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1 Introduction 
 

1.1 Posttranslational modifications of proteins 

Post-translational modifications (PTMs) of proteins play a crucial role in the 

regulation of many biological processes such as protein-protein interactions (PPIs), 

protein degradation, control of enzymatic activity and signal transduction. The 

development of mass spectrometry allowed the identification of hundreds of PTMs on 

thousands of substrates. To date, more then 300 PTMs have been identified in 

mammalian cells1. PTMs can be reversible or irreversible (Figure 1.1). Deamidation or 

proteolytic cleavage are examples of irreversible PTMs. In contrast, reversible PTMs 

such as the modification of amino acids with small or complex molecules or the 

conjugation of ubiquitin-like proteins (Ubls) are commonly regulated by antagonizing 

modifying and unmodifying enzymes.  

 

 

Figure 1.1 Proteins can be modified by a variety of PTMs. 
Possible PTMs of proteins include chemical modification with small molecules (green), modification with polypeptides 
(blue), modification with complex molecules (yellow) and irreversible amino acid modifications (magenta). From Spoel 
(2016)2. 
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Due to their responsive and often reversible nature, PTMs allow a rapid, spatio-

temporal response to specific stimuli. Typically, upon these stimuli modifying 

enzymes will target their substrate proteins and add or remove a PTM on the protein 

surface. Many proteins harbor conserved binding motifs allowing them to engage in 

inter- or intramolecular interactions with modified proteins. 

In addition, positive or negative crosstalk between different PTMs has been described 

for many substrates3. In the case of positive crosstalk, an initial PTM can be a 

prerequisite for a secondary PTM to occur on the same substrate protein or protein 

complex. This can happen either by induction of conformational changes in the 

substrate protein, resulting in the exposure of otherwise hidden modification sites, or 

by the initial PTM serving as a binding interface for the catalyzing enzyme of the 

secondary modification. In the case of negative crosstalk, several modifications can 

compete for the same modification site or an initial modification can block access to 

a second modification site. For instance, a specific lysine residue could be either 

modified by a ubiquitin-like protein such as proteins of the small ubiquitin related 

modifier (SUMO) family, or it could be acetylated instead. In addition, modifying or 

demodifying enzymes as well as other enzymes can be substrates of PTMs which can 

influence their activity and substrate specificity4,5. 

 

1.2 Ubiquitin and ubiquitin-like modifiers 

1.2.1 Posttranslational modification by ubiquitin 

Ubiquitin (Ub) is a small protein of approximately 8.5 kDa that is conserved among 

eukaryotes6,7. Ubiquitin consists of four b-sheets and two a-helices that are folded into 

a b-grasp fold with a hydrophobic core (bbabba). This fold is highly stable under 

varying pH and temperatures6,8. Ubiquitin is initially translated as a precursor protein 

(pre-Ub), followed by cleavage of its C-terminus by Ub-specific proteases. In humans 

four genes (Uba52, RPS27a, UBB and UBC) encode ubiquitin precursors of different 



Introduction 

 
  

3 

length. As a consequence of this initial processing step, mature Ub displays a double 

glycine motif at its C-terminus. In a process called ubiquitylation Ub can be covalently 

linked to the e-amino group of a lysine residue in a substrate protein. This 

ubiquitylation process is catalyzed by a cascade of an E1 activating enzyme, an E2 

conjugating enzyme and an E3 ligating enzyme. To date, two E1 activating enzymes, 

approximately 40 E2 conjugating enzymes and more than 600 E3 ligases have been 

identified9,10. In an ATP-dependent first activation step, mature ubiquitin forms an 

Ub-adenylate intermediate and is then transferred to a thioester bond with a cysteine 

in the catalytic domain of the E1 enzyme. Ubiquitin is then transferred to an E2 

conjugating enzyme with which it forms another thioester. As a final step, E3 ligating 

enzymes catalyze the conjugation of ubiquitin to specific substrate proteins which can 

be ubiquitylated at one or multiple lysine residues (Figure 1.2).  

 

 

Figure 1.2 Model of ubiquitylation and the ubiquitylation pathway 
Mature Ubiquitin can be covalently linked to acceptor lysines in substrate proteins via a catalytic cascade of E1, E2 and 
E3 enzymes (a-c). Ubiquitin receptor proteins (UbR) (harboring ubiquitin-binding domains) can interact with 
ubiquitylated proteins (d). Similar to other substrate proteins, ubiquitin itself can be modified by E2 and E3 enzymes, 
resulting in ubiquitin chains (e). Depending on the linkage type, poly-ubiquitin chains can serve as signals such as 
intracellular trafficking, DNA repair or signal transduction (f) or lead to the degradation of the modified protein by the 
26S proteasome (g). Adapted from Deshaies and Joazeiro (2009)15. 

 

Seven lysine residues in ubiquitin itself (K6, K11, K27, K29, K33, K48 and K63) as well 

as the N-terminal methionine can also become ubiquitylated resulting in poly-

ubiquitin chains. K48- and K11-linked ubiquitin chains can serve as a signal for the 
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degradation of substrate proteins by the 26S proteasome, while other chain types are 

involved in DNA damage response (K6, K27, K63), signal transduction (K29, K33, K63), 

nuclear translocation (K27), selective autophagy (M1) and innate immunity (K63, 

M1)11–14. 

E3 ligases can be grouped in three main classes, RING- (Really interesting new 

gene/U-box), HECT- (Homologous to E6AP C-terminus) and RBR- (RING-between-

RING) type E3 ligases16–18. More than 600 proteins are predicted to be RING-type E3 

ligases making them the largest class of E3 ubiquitin ligases, while HECT- and RBR-

type E3 ligases have 28 and 14 members, respectively19. RING E3 ligases feature a 

catalytic domain with a RING or U-box fold and a substrate recruiting motif15.  

RING-type E3 ligases exhibit a scaffolding function by positioning the Ub-loaded E2 

enzyme and the substrate protein in order to enable the direct transfer of ubiquitin to 

the acceptor lysine in the substrate protein15,19. In addition, it has been proposed that 

RING-type E3 ligases may induce conformational changes in the E2 conjugating 

enzyme in order to facilitate the breakage of the thioester bond and the transfer of 

ubiquitin15,19. The catalytic domain and the substrate recruiting motif can be located 

in a single protein, as it is the case for the E3 ligase c-Cbl, or spread across different 

subunits in dimeric or multimeric E3 ligase complexes. Examples include RNF4 

(homodimeric) BRCA1/BARD1 (heterodimeric) and the multimeric anaphase 

promoting complex (APC)20,21,22,23. The largest family of RING ligases is the cullin 

superfamily with more than 200 members known in mammals. Cullin RING ligases are 

multi-subunit RING-type E3 complexes and are organized by different cullin scaffold 

proteins24. Cullin RING ligases catalyze proteolytic ubiquitylation of their substrate 

proteins and are activated via posttranslational modification of the cullin subunit with 

the ubiquitin-like modifier NEDD8 25. 

In contrast to RING-type ligases, HECT- and RBR-type E3 ligases catalyze the transfer 

of ubiquitin in a two-step reaction. First, ubiquitin is transferred from the E2 

conjugating enzyme to the catalytic cysteine of the E3 ligase. In a next step, it is then 

conjugated to the acceptor lysine in the substrate protein17,18. 
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Ubiquitylation can be reversed by deubiquytilating enzymes (DUBs)26. To date 

approximately 100 DUBs known27. Of the eight families of DUBs, seven are cysteine 

proteases, namely ubiquitin C-terminal hydrolases (UCHs), the ubiquitin-specific 

proteases (USPs), Otubain domain ubiquitin-binding proteins (OTUs), Machado–

Joseph disease protein domain proteases (MJDs or Josephins), motif interacting with 

Ub-containing novel DUBs (MINDYs), the poorly studied MCP-induced proteins 

(MCPIPs) and the recently discovered Zn-finger and UFSP domain proteins (ZUFSPs) 

28–32. Jab1/Pab1/MPN domain-containing (JAMM) proteases are metalloproteases and 

form the eighth DUB family28. 

 

1.2.2 Posttranslational modification with SUMO proteins 

Since its discovery more than two decades ago33, modification of proteins with SUMO 

has emerged as a key mechanism for the regulation of protein-protein interactions. In 

human cells, the four SUMO isoforms SUMO1/2/3/4 are expressed. SUMO1 shares 46% 

and 48% sequence identity with SUMO2 and SUMO3, respectively (Figure 1.3). SUMO2 

and SUMO3 differ in only three amino acids and are collectively referred to as 

SUMO2/3. SUMO4 shares 86% sequence identity with SUMO2 and its expression is 

mainly limited to kidney, spleen and lymph nodes34.  

SUMO proteins are expressed as a precursor protein (pre-SUMO). SUMO-specific 

isopeptidases (SENPs) cleave the C-terminus of pre-SUMO, resulting in a free double 

glycine motif. It was shown that a proline residue at position 90 in SUMO4 prevents 

its maturation by SENP isopeptidases35. This difference to the other SUMO isoforms 

hints at a biological role of SUMO4 through noncovalent interactions. 
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Figure 1.3 Sequence alignment of human SUMO1/2/3/4 
The amino acid sequences of the four SUMO isoforms were aligned. Equal or similar amino acids are highlighted in 
equal colors. The SENP cleavage site is indicated by a dashed line. 

 

Mature SUMO proteins can be conjugated to lysine residues of substrate proteins in a 

process called SUMOylation. SUMOylation is catalyzed by an enzymatic cascade 

consisting of the heterodimeric E1 activating enzyme SAE1/SAE2 (also known as 

AOS1/UBA2) and the E2 conjugating enzyme Ubc9, oftentimes in cooperation with 

one of the various E3 protein ligases (Figure 1.4). 

A given substrate protein can be mono-SUMOylated at a single lysine residue or multi-

SUMOylated at several SUMOylation sites. Furthermore, SUMO2/3 itself can also be a 

substrate for SUMOylation, giving rise to SUMO chains in a process termed poly-

SUMOylation. SUMO can also interact with UBC9 in a noncovalent manner and this 

interaction promotes the formation of SUMO chains36,37. Moreover, the E3 ligase 

ZNF451  as well as E3 ligases of the PIAS family can catalyze the formation of 

SUMO2/3 chains38,39. SUMO chains are primarily formed by linking SUMO2/3 to the 

K11 residue of another SUMO2/3 protein, although other lysine residues can be used 

for chain formation40–42. In contrast, SUMO1 is a poor SUMOylation substrate and is 

therefore likely to terminate SUMO chains once it is conjugated40. 
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Figure 1.4 Model of the SUMOylation and deSUMOylation pathway. 
In an initial processing step, pre-SUMO is cleaved by SENP proteins to generate mature SUMO with a C-terminal double 
glycine motif. Mature SUMO is then conjugated to substrate proteins via an enzymatic cascade of an E1, E2 and an E3 
enzyme. First, the heterodimeric E1 activating enzyme SAE1/SAE2 adenylates SUMO and then forms a thioester 
between the catalytic cysteine residue of SAE2 and the Gly-Gly-terminus of SUMO. The SUMO molecule is then 
transferred to the E2 activating enzyme Ubc9, resulting in another thioester bond between SUMO and Ubc9. E3 ligating 
enzymes often facilitate the conjugation of SUMO to the acceptor lysine in substrate proteins by forming a ternary 
complex with SUMO-charged Ubc9 and the substrate protein. SUMO itself can be SUMOylated by the E3 ligases such 
as ZNF451, resulting in poly-SUMOylated proteins. SENP proteins can reverse SUMOylation by cleaving the isopeptide 
bond between the Gly-Gly-terminus of SUMO and the acceptor lysine. SENP1-SENP5 exhibit specificity towards mono- 
or multi-SUMOylated proteins, while SENP6 and SENP7 are selectively processing poly-SUMO chains. SUMO-targeted 
Ubiquitin ligases (STUbLs) harbor poly-SIM motifs and can ubiquitylate poly-SUMO chains or poly-SUMOylated proteins 
(in cooperation with an Ub-charged E2 enzyme). Ubiquitylation by STUbL E3s often leads to the proteasomal 
degradation of substrate proteins. STUbL-mediated ubiquitylation can be counteracted by the deubiquitylating 
enzymes USP7 and USP11. Adapted from Kunz et al. (2018)43. 

 

Proteins that are targeted by Ubc9 for SUMOylation often contain a SUMOylation 

consensus site with the sequence ΨKXE, where Ψ symbolizes a bulky aliphatic residue, 

typically V/I/L44. Yet, only 50% of the SUMOylation sites match with the ΨKXE 

consensus sequence and other SUMOylation motifs have been described45. Among 

these are an inverted, a hydrophobic and a phosphorylation dependent SUMOylation 

motif45–48. 

In many cases SUMOylation of proteins allows their interaction with other SUMO-

binding proteins containing a SUMO-interacting motif (SIM). The three SIM 
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consensus sequences Acn-Ψ-X-Ψ-Ψ (SIMa), Ψ-Ψ-D-L-T (SIMb) or Ψ-Ψ-X-Ψ-Acn 

(SIMr) are known and can be found in most SUMO-interacting proteins. SIMs of the 

SIMa and SIMr type are often flanked by 2-5 acidic (D or E) or serine residues (Acn)49–

51. 

Like ubiquitylation, SUMOylation is a reversible process and substrate proteins can be 

deSUMOylated by sentrin-specific isopeptidases (SENPs). SENP1-SENP3 and SENP5 

are evolutionary related to the yeast isopeptidase Ulp1 and can process both, mono- 

and multi-SUMOylated substrates as well as pre-SUMO. Poly-SUMO chains are 

processed by the Ulp2-related SENP6 and SENP7 (Figure 1.4)43. 

The SUMOylation state in cells is highly dynamic and SUMOylation of proteins 

changes in response to different stimuli. When human cells are exposed to a heat 

shock (HS) which can be achieved by rising the temperature to 43°C for 30-120 min, a 

drastic increase in SUMOylation can be observed52,53. Unfolded and misfolded proteins 

have been shown to become SUMOylation targets when cells are treated with a HS or 

with the proteasome inhibitor MG132 53,54.  

Besides heat stress, other proteotoxic stresses such as oxidative stress, osmotic stress 

and ethanol treatment have been shown to increase SUMOylation55.  

Increased SUMOylation under stress is often facilitated by inactivation of SENP 

isopeptidases and it has been shown that different SENPs display reduced activity and 

protein levels under various stresses. SENP1 and SENP3 are inhibited under hypoxic 

conditions which is rapidly reversed upon reoxygenation56. Furthermore, reduced 

protein levels of SENP3 have been observed under oxygen and glucose deprivation57. 

Reduced activity of various SENPs was also observed under heat stress58. In 

conclusion, SENP inactivation or destabilization under stress allows cells to quickly 

adjust to changing conditions, thereby acting as a cytoprotective response43. 
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1.3 SUMO-targeted ubiquitin ligases 

Poly- and multi-SUMOylated proteins can be recognized and targeted for 

ubiquitylation by SUMO-targeted ubiquitin ligases (STUbLs). In Saccharomyces 

cerevisiae three STUbLs, Uls1, the heterodimeric Slx5/Slx8 (Uls2) and Rad18 are 

known59–61. The Schizosaccharomyces pombe proteins Rfp1 and Rfp2 display redundant 

functions. Both proteins have functional homology with Slx5 and can interact with 

Slx8 to form an active STUbL complex62. In human cells two STUbLs, the Slx5/Slx8 

ortholog RNF4 and RNF111 (also known as Arkadia), have been described so far 

(Figure 1.5)63–65.  

STUbL proteins share two common features. The presence of at least one, but 

oftentimes multiple SIMs allowing the interaction with SUMOylated substrate 

proteins as well as a RING domain which mediates the efficient transfer of ubiquitin 

from an E2 enzyme to the substrate. 

In S. cerevisiae mutation of either Uls1 or Slx5 lead to an enrichment of high molecular 

weight (HMW) SUMO conjugates, an effect that is further enhanced when both genes 

are mutated60. This illustrates the role of Uls1 and Slx5/Slx8 in the proteolytic 

degradation of SUMOylated proteins. A comparable accumulation of HMW SUMO 

(and ubiquitin) conjugates is achieved in human cells upon treatment with the 

proteasome inhibitor MG13253,66.  

Loss of Slx5/Slx8 in S. cerevisiae or Rfp1/Rfp2-Slx8 results in growth defects and 

decreased genomic stability, a phenotype that could be reversed by expression of 

RNF462,67. These observations point towards a functional conservation of the STUbL 

pathway between yeast and humans. 
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Figure 1.5 Schematic representation of STUbL family members in S. cerevisiae, S. pombe and homo sapiens. 
Members of the STUbL family commonly feature SIMS as well as a RING domain. SIMS of the SIMa, SIMb and SIMr type 
are displayed in blue, green and purple, respectively. RING domains are highlighted in brown. Uls1 contains an 
additional Swi2/Snf2-like translocase domain which disassembles Rad51/dsDNA complexes during homologous 
recombination68. Adapted from Sriramachandran and Dohmen (2014)63. 

 

The 190 amino acid protein RNF4 was the first described STUbL in humans64. It 

harbors a tandem SIM domain which is comprised of four SIMs separated by 4-7 amino 

acids (Figure 1.5). This domain engages in the multivalent binding of SUMO chains. 

Although binding of a single SUMO protein is possible, the binding affinity is highly 

increased towards SUMO chains of at least three SUMO moieties in length69,70. In its 

active form, RNF4 forms homodimers in which the two RING domains engage in close 

contacts with each other and with a Ub-charged E2-enzyme (Figure 1.6)20,71,72. While 

the RING domain alone is able to dimerize with low affinity, it has been shown that 

SUMO chains increase the dimerization rate of RNF4 in vitro21. In vivo, increased 

activation of RNF4 can be achieved by knockdown of the chain-specific SUMO 

isopeptidase SENP6 21. SUMO chains might activate RNF4 simply by bringing two 
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monomers in close proximity or by the additional induction of conformational 

changes in the RING domain, thereby facilitating its dimerization21.  

 

 

 

Figure 1.6 Model of RNF4 activation by dimerization on SUMO chains. 
In a first step, RNF4 monomers can bind via the tandem SIM domain to SUMO chains. The RING domains of both 
monomers engage in close interaction, allowing the recruitment of Ub-charged E2 conjugating enzyme and subsequent 
ubiquitylation of substrate proteins. The poly-SUMOylated substrate as well as the SUMO chain can be ubiquitylated 
in this process. Furthermore, RNF4 can auto-ubiquitylate. From Rojas-Fernandez et al.21. 

 

One of the best studied examples of RNF4 activity is the arsenic-induced degradation 

of the promyelocytic leukemia protein (PML). 90-95% of patients with acute 

promyelocytic leukemia (APL) display an oncogenic fusion of the retinoic acid 

receptor a (RARa) with PML (PML/RARa) due to the t(15;17) chromosomal 

translocation73,74. Treatment with arsenic trioxide (ATO) combined with retinoic acid 

has been shown to be an effective cure for APL75. ATO can directly bind to PML (and 

PML/RARa) and two mechanisms for the subsequent SUMOylation and degradation 

of PML have been proposed. ATO-binding might induce topological changes in PML 
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which strengthen its interaction with Ubc9 and its subsequent SUMOylation76. 

Alternatively, the oxidative properties of ATO might induce the formation of 

intermolecular disulfide bonds thereby stimulating PML oligomerization by followed 

by Ubc9-dependent SUMOylation of PML76,77. In a next step RNF4 can ubiquitylate 

PML, thereby marking it for proteasomal degradation69,78,79. 

RNF4 also plays a crucial role in the DNA damage response. Its recruitment to double-

strand breaks (DSB) depends on interactions between SUMOylated repair factors and 

RNF4s tandem SIM domain80–82. In response to DNA damage, the scaffold protein 

MDC1 is SUMOylated83. Subsequently RNF4 is recruited to the DSB site and 

ubiquitylates chromatin-bound MDC1 and RPA facilitating their removal from DNA 

damage sites, which promotes repair by non-homologous end-joining (NHEJ) and 

homologous recombination (HR)80–82. Absence of RNF4 results in persistence of SUMO 

and DNA repair factors at laser-induced DNA damage sites82. Ataxin 3, a DUB of the 

Josephin family, can counteract the RNF4-mediated ubiquitylation of MDC1 during 

the early phase of DSB response, thereby retaining MDC1 and DSB sites and 

reinforcing MDC1-dependent DNA damage signaling84. 

Furthermore, it was proposed that the DNA interstrand-crosslink repair by the 

Fanconi anemia (FA) complex is regulated by RNF4. FANCAI939S is a mutant of the FA 

protein FANCA which is deficient in binding the FA component FAAP20. As a 

consequence, FANCAI939S exposes an additional SUMO acceptor lysine and is 

hyperSUMOylated. RNF4 can ubiquitylate SUMOylated FANCAI939S, thereby promoting 

its proteasomal degradation85. Moreover, RNF4 depletion stabilized FANCAWT and 

rendered FANCAWT expressing cells more sensitive to treatment with cisplatin, 

hydroxyurea or mitomycin c suggesting a role of RNF4 in clearance of the FA complex 

from DNA damage sites85. 

RNF4 can also ubiquitylate SUMO2/3 itself, thereby creating hybrid SUMO-Ub chains 

(Figure 1.6). The protein RAP80 targets BRCA1 to DNA damage sites and contains a 

SIM and two ubiquitin-interacting motifs (UIMs). Guzzo and colleagues 

demonstrated, that RAP80 binds to SUMO-Ub hybrid chains and RNF4 activity at DSB 
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sites is needed to recruit both RAP80 and BRCA1 86. Interestingly, the DUBs Ataxin 3 

and USP25 also contain UIMs and a SIM. Moreover, the proteins S5a and STAM, which 

are involved in proteasomal degradation and lysosomal degradation, respectively, 

were predicted to contain SIMs in close proximity to their UIMs. Therefore, it was 

suggested, that hybrid SUMO-Ub chains could serve as a binding interface for 

receptors harboring tandem SIM-UIM domains87. 

RNF111 has been categorized as the second member of the STUbL family by a 

bioinformatical approach which aimed to identify proteins containing a poly-SIM65. 

RNF111 has been reported to enhance TGF-b signaling by targeting the negative 

regulators Smad7, SnoN and c-Ski for proteasomal degradation. Moreover, Smad3, 

Smad4 and Axin could be additional substrates as they act in the TGF-b signaling 

pathway and have previously been reported to be SUMOylated63. In addition, RNF111 

can directly interact with the scaffold protein Axin in a SIM-dependent manner88. 

These findings point towards a SUMO-dependent engagement of RNF111 and 

subsequent degradation of Smad7. 

RNF111 also plays a role in the UV-induced DNA-damage response. UV-treatment 

triggers the SUMOylation of the DNA repair factor XPC allowing its selective 

ubiquitylation by RNF111 89,90.  

A recent in vitro study described a SUMO1 binding motif (SOB) in RNF111 that differs 

from the previously described SIMs. The presence of this SOB results in a higher 

affinity of RNF111 towards SUMO1-capped SUMO2/3 chains as compared to pure 

SUMO2/3 chains91. 

 

1.4 PML nuclear bodies 

PML nuclear bodies (PML NBs) are spherical, nuclear, membraneless organelles that 

consist of an outer shell composed of PML surrounding a variable set of inner core 

proteins such as the tumor suppressor SP100 and the death domain-associated 

protein DAXX92. Formation of PML NBs is likely driven by PML oligomerization 
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including the tetramerization of PMLs RING domain. The N-terminal RING domain of 

PML can also bind to the SUMO E2 conjugation enzyme Ubc9 which is concentrated 

in PML NBs93,94. PML has at least three SUMOylation sites and is strongly SUMOylated, 

thereby providing a binding interface for the core proteins of PML NBs which are 

recruited through SUMO/SIM interactions95,96. These core proteins can also undergo 

SUMOylation, increasing their retention at PML NBs92. Furthermore, increased poly-

SUMOylation seems to promote PML NB formation as an increase in number and size 

of PML NBs is observed in cells depleted of the poly-SUMO-specific isopeptidase 

SENP697,98. 

To uncover all functions of PML NBs more research is needed, yet some functions have 

been demonstrated. PML NBs are highly connected with the SUMO system. The high 

local co-concentration of Ubc9 and SUMOylation substrates in PML NBs further 

supports the idea of PML NBs as local centers for SUMOylation. Examples for PML-

mediated SUMOylation include the arsenic-induced recruitment and SUMOylation of 

SP100 and the SUMOylation of viral proteins95,99,100.  

Besides SUMOylation enzymes, multiple other PTM enzymes can transiently associate 

with PML NBs including the kinases HIPK2, CK2 or the acetyl transferases CBP and 

MOZ101–104. HIPK2, CBP and MOZ can modify and thereby activate p53 which is co-

recruited to PML NBs. PML NBs can therefore promote p53 activation and oncogene-

induced senescence103,105. PML expression on the other hand can be induced by p53 in 

response to Ras and contributes to p53-mediated apoptosis106.  Under acute oxidative 

stress PML NBs mediate p53 activation by posttranslational modifications which is 

required to activate a subset of p53 target genes involved metabolic regulation, 

senescence and apoptosis107. Further functions of PML NBs include epigenetic control 

by modulating the soluble pool of histone H3.3. Deposition of H3.3 in PML associated 

heterochromatin domains is mediated by ATRX and DAXX, which are frequently 

recruited to PML NBs108–110. 
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1.5 Stress Granules 

Eukaryotic cells can endure a variety of exogenous and endogenous stresses for 

limited periods of time. Examples are heat stress, oxidative stress by buildup of 

reactive oxygen species (ROS), osmotic stress, oncogenic stress or DNA damage. A 

conserved mechanism to cope with these stresses is to limit translation initiation in 

order to save valuable resources111. If translation initiation halts messenger 

ribonucleoproteins (mRNPs) that consist of untranslating RNAs and associated RNA-

binding proteins (RBPs) can assemble into mRNP granules called stress granules 

(SGs)112–114.  

Besides mRNAs and translation initiation factors various other RBPs and non RBPs 

can be found in mature stress granules. These include signaling factors, multiple 

ATPases, metabolic enzymes and PTM enzymes115,116. Modern microscopy techniques 

revealed that SGs consist of stable, dense core structures that are surrounded by more 

dynamic shells115,117. Proteomic analysis of SG cores showed that approximately 50% 

of the core proteins are RBPs, while the other half of proteins lack RNA-binding 

motifs115. In addition to a main set of proteins that is found in all SGs, various other 

proteins only associate with SGs in certain cell types or upon specific stress stimuli116.  

 

1.5.1 Assembly of stress granules 

A prerequisite for the formation of SGs is the presence of stalled pre-initiation 

complexes (PICs). Previous studies showed that accumulation of stalled PICs 

increases SG formation, while increasing amounts of stalled polysomes decreased SG-

formation118,119. Under stress, translation initiation can be stalled by limiting the 

activity of either the cap-binding eIF4F complex (which consists of eIF4E, eIF4A, and 

eIF4G) or the eukaryotic initiator factor 2 alpha (eIF2a; Figure 1.7)120.  

The eIF4E-binding protein (4E-BP) can bind to eIF4E, thereby inhibiting assembly of 

the eIF4F complex and translation initiation. In unstressed cells this step is inhibited 

by mTOR-mediated phosphorylation of 4E-BP121. mTor is inactivated by various 
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stresses, amino acid starvation or treatment with the drug rapamycin, leading to 

hypophosphorylation of 4E-BP and stalling of translation initiation (Figure 1.7, 

left)121. Besides mTor inactivation, chemical interference or binding of tRNA-derived, 

stress-induced RNAs (tiRNAs) can also prevent the correct assembly of the eIF4F 

complex and inhibit translation initiation (Figure 1.7, right)120. 

 

 

Figure 1.7 Model of the different mechanisms to stall translation initiation. 
Top: Three mechanisms can lead to the formation of untranslating, noncanonical PICs. (1) mTOR inhibition results in 
hypophosphorylation of the mTOR substrate protein 4E-BP. Unphosphorylated 4E-BP can bind to eIF4E, thereby 
preventing the correct assembly of the 48S PIC and following translation initiation. (2) In the integrated stress response 
phosphorylation of eIF2a is catalyzed by one of four kinases (PKR, GCN2, PERK and HRI) which are activated upon 
different stresses resulting in PICs lacking ternary complexes. (3) Various compounds and stress-induced tiRNAs can 
interfere with the eIF4F complex leading to the accumulation of noncanonical PICs. Bottom: The run off of ribosomes 
leaves noncanonical PICs that differ from canonical PICs in composition and exposure of both the 40S and mRNA 
interface. Intrinsically disordered RBPs, such as G3BP1/2 and TIA-1/R can bind to this interface and promote the 
assembly of SG seeds by oligomerization. From Panas et al. (2016)120. 
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A second mechanism by which translation initiation can be inhibited is the activation 

of the integrated stress response resulting in phosphorylation of serine residue 51 in 

eIF2a122. The formation of ternary eIF2a/GTP/tRNAi
Met complex is essential for the 

initiation of translation123,124. The discharge of the methionine loaded tRNA (tRNAi
Met) 

at the start codon is accompanied by GTP hydrolysis, leaving eIF2a bound to GDP125. 

Under normal growth conditions, eIF2b acts as a guanine nucleotide exchange factor 

(GEF) promoting the reengagement of eIF2a with GTP126. Under stress, different 

kinases (PRK, PERK, HRI and GCN2) can phosphorylate eIF2a, thereby inhibiting 

GDP/GTP exchange (Figure 1.7, middle)127–130. The elongation of nascent polypeptide 

chains is not affected by eIF2a phosphorylation, allowing ribosomes to run off131. The 

result of this translation initiation shutdown is the accumulation of untranslating, 

noncanonical 48S complexes, which lack tRNAi
Met and the early initiation factors eIF2 

and eIF5. The increase of these stalled 48S complexes has been shown to induce SG 

assembly132. 

SGs are membrane-less organelles that form through a process known as liquid-liquid 

phase separation (LLPS)133,134. When SGs assemble, a dense network of multivalent 

interactions between untranslating mRNPs is formed112. Different SG proteins have 

been shown to engage in these initial interactions leading to a tight assembly of 

protein-protein and protein-RNA interactions, causing SGs to phase separate from 

the surrounding more liquid cytosol. The structure of noncanonical stalled PICs 

differs from canonical PICs and polysomes and displays otherwise covered interfaces 

of the 40S ribosomal subunit and the bound mRNA. RBPs which harbor low complexity 

sequences known as intrinsically disordered regions (IDRs) bind to this distinct 

interface and their oligomerization links multiple PICs together and promotes LLPS 

of dense SG seeds135.  

Among the early interactors of stalled PICs are the G3BP proteins G3BP1 and G3BP2 

which share a high degree of homology. The G3BP proteins are composed of 

structured regions including a NTF2-like domain and an RNA recognition motif (RRM) 

and unstructured IDRs including an arginine- and glycine-rich RGG motif (Figure 1.8). 
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Binding of G3BP to stalled PICs is mediated by the RGG motif which interacts with the 

exposed 40S ribosomal subunit136. Deletion of the RGG motif renders cells unable to 

form SGs under oxidative or mitochondrial stress136. Next, oligomerization of G3BP 

via the NTF2-like domain promotes SG formation136–138. In addition, the NTF2-like 

domain can interact with either Caprin-1 or USP10. Caprin-1 interaction with G3BP 

supports the phase separation of stalled PICs, while USP10 interaction has an 

inhibitory effect on SG assembly136. Phosphorylation of G3BP proteins within the IDR 

(at Ser149) prevents its association with stalled PICs that serve as seeds for SG 

formation137. Arsenite stress induces the dephosphorylation of G3BP proteins, thereby 

allowing SG formation137.  

 

 

Figure 1.8 Structural overview of the ordered and disordered regions in G3BP1 
Top: G3BP1 contains a NTF2-like domain, an acidic domain, a PxxP motif, an RRMs and an RGG motif. The 
Oligomerization of the structured NTF2-like domain promotes SG assembly. The disordered RGG motif can bind to the 
40S subunit of stalled PICs. Bottom: Ordered and disordered regions in G3BP1 were predicted by the prediction of 
natural disordered regions (PONDR) algorithm. 

 

Another partially disordered RBP engaged in early SG formation is TIA-1. TIA-1 

contains three N-terminal RRMs and a C-terminal IDR that belongs to the subtype of 

prion-like domains (PrLDs)119,139. PrLDs display similarity to yeast prion proteins, are 



Introduction 

 
  

19 

rich in glutamine and asparagine and have the ability to self-assemble into higher 

ordered structures140,141.  

PrLDs and other IDRs can engage in promiscuous interactions, a property that helps 

to promote the phase separation of SGs and stabilize the mRNP network formed in 

this process (Figure 1.9). Their interactions help increase the mRNP concentration in 

SG seeds beyond a critical concentration at which LLPS can occur139,142,143.  

When purified, the PrLD, of TIA-1 forms aggregates, which are resistant to proteolytic 

digestion139. Overexpression of full-length TIA-1 induces SG formation but SG 

formation is blocked when only the PrLD of TIA-1 is expressed, highlighting the 

importance of the multivalent binding via both its RRMs and the PrLD for SG 

formation139,144.  

The G3BP proteins and TIA-1 are representative for a group of SG proteins that 

combine RNA binding domains and IDRs, thereby enabling the formation and 

stabilization of SGs by multivalent interactions that link RNAs and proteins120. When 

purified, many IDR-harboring RBPs undergo LLPS in vitro under physiological 

concentrations145–147. The IDRs of several proteins found in SGs belong to the subset 

of PrLDs. PrLDs of two or more proteins can assemble into b-zippers, tightly linking 

the proteins together (Figure 1.9)112,142,148. 

RNA-RBP interactions and the promiscuous interactions of IDRs synergize with 

specific protein-protein interactions between folded protein domains to aid the 

assembly of SGs112,142. Interactions of two folded domains (such as the interaction of 

G3BP and Caprin-1) as well as interactions of folded domains with short linear motifs 

(SLiMs) have been described (Figure 1.9)136,149. SLiMs are disordered regions that fit 

directly into the folded binding pockets of their interaction partners116. 
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Figure 1.9 Overview of the mechanisms involved in SG formation 
SGs consist of dense cores (dark grey) and more dynamic outer shells (light grey). Multiple interactions are involved in 
SG assembly. These include specific interactions of folded protein domains (top), linkage of RNAs by multivalent RBPs 
(top left), PTM-regulated protein-protein interactions (right) and a variety of IDR-provided interactions (bottom). In 
addition, small SG seeds are transported along microtubules in order to merge into larger SGs (bottom left). Adapted 
from Protter and Parker (2016)112. 

 

In addition to the above described interactions, various PTMs of RBPs are involved in 

the regulation of SG assembly. Arginine methylation of the protein FUS promotes its 

binding to the nuclear import receptor TNPO1 which shields FUS from interactions 

with other SG proteins and mRNAs in a chaperone like manner150,151. The tudor domain 

of TDRD3 has the ability to bind to arginine-methylated polypeptides and promotes 

the recruitment of TDRD3 into SGs152. As previously mentioned, phosphorylation of 

G3BP1 (at Ser149) prevents SG formation by limiting its ability to oligomerize137. 
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Newly phase separated SG seeds are small in size and measure approximately 100-

200 nm. During SG maturation these seeds merge into larger microscopically visible 

SGs in an microtubule dependent process (Figure 1.9)153–155.  

The merging of SG seeds into larger SGs and their following compartmentalization 

into dense cores and more dynamic shell structures is possible due to the dynamic and 

liquid like properties of SGs112,145. The dynamic state of SGs has been linked to ATPases 

that are found in SGs and might engage in ATP-dependent remodeling of SGs as 

inhibition of ATP synthesis leads to a loss of SG fluidity115. Further, members of the 

DEAD-Box helicase family are part of SGs and processing bodies (p-bodies; another 

type of cytosolic mRNP granule) and facilitate their phase separation and 

remodeling156–158. 

 

1.5.2 Functions of stress granules 

To date, insight into the physiological role of SGs is limited, yet some functions have 

been proposed. Stress granules form in response to a variety of stresses including heat 

stress, oxidative stress, osmotic stress, proteasome inhibition, ER stress and 

mitochondrial stress159. The composition of SGs varies with different stresses and 

between cell types116,160,161.  

Genetic perturbations that limit SG formation have been shown to increase the rate 

of cell death under stress162–164. While the underlying mechanisms remain unclear, 

these observations indicate a role of SGs in the survival of proteotoxic stresses. 

Another role of SGs might be the regulation of translation by the recruitment of 

repressors and activators of translation as well as proteins involved in mRNA 

metabolism119,165–169. A recent study showed that the yeast RNA helicase Ded1 which 

enables translation of mRNAs with complex 5’untranslated regions (UTRs) is enriched 

in SGs under heat stress168. As a consequence, housekeeping genes with complex 

5’UTR structures are translationally repressed, allowing the translational machinery 
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to focus on mRNAs with less complex 5’UTRs as those coding for stress response 

proteins168. 

Under stress, 10-15% of the total mRNA reside in SGs and sequence analysis of these 

mRNAs revealed a homogeneous sequence distribution with only few mRNAs being 

specifically enriched170. A broad regulation of gene expression caused by separation of 

mRNAs into SGs is therefore unlikely171. Instead it has been proposed that these 

mRNAs are simply stored under stress awaiting one of two fates. If the stress is 

released translation will be reinitiated, yet under ongoing stress mRNAs can be 

transferred to and possibly degraded in p-bodies172,173. 

In addition to these translation related functions, SGs have a role in the regulation of 

signalling135. The scaffold protein RACK1 can be sequestered into SGs preventing the 

activation of the p38/c-Jun N-terminal kinase (JNK) signaling pathway and 

subsequent apoptosis174. Under heat stress the target of rapamycin complex 1 (TORC1) 

is recruited into SGs and the reactivation of TORC1 signaling is linked to TORC1 

release from disassembling SGs175. eIF4GI-mediated recruitment of TRAF2 into SGs 

limits NF-kB activation in heat-stressed cells176. 

During most viral infections, repression of translation and SG formation is induced by 

either eIF2a phosphorylation (by PKR, PERK or GCN2) or inhibition of mTOR 

signaling resulting in 4E-BP hypophosphorylation. In response, viruses have evolved 

various strategies to prevent SG formation such as inhibition of eIF2a 

phosphorylation or proteolytic cleavage of G3BP proteins177,178. 

  

1.5.3 Disassembly of stress granules 

When cells are released from sublethal stress, SGs disassemble in a stepwise process. 

First, larger SGs break down into smaller foci, which are then cleared in a second 

step179. Multiple mechanisms for the regulation of SG clearance have been suggested.  

Buchan and colleagues showed that SGs and p-bodies in yeast can be cleared by 

autophagy and that Cdc48 (the yeast orthologue of VCP/p97) is essential for this 
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process180. VCP is an AAA-ATPase that regulates the extraction of ubiquitylated 

proteins from membranes and protein complexes, often mediated by binding to 

associated adapter proteins181. Blocking VCP activation by inhibition of the 

autophagy-inducing kinases ULK1 and ULK2 delays SG clearance by a large margin182. 

Mutations in the genes of VCP and other proteins involved in the process of Ub-

dependent autophagy (p62/SQSTM1, TBK1 and OPTN) impair SG clearance and have 

been linked to neurodegenerative disease caused by accumulation of aberrant, 

aggregated SGs183,184. Mutations of the proteasome shuttle factor UBQLN2 that clears 

heat-induced aggregates in cooperation with HSP70 and HSP110 have been linked to 

similar neuropathologies183,185,186. Extended proteasomal inhibition leads to 

proteotoxic stress and the formation of SGs187. 

The adapter protein ZFAND1 promotes clearance of arsenite-induced SGs by the 

recruitment of the 26S proteasome and VCP. In ZFAND1-depleted cells SG clearance 

was delayed and puromycin-induced, aggregation-prone, defective ribosomal 

products (DRiPs) could enrich in persistent SGs. Further, the autophagy cargo adaptor 

p62, ubiquitin, and the autophagosome marker LC3B resided at SGs under these 

conditions188.  

Many chaperones have been shown to play a role in the regulation of SG dynamics in 

both yeast and human cells112. In yeast, Hsp104 is required for tolerance to various 

kinds of stress189. The Hsp70 protein Ssa1 and the Hsp40 family proteins Ydj1 and Sis1 

act in concert with Hsp104 to resolubilize stress-induced protein aggregates190. In 

arsenite stressed yeast Ssa1 activity is required for the efficient resolution of SGs and 

Ydj1 and Sis1 promote the resumption of translation and targeting of SGs to 

autophagy, respectively191. In human cells, HSP72 is induced under proteasomal 

inhibition and depletion of HSP72 limits SG disassembly under these conditions187. 

HSP70 inhibition strongly delays the disassembly of heat-induced SGs and 

recruitment of HSP70 and HSP27 to SGs is increased when aggregation prone protein 

mutants are expressed in cells exposed to heat stress192.  
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In addition, kinases have been shown to be involved in SG disassembly. In yeast, the 

prion-like kinase Sky1 associates with SGs and phosphorylates the mRNA transport 

factor Npl3 thereby promoting mRNA release from Npl3 and SG disassembly. The lack 

of timely SG disassembly in yeast cells with Hsp104 deficiencies was partially 

compensated by Sky1 overexpression193.  

A chemical compound screen for defects in SG disassembly found that inhibition of 

the kinase DYRK3 strongly delayed SG disassembly. DYRK3 is recruited to SGs via its 

N-terminal IDR. Active DYRK3 phosphorylates the mTORC1 inhibitor protein 

PRAS40. As a consequence, PRAS40 dissociates from mTORC1 and translation is 

reinitiated through mTOR signaling. In contrast, inactive DYRK3 led to the 

sequestering of mTOR and the mTORC1 component RAPTOR into SGs194. 

Under arsenite stress, depletion or inhibition of casein kinase 2 (CK2) delays SG 

disassembly while overexpression of CK2 prevents SG formation195. These 

observations were linked to the ability of CK2 to phosphorylate S149 in G3BP1, a 

modification that antagonizes G3BP oligomerization137,195. 

Multiple RNA and DNA helicases, including DEAD-box helicases, are found in SGs115. 

It has been suggested that ATP dependent helicase activity is involved in the 

remodeling of SGs and is therefore important to maintain the dynamic, liquid-like 

state of SGs112. In yeast, the RNA-helicase Ded1 is promoting translation during SG 

disassembly and mRNAs are trapped in SGs if Ded1 is inactive196.  

Taken together these results indicate important roles of the autophagy machinery, 

the ubiquitin-proteasome system (UPS), chaperones, kinases and helicases in the 

clearance of SGs. Clearance of physiological SGs is delayed but rarely completely 

abolished, when single mechanisms of the SG clearance pathway are inhibited, 

pointing towards redundancy between different clearance mechanisms. 
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1.5.4 Stress granules in disease 

Impairment of SG dynamics, often causing the formation of aberrant, solidified SGs, 

is associated with various neuropathological diseases including Amyotrophic lateral 

sclerosis (ALS), frontotemporal dementia (FTD) and Alzheimer’s disease (AD). 

Moreover, SG-associated RBPs are overrepresented in the insoluble fractions of tissue 

samples from ALS, FTD and AD patients197–203. Mutations in genes of SG-associated 

RBPs have been linked to motoneuron diseases including ALS and pathologic 

accumulation of these RBPs are observed in diseases such as tauopathies and 

frontotemporal lobar degeneration (FTLD)197,198. In a current model overlapping 

mechanisms drive the development of SG-associated neuropathies.  

First, accumulation of persistent SGs can be observed under aging-associated, chronic 

stresses or due to mutations in genes encoding RBPs involved in the regulation of SG 

dynamics200. These persistent SGs can accumulate additional RBPs, some of which 

contain b-sheet structures and can engage in the formation of amyloids, resulting in 

increasing solidification of SGs112,145,146,204.  

Second, mutations of mainly nuclear RBPs can affect their nuclear-cytoplasmic 

distribution, increase their tendency to induce and/or associate with SGs or to form 

stable prion-like assemblies200,205. Two well-studied examples are TDP-43 and FUS 

(Figure 1.10). Mutations in their nuclear localization sequence (NLS) (TDP-43 and 

FUS) or the RGG motif (FUS) cause their mis-localization to cytoplasmic SGs206–210. The 

nuclear import receptor TNPO1 can strongly bind the C-terminal NLS of FUS and 

shows weaker interactions with multiple regions across FUS, shielding FUS from 

association with SGs211–214. Un- and monomethylated arginine residues in the RGG 

domain of FUS support the interaction with TNPO1 and multiple mutations in the 

RGG domain have been linked to FTLD (Figure 1.10 B)150,151,205. 

Further, mutations in the PrLDs of TDP-43 and FUS cause their increased phase 

separation and aggregation204,215–217. Besides TDP-43 and FUS, mutations in various 

other SG-associated RBPs including hnRNP A1, hnRNP A2/B1, EWSR1, TAF15 and 

TIA-1/R have been linked to neuropathologies such as FTD and ALS218.  
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Figure 1.10 ALS-and FTD-causing mutations in TDP-43 and FUS 
(A) TDP-43 contains two RRMs, a C-terminal PrLD as well as an NLS and a nuclear export signal (NES) 
(B) FUS contains an N-terminal PrLD, wich overlaps with the neighboring glycine rich domain. Further, FUS contains an 
RRM, two RGG-repeat domains which are separated by a zinc finger (ZNF) domain, an NES and an NLS of the PY subtype 
(PY-NLS). 
Mutations linked to ALS and TDP are indicated. Mutations shown in red are also present in healthy individuals. The 
PrLDs of TDP-43 and FUS as well as the RGG domain and PY-NLS of FUS are hotspots for ALS/FTLD-associated 
mutations. From Harrison and Shorter (2017), modified205. 
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Mateju and colleagues showed that the misfolding proteins SOD1(A4V) (an ALS-

associated mutant of superoxide dismutase 1) and UBC9TS (a thermolabile variant of 

Ubc9) strongly enriched in SGs192. Furthermore, SOD1(A4V) positive SGs showed two 

hallmarks of aberrant, pathological SGs. First, SOD1(A4V) positive SGs were less 

dynamic as witnessed by decreased fusion and fission events and second, they 

displayed a large delay in their clearance192.  

ALS and FTD are frequently caused by a (G4C2) hexanucleotide repeat expansion in 

exon1 of the C9ORF72 gene219,220. In patients with this mutation long dipeptide repeats 

are produced by repeat-associated non-ATG (RAN) translation. RAN translation itself 

is stimulated by the integrated stress response221. These dipeptide repeats promote SG 

formation and colocalize with SG marker proteins220,222,223. 

Patients with AD or other tauopathies often display hyperphosphorylation and mis-

localization of the Tau proteins224. Under physiological conditions, Tau is localized in 

the axons of neuronal cells where it associates with microtubules225. Under stress, Tau 

is getting phosphorylated which prevents microtubule binding and leads to 

accumulation of hyperphosphorylated Tau in the soma, a region of high RNA 

concentrations and the site of SG formation.200,226–228. Similar to other RBPs, Tau can 

undergo LLPS and the presence of RNA has been shown to promote its phase 

separation229,230. Phase separated Tau also displays an increased tendency to transform 

into solid aggregates which form a classic cross-β-sheet structure of amyloids230,231. 

Persistent SGs induce Tau phosphorylation and aggregation and Tau colocalizes with 

SGs forming pathological SGs232. Taken together, chronic stress and persistent SGs are 

likely to cause or accelerate AD and other tauopathies. 
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1.6 Aim of the study 

Throughout their life, cells of eukaryotic organisms are frequently challenged with a 

variety of proteotoxic stresses, such as heat or oxidative stress. Under proteotoxic 

stress, proteins are prone to misfold and some misfolded proteins can form 

pathogenic aggregates. Therefore, efficient ways to clear or misfolded proteins are 

essential for cell survival and failure to do so has been linked to neurodegenerative 

diseases. The STUbL RNF4 has previously been described as part of the nuclear protein 

quality control machinery. A prerequisite for RNF4 activity is the poly-SUMOylation 

of its substrate proteins. Various stresses can induce poly-SUMOylation which might 

prime aggregation prone proteins for RNF4-mediated ubiquitylation and subsequent 

proteasomal degradation.  

Therefore, it was our keen interest to profoundly investigate the role of SUMO and 

RNF4 in the nuclear proteotoxic stress response. To better understand the links 

between SUMO-targeted ubiquitylation and proteostasis maintenance. Our initial 

experiments aimed to identify novel substrates of the SUMO/RNF4 pathway in 

response to heat stress. The acquired data quickly directed our attention towards the 

quality control of nuclear RNA-binding proteins which are associated with stress 

granules.  

 

In particular we aimed to 

 

• validate novel stress-induced substrates of the SUMO/RNF4 pathway 

• understand the role of stress-induced SUMOylation and subsequent 

RNF4-mediated ubiquitylation in relation to stress granule dynamics 

• examine the mechanisms which facilitate poly-SUMOylation in response to 

heat and oxidative stress 

• investigate the effects of a disturbed STUbL pathway on the phase separation 

of the disease-linked mutant RBPs, using FUSP525L as an example 
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2 Results 
 

2.1 Generation of a HeLaRNF4-3xFlag cell line using the CRISPR/Cas9 

system  

As part of the proteotoxic stress response the STUbL RNF4 binds to poly-SUMOylated 

substrates and catalyzes their ubiquitylation. In order to identify novel, stress-

induced substrates of RNF4 we aimed to perform Flag-immunoprecipitations (IPs) in 

heat-stressed HeLa cells expressing Flag-tagged RNF4, followed by mass spectrometry 

analysis of coprecipitated proteins. Previous experiments revealed that 

overexpression of RNF4-Flag under these conditions results in the unspecific SUMO-

independent co-precipitation of RNF4-associated proteins, leading to false positive 

results. To circumvent this issue, we edited the genome of HeLa cells using the 

CRISPR/Cas9 system, thus generating a clonal HeLa cell line expressing RNF4 with a 

C-terminal 3xFlag-tag from the endogenous RNF4 locus (hereafter referred to as 

HeLaRNF4-3xFlag).  

 

2.1.1 Genome editing of HeLa cells 

To induce a DSB in the last exon of the RNF4 gene, a px330 vector encoding spCas9 

and a single guide RNA (sgRNA) was transiently transfected into HeLa cells. A linear 

repair template was co-transfected to allow the integration of a C-terminal 3xFlag-

Tag, and the NeoR/KanR resistance gene into the DSB site (Figure 2.1 A). 

To identify single clones which integrated the repair template at the correct site, 

genomic DNA was extracted from G418-selected clones and used as a template for 

polymerase chain reactions (PCR). Successful integration of the repair template was 

then validated by agarose gel electrophoresis of the PCR products. A primer pair was 

used to amplify the DNA sequence surrounding the spCas9 cut site. Unedited genomic 
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DNA as a PCR template resulted in an amplicon length of 369 bp, while the correct 

integration of the repair template extended the length to 1362 bp (Figure 2.1 A, B).  

 

 

 
Figure 2.1 Genome editing in HeLa cells.  
(A) Overview of the genome editing strategy. The cut site in exon 8 of RNF4 is indicated. Primers used for validation 
purposes are indicated by green arrows. Homology arms (Hom.) of the linear repair template were chosen to match 
sequences up- and downstream of the spCas9 cut site. A linker in the repair template was designed to alter the DNA 
sequence in the sgRNA- pairing region (silent mutations of codons, in order to prevent spCas9 from cutting the repair 
template of edited alleles) and to delete the RNF4 stop codon. A 3xFlag-tag sequence and the NeoR/KanR gene are 
encoded in the same open reading frame as RNF4 and are separated by a self-cleaving T2A peptide sequence and a 
loxP site.  
(B) Model of the correct integration of the repair template. The ORF of exon 8 is continued by the elements in the 
repair template. The new stop codon is introduced to the 3’ end of the NeoR/KanR gene. 

 

2.1.2 Validation of the generated HeLaRNF4-3xFlag single clonal cell line 

In order to validate the correct integration of the repair template into the RNF4 locus, 

PCR products were generated as described above and analyzed on agarose gels. PCR 

amplicons from clone 10 and 11 showed an upshift of approximately 1,000 bp relative 

to the expected size of amplicon from unedited RNF4 alleles (Figure 2.2 A). Clone 10 

was chosen for further validation by immunoprecipitation and western blotting. RNF4 

was detected by western blot as a 35 kDa band and a 40 kDa band in the lysates of 
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parental control cells and HeLaRNF4-3xFlag (clone 10), respectively (Figure 2.2 B, left). 

When eluates of an a-Flag-IP were probed with the same antibody, only the 40 kDa 

band was detectable, confirming the integration of a functional 3x-Flag epitope tag 

into the RNF4 gene (Figure 2.2 B, right). 

The localization of the RNF4-3xFlag fusion protein was assayed by 

immunofluorescence microscopy (Figure 2.2 C). With an a-Flag antibody almost no 

signal was visible in parental control cells while a nuclear staining with distinct foci 

and a diffuse signal was detected in HeLaRNF4-3xFlag cells. The foci colocalized partially 

with those detected with an a-PML antibody. 

 

 

 
Figure 2.2 Validation of the generated HeLaRNF4-3xFlag single clonal cell line.  
(A) PCR analysis of expanded single clones. Genomic DNA of expanded single clones was isolated followed by a PCR 
with a primer pair flanking the Cas9 cut site. Clone 10 is shown in figures (B) and (C).  
(B) Validation of the correct expression of RNF4-3xFlag by immunoprecipitation and immunoblotting. Lysates of 
parental control cells and HeLaRNF4-3xFlag cells were subjected to a a-Flag-IP. An antibody against RNF4 was used to 
check monitor input levels and IP of RNF4 or RNF4-3xFlag 
(C) Validation of the correct localization of RNF4-3xFlag by immunofluorescence. Parental control cells and 
HeLaRNF4-3xFlag cells were stained with an antibody against PML and the localization of RNF4-3xFlag was assayed with 
an antibody against the Flag epitope. Nuclei were stained with DAPI. Scale bar: 20 µm. 
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2.2 Identification of RNF4 interactors in heat-stressed HeLa cells 

2.2.1 a-Flag-Immunoprecipitation and mass spectrometry analysis 

The STUbL RNF4 ubiquitylates poly-SUMOylated substrates. Under normal conditions 

poly-SUMOylation is limited by the activity of SENP proteins but can be induced by 

proteotoxic stresses such as heat stress55, 52.  

As our aim was to identify novel RNF4-interacting proteins in heat-stressed cells, we 

performed a-Flag-immunoprecipitation from HeLaRNF4-3xFlag and parental control cells. 

The cells were heat-shocked at 43°C for 60 min prior to cell lysis and IP. The IPs were 

performed in triplicates, RNF4-3xFlag and RNF4-associated proteins were purified on 

a-Flag sepharose beads. Captured proteins were eluted from beads with 3x-Flag 

peptide and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) followed by tryptic digestion. Peptides were analyzed by LC-MS/MS and 

quantified with the MaxQuant LFQ algorithm (Figure 2.3). Proteins enriched at least 

2-fold from IPs in HeLaRNF4-3xFlag with a student’s t-test p-value of < 0.05 were 

considered significantly enriched. In addition, proteins that interacted with 

RNF4-3xFlag in at least two of the three replicates, but were not detected in any of the 

IPs from parental control cells, were considered as RNF4-interacting proteins. In total, 

65 of the 694 detected proteins fulfilled these criteria, 20 of which were significantly 

enriched while 24 and 21 proteins were detected three- and two-fold exclusively in 

IPs from HeLaRNF4-3xFlag, respectively. These 65 proteins were combined into a dataset, 

which was used for further bioinformatical analysis. 
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Figure 2.3 Volcano plot summarizing the results of the RNF4-3xFlag interactome.  
The log2-ratio of LFQ intensities between IPs from HeLaRNF4-3xFlag and parental control cells is plotted against the -log10 
of the student’s t-test p-value. Red dots highlight significantly enriched proteins and selected gene names of RNA-
interacting proteins are indicated. Blue and yellow boxes list proteins, exclusively detected in IPs from HeLaRNF4-3xFlag.  

 

2.2.2 Functional classification of identified RNF4 interactors 

Further analysis of the above described RNF4 interactors was performed with a focus 

on functional connections within subsets of the 65 proteins. First, we performed a 

gene ontology molecular function (GOMF) enrichment analysis using the protein 

analysis through evolutionary relationships (PANTHER) algorithm (Figure 2.4 A). 

RNA-binding and RNA-processing proteins represent a large fraction of the co-

precipitated proteins. The GOMFs mRNA 3’-UTR-binding, single-stranded RNA-

binding, mRNA-binding and RNA-binding were highly enriched above the frequency 

expected for random datasets. Next, we used the Search Tool for the Retrieval of 
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Interacting Genes/Proteins (STRING) algorithm to identify networks of protein-

protein interactions (Figure 2.4 B). The largest of the protein-protein interaction 

clusters consists of 11 RBPs. In addition, other clusters containing RBPs, such as FBL, 

NOP56 and NOLC1 or NOP2, GTBP4 and DDX18, were identified. As many proteins in 

our dataset are known to be associated with SGs we compared the set of RNF4 

interactors with the proteins listed as stress granule components in the RNP granule 

database233,234. Of the 65 identified RNF4 interactors 21 were listed as high confidence 

stress granule proteins (Figure 2.4 C). 

 

 

Figure 2.4 Functional analysis of the identified RNF4-interacting proteins.  
(A) GOMF enrichment analysis of the 65 identified RNF4 interactors highlighting molecular functions which are at least 
5-fold enriched compared to their expected frequencies in randomized datasets of 65 proteins.  
(B) STRING network analysis of the identified RNF4 interactors. Selected clusters are shown.  
(C) Pie chart highlighting the fraction of RNF4 interactors listed as tier 1 stress granule proteins in the RNP granule 
database. 
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2.3 Validation of RNF4 interactors as substrates for SUMOylation and 

RNF4-mediated ubiquitylation 

The SG-associated proteins FUS and TDP-43/TARDBP were co-precipitated with RNF4 

in all three replicates of the a-Flag-IPs from HeLaRNF4-3xFlag but in none of the control-

IPs from parental HeLa cells. To validate the interaction between FUS or TDP-43 and 

RNF4, HeLa cells expressing either FUS-GFP or GFP-TDP-43 from a BAC transgene 

(hereafter referred to as HeLaFUS-GFP and HeLaGFP-TDP-43) were transfected with Flag-

RNF4, followed by a-Flag-IPs204,235. Flag-RNF4 could be captured on a-Flag sepharose 

beads together with either FUS-GFP or GFP-TDP-43 while no FUS-GFP or GFP-TDP-43 

could be precipitated from cells transfected with an empty control vector (Figure 

2.5 A).  Notably, FUS-GFP and GFP-TDP-43 associated with RNF4 irrespective of the 

applied heat stress. 

RNF4 harbors four SIMs and is known to bind and ubiquitylate poly-SUMOylated 

substrates. We therefore transfected HeLa cells with His-SUMO2 or an empty vector 

control and tested in Ni-NTA-pulldown assays whether TDP-43 could be SUMOylated. 

His-SUMO2-modified proteins were captured on Ni-NTA beads, separated by 

SDS-PAGE and analyzed by immunoblotting. In cell lysates unmodified TDP-43 is 

detected as a 50 kDa band. Upon HS, higher molecular forms of TDP-43 could be 

detected in the Ni-NTA pulldown, in cells transfected with His-SUMO2 (Figure 2.5 B).  

As poly-SUMOylation often primes proteins for the ubiquitylation by RNF4, we 

performed Ni-NTA-pulldown assays in His-ubiquitin and Flag-RNF4 transfected cells 

which were either grown under normal conditions or heat-stressed for 60 min. 

Analysis by SDS-PAGE and immunoblotting showed that His-ubiquitin-modified 

proteins could be captured on the Ni-NTA beads. As described above, unmodified 

TDP-43 could be detected at 50 kDa in cell lysates (Figure 2.5 C). Multiple higher 

molecular bands of modified TDP-43 could be detected above 58 kDa in the Ni-NTA 

pulldown in cells that expressed His-ubiquitin and were exposed to heat stress (Figure 
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2.5 C, lane 10). These bands were strongly induced upon Flag-RNF4 expression (Figure 

2.5 C, lane 12).  

 

 

Figure 2.5 Validation of FUS and TDP-43 as RNF4-binding proteins and validation of TDP-43 as a heat-induced STUbL 
substrate.  
(A) Co-immunoprecipitation experiment to validate the interaction of RNF4 with FUS and TDP-43. Flag-RNF4 or an 
empty vector were transfected into HeLaFUS-GFP (left) and HeLaGFP-TDP-43 cells. The cells were treated with a HS at 43°C 
for 60 min or left untreated. Lysates were subjected to anti-Flag immunoprecipitation and FUS-GFP or GFP-TDP-43 
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together with Flag-RNF4 was assayed using antibodies directed against GFP or the Flag epitope. An antibody against 
b-Tubulin was used to ensure equal loading. 
(B) HeLa cells were transfected as indicated. Prior to lysis under denaturing conditions cells were incubated for 60 min 
at 43°C or left at 37°C. SUMOylated proteins were enriched on Ni-NTA sepharose beads and endogenous TDP-43 was 
detected in input samples and Ni-NTA pulldowns using an anti-TDP-43 antibody. Pulldown efficiency was assayed with 
an antibody against the His-tag.  
(C) U-2 OS cells were transfected as indicated. Prior to lysis under denaturing conditions cells were incubated for 60 
min at 43°C or left at 37°C. Ubiquitylated proteins were enriched on Ni-NTA sepharose beads and endogenous TDP-43 
was detected in input samples and Ni-NTA pulldowns using an anti-TDP-43 antibody. Pulldown efficiency was assayed 
with an antibody against ubiquitin. Transfection of Flag-RNF4 and equal loading was checked with antibodies against 
the FLAG epitope or vinculin, respectively.  
(D) HeLa cells were either transfected with control siRNA or siRNA directed against RNF4 as indicated. Ubiquitylation 
of TDP-43 was assayed as described in (C). Knockdown efficiency and equal loading were monitored with antibodies 
against RNF4 and b-Tubulin, respectively. 

 

We now aimed to further validate whether the ubiquitylation of TDP-43 was indeed 

mediated by endogenous RNF4. To this end, HeLa cells overexpressing His-ubiquitin 

were depleted of endogenous RNF4 by siRNA-mediated knockdown (Figure 2.5 D). 

Upon HS, ubiquitylated forms of TDP-43 could be detected in the Ni-NTA pulldown 

sample migrating as multiple bands above 70 kDa (Figure 2.5 D, lane 10). In cells 

transfected with an siRNA targeting RNF4 the ubiquitylation of TDP-43 was limited 

and only a weak signal above 70 kDa was detected (Figure 2.5 D, lane 12). 

These results show that RNF4 can bind to FUS and TDP-43, that TDP-43 is 

SUMOylated upon heat stress and that SUMOylated TDP-43 can be targeted for 

ubiquitylation by RNF4. 

In order to investigate whether other RNA-binding proteins identified in our RNF4 

interactome are also substrates of RNF4, we chose to assay the SUMOylation and 

ubiquitylation of hnRNP M. To this end, we performed Ni-NTA-pulldown assays in 

cells transfected with either His-SUMO2 or HA-SUMO2 (Figure 2.6 A). As before, cells 

were either heat-stressed or grown at 37°C prior to lysis and pulldown. Proteins 

modified by His-SUMO2, but not HA-SUMO2, were captured on Ni-NTA beads. 

hnRNP M was detected in lysates as a double band at 70-75 kDa. In pulldowns from 

cells transfected with His-SUMO2, hnRNP M was detected as a faint band at 90 kDa. 

By contrast, a strong hnRNP M signal at and above 90 kDa was detected if cells were 

treated with a HS in addition to transfection with His-SUMO2, but not HA-SUMO2.  
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Figure 2.6 Validation of SUMOylation of hnRNP M 
(A) HeLa cells were transfected with either an empty vector, His-SUMO2 or HA-SUMO2. Prior to lysis under denaturing 
conditions cells were incubated for 60 min at 43°C or left at 37°C. SUMOylated proteins were enriched on Ni-NTA 
sepharose beads and endogenous hnRNP M was detected in input samples and Ni-NTA pulldowns using an anti-hnRNP 
M antibody. Pulldown efficiency was assayed with an antibody against SUMO2/3. Equal loading was checked with an 
antibody against b-Tubulin. 
(B) HeLa cells were treated with a HS for 60 min at 43°C or grown at 37°C, before lysis and subsequent 
immunoprecipitation. Sepharose beads coupled to antibodies against SUMO2/3 were used to enrich endogenous 
SUMOylated proteins while beads coupled to mouse IgG antibodies served as a control. An antibody against hnRNP M 
was used to detect its unmodified as well as its SUMO2/3-modified forms. Equal loading was ensured by an antibody 
against b-Tubulin. Samples of lysates, flow-through, pre-elution and elution from IgG control IPs and SUMO2/3 IPs 
were analyzed with an antibody against SUMO2/3. 

 

To monitor SUMOylation of endogenous hnRNP M, we carried out a-SUMO2/3-IPs in 

HeLa cells grown at 37°C or in cells that were heat-shocked prior to lysis and IP (Figure 

2.6 B). a-SUMO2/3 immunoblotting confirmed that SUMOylation by SUMO2/3 was 

induced by heat stress and that SUMOylated proteins were efficiently captured on 

a-SUMO2/3 beads. In a-hnRNP M immunoblots a 90 kDa band could be detected in 

SUMO2/3 IPs from untreated cells, while higher molecular SUMO2/3 conjugates of 

hnRNP M were captured exclusively in IPs from heat-shocked cells. These results 
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show that hnRNP M is a substrate for SUMOylation by SUMO2/3 and that its 

SUMOylation is drastically induced by heat stress. 

As described before for TDP-43, we investigated whether hnRNP M could be 

ubiquitylated by RNF4. Therefore, we first tested if His-ubiquitin-modified hnRNP M 

could be captured on Ni-NTA beads (Figure 2.7 A). We transfected HeLa cells with an 

empty vector alone, an empty vector and His-ubiquitin or His-ubiquitin and Flag-

RNF4. Cells were either grown at 37°C or treated with a HS prior to lysis and pulldown. 

In pulldowns from cells transfected with His-ubiquitin and Flag-RNF4, His-ubiquitin-

modified hnRNP M was detected as a prominent band at 90 kDa and as weaker bands 

at higher molecular weight. A much stronger signal for these high molecular weight 

hnRNP M bands was detected, if the cells were additionally treated with a HS. In heat-

stressed cells transfected with His-ubiquitin and an empty control vector, we could 

also pull down modified hnRNP M, yet to a much lower extent.  

To clarify whether SUMO/SIM interactions are essential for the RNF4-dependent 

ubiquitylation of hnRNP M we performed additional Ni-NTA-pulldown assays in 

which either Flag-RNF4 WT or the SUMO-binding deficient mutant Flag-RNF4 SIM* 

(all hydrophobic residues of the four SIMs were mutated to alanine) were transfected 

into HeLa cells together with His-ubiquitin (Figure 2.7 B). As shown before, 

His-ubiquitin-modified hnRNP M could be captured on Ni-NTA beads if cells were 

treated with a HS. The amount of ubiquitylated hnRNP M was highly increased if 

Flag-RNF4 WT was co-transfected with His-ubiquitin. In contrast, the expression of 

Flag-RNF4 SIM* prevented the formation of His-ubiquitin-modified hnRNP M, 

indicating that the RNF4-mediated ubiquitylation of hnRNP M is indeed depending 

on functional SIMs of RNF4. 
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Figure 2.7 Validation of RNF4 dependent ubiquitylation of hnRNP M. 
(A) HeLa cells were transfected as indicated and cells were either incubated for 60 min at 43°C or left at 37°C. 
Ubiquitylated proteins were enriched on Ni-NTA sepharose beads and endogenous hnRNP M was detected in input 
samples and Ni-NTA pulldowns using an anti-hnRNP M antibody. Pulldown efficiency was assayed with an antibody 
against ubiquitin. Transfection of Flag-RNF4 and equal loading was checked with antibodies against the FLAG epitope 
or b-Tubulin, respectively  
(B) His-ubiquitin-pulldown assay in HeLa cells as in (A) comparing the ubiquitylation of hnRNP M in HeLa cells either 
transfected with Flag-RNF4 WT or the SUMO-binding deficient mutant Flag-RNF4 SIM*. 

 

Overall, the data in this chapter show that the TDP-43 and hnRNP M are genuine 

substrates of the STUbL pathway. As such, both proteins undergo heat-induced 

poly- or multi-SUMOylation and are subsequently ubiquitylated by RNF4. 

 

2.4 Identification of heat-induced RNF4 substrates 

To further validate our findings that RBPs are among the heat-induced substrates of 

RNF4, we performed a SILAC based mass-spectrometry screen. HeLa cells were 

labelled with R0K0 (light, L), R6K4 (medium, M) or R10K8 (heavy, H) SILAC medium.  

Cells were kept at 37°C (L) or treated with a HS (M and H). In addition, cells were 

transfected with control siRNAs (L and M) or with an siRNA targeting the RNF4 mRNA 

(H; Figure 2.8 A). Lysates of isotope labelled HeLa cells were pooled and digested with 

trypsin. The tryptic digestion of ubiquitylated proteins results in isopeptides with a 

diglycine-remnant covalently linked to the e-amino group of the ubiquitylated lysine 
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residue (Ub-sites). The digest was followed by an IP with an antibody specific to the 

diglycyl-lysine isopeptide bond and analysis by mass spectrometry resulting in the 

identification of 2254 ubiquitylation sites (in 1365 proteins). 950 of Ub-sites (in 582 

proteins) can be considered heat-induced, since they were at least two-fold 

upregulated in heat-shocked cells, when compared to control cells. 186 of these heat-

induced Ub-sites (in 140 proteins) are likely regulated by RNF4 as they were decreased 

at least 1.5-fold when RNF4 was depleted by siRNA. This set included known RNF4 

substrates such as ZNF451, PARP1 and UBA2 236. Moreover, ubiquitylation of SUMO2 

at residues K11 and K42 was reduced by more than 80% in heat-stressed RNF4 

depleted cells, when compared to heat-stressed control cells. This is in agreement 

with the concept that RNF4 can catalyze the formation of hybrid Ub/SUMO chains87,237. 

21 of the 186 heat-induced RNF4-regulated UB-sites were found in 14 proteins 

previously described to be SG-associated (Figure 2.8 B)233,234. These proteins include 

LARP4, RBM14 and hnRNP C, which were identified as RNF4-interacting proteins in 

chapter 2.2.1. When we performed a GOMF-enrichment analysis on the set of 140 

proteins with heat-induced RNF4-regulated UB-sites we found “RNA binding” among 

the most enriched molecular functions which is in line with our previous observation 

that RNA-binding proteins are enriched among the RNF4-interacting proteins in 

heat-stressed cells (Figure 2.8 C, Figure 2.4 A). Taken together, these results 

strengthen our finding that RNF4 regulates the heat-induced ubiquitylation of RNA-

binding proteins, many of which are known to be SG-associated. 
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Figure 2.8 SILAC-based mass spectrometry screen to identify heat-induced substrates of RNF4 
(A) Cartoon of the experimental layout. HeLa cells were labelled in SILAC medium. Light labelled cells (L) were kept at 
37°C and transfected with a nontargeting siRNA. Medium labelled cells (M) were subjected to a HS at 43°C for 60 min 
and transfected with a control siRNA. Heavy labelled cells (H) were treated as medium labelled cells but RNF4 was 
depleted by siRNA. Lysates of cells were mixed and subjected to a diglycyl-lysine-IP. Purified peptides were analyzed 
by mass spectrometry. 
(B) 140 proteins with 186 GG-sites were identified as heat-induced and RNF4-regulated. The fractions of SG-associated 
proteins (left) or GG-sites in SG-associated proteins (right) are highlighted in pie charts. Only tier 1 SG proteins in the 
RNP granule database were considered as SG-associated proteins. 
(C) GOMF enrichment analysis of the 140 identified heat-induced, RNF4-regulated proteins. Molecular functions which 
are at least 3-fold enriched compared to their expected frequencies in randomized datasets of 140 proteins are shown.  
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2.5 The STUbL RNF4 is essential for the timely resolution of stress 

granules upon stress release 

In stressed cells RNAs can undergo phase separation together with nuclear and 

cytosolic RBPs and condense into distinct, membraneless, cytosolic structures, called 

stress granules. As we identified many SG-associated proteins in the RNF4-

interactome (Figure 2.4 B, C), we went on to investigate whether the presence of RNF4 

under proteotoxic stress has an impact on the assembly and disassembly of SGs. As a 

model system we chose HeLa cells expressing the SG marker protein G3BP2 fused to a 

C-terminal GFP from a BAC transgene (hereafter referred to as HeLaG3BP2-GFP; Figure 2.9 

A)238. These cells were either transfected with a control siRNA or an siRNA targeting 

RNF4 (Figure 2.9 B). Proteotoxic stress was induced by a HS at 43°C for 60 min. We 

then monitored the assembly of SGs upon stress and the disassembly of SGs upon 

stress release. 

In untreated cells, G3BP2-GFP is homogenously distributed in the cytosol (Figure 2.9 

A). In RNF4-depleted cells as well as control cells G3BP2-GFP condensed in cytosolic 

SGs upon treatment with heat stress. Notably, depletion of RNF4 did not affect SG 

formation. SGs even appeared to be slightly larger when RNF4 was depleted. As 

expected, SGs disappeared in almost all control cells if the cells were left to recover at 

37°C for 60 min. Strikingly, however, about half of the RNF4-depleted cells still 

exhibited SGs under these conditions, indicating severe defects in SG clearance. 
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Figure 2.9 RNF4 is essential for the timely resolution of SGs upon HS. 
(A) Immunofluorescence assay to monitor SG dynamics in heat-stressed HeLaG3BP2-GFP cells. Cells were transfected with 
a control siRNA or an siRNA targeting RNF4. Cells were left untreated or treated with a HS at 43°C for 1h, with or 
without subsequent recovery for 60 min at 37°C. G3BP2-GFP was used to monitor SGs dynamics and nuclei were stained 
with DAPI. Scale bar: 20 µm.  
(B) Efficient knockdown of RNF4 was validated by immunoblotting. HeLaG3BP2-GFP cells were left untreated, treated with 
heat or arsenite stress, with or without subsequent recovery of 60 min or 75 min, respectively. Protein levels of RNF4 
and equal loading was assayed with a-RNF4 and a-b-Tubulin antibodies, respectively. 
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Figure 2.10 RNF4 is essential for the timely resolution of SGs upon arsenite stress. 
Immunofluorescence assay to monitor SG dynamics in arsenite-stressed HeLaG3BP2-GFP cells. Cells were transfected with 
a control siRNA or an siRNA targeting RNF4. Cells were left untreated or treated with 0.5 mM of SA for 30 min, with or 
without subsequent recovery for 75 min. G3BP2-GFP was used to monitor SGs dynamics and nuclei were stained with 
DAPI. Scale bar: 20 µm. 

 

2.6 Statistical analysis of stress granule disassembly in cells with 

impaired STUbL pathway 

The results described above led us to investigate the impact of the STUbL pathway on 

the dynamics of SG disassembly in greater detail. We therefore performed a statistical 

analysis of the disassembly of SGs (Figure 2.11 A, B, Supplementary Figure 1). As RNF4 

typically acts on poly-SUMOylated or multi-SUMOylated substrates we expanded our 
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experimental approach and also investigated the effects of SUMO2/3 depletion on SG 

dynamics. In order to facilitate statistical analysis HeLaG3BP2-GFP cells were sorted into 

a subpool with homogeneous levels of G3BP2-GFP using fluorescence-activated cell 

sorting (FACS). These cells were depleted of SUMO2/3 or RNF4 by siRNA or were 

transfected with a control siRNA for 48 h (Figure 2.9 B, Figure 2.11 C). Cells were then 

either treated with a HS, or sodium arsenite as described above and the resolution of 

SGs was observed at multiple timepoints after stress release.  

 

 

Figure 2.11 Statistical analysis of SG disassembly dynamics in cells with impaired STUbL pathway. 
(A) A FACS sorted subpool of HeLaG3BP2-GFP cells was used for statistical analysis of SG disassembly. Cells were depleted 
of SUMO2/3 or RNF4 by siRNA or were transfected with a control siRNA for 48 h. The fraction of cells displaying SGs 
was quantified in untreated cells, cells treated with a HS (43°C, 60 min) and at the indicated recovery times. 
Experiments were performed as triplicates. For each timepoint at least 100 cells were counted. Statistical analysis was 
performed using an unpaired, two-sided t-test (p-Values: * = < 0.05; ** = < 0.01; *** = < 0.001; **** = < 0.0001). 
(B) Statistical analysis was performed as in (A), but cells were stressed with sodium arsenite (0.5 mM, 30 min) and 
different recovery times were used. 
(C) HeLa cells were transfected with control siRNA or an siRNA targeting SUMO2/3. Cells were left untreated, or treated 
with a HS (43°C, 60 min) or with sodium arsenite (0.5 mM, 30 min). SUMO2/3 knock-down efficiency and equal loading 
were monitored with antibodies against SUMO2/3 and vinculin. 
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Quantification of the fraction of cells displaying SGs revealed that the depletion of 

either SUMO2/3 or RNF4 hindered the resolution of SGs significantly. While less than 

20% of heat-shocked control cells displayed SGs after 60 min of recovery, SGs 

remained in more than half of the cells depleted from SUMO2/3 or RNF4 under these 

conditions (Figure 2.11 A, Supplementary Figure 1 A). After 80 min of recovery, SGs 

were observed in less than 10% of the control cells but could still be detected in 

approximately 40% and more than 50% of the SUMO2/3- and RNF4-depleted cells, 

respectively. 

The delay in SG disassembly upon interference with the SG pathway was further 

intensified, if cells were treated with sodium arsenite (Figure 2.11 B, Supplementary 

Figure 1 B). Less than half of the control cells recovering from arsenite stress displayed 

SGs after 90 min of recovery and after 120 min of recovery, approximately 90% of the 

control cells were free of SGs. In contrast, SUMO2/3 and RNF4-depleted cells started 

recovery 120 min after release from arsenite stress and even after 150 min of recovery 

about 30% of these cells still displayed SGs. Notably, a small but significant fraction 

of cells (ca. 7-8%) formed SGs in the absence of heat or arsenite stress, when SUMO2/3 

was depleted. 

In order to control for potential off-target effects of the SUMO2/3 siRNA we tested 

whether inhibition of SUMOylation by the SUMO E1-inhibitor ML-792 would 

phenocopy SUMO2/3-depletion by siRNA (Figure 2.12)239. If FACS sorted HeLaG3BP2-GFP 

cells were treated with ML-792 for 24 h, a significant delay in SG clearance was 

observed. Almost none of the DMSO-treated control cells displayed stress granules 

after 120 min of recovery from arsenite stress, while SGs could be observed in 

approximately 40% of the cells treated with ML-792.  

Taken together, these data show that impairment of the STUbL pathway by either 

depleting SUMO2/3 or RNF4, or by the inhibition of SUMOylation can largely delay 

the disassembly of SGs formed under heat and arsenite stress. 
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Figure 2.12: Inhibition of SUMOylation delays SG disassembly in arsenite-stressed cells. 
(A) FACS sorted HeLaG3BP2-GFP cells were treated for 24 h with a vehicle control (DMSO) or the SUMO E1 inhibitor ML-792 
at a concentration of 1 µM. Cells were left untreated or treated with sodium arsenite (0.5 mM, 30 min), with or without 
120 min of recovery. Scale bar: 10 µm. 
 (B) HeLa cells were treated with ML-792 or a vehicle control (DMSO) at a concentration of 1 µM for 18 h. Prior to lysis, 
cells were either treated with a HS at 43°C for 60 min or with sodium arsenite (SA) at a concentration of 0.5 mM for 30 
min. SUMOylation and equal loading were monitored using antibodies against SUMO2/3 and vinculin, respectively. 

 



Results 

 
  

49 

2.7 Interference with the STUbL pathway delays the clearance of FUS-

positive SGs 

In contrast to the cytosolic SG marker G3BP2, many of the proteins identified in our 

RNF4 interactome (e.g. TDP-43, FUS and hnRNPs) are located in the nucleus. Many of 

these proteins were previously reported to transiently relocate into the cytosol and 

associate with SGs under heat or arsenite stress217,240–246. To investigate whether 

disturbances of the STUbL pathway by knockdown of either SUMO2/3 or RNF4 would 

affect the nuclear-cytoplasmic distribution of FUS or the resolution of FUS-positive 

SGs we monitored SG dynamics after heat or SA treatment in HeLaFUS-GFP cells (Figure 

2.9 B, Figure 2.11 C, Figure 2.13 and Figure 2.14).  

In untreated cells G3BP1 is diffusely distributed in the cytosol while FUS-GFP resides 

in the nucleus. In heat-stressed cells cytosolic SGs could be detected with an a-G3BP1 

antibody (Figure 2.13). A fraction of the otherwise nuclear FUS-GFP could also be 

detected in these SGs. If the heat stress was released for 60 min, almost all of the 

control cells completely recovered and FUS-GFP was exclusively detected in the 

nucleus of these cells. In contrast, the SUMO2/3 or RNF4-depleted cells still had many 

SGs after this recovery period and a fraction of the otherwise nuclear FUS-GFP was 

maintained at these SGs. 

Similar to what was observed in heat-stressed cells, treatment with arsenite-induced 

FUS-positive SGs throughout all cells (Figure 2.14). If the cells could recover from the 

arsenite treatment for 75 min, the number and size of SGs was reduced in control cells, 

while cells with a SUMO2/3 or RNF4 knockdown still showed multiple SGs with a more 

intense fluorescence signal for both G3BP1 and FUS-GFP. Altogether, these results 

illustrate that the STUbL pathway is essential for a proper resolution of SGs. Notably, 

the nuclear-cytoplasmic distribution of FUS was not altered by depleting either 

SUMO2/3 or RNF4, when compared to control cells (Figure 2.13 and Figure 2.14). 
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Figure 2.13 The SUMO/RNF4 pathway plays a crucial role for efficient resolution of heat-induced, FUS-positive SGs. 
Immunofluorescence assay to monitor SG dynamics in heat-stressed HeLaFUS-GFP cells. Cells were transfected with a 
control siRNA or siRNAs targeting SUMO2/3 or RNF4. Cells were left untreated or treated with a HS at 43°C for 60 min, 
with or without subsequent recovery for 60 min. An a-G3BP1 antibody was used to monitor the formation and 
resolution of SGs and nuclei were stained with DAPI. GFP-FUS signal allowed the identification of FUS-positive SGs 
(white arrowheads). Areas chosen for 2.5x and 5x insets are highlighted with yellow and blue boxes, respectively. Scale 
bar: 20 µm. 
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Figure 2.14 The SUMO/RNF4 pathway plays a crucial role for efficient resolution of arsenite-induced, FUS-positive SGs. 
Immunofluorescence assay to monitor SG dynamics in arsenite-stressed HeLaFUS-GFP cells. Cells were transfected with a 
control siRNA or siRNAs targeting SUMO2/3 or RNF4. Cells were left untreated or treated with 0.5 mM of SA for 30 min, 
with or without subsequent recovery for 75 min. An a-G3BP1 antibody was used to monitor the formation and 
resolution of SGs and nuclei were stained with DAPI. GFP-FUS signal allowed the identification of FUS-positive SGs 
(white arrowheads). Areas chosen for 2.5x and 5x insets are highlighted with yellow and blue boxes, respectively. Scale 
bar: 20 µm. 

 

To exclude off-target effects of the siRNA targeting RNF4 as the cause for delayed SG 

recovery and retained FUS-GFP at these SGs we monitored SG dynamics in HeLaFUS-GFP 

cells transfected with a different siRNA targeting RNF4 (siRNF4-1) or a control siRNA 
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(Supplementary Figure 2 A, B). Both, RNF4-depleted cells and control cells displayed 

SGs when treated with heat stress. While almost all control cells could resolve SGs 

within 60 min of recovery, cells depleted from RNF4 with siRNF4-1 exhibited a similar 

delay in SG disassembly as cells transfected with siRNF4. As seen before, FUS-GFP 

could still be detected in these SGs (Supplementary Figure 2 A, Figure 2.13). 

In addition, we also tested if treatment with the SUMO E1-inhibitor ML-792 would 

mimic the effect of SUMO2/3 depletion. To this end, we treated cells with ML-792 or 

a vehicle control for 24 hours and applied heat or arsenite stress to these cells 

(Supplementary Figure 3, Supplementary Figure 4). When heat-stressed control cells 

were allowed to recover at 37°C for 80 min, none of the cells displayed SGs, while 

approximately 20% of the cells treated with ML-792 still exhibited SGs 

(Supplementary Figure 3). In arsenite-treated cells, this delay in recovery was even 

more pronounced. When arsenite-treated control cells were recovered for 120 min in 

standard growth medium almost none (<5%) of the cells displayed SGs, while about 

one third of ML-792-treated cells still displayed SGs (Supplementary Figure 4). It is 

noteworthy that a small fraction of FUS-GFP still resided in SGs in cells recovering 

from heat and arsenite stress (Supplementary Figure 3, Supplementary Figure 4). 

The results shown in this chapter indicate that the SUMO/RNF4 STUbL pathway is 

strongly intertwined with SG dynamics (Figure 2.9 to Figure 2.14 and Supplementary 

Figure 2 to Supplementary Figure 4). Therefore, we investigated whether SUMO2/3 or 

RNF4 are directly associated with SGs. When HeLaG3BP2-GFP cells were treated with heat 

or arsenite stress, no SUMO2/3 could be detected at the SGs forming in the cells 

(Supplementary Figure 5 A, B). In HeLaRNF4-3xFlag cells, RNF4-3xFlag did not colocalize 

with SGs when heat or arsenite stress was used to trigger their formation 

(Supplementary Figure 6 and Supplementary Figure 7). Furthermore, heat-induced 

SUMO targets could be enriched in the nuclear, but not in the cytoplasmic fraction of 

heat-stressed HeLa cells (Supplementary Figure 8). 
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2.8 Depletion of RNF4 increases TDP-43 aggregation and delays 

recovery upon stress release 

As we could show that TDP43 is a substrate for SUMOylation and RNF4-mediated 

ubiquitylation (Figure 2.5 B, C), we asked whether a lack of RNF4 could lead to an 

increase in TDP-43 aggregates. Therefore, we knocked down RNF4 in HeLaGFP-TDP-43 

cells. We then compared the solubility of GFP-TDP-43 in RNF4-depleted cells and 

cells transfected with a control siRNA (Figure 2.15 A). In RNF4-depleted cells grown 

in normal cell culture medium we observed an increase of NP-40-insoluble 

GFP-TDP-43, while almost no aggregated GFP-TDP-43 was detected in control cells. 

In cells treated with SA a larger fraction of GFP-TDP-43 became insoluble in NP-40 

containing buffer which is in line with the previously described protein damaging and 

unfolding effects of oxidative stress247. Under these conditions RNF4-depleted cells 

displayed a higher degree of GFP-TDP-43 aggregation compared to control cells. After 

75 min of recovery, the levels of aggregated GFP-TDP-43 were comparable to those 

seen in untreated cells. These results show that TDP-43 is prone to aggregation under 

arsenite stress, and that RNF4 activity is necessary to keep it in a soluble state under 

steady state conditions. 

Phosphorylation of eif2a at serine residue 51 via the integrated stress response is a 

hallmark of cellular stresses such as exposure to sodium arsenite112. Phosphorylated 

eIF2a blocks the eIF2B-mediated exchange of GDP for GTP, thereby blocking the 

formation of the ternary complex consisting of eIF2a, GTP and the methionine-

charged tRNA122. 

We assayed phospho-eif2a levels in HeLa cells transfected with an siRNA targeting 

RNF4 or a control siRNA by SDS-PAGE and immunoblotting. In addition to the 

knockdowns, we left the cells untreated or treated them with sodium arsenite, with or 

without subsequent recovery (Figure 2.15 B). As expected, arsenite treatment strongly 

induced eif2a phosphorylation. In control cells eif2a phosphorylation was reversed 

almost completely when arsenite was removed from the culture medium. In contrast, 
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in RNF4-depleted cells eif2a phosphorylation was partially retained when arsenite 

stress was removed. 

 

 

Figure 2.15 RNF4 prevents TDP-43 aggregation and facilitates recovery from translational arrest upon release from 
arsenite stress. 
(A) Solubility of GFP-TDP-43 was monitored by SDS-PAGE and immunoblotting. HeLaGFP-TDP-43 cells were transfected 
with control siRNA or siRNA targeting RNF4 for 48 hours. Before lysis, the cells were either left untreated or treated 
with 0.5 mM sodium arsenite for 30 min, with or without 75 min of recovery in normal cell culture medium. Immediately 
afterwards the cells were lysed in NP-40 containing buffer followed by high-speed centrifugation. The supernatant was 
separated (NP-40-soluble fraction) and pelleted proteins were boiled in SDS-containing buffer (SDS-soluble fraction). 
Solubility of GFP-TDP-43 was monitored with an a-GFP antibody while knockdown efficiency and equal loading were 
checked with a-RNF4 and a-b-Tubulin antibodies, respectively.  
(B) Phosphorylation of eif2a at Ser51 was monitored in HeLa cells by SDS-PAGE and immunoblotting. Cells were 
transfected with control siRNA or siRNA targeting RNF4 for 48 hours and either left untreated or treated with 0.5 mM 
sodium arsenite for 30 min, with or without 60 min of recovery in normal cell culture medium. Levels of phosphorylated 
and total eif2a were monitored with the respective antibodies. a-RNF4 and a-b-Tubulin antibodies were used to ensure 
efficient knockdown and equal loading, respectively. An unspecific band of the a-RNF4 is marked with an asterisk. 

 

2.9 PML-depletion leads to delayed stress granule resolution in heat-

and arsenite-stressed cells 

The PML protein has been described to exhibit SUMO E3 ligase activity and to 

facilitate the RNF4-mediated degradation of aggregation-prone proteins248,249. 

Moreover, RNF4 co-localizes with PML in NBs (Figure 2.2 C)250. We therefore 

wondered whether SG dynamics were affected by the depletion of PML. To address 

this question, we performed immunofluorescence microscopy assays as described 

above (see Figure 2.13 and Figure 2.14). HeLaFUS-GFP cells were depleted from PML by 

siRNA-mediated knockdown, or transfected with a nontargeting control siRNA 
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(Figure 2.16 B). Cells were either left untreated or treated with a HS or SA, followed by 

optional recovery as described previously in chapter 2.5 (Figure 2.16 and Figure 2.17). 

Depletion of PML did not change the amount or size of G3BP1- and FUS-GFP-positive 

SGs formed under heat or arsenite stress. Yet, similar to what was observed in 

SUMO2/3- or RNF4-depleted cells, the resolution of SGs after stress release was 

delayed. When given 60 min to recover from heat stress, approximately one third of 

the PML-depleted cells still displayed SGs, while almost no cells with SGs could be 

detected in control cells under these conditions (Figure 2.16 A). The SGs seen in these 

recovering, PML-depleted cells were smaller in size, indicating that the resolution of 

SGs had begun but was not fully completed.  

In cells recovering from arsenite stress, the depletion of PML led to an even stronger 

delay in the resolution of SGs. All PML-depleted cells still displayed large SGs, when 

given 75 min to recover from arsenite stress, while less than 20% of control cells were 

positive for SGs (Figure 2.17). 

These results support the idea that PML acts as an E3 SUMO ligase in the RNF4 STUbL 

pathway and that its function is essential for the timely resolution of SGs after the 

release from heat and arsenite stress.   
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Figure 2.16 PML plays a crucial role for efficient resolution of heat-induced, FUS-positive SGs. 
(A) Immunofluorescence assay to monitor SG dynamics in heat-stressed HeLaFUS-GFP cells. Cells were transfected with a 
control siRNA or an siRNA targeting PML. Cells were left untreated or treated with a HS at 43°C for 60 min, with or 
without subsequent recovery for 60 min. An a-G3BP1 antibody was used to monitor the formation and resolution of 
SGs and nuclei were stained with DAPI. GFP-FUS signal allowed the identification of FUS-positive SGs (white 
arrowheads). Areas chosen for 2.5x and 5x insets are highlighted with yellow and blue boxes, respectively. Scale bar: 
20 µm.  
(B) Efficient knockdown of PML was validated by immunoblotting. HeLaFUS-GFP cells were transfected with either 
nontargeting control siRNA or an siRNA targeting PML. Levels of PML and equal loading was assayed with a-PML and 
a-b-Tubulin antibodies, respectively. An unspecific band was highlighted with an asterisk.  



Results 

 
  

57 

 

Figure 2.17 PML plays a crucial role for efficient resolution of arsenite-induced, FUS-positive SGs. 
Immunofluorescence assay to monitor SG dynamics in arsenite-stressed HeLaFUS-GFP cells. Cells were transfected with a 
control siRNA or an siRNA targeting PML. Cells were left untreated or treated with 0.5 mM sodium arsenite for 30 min, 
with or without subsequent recovery for 75 min. An a-G3BP1 antibody was used to monitor the formation and 
resolution of SGs and nuclei were stained with DAPI. GFP-FUS signal allowed the identification of FUS-positive SGs 
(white arrowheads). Areas chosen for 2.5x and 5x insets are highlighted with yellow and blue boxes, respectively. Scale 
bar: 20 µm. 

 

2.10 Proteotoxic stress impacts on SENP stability and activity 

A prerequisite for RNF4 activity is the poly- or multi-SUMOylation of its substrate 

proteins70,251,252. SUMOylation and in particular multi- and poly-SUMOylation are 

induced upon various stresses (including heat and arsenite stress) and the 

SUMOylation state of proteins is highly regulated by SENPs43. We therefore assayed 

SUMOylation levels in HeLa cells treated with heat or arsenite and investigated how 

the activities and levels of SENPs are affected under these stress conditions. We 
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focused on SENP6 and SENP7 as both isopeptidases counter the STUbL pathway by 

trimming SUMO chains. 

First, we examined the increase of SUMOylation in HeLa cells upon HS or SA 

treatment and observed an increase of SUMOylated proteins in response to these 

treatments. This could be further increased if the proteasome inhibitor MG132 was 

added to the culture medium, indicating that many proteins that are SUMOylated 

under stress conditions are subsequently degraded by the proteasome (Figure 2.18 A). 

Next, we tested whether the protein levels of SENP proteins change if cells were 

treated with arsenite stress (Figure 2.18 B, C). While the steady state levels of SENP6 

were significantly reduced in HeLa cells treated with 0.5 mM sodium arsenite for 

30 min, SENP1, SENP3 and SENP7 remained unchanged (Figure 2.18 B). In order to 

block translation, we treated HeLa cells with cycloheximide (CHX) and assayed the 

decay of SENP6 in control cells and cells treated with sodium arsenite for up to 60 min 

(Figure 2.18 C). SENP6 protein levels remained stable in control cells, but decreased 

significantly upon arsenite treatment. This effect was largely reversed when cells were 

treated with the proteasome inhibitor MG132, indicating that the decrease in SENP6 

protein levels under arsenite stress is caused by proteasomal degradation.  

We now went on to investigate SENP protein levels in heat-stressed cells (Figure 

2.18 D, E, F). When HeLa cells were treated with a HS for 60 min, we observed a drastic 

decrease in the protein level of SENP6, an effect that was reversed almost completely 

when cells were treated with MG132 (Figure 2.18 D). SENP6 levels were not affected 

by cycloheximide treatment alone, but were strongly reduced when cells were 

additionally treated with heat for up to 90 min in cells treated with cycloheximide or 

a vehicle control (Figure 2.18 E). As observed in arsenite-treated cells, the levels of 

SENP3 remained stable when HeLa cells were treated with heat stress (Figure 2.18 E). 

Protein levels of SENP7 (detected as a band triplet of various isoforms running 

between 130 and 150 kDa) were only reduced by a small margin in HeLa cells treated 

with cycloheximide (Figure 2.18 F). However, when cells were treated with heat for up 
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to 90 min, SENP7 stability was strongly reduced, which could be largely rescued by 

proteasomal inhibition (Figure 2.18 F).  

 

 

Figure 2.18 Western blot assays of SENP protein levels under arsenite and heat stress 
(A) HeLa cells were treated with heat shocks at 43°C for 60 min, with 0.5 mM sodium arsenite for 30 min or left 
untreated. In addition, 25 µM MG132 or a vehicle control was added to the cells for 4 hours. SUMOylated proteins were 
detected with an antibody against SUMO2/3 and equal loading was checked with an antibody against b-Tubulin. 
(B) Protein levels of SENP1, SENP3, SENP6 and SENP7 were assayed under arsenite stress. HeLa cells were either 
treated with 0.5 mM sodium arsenite for 30 min or left untreated. SENP levels were assayed using the respective 
antibodies. Equal loading was checked using an antibody against b-Tubulin. 
(C) The protein levels of SENP3 and SENP6 were assayed in HeLa cells. Cells were mock-treated or treated with 0.5 mM 
sodium arsenite for 30 or 60 min. 50 µg/ml cycloheximide was added to the cells 15 min prior to the mock or arsenite 
treatment. Where indicated, 10 µM MG-132 was added to the cells for 2 h. SENP levels and equal loading were analyzed 
using antibodies against SENP3, SENP6 and b-Tubulin. 
(D) SENP6 protein levels were assayed in HeLa cells. Cells were either treated with a HS at 43°C for 60 min or left 
untreated. Where indicated, cells were treated with 10 µM MG132 for 4 h. SENP6 levels and equal loading were 
analyzed using antibodies against SENP6 and b-Tubulin.  
(E) SENP3 and SENP6 levels were assayed in HeLa cells. Cells were left untreated or treated with a HS at 43°C for 30, 
60 or 90 min. 50 µg/ml cycloheximide was added to the cell culture medium for the indicated time points. SENP levels 
and equal loading were analyzed using antibodies against SENP3, SENP6 and b-Tubulin. 
(F) SENP7 protein levels were assayed in HeLa cells. Cells were left untreated or treated with a HS at 43°C for 30, 60 
or 90 min. 50 µg/ml cycloheximide was added to the cells 15 min prior to the HS (or for the respective times in control 
cells). Where indicated, 10 µM MG132 was added to the cells for 2 h. SENP7 levels and equal loading were analyzed 
using antibodies against SENP7 and b-Tubulin. 
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Not only the abundance of SENPs, but also their enzymatic activity may affect the rate 

of deSUMOylation in stressed cells. Therefore, we went on to investigate SENP 

activities in HeLa cells stressed with heat or sodium arsenite (Figure 2.19). SENP 

activity can be assayed, when cell extracts are supplemented with SUMO-vinylsulfone 

probes (Figure 2.19 A)253,254. The vinylsulfone (VS) group can irreversibly react with the 

catalytic cysteine of SENPs forming a covalent SUMO-VS-SENP adduct. This adduct is 

detectable as an upshifted SENP-VS band on western blots and the ratio of free to 

SUMO-VS conjugated SENPs reflects their activity. The addition of N-ethylmaleimide 

(NEM) to cell extracts can quench this reaction, serving as a negative control.  

When we assessed SENP6 activity in untreated HeLa cells, the majority of SENP6 

formed a SENP6-SUMO2-VS adduct that was detected at 180 kDa and addition of NEM 

completely blocked the adduct formation (Figure 2.19 B). When cells were exposed to 

heat stress or SA less of the SENP6-SUMO2-VS adduct was formed, indicative of a 

reduced SENP6 activity under these conditions.  

Next, we tested the activities of SENP1, SENP3 and SENP7 as described above. The 

major SENP7-SUMO2-VS adduct was detected as a 165 kDa band (Figure 2.19 C, top 

panel). In cell extracts from heat- and arsenite-stressed cells, this band was 

undetectable or barely visible, respectively.  

SUMO2-VS adducts of both SENP1 and SENP3 can be detected at approximately 

95 kDa. SENP1 activity was strongly reduced in extracts of heat-stressed and arsenite-

treated cells (Figure 2.19 C, second panel). Upon HS, SENP3 was almost completely 

inactive and in arsenite-stressed cells its activity was strongly reduced (Figure 2.19 C, 

third panel). Taken together, these data (Figure 2.18 and Figure 2.19) indicate that 

hyperSUMOylation in heat- or arsenite-stressed cells is a result of both, reduced 

stability and activity of SENP6 and SENP7. SENP6 and SENP7 exhibit specificity 

towards SUMO chains and their reduced activity results in the buildup of poly-

SUMOylated proteins in stressed cells43,255. As SENP1 and SENP3 also displayed 

reduced activity under these conditions the occurring hyperSUMOylation is best 
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explained by a concerted inactivation and destabilization of various SENP family 

members. 

 

 

Figure 2.19 Western Blot analysis of SENP activities in heat- and arsenite-stressed HeLa cells 
(A) Model of the SENP activity assay using SUMO2-VS probes. 
(B) SENP6 activity assay by SDS-PAGE and western blot. HeLa cells were treated with a HS (43°C, 60 min), sodium 
arsenite (0.5 mM, 30 min) or left untreated. Cell extracts containing 100 µg of protein were supplemented with 25 ng 
of HA-SUMO2-VS. NEM was added as a negative control. 
(C) Activity of SENP1, SENP3 and SENP7 was assayed as in (B), but cell extracts were supplemented with 50ng of HA-
SUMO2-VS, instead. 

 

Based on the above findings, we asked how SENP overexpression would affect SG 

formation. To this end, we expressed various Flag-tagged SENPs in HeLaG3BP2-GFP cells 

and monitored SG formation (Figure 2.20). In cells transfected with Flag-SENP2, Flag-

SENP3 or Flag-SENP5, no SG formation could be observed (Figure 2.20 A). Expression 

of the SUMO chain-specific isoforms SENP6 and SENP7 on the other hand resulted in 

the formation of SGs (Figure 2.20 B). In case of SENP6, SGs were formed in at least two 

thirds of the Flag-SENP6-transfected cells.  To a lesser extent, SG formation was 

observed in cells expressing high levels of Flag-SENP7. When the catalytically dead 

mutant Flag-SENP6C1030S was expressed, no SG formation could be observed, indicating 

that this effect is dependent on the catalytic activity of SENP6. 
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Figure 2.20 The effects of SENP overexpression on SG formation were analyzed by immunofluorescence microscopy. 
(A) HeLaG3BP2-GFP cells were transfected with Flag-SENP2, Flag-SENP3 or Flag-SENP5. An antibody directed against the 
Flag-epitope was used to detect transfected cells. G3BP2-GFP signal was used to monitor stress granule formation in 
transfected cells. Nuclei were stained with DAPI. Representative images are shown. Scale bar: 10 µm  
(B) As in (A) SG formation was monitored in HeLaG3BP2-GFP cells. Flag-SENP6, the catalytically dead mutant Flag-
SENP6C1030S and Flag-SENP7 were transfected. Representative images are shown. Scale bar: 10 µm 

 

2.11 Poly-SUMO preconditioning protects against stress granule 

formation 

As described above, overexpression of Flag-SENP6 led to a formation of SGs, most 

likely due to the excessive processing of poly-SUMO chains by SENP6. This 
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observation encouraged us to investigate whether hyperSUMOylation prior to stress 

treatments could protect cells against SG formation. SENP6-depletion by siRNA has 

been shown to have pleiotropic effects such as defects in spindle assembly and mitotic 

progression as well as increased number and size of PML nuclear bodies98,256. We 

therefore searched for other options to acutely limit SENP6 activity. 

The biflavonoid hinokiflavone has been described to induce hyperSUMOylation in 

human cells (Figure 2.21 A)257. The initial publication attributed this effect to an 

inhibition of SENP1 by hinokiflavone. 

To assay the catalytic activity of SENP1, SENP3 and SENP6 in lysates of hinokiflavone-

treated cells we performed SENP activity assays with SUMO1-VS and SUMO2-VS 

(Figure 2.21 B, C). We could observe a strong increase of SUMOylation in HeLa cells 

treated with hinokiflavone for 4 h. This hyperSUMOylation was further increased if 

the treatment was extended to 24 h (Figure 2.21 B). To assay SENP1 activity 

SUMO1-VS was added to the lysates. Interestingly, no decrease in SENP1 activity or 

SENP1 protein levels could be observed in hinokiflavone-treated cells (Figure 2.21 B). 

When lysates were supplemented with SUMO2-VS and probed for SENP3 activity, we 

could not detect a decrease of SENP3 activity or protein levels either (Figure 2.21 B). 

Both SENP1 and SENP3 activity could be completely inhibited if NEM was added to 

the lysates prior to supplementation with SUMO1-VS or SUMO2-VS, respectively.  

In contrast to what was observed for SENP1 and SENP3, we detected a strong decrease 

of SENP6 protein levels when cells were treated with hinokiflavone for 24 hours while 

the activity of the remaining SENP6 protein remained unchanged (Figure 2.21 C, D). 

This decrease of the SENP6 protein level could be partially rescued when the 

proteasome inhibitor MG132 was added to the cell culture medium 4 hours prior to 

cell lysis (Figure 2.21 C, D). Furthermore, treatment with hinokiflavone increased 

SUMOylation levels to a similar extend as was observed in cells treated with a HS 

(Figure 2.21 D). These data suggest that SENP6 is most likely degraded by the 

proteasome when hinokiflavone is added to the cell culture medium. 
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Figure 2.21 Hinokiflavone induces hyperSUMOylation in HeLa cells by depleting cellular SENP6 levels. 
(A) Molecular structure of the biflavonoid hinokiflavone. 
(B) SENP1 and SENP3 activity assays in HeLa cells. Prior to lysis, cells were treated with 20 µM hinokiflavone or a 
vehicle control (DMSO) for 4 or 24 h. An aliquot of each lysate was analyzed by SDS-PAGE and immunoblotting in order 
to determine the levels of SUMO2/3-modified proteins (lower two panels). The remaining lysates were split into equal 
samples and supplemented with either HA-SUMO1-VS or HA-SUMO2-VS. As a negative control NEM was added to some 
of the samples prior to the addition of SUMO-VS. Subsequently, all samples were analyzed by SDS-PAGE and 
immunoblotting (upper two panels). Bands of unmodified and HA-SUMO-VS-modified SENP1 and SENP3 are indicated. 
(C) SENP6 activity assay in HeLa cells. Prior to lysis, cells were treated with 20 µM hinokiflavone 24 h and 10 µM MG132 
for 4 h. DMSO was used as a vehicle control. An aliquot of each lysate was analyzed by SDS-PAGE and immunoblotting 
in order to determine the levels of SUMO2/3-modified proteins (lower two panels). The remaining lysates were 
supplemented with HA-SUMO2-VS. Subsequently, all samples were analyzed by SDS-PAGE and immunoblotting (upper 
two panels). Bands of unmodified and HA-SUMO-VS-modified SENP6 are indicated. An antibody against b-Tubulin was 
used to control equal loading. 
(D) Assay of SENP6 levels and SUMOylation in HeLa cells. Prior to lysis, cells were treated with 20 µM hinokiflavone 
24 h and 10 µM MG132 for 4 h. DMSO was used as a vehicle control. In addition, cells were treated with a HS at 43°C 
for 60 min or left untreated. Levels of SENP6 and SUMO2/3-modified proteins were assayed with a-SENP6 and a-
SUMO2/3 antibodies. An antibody against vinculin was used to control equal loading. 

 

Next, we investigated whether hyperSUMOylation would have a protective effect 

against SG formation. To this end, we cultured HeLaG3BP2-GFP cells in presence or 
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absence of hinokiflavone and monitored the heat- and arsenite-induced formation of 

stress granules (Figure 2.22 and Figure 2.23).  

In control cells the formation of typical SGs in all cells was observed upon heat shock. 

Strikingly, in cells that were treated with hinokiflavone prior to the heat shock, the 

formation of SGs was limited to much smaller SGs. The size of these SGs was only 

30-50% of that in control cells (Figure 2.22).  

 

 

Figure 2.22 Poly-SUMO preconditioning with hinokiflavone has a protective effect against the heat-induced 
formation of SGs 
HeLaG3BP2-GFP cells were treated with 20 µM hinokiflavone or DMSO for 24 h. In addition, cells were treated with a HS at 
43°C for 60 min or left at 37°C. The G3BP2-GFP signal was used to detect SG formation, SUMO2/3 was stained with a 
respective antibody and nuclei were stained with DAPI. Yellow squares indicate areas that were chosen for a 2.5-fold 
inset. Scale bar: 20 µm. 
 
 

Similarly, pre-treatment of cells with hinokiflavone protected cells from arsenite-

induced formation of SGs. Arsenite-treated control cells formed SGs in a similar way 

to what was observed in heat-shocked cells. A treatment with hinokiflavone, however, 
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largely limited the SG formation in these cells. SG size was reduced to approximately 

30% of the SG diameter observed in control cells and one fifth of the cells did not show 

any SGs at all (Figure 2.23).  

These data allow the conclusion that a poly-SUMO preconditioning of cells with 

hinokiflavone has a protective effect against heat- and arsenite-induced SG 

formation. 

 

 

Figure 2.23 Poly-SUMO preconditioning with hinokiflavone has a protective effect against the arsenite-induced 
formation of SGs 
HeLaG3BP2-GFP cells were treated with 20 µM Hinokiflavone or DMSO for 24 h. In addition, cells were treated with a 0.5 
mM sodium arsenite for 30 min or left untreated. The G3BP2-GFP signal was used to detect SG formation, SUMO2/3 
was stained with a respective antibody and nuclei were stained with DAPI. Yellow squares indicate areas that were 
chosen for a 2.5-fold inset. Scale bar: 20 µm. 
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2.12 The STUbL pathway limits the compartmentalization of an ALS-

associated FUS mutant in SGs 

As shown in our previous experiments the STUbL pathway limits the formation of 

stress-induced, aberrant SGs (Figure 2.9, Figure 2.10, Figure 2.13 and Figure 2.14). 

Therefore, we investigated, whether it could also limit the incorporation of disease-

linked FUS mutants in these structures. 

Mutant FUS is strongly linked with ALS. Many of the ALS-linked mutations occur in 

the C-terminal region of FUS and result in an increase of cytosolic FUS258. The FUSP525L 

mutation displays such a cytosolic mislocalisation and is often found in patients with 

a severe, early onset form of ALS259. 

When mCherry-FUSWT and mCherry-FUSP525L were expressed in HeLa cells, we detected 

an exclusively nuclear localization of wildtype FUS while the mutant form FUSP525L was 

distributed between the nucleus and the cytosol (Figure 2.24 A). Noteworthy, the 

cytosolic localization of mCherry-FUSP525L was not a result of protein overexpression, 

as mCherry-FUSWT was expressed at higher levels (Figure 2.24 B). Overexpression of 

mCherry-FUSWT occasionally resulted in SG formation. When the cells were depleted 

from either SUMO2/3 or RNF4 by siRNA transfection the rate of SG formation slightly 

increased to approximately 40% of all mCherry-FUSWT transfected cells. Despite the 

formation of SGs colocalization of FUSWT and G3BP1 was not observed. 

When mCherry-FUSP525L was expressed in cells transfected with a control siRNA 

approximately 20% of all transfected cells exhibited SGs. Notably, these SGs showed 

a strong colocalization with mCherry-FUSP525L and seemingly all of the cytosolic 

FUSP525L was incorporated by SGs. Disturbance of the STUbL pathway by knockdown of 

either SUMO2/3 or RNF4 drastically increased SG-formation. When either SUMO2/3 

or RNF4 was depleted by siRNA 80% or 60% of all mCherry-FUSP525L-transfected cells 

displayed SGs, respectively (Figure 2.24 A, C). 
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Figure 2.24: The STUbL pathway limits SG formation in cells expressing the ALS-linked FUS mutant FUSP525L 
(A) HeLa cells were transfected with siRNA targeting SUMO2/3 or RNF4 or with a nontargeting control siRNA. Cells 
were then transfected with either mCherry-FUSWT or mCherry-FUSP525L for 24 hours. Staining with an G3BP1 antibody 
allowed monitoring of SG formation. The mCherry signal allowed to detect both transfected cells and the possible 
incorporation of mCherry-FUS proteins into SGs. Nuclei were stained with DAPI. Yellow squares indicate areas that 
were chosen for a 2.5-fold inset. Scale bar: 20 µm. Representative images are shown. 
(B) Expression levels of mCherry-FUSWT and mCherry-FUSP525L as well as knockdown efficiency were examined by SDS-
PAGE and immunoblotting. Antibodies directed against FUS, SUMO2/3, RNF4 and b-Tubulin were used to monitor 
protein levels and ensure equal loading. 
(C) Statistical analysis of SG formation in mCherry-FUSP525L expressing HeLa cells. G3BP1 and mCherry-FUSP525L were 
detected as in (A). For each condition a minimum of 60 mCherry-FUSP525L-transfected cells was counted. Experiments 
were performed in triplicates. Statistical analysis was performed using an unpaired, two-sided t-test (p-values: ** = < 
0.01; **** = < 0.0001).  
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In addition to the depletion of SUMO2/3 by siRNA-mediated knockdown we tested 

whether treatment with the SUMOylation inhibitor ML-792 would also induce the SG 

formation and the colocalization of mCherry-FUSP525L with G3BP1-positive SGs. To 

this end, we transfected HeLa cells with mCherry-FUSWT or mCherry-FUSP525L and 

treated these cells with ML-792 for 4 or 24 hours (Figure 2.25). When treated with 

DMSO as a control, cells expressing mCherry-FUSWT displayed only moderate SG 

formation. The rate of SG formation was drastically increased when ML-792 was added 

to the cells for 4 hours or 24 hours with more than 80% of all mCherry-FUSWT 

expressing cells displaying SGs. As observed before in cells depleted of SUMO2/3 by 

siRNA, mCherry-FUSWT remained in the nucleus and did not colocalize with G3BP1 in 

SGs. 

As described above, expression of mCherry-FUSP525L lead to formation of SGs in 

approximately 20% of all transfected cells with mCherry-FUSP525L colocalizing in these 

structures. When treated with ML-792 for 4 hours, two thirds of mCherry-FUSP525L 

expressing cells formed SGs. This fraction was even further increased to 

approximately 80% when the cells were treated with ML-792 for 24 hours. Notably a 

strong colocalization of mCherry-FUSP525L and G3BP1 was observed in the cells 

forming SGs.  

The data presented in this chapter (Figure 2.24 and Figure 2.25) show that the STUbL 

pathway restricts the association of the ALS-associated FUS mutant FUSP525L with SGs 

and limits the SG formation in cells expressing this mutant. 
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Figure 2.25 Inhibition of SUMOylation promotes SG formation in cells expressing mCherry-FUSWT or the ALS-linked 
mutant mCherry-FUSP525L 
HeLa cells were transfected with either mCherry-FUSWT or mCherry-FUSP525L for 28 hours. The cells were then treated 
with the SUMOylation inhibitor ML-792 for 4 or 24 hours or with a vehicle control (DMSO) for 24 hours. Staining with 
an a-G3BP1 antibody allowed monitoring of SG formation. The mCherry signal allowed to detect both transfected cells 
and the possible incorporation of mCherry-FUS proteins into SGs. Nuclei were stained with DAPI. Yellow squares 
indicate areas that were chosen for a 2.5-fold inset. Scale bar: 10 µm. Representative images are shown. 
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3 Discussion 
 

Throughout their life cycle eukaryotic organisms can face a wide range of acute 

stresses and have therefore developed stress response strategies on a cellular level in 

order to maintain proteostasis260. Protein misfolding, induced by proteotoxic stresses, 

can result in the accumulation of terminally misfolded proteins that are prone to form 

toxic aggregates associated with neurodegenerative diseases261.  

One way to deal with misfolded proteins is their proteasomal degradation mediated 

by the ubiquitin pathway248,262. Thus, the UPS plays an important role in preventing 

aggregate formation263. Furthermore, cytosolic aggregates can also be targeted for 

lysosomal degradation by the autophagy machinery and suppression of autophagy in 

mice led to neurodegeneration264–266.  

In addition, stalling of translation and phase separation of mRNAs and RBPs into 

cytoplasmic SGs is a key response mechanism of lower and higher eukaryotes to 

maintain proteostasis under stressful conditions112. The dynamics of cytoplasmic SGs, 

especially the maintenance of their liquid-like character and SG clearance upon stress 

release, are of critical importance as persistent and aberrant SGs have been linked to 

various neuropathologies including ALS, FTD and AD200,218. 

In this work, we aimed to better characterize the role of the STUbL pathway in protein 

quality control. In particular, we aimed to identify novel stress-induced substrates of 

the STUbL RNF4. Our initial observation that RNF4 is associated with RNA binding 

proteins led us to investigate the involvement of SUMOylation and RNF4 in the 

dynamics of SG assembly and disassembly. In the course of these experiments, we 

were able uncover a link between the nuclear SUMO-targeted ubiquitin quality control 

network and the dynamics of cytoplasmic SGs.  

Furthermore, our work shows that SUMO isopeptidases are inactivated in response to 

proteotoxic stress. We propose that consequently a fraction of nuclear proteins such 

as aggregation prone RBPs, which typically shuttle to the cytoplasm and phase 
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separate into SGs in a stress-induced manner, are marked by poly-SUMOylation for 

RNF4-mediated ubiquitylation.  

Moreover, we demonstrated that deficiencies in the SUMO-primed ubiquitylation 

pathway, at the level of either SUMOylation or RNF4-mediated ubiquitylation, 

drastically delayed SG clearance upon stress release. Thus, we discovered a previously 

unknown connection between the nuclear and cytosolic axis of proteotoxic stress 

response. 

 

3.1 Nuclear RBPs are stress-induced SUMO and RNF4 targets 

Both SUMO conjugation and deconjugation enzymes are predominantly located in the 

nucleus267. Consistent with this observation, we could enrich heat-induced SUMO 

substrates exclusively from the nuclear fraction of cells. Importantly, we could 

validate nuclear RBPs such as TDP-43 and hnRNP M as preferred targets of heat-

induced SUMOylation and RNF4-mediated ubiquitylation under stress. Upon HS, 

TDP-43 and hnRNP M were strongly SUMOylated and ubiquitylated and their 

ubiquitylation was enhanced when RNF4 was expressed ectopically. In contrast, heat-

induced ubiquitylation of TDP-43 was reduced if cells were depleted of RNF4, instead. 

RNF4-mediated ubiquitylation relies on poly-SUMOylation of RNF4 as a SIM-

deficient variant of RNF4 was unable to ubiquitylate hnRNP M in heat-stressed cells. 

The MS-based analysis of RNF4 interactors revealed that RNF4 preferentially interacts 

with RBPs under heat stress. This was further confirmed by the enrichment of RBPs in 

our SILAC-based analysis of heat-induced, RNF4-targeted ubiquitylations sites. 

Importantly, most of the interactors identified in our MS-based RNF4-interactome 

were previously identified as heat-induced SUMO-targets in several high throughput 

SUMO proteomics studies268–271. Furthermore, hnRNP M and other RBPs of the hnRNP 

family have been described as prominent SUMO targets272,273.  

Many RBPs, including the vast majority of the RNF4 interactors identified in this work 

display extensive SUMOylation at multiple lysine residues in response to heat stress. 
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Therefore, it is likely that RBPs are prominent targets of stress-induced, SUMO-

primed ubiquitylation. Importantly, a more detailed analysis of the SUMO 

modification sites in the available datasets reveals that the RRM domains of RBPs, 

which mediate RNA binding, are hotspots for SUMOylation. For example, 13 out of 17 

SUMOylation sites identified in TDP-43 upon HS reside within its RRM. Further, all of 

the five heat-induced SUMOylation sites of FUS are located within its two RRMs. 

Besides FUS, multiple other hnRNP family proteins, including hnRNP A/B, hnRNP 

A2/B1, hnRNP A3 and hnRNP M also display a strong focus for heat-induced 

SUMOylation within their RRMs. This observation raises the question why RRMs are 

so highly SUMOylated in heat-stressed cells. We hypothesize that in unstressed cells 

the majority of RRMs is shielded by RNA-binding. Yet, under stress conditions partial 

unfolding of RBPs and the release of the bound RNAs might allow the SUMO 

conjugation machinery to access the RRMs. 

RNF4 harbors four SIMS and displays a high preference for poly-SUMOylated 

substrates21,70. However, under normal growth conditions, SUMOylation is limited by 

SENP activity43. We could demonstrate that heat and arsenite stress decreases SENP 

levels and activities. This decreased SENP availability and activity leads to increased 

initial monoSUMOylation and the buildup of poly-SUMO chains which mark substrate 

proteins for RNF4-mediated ubiquitylation.  

When we limited poly-SUMOylation by overexpression of SENP6 or SENP7, we 

observed SG formation in the absence of heat or arsenite stress. In contrast, poly-

SUMO-priming of nuclear proteins by hinokiflavone-mediated depletion of SENP6 led 

to a drastic reduction of heat- and arsenite-induced SG-formation. These results 

promote the idea of poly-SUMOylation as a protective mechanism linked to the 

dynamics of cytosolic SGs. However, it should be noted that hinokiflavone was 

previously shown to alter splicing of pre-mRNAs including the pre-mRNA of eIF4A2, 

which might also affect SG dynamics as SGs are rich in mRNAs and eIF4A2 is a SG-

associated protein233,257. Nonetheless, our data provides strong evidence for stress-

induced poly-SUMOylation of nuclear proteins which is facilitated by reduced SENP 
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activity and promotes the RNF4-mediated ubiquitylation of aggregation-prone, 

nuclear RBPs.  

 

3.2 PML nuclear bodies – a hub for stress-induced SUMOylation of 

RBPs 

Whether the SUMO conjugation enzyme Ubc9 alone can recognize and SUMOylate 

RRMs or if the assistance of E3 ligases is required remains to be investigated. An 

attractive E3 candidate is PML, the core component of PML NBs. PML was proposed 

to recognize misfolded or aggregated nuclear proteins such as pathogenic poly-Q 

proteins248,262. Poly-Q mutants of the proteins ATXN1 and ATXN7 can aggregate and 

cause spinocerebellar ataxia type 1 and 7, respectively. These mutants were shown to 

accumulate at PML NBs together with SUMO2/3 and RNF4 and PML-mediated 

SUMOylation primed these proteins for SUMO-targeted ubiquitylation by RNF4 

248,262,274. Also, increasing expression of recombinant PML in unstressed cells lowered 

the insoluble fraction of the RBP TDP-43 248. Moreover, in yeast, expression of a poly-Q 

mutant of huntingtin (Htt-103Q) causes the formation of Htt-103Q aggregates at the 

chromatin. Expression of Htt-103Q is lethal in yeast strains lacking either of the 

subunits of the STUbL Slx5/Slx8 275. 

In cells depleted of PML, we observed a delay of SG clearance, once cells were released 

from heat or arsenite stress. Taken together, these observations point to a role for 

PML in the initiation of stress-induced SUMOylation of nuclear RBPs. Simultaneous 

inactivation of SENPs upon stress might facilitate the growth of poly-SUMO chains on 

these proteins. 

PML NBs have been shown to form in a SUMO-dependent manner. PML contains three 

SIMs, is a SUMO substrate itself and depletion of the SUMO isopeptidase SENP6 favors 

the formation of PML NBs96,98,276,277. Intriguingly, PML, SUMO2/3, RNF4, SENP6 and 

proteasomes all compartmentalize in or close to PML NBs69,79,98,250,253,278  As mentioned 
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before, we showed that SENP6 activity is reduced under stress conditions, which 

might promote PML NB formation in stressed cells.  

When translation is terminated prematurely, DRiPs are formed in the cytosol and 

DRiPs have also been found in SGs188,238,278. Interestingly, a recent study showed that 

under proteotoxic stress, DRiPs are transferred to the nucleus, where they are 

sequestered and likely poly-ubiquitylated in PML NBs279.  

PML NB formation is increased under stress such as oxidative stress, heat stress or 

exposure to arsenic77,95,107,280. Furthermore, Ubc9 recruitment to PML NBs is increased 

under oxidative stress, potentially enhancing the SUMOylation capacity of PML NBs 

and RNF4 recruitment95. Furthermore proteasomes have been detected at or near PML 

NBs in cells treated with arsenic or interferon gamma further supporting the idea that 

PML NB may facilitate the proteasomal degradation of proteins276,281.  

We therefore hypothesize that in response to proteotoxic stress, PML NBs function as 

a compartment for the disposal of misfolded proteins such as DRiPs and SG-associated 

proteins. 

 

3.3 The STUbL pathway links nuclear protein quality control to stress 

granule dynamics 

As described in the previous chapters SUMO-targeted ubiquitylation by RNF4 is a 

nuclear quality control mechanism. Yet, SG formation is a cytosolic response to stress 

exposure. Thus, the question arises how SUMOylation and ubiquitylation of nuclear 

RBPs affects SG dynamics. 

Various studies investigated the role of the ubiquitin-proteasome system (UPS), the 

ubiquitin-selective AAA-ATPase VCP and autophagy in the clearance of SGs. A recent 

work shows that the adapter protein ZFAND1 associates with arsenite-induced SGs188. 

The study demonstrates that proper clearance of SGs depends on ZFAND1-mediated 

recruitment of VCP and the 26S proteasome to SGs. Depletion of ZFAND1 or 

proteasome inhibition caused the formation of aberrant SGs which were cleared by 
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autophagy with great delay188. Further, activation of VCP by ULK1/2-dependent 

phosphorylation is required for efficient SG clearance and hyperactivation of ULK1/2 

accelerated SG resolution upon stress release182. Noteworthy, in this study knockdown 

of ULK1/2 delayed the rate of SG clearance while depletion of autophagy genes had no 

such effect182. 

Inhibition of the ubiquitin-proteasome system was shown to induce SG formation and 

ubiquitin is commonly found in SGs suggesting a direct removal of ubiquitylated 

proteins from SGs by the proteasome187,188. Interestingly, inhibition of the chaperone 

HSP70 causes an increased enrichment of ubiquitin in aberrant SGs that were caused 

by the expression of aggregation prone proteins192. 

It should be mentioned that the idea of UPS-mediated SG clearance has been 

challenged in a recent study by Markmiller and colleagues, who stated that inhibition 

of ubiquitylation has little or no effect on SG clearance282. It was therefore proposed 

that SG-associated ubiquitin represents a pool of free, unconjugated ubiquitin282.  

Few studies hint at a colocalization of SGs and parts of the SUMO system. Together 

with other nucleoporins the SUMO E3 ligase RanBP2/Nup358 is found in cytoplasmic 

foci. It was further demonstrated, that these foci localize near or at a fraction of p-

bodies and SGs under arsenite stress and depletion of RanBP2 disturbed p-body 

formation, but did not affect SGs283. Moreover, a yet unpublished study used a 

proximity labelling technique combined with mass spectrometry to identify proteins, 

that associate with SGs284. In this study ectopic expression of the SG-associated FMR1-

APEX fusion protein (as a bait protein for APEX-mediated proximity labeling) was 

used to identify proteins associated with SGs under acute oxidative stress or during 

the disassembly upon stress relief. Four components of the SUMOylation machinery 

(SAE1, Ubc9, RanBP2 and TOPORS) but not SUMO itself associated with SGs at 

different times during the disassembly process. Importantly, we did not observe 

SUMO at SGs and active SUMOylation at SGs still remains a subject of speculation. 

SUMO proteins display a mostly nuclear localization and poor kinetics for 
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SUMOylation at SGs are to expect. Given the dynamic disassembly of SGs other 

mechanisms are more likely to play crucial roles in SG disassembly. 

Instead, we propose a different model (Figure 3.1). Our data supports a role for 

ubiquitylation, in particular SUMO-primed ubiquitylation of nuclear proteins, in SG 

clearance. We assume that SUMOylation and subsequent ubiquitylation by RNF4 is a 

nuclear mechanism which targets misfolded nuclear RBPs for proteasomal 

degradation. Impairment of this pathway leads to an accumulation of insoluble toxic 

protein aggregates in the nucleus and causes overall defects in the cellular recovery 

from proteotoxic stress. 

 

 

Figure 3.1 Hypothetical model connecting the SUMO/RNF4 proteotoxic stress response with the dynamics of cytosolic 
stress granules.  

 

Misfolded proteins can condense into solid aggregates, which might hinder the direct 

proteasomal degradation of these proteins by the proteasome. Therefore, it is likely, 

that additional mechanisms are needed for the extraction of proteins from these 

aggregates prior to their degradation. Interestingly, the AAA ATPase VCP/Cdc48 was 

shown to be involved in the SUMO-ubiquitin circuitry in both lower and higher 

eukaryotes and is engaging with nuclear protein complexes upon RNF4-mediated 

SUMOylation. A recent study in yeast supports a model in which defective or stalled 
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RNA polymerase III (Pol III) complexes are targeted by SUMOylation and Slx5/Slx8-

mediated ubiquitylation. Subsequently, Cdc48 disassembles the SUMO/Ub co-

modified Pol III complex, followed by proteasomal degradation of the ubiquitylated 

subunit RPC160 285. In response to DNA damage, the Fanconi anemia ID complex 

proteins FANCD2 and FANCI are SUMOylated and subsequently ubiquitylated by 

RNF4 286. Next, VCP clears the ID complex from DNA lesions likely promoting 

proteasomal degradation of FANCD2 and FANCI. Impairment of this SUMO/Ub- 

regulated clearance of the ID complex led to poor survival upon DNA damage286. 

In the above described mechanisms, the STUbL pathway is essential for VCP/Cdc48-

mediated complex disassembly. Mixed SUMO-ubiquitin chains have been suggested 

as a hybrid signal to recruit VCP/Cdc48 287. It was proposed, that in yeast the genome 

stability function of the Cdc48 depends on SUMO and Ub co-modification via the 

STUbL pathway and  that the Cdc48-Ufd1-Npl14 complex is recruited to SUMOylated 

VCP substrates via a SIM in Ufd1288. Furthermore, Ufd1 harbors a ubiquitin-binding 

UT3 domain and mammalian Nlp14 contains a ubiquitin-binding zinc finger 

domain289–291. Therefore, we speculate that VCP might also cope with misfolded 

nuclear RBPs targeted by SUMO-primed ubiquitylation.  

As mentioned before, nuclear poly-Q proteins, such as ATXN1 ATXN7, are targeted 

by the STUbL pathway, further supporting the model of SUMO-targeted ubiquitylation 

as a mainly nuclear protein quality control mechanism248,274.  

We confirmed the SUMOylation and subsequent RNF4-mediated ubiquitylation of the 

nuclear RBPs TDP-43 and hnRNP M upon proteotoxic stress. However, we did not 

observe an overall reduction of the levels of these two proteins. Therefore, we assume 

that only the misfolded subfraction of these proteins may undergo SUMO-primed 

ubiquitylation. 

Alternatively, SUMOylation and RNF4-mediated ubiquitylation of RBPs is not 

followed by their proteasomal degradation, but might simply increase the solubility 

of RBPs, thereby preventing the formation of toxic protein aggregates. This idea is 

supported by previous work, showing that SUMOylation-ubiquitylation aids to 
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maintain proteostasis by promoting both protein degradation and increased protein 

solubility292,293. Moreover, aggregation and toxicity of a-synuclein and a mutant form 

of Htt (Httex1p) are limited by their SUMOylation294,295. In agreement with these 

findings, we observed that deficiency of the STUbL system causes TDP-43 to 

accumulate in the insoluble fraction of lysates derived from unstressed and stressed 

cells. Further, we observed that in cells depleted of SUMO2/3 for 48 hours a small, but 

significant fraction of cells formed SGs even in the absence of stress. We therefore 

hypothesize that extended depletion of SUMO2/3 leads to the accumulation of 

insoluble, aggregated RBPs in the nucleus. 

Altogether, we propose that poly-SUMOylation and subsequent RNF4-mediated 

ubiquitylation either clears a misfolded subfraction of nuclear RBPs or protects them 

from aggregation. Further, we assume that the STUbL pathway releases proteotoxic 

stress in the nucleus, thereby facilitating a fast clearance of SGs. 

E3 ubiquitin ligases generally confer specificity to Ub modifications by substrate 

recruitment to Ub-charged E2 enzymes. Whether RNF4 recruits poly-SUMOylated 

substrates simply via interaction with its tandem-SIM or if other regions of RNF4 play 

a role in substrate selectivity remains unclear. Our observation that RNF4 interacts 

with unmodified forms of the RBPs FUS and TDP43 hints at the possibility that other 

binding motifs in RNF4 might be involved in substrate selection. As it has been 

proposed that dimerization of RNF4 is required for its activity, SUMOylation of RBPs 

might simply act as a scaffold for RNF4 homodimerization while substrate recognition 

might be mediated by other binding motifs21. 

Mutations, disrupting the nuclear import of SG-associated RBPs such as FUS or 

TDP-43 can cause a shift in their nuclear-cytosolic distribution and disturb SG 

dynamics296. Therefore, one might hypothesize that the STUbL pathway could affect 

SG dynamics by acting on the nuclear-cytoplasmic exchange of proteins. Yet, when 

we compared cells depleted of either SUMO2/3 or RNF4 with control cells, we did not 

observe shifts in the nuclear-cytoplasmic distribution of FUS in unstressed cells or in 

response to heat or arsenite stress. 
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3.4 The STUbL pathway and neurodegenerative disease – Future 

perspectives 

A hallmark of neurodegenerative diseases such as ALS or FTD is the accumulation of 

persistent SGs200,218. Disease-linked mutations of nuclear RBPs can disturb SG 

dynamics. One typical example is the FUSP525L mutation which prevents binding of the 

nuclear import receptor TNPO1, leading to an increased cytosolic concentration of 

FUSP525L 211–214. Such a cytoplasmic accumulation of mutant RBPs can cause an aberrant 

liquid-to-solid transitions of SGs that may ultimately result in the formation of 

pathological inclusions113,204,211–214,297. We demonstrated that defects in the STUbL 

pathway aggravate this process, as we could show that FUSP525L condensation into SGs 

was enhanced upon depletion of SUMO2/3 or RNF4 or chemical inhibition of 

SUMOylation. Inhibition or destabilization of SENPs, in particular the SUMO chain-

specific isoforms SENP6 and SENP7, might therefore have the potential to delay or 

prevent neurodegenerative diseases. Boosting the SUMO/RNF4 pathway might 

weaken the neurodegenerative phenotypes of disease linked protein mutants such as 

FUSP525L.  

As the experiments shown in this work were performed in HeLa cells, it will be 

important to validate our findings in neuron-like cells. Marrone and colleagues 

investigated SG pathologies in neuron-derived, induced, pluripotent stem cells 

expressing GFP-tagged FUS or FUSP525L 242. In the near future, we hope to confirm our 

key findings from this work in these cell lines. 

The most common cause of ALS and FTD is a hexanucleotide GGGGCC repeat 

expansion (HRE) in the C9orf72 gene and it will be interesting to investigate, whether 

perturbations of the STUbL mechanism will worsen respective phenotypes219. In 

patients with this HRE in the C9orf72 gene five different dipeptide repeats (DPRs) can 

be translated by repeat-associated non-ATG translation of the sense and antisense 

strand (poly-GA, -GP, -GR, -GP and -PR)219. Extended hexanucleotide repeat 

expansion can lead to the formation of DPR inclusions and defects in cellular 
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mechanisms including increased SG formation, impairment of proteasome function 

and autophagy induction, sequestering of nuclear RBPs and nucleocytoplasmatic 

transport dysfunction298–304. Fly and zebrafish models have been used to investigate 

the effects of DPR production on various cellular processes220,305–307. These model 

systems could be interesting research tools, to investigate whether modulations of the 

STUbL system will affect DPR-associated phenotypes and disease progression. 

Interestingly, a genome wide association study showed that single nucleotide 

polymorphisms in the RNF4 gene are linked to early onset Huntington’s disease308. 

Given the capability of the STUbL pathway to limit aggregation of poly-Q and other 

mutant proteins, it will be interesting to see whether similar links between other 

aggregation-driven diseases such as ALS or FTD and mutations in the genes of RNF4 

or SUMO E3 ligases such as PML and exist250,251,265  

Additional insights on how the STUbL proteotoxic stress response is regulated will be 

of critical importance. Along this line, a better understanding of the mechanisms 

which regulate SENP stability and activity in response to stress are of high interest. 

Further insight into SENP regulation (possibly by posttranslational modification of 

SENPs), could open up new ways to modulate SENP activity. Moreover, specific SENP 

inhibitors are still missing at this moment but would be an excellent tool for both 

research and therapy. 

Furthermore, deactivation of SENPs in response to stress might be accompanied by 

activation of SUMO E3 ligases and specific targeting of stress-induced STUbL 

substrates by these ligases. We identified the E3 ligase PML as an important part of 

the STUbL pathway in response to heat and oxidative stress. ZNF451 and the members 

of the PIAS family can catalyze poly-SUMOylation and would therefore be other 

interesting candidates in this pathway38,39. 

Another key question is how substrates of the STUbL pathway are selected. RNF4 

binds poly-SUMOylated substrates with high affinity, yet it might harbor additional 

binding domains to discriminate between ubiquitylation targets and other 

SUMOylated proteins. We demonstrated, that RNF4 interacts with a variety of RBPs 
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under stress. As many of these RBPs feature intrinsically disordered regions, the 

presence of a specific recognition motif for these regions in RNF4 is an attractive 

hypothesis. 

Crosstalk between the UPS and the autophagy machinery is a well-established 

concept. Impairment of the UPS or the autophagy machinery causes increased activity 

of the respective other system309. Autophagy seems to serve as a backup mechanism 

in SG clearance, when other systems such as the ZFAND1-mediated recruitment of 

VCP or the HSP70-mediated SG-disassembly fail188,192. Therefore, it is an interesting 

question whether deficiencies in the STUbL pathway could potentially be buffered by 

increased rates of autophagy. 

 

With this work, we not only provide novel insights on the nuclear-cytoplasmic 

interplay of proteotoxic stress response, but open up new ways to modulate SG 

dynamics in neurodegenerative disease. We are looking forward to the validation of 

our findings in neuronal model systems, and animal models as this might provide the 

base for new therapeutic approaches. 
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4 Material and Methods 
 

4.1 Reagents and chemicals 

Standard laboratory reagents were purchased from Sigma-Aldrich, AppliChem, Fluka, 

Merck, Roche, Carl Roth, Thermo Fisher Scientific, Bio-Rad and Invitrogen/Gibco. 

Peptides used to elute SUMO2/3-modified proteins from a-SUMO2/3 agarose beads 

were synthesized by PanaTecs® (Heilbronn). Sequencing of plasmids and linear DNA 

was done by Seqlab (Göttingen) and Eurofins Genomics (Ebersberg). DNA 

oligonucleotides and siRNAs were ordered from Eurofins Genomics. 

 

4.2 Microbiological methods 

4.2.1 E. coli strains used 

The following Escherichia coli (E. coli) strains have been used in this work. 

Strain (Supplier) Genotype 

DH5a 
(Invitrogen) 

F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 
endA1 hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 
relA1 λ- 

XL1-Blue  
(Stratagene) 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 
[F ́ proAB lacIqZΔM15 Tn10 (Tetr)] 

 

4.2.2 Transformation of E. coli with plasmid DNA 

Competent E. coli cells were thawed on ice and 50-100 µl of bacteria suspension was 

used for every transformation. 0.1-0.5 µg of plasmid DNA were added to the bacteria 

and the mix was stored on ice for 20 min. Uptake of plasmid DNA into bacteria was 

induced by a HS at 42°C for 45 s. Immediately after the HS the bacteria were put on 

ice for 2 min. 1 ml of prewarmed LB (lysogeny broth)-medium (0.5% (w/v) NaCl, 0.5% 
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(w/v) yeast extract, 1% (w/v) tryptone, autoclaved) was added to the bacteria, followed 

by 60 min of incubation in a water bath at 37°C. Transformed bacteria were then 

pelleted and resuspended in 50 µl of LB-medium followed by spreading onto LB-agar 

plates supplemented with the appropriate antibiotic. LB-agar plates were incubated 

at 37°C. Selected colonies were expanded in LB-medium supplemented with an 

appropriate antibiotic. 

 

4.2.3 Storage and cultivation of E. coli 

Aliquots of E. coli were supplemented with 1 volume of 60% glycerol and stored 

at -80°C. Bacteria were grown in LB-medium at 37°C and 200 rpm. For colony growth 

bacteria were grown on LB-agar plates (1% agar in LB-medium). For selection of 

transformed bacteria antibiotic was added to the LB-medium and LB-agar plates 

(50 µg/ml ampicillin or 30 µg/ml kanamycin). 

 

4.2.4 Generation of competent E. coli 

To prepare competent E. coli an overnight culture of 50 ml LB-medium was inoculated 

with bacteria from a frozen stock and grown at 37°C at 200 rpm. 500 ml of LB-medium 

were mixed with the overnight culture in order to reach an OD600 of 0.1. Once the 

culture reached an OD600 of 0.4-0.6 it was chilled on ice for 60 min. The bacteria were 

centrifuged (15 min, 3,000 g, 4°C), the pellet was resuspended in freezing buffer (FB) 

(100 mM KCl, 50 mM CaCl2, 10% (w/v) glycerol, 10 mM potassium acetate, pH 6.4, 

sterile-filtered) and chilled on ice for 60 min. Bacteria were centrifuged again (15 min, 

3,000 g, 4°C), resuspended in 40 ml FB. Aliquots were frozen at -80°C. 

 

4.2.5 Purification of Plasmid DNA from E. coli 

Plasmid DNA was purified from E. coli using the GeneJET Plasmid Miniprep Kit or the 

GeneJET Plasmid Midiprep Kit (Thermo Fisher Scientific) according to the 
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manufacturer’s instructions. Plasmid DNA was eluted from the spin columns in 

DNase/RNase-free distilled water (Gibco). 

 

4.3 Cell biology 

4.3.1 Cultivation of mammalian cell lines 

HeLa, HeLaRNF4-3xFlag, HeLaG3BP2-GFP, HeLaFUS-GFP, HeLaGFP-TDP-43, HEK-293T and U-2 OS cells 

were cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 

(Thermo Fisher Scientific) supplemented with 10% fetal calf serum (Thermo Fisher 

Scientific) and 100 U/ml penicillin and 100 U/ml streptomycin (Thermo Fisher 

Scientific). Transfection of plasmid DNA was performed using FuGENE (Promega). 

Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific) was used to 

transfect siRNAs. Treatments with MG132 were performed for 2 or 4 h at a 

concentration of 10 µM or 25 µM. Treatments with hinokiflavone were performed for 

4 or 24 h at a concentration of 20 µM. 

 

4.3.2 Cell lines used 

Name Cell type 
Source, additional 
information 

HEK-293T 
Human embryonic 
kidney 

ATCC (CRL-1573) 

HeLa 
Human cervical 
cancer 

ATCC (CCL-2) 

HeLaRNF4-3xFlag 
Human cervical 
cancer 

ATCC (CCL-2), genetically 
engineered as described in this 
work 

HeLaFUS-GFP 
Human cervical 
cancer 

S. Alberti, constitutive 
expression of FUS-GFP from a 
BAC transgene 

HeLaGFP-TDP-43 
Human cervical 
cancer 

S. Alberti, constitutive 
expression of GFP-TDP43 from 
a BAC transgene 
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HeLaG3BP2-GFP 
Human cervical 
cancer 

S. Alberti, constitutive 
expression of G3BP2-GFP from 
a BAC transgene 

U-2-OS 
Human 
osteosarcoma 

ATCC (HTB-96) 

 

4.3.3 Transfection of cells with plasmid DNA 

The DMEM in the cell culture dishes was changed 4-12 h before transfection. For the 

transfection of a 10 cm dish of cells at 50-80% confluency, 6-10 µg of plasmid DNA 

and FuGENE® HD Transfection Reagent (Promega) were sequentially added to 500 µl 

of Opti-MEM. 3 µl of transfection reagent were used for 1 µg of plasmid DNA. The 

reaction tube was inverted 15 times to mix all components. The transfection mixture 

was incubated at room temperature (RT) for 15 min followed by a dropwise addition 

to the cell culture. Transfected cells were incubated for 24-48 h before they were used 

for the experiments. DMEM was changed 4-16 h after the transfection. 

For different sizes of cell culture dishes, the amount of plasmid DNA, FuGENE® HD 

Transfection Reagent and Opti-MEM used was scaled up or down according to the 

surface area of the dishes. 

 

Plasmids used in this work: 

 

Plasmid name Vector Source/Supplier 

Flag-RNF4 pCI This work/Promega 

Flag-RNF4SIM  pCI This work/Promega 

Flag-SENP2 pCI This work 

Flag-SENP3 pCI Haindl et al., 2008, (Promega) 

Flag-SENP5  pCI Haindl et al., 2008, (Promega) 

Flag-SENP6  pCI Wagner et al., 2019 310, (Promega) 

Flag-SENP6C1030S  pCI Wagner et al., 2019 310, (Promega) 
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Flag-SENP7 P3xFlag-CMV Bawa-Khalfe et al. 2012 311 
Addgene #42886 (Sigma-Aldrich) 

His-SUMO2 pSG5 Ullmann et al. 2012 312 (Agilent)  

HA-SUMO2 pcDNA3.1 Ullmann et al. 2012 312 (Thermo 
Fisher Scientific) 

His-ubiquitin pCMV Treier et al., 1994 313 (Thermo 
Fisher Scientific)  

mCherry-FUS pcDNA3.1 Dormann et al., 2010 314 (Thermo 
Fisher Scientific)  

mCherry-FUSP525L  pcDNA3.1 Dormann et al., 2010 314 (Thermo 
Fisher Scientific) 

Cas9-sgRNF4  PX330 Cong et al. 2013 315 Addgene 
#42230 

3xFlag-KanR/NeoR  pAAV-SEPT provided by M. Kaulich 

 

4.3.4 Transfection of cells with siRNA 

Transfection of siRNAs was performed using the Lipofectamine™ RNAiMAX 

transfection reagent (Invitrogen). A reverse transfection protocol was used. For each 

well of a 12-well plate, 24 pmol of siRNA were mixed into 70 µl of OptiMEM. 1.6 µl of 

the transfection reagent was added to this mixture followed by inverting the tube 15 

times. The transfection mixture was incubated for 15 min at RT and then pipetted into 

the well. 1 ml of cell suspension was added to the well and the plate was mixed 

carefully to distribute cells and transfection mixture equally. For immunofluorescence 

experiments a cell suspension with of 5x104 cells/ml was used and the knockdown was 

performed for 48 h. 

 

4.3.5 siRNAs used 

siRNA Sequence (5’à3’) 

siControl CGU ACG CGG AAU ACU UCG A 

siPML GGG GAA AGA UGC AGC UGU A 
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siRNF4 GGG CAU GAA AGG UUG AGA A 

siRNF4-1 GCU AAU ACU UGC CCA ACU U 

siSUMO2/3 GUC AAU GAG GCA GAU CAG A 

 

4.3.6 Storage of cell lines 

To store cells, a confluent 15 cm dish was washed twice in sterile PBS and then 

trypsinized for 10 min in 2 ml of trypsin solution [0.05% Trypsin, 0.02% EDTA in PBS 

(PAN-Biotech)]. Trypsinized cells were resuspended in fresh DMEM and pelleted by 

centrifugation (2 min, 800 g, RT). After the supernatant was aspirated the pellet was 

resuspended in 3 ml of freezing medium (FCS supplemented with 10% DMSO) and 

1 ml aliquots were transferred into cryo vials. The cryo vials were put into an 

isopropanol filled freezing container and frozen over night at -80°C. For long term 

storage, the frozen aliquots were kept at -150°C. 

To start a new culture an aliquot of frozen cells was thawed quickly in a water bath at 

37°C. The cell suspension was added to 10 ml of prewarmed DMEM and cells were 

pelleted by centrifugation (2 min, 800 g, RT). The supernatant was aspirated and the 

pellet was resuspended in 10 ml of prewarmed DMEM. The cells were transferred to a 

10 cm cell culture dish and incubated at 37°C and 5% CO2. 

 

4.3.7 Genomic engineering of HeLa cells 

4.3.7.1 Generation of a linear dsDNA repair template 

As a template for homologous recombination, a linear repair template was amplified 

in a PCR reaction. To this end, a forward (fw) and a reverse (rv) primer were designed. 

The primers were comprised of a homology arm of approximately 90 nt (showing 

homology to the RNF4 gene near the Cas9 cut site) and a sequence homologous to the 

pAAV-SEPT-3xFlag-NeoR/KanR vector. The pAAV-SEPT-3xFlag-KanR/NeoR vector 
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was used as a PCR template and the amplicon was analyzed by agarose gel 

electrophoresis and purified from the gel.  

 

Primers used: 

Primer name Sequence (5’à3’) 

RNF4-3xFlag-fw 

GCCAGTGCCTCCGTGATTCCCTGAAGAATGCTAATA
CTTGCCCAACTTGTAGGAAAAAGATCAACCACAAAC
GGTACCATCCTATCTACATCGCTAGCGACTACAAAG
ACCATGACGGTG 

RNF4-KanR/NeoR-rv 

TTTGATCTCAGGAAAATGGAGGCAGATACCACTGGA
GAACCTGGCTGTCTGTCTGTCCATCCGTCTCTCCTG
GGGGGCTCTGAATACTTCAGAAGAACTCGTCAAGA
AGGCGATAGAAGG 

 

4.3.7.2 Generation of the px330-sgRNA-RNF4 plasmid 

The px330 vector was purchased from Addgene (#42230) and digested with the BbsI 

restriction enzyme. Oligos comprised of the sgRNA targeting sequence and adapter 

sequences for cloning into the BbsI digested vector were ordered and hybridized. The 

oligonucleotides were mixed in 100 µl of DNase/RNase-free water (Gibco) at a 

concentration of 10 µM. The hybridization was performed by heating to 95°C followed 

by a cooling period at RT for 60 min. 4 µl of the hybridized oligos and 100 ng of the 

BbsI digested px330 vector were immediately used in a ligation reaction. The newly 

created px330-sgRNA-RNF4 plasmid was transformed into XL1-Blue bacteria and 

plasmid DNA was extracted from single colonies. The integration site of the 

oligonucleotides was sequenced to validate the correct integration. 

 

Cloning oligonucleotides used: 

Oligonucleotide name Sequence (5’à3’) 

sgRNF4-fw caccGAATACTTCATATATAAATG 
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sgRNF4-rv aaacCATTTATATATGAAGTATTC 

 
 
4.3.7.3 Endogenous 3xFlag-tagging of RNF4 in HeLa cells 

120,000 HeLa cells were seeded into a 35 mm cell culture dish. 24 h later, the cells 

were transfected with 500 ng of the linear repair template and 1 µg of the px330-

sgRNA-RNF4 plasmid. The cells were incubated for 48 h and then trypsinized and 

resuspended in 40 ml of selection medium (DMEM supplemented with 400 µg/ml 

G418). Complete separation of all cells was validated by microscopy. 200 µl of cell 

suspension were seeded into each well of two 96-well plates. The 96-well plates were 

incubated for ten days at 37°C. Wells with a single colony of cells were marked and 

incubated for another seven days, followed by expansion in 24-well plates. When 

these wells reached 80% confluency, the cells were trypsinized and 5% of the cells 

were kept in a cell culture well, while 95% of the cells were used for the extraction of 

genomic DNA (as described in chapter 4.4.1). The extracted genomic DNA was used as 

a template for PCR reactions in order to amplify the genomic region surrounding to 

the Cas9 cut site. Integration of the repair template was assayed by agarose gel 

electrophoresis. Single clones that showed the amplicon size expected for the correct 

integration of the repair template were expanded in 6-well plates and used for a-Flag-

immunoprecipitation experiments followed by SDS-PAGE and immunoblotting. The 

expression of RNF4-3xFlag from the endogenous locus could be validated in one 

single clone. This clone was used for further experiments. The parental HeLa cells 

were used as a control cell line. 

 

4.4 Molecular biology methods 

4.4.1 Extraction of genomic DNA 

Cells were grown to 60-80% confluency in 24-well plates. First, the cells were washed 

in PBS and trypsinized for 10 min with 100 µl of Trypsin/EDTA solution. Next, the 
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cells were transferred into 1.5 ml reaction tubes, put on ice and washed twice with 

cold PBS (2 min, 800 g, 4°C). The pelleted cells were lysed by vortexing in 100 µl of 

TNE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 1.5% (w/v) SDS, pH 8.0). DNA 

was extracted by addition of 100 µl of phenol and 50 µl of chloroform/isoamyl alcohol 

mixture (mixed in a 50:1 ratio) followed by inverting the reaction tube 30 times. The 

different phases were separated by centrifugation (10 min, 12,000 g, RT) and the 

aqueous phase was transferred into a new reaction tube. 10 µl of 3 M sodium acetate 

and 250 µl of ethanol was added and mixed by gently inverting five times. The reaction 

tubes were incubated for 15 min at RT before the precipitating DNA was pelleted by 

centrifugation (30 min, 20,000g, 4°C). The pellets were washed by vortexing in 100 µl 

of cold 70% (v/v) ethanol and pelleted again by centrifugation (30 min, 20,000 g, 4°C). 

The pelleted DNA was air-dried, resuspended in 20 µl of TE buffer (10 mM Tris/HCl, 

1 mM EDTA, pH 8.0) and stored at 4°C for up to 24 h. 

 

4.4.2 Isolation of RNA and synthesis of cDNA 

RNA purification from human cell lines was done with the High Pure RNA Isolation 

Kit (Roche). mRNAs were transcribed into cDNA using the Transcriptor First Strand 

cDNA Synthesis Kit (Roche). cDNA was stored at -20°C or used immediately as a 

template for PCR reactions. The melting temperature (Tm) of primers was determined 

with SnapGene. 

 

4.4.3 PCR 

Amplification of DNA by PCR was done in a T-Personal thermocycler (Biometra). The 

following reagents were combined in a PCR reaction mixture: 

Reagent Volume [µl] 

Primer fw 10 µM 1.5 

Primer rv 10 µM 1.5 
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10x Pfu-Polymerase buffer 5 

Pfu-Polymerase (2.5U/µl) 0.5 

dNTP Mix 10 mM 1 

Template DNA  Variable (100-500 ng) 

DNase/RNase-free distilled water Variable (ad 50) 

 

The following PCR program was used: 

# Step Temperature [°C] Duration [min] 

1 Initial Denaturation 94 2 

2 Denaturation 94 0.5 

3 Annealing 3-5 below Tm 0.5 

4 Elongation 72 2/kb 

5 Final Elongation 72 10 

 

Steps 2-4 were repeated 30-35 times. The lid of the thermocycler was preheated to 

94°C. 

 

4.4.4 Purification of PCR products 

The GeneJET PCR Purification Kit (Thermo Fisher Scientific) was used to purify the 

amplified DNA from PCR reactions. The DNA was eluted from the spin columns with 

DNase/RNase-free distilled water 

 

4.4.5 Agarose gel electrophoresis 

Agarose gels were prepared by boiling 0.5-2% (w/v) of agarose in TAE buffer (40 mM 

Tris/HCl, 2 mM EDTA, 0.1% (v/v) acetic acid) until the agarose was completely 

dissolved. Gels were poured into trays, 10 µl of Roti®-GelStain (Carl Roth) was mixed 

into the gel once the temperature dropped to below 60°C and a comb was placed at 
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the top of the tray to create sample pockets. The solidified gel was placed in an 

electrophoresis chamber and covered with TAE buffer. DNA samples were mixed with 

10x loading buffer (0.2 mg/ml Orange G, 30% (v/v) glycerol in distilled water) and 

pipetted into the gel pockets. Additionally, a size marker was loaded onto the gel to 

determine the size of separated DNA fragments. Electrophoresis was performed for 

25-45 min at 70 V. DNA was visualized on a UV illumination table and documented 

with ChemiDoc™ MP imaging system (Bio-Rad). 

 

4.4.6 Purification of DNA from agarose gels 

For cloning purposes selected DNA bands were excised from agarose gels on a UV 

illumination table. The DNA was purified from these gel pieces with the FastGene® 

Gel/PCR Extraction Kit (Nippon Genetics) according to the manufacturer’s protocol. 

Purified DNA was eluted from the spin columns in DNase/RNase-free distilled water 

(Gibco). 

 

4.4.7 Restriction digest of DNA 

Plasmid DNA and PCR products were digested with type II restriction enzymes (New 

England Biolabs and Thermo Fisher Scientific). 1 µg of DNA was digested by adding 

5 U of the restriction enzymes to the DNA in the respective digestion buffer. The 

reaction volume was 20 µl. The reaction was incubated for 2 h at 37°C. Double 

digestion with two different enzymes were performed according to the manufacturer’s 

guidelines. The buffer and enzyme concentrations were adjusted, respectively. 

 

4.4.8 Ligation of DNA 

DNA fragments were ligated into a vector as follows. Both the insert and vector were 

digested with the same restriction enzymes. Digested products were purified (as 

described in chapter 4.4.4) and then combined in a ligation reaction, typically with a 
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3-fold to 8-fold excess of the insert. For a 20 µl reaction, the DNA was combined with 

400 U of T4-DNA ligase (New England Biolabs) in 1x ligation buffer. The ligation was 

performed over night at RT or for 2 h at 37°C. 

 

4.4.9 Site directed mutagenesis 

Point mutations were introduced by site directed mutagenesis (SDR). SDR primers 

were designed to introduce the desired mutations. Typically, the mismatching 

nucleotides were introduced at the 5’ end of the primer, followed by a matching 

sequence. Primers were designed to have a Tm of approximately 55°C with the template 

sequence and a Tm of <62°C with the mutated sequence. 

 

The PCR reaction was prepared as follows. 

Reagent Volume [µl] 

10x Buffer for Pfu-Polymerase 5 

dNTP mix 10 mM 1 

Primer forward 10 µM 1.5 

Primer reverse 10 µM 1.5 

Pfu-Polymerase 2.5 U/µl 0.5 

Template DNA Variable (100 ng) 

DNase/RNase-free distilled water Variable (ad 50) 

 

The following PCR protocol was used. 

# Step Temperature [°C] Duration [min] 

1 Initial Denaturation 94 2 

2 Denaturation 94 0.5 

3 Annealing 3-5 below Tm 0.5 

4 Elongation 72 2/kb 

5 Final Elongation 72 10 
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Step 2-4 were repeated 18 times. After five cycles, the annealing temperature was 

adjusted to 3-5°C below the Tm of the primers with the mutated sequence. After the 

PCR was completed, 10 U of DpnI (Thermo Fisher Scientific) were added to the 

reaction mixture and methylated template DNA was digested at 37°C for 2 h. 

 

4.4.10 Determination of DNA concentration and purity 

DNA concentration and purity were determined with a Nanodrop ND-1000 

spectrophotometer by measuring the absorbance spectrum of light with a wavelength 

of 220-350 nm. A 260/280 nm-ratio above 1.8 and a 260/230 nm-ratio above 2 were 

used as indicators for pure DNA, while the absorbance at 260 nm was used to calculate 

the DNA concentration. 

 

4.5 Protein biochemistry methods 

 

4.5.1 Endogenous SUMO2/3 IPs 

Endogenous SUMO2/3 IPs were performed as described previously316. 8 mg of 

a-SUMO2/3 (8A2, subclone A11) antibody were cross-linked to 1 ml of Protein G 

agarose (Roche). Mouse IgG antibody was cross-linked as a negative control. 

Preparation of lysates and immunoprecipitation were performed as described316. The 

protein concentration of the lysates was determined and 15 mg of protein were used 

for each immunoprecipitation. 150 µl of antibody coupled Protein G agarose beads 

were used for each immunoprecipitation. 

 



Material and Methods 

 
  

96 

4.5.2 a-Flag IPs 

Cells were grown in 10 cm dishes until the dish was 80-90% confluent. If indicated, 

cells were transfected with Flag-RNF4 or an empty vector control for 36 h. Prior to the 

lysis cells were either left untreated or treated with a HS at 43°C for 60 min. Cells were 

washed twice with cold PBS and lysed in 1 ml of cold IP-lysis buffer (50 mM HEPES, 

150 mM NaCl, 0.5% NP-40, 2 mM EDTA, 1x cOmplete™ protease inhibitor cocktail, 

1 mM PMSF, 20 mM NEM, pH 7.4). Lysates were incubated at 4°C on a rotating wheel 

for 20 minutes. Insoluble debris was pelleted by centrifugation (4 min, 10,000 g, 4°C) 

and the supernatant was transferred into a new tube and the protein concentration 

was measured. For every IP, 25 µl of a-Flag (M2) sepharose beads (Sigma-Aldrich) 

were washed twice in cold IP-lysis buffer and then added to the amount of lysate 

equivalent to 1.5 mg of protein. As an input control 100 µg of protein were mixed with 

Laemmli buffer (0.2 M Tris/HCl, 8% (w/v) SDS, 20% (v/v) glycerol, 10% (w/v) DTT, 

pH 6.8, 0.1 mg/ml bromophenol blue) and boiled at 95°C for 5 min. The IP samples 

were rotated at 4°C for 2 h followed by five washes in washing buffer (= lysis buffer 

without NEM). Each washing step was performed rotating at 4°C for 10 min, followed 

by centrifugation (1 min, 1,000 g, 4°C). Immunoprecipitated proteins were eluted by 

boiling in 40 µl of 2x Laemmli buffer at 95°C for 5 min. 

 

4.5.3 Determination of protein concentrations in cell lysates 

Protein concentration of lysates was determined in a DCTM protein assay (Bio-Rad) 

according to the manufacturer’s instructions. Samples were mixed with the assay 

reagents in a 96-well plate. A set of bovine serum albumin (BSA) solutions with known 

protein concentrations (ranging from 0 µg/ml to 40 µg/ml BSA) was used to measure 

a standard curve. Lysis buffer was added to the protein standards to normalize for 

colorimetric changes caused by this buffer. Each sample and the protein standards 

were prepared in triplicates. Protein concentrations were calculated based on the 
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absorbance of light with a wavelength of 750 nm measured in a Synergy H1 microplate 

reader (BioTek). 

 

4.5.4 SDS-Polyacrylamide gel electrophoresis 

SDS-PAGE was used to separate proteins based on their molecular weight. The Mini-

Protean® gel system (Bio-Rad) was used to cast and run SDS-polyacrylamide gels. 

Typically, gels of 1.5 mm thickness with 15 sample pockets were used. Separating gels 

of variable polyacrylamide concentrations (5%, 6.5%, 7.5%, 9%, 10%, 12.5% or 15%) 

were casted and covered with distilled water. After the gel solidified, the water was 

removed and a stacking gel with 4% polyacrylamide was casted on top. A comb was 

placed in the stacking gel to create sample pockets. The polymerization of 

polyacrylamide molecules was initiated by the addition of 

tetraethylmethylenediamine (TEMED) and 20% (w/v) ammonium persulfate (APS). 

 

The following reagents were combined to cast a separating gel: 

Reagent Volume [ml] 

4x Separating gel buffer  2.5 

Acrylamide/Bisacrylamide solution 40% (29:1) Variable 

Distilled water Variable (ad 10) 

TEMED 0.006 

APS (20%, (w/v)) 0.06 

 

The following reagents were combined to cast a stacking gel: 

Reagent Volume [ml] 

4x Stacking gel buffer  1.25 

Acrylamide/Bisacrylamide solution 40% (29:1) 0.5 

Distilled water 3.25 

TEMED 0.0035 
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APS (20%, (w/v)) 0.035 

 

4x Separating gel buffer and 4x stacking gel buffer were prepared as follows: 

4x Separating gel buffer (3 M Tris/HCl, 0.4% (w/v) SDS, pH 8.85) 

4x Stacking gel buffer (0.5 M Tris/HCl, 0.4% (w/v) SDS, pH 6.8) 

 

Protein samples were prepared by boiling them for 5-10 min at 95°C in Laemmli 

buffer. To this end, a 6x Laemmli buffer was added to the samples. Gels were run in 

SDS running buffer (25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3). The 

gels were run at 90 V until the samples entered the separating gel. Once the separation 

of proteins had begun, the voltage was increased to 140 V and the run was continued 

until the dye front left the gel or the desired separation was achieved. 

 

4.5.5 Immunoblotting 

Immunoblotting was performed in the Trans-Blot® Cell system (Bio-Rad). 

Polyacrylamide gels, Whatman paper and nitrocellulose (NC) membranes were 

equilibrated in blotting buffer (SDS-PAGE running buffer with 20% (v/v) methanol) 

for 5 min. Two sheets of Whatman paper were placed on a sponge of the blotting 

apparatus. A NC membrane was placed on top of the Whatman papers followed by the 

polyacrylamide gel. The gel was covered by two sheets of Whatman paper and a 

sponge was placed on top of the stack. After each step of the assembly, air bubbles 

were removed with a roller. Two of these stacks were placed into a plastic cassette and 

held together with a clamp. The cassettes and a frozen cooling battery were placed 

into a blotting chamber. The chamber was filled with blotting buffer and proteins were 

transferred at 55 V for 90 min. 

Once the transfer was completed, the NC membranes were washed in PBS. Optionally, 

transfer efficiency was assayed by staining proteins on the membrane with a 

Ponceau S staining solution (0.2% (w/v) Ponceau S, 3% (w/v) acetic acid). The NC 
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membranes were washed in distilled water and PBST (PBS supplemented with 0.05% 

(v/v) Tween 20) until the staining was removed completely. To prevent unspecific 

interactions of antibodies, the NC membranes were placed in blocking buffer (5% 

(w/v) milk in PBST) for 60 min at RT. The NC membranes were washed once in PBST 

followed by incubation with a primary antibody diluted in blocking buffer 

(supplemented with 0.02% NaN3). Incubation with the primary antibody was 

performed over night at 4°C. The next day, the NC membranes were washed four times 

for 5 min in PBST followed by an 60 min incubation with the secondary horseradish 

peroxidase (HRP)-conjugated antibody diluted in blocking buffer. After four 

additional washes in PBST the NC membranes were washed once in PBS. The NC 

membranes were then incubated for 30 s in Immobilon ECL Ultra Western HRP 

Substrate (Merck-Millipore) and packed into a translucent plastic envelope. The 

envelope was sealed by wrapping in cellophane wrap and placed into a lightproof 

cassette. Super RX-N films (Fujifilm) were placed on top of the membranes for various 

durations and the films were developed in a CURIX 60 developer machine (Agfa). 

 

The following primary antibodies were used in this work: 

Antibody Host 
organism 

Supplier  Product 
number 

Dilution 

eIF2a Mouse Abcam Ab5369 1:250 

p-eif2a 
(S51) 

Rabbit 
Cell Signaling 
Technology 

#9721 1:1,000 

Flag (M2) Mouse Sigma-Aldrich F1804 1:1,000 

FUS Mouse 
Santa Cruz 
Biotechnology 

sc-47711 1:500 

GFP Rabbit Clonetech #632592 1:10,000 

hnRNP M Rabbit 
Aviva Systems 
Biology 

OAAN02059 1:1,000 

PML  Rabbit Abcam ab200200 1:1,000 

RNF4 Rabbit 
Gift from A. 
Vertegaal 

FI-5 1:3,000 
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SENP1 Rabbit 
Cell Signaling 
Technology 

#11929 1:1,000 

SENP3 Rabbit 
Cell Signaling 
Technology 

#5591 1:4,000 

SENP6 Rabbit Sigma-Aldrich HPA024376 1:1,000 

SENP7 Goat Gift from R. T. Hay N/A 1:10,000 

SUMO2/3 Mouse MBL M114-3 1:500 

TDP-43 Mouse 
EnCor 
Biotechnology Inc. 

MCA-3H8 1:3,000 

b-Tubulin Mouse 
Developmental 
Studies Hybridoma 
Bank 

Clone E7 1:3,000 

Ubiquitin Mouse 
Cell Signaling 
Technology 

3936 1:1,000 

Vinculin Mouse Sigma Aldrich V9131 1:10,000 

 

The following secondary antibodies were used in this work: 

Antibody Host 
organism 

Supplier  Product 
number 

Dilution 

Peroxidase-
conjugated 
AffiniPure  
HRP-anti-mouse 

Goat Dianova 
115-035-
146 

1:10,000 

Peroxidase-
conjugated 
AffiniPure  
HRP-anti-rabbit 

Goat Dianova 
111-035-
045 

1:10,000 

Peroxidase-
conjugated  
anti-goat 

Mouse 
Santa Cruz 
Biotechnology 

sc-2354 1:10,000 
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4.5.6 Ni-NTA pulldown assays 

Pulldown of His-tagged proteins was performed under denaturing conditions. HeLa or 

U-2 OS cells were transiently transfected with the indicated plasmids to achieve the 

overexpression of His-SUMO2 or His-ubiquitin. If indicated, cells were treated with a 

HS for 60 min at 43°C prior to lysis. 48 h after the transfection cells were washed twice 

in cold PBS and lysis was performed in 1 ml of denaturing lysis buffer (6 M guanidine-

HCl, 0.1 M NaH2PO4, 0.1 M Tris/HCl, 0.05% Tween 20, pH 8) per confluent 10 cm dish. 

The lysates were boiled for 15 min at 99°C while shaking at 750 rpm in a thermomixer 

(Eppendorf). Insoluble debris was pelleted by centrifugation (20 min, 18,000 g, RT). 

The supernatant was transferred to a new tube and 100 µl of supernatant were 

separated for loading controls. The remaining supernatant was supplemented with 

30 µl of magnetic Ni-NTA agarose beads (Qiagen). The pulldown was performed 

overnight at RT on a rotating wheel. For the precipitation of input material, 20 µl of 

50% (w/v) trichloroacetic acid (TCA) were mixed with the 100 µl of separated 

supernatant and the tube was vortexed for 20 s followed by a 20 min incubation on 

ice. Precipitated proteins were pelleted by centrifugation (20 min, 20,000 g, 4°C). The 

pellet was washed by vortexing in 200 µl of ice-cold ethanol. The centrifugation step 

was repeated and the pellets were dried at RT. The dry pellets were resuspended in 

200 µl of 2x Laemmli buffer and boiled for 10 min at 95 °C. On the following day the 

Ni-NTA pulldowns were washed three times in washing buffer A (8 M urea, 0.1 M 

NaH2PO4, 0.01 M Tris, 0.05% Tween 20, pH 8), twice in washing buffer B (8 M urea, 

0.1 M NaH2PO4, 0.01 M Tris, 0.05% Tween 20, pH 8) and once in PBS. A magnetic 

mount was used to separate the washing buffers from the beads. After the last washing 

step, the beads were boiled at 95°C for 5 min in 60 µl 2x Laemmli buffer. 

Pulldown efficiency and SUMO or ubiquitin modification of proteins was assayed by 

SDS-PAGE and immunoblotting, using antibodies against SUMO2/3, ubiquitin, the 

His-Tag and the respective protein of interest. 
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4.5.7 SENP activity assays with HA-SUMO-VS 

SENP activity assays were performed as described previously with minor 

modifications253. In brief, HeLa cells were grown in wells of a 6-well plate to reach 

confluence. Prior to lysis, the cells were treated as indicated and washed three times 

in cold PBS. The cells were then scraped in 0.5 ml of SEM buffer (250 mM sucrose, 

20 mM MOPS/KOH, 1mM EDTA/NaOH, 5 mM DTT, 2 µg/ml Aprotinin, 2 µg/ml 

Leupeptin, 1 µg/ml Pepstatin A, 1 mM PMSF, pH 7.4). Cells were lysed by sonication 

and protein concentration was determined. 100 µg of protein were used for each assay 

and 50 ng of HA-SUMO1-VS or HA-SUMO2-VS (Boston Biochem) were added to the 

lysate. The volume was adjusted with SEM buffer to ensure equal reaction volume in 

each sample. As a negative control, 10 mM NEM was added to the lysates prior to the 

addition of HA-SUMO-VS. The samples were incubated for 15 min at 25°C while 

shaking at 500 rpm in a thermomixer (Eppendorf). One fifth of the sample volume of 

6x Laemmli buffer was added and the samples were boiled for 5 min at 95°C. 

 

4.5.8 Immunofluorescence 

For immunofluorescence assays 5 x 104 cells/well were seeded into 12-well plates on 

top of glass cover slips (0.17 mm thickness, 12 mm, (Carl Roth)). When necessary, 

various treatments were performed immediately before the cells were fixed. If siRNA-

mediated knockdowns were performed, a reverse transfection protocol was applied 

48 h before the cells were fixed. All incubation steps were performed at RT. Cells 

expressing GFP-fusion proteins were kept in the dark during all incubation steps. To 

fix the cells, the 12-well plates were put on ice and washed twice with cold PBS before 

the coverslips were transferred into new 12-well plates and 1 ml of 4% 

paraformaldehyde (PFA) in PBS (Morphisto) was added for 15 min. The coverslips were 

then washed three times in PBS before the cells were permeabilized with 1 ml of 0.5% 

Triton X-100 in PBS for 10 min. After three more washing steps in PBS, the cells were 

blocked with blocking buffer (2% BSA in PBST) for 30 min. Primary antibodies were 
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diluted in blocking buffer and 50 µl of antibody dilution was distributed on each cover 

slip and incubated in a moisture chamber for 30-60 min. The primary antibody was 

aspirated and the coverslips were washed three times in PBS. Blocking buffer 

supplemented with 1 µg/ml DAPI was used to dilute the fluorophore-coupled 

secondary antibody. 50 µl of the DAPI/antibody dilution was distributed on the 

coverslips and incubated in darkness for 30 min in a moisture chamber. The coverslips 

were washed three times in PBS and once in distilled water. Remaining water was 

aspirated and the coverslips were mounted on a glass slide with 15 µl drops of 

ProLong® Gold Antifade Mountant (Thermo Fisher Scientific) and dried for 12 h.  

 

The following primary antibodies were used: 

Antibody Host organism Supplier Dilution 

Flag (M2) Mouse, monoclonal Sigma-Aldrich 1:700 

G3BP1 Mouse, monoclonal Santa Cruz 1:100 

PML (H-238) Rabbit, polyclonal Santa Cruz 1:500 

SUMO2/3 Mouse, monoclonal MBL 1:200 

TIA-1 Rabbit, polyclonal Abcam 1:200 

 

The following secondary antibodies were used: 

Antibody Host organism Supplier Dilution 

Mouse IgG (H+L)-Cy3 Donkey, polyclonal Dianova 1:500 

Mouse IgG (H+L)-Cy5 Donkey, polyclonal Dianova 1:500 

Rabbit IgG (H+L)-Cy3 Donkey, polyclonal Dianova 1:500 

Rabbit IgG (H+L)-Cy5 Donkey, polyclonal Dianova 1:500 

 

Images were taken with a TCS SP8 confocal microscope (Leica). Leica Application 

Suite X software was used to set up imaging parameters and control the microscope. 

Images were processed in ImageJ (version 2.0.0-rc-69/1.52n) extended by the Fiji 
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processing package. Statistical analysis of immunofluorescence images was 

performed using GraphPad Prism software (version 6.05). 

 

4.6 Mass spectrometry – Immunoprecipitation, sample preparation 

and data analysis 

The identification of RNF4-3xFlag-interacting proteins by LC-MS/MS is described in 

chapter 4.6.1 while chapter 4.6.2 contains the methods used for the identification of 

heat-induced RNF4-regulated ubiquitylation sites. 

 

4.6.1 LC-MS/MS-based identification of RNF4-interacting proteins 

 

4.6.1.1 Immunopreciptiation of RNF4-3xFlag 

Immunoprecipitations from HeLaRNF4-3xFlag and parental HeLa control cells were 

performed in triplicates. Cells were treated with a HS at 43°C for 60 min. Immediately 

after the heatshock, IPs were performed as described above, with minor modifications 

(Chapter 4.5.2). 1.25 mg of protein and 25 µl of a-Flag (M2) sepharose beads were used 

for each IP.  

 

4.6.1.2 In-gel digestion  

Immunoprecipitated proteins were separated by SDS-PAGE on 4-20% acrylamide gels 

(Mini-PROTEAN® TGX™ Gels, Bio-Rad). After a brief washing step in MilliQ water 

the gels were stained with InstantBlue (Expedeon) for 15 min. Then, the gels were 

washed three times in MilliQ water to remove background staining and excess 

InstantBlue dye. Each lane was cut into 4 pieces. These pieces were then sliced into 

smaller cubes of 1 mm side length and transferred into a 96-deep well plate. The gel 

pieces were washed three times for 15 min with 140 µl 50 mM ammonium bicarbonate 



Material and Methods 

 
  

105 

(ABC) in 50% ethanol and then dehydrated twice for 5 min in 140 µl absolute ethanol. 

To reduce proteins the gel pieces were then incubated at 56°C for 45 min in 100 µl 

10 mM DTT dissolved in 50 mM ABC. The proteins were then alkylated by incubation 

in the dark for 30 min in 140 µl 55 mM chloroacetamide dissolved in 50 mM ABC. The 

gel pieces were then washed in 140 µl 50 mM ABC for 15 min followed by dehydration 

in 140 µl absolute ethanol for 15 min. Once more, the gel pieces were washed in 140 µl 

50 mM ABC for 15 min before they were dehydrated three times in 140 µl absolute 

ethanol for 15 min. To completely dry the gel pieces, the 96-deep well plate was 

centrifuged in a SpeedVac concentrator at 30°C for 5 min. To digest the proteins, 40 µl 

of trypsin solution (12 ng/µl trypsin in 50 mM ABC) was added to each well. Gel pieces 

were incubated at 4°C for 15 min to swell, then 80 µl of 50 mM ABC was added and the 

gel pieces were incubated at 37°C overnight. 

On the next morning, the supernatant was transferred to a new 96-deep well plate. To 

extract the remaining peptides the gel pieces were incubated for 20 min in 140 µl 

30% acetonitrile (ACN)/3% trifluoroacetic acid (TFA). Next, the gel pieces were 

incubated twice for 20 min in 140 µl 70% ACN and then twice for 20 min in 100 % ACN. 

All supernatants of these peptide extraction steps were combined with the 

supernatants of the overnight digestion. The combined supernatants were reduced to 

a volume of 80 µl per sample in a SpeedVac concentrator at 30°C. To acidify the 

peptides, one volume of buffer C (5% ACN/1% TFA in MilliQ water) was added to each 

sample. 

 

4.6.1.3 STAGE tipping 

Peptides were desalted and concentrated on stop and go extraction (STAGE) tips. For 

each sample one STAGE tip was prepared and equilibrated as follows. Two layers of 

Empore C18 solid phase extraction discs (3M) were tightly packed into a 200 µl pipette 

tip. 30 µl of methanol were added to each STAGE tip, followed by centrifugation 

(2 min, 700 g). Next, 30 µl of buffer B (80% ACN / 0.1% formic acid (FA) in MilliQ water) 
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were added and the centrifugation was repeated. Then, 30 µl of buffer A (0.1% FA in 

MilliQ water) were added, followed by another centrifugation step. This step was 

repeated once and approximately 3 µl of buffer A were left on the extraction discs to 

prevent them from drying. Samples were then loaded onto the STAGE tips and the tips 

were centrifuged at 700 g until the complete sample passed through the extraction 

discs. The extraction discs were then washed with 30 µl of buffer A in a last 

centrifugation step (2 min, 700 g). Remaining buffer A was pressed out of the 

extraction discs with a syringe. The dried STAGE tips were stored at 4°C until the 

peptides were eluted. To elute the peptides from the extraction discs, 30 µl of buffer B 

were added to the STAGE tips and pressed into the extraction discs with a syringe. 

STAGE tips were then incubated at RT for 15 min before the samples were eluted into 

a 96-well plate by centrifugation. The eluates were concentrated to 2-3 µl in a 

SpeedVac at 30°C. Sample volume was measured with a pipette and adjusted to 10 µl 

using buffer A. 

 

4.6.1.4 Analysis by LC-MS/MS and instrument settings 

Peptides were separated on an easy nLC 1200 (Thermo Fisher Scientific) and a 15 cm 

long, 75µm ID fused-silica column, which has been packed in house with 1.9 µm C18 

particles (ReproSil-Pur, Dr. Maisch), and kept at 45°C using an integrated column 

oven (Sonation). Peptides were eluted by linear gradient from 10-38% acetonitrile 

over 23 minutes at a flow rate of 400 nl/min and directly sprayed into a QExactive HF 

mass-spectrometer equipped with a nanoFlex ion source (Thermo Fisher Scientific) at 

a spray voltage of 2.3 kV. Full scan MS spectra (300-1650 m/z) were acquired at a 

resolution of 60,000 at m/z 200, a maximum injection time of 20 ms and an AGC target 

value of 3 x 106 charges. Up to 15 most intense peptides per full scan were isolated 

using a 1.6 Th window and fragmented using higher energy collisional dissociation 

(normalized collision energy of 27). MS/MS spectra were acquired with a resolution of 

30,000 at m/z 200, a maximum injection time of 64 ms and an AGC target value of 
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1 x 105. Ions with charge states of 1 and > 7 as well as ions with unassigned charge 

states were not considered for fragmentation. Dynamic exclusion was set to 20 s to 

minimize repeated sequencing of already acquired precursors.  

 

4.6.1.5 Analysis of MS data 

The acquired raw files of mass spectra were analyzed using MaxQuant Software 

(version 1.5.3.30) and the implemented Andromeda database search engine. Extracted 

ion spectra were searched against the Uniprot human database (v.2017). The analysis 

was set up for a tryptic digest and the default settings for mass tolerances of MS and 

MS/MS spectra were used to run the searches. Carbamidomethyl-modified cysteine 

was set as a fixed modification, acetylation of N-termini and methionine-oxidation 

were set as variable modifications. Seven amino acids were set as a minimal peptide 

length. Label-free quantification of proteins was performed with MaxQuants 

integrated MaxLFQ algorithm. The false discovery rate (FDR) was set to 1%, the 

minimal LFQ ratio count was set to 2 and the FastLFQ option was enabled for relative 

label-free quantification of proteins. Match between runs was activated with a 

matching window of 0.7 min. Perseus software (version 1.6.1.1) was used for statistical 

analysis after contaminants, reverse hits and proteins only identified by modified 

peptides had been removed from the list of identified proteins. LFQ intensities were 

logarithmized to base 2. All replicates were plotted against each other in a 

multiscatter plot to ensure good correlation between experimental replicates. 

Triplicates were combined into groups and missing values were imputated for any 

protein that was detected in at least two out of three replicates from either 

HeLaRNF4-3xFlag or parental HeLa control cells. This imputation of missing values was 

performed based on the normal distribution within the column and the added values 

were downshifted by 1.8 from the median of the measured log2 values. Data was 

further organized in Microsoft Excel and both measured and imputated data were 

visualized with RStudio (version 1.1.463). Proteins showing at least 2-fold enrichment 
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in IPs from HeLaRNF4-3xFlag over control cells with a student’s t-test p-value below 0.05 

were considered significantly enriched in IPs from HeLaRNF4-3xFlag cells. 

 

4.6.1.6 GOMF enrichment and STRING network analysis  

Proteins that were significantly enriched in IPs from HelaRNF4-3xFlag (> 2-fold enrichment 

and p-value <0.05) and proteins that were exclusively detected in at least two IPs from 

HelaRNF4-3xFlag were combined into a dataset of RNF4-interacting proteins. The 

PANTHER algorithm (version 15.0, pantherdb.org) was used to detect GOMF terms 

enriched within this set of RNF4-interacting proteins identified in the Flag-IP from 

HelaRNF4-3xFlag cells. A binominal test-type was used and Bonferroni correction for 

multiple testing was enabled. 

STRING network analysis was performed with the same dataset (string-db.org, version 

11.0) Experimental data and database information was used to cluster proteins by MCL 

clustering with an inflation parameter of 3. The minimum required interaction score 

was set to 0.9 (highest confidence). Cytoscape software (version 3.7.2) was used for 

the graphical representation of STRING network data. 

 

4.6.2 Identification of heat-induced, RNF4-regulated ubiquitylation sites by 

LC-MS/MS 

 

4.6.2.1 Stable isotope labeling of HeLa cells 

HeLa cells were grown in light (R0K0), medium (R6K4) or heavy (R10K8) SILAC (stable 

isotope labeling by amino acids in cell culture) medium (Thermo Fisher Scientific). 

Efficient incorporation of labelled amino acids was checked by LC-MS/MS analysis of 

lysates after tryptic digestion.  
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4.6.2.2 a- K-ε-GG immunoprecipitation 

The cells were transfected with a control siRNA (light and medium labelled cells) or 

an siRNA directed against RNF4 (heavy labelled cells) for 72 h. Medium and heavy 

labeled cells were treated with a HS (43°C, 1h) prior to lysis. The cells were washed 

three times in cold PBS and lysed in lysis buffer (4% SDS, 100 mM Tris/HCl, 25 µM 

NEM, pH 7.6). Lysates were sonicated and cleared by centrifugation (14,000 g, RT, 

15 min). Protein concentration was determined in a Lowry assay and lysates were 

combined at equimolar ratios to reach 25 mg of total protein. Precipitation of proteins 

was performed by adding 4 volumes of ice-cold acetone to the combined lysates, 

followed by a 2 h incubation at -20°C and centrifugation (3,000 g, 4°C, 20 min). Pellets 

were washed in 90 % (v/v) ice-cold acetone, followed by a second centrifugation step. 

Subsequently, pellets were dissolved in denaturing resuspension buffer (6 M urea, 2 M 

thiourea, 10 mM HEPES, pH 7.6). Reduction of proteins was performed by adding 

5 mM DTT for 30 min at RT. Reduced proteins were alkylated by adding 10 mM 

chloroacetamide for 30 min at RT in the dark. Lysates were diluted by adding three 

volumes of 50 mM ABC. A tryptic digest was performed by adding 10 µg of trypsin per 

1 mg of protein followed by an overnight incubation at 37°C. The digest was stopped 

by acidification to a pH lower than 3 with TFA followed by a 10 min incubation and 

centrifugation (3,000 g RT, 10 min). Digested samples were desalted on tC18 Sep-Pak 

SPE cartridges (Waters). Eluates were lyophilized over night and resuspended in 6 ml 

of IAP buffer (50 mM MOPS/NaOH, 10 mM Na2HPO4, 50 mM NaCl, pH 7.2). 80 µl of 

PTMScan® Ubiquitin Branch Motif (K-ε-GG) Immunoaffinity Beads (Cell Signaling 

Technology) were equilibrated in IAP buffer and added to each of the samples followed 

by 2 h of rotation at 4°C. Beads were pelleted (2,000 g, 4°C, 1 min) and washed three 

times in in cold PBS and three times in cold ddH2O by rotation for 10 min at 4°C 

followed by centrifugation (2,000 g, 4°C, 1 min). Peptides were eluted by adding 100 µl 

of 0.15% TFA for 10 min under agitation. Peptides were collected, concentrated and 

desalted on STAGE tips as described in chapter 4.6.1.3. 
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4.6.2.3 Analysis by LC-MS/MS and instrument settings 

Peptides were separated on an easy nLC 1200 (Thermo Fisher Scientific) and a 19 cm 

long, 75 µm ID fused-silica column, which has been packed in house with 1.9 µm C18 

particles (ReproSil-Pur, Dr. Maisch), and kept at 45°C using an integrated column 

oven (Sonation). Peptides were eluted by linear gradient from 4-30.4% acetonitrile 

over 123 min at a flow rate of 400 nl/min and directly sprayed into a QExactive HF 

massspectrometer equipped with a nanoFlex ion source (Thermo Fisher Scientific) at 

a spray voltage of 2.3 kV. Full scan MS spectra (300-1750 m/z) were acquired at a 

resolution of 60,000 at m/z 200, a maximum injection time of 20 ms and an AGC target 

value of 3 x 106 charges. Up to 10 most intense peptides per full scan were isolated 

using a 1.6 Th window and fragmented using higher energy collisional dissociation 

(normalized collision energy of 27). MS/MS spectra were acquired with a resolution of 

30,000 at m/z 200, a maximum injection time of 64 ms and an AGC target value of 

5 x 105. Ions with charge states of 1, 2 and > 8 as well as ions with unassigned charge 

states were not considered for fragmentation. Dynamic exclusion was set to 20 s to 

minimize repeated sequencing of already acquired precursors.  

 

4.6.2.4 Analysis of MS data 

The acquired raw files of mass spectra were analyzed using MaxQuant Software 

version 1.5.3.30 (Cox and Mann, 2008) and the implemented Andromeda database 

search engine (Cox et al., 2011). Extracted ion spectra were searched against the 

Uniprot human database (v. 2017). The FDR was set to 1%. GlyGly modification of 

lysine residues and oxidation of methionine residues were used as variable 

modifications. Perseus software (Tyanova et al., 2016) was used for statistical analysis. 

Ubiquitylation-site identification and quantitative information were obtained from 

the MaxQuant GlyGly(K) sites table. 
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4.6.2.5 GOMF enrichment analysis 

Ubiquitylation sites that were at least 2-fold enriched upon HS (M/L-ratio > 2) and at 

least decreased by 25% after additional knockdown of RNF4 (H/M-ratio < 0.75) were 

combined into a dataset of heat-induced, RNF4-regulated ubiquitylation sites. The 

PANTHER algorithm (version 15.0, pantherdb.org) was used to detect GOMF terms 

enriched within this set of proteins. A binominal test-type was used and Bonferroni 

correction for multiple testing was enabled. 
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6 Summary 
 

Throughout their life cells of eukaryotic organisms can be confronted with a variety 

of proteotoxic stresses and in order to survive, corresponding resistance mechanisms 

had to evolve. Proteotoxic stresses can cause misfolding of proteins and accumulation 

of toxic protein aggregates. Failure to remove aggregates of misfolded proteins 

compromises cellular function and can ultimately cause cell death and disease. To 

deal with this challenge, cells utilize a complex network of protein quality control 

pathways, including chaperones, the ubiquitin-proteasome system and the autophagy 

system. 

Another mechanism to cope with proteotoxic stresses is the stalling of translation 

initiation in order to save valuable resources and prevent faulty translation. Upon 

stress, intrinsically disordered RNA-binding proteins such as TIA-1 or G3BP1/2 are 

recruited to stalled preinitiation complexes and a network of multivalent interactions 

between RNAs and proteins is formed. These mRNP networks can merge with each 

other and phase separate into membraneless liquid-like structures called stress 

granules (SGs). Once stress is released, SGs are quickly resolved and translation 

continues. Yet, chronic stress or mutations of SG-associated proteins can cause 

persistent SGs, which can sequester misfolded proteins and have been linked to 

neurodegenerative diseases such as amyotrophic lateral sclerosis or frontotemporal 

dementia. 

In mammalian cells, three isoforms of the small ubiquitin-related modifier (SUMO), 

SUMO1, SUMO2 and SUMO3 are covalently attached to lysine residues of target 

proteins. SUMO conjugation is catalyzed via an enzymatic cascade of an heteromeric 

E1 activating enzyme, the E2 conjugating enzyme Ubc9 and in some cases one of a 

limited number of E3 SUMO ligases. SUMOylation is a dynamic modification and can 

be reversed by SUMO isopeptidases, the best characterized of which belong to the 

SENP family. Cellular stresses such as heat or oxidative stress strongly induce 
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SUMOylation resulting in increased numbers of poly-SUMOylation (formation of 

SUMO2/3 chains) on nuclear proteins.  

The SUMO-targeted ubiquitin ligase (STUbL) RNF4 harbors four SUMO interaction 

motifs in its N-terminal domain. This feature allows RNF4 to specifically bind poly-

SUMOylated proteins and catalyze their proteolytic or non-proteolytic ubiquitylation. 

A variety of substrate proteins have been shown to undergo SUMO-primed 

ubiquitylation by RNF4 in response to stress or DNA damage. RNF4-mediated 

ubiquitylation is often a signal for proteolytic degradation of these substrates. 

 

In this work we aimed by identify novel RNF4 targets, in heat-stressed cells in order 

to gain a wider understanding of the nuclear proteotoxic stress response. Analysis by 

mass spectrometry revealed that a large fraction of RNF4-interacting proteins in heat-

stressed cells are nuclear RNA-binding proteins, many of which shuttle outside the 

nucleus and associate with SGs upon stress. We validated, that nuclear RNA-binding 

proteins, such as TDP-43 and hnRNP M are indeed heat-induced targets of SUMO-

primed ubiquitylation by RNF4.  

These initial results led us to further investigate the links between the SUMO/RNF4-

mediated, nuclear protein quality control and the dynamics of cytosolic heat- or 

arsenite-induced SGs. SUMO2/3 and RNF4 are mainly nuclear proteins and we 

confirmed that they do not associate with SGs. Yet, we could demonstrate that 

depletion of SUMO2/3, the E3 SUMO ligase PML or RNF4 as well as chemical inhibition 

of SUMOylation strongly delayed SG clearance upon stress release, indicating that a 

functional STUbL pathway is essential for the timely clearance of SGs.  

Next, we investigated how stress-induced poly-SUMOylation is regulated. Our data 

shows that SENP levels and activities are reduced in response to heat and arsenite 

stress, which allows the buildup of poly-SUMO chains on nuclear proteins. Limitation 

of poly-SUMOylation by overexpression of the SUMO chain-specific isopeptidases 

SENP6 and SENP7 induced SG formation. In contrast, poly-SUMO-priming by 

chemical depletion of SENP6 with the drug hinokiflavone drastically limited SG 
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formation upon stress treatment. These results indicate a clear role of chain-specific 

SENPs in the regulation of stress-induced poly-SUMOylation and SG dynamics. 

Last, we investigated whether the STUbL pathway could affect the phase separation 

of FUSP525 (an ALS-linked mutant of the SG-associated protein FUS) and observed that 

perturbations of the STUbL pathway lead to an increased phase separation of FUSP525L. 

Thus, our work connects the SUMO/RNF4 protein quality control mechanism to the 

dynamics of SGs supporting the hypothesis that release of proteotoxic stress in the 

nucleus facilitates the clearance of cytosolic SGs. Thereby, we discovered a previously 

unknown link between the nuclear and cytosolic axis of proteotoxic stress response. 
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7 Zusammenfassung 

 

Eukaryotische Zellen sind zahlreichen Arten von proteotoxischem Stress, wie etwa 

Hitzestress oder oxidativem Stress, ausgesetzt. Proteotoxischer Stress kann zur 

Fehlfaltung von Proteinen führen, in Folge dessen toxische Proteinaggregationen 

entstehen können. Solche Proteinaggregationen können zum Zelltod führen und sind 

ein Charakteristikum zahlreicher Proteinopathien.  

Um proteotoxischen Stress zu überleben benötigen Zellen entsprechende 

Widerstandsmechanismen, welche dazu beitragen die Anhäufung fehlgefalteter 

Proteine zu vermeiden. Eukaryotische Zellen nutzen hierfür ein komplexes Netzwerk 

von Mechanismen zur Qualitätskontrolle von Proteinen. Ein Beispiel hierfür ist das 

Ubiquitin-Proteasom-System, über welches fehlgefaltete Proteine zunächst mit 

Ubiquitinketten markiert und schließlich proteolytisch abgebaut werden können. 

Zudem können fehlgefaltete Proteine oder Proteinaggregationen über das 

Autophagie-System auch dem lysosomalen Abbau zugeführt werden. Einen dritten 

Baustein der Proteinqualitätskontrolle stellen molekulare Chaperone dar, welche die 

korrekte Proteinfaltung fördern und Proteine vor schädlichen Kontakten bewahren.  

Ein weiterer Mechanismus zum Schutz vor zellulärem Stress ist das Aussetzen aktiver 

Translation und die Bildung von sogenannten Stress Granules (SGs). Dies dient dazu 

wertvolle Ressourcen und Energie zu sparen und die Produktion fehlerhafter Proteine 

zu vermeiden. Durch proteotoxischen Stress wird hierbei die integrierte Stressantwort 

der Zelle aktiviert welche die Translationsinitiation unterbindet. Zu den nun nicht 

mehr translatierten mRNAs und den damit assoziierten Proteinen werden weitere 

Proteine, wie unter anderem G3BP1/2 oder TIA-1, rekrutiert welche die Entstehung 

von SGs vorantreiben. Viele dieser rekrutierten Proteine sind RNA-bindende Proteine 

und ein Großteil dieser Proteine enthält unstrukturierte Bereiche. In Folge dieser 

Rekrutierung von SG-Proteinen entsteht ein dichtes Netzwerk multivalenter 

Interaktionen zwischen mRNAs und assoziierten Proteinen, wobei den 
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unstrukturierten Regionen eine besondere Bedeutung bei der Bildung von SGs 

zukommt. Die so entstehenden Ribonukleoproteinpartikel weisen eine hohe lokale 

Konzentration von gering strukturierten Proteinen und mRNAs auf und 

unterscheiden sich somit deutlich vom umliegenden Zytosol. Diese 

Ribonukleoproteinpartikel ähneln einer viskosen Flüssigkeit und können miteinander 

zu größeren SGs verschmelzen. SGs sind folglich stressinduzierte, membranlose 

Strukturen im Zytosol welche nicht translatierte mRNAs sowie damit assoziierte 

Proteine beinhalten und durch Phasentrennung vom umliegenden Zytosol gebildet 

werden. 

Wenn der auslösende Stress beendet ist, werden SGs aufgelöst und die Translation der 

enthaltenen mRNAs kann fortgesetzt werden. An diesem Prozess sind unter anderem 

das Ubiquitin-Proteasom-System, Chaperone aus der Familie der 

Hitzeschockproteine und das Autophagie-System beteiligt. Der dynamische, 

flüssigkeitsähnliche Charakter von SGs erleichtert hierbei ihre Auflösung.  

Störungen dieser Auflösungsmechanismen, Mutationen in SG-Proteinen oder 

chronischer Stress können jedoch dazu führen, dass SGs nach Stressrückgang nicht 

mehr aufgelöst werden. In solchen dauerhaft bestehenden SGs können sich 

fehlgefaltete oder zur Aggregation neigende Proteine anreichern. Die so 

entstehenden abnormen SGs zeichnen sich durch eine feste, gelartige Struktur aus 

und sind ein Merkmal neurodegenerativer Erkrankungen wie amyotropher 

Lateralsklerose (ALS) und frontotemporaler Degeneration (FTD). 

Das kleine Ubiquitin-verwandte Protein SUMO kann wie Ubiquitin kovalent an 

Lysinreste von Proteinen konjugiert werden. Dieser Prozess wird als SUMOylierung 

bezeichnet. In Säugerzellen können die drei Isoformen SUMO1, SUMO2 und SUMO3 

auf diese Weise mit Substratproteinen verknüpft werden. SUMO2 und SUMO3 haben 

eine hohe Sequenzhomologie und werden daher meist als SUMO2/3 

zusammengefasst. SUMOylierung wird durch eine enzymatische Kaskade aus einem 

heteromeren E1 Aktivierungsenzym, dem E2 Konjugationsenzym Ubc9 und häufig 

auch einem Vertreter aus der Gruppe der E3 SUMO Ligasen katalysiert. SUMO2 und 
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SUMO3 können selbst zum Substrat von SUMOylierung werden, wodurch Poly-SUMO-

Ketten auf Substratproteinen gebildet werden. SUMOylierung ist eine dynamische 

und reversible posttranslationale Modifikation.  Unter zellulärem Stress wie Hitze 

oder oxidativem Stress wird SUMOylierung stark induziert, was auch zu einer 

Zunahme poly-SUMOylierter Proteine führt. 

SUMO Dekonjugasen können die Isopeptidbindung zwischen SUMO und dem 

modifizierten Substratprotein spalten und stellen somit ein wichtiges Werkzeug zur 

Regulierung von SUMOylierung dar. Zu den SUMO Dekonjugasen zählen unter 

anderem die Vertreter der gut untersuchten SENP Familie (SENP1-SENP3 und 

SENP5-SENP7), welche einen Großteil der DeSUMOylierungen in Säugerzellen 

katalysieren. Proteine mit einem SUMO-Interaktionsmotiv (SIM) können spezifisch 

an SUMOylierte Proteine binden. 

RNF4 ist ein prototypischer Vertreter der Familie der SUMO-spezifischen Ubiquitin 

Ligasen. RNF4 katalysiert die proteolytische sowie nicht-proteolytische 

Ubiquitylierung poly-SUMOylierter Substrate. In der N-terminalen Domäne von RNF4 

befindet sich eine Tandem-SIM (bestehend aus vier SIM) welche eine spezifische 

Bindung poly-SUMOylierter Proteinen erlaubt. Einige Proteine wurden bereits als 

Substrate SUMO-abhängiger Ubiquitylierung durch RNF4 identifiziert. Zu den Stimuli 

für RNF4-vermittelte Ubiquitylierung zählen unter anderem proteotoxischer Stress 

und DNA Schäden. 

 

Zu Beginn dieser Arbeit beabsichtigten wir zunächst neue Substrate von RNF4 in 

hitzegestressten Zellen zu identifizieren. In Zellen die Hitzestress ausgesetzt waren, 

identifizierten wir durch massenspektrometrische Analyse zahlreiche RNF4-

Interaktoren. Interessanterweise gehört ein Großteil der identifizierten RNF4-

Interaktoren zur Gruppe der nukleären RNA-bindenden Proteine (RBP). Viele dieser 

RBP verlassen unter Stress den Nukleus und assoziieren mit SGs. Wir konnten in 

weiteren Experimenten bestätigen, dass nukleäre RBP wie TDP-43 und hnRNP M 
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tatsächlich hitzeinduzierte Substrate von SUMOylierung und anschließender RNF4-

vermittelter Ubiquitylierung sind. 

Diese ersten Resultate veranlassten uns, mögliche Verbindungen zwischen dem 

nukleären SUMO/RNF4-System zur Qualitätskontrolle von Proteinen und der 

Dynamik zytosolischer SGs zu untersuchen. Zu diesem Zweck stimulierten wir die 

Bildung von SGs durch Behandlung mit Hitze oder Natriumarsenit und analysierten 

die Dynamik der Auflösung dieser SGs nach Rückkehr zu normalen 

Wachstumsbedingungen. 

Sowohl die SUMOylierungsenzyme als auch SUMO2/3 und RNF4 sind vorwiegend im 

Nukleus lokalisiert und wir konnten weder SUMO noch RNF4 in SGs nachweisen. 

Dennoch führten Störungen des SUMO/RNF4-Systems durch chemische Inhibition 

von SUMOylierung oder siRNA vermittelten Knockdown von SUMO2/3, der SUMO 

Ligase PML oder RNF4 zu einer starken Verzögerung der Auflösung von SGs nach Ende 

des Stresses. Eine funktionelle nukleäre Proteinqualitätskontrolle durch das 

SUMO/RNF4 System ist somit essentiell für die rasche Auflösung zytosolischer SGs 

bei Rückkehr zu Normalbedingungen. 

Um die Regulation stressinduzierter poly-SUMOylierung besser zu verstehen 

untersuchten wir die stressbedingten Änderungen von Proteinlevels und Aktivität von 

SUMO Dekonjugasen der SENP Familie.  

Unsere Daten zeigen, dass Hitzestress einen Rückgang der Proteinlevel der für poly-

SUMO-Ketten spezifischen Dekonjugasen SENP6 und SENP7 bewirkt. Wurde 

oxidativer Stress durch Zugabe von Natriumarsenit ausgelöst, verringerte sich das 

Proteinlevel von SENP6 ebenfalls. In weiteren Messungen konnten wir einen 

Rückgang der katalytischen Aktivität von SENP1, SENP3, SENP6 und SENP7 

feststellen, wenn Zellen zuvor mit Hitze oder Natriumarsenit behandelt wurden.  

Um den Einfluss von poly-SUMOylierung auf die Dynamik von SGs zu untersuchen 

limitierten wir poly-SUMOylierung durch Überexpression von SENPs. 

Interessanterweise führte Überexpression der für SUMO-Ketten spezifischen SENPs 

SENP6 und SENP7 zur Entstehung von SGs in ansonsten ungestressten Zellen. Durch 
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Zugabe des Wirkstoffs Hinokiflavon gelang es uns das Proteinlevel von SENP6 stark 

zu verringern und somit poly-SUMOylierung zu induzieren. Zellen in denen auf diese 

Weise SUMO-Ketten akkumulierten zeigten unter oxidativem Stress oder Hitzestress 

eine geringere Neigung SGs zu bilden. Diese Daten zeigen, dass poly-SUMOylierung 

ein protektiver Mechanismus unter proteotoxischem Stress ist welcher jedoch unter 

Normalbedingung durch die kettenspezifischen Dekonjugasen SENP6 und SENP7 

limitiert wird. Hierbei besteht eine inverse Korrelation zwischen verstärkter 

poly-SUMOylierung und der Bildung von SGs. 

Ein Kennzeichen von Neuropathien wie ALS oder FTD sind abnorme, nicht auflösbare 

SGs. Eine häufige Ursache hierfür sind Mutationen in den Genen von SG-assoziierten 

Proteinen wie FUS oder TDP-43. Solche Mutationen können die Dynamik von SGs 

beeinflussen und zur Transformation von SGs in einen beständigen, gelartigen 

Zustand führen. Um den Einfluss des SUMO/RNF4-Systems auf die Entstehung 

solcher abnormen SGs zu untersuchen exprimierten wir die ALS-assoziierte Mutante 

FUSP525L und beobachteten die Bildungsrate von SGs. Wurden die Proteinlevel von 

SUMO2/3 oder RNF4 durch siRNA vermittelten Knockdown verringert oder 

SUMOylierung chemisch inhibiert, konnten wir einen drastischen Anstieg von 

FUSP525L-induzierter SG Entstehung beobachten. 

 

Unsere Arbeit verknüpft die Qualitätskontrolle von Proteinen durch das SUMO/RNF4-

System mit der Dynamik von SGs. Die gezeigten Daten erlauben die Hypothese, dass 

eine Verringerung von proteotoxischem Stress im Nukleus die Auflösung 

zytosolischer SGs begünstigt. Wir zeigen somit eine bisher unbekannte Verbindung 

zwischen der nukleären und der zytosolischen Antwort auf proteotoxischen Stress. 

Das SUMO/RNF4-System stellt einen möglichen Mechanismus dar, um die Dynamik 

von SGs im Kontext neurodegenerativer Erkrankungen zu modulieren. Eine 

Validierung unserer Ergebnisse in neuronalen Modellsystemen birgt daher das 

Potential neue Therapiewege zu erschließen. 
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8 Abbreviations 
 

4E-BP eIF4E-binding protein 
AA Amino acid 
ABC Ammonium bicarbonate 
ACN Acetonitrile 
AD Alzheimer’s disease  
ALS Amyotrophic lateral sclerosis 
APL Acute promyelocytic leukemia  
APS Ammonium persulfate  
ATO Arsenic trioxide  
BSA Bovine serum albumin  
CFTR Cystic fibrosis transmembrane conductance regulator 
CK2 Casein kinase 2  
CRISPR/Cas9 
  

Clustered regularly interspaced short palindromic 
repeats/Cas9 

DAPI 4’,6-Diamidino-2-phenylindole 
DMEM Dulbecco's Modified Eagle Medium 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DPR Dipeptide repeat 
DRiP Defective ribosomal product 
DSB Double-strand breaks 
DTT Dithiothreitol 
DUB Deubiquitylating enzyme 
ECL Enhanced chemiluminescence 
EDTA Ethylenediaminetetraacetate 
eIF2a Eukaryotic initiator factor 2 alpha 
FA 1. Fanconi anemia 2. Formic acid 
FACS Fluorescence-activated cell sorting 
FB Freezing buffer 
FCS Fetal calf serum 
FDR False discovery rate 
FTD Frontotemporal dementia 
FTLD Frontotemporal lobar degeneration  
fw Forward 
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GDP Guanosine diphosphate 
GEF Guanine nucleotide exchange factor 
GFP Green fluorescent protein 
GOMF Gene ontology molecular function 
GTP Guanosine triphosphate 
H. sapiens Homo sapiens 
HECT Homologous to E6AP C-terminus 
HeLa Henrietta Lacks 
HMW High molecular weight 
Hom. Homology arm 
HR Homologous recombination  
HRE Hexanucleotide repeat expansion 
HRP Horseradish peroxidase 
HS Heat shock/heat stress 
HSP Heat-shock protein 
ID complex Heterodimeric complex of FANCI and FANCD2 
IDR Intrinsically disordered region 
IgG Immunoglobulin G 
IP Immunoprecipitation 
JAMM Jab1/Pab1/MPN domain-containing protease 
JNK p38/c-Jun N-terminal kinase  
LB Lysogeny broth 
LC-MS/MS Liquid chromatography coupled with tandem mass spectrometry 
LFQ Label-free quantification 
LLPS Liquid-liquid phase separation 
MCL Markov clustering 
MCPIP MCP-induced protein 
MINDY Motif interacting with Ub-containing novel DUB 
MJD Machado–Joseph disease protein domain protease 
mRNP Messenger ribonucleoprotein 
MS Mass spectrometry 
MS/MS Tandem mass spectrometry 
NC Nitrocellulose 
NEM N-Ethylmaleimide 
NES Nuclear export signal  
NHEJ Non-homologous end-joining  
Ni-NTA Nickel-nitrilotriacetic acid 
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NLS Nuclear localization sequence  
OTU Otubain domain ubiquitin-binding protein 
PANTHER Protein analysis through evolutionary relationships 
PBS Phosphate-buffered saline 
PBST PBS supplemented with Tween 20 
PCR Polymerase chain reaction 
PFA Paraformaldehyde  
PIC Pre-initiation complex 
PML Promyelocytic leukemia protein  
PML-NB PML nuclear body 
Pol III RNA polymerase III 
PONDR Prediction of natural disordered regions 
PPI Protein-protein interaction 
PrLD Prion-like domains 
PTM Post-translational modification 
PY-NLS NLS of the PY subtype (containing proline and tyrosine) 
RAN translation repeat-associated non-ATG translation 
RAR⍺ Retinoic acid receptor ⍺ 
RBP RNA-binding protein 
RBR RING-between-RING 
Rec. Recovery 
RGG motif Arginine- and glycine-rich motif 
RING Really interesting new gene 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
RRM RNA recognition motif  
RT Room temperature 
rv Reverse 
S. cerevisiae Saccharomyces cerevisiae 
S. pombe Schizosaccharomyces pombe  
SA Sodium arsenite  
SDS Sodium dodecyl sulfate 
SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
SENP Sentrin-specific Isopeptidase 
SG Stress granule 
sgRNA single guide RNA  
SILAC Stable isotope labeling with amino acids in cell culture 
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SIM SUMO-interacting motif 
SLiM Short linear motif 
SOB SUMO1 binding motif  
STAGE Stop and go extraction 
STRING Search tool for the retrieval of interacting genes/proteins 
STUbL SUMO-targeted ubiquitin ligase 
SUMO Small ubiquitin related modifier 
TAE Tris-acetate-EDTA 
TCA Trichloroacetic acid  
TEMED Tetraethylmethylenediamine 
tiRNA tRNA-derived, stress-induced RNA 
Tm Melting temperature 
TORC1 Target of rapamycin complex 1  
tRNA Transfer RNA 
tRNAi

Met Methionine loaded tRNA  
Ub Ubiquitin 
Ubl Ubiquitin-like protein 
UCH Ubiquitin C-terminal hydrolase 
UIM Ubiquitin-interacting motif 
UPS Ubiquitin-proteasome system 
USP Ubiquitin-specific protease 
UTR Untranslated region 
VS Vinylsulfone 
WT wild type 
ZNF Zinc finger  
ZUFSP Zn-finger and UFSP domain protein 
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9  Supplements 
 

 

Supplementary Figure 1 Analysis of SG disassembly dynamics in cells with impaired STUbL pathway. 
(A) HeLaG3BP2-GFP cells were transfected with control siRNA or siRNAs targeting SUMO2/3 or RNF4 for 48 hours. Cells 
were either left at 37°C or subjected to a HS for 60 min at 43°C, with or without subsequent recovery times at 37°C as 
indicated. G3BP2-localization was used to monitor stress granule dynamics. Nuclei were stained with DAPI. 
Representative images are shown. Scale bar: 10 µm. 
(B) As in A, but cells were left untreated or treated with 0.5 mM sodium arsenite for 30 min, with or without subsequent 
recovery for the indicated times. Representative images are shown. Scale bar: 10 µm. 
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Supplementary Figure 2 RNF4 plays a crucial role for efficient resolution of heat-induced, FUS-positive SGs. Validation 
with an alternative siRNA targeting RNF4. 
(A) As in Figure 2.13 the formation and disassembly of SGs in HeLaFUS-GFP cells was monitored using immunofluorescence 
microscopy. Cells were transfected with a control siRNA or an siRNAs targeting RNF4. An alternative siRNA targeting 
RNF4 (siRNF4-1) was used in this experiment. Cells were left untreated or treated with a HS at 43°C for 60 min, with 
or without subsequent recovery for 60 min. An a-G3BP1 antibody was used to monitor the formation and resolution of 
SGs and nuclei were stained with DAPI. GFP-FUS signal allowed the identification of FUS-positive SGs. Areas chosen 
for 2.5x insets are highlighted with yellow boxes. Scale bar: 20 µm. 
(B) Efficient knockdown of RNF4 in HeLaFUS-GFP cells was validated by immunoblotting. Protein levels of RNF4 and equal 
loading was assayed with a-RNF4 and a-b-Tubulin antibodies, respectively. 
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Supplementary Figure 3 Inhibition of SUMOylation delays SG disassembly and FUS relocalization to the nucleus in 
heat-stressed cells. 
FACS sorted HeLaFUS-GFP cells were treated for 24 h with a vehicle control (DMSO) or the SUMO E1 inhibitor ML-792 at 
a concentration of 1 µM. Cells were left untreated or treated with a HS (43°C, 60 min), with or without 80 min of 
recovery. Scale bar: 10 µm. 
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Supplementary Figure 4 Inhibition of SUMOylation delays SG disassembly and FUS relocalization to the nucleus in 
arsenite-stressed cells. 
FACS-sorted HeLaFUS-GFP cells were treated for 24 h with a vehicle control (DMSO) or the SUMO E1 inhibitor ML-792 at 
a concentration of 1 µM. Cells were left untreated or treated with a sodium arsenite (0.5 mM, 30 min), with or without 
120 min of recovery. Scale bar: 10 µm. 
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Supplementary Figure 5 SUMO2/3 does not colocalize with SGs induced by either heat stress or arsenite treatment. 
(A) Immunofluorescence assay to monitor SG dynamics in heat-stressed HeLaG3BP2-GFP cells. Cells were left untreated or 
treated with a HS at 43°C for 60 min, with or without subsequent recovery for 60 min. The G3BP2-GFP signal was used 
to monitor the formation and resolution of SGs, an a-SUMO2/3 antibody was used to detect SUMO2/3-modified 
proteins as well as unconjugated SUMO2/3 and nuclei were stained with DAPI. Areas chosen for 2.5x insets are 
highlighted with yellow boxes. Scale bar: 20 µm. 
(B) Immunofluorescence assay as in (A), but cells were left untreated or treated with 0.5 mM sodium arsenite for 30 min, 
with or without subsequent recovery for 75 min. Areas chosen for 2.5x insets are highlighted with yellow boxes. Scale 
bar: 20 µm. 
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Supplementary Figure 6 RNF4-3xFlag does not colocalize with SGs induced by heat stress. 
Immunofluorescence assay to monitor SG dynamics in heat-stressed HeLa and HeLaRNF4-3xFlag cells. Cells were left 
untreated or treated with a HS at 43°C for 60 min, with or without subsequent recovery for 60 min. SG formation was 
assayed by staining with an a-TIA-1 antibody, RNF4-3xFlag was detected with an a-Flag antibody and nuclei were 
stained with DAPI. Areas chosen for 2.5x insets are highlighted with yellow boxes. Scale bar: 20 µm. 
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Supplementary Figure 7 RNF4-3xFlag does not colocalize with SGs induced by arsenite treatment. 
Immunofluorescence assay to monitor SG dynamics in arsenite-treated HeLa and HeLaRNF4-3xFlag cells. Cells were left 
untreated or treated with 0.5 mM sodium arsenite for 30 min, with or without subsequent recovery for 75 min. SG 
formation was assayed by staining with an a-TIA-1 antibody, RNF4-3xFlag was detected with an a-Flag antibody and 
nuclei were stained with DAPI. Areas chosen for 2.5x insets are highlighted with yellow boxes. Scale bar: 20 µm. 
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Supplementary Figure 8 Heat stress induces SUMOylation in the nucleus, but not in the cytoplasm. 
HeLa cells were transfected as indicated. Prior to lysis under denaturing conditions cells were incubated for 60 min at 
43°C or left at 37°C. Cell lysates were separated into a cytoplasmic and a nuclear fraction before SUMOylated proteins 
were enriched on Ni-NTA sepharose beads. Propper fractionation was checked with antibodies against b-Tubulin and 
Histone H3. SUMOylated proteins were detected with an antibody directed against the His-tag. 
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