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Abstract. Hyaluronan (HA), a major component of the 
extracellular matrix (ECM), is synthesized by HA synthase 
(HAS) 1, HAS2 and HAS3 and is intricately involved in cell 
growth and metastasis. The HA synthesis inhibitor 4-methy-
lumbelliferone (4-MU) has been reported to exhibit anticancer 
properties in various types of malignant tumors. However, the 
underlying mechanisms at the molecular and cellular levels 
remain unclear. In this study, to establish an animal model for 
studying the function of HA in human breast cancer, we inves-
tigated the antitumor effects of 4-MU using canine mammary 
tumor (CF33) cells. First, we investigated the effects of 4-MU 
on HA production in CF33 cells. Quantitative analysis of HA 
in culture media showed that 4-MU inhibited HA synthesis, 
accompanied by downregulation of HAS2 mRNA levels, in a 
dose-dependent manner at 24-72 h. Additionally, we observed 
a 4-MU-mediated decrease in the extent of the cell-associated 
HA matrix. We examined the effect of 4-MU on cell growth 
and apoptosis in CF33 cells. 4-MU markedly inhibited cell 
proliferation and induced apoptosis in CF33 cells. In particular, 
our experiments showed that the mechanism of 4-MU-induced 
apoptosis in CF33 cells involved increased levels of expression 
of pro-apoptotic BAX mRNA and protein molecules. These 
data suggest that 4-MU may be a candidate therapeutic agent 
for the treatment of canine mammary tumors. Furthermore, 
this study provides the first indication that the canine mammary 
tumor may be a suitable model for comparative study of the 
function of HA in human breast cancer.

Introduction

Mammary tumors in dogs occur at a frequency of 3 times the 
incidence of mammary tumors in humans and have recorded 

a higher incidence rate than other livestock (1). Mammary 
tumors are the most frequent cutaneous neoplasms in female 
dogs, and approximately 50% are diagnosed as malignant 
tumors (2). Following surgical excision, approximately 48% 
of the affected dogs die or are euthanized within 1 year due to 
tumor recurrence or metastasis (3). Canine mammary tumors 
are heterogeneous, and the different clinical and biological 
features (4) make it difficult to determine a prognosis and 
treatment for affected dogs, as is often the case in humans. 
Additional and reliable tools for effective therapy are required 
in veterinary medicine. Furthermore, a recent study revealed 
clear evidence of a similarity between human and dog tumors 
in regard to the deregulation of several cancer-related genes, 
including PI3K/Akt, PTEN and Wnt-β catenin and MAPK 
signaling (5). Accordingly, canine mammary tumors can also 
provide a suitable natural model for the comparative study of 
human breast cancer (5-7).

Hyaluronan (HA) is a non-sulfated linear glycosami-
noglycan that consists of repeating disaccharide subunits of 
glucuronic acid and N-acetylglucosamine (8,9). It is ubiqui-
tously distributed in the extra- and pericellular spaces of most 
animal tissues (8,9). HA plays a critical role in regulating 
matrix assembly, cell migration, differentiation and prolif-
eration (9-11). Thus, production of HA increases during active 
tissue remodeling, e.g., during embryonic development and 
wound healing (12). In cancer, previous studies have shown 
that high stromal HA levels correlate with tumor aggressive-
ness and low survival rates in patients with breast, ovarian 
and prostate cancer (13-15). Similarly, in vitro studies have 
demonstrated that the inhibition of HA synthesis correlates 
with the downregulation of proliferative, invasive and meta-
static potential in cancer cells (16-18).

In vertebrates, HA is synthesized at the plasma membrane 
by 3 HA synthases, HAS1, 2 and 3, which couple glucuronic 
acid (GlcUA) and N-acetylglucosamine (GlcNAc) into a linear 
polymer using the corresponding UDP-sugars (UDP-GlcUA 
and UDP-GlcNAc) as substrates. HA is secreted as a free 
glycosaminoglycan and tethered at the cell surface via several 
HA receptors including as CD44 and RHAMM (receptor for 
HA-mediated motility) (19,20). Increasing levels of pericellular 
HA may help maintain the malignant phenotype of cancer 
cells by providing a suitable environment (21). Interaction of 
HA with HA receptors stimulates signaling events such as 
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anchorage-independent tumor cell growth, survival and migra-
tion, thereby increasing metastatic spread (22). Furthermore, 
CD44 is overexpressed in several human types of cancer and 
previous reports have shown that an HA-CD44 interaction 
causes activation of EGFR (epidermal growth factor receptor)-, 
PI3 kinase-, MAP kinase- and Rho-mediated signaling 
pathways that promote tumor growth, migration and chemo-
therapeutic resistance. Expression of CD44 has also been 
confirmed in canine mammary and melanocytic tumor tissues 
by immunohistochemistry (23,24). Therefore, as in humans, 
the inhibition of the HA-CD44 interaction might be regarded 
as a novel therapeutic target in mammary tumors in dogs.

4-Methylumbelliferone (4-MU: 7-hydroxy-4-methyl-2H-
1-benzopyran-2-one) was previously reported to specifically 
inhibit synthesis of HA in cultured human skin fibroblasts (25). 
Studies of the mechanism of action revealed that 4-MU 
induced inhibition of HA synthesis involving the glucuroni-
dation of 4-MU by endogenous UDP-glucuronyltransferases 
(UGT) resulting in a depletion of UDP-GlcUA (26). Moreover, 
it is also known that 4-MU can act by reducing levels of HAS 
mRNA in breast, melanoma and ovarian cancer cells (27). 
Some studies have shown anticancer effects of 4-MU through 
decreased HA synthesis in vitro and in vivo (28,29). However, 
to our knowledge, no study examining the anticancer effect of 
4-MU on canine mammary tumors has been published.

In this study, we hypothesized that inhibition of HA 
production by 4-MU would negatively regulate the tumor 
growth of canine mammary tumors. To assess our hypothesis, 
we analyzed the effects of 4-MU on cell growth and apoptosis 
in CF33 canine mammary tumor cells. Moreover, in this study, 
we also assessed whether or not dogs are suitable research 
models for functional analysis of HA in human breast cancer. 

Materials and methods

Materials. 4-Methylumbelliferone (4-MU) was purchased 
from Wako Pure Chemicals (Osaka, Japan). An anti-BAX 
antibody (ABC11) was obtained from Millipore (Bedford, MA, 
USA). An anti-β-actin antibody (AC-15) was purchased from 
Sigma (St. Louis, MO, USA). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide for the MTT assay and 
hyaluronidase were purchased from Sigma.

Cell culture. Cells from the canine breast cancer cell line 
CF33 were obtained from the American Type Culture 
Collection (Manassas, VA, USA). The cells were grown 
as monolayers, cultured in DMEM (Nissui, Tokyo, Japan) 
supplemented with 10% heat-inactivated fetal bovine serum 
(FBS), 4 mM L-glutamine, 10 mg/ml streptomycin and 
10,000 =U/ml penicillin G. The cells were maintained at 37˚C 
in a 5% CO2 incubator. The 4-MU stock solution for experi-
ments was dissolved in DMSO and the final concentration of 
DMSO in the medium was adjusted to 0.1%.

Quantification of HA. To determine the effect of 4-MU on 
CF33 cells, we quantified HA in conditioned medium using 
a commercially available competitive enzyme-linked immu-
nosorbent assay kit (ELISA) (Echelon Biosciences, Salt Lake 
City, UT, USA), in which the colorimetric signal was inversely 
proportional to the amount of HA present in the sample.

Particle exclusion assays. To analyze the effect of 4-MU 
on the areas of the HA-rich pericellular matrices, we used a 
particle exclusion assay. Fixed sheep erythrocytes (Sigma) 
were reconstituted in phosphate-buffered saline (PBS) to a 
density of 5.4x108 cells/ml and used for the particle exclusion 
assay as previously described (30). HA matrices were visual-
ized by adding 6.0x107 erythrocytes to the growth medium 
and viewing under an All-in-One Fluorescence Microscope 
BZ-9000 (Keyence Corp., Osaka, Japan). The HA-rich peri-
cellular matrix-to-cell-area ratios were determined by image 
analysis using ImageJ. All measurements were made by tracing 
the digitized images. Non-treated medium and hyaluronidase-
containing medium served as negative and positive controls, 
respectively.

MTT assay. The MTT assay, which is widely used to measure 
cell proliferation and to screen for anticancer drugs, is based on 
the reduction of a tetrazolium salt (31-33). We used the MTT 
assay to evaluate the effects of the 4-MU on cell proliferation. 
CF33 cells were plated in 96-well plates at 1x103 cells/well. At 
each time point (days 0-4), 20 µl of MTT reagent was added 
and the plates were incubated for 4 h. Subsequently, 100 µl of 
10% SDS and 0.01 N HCl were added to each well. Following 
overnight incubation, the absorbances were measured at 570 nm 
using a Model 550 microplate reader (Bio-Rad Laboratories, 
Tokyo, Japan). In these experiments, 5 replicate wells were 
used for each time point and the results were calculated as the 
means ± SD.

Cell cycle and apoptosis analysis. Cells were harvested and 
washed with PBS, resuspended in 70% ethanol in distilled 
water and kept at -30˚C overnight. Prior to analysis, cells were 
mixed and incubated for 30 min in PBS containing 0.05 mg/ml 
propidium iodide (PI) and 100 U/ml RNase A. The suspension 
was then passed through a nylon mesh filter and analyzed by 
FACSCalibur (Becton-Dickinson, Franklin Lakes, NJ, USA). 
Furthermore, these data were analyzed using FlowJo 7 (Tree 
Star, Inc., Ashland, OR, USA).

Real-time RT-PCR. Total-RNA was extracted from cells using 
the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 
cDNAs were synthesized with a PrimeScript™ RT reagent kit 
(Takara Bio, Inc., Shiga, Japan) according to the manufacturer's 
protocols. Real-time PCR was performed using SYBR Premix 
Ex Taq™ (Takara Bio) and an ABI Prism 7500 Real-Time 
PCR system (Applied Biosystems, Foster City, CA, USA) 
under the following conditions: 30 sec at 95˚C; 40 cycles of 
5 sec at 95˚C and 34 sec at 60˚C. Specific primer sets for BAX 
(forward, 5'-CGCATCGGAGATGAACTGGA-3'; and reverse, 
5'-ACCAGTTTGCTGGCAAAGTAGAAG-3') were purchased 
from Takara Bio, Inc. HAS1 (forward, 5'-GGACTACG 
TGCAGGTGTGTG-3'; reverse, 5'-CTCACCTAGGGGAC 
CACTGA-3'), HAS2 (forward, 5'-CTTAGAGCACTGGGA-3'; 
reverse, 5'-TCTAAAACTTTCACCA-3'), HAS3 (forward, 
5'-AAGTAGGGGGAGTTGG-3'; reverse, 5'-CCCAGAGGC 
CCACTAA-3'), and GAPDH (forward, 5'-AAGGCTGAGA 
ACGGGA-3'; reverse, 5'-GGAGGCATTGCTGACA-3') were 
obtained from Operon Biotechnologies (Tokyo, Japan). The 
specificity of each amplification was confirmed by a dissocia-
tion curve consisting of a single peak. All samples were 
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amplified in triplicate in each experiment. The values were 
normalized by the expression of GAPDH.

Western blotting. Whole cell lysates were prepared with ice-
cold RIPA buffer (50 mM Tris-HCl pH 7.5, 1% nonidet P-40, 
150 mM NaCl, 0.1% SDS, 0.5% deoxycholic acid) containing 
1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 µg/ml aprotinin, 1 mM 
DTT, 1 mM NaVO4 and 0.5 mM PMSF. The supernatants 
were saved as total cell lysates following centrifugation. 
Aliquots of the cell lysates (20 µg of protein) were separated 
by 12% SDS-PAGE and transferred to PVDF membranes 
(ATTO, Tokyo, Japan). Primary antibodies that bound to 
their antigens on the membranes were detected using appro-
priate HRP-conjugated secondary antibodies (Amersham 
Biosciences, Piscataway, NJ, USA) and SuperSignal Chemi-
luminescence or a WesternBright Sirius western blotting kit 
(Advansta, Menlo Park, CA, USA) according to the manufac-
turer's instructions.

Statistical analysis. Statistical comparisons between two 
groups were made using an unpaired Student's t-test. Values 
of P<0.05 were considered to indicate a statistically significant 
difference.

Results

Inhibitory effect of 4-MU on HA in medium and cell-associated 
matrix of CF33 cells. 4-MU was originally found to inhibit 
HA synthesis in cultured human skin fibroblasts (25). To deter-
mine the effect of 4-MU on HA synthesis in the CF33 cells, 
we quantified the levels of HA in conditioned medium using 
the ELISA assay. As shown in Fig. 1, 4-MU was associated 
with decreased levels of HA production in a dose-dependent 
manner at all time points, whereas there was no change in the 
HA levels between parent cells and vehicle (DMSO)-treated 
controls. It was previously reported that the cell-associated 

HA matrix plays a critical role in the progression of several 
malignancies (13,34). We confirmed the influence of 4-MU on 
HA-matrix formation by particle exclusion assay. Abundant 
accumulation of the cell-associated HA matrix was shown in 
CF33 cells following incubation with control medium with 
or without DMSO (Fig. 2A and C). The HA matrix disap-
peared after treatment with Streptomyces hyaluronidase, 
indicating that these matrices were comprised of retained 
HA (Fig. 2B). Cells treated with 4-MU showed a significant 
dose-dependent decrease in the area of the cell-associated HA 
matrix and ratio of matrix area to cell area at each time point 
(Fig. 2D-G). Furthermore, 4-MU treatment caused a change in 
cell morphology. As seen in Fig. 2C-F, within 72 h of 4-MU 
treatment, CF33 cells tended to become flat in form and there 
was an expansion of the cell area compared with control. 
These findings suggested that 4-MU inhibited HA synthesis 
and weakened the cell-associated HA matrix. The observa-
tions that 4-MU effectively reduced HA production in canine 
mammary tumor cells were comparable to those previously 
reported in human and mouse cells.

HAS2 mRNA levels are downregulated in CF33 cells treated 
with 4-MU, while HAS3 mRNA levels are upregulated. Three 
HAS isoforms (HAS1, HAS2, and HAS3) have been identified 
in mammalian cells. It has been reported that inhibition of HA 
synthesis by treatment with 4-MU reduced mRNA expres-
sion by HAS2, HAS3, or both, in various cell lines, including 
melanoma, breast and ovarian cancers (27). To assess the 
effect of 4-MU on the expression of the HAS genes in CF33 
cells, we investigated the expression of HAS using real-time 
RT-PCR. We found that the expression of HAS1 mRNA was 
undetectable in the CF33 cells (data not shown), which mainly 
expressed HAS2 and HAS3 mRNA. CF33 cells treated with 
4-MU showed a tendency to decrease levels of HAS2 mRNA, 
while the expression of HAS3 was increased (Fig. 3A and B). 
These data indicated that 4-MU-related inhibition of HA 

Figure 1. 4-MU decreases HA synthesis. HA contents in the conditioned medium were measured by ELISA-like assay at 24, 48 and 72 h after the treatment 
with 0.2, 0.6 and 1.0 mM 4-MU. As a control, CF33 cells were added with DMSO at a final concentration of 0.1%. The data represent the means ± SD, each 
analysis was performed in triplicate. 
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synthesis was mainly associated with downregulation of 
HAS2. The increase in the levels of HAS3 mRNA may signify 
a back-up system for HA production and these events are likely 
to occur in HA-related genes (17,35).

4-MU markedly inhibits proliferation of CF33 cells. The 
rate of cell proliferation is often associated with that of HA 
synthesis (35). Furthermore, it was previously reported that cell 
proliferation is inhibited by 4-MU in various cancer cells (27,28). 

Figure 2. 4-MU reduces HA-rich pericellular matrices in CF33 cells. The HA-rich pericellular matrices were visualized by particle exclusion assay as 
described in Materials and methods. HA-rich pericellular matrices are shown by arrows. Red blood cell diameter, 7 mm. Original magnification, x200. 
(A and  B) As a control, CF33 cells were treated with or without 10 U/ml of Streptomyces hyaluronidase before the particle exclusion assay. Representative 
images of a particle exclusion assay for CF33 cells either untreated or treated with Streptomyces hyaluronidase. (C) CF33 cells were incubated in the presence 
of vehicle (DMSO) as a negative control. (D-F) CF33 cells were treated with 4-MU at concentrations of 0.2, 0.6 and 1 mM, respectively. Representative images 
of the particle exclusion assay for CF33 cells treated with vehicle or 4-MU are shown. (G) Areas of HA-rich pericellular matrices and matrix-to-cell-area ratios 
depicted by morphometric analysis. The data shown are the means ± SE. *P<0.01, vs. control by Student's t-test.

Figure 3. 4-MU induces alteration in expression pattern of HAS2 and HAS3 mRNA. The mRNA levels of HAS1, HAS2 and HAS3 were analyzed by real-time 
RT-PCR in CF33 cells treated with 4-MU at a concentration of 0.2, 0.6 and 1.0 mM, respectively. The data represent the means ± SD. This analysis was 
performed in triplicate. (A) Real-time RT-PCR analysis of HAS2 mRNA expression in CF33 cells treated with the vehicle (control) or different concentrations 
of 4-MU (0.2, 0.6 and 1.0 mM) at 24-72 h. (B) Real-time RT-PCR analysis of HAS3 mRNA expression in CF33 cells treated with the vehicle (control) or 
different concentrations of 4-MU (0.2, 0.6 and 1.0 mM) at 24-72 h. 
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Cell proliferation was assayed in the CF33 cells by MTT 
assay upon addition of 4-MU and at 0, 1, 2, 3 and 4 days later 
(Fig. 4). The number of cells in control cultures increased 
steadily during the days following plating, while the prolif-
eration rate was dose-dependently suppressed by 0.2, 0.6 and 
1.0 mM concentrations of 4-MU (Fig. 4). Notably, by day 4 

of the 1.0 mM 4-MU treatment, proliferation was completely 
blocked (Fig. 4). This result demonstrated that 4-MU was able 
to inhibit the growth of canine mammary tumor cells as it has 
in the several other cancer cell types mentioned.

4-MU induces G2/M phase cell cycle arrest and subsequent 
apoptosis. 4-MU caused marked inhibition of the proliferation 
of CF33 cells in our experiments, and to determine whether 
4-MU is associated with alteration of cell cycle progression in 
the CF33 cells, cells were grown to 70% confluence and the 
cell cycle distribution was analyzed by flow cytometry after 
24-, 48- and 72-h exposure to 4-MU (0.2, 0.6 and 1.0 mM). 
Among the cells treated with 1.0 mM 4-MU at each time point, 
the percentage of cells in the S phase was lower than the corre-
sponding value for the control cells, and the percentage of cells 
in the G2/M phases in cultures treated with 1.0 mM 4-MU was 
significantly higher than in the corresponding control cells 
(Fig. 5A-C). Following G2/M arrest, several cancer cell lines, 
notably certain breast cancer cell lines, exhibit morphologic 
changes consistent with apoptosis, i.e., plasma membrane bleb-
bing, the appearance of a rounded morphology and eventual 
detachment from the surface of the tissue culture dish where 
the epithelial cancer cell lines normally grow as an adherent 
monolayer (36). The percentage of apoptotic cells in our 
specimens was quantified with PI staining and flow cytometric 
analysis, with the sub-G0/G1 peak representing apoptotic cells. 
As shown in Fig. 5D, apoptosis was induced more frequently 

Figure 4. 4-MU markedly inhibits cell proliferation of CF33 cells in a dose-
dependent manner. The effects of 4-MU on cell proliferation were analyzed by 
MTT assays from days 0 to 4 of culture. The data shown are the means ± SD 
(n=5). Closed rhombuses represent cells treated with vehicle. Cells treated 
with a different concentration of 4-MU (0.2, 0.6 and 1.0 mM) are indicated by 
closed squares, closed triangles and closed circles, respectively.

Figure 5. 4-MU leads to a reduction in S-phase cells and an increase in apoptotic cells. The effects of 4-MU on the distribution of cell cycle were estimated 
by flow cytometric analysis. (A-C). These results showed the percentage of cells distributed in each cell-cycle stage. Cells were treated with vehicle (control) 
or 4-MU (0.2, 0.6 or 1.0 mM) for the indicated time periods. (D) Flow cytometric analysis of apoptotic cells treated with the vehicle (control) or different 
concentrations of 4-MU (0.2, 0.6 and 1.0 mM) at 24-72 h. These data were obtained by analyzing 20,000 cells in each experiment. 
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in cells treated with 4-MU compared to control cells at all 
time points examined. The percentages of cells treated with 
1 mM 4-MU in the sub-G0/G1 phase were 4.04, 9.44, and 
12.27% after 24, 48 and 72 h of incubation, respectively 
(Fig. 5D). In particular, samples with cells treated with 1 mM 
4MU showed percentages of apoptotic cells that were approxi-
mately 24 times higher than control samples (Fig. 5D). Next, 
to clarify the effect of 4-MU on apoptosis-related proteins, 
we measured BAX mRNA and protein expression levels using 
real-time RT-PCR and western blotting. The 4-MU-treated 
cells demonstrated higher levels of expression of BAX mRNA 
than control cells at all-time points examined (Fig. 6A). In 
addition, we observed that 4-MU (0.6 mM and 1.0 mM) caused 
dose-dependent increases in BAX protein levels at 48 and 72 h 
(Fig. 6C and D). These results indicated that 4-MU decreased 
cell survival mainly through an extrinsic apoptosis pathway. It 
is conceivable that the 4-MU-treated cells showed no change 
in the levels of BAX protein at 24 h (Fig. 6B) as a reflection of 
a lapse in time from mRNA expression to protein synthesis.

Discussion

In recent studies, 4-MU has shown anticancer effects involving 
apoptotic, anti-invasive and anti-angiogenic pathways in vitro 
and in vivo (28,29,36,37). We hypothesized that treatment 
of canine CF33 mammary tumor cells with 4-MU might 
decrease the HA matrix, leading to the inhibition of tumor 
cell growth and the induction of apoptosis. Our experiments 
revealed that 4-MU-associated inhibition of HA synthesis was 
accompanied by a reduction of HAS2 mRNA levels, as well 
as marked growth retardation and apoptosis associated with 
increases in BAX mRNA and protein expression. Our find-
ings suggest that 4-MU has potent anticancer effects in breast 
cancer cells in dogs.

Previous studies have reported that HA plays a critical 
role in the proliferation, progression, angiogenesis, invasion 
and metastasis of several types of cancer. HA is a ubiqui-

tous extracellular matrix (ECM) component of the tumor 
environment, particularly in the stroma, where its accumula-
tion is observed in various types of cancer, and it has been 
known to be linked to tumor progression and poor survival 
of patients with cancer (9,13-15). Increased concentrations of 
HA indicate that its metabolism is altered in cancer cells, and 
the imbalance of HA synthesis and/or degradation may play 
an important role in tumor progression (33). HAS2 mainly 
produces high molecular weight HA (200-2000 kDa) and it 
is involved in a variety of both pathological and physiological 
activities, including proliferation, differentiation, inflamma-
tion, epithelial to mesenchymal transition (EMT) and cancer 
progression (38-40). Furthermore, it was recently reported that 
HAS2 plays an important prometastatic role by generating a 
favorable microenvironment of cancer stem-like cells (41). In 
human breast cancer cells, HAS2 is increasingly recognized 
as a key molecule for maintenance of the malignant pheno-
type (17,35). In this study, we showed that 4-MU treatment 
in CF33 cells resulted in inhibition of cell growth associated 
with downregulation of HAS2 mRNA expression. Our data are 
consistent with a recent report showing that HAS2 is related 
to inhibition of cell proliferation, migration and metastasis 
in human breast cancer cells (35). Therefore, 4-MU may also 
serve as a potential therapeutic agent for breast cancer in dogs. 
Moreover, our findings suggest that the canine mammary 
tumor may be a suitable model for the study of the function of 
HA in human breast cancer cells. 

Newly synthesized HA molecules are extruded onto the cell 
surface for assembly into pericellular or extracellular matrices, 
and they can also be retained on the cell surface by binding to 
HA receptors (CD44, RHAMM, Toll-like receptor-4) (9,42). 
In particular, it is well known that an HA-CD44 interaction 
can lead to the activation of intracellular signaling pathways 
that affect the proliferation, survival, migration and invasion 
of cancer cells (43,44). Recent studies have shown that the 
HA-CD44 interaction activates the PI3K-Akt and Ras-MAPK 
pathways, leading to cell motility and cell survival-signaling 

Figure 6. 4-MU induces apoptosis accompanied by elevation of BAX expression. To observe the effect of 4-MU on apoptosis-related proteins, we measured 
BAX mRNA and protein expression using real-time RT-PCR and western blotting. (A) BAX mRNA expression in CF33 cells treated with 4-MU was measured 
using real-time RT-PCR analyses at 24-72 h. The data represent the means ± SD. This analysis was performed in triplicate. (B-D) Western blotting for BAX 
in CF33 cells treated with vehicle (control) or 4-MU (0.2, 0.6, or 1.0 mM) for the indicated time periods.
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pathways (45). In prostate cancer cells, 4-MU induced a dose-
dependent decrease in phosphorylated Akt levels, indicating 
that Akt signaling is a critical mechanism in the antitumor 
activity (28). Our results suggested that 4-MU may indirectly 
inhibit activation of the PI3K-Akt and Ras-MAPK pathways 
via suppression of HA synthesis and perturbation of the 
HA-CD44 interaction.

There are at least 2 different steps in the inhibitory effect 
of 4-MU on HA synthesis. First, 4-MU results in depletion of 
UDP-GlcUA (26). Second, expression levels of HAS mRNAs 
are downregulated by 4-MU, resulting in the inhibition of HA 
synthesis (27). Kultti et al reported that levels of HAS2 and/or 
HAS3 mRNA were downregulated in all cancer cell lines 
examined (27), which is not consistent with our findings, in 
which levels of HAS3 mRNA increased after treatment with 
4-MU. A possible explanation for the results of our study is 
that 4-MU causes positive feedback for HAS3 mRNA expres-
sion to compensate for the inhibition of HA synthesis. These 
observations are likely to occur in HA-associated genes (17,35). 
Our results further showed that the downregulation of HAS2 
after treatment with 4-MU induced marked growth retarda-
tion and apoptosis in CF33 cells. This observation supports 
the notion that HAS2 preferentially promotes cancer progres-
sion compared with HAS3 in CF33 cells, since the levels of 
HAS2, but not HAS3, expression were correlated with the rate 
of induction of growth inhibition and apoptosis.

Our present study is the first to show that 4-MU might be 
a potential agent for improved chemotherapy against breast 
cancer in dogs. The actions of 4-MU in the CF33 cells were 
similar to those shown in humans, suggesting that dogs may be 
suitable as an animal models for analyzing the role of HA in 
human breast cancer.
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