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Investigation of targets and anticancer mechanisms of
covalently acting natural products by functional proteomics
Wen-si Zhao1,2,3, Kai-feng Chen1,2,3, Man Liu1, Xing-long Jia1,4, Yu-qi Huang1,2, Bing-bing Hao1, Hao Hu1, Xiao-yan Shen4, Qiang Yu1 and
Min-jia Tan1,2,3,5✉

Eriocalyxin B (EB), 17-hydroxy-jolkinolide B (HJB), parthenolide (PN), xanthatin (XT) and andrographolide (AG) are terpenoid natural
products with a variety of promising antitumor activities, which commonly bear electrophilic groups (α,β–unsaturated carbonyl
groups and/or epoxides) capable of covalently modifying protein cysteine residues. However, their direct targets and underlying
molecular mechanisms are still largely unclear, which limits the development of these compounds. In this study, we integrated
activity-based protein profiling (ABPP) and quantitative proteomics approach to systematically characterize the covalent targets of
these natural products and their involved cellular pathways. We first demonstrated the anti-proliferation activities of these five
compounds in triple-negative breast cancer cell MDA-MB-231. Tandem mass tag (TMT)-based quantitative proteomics showed all
five compounds commonly affected the ubiquitin mediated proteolysis pathways. ABPP platform identified the preferentially
modified targets of EB and PN, two natural products with high anti-proliferation activity. Biochemical experiments showed that PN
inhibited the cell proliferation through targeting ubiquitin carboxyl-terminal hydrolase 10 (USP10). Together, this study uncovered
the covalently modified targets of these natural products and potential molecular mechanisms of their antitumor activities.
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INTRODUCTION
Natural products bearing great structural diversity exhibit therapeu-
tic activities for various diseases, such as bacterial and fungal
infections, inflammation, neurodegenerative diseases, diabetes and
cancer [1–3]. Approximately 25%–50% of marketed drugs are
derived from natural products [4]. A subset of natural products
bearing electrophilic moieties are capable of formation of irrever-
sible bonds with nucleophiles of proteins. These covalent inhibitors
were considered to have advantages of improved potency,
selectivity, and duration of the pharmacodynamics effects [5],
suggesting covalent inhibitors from natural sources provide a rich
resource for drug discovery and development.
Natural products eriocalyxin B (EB), 17-hydroxy-jolkinolide B

(HJB), parthenolide (PN), xanthatin (XT) and andrographolide (AG)
are all terpenoid active ingredients extracted from traditional
medicinal or folk medicine. EB was used as an anti-inflammatory
remedy in traditional Chinese medicine and showed potent anti-
inflammatory effects [6, 7]. HJB was extracted from Chinese
medicinal herb Lang-du, which was used for the treatment of
indigestion and edema in folk medicine [8]. PN was the bioactive
ingredient of the plant feverfew, which was used for the alleviation
of fever, rheumatoid arthritis, migraine, toothache, stomachache
[9, 10]. XT was isolated from the plant Xanthium L., which could treat
diseases such as arthritis and nasal sinusitis [11, 12]. AG was the

major active component of a medicinal plant A. paniculata and
exerted beneficial effects on inflammation [13–15]. Despite of
varied structural skeletons, they commonly bear electrophilic
groups (α,β–unsaturated carbonyl groups in all of them, and
epoxides in HJB and PN) (Fig. 1a), which are capable of covalently
modifying protein cysteine residues and potentially regulate the
functions for a plethora of proteins [16]. Recently, these compounds
have been reported to have a variety of antitumor activities. They
share some similarly impacted pathways, but they also have distinct
pharmacological effects. EB induced apoptosis of leukemia cells by
suppressing NF-κB activity and dysregulation of MAPK-signaling
pathway [17]. HJB inhibited JAK/STAT3 pathway by targeting the
JAK family kinases and inhibited PI3K-Akt pathway to induce
apoptosis of cancer cells [18, 19]. PN impaired cancer pathogenicity
through regulating multiple cellular signaling pathways, such as
IKK-β and NF-κB signaling [20, 21], JAK/STAT3 signaling [22] and
FAK1 signaling [23]. XT activated endoplasmic reticulum stress to
induce apoptosis in hepatoma cells [24], targeted JAK2 and IKKβ to
preferentially inhibit the growth of cancer cells with constitutively
activated STAT3 and p65 [11] and inhibited mTOR signaling to
suppress colon cancer progression [25]. AG inhibited ER-α receptor,
PI3K/AKT/mTOR signaling, THO complex and suppressed cell
proliferation, induced cell cycle arrest and apoptosis of various
cancer cells [13, 26, 27]. However, the direct covalent targets and
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molecular mechanisms of action are still largely unclear, which
greatly limits the development of these compounds.
Due to the high throughput and increasing sensitivity, mass

spectrometry (MS)-based proteomics provides the most accessible
opportunity to reveal the signaling pathway alterations and
identify the potential targets [28, 29], and has become one of the
most effective ways to address above-mentioned issues. Quanti-
tative proteomics takes advantage of unbiased analysis for global
protein expression changes and signaling pathway alterations
[28, 30, 31]. Activity-based protein profiling (ABPP), which
integrates reactive probes, affinity purification and proteomics
technology, has facilitated the system-wide discovery of potential
targets and binding sites of covalent inhibitors [32–37]. One of
the most widely used platform to analyze cysteine reactivity to
covalent inhibitors is isoTOP (isotopic tandem orthogonal
proteolysis)-ABPP developed by Cravatt et al. [32]. However, the
isotopic labels were introduced by in vitro click chemistry, thus
quantification accuracy was impaired by operational variations
[34, 38–40]. Other strategies such as multiplexed thiol reactivity
profiling (MTRP) developed by Yang et al. utilized iTRAQ based
high-throughput quantification, but suffered from the ratio
compression effect [41–44]. Herein, we integrated stable-isotope
labeling by amino acids in cell culture (SILAC) and cleavable azide-
biotin tags into ABPP workflow [40, 45]. This approach can take
advantage of accurate quantification and minimize potential
operational variation of SILAC to quantify the reactivity of each
labeled residue, providing an easy, sensitive, universal and
relatively low-cost approach to systematically identify the covalent
binding sites of structurally diverse natural products.
In this study, we integrated quantitative proteomics approach

and this ABPP platform to system-wide identify involved pathways
of EB, HJB, PN, XT, AG, and the preferentially modified targets of
EB and PN. Quantitative proteomics results showed all these
compounds affected the ubiquitin mediated proteolysis pathways.
ABPP platform identified diverse potential covalent binding
proteins of EB and PN. Bioinformatics analysis suggested that
those potential binding proteins were also involved in the protein
polyubiquitination pathway. Further target validation and activity
evaluation also showed that PN inhibited the proliferation of
MDA-MB-231 cells through targeting ubiquitin carboxyl-terminal
hydrolase 10 (USP10). This study uncovered the potential targets
and molecular mechanisms of covalent inhibitors from natural
sources, and provided a rich resource for drug discovery and
development for triple-negative breast cancer.

MATERIALS AND METHODS
Reagents
The XT was isolated from the aerial parts of Xanthium mogolium
Kitag, as described previously [46]. The HJB was isolated from
Euphorbia fischeriana, as described previously [47]. EB (Shanghai
YuanYe Biotechnology Co., Ltd., Shanghai, China), PN (Sigma-
Aldrich, St. Louis, MO, USA) and AG (Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in DMSO and each stock solution was stored
in −20 °C. Trypsin was purchased from Hualishi Scientific (Beijing,
China). [12C6,

14N4]-arginine (R0), [12C6]-lysine (K0), [13C6,
15N4]-

arginine (R10) and [13C6]-lysine (K6) were from Silantes (Munich,
Germany). C18 Zip Tip was from Millipore Corporation (Billerica,
MA, USA). DUB activity assay kit was purchased from Cayman
Chemical (Ann Arbor, MI, USA) and USP10 was purchased from
Boston Biochem (Cambridge, MA, USA). Other chemicals were
purchased from Sigma-Aldrich unless noted otherwise.

Cell culture
The MDA-MB-231 cells were grown in 1640 medium (Hyclone,
South Logan, UT, USA) supplemented with 10% of FBS, 100 U/mL
penicillin, 0.1 mg/mL streptomycin, 2.05 mM L-glutamine, and
25mM HEPES. For identification of EB/PN targets, the MDA-MB-

231 cells were cultured in SILAC media. MDA-MB-231 cells treated
with DMSO were cultured in heavy SILAC 1640 media (supple-
mented with K6 and R10), whereas MDA-MB-231 cells treated with
EB/PN were cultured in light 1640 media (supplemented with K0
and R0). Cells were grown for at least 6 times of passages until the
SILAC labeling efficiency met the requirement (>95%).

Cell viability assays
About 2500–3500 cells were seeded in 96-well plates with 100 μL
of medium for 24 h and then treated with different concentrations
of compounds for 72 h. CCK-8 (Dojindo Molecular Technologies
Inc., Kumamoto, Japan) was used to measure cell viability as
described previously [48].

ABPP analysis of potential targets
After MDA-MB-231 cells were grown to 90%–100% confluency, the
medium was removed and replaced with fresh medium with or
without 100 μM EB/PN. Then the cells were incubated at 37 °C for 1 h
and harvested to prepare EB/PN-treated and control proteomes,
respectively. Samples were prepared in five biological replicates. Cells
were collected and sonicated in PBS. BCA protein assay kit (Beyotime
Biotechnology, Shanghai, China) was used to determine the protein
concentration. Then isotopically heavy (DMSO) or light (EB/PN)
proteomes were mixed in a 1:1 ratio. The protein lysates were
reacted with iodoacetamide-alkyne (IA, 100 μM) for 1.5 h in darkness
at room temperature. Two hundred micromole Diazo Biotin-Azide
(Jena Bioscience, Jena, Germany) were appended to probe-labeled
proteins with 5mM ascorbic acid, 800 μM THPTA and 100 μM CuSO4.
The click chemistry was allowed to react for 3 h. After the click
chemistry step, the mixed samples were precipitated with chilled
(−20 °C) acetone. The precipitate was washed with acetone for 7
times, and the supernatant was discarded after centrifugation. The
pellet was suspended in PBS (adjust pH= 8) and was digested by
trypsin, an enzyme to-substrate ratio of 1:50 (w/w) at 37 °C for 4 h.
Next, the samples were reduced by 5mM dithiothreitol (DTT) at 56 °C
for half an hour, and reacted with 15mM iodoacetamide (IAA)
in darkness at room temperature for half an hour. Unreacted
iodoacetamide was quenched by 30mM cysteine at 25 °C for another
1 h. The samples were digested by trypsin, an enzyme to substrate
ratio of 1:100 (w/w) at 37 °C for another 4 h. The peptide solutions
were diluted with SDS to a final concentration of 0.1% and incubated
with 100 µL of streptavidin-agarose beads (Pierce, Rockford, IL, USA)
for 30min at room temperature [49]. The beads were washed with
0.1% SDS twice and PBS for 7 times. The beads were incubated with
100 µL sodium dithionite (100mM) for 30min twice and washed with
H2O (3 × 100 μL) [40, 45], for which all the supernatant was then
pooled and desalted with OMIX C18 cartridges (Agilent, Palo Alto,
CA, USA).

Proteome preparation for protein profiling
In order to balance the depth of proteome coverage and compound
efficacy/toxicity, we treated MDA-MB-231 cells with each natural
product at the concentration of tenfold of IC50 for 16 h. Cells were
harvested by centrifugation at 1000 × g for 5 min. The pellet was
washed with ice-cold PBS buffer for three times and then
resuspended in lysis buffer (8.0 M Urea in 100mM NH4HCO3

supplemented with 2× protease inhibitor cocktail) on ice for half an
hour. The cells were sonicated for 2min (2 s sonication with 5 s
intervals, 30% power). After centrifugation at 21,130 × g at 4 °C for
20min, the precipitates were discarded. BCA protein assay kit
(Beyotime Biotechnology, Shanghai, China) was used to determine
the protein concentration. The samples were reduced by 5mM DTT
at 56 °C for half an hour, followed by incubation with 15mM IAA in
darkness at room temperature for half an hour. The excess IAA was
quenched by 30mM cysteine at 25 °C for another 30min. The
protein solution was diluted with 100mM NH4HCO3 (pH 8.0) and
then was digested by trypsin for two times, an enzyme to-substrate
ratio of 1:50 (w/w) at 37 °C for 16 h and an enzyme to-substrate ratio
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of 1:100 (w/w) at 37 °C for 4 h. Sep-Pak C18 cartridges (Waters,
Milford, MA, USA) was used for peptide desalting.

Tandem mass tag (TMT) labeling and HPLC fractionation
TMT labeling was carried out with TMT Mass Tagging Kits (Thermo
Fisher Scientific, San Jose, CA, USA) [50]. The labeling efficiency of
TMT was checked with an EASY-nLC 1000 system coupled to an
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, San
Jose, CA, USA). After checking the labeling efficiency, TMT tagged
peptides from each sample were pooled together and desalted by
Sep-Pak C18 cartridges. Then samples were subjected to high pH
reverse phase HPLC using a Waters XBridge Prep C18 column
(5 μm particles, 4.6 mm × 250mm) to separate the tryptic pep-
tides. The mobile phase A solvent (pH= 10) contained ammonium
hydroxide solution and 2% acetonitrile, and the mobile phase B
consisted of 2% mobile phase A and 98% acetonitrile. The mobile
phase flow rate was 1 mL/min. The linear gradient for separation
was 0% to 5% B in 2min, from 5% to 12% B in 8min, to 33% B in
57min, to 95% B in 2min. The peptides were combined into 20
fractions and vacuum-dried for further experiments.

Mass spectrometry analysis
For protein profiling, the sample was dissolved in buffer A (0.1%
formic acid, 2% acetonitrile) and loaded onto 20 cm C18 reversed
phase capillary analytical column (ReproSil-Pur 120 C18-AQ,
1.9 μm particle size, 120 Å pore size, Dr. Maisch GmbH, Germany)
via the autosampler connected to an EASY-nLC 1200 HPLC system
(Thermo Fisher Scientific, Waltham, MA, USA). The peptides were
eluted with a linear gradient of buffer B (0.1% formic acid, 90%
acetonitrile) from 6% to 30% in 57min, followed by an increase to
45% in 4min, then a steep increase to 80% in 4min at a constant
flow rate of 300 nL/min. Then the eluted peptides were ionized
and sprayed into a Q Exactive HF-X mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). The mass spectrometric
analysis was performed in a positive mode. The peptides with a
range of m/z 350–1550 were analyzed by Orbitrap mass analyzer
with a resolution of 60,000 at m/z 200. The automatic gain control
(AGC) target was set to 3 × 106 and maximum ion injection time
(IT) to 45 ms. The 20 most intense ions were isolated and
subjected to fragmentation via higher-energy collisional dissocia-
tion (HCD) with a normalized collision energy (NCE) of 32%. Then,
the ion fragments were analyzed in the Orbitrap at a resolution of
15,000 at m/z 200. The isolation window was 0.8 m/z. The dynamic
exclusion duration was set to 30 s, and the charge exclusion was
set as 1+ and ≥6+ .
For target identification, the sample was loaded onto 20 cm C18

reversed phase capillary analytical column (3 μm particle size, 90 Å
pore size, Dikma Technologies, Lake Forest, CA, USA) via the
autosampler connected to an EASY-nLC 1000 HPLC system
(Thermo Fisher Scientific, Waltham, MA, USA). The peptides were
eluted with a linear gradient of buffer B (0.1% formic acid, 90%
acetonitrile) from 5% to 7% in 13min, from 7% to 10% in 20min,
followed by an increase to 25% in 55min, from 25% to 45% in
22min, then a steep increase to 80% in 3min at a constant flow
rate of 300 nL/min. Then the eluted peptides were ionized and
sprayed into a Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA). The mass spectrometric analysis was
performed in a positive mode. The peptides with a range of m/z
300–1400 were analyzed by Orbitrap mass analyzer with a
resolution of 120,000 at m/z 200. The automatic gain control
(AGC) target was set to 5 × 105 and maximum ion injection time
(IT) to 50ms. MS/MS acquisition was performed in top speed
mode with 3 s cycle time. The most intense ions were isolated and
subjected to fragmentation via HCD with a normalized collision
energy (NCE) of 32%. The ion fragments were analyzed in the ion
trap. The isolation window was 1m/z. The dynamic exclusion
duration was set to 50 s. Ions with a single charge or more than six
charges were excluded from tandem mass fragmentation.

Data analysis
The raw data was analyzed by MaxQuant (v1.5.3.8) [51] and the
built-in Andromeda search engine against a Uniprot human
sequence database (updated on 8/24/2018, 95128 sequences),
enabling potential contaminants and the reversed versions of all
sequences. Trypsin/P was chosen as the digestion enzyme and up
to 2 missed cleavage were allowed. The false discovery rate (FDR)
cut off for both peptides and proteins is 0.01. The rest of the main
parameters are as follows. For protein profiling, TMT (N-terminus
and K) and carbamidomethylation (C) were set as fixed modifica-
tions, oxidation (M) and acetylation (Protein N-terminal) were set
as variable modifications. For Target identification, carbamido-
methylation (C), ABPP (C), oxidation (M) and acetylation (Protein
N-terminal) were all set as variable modifications. For target
identification, the R ratio was calculated with the MS1 chromato-
graphic peak ratios for heavy (DMSO-treated) over light (EB/PN-
treated) samples. The R ratios of biological replicates were
averaged, and the mean value was reported as its final R ratio.
Cases were excluded from further analysis when large variability in
R ratios across multiple replicate runs were observed (standard
deviation >2/3 of the mean) or when R ratios were not quantified
in three or more replicate runs [34]. Those probe-modified sites
that only occurred in heavy samples with good reproducibility
(three or more replicates were quantified across five replicates)
were retained for further analysis.

LC–MS/MS analysis of USP10
Purified USP10 at a final concentration of 100 nM were incubated
with parthenolide (10 μM) at room temperature for 30 min. Then
the USP10 proteins were separated by SDS‐PAGE. The gel slices
were cut off from the PAGE and digested in gel [52]. The
compound-modified peptide spectra were manually inspected
using stringent criteria as previously described [52].

Expression of USP10C40A mutant and gel-based ABPP
293T cells were plated in 6-well flat-bottom plates at 1,000,000
cells/well. Cells were infected with lentiviral particles delivering
either pLVX-USP10-Flag WT control or C40A mutant plasmid.
After infection puromycin was added to select positive clone.
The expression of USP10 was validated through Western blot.
USP10 WT and C40A mutant proteins were enriched through
immunoprecipitation with anti-Flag M2 affinity gel (Sigma-
Aldrich, St. Louis, MO, USA). Enriched USP10 WT and C40A
mutant proteins were preincubated with DMSO or PN (50 μM) at
room temperature for 30 min. Samples were then incubated
with 5-IAF (1 μM) at 37 °C in darkness for another 30 min.
Proteins were separated by SDS-PAGE. Labeled proteins were
visualized by Typhoon FLA 9500 scanner and silver staining was
used as the loading control.

USP10 knockdown
Briefly, MDA-MB-231 cells were plated in 12-well flat-bottomed
plates at 400,000 cells/well. Cells were infected with lentiviral
particles, at a multiplicity of infection= 100, delivering USP10 or
negative control shRNA (Genomeditech Co. Ltd, Shanghai, China).
Medium were changed on day 3. Puromycin (Selleck Chemicals,
Houston, TX, USA) was added to reach a final concentration of
0.5 μg/mL on day 5, and cells were cultured in the presence of
puromycin for a week prior to experimental use. USP10 expression
was quantified by qRT-PCR and Western blot for validation.

The measurement of deubiquitinating enzyme activity in vitro
Purified USP10 (20 nM) were preincubated with different
concentrations of PN in DUB assay buffer (without DTT) at
25 °C for 1 h. After incubation, deubiquitinating enzyme activity
in vitro was measured using DUB activity assay kit according to
the manufacturer’s instruction (Cayman Chemical, Ann Arbor,
MI, USA).
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Western blot
Cells were washed twice with cold PBS, and then boiled with
loading buffer at 99 °C for 5min. The protein samples were
separated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and further transferred to NC mem-
brane. Then the membrane was blocked with 5% BSA dissolved in
PBST (1× PBS and 0.1% Tween 20) for 2 h at room temperature. After
incubated with primary antibody for overnight at 4 °C, the
membrane was washed six times with PBST. Sequentially the
membrane was incubated with second antibody for 45min at room
temperature. Then the membrane was washed six times with PBST
again. Finally, the membrane was detected by the ImageQuant LAS
4000 system (GE Healthcare, Little Chalfont, Buckinghamshire, UK).

Network analysis
Cytoscape (version 3.7.1) software based on the STRING database
(version 11.0) was used to analyze protein−protein interactions of
the differentially expressed proteins [53, 54]. Interactions with
active interaction sources from experiments and databases and an
interaction score ≥0.7, were exported from STRING for Cytoscape
analysis. Molecular Complex Detection (MCODE), a plugin of
Cytoscape, was further applied to analyze highly connected
regions [55]. Cluster score cutoff is 10.

Enrichment analysis for differentially expressed proteins
Proteins meeting criteria were subjected to WebGestalt (http://
www.webgestalt.org/) for more comprehensive, powerful, flexible
and interactive functional enrichment analysis [56]. Gene Ontol-
ogy (GO) database and Kyoto Encyclopedia of Genes and
Genomes (KEGG) database were utilized to assist on exploration
of the molecular mechanisms. The adjusted P value (Benjamini
−Hochberg correction) cutoff is 0.05.

RESULTS
EB, HJB, PN, XT, and AG impair breast cancer cell proliferation
Cell counting kit-8 (CCK-8) assay was used to measure the
anticancer effects of EB, HJB, PN, XT, and AG on triple-negative
breast cancer cell line MDA-MB-231. The cells were treated with

these compounds in a dosage-dependent manner for 72 h, with
DMSO as control. As shown in Fig. 1b, all five natural products
showed dose-dependent growth inhibition on MDA-MB-231 cells
with a half inhibitory concentrations (IC50) ranging from 0.3 to
10 μM. Among them, EB and PN showed relatively higher
inhibitory activity with the IC50 as 0.356 μM and 1.599 μM,
respectively (Fig. 1c). This result suggested the potential antitumor
activities of the five natural products at cellular level.

Characterization of global protein expression for the five natural
products
To understand and compare the molecular mechanisms among
these five natural products, we performed tandem mass tag
(TMT)-based quantitative proteomics survey. MDA-MB-231 cells
were treated with each natural product at the concentration of
tenfold of IC50 for 16 h. Cell lysates were extracted, and the
proteins were quantified by LC-MS/MS analysis following trypsin
digestion and TMT labeling (Fig. 2a). A total of 10,111 proteins
were identified, in which 8604 proteins were quantified in at least
two biological replicates. Correlation analysis was performed to
evaluate the data quality. Correlation coefficients for all five
compounds were above 0.9 (Supplementary Fig. S1), suggesting
good reproducibility among biological replicates. In the EB, HJB,
PN, XT, AG-treated cells, 799, 717, 699, 1337, and 921 proteins
showed significant expression difference between the treatment
and control groups (P value < 0.05 and fold change >1.2) [57, 58],
respectively (as shown in Supplementary Tables S1–S5).
GO Biological Process enrichment analysis showed all these

compounds affected proteasomal protein catabolic process, RNA
catabolic process, regulation of cell cycle phase transition and
chromosome segregation (Fig. 2b). KEGG pathway enrichment
analysis showed that all these compounds impacted the ubiquitin-
mediated proteolysis pathways (Fig. 2c), which suggested that these
five natural products might affect cell viability via regulation of
protein ubiquitination. The expression levels of proteins involved in
“Protein polyubiquitination” and “Proteasomal protein catabolic
process” pathways were compared: many proteasome subunits like
PSMD1, PSMB7, PSME1 were commonly downregulated and
some E3 ubiquitin-protein ligase like RNF34, FBXO11, MYLIP were

Fig. 1 EB, HJB, PN, XT, AG inhibited breast cancer cell proliferation. a Structure of EB, HJB, PN, XT and AG. b Dose-dependent effects on
MDA-MB-231 cells evaluated at 72 h of treatment in three biological replicates. Data were presented as mean ± SEM. c IC50 value of five natural
products. Data were presented as mean ± SD.
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Fig. 2 Characterization of global protein expression for five natural products. (a) The workflow of the TMT-based quantitative proteomic
profiling of MDA-MB-231 cells with treatment of DMSO, EB, HJB, PN, XT and AG. (b) The shared GO Biological Process enrichment results of
five natural products. (c) KEGG pathway enrichment analysis of significantly differentiated proteins (P value < 0.05, fold change > 1.2) of
five natural products. The global heatmap showing the enriched pathways with each natural products compared to DMSO treated in
MDA-MB-231 cells. The color is according to FDR value, and the darkest blue represents N/A. (d and e) Protein-protein interaction network
of significantly differentially expressed proteins of EB and PN, respectively. The top 3 clusters of highly interconnected networks were
exhibited. Interaction networks of EB/PN-regulated proteins were listed in gene names, based on STRING database. Cluster 1 of EB:
MCODE score = 30.5, nodes = 41, edges = 610. Cluster 2 of EB: MCODE score = 17, nodes = 17, edges = 136. Cluster 3 of EB: MCODE
score = 16, nodes = 16, edges = 120. Cluster 1 of PN: MCODE score = 17, nodes = 17, edges = 136. Cluster 2 of PN: MCODE score = 16,
nodes = 16, edges = 120. Cluster 3 of PN: MCODE score = 14, nodes = 14, edges = 91. GO Biological Process enrichment analysis was
performed in each cluster.
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upregulated (Supplementary Fig. S2). Notably, the expression levels
of CDC20 and CUL2 proteins were significantly affected in four out
of the five natural product-treated samples. CDC20 is a key cofactor
of the anaphase-promoting complex or cyclosome (APC/C) E3
ubiquitin ligase with a therapeutic potential for the treatment of
cancers [59, 60]. Notably, each natural product also showed
uniquely affected pathways. For examples, EB impacted the
pathways of protein export (FDR= 0.025301) and basal transcrip-
tion factors (FDR= 0.005756); PN was associated with pathways of
mRNA surveillance pathway (FDR= 0.000122) and homologous
recombination (FDR= 3.45E-08); XT affected the pathways related
to phagosome (FDR= 0.012649), focal adhesion (FDR= 0.00706),
and regulation of actin cytoskeleton (FDR= 0.047802); AG was
related with cellular senescence (FDR= 0.016632) and p53 signaling
pathways (FDR= 0.021135). The differences of the enriched path-
ways implied that the five natural products could also impair cell
viability via distinct mechanisms. This proteomics data provide rich
information on the pathways perturbed by these natural products,
which is of benefit to dissect the molecular mechanisms underlying
their antitumor activity.
We further subjected the significantly differentially expressed

proteins to protein−protein interaction analysis using Cytoscape
software and the STRING database. MCODE was further applied to
construct highly connected networks and subsequently subjected
to gene ontology-biological process analysis by WebGestalt
(Supplementary Figs. S3–S5). For EB-regulated proteins, the most
highly enriched cluster contained 41 proteins with 610 edges,
which were associated with protein localization to endoplasmic
reticulum, establishment of protein localization to membrane,
protein targeting, translational initiation and RNA catabolic
process (Fig. 2d). Ubiquitination-related proteins constituted the
second highest enriched cluster (17 proteins with 136 edges),
suggesting that EB could actively participate in the ubiquitination-
mediated regulation of protein function. In PN-treated cells, the
most enriched cluster consisted of 17 proteins with 136 edges,
relating with RNA splicing, mRNA processing and RNA 3’-end
processing (Fig. 2e). The next two clusters were involved in cellular
component organization and localization (the second cluster) and
protein ubiquitination (the third cluster). Previous studies reported
that PN directly interacted with ubiquitin-specific peptidase 7
(USP7), and promoted the ubiquitination and degradation of
β-catenin in Wnt signaling pathways [61]. Moreover, PN induced
ubiquitination of MDM2 and resulted in the activation of p53 and
other MDM2-regulated tumor-suppressor proteins [62]. These
studies were consistent with our bioinformatics analysis.

ABPP to map EB and PN targets in MDA-MB-231 cells
Due to the higher proliferation inhibitory activity of EB and PN, we
developed an ABPP platform to identify their preferentially modified
targets and their covalently modified amino residues. ABPP was
performed in a competitive manner, in which EB/PN competed with
the cysteine-reactive iodoacetamide-alkyne (IA) against covalent
targets. MDA-MB-231 cells cultured in heavy or light medium were
treated with DMSO or EB/PN respectively. Then, the extracted
proteins were mixed at 1:1 ratio and labeled with IA. After click
reaction with biotin-azo-azide, tryptic digestion, affinity enrichment,
and reductive cleavage of azo-bond, probe-modified peptides were
analyzed by LC-MS/MS. Thus, the exact residue modified by IA could
be determined and the heavy (DMSO-treated group) to light (EB/PN-
treated group) ratios for probe-modified peptides could be
quantified. The enrichment efficiencies were all above 98%,
indicating performance of our ABPP platform was similar with
published data [63]. Since the peptides covalently bound by EB/PN
were no longer available for IA-labeling, the peptides targeted by EB/
PN are expected to be of high heavy-to-light ratios (Fig. 3a).
The distributions of competitive ABPP ratios (R values) were

presented in Fig. 3b. Those probe-modified sites, with R value greater
than 5 or only being identified in heavy samples for more than or

equal to three times out of five replicates, were considered as
potential covalent binding sites of the natural products [34, 64].
By this standard, we obtained 65 and 643 potential covalent binding
sites on 60 and 519 proteins for EB and PN, respectively
(Supplementary Tables S6, S7). As shown in Supplementary Fig. S6a,
the abundance of these potential target proteins rarely distributed in
the areas of high protein abundance, which suggested the
interaction between compounds and potential targets had no
obvious bias against protein cellular abundance. We then calculated
the percentage of potential covalent targets that could be found in
DrugBank (Fig. 3c). After integrating the potential targets of EB and
PN, we found 28 (5%) of the potential targets indexed in DrugBank
proteins, and 72% of these 28 potential targets possessed enzymatic
activities by functional classification analysis. Notably, 95% (554) of
the potential targets did not match to DrugBank database, and
these proteins belonged to diverse functional classifications,
including enzymes, transcriptional factors, transporters and recep-
tors. According to a database containing 628 unique priority targets
that were crucial to cell viability or growth by genome-scale
CRISPR–Cas9 screens [65], we evaluated the tractability of the
potential targets of EB and PN. In the database, the 628 priority
targets were categorized into three groups according to their
tractability evidences with group 1 as the highest and group 3 as the
lowest. Among the potential targets of EB, kinetochore-associated
protein 1 (KNTC1) andmannose-1-phosphate guanyltransferase beta
(GMPPB) were assigned to tractability group 2, and condensin
complex subunit 1 (NCAPD2), dynactin subunit 6 (DCTN6), ubiquitin-
conjugating enzyme E2 S (UBE2S) and zinc phosphodiesterase ELAC
protein 2 (ELAC2) were assigned to tractability 3. Among the
potential targets of PN, DNAmethyltransferase 1 (DNMT1), epidermal
growth factor receptor (EGFR) and fatty acid synthase (FASN) were
assigned to tractability group 1, and there were 22 potential targets
classified into tractability group 2 and 22 potential targets into group
3 (Fig. 3d). Notably, DNMT1, EGFR, and FASN in tractability group 1
are all FDA-approved drug targets and play important roles in cancer
initiation and progression [66–68]. The above results offered insights
into priority of subsequent target validation.
GO Biological Process enrichment analysis showed the potential

covalent targets for EB and PN were both associated with protein
polyubiquitination, RNA splicing and mRNA processing (Fig. 3e).
EB impacted the biological processes of dicarboxylic acid
metabolic process, cellular modified amino acid biosynthetic and
metabolic process, one-carbon metabolic process and coenzyme
metabolic process. PN was related with proteasomal protein
catabolic process, regulation of mRNA metabolic process, nuclear
transport, ribonucleoprotein complex biogenesis, localization and
subunit organization. Since quantitative proteomics analysis
implied that EB and PN might share similar molecular mechanisms
(i.e., regulation of protein ubiquitination), we compared the
potential targets and potential covalently modified sites between
EB and PN to discover their commonly shared potential targets.
The Venn diagram showed EB and PN shared 4 potential binding
sites and 11 potential targets (Fig. 3f). However, these targets were
not reported to be associated with protein ubiquitination
regulation, which suggested EB and PN might interact with
different targets in ubiquitination-regulated pathways.

Biochemical validation of USP10 as a target of PN
Since both quantitative proteomics and ABPP experiment implied
that PN had an impact on protein ubiquitination regulation
(FDR= 3.39592E-07 in proteomics enrichment result, FDR= 7.04351
E-09 in ABPP enrichment result) and previous researches reported
some ubiquitination related proteins like USP7, USP47 as targets of
PN [61, 69], we sought to investigate how PN affected this biological
process in MDA-MB-231 cell line. Western blotting analysis revealed
that ubiquitin signals were significantly increased in PN-treated
samples compared with those of control samples, which indicated
PN induced the accumulation of protein ubiquitination (Fig. 4a).
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Fig. 3 ABPP to map EB and PN targets in MDA-MB-231 cells. a Competitive ABPP for quantitative mapping of potential covalent binding
sites of targets. Treatment of cells with DMSO or EB/PN in situ, proteome labeling with an IA probe, Cu-catalyzed based click chemistry to
incorporate biotin group, trypsin digestion, enrichment of probe-modified peptides with streptavidin, followed by sodium dithionite cleavage
for LC-MS/MS analysis. b Distribution of competitive ABPP ratios (R values). Probe-modified peptides only occurred in heavy samples with
good reproducibility, for which R values were assigned to maximum value. R value greater than 5 was shown by dashed lines to mark
potential binding sites that exhibited high sensitivity to EB/PN. (c) Percentage of potential targets of EB and PN found in DrugBank proteins or
Non-DrugBank proteins, and functional classification. d Overlap of potential targets with tractability group1/2/3 reported by other researchers.
e Protein-protein interaction networks of the potential targets of EB and PN were analyzed respectively. The top 4 clusters of highly
interconnected networks were performed GO Biological Process enrichment analysis. f The Venn diagram of shared binding sites and
potential targets between EB and PN.
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Fig. 4 Biochemical validation of USP10 as a target of PN. a Western blotting analyses of the whole cell lysate using anti-ubiquitin (pan)
antibody were performed in control and PN-treated samples. Coomassie blue staining was used as the loading control. b The hypothesis that
PN increased ubiquitin signals. c The critical regions for USP10 and sequence alignment of the potential binding site of Cys40 on USP10
among different species. d PN covalently bound to Cys40 on USP10. Purified USP10 (100 nM) was incubated with PN (10 μM) at room
temperature for 30 min prior to LC-MS/MS analysis. e IA-Fluorescein labeling of WT and C40A USP10. Labeled proteins were scanned with
Typhoon FLA 9500 scanner and silver staining was used as the loading control. f DUB activity assay kit was applied to measure USP10 activity.
(g) USP10-knockdown MDA-MB-231 cells were constructed by lentiviral particles containing USP10 shRNA. USP10 expressions were validated
by Western blotting of USP10-knockdown (KD) cells compared to negative control (NC) cells. Actin expressions were shown as loading control.
The shown gel was from three biological replicates. Then, PN effects were assessed on USP10-knockdown cells and negative control cells. The
shown data were a representative one from biological replicates. Data was shown as mean ± SEM. Statistical significance was calculated with
unpaired two-tailed Student’s t-tests. One asterisk indicates P < 0.05, two asterisks indicate P < 0.01 and three asterisks indicate P < 0.001.
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Thus, we hypothesized that PNmight be an inhibitor for proteasome
or deubiquitinating enzymes. To this end, we focus on three
proteasome regulatory subunits (PSMD9, PSMD12, and PSME3) and
four deubiquitinating enzymes (USP8, USP10, USP15, and OTUD6B)
in the list of PN potential targets (Fig. 4b). USP10 was involved in
diverse cellular processes, including ubiquitin recycling, recycling of
cellular proteins, stress granule formation, and DNA damage
response [70]. More importantly, USP10 has crucial functions in
tumor initiation and progression [71, 72]. Data from Cancer
Dependence Map showed USP10 was essential in various cancer
cell lines including MDA-MB-231 [73] (Supplementary Fig. S6b).
Previous studies uncovered that the N-terminal region (1–100 amino
acid) was critical for the interaction between USP10 and its substrate
p53 [74]. Our results showed a potential covalently modified site at
Cys40 on USP10, which is located exactly in this region and highly
conserved among species (Fig. 4c).
To further validate PN covalently modified sites on USP10, we

incubated purified USP10 with PN and then subjected to mass
spectrometry analysis. We identified a number of peptides with a
mass shift of 248.14 Da, which matched the molecular weight of
the PN (Fig. 4d). This experiment demonstrated that PN covalently
modified USP10 through Cys40, which is consistent with our ABPP
results. In addition, we validated the interaction between PN and
USP10 Cys40 through gel-based ABPP. Compared with wildtype
protein, C40A mutant impacted 5-IAF labeling on USP10 (Fig. 4e).
This experiment further confirmed that Cys40 in USP10 was a
primary binding site for PN. Next, DUB activity assay kit was
applied to assess whether PN could affect USP10 activity. The
in vitro results showed PN exerted inhibitory effects on USP10
function in a concentration-dependent manner (Fig. 4f). Further,
to determine whether the observed PN-mediated proliferative
impairment was dependent on USP10, we evaluated PN effects on
USP10-knockdown (KD) MDA-MB-231 cells. The results showed
USP10 knockdown conferred significant resistance to PN-
mediated cell growth inhibition compared with negative con-
trol (NC) cells (Fig. 4g). In addition, we compared ubiquitination
differences between USP10KD/NC cells under PN treatment.
Compared to USP10KD, NC cells exhibited stronger ubiquitination
change with PN treatment (Supplementary Fig. S7). Collectively,
we demonstrated PN inhibited the proliferation of MDA-MB-231
cells by, at least partially, covalently binding to USP10.

DISCUSSION
In this study, TMT-based quantitative proteomics analysis was
performed to system-wide identify significantly differentially
expressed proteins and the regulated pathways. Pathway enrich-
ment analysis revealed that all these five natural products
impacted the ubiquitin-mediated proteolysis pathways. Due to
the higher activity on proliferation inhibition of EB and PN, we
developed an ABPP platform to identify their preferentially
modified targets as well as the exact covalent binding sites. Both
quantitative proteomics and ABPP experiment implied that PN
was associated with protein ubiquitination events, which was
further validated by Western blotting analysis. USP10, a potential
target for PN, was selected for further validation. The in vitro
results showed PN covalently modified USP10 and exerted
inhibitory effects on USP10 function. USP10-knockdown MDA-
MB-231 cells conferred significant resistance to PN-mediated cell
growth inhibition compared with negative control cells. These
results demonstrated PN inhibited the proliferation of MDA-MB-
231 cells by, at least partially, covalently binding to USP10. It is
noteworthy that PN contains a α,β–unsaturated carbonyl group
and an epoxide, both of which are capable of cysteine
modification [16]. Further study on structure-activity relationship
is warranted to elucidate the pharmacophore of this compound.
The protein expression changes of downstream substrates of

USP10 in PN-treated samples showed the expression levels of

RAF1, RPS2 and SKP2 were significant downregulated (P value <
0.05 and fold change <0.83). RAF1, is a key link between RAS
activation and downstream MEK-ERK signaling, and involved in
diverse cellular processes such as proliferation, differentiation,
and apoptosis [75, 76]. RPS2 is overexpressed in malignant
prostate cancer samples and might become a potential
therapeutic target [77]. SKP2 is a substrate recognition compo-
nent of a SCF (SKP1-CUL1-F-box protein) E3 ubiquitin-protein
ligase complex, promoting breast cancer by degradation of
programmed cell death protein 4 (PDCD4) [78]. A previous study
demonstrated that SKP2 suppressed p53 protein level and
inhibited PIG3-induced apoptosis [79]. Thus, we hypothesized
that PN might inhibit USP10 to down-regulate the expression of
SKP2 and subsequently increase the level of p53 for its anti-
proliferation activity. Collectively, the substrate information
expanded the basis for better understanding of the molecular
mechanisms of PN.
Other targets could also contribute to anti-proliferation effect of

PN in MDA-MB-231 cell line. Some well-studied PN targets like p65
and DNMT1 were also identified in our ABPP result. P65, a key
transcriptional factor in NF-κB signaling pathway, was reported to
be inhibited by PN at 5 μM [80]. And DNMT1, a key regulator of DNA
methylation, was reported to be inhibited by PN at 3.5 μM [81]. They
might participate in inhibitory effect on cell proliferation of PN at
low concentration. Quantitative proteomics suggested that EB and
PN may share similar molecular mechanisms in part by regulating
protein ubiquitination, while the results of ABPP showed EB and PN
may interact with different targets. In this study, we have
demonstrated USP10 was one of PN targets. To obtain insight of
possible mode of action for EB, we further investigated its potential
targets. We analyzed protein-protein interaction networks of the EB
potential targets and explored their underlying biological processes.
Notably, the top enriched cluster was associated with protein
polyubiquitination process, containing HECTD1, UBE2S and RNF213
(Supplementary Fig. S6c). E3 ubiquitin-protein ligases (HECTD1 and
RNF213), as well as ubiquitin-conjugating enzyme E2S (UBE2S) are
important for the development and progression of several types of
cancer [78, 82–84]. Moreover, both HECTD1 and RNF213 were
reported to mediate ubiquitination of IκBα, indicating they could
participate in NF-κB signaling regulation of EB [85, 86]. These clues
about EB potential targets might contribute to understanding the
molecular mechanisms of EB-impaired breast cancer cell prolifera-
tion, which still need to be further validated using additional
independent experiments.
In conclusion, this study uncovered the potential targets and

molecular mechanisms of covalent inhibitors from natural sources,
and provided a rich resource for drug discovery and development
for triple-negative breast cancer.
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