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Abstract

TNFAIP8 is a NF-xB-inducible, oncogenic molecule. Previous “promoter array” studies have
identified differential methylation and regulation of TNFAIP8 in prostate epithelial and cancer cell
lines. Here we demonstrate that TNFAIP8 expression is induced by androgen in hormone-
responsive LNCaP prostate cancer cells. In athymic mice bearing hormone-refractory PC-3
prostate tumor xenografts, intravenous treatment with a liposomal formulation of TNFAIP8
antisense oligonucleotide (LE-AS5) caused reduced expression of TNFAIP8 in tumor tissues, and
a combination of LE-ASS5 and radiation or docetaxel treatment resulted in significant inhibition of
PC-3 tumor growth as compared to single agents. The immunohistochemical evaluation of
TNFAIP8 expression revealed correlation of both cytoplasmic and nuclear TNFAIP8
overexpression with high grade prostatic adenocarcinomas, while nuclear overexpression was
found to be an independent predictor of disease recurrence controlling for tumor grade. Increased
nuclear TNFAIP8 expression was statistically significantly associated with a 2.44 fold (95 %
confidence interval: 1.01-5.91) higher risk of prostate cancer recurrence. Mechanistically,
TNFAIP8 seems to function as a scaffold (or adaptor) protein. In the antibody microarray analysis
of proteins associated with the TNFAIP8 immune-complex, we have identified Karyopherin
alpha2 as a novel binding partner of nuclear TNFAIP8 in PC-3 cells. The Ingenuity Pathway
Analysis of the TNFAIPS8 interacting proteins suggested that TNFAIP8 influences cancer
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progression pathways and networks involving integrins and matrix metalloproteinases. Taken
together, present studies demonstrate that TNFAIP8 is a novel therapeutic target in prostate
cancer, and indicate a potential relationship of the nuclear trafficking of TNFAIP8 with adverse
outcomes in a subset of prostate cancer patients.
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Introduction

Prostate cancer is the second leading cause of cancer-related deaths in men.1 Approximately
38-51% of patients present with locally advanced disease, and 10-50% of this group of
patients rapidly progress to a hormone-refractory state. Five year survival rate of
metastasized tumor is only 31%. Currently, there are no biological benchmarks for
stratification of clinically localized prostate cancer that has a high likelihood of recurrence.2
The elucidation of molecules and signaling pathways that drive recurrent and metastatic
prostate cancer is likely to offer new avenues for an early identification and therapeutic
intervention of aggressive prostate cancer.

TNFAIP8 (TNF-a-inducible protein 8) is a transcription factor NF-xB-inducible, anti-
apoptotic and oncogenic molecule.3~7 TNFAIP8 gene also reported as SCC-S2/GG2-1/
NDED was discovered by comparison of the expression profile of a primary human head
and neck squamous cell carcinoma-derived cell line with its matched metastatic cell line
established from a recurrent lymph node following surgery and radiation therapy.8 We first
showed that TNFAIP8 is a 21 kDa cytosolic TNF-a-inducible molecule and a member of
the FLIP family of cell death inhibitory proteins.3 TNF-a-mediated induction of TNFAIP8
MRNA is reversible by 1xBa, an inhibitor of NF-xB, and expression of TNFAIP8 in NF-
xB-null cells causes inhibition of TNF-a-induced apoptosis.> Positive correlations of
TNFAIP8 expression with tumor growth, /in vitroinvasion, and experimental metastasis
have been demonstrated.®: 7 The “promoter array” studies have identified differential
methylation and regulation of TNFAIPS in prostate epithelial and cancer cell lines.? In a
recent study, polymorphism of TNFAIP8 has been associated with non-Hodgkin’s
lymphoma.10

The therapeutic significance of TNFAIP8 is unknown. Mechanistically, TNFAIP8 has been
suggested to function as a cytosolic scaffold (or adaptor) protein. However, the binding
partners and signaling pathways of TNFAIP8 are also not known. This is the first study to
demonstrate that TNFAIP8 is an androgen-inducible molecule with a dual role in therapy
response /n1 vivo and poor prognosis of prostate cancer. For the first time, we have revealed
the nuclear TNFAIP8 and its link with recurrent prostatic adenocarcinomas (PACs).
Karyopherin alpha 2 (KPNA2/importin-al) is a cytosolic receptor known to play a pivotal
role in the nuclear protein import pathway in multiple cancers.!! Interestingly, nuclear
KPNAZ2 expression has been reported as an independent prognostic marker of disease
recurrence after radical prostatectomy.12 It remains unclear how KPNA2 impacts prostate
cancer progression. Using the combined siRNA, immunoprecipitation, and antibody
microarray approaches, we have identified KPNA2 as a novel binding partner of nuclear
TNFAIPS. In addition, we have identified potential protein-protein interactions involving
TNFAIPS8, and developed a working hypothesis of integrative pathways signifying
TNFAIP8 function in prostate cancer progression. These studies demonstrate that TNFAIP8
is a therapeutic and prognostic target in prostate cancer and indicate potentially adverse
consequences of the trafficking of TNFAIPS8 to the nucleus.
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Materials and Methods

Cell cultures

LNCaP prostate cancer cells were cultured in Improved Minimum Essential Medium
(IMEM) supplemented with heat inactivated 10% fetal bovine serum (FBS), 2 mM
glutamine, 100 U/ml penicillin, and 100 p.g/ml streptomycin (all from Invitrogen Life
Technologies, Inc., Carlsbad, CA). PC-3 and DU-145 prostate cancer cells were cultured in
IMEM or Dulbecco’s minimum essential medium (DMEM) (Invitrogen) supplemented as
above. All cultures were maintained at 37°C in a humidified incubator containing 5% CO»,
and 95% air.

Androgen and TNFAIP8 siRNA treatments

Animals

Logarithmically growing LNCaP cells were cultured in IMEM with 5% FBS for three days
and medium was then switched to IMEM containing 5% charcoal stripped fetal calf serum
for overnight followed by treatment with synthetic androgen as described in Supporting
Information Materials and Methods. For TNFAIP8 siRNA treatment, logarithmically
growing PC-3 cells were seeded into 100 mm dishes (1.5 x 10 cells/dish) in complete
IMEM medium containing 10% FBS. Next day, medium was switched to 5 ml Opti-MEMI
medium (GIBCO Invitrogen) containing indicated concentration of stealth TNFAIP8 siRNA
(Invitrogen) and Lipofectamine 2000 complex prepared according to supplier’s instructions
(Invitrogen) as described in Supporting Information Materials and Methods.

Male athymic nude mice 6-8 weeks old were purchased from the Animal Production Area
of the National Cancer Institute (Frederick, MD) and used for subcutaneous tumor xenograft
experiments. The mice were maintained at the AAALAC-accredited Research Resource
Facility of the Division of Comparative Medicine, Georgetown University Medical Center.
All animal experiments were performed according to the guidelines of the Institutional
Animal Care and Use Committee for humane treatment and care of animals in research and
education.

Design and synthesis of oligonucleotides

A 14-mer antisense TNFAIP8 oligodeoxyribonucleotide sequence (AS5) with only one base
at each end phosphorothioated (5'-GSTGGCCATCGGAGsG-3") was designed against the
translation initiation region of the 7MFA/P8 mRNA. The fully phosphorothioated
oligonucleotides containing the CpG motifs are immunostimulatory; however, no such
activity has been seen with short phosphodiester oligos (< 44 nucleotides) containing CpG
motifs.13:14 In addition, we have demonstrated that short phosphodiester oligos with single
end base modifications did not contribute to changes in complement activity.1® The AS5
sequence does not contain the human CpG motif sequence and is not likely to generate the
immune response. The pre-clinical grade HPLC purified oligos were custom-synthesized
(AS5: Genset Oligos, Paris and TriLink Biotechnologies, Inc., San Diego, CA). A control
terminal base-modified mismatch oligo (MM: 5'-GSTGTTCGACCTATGsC-3") was
custom synthesized at Hybridon Specialty Products (Milford, MA). All oligos were
reconstituted in normal saline.

Formulation of liposome-entrapped TNFAIP8 antisense oligonucleotide, and liposome-
entrapped TNFAIP8 antisense oligonucleotide and radiation or docetaxel treatments in

Vivo

Cationic liposome-entrapped terminal base-modified TNFAIP8 antisense oligo (LE-AS5)
and control mismatch oligo (LE-MM) (particle size approximately 450 nm, entrapment
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efficiency > 85%) were formulated as we reported earlier and detailed in Supporting
Information Materials and Methods.® 16 PC-3 tumor cells were injected subcutaneously in
the left flank regions of 6-to 8- week old male athymic nude mice. Tumor-bearing animals
were randomized into various treatment groups and treated as detailed in Supporting
Information Materials and Methods.

Tissue micro-array, clinical specimens, immunohistochemistry and statistical analysis

A prostate cancer tissue micro-array (TMA) representing 64 evaluable cases of
histologically confirmed PACs was commercially obtained (PR8010, US Biomax, Inc.,
Rockville, MD). Of these 64 cases, 26 cases were low grade (Gleason score < 6), 18 cases
were intermediate grade (Gleason score = 7), and the remaining 20 cases were high grade
(Gleason score = 8-10). In addition, formalin-fixed, paraffin-embedded tissue sections from
a total of 135 biopsy-proven PACs were available from the Albany Medical Center Hospital.
Cases in which neoadjuvant hormone therapy was administered were excluded.
Hematoxylin and eosin-stained slides from each radical prostatectomy case were reviewed,
and a Gleason grade and pathologic stage were assigned as described earlier.17-19 Multiple
blocks were reviewed to verify the presence of adequate tumor and the nature of the overall
grade as well as the presence of adjacent benign epithelium. Of the 135 PACs, there were 26
high/intermediate grade (Gleason score = 7) non-recurrent cases, 29 high/intermediate
grade, recurrent cases, 51 low grade (Gleason score < 6) non-recurrent cases, and 29 low
grade recurrent cases. A post-surgical elevation of the serum prostate-specific antigen (PSA)
level from a baseline level of 0 ng/ml to greater than 0.4 ng/ml on 2 consecutive occasions
was considered as biochemical evidence of disease recurrence. In accordance with the
institutional review board guidelines and policies, all existing pathological specimens,
including the commercial TMA, were distributed and used in this study in a de-identified
manner and could not be linked to individual subjects.

The prostate tumor TMA and the standard histological slides with paraffin-embedded tissue
sections were immunostained by an automated and standardized method on the Ventana ES
(Ventana Medical Systems, Inc., Tucson, AZ) using a custom-made and validated
polyclonal anti-peptide TNFAIP8 antibody (Covance Research Products Inc.).’
Immunohistochemical (IHC) evaluation included staining intensity subjectively graded as
weak, 1; moderate, 2: or intense, 3; and percentage of positive cells graded as focal (<10%),
1; regional (10-50%), 2; or diffuse distribution (>50%), 3. Intensity and distribution scores
were given equal weight and a total score was obtained by multiplying the intensity score by
the distribution score. In tumor versus adjacent benign specimens, both the malignant and
adjacent benign prostatic epithelia were separately scored for cytoplasmic and nuclear
TNFAIP8, and each component (cytoplasmic or nuclear) was assigned into 1 of 3 categories
as follows: cases in which the score for the tumor was equal to benign, less than benign, and
greater than benign in the same case.

Statistical comparisons were carried out with the STATA software (Stata Corporation,
College Station, TX). The XZ test was used to determine the statistical significance of the
associations between cytoplasmic or nuclear TNFAIP8 expression and prognostic variables.
Multivariable analysis to evaluate the associations between time to recurrence and predictors
of interest, including clinicopathological parameters and expressions of nuclear or
cytoplasmic TNFAIP8, was performed using the Cox proportional hazards model. P values
< 0.05 were considered statistically significant.

Antibody microarray and bioinformatics for analysis of TNFAIP8 interacting proteins

PC-3 cells were treated with TNFAIP8 siRNA (Si2siRNA/siRNA) or a scrambled siRNA
(ScrsiRNA/MM). The knockdown of TNFAIP8 in siRNA treated cells versus ScrsiRNA
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treated cells was verified by immunoprecipitation and immunoblotting with anti-TNFAIP8
antibody. The TNFAIP8 immune-complexes were analyzed for differences in levels of
proteins co-immunoprecipitating with TNFAIP8 in siRNA versus ScrsiRNA- treated
samples using antibody microarray (Antibody Microarray 507, Clontech) according to the
manufacturer’s instructions as we have detailed earlier and in Supporting Information
Materials and Methods.20: 21

Characterization of TNFAIP8 in prostate cancer cells

The schematic maps of the genomic organization and the promoter region of human
TNFAIP8 are shown in Supporting Information Figs. 1aand 16. TNFAIP8 gene promoter is
TATAIless. Genomatix analysis (http://www.genomatix.de/en/index.htm) of the TNFAIP8
promoter region showed androgen response elements (ARE) within 1500 bp upstream of the
5’-UTR. In the Northern blot hybridization and immunoblotting assays, our data
demonstrate that TNFAIP8 expression is induced by synthetic androgen in hormone-
responsive LNCaP prostate cancer cells (R1881, 1nM, 48 hr: TNFAIP8 mRNA, 2-3 fold;
TNFAIP8 protein, 3—-4 fold) (Figs. 1aand1b, and data not shown). In the publicly available
datasets (https://www.oncomine.org/resource/login.html and http://www.ncbi.nlm.nih.gov/
geoprofiles?term=TNFAIP8) (Supporting Information Figs. 2a and 2b) and from our
Northern blot analysis of TNFAIP8 mRNA in renal cell carcinoma and matched benign
specimens (data not shown), increased 7AVFA/P8 mRNA expression seems to correlate with
tumor initiation and/or progression in diverse organs. In addition, several reports indicate a
role of the vascular endothelial growth factor axis in prostate cancer lymphatic metastasis
via its receptor VEGFR-2. To begin to understand the role of TNFAIPS in prostate cancer
progression, we determined the effects of TNFAIP8 silencing on expression of key invasion
and angiogenic molecules (MMPs and VEGFR-2) in prostate cancer cells. As shown in
Supporting Information Figs. 3a-3¢, sSiRNA knockdown of TNFAIP8 protein in hormone
refractory PC-3 prostate cancer cells was found to be associated with a concomitant
inhibition of MMP-1, MMP-2, MMP-9, MT1-MMP, and VEGFR-2. The siRNA knockdown
of TNFAIP8 was also found to be associated with decreased expression of several of these
molecules in pancreatic (Aspc-1, Colo-357), melanoma (SK-Mel-5) and colon carcinoma
cells (HT-29 and SW620) (protein expression,% of ScrSi: Aspc-1, TNFAIPS, 0.1%,
MMP-1, 52.6%; Colo-357, TNFAIP8, 30.2%, MMP-2, 81.4%; SK-Mel-5, TNFAIPS,
60.7%, MMP-1, 66.2%, MMP-9 (proform), 62.9%, VEGFR-2, 46.4%; HT-29, TNFAIPS,
18.3%, VEGFR-2, 79.1%; SW620, TNFAIP8, 0.1%, MMP-9, 67.3%). These data
demonstrate that TNFAIP8 is an androgen-inducible molecule, and a regulator of members
of the matrix metalloproteinase (MMPs) family and VEGFR-2 in prostate and other highly
aggressive cancer cells.

Enhanced antitumor effect of a combination of systemically-delivered liposome-entrapped
TNFAIP8 antisense oligonucleotide and ionizing radiation or docetaxel in PC-3 tumor-
bearing athymic mice

Next, to determine the therapeutic benefit of targeting TNFAIP8 in a hormone refractory
model of prostate cancer, we used a systemically-delivered liposomal formulation of
TNFAIP8 antisense oligonucleotide (LE-AS5) to downregulate TNFAIP8 expression in
PC-3 tumor xenografts grown in athymic mice. TNFAIP8 antisense oligonucleotide AS5 is a
14-mer sequence with one base at each end phosphorothioated. The experiments were
performed to determine the TNFAIP8 knockdown efficiencies of AS5 in /n vitroand in vivo
tumor cell models (Supporting Information Figs. 4a&-4¢). Interestingly, AS5 exhibited
superior efficiency /n vitro compared to its fully phosphorothioated counterpart sequence
(AS1) (Supporting Information Fig. 4a). In initial pilot /n vivo experiments, systemically
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delivered liposome-entrapped AS5 (LE-AS5) was found to inhibit TNFAIP8 expression in
PC-3 tumor xenografts grown in athymic mice (Supporting Information Fig. 4b). Similar
results were obtained in MDA-MB-435 tumor xenograft model (data not shown). We asked
whether a combination of LE-AS5 and ionizing radiation (IR) or docetaxel (DOCE)
treatments will result in an enhanced antitumor efficacy as compared to IR or DOCE alone.
Systemically delivered liposome-entrapped mismatch oligonucleotide (LE-MM) at the same
dosing and schedules as LE-ASS5, systemic blank liposomes without oligonucleotide (BL),
and untreated tumor-bearing mice (UT) were included as controls. As shown in Fig. 2a, LE-
AS5 or IR treatment led to inhibition of PC-3 tumor growth, and a combination of LE-AS5
and IR resulted in significant decrease in tumor growth as compared to IR treatment alone.
The mean tumor volumes + S.E. (% initial) in various treatment groups on day 29, 16 days
after last dosing, were: LE-AS5 + IR, 69 + 4.6; IR, 162.2 + 27.9; LE-ASS5, 246.6 + 78.2; LE-
MM, 427.8 + 135.3; BL, 504.2 + 194.9; UT, 368.5 + 53.8 (IR versus UT, p < 0.01, IR
versus LE-AS5, p > 0.05; IR versus LE-AS5 + IR, p < 0.01, n = 3-6). Within 6-12 hr after
the last LE-AS5 treatment, representative mice in various treatment groups were sacrificed
and tumors were excised for expression analysis (Fig. 26). In PC-3 tumor tissues from mice
treated with LE-AS5 or a combination of LE-AS5 and IR, TNFAIP8 expression was
significantly decreased as compared to LE-MM or IR alone treated mice (TNFAIP8
expression, % of UT: LE-MM, 80.6 + 7.1%, IR, 78.4 + 2.3%; LE-AS5, 28 + 15.3 %, LE-
AS5 + IR, 31.8 + 1%; n =2) (Fig. 2¢).

In independent experiments, a combination of systemically-administered LE-AS5 and
DOCE caused significant inhibition of tumor growth as compared to DOCE alone. The
mean tumor volumes = SE (% initial) in various treatment groups on day 29, 16 days after
last dosing were: LE-AS5 + DOCE, 321.1 + 24.5; DOCE, 571.5 + 39.7; LE-AS5, 604.9 £
110; LE-MM, 830.2 £ 52.4; BL, 864.7 + 45.9; UT, 841.6 £ 91.5 (DOCE versus UT, p <
0.01, DOCE versus LE-AS5, p > 0.05, DOCE versus LE-AS5 + DOCE, p < 0.005, n = 4)
(Fig. 2d). The experiment was repeated with similar results. In the repeat experiment, one
animal out of six in the combination group showed tumor cure. This animal was monitored
for up to 70 days and no tumor recurrence was noted. Within 6-12 hr after the last LE-AS5
treatment, representative mice in various treatment groups were sacrificed and tumors were
excised for expression analysis (Fig. 2¢). In PC-3 tumor tissues from mice treated with LE-
AS5 or a combination of LE-AS5 and DOCE, TNFAIP8 expression was significantly
decreased as compared to LE-MM or DOCE alone treated mice (TNFAIP8 expression, % of
UT: LE-MM, 103.4 + 0.0%, DOCE, 102.4 + 7.1%, LE-AS5, 54.4 + 10.0%, LE-AS5 +
DOCE, 44.9 £ 21.5%; n =2) (Fig. 2/).

Blank liposomes have been shown to cause dose-related elevations in liver enzymes (AST
and ALT), mild to moderate histopathological changes in liver, and mild to moderate splenic
enlargements in mice®®. In addition, TNFAIP8 expression seems to vary significantly in
different normal tissues of mice tested, with relatively high expression in spleen, kidney and
mammary gland, low expression in lung and heart, and an almost undetectable expression in
liver (data not shown). In this study, no morbidity or mortality was observed in any of the
treatment groups. In addition, no gross pathology changes were noted in any of the treatment
groups.

Prognostic significance of TNFAIP8 expression in prostatic adenocarcinomas: nuclear
TNFAIP8 immunoreactivity is an independent predictor of disease recurrence controlling
for tumor grade

To evaluate the status of TNFAIP8 protein expression in clinical specimens from prostate
cancer patients, we first characterized our custom-generated rabbit polyclonal TNFAIP8
antibody for specificity and sensitivity by Western blotting and immunoprecipitation in a
variety of human cancer cell lines, human tumor xenografts and clinical specimens
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(Supporting Information Figs. 5&-5¢), and by IHC in standard histological slides of PACs
and adjacent benign tissues (Fig. 34) as well as in a prostate tumor TMA (Supporting
Information Fig. 64). The TNFAIP8 antibody specifically and distinctly detected the
expected one or both isoforms of TNFAIP8 (21-23 kDa) in whole cell extracts from various
cancer cell lines and clinical tissues (Supporting Information Figs. 5&-5c). The siRNA
knockdown of TNFAIP8 expression in prostate and other cancer cells, serial dilutions of the
antibody, pre-immune serum, and non-specific 1gG were tested as controls (Supporting
Information Figs. 3 and 5¢). In the cell fractionation experiments, relatively high expression
of cytosolic TNFAIP8 was observed in hormone refractory PC-3 and DU-145 cells as
compared to hormone responsive LNCaP cells (Supporting Information Fig. 7).
Unexpectedly, we also detected nuclear TNFAIP8 expression in PC-3 and DU-145 cells,
albeit to a much lesser extent as compared to the cytosolic TNFAIPS8 in these cells
(Supporting Information Fig. 7). The nuclear TNFAIP8 expression was undetectable in
LnCaP cells (Supporting Information Fig. 7). In a prostate tumor TMA with 64 independent,
evaluable cases, 42% (11/26) of low grade PACs (Gleason score < 6) revealed moderate to
intense cytoplasmic TNFAIPS. In contrast, 89% (34/38) of intermediate (Gleason score = 7)
and high grade tumors (Gleason score = 8) on the same TMA had moderate to intense
cytoplasmic TNFAIP8 (P < 0.001). In the same TMA, moderate to intense nuclear
TNFAIP8 was seen in 4% (1/26) of low grade and 13% (5/38) of intermediate and high
grade PACs (P=0.209) (Supporting Information Fig. 6a).

Next, we set out to examine the prognostic significance of cytoplasmic and nuclear
TNFAIP8 in formalin-fixed, paraffin-embedded sections of human PACs (Figs. 3a-3e, and
Supporting Information Figs. 66 and 6¢). In brief, variable cytoplasmic and nuclear
TNFAIP8 immunoreactivity was observed in both malignant glands and adjacent benign
epithelium. The cytoplasmic immunoreactivity in tumor versus benign cells was comparable
in 117/135 cases. In the remaining cases, cytoplasmic TNFAIP8 expression correlated with
tumor grade with 75% (6/8) high grade tumors overexpressing cytoplasmic TNFAIP8
protein relative to adjacent benign epithelium, while 90% (9/10) low grade tumors showed
decreased expression relative to adjacent benign epithelium (P = 0.017) (Supporting
Information Fig. 65). Nuclear TNFAIP8 expression was noted in 42/135 PACs and was
either comparable to (26/42) or increased over the adjacent benign epithelium (16/42).
Among the tumors that showed increased nuclear expression, 81% (13/16) were high grade
(P =0.072) (Supporting Information Fig. 65). Prostate cancer recurrence has been associated
with advanced stage and/or high grade tumor. Among the 42 cases showing nuclear
TNFAIP8 expression, increased nuclear expression correlated with disease recurrence with
52% (11/21) recurrent tumors overexpressing nuclear TNFAIP8 as compared to 24% (5/21)
non-recurrent tumors (P = 0.057) (Supporting Information Fig. 6¢). When the time until
recurrence was considered using a Cox univariate regression analysis, increased nuclear
TNFAIPS8 predicted earlier disease recurrence (P = 0.021) (Fig. 3¢€). In a multivariable Cox
regression analysis of grade, stage, cytoplasmic and increased nuclear TNFAIP8 expression,
only grade (P = 0.011) and increased nuclear TNFAIP8 (P = 0.048) were found to be
independent prognostic variables for time to recurrence. Independent of tumor grade, we
found that increased nuclear TNFAIP8 expression was statistically significantly associated
with a 2.44 fold (95 % confidence interval: 1.01-5.91) higher risk of prostate cancer
recurrence. With these results, we conclude that both cytoplasmic and nuclear TNFAIP8
overexpression correlate with high grade PACs, while nuclear TNFAIP8 overexpression is
an independent predictor of recurrent prostate cancer controlling for tumor grade.

Identification of KPNA2 (importin-al) as a novel binding partner of TNFAIP8

TNFAIP8 is a predominately cytosolic protein and the TNFAIP8 open reading frame has no
apparent nuclear localization signal. As a first step toward elucidation of mechanism of
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nuclear transport of TNFAIP8, we used a combination of the siRNA knockdown,
immunoprecipitation and antibody microarray approaches to identify potential binding
partners of TNFAIP8. Down regulation of TNFAIP8 in PC-3 cells was verified by the
Western blotting and immunoprecipitation assays (Figs. 4aand 45). A comparison of the
proteomic profile of TNFAIP8 immune-complex from TNFAIP8 siRNA treated PC-3 cells
with scrambled siRNA treated cells revealed several potential binding partners of TNFAIP8
(Table 1, and Supporting Information Table 1). Of particular interest, we found that a
relatively significant level of Karyopherin alpha 2 (KPNA2/importin-a.1) was present in the
TNFAIP8 immune-complex from scrambled siRNA treated PC-3 cells as compared with
TNFAIP8 siRNA treated cells (P= 0.00019) (Table 1). To verify KPNA2 as a novel binding
partner of TNFAIP8, we performed the reciprocal immunoprecipitation using anti-
Karyopherin a/Rch-1 antibody and the cytosolic and nuclear fractions from PC-3 cells.
Interestingly, TNFAIP8 was detectable in the Karyopherin a/Rch-1 immune-complex from
the nuclear fraction but not the cytosolic fraction (Fig. 54).

TNFAIPS8 appears to function as a scaffold (or adaptor) protein. However, the functional
modules and binding partners of TNFAIP8 are not known. The antibody microarray analysis
of the TNFAIP8 immune-complex revealed a number of proteins with diverse functions
(Table 1, and Supporting Information Table 1). For example, TNFAIP8 interactions with
GDNF family receptor a1, PARP, SRSF2, DDX20, PTPN1, and cyclin E1 were found to be
relatively high in scrambled siRNA relative to TNFAIP8 siRNA-treated PC-3 cells (Table
1). In order to begin to understand the systems biology of TNFAIP8, we performed the
Ingenuity Pathway Analysis of various significantly affected proteins identified in the
TNFAIP8 immune-complex (Supporting Information Table 1) and/or downregulated in
TNFAIP8 knockdown prostate cancer cells (Supporting Information Fig. 3). Our data
suggest that the cellular movement, cancer, cell cycle, and cell growth and proliferation are
among the top-ranked functional categories (Fig. 54), and leukocyte extravasation signaling,
molecular mechanisms of cancer, colorectal cancer metastasis signaling and integrin
signaling are among the top-ranked canonical pathways in which TNFAIP8 and associated
proteins are implicated (Fig. 5¢). Consistent with a role of TNFAIP8 in cancer progression,
the connectivity map revealed that TNFAIP8 may significantly impact signaling pathways
involving integrins (a6p1, a3p1, avp3) and MMPs (MMP-1 and MT1-MMP/MMP-14)
(Supporting Information Figs. 8 and 9).

Discussion

This is the first report to simultaneously investigate the therapeutic, prognostic and
mechanistic significance of TNFAIP8. Our data shows that TNFAIPS is an androgen-
inducible molecule in hormone-responsive prostate cancer cells (Figs. 1aand 14). Given that
androgen receptor signaling is intact in castration resistant prostate cancer (CRPC)
patients,22-24 we reasoned that aberrant expression and/or functioning of TNFAIP8 may be
a logical route to activation of metastatic signals in prostate cancer cells. Indeed, modulation
of TNFAIP8 expression was found to influence many of the known signals of cancer
invasion and metastasis. For example, prostate cancer cells in skeletal metastases have been
shown to express high levels of MT1-MMP, facilitating degradation of collagen | and
intraosseous expansion of tumor mass.2>26 Additional components of the bone metastasis
signature include MMP-1 (collagenase I) and MMP-9 (Gelatinase B).2"~29 In addition,
increased expression of VEGFR-2 in prostate cancer cells may provide an autocrine
mechanism of VEGF-dependent tumor growth.30:31 In this study, we have demonstrated that
siRNA down regulation of TNFAIP8 expression correlates with decreased expression of the
key components of the extracellular matrix (MMP-1, MMP-2, MMP-9, MT1-MMP) and
VEGFR-2 in PC-3 cells (Supporting Information Figs. 3a-3¢). These observations imply
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that TNFAIP8 could be an important functional link between the MMPs and VEGFR-2
signaling pathways and mechanisms of prostate cancer progression.

The treatment of metastatic CRPC remains a clinical challenge.32-34 The Food and Drug
Administration approved docetaxel in 2004 for patients with hormone-refractory prostate
cancer based on two phase 11 trials; however, patients with metastatic hormone-refractory
prostate cancer ultimately succumb to their disease. Therefore, it is not surprising that
numerous clinical trials of drugs with distinct targets including androgen biosynthesis,
androgen receptor, angiogenesis, microtubules, and bone are currently underway in an effort
to improve the clinical outcomes in metastatic CRPC patients.3* While most CRPC express
androgen receptor (AR), a subset of CRPC do not express AR and cells derived from their
bone metastases can grow in castrated male mice.3%:36 PC-3 cells, originally derived from
bone metastasis, contain a truncated form of the AR and may represent this subtype of
CRPC. The antisense oligonucleotide and RNA interference strategies remain to be the most
effective sequence-specific gene silencing approaches for improved therapy response.37:38
In present study, we used a systemically delivered liposomal formulation of TNFAIP8
antisense oligo (LE-AS5) to knockdown TNFAIP8 in androgen-independent PC-3 prostate
tumor tissues. Our data show significant antitumor efficacy of a combination of LE-AS5 and
radiation or docetaxel versus single agents in PC-3 tumor xenograft model (Figs. 2a-25.
Thus TNFAIPS is a promising target for therapeutic intervention of hormone refractory
prostate cancer in combination protocols including conventional radiation therapy or
chemotherapy drugs.

Prognostic markers that could definitively predict prostate cancer recurrence will be of
enormous clinical utility for the accurate counseling of the patients and developing
personalized therapies matching the disease profile. We have observed correlations of both
the cytoplasmic and nuclear TNFAIP8 overexpression with high grade PACs. Of the most
clinical value is present observation of the nuclear TNFAIP8 as an independent predictor of
disease recurrence controlling for tumor grade (Figs. 3a-36). These results provide a
rationale for the prospective clinical translational studies of nuclear TNFAIP8 as a potential
biological benchmark for identification of high risk patients during the non-life threatening
stages of prostate cancer. In the absence of a classical nuclear localization signal (NLS) in
the sequence of TNFAIPS, it is unclear how might TNFAIPS translocate to the nucleus. In
the antibody microarray screen of proteins interacting with TNFAIP8, we have identified a
potential mechanism of nuclear translocation of TNFAIP8 whereby KPNA2 (importin —a 1),
a cytosolic receptor that plays a pivotal role in the nuclear protein import pathways in
multiple cancers,1! binds to TNFAIP8 in PC-3 prostate cancer cells (Table 1). In this same
context, nuclear translocation of thioredoxin-binding protein-2 (TBP-2) is mediated by
KPNA2 and there is no NLS in the TBP-2 sequence.3 Remarkably, nuclear KPNA2
expression has been reported as an independent prognostic marker of disease recurrence
after radical prostatectomy.12 Accordingly, we propose a feed forward loop whereby high
KPNAZ2 facilitates an inherent increase in nuclear TNFAIP8 which, in turn, may function to
drive prostate cancer recurrence. The present observation of the KPNA2-TNFAIP8 complex
in the nucleus (Fig. 54) is a first step in understanding the biological consequences of the
trafficking of the TNFAIP8 to the nucleus.

The protein-protein interaction data presented here offer a starting point for understanding
the scaffold (or adaptor) nature of TNFAIP8 and identification of the functional protein
complexes and pathways regulated by TNFAIP8. While further studies are necessary to
validate physical and functional interactions with TNFAIP8, the potential interaction of
TNFAIP8 with GDNF family receptor al (GFRAL) (Table 1) is noteworthy as it could be
central to the mechanisms underlying the role of TNFAIP8 in cancer invasion and
metastasis. Neural invasion by cancer is found in 80% of pancreatic and 30% of prostate,
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head and neck, breast, and gastrointestinal cancer patients.#0 Nerves secrete Glial cell-
derived neurotrophic factor (GDNF), a potent chemoattractant which activates its receptor
tyrosine kinase RET and co-receptor GFRAL, inducing neural invasion by cancer cells.4!
Furthermore, the GDNF-GFRA1-RET-signaling pathway of invasion and metastasis
involves activation of integrins and MMPs.40 Given a link between TNFAIP8 and the
integrins and MMP pathways observed in this study (Fig. 5¢, and Supporting Information
Figs. 3a¢-3¢, 8 and 9), and the known roles of TNFAIP8 in cell invasion and experimental
metastasis,” TNFAIP8 may promote metastasis, in part, by facilitating engagement of the
GFRA1 and RET receptors. The TNFAIP8 expression may also regulate a distinct set of
genes in prostate epithelial cells. Indeed, in the RNA array studies, TNFAIP8 knockdown
seems to be associated with increased expression of LPHN2 (GDS2443 /9810 / Lphn2 /
Mus musculus), previously shown to be high in pre-malignant Prostatic Intraepithelial
Neoplasia versus invasive prostate tumor,*2 and EPHA3(GDS1439 / 206071_s_at/ EPHA3 /
Homo sapiens), a tumor suppressor shown to be high in benign prostate versus metastatic
prostate*3 (T. Day and U. Kasid, unpublished data). Understanding of the molecular profiles
of TNFAIP8 should advance the actionable omics of not just recurrent and metastatic
prostate cancer but many other cancers with poor prognosis.

In summary, this study demonstrates that TNFAIPS is a therapeutic target in prostate cancer,
and underscores the value of nuclear TNFAIPS as a potential biomarker of recurrent prostate
cancer. In addition, present data suggest that TNFAIP8 functions in oncogenesis are likely to
involve activation of the integrin, MMP and VEGFR-2 signaling pathways. Current
investigations in our laboratory are aimed to identify the GFRAL and KPNA2 binding sites
in TNFAIP8, understand the functionality of these interactions, and determine the role of
nuclear TNFAIPS in prostate carcinogenesis. Future investigations of TNFAIP8 and its key
effectors and binding partners revealed in this study will be necessary in large cohorts of the
premalignant, clinically localized and malignant prostate cancer specimens to then recognize
the “TNFAIP8 signature” representing a subset of high risk prostate cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A brief description of the novelty and impact of the work

TNFAIP8 is an emerging NF-xB-inducible, oncogenic molecule. In this study, the first to
investigate the therapeutic significance of TNFAIP8, in vivo TNFAIP8 knockdown was
found to enhance the efficacies of radiation and docetaxel in a hormone-refractory
prostate tumor xenograft model. For the first time, nuclear TNFAIP8 overexpression was
found to be an independent predictor of recurrent prostate cancer. The findings reveal the
nuclear trafficking of TNFAIP8 and its relationship with adverse outcomes in prostate
cancer patients.
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Figurel.

Androgen induces TNFAIP8 mRNA and protein expression in prostate cancer cells. (&)
LNCaP cells were grown in IMEM supplemented with 5% FBS. Logarithmically growing
cells were switched to medium containing 5% charcoal-stripped fetal calf serum for 24 hr,
followed by treatment with indicated concentrations of synthetic androgen R1881 for 48 hr.
Total RNA was analyzed by Northern blotting using radiolabeled TNFAIP8 cDNA and
GAPDH cDNA probes as described in Supporting Information Materials and Methods.
TNFAIPE mRNA expression was normalized to the GAPDH mRNA signal in the
corresponding lanes. (6) LNCaP cells were treated with R1881 as in panel (a). Whole cell
extracts were subjected to 4-12% NuPAGE (50 g protein/lane), followed by sequential
immunoblotting with anti-TNFAIP8 (1:1000 dilution) and anti-a-Tubulin antibodies
(1:12000 dilution). TNFAIP8 expression was normalized to the a-Tubulin signal in the
corresponding lanes. UT, untreated.
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Figure2.

Enhanced antitumor efficacy of a combination of ionizing radiation or docetaxel and
systemically administered liposome-entrapped TNFAIP8 antisense oligonucleotide (LE-
AS5) in PC-3 tumor xenograft model. (3) LE-AS5-mediated PC-3 tumor radiosensitization
in vivo. PC-3 tumor bearing athymic mice were randomized into six groups. LE-AS5 and
LE-ASS5 + IR treatment groups received 25.0 mg/kg/dose (i.v., x10) of LE-AS5 over 14
days. IR alone and LE-AS5 + IR groups received 3.8 Gy/day IR daily (day 5 through day 8).
BL and LE-MM groups received blank liposomes and liposome-encapsulated mismatch
oligo, respectively, at the same dosing schedule as LE-AS5. Additional control group was
left untreated (UT). Tumor volumes were monitored and individual tumor volume (% initial)
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was calculated as the percentage of pre-treatment tumor volume (day 0, the first day of
dosing; 100%). The values shown are mean tumor volume (% initial) = S.E. (6) Inhibitory
effect of LE-AS5 on TNFAIP8 expression in PC-3 tumor tissues. Two mice from each
treatment group in panel (g) were sacrificed within 6-12 hr after the last dosing, and
TNFAIP8 expression in tumor tissue homogenates as analyzed by Western blotting with
anti-TNFAIP8 antibody. The blot was reprobed with anti-GAPDH antibody. (¢)
Quantification of TNFAIP8 expression relative to UT was performed after normalization of
the signal against GAPDH signal in corresponding lanes. (d) LE-AS5-mediated PC-3 tumor
sensitization to docetaxel /n vivo. PC-3 tumor bearing mice were randomized into six
groups. LE-AS5 and LE-AS5S + docetaxel treatment groups received 25.0 mg/kg/dose (i.v.,
x10) of LE-AS5 over 14 days. Docetaxel alone and LE-AS5 + docetaxel groups received 10
mg/kg docetaxel (i.v.) on day 2 and day 8. BL and LE-MM groups received blank liposomes
(BL) and liposome-encapsulated mismatch oligo, respectively, systemically at the same
dosing schedule as LE-AS5. Additional control group was left untreated (UT). Tumor
volumes were monitored and individual tumor volume (% initial) was calculated as the
percentage of pre-treatment tumor volume (day 0, the first day of dosing; 100%). The values
shown are mean tumor volume (% initial) £ S.E. (&) Effect of LE-AS5 on TNFAIP8
expression in PC-3 tumor tissues. Representative animals from each treatment group in
panel (d) were sacrificed within 6-12 hr after last dosing, and tumor tissues homogenates
were analyzed by Western blotting with anti-TNFAIP8 antibody. The blot was reprobed
with anti-GAPDH antibody. (#) Quantification of TNFAIP8 expression relative to UT was
performed after normalization of the signal against GAPDH signal in corresponding lanes.
DOCE, docetaxel.
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Figure3.

(@) Immunostaining patterns of TNFAIP8 in high grade prostatic adenocarcinoma (PAC)
versus adjacent benign glands (indicated by arrows). High grade PAC is showing intense
cytoplasmic staining, whereas adjacent benign prostate shows weak, focal staining of
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TNFAIPS. (b—a) Expression and localization of TNFAIPS in representative clinical
specimens of PACs. (4) Low grade PAC showing weak to moderate cytoplasmic TNFAIPS,
(¢) high grade PAC showing intense cytoplasmic and intense nuclear TNFAIP8, and (a)
high grade PAC showing intense nuclear TNFAIPS. (¢) Kaplan-Meier survival curves
estimates by nuclear TNFAIP8 immunoreactivity groups in prostatic adenocarcinoma
patients.
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Figure4.

() Verification of the siRNA silencing of TNFAIP8 in PC-3 cells by Western blotting. PC-3
cells were treated with 100 nM of the stealth TNFAIP8 siRNA (Si1, Si2, or Si3) or a
scrambled stealth siRNA (ScrSi) for 4-6 hr, followed by incubation in complete IMEM for
72 hr as explained in Materials and Methods. The whole cell lysates were sequentially
immunoblotted with anti-TNFAIP8 antibody (1:1000 dilution) and anti-GAPDH antibody.
Data were quantified using NIH ImageJ software (version 1.45). C, untreated control; L,
lipofectin-treated control. (6) Analysis of TNFAIP8 expression in TNFAIP8 immune-
complexes from PC-3 cells treated with TNFAIP8 siRNA (Si2) versus Scrambled siRNA
(ScrSi). PC-3 cells were treated with Si2 siRNA or Scr siRNA (ScrSi) as above and whole
cell lysates (1.0 mg protein) were immunoprecipitated (IP) with anti-TNFAIP8, followed by
immunoblotting (I1B) with anti-TNFAIP8 antibody (1:1000 dilution).
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Figure 5a
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Figurebs.
(8) KPNAZ2 (importin-a.1) is a new binding partner of TNFAIP8. PC-3 cells were

fractionated into cytosolic and nuclear fractions and the lysates (1 mg protein) were
immunoprecipitated (IP) with anti-Karyopherin a/Rch-1 antibody (3p.g), followed by
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immunoblotting with anti-TNFAIP8 antibody (1:1000 dilution). The blot was reprobed with
anti-lmportin-a.1 antibody (0.2 wg/ml). (6) Top functional categories of TNFAIP8-centric
proteins identified in PC-3 cells. TNFAIP8-centric proteins refer to the TNFAIPS interacting
proteins identified in this study by the antibody microarray analysis of TNFAIP8 immune-
complexes from PC-3 cells (Supporting Information Table 1) and by the expression analysis
in PC-3 cells treated with TNFAIP8 siRNA or scrambled siRNA (Supporting Information
Fig. 3). (¢) Top canonical pathways in which TNFAIPS interacting proteins are implicated in
PC-3 cells. = “p-value” = Chance that the selected molecules fit into the given canonical
pathway at random. "= “Ratio” = # of selected molecules in canonical pathway / Total # of
molecules in canonical pathway. Threshold = 0.04.
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