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Kinase inhibitors are effective cancer therapies. Unfortunately, drug resistance emerges in response to
kinase inhibition leading to loss of drug efficacy. In this issue of Cell Chemical Biology, Peh et al. (2018)
demonstrate that caspase activators effectively delay onset of resistance to kinase inhibitors and are
excellent co-therapeutics for a number of tumor types.
Protein kinase inhibitors (PKIs) comprise a

highly significant class of anti-cancer

treatments. In 2001, imatinib (Gleevec),

the first FDA-approved, small-molecule

PKI, was approved for the treatment of

chronic myelogenous leukemia. Since

that hallmark, PKIs have become a stan-

dard in the treatment of a number of can-

cers and development of PKIs has

expanded dramatically. Today over 40

PKIs are actively used clinically for indica-

tions ranging from cancers of many vari-

eties to rheumatoid arthritis, graph-

versus-host disease, and pulmonary

fibrosis. Development of this class of in-

hibitors is still strong, with four FDA ap-

provals so far in 2018. While kinase inhib-

itors have proven to be extremely

effective in decreasing cell proliferation

and blocking other pathways required

for cancer survival, PKIs are extremely

prone to development of drug resistance,

which was identified as early as 2001

(Gorre et al., 2001). PKI resistance can

emerge within as little as days in cell-

based models. In many instances, resis-

tance emerges in human patients within

a year of the beginning of treatment (Gillis

and McLeod, 2016). Once resistance

emerges, patients treated with PKIs

become susceptible to reemergence or

growth of their cancers. Second genera-

tion inhibitors targeting drug resistant

kinases have also entered the market

(e.g., Debrafenib, Trametinib, Cobimeti-

nib, etc.), but given the cost and time

required for the development of these

specialized kinase inhibitors, this is

not always a feasible long-term solution.

In addition, these second generation

PKIs are also susceptible to promot-

ing the emergence of drug resistance

(Figure 1).
An optimal approach to extending the

life of PKIs is the application of new phar-

maceuticals that delay or prevent the

onset of PKI drug resistance. Peh et al.

have developed an approach, co-admin-

istration of a procaspase-3 activator

PAC-1 with PKIs, which substantially

extended the time to development of

resistance in treated cells (Peh et al.,

2016). PAC-1 is a procaspase-3 activator

that functions by removal of zinc from the

active site of caspases (Peterson et al.,

2009). Caspase-3 is an apoptotic prote-

ase that is constitutively inhibited by the

presence of physiological levels of zinc

(Eron et al., 2018). The zinc-binding

properties of PAC-1 enable activation of

procaspase-3 to mature caspase-3, and

the generation of proteolytic caspase-3

activity.

Caspase-3 plays a leading role in the

execution of apoptotic cell death.

Because apoptosis leads to the irrevers-

ible demise of cells in which it is activated,

cancer cells typically have developed

multiple overlapping strategies for avoid-

ing apoptosis. If apoptosis can be

induced, it is an effective means for

clearing cancer cells. Thus PAC-1 has

emerged as a potential cancer therapeu-

tic. Upon PAC-1 treatment and during

apoptosis, caspase-3 cuts a number of

key prosurvival proteins; among these

are the kinases MEK1 and MEK2.

A number of approved cancer-targeted

PKIs (both first and second generation)

function by impacting the mitogen acti-

vated protein kinase (MAPK) pathway

that signals through RAS/RAF/MEK/ERK

(Figure 1). To slow the development of

resistance through mutations occurring

in RAS, RAF, and BRAF, MEK1/2 inhibi-

tors have been used in combination with
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PKIs for upstream kinases (Eberlein

et al., 2015; Hrustanovic et al., 2015;

Tricker et al., 2015). Because MEK1/2 is

a major control point in this pathway,

dual pressure on the pathway has been

shown to be effective at slowing develop-

ment of drug resistance.

The approach described by the

Hergenrother group (Peh et al., 2018)

makes use of the same physiological pro-

cess: imposing dual pressure in theMAPK

pathway. Activation of procaspase-3 by

PAC-1 leads to caspase-3 cleavage of

MEK1/2 (Figure 1), which eliminates the

function of MEK1/2. In head-to-head

tests, cells were challenged with a PKI

alone or in combination with PAC-1 to

activate procaspase-3, which cuts and in-

activates MEK1/2, or in combination with

trametinib, which directly blocks the

kinase function of MEK1/2. The authors

focused on naive cancer cell lines as

well as lines that had already developed

resistance to a first generation PKI thera-

peutic. In particular, this work by Peh

et al. (2018) focuses on BRAFV600E (which

is targeted by vemurafenib), EGFRT790M

(which is targeted by osimertinib), EML4-

ALK (which is targeted by ceritinib), or

BCR-ABL (which is targeted by imatinib).

In all cases, cells treated with PKI alone

developed resistance earlier than in

combination with PAC-1 or trametinib,

underscoring the prior observation

that blocking the MEK1/2 control

point is an effective co-strategy for pre-

venting emergence of drug resistance.

Notably, both return of ERK1/2 phos-

phorylation, a read out of the MEK1/2

activation state, and the onset of resis-

tance were always later in the pres-

ence of PAC-1 than in combination with

trametinib.
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Figure 1. The MAPK (RAS/RAF/MEK/ERK) Pathway
In healthy tissue, the MAPK (RAS/RAF/MEK/ERK) pathway functions normally and prior to mutation
supports homeostasis (black arrow pathway). In many cancers, mutations in this pathway drive tumor-
genicity and malignancy. The resulting cancers are frequently treated with first generation PKIs. Even-
tually, drug resistance to the PKIs emerge. A frequent mutation is the B-RAFV600E mutation. Patients
hosting the B-RAFV600E mutation can be treated with second generation PKIs that target B-RAFV600E.
Unfortunately, drug resistance eventually develops (dashed black arrows). Co-treatment with the pro-
caspase-3 activator PAC-1 (blue finely dashed arrows) leads to degradation of MEK1/2 and prevents
development of drug resistance more effectively than currently used regimes.
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The authors suggest that the higher

efficacy of procaspase-3 activation by

PAC-1 at delaying resistance to PKIs is

due to the complete removal of MEK1/2

activity that occurs upon proteolysis

compared to the reversible inhibition of

MEK1/2 by trametinib. Treatment with tra-

metinib or treatment with PAC-1 initially

results in decreases in the amount of

phosphorylated ERK1/2, indicating that

both pathways are effective at blocking

the functioning of this pathway. Notably,

within 6 hr of treatment with trametinib,

ERK1/2 phosphorylation can once again

be observed, indicating that inhibition of

MEK1/2 is transient. In contrast, activa-

tion of procaspase-3 and the resulting

degradation of MEK1/2 are substantially

more sustained, preventing ERK1/2 phos-

phorylation for the duration of the experi-

ment. This sustained MEK1/2 and subse-

quent ERK1/2 inhibition dramatically

reduces cells’ ability to proliferate and

thus form drug-resistant colonies.
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In addition to its impact on the MEK

pathway, procaspase-3 also plays a

more general role in preventing develop-

ment of drug resistance. Procaspase-3

activation is well known to induce

apoptosis. Inducing apoptosis in cancer

cells also decreases the likelihood that

drug resistance can reemerge. Thus, this

mechanism of combatting development

of drug resistance holds significant poten-

tial over alternative approaches because

it impacts two means of the development

of drug resistance.

The findings of Peh et al. (2018) suggest

that new combination therapies using

PAC-1, which eliminate key components

of the MAPK pathway, stand to dramati-

cally prolong the utility of kinase inhibiting

drugs. The fact that co-administration of

procaspase-3 activators (at levels that

have been shown to be clinically achiev-

able) worked on four different cell types

indicates that this approach may be

broadly applicable across cancers that
8

achieve their proliferative state through a

number of different mutations in a wide

variety of pathways, including the MAPK

pathway. Finally, because PAC-1 is

currently undergoing human clinical trials

(Danciu et al., 2016), combination thera-

pies based on these findings are

eminently possible, hopefully in the not-

too-distant future.
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