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 2 

Abstract  20 

Post-translational modifications play crucial roles in viral infections, yet many potential 21 

modifications remain unexplored in orthoflavivirus biology. Here we demonstrate that the 22 

UFMylation system, a post-translational modification system that catalyzes the transfer of UFM1 23 

onto proteins, promotes infection by multiple orthoflaviviruses including dengue virus, Zika virus, 24 

West Nile virus, and yellow fever virus. We found that depletion of the UFMylation E3 ligase 25 

complex proteins UFL1 and UFBP1, as well as other UFMylation machinery components (UBA5, 26 

UFC1, and UFM1), significantly reduces infectious virion production for orthoflaviviruses but not 27 

the hepacivirus, hepatitis C. Mechanistically, UFMylation does not regulate viral RNA translation 28 

or RNA replication but instead affects a later stage of the viral lifecycle. We identified novel 29 

interactions between UFL1, and several viral proteins involved in orthoflavivirus virion assembly, 30 

including NS2A, NS2B-NS3, and Capsid. These findings establish UFMylation as a previously 31 

unrecognized post-translational modification system that promotes orthoflavivirus infection, likely 32 

through modulation of viral assembly. This work expands our understanding of the post-33 

translational modifications that control orthoflavivirus infection and identifies new potential 34 

therapeutic targets. 35 

 36 

Importance 37 

Orthoflaviviruses depend on host-mediated post-translational modifications to successfully 38 

complete their lifecycle, yet many of these critical interactions remain undefined. Here, we 39 

describe a role for a post-translational modification pathway, UFMylation, in promoting infectious 40 

particle production of ZIKV and DENV. We show that UFMylation regulates these viruses at a 41 

lifecycle stage after initial RNA translation and RNA replication. Additionally, we find that 42 

regulation of infection by UFMylation extends to other orthoflaviviruses, including West Nile virus 43 

and yellow fever virus, but not to the broader Flaviviridae family. Finally, we demonstrate that 44 

UFMylation machinery directly interacts with specific DENV and ZIKV proteins during infection. 45 

These studies reveal a previously unrecognized role for UFMylation in regulating orthoflavivirus 46 

infection.   47 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

Introduction 48 

Orthoflaviviruses are a genus of positive-sense RNA viruses (1) that represent a 49 

significant human health burden. These viruses, which include dengue virus (DENV), West Nile 50 

Virus (WNV), yellow fever virus (YFV), and Zika virus (ZIKV), are transmitted by arthropods in 51 

tropical regions, placing billions of people at risk of contracting an orthoflavivirus infection annually 52 

(2). There are currently a lack of therapies and broadly effective vaccines against these viruses, 53 

highlighting the need for a better understanding of the molecular processes occurring during viral 54 

infection. Orthoflaviviruses have a compact but efficient genome organization and lifecycle that 55 

enables successful viral infection. Within infected cells, the ~11 kilobase positive-sense RNA 56 

genome is translated as a single polyprotein that is cleaved by viral and host proteases into ten 57 

individual proteins (3). These viral proteins include three structural proteins (C, prM/M, and E), 58 

which form the virion, and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 59 

and NS5) that mediate viral replication and coordinate additional functions that contribute to 60 

infection, such as facilitating evasion of the innate immune system (4). Following translation, the 61 

viral proteins induce ER invaginations to compartmentalize viral RNA replication (3). Then, the 62 

viral genomic RNA is transported from the ER invaginations to associate with the viral Capsid (C) 63 

protein, forming a nucleocapsid (5). The viral nucleocapsid buds through the ER to form an 64 

immature virion which undergoes additional maturation before being secreted from the cell (3). 65 

Due to their limited genome size, orthoflaviviruses rely on host factors to dynamically regulate the 66 

roles of viral proteins in distinct viral lifecycle stages (6-8). While many roles for host proteins in 67 

orthoflavivirus infection have been characterized, the full scope of host factors regulating 68 

orthoflavivirus infection is unknown, including roles for many enzymes catalyzing post-69 

translational modifications.   70 

Viral infection can be regulated by reversible post-translational modifications (9), which 71 

modify viral or host proteins to alter their stability, subcellular localization, and function. While 72 

roles for some post-translational modifications of orthoflaviviral proteins, such as acetylation, 73 

phosphorylation, ubiquitination, and glycosylation, have been described (10-13), there are many 74 

post-translational modifications, including novel ubiquitin-like modifications, that have not been 75 

fully explored during orthoflavivirus infection. One such ubiquitin-like modification is UFM1. UFM1 76 

is an 85-amino acid ubiquitin-like peptide conjugated onto lysine residues through an enzymatic 77 

pathway involving the E1 activase, UBA5, the E2 conjugase, UFC1, and the E3 ligase complex, 78 

UFL1-UFBP1, while UFSP2 mediates its removal (14-19). The addition of UFM1 to proteins, 79 

which is referred to as UFMylation, can regulate protein function by altering protein-protein 80 

interactions (20-22). UFMylation regulates several host processes essential to viral infection and 81 
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can modulate infection by a number of diverse viruses, including  the gamma-herpesvirus 82 

Epstein-Barr virus (EBV) (23) and the picornavirus hepatitis A virus (HAV) (24), ultimately limiting 83 

inflammation or promoting viral translation during infection, respectively. UFL1 has also been 84 

described to regulate pathways that could impact orthoflavivirus infection, such as promoting 85 

antiviral RIG-I signaling (25) and resolving ER stress responses (20, 26, 27), which are known to 86 

accumulate during orthoflavivirus replication (28). However, a specific function for UFMylation 87 

during orthoflavivirus infection has not been described.  88 

Here, we demonstrate that UFL1, the UFMylation machinery, and the process of UFM1 89 

conjugation promote DENV and ZIKV infectious virion production through a mechanism 90 

independent of viral RNA translation or replication. Additionally, we find that UFL1 promotes 91 

infection of several orthoflaviviruses, including DENV, ZIKV, WNV, and YFV, but it does not 92 

regulate infection by the hepacivirus, hepatitis C virus (HCV). Mechanistically, we find that UFL1 93 

can interact with the viral Capsid, NS2A, and NS2B/NS3 proteins during orthoflavivirus infection, 94 

suggesting that UFL1 interactions with these viral proteins may regulate their function through 95 

direct modification or altered protein-protein interactions. These findings establish UFM1 and the 96 

process of UFMylation as post-translational regulators of orthoflavivirus infection.  97 

 98 

Results 99 

The UFMylation E3 ligase complex proteins promote orthoflavivirus infection. To determine 100 

if the UFMylation E3 ligase complex protein UFL1 regulates orthoflavivirus infection, we examined 101 

the production of infectious virions during DENV or ZIKV infection following siRNA-mediated 102 

depletion of UFL1 in human hepatoma Huh7 cells. Huh7 cells are an appropriate model cell line 103 

for these viruses because they can support high levels of orthoflavivirus infection. In addition, 104 

orthoflavivirus infection induces disease pathologies associated with viral infection in the liver 105 

(29). We found that compared to cells treated with control non-targeting siRNA, depletion of UFL1 106 

decreased the levels of infectious DENV in the supernatant at 48 hours post infection, as 107 

measured by focus-forming assay (Figure 1A, left). Similarly, depletion of UFL1 reduced the levels 108 

of infectious ZIKV (Figure 1A, right). As recent studies have shown that the E3 ligase of 109 

UFMylation is a complex consisting of both UFL1 and UFBP1 (17, 30) we next examined the role 110 

of UFBP1 in DENV and ZIKV infection. We found that depletion of UFBP1 in Huh7 cells also 111 

resulted in decreased levels of infectious virions from both DENV and ZIKV infections, indicating 112 

that the UFMylation E3 ligase complex promotes orthoflavivirus infection (Figure 1B). Importantly, 113 

depletion of UFL1 or UFBP1 did not affect the viability of Huh7 cells (Figure 1C). However, the 114 

loss of expression of either UFL1 or UFBP1 in Huh7 cells did result in reduced expression of its 115 
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cognate cofactor (Figure 1D), as seen previously by others (17, 31). We observed similar results 116 

in A549 cells, a lung carcinoma line susceptible to orthoflavivirus infection, where depletion of 117 

either UFL1 or UFBP1 decreased the production of infectious ZIKV virions and resulted in 118 

reduced expression of both proteins (Figure 1E). These results confirm that depletion of either 119 

UFL1 or UFBP1 results in loss of the overall UFMylation E3 ligase complex. In addition, these 120 

data reveal that depletion of the UFMylation E3 ligase complex results in reduced viral particle 121 

production during DENV and ZIKV infection. Moving forward, we solely targeted UFL1 expression 122 

to manipulate expression of the UFMylation E3 ligase complex.  123 

As the UFMylation E3 ligase complex was required to promote infection by both DENV 124 

and ZIKV, we next tested if it also regulated infection by other viruses in the Flaviviridae family. 125 

We depleted UFL1 by siRNA in Huh7 cells and measured the percent of virus-infected cells during 126 

WNV, YFV17D, or HCV infection, using ZIKV as our control virus, as we found it was regulated by 127 

UFL1. We found that UFL1 depletion resulted in a ~50% decrease in the percentage of cells 128 

infected by the orthoflaviruses ZIKV, WNV, and YFV-17D (Figure 1F). However, UFL1 depletion 129 

had no effect on percentage of cells infected by the hepacivirus HCV (Figure 1F).Taken together, 130 

these data indicate that the UFMylation E3 ligase complex promotes infection of several 131 

orthoflaviviruses, but not all viruses in the Flaviviridae family. 132 

 133 

The UFMylation E3 ligase complex does not regulate orthoflavivirus translation or RNA 134 

replication. Having found that UFL1 and UFBP1 regulate orthoflavivirus infection, we next 135 

wanted to map the stage of the orthoflavivirus life cycle regulated by the UFMylation E3 ligase 136 

complex, using ZIKV and DENV as representative orthoflaviviruses. As others have shown that 137 

UFL1 and UFBP1 promote translation of the genome of the positive-strand RNA virus hepatitis A 138 

virus (24), we tested if UFL1 is required for ZIKV RNA translation. To do this, we first established 139 

timepoints corresponding to initial RNA translation and replication during infection with an 140 

infectious ZIKV reporter virus that encodes Gaussia luciferase (ZIKV-GLuc) (32), measuring 141 

Gaussia luciferase activity over time. We detected Gaussia luciferase activity as early as 3 hours 142 

post-infection, and this activity increased over the time course from 3 to 12 hours, indicative of 143 

increased Gaussia luciferase expression (Figure 2A). Importantly, cycloheximide treatment, 144 

which inhibits translation, resulted in decreased ZIKV-GLuc levels as early as 3 hours post-145 

treatment (Figure 2A), while MK0608 treatment, which inhibits the viral RdRp (33), resulted in 146 

decreased ZIKV-GLuc levels at time points later than 9 hours post-treatment (Figure 2A). These 147 

results demonstrate that the signal observed from ZIKV-GLuc at 3 and 6 hours is the product of 148 

viral translation in itself, and that following 9 hours, viral RNA replication also contributes to the 149 
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increasing levels of ZIKV-GLuc. Having established this system to measure the translation and 150 

replication of ZIKV, we next determined if UFL1 depletion alters these viral lifecycle steps. To do 151 

this, we depleted UFL1 by siRNA in Huh7 cells, infected with ZIKV-GLuc, and measured GLuc 152 

expression over time. In the 3-12 hours post-infection, which we established measures RNA 153 

translation and replication of ZIKV, depletion of UFL1 had no effect on the relative ZIKV-GLuc 154 

levels (Figure 2B). However, depletion of UFL1 did reduce the levels of ZIKV-GLuc in the 24-72 155 

hours after infection (Figure 2C-2D). This suggests that UFL1 does not regulate viral RNA 156 

translation or RNA replication and instead acts on a later viral lifecycle stage. 157 

After the initial rounds of orthoflavivirus RNA translation, the viral proteins induce ER 158 

invaginations that compartmentalize viral RNA replication (34). As the UFMylation E3 ligase 159 

complex can regulate ER morphology (31), we next tested if UFL1 regulates the general 160 

morphology of the ER in ZIKV-infected Huh7 cells by examining the gross morphology of the 161 

characteristic viral dsRNA-containing ER membranes that accumulate in the perinuclear region, 162 

as seen by others (35, 36). Using immunofluorescence morphology with staining for the ER 163 

(Calnexin) and dsRNA (J2), we found that depletion of UFL1 did not appear to broadly alter this 164 

morphology (Figure 2E). To directly test if UFL1 regulates orthoflavivirus replication, we measured 165 

the replication of a subgenomic RNA replicon of DENV encoding a Renilla Luciferase gene 166 

(DENV-RLuc-SGR) (8). This subgenomic RNA replicon lacks the viral structural genes but 167 

contains the non-structural genes sufficient for RNA replication, such that when in vitro 168 

transcribed RNA is transfected into cells, the viral RNA can replicate but cannot produce 169 

infectious virions. Following transfection of in vitro transcribed DENV-RLuc-SGR RNA into Huh7 170 

cells, we found that UFL1 depletion did not alter RLuc activity levels over a time course, while the 171 

RdRp inhibitor MK0608 did prevent RLuc expression, as expected, because it inhibits RNA 172 

replication (Figure 2F). In summary, these data reveal that UFL1, and thus the UFMylation E3 173 

ligase complex, promotes orthoflavivirus infection at a viral lifecycle stage following RNA 174 

replication. 175 

 176 

The UFMylation machinery promotes orthoflavivirus infection. Having found that the 177 

UFMylation E3 ligase complex promotes orthoflavivirus infection, we next wanted to determine if 178 

the other proteins that regulate UFMylation beyond the E3 ligase complex promote infection by 179 

DENV and ZIKV. To test this, we depleted the E1 activase UBA5, the E2 conjugase UFC1, or the 180 

ubiquitin-like modifier UFM1 in Huh7 cells using siRNA and then infected these cells with ZIKV 181 

and DENV. Importantly, we validated knockdown of the proteins by immunoblotting and confirmed 182 

that transient depletion of the UFMylation machinery did not affect cell viability of Huh7 cells 183 
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compared to siCTRL as measured by Cell-Titer GLO assay (Figure 3A and 3B). Depletion of each 184 

of the UFMylation machinery proteins reduced infectious virion production of ZIKV between ~35-185 

65% compared to a non-targeting control (Figure 3C). Similarly, depletion of the UFMylation 186 

machinery proteins reduced the infectious virion production of DENV (Figure 3D). Importantly, we 187 

also validated our earlier results showing that depletion of UFL1 by siRNA resulted in reduced 188 

infectious virion production in either ZIKV or DENV (Figure 3C and 3D). Since the complement of 189 

proteins involved in the process of UFM1 conjugation all positively regulate ZIKV and DENV 190 

infectious virion production, we next wanted to test if UFM1 conjugation itself is required to 191 

promote ZIKV and DENV infection. To do this, we transduced Huh7-UFM1 KO cells that we 192 

generated by CRISPR/Cas9 with lentiviruses expressing Flag-tagged UFM1WT or UFM1∆C3, in 193 

which the deletion of the last three residues of UFM1 prevents its conjugation to the lysine 194 

residues of target proteins (15). Importantly, we confirmed that UFM1∆C3 limits UFM1 conjugation, 195 

while UFM1WT maintains UFM1 conjugation, by measuring the formation of UFM1-conjugates by 196 

immunoblotting in Huh7-UFM1 KO cells complemented with Flag-UFM1∆C3 (Figure 3E and 3F). 197 

When we infected with ZIKV, we found that Huh7-UFM1 KO cells complemented with FLAG-198 

UFM1∆C3 produced roughly half as many infectious virions as those cells complemented with 199 

FLAG-UFM1WT (Figure 3E). While the mean production of infectious DENV virions was lower in 200 

the Flag-UFM1∆C3 cells, this decrease was not statistically significant (Figure 3F). Taken together, 201 

these data indicate that the UFMylation machinery proteins and UFM1 conjugation itself promote 202 

orthoflavivirus infection.  203 

 204 

UFL1 interacts with several DENV and ZIKV proteins. Our results so far have revealed that 205 

UFL1 promotes DENV and ZIKV infection at a viral lifecycle step that occurs following the initial 206 

viral RNA translation and RNA replication to promote infectious particle production. Several host 207 

factors are known to promote infectious particle production of orthoflaviviruses by interacting with 208 

viral proteins (5, 37-40). To uncover the mechanisms of how the UFMylation E3 complex 209 

regulates orthoflaviviral infectious virion production, we tested if UFL1 interacts with any of the 210 

orthoflaviviral proteins (Figure 4A). We focused on UFL1 because, unlike UFBP1, it is not 211 

anchored to ER membranes (31), allowing us to more easily define protein-protein interactions 212 

between viral proteins and the UFMylation E3 complex in co-immunoprecipitation-based 213 

experiments. In an initial screen, we measured the interaction of UFL1 with a V5-tagged set of 214 

DENV proteins (41) by co-immunoprecipitation in Huh7 cells. For the experiments, we utilized 215 

different lysis conditions depending on the viral protein. We found that DENV Capsid, NS2A, and 216 

the NS2B-NS3 complex can interact with UFL1 in an over-expression setting (Figure 4B). 217 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

However, we did not detect interaction between UFL1 and prM, NS1, NS2B, NS4A, NS4B, or 218 

NS5 (Figure 4B and 4C). Of note, the interaction of NS2A with UFL1 was detected regardless of 219 

the lysis buffer. We did not screen for interaction with viral E protein as we found that this construct 220 

did not express and is unlikely to interact with the cytosolic UFL1, as it is localized to the lumen 221 

of the ER (3). Thus, over-expression-based co-immunoprecipitation assays suggest interaction 222 

between UFL1 and three DENV proteins: Capsid, NS2A, and NS2B-NS3.   223 

We next measured these protein-protein interactions in the context of viral infection. We 224 

infected Huh7 cells stably expressing Flag-UFL1 or Flag-tag alone with DENV or ZIKV and 225 

immunoprecipitated Flag-UFL1. During DENV infection, we found that both NS3 and Capsid 226 

interact with UFL1 (Figure 4D). However, during ZIKV infection, we found that NS3, but not 227 

Capsid, interacts with UFL1 (Figure 4E). As no commercial antibodies are available for the 228 

orthoflaviviral NS2A protein, we sought to validate the interaction of UFL1 and NS2A during ZIKV 229 

infection using a ZIKVFlag-NS2A expressing virus. This virus is similar to ones generated by others, 230 

where a protein tag is cloned into the junction between NS1 and NS2A (42). In this case a 3XFlag 231 

tag was inserted into the backbone of the plasmid-based rescue system for ZIKV MR766 (43). At 232 

72 hours post- transfection of pZIKVFlag-NS2A or pZIKVWT, which does not contain any epitope tag 233 

on NS2A and served as our negative control, we immunoprecipitated Flag-NS2A using an anti-234 

Flag antibody and found that it co-immunoprecipitated with endogenous UFL1 (Figure 4F). 235 

Together, these data show that UFL1 interacts with specific DENV and ZIKV proteins during 236 

infection.  237 

 238 

Discussion 239 

Orthoflavivirus infection is a tightly coordinated process regulated by multiple mechanisms, 240 

including the localization of viral proteins to replication complexes, ER membrane 241 

rearrangements, the stability of viral proteins, and post-translational modifications to both viral 242 

and host proteins (3, 6, 10). While post-translational modification of both viral and host proteins 243 

can regulate different aspects of the orthoflavivirus lifecycle (10-12, 44, 45), our understanding of 244 

the full complement of post-translational modifications that regulate infection by these viruses 245 

remains incomplete. Here, we have identified UFMylation as a post-translational modification 246 

system that positively regulates orthoflavivirus infection. Our data demonstrate that the 247 

UFMylation E3 ligase complex proteins, UFL1 and UFBP1, along with the broader UFMylation 248 

machinery, promote both DENV and ZIKV infectious particle production. In addition, we found 249 

that the UFMylation E3 ligase complex promotes infection by several different orthoflaviviruses, 250 

including DENV, ZIKV, WNV, and YFV. Mechanistically, we found that the UFMylation E3 ligase 251 
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complex does not affect DENV and ZIKV RNA translation, genomic RNA replication, or the 252 

production of replication complexes, but instead regulates a late stage of the viral lifecycle that 253 

culminates in the production of infectious virions. Supporting this conclusion, we identified protein-254 

protein interactions between UFL1 and orthoflaviviral proteins that can have roles in virion 255 

assembly, including NS2A and NS2B-NS3 for both DENV and ZIKV, and Capsid for DENV. Taken 256 

together, our results reveal a new role for the process of UFMylation in promoting infectious virion 257 

production during orthoflavivirus infection.  258 

The process of UFMylation has been described to regulate infection by other viruses via 259 

diverse mechanisms. For example, during EBV infection, the viral protein BILF1 promotes the 260 

UFMylation of MAVS, which ultimately facilitates sorting of UFMylated MAVS into mitochondrial-261 

derived vesicles for lysosomal degradation (23). During HAV infection, UFMylation of the 262 

ribosomal protein RPL26 promotes viral translation (24). The authors of this study speculated that 263 

the UFMylation of RPL26, which is located near the ribosome exit tunnel, may result in increased 264 

viral translation by resolving viral RNA structures that otherwise would limit viral translation (24). 265 

UFMylation has also been shown to regulate the antiviral innate immune response by facilitating 266 

RIG-I interaction with its known regulator 14-3-3e to promote interferon induction (25). While these 267 

studies show that UFMylation regulates host protein functions during viral infection, our work 268 

differs in that it implicates UFL1 in modulating viral protein functions through interaction with 269 

NS2A, NS2B-NS3, and Capsid. This, combined with the result that the process of UFMylation 270 

regulates orthoflaviviral infection, raises the possibility that one or more of these viral proteins is 271 

UFMylated to promote infectious virion production. As UFMylation can regulate protein sorting or 272 

specific protein-RNA interactions in the viral infection systems described above (23, 24), it seems 273 

likely that during orthoflavivirus infection, UFMylation could regulate protein trafficking or protein-274 

RNA interactions that coordinate viral RNA packaging into nascent virions.  275 

Our understanding of the factors that regulate the production of infectious virions during 276 

orthoflavivirus infection is still incomplete. It is interesting that we found that UFL1 interacts with 277 

proteins from DENV and ZIKV that regulate aspects of viral assembly, specifically NS2A, NS2B-278 

NS3, and Capsid proteins, suggesting that UFL1 and UFMylation may be regulating their function 279 

during assembly. We know that during orthoflavivirus assembly, NS2A appears to play a key role 280 

in bringing the viral RNA genome from the replication complex to the virion assembly site at the 281 

ER membrane (46-48). There, it also interacts with NS2B-NS3, which works with the host signal 282 

peptidase to cleave the Capsid-prM-E polyprotein and produce the individual viral Capsid, prM, 283 

and E proteins (5, 49). This allows NS2A to transfer the positive-strand genomic viral RNA to the 284 

Caspid protein, which oligomerizes to form the immature viral nucleocapsid, which then 285 
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undergoes further maturation in the Golgi (5, 50) to produce a fully mature virion (51, 52). We 286 

hypothesize that UFMylation promotes one or more of the following steps of virion assembly 287 

(Figure 4G). These could be either (1) NS2A binding to viral RNA, (2) NS2A interactions with 288 

NS2B-NS3 for processing of the immature Capsid-prM-E polyprotein, or (3) Capsid RNA binding 289 

and nucleocapsid formation. Interestingly, as the interaction of UFL1 with Capsid protein occurs 290 

in DENV infection but not in ZIKV infection, this suggests that the mechanism by which 291 

UFMylation regulates orthoflavivirus virion assembly may be somewhat distinct between these 292 

two related viruses. Furthermore, while the interactions between UFL1 and several viral proteins 293 

suggest that the UFMylation machinery regulates viral infection through one of these proteins, we 294 

have not ruled out the possibility that UFMylation may also be regulating host processes that 295 

promote viral infection. Future work will be aimed at determining the UFMylation status of Capsid, 296 

NS2A, and NS2B-NS3, as well as characterizing which aspect of viral assembly may be 297 

modulated by UFMylation.  298 

Post-translational modifications have emerged as direct modifiers of viral proteins, regulating 299 

multiple aspects of the orthoflaviviral life cycle. For example, K63-linked ubiquitination of ZIKV 300 

envelope promotes viral entry (12) and SUMOylation promotes DENV NS5 stability to facilitate 301 

replication (53). Our work adds the process of UFMylation to the complement of post-translational 302 

modification systems that regulate orthoflavivirus infection, alongside acetylation, glycosylation, 303 

phosphorylation, ubiquitination, and SUMOylation (10-13, 53), all of which may be avenues for 304 

anti-viral therapies. While targeting virus-host interactions remains a promising antiviral drug 305 

strategy, much remains to be learned about how the UFMylation machinery selects its targets to 306 

minimize the effects on host cell pathways. Altogether, our work here reveals that UFM1 is a novel 307 

post-translational regulator of orthoflavivirus infection, broadening our understanding of the host 308 

factors required to promote viral infection.  309 
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Figures 316 

 317 
 318 
Figure 1. The UFMylation E3 ligase complex proteins promote mosquito-borne 319 
orthoflavivirus infection. (A and B) Focus-forming assay of supernatants from Huh7 cells 320 
infected with DENVNGC or ZIKVPRVABC59 (48 h, MOI 0.1) after siRNA depletion of the indicated 321 
transcripts or non-targeting control (CTRL), shown as % of siCTRL. (C) Cell viability measured 322 
after siRNA depletion of the indicated transcripts at 72 hours post-transfection, relative to that of 323 
siCTRL, as measured by Cell-Titer GLO assay. (D) Immunoblot analysis of protein expression 324 
from Huh7 cells treated with the indicated siRNAs for 72 hours. (E) Focus-forming assay of 325 
supernatants harvested from A549 cells infected with ZIKVPRVABC59 (48 h, MOI 0.1) after siRNA 326 
depletion of the indicated transcripts. (F) Immunofluorescence micrographs of Huh7 cells treated 327 
with indicated siRNA and then infected with the following viruses for 48 hours (ZIKVPRVABC59, MOI 328 
0.1; YFV17D, MOI 0.01; WNVNY2000, MOI 0.01, or HCVJFH1, MOI 1), as measured by 329 
immunostaining of viral antigen (E for ZIKV, YFV17D, and WNV, NS5A for HCV; green). Nuclei 330 
were stained with Hoechst (blue). Right: Quantification of the percentage of virus-infected Huh7 331 
cells, shown relative to siCTRL. >5000 cells counted for each condition. For all panels, n=3 332 
biologically independent experiments, with bars indicating mean and error bars showing standard 333 
error of the mean. *p<0.05, ***p<0.001, ****p<0.0001, or ns, not significant as determined by 334 
paired t-test (A and B), one-way ANOVA with Dunnett’s multiple comparisons test (C and E), or 335 
two-way ANOVA followed by Šidák’s multiple comparisons test (F).   336 
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 337 
 338 
 339 
Figure 2. The UFMylation E3 ligase complex does not regulate orthoflavivirus translation 340 
or RNA replication. (A) Luciferase activity of Gaussia luciferase-encoding ZIKVMR766 (ZIKV-341 
GLuc, MOI 0.1) from infected Huh7 cells treated with DMSO, MK0608, or cycloheximide during 342 
infection and harvested at the indicated time points. (B) Normalized expression of ZIKV-GLuc 343 
from infected Huh7 cells treated with non-targeting control (CTRL) or UFL1 siRNA harvested at 344 
the indicated timepoints. (C) Luciferase activity of Gaussia luciferase-encoding ZIKVMR766 (ZIKV-345 
GLuc, MOI 0.1) from supernatant of infected Huh7 cells treated with DMSO or MK0608 harvested 346 
at 24, 48, or 72 hpi. (D) Normalized luciferase activity of ZIKV-GLuc from supernatant of infected 347 
Huh7 cells treated with CTRL or UFL1 siRNA and harvested at 24, 48, or 72 hpi.(E) 348 
Immunofluorescence micrographs of Huh7 cells treated with the indicated siRNA and then 349 
infected with ZIKVPRVABC59 (36 h, MOI 1) that were immunostained with anti-calnexin (green) and 350 
anti-J2 (red) for dsRNA, with the nuclei stained with Hoechst (blue). Scale bar, 10 µm.  (F) 351 
Normalized luciferase expression of lysates from expression of Huh7 cells transfected with the 352 
indicated siRNA and electroporated with a DENV16681 subgenomic RNA replicon expressing 353 
Renilla luciferase harvested at the indicated timepoints. Treatment with MK0608 was as in (A). 354 
For all panels, n=3 biologically independent experiments, with bars indicating mean and error 355 
bars showing standard error of the mean. **p<0.01, or ns, not significant, determined by two-way 356 
ANOVA with Dunnett’s multiple comparisons test (B, D, and F) 357 
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 360 

 361 
 362 
 363 
 364 
Figure 3. The UFMylation machinery promotes orthoflavivirus infection. (A) Immunoblot 365 
analysis of Huh7 cells after siRNA depletion of the indicated transcripts or non-targeting control 366 
(CTRL). (B) Cell viability measured after siRNA depletion of the indicated transcripts at 72 hours 367 
post-transfection, as measured by Cell-Titer GLO assay, relative to the viability of siCTRL. (C-D) 368 
Focus-forming assay of supernatants harvested from Huh7 cells infected with DENVNGC or 369 
ZIKVPRVABC59 (48 h, MOI 0.1) after siRNA depletion of the indicated transcripts, shown as % of 370 
siCTRL. (E-F) Focus-forming assay of supernatants harvested from Huh7-UFM1 KO cells 371 
transduced with Flag-UFM1WT or Flag-UFM1ΔC3 and infected with either DENVNGC (72 h, MOI 0.1) 372 
or ZIKV PRVABC59 (48 h, MOI 0.1), shown as % of Flag-UFM1WT. Immunoblots indicate UFM1-373 
conjugated proteins as those that are higher molecular weight from unconjugated UFM1 but are 374 
detected with the anti-UFM1 antibody. For all panels, n=3 biologically independent experiments, 375 
with bars indicating mean and error bars showing standard error of the mean. *p<0.05, ** p<0.001, 376 
***p<0.001, ****p<0.0001, or ns, not significant, determined by one-way ANOVA with Dunnett’s 377 
multiple comparisons test (B, C, and D) or paired t-test (E and F).  378 
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 381 

 382 
 383 
 384 
Figure 4. UFL1 interacts with several DENV and ZIKV proteins. (A) Schematic of DENV 385 
polyprotein, showing membrane topology of viral proteins. (B-C) Immunoblot analysis of anti-V5 386 
immunoprecipitated extracts and inputs, lysed in NP40 buffer (B) or TX-100-RIPA buffer (C), from 387 
Huh7 cells stably expressing Flag-UFL1 transfected with plasmids expressing V5-tagged 388 
DENV16681 proteins. (D-E) Immunoblot analysis of anti-Flag immunoprecipitated extracts and 389 
inputs from DENVNGC-infected or ZIKVPRVABC59-infected (48 h, MOI 1) Huh7 cells stably expressing 390 
Flag-UFL1 or Vector. (F) Immunoblot analysis of anti-Flag immunoprecipitated extracts and inputs 391 
from Huh7 cells transfected with DNA plasmids encoding the plasmid-launched ZIKVMR766-WT or 392 
pZIKV MR766-Flag-NS2A and harvested at 72 hpi. Representative immunoblots from n=3 biologically 393 
independent experiments are shown.  394 
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Methods 397 

Cell culture. Huh7 cells, Huh7.5 cells, A549 cells, Vero cells, and 293T cells were grown in 398 

Dulbecco’s modification of Eagle’s medium (DMEM; Mediatech) supplemented with 10% fetal 399 

bovine serum (HyClone), 1X minimum essential medium non-essential amino acids (Thermo 400 

Fisher), and 25 mM HEPES (Thermo Fisher), referred to as complete DMEM (cDMEM). The 401 

identity of the Huh7 and Huh7.5 cells was verified by using the GenePrint STR kit (Duke DNA 402 

Analysis Facility). C6/36 cells were grown in Eagle’s minimum essential media (EMEM; ATCC) 403 

supplemented with 10% fetal bovine serum (HyClone), 25 mM N-2-hydroxyethylpiperazine-N′-2-404 

ethanesulfonic acid (Thermo Fisher), and 1X nonessential amino acids (Thermo Fisher).  Cells 405 

were obtained from the following sources: A549 cells, 293T, Vero cells, and C6/36 cells (CCL185, 406 

CRL-3216, CCL-81, and CCL-1660, respectively) from ATCC; Huh7 and Huh7.5 cells from Dr. 407 

Michael Gale Jr. (54). All cell lines were verified as mycoplasma free by the MycoStrip 408 

Mycoplasma Detection Kit (InvivoGen).  409 

 410 

Plasmids. The following plasmids were generated by insertion of PCR-amplified fragments from 411 

DENV Open Reading Frames (gift of Dr. Priya Shah) (41) into the KpnI-to-BstBI digested pEF-412 

TAK-V5 using InFusion (Clontech): pEF-TAK-DENV-C-V5, pEF-TAK-DENV-pRM-V5, pEF-TAK-413 

DENV-pRM-E-V5, pEF-TAK-DENV-NS1-V5, pEF-TAK-DENV-NS2A-V5, pEF-TAK-DENV-414 

NS2B-V5, pEF-TAK-DENV-NS3-V5, pEF-TAK-DENV-NS4A-V5, pEF-TAK-DENV-NS4B-V5, and 415 

pEF-TAK-DENV-NS5-V5. The following plasmids were generated by insertion of PCR-amplified 416 

fragments into the XbaI-to-BamHI digested pLVX vector (Clontech): pLVX-Flag, pLVX-Flag-417 

UFL1. The following plasmids were generated by insertion of PCR-amplified fragments into the 418 

EcoRI-to-BamHI digested pLVX vector: pLVX-Flag-UFM1 and pLVX-Flag-UFM1DC3. 419 

 420 

Antibodies. For immunoblotting, the following primary antibodies were used: R-anti-UFL1 421 

(Novus Biologicals, NBP1-79039, 1:1,000), R-anti-UFBP1 (DDRGK1, Proteintech, 21445-1-AP, 422 

1:1,000), R-anti-UBA5 (Abcam, ab177478, 1:1,000), R-anti-UFC1 (Abcam, ab189252, 1:1,000), 423 

R-anti-UFM1 (Abcam, ab109305, 1:1,000), M-anti-DENV NS3 (GeneTex, GT2811, 1:1,000), R-424 

anti-ZIKV NS3 (GeneTex, GTX133320, 1:1,000), R-anti-DENV Capsid (GeneTex, GTX103343, 425 

1:1,000), R-anti-ZIKV Capsid (GeneTex, GTX133317, 1:1,000), M-anti-Tubulin (Sigma-Aldrich, 426 

T5168, 1:1,000), Anti-V5-tag mAb-HRP-DirecT (MBL, M215-7, 1:5000), and M-anti-FlagM2-HRP 427 

(Sigma, A8592, 1:5000). For immunofluorescence microscopy, R-anti-Calnexin (Cell Signaling 428 

Technology, 2433S, 1:200), and M-anti-J2 (Cell Signaling Technology, 76651L, 1:200) were 429 

used.  430 
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 431 

Cell line generation. UFM1 KO Huh7 cells were generated by using a purified ribonucleoprotein 432 

complex consisting of Cas9 protein and single-guide RNAs (sgRNAs) targeting UFM1 433 

synthesized by Synthego. Cas9 protein and sgRNAs were mixed at a ratio of 1:6 and then added 434 

to  1x106 Huh7 cells in Neon Resuspension Buffer R, followed by electroporation using the Neon 435 

Transfection System (Invitrogen). Following recovery, single cell clones were isolated and 436 

validated by anti-UFM1 immunoblot and genomic DNA sequencing, with one clone used here. 437 

Huh7-UFM1 KO cell pools overexpressing Flag-UFM1WT or Flag-UFM1∆C3 were generated by 438 

lentiviral transduction, as previously (55).  439 

 440 

Focus-forming assay for viral titer. Focus forming assays were performed similarly to 441 

previously described (56); briefly, supernatants were harvested from ZIKV or DENV-infected cells 442 

48 h after infection, serially diluted, and used to infect naïve Vero cells in triplicate wells of a 48-443 

well plate for 3 hours before overlay with methyl cellulose (Millipore Sigma, M0512). After 72 444 

hours, cells were washed with phosphate buffered saline (PBS) and fixed with 1:1 methanol: 445 

acetone. Cells were blocked with 5% milk in phosphate buffered saline with 0.1% Tween (PBS-446 

T), and then immunostained with M-anti-4G2 antibody generated from the D1-4G2-4-15 447 

hybridoma cell line against the flavivirus envelope protein (ATCC; 1:2,000). Infected cells were 448 

visualized following incubation with a horseradish peroxidase–conjugated secondary antibody 449 

(1:500) and the VIP Peroxidase Substrate Kit (Vector Laboratories). The titer (focus-forming units 450 

(FFU) per milliliter) was calculated from the average number of 4G2-positive foci at 10X 451 

magnification, relative to the amount and dilution of virus used.  452 

 453 

Viral infections and generation of viral stocks. Infectious stocks of ZIKV-GLuc were generated 454 

by harvesting supernatant 3-5 days post-transfection of pCDNA6.2 MR766 single intron NS1 455 

GLuc  flanking HDVr (32) into 293T cells. The viral stocks were titered on Vero cells as described 456 

above. ZIKVFlag-NS2A virus (gift of Dr. Matthew J. Evans) was generated similarly to previously 457 

tagged NS2A viruses (42), with a 3XFlag cloned into the junction between NS1 and NS2A in the 458 

plasmid-based rescue system for ZIKV MR766 (43). Infectious stocks of a cell culture-adapted 459 

strain of genotype 2A JFH1 HCV (57) were generated and titered on Huh-7.5 cells by focus-460 

forming assay (FFA), as described. DENV (Dengue virus 2 Thailand/NGS-C/1944) (58), ZIKV 461 

(Zika virus/Homo sapiens/PRI/PRVABC59/2015), WNV (West Nile virus strain 3000.0259 462 

isolated in New York in 2000) (59) and YFV-17D (Yellow fever virus 17D vaccine strain; gift of Dr. 463 

Helen Lazear) stocks were prepared in C6/36 cells and titered on Vero cells, as described above.  464 
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For viral infections, cells were incubated in a low volume of DMEM containing virus for 3-4 h, 465 

following which the infection media was replaced with cDMEM. The translation inhibitor 466 

cycloheximide (Sigma Aldrich, 100 µM) and the flavivirus RNA-dependent RNA polymerase 467 

inhibitor MK-0608 (Aldrich, 50 µM) were added to cells during infection and were included in the 468 

replacement media when indicated. 469 

Quantification of percent of virally infected cells. Cells were immunostained for either 470 

orthoflavivirual Envelope (M-anti-4G2, 1:1,000) or HCV NS5A (1:500; gift of Dr. Charles Rice), as 471 

well as nuclei (Hoescht). Percent of infected cells was calculated as the number of viral antigen 472 

positive cells / the number of total cells (4G2 or NS5A / DAPI) per field following imaging using a 473 

Cellomics ArrayScan VTI High Content Screening Reader (Duke Functional Genomics Facility). 474 

Values represent the mean ± SEM (n=4 fields) from three independent experiments, with >5,000 475 

cells counted per experiment. 476 

 477 

In vitro transcription and electroporation of RNA. Plasmid DNA encoding a DENV replicon 478 

luciferase reporter (DENV-RLuc-SGR (8)), was linearized using XbaI (New England Biolabs). 479 

Purified linearized DNA was used as a template for in vitro transcription with the MEGAscript T7 480 

transcription kit (Invitrogen). RNA was purified to be free of DNA and transfected in Huh7 cells 481 

via electroporation, as follows: 5 µg of RNA was mixed with 4x106 Huh7 cells in Cytomix buffer 482 

(2 mM ATP, 10 mM K2HPO4, 0.15 mM CaCl2, 25 mM HEPES, 2 mM EGTA, 5 mM MgCL2, 120 483 

mM KCl, 5 mM Glutathione) and electroporated at 27 V and 975 µF with a Gene Pulser XCell 484 

System (Bio-Rad). At 4 hours post-electroporation, cells were washed with PBS and cDMEM was 485 

replaced.  486 

 487 

Transfection. DNA transfections were performed using FuGENE6 (Promega) or PEIpro 488 

transfection reagent (Polyplus). The following siRNAs were used in this study: UFL1 (Qiagen-489 

SI04371318), UFBP1 (Thermo Fisher-s35323), UBA5 (Qiagen-SI04146989), UFC1 (Qiagen-490 

SI00755230), UFM1 (Horizon- L-021005-00-0005) or nontargeting AllStars negative control 491 

siRNA (Qiagen-1027280). siRNA transfection (30 pmol of siRNA; final concentration of 0.015 µM) 492 

was done using Lipofectamine RNAiMax (Invitrogen), with media changed 4 hours after 493 

transfection. 494 

 495 

Luciferase assay. Luciferase activity of GLuc or RLuc was measured using the Renilla 496 

Luciferase Assay System (Promega, E2810). Briefly, cell supernatant or cell lysate collected was 497 
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collected in 1X Renilla luciferase lysis buffer. Renilla luciferase assay reagent was prepared by 498 

adding 1 volume of 100X Renilla luciferase substrate to 100 volumes of Renilla luciferase assay 499 

buffer. 20-50 µL of cell lysate or supernatant was plated into an opaque 96-well plate, and 100 500 

µL of Renilla luciferase assay substrate was dispensed into each well, luciferase was read using 501 

a BioTek Synergy2 microplate reader. 502 

 503 

Immunoblotting. Cells were lysed in a modified radioimmunoprecipitation assay buffer (TX-100-504 

RIPA) buffer (50 mM Tris [pH 7.5], 150 mM NaCl , 5 mM EDTA, 0.1% SDS, 0.5% sodium 505 

deoxycholate, and 1% Triton X-100)  or NP40 lysis buffer (20 mM Tris [pH 7.4], 100 mM NaCl, 506 

0.5% Nonidet P-40) supplemented with protease inhibitor (Sigma Aldrich) and Halt phosphatase 507 

inhibitor (Thermo Fisher) at 1:100, and post-nuclear lysates were isolated by centrifugation. 508 

Quantified protein, as determined by Bradford assay (Bio-Rad), was resolved by 509 

SDS/polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose or polyvinylidene 510 

difluoride membrane membranes in the Trans-Blot Turbo buffer (Bio-Rad) using the Turbo-511 

transfer system (Bio-Rad). Membranes were stained with Revert total protein stain (Licor 512 

Biosciences) and blocked with 3% bovine serum albumin (BSA) in PBS-T. Membranes were 513 

probed with primary antibodies directed against proteins of interest, washed with PBS-T, 514 

incubated with species specific horseradish peroxidase (HRP)-conjugate antibodies (Jackson 515 

ImmunoResearch, 1:5,000), or fluorescent secondaries (Licor Biosciences, 1:5,000), washed 516 

again with PBS-T, and treated with Clarity Western ECL substrate (Bio-Rad). Imaging was then 517 

performed using a LICOR Odyssey FC.  518 

 519 

Protein immunoprecipitation. Cells were lysed as above, quantified protein (between 100 and 520 

500 µg) was incubated with anti-V5 magnetic beads (Cell Signaling Technology) or anti-Flag 521 

magnetic beads (Sigma Aldrich) in lysis buffer at room temperature for 45 minutes to 1 hour with 522 

head-over-tail rotation. The beads were then washed 3X in PBS or PBS-T and eluted in 2X 523 

Laemmli buffer (Bio-Rad) with 5% 2-Mercaptoethanol by incubating at 95°C for 5 minutes. 524 

Proteins were resolved by SDS/PAGE and immunoblotting as above.  525 

 526 

Immunofluorescence microscopy. Cells were fixed and permeabilized in 100% methanol and 527 

blocked with 10% FBS in PBS. Slides were stained with the indicated primary antibodies, washed 528 

3X in PBS, incubated with conjugated Alexa Fluor secondary antibodies (Life Technologies), and 529 

mounted with ProLong Diamond + 4’, 6-diamidino-2-phenylindole (Invitrogen). Imaging was 530 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

performed on a Leica DM4B widefield fluorescent microscope using a 63X oil objective. All 531 

images were processed with NIH Fiji/ImageJ.  532 

 533 

References 534 

 535 

1. Postler TS, Beer M, Blitvich BJ, Bukh J, de Lamballerie X, Drexler JF, Imrie A, Kapoor A, 536 
Karganova GG, Lemey P, Lohmann V, Simmonds P, Smith DB, Stapleton JT, Kuhn JH. 537 
2023. Renaming of the genus Flavivirus to Orthoflavivirus and extension of binomial 538 
species names within the family Flaviviridae. Arch Virol 168:224. 539 

2. Nakase T, Giovanetti M, Obolski U, Lourenço J. 2024. Population at risk of dengue virus 540 
transmission has increased due to coupled climate factors and population growth. 541 
Communications Earth & Environment 5:1-11. 542 

3. Neufeldt CJ, Cortese M, Acosta EG, Bartenschlager R. 2018. Rewiring cellular networks 543 
by members of the Flaviviridae family. Nature Reviews Microbiology 16:125-142. 544 

4. Chan YK, Gack MU. 2016. Viral evasion of intracellular DNA and RNA sensing. Nature 545 
Reviews Microbiology 14:360-373. 546 

5. Barnard TR, Abram QH, Lin QF, Wang AB, Sagan SM. 2021. Molecular Determinants of 547 
Flavivirus Virion Assembly. Trends in Biochemical Sciences 46:378-390. 548 

6. Fishburn AT, Pham OH, Kenaston MW, Beesabathuni NS, Shah PS. 2022. Let's Get 549 
Physical: Flavivirus-Host Protein-Protein Interactions in Replication and Pathogenesis. 550 
Front Microbiol 13:847588. 551 

7. Marceau CD, Puschnik AS, Majzoub K, Ooi YS, Brewer SM, Fuchs G, Swaminathan K, 552 
Mata MA, Elias JE, Sarnow P, Carette JE. 2016. Genetic dissection of Flaviviridae host 553 
factors through genome-scale CRISPR screens. Nature 535:159-63. 554 

8. Ooi YS, Majzoub K, Flynn RA, Mata MA, Diep J, Li JK, van Buuren N, Rumachik N, 555 
Johnson AG, Puschnik AS, Marceau CD, Mlera L, Grabowski JM, Kirkegaard K, Bloom 556 
ME, Sarnow P, Bertozzi CR, Carette JE. 2019. An RNA-centric dissection of host 557 
complexes controlling flavivirus infection. Nature Microbiology 4:2369-2382. 558 

9. Kumar R, Mehta D, Mishra N, Nayak D, Sunil S. 2021. Role of Host-Mediated Post-559 
Translational Modifications (PTMs) in RNA Virus Pathogenesis. International Journal of 560 
Molecular Sciences 22:323. 561 

10. Serman T, Chiang C, Liu G, Sayyad Z, Pandey S, Volcic M, Lee H, Muppala S, Acharya 562 
D, Goins C, Stauffer SR, Sparrer KMJ, Gack MU. 2023. Acetylation of the NS3 helicase 563 
by KAT5γ is essential for flavivirus replication. Cell Host & Microbe 31:1317-1330.e10. 564 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

11. Bhattacharya D, Mayuri, Best SM, Perera R, Kuhn RJ, Striker R. 2009. Protein Kinase G 565 
Phosphorylates Mosquito-Borne Flavivirus NS5. Journal of Virology 83:9195. 566 

12. Giraldo MI, Xia H, Aguilera-Aguirre L, Hage A, van Tol S, Shan C, Xie X, Sturdevant GL, 567 
Robertson SJ, McNally KL, Meade-White K, Azar SR, Rossi SL, Maury W, Woodson M, 568 
Ramage H, Johnson JR, Krogan NJ, Morais MC, Best SM, Shi P-Y, Rajsbaum R. 2020. 569 
Envelope protein ubiquitination drives entry and pathogenesis of Zika virus. Nature 570 
585:414-419. 571 

13. Carbaugh DL, Lazear HM. 2020. Flavivirus Envelope Protein Glycosylation: Impacts on 572 
Viral Infection and Pathogenesis. Journal of Virology 94:e00104. 573 

14. Komatsu M, Inada T, Noda NN. 2024. The UFM1 system: Working principles, cellular 574 
functions, and pathophysiology. Molecular Cell 84:156-169. 575 

15. Komatsu M, Chiba T, Tatsumi K, Iemura S-i, Tanida I, Okazaki N, Ueno T, Kominami E, 576 
Natsume T, Tanaka K. 2004. A novel protein-conjugating system for Ufm1, a ubiquitin-577 
fold modifier. The EMBO journal 23:1977-1986. 578 

16. Tatsumi K, Sou Y-s, Tada N, Nakamura E, Iemura S-i, Natsume T, Kang SH, Chung 579 
CH, Kasahara M, Kominami E, Yamamoto M, Tanaka K, Komatsu M. 2010. A novel type 580 
of E3 ligase for the Ufm1 conjugation system. The Journal of Biological Chemistry 581 
285:5417-5427. 582 

17. Peter JJ, Magnussen HM, DaRosa PA, Millrine D, Matthews SP, Lamoliatte F, 583 
Sundaramoorthy R, Kopito RR, Kulathu Y. 2022. A non-canonical scaffold-type E3 584 
ligase complex mediates protein UFMylation. The EMBO Journal 41:e111015. 585 

18. Liang Q, Jin Y, Xu S, Zhou J, Mao J, Ma X, Wang M, Cong Y-S. 2022. Human UFSP1 586 
translated from an upstream near-cognate initiation codon functions as an active UFM1-587 
specific protease. Journal of Biological Chemistry 298. 588 

19. Kang SH, Kim GR, Seong M, Baek SH, Seol JH, Bang OS, Ovaa H, Tatsumi K, 589 
Komatsu M, Tanaka K, Chung CH. 2007. Two Novel Ubiquitin-fold Modifier 1 (Ufm1)-590 
specific Proteases, UfSP1 and UfSP2*. Journal of Biological Chemistry 282:5256-5262. 591 

20. Ishimura R, El-Gowily AH, Noshiro D, Komatsu-Hirota S, Ono Y, Shindo M, Hatta T, Abe 592 
M, Uemura T, Lee-Okada H-C, Mohamed TM, Yokomizo T, Ueno T, Sakimura K, 593 
Natsume T, Sorimachi H, Inada T, Waguri S, Noda NN, Komatsu M. 2022. The UFM1 594 
system regulates ER-phagy through the ufmylation of CYB5R3. Nature Communications 595 
13:7857. 596 

21. Wang L, Xu Y, Yun S, Yuan Q, Satpute-Krishnan P, Ye Y. 2023. SAYSD1 senses 597 
UFMylated ribosome to safeguard co-translational protein translocation at the 598 
endoplasmic reticulum. Cell Reports 42:112028. 599 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

22. Picchianti L, Sánchez de Medina Hernández V, Zhan N, Irwin NAT, Groh R, Stephani M, 600 
Hornegger H, Beveridge R, Sawa-Makarska J, Lendl T, Grujic N, Naumann C, Martens 601 
S, Richards TA, Clausen T, Ramundo S, Karagöz GE, Dagdas Y. 2023. Shuffled ATG8 602 
interacting motifs form an ancestral bridge between UFMylation and autophagy. The 603 
EMBO Journal 42:e112053. 604 

23. Yiu SPT, Zerbe C, Vanderwall D, Huttlin EL, Weekes MP, Gewurz BE. 2023. An 605 
Epstein-Barr virus protein interaction map reveals NLRP3 inflammasome evasion via 606 
MAVS UFMylation. Molecular Cell 83:2367-2386.e15. 607 

24. Kulsuptrakul J, Wang R, Meyers NL, Ott M, Puschnik AS. 2021. A genome-wide 608 
CRISPR screen identifies UFMylation and TRAMP-like complexes as host factors 609 
required for hepatitis A virus infection. Cell Reports 34:108859. 610 

25. Snider DL, Park M, Murphy KA, Beachboard DC, Horner SM. 2022. Signaling from the 611 
RNA sensor RIG-I is regulated by ufmylation. Proceedings of the National Academy of 612 
Sciences 119:e2119531119. 613 

26. Scavone F, Gumbin SC, Da Rosa PA, Kopito RR. 2023. RPL26/uL24 UFMylation is 614 
essential for ribosome-associated quality control at the endoplasmic reticulum. Proc Natl 615 
Acad Sci U S A 120:e2220340120. 616 

27. Luo H, Jiao Q-B, Shen C-B, Gong W-Y, Yuan J-H, Liu Y-Y, Chen Z, Liu J, Xu X-L, Cong 617 
Y-S, Zhang X-W. 2023. UFMylation of HRD1 regulates endoplasmic reticulum 618 
homeostasis. FASEB journal: official publication of the Federation of American Societies 619 
for Experimental Biology 37:e23221. 620 

28. Yu CY, Hsu YW, Liao CL, Lin YL. 2006. Flavivirus infection activates the XBP1 pathway 621 
of the unfolded protein response to cope with endoplasmic reticulum stress. J Virol 622 
80:11868-80. 623 

29. Leowattana W, Leowattana T. 2021. Dengue hemorrhagic fever and the liver. World 624 
Journal of Hepatology 13:1968. 625 

30. Ishimura R, Ito S, Mao G, Komatsu-Hirota S, Inada T, Noda NN, Komatsu M. 2023. 626 
Mechanistic insights into the roles of the UFM1 E3 ligase complex in ufmylation and 627 
ribosome-associated protein quality control. Science Advances 9:eadh3635. 628 

31. Liang JR, Lingeman E, Luong T, Ahmed S, Muhar M, Nguyen T, Olzmann JA, Corn JE. 629 
2020. A Genome-wide ER-phagy Screen Highlights Key Roles of Mitochondrial 630 
Metabolism and ER-Resident UFMylation. Cell 180:1160-1177.e20. 631 

32. Bonenfant G, Williams N, Netzband R, Schwarz MC, Evans MJ, Pager CT. 2019. Zika 632 
Virus Subverts Stress Granules To Promote and Restrict Viral Gene Expression. Journal 633 
of Virology 93:10.1128/jvi.00520-19. 634 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

33. Zmurko J, Marques RE, Schols D, Verbeken E, Kaptein SJ, Neyts J. 2016. The Viral 635 
Polymerase Inhibitor 7-Deaza-2'-C-Methyladenosine Is a Potent Inhibitor of In Vitro Zika 636 
Virus Replication and Delays Disease Progression in a Robust Mouse Infection Model. 637 
PLoS Negl Trop Dis 10:e0004695. 638 

34. Verhaegen M, Vermeire K. 2024. The endoplasmic reticulum (ER): a crucial cellular hub 639 
in flavivirus infection and potential target site for antiviral interventions. npj Viruses 2:1-640 
17. 641 

35. Welsch S, Miller S, Romero-Brey I, Merz A, Bleck CKE, Walther P, Fuller SD, Antony C, 642 
Krijnse-Locker J, Bartenschlager R. 2009. Composition and Three-Dimensional 643 
Architecture of the Dengue Virus Replication and Assembly Sites. Cell Host & Microbe 644 
5:365-375. 645 

36. Neufeldt CJ, Cortese M, Scaturro P, Cerikan B, Wideman JG, Tabata K, Moraes T, 646 
Oleksiuk O, Pichlmair A, Bartenschlager R. 2019. ER-shaping atlastin proteins act as 647 
central hubs to promote flavivirus replication and virion assembly. Nature Microbiology 648 
4:2416-2429. 649 

37. Balinsky Corey A, Schmeisser H, Ganesan S, Singh K, Pierson Theodore C, Zoon 650 
Kathryn C. 2013. Nucleolin Interacts with the Dengue Virus Capsid Protein and Plays a 651 
Role in Formation of Infectious Virus Particles. Journal of Virology 87:13094-13106. 652 

38. Reid CR, Hobman TC. 2017. The nucleolar helicase DDX56 redistributes to West Nile 653 
virus assembly sites. Virology 500:169-177. 654 

39. Xu Z, Hobman TC. 2012. The helicase activity of DDX56 is required for its role in 655 
assembly of infectious West Nile virus particles. Virology 433:226-235. 656 

40. Xu Z, Anderson R, Hobman TC. 2011. The Capsid-Binding Nucleolar Helicase DDX56 Is 657 
Important for Infectivity of West Nile Virus. Journal of Virology 85:5571-5580. 658 

41. Shah PS, Link N, Jang GM, Sharp PP, Zhu T, Swaney DL, Johnson JR, Von Dollen J, 659 
Ramage HR, Satkamp L, Newton B, Hüttenhain R, Petit MJ, Baum T, Everitt A, Laufman 660 
O, Tassetto M, Shales M, Stevenson E, Iglesias GN, Shokat L, Tripathi S, 661 
Balasubramaniam V, Webb LG, Aguirre S, Willsey AJ, Garcia-Sastre A, Pollard KS, 662 
Cherry S, Gamarnik AV, Marazzi I, Taunton J, Fernandez-Sesma A, Bellen HJ, Andino 663 
R, Krogan NJ. 2018. Comparative Flavivirus-Host Protein Interaction Mapping Reveals 664 
Mechanisms of Dengue and Zika Virus Pathogenesis. Cell 175:1931-1945.e18. 665 

42. Zhang X, Xie X, Xia H, Zou J, Huang L, Popov VL, Chen X, Shi PY. 2019. Zika Virus 666 
NS2A-Mediated Virion Assembly. mBio 10. 667 

43. Schwarz Megan C, Sourisseau M, Espino Michael M, Gray Essanna S, Chambers 668 
Matthew T, Tortorella D, Evans Matthew J. 2016. Rescue of the 1947 Zika Virus 669 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

Prototype Strain with a Cytomegalovirus Promoter-Driven cDNA Clone. mSphere 670 
1:10.1128/msphere.00246-16. 671 

44. Dejarnac O, Hafirassou ML, Chazal M, Versapuech M, Gaillard J, Perera-Lecoin M, 672 
Umana-Diaz C, Bonnet-Madin L, Carnec X, Tinevez J-Y, Delaugerre C, Schwartz O, 673 
Roingeard P, Jouvenet N, Berlioz-Torrent C, Meertens L, Amara A. 2018. TIM-674 
1 Ubiquitination Mediates Dengue Virus Entry. Cell Reports 23:1779-1793. 675 

45. Byk LA, Iglesias NG, De Maio FA, Gebhard LG, Rossi M, Gamarnik AV. 2016. Dengue 676 
Virus Genome Uncoating Requires Ubiquitination. mBio 7:e00804-16. 677 

46. Xie X, Zou J, Zhang X, Zhou Y, Routh AL, Kang C, Popov VL, Chen X, Wang QY, Dong 678 
H, Shi PY. 2019. Dengue NS2A Protein Orchestrates Virus Assembly. Cell Host Microbe 679 
26:606-622 e8. 680 

47. Xie X, Zou J, Puttikhunt C, Yuan Z, Shi P-Y. 2014. Two Distinct Sets of NS2A Molecules 681 
Are Responsible for Dengue Virus RNA Synthesis and Virion Assembly. Journal of 682 
Virology 89:1298-1313. 683 

48. Mackenzie JM, Khromykh AA, Jones MK, Westaway EG. 1998. Subcellular localization 684 
and some biochemical properties of the flavivirus Kunjin nonstructural proteins NS2A 685 
and NS4A. Virology 245:203-15. 686 

49. Amberg SM, Rice CM. 1999. Mutagenesis of the NS2B-NS3-mediated cleavage site in 687 
the flavivirus capsid protein demonstrates a requirement for coordinated processing. J 688 
Virol 73:8083-94. 689 

50. Sotcheff S, Routh A. 2020. Understanding Flavivirus Capsid Protein Functions: The Tip 690 
of the Iceberg. Pathogens 9. 691 

51. Yu IM, Zhang W, Holdaway HA, Li L, Kostyuchenko VA, Chipman PR, Kuhn RJ, 692 
Rossmann MG, Chen J. 2008. Structure of the immature dengue virus at low pH primes 693 
proteolytic maturation. Science 319:1834-7. 694 

52. Stadler K, Allison SL, Schalich J, Heinz FX. 1997. Proteolytic activation of tick-borne 695 
encephalitis virus by furin. J Virol 71:8475-81. 696 

53. Su C-I, Tseng C-H, Yu C-Y, Lai MMC. 2016. SUMO Modification Stabilizes Dengue 697 
Virus Nonstructural Protein 5 To Support Virus Replication. Journal of Virology 90:4308-698 
4319. 699 

54. Sumpter R, Jr., Wang C, Foy E, Loo YM, Gale M, Jr. 2004. Viral evolution and interferon 700 
resistance of hepatitis C virus RNA replication in a cell culture model. J Virol 78:11591-701 
604. 702 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

55. McFadden MJ, McIntyre ABR, Mourelatos H, Abell NS, Gokhale NS, Ipas H, Xhemalce 703 
B, Mason CE, Horner SM. 2021. Post-transcriptional regulation of antiviral gene 704 
expression by N6-methyladenosine. Cell Rep 34:108798. 705 

56. Quicke KM, Bowen JR, Johnson EL, McDonald CE, Ma H, O'Neal JT, Rajakumar A, 706 
Wrammert J, Rimawi BH, Pulendran B, Schinazi RF, Chakraborty R, Suthar MS. 2016. 707 
Zika Virus Infects Human Placental Macrophages. Cell Host Microbe 20:83-90. 708 

57. Aligeti M, Roder A, Horner SM. 2015. Cooperation between the Hepatitis C Virus p7 and 709 
NS5B Proteins Enhances Virion Infectivity. J Virol 89:11523-33. 710 

58. Sessions OM, Barrows NJ, Souza-Neto JA, Robinson TJ, Hershey CL, Rodgers MA, 711 
Ramirez JL, Dimopoulos G, Yang PL, Pearson JL, Garcia-Blanco MA. 2009. Discovery 712 
of insect and human dengue virus host factors. Nature 458:1047-1050. 713 

59. Lazear HM, Pinto AK, Vogt MR, Gale M, Jr., Diamond MS. 2011. Beta interferon 714 
controls West Nile virus infection and pathogenesis in mice. J Virol 85:7186-94. 715 

 716 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632082doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632082
http://creativecommons.org/licenses/by-nc-nd/4.0/

