HSV replication [79], and 

curcumin into three microparticle (MP) formulations composed of the polymers 

hydroxypropyl methylcellulose, Eudragit® RS100, or both for efficacy against BoHV-1. 

In MDBK cells, all three MP formulations significantly reduced plaque formation of 

BoHV-1 to a greater extent than each antiviral test compound individually at all 

concentrations (2.7–203.6 µM). 
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4.4. Human Adenovirus 

Our group evaluated curcumin against human adenovirus (HAdV). In A549 human 

lung adenocarcinoma cells infected with HAdV types 4, 5 or 7, curcumin (0–100 µM) 

caused a dose-dependent decrease in expression of the viral early 1A (E1A) proteins, which 

are vital for the virus to complete its replicative cycle [80, 81], indicating curcumin is 

effective against multiple types of HAdV. Treatment with curcumin also decreased HAdV-

5 viral genome copy numbers, as well as reduced virus recovery as determined by plaque 

assay [81]. However, the most effective concentrations of curcumin were only slightly 

lower than the CC50 (~68 µM) of curcumin in this cell line, indicating that curcumin may 

have only a very narrow therapeutic window against HAdV [81]. 

 

5. Conclusions 

Curcumin and its analogues are capable of inhibiting the replication of a diverse 

group of viruses through numerous mechanisms (summarized in Table 1). However, 

curcumin has low bioavailability and is rapidly metabolized (reviewed in [82]), 

compromising curcumin’s effectiveness as an antiviral compound, and likely contributing 

to the limited success observed in human clinical trials [83]. Additionally, though 

consumption of curcumin in high doses in humans appears to be safe, numerous studies 

report in vitro CC50 concentrations in tens of micromolars, leading to a relatively low SI, 

further reducing its potential effectiveness. Nevertheless, research into curcumin 

formulation technology has shown promise, due to improved solubility, stability and uptake 

of curcumin and its derivatives [84]. Continued research into such formulations as well as 

synthesis of novel curcumin-derivates that show greater antiviral activity with reduced 

toxicity may lead to development of curcumin as a broad-spectrum antiviral for human 

clinical use. 
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