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2.1 RESUMO 
 
O xene estimulado por interferón (IFN)-15 (ISG15) é unha proteína de 15 kDa semellante á 
ubiquitina (Ub), inicialmente descrita como unha proteína con reacción cruzada coa ubiquitina 
(UCRP) debido á reacción cruzada dos anticorpos contra a ubiquitina con ISG15 libre. En 
condicións normais pódense detectar niveis baixos de ISG15 en células e tecidos, pero a súa 
expresión, de acordo co seu nome, é fortemente inducida polo IFN tipo I. Ademais, moitos 
outros estímulos, como infeccións virais, algúns axentes xenotóxicos, lipopolisacáridos (LPS) 
ou ácido retinoico, tamén poden inducir a expresión de ISG15, en concordancia co seu papel 
en diferentes condicións de estrés. ISG15 exprésase nunha forma inmadura de 17 kDa, e a 
escisión do motivo carboxi-terminal da proteína pola proteasa específica de ISG15, a ubiquitina 
carboxi-terminal hialuronidasa 18 (USP18), expón o motivo de diglicina necesario para a súa 
conxugación a substratos. Esta proteína de 15 kDa corresponde á ISG15 madura. A proteína 
ISG15 madura pódese conxugar con outras proteínas a través dun proceso enzimático de tres 
pasos chamado ISGilación. 
 
O primeiro paso deste proceso consiste na activación de ISG15. Require unha enzima 
activadora E1 específica para a ISGilación chamada UBE1L e conduce á formación dun enlace 
tioéster dependente de ATP con ISG15. Despois da activación, ISG15 transfírese ao residuo 
cisteína activo da enzima conjugadora E2, a UBCH8. Finalmente, a enzima E2 transfire ISG15 
a unha enzima ligasa E3 (TRIM25, ARIH1 ou HERC5) que une covalentemente ISG15 a 
residuos lisina específicos dos substratos. O terceiro e último paso require unha enzima ligasa 
E3 que favorece a conxugación de ISG15 ao seu substrato como un monómero. Cómpre sinalar 
que o dominio carboxi-terminal de ISG15 establece interaccións coas enzimas de ISGilación 
E1 e E2, mentres que ao mesmo tempo, o dominio amino-terminal está implicado na 
discriminación e selección da enzima ligasa E3. Como un proceso dinámico, a ISGilación é 
reversible grazas á acción da enzima desconxugante USP18, que amosa unha notable 
especificidade para ISG15 sen actividade detectable contra ubiquitina ou outras proteínas 
semellantes á ubiquitina, como NEDD8 ou SUMO. USP18 utiliza o seu residuo Cys61 para 
executar un ataque electrofílico mediado polo tiois, conducindo á hidrólise da unión amida e á 
liberación de ISG15 do seu substrato proteico. HERC5 considérase a principal enzima ligasa 
E3 para ISG15 en humanos. Propúxose que a ISGilación ocorre principalmente nos ribosomas 
debido á localización de HERC5. 
 
A conxugación de ISG15 a un substrato pode modular a súa localización subcelular, función, 
oligomerización ou estabilidade. A conxugación de ISG15 non dirixe os substratos á 
degradación. De feito, e moi común que a ISGilación dos substratos inhiba a ubiquitinación da 
proteína mediante a competencia coa ubiquitina para conxugarse co substrato. Ademais, 
propúxose que a formación de cadeas mixtas ubiquitina-ISG15 tamén pode inhibir a 
degradación de proteínas ubiquitinadas. Ademais da súa conxugación cos seus substratos, 
ISG15 existe como unha proteína non conxugada. A interacción non covalente de ISG15 con 
proteínas dentro da célula modula as súas funcións.  
A ISGilación xoga un dobre papel ao mellorar e regular negativamente as vías de simalización 
antiviral. A conxugación de ISG15 cos seus substratos aumenta a produción de IFN tipo I e 
xenes estimulados por IFN (ISGs) ao estender a activación de proteínas de sialización como 
IRF3 e STAT1, reforzando así as respostas antivirais. Non obstante, para previr reaccións 
inmunolóxicas excesivas, ISG15 exerce simultaneamente unha retroalimentación negativa na 
sinalización de IFN tipo I a través de varios mecanismos. Así, nas células humanas, a 
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interacción non covalente de ISG15 con USP18 estabiliza USP18 ao previr a súa degradación 
mediada pola ubiquitinación dependente de SKP2 regulando negativamente a sinalización de 
IFN tipo I. Por conseguinte, a depleción de USP18 e/ou ISG15 nas células humanas resulta 
nunha sinalización prolongada de IFN tipo I e maiores niveis de ISGs. Importante, aínda que o 
USP18 de rato tamén reduce a sinalización de IFN de maneira semellante, non é estabilizado 
por ISG15 de rato ou humano, indicando que as funcións de ISG15 poden variar entre 
organismos. Outro mecanismo polo cal ISG15 regula a sinalización de IFN implica a súa 
interacción con a proteína rica en repeticións ricas en leucina 25 (LRRC25), para facilitar a 
degradación autofágica da proteína RIG-I inducida polo ácido retinoico (RIG-I). Ademais, 
ISG15 inhibe directamente a sinalización do receptor de IFN tipo I, uníndose á subunidade 2 
do receptor (IFNAR2) a través de STAT-2. Isto impide a dimerización da subunidade IFNAR2 
e evita o reclutamento de JAK1, crucial para a fosforilación e activación de STAT1. 
 
ISG15 detéctase no soro dos ratos infectados con virus e pacientes tratados con IFN e propúxose 
que ISG15 pode actuar como unha citocina, uníndose ao antíxeno asociado á función do 
linfocito 1 (LFA1), e modulando varias funcións inmunomoduladoras, como: (i) desencadear a 
maduración e proliferación de células dendríticas e células asasinas naturais (NK), 
respectivamente; (ii) ser un factor quimiotáctico para neutrófilos e (iii) activar a produción de 
IFNγ e a secreción de interleucina-10 (IL-10) a partir de células primadas con IL-12. 
 
O mecanismo preciso detrás da liberación de ISG15 aínda é descoñecido. ISG15 carece do 
péptido sinal para a secreción, pero algúns informes demostran que ISG15 pode ser liberado a 
través de exosomas, durante a apoptose (Dos Santos and Mansur 2017), ou despois da 
liberación de gránulos de neutrófilos. Recentemente, Huibregtse e o seu equipo identificaron 
aminoácidos específicos en ISG15 ( os residuos L72A, S83A e L85F) como necesarios para a 
súa secreción pola célula. Demostrouse que a proteína non estrutural 1 do virus da gripe B 
(NS1B) únese a ISG15 e desactiva o residuo L72, inhibindo a liberación de ISG15 da célula, o 
que revela a relevancia destes aminoácidos para a secreción celular de ISG15.  
 
O resultado funcional da conxugación de ISG15 ao seu substratos aínda non se coñece en detalle 
por moitas razóns. Ata agora, identificáronse centos de proteínas por espectrometría de masas 
como posibles candidatas a seren ISGiladas, pero só se probaron e validaron unhas poucas. 
Ademais, só unha porción limitada do conxunto completo de proteínas se ve afectada pola 
modificación de ISG15, o que supón un desafío para comprender a influencia máis ampla da 
ISGilación na funcionalidade global dunha proteína.  
Apoiando as diferentes funcions que pode exercer o ISG15 segundo a especie, observouse que 
mentres os ratos que non expresan ISG15 mostran unha maior susceptibilidade a infección con 
varios virus, os pacientes humanos deficientes en ISG15 teñen unha condición autoinflamatoria 
de IFN tipo I e mostran unha resistencia reforzada á infección viral. Esta diverxencia entre 
humanos e ratos destaca as diferenzas complexas e específicas de cada especie na vía de ISG15. 
Ademais, durante o estudo de ISG15 describíronse moitos resultados contradictorios. Parte 
desta contradición atribúese ao feito de que a actividade de ISG15 pode depender do tipo 
celular, do tipo de virus, do contexto celular e da forma de ISG15 (conxugada ou non 
conxugada).  
A expresión de ISG15 está fortemente regulada á alza en varios tipos de cancros e demostrouse 
que ISG15 é un marcador pronóstico en pacientes con diferentes neoplasias. Sen embargo, 
ISG15 ten funcións tanto protumorais como inmunomoduladoras antitumorais, e as 
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consecuencias da expresión de ISG15 na supervivencia dos pacientes con cancro dependen do 
tipo de cancro. 
Desde a súa descuberta en 1975, identificáronse varios proteínas semellantes á ubiquitina 
(Ubls). Estas Ubls, que inclúen o xene estimulado por interferón 15 (ISG15), varios parálogos 
do modificador pequeno semellante á ubiquitina (SUMO), o locus F da antíxeno leucocitario 
humano 10 (FAT10), e o modificador de plegado de ubiquitina 1 (UFM1), entre outros, exhiben 
semellanzas estructurais e evolutivas coa ubiquitina e funcionan como moduladores críticos de 
moitos procesos celulares, como o control do ciclo celular, a reparación do ADN, a autofaxia, 
a transducción de sinal, a transcripción, etc. 
 
O modificador pequeno semellante á ubiquitina (SUMO) xoga un papel crítico en numerosos 
procesos celulares, incluíndo o transporte nuclear, a transcripción, a remodelación da 
cromatina, a reparación do ADN e a bioxénesis ribosomal. A conxugación de SUMO aos seus 
substratos ou SUMOilación regula frecuentemente interaccións intermoleculares e cambios 
conformacionais, afectando os seus substratos a nivel molecular. Os efectos da conxugación de 
SUMO adoitan depender de interaccións non covalentes proteína-proteína entre SUMO ou 
proteínas SUMOiladas e proteínas que conteñen dominios de interacción con SUMO (SIM). 
Frecuentemente, os substratos de SUMO conteñen dominios SIM. Curiosamente, un estudo 
recente suxire que case o 90% das proteínas de unión a SUMO que conteñen dominios SIM 
tamén son substratos de SUMOilación, o que indica unha forte asociación funcional entre a 
interacción covalente e non covalente de SUMO nos substratos proteicos. Do mesmo xeito que 
a ISGilación, o IFN tamén induce a SUMOilación global, pero neste caso a través dun 
mecanismo mediado polo eixo miRNA Lin28/Let7. Ademais, a SUMOilación emerxiu como 
un regulador importante da vía de sinalización do IFN tipo I e da defensa antiviral. SUMO 
conxúgase con STAT1 e inhibe a fosforilación de STAT1 inducida polo virus. Ademais, a 
SUMOilación dos factores de transcripción IRF3 e IRF7 inhibe a síntese de IFN inducida polo 
virus. Pola contra, a actividade antiviral de diferentes factores de restrición, como PML, PKR 
e p53, require a súa SUMOilación. Numerosas investigacións informaron dun aumento da 
expresión das enzimas que participan na SUMOilación, SAE1/SAE2, Ubc9 e E3 ligasas de 
SUMO en diferentes tipos de cancros. A implicación substancial da SUMOilación na 
tumorigénese humana tornouse cada vez máis evidente. Os cambios na expresión ou función 
de varios compoñentes da vía de sinalización de SUMO teñen un impacto profundo na 
fisioloxía celular. A SUMOilación ten a capacidade de modular a proliferación celular, conferir 
resistencia á apoptose e potenciar o potencial metastático ao regular proteínas implicadas na 
carcinoxénese. 
 
Descoñécese se ISG15 é un dos substratos regulados por SUMO. Neste estudo, noso obxetivo 
foi avaliar se a SUMOilación modula as propiedades e/ou funcións de ISG15.  
 
Aquí, demostramos a SUMOilación de ISG15 por SUMO1 e SUMO2 in vitro, en células 
transfectadas e a niveis endóxenos. Esta modificación non estaba limitada a ISG15 humano, xa 
que tamén se SUMOilou a ISG15 do ratos. Nos ensaios de SUMOilación in vitro usando ISG15 
e na presenza de SUMO1, observáronse diferentes bandas, o que suxire que SUMO pode 
conxugarse a diferentes residuos de lisina en ISG15. O análise in silico tamén identificou varios 
residuos de lisina en ISG15 como potenciais aceptores para a conxugación de SUMO. 
Finalmente, o análise de mutantes de ISG15 en sitios potenciais de SUMOilación confirmou 
que os residuos de lisina K8, K29, K35, K77, K90, K108, K129 e K143 en ISG15 son aceptores 
de SUMO. É ben sabido que moitos substratos de SUMOilación tamén poden interactuar de 
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maneira non covalente con SUMO ou outras proteínas SUMOiladas a través dun motivo de 
interacción con SUMO (SIM). Neste estudo, demostramos que ISG15 é un destes substratos de 
SUMOilación. Demostramos que ISG15 pode interactuar con SUMO de maneira non covalente 
a través dos dominios SIM 72-LLVVD-76 e 82-LSILV-86. A mutación dos dominios SIM en 
ISG15 non só interrompe a súa interacción non covalente con SUMO, senón que tamén inhibe 
a súa SUMOilación. 
Unha das funcións propostas de SUMO, principalmente SUMO2/3, é participar na resposta 
celular a condicións de estrés. En acordo con esta función, a SUMOilación de moitas proteínas 
é desencadeada por estreses específicos. Aquí mostramos que a SUMOilación de ISG15 é 
inducida polo estrés causado polo choque térmico, irradiación UV ou infección viral, o que 
indica unha función fisiolóxica. 
 
As consecuencias da SUMOilación dependen do substrato: SUMO pode modular a actividade 
de factores de transcripción, regular a localización de proteínas, controlar as funcións de 
enzimas ou a estabilidade dos substratos, entre outras. Aínda que a proteína ISG15 se detecta 
principalmente no citoplasma celular, tamén se atopou en todos os compartimentos celulares. 
Nos nosos ensaios, observamos que a ISG15-WT se distribuí de maneira difusa principalmente 
no citoplasma celular, independentemente da súa conxugación a substratos, pero tamén 
detectamos que a ISG15 co-localiza co PML-NB no núcleo. A mutación nos sitios de 
SUMOilación ou nos dominios SIM levou a unha localización predominantemente nuclear de 
ISG15 de maneira independente do tipo celular. Estes resultados suxiren que a interacción de 
SUMO con ISG15 facilita a súa localización citoplasmática. Como se mencionou antes, a 
proteína ISG15 tamén pode encontrarse no compartimento extracelular como resultado da súa 
secreción desde o citoplasma. Observamos que a mutación nos motivos de SUMOilación ou 
dos dominios SIM en ISG15 estaba asociada á ausencia de proteína ISG15 no sobrenadante 
celular, independentemente da súa conxugación a substratos. Isto concorda con descubrimentos 
recentes que identificaron os aminoácidos L72, S83 e L85 na proteína ISG15, contidos no 
dominio SIM, como necesarios para a súa secreción. A diminución dos niveis de ISG15 no 
sobrenadante pode indicar que SUMO, ao interactuar con ISG15, facilita a súa secreción, ou 
pode ser unha consecuencia da súa localización predominante no núcleo celular. Dado que a 
SUMOilación de ISG15 pode inducirse en resposta a diferentes estreses, sería interesante 
avaliar se os niveis de ISG15 no sobrenadante celular aumentan en células sometidas a estes 
estreses. 
O estres non é a única condición que estimula a SUMOilación de ISG15. A proteína supresora 
de tumores p14ARF desempeña un papel crucial na indución do arresto do ciclo celular, a 
senescencia ou a apoptose en resposta ao estres oncoxénico. Ademais, propúxose que p14ARF 
tamén contribúe á estimulación inmunitaria. Aínda que algunhas das actividades de p14ARF 
ocorren a través dunha vía dependente de p53, p14ARF é capaz de exercer algunhas das súas 
actividades de maneira independente de p53. Así, p14ARF induce a SUMOilación de moitos 
interactores, incluíndo p53 e MDM2, de maneira independente de p53. Aquí observamos que a 
sobreexpresión de p14ARF induciu a translocación de ISG15 ao núcleo e un aumento marcado 
na SUMOilación de ISG15. Este fenómeno coincide con descubrimentos previos que suxiren 
que p14ARF, cando está sobreexpresado, pode sequestrar aos seus socios de interacción no 
nucleo, inducindo así a súa SUMOilación. 
Aquí mostramos que a proteína ISG15 protexe as células A549 da apoptose inducida pola 
resposta ao IFN e que a interacción de SUMO con ISG15 contribúe á súa actividade anti-
apoptótica. Con todo, é importante notar que as células A549 son células p53 WT e carecen de 
p14ARF. Será importante avaliar o papel de ISG15 e da interacción ISG15-SUMO nunha liña 
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celular de cancros que non exprese p53 pero que exprese p14ARF. A indución de SUMOilación 
en resposta á sobreexpresión de p14ARF e a contribución de SUMO á actividade anti-
apoptótica de ISG15 lévanos a hipotetizar que a SUMOilación de ISG15 podería ser un dos 
mecanismos polos cales p14ARF exerce a súa actividade anti-tumoral. 
Ademais, os nosos datos revelaron a ISG15 como un novo regulador de p14ARF. Sábese que 
p14ARF pode ser poliubiquitinado no seu extremo N-terminal, aínda que non ten ningún 
residuo de lisina. O impacto da conxugación de ISG15 en ARF é descoñecido, pero 
hipotetizamos que pode servir como un mecanismo de estabilización para p14ARF xa que 
ISG15 competitía con ubiquitina para conxugarse a p14ARF. 
Outro supresor de tumores capaz de inducir a SUMOilación dos seus interactores é PML. O 
PML-NB serve como un punto central para as proteínas SUMO e recoñécese como un lugar 
crucial para a SUMOilación de proteínas. Curiosamente, tamén se propuxo un papel de p14ARF 
na SUMOilación inducida polo PML-NB. O noso estudo indicou que unha pequena fracción 
de ISG15 detéctase nos PML-NB, en acordo coa súa capacidade de interactuar con SUMO. Con 
todo, tamén observamos que a mutación no sitio de SUMOilación ou nos dominios SIM en 
ISG15 aumentaba a fracción de ISG15 detectada nos PML-NB. O mecanismo molecular que 
leva a unha fracción maior dos mutantes SUMO nos PML-NB é descoñecido. Unha explicación 
posible é que a localización principalmente nuclear dos mutantes de interacción con SUMO 
poida facilitar a súa interacción cos PML-NBs. Ademais, tamén se informou que PML se asocia 
con proteínas mal plegadas e componentes do proteosoma. Polo tanto, é posible que a maior 
colocalización entre PML e os mutantes de SUMOilación reflicta a acumulación dos mutantes 
de ISG15 xunto co PML no proteosoma. Ademais, dado que se informou que a ISG15 modifica 
o PML, tamén é posible que abolir a interacción de SUMO con ISG15 poida promover a 
acumulación e agregación de PML. Son necesarias máis investigacións para validar estas 
hipóteses. 
A ISG15 foi identificada como un xogador relevante na resposta antiviral do hospedeiro. Con 
todo, o papel da ISG15 é específico da especie e depende do virus. Os experimentos en células 
A549 WT ou nas que non expresan ISG15 revelaron que a ISG15 favorece a replicación doVSV 
nestas células. Polo contrario, a SUMOilación inhibe a replicación do VSV, como se revela 
polo aumento da replicación viral en resposta ao tratamento co inhibidor de SUMOilación, ML-
792. Con todo, este efecto foi independente da expresión ou non de ISG15, indicando 
mecanismos de acción adicionais. O análise de células A549 que non expresan ISG15 
reconstituídas con ISG15 WT ou cos diferentes mutantes de ISG15 revelou que a interacción 
de ISG15 con SUMO é necesaria para facilitar a replicación de VSV en células A549. O 
mecanismo polo que a interacción de SUMO con ISG15 facilita a replicación de VSV aínda 
está en estudo. A nosa hipótese actual é que a interacción de SUMO con ISG15 é esencial para 
estabilizar USP18 e, polo tanto, inhibir a sinalización de interferón tipo I.  
As mitocondrias son orgánulos vitais responsables de procesos como a produción de enerxía, a 
señalización de calcio, a apoptose e a regulación do sistema inmunitario. Estudos recentes 
revelaron unha conexión entre a ISG15 e as mitocondrias, enfatizando o seu papel crñítico na 
fisioloxía celular, na resposta inmunitaria e no metabolismo celular. A proteína SUMO tamén 
foi implicada na bioxénese mitocondrial. Estes datos leváronos a estudar o papel da interacción 
de SUMO con ISG15 na biogénesis da mitocondria. O noso estudo revelou un aumento na 
fragmentación mitocondrial nas células A549 carentes de ISG15 ou nas tratadas có inhibidor 
da SUMOilación. Ademais, os nosos datos suxiren que a interacción de ISG15 con SUMO é 
esencial para manter mitocondrias funcionais. Con todo, son necesarios estudos adicionais para 
confirmar esta hipótese. 
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En resumo, este estudo revela unha nova regulación de ISG15 a través da súa interacción 
covalente e non covalente con SUMO, o impacto destas interaccións na proteína ISG15 e as 
súas posibles implicacións funcionais. Este traballo contribúe a avanzar na nosa comprensión 
das complexas redes de regulación que gobernan as respostas celulares e abre as portas para 
investigacións adicionais neste campo. 
 
 
 
2.2 SUMMARY 
 
The Interferon (IFN)-Stimulated-Gene 15 (ISG15) is a ubiquitin-like (Ubl) protein which 
expression is induced by type I IFN, DNA damage and other stresses. ISG15 can conjugate to 
its substrates through an enzymatic and reversible process called ISGylation. ISG15 can 
modulate the subcellular localization, oligomerization, activity or stability of its substrates. 
ISG15 frequently increases the stability of its substrates by competing with ubiquitin to bind to 
its substrates or through the formation of mixed ISG15-ubiquitin chains. ISG15 also exist as an 
unconjugated protein inside the cell or it can be secreted from the cell by unclear mechanisms. 
Free extracellular ISG15 has been reported to function as a cytokine with immunomodulatory 
activities. 
Although ISG15 is minimally expressed under physiological conditions, its levels are 
abnormally elevated in different pathological conditions such as different types of cancer and 
neurodegenerative disorders. Contradictory results have been reported on the role of ISG15 
protein on the pathogenesis of different diseases and it has been proposed that ISG15 can 
perform different functions depending on the cell type, the specie, physiological state, virus 
type or the ISG15 form. How ISG15 functions are modulated is still unknown. Understanding 
the mechanisms of regulation of ISG15 activities could help to develop new strategies to 
intervene in the progression of many diseases.  
Increasing evidences indicate that the crosstalk between different Ubl proteins may a 
mechanism to fine-tune responses to different stresses. Another important Ubl is the small 
ubiquitin modifier (SUMO). The attachment of SUMO to lysine residues in the target proteins 
or SUMOylation is considered as a key regulatory mechanism modulating the functional 
properties of a large number of proteins. Conjugation of SUMO to substrates regulates the 
interaction of the substrate with other proteins or nucleic acid affecting their stability, 
localization or activity, and influencing many different processes such as the cell cycle, DNA 
repair, tumor progression, and virus infection. The consequences of SUMO conjugation vary 
greatly depending on the substrate or the virus type. Thus, SUMO activity can promote or 
inhibit cellular proliferation, migration, oncogenic transformation or virus replication. The 
relevance of SUMO not only stand for their conjugation to target proteins. One characteristic 
of many SUMOylated proteins is to contain SIMs that mediate their non-covalent interaction 
with SUMO or with other SUMOylated proteins allowing the formation of big complexes with 
a function in many processes such as the tress response, virus-cell interplay or immune 
response.  
 
Recent data support the existence of an interplay between SUMOylation and ISGylation. In 
response to IFN, SUMO3 has been reported to upregulate ISG15 as well as the ISG15 E2 
conjugating enzyme UBCH8 and the E3 ISG15 ligases Trim28 and HERC5 by still unknown 
mechanisms. We hypothesized that SUMO could also interact with ISG15 and that this 
interplay may impact ISG15 properties and/or activities.  
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We demonstrated the SUMOylation of human ISG15 by SUMO1 and SUMO2 in vitro, in 
transfected cells, and at totally endogenous levels. We show that mouse ISG15 was also 
SUMOylated and we identified several SUMOylation sites in ISG15. In addition, we 
demonstrated that ISG15 can interact with SUMO in a non-covalent manner trough two SIM 
domains. Importantly, the SIM domains in ISG15 are required for its SUMOylation. In 
agreement with a role of SUMO2/3 in the cellular response to stress, and with a physiological 
function for ISG15 SUMOylation, we observed that the SUMOylation of ISG15 is induced 
upon heat shock stress, UV irradiation, or viral infections. Our results revealed that the tumor 
suppressor p14ARF protein also triggers ISG15 SUMOylation. Moreover, we identified ISG15 
as a new regulatory layer of p14ARF. Another tumor suppressor capable of inducing 
SUMOylation of its interactors is PML. Interestingly, our study indicated that ISG15 can co-
localize with PML-NBs and that mutation of the SUMOylation sites or of SIM domains in 
ISG15 enhanced the fraction of ISG15 co-localizing with the PML-NBs.  
Our data suggest that the interaction of SUMO with ISG15 facilitates its cytoplasmic 
localization. In addition, we demonstrated that the SUMO binding domains in ISG15 are 
required for its secretion.  
Analysis of A549 cells depleted from ISG15 revealed that ISG15 protect A549 cells from 
apoptosis induced in response to IFN treatment and that the interaction of SUMO with ISG15 
contributes to its anti-apoptotic activity.  In addition, we demonstrated that ISG15 exerts a 
proviral activity on VSV in A549 cells and that the interaction of ISG15 with SUMO is required 
for this proviral activity on VSV.  
Finally, our data revealed that proper mitochondria biogenesis requires ISG15 and 
SUMOylation. In addition, our data suggested that the interaction of ISG15 with SUMO is 
essential for maintaining functional mitochondria.  
In summary, this study reveals a novel regulation of ISG15 through its covalent and non-
covalent interaction with SUMO, the impact of these interactions on the ISG15 protein and 
their potential functional implications. This work contributes to advancing our understanding 
of the complex regulatory networks governing cellular responses and lays the groundwork for 
further investigations in the field. 
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3.1 ISG15  

 
 ISG15 protein structure 

The Interferon (IFN)-Stimulated-Gene 15 (ISG15) is a 15 kDa ubiquitin (Ub)-like (Ubl) 
protein described as a ubiquitin cross-reactive protein (UCRP) due to the cross-reactivity of 
anti-ubiquitin antibodies with free ISG15 (Farrell et al., 1979). Upon transcription, the ISG15 
mRNA undergoes translation to produce a 17 kDa polypeptide consisting of 165 amino acids 
as a precursor form of ISG15 (Pro-ISG15). Subsequent processing events involve the removal 
of the N-terminal methionine, and a proteolytic cleavage that eliminates eight amino residues 
from the C-terminus. This process exposes the C-terminal LRLRGG sequence, which is also 
present at the C terminus of mature ubiquitin (Potter et al. 1999). This motif is required for the 
covalent conjugation of ISG15 to substrates via lysine residues following an enzymatic process 
called ISGylation. The mature ISG15 polypeptide is a soluble 156 amino acid protein with a 
molecular weight of 15 kDa. ISG15 is composed of two Ubl domains that correspond to the N- 
and C- terminal regions of the protein, separated by a flexible linker. The ISG15 structure 
comprises two beta-grasp folds that is characteristic of ubiquitin. The beta-grasp fold is 
composed of a five-stranded beta-sheet partially wrapped around a central alpha-helix 
(Narasimhan et al. 2005). The N- and C-terminal regions of ISG15 share 29% and 31% 
sequence identity with ubiquitin, respectively (Blomstrom et al. 1986; Dao 2005; Haas et al. 
1987; Narasimhan et al. 2005). Unlike ubiquitin, which has almost 100% cross-species 
conservation, ISG15 is found only in vertebrates and the ISG15 primary sequence is poorly 
conserved across mammalian species, with human and murine ISG15 sharing approximately 
63% sequence identity at the protein level (Kang, Kim, and Jeon 2022). Importantly, it has been 
proposed that the diversity of ISG15 among species may influence tertiary structure 
characteristics. 

 
 ISG15 gene expression  

ISG15 can be detected at low level in cells and tissues in normal conditions but its 
expression, according to its name, is highly induced by type I IFN. The binding of type I IFN 
to the IFNα/β receptor 1 (IFNAR1) and IFNAR2, leads to the activation of the receptor-
associated Janus kinase 1 (JAK1) and the non-receptor tyrosine-protein kinase 2 (TYK2) 
((Stark et al. 1998; Levy 2001; Negishi, Taniguchi, and Yanai 2018). This leads to the 
recruitment and the phosphorylation of STAT1 and STAT2 which interact with the interferon 
regulatory factor 9 (IRF9) and form the IFN-stimulated gene factor 3 (ISGF3) complex that 
binds to the IFN-sensitive response elements (ISRE) present in the ISG15 promoter (Briscoe J 
et al. 1996; Darnell 1998; Darnell, Kerr, and Stark 1994) and induces its expression (Fu et al. 
1992; Reich et al. 1987). Importantly, expression of members of the ISG15 conjugation 
machinery is also strongly induced by type I IFN. In the case of chronic viral infection, both 
interferon beta and type III interferons stimulate the formation of an unphosphorylated ISGF3 
complex (U-ISGF3) (Cheon et al. 2013; Cheon and Stark 2009), which maintains the expression 
of a subset of interferon-stimulated genes (ISGs), including ISG15 (Sung et al. 2015). 
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Expression of ISG15 in response to type II IFN has also been reported. Binding of type II 
IFN to dimers of heterodimers of IFNGR1 and IFNGR2 leads to phosphorylation of JAK1 and 
JAK2, the phosphorylation of STAT1, and its homodimerization to form the IFN-gamma 
activator factor (GAF) which translocate to the nucleus to induce genes regulated by gamma-
activated sequence (GAS) promoter elements, including ISG15 (Tecalco-Cruz and Mejía-
Barreto, 2017 J Cell Commun Signal). ISG15 is induced by other stimuli, such as foreign RNA 
or DNA or lipopolysaccharide (LPS). In the case of LPS, it induces ISG15 expression through 
the TIR domain-containing adapter protein inducing IFNβ (TRIF)-IRF3 signaling pathway 
(Malakhova et al. 2002). Retinoic acid induces type I IFN and consequently triggers ISG15 
expression (Pitha-Rowe, Hassel, and Dmitrovsky 2004). However, ISG15 expression is 

Figure 1. ISG15 induction.  
ISG15 expression is strongly induced by type I interferon (IFN). The binding of type I IFN to IFNAR1 and IFNAR2 
heterodimers, leads to the activation of the receptor-associated JAK1 and TYK2. This leads to the recruitment 
and the phosphorylation of STAT1 and STAT2 which interact with IRF9 and form the ISGF3 complex that binds 
to ISRE elements in gene promoters to induce the transcription of ISGs. In the case of chronic viral infection, 
both interferon beta and type III interferons stimulate the formation of a U-ISGF3 complex which maintains 
the expression of a subset of ISGs, including ISG15. LPS induces ISG15 expression through a TRIF-IRF3 signalling 
pathway. Binding of type II IFN to dimers of heterodimers of IFNGR1 and IFNGR2 leads to phosphorylation of 
JAK1 and JAK2, the phosphorylation of STAT1, and its homodimerization to form the IFN-gamma activator 
factor (GAF) which translocate to the nucleus to induce genes regulated by gamma-activated sequence (GAS) 
promoter elements, including ISG15. Other stimuli such as dsRNA or foreign DNA can also induce ISG15 
expression in an IFN-independent manner. dsRNA can induce ISG15 through IRF3, and bacterial DNA via the 
STING-TBK1-IRF3/7 pathway. (Figure designed with Biorender) 
  



YANIS HICHEM BOUZAHER 

 28 

induced by double-stranded RNA (dsRNA) through IRF3 in an interferon-independent manner 
(Mémet et al. 1991). Similarly, bacterial DNA can induce ISG15 in a IFN-independent manner 
via the pathway composed by the stimulator of interferon genes protein (STING), the 
serine/threonine-protein kinase TBK1, IRF3, and IRF7 (Radoshevich et al. 2015) (Figure 1). 
Importantly, the promoters of ISG15 and ISGylation enzymes contain p53-responsive elements 
explaining why stimuli inducing p53, such as DNA damage agents, transactivate the ISG15 
pathway (Liu et al. 2004; Park et al. 2016). 
 

 
 Conjugation of ISG15 or ISGylation 

As mentioned above, ISG15 is expressed as an immature protein with a mass of 17 kDa 
which is cleaved at its carboxy-terminus through the action of the ubiquitin specific peptidase 
18 (USP18), generating a mature 15 kDa protein (Yuan 2001;Potter et al. 1999). Mature ISG15 
protein can conjugate to other proteins through a three steps enzymatic process called 
ISGylation (Figure 2). 

 

Figure 2. ISG15 and the ISGylation machinery.  
ISG15 is expressed as an immature polypeptide of 17 kDa which is cleaved at its carboxy-terminus by the 
action of USP18 to generate the 15 kDa mature protein. Mature ISG15 protein can conjugate to other proteins 
through a three steps enzymatic process called ISGylation. The E1 activation enzyme for ISG15, UBE1L, 
activates the C-terminal group of ISG15 leading to the formation of a thioester bond in an ATP-dependent 
manner. ISG15 is then transferred to the active-site cysteine of the E2 conjugating enzyme UBCH8. The E2 
enzyme then transfers ISG15 to an E3 ligase (HERC5, TRIM25, ARIH1) which covalently attach ISG15 to specific 
lysine residues of substrates. ISGylation is a reversible process thanks to the action of the deconjugating 
enzyme USP18. (Figure designed with Biorender).  
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The first step of this process consists in the activation of ISG15. It requires an E1 activating 
enzyme for ISG15 called UBE1L and leads to the formation of a thioester bond in an ATP-
dependent manner (Krug, Zhao, and Beaudenon 2005). After activation, ISG15 is transferred 
to the active-site cysteine of the E2 conjugating enzyme UBCH8 (Kim et al. 2004; Zhao et al. 
2004). Finally, the E2 enzyme transfer ISG15 to an E3 ligase (TRIM25, ARIH1, HERC5) 
which covalently attach ISG15 to specific lysine residues of substrates (Okumura, Zou, and 
Zhang 2007; Zou and Zhang 2006). Both Ubl domains of ISG15 are required for its conjugation 
to substrates (Chang et al. 2008). The C-terminal domain of ISG15 establishes interactions with 
its E1 and E2 enzymes, while concurrently, the N-terminal domain is implicated in the 
discrimination and selection of the E3 ligase (Ashley et al. 2019). ISGylation is reversible 
thanks to the action of the deconjugating enzyme USP18 (Basters et al. 2017; Malakhov et al. 
2002) which displays a remarkable specificity for ISG15 without detectable activity against 
ubiquitin or other Ubls such as NEDD8 or SUMO (Laval, Chaumont, and Demangel 2021; 
Monson et al. 2021). USP18 is able to reverse modification with ISG15 by hydrolyzing the 
covalent bond between its C-termini and substrate (Tanigawa et al. 2008). HERC5 is considered 
the major E3 ligase for ISG15 in humans (Dastur et al. 2006; Ketscher et al. 2012; Oudshoorn 
et al. 2012; Wong et al. 2006). ISGylation has been proposed to occur mainly at the ribosomes 
due to the localization of HERC5. 

To date, hundreds of potential ISGylation substrates have been identified by mass 
spectrometry; however, only few substrates have been validated. The functional consequences 
of ISG15 conjugation is unclear. ISG15 conjugation does not target substrates for degradation 
(Liu, Li, and Hassel 2003). Studies of specific ISG15 targets have revealed that conjugation of 
ISG15 to a substrate can modulate its subcellular localization, function, oligomerization or 
stability (Jeon et al. 2009; Rahnefeld et al. 2014; Wardlaw and Petrini 2023). Sometimes, ISG15 
compete with ubiquitin to conjugate to the substrates, inhibiting its ubiquitination (Okumura et 
al. 2006). In addition, it has been proposed that the formation of ISG15-ubiquitin mixed chains 
may also inhibit the degradation of ubiquitinated proteins (Fan, Arimoto, et al. 2015). 

 Free intracellular ISG15 
In addition to its conjugation to target proteins, ISG15 exists as an unconjugated protein. 

The non-covalent interaction of ISG15 with proteins inside the cell modulates their functions 
(Loeb and Haas 1992a; Narasimhan, Potter, and Haas 1996). Thus, the binding of ISG15 to 
NEDD4 leads to the disruption of the NEDD4 interaction with Ubiquitin conjugating enzymes, 
preventing the transfer of ubiquitin to the active site of NEDD4, and consequently inhibiting 
ubiquitination of NEDD4 substrates (Malakhova and Zhang 2008; Okumura, Pitha, and Harty 
2008). Free intracellular human ISG15 can also interact with and stabilize USP18 and by doing 
so, regulates type I IFN signaling (Zhang et al. 2015). Other mechanism by which ISG15 
regulates IFN signaling is through its non-covalent interaction with leucine-rich repeat-
containing protein 25 (LRRC25) and retinoic acid-inducible gene I (RIG-I) protein, to facilitate 
the autophagic degradation of RIG-I (Du et al. 2018; Nakashima et al. 2015). 

 
 Free extracellular ISG15 

ISG15 has been detected in the serum of mice infected with virus and of patients treated 
with IFN (Loeb and Haas 1992b; Werneke et al. 2011). Consequently, it has been proposed that 
ISG15 can act as a cytokine, binding to the lymphocyte function-associated antigen 1 (LFA1), 
and exerting a variety of immunomodulatory functions such as: (i) triggering maturation and 
proliferation of dendritic and natural killer (NK) cells, respectively (Desai et al. 2006; Fan, 
Arimoto, et al. 2015) ; (ii) being a chemotactic factor for neutrophils (Loeb and Haas 1992) and 
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(iii) activating IFNγ production (Werneke et al. 2011) and interlekin-10 (IL-10) secretion from 
IL-12 primed cells (Swaim et al. 2017). 

The precise mechanism behind the release of ISG15 is still unknown. ISG15 lacks the signal 
peptide for secretion and some reports demonstrate that ISG15 can be released via exosomes 
(Sun et al. 2016), during apoptosis (Dos Santos and Mansur 2017), or after the release of 
neutrophil granules (dos Santos and Mansur 2017). Recently, Huibregtse and his team 
identified specific amino acids in ISG15 (L72A, S83A and L85F) as required for its release 
from the cell (Swaim et al. 2020). Interestingly, the non-structural protein 1 of Influenza B virus 
(NS1B) has been demonstrated to bind to ISG15 and to hinder the L72 residue, inhibiting the 
release of ISG15 from the cell, supporting the relevance of this amino acid for ISG15 cellular 
release (Yuan and Krug R M. 2001; Zhao et al. 2016). 
 
3.2 FUNCTIONS OF ISG15 
The functional outcome of ISG15 conjugation to its substrates is still poorly characterized for 
many reasons. Until now, hundreds of proteins have been identified by mass spectrometry as 
putative candidates to be ISGylated but only a few have been tested and validated 
(Giannakopoulos et al. 2005a; Zhao et al. 2005). In addition, only a limited portion of the 
complete protein pool is affected by ISG15 modification, which poses a challenge in 
comprehending the broader influence of ISGylation on a protein’s overall functionality. 

 
 ISG15 and virus  

 
3.2.1.1 Regulation of IFN signaling by ISG15 
ISGylation plays a dual role by both enhancing and negatively regulating antiviral 

signaling pathways. Conjugation of ISG15 to its substrates increases the production of type I 
IFN and interferon-stimulated genes (ISGs) by extending the activation of signaling proteins 
like IRF3 and STAT-1, thereby reinforcing antiviral responses. By reversing protein 
ISGylation, USP18 acts as a critical modulator in the regulation of immune responses (Figure 
3) (Ganesan et al. 2016; Shi et al. 2010). However, to prevent excessive immune reactions, 
ISG15 simultaneously exerts negative feedback on type I IFN signaling through various 
mechanisms. One mechanism involves the ISGylation of RIG-I, leading to reduced IFN 
promoter activity (Kim et al. 2008). Additionally, non-covalent binding of ISG15 to RIG-I-
LRRC25-p62 targets RIG-I for autophagic degradation (Du et al. 2018). Moreover, ISG15 
directly inhibits type I IFN receptor signaling by binding to the subunit 2 of the receptor through 
STAT-2. This impedes IFNAR subunit dimerization and prevent JAK1 recruitment, crucial for 
the phosphorylation and activation of STAT1 (Arimoto et al. 2017; Malakhova et al. 2003). 
ISG15 can also downmodulate IFN signaling by interacting with the deISGylase USP18 in a 
non-covalent manner. In human cells, the binding of ISG15 to USP18 increases USP18 levels 
(Zhang et al. 2015) by preventing its degradation mediated by SKP2-dependent ubiquitination 
(Kaufmann et al. 2018). USP18 inhibits IFN signaling by directly binding to the intracellular 
portion of IFNAR2 inhibiting the binding of JAK1 to the IFN receptor (Malakhova et al. 2006). 
Consequently, human ISG15 interaction with USP18, reinforces the inhibition of IFN receptor 
signaling. Therefore, depletion of USP18 and/or ISG15 in human cells results in prolonged type 
I IFN signaling and higher ISG levels (Speer et al., 2016). Importantly, although murine USP18 
similarly downmodulates IFN signaling, mouse USP18 is not stabilized by mouse or human 
ISG15, indicating that ISG15 functions may vary between organisms (Speer et al. 2016).  

In agreement with the divergent functions of ISG15 between species, it has been observed 
that while ISG15 knockout mice display increased susceptibility to various viruses (Morales 
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and Lenschow 2013), ISG15-deficient human patients have a type I IFN autoinflammatory 
condition and display enhanced resistance to viral infection. This divergence between human 
and mouse, underscores the complex and species-specific differences in the ISG15 pathway 
and the necessity of studying the different forms of ISG15 during innate immune signaling.   

 
3.2.1.2 Antiviral and proviral activities of ISG15 

ISG15 and components of the ISG15 conjugation machinery are strongly and rapidly induced 
by type I IFNs. Consequently, ISG15 was considered as a central player in the host antiviral 
response (Lenschow et al. 2005). Indeed, ISG15 was found to exert antiviral effect on many 
viruses by acting on various actors and steps during virus replication. However, the antiviral 
functions of ISG15 depend on whether ISG15 interacts in a covalent or non-covalent manner 
with viral or cellular proteins. In addition, the role of ISG15 on virus replication and the 
mechanisms of action of ISG15 differ among mammals.  
 
 
 
 

Figure 3. Regulation of IFN signaling by ISG15 
ISG15 regulates positively and negatively the IFN signaling pathway using different ways of action: (i) 
Conjugation of ISG15 to STAT-1 and IRF9 enhances the production of type I IFN and ISGs (ii) USP18 
inhibits IFN signaling by directly binding to the intracellular portion of IFNAR2 and inhibiting the binding 
of JAK1 to the IFN receptor. (iii) The binding of ISG15 to USP18 stabilizes USP18 by preventing its 
ubiquitin-mediated degradation by SKP2, reinforcing the inhibition of IFN receptor signaling. (iv) ISG15 
non-covalent binding to RIG-I-LRRC25-p62 targets RIG-I for autophagic degradation. (v) ISG15 directly 
inhibits type I IFN receptor signaling by binding to the subunit 2 of the receptor through STAT-2. This 
impedes IFNAR subunit dimerization and prevent JAK1 recruitment, crucial for the phosphorylation 
and activation of STAT1. (Figure designed with Biorender).  
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3.2.1.2.1 Downmodulation of virus replication through ISG15 interaction with 
viral proteins 

ISG15 has been reported to target nascent proteins. Therefore, it has been 
proposed that viral proteins are among the primary candidates for such targeting (Durfee et al. 
2010). The first viral protein that was found to be modified by ISG15 was the non-structural 
protein 1 of Influenza A virus (NS1/A) (Tang et al. 2010; Zhao et al. 2010). NS1/A is a 
multifunctional protein that inhibits the induction of type I IFN (Wang et al. 2000), prevents 
the activation of protein kinase R (PKR) (Bergmann et al. 2000), selectively enhances viral 
mRNA translation (de la Luna et al. 1995), and interferes with cellular mRNA processing 
(Fortes, Beloso, and Ortín 1994; Nemeroff et al. 1998), being crucial to viral replication. ISG15 
conjugates at lysine 41 (K41) of NS1/A, inhibiting its nuclear translocation through the 
disruption of its interaction with importin-α (Zhao et al. 2010), and rendering the virus 
vulnerable to interferon-mediated inhibition. The protease 2A (2APro) of the coxsackievirus 
B3 (CVB3) is another example of viral protein modified by ISG15. This protein is responsible 
for cleaving the mammalian eukaryotic translation initiation factor 4γ1 (eIF4G1), leading to the 
suppression of host cell protein synthesis, ultimately favoring viral replication. ISGylation of 
2APro impedes the cleavage of eIF4G1 during CVB3 infection, mitigating host cell shut-off 
and restricting CVB3 replication (Rahnefeld et al. 2014). Further insights from the research on 
influenza B virus (IBV) and human papilloma virus (HPV) demonstrate that ISGylation can 
disrupt the function and structure of viral complexes. The formation of IBV nucleoprotein (NP) 
oligomers is essential for the assembly of the viral ribonucleoprotein (vRNP), a process critical 
for viral RNA synthesis. ISGylated IBV NP functions as a dominant-negative inhibitor, 
disrupting the oligomerization of unmodified NP, and consequently limiting viral RNA 
synthesis and diminishing IBV replication (Zhao et al. 2016). In the case of HPV, the 
ISGylation of the capsid protein L1 does not abolish its integration into viral particles. 
However, both the quantity and infectivity of particles containing ISGylated L1 protein are 
reduced, potentially due to modifications in the geometry of the viral capsid (Durfee et al. 
2010). ISGylation has also been shown to inhibit human cytomegalovirus (HCMV) gene 
expression and the release of virions. HCMV pUL26 is recognized for its capacity to suppress 
tumor necrosis factor-α (TNFα)-induced nuclear factor-κB (NF-κB) activation (Mathers et al. 
2014). It has been demonstrated that ISG15 engages in both covalent and non-covalent 
interactions with HCMV pUL26 protein. The ISGylation of pUL26 results in alterations in 
pUL26 stability and in the inhibition of its ability to suppress NF-κB signaling (Kim et al. 
2016).  
 

3.2.1.2.2 Modulation of virus replication through ISG15-mediated regulation of 
signaling proteins 

ISG15 has been proposed to be conjugated to more than 160 host cell proteins, as 
identified by mass spectrometry. Among these target proteins, some are interferon-stimulated 
genes (ISGs) involved in the regulation of antiviral innate immune response, including PKR, 
MxA, Hup56, and RIG-I (Zhao et al. 2005). Additionally, other target proteins play a role in 
the regulation of type I IFN signaling, such as PLCγ1, JAK1, ERK1, and STAT1(Malakhova 
et al. 2003). Moreover, viruses can be impaired by the ISGylation of host cell proteins involved 
in different steps of the viral cycle such as the viral release. The initial indication of ISG15 
blocking virus release emerged from investigations on HIV-1 replication. Expression of a 
plasmid encoding ISG15 together with the HIV-1 proviral DNA, has been reported to inhibit 
the release of HIV-1 without affecting the production of HIV-1 proteins (Okumura et al. 2006). 
This inhibition was attributed to the interference with the mono-ubiquitination of the HIV-1 
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Gag polyprotein by ISG15, and to the disruption of its interaction with the host tumor 
susceptibility gene 101 (TSG101) protein, both essential processes for HIV-1 budding and 
release. These are just some examples of the capability of ISGylation to reduce the efficiency 
and quality of viral progeny production and to limit the control of the viral proteins over the 
host immune response.  

 
 Modulation of ISG15 by viruses 

Consistent with a role of ISG15 in antiviral defense, numerous virus express proteins 
capable of antagonizing ISGylation (Perng and Lenschow 2018). Thus, some viral proteins are 
able to sequester ISG15 or ISGylated proteins, as demonstrated for Vaccinia virus E3 protein 
or Influenza B NS1 protein. Both proteins interact with ISG15 inhibiting the ISG15-mediated 
stimulation of the immune response (Guerra et al. 2011; Sridharan, Zhao, and Krug 2010; 
Versteeg et al. 2010). Other viruses encode proteases that remove ISG15 from its target proteins 
such as virus belonging to the Nairovirus genus (e.g., Crimean-Congo hemorrhagic fever virus, 
Nairobi sheep disease virus, and Erve virus), arteriviruses (e.g., equine arteritis virus and 
porcine reproductive and respiratory syndrome virus), picornaviruses (e.g., foot and mouth 
disease virus), and coronaviruses (e.g., severe acute respiratory syndrome-related coronavirus, 
Middle East respiratory syndrome-related coronavirus, and mouse hepatitis virus) (Mielech et 
al. 2014). These proteases, often termed viral deubiquitinating proteins (DUBs), are cysteine 
proteases with substantial activity in reversing ubiquitin (Ub) conjugation. They are generally 
classified into three different types: ovarian tumor domain proteases (OTUs), papain-like 
proteases (PLPs), or leader proteases (Lbpro) (Frias-Staheli et al. 2007; Lindner et al. 2005; 
Swatek et al. 2018). Although the precise function of viral deISGylases is still unclear it has 
beeen speculated that it may be critical. 

 
 Exploitation of the ISGylation machinery by viruses  

In addition to develop methods to counteract the antiviral effects of ISG15 conjugation, 
viruses have also developed strategies to exploit the ISGylation machinery in their own benefit. 
Recent findings have revealed that ISG15 conjugation to viral proteins, such as the hepatitis C 
virus (HCV) non-structural 5A (NS5A) protein or the hepatitis B virus (HBV) X protein (HBx) 
exert proviral effects (Gao et al. 2020; Iglesias-Guimarais et al. 2020; dos Santos et al. 2018). 
ISGylation of NS5A protein from HCV facilitates the recruitment of host proteins that enhance 
viral RNA replication (dos Santos et al. 2018). Similarly, in the context of Zika virus infection, 
ISG15 conjugation amplifies viral protein expression in human cell lines (Swaim et al. 2017).  

 
3.3 ISG15 AND CANCER  
The role of ISG15 in cancer is controversial, likely due to the different types of cancers and to 
the potential different functions of conjugated, intracellular free and extracellular free ISG15. 
Thus, although ISG15 gene expression is highly upregulated in various types of cancer (Desai 
et al. 2012; Kiessling et al. 2009; Li et al. 2014; Wood et al. 2012) and it has been shown to be 
a prognostic marker in patients with different malignancies (Qiu X et al. 2015), it can have both 
protumor and immunomodulatory anti-tumor functions, and the consequences of the ISG15 
expression on cancer patients’ survival depends on the cancer type (Figure 4).  
 

 Pro-tumoral activity of ISG15   
ISG15 has been identified as a protein promoting cancer cell migration and metastasis 

through the interaction with or modification of certain oncogenic proteins. ISG15 is also among 
the genes that are found in cancer patients showing resistance to DNA damage-inducing 
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therapies (Weichselbaum et al., 2008; Fornai et al., 2001; Sirota et al., 1996) and its 
downmodulation has been reported to re-sensitize cancer cells to chemo- and radiotherapy 
(Boelens et al., 2014). 

 

A

B
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Among the cancers in which ISG15 was found upregulated are melanoma, lung, breast, 

prostate, nasopharyngeal, oral cancers and hepatocellular carcinoma (HCC) (Bektas et al. 2008; 
Burks, Reed, and Desai 2014; Y.-L. Chen et al. 2019; Desai et al. 2012; Tecalco Cruz and 
Mejía-Barreto 2017; Tecalco-Cruz and Cruz-Ramos 2018). In addition, a correlation between 
elevated levels of ISG15 and STAT1 and reduced levels of p53 and ARF are frequently 
observed in triple-negative breast cancers (TNBCs) (Bektas et al. 2008; Forys et al. 2014).  The   
mechanisms by which ISG15 and ISGylation could promote cancer growth or metastasis are 
diverse (Figure 4). Thus, ISGylation of non-muscle myosin II A (NMIIA) and Ras GTPase-
activating-like protein 1 (IQGAP1) has been shown to be linked to the reorganization of the 
cytoskeleton (Cerikan and Schiebel 2017; Cruz-Ramos et al. 2019; Giannakopoulos et al. 2005) 
and the impact of ISG15 on the cytoskeleton has been proposed as a mechanism contributing 
to the invasive and metastatic behavior of breast cancer cells (Cruz-Ramos et al. 2019; Cui et 
al. 2004; Tecalco-Cruz et al. 2019). Additionally, ISG15 and ISGylation, activated in response 
to oncogenic Kirsten-Ras (KRas), has been shown to inhibit the lysosomal degradation of KRas 
and this mechanism has been shown to promote migration and epithelial-mesenchymal 
transition (EMT) of breast cancer cells (Burks et al. 2014). Furthermore, ISGylation has been 
implicated in basal breast tumor progression by facilitating EGFR recycling and Akt signaling 
(Bolado-Carrancio et al. 2021). In lung cancer cell lines, ISGylation of Yes-associated protein 
(YAP) inhibits YAP ubiquitination, and proteasomal degradation, thereby promoting YAP 
stability and contributing to tumor initiation and development (Xue et al. 2022). An increase in 
ISGylation also exerts a negative regulatory effect on the ubiquitin-protease system, leading to 
increased reactive oxygen species (ROS) generation. Elevated ROS levels enhance the 
enzymatic activity of p38/MAPK and the expression of inflammation-related cytokines in 
macrophages, thereby accelerating inflammation and cancer transformation (Fan, Miyauchi-
Ishida, et al. 2015). ISG15 has also been proposed as a prognostic marker for predicting the 
overall survival of HBV-related HCC patients (Qiu X et al. 2015). In HCC, ISG15 interferes 
with the interaction between survivin and X-linked inhibitor of apoptosis protein (XIAP), 
thereby stabilizing survivin and facilitating cell proliferation and migration (B. Chen et al. 2019; 
Su 2016). Collectively, current knowledge suggests that the ISG15 pathway is dysregulated 
during tumorigenesis. Conjugated ISG15 may adversely impact patients by stabilizing cellular 
proteins that promote cancer, primarily through negative regulation of the ubiquitin/proteasome 
pathway and interference with protein polyubiquitination/degradation. However, ISG15 can 

Figure 4. Pro and anti-tumoral activity of ISG15 
A Schematic representation of some tumor-promoting activities of ISG15: (i) ISGylation, activated 
in response to oncogenic KRas, inhibit KRas lysosomal degradation, promoting cell proliferation, 
migration and epithelial mesenchymal transition (EMT) in breast cancer cells. (ii) ISGylation 
facilitates EGFR recycling and Akt signaling in basal breast tumor progression. (iii) ISGylation of 
YAP inhibits its ubiquitination and proteasomal degradation, which contributes to tumor initiation 
and development in lung cancer. (iv) Protein ISGylation has a negative impact on the ubiquitin-
proteasome system which results in elevated IFN-induced ROS leading to enhanced activation of 
p38/MAPK and the expression of inflammation-related cytokines in macrophages, accelerating 
inflammation and cancer transformation. (v) In HCC, ISG15 interferes with the interaction between 
survivin and X-linked inhibitor of apoptosis protein (XIAP), thereby stabilizing survivin and 
facilitating cell proliferation and migration. B Schematic representation of some anti-tumoral 
activities of ISG15: (i) ISGylation of p53, suppression of the NF-kB signal transduction or the 
ISGylation of ERK decreases proliferation and increases apoptosis in cervix, blood and ovaries 
cancer. (ii) ISGylation of ESRP1 leads to its stabilization, inhibiting EMT and decreasing metastasis. 
(iii) ISGylation of cyclin D1 facilitates its degradation in human bronchial epithelial cells and lung 
cancer cells promoting lung cancer growth suppression. (iv) ISGylation of PML/RARα reduces its 
levels diminishing the oncogenic effect of the fusion protein. (Figure designed with Biorender).  
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exerts pro-tumor effects through regulation of additional processes. Thus, recent results 
revealed that ISG15 and ISGylation are also essential for mitochondrial functionality and are 
required for maintaining the metabolic plasticity of pancreatic cancer stem cells (PaCSCs) 
(Alcalá et al., 2020).  
 

 Anti-tumoral activity of ISG15  
Overexpression of ISG15 has been shown to decrease proliferation and increase apoptosis, 

resulting in tumor suppression in cervix, blood and ovaries cancer (Zhou et al., 2017; Mao et 
al., 2016; Yeung et al., 2018). Different mechanisms have been proposed to be involved in the 
antitumor activity of ISG15 in those cancers, including the ISGylation of p53, suppression of 
the NF-kB signal transduction or the ISGylation of ERK. Another study reported the ISG15-
mediated suppression of lung adenocarcinoma (ADC) growth. In this research, ISG15 
expression was observed to exhibit a positive correlation with the levels of epithelial splicing 
regulatory protein 1 (ESRP1), a molecule involved in the epithelial–mesenchymal transition 
(EMT) process (Owhashi et al. 2003). ESRP1 plays a regulatory role in the alternative splicing 
process and diminishes the conversion of CD44 and FGFR2 subtypes in ADC. This action 
inhibits epithelial–mesenchymal transition (EMT) and hampers metastasis (Owhashi et al. 
2003). ISG15, in this context, promotes the ISGylation of ESRP1, leading to its stabilization 
and a deceleration in the molecule's degradation. Consequently, this process results in the 
suppression of the EMT process (Owhashi et al. 2003). The ISG15 E1 enzyme UBE1L has also 
been reported to suppress the growth of lung cancer. The overexpression of UBE1L results in 
the inhibition of both human bronchial epithelial cells and lung cancer cells by facilitating the 
ISGylation of cyclin D1, and its degradation (Feng et al. 2008; Kok et al. 1993; Liu, Li, and 
Hassel 2003). ISG15 has been reported to have anti-tumor functions in acute promyelocytic 
leukemia (APL). APL is characterized by the presence of the oncogenic PML/RARα fusion 
protein  (Kakizuka et al. 1991; Xiao et al. 1993). Treatment with retinoic acid induces UBE1L-
mediated ISGylation of PML/RARα, resulting in a reduction in the levels of PML/RARα. This, 
in turn, counteracts the oncogenic effects of the fusion protein (Kitareewan et al. 2002; Pitha-
Rowe et al. 2004; Shah et al. 2008).  

Some researchers propose that while conjugated ISG15 has protumor functions, free ISG15 
has antitumor functions and that tumor cells may inhibit secretion of ISG15 by conjugating it 
to proteins and consequently escaping immune surveillance. Thus, in contrast to the activity of 
conjugated ISG15 enhancing breast cancer growth (Bolado-Carrancio et al. 2021; Burks, Reed, 
and Desai 2014; Desai et al. 2012; Forys et al. 2014), free ISG15 has been reported to inhibit 
breast cancer growth (Burks, Reed, and Desai 2015). The molecular mechanisms involved in 
its antitumor activity are an enhancement of NK infiltration into tumors (Burks et al., 2015), 
the establishment of IFN gamma-mediated antitumor innate response (D’acunha et al., 1996) 
and the enhancement of MHC-class I antigen presentation (Burks et al. 2015). However, clear 
evidence supporting this hypothesis is still lacking. 

 
3.4 UBIQUITIN AND UBIQUITIN-LIKE PROTEINS’ INTERPLAY 
The maintenance of cellular homeostasis demands meticulous control over protein activities, 
stability, and intracellular localization. This intricate regulation is frequently achieved through 
an array of posttranslational modifications (PTM) on proteins. These modifications often 
encompass the addition of small chemical substituent, such as phosphorylation, acetylation, and 
methylation. Alternatively, protein substrates can undergo covalent conjugation with additional 
polypeptides, including ubiquitin and ubiquitin-like proteins, further expanding the repertoire 
of regulatory mechanisms (Hochstrasser 2009). Despite its relatively small molecular weight 
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of approximately 8.6 kDa, ubiquitin exerts a potent influence on cellular processes, such as cell 
signaling, DNA repair, membrane-protein trafficking, and endocytosis (Oh, Akopian, and Rape 
2018; Varshavsky 2017). Since its discovery in 1975, several ubiquitin-like proteins (Ubls) 
have been identified. These Ubls, such as interferon-stimulated gene 15 (ISG15), various 
paralogs of small ubiquitin-like modifier (SUMO), neural precursor cell expressed and 
developmentally downregulated 8 (NEDD8), human leukocyte antigen F locus 10 (FAT10), or 
ubiquitin-fold modifier 1 (UFM1), exhibit structural and evolutionary similarities to ubiquitin 
(Hochstrasser 2009; van der Veen and Ploegh 2012) and function as critical modulators of many 
cellular processes such as cell cycle control, DNA repair, autophagy, signal transduction, 
transcription, etc. Ubiquitin and Ubls covalently modify protein substrates through an 
enzymatic cascade involving E1, E2, and E3 enzymes. While the majority of ubiquitinated 
proteins are targeted for degradation by the 26S proteasome, ubiquitination is also involved in 
a variety of nonproteolytic cellular functions (Oh et al. 2018; van der Veen and Ploegh 2012). 
Similar to ubiquitin, the Ubls control an array of biological processes. Sometimes different Ubls 
can bind at the same lysine residue in substrates, competing for the same attachment site to 
trigger different reactions (Cuijpers, Willemstein, and Vertegaal 2017; Desterro, Rodriguez, 
and Hay 1998). For example, in the context of NF-κB activation, IκBα undergoes ubiquitination 
and subsequent degradation to release its inhibitory control over NF-κB (Chen and Chen 2013). 
In contrast, SUMOylation at the same site interferes with the ubiquitination process and 
degradation of IκBα (Desterro et al. 1998), thereby suppressing NF-κB activation. Additionally, 
Ubls can enhance the activation of ubiquitin ligases. Thus, in the case of Cullin-RING ubiquitin 
ligases (CRLs), the conjugation of NEDD8 to the Cullin scaffold proteins becomes imperative 
for achieving their maximal catalytic activity (Lydeard, Schulman, and Harper 2013).  
 
3.5 ISG15 AND UBIQUITIN INTERPLAY 
Although it has been stablished that ISG15 does not form polymeric chains, ISG15-ubiquitin 
mixed chains, formed by the conjugation of ISG15 to lysine K29 and K48 of ubiquitin, have 
been identified and an interplay between these two post-translational modifications has been 
reported (Fan, Arimoto, et al. 2015). Conjugation of ISG15 to ubiquitin is believed to counteract 
the ubiquitin pathway, preventing the degradation of proteins targeted for degradation by the 
ubiquitin-proteasome pathway. The precise mechanism by which ISGylation or ISG15-
ubiquitin chains antagonizes ubiquitination is not fully elucidated, but competition for enzymes 
shared between the two processes and for substrate binding sites are proposed theories.  
 
3.6 SUMO  
The conjugation of small-ubiquitin-related modifier (SUMO) to its substrates or SUMOylation 
often orchestrates intermolecular interactions and conformational changes, affecting its 
substrates at the molecular level (Gareau and Lima 2010; Wilkinson and Henley 2010). By 
interacting with thousands of substrates, SUMO governs numerous cellular processes 
encompassing nuclear transport, transcription, chromatin remodeling, DNA repair, and 
ribosomal biogenesis.  
The molecular weight of SUMO proteins is approximately 11 kDa and although these proteins 
are very similar to ubiquitin structurally, show less than 20% amino-acid sequence identity and 
distinct overall surface-charge distribution compared to ubiquitin (Bayer et al. 1998; Bernier-
Villamor et al. 2002; Mossessova and Lima 2000). Similarly to ISG15, SUMO proteins are 
initially expressed in an immature pro-form, featuring a variable-length C-terminal extension 
(ranging from 2 to 11 amino acids) beyond the invariant Gly-Gly motif. The removal of this C-
terminal extension by SUMO-specific proteases is essential for the conjugation of SUMO to its 
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targets. There are five SUMO paralogs in humans: SUMO1 to SUMO5. SUMO2 and SUMO3 
mature forms exhibit a 97% identity in amino acid sequence and are usually denoted SUMO2/3, 
while they share only 50% sequence identity with SUMO1. SUMO2/3 is more abundant than 
SUMO1. SUMO2 and SUMO3 contain internal lysines that serve as SUMO acceptor sites, 
resulting in the formation of SUMO chains, a process referred to as polySUMOylation whereas 
SUMO1 does not form chains as readily as SUMO2/3 (Jansen and Vertegaal 2021). SUMO 
enzymes play a crucial role in efficiently catalyzing the generation of SUMO polymers.  It is 
though that SUMO1 and SUMO2/3 may have distinct roles, since different studies implicate 
SUMO2/3 and not SUMO1 in global SUMOylation of cellular proteins in response to stress 
and they conjugate to different target proteins in vivo (Rosas-Acosta et al. 2005; Saitoh and 
Hinchey 2000; Vertegaal et al. 2006). SUMO4 and SUMO5 are the less well understood but it 
has been proposed that their expression is limited to specific tissues (Guo et al. 2004; Mattoscio, 
Medda, and Chiocca 2020; Owerbach et al. 2005). As said above, the SUMO conjugation 
cascade flows similarity to ISGylation cascade (Figure 5). First, mature SUMO is activated at 
its C-terminus by the SUMO-specific E1 activating enzyme SAE1/SAE2 (Desterro et al. 1999; 
Gong et al. 1999; Johnson 1997; Okuma et al. 1999). This step employs ATP to form a SUMO-
adenylate conjugate, serving as an intermediate for the thioester bond formation between the 
C-terminal carboxy group of SUMO and the catalytic cysteine residue of E1. Subsequently, 
SUMO is transferred from E1 to the unique E2 conjugating enzyme, Ubc9, establishing a 
thioester linkage between the catalytic cysteine residue of Ubc9 and the C-terminal carboxy 
group of SUMO. Finally, Ubc9 transfers SUMO to the substrate, forming an isopeptide bond 
between the C-terminal Gly residue of SUMO and a lysine side chain on the target. SUMO E3 
ligases, which catalyze the transfer of SUMO from Ubc9 to the substrate, typically facilitate 
this process (Desterro, Thomson, and Hay 1997; Johnson and Blobel 1997; Lee et al. 1998; 
Saitoh et al. 1998). SUMOylation is a reversible covalent enzymatic reaction due to the activity 
of specific proteases. In humans, the family of SUMO-specific cysteine proteases, known as 
sentrin-specific proteases (SENP1-3 and SENP5-7), has been identified. Importantly, SENP 
proteins also possess C-terminal hydrolase activity, which is essential for the maturation of 
newly synthesized SUMO proteins. 
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 SUMO interaction motif  
The effects of SUMO conjugation often depend on non-covalent protein-protein 

interactions between SUMO or SUMOylated proteins and proteins containing SUMO 
interaction motif (SIM) (Cappadocia and Lima 2018). SIMs typically consist of a hydrophobic 
core consisting in 3-4 aliphatic residues juxtaposed to a negatively charged cluster of amino 
acids (Song et al. 2004). SIMs have been proposed to facilitate the SUMOylation of the 
substrate. Interestingly, a recent study suggests that nearly 90% of SUMO-binding proteins 
containing SIMs are also SUMOylation substrates, indicative of a strong functional association 
between covalent and non-covalent SUMO interaction on protein targets (González-Prieto et 
al. 2021). The promyelocytic leukemia (PML) protein is one example of a  SUMOylation 
substrate containing numerous SUMO interaction motifs (SIMs) (Borden 2002). The multiple 
SIMs in PML are required for facilitating the recruitment of SUMO and SUMOylated proteins 
within PML-NBs, modulating their assembly dynamics (Shen et al. 2006). In addition, 
SUMOylation is also essential for PML-NB function. SUMO/SIM interactions play a critical 
role in the formation of other membraneless organelles such as stress granules (Keiten-Schmitz 
et al. 2021). Other SUMO substrates containing SIMs are some deubiquitinating enzymes such 
as USP25. The SIM in USP25 is essential for its SUMOylation, a modification that negatively 
regulates its deubiquitinating activity (Meulmeester et al. 2008). 

SIMs are also involved in SUMO chain formation and SUMO-dependent ubiquitination. 
The interaction between E3 enzymes and the E2-bound SUMO on the opposite side appears to 
facilitate the formation of SUMO chains. Some E3 ligases require SIMs to catalyze the 
formation of SUMO polymers (Eisenhardt et al. 2015). 

PolySUMOylation has profound molecular implications for target proteins. One important 
signaling process initiated by polySUMOylation is SUMO-targeted ubiquitin ligases (STUbLs) 
pathway (Sriramachandran and Dohmen 2014). STUbls contain several SIMs which are 
necessary to recognize SUMO chains. The best well known STUbLs are RNF4 and RNF111 
and catalyze non-proteolytic or proteolytic ubiquitination of the polySUMOylated proteins. 
STUbLs can mediate K48- or K63- ubiquitination or it can ubiquitinate lysine residues in 
SUMO synthesizing mixed SUMO-ubiquitin chains. K48-linked ubiquitin chains designate 
proteins for proteasomal degradation, when K63-linked chains predominantly govern non-
proteolytic signaling roles, commonly associated with the DNA damage response. 

 
 
 
 
 
 
 

Figure 5. SUMO and the SUMOylation machinery 
Mature SUMO protein can conjugate to other proteins through a three steps enzymatic process 
called SUMOylation: (i) The activation of SUMO by SAE1/SAE2 leading to the formation of an 
thioester bond with SUMO in an ATP-dependent manner (ii) SUMO is then transferred to the 
catalytic cysteine of the E2 conjugating enzyme Ubc9 (iii) The E2 enzyme alone or in concert 
with an E3 ligase catalyzes the formation of an isopeptide linkage between the C-terminal 
carboxyl group of SUMO and the e-amino group of specific lysine residues of substrates. As a 
dynamic process, SUMOylation is reversible thanks to the action of a SUMO-specific proteases 
(SENP). (Figure designed with Biorender).  
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 SUMO and viruses  

SUMOylation have emerged as an important regulator of the type I IFN signaling pathway 
and the antiviral defense. Similarly to ISGylation, global SUMOylation is also induced by IFN 
but in this case through a mechanism mediated by the miRNA Lin28/Let7 axis (Sahin et al., 
2014). SUMOylation then modulate innate and intrinsic immunity by acting at different levels 
of the IFN cascade. SUMO conjugates to STAT1 and inhibits viral-induced STAT1-
phosphorylation (Begitt et al. 2011; Everett, Boutell, and Hale 2013). Moreover, SUMOylation 
of the transcription factors IRF3 and IRF7 inhibit virus-induced IFN synthesis (El-Asmi et al. 
2020a). In contrast, the antiviral activity of different restriction factors such as PML, PKR and 
p53 require their SUMOylation (El-Asmi et al. 2020).  

Figure 6. The SUMO Interaction Motif 
SUMO interacting motifs (SIMs) in SUMO substrates can have a profound impact at different levels: 
A SUMO-targeted ubiquitin ligation: STUbLs is recruited to PoySUMOylated proteins and 
ubiquitinates them, leading to their proteasome degradation. B (i) Immobilization: proteins 
containing a SIM domain can be recruited to and immobilized on SUMOylated proteins, favoring 
their covalent interaction with SUMO. (ii) Conjugation: the SIM domain can facilitate the 
recruitment of SUMO-loaded Ubc9 to the protein, leading the covalent interaction of SUMO with 
a close lysine residue. (iii)  SUMO/SIM interactions may facilitate the assembly and maintenance 
of cellular aggregates such as stress granules or other phase-separated membraneless organelles. 
(Figure designed with Biorender).  
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To neutralize the action of SUMOylation, viruses have developed different strategies to 
inhibit or exploit the SUMOylation pathway. Multiple investigations have underscored the 
significance of SUMOylation in facilitating viral infections (Gurer, Berthoux, and Luban 2005; 
Lamsoul et al. 2005; Yueh et al. 2006). This phenomenon can be generally divided into two 
categories: viruses that exploit the SUMOylation pathway to modify their own proteins and 
improve replication, and viruses that modulate the host SUMO pathway (Boggio and Chiocca 
2006). Epstein-Barr virus (EBV), hepatitis C virus (HCV), human immunodeficiency virus 
(HIV), and herpes simplex viruses (HSV) are just a few examples of viruses that exploit the 
host's SUMOylation machinery to enhance their replication (Brown et al. 2016; Conn et al. 
2016; Li et al. 2012; Schaller et al. 2011; Sengupta et al. 2017). Thus, interactions between 
Ubc9 and the HIV-1 envelope protein gp120 lead to the stabilization of gp120, consequently 
enhancing the infectivity of HIV-1 (Jaber et al. 2009). Influenza virus type A (IAV) infection 
markedly augments the SUMO1 and SUMO2/3 modification of cellular substrates (Domingues 
et al. 2015) and specific viral proteins such as the EBV oncoprotein LMP1 acts to impede 
SUMO-protease activity, promoting the accumulation of SUMOylated proteins. Notably, 
LMP1 induces SUMOylation of the SUMO-protease SENP2 at specific lysine residues, K48 
and K447, thereby diminishing SENP2 function, subcellular translocation, and overall stability 
(Selby et al. 2019). In contrast to the essential role of SUMO or the E2 SUMO-conjugating 
enzyme, Ubc9, in the replication of some viruses, SUMOylation of some cellular proteins have 
been identified as restriction factors against viral replication. Thus, the EBV protein kinase 
BGLF4 attenuates global cellular SUMOylation, thereby enhancing virus production (Schaller 
et al. 2011). In the context of HSV, the early viral protein ICP0 plays a pivotal role in initiating 
lytic infection. The expression of ICP0 in a stable cell line results in a reduction in overall 
SUMO conjugates, including SUMOylated PML forms, a mechanism to counteract the innate 
anti-HSV defense (Boutell et al. 2011). 

 SUMO and cancer  
Changes in the expression or function of various components of the SUMO signaling 

pathway have a profound impact in the cell physiology (Bergink and Jentsch 2009) and the 
substantial involvement of SUMOylation in human tumorigenesis has become increasingly 
evident. SUMOylation has the capacity to modulate cell proliferation, confer resistance to 
apoptosis, and enhance metastatic potential by governing proteins implicated in carcinogenesis 
(Sarangi and Zhao 2015). Numerous investigations have reported an increased expression of 
SAE1/SAE2, Ubc9, and SUMO E3 ligases in different types of cancer (Chen et al. 2011; 
Hoellein et al. 2014; Zhang et al. 2013). Conversely, the expression of deSUMOylases (SENP) 
has been found upregulated in other cancers (Brems-Eskildsen et al. 2010; Han et al. 2010; 
SUN et al. 2013; Xiaojun Ding et al. 1994). Interestingly, in some cases, elevated levels of both 
SUMOylating and deSUMOylation enzymes have been detected (Zhu et al. 2022), which may 
indicate the necessity for an accelerated SUMO cycle, involving heightened SUMOylation, de-
SUMOylation, and increased SUMO turnover. Prostate cancer, as an illustrative case, has been 
associated with elevated levels of both Ubc9 and the E3 SUMO-protein ligase PIAS1. 
Additionally, increased expression of SENP1 and SENP3 enzymes has been documented in this 
context (Bawa-Khalfe and Yeh 2010). One of the SUMO substrates commonly dysregulated in 
human cancers and influencing prognosis is the transcription factor c-Myc  (Adler et al. 2006; 
Chen and Olopade 2008; Deming et al. 2000). The E1 SUMOylation enzyme SAE1/SAE2 has 
been demonstrated to be essential for Myc-driven tumorigenesis (Kessler et al. 2012). In 
contrast, SENP1, an enzyme responsible for c-Myc de-SUMOylation, significantly impacts 
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cancer cell growth and proliferation by preventing c-Myc proteasomal degradation, thereby 
enhancing its transcriptional activity and promoting tumorigenesis (Sun et al. 2018). 

A study has identified a correlation between Ubc9 expression and cancer development in 
breast, lung, and prostate cancer. This study found that primary tumors tend to exhibit higher 
Ubc9 expression, whereas distant metastatic lesions often show lower or normal levels of Ubc9 
expression (Moschos et al. 2010).  
 
3.7 ISG15 AND SUMO 
The innate immune response to viral infection is dependent on IFN synthesis and is often 
beneficial for virus clearance, but it can have pro- and antitumorigenic effects. IFNs exert their 
effects through autocrine and paracrine mechanisms, binding to their receptors and activating 
the JAK/STAT pathway, thereby inducing the expression of over a hundred ISGs, which 
include ISG15 (Ivashkiv and Donlin 2014; Schneider, Chevillotte, and Rice 2014; Wang et al. 
2017). As explained above, some ISGs serve as restriction factors, mediating the IFN-induced 
antiviral state (Chelbi-Alix and Wietzerbin 2007). Notably, certain restriction factors are not 
only involved in the innate immune response but are also constitutively expressed, playing a 
role in intrinsic antiviral activity. Interestingly, several evidences suggest that SUMO can 
modulate both innate and intrinsic immunity by influencing IFN synthesis, JAK/STAT 
signaling, and the expression and function of certain ISG restriction factors (Crowl and Stetson 
2018; Hannoun, Maarifi, and Chelbi-Alix 2016; Maarifi et al. 2015). Whether ISG15 is among 
the proteins regulated by SUMO is still unknown and is the main objective of this work. 
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ISG15 is a ubiquitin-like protein that is strongly upregulated in response to type I interferon 
and different types of stress. An upregulation of ISG15 has also been found in different types 
of cancer. In cells, ISG15 is found conjugated or unconjugated to substrates. In addition, 
unconjugated ISG15 can be secreted from the cell. ISG15 is a multifunctional protein that 
impact a diversity of cellular processes such as immune modulation, apoptosis, autophagy, 
protein translation, and DNA damage response. The molecular consequences and underlying 
mechanisms of ISG15 are still unclear but it has been proposed that ISG15 functions may 
depend on the cell type, cell context, the specie, and ISG15 form (intracellular unconjugated, 
conjugated or extracellular free form). Thus, it has been suggested that ISG15 can exert pro-
tumoral, anti-tumoral, pro-viral or antiviral activities depending on the cell context, the species, 
viral agent, and ISG15 form. Understanding the mechanisms of regulation of ISG15 activities 
could help to develop new strategies to intervene in the progression of many diseases. It has 
been reported the existence of an extensive crosstalk between ubiquitin-like proteins including 
the conjugation of ISG15 to ubiquitin, the conjugation of ubiquitin to SUMO or the SUMO 
conjugation to ubiquitin. We hypothesized that SUMO could also interact with ISG15 and that 
this interplay may impact ISG15 properties and/or activities. Therefore, the specific objectives 
of this project are: 
 
Objective 1. To study the potential post-translational modification of ISG15 by SUMO. 
 
Objective 2. To analyze the effect of SUMO conjugation on ISG15 properties and functions.  
 
Objective 3. To evaluate the potential non-covalent interaction between ISG15 and SUMO. 
 
Objective 4. To evaluate how the non-covalent interaction of SUMO with ISG15 impact on 
ISG15 and its functions. 
 
Objective 4. To Study the regulation of the covalent interaction between ISG15 and SUMO. 
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5.1 CELL CULTURE 

 
5.1.1 Cell lines 

In this study we have used human embryonic kidney 293 (HEK-293) cells, ISG15-wild type 
(WT) and ISG15-knockout (KO) human lung epithelial carcinoma A549 cells, human bone 
osteosarcoma epithelial U2OS cells, cells derived from the U2OS cell line that express an 
IPTG-inducible p14ARF (alternate reading frame) tumor suppressor gene (NARF2), African 
green monkey kidney epithelial BSC40 cells, and prostate cancer PC3 cells.  
 

5.1.2  Cell culture media 
All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) (Corning), 10 U/mL of penicillin-streptomycin (Gibco) and 
2 mM of L-Glutamine (Gibco). Cells were passaged upon confluency. 

 
5.1.3 Cell transfection 
Cells were transfected with DNA plasmids using 1 mg/mL polyethylenimine (PEI) 

(Polysciences, Inc, Hirschberg an der Bergstrasse, Germany). The appropriate volume of PEI 
diluted in serum and antibiotic-free DMEM was added to a tube containing the appropriate 
amount of DNA plasmid diluted in serum and antibiotic-free DMEM (3:1 ratio PEI-DNA) and 
incubated for 20 min at room temperature. Then, the mix was added to the cells. 

 
5.2 BACTERIAL TRANSFORMATION AND COMPETENT CELLS 

 
5.2.1 Competent bacteria production 
Escherichia coli DH5a or STBL3 were grown overnight at 37°C on Luria-Bertani (LB) 

agar plates. The next day a colony was picked and grown in 10 mL of LB broth overnight at 
37°C with shaking (225 rpm). The next morning bacteria were refreshed into 1 L of LB and 
incubated at 37°C with shaking until reaching an optical density (OD) of 0.35-0.4 at 600 nm. 
The culture was chilled in ice for 20 min and bacteria were harvested by centrifugation at 3000 
x g for 15 min at 4°C. The pellet was resuspended in 100 mM of MgCl2 and centrifugated at 
2000 x g for 15 min at 4°C. The pellet was resuspended in 85 mM of CaCl2 and centrifugated 
at 1000 x g for 15 min at 4°C. Finally, the pellet was resuspended in 2 mL of 85 mM of CaCl2 
with 15% glycerol and aliquoted before being snap frozen in liquid nitrogen. Competent 
bacteria were stored at -80°C. 

 
5.2.2 Bacterial transformation 
Competent bacteria were thawed on ice, the plasmid DNA was mixed with the chilled cells 

and incubated on ice for 30 min. The mixture was then exposed for 40 s at 42°C and cooled 
immediately on ice. The bacteria were grown for 1 h at 37°C with shaking (600 rpm) in 500 µL 
of LB broth. Finally, the cells were harvested by centrifugation at 4000 x g for 5 min and 
resuspended in 100 µL of LB broth before being plated on LB agar plates supplemented with 
the appropriate antibiotic. 

 
5.2.3 DNA plasmid purification  
DNA plasmids were purified following manufacturer’s instructions using GeneJET Plasmid 

Miniprep kit (Thermo Fisher Scientific) or DNA Purification Midiprep kit (Macherey-Nagel). 
Briefly, a colony was picked and grown in LB broth supplemented with the proper antibiotic 
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overnight at 37°C with shaking at 225 rpm. The next day, bacteria were harvested by 
centrifugation, resuspended in the resuspension buffer and lysed with the lysis buffer. After 
adding the neutralization buffer, the mixture was clarified by centrifugation and loaded onto a 
silica column. Columns were washed with the washing buffer and the DNA plasmid was eluted 
with the elution buffer before being precipitated with isopropanol. Finally, the DNA plasmid 
was washed with 70% ethanol and resuspended in sterile Milli-Q water. 

 
5.3 PLASMIDS 
pCAGGS-v5-hISG15-WT: Plasmid encoding for the mature human ISG15 WT protein, fused 
to V5 tag. Kindly provided by Susana Guerra (Eduardo-Correia et al. 2014). 
 
pCAGGS-v5-hISG15-WT-AA: Plasmid encoding for the mature human ISG15 WT protein 
in which the C-terminal diglycine (GG) motif was replaced by alanine (AA), fused to V5 tag. 
Kindly provided by Susana Guerra (Eduardo-Correia et al. 2014). 
 
pCAGGS-v5-mISG15-WT: Plasmid encoding for the mature mouse ISG15 WT protein, fused 
to V5 tag. Kindly provided by Susana Guerra (Eduardo-Correia et al. 2014). 
 
pCAGGS-v5-mISG15-WT-AA: Plasmid encoding for the mature mouse ISG15 WT protein 
in which the C-terminal diglycine (GG) motif was replaced by alanine (AA), fused to V5 tag. 
Kindly provided by Susana Guerra (Eduardo-Correia et al. 2014). 
 
HA-hISG15-WT: Plasmid encoding for the mature human ISG15 WT protein, fused to 
Hemagglutinin (HA) tag. It was obtained by subcloning ISG15 WT from pCAGGS-v5 vector 
into pCMV-HA using oligos listed in table 1.  
 
HA-hISG15-WT-AA: Plasmid encoding for the mature human ISG15 WT protein in which 
the C-terminal diglycine (GG) motif was replaced by alanine (AA), fused to HA tag. It was 
obtained by subcloning hISG15-WT-AA from pCAGGS-v5 vector into pCMV-HA using 
oligos listed in table 1.  
 
HA-hISG15-K: Plasmid encoding for the mature human ISG15 protein in which the lysine 
residues K8, K29, K35, K77, K90, K108, K129, and K143 were mutated to arginine, fused to 
HA tag. It was obtained by site directed mutagenesis of HA-hISG15-WT using oligos listed in 
table 1.  
 
HA-hISG15-K-AA: Plasmid encoding for the mature human ISG15 protein in which the C-
terminal diglycine (GG) motif was replaced by alanine (AA), and the lysine residues K8, K29, 
K35, K77, K90, K108, K129, and K143 were mutated to arginine, fused to HA tag. It was 
obtained by site directed mutagenesis of HA-hISG15-K vector using oligos listed in table 1.  
 
HA-hISG15-1xDSIM: Plasmid encoding for the mature human ISG15 protein in which the 
SIM domain 82-LSILV-86 was mutated to 82-AAAAA-86, fused to HA tag. It was obtained 
by site directed mutagenesis of HA-hISG15-WT vector using oligos listed in table 1.  
 
HA-hISG15-2xDSIM: Plasmid encoding for the mature human ISG15 protein in which the 
SIM domains 82-LSILV-86 and 72-LLVVD-76 were mutated to 82-AAAAA-86 and 72-
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AAAAA-76, respectively, fused to HA tag. It was obtained by site directed mutagenesis of HA-
hISG15-1xDSIM vector using oligos listed in table 1.  
 
HA-hISG15-2xDSIM-AA: Plasmid encoding for the mature human ISG15 protein in which 
the SIM domains 82-LSILV-86 and 72-LLVVD-76 were mutated to 82-AAAAA-86 and 72-
AAAAA-76, respectively, and the C-terminal diglycine (GG) motif was replaced by alanine 
(AA), fused to HA tag. It was obtained by site directed mutagenesis of HA-hISG15-2xDSIM 
vector using oligos listed in table 1.  
 
His6-hISG15-WT: Plasmid encoding for the mature human ISG15 WT protein, fused to 6-
Histidine (His6) tag. It was obtained by subcloning hISG15-WT from HA-hISG15-WT vector 
into pcDNA-His6 using oligos listed in table 1.  
 
His6-hISG15-WT-AA: Plasmid encoding for the mature human ISG15 WT protein in which 
the C-terminal diglycine (GG) motif was replaced by alanine (AA), fused to His6 tag. It was 
obtained by subcloning hISG15-WT-AA from HA-hISG15-WT-AA vector into pcDNA-His6 
using oligos listed in table 1.  
 
His6-hISG15-K: Plasmid encoding for the mature human ISG15 protein in which the lysine 
residues K8, K29, K35, K77, K90, K108, K129, and K143 were mutated to arginine, fused to 
His6 tag. It was obtained by subcloning hISG15-K from HA-hISG15-K vector into pcDNA-
His6 using oligos listed in table 1.  
 
His6-hISG15-K-AA: Plasmid encoding for the mature human ISG15 protein in which the C-
terminal diglycine (GG) motif was replaced by alanine (AA), and the lysine residues K8, K29, 
K35, K77, K90, K108, K129, and K143 were mutated to arginine, fused to His6 tag. It was 
obtained by subcloning hISG15-K-AA from HA-hISG15-K-AA vector into pcDNA-His6 using 
oligos listed in table 1.  
 
His6-hISG15-2xDSIM: Plasmid encoding for the mature human ISG15 protein in which the 
SIM domains 82-LSILV-86 and 72-LLVVD-76 were mutated to 82-AAAAA-86 and 72-
AAAAA-76, respectively, fused to His6 tag. It was obtained by subcloning hISG15-2xDSIM 
from HA-hISG15-2xDSIM vector into pcDNA-His6 using oligos listed in table 1.  
 
His6-hISG15-2xDSIM-AA: Plasmid encoding for the mature human ISG15 protein in which 
the SIM domains 82-LSILV-86 and 72-LLVVD-76 were mutated to 82-AAAAA-86 and 72-
AAAAA-76, respectively, and the C-terminal diglycine (GG) motif was replaced by alanine 
(AA), fused to His6 tag. It was obtained by subcloning hISG15-2xDSIM-AA from HA-hISG15-
2xDSIM-AA vector into pcDNA-His6 using oligos listed in table 1.  
 
pInducer2.0: Tet-inducible lentiviral vector was obtained from Addgene (#44012) (Meerbrey 
et al. 2011). 
 
pInducer2.0-HA-hISG15-WT: Tet-inducible lentiviral vector encoding for the mature human 
ISG15 WT protein, fused to HA tag. It was obtained by subcloning HA-hISG15-WT from HA-
hISG15-WT vector into pInducer2.0 using oligos listed in table 1. 
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pInducer2.0-HA-hISG15-WT-AA: Tet-inducible lentiviral vector encoding for the mature 
human ISG15 WT protein in which the C-terminal diglycine (GG) motif was replaced by 
alanine (AA), fused to Hemagglutinin HA tag. It was obtained by subcloning HA-hISG15-WT-
AA from HA-hISG15-WT-AA vector into pInducer2.0 using oligos listed in table 1. 
 
pInducer2.0-HA-hISG15-K: Tet-inducible lentiviral vector encoding for the mature human 
ISG15 protein in which the lysine residues K8, K29, K35, K77, K90, K108, K129, and K143 
were mutated to arginine, fused to HA tag. It was obtained by subcloning HA-hISG15-K from 
HA-hISG15-K vector into pInducer2.0 using oligos listed in table 1. 
 
pInducer2.0-HA-hISG15-K-AA: Tet-inducible lentiviral vector encoding for the mature 
human ISG15 protein in which the C-terminal diglycine (GG) motif was replaced by alanine 
(AA), and the lysine residues K8, K29, K35, K77, K90, K108, K129, and K143  were mutated 
to arginine, fused to HA tag. It was obtained by subcloning HA-hISG15-K-AA from HA-
hISG15-K-AA vector into pInducer2.0 using oligos listed in table 1. 
 
pInducer2.0-HA-hISG15-2xDSIM: Tet-inducible lentiviral vector encoding for the mature 
human ISG15 protein in which the SIM domains 82-LSILV-86 and 72-LLVVD-76 were 
mutated to 82-AAAAA-86 and 72-AAAAA-76, respectively, fused to HA tag. It was obtained 
by subcloning HA-hISG15-2xDSIM from HA-hISG15-2xDSIM vector into pInducer2.0 using 
oligos listed in table 1. 
 
pInducer2.0-HA-hISG15-2xDSIM-AA: Tet-inducible lentiviral vector encoding for the 
mature human ISG15 protein in which the SIM domains 82-LSILV-86 and 72-LLVVD-76 were 
mutated to 82-AAAAA-86 and 72-AAAAA-76, respectively, and the C-terminal diglycine 
(GG) motif was replaced by alanine (AA), fused to HA tag. It was obtained by subcloning HA-
hISG15-2xDSIM-AA from HA-hISG15-2xDSIM-AA vector into pInducer2.0 using oligos 
listed in table 1. 
 
pcDNA3.1: Empty vector (Invitrogen). 
 
pcDNA3.1-v5-Ubc9: Expression plasmid encoding for the SUMO conjugation enzyme Ubc9 
fused to V5 tag. Kindly provided by Manuel S. Rodríguez (Rodríguez et al., 2001). 
 
pcDNA-His6-SUMO1: Expression plasmid encoding for His6-tagged SUMO1 protein. Kindly 
provided by Manuel S. Rodríguez (Rodríguez et al., 2001). 
 
pcDNA3.1-His6-SUMO2: Expression plasmid encoding for His6-tagged SUMO2 protein. 
Kindly provided by Manuel S. Rodríguez (Rodríguez et al., 2001). 
 
ISG15-E1: Expression plasmid encoding for the ISG15 activating enzyme UBE1L. Kindly 
provided by Adolfo García-Sastre (Versteeg et al. 2010). 
 
ISG15-E2: Expression plasmid encoding for the ISG15 conjugation enzyme UbcH8. Kindly 
provided by Adolfo García-Sastre (Versteeg et al. 2010). 
 
ISG15-E3: Expression plasmid encoding for the ISG15 ligase enzyme HERC5. Kindly 
provided by Adolfo García-Sastre (Versteeg et al. 2010b). 
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pcDNA-p14ARF: Plasmid encoding for p14ARF protein. Kindly provided by Susana Llanos 
(Kim, Mitchell, Fujii, Llanos, & Peters, 2003). 
 
p14ARF-GFP: Plasmid encoding for p14ARF protein fused to green fluorescent protein 
(GFP). Kindly provided by Susana Llanos (Kim, Mitchell, Fujii, Llanos, & Peters, 2003). 
 
pGFP: Plasmid encoding for GFP (Clontech).  

 
5.4 CLONING  
Coding sequence of the gene of interest was amplified by polymerase chain reaction (PCR) 
using appropriate primers (listed in table 1), containing sites for restriction enzymes, and a high-
fidelity DNA Polymerase (Phusion High-Fidelity Polymerase II, Thermo Fisher Scientific), 
following the manufacturer’s instructions. The PCR products and vectors were digested with 
adequate restriction enzymes following the indications of the manufacturer (FastDigest, 
restriction enzymes, Thermo Fisher Scientific) and purified from agarose gel using GeneJET 
Gel Extraction Kit (Thermo Fisher Scientific). Purified inserts and vectors were ligated using 
T4 DNA ligase for 1 h at room temperature. Finally, the ligation product was transformed in 
competent bacteria. The resulting colonies were analyzed by restriction enzyme analysis and 
the positive ones were sent for sequencing. 
 
5.5 MUTAGENESIS 
Site-direct mutagenesis was carried out using Phusion High-Fidelity Polymerase II (Thermo 
Fisher Scientific) or the Quick-Change site-directed mutagenesis kit (Agilent) using primers 
listed in table 1, and following the manufacturer’s instructions. Briefly, the PCR product was 
incubated with Dpn1 restriction enzyme for at least 1h at 37°C. The product was then 
transformed in competent bacteria and the resulting colonies were grown. Plasmid DNA was 
sent for sequencing. 
 
5.6 ANTIBODIES 
The primary antibodies used in this work were: anti-HA (#901503, Biolegend), anti-ISG15 
(#2743, Cell Signaling), anti-SUMO1 (#4940, Cell Signaling), anti-GAPDH (#sc-32233, Santa 
Cruz Biotechnology), anti-Actin (sc-4778, Santa Cruz Biotechnology), anti-GFP (#902605, 
Biolegend), anti-Histidine (#MA1-21315, Thermo Fisher), anti-Histone3 (#4499T, Cell 
Signaling), anti-HA (#A190-138A, Bethyl Laboratories), anti-influenza A virus NS1 protein 
(#GTX125990, Gene Tex), anti- VSV G (a generous gift of Dr I Ventoso, CBMSO, Madrid) 
anti-PML (#377103, Santa Cruz Biotechnology), anti-Tom20 (#sc-17764, Santa Cruz 
Biotechnology) and anti-p14ARF (#2407, Cell Signaling). The secondary antibodies used in 
this work were anti-rabbit (#a16035, Invitrogen) or anti-mouse (#a16072, Invitrogen) 
antibodies, both conjugated to horseradish peroxidase (HRP) for Western blot and Donkey 
Anti-Rabbit IgG H&L, Donkey Anti-Goat IgG H&L and Donkey Anti-Mouse IgG H&L,  
conjugated to Alexa-488 or Alexa-594 for immunostaining (#ab150073, #ab150129, 
#ab150105, #ab150108, #ab150076 and # ab150132, Abcam) 

 
5.7 In vitro SUMOYLATION ASSAY 
A mixture of 50 mM of Tris pH 7.5, 5 mM MgCl2, 10 mM of Creatine Phosphate, 3.5 U/mL of 
Creatine Kinase, 0.6 U/mL of inorganic pyrophosphate, 0.3 µg of SAE1/2 (Biomol, Enzo Life 
Sciences), 600 ng of Ubc9, 10 µg of SUMO1 or SUMO2 and the recombinant inactive ISG15 
protein (Abcam #ab173044 and Enzo Life science #BML-UW9230-0500), was incubated for 
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90 min at 37°C. The reaction was stopped by adding Laemmli buffer and boiling for 5 min at 
100°C. Samples were loaded on an SDS-PAGE and analyzed by Western-blot. 

 
 
 

5.8 in vitro DESUMOYLATION ASSAY 
The SUMOylated protein was incubated with 2 µg of GST-SENP1 (Biomol) for 1 h at 37°C. 
The reaction was stopped by adding Laemmli buffer and boiling for 5 min at 100°C. Samples 
were loaded on an SDS-PAGE and analyzed by Western-blot. 

 
5.9 PROTEIN ELECTROPHORESIS AND WESTERN BLOT 
Purified proteins, recombinant proteins or whole cell extracts were resuspended in Laemmli 
buffer, boiled for 5 min at 100°C and loaded on SDS-PAGE gels. After separation, the proteins 
were transferred to a nitrocellulose membrane and blocked in 5% non-fat dry milk in Tween20 
Tris-buffered saline (TTBS) buffer (150 mM NaCl, 10 mM Tris pH 8.0, 0.1% v/v Tween 20) 
for 20 min at room temperature. The blocked membranes were incubated with the primary 
antibody diluted in 5% non-fat dry milk or 2% bovine serum albumin (BSA) in TTBS at 4°C 
with shaking overnight. The next day, membranes were washed 3 times (10 min per wash) with 
TTBS and then incubated with the secondary antibody diluted in 5% non-fat dry milk in TTBS 
at room temperature with shaking for 1 h. The membranes were washed 4 times with TTBS (10 
min per wash). Finally, membranes were incubated with enhanced chemiluminescence (ECL) 
solution and exposed to X-ray films. 

 
5.10 HISTIDINE PURIFICATION  
Cells were washed with phosphate-buffered saline (PBS) and recovered by scraping in PBS. 
10% of the cell suspension was collected to a tube and cells were pelleted by centrifugation at 
1000 x g for 5 min. The pellet was resuspended in SDS-sample buffer and boiled for 5 min at 
100°C (input).  The remaining cell suspension was centrifuged at 1000 x g for 5 min and cells 
were lysed in buffer G (6 M guanidine HCl, 0.1 M Na2HPO4, 6.8 mM NaH2PO4, 25 mM Tris-
HCl pH 8). Cell lysate was subjected to sonication (3 times, 15 sec at 10%) and lysates were 
then incubated with TALONÒ Nickel Affinity Resin beads (Clontech) on a rotating wheel for 
2 h at room temperature. Finally, the nickel beads were washed 4 times with 1 mL of buffer U 
(8 M Urea, 100 mM Tris-HCl pH 8, 93.2 mM Na2HPO4, 6.8 mM NaH2PO4) and the Histidine-
tagged purified proteins were resuspended in Laemmli buffer and boiled for 5 min at 100°C. 
 
5.11 SUBCELLULAR FRACTIONATION 
Cells cultured in 10 cm plates were harvested and centrifuged at 14,000 rpm for 10 s. The 
resulting pellet was resuspended in 1 mL of 0.1% NP40 in PBS. After centrifugation at 14,000 
rpm for 10 s, 300 μL of the supernatant were collected as the cytoplasmic fraction, 
supplemented with 75 μL of 4X Laemmli buffer, and boiled at 100º C for 5 min. The pellet was 
resuspended in 1 mL of 0.1% Nonidet-P-40 (NP40) in PBS. Following centrifugation (14,000 
rpm, 10 s), the supernatant was discarded, and the pelleted nuclei were resuspended in 30 μL 
of Laemmli buffer and boiled at 100º C for 5 min. 
 
5.12 GST-PULL DOWN 
GST-pulldown experiments were conducted using either the recombinant human ISG15 protein 
(ab268685, Abcam) or protein extracts obtained from cells transfected with HA-hISG15-WT, 
HA-hISG15-1xDSIM or HA-hISG15-2xDSIM. Recombinant proteins or protein extracts were 
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pre-incubated in GST-binding buffer (20 mM Tris-HCl pH 8.8, 200 mM NaCl, 1 mM EDTA 
pH 8.0, 0.5% NP40) with GST for 1 h at 4ºC. A second incubated in GST-binding buffer (20 
mM Tris-HCl pH 8.8, 200 mM NaCl, 1 mM EDTA pH 8.0, 0.5% NP40) was performed with 
either GST or GST-SUMO1 proteins immobilized on glutathione sepharose beads (GE 
Healthcare, #17-0756-01), for 2 h at 4ºC. Following the incubation, the resin was washed four 
times with the same buffer. Subsequently, sepharose beads were resuspended in Laemmli buffer 
and boiled for 5 min at 100ºC. The proteins bound to GST were then evaluated by Western-blot 
analysis. 
 
5.13 MTT ASSAY 
1000 A549 WT, A549 ISG15-KO or A549 ISG15-KO stably expressing inducible HA-hISG15-
WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-
hISG15-2xDSIM-AA cells were seed in 96-well plates. A549 WT or A549 ISG15-KO cells 
were treated or not with 1000 U/mL of IFN-a. Cells stably expressing ISG15 in an inducible 
manner were treated with 1µg/ml doxycycline (DOXY) for 24 h before their incubation in 
presence or not of 1000 U/mL of IFN-a.  A solution of 2 mg/mL of 3-(4,5-Dimethylthiazol-2-
yl)-2,5-Diphenyltetrazolium Bromide (MTT) was added to each well prior to an incubation at 
37º C and 5 % CO2 for 2 h. After removing the medium, plates were stored at -20°C until 
further processing. Finally, the precipitate was resuspended in 100 µL of DMSO and the 
absorbance of the solution was measured (at 530 nm) using a Berthold microplate reader. 
 
5.14 COLONY FORMATION ASSAY 
200 cells from A549 WT, A549 ISG15-KO were seed in P6-well plates. Cells were treated with 
1000 U/mL of IFN-a and left at 37º C and 5 % CO2 for 6 days. After removing the medium, 
cells were fixed with 2% paraformaldehyde solution in PBS for 20 min. The fixation solution 
was removed and cells were stained using crystal violet staining solution. 
 
5.15 APOPTOSIS ASSAY 
The percentage of apoptotic cells was measured using FITC Annexin V Apoptosis Detection 
Kit (ImmunoStep) following manufacturer’s instructions. Briefly, A549 WT or A549 ISG15-
KO cells treated or not with 1000 U/mL of IFN-a were harvested, washed with PBS and 
resuspended in Annexin-binding buffer containing Annexin V-FITC and Propidium iodide (PI). 
Cell suspension was incubated for 15 min at room temperature in the dark. Finally, cells were 
analyzed by flow cytometry.  

 
5.16 VIRAL INFECTION 
Cells were infected with vesicular stomatitis virus (VSV) Indiana strain, recombinant VSV 
expressing GFP (VSV-GFP), or the mouse-adapted influenza A/PR/1934 (PR8) virus. 
Infections with VSV were carried out in FBS-free medium. PR8 infections were carried out in 
0.3% bovine serum albumin (BSA) in PBS. One hour after incubation with the virus, unbound 
viral particles were removed, and fresh FBS-free medium was added to the cells. In the case of 
the influenza virus, FBS-free medium was supplemented with TPCK-treated trypsin (2 µg/mL). 
 
5.17 VIRAL TITRATION 
BSC40 cells were cultured in 12-well plates until a monolayer was formed. Subsequently, cells 
were washed with PBS, and virus serial dilutions were added to the monolayer. After 1 h 
incubation with periodic rocking, virus was aspirated, and 1 mL of agar solution (1.8 %) in 2x 
DMEM was added to each well. Following agar solidification, plates were incubated at 37º C 
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and 5 % CO2 for 1-2 days. The agar was removed and cells were stained using crystal violet 
staining solution. 
 
 
 
5.18 GENERATION OF STABLE CELL LINES 
A549 ISG15-KO cells were transfected with His6-hISG15-WT, His6-hISG15-AA, His6-
hISG15-K, His6-hISG15-K-AA, His6-hISG15-2xDSIM or His6-hISG15-2xDSIM-AA and 48 
h after transfection, cells were tripsinized and treated with G418 (1000 µg/mL) for 15 days. 
Resistant cells were amplified and evaluated for the expression of the transfected plasmids. In 
addition, A549 ISG15-KO cells were transduced with lentiviral particles expressing HA-
hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-
2xDSIM, HA-hISG15-2xDSIM-AA or pInducer2.0 in an inducible manner. First, HEK-293 
cells were co-transfected with PLP1, PLP2, VSV-G and pInducer2.0-HA-hISG15-WT, 
pInducer2.0-HA-hISG15- WT-AA, pInducer2.0-HA-hISG15-K, pInducer2.0-HA-hISG15-K-
AA, pInducer2.0-HA-hISG15-2xDSIM, pInducer2.0-HA-hISG15-2xDSIM-AA or 
pInducer2.0. 36 h after transfection, cell supernatant was collected, filtered (through a 0.45 µm 
filter), supplemented with polybrene and added to A549 ISG15-KO cells. The process was 
repeated three times (each 12 h). Transduced cells were tripsinized and incubated with G418 
(600 µg/mL) for 15 days. Resistant cells were amplified, treated with 1µg/ml DOXY for 24 h 
and evaluated for the expression of the plasmids using Western blot. 
 
5.19 IMMUNOFLUORESCENCE ASSAY 
Cells were grown on coverslips and transfected as mentioned in each experiment. Cells were 
fixed in 2 % paraformaldehyde solution in PBS for 20 min, and permeabilized in 0.25 % Triton 
X-100 solution in PBS for 20 min. The non-specific binding sites were blocked with 2 % BSA 
in PBS for 20 min. Cells were then incubated with the proper primary antibody overnight at 
4°C. The next day, cells were washed with PBS (3 times, 5 min each) and incubated with the 
appropriate Alexa-conjugated secondary antibody for 1 h at room temperature. After three 
washes with PBS, the nuclei were stained with 4’,6’-diamidino-2-phenylindole (DAPI), and 
washed again with PBS. Coverslips were finally mounted using ProLong Diamond antifade 
mounting medium (P36970, Thermo Fisher Scientific) and preparations were analyzed by 
confocal microscopy (Leica SP5). 

 
5.20 IMAGE PROCESSING 
Confocal images were processed using Adobe Photoshop CC 2019. 
 
5.21 IN SILICO ANALYSIS OF SUMOYLATION SITES AND SIMs  
SUMOylation sites and SUMO interaction motifs were predicted using SUMOsp software 
(GPS-SUMO) (http://sumosp.biocuckoo.org/online.php).  

 
5.22 CREATION OF FIGURES 
Figures were created using Biorender software. 

 
5.23 STATISTICAL ANALYSIS 
Statistical analysis was performed with GraphPad Prism software using Student’s t-test or 
ANOVA-one way. At least 3 biological replicates were analyzed for each condition. 
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6.1 ISG15 IS MODIFIED BY SUMO 

 
6.1.1 ISG15 is modified by SUMO in vitro 
To evaluate whether ISG15 is modified by SUMO, we performed an in vitro SUMOylation 

assay in the presence of SUMO1 or SUMO2 and using recombinant Histidine (His)-tagged 
human (h) ISG15 protein as a substrate. Western-blot analysis of the in vitro SUMOylation 
reactions with anti-His antibody revealed the unmodified His-hISG15 protein as a band of 
around 17 kDa molecular weight, as expected. We observed the appearance of at least two 
additional higher molecular weight bands (of around 36 kDa and 55 kDa molecular weight) 
when SUMO1 or SUMO2 were added to the reaction (Figure 7A). To further demonstrate that 
the higher molecular weight bands correspond to ISG15-SUMO conjugates, we performed a 
deSUMOylation assay. The ISG15-SUMO2 protein resulted from an in vitro SUMOylation 
assay was incubated with the recombinant SUMO-specific protease SENP1. The higher 
molecular weight bands observed when ISG15 was incubated with SUMO2 were almost 
undetectable after incubation with SENP1 (Figure 7B). Altogether, these results indicated that 
ISG15 is modified by SUMO1 and SUMO2 in vitro.  

 
 
 
 
 
 
 
 
 
 

Figure 7. Human ISG15 is modified by SUMO1 and SUMO2 in vitro.  
 

A. Histidine (His) tagged recombinant human (h) ISG15 protein was subjected to an in vitro SUMOylation 
assay in the presence of SUMO1 or SUMO2, as indicated. B. Recombinant hISG15 protein was subjected to 
an in vitro SUMOylation assay in the presence of SUMO2 and the product of the SUMOylation reaction was 
then subjected to a deSUMOylation assay in the presence of SENP1. Proteins were evaluated by SDS-PAGE 
and Western-blot analysis using anti-His antibody. Arrowhead and arrows indicate the unmodified and the 
SUMO-conjugated ISG15 protein, respectively. 
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6.1.2 ISG15 is modified by SUMO in vivo 
In order to evaluate if ISG15 is also SUMOylated in vivo, we co-transfected HEK-293 cells 

with HA-hISG15-WT together with pcDNA, Ubc9 and His6-SUMO1 or Ubc9 and His6-
SUMO2. At 48 h after transfection, cells were harvested, and the Histidine-tagged proteins 
were purified under denaturing conditions using nickel affinity beads. The whole cell lysates 
and the Histidine-tagged purified proteins were then analyzed by Western-blot using anti-HA 
antibody. Analysis of the Histidine-tagged purified proteins revealed bands of the expected 
molecular weight corresponding to ISG15-SUMO1 or ISG15-SUMO2 proteins only in those 
cells co-transfected with His6-SUMO1 and His6-SUMO2, respectively (Figure 8A). To discard 
that the high molecular bands detected in the cells co-transfected with SUMO1 or SUMO2 
correspond to ISGylated proteins, we repeated the experiment using a plasmid encoding for a 
mutant of ISG15 in which the C-terminal diglycine (GG) motif was replaced by alanine (AA) 
(HA-hISG15-WT-AA), which prevents its conjugation to substrates, fused to HA tag. Co-
transfection with SUMO1 or SUMO2 led to the appearance of higher molecular weight bands 
similar to those observed in the experiment carried out with HA-hISG15-WT (Figure 8B). 
These results indicated that human ISG15 is modified by SUMO1 and SUMO2 in transfected 
cells.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Human ISG15 is modified by SUMO1 and SUMO2 in vivo.  
HEK-239 cells were co-transfected with HA-hISG15-WT (A) or a mutant of hISG15 unable to conjugate to its 
substrates (HA-hISG15-WT-AA) (B) together with pcDNA, Ubc9 and His6-SUMO1 or Ubc9 and His6-SUMO2. The 
whole cell extract (IPT) and the Histidine-tagged purified proteins were analyzed by Western-blot (WB) using 
anti-HA antibody. Arrowhead and arrows indicate the unmodified and the SUMO-conjugated ISG15 protein, 
respectively.  
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6.1.3 SUMOylation of ISG15 is not human-specific  
ISG15 primary sequence is poorly conserved across mammalian species, with human and 

murine ISG15 sharing approximately 63% sequence identity at protein level (Kang et al., 2022) 
and potential divergent functions. Therefore, we decided to investigate whether SUMOylation 
of ISG15 is restricted to human or if SUMO could also conjugate to mouse ISG15. We then 
carried out an in vivo SUMOylation assay, similar to the one described in section 6.1.2, using 
a plasmid encoding a mutant of mouse (m) ISG15 in which the C-terminal diglycine (GG) motif 
was replaced by alanine (AA) (HA-mISG15-WT-AA), which prevents its conjugation to 
substrates, fused to an HA-tag. Western-blot analysis of the Histidine-tagged purified proteins 
revealed the presence of several higher molecular weight bands indicative of mouse ISG15 
SUMOylation exclusively in the cells co-transfected with His6-SUMO1 or His6-SUMO2 
(Figure 9). These results indicated that the SUMOylation of ISG15 is not human-specific.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.1.4 Endogenous ISG15 is SUMOylated in untransfected cells 
To determine whether ISG15 is SUMOylated in endogenous conditions, A549 cells were 

treated with IFN-a (1000 U/mL) for 16 h and then subjected to heat shock stress by incubating 
them for 2 h at 42 °C (a condition that induces an upregulation in global SUMOylation 
(Golebiowski et al. 2009)) or left untreated. After the treatment, cells were lysed in the presence 
of proteases and deSUMOylases inhibitors, and protein extracts were incubated with GST- or 
GST-SUBES-agarose beads for 2 h at 4 °C. After washing, bound proteins were eluted using 

Figure 9. SUMOylation of mouse ISG15 in transfected cells.   
HEK-239 cells were co-transfected with a mutant of mouse (m)ISG15 unable to conjugate to its substrates 
(HA-mISG15-WT-AA) fused to HA-tag together with pcDNA, Ubc9 and His6-SUMO1 or Ubc9 and His6-SUMO2, 
as indicated. The total protein extract (IPT) and the Histidine-tagged purified proteins were analyzed by 
Western-blot (WB) using anti-HA antibody. Arrowhead indicates the unmodified ISG15 protein. Bracket 
indicates ISG15-SUMO2 conjugates.  
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Laemmli buffer. Then, protein extracts were subjected to Western blot analysis with anti-ISG15 
or anti-SUMO2 antibodies. The Western-blot analysis using the anti-ISG15 antibody revealed 
the appearance of bands of the expected molecular weight corresponding to ISG15-SUMO 
conjugated proteins exclusively in the samples incubated with SUBES (Figure 10), indicating 
that endogenous ISG15 can be modified by SUMO. Western-blot analysis with anti-SUMO2 
antibody demonstrated the purification of SUMO2-modified proteins by SUBES (Figure 10). 
To note, we observed a strong smear of high molecular weight in the Western-blot with anti-
ISG15 antibody in those cells subjected to heat stress, likely corresponding to SUMO chains 
conjugated to ISG15 or mixed SUMO-ISG15 chains. Altogether these results demonstrated that 
ISG15 can be modified by SUMO1 and SUMO2 in vitro, in transfected cells and under totally 
endogenous conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 10. Endogenous SUMOylation of ISG15 
A549 cells were treated with IFN-a (1000 U/mL) for 16 h and then incubated for 2 h at 42 °C or left 
untreated.  Protein extracts were incubated with GST- or GST-SUBES-agarose beads. Total protein 
extracts (IPT) or interacting proteins were subjected to Western blot analysis with anti-ISG15 or anti-
SUMO2 antibodies. Black and grey arrowhead indicate the unmodified ISG15 and SUMO proteins, 
respectively. Brackets correspond to ISG15-SUMO or SUMO conjugates, as indicated.  
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6.2 SUMOYLATION OF ISG15 IS INDUCED UPON STRESS 
It has been previously demonstrated that SUMOylation, mainly by SUMO2/3, plays a crucial 
role in the cellular response to stress. Therefore, we decided to investigate whether the 
SUMOylation of ISG15 is modulated in response to different stress conditions. HEK-293 cells 
were co-transfected with HA-hISG15-WT-AA together with pcDNA or Ubc9 and His6-
SUMO2. After 36 h of transfection, cells were exposed to UV light (20 J/m2) followed by 12 h 
rest, incubated at 42 °C for 2 h, or left untreated. Histidine-tagged proteins were then purified 
under denaturing conditions. Total protein extracts and purified proteins were analyzed by 
Western blot using an anti-HA antibody. Analysis of the Histidine-tagged proteins revealed 
bands corresponding to ISG15-SUMO2 protein in the cells co-transfected with His6-SUMO2 
(Figure 11). We also observed that the intensity of the ISG15-SUMO2 bands were higher in 
those cells treated with UV light or subjected to heat shock than in untreated cells, indicating 
that both UV and heat stress induce the SUMOylation of ISG15 (Figure 11). It has been reported 
that virus infection can induce SUMOylation. Therefore, we decided to explore whether virus 
infection influenced ISG15 SUMOylation. HEK-293 cells were transfected with HA-hISG15-
WT-AA and pcDNA or Ubc9 and His6-SUMO2, and 36 h after transfection, cells were left 
uninfected (Mock) or were infected with vesicular stomatitis virus (VSV) or Influenza A virus 
(IAV) at a multiplicity of infection (MOI) of 5 PFU/mL. At different times after infection (3 or 
6 h with VSV, and 3, 8 or 12 h with IAV), cells were collected and analyzed as described above. 
Western blot analysis of the Histidine-tagged purified proteins with anti-HA antibody 
demonstrated that the intensity of the ISG15-SUMO2 bands detected in the cells co-transfected 
with His6-SUMO2 increased upon infection with VSV or IAV, indicating that virus infection 
induces the SUMOylation of ISG15 (Figure 12). Taken together, these findings indicate that 
the SUMOylation of ISG15 is triggered in response to various types of stress. 
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Figure 11. Induction of ISG15 SUMOylation in response to UV light or heat shock stress.  
HEK-239 cells were co-transfected with HA-hISG15-WT-AA together with pcDNA or Ubc9 and 
His6-SUMO2. 36 h after transfection, cells were exposed to UV light (20 J/m

2
) followed by 12 

h rest, heat shock stress (42°C, 2 h) or left untreated. The total protein extract (IPT) or the 
Histidine-tagged purified proteins were analyzed by Western-blot (WB) using anti-HA antibody. 
Black arrowhead and grey arrowhead indicate the unmodified ISG15 and SUMO proteins, 
respectively. Brackets indicate ISG15-SUMO2 or SUMO2 conjugates, as indicated. 
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Figure 12. Induction of ISG15 SUMOylation in response to VSV or IAV infection. 
HEK-239 cells were co-transfected with HA-hISG15-WT-AA together with pcDNA or Ubc9 and His6-
SUMO2, and 36 h after transfection, cells were infected with VSV (A) or IAV (B) at a MOI of 5 PFU/mL. 
At the indicated times after infection, total protein extracts (IPT) and Histidine-tagged purified 
proteins were analyzed by Western-blot (WB) using the indicated antibodies. Black and grey arrowheads 
indicate the unmodified ISG15 and SUMO proteins, respectively. Brackets indicate ISG15-SUMO2 or 
SUMO2 conjugates, as indicated. 
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6.3 THE TUMOR SUPPRESSOR p14ARF INCREASES ISG15 SUMOYLATION  
Recent data demonstrate that the tumor suppressor p14ARF protein stimulate immune 
activation in the tumor microenvironment (Alagu et al., 2018; Cerqueira et al., 2020). In 
addition, despite not being a SUMO E3 ligase, p14ARF has been demonstrated to enhance the 
SUMOylation of its interaction partners, such as p53 and MDM2 (Ivanschitz et al. 2015a; 
Xirodimas et al. 2002). Based on these findings, we hypothesized that p14ARF may induce 
ISG15 SUMOylation. To explore this hypothesis, we co-transfected HEK-293 cells with HA-
hISG15-WT or HA-hISG15-WT-AA together with pcDNA, Ubc9 and His6-SUMO2, or Ubc9, 
His6-SUMO2 and pcDNA-p14ARF. 36 h after transfection, total protein extracts and Histidine-
tagged purified proteins were analyzed by Western blot with the indicated antibodies. Western 
blot analysis of the purified proteins using anti-HA antibody revealed the appearance of ISG15-
SUMO2 bands only in those cells co-transfected with His6-SUMO2 (Figure 13A, 13B). The 
intensity of bands corresponding to SUMO2-conjugated ISG15 protein clearly increased in 
those cells co-transfected with p14ARF (Figure 13A, 13B), indicating that p14ARF increases 
the SUMOylation of ISG15. To note, we observed an increase in the levels of global 
SUMOylation in those cells expressing p14ARF, as expected (Figure 13A, 13B). Finally, we 
decided to evaluate the SUMOylation of ISG15 in NARF2 cells, a cell line with inducible 
expression of p14ARF. NARF2 cells were co-transfected with HA-hISG15-WT or HA-
hISG15-WT-AA together with Ubc9 and His6-SUMO2. 24 h post transfection, cells were 
treated with IPTG for 16 h to induce the expression of p14ARF. Cells were then harvested and 
the total protein extracts and Histidine-tagged purified proteins were analyzed by Western blot 
using anti-HA antibodies. We observed that IPTG treatment led to the expression of p14ARF, 
as expected (Figure 13C). We also observed that cells expressing p14ARF showed higher levels 
of SUMOylated ISG15 protein than the untreated cells (Figure 13C), indicating that p14ARF 
increases the SUMOylation of ISG15. 
 
The tumor suppressor p14ARF has been reported to be modified by ubiquitin at the N-terminus. 
Therefore, we decided to evaluate whether ISG15 could also conjugate to p14ARF. To test that, 
HEK-293 cells were co-transfected with GFP or ARF-GFP together with pcDNA or His6-
hISG15-WT and its E1, E2 and E3. 36 h after transfection, cells were recovered and the 
Histidine-tagged proteins were purified under denaturing conditions. Western blot analysis of 
the purified proteins using anti-GFP antibody revealed the appearance of a band of the expected 
ARF-GFP-ISG15 molecular weight exclusively in those cells co-transfected with both ARF-
GFP and the ISGylation machinery (Figure 14) whereas no bands corresponding to GFP-ISG15 
protein were detected (Figure 14), indicating that p14ARF is post-translationally modified by 
ISG15. 
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Figure 13. Impact of p14ARF on ISG15 SUMOylation 
  
HEK-293 cells were co-transfected with HA-hISG15-WT (A) or HA-hISG15-WT-AA (B) together with pcDNA, 
Ubc9 and His6-SUMO2, or Ubc9, His6-SUMO2 and p14ARF. 36 h after transfection, the total protein extract 
(IPT) and the Histidine-tagged purified proteins were analyzed by Western-blot (WB) using the indicated 
antibodies. Black arrowheads and grey arrowheads indicate the unmodified ISG15 and SUMO2, 
respectively. Brackets indicate ISG15-SUMO or SUMO conjugates, as indicated. C NARF2 cells were co-
transfected with HA-hISG15-WT or HA-hISG15-WT-AA together with Ubc9 and His6-SUMO2, and were 
treated or not with IPTG (1 mM). 16 h after treatment, total protein extracts (IPT) and Histidine-tagged 
purified proteins were analyzed by Western-blot (WB) with the indicated antibodies. Black arrowheads 
indicate the unmodified ISG15 protein. Grey arrowhead indicates p14ARF. Bracket indicates ISG15-SUMO2 
conjugates. 
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6.4 SUMO can be conjugated to different lysine residues in ISG15  
To elucidate the functional impact of SUMO conjugation to a particular substrate, a direct 
approach involves identifying the lysine residue(s) crucial for SUMO conjugation and 
subsequently analyzing the properties of the SUMOylation mutants in comparison to the wild 
type protein. In silico analysis employing GPS-SUMO software identified four potential 
SUMOylation sites in each ubiquitin-like domain of ISG15: K8, K29, K35, and K77 (located 
in the first ubiquitin-like domain), and K90, K108, K129, and K143 (located at the second 
ubiquitin-like domain) (Figure 15).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 14. p14ARF is modified by ISG15 
  
HEK-239 cells were co-transfected with GFP or p14ARF-GFP together with pcDNA or His6-hISG15-WT and 
the ISGylation enzymes (E1, E2 and E3). 36 h after transfection, the total protein extracts (IPT) and the 
Histidine-tagged purified proteins were analyzed by Western-blot using anti-GFP antibody. Grey 
arrowheads and grey arrow indicate the unmodified and the ISG15-conjugated p14ARF protein, 
respectively. White arrowhead indicates the unmodified GFP.  
  

A 

C B 
SUMOylation Sites 

Figure 15. SUMOylation sites in ISG15 
  
After in silico analysis of the amino acid sequence of the human ISG15 protein using GPS-SUMO we draw a 
schematic representation of the localization of the putative SUMOylation sites in ISG15 (A). B, Result of the 
GPS-SUMO analysis indicating the score for each putative SUMOylation site in ISG15. C, 3D representation of 
the structure of human ISG15 protein indicating the localization of the potential SUMOylation sites. 
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We then generated mutants of ISG15 in those lysine residues with the highest probability of 
being SUMO acceptor sites, and assessed their SUMOylation in cells. Single mutants did not 
show reduced SUMOylation in comparison with the WT protein (Figure 16A). We then 
generated ISG15 constructs containing mutations in several putative SUMOylation sites and 
evaluated their SUMOylation in cells. Mutation of the lysine residues K8, K77, K35, and K129 
clearly reduced the SUMOylation of ISG15 (Figure 16B). Additional mutation of the lysine 
residues K90, K29, and K109 further decreased the SUMOylation of ISG15 (Figure 16B) and 
the additional mutation of K143 totally inhibited ISG15 SUMOylation (Figure 16C, 16D). We 
called this SUMOylation mutant, ISG15-K. Interestingly, Western-blot analysis of the 
Histidine-tagged purified proteins using anti-Histidine antibody revealed that expression of the 
SUMOylation mutant of ISG15 altered the global SUMOylation pattern independently of the 
presence of the diglycine motif in ISG15 (Figure 16C, 16D), suggesting that some of the 
SUMOylated proteins correspond to SUMOylated ISG15. To further evaluate this hypothesis, 
we generated A549 cells depleted from ISG15 (ISG15-KO) stably expressing HA-hISG15-WT 
or HA-hISG15-WT-AA and then, the stable cells were treated or not with 20 µM of the 
SUMOylation inhibitor ML792. At 16 h after treatment, cells were analyzed by Western blot 
with anti-HA antibody. We observed a change in the ISGylation pattern of the cells treated with 
the SUMOylation inhibitor relative to the observed in the untreated cells (Figure 17), suggesting 
that SUMOylation alters the ISGylation pattern.  
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6.5 ISG15 can interact with SUMO in a non-covalent manner through its SIM domains 
Many SUMOylated proteins can interact with SUMO in a non-covalent manner through a 
SUMO interacting motif (SIM). In order to test whether ISG15 could also interact non-
covalently with SUMO, we performed GST-pulldown assays using protein extracts derived 
from cells expressing HA-hISG15-WT protein and GST or GST-SUMO1 recombinant protein. 
As shown in Figure 18, we detected ISG15 protein interacting with GST-SUMO1 but not with 
GST, indicating that ISG15 can interact in a non-covalent manner with SUMO1. An in silico 
analysis of the amino acid sequence of ISG15 using GPS-SUMO software revealed the presence 
of two potential SIM domains (72LLVVD76 and 82LSILV86) in ISG15 (Figure 19). 

Figure 16. Identification of the SUMOylation sites in ISG15 
  
(A and B) HEK-239 cells were co-transfected with HA-hISG15-WT or the mutants in the indicated lysine 
residues together with pcDNA or Ubc9 and His6-SUMO2, and 36 h after transfection, the total protein 
extracts (IPT) and the Histidine-tagged purified proteins were analyzed by Western-blot (WB) using the 
indicated antibodies. Black and grey arrowheads indicate the unmodified ISG15 and SUMO proteins, 
respectively. Brackets indicate ISG15-SUMO2 or SUMO2 conjugates, as indicated. C HEK-293 cells were co-
transfected with HA-hISG15-WT or HA-hISG15-K (K77R/K129R/K8R/K35R/K109R/K29R/K90R/K143R) 
together with pcDNA or Ubc9 and His6-SUMO2. At 36 h after transfection, total protein extracts (IPT) and 
Histidine-tagged purified proteins were analyzed by Western blot with the indicated antibodies. Black and 
grey arrowheads indicate the unmodified ISG15 and SUMO proteins, respectively. Brackets indicate ISG15-
SUMO2 or SUMO2 conjugates, as indicated. D HA-hISG15-WT-AA or HA-hISG15-K-AA together with pcDNA or 
Ubc9 and His6-SUMO2. 36 h after transfection, the total protein extracts (IPT) and the Histidine-tagged 
purified proteins were analyzed by Western-blot (WB) using anti-HA antibody. Black arrowhead indicates 
the unmodified ISG15 proteins. Brackets indicate ISG15-SUMO2 or SUMO2 conjugates, as indicated. 

Figure 17. Analysis of the ISGylation pattern in cells treated or not with the 
SUMOylation inhibitor ML-792. 

  
A549 ISG15-KO stably expressing HA-hISG15-WT or HA-hISG15-WT-AA were treated or not 
with 20 µM of ML-792. 24 h after treatment, cells were recovered and analyzed by Western-
blot (WB) using anti-HA antibody. Arrowheads indicate unmodified ISG15 protein.  
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We then generated mutants of ISG15 in the putative SIM domains and analyzed their non-
covalent interaction with SUMO1 using GST-pulldown assays. The mutation of the residues 
72LVVD76 to 72AAAA76 (ISG15-1xDSIM) totally inhibited the non-covalent interaction of 
ISG15 with SUMO1 (Figure 20A). Similar results were observed with the double mutant 
72LVVD76 to 72AAAA76 and 82LSILV86 to 82AAAA86, (ISG15-2xDSIM) (Figure 20A), 
indicating that ISG15 requires its SIM domains to interact with SUMO1 in a non-covalent 
manner. 

Figure 18. Non-covalent interaction of ISG15 with SUMO1 
  
HEK-239 cells were transfected with HA-hISG15-WT and 36 h 
after transfection, cells were lysed and protein extracts were 
incubated with GST or GST-SUMO1 recombinant protein 
immobilized on glutathione sepharose beads. The total 
protein extracts (IPT) and the interacting proteins were 
analyzed by Western-blot (WB) using anti-HA antibody.   
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SUMO Interacting Motifs 

Figure 19. In silico analysis of potential SIM domains in ISG15 
  
In silico analysis of the amino acid sequence of the human ISG15 protein using GPS-SUMO software. A 
Schematic representation of the localization of the potential SIM domains in ISG15. B Results of the 
GPS-SUMO analysis indicating the score for each putative SIM domain. C 3D representation of the 
structure of human ISG15 protein indicating the localization of the potential SIM domains. 
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It is well known that SIM domains can contribute to SUMO conjugation (Lascorz et al. 2022). 
To evaluate whether the SIM domains in ISG15 facilitates ISG15 SUMOylation, we co-
transfected HEK-293 cells with HA-hISG15-WT, HA-ISG15-1xDSIM or HA-ISG15-2xDSIM 
together with pcDNA, or His6-SUMO2 and Ubc9. 36 h after transfection cells were lysed and 
the whole cell extracts and Histidine-tagged purified proteins were analyzed by Western blot 
using the indicated antibodies. A reduction in the SUMOylation of ISG15 was observed after 
mutation of the SIM domain 72LVVD76 (Figure 20B). This reduction was clearly stronger 
after mutation of the two SIM domains (Figure 20B). These results suggested that the non-
covalent conjugation of ISG15 with SUMO or SUMOylated proteins facilitate its 
SUMOylation. 
 
 
 
 
 
 
 
 

Figure 20. Identification of SIM domains in ISG15 
  
A HEK-239 cells were transfected with HA-hISG15-WT, HA-hISG15-1xDSIM or HA-hISG15-2DxSIM and 36 h 
after transfection, cells were lysed and protein extracts were incubated with GST or GST-SUMO1 proteins 
immobilized on glutathione sepharose beads. Interacting proteins were analyzed by Western-blot using 
anti-HA antibody. B HEK-239 cells were co-transfected with HA-hISG15-WT, HA-hISG15-1xDSIM or HA-
hISG15-2DxSIM together with pcDNA or Ubc9 and His6-SUMO2. 36 h after transfection, the total protein 
extract (IPT) and the Histidine-tagged purified proteins were analysed by Western-blot using the indicated 
antibodies. Black and grey arrowhead indicate the unmodified ISG15 and SUMO proteins, 
respectively. Brackets indicate ISG15-SUMO2 or SUMO2 conjugates, as indicated. 
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6.6 SUMO INTERACTION EFFECTS ON ISG15 
6.6.1 Impact of SUMO interaction on the secretion of ISG15 
One of the characteristics of ISG15 is its secretion, through still unclear mechanisms, from 

cells. We decided to evaluate whether mutation of the SUMO interaction domains in ISG15 
had an impact on its secretion. We co-transfected HEK-293 cells with HA-hISG15-WT, HA-
hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-
2xDSIM-AA together with its E1, E2 and E3 enzymes. 48 h after transfection cells and cell 
supernatants were collected and resuspended in Laemmli buffer supplemented or not with DTT 
(10 mM). Samples were then analyzed by Western blot using anti-HA antibody. We detected a 
band corresponding to free ISG15 protein exclusively in the supernatant of those cells 
transfected with ISG15-WT (Figure 21), suggesting that mutation of the SIMs or of the 
SUMOylation sites in ISG15 reduces its secretion. However, we cannot discard that one of the 
causes of the non-detection of the SUMOylation mutant in the supernatant is not caused by the 
lower levels of the protein inside the cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
6.6.2 Impact of SUMO interaction on the subcellular localization of ISG15 

 
6.6.2.1 Mutation of the SUMOylation sites or of the SIM domains in ISG15 alters its 

subcellular localization  
SUMO interaction can regulate the subcellular localization of substrates (Zubiete-

Franco et al. 2019). Therefore, we decided to evaluate whether SUMO could modulate the 
subcellular localization of ISG15. We transfected U2OS cells with HA-hISG15-WT, HA-
hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-
2xDSIM-AA constructs. 24 h after transfection, cells were fixed, permeabilized, blocked and 
stained using anti-HA antibody and DAPI. Finally, the cells were analyzed by confocal 
microscopy. We observed that the cells transfected with WT protein showed diffuse 
cytoplasmic and nuclear staining (Figure 22A), and that mutation of the diglycine GG motif 

Figure 21. Impact of mutating the SUMOylation sites or the SIM domains in ISG15 on its 
secretion. 

  
HEK-239 cells were co-transfected with HA-hISG15-WT, HA-hISG15- WT-AA, HA-hISG15-K, HA-hISG15-
K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA together with the E1, E2, and E3 ISGylation 
enzymes. 48 h after transfection, cells and supernatants were collected. The total protein extracts 
from cells and supernatants were recovered in Laemmli buffer supplemented or not with DTT (1 mM) 
and analyzed by Western-blot (WB) using anti-HA antibody. Arrowheads indicate ISG15 protein.  
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favored its presence in the cytoplasm (Figure 22A). Although the cells transfected with the 
SUMOylation mutant showed some diffuse cytoplasmic staining, a stronger signal was 
observed in nuclear aggregates in some cells (Figure 22A). Mutation of the GG motif did not 
affect to the distribution of the SUMOylation mutant (Figure 22A). Finally, those cells 
transfected with the SIM mutant showed also some diffuse cytoplasmic staining together with 
nuclear aggregates in some cells (Figure 22A) and its distribution was not affected by the 
mutation of the diglycine GG motif (Figure 22A). Altogether, these results suggested that the 
covalent and non-covalent interaction of SUMO with ISG15 regulate its subcellular 
distribution. 
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To verify that mutation of the SUMO interaction sites had an impact on ISG15 

subcellular localization, U2OS were transfected as described above and 24 h after transfection, 
we carried out subcellular fractionation assays. Western blot analysis of the protein extracts 
revealed that WT protein was mainly detected in the cell cytoplasm (Figure 22B) in comparison 
with the mutants in the SUMOylation sites or in the SIM motifs, detected mainly in the cell 
nucleus (Figure 22B). Similar results were observed when mutations in the diglycine GG motif 
were added to the ISG15 constructs (Figure 22B). To determine whether the subcellular 
distribution of ISG15-WT or the mutants of ISG15 is cell type-dependent, we transfected PC3 
cells as described above and carried out a subcellular fractionation assay. Western blot analysis 
of the protein extracts revealed that WT protein was mainly detected in the cell cytoplasm 
(Figure 22C) in comparison with the mutants in the SUMOylation sites or in the SIM motifs, 
detected mainly in the cell nucleus (Figure 22C), and independently of the presence of the 
diglycine GG motif in ISG15 (Figure 22C). Altogether these results suggested that the covalent 
and non-covalent interaction of SUMO with ISG15 modulate its subcellular distribution. 
 

6.6.2.2 Co-localization of ISG15 with PML 
Although the mechanism by which p14ARF induces the SUMOylation of its 

interactors is still unclear, one of the hypotheses is that p14ARF interacts with the 
promyelocytic leukemia protein (PML) and this interaction serves to stabilize the SUMO1-
conjugating enzyme Ubc9 within nuclear bodies (NB), thereby facilitating the SUMOylation 
of its interactors (Ivanschitz et al. 2015). In addition, PML-NBs has been proposed to work as 
sites specialized to recognize and sequester foreign proteins within the nucleus to facilitate their 
clearance (Fu et al., 2005). Analysis of the subcellular distribution of the ISG15 mutants 
revealed the formation of nuclear aggregates in some cells. Therefore, we hypothesized that 
mutation of the SUMO interaction domains in ISG15 may promote the formation of 
aggresomes. To evaluate this hypothesis, we decided to evaluate the potential co-localization 
between ISG15 and PML-NB as well as the potential alteration in PML-NBs distribution. PC3 
cells were transfected with HA-hISG15-WT, HA-hISG15-K or HA-hISG15-2xDSIM 
constructs containing the diglycine GG motif or with the GG motif mutated to AA. 24 h after 
transfection, cells were fixed, permeabilized, blocked and stained using anti-HA and anti-PML 
antibodies and DAPI. Cells were then analyzed by confocal microscopy. The ISG15-WT 
protein was detected both in nucleus and cytoplasm, independently of whether the protein 
contained or not the GG motif (Figure 23A). Numerous small dots corresponding with PML-
NBs were detected in the cells expressing the WT protein and a partial co-localization between 
PML and ISG15 could be observed (Figure 23A). A reduced number of bigger dots 

Figure 22. SUMO interaction modulates the subcellular distribution of ISG15 
  
A U2OS cells were transfected with HA-hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-
hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA and 24h h after transfection, 
cells were immunostained with anti-HA and DAPI. B U2OS cells were transfected with HA-
hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-
hISG15-2xDSIM-AA and 24 h h after transfection, cells were subjected to a subcellular 
fractionation assay. The cytoplasmic (C) and nuclear (N) fractions were analysed by 
Western blot using the indicated antibodies. C PC3 cells were transfected with HA-hISG15-
WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-
2xDSIM-AA and 24 h after transfection, cells were subjected to a subcellular fractionation 
assay. The cytoplasmic (C) and nuclear (N) fractions were analysed by Western blot using 
the indicated antibodies. 
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corresponding to PML-NBs were observed in those cells expressing the ISG15 mutants (Figure 
23A) and a stronger co-localization between PML and SIM or SUMOylation mutants of ISG15 
was observed (Figure 23A). These results suggested that the interaction of SUMO with ISG15 
avoided the aggregation and/or oligomerization of ISG15. 
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To further test this hypothesis, we analyzed the ISG15 pattern in cells transfected with 

HA-hISG15-WT or HA-hISG15-2xDSIM and treated or not with the SUMOylation inhibitor 
ML-792 or co-transfected with SUMO2 or a mutant of SUMO2 that cannot be deconjugated 
(SUMO2-Q90P). Western blot analysis using anti-HA antibody revealed a series of bands with 
different molecular weights in cells transfected with the WT protein (Figure 23B, left panel). A 
decrease in the intensity of the 36 kDa band and the appearance of a 50 kDa band was observed 
in the cells transfected with the WT protein and treated with ML-792. The 36 kDa band was 
predominant in those cells co-transfected with SUMO2 and its intensity clearly increased in the 
SUMO2-Q90P co-transfected cells (Figure 23B, left panel). A totally different ISG15 pattern 
was observed in the cells expressing HA-hISG15-2xDSIM. Together with the unmodified 
protein, we detected the appearance of at least two bands of around 34 and 47 kDa, consistent 
with the hypothesis of ISG15 oligomerization (Figure 23B, right panel). 

 
 
 
 

Figure 23. Colocalization of ISG15 with PML-NBs 
  

A PC3 cells were transfected with HA-hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, 
HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA and 24 h after transfection, cells were immunostained 
with anti-HA, anti-PML and DAPI. B HEK-239 cells were co-transfected with HA-hISG15-WT or HA-
hISG15-2xDSIM together with His6-SUMO2 or His6-SUMO-Q90P, treated with 20 µM of ML-792 or left 
untreated. 48 h after transfection, cells were collected. The total protein extracts were analyzed by 
Western-blot using anti-HA antibody. 
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6.6.2.3 Overexpression of the tumor suppressor p14ARF promotes the recruitment 

of ISG15 to the nucleus  
Our data indicated that there is an interplay between p14ARF and ISG15 and 

previously, it was reported that overexpression of p14ARF can recruit its interaction partners 
to the nucleus. Therefore, we decided to evaluate how p14ARF impact on the subcellular 
localization of ISG15. U2OS cells were co-transfected with HA-hISG15-WT together with 
pcDNA or ARF-GFP constructs. 24 h after transfection, cells were fixed, permeabilized, 
blocked and stained using anti-HA antibody and DAPI. Cells were then analyzed by confocal 
microscopy. ISG15 was detected in the cytoplasm and nucleus of those cells co-transfected 
with pcDNA (Figure 24). However, ISG15 was detected mainly in the nucleus in those cells 
overexpressing p14ARF (Figure 24), suggesting that the overexpression of the tumor 
suppressor p14ARF could promote the recruitment of ISG15 to the nucleus. 

 
6.7 SUMO CONTRIBUTES TO THE ANTI-APOPTOTIC ACTIVITY OF ISG15 
It has been reported that ISG15 can exert pro-tumoral or anti-tumoral functions. We were 
interested in decipher whether the activity of ISG15 in cancer could be modulated by 
SUMOylation. We used A549 ISG15 WT and ISG15 depleted A549 cells (ISG15-KO) as a 
model. First, to evaluate the consequences of ISG15 upregulation in A549 cells, we treated the 
A549-WT or ISG15-KO cells with IFN-a (1000 U/mL) and we visualized the cells at the 
microscope after confirming that treatment with IFN-a triggered the upregulation of ISG15, as 
expected (Figure 25A). A549-WT cells continued proliferating and we did not observe a 
significant change in the cell morphology (Figure 25 B). In contrast, treatment with IFN-a led 
to a clear reduction in the number of ISG15-KO cells (Figure 25B), suggesting that ISG15 
protects to A549 cells from IFN-a effects. 

Figure 24. p14ARF overexpression induces the recruitment of ISG15 to the nucleus. 
  
U2OS cells were co-transfected with HA-hISG15-WT together with pcDNA or ARF-GFP and 24 h after 
transfection, cells were immunostained with anti-HA antibody and DAPI. 
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To further analyze the effect of IFN in both cell lines, we carried out a proliferation assay in 
presence or absence of IFN-a treatment, using MTT as well as a foci formation assay. 
Proliferation of A549 WT cells was not affected by IFN-a treatment (Figure 26A). In addition, 
we observed the formation of A549 WT foci in the presence of IFN-a (Figure 26B). In contrast, 
the proliferation of ISG15-KO cells was significantly reduced in response to IFN-a treatment 
(Figure 26A) and the formation of foci was totally inhibited (Figure 26B). A reduction in the 
number of cells in response to IFN-a treatment could result from the induction of apoptosis or 
from the induction of senescence. To evaluate whether the expression of ISG15 in A549 cells 
altered the ability of the cells to enter into senescence, we carried out a proliferation assay of 
A549-WT and ISG15-KO at different times after bleomycin (20 µM) treatment using MTT 
assay. The proliferation of both cell lines was similarly affected by bleomycin treatment (Figure 
26C), suggesting that ISG15 does not alter the cellular capacity to enter into senescence in 
response to DNA damage agents. We then hypothesized that IFN-a treatment may induce 
apoptosis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25. Effects of IFN-a treatment on A549 WT and ISG15-KO cells 
  
A A549 WT and ISG15-KO cells were treated or not with 1000 U/mL of IFN-a for 12 h. 
Total protein extracts were analyzed by Western-blot using anti-ISG15 antibody. 
Arrowhead indicates ISG15 protein. B A549 WT or ISG15-KO cells were treated with 1000 
U/mL IFN-a  or DMSO. At 6 days after treatment, cells were photographed with an optical 
microscope. 
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Figure 26. ISG15 protects A549 cells from the negative effect of with IFN-a treatment 
  
A MTT assay of A549 WT and ISG15-KO cells treated or not with 1000 U/mL of IFN-a. Statistical analysis 
was assessed by One Way-ANOVA. ****, P<0.0001 comparing the cell viability of A549 WT and ISG15-KO 
cells treated with IFN-a. B Colony formation assay of A549 WT and ISG15-KO cells at 6 days after 
treatment with 1000 U/mL IFN-a. Colonies were stained with crystal violet. C MTT assay of A549 WT and 
ISG15-KO cells treated or not with 20 µM of bleomycin. Statistical analysis was assessed by One Way-
ANOVA. ****, (P<0.0001) comparing A549 WT and ISG15-KO cells treated with IFN-a.  
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To evaluate this hypothesis, A549 WT and ISG15-KO cells were treated with IFN-a (1000 
U/mL) and at different times after treatment we performed an annexin V assay to determine the 
percentage of apoptotic cells. IFN-a treatment of A549 WT cells did not result in the induction 
of apoptosis (Figure 27). In contrast, we observed a significant increase in the number of 
apoptotic ISG15-KO cells upon IFN-a treatment (Figure 27). Taken together, these results 
indicated that ISG15 prevents the induction of apoptosis in A549 cells upon IFN-a treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To determine the potential role of SUMO interaction on the anti-apoptotic activity of ISG15, 
we generated A549 cell lines depleted from ISG15 and stably expressing His6-hISG15-WT, 
His6-hISG15- WT-AA, His6-hISG15-K, His6-hISG15-K-AA, His6-hISG15-2xDSIM or His6-
hISG15-2xDSIM-AA. We then evaluated the expression levels of the transfected constructs. 
We observed that the levels of the transfected ISG15 WT and mutant constructs in the stable 
cells was too low to be detected by direct Western blot (Figure 28A). Only after Histidine 
purification we were able to detect the transfected constructs (Figure 28A). Therefore, we 
decided to generate cells stably expressing inducible lentiviral HA-hISG15-WT, HA-hISG15-
WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-
AA constructs. After confirming that doxycycline treatment induced a good level of expression 
of the constructs in HEK-293 (Figure 28B) as well as in ISG15-KO cells (Figure 28C), we 
carried out an MTT assay with the A549 stable cell lines in presence or absence of IFN-a. We 
observed that IFN-a treatment did not have a significant effect on the proliferation of the 
ISG15-KO cells reconstituted with hISG15-WT protein (Figure 29). However, IFN-a treatment 
significantly reduced the proliferation of the cells reconstituted with hISG15-K or hISG15-
2xDSIM (Figure 29), suggesting that the interaction of SUMO with ISG15 has a positive impact 
on the anti-apoptotic activity of ISG15 in response to IFN-a treatment. 
 

Figure 27. ISG15 prevents the induction of apoptosis in A549 cells upon IFN-a treatment.  
A549 WT and ISG15-KO were treated or not with 1000 U/mL of IFN-a and at the indicated times 
after treatment, cells were staining with annexin V and analyzed by cytometry to determine the 
percentage of apoptotic cells. Statistical analysis was assessed by One Way-ANOVA. **, (P<0.005); 
****, (P<0.0001) comparing A549 WT and ISG15-KO cells treated with IFN-a.  
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Figure 28. Generation of A549 cell lines depleted from ISG15 and stably expressing the 
indicated hISG15 constructs. 

  
A A549 ISG15-KO cells were transfected with His6-hISG15-WT, His6-hISG15-WT-AA, His6-hISG15-K, 
His6-hISG15-K-AA, His6-hISG15-2xDSIM or His6-hISG15-2xDSIM-AA and 48 h after transfection, cells 
were splitted and treated with G418 (1000 µg/mL) for 15 days. Resistant cells were amplified. Total 
protein extracts and Histidine-tagged purified proteins were evaluated for the expression of the 
transfected plasmids using Western blot with the indicated antibodies. Arrowhead indicates the 
unmodified ISG15 protein. B HEK-293 cells were transfected with the inducible lentiviral constructs 
encoding for HA-hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM, or 
HA-hISG15-2xDSIM-AA, together with PLP1, PLP2 and VSV-G. 36 h after transfection, cells were treated 
with 1 µg/ml of doxycycline for 24 h and protein expression was analysed by Western blot using anti-
HA antibody. C Supernatants recovered from HEK-293 cells transfected as indicated in B, were filtered 
and used to treat monolayers of A549 ISG15-KO, following the procedure indicated in materials and 
methods section. After transduction, cells were selected by incubating with G418 (600 µg/mL) for 15 
days. Resistant cells were amplified, treated with 1µg/ml of doxycycline, and evaluated for the 
expression of the transduced plasmids by Western blot analysis using anti-HA antibody. 
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6.8 SUMO CONTRIBUTES TO THE PRO-VIRAL ACTIVITY OF ISG15 
ISG15 can exert proviral or antiviral actions. In order to determine whether human ISG15 
contributes to the control or facilitates the replication of vesicular stomatitis virus (VSV) in 
A549 cells, we first infected A549 WT or ISG15-KO cells with a recombinant VSV expressing 
GFP (VSV-GFP) at a MOI of 1 PFU/cell. 24 h after infection, cell supernatants were recovered 
and viral titers were determined by plaque assay in BSC40 cells. The titer of VSV-GFP 
recovered from A549 WT cells was significantly higher than the titer of virus detected in 
ISG15-KO cells (Figure 30A), indicating that ISG15 facilitates the replication of VSV in A549 
cells. To verify this result and evaluate how global SUMOylation impacts on the proviral 
activity of ISG15 on VSV in A549 cells, we repeated the assay but this time treating the cells 
with DMSO or ML-792 (20 µM) 12 h prior to VSV-GFP infection. Evaluation of the viral 
replication was assessed by quantification of the percentage of GFP positive cells. The 
percentage of GFP positive cells detected in A549 WT cells was significantly higher than the 

Figure 29.  Reconstitution of A549 cells depleted of ISG15 with ISG15-K or ISG15-2xΔSIM 
expression constructs do not protect the cells from the negative effect of IFN-a treatment. 

 
 A549 cells depleted of ISG15 and stably transduced with an empty vector (ø), HA-hISG15-WT, HA-
hISG15-K or HA-hISG15-2xDSIM constructs were treated or not with 1000 U/mL of IFN-a. At the 
indicated times after treatment, cell viability was determined using an MTT assay. Statistical analysis 
was assessed by One Way-ANOVA. ****, P<0.0001, comparing cells transduced with empty vector, HA-
hISG15-K or HA-hISG15-2xDSIM with those expressing HA-hISG15-WT after IFN-a treatment. 
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one detected in ISG15-KO cells, confirming the proviral effect of ISG15 on VSV in A549 cells 
(Figure 30B). In addition, we observed that the percentage of GFP positive cells significantly 
increased after treating the cells with the SUMOylation inhibitor ML-792 (Figure 30B). This 
effect of ML-792 was independent of the expression or not of ISG15 (Figure 30B). These 
results suggested that SUMOylation plays a negative effect on VSV replication, but this effect 
does not require ISG15. Finally, we decided to evaluate the impact of SUMO on ISG15 proviral 
activity by analyzing the replication of VSV-GFP in cells ISG15-KO reconstituted with HA-
hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM 
or HA-hISG15-2xDSIM-AA. Analysis of the viral titers recovered from the cells at 24 h after 
infection revealed that the amount of virus recovered from cells expressing ISG15-WT or 
ISG15-WT-AA was significantly higher than the virus recovered from HA-hISG15-K , HA-
hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA (Figure 31A), suggesting 
that the interaction of SUMO with ISG15 contributes to its proviral activity. To verify these 
results, we carried out similar experiments and we then evaluated the percentage of GFP 
positive cells at 24 h after infection. Again, we observed that the percentage of GFP positive 
cells was significantly higher in cells expressing hISG15-WT or hISG15-WT-AA than in HA-
hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA expressing 
cells (Figure 31B). No difference was observed between cells expressing hISG15-K, hISG15-
K-AA, hISG15-2xDSIM and ISG15-2xDSIM-AA (Figure 31B). These results suggested that 
the interaction of SUMO with ISG15 facilitates the proviral activity of the ubiquitin-like 
protein.  
 
 

 
 
 
 
 
 
 
 
 
 

Figure 30. Proviral activity of ISG15 on VSV in A549 cells 
  
A A549 WT or ISG15-KO cells were infected with VSV-GFP at a MOI of 1 PFU/cell and viral titer present 
in the cell supernatant at 24 h after infection was measured using plaque assay. Statistical analysis was 
assessed by a Student’s t-test. ***, P<0.001. B A549 WT or ISG15-KO cells were treated or not with 20 
µM of ML-792 12 h prior to VSV-GFP infection at a MOI of 1 PFU/cell, and the percentage of GFP positive 
cells at 24 h after infection was measured by cytometry. Statistical analysis was assessed by One Way-
ANOVA. *, P<0.01 **, P<0.005; ***, P<0.001. 
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6.9 SUMO MODULATES THE ROLE OF ISG15 ON MITOCHONDRIA BIOGENESIS.  
Recently, several studies have shown a connection between ISG15 and mitochondria, and its 
impact in cellular physiology, immune response and cellular metabolism (Alcalá et al. 2020; 
Baldanta et al. 2017; Zhang et al. 2019).  SUMO is also involved in mitochondrial biogenesis 
(Cai et al. 2012; He, Cheng, and Wang 2020; Waters et al. 2022). Therefore, we decided to 
evaluate whether SUMO could modulate the role of ISG15 on mitochondria biogenesis.  
 
First, we evaluated the impact of inhibiting global SUMOylation on mitochondria of A549 WT 
or ISG15-KO cells, by immunostaining with anti-TOM20 antibody. Both cell lines were treated 
with DMSO or ML-792 (20 µM) and at 12 h after treatment, cells were fixed, permeabilized, 
blocked and stained with anti-TOM20 antibody and DAPI. We observed an alteration in the 
TOM20 staining in cells lacking ISG15 (Figure 32). In contrast to the continuous network 
observed in WT cells, ISG15-KO cells showed a more fragmented and aggregated pattern 
(Figure 32), indicating that ISG15 plays a critical role in the biogenesis of the mitochondria. 
We did not observe differences in the mitochondria morphology between ISG15-KO cells 
treated with DMSO and ML-792 (Figure 32). In contrast, treatment with ML-792 triggered a 
fragmented and aggregated mitochondria pattern in A549 WT cells, similar to the observed in 
those cells lacking ISG15 (Figure 32). Then, we carried out immunostaining of TOM20 in A549 
cells depleted of ISG15 and stably transduced with HA-hISG15-WT, HA-hISG15-WT-AA, 
HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM, or HA-hISG15-2xDSIM-AA. Cells 
expressing HA-hISG15-WT or HA-hISG15-WT-AA showed poorly fragmented mitochondria 
(Figure 33). In contrast, a strongly fragmented and aggregated pattern of TOM20 was observed 

Figure 31. Mutation of the SUMO binding sites in ISG15 abolishes its proviral activity on VSV. 
  
A A549 cells depleted of ISG15 and stably transduced with empty vector (ø), HA-hISG15-WT, HA-hISG15-WT-
AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA constructs were infected with 
VSV-GFP at a MOI of 1 PFU/cell, and 24 h after infection, the viral titer in cell supernatants was measured 
using plaque assay. Statistical analysis was assessed by One way-ANOVA. *, P<0.05; **, P<0.01. B A549 cells 
depleted of ISG15 and stably transduced with empty vector (ø), HA-hISG15-WT, HA-hISG15-WT-AA, HA-
hISG15-K , HA-hISG15-K-AA, HA-hISG15-2xDSIM or HA-hISG15-2xDSIM-AA constructs were infected with VSV-
GFP at a MOI of 1 PFU/cell, and at 24 h after infection, cells were analyzed by cytometry to quantify the 
percentage of GFP positive cells. Statistical analysis was assessed by One way-ANOVA. ****, P<0.01. 
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in those cells expressing the mutants of ISG15 for SUMO interaction (ISG15-K or ISG15-SIM), 
independently of the presence or not of the diglycine motif (Figure 33), suggesting that the 
interaction of ISG15 with SUMO is necessary for a proper mitochondria biogenesis. 

 
 
 
 
 
 

Figure 32. ISG15 and SUMOylation are necessary for mitochondria biogenesis. 
  
A549 WT or ISG15 KO cells were treated or not with 20 µM of ML-792. At 12 h after 
treatment, cells were immunostained with anti-TOM20 antibody and DAPI. 
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Figure 33. SUMO interaction with ISG15 is required for mitochondria biogenesis 
  
A549 KO stably expressing HA-hISG15-WT, HA-hISG15-WT-AA, HA-hISG15-K, HA-hISG15-K-AA, HA-hISG15-
2xDSIM or HA-hISG15-2xDSIM-AA constructs were treated with 1µg/ml doxycycline (DOX). 24h after 
induction, cells were immunostained with anti-HA, anti-Tom20 and DAPI. 
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ISG15 is a Ubl protein which expression is induced by type I IFN, DNA damage and other 
stresses (Mirzalieva et al. 2022). ISG15 can conjugate to its substrates through an enzymatic 
and reversible process called ISGylation. By conjugating to its substrates, ISG15 can modulate 
their subcellular localization, oligomerization, activity or stability. Although mass spectrometry 
has allowed the identification of hundreds of potential targets of ISGylation, only a small 
number of targets have been validated (Perng and Lenschow 2018). ISG15 frequently increases 
the stability of its substrates by competing with ubiquitin to bind to its substrates or through the 
formation of mixed ISG15-ubiquitin chains. ISG15 also exist as an unconjugated protein inside 
the cell and interacts with various intracellular proteins or it can be secreted from the cell by 
unclear mechanisms. Free extracellular ISG15 has been reported to function as a cytokine with 
immunomodulatory activities. Although ISG15 is minimally expressed under physiological 
conditions, its levels are abnormally elevated in different pathological conditions such as 
different types of cancer, neurodegenerative disorders (Mirzalieva et al. 2022). Contradictory 
results have been reported on the role of ISG15 protein on the pathogenesis of different diseases 
including cancer or virus replication. A potential explanation for these contradictory findings 
is that ISG15 can perform different functions depending on the cell type, the specie, 
physiological state, virus type or the ISG15 form (if ISG15 is conjugated to proteins or free 
unconjugated). How ISG15 functions are modulated is still unknown. Understanding the 
mechanisms of regulation of ISG15 activities could help to develop new strategies to intervene 
in the progression of many diseases. Increasing evidences indicate that the crosstalk between 
different Ubl proteins may a mechanism to fine-tune responses to different stresses. It has been 
reported the existence of an extensive crosstalk between ubiquitin-like proteins including the 
conjugation of ISG15 to ubiquitin, the conjugation of ubiquitin to SUMO or the SUMO 
conjugation to ubiquitin.  
 
The attachment of SUMO to lysine residues in the target proteins or SUMOylation is considered 
as a key regulatory mechanism modulating the functional properties of a large number of 
proteins. Conjugation of SUMO to substrates regulates the interaction of the substrate with 
other proteins or nuclei acid affecting their stability, localization or activity, and influencing 
many different processes such as the cell cycle, DNA repair, tumor progression, and virus 
infection (Celen and Sahin 2020; Wilson 2017). The consequences of SUMO conjugation vary 
greatly depending on the substrate or the virus type. Thus, SUMO activity can promote or 
inhibit cellular proliferation, migration, oncogenic transformation or virus replication (El 
Motiam et al. 2020). In addition to ISG15 and ISGylation, IFN also enhances global levels of 
SUMOylation, and SUMO has been reported to interact with different intermediates along the 
signaling cascade modulating the transcriptional transactivation of type I IFN(El Motiam et al. 
2020). The relevance of SUMO not only stand for their conjugation to target proteins. One 
characteristic of many SUMOylated proteins is to contain SIMs that mediate their non-covalent 
interaction with SUMO or with other SUMOylated proteins allowing the formation of big 
complexes with a function in many processes such as the tress response, virus-cell interplay or 
immune response (Lascorz et al. 2022).  
 
Recent data support the existence of an interplay between SUMOylation and ISGylation. 
SUMO has been suggested to play a central role in the stabilization of IFN-stimulated genes 
products and in enhanced IFN-induced antiviral defense (Chelbi-Alix and Thibault 2021). In 
response to IFN, SUMO3 has been reported to upregulate ISG15 as well as the ISG15 E2 
conjugating enzyme UBCH8 and the E3 ISG15 ligases Trim28 and HERC5 by still unknown 
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mechanisms. In contrast, downmodulation of SUMOylation through Ubc9 depletion has been 
shown to decrease the IFN-induced cellular ISGylation (El-Asmi et al. 2020). 
 
We hypothesized that, similarly to the its interaction with ubiquitin, SUMO could also interact 
with ISG15 and that this interplay may impact ISG15 properties and/or activities. In this work 
we have study this putative interaction between SUMO and ISG15 and its impact on ISG15 
properties and functions. This information may help us to clarify the role of the crosstalk 
between SUMOylation and ISGylation in innate immune responses and provide opportunities 
to identify potential therapeutic targets for different diseases.  
 
First, we demonstrated the SUMOylation of human ISG15 by SUMO1 and SUMO2 in vitro, in 
transfected cells, and at totally endogenous levels. This modification was not exclusive of 
human ISG15, since we show that mouse ISG15 was also SUMOylated. In vitro SUMOylation 
assays using ISG15 and SUMO1 revealed the presence of different bands, suggesting that 
SUMO can conjugate to different lysine residues in ISG15. In silico analysis also identified 
various lysine residues in ISG15 as potential acceptors for SUMO modification. Finally, 
analysis of mutants of human ISG15 in potential SUMOylation sites confirmed that the lysine 
residues K8, K29, K35, K77, K90, K108, K129, and K143 in ISG15 are SUMO acceptors in 
ISG15. Most of the lysine residues identified as SUMOylation sites in human ISG15 are 
conserved in mammals (Kang et al. 2022), suggesting that SUMOylation of ISG15 may be 
conserved among mammals. Interestingly, three of the SUMOylation sites in ISG15 correspond 
with ubiquitin lysine residues that can be targeted for SUMOylation (Galisson et al. 2011; 
Hendriks et al. 2014; Lamoliatte et al. 2013), suggesting the idea that SUMO targeting sites 
may be influenced by some structural similarities. 
 
It is well known that many SUMOylation substrates can also interact in a non-covalent manner 
with SUMO or other SUMOylated proteins through a SUMO-interacting motif (SIM). In this 
study, we demonstrated that ISG15 is one of this SUMOylation substrates. Our data revealed 
that ISG15 can interact with SUMO in a non-covalent manner trough the 72-LLVVD-76 and 
82-LSILV-86 SIM domains. Importantly, both SIM domains are conserved among mammals 
(Kang et al. 2022), suggesting that the interaction between ISG15 and SUMO may be also 
conserved among mammals. So far, no SIMs have been identified in ubiquitin. However, one 
of the SIM domains in ISG15 is conserved in ubiquitin. Additional experiments to explore its 
functionality are required. Mutating the SIM domains in ISG15 not only disrupts its non-
covalent interaction with SUMO but also inhibits its SUMOylation, indicating that the SUMO-
SIM interaction contributes to the SUMOylation of ISG15, as reported for other SUMO 
substrates (Lin et al. 2006; Meulmeester et al. 2008). This result led us to visualize a complex 
regulation of ISG15 SUMOylation since an increase in the levels of free SUMO might compete 
with Ubc9-SUMO in the recognition of ISG15 inhibiting its SUMOylation, as reported for 
some SUMO substrates (Cong et al. 2011).  
 
One of the proposed functions of SUMO, mainly SUMO2/3 is to participate in the cellular 
response to stress conditions (Enserink 2015). In agreement with this function, the 
SUMOylation of many proteins is triggered upon specific stresses. Here we showed that the 
SUMOylation of ISG15 is induced upon heat shock stress, UV irradiation, or viral infections, 
indicative of a physiological function. Interestingly, conjugation of SUMO to the lysine 
residues in ubiquitin which are conserved in ISG15, are also increased upon heat shock and 
proteasome inhibition (Hendriks et al. 2014). We then speculate that conjugation of SUMO to 
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ISG15 upon specific stresses may contribute to modulate innate immune response and 
inflammation.  
 
The consequences of SUMOylation are substrate-dependent: SUMO conjugation can modulate 
the stability of the substrates, the activity of transcription factors, influence protein localization, 
or control the functions of enzymes, among others (Saitoh and Hinchey 2000). In this study, 
we were interested in evaluating whether SUMOylation plays a role in the modulation of ISG15 
activity and functions. First, we evaluated the potential regulation of the subcellular distribution 
of ISG15 by SUMO interaction. Although ISG15 is detected mainly at the cell cytoplasm, it 
has been found across all cellular compartments (Albert et al. 2018). In our assays we found 
ISG15 WT diffusely distributed mainly at the cell cytoplasm, independently of its conjugation 
to substrates but we also found ISG15 in the nucleus, with a small portion co-localizing with 
PML-NBs, in agreement with its ability to interact with SUMO. Mutation of the SUMOylation 
sites or of the SIM domains in ISG15 led to its predominant nuclear localization, in a cell-type 
independent manner. These results suggested that the interaction of SUMO with ISG15 
facilitates its cytoplasmic localization. Importantly, free ISG15 can also be found in the 
extracellular compartment as result of its secretion from the cytoplasm (D’Cunha et al. 1996). 
We found that mutation of the SUMOylation sites or of the SIM motifs in ISG15 was associated 
to the absence of ISG15 protein in the cell supernatant, independently of its conjugation to 
substrates This result is in agreement with recent findings identifying the amino acids L72, S83, 
and L85 in the ISG15 protein, contained inside the SIM domain, as required for its secretion 
(Swaim et al. 2017). A reduction in the levels of ISG15 in the supernatant of the cells expressing 
mutants of ISG15 for SUMO interaction, may suggest that SUMO, by interacting with ISG15, 
facilitates its secretion or it may be the result of its predominant nuclear localization. Since 
SUMOylation of ISG15 can be induced in response to different stresses, it would be interesting 
to evaluate if the secretion of ISG15 increases upon these stresses. In addition, it has been found 
that lack of deISGylation leads to an accumulation of extracellular ISG15 (Ketscher et al. 2015). 
Therefore, further experiments to evaluate the impact of USP18 downmodulation on the 
secretion of the mutants of ISG15 for SUMO interaction are needed. 
 
Stress is not the unique condition that stimulates ISG15 SUMOylation. Our results revealed 
that the tumor suppressor p14ARF protein also triggers ISG15 SUMOylation. It is well known 
that p14ARF induces cell cycle arrest, senescence, or apoptosis in response to oncogenic stress 
(Cilluffo, Barra, and Di Leonardo 2020). In addition, p14ARF has also been proposed to 
contribute to immune stimulation (Mendonça et al. 2023). Although some of the activities of 
p14ARF occur through a p53-dependent pathway, p14ARF is capable of exert some of its 
activities in a p53-independent manner. Thus, p14ARF triggers SUMOylation of many 
interactors including p53 and MDM2 through a p53-independent manner (Ivanschitz et al. 
2015b; Xirodimas et al. 2002). Our results point to ISG15 as an additional p14ARF interactor. 
Here we also observed that p14ARF overexpression induced the translocation of ISG15 to the 
nucleus. This phenomenon aligns with previous findings suggesting that p14ARF, when 
overexpressed, can sequester its interaction partners in the nucleus, thereby inducing their 
SUMOylation (Tago et al., 2005; Maggi et al. 2014; Weber et al. 1999). 
 
Moreover, our data identified ISG15 as a new regulatory layer of p14ARF. It known that 
p14ARF, a protein lacking of lysine residues, can be polyubiquitinated at the N-terminus (Kuo 
et al. 2004). The impact of ISG15 conjugation on p14ARF remains unknown but the potential 
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competition between ISG15 and ubiquitin for interacting with p14ARF led us to speculate that 
it may serve as a stabilization mechanism for p14ARF. 
 
Another tumor suppressor capable of inducing SUMOylation of its interactors is PML. PML-
NBs serve as a primary hub for SUMO proteins and is recognized as a pivotal site for protein 
SUMOylation (Lallemand-Breitenbach and de Thé 2018). Interestingly, a role for p14ARF in 
the SUMOylation induced by PML has also been proposed (Ivanschitz et al. 2015). Our study 
indicated that mutation of the SUMOylation sites or of SIM domains in ISG15 enhanced the 
fraction of ISG15 co-localizing with the PML-NBs. The molecular mechanism of this 
phenomenon is unknown. One possible explanation is that the predominant nuclear localization 
of the SUMO interaction mutants facilitates their interaction with PML-NBs. In addition, it has 
also been reported that PML aggregates with misfolded proteins and components of the 
proteasome. Therefore, it is possible that the higher co-localization between PML-NBs and the 
SUMOylation mutants reflects the accumulation of the mutants of ISG15 together with PML 
at the proteasome. In addition, SUMO can attenuate intermolecular interactions and inhibit 
oligomerization (Zhao 2018), and the ladder-like pattern of the mutant of ISG15 for non-
covalent interaction with SUMO is suggestive of its oligomerization. Additionally, since ISG15 
has been reported to modify PML (Shah et al. 2008), it is also possible that abolishing the 
interaction of SUMO with ISG15 promotes PML accumulation and aggregation. The alteration 
in the number and size of PML-NBs observed in those cells expressing the SUMOylation 
mutants supports the formation of aggresomes containing PML. Further investigations are 
warranted to evaluate these hypotheses. 
 
Here we show that ISG15 protect A549 cells from apoptosis induced in response to IFN 
treatment and that the interaction of SUMO with ISG15 contributes to its anti-apoptotic activity. 
However, it is important to notice that A549 cells are p53 WT cells and lack p14ARF. It will 
be important to evaluate the role of ISG15 and of ISG15-SUMO interaction in a p53 KO and 
p14ARF positive cancer cell line. The induction of SUMOylation upon p14ARF 
overexpression and the contribution of SUMO to the anti-apoptotic activity of ISG15 led us to 
hypothesize that SUMOylation of ISG15 may be one of the mechanisms by which p14ARF 
exerts its anti-tumoral activity.   
 
Upon viral infection, host cells promote the expression of type I interferon (IFN) and 
proinflammatory cytokines, which represent the first line of host defense against viruses. Ubl 
proteins such as ISG15 and SUMO are central to the regulation of IFN production, IFN 
signaling, as well as the localization, stability and activity of many restriction factors (Liu et al. 
2013; Perng and Lenschow 2018). ISG15 has been identified as a relevant player in the host 
antiviral response. However, the role of ISG15 is species-specific and depends on the virus 
(Eduardo-Correia et al. 2014; Morales and Lenschow 2013; Sengupta et al. 2017; Speer et al. 
2016).  Our experiments in A549 WT and ISG15-KO cells revealed that ISG15 exerts a proviral 
activity on VSV in these cells. In contrast SUMOylation inhibits VSV replication, as revealed 
by the increased viral replication upon treatment with the SUMOylation inhibitor, ML-792. 
However, this effect was independent of the expression or not of ISG15, indicating additional 
mechanisms of action. Analysis of A549 cells lacking ISG15 and reconstituted with ISG15 WT 
or the different ISG15 mutants revealed that the interaction of ISG15 with SUMO is required 
for its proviral activity on VSV in A549 cells. How SUMO interaction with ISG15 facilitates 
the replication of VSV is still under study. One possibility is that the interaction of SUMO with 
ISG15 is essential to stabilize USP18 and therefore to inhibit the type I interferon signaling. 
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Other putative explanation could be that the higher aggregates of PML resulting from the 
expression of the mutants of ISG15 for SUMO interaction are not functional against VSV. 
 
Mitochondria are vital organelles responsible for processes such as energy production, calcium 
signaling, apoptosis, and immune system regulation (Garaude et al. 2016; Grasso et al. 2020; 
Osellame, Blacker, and Duchen 2012). Recent studies have unveiled a connection between 
ISG15 and mitochondria, emphasizing their pivotal role in cellular physiology, immune 
responses, and cellular metabolism (Alcalá et al. 2020; Baldanta et al. 2017; Zhang et al. 2019). 
SUMO has also been implicated in mitochondrial biogenesis (Cai et al. 2012; He et al. 2020; 
Waters et al. 2022). Accordingly, our data revealed increased mitochondrial fragmentation in 
A549 cells depleted of ISG15 or after inhibition of SUMOylation. In addition, our data 
suggested that the interaction of ISG15 with SUMO is essential for maintaining functional 
mitochondria. However, additional studies are warranted to confirm this hypothesis. 
 
In summary, this study reveals a novel regulation of ISG15 through its covalent and non-
covalent interaction with SUMO, the impact of these interactions on the ISG15 protein and 
their potential functional implications. This work contributes to advancing our understanding 
of the complex regulatory networks governing cellular responses and lays the groundwork for 
further investigations in the field. 
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1. ISG15 can be SUMOylated in vitro, in transfected cells, and under totally 

endogenous conditions. 

2. SUMO can modify both human and mouse ISG15. 

3. Lysine 8, 29, 35, 77, 90, 108, 129, and 143 are SUMO acceptor sites in human 

ISG15. 

4. ISG15 interacts with SUMO in a non-covalent manner through the 72-

LLVVD-76 and 82-LSILV-86 SIM domains. 

5. SIM domains in ISG15 facilitate its covalent interaction with SUMO. 

6. SUMOylation of ISG15 is triggered by different types of stress. 

7. ISG15 secretion requires the covalent and non-covalent interaction of ISG15 

with SUMO. 

8. SUMO interaction with ISG15 modulates its subcellular distribution, 

promoting its cytoplasmic localization. 

9. SUMO interaction with ISG15 may negatively modulate its oligomerization. 

10. Overexpression of the tumor suppressor p14ARF induces the SUMOylation of 

ISG15. 

11. p14ARF overexpression promotes the nuclear translocation of ISG15. 

12. p14ARF can be ISGylated in transfected cells. 

13. ISG15 partially co-localizes with PML-NBs. 

14. ISG15 protects A549 cells from the pro-apoptotic activity of IFN. 

15. Interaction of SUMO with ISG15 is required for the anti-apoptotic activity of 

ISG15 in A549 cells treated with IFN. 

16. ISG15 facilitates the replication of VSV in A549 cells. 

17. Interaction of SUMO with ISG15 is required to facilitate the replication of 

VSV in A549 cells.  

18. Both ISG15 and SUMOylation are essential for proper mitochondria 

biogenesis. 

19. Both covalent and non-covalent interaction of SUMO with ISG15 are required 

for proper mitochondria biogenesis. 
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Table 1. Primers used for cloning and mutagenesis 
 

NAME SEQUENCE 

hISG15-K8R-F 5’ G GAC CTG ACG GTG AGG ATG CTG GCG GGC AA 3’ 

hISG15-K8R-R 3’ TT GCC CGC CAG CAT CCT CAC CGT CAG GTC C 5’ 

hISG15-K29R-F 5’ G GTG TCA GAG CTG AGG GCG CAG ATC ACC CA 3’ 

hISG15-K29R-R 3’ TG GGT GAT CTG CGC CCT CAG CTC TGA CAC C 5’ 

hISG15-K35R-F 5’ G CAG ATC ACC CAG AGG ATC GGC GTG CAC GC  3’ 

hISG15-K35R-R 3’ GC GTG CAC GCC GAT CCT CTG GGT GAT CTG C 5’ 

hISG15-K77R-F 5’ TG CTG GTG GTG GAC AGA TGC GAC GAA CCT CT 3’ 

hISG15-K77R-R 3’ AG AGG TTC GTC GCA TCT GTC CAC CAC CAG CA 5’ 

hISG15-K90R-F 5’ TG GTG AGG AAT AAC AGG GGC CGC AGC AGC AC 3’ 

hISG15-K90R-R 3’ GT GCT GCT GCG GCC CCT GTT ATT CCT CAC CA 5’ 

hISG15-K109R-F 5’ CC GTG GCC CAC CTG AGG CAG CAA GTG AGC GG 3’ 

hISG15-K109R-R 3’ CC GCT CAC TTG CTG CCT CAG GTG GGC CAC GG 5’ 

hISG15-K129R-F 5’ TG ACC TTC GAG GGG AGG CCC CTG GAG GAC CA  3’ 

hISG15-K129R-R 3’ TG GTC CTC CAG GGG CCT CCC CTC GAA GGT CA 5’ 

hISG15-K143R-F 5’ GG GAG TAC GGC CTC AGG CCC CTG AGC ACC GT 3’ 

hISG15-K143R-R 3’ AC GGT GCT CAG GGG CCT GAG GCC GTA CTC CC 5’ 

hISG15-SIM1-72/76A-F 5’ CCC GGC AGC ACG GTC GCG GCG GCG GTG GAC AAA TGC GA  3’ 

hISG15-SIM1-72/76A-R 3’ TC GCA TTT GTC CAC CGC CGC CGC GAC CGT GCT GCC GGG  5’ 

hISG15-SIM1-82/86A-F 5’ GAC GAA CCT CTG AGC GCC GCG GCG AGG AAT AAC AAG GG 3’ 

hISG15-SIM1-82/86A-R 3’ CC CTT GTT ATT CCT CGC CGC GGC GCT CAG AGG TTC GTC  5’ 
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HA-ISG15-F 5’ GG AGA TCT GGC TGG GAC CTG ACG 3’ 

HA-ISG15-R 3’ GG TCT AGA CTA TCA GCC ACC CCG 5’ 

HA-ISG15-AA-R 3’ GG TCT AGA CTA TCA GGC AGC CCG 5’ 

His6-ISG15-F 5’ GG GGA TCC GGC TGG GAC CTG ACG 3’ 

His6-ISG15-R 3’ GG TCT AGA TCA GCC ACC CCG CAG 5’ 

His6-ISG15-AA-R 3’ GG TCT AGA TCA GGC AGC CCG CAG 5’ 

His6-ISG15-Lenti-F 5’ G GGC GGC CGC ATG CAT CAT CAT CAT CAT 3’ 

His6-ISG15-Lenti-R 3’ GG TGG CCA TCA GCC ACC CCG CAG 5’ 

His6-ISG15-AA-Lenti-R 3’ GG TGG CCA TCA GGC AGC CCG CAG 5’ 

 
 
 

 
 
 
 
 
  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

 



BIBLIOGRAPGY 

 

 
 
 
 
 
 
 
 
 

10 BIBLIOGRAPHY 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
  



BIBLIOGRPHY 

 111 

Adler, Adam S., Meihong Lin, Hugo Horlings, Dimitry S. A. Nuyten, Marc J. van de Vijver, 
and Howard Y. Chang. 2006. ‘Genetic Regulators of Large-Scale Transcriptional 
Signatures in Cancer’. Nature Genetics 38(4):421–30. doi: 10.1038/ng1752. 

Albert, Manuel, Martina Bécares, Michela Falqui, Carlos Fernández-Lozano, and Susana 
Guerra. 2018. ‘ISG15, a Small Molecule with Huge Implications: Regulation of 
Mitochondrial Homeostasis’. Viruses 10(11):629. doi: 10.3390/v10110629. 

Alcalá, Sonia, Patricia Sancho, Paola Martinelli, Diego Navarro, Coral Pedrero, Laura 
Martín-Hijano, Sandra Valle, Julie Earl, Macarena Rodríguez-Serrano, Laura Ruiz-
Cañas, Katerin Rojas, Alfredo Carrato, Laura García-Bermejo, Miguel Ángel Fernández-
Moreno, Patrick C. Hermann, and Bruno Sainz. 2020. ‘ISG15 and ISGylation Is 
Required for Pancreatic Cancer Stem Cell Mitophagy and Metabolic Plasticity’. Nature 
Communications 11(1):2682. doi: 10.1038/s41467-020-16395-2. 

Arimoto, Kei-ichiro, Sara Löchte, Samuel A. Stoner, Christoph Burkart, Yue Zhang, Sayuri 
Miyauchi, Stephan Wilmes, Jun-Bao Fan, Jürgen J. Heinisch, Zhi Li, Ming Yan, Sandra 
Pellegrini, Frédéric Colland, Jacob Piehler, and Dong-Er Zhang. 2017. ‘STAT2 Is an 
Essential Adaptor in USP18-Mediated Suppression of Type I Interferon Signaling’. 
Nature Structural & Molecular Biology 24(3):279–89. doi: 10.1038/nsmb.3378. 

Ashley, Caroline, Allison Abendroth, Brian McSharry, and Barry Slobedman. 2019. 
‘Interferon-Independent Upregulation of Interferon-Stimulated Genes during Human 
Cytomegalovirus Infection Is Dependent on IRF3 Expression’. Viruses 11(3):246. doi: 
10.3390/v11030246. 

Baldanta, Sara, Mercedes Fernández-Escobar, Rebeca Acín-Perez, Manuel Albert, Emilio 
Camafeita, Inmaculada Jorge, Jesús Vázquez, José Antonio Enríquez, and Susana 
Guerra. 2017. ‘ISG15 Governs Mitochondrial Function in Macrophages Following 
Vaccinia Virus Infection’. PLOS Pathogens 13(10):e1006651. doi: 
10.1371/journal.ppat.1006651. 

Basters, Anja, Paul P. Geurink, Annika Röcker, Katharina F. Witting, Roya Tadayon, Sandra 
Hess, Marta S. Semrau, Paola Storici, Huib Ovaa, Klaus-Peter Knobeloch, and Günter 
Fritz. 2017. ‘Structural Basis of the Specificity of USP18 toward ISG15’. Nature 
Structural & Molecular Biology 24(3):270–78. doi: 10.1038/nsmb.3371. 

Bawa-Khalfe, T., and E. T. H. Yeh. 2010. ‘SUMO Losing Balance: SUMO Proteases Disrupt 
SUMO Homeostasis to Facilitate Cancer Development and Progression’. Genes & 
Cancer 1(7):748–52. doi: 10.1177/1947601910382555. 

Bayer, Peter, Andreas Arndt, Susanne Metzger, Rohit Mahajan, Frauke Melchior, Rainer 
Jaenicke, and Jörg Becker. 1998. ‘Structure Determination of the Small Ubiquitin-
Related Modifier SUMO-1’. Journal of Molecular Biology 280(2):275–86. doi: 
10.1006/jmbi.1998.1839. 

Begitt, Andreas, Mathias Droescher, Klaus-Peter Knobeloch, and Uwe Vinkemeier. 2011. 
‘SUMO Conjugation of STAT1 Protects Cells from Hyperresponsiveness to IFNγ’. 
Blood 118(4):1002–7. doi: 10.1182/blood-2011-04-347930. 

Bektas, Nuran, Erik Noetzel, Jürgen Veeck, Michael F. Press, Glen Kristiansen, Amjad 
Naami, Arndt Hartmann, Arno Dimmler, Matthias W. Beckmann, Ruth Knüchel, Peter 
A. Fasching, and Edgar Dahl. 2008. ‘The Ubiquitin-like Molecule Interferon-Stimulated 
Gene 15 (ISG15) Is a Potential Prognostic Marker in Human Breast Cancer’. Breast 
Cancer Research 10(4):R58. doi: 10.1186/bcr2117. 

Bergink, Steven, and Stefan Jentsch. 2009. ‘Principles of Ubiquitin and SUMO Modifications 
in DNA Repair’. Nature 458(7237):461–67. doi: 10.1038/nature07963. 



YANIS HICHEM BOUZAHER 

 112 

Bergmann, Michael, Adolfo Garcia-Sastre, Elena Carnero, Hubert Pehamberger, Klaus Wolff, 
Peter Palese, and Thomas Muster. 2000. ‘Influenza Virus NS1 Protein Counteracts PKR-
Mediated Inhibition of Replication’. Journal of Virology 74(13):6203–6. doi: 
10.1128/JVI.74.13.6203-6206.2000. 

Bernier-Villamor, Victor, Deborah A. Sampson, Michael J. Matunis, and Christopher D. 
Lima. 2002. ‘Structural Basis for E2-Mediated SUMO Conjugation Revealed by a 
Complex between Ubiquitin-Conjugating Enzyme Ubc9 and RanGAP1’. Cell 
108(3):345–56. doi: 10.1016/S0092-8674(02)00630-X. 

Blomstrom, D. C., D. Fahey, R. Kutny, B. D. Korant, and E. Knight. 1986. ‘Molecular 
Characterization of the Interferon-Induced 15-KDa Protein. Molecular Cloning and 
Nucleotide and Amino Acid Sequence.’ Journal of Biological Chemistry 261(19):8811–
16. doi: 10.1016/S0021-9258(19)84453-8. 

Boggio, Roberto, and Susanna Chiocca. 2006. ‘Viruses and Sumoylation: Recent Highlights’. 
Current Opinion in Microbiology 9(4):430–36. doi: 10.1016/j.mib.2006.06.008. 

Bolado-Carrancio, Alfonso, Martin Lee, Ailith Ewing, Morwenna Muir, Kenneth G. Macleod, 
William M. Gallagher, Lan K. Nguyen, Neil O. Carragher, Colin A. Semple, Valerie G. 
Brunton, Patrick T. Caswell, and Alex von Kriegsheim. 2021. ‘ISGylation Drives Basal 
Breast Tumour Progression by Promoting EGFR Recycling and Akt Signalling’. 
Oncogene 40(44):6235–47. doi: 10.1038/s41388-021-02017-8. 

Borden, Katherine L. B. 2002. ‘Pondering the Promyelocytic Leukemia Protein (PML) 
Puzzle: Possible Functions for PML Nuclear Bodies’. Molecular and Cellular Biology 
22(15):5259–69. doi: 10.1128/MCB.22.15.5259-5269.2002. 

Boutell, Chris, Delphine Cuchet-Lourenço, Emilia Vanni, Anne Orr, Mandy Glass, Steven 
McFarlane, and Roger D. Everett. 2011. ‘A Viral Ubiquitin Ligase Has Substrate 
Preferential SUMO Targeted Ubiquitin Ligase Activity That Counteracts Intrinsic 
Antiviral Defence’. PLoS Pathogens 7(9):e1002245. doi: 10.1371/journal.ppat.1002245. 

Brems-Eskildsen, Anne Sofie, Karsten Zieger, Helle Toldbod, Cherie Holcomb, Russell 
Higuchi, Francisco Mansilla, Pia P. Munksgaard, Michael Borre, Torben F. Ørntoft, and 
Lars Dyrskjøt. 2010. ‘Prediction and Diagnosis of Bladder Cancer Recurrence Based on 
Urinary Content of HTERT, SENP1, PPP1CA, and MCM5 Transcripts’. BMC Cancer 
10(1):646. doi: 10.1186/1471-2407-10-646. 

Briscoe J, Guschin D, Rogers NC, Watling D, Muller M, and Horn F. 1996. ‘JAKs, STATs 
and Signal Transduction in Response to the Interferons and Other Cytokines’. 
Philosophical Transactions of the Royal Society of London. Series B: Biological 
Sciences 351(1336):167–71. doi: 10.1098/rstb.1996.0013. 

Brown, James R., Kristen L. Conn, Peter Wasson, Matthew Charman, Lily Tong, Kyle Grant, 
Steven McFarlane, and Chris Boutell. 2016. ‘SUMO Ligase Protein Inhibitor of 
Activated STAT1 (PIAS1) Is a Constituent Promyelocytic Leukemia Nuclear Body 
Protein That Contributes to the Intrinsic Antiviral Immune Response to Herpes Simplex 
Virus 1’. Journal of Virology 90(13):5939–52. doi: 10.1128/JVI.00426-16. 

Burks, J., R. E. Reed, and S. D. Desai. 2014. ‘ISGylation Governs the Oncogenic Function of 
Ki-Ras in Breast Cancer’. Oncogene 33(6):794–803. doi: 10.1038/onc.2012.633. 

Burks, Julian, Ryan E. Reed, and Shyamal D. Desai. 2015. ‘Free ISG15 Triggers an 
Antitumor Immune Response against Breast Cancer: A New Perspective’. Oncotarget 
6(9):7221–31. doi: 10.18632/oncotarget.3372. 

Cai, Rong, Tingting Yu, Chao Huang, Xuefeng Xia, Xiaobing Liu, Jianmin Gu, Song Xue, 
Edward T. H. Yeh, and Jinke Cheng. 2012. ‘SUMO-Specific Protease 1 Regulates 



BIBLIOGRAPGY 

 113 

Mitochondrial Biogenesis through PGC-1α’. Journal of Biological Chemistry 
287(53):44464–70. doi: 10.1074/jbc.M112.422626. 

Cappadocia, Laurent, and Christopher D. Lima. 2018. ‘Ubiquitin-like Protein Conjugation: 
Structures, Chemistry, and Mechanism’. Chemical Reviews 118(3):889–918. doi: 
10.1021/acs.chemrev.6b00737. 

Celen, Arda B., and Umut Sahin. 2020. ‘Sumoylation on Its 25th Anniversary: Mechanisms, 
Pathology, and Emerging Concepts’. The FEBS Journal 287(15):3110–40. doi: 
10.1111/febs.15319. 

Cerikan, Berati, and Elmar Schiebel. 2017. ‘DOCK6 Inactivation Highlights ISGylation as 
RHO-GTPase Balancer’. Cell Cycle 16(4):304–5. doi: 10.1080/15384101.2016.1256153. 

Chang, Yong-Gang, Xian-Zhong Yan, Yuan-Yuan Xie, Xue-Chao Gao, Ai-Xin Song, Dong-
Er Zhang, and Hong-Yu Hu. 2008. ‘Different Roles for Two Ubiquitin-like Domains of 
ISG15 in Protein Modification’. Journal of Biological Chemistry 283(19):13370–77. doi: 
10.1074/jbc.M800162200. 

Chelbi-Alix, Mounira K., and Pierre Thibault. 2021. ‘Crosstalk Between SUMO and 
Ubiquitin-Like Proteins: Implication for Antiviral Defense’. Frontiers in Cell and 
Developmental Biology 9. doi: 10.3389/fcell.2021.671067. 

Chelbi-Alix, Mounira K., and Juana Wietzerbin. 2007. ‘Interferon, a Growing Cytokine 
Family: 50 Years of Interferon Research’. Biochimie 89(6–7):713–18. doi: 
10.1016/j.biochi.2007.05.001. 

Chen, Baoxiang, Shuqiang Jin, Bin Bai, Zhi Li, Caifang Ni, and Yansen Liu. 2019. 
‘Knockdown of Interferon-stimulated Gene 15 Affects the Sensitivity of Hepatocellular 
Carcinoma Cells to Norcantharidin’. Experimental and Therapeutic Medicine. doi: 
10.3892/etm.2019.8028. 

Chen, Jueqi, and Zhijian J. Chen. 2013. ‘Regulation of NF-ΚB by Ubiquitination’. Current 
Opinion in Immunology 25(1):4–12. doi: 10.1016/j.coi.2012.12.005. 

Chen, Shi-Feng, Chang Gong, Ming Luo, He-Rui Yao, Yun-Jie Zeng, and Feng-Xi Su. 2011. 
‘Ubc9 Expression Predicts Chemoresistance in Breast Cancer’. Chinese Journal of 
Cancer 30(9):638–44. doi: 10.5732/cjc.011.10084. 

Chen, Yinghua, and Olufunmilayo I. Olopade. 2008. ‘MYC in Breast Tumor Progression’. 
Expert Review of Anticancer Therapy 8(10):1689–98. doi: 10.1586/14737140.8.10.1689. 

Chen, Yu-Lin, Wan-Lin Wu, Chuan-Wei Jang, Yi-Chen Yen, Ssu-Han Wang, Fang-Yu Tsai, 
Ying-Ying Shen, and Ya-Wen Chen. 2019. ‘Interferon-Stimulated Gene 15 Modulates 
Cell Migration by Interacting with Rac1 and Contributes to Lymph Node Metastasis of 
Oral Squamous Cell Carcinoma Cells’. Oncogene 38(23):4480–95. doi: 10.1038/s41388-
019-0731-8. 

Cheon, HyeonJoo, Elise G. Holvey-Bates, John W. Schoggins, Samuel Forster, Paul Hertzog, 
Naoko Imanaka, Charles M. Rice, Mark W. Jackson, Damian J. Junk, and George R. 
Stark. 2013. ‘IFNβ-Dependent Increases in STAT1, STAT2, and IRF9 Mediate 
Resistance to Viruses and DNA Damage’. The EMBO Journal 32(20):2751–63. doi: 
10.1038/emboj.2013.203. 

Cheon, HyeonJoo, and George R. Stark. 2009. ‘Unphosphorylated STAT1 Prolongs the 
Expression of Interferon-Induced Immune Regulatory Genes’. Proceedings of the 
National Academy of Sciences 106(23):9373–78. doi: 10.1073/pnas.0903487106. 

Cilluffo, Danilo, Viviana Barra, and Aldo Di Leonardo. 2020. ‘P14ARF: The Absence That 
Makes the Difference’. Genes 11(7):824. doi: 10.3390/genes11070824. 

Cong, Lin, Suresh B. Pakala, Kazufumi Ohshiro, Da-Qiang Li, and Rakesh Kumar. 2011. 
‘SUMOylation and SUMO-Interacting Motif (SIM) of Metastasis Tumor Antigen 1 



YANIS HICHEM BOUZAHER 

 114 

(MTA1) Synergistically Regulate Its Transcriptional Repressor Function’. Journal of 
Biological Chemistry 286(51):43793–808. doi: 10.1074/jbc.M111.267237. 

Conn, Kristen L., Peter Wasson, Steven McFarlane, Lily Tong, James R. Brown, Kyle G. 
Grant, Patricia Domingues, and Chris Boutell. 2016. ‘Novel Role for Protein Inhibitor of 
Activated STAT 4 (PIAS4) in the Restriction of Herpes Simplex Virus 1 by the Cellular 
Intrinsic Antiviral Immune Response’. Journal of Virology 90(9):4807–26. doi: 
10.1128/JVI.03055-15. 

Crowl, John T., and Daniel B. Stetson. 2018. ‘SUMO2 and SUMO3 Redundantly Prevent a 
Noncanonical Type I Interferon Response’. Proceedings of the National Academy of 
Sciences 115(26):6798–6803. doi: 10.1073/pnas.1802114115. 

Cruz-Ramos, Eduardo, Marina Macías-Silva, Antonio Sandoval-Hernández, and Angeles C. 
Tecalco-Cruz. 2019. ‘Non-Muscle Myosin IIA Is Post-Translationally Modified by 
Interferon-Stimulated Gene 15 in Breast Cancer Cells’. The International Journal of 
Biochemistry & Cell Biology 107:14–26. doi: 10.1016/j.biocel.2018.12.002. 

Cui, Xue-Fan, Tadaatsu Imaizumi, Hidemi Yoshida, Ernest C. Borden, and Kei Satoh. 2004. 
‘Retinoic Acid-Inducible Gene-I Is Induced by Interferon-γ and Regulates the 
Expression of Interferon-γ Stimulated Gene 15 in MCF-7 Cells’. Biochemistry and Cell 
Biology 82(3):401–5. doi: 10.1139/o04-041. 

Cuijpers, Sabine A. G., Edwin Willemstein, and Alfred C. O. Vertegaal. 2017. ‘Converging 
Small Ubiquitin-like Modifier (SUMO) and Ubiquitin Signaling: Improved 
Methodology Identifies Co-Modified Target Proteins’. Molecular & Cellular Proteomics 
16(12):2281–95. doi: 10.1074/mcp.TIR117.000152. 

Dao, Chinh, T. 2005. ‘ISG15: A Ubiquitin-like Enigma’. Frontiers in Bioscience 10(1–
3):2701. doi: 10.2741/1730. 

Darnell, James E. 1998. ‘Studies of IFN-Induced Transcriptional Activation Uncover the Jak-
Stat Pathway’. Journal of Interferon & Cytokine Research 18(8):549–54. doi: 
10.1089/jir.1998.18.549. 

Darnell, James E., lan M. Kerr, and George R. Stark. 1994. ‘Jak-STAT Pathways and 
Transcriptional Activation in Response to IFNs and Other Extracellular Signaling 
Proteins’. Science 264(5164):1415–21. doi: 10.1126/science.8197455. 

Dastur, Anahita, Sylvie Beaudenon, Melissa Kelley, Robert M. Krug, and Jon M. Huibregtse. 
2006. ‘Herc5, an Interferon-Induced HECT E3 Enzyme, Is Required for Conjugation of 
ISG15 in Human Cells’. Journal of Biological Chemistry 281(7):4334–38. doi: 
10.1074/jbc.M512830200. 

D’Cunha, J., E. Knight, A. L. Haas, R. L. Truitt, and E. C. Borden. 1996. ‘Immunoregulatory 
Properties of ISG15, an Interferon-Induced Cytokine.’ Proceedings of the National 
Academy of Sciences 93(1):211–15. doi: 10.1073/pnas.93.1.211. 

Deming, S. L., S. J. Nass, R. B. Dickson, and B. J. Trock. 2000. ‘C-Myc Amplification in 
Breast Cancer: A Meta-Analysis of Its Occurrence and Prognostic Relevance’. British 
Journal of Cancer 83(12):1688–95. doi: 10.1054/bjoc.2000.1522. 

Desai, Shyamal D., Arthur L. Haas, Laurence M. Wood, Yu-Chen Tsai, Sidney Pestka, Eric 
H. Rubin, Ahamed Saleem, Alam Nur-E-Kamal, and Leroy F. Liu. 2006. ‘Elevated 
Expression of ISG15 in Tumor Cells Interferes with the Ubiquitin/26S Proteasome 
Pathway’. Cancer Research 66(2):921–28. doi: 10.1158/0008-5472.CAN-05-1123. 

Desai, Shyamal D., Ryan E. Reed, Julian Burks, Laurence M. Wood, Ashok K. Pullikuth, 
Arthur L. Haas, Leroy F. Liu, Jerome W. Breslin, Sally Meiners, and Surendran Sankar. 
2012. ‘ISG15 Disrupts Cytoskeletal Architecture and Promotes Motility in Human 



BIBLIOGRAPGY 

 115 

Breast Cancer Cells’. Experimental Biology and Medicine 237(1):38–49. doi: 
10.1258/ebm.2011.011236. 

Desterro, Joana M. P., Manuel S. Rodriguez, and Ronald T. Hay. 1998. ‘SUMO-1 
Modification of IκBα Inhibits NF-ΚB Activation’. Molecular Cell 2(2):233–39. doi: 
10.1016/S1097-2765(00)80133-1. 

Desterro, Joana M. P., Manuel S. Rodriguez, Graham D. Kemp, and Ronald T. Hay. 1999. 
‘Identification of the Enzyme Required for Activation of the Small Ubiquitin-like 
Protein SUMO-1’. Journal of Biological Chemistry 274(15):10618–24. doi: 
10.1074/jbc.274.15.10618. 

Desterro, Joana M. P., Jill Thomson, and Ronald T. Hay. 1997. ‘Ubch9 Conjugates SUMO 
but Not Ubiquitin’. FEBS Letters 417(3):297–300. doi: 10.1016/S0014-5793(97)01305-
7. 

Domingues, Patricia, Filip Golebiowski, Michael H. Tatham, Antonio M. Lopes, Aislynn 
Taggart, Ronald T. Hay, and Benjamin G. Hale. 2015. ‘Global Reprogramming of Host 
SUMOylation during Influenza Virus Infection’. Cell Reports 13(7):1467–80. doi: 
10.1016/j.celrep.2015.10.001. 

Du, Yang, Tianhao Duan, Yanchun Feng, Qingxiang Liu, Meng Lin, Jun Cui, and Rong‐Fu 
Wang. 2018. ‘LRRC25 Inhibits Type I IFN Signaling by Targeting ISG15‐associated 
RIG‐I for Autophagic Degradation’. The EMBO Journal 37(3):351–66. doi: 
10.15252/embj.201796781. 

Durfee, Larissa A., Nancy Lyon, Kyungwoon Seo, and Jon M. Huibregtse. 2010. ‘The ISG15 
Conjugation System Broadly Targets Newly Synthesized Proteins: Implications for the 
Antiviral Function of ISG15’. Molecular Cell 38(5):722–32. doi: 
10.1016/j.molcel.2010.05.002. 

Eduardo-Correia, Benedito, Carles Martínez-Romero, Adolfo García-Sastre, and Susana 
Guerra. 2014. ‘ISG15 Is Counteracted by Vaccinia Virus E3 Protein and Controls the 
Proinflammatory Response against Viral Infection’. Journal of Virology 88(4):2312–18. 
doi: 10.1128/JVI.03293-13. 

Eisenhardt, Nathalie, Viduth K. Chaugule, Stefanie Koidl, Mathias Droescher, Esen Dogan, 
Jan Rettich, Päivi Sutinen, Susumu Y. Imanishi, Kay Hofmann, Jorma J. Palvimo, and 
Andrea Pichler. 2015. ‘A New Vertebrate SUMO Enzyme Family Reveals Insights into 
SUMO-Chain Assembly’. Nature Structural & Molecular Biology 22(12):959–67. doi: 
10.1038/nsmb.3114. 

El-Asmi, Faten, Francis P. McManus, Pierre Thibault, and Mounira K. Chelbi-Alix. 2020. 
‘Interferon, Restriction Factors and SUMO Pathways’. Cytokine & Growth Factor 
Reviews 55:37–47. doi: 10.1016/j.cytogfr.2020.03.001. 

Enserink, Jorrit M. 2015. ‘Sumo and the Cellular Stress Response’. Cell Division 10(1):4. doi: 
10.1186/s13008-015-0010-1. 

Everett, Roger D., Chris Boutell, and Benjamin G. Hale. 2013. ‘Interplay between Viruses 
and Host Sumoylation Pathways’. Nature Reviews Microbiology 11(6):400–411. doi: 
10.1038/nrmicro3015. 

Fan, Jun-Bao, Kei-lchiro Arimoto, Khatereh Motamedchaboki, Ming Yan, Dieter A. Wolf, 
and Dong-Er Zhang. 2015. ‘Identification and Characterization of a Novel ISG15-
Ubiquitin Mixed Chain and Its Role in Regulating Protein Homeostasis’. Scientific 
Reports 5(1):12704. doi: 10.1038/srep12704. 

Fan, Jun-Bao, Sayuri Miyauchi-Ishida, Kei-ichiro Arimoto, Dan Liu, Ming Yan, Chang-Wei 
Liu, Balázs Győrffy, and Dong-Er Zhang. 2015. ‘Type I IFN Induces Protein ISGylation 



YANIS HICHEM BOUZAHER 

 116 

to Enhance Cytokine Expression and Augments Colonic Inflammation’. Proceedings of 
the National Academy of Sciences 112(46):14313–18. doi: 10.1073/pnas.1505690112. 

Farrell, Paul J., Robert J. Broeze, and Peter Lengyel. 1979. ‘Accumulation of an MRNA and 
Protein in Interferon-Treated Ehrlich Ascites Tumour Cells’. Nature 279(5713):523–25. 
doi: 10.1038/279523a0. 

Feng, Qing, David Sekula, Yongli Guo, Xi Liu, Candice C. Black, Fabrizio Galimberti, Sumit 
J. Shah, Lorenzo F. Sempere, Vincent Memoli, Jesper B. Andersen, Bret A. Hassel, 
Konstantin Dragnev, and Ethan Dmitrovsky. 2008. ‘UBE1L Causes Lung Cancer 
Growth Suppression by Targeting Cyclin D1’. Molecular Cancer Therapeutics 
7(12):3780–88. doi: 10.1158/1535-7163.MCT-08-0753. 

Fortes, P., A. Beloso, and J. Ortín. 1994. ‘Influenza Virus NS1 Protein Inhibits Pre-MRNA 
Splicing and Blocks MRNA Nucleocytoplasmic Transport.’ The EMBO Journal 
13(3):704–12. doi: 10.1002/j.1460-2075.1994.tb06310.x. 

Forys, Jason T., Catherine E. Kuzmicki, Anthony J. Saporita, Crystal L. Winkeler, Leonard B. 
Maggi, and Jason D. Weber. 2014. ‘ARF and P53 Coordinate Tumor Suppression of an 
Oncogenic IFN-β-STAT1-ISG15 Signaling Axis’. Cell Reports 7(2):514–26. doi: 
10.1016/j.celrep.2014.03.026. 

Frias-Staheli, Natalia, Nadia V. Giannakopoulos, Marjolein Kikkert, Shannon L. Taylor, 
Anne Bridgen, Jason Paragas, Juergen A. Richt, Raymond R. Rowland, Connie S. 
Schmaljohn, Deborah J. Lenschow, Eric J. Snijder, Adolfo García-Sastre, and Herbert 
Whiting Virgin. 2007. ‘Ovarian Tumor Domain-Containing Viral Proteases Evade 
Ubiquitin- and ISG15-Dependent Innate Immune Responses’. Cell Host & Microbe 
2(6):404–16. doi: 10.1016/j.chom.2007.09.014. 

Fu, X. Y., C. Schindler, T. Improta, R. Aebersold, and J. E. Darnell. 1992. ‘The Proteins of 
ISGF-3, the Interferon Alpha-Induced Transcriptional Activator, Define a Gene Family 
Involved in Signal Transduction.’ Proceedings of the National Academy of Sciences 
89(16):7840–43. doi: 10.1073/pnas.89.16.7840. 

Galisson, Frederic, Louiza Mahrouche, Mathieu Courcelles, Eric Bonneil, Sylvain Meloche, 
Mounira K. Chelbi-Alix, and Pierre Thibault. 2011. ‘A Novel Proteomics Approach to 
Identify SUMOylated Proteins and Their Modification Sites in Human Cells’. Molecular 
& Cellular Proteomics 10(2):S1–15. doi: 10.1074/mcp.M110.004796. 

Ganesan, Murali, Larisa Y. Poluektova, Dean J. Tuma, Kusum K. Kharbanda, and Natalia A. 
Osna. 2016. ‘Acetaldehyde Disrupts Interferon Alpha Signaling in Hepatitis C Virus‐
Infected Liver Cells by Up‐Regulating <scp>USP</Scp> 18’. Alcoholism: Clinical and 
Experimental Research 40(11):2329–38. doi: 10.1111/acer.13226. 

Gao, Nan, Rao Me, Chenyang Dai, and Fu-shin X. Yu. 2020. ‘ISG15 Acts as a Mediator of 
Innate Immune Response to Pseudomonas Aeruginosa Infection in C57BL/6J Mouse 
Corneas’. Investigative Opthalmology & Visual Science 61(5):26. doi: 
10.1167/iovs.61.5.26. 

Garaude, Johan, Rebeca Acín-Pérez, Sarai Martínez-Cano, Michel Enamorado, Matteo 
Ugolini, Estanislao Nistal-Villán, Sandra Hervás-Stubbs, Pablo Pelegrín, Leif E. Sander, 
José A. Enríquez, and David Sancho. 2016. ‘Mitochondrial Respiratory-Chain 
Adaptations in Macrophages Contribute to Antibacterial Host Defense’. Nature 
Immunology 17(9):1037–45. doi: 10.1038/ni.3509. 

Gareau, Jaclyn R., and Christopher D. Lima. 2010. ‘The SUMO Pathway: Emerging 
Mechanisms That Shape Specificity, Conjugation and Recognition’. Nature Reviews 
Molecular Cell Biology 11(12):861–71. doi: 10.1038/nrm3011. 



BIBLIOGRAPGY 

 117 

Giannakopoulos, Nadia V., Jiann-Kae Luo, Vladimir Papov, Weiguo Zou, Deborah J. 
Lenschow, Barbara S. Jacobs, Ernest C. Borden, Jun Li, Herbert W. Virgin, and Dong-Er 
Zhang. 2005. ‘Proteomic Identification of Proteins Conjugated to ISG15 in Mouse and 
Human Cells’. Biochemical and Biophysical Research Communications 336(2):496–506. 
doi: 10.1016/j.bbrc.2005.08.132. 

Golebiowski, Filip, Ivan Matic, Michael H. Tatham, Christian Cole, Yili Yin, Akihiro 
Nakamura, Jürgen Cox, Geoffrey J. Barton, Matthias Mann, and Ronald T. Hay. 2009. 
‘System-Wide Changes to SUMO Modifications in Response to Heat Shock’. Science 
Signaling 2(72). doi: 10.1126/scisignal.2000282. 

Gong, Limin, Bing Li, Stefanos Millas, and Edward T. H. Yeh. 1999. ‘Molecular Cloning and 
Characterization of Human AOS1 and UBA2, Components of the Sentrin‐activating 
Enzyme Complex’. FEBS Letters 448(1):185–89. doi: 10.1016/S0014-5793(99)00367-1. 

González-Prieto, Román, Karolin Eifler-Olivi, Laura A. Claessens, Edwin Willemstein, 
Zhenyu Xiao, Cami M. P. Talavera Ormeno, Huib Ovaa, Helle D. Ulrich, and Alfred C. 
O. Vertegaal. 2021. ‘Global Non-Covalent SUMO Interaction Networks Reveal SUMO-
Dependent Stabilization of the Non-Homologous End Joining Complex’. Cell Reports 
34(4):108691. doi: 10.1016/j.celrep.2021.108691. 

Grasso, Debora, Luca X. Zampieri, Tânia Capelôa, Justine A. Van de Velde, and Pierre 
Sonveaux. 2020. ‘Mitochondria in Cancer’. Cell Stress 4(6):114–46. doi: 
10.15698/cst2020.06.221. 

Guerra, Susana, Fernando Abaitua, Luis Martínez-Sobrido, Mariano Esteban, Adolfo García-
Sastre, and Dolores Rodríguez. 2011. ‘Host-Range Restriction of Vaccinia Virus E3L 
Deletion Mutant Can Be Overcome In Vitro, but Not In Vivo, by Expression of the 
Influenza Virus NS1 Protein’. PLoS ONE 6(12):e28677. doi: 
10.1371/journal.pone.0028677. 

Guo, Dehuang, Manyu Li, Yan Zhang, Ping Yang, Sarah Eckenrode, Diane Hopkins, 
Weipeng Zheng, Sharad Purohit, Robert H. Podolsky, Andrew Muir, Jinzhao Wang, 
Zheng Dong, Todd Brusko, Mark Atkinson, Paolo Pozzilli, Adina Zeidler, Leslie J. 
Raffel, Chaim O. Jacob, Yongsoo Park, Manuel Serrano-Rios, Maria T. Martinez Larrad, 
Zixin Zhang, Henri-Jean Garchon, Jean-Francois Bach, Jerome I. Rotter, Jin-Xiong She, 
and Cong-Yi Wang. 2004. ‘A Functional Variant of SUMO4, a New IκBα Modifier, Is 
Associated with Type 1 Diabetes’. Nature Genetics 36(8):837–41. doi: 10.1038/ng1391. 

Gurer, Cagan, Lionel Berthoux, and Jeremy Luban. 2005. ‘Covalent Modification of Human 
Immunodeficiency Virus Type 1 P6 by SUMO-1’. Journal of Virology 79(2):910–17. 
doi: 10.1128/JVI.79.2.910-917.2005. 

Haas, A. L., P. Ahrens, P. M. Bright, and H. Ankel. 1987. ‘Interferon Induces a 15-Kilodalton 
Protein Exhibiting Marked Homology to Ubiquitin.’ Journal of Biological Chemistry 
262(23):11315–23. doi: 10.1016/S0021-9258(18)60961-5. 

Han, Yan, Chao Huang, Xuxu Sun, Binggang Xiang, Ming Wang, Edward T. H. Yeh, Yuying 
Chen, Hui Li, Guiying Shi, Hui Cang, Yueping Sun, Jian Wang, Wei Wang, Fei Gao, 
and Jing Yi. 2010. ‘SENP3-Mediated De-Conjugation of SUMO2/3 from Promyelocytic 
Leukemia Is Correlated with Accelerated Cell Proliferation under Mild Oxidative 
Stress’. Journal of Biological Chemistry 285(17):12906–15. doi: 
10.1074/jbc.M109.071431. 

Hannoun, Zara, Ghizlane Maarifi, and Mounira K. Chelbi-Alix. 2016. ‘The Implication of 
SUMO in Intrinsic and Innate Immunity’. Cytokine & Growth Factor Reviews 29:3–16. 
doi: 10.1016/j.cytogfr.2016.04.003. 



YANIS HICHEM BOUZAHER 

 118 

He, Jianli, Jinke Cheng, and Tianshi Wang. 2020. ‘SUMOylation-Mediated Response to 
Mitochondrial Stress’. International Journal of Molecular Sciences 21(16):5657. doi: 
10.3390/ijms21165657. 

Hendriks, Ivo A., Rochelle C. J. D’Souza, Bing Yang, Matty Verlaan-de Vries, Matthias 
Mann, and Alfred C. O. Vertegaal. 2014. ‘Uncovering Global SUMOylation Signaling 
Networks in a Site-Specific Manner’. Nature Structural & Molecular Biology 
21(10):927–36. doi: 10.1038/nsmb.2890. 

Hochstrasser, Mark. 2009. ‘Origin and Function of Ubiquitin-like Proteins’. Nature 
458(7237):422–29. doi: 10.1038/nature07958. 

Hoellein, Alexander, Mohammad Fallahi, Stephanie Schoeffmann, Sabine Steidle, Franz X. 
Schaub, Martina Rudelius, Iina Laitinen, Lisa Nilsson, Andrei Goga, Christian Peschel, 
Jonas A. Nilsson, John L. Cleveland, and Ulrich Keller. 2014. ‘Myc-Induced 
SUMOylation Is a Therapeutic Vulnerability for B-Cell Lymphoma’. Blood 
124(13):2081–90. doi: 10.1182/blood-2014-06-584524. 

Iglesias-Guimarais, Victoria, Tomasz Ahrends, Evert de Vries, Klaus-Peter Knobeloch, 
Andriy Volkov, and Jannie Borst. 2020. ‘IFN-Stimulated Gene 15 Is an Alarmin That 
Boosts the CTL Response via an Innate, NK Cell–Dependent Route’. The Journal of 
Immunology 204(8):2110–21. doi: 10.4049/jimmunol.1901410. 

Ivanschitz, Lisa, Yuki Takahashi, Florence Jollivet, Olivier Ayrault, Morgane Le Bras, and 
Hugues de Thé. 2015. ‘PML IV/ARF Interaction Enhances P53 SUMO-1 Conjugation, 
Activation, and Senescence’. Proceedings of the National Academy of Sciences 
112(46):14278–83. doi: 10.1073/pnas.1507540112. 

Ivashkiv, Lionel B., and Laura T. Donlin. 2014. ‘Regulation of Type I Interferon Responses’. 
Nature Reviews Immunology 14(1):36–49. doi: 10.1038/nri3581. 

Jaber, Tareq, Christopher R. Bohl, Gentry L. Lewis, Charles Wood, John T. West, and Robert 
A. Weldon. 2009. ‘Human Ubc9 Contributes to Production of Fully Infectious Human 
Immunodeficiency Virus Type 1 Virions’. Journal of Virology 83(20):10448–59. doi: 
10.1128/JVI.00237-09. 

Jansen, Nicolette S., and Alfred C. O. Vertegaal. 2021. ‘A Chain of Events: Regulating Target 
Proteins by SUMO Polymers’. Trends in Biochemical Sciences 46(2):113–23. doi: 
10.1016/j.tibs.2020.09.002. 

Jeon, Young Joo, Joon Seok Choi, Jung Yun Lee, Kyung Ryun Yu, Sangman Michael Kim, 
Seung Hyeun Ka, Kyu Hee Oh, Keun Il Kim, Dong‐Er Zhang, Ok Sun Bang, and Chin 
Ha Chung. 2009. ‘ISG15 Modification of Filamin B Negatively Regulates the Type I 
Interferon‐induced JNK Signalling Pathway’. EMBO Reports 10(4):374–80. doi: 
10.1038/embor.2009.23. 

Johnson, E. S. 1997. ‘The Ubiquitin-like Protein Smt3p Is Activated for Conjugation to Other 
Proteins by an Aos1p/Uba2p Heterodimer’. The EMBO Journal 16(18):5509–19. doi: 
10.1093/emboj/16.18.5509. 

Johnson, Erica S., and Günter Blobel. 1997. ‘Ubc9p Is the Conjugating Enzyme for the 
Ubiquitin-like Protein Smt3p’. Journal of Biological Chemistry 272(43):26799–802. doi: 
10.1074/jbc.272.43.26799. 

Kakizuka, A., W. H. Miller, K. Umesono, R. P. Warrell, S. R. Frankel, V. V. V. S. Murty, E. 
Dmitrovsky, and R. M. Evans. 1991. ‘Chromosomal Translocation t(15;17) in Human 
Acute Promyelocytic Leukemia Fuses RARα with a Novel Putative Transcription Factor, 
PML’. Cell 66(4):663–74. doi: 10.1016/0092-8674(91)90112-C. 



BIBLIOGRAPGY 

 119 

Kang, Ji An, Yoon Jung Kim, and Young Joo Jeon. 2022. ‘The Diverse Repertoire of ISG15: 
More Intricate than Initially Thought’. Experimental & Molecular Medicine 
54(11):1779–92. doi: 10.1038/s12276-022-00872-3. 

Kaufmann, Stefan H. E., Anca Dorhoi, Richard S. Hotchkiss, and Ralf Bartenschlager. 2018. 
‘Host-Directed Therapies for Bacterial and Viral Infections’. Nature Reviews Drug 
Discovery 17(1):35–56. doi: 10.1038/nrd.2017.162. 

Keiten-Schmitz, Jan, Linda Röder, Eran Hornstein, Michaela Müller-McNicoll, and Stefan 
Müller. 2021. ‘SUMO: Glue or Solvent for Phase-Separated Ribonucleoprotein 
Complexes and Molecular Condensates?’ Frontiers in Molecular Biosciences 8. doi: 
10.3389/fmolb.2021.673038. 

Kessler, Jessica D., Kristopher T. Kahle, Tingting Sun, Kristen L. Meerbrey, Michael R. 
Schlabach, Earlene M. Schmitt, Samuel O. Skinner, Qikai Xu, Mamie Z. Li, Zachary C. 
Hartman, Mitchell Rao, Peng Yu, Rocio Dominguez-Vidana, Anthony C. Liang, Nicole 
L. Solimini, Ronald J. Bernardi, Bing Yu, Tiffany Hsu, Ido Golding, Ji Luo, C. Kent 
Osborne, Chad J. Creighton, Susan G. Hilsenbeck, Rachel Schiff, Chad A. Shaw, 
Stephen J. Elledge, and Thomas F. Westbrook. 2012. ‘A SUMOylation-Dependent 
Transcriptional Subprogram Is Required for Myc-Driven Tumorigenesis’. Science 
335(6066):348–53. doi: 10.1126/science.1212728. 

Ketscher, Lars, Anja Basters, Marco Prinz, and Klaus-Peter Knobeloch. 2012. ‘MHERC6 Is 
the Essential ISG15 E3 Ligase in the Murine System’. Biochemical and Biophysical 
Research Communications 417(1):135–40. doi: 10.1016/j.bbrc.2011.11.071. 

Ketscher, Lars, Ronny Hannß, David J. Morales, Anja Basters, Susana Guerra, Tobias 
Goldmann, Annika Hausmann, Marco Prinz, Ronald Naumann, Andrew Pekosz, Olaf 
Utermöhlen, Deborah J. Lenschow, and Klaus-Peter Knobeloch. 2015. ‘Selective 
Inactivation of USP18 Isopeptidase Activity in Vivo Enhances ISG15 Conjugation and 
Viral Resistance’. Proceedings of the National Academy of Sciences 112(5):1577–82. 
doi: 10.1073/pnas.1412881112. 

Kim, Keun Il, Nadia V. Giannakopoulos, Herbert W. Virgin, and Dong-Er Zhang. 2004. 
‘Interferon-Inducible Ubiquitin E2, Ubc8, Is a Conjugating Enzyme for Protein 
ISGylation’. Molecular and Cellular Biology 24(21):9592–9600. doi: 
10.1128/MCB.24.21.9592-9600.2004. 

Kim, Min-Jung, Sun-Young Hwang, Tadaatsu Imaizumi, and Joo-Yeon Yoo. 2008. ‘Negative 
Feedback Regulation of RIG-I-Mediated Antiviral Signaling by Interferon-Induced 
ISG15 Conjugation’. Journal of Virology 82(3):1474–83. doi: 10.1128/JVI.01650-07. 

Kim, Ye Ji, Eui Tae Kim, Young-Eui Kim, Myoung Kyu Lee, Ki Mun Kwon, Keun Il Kim, 
Thomas Stamminger, and Jin-Hyun Ahn. 2016. ‘Consecutive Inhibition of ISG15 
Expression and ISGylation by Cytomegalovirus Regulators’. PLOS Pathogens 
12(8):e1005850. doi: 10.1371/journal.ppat.1005850. 

Kitareewan, Sutisak, Ian Pitha-Rowe, David Sekula, Christopher H. Lowrey, Michael J. 
Nemeth, Todd R. Golub, Sarah J. Freemantle, and Ethan Dmitrovsky. 2002. ‘UBE1L Is 
a Retinoid Target That Triggers PML/RARα Degradation and Apoptosis in Acute 
Promyelocytic Leukemia’. Proceedings of the National Academy of Sciences 
99(6):3806–11. doi: 10.1073/pnas.052011299. 

Kok, K., R. Hofstra, A. Pilz, A. van den Berg, P. Terpstra, C. H. Buys, and B. Carritt. 1993. 
‘A Gene in the Chromosomal Region 3p21 with Greatly Reduced Expression in Lung 
Cancer Is Similar to the Gene for Ubiquitin-Activating Enzyme.’ Proceedings of the 
National Academy of Sciences 90(13):6071–75. doi: 10.1073/pnas.90.13.6071. 



YANIS HICHEM BOUZAHER 

 120 

Krug, Robert M., Chen Zhao, and Sylvie Beaudenon. 2005. ‘Properties of the ISG15 E1 
Enzyme UbE1L’. Pp. 32–40 in. 

Kuo, Mei-Ling, Willem den Besten, David Bertwistle, Martine F. Roussel, and Charles J. 
Sherr. 2004. ‘N-Terminal Polyubiquitination and Degradation of the Arf Tumor 
Suppressor’. Genes & Development 18(15):1862–74. doi: 10.1101/gad.1213904. 

de la Luna, S., P. Fortes, A. Beloso, and J. Ortín. 1995. ‘Influenza Virus NS1 Protein 
Enhances the Rate of Translation Initiation of Viral MRNAs’. Journal of Virology 
69(4):2427–33. doi: 10.1128/jvi.69.4.2427-2433.1995. 

Lallemand-Breitenbach, Valérie, and Hugues de Thé. 2018. ‘PML Nuclear Bodies: From 
Architecture to Function’. Current Opinion in Cell Biology 52:154–61. doi: 
10.1016/j.ceb.2018.03.011. 

Lamoliatte, Frederic, Eric Bonneil, Chantal Durette, Olivier Caron-Lizotte, Dirk Wildemann, 
Johannes Zerweck, Holger Wenshuk, and Pierre Thibault. 2013. ‘Targeted Identification 
of SUMOylation Sites in Human Proteins Using Affinity Enrichment and Paralog-
Specific Reporter Ions’. Molecular & Cellular Proteomics 12(9):2536–50. doi: 
10.1074/mcp.M112.025569. 

Lamsoul, Isabelle, Julie Lodewick, Sylvie Lebrun, Robert Brasseur, Arsène Burny, Richard 
B. Gaynor, and Françoise Bex. 2005. ‘Exclusive Ubiquitination and Sumoylation on 
Overlapping Lysine Residues Mediate NF-ΚB Activation by the Human T-Cell 
Leukemia VirusTax Oncoprotein’. Molecular and Cellular Biology 25(23):10391–406. 
doi: 10.1128/MCB.25.23.10391-10406.2005. 

Lascorz, Jara, Joan Codina-Fabra, David Reverter, and Jordi Torres-Rosell. 2022. ‘SUMO-
SIM Interactions: From Structure to Biological Functions’. Seminars in Cell & 
Developmental Biology 132:193–202. doi: 10.1016/j.semcdb.2021.11.007. 

Laval, Thomas, Lise Chaumont, and Caroline Demangel. 2021. ‘Not Too Fat to Fight: The 
Emerging Role of Macrophage Fatty Acid Metabolism in Immunity to Mycobacterium 
Tuberculosis’. Immunological Reviews 301(1):84–97. doi: 10.1111/imr.12952. 

Lee, Gene W., Frauke Melchior, Michael J. Matunis, Rohit Mahajan, Qingsheng Tian, and 
Paul Anderson. 1998. ‘Modification of Ran GTPase-Activating Protein by the Small 
Ubiquitin-Related Modifier SUMO-1 Requires Ubc9, an E2-Type Ubiquitin-
Conjugating Enzyme Homologue’. Journal of Biological Chemistry 273(11):6503–7. 
doi: 10.1074/jbc.273.11.6503. 

Lenschow, Deborah J., Nadia V. Giannakopoulos, Lacey J. Gunn, Christine Johnston, Andy 
K. O’Guin, Robert E. Schmidt, Beth Levine, and Herbert W. Virgin. 2005. 
‘Identification of Interferon-Stimulated Gene 15 as an Antiviral Molecule during Sindbis 
Virus Infection In Vivo’. Journal of Virology 79(22):13974–83. doi: 
10.1128/JVI.79.22.13974-13983.2005. 

Levy, D. 2001. ‘The Virus Battles: IFN Induction of the Antiviral State and Mechanisms of 
Viral Evasion’. Cytokine & Growth Factor Reviews 12(2–3):143–56. doi: 
10.1016/S1359-6101(00)00027-7. 

Li, Renfeng, Leyao Wang, Gangling Liao, Catherine M. Guzzo, Michael J. Matunis, Heng 
Zhu, and S. Diane Hayward. 2012. ‘SUMO Binding by the Epstein-Barr Virus Protein 
Kinase BGLF4 Is Crucial for BGLF4 Function’. Journal of Virology 86(10):5412–21. 
doi: 10.1128/JVI.00314-12. 

Lin, Ding-Yen, Yen-Sung Huang, Jen-Chong Jeng, Hong-Yi Kuo, Che-Chang Chang, Ting-
Ting Chao, Chun-Chen Ho, Yun-Ching Chen, Tong-Ping Lin, Hsin-I. Fang, Chih-Chang 
Hung, Ching-Shu Suen, Ming-Jing Hwang, Kun-Sang Chang, Gerd G. Maul, and Hsiu-
Ming Shih. 2006. ‘Role of SUMO-Interacting Motif in Daxx SUMO Modification, 



BIBLIOGRAPGY 

 121 

Subnuclear Localization, and Repression of Sumoylated Transcription Factors’. 
Molecular Cell 24(3):341–54. doi: 10.1016/j.molcel.2006.10.019. 

Lindner, Holger A., Nasser Fotouhi-Ardakani, Viktoria Lytvyn, Paule Lachance, Traian 
Sulea, and Robert Ménard. 2005. ‘The Papain-Like Protease from the Severe Acute 
Respiratory Syndrome Coronavirus Is a Deubiquitinating Enzyme’. Journal of Virology 
79(24):15199–208. doi: 10.1128/JVI.79.24.15199-15208.2005. 

Liu, Mingjuan, Xiao-Ling Li, and Bret A. Hassel. 2003. ‘Proteasomes Modulate Conjugation 
to the Ubiquitin-like Protein, ISG15’. Journal of Biological Chemistry 278(3):1594–
1602. doi: 10.1074/jbc.M208123200. 

Liu, Xing, Wei Chen, Qiang Wang, Li Li, and Chen Wang. 2013. ‘Negative Regulation of 
TLR Inflammatory Signaling by the SUMO-Deconjugating Enzyme SENP6’. PLoS 
Pathogens 9(6):e1003480. doi: 10.1371/journal.ppat.1003480. 

Loeb, K. R., and A. L. Haas. 1992. ‘The Interferon-Inducible 15-KDa Ubiquitin Homolog 
Conjugates to Intracellular Proteins.’ Journal of Biological Chemistry 267(11):7806–13. 
doi: 10.1016/S0021-9258(18)42585-9. 

Lydeard, John R., Brenda A. Schulman, and J. Wade Harper. 2013. ‘Building and 
Remodelling Cullin–RING E3 Ubiquitin Ligases’. EMBO Reports 14(12):1050–61. doi: 
10.1038/embor.2013.173. 

Maarifi, Ghizlane, Mohamed Ali Maroui, Jacques Dutrieux, Laurent Dianoux, Sébastien 
Nisole, and Mounira K. Chelbi-Alix. 2015. ‘Small Ubiquitin-like Modifier Alters IFN 
Response’. The Journal of Immunology 195(5):2312–24. doi: 
10.4049/jimmunol.1500035. 

Maggi, Leonard B., Crystal L. Winkeler, Alexander P. Miceli, Anthony J. Apicelli, Suzanne 
N. Brady, Michael J. Kuchenreuther, and Jason D. Weber. 2014. ‘ARF Tumor 
Suppression in the Nucleolus’. Biochimica et Biophysica Acta (BBA) - Molecular Basis 
of Disease 1842(6):831–39. doi: 10.1016/j.bbadis.2014.01.016. 

Malakhov, Michael P., Oxana A. Malakhova, Keun Il Kim, Kenneth J. Ritchie, and Dong-Er 
Zhang. 2002. ‘UBP43 (USP18) Specifically Removes ISG15 from Conjugated Proteins’. 
Journal of Biological Chemistry 277(12):9976–81. doi: 10.1074/jbc.M109078200. 

Malakhova, Oxana A., Keun I. I. Kim, Jiann-Kae Luo, Weiguo Zou, K. G. Suresh Kumar, 
Serge Y. Fuchs, Ke Shuai, and Dong-Er Zhang. 2006. ‘UBP43 Is a Novel Regulator of 
Interferon Signaling Independent of Its ISG15 Isopeptidase Activity’. The EMBO 
Journal 25(11):2358–67. doi: 10.1038/sj.emboj.7601149. 

Malakhova, Oxana A., Ming Yan, Michael P. Malakhov, Youzhong Yuan, Kenneth J. 
Ritchie, Keun Il Kim, Luke F. Peterson, Ke Shuai, and Dong-Er Zhang. 2003. ‘Protein 
ISGylation Modulates the JAK-STAT Signaling Pathway’. Genes & Development 
17(4):455–60. doi: 10.1101/gad.1056303. 

Malakhova, Oxana A., and Dong-Er Zhang. 2008. ‘ISG15 Inhibits Nedd4 Ubiquitin E3 
Activity and Enhances the Innate Antiviral Response*’. Journal of Biological Chemistry 
283(14):8783–87. doi: 10.1074/jbc.C800030200. 

Malakhova, Oxana, Michael Malakhov, Christopher Hetherington, and Dong-Er Zhang. 2002. 
‘Lipopolysaccharide Activates the Expression of ISG15-Specific Protease UBP43 via 
Interferon Regulatory Factor 3’. Journal of Biological Chemistry 277(17):14703–11. doi: 
10.1074/jbc.M111527200. 

Mathers, Chun, Xenia Schafer, Luis Martínez-Sobrido, and Joshua Munger. 2014. ‘The 
Human Cytomegalovirus U L 26 Protein Antagonizes NF-ΚB Activation’. Journal of 
Virology 88(24):14289–300. doi: 10.1128/JVI.02552-14. 



YANIS HICHEM BOUZAHER 

 122 

Mattoscio, Domenico, Alessandro Medda, and Susanna Chiocca. 2020. ‘Recent Highlights: 
Onco Viral Exploitation of the SUMO System’. Current Issues in Molecular Biology 1–
16. doi: 10.21775/cimb.035.001. 

Meerbrey, Kristen L., Guang Hu, Jessica D. Kessler, Kevin Roarty, Mamie Z. Li, Justin E. 
Fang, Jason I. Herschkowitz, Anna E. Burrows, Alberto Ciccia, Tingting Sun, Earlene 
M. Schmitt, Ronald J. Bernardi, Xiaoyong Fu, Christopher S. Bland, Thomas A. Cooper, 
Rachel Schiff, Jeffrey M. Rosen, Thomas F. Westbrook, and Stephen J. Elledge. 2011. 
‘The PINDUCER Lentiviral Toolkit for Inducible RNA Interference in Vitro and in 
Vivo’. Proceedings of the National Academy of Sciences 108(9):3665–70. doi: 
10.1073/pnas.1019736108. 

Mémet, Sylvie, Françoise Besançon, Marie-Françoise Bourgeade, and Ming Nguy Thang. 
1991. ‘Direct Induction of Interferon-γ– and Interferon-α/β–Inducible Genes by Double-
Stranded RNA’. Journal of Interferon Research 11(3):131–41. doi: 
10.1089/jir.1991.11.131. 

Mendonça, Samir Andrade, Fernanda Antunes, Otto L. D. Cerqueira, Paulo Roberto Del 
Valle, Aline Hunger, Percíllia V. S. de Oliveira, Barbara Brito, Eugenia Costanzi-
Strauss, and Bryan E. Strauss. 2023. ‘Induction of Immune-Stimulating Factors and 
Oncolysis Upon P14 ARF Gene Transfer in Melanoma Cell Lines’. DNA and Cell Biology 
42(6):274–88. doi: 10.1089/dna.2022.0115. 

Meulmeester, Erik, Marion Kunze, He Hsuan Hsiao, Henning Urlaub, and Frauke Melchior. 
2008. ‘Mechanism and Consequences for Paralog-Specific Sumoylation of Ubiquitin-
Specific Protease 25’. Molecular Cell 30(5):610–19. doi: 10.1016/j.molcel.2008.03.021. 

Mielech, Anna M., Andy Kilianski, Yahira M. Baez-Santos, Andrew D. Mesecar, and Susan 
C. Baker. 2014. ‘MERS-CoV Papain-like Protease Has DeISGylating and 
Deubiquitinating Activities’. Virology 450–451:64–70. doi: 10.1016/j.virol.2013.11.040. 

Mirzalieva, Oygul, Meredith Juncker, Joshua Schwartzenburg, and Shyamal Desai. 2022. 
‘ISG15 and ISGylation in Human Diseases’. Cells 11(3):538. doi: 
10.3390/cells11030538. 

Monson, E. A., K. M. Crosse, M. Duan, W. Chen, R. D. O’Shea, L. M. Wakim, J. M. Carr, D. 
R. Whelan, and K. J. Helbig. 2021. ‘Intracellular Lipid Droplet Accumulation Occurs 
Early Following Viral Infection and Is Required for an Efficient Interferon Response’. 
Nature Communications 12(1):4303. doi: 10.1038/s41467-021-24632-5. 

Morales, David J., and Deborah J. Lenschow. 2013. ‘The Antiviral Activities of ISG15’. 
Journal of Molecular Biology 425(24):4995–5008. doi: 10.1016/j.jmb.2013.09.041. 

Moschos, Stergios J., Drazen M. Jukic, Charalambos Athanassiou, Rohit Bhargava, Sanja 
Dacic, Xiaolei Wang, Shih-Fan Kuan, Shelley L. Fayewicz, Csaba Galambos, Marie 
Acquafondata, Rajiv Dhir, and Dorothea Becker. 2010. ‘Expression Analysis of Ubc9, 
the Single Small Ubiquitin-like Modifier (SUMO) E2 Conjugating Enzyme, in Normal 
and Malignant Tissues’. Human Pathology 41(9):1286–98. doi: 
10.1016/j.humpath.2010.02.007. 

Mossessova, Elena, and Christopher D. Lima. 2000. ‘Ulp1-SUMO Crystal Structure and 
Genetic Analysis Reveal Conserved Interactions and a Regulatory Element Essential for 
Cell Growth in Yeast’. Molecular Cell 5(5):865–76. doi: 10.1016/S1097-
2765(00)80326-3. 

El Motiam, Ahmed, Santiago Vidal, Rocío Seoane, Yanis H. Bouzaher, José González-
Santamaría, and Carmen Rivas. 2020. ‘SUMO and Cytoplasmic RNA Viruses: From 
Enemies to Best Friends’. Pp. 263–77 in. 



BIBLIOGRAPGY 

 123 

Nakashima, Hiroshi, Tran Nguyen, William F. Goins, and Ennio Antonio Chiocca. 2015. 
‘Interferon-Stimulated Gene 15 (ISG15) and ISG15-Linked Proteins Can Associate with 
Members of the Selective Autophagic Process, Histone Deacetylase 6 (HDAC6) and 
SQSTM1/P62’. Journal of Biological Chemistry 290(3):1485–95. doi: 
10.1074/jbc.M114.593871. 

Narasimhan, Jana, Jennifer L. Potter, and Arthur L. Haas. 1996. ‘Conjugation of the 15-KDa 
Interferon-Induced Ubiquitin Homolog Is Distinct from That of Ubiquitin’. Journal of 
Biological Chemistry 271(1):324–30. doi: 10.1074/jbc.271.1.324. 

Narasimhan, Jana, Ming Wang, Zhuji Fu, Jennifer M. Klein, Arthur L. Haas, and Jung-Ja P. 
Kim. 2005. ‘Crystal Structure of the Interferon-Induced Ubiquitin-like Protein ISG15’. 
Journal of Biological Chemistry 280(29):27356–65. doi: 10.1074/jbc.M502814200. 

Negishi, Hideo, Tadatsugu Taniguchi, and Hideyuki Yanai. 2018. ‘The Interferon (IFN) Class 
of Cytokines and the IFN Regulatory Factor (IRF) Transcription Factor Family’. Cold 
Spring Harbor Perspectives in Biology 10(11):a028423. doi: 
10.1101/cshperspect.a028423. 

Nemeroff, Martin E., Silvia M. L. Barabino, Yongzhong Li, Walter Keller, and Robert M. 
Krug. 1998. ‘Influenza Virus NS1 Protein Interacts with the Cellular 30 KDa Subunit of 
CPSF and Inhibits 3′ End Formation of Cellular Pre-MRNAs’. Molecular Cell 1(7):991–
1000. doi: 10.1016/S1097-2765(00)80099-4. 

Oh, Eugene, David Akopian, and Michael Rape. 2018. ‘Principles of Ubiquitin-Dependent 
Signaling’. Annual Review of Cell and Developmental Biology 34(1):137–62. doi: 
10.1146/annurev-cellbio-100617-062802. 

Okuma, Toru, Reiko Honda, Genya Ichikawa, Noriko Tsumagari, and Hideyo Yasuda. 1999. 
‘In VitroSUMO-1 Modification Requires Two Enzymatic Steps, E1 and E2’. 
Biochemical and Biophysical Research Communications 254(3):693–98. doi: 
10.1006/bbrc.1998.9995. 

Okumura, Atsushi, Gengshi Lu, Ian Pitha-Rowe, and Paula M. Pitha. 2006. ‘Innate Antiviral 
Response Targets HIV-1 Release by the Induction of Ubiquitin-like Protein ISG15’. 
Proceedings of the National Academy of Sciences 103(5):1440–45. doi: 
10.1073/pnas.0510518103. 

Okumura, Atsushi, Paula M. Pitha, and Ronald N. Harty. 2008. ‘ISG15 Inhibits Ebola VP40 
VLP Budding in an L-Domain-Dependent Manner by Blocking Nedd4 Ligase Activity’. 
Proceedings of the National Academy of Sciences 105(10):3974–79. doi: 
10.1073/pnas.0710629105. 

Okumura, Fumihiko, Weiguo Zou, and Dong-Er Zhang. 2007. ‘ISG15 Modification of the 
EIF4E Cognate 4EHP Enhances Cap Structure-Binding Activity of 4EHP’. Genes & 
Development 21(3):255–60. doi: 10.1101/gad.1521607. 

Osellame, Laura D., Thomas S. Blacker, and Michael R. Duchen. 2012. ‘Cellular and 
Molecular Mechanisms of Mitochondrial Function’. Best Practice & Research Clinical 
Endocrinology & Metabolism 26(6):711–23. doi: 10.1016/j.beem.2012.05.003. 

Oudshoorn, Diede, Sander van Boheemen, Maria Teresa Sánchez-Aparicio, Ricardo 
Rajsbaum, Adolfo García-Sastre, and Gijs A. Versteeg. 2012. ‘HERC6 Is the Main E3 
Ligase for Global ISG15 Conjugation in Mouse Cells’. PLoS ONE 7(1):e29870. doi: 
10.1371/journal.pone.0029870. 

Owerbach, David, Eileen M. McKay, Edward T. H. Yeh, Kenneth H. Gabbay, and Kurt M. 
Bohren. 2005. ‘A Proline-90 Residue Unique to SUMO-4 Prevents Maturation and 
Sumoylation’. Biochemical and Biophysical Research Communications 337(2):517–20. 
doi: 10.1016/j.bbrc.2005.09.090. 



YANIS HICHEM BOUZAHER 

 124 

Owhashi, Makoto, Yasuki Taoka, Kazunari Ishii, Shusuke Nakazawa, Haruki Uemura, and 
Hiroji Kambara. 2003. ‘Identification of a Ubiquitin Family Protein as a Novel 
Neutrophil Chemotactic Factor’. Biochemical and Biophysical Research 
Communications 309(3):533–39. doi: 10.1016/j.bbrc.2003.08.038. 

Park, Jong Ho, Seung Wook Yang, Jung Mi Park, Seung Hyeun Ka, Ji-Hoon Kim, Young-
Yun Kong, Young Joo Jeon, Jae Hong Seol, and Chin Ha Chung. 2016. ‘Positive 
Feedback Regulation of P53 Transactivity by DNA Damage-Induced ISG15 
Modification’. Nature Communications 7(1):12513. doi: 10.1038/ncomms12513. 

Perng, Yi-Chieh, and Deborah J. Lenschow. 2018. ‘ISG15 in Antiviral Immunity and 
Beyond’. Nature Reviews Microbiology 16(7):423–39. doi: 10.1038/s41579-018-0020-5. 

Pitha-Rowe, Ian, Bret A. Hassel, and Ethan Dmitrovsky. 2004. ‘Involvement of UBE1L in 
ISG15 Conjugation during Retinoid-Induced Differentiation of Acute Promyelocytic 
Leukemia’. Journal of Biological Chemistry 279(18):18178–87. doi: 
10.1074/jbc.M309259200. 

Potter, Jennifer L., Jana Narasimhan, Liane Mende-Mueller, and Arthur L. Haas. 1999. 
‘Precursor Processing of Pro-ISG15/UCRP, an Interferon-β-Induced Ubiquitin-like 
Protein’. Journal of Biological Chemistry 274(35):25061–68. doi: 
10.1074/jbc.274.35.25061. 

Qiu X, Hong Y, Yang D, Xia M, Zhu H, Li Q, Xie H, Wu Q, Liu C, and Zuo C. 2015. ‘ISG15 
as a Novel Prognostic Biomarker for Hepatitis B Virus-Related Hepatocellular 
Carcinoma’. Int J Clin Exp Med. 

Radoshevich, Lilliana, Francis Impens, David Ribet, Juan J. Quereda, To Nam Tham, Marie-
Anne Nahori, Hélène Bierne, Olivier Dussurget, Javier Pizarro-Cerdá, Klaus-Peter 
Knobeloch, and Pascale Cossart. 2015. ‘ISG15 Counteracts Listeria Monocytogenes 
Infection’. ELife 4. doi: 10.7554/eLife.06848. 

Rahnefeld, Anna, Karin Klingel, Anett Schuermann, Nicola L. Diny, Nadine Althof, Anika 
Lindner, Philipp Bleienheuft, Konstantinos Savvatis, Dorota Respondek, Elisa Opitz, 
Lars Ketscher, Martina Sauter, Ulrike Seifert, Carsten Tschöpe, Wolfgang Poller, Klaus-
Peter Knobeloch, and Antje Voigt. 2014. ‘Ubiquitin-Like Protein ISG15 (Interferon-
Stimulated Gene of 15 KDa) in Host Defense Against Heart Failure in a Mouse Model of 
Virus-Induced Cardiomyopathy’. Circulation 130(18):1589–1600. doi: 
10.1161/CIRCULATIONAHA.114.009847. 

Reich, N., B. Evans, D. Levy, D. Fahey, E. Knight, and J. E. Darnell. 1987. ‘Interferon-
Induced Transcription of a Gene Encoding a 15-KDa Protein Depends on an Upstream 
Enhancer Element.’ Proceedings of the National Academy of Sciences 84(18):6394–98. 
doi: 10.1073/pnas.84.18.6394. 

Rosas-Acosta, Germán, William K. Russell, Adeline Deyrieux, David H. Russell, and Van G. 
Wilson. 2005. ‘A Universal Strategy for Proteomic Studies of SUMO and Other 
Ubiquitin-like Modifiers’. Molecular & Cellular Proteomics 4(1):56–72. doi: 
10.1074/mcp.M400149-MCP200. 

Saitoh, Hisato, and Joseph Hinchey. 2000. ‘Functional Heterogeneity of Small Ubiquitin-
Related Protein Modifiers SUMO-1 versus SUMO-2/3’. Journal of Biological Chemistry 
275(9):6252–58. doi: 10.1074/jbc.275.9.6252. 

Saitoh, Hisato, Duncan B. Sparrow, Tetsuo Shiomi, Robert T. Pu, Takeharu Nishimoto, 
Timothy J. Mohun, and Mary Dasso. 1998. ‘Ubc9p and the Conjugation of SUMO-1 to 
RanGAP1 and RanBP2’. Current Biology 8(2):121–24. doi: 10.1016/S0960-
9822(98)70044-2. 



BIBLIOGRAPGY 

 125 

Dos Santos, Paula Fernandes, and Daniel Santos Mansur. 2017. ‘Beyond ISGlylation: 
Functions of Free Intracellular and Extracellular ISG15’. Journal of Interferon & 
Cytokine Research 37(6):246–53. doi: 10.1089/jir.2016.0103. 

Dos Santos, Paula Fernandes, Johan Van Weyenbergh, Murilo Delgobo, Daniel de Oliveira 
Patricio, Brian J. Ferguson, Rodrigo Guabiraba, Tim Dierckx, Soraya Maria Menezes, 
André Báfica, and Daniel Santos Mansur. 2018. ‘ISG15-Induced IL-10 Is a Novel Anti-
Inflammatory Myeloid Axis Disrupted during Active Tuberculosis’. The Journal of 
Immunology 200(4):1434–42. doi: 10.4049/jimmunol.1701120. 

Sarangi, Prabha, and Xiaolan Zhao. 2015. ‘SUMO-Mediated Regulation of DNA Damage 
Repair and Responses’. Trends in Biochemical Sciences 40(4):233–42. doi: 
10.1016/j.tibs.2015.02.006. 

Schaller, Torsten, Karen E. Ocwieja, Jane Rasaiyaah, Amanda J. Price, Troy L. Brady, 
Shoshannah L. Roth, Stéphane Hué, Adam J. Fletcher, KyeongEun Lee, Vineet N. 
KewalRamani, Mahdad Noursadeghi, Richard G. Jenner, Leo C. James, Frederic D. 
Bushman, and Greg J. Towers. 2011. ‘HIV-1 Capsid-Cyclophilin Interactions Determine 
Nuclear Import Pathway, Integration Targeting and Replication Efficiency’. PLoS 
Pathogens 7(12):e1002439. doi: 10.1371/journal.ppat.1002439. 

Schneider, William M., Meike Dittmann Chevillotte, and Charles M. Rice. 2014. ‘Interferon-
Stimulated Genes: A Complex Web of Host Defenses’. Annual Review of Immunology 
32(1):513–45. doi: 10.1146/annurev-immunol-032713-120231. 

Selby, Thomas L., Natalie Biel, Matthew Varn, Sheetal Patel, Akash Patel, Leslie Hilding, 
Ashley Ray, Tabithia Ross, Wyatt T. Cramblet, C. Randall Moss, Angela J. Lowrey, and 
Gretchen L. Bentz. 2019. ‘The Epstein-Barr Virus Oncoprotein, LMP1, Regulates the 
Function of SENP2, a SUMO-Protease’. Scientific Reports 9(1):9523. doi: 
10.1038/s41598-019-45825-5. 

Sengupta, Isha, Dipanwita Das, Shivaram Prasad Singh, Runu Chakravarty, and Chandrima 
Das. 2017. ‘Host Transcription Factor Speckled 110 KDa (Sp110), a Nuclear Body 
Protein, Is Hijacked by Hepatitis B Virus Protein X for Viral Persistence’. Journal of 
Biological Chemistry 292(50):20379–93. doi: 10.1074/jbc.M117.796839. 

Shah, Sumit J., Steven Blumen, Ian Pitha-Rowe, Sutisak Kitareewan, Sarah J. Freemantle, 
Qing Feng, and Ethan Dmitrovsky. 2008. ‘UBE1L Represses PML/RARα by Targeting 
the PML Domain for ISG15ylation’. Molecular Cancer Therapeutics 7(4):905–14. doi: 
10.1158/1535-7163.MCT-07-0515. 

Shen, Tian Huai, Hui-Kuan Lin, Pier Paolo Scaglioni, Thomas M. Yung, and Pier Paolo 
Pandolfi. 2006. ‘The Mechanisms of PML-Nuclear Body Formation’. Molecular Cell 
24(3):331–39. doi: 10.1016/j.molcel.2006.09.013. 

Shi, He-Xin, Kai Yang, Xing Liu, Xin-Yi Liu, Bo Wei, Yu-Fei Shan, Lian-Hui Zhu, and 
Chen Wang. 2010. ‘Positive Regulation of Interferon Regulatory Factor 3 Activation by 
Herc5 via ISG15 Modification’. Molecular and Cellular Biology 30(10):2424–36. doi: 
10.1128/MCB.01466-09. 

Song, Jing, Linda K. Durrin, Thomas A. Wilkinson, Theodore G. Krontiris, and Yuan Chen. 
2004. ‘Identification of a SUMO-Binding Motif That Recognizes SUMO-Modified 
Proteins’. Proceedings of the National Academy of Sciences 101(40):14373–78. doi: 
10.1073/pnas.0403498101. 

Speer, Scott D., Zhi Li, Sofija Buta, Béatrice Payelle-Brogard, Li Qian, Frederic Vigant, 
Erminia Rubino, Thomas J. Gardner, Tim Wedeking, Mark Hermann, James Duehr, 
Ozden Sanal, Ilhan Tezcan, Nahal Mansouri, Payam Tabarsi, Davood Mansouri, 
Véronique Francois-Newton, Coralie F. Daussy, Marisela R. Rodriguez, Deborah J. 



YANIS HICHEM BOUZAHER 

 126 

Lenschow, Alexander N. Freiberg, Domenico Tortorella, Jacob Piehler, Benhur Lee, 
Adolfo García-Sastre, Sandra Pellegrini, and Dusan Bogunovic. 2016. ‘ISG15 
Deficiency and Increased Viral Resistance in Humans but Not Mice’. Nature 
Communications 7(1):11496. doi: 10.1038/ncomms11496. 

Sridharan, Haripriya, Chen Zhao, and Robert M. Krug. 2010. ‘Species Specificity of the NS1 
Protein of Influenza B Virus’. Journal of Biological Chemistry 285(11):7852–56. doi: 
10.1074/jbc.C109.095703. 

Sriramachandran, Annie M., and R. Jürgen Dohmen. 2014. ‘SUMO-Targeted Ubiquitin 
Ligases’. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1843(1):75–
85. doi: 10.1016/j.bbamcr.2013.08.022. 

Stark, George R., Ian M. Kerr, Bryan R. G. Williams, Robert H. Silverman, and Robert D. 
Schreiber. 1998. ‘HOW CELLS RESPOND TO INTERFERONS’. Annual Review of 
Biochemistry 67(1):227–64. doi: 10.1146/annurev.biochem.67.1.227. 

Su, Changqing. 2016. ‘Survivin in Survival of Hepatocellular Carcinoma’. Cancer Letters 
379(2):184–90. doi: 10.1016/j.canlet.2015.06.016. 

Sun, Li, Xu Wang, Yu Zhou, Run-Hong Zhou, Wen-Zhe Ho, and Jie-Liang Li. 2016. 
‘Exosomes Contribute to the Transmission of Anti-HIV Activity from TLR3-Activated 
Brain Microvascular Endothelial Cells to Macrophages’. Antiviral Research 134:167–71. 
doi: 10.1016/j.antiviral.2016.07.013. 

Sun, Xiao-Xin, Yingxiao Chen, Yulong Su, Xiaoyan Wang, Krishna Mohan Chauhan, Juan 
Liang, Colin J. Daniel, Rosalie C. Sears, and Mu-Shui Dai. 2018. ‘SUMO Protease 
SENP1 DeSUMOylates and Stabilizes C-Myc’. Proceedings of the National Academy of 
Sciences 115(43):10983–88. doi: 10.1073/pnas.1802932115. 

Sun, Zujun, Shuiqing Hu, Qingqiong Luo, Dongxia Ye, Dan Hu, and Fuxiang Chen. 2013. 
‘Overexpression of SENP3 in Oral Squamous Cell Carcinoma and Its Association with 
Differentiation’. Oncology Reports 29(5):1701–6. doi: 10.3892/or.2013.2318. 

Sung, Pil Soo, HyeonJoo Cheon, Chung Hwan Cho, Seon-Hui Hong, Do Youn Park, Hyung-
Il Seo, Su-Hyung Park, Seung Kew Yoon, George R. Stark, and Eui-Cheol Shin. 2015. 
‘Roles of Unphosphorylated ISGF3 in HCV Infection and Interferon Responsiveness’. 
Proceedings of the National Academy of Sciences 112(33):10443–48. doi: 
10.1073/pnas.1513341112. 

Swaim, Caleb D., Larissa A. Canadeo, Kristen J. Monte, Swati Khanna, Deborah J. 
Lenschow, and Jon M. Huibregtse. 2020. ‘Modulation of Extracellular ISG15 Signaling 
by Pathogens and Viral Effector Proteins’. Cell Reports 31(11):107772. doi: 
10.1016/j.celrep.2020.107772. 

Swaim, Caleb D., Ariella F. Scott, Larissa A. Canadeo, and Jon M. Huibregtse. 2017. 
‘Extracellular ISG15 Signals Cytokine Secretion through the LFA-1 Integrin Receptor’. 
Molecular Cell 68(3):581-590.e5. doi: 10.1016/j.molcel.2017.10.003. 

Swatek, Kirby N., Martina Aumayr, Jonathan N. Pruneda, Linda J. Visser, Stephen Berryman, 
Anja F. Kueck, Paul P. Geurink, Huib Ovaa, Frank J. M. van Kuppeveld, Tobias J. 
Tuthill, Tim Skern, and David Komander. 2018. ‘Irreversible Inactivation of ISG15 by a 
Viral Leader Protease Enables Alternative Infection Detection Strategies’. Proceedings 
of the National Academy of Sciences 115(10):2371–76. doi: 10.1073/pnas.1710617115. 

Tang, YuJie, Gongxun Zhong, Lianhui Zhu, Xing Liu, Yufei Shan, Huapeng Feng, ZhiGao 
Bu, Hualan Chen, and Chen Wang. 2010. ‘Herc5 Attenuates Influenza A Virus by 
Catalyzing ISGylation of Viral NS1 Protein’. The Journal of Immunology 184(10):5777–
90. doi: 10.4049/jimmunol.0903588. 



BIBLIOGRAPGY 

 127 

Tanigawa, Kazunari, Koichi Suzuki, Kazuaki Nakamura, Takeshi Akama, Akira Kawashima, 
Huhehasi Wu, Moyuru Hayashi, Shin-Ichiro Takahashi, Shoichiro Ikuyama, Tetsuhide 
Ito, and Norihisa Ishii. 2008. ‘Expression of Adipose Differentiation-Related Protein 
(ADRP) and Perilipin in Macrophages Infected with Mycobacterium Leprae’. FEMS 
Microbiology Letters 289(1):72–79. doi: 10.1111/j.1574-6968.2008.01369.x. 

Tecalco Cruz, Angeles C., and Karen Mejía-Barreto. 2017. ‘Cell Type-Dependent Regulation 
of Free ISG15 Levels and ISGylation’. Journal of Cell Communication and Signaling 
11(2):127–35. doi: 10.1007/s12079-017-0385-7. 

Tecalco-Cruz, Angeles C., Carlo César Cortés-González, Eduardo Cruz-Ramos, Josué O. 
Ramírez Jarquín, Aline Kay Romero-Mandujano, and Marcela Sosa-Garrocho. 2019. 
‘Interplay between Interferon-Stimulated Gene 15/ISGylation and Interferon Gamma 
Signaling in Breast Cancer Cells’. Cellular Signalling 54:91–101. doi: 
10.1016/j.cellsig.2018.11.021. 

Tecalco-Cruz, Angeles C., and Eduardo Cruz-Ramos. 2018. ‘Protein ISGylation and Free 
ISG15 Levels Are Increased by Interferon Gamma in Breast Cancer Cells’. Biochemical 
and Biophysical Research Communications 499(4):973–78. doi: 
10.1016/j.bbrc.2018.04.030. 

Varshavsky, Alexander. 2017. ‘The Ubiquitin System, Autophagy, and Regulated Protein 
Degradation’. Annual Review of Biochemistry 86(1):123–28. doi: 10.1146/annurev-
biochem-061516-044859. 

Van Der Veen, Annemarthe G., and Hidde L. Ploegh. 2012. ‘Ubiquitin-Like Proteins’. 
Annual Review of Biochemistry 81(1):323–57. doi: 10.1146/annurev-biochem-093010-
153308. 

Versteeg, Gijs A., Benjamin G. Hale, Sander van Boheemen, Thorsten Wolff, Deborah J. 
Lenschow, and Adolfo García-Sastre. 2010. ‘Species-Specific Antagonism of Host 
ISGylation by the Influenza B Virus NS1 Protein’. Journal of Virology 84(10):5423–30. 
doi: 10.1128/JVI.02395-09. 

Vertegaal, Alfred C. O., Jens S. Andersen, Stephen C. Ogg, Ronald T. Hay, Matthias Mann, 
and Angus I. Lamond. 2006. ‘Distinct and Overlapping Sets of SUMO-1 and SUMO-2 
Target Proteins Revealed by Quantitative Proteomics’. Molecular & Cellular Proteomics 
5(12):2298–2310. doi: 10.1074/mcp.M600212-MCP200. 

Wang, Wenshi, Lei Xu, Junhong Su, Maikel P. Peppelenbosch, and Qiuwei Pan. 2017. 
‘Transcriptional Regulation of Antiviral Interferon-Stimulated Genes’. Trends in 
Microbiology 25(7):573–84. doi: 10.1016/j.tim.2017.01.001. 

Wang, Xiuyan, Ming Li, Hongyong Zheng, Thomas Muster, Peter Palese, Amer A. Beg, and 
Adolfo Garcı́a-Sastre. 2000. ‘Influenza A Virus NS1 Protein Prevents Activation of NF-
ΚB and Induction of Alpha/Beta Interferon’. Journal of Virology 74(24):11566–73. doi: 
10.1128/JVI.74.24.11566-11573.2000. 

Wardlaw, Christopher P., and John H. J. Petrini. 2023. ‘ISG15: A Link between Innate 
Immune Signaling, DNA Replication, and Genome Stability’. BioEssays 45(7). doi: 
10.1002/bies.202300042. 

Waters, Emily, Kevin A. Wilkinson, Amy L. Harding, Ruth E. Carmichael, Darren Robinson, 
Helen E. Colley, and Chun Guo. 2022. ‘The SUMO Protease SENP3 Regulates 
Mitochondrial Autophagy Mediated by Fis1’. EMBO Reports 23(2). doi: 
10.15252/embr.201948754. 

Weber, Jason D., Laura J. Taylor, Martine F. Roussel, Charles J. Sherr, and Dafna Bar-Sagi. 
1999. ‘Nucleolar Arf Sequesters Mdm2 and Activates P53’. Nature Cell Biology 
1(1):20–26. doi: 10.1038/8991. 



YANIS HICHEM BOUZAHER 

 128 

Werneke, Scott W., Clementine Schilte, Anjali Rohatgi, Kristen J. Monte, Alain Michault, 
Fernando Arenzana-Seisdedos, Dana L. Vanlandingham, Stephen Higgs, Arnaud 
Fontanet, Matthew L. Albert, and Deborah J. Lenschow. 2011. ‘ISG15 Is Critical in the 
Control of Chikungunya Virus Infection Independent of UbE1L Mediated Conjugation’. 
PLoS Pathogens 7(10):e1002322. doi: 10.1371/journal.ppat.1002322. 

Wilkinson, Kevin A., and Jeremy M. Henley. 2010. ‘Mechanisms, Regulation and 
Consequences of Protein SUMOylation’. Biochemical Journal 428(2):133–45. doi: 
10.1042/BJ20100158. 

Wilson, Van G. 2017. ‘Introduction to Sumoylation’. Pp. 1–12 in. 
Wong, Joyce Jing Yi, Yuh Fen Pung, Newman Siu-Kwan Sze, and Keh-Chuang Chin. 2006. 

‘HERC5 Is an IFN-Induced HECT-Type E3 Protein Ligase That Mediates Type I IFN-
Induced ISGylation of Protein Targets’. Proceedings of the National Academy of 
Sciences 103(28):10735–40. doi: 10.1073/pnas.0600397103. 

Xiao, Yong-Hong, Wilson H. Miller, Raymond P. Warrell, Ethan Dmitrovsky, Andrew D. 
Zelenetz, Ad Zelenetz, and Memorial Sloan-. 1993. Pulsed-Field Gel Electrophoresis 
Analysis of Retinoic Acid Receptor-a and Promyelocytic Leukemia Rearrangements 
Detection of the t(15; 17) Translocation in the Diagnosis of Acute Promyelocytic 
Leukemia. Vol. 143. 

Xiaojun Ding, Jian Sun, Lizhen Wang, Guolin Li, Yi Shen, Xiaojian Zhou, and Wantao Chen. 
1994. ‘Overexpression of SENP5 in Oral Squamous Cell Carcinoma and Its Association 
with Differentiation’. Oncology Reports. doi: 10.3892/or_00000107. 

Xirodimas, Dimitris P., June Chisholm, Joana M. S. Desterro, David P. Lane, and Ronald T. 
Hay. 2002. ‘P14ARF Promotes Accumulation of SUMO‐1 Conjugated (H)Mdm2’. 
FEBS Letters 528(1–3):207–11. doi: 10.1016/S0014-5793(02)03310-0. 

Xue, Xiangfei, Xiaoting Tian, Congcong Zhang, Yayou Miao, Yikun Wang, Yingxiu Peng, 
Shiyu Qiu, Hong Wang, Jiangtao Cui, Leiqun Cao, Fenyong Sun, Yongxia Qiao, and 
Xiao Zhang. 2022. ‘YAP ISGylation Increases Its Stability and Promotes Its Positive 
Regulation on PPP by Stimulating 6PGL Transcription’. Cell Death Discovery 8(1):59. 
doi: 10.1038/s41420-022-00842-8. 

Yuan, W. 2001. ‘Influenza B Virus NS1 Protein Inhibits Conjugation of the Interferon (IFN)-
Induced Ubiquitin-like ISG15 Protein’. The EMBO Journal 20(3):362–71. doi: 
10.1093/emboj/20.3.362. 

Yueh, Andrew, Juliana Leung, Subarna Bhattacharyya, Lucy A. Perrone, Kenia de los Santos, 
Szy-yuan Pu, and Stephen P. Goff. 2006. ‘Interaction of Moloney Murine Leukemia 
Virus Capsid with Ubc9 and PIASy Mediates SUMO-1 Addition Required Early in 
Infection’. Journal of Virology 80(1):342–52. doi: 10.1128/JVI.80.1.342-352.2006. 

Zhang, Hongjie, Xiaoyi Kuai, Zeyu Ji, Zhengyang Li, and Ruihua Shi. 2013. ‘Over-
Expression of Small Ubiquitin-Related Modifier-1 and Sumoylated P53 in Colon 
Cancer’. Cell Biochemistry and Biophysics 67(3):1081–87. doi: 10.1007/s12013-013-
9612-x. 

Zhang, Xianqin, Dusan Bogunovic, Béatrice Payelle-Brogard, Véronique Francois-Newton, 
Scott D. Speer, Chao Yuan, Stefano Volpi, Zhi Li, Ozden Sanal, Davood Mansouri, 
Ilhan Tezcan, Gillian I. Rice, Chunyuan Chen, Nahal Mansouri, Seyed Alireza 
Mahdaviani, Yuval Itan, Bertrand Boisson, Satoshi Okada, Lu Zeng, Xing Wang, Hui 
Jiang, Wenqiang Liu, Tiantian Han, Delin Liu, Tao Ma, Bo Wang, Mugen Liu, Jing-Yu 
Liu, Qing K. Wang, Dilek Yalnizoglu, Lilliana Radoshevich, Gilles Uzé, Philippe Gros, 
Flore Rozenberg, Shen-Ying Zhang, Emmanuelle Jouanguy, Jacinta Bustamante, Adolfo 
García-Sastre, Laurent Abel, Pierre Lebon, Luigi D. Notarangelo, Yanick J. Crow, 



BIBLIOGRAPGY 

 129 

Stéphanie Boisson-Dupuis, Jean-Laurent Casanova, and Sandra Pellegrini. 2015. 
‘Human Intracellular ISG15 Prevents Interferon-α/β over-Amplification and Auto-
Inflammation’. Nature 517(7532):89–93. doi: 10.1038/nature13801. 

Zhang, Yifeng, Fabien Thery, Nicholas C. Wu, Emma K. Luhmann, Olivier Dussurget, 
Mariko Foecke, Clara Bredow, Daniel Jiménez-Fernández, Kevin Leandro, Antje Beling, 
Klaus-Peter Knobeloch, Francis Impens, Pascale Cossart, and Lilliana Radoshevich. 
2019. ‘The in Vivo ISGylome Links ISG15 to Metabolic Pathways and Autophagy upon 
Listeria Monocytogenes Infection’. Nature Communications 10(1):5383. doi: 
10.1038/s41467-019-13393-x. 

Zhao, Chen, Sylvie L. Beaudenon, Melissa L. Kelley, M. Brett Waddell, Weiming Yuan, 
Brenda A. Schulman, Jon M. Huibregtse, and Robert M. Krug. 2004. ‘The UbcH8 
Ubiquitin E2 Enzyme Is Also the E2 Enzyme for ISG15, an IFN-α/β-Induced Ubiquitin-
like Protein’. Proceedings of the National Academy of Sciences 101(20):7578–82. doi: 
10.1073/pnas.0402528101. 

Zhao, Chen, Carilee Denison, Jon M. Huibregtse, Steven Gygi, and Robert M. Krug. 2005. 
‘Human ISG15 Conjugation Targets Both IFN-Induced and Constitutively Expressed 
Proteins Functioning in Diverse Cellular Pathways’. Proceedings of the National 
Academy of Sciences 102(29):10200–205. doi: 10.1073/pnas.0504754102. 

Zhao, Chen, Tien-Ying Hsiang, Rei-Lin Kuo, and Robert M. Krug. 2010. ‘ISG15 Conjugation 
System Targets the Viral NS1 Protein in Influenza A Virus–Infected Cells’. Proceedings 
of the National Academy of Sciences 107(5):2253–58. doi: 10.1073/pnas.0909144107. 

Zhao, Chen, Haripriya Sridharan, Ran Chen, Darren P. Baker, Shanshan Wang, and Robert 
M. Krug. 2016. ‘Influenza B Virus Non-Structural Protein 1 Counteracts ISG15 
Antiviral Activity by Sequestering ISGylated Viral Proteins’. Nature Communications 
7(1):12754. doi: 10.1038/ncomms12754. 

Zhao, Xiaolan. 2018. ‘SUMO-Mediated Regulation of Nuclear Functions and Signaling 
Processes’. Molecular Cell 71(3):409–18. doi: 10.1016/j.molcel.2018.07.027. 

Zhu, Qiuhong, Panpan Liang, Cuiying Chu, Aili Zhang, and Wenchao Zhou. 2022. ‘Protein 
Sumoylation in Normal and Cancer Stem Cells’. Frontiers in Molecular Biosciences 9. 
doi: 10.3389/fmolb.2022.1095142. 

Zou, Weiguo, and Dong-Er Zhang. 2006. ‘The Interferon-Inducible Ubiquitin-Protein 
Isopeptide Ligase (E3) EFP Also Functions as an ISG15 E3 Ligase’. Journal of 
Biological Chemistry 281(7):3989–94. doi: 10.1074/jbc.M510787200. 

Zubiete-Franco, Imanol, Juan L. García-Rodríguez, Fernando Lopitz-Otsoa, Marina Serrano-
Macia, Jorge Simon, Pablo Fernández-Tussy, Lucía Barbier-Torres, David Fernández-
Ramos, Virginia Gutiérrez-de-Juan, Sergio López de Davalillo, Onintza Carlevaris, 
Adolfo Beguiristain Gómez, Erica Villa, Diego Calvisi, César Martín, Edurne Berra, 
Patricia Aspichueta, Naiara Beraza, Marta Varela-Rey, Matias Ávila, Manuel S. 
Rodríguez, José M. Mato, Irene Díaz-Moreno, Antonio Díaz-Quintana, Teresa C. 
Delgado, and María L. Martínez-Chantar. 2019. ‘SUMOylation Regulates LKB1 
Localization and Its Oncogenic Activity in Liver Cancer’. EBioMedicine 40:406–21. doi: 
10.1016/j.ebiom.2018.12.031. 

  
 
 
  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ISG15 is a Ubiquitin-like protein that plays important functions 
in different pathologies but these functions depend on the 
specie, cell type, viral type and ISG15 form. How ISG15 
activities are regulated is unclear. Here we show that ISG15 
can be SUMOylated and interacts with SUMO in a non-covalent 
manner. SUMOylation of ISG15 is triggered by different types 
of stress as well as upon overexpression of the tumor 
suppressor p14ARF. We show that ISG15 can be detected at the 
PML-NBs and that mutation of the SUMO binding sites 
positively modulates its co-localization with PML-NBs. Finally, 
we show that the interaction of SUMO with ISG15 positively 
modulates the anti-apoptotic activity of ISG15 upon IFN 
treatment, the pro-viral activity of ISG15 during VSV infection, 
and is required for proper mitochondria biogenesis.
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