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Chemical genetics has arisen as a tool for the discovery of

pathways and proteins in mammalian systems. This approach,

comprising small-molecule screening combined with

biochemical and genomic target identification methods,

enables one to assess which proteins are involved in regulating

a particular phenotype. Applied to cell death, this strategy can

reveal novel targets and pathways regulating the demise of

mammalian cells. Numerous diseases have been linked to the

loss of regulation of cell death. Defining the mechanisms

governing cell death in these diseases might lead to the

discovery of therapeutic agents and targets and provide a

richer understanding of the mortality of living systems. Recent

advances include the discovery of novel small molecules

regulating cell death pathways — necrostatin and erastin — as

well as the elucidation of the mechanism of death induced in

cancer cells by the cytotoxic agent Apratoxin A.
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Introduction
Regulation of cell death is essential for normal develop-

ment and maintenance of tissue homeostasis in metazo-

ans [1]. Metazoan cells die through several different

stereotypical modes, most notably through apoptosis or

necrosis. When such cells lose responsiveness to death-

inducing stimuli, aberrant cell survival can result in tumor

formation [2]. By mapping the pathways that are inacti-

vated in tumor cells, we might discover ways to overcome

their resistance to death stimuli and reengage the cell

death machinery. Targeting some of these pathways

might enable tumor-selective lethality.

Conversely, proper maintenance of the nervous system

requires that neurons produced during development con-

tinue to survive throughout adulthood. Unfortunately,

neurodegenerative diseases lead to premature neuronal
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death and consequent loss of proper brain function. Dis-

eases such as Huntington’s, Parkinson’s, Alzheimer’s,

amyotrophic lateral sclerosis and spinal muscular atrophy

have all been linked to premature and selective neuronal

death [3]. Defining the mechanism of neuronal death in

each case might lead to the development of therapeutic

agents that promote neuronal survival. Thus, knowledge

of cell death pathways might facilitate the discovery of

treatments for two classes of intractable diseases: cancer

and neurodegeneration.

The earliest insights into the molecular basis of cell death

come from genetic studies in the nematode Caenorhabditis
elegans [4]. Wild-type nematodes are consistently made up

of 959 cells [5] that can be easily visualized in their

transparent bodies [6]. These features make C. elegans
suitable for observing alterations in organismal cell num-

ber. Through a series of single gene mutations, genes that

enhance or inhibit cell death were found; similar work has

been performed in Drosophila [7�]. Orthologous pathways

operate in mammals; however, there might be other

mammalian-specific pathways to identify. Unfortunately,

large-scale genetic screens are difficult to undertake in

mammalian systems.

Chemical genetics has arisen as a tool for the discovery of

pathways and proteins in mammalian systems, including

human cells [8,9��]. Using small molecules as molecular

probes, one can search, for example, for mechanisms

specifically regulating the death of mammalian cells.

Strategies for target identification with such compounds

involve genetic and genomic screens [10��,11�,12�,13],

and affinity purification of target proteins [14]. These

approaches can sometimes enable identification of the

proteins responsible for small-molecule-induced effects.

Thus far, the most studied pathways governing cellular

destruction are those of apoptosis, which occur mostly

either through extrinsic death receptor pathways or the

intrinsic mitochondrial pathway [15,16]. Whereas varia-

tions have been identified within this framework [17],

apoptotic pathways are predominantly carried out by a

family of cysteine proteases that cleave at aspartic acid

residues, known as caspases [18]. Less well defined is

necrotic death, which had been thought to occur in an

uncontrolled fashion as a response to tissue injury. More

recent reports, however, suggest that necrotic death also

follows a defined cellular program, and is, in fact, geneti-

cally regulated [19��].

Here, we discuss recent advances in the understanding of

cell death pathways made possible by the use of small
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Figure 1

Chemical structures of (a) necrostatin-1 (b) aprotoxin A and (c) erastin.
molecules, and the potential for future discoveries in this

field.

Role of histone deacetylase inhibitors in
regulating cell death
Histone deacetylase (HDAC) inhibitors are a class of

small molecules that has been implicated in regulating

both cell death and cell survival. Such compounds

reverse the transcriptional repression of HDACs, which

can lead to cell cycle arrest, or cell death [20]. Therefore,

several HDAC inhibitors have been used to target cancer

cells. Notable examples of potent HDAC inhibitors

include trapoxins A and B [21], trichostatin A [22] and

suberoylanilide hydroxamic acid (SAHA) [23]. All have

proven to be effective cytotoxic agents in cancer cells in
vitro with an acceptable therapeutic index; SAHA was

recently approved for use in the USA by the FDA [24].

Interestingly, owing to diverse cellular responses to tran-

scriptional regulation, other HDAC inhibitors such as

valproic acid and phenylbutyrate are also undergoing

clinical trials to prevent motor neuron death in SMA

patients [25].

Discovery and inhibition of a novel death
pathway, necroptosis
Degterev et al. [26��] identified a compound that can be

used to define how necrotic death commences. Because

of the traditional view that necrosis does not proceed

through an orderly progression of cellular events, most

therapies to protect cells from death target apoptotic

pathways. However, Degterev et al. described a necro-

sis-like death pathway, which they term ‘necroptosis’, and

have identified a chemical inhibitor of this pathway.

Necroptosis, as it has been defined, occurs when death

is induced by a death receptor ligand, for example, tumor

necrosis factor a (TNFa), in the presence of broad-

spectrum caspase inhibition, such as with z-VAD-fmk.

Under these conditions, cells proceed to die, displaying

characteristic features of necrosis. This type of death is

thought to occur when an apoptotic stimulus occurs in an

environment that is stressed in a way that prevents the

execution of apoptosis, as in ischemic brain injury, where

energy levels are low because of oxygen deprivation [27].

Of 15 000 compounds screened against human mono-

cytes provoked to undergo necroptosis, one compound,

necrostatin-1 (Nec-1, Figure 1a), was identified, which

inhibits necroptosis. Several assays of necrotic death

were performed, including tests of ATP levels, mitochon-

drial permeability, plasma membrane permeability, pro-

liferation and morphological analyses. No features of

necrosis remained detectable in the presence of Nec-1.

This compound also prevented autophagy that occurs

following necroptosis but had no effect on autophagy

when induced independently of necroptosis, suggesting

Nec-1 acts fairly early in the sequence of ‘necroptotic’

events.
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A structure–activity relationship analysis of 71 Nec-1

analogs showed a ‘spiky’ structure–activity landscape:

few positions were found at which modifications could

be made, but one more potent analog was found: 7-

chloro-Nec-1 [28�]. Although these findings would sug-

gest that Nec-1 does bind to one or more specific targets,

the identity of such targets has not been defined. How-

ever, some insight into the targeted pathway comes

from the finding that Nec-1 was able to prevent death

induced by dimerization of RIP kinases. These death-

receptor-interacting proteins are activated downstream

of death receptor signaling, and their activity leads to

the execution of necroptotic events in the absence of

Nec-1.

Because necroptosis is implicated in ischemic brain

injury, the ability of Nec-1 to reduce infarct size in mice

was tested following middle cerebral artery occlusion, a

stroke-emulating condition. Nec-1 provided protection

against ischemia, as demonstrated by a reduction in

infarct size when administered either pre- or up to 6 h

post-occlusion. This protection further supports the

occurrence, as well as the persistence, of necroptosis

following ischemic brain injury. Whereas apoptosis

immediately follows the induced injury, necroptosis is

ongoing; coadministration of z-VAD-fmk and Nec-1 pro-

duced an additive effect in reducing infarct size. There-

fore, the discovery of Nec-1 not only suggests the

existence of a specific necrosis-like pathway leading to

cell death (i.e. necroptosis), but also has physiological

relevance and the potential for advancing therapeutic

development for stroke treatment.
www.sciencedirect.com
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Figure 2

Statistical analysis of an overexpression screen. A two-dimensional

fitting model, LOWESS (locally weighted regression and smoothing

scatterplots), was used to analyze an overexpression screen of 27 000

cDNAs in 50nM AprA-treated (treatment) and 25% ethanol-treated

(control) U20S cells. This analysis revealed cDNAs that prevent AprA-

induced toxicity (rescue, red) and cDNAs that enhance toxicity of AprA

(cooperativity, yellow). The blue line represents the fitted curve from

LOWESS analysis. Reproduced, with permission, from [29��].
Mode of death induced by cytotoxic agent
apratoxin A
Developing treatments for cancer involves the flip side to

the problem of understanding cell death: how do we

prevent unwanted cells from surviving and proliferating?

Luesch et al. [29��] have described a compound, apratoxin

A (AprA, Figure 1b), which they have used to probe tumor

cell death. As with many natural products isolated from

cyanobacteria [30–33], AprA acts as a cytotoxic agent and

has been tested previously for antitumor activity [34].

Although it proved effective in eliminating cancer cells,

the pathway by which AprA acts was elusive. Luesch et al.
[29��] have used mRNA expression profiling to determine

that AprA induces disruption of cell cycle progression,

leading to G1 arrest; this result was confirmed by DNA

content analysis [29��]. Once treated, cells containing

diploid DNA accumulate and fail to proceed to S phase.

Additionally, higher doses of AprA result in apoptosis as

demonstrated by the presence of sub-G1 DNA content,

indicating fragmentation, and increased detection of

DEVDase activity, which is used as a proxy for increased

caspase 3 and caspase 7 activity [29��].

To understand more specifically how AprA-treated cells

were dying, Luesch et al. [29��] performed a genome-wide

overexpression screen of 27 000 genes. Because the activ-

ity of a compound is sensitive to the expression level of its

target protein, for compounds that act via a loss of func-

tion, knocking down their target makes cells more sensi-

tive to the activity of the compound, whereas

overexpressing the target makes cells resistant. The

opposite is true for compounds that act via a gain of

function: knocking down their target makes cells resis-

tant, whereas overexpressing their target increases the

cell’s sensitivity. Therefore, an overexpression screen for

resistance should find targets of compounds that act via a

loss of function (i.e. those that inhibit their target

[Figure 2]).

An overexpression screen identified several fibroblast

growth factor (FGF) receptors (FGFRs) that prevent

G1 arrest in response to AprA, two of which (FGFR1

and FGFR3) are preferentially expressed at high levels in

tumor cell lines resistant to AprA. Furthermore, the

phosphorylation of a downstream target of FGFR signal-

ing, STAT3, is inhibited in the presence of AprA, and a

constitutively active STAT3 mutant protects cells from

death in the presence of AprA. Conversely, small inter-

fering RNA (siRNA) targeted against signal transducer

and activators of transcription 3 (STAT3) directly

decreases viability of U20S cells. Although these data

are not sufficient to define a direct target of AprA activity,

they indicate that some component of the FGFR/STAT3

pathway is probably involved [29��].

FGF signaling and STAT3 activation have been pre-

viously implicated in tumor invasion and metastasis
www.sciencedirect.com
[35�,36]. Therefore, Luesch et al. [29��] performed an

in vitro angiogenesis assay to test the role of AprA on the

ability of cultured human umbilical cord endothelial cells

(HUVECs) to form tube-like structures. The presence of

AprA reduced capillary tube sprouting to a similar extent

as, although more potently than, a known FGFR inhibitor

that is also anti-angiogenic. Additionally, an in vivo zebra-

fish assay showed reduced expression of the FGF target

gene mkp3 in AprA-treated animals. Reduction of mkp3
expression leads to defects in pectoral fin development, a

typical consequence of downregulated FGF signaling

[37], as well as defects in tail development that are

specific to AprA-mediated FGF inhibition. Therefore,

AprA must have additional effects on zebrafish develop-

ment that are distinct from those of other FGFR inhibi-

tors. Thus, further investigation into the action of AprA

might lead to the development of drugs that exploit the

FGF/STAT3 signaling pathway to prevent tumor inva-

sion.

Erastin selectively targets
H-Ras-overexpressing tumor cells
Another lethal compound, erastin (Figure 1c), was iso-

lated in a screen of 23 550 compounds for genotype-

selective lethality [38]. By measuring shifts in IC50 values

in engineered tumorigenic cell lines containing defined
Current Opinion in Chemical Biology 2007, 11:83–87
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genetic changes, Dolma et al. [38] isolated several known

genotype-specific lethal compounds. In the screen, via-

bility of cells was determined by calcein AM, a fluores-

cent dye that is selectively retained in live cells. By

performing such a genotype-selective screen, it was pos-

sible to identify compounds that selectively inhibit only

cells that display oncogenic phenotypes of interest, leav-

ing non-tumorogenic cells unharmed. One novel com-

pound, erastin, was selective for tumor cells harboring

oncogenic H-Ras.

Erastin-induced death in Ras-overexpressing cells was

found to be non-apoptotic — no fragmentation or mar-

gination of chromatin was visible. Cells did not show

DNA laddering, which occurs when DNA is cleaved at

regular intervals and serves as a hallmark of apoptotis.

Annexin V staining was absent, and caspase 3, a final

executioner of apoptosis, remained in its inactivate, pro-

caspase form. Additionally, the pan-caspase inhibitor

BOC-D-fmk did not block death induced by erastin.

Therefore, in addition to identifying a Ras-selective

lethal compound, it appears that the discovery of erastin

has uncovered a novel mechanism for killing cells.

Further work to identify the mode of action for erastin

is ongoing.

Conclusions
Thus far, studies using chemical genetics have advanced

our knowledge of several death pathways in numerous

cell types. This approach could also be applied to other

enigmatic cell death processes. A death pathway of inter-

est that has been difficult to unravel is the one that occurs

in olfactory receptor neurons (ORNs), the sensory neu-

rons of the olfactory system. Residing in the olfactory

epithelium lining the olfactory cavity within the nose,

these cells, which serve to detect odors in the environ-

ment [39], are prone to death and represent one of the few

neuronal populations, along with granule cells in the

olfactory bulb [40] and the dentate gyrus of the hippo-

campus [41], that die and are continually replaced

throughout adulthood [42]. Owing to this rare character-

istic, along with their position in a stratified epithelium

containing only one neuronal type [43], ORNs stand out

as a model cell type for the study of neurodegeneration.

As yet, the mechanism of their death is unknown, but

cannot be blocked by typical cell death inhibitors (Gang-

adhar NM, Stockwell BR and Firestein SJ, unpublished).

The use of chemical genetics might be useful to shed

light on the mechanism of ORN death as well as other

elusive cell death pathways.
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