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ABSTRACT

DNA damage by genotoxic drugs such as gemcitabine and 5-fluorouracil (5-FU) activates the ataxia
telangiectasia, mutated (ATM)-Chk pathway and induces the expression of NKG2D ligands such as the
MHC class I-related chain A and B (MICA/B). The mechanisms underlying this remain incompletely
understood. Here we report that xanthine oxidoreductase (XOR), a rate-limiting enzyme that produces
uric acid in the purine catabolism pathway, promotes DNA damage-induced MICA/B expression. Inhibition
of the ATM-Chk pathway blocks genotoxic drug-induced uric acid production, TGF-B-activated kinase 1
(TAK1) activation, ERK phosphorylation, and MICA/B expression. Inhibition of uric acid production by the
XOR inhibitor allopurinol blocks DNA damage-induced TAK1 activation and MICA/B expression in geno-
toxic drug-treated cells. Exogenous uric acid activates TAK1, NF-kB, and the MAP kinase pathway. TAK1
inhibition blocks gemcitabine- and uric acid-induced MAP kinase activation and MICA/B expression.
Exogenous uric acid in its salt form, monosodium urate (MSU), induces MICA/B expression and sensitizes
tumor cells to NK cell killing. MSU immunization with irradiated murine breast cancer cell line RCAS-Neu
retards breast cancer growth in syngeneic breast cancer models and delays breast cancer development in
a somatic breast cancer model. Our study suggests that uric acid accumulation plays an important role in
activating TAK1, inducing DNA damage-induced MICA/B expression, and enhancing antitumor immunity.
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Introduction

The NKG2D ligand family includes several members of the reti-
noic acid early transcript 1 (RAET1) (Rae 1, H60, and Multl in
rodents, four UL-16 binding proteins in humans) and the MHC
class I-related chain A and B (MICA/B), two glycosylated, poly-
morphic, and non-classical MHC class I transmembrane
proteins’. NKG2D ligand expression is undetectable or low in
normal epithelial cells but is overexpressed in a variety of tumors
such as melanoma, breast, colon, hepatocellular, prostate cancer,
and leukemia.>” Activation of the MAP kinase pathway due to
RAS or BRAF gene mutations and the promoter DNA demethyla-
tion contribute to increased MICA/B expression.*® NKG2D
ligands bind to their receptor expressed on natural killer cells,
v8 T cells, and CD8" T cells and play an important role in
activating immune cells and antitumor immunity.”

Genotoxic drugs such as 5-fluorouracil (5-FU) or gemcita-
bine are thought to exert their tumoricidal effects by inhibiting
DNA replication and cell proliferation and by inducing apop-
tosis. Van der Meer et al.” recently reported that gemcitabine
increases the sensitivity of ovarian cancer cells to CD34" pro-
genitor-derived NK cells in vitro and in vivo in NOD/SCID/
IL2RgN"" mice. However, it has been increasingly recognized
that genotoxic drugs mediate their antitumor activity in part by
eliciting antitumor immune response. In particular, genotoxic
drugs stimulate MICA/B expression on fast proliferating

fibroblasts and tumor cells by activating the ATM-Chk
pathway.” This pathway is primarily responsible for repairing
DNA double-strand breaks and for phosphorylating p53 and
CDC25A to halt cell cycle progression. Interestingly, activation
of the ATM-Chk pathway also leads to up-regulation of MICA/
B expression.” '* Several studies suggest that NF-kB activation
is involved in DNA damage-induced MICA/B expression.'>'*

The expression of xanthine oxidoreductase (XOR), a rate-
limiting enzyme in the purine catabolism pathway, is down-
regulated in several types of malignancy including breast, colon,
gastric, and lung cancers.'> XOR converts purine nucleotides to
uric acid and reactive oxygen species.'>'® Uric acid is a novel
“danger signal” that activates innate immunity.'” Uric acid pro-
duced in apoptotic or necrotic cells can induce the expression of
the co-stimulatory molecules CD80 and CD86 in dendritic cells
and promote dendritic cell maturation.'® Our prior study suggests
that XOR and uric acid accumulation play an important role in
activating the MAP kinase and inducing MICA/B expression in
DNA-damaged tumor cells."”” However, whether the ATM-Chk
pathway regulates MICA/B expression through uric acid produc-
tion is not clear. How uric acid activates the MAP kinase pathway
and induces MICA/B expression remains unknown.

TAKI1 is a serine/threonine kinase that phosphorylates and
activates a variety of kinases including ERK, p38, c-Jun terminal
kinase (JNK), AMP-activated kinase (AMPK), and the I-kappa
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B kinase complex (IKK).*® TAKI1 plays a crucial role in cell
survival, differentiation, apoptosis, autophagy, and the inflam-
matory response.”>*' TAKI1 is activated by various receptors
such as the IL-1 and TGF-P receptors, the Toll-like receptors,
and the B cell receptor.””*' Several prior studies have shown
that DNA damage activates TAK1, NK-«B, and the MAP kinase
pathways.”® Singh et al. recently reported that uric acid is cap-
able of locking TAKI in an active-state conformation, resulting
in sustained TAKI kinase activation.”” We hypothesize that
activation of the ATM-Chk pathway in genotoxic-stressed cells
may induce NKG2D ligand expression by uric acid-activated
TAK1. Here we report that uric acid production indeed plays
a crucial role in activating TAK1 and inducing MICA/B expres-
sion in genotoxic drug-treated cells; Inhibition of TAK1 blocks
DNA damage- and uric acid-induced MICA/B expression. Our
study unveils a previously unrecognized pathway that regulates
the expression of NKG2D ligands in DNA-damaged cells.

Materials and methods
Reagents

5Z-7-oxozeaenol (5Z), allopurinol (AP), uric acid, and 5-FU
were purchased from Sigma Aldrich, Inc. (St. Louis, MO,
USA). MSU crystals were prepared as previously
described.”**  2,7-dichlorodihydrofluorescin  diacetate
(DCFH-DA) was purchased from Molecular Probes, Inc.
(Eugene, OR, USA). KU-55933 (S1092) was purchased from
Selleck Chemicals LLC (Shanghai, China). Gemcitabine
(Gemzar, Eli Lilly, Indianapolis, IN, USA) was purchased as
a lyophilized powder and reconstituted in saline at 130 pM.
Antibodies against TAKI (5206S), TAK1%*'? (9339S), ATM
(2873S), Chk1 (2360S), p65°>*° (3033S), ERK®*°*2%* (3510S),
ERK (4685S), p38™ 187182 (9211S), p38 (8690S), JNK (92528),
JNKT183/185 (4668S), and Chk2 (6334S) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Antibodies
against p65 (sc-372), B-Actin (sc-47778), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and debromohyme-
nialdisine (DBH) (sc-202127) were obtained from Santa Cruz
Biotechnology, Inc. (San Diego, CA, USA). The XOR expres-
sion vector and an anti-XOR rabbit antiserum were kindly
provided by Dr. Richard Wright (The University of
Colorado, CO, USA). Antibodies against MICA/B mAb
(Clones 6D4, #320902), FITC-conjugated anti-human CD80
(Clone 2D10, #305205), and PE-conjugated anti-human CD86
(Clone BU63, #374205) were purchased from BioLegend (San
Diego, CA, USA). Recombinant human IL-1p (#201-LB),
recombinant human TNF-a (#210-TA), PGE2 (#2296), and
FITC-conjugated anti-Pan-Rael antibody (#18107) were pur-
chased from R&D Systems (Minneapolis, MN, USA). The anti-
NKG2D neutralizing antibody (clone 2D11, #H00135250-
MO1) was purchased from Novus Biologicals, Inc.
(Centennial, CO, USA). TAKI siRNA (6317S), ATM siRNA
(6328S), Chkl siRNA (6241S), and Chk2 siRNA (6276S) were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). The scrambled control siRNA, TurboFect transfection
reagent, and siRNA transfection reagent Lipofectamine
RNAIMAX were purchased from Life Technologies
(Invitrogen Life Technologies, Inc., Grand Island, NY, USA).

Cells

MCEF-7 (#HTB-22), HT-29 (#HTB-38), HeLa (#CCL-2), CT26
(#CRL-238), and B16-F10 (#CRL-475) cells were purchased
from the American Tissue Culture Collection (Manassas, VA,
USA). MCE-7 cells were cultured in MEM medium containing
10% fetal bovine serum and human recombinant insulin
(10 pg/ml). RCAS-Neu cells are a murine breast cancer cell
line that is derived from a breast cancer induced in TVA
transgenic mice through intraductal injection of an avian retro-
viral vector encoding a mutant rat Neu oncogene.”> RCAS-
Neu, CT26, and HT-29 cells were grown in complete RPMI
1640 medium containing 10% fetal bovine serum. HeLa and
B16-F10 cells were grown in DMEM with 10% fetal bovine
serum. NK-92 cells, a human natural killer cell line kindly
provided Dr. Hans-G. Klingemann (Tufts-New England
Medical Center, Boston, USA), were grown in MyoloCult
H5100 medium (StemCell Technologies, Vancouver, BC,
Canada) supplemented with 100 units IL-2/ml.

MICA/B expression in dendritic cells

(DCs). DCs were prepared by culturing human peripheral
blood monocytes for 3 days in the presence of GM-CSF (200
IU/ml) and IL-4 (200 IU/ml). The cells were then left unsti-
mulated or stimulated with MSU (200 pug/ml) or TNF-a(20 ng/
ml), PGE2 (1 uM), and IL-1p (10 ng/ml) for 16 hr. Cells were
analyzed for CD80 and CD86 expression by double staining
with anti-CD80-FITC and anti-CD86-PE and FACS. Mouse
IgG antibodies conjugated with PE or FITC were included as
isotype controls. MICA/B expression was analyzed by staining
with a FITC-conjugated anti-MICA/B antibody.

TAK1, ATM, Chk1, and Chk2 knockdown

HeLa cells seeded in 6-well plates were transfected with
scrambled control siRNA, TAK1 siRNA, ATM siRNA, Chkl
siRNA, or Chk2 siRNA by using a Lipofectamine RNAIMAX
transfection kit according to the manufacturer’s instruction.
After incubation for 24 hr, the cells were left untreated or
treated with 5-FU (10 uM) or gemcitabine (2 uM) for various
lengths of time. Single-cell suspensions were prepared and
analyzed for MICA/B expression by flow cytometry. Cell
lysates were prepared and analyzed for protein phosphoryla-
tion and total protein levels by Western blot.

Flow cytometric analysis

MICA/B expression was stained as reported in our prior
publications'>*® and analyzed in a fluorescence-activated cell-
sorter scanner (Becton Dickinson, Palo Alto, CA, USA) with
Cell Quest software or in a Beckman Coulter flow cytometer
(Model CyAn ADP) with Flow]Jo software.

Quantification of uric acid

HeLa cells were lysed in the buffer containing Tris-HCI,
50 mM, pH 8.0; 2 mM EDTA, 1% Triton X-100 and followed
by homogenization for 10 seconds. The lysates were incubated



on ice for 30 min and spun down at 2000 g for 15 min. The
supernatants were collected and analyzed for uric acid concen-
tration by using a uric acid kit (BioAssay Systems, Hayward,
CA, USA).

Reactive oxygen species (ROS) analysis

MCE-7 cells were transfected with pcDNA3.1 or the pCMV-
XOR expression vector. After incubation for 24 hr, 5-FU
(10 pM) or gemcitabine (2 puM) were added and then incubated
for 4 hr. Single-cell suspensions were prepared and then loaded
with fluorescein dye DCFH-DA (20 nM) at 37°C for 15 min.
Intracellular ROS levels were assayed in a Beckman Coulter
flow cytometer (Model CyAn ADP) with Flow]Jo software.

Western blot

MCEF-7 cells were first transiently transfected with the
pcDNA3.1 expression vector or the vector encoding a human
XOR by using the TurboFect transfection reagent following the
manufacturer’s instruction. MCF-7 and HeLa cells were treated
with 5-FU (10 uM), gemcitabine (2 uM), or the various con-
centrations of MSU and then incubated for the indicated time
points. Cell lysates were first analyzed for protein phosphor-
ylation by Western blot. Membranes were then stripped and
re-probed with antibodies against their total proteins.

Chromium release assay

Cells were grown in T-25 flasks. Upon 90% confluence, the cell
monolayers were washed and treated with Cell Dissociation
Solution (Sigma, St. Louis, MO). Single-cell suspensions were
labeled with *'Cr (50/uCi per 1 x 10° cells) at 37°C for 1 hr.
Cells were washed three times with Hank’s balanced salt solu-
tion. The cells (5000 per well) were added in triplicate in a 96-
well U-bottom plate in the absence or presence of NK-92 cells
at the ratio as indicated. Cells were incubated at 37°C in
a humidified CO, incubator for 4 hr. The supernatants were
collected and transferred to a Ready-Cap. The radioactivity was
read in a gamma counter (Becton Dickinson, Palo Alto, CA,
USA). To test whether NK-92 cell-mediated cytotoxic activity
on HT-29 and HeLa cells was mediated by MICA/NKG2D
interaction, anti-MICA/B mAb (6D4, 1 pg/15,000 tumor
cells) and anti-NKG2D mAb (2 pg/75,000 NK-92 cells) were
premixed with tumor cells and NK-92 cells, respectively, and
incubated for 30 min.

Animal experiments

All animal experiments were conducted in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Institutional Animal Care and
Use Committee of Rush University Medical Center. Female
FVB mice (6-7-wks-old; 6 mice/group) were immunized with
MSU (200 pg/mouse) minus or plus irradiated RCAS-Neu
breast cancer cells (5x10%/mouse) by subcutaneous injection.
Irradiation was conducted by exposing cells to a 137 Cs
resource in a CIS Biointernational generator at a rate of
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1.45 Gy per minute. Two weeks after immunization, RCAS-
Neu cells (2x10°/mouse) were injected into the fat pad. Tumor
volumes were measured using a caliper, twice a week, and
calculated based on the formula of length x width® x  + 6.
Mice were sacrificed on day 42 after tumor implantation.

An orthotopic breast cancer model was also used to evaluate
the antitumor activity of MSU. Briefly, female FVB mice
(6-7-wks-old; 6 mice/group) were immunized with irradiated
RCAS-Neu cells (5x10° cells/mouse) minus or plus MSU
(200 pg/mouse) by subcutaneous injection. Two weeks after
immunization, RCAS-Neu cells (5x10* cells in 10 pl/gland/
mouse) were given by intraductal injection. Two weeks after
tumor cell implantation, mice were immunized with irradiated
RCAS-Neu cells (5x10° cells/mouse) minus or plus MSU
(200 pg/mouse) again. Mice were observed weekly for tumor
development.

MSU-mediated antitumor immunity was further investi-
gated on a somatic breast cancer model as previously
reported.””*® Briefly, female TVA-transgenic mice (10 mice/
group), which express the receptor for an avian retrovirus
vector (RCAS) on mammary epithelial cells, were infected
with RCAS-Neu virus (1x10° virions/gland/mouse in 10 pl)
by intraductal injection. MSU were administered weekly by
subcutaneous injection (200 pg/mouse) from the 3" week for
5 weeks consecutively. Mice were monitored for tumor occur-
rence by palpation for 7 months after tumor induction.

Statistical analysis

Differences in the density of Western blot bands, uric acid
levels, the cytotoxicity of HT-29 and HeLa cells between dif-
ferent treatment groups were statistically analyzed by using an
unpaired Student’s ¢ test or Analysis of Variance (ANOVA)
when the data set has three or more independent groups. The
differences in tumor volumes were statistically analyzed by
using the one-way repeated measure ANOVA. The difference
of tumor occurrence between the untreated and MSU-treated
groups was statistically analyzed by using a Log-Rank test. A p
value of <0.05 was considered statistically significant. All sta-
tistics were performed with SigmaPlot 11 software (Systat
Software, Inc, San Jose, CA, USA).

Results

Genotoxic drugs induce MICA/B expression in
XOR-transfected MCF-7

Previous studies showed that MCF-7 cells do not express
XOR.**?® Qur prior study suggests that uric acid produced
by XOR plays an important role in activating the MAP kinase
pathway and subsequently inducing MICA/B expression in
DNA-damaged cells."” Here we examined the effect of XOR
overexpression on the levels of ERK, ROS, uric acid produc-
tion, and MICA/B in MCEF-7 cells treated with 5-FU and
gemcitabine. As shown in Figure 1a, XOR was overexpressed
in MCEF-7 cells transiently transfected with an expression vec-
tor encoding a human XOR gene (pCMV-XOR). The levels of
XOR were very low in MCF-7 cells transfected with pcDNA3.1
(Figure 1a). 5-FU (10 uM) and gemcitabine (2 pM) induced
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ERK phosphorylation in XOR-transfected MCF-7 cells but
only did little in MCE-7 cells transfected the pcDNA3.1 vector
(Figure 1a). Of note, the concentrations of 5-FU and gemcita-
bine used in these studies were based on our prior study'® and
many other publications. Consistently, the basal levels of uric
acid (Figure 1b) and ROS (Figure 1c) were significantly higher
in MCF-7 cells transfected with pCMV/XOR than pcDNA3.1.
The levels of uric acid were significantly higher in XOR-
transfected cells treated with 5-FU or gemcitabine than in
their  corresponding  pcDNA3.1-transfected  controls
(Figure 1b). 5-FU and gemcitabine did not significantly
increase ROS levels in pcDNA-transfected MCF-7 but signifi-
cantly increased ROS levels in XOR-transfected cells
(Figure 1c). The basal levels of MICA/B expression were sig-
nificantly higher in XOR-transfected MCF-7 cells than in
pcDNA-transfected MCF-7 cells (Figure 1d). 5-FU and gemci-
tabine further increased MICA/B expression in XOR-
transfected but not pcDNA3.1-transfected cells (Figure 1d).

ATM-Chk inhibitors block uric acid production, MAP kinase
activation, and MICA/B expression

It is well documented that activation of the ATM-Chk pathway
leads to NKG2D ligand up-regulation.'* To determine if ATM-
Chk activation regulates MICA/B expression through urid
acid, we first tested if ATM-Chk activation was also responsible
for increased uric acid production and for increased ERK
phosphorylation. As shown in Figure 2a, KU-55933 (5 uM),

an ATM inhibitor, and DBH (10 uM), a Chk inhibitor, did not
affect the basal levels of TAK1 and ERK phosphorylation but
blocked 5-FU- and gemcitabine-induced TAK1 and ERK phos-
phorylation in HeLa cells. Consistently, these inhibitors had no
effect on the basal uric acid levels (Figure 2b). 5-FU (10 uM)
and gemcitabine (2 uM) significantly increased uric acid levels,
which was blocked by the inhibitors of ATM and Chk
(Figure 2b). These inhibitors also blocked 5-FU- and gemcita-
bine-induced MICA/B expression in HeLa cells (Figure 2c).
Similar observations were made with HT-29 cells (data not
shown).

ATM and Chk knockdown blocks DNA damage-induced
MICA/B expression

We next tested if inhibition of ATM and Chk activity by
siRNA had the same effects as ATM and Chk inhibitors.
ATM, Chkl, and Chk2 expression was effectively down-
regulated by their siRNA (Figure 3a). 5-FU (10 uM) and
Gem (2 pM) significantly increased TAK1 and ERK phos-
phorylation in control siRNA-transfected cells but not in
HeLa cells transfected with ATM, Chkl, and Chk2 siRNA
(Figure 3a). 5-FU and gemcitabine increased the levels of
uric acid (Figure 3b) and MICA/B (Figure 3c) in HeLa cells
transfected with control siRNA but not in those transfected
with ATM, Chkl, or Chk2 siRNA. These observations collec-
tively suggest that ATM-Chk activation leads to increased
uric acid production.
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Figure 1. XOR overexpression enhances genotoxic drug-induced MAP kinase activation, ROS production, uric acid production, and MICA/B expression. MCF-7
cells were transiently transfected with the pcDNA3.1 vector or pCMV/XOR. After incubation for 24 hr, the cells were left untreated or treated with 5-FU (10 pM) or
gemcitabine (2 pM) for 24 hr. Cell lysates were prepared and analyzed for ERK phosphorylation by Western blot (a) and for uric acid concentrations by using a uric acid
assay kit (b). Relative phosphorylation levels were analyzed by quantifying the density of phosphorylated ERK bands normalized by the density of their total protein
bands with NIH Image-J software and presented in a bar graph. Data are the mean + standard deviation (SD) of three experiments. **p < .01, compared to the untreated
control. p < .01, compared to the corresponding pcDNA3.1-transfected controls. Gem, gemcitabine. For assaying the levels of ROS and MICA/B, MCF-7 cells were
treated as above and incubated for 4 or 24 hr, respectively. Single-cell suspensions were prepared and pulsed with the DCFH-DA fluorescent dye (c) or stained with a PE-
conjugated anti-MICA/B antibody (d), followed by analysis with flow cytometry. (c) Green line, unstained; Red line, ROS; (d) Green line, isotype control; Red line, MICA/B.

The data represent one of three independent experiments with similar results.
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Figure 2. ATM and Chk1/2 inhibition blocks MAP kinase activation, uric acid production, and MICA/B expression. Hela cells grown in 6-well plates were
incubated for 24 hr in the absence or presence of 5-FU (10 uM) or gemcitabine (2 uM) minus or plus KU-55933 (5 pM) or DBH (10 uM). Cell lysates were prepared and
analyzed for TAK1 and ERK phosphorylation (a) by Western blot and uric acid levels by using a uric acid assay kit (b). Relative phosphorylation levels were analyzed by
quantifying the density of phosphorylated TAK1 and ERK bands normalized by the density of their corresponding total protein bands with NIH Image-J software and
presented as bar graphs. Data in (a) and (b) are the mean + SD of three experiments. **p < .01, compared to the untreated control. “p < .05, *p < .01; ns, not significant,
compared to their corresponding no-inhibitor controls. For assaying the levels of MICA/B, Hela cells were treated as above and incubated for 24 hr, single-cell
suspensions were stained with a PE-conjugated anti-MICA/B antibody (c). The levels of MICA/B expression were analyzed by flow cytometry. Green line, isotype control;
Red line, MICA/B. The data represent one of three independent experiments with similar results.

Gemcitabine induces ERK phosphorylation and MICA/B
expression by activating TAK1

Singh et al.*? recently reported that uric acid activates
TAKI1, a serine/threonine kinase that activates multiple sig-
naling pathways such as ERK and NF-kB. Our prior study
showed that gemcitabine induces ERK phosphorylation and
MICA/B expression.'"” Here we tested if genotoxic drug-
induced ERK phosphorylation and MICA/B expression was
mediated by uric acid-activated TAKl. As shown in
Figure 4a, gemcitabine increased the levels of TAK1, JNK,
p38, and p65 phosphorylation in HeLa cells in a time- and
dose-dependent manner. 5Z (5 uM), a TAK1-specific inhi-
bitor, blocked gemcitabine-induced TAKI, ERK, JNK, p38,
and p65 phosphorylation (Figure 4b). Flow cytometry
revealed that gemcitabine-induced MICA/B expression was
also blocked by 5Z (5 uM) (Figure 4c). Similar observations
were made with 5-FU in HelLa cells and with gemcitabine in
HT-29 cells (data not shown).

The role of TAK1 in mediating genotoxic drug-induced
ERK phosphorylation and MICA/B expression was further
confirmed by TAK1 knockdown. As shown in Figure 4b,
TAK1 was effectively silenced in HeLa cells transfected with
TAK1 siRNA, compared to that transfected with scrambled
siRNA as a control. Gemcitabine (2 pM) was able to induce
TAK1, ERK, JNK, p38, and p65 phosphorylation in control
siRNA-transfected but not TAK1 siRNA-transfected HeLa
cells. TAK1 knockdown also blocked gemcitabine-induced
MICA/B expression in HeLa cells (Figure 4d).

Genotoxic drugs activate TAK1 by uric acid accumulation

Allopurinol (AP) is an XOR-specific inhibitor that inhibits uric
acid production and has been used as an anti-uric acid drug for
treating gout.”’ Our prior study demonstrated that AP blocks
genotoxic drug-induced uric acid and ROS production, ERK
phosphorylation, and MICA/B expression.'” Here we tested if
inhibition of uric acid production by AP also blocked
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Figure 3. ATM and Chk silencing blocks genotoxic drug-induced ERK phosphorylation, uric acid production, and MICA/B expression. Hela cells were
transfected with scrambled control siRNA, ATM siRNA, Chk1 siRNA, or Chk2 siRNA. After incubation for 24 hr, the cells were left untreated or treated with 5-FU (10 uM) or
gemcitabine (2 uM) for another 24 hr. Cell lysates were prepared and analyzed for TAK1 and ERK phosphorylation by Western blot (a) and uric acid levels by using a uric
acid assay kit (b). Relative phosphorylation levels were analyzed by quantifying the density of phosphorylated TAK1 and ERK bands normalized by the density of their
corresponding total protein bands with NIH Image-J software and presented as bar graphs. Data are the mean + SD of three experiments. **p < .01, compared to the
untreated control. p < .01; ns, not significant, compared to the corresponding control siRNA-transfected controls. Single-cell suspensions were prepared and analyzed
for the levels of MICA/B expression (c) by flow cytometry. Green line, isotype control; Red line, MICA/B. The data represent one of three independent experiments with

similar results.

genotoxic drug-induced activation of TAKI and its down-

stream molecules. As shown in Figure 5a, AP

(200 pg/ml)

indeed blocked TAKI1, JNK, ERK, p38, and p65 phosphoryla-
tion (Figure 5a) in HeLa cells treated with gemcitabine (2 uM).
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Figure 4. Gemcitabine induces ERK phosphorylation and MICA/B expression by activating TAK1. (a) Hela cells were treated with the indicated concentrations of
gemcitabine for 24 hr or treated with gemcitabine (2 uM) for the indicated lengths of time. Cell lysates were prepared and analyzed for TAK1, ERK, JNK, p38, and p65
phosphorylation as well as their total proteins by Western blot. (b) HeLa cells were incubated for 24 hr in the absence or presence of gemcitabine (2 pM) minus or plus
5Z (5 pM). Alternatively, Hela cells were transfected with a scrambled control siRNA or TAK1 siRNA. After incubation for 24 hr, the cells were left untreated or treated
with gemcitabine (2 pM) for another 24 hr. Cell lysates were prepared and analyzed for TAK1, ERK, JNK, p38, and p65 phosphorylation and their total proteins by
Western blot. Relative phosphorylation levels were analyzed by quantifying the density of phosphorylated protein bands normalized by the density of their
corresponding total protein bands with NIH Image-J software and presented as bar graphs. Data are the mean + SD of three experiments. **p < .01, compared to
the untreated control. “p < .01, compared to the corresponding no-inhibitor or control siRNA-transfected controls. (c & d) Hela cells were treated with gemcitabine
minus or plus 5Z (c) or transfected with TAK1 siRNA and treated with or without gemcitabine as described above (d). Single-cell suspensions were prepared and
analyzed for MICA/B expression by flow cytometry. Green line, isotype control; Red line, MICA/B. The data represent one of three independent experiments with similar
results.
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Figure 5. Genotoxic drugs activate TAK1 by uric acid production. (a) HelLa cells were incubated in the absence or presence of gemcitabine (2 pM) and allopurinol
(AP) (200 pg/ml). After incubation for 24 hr, cell lysates were prepared and analyzed for TAK1, ERK, JNK, p38, and p65 phosphorylation and their total proteins by
Western blot. (b) XOR overexpression enhances genotoxic drug-induced TAK1 activation. MCF-7 cells were transfected with pcDNA3.1 or pCMV/XOR. After incubation
for 24 hr, the cells were left untreated or treated with gemcitabine (2 pM) or 5-FU (10 pM) for another 24 hr. The cells were harvested and analyzed for the levels of TAK1,
INK, p38, and p65 phosphorylation and their total proteins by Western blot. Relative phosphorylation levels were analyzed by quantifying the density of phosphorylated
protein bands normalized by the density of their corresponding total protein bands with NIH Image-J software and presented as bar graphs. Data are the mean * SD of
three experiments. **p < .01, compared to the untreated control. “p < .05, p < .01, compared to the corresponding gemcitabine or pcDNA3.1-transfected controls.

XOR overexpression enhanced the basal levels of JNK, p38, and
p65 phosphorylation in MCEF-7 cells, compared to that in
pcDNA3.1-treated cells (Figure 5b). 5-FU (10 uM) and gemci-
tabine (2 uM) weakly or moderately increased TAKI, p38, JNK,
and p65 phosphorylation in pcDNA3.1- and XOR-transfected
MCE-7, compared to that in the untreated control (Figure 5b).

Uric acid activates TAK1 to induce ERK phosphorylation
and MICA/B expression

Having shown that uric acid produced by XOR played an
important role in DNA damage-induced TAK1 phosphoryla-
tion and MICA/B expression, we next tested whether uric acid
was able to directly activate TAK1. As shown in Figure 6a, uric
acid in its salt form, MSU, increased TAK1, ERK1, JNK, p38,
and p65 phosphorylation (Figure 6a) in HeLa cells in a time-
and dose-dependent manner. We next tested if MSU-induced
ERK and TAK1 phosphorylation and MICA/B expression was
indeed mediated by TAK1. We found that 5Z blocked MSU-
induced TAKI, ERK, JNK, p38 and p65 phosphorylation
(Figure 6b) and MICA/B expression (Figure 6¢) in HelLa
cells. Consistently, TAK1 siRNA blocked MSU-induced
TAKI. ERK, JNK, p38, and p65 phosphorylation (Figure 6b)
and MICA/B expression (Figure 6d) in HeLa cells. Similar
observations were made with 5-FU in HeLa cells and with
gemcitabine in HT29 cells (data not shown).

MSU induces NKG2D ligand expression and sensitizes
tumor cells to NK cell killing

Uric acid has been considered a novel “danger” signal that can
alert the immune system.'”>>** Uric acid has been shown to be
able to activate dendritic cells (DCs).?> Here we first deter-
mined if MSU could induce MICA/B expression in human
DCs. As shown in Figure 7a, MSU increased the levels of
CD80/CD86 and MICA/B equivalent to that in DCs activated
by TNF-a, IL-1B, and PGE. We next determined the ability of

genotoxic drugs and MSU to induced NKG2D ligand expres-
sion in murine tumor cells. As shown in Figure 7b, MSU
induced Rae I expression in B16-F10 (a melanoma cell line),
CT26 (a colon cancer cell line), and RCAS-Neu (a murine
breast cancer cell line) cells. As previously reported,'”” MSU
also induced MICA/B expression in HeLa and HT-29 cells
(Figure 7c). We next investigated if increased MICA/B expres-
sion in tumor cells would render them more sensitive to NK
cell killing. As shown in Figure 7d, NK92 cells, a human NK
cell line, killed HeLa and HT-29 cells pretreated with MSU
more potently than in untreated controls and those pretreated
with allopurinol as a negative control. Increased killing by NK
cells was mediated by increased MICA/B expression since an
anti-MICA/B and anti-NKG2D neutralizing antibody alone or
in combination eliminated NK9 2 cell-mediated cytotoxicity
against MSU-pretreated HeLa and HT-29 cells (Figure 7e).

MSU induces antitumor immunity

Having shown that MSU was able to induce NKG2D ligand
expression in both DCs and tumor cells and to sensitize tumor
cells to NK cell killing, we then investigated if MSU could
induce antitumor immunity in vivo. We first used
a syngeneic murine xenograft model to determine if MSU co-
immunization with irradiated RACS-Neu cells could slow
down or prevent tumor growth. As shown in figure 7f, immu-
nization once with irradiated RCAS-Neu plus MSU was able to
weakly but significantly retard the growth of RCAS-Neu
tumors implanted in the fat pad of FVB mice. Immunization
with MSU or irradiated RCAS-Neu cells alone did not affect
RCAS-Neu tumor growth. We next determined if MSU plus
RCAS-Neu immunization twice could elicit antitumor activity
in a syngeneic orthotopic breast cancer model. As shown
Table 1, twice immunization with MSU plus RCAS-Neu almost
completely prevented the development of RCAS-Neu breast
cancer in a syngeneic orthotopic model. In contrast, unimmu-
nized mice or mice immunized with RCAS-Neu cells alone
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Figure 6. Uric acid activates TAK1 to induce ERK phosphorylation and MICA/B expression. (a) Hela cells were incubated in the absence or presence of the
indicated concentrations of MSU for 2 hr or incubated with MSU (200 pg/mL) for the indicated lengths of time. Cell lysates were prepared and analyzed for TAK1, ERK,
INK, p38, and p65 phosphorylation and their total proteins by Western blot. (b) MSU induces ERK phosphorylation by activating TAK1. HeLa cells were incubated in the
absence or presence of MSU (200 pg/mL) and 5Z (5 uM) for 2 hr (b). Alternatively, HeLa cells were transfected with a scrambled control siRNA or TAK1 siRNA. After
incubation for 48 hr, the cells were left untreated or treated with MSU (200 pg/ml) for another 2 hr. The cells were harvested and analyzed for TAK1, ERK, JNK, p38, and
p65 phosphorylation and their total proteins by Western blot. Relative phosphorylation levels were analyzed by quantifying the density of phosphorylated protein
bands normalized by the density of their corresponding total protein bands with NIH Image-J software and presented as bar graphs. Data are the mean + SD of three
experiments. *p < .05, **p < .01, compared to the untreated control. *p < .01, compared to their corresponding MSU or control siRNA-transfected controls. (c & d) Hela
cells were incubated in the absence or presence of MSU (200 ug/mL) and 5Z (5 uM) for 24 hr. Alternatively, HelLa cells were transfected with a scrambled control siRNA or
TAK1 siRNA. After incubation for 24 hr, the cells were left untreated or treated with MSU (200 pg/ml) for another 24 hr. Single-cell suspensions were prepared and
stained for MICA/B expression followed by flow cytometry. Green line, isotype control; Red line, MICA/B. The data represent one of three independent experiments with
similar results.
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Figure 7. The in vitro and in vivo antitumor activity of MSU. (a) DCs were left unstimulated or stimulated with MSU (200 ug/ml) or a cocktail of the inflammatory
cytokines (TNF-a, PGE2, and IL-1) for 16 hr. Single-cell suspensions were analyzed for CD80 and CD86 expression by double staining with anti-CD80-FITC and anti-CD86
-PE by FACS. Mouse IgG antibodies conjugated with PE or FITC were included as isotype controls. MICA/B expression was analyzed by staining with a FITC-conjugated
anti-MICA/B antibody. Green line, isotype control; Red, Orange, and blue lines denote MICA/B in DCs left untreated or treated with the cytokine cocktail or MSU,
respectively. (b) MSU induces NKG2D ligand expression in murine tumor cell lines. B16-F10, CT26, and RCAS-Neu cells were incubated with MSU (200 pg/ml) for 20 hr,
single-cell suspensions were analyzed for Rae | expression by flow cytometry. (c) HeLa and HT-29 cells were pre-incubated with MSU (200 pg/ml) for 20 hr, the cells were
harvested and analyzed for MICA/B expression by flow cytometry. (d) MSU-treated cells (20,000 cells/sample) were labeled with >'Cr for cytotoxicity assay and were
mixed with NK-92 cells with the indicated ratios. After incubation for 4 hr, the supernatants were collected and assayed for >'Cr release. () HeLa and HT-29 cells were
pretreated with MSU for 20 hr and then labeled with 51Cr. Tumor cells (20,000 cells/sample) and NK-92 cells (1x106/sample) were preincubated at 37°C for 30 min with
an anti-MICA/B mAb (6D4) and anti-NKG2D mAb (clone 1D11), respectively. Mouse IgG was used as a negative control. Cells were mixed at the effector:target ratio of
1:10 and then incubated for 4 hr. The supernatants were collected and analyzed for the release of >'Cr in a scintillation counter. Data are the mean + SD of three
independent experiments. *p < .05, **p < .01, compared to the untreated control. “p < .01, compared to migG control treatment. (f) Uric acid induces the antitumor
immunity. RCAS-Neu cells were injected into the fat pad of FVB mice (6 mice/group) pre-immunized with MSU and/or irradiated RCAS-Neu. Tumor volumes were
monitored twice weekly and plotted. (g) TVA transgenic mice infected with RCAS-Neu virus (1x10° virion/mouse) by intraductal injection were treated with saline or
MSU. Mice were monitored for tumor occurrence for 7 months after tumor induction by palpation. Fraction of tumor-free mammary were plotted. MSU versus control,
p < .01. (h) The schematic model of DNA damage-induced NKG2D ligand expression. Activation of the ATM-Chk pathway leads to cell cycle arrest. Excessive purine
nucleotides are catalyzed by XOR to produce ROS and uric acid. The latter binds to and activates TAK1, a serine/threonine kinase that activates NK-kB and the MAP
kinase pathway. Activation of NF-kB and the MAP kinase-activated AP1 transcription factor leads to transcriptional up-regulation of NKG2D ligand gene expression



Table 1. Control of breast cancer by immunization with RCAS-Neu cells plus
MSU -

Immunization Tumor incidence Tumor Weight p value
None 8/8 0.755 + 0.376

RCAS-Neu 8/8 0.771 £ 0.352 ns.
RCAS-Neu + MSU 1/8 0.1 <0.01

*FVB mice were left unimmunized or immunized with irradiated RCAS-Neu breast
cancer cells (5x10%/mouse) minus or plus MSU (200 ug/mouse) by subcutaneous
injection. Two weeks later, mice were inoculated with RCAS-Neu cells (5x10%
gland/mouse in 10 pl PBS) by intraductal injection. Mice were immunized once
again two weeks after tumor implantation and monitored for tumor occurrence
for 3 months.

developed breast cancer in all FVB mice (Table 1). The adju-
vant activity of MSU was further investigated in a somatic
breast cancer model in which breast cancer was induced in
TVA transgenic mice by intraductal injection of RCAS-Neu
virus, an avian retroviral vector encoding a truncated rat Neu
oncogene. As shown in Figure 7g, MSU treatment (200 ug/
mouse) significantly delayed the formation of breast cancer,
compared to those in saline-treated control group. These
observations collectively suggest that uric acid crystals elicit
a strong anti-tumor immunity.

Discussion

It is well established that activation of the ATM-Chk pathway
induces NKG2D ligand expression in cells undergoing genotoxic
stress.”® Our present study focuses on the mechanisms of DNA
damage-induced MICA/B expression. We provide several lines of
evidence that uric acid accumulation and subsequent TAKI acti-
vation play an important role in DNA damage-induced MICA/B
expression: 1) Two genotoxic drugs were able to induce uric acid
and ROS production, ERK phosphorylation, and MICA/B expres-
sion in MCEF-7 cells overexpressing XOR; 2) Inhibition of the
ATM-Chk pathway by their specific inhibitors or by siRNA
blocked 5-FU- and gemcitabine-induced uric acid production,
MAP kinase activation, and MICA/B expression; 3) Exogenous
uric acid activated TAK1 and several downstream molecules such
as p38, JNK, and NF-«B; 4) Inhibition of XOR activity by allopur-
inol blocked genotoxic drug-induced TAK1 activation and MICA/
B expression. These observations collectively suggest that TAK1 is
activated by uric acid and plays a central role in DNA damage-
induced MICA/B expression. Our study has delineated
a previously unrecognized pathway that regulates NKG2D ligand
expression in DNA-damaged cells (Figure 7h).

XOR is a rate-limiting enzyme that converts hypoxanthine to
xanthine, and xanthine to uric acid.'>'® Although XOR is down-
regulated in several types of malignancy including breast, colon,
gastric, and lung cancer, some patients with lymphoma or breast
cancer treated with anticancer drugs develop the “tumor lysis”
syndrome, a disorder characterized by dramatic increase of serum
uric acid levels.'” Since the PI-3 and MAP kinase pathways are
frequently mutated in a variety of cancer and promote purine and
pyrimidine nucleotide biosynthesis, cancer cells are addicted to
produce abundant pyrimidine and purine nucleotides.***> When
the cell cycle is halted due to the activation of the ATM-Chk
pathway, the buildup of excessive nucleotides in cancer cells is
then converted into uric acid by XOR. Our present study shows
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that uric acid levels were significantly increased in XOR-trans-
fected MCF-7 cells treated with two genotoxic drugs but not in
pcDNA3.1-transfected cells (Figure 1b). Inhibition of the ATM-
Chk pathway by their specific inhibitors or siRNA blocked geno-
toxic drug-induced uric acid production (Figure 2b & 3b). This is
consistent with our prior study showing that DNA damage by
genotoxic drugs or irradiation increases uric acid production in
HeLa and HT29 cells, and that inhibition of XOR activity by
allopurinol blocks DNA damage-induced wuric acid
accumulation.'”?® These observations collectively suggest that
activation of the ATM-Chk pathway in cells undergoing genotoxic
stress leads to uric acid accumulation.

Several prior studies have shown that DNA damage activates
TAKI1 through the retention of ATM in the cytoplasm and the
formation of a complex containing ATM, NEMO, Ubc13, and
XIAP or TRAF6.” XIAP or TRAF6 functions as a ubiquitin ligase
to ubiquitinate RIPK1, ELKS, or NEMO and recruit TAK]1 for its
activation. Hinz et al. reported that the cytoplasmic ATM-TRAF6-
cIAP1 module ubiquitinates NEMO to activate TAK1 and NF-«kB
in irradiated HeLa cells.”” Wu et al. reported that ubiquitination of
ELKS by the ubiquitin ligase XIAP recruits TAKI to its ubiquitin
chain and activates it,>® whereas Yang et al. reported that the
cytosolic ATM/NEMO/RIPK1 complex recruits TAKI into the
polyubiquitin chain of RIPK1, leading to the activation of TAK1
and its downstream molecule, NF-kB and p38 in doxorubicin-
treated murine embryonic fibroblast cells.’® Our present study
shows that TAK1 and several downstream signaling pathways
were activated in HeLa cells and in XOR-transfected MCF-7 cells
by genotoxic drugs; Genotoxic drug-induced TAK1 activation was
abrogated by the XOR inhibitor allopurinol; exogenous uric acid
accumulation was able to activate TAKI1. These observations sug-
gest that uric acid plays a critical role in mediating DNA damage-
induced TAK1 activation. In support of this notion, Singh et al.
recently reported that uric acid stabilizes and activates TAK1.** It
appears that ATM may induce the formation of a cytoplasmic
complex and provide a platform for initial TAK1 activation,
whereas uric acid binds TAK1 and sustain its activation.

The ATM-Chk pathway plays an important role in cell cycle
arrest and double-strand DNA break repair. Activation of this
pathway also activates the MAP kinase pathway.***' For example,
etoposide, a genotoxic drug, is unable to induce ERK kinase
phosphorylation in ATM-deficient GM05823 fibroblast cells.*”
How the ATM-Chk pathway cross-activates the MAP kinase path-
way is not fully understood.*> Our present study shows that
inhibition of the ATM-Chk pathway by their specific inhibitors
or siRNA blocked genotoxic drug-induced TAKI and ERK phos-
phorylation; Inhibition of TAK1 activity by 5Z or siRNA blocked
genotoxic drug-induced ERK phosphorylation. In addition, we
and others have shown that uric acid activates the MAP kinase
pathway.'”***> We conclude that activation of the MAP kinase
pathway through the ATM-Chk pathway is mediated through uric

acid-activated TAK1 (Figure 7h).
Uric acid is the end-product of the purine catabolism

pathway in humans and has been long recognized as
a “danger” signal to alert immune system.'”?* Our prior
study showed that uric acid accumulation leads to increased
ERK phosphorylation and MICA/B expression in HeLa and
HT29 cells."” Exogenous uric acid induces ERK phosphor-
ylation. Inhibition of the MAP kinase pathway abrogates
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uric acid-induced MICA/B expression.19 Moreover, geno-
toxic drugs lose their ability to induce NKG2D expression
in XOR-silenced HelLa cells."” Complementary to these
observations, our present study demonstrates that genotoxic
drugs induced uric acid accumulation, ERK phosphoryla-
tion, and MICA/B expression in XOR-transfected MCEF-7
cells (Figure 1). Based on the observations that activation of
the MAP kinase pathway in tumor cells with RAS or BRAF
gene mutations up-regulates MICA/B expression through
the APl transcription factor,”® we propose that uric acid
induces MICA/B expression largely by activating the MAP
kinase pathway (Figure 7h).

It should be noted that several prior studies have shown that
activation of NF-kB and IRF3 is responsible for DNA damage-
induced NKG2D ligand expression.>® For example, Hu et al.
reported that NKG2D ligand expression is increased in tumor
cells by CD8 T-cell-mediated engagement and activation of
NF-kB and the p300/CBP-associated factor.*® Lam et al.
reported that DNA damage activates the cGAS-STING path-
way and its downstream IRF3 transcription factor to induce
Rae I and ULBP expression in murine lymphoma cell lines."’
NF-«B activation is involved in regulating MICA/B expression
in DNA-damaged endothelial cells’»* and activated
T cells.*** Our present study shows that TAK1 inhibition
largely blocked genotoxic drug- and uric acid-induced p65
phosphorylation. This suggests that genotoxic drugs activate
NF-kB in part by uric acid-activated TAK1. Since both NF-«B
and AP1 are involved in MICA/B transcriptional regulation,
we propose that DNA damage induces MICA/B expression
through collaborative action of these two transcription factors
(Figure 7h). However, our present study focused only on the
MAP kinase pathway since we reported earlier that MAP
kinase activation by uric acid crystals or by BRAF gene muta-
tion leads to increased MICA/B expression.'**°

Uric acid has been long implicated in playing an important
role in antitumor immunity. For example, Hu et al.”® reported
that inhibition of uric acid production by allopurinol delays the
rejection of immunogenic EL-4 tumors, which express the high
levels of chicken ovalbumin; MSU administration alone
induces the rejection of non-regressing EL-4 tumors, which
express chicken ovalbumin at low levels. Behren et al.’!
reported that immunization with MSU plus the murine
MMC breast cancer cell line induces the production of anti-
Neu antibody and prevents the growth of subcutaneously
implanted MMC tumors. Endo et al.”” reported that uric acid
production in adenovirus-infected tumor cells stimulates DCs
to produce IFN-y and IL-12 and induces an anticancer
immune response. We reported earlier that inhibition of uric
acid production in RCAS-Neu cells by XOR knockdown alle-
viates gemcitabine-mediated antitumor activity in a murine
breast cancer model.'”® Consistent with these observations,
our present study shows that immunization with MSU plus
irradiated RCAS-Neu retarded RCAS-Neu tumor growth
(Figure 7e) and abrogated breast cancer development in an
orthotopic syngeneic breast cancer model (Table 1).
Furthermore, MSU administration alone delayed the develop-
ment of the Neu oncogene-induced breast cancer in a somatic
breast cancer model (Figure 7g), which recapitulates the

oncogenesis of human breast cancer. MSU-mediated antitu-
mor activity was much stronger in the orthotopic and somatic
breast cancer models (Table 1 & Figure 7g) than the syngeneic
model (figure 7f). While we did not characterize the nature of
MSU-induced antitumor activity, we speculate that MSU may
elicit its antitumor immunity by activating DCs and inducing
NKG2D ligand expression in DCs and tumor cells.
Nevertheless, our findings collectively suggest that uric acid
produced in DNA-damaged tumor cells and exogenous MSU
function as an adjuvant to enhance the antitumor immunity. It
should be noted that, while uric acid production and subse-
quent NKG2D ligand expression could sensitize tumor cells to
immune cell killing, TAKI and NF-kB activation may render
tumor cells more resistant to drug-induced apoptosis. Thus,
whether the status of XOR can be uses as a marker for the
prognosis of chemoimmunotherapy remains unclear.

In summary, our present study demonstrates that activation
of the ATM-Chk pathway in tumor cells undergoing genotoxic
stress leads to uric acid accumulation and increased MICA/B
expression. Uric acid accumulation and exogenous uric acid
activates TAK1 and its downstream signaling pathway.
Inhibition of TAK1 by 5Z or siRNA blocks genotoxic drug-
and uridine-induced MAP kinase activation and MICA/B
expression. Uric acid crystals sensitize tumor cells to NK cell
killing. Our study highlights the role of XOR and uric acid in
mediating the ATM-Chk pathway-induced TAK1 activation,
NKG2D ligand expression, and antitumor immunity in DNA-
damaged tumor cells.
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