
Review paper 683

A shikonin derivative, b-hydroxyisovalerylshikonin, is an
ATP-non-competitive inhibitor of protein tyrosine kinases
Kazuyasu Nakayaa and Tadashi Miyasakaa

Studies of the mechanism of action of a shikonin

derivative, b-hydroxyisovalerylshikonin (b-HIVS), have

revealed that b-HIVS inhibits the protein tyrosine kinase

(PTK) activities of the receptor for epidermal growth factor

and v-Src. In this review, we compare the characteristics of

the inhibition of PTK activity by b-HIVS with those of other

inhibitors of PTKs. The chemical structure of b-HIVS is

completely different from that of ATP and it does not

resemble any of the PTK inhibitors reported to date, except

that it includes the benzilidene moiety. In contrast to most

PTK inhibitors, the mechanism of inhibition by b-HIVS is

non-competitive with respect to ATP, but competitive with

respect to its peptide substrate. This feature of the

mechanism of inhibition of PTK by b-HIVS suggests that it

might be useful in a clinical setting with other PTK

inhibitors. When Bcr–Abl-positive, human leukemia K562

cells were treated simultaneously with b-HIVS and STI571

(Gleevec), these compounds had a synergistic effect on

both the induction of apoptosis in K562 cells and the

inhibition of the phosphorylation activity of PTK, probably

because the mechanism of interference with

phosphorylation by b-HIVS and the binding site of b-HIVS

are different from those of STI571. Anti-Cancer Drugs
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Introduction
Protein tyrosine kinases (PTKs) play important roles in a

wide variety of cellular signal-transduction pathways and

regulate a variety of cellular activities, such as cell growth,

mitogenesis, development, differentiation and cell death

[1,2]. Defects in the normal functioning of PTKs are

closely associated with carcinogenesis [1,3]. Furthermore,

the products of many oncogenes are PTKs. Thus, PTKs

are attractive targets for anticancer drugs. In the last

decade, a variety of low-molecular-weight inhibitors of

PTKs have been developed as candidates for anticancer

drugs and some are or soon will be in clinical trials [2–7].

In terms of clinical applicability, one of the most useful

anticancer drugs developed to date is STI571 (Gleevec),

which is used in the treatment of patients with chronic

myelocytic leukemia (CML) [4,8]. In patients with

CML, a reciprocal translocation between chromosomes

9 and 22, t(9:22), results in a Bcr–Abl fusion gene whose

product has elevated PTK and transforming activity [9].

The PTK activity of the protein product of Bcr–Abl,

p210, is essential for its transforming activity [10] and

ectopic expression of p210 induces a CML-like syndrome

in mice [11,12]. Furthermore, cells that express Bcr–Abl,

such as K562 cells, are resistant to the apoptotic effects of

antileukemic drugs [13,14]. One of the reasons for this

resistance is the fact that the product of the Bcr–Abl gene

inhibits apoptosis due to diverse stimuli by blocking

release of cytochrome c from mitochondria [15]. The

product of Bcr–Abl (p210) is, therefore, an attractive

target for the design of drugs for treatment of CML.

STI571 is a drug that was designed by reference to the

crystal structure of the ATP-binding site of protein

kinases [6], and it was shown to inhibit the protein kinase

activity of p210 and to induce complete remission in most

patients with CML [16]. In its inhibition of the PTK

activity of p210, STI571 inhibits the tyrosine kinase

activities of platelet-derived growth factor (PDGF) and c-

kit [17,18]. Thus, STI571 appears to be effective for the

clinical treatment of fibroblast-derived tumors and

gastrointestinal stromal tumors, in which PDGF and c-

kit, respectively, are overexpressed [19,20].

The level of expression of epidermal growth factor

receptor (EGFR) is elevated in a large variety of tumors

and this receptor is also a target for many low-molecular-

weight inhibitors of PTK. Among the various inhibitors of

the PTK activity of EGFR, ZD1839 (Iressa) has been

clinically tested as an orally administrated drug for the

treatment of non-small cell lung cancer [21]. Although a

phase II trial of ZD1839 in patients with lung cancer

resulted in significant improvement in a limited number

of patients, the phase III trial in patients with lung cancer

failed to prolong the lives of patients in the trial [22].

The failure of ZD1839 to cure lung cancer can be

interpreted to mean that the cancer cells are not solely

dependent on the activity of EGFR for their survival. It
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seems, therefore, that treatment with drugs targeted to

EGFR alone is not sufficient to inhibit the proliferation of

cancer cells.

We showed previously that b-hydroxyisovalerylshikonin
(b-HIVS), which can be isolated from the roots of the

traditional oriental herb Lithospermum radix, inhibited the

growth of various lines of human tumor cells at low

concentrations between 10– 8 to 10–6 M and induced

apoptosis in leukemia HL-60 cells through a mechanism

different from those of conventional inducers of apoptosis

[23]. Extracts of the roots of L. radix, which contain

shikonin and various derivatives of shikonin, were used in

ancient Japan for the preparation of ointments for the

treatment of cuts and burns. They were also taken

internally as an antidote, and as an antipyretic and anti-

inflammatory agent. More recently, shikonin was reported

to exhibit antitumor activity in mice implanted with

sarcoma 180 tumor cells [24]. The mechanisms respon-

sible for these activities of shikonin and its derivatives are

unknown, but we have shown that b-HIVS specifically

inhibits the PTK activities of EGFR and v-Src [25]. In

this review, we provide a summary of the recent

development of inhibitors of PTKs and a comparison of

the characteristics of b-HIVS with those of other

inhibitors of PTKs.

Classification of PTK inhibitors
The inhibitors of PTKs can be divided into several groups

(Fig. 1). The first group consists of compounds with a

phenolic hydroxyl group, which resembles the side chain

of tyrosine residues. This group includes erbstatin

[26,27] and lavendastin-A [28], which are non-selective

inhibitors of EGFR. Methyl 2,5-dihydroxycinnamate was

synthesized as an analog of erbstatin [29]. The first

synthetic inhibitor of PTK to be developed was

tyrphostin. This compound is designated as a tyrosine

mimetic and it interacts with the active site of PTKs

[30]. TX-1123 was synthesized as a compound with lower

mitochondrial toxicity than the tyrphostin derivative

[31], tyrphostin AG17 [32]. AG537 is a dimeric derivative

of tyrphostin and was designed to bind to the dimerized

active form of EGFR [33]. Methyl 7,8-dihydroxyisoquino-

line-3-carboxylate is a bicyclic phenol [34].

The second group consists of flavones, such as quercetin

[35–37], and isoflavones, such as genistein [38]. The

third group, pyrrolopyrimidines, was identified by random

screening as lead structures for inhibitors of PTKs [7,39].

This group includes PP1 and PP2 [40], PKI166 [41,42],

and 4-(phenylamino)-7H-pyrrolo[2,3-d]pyrimidine [43].

The identification of useful derivatives of quinazoline,

the fourth group, by large-scale screening, combined with

molecular modeling of the catalytic sites of PTKs and of

compounds that might bind to such sites, markedly

improved the potency and specificity of inhibitors of

PTKs. Quinazoline derivatives that are being tested for

efficacy include PD153035 [44], PD0165557 [45],

ZD1839 (Iressa) [21,46], OSI774 [47], GW572016

[48,49] and CI1033 [50]. Further investigations of

quinazoline in terms of structure–activity relationships

on quinazolines resulted in the synthesis of the fifth

group, the pyridopyrimidines [39], such as PD158780

[45], PD173074 [51], PD173955 [52] and PD180970

[53,54]. Group six, consisting of phenylaminopyrimidines

such as STI571, was also identified by large-scale

screening combined with investigations of structure–

activity relationships of pyridopyrimidines [39]. Most of

the PTK inhibitors described above inhibit EGFR or

members of the Src family, as indicated in Figure 1. In

contrast to these PTK inhibitors that inhibit EGFR and

members of the Src family, oxindoles (group seven), such

as PD146568, SU5416 and SU6668 [55–58], have

selective inhibitory activity against receptors for vascular

endothelial growth factor (VEGFR). The inhibition of

EGFR by PD146568 is irreversible and non-competitive

with respect to ATP, suggesting that this drug might bind

covalently to a sulfhydryl residue near the catalytic site

[56]. PD173074 inhibits the tyrosine kinase activity of

fibroblast growth factor receptor (FGFR) [51]. Oxindole

inhibitors, such as SU5416 and PD173074, suppress

angiogenesis, and induce the destruction of the vascu-

lature that is needed for the growth and proliferation of

tumor cells in vivo [51,57].

There are other inhibitors of PTK that cannot be

classified into the groups mentioned above. For example,

PTK787/ZK222584 is a phthalazine derivative [59,60].

Herbimycin A, a specific inhibitor of intracellular v-Src

whose effects are irreversible, is a benzoquinoid ansamy-

cin antibiotic [61]. Clavilactones, isolated from fungal

metabolites, are benzoquinoid 10-membered-ring macro-

lides that include a 2,3-epoxy-g-lactone [62]. We were

the first to demonstrate that shikonin and its derivative

b-HIVS inhibit the activities of PTKs such as EFGR and

v-Src [25]. The inhibitory activity of b-HIVS was

the strongest among the shikonin derivatives that we

tested [25].

Characteristics of the mechanism of action of
PTK inhibitors
The active center of a protein kinase (PK) consists of an

ATP-binding site and a binding site for the peptide

substrate [4,7,63,64]. Most of the inhibitors of PTKs

reported to date are competitive inhibitors with respect

to ATP, as shown in Table 1. This observation suggests

that the inhibitors bind to the ATP-binding site in the

catalytic domain of the enzymes. The inhibition of the

PTK activity of EGFR by genistein [38], erbstatin [26],

lavendastin-A [28], AG814 [65], PD158780 and

PD0165557 [44] appears to be competitive with respect

to ATP, as does inhibition of v-Src by quercetin [35].
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Fig. 1

Examples of low-molecular-weight inhibitors of PTKs. References as superscripts.
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STI571 and SU6668 compete with ATP for the ATP-

binding site of the catalytic domain of the product of the

Bcr–Abl gene and of FGFR, respectively [4,55]. The

crystal structure of the kinase domain of the c-Abl protein

in a complex with STI-571 indicates that STI-571 binds

specifically to an inactive and unphosphorylated form of

the protein, thereby freezing the kinase in an inactive

conformation [66]. Inhibition by ZD1839 is competitive

with respect to ATP and seems to be non-competitive

with respective to the protein substrate, as deduced from

an analysis with an analog, 4-(3-chloroanilino)quinazoline

[67]. In contrast to these ATP-competitive inhibitors of

PTKs, b-HIVS does not compete with a binding site with

ATP, but competes with the substrate peptide, an

observation that suggests b-HIVS binds to the peptide-

binding site in the catalytic domain [25]. Derivatives of

hydroxynaphthalene, such as 2-carbonyl-3,6-dihydroxy-

naphthalene, have already been developed as ATP-non-

competitive inhibitors of PTK [68]. Moreover, the

proposal that 5-S-glutathionyl-N-b-alanyl-L-dopa inhibits

PTK in an ATP-non-competitive and protein substrate-

competitive manner is reasonable, since the structure of

the inhibitor is similar to that of a tyrosine residue,

thereby allowing it to bind to the protein substrate-

binding site [69].

Characteristics of inhibition by b-HIVS
In contrast to most of the PTK inhibitors reported to

date, b-HIVS has a chemical structure that bears no

resemblance to ATP. However, it includes a benzilidene

moiety similar to those in erbstatin, tryphostin, flavones

and isoflavones. A very restricted number of PKs is

inhibited by b-HIVS. When a lysate of SR-3Y1 cells that

express v-Src was treated with b-HIVS, only the autopho-

sphorylating activity of v-Src was inhibited [25]. The

activities of PKA and PKC were almost completely

Table 1 Competition by inhibitors of PTKs with respect to ATP and the substrate protein

ATP competitive Erbstatin [65], Tyrphostin [65], AG814 [66], Quercetin [35], Genistein [38], Lavendastin-A [6], 4-(3-bromoanilino)-
quinazoline [44], OSI774 [47], STI571 [4,8], PD158780 [45], PD0166326 [53], PD180970 [53,54], 4-(phenylamino)-
7H-pyrrolo[2,3-d]pyrimidine [43], SU6668 [55]

ATP non-competitive
substrate competitive b-HIVS [25], 5-S-glutathionyl-N-b-alanyl-L-dopa [69], Tyrphostins [30], AG537 [65]
substrate-non competitive Clavilactone CB [62]
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unaffected by b-HIVS [25]. In addition to that of v-Src,

the PTK activity of EGFR was inhibited by b-HIVS with

an IC50 (concentration for 50% inhibition) of approxi-

mately 700 nM [25]. The PTK activities of VEGFRs,

such as KDR/Flk-1 and Flt-1, are also inhibited by b-
HIVS, but to a lesser extent than those of EGFR and v-

Src [25]. The fact that the inhibitory activity of b-HIVS

against EGFR and v-Src was much stronger that of

shikonin indicates that the side chain of b-HIVS

contributes to an increase in the inhibitory activity

against PTKs. These results also strongly suggest that

much more potent and more specific inhibitors of PTK

will be produced when changes are made in the side

chain of shikonin.

In contrast to most PTK inhibitors, b-HIVS does not

compete with ATP [25]. This feature of b-HIVS is very

useful, because it means that b-HIVS does not need to be

present at millimolar levels, to compete with ATP, in the

intracellular environment. Although the IC50 values of b-
HIVS for EGFR and v-Src are substantially higher than

those of ST-571, the inhibitory effect of b-HIVS on the

autophosphorylating activity of EGFR can be enhanced

considerably if it is used in combination [70]. The fact

that the mechanism of inhibition of PTKs by b-HIVS is

different from that of most known inhibitors of PTK also

allows us to use b-HIVS effectively with other PTK

inhibitors. Thus, for example, simultaneous treatment of

Bcr–Abl-positive, human leukemia K562 cells with b-
HIVS and STI571 revealed that these drugs had a

synergistic effect on the induction of apoptosis in human

leukemia cells [71]. Furthermore, the inhibition of PTK

activity in K562 cells by STI571 was enhanced by

simultaneous treatment of the cells with b-HIVS [71].

The most advantageous feature of b-HIVS is that an

extract of L. radix containing b-HIVS as a major

constituent has been administered orally to Asian

patients for centuries as an antidote, antipyretic and

anti-inflammatory agent without any serious side effects.

It is now necessary to synthesize various other derivatives

of shikonin, and to examine their PTK-inhibitory

activities and side effects on animals.

Future prospects
Although STI-571 has been used successfully for the

clinical treatment of patients with CML, clinical

resistance to STI-571 has emerged as a serious problem

[72]. Resistance to STI-571 has been associated with the

reactivation of Bcr–Abl signal transduction that is caused

by genetic mutation or amplification of the Bcr–Abl gene

in the patients examined to date [72]. To overcome the

resistance to STI-571, we need additional new inhibitors

of PTKs with different chemical structures, which can be

expected to inhibit PTK activity by different mechan-

isms. While STI-571 binds to the inactive and unpho-

sphorylated form of the kinase domain of the c-Abl

protein and inhibits kinase activity, PD173955 binds to

the active conformation of the kinase [66]. Moreover,

PD180970, which is structurally related to PD173955,

induces apoptosis in STI571-resistant Bcr–Abl-positive

CML cells [73].

Since most of the PTK inhibitors developed to date are

ATP-competitive inhibitors, many possibilities remain for

the development of ATP-non-competitive inhibitors.

When more novel inhibitors of PTKs have been devel-

oped, it will become possible to select effective

combinations that will attack different molecular targets

simultaneously. When STI571 was combined with antil-

eukemic agents, such as interferon-a, daunorubicin, and
cytosine arabinoside, or with As2O3 for the treatment of

Bcr-positive K562 cells, the respective drugs had additive

or synergistic effects on cell growth [74,75], even though

the latter agents are not PTK inhibitors. As described

above, STI571 and b-HIVS had a synergistic effect with

respect to the induction of apoptosis, when applied

together to K562 cells [71].

It is also important to clarify the signal transduction

pathways involved in the inhibition by PTK inhibitors.

When the signal transduction pathways inhibited by PTK

inhibitors have been characterized, we shall be able to

select molecular targets for development of new PTK

inhibitors. Recently, activation of the tyrosine kinase

activity of the Flt3 receptor was found in about 30% of

patients with acute myelogenous leukemia (AML) and

specific inhibitors of the PTK activity of the Flt3

receptor, such as PKC412 [76] and CT53518 [77], have

been identified and are being evaluated in clinical trials.

In these cases too, the specificity of each PTK inhibitor

must be defined. Since the total number of protein

kinases encoded by the human genome is estimated to be

greater than 2000 and since approximately 100 of them

are likely to be PTKs [2,78], it will be difficult to find

inhibitors of PTKs that inhibit only a single PTK

selectively. For example, even STI571 inhibits c-kit and

PDGF in addition to the product of Bcr–Abl gene [17,18].

Elucidation of the specificity of PTK inhibitors will help

us also to predict the side effects of these anticancer

agents. When the molecular targets for the induction of

apoptosis in tumor cells are identified and when specific

inhibitors of PTKs with limited side effects have been

selected, it will be possible to develop much better and

more specific anticancer therapies.
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