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Abstract 
Cellular detection of viral infection activates an antiviral program through the 

induction of interferons (IFN), which ultimately limit viral replication and reduce viral 

spread. This induction of IFNs is initiated by proteins that sense viral RNA, such as RIG-

I, and proteins that coordinate the resulting signaling, like its adaptor protein MAVS. 

These proteins, along with others, form a signaling pathway that is highly controlled to 

provide a fine balance between clearance of viral infection, while preventing prolonged 

or excessive IFN induction which can lead to autoimmunity. As such, the RIG-I signaling 

cascade is carefully regulated by multiple mechanisms, including post-translational 

modifications (PTMs), protein-protein interactions, and protein localization. For example, 

following sensing of viral RNA, RIG-I is ubiquitinated, leading to its activation and 

subsequent interaction with the molecular trafficking protein 14-3-3e, forming a RIG-I 

signaling complex. This interaction with 14-3-3e facilitates the relocalization of activated 

RIG-I from the cytosol to intracellular membranes where it interacts with the adaptor 

protein MAVS leading to the propagation of various signals that induce IFN. Importantly, 

while some post-translational modifications are well studied in regulation of the RIG-I 

signaling pathway and are known control many aspects of IFN induction, our current 

knowledge of the full set of regulatory mechanisms that govern the RIG-I activation 

cascade is incomplete.  

Previously, to determine novel regulators of RIG-I signaling, we identified 

proteins that relocalize to the RIG-I/MAVS signaling platform at ER-mitochondrial 

membrane contact sites. These relocalized proteins include UFL1, the E3 ligase of the 

small ubiquitin-like modification called UFM1. Similar to ubiquitination, the ufmylation 
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process conjugates a small protein (UFM1) to lysine residues of target proteins using an 

E1, E2, and E3 ligase machinery system. Further, a protease specific to ufmylation can 

remove the modification, allowing for dynamic regulation of protein function. However, in 

contrast to ubiquitin, the ways in which ufmylation regulates protein function is still 

unclear.  

While the role of well-described PTMs such as ubiquitination and phosphorylation 

have a well-respected role in the regulation of the RIG-I signaling pathway, little is known 

about how emerging ubiquitin-like modifications, such as ufmylation, regulate this 

antiviral signaling pathway. Indeed, how these newly discovered PTMs regulate protein 

function has not yet been elucidated, requiring further study. Through investigating how 

ufmylation may regulate RIG-I signaling, I found that UFL1 is essential for the induction 

of IFN following RNA virus infection using a combination of IFN reporter assays, RT-

qPCR to assess transcription, and immunoblots and ELISA to investigate protein 

expression. This regulatory role of UFL1 relies on its ability to conjugate UFM1 onto 

target proteins, leading me to hypothesize that ufmylation of proteins themselves may be 

driving signaling regulation. Indeed, altered expression of UFM1, or any of the proteins 

involved in its conjugation also positively regulated IFN. Utilizing co-immunoprecipitation 

assays, I found that following RNA virus infection, UFL1 is recruited to the membrane 

targeting protein 14-3-3e. Further, I found that this complex is then recruited to activated 

RIG-I to promote downstream innate immune signaling utilizing a series of RIG-I 

activation mutants. As I hypothesized that the primary role of UFL1 in RIG-I signaling 

regulation was through ufmylation of an interacting protein, I assessed the ufmylation 

status of 14-3-3e, and I found that 14-3-3e has an increase in covalent UFM1-
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conjugation when RIG-I activation is induced by viral infection. Additionally, loss of either 

cellular UFM1 or UFL1 expression prevents the interaction of 14-3-3e with RIG-I. The 

consequences of which are impaired RIG-I recruitment to MAVS sites at ER-

mitochondrial membranes. Indeed, I found that loss of UFM1 abrogates the interaction of 

RIG-I with MAVS via co-immunoprecipitation, and MAVS activation by oligomerization 

using semi-denaturing detergent agarose gel electrophoresis, and thus downstream 

signal transduction which induces IFN. These results reveal ufmylation as an integral 

regulatory component of the RIG-I signaling pathway and as a novel post-translational 

control for IFN induction. 

Having discovered a role for ufmylation in regulating the interaction of 14-3-3e 

with RIG-I, I hypothesized that there might be other proteins regulated by ufmylation 

during RIG-I signaling, as PTMs play a crucial role in the regulation of a multitude of 

proteins in the antiviral response pathways. Utilizing an unbiased proteomics approach, I 

profiled all the UFM1-interacting proteins during viral infection. These data revealed 

multiple proteins that display differential UFM1-interaction, including TBK1, the serine-

threonine kinase that plays a key role in the induction of IFNs. Follow-up work revealed 

that five of the top 8 proteins identified modulate IFN induction. Further studies to identify 

how ufmylation influences these proteins functions, and how their ufmylation status 

regulates their role in RIG-I signaling is needed, but this reveals a broad role for 

ufmylation as an important RIG-I pathway regulatory PTM. Further, as many intracellular 

pathogen sensing pathways share common signaling proteins, ufmylation may also 

regulate these signaling processes as well. Overall, my work has revealed a previously 
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undiscovered node of RIG-I regulation and uncovered a new class of RIG-I regulatory 

proteins that become ufmylated during the antiviral response.  
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1. Introduction  
1.1 Intracellular RNA sensing & antiviral responses 

Innate immune responses are essential to provide host protection against 

pathogens such as viruses. Further, activation of innate immunity primes adaptive 

immunity in response to viral infections, and therefor acts as a major determinant of the 

antiviral response and viral clearance (1). Regulation of these pathways is important as 

aberrant or prolonged activation can lead to interferonopathies or uncontrolled viral 

replication (2, 3). Following RNA virus infection, the innate immune response is initiated 

when the virus enters the cell and pattern recognition receptors (PRRs) sense features 

unique to viruses (pattern associated molecular patterns, PAMPS) and then interact with 

a cognate signaling adaptor protein, which organizes and directs downstream signaling 

(4, 5). These complexes activate signaling cascades which culminate in the production 

of type I & III interferons (IFNs). IFNs then trigger induction of hundreds of interferon 

stimulated genes (ISGs) that directly and indirectly limit viral replication (6). Multiple 

PRRs exist to rapidly sense viral infection and activate innate immune responses (7, 8). 

Though they sense distinct features of RNA, viruses can be sensed by multiple 

simultaneously (7). The PRRs responsible for sensing viral RNA include the retinoic 

acid-inducible gene I (RIG-I)-like receptors (RLRs), the Toll-like receptors (TLRs) and 

the NOD-like receptors (NLRs), along with the double-stranded RNA (dsRNA)-activated 

protein kinase R (PKR) (9). These sensors exist in diverse spatial compartments of the 

cell allowing detection of PAMPs regardless of entry route. Although the importance of 

PAMP detection and innate immune activation in cells has long been appreciated, recent 

advances in our understanding of innate immunity have highlighted the intricacy of the 



 

2 

regulation of these sensors, and their nuanced ability to distinguish self-nucleic acids 

from those of the invading pathogen. In particular, the cytoplasmic RLRs play an 

essential role in detecting the presence of viral RNA, and regulation of their activation 

has been the primary focus of my thesis work.  

 

1.2 RLRs sense cytosolic viral RNA and activate antiviral 
responses 

The RLRs belong to a class of DExD/H helicases and have diverse functional 

features that mediate ATP binding and hydrolysis, and RNA binding and helicase 

activity, as well as structural features that are essential to their functions in cytosolic 

PAMP detection and subsequent IFN activation. The RLRs RIG-I, melanoma 

differentiation factor 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) 

share similar structures, but the features of RNA they detect remain diverse (10). 

Following interaction with the target RNA, these proteins induce IFN production through 

their interaction with mitochondrial antiviral signaling protein (MAVS), which forms 

higher-order oligomers acting as a large platform for the assembly and activation of 

other RLR pathway members (11). These proteins include tumor necrosis factor 

receptor-associated factor (TRAF) proteins, which are ubiquitin ligases essential for full 

MAVS activation. Following this, subsequent signaling is propagated through TANK-

binding kinase 1 (TBK1) and IκB-kinase-ε (IKKε), along with the IκB kinase complex 

(IKK). TBK1, once recruited and activated, mediates phosphorylation of IKK 

phosphorylate interferon regulatory factor 3 and 7 (IRF3/IRF7) and the inhibitory subunit 

of nuclear factor kappa B (NF-κB) (IκBα), respectively (12). The phosphorylated IRFs 

translocate to the nucleus where they serve as the transcription factor for type I IFNs 
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(IFN-α and IFN-β) and type III IFNS (IFN-l) (Figure 1) (13). Type I and III IFN production 

drives autocrine and paracrine responses through their cognate receptor, which 

activates the JAK/STAT signaling pathway to ultimately induce the transcription of 

hundreds of IFN-stimulated genes (ISGs). These include many antiviral factors, which 

can inhibit viral replication in diverse ways (6, 14, 15). 

 

Figure 1: RLR sensing pathway. 

Viral RNA PAMPS (dsRNA or 5’ triphosphate dsRNA) are recognized by cytosolic 
receptors, such as RIG-I and MDA5. RIG-I is ubiquitinated (Ub) by the E3 ubiquitin 
ligases TRIM25 and Riplet. RIG-I binds to RNA via its C-terminal helicase domain and 
contains two caspase activation and recruitment domains. LGP2, another cytosolic 
receptor, can negatively or positively regulate this IFN induction. RIG-I and MDA5 can 
then interact with MAVS, which is localized at the mitochondrial-associated endoplasmic 
reticulum membrane (MAM) and form a MAVS signalosome. This then leads to 
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interaction with the kinases IKK, TBK1, and IKKε that then phosphorylate (P) the 
transcription factors IRF3 and NF-κB. This leads to their nuclear translocation and the 
transcriptional induction of IFNs and IFN-stimulated genes (ISGs). 

 

1.2.1 RIG-I 

RIG-I is essential for sensing a variety of RNA viruses including flaviviruses, 

coronaviruses, orthomyxoviruses, paramyxoviruses, and reoviruses, among others (16–

18). Through its RNA binding domain, RIG-I primarily senses PAMPs comprised of short 

double-stranded RNA (dsRNA) containing an exposed 5’-tri- or 5’-diphosphate moiety 

that are recognized as non-self or foreign RNAs. Cellular mRNA contains features that 

prevent sensing by RIG-I, including the 7-methylguanosine cap and 2′O-methylation on 

the first nucleotide (19). Indeed, the crucial role of these features is underscored by the 

fact that many viruses either encode their own machinery to cap RNA or have evolved 

ways to co-opt host processes that conjugate these modifications (20). Additionally, 

recent work has uncovered the importance of internal RNA modifications in shielding 

RNA from PRR sensing, such as N-6 methyladenosine (m6A), which can protect host 

mRNA from recognition by RIG-I, and is utilized by viruses to evade RIG-I sensing (20–

22). In addition to its RNA-binding domain, RIG-I contains two N-terminal caspase 

activation and recruitment domains (CARDs), followed by two tandem helicase domains 

(Hel1, Hel2) separated by an insertion domain (Hel2i), as well as a C-terminal repressor 

domain (RD), all of which regulate its sensing of PAMPs and subsequent IFN induction 

(23–25). Prior to RNA PAMP binding, monomeric RIG-I is maintained in an auto-

repressed state by Hel2i interacting with the second CARD, with the RD preventing RIG-

I oligomerization and CARD interaction with MAVS (24). Following RNA binding by the 

RD, a coordinated conformational change takes place where the CARD is released from 
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Hel2i allowing RIG-I to alter its conformation to a helical tetramer that is allows for its 

interaction with MAVS, which also contains a CARD domain (25–28). The CARD-CARD 

interaction of RIG-I and MAVS serves to activate the MAVS signaling platform which 

results in the recruitment of signaling proteins that ultimately serve to induce IFNs. In 

addition to this elegant structural regulation of RIG-I, its activation is also regulated by 

multiple post-translational modifications (PTMs) that serve to promote RIG-I activity via 

conformational changes and facilitating intracellular translocation. PTMs also deactivate 

RIG-I in order to terminate signaling and prevent excessive IFN production leading to 

inflammation. PTMs that modulate RIG-I signaling are discussed in detail in sections 1.4-

1.5 of this chapter. Our understanding of the nuances of RIG-I activation is still emerging 

and is of utmost importance, as these regulatory mechanisms are essential for a 

successful antiviral defense, but also to prevent aberrant RIG-I activation and 

subsequent autoimmune disorders.  

1.2.2 MDA5 

MDA5 has similar structural domains to RIG-I and likewise also signals 

downstream through MAVS, as do many of the intracellular antiviral detectors (8). 

However, MDA5 senses long dsRNA, which are common viral replication intermediates 

(29, 30). Though RIG-I and MDA5 sense viruses in a semi-redundant manner – with 

viruses such as flaviviruses, alphaviruses, coronaviruses, reoviruses, and 

paramyxoviruses often serving to dual activate the PRRs – MDA5 plays an 

indispensable role in detection of picornaviruses and caliciviruses (10). Similar to RIG-I, 

2’-O-methylation at the 5’ end of RNAs also shields from MDA5 detection (31). 

Importantly, MDA5 selectively recognizes the internal double stranded structure of 

dsRNA in a length-dependent fashion (29). The crystal structure of MDA5 bound to 
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dsRNA reveals that MDA5 stacks along dsRNA, forming filamentous structures, in a 

head-to-tail arrangement for signaling (32). Similar to RIG-I, the ATP hydrolysis activity 

of the helicase domains is required for MDA5 filament formation (32, 33). This highly 

ordered structural filament exposes the CARDs of MDA5 for interaction with the CARD 

motif of MAVS (32). MDA5 activation is also highly regulated by PTMs, for example, PP1 

dephosphorylates MDA5 CARDs, leading to MDA5 activation (34). However, little is 

known about other PTMs that may regulate MDA5 activation, such as lysine (K) 63-

linked ubiquitination (10). Additionally, the cell biology of associated host factors that 

regulate MDA5 activation is not well understood. Future studies to address these 

aspects of the regulation of MDA5 will be of interest.  

1.2.3 LGP2 

LGP2 is less well characterized than RIG-I and MDA5, but gathering evidence 

indicates that LGP2 acts as a negative regulator of RIG-I signaling and as a positive 

regulator of MDA5 signaling (35–38). LGP2 retains similar domains to the other RLRs, 

containing a helicase and RD region, however it lacks the N-terminal CARDs required 

for interaction with MAVS (8). While it has been shown that LGP2 recognizes both 

dsRNA and single-stranded RNA (ssRNA), with a preference for RNA with a 

5’triphosphate, LGP2 requires another RLR to activate downstream signaling to MAVS 

as it lacks N-terminal CARDs required for this interaction. In addition, multiple conflicting 

functions have been attributed to LGP2, including negative regulation of RIG-I (36), as 

well as negative regulation of MDA5 (39), in addition to positive regulation of MDA5 (37, 

39). Recently, LGP2 was found to regulate the binding of MDA5 to RNA and regulate 

MDA5 filament assembly for enhanced signaling activity (37). Additionally, LGP2 along 

with MDA5 was shown to play a role in the development of Aicardi-Goutières Syndrome 
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through self-RNA sensing that leads to chronic type-I IFN production (40). Therefore, it 

seems LGP2 may serve multiple, diverse functions in response to different viruses, and 

may be differentially regulated by host factors, PTMs, or both that ascribe diverse 

functions to LGP2. Further research will be required to appreciate the role and function 

of LGP2 in regulation of RNA virus sensing and downstream signaling.  

 

1.3 Type I IFN response 

While these described cytosolic PRRs recognize distinct PAMPs and activate 

different signaling pathways, they ultimately converge on the activation of the 

transcription factors like IRF3, IRF7, and NF-κB (Figure 2, left). This suggests that, 

despite requiring unique surveillance proteins to recognize diverse viral pathogens, 

ultimately, the response to these cytosolic PAMPs is very similar. IRF3, IRF7, and NF-κB 

function with the shared goal to induce cytokines, especially type I IFNs. The IFNs are 

essential for inducing ISGs which function in various ways that ultimately control viral 

replication (Figure 2, right).  
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Figure 2: Diagram of the cytosolic IFN signaling pathways. 

(Left) Following viral RNA sensing, PRRs are trafficked to MAVS signaling platforms 
which recruits signaling proteins that activate various transcription factors (TF) to 
transcriptionally upregulate type I & III IFNs. (Right) IFNs are released from the cell and 
bind to their receptor on neighboring cells, this activates the ISGF3 TF complex, which 
serves to induce ISGs.  

 

1.3.1 Activation of the IFN response 

Type I IFNs induce the upregulation of hundreds of ISGs in both an autocrine 

and paracrine fashion, and many of these genes encode antiviral effector proteins (41), 

essential for viral restriction (42, 43). This activation occurs as type I IFNs bind to their 

cognate receptor, the IFN-a/b receptor (IFNAR), composed of IFNAR1 and IFNAR2 (44–

46). Then, IFNAR engagement activates the Janus family kinases JAK1 and TYK2 (47, 

48), which phosphorylate the transcription factors STAT1 and STAT2 (49, 50). This 

allows the dimerization of STAT1 and STAT2, which, along with their co-factor, IRF9, 
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form the ISGF3 transcription factor complex (51, 52). Nuclear ISGF3 then binds to 

interferon-stimulated response elements within the promoters of ISGs to induce their 

transcription (Figure 2, right). The production of ISGs establishes an antiviral cellular 

state, in which cells are then able to restrict multiple stages of viral replication (53). 

1.3.2 ISGs establish the antiviral state 

Establishment of an antiviral state requires first, sensing of the pathogen by 

PRRs which induce IFN, and second, the IFN response which functions to upregulate 

ISGs, a specialized class of inducible proteins which display a wide variety of effects to 

protect cells and slow or abrogate viral replication (41). The total ISG population 

composes multiple classes of molecules with varying antiviral effects, and this diversity 

aids in the balance of protecting the host cells from excessive inflammation while also 

controlling viral replication (14). Indeed, the PRRs RIG-I and MDA5, while basally 

expressed, are also transcriptionally upregulated in response to IFN creating a positive 

feedback loop (54). However, most ISGs are minimally expressed or are absent during 

basal conditions (55). As there are hundreds of diverse ISGs induced during viral 

infection, their effects have been found to target nearly every stage of viral replication, 

such as ISG20, an RNA exonuclease that interferes with viral mRNA synthesis, or BST2, 

which blocks viral egress (6, 56, 57). Further, many ISGs impact viral replication through 

their host-directed functions, such as the ISG CMTR1 which catalyzes 2’-O-methylation 

at the 5’ end of RNA, including other ISGs, and the 2’-O-methylation shields these RNAs 

from self-RNA sensing by specialized surveillance proteins (58–60). However, specific 

functions are known for only a small number of ISGs, emphasizing that we are only just 

beginning to uncover how ISGs function during the antiviral response.  
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1.4 Regulation of RIG-I pathway signaling 

Aside from its autoregulation, activation of RIG-I is coordinated by a number of 

host factors. Proper activation of innate immune responses are essential to provide host 

protection against viruses and proper activation of innate immunity primes adaptive 

immunity in response to viral infections (1). As such, regulation of these pathways is 

important as aberrant activation can lead to interferonopathies or uncontrolled viral 

replication (2, 3). Multiple layers of regulation exist to modify the activation of many of 

the key innate immune signaling proteins, including RIG-I, often through relocalization, 

protein-protein interactions, and PTMs. Indeed, PTMs often serve as the master 

coordinators of this signaling cascade, their dynamic nature being essential for rapid 

redirection of protein function, often controlling the localization and differential protein-

protein interactions. Thus, PTMs serve as a mechanism to rapidly activate and 

deactivate antiviral signaling. However, the full spectrum of post-translational 

mechanisms that regulate RIG-I signaling have not yet been elucidated and are the 

focus of my thesis work. 

To ensure a rapid response to invading pathogens, RIG-I is expressed basally in 

uninfected cells. In order to maintain homeostatic conditions, multiple regulatory layers 

keep RIG-I bound in an inactive state, including the structural regulation described 

previously. In addition to its conformational inactivity, RIG-I is phosphorylated to hold it in 

its auto-repressed state. Following RNA binding, RIG-I is de-phosphorylated which 

allows for its association with ubiquitin E3 ligases Riplet and tripartite motif-containing 

protein 25 (TRIM25), which catalyze unanchored and K63-linked polyubiquitination in 

multiple domains of RIG-I (18). This ultimately allows for RIG-I to associate with its 

molecular chaperone, 14-3-3e, a trafficking protein that aids in the translocation of RIG-I, 
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along with its core regulatory host factors, to MAVS signaling sites localized at ER-

mitochondrial contact sites (MAM) (Figure 1, Figure 3) (61). Interestingly, it has recently 

been discovered that MDA5 is relocalized from the cytosol to MAVS signaling sites by 

another 14-3-3 family protein, 14-3-3h, indicting a potentially broad role for 14-3-3 

proteins during antiviral sensing (62). MAVS aids in the organization of the other key 

RIG-I pathway members from their various cellular compartments, converging at the 

MAM in order to continue downstream pathway activation and eventual IFN induction 

(11, 63, 64). For example, TRAF ubiquitin ligases are recruited to MAVS sites where 

they catalyze the ubiquitination of MAVS (65, 66). TBK1 is also recruited to the MAM 

where once activated, it phosphorylates MAVS, which allows for IRF3 recruitment (67–

69). TBK1 then phosphorylates IRF3, and activated IRF3 translocates to the nucleus 

where it serves as the transcription factor for type I & III IFNs (12, 13). Though it is well 

appreciated that these factors must be recruited to the MAM in order to propagate RIG-I 

signaling, little is understood about the mechanisms which control this intracellular 

reorganization. However, recruitment failure of any of these proteins could have 

detrimental impacts on IFN induction, indeed, it has been shown that loss of 14-3-

3e interaction with RIG-I leads to less IFN and higher viral replication for several viruses 

(61, 70–72). Additionally, multiple viruses have evolved mechanisms to subvert this 

interaction to benefit their own replication (70–72). Thus, understanding the mechanisms 

that underly recruitment of these factors to the MAM will broaden our understanding of 

host-mediated antiviral responses and could uncover novel viral immune evasion 

strategies.  
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Figure 3: Diagram of early RIG-I signaling activation. 

1) RIG-I is held in an auto-repressed state through its repressor domain and 
phosphorylated residue. 2) Following binding RNA and a slight conformational change, 
RIG-I loosely associates with its co-factors Riplet, TRIM25, and 14-3-3e. 3) RIG-I is 
ubiquitinated by RIPLET and TRIM25, 4) and translocated to the MAM by 14-3-3e where 
downstream signaling can then occur.  

 

1.4.1 Regulation by host proteins 

Host factors that modulate RIG-I function tend to regulate distinct steps of RIG-I 

activation such as dsRNA binding, oligomerization, localization, or they are proteins that 

catalyze PTMs. While RIG-I can bind RNA efficiently on its own, cofactors can aid in 

nucleic acid binding making it more efficient. For example, PACT interacts with the RIG-I 

CTD and stimulates the ATPase activity of RIG-I (73, 74). Interestingly, recent studies 

have suggested that both RIG-I and MDA5 might utilize a co-receptor in order to bind 
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their associated PAMPs. The zinc-finger protein ZCCHC3 forms a bridge between the 

RNA and the RLRs to enhance RNA binding (75). Following viral RNA binding, RIG-I 

forms a helical tetramer that aids MAVS activation by providing a template for MAVS 

oligomerization (27, 76). Intriguingly, the tetrameric conformation of RIG-I is stabilized 

through a non-covalent protein-protein interaction between RIG-I unanchored ubiquitin 

chains that are formed by Riplet.  

As mentioned, RIG-I relocalization is highly important for IFN activation. It was 

previously found that 14-3-3e, a mitochondrial trafficking protein that is a member of the 

larger protein subclass of regulatory 14-3-3 proteins, interacts with RIG-I following RNA 

binding and brings RIG-I to the MAM. Classically, 14-3-3 proteins are well characterized 

to utilize phosphorylated residues to select their cargo, however, the only 

phosphorylation sites of RIG-I were found indispensable for its 14-3-3e interaction (34, 

61, 70, 71, 77). Thus, this indicates that there are numerous other factors that govern 

RIG-I and its downstream signaling proteins that we have yet to elucidate. Indeed, 

previously in attempt to uncover some of these factors, we profiled the proteome of 

specific cell compartments to determine the factors that become relocalized to the MAM 

during infection (78). One factor, RAB1B, was later found to influence RIG-I signaling by 

acting to traffic TRAF3 to the MAM, where it can then aid in the ubiquitination of MAVS 

(66, 69, 79). These data indicate that we only are just uncovering the nuances of RIG-I 

signaling regulation.  

1.4.2 Regulation by PTMs 

RIG-I regulation by host factors is often through their ability to catalyze PTMs. 

PTMs play a highly important role at every stage of the RIG-I pathway, proving essential 

for their ability to quickly modulate protein function (80). As mentioned, prior to RNA 
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sensing, RIG-I is held in its inhibited form in part by phosphorylation of the CARD 

domain that is maintained by kinases PKC and CKII, and acetylation in the RD (81–84). 

Following viral sensing, RIG-I is dephosphorylated by PP1 and de-acetylated by HDAC6 

which allows for further RIG-I activation steps (34, 83, 84).  

Additionally, RIG-I is highly regulated by ubiquitin, which is discussed in detail in 

section 1.5. The primary types of ubiquitin which direct RIG-I function are K63-linked 

ubiquitin, which typically activates RIG-I signaling through altering protein-protein 

interactions, localization, or conformation, or through K48-linked ubiquitin, which typically 

deactivates RIG-I through proteasomal degradation (80). Indeed, the RD of RIG-I is 

subject to K63-linked polyubiquitination by the E3 ubiquitin ligase Riplet (85, 86). This 

promotes TRIM25 K63-linked ubiquitination of the RIG-I CARDs (87). Riplet is then able 

to catalyze the unanchored ubiquitin chains that non-covalently interact with RIG-I for 

oligomerization (27, 76). Mex-3 RNA Binding Family Member C (MEX3C) was recently 

identified as an additional essential E3 ubiquitin ligase that mediates K63-linked 

ubiquitination on RIG-I CARDs, and TRIM4 was found to enhance RIG-I signaling via 

K63-linked ubiquitination that is redundant with TRIM25 and Riplet, this redundancy 

highlighting the importance of non-degradative ubiquitination events (88, 89).  

Conversely, RIG-I signaling termination is also essential in maintaining host 

homeostasis and prevent excessive IFN induction (90). In part, signaling termination can 

be achieved by disrupting the stability of key regulatory molecules such as RIG-I, MAVS, 

or other host co-factors. This can be mediated by K48-linked ubiquitination, which 

classically marks proteins for proteasomal degradation. For RIG-I, E3 ligases RNF122 

and RNF125 add K48-linked ubiquitin to RIG-I, and linear ubiquitin chain assembly 

complex (LUBAC) destabilizes TRIM25 through ubiquitination as well terminating 
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downstream signaling (91–94). Further, as ubiquitination is a dynamic process, 

termination of RIG-I pathway protein signaling can also in part be achieved through 

removal of the activating K63-linked ubiquitination events in order to halt active 

signaling. De-ubiquitination enzymes ubiquitin specific peptidase 3 (USP3), USP21 and 

CYLD lysine 63 deubiquitinase (CYLD), modulate RIG-I signaling by removing K63-

polyubiquitin chains (95).  

The importance of these well-defined PTMs in regulating biological processes, 

including antiviral innate immunity, is well respected and accepted in the field. However, 

we are only beginning to understand how novel and emerging PTMs can regulate the 

functions of target proteins and how they may play a role in antiviral immune signaling. 

One of these emerging PTMs, ufmylation (discussed in section 1.6), has been the focus 

of my thesis work.  

1.4.3 Viral immune evasion of RIG-I signaling 

Viruses, by definition, require host cell machinery and co-factors to replicate and 

must evade host defenses to establish infection. Mammalian cells have evolved highly 

specialized defense mechanisms to detect and inhibit infection. However, this host 

pressure in turn stimulates rapid evolution from quickly replicating viruses from which 

has arisen countless viral immune evasion strategies.  

Viruses display a multitude of mechanisms that aid in evading host defenses 

(96). These vary from being virally focused mechanisms to the viruses directly 

antagonizing host proteins. For example, tick-borne encephalitis virus, dengue virus 

(DENV), and hepatitis C virus (HCV) can shield their dsRNA in intracellular membrane 

vesicles, hiding it from RIG-I surveillance (97–99). Additionally, viruses can bind to, 

cleave, and/or promote the degradation of the signaling proteins in the RIG-I innate 



 

16 

immune response pathway. HCV cleaves multiple proteins involved in antiviral signaling 

via the actions of its NS3-NS4A protease complex, such as the signaling adaptor MAVS, 

preventing downstream IFN signaling. The influenza A virus protein PB1 contributes to 

mitochondrial fragmentation, which disrupts the MAM and MAVS signaling(100). 

Recently, it has been found that multiple flavivirus NS3 proteins have evolved to contain 

a phosphomimetic motif that mimics a binding pattern for 14-3-3 family proteins. This 

allows the NS3 protein to compete with RIG-I or MDA5 for binding to their molecular 

trafficking proteins, 14-3-3e and 14-3-3h, respectively, stifling IFN induction (70, 71). 

Influenza A virus also has been shown to antagonize innate immune signaling through 

the 14-3-3e-RIG-I interaction, where NS1 disrupts 14-3-3e binding to RIG-I, preventing 

RIG-I translocation to MAVS (72). 

PTMs (described in detail in Section 1.5) have emerged as key regulators of IFN 

induction (80). As such, they are a natural target for viral antagonism. RIG-I undergoes 

multiple posttranslational modifications that propagate IFN induction, and relies heavily 

on K63-linked polyubiquitination for multiple steps of its early activation (27, 86, 87). 

Thus, viruses often target the E3 ligases responsible for these ubiquitination events. The 

NS1 protein of influenza A virus binds directly to TRIM25 preventing its activation (101). 

NS1 can additionally bind to Riplet, sequestering it from RIG-I, preventing ubiquitination 

at the CTD (102). Severe acute respiratory syndrome (SARS)-associated coronavirus 

encodes a de-ubiquitination enzyme, PLP, that directly removes K63-linked ubiquitin 

from RIG-I once catalyzed by its co-factors (103). Both MDA5 and RIG-I are 

constitutively phosphorylated to maintain their inactive state and are then de-

phosphorylated by PP1α and PP1γ for activation (34). However, the measles V protein 

binds to PP1α and PP1γ to prevent dephosphorylation of MDA5, maintaining its inactivity 
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(104). The various ways in which viruses evade host defenses, especially as it relates to 

PTMs, are only just being investigated. Future work defining viral evasion of host 

defenses is necessary for understanding the full breadth of viral antagonization 

mechanisms and could be important in designing novel antivirals.  

 

1.5 Emerging roles of PTMs in cellular signaling regulation 

PTMs expand the functional proteome by modulating protein function in a 

multitude of ways. While small chemical modifications to proteins like phosphorylation, 

methylation, or acetylation have long been known to alter the function of proteins, recent 

work has uncovered the expansive ubiquitin and ubiquitin-like protein (UBL) families. 

These protein-based modifications dynamically regulate proteins by altering their 

structure, protein-protein interaction, modification by other PTMs, localization, and 

stability (105–108). This section will primarily focus on ubiquitin and ubiquitin-like 

modifications, especially the class of newly discovered regulatory functions of UBLs, and 

how they impact cellular signaling pathways including RIG-I signaling.  

1.5.1 Ubiquitination 

Ubiquitin was first discovered in 1977 as a protein that formed covalent lysine-

linked peptide bonds on histone proteins (109). This sparked a large interest in the 

functional consequences of protein addition which modulates target protein function, and 

this led to the discovery that ubiquitination of substrates led to proteasomal degradation 

(110). Since then, it has been shown that ubiquitin can also be an activating regulator, 

not only just a degradation regulator (111). Indeed, ubiquitin-regulation of innate 

immunity has been a topic of immense interest during recent years where it has been 
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discovered it is essential in the modulation of innate immune signaling through altering 

protein stability, localization, or protein-protein interactions (80, 112). 

Ubiquitination of proteins is catalyzed through a series of enzymes that typically 

perform three major steps: first, ubiquitin is activated by an E1 enzymatic conjugase, 

then transferred to an E2 conjugase, and finally, an E3 ligase catalyzes the transfer of 

the charged ubiquitin to a target substrate, either directly, or by acting as a scaffold for 

the E2 and target protein to interact (113–118). Ubiquitin modification is a dynamic 

process, as de-ubiquitinating enzymes can remove the covalent modification from 

targets, recycling it for further use (119, 120). Indeed, there are over a thousand 

molecules in the cell that regulate ubiquitination, allowing a breadth of substrate 

specificity and linkage types that allow ubiquitin to regulate proteins in different ways 

(121).  

Ubiquitin itself is a seventy-six amino acid peptide, with a terminal glycine (G) 

residue that is covalently bound to the lysine residues of target proteins. Of the seventy-

six amino acids comprising a ubiquitin molecule, seven are lysine residues (K6, K11, 

K27, K29, K33, K48, K63). Importantly, all of these lysine residues can themselves be 

ubiquitinated, which allows for the formation of polyubiquitin chains (106). Additionally, 

the first methionine (M) residue of ubiquitin can be conjugated to other ubiquitin 

molecules in a head-to-tail manner creating linear M1-linked chains (122). The linkage 

type is named for the amino acid number of the linked lysine, and each type has unique 

conjugation machinery, primarily dictated by the E2 enzymes, and elicits different 

functions. Furthermore, ubiquitin can be modified by other PTMs such as 

phosphorylation, acetylation, or even other UBLs like SUMOylation, allowing for nearly 

endless linkage type combinations that can modulate protein function (106). Classically, 
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ubiquitin was thought to only regulate proteins through direct covalent addition of the 

ubiquitin moiety to the lysine residue of a target protein, however, it has recently become 

clear that ubiquitin can also form free polyubiquitin chains that interact with a protein 

transiently, without direct peptide bonding to a substrate lysine and regulate protein 

function. Indeed, the elegant tetrameric structure required for RIG-I activation is held in 

stable conformation by unlinked ubiquitin chains (27, 76). Though by far the most well 

characterized ubiquitin types as signaling regulators are K48-linked ubiquitination 

events, which mark proteins for proteasomal degradation, and K63-linked ubiquitination 

events, which typically alter protein function through non-degradative mechanism (110), 

many of these newly discovered linkage types have been recently found to be regulators 

of antiviral signaling as well and are discussed in more detail below.  

1.5.1.1 Types of ubiquitin ligases and their functions 

As mentioned, ubiquitination of target proteins generally requires a three-step 

process. First, the E1 enzyme activates the ubiquitin molecule in an ATP-dependent 

manner, forming a thioester bond between a charged cysteine on the E1 and the C-

terminus of ubiquitin. Then, the E1-ubiquitin complex interacts with the E2 enzyme, 

where ubiquitin is then transferred to a catalytically active cysteine residue of the E2. 

Finally, an E3 ligase facilitates the transfer of the ubiquitin molecule to a lysine residue of 

the target protein through an isopeptide bond with the terminal glycine of ubiquitin (95, 

106, 112). Surprisingly, there are only two ubiquitin E1 ligases that have been found to 

exist in humans, and they typically bind non-specifically with the nearly forty different E2 

ligases, which often dictate the ubiquitin linkage type. The E3 primarily confers the target 

substrate specificity, so it is unsurprising that nearly 700 have been identified so far, and 

that these are often the most well-characterized of the ligases due to their importance. 
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There are four major families of canonical E3 ligases: Really Interesting New Gene 

(RING), homologous to E6-associated protein C-terminus (HECT), U-box containing 

(UFD2 homology), and RING-in-between-RING E3 ligases (RBR). The mechanism for 

ubiquitin conjugation for each of these families is quite diverse, however, the most 

common type of E3 ligase is the RING E3 Ligase. These E3 ligases primarily act as a 

scaffold, never binding directly to the ubiquitin-moiety, but instead bringing together the 

ubiquitin-E2 complex, and the target protein for transfer. This is quite distinct form HECT 

ligases, which form an intermediate bond with the ubiquitin molecule, and then with the 

aid of a helper protein, F-box proteins which select substrates, the E3 can transfer the 

ubiquitin directly to its target. U-box ligases, or E4 ligases, work to elongate polyubiquitin 

chains, rather than directly catalyze ubiquitin to targets. RBR ligases act as a functional 

hybrid between RING E3 ligases and HECT E3 ligases, where the first RING domain 

acts as a canonical RING E3 ligase, and the second RING domain acts with the E2 to 

bring it in proximity to the substrate, where it then accepts the charged ubiquitin from the 

E2 and then catalyzes the transfer to the target protein (123–127). Interestingly, some 

newly emerging PTMs are displaying E3 ligase types that borrow different functional 

domains from each classical E3 ligases, or function in new ways, and as such, learning 

about those may uncover new mechanisms for ubiquitin addition to proteins as well.  

1.5.1.2 Ubiquitin-linkages with roles in RIG-I signaling 

In addition to K48-linked ubiquitin marking proteins for degradation, K11-, K29-, 

and K33- linked chains have also been implicated in proteasomal-dependent protein 

degradation, as treatment of cells with proteosome inhibitors leads to an accumulation of 

these types of ubiquitination events within the cell (128–130). Though K48-linked 

ubiquitin remains the primary ubiquitin type for protein destabilization generally, it has 
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been suggested that the other degradation marks are specifically utilized in certain 

signaling pathways such as cell cycle control (K11) (131), T-cell receptor signaling (K33) 

(132), or AMP-active protein kinase induction (K29, and K33) (133). However, a recent 

report has implicated K33-linked polyubiquitin chains regulating TBK1 during antiviral 

signaling, where it acts as a placeholder, effectively blocking the addition of K48-linked 

ubiquitination of TBK1 until signaling termination is reached (134). K29-linked 

ubiquitination of the influenza PB2 protein was found to be involved in promoting viral 

replication through a proteolytic-independent pathway (135) suggesting we are only just 

beginning to scratch the surface of the functional consequences of these ubiquitin 

linkage types.  

M1-linked ubiquitin chains are catalyzed by the LUBAC complex. Intriguingly, 

M1-linked ubiquitination has recently emerged as a potent regulator of antiviral signaling 

(136–138). Through the activities of its associated E3 ligases, HOIL-1 and HOIP, it has 

been found to negatively regulate RIG-I signaling through the RIG-I co-factor, TRIM25 

(92). TRIM25 is marked for proteasome-dependent degradation through this process. 

Additionally, HOIL-1 competes with TRIM25 for RIG-I binding, thereby preventing 

TRIM25-directed ubiquitination and RIG-I activation (92). M1-linked ubiquitin has also 

been shown to play a role in NFkB activation through NEMO, an IKK complex protein 

(137). As such, M1-linked ubiquitin chains are becoming established as a potent 

signaling regulator for many antiviral pathways (139).  

K63-linked ubiquitination remains one of the most potent regulators of RIG-I 

signaling. This is highlighted by the fact that de-ubiquitinases such as CYLD constantly 

surveil prior to infection, removing any K63-linked ubiquitination from key signaling 

regulators RIG-I, TBK1, and IKKe to prevent premature activation (140). Its roles in direct 
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activation of RIG-I are discussed in section 1.6 of this chapter, however, its reach is 

much broader than RIG-I alone. TBK1 K63-linked ubiquitination triggers its relocalization 

from the cytosol to MAVS sites during infection, which is essential for IFN induction, 

although the exact mechanisms of its relocalization remain unclear (68, 141). MAVS is 

modified by K63-linked ubiquitin during infection, and this promotes its oligomerization 

and recruitment of downstream molecules (79, 142, 143). These are just few of the 

many reported ubiquitin-dependent regulatory events controlling RIG-I signaling, and as 

our detection capabilities and functional verification assays become more sophisticated, 

surely the nuances of K63-mediated innate immune regulation will be further uncovered.  

Negative regulation of RIG-I signaling remains highly important in preventing 

excessive inflammation following viral infection (121). This negative regulation to 

terminate signaling is largely mediated through K48-linked ubiquitination which marks 

the signaling proteins for degradation. Both RIG-I and MAVS are both ubiquitinated by a 

promiscuous E3 ligase, RNF125 following antiviral signaling, which reduces IFN 

production (91). Interestingly, an E3 ligase called AIP4 is recruited to the MAM following 

infection, and then aids in the K48-ubiquitin-mediated degradation of MAVS, adding to 

the growing evidence of the sophistication of ubiquitin-mediated regulation of RIG-I 

signaling (144).  

1.5.2 Ubiquitin-like modifications 

Since the discovery ubiquitin in the 1970s, other protein based PTMs have 

emerged as regulators of protein function, with more being added constantly. These 

PTMs interestingly do not share much sequence homology with each other or with 

ubiquitin, however, their 3D structure is strikingly similar. As such, these modifications 

were dubbed UBLs, and all such proteins containing the canonical b-grasp fold of 
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ubiquitin can fall into this family (145). All of the proteins contained in this family also 

display glycine-to-lysine linkage of their target proteins, and are conjugated by an E1, 

E2, E3 ligase system (105). So far, the ubiquitin-like modifications that have ascribed 

functions are SUMOylation, NEDDylation, ISGylation, ATGylation/ARGylation, 

FATylation, and Ufmylation although there are other modifiers like FUBI/MNSFb, and 

Hub1 that are poorly understood and do not have an identified machinery system. In 

contrast to ubiquitin, these modifications have been found primarily to have non-

degradative roles, and typically do not form chains, with the exception of SUMOylation 

(146). Also in contrast to ubiquitination, very little is known about their roles and 

functional consequences, however, multiple have been implicated to be novel regulators 

of RIG-I signaling. 

1.5.2.1 SUMOylation 

SUMOylation is probably the most well studied ubiquitin-like modification in 

regulating the antiviral response (147, 148). Recently, it has been shown that 

SUMOylation regulates both RIG-I and MDA5 through the addition of a SUMO moiety at 

multiple residues of the proteins. This is catalyzed by TRIM38 during very early infection 

prevents the sensors from being targeted for degradation by the addition of K48-linked 

ubiquitin. Further, SUMOylation can be removed during signaling termination by 

sentrin/SUMO-specific protease 2 (SENP2) which then allows for interaction with E3 

ligases that K48-linked ubiquitin and lead to RLR degradation. Interestingly, IRF3 

SUMOylation is induced by RLR signaling, however, this modification dampens the 

induction of IFNs through IRF3 degradation (149). This disconnect in functional 

outcomes of PTM by a ubiquitin-like modification is common, indicating that we have yet 

to understand much about the dynamics of these modifications.  
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1.5.2.2 NEDDylation 

While NEDDylation is best described as being an essential activator of RBR E3 

ligases (150), it has emerging roles in regulating antiviral responses. Interestingly, it 

appears as though even minute amounts of the protein modifier, NEDD8 are sufficient to 

produce phenotypic effects, and as such, traditional siRNA-mediated knockdown 

experiments are not suitable for studying NEDDylation. A novel NEDDylation inhibitor 

was recently discovered thus allowing for expanded investigation into the effects of 

NEDDylation in the antiviral response (151). In zebrafish, it was found that blocking 

NEDDylation led to a significant downregulation of antiviral genes following infection, 

and that IRF3 was modified by NEDDylation, possibly producing this affect (152). A 

different study identified that NEDDylation of IRF3 actually prevents the binding of IRF3 

to the IFN-b promoter (151), which could be the possible mechanism conserved in 

zebrafish. Interestingly, NEDDylation is upregulated by influenza virus infection, and this 

has a pro-viral affect (153). It remains unclear if influenza virus specifically upregulates 

NEDDylation, or it is induced by antiviral signaling, although future work investigating 

how viruses co-opt non-degradative PTMs is an exciting area of study.  

1.5.2.3 FATylation 

FATylation is a UBL that is less well-characterized, both as a ubiquitin-like 

modifier and as an immune signaling regulator. Interestingly, a non-covalent interaction 

between the modifier, FAT10 and RIG-I has been implicated as a negative regulator of 

RIG-I signaling by directing RIG-I localization away from the mitochondria (154); 

however, it is unclear if this is through regulation with a RIG-I binding protein, or it has 

the ability to regulate localization itself.  
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1.5.2.4 ISGylation  

ISG15, one of the earliest interferon-stimulated genes to be identified, has 

diverse roles in RIG-I signaling. Despite also being one of the first ubiquitin-like 

modifications discovered, its definitive roles in antiviral signaling have remained 

conflicted and elusive. Interestingly, ISGylation has been reported to negatively regulate 

RIG-I through inducing its degradation (58, 155). However, ISGylation has an overall 

positive effect on IFN signaling through prolonging the activation state of both IRF3 and 

STAT1 (156, 157). A recent report found that ISGylation of MDA5 was required for its 

oligomerization-dependent activation, and that ISGylation was antagonized by a SARS-

CoV2 encoded protein (158). Interestingly, many viruses have co-opted ISGylation for 

their own benefit, where ISG15 conjugation onto a viral protein aids in their translation, 

or allows oligomeric platforms to form which aid in replication complex assembly (159–

161). Though ISGylation of the influenza NS1 protein inhibits viral infection by preventing 

its oligomerization (162), demonstrating that we still have much to learn about the 

functions of ISGylation and how its functional roles are enacted.  

1.6 Ufmylation 

Ufmylation is the newest addition to the ubiquitin-like modification family, with the 

discovery of the protein modifier, UFM1, and its associate E1 and E2 ligases, UBA5 and 

UFC1, respectively, in 2004 (163). This modification is conserved in all multicellular 

organisms, indicating that its functions are likely necessary for survival (163). UFM1, an 

85 amino acid protein must be processed prior to conjugation, removing the terminal two 

amino acids serine and cysteine to produce a mature UFM1, now with a terminal glycine 

(163). Two proteases were found to be active for ufmylation, UFSP1 and UFSP2. These 

proteases were originally thought to process UFM1 for conjugation and also remove 
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UFM1 from target proteins making ufmylation a dynamic process (164), but it was later 

found that only UFSP2 is active in humans (165). Interestingly, knockout of UFSP2 in 

human cells by us and others (166, 167) reveals no defect in UFM1 conjugation, as 

higher order UFM1-conjugates are observed via immunoblot. Indeed, deletion of UFSP2 

leads to accumulation of these higher molecular weight species and less free UFM1, 

indicating that UFSP2 primarily works to remove UFM1 from substrates for recycling. 

This suggests we do not yet understand the full dynamics of how ufmylation is 

conjugated, as the first processing enzyme has remained a mystery. However, recently, 

a group identified a previously un-annotated long isoform of UFSP1 that appears to be 

the first UFM1 processing enzyme, and further studies investigating this will be 

invaluable to understanding the regulation of ufmylation (168). As for the other 

machinery, the E3 ligase, UFL1, was later identified and characterized in 2010 (169). 

While UFM1 contains six lysine residues (K3, K7, K19, K34, K41, and K69), to date, only 

one protein has been found to be polyufmylated through a K69 linkage (165, 170) 

revealing that most likely the vast majority of ufmylation events are due to mono-

ufmylation. 

1.6.1 The ufmylation conjugation system 

UFM1 is conjugated onto target proteins through the actions of an E1, E2, and 

E3 ligase system, similar to ubiquitin and other ubiquitin-like proteins (Figure 4) (171, 

172). Further, it can be recycled from its target proteins by a UFM1 specific protease. It 

differs from ubiquitination in that only one of each type of enzyme is currently known. 

Additionally, UFM1 is thought largely to regulate proteins through a non-degradative 

manner. Interestingly, how proteins are selected for ufmylation, and how ufmylation 

broadly regulates protein function remains elusive.  
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Figure 4: The ufmylation machinery system. 

1) Pro-UFM1 is processed to remove the terminal two amino acids, forming UFM1. 2) 
UFM1 is conjugated onto the E1 ligase, UBA5, through a high-energy thioester bond. 3) 
UFM1 is then transferred to the E2, UFC1, forming another thioester bond. 4) UFL1 
facilitates the transfer of UFM1 from the E2 onto a target protein through a covalent 
glycine-lysine linkage. 5) UFM1 specific protease UFSP2 can cleave UFM1 from the 
target protein to recycle UFM1.  

 

Typically, substrate specificity for ubiquitin is dictated by the E3 ligase or E3 

ligase-associated proteins. It is unknown if the same is true for ufmylation, as we are still 

learning about the dynamics of conjugation. Indeed, UFL1, the E3 ligase for ufmylation, 

does not fit the ascribed model of any of the four main E3 ligase families. It does not 

contain any of the typical annotated domains such as a RING, PRY-SPRY, or HECT (95, 

169, 170). Though these canonical domains are absent in the UFL1 structure, we can 

make inferences on how it works based off of other characteristics. For instance, UFL1 

lacks a catalytic cysteine, which would be required for UFL1 to directly transfer UFM1 to 

a target protein if it worked similarly to a HECT or RBR type E3 ligases (95, 123, 145, 

170), suggesting it might act more like a RING or scaffold type E3 ligase, bringing 

together the target protein and the E2-UFM1 complex. Indeed, a new manuscript has 

confirmed that UFL1 acts primarily as a scaffold, and may require co-factors for the 
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ufmylation of certain proteins (165, 170). Early studies to determine the functional 

properties of the 794 amino acid UFL1 generated a series of truncation mutants to 

identify function domains (169). In this work, constructs were generated in which various 

portions of the C-terminus were deleted, 1-212, 1-452, 1-654, or where the N-terminus 

was deleted, 213-794, and 453-794. These truncations were analyzed analyzed based 

on two criteria: ability to bind to the E2 ligase, UFC1, and the ability to transfer UFM1 to 

a target substrate. The target substrate utilized was a UFL1/UFM1 interacting protein 

identified in this study, UFBP1. Interestingly, they found that the N-terminal domain 

containing amino acids 1-212 was the minimal region for E3 ligase activity, which has 

since been confirmed by us and others (167, 169, 170).  

While the ufmylation pathway does appear to be intimately linked with the 

endoplasmic reticulum (ER) in function, the localization of the ufmylation machinery has 

remained elusive. While a number of reports find that UBA5 is primarily localized to the 

cytoplasm, one study found that a small portion of the UBA5 population can be 

relocalized to the ER with the aid of certain trafficking proteins (173–175). To date, no 

studies have focused on UFC1 localization, however, the understanding the subcellular 

localization of the ufmylation machinery could be important in understanding its roles in 

diverse pathways. The localization of UFL1 has caused much debate in the field. While 

some report that UFL1 is localized to the ER (169, 176–179), we and others have found 

that UFL1 remains cytoplasmic until a stressor is encountered, such as viral infection or 

DNA damage, which triggers UFL1 relocalization to cellular sites, such as the ER-

mitochondrial membrane, or the nucleus, respectively (78, 167, 180, 181). It is clear 

however, that UFL1 localization is most likely regulated by other co-factors, and this 

might be different based on the signaling pathway activated (167, 178, 180, 181).  
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The role of UFBP1 in regulating ufmylation is also debated highly. It was first 

identified as a high-confidence UFL1-interacting protein and utilized in the initial 

characterization of UFL1 as the ufmylation E3 ligase as a highly ufmylated protein (169). 

However, since then it has been shown while UFBP1 does appear to form some type of 

lysine dependent conjugation, this is not dependent on UFL1 indicating that it is either 

not ufmylated, or there are other mechanisms for ufmylation we have yet to discover 

(178). It has been postulated that UFBP1 may play a more important role in the 

ufmylation pathway, as it does appear to be required for the formation of polyufmylated 

chains on one protein, ASC1 (165). Further, in vitro studies suggest that UFL1 is actually 

inactive on its own, and requires UFBP1 for UFM1 transfer to target proteins (170), 

however, studies in human cells will be required to determine if there are other factors 

that aid UFL1 function.  

1.6.2 Functional consequences of UFM1 addition 

Ufmylation is emerging as a post-translational modification that regulates diverse 

biological processes, including DNA repair, ER homeostasis, and even the replication of 

hepatitis A virus (166, 176, 178, 180–184). In these cases, UFL1, along with the other 

members of the ufmylation cascade, induce ufmylation of a target protein important for 

regulating these processes. It is unclear what signals induce ufmylation of target 

proteins, or why it is involved in regulating these diverse processes, but a pattern is 

emerging in which ufmylation of a target typically regulates its function by altering 

protein-protein interactions. 

Both MRE11 and histone H4 are ufmylated by UFL1 in the nucleus in response 

to DNA damage resulting in activation the key DNA repair kinase ATM (180, 181). UFL1 

also acts at the ER, where it plays a role in ER protein quality control, through ufmylation 



 

30 

of specific proteins, including ribosomal protein RPL26, to induce lysosomal degradation 

of stalled peptides and/or promote ER-phagy to prevent activation of the unfolded 

protein response (176, 178, 182, 184, 185). Hepatitis A virus translation, which occurs in 

association with the ER, also requires ufmylation of RPL26 (166). Therefore, ufmylation 

can regulate several aspects of translation. Ufmylation appears to play an important role 

in many cellular stress response pathways, and further work discovering the 

mechanisms of this regulation will be of great importance.  

 

1.7 Summary of the work presented in this dissertation 

Despite the work accomplished up to this point attempting to understand how 

innate immune signaling is regulated, our knowledge of the mechanisms controlling the 

intricately moving parts of RIG-I activation and immune signaling have yet to be 

elucidated. This has broad impacts on the outcome of viral infection, as viruses 

constantly evolve to subvert host defenses. Through my work, I have discovered a role 

for ufmylation in regulating the formation of the RIG-I relocalization complex. This 

complex formation consists of several host factors, including 14-3-3e, the molecular 

trafficking protein that relocalizes RIG-I to MAVS signaling sites. My work has uncovered 

a novel mechanism by which 14-3-3e selects RIG-I as cargo, allowing for MAVS 

interaction, and the induction of IFNs. Further, I have found that the ufmylation 

machinery all positively regulate the antiviral response, indicating that this could be a 

broadly utilized mechanism during RIG-I signaling (Figure 5). Indeed, I have found that 

there are many host proteins which become UFM1-conjugated in during viral infection in 

a RIG-I dependent manner, and a subset of those regulate IFN induction. In Chapter 2, I 

will discuss our work revealing the mechanisms by which the ufmylation machinery 
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regulates the expression of IFN and how UFM1 contributes to the antiviral response 

during RNA virus infection. In Chapter 3, I will discuss our discovery of the role of 

ufmylation in regulating early RIG-I activation through its effects on the 14-3-3e-RIG-I 

interaction and subsequent MAVS activation. In Chapter 4, I will discuss the class of 

proteins we have found to become ufmylated during viral infection. Taken together, this 

work reveals novel molecular regulators of RIG-I signaling, which has broad impacts on 

IFN induction and the antiviral response. These findings build on our understanding of 

how PTMs regulates viral infection and uncover a novel PTM pathway that is involved in 

antiviral responses. 
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Figure 5: Graphical summary of work presented in this dissertation. 

1) An RNA virus enters the cell and is sensed by RIG-I. 2) Viral infection triggers RIG-I 
ubiquitination (Ub) by TRIM25 and Riplet, and 3) ufmylation (Uf) of 14-3-3e. 4) The RIG-I 
relocalization complex, including UFL1, is translocated to the MAM for interaction with 
MAVS in an ufmylation-dependent manner. 5) MAVS recruits TRAF3 and TBK1, which 
phosphorylates IRF3. 6) IRF3 translocates to the nucleus where it transcriptionally 
induces type I & III IFNs.  
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2. Signaling from the RNA sensor RIG-I is regulated by 
ufmylation 

This chapter was adapted from a manuscript entitled “Signaling from the RNA 

sensor RIG-I is regulated by ufmylation” available in the Proceedings of the National 

Academy of Sciences (PNAS) (167). The authors are Daltry L. Snider, Moonhee Park, 

Kristen A. Murphy, Dia C, Beachboard, and Stacy M. Horner. Author contributions are as 

follows: D.L.S., D.C.B., and S.M.H. designed research; D.L.S., M.P., and S.M.H. 

performed research; D.L.S. and D.C.B. contributed new reagents/analytic tools; D.L.S., 

M.P., K.A.M., D.C.B., and S.M.H. analyzed data; and D.L.S. and S.M.H. wrote the 

manuscript with contributions from K.A.M. and D.C.B. 

2.1 Introduction 

Detection of RNA virus infection is initiated by cellular sensors such as RIG-I. 

RIG-I is a pattern recognition receptor that detects unique features of viral RNA that are 

generally absent in cellular RNA, referred to as pathogen-associated molecular patterns 

(PAMPs) (186). Sensing of viral RNA PAMPs triggers RIG-I activation and induces a 

downstream signaling cascade that ultimately results in transcriptional induction of type I 

and type III interferons (IFN) and the antiviral response (5, 18). The RIG-I signaling 

cascade is carefully regulated by multiple mechanisms, including post-translational 

modifications that influence specific protein-protein interactions that can result in 

changes in protein localization to mediated signaling (18, 80). For example, following 

sensing of RNA PAMPs, RIG-I undergoes K63-linked polyubiquitination in order to 

transition to its fully active conformation, which promotes its interaction with the 

molecular trafficking protein 14-3-3e (61, 85, 87, 187). 14-3-3e facilitates the recruitment 
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of activated RIG-I from the cytosol to intracellular membranes where it interacts with 

MAVS (61, 70, 71), which assembles other RIG-I pathway members to transduce the 

signals that induce IFN (61, 64). Importantly, many RNA viruses, including influenza A 

virus and some flaviviruses (dengue virus, Zika virus, and West Nile virus), prevent the 

interaction of RIG-I with 14-3-3e to limit IFN induction and evade the antiviral response 

(70–72).  

In addition to RIG-I, a number of signaling proteins must be recruited to MAVS in 

order to propagate downstream IFN induction. Previously, we identified proteins that 

move to MAVS signaling sites at mitochondrial-associated endoplasmic reticulum (ER) 

membranes (MAM) during RNA virus infection (63, 78). These proteins likely aid in 

spatial organization of RIG-I pathway proteins during viral infection and include the 

GTPase RAB1B, which plays a role in recruiting TRAF3 to MAVS (188). In addition to 

RAB1B, we identified other proteins recruited to the MAM upon RIG-I signaling 

activation, one of which was UFL1 (referred to in our previous publication as KIAA0776) 

(78). UFL1 is an E3 ligase for UFM1, which is a ubiquitin-like modification of 85 amino 

acids. The process of ufmylation conjugates UFM1 covalently to lysine residues of target 

proteins through a process called ufmylation, which is similar to ubiquitination in that it 

also uses an E1, E2, and E3 ligase conjugation system (UBA5, UFC1, and UFL1; see 

Figure 4). UFM1 is removed by the UFSP2 protease (163, 164, 169, 171, 189). The 

consequence of UFM1 addition to proteins is not fully understood, but the literature 

supports the idea that it can promote protein-protein interactions to regulate a number of 

biological processes (165, 166, 176, 178, 180, 181, 183, 190–193). Here, I uncover a 

role for ufmylation in regulating RIG-I activation. I found that the cellular proteins that 

catalyze ufmylation all promote RIG-I-mediated induction of IFN including the E3 ligase 
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UFL1 and the protein-tag itself, UFM1. Further, I found that this signaling regulation is 

dependent on the ufmylation activity of UFL1. Indeed, through broadly profiling the virally 

induced transcriptome, I found that UFM1 was required for the induction of the antiviral 

response. Thus, ufmylation can regulate RIG-I activation and downstream signaling of 

the intracellular innate immune system.  

 

2.2 Results 

2.2.1 The ufmylation E3 ligase, UFL1, promotes RIG-I signaling 

Having found that the E3 ligase of ufmylation UFL1 is recruited to MAVS 

signaling sites at the MAM in response to RIG-I signaling (78), I wanted to determine if 

UFL1 regulates RIG-I signaling. To test this, I measured induction of the IFN-β promoter 

following UFL1 overexpression using an IFN-β promoter luciferase reporter assay (194) 

and found that UFL1 increased activation of the IFN-β promoter, similar to that of RIG-I 

expression, in a dose-dependent fashion in response to infection with Sendai virus 

(SenV) (Figure 6A). SenV is a murine paramyxovirus that specifically activates RIG-I 

(195). In support of UFL1 enhancing RIG-I signaling specifically, exogenous expression 

of UFL1 also increased IFN-β promoter activity in response to transfection of 293T cells 

with a known RIG-I immunostimulatory RNA from hepatitis C virus (PAMP; Figure 6B) 

(196). However, UFL1 overexpression in 293T cells did not lead to increased induction 

of IFN-stimulated genes (ISG), such as ISG56 or ISG15, in response to exogenous IFN-

β treatment, which bypasses RIG-I signaling and IFN induction, indicating that UFL1 

primarily regulates IFN induction and not the IFN response (Figure 6C). Next, I depleted 

UFL1 by siRNA in two different cell types and measured SenV-induced activation of the 

RIG-I pathway. Depletion of UFL1 in primary neonatal human dermal fibroblasts 
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(NHDFs) reduced the SenV-mediated induction of both IFNB1 and IFNL1 transcripts, as 

measured by RT-qPCR (Figure 6D), as well as production of IFN-β protein, as measured 

by an enzyme-linked immunosorbent assay (ELISA) (Figure 6E). Depletion of UFL1 in 

293T cells resulted in decreased phosphorylation of IRF3, a transcription factor for both 

type I and III IFNs, while exogenous expression of an siRNA-resistant UFL1 restored 

SenV-mediated IRF3 phosphorylation (Figure 6F). Together, these data indicate that 

UFL1 positively regulates RIG-I signaling. 
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Figure 6: The ufmylation E3 ligase, UFL1, promotes RIG-I signaling.  

A) IFN-β-promoter reporter luciferase expression (rel. to CMV-Renilla) from 293T cells 
expressing vector, Flag-UFL1, or Flag-RIG-I, followed by mock or SenV infection (18 h). 
B) IFN-β-promoter reporter luciferase expression (rel. to CMV-Renilla) from 293T cells 
transfected with vector (Vec) or Flag-UFL1, followed by mock or HCV PAMP RNA 
transfection (24 h). C) B) RT-qPCR analysis (rel. to GAPDH) of RNA extracted from 
293T cells transfected vector or Flag-UFL1 that were treated with IFN-β (18 h). D) RT-
qPCR analysis (rel. to 18S) of RNA extracted from primary neonatal human dermal 
fibroblasts (NHDFs) transfected with either siCTRL or siUFL1 followed by mock or SenV 
infection (8 h). E) ELISA for IFN-β of supernatants harvested from NHDFs transfected 
with siCTRL or siUFL1 and infected with SenV for the indicated times. F) Immunoblot 
analysis of p-IRF3 following siRNA transfection along with expression of vector or Flag-
UFL1siR, which has point mutations in the siRNA seed sequence. Quantification of p-
IRF3/Tubulin is shown on the right. For A) mean -/+ SD, n=3 technical replicates and 
representative of n=3 independent experiments. For all others, mean -/+ SEM, n=3 
biological replicates. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 determined by two-way 



 

38 

ANOVA followed by Šidák’s multiple comparisons test (B), Student’s t-test (C-D, F), one-
way ANOVA followed by Šidák’s multiple comparisons test (E). 

 

2.2.2 The ufmylation activity of UFL1 drives RIG-I signaling regulation 

To define the domains of UFL1 that regulate RIG-I signaling, I expressed a series 

of previously described UFL1 truncation mutants and measured SenV-mediated 

activation of the IFN-β promoter in a luciferase reporter assay (169). The ability of UFL1 

to transfer UFM1 to a target protein has been suggested to require the first 212 amino 

acids of the protein, as this domain interacts with the E2 conjugase for ufmylation, UFC1 

(169). The wild-type (WT) UFL1 (aa 1-794), as well as the C-terminal deleted mutants of 

UFL1, aa 1-212 and aa 1-452, which all have reported ufmylation activity (169), 

stimulated SenV-medicated induction of the IFN-β promoter (Figure 7A). Interestingly, 

the N-terminal deleted mutant of UFL1 aa 213-794, which does not have reported 

ufmylation activity, also induced signaling, while the N-terminal deleted UFL1 mutant aa 

453-794 did not (Figure 7A). To measure UFL1 conjugation activity in my hands, I 

quantified the formation of higher molecular weight UFM1-conjugates by immunoblotting. 

The 10 kDa UFM1 protein is known to be conjugated to a number of proteins, including 

the highly abundant RPL26 (176, 183). Indeed, my analysis of the higher molecular 

weight UFM1-conjugates induced by these UFL1 constructs revealed differential 

abundance of these UFM1-conjugates. Specifically, UFL1 WT, aa 1-212, aa 1-452, and 

aa 213-794 of UFL1 all retain full ufmylation activity, while aa 453-794 of UFL1 does not 

(Figure 7B). Thus, taken together, this reveals that the ufmylation activity of UFL1 is 

required to promote RIG-I signaling that results in the induction of IFN. 
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Figure 7: The ufmylation activity of UFL1 drives RIG-I signaling regulation. 

A) Relative IFN-β-promoter reporter luciferase expression (rel. to CMV-Renilla) from 
293T cells expressing indicated constructs followed by mock or SenV infection (12-18 h), 
with results graphed as relative SenV fold change for each. B) Quantification of 
immunoblots from 293T cells expressing HA-UFM1, and either vector or indicated Flag-
UFL1 represented as the ratio of UFM1 conjugates (approximately 25-50 kDa) to total 
protein expression in each lane with vector set to 100. Graph indicates the mean -/+ 
SEM for n=3 biological replicates. *p ≤ 0.05 and **p ≤ 0.01 as determined by one-way 
ANOVA followed by Dunnett’s multiple comparisons test.  
 

2.2.3 The ufmylation machinery proteins positively regulate RIG-I 
signaling 

As I determined that the ufmylation activity of UFL1 is important for its role in 

RIG-I signaling, I hypothesized that UFM1 and the proteins required for UFM1 

conjugation would also be required to promote this signaling. Similar to my results with 

UFL1, overexpression of UFM1 increased SenV-mediated activation of the IFN-β 

promoter, resembling the magnitude of induction seen with RIG-I, in a dose-dependent 

fashion (Figure 8A). Conversely, the activation of the IFN-β promoter in response to 

SenV was significantly abrogated in 293T cells in which UFM1 was deleted by 

CRISPR/Cas9, as compared to WT 293T cells (Figure 8B). Importantly, this signaling 

was restored upon exogenous expression of UFM1 (Figure 8B). The absence of UFM1 

expression also prevented the induction of IFN-β protein in response to SenV infection, 

as measured by ELISA (Figure 8C). The process of ufmylation has 5 steps (Figure 8D). 
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First, UFM1 is processed to expose the terminal glycine residue. Then, this mature 

UFM1 is added to the target protein by the actions of UBA5, which acts as an E1 

conjugase for UFM1; UFC1, the E2 conjugase; and UFL1, the E3 ligase (171). Finally, 

the UFSP2 protease removes UFM1, which enables recycling of mature UFM1 (164). I 

found that exogenous expression of each of the proteins involved in UFM1 conjugation, 

including the UFSP2 protease, positively regulated SenV-mediated induction of the IFN-

β promoter (Figure 8E). Conversely, the induction of IFNB1 by SenV was abrogated in 

293T cells in which UFSP2 was deleted by CRISPR/Cas9, similar to that seen upon 

UFM1 KO. Interestingly, I observed an increase in UFM1-retention by an ufmylated 

protein and a decrease in free UFM1 in the UFSP2 KO cells via anti-UFM1 immunoblot, 

suggesting UFSP2 may serve to primarily to increase the pool of available mature UFM1 

for conjugation (Figure 8F). These results reveal that the proteins which catalyze 

ufmylation and the UFM1 modification itself promote RIG-I signaling. 
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Figure 8: The ufmylation machinery proteins positively regulate RIG-I signaling. 

A) IFN-β-promoter reporter luciferase expression (rel. to CMV-Renilla) from 293T cells 
expressing vector, Flag-UFM1, or Flag-RIG-I followed by mock or SenV infection (18 h) 
or in B) WT or CRISPR/CAS9 UFM1 KO 293T cells transfected with vector (Vec) or 
Flag-UFM1 (for KO), followed by mock or SenV infection (18 h). C) ELISA for IFN-β of 
supernatants harvested from WT or CRISPR/CAS9 UFM1 KO 293T cells that were 
SenV infected (18 h). D) Diagram of UFM1 conjugation. E) Relative IFN-β-promoter 
reporter luciferase expression (rel. to CMV-Renilla) from 293T cells expressing indicated 
constructs followed by mock or SenV infection (18 h), with results graphed as relative 
SenV fold change for each. F) RT-qPCR analysis (rel. to GAPDH) of RNA extracted from 
293T WT, UFM1 KO or UFSP2 KO with either mock or SenV infection (18 h). For A) 
mean -/+ SD, n=3 technical replicates and representative of n=3 independent 
experiments. For all others, mean -/+ SEM, n=3 biological replicates. *p ≤ 0.05, **p ≤ 
0.01, and ***p ≤ 0.001 determined by two-way ANOVA followed by Tukey’s multiple 
comparisons test (A-B), Student’s t-test (C), or one-way ANOVA followed by Dunnett’s 
multiple comparisons test (E, F). 
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2.2.4 UFM1 is required for the RIG-I-driven transcriptional response 

After establishing that ufmylation promotes RIG-I activation, and in turn IFN 

expression, I next broadly measured the impact of ufmylation upon the transcriptional 

response to RIG-I signaling. Using RNA-sequencing, I analyzed gene expression in 

either WT or UFM1 KO 293T cells, following mock or SenV infection (Table 1.1; Table 

1.2). Gene set enrichment analysis (Table 2.1; Table 2.2) of the transcripts significantly 

reduced (adjusted P<0.01) by UFM1 KO in the absence of viral infection revealed 

previously described pathways regulated by ufmylation such as cytosolic ribosomes, 

ribosome assembly, and hematopoiesis (Figure 9A; Table 2.1) (176, 182, 183, 192). 

Following viral infection, the top 10 gene categories negatively impacted by UFM1 KO, 

with a darker red color indicating more downregulation, were all related to the antiviral 

response, such as response to type I IFN and defense against virus (Figure 9B; Table 

2.2). Indeed, of the top 50 most downregulated pathways impacted by UFM1 KO during 

infection, the majority were related to innate immune signaling or viral replication (Table 

2.2), while upregulated gene categories were more diverse (Table 2.3; Table 2.4). Of the 

genes differentially expressed during UFM1 KO in response to SenV (adjusted P<0.01), 

the majority are downregulated (Figure 9C). Indeed, these downregulated genes 

included IFNB1 and IFNL1, as well as other known ISGs (in red) (197) (Figure 9C; 

Figure 9D). These data are consistent with a model in which ufmylation-mediated 

regulation of IFN induction has broad consequences on genes induced by the IFN 

response. 
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Figure 9: UFM1 is required for the RIG-I driven transcriptional response.  

RNA-seq analysis of WT versus UFM1 KO 293T cells showing the gene set enrichment 
analysis (top 10 categories) of negatively regulated differentially expressed genes 
represented by normalized enrichment score to identify gene ontology terms and 
pathways associated with altered gene expression for each of the comparisons 
performed in A) mock or B) SenV-infected (18 hours) 293T cells represented by 
normalized enrichment score (UFM1 KO / WT). C) Volcano plot of differentially 
expressed genes (adj P<0.01) shown in grey, with ISGs shown in red, in SenV-infected 
293T cells (UFM1 KO / WT). D) Heatmap of the effect of UFM1 KO on the fold change of 
the 50 most induced IFN and ISGs (UFM1 KO / WT) following SenV infection (adj 
P<0.01). 
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Table 1: Differential expression analysis from RNA-seq analysis for UFM1 KO / WT 
293T cells. 

Table 1.1: UFM1 KO / WT Mock 
Table 1.2: UFM1 KO / WT SenV (18 h) 
Due to size, this table has not been included in this document. It can be downloaded 
from this link: Dataset 1 

 

Table 2: Gene Set Enrichment Analysis for UFM1 KO / WT 293T cells. 

Table 2.1: UFM1 KO / WT Mock- negative direction 
Table 2.2: UFM1 KO / WT SenV (18 h)- negative direction 
Table 2.3: Table S2.3 UFM1 KO / WT Mock- positive direction 
Table 2.4: UFM1 KO / WT SenV (18 h)- negative direction 
Due to size, this table has not been included in this document. It can be downloaded 
from this link: Dataset 2 

 

2.3 Conclusions 

Regulation of RIG-I activation and downstream signaling is essential for proper 

induction and termination of IFN. Indeed, PTMs play a crucial role in this regulation, 

guiding nearly every step of the antiviral response, both in activation and deactivation of 

signaling, contributing to the delicate balance required for exact execution of IFN 

production. Here, I show that both UFL1 and the process of ufmylation promote RIG-I 

pathway signaling that leads to IFN induction, uncovering an important step in the 

activation of the RIG-I pathway. Further, I found that the ufmylation activity of UFL1 is 

required for this signaling regulation, providing evidence for a new type of PTM in 

regulating RIG-I signaling.  
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2.4 Materials and Methods 

2.4.1 Cell lines, viruses, and treatments. 

Neonatal human dermal fibroblast (NHDF) cells and embryonic kidney 293T cells 

were grown in Dulbecco’s modification of Eagle’s medium (DMEM; Mediatech) 

supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 1X minimum 

essential medium non-essential amino acids (Thermo Fisher Scientific), and 25 mM 

HEPES (Thermo Fisher Scientific) (cDMEM). 293T (CRL-3216) were obtained from 

American Type Culture Collection (ATCC), NHDF cells (CC-2509) were obtained from 

Lonza. All cell lines were verified as mycoplasma free by the LookOut Mycoplasma PCR 

detection kit (Sigma). SenV Cantell strain was obtained from Charles River Laboratories 

and used at 200 hemagglutination units/mL (HAU). SenV infections were performed in 

serum-free media (30 minutes to 1 hour), after which complete media was replenished. 

IFN-β (PBL Assay Science) was added to cells at a concentration of 50 units/mL in 

cDMEM for 18 hours. 

2.4.2 Plasmids. 

The following plasmids have been previously described: pEF-TAK-Flag, pEF-

BOS-Flag-RIG-I (62), pIFN-β-luc (64), pCMV-Renilla (Promega), pX459 (Addgene 

#62988). pLJM1_Flag-UFM1 was a gift from Drs. Craig McCormick and John Rohde at 

Dalhouise University. The following plasmids were generated by insertion of PCR-

amplified fragments into the NotI-to-PmeI digested pEF-TAK-Flag using InFusion cloning 

(Clontech): pEF-TAK-Flag-UFL1 (GenBank: BC036379; GeneID: 23376), pEF-TAK-

Flag-UBA5 (NM_024818.6), pEF-TAK-Flag-UFC1 (NM_016406.4), pEF-TAK-Flag-

UFSP2 (NM_018359.5), pEF-TAK-Flag-UFL1 1-212, pEF-TAK-Flag-UFL1 1-452, pEF-

TAK-Flag-UFL1 213-794, and pEF-TAK-Flag-UFL1 453-794. pEF-TAK-Flag-UFL1siR 
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was generated using site-directed mutagenesis. To generate the CRISPR guide RNA 

plasmids px459-UFM1-E2, px459-UFM1-B, and px459-UFSP2 sgRNA oligonucleotides 

were annealed and inserted into the BbsI-digested pX459 (30, 66). The plasmid 

sequences were verified by DNA sequencing. 

2.4.3 Generation of RNA PAMP. 

Annealed oligonucleotides containing the sequence of the HCV 5’ppp poly-U/UC 

region (34) were in vitro transcribed using the MEGAshortscript T7 transcription kit 

(Ambion) followed by ethanol precipitation, with the resulting RNA resuspended at 1 

μg/μL. 

2.4.4 Transfections. 

DNA transfections were performed using FuGENE6 (Promega) or TransIT-LT1 

(Mirus Bio). RNA PAMP transfections were done using the TransIT-mRNA Transfection 

kit (Mirus Bio). The siRNA transfections were done using Lipofectamine RNAiMax 

(Invitrogen). siRNAs directed against UFL1 (Qiagen-SI04371318), or non-targeting 

AllStars negative control siRNA (Qiagen-1027280) were transfected into 293T cells (25 

pmol of siRNA; final concentration of 0.0125 µM) or NHDF cells (250 pmol of siRNA; 

final concentration of 0.25 µM). Media was changed 4-24 hours post-transfection, and 

cells were incubated for 36-48 h post-transfection prior to each experimental treatment. 

IFN-β-promoter luciferase assays were performed as previously described at 18-24 

hours post treatment and normalized to the Renilla luciferase transfection control (33).  
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2.4.5 ELISAs. 

IFN-β ELISAs were performed using Human IFN-beta DuoSet (R&D Systems) 

with supernatants collected from cultured cells.  

2.4.6 Generation of cell lines. 

UFM1 and UFSP2 KO 293T cells were generated by CRISPR/Cas9, using two 

guides targeting exon 2 and 3 (UFM1) or a single guide targeting exon 6 (UFSP2), 

similar to others, as we have done previously. Single cell clones were validated via anti-

UFM1 or anti-UFSP2 immunoblot and genomic sequencing, with one clone used here 

(15, 30).  

2.4.7 RNA analysis. 

Total cellular RNA was extracted using the RNeasy Plus mini kit (Qiagen). RNA 

was then reverse transcribed using the iScript cDNA synthesis kit (BioRad), as per the 

manufacturer’s instructions. The resulting cDNA was diluted 1:3 in ddH2O. RT-qPCR 

was performed in triplicate using the Power SYBR Green PCR master mix (Thermo-

Fisher) and QuantStudio 6 Flex RT-PCR system.  

2.4.8 RNA-seq. 

WT and UFM1 KO 293T cells were mock or SenV-infected (18 h) and harvested 

in biological duplicate, followed by total RNA extraction via TRIzol reagent (Thermo 

Fisher Scientific). Sequencing libraries were prepared using the KAPA Stranded mRNA-

Seq Kit (Roche) and sequenced on an Illumina Novaseq 6000 with 50 bp paired-end 
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reads (>20 million reads per sample) in an S1 flow cell by the Duke University Center for 

Genomic and Computational Biology.  

RNA-seq data was processed using the TrimGalore toolkit (67) which employs 

Cutadapt (68) to trim low-quality bases and Illumina sequencing adapters from the 3’ 

end of the reads. Only reads that were 20nt or longer after trimming were kept for further 

analysis. Reads were mapped to the GRCh38v93 version of the human genome and 

transcriptome (69) using the STAR RNA-seq alignment tool (70). Reads were kept for 

subsequent analysis if they mapped to a single genomic location. Gene counts were 

compiled using the HTSeq tool (71). Only genes that had at least 10 reads in any given 

library were used in subsequent analysis. Normalization and differential expression 

analysis was carried out using the DESeq2 (72) Bioconductor (73) package with the R 

statistical programming environment. The false discovery rate was calculated to control 

for multiple hypothesis testing. Gene set enrichment analysis (74) was performed to 

identify gene ontology terms and pathways associated with altered gene expression for 

each of the comparisons performed. All RNA-seq data are deposited in the GEO 

database under GSE186287. 

2.4.9 Immunoblotting. 

Cells were lysed in a modified radioimmunoprecipitation assay (RIPA) buffer (10 

mM Tris [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, and 1% Triton X-100) 

supplemented with protease inhibitor cocktail (Sigma) and Halt Phosphatase Inhibitor 

(Thermo-Fisher), and post-nuclear lysates were isolated by centrifugation. Quantified 

protein (between 5 -15 μg) was resolved by SDS/PAGE, transferred to nitrocellulose or 

polyvinylidene difluoride (PVDF) membranes in a 25 mM Tris-192 mM glycine-0.01% 

SDS buffer. Membranes were stained with Revert 700 total protein stain (LI-COR 
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Biosciences) and then blocked in 3% BSA in Tris-buffered saline containing 0.01% 

Tween-20 (TBS-T). After washing with PBS-T or TBS-T (for phosphoproteins) buffer, 

following incubation with primary antibodies, membranes were incubated with species-

specific horseradish peroxidase-conjugated antibodies (Jackson ImmunoResearch, 

1:5000) or fluorescent secondaries (LI-COR Biosciences), followed by treatment of the 

membrane with Clarity Western ECL substrate (BioRad) and imaging on a LICOR 

Odyssey FC. The following antibodies were used for immunoblotting: R-anti-SenV (MBL, 

1:1000), M-anti-Tubulin (Sigma, 1:1000), R-anti-GAPDH (Cell Signaling Technology, 

1:1000), R-anti-p-IRF3 (Cell Signaling Technology, 1:1000), R-anti-IRF3 (Cell Signaling 

Technology, 1:1000), R-anti-UFL1 (Novus Biologicals, 1:1000), R-anti-UFM1 (Abcam, 

1:1000), M-anti-Flag M2 (Sigma, 1:1000), anti-Flag-HRP (Sigma, 1:1000-1:5000), R-

anti-Flag (Sigma, 1:1000).  

3.4.9 Quantification of immunoblots. 

Immunoblots imaged using the LICOR Odyssey FC were quantified by 

ImageStudio software, and raw values were normalized to relevant controls for each 

antibody.  

3.4.10 Statistical analysis. 

Student’s unpaired t-test, one-way ANOVA, or two-way ANOVA were 

implemented for statistical analysis of the data followed by appropriate post-hoc test (as 

indicated) using GraphPad Prism software. Graphed values are presented as mean ± 

SD or SEM (n = 3 or as indicated); *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. 
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3. Ufmylation regulates IFN induction through RIG-I 
membrane targeting 

This chapter was adapted from a manuscript entitled “Signaling from the RNA 

sensor RIG-I is regulated by ufmylation” available as a preprint (167). The authors are 

Daltry L. Snider, Moonhee Park, Kristen A. Murphy, Dia C, Beachboard, and Stacy M. 

Horner. Author contributions are as follows: D.L.S., D.C.B., and S.M.H. designed 

research; D.L.S., M.P., and S.M.H. performed research; D.L.S. and D.C.B. contributed 

new reagents/analytic tools; D.L.S., M.P., K.A.M., D.C.B., and S.M.H. analyzed data; 

and D.L.S. and S.M.H. wrote the manuscript with contributions from K.A.M. and D.C.B. 

3.1 Introduction 

 Following the binding of RIG-I to non-self RNA, it interacts with several host 

proteins to facilitate its activation, localization to the MAM, and interaction with MAVS. 

These proteins include the E3 ligases for lysine (K63-linked ubiquitin Riplet and TRIM25 

(27, 85, 87), as well as the molecular trafficking protein 14-3-3e. In particular, 14-3-3e is 

required for RIG-I recruitment from the cytosol to MAVS signaling sites at intracellular 

membranes (61, 63, 85, 87); however, the mechanism underlying how 14-3-3e selects 

RIG-I as cargo has yet to be elucidated. Having uncovered that ufmylation promotes 

RIG-I signaling, I found that following RNA virus infection UFL1 interacts with both RIG-I 

and the molecular trafficking protein 14-3-3e, and that 14-3-3e undergoes ufmylation. 

Further, similar to RIG-I, UFL1 is recruited to intracellular membranes following RNA 

virus infection. Importantly, loss of ufmylation prevents the interaction of 14-3-3e with 

RIG-I, which results in decreased MAVS activation and IFN induction in response to 

RNA virus infection. 
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3.2 Results 

3.2.1 UFL1 is recruited to intracellular membranes and interacts with 
14-3-3e and RIG-I during RNA virus infection 

Using a subcellular membrane fractionation assay (198), I confirmed that UFL1 

increases its association with intracellular membranes in response to SenV, similar to 

RIG-I (Figure 10A; compare fraction #1, which has Cox-I and no GAPDH, with fractions 

#6-8, which are enriched for the cytosolic protein GAPDH) (61, 72). This finding is 

consistent with our previous report that UFL1 is recruited to the MAM in response to 

either SenV or hepatitis C virus replication (78), suggesting that UFL1 recruitment occurs 

prior to MAVS activation, as MAVS is cleaved by the HCV NS3-NS4A protease (199–

202). As the recruitment of RIG-I to intracellular membranes is known to require 14-3-3e, 

and, as both UFL1 and UFM1 have been shown to interact with 14-3-3e (169), I 

hypothesized that UFL1 may interact with 14-3-3e to promote the IFN induction that we 

had observed in response to RNA virus infection. Thus, I first determined if the 

interaction of UFL1 with 14-3-3e is increased in response to RIG-I activation by SenV by 

performing co-immunoprecipitation. I found that Myc-14-3-3e did co-immunoprecipitate 

with Flag-UFL1, as reported previously (169), and that this interaction was increased by 

SenV infection (Figure 10B). Interestingly, the interaction of UFL1 with RIG-I also 

increased following SenV, both upon over-expression and at the level of the endogenous 

proteins (Figure 10C; Figure 10D). As RIG-I undergoes a series of modifications to 

become fully active (Figure 3) (80, 186), I next used a panel of RIG-I mutants to define 

which stage of RIG-I activation promotes interaction with UFL1. These mutations prevent 

the distinct steps of RIG-I activation such as RIG-I binding to RNA (K888/907A), 
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interacting with TRIM25 (T55I), or ubiquitination by Riplet and TRIM25 (K172/788R) (86, 

87, 203). The interaction of UFL1 with RIG-I was significantly impaired by each of these 

mutations, suggesting that UFL1 regulates RIG-I function after it binds RNA and 

becomes ubiquitinated (Figure 10E). As this is the same step of activation at which 14-3-

3e binds to RIG-I to promote its translocation to intracellular membranes (61), I next 

tested the ability of UFL1 to promote RIG-I signaling in conjunction with the RIG-I 

regulatory factors Riplet and 14-3-3e (61, 85). I found that co-expression of equal 

amounts of UFL1 with either Riplet or 14-3-3e increased SenV-mediated activation of the 

IFN-β promoter above that seen by the individual proteins (Figure 10F). Intriguingly, the 

expression of UFL1 appears to be stabilized or enhances in the presence of Riplet and 

14-3-3e. These data together suggest that RNA virus infection increases the interaction 

of 14-3-3e with UFL1, which then interacts with activated, K63-ubiquitinated RIG-I to 

promote downstream signaling.  
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Figure 10: UFL1 is recruited to intracellular membranes and interacts with 14-3-3e and 
RIG-I during RNA virus infection. 

A) Immunoblot analysis of inputs and subcellular membrane flotation of 293T cell 
extracts that were mock or SenV-infected (4 h) followed by sucrose gradient 
fractionation, with fraction numbers indicated from the top of the gradient (1) to bottom 
(8). Fractionation controls, GAPDH for cytosol and Cox-I for membranes, are indicated 
and reveal that the membranes are localized to fraction #1. Relative quantification of the 
ratio of UFL1 to a membrane marker (Cox-I) in fraction 1 normalized to total protein 
levels in inputs are shown on the right. B) Immunoblot analysis of anti-Flag 
immunoprecipitated extracts and inputs from 293T cells expressing Myc-14-3-3e and 
Flag-UFL1 that were mock- or SenV-infected (4 h), with relative quantification on right. 
C) Immunoblot analysis of anti-Flag immunoprecipitated extracts and inputs from 293T 
cells expressing Myc-UFL1 and Flag-RIG-I that were mock- or SenV-infected (4 h), with 
relative quantification with IP values normalized to inputs values on right. D) Immunoblot 
analysis of anti-RIG-I immunoprecipitated (or anti-IgG) extracts and inputs from 293T 
cells that were mock- or SenV-infected (4 h), with relative quantification with IP values 
normalized to inputs values on right. E) Immunoblot analysis of anti-Flag 
immunoprecipitated extracts and inputs from 293T cells expressing Myc-UFL1 and Flag-
RIG-I constructs that were mock- or SenV-infected (4 h), with results quantified as 
relative fold change (SenV to Mock) for each. F) Relative IFN-β-promoter reporter 
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luciferase expression (rel. to CMV-Renilla) from 293T cells expressing indicated 
constructs followed by mock or SenV infection (18 h), with results graphed as relative 
SenV fold change for each. The graphs are represented as the mean -/+ SEM, n=3 (A-B, 
D-F) or n=4 (C) biological replicates and *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 
determined by Student’s t-test (A-D) or one-way ANOVA followed by Dunnett’s multiple 
comparisons test (E-F). 
 
 

3.2.2 UFL1 interaction with RIG-I requires 14-3-3e and UFM1 

Having determined that UFL1 interacts with both activated RIG-I and 14-3-3e 

following RNA virus infection, I next defined the dynamics of this complex formation by 

testing two distinct models. In the first model, UFL1 would interact first with activated 

RIG-I, induce its ufmylation, and then the UFL1-RIG-I complex would interact with 14-3-

3e. In this model, depletion of 14-3-3e or loss of UFM1 would not be expected to change 

the interaction of UFL1 with RIG-I. In the second model, UFL1 would interact first with 

14-3-3e and induces its ufmylation, or that of another associated protein, and then the 

UFL1-14-3-3e complex would interact with activated RIG-I. In this second model, 

depletion of 14-3-3e would be expected to prevent UFL1 interaction with RIG-I, and loss 

of ufmylation would limit UFL1 interaction with RIG-I but would not affect UFL1 

interaction with 14-3-3e. To elucidate these possibilities, first, I used co-

immunoprecipitation to measure the interaction of exogenously expressed Flag-UFL1 

and HA-RIG-I in SenV-infected 293T lysates that had been depleted of 14-3-3e or CTRL 

by siRNA. This revealed that formation of the SenV-activated RIG-I-UFL1 complex 

requires 14-3-3e (Figure 11A). Next, I tested if ufmylation was required for formation of 

the SenV-activated RIG-I-UFL1 complex by measuring this interaction in WT or UFM1 

KO 293T cells. I found that UFM1 was required for SenV-activated RIG-I-UFL1 complex 

(Figure 11B). The results of these two experiments reveal that both 14-3-3e and UFM1 
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are required for UFL1 to interact with RIG-I, supporting the second model of complex 

formation in which UFL1 interacts first with 14-3-3e and catalyzes its ufmylation, and 

then this complex associates with RIG-I. In support of this, I found that UFM1 was not 

required for UFL1 to interact with 14-3-3e (Figure 11C). To test if 14-3-3e is UFM1-

conjugated, I performed an immunoprecipitation of Flag-14-3-3e from cell extracts that 

were mock or SenV-infected and expressed either HA-UFM1-WT or HA-UFM1DC3, 

which lacks the terminal 3 amino acids required conjugation to target proteins (163). 

Importantly, these extracts were boiled prior to immunoprecipitation to remove non-

covalent interactions. Following immunoprecipitation of Flag-14-3-3e, immunoblotting 

with an anti-HA antibody revealed a slower migrating form of 14-3-3e approximately 15 

kDa heavier (HA+UFM1) than the predicted molecular weight of 14-3-3e (37 kDa) 

(Figure 11D), suggestive of covalent UFM1 modification. Additionally, the proportion of 

14-3-3e, conjugated by UFM1 increases following SenV infection. Together, these data 

indicate that ufmylation promotes the interaction of UFL1 with 14-3-3e and activated 

RIG-I and that UFM1 has increased conjugation to 14-3-3e following RIG-I activation. 
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Figure 11: UFL1 interaction with RIG-I requires 14-3-3e and ufmylation. 

A) Immunoblot analysis of anti-HA immunoprecipitated extracts and inputs from 293T 
cells transfected with siCTRL or si14-3-3e followed by SenV infection (4h). B) 
Immunoblot of anti-HA immunoprecipitated extracts and inputs from 293T WT or UFM1 
KO cells transfected with HA-RIG-I and Flag-UFL1. C) Immunoblot of anti-Flag 
immunoprecipitated extracts and inputs from 293T WT or UFM1 KO cells transfected 
with Flag-UFL1 and Myc-14-3-3e. D) Immunoblot of anti-flag immunoprecipitated 
extracts and inputs from either 293T-WT or 293T-Flag-14-3-3e cells transfected with 
either HA-UFM1-WT or HA-UFM1DC3. In (A-D), SenV infection was for 4 hours, and for 
all, relative quantification of the interacting protein vs. IP protein is shown to the right as 
a graph, indicating the mean -/+ SEM (A, B, D), n=3 (A, B) or n=4 (D) biological 
replicates. For (C) values shown are SD of IP values adjusted for input expression, with 
n=2 biological replicates. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 determined by Student’s 
t-test. 
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3.2.3 Ufmylation promotes RIG-I interaction with 14-3-3e for MAVS 
activation 

As I found that that UFL1 requires 14-3-3e to interact with activated RIG-I, I next 

tested if UFL1 is required for the interaction of 14-3-3e with RIG-I, which is essential for 

activated RIG-I to translocate from the cytosol to intracellular membranes for interaction 

with MAVS (61). I performed a co-immunoprecipitation of Flag-RIG-I and Myc-14-3-3e 

from 293T cells and found that this SenV-mediated interaction was significantly 

decreased upon UFL1 depletion (Figure 12A). In addition, loss of UFM1 expression also 

decreased the SenV-induced interaction of RIG-I with 14-3-3e (Figure 12B). Importantly, 

I also found that UFM1 is required for the SenV-induced interaction of RIG-I with MAVS 

(Figure 12C) and MAVS higher-order oligomerization, which is a hallmark of MAVS 

activation (11, 204) (Figure 12D). In summary, these data reveal that UFL1 and UFM1 

are required for the RIG-I interaction with 14-3-3e, for interaction with MAVS, and for 

MAVS activation by oligomerization. 
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Figure 12: Ufmylation promotes RIG-I interaction with 14-3-3e for MAVS activation. 

A) Immunoblot of anti-Flag immunoprecipitated extracts and inputs from 293T cells 
transfected with siCTRL or siUFL1 and indicated constructs. B) Immunoblot of anti-Flag 
immunoprecipitated extracts and inputs from 293T WT or UFM1 KO cells. C) 
Immunoblot of anti-Myc immunoprecipitated extracts from 293T WT or UFM1 KO cells. 
D) 293T WT or UFM1 KO were mock or SenV-infected (12 h) followed by 
immunoblotting. Immunoblot shows endogenous MAVS in input samples and MAVS 
aggregation from P5 fractions, in the presence or absence of denaturing reagent (b-
mercaptoethanol). SenV infection was for 4 h (A-C) or 12 h (D). In (A-C), relative 
quantification of indicated protein in the IP is shown on the right; in (D) SDD-AGE MAVS 
values are normalized to corresponding SDS-PAGE values. Graphs show the mean -/+ 
SEM for n=3 biological replicates. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 determined by 
Student’s t-test. 

 

3.3 Conclusions 

RIG-I activation begins upon RNA binding. Then, RIG-I undergoes ATP 

hydrolysis, and interaction with K63-linked polyubiquitin chains, both covalently and non-

covalently (5, 44, 47), which promotes formation of a RIG-I tetramer (48). This 

polyubiquitinated, activated RIG-I oligomer then interacts with the membrane trafficking 
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protein 14-3-3ε for translocation to MAVS at ER-mitochondrial contact sites (7). We 

found that UFL1 is recruited to 14-3-3ε following RNA virus infection and that ufmylation 

facilitates the interaction between 14-3-3ε and activated RIG-I. Importantly, this results in 

increased interaction of RIG-I with MAVS and MAVS oligomerization, ultimately 

promoting the downstream signal transduction which produces IFN. These findings 

uncover a previously unknown mechanism for 14-3-3ε selection of RIG-I, an added layer 

of understanding of the factors that govern RIG-I activation and membrane recruitment, 

and additional knowledge about the targets of ufmylation, a PTM that we are only just 

beginning to understand. 

 

3.4 Materials and Methods 

3.4.1 Cell lines, viruses, and treatments.  

Neonatal human dermal fibroblast (NHDF) cells and embryonic kidney 293T cells 

were grown in Dulbecco’s modification of Eagle’s medium (DMEM; Mediatech) 

supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 1X minimum 

essential medium non-essential amino acids (Thermo Fisher Scientific), and 25 mM 

HEPES (Thermo Fisher Scientific) (cDMEM). 293T (CRL-3216) were obtained from 

American Type Culture Collection (ATCC), NHDF cells (CC-2509) were obtained from 

Lonza. All cell lines were verified as mycoplasma free by the LookOut Mycoplasma PCR 

detection kit (Sigma). SenV Cantell strain was obtained from Charles River Laboratories 

and used at 200 hemagglutination units/mL (HAU). SenV infections were performed in 

serum-free media (30 minutes to 1 hour), after which complete media was replenished. 
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IFN-β (PBL Assay Science) was added to cells at a concentration of 50 units/mL in 

cDMEM for 18 hours.  

3.4.2 Plasmids. 

The following plasmids have been previously described: pEF-TAK-Flag, pEF-

BOS-Flag-RIG-I (36), pEF-TAK-Flag-Riplet (205) pIFN-β-luc (206), pCMV-Renilla 

(Promega), pX459 (Addgene #62988), psPAX2 (Addgene #12260), and pMD2.G 

(Addgene #12259), pEF-BOS-Flag-RIG-I T55I (24), pEF-TAK-Myc-MAVS (194). pEF-

TAK-Flag-UFL1 (GenBank: BC036379; GeneID: 23376) was generated by insertion of 

PCR-amplified fragments into the NotI-to-PmeI digested pEF-TAK-Flag using InFusion 

cloning (Clontech). Both pEF-TAK-Myc-14-3-3e and pEF-TAK-Myc-UFL1 were 

generated by insertion of PCR-amplified fragments into the AgeI-NotI digested pEF-

TAK-Myc (pEF-TAK-Myc-MAVS) by InFusion. The pEF-TAK-HA vector was generated 

by PCR to replace Flag with HA, and pEF-TAK-HA-RIG-I, and pEF-TAK-HA-UFM1 were 

generated by insertion of a PCR-amplified fragment into the NotI-AgeI digested pEF-

TAK-HA vector. pLEX-Flag-14-3-3e was generated by ligation of a PCR-amplified Flag-

14-3-3e into the BamHI-to-XhoI digested pLEX using InFusion cloning. The following 

plasmids were generated by site-directed mutagenesis: pEF-TAK-Flag-UFL1siR, pEF-

TAK-HA-UFM1DC3, pEF-BOS-Flag-RIG-I K888/907A, and pEF-BOS-Flag-RIG-I 

K172/788R. To generate the CRISPR guide RNA plasmids px459-UFM1-E2 and px459-

UFM1-B sgRNA oligonucleotides were annealed and inserted into the BbsI-digested 

pX459 (166, 207). The plasmid sequences were verified by DNA sequencing. 
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3.4.3 Transfection. 

DNA transfections were performed using FuGENE6 (Promega) or TransIT-LT1 

(Mirus Bio). RNA PAMP transfections were done using the TransIT-mRNA Transfection 

kit (Mirus Bio). The siRNA transfections were done using Lipofectamine RNAiMax 

(Invitrogen). siRNAs directed against 14-3-3e (Dharmacon-L-017302-02-0005), UFL1 

(Qiagen-SI04371318) or non-targeting AllStars negative control siRNA (Qiagen-

1027280) were transfected into 293T cells (25 pmol of siRNA; final concentration of 

0.0125 µM). Media was changed 4-24 hours post-transfection, and cells were incubated 

for 36-48 h post-transfection prior to each experimental treatment. IFN-β-promoter 

luciferase assays were performed as previously described at 18-24 hours post treatment 

and normalized to the Renilla luciferase transfection control (195). 

3.4.4 Generation of cell lines. 

UFM1 KO 293T cells were generated by CRISPR/Cas9, using two guides 

targeting exon 2 and 3 (UFM1) similar to others, as we have done previously. Single cell 

clones were validated via anti-UFM1 immunoblot and genomic sequencing, with one 

clone used here (166, 188). 293T cell pools overexpressing Flag-14-3-3e were 

generated by lentiviral transduction, as previously (197). 

3.4.5 Immunoblotting.  

Cells were lysed in a modified radioimmunoprecipitation assay (RIPA) buffer (10 

mM Tris [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, and 1% Triton X-100) 

supplemented with protease inhibitor cocktail (Sigma) and Halt Phosphatase Inhibitor 

(Thermo-Fisher), and post-nuclear lysates were isolated by centrifugation. Quantified 

protein (between 5 -15 μg) was resolved by SDS/PAGE, transferred to nitrocellulose or 
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polyvinylidene difluoride (PVDF) membranes in a 25 mM Tris-192 mM glycine-0.01% 

SDS buffer. Membranes were stained with Revert 700 total protein stain (LI-COR 

Biosciences) and then blocked in 3% BSA in Tris-buffered saline containing 0.01% 

Tween-20 (TBS-T). After washing with PBS-T or TBS-T (for phosphoproteins) buffer, 

following incubation with primary antibodies, membranes were incubated with species-

specific horseradish peroxidase-conjugated antibodies (Jackson ImmunoResearch, 

1:5000) or fluorescent secondaries (LI-COR Biosciences), followed by treatment of the 

membrane with Clarity Western ECL substrate (BioRad) and imaging on a LICOR 

Odyssey FC. The following antibodies were used for immunoblotting: R-anti-SenV (MBL, 

1:1000), M-anti-Tubulin (Sigma, 1:1000), R-anti-GAPDH (Cell Signaling Technology, 

1:1000), R-anti-UFL1 (Novus Biologicals, 1:1000), R-anti-UFM1 (Abcam, 1:1000), anti-

RIG-I (M-AdipoGen, R-Abcam, 1:1000), R-anti-14-3-3e (Cell Signaling Technology, 

1:1000), M-anti-Flag M2 (Sigma, 1:1000), anti-Flag-HRP (Sigma, 1:1000-1:5000), R-

anti-Flag (Sigma, 1:1000), anti-HA (M- and R-Sigma, 1:1000), and anti-Myc (M-Santa 

Cruz or R-Cell Signaling Technology, 1:1000). 

3.4.6 Immunoprecipitation.  

Cells were lysed in RIPA buffer with or without 10% glycerol. Quantified protein 

(between 100-500 μg) was incubated with protein-specific, isotype control antibody (R-

Cell Signaling Technology or M-Thermo Fisher), or anti-Flag M2 magnetic beads 

(Sigma), in lysis buffer either at room temperature for 2 h or at 4ºC overnight with head 

over tail rotation. The lysate/antibody mixture was then incubated with Protein G 

Dynabeads (Invitrogen) for 1 h. Beads were washed 3X in PBS or RIPA buffer and 

eluted in 2X Laemmli Buffer (BioRad) with or without 5% 2-Mercaptoethanol at 95ºC for 

5 min. Proteins were resolved by SDS/PAGE and immunoblotting, as above. For 



 

63 

ufmylation immunoprecipitations, cells were lysed with NP-40 buffer (50 mM Tris [pH 8], 

150 mM NaCl, 0.5% sodium deoxycholate, and 1% NP-40) supplemented with 10% 

glycerol, protease and phosphatase inhibitors, as above, and N-ethylmaleimide (Sigma-

Aldrich). Post-nuclear lysates were boiled at 95°C for 5 min and incubated with anti-Flag 

M2 magnetic beads, as above.  

3.4.7 Subcellular membrane fractionation. 

Membrane fractionation was performed as previously described (61, 72, 198, 

208). Cells were lysed in hypotonic buffer (10 mM Tris-HCL (pH 7.5), 10 mM KCl, and 5 

mM MgCl2 supplemented with protease inhibitor cocktail) for 10 minutes on ice followed 

by 20 passages through a 20-guage needle. Nuclei and unbroken cells were removed by 

centrifugation at 1000xg for 5 min at 4ºC. The resulting supernatants were mixed 

thoroughly with 72% sucrose and overlayed with 55% sucrose, followed by 10% 

sucrose, all in low-salt buffer (2 nM EDTA, 20 nM HEPES (pH 8.0), 150 mM NaCl, 0.1% 

SDS, 1% Triton X-100). The gradients were subjected to centrifugation at 38,000 RPM in 

a Beckman SW41 Ti Rotor for 14 h at 4ºC. 1 mL fractions were collected using a 

BioComp piston gradient fractionator and resulting fractions were divided in half and 

mixed with 2 parts 100% methanol and precipitated overnight at -80ºC. Protein pellets 

were collected by centrifugation and resuspended in 2X Laemmli buffer and heated for 5 

min at 95ºC for immunoblot analysis. 10% pre-fractionated cells from each condition 

were collected as the input. 

3.4.8 Semi-denaturing detergent agarose gel electrophoresis. 

SDD-AGE was performed as described (11, 204). Briefly, crude mitochondria (P5 

fraction) were isolated from an equal number of WT or UFM1 KO 293T cells that were 
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mock or SenV infected (12 h), resuspended in hypotonic buffer (10 mM Tris, pH 7.5, 10 

mM KCl, 1.5 mM MgCl2, and 0.5 mM EDTA). Resulting samples were split and 2X SDD-

AGE sample buffer (0.5X TBE, 10% glycerol, 2% SDS, 0.2 mM Bromophenol Blue) 

buffer with or without 5% 2-Mercaptoethanol was added, and samples were loaded onto 

a vertical 1.5% agarose gel. Electrophoresis was performed with a constant voltage of 

70 V at 4 °C in SDD-AGE running buffer (1X TBE and 0.1% SDS). Gels were transferred 

onto a nitrocellulose membrane overnight on ice at 25 V. Membranes were fixed in 

0.25% glutaraldehyde in PBS and immunoblotting was performed as usual. 15% of the 

SDD-AGE samples were reserved for input.  

3.4.9 Quantification of immunoblots.  

Immunoblots imaged using the LICOR Odyssey FC were quantified by 

ImageStudio software, and raw values were normalized to relevant controls for each 

antibody. Relative membrane association of UFL1 was quantified as the ratio of UFL1 to 

Cox-1 in fraction 1 normalized to total protein levels of UFL1 in the input and displayed 

as the percentage of UFL1 membrane association normalized to mock values. 

3.4.10 Statistical analysis.  

Student’s unpaired t-test, one-way ANOVA, or two-way ANOVA were 

implemented for statistical analysis of the data followed by appropriate post-hoc test (as 

indicated) using GraphPad Prism software. Graphed values are presented as mean ± 

SD or SEM (n = 3 or as indicated); *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. 
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4. RIG-I signaling induces a subset of ufmylated 
proteins that control interferon induction 

The data in chapter is currently unpublished. The people who generated this data 

are Daltry L. Snider, Michelle Kim, and Stacy M. Horner. Author contributions are as 

follows: D.L.S. and S.M.H. designed research; D.L.S performed research and 

contributed new reagents/analytic tools; M.K. generated constructs from top hits and 

performed secondary validation. D.L.S., M.K., and S.M.H. analyzed data. 

4.1 Introduction 

Antiviral signaling induces many host-driven changes in order to quickly regulate 

protein function to control viral replication rapidly. Indeed, in part this is orchestrated by 

altering PTMs of many proteins in the RIG-I pathway in response to viral infection, 

including dephosphorylation, ubiquitination, and acetylation. These and other newly 

discovered ubiquitin-like modifications can serve to release their target protein from 

auto-repression, induce changes in protein-protein interactions, or alter their localization 

for a rapid response to infection without needing to translate new proteins, which is a 

costly expense that takes time that is not available during viral infection. Further, during 

termination of signaling, many proteins are marked for degradation in order to prevent 

excessive inflammation (80, 209). 

As my data indicates a clear role for ufmylation in regulating RIG-I signaling, I 

hypothesized that this was because of modification of proteins by UFM1 during viral 

infection. Therefore, I identified the host of proteins that become ufmylated in response 

to RIG-I signaling using an unbiased approach. Through proteomics studies, I identified 

fourteen candidate proteins that are ufmylated following RIG-I-dependent antiviral 
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signaling. Of these top ten candidates, nine had no known role in antiviral innate 

immunity. Through follow-up studies, I determined that four candidates positively 

regulated IFN induction, and one negatively regulated IFN induction. These results 

suggest that ufmylation may regulate RIG-I signaling broadly through previously 

unknown host proteins in addition to its role in RIG-I membrane recruitment by 14-3-3e.  

 

4.2 Results 

4.2.1 Utilizing proteomics to uncover the targets of ufmylation during 
RIG-I signaling 

To identify the targets of ufmylation during RIG-I signaling, I performed 

quantitative liquid chromatography-tandem mass spectrometry mass spectrometry (LC-

MS/MS) in collaboration with the Duke Proteomics Core Facility using overexpression of 

a Flag-UFM1 construct in either Huh7 WT or RIG-I KO cells (210) that were mock or 

SenV infected, in biological triplicate. Following anti-Flag-immunoprecipitation (IP), 

proteins which undergo virus-dependent ufmylation would be more enriched in the SenV 

condition than in mock. Candidate IFN regulatory proteins would be those that are 

enriched >2 fold in the WT SenV vs. WT mock conditions but displayed no interaction 

with UFM1 in the RIG-I KO cells, indicating a RIG-I dependent ufmylation event (Figure 

13). 
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Figure 13: Schematic of experimental workflow for IP-LC-MS/MS to identify 
ufmylated proteins.  

Either WT or RIG-I KO Huh7 cells were transfected with either vector (not shown), or 
Flag-UFM1, followed by mock or SenV infection (18 h). Following anti-Flag 
immunoprecipitation, samples were analyzed for protein composition by LC-MS/MS.  

 

4.2.2. Identification of proteins that are ufmylated in a RIG-I 
dependent manner 

After initial filtering to remove proteins that were not enriched above a vector 

control, I identified fourteen candidate proteins that that displayed >2 fold enrichment in 

the WT SenV over WT mock conditions (top 10 candidates shown in Figure 14A). 

Importantly, these candidates were not ufmylated in cells lacking RIG-I, indicating they 

are ufmylated in a RIG-I signaling dependent manner. As validation of this technique, I 

found that all known components of the ufmylation machinery system were identified as 
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UFM1-interactors using this method (Figure 14B). Surprisingly, the protein that was most 

ufmylated during infection was the known RIG-I signaling regulator TBK1 (Figure 14A), 

which is the serine-threonine kinase responsible for phosphorylation of MAVS and IRF3 

(12, 67). Of the other nine proteins found to be ufmylated, none had previously 

described roles in the innate immune response to viral infection. 

 

Figure 14: Candidate UFM1-interacting proteins. 

A) Candidate proteins identified using quantitative IP-LC-MS/MS listed in order of fold 
change magnitude. Fold change was calculated using the average of 3 biological 
replicates for each condition, and “hits” were defined as proteins that had a fold change 
of >2 when comparing WT+ to WT- (not shown), and when comparing WT+ to KO+. B) 
UFM1 interacting proteins using quantitative IP-LC-MS/MS with respective fold change 
for the indicated conditions.  
 

4.2.3 Ufmylated proteins differentially regulate IFN induction 

To investigate if these potentially ufmylated proteins could regulate IFN induction, 

we expressed a selection of our top hits in 293T cells and measured the SenV-induced 
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IFN-b levels using a reporter assay (194). Of the eight candidates tested, four promoted 

RIG-I-directed IFN induction, GRIPAP1 (Figure 15A), FMR1, GNAI3, and BAG3 (Figure 

15B). Interestingly, one candidate, INTS3, negatively regulated IFN induction (Figure 

15A). Together, this data suggests that proteins which contain virally induced ufmylation 

in a RIG-I dependent manner can modulate IFN signaling. Further work validating their 

ufmylation status will be required to understand the full scope of the functional outcomes 

of ufmylation on these host proteins during RIG-I signaling.  

 

Figure 15: Proteins ufmylated during RIG-I signaling regulate IFN induction. 

A-B) Relative IFN-β-promoter reporter luciferase expression (rel. to CMV-Renilla) from 
293T cells expressing indicated constructs followed by mock or SenV infection (18 h), 
with results graphed as relative SenV fold change for each. The graphs are represented 
as the mean -/+ SEM, n=3 biological replicates and *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 
0.001 determined one-way ANOVA followed by Dunnett’s multiple comparisons test. 

 

4.3 Conclusions 

Though it is not yet known how ufmylation of these candidates modulates their 

function, many of these candidates have previously described roles which may give us 

clues into how they may be modulating RIG-I signaling. For example, GRIPAP1 is a 

known regulator of GRIP1, which has roles in promoting IRF3-dependent gene 
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expression (211–213). FRM1 is well characterized as an RNA-binding protein and has 

recently been revealed to have roles in DNA virus infection. Interestingly, the RNA 

modification m6A seems to play a role in FMR1 RNA binding, which is highly important in 

regulating the host response to viral infection (21, 197, 214–217). GNAI3 regulates 

intracellular vesicle trafficking (218, 219), which is highly important in the rapid 

relocalization of proteins during innate immune signaling (61, 62, 66). Interestingly, 

BAG3 has been shown to regulate DNA viruses in both a positive and negative manner 

through interactions with their viral proteins utilizing a specific binding motif (220–223). 

INTS3 which displayed negative IFN-b regulation, is known as a key member of the DNA 

damage repair machinery (224–226). In all of these cases, it is possible that ufmylation 

of these proteins during RIG-I signaling may alter their interacting proteins to aid in the 

induction of IFNs. 

Overall, these candidates provide evidence for a widespread regulation of RIG-I 

signaling by ufmylation of host proteins. Future work on these candidates to assess their 

ufmylation status, how that impacts IFN induction, and the underlying mechanisms of 

this UFM1-dependent regulation will be important in understanding not only how PTMs 

regulate host responses during infection but will provide further evidence into how 

ufmylation regulates its targets.  

4.4 Methods 

4.4.1 Cell lines, viruses, and treatments. 

Human hepatoma Huh7 cells embryonic kidney 293T cells were grown in 

Dulbecco’s modification of Eagle’s medium (DMEM; Mediatech) supplemented with 10% 

fetal bovine serum (Thermo Fisher Scientific), 1X minimum essential medium non-

essential amino acids (Thermo Fisher Scientific), and 25 mM HEPES (Thermo Fisher 
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Scientific) (cDMEM). 293T (CRL-3216) were obtained from American Type Culture 

Collection (ATCC), NHDF cells (CC-2509) were obtained from Lonza. Huh7 cells used in 

this study were a gift of Dr. Michael Gale, and their identity was verified by using the 

GenePrint STR kit (Promega) (DNA Analysis Facility, Duke University, Durham, NC, 

USA). All cell lines were verified as mycoplasma free by the LookOut Mycoplasma PCR 

detection kit (Sigma). SenV Cantell strain was obtained from Charles River Laboratories 

and used at 200 hemagglutination units/mL (HAU). SenV infections were performed in 

serum-free media (30 minutes to 1 hour), after which complete media was replenished. 

IFN-β (PBL Assay Science) was added to cells at a concentration of 50 units/mL in 

cDMEM for 18 hours. 

4.4.2 Plasmids. 

The following plasmids have been previously described: pEF-TAK-Flag, pIFN-β-

luc (64), pCMV-Renilla (Promega), pX459 (Addgene #62988). pLJM1_Flag-UFM1 was a 

gift from Drs. Craig McCormick and John Rohde at Dalhouise University. The pEF-TAK-

HA vector was generated by PCR to replace Flag with HA. The following plasmids were 

generated by insertion of PCR-amplified fragments into the NotI-to-PmeI digested pEF-

TAK-HA using InFusion cloning (Clontech): pEF-TAK-HA-FMR1 (NM_032775.4), pEF-

TAK-HA-GRIPAP1 (NM_020137.5), pEF-TAK-HA-HIF1AN (Addgene #21399), pEF-

TAK-HA-INTS3 (NM_023015.5), pEF-TAK-HA-FMR1 (Addgene #48690), pEF-TAK-HA-

GNAI3 (NM_006496.4), pEF-TAK-HA-BAG3 (Addgene #98182), and pEF-TAK-HA-

PSMB8 (NM_004159.5). The plasmid sequences were verified by DNA sequencing. 
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4.4.3 Transfection. 

DNA transfections were performed using FuGENE6 (Promega) or TransIT-LT1 

(Mirus Bio). IFN-β-promoter luciferase assays were performed as previously described 

at 18-24 hours post treatment and normalized to the Renilla luciferase transfection 

control (195). 

4.4.4 Immunoprecipitation.  

For immunoprecipitations, cells were lysed with NP-40 buffer (50 mM Tris [pH 8], 

150 mM NaCl, 0.5% sodium deoxycholate, and 1% NP-40) supplemented with 10% 

glycerol, protease and phosphatase inhibitors. Post-nuclear lysates were incubated with 

anti-Flag M2 magnetic beads (Sigma), in lysis buffer 4ºC overnight with head over tail 

rotation. Beads were washed 3X in PBS and eluted in 2X Laemmli Buffer (BioRad) at 

95ºC for 5 min.  

4.4.5 Proteomics sample preparation. 

Samples were reduced with 10 mM dithiothreitol for 30 min at 80C and alkylated 

with 20 mM iodoacetamide for 30 min at room temperature. Next, they were 

supplemented with a final concentration of 1.2% phosphoric acid and 256 μL of S-Trap 

(Protifi) binding buffer (90% MeOH/100mM TEAB). Proteins were trapped on the S- 

Trap, digested using 20 ng/μl sequencing grade trypsin (Promega) for 1 hr at 47C, and 

eluted using 50 mM TEAB, followed by 0.2% FA, and lastly using 50% ACN/0.2% FA. All 

samples were then lyophilized to dryness and resuspended in 20 μL 1%TFA/2% 

acetonitrile containing 25 fmol/μL yeast alcohol dehydrogenase (ADH_YEAST). From 

each sample, 3 μL was removed to create a QC Pool sample which was run periodically 

throughout the acquisition period. 
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4.4.6 Quantitative analysis for proteomics samples. 

Quantitative LC/MS/MS was performed on 3 μL of each sample, using a 

nanoAcquity UPLC system (Waters Corp) coupled to a Thermo Orbitrap Fusion Lumos 

high resolution accurate mass tandem mass spectrometer (Thermo) via a 

nanoelectrospray ionization source. Briefly, the sample was first trapped on a Symmetry 

C18 20 mm × 180 μm trapping column (5 μl/min at 99.9/0.1 v/v water/acetonitrile), after 

which the analytical separation was performed using a 1.8 μm Acquity HSS T3 C18 75 

μm × 250 mm column (Waters Corp.) with a 90-min linear gradient of 5 to 30% 

acetonitrile with 0.1% formic acid at a flow rate of 400 nanoliters/minute (nL/min) with a 

column temperature of 55C. Data collection on the Fusion Lumos mass spectrometer 

was performed in a data-dependent acquisition (DDA) mode of acquisition with a 

r=120,000 (@ m/z 200) full MS scan from m/z 375 – 1500 with a target AGC value of 

2e5 ions. MS/MS scans were acquired at Rapid scan rate (Ion Trap) with an AGC target 

of 5e3 ions and a max injection time of 100 ms. The total cycle time for MS and MS/MS 

scans was 3 sec. A 20s dynamic exclusion was employed to increase depth of 

coverage. The total analysis cycle time for each sample injection was approximately 2 

hours. Following 22 total UPLC-MS/MS analyses (excluding conditioning runs but 

including 4 replicate QC injections; Table 1), data was imported into Proteome 

Discoverer 2.2 (Thermo Scientific), and analyses were aligned based on the accurate 

mass and retention time of detected ions (“features”) using Minora Feature Detector 

algorithm in Proteome Discoverer. Relative peptide abundance was calculated based on 

area-under-the-curve (AUC) of the selected ion chromatograms of the aligned features 

across all runs. The MS/MS data was searched against the SwissProt H. sapiens 

database (downloaded in Nov 2017) with additional proteins, including yeast ADH1, 
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bovine serum albumin, as well as an equal number of reversed sequence “decoys” false 

discovery rate determination. Mascot Distiller and Mascot Server (v 2.5, Matrix 

Sciences) were utilized to produce fragment ion spectra and to perform the database 

searches. Database search parameters included fixed modification on Cys 

(carbamidomethyl) and variable modifications on Meth (oxidation) and Asn and Gln 

(deamidation). Peptide Validator and Protein FDR Validator nodes in Proteome 

Discoverer were used to annotate the data at a maximum 1% protein false discovery 

rate. 

4.4.7 Statistical analysis.  

Student’s unpaired t-test, one-way ANOVA, or two-way ANOVA were 

implemented for statistical analysis of the data followed by appropriate post-hoc test (as 

indicated) using GraphPad Prism software. Graphed values are presented as mean ± 

SD or SEM (n = 3 or as indicated); *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. 
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5. Discussion 
5.1 Summary 

My dissertation research has centered around investigating a role for the PTM 

ufmylation in regulation of the signaling pathways that establish antiviral innate immunity. 

When I began my work, little was known about what proteins are selected for ufmylation, 

how modification impacts protein function, and its roles in cellular biology, especially with 

regards to regulation of immune signaling. PTMs play a vital role in the regulation of 

many cellular signaling pathways and are unique in their ability to rapidly modify protein 

function. Therefore, elucidating the role of novel PTMs, like ufmylation, in antiviral 

signaling is essential for our overall understanding of the host response to viral infection. 

By modulating the expression of the ufmylation E3 ligase UFL1 in diverse cell types and 

activating RIG-I through either viral infection or a direct RNA PAMP, I found that it is a 

positive regulator IFN-b as measured by IFN reporter assays, ELISA, or RT-qPCR, and 

IFN-l by RT-qPCR. Further, loss of UFL1 led to significantly less phosphorylation of the 

IFN-b transcription factor, IRF3, while restoration of UFL1 protein expression rescued 

IRF3 phosphorylation. Interestingly, UFL1 had no impact on the IFN response, as 

bypassing IFN induction through direct treatment with purified IFN-b protein lead to no 

difference in ISG induction between a vector control or a plasmid expressing UFL1. 

Further, using an IFN-b reporter assay, I determined that UFL1s ability to regulate IFN is 

dependent on its ufmylation activity. Indeed, by measuring the relative amounts of 

UFM1-conjugates produced by expressing a series of UFL1 truncations, I found that the 

regions of UFL1 which positively regulate IFN, are those that produce increased UFM1-

conjugates. As proteins are ufmylated using a multi-enzyme conjugation system, I next 
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investigated whether the other components of the ufmylation machinery could regulate 

IFN induction as well. Indeed, I found that UFM1 exogenous over-expression and 

CRISPR-mediated deletion positively impacted IFN-b induction using reporter assays 

and ELISA. All other components of the ufmylation machinery including the E1 and E2 

conjugases, as well as the UFM1-specific protease, all promoted IFN induction. 

Together, these data indicate that ufmylation positively regulate IFN induction that is 

driven by RIG-I activation.  

As I determined ufmylation to be a potent regulator of IFN-b induction, I next 

broadly measured the impact of ufmylation on the transcriptional response to RIG-I 

signaling. IFN induction ultimately results in ISG expression, which in part helps 

determine the outcome of an infection. Using RNA-sequencing, I analyzed gene 

expression in either WT or UFM1 KO 293T cells, following mock or SenV infection. 

Following viral infection, I found that the top 10 gene ontology categories negatively 

impacted by UFM1 KO, were all related to the antiviral response, such as “Response to 

type I IFN” and “Defense against virus”. Of the genes differentially expressed during 

UFM1 KO in response to viral infection, I found that the majority of genes were involved 

in the antiviral response including IFNB1 and IFNL1, as well as other known ISGs, which 

were all significantly downregulated. These data are consistent with a model in which 

ufmylation-mediated regulation of IFN induction has broad consequences on genes 

induced by the IFN response. 

Our initial studies identifying UFL1 as a potential RIG-I regulatory factor indicated 

that UFL1 was recruited to the MAM following viral infection. Indeed, I confirmed this 

using a membrane fractionation technique which isolates intracellular membranes from 

the cytosol. I found that UFL1 was significantly enriched in the membrane-containing 
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fraction following infection, as well as RIG-I which others have found as well. 

Interestingly, our initial studies found that UFL1 is likely recruited to the MAM early in 

infection, prior to MAVS activation (78). As both RIG-I and UFL1 relocalize to the MAM 

early in infection, I hypothesized that a similar mechanism might drive this localization 

change. Indeed, using co-immunoprecipitation, I found that UFL1 forms a virally induced 

complex with the RIG-I trafficking protein, 14-3-3e, which is known to facilitate RIG-I 

relocalization to MAVS. Further, using both exogenous and endogenous expression, I 

found that UFL1 and RIG-I form a virally induced complex. As RIG-I activation requires a 

series of coordinated steps, I next utilized point mutants that block RNA binding, 

interaction with the E3 ligase TRIM25, or ubiquitination mediated by both TRIM25 and 

RIPLET, to test which stage of RIG-I activation is required for its interaction with UFL1. 

Surprisingly, I found that full RIG-I activation was required for its interaction with UFL1, 

the same RIG-I activation steps required for its 14-3-3e interaction. To understand if 

UFL1 may be regulating early RIG-I activation, I expressed equal amounts of UFL1 

alone, or co-expressed with Riplet and found that UFL1 increased virally mediated 

activation of the IFN-β promoter above that seen by the individual proteins. Together, 

these data suggest that RNA virus infection increases the interaction of 14-3-3e with 

UFL1, which then interacts with activated, K63-ubiquitinated RIG-I to promote 

downstream signaling. 

My data suggested that one of two models was responsible for the ufmylation-

mediated regulation of RIG-I. Either UFL1 interacts first with activated RIG-I, induces its 

ufmylation, and then the UFL1-RIG-I complex interacts with 14-3-3e. As such, depletion 

of 14-3-3e or loss of UFM1 would not be expected to change the interaction of UFL1 with 

RIG-I. In the second model, UFL1 interacts first with 14-3-3e and induces its ufmylation, 
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or that of another associated protein, and then the UFL1-14-3-3e complex interacts with 

activated RIG-I. In this second model, depletion of 14-3-3e would be expected to prevent 

UFL1 interaction with RIG-I, and loss of ufmylation would limit UFL1 interaction with 

RIG-I but would not affect UFL1 interaction with 14-3-3e. Indeed, knockdown of 14-3-3e 

significantly decreased the RIG-I-UFL1 interaction. Next, I tested if ufmylation was 

required for formation of the virally induced RIG-I-UFL1 complex by measuring this 

interaction in WT or UFM1 KO 293T cells and I found that UFM1 was required for the 

virally activated RIG-I-UFL1 complex. These results indicate that both 14-3-3e and 

UFM1 are required for UFL1 to interact with RIG-I, supporting the second model of 

complex formation in which UFL1 interacts first with 14-3-3e and catalyzes its ufmylation, 

and this complex associates with RIG-I. In support of this, I found that UFM1 was not 

required for UFL1 to interact with 14-3-3e, indicating that 14-3-3e may be regulated by 

ufmylation, not RIG-I. 

To test if 14-3-3e is UFM1-conjugated, I performed an immunoprecipitation of 

Flag-14-3-3e from cell extracts that were mock or virus-infected and exogenously 

expressed either UFM1-WT or UFM1DC3, which lacks the terminal 3 amino acids 

required conjugation to target protein. Prior to immunoprecipitation, lysates were boiled 

to remove non-covalent interactions. Following immunoprecipitation 14-3-3e, I observed 

a slower migrating form of 14-3-3e approximately 15 kDa heavier (the mass of UFM1) 

than the predicted molecular mass of 14-3-3e (37 kDa), suggestive of covalent UFM1 

modification. Additionally, the proportion of 14-3-3e, conjugated by UFM1 increases 

following viral infection. Together, these data indicate that ufmylation promotes the 
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interaction of UFL1 with 14-3-3e and activated RIG-I and that UFM1 has increased 

conjugation to 14-3-3e following RIG-I activation. 

As I found that that UFL1 requires 14-3-3e to interact with activated RIG-I, I next 

tested if ufmylation is required for the interaction of 14-3-3e with RIG-I, which is essential 

for activated RIG-I to translocate from the cytosol to intracellular membranes for 

interaction with MAVS. Indeed, my data indicate that both UFL1 and UFM1 are required 

for the RIG-I-14-3-3e interaction. Importantly, I also found that UFM1 is required for the 

virus-induced interaction of RIG-I with MAVS and MAVS higher-order oligomerization, 

which is a hallmark of MAVS activation. In summary, these data reveal that UFL1 and 

UFM1 are required for the RIG-I interaction with 14-3-3e, for interaction with MAVS, and 

for MAVS activation by oligomerization. 

As PTM of host proteins that regulate the antiviral response are often diverse and 

multi-faceted, I next wanted to know if there were other proteins that became ufmylated 

during RIG-I signaling. Indeed, I discovered fourteen high-confidence proteins that 

displayed an increase in ufmylation following virus infection in a RIG-I dependent 

manner. Surprisingly, our top candidate was TBK1, the serine/threonine protein kinase 

responsible for phosphorylation of IRF3, the type I IFN transcription factor. The other 

proteins were diverse in function and have few described roles in antiviral immunity. I 

found that five of the top eight candidates (excluding TBK1 as it has previously known 

roles in IFN induction) had the ability to regulate an IFN-b reporter, with four displaying 

positive regulation and one displaying negative regulation. Overall, this work has 

identified a class of proteins that are ufmylated in response to RIG-I signaling and found 

that some proteins which have virally induced ufmylation can regulate the induction of 

IFNs.  
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Through my research, I have uncovered a novel control of RIG-I signaling. I 

found that ufmylation orchestrates the selection of RIG-I by 14-3-3e, which was a 

previously unknown mechanism. Further, I found that the ufmylation machinery are all 

positive regulators of antiviral innate immunity. Indeed, I have uncovered many proteins 

which are ufmylated in response to RIG-I signaling and understanding how their 

ufmylation contributes to their regulation of RIG-I signaling will be an exciting 

investigation of ufmylation-mediated control of antiviral immunity. This research adds 

valuable layers to our understanding of the functions of ufmylation and its related 

machinery in immunity and at the virus-host interface. However, many important 

questions remain regarding this research and these research fields. I will discuss future 

directions that will enhance our understanding of the phenomena described in this 

dissertation, as well as our overall understanding of ufmylation and its functions in 

immunity and infection. 

 

5.2 Future directions and discussion 

5.2.1 By what mechanism does UFM1 dictate RIG-I selection by 14-3-
3ε? 

How 14-3-3e ufmylation impacts its ability to select substrates is still unclear. I 

found that UFL1 and UFM1 both are required for 14-3-3e selection of RIG-I. Further, I 

identified that 14-3-3e is ufmylated, likely by mono-ufmylation at one lysine residue. 

However, it is not yet clear if the ufmylated residue is responsible for the 14-3-3e-RIG-I 

interaction. 14-3-3e contains eighteen lysine residues. Of those, two are highly 

conserved among 14-3-3 family proteins and function as part of the canonical 

phosphorylated residue binding pocket that typically dictates 14-3-3 selection of 
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substrates, K49 and K120 (227). Though this pocket typically recognizes substrates, it is 

possible that one of these residues is ufmylated which allows 14-3-3e to interact with 

RIG-I. Indeed, though the function of ufmylation on target proteins has been studied 

relatively little, it does appear that it primarily serves to alter protein-protein interactions 

(165, 180, 181, 184). The ufmylated lysine residue of 14-3-3e could be identified utilizing 

approaches that have been pioneered for ubiquitination (228), and have been recently 

co-opted for studying ufmylation (106, 168, 176). Following enrichment, the target 

protein is trypsin digested to generate peptides where the terminal two amino acids of 

UFM1 (V-G) remain conjugated to any modified lysine, and ufmylated lysine residues 

can be identified using LC-MS/MS. The digestion results in a unique shift in the known 

mass-to-charge ratio of the peptides (+156.09 Da) for identification of ufmylated residues 

(168, 176). This technique could be utilized to find which lysine of 14-3-3e is conjugated 

to UFM1. Then, the identified lysine could be mutated to arginine (R) which cannot 

become UFM1-conjugated, and this 14-3-3e-KR could be used to study the direct effects 

of 14-3-3e-UFM1 conjugation on RIG-I signaling.  

Additionally, while my data reveal an increase in the proportion of 14-3-3e that is 

ufmylated following SenV infection, it is not yet clear what signals induce ufmylation of 

14-3-3e. My work suggests that UFL1 and UFM1 are required for 14-3-3e interaction with 

RIG-I, which indicates that the signal for 14-3-3e ufmylation is most likely very rapid 

following infection. It is likely that the signal is RIG-I dependent, as SenV is specifically 

sensed by RIG-I (7), however, to test if this is RIG-I dependent or SenV dependent, the 

ufmylation assay could be performed in WT or RIG-I KO cells. It is possible that RIG-I 

signaling induces some type of activation of UFL1 which then allows it to ufmylation 14-
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3-3e. Indeed UFL1 is phosphorylated in response to DNA damage, which is required for 

its ufmylation ability in this context (180). The known mechanisms of UFL1 activation are 

discussed below, however it is possible that UFL1 may be activated during RIG-I 

signaling through a previously unknown mechanism. Indeed, my results suggest that 

UFL1, RIG-I, and 14-3-3e interact at low levels prior to infection. Therefore, it is possible 

that UFL1 is modified by ubiquitin or some other PTM following RIG-I RNA binding, 

similar to RIG-I itself. This could be determined by profiling UFL1 for PTMs such as 

ubiquitin or phosphorylation using co-immunoprecipitation. If UFL1 is modified by these, 

a likely candidate would be those kinases and ubiquitin ligases that are already known to 

modulate RIG-I activation (80). It is also possible that a helper protein allows 14-3-3e to 

become ufmylated, and indeed, the activity of UFL1 has been hypothesized to rely on 

other accessory proteins, which is discussed below (165, 170). As this could be a 

previously unidentified protein, and as such, a proteomics-based approach could be 

utilized to uncover novel interactors with UFL1 during early viral infection. This work will 

be essential in determining how ufmylation of 14-3-3e is controlled and provide new 

insights into the ways in which ufmylation selects target proteins.  

Since the discovery that RIG-I was trafficked to the MAM by 14-3-3e (61), the 

mechanisms by which 14-3-3e selects RIG-I has remained a mystery. Indeed, as 

mentioned, 14-3-3 family proteins are well-characterized to bind to phosphorylated 

residues on targets through one of two motifs: R[SFYW]XpSXP or 

RX[SYFWTQAD]Xp(S/T)X[PLM], however, RIG-I contains neither (61, 77, 229). My work 

supports the work of others demonstrating that 14-3-3ε interacts with UFM1 and other 

members of the ufmylation pathway, and it reveals that viral infection increases the 

proportion of ufmylated 14-3-3ε (169). It is likely that 14-3-3ε is mono-ufmylated as the 
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apparent molecular weight of 14-3-3ε increased by one ufmylation group. As we do not 

yet know if the ufmylation site of 14-3-3ε is primarily driving its interaction with RIG-I, it 

could also be that a yet to be identified 14-3-3ε regulatory factor is ufmylated, and this 

mediates the selection of RIG-I, which could be identified using an unbiased proteomics 

approach identifying virus-induced 14-3-3ε interacting proteins in either WT or UFM1 KO 

cells. In either case, it is clear that ufmylation mediates the 14-3-3ε-RIG-I interaction. 

However, a number of 14-3-3 family proteins are post-translationally modified by 

phosphorylation, acetylation, and oxidation to regulate their functions (230). Therefore, it 

is possible that post-translational modification of 14-3-3e by ufmylation could define how 

cargo proteins, including RIG-I, are selected. Indeed, this mechanism could be shared 

with other RNA virus sensing pathways, such as the RIG-I-like-receptor MDA5, which 

also interacts with another 14-3-3 protein, 14-3-3h, by an unknown mechanism (62). 

Thus, ufmylation may broadly influence how 14-3-3 proteins or other host proteins 

interact with each other to regulate the intracellular innate immune response, and this 

work could uncover a new mechanism that governs 14-3-3 family proteins. 

5.2.2 How is ufmylation functionalized to regulate diverse biological 
processes?  

5.2.2.1 Ufmylation regulates multiple cell stress response pathways 

Ufmylation is emerging as a post-translational modification that regulates diverse 

biological processes, including DNA repair, ER homeostasis, the translation of hepatitis 

A virus, macrophage activation, and through my work, RIG-I signaling (166, 167, 176, 

178, 180–184, 193). Though ubiquitin is well understood to have roles in diverse 

processes as well, this is typically dictated by the ubiquitin linkage type (95, 106); 

however, ufmylation largely produces mono-ufmylation events. Typically, UFL1, along 
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with the other members of the ufmylation cascade, induce ufmylation of a target protein 

important for regulating these processes, but how UFL1 and the ufmylation pathway are 

activated in response to these stressors is unclear. Studying how ufmylation regulates 

diverse biological process may uncover some patterns in its regulatory mechanisms. 

In its regulation of the DNA damage response, UFL1 was found to be recruited to 

double-stranded breaks in DNA (231, 232). Further, it was found to induce the 

ufmylation of MRE11, an essential component of the larger MRN complex, essential for 

downstream signal transduction and ultimate DNA repair. Importantly, this study was 

one of the first to suggest that ufmylation may have an impact on protein-protein 

interactions, as they found mutation of the ufmylated MRE11 residue led to diminished 

formation of the MRN complex, and disrupted ATM phosphorylation, a kinase in the DNA 

damage pathway (181). Prior to this, the mechanism for ATM activation was unknown. 

Additionally, another group found that following this recruitment of UFL1, it was 

phosphorylated by activated ATM which led to ufmylation of histone H4 in the nucleus. 

This ufmylation event serves to recruit further DNA repair machinery (180). To date, no 

other studies have uncovered phosphorylation-dependent ufmylation, which may 

suggest this is one way UFL1 is activated for the DAN damage response specifically, or 

we have yet to uncover other PTMs which regulate ufmylation.  

Ufmylation has also been implicated in regulating cancer progression. ASC1, 

which is a transcriptional coactivator of ERa, is ufmylated. ERa is associated with 

enhanced transcription of many cancer progression genes, and is highly dysregulated in 

breast cancer. Interestingly, it was found that ASC1 was modified by K69-linked 

polyufmylated chains, the only example of this phenomenon to date, which was found to 

require UFBP1. This ufmylation of ASC1 allowed for increased interaction between 
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ASC1 and ERa, promoting tumor formation. Conversely, ufmylation was found to have a 

protective effect against tumor formation through ufmylation of the tumor suppressor p53 

(233). It was found that UFL1 competes with an E3 ubiquitin ligase to prevent K48-

ubiquitin-mediated degradation of P53, which would promoting tumor formation. 

Interestingly, this study found that UFL1 was downregulated in renal cell carcinomas, 

which correlated with lower p53 expression, suggesting that the ufmylation process may 

be targeted by certain types of cancer (172). 

UFL1 can also act at the ER, where it plays a role in ER protein quality control. 

Indeed, one of the earliest studies identifying ufmylation found that many ribosomal 

proteins were ufmylated, although no function was determined (182). Future work has 

uncovered that ufmylation of specific proteins, including ribosomal protein RPL26, 

induces lysosomal degradation of stalled peptides and/or the ER and prevent the 

unfolded protein response (176, 178, 184, 185). Hepatitis A virus translation, which 

occurs in association with the ER, also requires ufmylation of RPL26 (166). Therefore, 

ufmylation can regulate several aspects of translation. It is possible that ufmylation 

regulates translation of certain mRNAs important for RIG-I signaling and subsequent IFN 

induction. However, I identified a role for ufmylation in regulating the interaction of RIG-I 

with 14-3-3e, one of the earliest known steps of RIG-I signaling, strongly supporting a 

mechanism in which following RIG-I activation, ufmylation is controlling this specific 

protein-protein interaction.  

How ufmylation can be involved in such diverse pathways has yet to be 

uncovered. It is possible that PTM of UFL1 or the other machinery itself by non-UFM1 

modifications may be important, such as phosphorylation of UFL1 being required for its 

roles in the DNA damage response (180). Indeed, other PTM machinery have been 
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shown to be regulated by modifications they do not themselves conjugate (234, 235). 

Further work uncovering how regulation of ufmylation occurs will be vital to our 

understanding of this process.  

5.2.2.2 Do UFL1 co-factors direct ufmylation?  

The mechanisms underlying how cytoplasmic UFL1 is recruited to its protein 

targets that reside in different subcellular compartments are not fully known. For 

example, we found that RIG-I activation induces UFL1 translocation to intracellular 

membranes, and while we know that UFL1 is recruited to the MAM during infection, the 

mechanism by which UFL1 becomes membrane-associated remains unknown (78). 

UFBP1 may facilitate UFL1 targeting to the MAM, as UFBP1 is localized to 

mitochondrial-ER contact sites (169, 236) and in some cases it is required for UFL1 

recruitment to membranes (176, 178). Thus, both UFBP1 and mitochondrial-ER contact 

sites could function as a regulatory hub that aids in the recruitment of UFL1 and RIG-I 

pathway signaling proteins. Indeed, a new study has suggested that UFBP1 may be 

required for ufmylation of some targets, which supports the data of others (165, 170). 

This leads to the possibility that UFL1 may act with a helper protein, such as UFBP1 or 

other unidentified proteins, to induce ufmylation of substrates. Perhaps viral infection 

could induce the PTM of helper proteins which then allow for interaction with RIG-I. In 

support of this, two higher molecular weight species of UFBP1 can be observed via 

immunoblot. The formation of these is dependent on lysine residues in UFBP1 and was 

originally thought to be ufmylation (169), however this has been disproven (178). Though 

these lysine residues, which appear to be conjugated to a PTM, were found to be 

indispensable for the progression of ER-phagy, its possible they regulate the   ufmylation 

machinery recruitment in response to other signals, such as viral infection. As UFL1 
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contains no functional domains common to other E3 ligases that might allow one to 

predict how its targets are selected (106, 145, 169), defining the signals and features 

that control UFL1 localization, as well as the target proteins ufmylated in response to 

RIG-I activation, will undoubtedly reveal clues into how the process of ufmylation is 

activated and how specific targets are selected. 

5.2.3 Does ufmylation regulate RIG-I signaling through multiple 
mechanisms?  

The mechanisms by which the process of UFM1 addition regulates interactions 

between proteins or alters other aspects of protein function are largely unknown. Indeed, 

I found that in both overexpression and KO of UFSP2, the protease that removes UFM1 

from proteins (164), promoted virally-mediated IFN induction, suggesting that we do not 

yet have a full grasp on the ufmylation process. It is possible that the dynamic process of 

ufmylation or the enhanced formation of mature UFM1 following deconjugation from 

targets promote RIG-I signaling independent of deconjugation activity. It is not yet clear 

the dynamics of protein de-ufmylation by UFSP2, whether some proteins are more likely 

to become targeted by UFSP2, or if other factors may control UFSP2 activity such as 

transcriptional upregulation, localization, or PTMs. In the UFSP2 KO cells, I observed 

increased amounts of a specific higher molecular weight UFM1-conjugates by 

immunoblot, suggesting that UFSP2 is important for the generation of free UFM1 for 

conjugation. Indeed, in support of this idea, others have shown that UFSP2 in myeloid 

cells is required for influenza virus resistance in mice (193). It is also possible that 

UFSP2 acts on other members of the RIG-I pathway to alter their function. Interestingly, 

RAB1B, a GTPase that we found is recruited to the MAM and important for RIG-I 

signaling (78, 188) is ufmylated (237, 238), which reveals that ufmylation likely regulates 
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a number of RIG-I pathway signaling proteins. Through my work, I was able to uncover 

that this is indeed the case, as I found that a subset of proteins are ufmylated during 

RIG-I signaling, including TBK1, a crucial activator of IFNs (12, 69, 141, 239). Further 

validation revealed that a number of these likely ufmylated proteins are novel regulators 

of IFN-b induction. In this section, I discuss the known roles of these candidates in viral 

infection, and possible mechanisms for their signaling regulation.  

GRIPAP1, or GRIP-associated protein-1, (also known as GRASP-1), is a 

guanine nucleotide exchange factor that is important in regulating AMPA signaling in 

neurons (213, 240–242). Little is known about its roles in other cell types, however, it is 

a clear regulator of its binding partner, GRIP1 (241). Interestingly, multiple studies have 

implicated GRIP1 as a regulator of IRF3 (212, 243), either in response to TLR3 signaling 

or lipopolysaccharide (LPS) treatment. Further, it has been shown that GRIP1 can utilize 

PTMS to interact with binding partners (211). Therefore, it is possible that GRIPAP1 

ufmylation may regulate IFN through the GRIP1-IRF3 interaction. 

FMR1, or fragile X mental retardation protein (FMRP), has been well studied as 

the causative agent for fragile X syndrome, with loss of protein expression causing 

cognitive defects (244). Importantly, as this is due to a mutation in the FMR1 gene, this 

disease is inherited and affects nearly 1 in 4,000 males and 1 in 8,000 females (245). 

Normally, FMR1 has functional roles as an RNA binding protein, and facilitates the 

export of RNAs from the nucleus to the cytoplasm (214, 246–249). Interestingly, FMR1 

has also been reported to regulate RNA stability through interacting with RNAs that 

contain the modification m6A (216, 250), which is known to regulate viral infection and 

the innate immune response to infection, in addition to shielding self-RNAs from RIG-I 

sensing (20, 197, 251–254). FMR1 has been reported to regulate hepatitis B virus (a 
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DNA virus) infection by promoting nuclear export in an m6A dependent manner (217). 

Indeed, ufmylation has been shown previously to be a highly prevalent modification of 

RNA binding proteins (182), so it could be that UFM1-conjugation regulates the RNA 

binding ability of FMR1 leading to differential outcomes during infection.  

GNAI3 has been reported to function in intracellular vesicle trafficking (218, 219). 

Indeed, it has been shown that through its interaction with co-factors, is required for 

efficient hepatitis B virus replication through increasing endosomal trafficking during 

infection, increasing progeny formation (218). Other known vesicle trafficking proteins 

are highly important in regulating intracellular innate immunity, and as previously 

discussed, we are still uncovering the trafficking proteins responsible for the multitude of 

relocalization events that are required for an efficient immune response (61, 62, 188). 

GNAI3 could be involved in the innate immune response through its trafficking functions, 

and the proteins it selects for trafficking could be due to UFM1, as I found for 14-3-3e. 

BAG3 is perhaps the most well-defined candidate in regulating viral infection. 

BAG3, of Bcl-2 associated athanogene 3, is a member of the BAG family of chaperone 

proteins that have been shown to regulate diverse cellular processes such as apoptosis, 

tumorigenesis, neuronal differentiation, stress responses, and the cell cycle (223). BAG3 

has been found to primarily bind proteins containing a specific PPxY motif, which is 

found in many viral proteins encoded by DNA viruses that interact with BAG3 (220–222, 

255–257). Interestingly, the mechanisms by which BAG3 regulates viral proteins are 

diverse, displaying both positive and negative regulation which may be virus dependent. 

Though much work has been done studying the impact of BAG3 on viral proteins, little 

work has investigated its role as a host innate immunity factor. Surprisingly, however, a 

study done in an orange-spotted grouper model for nervous necrosis virus, a devastating 
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RNA virus that has plagued marine aquaculture (258) found that BAG3 expression 

promoted viral replication through upregulating autophagy pathways which 

downregulated IRFs (259). Contrary to their study, my data indicates that BAG3 

promotes IFN induction. Though potentially, in humans, its ufmylation in response viral 

infection repurpose its function to play a positive role on IRF activation. 

INTS3 is a key member of the DNA damage repair machinery (224–226). 

Surprisingly, it was recently found that RIG-I was recruited to double-strand DNA breaks 

and actually suppresses repair (260). The ufmylation machinery is also recruited to sites 

of DNA damage, so it is possible that INTS3 is ufmylated as part of the UFM1-regulated 

DNA damage machinery (180, 181, 232). Interestingly, RIG-I can be recruited to sites of 

DNA damage (260). As my data has shown that ufmylation can regulate RIG-I 

interaction with binding partners (167), it therefore may be possible that INTS3 aids in 

RIG-I recruitment to sites of DNA damage effectively sequestering it from the viral RNA 

sensing pathways, as RNA viruses are well-established to promote DNA damage (261).  

Overall, the exploration into the functional mechanisms of these proteins in their 

regulation of innate immune signaling, and how ufmylation mediates that, will provide 

novel insights into how ufmylation regulates protein function. Additionally, continuation of 

this work will uncover a new set of host-derived regulatory factors that govern RIG-I 

signaling, adding a layer of complexity to our understanding of this process.  

5.2.4 Does ufmylation regulate other antiviral sensing pathways?  

My thesis work identifying a role for ufmylation in RIG-I signaling, along with the 

current body of literature suggesting that ufmylation may regulate diverse stress 

response pathways, raises the possibility that ufmylation may be involved in regulation of 

other host antiviral pathways.  
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As previously discussed, it could be likely that ufmylation regulates MDA5 

through a similar mechanism as it regulates RIG-I. Though MDA5 contains a 14-3-3 

binding motif, phosphorylation of this residue actually prevented 14-3-3h interaction with 

MDA5, suggesting that they interact through a novel mechanism (62). Further work 

characterizing the role of ufmylation in other antiviral signaling pathways will be highly 

important. Indeed, SARS-CoV-2, the virus that causes COVID-19, is sensed by MDA5 

(262). Additionally, the SARS-CoV-2 papain-like protease which serves to cleave viral 

polyproteins, is also involved in evasion of immune signaling (263). The papain-like 

protease of SARS-CoV2 is predicted to target multiple ufmylation machinery proteins, 

which could indicate that this is a strategy employed by this virus to evade host immunity 

through MDA5 signaling (264). Further, a different study utilizing a proximity-based 

labeling assay identified interactions between multiple SARS-CoV2 proteins and the 

ufmylation machinery (265). Together, these could suggest that ufmylation is somehow 

activated during MDA5 signaling. Aside from potential 14-3-3 regulation by ufmylation, 

my data profiling the proteins that become ufmylated during RIG-I signaling revealed that 

TBK1 is ufmylated. Importantly, TBK1 is a key kinase that multiple cellular pathogen 

sensing pathways converge on, including RNA sensing by RIG-I, MDA5, TLR3/7, and 

DNA virus sensing by cGAS/STING (12, 67, 96, 239, 266, 267). It is possible that 

ufmylation may regulate its function more broadly than RIG-I signaling alone and could 

be a regulatory mechanism in many pathogen sensing pathways.  

Ufmylation was first suggested to have a role in pathogen defense through 

playing a negative role in NFkB induction in endothelial cells (268). It was determined 

that depletion of UFM1 increased NFkB induction following LPS treatment, although the 

consequences of this on bacterial growth and the mechanisms by which UFM1 regulates 



 

92 

this pathway was not explored. Further work revealed that following either IFN-g or LPS 

treatment in macrophages, the ufmylation pathway played a negative role in 

macrophage activation by maintaining ER homeostasis (193). Paradoxically, KO of the 

ufmylation machinery in mice led to increased mortality from influenza virus, which is 

consistent with my work, suggesting that a careful balance of macrophage activation is 

required for the antiviral response, and ufmylation plays a role in maintaining this 

balance. It is unclear however, how ufmylation-dependent regulation can act both in a 

positive and negative manner. As such, it will be important to understand how ufmylation 

is involved in multiple pathways, and what features functionalize it differently based on 

which signals are activated.  

In the evolutionary arms race between viral pathogenesis and host defenses, 

viruses often evolve ways to subvert host immunity by antagonizing factors that promote 

immune signaling (4, 96, 269). It is therefore possible that there are viruses which are 

sensed by RIG-I that antagonize ufmylation. Importantly, many viruses target 14-3-3 

proteins, as this is a crucial step in RIG-I and MDA5 activation. Viruses such as dengue 

virus, Zika virus, influenza, and even herpes simplex virus all antagonize 14-3-3 proteins 

to promote their own replication. This has been shown to happen through a 

phosphomimetic motif on a viral protein which allows them to bind with 14-3-3 proteins 

preferentially, sequestering 14-3-3 from its cargo, preventing their relocalization, 

although there are slight differences in this mechanism between viruses (70–72, 270). 

As such, it could be possible that viruses antagonize ufmylation as well, to prevent 14-3-

3e (or other 14-3-3 proteins which may be regulated by ufmylation) from trafficking RIG-I 

or other RLRs to intracellular membranes for IFN induction. The exploration of the 

complex network of interactions between host and viral proteins, and novel viral immune 
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evasion mechanisms, will be invaluable to our understanding of the host-pathogen 

interface.  

 

5.3 Broader impacts of this research 

Overall, the results presented in this dissertation are important discoveries for our 

understanding of antiviral innate immunity, RIG-I sensing regulation, post-translational 

protein regulation, and provide new insights into the roles of ufmylation during cellular 

stress. Our knowledge of how antiviral signaling is regulated by post-translational 

modifications remains poorly understood and these results suggest that studying novel 

post-translational modifications broadens our understanding of RIG-I activation and the 

IFN response, with potential implications for auto-inflammatory conditions. Additionally, 

discovering a novel role for ufmylation as a regulator of the RNA-sensor RIG-I may be 

an important revelation for understanding its roles in broader human health, especially 

as ufmylation is linked to a number of human diseases. There are many important new 

questions associated with my findings, and I look forward to seeing the progress of this 

field in the future.  
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