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Selected Cyclic Dipeptides Inhibit Cancer Cell Growth and
Induce Apoptosis in HT-29 Colon Cancer Cells
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Abstract. Background: An increasing number of cyclic
dipeptides (CDPs), particularly those containing proline, have
been shown to exhibit important biological activity. Materials and
Methods: We investigated the potential of seven proline-based
CDPs to inhibit cancer cell growth in HT-29, HeLa and MCF-7
cell lines. We also tested whether any of the CDPs were able to
induce apoptosis in HT-29 cells. Results: The SRB assay showed
that only cyclo(Phe-Pro) (10 mM) exhibited more than 50%
growth inhibition (p<0.01). The MTT assay was used to
demonstrate a dose-dependent (0.008-10 mM) growth inhibition
by cyclo(Phe-Pro). Hoechst 33342 staining showed that 5 mM
cyclo(Phe-Pro) induced chromatin condensation in 18.3%2.8%
(p<0.01) of HT-29 cells after 72 hours. Furthermore, annexin V'
binding revealed phosphatidylserine externalisation in cyclo(Phe-
Pro)-treated HT-29 cells. Conclusion: Our findings demonstrate
that cyclo(Phe-Pro) inhibits the growth of HT-29, MCF-7 and
HeLa cells and induces apoptosis in HT-29 colon cancer cells,
suggesting a potential antitumour activity.

Peptides and proteins constitute a diverse family of endogenous
compounds that regulate a wide range of important biological
functions. In addition to the vital role that endogenous peptides
play in normal tissue homeostasis, some peptides produced by
microorganisms have pharmacological significance, functioning
as antimicrobial agents, immunomodulators, or antioxidants
(1,2). Cyclic peptides have inherent physiological advantages,
including stability (resistance to enzymatic degradation)
compared to their linear counterparts, conformational rigidity
and improved receptor site selectivity and pharmacological
specificity (3,4). The synthesis and study of cyclic peptide
analogues thus presents a powerful advance in the design and
discovery of novel peptide drugs (2).
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The smallest cyclic peptides are dipeptides called
diketopiperazines or cyclic dipeptides (CDPs). CDPs are
simple and abundant in nature, common to synthetic,
spontaneous and biological formation pathways (5). They are
detected naturally in marine sponges (6), microorganisms
(7,8) and mammals (5). CDPs are also found in processed
foods such as various cereal grains, cocoa, cheese and
beverages including beer (9) and roasted coffee (10).

Although CDPs have been detected and studied as far
back as the early 1900s, it is only in the last decade that
their biological activity has attracted considerable interest
(5). Proline appears to be prevalent as a constituent amino
acid among these biologically active CDPs. For example,
there have been reports of phytotoxic activity exhibited by
cyclo(Tyr-Pro) (11), immunomodulation by cyclo(His-Pro)
(5,12), modulation of dietary fat intake by cyclo(Asp-Pro)
(13) and antifungal activity of cyclo(Phe-Pro) (8).
Cyclo(Phe-Pro) and cyclo(Tyr-Pro) have also been
implicated in the induction of differentiation in colon
cancer cells (14).

Kanoh et al. (7) reported potent in vitro and in vivo
antitumour activity of a cyclic dipeptide derivative,
phenylahistin, a fungal metabolite composed of
phenylalanine and isoprenalated dehydrohistidine. The aim
of the present study was to investigate the potential in vitro
anticancer activity of seven proline-based CDPs (Figure 1)
against three human cancer cell lines, namely HT-29
(colon), HeLa (cervical) and MCF-7 (breast).

The CDP that exhibited the highest growth inhibitory
activity was used to investigate its potential to induce
apoptosis in HT-29 colon cancer cells. Most cancer therapies
are known to induce cell death in tumour cells via apoptotic
pathways (15-19). Apoptosis, as opposed to necrosis, has
attracted attention as a favourable pharmacodynamic end
point of anticancer drug action (20,21). The HT-29 cell line
has previously been described as a model system for the
study of apoptosis in an adherent cell line (22,23). In the
current investigation HT-29 cells were used to study markers
of apoptosis such as chromatin condensation and
phosphatidylserine (PS) translocation.
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Figure 1. Chemical structures of the proline-based CDPs used in the
present study.

Materials and Methods

Cyclic dipeptides. Cyclo(Gly-Pro), cyclo(Pro-Pro), cyclo(Leu-Pro),
cyclo(Thr-Pro) and cyclo(His-Pro) were purchased from Bachem
(Germany). Cyclo(Phe-Pro) and cyclo(Tyr-Pro) were synthesized
from the corresponding linear dipeptides (Bachem) by the phenol
cyclization (24). The crystalline products of cyclo(Phe-Pro) and
cyclo(Tyr-Pro) were shown to be free of phenol contamination by
using high-performance liquid chromatography (Waters TSK ODS
120T column, 4.6 x 250mm, 40:60 acetonitrile:water). Structural
elucidation of the synthetic products was performed with the aid
of infrared spectroscopy, mass spectrometry (MS) and NMR
spectroscopy.
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Cell lines and culture conditions. HT-29, HeLa and MCF-7 cell
lines (Highveld Biological, Kelvin, South Africa), were cultured in
10-cm culture dishes without antibiotics in RPMI 1640 medium
(Sigma, Germany) containing 10% heat-inactivated fetal bovine
serum, 25 mM HEPES and 2 mM glutamine (Highveld Biological)
in a humidified 5% CO, incubator at 37°C. The medium was
replaced every 48 hours and cells were passaged at 70-80%
confluence.

Assays of cell growth and viability

Sulforhodamine B assay. SRB (Sigma) is a protein-binding dye that
binds to the basic amino acids of cellular macromolecules and is
used in the end-point determination of cell growth or viability (25).
Cells were seeded into 96-well microtiter plates at a density of 5000
cells per well. CDPs were dissolved in DMSO, diluted in RPMI
1640 medium and 200ul of the appropriate CDP was added to the
cells. Melphalan (Sigma) was included as a positive control at a
final concentration of 0.1 mM (26). After 48 hours of exposure to
CDPs, the SRB assay was performed as previously described (25).
Briefly, cells were fixed in situ with 10% trichloroacetic acid (TCA)
and stained with SRB (0.4% w/v in 1% acetic acid) for 10 minutes
at room temperature. Bound stain was solubilised with 10 mM Tris
base, and the optical densities were read at 540 nm using a plate
reader (Multiskan MS, Labsystems, Finland). A measure was also
made of the cell density at time zero from an extra reference plate
of cells fixed with TCA immediately prior to drug addition to the
test plates.

MTT viability assay. HT-29, MCF-7 and HeLa cells were exposed
to cyclo(Phe-Pro) and cyclo(Tyr-Pro) at a concentration range of
0.008-10 mM for 72 hours. The effects of these CDPs were also
tested on differentiated Caco-2 cells. The MTT assay was
performed as previously described (27). Briefly, cells were
incubated with 200ul MTT (Sigma) (0.5mg/ml in growth medium)
for 4 hours at 37°C. After this time the formazan product was
dissolved in DMSO and the response was read at 540 nm
(Multiskan MS, Labsystems).

Assessment of apoptosis

Analysis of chromatin condensation. Cells were plated at a density of
2 x 104 cells/cm? on 13-mm glass coverslips (BDH Laboratory
Supplies, England) in a 24-well plate and treated with ImM or 5
mM cyclo(Phe-Pro) for 4, 12, 24, 48 and 72 hours. At the end of
each treatment, cells were washed twice with PBS at room
temperature and stained with Hoechst 33342 (Sigma) (10pg/ml) in
PBS for 15 minutes at room temperature in the dark. Cells were
washed with PBS, placed on a microscope slide and analysed
immediately using a fluorescence microscope (Olympus BX 60).
Quantitative assessment was performed by counting 300 cells for
each treatment and evaluating the percentage of apoptotic cells.

Annexin V-fluorescein and Hoechst 33342 dual-labelling. Simultaneous
analysis of the presence of PS on the outer leaflet of the cell
membrane as well as chromatin condensation were performed using
a double-labelling experiment with annexin V-fluorescein and
Hoechst 33342 according to Martin et al. (28). HT-29 cells were
grown on coverslips as described above and treated with 5 mM
cyclo(Phe-Pro) for 48 hours. Cells were simultaneously stained with
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Figure 2. Effects of proline-based CDPs (10 mM) on the growth of HT-29, HeLa and MCF-7 cells. Exponentially growing cells were incubated with
CDPs for 48 hours and the cellular response was measured by the SRB assay. Melphalan (0.1 mM) was included as a positive control. Results are
expressed as means * standard deviation of triplicate experiments, in which each treatment was performed in quadruplicate. *, p<0.01 (compared to
control cells); ** p<0.01 (compared to HT-29 and HeLa cells); 1, c: cyclo.
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Figure 3. Effects of cyclo(Phe-Pro) (A) and cyclo(Tyr-Pro) (B) on the growth of HT-29 (@), MCF-7 (B) and HeLa (A) cells as measured by the MTT
assay after a 72-hour exposure to the CDPs. Results are expressed as means = standard deviation of quadruplicate assays in one experiment, which is
representative of three independent experiments.

Hoechst 33342 and annexin V-fluorescein (Annexin-V-FLUOS To discriminate apoptotic from necrotic cells, the annexin V
staining kit, Roche Diagnostics) and analysed with a fluorescent  staining kit (Roche Diagnostics) was also used, according to the
microscope (Olympus BX 60) equipped with Hoechst/DAPI and  manufacturer’s instructions, for dual-labelling of treated cells with
FITC filters (Olympus BX FLA). propidium iodide (PI) and annexin V-fluorescein.
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Figure 4. Photomicrographs showing HT-29 cells stained with Hoechst 33342 (original magnification = 400x). Cells treated with 5 mM cyclo(Phe-Pro)
for 48 hours display chromatin condensation and nuclear fragmentation (B) compared to normal nuclei staining in untreated control cells (A).

Results

Effects of CDPs on cell growth

Sulforhodamine B assay. The comparative effects of seven
proline-based CDPs (10 mM) on the growth of three cancer
cell lines HT-29, MCF-7 and HeLa are shown in Figure 2.
Cellular responses were calculated for the growth of treated
cells as a percentage of control cell growth relative to the time
zero measurements. Cyclo(Phe-Pro) exhibited the greatest
growth inhibitory effect (p<0.01) on the three cell lines. MCF-
7 cells were more sensitive than HT-29 and HeLa cells to
treatment with cyclo(Tyr-Pro) (p<0.01). Cyclo(Gly-Pro),
cyclo(His-Pro), cyclo(Leu-Pro), cyclo(Pro-Pro) and cyclo(Thr-
Pro) showed only marginal growth inhibitory effects in the
three cell lines. The growth inhibition exhibited by cyclo(Phe-
Pro) and cyclo(Tyr-Pro) was subsequently confirmed by using
the MTT assay as recommended by Freshney (29). It should
be noted that for the MTT assay, the cells were exposed to the
CDPs for 72 hours as opposed to 48 hours for the SRB assay.

MTT assay. HT-29, HeLa and MCF-7 cells were exposed to
a concentration range of 0.008-10 mM of either cyclo(Phe-
Pro) or cyclo(Tyr-Pro) for a period of 72 hours. At the end
of this exposure the cellular response was measured by the
MTT assay and compared to that of untreated control cells.
Figure 3A shows a dose-dependent growth inhibition of HT-
29, HeLa and MCF-7 cells after treatment with cyclo(Phe-
Pro). The ICsq values for cyclo(Phe-Pro) were 2.92+1.55
mM for Hela, 4.04+1.15 mM for HT-29, and 6.53%+1.26
mM for MCF-7 cells. Cyclo(Tyr-Pro) exhibited a greater
growth inhibitory effect in MCF-7 cells (p<0.01) compared
to HT-29 and HeLa cells (Figure 3B). Preliminary results
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Figure 5. Percentage of apoptosis in cells treated with cyclo(Phe-Pro).
Fluorescence microscopy of Hoechst 33342-stained cells was used to
evaluate the number of cells with condensed chromatin and fragmented
nuclei. Results are expressed as means = standard deviation of triplicate
assays in one experiment, which is representative of three independent
experiments. *, p<0.01; ** p<0.05 (compared to control cells).

indicate that the CDPs have no significant effect on the
viability of differentiated Caco-2 cells (data not shown).
Differentiated Caco-2 cells are considered to express a
normal phenotype of the gastrointestinal epithelium (30).

Induction of apoptosis
Analysis of apoptotic morphology. Nuclear chromatin

condensation is considered to be one of the hallmark events
in apoptosis. Hoechst 33342 staining of HT-29 cells showed
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Figure 6. Photomicrographs showing dual staining of HT-29 cells after treatment with 5 mM cyclo(Phe-Pro) for 48 hours (original magnification =
400x). Hoechst 33342 staining (A) shows three cells with markedly condensed chromatin (indicative of apoptosis). Annexin V-fluorescein staining (B)
shows that only these three apoptotic cells display significant binding of annexin V (indicative of PS externalization).

that untreated control cells displayed normal staining of
chromatin (Figure 4A). By contrast, cells treated with 5 mM
cyclo(Phe-Pro) for 48 hours displayed hyperfluorescence of
condensed chromatin and fragmented nuclei (Figure 4B).
In addition, within the cyclo(Phe-Pro)-treated cells, some
appeared rounded and detached from surrounding cells
compared to the uniformity in control cells when observed
using phase-contrast microscopy (photographs not shown).
Desjardins and MacManus (23) describe the "rounding" of
cells as a feature of the apoptotic process in HT-29 cells.
Results for the quantitative assessment of apoptosis are
shown in Figure 5. For the 5 mM cyclo(Phe-Pro) treatment,
apoptotic cells were first detected from 12 hours at less than
4% and this increased to 18.3+2.85% (p<0.01) after 72
hours, compared to control cells in which 2.9+1.03% of the
cells were counted as apoptotic.

Annexin V-fluorescein and Hoechst 33342 dual-labelling.
During apoptosis, one of the classical alterations observed
at the plasma membrane level is the translocation of
phosphatidylserine (PS) from the inner layer to the outer
layer, exposing PS at the external surface of the cell. In the
present study Hoechst 33342 was used in conjunction with
annexin V-fluorescein to investigate membrane changes and
nuclear changes simultaneously. The results are shown in
Figure 6. Hoechst 33342 staining (Figure 6A) shows three
cells with markedly condensed chromatin (indicative of
apoptosis). Annexin V-fluorescein staining (Figure 6B)
shows that only these three apoptotic cells display
significant binding of annexin V (indicative of
phosphatidylserine translocation) (31).

Necrotic or lysed cells may also expose PS according to
the loss of membrane integrity (32). To distinguish between

apoptosis and potential necrosis, treated cells were
concomitantly stained with annexin V-fluorescein and
propidium iodide (PI). We did not observe PI staining
among the annexin V-positive cells (data not shown),
excluding the presence of necrotic or lysed cells in the
population.

Discussion

CDPs have attracted considerable attention in terms of their
stability, limited conformational freedom and the diverse
biological activities that have been ascribed to this group of
compounds (5). The CDP derivative phenylahistin has been
shown to have potent in vitro antitumour activity as assessed
in several human cancer cell lines (7). Furthermore,
cyclo(Phe-Pro) and cyclo(Tyr-Pro) have been implicated in
the induction of differentiation in HT-29 colon cancer cells
(14).

The present study investigated whether selected proline-
based CDPs could inhibit the growth of three cancer cell
lines, namely HT-29, MCF-7 and HeLa; and whether any of
these CDPs could induce apoptosis in HT-29 colon cancer
cells. Our results showed that, out of seven CDPs,
cyclo(Phe-Pro) exhibited the highest growth inhibitory effect
on the three cell lines (Figure 2). The growth inhibition
exhibited by cyclo(Phe-Pro) was shown to be dose-
dependent (Figure 3A). Interestingly cyclo(Tyr-Pro), which
has a very similar structure to cyclo(Phe-Pro), exhibited
significantly less of an effect on cell growth (Figure 3B).
Subtle structural differences are known to play a major role
in the biological activity of some compounds. For example,
Kanoh et al. (7) reported a 33- to 100-fold difference in
antitumour activity between the (+) and (-) enantiomers of

1717



ANTICANCER RESEARCH 24: 1713-1720 (2004)

phenylahistin, demonstrating that the stereochemistry of the
a-carbon of the phenylalanine residue was important for the
antitumour activity.

Our results also show, for the first time, that cyclo(Phe-
Pro) induces apoptotic cell death in HT-29 colon cancer
cells. The apoptotic programme is characterised by
particular morphological features such as chromatin
condensation and nuclear fragmentation (33). As much as
18% of cells treated with 5 mM cyclo(Phe-Pro) for 72 hours
showed condensed chromatin compared to less than 3% in
untreated control cells (Figure 5). Leist and Jaattela (34)
presented an extensive review of four different forms of cell
death from apoptosis to necrosis. In this review (34) the
authors describe apoptosis as being defined by stereotypic
morphological changes, particularly in the nucleus where
chromatin condenses to compact geometric (globular or
crescent-shaped) figures. These features were clearly
observed in the present study (Figure 4B). Leist and Jaattela
(34) go further to associate these morphological features
with that of apoptosis observed when caspases, particularly
caspase-3, are activated, i.e. caspase-dependent programmed
cell death or apoptosis in its most classic form. The
induction of apoptosis was confirmed by showing that the
treatment with 5 mM cyclo(Phe-Pro) resulted in the
translocation of PS to the outer layer of the plasma
membrane in HT-29 cells. Necrotic effects were excluded by
the lack of plasma membrane permeability as assessed by
the absence of PI uptake.

The ICs values for cyclo(Phe-Pro) are much higher than
those reported for most anticancer drugs, which are effective in
the sub-micromolar to micromolar range (15-19,26). The high
CDP concentrations required for significant growth inhibition
could be due to a number of factors, including the possibility of
CDPs binding to serum proteins in the growth medium, drug
efflux by P-glycoprotein (35), or the lack of sufficient
absorption of peptide into the cells. Tamura et al. (36) have
reported that CDPs permeate in vitro intestinal models
primarily via a paracellular route with minimal absorption of
peptide into the cells. The concentration of cyclo(Phe-Pro)
(1ImM or 5 mM) that induced apoptosis in HT-29 cells in the
present study is, however, comparable to that of a few
compounds that show similar activity in the millimolar range.
For example, sodium butyrate and aspirin have been shown to
induce apoptosis in HT-29 colon cancer cells at concentrations
of 5 mM (37) and 3 mM (38), respectively. Furthermore, the
apoptotic index (7.3%2.5%) [p<0.05] for the 1mM cyclo(Phe-
Pro) treatment is also of biological relevance. According to
Bursch et al., (39) a measurable level of 3% apoptotic cells can
result in tissue regression of 25% over several days if not
balanced by proliferation.

In conclusion, our results showed that cyclo(Phe-Pro)
significantly inhibits the growth of HT-29, MCF-7 and HeLa
cells. Furthermore cyclo(Phe-Pro) induced apoptotic cell death
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in HT-29 cells, suggesting the potential to inhibit the growth
of tumours in vivo. Our findings warrant further investigation
into the effects of cyclo(Phe-Pro) and related CDPs in the
context of cancer chemoprevention or chemotherapy in
humans. Further assessment is required to determine precise
intracellular or extracellular targets and the mechanism of
action by which cyclo(Phe-Pro) induces apoptosis.
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