
 

 

 

 

 

 

 

 

 

Copyright 

by 

Adam Ralph Hage 

2022 

 

 

  



The Dissertation Committee for Adam Ralph Hage Certifies that this is the 

approved version of the following dissertation: 

 

 

Regulation of DHX16-mediated Innate Immunity by Unanchored 

Polyubiquitin 

 

 

Committee: 

 

Ricardo Rajsbaum, PhD,  

Mentor 

 

 

Vineet D. Menachery, PhD 

 

 

MinKyung Yi, PhD 

 

 

Shelton S. Bradrick, PhD 

 

 

Michaela U. Gack, PhD 

 

 

 

 

_______________________________ 

Dean, Graduate School 



Regulation of DHX16-mediated Innate Immunity by Unanchored 

Polyubiquitin 

 

 

by 

Adam Ralph Hage, BS, MS 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas Medical Branch 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy in Microbiology and Immunology 

 

 

The University of Texas Medical Branch 

March, 2022 

  



 

 

 

Dedication 

 

To my parents Ralph and Maria Hage: Thank you both for your love and support. This 

was only possible because of the many sacrifices you have made to ensure I received an 

education.  



 v 

 

Acknowledgements 

 To Dr. Ricardo Rajsbaum, your mentorship has left a positive impact on my life. 

Your earnest passion for science has inspired me. You challenged me to think critically 

and to go beyond my limits while always offering encouragement whenever I needed it. 

Thank you for the opportunity to have been your graduate student. 

 Thank you to all the members of the Rajsbaum lab: Dr. Preeti Bharaj, Dr. Maria I. 

Giraldo, Dr. Maria Gonzalez-Orozco, Dr. Leopoldo Aguilera-Aguirre, Karl M. Valerdi, 

and Abbey N. Warren, I have been incredibly lucky to have shared a lab space with a group 

as intelligent, kind, funny, and diverse as you all. 

 Thank you to my committee: Dr. Vineet Menachery, Dr. Michaela Gack, Dr. 

Shelton Bradrick, and Dr. MinKyung Yi, your collective expertise in virology, 

immunology, biochemistry, and molecular biology were invaluable in the success of this 

project. Thank you to Dr. Lynn Soong for all your support during my time in the 

Microbiology and Immunology program. Thank you to Dr. Steven Widen, Dr. Hong 

Moulton, and Dr. Maxim Ivannikov for your efforts in analyzing RNA-Seq data, 

synthesizing PPMOs, and instruction on operating the confocal microscope. 

 Thank you to Dr. Krishna Narayanan, Dr. Imran Chowdhury, Jason Ybarra, 

Andrew Kanost, and Mr. Darcy for your advice and the many lively discussions regarding 

football, baseball, fishing, and all things unrelated to science. To my former mentors Zach 

Waickman, Brandy Jones, and Dr. Gabriel P. Holbrook, thank you for the opportunities 

you each provided to help me reach this goal. To my friends Charlie Heinrick, Dr. William 

Arnold, Duc Lai, Dr. Kalyan Karumanchi, Dr. Antonio Muruato, Dr. Daniel Tapia, and Dr. 

Stephanie Foster, thank you all for your support and good-humored banter. 

 Finally, thank you to my family and to my best friend Sarah van Tol for their 

endless love, encouragement, and for always believing in me.  



 vi 

Regulation of DHX16-mediated Innate Immunity by Unanchored 

Polyubiquitin 

 

Publication No._____________ 

 

 

Adam R. Hage, PhD 

The University of Texas Medical Branch, 2022 

 

Supervisor:  Ricardo Rajsbaum 

 

 The innate immune system recognizes pathogens via unique signals present in the 

invading organism upon infection known as pathogen-associated molecular patterns 

(PAMPs). Recognition of PAMPs during viral infection requires host molecules capable 

of interpreting these foreign signals called pattern recognition receptors (PRRs). These 

PRRs trigger the production of type-I interferon (IFN-I), which is essential to establish 

antiviral innate immunity, allowing for the clearance of the offending organism. This 

process is tightly controlled by post-translational modifications (PTMs), like unanchored 

(or free) polyubiquitin (poly-Ub), which properly regulate IFN-I to elicit responses as 

needed. Despite its known roles regulating critical IFN-I pathways, the extent to which 

unanchored poly-Ub is involved in innate immunity is unknown. To identify whether 

unanchored poly-Ub regulates immune responses through unique systems, host factors 

interacting with unanchored poly-Ub were isolated from lung tissue utilizing a novel 

affinity purification method. The DEAH-box RNA helicase DHX16, a pre-mRNA splicing 

factor, was identified as a new unanchored poly-Ub-interacting factor. Silencing of DHX16 

in cells and in vivo diminished IFN-I responses against viruses from multiple families 

including influenza A (IAV), Zika, and SARS-CoV-2. Recognition of viruses by DHX16 
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is achieved through the sensing of signals present in viral RNA (vRNA) like the splicing 

motifs present in IAV vRNA segments. DHX16 requires its RNA helicase motif for direct, 

high-affinity interactions with specific vRNAs which trigger an association with 

unanchored K48-poly-Ub synthesized by the E3-Ub ligase TRIM6. These unanchored Ub 

chains promote the recruitment of RIG-I, which ultimately initiates the downstream 

production of IFN-I. This study establishes DHX16 as a PRR that partners with RIG-I for 

optimal activation of antiviral responses and reveals unanchored poly-Ub as having a broad 

role in the regulation of innate immune pathways through the recruitment of novel host 

factors.  
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Chapter 1: Introduction – The Ubiquitin System in Antiviral Innate 

Immunity 

THE TYPE-I INTERFERON PATHWAY 

The innate immune system is the first line of defense against invading microbes. It 

relies on the identification of pathogen-associated molecular patterns (PAMPs) via host 

sensors known as pattern recognition receptors (PRRs). Diverse PRRs amplify innate 

immune signaling in response to specific stimuli. As an example, cytosolic nucleic acid 

sensors like the RLR family of PRRs intercept foreign genetic material and initiate a 

signaling cascade through the adaptor platform MAVS. Additional factors activated 

downstream of MAVS include the IKK-related kinases (TBK1 and IKKε), which 

phosphorylate IRF3 and IRF7 permitting their relocalization to the nucleus to induce type-

I interferon (IFN-I) 3. IFN-I signals in an autocrine or paracrine manner through the IFNAR 

receptor which leads to the phosphorylation of the JAK1 and TYK2 kinases. This further 

promotes the activation downstream factors STAT1, STAT2, and IRF9 to assemble into 

the ISGF3 complex, translocate to the nucleus, and facilitates the expression of several 

hundred IFN-stimulated genes (ISGs) that collectively invoke an antiviral state 4,5.  

PATTERN RECOGNITION RECEPTORS 

PRRs have evolved to be able to recognize a wide range of unique signatures 

present on microbes both intracellularly and extracellularly. The transmembrane Toll-like 

receptors (TLRs) and cytosolic RIG-I-like receptors (RLRs) and are two well-characterized 

families of PRRs that respond to different pathogens depending on the route of entry 6,7. 
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TLRs intercept PAMPs at the level of the plasma membrane or the endosome while RLRs 

sense cytoplasmic stimuli 6. The TLR family is able to sense a wide variety of ligands 

including bacterial LPS (TLR4) and genetic material like dsRNA, ssRNA, and CpG 

(TLR3, 7, and 9 respectively) while RLRs have a more focused range of ssRNA and 

dsRNA 6,7. With their carbohydrate-binding domain, C-type lectin receptors (CLRs) sense 

extracellular bacteria and viruses through carbohydrates present on their surfaces allowing 

them to influence innate immune signaling either through direct expression of genes or by 

altering TLR-mediated signaling 6,8. Recognition of bacterial PAMPs are not limited to 

transmembrane PRRs as the NOD-like receptor (NLR) family of PRRs identify bacterial 

peptidoglycans released in the cytoplasm 6,8. This evolutionary redundancy of different 

PRR families sensing similar PAMPs in different cellular compartments highlights the 

synergy present among PRRs to prevent pathogens from easily escaping detection while 

also rapidly activating innate immune responses.   

RIG-I-LIKE RECEPTORS 

The RLR family of PRRs containing RIG-I, MDA5, and LGP2 are central for 

recognition of viral RNA (vRNA) 9. RIG-I and MDA5 share similar architecture including 

the presence of caspase activation and recruitment domains (CARDs) for downstream 

signaling. This domain is absent in LGP2 and it is considered to predominantly regulate 

RIG-I and MDA5 signaling events 10. Upon virus infection, the CTD and helicase domains 

of RIG-I recognize short, double-stranded RNA (dsRNA) with a 5’-triphosphate while 

MDA5 preferentially senses long dsRNA 10-12. For RIG-I, an interaction with vRNA allows 

for a conformational change releasing its two CARDs from auto inhibition by the CTD, 
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thus enabling downstream signaling via the adaptor protein MAVS 9,10,13. Ubiquitination 

of the RIG-I CARDs is indispensable for its activation and was originally tied to an E3-Ub 

ligase from the tripartite motif (TRIM) family called TRIM25 14. TRIM25 interacts with 

RIG-I through the CARD domains where TRIM25 catalyzes the assembly of K63-poly-

Ub chains that covalent attach to K172 of RIG-I 15. The presence of these Ub chains induce 

RIG-I oligomerization, association with the adaptor MAVS, and sustained immune 

signaling 15.   

DEXD/H-BOX HELICASES 

RIG-I, MDA5, and LGP2 are members of the DExD/H-box helicase family and are 

critical PRRs in antiviral innate immunity. Interestingly, recent evidence has identified 

roles in innate immunity for several non-RLR DExD/H-box helicases in addition to their 

well-known involvement in RNA metabolism 16. Importantly, several of these DExD/H-

box helicases function as co-factors to RLR members critical for their proper activation. 

DHX15, DHX36, and DDX60 are capable of supporting the full-induction of RIG-I-

mediated IFN-I responses while DHX29 enhances MDA5 17-21. Although required for 

achieving the full potential of RLRs, it remains unclear if most DExD/H-box helicases 

participating in innate immunity can function as standalone PRRs facilitating their own 

signaling events. Furthermore, the required participation of additional DExD/H-box 

helicases in RLR signaling raises questions as to why these bona fide PRRs need so much 

help and what aspects do each partner offer to improve antiviral innate immunity.     

UBIQUITIN POST-TRANSLATIONAL MODIFICATIONS 
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Innate immunity is tightly regulated to respond to threats while also avoiding 

damage. Post-translational modification (PTM) of proteins is a well-characterized method 

of immune regulation. PTMs alter the functionality of targeted proteins in the cell by 

regulating the activity, stability, cellular compartmentalization, conformation, and future 

interactions with additional factors. Rapidly altering and expanding the capabilities of 

cellular factors confers the ability to respond to countless environmental stimuli including 

pathogen sensing and immune responses 15,22,23. One of the most widely used and 

ubiquitous forms of PTMs is protein ubiquitination 24.  

Ubiquitin (Ub) is a 76-amino acid protein and is able to interact with targets through 

covalent bonds (anchored ubiquitin) or non-covalent associations (unanchored ubiquitin) 

22,25,26. Ubiquitination of a target protein occurs through a series of reactions involving three 

distinct enzymes. In the first stage, an E1 ubiquitin-activating enzyme will form a thioester 

bond between its own active site Cysteine (Cys) and the C-terminal Glycine (Gly) of its 

ubiquitin target in an ATP-dependent manner 22,26,27. This ubiquitin is then transferred to 

the Cys active site of one of approximately 40 E2 ubiquitin-conjugating enzymes through 

a transthiolation reaction to complete the second stage 22,26,28. In the final stage, interaction 

between the E2 and one of over 600 E3 ubiquitin-ligating enzymes allows for the transfer 

of ubiquitin from the E2 onto the target protein (Figure 1.1) 22,26,27,29. The E2 and E3 

enzymes can be expressed in a tissue or cell-type-specific manner, and this may also 

depend on stimulus, including virus infection. The differential expression of these enzymes 

and their activation conditions makes the study of the ubiquitin process a challenging 

effort.   
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During ubiquitin conjugation, ubiquitin can become covalently bound usually to 

the ε-amino group of a Lysines (Lys, K) on the target protein (Figure 1.1) 22,29. Conjugation 

of a single ubiquitin moiety is referred to as monoubiquitination while multi-

monoubiquitination describes conjugation of 2 or more monoubiquitin to different residues 

on the same target 22,29. Conjugation of ubiquitin to Lys groups can also occur between 

ubiquitin molecules to form polyubiquitin chains. Formation of polyubiquitin is made 

possible by covalent interactions between the C-terminal Gly of one ubiquitin and one of 

seven Lys residues on another ubiquitin (K6-, K11-, K27-, K29-, K33-, K48-, and K63-

linked polyubiquitin). Alternatively, the C-terminal Gly of one ubiquitin can covalently 

bind the N-terminal Methionine (Met) of another ubiquitin to form “linear” polyubiquitin 

(M1-linked polyubiquitin) 15,22,26,29. Furthermore, the ubiquitin machinery is capable of 

synthesizing polyubiquitin chains that are not covalently bound to a substrate (unanchored 

polyubiquitin). These unanchored polyubiquitin chains are unique as they retain their free 

C-terminal Gly, typically conjugated to a substrate’s Lys. This absence of direct 

conjugation allows unanchored ubiquitin to function as a three-dimensional signal that can 

be amplified by multiple non-covalent interactions with specific signaling factors 22,26,29-31.  

Ubiquitin PTMs serve multiple purposes in the cell with the exact function 

determined by the particular linkage involved. The variety observed in ubiquitin chain 

formation therefore acts as a “code” with distinct instruction for the cell to act upon 27. 

Functionality of the different chain topologies can vary. For instance, K48-linked 

polyubiquitin is most commonly associated with targeting substrates to the proteasome for 

degradation while K63-linked polyubiquitin is generally regarded as an important 

component in signaling complex formation, although there are examples of all types of 
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ubiquitin linkages being involved in multiple functions. K11- and K29-linked 

polyubiquitin have been attributed with roles in protein turnover, while K33-linked 

polyubiquitin is believed to regulate trans-Golgi network trafficking. M1-linked 

polyubiquitin are involved in immune processes like IFN-I production, and K6- and K27-

linked polyubiquitin have been implicated to play roles in mitophagy and autoimmunity 

respectively 29,32. Involvement of monoubiquitination and multi-monoubiquitination in 

protein localization can be observed through the nuclear and cytoplasmic translocation of 

factors after ubiquitin labeling 27. Finally, both K48- and K63-linked unanchored 

polyubiquitin chains have been proposed to function as secondary messengers in innate 

immunity.  

Free or unanchored polyubiquitin chains, which retain their free C-terminal Gly 

residue and thus are not covalently attached to any protein, have been proposed to play 

roles in both immune signaling and virus replication 33-37. The significance of these Ub 

chains has recently been appreciated as a three-dimensional platform for protein 

interactions and signaling 33-35. Although there has been debate as to whether these chains 

have biological functions or whether they might be detected in cells as an artifact after 

cleavage of covalent polyubiquitin by DUBs, there is abundant experimental evidence in 

vitro supporting a functional role 33-35. Purified, unanchored K63-linked polyubiquitin 

chains added in vitro have been shown to promote the autophosphorylation and subsequent 

activation of TAK1 35. TRIM5 has also been proposed to be involved in the synthesis of 

unanchored K63-linked polyubiquitin chains that can activate TAK1 as a result of binding 

to the HIV-1 capsid 38. Additional studies have also shown that unanchored K63-linked 

polyubiquitin chains synthesized by TRIM25 facilitate RIG-I oligomerization and 
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stabilization, leading to downstream IRF3 phosphorylation in vitro 33. Unanchored K63-

linked polyubiquitin has also been shown to interact with MDA5, leading to 

oligomerization of its 2CARD domain 39. Furthermore, recognition of the Fc receptor of 

pathogen-bound antibodies by TRIM21 can also lead to the production of unanchored K63-

linked polyubiquitin that can activate AP-1, IRF3, and NF-κB pathways 40,41. 

Evidence suggesting unanchored ubiquitin is indeed relevant comes from in vivo 

studies where an E3 ligase responsible for synthesis of unanchored ubiquitin, TRIM6, was 

knocked down in the lungs of IAV-infected mice using peptide-conjugated 

phosphorodiamidate morpholino oligomers (PPMOs) 34. In vitro, TRIM6 promotes the 

synthesis of unanchored K48-linked polyubiquitin chains which induce IKKε activation 

through oligomerization and autophosphorylation. PPMO-mediated knockdown of TRIM6 

reduced binding of IKKε to unanchored polyubiquitin and inhibited IKKε-mediated 

immune signaling in vivo 34. Further in vivo evidence that TRIM6 and unanchored K48-

linked polyubiquitin play an important physiological role comes from recent studies using 

knockdown and overexpression of TRIM6 in murine hearts, which showed that TRIM6 

promotes myocardial infarction (cardiomyocyte apoptosis and heart attacks), via activation 

of IKKε and STAT1 phosphorylation 42. Whether or not unanchored polyubiquitin of other 

linkages have specific functions in immunity has yet to be explored. 

In addition to the role of unanchored ubiquitin in immune signaling, it has also been 

proposed that IAV carries unanchored ubiquitin chains within the virion itself 36. These 

chains can activate the host aggresomes pathway to help the virus uncoat during the entry 

stage of its lifecycle. Whether this viral strategy also inadvertently trigger host immune 
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signaling through the recognition of these free ubiquitin chains after virus uncoating is 

currently unknown 37.  

Although our understanding of unanchored Ub has advanced, it remains a difficult 

subject to study. Proper delineation of the roles between covalent and unanchored ubiquitin 

seem distant as it is currently impossible to generate ubiquitin knockout phenotypes that 

would result in either anchored or unanchored ubiquitin expression. Presently, the best 

available strategies involve removal of either the E2 or E3 enzymes involved in their 

synthesis. New and more inventive approaches are in need to resolve the precise role of 

unanchored polyubiquitin.  

TRIPARTITE MOTIF E3 UBIQUITIN LIGASES 

Determining the target to receive ubiquitin is the responsibility of the E3 ubiquitin-

ligating enzyme. E3 ubiquitin ligases are the most abundant of the three enzymes that 

comprise the ubiquitin pathway out of necessity as this great quantity facilitates a high 

degree of substrate specificity for the more limited number of E2 enzymes 43. E3 enzymes 

can be grouped into three subfamilies comprised of the Really Interesting New Gene 

(RING), Homologous to the E6-AP Carboxyl Terminus (HECT), and RING-Between-

RING (RBR) families with a majority (~ 600) belonging to the RING family 43. Whereas 

HECT and RBR E3’s facilitate ubiquitination via a two-step mechanism, in which ubiquitin 

is first added from the E2 to the E3 catalytic Cys residue before transfer from the E3 to the 

actual substrate, RING E3’s allow for direct movement of ubiquitin from the E2 to the 

substrate (Figure 1.1) 43. The RING family as a whole has been shown to be important in 

coordinating antiviral immune defenses 22,44-46 although a sub-grouping from within the 
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RING family of over 70 members encoded in the human genome known as TRIM proteins 

22,43,47-49 are of particular noteworthiness for their involvement in innate immunity. What 

makes TRIMs so interesting in the context of antiviral innate immunity is due not only to 

the high proportion of members directly involved in aspects related to regulation of 

immune pathways, but also to the rapid expansion of the group at the evolutionary onset 

of our modern innate and adaptive immune systems 30,31,50-52. This has raised the theory 

that TRIMs evolved in this manner as a way to directly regulate increasingly complex 

immune systems, using the ubiquitin code as a result of positive evolutionary pressure 

exerted by constant interactions with viruses, especially retroviruses 31,53,54.  

TRIM family members are characterized by their conserved RBCC domain that is 

comprised of the RING (R), 1 or 2 B-boxes (B), and the coiled-coil (CC) domains (Figure 

1.1) 22,55. The function of the RING domain, a conserved region enriched in Cys and 

Histidine (His) residues that coordinate two zinc ions, is to recruit the ubiquitin-loaded E2 

and is usually considered as the E3 ligase domain (Figure 1.1) 43,55. TRIM B-box domains 

have been implicated in facilitating higher-order multimerization (e.g. TRIM5α) and have 

been suggested to also interact with RING domains to facilitate quaternary arrangements 

56,57. The coiled-coil domain allows for dimerization and oligomerization of TRIMs and 

for some TRIMs has been shown to be important for E3 ligase function 22,55,58. Structural 

analysis of this domain from several TRIMs reveals that the coiled-coil forms an 

antiparallel dimer that is likely conserved amongst TRIM family members due to 

conservation in coiled-coil sequences 22,55. The C-terminal domain of TRIMs allows for 

interaction with target substrates with high specificity 22,45. The most prevalent C-terminal 

domain is the PRY-SPRY domain (or B30.2) which is only present in vertebrates 46,59. 
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One TRIM family member that has been recognized as having an eminent role in 

both antiviral innate immunity and viral replication is TRIM6 60.  TRIM6 was initially 

identified as a promoter of IFN-I systems in a comprehensive screen of TRIM proteins 61. 

In addition to TRIM6’s aforementioned roles in regulating the IKKε-STAT1 signaling axis 

through unanchored K48-poly-Ub 34,42, recent evidence has expanded the involvement of 

TRIM6 in innate immunity to include indirect involvement in the activation of the JAK1 

kinase during West Nile virus infection 62. Proper phosphorylation of JAK1 and subsequent 

antiviral IFN-I signaling was found to require VAMP8 and the expression of VAMP8 

depended on the presence of TRIM6. The exact mechanism of TRIM6’s involvement 

VAMP8-mediated IFN-I signaling, and whether unanchored Ub plays a role, remain 

unknown 62. TRIM6’s potent activation of IFN-I signaling has made it a target of viral 

antagonism as viruses like Nipah have evolved to target TRIM6 for degradation through 

its matrix protein 63. This targeted degradation of limited the association of unanchored 

K48-poly-Ub with IKKε, thereby preventing proper IKKε oligomerization and 

downstream IFN-I signaling 63.       

Aside from its known involvement in IFN-I signaling, TRIM6 has been associated 

with renal fibrosis as an activator of mTORC1 signaling 64. TRIM6 was found to interact 

with, and ubiquitinate, the TSC1 and TSC2 regulators of mTORC1 signaling. Although 

not explicitly tested, expression of TRIM6 resulted in the downregulation of both TSC1 

and TSC2 suggesting ubiquitin-mediated degradation was taking place 64. The importance 

of mTORC1 in supporting both innate immunity and viral replication identify TRIM6 as a 

broad regulator of several immune pathways and as a potential pro-viral factor depending 

on the circumstances 65,66. In support of this notion, new research has determined TRIM6 
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as a pro-viral factor for EBOV by supplementing viral replication through ubiquitination. 

TRIM6 is hijacked by the EBOV VP35 protein and ubiquitinates it at residue K309 

allowing for VP35 to function as a more optimal polymerase co-factor 67. This co-opting 

of TRIM6 for Ub-mediated enchantment of polymerase activity not only promotes viral 

replication and pathogenesis directly, but also removes TRIM6 from its role as a regulator 

of IFN-I signaling impairing antiviral responses.  
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Figure 1.1 The ubiquitin enzymatic reaction 

Ubiquitination is a stepwise series of enzymatic reactions involving an E1-activating, E2-

conjugating and E3-ligating enzyme. Free ubiquitin is bound through its C-terminal Gly to 

the E1 active site through a thioester bond in an ATP-dependent reaction. Ubiquitin is then 

transferred to the E2 active site before being moved to the substrate with help from one of 

the three E3 ligase families. HECT and RBR E3 ligases first require transfer of ubiquitin 

from the E2 to their catalytic domain before final transfer to a substrate while RING family 

E3 ligases facilitate direct movement of ubiquitin from the E2 to the substrate. RING E3 

ligases achieve this through an interaction between the ubiquitin-loaded E2 and the 

conserved Zn2+-finger array in their RING domain. High-specificity interactions between 

an E3 and its substrate occur through the variable C-terminal domain. Reproduced from 

Hage & Rajsbaum 2019 with permission. 2  
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HYPOTHESIS & SPECIFIC AIMS 

The role of unanchored Ub has been controversial and only a limited number of 

Ub-interacting factors are known. Several investigations have identified important 

functions for non-covalently linked Ub in RIG-I modulation and highlight the importance 

of TRIM E3-Ub ligases in innate immunity 2,62,68-72. However, the extent by which 

unanchored Ub regulates PRR function remains unclear. In this study, we used a novel 

approach to isolate unanchored Ub-interacting factors from in vivo samples. We identified 

the RNA helicase DHX16 as a novel unanchored Ub-interacting factor and promoter of 

IFN-I production. This dissertation sets out to examine this hypothesis: DHX16 is a PRR 

for vRNA and unanchored Ub regulates its innate immune function. Insights into the 

molecular mechanisms that result in the recruitment of host DExD/H-box helicases in the 

immune system may guide broad spectrum antiviral strategies via activation of non-RLR 

helicases.  The hypothesis will be addressed in two aims: 

Aim 1: To study the antiviral innate immune role of DHX16. We hypothesized that 

DHX16 is a sensor for vRNA in the IFN-I pathway. The effects of DHX16 knockdown and 

overexpression were assessed on the IFN-I production pathway upon infections with 

different viruses.    

Aim 2: Elucidate the molecular mechanism by which DHX16 regulates antiviral 

innate immunity. We hypothesized that unanchored Ub positively regulates DHX16’s 

involvement in innate immunity. In vitro assays were developed to independently discern 

the importance of the different components in the activation of DHX16 (vRNA, 

unanchored Ub, TRIM6, and RIG-I), and the mechanism by which DHX16 recognizes 

vRNA to trigger immune signaling.  
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Chapter 2: The RNA Helicase DHX16 Recognizes Specific Viral RNA to 

Trigger RIG-I-dependent Innate Antiviral Immunity 

METHODS 

Cell lines 

 HEK293T (CRL-11268), A549 (CCL-185), and MDCK (CCL-34) cell lines were 

purchased from ATCC. Calu-3 2B4 cells were kindly provided by Vineet D. Menachery 

(The University of Texas Medical Branch at Galveston) 73. HEK293T-hACE2 cells were 

kindly provided by Benhur Lee (Icahn School of Medicine at Mount Sinai) 74. WT and 

RIG-I-/- MEFs were kindly provided by Adolfo García-Sastre (Icahn School of Medicine 

at Mount Sinai) 75. TRIM6-/- A549s were generated as previously described 67. All cells 

were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning) 

supplemented with 10% v/v fetal bovine serum (FBS) (HyClone) and 1% v/v penicillin-

streptomycin (Corning). Cells used for transient transfections were plated in (DMEM) 

supplemented with 10% v/v (FBS) lacking 1% v/v penicillin-streptomycin.  

Viruses 

 Viruses used in this study were handled under biosafety level 2 (BSL-2), BSL-3, 

and BSL-4 conditions at UTMB in accordance with institutional biosafety approvals. 

Influenza A/Puerto Rico/8/1934 (PR8) WT, NS1 R38A/K41A, and GFP-NS1 viruses were 

kindly provided by Adolfo García-Sastre (Icahn School of Medicine at Mount Sinai) 76,77 

and were grown in MDCK cells as previously described 78. Sendai virus (Cantell strain) 

was obtained from Charles River Laboratories. SARS-CoV-2 (USA-WA1/2020) was 

kindly provided by The World Reference Center of Emerging Viruses and Arboviruses 
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(WRCEVA) (The University of Texas Medical Branch at Galveston). Zika virus 

(ZIKV/Human/Cambodia/FSS13025/2010) and SARS-CoV-2 (icSARS-CoV-2-mNG) 

produced from infectious cDNA clones were kindly provided by Pei-Yong Shi (The 

University of Texas Medical Branch at Galveston) 79,80. 

Mice 

 All animal experiments were carried out in accordance with Institutional Animal 

Care and Use Committee (IACUC) guidelines and have been approved by the IACUC of 

the University of Texas Medical Branch at Galveston. Eight- to 12-week-old BALB/c or 

C57BL/6 female mice (The Jackson Laboratory) were maintained under specific-

pathogen-free conditions in the Animal Resource Center (ARC) facility at UTMB. Animal 

experiments involving infectious virus were performed under animal biosafety level 2 

(ABSL-2) conditions at UTMB in accordance with institutional biosafety approvals. 

Plasmids 

 The HA-TRIM6 plasmid and mutants were generated as previously described 34. 

The FLAG-RIG-I, HA-MAVS, and reporter plasmids expressing firefly luciferase under 

the control of the IFN-β promoter were kindly provided by Adolfo García-Sastre (Icahn 

School of Medicine at Mount Sinai) 81,82. The reporter plasmid carrying the Renilla 

luciferase gene (REN-Luc/pRL-TK) was purchased from Promega. DHX16 mutants were 

generated by site-directed mutagenesis PCR and cloned in-frame into the pCAGGS or 

pCMV6-Entry (OriGene) expression plasmids using primers listed in Table S1. All 

sequences were confirmed by sequencing analysis at the UTMB molecular genomics core 

facility.  
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Transfections and Stimulations 

Transient transfections of DNA were performed with TransIT-LT1 (Mirus Bio), 

Lipofectamine 2000, and Lipofectamine 3000 (Invitrogen) according to the manufacture’s 

guidelines. Media was exchanged 4 to 6 hrs after plasmid transfection with Lipofectamine 

reagents. Poly(I:C) HMW, Poly(dA:dT), 3p-hpRNA (InvivoGen), and purified IAV vRNA 

stimulations were performed with Lipofectamine 2000. IFN stimulations were performed 

with human IFN-β 1a (PBL Assay Science). 

Cell Lysis and Co-immunoprecipitation 

Cells were harvested in RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 

1% (v/v) IGEPAL CA-630, 0.5% (w/v) sodium deoxycholate, 0.1% (v/v) SDS, protease 

inhibitor cocktail (Roche), 5 mM N-ethylmaleimide (Sigma), and 5 mM iodoacetamide 

(Sigma) as deubiquitinase inhibitors. Cell lysates were clarified by centrifugation at 21,000 

x RCF for 20 min at 4°C. 10% of the clarified lysate was added to 2X Laemmli buffer 

containing 2-Mercaptoethanol, heated for 10 min at 95°C, and stored at -20°C as the whole-

cell lysate (WCL). The remaining lysate was subjected to immunoprecipitation with anti-

FLAG M2, anti-HA, or anti-GST EZview Red agarose beads (Sigma), Ni-NTA agarose 

beads (Qiagen), or protein A/G agarose beads (Pierce). For endogenous proteins, lysates 

were subjected to immunoprecipitation with 1 µg of primary antibody (4-16 µg in the case 

of GST-UBD-IsoT: UBPBio) overnight at 4°C followed by incubation with the appropriate 

capture beads overnight at 4°C on a rotating platform. Beads were washed seven times in 

RIPA buffer (150 or 550 mM NaCl) and the bound proteins were eluted by heating samples 

in 2X Laemmli buffer containing 2-Mercaptoethanol for 10 min at 95°C. 
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Denaturing Co-immunoprecipitation 

Cell lysis, WCL collection, and co-immunoprecipitation were performed as above 

except the lysate was subjected to immunoprecipitation with nickel-nitrilotriacetic acid 

(Ni-NTA) beads (Qiagen) overnight at 4°C on a rotating platform. Beads were washed 

seven times with either RIPA buffer containing 50 mM imidazole to remove excess non-

specific binding to the beads (non-denaturing wash) or with a denaturing buffer (50 mM 

Tris-HCl pH 8.0, 6 M urea, 350 mM NaCl, 0.5% (v/v) IGEPAL CA-630, 40 mM 

imidazole). The bound proteins were eluted on a rotating platform at 4°C for 30 min in 

denaturing elution buffer (50 mM Tris-HCl pH 8.0, 300 mM imidazole). 

RNA-immunoprecipitation 

Cells were harvested in RIP lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM KCl, 

5 mM EDTA, 0.5 mM DTT, 0.5% (v/v) IGEPAL CA-630, protease inhibitor cocktail 

(Roche), 5 mM N-ethylmaleimide (Sigma), and 5 mM iodoacetamide (Sigma) as 

deubiquitinase inhibitors. Co-immunoprecipitation was performed as above and 10% WCL 

was collected for RNA and protein inputs. Beads were washed seven times with RIP buffer 

and 10% was collected for RNA and protein inputs. The remaining beads were resuspended 

in TRIzol RNA extraction reagent to isolate bound RNAs.  

Immunoblot Analysis and Antibodies 

Cell lysates were resolved on 7.5 or 4-15% Mini-PROTEAN and Criterion TGX 

SDS-PAGE gels and then transferred to polyvinylidene difluoride (PVDF) membranes 

using a Trans-Blot Turbo transfer system (Bio-Rad). Membranes were blocked with 5% 
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(w/v) non-fat dry milk in TBST (TBS with 0.1% (v/v) Tween-20) for 1 hr, and then probed 

with the indicated primary antibody in 3% (w/v) BSA in TBST at 4°C overnight. Following 

overnight incubation, membranes were probed with the following secondary antibodies in 

5% (w/v) non-fat dry milk in TBST for 1 hr at room temperature: anti-rabbit or anti-mouse 

IgG-HRP conjugated antibody from sheep (both 1:10,000 NA934 and NA931 GE 

Healthcare). Proteins were visualized using ECL or SuperSignal West Femto 

chemiluminescence reagents (Pierce) and detected by autoradiography. The following 

primary antibodies were used: anti-DHX16 (1:2000 A301-537A Bethyl), anti-TRIM6 N-

term (1:1000 SAB1306751 Sigma), anti-K48-linked Ubiquitin (1:1000 05-1307 

Millipore), anti-K63-linked Ubiquitin (1:1000 05-1313 Millipore), anti-Ubiquitin (1:1000 

P4D1 Enzo), anti-FLAG (1:2000 F7425 Sigma), anti-HA (1:2000 H6908 Sigma), anti-His 

(1:2000 H1029 Sigma), anti-Lamin A/C (1:1000 sc-376248 SCBT), anti-RIG-I 1C3 

(1:1000 kindly provided by Adolfo Garcia-Sastre: Icahn School of Medicine at Mount 

Sinai), anti-pIRF3 (S386) (1:1000 ab76493 Abcam), anti-IRF3 (1:1000 H00003661-B01 

Abnova), anti-pTBK1 (S172) (1:1000 3300-1 Abcam), anti-TBK1 (1:1000 NB100-56705 

Novus), anti-IRF7 (1:1000 4920S CST), anti-IFITM1 (1:1000 PA5-20989 Thermo Fisher 

Scientific), anti-GST (1:2000 A190-122A Bethyl), anti-RNase A (1:1000 PA5-78151 

Thermo Fisher Scientific), anti-IAV NP (1:1000 PA1-41071 Thermo Fisher Scientific), 

anti-IAV M1 (1:1000 GTX125928 GeneTex), anti-IAV M2 (1:1000 MA1-082 Thermo 

Fisher Scientific), anti-IAV NS1 (1:3000 kindly provided by Adolfo Garcia-Sastre: Icahn 

School of Medicine at Mount Sinai 83), anti-IAV-NEP (1:1000 PA5-32234 Thermo Fisher 

Scientific), anti-SCoV N (1:2000 kindly provided by Shinji Makino: The University of 
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Texas Medical Branch at Galveston), anti-β-Tubulin (1:2000 T8328 AA2 Sigma), and anti-

β-Actin (1:1000 ab8227 Abcam and 1:10000 GTX629630 GeneTex). 

Plaque Assay 

Influenza viral titers were determined by plaque assay on MDCK cells as 

previously described 77. Briefly, confluent monolayers of A549 cells were washed twice 

with DPBS, and virus diluted in DPBS with 0.4% (w/v) bovine serum albumin (BSA) was 

incubated on cells at 37°C for 1 hr. Inoculations were removed, cells were washed once 

with DPBS, overlaid with DMEM containing 0.4% (w/v) BSA, 0.1 μg/mL TPCK-treated 

trypsin, and incubated at 37°C. Supernatants were collected for plaque assay at the 

indicated time points. For plaque assays, confluent monolayers of MDCK cells were 

washed twice with DPBS and virus diluted in DPBS with 0.4% (w/v) BSA was incubated 

on cells at 37°C for 1 hr. Infectious were removed, cells were washed once with DPBS and 

replaced with MEM containing 0.6% oxoid agar, 1 μg/mL TPCK-treated trypsin and 

incubated at 37°C for 2 days. Cells were fixed in 3.7% (v/v) paraformaldehyde in DPBS 

for 1 hr at room temperature, and stained with 1% (w/v) crystal violet, 20% (v/v) methanol 

in DPBS for 20 min at room temperature. Standard plaque assays were used for SCoV2 as 

previously described 73. 

Confocal Microscopy 

A549 cells seeded onto coverslips in 24-well plates (100,000 cells per well) were 

transfected with indicated plasmids using Lipofectamine 3000. 24 hrs post transfection, 

cells were washed once with DPBS and fixed for 10 min at room temperature with 4% 
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(v/v) paraformaldehyde in DPBS. Cells were washed three times with DPBS-T (DPBS 

with 0.1% (v/v) Tween-20) and permeabilized for 10 min with 0.5% (v/v) IGEPAL CA-

630 in DPBS. Cells were washed three times with DPBS-T and blocked for 30 min with 

1% (w/v) BSA in DPBS-T. Cells were incubated with primary antibodies (anti-DHX16 

1:200 A301-537A Bethyl, anti-RIG-I 1C3 1:200 kindly provided by Adolfo Garcia-Sastre: 

Icahn School of Medicine at Mount Sinai, FLAG 1:200 3768S CST, HA 1:800 2350S CST, 

GST 1:200 3445S CST, IAV 1:50 GTX40388 GeneTex) diluted in blocking buffer 

overnight at 4°C in a humidified container. Cells were washed three times with DPBS-T 

and incubated with secondary antibodies Alexa Fluor 555 and 633 (1:500 A31570 and 

A21050, respectively Thermo Fisher Scientific) and counterstained with DAPI (1:2000 

D1306 Thermo Fisher Scientific) diluted in blocking buffer for 1 hr at room temperature 

in the dark. Cells were washed three times with DPBS-T and coverslips were mounted onto 

microscope slides using FluorSave mounting media (Millipore). Images were acquired 

using a Zeiss LSM 880 with Airyscan (Carl Zeiss) at 63X magnification at the UTMB 

Optical Microscopy Core. 

Quantitative Reverse-transcription-PCR (qRT-PCR) 

Total RNA was isolated using the Direct-zol RNA Miniprep Kit (Zymo Research) 

and subjected to on column DNase digestion (Zymo Research). Reverse transcription was 

performed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Real-time qPCR was performed in 384-well plates in triplicate using iTaq 

Universal SYBR Green Supermix and a CFX384 Touch Real-Time PCR Detection System 

(Bio-Rad). Gene expression was normalized to either human 18S or murine β-Actin by the 
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comparative CT method (ΔΔCT). The human and mouse primer sequences used are listed 

in Table S2. 

IFN-β Luciferase Reporter Assay 

HEK293T cells were seeded into 24-well plates (50,000 cells/well) and were 

transfected with 30 ng of IFN-β reporter plasmid together with 10 ng of Renilla luciferase, 

0.2-0.5 ng of FLAG-DHX16 and 1 ng of HA-RIG-I plasmid. Empty pCAGGS plasmid 

was used to bring the total amount of plasmid to 100 ng/well. Cells were lysed 24 hrs later 

and IFN-β promoter activity was measured using the Dual-Luciferase reporter assay 

system (Promega) on a Cytation 5 Multi-Mode Reader (BioTek) according to the 

manufacturer’s instructions. Values were normalized to Renilla, and the fold induction was 

calculated as the ratio of samples transfected with stimulating plasmid versus samples 

transfected with empty plasmid. 

vRNA Purification 

vRNAs were isolated from virus stocks using the QIAamp Viral RNA Mini Kit 

(Qiagen) according to the manufacturer’s instructions. 

Protein Purification 

HEK293T cells seeded in 10 cm dishes (2.5 x 106 cells/dish) were transfected with 

plasmids of interest using TransIT-LT1. Cells were harvested 24 hrs later for co-

immunoprecipitation using either anti-FLAG M2, anti-HA, or anti-GST EZview Red 

agarose beads (Sigma). Beads were washed seven times with RIPA buffer and twice with 



 22 

peptide elution buffer lacking peptide (10 mM Tris pH 7.4, 150 mM NaCl). 

Immunoprecipitated proteins were eluted with peptide buffer containing 300 µg /mL 

FLAG peptide (Sigma) for 30 min at 4°C, 1 mg/mL HA peptide (Thermo Scientific) for 

15 min at 22°C, or 10 mM L-Glutathione reduced (Sigma) for 15 min at 22°C. 

ATPase Assay 

100 ng of IAV vRNA or 2 µM of Poly U30 RNA was mixed with 5 µL of purified 

DHX16 (WT or mutant) in the presence or absence of unanchored poly-Ub (1 μg) in a total 

of 20 µL ATPase reaction buffer (20 mM Tris-HCl pH 8.0, 1.5 mM MgCl2, 1.5 mM DTT). 

Reactions were incubated at 37°C for 15 min before 1 mM ATP (Thermo Scientific) was 

added to the reactions and incubated at 37°C for an additional 30 min. Finally, 5 µl of 

reaction mixture was diluted with 45 µl ATPase reaction buffer and 100 µl BIOMOL Green 

reagent (Enzo Life Sciences). ATPase activity was examined by measuring sample 

absorbance at 620 nm using a Cytation 5 Multi-Mode Reader (BioTek). 

In Vitro RNA-binding Assay 

500 ng of biotin-labeled Poly(I:C) (HMW) (InvivoGen) was incubated with High 

Capacity NeutrAvidin Agarose (Thermo Scientific) in NT2 buffer (50 mM Tris-HCL pH 

7.4, 150 mM NaCl, 1 mM MgCl2, and 0.05% (v/v) IGEPAL CA-630) overnight at 4°C on 

a rotating platform. RNA-bound beads were washed seven times in NT2 buffer and 

incubated further with purified DHX16 proteins in NT2 buffer overnight at 4°C on a 

rotating platform. Bound complexes were washed seven times in NT2 buffer and eluted by 

heating samples in 2X Laemmli buffer containing 2-Mercaptoethanol for 10 min at 95°C. 
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In Vitro Ub-binding Assay 

Purified proteins were incubated with 1 μg of 2-7 Ub linkage K48- or K63-poly-

Ub chains (Boston Biochem) in NT2 buffer overnight at 4°C on a rotating platform 

followed by immunoprecipitation. Bound complexes were washed seven times in NT2 

buffer and eluted.  

RNase A Susceptibility Assay 

Cell lysis, WCL collection, and co-immunoprecipitation were performed with 

RIPA buffer (lacking N-ethylmaleimide and iodoacetamide) as above except the lysate was 

first subjected to treatment with RNase A (Sigma) for 15 min at 23°C on a rotating 

platform.  

IFN-β ELISA 

Secreted IFN-β was measured using the VeriKine human or mouse IFN-β enzyme-

linked immunosorbent assay (ELISA) kit (PBL Assay Science) according to the 

manufacturer’s instructions. 

Cellular Fractionation 

Nuclear and cytoplasmic compartments were separated using the NE-PER nuclear 

and cytoplasmic extraction kit (Thermo Scientific) according to the manufacturer’s 

instructions. 

DHX16 Knockdown In Vitro Using siRNA 
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Transient knockdown of endogenous DHX8, DHX15, and DHX16 in A549 cells, 

seeded in 24-well plates (30,000 cells per well), was achieved by transfection of ON-

TARGETplus Non-targeting Control Pool (D-001810-10-05 Dharmacon), SMARTpool: 

ON-TARGETplus DHX8 siRNA (L-010506-00-0005 Dharmacon), DHX15 siRNA (L-

011250-01-0005 Dharmacon), or DHX16 siRNA (L-011477-00-0005, J-011477-05-0002, 

J-011477-08-0002 Dharmacon) for a final concentration of 20 nM siRNA. Delivery of 

siRNA was achieved with Lipofectamine RNAiMAX (Invitrogen) according to the 

manufacture’s guidelines.  

DHX16 Knockdown In Vivo Using PPMOs 

The peptide-conjugated phosphorodiamidate morpholino oligomers (PPMO) were 

produced by previously published methods 84. The DHX16-targeting PPMO sequence 

(Dhx16-e2i2) was: 5’-TCCCTCTCCTTCCTTCTGACTTACC-3’, and was designed to 

specifically target the exon 2-intron 2 junction of DHX16 pre-mRNA in an effort to 

interfere with splicing and frameshift the downstream sequence. This is likely to bring a 

premature termination codon in-frame and trigger nonsense-mediated decay of the 

transcript. The non-targeting PPMO control sequence (P7-NC705) was: 5’-

CCTCTTACCTCAGTTACAATTTATA-3’, which has no perfect homology to murine or 

influenza virus sequences. C57BL/6 or BALB/c mice (The Jackson Laboratory) were 

anesthetized with 5% isoflurane, followed by i.n. administration with 100 µg of PPMO in 

40 µL of DPBS. After 24 hrs, PPMO treatment was repeated. At 48 hrs after the first PPMO 

administration, mice were infected i.n. with 100-1000 PFUs of influenza virus A/Puerto 

Rico/8/1934 virus (PR8) diluted in DPBS to a volume of 40 µL. Mice were euthanized and 
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the lungs were collected and homogenization for subsequent assays at 0, 24, and 48 hrs 

post infection. 

Mass Spectrometry Data Processing 

To prepare samples for LC-MS/MS analysis, samples were denatured and reduced 

in 2 M urea, 10 mM NH4HCO3, and 2 mM DTT for 30 min at 60°C with constant shaking, 

alkylated in the dark with 2 mM iodoacetamide for 45 min at 23°C and digested overnight 

at 37°C with 80 ng trypsin (Promega). Following digestion, peptides were acidified with 

formic acid and desalted using C18 ZipTips (Millipore) according to the manufacturer's 

specifications. Samples were resuspended in 4% formic acid, 2% acetonitrile solution. 

Digested peptide mixtures were analyzed on a Thermo Scientific Velos Pro dual linear ion 

trap mass spectrometer equipped with a Proxeon Easy-nLC HPLC with a pre-column (2 

cm x 100 um I.D. packed with ReproSil Pur C18 AQ 5 um particles) and an analytical 

column (10 cm x 75 um I.D. packed with ReproSil Pur C18 AQ 3 um particles). A gradient 

was delivered by the HPLC from 5% to 30% ACN in 0.1% formic acid over one hr. The 

Velos Pro collected one full scan followed by 20 collision-induced dissociation MS/MS 

scans of the 20 most intense peaks from the full scan. Dynamic exclusion was enabled for 

30 sec with a repeat count of 1. Data were searched against a database containing SwissProt 

Human protein sequences (downloaded March 21, 2018), concatenated to a decoy database 

where each sequence was randomized in order to estimate the false positive rate. The 

searches considered a precursor mass tolerance of 1 Da and fragment ion tolerances of 0.8 

da, and considered variable modifications for protein N-terminal acetylation, protein N-

terminal acetylation and oxidation, glutamine to pyroglutamate conversion for peptide N-
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terminal glutamine residues, protein N-terminal methionine loss, protein N-terminal 

acetylation and methionine loss, and methionine oxidation, and constant modification for 

carbamidomethyl cysteine. The resulting raw data were matched to protein sequences by 

the Protein Prospector algorithm. Prospector data were filtered using a maximum protein 

expectation value of 0.01 and a maximum peptide expectation value of 0.05. 

RNA-seq Data Processing 

A549 (siNTC and siDHX16 knockdown) cells were infected at MOI=1, and RNA 

was isolated at 24 hrs post infection. RNA quality was assessed by visualization of 18S 

and 28S RNA bands using an Agilent 2100 Bioanalyzer (Agilent Technologies); the 

electropherograms were used to calculate the 28S/18S ratio and the RNA integrity number. 

Poly(A)+ RNA was enriched from total RNA (1 μg) using oligo(dT)-attached magnetic 

beads. First- and second-strand synthesis, adaptor ligation, and amplification of the library 

were performed using the Illumina TruSeq RNA sample preparation kit as recommended 

by the manufacturer (Illumina). Library quality was evaluated using an Agilent DNA-1000 

chip on an Agilent 2100 Bioanalyzer. Quantification of library DNA templates was 

performed using qRT-PCR and a known-size reference standard. Cluster formation of the 

library DNA templates was performed using TruSeq PE cluster kit v3 (Illumina) and the 

Illumina cBot workstation under conditions recommended by the manufacturer. Paired-

end 50-base sequencing by synthesis was performed using TruSeq SBS kit v3 (Illumina) 

on an Illumina HiSeq 1500 instrument using protocols defined by the manufacturer. The 

alignment of NGS sequence reads was performed using the Spliced Transcript Alignment 

to a Reference (STAR) program, version 2.5.1b, using default parameters 85. We used the 
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human hg38 assembly as a reference with the UCSC gene annotation file, both downloaded 

from the Illumina iGenomes website. The –quantMode GeneCounts option of STAR 

provided read counts per gene, which were input into the DESeq2 (version 1.12.1) 86 

differential expression analysis program to determine expression levels and differentially 

expressed genes. Alternative splicing events were measured with MISO (Mixture of 

Isoforms) software, version 0.5.3, following the software authors’ recommendations. The 

filter events utility script was used to filter the differential splicing events with parameters 

--delta-psi 0.1 –bayes-factor 10 87. 

Quantification and Statistical Analysis 

All data were presented as means ± SD or SEM as indicated and analyzed using 

GraphPad PRISM software (version 9 GraphPad Software). Protein band intensity and 

nuclear/cytoplasmic distribution was quantified using ImageJ software (version 1.53m 

NIH). Confocal vector profiles were analyzed using Zen lite software (version 2.5 Carl 

Zeiss). Student’s paired t-test, one-way ANOVA, or two-way ANOVA with multiple 

comparisons were used. *p < 0.05; **p < 0.01; ***p < 0.001; ****p<0.0001. 
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Construct Forward Reverse 

HA-DHX16  

 

ATAATAGAATTCATGGCGACG

CCGGCGGGTCTGGAGCGCTGG

GTTCAGGACGAGCTGCACTCG

GTGTTG 

TAATATCTCGAGTTAGTAATCT

GGAACATCGTATGGGTACATT

GCTGCTGCCCCTAGCTCTTCTC

GTGTTTTG 

 

FLAG-DHX16 (K428A) AGACAGGCTCAGGGGCGACCA

CCCAGAT 

ATCTGGGTGGTCGCCCCTGAG

CCTGTCT 

FLAG-DHX16 (D520A) CGTGGTGATGGTGGCAGAGGC

ACACGAAA 

TTTCGTGTGCCTCTGCCACCAT

CACCACG 

FLAG-DHX16 (H523D) TGGTGGATGAGGCAGATGAAA

GGACCCTACACACAGA 

TCTGTGTGTAGGGTCCTTTCAT

CTGCCTCATCCACCA 

FLAG-DHX16 (S552L) TCAAGGTCCTGGTGGCTTTAGC

CACAATGGACACT 

AGTGTCCATTGTGGCTAAAGC

CACCAGGACCTTGA 

FLAG-DHX16 (G724N) ATTAGAATTCGTCGACTGGAT

CCGGTACCGAGGAGATCT 

TAATGTATACAGGCGGAAGCA

CTTCCCTGCAGCCACCCGACCT

GCCCTGTTAGCTCGCTGAT 

FLAG-DHX16 (DEXDc) ATTAGCGATCGCCATGAGCCT

CCCGGTGTTC 

TAATACGCGTGAAGATGTCCA

CAGGAAACCT 

FLAG-DHX16 (HELICc) ATTAGCGATCGCCATGGACAT

CTTCTACA 

TAATACGCGTCCCTAAGCTCTT

GAGCAGCAACA 

FLAG-DHX16 (HA2) ATTAGCGATCGCCATGCTGGC

TTTGGAGCAGCTGTAT 

TAATACGCGTTAGCAGAACCA

GGTGGTCA 

FLAG-DHX16 (DUF) ATTAGCGATCGCCATGGTACG

CAAGGCCATCACT 

TAATACGCGTATAATGGGGAG

CCACCTCCAGAA 

FLAG-DHX16 (HELICc Δ-IV) ATTAGCGATCGCCATGCCCATT

TATGCCAATCTGCCCTCT 

TAATACGCGTCCCTAAGCTCTT

GAGCAGCAACA 

FLAG-DHX16 (HELICc Δ-VI) ATTAGCGATCGCCATGGACAT

CTTCTACA 

TAATACGCGTGCTCTTCTGCTT

ACAGAACCCT 

Table 2.1 Oligonucleotides for cloning constructs 

Primer sequences to generate mutations and fusion constructs for DHX16. Sequences are 

listed 5’ to 3’. 
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Primer Forward Reverse 

h18S rRNA  GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

hDHX16  CCAACTGCTCTCAATCTCCA ATCCCAACTCCTCCCTCTTT 

hIFN-β  TCTGGCACAACAGGTAGTAGGC GAGAAGCACAACAGGAGAGCAA 

hIFIT1  CAAAGGGCAAAACGAGGCAG CCCAGGCATAGTTTCCCCAG 

hIFITM1  TGACCATTGGATTCATCCTG TGCACAGTGGAGTGCAAAG 

hIFIT2  ATGTGCAACCTACTGGCCTAT TGAGAGTCGGCCCATGTGATA 

hIFI27  ACTGGGAGCAACTGGACTCT TAGAACCTCGCAATGACAGC 

hMX2  AGGTTCCAGACCTGACCATC GTCTGCTGCCTCTGGATGTA 

hBST2  GAAAGTGGAGGAGCTTGAGG ACTTCTTGTCCGCGATTCTC 

hISG15  TCCTGGTGAGGAATAACAAGGG GTCAGCCAGAACAGGTCGTC 

hSTAT1  ACAGCAGAGCGCCTGTATTG CAGCTGATCCAAGCAAGCAT 

mβ-Actin  CGGTTCCGATGCCCTGAGGCTCTT CGTCACACTTCATGATGGAATTGA 

mIFN-β  CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT 

mIFITM1  OriGene Cat #MP206689 OriGene Cat #MP206689 

IAV NP  GCCTGCCTGCCTGTGTGTATGGAT GGCATGCCATCCACACCAGTTGAC 

IAV M1  AGATGAGTCTTCTAACCGAGTCG TGCAAAAACATCTTCAAGTCTCT 

IAV M2  CCGAGGTCGAAACGCCTATCAG GCAATAGTGAGAGGATCACTTGAAC 

IAV NS1 GATCCAAACACTGTGTCAAGCTTTC ATCCGCTCCACTATCTGCTT 

IAV NEP  GGGTGACAAAGACATAATGG TCTCCCATTCTCATTACTGC 

SCoV2 ORF1a/ab AGTTACGGCGCCGATCTAAAGTCAT TAGCCATCAGGGCCACAGAAGTT 

SCoV2 ORF1ab TACGTGCATGGATTGGCTTCGAT GTTTAAATTGATCTCCAGGCGGTGGT 

SCoV2 S GCCTTACTGTTTTGCCACCT TGATTGTACCCGCTAACAGTGC 

Table 2.2 Oligonucleotides for qRT-PCR 

Primer sequences to determine mRNA transcript levels. Sequences are listed 5’ to 3’. 
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RESULTS 

DHX16 is an unanchored Ub interacting factor 

The importance of unanchored Ub in innate immunity has been shown only for a 

limited number of unanchored Ub-interactors. We set out to investigate what additional 

cellular factors interact with unanchored Ub and whether unanchored Ub plays a broader 

role in innate immunity. To identify unanchored Ub-interacting factors from murine lungs, 

which we expect would represent interactions in close physiological conditions, we used 

His-tagged recombinant poly-Ub chains as bait. These chains were mixed with lung tissue 

lysates and protein complexes were isolated with Ni-NTA beads (Figure 2.1A). Sample 

elutions were subjected to mass spectrometry (MS) analysis. We identified three DEAH-

box RNA helicases (DHX8, DHX15, and DHX16) that interacted with K48-, but not K63-

poly-Ub in lung tissues (Figure 2.1B).  

To confirm that the identified helicases interact with unanchored Ub, we devised a 

novel co-immunoprecipitation (Co-IP) approach that would enrich for endogenous 

unanchored Ub using the Ub-specific protease Isopeptidase T (IsoT, also known as USP5) 

(Figure 2.1C). IsoT interacts with unanchored Ub through its Ub-binding domain (UBD) 

that recognizes the exposed C-terminal Gly residue and not covalently attached Ub 88. IsoT 

was used previously to demonstrate the unanchored nature of poly-Ub 33,34. A GST-tagged 

variant of IsoT that retains its UBD while lacking the catalytic domain was used to capture 

endogenous unanchored Ub without degrading it (Figure 2.1C). As a proof of principle, 

the GST-UBD-IsoT bound unanchored poly-Ub in vitro while a GST control did not 

(Figure 2.2A). To validate whether this approach can be used to isolate unanchored Ub-
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interacting factors from mouse tissues, GST-UBD-IsoT was used to detect a known 

unanchored Ub-interacting factor (IKKε) 34 from murine lung lysates. GST-UBD-IsoT co-

purified IKKε from control samples, but not from lungs that were previously treated with 

peptide-conjugated phosphorodiamidate morpholino oligomers (PPMOs) for TRIM6 

knockdown which is required for the synthesis of K48-poly-Ub that interact with IKKε 34 

(Figure 2.2B). Using this approach, endogenous DHX16 was successfully co-purified from 

cells by GST-UBD-IsoT (Figure 2.3A), confirming the interaction identified by MS. 

Unanchored Ub chains corresponding to as many as five Ub molecules were detected 

(Figure 2.3A). To ensure that GST-UBD-IsoT interacts with DHX16 through unanchored 

poly-Ub, and not via a direct interaction with DHX16, we performed a Co-IP with a high 

salt stringency wash, in which endogenous unanchored poly-Ub interacting with DHX16 

was first removed before the addition of GST-UBD-IsoT (Figure 2.3B). GST-UBD-IsoT 

only interacted with DHX16 in the standard wash that retained poly-Ub, but not after the 

high salt wash that removed poly-Ub interacting with DHX16 (Figure 2.3C). Similarly, the 

increased ionic strength of the high salt wash decoupled overexpressed HA-Ub that co-

purified with DHX16 (Figure 2.3D).  

To further confirm non-covalent interactions between the identified helicases and 

unanchored Ub, we performed a side-by-side non-denaturing and denaturing Co-IP (Figure 

2.4A). Although all three helicases interact with Ub after non-denaturing RIPA washes, 

these associations were lost after denaturing urea washes similarly to an IKKε control 

(Figure 2.4A). A weak band for DHX15 was detected after urea washes, suggesting some 

covalent ubiquitination on DHX15 may occur. An in vitro binding assay using purified 

proteins further demonstrated that DHX16 interacted directly with recombinant K48-, but 
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not K63-poly-Ub (Figure 2.4B). The non-covalent interaction between DHX16 and K48-

poly-Ub was also demonstrated by a Co-IP of endogenous proteins using the high salt 

wash, which removed all endogenous K48-poly-Ub from DHX16 (Figure 2.4C). Finally, 

IAV infection enhanced the association between overexpressed DHX16 and endogenous 

K48-poly-Ub while DHX15 appeared to interact with both K63- and K48-poly-Ub (Figure 

2.4D). Taken together, these results identify DHX16 as an unanchored K48-poly-Ub-

interacting factor.   
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Figure 2.1 Enrichment of unanchored Ub-interacting factors 

(A) Representation of the unanchored Ub enrichment from murine lung tissue. (B) DEAH-

box RNA helicases identified from murine lungs as unanchored Ub-interacting factors 

(MS). (C) Representation of the unanchored Ub enrichment utilizing GST-UBD-IsoT. 

Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.2 GST-UBD-IsoT recognizes unanchored Ub 

(A) Interaction between GST-UBD-IsoT and recombinant K48-poly-Ub chains (2-16 

Ub/chain) in an in vitro Ub-binding assay (Co-IP). (B) GST-UBD-IsoT was mixed with 

lung lysates from mice treated with NTC or TRIM6 PPMO followed by GST pulldown 

(lung samples used in Rajsbaum et al., 2014b) (Co-IP). Data are representative of 2-3 

independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.3 DHX16 is an unanchored Ub-interacting factor 

(A) Interaction between endogenous DHX16 and GST-UBD-IsoT from HEK293Ts (Co-

IP). (B) Representation of the denaturing Co-IP assay used to determine if IsoT interacts 

with DHX16 directly or indirectly via unanchored Ub. (C) GST-UBD-IsoT interacts with 

DHX16 in vitro via unanchored Ub after normal ionic strength (150 mM NaCl), but not 

high ionic strength (550 mM NaCl), RIPA washes (denaturing Co-IP). (D) DHX16 interacts 

non-covalently with poly-Ub after normal (150 mM NaCl), but not high salt (550 mM 

NaCl), washes (denaturing Co-IP). Data are representative of 2-3 independent experiments. 

Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.4 DHX16 interacts with unanchored K48-poly-Ub 

(A) DHX16 interacts non-covalently with poly-Ub after RIPA, but not urea, washes. 

Arrows indicate DHX15 interactions with either non-covalent or covalent poly-Ub 

(denaturing Co-IP). (B) DHX16 interacts with K48-poly-Ub in an in vitro Ub binding assay 

(Co-IP). (C) Endogenous DHX16 interacts non-covalently with K48-poly-Ub after normal, 

but not high salt, washes (denaturing Co-IP). (D) DHX16 interacts with K48-poly-Ub in 

HEK293Ts infected with IAV for 12 hrs (PR8 MOI=5) (Co-IP). Data are representative of 

2-3 independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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DHX16 is required for optimal ISG expression   

To determine if the identified helicases play a role in innate immunity, we 

performed gene silencing of DHX8/15/16 with a pool of small interfering RNAs (siRNA) 

and examined the IFN-I response to IAV infection (Figure 2.5A and 2.5B). While DHX8 

knockdown did not have a statistically significant effect on IFN-β mRNA, both DHX15 

and DHX16 showed significant reduction in IFN-β induction (Figure 2.5B). DHX15 has 

been characterized as a sensor for RNA viruses 17,89,90 while the only known roles for 

DHX16 have been related to RNA metabolism and pre-mRNA splicing 91,92. It is unknown 

whether DHX16 is involved in innate immunity, or if it requires unanchored Ub, prompting 

us to focus our investigation on DHX16. To reduce the possibility that our observations 

are due to off-target effects of the siRNA pool, we tested two additional independent 

siRNAs for DHX16. Both siRNAs significantly reduced DHX16 protein expression and 

inhibited IAV-induced IFN-β and IFITM1 mRNA (Figures 2.5C and 2.5D).   

  To determine if DHX16 plays a role in innate immunity, using an unbiased 

approach, we performed gene silencing of DHX16 followed by a genome wide expression 

analysis using Next-generation sequencing (NGS). DHX16 expression at the protein and 

mRNA level was reduced by over 90% after knockdown (Figures 2.5A and 2.6A). 

Surprisingly, in mock-infected cells, the largest changes in gene expression between 

knockdown and control cells were found in ISGs (Figure 2.6B). Gene Ontology (GO) 

enrichment analysis 93,94 showed that downregulated genes were enriched in pathways 

involved in the IFN-I response and antiviral defenses (Figure 2.6C). Upregulated genes 

were enriched in pathways for extracellular organization (Figure 2.6D). Upon IAV 

infection, induction of ISG expression was significantly reduced in siDHX16 cells 
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compared to siNTC (Figures 2.7A and 2.7B). Strikingly, knockdown of DHX16 adversely 

impacted transcript expression levels of several ISGs relevant to the formation of an 

antiviral state against IAV in both mock and IAV-infected samples suggesting DHX16 is 

involved in driving antiviral innate immunity (Figure 2.7B). 

These data were surprising because of the previously reported role for DHX16 in 

splicing and we did not expect DHX16 function to have a bias in regulating expression of 

innate immune genes. To rule out whether DHX16 promotes ISG induction by regulating 

splicing of a factor involved in IFN-I pathways, we performed mixture of isoforms (MISO) 

analysis, which quantifies alternative splicing events from the NGS data and identifies 

differentially regulated exons across samples 87. This analysis revealed that when 

comparing siDHX16 to siNTC cells, a majority of the alternative splicing events were 

skipped exons (SE), indicating that a dysregulation of splicing does occur (Figure 2.8A). 

However, when looking at specific gene splicing events, we did not find significant 

changes in splicing of well-established genes involved in the IFN-I response (Figure 2.8B), 

suggesting DHX16’s function in innate immunity is independent of its role as a splicing 

factor. Collectively, these data suggest that DHX16 is essential for efficient ISG 

expression. 
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Figure 2.5 DHX16 enhances innate immunity 

(A and B) A549s treated with siNTC or siDHX8/15/16 followed by IAV infection for 24 

hrs (PR8 MOI=0.1). (A) Silencing efficiency of siRNAs and (B) IFN-β expression (qRT-

PCR). (C) Individual siRNA silencing efficiency of DHX16 protein expression 

(immunoblot). (D) IFN-β and IFITM1 expression from siNTC or individual siDHX16 

treated A549s stimulated with IAV for 24 hrs (PR8 MOI=0.1) (qRT-PCR). ). Data are 

expressed as means (n=3) ± SD *p < 0.05; ***p < 0.001; ****p < 0.0001 (Student’s t-test 

or two-way ANOVA with Dunnett’s multiple comparisons). Data are representative of 2-3 

independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.6 DHX16 promotes the antiviral innate immune response 

(A) Silencing efficiency of DHX16 protein (immunoblot). (B-D) Next Generation 

Sequencing analysis of A549s treated with siRNA (B) Volcano plot of ISGs significantly 

downregulated in siDHX16 vs siNTC mock samples. (C and D) Enriched GO terms and 

pathways (Enrichr) of downregulated (C) and upregulated (D) transcripts. Data are 

representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 with 

permission 1. 



 41 

 

Figure 2.7 DHX16 is required for efficient induction of ISGs 

(A) Heat map of transcriptomic changes. (B) Validation of selected ISGs identified in NGS 

(qRT-PCR). Data are expressed as means (n=3) ± SD *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001 (One-way ANOVA with Tukey’s multiple comparisons). Data are 

representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 with 

permission 1. 
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Figure 2.8 DHX16 knockdown does not alter splicing of IFN-I pathway genes 

(A) Number of alternative exons between siNTC and siDHX16 treated mock or IAV-

infected A549s. (B) RNA-seq reads of human RIG-I, MAVS, TBK1, IKKε, IRF3, TRIM25, 

and TRIM6 genes. Data are representative of 2-3 independent experiments. Reproduced 

from Hage, et al 2022 with permission 1. 
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DHX16 is involved in antiviral IFN-I production 

Since DHX16 knockdown affects expression of ISGs, we examined whether 

DHX16 plays a role downstream of the IFN-I receptor (Figure 2.9A). DHX16 transcript 

levels were not increased in response to IFN-β (Figure 2.9B), indicating DHX16 is not an 

ISG under these conditions. The induction of ISGs upon treatment with IFN-β were not 

significantly different between siNTC and siDHX16 cells (Figure 2.9C), suggesting that 

DHX16 does not play a role in the IFN-I signaling pathway. However, knockdown of 

DHX16 led to a reduction in phosphorylation of IRF3 and TBK1 during IAV infection 

(Figure 2.10A), which are required for IFN-I production. Decreases in the active forms for 

these signaling factors correlated with reduced IFN-β and IFIT2 mRNA (Figure 2.10B) as 

well as a reduction of secreted IFN-β protein (Figure 2.10C). In line with these data, the 

loss in IFN-I production resulted in a significant increase of IAV titers in siDHX16 cells 

compared to siNTC controls (Figure 2.10D). Additionally, overexpression of DHX16 

significantly enhanced phosphorylation of both IRF3 and TBK1 (Figure 2.11A), which 

correlated with increased expression of IFN-β and ISG transcripts (Figures 2.11B and 

2.11C). Overexpression of DHX16 also significantly suppressed IAV replication (Figure 

2.11D). 

To demonstrate the biological relevance of DHX16, and since DHX16 KO mice are 

embryonically lethal, DHX16 expression was silenced in vivo using PPMOs as we 

previously established 34,84,95. We first validated the DHX16 PPMO knockdown in mouse 

embryonic fibroblasts (MEFs), which showed reduced levels of DHX16 protein (Figure 

2.12A). BALB/c mice were administered control or DHX16 PPMOs prior to IAV 

challenge (Figure 2.12B). DHX16 PPMOs silenced murine DHX16 protein expression in 
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lungs resulting in significantly enhanced IAV titers in infected animals, reduced mIFN-β 

and mIFITM1 mRNA, and a small, but statistically significant, reduction in IFN-β protein 

compared to control PPMO-treated mice (Figures 2.12C-2.12F). DHX16 knockdown also 

caused a delay in weight recovery following IAV infection (Figure 2.12G). The in vivo 

effects observed during DHX16 knockdown were consistent across different mouse strains 

as C57BL/6 mice also showed significantly higher viral titers for DHX16 PPMO-treated 

animals (Figure 2.12H). These data implicate a role for DHX16 in antiviral immunity in 

vivo.  

We then tested whether DHX16 was involved in establishing a general antiviral 

state. The consequence of DHX16 knockdown was assessed during infection with different 

RNA viruses. Expression of IFN-β was significantly reduced in siDHX16 cells infected 

with either WT IAV (negative-sense, Orthomyxoviridae family) or a recombinant mutant 

incapable of effectively antagonizing IFN-I production (NS1 R38A/K41A) (Figures 2.13A 

and 2.13B). DHX16 silencing impaired IFN-β expression upon infections with Zika virus 

(ZIKV; positive-sense, Flaviviridae family) (Figure 3O) and SCoV2 (positive-sense, 

Coronaviridae family) (Figure 3P), but not Sendai virus (SeV; negative-sense, 

Paramyxoviridae family) (Figure S3E). Consistent with this, DHX16 knockdown resulted 

in higher SCoV2 titers (Figure S3F). These results suggest that DHX16 may play a broad 

role in innate immunity against multiple viruses, however specific patterns or signals may 

be present in different virus families that allow DHX16 to trigger an IFN-I response.   
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Figure 2.9 DHX16 is not an IFN-stimulated gene 

(A) Diagram of IFN-signaling pathway. (B) DHX16 expression from siNTC or siDHX16 

treated A549s stimulated with IFN-β (1000 IU/mL) (qRT-PCR). (C) ISG expression from 

siNTC or siDHX16 treated A549s stimulated with IFN-β (1000 IU/mL) (qRT-PCR). Data 

are expressed as means (n=3) ± SD (Student’s t-test). Data are representative of 2-3 

independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.10 DHX16 enhances activation of the IFN-I production pathway 

(A-D) A549s treated with siNTC or siDHX16 followed by IAV infection for 24 hrs (PR8 

MOI=0.1). (A) Phosphorylation of TBK1 and IRF3 (immunoblot). (B) IFN-β and IFIT2 

expression (qRT-PCR). (C) IFN-β protein in supernatants (ELISA). (D) IAV viral titers 

(plaque assay). Data are expressed as means (n=3) ± SD ***p < 0.001; ****p < 0.0001 

(Student’s t-test). Data are representative of 2-3 independent experiments. Reproduced 

from Hage, et al 2022 with permission 1. 
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Figure 2.11 Ectopic DHX16 enhances IFN-I production 

(A-D) A549s transfected with empty vector or DHX16 followed by IAV infection for 24 

hrs (PR8 MOI=0.1). (A) Phosphorylation of TBK1 and IRF3 (immunoblot). (B) IFN-β and 

IFITM1 expression (qRT-PCR). (C) IFIT2, IFI27, Mx2, and BST2 expression (qRT-PCR). 

(D) IAV viral titers (plaque assay). Data are expressed as means (n=3) ± SD *p < 0.05; **p 

< 0.01; ***p < 0.001; (Student’s t-test). Data are representative of 2-3 independent 

experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.12 DHX16 enhances IFN-I production in vivo 

(A-H) PPMO-mediated in vivo silencing of DHX16 in BALB/c mice followed by IAV 

infection (PR8, 1000 PFU) (n=3-4/group). (A) Validation of PPMO-mediated silencing 

efficiency of DHX16 in MEFs (immunoblot). (B) Schematics of experiment. (C) Validation 

of PPMO-mediated silencing in murine lung tissue (immunoblot). (D) IAV viral titers 

(plaque assay). (E) mIFN-β and mIFITM1 expression (qRT-PCR). (F) IFN-β protein in lung 

tissue (ELISA) (n=5-8/group). (G) Weight loss from NTC or DHX16 PPMO treated mice 

infected with IAV (PR8, 100 PFU) (n=5/group). (C) Viral titers from NTC or DHX16 

PPMO treated C57BL/6 mice infected with IAV (PR8 100 PFU) (n=3-4/group). Data are 

expressed as means (n=3) ± SD *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 

(Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons). Data are 

representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 with 

permission 1. 
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Figure 2.13 Ectopic DHX16 enhances IFN-I production 

(A and B) IFN-β expression from siNTC or siDHX16 treated A549s infected with IAV 

(PR8 WT or R38A/K41A MOI=0.1), (C) ZIKV (FSS MOI=0.1), (D) Calu-3s infected with 

SCoV2 (icSARS-CoV-2-mNG MOI=1), or (E) SeV (Cantell 100 HAU/mL) (qRT-PCR). 

(F) Viral titers from siNTC or siDHX16 treated Calu-3s infected with SCoV2 (icSARS-

CoV-2-mNG MOI=1). Data are expressed as means (n=3) ± SD *p < 0.05; **p < 0.01; 

***p < 0.001; (Student’s t-test). Data are representative of 2-3 independent experiments. 

Reproduced from Hage, et al 2022 with permission 1. 



 50 

DHX16 promotes efficient antiviral IFN-I production through an interaction with 

RIG-I 

Since DHX16 triggers an IFN-I response to multiple viruses, we asked whether 

DHX16 can recognize PAMPs known to stimulate specific PRRs. IFN-β was significantly 

reduced in siDHX16 cells in response to 3p-hpRNA, an in vitro transcribed hairpin RNA 

of NEP from segment 8 of IAV known to be specifically recognized by RIG-I 96,97 (Figure 

2.14A). In contrast, Poly(I:C) (dsRNA mimic stimulating MDA5 and RIG-I), Poly(dA:dT) 

(dsDNA mimic stimulating cGAS), or purified IAV vRNA (non-replicative), induced 

similar levels of IFN-β mRNA in siNTC and siDHX16 cells (Figures 2.14B-2.14D). 

Furthermore, knockdown of DHX16 led to reduced phosphorylation of IRF3 and TBK1 

after stimulation with 3p-hpRNA (Figure 2.14E and 2.14F), suggesting the involvement of 

the RIG-I pathway. 

Since knockdown and overexpression of DHX16 altered TBK1 phosphorylation 

(Figures 2.10A, 2.11A, and 2.14E), DHX16 may play a role in IFN-I production at the 

level of TBK1 or upstream. Considering DHX16 is an RNA-binding factor, we 

hypothesized that it may act as a PRR for RNA viruses. We tested whether DHX16 can 

interact with the adaptor protein MAVS which is known to link other PRRs to downstream 

signaling. Indeed, DHX16 and MAVS interacted when co-expressed (Figure 2.15A). Since 

DHX16 is involved in IFN-I induction upon stimulation with a RIG-I specific ligand, we 

asked whether DHX16 cooperates with RIG-I. A Co-IP and reciprocal Co-IP showed that 

RIG-I is a binding partner of DHX16 (Figures 2.15B and 2.15C). Furthermore, 

overexpressed RIG-I interacted with endogenous DHX16 (Figure 2.15D). To identify the 

regions of RIG-I that are important for interacting with DHX16, we used deletion mutants 
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of RIG-I encoding either the N- or C-terminal domains (Figure 2.16A). The C-terminal 

domain of RIG-I interacted with DHX16 in a similar or stronger degree to full-length RIG-

I (Figure 2.16B). DHX16-RIG-I binding was further substantiated as endogenous DHX16 

interacted with endogenous RIG-I only during IAV infection (Figure 2.16C). Functionally, 

induction of IFN-I by DHX16 required RIG-I as overexpression of DHX16 enhanced an 

IFN-β luciferase reporter only in the presence of RIG-I (Figure 2.17A). Furthermore, 

overexpression of DHX16 resulted in enhanced mIFN-β transcript levels in WT, but not 

RIG-I KO MEFs (Figure 2.17B). Together, these results identify DHX16 as a factor 

required for optimal RIG-I-mediated IFN-I production in response to specific viral PAMPs. 
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Figure 2.14 DHX16 enhances IFN-I in response to 3p-hpRNA 

(A-D) IFN-β expression from siNTC or siDHX16 treated A549s transfected with (A) 3p-

hpRNA (100 ng/mL), (B) Poly(I:C) HMW (10 μg/mL), (C) Poly(dA:dT) (10 μg/mL), or 

(D) IAV vRNA (100 ng/mL) (qRT-PCR). (E) IFN-I production pathway activation from 

siNTC or siDHX16 treated A549s stimulated with 3p-hpRNA (100 ng/mL) (immunoblot). 

(F) Western blot quantification for pTBK1 and pIRF3 in (J) (densitometry). Data are 

expressed as means (n=3) ± SD *p < 0.05; **p < 0.01; ****p < 0.0001 (Student’s t-test). 

Data are representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 

with permission 1. 
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Figure 2.15 DHX16 interacts with RIG-I 

(A) Interaction between DHX16 and MAVS following co-expression in HEK293Ts (Co-

IP). (B) DHX16 interacts with RIG-I following co-expression in HEK293Ts (Co-IP). (C) 

Reciprocal interaction between DHX16 and RIG-I following co-expression in HEK293Ts 

(Co-IP). (D) Endogenous DHX16 interacts with ectopic RIG-I in HEK293Ts (Co-IP). Data 

are representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 with 

permission 1. 
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Figure 2.16 DHX16 interacts with RIG-I during infection 

(A) Diagram of RIG-I truncation mutants. (B) Interaction between DHX16 and RIG-I 

domain truncations following co-expression in HEK293Ts (Co-IP). (C) Endogenous 

DHX16 and RIG-I interact in A549s infected with IAV for 24 hrs (PR8 MOI=1) (Co-IP). 

Data are representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 

with permission 1. 
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Figure 2.17 DHX16 requires RIG-I to enhance IFN-I production 

(A) IFN-β luciferase reporter activity in HEK293Ts following DHX16 and RIG-I co-

expression. (B) DHX16 and mIFN-β expression from WT or RIG-I KO MEFs following 

transfection of DHX16 (qRT-PCR and immunoblot). Data are expressed as means (n=3) ± 

SD **p < 0.01; ****p < 0.0001 (One-way ANOVA with Tukey’s multiple comparisons). 

Data are representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 

with permission 1. 
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Unanchored Ub chains and RNA are critical for optimal DHX16-mediated IFN-I 

production 

To examine the role for unanchored Ub in the DHX16-RIG-I-IFN-I signaling axis, 

the fully catalytic form of IsoT, capable of specifically cleaving unanchored Ub chains, 

was used in a de-ubiquitination assay (Figure 2.18A). Overexpression of IsoT reduced the 

levels of unanchored K48-poly-Ub interacting with DHX16 (Figure 2.18B). Increases in 

IFN-β observed upon overexpression of DHX16 were significantly reduced in the presence 

of IsoT under mock and IAV-infected conditions establishing a dependence on unanchored 

Ub (Figure 2.18C). Since recent investigations proposed that unanchored Ub is an 

important signaling mediator 33-35,98, we questioned whether these free Ub chains could 

modulate DHX16 interactions with RIG-I. To address this, purified DHX16, RIG-I, and 

unanchored Ub chains were mixed in vitro. DHX16 and RIG-I interacted in a cell-free 

system and this was further enhanced by unanchored K48-poly-Ub chains. In contrast, 

unanchored K63-poly-Ub chains did not increase DHX16-RIG-I binding (Figure 2.19A). 

Collectively, these results suggest that unanchored K48-poly-Ub chains promote 

interactions between RIG-I and DHX16 necessary for optimal downstream signaling 

events. 

We then tested whether unanchored Ub or vRNA altered the ability of DHX16 to 

hydrolyze ATP in an in vitro ATPase assay (Figure 2.19B). Unanchored K48-poly-Ub did 

not enhance DHX16’s ATPase activity over basal levels while purified IAV vRNA alone 

significantly increased DHX16’s ATPase activity (Figure 2.19B). This increase could be 

enhanced further when IAV vRNA and unanchored K48-poly-Ub were added 

concurrently, whereas addition of unanchored K63-poly-Ub did not have an effect (Figure 
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2.19B). To address the possibility of a required DHX16-RNA interaction for unanchored 

K48-poly-Ub binding, lysates from cells expressing DHX16 were treated with RNase A to 

cleave ssRNA bound to DHX16 (Figure 2.20A). RNase A treatment reduced the amount 

of unanchored K48-poly-Ub co-purifying with DHX16 (Figures 2.20A and 2.20B). Since 

unanchored K48-poly-Ub improved DHX16-RIG-I interactions (Figure 2.19A), and since 

both RIG-I and DHX16 are known to interact with RNA, we reasoned that DHX16 and 

RIG-I form a complex via RNA. Treatment with RNase A prior to immunoprecipitation of 

lysates co-expressing DHX16 and RIG-I reduced the amount of DHX16 bound to RIG-I 

by as much as 80% (Figure 2.20C). Collectively, these data suggest that vRNA and 

unanchored K48-poly-Ub promote the formation of a RIG-I-DHX16 complex that is 

necessary for optimal IFN-I induction during virus infection (Figure 2.20D). 
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Figure 2.18 DHX16 interacts with unanchored Ub to promote IFN-I production 

(A) The IsoT de-ubiquitination assay. (B) De-coupling of unanchored K48-poly-Ub from 

DHX16 following co-expression of IsoT in HEK293Ts (Co-IP). (C) IFN-β expression 

following co-expression of DHX16 and IsoT in HEK293Ts infected with IAV for 24 hrs 

(PR8 MOI=0.1) (qRT-PCR). Data are expressed as means (n=3) ± SD *p < 0.05; **p < 

0.01; (One-way ANOVA with Tukey’s multiple comparisons). Data are representative of 

2-3 independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.19 Unanchored K48-poly-Ub promotes DHX16-RIG-I interactions 

(A) In vitro interactions between DHX16 and RIG-I ± recombinant poly-Ub chains (Co-

IP). (B) Effects of recombinant poly-Ub (1 μg) and purified IAV vRNA (100 ng) on DHX16 

ATPase activity in an in vitro ATPase assay. Data are expressed as means (n=3) ± SD *p < 

0.05; ***p < 0.001 (One-way ANOVA with Tukey’s multiple comparisons). Data are 

representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 with 

permission 1. 
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Figure 2.20 DHX16 requires RNA to bind unanchored Ub and RIG-I 

(A) Interaction between DHX16 and unanchored K48-poly-Ub following co-expression in 

HEK293Ts in the presence of RNase A (100 μg/mL) (Co-IP). (B) Immunoblot 

quantification of K48-Ub in (A) (densitometry). (C) Interactions between DHX16 and 

RIG-I following co-expression in HEK293Ts in the presence of RNase A (0-100 μg/mL) 

(Co-IP). (D) DHX16-RIG-I complex formation mediated through vRNA and unanchored 

poly-Ub. Data are expressed as means (n=3) ± SD ***p < 0.001 (One-way ANOVA with 

Tukey’s multiple comparisons). Data are representative of 2-3 independent experiments. 

Reproduced from Hage, et al 2022 with permission 1. 
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TRIM6 synthesizes unanchored K48-poly-Ub that interacts with DHX16 and 

regulates its activity 

Since the E3-Ub ligase TRIM6 was previously found to promote IFN-I by 

synthesizing unanchored K48-poly-Ub 34,62, we hypothesized that TRIM6 may also be 

responsible for the unanchored K48-poly-Ub interacting with DHX16. TRIM6 and DHX16 

interacted in a Co-IP and reciprocal Co-IP (Figures 2.21A and 2.21B), and the C-terminal 

SPRY domain of TRIM6 was responsible for this binding (Figures 2.21C and 2.21D). 

TRIM6 is a known cytoplasmic factor, and DHX16 is reported to localize mostly in the 

nucleus 34,63,67,91,99,100. We examined whether these factors relocalize for interaction by 

confocal microscopy. A549s overexpressing either TRIM6 or DHX16 displayed each 

factor in their known locations while co-expression resulted in a drastic redistribution of 

DHX16 from the nucleus to the cytoplasm where it colocalized with TRIM6 (Figures 

2.22A and 2.22B). Notably, A549s maintain a sizable proportion of endogenous DHX16 

in the cytoplasm (Figure 2.23A).  

We tested whether TRIM6 promotes interactions between unanchored K48-poly-

Ub and DHX16 (Figure 2.23B). The association of endogenous K48-poly-Ub chains with 

DHX16 was enhanced in the presence of TRIM6, but not with a catalytically inactive form 

(TRIM6-C15A) 34,67, in a Co-IP assay (Figure 2.23C). The unanchored nature of these 

TRIM6-dependent chains was confirmed in a Co-IP in which high salt washes removed 

K48-poly-Ub from DHX16 (Figure 2.23D). Interactions between endogenous K48-poly-

Ub and endogenous DHX16 were detected in WT A549s but were significantly reduced in 

TRIM6 KO A549s (Figure 2.24A). Furthermore, TRIM6 was required for efficient 



 62 

DHX16-mediated IFN-I responses as overexpression of DHX16 significantly increased 

IFN-β and ISG mRNA in WT, but not TRIM6 KO A549s (Figure 2.24B).  

We then asked whether DHX16, RIG-I, and TRIM6 interact in a complex. DHX16, 

RIG-I, and TRIM6 form a complex upon overexpression (Figure 2.25A) or in a cell-free 

system with purified proteins (Figure 2.25B). Additionally, endogenous DHX16, RIG-I, 

and TRIM6 form a complex during IAV infection (Figure 2.25C). Overexpression of all 

three factors resulted in relocalization of DHX16 from the nucleus to the cytoplasm where 

it co-localized with both RIG-I and TRIM6 in distinct cytoplasmic puncta (Figure 2.26). 

IAV infection promotes a small, but statistically significant, relocalization of endogenous 

DHX16 from the nucleus to the cytoplasm where it co-localizes with RIG-I (Figures 2.27A 

and 2.27B). The presence of a steady-state level of cytoplasmic DHX16, combined with 

further relocalization during infection, is consistent with an interaction between DHX16, 

RIG-I, and TRIM6 in the cytoplasm. Together, these data identify TRIM6 as a binding 

partner of DHX16 that promotes a complex with RIG-I. It also suggests that the unanchored 

K48-poly-Ub synthesized by TRIM6 is an important modulator of DHX16-mediated IFN-

I.   
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Figure 2.21 DHX16 interacts with the E3-Ub ligase TRIM6 

(A) Interaction between DHX16 and TRIM6 following co-expression in HEK293Ts (Co-

IP). (B) Reciprocal interaction between DHX16 and TRIM6 following co-expression in 

HEK293Ts (Co-IP).  (C) Diagram of TRIM6 deletion mutants. (D) Interaction between 

DHX16 and the SPRY domain of TRIM6 following co-expression in HEK293Ts (Co-IP). 

Data are representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 

with permission 1. 
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Figure 2.22 DHX16 co-localizes with TRIM6 

(A) Co-localization between DHX16 and TRIM6 following co-expression in A549s. Scale 

bar=20 μm (confocal microscopy). (B) Nuclear/cytoplasmic distribution of DHX16 

following TRIM6 co-expression in A549s (n=17). Data are expressed as means ± SD ****p 

< 0.0001 (Two-way ANOVA with Tukey’s multiple comparisons). Data are representative 

of 2-3 independent experiments. Reproduced from Hage, et al 2022 with permission 1. 



 65 

 

Figure 2.23 TRIM6 associates unanchored K48-poly-Ub onto DHX16 

(A) Nuclear and cytoplasmic distribution of DHX16 in mock and IAV infected A549s (PR8 

MOI=1) (immunoblot). (B) RING and SPRY domain involvement in the TRIM6-mediated 

association of poly-Ub to targets. (C) Interaction between DHX16 and K48-poly-Ub 

following co-expression with either WT or C15A TRIM6 in HEK293Ts (Co-IP). (D) Non-

covalent interactions between DHX16 and K48-poly-Ub following co-expression with WT 

TRIM6 in low, but not high, salt washes in HEK293Ts (denaturing Co-IP). Data are 

representative of 2-3 independent experiments. Reproduced from Hage, et al 2022 with 

permission 1. 
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Figure 2.24 TRIM6 is required for DHX16-mediated IFN-I 

(A) Interaction between endogenous DHX16 and K48-poly-Ub in WT or TRIM6 KO 

A549s (Co-IP). (B) IFN-β, IFITM1, and IFI27 expression from WT or TRIM6 KO A549s 

transfected with DHX16 for 24 hrs (qRT-PCR). Data are expressed as means (n=3) ± SD 

***p < 0.001; ****p < 0.0001 (One-way ANOVA with Tukey’s multiple comparisons). 

Data are representative of 2-3 independent experiments.  Reproduced from Hage, et al 2022 

with permission 1. 
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Figure 2.25 DHX16 forms a complex with RIG-I and TRIM6 

(A) Interaction between DHX16, RIG-I, and TRIM6 following co-expression in 

HEK293Ts (Co-IP). (B) Interaction between purified DHX16, RIG-I, and TRIM6 protein 

in vitro (Co-IP). (C) Interaction between endogenous DHX16, RIG-I, and TRIM6 in A549s 

infected with IAV for 24 hrs (PR8 MOI=1) (Co-IP). Data are representative of 2-3 

independent experiments.   Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.26 DHX16 co-localizes with RIG-I and TRIM6 

Co-localization between DHX16, RIG-I, and TRIM6 following co-expression in A549s. 

Scale bar=20 μm (confocal microscopy). Data are representative of 2-3 independent 

experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.27 DHX16 co-localizes with RIG-I during IAV infection 

(A) Co-localization between DHX16 and RIG-I following IAV infection for 24 hrs in 

A549s (PR8 MOI=1). Scale bar=20 μm (confocal microscopy). (B) Nuclear/cytoplasmic 

distribution of DHX16 following IAV infection for 24 hrs in A549s (PR8 MOI=1) (n=11). 

Data are expressed as means ± SD ****p < 0.0001 (Two-way ANOVA with Tukey’s 

multiple comparisons). Data are representative of 2-3 independent experiments. 

Reproduced from Hage, et al 2022 with permission 1. 
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DHX16 requires an intact motif III for RNA-binding and IFN-I production 

To understand what aspects of DHX16 are required for its IFN-I response, we 

generated mutations to alter functional activities within the eight conserved motifs of the 

helicase domain (Figures 2.28A and 2.28B). Mapping of DHX16 identified a need for the 

HELICc domain to interact with K48-poly-Ub (Figure 2.28C). To narrow down the region 

required for K48-poly-Ub, the HELICc domain was truncated to remove motif IV (FLTG) 

or motif VI (QRAGRAGR) (Figure 2.28D). K48-poly-Ub associated with WT and Δ-VI-

HELICc, but had reduced affinity for Δ-IV-HELICc (Figure 2.28E). The individual 

DHX16 domains were made to determine the regions required for binding. The DEXDc, 

HELICc, and DUF domains were each sufficient for interacting with RIG-I and TRIM6 

(Figures 2.29A and 2.29B). Expression of the HA2 domain was undetectable and we could 

not conclude whether this domain was involved in interactions. Consistent with the 

interactions between HELICc and Ub, overexpression of the HELICc domain alone 

induced phosphorylation of IRF3 and TBK1 and enhanced expression of IFN-β mRNA, 

albeit to lower efficiency compared to WT DHX16 (Figures 2.30A and 2.30B). 

Interestingly, the S552L and DEXDc mutants did not induce phosphorylation of IRF3 and 

TBK1, IFN-β mRNA, or expression of IRF7 protein (an ISG), while the G724N mutant 

had reduced induction compared to WT DHX16 (Figures 2.30A and 2.30B). 

Overexpression of the S552L mutant failed to enhance basal or 3p-hpRNA-stimulated IFN-

β mRNA levels compared to WT DHX16 (Figure 2.30C). Mutations at S552L and G724N 

are analogous to mutations S378L and G551N found in Prp2, the yeast homolog of 

DHX16, that reduce ATPase activity 91,100-102. ATP hydrolysis has been shown to be an 

important determinant for the function of other helicases in innate immunity, or entirely 
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dispensable 17,20,89,90. We investigated whether the loss in IFN-β mRNA for the S552L and 

G724N mutants was attributed to an altered ATPase activity. In the presence of a Poly U30 

RNA substrate known to stimulate the ATPase activity of Prp2 101,103, WT and G724N 

DHX16 hydrolyzed ATP while S552L and constructs bearing mutations in the ATPase 

motifs (K428A and D520A) did not (Figure 2.31A). Importantly, while mutations K428A 

and D520A abolished ATPase activity, they did not impact IFN-β levels suggesting that 

ATPase activity is dispensable for DHX16-mediated IFN-I production (Figure 2.30A). The 

requirement of both RIG-I and unanchored K48-poly-Ub led us to consider whether these 

mutations alter the ability of DHX16 to interact with its partners. All mutant forms of 

DHX16 co-purified with RIG-I and endogenous unanchored K48-poly-Ub indicating the 

loss in IFN-I was not due to a reduced affinity for RIG-I or Ub (Figure 2.31B). 

RNA unwinding needs the binding energy of ATP but it does not require its 

hydrolysis since conversion of ATP to ADP benefits DExD/H-box release from RNA 

promoting enzyme recycling for the next reaction step to proceed 104-106. Once engaged 

with RNA, DExD/H-box helicases either catalyze strand separation of RNA duplexes, or 

act as a nucleation point for the assembly of a larger ribonucleoprotein (RNP) complex 106. 

While motifs I and II are defined as NTP-binding motifs, motifs III and VI convert the 

energy from NTP binding and hydrolysis into RNA unwinding and RNP remodeling 

through movement of the RecA1 and RecA2 domains 107,108. An intact helicase domain, 

particularly motif III, is paramount for proper function as motif III employs the binding 

energy of ATP to orchestrate movement between motifs I, II, and VI that span the two 

RecA domains to generate a high-affinity ssRNA binding site 109. To define the relevance 

of the S552L and G724N mutations, we asked whether these mutants had reduced binding 
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to RNA. Purified WT DHX16 bound a biotinylated form of Poly(I:C) while the S552L 

mutant lost any detectable interaction. Furthermore, the G724N mutant displayed a 

weakened affinity for dsRNA compared to WT DHX16 (Figure 2.31C). Interestingly, both 

the DEXDc and HELICc domains could bind RNA probably due to each domain retaining 

RNA-binding motifs and possibly because both domains are free of the proposed inhibitory 

gating mechanism of the C-terminal domain 110,111. This would also explain the ability of 

the HELICc domain to interact with K48-poly-Ub and induce downstream signaling. 

We then set out to identify the PAMP that is recognized by DHX16, and how RIG-

I is involved to trigger IFN-I. Since the S552L mutant of DHX16 cannot bind RNA (Figure 

2.31C) and has also been shown to be deficient in splicing 91, we hypothesized that DHX16 

may recognize a splicing signal in vRNAs. The IAV genome is comprised of 8 RNA 

segments, two of which (segments 7 and 8) undergo splicing to produce the M1 and M2 

(segment 7) and the NS1 and NEP (segment 8) products 112. To determine whether DHX16 

enhances IFN-I production through recognition of a specific IAV segment, we performed 

RNA-immunoprecipitation (RNA-IP). DHX16 (WT or S552L) and vectors expressing the 

full-length IAV segments 5, 7, and 8 were expressed in cells, and equal levels of protein 

were confirmed by immunoblot (Figure 2.31D). While segments 7 and 8 of IAV can 

undergo splicing, segment 5 does not 112. To test the contribution of RIG-I, the experiment 

was performed in the presence or absence of overexpressed RIG-I. While WT DHX16 was 

able to bind both spliced forms of IAV segment 7 (M1 and M2) and segment 8 (NEP), 

these interactions were significantly increased when RIG-I was co-expressed (Figures 

2.32B and 2.32C). Among the IAV segments tested, DHX16 displayed affinity for the M1 

and M2 products of segment 7 and the NEP product of segment 8, but not for segment 5 
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(NP) (Figures 2.32B-2.32D), suggesting a splicing signal may be involved for recognition. 

In support of this, the S552L mutant failed to interact with any of the vRNA forms tested 

(Figures 2.32B and 2.32C). Strikingly, the ability of DHX16 to interact with specific IAV 

segments correlated with the expression levels of IFN-β and IFITM1 mRNA. When RIG-

I alone was overexpressed, IFN-β and IFITM1 levels were enhanced when provided with 

IAV segment 7 and this was amplified in the presence of WT, but not S552L, DHX16 

(Figure 2.32A). Of note, transfection of segment 8, which encodes the well-established 

IFN-I antagonist NS1, completely blocked IFN-β as expected (Figures 2.33A and 2.33B).  

To examine whether DHX16’s ability to recognize IAV vRNAs involved splicing, 

an RNA-IP was performed from IAV-infected cells using either the WT PR8 strain of IAV, 

capable of splicing its segment 8 into both the NS1 and NEP mRNAs, or a recombinant 

GFP-NS1 reporter IAV that cannot splice segment 8 and instead translates NS1 and NEP 

as a single polyprotein later separated via a 2A autoproteolytic cleavage site 77 (Figure 

2.34A). DHX16 showed an affinity for NEP mRNA from WT PR8, but this was 

significantly reduced for the GFP-NS1 virus, implicating the involvement of a splicing 

signal for recognition (Figure 2.34B). Equal levels of DHX16 and viral proteins are shown 

as control (Figure 2.34C). To rule out the possibility that DHX16 affects splicing of 

vRNAs, which could result in spliced forms recognized by RIG-I, we examined the RNA 

and protein abundance of spliced IAV transcripts upon DHX16 silencing. DHX16 

knockdown did not alter vRNA ratios or protein expression for any of the spliced IAV 

genes (Figures 2.35A and 2.35B). Finally, since DHX16 is involved in optimal IFN-I 

induction upon infection with SCoV2, and because SCoV2 is not known to undergo 

splicing, we asked whether DHX16 interacts with a specific region of SCoV2 vRNA. 
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SCoV2-infected cells subjected to RNA-IP (Figure 2.36A) showed WT DHX16, but not 

S552L, enriched for the ORF1a/ab region (ORF1a alone or ORF1ab) of SCoV2 vRNA 

(Figures 2.36B-2.36E). Taken together, DHX16 can recognize specific vRNA signals via 

its conserved motif III to promote an efficient antiviral IFN-I response.  
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Figure 2.28 DHX16 interacts with unanchored K48-poly-Ub through its HELICc 

domain 

(A) Diagram of DHX16 point mutations. (B) Diagram of DHX16 domains mutants used. 

(C) Interactions between DHX16 (WT and domain mutants) and K48-poly-Ub following 

co-expression in HEK293Ts (Co-IP). (D) Diagram of DHX16-HELICc motif mutants 

used. (E) Interactions between DHX16-HELICc (WT and motif mutants) and K48-poly-

Ub following co-expression in HEK293Ts (Co-IP). Data are representative of 2-3 

independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.29 DHX16 interacts with RIG-I and TRIM6 through several domains 

(A and B) Interactions between DHX16 (WT and domain mutants) and RIG-I (A) or 

TRIM6 (B) following co-expression in HEK293Ts (Co-IP). Data are representative of 2-3 

independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.30 DHX16 requires an intact motif III for IFN-I production 

(A) IFN-β expression from A549s transfected with DHX16 (WT or mutants) for 24 hrs 

(qRT-PCR and immunoblot). (B) IFN-I production pathway activation from A549s 

transfected with DHX16 (WT or mutants) for 24 hrs (immunoblot). (C) IFN-β expression 

from A549s transfected with DHX16 (WT or S552L) and 3p-hpRNA (100 ng/mL) (qRT-

PCR). Data are expressed as means (n=3) ± SD ***p < 0.001; ****p < 0.0001 (One-way 

ANOVA with Tukey’s multiple comparisons). Data are representative of 2-3 independent 

experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.31 DHX16 requires an intact motif III for RNA-binding 

(A) ATPase activity of DHX16 (WT or mutants) in an in vitro ATPase assay. (B) 

Interactions between DHX16 (WT and mutants) and RIG-I following co-expression in 

HEK293Ts (Co-IP). (C) In vitro RNA-binding ability of DHX16 (WT or mutants) (Co-IP). 

(D) Input protein expression from RNA-IP using IAV segments (Figure 2.32) 

(immunoblot). Data are expressed as means (n=3) ± SD **p < 0.01; ****p < 0.0001 

(Student’s t-test). Data are representative of 2-3 independent experiments. Reproduced 

from Hage, et al 2022 with permission 1. 
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Figure 2.32 DHX16 recognizes IAV vRNA 

(A-D) HEK293Ts transfected with DHX16 (WT or S552L) and segment 7, 8, or 5 of IAV 

± RIG-I for 24 hrs (RNA-IP). (A) IFN-β and IFITM1 expression from RNA-IP (qRT-PCR). 

(B-D) Interaction between DHX16 (WT or S552L) and segment 7 (B), 8 (C), or 5 (D) of 

IAV ± RIG-I (fold enrichment over segment 7, 8, or 5 alone) (RNA-IP). Data are expressed 

as means (n=3) ± SD **p < 0.01; ***p < 0.001; ****p < 0.0001 (One-way ANOVA with 

Tukey’s multiple comparisons). Data are representative of 2-3 independent experiments. 

Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.33 DHX16 does not recognize IAV NS1 vRNA 

(A) Input IFN-β expression from IAV segment 8 RNA-IP (qRT-PCR). (B) Interaction 

between DHX16 (WT or S552L) and segment 8 of IAV in the presence or absence of RIG-

I (fold enrichment over segment 8 alone) (RNA-IP). Data are expressed as means (n=3) ± 

SD *p < 0.05; (One-way ANOVA with Tukey’s multiple comparisons). Data are 

representative of 2-3 independent experiments.  Reproduced from Hage, et al 2022 with 

permission 1. 
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Figure 2.34 DHX16 recognizes spliced IAV vRNAs 

(A) Diagram of segment 8 from WT and GFP-NS1 IAV PR8 (modified from Manicassamy 

et al., 2010). WT PR8 expresses NS1/NEP proteins by mRNA splicing (top). GFP-NS1 

PR8 expresses both NS1-GFP and NEP proteins from a single mRNA via a ribosome 

start/stop at the porcine teschovirus-1 2A (PTV-1 2A) site (bottom). Splice donor/acceptor 

sites (SD/SA). (B) Interaction between DHX16 and IAV vRNAs from cells infected with 

WT or GFP-NS1 PR8 for 24 hrs (PR8 MOI=0.1) (fold enrichment over IAV alone) (RNA-

IP). (C) Input protein expression from RNA-IP using IAV (WT or GFP-NS1 PR8) 

(immunoblot). Data are expressed as means (n=3) ± SD ****p < 0.0001 (One-way ANOVA 

with Tukey’s multiple comparisons). Data are representative of 2-3 independent 

experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.35 DHX16 knockdown does not alter splicing of IAV genes 

(A) M2/M1 and NEP/NS1 expression from siNTC or siDHX16 treated A549s infected with 

IAV (PR8 MOI=1) (qRT-PCR). (B) Expression of IAV proteins from siNTC or siDHX16 

treated A549s infected with IAV (PR8 MOI=1) (immunoblot). Data are expressed as means 

(n=3) ± SD (Student’s t-test). Data are representative of 2-3 independent experiments. 

Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.36 DHX16 recognizes SCoV2 vRNA 

(A) Diagram of SCoV2 genome. Stars indicate amplification regions of qRT-PCR primers 

used. (B-D) Interaction between DHX16 (WT or S552L) and SCoV2 vRNAs from 

HEK293T-hACE2s infected for 24 hrs (USA-WA1/2020 MOI=0.1) (fold enrichment over 

SCoV2 alone) (RNA-IP). (E) Input protein expression from RNA-IP using SCoV2 

(immunoblot). Data are expressed as means (n=3) ± SD ***p < 0.01; ****p < 0.0001 (One-

way ANOVA with Tukey’s multiple comparisons). Data are representative of 2-3 

independent experiments. Reproduced from Hage, et al 2022 with permission 1. 
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Figure 2.37 DHX16 enhances IFN-I production in response to virus infection 

(A and B) Model of DHX16-dependant enhancement of antiviral innate immunity. (A) 

DHX16 enhances RIG-I-mediated IFN-I production in response to virus infection. 

Activation of DHX16 requires recognition of vRNA and interactions with unanchored 

K48-poly-Ub chains synthesized by TRIM6. These interactions promote the recruitment of 

RIG-I. (B) Sensing of vRNAs by DHX16 requires specific PAMPs (splicing signals in IAV 

and potentially RNA structures or Poly U sequences for other viruses). This recognition 

requires an intact motif III which utilizes the binding energy of ATP to alter the 

conformation of the helicase domain into a high-affinity RNA clamp. Upon engagement 

with an RNA substrate, K48-poly-Ub chains synthesized by TRIM6 associate with 

DHX16’s HELICc domain. The presence of these unanchored Ub chains facilitate 

interactions with RIG-I, which is required for the DHX16-dependent enhancement of 

downstream IFN-I signaling and optimal antiviral innate immunity. Reproduced from 

Hage, et al 2022 with permission 1. 
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Chapter 3: Discussion 

THE RNA HELICASE DHX16 

To identify additional factors involved in innate immunity that require unanchored 

Ub for their function, we used a novel approach to isolate unanchored Ub chains from in 

vivo samples. Employing this method, we identified the RNA helicase DHX16 as a novel 

unanchored Ub-interacting factor and a potential PRR that partners with RIG-I for antiviral 

IFN-I production and ISG expression. 

DHX16 is a DEAH-box RNA helicase in the SF2 superfamily 107,113,114. DHX16 

has only been described as a pre-mRNA splicing factor that helps form a catalytically 

active spliceosome 91,115,116. Mutations in DHX16 that diminish splicing result in the 

nuclear accumulation of unspliced transcripts including genes involved in 

neurodevelopment 92,117. Although DHX16’s involvement in pre-mRNA splicing is 

recognized, it is unknown if DHX16 plays a role in innate immunity and whether it is 

regulated by unanchored Ub.   

MECHANISM FOR DHX16-DEPENDANT ANTIVIRAL INNATE IMMUNITY 

In this study, we identified the DEAH-box helicase DHX16 as required for optimal 

IFN-I production through an interaction with RIG-I, and this is regulated by unanchored 

K48-poly-Ub chains synthesized by the E3-Ub ligase TRIM6 (Figure 2.37A). These 

findings revealed a role for unanchored Ub as an activator of innate immune signaling that 

mirrors previous observations by ourselves and others 33-35,118. Our data and these previous 

studies indicate that both unanchored K48- and K63-poly-Ub activate different signaling 
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pathways for a full and efficient IFN-I response, but mechanistically are needed at different 

steps (K63 chains promote RIG-I binding to MAVS while K48 chains promote DHX16 

binding to RIG-I). This suggests unanchored Ub may function as a broader signaling 

platform warranting further investigation. Our study also identifies TRIM6 as the 

responsible E3 ligase for the unanchored K48-poly-Ub interacting with DHX16. This 

information echoes earlier findings revealing a role for TRIM6 and unanchored K48-poly-

Ub in the IFN-I response 60. 

These findings discern a mechanism for how DHX16 engages RIG-I to trigger IFN-

I. DHX16’s ability to interact with RIG-I in vitro required unanchored K48-poly-Ub and 

the presence of ssRNA (Figure 2.37A). The RNAs that activate DHX16 contain a 5’-

triphosphate and a splicing signal, but do not appear to be dsRNA. DHX16 is important for 

optimal IFN-I induction against ZIKV and SCoV2 indicating DHX16 may provide 

additional PAMP-sensing specificity for RIG-I. RIG-I recognizes flaviviruses 119 and has 

been implicated in sensing coronaviruses 120-123. Although evidence indicates SCoV2 

induces IFN-I primarily through MDA5 in Calu-3 cells 124,125, a role for RIG-I may apply 

depending on cell types and conditions. It is possible RIG-I recognizes SCoV2 in addition 

to MDA5 123, but the effects could be obscured by viral antagonism as some SCoV2 

proteins inhibit IFN-I upon RIG-I stimulation 122,126.  

DExD/H-box proteins have eight highly conserved motifs across their two RecA 

domains. Mutations in these motifs are detrimental to IFN-I responses 18,20. Our data 

indicate that a motif III mutant of DHX16 failed to recognize vRNA and was unable to 

potentiate an IFN-I response. A similar SAT-to-LAT motif III mutation in another SF2 

helicase member, DDX3, resulted in a loss to both ATPase and helicase activities 127. Motif 
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III mutations cannot translate the binding energy of ATP’s γ phosphate into a high-affinity 

RNA-binding site and movement of the RecA domains. This negatively impacts the RNA-

dependent hydrolysis of ATP by failing to constrain the catalytic core enough to hydrolyze 

the β,γ phosphoanhydride bond 107,109. Motif III maintains an essential role in DExD/H-box 

helicases for their involvement in RNA metabolism and their non-canonical functions. 

Since the DHX16 helicase motif is essential for recognition of vRNAs, and since mutations 

within this motif result in reduced splicing activity 91, we propose a model in which DHX16 

couples its recognition of splicing signals with IFN-I responses. In this model, RIG-I 

recognizes a 5’-triphosphate while DHX16 provides a high-affinity interaction with 

specific vRNAs (Figure 2.37B). DHX16’s ability to aid RIG-I may be attributed to a unique 

signal or sequence in vRNAs as DHX16 targets IAV vRNAs that can be spliced. 

Recognition of vRNA by DHX16 required a functional motif III, suggesting that the RNA-

clamp mechanism used by these helicases to engage host RNA also applies to foreign 

genetic material. 

PRO-VIRAL AND ANTIVIRAL ROLES OF TRIM6 

 This study identifies the E3 Ub ligase TRIM6 as a critical regulator of DHX16-

mediated IFN-I production and is consistent with other reports that indicate TRIM6 plays 

a broad role in antiviral innate immunity 34,63. A majority of TRIM-related studies have 

focused on the roles TRIMs play as antiviral factors. In spite of the numerous instances 

where TRIMs function as critical components in antiviral innate immunity, a previously 

unrecognized role of TRIMs is starting to emerge on the opposite side of the spectrum by 

promoting the activities of an invading pathogen.  
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 In an effort to combat selective pressures, viruses have evolved in a manner that 

allows their limited proteome to retain numerous functions thereby augmenting their 

capacity to counteract the various methods with which host cells restrict viral replication. 

The novel concept of viruses hijacking TRIMs to directly participate in successful viral 

replication was recently reported by our group with TRIM6 67. TRIM6 is an important 

component in IFN-I production and signaling however EBOV replication in TRIM6 

knockout cells was not increased, suggesting that TRIM6 is required for optimal EBOV 

replication 34,67. The EBOV VP35 protein, a known IFN antagonist and co-factor of the 

viral polymerase, was found to interact with the SPRY domain of TRIM6 and compete 

with IKKε for binding implicating VP35 as a target for ubiquitin 67,128-130. Indeed, mass 

spectrometry identified K309 on VP35 as a target for ubiquitination and co-expression of 

TRIM6 enhanced ubiquitinated forms of VP35 67. Direct enhancement of EBOV 

replication by TRIM6 was observed in an EBOV minigenome assay where increasing 

amounts of TRIM6, but not the catalytically defective C15A RING mutant, enhanced 

EBOV polymerase activity 67. Under these circumstances, the ability for TRIM6 to 

participate in the antiviral immune response is impeded as it is co-opted by VP35 and its 

Ub chains repurposed for enhancing viral replication.   

 Further evidence on the potential pro-viral roles of TRIMs exists in additional 

studies (e.g. TRIM23) 131. Identification of TRIM23 as a pro-viral factor was first 

determined when the NS5 component of yellow fever virus was found to require K63-

linked polyubiquitin from TRIM23 in order to interact with STAT2 and inhibit IFN-I 

signaling 132. Prior to these studies, TRIM23 was known as an antiviral signaling 

component 133. Other works have identified additional TRIMs as pro-viral factors for 
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flaviviruses, for example TRIM7 72,134. TRIM7 has also been reported to have antiviral 

restriction activity against noroviruses and enteroviruses 135,136, and plays a role in different 

immune signaling pathways including activation of c-Jun/AP-1 transcription factors 137, 

and potentially in induction of inflammatory cytokines upon TLR4 stimulation in 

macrophages 138. If more TRIMs behave similarly to TRIM6, TRIM7, and TRIM23 during 

infection, the seemingly opposite antiviral and pro-viral functions could be explained by 

specific conditions or stimuli (virus or cell-type specific responses).  

DEXD/H-BOX HELICASES IN ANTIVIRAL INNATE IMMUNITY 

Recent reports have identified roles for DExD/H-box helicases in innate immunity 

as co-receptors to RLRs (DHX15, DHX29, DHX36, and DDX60) 17-21 and other pathway 

components like MAVS, STING, NLRP3, and TLRs (DHX9, DHX33, DHX36, DDX3, 

DDX1, DDX21, and DDX41) 139-143. This involvement of so many members from the same 

protein superfamily suggests DExD/H-box helicases at-large are at the forefront of 

combating pathogens in addition to their roles in RNA metabolism 16. A logical question 

that arises is why do RLRs like RIG-I rely on numerous factors to fully induce IFN-I? One 

explanation could be that since RIG-I itself is an ISG with low basal expression, there exists 

a need to rapidly induce RLR-mediated signaling. This need for a prompt, robust response 

may be satisfied by DExD/H-box helicases by enhancement or maintenance of PAMP 

recognition for PRRs 17,18, or the recruitment or redistribution of PRRs to signaling 

platforms 20,139,141. Another explanation is that these helicases further identify PAMPs 

based on sequence signals in addition to RIG-I’s recognition of 5’-triphosphate RNA and 

short dsRNA 11,12. Our study identifies segments 7 and 8 from IAV as specific vRNAs 
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recognized by DHX16 suggesting DHX16’s ability to identify PAMPs may be related to 

splicing. Intriguingly, ZIKV and SCoV2 are non-segmented, positive-sense RNA viruses 

encoding one full-length polyprotein and are not known to produce spliced vRNAs. 

However, DHX16 can recognize Poly U sequences 101 and it has been proposed that SCoV2 

vRNA can be sensed by host PRRs via Poly U tails 144. DHX16 might also identify a 

structure within their genomes 119,145,146. Furthermore, coronavirus transcription is known 

to produce subgenomic mRNAs 147-150, which could provide DHX16 an unknown PAMP. 

Collectively, our study provides evidence for DHX16 as a novel unanchored Ub-

interacting factor necessary for optimal RIG-I-mediated IFN-I production and ISG 

expression in response to viral challenge. To our knowledge, DHX16 is the first example 

of a DEAH-box helicase requiring unanchored Ub and recognition of splicing signals to 

trigger an efficient antiviral response. These findings provide new insights into the 

involvement of DExD/H-box helicases in the immune system and may guide strategies for 

intervening in antiviral innate immunity via activation of non-RLR helicases against a 

broad spectrum of pathogens.   

LIMITATIONS OF THE STUDY 

For the in vivo relevance of DHX16, we observed a significant decrease in IFN-I 

responses upon DHX16 knockdown with PPMOs; however, in some cases the differences 

are small. The use of PPMOs in vivo does present technical limitations which could explain 

for the limited significance. DHX16 PPMOs were delivered intranasally, and therefore 

limited our understanding of the importance of DHX16 to the respiratory tract and lungs. 
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The tissue specificity and expression of DHX16 in other organs was not examined and it 

is not known if DHX16 expression elsewhere in the host affects antiviral responses.  

The effects of DHX16 knockdown in specific cell types (lung epithelial and 

resident immune cells) could be limited due to the efficiency in which the PPMO can be 

delivered and internalized between cell types. Additionally, differences in the timing of 

PPMO administration and immune cell infiltration could prevent DHX16 knockdown in 

cells trafficking to the source of infection. In vivo, our study lacks insight into the 

contributions of DHX16 in immune cells that produce relevant cytokines (dendritic cells 

and macrophages), which may be needed to appreciate the observed delay in weight gain 

during the recovery phase of IAV infection. Future studies may include immunostaining 

of tissues to assess lung injury after infection between NTC and DHX16 PPMO treatments. 

 The inability to obtain a DHX16 KO animal limited our study to gene knockdown 

which may have off-target effects. However, the PPMO and siRNAs tested recognize 

different sequences in human and murine DHX16 and obtained consistent phenotypes 

reducing this possibility; the PPMO targets the exon 2-intron 2 junction of murine DHX16 

pre-mRNA while siDHX16 #1 and #2 target nucleotides #2601-2615 and #761-779 in 

human DHX16 pre-mRNA respectively. 

DHX16 is a pre-mRNA splicing factor and critical component of the host splicing 

machinery. Proper splicing of the IAV vRNA segments 7 and 8 has been shown to directly 

affect successful viral replication 151,152. Despite not encoding for its own splicing 

components, IAV has evolved to usurp the host splicing machinery as a means to expand 

its own coding capacity with recent studies identifying several host factors critical for viral 

replication 153-155. Although knockdown of DHX16 did not alter the ratios of M2/M1 or 
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NEP/NS1 mRNA and protein at relevant time points immediately following infection, our 

study did not rule out whether DHX16 alters IAV gene splicing at later time points within 

a typical multicycle replication.       

PRRs are a class of molecules capable of directly identifying specific ligands from 

pathogens. By definition, DHX16 is a PRR since it can recognize the splicing signals 

present in IAV vRNA. Despite this ability, DHX16 cannot potentiate an immunoprotective 

effect on its own and requires the effector capability of another PRR, RIG-I, to fulfill its 

IFN-I contribution. In that regard, DHX16 serves more as a co-factor to RIG-I during IAV 

infection. While DHX16 is able to induce an IFN-I response against other ssRNA viruses 

like Zika and SCoV2, our study is limited in our understanding of what PAMP DHX16 is 

recognizing and whether DHX16 is able to act as a standalone PRR in these cases. 
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Chapter 4: Conclusions and Future Perspectives 

CONCLUSIONS 

This study set out to identify novel unanchored ubiquitin-binding factors and to 

characterize the biological relevance this PTM has on its binding partners. The host pre-

mRNA splicing factor DHX16 was identified in a novel Co-IP of unanchored K48-poly-

Ub chains from murine lung lysates and it was shown that DHX16 plays a role in antiviral 

innate immunity by promoting IFN-I and ISG expression in vitro and in vivo. Involvement 

of DHX16 in innate immunity was only apparent during stimulation with certain pathogens 

and PAMPs. Induction of any DHX16-mediated immune response showed a clear 

requirement for RIG-I indicating DHX16 is not a standalone PRR. In addition to RIG-I, 

unanchored K48-poly-Ub provided by the E3 Ub ligase TRIM6 is critical for any DHX16 

immune response by establishing interactions with RIG-I. Engagement of this DHX16-

TRIM6-RIG-I signaling cascade relied on the ability for DHX16 to first sense vRNA. 

Remarkably, DHX16 is able to specifically recognize vRNA from IAV containing splicing 

motifs making DHX16 a RIG-I co-factor highly tailored to the recognition of specific IAV 

segments. Although this study has provided insight into the role for DHX16 and 

unanchored Ub in innate immunity, there still remain outstanding questions regarding the 

biological relevance of DHX16, the range of PAMPs DHX16 recognizes, and the broad 

biological importance of the unanchored Ub.     

IN VIVO MODELS OF DHX16  
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Deletion of DHX16 is embryonically lethal in mice, limiting our study of the 

biological relevance of DHX16 to in vivo knockdown approaches. Although conventional 

knockout of DHX16 appears out of reach, alternative approaches such as the generation of 

a DHX16 conditional knockout mouse may be more attainable. Assuming mice bearing a 

DHX16 allele flanked with loxP (DHX16fl/fl) could be obtained, generation of a DHX16 

conditional knockout animal would theoretically be possible by crossing the DHX16fl/fl 

mice with commercially available mice expressing Cre recombinase under the control of a 

LysM promoter. The resulting excision of the loxP-flanked gene would generate mice 

lacking DHX16 in myeloid cell lineages (monocytes, macrophages, dendritic cells, etc.) 

156. The ability to characterize the relevance of DHX16-mediated signaling in vivo from 

relevant immune cells would offer a better understanding for how DHX16 affects sensing 

of vRNA and the implications its loss may have on clearance of pathogens, immune cell 

trafficking, and immunopathology. 

IDENTIFYING DHX16 AGONISTS 

DHX16 showed an ability to influence IFN-I responses to several ssRNA viruses 

in addition to IAV. Although it is not known if Zika virus and SCoV2 utilize splicing to 

expand their genome repertoire, or if they possess canonical splicing motifs, the 

impairment of IFN-I in the absence of DHX16 during infection with these pathogens 

implicates DHX16 is sensing these viruses in some way to influence antiviral innate 

immunity. Interrogation of DHX16-vRNA interactions can be achieved through the use of 

CLIP-Seq and high-throughput sequencing to map regions of vRNA that correspond to 

high frequency interaction with an RNA-binding protein 119,157. It is possible that DHX16 
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may recognize more than just splicing motifs and may have an affinity for particular RNA 

structures that would also be present in viral genomes. Gaining a better understanding of 

the particular PAMPs present in vRNA that are sensed by DExD/H-box helicases may shed 

light on the unique contributions these molecules offer traditional RLRs for enhancing 

innate immunity. 

Although vRNAs have been the primary focus of this study, due to their well 

characterized roles as RLR agonists, recent advancements have identified host cellular 

RNAs as potent RLR substrates 158,159. Evidence of viral infection triggering RIG-I-

mediated IFN-I responses indirectly through the dysregulation of cellular RNA has been 

shown for RNA5SP141 as herpes simplex virus 1 depletion of host proteins allows for the 

escape of RNA5SP141 from its normal binding partners where it is then recognized by 

RIG-I 158. A similar mechanism has been described with Kaposi’s sarcoma-associated 

herpesvirus as infection-induced loss of the host triphosphatase DUSP11 allows for the 

accumulation of triphosphorylated noncoding RNAs that trigger RIG-I activation 159. 

Whether DHX16 has the potential enhance RIG-I signaling through the recognition of 

cellular RNAs has yet to be determined. However, identifying human transcripts bound to 

DHX16 during viral infection that promote antiviral innate immunity could introduce a 

new aspect to the emerging field of host RNA-induced activation of innate immunity.   

UBIQUITIN IN PRE-MRNA SPLICING   

Although ubiquitin has been shown to be a major PTM critical for the function of 

numerous cellular processes, it has only recently garnered appreciation as a regulator 

component of the host splicing machinery 160,161. The observation that unanchored K48-
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poly-Ub chains promote ATPase activity of DHX16 when presented with a substrate like 

vRNA opens the possibility of unanchored Ub having new physiological functions ascribed 

to it beyond its appreciation in innate immunity. It would be of interest to explore whether 

unanchored Ub influences the expression of host genes relevant to innate immunity or viral 

replication.
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