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[Introduction]

When cells are exposed to various stresses, including heat stress and oxidative stress, translation of most mRNAs is
inhibited. Polysomes are then disassembled, and released mRNAs are associated with various RNA-binding proteins. These
RNA-protein complexes cause the formation of stress granules (SGs). SGs are non-membranous cytoplasmic compartments,
and contain non-translating RNAs and many RNA-binding proteins, as well as non-RNA-binding regulatory proteins. The
function of SGs is proposed to modulate mRNA translation and stress responses. When stress is relieved, SGs are
disassembled. However, the mechanisms of SG assembly and disassembly are largely unknown.

It has been reported that ubiquitin is present in SGs induced by some stressors. Here, | investigated regulatory
mechanisms of ubiquitin chain levels in SGs, and roles of ubiquitin chains in SG assembly and disassembly. | found that
ubiquitin-specific protease 5 (USP5) and USP13, two deubiquitinases (DUBs) with same domain structures, are recruited to
heat-induced SGs. USP5 exhibits isopeptidase specificity toward unanchored ubiquitin chains, while USP13 exhibits
isopeptidase activity toward ubiquitin chains conjugated to substrate proteins. | provided evidence suggesting that the

stability of SGs is regulated by ubiquitin chains and their hydrolysis by these DUBs.

[Results]
1. USP5, USP13 and ubiquitin chains are localized to SGs

In HeLa cells, SGs can be formed by the incubation at 44°C for 1 h (heat stress). By immunofluorescence analysis, | found
that a fraction of USP5 as well as USP13 co-localized with heat-induced SGs. SGs are also formed by other stressors
including an oxidative agent arsenite, a proteasome inhibitor MG132 and a mitochondrial membrane-depolarizing agent
carbonyl cyanide m-chlorophenyl hydrazine (CCCP). However, USP5 and USP13 did not co-localized with SGs induced by
these stressors. These results indicated that USP5 and USP13 are preferentially recruited to SGs induced by heat stress. | also
examined the localization of ubiquitin chains, and found that ubiquitin chains are also preferentially recruited to SGs induced
by heat stress, not by other stressors. Super-resolution microscopy analysis demonstrated that small portion of USP5 and
USP13 within heat-induced SGs co-localized with ubiquitin. It raised the possibility that these DUBs transiently associate
with and hydrolyze ubiquitin chains in the SGs.

I also analyzed the mechanisms of the recruitment of USP5 and USP13 to heat-induced SGs. The experiments using a
nuclear export inhibitor leptomycin B showed that a fraction of these DUBs in the SGs are translocated from the nucleus.
Furthermore, | tried to determine the domain in these DUBs responsible for the recruitment to SGs. The experiments using

USP13 deletion mutants showed that the USP domain itself has the ability to recruit USP13 to heat-induced SGs.




2. Depletion of USP5 or USP13 increases ubiquitin levels in SGs, accelerates SG assembly, and represses the disassembly

siRNA-mediated depletion of USP5 or USP13 increased the levels of ubiquitin in heat-induced SGs, suggesting that USP5
and USP13 hydrolyze the ubiquitin chains in heat-induced SGs.

I also evaluate the effects of the depletion of USP5 or USP13 on the assembly of heat-induced SGs. Depletion of USP5
or USP13 increased the percentage of cells with SGs after 45 min at 44°C. These results indicated the acceleration of SG
assembly.

Both in control cells and knockdown cells, the percentage of cells with SGs was elevated to 90% or more after 1 h at
44°C. Cells were then returned to at 37°C (recovery incubation) to induce SG disassembly. In control cells, most of SGs
disappeared after the recovery incubation for 1 h. Depletion of USP5 or USP13 increased percentage of cells with SGs at this

time point. These results indicated the delay of SG disassembly.

3. Accumulation of unanchored ubiguitin chains represses disassembly of SGs

USP5, but not USP13, selectively hydrolyzes unanchored ubiquitin chains. | examined the effect of excess unanchored
ubiquitin chains on the SG disassembly. Cells were transfected with plasmids encoding ubiquitin with a mutation in the
C-terminal di-glycine motif (e.g., ubiquitinG75A/G76A). This mutant ubiquitin can form unanchored ubiquitin chains in
cells. The cells were incubated at 44°C for 1 h, and then returned to 37°C. UbiquitinG75A/G76A overexpression increased
the percentage of cells with SGs. It indicated that accumulation of unanchored ubiquitin chains represses disassembly of

heat-induced SGs.

[Discussion]

Taken together with other data, this study suggests that:

+ Heat-induced SGs contain ubiquitin chains much more than SGs induced by other stressors.

+ USP5 and USP13 are preferentially recruited to heat-induced SGs, possibly through the interaction between their USP
domain and ubiquitin chains in SGs.

+ In SGs, USP5 hydrolyzes unanchored ubiquitin chains and USP13 hydrolyzes protein-conjugated ubiquitin chains. Both
reactions are required for the efficient destabilization of SGs.

An abnormal formation of SGs is implicated in the pathogenesis of various diseases including neurodegenerative
diseases. Thus, it is of not only cell biological but also medical importance to elucidate the precise molecular mechanisms of

USP5 and USP13-mediated destabilization of SGs.
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