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K27-linked ubiquitylation promotes p97 substrate
processing and is essential for cell proliferation
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Andreas Mund2 & Niels Mailand1,3,**

Abstract

Conjugation of ubiquitin (Ub) to numerous substrate proteins
regulates virtually all cellular processes. Eight distinct ubiquitin
polymer linkages specifying different functional outcomes are
generated in cells. However, the roles of some atypical poly-
ubiquitin topologies, in particular linkages via lysine 27 (K27),
remain poorly understood due to a lack of tools for their specific
detection and manipulation. Here, we adapted a cell-based ubiqui-
tin replacement strategy to enable selective and conditional abro-
gation of K27-linked ubiquitylation, revealing that this ubiquitin
linkage type is essential for proliferation of human cells. We
demonstrate that K27-linked ubiquitylation is predominantly a
nuclear modification whose ablation deregulates nuclear ubiquity-
lation dynamics and impairs cell cycle progression in an epistatic
manner with inactivation of the ATPase p97/VCP. Moreover, we
show that a p97-proteasome pathway model substrate (Ub(G76V)-
GFP) is directly modified by K27-linked ubiquitylation, and that
disabling the formation of K27-linked ubiquitin signals or blocking
their decoding via overexpression of the K27 linkage-specific
binder UCHL3 impedes Ub(G76V)-GFP turnover at the level of p97
function. Our findings suggest a critical role of K27-linked ubiquity-
lation in supporting cell fitness by facilitating p97-dependent
processing of ubiquitylated nuclear proteins.
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Introduction

Protein modification by the polypeptide ubiquitin (Ub) is a central

and versatile regulatory mechanism impacting virtually all aspects

of eukaryotic cell biology. Ubiquitylation of substrate proteins

proceeds via a three-step enzymatic cascade involving multitudi-

nous combinations of E1 Ub-activating, E2 Ub-conjugating and E3

Ub ligase enzymes, targeting a major fraction of the proteome (Swa-

tek & Komander, 2016; Oh et al, 2018). These Ub modifications are

reversed by numerous deubiquitinases (DUBs), making ubiquityla-

tion processes reversible and highly dynamic (Clague et al, 2019).

In addition to undergoing attachment to lysine residues in cellular

target proteins, Ub contains seven internal lysine residues (K6, K11,

K27, K29, K33, K48 and K63) that along with its N-terminal

methionine (M1) can serve as acceptor sites for Ub conjugation,

enabling the formation of eight distinct Ub linkage types, all of

which have been shown to be generated in cells, albeit at remark-

ably different levels (Dammer et al, 2011; Kim et al, 2011; Swatek &

Komander, 2016; Oh et al, 2018; Swatek et al, 2019). Together with

a large number of proteins containing Ub-binding domains that

recognize individual Ub-dependent modifications, the multifaceted

architecture of Ub polymers forms the basis of a complex cellular

Ub code dictating the functional outcome of Ub-dependent signaling

processes (Swatek & Komander, 2016; Oh et al, 2018). A common

fate of ubiquitylated proteins is their degradation via the 26S protea-

some, which is largely signalled through K48-linked poly-Ub chains

but can also be facilitated by other Ub chain types, including K29-

and K11-linkages (Matsumoto et al, 2010; Bard et al, 2018; Kaiho-

Soma et al, 2021). Accordingly, K48 linkages represent the most

abundant Ub chain type in cells (Dammer et al, 2011; Swatek et al,

2019). In many cases, ubiquitylated proteins require partial unfold-

ing to enable their degradation by the proteasome. This is mediated

by the highly abundant hexameric AAA+-type ATPase p97 (also

known as VCP, or Cdc48 in lower eukaryotes), which in conjunction

with a broad range of cofactors recognizes and extracts ubiquity-

lated client proteins from macromolecular complexes or cellular

membranes by promoting their Ub-dependent unfolding, typically

accompanied by Ub chain editing (Bodnar & Rapoport, 2017;

Twomey et al, 2019; van den Boom & Meyer, 2018). Ub-binding

proteasomal shuttle factors including RAD23 subsequently escort

the client protein to the proteasome (Collins & Goldberg, 2017). The

central role in the Ub system occupied by p97 implicates it in a

plethora of cellular processes and functionally connects it to several
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diseases; indeed, small molecule inhibitors of p97 activity show

promising potential as anticancer agents in preclinical studies

(Anderson et al, 2015; Huryn et al, 2020; Le Moigne et al, 2017;

van den Boom & Meyer, 2018).

In contrast to K48-, K29- and K11-linked Ub chains, K63-linked

ubiquitylation is a non-proteolytic modification with well-

established critical regulatory roles in a range of key cellular

processes, including the DNA damage response, innate immunity

and vesicular transport (Chen & Sun, 2009; Swatek & Komander,

2016; Oh et al, 2018). However, several less abundant atypical Ub

chains have more poorly defined roles in the cellular Ub code. In

particular, K27-linked Ub chains, which represent < 1% of total Ub

conjugates in human cells (Dammer et al, 2011; Swatek et al,

2019), have largely eluded functional characterization so far, due to

the low cellular abundance and an absence of high-affinity reagents

for their specific detection and isolation. This is compounded by a

lack of knowledge on the enzymatic machinery responsible for the

formation and removal of K27 linkages. These shortcomings render

addressing the cellular function of K27-linked ubiquitylation highly

challenging. Structural studies revealed that K27 is the least solvent-

exposed lysine residue in Ub and thus may not be readily available

for enzymatic modification, potentially accounting for the low abun-

dance of K27-linked Ub chains in cells (Esadze et al, 2011; Casta-

neda et al, 2016). Correspondingly, the K27 linkage is the least

accessible among all di-Ub conformations, which may explain why

most DUBs display poor activity towards K27 linkages (Castaneda

et al, 2016; Pan et al, 2016). In cells, recent work implicated K27-

linked ubiquitylation in processes including DNA damage repair,

innate immunity and inhibition of the tumor suppressor PTEN (Liu

et al, 2014; Gatti et al, 2015; Lee et al, 2019; van Huizen & Kikkert,

2019; Yin et al, 2019), but the precise functional roles of K27-linked

Ub signals in these processes are not fully understood. In yeast,

preventing K27-linked ubiquitylation via a Ub(K27R) mutation only

mildly impacts growth (Xu et al, 2009b; Roscoe et al, 2013).

However, the relative importance of K27-linked ubiquitylation for

cell fitness in higher eukaryotes has not been addressed.

The paucity of insights into the mechanisms and functions of

atypical Ub chains in general, and K27-linked ubiquitylation in

particular, represents a fundamental gap in the understanding of the

cellular Ub code and its biological ramifications. Studies of Ub chain

linkages for which specific affinity reagents are not available have

been typically performed by overexpressing Ub mutants in which

one lysine (K) residue is mutated to arginine (R) to selectively abro-

gate Ub chain formation via this linkage. However, overexpressed

Ub may skew endogenous Ub equilibria and lead to artefacts, while

the presence of endogenous Ub complicates interpretation of data

obtained with Ub K-R mutants. Accordingly, we reasoned that a

previously described Ub replacement strategy enabling the exchange

of endogenous Ub with a Ub K-R mutant expressed at a similar level

in a chemically inducible manner (Xu et al, 2009a) could circum-

vent these caveats and illuminate the cellular phenotypes resulting

from targeted disruption of K27-linked ubiquitylation. Here, by care-

fully establishing and characterizing such conditional Ub replace-

ment cell lines, we demonstrate that K27-linked ubiquitylation is

instrumental for the proliferation of human cells. We show that

K27-linked Ub polymers are predominantly present in the nucleus

and function epistatically with p97 to promote progression through

the cell cycle. Abrogating formation of K27-linked Ub chains or

blocking their recognition via overexpression of a K27 linkage-

specific binder impairs the turnover of a ubiquitylated p97-

proteasome pathway model substrate, which is directly modified by

K27-linkages, at the level of p97. Together, these findings provide

fundamental insights into the consequences of disabling K27-linked

Ub chain formation in human cells and functionally couple these Ub

polymers to the processing of polyubiquitylated proteins via the p97

machinery.

Results

A cellular system for conditional abrogation of
K27-linked ubiquitylation

To explore the functions of atypical Ub linkages in human cells, we

utilized a previously described Ub replacement strategy enabling

targeted linkage-specific abrogation of Ub chain formation in a

Doxycycline (DOX)-inducible manner (Xu et al, 2009a). This entails

the two-step generation of stable cell lines capable of replacing

endogenous Ub with a Ub mutant containing a single lysine to argi-

nine (K-R) point mutation to selectively abolish ubiquitylation via

one specific linkage type (Fig 1A). We first established a human

U2OS osteosarcoma derivative cell line conditionally expressing

shRNAs targeting all four human Ub-encoding genes (U2OS/shUb;

Figs 1A and EV1A). These cells displayed approximately 90% Ub

depletion 48 h after DOX treatment, accompanied by a strong loss

of cell viability (Fig EV1B and C). This may in part reflect the co-

depletion of the ribosomal proteins L40 and S27a that are encoded

as fusions with Ub by the UBA52 and RPS27A genes, respectively

(Fig EV1A). As an initial test for the relative importance of individ-

ual atypical Ub linkages for cell fitness, we transiently transfected

U2OS/shUb cells with expression constructs encoding the UBA52

and RPS27A genes with Ub in wild-type (WT) or K-R mutant config-

uration (Fig 1A and B; note that the Ub allele encoded by RPS27A

contains an N-terminal HA-tag). Notably, relative to wild-type Ub

(Ub(WT)), a Ub(K27R) mutant only poorly rescued the colony

formation ability of DOX-treated U2OS/shUb cells, comparable to

the expected strong defect imposed by a K63R mutation (Figs 1C

and EV1D and E). By contrast, the expression of Ub(K29R) in cells

depleted for endogenous Ub restored clonogenic survival almost as

efficiently as Ub(WT), while Ub(K33R) had an intermediate effect

(Figs 1C and EV1D and E). Prompted by these observations, we set

out to further explore the requirement for K27-linked ubiquitylation

in underpinning cellular fitness. To this end, we carefully selected

stable cell lines capable of uniformly replacing endogenous Ub with

ectopically expressed Ub(WT) or Ub(K27R) alleles at a similar,

near-endogenous level upon DOX treatment (U2OS/shUb/HA-Ub

(WT) and U2OS/shUb/HA-Ub(K27R) (clones 21 (c21) and 34

(c34)); Figs 1A, D–F and EV1F). Successful DOX-induced replace-

ment of endogenous Ub with Ub(K27R) in U2OS/shUb/HA-Ub

(K27R) cells was verified by mass spectrometry (MS), showing a

progressive exchange of the tryptic peptide spanning Ub-K27 with

the corresponding mutant K27R peptide, while the levels of other

Ub-derived peptides remained essentially unchanged (Figs 1G and

H, and EV1G). Importantly, MS-based quantification of di-Gly Ub

remnants on individual lysines in tryptic Ub peptides revealed a

strong and specific loss of K27-linked ubiquitylation in Ub(K27R)-
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replaced cells relative to Ub(WT)-replaced cells, whereas the abun-

dance of other Ub linkage types was not significantly affected

(Fig 1I). Consistently, quantitative image-based analysis showed no

overt impact of Ub(K27R) replacement on total levels of Ub conju-

gates as well as K48- and K63-linked ubiquitylation, and the subcel-

lular localization of the Ub(WT) and Ub(K27R) transgenes was

indistinguishable (Figs 1D–F and EV1H–J). Moreover, whereas

depletion of endogenous Ub in U2OS/shUb cells reduced both tran-

scription and translation rates, these defects were corrected by both

Ub(WT) and Ub(K27R) replacement (Appendix Fig S1A and B).

While the K27R mutation has been recently suggested to negatively

impact Ub stability (Kudriaeva et al, 2021), we observed no

pronounced difference in the half-lives of the Ub(WT) and Ub

(K27R) proteins upon inhibition of protein synthesis by cyclohex-

imide in our Ub-replaced cells (Fig EV1K). Further supporting the

validity of this cellular system for targeted ablation of K27-linked

ubiquitylation, we found that recruitment of the DNA repair factor

53BP1 to damaged DNA, which has been reported to require K27-

linked ubiquitylation (Gatti et al, 2015), was abolished upon the

replacement of endogenous Ub with Ub(K27R) but not Ub(WT)
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(Figs 1F and EV1L and M). Collectively, these observations demon-

strate that our Ub(K27R) replacement cells enable efficient targeted

abrogation of K27-linked ubiquitylation while faithfully preserving

overall ubiquitylation patterns, providing a unique opportunity to

study the phenotypes associated with selective blockage of K27-

linked Ub chain formation in human cells.

K27-linked ubiquitylation is required for cell proliferation

Having established a cellular system for selective and conditional

abrogation of K27-linked ubiquitylation, we first explored the over-

all impact of Ub(K27R) replacement on cell proliferation and fitness.

Notably, whereas exogenous Ub(WT) rescued the cell proliferation

defect arising from loss of endogenous Ub, Ub(K27R) expression did

not support long-term proliferation and viability, and only moder-

ately improved the fitness of cells depleted for endogenous Ub

(Fig 2A–C). A U2OS/shUb/HA-Ub(K63R) cell line generated in

parallel to conditionally prevent formation of K63-linked Ub poly-

mers likewise displayed strongly impaired proliferation upon Ub

(K63R) replacement (Figs 2D and E, and EV2A), consistent with the

key role of K63-linked ubiquitylation in many aspects of cell physi-

ology (Chen & Sun, 2009; Swatek & Komander, 2016). By contrast,

analysis of a corresponding Ub(K29R) replacement cell line we

generated showed that abrogating K29-linked ubiquitylation, which

we confirmed using a recently reported specific K29-linkage binder

(Yu et al, 2021), only had a modest impact on cell proliferation (Figs

2D–F and EV2B and C), despite these Ub polymers being consider-

ably more abundant in cells than K27-linkages (Dammer et al, 2011;

Swatek et al, 2019). Unlike the expected impact of Ub(K29R)

replacement, K29-linkage abundance was not affected by abrogation

of K27-linked ubiquitylation (Fig EV2C). In the absence of DOX-

induced Ub replacement, all cell lines displayed identical rates of

proliferation (Figs 2B and E, and EV2D and E). Further underscoring

the importance of K27-linked ubiquitylation for cell proliferation,

Ub(WT) replacement at a sub-endogenous level in an independent

U2OS/shUb/HA-Ub(WT) clone was sufficient to rescue the prolifera-

tion defect arising from the depletion of endogenous Ub (Fig EV2F

and G), implying that the adverse impact on proliferation induced

by Ub(K27R) replacement is not simply due to subtle differences in

overall ectopic Ub expression levels between Ub(WT) and Ub

(K27R) cells.

We next investigated how abrogating K27-linked ubiquitylation

impairs cell proliferation. Notably, Ub(K27R)- but not Ub(WT)- or

Ub(K29R)-replaced cells progressively accumulated in the G2/M

phase of the cell cycle (Figs 2G and EV2H and I). This was a conse-

quence of cell cycle arrest in G2 phase, as the mitotic index of Ub

(K27R)-replaced cells was markedly lower than that of their Ub

(WT) counterparts (Fig 2H). Consistently, live-cell imaging demon-

strated that cells deficient for K27-linked Ub chain formation exhib-

ited a strong block to mitotic entry (Fig 2I). While Ub(K27R)-

replaced cells did not display any appreciable increase in markers of

DNA damage formation including nuclear cH2AX and RPA foci

(Appendix Fig S1C and D), they could be forced into mitosis but

subsequently failed to complete chromosome segregation upon the

inhibition of the Wee1 kinase, which restrains mitotic entry via inhi-

bitory phosphorylation of cyclin-dependent kinases (Fig 2H;

Appendix Fig S1E). This raised the possibility that the G2 cell cycle

block imposed by Ub(K27R) replacement might at least in part arise

due to defective DNA replication. Indeed, EdU incorporation experi-

ments revealed a precipitous decline in DNA replication efficiency

upon the depletion of endogenous Ub that was rescued by re-

expression of both Ub(WT) and Ub(K29R) but not the Ub(K27R)

mutant (Fig 2J). Moreover, unlike Ub(WT)-replaced cells, in which

DNA synthesis rates increased and subsequently declined during a

9-h interval following release from cell cycle synchronization in

early S phase as expected, DNA replication in Ub(K27R)-replaced

cells was markedly attenuated and continued to slowly increase

throughout this period (Fig EV2J). Together, these findings show

that K27-linked ubiquitylation is required for cell cycle progression

and proliferation of human cells.

Loss of K27-linked ubiquitylation deregulates p97 functionality in
the nucleus

Given the critical role of K27-linked ubiquitylation in promoting cell

proliferation, we utilized the Ub(K27R) replacement approach to

▸Figure 1. A cell-based system for conditional and selective abrogation of K27-linked ubiquitylation.

A Expression constructs (top) and two-step procedure (bottom) for generation of Doxycycline (DOX)-inducible Ub replacement cell lines.
B Experimental setup for assessing the ability of exogenous Ub variants to rescue clonogenic survival of U2OS/shUb cells. U2OS/shUb cells were co-transfected with

indicated plasmids to allow for FLP-FRT-mediated integration of an ectopic Ub expression cassette (1), which was selected with Hygromycin B (2). Expression of shUb
and ectopic Ub was induced by treatment with Doxycycline (DOX) (3), and colony formation was visualized by crystal violet staining.

C Quantification of rescue efficiency (3), normalized to FLP-FRT integration efficiency (2), for individual Ub variants (black bars, mean; n = 3 independent experiments).
See also Fig EV1D.

D U2OS/shUb and derivative Ub replacement cell lines treated with DOX for the indicated times or Ub E1 inhibitor (E1i) for 1 h were fixed and immunostained with Ub
conjugate-specific antibody (FK2). Levels of Ub conjugates were quantified using quantitative image-based cytometry (QIBC) (solid lines, median; dashed lines,
quartiles (a.u., arbitrary units); > 5,000 cells analyzed per condition).

E Immunoblot (IB) analysis of stable Ub replacement cell lines treated or not with DOX for 72 h.
F As in (E), except cells were exposed to ionizing radiation (IR, 2 Gy) 1 h before fixation and co-immunostained with indicated antibodies. Scale bar, 10 lm.
G Mass spectrometry-based quantification of native Ub(12-27) and Ub(12-27);K27R) peptides after Trypsin digestion. Data represent triplicate technical replicate

samples taken over a 96-h DOX induction time course of U2OS/shUb/HA-Ub(K27R)-c21 cells.
H As in (G), but for Ub(34-48) peptide.
I Ubiquitin linkage abundance in Ub(WT)- and Ub(K27R)-replaced cells as indicated by Ub di-Gly peptide quantification. HA-Ub conjugates from whole cell extracts of

Ub(WT) and Ub(K27R)-c21 replacement cell lines treated with DOX for 72 h were isolated by HA immunoprecipitation (IP) under denaturing conditions and analyzed
by quantitative label-free mass spectrometry (Figs 3D and EV3C and D) (black bars, median; n = 2–3 technical replicates; ****P < 0.0001, ns: not significant, unpaired
t-test). See Fig EV2C for the impact of Ub(K27R) replacement on K29-linkage abundance.

Data information: Data are representative of four (D) and three (E,F) independent experiments with similar outcome.

◀
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further explore the nature and functions of K27-linked ubiquityla-

tion in cells. We initially probed this using a commercially available

antibody to these Ub polymers (Ub-K27). Although the Ub-K27 anti-

body preferentially recognized K27-linkages among all eight purified

di-Ub chains, it showed weak but detectable reactivity with other

atypical Ub linkages, including K29 and K6, and lost specificity for

K27 linkages in longer, slow-migrating Ub chains in cell extracts

(Figs 3A and EV3A), limiting its suitability for specific isolation of

K27-linked Ub conjugates from cells. However, in immunofluores-

cence experiments, the Ub-K27 antibody exclusively reacted with

nuclear epitopes that were substantially reduced upon treatment

with a Ub E1 enzyme inhibitor and declined progressively upon

DOX-induced Ub(K27R) replacement unlike total levels of Ub (Figs

3B and C, and EV3B), indicating that this signal partially represents

K27 linkages. These observations suggest that in human cells K27-

linked ubiquitylation is predominantly a nuclear modification, in

good overall agreement with its observed importance for DNA repli-

cation and cell cycle progression.

In the absence of a suitable affinity reagent for the specific isola-

tion of K27-linked Ub conjugates, we utilized our Ub replacement

cell lines to globally quantify protein ubiquitylation changes result-

ing from targeted disruption of K27-linked ubiquitylation. To this

end, proteins modified by HA-tagged Ub following DOX-dependent

Ub replacement in the U2OS/shUb/HA-Ub(WT) and U2OS/shUb/

HA-Ub(K27R) cell lines were isolated by HA immunoprecipitation

(IP) under denaturing buffer conditions to avoid co-purification of

non-ubiquitylated proteins and analyzed by label-free MS-based

proteomics (Figs 3D and EV3C and D). Interestingly, while a large

majority of quantified proteins displayed similar ubiquitylation

status in Ub(WT)- and Ub(K27R)-replaced cells, further underscor-

ing that the induced Ub(K27R) protein retains full overall functional-

ity in supporting cellular ubiquitylation processes, we identified a

small subset of factors whose ubiquitylation level was significantly

decreased upon Ub(K27R) replacement (Figs 3E; Dataset EV1).

Among these proteins, we noted a striking enrichment of cofactors

for the p97 ATPase found in the nuclear p97 interactome (UFD1-

NPL4, p47, UBXD7, FAF1 and ATXN3) (Singh et al, 2019) as well as

nuclear proteins with a known interplay with p97, including

RAD23B and XPC (Fig 3E). Importantly, whole proteome analysis

showed that the altered ubiquitylation status of these factors in Ub

(K27R)-replaced cells was not due to changes in protein abundance

(Fig EV3E; Dataset EV2). For several of these proteins, we biochem-

ically verified their reduced ubiquitylation in Ub(K27R)- but not Ub

(K29R)-replaced cells (Figs 3F and G, and EV3F). These observa-

tions suggested a functional connection between K27-linked ubiqui-

tylation and p97 complexes in the nucleus. Consistent with this

possibility, steady-state levels of nuclear and chromatin-associated

Ub conjugates were markedly elevated in Ub(K27R)-replaced cells

and largely refractory to the impact of inhibiting p97 activity by the

allosteric p97 inhibitor NMS-873 (p97i), which caused strong accu-

mulation of nuclear and chromatin-bound Ub conjugates in Ub

(WT)-replaced cells as expected (Fig 3H and I). This was a specific

consequence of substituting endogenous Ub with Ub(K27R), as

U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cells

showed comparable steady-state levels of nuclear ubiquitylation

and a similar increase upon p97i treatment when Ub replacement

was not induced (Fig 3J). Interestingly, disabling K27-linked Ub

chain formation only had a marginal impact on the p97i-induced

accumulation of cytoplasmic Ub conjugates and levels of CHOP, an

established marker of endoplasmic reticulum-associated p97 activity

(Figs 3K and EV3G) (Anderson et al, 2015). This suggests that K27-

linked ubiquitylation mainly affects p97 functions in the nucleus,

consistent with the nuclear enrichment of K27-linkages. In line with

this, Ub(K27R)-replaced cells displayed increased chromatin associ-

ation of p97 and nuclear cofactors including p47 and UFD1 relative

to their Ub(WT) counterparts (Fig EV3H–J), further indicating

perturbed dynamics of nuclear p97-mediated processes upon

disabling K27-linked Ub chain formation. Together, these observa-

tions suggest that K27-linked ubiquitylation is functionally coupled

to nuclear p97-regulated processes.

K27-linked ubiquitylation promotes p97 substrate processing

Motivated by the above findings, we set out to address more directly

whether abrogating K27-linked ubiquitylation affects substrate

processing by p97. To this aim, we utilized an established

▸Figure 2. K27-linked ubiquitylation is required for proliferation and viability of human cells.

A Normalized logarithmic proliferation quantification for U2OS/shUb, U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines subjected to DOX treatment for
the indicated times, as determined by Incucyte image-based confluence analysis (mean � SEM; n = 3 independent experiments).

B As in (A), except cells were grown in the absence of DOX (mean � SEM; n = 3 independent experiments).
C Viability of U2OS/shUb, U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines treated or not with DOX, as determined by Resazurin metabolic assay

(mean � SEM; n = 3 independent experiments).
D Normalized logarithmic proliferation quantification for U2OS/shUb, U2OS/shUb/HA-Ub(WT), U2OS/shUb/HA-Ub(K29R) and U2OS/shUb/HA-Ub(K63R) cell lines

subjected to DOX treatment for the indicated times, as determined by Incucyte image-based confluence analysis (mean � SEM; n = 3 independent experiments).
E As in (D), except cells were grown in the absence of DOX (mean � SEM; n = 3 independent experiments).
F Viability of U2OS/shUb, U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines treated or not with DOX, as determined by Resazurin metabolic assay

(mean � SEM; n = 3 independent experiments).
G Cell cycle profiles of Ub replacement cell lines treated with DOX for the indicated times, pulsed with EdU and stained with HA antibody were determined by QIBC

analysis of DAPI and EdU signal intensities (> 2,000 cells analyzed per condition). Cells were gated for Ub replacement based on HA signal positivity.
H Ub replacement cells treated or not with Wee1i (1 lΜ) for 1.5 h were fixed and immunostained with H3-pS10 antibody. Mitotic indices were determined by

quantifying H3-pS10-positive cells using QIBC (black bars, mean; > 4,000 cells analyzed per condition; n = 8 independent experiments; **P < 0.01, ns: not significant,
paired t-test).

I Live-cell imaging-based quantification of mitotic entry in Ub replacement cell lines (bottom) treated as indicated (top) (black bars, mean; > 30 cells analyzed per
condition; n = 4 independent experiments).

J DNA synthesis rates of Ub replacement cell lines in (G) were analyzed by quantifying EdU signal intensity in S phase cells using QIBC (black bars, mean (a.u., arbitrary
units); > 1,000 S phase cells analyzed per condition).

Data information: Data (G,J) are representative of three independent experiments with similar outcome.
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fluorescent p97 model substrate, comprising a non-hydrolyzable Ub

(G76V)-GFP fusion construct that cannot be conjugated to substrate

proteins but is highly unstable under steady-state conditions due to

its polyubiquitylation and subsequent proteasomal destruction via

the Ub fusion degradation pathway (Dantuma et al, 2000). As

degradation of this model substrate via the proteasome requires

p97-dependent unfolding of polyubiquitylated Ub(G76V)-GFP mole-

cules (Beskow et al, 2009; Chou & Deshaies, 2011), inhibiting p97
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strongly stabilizes Ub(G76V)-GFP, thus providing a robust cell-

based fluorescent readout for p97 activity (Fig 4A and B). We gener-

ated derivative Ub(WT) and Ub(K27R) replacement cell lines with a

stably integrated shUb-resistant Ub(G76V)-GFP reporter and con-

firmed that in the absence of Ub replacement Ub(G76V)-GFP expres-

sion was tightly repressed but increased substantially upon p97i

treatment in both backgrounds (Fig EV4A). Importantly, however,

replacing endogenous Ub with Ub(K27R) but not Ub(WT) led to

markedly elevated Ub(G76V)-GFP expression in the absence of p97i

(Fig 4C and D). Addition of p97i only modestly increased

Ub(G76V)-GFP abundance in Ub(K27R)-replaced cells, unlike in Ub

(WT) cells (Fig 4C and D). By contrast, the basal expression of

Ub(G76V)-GFP and its p97i-induced stabilization were virtually identi-

cal in Ub(WT)- and Ub(K29R)-replaced cells (Fig EV4B). Although

degradation of Ub(G76V)-GFP requires the activity of both p97 and

the proteasome, high-molecular weight Ub conjugates accumulated to

a similar extent in U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub

(K27R) cells upon inhibition of the proteasome (Fig 4E), suggesting

that proteasomal activity remains overtly normal in Ub(K27R) cells.

Moreover, ubiquitylated forms of Ub(G76V)-GFP, which accumulate

upon inhibition of p97 but not the proteasome (Fig EV4C), possibly

due to the action of proteasome-associated DUBs (Collins & Goldberg,

2017; Bard et al, 2018), were prominent in Ub(K27R)- but not Ub

(WT)- or Ub(K29R)-replaced cells even in the absence of p97 inhibi-

tion (Figs 4D and EV4B). These observations suggest that K27-linked

ubiquitylation promotes the processing of ubiquitylated substrates at

the level of p97 but not the proteasome.

Given the importance of K27-linked ubiquitylation for p97-

dependent turnover of Ub(G76V)-GFP, we considered the possibility

that this model substrate is a direct target of K27-linked ubiquityla-

tion. Supporting this notion, MS analysis of the Ub(G76V)-GFP

reporter isolated under denaturing buffer conditions confirmed that

it was modified by K27-linked ubiquitylation, albeit to a lesser

extent than by K48- and K29-linkages (Fig 4F), both of which have

been previously shown to target Ub(G76V)-GFP (Liu et al, 2017).

Consistent with the MS data, the ubiquitylated forms of Ub(G76V)-

GFP were recognized by the partially specific Ub-K27 antibody

(Fig 4G; compare lanes 1 and 2; Fig 3A). Importantly, a K27R

mutation within Ub(G76V)-GFP (Ub(K27R,G76V)-GFP), which

prevents the ubiquitylation of K27 within the fused Ub protein but

not overall K27-linkage formation, selectively reduced the recogni-

tion of the band corresponding to Ub(G76V)-GFP monoubiquitylated

at K27 but not slower-migrating ubiquitylated forms of Ub(G76V)-

GFP (Fig 4G; compare lanes 2 and 3). By contrast, expressing Ub

(G76V)-GFP in Ub(K27R)-replaced cells, which only allows Ub

(G76V)-GFP ubiquitylation at K27 within the fused Ub but not K27-

linked extensions of Ub modifications on Ub(G76V)-GFP reduced

the level of all but the Ub(G76V)-GFP monoubiquitylation band

recognized by the Ub-K27 antibody (Fig 4G; compare lanes 2 and

4). In cells expressing Ub(K27R), this band was stronger than in Ub

(WT)-replaced cells, consistent with the impaired processing of

ubiquitylated forms of Ub(G76V)-GFP in Ub(K27R)-replaced cells

and the inability of these cells to extend this initial K27-linkage on

Ub(G76V)-GFP into longer K27-linked chains. When Ub(K27R,

G76V)-GFP was expressed in Ub(K27R)-replaced cells, thereby

preventing all K27-linkage formation on this substrate, little reactivity

with the Ub-K27 antibody was observed (Fig 4G; lane 5). These find-

ings show that the Ub(G76V)-GFP model p97 substrate is directly

modified by K27-linked ubiquitylation impacting both the K27 residue

in Ub(G76V) as well as Ub moieties attached to other lysines in Ub

(G76V)-GFP. Extending these observations, we found that the extent

of K27-linked ubiquitylation on Ub(G76V)-GFP model substrates

inversely correlated with their stability in cells. To this end, Ub(K27R/

G76V)-GFP was expressed at a moderately higher level than Ub

(G76V)-GFP in Ub(WT)-replaced cells but was further stabilized in

Ub(K27R)-replaced cells (Figs 4G and EV4D), as would be expected if

K27-linkage signals on Ub(G76V)-GFP stimulate its turnover via the

p97-proteasome pathway. In line with this, our MS analysis showed a

trend that both K27- and K29-linked Ub modifications accumulated on

Ub(G76V)-GFP upon inhibition of p97, although in the case of K27

linkages, the increase was modest and varied between individual

samples (Fig 4F). Combined, the data suggest that K27-linked ubiqui-

tylation of the Ub(G76V)-GFP model substrate facilitates its p97-

dependent proteasomal turnover.

In further support of an important role of K27-linked ubiquityla-

tion in facilitating p97 functions, phenotypical evidence at several

▸Figure 3. K27-linked ubiquitylation predominantly occurs in the nucleus and impacts the integrity of the p97 system.

A Immunoblot analysis of Ub-K27 antibody reactivity with recombinant linkage-specific di-Ub proteins.
B Representative images of U2OS/shUb/HA-Ub(WT) or U2OS/shUb/HA-Ub(K27R) cells immunostained with antibody to K27-linked Ub (Ub-K27). Scale bar, 10 lm.
C Intensity of nuclear signal recognized by Ub-K27 antibody in U2OS/shUb/HA-Ub(K27R) cells treated with DOX for the indicated times was quantified using QIBC

(solid lines, median; dashed lines, quartiles (a.u., arbitrary units); > 3,000 cells analyzed per condition).
D Schematic depicting experimental setup for isolation and quantitative label-free mass spectrometry analysis of HA-Ub conjugates isolated from whole cell lysates

of DOX-treated Ub(WT) and Ub(K27R)-c21 replacement cell lines by HA immunoprecipitation (IP) under denaturing conditions.
E Global ubiquitylation changes induced by Ub(K27R) replacement, profiled by mass spectrometry analysis of HA-Ub conjugates isolated as shown in (D) (see also Fig

EV3C and D; for full results see Dataset EV1). Volcano plot shows enrichment of individual proteins (HA-Ub(WT)/HA-Ub(K27R) ratio) plotted against the P value.
Significance thresholds (FDR < 0.05; s0 = 1) are indicated. Nuclear proteins with a known interplay with p97 are highlighted in red. See Fig 1I for Ub di-Gly peptide
quantification.

F, G HA-Ub conjugates isolated as in (D) were immunoblotted with indicated antibodies. See also Fig EV3F.
H DOX-treated Ub replacement cell lines treated with p97i for the indicated times were fixed and immunostained with Ub conjugate-specific antibody (FK2). Levels of

Ub conjugates in the nucleus were quantified using QIBC (solid lines, median; dashed lines, quartiles; > 2,500 cells analyzed per condition).
I As in (H), except cells were subjected to stringent pre-extraction before fixation (solid lines, median; dashed lines, quartiles; > 5,000 cells analyzed per condition).
J Uninduced U2OS/shUb/HA-Ub cell lines treated or not with p97i for 8 h were analyzed as in (H) (solid lines, median; dashed lines, quartiles; > 5,000 cells analyzed

per condition).
K As in (H), except cells were immunostained with CHOP antibody (solid lines, median; dashed lines, quartiles (a.u., arbitrary units); > 3,000 cells analyzed per

condition).

Data information: Data (A-C,F-K) are representative of three independent experiments with similar outcome.
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levels suggested an epistatic relationship between Ub(K27R)

replacement and p97 inhibition in cells: First, unlike its growth-

suppressive effect in Ub(WT)-expressing cells, low-dose p97i treat-

ment did not exacerbate the negative impact on proliferation

induced by Ub(K27R) replacement (Fig 4H). Second, whereas

knockdown of p97 led to accumulation of cells in G2 phase as

reported previously (Magnaghi et al, 2013; Heidelberger et al,

2018), similar to the effect of Ub-K27R replacement, reduced p97

expression did not further enhance the accumulation of Ub(K27R)-

replaced cells in G2 phase (Figs 4I and EV4E). Likewise, p97i treat-

ment diminished the mitotic index of Ub(WT)-replaced cells but had

no significant effect in Ub(K27R)-expressing cells (Fig 4J). Third, in

line with defective ubiquitylation of the nucleotide excision repair

(NER) factor XPC in Ub(K27R)-replaced cells (Fig 3E and F), we

found that its extraction from UV damage sites, which is mediated

by p97 (Puumalainen et al, 2014), was impaired to a similar extent

by p97i and Ub(K27R)-replacement whereas no additive impact of

these perturbations was observed (Fig EV4F–H). Similar effects

were seen for DDB2 (Fig EV4G and H), another DNA damage sensor

in NER whose displacement from UV-damaged chromatin is

promoted by p97 activity (Puumalainen et al, 2014). These data are

consistent with and further support defective p97-dependent

substrate processing in cells incapable of generating K27-linked Ub

chains.

Blocking K27-linkage signal decoding impairs p97-mediated
substrate turnover

We sought to ascertain the role of K27-linked ubiquitylation in

promoting the processing of p97 client proteins by means of an

orthogonal, Ub replacement-independent approach for interfering

with the functionality of these Ub polymers. To this aim, we took

advantage of the recently established ability of the DUB UCHL3 to

recognize K27 linkages with high affinity and selectivity (Zhang

et al, 2017; Pan et al, 2019; van Tilburg et al, 2020). We reasoned

that when expressed at high levels in cells, catalytically inactive

UCHL3 (UCHL3 C95S) may efficiently bind K27 linkages and

thereby block the biological signals elicited by these modifications.

Consistent with this rationale, the overexpression of UCHL3 C95S

strongly stabilized the Ub(G76V)-GFP p97 model substrate, similar

to Ub(K27R) replacement (Fig 5A and B). By contrast, a correspond-

ing catalytically inactive version of the structurally most closely

related DUB UCHL5 (UCHL5 C88S) that is not known to interact

with K27-linked Ub (Zhang et al, 2017) failed to stabilize Ub(G76V)-

GFP (Fig 5A and B). The expression of UCHL3 C95S also stabilized

Ub(G76V)-GFP in non-transformed RPE-1 cells (Fig EV5A). Impor-

tantly, the ability of catalytically inactive UCHL3 to stabilize the p97

model substrate was dependent on its ability to recognize K27 link-

ages. This was evident from a lack of Ub(G76V)-GFP stabilization

by UCHL3 C95S containing a D33A mutation that has been shown

to prevent UCHL3 binding to K27 linkages (Pan et al, 2019), a

finding we verified by showing that UCHL3 C95S, but neither

UCHL3 C95S/D33A nor UCHL5 C88S, interacts with purified K27-

linked di-Ub and associates with Ub(G76V)-GFP in cells, consistent

with this model substrate being directly modified by K27-linkages

(Figs 5A–C and 4F and G). Moreover, whereas Ub(G76V)-GFP mole-

cules stabilized by p97i were rapidly degraded upon withdrawal of

the inhibitor in control cells, this could be efficiently blocked by

expression of UCHL3 C95S but not UCHL3 C95S/D33A or UCHL5

C88S (Fig 5D), further supporting an impairment of p97-mediated

substrate processing upon interference with the functional decoding

of K27-linked Ub signals. To address whether UCHL3 C95S impedes

Ub(G76V)-GFP turnover at the level of p97 or the proteasome, we

employed a variant Ub(G76V)-GFP protein containing a C-terminal

20-amino acid extension (Ub(G76V)-GFP-20AA), which has been

shown to override the requirement for p97-mediated unfolding to

enable its proteasomal degradation (Beskow et al, 2009; Godderz

et al, 2015) (Fig 5E). We verified that in human cells the 20AA

extension alleviated the need for p97 activity to enable Ub(G76V)-

GFP degradation, whereas Ub(G76V)-GFP and Ub(G76V)-GFP-20AA

▸Figure 4. K27-linked ubiquitylation directly targets a p97 model substrate to promote its p97-dependent turnover and is functionally epistatic with p97
inhibition.

A Schematic of p97- and proteasome-dependent degradation of fluorescent Ub(G76V)-GFP reporter.
B Representative images (upper) and QIBC analysis (lower) (solid lines, median; dashed lines, quartiles; > 10,000 cells analyzed per condition) of Ub(G76V)-GFP

expression in stable U2OS/Ub(G76V)-GFP cells treated or not with p97i for 4 h.
C U2OS/shUb/HA-Ub replacement cell lines stably expressing shUb-resistant Ub(G76V)-GFP reporter were treated with DOX and p97i as indicated, and nuclear Ub

(G76V)-GFP signal intensity was analyzed by QIBC (black bars, mean; 150–750 GFP-positive cells analyzed per condition).
D DOX-treated U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines were transfected with shUb-resistant Ub(G76V)-GFP construct and treated or not with

p97i for 4 h. Cell extracts were subjected to GFP IP followed by immunoblotting with indicated antibodies.
E Immunoblot analysis of DOX-treated U2OS/shUb/HA-Ub cell lines treated or not with MG132 for 4 h.
F U2OS/Ub(G76V)-GFP cells left untreated or incubated with p97i or MG132 for 4 h were subjected to denaturing GFP IP and analyzed by quantitative label-free mass

spectrometry. Intensity of indicated Ub di-Gly peptides was normalized to GFP peptide intensity (black bars, median; n = 4 independent samples (technical
replicates)).

G DOX-treated U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines transfected with indicated Ub(G76V)-GFP expression constructs were subjected to GFP IP
under denaturing conditions followed by immunoblotting with indicated antibodies.

H Normalized logarithmic proliferation quantification for U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines subjected or not to low-dose (1.5 lM) p97i
treatment 48 h after DOX addition, as determined by Incucyte image-based confluence analysis (mean � SEM; n = 3 independent experiments).

I Proportion of DOX-treated, siRNA-transfected Ub replacement cells in G2 phase, assayed by EdU incorporation, was determined by QIBC (black bars, mean; n = 5–6
independent experiments; **P < 0.01, ns: not significant, Mann–Whitney test).

J Proportion of DOX-treated U2OS/shUb/HA-Ub(WT) and U2OS/shUb/HA-Ub(K27R) cell lines, which were subjected to p97i or not for different times, in M phase was
determined by staining with a H3-pS10 antibody using QIBC (black bars, mean; n = 3–5 independent experiments; > 4,000 cells analyzed per condition, **P < 0.01,
ns: not significant, Mann–Whitney test).

Data information: Data are representative of four (G) and three (B-E) independent experiments with similar outcome.
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were stabilized to a similar extent upon inhibition of the proteasome

(Fig 5F and G). Importantly, Ub(G76V)-GFP-20AA was much less

responsive to the stabilizing effect of overexpressed UCHL3 C95S

than Ub(G76V)-GFP (Fig 5H), suggesting that the shielding of K27-

linkages by UCHL3 C95S mainly impairs the turnover of

ubiquitylated substrates at the level of p97. Interestingly, in line

with its inefficient stabilization by UCHL3 C95S, Ub(G76V)-GFP-

20AA exhibited greatly reduced interaction with UCHL3 C95S

compared to Ub(G76V)-GFP (Fig 5I). This raises the possibility that

K27-linked ubiquitylation of proteasomal substrates may be
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positively correlated with their requirement for p97-mediated

processing to enable subsequent degradation.

Although nuclear p97 cofactors displayed reduced ubiquitylation

status in Ub(K27R)-replaced cells, they did not show detectable

interaction with UCHL3 C95S unlike Ub(G76V)-GFP (Fig EV5B),

indicating that p97 cofactors may not be direct targets of K27-linked

ubiquitylation. Likewise, Ub(K27R) replacement neither affected

interactions between p97 and nuclear cofactors nor p97 ATPase

activity (Fig EV5C–E). Thus, whereas the p97-proteasome pathway

substrate Ub(G76V)-GFP is modified by K27-linked ubiquitylation,

we did not obtain supportive evidence for K27-linkages directly

impacting the p97 system per se. Altogether, these findings are

consistent with a role of K27-linkages impinging directly on polyu-

biquitylated substrates and possibly other factors in facilitating their

processing by p97 and ensuing degradation by the proteasome.

Discussion

Although K27-linked Ub chains have been implicated in several

cellular processes, including the DNA damage response and innate

immunity (Gatti et al, 2015; Swatek & Komander, 2016; van Huizen

& Kikkert, 2019), deciphering the precise function of K27-linked

ubiquitylation and its relative importance for cell growth and

survival has remained a major challenge due to a lack of approaches

for specifically isolating and manipulating this Ub chain type. To

remedy this fundamental knowledge gap, we leveraged a validated

Ub replacement strategy to characterize the cellular phenotypes aris-

ing from targeted disruption of K27-linked Ub chain formation,

revealing for the first time that K27-linked ubiquitylation has a criti-

cal role in supporting proliferation and viability of human cells. This

is notable considering the low abundance of K27-linkages in

mammalian cells and is further reinforced by our observation that

preventing the formation of K29-linked Ub chains, which make up a

considerably larger proportion of cellular Ub conjugates (Dammer

et al, 2011; Swatek et al, 2019), only had a modest impact on cell

cycle progression and proliferation. We consider it unlikely for

several reasons that the phenotypes resulting from induction of the

Ub(K27R) allele are an indirect consequence of overtly perturbed Ub

functionality rather than a block to K27-linked Ub chain formation

per se. First, Ub(K27R)-replaced cells show unchanged levels of

most other Ub linkage topologies and ubiquitylated proteins, imply-

ing that the ectopic Ub(K27R) protein retains general functionality

in cells. Second, a Ub mutant-independent approach for blocking

recognition of K27 linkages in cells via overexpression of a specific

high-affinity binder of this modification (UCHL3 C95S) to outcom-

pete the binding of endogenous decoders of K27-linkage signals

phenocopies impaired p97 substrate processing seen in Ub(K27R)-

replaced cells. Third, modeling analysis indicates that a K27R

substitution has no significant impact on the structure and folding

of Ub (Fig EV5F), and yeast strains carrying a Ub(K27R) mutation

only show mildly reduced growth (Xu et al, 2009b; Roscoe et al,

2013). We note in this context that while the K27R mutation has

been suggested to decrease the stability of Ub (Kudriaeva et al,

2021), no pronounced difference in the half-lives of the ectopic

Ub(WT) and Ub(K27R) proteins was apparent in our Ub-replaced

cells.

While the observed impact of Ub(K27R) replacement in under-

mining cell cycle progression and proliferation may represent a

composite effect of modulating different cellular processes regu-

lated by K27-linked ubiquitylation, several lines of evidence

presented here functionally couple this Ub chain type to the p97

machinery and suggest impaired processing of p97 substrates as

one key determinant of the reduced fitness of Ub(K27R)-replaced

cells. First, unbiased proteomic profiling of ubiquitylation changes

resulting from abrogation of K27-linked ubiquitylation revealed a

signature of nuclear p97 cofactors and proteins with a known

interplay with p97 among the small number of regulated proteins.

Although these factors may not be direct targets of K27-linked

ubiquitylation and it remains to be established why their overall

ubiquitylation is reduced in Ub(K27R)-replaced cells, such global

insights offer important clues to the identity of cellular proteins

and processes affected by manipulating K27-linked Ub chain

formation. Second, abrogating K27-linked ubiquitylation and

inhibiting p97 activity not only had an equivalent but also

epistatic impact on processes including cell proliferation, cell cycle

progression and protein recruitment to damaged DNA, in which

key roles of p97 are well established (van den Boom & Meyer,

2018). Third, using fluorescent reporters of p97 and proteasome

activity we obtained direct evidence for impaired p97- but not

proteasome-dependent substrate processing upon Ub(K27R)

replacement or K27-linkage binder (UCHL3 C95S) overexpression.

▸Figure 5. Blocking the decoding of K27-linked ubiquitylation signals impairs p97 substrate turnover.

A FLAG IPs from U2OS cells transfected with indicated FLAG-tagged expression constructs were incubated with purified K27 di-Ub and analyzed by immunoblotting.
B U2OS/Ub(G76V)-GFP cells were transfected with indicated FLAG-tagged expression constructs, and levels of Ub(G76V)-GFP in cells gated for FLAG expression were

quantified using QIBC (solid lines, median; dashed lines, quartiles; > 2,000 transfected cells analyzed per condition).
C Cells transfected as in (B) and treated or not with p97i for 4 h were subjected to GFP IP followed by immunoblotting.
D Cells transfected as in (B) were treated with p97i (4 h) and harvested at the indicated times after removal of the drug. Levels of Ub(G76V)-GFP in cells gated as in (B)

were quantified using QIBC (solid lines, median; dashed lines, quartiles; > 1,000 transfected cells analyzed per condition).
E Schematic of fluorescent Ub(G76V)-GFP and Ub(G76V)-GFP-20AA reporters and their dependency on p97 and/or proteasome activity for their turnover.
F U2OS/Ub(G76V)-GFP and U2OS/Ub(G76V)-GFP-20AA cell lines were treated or not with p97i (5 lΜ) for the indicated periods of time, and levels of GFP signal were

quantified using QIBC (solid lines, median; dashed lines, quartiles; > 10,000 cells analyzed per condition).
G As in (F), except cells were treated with MG132 for the indicated times (solid lines, median; dashed lines, quartiles; > 10,000 cells analyzed per condition).
H U2OS/Ub(G76V)-GFP and U2OS/Ub(G76V)-20AA-GFP cell lines were transfected with indicated FLAG-tagged expression constructs, and GFP levels in cells gated for

FLAG expression were quantified using QIBC (solid lines, median; dashed lines, quartiles; > 2,000 transfected cells analyzed per condition).
I U2OS/Ub(G76V)-GFP and U2OS/Ub(G76V)-20AA-GFP cell lines were transfected or not with FLAG-UCHL3 C95S expression construct, treated with MG132 for 2 h and

subjected to GFP IP followed by immunoblotting.

Data information: Data are representative of six (B) and three (A,C,D,F-I) independent experiments with similar outcome.
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Moreover, abolishing K27-linked Ub chain formation selectively

deregulated nuclear p97 activity, in agreement with the enrich-

ment of these Ub linkages in the nucleus. Thus, despite the limita-

tions imposed by the current lack of specific tools for identifying

direct targets of K27-linked ubiquitylation, a consistent theme

emanating from our study is the importance of these Ub polymers

in human cells for promoting the processing of ubiquitylated

nuclear substrates by the p97 system, which is crucial for

proteostasis and cell fitness (van den Boom & Meyer, 2018). This

may help to explain why in our replacement cell lines K27-linked

Ub chains appear to be more critical than K29-linked ubiquityla-

tion for proliferation, despite their lower abundance.

Precisely how K27-linked ubiquitylation facilitates the turnover

of ubiquitylated substrates via p97 remains to be established, but

our data suggest that this is at least partially mediated by K27-

linkage modifications targeting p97 substrates directly. To this end,

our proteomic analysis and ubiquitylation assays demonstrated that

the p97-proteasome pathway model substrate Ub(G76V)-GFP is

directly modified by K27-linked ubiquitylation, albeit at a lower

level than K48- and K29-linkages, which are well-established

signals for proteasomal degradation and have previously been

implicated in Ub(G76V)-GFP turnover (Liu et al, 2017). Our

complementary findings from experiments with the K27-selective

binder UCHL3 C95S provide further evidence in support of a role

for K27-linked ubiquitylation in impacting p97-mediated processing

at the level of the ubiquitylated substrate. Specifically, we found

that UCHL3 C95S interacted with and strongly stabilized Ub(G76V)-

GFP in a manner that was dependent on its previously reported

ability to bind K27-linkages with high selectivity (Zhang et al,

2017; Pan et al, 2019; van Tilburg et al, 2020). By contrast, an

extended version of the Ub(G76V)-GFP substrate that is largely

refractory to the requirement of p97-mediated unfolding for protea-

somal degradation neither bound to nor showed pronounced stabi-

lization by UCHL3 C95S. This suggests that the direct binding of

UCHL3 C95S to K27-ubiquitylated Ub(G76V)-GFP impairs its

processing by p97 that enables subsequent proteasomal destruc-

tion. A role for K27-linked Ub polymers in facilitating proteasomal

degradation of ubiquitylated substrates via p97 is consistent with

previous findings showing that total K27-linkage abundance

increases upon proteasome inhibition, similar to K48- and K29-

linkages (Kim et al, 2011; Heidelberger et al, 2018). It is worth

noting in this context that the Ub-binding UBA2 domain in the

predominantly nuclear proteasomal shuttle factor RAD23A not only

binds K48-linked Ub chains but has also been shown to recognize

K27-linkages with comparable affinity (Castaneda et al, 2016).

Thus, K27-linkages residing on p97-processed ubiquitylated

substrates might potentially help to promote RAD23-mediated

escorting of the substrate to the proteasome, a possibility that

awaits experimental clarification. Unlike the p97-proteasome path-

way model substrate Ub(G76V)-GFP, we found no evidence for

K27-linked ubiquitylation being directly targeted to the p97 machin-

ery per se. Moreover, the function of the proteasome appeared

overtly normal in Ub(K27R)-replaced cells. However, it remains

possible that in addition to targeting p97 substrates directly, K27-

linked Ub polymers may impact p97-dependent processing of ubiq-

uitylated proteins in additional ways that were not picked up in

our assays, and further studies will be required to delineate the

precise mechanistic underpinnings of the emerging role of K27-

linked Ub chains in supporting cell proliferation and fitness via the

p97 system and other pathways. The findings and experimental

models reported here provide an entry point for further targeted

exploration of the hitherto concealed biological functions of atypi-

cal ubiquitylation via K27-linkages.

Materials and Methods

Cell culture

All mammalian cells were cultured under standard conditions at

37°C and 5% CO2 in DMEM (Thermo) supplemented with 10% FBS

(v/v) and penicillin-streptomycin (Thermo). Recombination

cloning-compatible U2OS cells were generated using the Flp-In T-

Rex Core Kit (Thermo) according to manufacturer instructions and

maintained under selection using Blasticidin (Invivogen) and Zeocin

(Thermo). To generate U2OS/shUb cells, U2OS(FlpIn) cells were

transfected with pPuro-shUb and selected with puromycin (Sigma).

Derivative cell lines stably expressing the Ub replacement expres-

sion cassette (U2OS/shUb/HA-Ub) were generated by co-

transfection of U2OS/shUb with pcDNA5/FRT/TO-UBA52/HA-

RPS27A and pOG44 (Thermo) plasmids, followed by selection with

Hygromycin B (Thermo). Stable clones were carefully screened for

uniform expression of ectopic Ub at levels matching those of

endogenous Ub and maintained under selection with blasticidin,

puromycin and hgromycin B. Ub replacement was initiated by treat-

ment with Doxycycline (DOX) (0.5 µg/ml) for 72 h unless otherwise

indicated. U2OS cells and derivative cell lines stably expressing

shUb-resistant Ub(G76V)-GFP or Ub(G76V)-GFP-20AA were gener-

ated by transfection and selection with G418 (Invivogen). U2OS/Ub

(G76V)-GFP and U2OS/Ub(G76V)-GFP-20AA clones were visually

screened for low basal GFP expression. All cell lines used in this

study were regularly tested negative for mycoplasma infection but

were not authenticated. Unless otherwise indicated, the following

drug concentrations were used: MLN-7243 (E1i; 5 lM, Active

Biochem), NMS-873 (p97i; 5 lM, Sigma), MG132 (20 lM; Sigma),

MK-1775 (Wee1i; 1 lM, Selleckchem), RO-3306 (CDK1i; 10 lM,

Sigma), Actinomycin D (ActD; 2 lg/ml, Sigma).

Plasmids and siRNAs

Inducible silencing of endogenous Ub expression was performed

using pPuro-shUb (kind gift from Zhijian Chen, University of Texas

Southwestern Medical Center), as previously described (Xu et al,

2009a). In brief, shUb encodes tandem sequences of 50-
ACACCATTGAGAATGTCAA-30 targeting UBC and UBA52, and 50-
AGGCCAAGATCCAGGATAA-30 targeting UBB and RPS27A

(Fig EV1A). An inducible expression cassette encoding shRNA-

resistant UBA52 and RPS27A (kind gift from Zhijian Chen, Univer-

sity of Texas Southwestern Medical Center) was cloned into

pcDNA5/FRT/TO (Thermo). Ub mutagenesis was performed using

the Q5 Site-Directed Mutagenesis kit (New England Biolabs) and the

following primer sets: UBA52 K27R: 50-GAAAACGTCAGAGC
CAAAATTC-30 and 50-GATTGTATCACTGGGCTC-30; RPS27A K27R:

50-GAAAATGTAAGAGCTAAAATTCAGGAC-30 and 50-TATCGTATCC
GAGGGTTC-30; UBA52 K29R: 50-GTCAAAGCCAGAATTCAAGAC-30

and 50-GTTTTCGATTGTATCACTG-30; RPS27A K29R: 50- GTAA

Robert F Shearer et al The EMBO Journal
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AAGCTAGAATTCAGGACAAG-30 and 50-ATTTTCTATCGTATCCG
AG-30; UBA52 K33R: 50-ATTCAAGACAGGGAGGGTATC-30 and 50-
TTTGGCTTTGACGTTTTC-30; RPS27A K33R: 50-ATTCAGGACAG
GGAAGGAATTC-30 and 50-TTTAGCTTTTACATTTTCTATCG-30.
Mammalian expression construct encoding Ub(G76V)-GFP (Dan-

tuma et al, 2000) was a kind gift from Nico Dantuma (Karolinska

Institute, Stockholm, Sweden). An shUb-resistant version of Ub

(G76V)-GFP was generated using the Q5 Site-Directed Mutagenesis

kit with primer set 50-AAAACGTAAAGGCAAAGATCCAAGAT
AAGG-30 and 50-CGATAGTATCACTGGGCTCAACCTCG-30 according
to manufacturer’s instructions. Ub(K27R/G76V)-GFP was derived

from shUb-resistant Ub(G76V)-GFP using the Q5 Site-directed muta-

genesis kit and primers 50-GAAAACGTAAGGGCAAAGATC-30 and

50-GATAGTATCACTGGGCTC-30. Ub(G76V)-GFP-20AA (Godderz

et al, 2015) was derived from Ub(G76V)-GFP using the Q5 Site-

Directed Mutagenesis kit with primer set 50-TTCGAGGGCAAGCCC
ATCCCCAACCCCCTGTAAAGCGGCCGCGACTCT-30 and 50-GGGGCC
CCTGCTCTCCAGGGGCCTGCAGCTCTTGTACAGCTCGTCCATGC-30.
Inactivating mutations (FLAG-UCHL3 C95S, FLAG-UCHL3 C95S/

D33A and FLAG-UCHL5 C88S) were introduced into DUB expression

plasmids described previously (Mosbech et al, 2013) using the Q5

Site-Directed Mutagenesis kit.

All siRNAs were used at 20 nM and transfected with Lipofec-

tamine RNAiMAX reagent (Thermo) according to manufacturer’s

instructions. The following siRNA oligonucleotides were used: Non-

targeting control (CTRL): 50-GGGAUACCUAGACGUUCUA-30; p97:

Dharmacon SmartPool (D-008727).

Cell lysis and immunoprecipitation

Immunoprecipitation (IP) of HA-tagged proteins was performed

using Anti-HA Affinity matrix (Roche) under denaturing conditions,

unless otherwise stated. GFP-trap (Chromotek) was used according

to manufacturer’s instructions. Cell lysis was performed using RIPA

buffer (140 mM NaCl; 10 mM Tris-HCl (pH 8.0); 0.1% sodium

deoxycholate (w/v); 1% Triton X-100 (v/v); 0.1% SDS (w/v);

1 mM EDTA; 0.5 mM EGTA). IPs were washed in non-denaturing

buffer (150 mM NaCl; 50 mM Tris-HCl; 0.5mM EDTA). All lysis and

IPs indicated as under denaturing conditions were performed in

denaturing buffer (50 mM NaCl; 20 mM Tris-HCL (pH 7.5); 0.5%

sodium deoxycholate (w/v); 0.5% igepal (v/v); 0.5% SDS (w/v);

1 mM EDTA). All lysis and wash buffers were supplemented with

1 mM fresh PMSF Protease Inhibitor (Thermo), complete EDTA-free

protease inhibitor Cocktail Tablets (Roche), 1.25 mM N-

ethylmaleimide (Sigma) and 50 µM PR-619 (Calbiochem).

Chromatin fractionation

Fractionation of cell pellets was performed as described (Borger-

mann et al, 2019). In brief, cell pellets were washed and resus-

pended in cytoplasmic extraction buffer (10 mM Tris; 10 mM KCl;

1.5 mM MgCl2; 0.34 M sucrose; 10% glycerol (v/v); 0.1% Triton

(v/v)) and incubated for 15 min on ice. Cells were pelleted and

supernatant (cytoplasmic fraction) was removed to a separate tube.

Cells were washed in cytoplasmic extraction buffer and pellets

resuspended in RIPA buffer and incubated for 15 min at 37°C. Cells

were pelleted and supernatant (chromatin fraction) was removed to

a separate tube.

Immunofluorescence

Mammalian cells grown on coverslips were fixed in formalin buffer

(VWR) for 15 min at room temperature (RT). Cells were permeabi-

lized with PBS containing 0.5% Triton-X for 5 min and blocked with

5% BSA (Sigma) for 1 h prior to staining with indicated primary

antibodies overnight at 4°C. After 3 washes cells were stained with

a combination of Alexa Fluor secondary antibodies and 40,6-
Diamidino-2-Phenylindole (DAPI; Molecular Probes) for 1 h at RT

in the dark. Finally, after 4 further rounds of washing, coverslips

were dried and mounted on glass slides using Mowiol (Sigma).

Where indicated, cells were pre-extracted prior to fixation using

either CSK buffer (100 mM NaCl; 10 mM HEPES; 3 mM MgCl2;

300 mM sucrose; 0.25% Triton-X; 1 mM PMSF) or a stringent pre-

extraction buffer (10 mM Tris-HCl, pH 7.4; 2.5 mM MgCl2; 0.5%

igepal; 1 mM PMSF). K29-linked Ub conjugates were visualized

using a K29-Ub-specific synthetic antigen binder (sAB-K29; kind gift

from Minglei Zhao (University of Chicago)) (Yu et al, 2021) and

Alexa Fluor 488 AffiniPure F(ab0)2 Fragment Donkey Anti-Human

IgG (Jackson Immunoresearch). Local UV damage was induced by

irradiating cells on coverslips with 100 J/m2 through a PBS-

equilibrated membrane of 8 lm pores and fixing at the indicated

timepoints. To determine cell cycle distribution, nascent DNA

synthesis was estimated by assessing 5-ethynyl-20-deoxyuridine
(EdU; Thermo) incorporation. Cells were incubated with 10 lΜ EdU

for 1 h prior to labelling with Click-iT Plus EdU Alexa Fluor 647

Imaging Kit (Thermo) according to manufacturer’s instructions. To

assess transcription efficiency, nascent RNA production was

detected using the Click-iT RNA Alexa Fluor 594 Imaging Kit

(Thermo) according to manufacturer’s instructions. Finally, to

assess translation efficiency, nascent protein production was

detected by incubating cells in methionine-free DMEM (Thermo)

supplemented with 50 lM of the methionine analog L-

Azidohomoalanine (AHA; Thermo) for 3 h, prior to labeling with

Alexa Fluor 488 Alkyne (Thermo). Quantitative image-based cytom-

etry (QIBC) was performed as described (Toledo et al, 2013). In

brief, cells were fixed, permeabilized and stained as described

above. Images were acquired with a ScanR high-content screening

microscope (Olympus). Automated and unbiased image analysis

was carried out with the ScanR analysis software (version 2.8.1).

Data were exported and processed using Spotfire software (version

10.5.0; Tibco).

Antibodies

Antibodies used for immunoblotting included: Actin (MAB1501,

Millipore (1:50,000 dilution), RRID: AB_2223041), GAPDH (sc-

20357, Santa Cruz (1:5,000),RRID: AB_641107), GFP (11814460001,

Sigma (1:1,000), RRID: AB_390913), HA (11867423001, Roche

(1:1,000), RRID: AB_390918), FLAG (F1804, Sigma (1:5,000), RRID:

AB_262044), K27-linked Ub (ab181537, Abcam (1:5,000), RRID:

AB_2713902), NPL4 (13489, Cell Signaling (1:1,000), RRID: AB_

2798232), p47 (NBP2-13677, Novus (1:1,000)), p97 (ab11433,

Abcam (1:1,000), RRID: AB_298039), PCNA (sc-56, Santa Cruz

(1:1,000), RRID: AB_628110), RAD23B (A302-306A, Bethyl

(1:1,000), AB_1850216), RPS27A (ab111598, Abcam (1:1,000),

RRID: AB_10863285), Tubulin (T9026, Sigma (1:50,000)), UBA52

(PA5-23685, Thermo (1:1,000), RRID: AB_2541185), Ub (BML-
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PW8810, Enzo (1:1,000) and sc-8017 (P4D1), Santa Cruz (1:1,000),

RRID: AB_2762364), UFD1 (13789, Cell Signaling (1:1,000), RRID:

AB_2798313), XPC (A301-122A, Bethyl (1:1,000), RRID: AB_

2288476). Antibodies used for immunofluorescence included: 53BP1

(sc-22760, Santa Cruz (1:1,000), RRID: AB_2256326 and sc-10911,

Santa Cruz (1:500), RRID: AB_633428), DDB2 (ab51017, Abcam

(1:100), RRID: AB_869426), DDIT3/CHOP (ab11419 (1:100)), HA

(11867423001, Roche (1:500), RRID: AB_390918), K27-linked Ub

(ab181537, Abcam (1:1,000), RRID: AB_2713902), K48-linked Ub

(05-1307, Sigma (1:200), RRID: AB_1587578), K63-linked Ub (BML-

PW0600-0025, Enzo (1:100), RRID: AB_2052278), p47 (NBP2-

13677, Novus (1:200)), p97 (ab11433, Abcam (1:400), RRID: AB_

298039), Ub (BML-PW8810, Enzo (1:100)), UFD1 (13789, Cell

Signaling (1:200), RRID: AB_2798313), XPC (X1129, Sigma (1: 500),

RRID: AB_796182), c-H2AX (05-636, Sigma (1:1,000), RRID: AB_

309864).

Di-Ub binding assays

The reactivity of K27-Ub antibody with individual recombinant

linkage-specific di-Ub proteins (Boston Biochem) was analyzed

using standard immunoblot procedure. Loading was determined

on a duplicate di-Ub gel stained using Silver stain kit (Pierce)

according to manufacturer’s instructions. For analysis of DUB

binding to K27 di-Ub, U2OS cells were transfected with DUB plas-

mids overnight and lysed in 150 mM NaCl; 50 mM Tris, pH 7.5;

1 mM EDTA; 0.5% Igepal supplemented with 1 mM fresh PMSF

protease inhibitor (Thermo) and complete EDTA-free protease

inhibitor cocktail tablets (Roche). Lysates were cleared prior to 5-

fold dilution in high salt wash buffer (500 mM NaCl; 20 mM Tris,

pH 8.0; 2 mM EDTA; 1% Triton-X). Recombinant DUBs were then

enriched with Anti-FLAG M2 Affinity Gel (Sigma). Beads were

washed with high salt wash buffer prior to equilibration with di-

Ub binding buffer (150 mM NaCl; 50 mM Tris, pH 8.0; 10% glyc-

erol; 0.5% Igepal). K27-linked di-Ub (Boston Biochem) was incu-

bated with beads for 3 h at room temperature prior to di-Ub

binding buffer washes and elution by boiling in the presence of

loading buffer.

ATPase activity assay

Endogenous p97 was enriched from whole cell lysates under dena-

turing conditions and ATPase activity determined using the

ATPase/GTPase Activity Assay Kit (Sigma), according to manufac-

turer’s instructions.

Clonogenic assay

U2OS/shUb cells were seeded at low density and co-transfected with

pcDNA5/FRT/TO-UBA52/HA-RPS27A (WT or K-R mutants) and

pOG44 plasmids to induce recombination. Transfection pools were

split into two plates and colonies were established for 48 h under

Hygromycin B selection. Doxycycline was added to one of the dishes

and colonies expanded for 120 h, prior to staining with crystal violet

solution (Sigma). DOX-treated plates were seeded at 5 times density

to Hygromycin B only plates. Colonies on the Hygromycin B plate

and the Hygromycin B/Doxycycline plate were counted for recombi-

nation efficiency and Ub viability rescue efficiency, respectively.

Colony counts performed using GelCount (Oxford Optronix) imag-

ing system and software (version 1.2.4.2).

Proliferation and viability assays

Relative cell proliferation was measured using an Incucyte S3

Live-Cell Analysis System. Cells (1 × 104) were seeded in triplicate

into a 24-well plate 24 h prior to Doxycycline addition. Cells were

imaged at 3 h intervals after doxycycline addition with a mean

confluency determined from 4 images per well. Relative cell viabil-

ity was determined by metabolic conversion of resazurin sodium

salt (Sigma) into fluorescent resofurin. In brief, cells (1 × 104)

were seeded into a 96-well plate and incubated overnight. Resa-

zurin solution was diluted to 10 µg/ml in base medium and

200 µl was added to each well and incubated for 2 h. Fluores-

cence was measured at 544 nm excitation and 590–10 nm emis-

sion using a POLARstar OMEGA plate reader (BMG Labtech).

After addition of doxycycline, resazurin conversion was measured

in 24 h intervals.

Live-cell imaging

Cells were seeded into a µ-slide 8 well (Ibidi) imaging dish 24 h

prior to imaging. Imaging was performed for 36 h using a DeltaVi-

sion Elite microscope (GE Healthcare) equipped with a 40x oil

objective lens (numerical aperture 1.35) and CoolSNAP HQ2 camera

(Photometrics). Cells were maintained at 37°C in Leibovitz L-15

medium (Gibco) supplemented with 10% FCS. Image acquisition

and analysis was performed using SoftWoRx (GE Healthcare) soft-

ware. Mitotic cells were counted as percentage of cells entering

mitosis from those imaged throughout the time course.

Whole proteome sample preparation

Snap-frozen sample pellets were lysed in 20% [v/v] 2,2,2-

trifluoroethanol in 100 mM Tris-HCl, pH 8.0 supplemented with

5 mM DTT and heated for 10 min at 95°C. Lysates were sonicated

in a Biorupter (Diagenode) for 15 min prior to the addition of

25 mM chloroacetamide and incubated for 20 min. Samples were

eluted in 100 mM Tris-HCl, pH 8.0 and digested with trypsin (1:50)

overnight at 37°C at 1,500 rpm. Peptides were desalted and purified

using styrenedivinylbenzene-reversed phase sulfonate (SDB-RPS)

StageTips prepared in 0.2% trifluoroacetic acid (TFA). Peptides

were washed and eluted with 80% acetonitrile (ACN); 1% ammonia

prior to vacuum-drying. Dried peptides were reconstituted in 2%

ACN and 0.1% TFA.

Affinity purification and mass spectrometry (AP-MS)
sample preparation

HA-tag affinity purification was performed as described above.

Partial on-bead digest was performed using 2 M urea; 2 mM DTT;

20 µg/ml Trypsin; 50 mM Tris, pH 7.5 incubated at 37°C for 30 min

at 1,400 rpm. Supernatants were transferred to new tubes, alkylated

with 25 mM chloroacetamide and further digested overnight at RT.

Digestion was terminated with 1% TFA. Peptides were purified and

desalted using SDB-RPS StageTips and eluted as for whole proteome

samples.
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Liquid chromatography-mass spectrometry (LC-MS) analysis

Nanoflow LC-MS analysis of tryptic peptides was performed on a

quadrupole Orbitrap mass spectrometer (Q Exactive HF-X, Thermo)

coupled to an EASY-nLC1200 system (Thermo) via a nano-

electrospray ion source. Approx. 0.25 µg of sample was loaded on a

50-cm HPLC-column (75-lm inner diameter, New Objective, USA;

in-house packed using ReproSil-Pur C18-AQ 1.9-µm silica beads; Dr

Maisch GmbH, Germany). Peptides were separated using a linear

gradient from 5 to 60% solvent B (80% CAN; 0.1% formic acid) in

solvent A (0.1% formic acid). Run duration was 100 min (whole

proteome) or 60 min (AP-MS). Column temperature was maintained

at 60°C. Peptide detection occurred using “top-15” (whole

proteome) or “top-10” (AP-MS) data-dependent mode, collecting MS

spectra in the Orbitrap mass analyzer (60,000 resolution, 300–

1,650 m/z range) with an automatic gain control (AGC) target of

3 × 106 and a maximum ion injection time of 25 ms. The most

intense ions from the full scan were isolated with an isolation width

of 1.4 m/z. Following higher-energy collisional dissociation (HCD)

with a normalized collision energy (NCE) of 27%, MS/MS spectra

were collected in the Orbitrap (15,000 resolution) with an AGC

target of 1 × 105 and a maximum ion injection time of 28 ms (whole

proteome) or 50 ms (AP-MS). Precursor dynamic exclusion was

enabled with a duration of 30 s.

Raw file processing and bioinformatic analyses

MS raw files were processed with MaxQuant software (Cox & Mann,

2008) (version 1.5.0.38). The integrated Andromeda search engine

(Cox et al, 2011) was used for peptide and protein identification at

an FDR of < 1%. The human UniProtKB database (October 2017)

was used as forward database and the automatically generated

reverse database for the decoy search. A modified ubiquitin

sequence substituting lysine at position 27 with arginine (K27R

substitution) was included. A minimum threshold of 7 amino acids

was used for peptide identification. Proteins that could not be

discriminated by unique peptides were assigned to the same protein

group (Cox & Mann, 2008). Label-free protein quantification was

performed using the MaxLFQ algorithm (Cox et al, 2014). Protein

ratios were determined based on median peptide ratios and only

common peptides were used for pair-wise ratio calculations. The

“match-between-runs” feature of MaxQuant was enabled to transfer

peptide identifications across runs based on high mass accuracy and

normalized retention times. Prior to data analysis, proteins found as

reverse hits or only identified by site-modification, were filtered out.

All statistical and bioinformatic analyses were performed using

Perseus (Tyanova et al, 2016) or the R framework (https://www.r-

project.org/).

Quantification and statistical analysis

All statistical analyses were performed using Prism 9.0.0 (GraphPad

Software). Statistical details including number of independent exper-

iments (n), definition of significance and measurements are defined

in figure legends. No statistical method was used to predetermine

sample size and no data were excluded from the analyses. Samples

were not randomized and investigators were not blinded to group

allocation during data collection and analysis.

Data availability

The mass spectrometry proteomics data (Dataset EV1; Dataset EV2)

have been deposited to the ProteomeXchange Consortium via the

Proteomics Identifications (PRIDE) partner repository (http://www.

ebi.ac.uk/pride) (Perez-Riverol et al, 2019) with the dataset identi-

fier PXD023579. All other data supporting the findings of this study

are available within the article and supplementary information. Any

additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

Expanded View for this article is available online.
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