
Abstract. Background: We previously reported on the design
and synthesis of novel azatyrosinamide derivatives selective
for ras-transformed NIH3T3 cells and with improved toxicity
over azatyrosine. This study was aimed at investigating the
mechanism of action and the antitumour activity of these
compounds in ras-transformed cells. Materials and Methods:
Nine azatyrosinamides were previously screened for
anticancer activity in both wild-type and ras-transformed
NIH3T3 cells; the most active compounds were further tested
in vitro and in vivo. Results: HPW98-1 and HPW98-2
induced formation of apoptotic bodies in ras-transformed
NIH3T3 cells in vitro and inhibited anchorage-independent
growth. Excess tyrosine reduced the cytotoxic effect of
azatyrosine, but not of HPW98-1 and HPW98-2. HPW98-1
reduced vascular endothelial growth factor-mediated
angiogenesis in a Matrigel plug assay and attenuated growth
of a ras-transformed NIH3T3 xenograft and a human SW620
xenograft. Conclusion: Our results support the continued
study of HPW98-1 for its potential use in the treatment of
RAS-related cancers.

The RAS superfamily is involved in various receptor-kinase
signalling cascades that regulate target gene expression and
in turn modulate cell proliferation, differentiation, and
apoptosis (1-3). Uncontrolled RAS signalling is closely

related to tumorogenesis (4-7), and may even cause cellular
resistance to radiotherapy or chemotherapy (1, 6). Strategies
targeting RAS activation (11), RAS post-translational
modification (12-14), downstream effectors (15-20), or
RAS–RAF protein interaction (21, 22) have yielded mixed
results.

Selective inhibition of cancer cells remains the major
obstacle in cancer chemotherapy. Therefore, most efforts in
anticancer agent development are focused on enhancing the
selectivity to key components along the RAS signalling
pathway (10). Azatyrosine [l-beta-(5-hydroxy-2-pyridyl)-
alanine] has been shown to exhibit selective cytotoxicity
towards ras-transformed NIH3T3 rat fibroblast cells (23) by
incorporating into cellular proteins to replace tyrosine,
resulting in labile phosphorylation signals that interrupt
tumour signalling pathways (24, 25). Because azatyrosine
demonstrated poor intracellular bioavailability, it was used
as a template to design azatyrosinamides which had
improved cell penetration and significant cytotoxicity
selectively towards ras-transformed NIH3T3 cells (26). To
investigate their therapeutic potential, we evaluated their
anticancer activity in in vitro and in vivo ras-transformed
cancer models and investigated the underlying mechanism(s).
Due to the fact that RAS superfamily members are key
regulators of the vascular endothelial growth factor-induced
angiogenesis (27), the antiangiogenesis activity of one
compound was also investigated.

Materials and Methods

Chemicals. Azatyrosine and azatyrosinamides compounds HPW98-
1 to 9 (Figure 1) were synthesized as previously described (26). All
chemicals used were of analytical grade and obtained from Sigma
Chemicals (St. Louis, MO, USA), unless otherwise indicated.
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Cell culture. NIH3T3 wild-type and NIH3T3 Val12-ras cells were
kindly supplied by Professor W.P. Wang of the Immunology
Department, National Taiwan University, Taipei, R.O.C. and Dr. M.
Campa of Duke University, Durham, NC, U.S.A., respectively.
SW620 human colorectal adenocarcinoma [(ATCC) CCL-227] was
obtained from the Institute of Food Technology, Taiwan, R.O.C. The
cell lines were maintained in Iscove’s modified Dulbecco’s medium
(IMDM; Hyclone Inc., Logan, UT, USA), Dulbecco’s modified
Eagle’s medium (DMEM; Biofluids Co., Rockville, MD, USA), or
Leibovitz’s L-15 medium (Gibco Co., Grand Island, NY, USA)
supplemented with 10% heat-inactivated foetal bovine serum (FBS;
Biological Industries, Haemek, Israel), in accordance with the ATCC
guidelines. The cells were cultured in a humidified atmosphere of
5% CO2 at 37˚C.

Cell growth inhibition. Cytotoxicity was determined by performing a
colourimetric 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay of treated cells (28, 29). The control wells
contained medium plus cells (total absorbance) or medium-alone
(background absorbance). Formazan absorbance was measured at
590 nm with a Dynatech MR5000 microplate reader (Dynatech
Laboratories, Chantilly, VA, USA); cell death was calculated as the
percentage reduction of formazan absorption.

Nuclear morphology observations. Hoechst 33258 dye was used to
investigate changes in nuclear morphology that may relate to
signalling pathways involved in apoptosis (29). Briefly, 1×105 cells
treated with or without the test compound for 48 h were plated on
glass coverslips and fixed with 2% paraformaldehyde (PFA) solution
[comprising of 2 ml of PFA and 98 ml of phosphate-buffered saline
(PBS)], kept at 37˚C for 20 min. PFA was then removed and the
cells were washed thrice with PBS, and submerged in cold, 100%
methanol for 10 min. The cells were washed with PBS three more
times and then incubated in 1 ml of Hoechst 33258 solution [8
μg/ml in water containing 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ)] in the dark for 1 h. Cells were examined by fluorescence
light microscopy with a source of wavelength 340–380 nm and
emission wavelength of 465 nm.

Anchorage-independent growth assay. Effect of compounds on
anchorage-independent growth of cancer cells was assessed by
performing the soft agar colony formation assay (30-31). Cells
(2×103) were mixed with 1.5 ml of 0.35% agarose gel [containing
5% agarose in 0.1 ml of DMEM (with 7.5% calf serum) and 0.65 ml
of test material (diluted by DMEM from stock solution to 0.75 ml)]
and plated on a 0.6% agarose gel base in a 6-well plate (1.5 ml/well).
The plate was incubated at 37˚C for 14 days, and the colonies (≥50
cells) were then counted.

Animal husbandry. Athymic nude mice and BALB/c mice with
severe combined immune deficiency (SCID) (6–8 weeks old) were
purchased from National Taiwan University Animal Center (Taipei,
Taiwan, R.O.C.) and acclimatized for one week in a housing room
under a 12-h light/dark cycle and maintained at 23±1˚C and 39-43%
relative humidity; water and food were provided ad libitum. All
procedures involving the use of animals were in compliance with
the guidelines for the use of experimental animals and approved by
the Institutional Animal Care and Use Committee.

Matrigel plug angiogenesis assay. Matrigel plug assay was performed
as described previously (32-33). Athymic nude mice were injected
with 500 μl of Matrigel® containing vascular endothelial growth
factor (VEGF; 150 ng/ml, s.c.) or basic fibroblast growth factor
(bFGF; 150 ng/ml, s.c.). In the VEGF model, HPW98-1 was
administered by oral gavage at doses of 30, 100, or 300 mg/kg/day. In
the bFGF model, mice were given doses of 100 or 300 mg/kg/day.
After a 6-day treatment, the mice were euthanized by pentobarbital
overdose. The plugs were carefully clipped; effects on angiogenesis
were measured using a haemoglobin detection assay kit. Briefly, the
plug was gently homogenized and 20 μl of whole blood were added
to 5 ml of Drabkin’s solution for 15 min at room temperature;
absorbance was measured at 530-550 nm. Haemoglobin concentration
was calculated based on haemoglobin standards.

In vivo tumour suppression study. In vivo antitumour efficacy was
evaluated in mice bearing tumour xenografts. NIH3T3-ras/7-4 or
SW620 tumour cells (5×106) were injected subcutaneously into the
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Figure 1. Structures of azatyrosine and azatyrosinamides.



right flank of BALB/c SCID or athymic nude mice, respectively (6-
8 weeks old, n=5). For the NIH3T3 xenograft model, HPW98-1 (30,
60, or 120 mg/kg/day; i.p.) or vehicle [10% hydroxylpropyl-β-
cyclodextrin(aq)] was administered 24 h after tumour cell injection
for up to 20 days after inoculation. For the SW620 xenograft model,
HPW98-1 (25 mg/kg/day; i.p.) or vehicle [10% hydroxylpropyl-β-
cyclodextrin(aq)] was administered, starting at day 3 or 10 after
tumour cell inoculation and continued up to day 60 after
inoculation. Tumour volume, represented as width (mm)2 × depth
(mm), was monitored every other day.

Statistical analysis. All data are expressed as the mean±SD from at
least three independent experiments. Statistical significance was
determined by two-way analysis of variance (ANOVA) by using
Microsoft Excel and significance was set at p<0.05.

Results

Azatyrosinamides induced apoptotic body formation in wild-
type and ras-transformed NIH3T3 cells. Wild-type and ras-
transformed NIH3T3 cells treated with HPW98-1 and
HPW98-2 were stained with Hoechst 33258 and examined
by fluorescence microscopy. Images revealed that both
treatments induced the formation of condensed incomplete
nuclear fragments representing the formation of apoptotic
bodies (Figure 2).

Azatyrosinamides exhibited a different mechanism of action
from that of azatyrosine. Azatyrosine and HPW98-1, HPW98-2
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Figure 2. Nuclear morphology of wild-type and ras-transformed NIH3T3 cells (×200). Azatyrosinamides induced apoptotic body formation in wild-type
and ras-transformed NIH3T3 cells. A bright spot under the fluorescent microscope revealed condensed DNA inside nucleus (vehicle). Compared to control,
the multiple bright small dots inside single cells represent the formation of apoptotic bodies in response to treatment with HPW98-1 and HPW98-2.



ANTICANCER RESEARCH 33: 425-432 (2013)

428

Figure 3. Growth inhibition of wild-type (A, C, E) and ras-transformed (B, D, F) NIH3T3 cells by azatyrosine (A-B), HPW98-1 (C-D), and HPW98-
2 (E-F). Azatyrosine, but not azatyrosinamides, induced growth inhibition that was prevented by excess tyrosine supplementation (n=3, mean±S.D.).
Tyrosine was added at 10× concentration of test compounds.



reduced survival of both wild-type and ras-transformed NIH3T3
cells in a dose-dependent manner (Figure 3). Excess tyrosine
attenuated the effect of azatyrosine, (Figure 3A and B), but not
of HPW98-1 (Figure 3C and D) and HPW98-2 (Figure 3E and
F) in both wild-type and ras-transformed NIH3T3 cells,
suggesting that the mechanism underlying growth inhibition by
azatyrosinamides is different from that by azatyrosine.

Azatyrosinamides reduced ras-dependent survival colony
formation. Colony formation in a soft agar assay is a
characteristic of the malignant transformation caused by ras
mutations (34-35). Colony formation of ras-transformed
NIH3T3 cells was resistant to azatyrosine at concentrations of
up to 1 mM (Figure 4). Conversely, the azatyrosinamide
HPW98-1 (IC50 23 μM) and HPW98-2 (IC50 30 μM) strongly
inhibited colony formation. HPW98-1 totally inhibited ras-
dependent colony formation at a concentration of <100 μM.

Azatyrosinamides suppressed solid tumour growth in vivo.
HPW98-1 suppressed tumour growth in BALB/C SCID mice
bearing ras-transformed NIH3T3 xenografts in a dose-
dependent manner. Compared to controls, HPW98-1
administered at doses of 30, 60, and 120 mg/kg/day; i.p.,
respectively, reduced tumour size to 68%, 14%, and 1%, 20
days after treatment (Figure 5A). HPW98-1 (25 mg/kg/day;
i.p.) also reduced tumour volume in athymic nude mice
bearing ras-transformed SW620 colon tumour xenografts;

tumour volume was 19% and 28% relative to controls at day
60 when treatment was started at day 3 and 10, respectively
(Figure 5B). 

Azatyrosinamides inhibited VEGF-induced angiogenesis in
vivo. VEGF and bFGF are two major RAS-regulated
contributors to tumour angiogenesis. We therefore
investigated the antiangiogenesis activity of HPW98-1 in
mice, which exhibited VEGF- or bFGF-induced angiogenesis
by using the Matrigel plug angiogenesis assay. Haemoglobin
levels in Matrigel plugs in VEGF-treated mice decreased to
19%, 19%, and 13% after treatment with HPW98-1 at doses
of 30, 100, and 300 mg/kg/day; p.o., respectively (Figure 6).
No antiangiogenic effect was found in the bFGF-induced
model. These data suggest that similarly to the clinically
used kinase inhibitors, HPW98-1 might disrupt the VEGF
receptor (VEGFR) signalling pathway.

Discussion

We previously found that azatyrosine suppressed the growth
of ras-transformed NIH3T3 cells, although with an IC50 that
exceeded 1 mM because of poor intracellular bioavailability.
To improve bioavailability and thereby increase potency, we
designed and synthesized nine azatyrosinamide derivatives
(26). Compared to azatyrosine, azatyrosinamides exhibited a
70- to 700-fold increase in cytotoxicity and a 2- to 138-fold
increase in selectivity towards ras-transformed NIH3T3
cells. Apoptotic bodies formed in ras-transformed NIH3T3
cells after treatment with HPW98-1 and HPW98-2,
suggesting that a ras-dependent apoptosis pathway may
contribute to growth inhibition in these cells. HPW98-1, the
most potent and selective azatyrosinamide derivative,
suppressed growth of ras-transformed NIH3T3 and ras-
transformed SW620 xenografts in vivo, at least partly by
disrupting signalling downstream of VEGFR activation. In
addition to inhibiting tumour growth, HPW98-1 also exerted
an anti-angiogenic effect. 

In both the MTT and soft agar assays, we found that the
sensitivity of ras-transformed NIH3T3 cells to the cytotoxic
effect of HPW98-1 and HPW98-2 was significantly greater than
to that of azatyrosine. In contrast to azatyrosine, which showed
no inhibitory effect on colony formation at concentrations up to
1 mM, both HPW98-1 and HPW98-2 inhibited colony
formation with an IC50 of 30 and 23 μM, respectively. Although
long-term incubation with azatyrosine resulted in growth
inhibition of cancer cells in vitro, the high concentrations
required restrict its development for therapeutic use.

Our data suggest that the mechanisms by which the
azatyrosinamide derivatives exert their effects differs from that
of azatyrosine. Azatyrosine, a tyrosine analogue with a nitrogen
atom replacing the carbon-2 atom of the phenol group,
competes with and replaces endogenous tyrosine during
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Figure 4. Effect of HPW98-1 and HPW98-2 on anchorage-independent
growth of ras-transformed NIH3T3 cells using the soft agar assay. These
azatyrosinamides exhibited dose-dependent inhibition of ras-dependent
colony survival (n=3, mean±S.D.).



translation (24). Purro et al. (25) proposed that azatyrosine
incorporation into the C-terminus of alpha-tubulin might inhibit
cancer cell proliferation and thereby convert ras-, raf-, or
cErbB-2-transformed NIH3T3 cells from a malignant to a
normal phenotype. This incorporation is competitively inhibited
in the presence of excess tyrosine. Restoration of cell viability
by excess tyrosine is a unique property of azatyrosine-mediated
growth inhibition. In our study, however, excess tyrosine did
not affect growth suppression caused by azatyrosinamide
derivatives, whereas it did reduce the cytotoxic effect exerted
by azatyrosine, consistent with the notion that the inhibitory
mechanisms are different.

Azatyrosinamide derivatives exerted an antiangiogenic
effect downstream of select growth factor pathways. In
particular, ras-dependent, VEGF-induced angiogenesis was
markedly inhibited by HPW98-1 at a dose of 30 mg/kg in
the Matrigel plug assay, whereas bFGF-induced angiogenesis
was unaffected. The reason for this is not entirely clear. It
was shown that expression of the mutant ras oncogenes is
associated with the up-regulation of VEGF expression (36).
Thus, the use of azatyrosinamide derivatives may provide an
additional therapeutic approach for treating VEGF-associated
cancers. The successful development of multiple drugs
targeting the VEGF pathway is a testimony to the
effectiveness of this therapeutic approach (37-39).

Conclusion

In conclusion, azatyrosinamides exhibited selective anticancer
activity towards ras-transformed NIH3T3 cells. VEGF-

associated antiangiogenesis may contribute to the tumour
suppressive effect of HPW98-1. The profound tumour
suppressive effect of this compound on ras-transformed
NIH3T3 xenograft and SW620 xenograft in vivo warrants
further investigation of this in human cancer.
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Figure 5. Effect of HPW98-1 on solid tumour growth in vivo. A: Tumour suppression effect of HPW98-1 (30, 60, and 120 mg/kg/day, i.p.) in BALB/C
mice bearing a ras-mutated NIH3T3 xenograft (n=5). Control group was treated with 10% hydroxylpropyl-β-cyclodextrin(aq). B: Tumour suppression
in SCID mice bearing a SW620 human colon xenograft. Mice were either untreated, or treated with vehicle or HPW98-1 (25 mg/kg/day, i.p.) starting
at day 10 (D10) or day 3 (D3) after tumour cell inoculation (mean±S.D., n=8-10).

Figure 6. Matrigel plug angiogenesis assay demonstrating the effect of
HPW98-1 on growth factor-induced angiogenesis in vivo in athymic
nude mice. Antiangiogenesis activity of HPW98-1 on vascular
endothelial growth factors (VEGF; 150 ng/ml, s.c.) and basic fibroblast
growth factors (bFGF; 150 ng/ml, s.c.) induced blood plug formation
was measured as haemoglobin concentration (mean±S.D., n=3).
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