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Abstract

Dihydroorotate dehydrogenase (DHODH) is a rate-limiting enzyme in the de novo biosynthesis
pathway of pyrimidines. Inhibition of this enzyme impedes cancer cell proliferation but the exact
mechanisms of action of these inhibitors in cancer cells are poorly understood. In this study, we
showed that cancer cells, namely melanoma, myeloma and lymphoma overexpressed DHODH
protein and treatment with A771726 and Brequinar sodium resulted in cell cycle arrest at S-phase.
Transfection with DHODH shRNA depleted DHODH protein expression and impeded the
proliferation of melanoma cells. shRNA knockdown of DHODH in combination with DHODH
inhibitors further reduced the cancer cell proliferation, suggesting that knockdown of DHODH
had sensitized the cells to DHODH inhibitors. Cell cycle regulatory proteins, c-Myc and its
transcriptional target, p21 were found down- and up-regulated, respectively, following treatment
with DHODH inhibitors in melanoma, myeloma and lymphoma cells. Interestingly, knockdown of
DHODH by shRNA had also similarly affected the expression of c-Myc and p21 proteins. Our
findings suggest that DHODH inhibitors induce cell cycle arrest in cancer cells via additional
DHODH-independent pathway that is associated with p2l up-regulation and c-Myc
down-regulation. Hence, DHODH inhibitors can be explored as potential therapeutic agents in
cancer therapy.
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Introduction

Proliferating cancer cells show substantially
different metabolic needs compared to normal
differentiated cells as they require additional
nutrients to support their high rates of proliferation
(1). Success in targeting cancer cell metabolism will
materialize from an improved understanding of
exactly how cells control and consume nutrients into
pathways that are essential for biosynthesis (2). As all
cancer cells rely on this alteration in metabolism, these
altered pathways represent strong therapeutic targets

(3, 4). However, discovering a ‘therapeutic window’
between normal proliferating and cancer cells remains
a major challenge as the metabolic requirements of
these cells are similar. Thus, only a few molecules
which target metabolic pathways have been
established as a form of cancer treatment (2).

The de novo biosynthesis of pyrimidine is an
essential metabolic pathway for nucleic acid synthesis
(5). Although most cells meet their needs for
nucleotides by reutilizing current ones through the
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salvage pathway, activated T cells and other rapidly
proliferating cells, namely cancer cells are highly
dependent on de novo nucleotide synthesis (6, 7).
DHODH is the fourth sequential and rate-limiting
enzyme in the de novo biosynthesis pathway of
pyrimidines and it is the only enzyme found within
the mitochondrial inner membrane of eukaryotes (6,
8). Inhibition of this enzyme leads to intense
reductions in cellular pyrimidine pools and
eventually results in the failure of cells to proliferate
(9). This protein is considered to be of great interest to
the scientific community as it is one of the key
enzymes in sustaining the proliferation of
transformed cells and a potentially good target for
cancer chemotherapy. The therapeutic potential of
hindering de novo pyrimidine biosynthesis at the
DHODH oxidation phase was shown by the
anti-proliferative agents namely A771726, an active
metabolite of Leflunomide (LFM) and Brequinar
sodium salt (BQR) (10, 11). Leflunomide is an
immunomodulatory and anti-inflammatory drug
approved by FDA for the cure of rheumatoid arthritis
(RA) patients in 1998. It was later determined that
LFM works via the inhibition of DHODH in activated
lymphocytes (12, 13). Apart from DHODH inhibition,
LEM, at higher doses is also known to inhibit tyrosine
kinases responsible for B and T cell signaling (14). On
the other hand, BQR was designed to be a specific
DHODH inhibitor and is known to disrupt DHODH
activity with much higher potency than LFM (11, 15,
16). Earlier studies revealed that the inhibition of
proliferation of some tumor cells such as melanoma
(17), neuroblastoma (18), glioblastoma and breast
cancer (19-21) was effective through LFM. In addition,
BQR was also found effective against colon cancer in
vivo (22).

To date, extensive research has been performed
to study the effectiveness of targeting DHODH
enzyme in cancer therapy. Nevertheless, the extent to
which the enzyme inhibition affects cancer cell
proliferation is still not well understood. The aim of
the present work is to elucidate the mechanism of
action of DHODH inhibitors in melanoma, myeloma
and lymphoma cells. Our results suggest that the
active metabolite, A771726 and BQR exert their
anti-proliferative effects on the cancer cells. These
inhibitors arrested cancer cells growth in S-phase,
decreased c¢-Myc and increased p2l1 protein
expression. Furthermore, DHODH suppression by
shRNA affected cell proliferation, c-Myc and its target
protein, p21. The current data suggest that these
effects are possibly associated with an additional
DHODH-independent pathway comprising of c-Myc
inhibition.

Materials and Methods
Cells

Human melanoma (A375), human myeloma
(H929), and human Burkitt's lymphoma (Ramos) cell
lines were obtained from American Type Cell
Collections. A375 cells were grown in DMEM (Sigma,
USA), H929 and Ramos cells were grown in RPMI
1640 (Sigma, USA). The medium was supplemented
with 10% heat-inactivated fetal bovine serum (Sigma,
USA), 100 units/mL penicillin and 100 pg/mL
streptomycin (Gibco, USA). An additional 0.05 mM/L
2-mercaptoethanol (Sigma, USA) was supplemented
for the growth of H929 cells. Cell lines were
maintained in a 5% CO, atmosphere at 37 °C.

Antibodies and chemicals

A771726 and BOR were synthesized at Aurigene
Discovery Technologies Limited, Bangalore, India.
Monoclonal primary antibodies against human
DHODH were purchased from Santa Cruz
Biotechnology, Inc, USA. Antibodies for c-Myc, p21,
phospho-p44/42 MAPK (Erk!/2) (Thr202/Tyr204), NFkB
and Bcl-xL were obtained from Cell Signaling
Technology, USA. Loading controls -  actin, GAPDH
and tubulin ( antibodies were procured from
SignalChem, Canada. Secondary antibody, anti-rabbit
polyclonal antibody was secured from Sigma, USA.

Cell proliferation assay

A375, H929 and Ramos cells were seeded in
96-well plates at different densities, 1000 to 20000 cells
per well. The DHODH inhibitors - A771726 and BOR
were dissolved in Hybrimax DMSO (Sigma, USA).
Cells were treated with inhibitors and incubated for
72 hours. In control wells, cells were treated with 0.5%
of DMSO per well. Cell viability of suspension cells
was determined using XTT assay. Each well was
incubated with 100 pl of 1 mg/ml XTT supplemented
with 25 pM PMS (Sigma, USA) for 2 hours. The
amount of formazon produced was determined by
reading the absorbance of the plate at 450 nm using a
microplate reader (Victor X5, PerkinElmer, USA). For
adherent cells, 50 pl of 1 mg/ml Resazurin (Sigma,
USA) dissolved in PBS (Sigma, USA) was added to
each well. The fluorescence reading was measured at
Ex/Em of 531/595 nm. Cell viability was calculated as
a percentage of fluorescence or absorbance measured
in the treated wells relative to the DMSO control
wells. ECs5q values were determined as concentrations
that reduced cell viability by 50% and the curve was
plotted with GraphPad Prism 6.0 (San Diego, USA).
Experiments were repeated three times and mean +
SE was calculated.

http://lwww.jcancer.org



Journal of Cancer 2017, Vol. 8

3088

DHODH biochemical assay

The DHODH biochemical assay is based on the
oxidation of L-dihydroorotic acid (L-DHO) aided by
reduction of 2,6-dichloroindophenol (DCIP) and
decylubiquinone (DUQ) resulting in the decrease in
absorbance at 610 nm (23). DHODH inhibitors,
A771726 and BQR were assessed for their ability to
inhibit DHODH protein in a coupled enzymatic
spectrophotometric assay. The drop in absorbance at
610 nm is relative to the reduction of DCIP. The assay
buffer is composed of 50 mM Tris HCI (pH 8), 150 mM
KCI and 0.8 % Triton X-100 (Sigma, USA). DHODH
protein (25 ng) (Origene, USA) was dissolved in assay
buffer and added to the 96-well plate containing
DHODH inhibitors. The mixture was pre-incubated
for 30 minutes at room temperature. Upon
pre-incubation, substrate mixture (20 mM of L-DHO,
2 mM of DuQ and 2 mM of DCIP) was added to
activate the reaction. Lastly, the plate was read every
10 minutes on Victor X5 at 610 nm. The ICs values of
the DHODH inhibitors were calculated by GraphPad
Prism 6.0. Experiments were repeated three times and
mean * SE was calculated.

Trypan blue exclusion assay

A375 cells were treated with various
concentrations of A771726 and BQR for 48 hours. Cell
viability was assessed with Trypan blue (Sigma, USA)
exclusion method. Viable cells (unstained cells)
indicate metabolically intact cells whereas blue cells
are considered as dead cells. The total number of
viable cells was plotted against time and experiments
were repeated three times and mean + SE was
calculated.

Western blotting

A375, H929 and Ramos cells were seeded in
6-well plates. Cells were harvested and lysed with
RIPA buffer (Sigma, USA) supplemented with
protease and phosphatase inhibitor cocktails (Sigma,
USA). Extracted protein was quantified with Pierce
BCA Protein Assay Kit (Thermo Scientific, USA).
Equal amount of protein was subjected to a 12%
sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE) and transferred to PVDF
membrane (GE Healthcare, USA). The membrane was
blocked with Tris-buffer saline with 0.1% Tween-20
(TBST) containing 5% dry milk (Cell Signaling, USA).
After blocking, the membrane was probed with
appropriate primary antibodies overnight at 4 °C. On
the next day, the binding of the primary antibodies
was detected with anti-rabbit polyclonal secondary
antibody labeled with horseradish peroxidase. The
blot was developed with ECL Western blotting

detection system (Pierce, USA). Experiments were
repeated three times.

Knockdown using DHODH siRNA

siRNA against DHODH and siRNA controls
(Non-silencing siRNA and AllStar Cell Death siRNA)
were procured from Qiagen, USA. The following four
21-bp double-stranded DHODH siRNA were used
during transfection: siRNA 1 - CAGGTATGGATTITA
ACAGTCA, siRNA 2 -AGCCGTGGACGGACTITA
TAA, siRNA 3 - CTCCGGGATTTATCAACTCAA
and siRNA 4 - CAGGGCTTTGGCGGAGTCACA.
A375 cells were transfected with DHODH siRNA
using Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer’s instructions (Qiagen,
USA). Briefly, 0.15 x 106 cells were seeded in a 6-well
plate. On the next day, 5 pl of Lipofectamine 2000 was
diluted in 250 upl with OPTI-MEM I Medium
(Invitrogen, USA) and incubated for 10 minutes at
room temperature. DHODH siRNA 1,2,3 and 4 were
pooled and diluted with OPTI-MEM I Medium to a
final concentration of 4 nM per well. siRNA and
lipofectamine were mixed gently and added to the
cells after 30 minutes incubation at room temperature.
After 5 hours of incubation, fresh DMEM media was
changed and plate was incubated for 48 hours. Cell
lysates were prepared and DHODH expression was
ascertained through SDS-PAGE and Western blotting
experiments. Experiments were repeated three times.

Stable shRNA transfection

shRNA against DHODH and control plasmids
were purchased from Qiagen, USA. The following
two gene-specific ShRNA plasmids and one negative
control plasmid were used during transfection:

shRNA 1 - CAAGGCCAGTTCCCATAATT and
shRNA 2 -TGAGAGTTCTGGGCCATAAAT and
negative control plasmid GGAATCTCATTCGA

TGCATAC. Each plasmid carries shRNA under the
control of the Ul promoter and a marker gene
(hygromycin resistance gene). The plasmids were first
transformed into competent E. coli cells. Following
DNA amplification, shRNA plasmid construct was
extracted and purified by GenElute™ HP Plasmid
Miniprep Kit by Sigma, USA.

One day prior to transfection of plasmid shRNA
construct, 0.15 x 106 per well A375 cells were seeded in
a 6-well tissue culture plate. 2 ng per well of plasmid
DHODH and negative control shRNA was added
with Lipofectamine 2000 (Invitrogen, USA) to each
well in a ratio of 1:2. The lipofectamine/DNA
complexes were removed 5 hours after transfection
and fresh medium was added to the cells. To produce
stably transfected cells, 100 ng/ml Hygromycin was
added to the media 48 hours after transfection to
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select for clones containing insert. The cells were left
in selective medium for 10 days after which they were
trypsinized and cultured in selective media for
propagation. The silencing effect was verified by
Western blot analysis

Cell cycle analysis by FACS

A375, H929 and Ramos cells were treated with
DHODH inhibitors for 24, 48 and 72 hours. Following
treatment, the quantitative cell cycle analysis was
performed using a commercial kit (BD, Cycletest
Plus-DNA reagent kit, USA). Samples were prepared
according to the Kkit’s instructions. Cells incorporated
propidium iodide and total DNA content in cells was
analyzed with FACS Calibur flow cytometer (Becton
Dickinson, USA). At least 20,000 events were collected
for each sample. The data was analyzed using Flow]o
V10.1. Experiments were repeated three times and
mean * SE was calculated.

Statistical Analysis

Cell proliferation assay and DHODH
biochemical assay were performed in triplicates and
each experiment was repeated three times. Trypan
blue exclusion assay, siRNA transfection, flow
cytometry analysis and Western blot experiments
were performed singly and each experiment was
repeated three times. Statistical significance of the
differences between control and treatment was
analyzed with Student’s t-test and ANOVA in
GraphPad Prism 6.0. P values less than 0.05 (¥), 0.01
(**), 0.001(***) and 0.0001 (****) were considered
statistically significant.

Results

Cancer cells overexpressed DHODH protein

It has been well established that DHODH
enzyme plays a pivotal role in highly proliferating
cells. In the present study, we determined the
expression of DHODH in normal melanocytes,
peripheral blood mononuclear cells (PBMCs) and
cancer cells - human melanoma (A375), multiple
myeloma (H929) and Burkitt's lymphoma (Ramos).
We found that DHODH is overexpressed in A375,
H929 and Ramos cancer cells compared to their
corresponding normal cells, melanocytes and PBMCs
(Figure 1), suggesting that DHODH protein is
overexpressed in transformed cells.

DHODNH inhibitors reduce cancer cell
proliferation

A771726 has been reported to inhibit the
proliferation of melanoma and myeloma cells (17, 24,
25). In agreement to these reports, we found that
A771726 caused a dose-dependent decrease in the

proliferation of melanoma and myeloma cells.
A771726 reduced the viability of A375 and H929 cell
growth by 50% at concentrations of 14.52 uM and
45.78 uM, respectively, relative to the vehicle control
treated cells whereas BQR inhibited cell proliferation
of these cells at an ECsp of 0.14 uM and 0.24 uM,
respectively. In addition, we extended the
investigation on Burkitt's lymphoma cells, Ramos.
Cell proliferation was significantly reduced by
A771726 and the ECsp achieved was 5.36 pM (Figure
2A). Ramos cells were more sensitive to the treatment
with BQR compared to A375 and H929 cells with ECs
of 0.054 pM (Figure 2B). In order to examine if
inhibition of proliferation by A771726 and BQR is
completely mediated via DHODH, we performed
uridine rescue experiments in A375 cells (Figure 2C).
Exogenous uridine used at 100 pM did not rescue the
inhibitory effect of A771726. However, the inhibitory
effect of BOQR in A375 cells was completely reversed
with uridine at 100 pM.
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Figure 1. DHODH expression in melanocytes, PBMCs (normal cells) and
A375, H929, Ramos (cancer cells). Equal amount of protein lysate was used for
Western blot analysis with human primary DHODH antibody. Tubulinf served
as protein loading control. Data represents mean * SE of 3 independent
experiments. *, P<0.05 and **, P < 0.001.

DHODNH inhibitors affect DHODH enzyme
activity but not the DHODH expression level

We performed human DHODH enzymatic assay
with A771726 and BQR using the purified enzyme. In
agreement with earlier reports, A771726 and BQR
inhibited DHODH enzyme activity in a
dose-dependent manner at ICsp of 7.99 pM and 0.0047
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BM, respectively (Figure 3A). To quantitate the
enzymatic activity in vitro, we treated A375, H929 and
Ramos cells with A71726 and BQR for 48 hours and
the DHODH enzymatic assay was performed with
these cell lysates. As hypothesized, the DHODH
inhibitors reduced in vitro DHODH enzymatic activity
by 30 - 36% in A375, 25 -27% in H929 and 42 -71% in
Ramos cells (Figure 3B). Having verified the ability to
affect the enzyme activity, we further assessed
whether these inhibitors affect the protein expression
of DHODH in A375 cancer cells. We therefore, treated
A375 cells with A771726 and BQR for 24 and 48 hours
and the DHODH expression was examined. Both
inhibitors reduced cell growth in a dose-dependent
manner (Figure 3C) but not the protein expression of
DHODH (Figure 3D). Our data indicate that DHODH
inhibitors affect the enzyme activity but not the
DHODH protein expression.

A A375

DHODNH inhibitors arrest cancer cells
primarily at S-phase

Since A771726 and BQR impede proliferation of
A375, H929 and Ramos cells, we further investigated
the cell cycle phase that was targeted by DHODH
inhibitors. Figure 4 shows the percentage of cell
population in each cell cycle phase following 24, 48
and 72 hours of exposure to A771726 or BOR at two
different concentrations. As illustrated in Figure 4A
and 4C, A375 cells treated with 30 pM or 100 pM
A771726 and 0.15 puM or 0.45 pM BQR resulted in
significant arrest at S-phase after 24 hours of
treatment. A significant G2/M accumulation was
observed after 48 hours of treatment with both
compounds in these cells (Figure 4B and 4D). Ramos
cells showed significant S-phase arrest following 48
hours of exposure to A771726 and BQR at two
different concentrations compared to the non-treated
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Figure 2. DHODH inhibitors cause a dose-dependent decrease in the proliferation of human melanoma, myeloma and lymphoma cell lines. A375, H929 and Ramos
cells were treated with increasing concentrations of A771726 and BQR for 72 hours. Inhibition of proliferation was measured by XTT assay. Values shown are mean
+ SE of 3 independent experiments. A, ECso of A771726, A375 — 14.52 yM; H929 — 45.78 yM; Ramos — 5.36 uM. B, ECso of BQR, A375 - 0.14 uM; H929 - 0.24 uM;
Ramos - 0.054 uM. C, Uridine rescue with DHODH inhibitors. *, P<0.05.
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cells (Figure 4F and 4H) and marginal increase in
S-phase population at 24 hours of treatment (Figure
4E and 4G). Since H929 cells are slow growing cells,
we analyzed cell cycle progression after 72 hours of
treatment. These cells showed S-phase arrest after
treatment with BQR but not with A771726. As
illustrated in Figure 4]J, the S-phase population of BQR
increased from 20.1% in controls to 47.7% and 45.4%
in both 1 pM and 3 uM concentrations and in turn
significantly reduced G2/M population in these cells.
Interestingly, treatment with A771726 at both
concentrations slightly increased the percentage of
Go/Gi phase (Figure 41), showing a different response
in these two inhibitors. Our data clearly indicate that
A771726 and BOR primarily target S-phase in all three
cancer cell lines. These inhibitors block the cell cycle
in all three cell lines upon DHODH depletion thus
providing a clear association between cell
proliferation inhibition and DHODH protein.

DHODH knockdown potentiates melanoma
cells sensitivity to DHODH inhibitors

To investigate whether the anti-proliferative
effect of A771726 and BQR in A375 cells is dependent
on DHODH protein, we performed a transient
knockdown of DHODH using siRNA 1, 2, 3 and 4.
The expression of DHODH decreased significantly by
almost 85% (Figure 5A). Interestingly, DHODH
suppression in A375 cells did not affect its growth in
comparison to non-suppressed cells. Both showed

almost 100% of cell viability, suggesting that
knockdown of DHODH does not significantly affect
cell proliferation, probably due to the transient effects
of siRNA. Due to the limitations with siRNA
transfection, we performed DHODH knockdown
with shRNA transfection. Two independent DHODH
shRNA knockdown stable cell line clones were
generated in which DHODH shRNA clone 2 induced
robust gene knockdown, 89% compared to negative
control shRNA (Figure 5B). shRNA knockdown of
DHODH resulted in impaired cell growth by 35% in
comparison to cells transfected with control shRNA at
72 hours (Figure 5C). With the stable knockdown of
DHODH, we next examined whether significant
suppression of DHODH will sensitize the melanoma
cells to DHODH inhibitors. DHODH shRNA
suppressed cells were treated with A771726 and BQR
for 24, 48 and 72 hours and the cell viability was
examined. As hypothesized, treatment with A771726
and BQR further reduced the viability of stable
DHODH shRNA cells by 36% and 53%, respectively
(Figure 5D).

Although DHODH siRNA-transfected cells did
not show reduced cell proliferation, these cells
showed a dose-dependent reduction of cell viability
after the treatment with both DHODH inhibitors
(Figure 5E). Hence, both transient and prolonged
knockdown of DHODH sensitized the cells to the
inhibitory effect of DHODH inhibitors.
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Figure 4. Cell cycle distribution of melanoma, myeloma and lymphoma cell lines after treatment with DHODH inhibitors. A771726 and BQR: Induce S and G2»/M
phase arrest in A375 cells (A, B, C and D); Induce S-phase arrest in Ramos cells (E, F, G and H); Induce Go/G1 and S-phase arrest in H929 cells (I and J). Values shown
are mean * SE of 3 independent experiments. *, P <0.05, **¥, P <0.01, *** P <0.001 and ***¥, P <0.0001.

DHODNH inhibitors target c-Myc and p21

Having found that DHODH inhibitors affect
cancer cell proliferation and S-phase cell cycle arrest,
we next evaluated the potential downstream targets
of A771726 and BQR in A375, H929 and Ramos cells.
Signaling proteins such as c-Myc, p21, pERK
1/27202/204. NFkB and Bcl-xL were assessed. Treatment
with A771726 and BQR down-regulated the
expression of c-Myc in a time-dependent manner in
A375 cells (Figure 6A). Down regulation of c-Myc was
similarly achieved in H929 and Ramos cells after the
treatment (Figure 6B and 6C). As expected, the c-Myc
target gene p21, a cell cycle regulatory protein was up
regulated in A375 and H929 cells after the treatment

(Figure 6A and 6B). Intriguingly, we did not see the
expression of this protein in Ramos cells. We also
examined if the suppression of DHODH protein
expression through DHODH shRNA would suppress
c-Myc and p21 levels in A375 cells (Figure 6D). The
expression of c-Myc was significantly downregulated
in shRNA-transfected A375 cells but not the
siRNA-transfected cells (Figure 6D and 6E). Similarly,
p21 was upregulated in shRNA-transfected cells but
remain unchanged in the siRNA-transfected cells. The
expressions of pERK1/27202/204, pAkt, NFkB and
Bcl-xL in A375 cells were not affected by the treatment
with DHODH inhibitors and cells transfected with
either siRNA or shRNA (data not shown).
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Figure 6. DHODH inhibitors target c-Myc and p21 signaling proteins in cancer cells. Equal amounts of protein lysates were used for Western blot analysis with the
antibodies indicated. Tubulin-3 and GAPDH served as protein loading control. A, A375 cells were treated with DMSO or DHODH inhibitors and cells were
harvested at the indicated time point. B, H929 cells were treated with DMSO or DHODH inhibitors and cells were harvested at 48 hours after treatment. C, Ramos
cells were treated with DMSO or DHODH inhibitors and cells were harvested at 48 hours after treatment. D, A375 cells plated in 6-well plates were transfected with
DHODH shRNA (2 pg) or the control shRNA (2 pg) for 48 hours before immunoblotted with antibodies against c-Myc and p21. E, A375 cells plated in 6-well plates
were transfected with DHODH siRNA (4 nM) or the control siRNA (4 nM) for 48 hours before harvesting for Western blot assays as described above. Data
represents mean + SE of 3 independent experiments. *, P <0.05, **, P <0.01, **¥ P <0.001 and *** P<0.0001.

Discussion

De novo pyrimidine synthesis is essential in fast
growing cells for meeting their increased demand for
nucleic acid precursors (5). Dihydroorotate
dehydrogenase (DHODH) is the fourth and rate
liming enzyme in the synthesis pathway of
pyrimidines (8) found in the inner membrane of
mitochondria (19). Depletion of this enzyme leads to
reduction in cell growth, thus marking it as the best
target for therapeutic intervention (9, 26). Previous
studies have shown that DHODH protein was
up-regulated in transformed prostate epithelial cells,
PWR-1E and LNCaP cells (27) and transformed
keratinocytes, NHEK, HaCaT and COLO 16 cells (28),
relative to their normal counterparts. We examined
the expression of DHODH in human melanoma,
multiple myeloma and Ilymphoma and their
corresponding normal cells, melanocytes and PBMCs
and found that the expression level of DHODH
within the cancer cells was higher than their
corresponding normal cells, likely in response to a
higher demand for pyrimidines in the fast growing
cancer cells.

Thus far, several DHODH inhibitors namely,
LFM and BQR have been demonstrated to be effective

in treating immunological disorders such as multiple
sclerosis and rheumatoid arthritis (29) and certain
types of cancer (20). In the present study, we
investigated the role of DHODH inhibitors in A375,
H929 and Ramos cells and found that A771726
inhibited the cell proliferation of all three cancer cell
lines. Nearly 95% inhibition of cancer cell
proliferation was observed at clinically achievable
drug concentrations. These results stand in line with
findings from others who have seen similar cell
proliferation inhibition in myeloma and melanoma
cells (17, 24, 25). Likewise, treatment with BQR
inhibited proliferation of these cells in nanomolar
concentrations and this is also in agreement with a
previous report (30). We also demonstrated that the
anti-proliferative effects of A771726 and BQR in all
three cancer cell lines were primarily due to S-phase
arrest, as observed earlier in human prostate cancer,
DU145 (27), human gastrointestinal carcinoid cells
(33) and HaCaT cells (28).

It is well documented that A771726 and BOR
inhibit the enzymatic activity of DHODH (10, 16, 34)
and this was postulated to be the mechanism of cell
growth inhibition in cancer cells (17, 24, 25, 32).
Besides its role in de novo pyrimidine synthesis, Fang,
et al. (2013) reported that DHODH depletion induced
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mitochondrial dysfunction in HelLa human cervical
cancer cells (31). It has also been reported that LFM at
very high concentrations can inhibit some tyrosine
kinases which can further contribute to
immunosuppressive effect seen in wvivo. Hence,
additional molecular mechanisms responsible for its
anti-cancer effect remain to be further investigated.

Supplementation of exogenous uridine in cancer
cells is known to be able to rescue the DHODH
inhibitory effects of A771726 and BQR. To examine
whether depletion of DHODH protein is largely
accountable for the anti-proliferative effects of
A771726 and BQR, we carried out uridine rescue
experiments in A375 cells. In line with earlier reports
(25, 32) our data showed that wuridine
supplementation did not rescue A375 cells from the
anti-proliferative effects of A771726. On the contrary,
exogenous uridine was able to completely reverse the
anti-proliferative effect mediated by BQR at all
concentrations. These results strongly suggest that
two  mechanisms, @ DHODH-independent and
DHODH-dependent may possibly be involved in the
anti-proliferative effect of A771726 on A375 cells.
Since Brequinar sodium is a more selective inhibitor
of DHODH, the anti-proliferative effect was
completely reversed by uridine.

It is well documented that A771726 and BQR
inhibit the enzymatic activity of DHODH (10, 16, 34).
We showed here that treatment with DHODH
inhibitors does not affect the inherent abundance or
the expression of DHODH in the cancer cells although
a significant decreased in its enzymatic activity was
observed in all three cell lines. Similar to our finding,
He, et al. (2013) reported that BQR reduced cell
viability of U1690 cells but did not down regulate the
DHODH enzyme (32) although Leflunomide was
previously shown to drastically reduce the expression
of DHODH in neuroblastoma (18). These findings
suggest these inhibitors do not affect the
post-transcriptional, translational and degradation
regulation of DHODH in A375 cells. We employed
both siRNA and shRNA knockdown of DHODH
expression to validate the functional effect of
DHODH in the cancer cells. Stable but not the
transient knockdown of DHODH expression resulted
in the reduction of cell viability. Interestingly,
combination of DHODH knockdown (both transient
and prolonged) with DHODH inhibitor treatment
resulted in greater cell death in these cells, suggesting
an additive effect with a non-DHODH mediated
mechanism. Together, these results indicate inhibition
of DHODH is responsible for cell cycle arrest which
also sensitizes the cells to the effect of DHODH
inhibitors. Since cell cycle arrest was observed, we
next investigated the impact on c-Myc, pERK 1/2

T202/204. pAkt, NFkB, Bcl-xL and p21 signaling
proteins.

c-Myc, a proto-oncogene and transcription
factor, is one of the most commonly mutated protein
in human cancers (35, 36). It plays a critical role in
apoptosis, cell proliferation and differentiation and is
primarily overexpressed in human tumors. It acts
through regulating transcription of downstream
genes (5, 37). c-Myc has been described to reduce the
expression of p21 and p27 proteins and elevate the
expression of cell-cycle regulators such as cyclin D1,
D2 and CDK4 (38). Thus far, several molecules
inhibiting the c-Myc activity are known (39, 40) and
amongst them 10058-F4 is considerably the most
studied compound (41). In addition, Cherwinski et al,
(1995), Liu Y (2009) and White et al, (2011) reported
that DHODH is a direct molecular target of c-Myc.
Hence, a combination therapy with c-Myc inhibitor
can be explored as a potential therapy in human
cancers associated with c-Myc deregulation.

Here, we showed that DHODH inhibitors affect
c-Myc expression in cancer cells. Our findings
strongly demonstrate a decrease in c-Myc levels in
A375, H929 and Ramos cells upon treatment with
A771726 and Brequinar sodium. Correspondingly, the
cell-cycle regulatory protein, p21 was observed to be
up-regulated in both A375 and H929. Our data is in
agreement with a previous report that has
demonstrated a decline in c-Myc and increase in p21
expression in acute myeloid leukemia with 10058-F4,
a small-molecule c-Myc inhibitor (42). c-Myc is
up-regulated in dividing cells and down-regulated as
cells exit the cell cycle. This observation supports our
cell cycle data that showed DHODH inhibitors
arrested A375, H929 and Ramos cells at S-phase (43).
In contrast, a prior study has shown that Leflunomide
did not decrease the expression of c-Myc protein in
A375 cells, although a significant increase in p21
levels was observed (25). In line with compound
treatment, c-Myc expression in DHODH shRNA
transfected cells was lesser as opposed to the control
A375 cells, which could explain the inhibition of
proliferation with shRNA treatment.

Taken together, our findings provide
unambiguous evidence that DHODH inhibitors,
A771726 and Brequinar sodium as well as prolonged
DHODH knockdown cause inhibition of cancer cells
proliferation, arrest cancer cells predominantly at
S-phase and decreased c-Myc protein expression.
Since DHODH is vital for cell proliferation, we found
that prolonged DHODH knockdown resulted in
growth retardation in melanoma cells. Therefore, our
studies suggest that these inhibitors can potentially be
used for the treatment of melanoma, myeloma and
lymphoma and DHODH enzyme can be explored as a
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potential drug target in cancer therapy.
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