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Abstract

As key regulators of the cell proliferation cycle, cyclin-dependent kinases (CDKs) are attractive targets for the development of

anti-tumor drugs. In the present study, harmine was identified from a collection of herbal compounds to be a specific inhibitor of

Cdk1/cyclin B, Cdk2/cyclin A, and Cdk5/p25 with IC50 values at low micromoles. It displayed little effect on other serine/threonine

and tyrosine kinases tested. The CDK inhibition by harmine is competitive with ATP-Mg2þ, suggesting that it binds to the ATP-

Mg2þ-binding pocket of CDKs. In cytotoxicity assays, harmine exhibited a strong inhibitory effect on the growth and proliferation

of carcinoma cells whereas it had no significant effect on quiescent fibroblasts. Further, harmine was found to block DNA repli-

cation in the carcinoma cells. Taken together, harmine is a selective inhibitor of CDKs and cell proliferation.

� 2004 Elsevier Inc. All rights reserved.
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Cyclin-dependent kinases (CDKs) are a family of

protein serine/threonine kinases that play a central role
in the molecular machinery that runs the cell cycle [1].

The activities of CDKs are tightly regulated at each

stage of the cell cycle by sophisticated mechanisms in-

cluding the binding of regulatory proteins and the

phosphorylation/dephosphorylation of CDKs, assuring

the completion of respective phases before progressing

to the next stage [2]. An array of evidence showed the

aberrant regulation of CDKs and their regulators in
human cancers [3,4]. In addition to the control of cell

division, CDKs are involved in cell differentiation and

apoptosis. A particular CDK member, Cdk5, was found

to play important roles in a variety of cellular events
qAbbreviations: CDK, cyclin-dependent kinase; ATP, adenosine

50-triphosphate; Erk, extracellular signal-regulated kinase; MTT,
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occurring in neurons of the central nervous system,

ranging from differentiation, migration to degeneration,
and apoptosis [5,6]. Although Cdk5 is a ubiquitous

protein, its enzymatic activity is primarily restricted to

the central nervous system where it forms complexes

with its neuron-specific activator protein, p35 or p39

[7,8]. In Alzheimer’s brains, p35 is proteolytically con-

verted to p25, resulting in the deregulation of Cdk5 [9].

Cdk5/p25 is neurotoxic and induces aberrant hyper-

phosphorylation of tau in vitro and in animal models
[9–11].

Over a long history of traditional Chinese medicine, a

number of medicinal herbs are known to have anti-

tumor effects and used in cancer therapy. However, little

is known about the active ingredients of these herbs and

how they act on tumor cells. From inhibitor screens of

Cdk2 and Cdk5, we identified harmine from a collection

of compounds isolated from medicinal herbs. Detailed
characterization showed that harmine specifically in-

hibited Cdk1, Cdk2, and Cdk5 in an ATP-competitive

manner. Moreover, harmine exhibited a strong inhibi-

tion of tumor cell growth and cellular DNA replication,
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whereas it displayed little growth effect on stationary
fibroblasts, indicating that harmine is a specific inhibitor

of cell proliferation.
Fig. 1. Chemical structure of harmine.

Table 1

IC50 of harmine

Kinase Harmine (lM)

Cdk1/cyclin B 17

Cdk2/cyclin A 33

Cdk5/p25 20

PKA >250

PKC >250

Erk >250

Lck >250

Fyn >250

Lyn >250
Materials and methods

Protein kinase assay. The kinase activities of CDKs were measured

using a protocol described previously [12]. Assay mixtures contained

30mM Mops, pH 7.4, 10mM MgCl2, 15lM [c-32P]ATP (�500 dpm/

pmol), and 100lM of the substrate peptide HS(9–18) (Pro-Lys-Thr-

Pro-Lys-Lys-Ala-Lys-Lys-Leu), harmine (Sigma) at concentrations as

specified, and CDK enzymes. Reactions were performed at 30 �C for

10min. Phosphate incorporation into the substrate peptide was mea-

sured by scintillation counting. Cdk5/p25 was a complex reconstituted

and purified from recombinant Cdk5 and p25 [12]. Cdk2/cyclin A was

prepared by reconstitution of recombinant Cdk2 and cyclin A and the

complex was activated by the CDK-activating kinase [13]. Cdk1/cyclin

B was from New England BioLabs.

The kinase activities of PKA, PKC, and Erk were measured using

the protocol above with variations of the substrate peptide. PKA and

its substrate Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly) were from

Sigma. PKC and its substrate peptide 4–14 a.a. of myelin basic protein

(Glu-Lys-Arg-Pro-Ser-Gln-Arg-Ser-Lys-Tyr-Leu) were purchased

from Calbiochem. The PKC enzyme is a tryptic preparation of the

catalytic subunit of PKC and does not require Ca2þ, phospholipids,

and diacylglycerol for its activity. Erk2 was from New England Bi-

oLabs and its substrate peptide 94–102 a.a. of myelin basic protein

(Ala-Pro-Arg-Thr-Pro-Gly-Gly-Arg-Arg) was from Upstate Cell Sig-

naling Solutions.

The tyrosine kinases Lck, Lyn, and Fyn were purified from bovine

tissues [14,15]. Their kinase activities were assayed in 50mM Tris–HCl,

pH 7.0, 50mM MgCl2, 7mg/ml p-nitrophenyl phosphate, 50lM
Na3VO4, 15lM [c-32P]ATP (�500 dpm/pmol), and 300lM of the

substrate peptide Cdc2(6–20) (Lys-Val-Glu-Lys-Ile-Gly-Glu-Gly-Thr-

Tyr-Gly-Val-Val-Tyr-Lys) [14].

Cell culture and cytotoxicity assay. HeLa and MCF-7 cells were

seeded at 2000 cells/well and SW480 was seeded at 4000 cells/well on

96-well tissue culture plates. The cells were cultured in the medium

RPMI-1640 (Invitrogen) supplemented with 10% fetal calf serum,

100U/ml penicillin, and 100lg/ml streptomycin. After an overnight

culture at 37 �C, harmine was added into the medium at various

concentrations. They were then cultured for 5 days before the MTT

assay. Swiss 3T3 fibroblasts were seeded at the density of 5000 cells/

well and cultured in Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal calf serum, 1mg/ml glucose, 100U/ml penicillin,

and 100lg/ml streptomycin. Upon reaching confluence in about 3

days, the cells were subjected to the harmine treatment as above. All

assays were performed in quadruplicates.

To stain viable cells, 20 ll of MTT (5mg/ml in phosphate-buffered

saline, Sigma) was added to each well. The cells were then incubated

for 4 h at 37 �C. After the media were aspirated carefully without

disturbing formazan crystals, the dye was dissolved in 200ll dimethyl

sulfoxide. Sample readings were taken at 570 nm in a microtiter plate

reader. ED50 is defined as the compound concentration at which the

absorption reading is reduced by 50% with respect to the controls.

ED50 values were determined by interpolation from dose–response

curves.

[3H]Thymidine incorporation assay. SW480 cells were seeded into

24-well plates at 50,000 cells/well. The cells reached 80% confluence

after 48 h at 37 �C. They were then treated with increasing concen-

trations of harmine in quadruplets for 24 h. Following the treatment, it

was a pulse treatment of [3H]thymidine (5lCi/ml, Amersham Bio-

sciences) for 2 h in the media. The radioactive media were then re-

moved by aspiration, and the cells were washed twice with the ice-cold

serum-free medium. The cells were subjected to two rounds of lysis and
precipitation at 0 �C using ice-cold 10% trichloroacetic acid for least

5min in each round. The lysates were centrifuged to collect precipi-

tates. After the pellets were dissolved in 10% sodium dodecyl sulfate,

the amounts of [3H]thymidine were determined by scintillation

counting. DNA synthesis rates were expressed relatively as percentages

of the activity observed in the control group, which was treated with

the harmine solvent but without harmine.
Results

Specific CDK inhibition by harmine

We conducted inhibitor screens to target Cdk2/cyclin

A and Cdk5/p25 from compounds isolated from me-

dicinal herbs that are used in cancer therapeutic for-

mulas. From the screens, harmine (Fig. 1) was identified

to exhibit strong inhibition towards the targets. The

harmine effect was then carefully examined using Cdk1/
cyclin B, Cdk2/cyclin A, and Cdk5/p25. It displayed

dose-dependent inhibition of the tested CDKs (data not

shown). Under the assay condition using 15 lM ATP-

Mg2þ, IC50 values are approximately 17, 33, and 20 lM
for Cdk1/cyclin B, Cdk2/cyclin A, and Cdk5/p25,

respectively (Table 1).

To test inhibitory specificity, the harmine effect was

examined on various protein kinases, including PKA,
PKC, Erk, and the Src-related protein tyrosine kinases

Lck, Lyn, and Fyn. Kinase activities were measured

using respective peptide substrates in the presence of an

increasing concentration of harmine. In the assays, poor

or negligible effect was detected towards these kinases at

low micromoles of harmine and IC50 values are at least

10-fold higher than those of Cdk1/cyclin B, Cdk2/cyclin



Fig. 3. Anti-proliferation effect of harmine on carcinoma cells. The

cytotoxicity of harmine was tested on three tumor cell lines, which are

HeLa, MCF-7, and SW480, and quiescent Swiss 3T3 fibroblasts.

Proliferating cells of HeLa, MCF-7, and SW480 and confluent Swiss

3T3 fibroblasts were treated with various amounts of harmine as de-

scribed in the Materials and methods. Viable cells were determined by

the MTT staining.
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A, and Cdk5/p25, suggesting that harmine selectively
inhibits Cdk1, Cdk2, and Cdk5.

Harmine is an ATP-competitive inhibitor

To probe CDK inhibitory mechanisms, the harmine
effect on Cdk1/cyclin B, Cdk2/cyclin A, and Cdk5/p25

was determined at varying ATP-Mg2þ concentrations.

Results showed that IC50 values varied at different ATP-

Mg2þ concentrations and higher IC50s were observed at

higher ATP-Mg2þ concentrations (data not shown), in-

dicating a competitive nature between harmine and

ATP-Mg2þ in the CDK inhibition. Kinetic analysis was

then conducted using Cdk5/p25. Assay data demon-
strated that harmine is a competitive inhibitor with re-

spect to ATP-Mg2þ with a Ki value of 21 lM towards

Cdk5/p25 (Fig. 2). Additionally, it is a mixed-type in-

hibitor with respect to the peptide substrate in the assays

(data not shown).

Inhibition of cell proliferation

As Cdk1 and Cdk2 are crucial regulators of the cell

cycle, we examined the harmine effect on cell prolifera-

tion. Cytotoxicity experiments were conducted on three

human carcinoma cell lines, which are HeLa (cervical

cancer), MCF-7 (breast cancer), and SW480 (colon
cancer). Proliferating cells were treated with harmine at

various concentrations. Following the treatment, the

amounts of viable cells were determined by the MTT

staining. Harmine appeared to inhibit the proliferation

of HeLa, MCF-7, and SW480 in a concentration-de-

pendent manner with ED50 values of 8, 15, and 22 lM,

respectively (Fig. 3). As a comparison, harmine was

tested on a confluent culture of Swiss 3T3 fibroblasts,
which were in a nondividing and quiescent stage. In

contrast to the growth inhibition of the tumor cells,

harmine exhibited little effect on the stationary fibro-

blasts (Fig. 3). Most of the fibroblasts were viable even
Fig. 2. The CDK inhibition by harmine is competitive with ATP-

Mg2þ. The kinase activity of Cdk5/p25 was assayed at varying con-

centrations of ATP-Mg2þ in the absence or presence of harmine. One

hundred micromolar of the kinase substrate peptide was present in the

assays. Double reciprocal plots are from the data of triplicate assays.
after the treatment of harmine at a high concentration

(100 lM) for 5 days (Fig. 3). Hence, harmine has little

cytotoxicity to non-proliferating cells and selectively

blocks cell proliferation.

During the cell division cycle, Cdk2 is a key regulator

of DNA replication and the S phase progression [16].

Given the result that harmine inhibited the Cdk2 ac-
tivity, we examined further the anti-tumor cell growth

effect of harmine to monitor cellular DNA replication

under the harmine treatment. The DNA synthesis of

proliferating SW480 was determined by the rate of

[3H]thymidine incorporation into DNA. As shown in

Fig. 4, harmine strongly inhibited the [3H]thymidine

incorporation in the treated cells. Fifty percent inhibi-

tion of the incorporation can be achieved at 23 lM of
harmine approximately (Fig. 4), displaying a good

correlation to its Cdk2 inhibitory activity and its cyto-

toxicity to SW480. It implicates that the cell prolifera-

tion-inhibitory effect of harmine is mainly contributed

from its inhibition of CDKs.
Fig. 4. Effect of harmine on cellular DNA replication. Proliferating

SW480 cells were treated with various amounts of harmine. [3H]Thy-

midine incorporation into DNA was measured as described in Mate-

rials and methods.



Y. Song et al. / Biochemical and Biophysical Research Communications 317 (2004) 128–132 131
Discussion

The importance of CDKs in cell proliferation has

stimulated a great interest in the development of CDK

inhibitors. To date, several classes of CDK inhibitors

have been reported, including staurosporine, butyro-

lactone I, flavopiridol, indirubins, paullones, hymeni-

aldisine, and a series of 2,6,9-substituted purine

derivatives such as olomoucine, roscovitine, and pur-
valanol [17,18]. These compounds exert their inhibitions

by competing with ATP-Mg2þ for the ATP-binding

pocket of CDKs. In the present report, harmine was

identified as a novel specific inhibitor of Cdk1/cyclin B,

Cdk2/cyclin A, and Cdk5/p25. Like the other CDK in-

hibitors, it showed a competitive effect with ATP-Mg2þ

in the inhibition. The inhibition is specific to the CDKs

since the activities of other tested protein kinases, which
are PKA, PKC, Erk, and the Src-related tyrosine ki-

nases, were not significantly affected by harmine at low

micromole concentrations.

Harmine is a b-carboline alkaloid originally isolated

from the plant Peganum harmala [19]. Powdered seeds

of P. harmala are used in herbal formulas of Chinese

medicine to cure digestive tract tumors. Recently, a

number of b-carbolines, including harmine, were
shown to have cytotoxicities towards many of the

tested human tumor cell lines [20]. However, it is

elusive how the b-carbolines exert their anti-tumor

growth effects. Although a few cellular enzymes were

reported as potential targets of the b-carbolines, such
as cytochrome P450, monoamine oxidase A, and

DNA topoisomerase I, none of these proteins have a

claimed function in the cell cycle control [21–24]. In
our assays, we have characterized harmine as a spe-

cific CDK inhibitor. Moreover, harmine inhibited

DNA replication of the tumor cells and thereby the

tumor cell proliferation. Meanwhile, harmine dis-

played little cytotoxicity to the stationary fibroblasts.

Hence, harmine is a specific inhibitor of cell growth

and proliferation. The proliferation of eukaryotic cells

involves a series of coordinated events, such as DNA
replication and mitotic division, which are mediated

by CDKs. The present studies provide evidence to

indicate that the anti-tumor growth effect of harmine

is derived at least partially from its inhibitory activity

towards CDKs.
Acknowledgments

We thank Dr. Nam Sang Cheung for his critical reading and

comments of the manuscript. This work was supported in parts by the

Research Grants Council of Hong Kong, the Area of Excellence

Scheme established under the University Grants Committee of Hong

Kong (AoE/B-15/01), and the Agency for Science, Technology and

Research of Singapore.
References

[1] C. Norbury, P. Nurse, Animal cell cycles and their control, Annu.

Rev. Biochem. 61 (1992) 441–470.

[2] D.O. Morgan, Principles of CDK regulation, Nature 374 (1995)

131–134.

[3] S.J. Elledge, J.W. Harper, Cdk inhibitors: on the threshold of

checkpoints and development, Curr. Opin. Cell Biol. 6 (1994) 847–

852.

[4] T. Hunter, J. Pines, Cyclins and cancer. II: cyclin D and CDK

inhibitors come of age, Cell 79 (1994) 573–582.

[5] R. Dhavan, L.H. Tsai, A decade of CDK5, Nat. Rev. Mol. Cell.

Biol. 2 (2001) 749–759.

[6] A.C. Lim, R.Z. Qi, Cyclin-dependent kinases in neural develop-

ment and degeneration, J. Alzheimer’s Dis. 5 (2003) 329–335.

[7] J. Ko, S. Humbert, R.T. Bronson, S. Takahashi, A.B. Kulkarni,

E. Li, L.H. Tsai, p35 and p39 are essential for cyclin-dependent

kinase 5 function during neurodevelopment, J. Neurosci. 21 (2001)

6758–6771.

[8] T. Ohshima, J.M. Ward, C.G. Huh, G. Longenecker, C.

Veeranna, H.C. Pant, R.O. Brady, L.J. Martin, A.B. Kulkarni,

Targeted disruption of the cyclin-dependent kinase 5 gene results

in abnormal corticogenesis, neuronal pathology and perinatal

death, Proc. Natl. Acad. Sci. USA 93 (1996) 11173–11178.

[9] G.N. Patrick, L. Zukerberg, M. Nikolic, M.S. de la, P. Dikkes,

L.H. Tsai, Conversion of p35 to p25 deregulates Cdk5 activity

and promotes neurodegeneration, Nature 402 (1999) 615–

622.

[10] J.C. Cruz, H.C. Tseng, J.A. Goldman, H. Shih, L.H. Tsai,

Aberrant Cdk5 activation by p25 triggers pathological events

leading to neurodegeneration and neurofibrillary tangles, Neuron

40 (2003) 471–483.

[11] W. Noble, V. Olm, K. Takata, E. Casey, O. Mary, J. Meyerson,

K. Gaynor, J. LaFrancois, L. Wang, T. Kondo, P. Davies, M.

Burns, C. Veeranna, R. Nixon, D. Dickson, Y. Matsuoka, M.

Ahlijanian, L.F. Lau, K. Duff, Cdk5 is a key factor in tau

aggregation and tangle formation in vivo, Neuron 38 (2003) 555–

565.

[12] Z. Qi, Q.Q. Huang, K.Y. Lee, J. Lew, J.H. Wang, Reconstitution

of neuronal Cdc2-like kinase from bacteria-expressed Cdk5 and

an active fragment of the brain-specific activator—Kinase activa-

tion in the absence of Cdk5 phosphorylation, J. Biol. Chem. 270

(1995) 10847–10854.

[13] I. Matsuura, J.H. Wang, Demonstration of cyclin-dependent

kinase inhibitory serine/threonine kinase in bovine thymus, J.

Biol. Chem. 271 (1996) 5443–5450.

[14] H.C. Cheng, H. Nishio, O. Hatase, S. Ralph, J.H. Wang, A

synthetic peptide derived from p34cdc2 is a specific and efficient

substrate of src-family tyrosine kinases, J. Biol. Chem. 267 (1992)

9248–9256.

[15] C.M. Litwin, H.C. Cheng, J.H. Wang, Purification and charac-

terization of a pp60c-src-related tyrosine kinase that effectively

phosphorylates a synthetic peptide derived from p34cdc2, J. Biol.

Chem. 266 (1991) 2557–2566.

[16] C.J. Sherr, G1 phase progression: cycling on cue, Cell 79 (1994)

551–555.

[17] T.M. Sielecki, J.F. Boylan, P.A. Benfield, G.L. Trainor, Cyclin-

dependent kinase inhibitors: useful targets in cell cycle regulation,

J. Med. Chem. 43 (2000) 1–18.

[18] L. Meijer, S.H. Kim, Chemical inhibitors of cyclin-dependent

kinases, Methods Enzymol. 283 (1997) 113–128.

[19] C. de Meester, Genotoxic potential of beta-carbolines: a review,

Mutat. Res. 339 (1995) 139–153.

[20] J. Ishida, H.K. Wang, K.F. Bastow, C.Q. Hu, K.H. Lee,

Antitumor agents 201. Cytotoxicity of harmine and beta-carboline

analogs, Bioorg. Med. Chem. Lett. 9 (1999) 3319–3324.



132 Y. Song et al. / Biochemical and Biophysical Research Communications 317 (2004) 128–132
[21] P. Stawowy, R. Bonnet, H. Rommelspacher, The high-affinity

binding of [3H]norharman ([3H]beta-carboline) to the ethanol-

inducible cytochrome P450 2E1 in rat liver, Biochem. Pharmacol.

57 (1999) 511–520.

[22] H. Kim, S.O. Sablin, R.R. Ramsay, Inhibition of monoamine

oxidase A by beta-carboline derivatives, Arch. Biochem. Biophys.

337 (1997) 137–142.
[23] d.A. Fernandez, J.M. Lizcano, M.D. Balsa, M. Unzeta, Inhibition

of monoamine oxidase from bovine retina by beta-carbolines, J.

Pharm. Pharmacol. 46 (1994) 809–813.

[24] Y. Funayama, K. Nishio, K. Wakabayashi, M. Nagao, K.

Shimoi, T. Ohira, S. Hasegawa, N. Saijo, Effects of beta- and

gamma-carboline derivatives of DNA topoisomerase activities,

Mutat. Res. 349 (1996) 183–191.


	Specific inhibition of cyclin-dependent kinases and cell proliferation by harmine
	Materials and methods
	Results
	Specific CDK inhibition by harmine
	Harmine is an ATP-competitive inhibitor
	Inhibition of cell proliferation

	Discussion
	Acknowledgements
	References


