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Abstract
4-methylumbelliferone (4-MU) is a hyaluronic acid (HA) synthesis inhibitor with anticancer
properties; the mechanism of its anticancer effects is unknown. We evaluated the effects of 4-MU
on prostate cancer cells. 4-MU inhibited proliferation, motility and invasion of DU145, PC3-ML,
LNCaP, C4-2B and/or LAPC-4 cells. At IC50 for HA synthesis (0.4 mM), 4-MU induced > 3-fold
apoptosis in prostate cancer cells, which could be prevented by HA addition. 4-MU induced
caspase-8, -9 and -3 activation, PARP cleavage, up-regulation of Fas-L, Fas, FADD and DR4 and
down regulation of bcl-2, phospho-bad, bcl-XL, phospho-Akt, phospho-IKB, phospho-ErbB2 and
phospho-EGFR. At IC50, 4-MU also caused > 90% inhibition of NFkB reporter activity which was
prevented partially by HA addition. With the exception of caveolin-1, HA prevented the 4-MU
induced down regulation of HA receptors (CD44, RHAMM), matrix-degrading enzymes (MMP-2,
MMP-9), IL-8, and chemokine receptors (CXCR1, CXCR4, CXCR7) at protein and mRNA levels.
Expression of myristoylated-Akt rescued 4-MU induced apoptosis and inhibition of cell growth and
IL-8, RHAMM, HAS2, CD44 and MMP-9 expression. Oral administration of 4-MU significantly
decreased PC3-ML tumor growth (> 3-fold), when treatment was started either on the day of tumor
cell injection or after the tumors became palpable, without organ toxicity, changes in serum chemistry
or body weight. Tumors from 4-MU treated animals showed reduced microvessel density (~ 3-fold)
and HA expression but increased TUNEL positive cells and expression of apoptosis-related
molecules. Therefore, anticancer effects of 4-MU, an orally bioavailable and relatively non-toxic
agent, are primarily mediated by inhibition of HA signaling.
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INTRODUCTION
Hyaluronic acid is a non-sulfated glycosaminoglycan made up of D-glucuronic acid and N-
acetyl-D-glucosamine. HA expression is elevated in a variety of tumors (1). In prostate tumor
tissues, elevated HA levels are contributed by both tumor-associated stroma and tumor cells
and together with HYAL-1 hyaluronidase (HAase) predict disease progression (2–6). HA
regulates several cellular functions (7–9). In the human genome there are three HA synthase
(HAS) genes, HAS1, HAS2 and HAS3, each of the HAS synthesizes HA of different molecular
mass (10–12). Silencing HAS genes in tumor cells inhibits cell proliferation, invasion and
motility in vitro and tumor growth and metastasis in vivo (11–17). For example, knockdown
of HAS1 expression induces Fas-mediated apoptosis and inhibits invasion in vitro and causes
inhibition of tumor growth, infiltration and angiogenesis in xenografts (16). In prostate cancer
cells, HA-synthase expression requires HYAL-1 hyaluronidase to promote tumor growth,
metastasis and angiogenesis (13,14). These results are consistent with our observations that
HYAL-1 is a molecular determinant of tumor growth, invasion and angiogenesis (18,19) and
suggest that a finely regulated cellular HA-hyaluronidase system promotes tumor growth and
progression.

Cellular effects of HA are mediated through HA receptors, CD44 and RHAMM. CD44-HA
interaction induces activation of receptor tyrosine kinases (20–22). HAS1 knockdown inhibits
ErbB2 activation and transcriptionally down regulates CD44 (16). HA-induced CD44-EGF
receptor (EGFR) interaction and EGFR activation promotes cellular motility through Akt
signaling and increased expression of MMP-2/MMP-9 (22–25). HA also induces IL-8 and
stromal-derived factor-1 (SDF-1) receptor (CXCR4) expression through NFkB activation
(25–30). IL-8 expression promotes tumor growth, angiogenesis and androgen independent
growth of prostate cancer cells (31). HA-RHAMM interaction also induces intracellular
signaling (32). Therefore, inhibition of HA synthesis in tumor cells should help control tumor
growth and progression.

4-Methylumbelliferone (4-MU; 7-Hydroxy-4-methylcoumarin) is a HA synthesis inhibitor
with choleretic and anti-spasmodic properties (Heparvit™). In mammalian cells, HA is
synthesized by HAS, using UDP-glucuronic acid (UGA) and UDP-N-acetyl-D-glucosamine
precursors. UGA is synthesized when UGA-transferase transfers UDP to glucuronic acid. In
cells treated with 4-MU, UGA-transferase transfers glucuronic acid onto 4-MU. This depletes
the intracellular pool of UGA, resulting in inhibition of HA synthesis (33–37). 4-MU also down
regulates HAS2 and HAS3 expression (38). Oral administration of 4-MU (600 mg/kg/day)
reduces metastases by 64% in the B16 melanoma model (34). Currently, intracellular signaling
events involved in the antitumor effects of 4-MU are unknown. In this study we evaluated the
antitumor activity of 4-MU in prostate cancer cells and in a xenograft model.

MATERIALS AND METHODS
Cell culture

Prostate cancer cells LNCaP, DU145, PC3-ML were cultured in RPMI 1640 + 10% FBS +
gentamicin (18,31). LAPC-4 cells were maintained in Iscove’s medium with 7.5 % fetal bovine
serum (FBS) and 1 nM dihydrotestosterone (31). C4-2B cells were cultured in T-Medium +
10% FBS + gentamicin.

Reagents
4-MU was purchased from Sigma-Aldrich (St. Louis, MO). Hyaluronic acid sodium salt was
purchased from MBL (Woburn, MA) and Lifecore Biomedical (Chaska, MN). All of the
antibodies and constructs used in this study are described in the Supplemental Information.
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HA ELISA-like assay
Twenty-four hour cultures of PC3-ML and DU145 cells (105 cells/well; 12-well plates) were
treated with 4-MU, coumerin or 4-hydroxy coumerin (0 – 0.8 mM) for 36 hours. Conditioned
media were analyzed by HA ELISA-like assays and HA levels were normalized to cell number
(6).

Cell proliferation and apoptosis
Prostate cancer cells (2.0×104 cells/well; 24-well plates) cultured in growth medium were
exposed to 4-MU (0–0.6 mM) and counted after 72 h. Alternatively, cells (1.5×104) were
exposed to 4-MU (0.4 mM) and counted every 24 h. For the apoptosis assay, cells plated on
24-well plates were exposed to 4-MU (0–0.6 mM). Following 24 or 48 h incubation, apoptosis
was analyzed using the Cell Death ELISA Plus kit (Roche Diagnostics; Pleasanton, CA). The
apoptosis index was calculated as O.D.450 nm per 20,000 cells. In some experiments, 50 µg/ml
HA was added to the wells at the time of 4-MU addition.

Motility and invasion assays
Matrigel™ invasion assay was carried out as described previously (16,18,19) except that 4-
MU was added in both chambers of the Transwell; for details, please see supplemental
information. To neutralize the effect of 4-MU on cell growth, percent invasion or motility was
calculated as [O.D. bottom chamber ÷ O.D. (top + bottom chambers)] ×100.

Immunoblot analyses and time course
Prostate cancer cells were exposed to 4-MU (0 – 0.6 mM) for 24 – 48 h. For time course
experiments, 14 h cultures of PC3-ML were exposed to 4-MU (0.4 mM) for 4, 8, 12, 18 and
24 h. The cell lysates (~20 µg/ml) were analyzed by immunoblotting using specific antibodies.
In some wells, 50 µg/ml HA was added at the time of 4-MU addition. The intensity of each
protein band, following chemiluminescence, was determined using Kodak image analysis
software.

Real time RT-PCR (Q-PCR) assays
PC3-ML cells were treated with 4-MU +/− HA (50 µg/ml) for 24 – 48 h; HA was added at the
same time as 4-MU. Q-PCR was performed using the iQ SYBR Green Supermix (BioRad,
Hercules, CA) and the primers described in Table 1 (Supplement) (16). The mRNA levels were
normalized to β-actin. In some experiments, 4-MU treated cells were exposed to actinomycin
D (10-µg/ml) and the rate of mRNA degradation was determined by Q-PCR. Q-PCR was also
performed 72 h after transfecting PC3-ML cells with 1) either CD44 siRNA, RHAMM siRNA,
2) both CD44 and RHAMM siRNAs (50 nM each), or 3) control Non-targeting siRNA
(Dharmacon, Denver, CO) (40).

Transient transfection
PC3-ML cells were transiently co-transfected with pNF-κB-luc and pGL4.74[hRluc/TK]
plasmids. Eight hours following transfection, the cells were exposed to 4-MU (0.4 mM) in the
presence or absence of 50-µg/ml HA. Following 24 h incubation, the firefly luciferase and
Renilla luciferase activities were assayed (39).

PC3-ML cells were also transiently transfected with a myr-Akt plasmid and then treated with
4-MU (0.4 mM). Cell growth, apoptosis, gene expression (Q-PCR) and NFkB reporter assays
were conducted after 48 h. For details please see supplemental information.
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Tumor xenografts
PC3-ML cell suspension (2×106 cells/0.1 ml) was mixed 1:1 with Matrigel™ and implanted
subcutaneously in the dorsal flank of 5–6 month old athymic mice. There were ten mice per
treatment group. The mice were gavaged twice daily with vehicle (phosphate buffered saline)
or 4-MU (225 mg/kg or 450 mg/kg). The treatment began either on the day of injection or on
day 7 when the tumors became palpable. Tumor volume was measured twice weekly (16,18).
Animals were euthanatized when tumor volume in the control animals exceeded 0.5 cc. A
portion of each tumor was either flash frozen for preparing tumor extracts or fixed for
immunohistochemistry (to localize HA and microvessels or TUNEL positive cells; ref 16,18,
19,31,40). For details on tumor extract preparation, determination of microvessel density
(MVD) and the TUNEL assay please see supplemental section. Serum chemistry was
performed by the Division of Veterinary Resources, University of Miami. Lung, kidney, liver,
seminal vesicles, prostate and testes were fixed and histology was performed by the Division
of Veterinary Resources.

RESULTS
4-MU inhibited HA synthesis and cell proliferation in prostate cancer cells

PC3-ML cells secrete ~ 4–5-fold higher HA levels when compared to DU145 cells (6). We
therefore measured the effect of 4-MU on HA synthesis in PC3-ML and DU145 cells. As shown
in Figure 1 A, 4-MU inhibited HA synthesis in both cell lines (IC50 ~ 0.4 mM). In contrast,
coumerin or 4-hydroxycoumerin did not inhibit HA synthesis (Figure 1 A).

Effect of 4-MU on cell growth is shown in Figure 1 B. After 72 h treatment, 4-MU inhibited
the growth of all five prostate cancer cell lines (IC50 0.2 – 0.4 mM). At ≥ IC50, the differences
in cell numbers between untreated and 4-MU-treated samples were statistically significant (P
< 0.001; unpaired t-test). Presence of HA during incubation with 4-MU prevented 4-MU
induced inhibition of PC3-ML cell growth (IC50 ~ 0.8 mM in the presence of HA versus 0.4
mM for 4-MU alone; Figure 1 B). In the presence of 4-MU, cell detachment did not exceed
10% of the total cell count. Time course experiments showed that 4-MU inhibited the growth
of prostate cancer cells at each time point (Figure 1 C; P < 0.001; unpaired t-test). 4-MU
treatment also caused a change in cell morphology. As shown in Figure 1 D, within 48 h of 4-
MU treatment, PC3-ML cells became irregular in shape with projections. HA addition (50 µg/
ml) partially prevented this change in cell morphology (data not shown).

4-MU induced apoptosis in prostate cancer cells
We next examined whether the growth inhibition by 4-MU was due to induction of apoptosis.
4-MU induced apoptosis in prostate cancer cells, in a dose-dependent manner with ≥ 3-fold
induction of apoptosis at IC50 (0.4 mM; Figure 2 A). As shown in Figure 2 B, 4-MU caused
2–3 fold induction of apoptosis in PC3-ML cells (mean apoptosis index: untreated, 0.096; 0.2
mM, 0.22; 0.4 mM, 0.3; P < 0.001; Bonferroni multiple comparison test). However, addition
of HA prevented this effect (mean apoptosis index: 0.2 mM 4-MU + HA, 0.1; 0.4 mM 4-MU
+ HA, 0.13; P > 0.05; Bonferroni multiple comparison test). These results show that the effect
of 4-MU on cell growth and apoptosis was due to inhibition of HA synthesis.

As shown in Figure 2 C, in PC3-ML and LAPC-4 cells, 4-MU induced activation of pro-
apoptotic effectors, caspase-8, caspase-9 and caspase-3 (2–4 fold) and PARP cleavage. Figure
2 D shows that 4-MU induced up-regulation of Fas-L, Fas, FADD and DR4 and bid cleavage
(p15bid); at 0.4 mM concentration there was 1.8–3-fold up-regulation of these death-inducing
signaling complex (DISC) proteins. Eight hours following 4-MU treatment there was up-
regulation of Fas-L, Fas and DR4, with a maximal increase occurring by 12 h (Figure 2 D). 4-
MU also caused a decrease in bcl-2 (> 4-fold), bcl-XL (< 2-fold) and phospho-bad (> 2-fold)
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levels. Addition of HA during 4-MU treatment, prevented the up- or down-regulation of each
of the signaling molecules in the apoptosis cascade (Figure 2 C and D).These results show that
4-MU decreased cell survival mainly by inducing the extrinsic pathway of apoptosis.

HA is known to induce ErbB2 and Akt activation; Akt activation induces survival by
phosphorylating bad at ser136 (16,20–22). 4-MU induced a dose-dependent decrease in
phospho-Akt and phospho-ErbB2 levels (Figure 2 D). At 0.4 mM concentration, the decrease
was ~ 4-fold for phospho-ErbB2 and > 2-fold for phospho-Akt and HA prevented the 4-MU
induced decrease in phospho-Akt and phospho-ErbB2 levels.

4-MU inhibits invasion and chemotactic motility
Since HA promotes tumor cell migration and invasion, we examined whether 4-MU inhibits
the invasive potential of prostate cancer cells. As shown in Figure 3 A and B, 4-MU induced
a dose-dependent decrease the invasive activity of PC3-ML and DU145 cells. At 0.4 mM
concentration, the inhibition was ~ 67% in both cell types (P < 0.001; Bonferroni multiple
comparison test). However, in the presence of HA, 4-MU caused only 15% –20% inhibition
of invasion (Figure 3 A and B; P > 0.05).

4-MU also inhibited chemotactic motility of PC3-ML and DU145 cells (Figure 3 C). At 0.4
mM concentration, 4-MU caused a 55% and 43% inhibition of chemotactic motility in PC3-
ML and DU145 cells, respectively (P<0.01; unpaired t-test). HA of addition reduced this
inhibition to 25% and 17%, respectively, for PC3-ML and DU145 cells. Since HA prevented
4-MU induced inhibition of chemotactic motility and invasion, 4-MU, very likely, inhibits
these properties by inhibiting HA synthesis.

4-MU down regulates HA-receptor expression and regulators of invasion and motility
CD44-HA interaction induces matrix metalloproteinase expression (23,24) and HAS1 and
HAS2 knockdown transcriptionally down regulates CD44 (16,17). We, therefore, examined
whether 4-MU down regulates HA-receptors (CD44 and/or RHAMM), HA-synthases and/or
MMP-2 and MMP-9 levels. Consistent with our previous findings (41), PC3-ML cells express
the 90 kDa standard-form of CD44 (CD44s; Figure 3 D). Furthermore, 4-MU caused a dose-
dependent decrease in CD44, RHAMM, HAS2, MMP-2 and MMP-9 levels (2–3-fold decrease
at 0.4 mM concentration). Addition of HA at the same time as 4-MU addition, prevented the
down regulation of CD44, RHAMM, MMP-2, MMP-9 and HAS2 (Figure 3 D). Since the
HAS2 siRNA down regulated the protein band detected by HAS2 antibody, it demonstrated
that the anti-HAS2 antibody was specific (Figure 3 D).

In prostate cancer, elevated caveolin-1 expression correlates with disease progression and
promotes cell survival and angiogenesis (42). As shown in Figure 3 D, 4-MU induced ~ 10-
fold decrease in caveolin-1 expression; however, addition of HA did not prevent this decrease.

4-MU also induced a dose-dependent down regulation of CD44, RHAMM, MMP-2, MMP-9
and caveolin-1 mRNA levels (Figure 4 A and C). The mean CD44s mRNA levels in untreated
samples (15.15 ± 0.85) were 9.2-times higher than CD44v mRNA levels (1.65 ± 0.25),
confirming that PC3-ML cells mainly express CD44s form. At 0.4 mM concentration, 4-MU
decreased CD44s, CD44v, RHAMM, HAS2, MMP-2 and MMP-9 mRNA levels by 2.5–3-fold
and caveolin-1 mRNA levels by 7.7-fold (P < 0.001 for each mRNA). 4-MU did not alter HAS1
and HAS3 mRNA levels (data not shown). The addition of HA completely prevented the 4-
MU-induced decrease in CD44, RHAMM, HAS2, MMP-2 and MMP-9 mRNA levels (Figure
4 B) and caused a partial prevention of the decrease in HAS2 mRNA levels (No 4-MU: 3.7 ±
0.2; 0.4 mM 4-MU: 2.4 ± 0.3). However, HA did not prevent the decrease in caveolin-1 levels
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(Figure 4 C). Comparison between the effect of 4-MU and 4-MU + HA treatments on the
expression of each gene presented in Figures 4 A – C is shown in Table 2 –supplement.

The decrease in mRNA levels of the genes described above was most likely transcriptional,
since the mRNA degradation rates in the presence and absence of 4-MU were similar in PC3-
ML cells treated with actinomycin-D (data not shown).

Since HA prevented the effect of 4-MU on gene expression, we determined whether down
regulation of CD44 and/or RHAMM expression by siRNA, would similarly affect the gene
expression. Down regulation CD44 or RHAMM by themselves did not significantly alter
MMP-2, MMP-9 or caveolin-1 mRNA levels (data not shown). However, simultaneous down
regulation of CD44 and RHAMM decreased the mRNA levels of both receptors over 95% and
of HAS2 and MMP-9 levels by ~ 35–40%; no down regulation of caveolin-1 mRNA was
observed (Figure 4 D). The data related to the down regulation of other genes shown in the
Figure are discussed below.

Since 4-MU is currently the only known compound with a well characterized biochemical
mechanism of inhibition of HA synthesis (35,36), we examined whether down regulation of
HAS2, CD44, RHAMM, or both CD44 and RHAMM mimics the biological effects of 4-MU.
As shown in Figure S1-A (supplement), down regulation of HAS2, CD44, RHAMM and CD44
+ RHAMM caused 68.5%, 47.7%, 57.7% and 64% inhibition of cell growth, respectively; in
each case the decrease was statistically significant (P < 0.001; unpaired t-test). Down regulation
of each of these genes induced 1.5 – 2-fold induction of apoptosis within 48 h (Figure S1-B).

4-MU down regulates IL-8, IL-8 receptors and CXCR4
HA induces EGFR and Akt activation, and up-regulates IL-8 and CXCR4 through NFkB
activation (26–30). Therefore, we examined the effect of 4-MU on EGFR and Akt
phosphorylation. As shown in Figure 5 A, 4-MU decreased phospho-EGFR and phospho-Akt
levels with similar kinetics (~ 50% decrease by 8 h), while the down regulation of CD44 and
RHAMM levels by 4-MU occurred at later time points (~ 50% in 12 h).

Akt activates NFkB by phosphorylating IKKα, which in turn, phosphorylates IKB, targeting
it for degradation. As shown in Figure 5 A, 4-MU decreased phospho-IKB levels > 4-fold after
12 h treatment, with an increase in total IKB levels at 18 and 24 h. HA addition, prevented 4-
MU-induced decrease in phospho-IKB levels. Effect of 4-MU treatment on NFkB-promoter
luciferase reporter activity is shown in Figure 5 B. At 0.4 mM, 4-MU inhibited NFkB reporter
activity by 83% (51.8 ± 6.8 versus 8.8 ± 2.3; P < 0.001 unpaired t-test), and HA partially
prevented this inhibition (relative activity: 29.6 ± 2.0). Down regulation of CD44, RHAMM,
or both receptors simultaneously, as well as down regulated NFkB reporter activity by 54–70%
(Figure 5 B).

We next examined the effect of 4-MU on IL-8 (CXCR1 and CXCR2) and SDF-1 (CXCR4 and
CXCR7) receptors. As shown in Figure 5 A, 4-MU caused a dose decrease in CXCR1, CXCR4
and CXCR7 levels (IC50: 0.4 mM), with no alterations in CXCR2 levels. Furthermore, HA
addition prevented this decrease (Figure 5 A). Q-PCR analyses showed that 4-MU decreased
CXCR1, CXCR4 and CXCR7 mRNA levels by 2–2.7-fold and IL-8 mRNA levels by ~ 10-
fold at 0.4 mM concentration (Figure 5 C). 4-MU also caused a dose-dependent decrease in
IL-8 levels (~5-fold at 0.4 mM). 4-MU did not alter SDF-1 mRNA levels (data not shown).
Addition of HA completely prevented the decrease caused by 4-MU in CXCR1, CXCR4,
CXCR7 mRNA levels and a partially prevented the decrease in IL-8 mRNA and IL-8 levels
(from 5–10-fold to 2-fold; Figure 5 D). Simultaneous down regulation of both CD44 and
RHAMM by siRNA also induced a 35–70% down regulation in CXCR1, IL-8 and CXCR7
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levels, but no decrease in CXCR4 levels (Figure 4 D). Therefore, it is likely that 4-MU inhibits
IL-8 and chemokine receptor expression by negatively regulating HA-HA-receptor interaction.

Effect of constitutive Akt activation on 4-MU-induced cellular effects
To understand the mechanism by which 4-MU might inhibit cell growth, gene expression and
induce apoptosis, we evaluated various effects of 4-MU in PC3-ML cells transfected with a
myristoylated-Akt plasmid (m-Akt, constitutively active Akt). As shown in Figure S1-A
(supplement), m-Akt transfection increased total Akt levels by 3-fold and p-Akt levels by over
10-fold when compared to the vector control. p-Akt levels were not appreciably reduced (< 2-
fold) in the presence of 4-MU. Figure S1-B, C and D show that m-Akt expression attenuated
the effect of 4-MU on cell growth, apoptosis and NFkB reporter activity. Expression of myr-
Akt also reversed the inhibitory effect of 4-MU on IL-8, HAS2, RHAMM, CD44 and MMP-9
expression (Figure S1-E). However, myr-Akt expression did not alter the 4-MU induced down
regulation of Caveolin-1, CXCR1, CXCR7, and CXCR4 mRNAs (data not shown).

Effect of 4-MU on tumor growth and angiogenesis
Effect of 4-MU treatment by oral gavage on PC3-ML xenografts is shown in Figure 6 A. 4-
MU significantly inhibited tumor growth at both, 225 mg/kg and 450 mg/kg, doses (P < 0.001;
Bonferroni’s multiple comparison test). Tumor weight at necropsy in the vehicle treated group
(299.4 ± 81.5) was three times higher than in the 4-MU treated groups (225 mg/kg: 112.9 ±
21.9; 83 ± 16.1). Unlike coumerin which causes loss of body weight and reduction in prostate,
testis and seminal vesicle weights (43), the 4-MU treatment (450 mg/kg) did not cause such
reductions (P > 0.05 Figure S2- A and B; supplement). 4-MU also did not cause gross
histological changes in prostate, testis, seminal vesicles, liver, kidney and lung tissues (data
not shown). Serum chemistry analysis showed no significant differences in blood urea nitrogen,
creatinine, SGPT, and alkaline phosphatase levels from vehicle and 4-MU treated (450 mg/
kg) animals (P > 0.05; Table 3, supplement); blood clotting time is also similar in both groups.

We next determined whether 4-MU delayed tumor growth if the treatment started after the
tumors become palpable (7th day). As shown in Figure 6 B, 4-MU (450 mg/kg) significantly
slowed tumor growth (P < 0.001 at each time point). Tumor weight at necropsy in the vehicle
treated group (338 ± 131) was 4-fold higher than in 4-MU treated groups (79 ± 37.2; P < 0.001).

Analyses of tumor tissue extracts from the experiment described in Figure 6 A showed
increased levels of activated caspase-8, caspase-9, caspase-3, cleaved PARP and DR4 and
decreased levels of CD44, RHAMM, HAS2 and caveolin-1 in tumor extracts from 4-MU
treated animals. This suggests that 4-MU reduces tumor growth by increasing apoptosis and
decreasing the expression of HA receptors and related molecules.

Figure 6 D shows decreased HA production in tumor-associated stroma and tumor cells in the
specimen from 4-MU treated animals when compared to vehicle treated animals. As shown in
Figure 6 D, a tumor specimen from the 4-MU treated group had lower MVD than the vehicle
treated tumor. MVD (mean ± sd) in tumors from 4-MU-treated animals was 3.3-fold lower
(10.8 ± 4.3) than in the vehicle treated animals (33.4 ± 9.1; P < 0.001). Since MVD was
calculated as the number of microvessels per high power field, the observed decrease in MVD
was most likely independent of tumor size or volume. On the contrary, an increase in TUNEL
positive cells was observed in tumor specimens from 4-MU treated animals, when compared
to vehicle treated animals (Figure 6 D). The apoptosis index in tumor specimens from the 4-
MU treated group was 5-times higher (61.4 ±17.1) when compared to the vehicle group (12.8
± 7.7; P < 0.001).
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Taxotere® (TXTR) is approved for the treatment of castration resistant prostate cancer. In
PC3-ML xenograft models, 20 mg/kg weekly dose of TXTR has been shown to cause 62%
inhibition of tumor growth (44). Therefore, we examined whether the combination of 4-MU
and TXTR might be more effective in inhibiting PC3-ML cell proliferation than individual
treatments alone. As shown in Figure S4-supplement, 4-MU enhanced the cytotoxicity of
docetaxel at each dose. At each 4-MU concentration with fixed TXTR concentration or at
TXTR concentration with fixed 4-MU concentration, the growth inhibition caused by the
combination was higher than each individual drug (P < 0.01 to P < 0.0001; Bonferroni multiple
comparison test).

DISCUSSION
In this study we demonstrate that 4-MU, a dietary supplement and a HA synthesis inhibitor, is
a potent apoptotic agent with strong anti-invasive and anti-angiogenic properties against
prostate cancer cells. Since 4-MU inhibits HA synthesis primarily by depleting UGA and the
Km of UGA-transferase and HA-synthases is 100 – 200 µM (35–37), the IC50 of 4-MU for
inhibition of HA synthesis is in high micromolar range. 4-MU is a small molecular weight
compound (198 Dalton) and has been used as a choleretic agent in clinical trials for Hepatitis
B and C at 2.2 g/day dose (Clinicaltrials.gov Identifer: NCT00225537). Therefore,
administration of 4-MU at high micromolecular concentrations is feasible.

4-MU is a strong inducer of apoptosis in prostate cancer cells. Furthermore, the IC50 for HA
synthesis inhibition and induction of apoptosis (0.4 mM) are the same in all five prostate cancer
cell lines, regardless of their androgen sensitivity. Since addition of HA preventes inhibitory
effects of 4-MU on cell proliferation and apoptosis, it indicates that 4-MU induces such effects
by inhibiting HA synthesis. Up-regulation of Fas-L, Fas, DR4 and FADD by 4-MU suggests
that apoptosis induction by 4-MU involves the death receptor pathway. We have previously
reported that HAS1 knockdown increases Fas and FADD expression, and transcriptionally
down regulates CD44 (16). CD44 has been shown to regulate death-receptor mediated
apoptosis (45). However, 4-MU also induces apoptosis in cell lines which do not express CD44
(e.g., LNCaP and LAPC-4; ref 46). All prostate cancer cell lines used in this study express
RHAMM (unpublished results). RHAMM-HA interaction also induces PI3-kinase signaling,
which in turn, promote survival by down regulating Fas and death receptor signaling (47). The
data in Figure 3 D and 4B show that addition of HA prevented the 4-MU induced down-
regulation of CD44 and RHAMM both at protein and mRNA levels. The availability of HA
receptors may explain why addition of HA is able to prevent the 4-MU induced apoptosis and
motility in a significant manner.

PI3-kinase/Akt signaling is known to promote survival by down regulating Fas and death
receptor signaling (48). Since myr-Akt expression prevents effect of 4-MU on cell growth,
apoptosis and gene expression, it indicates that inhibition of Akt signaling is an important
mechanism in the antitumor activity of 4-MU. NFkB activation induces the expression of
chemokines and chemokine receptors (25–30). Akt signaling regulates CXCR4, which may
regulate CXCR7, and CD44 may be a downstream target of CXCR7 (49). Since HA either
completely or partially prevents the 4-MU induced decrease in CXCR1, CXCR4, CXCR-7 and
IL-8 expression, the inhibitory effect of 4-MU on the expression of these genes is likely through
the inhibition of HA synthesis. 4-MU is a strong inhibitor of caveolin-1 expression; however,
this inhibition is independent of the inhibitory effect of 4-MU on HA synthesis and subsequent
Akt activation.

Our data show that 4-MU inhibits tumor growth in the PC3-ML xenograft model. Since HA
increases hydration and opens up spaces in tissues, it is possible that the observed decrease in
tumor volumes in 4-MU-treated animals is not due to decreased tumor burden. However, the
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tumor weight in 4-MU treated animals was 4-times lower than in the vehicle treated animals.
HA is present in tumor tissues in microgram amounts (50), and therefore, the decrease in HA
amount (and consequently, decreased water content) due to 4-MU treatment cannot possibly
account for the decrease in tumor weight which is in milligrams. Furthermore, the increased
apoptosis index in 4-MU treated tumors supports the notion that the decrease in tumor volume/
weight observed in 4-MU treated tumors is due to smaller tumor burden.

The trend observed in cell culture studies regarding down regulation of CD44, RHAMM, HAS2
and caveolin-1 and up regulation of apoptosis signaling proteins is also present in 4-MU treated
tumor tissues. The decrease in RHAMM and CD44 in 4-MU treated tumor tissues (≥ 50%;
Figure 6) is less than the decrease observed in cell culture studies (≥ 80%). The differences
observed in tumor specimens and cell culture experiments may be due to the fact that the
observed CD44 and RHAMM levels in tumor tissue extracts are contributed by both tumor
cells and stromal components. The effect of 4-MU on the latter is currently unknown.

Our study shows that 4-MU is a potent, orally bioavailable and relatively non-toxic anti-cancer
agent with significant anti-invasive, anti-angiogenic and possibly anti-inflammatory
properties. Since 4-MU down regulates HA receptors, HAS2 and caveolin-1 expression and
Akt signaling, it may be a better therapeutic approach than targeting individual HA receptors.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of 4-MU on HA synthesis and cell proliferation
A: Measurement of HA levels by HA ELISA-like assay. Data: Mean ± SEM; 3 experiments.
B and C: Cell counting data after 72 h treatment with 4-MU (B). In some cases, PC3-ML cells
were treated with 4-MU plus 50-µg/ml HA and counted after 72 h (PC3-ML +HA graph).
Prostate cancer cells were treated with 4-MU (0.4 mM) and counted every 24 h (C). Data:
Mean ± S.D. (triplicate in 2 experiments). D: Light microscopy of PC3-ML cells either
untreated (a) or treated with 4-MU (0.4 mM; b) for 48 h. Magnification: 400×.

Lokeshwar et al. Page 13

Cancer Res. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of 4-MU on apoptosis
A: Measurement of apoptosis in cells treated with 4-MU for 48 h. Data: Mean ± S.D. B:
Measurement of apoptosis in PC3-ML cells treated with 4-MU +/− HA (50-µg/ml) for 48 h.
Data: Mean ± S.D. C and D: PC3-ML cells treated with 4-MU, were subjected to immunoblot
analyses for apoptosis-related proteins. Sub-panel in D: Immunoblot analyses of Fas-L, Fas
and DR4 in PC3-ML cells were treated with 4-MU (0.4 mM) for the indicated time periods.
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Figure 3. Effect of 4-MU on invasion and chemotactic motility
A and B: Determination of invasive activity of PC3-ML (A) and DU145 (B) cells in the
presence or absence of 4-MU and/or HA. Mean ± S.D. (triplicate in 2 experiments). C.
Determination of chemotactic motility of PC3-ML (A) and DU145 (B) cells in the presence
or absence of 4-MU and/or 50-µg/ml HA. Mean ± S.D. D. PC3-ML cells treated with 4-MU
were subjected to immunoblot analysis. Side panel: PC3-ML cells were transfected with
control or HAS2 siRNA and subjected to immunoblot analysis using the anti-HAS2 antibody.
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Figure 4. Effect of 4-MU and CD44-RHAMM siRNA-treated cells on gene expression
A, B, C: PC3-ML cells were treated with 4-MU in the absence (A, C) or presence of HA (B,
C) and the mRNA levels of indicated genes were assayed by Q-PCR. D: PC3-ML cells were
treated with CD44 and RHAMM siRNA and the mRNA levels were analyzed by Q-PCR.
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Figure 5. Analysis of HA-related signaling events in 4-MU treated cells
A: Left panel: PC3-ML cells were treated with 0.4 mM 4-MU for various time periods and
subjected to immunoblot analyses. Right panel: Immunoblot analyses of CXCR1, CXCR2,
CXCR4 and CXCR7 in 4-MU treated PC3-ML cells. B: Left panel: PC3-ML cells co-
transfected with NFkB promoter Luciferase reporter and Renilla luciferase plasmids were
treated with 4-MU (0.4 mM) and/or HA (50 µg/ml). Luciferase activity was measured as
described in Materials and Methods. Right panel: NFkB promoter Luciferase reporter activity
in PC3-ML cells transfected with control, CD44, RHAMM or CD44 and RHAMM siRNAs.
C and D: PC3-ML cells were treated with 4-MU in the absence (C) or presence of HA (D).
Following 48 h incubation, mRNA levels were determined by Q-PCR.
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Figure 6. Effect of 4-MU on PC3-ML tumor xenografts
A and B: Athymic mice implanted subcutaneously with PC3-ML cells were orally gavaged
twice daily either with vehicle or 4-MU (225 mg/kg or 450 mg/kg). A: Treatment started on
the day of the injection. B: Treatment (4-MU: 450 mg/kg) started 7 days post tumor
implantation. C: Immunoblot analyses of tumor tissue extracts from vehicle and 4-MU treated
animals. D: HA localization and microvessel density determination by immunohistochemistry:
For all panels magnification is 400×. Panels a, b: HA staining; panels c, d: Localization of
microvessels. The area of the highest MVD from each specimen is presented here. Panels e, f:
TUNEL assay. Panels a, c, e: vehicle; panels b, d, f: 4-MU treatment.
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