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The deubiquitinase Usp27x stabilizes the BH3-only
protein Bim and enhances apoptosis
Arnim Weber1,*, Melanie Heinlein1, Jörn Dengjel2,3, Claudia Alber1, Prafull Kumar Singh1,4,5 &

Georg Häcker1,6,**

Abstract

Bim is a pro-apoptotic Bcl-2 family member of the BH3-only
protein subgroup. Expression levels of Bim determine apoptosis
susceptibility in non-malignant and in tumour cells. Bim protein
expression is downregulated by proteasomal degradation following
ERK-dependent phosphorylation and ubiquitination. Here, we
report the identification of a deubiquitinase, Usp27x, that binds
Bim upon its ERK-dependent phosphorylation and can upregulate
its expression levels. Overexpression of Usp27x reduces ERK-dependent
Bim ubiquitination, stabilizes phosphorylated Bim, and induces
apoptosis in PMA-stimulated cells, as well as in tumour cells with
a constitutively active Raf/ERK pathway. Loss of endogenous
Usp27x enhances the Bim-degrading activity of oncogenic
Raf. Overexpression of Usp27x induces low levels of apoptosis in
melanoma and non-small cell lung cancer (NSCLC) cells and
substantially enhances apoptosis induced in these cells by the
inhibition of ERK signalling. Finally, deletion of Usp27x reduces
apoptosis in NSCLC cells treated with an EGFR inhibitor. Thus,
Usp27x can trigger via its proteolytic activity the deubiquitination
of Bim and enhance its levels, counteracting the anti-apoptotic
effects of ERK activity, and therefore acts as a tumour suppressor.
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Introduction

The Bcl-2-family protein Bim is an important member of the pro-

apoptotic group of BH3-only proteins. Bim is widely expressed in

numerous tissues [1], and deletion of Bim causes strong apoptosis

defects in haematopoietic cells [2]. Expression of Bim is lost in a

number of human tumours. In B-cell lymphomas, for instance

silencing of the Bim promoter as well as homozygous gene deletions

has been described [3]; low expression levels in renal cell carcinoma

have also been reported [4,5]. In a number of additional cancer

types, the activity of the oncogenic kinases causes a reduction in

Bim levels due to proteasomal degradation of the protein. This is

the case for epithelial tumours expressing mutant Ras [6] and non-

small cell lung cancer (NSCLC) cells carrying activating mutations

in the EGFR [7–9]. The loss of Bim enhances the oncogenic potential

of c-myc in mice [10], supporting the view of Bim as a tumour

suppressor.

The molecular function of Bim is the initiation of apoptosis. Bim

can activate the effectors of mitochondrial apoptosis, Bax and Bak.

This can very likely occur through direct interaction [11,12] as well

as by inactivating anti-apoptotic Bcl-2-like proteins [13]. The main

determinant of Bim activity appears to be its expression level.

Bim-dependent apoptosis may be accompanied by transcriptional

induction of Bim [14,15]. An additional, prominent pathway of Bim

regulation is, however, its proteasomal degradation. During mitosis,

Bim levels are reduced by proteasomal degradation, and this has been

linked to phosphorylation by Aurora kinase [16] and ubiquitination

by the anaphase-promoting complex APCCdc20, functioning as an E3

ubiquitin ligase [17], although this proposed pathway would require

a non-canonical recognition of Bim since APCCdc20 normally recog-

nizes a D box rather than phosphodegrons (see for instance [18]).

Significantly, Bim degradation is also regulated through the onco-

genic Raf-ERK pathway. ERK1/2 can directly phosphorylate Bim,

which promotes its proteasomal destruction [19–21]. This ERK-

dependent phosphorylation event enables additional phosphoryla-

tion through the kinases RSK1/2, the subsequent ubiquitination by

the ubiquitin E3-ligase b-TrCP and the degradation of Bim by the

proteasome [22].

Ubiquitin ligases attach ubiquitin to target proteins. Ubiquitin

may be linked as a single molecule but may also be attached in

multiples, forming long chains that can be linked through various
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lysine residues on the ubiquitin peptide. Typically, K48-linked

polyubiquitin on a target protein can enhance proteasomal degrada-

tion of cellular proteins. A counter-regulatory mechanism is the

removal of ubiquitin chains by deubiquitinases (DUBs), reducing

proteasomal recognition and thereby stabilizing the protein.

Approximately 95 DUBs are encoded in the human genome that fall

into five families, but only 79 of them are predicted to be active (for

review see [23]). The DUB family of ubiquitin-specific peptidases

(Usp) contains over 50 members, classified as cysteine proteases

[24].

Given the clear regulation of Bim ubiquitination through major

signalling pathways, it appears likely that a counter-regulation

through deubiquitination also exists. We here describe the identifi-

cation of a DUB, Usp27x, that can deubiquitinate Bim in response to

the Bim-degrading activity of ERK-signalling pathways and can

sensitize human cancer cells to chemotherapeutics.

Results

Identification and validation of Usp27x as
Bim-interacting protein

To identify interaction partners regulating Bim activity, we

performed immunoprecipitation (IP) experiments, followed by iden-

tification of co-precipitated proteins using the method of stable

isotope labelling with amino acids in cell culture (SILAC). For this,

we expressed full-length BimEL in Bax/Bak-deficient murine

embryonic fibroblasts (MEFs), with or without an N-terminal

triple-HA tag. Cell lines were differentially labelled with normal or

heavy amino acids, and lysates from heavy membrane fractions (en-

riched for mitochondria) were subjected to anti-HA IP (cells express-

ing HA-tagged BimEL were labelled with light amino acids, cells

expressing untagged BimEL with heavy amino acids). Precipitates

were combined, and differential content of individual proteins was

assessed by mass spectrometry. By using cell lines identical in all

respects other than the HA tag and specifically searching for

proteins enriched in the HA-associated IP, this was expected to

minimize the non-specific isolation of proteins.

The results showed the expected enrichment of Bim (about 27-

fold), enrichment for the known Bim-interacting, anti-apoptotic

proteins Bcl-2, Bcl-XL and Mcl-1 (12–28-fold) as well as smaller

enrichment of two TOM proteins (this has already been published

[25]). In the same experiment, we found a peptide corresponding to

the DUB Usp27x (enriched about 183-fold). The SILAC profiles of

enriched proteins (normalized SILAC ratio given as fold-change

(FC) for Usp27x, Bcl-2, Bim, Bcl-X and Mcl-1 are shown in

Fig EV1A; see also Table EV1 for additional information (e.g.

peptide sequences, scores and PEP values)). Usp27x is a DUB by

structure but has unknown function and cellular targets. A recent

study suggests a nuclear role in regulating turnover of a transcrip-

tion factor, together with Usp22 and Usp51 [26].

We confirmed this interaction of BimEL with Usp27x in transfec-

tion experiments of 293FT cells with tagged proteins. Efficient co-IP

was seen in these experiments (Fig 1A). The interaction was stable

both ways (i.e. precipitation of Bim recovered Usp27x and vice

versa (Figs 1A and EV1B)). BimEL interacts with anti-apoptotic

Bcl-2 proteins via its BH3 domain, and Bcl-2, Bcl-XL and Mcl-1 had

Figure 1. The deubiquitinase Usp27x interacts with BimEL.

A 293FT cells were transfected with 3xFlag-Usp27x (pFCMV7.1 vector backbone) together with a construct driving expression of untagged BimEL or 3xHA-BimEL (both
pMIG-vector backbone). Cells were lysed, and 3xHA-BimEL was immunoprecipitated with anti-HA antibodies. Immunoprecipitation products were tested by Western
blotting for the presence of Bim and FLAG-Usp27x probing with antibodies against Bim or against the FLAG-peptide. See also Fig EV1B. Western blots show
representative of n ≥ 3 independent experiments.

B Usp27x binds a mutant of Bim incapable of binding to anti-apoptotic Bcl-2 proteins. 293FT cells transfected with constructs encoding 3xFLAG-Usp27x and 3xHA-
tagged BimEL (see A, 2 lg each) or 3xHA-tagged BimELΔΔ (a mutant with two mutations in the BH3 domain, incapable of binding anti-apoptotic Bcl-2 proteins [50])
were immunoprecipitated from whole-cell extracts using anti-HA resin. Bim and Usp27x were detected with anti-HA and anti-FLAG antibodies as indicated; anti-
apoptotic proteins: Mcl-1, Bcl-XL, Bcl-2. The caspase inhibitor Q-VD-OPh (QVD) was added to the cultures described in (A) and (B) to inhibit Bim-induced apoptosis.
Western blots are representative of n = 3 independent experiments.

C Usp27x interacts with endogenous BimEL independently of its catalytic activity. 293FT cells either carrying 3xFlag-Usp27x (293FT-TetR-3xFlag-Usp27x) or the
catalytically inactive mutant 3xFlag-Usp27xC87A under the control of the Tet repressor (TetR) were treated for 24 h with doxycycline (dox) to induce expression of
Usp27x or Usp27xC87A. In all conditions, PMA (to induce Bim ubiquitination, 16.2 nM) and Q-VD-OPh (to inhibit apoptosis, 10 lM, see Fig 3) were added at the time
of Usp27x induction. MG132 (to prevent Bim degradation, 40 lM) was added in all conditions 4 h prior to cell lysis. 3xFlag-tagged Usp27x or Usp27xC87A was
immunoprecipitated from whole-cell lysates using anti-Flag resin. Interaction with BimEL or b-TrCP was detected by Western blotting using anti-Bim or anti-b-TrCP
antibodies. Western blots are representative of n ≥ 3 independent experiments.

D Usp27x expression does not inhibit interaction of BimEL to b-TrCP. 293FT-TetR-3xFlag-Usp27x cells were transfected with pMIG-3xHA-BimEL in the presence of both
PMA and QVD. At the same time, dox (to induce 3xFlag-Usp27x) was added as indicated and 20 h later cells were treated with MG132 (40 lM) for additional 4 h.
Cells were lysed and 3xHA-BimEL was immunoprecipitated as described above. As a control, HA matrix was used without lysate to rule out any unspecific signal that
might come from the immobilized anti-HA antibody (beads). Western blots show representative of n = 2 independent experiments.

E Binding of Usp27x to BimEL can be blocked by the MEK inhibitor UO126. 293FT-TetR-3xFlag-Usp27x cells (see C) were treated for 24 h with dox to induce expression
of Usp27x. In all conditions, PMA (16.2 nM) and Q-VD-OPh (10 lM) were added at the time of Usp27x induction. As a control, cells were pre-treated with UO126
(10 lM) for 30 min to block the PMA-stimulated ERK pathway before the addition of dox plus PMA plus QVD. 3xFlag-tagged Usp27x was immunoprecipitated from
whole-cell lysates using anti-Flag resin. Interaction with BimEL was detected by Western blotting using anti-Bim antibodies. As a control, Flag-matrix (beads) was
used alongside the IP under same conditions but without addition of protein lysates. Western blots are representative of n = 4 independent experiments (see also
Fig EV2B).

F Binding of Usp27x to BimEL does not require b-TrCP. 293FT-TetR-3xFlag-Usp27x cells were transfected with control siRNA (siCo3) or siRNA specific for b-TrCP. Forty-
eight hours later, cells were stimulated with PMA plus dox plus QVD for additional 24 h. After cell lysis, Flag-Usp27x was immunoprecipitated using anti-Flag-matrix,
and BimEL and b-TrCP bound to Usp27x were identified by Western blotting. Blots are representative of n = 2 independent experiments.

G Usp27x binds specifically to BimEL. 293FT-TetR-3xFlag-Usp27x cells or 293FT-3xFlag-Usp27x cells with a specific deletion of the BimEL protein were treated with dox,
PMA and QVD as in (C). Cells were lysed, and lysates were subjected to anti-Flag immunoprecipitation. 3xFlag-Usp27x was detected using anti-FLAG antibodies. Blots
are representative of n = 3 independent experiments.

▸
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also been co-purified with BimEL [25]. We therefore tested whether

the interaction of BimEL with Usp27x was direct or via an interaction

of Bim with anti-apoptotic proteins. When a version of BimEL with a

mutation in the BH3 domain was expressed that cannot bind anti-

apoptotic Bcl-2 proteins [27], there was still efficient binding to

Usp27x (Figs 1B and EV1C) but binding to anti-apoptotic proteins

was absent (Mcl-1) or strongly reduced (Bcl-XL) in this complex. No

binding of Bim to Bcl-2 was observed in these cells (Fig 1B).

As an enzymatically inactive control, we generated a point

mutant of Usp27x, where the cysteine in the predicted catalytic triad

was mutated (Usp27xC87A), based on homology with other known

Usps [28]. We generated 293FT-TetR (TetR, Tet repressor) cells

carrying a tetracycline-inducible construct for the expression of

Usp27x wt or mutant. Both Usp27x wt and inactive Usp27x mutant

bound endogenous BimEL with similar efficiency when cells were

stimulated with PMA to induce Bim ubiquitination (Fig 1C). We

noticed that the known E3-ubiquitin-ligase b-TrCP was also isolated

in the same complex. Induction of Usp27x did not decrease (even

appeared to increase slightly) the amount of b-TrCP on Bim

(Fig 1D). This is consistent with the idea that Usp27x is active in the

same degradation pathway as b-TrCP.
Since Usp27xC87A precipitated Bim as well as wt Usp27x, prote-

olytic activity appears not to be required for binding of Usp27x to

Bim. However, inhibition of MEK using the inhibitor UO126

in PMA-stimulated cells reduced the association of Bim and

Usp27x (Figs 1E and EV2B). Similar results were obtained when

co-localization of Bim, and Usp27x was assessed by proximity-

ligation assay (PLA) [29].

A PLA signal depends on the two proteins being co-localized

within 30 nm distance [29]. A weak PLA signal was observed in

unstimulated cells overexpressing Usp27x, but the signal was

strongly increased upon PMA stimulation (Fig EV2A), indicating a

recruitment of Usp27x to phosphorylated Bim. A similar pattern was

observed by immunoprecipitation (Fig EV2B).

We could observe some Bim phosphorylation in 293FT cells

even in the absence of MEK/ERK activity (see below, Fig 2C).

Bim phosphorylation may therefore be a prerequisite for binding

of Usp27x.

Bim phosphorylation is also required for the recruitment of

b-TrCP [22]; however, RNAi against b-TrCP did not reduce the asso-

ciation of Bim and Usp27x (Fig 1F). The signal for the recruitment

of both E3 ligase and deubiquitinase to Bim therefore appears to be

its phosphorylation.

Bim is expressed in three main isoforms, which are generated by

splicing from one precursor mRNA [30]. The isoform BimEL is most

highly expressed in most tissues, and the one exon only translated

in the largest isoform BimEL but not in BimL or BimS is the target of

phosphorylation and ubiquitination in the Raf-ERK pathway (the

degron comprises amino acids 91–100 in human BimEL [22]). We

therefore hypothesized that the binding of Usp27x to BimEL also

occurred in the BimEL-specific exon (aa 42–101). To test this hypo-

thesis, we used the 293FT-TetR-Usp27x cell line above and generated

from this a cell line where the expression of BimEL was specifically

disrupted by placing a mutation into the BimEL exon using CRISPR/

Cas9. As shown in Fig 1G, expression of BimEL was specifically

disrupted as expected in these cells. This mutation abrogated co-IP

of endogenous BimEL with Usp27x, confirming that the interaction

occurs in the BimEL-specific exon (Fig 1G).

Purified, recombinant Usp27x showed proteolytic activity

towards both K48 and K63 ubiquitin linkages (Fig EV3A). In vitro-

translated Usp27x (Fig EV3B) also cleaved both K48- and K63-

linked di-ubiquitin, while the Usp27xC87A mutant had almost no

activity (Fig EV3C; see Fig EV3D for cleavage specificity towards

differently quenched substrates). In the absence of co-factors/post-

translational modifications, Usp27x therefore can cleave both

ubiquitin linkages, a specificity that has been reported for numerous

DUBs [31].

The Usp family member most closely related to Usp27x is Usp22,

a DUB with functions in regulating the nuclear SAGA complex [32],

and Usp27x has recently been shown to act together with Usp22 in

regulating transcription factor stability [26]. We tested the subcellu-

lar localization of Usp27x by fusing it to GFP. Upon induction in a

cell line stably carrying GFP-Usp27x, GFP fluorescence was found

both in the nucleus and the cytosol (Fig EV4), while Usp22

appeared to be localized almost exclusively to the nucleus as

reported previously (Fig EV4; [33]). The very small amount of

Usp22 in the cytosol may be due to an effect of the GFP tag or the

high levels of overexpression. Usp27x may therefore have a nuclear

function (most likely together with Usp22) but also targets non-

nuclear proteins such as Bim.

Usp27x-expression can cause deubiquitination of Bim and
stabilize Bim, antagonizing ERK-induced Bim degradation

The binding of Usp27x to Bim and its deubiquitinating activity

suggested that Bim is a target of Usp27x-dependent deubiquitina-

tion. The Raf-ERK pathway is known to stimulate ubiquitination

and proteasomal degradation of Bim. We therefore tested whether

Usp27x was able to counter-regulate this activity and to stabilize

Bim when its degradation is enhanced by the Raf-ERK pathway.

We first tested this by expressing Usp27x under an inducible

promoter in 293FT cells. As controls, the inactive mutant

Usp27xC87A or GFP alone was used. Cells were treated with PMA,

which (among other effects) activates the ERK pathway. As expected,

PMA stimulation reduced Bim expression over the course of 24 h;

after 48 h, Bim was hardly detectable (Fig 2A). Caspase inhibitor was

added because the overexpression of Usp27x had a pro-apoptotic

effect (see below, Fig 3). Expression of Usp27x prevented this loss of

Bim to a substantial degree, while expression of the mutant or GFP

alone had no effect (Figs 2A and EV5C). The same was seen when

the cells were stained for Bim expression and analysed by flow

cytometry (Fig EV5B). Bim expression was not increased by experi-

mental expression of Usp27x in the absence of PMA (Fig 2A–D), or

even when higher expression levels of Usp27x was reached using

transient transfection (Fig EV5A).

Although binding of Usp27x was confined to the isoform BimEL

(Fig 1G), the splice variant BimL also appeared to be somewhat

regulated by Usp27x (Fig 2A). Since Bim is often involved in bind-

ing to Bcl-2-family proteins, this may be indicative of specific protec-

tion through such varying complexes.

At higher resolution SDS–PAGE, it was apparent that in PMA-

stimulated cells expressing Usp27x, Bim ran at slightly higher

molecular weight, consistent with its ERK-dependent phosphoryla-

tion (Fig 2B). Phosphorylation is the signal for Bim ubiquitination,

and the predicted function of Usp27x is to remove the ubiquitin

chains attached by b-TrCP. The expected result is the appearance of
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Figure 2. Expression of Usp27x stabilizes the expression of the phosphorylated form of BimEL and reduces Bim ubiquitination in PMA-stimulated 293FT cells.

A Usp27x inhibits the PMA-induced degradation of BimEL in 293FT cells. 293FT-TetR-3xFlagUsp27x or TetR-3xFlag-Usp27xC87A cells were treated with dox to induce
3xFlag-Usp27x or Usp27xC87A, or with PMA (to induce BimEL degradation, 16.2 nM), or with the combination of dox, PMA and QVD (to inhibit apoptosis, 10 lM) as
indicated for 24 (left) or 48 h (right). Cell lysates were analysed by Western blotting. The blots are representative of n = 4 similar experiments. See also Fig EV5B. The
asterisk (*) indicates a probable modified form of wild-type 3xFlag-Usp27x (such as dimer, ubiquitinated Usp27x or a stable complex of Usp27x with another
interacting partner); this form is only seen if high expression levels of catalytically active Usp27x are reached (see Fig EV5A where Usp27x was transfected into 293FT
cells) or if wt Usp27x is enriched during immunoprecipitation. Double asterisk (**) indicates a probable degradation product of 3xFlag-Usp27x. These forms of Usp27x
were not seen in every experiment.

B 293FT-TetR-3xFlagUsp27x or TetR-3xFlag-Usp27xC87A cells treated as in (A) were analysed using conditions of higher resolution. A band very likely corresponding to
phosphorylated BimEL is detectable. Similar results were obtained in n = 2 separate experiments.

C Usp27x stabilizes expression of p-BimEL (Ser69) in Bim-degrading conditions without reducing b-TrCP levels. 293FT-TetR-3xFlagUsp27x were treated with dox, PMA
(16.2 nM), UO126 (10 lM) or QVD (10 lM) as indicated for 24 h, and levels of phosphorylated BimEL at serine 69 were analysed by Western blotting using a phospho-
Bim (Ser69)-specific antibody. Scans are from the same membrane and exposure times. Similar results were obtained in n = 2 separate experiments.

D UO126 reduces phosphorylation-associated shift of BimEL. 293FT-TetR-3xFlagUsp27x were treated for 24 h with the indicated drug combinations, and Bim was
detected by Western blotting. UO126 was added 30 min prior other stimulation. Similar results were obtained in n = 3 separate experiments (see Fig EV5D).

E Usp27x-expression reduces ubiquitination of Bim. 293FT-TetR-3xFlagUsp27x cells were transfected with a vector coding for 6His-ubiquitin (left) or GFP (right). After
24 h, cells were treated with PMA and QVD, and 3xFlag-Usp27x was induced by dox at the same time. After additional 20 h, cells were treated for 4 h with MG132
(40 lM) to block proteasomal degradation of ubiquitinated proteins. Cells were lysed under denaturing conditions, and His-ubiquitin-labelled proteins or proteins
from only GFP-expressing cells were purified by Ni2+-NTA affinity chromatography. Ubiquitinated Bim (Bim-Ubn) was detected by Western blot using anti-Bim
antibodies (left). Similar results were obtained in n = 3 separate experiments (another experiment including a Coomassie stain is shown in Fig EV3E). Asterisk (*)
indicates non-His-ubiquitinated BimEL that was bound unspecifically to the Ni2+-agarose beads.
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higher levels of phosphorylated Bim, as indeed seen in these experi-

ments (Fig 2B and C). Addition of the MEK inhibitor UO126 caused

a shift to the lower band (Figs 2D and EV5D).

With an antibody specific for Bim Ser69 phosphorylation (which

is one known ERK-dependent phosphorylation event), small levels

of phospho-Bim were detectable at steady state. PMA treatment in

the presence of Usp27x overexpression strongly increased this phos-

phorylation as expected (Fig 2C). Again, Usp27x counteracted the

PMA-dependent decrease in Bim and caused the accumulation of

phospho-Bim but had no effect in the absence of PMA stimulation

(Fig 2C).

To measure the Bim-deubiquitinating activity of Usp27x more

directly, 293FT cells carrying inducible Usp27x were transfected

with 6His-ubiquitin (or with an EGFP control) vector. Usp27x was

induced or not; ubiquitinated proteins were isolated with Ni2+-NTA

agarose through the 6His-tag and probed for the presence of Bim.

Substantial amounts of ubiquitinated Bim could be recovered from

PMA-stimulated cells, and this amount was greatly reduced when

the cells were overexpressing Usp27x (Figs 2E and EV3E). We also

found some non-ubiquitinated Bim bound non-specifically to the

Ni2+-NTA beads, because Bim signals also appeared when an

EGFP control vector was used instead of the His-ubiquitin vector.

Nevertheless, ubiquitinated Bim was only seen when co-expressing

His-ubiquitin. Overexpression of Usp27x thus reduces the amounts

of ubiquitinated Bim and can stabilize Bim in PMA-stimulated cells,

counteracting the enhanced turnover of Bim that is triggered by ERK

activity.

Although Usp27x-expressing cells treated with PMA had Bim

levels comparable to untreated cells, there were high levels of apopto-

sis during this treatment. Catalytically inactive Usp27x failed to sensi-

tize the cells to PMA (Fig 3A and B). We targeted Bim by CRISPR/

Cas9 (Fig EV5E) and found a relatively small but significant protec-

tion in a polyclonal cell line carrying the Bim deletion (although some

Bim expression was still observed Fig EV5E). Of four randomly

selected clones from this polyclonal line, three were strongly

protected against Usp27x/PMA, while one showed no protection at

all, compared to the maternal, Bim-containing line (Fig 3). This

indicates that Bim does play some role but also that other, Bim-

independent mechanisms are triggered by PMA treatment.

The Ras-Raf-ERK pathway is a major oncogenic signalling path-

way that is constitutively activated by genomic mutations in a

number of human tumour entities such as malignant melanoma and

non-small cell lung cancer (NSCLC). Melanoma cells often harbour

a typical mutation in the BRAF gene (V600E) that causes its consti-

tutive activity and leads to the downstream activation of ERK [34].

Human melanoma cells often express only low levels of Bim protein

[35], and inhibition of ERK enhances the levels of Bim in melanoma

cells in culture [36], suggesting that continuous ERK-dependent

phosphorylation is required to keep Bim at a low expression level in

melanoma (see Fig EV6F for a comparison of Bim levels in 293FT

cells and 1205Lu melanoma cells).

We generated melanoma cells carrying inducible GFP-Usp27x on

the basis of two BRAF-V600E-positive human melanoma cell lines.

Induction of Usp27x in these cells caused the increase in (probably

phosphorylated) Bim protein levels (Figs 4A and B, and EV6A and

B), while Usp27xC87A had no effect in the cell line tested (Figs 4A,

left panel, and EV6A). As a further control, we expressed the closely

related DUB Usp22 (identity score to Usp27x 75%) fused to GFP in

1205Lu melanoma cells; this had no effect on Bim expression

(Fig 4A, right panel). Another 1205Lu cell line expressing a doxy-

cycline-inducible 3xFlag-Usp22 construct again showed no stabiliza-

tion compared to Usp27x (Fig EV6A). The MEK inhibitor UO126

enhanced Bim expression (Fig EV6B), confirming that the low Bim

levels in 1205Lu cells are a consequence of constitutive Raf-ERK

activity. These data indicate that Usp27x is able to stabilize Bim in

melanoma cells when its degradation is triggered by the continuous

activity of the Raf-ERK pathway.

In NSCLC, a different upstream alteration also causes the consti-

tutive activity of ERK. In these cells, a genomic mutation leads to

the constitutive activity of the EGF receptor, which downregulates

Bim through the ERK pathway [7–9]. When we expressed Usp27x in
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Figure 3. Usp27x expression sensitizes 293FT cells to apoptosis induction
by stimulation with PMA.

A 293FT-TetR-3xFlag-Usp27x or 3xFlag-Usp27xC87A, a polyclonal derivative
where the Bim locus had been targeted by CRISPR/Cas9 and four single
clones obtained by serial dilution from the polyclonal line, was treated as
indicated (PMA 16.2 nM, QVD 10 lM). Apoptosis was measured after 24 h
of treatment by staining for active caspase-3, followed by flow cytometric
analysis. Data (means � SEM) are from n = 14 (3xFlag-Usp27x line and
3xFlag-Usp27xBim2KO polyclonal line), n = 5 (3xFlag-Usp27xC87A and
3xFlag-Usp27xBim2KO clone #14), n = 7 (3xFlag-Usp27xBim2KO clone #11)
or n = 4 (3xFlag-Usp27xBim2KO clone #4 and #7) separate experiments.
P-values (t-test) for statistically significant differences are shown.

B The same cells as in (A) (except Usp27xC87A mutant) were treated as in (A)
and stained for active Bax. Data (means � SEM) are from n = 8 (3xFlag-
Usp27x line and 3xFlag-Usp27xBim2KO polyclonal line), n = 5 (3xFlag-
Usp27xBim2KO clone #11 and #14) or n = 4 (3xFlag-Usp27xBim2KO clone
#4 and #7) separate experiments. P-values (t-test) for statistically
significant differences are shown. Expression levels of Bim, b-TrCP and
Flag-Usp27x of the different cell lines are shown in Fig EV5E.
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an NSCLC line carrying mutant EGFR (HCC827), we likewise found

an increase in Bim levels, which was not seen for Usp27xC87A or in

HCC827 cells only expressing the Tet repressor (TetR, Fig 4C). This

again indicates that Usp27x is able to counteract the Bim downregu-

lation that is found as a consequence of oncogenic ERK signalling.

In the Caco2 colon carcinoma cell line, the inducible expression

of BRAF-V600E leads to ERK phosphorylation (Fig EV6C) [37].

When BRAF-V600E was induced, a reduction in Bim levels was

observed, an effect that was seen after a few hours and that persisted

over at least 96 h (Fig EV6C and D). However, constitutive over-

expression of Usp27x rescued Bim expression (Figs 4D and EV6D).

Caco2 cells are notable for their relatively high endogenous

expression of Usp27x mRNA (http://www.nextbio.com/b/search/

ov/USP27X?type=feature&id=103162; the link works following

free registration at the site). We therefore took the approach of

targeting Usp27x by RNAi in these cells. Since we were unable to

detect endogenous Usp27x protein with commercially available

Usp27x antibodies, we tested the efficiency of the siRNA in cells

overexpressing Usp27x (Fig EV6E). Indeed, when Caco2 cells had

been transfected with siRNA specific for Usp27x, induction of BRAF-

V600E caused the loss of Bim protein (Fig 5A), indicating that

endogenous Usp27x is active in stabilizing Bim in these cells.

In addition to these gain-of-function approaches, we generated a

293FT cell clone genomically deficient for Usp27x using CRISPR/

Cas9 (Fig EV6G). In this clone, PMA had a stronger Bim-degrading

effect than in the maternal line (Fig 5B shows three separate experi-

ments), suggesting that the endogenous expression levels of Usp27x

in 293FT cells contributed to Bim stability during PMA treatment.

When de novo protein synthesis was inhibited with the transla-

tion inhibitor cycloheximide, we found that the stability of Bim was
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Figure 4. Usp27x but not Usp22 can counter Bim destabilization through the Raf-ERK pathway.

A Lines based on the human melanoma cell line 1205Lu (BRAF-V600E-positive) were made to carry GFP-Usp27x, GFP-Usp27xC87A or GFP-Usp22 under the control of a
doxycycline (dox)-inducible promoter. GFP-Usp27x, GFP-Usp27xC87A or GFP-Usp22 was induced with dox for 24 or 48 h. Levels of Bim were determined by Western
blotting. The two left panels are from the same membrane and exposure times. Similar results were obtained in n = 4 separate experiments (left) and n = 3
experiments (right). See also Fig EV6A where 3xFlag-Usp22 is also shown to be unable to increase Bim levels. GFP-Usp27x, GFP-Usp27xC87A or GFP-Usp22 expression
was detected using an antibody against GFP.

B A cell line derived from the BRAF-V600E-positive human melanoma line WM1158 was generated to carry inducible GFP-Usp27x. GFP-Usp27x was induced, and Bim
was detected as in (A). Similar results were obtained in n = 3 separate experiments. GFP-Usp27x expression was detected using an antibody against GFP.

C Derivatives of the NSCLC cell line HCC827 (expressing constitutively active EGFR) were generated that only express the Tet repressor (TetR) or carrying in addition
either GFP-Usp27x or GFP-Usp27xC87A. Cells were treated with dox for 72 h. Bim was detected by Western blotting. Similar results were obtained in n = 2 separate
experiments. GFP-Usp27x or GFP-Usp27xC87A expression was detected using an antibody against GFP.

D Caco2 cells carrying a dox-inducible HA-BRAF-V600E [37] (left two lanes) or the same cells stably expressing 3xFlag-Usp27x were treated with dox for 48 h to induce
expression of HA-BRAF-V600E. Bim was detected by Western blotting. The amount of BimEL was quantified from the shown immunoblot using the expression levels
of the uninduced control cells set to 100% (normalized to the tubulin signal for each condition). Similar results were obtained in n = 3 separate experiments with
varying induction times. See also Fig EV6D.
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enhanced by overexpression of Usp27x in situations where Bim is

phosphorylated and degraded via the proteasome. This was the case

for PMA-stimulated 293FT cells (Fig 6A), BRAF-V600E melanoma

cells (Fig 6B) as well as (although not as strongly) for NSCLC cells

(Fig 6C) (in NSCLC ERK is active and Bim has a high turnover due

to expression of mutant EGFR [8]). This effect may be diluted by the

inhibition of synthesis of other Bim/Usp27x-regulating components

(e.g. Usp27x seems to undergo phosphorylation and ubiquitination

that might influence its activity [38,39]). However, the results again

support the view that Usp27x stabilizes Bim by reducing its ubiquiti-

nation.

Usp27x has pro-apoptotic activity when the Raf-ERK pathway
is inhibited

Since Usp27x can enhance the levels of pro-apoptotic Bim, we

examined the effect of Usp27x levels on apoptosis induction in the

cells where we had found that Usp27x reversed the Bim loss

through oncogenic Raf-ERK signalling. In 1205Lu melanoma cells,

expression of Usp27x had a significant but very small pro-apoptotic

effect (Figs 7A and EV7A and C). Inhibition of the ERK pathway

with UO126 induced higher levels of apoptosis (Figs 7A and EV7A

and B). However, inhibition of ERK signalling in cells overexpress-

ing Usp27x had a substantial pro-apoptotic effect, while the

Usp27xC87A mutant or GFP alone had no such activity (Figs 7A

and EV7A and B). Loss of Bim provided some protection in 1205Lu

cells against apoptosis induced by UO126 in the presence of Usp27x

(Fig EV7A). The BRAF inhibitor vemurafenib had a very small pro-

apoptotic effect in 1205Lu cells, and this effect was also enhanced

by Usp27x expression (Fig EV7C).

We also tested for the relevance of Bim for this form of apoptosis

by targeting the Bim locus in the NSCLC line HCC827 with two dif-

ferent gRNAs using CRISPR/Cas9. Although the knockout was

incomplete, we achieved a good reduction in Bim levels in the two
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Figure 5. Endogenous Usp27x stabilizes Bim in Caco2 and 293FT cells.

A Loss of endogenous Usp27x enhances destabilization of BimEL in response to BRAF-V600E. Caco2 cells carrying inducible HA-BRAF-V600E were transfected with
control siRNA (siCo3) or siRNA directed against Usp27x (combination of three siRNAs targeting Usp27x mRNA) for 24 h prior to BRAF-V600E expression with dox for 2
(left) or 4 h (right). BimEL was detected by Western blotting. Similar results were also observed in n = 2 more experiments after 3 h induction (not shown, see
Fig EV6E for siRNA efficacy).

B 293FT cells deficient for Usp27x show enhanced destabilization of BimEL in response to PMA. 293FT wt cells or 293FT-Usp27xKO (clone 2/10, generated using CRISPR/
Cas9) were treated with PMA (16.2 nM) for 16 or 24 h to induce BimEL degradation. Western blots show protein levels of n = 3 independently performed experiments
(similar results were obtained in one more experiment, not shown). See Fig EV6G for verification of the Usp27xKO cell line by DNA sequence analysis.
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Figure 6. Usp27x stabilizes Bim protein levels in the ERK-degradation pathway in 293FT cells, 1205Lu melanoma and HCC827 NSCLC cells.

A 293FT-TetR-3xFlagUsp27x cells were treated with PMA (16.2 nM) plus QVD (10 lM) and 3xFlag-Usp27x was induced by dox at the same time for 24 h followed by
addition of cycloheximide (CHX). Cells were harvested at the indicated time points, and levels of BimEL were determined by Western blotting. Similar results were
obtained in n = 3 separate experiments. Cut membranes shown were from one membrane with same exposure time. For each condition, BimEL levels were quantified
and normalized to the tubulin signal. Per cent BimEL gives the expression relative to the starting point.

B 1205Lu melanoma cells carrying dox-inducible GFP-Usp27x were treated with dox for 24 h. Cycloheximide (CHX, 1 lg/ml) was then added. Cells were harvested at
the indicated time points, and levels of BimEL were determined by Western blotting. GFP-Usp27x was detected with anti-GFP antibodies. Similar results were
obtained in n = 3 separate experiments. A second experiment is shown in the right panel also including 1205Lu melanoma carrying dox-inducible GFP-Usp27xC87A
mutant. For each condition, BimEL levels were quantified and normalized to the tubulin signal. Per cent BimEL gives the expression relative to the starting point set to
100%. The starting point for the non-induced Usp27x/C87A cells (-dox) is shown in lane 1 for experiment one and two (-dox, -CHX). Cut membranes shown were from
one membrane with same exposure time. Same results were obtained for WM1158 melanoma cells (data not shown).

C HCC827 cells were induced to express GFP-Usp27x with dox as indicated. Twenty-four hours later, cycloheximide (CHX, 1 lg/ml) was added for the indicated time.
BimEL was detected after the indicated times of treatment by Western blotting. For each condition, BimEL levels were quantified and normalized to the tubulin signal.
Per cent BimEL gives the expression relative to the starting point. Similar results were obtained in n = 2 separate experiments. Cut membranes shown were from one
membrane with same exposure time.

EMBO reports Vol 17 | No 5 | 2016 ª 2016 The Authors

EMBO reports Usp27x stabilizes Bim and enhances apoptosis Arnim Weber et al

732



polyclonal lines tested here (Fig 7B). In these cells, the inhibition of

EGFR kinase activity with gefitinib induces Bim and apoptosis [8].

Usp27x, either on its own or together with gefitinib, caused signifi-

cant apoptosis in HCC827 cells. Apoptosis induced by either

gefitinib (as reported before) as well as by the combination Usp27x/

gefitinib was reduced in cells with reduced Bim levels (Fig 7B). No

enhanced apoptosis was observed when mutant GFP-Usp27xC87A

protein was expressed either alone or in combination with gefitinib

(Fig 7B).

HCC827 cells express significant amounts of Usp27x mRNA

(https://genevestigator.com/gv). We had observed that Usp27x

overexpression in HCC827 cells leads to increased apoptosis when

combined with gefitinib. We therefore analysed whether the loss of

Usp27x decreased apoptosis induction in HCC827 cells by gefitinib.

Usp27x was targeted in HCC827 cells using CRISPR/Cas9 and two

different guide RNAs (gUsp27x-1 and gUsp27x-4). Polyclonal cell

lines carrying either mutation clearly showed less apoptosis induc-

tion upon gefitinib treatment as measured by staining for active

caspase-3 (Fig 8A) and staining for the active form of Bax (Fig 8B).

High levels of Usp27x thus have a pro-apoptotic effect at least in

some cells, although this effect is probably at least not exclusively

dependent on Bim.

Discussion

We here report discovery and characterization of the DUB Usp27x

as a deubiquitinase that can reduce the levels of Bim ubiquitination

and stabilize Bim in response to the Raf-ERK-degradation signal.

High levels of Usp27x had pro-apoptotic activity in a melanoma and

a NSCLC cell line (see above) as well as in 293FT cells.

The activity of the Bcl-2 family is probably mostly regulated

through the expression levels of the individual members although

the number of proteins makes it difficult to control and understand

their relative contribution. Transcriptional regulation is common for

some genes, such as the BH3-only proteins Puma and Noxa [40].

Expression of anti-apoptotic Mcl-1 can be substantially regulated by

adjustment of its turnover, and a number of ubiquitin ligases as well
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Figure 7. Usp27x sensitizes 1205Lu melanoma and HCC827 NSCLC cells
to apoptosis induction by inhibition of the Raf-ERK pathway.

A 1205Lu melanoma cells carrying dox-inducible GFP, GFP-Usp27x or GFP-
Usp27xC87A were treated with doxycycline (dox) as indicated. After 48 h,
UO126 (10 lM) was added for another 48 h. Apoptosis was measured by
staining for active caspase-3, followed by flow cytometric analysis. Data
(means � SEM) are from n = 3 (GFP) or from n ≥ 6 separate experiments
(GFP-Usp27x and GFP-Usp27xC87A). P-values (t-test) for statistically
significant differences are shown. N.s., P > 0.05. The addition of QVD
inhibited cells from active caspase-3-positive staining (not shown). A stain
for active Bax is shown in Fig EV7B.

B HCC827 NSCLC cells carrying dox-inducible GFP-Usp27xC87A, GFP-Usp27x
or two separate lines established from these GFP-Usp27x cells, where the
Bim locus had been targeted for deletion using CRISPR/Cas9 (Bim-KO), were
treated with combinations of dox and the EGFR inhibitor gefitinib (10 lM)
as indicated. Apoptosis was measured after 72 h of treatment by staining
for active caspase-3, followed by flow cytometric analysis. Data
(means � SEM) are from n ≥ 15 (maternal GFP-Usp27x line) or from n ≥ 5
(for Bim1KO) or from n ≥ 6 (for Bim2KO) or n = 4 (for GFP-Usp27xC87A)
separate experiments. P-values (t-test) for statistically significant
differences are shown. Again, the addition of QVD inhibited cells from
active caspase-3-positive staining (not shown). The inset shows Bim-
knockout efficiency (n = 2).
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Figure 8. Loss of Usp27x reduces gefitinib-induced apoptosis in HCC827
NSCLC cells.

A, B HCC827 NSCLC cells and two separate polyclonal lines established from
these cells, where the Usp27x locus had been targeted for deletion
using CRISPR/Cas9 with two different guide RNAs against Usp27x
(Usp27xKO-1 and Usp27xKO-4), were treated with gefitinib (10 lM) for
48 h. Apoptosis was measured by staining for active caspase-3 (A) or by
staining for activated Bax (B; antibody: 6A7 clone) followed by flow
cytometric analysis. Data shown (means � SEM) are from n = 4
separate experiments. P-values (t-test) for statistically significant
differences are shown.
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as an Mcl-1 DUB have been discovered [41]. Regulation of Noxa by

the DUB UCHL-1 has further been described [42]. UCHL-1 cleaves

linear ubiquitin linkages and its expression is normally restricted to

neuronal cells, but UCHL-1 may be overexpressed in human cancer

cells [42]. As far as we know, no other DUB of a pro-apoptotic

protein has been identified.

Bim is degraded in response to a major oncogenic pathway, and

it is likely that both ubiquitination and deubiquitination of Bim in

this pathway will affect survival and affect tumour development.

Usp27x was found in a complex with both Bim and the Bim-

ubiquitin-ligase b-TrCP. However, the expression level of either E3

ligase or deubiquitinase did not seem to alter the recruitment of the

other to Bim, as indicated by the experiments of over- and under-

expression. Both b-TrCP [22] and Usp27x (see above) were

recruited more efficiently to Bim upon its phosphorylation. The

activity of the ERK pathway therefore appears to be a stimulus for

the regulation of both Bim destabilization and stabilization. The

outcome of this activity may then depend on the expression levels

or activity of E3 ligase and deubiquitinase. Since Bim degradation

during mitosis, regulated by Aurora kinase, has also been suggested

[17], it is possible that Usp27x also associated with Aurora kinase

and the APCCdc20 complex.

Usp27x mRNA is detectable in most normal tissues as well as, at

varying levels, in many tumour cell lines and tissues (see free online

expression databases such as genevisible.com (https://genevestiga-

tor.com/gv/). Bim can at least in some situations act as a tumour

suppressor. By enhancing the expression of Bim levels, Usp27x may

have similar function.

In the cellular models tested, Usp27x had pro-apoptotic function,

as would be expected from an enzyme increasing the expression of

the pro-apoptotic protein Bim. This may, however, not be quite as

straightforward since a high activity of Usp27x may specifically

increase the amount of phosphorylated Bim. ERK-dependent Bim

phosphorylation leads to reduced binding of Bim to anti-apoptotic

Bcl-2-family proteins [43]. Since the binding of Bim to Bcl-2-like

proteins may on the one hand inhibit apoptosis (since Bim is

sequestered and not free to activate Bax/Bak), or on the other hand

induce apoptosis (since it may prevent Bcl-2-like proteins from

inhibiting Bax/Bak; both scenarios have been demonstrated [44]), it

is difficult to predict what the net result of Bim phosphorylation in a

cell will be.

Interestingly, however, apoptosis was not strictly Bim depen-

dent: cells with reduced Bim expression still showed a pro-

apoptotic effect of Usp27x expression. This may indicate that Usp27x

has other, unidentified targets. Although this would not explain

the pro-apoptotic activity, one additional target is the transcription

factor Hes1; here, Usp27x acts together with Usp22 and Usp51,

presumably in the nucleus, to regulate Hes1-expression. Further-

more, in the nucleus, Usp27x might interact with Usp22 (interac-

tion of these two proteins has been observed earlier) [45].

However, DUBs do typically have a number of different targets

that may affect different biological processes [45]. A case in point

is Usp9x, which has been identified as a Mcl-1-specific DUB [46]

but has found to act Mcl-1 independently as a suppressor of

pancreatic cancer [47] and to regulate T-cell receptor signalling

[48] as well as the alkylation damage response [49]. Which other

potential targets of Usp27x may be relevant for apoptosis remains

to be clarified.

In summary, we have identified Usp27x as an enzyme regulating

deubiquitination and stability of Bim, capable of antagonizing the

Raf-ERK Bim-degradation pathway. Expression of Usp27x is a likely

co-determinant of Bim levels and of apoptosis sensitivity and may

act as a tumour suppressor.

Materials and Methods

Cell lines, culture conditions

Mouse embryonic fibroblasts (MEFs) deficient for Bax and Bak over-

expressing either 3xHA-BimEL or untagged BimEL have been

described [25]. 293FT cells (Invitrogen) and human colon carci-

noma cells expressing doxycycline-inducible HA-tagged BRAF-

V600E [37] were cultured in DMEM with 10% FCS (Gibco) and 1%

(v/v) penicillin/streptomycin (Gibco). 1205Lu and WM1158 human

metastatic melanoma cells carrying the BRAF-V600E mutation were

obtained from Dr. Meenhard Herlyn, Wistar Institute, Philadelphia.

The HCC827 cell line was kindly provided by Dr. Mark S. Cragg [8]

and was cultured in RPMI-1640 medium (Gibco) supplemented with

10% FCS and 1% (v/v) penicillin/streptomycin. Lentivirally trans-

duced cells were selected using hygromycin B (Invitrogen,

HEK293FT: 300 lg/ml; HCC827: 1,000 lg/ml; 1205Lu: 750 lg/ml

and WM1158: 500 lg/ml) and/or puromycin (Invivogen, 5 lg/ml).

Gefitinib and vemurafenib were from Selleckchem, PMA from

Sigma, UO126 (in solution #662009) from Merck Calbiochem and

Q-VD-OPh from SM Biochemicals. Doxycycline (dox, Sigma) was

always used in a 1 lg/ml concentration.

SILAC labelling of Bax/Bak-double KO MEFs and MS sample
and analysis

Usp27x was found as an interacting partner of BimEL in an experi-

ment published earlier [25]. In brief, Bax/Bak-double KO cells

expressing 3xHA-BimEL were labelled with L-arginine (Arg0) and

L-lysine (Lys0) (light amino acids) and BimEL cells were labelled

with the heavy amino acids L-lysine–U-13C6-
15N2 (Lys8) and

L-arginine–U-13C6-
15N4 (Arg10). 3xHA-BimEL was immunoprecipi-

tated. Cells expressing untagged BimEL were subjected to the same

protocol. The anti-HA matrix was collected and washed with 25 ml

of lysis buffer. Elution was done in the presence of 3×SDS–Laemmli

buffer at 95°C for 5 min (3 × 50 ll). After elution, the samples were

mixed and identification of BimEL interacting proteins was done by

LC-MS/MS as described earlier [25].

Construction of expression vectors and generation of cell lines

Retroviral constructs (pMIG-GW) of murine BimEL or N-terminal

triple-HA-tagged 3xHA-BimEL or 3xHA-BimELΔΔ [50] were generated

as described [27]. All three BimEL constructs were splice site

mutants of BimEL permitting only translation of BimEL [27]. Murine

full-length Usp27x (mUsp27x; UniProt Q8CEG8; 438 amino acids;

Gene ID: 54651) and full-length murine Usp22 (mUsp22; UniProt

Q5DU02; 525 amino acids; Gene ID: 216825) were PCR-amplified

from cDNA isolated from mouse lung. Human full-length Usp27x

(hUsp27x; UniProt A6NNY8; 438 amino acids; Gene ID: 389856)

was PCR-amplified from HeLa cDNA. Murine Usp27x was cloned
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either into p3xFlag-CMV7.1 (Sigma) to obtain pCMV-7.1-3xFlag-

Usp27x or into pENTR-SD-D-Topo using TOPO cloning (Life

Technologies) with either a 3xFlag tag or a 3xHA tag fused with the

N-terminus of full-length mUsp27x to obtain pENTR-SD-D-3xFlag-

Usp27x and pENTR-SD-D-3xHA-Usp27x. pENTR-SD-D-3xFlag-Usp22

(murine) was constructed as described for Usp27x. Murine GFP-

Usp27x or GFP-Usp22 (GFP fused to the N-terminus of full-length

Usp27x or Usp22) was generated using two-step PCR and was

subsequently introduced again into pENTR-SD-D-Topo vector to

generate pENTR-SD-D-GFP-Usp27x (or GFP-Usp22). Mutagenesis of

the cysteine at position 87 in murine Usp27x to alanine

(mUsp27xC87A) was done using the QuickChange II site-directed

mutagenesis kit (Agilent Technologies). 3xFlag-tagged, or 3xHA-

tagged, or GFP-tagged murine Usp27x and untagged human Usp27x

were cloned using Gateway (GW) cloning (Life Technologies) to

generate retroviral pMIG-GW-3xFlag-Usp27x and pMIG-3xHA-

Usp27x or pMIG-GW-hUsp27x.

For inducible expression, genes were cloned into the doxy-

cycline-regulated (Teton) lentiviral construct pF-CMV-to-GW-SV40-

puro by Gateway cloning. The initial lentiviral expression vector

pF-CMV-to-GW-SV40-puro vector was created from pF 5x UAS

MCS SV40 PURO vector [51] with PacI and NheI to remove the

5xUAS. The CMV promoter and gateway cassette (GW) including

the V5 tag were amplified by PCR from the Invitrogen vector

pLENTI4/TO/GW/V5/DEST and cloned into the PacI and NheI

sites. To generate the TetR lentiviral construct (pF-CMV-TetR-PGK-

Hygro), the CMV promoter and TetR were amplified together by

PCR from the invitrogen vector pLENTI6/TR and cloned into the

PacI and NheI sites of pFU GEV16 PGK HYGRO vector [51]. Cell

lines were first transduced with the TetR lentivirus, selected with

hygromycin B (7–10 days) and subsequently transduced with the

lentiviral expression systems following selection with puromycin.

To generate Caco2-HA-BRAF-V600E cells that additionally express

3xFlag-mUsp27x from the constitutive pEF1a promoter, 3xFlag-

mUsp27x was first cloned into pF-hEF1a-GW-SV40 PURO by

gateway cloning and was then used for lentiviral production and

transduction of Caco2 cells. Production of lentiviral particles was

done by transfecting 293FT cells together with packaging vectors

pMD2.G and psPAX2 (Dr. Didier Trono, Lausanne) using either

FugeneHD (Promega) or PEI.

N-terminal 6xHis- and SUMO-tagged human Usp27x was cloned

into the prokaryotic expression vector pE-SUMOstar_Amp (vector

backbone from Life Sensors Cat. #1106) using BsaI/XbaI restriction

of the hUsp27x insert and BsaI cutting of the pE-SUMOstar_Amp

vector and subsequent ligation to obtain pE-SUMOstar-hUsp27x

(6xHis-Sumo-hUsp27x). This vector was used to purify human

Usp27x from E. coli by Ni2+NTA agarose (see Purification of 6xHis-

Sumo-hUsp27x). Usp27x template vectors for in vitro translation

using the PureExpress system of murine 1xHA-Usp27x or its cataly-

tically inactive mutant (1xHA-Usp27xC87A) were generated by

cleavage of pPE-DHFR vector (New England Biolabs) with NdeI/

XhoI and ligation of 1xHA-tagged Usp27x (or Usp27xC87A) with a

stop codon and NdeI/XhoI overhangs.

Immunoprecipitation

Experiments were done in the presence of Q-VD-OPh (QVD)

(10 lM). After cell lysis (20 mM Tris/HCl, pH 7.4, 150 mM NaCl,

10% glycerol, 1× Protease Inhibitor Mix (Roche), 1% Triton X-100

(1% digitonin was used in Fig 1A), IP was performed with antibod-

ies to the HA tag (30 ll anti-HA affinity matrix, Roche) using

1.5 mg of whole-cell lysates after pre-clearing with proteinG agarose

(Roche). The anti-HA matrix was collected and washed with 20 ml

of lysis buffer. Elution was done with 3×SDS–Laemmli buffer (5 min

95°C). Anti-Flag-immunoprecipitation was done using 30 ll anti-

Flag-M2-affinity resin/sample (Sigma), and 1.5 mg of 1% Triton

X-100 lysates was incubated for anti-Flag-IP, washed and eluted as

described for HA immunoprecipitation.

Purification of His-ubiquitin proteins from 293FT cells

3.5 × 106 293FT-TetR-3xFlag-Usp27x cells (10-cm culture plate)

were transfected with 10 lg 6His-ubiquitin vector (or with an EGFP

control vector). After 24 h, cells were treated with PMA (16.2 nM)

and QVD (10 lM) � dox. After additional 20 h, cells were

treated for 4 h with MG132 (40 lM). Cells were collected, washed

twice with ice-cold PBS and lysed under denaturing conditions

(6 M guanidinium-HCl, 0.1 M NaH2PO4, 10 mM Tris, 5 mM

imidazole, 1× protease inhibitor, 1 mM PMSF, 30 mM NEM, 0.01 M

b-mercaptoethanol, adjusted to pH 8.0), and His-ubiquitin-labelled

proteins (2.5 mg) were purified by Ni2+-NTA affinity chromato-

graphy. The beads were washed once with 1 ml lysis buffer, once

with 5 ml wash buffer (8 M urea, 0.1 M NaH2PO4, 10 mM Tris,

5 mM imidazole, 0.01 M b-mercaptoethanol, adjusted to pH 6.8)

and twice with 5 ml wash buffer plus 0.1% Triton X-100.

Proteins were eluted in 75 ll buffer (250 mM imidazole, 150 mM

Tris, 10% glycerol, 0.72 M b-mercaptoethanol, 4.5% SDS, adjusted

to pH 6.8).

Purification of 6xHis-Sumo-hUsp27x

Single colonies of transformed BL21-CodonPlus(DE3)-RIPL-competent

cells were induced using 1 mM IPTG for 4 h at 21°C. E. coli

were lysed in lysis buffer (sonication in 50 mM NaH2PO4, 300 mM

NaCl pH 8.0, 10% glycerol, 0.8% CHAPS, 1× PI; lysozyme, benzo-

nase, 10 mM imidazole) and 6His-Sumo-Usp27x protein was puri-

fied on Ni2+-NTA matrix at 4°C. The matrix was washed (buffer:

50 mM NaH2PO4, 300 mM NaCl pH 8.0, 10% glycerol, 0.8%

CHAPS; 1× PI, 100 mM imidazole), and Usp27x was eluted (same

buffer plus 250 mM imidazole) and concentrated. Concentrated

protein was dialysed. Protein concentration was estimated by Nano-

Drop.

In vitro translation of 1xHA-tagged murine Usp27x/Usp27xC87A

In vitro translation was done using PureExpress protein synthesis kit

(New England Biolabs Cat. #E6800) using pPE-1xHA-mUsp27x or

pPE-1xHA-mUsp27xC87A (250 ng vector, each) for 2 h at 37°C.

Activity assays were directly done with soluble protein.

Catalytic activity assay of hUsp27x

K48-linked, K63-linked di-ubiquitin and Usp2core protein were from

Life Sensors (Cat. #SI4802, #SI6302, #DB501). 0.1 lM of Usp2core

and 2.9 lM of 6xHis-Sumo-hUsp27x were incubated with 1 lg di-

ubiquitin in a buffer consisting of 25 mM NaH2PO4, 150 mM NaCl/
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pH 8.0, 10% glycerol, 10 mM DTT, 0.05% CHAPS in a total volume

of 20 ll for 1 h at 37°C. Cleavage of di-ubiquitin molecules into

monomeric ubiquitin was analysed by SDS–PAGE and Coomassie

Blue staining. To measure quantitative activity, we used Internally

Quenched Fluorescence – Diubiquitin (IQF-DiUb) substrates (a

dequenching assay, Life Sensors). Six K48- and K63-linked IQF

substrates labelled at different position were tested (K48-1-2-3-4-5-6

or K63-1-2-3-4-5-6; Cat. #DU0201; three different quencher positions

and two TAMRA positions yield six different diubiquitins). For

Fig EV3C, the best IQF-diUb (namely DiUbK48-6 (cat. #DU4806)

and DiUbK63-6 (Cat. #DU6306) were used.

Generation of Bim�/� and Usp27xKO cell lines using CRISPR-Cas9

For CRISPR design, we used a web-based server (http://crispr.mit.

edu/). One gRNA against Bim (50-GACAATTGCAGCCTGCGGA
GAGG-30; Bim2KO) was used targeting a region in exon2

(ENST00000393256) present in all three Bim isoforms. A second

used gRNA (50-AATCCTGAAGGCAATCACGGAGG-30; Bim1KO)

targets specifically only BimEL. gRNA against human Usp27x (50-
TCTTAAACCGATCGTAAAGCTGG-30; Usp27x-1, targets a sequence

starting 234 nt downstream from the ATG start (antisense-strand))

and (50-GTGAGATGTCGTCGCTGTTTCGG; Usp27x-4; target

sequence 371 bp downstream from the ATG start (sense-strand)).

LentiCRISPR v2 (a kind gift from Dr. Feng Zhang [52]; Addgene

plasmid # 52961) was used for cloning the gRNAs. Cells (HCC827,

1205Lu-TetR-GFP-Usp27x, HCC827-TetR-GFP-Usp27x and 293FT-

TetR-3xFlag-Usp27x) were transduced with CRISPR-Cas9-lentivirus

and cultivated for at least 4 weeks in the presence of puromycin.

1205Lu-TetR-GFP-Usp27x, HCC827-TetR-GFP-Usp27x and HEK-

293FT-TetR-3xFlag-Usp27x cells were already resistant to

puromycin and could not be selected. Individual clones of

293FT-TetR-3xUsp27x/Bim2KO were obtained by serial dilution. To

obtain the 293FT-Usp27xKO (clone 2/10) cell line, a two-vector-

based system where gRNA-Usp27x-4 was cloned into MLM3636 was

used. The Cas9 expression vector (JDS246) was transfected together

with MLM3636 and a GFP vector into 293FT, and cells were sorted

for high-GFP-positive cells. Single cells were seeded into a 96-well

plate. Deletion of Usp27x was verified by sequencing.

Gene silencing with RNAi

Sequences of specific siRNAs were as follows: human hUsp27x

#495: 50-GCAAGGAGAAGCTTTGAAA-30, hUsp27x #498: 50-AGGAG
AAGCTTTGAAATTA-30; hUsp27x #861: 50-TCATGTGCCCTATAAGT
TA-30; siCo3 (control and protocol see [53]). si b-TrCP: 50-GUG
GAAUUUGUGGAACAUC-30 [22].

Western blotting

Antibodies used for Western blotting were as follows: b-TrCP
(D13F10, #4394), Bcl-XL (54H6, #2764), Bim (C34C5, #2933), phospho-

Bim (Ser69)-specific antibody (D7E11, #4585), Flag (#2368), GFP

(D5.1, #2956), phospho-p44/42 MAPK (Erk1/2, #4370), HA-tag anti-

body (C29F4, #3724), which were obtained from Cell Signaling. Flag

(M2 clone, F1804), and tubulin (both Sigma), GAPDH (C6C5, Milli-

pore), Usp27x (Abgent, does only recognize overexpressed Usp27x

and not endogenous Usp27x in our hands). All antibodies were used

as suggested by the manufacturers. Signals were detected using

horseradish peroxidase-conjugated secondary antibodies (anti-

mouse (Dianova) or anti-rabbit (Sigma) IgG) and enhanced chemilu-

minescence (GE Healthcare).

Bim stability assay

Stability of endogenous BimEL was analysed in inducible 1205Lu-

GFP-Usp27x and HCC827-GFP-Usp27x cells without or with dox for

24 h followed by addition of cycloheximide (1 lg/ml, CHX, Sigma)

for the indicated time points. In the inducible 293FT-TetR-3xFlag-

Usp27x cells, Bim was destabilized using PMA (16.2 nM) followed

by cycloheximide treatment (10 lg/ml) for 2–4 h.

In situ proximity-ligation assay

Proximity-ligation assay (PLA) was performed to detect the interac-

tion between USP27X and endogenous Bim using the Duolink

in situ kit (OLINK, Sweden). For this, 293FT cells with dox-

inducible 3x-Flag-Usp27x were seeded on poly-L-lysine (0.1%,

Sigma-Aldrich)-coated glass coverslips in 24-well cell culture plates.

After 24 h of dox treatment, cells were fixed using 4% PFA, perme-

abilized with 0.1% Triton X-100/PBS and followed by incubation

with 5% BSA/PBS. Staining was done with a-Bim (1:200) and a-Flag
(1:800, Roche, M2 clone, F1804) in 5% BSA/0.5% saponin/PBS.

Thereafter, incubation with oligonucleotide-conjugated secondary

antibodies, ligation and amplification were performed according to

the manufacturer’s instructions. Images were acquired in a Keyence

BZ-9000 fluorescence microscope under similar conditions of magni-

fication and exposure time (excitation and emission wavelengths

were 554 nm and 579 nm).

Immunofluorescence

1205Lu cells were seeded in 24-well plates onto coverslips, and

GFP, GFPUsp27x or GFP-Usp22 was induced by dox for 24–48 h.

For microscopy, cells were incubated with 100 nM Mitotracker

Deep Red FM (Invitrogen) for 30 min before fixing the cells in

3.7% formalin for 15 min. Samples were stained with Hoechst

33342 (1 lg/ml, Sigma) for 10 min before being mounted in

Permafluor (Thermo Fisher). The samples were analysed with a

BZ 9000E microscope (Keyence), and photographs were processed

using the BZ II Analyzer software 1.42 (Keyence). For intracellular

staining of Bim, cells were fixed using 4% PFA, permeabilized

with 0.1% Triton X-100/PBS and blocked with 5% BSA/PBS.

Staining with primary antibody was done for 1 h with a-Bim
(1:100) in 5% BSA/0.5% saponin/PBS. Cells were washed and

incubated for 1 h in fluorescently labelled secondary antibody. Cell

nuclei were stained with Hoechst as above for 10 min, and the

cover slips were mounted in Permafluor medium. Images were

acquired as above.

Detection of apoptosis

Cell lines were seeded in 6-well plates (2 × 105 cells) and stimulated

for 24 h as indicated. Inducible 1205Lu melanoma cells were seeded

in 6-well plates and treated with dox to induce GFP-Usp27x or GFP-

Usp27xC87A (not shown). Forty-eight hours later, cells were treated
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with or without UO126 (10 lM) for additional 48 h or vemurafenib

(1 lM) for 24 h. Inducible HCC827-GFP-Usp27x cells or cells trans-

duced with CRISPR-Cas9 lentivirus targeting Bim (HCC827-GFP-

Usp27x Bim2 KO) or targeting only BimEL (HCC827-GFP-Usp27x

Bim1 KO) were treated for 72 h with dox alone or with gefitinib

(10 lM). HCC827 cells deficient for Usp27x were treated for 48 h

with gefitinib.

Cells were washed in PBS, fixed and stained with monoclonal

anti-active caspase-3 antibody (Abcam, dilution 1:500 or BD

Pharmingen 1:500) or with an antibody specific for active Bax (6A7

clone, Sigma, dilution 1:300). Flow cytometry was performed using

a FACSCalibur (Becton Dickinson).

Statistics/quantification

For statistical analysis, two-tailed Student’s t-test was used to

assess the significance of mean values. Bars show mean values

of all experiments (� SEM). Differences were considered

significant at a P-value of 0.05 or less. Quantification of the

shown immunoblots was done using the LabImage1D (INTAS)

software.

Expanded View for this article is available online.
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