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ABSTRACT
Chemical biology has been attracting a lot of attention because of the key roles of chemical methods and
techniques in helping to decipher and manipulate biological systems. Although chemical biology
encompasses a broad field, this review will focus on chemical biology aimed at using exogenous chemical
probes to interrogate, modify and manipulate biological processes, at the cellular and organismal levels,
in a highly controlled and dynamic manner. In this area, many advances have been achieved for cancer
biology and therapeutics, from target identification and validation based on active anticancer compounds
(forward approaches) to discoveries of anticancer molecules based on some important targets including
protein-protein interaction (reverse approaches). Herein we attempt to summarize some recent progresses
mainly from China through applying chemical biology approaches to explore molecular mechanisms of
carcinogenesis. Additionally, we also outline several new strategies for chemistry to probe cellular activities
such as proximity-dependent labeling methods for identifying protein-protein interactions, genetically
encoded sensors, and light activating or repressing gene expression system.
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INTRODUCTION
Chemistry plays key roles in helping to decipher
and manipulate life activities, and the interdepen-
dency of chemistry with biology, pharmacology and
medicine has been shown to be of great synergistic
value [1,2]. For example, discoveries of the potent
chemical probes JQ1 [3] and I-BET (inhibitor for
bromodomain and extra terminal) [4] are triggering
revolutionary progress in our understanding of bro-
modomain biology and pharmacology [5,6].Thus, a
thriving interdisciplinary scientific area, chemical bi-
ology has been attracting a lot of interest [7].

Different from classical biochemistry, which
focuses on the understanding of endogenous chem-
ical processes in living systems, chemical biology
employs the methods and techniques of chemistry
to investigate biological phenomena. In particular,
chemical biology aims to use exogenous chemical
probes to interrogate, modify, and manipulate
biological processes at the cellular and organismal
levels in a highly controlled, reversible and dynamic

manner. By analogy to classical genetics, chemi-
cal biology can also employ forward and reverse
approaches (Fig. 1). Forward or phenotype-based
chemical biology begins by screening compounds to
trigger interesting phenotypes of cells or organisms,
after which the biological target(s) of the interesting
compound are identified. Reciprocally, reverse or
target-based chemical biology usually starts with
known targets that have been validated to play
a critical role in a particular signaling pathway,
biological activity or disease of interest.

The utility of chemical biology is also appreci-
ated by scientists in China. The National Climbing
Program for Basic Research initiated in the late
1980s, the precedent of the National Basic Research
Program of China (973 Program), funded a project
entitled ‘chemical studies in biological processes’
[8]. From then on, scientists in China made greater
contributions to chemical biology research, espe-
cially forward chemical biology based on screening
of active compounds, such as the application and
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Figure 1. General flow chart of forward/compound-based and reverse/target-based
chemical biology approaches.

target identification of all-trans retinoic acid
(ATRA) and arsenic trioxide (As2O3) in the treat-
ment of acute promyelocytic leukemia (APL), a
unique subtype of acute myeloid leukemia (AML)
[9,10], and the chemical induction of pluripotent
stem cells frommouse somatic cells [11–13].

To push the development of chemical biol-
ogy as a multidisciplinary research priority area,
the National Natural Science Foundation of China
(NSFC) launched a major research program on
chemical biology in 2005, named ‘investigations on
signal transduction processes utilizing small chem-
ical probes’, which focused on the development
of new techniques and methods to detect the in-
formation of signaling processes, exploring chemi-
cal compound-based signaling mechanisms of cel-
lular functions, and the discovery of targets and
lead compounds based on signal transduction pro-
cesses [8]. Following the program, a new plan en-
titled ‘dynamic modification of biological macro-
molecules and chemical interference’ was initiated
by the NSFC in 2017.

Due to extremely high morbidity and mortality
worldwide, cancers are always the main focus
of medical research. Over the past two decades,
potential therapeutic targets for cancers have been

generated by exponential growth in the amount of
genomic information available, with the support
of data from various kinds of other omics such
as epigenomics, transcriptomics, proteomics and
metabolomics, as well as synthetic lethal screens
based on RNA interference, clustered regularly
interspaced short palindromic repeats/Cas systems
andclassical hypothesis-driven approaches [14–16].
However, it is estimated that approved drugs are
available for only 5% of the 500 or so cancer-causing
gene products [17,18]. Available chemical modula-
tors (inhibitors for oncogenic drivers and activators
for dysfunctional tumor suppressor proteins) are
applicable to less than 10% of the cancer proteome.
Moreover, at least 10% of all pathogenic cancer
driver genes are considered to be druggable with
current technologies, but they have not yet been
chemically explored. Therefore, there is an urgent
medical need to extend the chemical targeting of
cancers, which will be essential if we are to better
understand the functioning of cancer-related genes
and pathogenic networks, and develop personalized,
precision therapeutic strategies for cancer patients.
This review tries to highlight some, but not all
examples, of recent progress, mainly from China, in
the discovery of chemical tools and the application
of chemical biology approaches against cancer.

CHEMICAL LIBRARY
A chemical or drug library is a collection of stored
chemicals that is usually used in high-throughput
screening systems to identify chemical probes of
disease-related targets and potential starting points
for drug discovery. Each chemical library should
have associated information collected in the form
of a database, such as chemical structure, purity,
quantity and known potential biological activities.
A rational chemical library with wide chemical
structure space will increase the chance of finding
a ‘hit’ in the high-throughput screen. Considering
that many active chemicals identified through high-
throughput screening are not druggable, drug-like
properties such as solubility and bioavailability are
important to chemicals collected in a drug library.

Chemical compounds include natural and syn-
thetic compounds. Natural compounds or prod-
ucts derived from plants such as traditional Chinese
medicine (TCM) herbs, minerals, microorganisms
and animals have been used as valuable sources of
clinical drugs or chemical probes to identify new
mechanisms for life activities.Althoughnatural com-
pounds have common disadvantages such as ac-
cess and supply, processing complexities of natu-
ral product chemistry, inherent development delays
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and entangled interests regarding intellectual prop-
erty rights, they have been attracting significant at-
tention for the development of novel chemother-
apeutics against cancers because of their remark-
able efficacy and generally low toxicity. It is esti-
mated [19] that more than half of the anticancer
drugs approved by the Food and Drug Admin-
istration of American (FDA) between 1981 and
2014 originated from natural products and/or their
derivatives.

Natural products alone cannot be used to build
a huge library with diverse structures. The synthe-
sis of natural products has been one of the main-
stays of organic chemistry over the last century, and
great progresses in the synthesis of natural prod-
uct analogs has been achieved [1]. Combinatorial
chemistry allows for the synthesis of vast numbers
of compounds. Diversity-oriented synthesis (DOS)
can provide an efficient manner to generate such
a library [20]. By using the DOS library, many ac-
tive molecules have been discovered that modulate
protein–protein interactions (PPIs), transcription
factor activity and multidrug resistance, as reviewed
by He et al. [21]. Moreover, the synthetic approach
enables the mass production of some rare natural
products, as well as optimized versions of primary
active compounds identified in a high-throughput
screening.

A chemogenomic library is a relatively small
library containing hundreds-to-thousands (rather
than millions) of selective small molecules with
known or potential targets or functions, of which the
majority targetG protein-coupled receptors, kinases
and ion channels, the most common molecular tar-
gets for drug discovery [22]. Using such a library
can greatly increase the opportunity to repurpose a
drug that acts on a novel pathway or target [23].
It should be pointed out that dark chemical matter,
those small molecules in a screening collection that
have never shown biological activity despite having
been exhaustively tested in high-throughput screen-
ing, has also been reported to occasionally result in
potent hits with unique activity and clean safety pro-
files, which makes them valuable starting points for
lead optimization efforts [7,24].

Here, we want to introduce a small compound
library from Q. Wu’s group at Xiamen Univer-
sity, which specifically targets to the orphan nuclear
receptor Nur77 (also known as NR4A1, NGFIB,
TIS1, NAK-1, TR3 or N10), a member of the nu-
clear receptor NR4A subfamily. Nur77 is an imme-
diate early gene-encodedunique transcription factor
that is rapidly and transiently induced in response
to changes in the extracellular environment. In ad-
dition to its transcriptional function, Nur77 also
presents a non-genomic signaling function through

its physical interactions with various signaling pro-
teins, such as p53, hypoxia inducible factor (HIF)-
1α, protein arginine N-methyltransferase 1, pro-
tein kinase C, retinoid X receptor (RXR) and Wnt
(wingless)/β-catenin signaling, therebymodulating
a wide range of important biological functions, in-
cluding cell cycle progression, apoptosis, autophagy,
inflammation, metabolism and energy homeosta-
sis. Nur77 expression and signaling transduction is
regulated in many cancers, thus providing an im-
portant molecular target for drug screening [25].
Wu’s group identified cytosporone-B (Csn-B, Fig.
2), which is extracted from a mangrove endo-
phytic fungus, as the first naturally occurring ago-
nist for Nur77 [26]. Based on the structure of Csn-
B, they designed and synthesized more than 300
derivatives to construct a unique library of small-
molecule compounds that specifically target Nur77.
Thereafter, they extensively explored the molecular
mechanisms of Nur77 in the regulation of glucose
metabolism, autophagy, inflammation and carcino-
genesis. For example, they reported that the chemi-
cal compound TMPA (ethyl 2-[2,3,4-trimethoxy-6-
(1-octanoyl)phenyl]acetate) can bind to the ligand-
binding domain of Nur77, causing a Nur77 con-
formational change and resulting in the disrup-
tion of association of Nur77 with liver kinase B1
(LKB1), the latter having an important role in gov-
erning energy homeostasis by regulating the activ-
ity of the AMP-activated protein kinase (AMPK)
energy sensor. As a result, LKB1 is released into
the cytoplasm to phosphorylate and activate AMPK,
finally downregulating glucose levels in diabetic
mice (Fig. 2) [27]. They also demonstrated that
the compound THPN (1-(3,4,5-trihydroxyphenyl)
nonan-1-one) from their compound library trig-
gers the movement of Nur77 into the mitochon-
dria by interaction with Nix, where Nur77 is lo-
cated in the mitochondrial inner membrane and
interacts with ANT1, and then causes the open-
ing of the mitochondrial permeability transition
pore and the depolarization of the mitochondrial
membrane, eventually leading to the irreversible au-
tophagic death ofmelanoma cells. In amousemodel
of spontaneous skin melanoma, they confirmed that
THPN induced autophagic cell death in a Nur77-
dependent manner, which further inhibits the de-
velopment and metastasis of melanoma (Fig. 2)
[28]. This work not only elucidated a new mech-
anism by which Nur77 participates in autophagic
cell death induction through a mitochondrial sig-
naling pathway, but also demonstrated that using
THPN to induce autophagic death of melanoma
cells can overcome the resistance of melanoma
cells to drug-induced apoptosis. Additionally, the
small-molecule compound PDNPA (n-Pentyl 2-
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Figure 2. Chemical biology investigations based on Nur77-targeting compound Csn-B and its derivatives. Csn-B specifi-
cally binds to the ligand-binding domain of Nur77 and subsequently activates its transactivational activity towards target
genes, including Nur77 itself. Then, the increased Nur77 is translocated to the mitochondria to cause cytochrome C (Cyt c)
release, inducing apoptosis and retarded xenograft tumor growth. Three other derivatives of Csn-B, including TMPA (ethyl
2-[2,3,4-trimethoxy-6-(1-octanoyl)phenyl]acetate), THPN (1-(3,4,5-trihydroxyphenyl)nonan-1-one) and PDNPA (n-pentyl 2-[3,5-
dihydroxy-2-(1-nonanoyl)phenyl]acetate), can exert different functions in decreasing glucose, inducing autophagy and inhibit-
ing inflammation by modulating various signaling pathways.

[3,5-dihydroxy-2-(1-nonanoyl)phenyl]acetate) ob-
viously inhibits the transcriptional activity ofNF-κB
in a Nur77-dependent manner (Fig. 2), thus effec-
tively activatingNur77’s anti-inflammatory function
[29].

PHENOTYPE-BASED/FORWARD
CHEMICAL BIOLOGY
Following the establishment of a chemical library
and active compound screening, forward chemical
biology calls for the development of powerful meth-

ods for the identification of one or a few cellular
targets from the complex mixture of biomolecules
present in cells, includingproteins, nucleic acids, car-
bohydrates and lipids [30–33]. Thus, the search for
cellular targets may well be regarded as a quest for a
needle in a giant haystack.

Cell-based screening
With the advantages of high throughput and
low costs, cell-based screening assays have been
widely used in chemical biological investigation
and drug discovery. Cells most used in such an
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assay are different cancer cell lines or primary cells
directly derived from patients. Also, the merging
of in vitro three-dimensional tissues in organoids
presents great potential in compound screens and
drug discovery [34]. The phenotypes used in the
cell-based assay can refer to the hallmarks of cancer;
cytotoxicity, cell cycle, differentiation, invasion
and migration, and drug resistance are main test
indicators used in cell-based screening assays.
However, for high-throughput screening it is better
and more appropriate for phenotypic changes to be
recorded by reporter gene activity, fluorescence sig-
nal or imaging methods. For example, rapid tumor
growth leads to excessive oxygen demands and a
hypoxic environment in most solid tumors, which
adapt to the hypoxic environment by upregulating
the transcription of target genes that regulate cell
proliferation, angiogenesis, energy metabolism,
apoptosis resistance andmetastasis.These processes
are generally associated with the transcriptional
factor HIF-1, which is upregulated in the tumor
and is a promising target for cancer chemotherapy
[35,36]. Although no HIF-1 inhibitor is clinically
available to date, a lot of effort has been made over
the last decade to find potent HIF-1 inhibitors, as
recently reviewed by Bhattarai et al. [37].

Here, we give examples of reporter gene activity-
guiding phenotypic screening based on Wnt/β-
catenin signaling. Wnt/β-catenin signaling is a
highly conservedpathway inorganismevolution and
regulates many biological processes, and its aber-
rant activation is closely related to tumor progres-
sion [38]. For example, the pathway is frequently
activated in colorectal cancer (CRC) as a result of
themutation of adenomatous polyposis coli (APC).
In a screen of FDA-approved drugs using the Top-
flash (Wnt/β-catenin pathway-responsive firefly
luciferase) assay, nitazoxanide (NTZ, Fig. 1), a
clinically approved antiparasitic drug, was shown
to block Wnt/β-catenin signaling in vitro and in
a murine model for familial APC, Apcmin/+ mice,
which spontaneously generate tumors. They also
showed that NTZ promotes β-catenin degrada-
tion independently from glycogen synthase kinase
3β (GSK3β) or APC activity [39]. With a similar
screening system, L. Li’s group at the Shanghai Insti-
tute of Biological Science of theChineseAcademyof
Sciences identified 15-oxospiramilactone (NC043),
a diterpenoid derivative, as being able to inhibit
Wnt3a or LiCl-stimulated Top-flash reporter ac-
tivity in HEK293T cells and the growth of CRC,
SW480 and Caco-2 cell, together with decreased
mRNA and/or protein expression of the Wnt tar-
get genes Axin2 and cyclin D1. Further, NC043
did not affect the cytosolic–nuclear distribution
and protein level of soluble β-catenin, but de-

creasedβ-catenin/TCF4 association in SW480 cells
[40]. More recently, they showed that NC043 di-
rectly binds to CARF (the collaborator of ARF)
through the formation of a covalent bond with
the Cys516 residue of CARF, and disrupts the
CARF-Disheveled (Dvl) interaction, thereby pro-
moting Wnt signaling activation [21]. This group
also screened a synthetic chemical library of lycorine
derivatives, and identified the small-molecule com-
pound HLY78 as an activator of theWnt/β-catenin
signaling pathway in a Wnt ligand-dependent man-
ner. HLY78 targets the DIX (Dishevelled axin)
domain of axin and potentiates the axin-LRP6
(low-density lipoprotein receptor-related protein 6)
association, thus promoting LRP6 phosphorylation
andWnt signaling transduction [41].

Animal-based screening
Comparedwith cell models, animalmodels have the
advantage of high relevance to disease, because they
can mimic pathophysiological features that are sim-
ilar to those of patients. Although low-throughput,
high cost and time-consuming, animal-based screen-
ing is indispensable for preclinical research into the
efficacy, side effects and toxicity of novel potential
drugs. Small animals such as zebrafish, Drosophila
andXenopus tadpoles aremostly used for the animal-
based screening. Using a Drosophila Ras-driven tu-
mor model for large-scale screening of 2000 com-
pounds, the glutamine analog acivicin was finally
identified as a potent and specific inhibitor of
Drosophila tumor formation [42]. After screening
26 400 molecules in a T cell-reporting zebrafish
model, a novelmolecule named lenaldekarwas iden-
tified as having selective toxicity against leukemia
[43]. The compound had similar effects on human
leukemia samples and xenograft mice, indicating
high relevance between zebrafish and humans. Kalin
et al. [44] employed Xenopus tadpole embryos as an
in vivomodel to identify novel compounds involved
in angiogenesis and lymphangiogenesis through a
simple phenotypic readout (edema formation or lar-
val lethality), and identified 32 compounds interfer-
ing with blood vascular and/or lymphatic develop-
ment in Xenopus from 1280 bioactive compounds.

Target identification
Phenotypic screening is often the most straightfor-
wardway to discover relevant bioactive compounds,
usually with unknown molecular targets. Some re-
searchersmay argue that target identification for hits
from phenotypic screening is unnecessary if the rel-
evant readout from the phenotypic assay is fairly
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reliable. However, target identification and valida-
tion of bioactive small molecules is an essential, and
often decisive step for understanding the mecha-
nism of action of a compound and for further com-
pound optimization [30,45]. Through the develop-
ment and availability of several new experimental
techniques, in principle, target identification is fea-
sible and the number of successful examples is grow-
ing steadily, as reviewed by Ziegler et al. [46].

Bioactive compounds may interact with off-
target proteins, resulting in undesired biological
activity or toxicity [47]. We can optimize com-
pounds with more powerful activity and less toxic-
ity by knowing both their therapeutic targets and off-
targets. Recent technological advances in genomics,
proteomics and bioinformatics have accelerated the
process of target identification. Proteomics- and
genomics-based approaches provide with power-
ful tools for all-round identification [48]. Quan-
titative mass spectrometry (MS) techniques have
greatly enhanced the sensitivity of target protein
detection [49], while protein microarrays have
greatly simplified the process of target identification
[50]. Up to now, a number of technologies have
been explored to identify targets from phenotypic
screens.

Among the techniques currently available in
small-molecule target identification, protein affin-
ity isolation, using suitable small-molecule probes
(pulldown) and subsequent MS analysis of the iso-
lated proteins, appears to be the most powerful
and most extensively used approach, and makes the
identification of the full protein-binding spectrum
of a compound possible. After a structure–activity
relationship (SAR) study, an active compound is
conjugated with a specific affinity tag such as
polyethylene glycol and biotin at an appropriate
position without affecting the compound’s activity.
Then the compound-tag is incubated with cells or
total cell lysates, followed up by the capture of tar-
get proteins using a specific solid matrix. Lastly, tar-
get proteins are revealed by MS. Although affinity-
based approaches can provide an effective method
for target identification, it is a challenge to find the
appreciate position of active compound for the con-
jugation of an affinity tag without affecting the com-
pound activity. Besides, the affinity tag somehow al-
ters the structureof theoriginal compound, resulting
in false positive and negative targets.

Protein microarrays also provide a high through-
put and high sensitive method for the target iden-
tification of small molecules. As for this, desired
proteins (up to thousands) are immobilized on a
treated glass microscope slide to generate a pro-
tein microarray [51]. Small molecules need to be la-
beled with a reporting tag (fluorescence, biotin or

isotope), and then they are incubated with the pro-
tein microarray, followed up by washing and sig-
nal developing. Huang et al. [52] identified small-
molecule inhibitors and enhancers of rapamycin
through a yeast proteome microarray. By using a
protein-domain microarray of human methyllysine
effector molecules and biotin-labeled UNC1251
analogs, Bae et al. [53] identified EML405 as
an inhibitor of tudor-domain-containing protein
Spindlin 1 (SPIN1). Regardless of the type of la-
beling, protein microarrays owe the same disadvan-
tage of affinity-based approaches; that is, the la-
beled small molecule may interfere with the small
molecule–protein interaction.

Label-free approaches are relatively simple and
direct approaches which do not require any chemi-
cal modification of an active compound.This kind of
strategy relies on the principle that the protein be-
comes susceptible to proteolysis once it binds to a
small molecule [32,54].The drug affinity responsive
target stability (DARTS) is one of such label-free
approaches with the principle that small-molecule
binding proteins are protected and enriched dur-
ing proteolysis, and it has been used to successfully
identify cellular targets for several active compounds
[31]. After the above-mentioned finding of NTZ
for its inhibition of Wnt signaling, for instance, Qu
et al. [39] profiled proteins that bind directly us-
ing DARTS and found that NTZ directly interacts
with peptidyl arginine deiminase 2 (PAD2), an en-
zyme that catalyzes the conversion of the protein
arginine residue to citrulline (a post-translational
modification (PTM) called deamination or citrul-
lination) and citrullinates β-catenin to promote
β-catenin degradation.

A detailed example for target
identification with the needle in the
haystack
Leukemia is an aggressive and heterogeneous
disorder of malignant hematopoiesis that occurs
worldwide. In the past thirty years, many important
advances have been achieved in the biological,
molecular and cytogenetic aspects of leukemia. It
has been widely understood that various kinds of
leukemias present specific cytogenetic alterations,
especially chromosome translocations, which
generate abnormal oncogenic fusion proteins.
These alterations disrupt the normal signaling of
hematopoietic development and cause uncontrolled
proliferation, blocked differentiation and/or dam-
aged apoptosis of malignant hematopoietic cells. In
the past years, some natural compounds from TCM
and synthetic small compounds were investigated
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for their antileukemia activity [55–57]. Adenanthin,
a kind of ent-kaurene diterpenoids, was originally
isolated from the leaves of Rabdosia adenantha.
The previous investigations demonstrated that
diterpenoids have a wide spectrum of biological
activities such as antitumor, anti-inflammation and
significant cardiovascular effects. Up to now, more
than 600 diterpenoids have been found in china.
Previously, we also identified pharicin B, a novel
natural ent-kaurene diterpenoid derived from Isodon
pharicus leaves, to rapidly stabilize RARα (retinoic
acid receptor α) protein in various subtypes of
AML cells, especially APL, and thus to present a
synergistic or additive differentiation-enhancing
effect in combination with ATRA [58]. We also
found that pharicin A, another new ent-kaurene
diterpenoid, induces mitotic arrest in leukemia and
solid tumor-derived cells, which is associated with
unaligned chromosomes, aberrant BubR1 localiza-
tion and deregulated spindle checkpoint activation
[59]. With the encouragement from these works,
we used a cell-based phenotypic assay to screen up
to 400 natural ent-kaurene diterpenoids which were
provided and isolated by H. D. Sun’s group in Kun-
ming Institute of Botany of Chinese Academy of
Sciences [60]. Among these diterpenoids, adenan-
thin was shown to decrease viability of APL cells at
a concentration of more than 4 μmol, while it also
induce the differentiation of APL cell lines and pri-
mary leukemic blasts from APL and non-APL AML
patients [61,62]. Further investigations in ATRA-
sensitive and ATRA-resistant APL transgenic mice
models revealed that intravenous administration
of adenanthin (5 mg kg−1 body weight, each day
for five consecutive days a week) significantly
induces differentiation and tumor regression, and
prolongs the survival of both kind of leukemic
mice [61]. Moreover, adenanthin also markedly
eliminates APL-initiating progenitor cells (CD34+,
c-kit+, FcγRIII/II+, and Gr1int) in ATRA-sensitive
leukemic mice. All these results strongly suggest
that adenanthin has potential therapeutic efficacy
on AML.

To further study themolecular mechanism of ac-
tion of adenanthin, we tried to identify its potential
protein target(s) via a chemical proteomic approach.
After a SAR study of adenanthin, we synthesized a
biotin-tagged adenanthin probewithout affecting its
differentiation-inducing activity. Thus, this biotin-
tagged adenanthin probewas applied into the lysates
of APL cell line NB4 cells, followed by precipitation
with streptavidin-coated agarose beads. The bound
proteins were run on an SDS-PAGE gel. On the
gel with silver staining, only one detectable band
at approximately 23 kD was clearly precipitated by
biotin-adenanthin but not by free biotin, and the

precipitated band could be competitively inhibited
by higher concentrations of unlabeled adenanthin.
Finally, MS analysis revealed that the adenanthin-
bound protein is amixture of peroxiredoxin (Prdx) I
and Prdx II (Fig. 3) [61,62].

Prdxs are a family of small non-seleno peroxi-
dases that catalyze the peroxide reduction of H2O2,
a reactive oxygen species (ROS), that also play an
important role as second messengers in cellular
signaling pathways [63,64]. Prdxs have a conserved
cysteine named the peroxidatic cysteine (CP) that
serves as the site of oxidation by peroxides. Perox-
ides oxidize the Cp-SH to Cp-SOH, which reacts
with another cysteine typically named the resolving
cysteine (CR), forming a disulfide bond that is sub-
sequently reducedby an appropriate electrondonor.
Depending on the location or absence of the CR, the
mammalian Prdxs are classified into two-cysteine
(Prdxs I–IV), atypical two-cysteine (Prdx V) and
one-cysteine Prdx (Prdx VI) subfamilies. Thus,
we further blotted the precipitates with antibodies
against Prdx I–VI, all of which were expressed. The
results showed that biotin-adenanthin effectively
pulled Prdx I/II down but not Prdxs IV–VI, which
was also confirmed by the in vitro recombinant
Prdxs proteins. Next, we incubated the recombinant
Prdx I protein with or without adenanthin followed
by MS analysis to determine the adenanthin-
modified specific residue, and the results revealed
that adenanthin covalently modifies Cys173, the CR
of Prdx I. Remarkably, adenanthin also selectively
bound the CR (Cys172) of Prdx II. Accordingly,
adenanthin effectively inhibited the peroxidase
activity of recombinant Prdx II, and especially
Prdx I.

To validatewhether targeting Prdx I/II is directly
associated with adenanthin-induced differentiation,
we knocked down the expression of Prdx I or
Prdx II in NB4 cells using specific small interfering
RNAs, and found that knockdown of Prdx I or
Prdx II induced NB4 cell differentiation. Our fur-
ther studies showed that adenanthin treatment can
moderately increase intracellular H2O2 level, and
that the elevated H2O2 activates signal-regulated
protein kinases 1 and 2 (ERK1 and ERK2), conse-
quently increasing expression of CCAAT/enhancer
binding protein-β (C/EBPβ), which has been
widely shown to drive AML cell differentiation
(Fig. 3) [61].

More intriguingly, recent work from X. G. Lei’s
group at Peking University also showed that the
natural product jungermannenone C (Fig. 3), a
tetracyclic diterpenoid isolated from liverworts, in-
duces AML cells to undergo differentiation through
targeting Prdx I/II by selectively binding to the
conserved cysteine residues, thus leading to cellular
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Figure 3. Adenanthin and Jungermannenone C target Prdx I/II to induce leukemic cell differentiation. A flow chart for SAR
analysis and target identification of adenanthin is shown in the dash-framed box.

ROS accumulation (Fig. 3) [65]. More intriguingly,
a recent report unveiled the biological function
of the cyclin-dependent kinase 2 (CDK2)-Prdx II
axis in blocking AML differentiation [66]. They
showed that CDK2 undergoes ubiquitin-dependent
proteasome degradation by the specific E3 ubiquitin
ligase KLHL6, which is accompanied by AML
cell differentiation. Importantly, inhibiting CDK2
effectively induces granulocytic differentiation in
AML cells and the differentiation blockade function
of CDK2 may be achieved directly by maintaining
the activity of Prdx II [66].

TARGET-BASED SCREENING/REVERSE
CHEMICAL BIOLOGY
In target-based screening approaches, the target
of interest is usually recombinantly expressed in a
purified system or in a cellular context, and then
specific small chemicals with potential ability to
modulate the activity of the target are screened
through an appropriate in vitro assay. This approach
is relatively easy to execute, with less cost in terms
of time and money compared to phenotype-based
screening approaches. However, there are still big
challenges, because an active compound identified
in an in vitro assay may not work in vivo due to
the complex environment, such as the cell mem-
brane impenetrability of the compound, PTMs of
the target, undesired targets and the compound
metabolism of the intact organism. In spite of

these challenges, many activators or inhibitors
of receptors and enzymes have been successfully
identified through this screening approach. In
particular, small-molecule inhibitors of a number of
recently identified protein targets offer new thera-
peutic options tailored to specific mutations or to
counter resistance. Imatinib, the first tyrosine kinase
inhibitor to be identified, was discovered to have
high specificity for the Bcr-Abl protein that results
from t(9, 22)-derived Philadelphia chromosome
in chronic myeloid leukemia (CML). However,
several Bcr-Abl-dependent and -independent
mechanisms of resistance to imatinib arose after
it became a first-line therapy in CML patients.
Consequently, new specific drugs, such as dasatinib,
nilotinib, bosutinib and ponatinib have been ra-
tionally designed and approved for clinical use to
override the problemof resistance [67].On the basis
of the finding that the NEDD8-activating enzyme
subunit NAE1 is overexpressed in CML cells, the
NAE1 inhibitor MLN4924 was also demonstrated
to induce G2-M arrest and apoptosis in CML cells,
regardless of their T315Imutation status in Bcr-Abl,
which offers a preclinical proof of concept for
targeting protein neddylation as a novel therapeutic
strategy to override mutation-derived imatinib re-
sistance in CML [68]. In a c-Myc pathway-targeted
screen of seven natural anticancer compounds,
cryptotanshinone was identified as a dual inhibitor
of pSTAT5 and pSTAT3, which effectively blocks
IL-6-mediated STAT3 activation and reverse Bcr-
Abl kinase-independent drug resistance in CML
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[69]. In the following section, we will provide sev-
eral examples of target-based discoveries of active
compounds against cancers, including leukemia.

Pyruvate dehydrogenase kinase 1
inhibition
One of the general hallmarks of malignancy is a
unique metabolic profile of high aerobic glycolysis,
a phenomenon of the enhanced conversion of glu-
cose into lactate even in the presence of oxygen.The
aerobic glycolysis, knownas theWarburg effect, con-
fers a significant growth advantage on cancer cells
by supplying essential ATP production, generating
precursors for biosynthesis and providing reducing
equivalents for antioxidant defense. Recently, an in-
creasingly recognized link between oncogenic pro-
teins (for example, HIF-1 or its cooperation with
dysregulated c-Myc) and pyruvate dehydrogenase
kinase 1 (PDK1), a molecular switch that dimin-
ishes mitochondrial respiration and enhances aer-
obic glycolysis via phosphorylating and inactivat-
ing pyruvate dehydrogenase, has provided a glimpse
into the molecular basis of the metabolic repro-
gramming that occurs in cancer cells. To discover
new PDK1 inhibitors, M. Y. Geng’s group at the
Shanghai Institute of Materia Medica of the Chi-
nese Academy of Sciences carried out a PDK1 en-
zymatic screen using an in-house small-molecule
library composed of ∼600 commercially available
known drugs, and thiram, an existing pesticide with
anticancer activity, was found to be capable of re-
markably inhibiting PDK1 activity. Based on thiram,
their further chemical efforts led to the discovery of
a more potent new compound designated as bis(4-
morpholinyl thiocarbonyl)-disulfide (JX06), which
was identified as a selective covalent inhibitor of
PDK1 in cancer cells [70]. JX06 forms a disulfide
bond with the thiol group of a conserved cysteine
residue (C240), based on its recognition of a hy-
drophobic pocket adjacent to the ATP pocket of
the PDK1 enzyme. With the covalent modification
at C240, conformational changes at Arg286 through
van der Waals forces are induced, thereby hinder-
ing access of ATP to its binding pocket and, in
turn, impairing PDK1 enzymatic activity. Notably,
cells with a higher dependency on glycolysis were
more sensitive to PDK1 inhibition [70], reflecting
a metabolic shift that promotes cellular oxidative
stress and apoptosis.

IDH1 inhibition
Point mutations affecting isocitrate dehydrogenase
1 (IDH1) Arg132 (R132), and IDH2 Arg172 or

Arg140 (R172orR140), aredrivermutations inAML
and other cancers. A high-throughput biochemi-
cal screen targeting an IDH1 heterodimer com-
posed of R132Hmutant IDH1 and wild-type IDH1
identified a tetrahydropyrazolopyridine series of in-
hibitors, and additional structure optimization led to
the identification of GSK321 as a highly potent in-
hibitor of mutant IDH1 enzymes, with IC50 values
of 4.6 nM against R132H, 3.8 nM against R132C
and 2.9 nM against R132G. GSK321 binds to an al-
losteric site and locks the IDH1 enzyme in a catalyt-
ically inactive conformation, thereby enabling the
inhibition of different clinically relevant IDH1 mu-
tants. GSK321 treatment of primary AML cells with
mutant IDH1uniformly led to the inductionof gran-
ulocytic differentiation at the level of leukemic blasts
and more immature stem-like cells, in vitro and in
vivo, together with a decrease in intracellular on-
cometabolite 2-hydroxyglutarate [71].

SIRT6 activation
One PTM is lysine side chain Nε-acylation, which
canbe reversed through thedeacylationof the result-
ing Nε-acyl-lysine. The sirtuins, which have seven
sirtuinmembers (SIRT1–7), are able to catalyze the
Nε-acyl-lysine deacylation reaction on histone and
are a type of acyltransferase, thus can catalyze the
removal of the acyl group from lysine residues on
histones and other non-histone protein substrates.
The sirtuin-catalyzed deacylation reaction plays an
important regulatory role in multiple crucial cellular
processes such as transcription, DNA damage
repair, genomic stability, cell cycle, apoptosis,
inflammation, metabolism and caloric restriction.
The reaction is also regarded as a current therapeutic
target for human diseases such as cancers. More re-
cently, a variety of chemical probes and modulators
(inhibitors and activators) have been developed,
and some of them have been employed toward an
enhancedmechanistic and functional understanding
of the sirtuin-catalyzed deacylation reaction [72].

SIRT6, one of the most important sirtuin fam-
ily members, which is widely expressed in almost
all mammalian tissues, has been implicated in reg-
ulating several biological processes, including DNA
repair, glucose/lipid metabolism, inflammation and
aging. A series of studies have revealed that SIRT6
functions as a tumor suppress gene [73,74], but
there are still no small-molecule activators specific
to SIRT6 that have been found to date. We hypoth-
esized that SIRT6 can be activated via an allosteric
mechanism. Thus, we adopted the allosite method
[75] to predict allosteric sites for the activation of
SIRT6, resulting in a pocket aroundPhe82 andPhe86
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being identified as a potential site. After virtual dock-
ing with more than 5 000 000 compounds, the top-
ranked 20 compounds were selected out for exper-
imental validation. Two hits were confirmed to be
able to increase the activity of SIRT6 deacetylation
in the Fluor-de-Lys assay. Subsequent optimization
based on these two hits yielded two potent activa-
tors: MDL-800 and MDL-801, with EC50 values of
10.3 ± 0.3 μM and 5.7 ± 0.023 μM, respectively.
MDL-800 was shown to be a selective activator of
SIRT6 among the 18 diverse histone deacetylase
members. They also showed that MDL-800 can ar-
rest the cell cycleof humanhepatocellular carcinoma
(HCC) cells and inhibit HCC in a xenograft mice
model by enhancing the activity of SIRT6 deacety-
lation [76].

Speckle-type POZ protein inhibition
BTB (BR-C, ttk and bab) domain-containing
speckle-type POZ protein (SPOP), an adaptor
of ubiquitin E3 ligase, plays important roles in
development and tumorigenesis by mediating
the ubiquitination of multiple substrates, such as
phosphatase and tensin homolog (PTEN) and dual
specificity phosphatase 7 (DUSP7). Previous work
showed that SPOP is overexpressed in virtually all
clear cell renal cell carcinomas (ccRCCs), which
accounts for about 75% of all RCC cases [77], and
that overexpressed SPOP, which is a nucleoprotein
in normal cells, accumulates in the cytoplasm of
ccRCC cells. Furthermore, SPOP serves as a regula-
tory hub to promote ccRCC tumorigenesis through
the ubiquitination and degradation of multiple
regulators of cellular proliferation and apoptosis.
These ideal characteristics make SPOP a potential
antitumor target for the treatment of ccRCC. Based
on structural studies, Jiang’s group at the Shanghai
Institute ofMateriaMedica of theChineseAcademy
of Sciences performed computational screening
through a hierarchical strategy combining pharma-
cophore modeling and molecular docking, and 109
compounds were selected from the SPECS database
with ∼200 000 drug-like structures [78]. They first
performed a fluorescence polarization (FP) assay
to measure the ability of small molecules to com-
petitively inhibit SPOP-binding consensus (SBC1)
peptide in vitro. After compound 6a was identified
as an initial hit capable of competing with SBC1
peptide binding to SPOP, additional synthetic op-
timization of the chemical core successfully yielded
the more active lead compound 6b with a Kd value
of 35 μM on FP measurement. The in vitro pull-
down assay showed that compound 6b obviously
disrupts the interaction of SPOP with its substrate

PTEN protein in vitro with an IC50 of 2.8 μM, and
a co-immunoprecipitation experiment showed that
the inhibitor significantly disrupts SPOP binding
to PTEN and DUSP7 in a dose-response manner.
Accordingly, the compound efficiently inhibited
the growth of six ccRCC cell lines and all primary
ccRCC cells isolated from seven patients, with min-
imal effect on the growth of one non-tumor human
proximal tubule epithelial cell line HK-2. Further-
more, a clear dose-dependent reduction in A498
tumor growth rate could be observed inmice treated
with compound 6b compared with the vehicle-
injected control [78].These results imply that SPOP
cannot be viewed as classically ‘undruggable’, and
opens up the avenue that small molecule-targeting
cytoplasmic SPOP signaling might be more specific
to ccRCCcells, whichwould be a promising strategy
to combat kidney cancer in future therapies.

PPI inhibition
With an estimated650000PPIs as part of the human
interactome, PPIs are a critical means for the major-
ity of proteins to exert and regulate their functions,
and play crucial roles in various cellular processes
and signaling pathways. Rapid advances in MS
technology have allowed protein interactions to be
elucidated in a systematicmanner, and have tremen-
dously enhanced our understanding of biological
pathways and networks [79]. Dysregulation in PPIs
is often found to be the primary cause of the patho-
genesis of some diseases, especially cancers. Thus,
PPIshavebecomepopular andattractive therapeutic
targets. Although the development of PPI modu-
lators (inhibitors or stabilizers) has been hindered
because of the seemingly low druggability of PPI
interfaces, extensive studies of PPI targets and mod-
ulators have been performed to better understand
these complex targets and identify distinct proper-
ties in their networks, conformational structures and
ligand chemical spaces. Also, some PPI modulators
have entered clinical trials or clinical use, as summa-
rized in a recent reviewbyMacalino et al. [80],which
have ascertained that these targets are tractable and
can be modulated by small-molecule compounds.
Here, we provide three recent examples of discover-
ies of target-based compounds against cancers.

Mixed lineage leukemia/menin interaction
inhibitor
Mixed lineage leukemia (MLL) is a common
target of chromosomal translocations found in
patients with AML and ALL. Its fusion with one
of over 50 different partner genes forms chimeric
oncogenes encoding MLL fusion proteins, in which
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the N-terminal 1400-amino acid fragment of MLL
is preserved and fused to distinct protein partners.
The leukemogenic activity ofMLL fusion proteins is
critically dependent on their direct interaction with
menin, a product of the multiple endocrine neopla-
sia (MEN1) gene. Grembecka et al. [81] screened
a collection of 49 000 small molecules using an
FP assay with a fluorescein-labeled MLL-derived
peptide comprising the high-affinity menin-binding
motif, MBM1, to identify initial lead compounds
that target menin and inhibit the menin-MLL inter-
action.They found that the most potent compound,
MI-1, which belongs to the thienopyrimidine class,
reversibly inhibits the menin-MLL interaction
with an IC50 value of 1.9 μM. The compound
effectively reverses MLL fusion protein-mediated
leukemic transformation by downregulating the
expression of target genes, selectively blocks pro-
liferation, and induces both the apoptosis and
differentiation of leukemia cells harboring MLL
translocations.

CBFβ-SMMHC/RUNX1 interaction inhibitor
AML with the chromosome inversion
inv(16)(p13q22), a driver mutation that gen-
erates preleukemic progenitor cells that, upon
acquisition of additional cooperating mutations,
progress to leukemia, expresses the transcription
factor fusion CBFβ-SMMHC (core binding factor
β-smooth muscle myosin heavy chain), which co-
operates with activating mutations in components
of cytokine signaling pathways in leukemia transfor-
mation. CBFβ is a component of the heterodimeric
transcription factor core binding factor, where it
binds to RUNX proteins and enhances their affinity
for DNA, and the resulting complex plays a key role
in regulating hematopoiesis. The CBFβ-SMMHC
outcompetes wild-type CBFβ for binding to the
transcription factor RUNX1, deregulates RUNX1
activity in hematopoiesis, and induces AML.
Illendula et al. [82] used a fluorescence resonance
energy transfer (FRET) assay to screen compounds
that inhibit the binding of CBFβ-SMMHC to the
RUNX1 Runt domain, and identified the active
compound AI-4-57, which has an IC50 of 22 μM.
Based on the lead compound, they found that
AI-10-49 selectively binds to CBFβ-SMMHC and
disrupts its binding to RUNX1, which thus restores
RUNX1 transcriptional activity, displays favorable
pharmacokinetics and delays leukemia progression
in mice. These data suggest that direct inhibition of
the oncogenic CBFβ-SMMHC fusion protein may
be an effective therapeutic approach for inv(16)
AML, and they provide support for transcription
factor-targeted therapy in other cancers.

APC-Asef interaction inhibitor
Mutation and inactivationofAPC, awidely accepted
tumor suppressor gene highly mutated in CRC, is a
key and early event that is almost uniquely observed
in colorectal tumorigenesis. As a multidomain pro-
tein, APC serves multiple functions through differ-
ent binding partners. From the N-terminus to the
C-terminus, there is an oligomerization domain, an
armadillo repeat domain, a 15- or 20-residue re-
peat domain, a SAMP (Ser-Ala-Met-Pro) repeat do-
main, a basic domain and a C-terminal domain. Al-
terations in the APC gene generate truncated gene
products, leading to activation of the Wnt signal-
ing pathway and deregulation of multiple other cel-
lular processes. APC mutant proteins that retain at
least the first 171 amino acids are able to bind to the
oligomerization domain and may have a dominant
negative effect on the APC protein. The armadillo
repeat domain is the most conserved domain and
has been shown to bind to IQmotif-containing GT-
Pase activation protein 1 (IQGAP1), PP2A, Asef
(also known as Rho guanine nucleotide exchange
factor 4) and KAP3. APC-Asef interaction can re-
lieve the negative intramolecular regulation of Asef,
which leads to aberrant migration in human CRC,
suggesting that this interaction might be a poten-
tial target for the treatment of invasive migration in
colorectal cancer. To identify potent inhibitors of
APC-Asef interaction, we analyzed the direct bind-
ing interface on the basis of the previously deter-
mined structure of the APC-Asef complex, and a
hot spot (181GGEQLAI187) in a flexible segment of
Asef was used to design inhibitors (Fig. 4) [83].
Then, a series of truncated peptides were synthe-
sized and verified through an FP competitive assay.
MAI-005 was identified as the best inhibitor in the
first round of screening, with a Ki value of 44.62 ±
0.99μM.After the first optimizationwithmutations
at each position of MAI-005, three peptides were
obtained with more potency (Ki values are 3.12 ±
0.70μM, 3.80± 0.72μM and 2.41± 0.88μM, re-
spectively). From analysis of the structures of APC
in complexwith eachof the threepeptides,Arg549 at
the center of the APC pocket was shown to have in-
creased potential for interactions with the C-termini
of peptide inhibitors through salt-bridge or hydro-
gen bonds. Based on this, a second peptide library
was generated that contains restricted polar or acidic
diversity at position 187, fully randomized diversity
at position 186 and various capping groups on the
terminus. MAI-150 was identified as the most po-
tent peptide with a Ki value of 0.12 ± 0.02 μM
through the FP assay. For further optimization of
MAI-150, we synthesized a panel of more than 50
peptidomimetic inhibitors, optimized for a capping
group, as well as the Leu185 andTyr186 side chains.
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Figure 4. Design and optimization of a small peptide to inhibit APC-Asef interaction.

Finally, MAI-203 (Fig. 4) was identified as the most
potent peptide with aKi value of 0.015± 0.001μM
through the FP assay.Next, it was examinedwhether
MAIs inhibit APC-Asef interaction in vivo. An op-
timized ‘GGGGG’ linker was conjugated to the C-
terminus of the inhibitors (referred as MAITs rel-
atively) to facilitate their movement across the cell
membrane. A co-immunoprecipitation assay was
carried out in HEK293T cells to corroborate the
inhibitory effect of MAITs on APC-Asef interac-
tion in vivo. Incubating cells with MAIT-203 and
MAIT-150 reduced APC-Asef interaction in a dose-
dependent manner, while incubating with DMSO,
a ‘GGGGG’ linker, MAI-150, or MAI-203 showed
no effect on APC-Asef interaction, confirming the
fact thatMAITs inhibit APC-Asef interaction in vivo.
Through xCELLigence systemReal TimeCell Anal-
ysis (RTCA), wound-healing assays and transwell
assays, we showed that MAIT-203 at 10μM signifi-
cantly inhibited the migration of two CRC cell lines
(SW480 andHCT116).High concentrations (up to
100 μM) of MAIT-203 did not affect the morphol-
ogy or growth of SW480 andHCT116 cells, indicat-
ing that the antimigratory effect ofMAIT-203works
through the disruption of the APC-Asef interaction,
rather than cell growth. Besides, the RTCA invasion
assay showed thatMAIT-203 at 10μMsignificantly
repressed the invasion of SW480 andHCT116 cells;
together with the results of themigration assays, this
suggests that MAIT-203 can inhibit the metastasis
of CRC cells [83]. These results not only demon-
strate the feasibility of exploiting the APC-Asef in-
teraction as a target against metastatic CRC for drug
discovery, but also establish a new pharmacological
paradigm for the use of peptides/peptidomimetics
as inhibitors of protein–protein interactions.

DEVELOPMENT OF CHEMICAL TOOLS
Much of our mechanistic knowledge about cellu-
lar processes has been gained by recreating systems
in vitro, or by engineering a cell or a model organ-
ism such as yeast, nematodes or mice. The chemical
toolset needed to probe and validate such models in
their real settings historically requires the contribu-
tion of chemical biology to biological and biomedi-
cal sciences, as addressed by Jiang et al. [84].There-
fore, exploring and developing the new chemical
toolset is very important for the application of chem-
ical biology to manipulate biological systems. Here,
we would like to outline several new strategies for
chemistry to probe cellular activities.

Proximity-dependent labeling methods
for PPI identification
As mentioned above, PPIs play important roles in
signaling pathways and cellular activities. PPIs can
be either static in intact entities or be dynami-
cally regulated. Previously, a variety of biochemi-
cal and/orhigh-throughput screeningmethodswere
developed to investigate PPIs in vitro or in living
cells, such as yeast two-/three-hybridization, phage
display, affinity pulldown coupled with MS charac-
terization, protein array, FRET or bioluminescence
resonance energy transfer, and others. However, all
these methods have some defects, such as present-
ing high false-positive rates, and failing to perform
real-time and in vivo PPI analysis. Over the past few
years, several groups have independently developed
a class of methods termed proximity-dependent la-
beling (PDL) for PPI mapping. Their basic strategy
is that the protein of interest is genetically fused to a
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proximity-based labeling enzyme such as engineered
biotin ligase or peroxidase, both of which are capa-
ble of covalently attaching known reactive groups to
nearby proteins [85]. In the presence of biotin or
biotin-containing substrates, the fused enzyme will
activate and then release substrates to label proxi-
mal proteins. Interacting proteins that are in close
proximity to the protein of interest are more likely
to be labeled by the proximity enzyme [86]. Among
these PDL methods, BioID (proximity-dependent
biotin identification) is the earliest and most widely
used.This technique harnesses a promiscuous biotin
protein ligase BirA protein from Escherichia coli (for
the prototypic BioID) or its R118G mutant named
BirA∗ to biotinylate proteins based on proximity.
The ligase is fused to a protein of interest and ex-
pressed in cells, where it biotinylates proximal en-
dogenous proteins (for detail, see Roux et al. [87]).
Recent studies showed that BioID can identify
weaker and/or transient interactions, is amenable
to temporal regulation, and in particular can be ap-
plied to insoluble proteins and a variety of cell types
from diverse species. Like BioID, PDL with ascor-
bate peroxidase (APEX) is active in living cells, and
can catalyze biotin-phenol and H2O2 to generate
biotin-phenoxyl radicals that covalently react with
specific amino acids. APEX has also been success-
fully applied toPPI analyses in living cells, as recently
summarized by Zhu et al. [85]. Recently, Wang and
Zhuang’s groups in the School of Life Science and
Technology, ShanghaiTech University developed a
new PDL system named PUP-IT (pupylation-based
interaction tagging) to identify membrane protein
interactions, in which a small protein tag, Pup (a
small bacterial protein that carries 64 amino acids
with Gly-Gly-Gln at the C-terminus), is applied to
proteins that interact with PafA, a gene that en-
codes Pup ligase-fused protein, enabling transient
and weak interactions to be enriched and detected
byMS. With this approach to CD28, they identified
multiple potential CD28-interacting proteins be-
sides its known binding partners. They also showed
that this method can identify the cell surface recep-
tor and its ligand interactions [88].

Genetically encoded sensors for
NAD(P)H
Real-time tracing of cell metabolism is a technical
bottleneck for biomedical and bioengineering re-
search. Traditional approaches to assess the cellular
metabolic state, e.g. biochemical analysis, MS or nu-
clearmagnetic resonance, are not effective for in vivo,
real-time, spatiotemporal tracing of cellular metabo-
lites. In recent years, Yang and co-workers in theEast

China University of Science and Technology have
contributed significantly to the development of ge-
netically encoded sensors for NADH/NADPH, key
metabolites for redox and energy metabolism. Re-
duced NADH and NADPH are the most important
electron carries in cells. They participate in numer-
ous metabolic redox reactions of organisms, and are
important parameters for cellular metabolic imbal-
ances and disease states. By rational design of fu-
sion between fluorescent proteins andNADHbind-
ing of the bacterial repressor Rex, Yang et al. created
a series of highly responsive and highly specific ge-
netically encoded sensors for NADH and NADPH,
which couple the emitting states of the fluores-
cent protein chromophore to the conformational
changes inducedby specific interactionbetweenRex
protein and nicotinamide adenine nucleotide lig-
ands. For instance, the NADH sensor Frex specif-
ically detects free NADH levels in the cells [89],
SoNar reports theNADH/NADratio [90] and iNap
(a rational design mutant of SoNar) specifically de-
tectsNADPH[91].These sensors can be targeted to
various subcellular compartments or living tissues by
genetic manipulation, which allows dynamic moni-
toring and imaging of cellular metabolic states in liv-
ing cells or in vivo. Considering the central roles that
NADH and NADPH play in cell metabolism and
signaling, dynamic and quantitative monitoring of
NADH and NADPH levels in situ is not only useful
to the better understanding of substance and energy
metabolism regulation and networks, but also pro-
vides useful tools for drug biosynthesis, metabolic
engineering and drug discovery for metabolic dis-
eases. These technological advances have garnered
a lot of attention from international peers, and are
currently being applied to various model organisms
including bacteria, yeasts, fruit flies and mammals.
Due to their favorable characteristics, these sensors
are anticipated to revolutionize the studyof redoxbi-
ology, as many unresolved questions regarding the
regulation and physiological roles of different redox
couples can be directly addressed.

LightOn and LightOff gene expression
Regulation of gene expression is of vital importance
for the study of various life activities such as cell
metabolism. Gene expression systems induced
by small molecular chemicals such as tetracycline
are not able to precisely control gene expres-
sion spatially and in a single cells. Based on the
photosensitivity of the riboflavin moiety in the
light-oxygen-voltage-sensing domain, LightOn was
developed as a light-activatable transcription activa-
tor, and a robust and convenient single-component
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light-switchable gene expression system. LightOn
enables spatiotemporal, quantitative and reversible
expression regulation of functional genes such as
insulin andCre recombinase in vivo, and can control
blood glucose levels and glucose metabolism in
diabetic mice [92]. Further studies showed that in-
tegration of the system with a tetracycline-inducible
gene expression system led to gene expression
only in the presence of inducer and light, which is
significantly more stringent [93]. Based on similar
strategies, the group also developed a light-activated
repressor, the LightOff gene expression system.This
system has achieved extremely stringent regulation
of gene expression with an induction ratio greater
than 10 000-fold, far exceeding that of chemically
inducible gene expression systems [94]. These
novel gene expression systems provide powerful
tools not only for the analysis of complex biological
systems, but also for accurate therapeutic strategies
of accurate timing and dosage for important human
diseases such as diabetes. For example, the LightOn
system offers an efficient way to control the prolif-
eration and differentiation of neural progenitor cells
by changing the light-exposure pattern, showing its
applicability to regeneration technology [95].

Bioorthogonal cleavage reactions for
gain-of-function studies of proteins
Cells have evolved a rich repertoire of enzymes
to catalyze potent chemical modifications on di-
verse proteins that dictate virtually all signaling
events. For example, nearly 600 kinases exist in hu-
man cells that control phosphorylation, and this
enzymatic network is complicated further by the
presence of many phosphatases that catalyze the
removal of phosphorylation to reverse the signal-
ing. Misregulation of these enzymes is often linked
with various diseases such as cancer and inflam-
mation. Meanwhile, oncogenic mutations on these
signaling proteins are common features of cancers.
Moreover, this process is further complicated by the
feedback regulation of enzyme and signaling pro-
tein networks, and little is known about this crit-
ical ‘fine-tuning’ mechanism. In vivo manipulation
of a given enzyme with high specificity and spa-
tiotemporal resolution is highly desirable, yet ex-
ceedingly difficult to achieve. To address these chal-
lenges, the bioorthogonal cleavage reaction-based
‘chemical decaging’ strategy has been developing
and thriving in recent years, as a chemistry-enabled
strategy to label and manipulate biomolecules with-
out the interference of native biochemical processes.
For instance, the critical roles of diverse PTMs on
proteins have been increasingly appreciated, with

many of the underlyingmechanisms hardly address-
able by traditional genetic-based approaches. An ar-
ray of bioorthogonal chemistry tools have been de-
veloped to track, visualize and modify proteins, as
well as other biomolecules under living conditions,
which has significantly facilitated the study of these
PTM events. However, almost all previous efforts
have been centered on ‘bond-formation’ reactions.
In the opposite direction, Chen’s group at Peking
University started to recognize a need to develop
bioorthogonal ‘bond-cleavage’ tools that could be
applied for spatiotemporal controlled rescue of in-
tracellular proteins, surface glycans and even intact
cells within a native cellular environment [96].They
showed that simple palladium species can effectively
catalyze the depropargylation reaction with low tox-
icity in living cells, which can be employed as a bio-
compatible chemical decaging strategy to rescue in-
tracellular protein activity [97].They also employed
the inverse electron demand Diels–Alder (iDA) re-
action as a small molecule-triggered bioorthogo-
nal cleavage reaction. The classical iDA reaction
has been used as a ‘bioorthogonal-triggered release’
strategy via installation of a carbamate group next
to the double bond on trans-cyclooctene (TCO),
which readily reacts with tetrazines followed by
rearrangement through electron shift, resulting in
the deprotection of the TCO group from the pro-
tected amine moiety. They have elegantly demon-
strated the application of this reaction as a chemical
decaging strategy on essential lysine residues on var-
ious proteins [98].

By coupling these bioorthogonal cleavage
reactions with the genetic code expansion method-
ology, they have also created a mechanism-based
kinase-activation strategy [99]. The activity of each
of the near 600 kinases is precisely regulated by their
native physiochemical inputs, which are often en-
tangled within the complicated signaling networks,
making it exceedingly difficult tomanipulate a single
kinase with high specificity and spatiotemporal
resolution. Gain-of-function studies of kinases are
advantageous in probing the sufficiency of a specific
kinase, as opposed to the more widely adopted
loss-of-function methods, but a general ‘activation’
tool is lacking. Their kinase decaging strategy relies
on replacing the kinase’s catalytic lysine with a
chemical-caged lysine analog, TCOK, via genetic
code expansion to blockage of its enzymatic activity.
The subsequent addition of the bioorthogonal cleav-
age trigger Tetrazine unmasks this lysine and thus
rescues the corresponding native kinase. They have
applied this strategy to specifically rescue a panel
of kinases such as mitogen-activated protein kinase
kinase-1/2, Focal adhesion kinase (FAK) and Src in
living cells, and have further extended its utility to
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living animals [99]. In sum, these approaches offer a
general tool to rescue thenative sequences of desired
protein machineries in situ such as PTM enzymes,
metabolic enzymes and epigenetic regulators, which
are uniquely positioned for gain-of-function, in
contrast to more conventional loss-of-function
studies of proteins within living systems.

CONCLUSION
The field of cancer biology has long benefited from
the mechanistic insights provided by appropriately
characterized chemical probes or tools of sufficient
quality.These chemical probes have enabled the spa-
tiotemporal study of cellular pathways to interro-
gate complex biological systems. Numerous break-
throughs in biology have been enabled by the use
of chemical probes or tools of sufficient quality, es-
pecially in combination with complementary bio-
logical reagents and molecular technologies [5]. In
fact, the great reservoir of natural compounds de-
rived from higher plants, such as TCM herbs, has
played an important role in the discovery and devel-
opment of new chemical probes, and also therapeu-
tic drugs.Thenumberof different species of plants all
over the world is enormous (ranging from 215 000
to 500 000). However, to date, only about 6% and
15% of these have been screened for biological ac-
tivity, and evaluated phytochemically, respectively.
Therefore, we should continue to explore these small
molecules, particularly those with well-defined bio-
logical potency, selectivity and cell permeability. In
particular, China should provide financial and policy
support for the collection of chemical compounds
in nation-level libraries to be shared by all scientists.
On the other hand, chemists and biologists should
join together to further explore and develop strate-
gies of target identification and validation. In the
era of big data especially, artificial intelligence tech-
nology should also be developed in various fields of
chemical probe, and drug design and target identi-
fication [100,101]. Finally, there are challenges to
be overcome in the selection and use of chemical
probes.The criteria for high-quality chemical probes
often need to bemore stringent than those for drugs
used in patients, especially with regard to selectiv-
ity, because chemical probes need to be much more
selective to investigate specific biological questions.
Therefore, careful chemical optimization andbiolog-
ical testing must be carried out to minimize the risk
of off-target effects in chemical probes.
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