
ABSTRACT 

YANG, SOPHIA. Arbovirus Structure and Interaction with Host Cells. (Under the direction of 

Dr. Dennis Brown). 

 

The first study presented investigates the role of Sindbis E1 transmembrane domain on 

virus assembly. The Sindbis virion is comprised of two proteins shells formed by three structural 

proteins. Capsid (C) proteins forms the inner shell and encompasses the viral RNA genome. The 

outer glycoprotein coat is formed by 240 copies each of the E1 and E2 proteins that form trimers 

of heterodimers to make the characteristic “spikey” outer structure. E1-E2 transmembrane 

domain (TMD) interactions are known to be important for the overall stability of a mature virion. 

A previous study has found mutations within the E2 TMD affect viral assembly and infectivity. 

The study concluded that the location of the amino acid deletions on the hydrophobic face of the 

TMD helix and toward the c-terminal end had a great effect on viral production. It was found 

that large deletions within the E2 TMD up to 10 amino acids were tolerated. To further 

investigate the role of the glycoproteins’ TMD on viral assembly and infectivity, deletions of the 

E1 TMD were constructed. In contrast to the E2 TMD, large deletions within the E1 TMD and 

deletions made on the hydrophilic face of the helix were not tolerated. These results suggest 

specific functions of the different regions in the E1 TMD and its interaction with the E2 TMD 

indicating that E1 stabilizes the E1/E2 spike complex.    

The role of the microRNA miR-146a on Zika virus pathophysiology was investigated in 

the second part of this thesis. Zika virus was first isolated in Africa in 1947. The virus was 

mainly transmitted by mosquitos and those infected presented sub-clinical symptoms such as 

fever, rash and conjunctivitis. As the virus migrated from Africa into Asia, it evolved to a unique 

Asian genotype that is highly pathogenic producing severe encephalitic symptoms. The evolved 

virus also expanded its mode of infections from strictly mosquito vectored to ability for direct 



person to person, sexual and vertical transmission from mother to fetus.  The African and Asian 

strains share 96% sequence identity and analysis of the sequences have not identified the cause 

for increased virus pathogenesis. We hypothesize that the differences lie in how the Zika strains 

regulate microRNA expression thereby leading to a difference within host cell immune response. 

It this study, we chose miR-146a as our target as it if found during the course of many RNA viral 

infections and is known to regulate the toll-like receptor innate immune response. Human 

monocytes and MФs were infected with the AF (MR766) and AS (PRVABC59) Zika strains.  

Using miR-146a as our target regulator, the expression of select genes associated with 

miRNA146a expression during infections of human THP-1 cells with an AF or AS strains was 

studied. It was found that there are profound differences in the expression of ZIKV, miR-146a 

regulated genes between the two stains.  Several of the genes are found to be associated in 

pathways leading to host cell response to infection. Such pathways include those resulting in 

inflammation, innate and adaptive immunity, and stress responses. Our results shed more light on 

the differences between the miRNA profiles of the two strains, and a possible difference in the 

innate immune profile, however the genetic link between virus sequence evolution from non-

pathogenic to pathogenic virus has yet to be elucidated.  
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1.1  Abstract 

The Sindbis virion contains an RNA dense core and a host-derived membrane bilayer that 

is sandwiched between two protein shells. The shells are comprised of 240 copies of each of the 

three structural proteins E1, E2 and Capsid (C) in a 1:1:1 stoichiometric ratio and the virion is 

arranged in a T=4 quasi-icosahedral conformation. Both E1 and E2 have transmembrane 

domains (TMD) that transverse the membrane bilayer and E2 directly interacts with C to form a 

very rigid virion structure. E1 is a 434 amino acid long glycoprotein with a transmembrane 

domain that is 28 amino acids long while E2 is 423 amino acids in length and has a membrane 

spanning region predicted to be 26 amino acids. E1-E2 TMD interactions are known to be 

important for the overall stability of the mature virion. A previous study had determined that a 

single amino acid addition or truncation of the E2 transmembrane domain affects viral assembly 

and infectivity (Hernandez et al., 2002; Sinodis et al., 2003; Hernandez et al., 2005). It was also 

found that the C-terminal region of the E2 TMD is as important for normal virus production as is 

the position of the mutant deletion (Whitehurst et al., 2006). Large deletions within the E2 TMD 

to 10 amino acids in length were tolerated. The results show that the location of the deletions is 

important for virus growth and that mutation made on the hydrophilic face of the TMD helix 

were not tolerated. To further investigate the role of the glycoproteins’ TMD on viral assembly 

and infectivity, deletions of the E1 TMD were constructed. In contrast to the E2 TMD, large 

deletions in the E1 TMD (10-18 amino acids) were found to be lethal to virus production by 

severely inhibiting the virus budding process. These results suggest specific functions of the 

different regions in the E1 TMD and its interaction with the E2 TMD indicating that E1 may be 

the stabilizing protein of the virion spike.   
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1.2  Introduction  

Sindbis virus (SINV) is an Alphavirus with a positive sense, single stranded RNA 

genome and is transmitted in nature between birds and mammals by blood-feeding mosquitos. 

Currently, there are more than 40 members of the Alphavirus genus which has a worldwide 

geographical distribution and it is found on every continent  (La Linn et al., 2002). Humans are 

an incidental host of these viruses. The alphavirus genomes share about 45% sequence identity in 

the structural proteins and about 60% in the nonstructural proteins (J. H. Strauss & Strauss, 

1994).  Alphaviruses are grouped by geographic distribution into Old World and New World 

viruses. The pathogenic alphaviruses produce disease that generally occurs in two forms, febrile 

with accompanying malaise such as in the New World alphaviruses (concentrated in the 

Americas) and include the equine encephalitis strains (eastern, western, and Venezuelan equine 

encephalitis viruses, EEE, WEE and VEE, respectively) which are pathogenic in humans, horses 

and some bird species. Old World viruses are commonly associated with fever, rash and 

rheumatic disease in humans and include chikungunya virus (CHIKV), Mayaro (MAYV) and 

Ross River viruses (RRV). SINV and Semliki Forest virus (SFV) constitute non-pathogenic 

alphaviruses and are well characterized. SINV was first discovered in 1952 during an outbreak in 

Cairo, Egypt (Lwande et al., 2015; Taylor et al., 1953). Since then, there have been several 

outbreaks of Alphavirus. One of the most notable examples was the CHIKV outbreak in 2005 

where 40% of the La Reunion population was infected resulting in 250 fatalities (Bessaud et al., 

2006; Josseran et al., 2006).  

Sindbis is the prototype for alphaviruses because it is non-pathogenic and a good model 

system for the virion structure of a membrane-containing virus. Mature SINV has 240 copies 

each of the structural proteins E1, E2 and Capsid (C) in a 1:1:1 stoichiometric ratio. The virion is 
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composed of two nested protein shells arranged in an icosahedral T=4 lattice (Paredes et al., 

1993). The inner protein shell of the virus is comprised of the RNA viral genome enclosed by a 

C protein shell. The outer shell is made of E1 and E2 glycoproteins that are arranged in dimers of 

heterodimers which form the 80 trimers on the virion surface, giving it a “spikey” appearance. 

(Anthony & Brown, 1991; Brown, Wan, & Kielian, 2018; Carleton, Lee, Mulvey, & Brown, 

1997; Pletnev et al., 2001). A host-derived lipid bilayer is sandwiched between the two shells 

incorporating the transmembrane (TM) domains of the E1 and E2 proteins which span the 

membrane (Liljeström & Garoff, 1991; Rice et al., 1982; Strauss et al., 2002).  E2 has an 

extended 33 amino acid tail that emerges from the transmembrane domain into the cytosol of the 

host cell. It is to this tail that the C protein binds, making the viral structure symmetrical and 

rigid (Ferreira et al., 2003; Hernandez et al., 2003). 

The genomic RNA of SINV is about 11.7kb with a 5’ m7Gcap and 3’ poly-A tail. The 

genome is divided into two regions, structural and nonstructural domains, which encode for the 

structural and nonstructural viral proteins (Figure 1.1). The nonstructural proteins are translated 

directly from the genomic plus sense 49S RNA and cleaved to produce nsP1-4 and other 

cleavage intermediates. These proteins include a protease and at least one RNA dependent RNA 

polymerase required for the translation of the genomic strand. The translation of the structural 

proteins require processing of the viral RNA genome before the proteins can be transcribed. 

Prior to the production of the structural proteins, the 49S negative strand RNA is synthesized and 

serves as the template for the production of the subgenomic 26S positive strand which is then 

capped and polyadenylated. Once encoded, the polyprotein is post-translationally cleaved into C, 

the envelope proteins E1 and E2, as well two small polypeptides E3 and 6K/ TF (transframe) 

protein (Ramsey & Mukhopadhyay, 2017).  Capsid protein is auto-cleaved following translation 
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in the cytoplasmic ribosome, exposing a signal sequence at the amino terminus of the 

polypeptide (Ferreira et al., 2003; Liljeström & Garoff, 1991) This signal sequence directs the 

polypeptide to be inserted in the endoplasmic reticulum membrane where the newly synthesized 

envelope glycoproteins are translocated. The transmembrane polyprotein has 6 membrane 

spanning domains (Figure 1.2) and is processed into PE2 (E3/E2), 6K/TF, and E1 by signal 

peptidase (Liljeström & Garoff, 1991). The 6K protein has two transmembrane domains which 

are shown as domains 4 and 5 in Figure 1.2. 6K is released from the ER membrane following 

signal peptidase cleavage and is present at very low levels in mature virus (Mukhopadhyay et al., 

2006). 6k also aids in the correct integration of E1 into the membrane as translocation proceeds 

(Liljeström & Garoff, 1991). During the process of maturation, E1 forms heterotrimers with PE2 

(Carleton et al., 1997; Mulvey & Brown, 1996). As the complex migrates to the cell surface, 

furin protease, which is found within the trans Golgi network (Moehring et al., 1993), processes 

PE2 to form the E2 and E3 proteins. However, E3 is not present in the mature virus and is shown 

as domain 1 in Figure 1.2. The E1 and E2 proteins dimers convert to their final trimeric 

formation in the ER before being inserted into the plasma membrane. The second membrane 

spanning region of E2, which is shown as domain 3 in Figure 1.2, is withdrawn from the 

membrane into the cytoplasm by an unknown process, thereby exposing a 33 amino acid tail in 

the cytoplasm (Hernandez et al., 2003). This tail interacts with the hydrophobic cleft of the 

capsid protein, combining and locking the two shells of the virus and while concomitantly 

extruding the mature virion into the surrounding media.  
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Figure 1.1: Schematic of Sindbis virus genome (from Strauss, 1994, with permission). The 49S 

genomic RNA is illustrated in the center and is labeled as the positive Genome RNA. The non-

structural proteins are translated directly from the 49S open reading frame. Structural proteins 

are translated and processed from the 26S subgenomic mRNA, which is transcribed from the 

negative strand complement of the genomic RNA, vcRNA. 
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Figure 1.2: A schematic representation of the organization of the Sindbis virus structural 

proteins in the membrane of the Endoplasmic Reticulum (from Whitehurst et al., 2006, with 

permission). The integrated type 2 polyprotein has six transmembrane domains labeled 1 to 6. 

The 6K protein is eliminated from the developing spike complex after processing by signal 

peptidase. The N-terminal region of PE2 is removed in the Golgi by Furin protease. Of the 

remaining three domains that are incorporated into virus, domain 3 is withdrawn from the 

membrane and attaches to the nucleocapsid, and domains 2 and 6 are membrane anchors. 
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The E1 and E2 glycoproteins are the only proteins that remain membrane associated in 

mature SINV.  Although the specific amino acid sequence for the transmembrane domains of 

these two proteins is not conserved among alphaviruses, the length (26-28 amino acids) and 

hydrophobic characteristics are conserved. Previous studies have investigated the E2 

transmembrane domain and its role in viral assembly and infectivity (Whitehurst et al., 2006). 

This was done by truncating the transmembrane region with single to multiple amino acid 

deletions that encompass the entire helical face (Figure 1.3.1a). It was found that the location of 

the deletion along the vertical axis of the transmembrane domain is important for normal virus 

maturation (Whitehurst et al., 2006). Single amino acid deletions toward the N-terminus of the 

TMD are more tolerated than those made toward the C-terminus (Figure 1.3.2a). Mutants that 

had higher viral titers had more infectious particles than mutants that produced lower viral titers. 

Additionally, the particle-to-pfu ratio (number of physical particles/ numbers of infectious 

particles) of mutants with higher virus titer have a lower particle-to-pfu ratios than mutants that 

had low titers (Figure 1.3.2b) suggesting that the defect conferred by the deletion affected 

structural stability and thus infection.  Furthermore, deletions on the hydrophobic face of the E2 

TMD helix have a greater impact on normal virus growth than those made on the hydrophilic 

face. Large deletions up to 10 amino acids in U4.4 mosquito cell- grown and 8 amino acids in 

virus grown in BHK cells were tolerated, producing viral titers comparable to those of wildtype 

virus (Figure 1.4). Although these deletions truncated the TM to 16-18 amino acids long, the 

domain was still able to span the lipid bilayer. It was concluded that the interaction between the 

E1 and E2 transmembrane domains was occurring within the cytoplasmic half of the E2 

transmembrane domain (Whitehurst et al., 2006) and undefined location within the E1 TMD. 

 



   

9 

 

 

Figure 1.3.1: E2 Transmembrane domain mutants (from Whitehurst et al., 2006, with 

permission ). A) Helical wheel representation of the E2 transmembrane domain. The arrows 

denote the single amino acid deletions which cover the entire face of the helix. The hydrophobic 

and hydrophilic faces have been labelled. Mutants that produced viral titers of 10^6 pfu/mL are 

boxed while the other mutants produced 10^8 pfu/mL. B) Sequences of the E2 mutants where (-) 

denotes the location of amino acid deletion. The resulting number of amino acids left in the 

domain are listed to the right.  
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Figure 1.3.2: Mutant E2 titer and relative infectivity (from Whitehurst et al., 2006, with 

permission). A) Viral titer of E2 mutants truncated to 25 or 18 amino acids. The arrow at the 

bottom denotes the relative location of the TM25 deletions from the N- to C-terminus. SVHR 

represents wildtype Sindbis. B) Relative infectivity of the truncated E2 mutants. Mutants that 

produced higher titers had a lower particle-to-pfu ratio than mutants that produced lower viral 

titers.  

A 

B 
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Figure 1.4: Systematic truncation of the E2 transmembrane domain and corresponding viral titer 

(from Sinodis et al., 2003, with permission). A) Sequences of the E2 mutants. Amino acids in 

bold are those that were deleted for the mutation. The remaining number of amino acids left in 

the domain are listed to the right of the sequence. B) Viral titer of E2 mutants. Y420 represents 

wild type. Large deletions up to 10 amino acids in U4.4 (TM16) and 8 amino acids in BHK 

(TM18) are tolerated. Black bars indicated BHK, mammalian, cells and grey bars indicate U4.4, 

insect, cells. 

A 

B 
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To determine how the E1 TMD is interacting with the E2 TMD, a mutagenesis study 

similar to the one done for the E2 protein was conducted. Single and double amino acid deletions 

were made to transverse the helix from the N- to C- terminus and around the helical face (Figure 

1.5a). Unlike the E2 TMD, deletions on the hydrophilic face of the E1 TMD helix were not 

tolerated and resulted in a 4-log loss in viral titer (Figure 1.5c). Shortening the E2 

transmembrane domain to 16 or 18 amino acids yielded wildtype viral titers in U4.4 and BHK, 

respectively. However, large deletions truncating the E1 transmembrane domain were either 

lethal or resulted in a 7-log difference in viral titer as compared to wildtype. It was concluded 

that E1 is a stabilizing protein and is integral for virus assembly and infectivity. However, it is 

still undetermined how the E1 TMD is interacting with E2 TMD.  
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1.3  Results  

1.3.1 Virus production from E1 TMD deletion mutants.  

Previous studies found that the deletion of a single methionine at M379 toward the 

carboxyl terminus of the E2 TMD dropped virus titer by four orders of magnitude (Hernandez et 

al., 2003). Additional single deletions near the carboxyl terminus of the E2 TMD A385 and 

V386 were found to have a dramatic negative impact on virus infectivity (Whitehurst et al., 

2006). Thus, it was found that one amino acid deletion could dramatically influence the titer of 

the virus. It was also apparent that the E2 TMD could withstand large deletions without 

deleterious effects to the virus titer. Additionally, E2 TMD could tolerate single amino acid 

deletions if these were located toward the amino terminus of the domain.  It was observed that 

increasing deletions could restore the function of the E2 TMD probably due to the restoration of 

the helix toward the complete rotation established by 18 amino acids within the TMD. Based on 

these observations of the E2 TMD, a similar strategy was used to make deletion mutations in the 

E1 TMD (Whitehurst et al., 2006).  

For SINV E2 TMD, deleting amino acids at the proximal (amino, toward the ER lumen) 

and distal (carboxyl) regions of the E2 TMD resulted in differential effects to virus infectivity 

with a large effect when 10 amino acids were removed toward the carboxyl terminus (Whitehurst 

et al., 2006). To determine if the positions of the deletions along the E1 vertical helical axis were 

also significant, large and small mutations were made in the TMD at various positions.  

Structural details on how the amino acids in the E1 TMD affected virus stability and sites of 

potential E1-E2 TMD interactions were probed by constructing a series of deletions in the E1 

TMD (Fig. 1.5a, b). The infectivity of these mutants grown in both BHK and U4.4 cells was 

determined by plaque assay as shown in Figure 1.5c.   
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Based on these observations of the E2 TMD, deletion mutations were made in the E1 

TMD. Methionine at position 433 in the carboxyl region of E1 TMD, a position also found to be 

important for virus infectivity in Sindbis-Ross River (RR) virus chimeras (Kim et al., 2002) was 

deleted in the mutant E1Δ433 (Fig. 1.5b). The titer of this mutant was found to be 100-fold lower 

than wild type virus from both mammalian and insect host cells suggesting that the carboxyl 

terminus of E1 is involved in virus assembly or infectivity (Fig. 1.5c).  When both methionines 

at the carboxyl terminus of the E1 TMD were deleted in the mutant E1Δ432-433, the virus titers 

were restored to wild type levels in the insect host but tenfold further reduced when grown in 

mammalian cells.  Because both methionines of E1 Δ 432-433 were deleted, this would suggest 

that these specific residues are not required for virus production from mosquito cells indicating 

that this is a host range mutant selective for growth in the insect host.  If only one methionine is 

required at residue 423 and the deletion of an additional residue restores virus production from 

mosquito host cells, this deletion must present the altered helical structure in a more functional 

context to interactions with E2 TMD in the thinner mosquito cell membrane (Figure 1.5c).  This 

result confirms the presence of a host adaptive site within the E1 TMD as well as the E2 TMD in 

the mosquito membrane environment.  This is not unexpected since the mosquito membrane is 

known to have less cholesterol and shorter lipids, resulting in a thinner lipid membrane as 

compared to mammalian lipid membrane (L. He et al., 2010).  
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Figure 1.5: A) Helical wheel representation of the E1 transmembrane domain. Outlined residues 

shows the amino acids that were deleted. The mutations were made to encompass the entire 

helical face. The central arrow indicates hydrophobic face. B) Sequences of the mutants 

constructed showing the amino acids deleted (shown in grey and underlined).  The sequence 

between E1 residues 407 and 435 were chosen as residues likely found within the TMD of E1.  

The mutant viruses are named for the aa number of the deleted residues. C) Virus infectivity of 

the mutants compared to wild type virus. Each of the mutants constructed was transfected into 

BHK and U4.4 cells then subsequently titered by plaque assay on BHK cells.  Data represents 

the average of 2 independent experiments with three technical replicates each.  
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Considering that the MM motif in E2 TMD is centrally located, the consequences of 

deletion of the centrally located duplicate isoleucines of the E1 TMD were investigated. There 

are two isoleucines (I422 and I423) centrally located in the E1 TMD domain; their functions 

were investigated in single and double deletions. The E1 isoleucine 422 was deleted (E1Δ422) 

and produced a dramatic drop in titer of 1000-fold from both host cells (Fig. 1.5c).  Deleting both 

isoleucines (E1Δ422-423) did not result in a host-restricted phenotype, by contrast, this mutation 

allowed the virus containing this additional isoleucine deletion to regain virus production by two 

orders of magnitude (108 pfu/mL)  over the single mutant in both host cells.  (106   to 108 pfu/mL, 

Fig. 1.5c). From this result, we can conclude that E1 I422 is essential for virus production in the 

context of I423 but that removal of the isoleucine at position 423 can compensate for its absence.  

Thus, this result also appears to be a positional effect with respect to the amino and carboxyl 

ends of this domain resulting in G at position 422 (Lopez et al., 1994; Sjoberg & Garoff, 2003; 

Strauss et al., 2002).  

Deleting amino acids at the proximal and distal regions of the E2 TMD resulted in 

differential virus infectivity. It was found that the least affected region of the E2 helix was 

toward the amino terminus (Whitehurst et al., 2006). To address the question if this may also be 

the case in E1, two adjacent amino acids near the E1 amino terminus were deleted (413L-414F 

and 415G-416G, Fig. 1.5b). The mutant, E1Δ413L-414F, has a titer which is one order of 

magnitude lower than the wild type when produced from both host cell types (109 pfu/mL). Loss 

of titer was also displayed by the mutant E1Δ415G-416G showing a greater effect on virus titer 

producing only 106 to 107 pfu/mL from each host (Figure 1.5c). In contrast to E2, amino acid 

deletions toward the amino terminus are less well tolerated in E1.  Because it is highly unlikely 

that the carboxyl terminus of E2 and the amino terminus of E1 are interacting within the 
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membrane, this observation suggests that more than one function is being affected by these E1 

deletions. Some interactions may involve the specific geometry of the E1 TMD which may be 

disrupted, in addition to physical interactions with the E2 TMD as predicted by structural studies. 

The remaining 26 amino acids should theoretically be able to span the membrane of both hosts. 

While this deletion does not have the more drastic effects of some of the others in the E1 TMD, 

the observed loss of titer in all the mutants which produced virus could be the result of loss of 

infectivity from instability or defective assembly. 

Large deletions of E1 TMD were also constructed, truncating the domain to 10, 14 and 

18 amino acids. These deletions were made near both the amino terminus (E1Δ411-428, Δ411-

420, Δ410-423 and Δ407-416) and carboxyl terminus (Δ416-433, E1Δ420-433, Δ421-430, 

Δ425-434). Unlike the E2 TMD deletion mutants that only required 10 residues to produce 

functional virus in mosquito and mammalian cells (107 pfu/mL, Figure 1.4B), mutants with large 

deletions in E1 TMD produced little to no infectious virus from either host (Figure 1.6).  

 The E1 deletion mutants investigated can be categorized into four groups: 1). Mutants 

that produce virus of diminished titer from both hosts, 2). Mutants produced higher viral titers in 

U4.4 cells than in BHK cells 3). Large mutations which should be able to span the plasma 

membrane but display diminished titer in both hosts, and 4). Lethal mutants.  
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Figure 1.6: A) Mutants of the E1 transmembrane domain were generated by truncating the E1 

transmembrane domain from 28 amino acids to 14 or 18 amino acids. B) BHK and U4.4 cells 

were transfected with the mutants and the viral titer was determined by plaque assay on BHK 

cells. Wild type viral titer was compared to viral infectivity of each of the mutants. Compared to 

the wild type virus, each of the mutants lost titer by 3 to 7 logs or produced no infectious virus. 

Data represents the average of two independent experiments with three technical replicates each. 

The standard deviation of the averages is also plotted.  
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1.3.2 Viral protein expression in the E1 TMD lethal mutants 

The mutants E1 Δ420-433, Δ411-428, and Δ416-433 have 14, 14 and 18 amino acids 

deleted, respectively (Fig.1.6a). These are lethal mutants that did not produce any infectious 

virus from either host. When the same number of amino acids were deleted from the E2 TMD 

however, virus was still produced (Hernandez et al., 2003). Analysis of the phenotypes of the E1 

TMD lethal mutants began with assays of viral structural protein synthesis, nucleocapsid 

assembly and budding. 

To assay viral protein synthesis, BHK cells were transfected with each mutant viral RNA 

and protein was labeled metabolically with 35S. Viral protein was isolated from the cellular 

proteins using immunoprecipitation. Viral protein was analyzed with SDS-PAGE as shown in 

Figure 1.7. Our results show that protein expression is not impaired by the E1 transmembrane 

deletions because the structural proteins are being synthesized in the expected ratios. However, 

in wild type virus, the band of pE2, the E2 precursor, is not as intense as E1/E2 band, while in 

the mutants, the intensity of the two bands is about the same. This suggests that the maturation 

process of pE2 to E2 is not as efficient in these mutants.  

The possibility that the lethal E1 mutants were defective in the processing steps prior to 

assembly was considered. For these deletion mutants, it was of interest to determine if they 

inserted the polyprotein precursor into the membrane and were processed correctly. Our results 

show that protein expression is not impaired by the mutations in E1 Δ420-433, Δ411-428, and 

Δ416-433 mutations because the structural proteins are being synthesized in the expected ratios 

as shown in Figure 1.7. E1 Δ420-433, Δ411-428, and Δ416-433 were found to process the 

polyproteins similarly to those of the wild type, but with somewhat less processing of pE2.  

Because of the aberrant TMDs in E1 Δ420-433, Δ411-428, and Δ416-433 mutants, it was of 
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interest to determine if the truncated E1 was soluble. Immunoprecipitation of [35S] labeled E1 

proteins revealed that truncated E1 was not found in the supernatant of cells infected with each 

of these mutants indicating that E1 and E2 are probably complexed within the cell but unable to 

produce virus in the absence of a longer E1TMD.   
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Figure 1.7: Synthesis of viral proteins from non-infectious mutants.  As shown in lanes 3 (E1Δ 

420-433), 4 (E1Δ 411-428), and 5 (E1Δ416-433), viral structural proteins are synthesized and 

processed in BHK cells which did not generate any infectious virus particles.  The accumulation 

of pE2 in these cells suggests that formation of the heterodimer of pE2 with the deleted E1 

mutants may alter the conformation of the complex in a way which affects furin cleavage. 
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1.3.3 Relative Infectivity of the E1 TMD deletion mutants. 

One important phenotype of structural mutants is the particle-to-plaque forming unit 

(pfu) ratio. Each infected cell is capable of producing ~107 virus particles X 106 cells/flask and 

with 10 flasks used per virus particle determination means that an average of 1014 total particles 

can be made in this system (Hafer, Hernandez, unpublished data).  However, not every 

assembled virus is always infectious. For every virus strain, a certain number of assembled virus 

particles are required to form one plaque on average. Because the lethal mutants did not produce 

any infectious particles, only the particle-to-pfu ratios of productive deletion mutants could be 

determined. The particle-to-pfu ratio of the other large E1TMD deletion mutants could also not 

be determined as the titer of the virus was too low. Y420 is the wild type control in this 

experiment and has a particle/pfu ratio of about one hundred as shown in Figure 1.8. In general, 

Sindbis virus particles produced from BHK are equivalent to the virus titer plus the particle-to-

pfu ratio shown in Figure 1.8. This did not hold true for 3 of the mutants when the virus was 

grown in U4.4 cells. The methionine deletion mutant E1Δ432-433 and the isoleucine deletions 

(E1Δ422, Δ422-423) have an elevated particle-to-pfu ratio ~ 106, 109 and 107 particles/pfu 

respectively. This may reflect damage to these particles during the purification process required 

to determine particle/pfu which may be the result of particle instability.  
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Figure 1.8: The particle-to-pfu ratios of the E1 mutants compared to wild type virus. E1Δ 422, 

E1Δ 422-423, E1Δ413-414, produced ~ 105.5 ,106 and 105 orders of magnitude of non-infectious 

virus respectively in BHK cells. Mutants E1Δ433 and E1Δ432-433 produced comparable 

amounts of infectious virus to Y420 even though these mutants produced lower viral titers 

(Figure 1.5). 
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1.3.4 Virus assembly and budding in E1 transmembrane domain lethal mutants 

Because the synthesis of structural proteins was not impaired in the lethal mutants, we 

next assessed nucleocapsid assembly and virus budding. To look at nucleocapsid assembly, viral 

RNA was transfected into BHK cells, followed by evaluation of the ultra-structure of infected 

cells by electron microscopy. Cells transfected with non-viral RNA did not show any assembled 

virus particles or virus budding (Fig. 1.9A); however, those transfected with wildtype viral RNA, 

there were assembled nucleocapsids in the cytosol and many sites of virus budding at the plasma 

membrane surface (Fig. 1.9B). The lethal mutants E1Δ420-433, E1Δ411-428, and E1Δ416-433 

were also transfected into BHK cells and evaluated. In all of the lethal mutants, nucleocapsid 

assembly and membrane association was successful, but no virus budding was observed (Fig. 

1.9C) as shown in the micrograph of E1 Δ420-433, which is representative of the phenotypes of 

these three mutants. In Figure 1.9C, nucleocapsids are seen attached to the membrane and also 

found free in the cytoplasm. The observation that the nucleocapsids can become membrane-

associated indicates that the extraction of the E2 tail is not affected in these mutants.  We 

conclude that the large deletions are lethal to infectious virus production because the virus 

budding process cannot be completed. Our data suggest that the E1 protein with a much shorter 

TMD is synthesized and processed but our data also suggest that the E1 proteins with large 

deletions may not be stable in the membrane, or form the correct lateral associations with E2 

TMD, or ectodomain, which may lead to the failure of virus budding at the plasma membrane.  

E1 protein from E1Δ420-433, E1Δ411-428, and E1Δ416-433 did reach the plasma membrane as 

measured by fusion from within assays (data not shown); however, this event only requires 

E1/E2 dimers to reach the cell surface. 
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Figure 1.9:  Ultrastructure of BHK cells transfected with the mutated E1 strains.  (A) BHK cell 

transfected by non-viral RNA. (B) BHK cell transfected with Y420 strain (wild type control).  

The arrow points at a cluster of assembled nucleocapsids while the arrowheads point to viruses 

budding from the plasma membrane. (C) BHK cell transfected with E1Δ 420-433. Arrows show 

nucleocapsid modified membranes which are accumulating internally. Note that budding 

particles are not visible at the cell surface. (N denotes the nucleus.) Magnification bars are 300 

nm. 
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1.4  Discussion  

Sindbis virus structural proteins are originally synthesized as a polyprotein in the 

sequence C-PE2 (E3-E2)-6K-E1. E1 and E2 are both integrated into the endoplasmic reticulum 

membrane during the process of polyprotein synthesis, after which enzymatic cleavages separate 

them. E1 and E2 form trimers of heterodimers in the ER prior to export to the Golgi. The co-

expression of E2 is required for trafficking of E1 from the ER. Therefore, during protein 

maturation and assembly of the virus, these proteins perform their functions as metastable 

oligomers requiring lateral associations (Sjoberg & Garoff, 2003).  Biochemical and genetic 

studies using chimeras of Ross River and Sindbis viruses and substitution mutations in Semliki 

forest virus as well as structural evidence suggest that the TMDs of E1 and E2 interact within the 

viral membrane.   

While several lines of genetic and biochemical data have identified the E2 TMD, the E1 

TMD is not well defined and was thus modeled to contain 28 amino acids. The analysis of E1 

TMD deletion mutants began by using the E2 mutants as a model.  In the E2 deletion mutants, 

virus titers were found to be profoundly affected by the deletion of a single central methionine in 

the E2 TMD. Surprisingly, the deletion of additional amino acids restored the ability of the virus 

to produce infectious virus.  It was found that shortening the E2 TMD to 18 amino acids restored 

virus titer to wild type levels.  For the Sindbis virus E2 TMD, two major physiochemical 

properties seem to influence the phenotypes of this series of mutations.  First, the ability of the 

mutants to produce infectious virus was found to be directly related to the position along the 

helical axis.  The orientation of the amino terminus with respect to the carboxyl terminus is 

disrupted as deletions affect the geometry of entry and exit of the ecto- and endodomains, thus 

affecting the virus titer. Titer was restored when the TMD reached 18 amino acids, at which 
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length the helix makes five turns and contains residues equally distributed throughout the helical 

surface. In the E2 TMD the location of an eight amino acid deletion was tolerated at the amino 

but not the carboxyl terminus suggesting that E2 interacted with E1 toward the carboxyl 

terminus. The second aspect was the influence of the diverse biochemical lipid environments 

imposed by the insect or mammalian environments which enabled the expression of the E2 host 

range mutants. Mammalian membranes, which are thicker, more viscous and contain more 

cholesterol than insect cell membranes in culture, were not tolerant of the 9 and 10 amino acid 

deletions (Hernandez et al., 2005). It was hypothesized that the ability of E2 to tolerate such 

large mutations may result from a stabilizing effect of the E1 TMD or lateral interactions. 

Taken together, these data and observations expand the evidence that the Sindbis virus E1 

and E2 TMDs have different functions. It is now clear that these transmembrane domains do not 

just serve to merely anchor the proteins in the membrane but also have other functions which 

have not been elucidated. There were many more effects of deletions of the E1 TMD on virus 

production than for deletions in E2. This was unexpected because unlike E2 which associates 

with the nucleocapsid, E1 is only constrained by TMD associations and by the lateral 

associations that the E1 ectodomains are required to make. There are several possible 

explanations for the diversity of the types of phenotypes observed from the E1 compared to the 

E2 deletion mutants.   The inability of the E1 TMD to tolerate large deletions may indeed stem 

from a stabilizing role of the E1 protein. Evidence for this possibility is that lethal deletion 

mutants of the E1 TMD synthesized and processed viral proteins normally. For these proteins to 

exit the ER, these complexes must have been recognized as correctly folded.  Also, E1 and, by 

extension, fusion competent E1/E2 dimers were delivered to the plasma membrane indicating 

that protein trafficking was not impaired. This lethal phenotype was manifested by the inability 
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of the virus to undergo budding even though nucleocapsids were able to associate with the 

glycoprotein modified membrane. These observations suggest that these deletions disrupt the E1 

lateral associations required for virus envelopment.  

A more complicated phenotype to explain is the host range characteristic of E1Δ432-433, 

which is a small deletion but grows well in U4.4 cells and less efficiently in BHK cells. Two 

factors may be involved, first, because the hydrophobic region of the helix does not change, the 

local environment of the insect membrane may stabilize lateral interactions between one or both 

of the glycoproteins.  As hypothesized with the E2 deletion mutants, membrane thickness may be 

a factor in compensating for the deletions. In the thinner insect membrane, changes in helical tilt 

may be more easily accommodated.  Studies of mutants of E2 TMD and endo-domain have 

shown that deletion and insertion mutants in these domains can exhibit morphological 

differences depending on the host of origin.  The mutant E1 Δ417-426 is predicted to have 18 

amino acids in the TMD.  This number of amino acids represents an ideal helix and has also been 

shown in the E2 TMD to be the number of residues which retains wild type function.  There is 

structural and genetic evidence that E1 displays some tilt within the viral membrane (L. Chen et 

al., 2018). It is possible in this instance that the E1 TMD lies at some angle that requires more 

amino acids to reach the appropriate spanning distance and tilt, and hydrophobic match.  It is 

known that E1 undergoes maturation by folding though metastable conformations. Knowing that 

the virus structure from mammalian and insect cells has unique features invites the speculation 

that folding pathways or intermediates may differ in these hosts favoring a compensatory 

structure in one host and not the other. Future work looking for compensatory mutations for 

these lethal mutants as well as for the host range mutants may identify which of these scenarios 

are at play in these different mutations.  
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 Analysis of the hydrophobicity of the E1 and E2 TMDs by helical wheel analysis in 

Heliquest and Protean shows that E1 has a more hydrophobic nature than E2.  These predictions 

suggest that E1 and E2 are not typical amphipathic helices with clear hydrophobic and 

hydrophilic surfaces. Our previous genetic analysis of the effects of amino acid deletions in E2 

which affected virus titer are found in the more hydrophobic face of the helix with the exception 

of A385 (shown in Fig. 1.7) which is in agreement with other genetic studies of SIN and RR 

chimeras. When SINV E1 was investigated by deletion analysis, mutations affecting titer also 

mapped primarily to a single face of E1 but these were found to cluster toward the more 

hydrophilic face. This was also unexpected because it was expected that the two adjacent faces 

of E1 and E2 would interact. However, this was also the case in the E1 modeling of the 

reconstructions of SINV and VEEV referred to above. Another feature of these sequences is that 

SINV E2 TM18 deletes 8 consecutive amino acids but retains full infectivity. This is also 

interesting because E1 and E2 are modeled as coiled coils. Because these domains are in the 

membrane bilayer we will assume, for this discussion, that each face of these helices is defined 

by amino acids within 180 ° of the first amino acid in the hydrophobic face calculated by 

Heliquest (Figures 1.3.1A and 1.5A). The sequence of SINV TM18 365 VYTIL   370 AVASA  375  

TVAMM  380   IGVTV  385  AVLCA   390 C (underlined sequence deleted) the helix sequence 

does not come back into the original register until A389 (Fig. 1.8)  This implies that amino acids 

known to affect titer, with the exception of  I380, (replaces M379) relocate to the more 

hydrophilic face (Figure 1.3.1A).  

E1 was modeled as WSWLFALFGGASSLLIIGLMIFACSMML.  E1 Δ420-433 (14 aa), 

E1 Δ411-428 (10 aa) and, E1Δ416-433 (10 aa) were all lethal mutations. E1 Δ417-426 which 

contained 18 aa only produced a titer of 104 pfu/mL suggesting that the 10 deleted residues are 
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important for structure and function. E1 Δ413-414 LF had a modest effect on titer but is toward 

the amino terminus and probably does not interact with E2. Other large mutations were 

attempted but failed construction. However, previous reports of SIN SV deletions 

WSWLFALFLIIGLMIFACSMML, which deletes the sequence GGASSL provides us with 

information we can perform the helical wheel analysis on (Whitehurst et al., 2006).  In this 

mutant the underlined aa are deleted 407 WSW 410 LFALF 415GGASS  420LLIIG 425 LMIFA  430 

CSMML434.  E1 positions G 415, G 416, I 422, I 423, M 432, M 433 are important to virus titer 

(Figure 1.5C).  In the GGASSL deletion mutant G 415 and G 416 are removed.  I 422 and I 423 

remain but move to the hydrophobic face.  M 432 and M433 remain and are in register with the 

WT helix (Figure 1.5A).  Of the identified amino acids on the E1 and E2 TMDs which affect 

titer only E2 V 386, and C390 are present and in the original position while on E1 only M 432 

and 433 remain. These results suggest that E1 and E2 interact towards the very end of the C- 

terminus and express redundant sequence as has been seen for the endo-domain of E2 as well as 

the E2 TMD. Genetic evidence can now be incorporated into the modeling of SINV E1 and E2 

TMD sequences using molecular methods.  
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1.5  Methods 

1.5.1 Cell Culture 

BHK-21, baby hamster kidney, cells were cultured in minimal essential medium (MEM) 

supplemented with 10% fetal bovine serum, 5% tryptose phosphate both, 2mM glutamine, 50 

µg/mL gentamicin and 10 mM HEPES (pH 7.4). Newly thawed cells may be passaged up to 30 

times. Cells should be incubated at 37°C with 5% CO2 and split at a 1:3 ratio daily. Incubation at 

28°C for two to three days is permissible, but must be split at least once to recover to normal 

growth patterns before use in experiments. U4.4, Aedes albopictus – mosquito, cells were 

cultured in minimal essential medium (MEM) supplemented with 10% fetal bovine serum, 5% 

tryptose phosphate broth, 2 mM glutamine, 10 mM HEPES (pH7.4) and 7.5% sodium 

bicarbonate. Newly thawed cells may be passaged up to 30 times without change in cell viability. 

Cells should be grown at 28 with 5% CO2 and split at a 1:3 every 4-5 days.  

 

1.5.2 Sindbis virus E1 Mutant Construction 

The TM mutants were made by QuikChange site-directed mutagenesis. The template 

cDNA used was Toto1101 (Rice et al., 1987). Specific primers were made for each of the TM 

mutants to delete the desired regions as shown in Figure 1.6A. The following primer pairs were 

used:  

E1Δ411-420_Fwd: 5'-ctcaaaaacatcatggagttggctgttaattataggacttatgatttttg-3' 

E1Δ411-420_Rev: 5'-caaaaatcataagtcctataattaacagccaactccatgatgtttttgag-3' 

 

E1Δ421-430_Fwd: 5'-cggcgcctcgtcgctaagcatgatgctg-3' 

E1Δ421-430_Rev: 5'-cagcatcatgcttagcgacgaggcgccg-3' 
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E1Δ410-423_Fwd: 5'-ctcaaaaacatcatggagttggggacttatgatttttgcttgca-3' 

E1Δ410-423_Rev: 5'-tgcaagcaaaaatcataagtccccaactccatgatgtttttgag-3' 

 

E1Δ425-434_Fwd: 5'-catcttcgtgtgctagttcctataattaatagcgacgaggcg-3' 

E1Δ425-434_Rev: 5'-cgcctcgtcgctattaattataggaactagcacacgaagatg-3' 

 

E1Δ407-416_Fwd: 5'-gccgccatctcaaaaacatcagcctcgtcgct-3' 

E1Δ407-416_Rev: 5'-agcgacgaggctgatgtttttgagatggcggc-3' 

The QuikChange mutants were made using Pfu Turbo (Agilent Technologies) using the 

manufacturer’s instructions. PCR conditions were 95°Cfor 15 s, 74°C for 45 s and 68°C for 26 

min. This cycle was repeated 25 times. Mutations were confirmed by sequencing done by Eton 

Bioscience. 

 

1.5.3 In vitro transcription and RNA transfection 

Infectious RNA was transcribed in vitro using SP6 RNA polymerase (New England 

Biolabs) following the manufacturer’s instructions. The transcripts were electroporated into 

BHK and U4.4 cells using a Bio-Rad gene pulser. The cell/ RNA mixture was pulsed twice at 

0.75kV for BHK and 1kV for U4.4, 25 µF and ∞ resistance with a time constant of 0.7 s. The 

cells rested at room temperature for 10mins before being incubated at 37°C or 28°C. Virus was 

harvested 24- or 48-hours post-transfection for BHK and U4.4 respectively.  
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1.5.4 Amplification of Viral products with Infection  

At least 1 mL of viral sample is required for the infection for a ~90% confluent cell 

monolayer in a T-75 cm2 flask. The amount of virus needed it dependent on the desired 

multiplicity of infection (MOI). U4.4 cells are starved of serum for one hour before the infection 

to allow the cells to better adhere to the bottom of the flask. Cells were rocked slowly at room 

temperature for an hour, allowing the virus to adsorb into the cells. Inoculum is subsequently 

removed and replaced with complete media. Virus is harvested 24 hours post-infection for BHK 

cells and 48 hours post-infection for U4.4 cells.  

 

1.5.5 Virus Purification and particle/pfu determination 

Viral samples were spun to equilibrium on a potassium tartrate step gradient. The 

gradient was formed by layering 15% potassium tartrate onto 35% potassium tartrate. The 

gradients were spun overnight at 24,000 rpm in a Beckman SW-28 rotor at 4°C. The viral band 

was collected before being layered onto a 15-35% linear potassium tartrate gradient. The samples 

were spun for 4 hours at 26,000 rpm in a Beckman SW-rotor at 4°C. Collected viral band was 

titered by plaque assay. The amount of viral protein was determined using Micro BCA protein 

assay reagent kit (Pierce), following the manufacturer’s instructions. Total number of particles 

per infectious particle was determined by dividing the total number of particles by the number of 

infectious particles produced.   

 

1.5.6 Virus Titration via Plaque Assay  

Virus titer was determined by plaque assay on BHK cells in 12-well plates that were 

~95% confluent. 10-fold serial dilutions were made of the viral sample and 100 µl of the dilution 
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was added to the monolayer. Virus adsorption was for 1 hour at room temperature. Following 

infection, the viral supernatant was replaced with 1 mL of 1X complete MEM with 1% agarose 

and incubated at 37°C for about 18 hours. The assays were overlaid with 1mL of 1X complete 

MEM, 1% agarose and 3% neutral red stain and incubated for 4 hours at 37°C, protected from 

light. Plaques were then counted to determine viral titer. 
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2.1 Abstract 

Zika virus (ZIKV) is a Flavivirus with an RNA dense core and is transmitted to humans 

mainly by Aedes aegypti mosquitos. It was first isolated in the Zika forest of Uganda, Africa in 

1947 (Dick et al., 1952), and was found to produce mild symptoms including fever, headache, 

malaise, rash and conjunctivitis. As the virus expanded its range 50-100 years ago, it migrated 

from East Africa into Asia, evolving into a unique Asian genotype (Lanciotti & Lambert, 2016; 

Lanciotti et al., 2016b; Volk et al., 2010). This evolution was accompanied with increased virus 

pathogenicity, as the disease progressed from a mild to non-perceptible infection to a highly 

pathogenic disease producing severe encephalitic symptoms. This evolved virus also expanded 

its mode of infection from strictly mosquito vectored to acquiring the ability for direct person-to-

person, sexual and vertical transmission from mother to fetus. The genomic sequence analysis of  

non- epidemic (African, AF)  and epidemic strains (Asian, AS) are similar, demonstrating 

sequence identity between the African and Asian strains as 96% identical (Lanciotti et al., 

2016b).  Analysis of ZIKV sequences to date has not identified either RNA sequence or protein 

sequence motifs which could explain or indicate what sequence changes are responsible for the 

increased virus pathogenesis (Donald et al., 2016). No anomalies in the immune response to 

either virus have indicated the mechanism of the increased pathogenesis. A mild or symptom-

free infection in humans implies that the immune system has cleared the infection before 

increased pathologies could develop.  This infection profile suggests that the innate immune 

system has contained the viremia before significant systemic infection could occur.  It remains to 

be determined what aspects of the Asian pathogenic ZIKV strains could be responsible for the 

acquired pathobiology. We hypothesize that the difference lies in how the different ZIKV strains 
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regulate microRNA expression and thus leading to a difference within host cell immune 

response.  

Single stranded RNA viruses have been shown to use microRNA (miRNA) to alter host 

cell immune response to viral infection (Jopling et al., 2005; Trobaugh et al., 2014). To 

investigate how the virus advanced from non-pathogenic to pathogenic, the differences in profile 

of the miR-146a were investigated.  miRNA146a was chosen as a likely target because it is 

known to regulate the toll-like receptor innate immune response (Virtue et al., 2012).  This 

pathway is altered by flavivirus infections of West Nile virus (WNV), Japanese encephalitis 

virus (JEV) dengue (DENV) and ZIKV (Guo et al., 2018). Human monocytes and macrophages, 

MФ, were infected with the AF (MR766) and AS (PRVABC59) Zika strains.  Using miR-146a 

as our target regulator, the expression of select genes associated with miRNA146a expression 

during infections of human THP-1 cells with an AF or AS strains was studied. It was found that 

there are profound differences in the expression of ZIKV, miR-146a regulated genes between the 

two stains.  Several of the genes are found to be associated in pathways leading to host cell 

response to infection. Such pathways include those resulting in inflammation, innate and 

adaptive immunity, and stress responses. Our results shed more light on the differences between 

the miRNA profiles of the two strains, and a possible difference in the innate immune profile, 

however the genetic link between virus sequence evolution from non-pathogenic to pathogenic 

virus has yet to be elucidated. 
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2.2 Introduction 

Zika virus (ZIKV) is a Flavivirus with a positive sense, single stranded RNA genome. 

Other medically important viruses within in this family include dengue (DENV), yellow fever 

virus (YF) and Japanese encephalitis virus (JEV). Flaviviruses are known to cause hemorrhagic, 

arthritic and encephalitic disease in humans. The virus is mainly spread by the Aedes aegypti 

mosquito which originated in Africa (Mousson et al., 2005), but is now found in tropical, 

subtropical and temperate regions around the world (Eisen & Moore, 2013).   

There are two lineages of the ZIKV, African (AF) and Asian (AS) (Gong, Xu, & Han, 

2017) which share 96% sequence identity (Lanciotti et al., 2016b). MR766 is an African strain of 

ZIKV that was first identified in Uganda in 1947 (Dick et al., 1952). This strain is the ZIKV 

reference strain and it has close sequence fidelity to the Spondweni root virus (Figure 2.1) 

(Haddow et al., 2016). MR766 is non-pathogenic and produces sub-clinical symptoms in the 

infected host. The first AS strain was identified in Malaysia in 1966 (Lee & Ng, 2018) and 

designated to a separated ZIKV clade. Early ZIKV strains circulating throughout Africa into 

Asia were not pathogenic, producing sub-clinical symptoms.  This lack of clinical history is 

documented by the presence of ZIKV seropositive individuals found in flavivirus endemic 

regions. The virus evolved, during its transmittal to Asia, to become a potent pathogen, 

producing highly pathogenic encephalitic diseases once in Asia.  One of the circulating epidemic 

strains is AS PRVABC59, which was isolated from an American human patient after visiting 

Puerto Rico (Yun et al., 2016). 

 

 

 



   

56 

 

 

Figure 2.1: Phylogenetic tree of Zika virus comparing isolates found from GenBank and 

outlines the African and Asian lineages. The viruses used for this study are circled in red with 

MR766 stemming from the African lineage and PRVABC59 from the Asian linage. P6-70 was 

isolated in Malaysia, the first Zika isolate to migrate from Africa into Asia. The scale bar 

indicates the number of nucleotide substitutions per site. (Image adapted from Lanciotti et al., 

2016b). 
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Flaviviruses are membrane-containing virus which have an icosahedral T=3 structure. 

Viral RNA is encapsulated by capsid (C) protein and is surrounded by a host derived lipid 

membrane. The viral envelope is formed by 180 copies of envelope (E) protein that form 90 

homodimers and the membrane (M) protein binds underneath the E envelope (Hu & Sun, 2019). 

E protein is involved in receptor mediated binding, membrane fusion and host immune 

recognition  (Fernandez-Garcia et al., 2009). As the virus enters the host cell, the E protein dimer 

changes conformation to become a trimer which allows for the fusion of the viral membrane to 

the endosomal membrane (Alcon et al., 2002). The genomic RNA is translated into a large 

polyprotein in the cytoplasm of infected cells (Figure 2.2). The polyprotein is co- and post-

translationally cleaved and processed by host or viral proteases into three structural proteins 

(precursor membrane [prM] protein, envelope protein [E], and capsid [C] protein) and seven 

non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (Hu & Sun, 

2019; Shi & Gao, 2017). The NS proteins are involved in viral RNA replication, viral assembly 

and the modulation of the host cell responses (Volk et al., 2010).  Newly synthesized viral RNA 

is encapsulated by C protein by prM and E to form an immature virus particle which buds into 

the endoplasmic reticulum (Hu & Sun, 2019). The immature virion has a spikey appearance due 

to the prM-E trimers. prM is processed into M protein when the immature virions are transported 

to the Golgi and trans-Golgi network (TGN) allowing for the rearrangement of the prM-E timers 

to form smooth M-E heterodimers in the mature virus (Hu & Sun, 2019). The mature virus is 

then exocytosed to begin a replication cycle.  
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Figure 2.2: Zika Genome Organization. A) Single-stranded positive sense RNA genome is about 

11kb and can be divided into structural and non-structural coding regions. The entire genome is 

translated into one large polyprotein in the cytoplasm of the infected cell. The products of the 

proteolytic processing cascade are shown in the boxes below the genome. B) Topology of the 

polyprotein in the Endoplasmic Reticulum membrane. (image from Shi & Gao, 2017, with 

permission). 
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The first evidence that the virus induced microcephaly and Guillain-Barré syndrome 

(GBS) was discovered in 2013, during the second epidemic in French Polynesia (Musso D, 2016; 

Oehler et al., 2014; Schuler-faccini et al., 2016; WHO, 2016). ZIKV spread into the Americas 

during the 2015 international epidemic. In 2016, it was reported by the World Health 

Organization (WHO) that 47 Zika naïve countries were affected. Transmission of this modern 

Asian strain came accompanied with reports of neurological sequelae; microcephaly in new born 

infants, neurological defects in children born to infected mothers and Guillain-Barre syndrome 

developing in infected patients (Counotte et al., 2018). It was also found that the virus could 

spread sexually and through person-to-person contact (Lowe et al., 2018). As ZIKV swept 

through the Americas, the Center for Disease Control (CDC) issued travel warnings (Virus, 

2017) and the WHO declared it a Public Health Emergency of International Concern. The 

number of ZIKV infections declined in 2017 (Virus, 2017) and is thought to be due to herd 

immunity (Lanciotti et al., 2016a) and mosquito control. As of 2018, 68 countries have been 

exposed to ZIKV (CDC). Although the number of current reported ZIKV cases is low, it is 

predicted that the virus will resurface within the next 20 years as naïve individuals enter the 

population and mosquito populations expand their habitat (K.M. et al., 2018). 

It remains to be discovered how Zika evolved from a non-pathogenic virus to one that is 

highly pathogenic. DENV and ZIKV share 55.6% amino acid sequence identity (Chang et al., 

2016). Past studies have used DENV to study immune factors that lead to Flavivirus 

pathogenicity (Valadão et al., 2016). ZIKV non-structural proteins have been suggested to affect 

T-cell response during the adaptive immune response or pathogenies of ZIKV infection (Suthar 

et al., 2013).  However, the same was found with DENV infections whose pathogenic profile has  

remained unchanged (Campos et al., 2018).  
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MicroRNAs (miRNA) are small (20-22 bases) single-stranded RNAs that regulate protein 

expression post-transcriptionally by preventing translation and/or promoting target mRNA 

degradation. Hepatitis C (Hep C), DENV and Eastern Equine Encephalitis virus (EEEV) all have 

single stranded +RNA genomes and have been shown to use miRNA to modify the host cell 

response to viral infection (Jopling et al., 2005; Trobaugh et al., 2014; Trobaugh & Klimstra, 

2017; Wu et al., 2013). During HepC infection, liver specific miR122 binds to viral RNA, 

stabilizing the RNA and enhancing in vivo viral replication (Jopling et al., 2005; Shimakami et 

al., 2012). miR-146a facilitates replication of DENV by targeting the TRAF6 gene and thereby 

suppressing interferon induction (Wu et al., 2013). In the case of EEEV, haematopoietic-cell 

specific miR-142-3p restricts the replication of the virus in myeloid-lineage cells (Trobaugh et 

al., 2014). We hypothesize that the evolution from pre-epidemic to epidemic ZIKV involves a 

change in the miRNA profile induced by these two strains. This may correlate with the altered 

pathogenesis. It is also hypothesized that the pathogenesis of ZIKV is more pronounced when 

the miRNAs are expressed early during infection in cells, such as in cells of the monocyte 

lineage, the “first responders” of the innate immune system. The miRNA profile of ZIKV 

infected human macrophages (MФ) is not known.   

The regulation of miRNA in human monocytes and MФs derived from THP-1 cells 

infected by the AF or AS (MR766 and PRVABC59) strains of ZIKV was investigated. We 

hypothesized that there will be a difference in the miRNA induced pathways between the pre-

epidemic and epidemic strains.  MicroRNA miR-146a was chosen as our miRNA target because 

it is involved in many RNA virus infections and has been found to have a role in immune 

response and disease (Hsu et al., 2007; Rusca & Monticelli, 2011; Taganov, Boldin, & 

Baltimore, 2007; Trobaugh & Klimstra, 2017). It is known to downregulate NFĸβ function in 
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human MФs (Ghose et al., 2011; Taganov et al., 2007) and regulate genes involved in Toll-like 

signaling pathways (He, Jing, & Cheng, 2014; Taganov et al., 2007; Virtue et al., 2012). 

Induction of miR-146a has also been found to negatively regulate the IFN signaling pathway in 

DENV and Japanese encephalitis virus (Trobaugh & Klimstra, 2017).  

To elucidate the downstream targets of miR-146a during ZIKV infection, a luciferase 

reporter gene system, RCAS, was utilized. The miR-146a promoter was added to the 3’ UTR of 

the Renilla luciferase reporter gene. The miRNA/mRNA complexes expressed in infected cells 

that disrupted luciferase gene expression were selected. Of the many gene hits that responded to 

miR-146a, 24 ZIKV relevant genes were selected for study. The yeast one-hybrid system (Y1H) 

was utilized to determine and screen the upstream regulators that bind to the miR-146a promoter. 

Twelve proteins from the resulting hits were selected. Real-time quantitative polymerase chain 

reaction (RT-qPCR) was utilized to evaluate gene expression of the infected cells and 

network/pathway analysis was done using the Ingenuity Pathway Analysis (IPA) program.  
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2.3 Results  

THP-1, human leukemic monocyte cells, were differentiated to MФ by phorbol-12-

myristate 13- acetate (PMA) treatment. The cells, both treated and non-treated, were infected 

with either MR766 or PRVABC59. A time course study was performed to evaluate the dynamics 

of viral infectivity in cells infected with the two ZIKV strains (Figure 2.3). Samples were 

collected intermittently between 2- and 56-hours post-infection (p.i.) and viral titer was 

determined by plaque assay. It was found that monocytes and macrophages infected with AS 

ZIKV produce 300-fold more infectious virus at the 8-hour p.i. than cells infected with AF 

ZIKV. Furthermore, AS ZIKV infected cells maintained higher viral titer throughout the time 

course as compared to AF ZIKV infected cells whose titer diminished quickly.  
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Figure 2.3: Monocytes (-PMA) and MФ (+PMA) were infected with MR766 or PRVABC59. 

Viral titer was determined from samples collected intermittently between 2- and 56-hours post-

infection. Cells infected with the AS strain of ZIKV were shown to produce 300-fold more 

infectious virus 8 hours post-infection than those infected with the AF strain. AS infected cells 

continued to produce higher titers of virus throughout the infection time course, expressing 

distinctly faster and longer kinetics. Data from two independent experiments are displayed. 
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The endogenous levels of mature miR-146a in monocytes and macrophages infected with 

either ZIKV strain was also evaluated at 2, 12- and 24- hours post-infection (Figure 2.4). In 

general, infected macrophages were shown to have lower levels of miR-146a than infected 

monocytes. Our results show that at 2 hours post-infection, there is a one-fold increase in the 

expression of miR-146a in monocytes infected with either ZIKV strain and in MR766 infected 

macrophages (Figure 2.4A). Macrophages infected with PRVABC59 showed a slight decrease. 

The expression levels changed drastically 12 hours post-infection. Monocytes infected with 

either ZIKV strain showed and 8-fold decrease in miR-146a levels. (Figure 2.4B).  MR766 

infected macrophages maintained the one-fold expression level increase as found at the 2-hour 

time point. PRVABC59 infected macrophages showed a two-fold decrease in expression levels. 

24 hours post-infection, cells infected with PRVABC59 had 3- to 4-fold lower expression of 

miR-146a, in monocytes and macrophages respectively, as compared to cells infected with 

MR766 (Figure 2.4C). Taken together, it is clear that the expression levels of miR-146a can 

fluctuate drastically throughout the course of ZIKV infection. 
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Figure 2.4: Endogenous miR-146a levels in monocytes (-PMA) or macrophages (+PMA) 

infected with either MR766 or PRVABC59 at (A) 2, (B) 12 and (C) 24 hours post-infection. 

Levels were normalized against the expression levels found in uninfected monocytes or 

macrophages. The untreated monocytes have higher levels of miR-146a than the treated, 

differentiated THP-1 cells. In contrast to PRVABC59, cells infected with MR766 have greater 

levels of the miRNA than those infected with PRVABC59. Data was collected from three 

technical replicates. Standard deviation error bars are plotted.  
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The expression levels of the selected upstream regulators of miR-146a and the 

downstream molecular effectors were evaluated and validated using RNA samples and 

quantified using RT-qPCR (Figure 2.5, 2.6). Samples were collected from monocytes and 

macrophages infected with either ZIKV strains 12 hours post-infection. The profiles between the 

monocytes and macrophages and viral strains show distinctly different expression levels.   
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Figure 2.5: Expression levels of yeast-1 hybrid (upstream) gene hits in THP-1 cells that were 

(A) untreated and (B) treated with PMA. Viral samples were collected from cells infected with 

either MR766 or PRVABC59 12 hours post-infection. Results are relative to the expression 

levels in uninfected monocytes and macrophages. Data points represent three technical 

replicates. Standard deviation error bars are plotted.  
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Figure 2.6: Expression levels of luciferase (downstream) gene hits in THP-1 cells that were (A) 

untreated and (B) treated with PMA. Viral samples were collected from cells infected with either 

MR766 or PRVABC59 12 hours post-infection. Results are relative to the expression levels in 

uninfected monocytes and macrophages. Data points represent three technical replicates. 

Standard deviation error bars are plotted.   
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The expression level of a few genes found to be directly associated with a known 

pathway, as identified by IPA, was also evaluated at 2- and 24- hours post-infection (Figure 2.7). 

While the expression levels differed minimally from the control at the 2- and 24-hour time 

points, there was a very noticeable change at the 12-hour time point. Monocytes and 

macrophages infected with PRVABC59 increased the expression level of 6 of the tested genes by 

at least 4-fold.  
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Figure 2.7: Expression levels of genes found to be directly associated with known networks. 

Monocytes (-PMA) and macrophages (+PMA) were infected with either MR766 or PRVABC59. 

Samples were collected (A) 2, (B) 12 and (C) 24 hours post-infection. Results are relative to the 

expression levels in uninfected monocytes and macrophages. Data points represent the results of 

three technical replicates. Standard deviation error bars are plotted. 
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2.4 Discussion 

 

Zika virus was first isolated in 1947 in Uganda, Africa,(Dick et al., 1952) designated 

MR766. This virus had and continues to circulate in Africa in a non-pathogenic form as 

evidenced by the presence of ZIKV asymptomatic, seroconverted cohorts across the continent. 

This virus is transmitted by mosquitos and produces sub-clinical symptoms in the infected host. 

ZIKV has since migrated from Africa into Asia 50-100 years ago and with this change of 

geographical distribution came the evolution of an unique Asian genotype (Lanciotti & Lambert, 

2016; Lanciotti et al., 2016b; Volk et al., 2010). The shift in genetic sequence is accompanied by 

an increase in virus pathogenicity which has been altered to produce highly pathogenic diseases 

and severe encephalitic symptoms. The evolved virus also expanded its mode of infection from 

mosquito vectored infection, person-to-person and sexual transmission, previously not notable 

routes of flavivirus transmission. The cause of the change in pathogenicity is of great interest, 

especially considering that the African and Asian strains are 96% identical (Lanciotti et al., 

2016b). 

Single-stranded RNA viruses have been shown to use miRNA to alter host cell immune 

response to viral infection (Jopling et al., 2005; Trobaugh et al., 2014). To investigate how the 

virus advanced from non-pathogenic to pathogenic, the differences in profile of the microRNA 

miR-146a regulated gene expression were investigated. Human THP-1 monocytes and MФs 

were infected with the AF and AS Zika virus strains, MR766 and PRVABC59, respectively.  

Using miR-146a as our selected target, the expression of select genes regulated by this miRNA 

were studied. It was found that there are profound differences in the selected gene expression 

between the two stains.  Several of the genes are found to be associated in pathways leading to 
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host cell response to infection. Such pathways include those contributing to inflammation, innate 

and adaptive immunity, and stress responses.  

The mammalian immune system can be classified into two categories, innate and 

adaptive/acquired immunity. The innate immune system, the first line of host defense, is 

activated when the host cell detects a pathogen (Guo et al., 2018).  Acquired immunity is 

initiated early during infection but matures in the late phase of infection and generates 

immunological memory needed for future infection of the same pathogen (Akira et al., 2006). 

Cytokines are key effector molecules that contribute to the host immunity by inhibiting or 

eliminating invading pathogens and promoting tissue repair (Nahid et al., 2015). Monocytes and 

macrophages recognize invading danger signals through a network of recognition receptors 

found on the cell surface which then initiate the production of cytokines. 

IL (interleukin) - 6 is part of the IL-6 type cytokine family and one of the upstream 

regulators of miR-146a chosen for study. This protein is not only synthesized in monocytes and 

macrophages, but also in fibroblasts, T-cells and endothelial cells (Kishimoto, 2004). The 

expression and secretion of IL-6 is induced during inflammatory conditions such as upon 

stimulation of Toll-like receptor (TLR)-3 and -7 for virus expressed ssRNA and dsRNA, 

respectively (Kishimoto, 2010). On target cells, IL-6 binds to IL-6 receptor. Signaling is initiated 

when the IL-6/IL-6R complex binds to the second receptor protein glycoprotein 130, (gp 130) 

(Schmidt-Arras & Rose-John, 2016). Dimerization of gp130 leads to the activation of JAK, 

Janus kinase, tyrosine kinase (Kishimoto, 2004). This leads to the activation of STAT, signal 

transducers and activators of transcription, transcription factors (Figure 2.8). Subsequently, genes 

involved in the differentiation, survival, apoptosis and proliferation are expressed. The MAPK, 

mitogen-activated protein kinase, cascade is another signaling pathway for IL-6 type cytokines 
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(Heinrich et al., 2003). Our results show monocytes infected with MR766 at 12 hours post-

infection had almost a two-fold increase of IL-6 expression levels, Figure 2.5. This indicates that 

there is more IL-6 present, as compared to uninfected cells, to initiate the pathway or cascade 

needed to activate the expression of genes involved in host cell immune response. At the same 

time point, cells infected with PRVABC59, showed a three-fold decrease in IL-6 expression, 

indicating the inability to initiate the same gene expression.  Surprisingly, macrophages (PMA 

treated THP-1 cells) infected with either ZIKV strain showed comparable depleted levels of IL-

6, about a one-fold decrease.  
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Figure 2.8: IL-6 signaling pathway. IL-6 binds to membrane receptors that contain gp 130 and 

activates the JAK/STAT pathway and the MAPK cascade. The expression levels of IL-6 and 

PIK3CB, the catalytic isomer of p110, were evaluated in this study and are circled in red. This 

figure was originally published in (Heinrich et al., 2003). Shown with permission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

75 

 

Nuclear factor kappa B (NFKβ) is a pleiotropic transcription factor that regulates the 

expression of genes related to cell survival and cell response to infection (Jana et al., 2017). 

Examples of such genes include chemokines and cytokines expressed which can stimulate the 

migration and maturation of lymphocytes and play a role in adaptive immune response (Ghosh & 

Karin, 2002).  As such, NFĸΒ is important to the overall immune response of the cell (Karin & 

Lin, 2002).  Of the genes disclosed by the luciferase screen as downstream molecular effectors of 

miR-146a, three can be found in the NFĸΒ canonical signaling pathway. At 12 hours post-

infection, THP-1 monocytes infected with PRVABC59 are shown to upregulate the expression 

of tumor necrosis factor receptor associated factor 6 (TRAF6), interleukin 1 receptor associated 

kinase (IRAK1), and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta 

(PIK3CB) about 8-fold higher than cells infected with MR766 (Figure 2.6). Expression levels of 

TRAF6, IRAK1 and PIK3CB were upregulated 8-, 6- and 4- fold respectively in macrophages 

infected with the same Zika strain. Several stimuli can initiate the NFĸΒ signaling pathway such 

as IL-1.  IL-1 binds to the IL-1 receptor (IL-1R) and induces the recruitment of IRAK proteins 1-

4 and the innate immune signal transduction adaptor MYD88 to form the Myddosome complex 

(Cohen, 2014). IRAK1, 2 and 3 interact with TRAF6, a protein that is essential for signal 

propagation (Schimmack et al., 2017).TRAF6 then traffics Myddosome to transforming growth 

factor β-activated kinase 1 (TAK1), which activates IKB kinases (IKK) (Schimmack et al., 2017). 

Phosphorylated IKB degrades, and the NFĸΒ, which is shown as p50 and RelA/p65 subunits in 

Figure 2.9, is translocated into the nucleus where the transcription of target genes takes place 

(Cohen, 2014; Sato et al., 2005). The NFĸΒ signaling pathway can also be initiated when a 

growth factor binds to the growth factor receptor. The PI3K protein is recruited to the receptor 

and continues the process that results in the translocation of NFĸΒ into the nucleus.  PIK3CB, 
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which was found to be upregulated in cells infected with PRVABC59, Figure 2.6, is a catalytic 

isoform of the p110 subunit.  
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Figure 2.9: NFĸβ signaling pathway. TRAF6, IRAK1 and PIK3CB (PI3K subunit) are all shown 

to be upregulated 4-8-fold in monocyte and macrophage cells infected with PRVABC59 (refer to 

Figure 2.6). These genes, circled in red, are required for NFĸβ production. These proteins 

function as dimeric transcription factors that regulate the expression of genes that influence cell 

survival and innate immune response. Image originally found at 

www.novusbio.com/NFĸβpathway (Novus Biologicals, 2019) and is used with permission.  
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The Toll-like receptor (TLR) pathway is crucial for host cell ability to fight and eliminate 

pathogens. (Guo et al., 2018). TLR recognize pathogen-associated molecular patterns (PAMPS) 

by binding to leucine-rich repeats (LRR) (Guo et al., 2018). When a ligand binds to the receptor, 

and intracellular signaling pathway is initiated and results in an inflammatory response and the 

release of inflammatory cytokines (Guo et al., 2018; Temperley et al., 2008). Ten functional 

human TLRs haven been identified (Guo et al., 2018). All TLRs, with the exception of TLR3, 

elicit an immune reaction through the myeloid differentiation factor 88 (MyD88) -dependent 

pathway. The MyD88-independent TLR3 utilizes the TRIF pathway to produce inflammatory 

cytokines (Guo et al., 2018). Past studies have found TLR3, TLR7 and MyD88 are required for 

protection against West Nile Virus (WNV) (Suthar et al., 2013). TLR3 and TLR4 were found to 

restrict WNV viral replication and elucidate a strong pro-inflammatory response (Campos et al., 

2018; Suthar et al., 2013). The TLRs utilized in ZIKV pathogenesis have yet to be determined.  

IRAK proteins are recruited by MyD88 to the TLR following recognition of PAMPs 

Figure 2.10 (Guo et al., 2018). Active IRAK4 is essential to the activation of NFĸβ and MAPK; 

subsequently, IRAK1 and IRAK2 are activated. This also allows for the robust activation of 

NFĸΒ and MAPK.(Guo et al., 2018). IRAK1 also interacts with TRAF6 to activate TAK1 which 

polyubiquitinates the Iĸĸ complex and phosphorylates MAPK kinases and MAPK 

phosphorylation induces the AP-1 transcription factor (Guo et al., 2018). Taken together, the 

activation of the MyD88-dependent pathway allows for the production of inflammatory 

cytokines (Guo et al., 2018). Our results show TRAF6 and IRAK1 to be upregulated 10-fold in 

monocytes infected with PRVABC59 at 12 hours post-infection as compared to MR766 and 8 

and 6-fold in macrophages. These results suggest that the cells are effectively producing 

inflammatory cytokines to fight off the infection.  
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Figure 2.10:  Toll-like receptor signaling pathway schematic. MyD88-dependent pathways 

utilize IRAK1 and TRAF6 proteins, downstream effectors of miR-146a circled in red, to 

ultimately produce inflammatory cytokines.  Image originally found in (Guo et al., 2018). 

Reproduced with permission. 
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2.5 Summary 

The goal for this project was to determine how Zika evolved to increase its pathogenicity. 

We hypothesized that the evolution from pre-epidemic to epidemic ZIKV involves a change in 

the miRNA profile induced by these two strains which could correlate with the altered 

pathogenesis. It was also hypothesized that the pathogenesis of ZIKV is more pronounced in 

monocytes as they are the “first responders” of the innate immune system.  

Our results indicate that miR-146a is a negative regulator of immune response. At 12 

hours post-infection, monocytes infected with either MR766 or PRVABC59 are shown to have 

suppressed the expression of miR-146a (Figure 2.4B) and there is a significant difference in the 

expression levels of tested genes (Figure 2.7) as compared to the 2- and 24-hour time points. 

Monocytes infected with PRVABC59 are shown to have increased expression levels of the tested 

genes when miR-146a has been suppressed. These observations suggests that when miR-146a is 

suppressed, genes involved in the immune pathways that are regulated by miR-146a are 

expressed at higher levels to encourage the host cells to elicit an immune response. However, the 

same expression levels are not seen in monocytes infected with MR766. As a result of this study, 

we now hypothesize that there may be more than one miRNA regulator for immune response. 

Our studies also cannot conclude whether or not the pathways identified have proceeded to 

completion or if the immune response was initiated. We only evaluated a few of the genes that 

were found within three of the many pathways involved in the immune response.  
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2.6 Future Directions  

It should be noted that as soon as the viral genome is synthesized within the host cell, 

numerous pathways are initiated in an effort to fight off the infection. Here, we identify a few 

pathways that incorporate the use of the upstream regulators and downstream effectors we have 

chosen for study. Further studies elucidating the gene expression of other key proteins involved 

in a specific pathway are necessary to provide a better picture of the host cell response to ZIKV 

infection. A comparison study of a miR-146a knockdown is also important for future studies. 

Furthermore, we would like to identify the other microRNAs present at 12 hours post-infection.  
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2.7 Methods  

2.7.1 Cell Culture 

 

BHK-21, baby hamster kidney, cells were cultured in minimal essential medium (MEM) 

supplemented with 10% fetal bovine serum, 5% tryptose phosphate both, 2 mM glutamine, 50 

µg/mL gentamicin and 10 mM HEPES (pH 7.4). Newly thawed cells may be passaged up to 30 

times. Cells should be incubated at 37°C with 5% CO2 and split at a 1:3 ratio daily. Incubation at 

28°C for two to three days is permissible, but must be split at least once to recover to normal 

growth patterns before use in experiments. THP-1, human monocyte, cells were cultured in 

RPMI supplemented with 10% fetal bovine serum, 10 mM HEPES pH7.4, 1 mM sodium 

pyruvate, 2 mM glutamine, 7.5% sodium bicarbonate, β-Mercaptoenthanol. Cells are grown in 

suspension and maintained at 37°C with 5% CO2, splitting 1:10 every 4-5 days. THP-1 cells 

should be kept around 1-2 x106 cells/mL.  

 

2.7.2 Virus Titration via Plaque Assay  

Virus titer was determined by plaque assay on Vero cells monolayers in 12-well plates 

that were ~95% confluent. Ten-fold serial dilutions were made of the viral sample and 100 µl of 

the dilution was added to the monolayer. Cells were allowed to adsorb the virus for 1 hour at 

room temperature. Following infection, the viral supernatant was replaced with 1 mL of 1X 

complete MEM with 1% agarose and incubated at 37°C for about 18 h. The assays were overlaid 

with 1mL of 1X complete MEM, 1% agarose and 3% neutral red stain and incubated for 4 hours 

at 37°C, protected from light. Plaques were then counted to determine viral titer. Virus was 

titered in triplicate.  
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2.7.3 Construction of RCAS expressing miRNA vectors  

The RCASBP(A)-miR vector previously described by Chen et al. (M. Chen et al., 2007, 

2008) was utilized for ectopic miR-146a expression or for expression of a scrambled control 

sequence (SC).  This system utilizes gateway cloning technology to insert and express a miRNA 

hairpin from the retroviral LTR region.  The scrambled control sequence is expressed in the 

context of the miR-30a hairpin.  miR-146a hairpin primers were designed based on the precursor 

sequence obtained from miRBase (MI0000477).  PAGE-purified forward and reverse primers 

(Sigma) were mixed at a final concentration of 1 μM, denatured at 95°C for 20 s and annealed at 

room temperature.  The DNA fragment was then cloned into the pENTR3C-miR-SphNgo vector 

at the SphI and NgoMIV restriction sites.  To generate the RCASBP(A)-miR, an avian lentivirus 

vector, recombination between the pENTR3C-miR entry vector and RCASBP(A)-YDV gateway 

destination vector was performed using an LR clonase kit (Invitrogen). DF1 cells, a chicken 

embryonic fibroblast cell line (obtained from ATCC), were transfected with the RCAS-miR-

146a or RCAS-miR-SC vectors using Fugene 6 according to the manufacturer's instructions 

(Promega) and maintained in RPMI 1640 with 1 % FBS, L-glutamine, penicillin (100 U/ml), 

streptomycin (100 µg/ml), and fungizone (4 µg/ml), at 37°C with 5% CO2.  Infection was 

confirmed and the viruses were titered by immunofluorescence staining with the mouse 

monoclonal 3C2 antibody against the viral gag protein (Developmental Studies Hybridoma Bank 

at University of Iowa) and FITC-conjugated goat anti mouse IgG (Invitrogen).  Ectopic 

expression of miR-146a and scrambled control expression were validated using RT-qPCR.    
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2.7.4 Construction of miR-146a target site psiCHECK2 vectors 

Predicted and confirmed miR-146a human target genes were obtained from TargetScan 

(http://www.targetscan.org/vert_72/). For each potential target gene, the 3´UTR flanking the 

miRNA binding site(s) were PCR amplified from THP-1 genomic DNA using gene specific 

primers (Table 1).  Each PCR product was cloned into the 3´ UTR of the Renilla luciferase 

reporter gene in the psiCHECK-2 vector (Promega) using the NotI and XhoI restriction sites.  

The psiCHECK-2 vector contains both the Renilla luciferase reporter gene to monitor small 

RNA targeting as well as the independent firefly luciferase reporter gene to account for any 

differences in transfection efficiency.  
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Table 2.1:  Primer sequences used for psiCHECK-2 and pAbAi vector mutations. Primers were 

designed using Primer BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

 

Primers for cloning miR-146a promoter into the pAbAi vector for Y1H 

Primer Sequence 5’→ 3’ 

hsa-miR-146a_pro_KpnI-F aacggtaccagagatttggggacaggaaa 

hsa-miR-146a_pro_XhoI-R aaggctcgagTCTTGGAGAAAGAGCATCTT 

primers for cloning target sites into psiCHECK2 vector  
Primer Sequence 5’→ 3’ 

ACKR2_F_XhoI ggtaCTCGAGgtgaccaaattttggtctgg 

ATG7_F_XhoI ggtaCTCGAGactgacaaagagacctgtcc 

BAG1_F_XhoI ggtaCTCGAGaaggctgtgctgccctgaag 

CD3D_F_XhoI ggtaCTCGAGtcatgagagacagaacaaat 

CD80_F_XhoI ggtaCTCGAGtcattgtgttctctattgct 

CDKN2AIP_F_XhoI ggtaCTCGAGcttagcaagtgtgtcccagtt 

CDS1_1_F_XhoI ggtaCTCGAGaattgccagcaaaatgtctt 

CDS1_2_F_XhoI ggtaCTCGAGtagcatgtatattaaaatag 

DGKG_1_F_XhoI ggtaCTCGAGcagagtatgacctgaaggac 

DGKG_2_F_XhoI ggtaCTCGAGacaggtgaaattgattctca 

EIF4G2_F_XhoI ggtaCTCGAGcagccaaagccttaaattgt 

EIF5A2_F_XhoI ggtaCTCGAGtgattaggctgtaaaattt 

ERLEC1_F_XhoI ggtaCTCGAGaagatcattgaaagtcatga 

GRK5_F_XhoI ggtaCTCGAGcagctgttgaagctcagcgt 

HSPA4L_F_XhoI ggtaCTCGAGagacctgaaactgcttaagt 

IGSF1_F_XhoI ggtaCTCGAGctatcagtagagctagtaag 

IMPA2_F_XhoI ggtaCTCGAGctgcggctgaggcaaagctg 

PIK3CB_F_XhoI ggtaCTCGAGatgtatccaagaaagcaagc 

PIP5K1B_F_XhoI ggtaCTCGAGagatcaatatactaggtctg 

POLR3H_F_PmeI gatGTTTAAACtgcactgtgtgagcctaaga 

PSMA4_F_XhoI ggtaCTCGAGcaagagagaatggaaagaca 

SIAH2_F_XhoI ggtaCTCGAGtcaacagtaatgtttgagaa 

SNX22_F_XhoI ggtaCTCGAGgatggacacatggagctcct 

TCF21_F_XhoI ggtaCTCGAGgaaccaggagaacaaccaaa 

TRAF6_F_XhoI ggtaCTCGAGgaagagttattgctctagaa 

UBE2W_F_XhoI ggtaCTCGAGtatcatcttgtcctttaatc 

ACKR2_R_NotI atagcggccgcATTAGCCAGGCATGGTGGCA 

ATG7_R_NotI atagcggccgcGCAGGCCTTTGAAAAGTG 

BAG1_R_NotI atagcggccgcTGGAATTAGGTCACAATGAG 

CD3D_R_NotI atagcggccgcACTCCCAAGTATCTGGGACT 

CD80_R_NotI atagcggccgcCTTAAGTTGCGTCCACTTCT 

CDKN2AIP_R_NotI atagcggccgcTATTTACAACTGCTACTGTG 

CDS1_1_R_NotI atagcggccgcTTGCGAGGTCGTGACCTTCC 
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Table 2.1 (continued). 

 

CDS1_2_R_NotI atagcggccgcAATATGATTTGTTTCAGTTT 

DGKG_R_NotI atagcggccgcTATTGCTGTTGGGGTAGAAG 

EIF4G2_R_NotI atagcggccgcCATTACTAGAGGTAGAAATA 

EIF5A2_R_NotI atagcggccgcATAGGATTCTAAGATGAGAC 

ERLEC1_R_NotI atagcggccgcTGCAGAGAGCAGTTGCTATA 

GRK5_R_NotI atagcggccgcACAACAGTGGCTCCATCTAG 

HSPA4L_R_NotI atagcggccgcTCATCACCTATTGGATATAC 

IGSF1_R_NotI atagcggccgcTAATATCTACCATTTATTGA 

IMPA2_R_NotI atagcggccgcTATTGCATTCTGAAGTACTC 

PIK3CB_R_NotI atagcggccgcCATTCCAAGAGCAGCCGAAA 

PIP5K1B_R_NotI atagcggccgcCTATGATGTTGGGATTGTTT 

POLR3H_R_NotI atagcggccgcCTGCAAACAACCACGTGCCTC 

PSMA4_R_NotI atagcggccgcGACTGCTTTTACACTGAAAT 

SIAH2_R_NotI atagcggccgcAACTAGTGAATGTGGCAGAA 

SNX22_R_NotI atagcggccgcTTCACCACATCAGCCTGGCC 

TCF21_R_NotI atagcggccgcAGTCTGGCTTTAATCCACTC 

TRAF6_R_NotI atagcggccgcGATACAATGTCATCTCTCATT 

UBE2W_R_NotI atagcggccgcCAATTATTGATTGAATGGTT 
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2.7.5 Dual luciferase reporter assay 

DF1 cells were infected with either RCAS -miR-146a or RCAS-SC (M.O.I. of 1) and 

maintained in a 96-well plate in RPMI 1640 with 1 % heat-inactivated FBS, L-glutamine, 

penicillin (100 U/ml), streptomycin (100 µg/ml), and fungizone (4 µg/ml), at 37 C with 5% 

CO2.  At 3 dpi, each psiCHECK-2 target construct (100 ng) was transfected (in triplicate) into 

the DF1 cells using FuGENE 6 (Promega).  Forty-eight hours post-transfection, cells were lysed 

in Passive Lysis Buffer (Promega), firefly and Renilla luciferase activities were then assessed 

using the Dual-Luciferase Reporter Assay System (Promega) and a VictorLight 1420 

luminescence counter (PerkinElmer).  Normalized luciferase activity was calculated from the 

Renilla/firefly signal ratio.  A Student’s t-test (p < 0.05) was used to determine repression of the 

Renilla reporter gene by a given miRNA by comparing the relative luciferase activity between 

cells infected with an RCAS expressing miR-146a and the RCAS expressing the scrambled 

control sequence. The assay was independently repeated to confirm the results.  

 

2.7.6 Yeast one-hybrid system examination of regulation of miR-146a expression 

Yeast one-hybrid analyses were carried out using the Matchmaker Gold yeast one-hybrid 

system (Clontech) as directed by the manufacturer. The human miR-146a promoter sequence 

was obtained from NCBI (JX991294.1, Table 1), amplified from THP-1 genomic DNA and 

cloned into the pAbAi vector using KpnI and XhoI and sequenced.  A bait strain containing the 

miR-146a promoter cassette was generated following the manufacturer’s instructions.  Briefly, 

Y1H Gold yeast were transformed with 1µg of linearized (using BstBI) pAbAi-miR-146a-pro 

vector and yeast with positive cassette integration were selected using SD-Ura media.  Y1H 

Gold-pAbAi-miR0146a-pro yeast were then tested on SD-Ura containing a range of 
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Aureobasidin A (Aba) concentrations to determine the optimal Aba concentration for library 

screening (650ng/mL).  The cDNA library was produced from THP-1 cells: mock; 

undifferentiated THP-1 infected with Zika MR766 or Zika PRVABC59; differentiated THP-1 

(PMA) infected with Zika MR766 or Zika PRVABC59.  For cDNA production, mRNA was 

purified from 30µg of total RNA from each group using a NucleoTrap mRNA kit (Clontech).  

One microgram of mRNA from each sample was pooled, and one microgram of pooled mRNA 

was used for reverse-transcription using SMART RT (Clontech).  SMART cDNA was then used 

in long-distance PCR to produce a double-stranded cDNA library following the manufacturer’s 

instructions.  Library quality was assessed using gel electrophoresis.  The library was purified 

using a CHROMA SPIN + TE-400 column (Clontech) and concentrated (ethanol/sodium acetate 

precipitation) as directed by the manufacturer. The cDNA library (2.2µg) was transformed into 

the Y1H Gold-pAbAi-miR-146a-pro yeast following the manufacturer’s instructions and 

screened on SD-Leu media containing 650ng/mL Aba.  Positive colonies were further selected 

by re-plating (3X) on SD-Leu-650ng/mL Aba.  Approximately 5.8 million colonies were 

screened and 34 positive clones (i.e.  Aureobasidin A toxin resistant) were sequenced.  

Sequences were then mapped to the Homo sapiens refseq database (NCBI) to determine their 

identity. 

 

2.7.7 THP-1 Differentiation and Infection with ZIKV MR766 and PRVABC59 

  

THP-1 human monocytes were differentiated into MФ with phorbol-12-myristate 13- 

acetate (PMA) treatment. Suspension cells were grown to 1x 106 cells/mL and treated with 

media supplemented with 100mM/mL PMA. The treated cells were incubated for 24 hours, 

before the PMA was removed and replaced with fresh media. Differentiated cells adopt an 
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adherent phenotype. After 48 hours, cells were ready for infection. Cell suspension was spun 

down or cell monolayers were resuspended in media with virus (MOI=1) and incubated at room 

temperature for 1 hour. The viral inoculum was removed and the infected cells were incubated at 

37°C.  

 

2.7.8 RNA extraction and RT-qPCR 

 

RT-qPCR was utilized to evaluate gene expression in cells infected with the ZIKV 

strains. Virus was harvested from cells 12 hours post-infection and total RNA was extracted with 

Trizol (Thermo-Fisher) using the manufacturer’s instructions. The same amount of total RNA 

was reverse transcribed using SuperScript III Platinum SYBR Green One-Step qRT-PCR kit 

(Thermo-Fisher) or miScript II RT kit (Qiagen) according to the manufacturer’s instructions. For 

mRNAs, forward and reverse primers were designed using Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). For miR-146a, the forward primer consists 

of the mature miRNA sequence while the reverse primer was the miScript universal primer 

(Qiagen). The housekeeping genes ribosomal protein L37a (RPL37a) and the small nuclear RNA 

U6 were used for mRNA and miRNA normalization, respectively. Primer sequences are shown 

in Table 2. All RT-qPCR reactions were done on an AB 7500 Fast Dx instrument (Applied 

Biosystems). A 40 round cycle was used for amplification: 95°C, 3 s; 60°C, 30s. The 7500 Fast 

System v1.4.0 software (Applied biosystems) was used to analyze the results. 
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Table 2.2:  Primer sequences used for qRT-PCR. Primers were designed using Primer BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

 

Sequences of primers used for qRT-PCR 

Primer Sequence 5’→ 3’ 

ACKR2_fwd TGTTGGTGACCTGCACACAG 

ACKR2_rev GACGTCCTGTAGTGCTCAACT 

ATG7_fwd AGCGGCGGCAAGAAATAATG 

ATG7_rev AACCCAACATCCAAGGCACT 

BAG1_fwd GATGAATCGGAGCCAGGAGG 

BAG1_rev TGCTTCTCATTGCTGTGGGT 

CD3D_fwd ATCCTGGACCCACGAGGAAT 

CD3D_rev ACACAGCTCTGGCACATTCG 

CD80_fwd GCAGGGAACATCACCATCCA 

CD80_rev TCACGTGGATAACACCTGAACA 

CDKNAIP_fwd GGGTGCCGATACCCTCAAAA 

CDKNAIP_rev TCTTTTCTTCACCTTGGCAACC 

CDS1_fwd GTGTTTGGATTCATTGCTGCCT 

CDS1_rev AGGGCTCACATTCTGTCACG 

DGKG_fwd GGGAACTCCTCCGTCAAGTG 

DGKG_rev TTTGCGGTGAAACGTCATCC 

EIF4G2_fwd GCTGAGTTCTCGGTGAAGGTAT 

EIF4G2_rev GCGGCTTGACAACGAAGAAT 

EIF5G2_fwd TGCCAGCTGAAAGTTCCCAC 

EIF5G2_rev GCACTGCATAGGGTAAGTGC 

ERLEC1_fwd ACCAAGACAGGTGACTGTAAAACT 

ERLEC1_rev CACTGGAGATTCAACCCCAAGA 

GRK5_fwd GCGCAAAGGGAAAAGCAAGA 

GRK5_rev TCTCTGTCTATGGTCCTTCGGA 

IGF1_fwd CCCTTCTCTGCTGTGGACTG 

IGF1_rev GGAAAGTTGGTCTCTGCCCA 

PIK3CB_fwd TTACACTGTCCTGTGCTGGC 

PIK3CB_rev GTCAATGTGGAAGAGCTGGC 

PIP5KIB_fwd AAGCGACAACGTCCCGATAA 

PIP5KIB_rev TTGGCTTCCTCATCTCACCC 

POLR3H_fwd ACACCAAAGTCTCTCTAGGCT 

POLR3H_rev TCTCGTACTCCCACACCCAC 

PSMA4_fwd TCCGTGGACATCTCAGGTCT 

PSMA4_rev TGGTATAAGCGACCTTCTGGAG 

SIAH2_fwd TCCCTGTAAGTATGCCACCAC 

SIAH2_rev CAGGACATGGGCAGGAGTAG 

SNX22_fwd CGCGGATGCTGGAAGTTCAC 

SNX22_rev CTCGGAACACCATGTGGCTT 

TCF21_fwd CTGACGTGGCCCTTTATGGT 
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Table 2.2 (continued). 

 

 

TCF21_rev CGCTCCAGGTACCAAACTCC 

TRAF6_fwd GAAGGAGAGAATCAGAGCAAGTG 

TRAF6_rev GCAGTCACTTTCAGACTGGC 

MAD1L1_fwd AGGTGGAGCGGGAGAAAATG 

MAD1L1_rev CCTCACGCTCGTAGTTCCTG 

DNAAF3_fwd AGGTTCAACGTGAGCTGGG 

DNAAF3_rev CCAGCACAAAGAACTGAGGTTT 

APP_fwd GAGGTGGTTCGAGAGGTGTG 

APP_rev GGCACACTTCCCTTCAGTCA 

IL6_fwd AGAGGCACTGGCAGAAAACA 

IL6_rev TCACCAGGCAAGTCTCCTCA 

COL4A5_fwd GGAGACCAGGTCCTACAGGT 

COL4A5_rev TTGGCCTGGATTTCCCTTCT 

POLR1C_fwd ATTCTGCTAGCTGAGGTGCC 

POLR1C_rev CCCAGACGGTGAGCAAGAAT 

RBPJ_fwd GCCTGTTGTGACAGGTCATTG 

RBPJ_rev ACCTCAGCCAGTGTATCTGTAT 

CTSA_fwd GCGGGAGGAAGACTGTCAC 

CTSA_rev GGCTCGGATCATCTCTGCTC 

ITGB2_fwd GGTGCGTCCTCTCTCAGGA 

ITGB2_rev TGTGAAGTTCAGCTTCTGGCA 

IGF2R_fwd ACATATGCCAGGTGAAGCCC 

IGF2R_rev GAGATCGCCGTCTTGAAGGT 

EEF1A1_fwd AGTCTGGTGATGCTGCCATT 

EEF1A1_rev CAAAGCGACCCAAAGGTGGA 

COX_fwd ATCTGCTGTATGATCGGGGC 

COX_rev ACTCCCATCGGGCAGTTAGA 

IRAKI_fwd TCAGCTTTGGGGTGGTAGTG 

IRAKI_rev CCTCCTCTTCCACCAGGTCT 

ST5_fwd ATAATTCAGGAAGATGAGAGACTGC 

ST5_rev CTGTCCAGGTTGTGGCGAT 

STK40_fwd CGGCGAAGTGCACACAC 

STK40_rev TCTCTTGGAGCAGGATTGCG 

RPL37a_fwd ATTGAAATCAGCCAGCACGC 

RPL37a_rev AGGAACCACAGTGCCAGATCC 

miR-146a_fwd TGAGAACTGAATTCCATGGGTT 

U6_fwd GCAAATTCGTGAAGCGTTCCA 
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Appendix A 

Table of Tested Yeast 1 Hybrid Gene Hits. 

 

Gene Role 

MAD1L1 

Mitotic arrest deficient 1 like 1 

Component of the spindle-assembly 

checkpoint that prevents start of anaphase 

until all chromosomes are properly aligned at 

the metaphase plate 

DNAAF3 

Dynein Axonemal Assembly Factor 3 

Required for the assembly of axonemal inner 

and outer dynein arms  

APP 

Amyloid Beta Precursor Protein 

Cell surface receptor and performs 

physiological function on the surface of 

neurons relevant to neurite growth, neuronal 

adhesion and axonogenesis 

IL-6 

Interleukin 6 

Cytokine that function in inflammation and 

the maturation of B cells 

COL4A5 

Collagen Type 4 Alpha 5 Chain 

One of the six subunits of type 4 collagen- the 

major structural component of basement 

membranes   

POLR1C 

RNA Polymerase 1 and 3 Subunit C 

Subunit for both RNA polymerase 1 and 3 

complexes  

RBPJ 

Recombination Signal Biding Protein for 

Immunoglobulin Kappa J 

Transcriptional regulator for the Notch 

signaling pathway 

CTSA 

Cathepsin A 

Provides instruction to make cathepsin A- a 

protease  

ITGB2 

Integrin beta 2 subunit 

Subunit of integrin- cell surface proteins used 

for cell adhesion and cell-surface mediated 

signaling 

IGF2R 

Insulin Like Growth Factor 2 Receptor 

Receptor for insulin-like growth factor 2 and 

mannose 6- phosphate 

EEF1A1 

Eukaryotic Translation Elongation  

Factor 1 Alpha 1 

Enzymatic delivery of aminoacyl tRNAs to 

the ribosome 

COX7A2 

Cytochrome C Oxidase Subunit 7A2 

Catalyzes the electron transfer from reduced 

cytochrome c to oxygen  
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Appendix B 

Table of Tested Luciferase Reporter Assay Gene Hits. 

 

Gene Role 

ACKR2 

Atypical Chemokine Receptor 2 

Mediates chemokine scavenging by primary 

human trophoblasts 

ATG7 

Autophagy Related 7 

Essential for autophagy and cytoplasmic to 

vacuole transport 

BAG1 

BAG Family Molecular  

Chaperone Regulator 1  

Co-chaperone for HSP70 and HSC70 

chaperone proteins  

CD3D T-cell surface glycoprotein that plays a role in 

adaptive immune response  

CD80 

Cluster of differentiation 80 

Receptor found on the surface of various 

immune cells that leads to T and B-cell 

activation, proliferation and differentiation 

CDKNAIP 

CDKNA Interacting Protein 

Regulates the expression of CDKN1A and 

several members of the Wnt pathway. 

Required for embryogenesis of inner mass 

cell survival 

CDS1 

Phosphatidate cytidylytransferase 1 

Regulates the amount of phosphatidylinositol 

available for signaling by catalyzing the 

conversion of phosphatidic acid to CDP-

diacylglycerol. Overexpression may amplify 

cellular signaling responses from cytokines  

DGKG 

Diacylglycerol Kinase Gamma 

Reverses the normal flow of glycerolipid 

biosynthesis by phosphorylating 

diacylglycerol back to phosphatidic acid 

EIF4G2 

Eukaryotic Translation Initiation  

Factor 4 Gamma 2 

Plays a role in the switch from cap-dependent 

to IRES-mediated translation during mitosis, 

apoptosis and viral infection 

EIF5G2 

Eukaryotic Translation Initiation 

 Factor 5 Gamma 2 

mRNA-binding protein involved in 

translation elongation 

GRK5 

G Protein-Coupled Receptor Kinase 5 

Serine/threonine kinase that phosphorylates 

preferentially activated forms of a variety of 

G-protein-coupled receptors 

IGSF1 

Immunoglobulin Superfamily Member 1  

Coreceptor in inhibin signaling 

PIK3CB 

Phosphatidylinositol 4,5-bisphosphate 3-

kinase catalytic subunit beta isoform 

Subunit of the PI3K kinase – important for 

signaling pathways involving receptors on the 

outer membrane of eukaryotic cells 
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Table of Tested Luciferase Reporter Assay Gene Hits (continued). 

 

PIP5KIB 

Phosphatidylinositol 4-phosphate 

 5- kinase type-1 beta 

Participates in the biosynthesis of 

phosphatidylinositol 4,5-bisphosphate 

 POLR3H  

RNA polymerase 3 subunit H 

DNA-dependent RNA polymerase catalyzes 

the transcription of DNA into RNA using the 

four ribonucleoside triphosphates 

 as substrates 

PSMA4 

Proteasome Subunit Alpha 4 

Component of the 20S proteasome complex 

involved in the proteolytic degradation of 

most intracellular proteins 

SIAH2 

E3Ubiquitin-protein ligase 

Ligase that mediates ubiquitination and 

subsequent proteasomal degradation of  

target proteins 

SNX22 

Sorting Nexin 22 

Found in the cytoplasm and interacts with 

membrane-bound phosphatidylinositol 

 3-phospate  

 TCF21  

Transcription Factor 21 

Involved in epithelia-mesenchymal 

interaction in kidney and lung morphogenesis 

that include epithelial differentiation and 

branching morphogenesis 

TRAF6 

TNF Receptor- associated Factor 6 

TRAF proteins are associated with and 

mediate signal transduction from members of 

the TNF receptor superfamily 

IRAK1 

Interleukin 1 Receptor associated Kinase 1 

Serine/threonine kinase that associated with 

the interleukin-1 receptor upon stimulation 

ST5 

Suppression of Tumorigenicity 5 

Regulates MAPK1/ERK2 kinase to  

reduce tumorigenicity 

 STK40  

Serine/Threonine Kinase 40 

May be a negative regulator of NF-kappa-B 

and p53-mediated gene transcription 

 


