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Global identification of phospho-dependent SCF substrates
reveals a FBXO22 phosphodegron and an ERK-FBX0O22-BAG3

axis in tumorigenesis
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SKP1-CUL1-F-box (SCF) ubiquitin ligases play fundamental roles in cellular functions. Typically, substrate phosphorylation is
required for SCF recognition and subsequent degradation. However, phospho-dependent substrates remain largely unidentified.
Here, using quantitative phoshoproteome approach, we performed a system-wide investigation of phospho-dependent SCF
substrates. This strategy identified diverse phospho-dependent candidates. Biochemical verification revealed a mechanism by
which SCFFB*922 recognizes the motif XXPpSPXPXX as a conserved phosphodegron to target substrates for destruction. We further
demonstrated BAG3, a HSP70 co-chaperone, is a bona fide substrate of SCFT%°%2, FBX022 mediates BAG3 ubiquitination and
degradation that requires ERK-dependent BAG3 phosphorylation at S377. FBX022 depletion or expression of a stable BAG3 S377A
mutant promotes tumor growth via defects in apoptosis and cell cycle progression in vitro and in vivo. In conclusion, our study
identified broad phosphorylation-dependent SCF substrates and demonstrated a phosphodegron recognized by FBXO22 and a

novel ERK-FBX022-BAG3 axis involved in tumorigenesis.
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INTRODUCTION

The ubiquitin (Ub)-proteasome system (UPS) plays a prominent
role in maintaining cellular homeostasis, which mediates 80-85%
of total protein degradation events in eukaryotes [1, 2]. The
selectivity of Ub-mediated proteolysis is primarily determined by
the E3 ligases, which typically recognize the degradation signals of
unneeded protein substrates to facilitate regulatory proteasomal
degradation [3, 4]. Among them, the Cullin-RING ligases (CRLs)
constitute the largest class E3 ligase family with more than 200
documented members [5]. The CRL1 ligases, better known as S
phase kinase-associated protein 1 (SKP1)-cullin 1 (CUL1)-F box
protein (SCF) complexes, are the best characterized among all
CRLs [6]. The SCF complex consists of the constant cullin 1, a RING
domain-containing component RBX1, an adapter SKP1, and one of
~70 various F-box proteins [7, 8]. Most F-box proteins, which are
responsible for substrate recognition, can specifically bind to the
phosphorylated motifs (phosphodegron) of their substrates, which
are regulated by diverse kinases [9, 10]. For example, BTrCP binds
the phosphodegron DSGXXS (both S residues are phosphory-
lated), and FBXW?7 binds the phosphodegron TPPXS (the T and S
residues are phosphorylated) [11-13]. However, given a large

number of human F-box proteins, the identities of phosphode-
grons for the majority of SCFs remain largely unknown.

In recent years, several high-throughput methodologies have
been developed to systematically identify SCF substrates, includ-
ing the global protein stability (GPS) platform [14], quantitative
ubiquitination proteomics, [15, 16] and parallel SCF adaptor
capture proteomics [17, 18], which has greatly advanced the
understanding of the functional diversity of SCFs. However, these
methods have not yet provided a system-wide view as to how
phosphorylation events regulate cellular homeostasis via SCF-
mediated phosphorylated substrate degradation. Therefore, a
combination of simultaneous quantitative analysis of the SCF-
perturbed proteome and phosphoproteome could enable a
system-wide characterization of phosphorylation-dependent sub-
strates and phosphodegrons, which would be important for better
understanding the physiological and pathological functions of SCF
E3 ligases.

BAG (Bcl-2-associated athanogene) is a family of proteins that
are well recognized for their anti-apoptotic functions in protein
quality control [19, 20]. Dysregulation of BAG3 is associated with
many diseases, such as cancer, myopathy, and neurodegenerative
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disorders [21, 22]. Nevertheless, the current understanding of
BAG3 is focused on its regulatory roles in the protein quality
control of its substrate proteins. It remains largely unknown how
the fate of BAG3 itself is regulated in cell physiology and
pathology.

Here, by utilizing mass spectrometry-based proteomic and
phosphoproteomic approaches, we carried out a system-wide
quantitative analysis of potential phosphorylation-dependent SCF
substrates. This study identified dozens of potential new
substrates with broad cellular functions. Importantly, we identified
BAGS3 as a bona fide phosphorylated substrate of SCF™8%°%2 which
plays an important role in tumorigenesis.

RESULTS

Systematic screening for phospho-dependent SCF substrates
We reasoned that, when the activities of CRLs were inhibited,
phosphorylation levels of their phospho-dependent substrates
would increase due to the impared degradation of these
phosphorylated substrates. In agreement, the global phosphoryla-
tion levels of HEK 293T cell lysates were significantly increased
after 4h of MLN4924 treatment (1 pM), a widely used protein
neddylation inhibitor for CRL inactivation [23] (Fig. S1A). The
increased global phosphorylation levels was not due to altered
cell cycle progress, as 1 UM MLN4924 for 4 h treatment did not
affect the cell cycle progress (Fig. S1B). To identify phospho-
dependent degradation substrate proteins of CRLs system-wide,
we used a mass-spectrometry-based stable isotope labeling with
amino acids in cell culture (SILAC) approach to quantify the altered
proteome and phosphoproteome induced by MLN4924 (Fig. 1A).
This workflow enabled quantification of 8,286 proteins, of which
517 proteins increased in abundance with p-value < 0.05 (by t-test)
in two replicate analyses (Fig. S1C). In addition, we quantified
12,276 phosphorylation sites (FDR < 5%, localization probability >
0.75) on 4,322 phosphoproteins. Among them, 2,800 phosphor-
ylation sites were up- or downregulated more than 1.2-fold. We
found 33 phosphosites, annotated as protein degradation-
associated modifications in the PhosphoSitePlus database, that
were upregulated (Fig. 1B and Table S1). Bioinformatics analysis
showed that the MLN4924 upregulated phosphoproteome (L/H >
1.2) was significantly enriched in diverse biological processes
(Fig. 1C and Table S1). Kinase Enrichment Analysis (KEA) of the
upregulated phosphoproteome resulted in the enrichment of
CDKs, GSK3B, and MAPKs, suggesting these kinase-associated
pathways were likely activated upon MLN4924 inhibition (Fig. 1D).
Many SCF substrates play critical roles in cell-cycle regulation [24],
and degradation of these substrates only accounts for a small
percentage (10-20%) of the protein in the total cell lysate [25].
Therefore, we used the criteria of a 1.2-fold increase in both
protein expression and phosphorylation in samples treated with
MLN4924 for initial screening of potential SCF substrates. We
found that 128 proteins and 369 phosphosites met our screening
criteria (Fig. 1E and Table S1). Motif analysis identified several
enriched motifs including one similar to the phosphodegron motif
(TPPxE/S) for FBXW?7 (Fig. 1F, Fig. S1D) [26]. To determine whether
these phosphorylated proteins participated in cell cycle regula-
tion, we compared our results to a published mitosis phospho-
proteome dataset [27]. Subsequently, 8 substrate proteins and 85
phosphosites were identified from our dataset. For example,
phosphorylation at Ser18 in CCDC86 and Ser1920 in POLR2A
fluctuated dynamically and were negatively correlated with their
protein levels during the cell cycle (Fig. 1G and Table S1).

Identification and biochemical validation of SCF candidate
substrates

To identify new phospho-dependent SCF substrates, we consid-
ered a protein identified in our dataset as a potential substrate if it
overlapped with either the SCF-associated interactome (BioGRID
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database), MLN4924-dependent ubiquitinome (ubiquitination
downregulated by MLN4924 > 2-fold), or GPS dataset [14]. Using
these criteria, we identified 16 known SCF substrates as well as 38
previously unreported potential new SCF substrates (Fig. 2A).
Notably, among these potential substrates, 17% of their phos-
phosites (19 sites) were reported to be mutated in cancers
according to the COSMIC (Catalogue of Somatic Mutations in
Cancer) database (Fig. 2B, Fig. S2A and Table S2). Network analysis
using the STRING database identified high-confidence interactions
among 54 substrate proteins (Fig. 2C and Table S2). These
substrates were highly enriched in the cell cycle (FDR = 1.60e—4)
and ubiquitin-like protein (Ubl) conjugation (FDR = 1.77e—12).

We next chose three representative candidates that participated
in different pathways for further biochemical validation, including
BAG3, UFD1, and PRKAR1A (Fig. 2D and Fig. S2B). The reported
SCF substrate DTL was used as a positive control. After ectopically
expressed as Flag fusion proteins in HEK 293T cells, all these
proteins significantly accumulated after 4 h of MLN4924 treatment
(Fig. 2E and Fig. S2C). Consistently, when the dominant-negative
cullin 1 (DN-CULT) [28] was overexpressed to inactivate the SCF
complexes, these proteins were significantly accumulated (Fig.
S2D). In addition, the drastic accumulation of BAG3 protein was
also observed in cullin1 knockout (KO) cells (Fig. S2E). Together,
these results suggested that these proteins belonged to SCF
substrates. We next mutated the identified phosphorylated serine
sites of these proteins to alanine to evaluate their potential
regulatory roles on protein degradation. The WT proteins were
accumulated upon MLN4924 treatment. However, the phospho-
mutant proteins did not respond to MLN4924 treatment, as their
basal protein levels were similar to those of the MLN4924-treated
WT counterparts (Fig. 2F). Consistently, the stability of these
mutants was significantly increased compared with their WT
counterparts (Fig. S2F). These results suggest that these phos-
phorylation sites are critical for SCF-dependent degradation of the
corresponding proteins.

BAGS3 is a bona fide substrate of SCFF®*°%?
To further demonstrate the utility of our phosphoproteome data
in SCF substrate identification, we selected BAG3 for further
investigation. MLN4924 treatment resulted in the accumulation of
BAG3 protein (Fig. S3A). As MLN4924 inactivates all cullins, we
overexpressed six dominant-negative cullins (DN-CUL1, DN-CUL2,
DN-CUL3, DN-CUL4A, and DN-CUL4B, DN-CUL5) in HEK 293T cells
to investigate whether BAG3 was regulated by other CRLs. We
found that BAG3 protein was only accumulated in DN-CUL1
transfected cells (Fig. 3A and Fig. S3B), indicating BAG3 is a
putative substrate of the SCF E3 ligase. To identify which SCF
complex is required for BAG3 destruction, the BAG3 protein
complex was purified by immunoprecipitation (IP) in the presence
of MLN4924 and subjected to MS analysis (Fig. 3B). Proteins
identified from Flag-BAG3 IP group only or >5-fold (emPAl ratio)
than the control group were considered. We identified 169
proteins that were associated with BAG3 from all the three
biological replicates. Bioinformatics analysis showed protein
folding associated pathways were significantly enriched in the
BAGS3 interactome (Fig. S3C-E and Table S3). Among these, several
well-known BAG3 interacting proteins were identified [29].
Interestingly, we found that BAG3 tightly interacted with multiple
different types of protein modification enzymes including E3
ligases, kinases, and phosphatases (Fig. 3C). Mass spectrometry
analysis further identified five new ubiquitination, four new
phosphorylation, and six new acetylation sites according to the
PhosphoSitePlus database (Fig. 3D and Fig. S3F). These post-
translational modifications were likely to be regulated by the
protein-modifying enzymes identified in the BAG3 interactome.
Interestingly, FBXO22 was the only F-box protein associated with
BAG3 among the E3 ligases identified in our dataset. Next, we
confirmed the protein—protein interaction between BAG3 and
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Fig. 1

Systematic screening for phospho-dependent substrates of SCF complexes. A The diagram shows the experimental workflow for

systematic screening of phospho-dependent degradation substrates. B The volcano plot illustrates the altered phosphoproteome following 4
h of MLN4924 treatment in HEK 293T cells. Red and blue dots represent significantly up- and downregulated phosphosites, respectively.
Yellow dots represent phosphosites functionally annotated as protein degradation-associated regulatory sites (“ON_FUNCTION” annotated as
protein degradation, ubiquitination, and protein stabilization in PhosphoSitePlus database). C The histogram shows the enriched pathways
(adjusted p-value < 0.05) of the significantly upregulated phosphoproteome using the DAVID bioinformatics database (v6.8). D Enriched
kinases from KEA of the upregulated phosphoproteome upon MLN4924 inhibition. A Benjamini adjusted p-value of 0.05 was set as cutoff.
E The overlap between the upregulated proteome and phoshoproteome. (L/H ratio > 1.2, p-value < 0.05 by t-test). F Representative motif
enrichment analysis by MoMo software using Motif-X algorithms. G The diagram shows the candidates with an inverse relationship between
protein expression and phosphorylation throughout the cell cycle based on a published mitosis phosphoproteome dataset [27]. Candidates
should fit the following criteria: at least a fourfold change in protein abundance and a twofold change in phosphorylation throughout the cell
cycle. Maximum protein abundance and minimum phosphorylation levels should simultaneously occur in one of the six-cell cycle phases (M,

G1/S, Early S, Late S, and G2) (or vice versa).

FBX022 by IP experiments via ectopic expression of either Flag-
FBXO22 or Flag-BAG3 (Fig. 3E, and S3G-H). This interaction could be
further increased by MLN4924 treatment (Fig. S3I). We next screened
a library of F-box proteins and found that although all F-box proteins
were associated with cullin1, FBXO22 was the only one that
specifically bound to BAG3 (Fig. 3F). Through protein interaction
domain mapping, we found that FBX022 physically interacted with
BAG3 through its C-terminal FIST-C domain (Fig. 3G).

ERK-induced BAG3 S377 phosphorylation generates a
phosphodegron recognized by SCFF®*°?2 for ubiquitination
and degradation

To gain a detailed mechanistic insight as to how FBXO22 regulates
BAG3 degradation, we overexpressed Myc-FBXO22 in HEK
293T cells, which resulted in a marked reduction in both
exogenous and endogenous BAG3 levels (Fig. 4A and Fig. S4A),
but without affecting its mRNA level (Fig. S4B). Therefore, we

Cell Death & Differentiation (2022) 29:1-13

proposed that the FBX022-induced BAG3 reduction was due to
the enhancement of BAG3 proteolysis, as shown by the rescue of
BAGS3 levels with a proteasome inhibitor MG132 and an increase in
the ubiquitinated BAG3 form, as well as a decrease in the BAG3
half-life (Fig. 4B, S4C, and S4D). Depletion of FBX022 by CRISPR/
Cas9 system induced a decrease in ubiquitinated BAG3 and an
increase of BAG3 stability (Figs. 4C and D). Our proteomics data
showed the phosphorylation of BAG3 S377 was upregulated by
MLN4924 treatment. To investigate whether S377 is a regulatory
site for FBXO22-dependent BAG3 degradation, we performed a
conserved sequence alignment analysis and found that this amino
acid was highly conserved across different species. Interestingly,
the amino acid residues around phosphorylated S377 containing
PPPpSPGPSA were very similar to SNAI1 (SPPpSPAPSS), a reported
substrate of FBXO22 (Fig. 4E) [30]. We therefore hypothesized that
the XXPpSPXPXX motif might be a putative phosphodegron
recognized by FBX022. To test this hypothesis, we carried out

SPRINGER NATURE
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Fig. 2 Identification and biochemical validation of SCF candidate substrates. A The diagram displays the candidate substrates meeting the
criteria as follows: (1) Phosphorylation upregulated upon MLN4924 treatment by more than 1.2-fold in our phosphoproteomic data, (2)
protein upregulated upon MLN4924 treatment by more than 1.2-fold in our proteomic data, (3) interacting with either one of the F-box
proteins from BioGRID, (4) ubiquitination downregulated by MLN4924 by more than twofold from a published dataset CRL substrate
screening [14], or (5) protein stability governed by CUL1 from a published dataset screening for substrates of CRLs. The most significantly
changed phosphosites of the protein candidates are shown. B The pie chart shows the percentages of the mutation types of upregulated
phosphosites (n = 117) according to the COSMIC database. C The protein—protein interaction (PPIl) was analyzed by the STRING database and
a PPl enrichment was obtained with p-value < 1.0x 107 '®. D The annotated MS/MS spectrum of the phosphopeptide containing the 5377
phosphorylated residue of BAG3 is shown. H: HEK-293T cells treated with DMSO, L: HEK-293T cells treated with MLN4924. E Immunoblot
analysis of Flag-tagged candidate substrates to examine protein stabilization after MLN4924 treatment. Flag-GFP was considered as
the negative control. DTL was considered as the positive control. Data are presented as mean + SEM. ns: not significant, *p < 0.05, **p < 0.01,
***p < 0.001 versus control groups (Student’s t-test), n = 3 replicates. F Immunoblot analysis of mutated phosphosites on protein stabilization.

structure-based computational analyses to investigate the poten-
tial recognition mechanism. Since currently there is no available
crystal structure for these two proteins, the I-TASSER webserver
was employed for structural modeling [31]. The modeling results
were then subjected to protein docking prediction through the
Haddock program, which retrieved that FBXO22 recognizes S377
phosphorylated BAG3 through R308 and H317 of its C-terminal
FIST-C domain (Fig. 4F). Compared with FBXO22 WT, the ability of
FBXO22 RH/AA mutant to recognize BAG3 protein is significantly
reduced (Fig. 4G and Fig. S4E). When we used a BAG3 S377A
mutant, the binding of the BAG3 S377A mutant to FBXO22 was
similarly compromised (Fig. 4H and Fig. S4F). Moreover, the
expression of FBX022 failed to affect the ubiquitination and the
stability of the BAG3 S377A mutant (Fig. 4] and Fig. S4G). Thus, our

SPRINGER NATURE

results suggested a critical role of phospho-S377 in mediating the
binding of FBX022 to BAG3 for subsequent ubiquitination. We
next developed a phospho-specific antibody that exclusively
detected BAG3 phospho-5377 (Fig. S4H). This antibody was able to
detect BAG3 WT, but not a BAG3 S377A mutant (Fig. 4J). In
agreement, the protein levels of BAG3 and BAG3 phospho-5S377
were both reduced in BAG3 knockdown (KD) cells (Fig. S4l). These
data suggest that the antibody specifically recognizes phosphory-
lated BAG3 at S377 both in vitro and in vivo. We hypothesized that
if BAG3 phospho-5377 was required for BAG3 ubiquitination and
degradation, both the phosphorylated and unphosphorylated
protein forms of BAG3 would be accumulated in the absence of
FBX022. Indeed, both BAG3 phospho-5377 and BAG3 proteins
were increased in FBXO22 KO cells compared with WT cells (Fig.

Cell Death & Differentiation (2022) 29:1-13
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Fig.3 BAG3 is a bona fide substrate of SCF®X%22, A HEK 293 T cells were transfected with GFP empty vector (EV) or indicated GFP-DN-Culs
for 36 h. Cell lysates were subjected to immunoblotting as indicated. B The diagram shows the experimental process for the MS-based
interactome analysis of BAG3. C Overlap between three BAG3 interactome analyses. The E3 ligases, kinases, phosphatase, and reported
interaction proteins identified in our dataset are shown. D The diagram shows all the identified phosphorylation, ubiquitination, mono-
methylation, and acetylation sites on BAG3. Asterisk denotes the newly discovered post-translational modification sites. E Immunoblot
analysis of the interaction between FBX022 and BAG3. HEK 293T cells were transfected with Flag-FBXO22 for 36 h under MLN4924 treatment.
Lysates were immunoprecipitated with anti-Flag M2 resin and analyzed by immunoblotting as indicated. WCE: whole-cell extracts.
F Immunoblot analysis examining the specificity of the interaction between F-box proteins and BAG3. HEK 293T cells were co-transfected with
EV or the indicated Flag-tagged F-box proteins (FBPs) plasmids and GFP-BAG3 for 36 h. WCE were immunoprecipitated by anti-Flag M2 resin
and immunoblotted as indicated. G A schematic diagram showing the various constructs of FBXO22 used for binding assays with BAG3. In
addition to full FBXO22 (F), two deletion constructs were also used: C: FBXO22 68-403 and N: FBXO22 1-279. HEK 293T cells were co-
transfected with Flag-BAG3 and the indicated GFP-FBX0O22 plasmids for 36 h. WCE were immunoprecipitated by anti-Flag M2 resin and

immunoblotted as indicated.

S4J and S4K). Thus, the above results demonstrated that FBX022-
mediated degradation of BAG3 required phospho-S377 in its
XXPpSPXPXX degron motif.

Interestingly, the protein kinase ERK could phosphorylate BAG3
[32]. Consistently, ERK was also present in the BAG3 interactome in
our IP experiment (Table S3). We found that ERK was associated
with both BAG3 and pBAG3 (5377), the latter was decreased in
response to the ERKi SCH772984 treatment. Pharmacological
inhibition of ERK by SCH772984 [33] resulted in decreased
phosphorylation of ERK and BAG3 phospho-5377, an increase in
total BAG3 protein, and the reduced interaction between BAG3
and FBXO22 (Fig. 4K and Fig. S4L). These data suggest ERK is
responsible for BAG3 phosphorylation at $377 and the subsequent
degradation of BAG3.

XXPpSPXPXX is a conserved phosphodegron recognized by
FBX022

In order to examine whether XXPSPXPXX identified in BAG3 could
be a conserved phosphodegron, we used FIMO software [34] to
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identify proteins bearing a similar motif in the human proteome.
In this analysis, 1,345 short protein sequences on 1,026 proteins
met the criterion of p-value < 1.0e—05 according to the previous
report [35]. We next compared these protein sequences with the
upregulated phosphoproteome impacted by MLN4924 (Table S1).
This analysis led to the identification of 31 sequences on 22
proteins matched to this putative phosphodegron, which could be
potential FBXO22 substrates (Fig. 5A, Table S4). In addition to
BAG3, many of these proteins were reported to play roles in
cacogenesis, such as RRAS2 and EAF1, which were then chosen for
further biochemical validation. Sequence alignment across differ-
ent species revealed that this putative phosphodegron in these
two proteins is highly conservative (Fig. 5B). Next, we mutated the
corresponding phosphorylated serine sites (RRAS2 S186A, EAF1
S165A) to evaluate the impact on their degradation. The WT
proteins, but not the mutants, were significantly accumulated
after 4h MLN4924 treatment, suggesting phosphorylation is
required for sequential proteasomal degradation (Fig. 5C). Ectopic
expression of FBXO22 resulted in a marked reduction of both
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Fig. 4 FBX022-mediated BAG3 ubiquitination and degradation requires BAG3 phosphorylation at S377. A Inmunoblot analysis of BAG3
levels after transfected with the indicated doses of Myc-FBXO22 plasmids. The quantification plot was based on scanning densitometry
analysis and the relative protein levels were normalized to the control. Data are presented as mean + SEM, n = 3 replicates. *p < 0.05, **p <
0.01, ***p < 0.001 versus control groups (Student’s t-test). B Proteasome inhibitor MG132 blocks FBXO22-induced down-regulation of BAG3.
HEK 293T cells were co-transfected with Myc-FBXO22 and Flag-BAG3 for 36 h and treated with 20 uM MG132 for 5 h. Protein extracts were
subjected to immunoblotting as indicated. The quantification plot was based on scanning densitometry analysis and presented as mean +
SEM, n=3 replicates. *p <0.05, **p <0.01, ***p <0.001 versus control groups (Student’s t-test). C Knockout of FBXO22 down-regulates
ubiquitination of BAG3. FBX0O22 KO HEK 293T cells were generated by CRISPR/Cas9 assays. Cells were treated with 20 pM MG132 for 5 h. WCE
were pulled down by Tandem Ubiquitin Binding Entity 1 (TUBET) resin [59] for ubiquitinated proteins enrichment and immunoblotted as
indicated. D Knockout of FBXO22 increases the stability of BAG3. Control or FBXO22 KO cells were treated with cycloheximide for the
indicated time. Protein extracts were immunoblotted for the indicated proteins. The quantification plot was based on scanning densitometry
analysis and relative protein levels were normalized to the control. Data are presented as mean + SEM, n = 3 replicates. E Alignment of amino
acids corresponding to the PXXP sequence with BAG3 orthologs and another FBXO22 substrate SNAI1. F Structural model of the
protein—protein interaction between FBX022 (blue) and S377 phosphorylated BAG3 (green). Phospho-5377 was the critical phosphorylation
site in the interaction. G Immunoblot analysis of the interaction between BAG3 and the FBXO22 mutant. HEK 293 T cells were transfected with
GFP-FBX022 or GFP-FBX022-R308A/H317A mutated plasmids for 36 h. WCE were immunoprecipitated by anti-GFP beads and immunoblotted
as indicated. H BAG3 S377 mutation attenuates the interaction between FBX022 and BAG3. HEK 293 T cells were transfected with Flag-BAG3
WT or Flag-BAG3 S377A mutant for 36 h. WCE were immunoprecipitated by anti-Flag M2 resin and immunoblotted as indicated. | BAG3 S377
mutation decreases ubiquitination of BAG3. HEK 293T cells were co-transfected with Myc-FBXO22, HA-ubiquitin, and Flag-BAG3 WT or Flag-
BAG3 S377A mutant for 36 h. WCE were immunoprecipitated by anti-Flag M2 resin and immunoblotted as indicated. J Antibody specificity
detection of anti-phospho-BAG3 (5377) antibody. HEK 293T cells were transfected with Flag-BAG3 WT or Flag-BAG3 S377A mutant for 36 h.
WCE were immunoprecipitated by anti-Flag M2 resin and immunoblotted as indicated. K ERK inhibition decreases phosphorylation of BAG3
S377, increases protein levels of BAG3, and attenuates the interaction of BAG3 and FBX022. HEK 293T cells were transfected with EV or Flag-
BAG3 for 24 h and treated with ERK1/2 inhibitor SCH772984. WCE were immunoprecipitated by anti-Flag M2 resin and immunoblotted as
indicated.

exogenous WT RRAS2 and EAF1 proteins in a dose-dependent affect the ubiquitination and stability of the WT RRAS2 and EAF1
manner. In contrast, the protein levels of these mutants were proteins (Fig. 5F and Fig. S5B). Thus, these results suggest that the
unchanged in the presence of exogenous FBX022 (Fig. 5D). In phosphorylation of this putative phosphodegron on both RRAS2
addition, the RRAS2 and EAF1 mutants could barely recognize and EAF1 is required for FBXO22 recognition. As ERK has been
FBX0O22 (Fig. 5E and Fig. S5A). In line with it, FBXO22 can only reported to be able to phosphorylate RRAS2 at $S186 [36], we then
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Fig. 5 Validation of multiple substrates bearing XXPpSPXPXX as the phosphodegron for SCF®X°22, A Alignment of amino acids
corresponding to the XXPSPXPXX sequence in BAG3, RRAS2, EAF1, MEN1, EI24 and SNAI1. B Alignment of amino acids corresponding to the
XXPSPXPXX sequence across different species with RRAS2 and EAF1. C Immunoblot analysis of mutated phosphosites on protein stabilization.
HEK 293T cells were transfected with the indicated Flag-tagged WT or the point mutated candidate substrates, and treated with 1M
MLN4924 for 4 h before lysis. Lysates were subjected to immunoblotting as indicated. D Immunoblot analysis of indicated protein levels after
co-transfected with the indicated Flag-tagged WT or the mutated plasmids and the indicated doses of Myc-FBX022 plasmids. E HEK 293T cells

were transfected with the indicated Flag-RRAS2 WT or the mutant

plasmids. WCE were immunoprecipitated by anti-Flag M2 resin.

Immunoblot analysis of WCE and IP as indicated. F FBXO22 regulates the ubiquitination of RRAS2 and EAF1. HEK 293T cells were transfected
with Myc-FBXO22 and the indicated Flag-WT or the mutant plasmids for 36 h, and then treated with 20 pM MG132 for 5 h. WCE were pulled
down by TUBE1 resin for ubiquitinated proteins enrichment and immunoblotted as indicated. G ERK inhibition increases protein levels of
RRAS2 and EAF1. HEK 293T cells were transfected with indicated Flag-tagged WT or the mutate plasmids for 24 h and treated with SCH772984
for an additional 24 h. Protein extracts were subjected to immunoblotting as indicated. H Immunoblot analysis of RRAS2 and EAF1 protein
levels in control and FBX022-KO cells with indicated antibodies. I Immunoblot analysis of RRAS2 and EAF1 protein levels in control and cullin

1 KO cells with indicated antibodies.

used ERKi to test whether suppressing the activity of ERK could
prevent RRAS2 degradation. As expected, ERKi treatment caused
the accumulation of RRAS2 WT protein, but not RRAS2 S186A.
Similarly, the EAF1 WT protein, but not the EAF1 S165A, was
accumulated in response to ERKi treatment (Fig. 5G). Like BAG3,
the endogenous EAF1 and RRAS2 proteins, but not their mRNA
levels, were elevated in FBXO22 KO cells (Fig. 5H and S5C). FBX022
KO or cullin 1 KO also increased the stability of RRAS2 and EAF1
(Fig. S5D and Fig. 5I). Collectively, these results suggest that ERK-
mediated phosphorylation of this putative phosphodegron is
required for FBXO22 recognition and degradation.

Failure to degrade BAG3 promotes tumor growth

As aberrant expression of BAG3 is related to cancer development
[37], we next investigated the possible role of ERK-FBX022-BAG3
axis in tumorigenesis. Hela cells stably expressing BAG3 WT

Cell Death & Differentiation (2022) 29:1-13

exhibited an increased proliferative capacity relative to control
cells, suggesting an oncogenic role for BAG3. Interestingly, cell
proliferation was enhanced in cells expressing the BAG3 S377A
mutant (Fig. 6A). Consistently, cells stably expressing BAG3 S377A
possessed stronger cell migration ability (Fig. S6A). As many
reported SCF substrates are regulated during cell cycle progres-
sion, we then asked whether this was also true for BAG3. We
found that BAG3 protein levels fluctuated during the cell cycle,
accumulated at G2/M, and declined after cells entered into G1
phase. However, protein levels of BAG3 S377A remained
unchanged during the whole cell cycle (Fig. S6B). In cells
expressing BAG3 S377A, there was a decreased percentage of
G1 phase cells 4h after nocodazole release and an increased
percentage of S phase cells 12 h later (Fig. S6C). The function of
BAG3 was further assessed in nude mice bearing subcutaneous
human cervical cancer xenografts. We found that ectopic
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System. Data are presented as mean +SEM, n=3 repllcates B BAG3 S377A mutation promotes tumor growth in vivo. Hela cells stably
expressing BAG3 WT or S377A were prone to tumorigenesis in nude mice. Each nude mouse was subcutaneously injected with 1 x 10" Hela
cells stably expressing BAG3 WT or BAG3 S377A for four weeks. Data are presented as mean = SEM, n = 12 for each group. In the BAG3 WT
group, the tumor formation rate was 3/12 (25%). In BAG3 S377A group, the tumor formation rate was 9/12 (75%). Tumor volume was
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Statistical analysis of apoptosis assays. Data are presented as mean + SEM, n = 3 replicates. G The colony formation assay for HeLa WT, HelLa
shBAG3, HeLa FBX022 KO, and HeLa FBXO22 KO/shBAGS3 cells. Cells were grown in 6-well plates, cultured for the indicated days, and stained
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measured every 3 days after mice were injected with cells. 1 Proposed model for ERK-FBX0O22-BAG3 axis-dependent physiological and
pathological impacts.
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expression of the BAG3 S377A mutant significantly promoted
tumor growth compared with the BAG3 WT control, as assessed
by tumor size measurement (Fig. 6B, S6D).

We speculated that FBX022 may have a reverse effect
compared with BAG3. Indeed, in FBX022 KO Hela cells, we found
that the proliferation and migration abilities were significantly
enhanced, which was phenocopied in cells stably expressing
BAG3 S377A (Fig. S6E-G). To further understand the FBX022-BAG3
axis, we carried out quantitative proteomics to investigate the
global impact of FBX022 KO or BAG3 overexpression (OE) on the
cellular proteome (Fig. S6H). Consistently, the protein level of
BAG3 was increased in FBX0O22 KO cells (Fig. 6C, Fig. S6l, and Table
S5). Gene set enrichment analysis (GSEA) was conducted to
compare significantly enriched hallmark pathways between the
BAG3 OE proteome and FBX022 KO proteome. Many pathways
that were significantly enriched in the downregulated proteome
of both BAG3 overexpressing cells and FBX022 KO cells (Fig. 6D
and Table S5). Notably, as BAG3 is well-recognized for its anti-
apoptotic functions, the enrichment of the apoptosis signature in
both the FBX022 KO cells and BAG3 OE cells further suggested a
pro-apoptotic function of FBXO22 via regulation of BAG3 stability
(Fig. 6E and Table S5). Indeed, FBX022 KO cells were significantly
resistant to both spontaneous and drug-induced apoptosis, which
could be largely restored by silencing BAG3 (Fig. 6F). BAG3 silen-
cing in FBX022 KO cells significantly decreased the cell prolifera-
tion and migration abilities relative to FBX022 KO cells (Fig. 6G,
Fig. S6J and Fig. S6K). In subcutaneous xenografts, knockout of
FBX022 significantly enhanced tumor growth, which was largely
reversed by BAG3 depletion (Fig. 6H and Fig. S6L). It is worth
noting that depletion of BAG3 in FBX022 KO cells did not reduce
the abundance of RRAS2 and EAF1 proteins, which might explain
why BAG3 depletion cannot fully rescue the malignant pheno-
types of FBX022 KO cells (Fig. S6M).

In conclusion, we uncovered a critical role for the ERK-FBX022-
BAG3 axis in the regulation of tumorigenesis (Fig. 6l).

DISCUSSION

To date, large-scale identification of phosphorylated substrates
recognized by SCF has not been attempted. To address this
question, we performed a simultaneous MLN4924-dependent
quantitative proteome and phosphoproteome analysis, as
MLN4924 treatment will result in global accumulation of
phosphorylated SCF substrates that cannot be further ubiquiti-
nated and degraded.

Using more stringent criteria, we further identified 54 potential
SCF substrates, including 38 new ones. Interestingly, we found
that 17% of these phosphorylated proteins were reported to be
mutated in tumors, suggesting that these phosphorylation sites
may result in the accumulation and activation of substrate
proteins by inhibiting binding to the corresponding SCF, which
eventually leads to tumorigenesis. In addition, phosphorylation of
the substrates might also inhibit the binding to the F-box protein
in some cases [38, 39].

As a proof of concept, we chose the newly validated SCF
substrate BAG3 for further mechanistic investigation. We dis-
covered that BAG3 is a substrate of SCFT®°22, FBX022 used its C-
terminal to interact with BAG3, which required the prior
phosphorylation of BAG3 by ERK at S377. Intriguingly, we found
that expression of a stable S377A mutant BAG3, but not BAG3 WT,
significantly promoted cancer cell growth and metastasis in vitro
and tumorigenesis in vivo. Therefore, our study suggests that the
upstream regulation of BAG3 by FBX022 likely plays an essential
role in tumorigenesis and metastasis repression. Indeed, loss of
FBX022-mediated degradation of Bach1l has been recently
reported to stimulate lung cancer metastasis [40]. FBX022
knockdown increased cell invasiveness via elevated levels of
HDM2 [41], and lower expression of FBXO22 is associated with
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worse prognosis in ER-positive and HER2-negative breast cancer
patients [42].

FBX022 recognizes and degrades ERK-mediated phosphory-
lated proteins on their specific amino acid sequences might be a
widely existed mechanism in mammalian cells. In addition to
BAG3, sequence alignment and phosphoproteomic analysis
revealed a variety of potential substrates bearing this new
phosphodegron (Table S4). Among them, we further validated
that RRAS2 and EAF1 proteins, which also contain the
XXPpSPXPXX motif, can be phosphorylated by ERK and recog-
nized by SCF™®*922 for subsequent degradation. ERKi treatment
caused the accumulation of these proteins, and a single amino
acid mutation of this motif blocked ERK- and FBXO22-mediated
proteasomal degradation.

MATERIALS AND METHODS

Cell lines

All cell lines used in this paper were from ATCC. HEK 293T, HEK 293T cells
stably expressing BAG3, FBX022 KO HEK 293T cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) medium containing 10% fetal
bovine serum (FBS, 10091148, GIBCO) and 1% penicillin and streptomycin
solution. Hela cells, HeLa cells stably expressing BAG3, Hela cells stably
expressing BAG3 S377A, BAG3 KD Hela cells, Hela cells stably expressing
FBX022 and FBX022 KO Hela cells were cultured in DMEM medium
containing 10% FBS and 1% penicillin and streptomycin solution. All cells
were grown in 37 °C supplied with 5% CO,.

Xenograft models

All BALB/c nude mice were purchased from BEIJING HFK BIOSCIENCE Co.
LTD and housed at specific facility. Cancer cells were implanted
subcutaneously on the axilla of BALB/c nude mice (6-8-week old, female).
The studies were conducted in compliance with the Institutional Animal
Care and Use Committee of institutional ethical guidelines in Shanghai
Institute of Materia Medica, Chinese Academy of Sciences. The mice were
divided into groups randomly and 9 or 12 mice per group were required.
The indicated cells were implanted into mice with DMEM medium. Tumor
size was measured every three days. The size was calculated by the
formula (length x width x width)/2.

Reagents

Where specified, the following reagents were added: SCH772984 (HY-
50846, MedChem Express Company), MLN4924 (HY-70062, MedChem
Express Company), SN-38 (Selleck S4908), Paclitaxel (TAXOL, Selleck S1150),
Cycloheximide (HY-12320, MedChem Express Company), Lipofectamine
2000 Transfection Reagent (11668019, Thermo fisher Scientific), TiO,
(Titanium Dioxide, 5020-75000, GL Sciences), Modified sequencing grade
trypsin (HLS TRYOO1N, HualLishi Scientific), rLys-C (HLS LYS001C, HualLishi
Scientific).

Anti-BAG3 (Ab47124, Abcam), anti-phospho-BAG3 (5377, Shanghai
Immune Biotech, Ltd., Shanghai, China, this paper), anti-Phospho-(Ser/
Thr) Phe (Ab17464, Abcam), anti-HA(Sigma-Aldrich, H6908), anti-Flag M2
(Sigma-Aldrich, A2220), anti-FBXO22 (Proteintech, 13606-1-AP), anti-Cyclin
B1 (Cell Signaling Technology, 4138S), anti-Myc (Cell Signaling Technology,
2276), anti-B-Actin (Cell Signaling Technology, 5125 s), anti-Phospho-p44/
42 MAPK (Erk1/2) (Cell Signaling Technology, 4370), anti-p44/42
MAPK (Erk1/2) (Cell Signaling Technology, 4695S), anti-GFP, (Beyotime,
AG281), anti-RRAS2 (Proteintech, 12530-1-AP), anti-EAF1 (Proteintech,
13787-1-AP), anti-Cullin 1 (Santa Cruz, sc-17775), Agarose-TUBET(Life-
Sensors, UM401), anti-GFP beads (AlpaLife, KTSM1301).

SILAC based cell culture

For SILAC labeling, HEK 293T cells were labeled in DMEM medium with
12¢, lysine and '°C¢'*N,4 arginine (light group) and DMEM medium with
3Cs lysine and '3C¢'°N, arginine (heavy group), containing 2 mM L-
glutamine, 1% penicillin and streptomycin and 10% dialyzed FBS (04-011-
1A, Biological Industry). The labeling efficiency for the heavy group was
determined by LC-MS/MS analysis before the proteomics study. When the
labeling efficacy for heavy group was above 95%, the light group was
treated with 1.0 uM MLN4924 for 4 h and the heavy group was treated
with DMSO for 4h. After treatment, cells were washed with chilled
Dulbecco’s phosphate buffer saline (D-PBS). Both the light and heavy cells
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were harvested and lysed with lysis buffer (8 M urea in 50 mM NH4HCO;,
supplemented with protease inhibitor cocktail and phosphatase inhibitor)
on ice.

Sample preparation for mass spectrometry analysis

For protein profiling and phosphoproteomics analysis, the cell lysate was
sonicated and centrifuged at 4°C. The concentrations of supernatant
were determined using BCA assay (P0009, Beyotime). Heavy and light
labeled cell lysates were mixed at equal amount, and then the protein
mixture was reduced by dithiothreitol at 56 °C for 30 min and alkylated
by iodoacetamide in dark at room temperature for another 30 min. The
alkylation reaction was quenched by cysteine at room temperature for
another 30 min. rLys-C was added at enzyme-to-protein ratio of 1:100
(w/w) for digestion at 37°C for 3 h. Then the sample solution was
subjected to a fourfold dilution with 50 mM NH4HCO3 and sequencing
grade trypsin was added at an enzyme-to-protein ratio of 1:50 (w/w) for
digestion at 37°C for 16 h. The peptide solution was desalted with
SepPak C18 cartridges. Peptides for protein profile analysis were
fractionated by high pH reverse phase HPLC using a Waters X-Bridge®
BEH C18 column (1304, 3.5 UM particles, 4.6 x 100 mm, Waters). Then
the separated peptide solutions were combined into 15 fractions and
vacuum-dried for further analysis. Two biological replicate analyses were
carried out.

Peptides for phosphoproteome analysis were enriched using TiO, beads
based on a reported protocol [43]. In brief, peptides were dissolved in
loading buffer (6% TFA in 80% ACN, supplemented with 1 M lactic acid),
and then incubated with TiO, beads for 30 min at room temperature. After
incubation, TiO, beads were then loaded into a StageTip with C18
membrane plug, then washed with loading buffer and wash buffer (0.5%
TFA in 50% ACN) for six times. The phosphopeptides were eluted from the
beads with elution buffer (10% NH3H,0). Eluted phosphopeptides were
fractionated into 6 fractions using an in-house made C18 StageTip and
vacuum-dried for further analysis. Two biological replicate analyses were
carried out.

For immunoprecipitation-mass spectrometry (IP-MS) analysis, samples
were separated by SDS-PAGE and visualized by Coomassie Brilliant Blue
(CBB) staining. The target gels lane were cut off, destained with 50%
ethanol, and subjected to in-gel digestion as previously described [44]. In
brief, gels were cut into slices and dehydrated with ACN. Dehydrated gel
slices were reduced by dithiothreitol, alkylated by iodoacetamide, and
washed by 100mM NH4HCOs. Then gel slices were digested with
sequencing grade trypsin at 37°C overnight. After tryptic digestion,
peptides were extracted from gel slices and vacuum-dried for further
analysis.

Nano-HPLC—MS/MS analysis

Peptide separation was performed using an in-house made reverse phase
C18 analytical column (75 pM ID x 25 cm length, 3 pM particle size) with a
linear gradient of 5—31% solvent B (0.1% FA in 90% ACN) for 74 min and
31-80% solvent B for 16 min at a constant flow rate of 300 nL/min on an
EASY-nLC 1000 system (Thermo Fisher Scientific, Waltham, MA). The eluted
peptides were ionized and introduced to Obitrap Fusion (Thermo Fisher
Scientific, Waltham, MA) using NSI source. lons with m/z 300—1,400 were
detected in the Orbitrap at a resolution of 120,000 at m/z 200. The
automatic gain control (AGC) was set as 1 X 10°. Data-dependent tandem
MS analysis was performed using a top speed approach (cycle time of 3s).
The intensity threshold for fragmentation was set to 5,000. The precursor
ions were isolated and sequentially fragmentized by higher collision
dissociation (HCD) with a normalized collision energy of 32%, and then ion
fragments were detected in the ion trap. The dynamic exclusion duration
was set as 65 s, and the isolation window was 1 m/z. AGC with 5 x 10 was
used to prevent overfilling of the ion trap.

Plasmids construction

The cDNAs encoding BAG3, FBX022, DTL, PRKARTA, UFD1, RRAS2, and
EAF1 were PCR-amplified from a HEK 293T cell cDNA library. Full-length
cDNAs were constructed by cloning the open reading frame of those
genes into pBabe-Flag vector, pcDNA-Myc-BiolD (Addgene, Cambridge,
MA) or pEGFP-C1 vector by using standard procedures. The open reading
frame of DN-CUL1, DN-CUL2, DN-CUL3, DN-CUL4a, DN-CUL4b, and DN-
CUL5 were PCR-amplified from cDNA library either, then subcloned into
PEGFP-C1 vector. Site-specific mutation of BAG3, UFD1, PRKARTA, RRAS2,
and EAF1 was introduced using PCR amplification with PrimeSTAR GXL
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DNA Polymerase. All constructs were confirmed by sequencing. The primer
sequences were in Table S6.

Immunoblotting analysis

For Immunoblot analysis, cells were lysed with 2x loading buffer (100 mM
Tris-Cl, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 200 mM DTT) on ice
for 30 min. The lysate was boiled at 99 °C for 5 min, and then cooled on ice
for another 5 min. The lysate was separated in 12% polyacrylamide gel and
then transferred to 0.45 uM nitrocellulose membrane. The membrane was
blocked in 5% BSA in PBS buffer with 0.2% tween-20 (PBST) for 1 h at room
temperature and immunoblotted with appropriate antibodies at 4°C
overnight. Washing the membrane for three times with PBST buffer and
incubated with peroxidase-conjugated secondary antibodies for 1h at
room temperature. Washing the membrane for three times with PBST
buffer, then the membranes were imaged by chemiluminescence (Clinx,
chemiscope 6000). The relative band intensity was quantified by software
Image J (Version 1.8.0).

Knock-out cell model construction

The knock-out cell model was obtained by CRISPR/Cas9 technology. In
briefly, designed single-stranded DNA oligonucleotides targeted to the
coding sites of the gene according to the CCTOP website (https://crispr.cos.
uni-heidelberg.de/). Add the CACCG in the front of the forward primer if the
base of the gDNA is not G, otherwise, add the CACC instead, and the reverse
primer was the complement sequence (FBX022: forward primer: CACCGGGT-
CACAATCCCAAGGACT, reverse primer: AAACAGTCCTTGGGATTGTGACCC.
Cullin 1: forward primer: CACCGTGCCTACCTCAATAGACAT, reverse primer:
AAACATGTCTATTGAGGTAGGCAQ). Anneal the two-strand oligonucleotides
to generate a double-stranded oligonucleotide (ds oligonucleotide), and then
cloned into the vector PX459 (Addgene, Cambridge, MA). Cells were
applied to transfected with 2 ug of sgRNA plasmid by Lipofectamine 2000
according to transfection protocol. After 48 h, cells were transferred into 96-
well plates to obtain individual clones. The genomic fragments containing
the target nucleotide sequence in the center were PCR-amplified and
sequenced. The protein depletion was identified by Western blot.

Immunoprecipitation

For IP experiments, cells were lysed with IP buffer (100 mM NaCl, 20 mM
Tris-cl pH 8.0, 0.5mM EDTA, 0.5% (v/v) Nonidet P-40) with protease
inhibitor cocktail and phosphorylate inhibitor for 30 min on ice. Sonicated
the cell lysate with 30% power for 5 min, then the lysates were centrifuged
at 21,300 x g for 5 min. The supernatant was transferred to a new tube. 50
pL samples were taken as the whole cell lysate. The residual supernatant
was incubated with appropriate antibody beads for 16 h at 4°C in a
rotating wheel. Immunocomplexes were washed for seven times with IP
buffer. Proteins were eluted by heating at 99 °C for 5 min in 2x loading
buffer, and then run the SDS-PAGE for immunoblot with appropriate
antibodies. For LC-MS analysis, immunocomplexes were washed for seven
times with IP buffer, and then the flag peptides solution was separated
with SDS-PAGE and stained with CBB. The target gels were cut off for the
following LC-MS analysis.

Structure modeling and protein docking

Protein structure modeling was carried out with the I-TASSER webserver
[31]. Full-length sequences of BAG3 and FBXO22 were uploaded onto the
webserver and the modeling was run with default settings. Five structure
clusters were obtained as results for each protein and the final models
were selected according to the overall conformations and the C-scores
calculated by the server. Phosphorylation of S377 in BAG3 was introduced
through the Discovery Studio package. After that, the predicted BAG3
(phospho-S377) structure was docked towards FBX022 using the
Haddock2.2 webserver [45], with the phospho-S377 residue as an active
residue directly involved in the protein—protein interaction. Haddock
retrieved 171 complex models and clustered them into three structural
ensembles. The best structure within the top cluster based on the Haddock
calculations was chosen as our final result.

Tandem Mass Tag labeling based quantitative proteomics

Cells were harvested and lysed with lysis buffer (8 M urea in 50 mM
NH4HCO;3, supplemented with protease inhibitor cocktail). Cell lysates were
reduced, alkylated and tryptic digested into peptides as previously
described. Samples were desalted using SepPak C18 cartridges (Waters,
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Milford, MA). The desalted sample was subjected to Tandem Mass Tag
(TMT) labeling following the manufacturer's protocol. The labeling
efficiency of labeled peptides determined by LC-MS/MS was >98%. Then
peptides labeled with different tags were mixed at equal amounts. The
peptide mixture was fractionated into 20 fractions by high pH reverse
phase HPLC using a Waters X-Bridge® BEH C18 column (130 A pore size,
3.5 uM particle size, 4.6 x 250 mm, Waters). The sample was analyzed by
Nano-HPLC—MS/MS.

Cell proliferation assay

We used two methods for the cell proliferation assay. For IncuCyte system
analysis, cells were seeded in 12-well plates at a density of 5,000 cells per
well for overnight and then change fresh growth medium. Subsequently,
the cell culture plates were placed into the live-cell analysis system
IncuCyte (Essen BioScience Ltd., Hertfordshire, UK), and images were
acquired every 6 h by automated real-time assessment for 72 h. Growth
curves were plotted as the change in confluence percentage. For Cell
Counting Kit-8 (CCK-8) assay, 3,000 Cells were grown in 96-well plates and
incubated for 1-7 days. Cell viability was measured with CCK-8 (K04,
DOJINDO) according to the manufacturer’s protocol. At each time, 10 uL
CCK-8 was added into each well and incubated at 37 °C for 2 h. The optical
density (OD) value was measured with Microplate Reader (Biotek) at 450
nm. The cell viability was calculated with three replicates.

Protein stability assay

Cells were grown in six-well plates (2 x 10° cells/well) in DMEM medium
with 10% FBS, and then transfected with indicated plasmid and 5 pl
lipofectamine 2000 for transient transfection following the manufacturer’s
protocol. After 24 h, cells were treated with 25 ug/mL of cycloheximide
(CHX) and harvested at the indicated times for immunoblot analysis with
the appropriated antibodies.

Lentivirus infection for stable cell lines

Cells were seeded in six-well plates (2 x 10° cells/well) containing DMEM
supplement with 10% FBS. Then cells were transfected with 1 ug target
plasmid and lentivirus expression plasmid, packaging plasmid (including
0.5pg gag/pol and 0.5pg VSVG) using lipofectamine 2000. Forty-eight
hours later, the culture supernatant was harvested, and added to the
medium of cultured cells with a ratio of 1:1 (v/v) including polybrene (1 pg/
ml) for 24 h infection. Single-cell clones were selected in the presence of
1.5 ug/ml puromycin for 2-4 weeks in 96-well plates. Protein over-
expression was identified by Western blot.

Quantitative real-time PCR analysis

RNA was extracted from cells with RNAprep pure Cell/Bacteria Kit (DP430,
Tiangen). cDNA was reverse transcribed with PrimeScript RT Master Mix
(RRO36A, TaKaRa). The DNA was amplificated with PCR instrument (A600).
The BAG3 primers (Forward: 5-ACCCTTTCCATGTCTATCCC-3/, Reverse: 5'-C
GTTCTGCTCGTGTATCACC-3/). The RRAS2 primers (Forward: 5-AGGAG
AAGTACCGGCTCGT-3’, Reverse: 5'-CGCCAGTCCTCATATACTGTTC-3'). The
EAF1 primers (Forward: 5'-AGGAGAGCTTCAAGTTGGCAA-3/, Reverse: 5'-T
CTGGTAAGGCCGTTTGTTCC-3'). Quantitative real-time PCR (RT-qPCR) was
performed according to the instruction of SYBR Premix ExTaq Il (RR820Q,
TaKaRa) with ABI7300 PCR system (Thermo Scientific). The relative
quantification results were calculated using the AACT method. B-actin
was used as the normalization gene.

Knock-down cell model construction

The BAG3 shRNA were synthesized (Forward primer: GATCGCAAAGAGGTG-
GATTCTAAACTCAAGAGGTTTAGAATCCACCTCTTTGCTTTTTG, Reverse pri-
mer:  AATTCAAAAAGCAAAGAGGTGGATTCTAAACCTCTTGAGTTTAGAATC-
CACCTCTTTGC) and constructed into the Plvx-shRNA1 vector. Then cells
were seeded into six-well plates and transfected with 2 ug of shRNA
plasmid by Lipofectamine 2000 according to transfection protocol. After
48 h, cells were planted into 96-well plates and cultured with 1.5 pg/ml
puromycin to obtain individual clones. The protein expression was
identified by western blot using BAG3 antibody.

Cell apoptosis assay

Cells were planted into six-well plates and treated with the indicated
concentrations of SN-38 and Paclitaxel for 48 h. Then the cells were
harvested and washed in cold D-PBS for three times. Cells were
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resuspended in 100 yl of 1x binding buffer with 5 ul of Annexin V-FITC
and 5 pl of propidium iodide (PI) staining solution (A211-02, Vazyme) and
incubated for 10 min at room temperature. After incubation, the cell
suspension was added with 400 pl of 1x binding buffer and analyzed in
FACSCalibur (BD). The data was processed by the software FlowJo. The
statistical analysis was analyzed with three replicates.

Colony formation assay

Cells were grown in 12-well plates at a density of 3,000 cells and incubated
for 10 days. The culture medium was refreshed every three days. At each
time point, cells were fixed with 4% paraformaldehyde for 30 min and
washed with D-PBS, then stained with 0.1% crystal violet for 10 min. The
cell colonies were photographed with microscope (Olympus). The
experiment was repeated for three times. For the quantification of
colonies, 30% sodium acetate was added to test the crystal violet OD value
for each well. The statistical analysis was analyzed with three replicates.

Cell migration assay

For migration assay, cells were added to 24-well Millicell hanging inserts
(Millipore, MCEP24H48) and cultured for 36 h or 48 h in DMEM medium not
including FBS. The lower champers used the DMEM medium including FBS.
At the right time, the insert champers were fixed with 4% paraformalde-
hyde and washed with D-PBS, then stained with 0.1% crystal violet. The
cells in the inner wall were erased by cotton swab gently. The migrated
cells were photographed with microscope.

Cell cycle assay

Cells were seeded into 6-well plates at a density of 5x 10° cells/well. For
G1/S synchronization, cells were blocked by 2 mM thymidine for 12 h, and
then cells were washed twice with cold D-PBS. Cells were incubated with
100 ng/mL nocodazole for another 12 h, then washed twice with cold D-
PBS and cultured in fresh DMEM medium and harvested at indicated times.
The cells were harvested at the indicated time and fixed with ice-cold 70%
ethanol. The fixed cells were washed with D-PBS and stained with 50 ug/ml
propidium iodide (PI) for 10 min at 37 °C. The cell cycle proportions were
measured through FACSCalibur flow cytometer (BD). The cell cycle
distribution was analyzed by the software FlowJo.

Quantitative proteomic and phosphoproteomic data analysis
All the acquired MS/MS data files (.raw) were processed with MaxQuant
(v1.5.3.8) based on Andromeda search engine [46]. Homo sapiens database
from UniProt (update on 08/27/2018) with a reversed decoy database was
used for data processing. For SILAC based proteomics analysis, Carbami-
domethyl (C) was specified as the fixed modification and variable
modifications were oxidation (M) and acetylation (Protein N-term). For
SILAC based phosphoproteomics analysis, Carbamidomethyl (C) was
specified as the fixed modification and variable modifications were
oxidation (M), acetylation (Protein N-term), and phosphorylation (S/T/Y).
Other MaxQuant search parameters were the default settings. SILAC ratios
for all proteins and phosphorylation peptides were normalized using DJ-1
[47], B-Tubulin, and GAPDH protein ratios [48]. Statistical p-value was
calculated in Excel using the paired student t-test. P-value < 0.05 and fold-
change > 1.2 was considered as significant change. Besides, proteins and
phosphopeptides that were only identified in SILAC light group or SILAC
heavy group in two replicates were also considered as significantly
changed proteins and phosphopeptides.

For TMT-based proteomics analysis, variable modifications were
oxidation (M) and acetylation (Protein N-term). The TMT label on lysine
residue and peptide N-termini (+229.163 Da) and Carbamidomethyl (C)
were fixed modifications. Other MaxQuant search parameters were the
default settings. To quantify the up- and downregulated proteins, the
reporter ion intensity was normalized by median-centering, and the ratio
(treat/control) was calculated by compare reporter ion intensity from
different groups. Statistical p-value was calculated using the paired
student t-test. P-value <0.05 and fold-change>1.2 was consider as
significant change.

IP-MS data analysis

Acquired IP-MS raw data were processed with Mascot software (version
2.3.01, Matrix Science Ltd., London, UK). Homo sapiens database from
UniProt (update on 08/27/2018) was used for data processing. Search
parameters were specified as follows: mass error was +10 ppm for parent
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ions and +0.5 Da for fragment ions. The enzyme was specified as trypsin
with a maximum of two missing cleavages. Carbamidomethyl (C) was
specified as the fixed modification and oxidation (M) was specified as
variable modification. Peptide ion score and protein score cutoff were 20.
For BAG3 protein modification analysis, acetylation (Protein N-term),
acetylation (K), mono-methylation (K/R), GlyGly (K), and phosphorylation
(S/T/Y) were additionally specified as variable modifications.

Bioinformatics analysis and data integration

DAVID bioinformatics functional annotation tool was used to identify
enriched GO terms and KEGG pathway [49]. The significance of fold
enrichment was calculated using a Benjamini adjust p-value < 0.05. KEA2
(http://www.maayanlab.net/KEA2) was used to predict kinase activity [50].
MLN4924 upregulated phosphosites were used as input. Enrichment
analysis was performed using Literature-Based Kinase-Substrate Library
with Phosphosites option. A p-value of 0.05 is used as the cutoff for
significance. Motif analysis was carried out using MoMo software tool [51]
and visualized using WebLogo [52]. Protein interaction network was
analyzed by STRING (v11.0) database [53] and visualized by Cytoscape (v
3.7.2) [54]. Gene set enrichment analysis (GSEA, v4.0.0) [55] was performed
using gene set collections “H” (hallmark gene sets) from MSigDB as
bioinformatics functional tool. FDR g-value of 0.25 and p-value of 0.05 was
used as enrichment cutoff. FIMO (v 5.1.1) was used to find protein
sequences with motifs described as position-specific scoring matrices [34].
FIMO is part of the MEME Suite software toolkit.

Protein—protein interaction data were obtained from BioGRID data-
base (release 3.4.163) [56]. Physical interactome data from both low-
throughput and high-throughput experiment was downloaded. “Reg-
ulatory sites” from PhosphoSitePlus (updated 14/12/2017) were down-
loaded for annotation of the known molecular function of phosphosites
[57]. Mutation data from COSMIC (release v87) was used to discover
mutated phosphosites [58].

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version
5.0.0). All data were presented as mean+ SEM. Unpaired two-tailed
Student's t-test with equal variance was performed. Statistical details of
each experiment can be found in the figure legends. Significances are
indicated with asterisks: ***p <0.001, **p<0.01, *p<0.05, and not
significant (ns) p > 0.05.

DATA AVAILABILITY

All data needed to evaluate the conclusions in the paper are present in the paper
and/or the supplementary materials. Mass spectrometry data have been deposited to
the iProX (84), a full member of the ProteomeXchange consortium (http://www.iprox.
cn), accession ID: IPX0001809000.
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