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Alternative Splicing as the Basis for Specific Localization of tNOX, a Unique
Hydroquinone (NADH) Oxidase, to the Cancer Cell Surface
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ABSTRACT. A novel hydroquinone and NADH oxidase with protein disulfidhiol interchange activity
(designated ENOX2 or tNOX), associated exclusively with the outer leaflet of the plasma membrane at
the surface of cancer cells and in sera of cancer patients, is absent from the surface of noncancer cells and
from sera of healthy individuals. Full-length tNOX mRNA is present in both normal and tumor cells but
appears not to be expressed in either. Our research suggests alternative splicing as the basis for the cancer
specificity of tNOX expression at the cell surface. Four splice variants were found. Of these, the exon 4
minus and exon 5 minus forms present in cancer cell lines were absent in noncancer cell lines. In contrast
to full-length tNOX cDNA, transfection of COS cells with tNOX exon 4 minus cDNA resulted in
overexpression of mature 34 kDa tNOX protein at the plasma membrane. The exon 4 minus form resulted
in initiation of translation at a downstream M231 initiation site distinct from that of full-length mRNA.

With replacement of M231 by site-directed mutagenesis, no translation of exon 4 minus cDNA or cell
surface expression of 34 kDa mature tNOX was observed. The unprocessed molecular mass of 47 kDa of
the exon 4 minus cDNA translated from methionine 231 corresponded to that of the principal native
tNOX form of the endoplasmic reticulum. Taken together, the molecular basis of cancer-cell-specific
expression of 34 kDa tNOX appears to reside in the cancer-specific expression of exon 4 minus splice
variant mRNA.

Our work has described a unique, growth-related family of sera from cancer patients was inhibited by the same drugs
of cell surface hydroquinone or NADH oxidases with protein and substances and to approximately the same extent as the
disulfide—thiol interchange activity referred to as ECTO- plasma membrane form. Drug-inhibited tNOX activities are
NOX (ENOX) proteins (for cell surface NADH oxidases) seen in sera of a variety of human cancer patients, including
(1). One member of the ECTO-NOX family, designated patients with leukemias, lymphomas, or solid tumors (pros-
ENOX2 or tNOX (for tumor-associated) is specific to cancer tate, breast, colon, lung, pancreas, ovarian, liverB). An
(2, 3). The presence of the tNOX protein has been demon- extreme stability and protease resistant&) (may help
strated in several human tumor tissues (mammary carcinomaexp|ain the ability of tNOX proteins to accumulate in sera
prostate cancer, neuroblastoma, colon carcinoma, and melapf cancer patients to readily detectable levels. In contrast,

noma) ¢). However, serum analyses suggest a much broadery,g-responsive NOX activities have not been detected with
association with human cances, (6). NOX proteins are  gera of healthy volunteer§,(6).

ectoproteins bound to the outer leaflet of the plasma Th t of a tNOX protei ific to th f f
membrane 7). A unique characteristic that distinguishes € concept of a protein specific to the surtace o

tNOX from other ECTO-NOX proteins is its sensitivity to cancer c_el_ls is supporte_d_by several lines of evidence. (1) A
inhibition by anticancer drugs. The NADH oxidase activity drug-inhibited tNOX activity was not observed from plasma
of tNOX was inhibited by adriamycing], the antitumor membranes of nontransformed human and animal cells and
sulfonylurea LY1819849), capsaicin 8), the catechin)- tISSLI.eS. L 3. (2 A.drug-lnhlblted tINOX activity is be|(:)W
epigallocatechin 3-gallatel), and the synthetic anticancer f{he limits of detection (0.1 to 0.01 that of cancer pat!ents)
isoflavene phenoxodioll(l). As is characteristic of other N sera from healthy volunteergl)(or from patients with
examples of ectoproteins (sialyl and galactosyl transferase diseases other than cancer (cardiac, arthritis and other
dipeptidylamino peptidase 1V, etc.), the NOX proteins are inflammatory diseases, gastric ulceration, emphysema, vari-
shed. They appear in soluble form in conditioned media of 0us nonmalignant blood disorders). This observation has
cultured cells {2) and in patient seré( 6). The serum form relevance since tNOX proteins being shed into the circulation
from cancer patients exhibits the same degree of drugis a reliable indicator of cancer presenbgd). (3) The tNOX
responsiveness as the membrane-associated form. The tNOXroteins lack a transmembrane binding domai) énd are
released from the cancer cell surface by brief treatment at

T This work was supported in part by NIH Grant P50 AT00477.  low pH (13). No drug-inhibited NOX activity was detected
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Ficure 1: The tNOX gene located on chromosome X is composed
of 13 exons.

by Western blot analysis or immunoprecipitation for non-
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PA). DNA sequencing was by the DNA Sequencing Center,
Tufts University.

Total RNA PreparationApproximately 16 cells of HeLa
(human cervical carcinoma cells), BT-20 (human breast
adenocarcinoma cells), and MCF-10A (human breast epi-
thelial cells) were collected and washed twice with cold PBS,
pH 7.4. Each cell pellet was resuspended in 8D@f RNA
preparation solution | (10 mM TrisCl, 0.15 M NaCl, 1.5
M MgC1,, 0.65% NP-40, DEPC-treated). After centrifuga-
tion at 80@ for 10 min, the upper phase was transferred to
a new tube, and 200L of RNA preparation solution Il [7
M urea, 1% SDS, 0.35 M NaC1, 10 mM EDTA, 10 mM
Tris—ClI, DEPC (diethyl pyrocarbonate)-treated] was added.
Then 400uL of phenol/chloroform/isoamyl alcohol (50:50:

transformed cells and tissues or sera from healthy volunteers)y \yas added, and the mixture was centrifuged at 1§000
or patients with disorders other than cancers as antigenfor 5 min, The clear phase that contained RNA was

sources 4, 15, 16) using several different tNOX antisera.
Those antisera include (a) a monoclonal antibady (b) a
single-chain variable region fragment (ScFwcombinant
antibody derived from DNA of the monoclonal hybridoma,
(c) polyclonal antisera to expressed tNOX6), and (d)

precipitated with 95% ethanol and dissolved in DEPC-treated
water.

RT-PCR A 20 uL reaction volume containing AL of
oligo(dT)2-15 (500ug/mL), 1 uL of 10 mM dNTP, 4uL of
5x first-strand buffer, 2uL of 0.1 M DTT, 5 ug of total

polyclonal peptide antisera to the conserved adenine nucle-pnA  and 1uL of reverse transcriptase was used. The

otide binding region of tNOX 14).

tNOX cDNA has been cloned (GenBank accession no.

AF207881;17). The derived molecular mass from the open
reading frame was 70.1 kDa. ldentified functional motifs

reaction mixture was incubated at 42 for 1 h, followed
by heating at 70C for 15 min. The synthesized first-strand
cDNA was amplified by PCR using primers-6AGC-
CGATAACAGTAGAACTCTGA-3 (forward) and 5 CT-

include a quinone binding site, an adenine nucleotide binding GATTCCTCAGTTTCTTTTGTTTCTG-3 (reverse). PCR

site, and a CXXXXC cysteine pair as a potential protein
disulfide—thiol interchange site on the basis of site-directed
mutagenesisi@). On the basis of available genomic infor-
mation (L9), tNOX cDNA is comprised of 13 exons (Figure
1).

products were separated on a 1% agarose gel and recovered
using a gel extraction kit. Purified PCR products were
sequenced.

Northern Blot The cDNA probes used in the Northern
blot were generated from PCR using a pcDNA3tNOX

To elucidate the basis for the cancer-specific expressionplasmid. The probes were labeled prior to use witi3P]-

of cell surface tNOX, a series of RT-PCR, expression,

dCTP using a random hexamer priming kit (Promega). The

Western blotting, and site-directed mutagenesis studies wereprobe used was 1.2 kb tNOX cDNA corresponding to the
carried out. The findings indicate that an exon 4 minus gene tNOX sequence from bp 680 to bp 1830. The human MTN
transcript of tNOX which arises as the result of an alternative (multiple-tissue Northern) blot was incubated with prehy-
splicing event unique to transformed cells is the source of bridization solution at 68C for 6 h. Then a hybridization

the tNOX protein.

MATERIALS AND METHODS

Materials General chemicals and reagents were from

Sigma. DNA markers, Taq polymerase, and the random

hexamer priming kit were from Promega (Madison, WI).

SuperScript Il reverse transcriptase, mammalian expressio
vector pcDNA3.1, and the calcium phosphate transfection

kit were from Invitrogen (Carlsbad, CA). Restriction enzymes
were from New England Biolabs (Ipswich, MA). Human
multiple-tissue Northern blot was from Clontech (Palo Alto,
CA). The Fast-Link DNA ligation kit was from Epicentre
(Madison, WI). Cloned Pfu DNA polymerase aifd coli
strain XL1-blue were from Stratagene (La Jolla, CA). The
gel purification kit and plasmid DNA mini and midi
purification kits were from Qiagen (Valencia, CA). Alkaline

phosphatase-conjugated monoclonal anti-rabbit IgG was from

solution with either of the probes was added and the resulting
solution incubated at 65C overnight. The MTN blot was
washed and placed with film at80 °C for autoexposure.

5 Rapid Amplification of cDNA Ends '®RACE) Total
RNA from BT-20 and MCF-10A cells was prepared by the
guanidine isothiocyanate/acigphenol method. Total RNA

pwas quantified by Hitachi U-1100 UV spectrometry and

stored at-20°C in 30uL of DEPC-treated water. A custom-
designed primer, 109L, which is a 20 nt reverse primer
matching the end of exon 2;-6EGTAAAATTGGTTGTC-
CGGC-3, was used in the first-strand synthesis and the later
PCR process. TrisHCI (20 mM, pH 8.4), 50 mM KC1,
2.5 mM MgC%, 10 mM DTT, 100 nM cDNA primer 109L,
400uM each dATP, dCTP, dGTP, and dTTPu§ of RNA,

and 200 units of Superscript Il RT were used in the first-
strand cDNA synthesis. After incubation at 42 for 1 h,

the reaction was terminated by incubation at°@for 15

Sigma (St. Louis, MO). Peptide antibodies PU02 and PU04 Min- Then RNase H was added to the mixture to digest the
were generated by Covance Research Products, Inc. (DenvefXNA in the RNA/CDNA hetero double strand. The digest

1 Abbreviations: ScFv, single-chain variable region fragment; PBS,

phosphate-buffered saline; RT, reverse transcription; RACE, rapid

amplification of cDNA ends; E4m, exon 4 minus form; E5m, exon 5
minus form; EGFP, enhanced green fluorescent protein.

was transferred to the GlassMAX spin cartridge and
centrifuged at 130aPfor 20 s. After three washes, the first-
strand cDNA was purified and concentrated for the next step
of terminal nucleotidyl transferase (TdT) tailing; several dC
nucleotides were added at the-eéhd of the first-strand
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cDNA. Using anchoring primers and the primer 109L, the were plated 1 day prior to transfection atx41C® cells per
cDNA was specifically amplified and resolved on a 1% 100 mm dish. A 36:L portion o 2 M CaCk and 30ug of
agarose gel. It was further cloned into the T-vector and pcDNA3.1-E4m tNOX or pcDNA3.:-E5m tNOX in 300

sequenced. uL of sterile HO were slowly added dropwise to 3QQ of
RT-PCR To Detect Full-Length, Exon 4 Minus, and Exon 2x HEPES-buffered saline at room temperature for 30 min.
5 Minus tNOX mRNA in Cancer and Noncancer Célistal The transfection mixtures then were added dropwise to the
RNA was prepared from Z 10 cells. The forward primer  medium containing the cells and the resulting mixtures
was at the beginning of exon 2:'-ECGATAACAGTA- incubated overnight at 37C. After overnight exposure to

GAACTCTG-3. The reverse primer was from the end of the DNA precipitate, the cells were washed twice with PBS,
exon 8. B-CTGATTCCTCAGTTTCTTTTCTTTCTG-3 and 3 mL of 10% DMSO was added for 2.5 min. Then the
Equal amounts of RNA were used within each experiment. 10% DMSO was removed, and the cells were fed with fresh
PCR products were further cloned into the T-vector and medium for 2-3 days. For selection of stable transfectants,

sequenced. fresh medium containing 0.5 mg/mL G418 sulfate (Invitro-
RT-PCR To Detect Exon 4 Minus tNOX mRNA in Cancer gen) was added to the medium twice each week, and the
and Noncancer CellsTotal RNA was prepared from 2 cultures were maintained until colonies2 mm in diameter

10’ cells. As a forward primer, we used a 20-mer oligo- were formed. A total of four colonies were selected and
nucleotide at the junction of exon 3 and exon 5 with 15 trypsinized individually followed by transfer into the wells
nucleotides from exon 3 and 5 nucleotides from exon 5 as of a 24-well plate and then into a 35 mm dish. The cells
follows: 5-TCCCTCCAAATCCAAGTTAC-3. Thereverse  were harvested at ca. 80% confluency.
primer was from the end of exon 8:'-EBTGATTCCT- Site-Directed Mutagenesislethionines M220, M231, and
CAGTTTCTTTTCTTTCTG-3. The expected product of 670 M314 were replaced by alanines by site-directed mutagenesis
nucleotides was obtained. Glyceraldehyde-3-phosphate de-according to Braman et al@). Numbered amino acids and
hydrogenase (GAPDH) primers were used as controls (640nucleotide positions of splice variant products refer to
nucleotides). numbers assigned to nucleotides and amino acids of the full-
Expression of the Exon 4 Minus Form and Exon 5 Minus length transcript prior to sequence deletiohg)(
Form of tNOX in COS Cell?lasmids carrying exon 4 minus Western Blat Approximately 16 COS cells were trans-
and exon 5 minus tNOX sequences were prepared byfected with pcDNA3.1, pcDNA3:2tNOX, pcDNA3.1-exon
replacing the full-length tNOX sequence in pcDNA3filll- 4 minus tNOX, or pcDNA3.texon 5 minus tNOX. Whole
length tNOX with the exon 4 minus or exon 5 minus tNOX  cell extracts were dissolved in 10Q of 10 mM Tris—Cl
sequence. This was accomplished by first amplifying by PCR and immediately loaded onto 10% SBBAGE gels. Re-
the portion of the exon 4 minus form of tNOX (E4m tNOX)  solved proteins were transferred onto a nitrocellulose mem-
and of the exon 5 minus form of tNOX (E5m tNOX) cDNA  brane. After transfer, the nitrocellulose membrane was
as defined by the primers-8CGATAACAGTAGAACTCT- incubated with either PUO2 or PU04 anti-tNOX antibody at
GAAC-3' (forward) and 5GGCTGATTCCTCAGTTTC 4 °C overnight. PUO2 is a polyclonal peptide antibody to
TTTTGTTTC-3 (reverse). The PCR products were then the tNOX C-terminus containing the putative adenine nucle-
ligated to pGEM-T Easy vector (Promega) for sequencing. otide binding motif (T589GVGASLEKRWKFCGFEG605).
The construct was digested wittotl. The digested products PUO04 is a polyclonal antibody to a tNOX peptide that
were separated on an agarose gel and extracted using a DNAncludes a putative E394EMTE quinone binding site (EE-
extraction kit (Qiagen). The DNA then was doubly digested MTECRREEEMEMSDDEIEEMTETK). The membrane was
with Banl and Asd. The digested products also were incubated with alkaline phosphatase-conjugated monoclonal
separated on an agarose gel and extracted (fragment A). Thanti-rabbit 1IgG at room temperature for 1 h. 5-Bromo-4-
pcDNAS.1—full-length tNOX was doubly digested with  chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium
Hindlll and BanHI, and a fragment containing pcDNA3.1  (NBT) was used as the substrate. The membrane was placed
and part of tNOX (fragment D) and fragment F were into 5 mL of alkaline phosphate substrate buffer (100 mM
obtained. Fragment F was then doubly digested \Binl Tris—HCI, pH 9.5, 100 mM NaCl, 5 mM MgG) mixed with
and Asd to get three fragments. There was a fragment 33 uL of NBT and 16.5uL of BCIP with shaking at room
betweerHindlll and Banl (fragment B), a fragment between temperature.
Banl and Asd (fragment G), and a fragment betweAsd Preparations of plasma membranes and internal cellular
and BanHI (fragment C). These digested products were membranes free of plasma membranes were by aqueous two-
separated on an agarose gel and extracted. Finally, the fouphase partition of cell homogenates as descril2d)l The
fragments (A, B, C, and D) were ligated using a Fast-Link purity of the plasma membrane was determined to-B8%
kit (Epicentre). The resulting plasmid was used to transfect by electron microscope morphometry. The yield was ap-
COS cells. proximately 20 mg of plasma membrane protein from°10
DNA sequences of the ligation products were confirmed cells.
by DNA sequencing. Expression of the exon 4 minus form  Construction of PlasmidsTo amplify the E4m tNOX
of tNOX and the exon 5 minus form of tNOX was confirmed coding region by PCR, oligodeoxyribonucleotide primers 5
by SDS-PAGE with immunoblotting. Immunoblot analysis GATCTCGAGCTCAAGCTTGACCACACAATGCAA-3
was with tNOX peptide antibody to the semiconserved (forward) and 5ATCCCGGGCCCGCGGTACCGTCAGCT-
adenine nucleotide binding domain (PU02). Detection used TCAAGCC-3 (reverse) were used. The PCR products were
alkaline phosphate-conjugated anti-rabbit antibody. digested withHindIIl and Kpnl restriction endonucleases,
COS cells (SV-40 transformed African monkey kidney cell and the DNA fragments were purified by agarose gel
line provided by Prof. E. Taparowsky, Purdue University) electrophoresis. The plasmid pEGFP-N1 was digested with
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Hindlll and Kpnl, and the backbone of the expression kb 1 2 3 4 5 6 7 8
plasmid was gel-isolated. The two purified fragments were
then joined to give pE4mEGFP.

The 3-end of the coding region of tNOX was fused to
the Myc epitope from pCMV-Tag5A (Stratagene) to give
pFL-tNOX—Myc. To amplify the full-length tNOX coding
region by PCR, oligodeoxyribonucleotide primersGA-
TCTCGAGCTCAAGCTTGACCACACAATGCAA-3 (for-
ward) and 5TTTATCGAGGTCGACGGTCAGCTTCA-
AGCCCTC-3 (reverse) were used. The PCR products were

digested withHindIll and Sal restriction endonucleases, and
the DNA fragments were purified by agarose gel electro- beta-actin _
phoresis. The plasmid pCMV-TagbA was digested with

Hindlll and Sal, and the backbone of the expression plasmid Ficure 2: Northern blot analysis of normal human tissues probed
was gel-isolated. The two purified fragments were then joined by ttNOX (nucleotides 6861830): lane 1, spleen; lane 2, thymus;
to give pFL-tNOX—Myc. lane 3, prostate; lane 4, testis; lane 5, ovary; lane 6, small intestine;
Expression of Myc-Tag Full-Length tNOX in COS Cells 'fv‘gfeﬁ&'f?a Igggei,spgr’ﬁ?;?églﬁsdz;ﬁgﬁgg)étﬁsg. Probgs-&mtin
The COS cells were transfected with pFL-tN©Xlyc '
expression plasmids by Lipofectamine 2000 reagent (Invit- M PC tNOX
rogen) according to the manufacturer’s instructions. COS
cells at 90% confluency were transfected in 10 cm plates.
The cells were harvested 48 h after transfection. The whole
cell extracts and isolated microsomes were analyzed.
Expression of EGFP-Fused E4m tNOX in COS Cdllse
E4m—EGFP expression plasmids were constructed using
pEGFP-N1, which allowed expression of the enhanced green
fluorescent protein fused at the C-terminus of E4m tNOX.
E. coli cells were transformed with pE4rEGFP, and the
resultant plasmids were isolated. COS cells were transfected
with pE4Am—-EGFP using calcium phosphate (Stratagene)
transfection and DMSO shock according to the instructions
furnished by the manufacturer.
Confocal Laser Scanning Microscap@ells were grown
in Corning glass chambers and observed on a Bio-Rad MRC-
1024 confocal microscope. Fluorescence of EGFP was — _ _
excited using a 488 nm krypton/argon laser, and the emitted Ficure 3: Verification of the 5terminus by 5RACE using an
fluorescence was detected with a 5310 band-pass filter. ~ €XOn 2 3-primer. The 240 bp band shown here corresponds to exon
For tetramethylrhodamine concanavalin A, a 568 nm krypton/ L plus eonZ of tNOX as initially reported ). PC= placenta
N ’ control. M= A DNA marker. The results revealed no additional
argon laser was used for excitation, and fluorescence wassequence in the'8JTR.
detected with a 590 nm band-pass filter. The cells were rinsed
with cold PBS and treated with tetramethylrhodamine trangjates into 610 amino acids. There was no naturally
concanavalin A (1@g/mL in PBS) for 2 min at £C. After expressed 71 kDa tNOX (corresponding to the 610 amino
confocal microscope using the €0oil immersion lens. noncancer cells (data not shown). The tNOX cDNA sequence
has an unusually short 22 ntBTR. This may explain why
RESULTS translation may not start from the first ATG. On the other
Full-Length tNOX mRNA Identical to That of Cancer Cells hand, it raises the question of whether there is additional
Exists in Human Noncancer Cells and TissudslLa cells ~ Sequence in the¢ 8JTR and whether there was another ATG
(human cervical carcinoma cell line) express the full-length Peyond the SUTR end in cancer cells.
mRNA and the functional 34 kDa tNOX protein. To 5'-RACE Analysis for an Additional Upstream ATEor
investigate whether the full-length tNOX mRNA was cancer 5-RACE analysis, mRNA of noncancer human mammary
specific, human normal cell lines and tissues were examinedMCF-10A cells was prepared following general mRNA
separately by RT-PCR and Northern blot. In the Northern preparation protocols. The240 bp band resulting from'5
blot, commercially available human normal tissue mRNAs RACE corresponded to exon 1 and exon 2 of the tNOX gene
were probed with the tNOX cDNA sequence. Of the eight (Figure 3). The result showed that the previously determined
different human normal tissues examined, all exhibited tNOX cDNA sequence was complete at tHeefd with no
detectable 3.8 kb full-length tNOX mRNA (Figure 2), additional sequence in the-BTR. Results with mRNA of
although the levels of transcription varied. The membrane BT-20 human mammary cancer cells were similar.
was reprobed with probes f@ractin to assess RNA integrity Cancer-Specific Expression of tNORlasma membranes
and loading. Sequencing results of RT-PCR products showedpurified from MCF-10A and BT-20 cells were compared by
comparable full-length tNOX cDNA sequences in comparing SDS-PAGE and Western blot analysis with monoclonal
both cancer and noncancer cell linds)( antibody to tNOX. The 34 kDa tNOX was present as a
Full-Length 71 kDa tNOX Protein Not Translated@he doublet (possibly due to small differences in the extent of
tNOX cDNA open reading frame (ORF) is 1.83 kb’s and glycosylation) in the plasma membranes of BT-20 cancer

240 bp
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FiGure 4: BT-20 (human mammary adenocarcinoma) and MCF-
10A (noncancer mammary epithelia) plasma membranes (0.05 mgFiGure 5: Full-length tNOX cDNA expressed a protein around
of protein per lane) analyzed by SBBAGE (10%) and by Western 71 kDa under the control of a vector promoter in COS cells: lane
blot analysis with monoclonal antibody to tNOX with visualization 1, full-length tNOX cDNA in pcDNA3.1; lane 2, pcDNA3.1. All
using alkaline phosphatase-linked anti-mouse secondary antibodyare COS cell transfectants. Antibody PUO4, a peptide antibody to
with BCIP and NBT as substrates. The 34 kDa protein (arrow) the quinone binding region on tNOX, was utilized.

present in the plasma membranes of the BT-20 cells (lane 2) was

below the level of detection from plasma membranes of MCF-10A A.

cells (lane 1). N&,K*-ATPase (112 kDa) detected by N&*- kb 1 2 3

ATPase monoclonal antibody was used as a loading control. Lane S, |
3 is for plasma membranes of MCF-10A cells. Lane 4 is for plasma 1.0 — —2
membranes of BT-20 cells. 0.9 — e

. MCF-10A BT-20 HelLa
cells but not in plasma membranes of noncancer MCF-10A

cells (Figure 4). The plasma membrane marker" Ka- B.
ATPase (112 kDa) was used as a loading control. Other
matched pairs of normal and transformed pairs showing this el
specificity that we have examined include rat hepatocytes 5 sl
and hepatoma, human melanocytes and melanoma, and SV- i
40 transformed and nontransformed 3T3 cells. WI-38 MCF-7 MCF-10A HelLa

Expression of Full-Length tNOX cDNA in Noncancer Cells g e 6: (A) RT-PCR of MCF-10A, BT-20, and Hela cells
Did Not Result in Expression of 34 kDa Processed tNOX showed, in addition to tNOX mRNA (band 1), an exon 4 minus
Protein As reported above, no naturally expressed 71 kDa form (band 2) and an exon 5 minus product (band 3) in both cancer
tNOX protein was observed in cells of either cancer or lines BT-20 (lane 2) and HelLa (lane 3) but not in the noncancer
noncancer cell lines. Therefore, experiments were conductedCF-10A (lane 1) cells. (B) RT-PCR of WI-38, MCF-7, MCF-
to determine whether the absence of the 71 kDa protein wast2# @nd HeLa cells showed an exon 4 minus form (band 2) and

due t id t . Constructs of the full an exon 5 minus form product (band 3) in both MCF-7 (lane 2)
ue 1o rapid turnover or processing. LOoNnstructs ot the 1ull- 53,4 Hel a (lane 4) cancer cells but not in noncancer WI-38 (lane

length tNOX cDNA inserted into a mammalian expression 1) and MCF-10A (lane 3) cells. The tNOX mRNA (band 1) was
vector pcDNA3.1-pcDNA3.1full-length tNOX, were trans- present in all four cell lines. Primers were at the beginning of exon
fected into COS and MCF-10A cells (MCF-10A cells do 2 (nucleotides 7291) and at the end of exon 8 (nucleotides 1212
not express tNOX protein, and COS cells exhibit only low 1238). PCR products were cloned into the T-vector and sequenced.
levels of tNOX expression as has been demonstrated by
Western blots and enzymatic assay of drug-responsive NOX ) ,
activity). The transfectants and wild-type cells were collected Rather, band 2 yielded a sequence corresponding to an exon
and resolved on SDSPAGE followed by Western blotting 4 Minus form, and band 3 yielded a sequence corresponding
with PUO4 antisera. to an exon 5 minus form. Both splice variant forms were
The results showed that the full-length tNOX cDNA was found in BT-20, MCF-7, and HeLa cells (cancer) but not in
expressed as a 71 kDa protein under the control of the vectorth® noncancer MCF-10A (Figure 6A) or WI-38 (Figure 6B)
promoter in COS cells (Figure 5). However, there was no Cells. Primers used were at the beginning of exon 2
ca. 34 kDa processed form of the tNOX protein observed in (nucleotides 7291) and at the end of exon 8 (nucleotides
the transfectants. This result and expression of the full-length 1212-1238). PCR products were cloned into the T-vector
tNOX cDNA under a vector promoter in MCF10A cells with ~and sequenced.
a similar outcome (not shown) suggest that the 34 kDa Additional evidence for a cancer-cell-specific expression
processed form of tNOX protein observed on cancer cell of exon 4 minus mMRNA was provided using exon 4 minus-
membranes and in sera of cancer patients may not have beefpecific probes generated to the exon 4 minus-specific
derived from the proposed 71 kDa full-length precursor. sequence at the splice juncture between exon 3 and exon 5.
Therefore, the possibility of alternative splicing as a basis RNA preparations from HeLa human cervical carcinoma and
for the cancer-specific delivery of tNOX to the cancer cell BT-20 human mammary carcinoma cells clearly contained
surface was investigated. the expected 670 bp cancer-specific product indicative of
Splice Variants of tNOX Were Found in Cancer Celits ~ €xon 4 minus presence (Figure 7). MCF-10A human non-
all cancer lines examined, RT-PCR revealed mRNAs of cancer mammary epithelia and buffy coats (leukocytes and
reduced molecular masses (Figure 6) which were below theplatelets from a normal volunteer) lacked the PCR product.
limits of detection in noncancer cells. That these mMRNAs The presence of two additional splice variants was
arose by degradation was ruled out by direct sequencing.established by RT-RCR (Figure 8). These were identified

kb 1 2 3 4

:2

3
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kb 1 2 3 4 Vec E4m E5m
kDa 1 2 3

0.7 —

«—670 nt i S s B | S

+—640 nt
06 — il T p—

43 e 43 —

0.5 — 36 — Fel

Buffy coat MCF-10A BT-20 HelLa

29

Ficure 7: RT-PCR analysis of exon 4 minus mRNA using a
forward primer at the junction between exon 3 and exon 5, With g ee 10: Expression of the exon 4 minus and exon 5 minus
the reverse primer being the end of exon 8. A single cancer-specific {ormg of tNOX mRNA in COS cells identified by immunostaining

dominant species of 670 nt's was generated. GAPDH primers were i the tNOX peptide antibody to the C-terminal adenine binding

used as controls (640 nt's). motif (PU02): lane 1, pcDNA3.1 vector; lane 2, exon 4 minus form
of tINOX; lane 3, exon 5 minus form of tNOX.

kb
15 — —1 1 2 3 4 kDa
= — 66

1.0 — 47— [ e dilIe
0.8 — 43— | ——— — —

MCF-10A HEK 293 WI-38 A498 MCF-12A Hela ISR
FiGURE 8: RT-PCR showed additional examples of alternative H—p AT
splicing with variations in exon 1. Primers used were nucleotides LIS
191-215 of AK000353 and DBS'3drug binding site of the tNOX

3'-end). AK0O00353 (band 1) and AL133207 (band 2) are shown. -
Ficure 11: Western blot of plasma and internal membranes of the

R 1) 112 00 e s exon 4 minus transfectant and whole cell preparation of COS cells
116— ST | probed by a peptide antibody toward the quinone binding motif of
the tNOX protein (PU04): lane 1, internal membranes of exon 4
minus variant transfectants; lane 2, plasma membrane of exon 4
minus variant transfectants; lane 3, whole cell preparation of exon
- i 4 minus transfectants; lane 4, vector only transfected cells.

75—
50 —
37—
25 | (17). Thus, with the exon 4 minus tNOX tranfectants, a 34
kDa protein that reacted with the tNOX antibody was

=Y. = ! e . . . .~ obtained from the overexpression of a naturally existing
cells identified by immunostaining with the anti-Myc antibody: RNA i ls. Thi It sh d that th 1
lanes 1 and 5, pCMV-Tag5A vector transfected COS cells; lanes 2 m In cancer cells. [his result showe at the exon

and 6, pFL-tNOX-Myc transfected COS cells; lanes 3 and 7, Minus splice variant MRNA is apparently capable of generat-
microsomes of pCMV-Tag5A vector transfected COS cells; lanes ing the 34 kDa tNOX protein.

4 and 8, microsomes of pFL-tNGXMyc transfected COS cells. Delivery of 34 kDa tNOX Protein to the Plasma Mem-
-Actin detected by actin monoclonal antibody (lanes 5 and 6) and o . R .

ﬁa*,K*-ATPase dgtected by N&K*-ATPase mgn(oclonal antiboZiy brane In addition to carrying out proteln_dlsulflddhlol_

(lanes 7 and 8) were used as loading controls. interchange, ECTO-NOX proteins function as terminal

oxidases for plasma membrane electron transfdor3)( If
from the NCBI database (GenBank) as AK000353 (band 1) the 34 kDa protein expressed from the exon 4 minus splice
and AL133207 (band 2). No cancer specificity was observed Variant is to function as a terminal oxidase for plasma
as both variants were present in MCF-10A, MCF-12A, and membrane electron transprot, it must reach the outer surface
WI-38 cells as well as in the cancer lines. of the plasma membrane. To investigate the subcellular

Expression of Myc-Tagged Full-Length tNOX in COS Ioca_lization of the 34 kDa tNOX protein expressed in_exon
Cells COS cells were transiently transfected with DNA 4 minus COS transfectants, plasma membranes and internal
encoding full-length tNOX fused with Myc tag and analyzed Membranes of the transfectants prepared by aqueous two-
after 48 h (Figure 9). The whole cell extracts and microsomes Phase partition were resolved on SBIBAGE followed by
exhibited bands corresponding to putative full-length tNOx VWestern blot analysis (Figure 11). The Western blots of
plus the Myc tag. No bands at lower molecular mass were Plasma membranes and internal membranes of the exon 4
detected. This result confirmed that the full-length tNOX MINUS transfectants along with whole cell preparations were
mRNA was incapable of generating the 34 kDa tNOX Probed by a peptide antibody toward the quinone binding
protein. motn‘ of the tNOX protein. The internal membrane prepara-

Expression of Exon 4 Minus and Exon 5 Minus Forms of tion (lane 1) exhibited the 47 and 43 kDa bands, plus a small
tNOX in COS CellsThe exon 5 minus cDNA vyielded an Put detectable amount of the 34 kDa protein presumably as
open reading frame for a deduced amino acid sequence for@ result of delivery of the 34 kDa processed form of the 47
a protein of 532 amino acids with a predicted molecular mass kD@ protein to the plasma membrane. The plasma membrane
of 60.8 kDa (Figure 10). The exon 4 minus tNOX transfec- Preparation (lane 2) exhibited the 43 and 34 kDa bands but
tants exhibited a 62 kDa band (corresponding to E4m tNOX ot the 47 kDa band. The whole cell preparation (lane 3)
expressed from M1 under the control of the CMV promoter) €xhibited all three (47, 43, and 34 kDa) bands, whereas none
and 47 and 34 kDa bands corresponding to proteins translatedVere present with vector alone (lane 4).
from M231 and fully processed tNOX, respectively, plus a  Mutation of Met 231 Blocked Expression of the Exon 4
43 kDa band representing a possible processing intermediatéVlinus Splice Variantin the previous overexpression experi-

Ficure 9: Expression of Myc-tagged full-length tNOX in COS
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WT Vec E4m M220 M231 M314 downstream Met as the initiation site during translation of
1 2 3 4 5 6 the exon 4 minus mMRNA (see the discussion of downstream
tNOX — S — T — 47 kDa translation initiation below). Possible downstream initiation

sites include Met 220, Met 231, and M314. Mutagenesis
experiments of the initiation sites of E4Am showed that only
with COS cells transfected with E4m mRNA in which Met
231 was replaced by alanine was a ca. 47 kDa band missing
(Figure 12). Thus, initiation at Met 231 and subsequent
processing of the 47 kDa protein and delivery to the plasma
membrane of the 34 kDa active form of tNOX serve to
explain the specific localization of tNOX at the cancer cell
surface.

relative values
O = N W A U O =~ 00 O

WT Vv E4m M220 L
e " M231 M314 _ Subcellular Localization of E4Am tNOGXEGFP and Full-
Ficure 12: Site-directed mutagenesis validates exon 4 minu

s : .
mRNA with initiation at M231 as the transcriptional template for -€Ngth INOX-EGFP Fusion ProteinsTo test further the
tNOX. Replacement of Met 231 prevents the protein expression of hypothesis that cell surface tNOX is the result of expression
exon 4 minus MRNA. Key: lane 1, wild-type COS cells; lane 2, of E4m mRNA, confocal microscopy was used to determine

COS cells transfected with pcDNAS3.1 vector; lane 3, COS cells P
transfected with exon 4 minus cDNA in pcDNA3.1; lane 4, COS the subcellular localization of the E4m INGXGFP and

cells transfected with mutant M220A exon 4 minus cDNA in full-length tNOX—EGFP when expressed in COS cells. The
PcDNA3.1, lane 5, COS cells transfected with mutant M231A exon constructs tagged with EGFP at the C terminus were

4 minus cDNA in pcDNA3.1; lane 6, COS cells transfected with :
mutant M314A exon 4 minus cDNA in pcDNA3.1. The 47 kDa expressed under the control of the cytomegalovirus promoter.

band is present in lanes 3, 4, and 6. Values of densitometry analysis™luorescence microscopy revealed that the E&GFP
were divided by the smallest value, and the division factors are fusion protein was localized to the plasma membrane (Figure

plotted. The smallest value is calculated as 1. 13D—F). In contrast, a full-length tNOXEGFP fusion

ments, 47, 43, and 34 kDa proteins were observed in exonprotein was retained in internal membranes (Figure -23A
4 minus splice variant transfectants. Expression of the 47 C). COS cells transfected with pE4rEGFP in which
kDa protein would be consistent with utilization of a Met231 was replaced by alanine (M231A-E4BGFP)

Ficure 13: Confocal microscope images of full-length tNOEGFP transfected COS cells {A): the cell surface marker,
tetramethylrhodamine concanavalin A, is in red (A); the EGFP fusion protein is in green (B); colocalization of the two (C). Confocal
images of pE4AmEGFP transfected COS cells {IFF): the cell surface marker, tetramethylrhodamine concanavalin A, is in red (D); the
EGFP fusion protein is in green (E); colocalization of the two appears as yellow (F). Confocal microscope images of M2312CEEHM
transfected COS cells (4): the cell surface marker, tetramethylrhodamine concanavalin A, is in red (G); the EGFP fusion protein is in
green (H); colocalization of the two (1).
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QQ K tNOX gene exon 4 skipped
Q gl & L v o |
@C;‘ & @0“ &
Q Q Q < |
kDa 1 2 3 4 =T 1 751
T
Met 231
97 Downstream initiation to yield
iliie cancer-specific tNOX isoform
e e | =74 kDa Ficure 15: Summary diagram illustrating translation of the exon
66— 4 minus tNOX mRNA from a downstream methionine (Met 231).
e o The presence of exon 4 minus mRNA was verified by
MU Northern blot analysis. mMRNA bands spanning the correct
Bl pr— s s range of 3.53:9 kb's were optalned (full length of 3.8 kb’s
and exon 4 minus of 3.6 kb’s) as an incompletely resolved
doublet.
Two additional splice variants of tNOX were found. These
were identified from the NCBI database (GenBank) as
PU02 Ab GFP Ab

Ficure 14: Expression of 27 kDa EGFP and of 74 kDa E4m
EGFP in COS cells. Immunostaining of EGFP and E4BGFP in
COS cells identified by antibody PUO2 (a polyclonal peptide
antibody to the conserved adenine nucleotide binding region of

AKO000353 (originally found from a hepatoma cell line) and
AL133207 (gene located on chromosome X). Both have the
same sequence as exon 2 to exon 8 of tNOX. AK000353
has a 234 bp extra sequence before exon 2 that is different

tNOX, lanes 1 and 2) and anti-GFP antibody (lanes 3 and 4). Lanesfrom that of tNOX. AL133207 has a 348 bp extra sequence
1 and 3 are for pEGFP vector transfected COS cells. Lanes 2 andbefore exon 2 that differs from that of tNOX. Nucleotides

4 are for pE4m-EGFP transfected COS cells. The 74 kDa E4m

31—234 of AKO00353 are the same as nucleotide04

EGFP product was recognized by both antibodies, whereas with
pEGFP vector alone only the 27 kDa product was revealed. The
band at ca. 55 kDa was given by anti-rabbit second antibody alone.

of AL133207. Neither appeared to be cancer specific (Figure
8).

Taken together, the findings suggest that an exon 4 minus
failed to exhibit the EGFP fusion protein at the cell surface splice variant of tNOX provides the basis for the cancer-
(Figure 13G-1), consistent with M231 as the cancer-specific Specific appearance of the 34 kDa processed form of tNOX
E4m mRNA initiation site. With the M231A-E4mEGEP at the cell surface. Exon 4 minus tNOX mRNA was detected
cells, Western blot analyses revealed that only the 27 kDain all of the cancer cell lines thus far investigated but was
green fluorescent protein was expressed to account for thebelow the limits of detection in noncancer cells. Site-directed
GFP signal detected in Figure 13@ Similar results were ~ mutagenesis and other evidence indicate that the generation
observed when a stop codon was inserted at the end of tNOX0f the 34 kDa cell surface tNOX is the result of downstream

preceding the EGFP sequence.

Immunoblot analysis of EGFP and E4BGFP Expressed
in COS CellsProteins were analyzed by PAGE and Western
blotting using the anti-GFP and PUO2 (a polyclonal peptide

antibody to the conserved adenine nucleotide binding region

of tINOX). A 74 kDa band was seen in pE4EGFP

transfected COS cells, consistent with the predicted molecular

mass of the E4Am tNOX (47 kDa) plus EGFP (27 kDa) fusion

initiation at methionine 231 (encoded by nucleotides ATG
in exon 5, Figure 15). Overexpression of the exon 4 minus
transcript in noncancer cells generated the expected full-
length protein of molecular mass 47 kDa, plus a 43 kDa
processing intermediate and the fully processed 34 kDa form
at the plasma membrane, all of which reacted with anti-tNOX
antibodies.

As stated above, there is no evidence of physiological

protein (Figure 14). There was no evidence from these gelstransiation of the full-length tNOX mRNA despite its

with either antibody for the production of further processing
intermediates of the GFP conjugates.

DISCUSSION

A 34 kDa tNOX protein found on the surface of cancer
cells (1, 2, 7) is shed into the sera of cancer patieris6)
as well as into the media of cultured cancer cell)( A
characteristic of the tNOX protein that distinguishes it from
other ECTO-NOX proteins is its inhibition by the vanilloid
capsaicin 8), the catechin-)-epigallocatechin 3-gallaté (),
the antitumor sulfonylureas9), adriamycin 8), and the
synthetic anticancer isoflavene phenoxodibl)( tNOX is

widespread transcription. Therefore, the significance of
differences in full-length mRNA abundance (Figure 2) may
not be functionally relevant. The cDNA sequence of tNOX
revealed that the first ATG started at nt 23. There were only
22 nt's to form a 5UTR. This short 5UTR makes the first
ATG an unlikely site for initiation of translation due to the
potential restrictions on ribosome binding based on the
current scanning model for initiation of translation in
eukaryotes 42). Normally, the initiation complex forms
around 2124 nt's after recognition of the cap of mRNA
and then begins to scan for the first Met codon. This “first
AUG” rule holds for about 90% of the eukaryotic mRNAs
that have been analyze2i3). However, the first Met typically

present in solid tumors, on the surface of cancer cells, andis about 56-150 nt's downstream from the cap4). Thus,
in sera of cancer patients but not in normal human tissueswith tNOX, the first Met at nt 23 may be too near to the cap

or on the surface of noncancer cell3—) or in sera of

to serve as a functional initiation sequence for translation

healthy volunteers. This study was undertaken to determineespecially as sequence elements in th&JBR are often

the mechanism for the cancer specificity of the 34 kDa cell
surface tNOX.

required as well for regulation of translatioR5]. The first
methionine codon does not always function as the initiator
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codon @3, 26), and if the first ATG of full-length tNOX apparently delivered to the plasma membrane as the intact
mRNA functioned as the initiator codon, thé-BTR of 74 kDa fusion protein as determined by fluorescence
tNOX would be only 22 nucleotides, shorter than most microscopy (Figure 13) without evidence of further process-
functional 3-UTRs 7). Thus, it is possible that the initiator  ing (Figure 14). The enzymes of the detergent-solubilized
codon would be further downstream. Downstream Kozak Golgi apparatus from HelLa and to a somewhat less extent
sequences (A/G)XXAUGG2Q) are found at nt 167 (exon  from MCF-10A cells efficiently process the 47 kDa tNOX
2), nt 713 (exon 5), and nt 1163 (exon 8). ABTR length to its mature molecular mass of 34 kDa. Processing differ-
is usually smaller than 200 bp’s because of the limitation of ences may contribute but do not appear sufficient to explain
the scanning capacity of the riboson&S), By deleting an the cancer-specific exon 4 minus-dependent expression of
upstream portion of the message through alternative splicing,34 kDa tNOX at the plasma membrane.
it may be possible for the scanning ribosome to reach a For the most part, alternative splicing has been divided
downstream methionine codon to begin initiation to ulti- into four general categorie2®). The simplest form of
mately generate the cell surface 34 kDa form of tNOX. alternative splicing is a choice to remove or not to remove
Alternatively, downstream initiation as a result of the deletion an intron. Although this may appear only to depend on intron
of exon 4 might occur through disruption of the secondary recognition, the choice can be viewed as one between
structure of tNOX mRNA in a region where secondary alternative ways of defining exons. A second category is the
structure would normally hinder ribosome binding or block alternative use of 'Ssplice sites that will change the length
translation. Involvement of cancer-specific RNA binding of an exon by extending the-Border of the exon. A more
proteins seems unlikely since transfection with exon 4 minus complex, yet very frequent, mode of alternative splicing is
cDNA is sufficient to generate functional cell surface tNOX a choice between exon inclusion and exon skipping. Our
in noncancer cell lines which would lack the binding proteins. exon 4 minus form tNOX is an example of this. A well-
As the processed tNOX is on the extracellular side of the studied example of exon skipping is the alternative splicing
plasma membranel(7), a functional translation initiation  of fibroblast growth factor receptor-2 (FGF-R2) transcripts
site would require a membrane insertion sequence to follow. (29—31). In this example, a mutually exclusive choice is
The exon 4 minus splice variant results in a 207 bp deletion. made between two exons, FGF-R2IlIb (lllb) or FGF-R2llic
There is no frame shift after the deletion of exon 4. The (llic). The choice between lllb and llic is typical of
result is a 68 amino acid deletion plus one amino acid change alternative splicing events that select one among two or more
The net result is the deletion of one methionine codon at nt homologous exons; the other exon(s) are skip@&l (The
542, and all downstream methionine codons are broughtchoice between Illb and llic is tissue specific. Epithelial cells
closer to the 5end. By facilitating downstream initiation at ~ and well-differentiated prostate tumors of epithelial origin
M231, the exon 4 minus alternatively spliced mRNA favors (e.g., DT3 rat prostate tumors) include only llib, whereas
cancer-specific cell surface expression of the tNOX protein. mesenchymal cells or dedifferentiated prostate carcinomas
Initiation at M231 has the advantage of there being both (e.g., AT3 rat prostate tumors) include only [1180). The
putative signal sequence and signal sequence cleavage sitedllb/llic choice must be dictated by differences in the splicing
Initiation at M231 where a Kozak sequence occurs would machinery in different cells (i.e., DT3 vs AT3) and by unique
result in a peptide sequence of 380 amino acids and acis-acting elements in FGF-R1 transcripts. It will be of
calculated molecular mass of 44.5 kDa. What is observed isinterest to determine what mechanisms are employed for the
a protein band with an apparent molecular mass on-SDS cancer-specific exon 4 skipping that leads to expression and
PAGE of 47 kDa, which after removal of the signal sequence translation of tNOX exon 4 minus mRNA that appears to
and further processing would be expected to generate thebe permissive for delivery of mature tNOX protein to the
functional 34 kDa tNOX protein that is present at the surface cancer cell surface.
of cancer cells. This conclusion was supported by methionine More than 100 genes exhibit altered pre-mRNA splicing
to alanine replacements, which confirmed the 47 kDa protein in cancer 82). Several studies using bioinformatics methods
as the expressed form of the exon 4 minus transcript with have found potentially cancer-specific or cancer-associated
initiation at M231. The 43 kDa band likely represents the splice variants 33—35). Several studies show specific
47 kDa species after removal of a 29 amino acid sequencealterations in the expression of splicing factors in cancer.
with characteristics of a signal peptidé7f. The 34 kDa Thus, expression of tNOX exon 4 minus mRNA may be
protein corresponds to the mature processed form of tNOX reasonably expected to derive from cancer-specific alterations
and appeared at the plasma membranes but was absent fronm splicing factors 82).
internal membranes consistent with its translation as a 47 The expression of tNOX is not sufficient to cause cancer
kDa peptide and subsequent processing. The 47 and 43 kD436), but tNOX may be important to the unregulated cell
proteins plus a small amount of the 34 kDa protein were growth that typifies cancerlj. Unlike constituitive CNOX
found in the cell fractions containing internal membranes, proteins, tNOX is responsive to a variety of drugs and
whereas the plasma membranes contained only the 34 kDasubstances, all with anticancer activity that inhibits both
processed form. Our evidence suggests that the full-lengthhydroquinone and NADH oxidatior8). When tNOX activity
tNOX mRNA is not translated. Appearance of tNOX at the is inhibited, cancer cells, once having divided, fail to enlarge
plasma membrane of cancer cells seems dependent upon th® a size sufficient to divide again and undergo apoptosis
presence of exon 4 minus MRNA and thus would be expected(1).
to vary independently of the levels of the full-length tNOX A role for tNOX in maintaining growth of cancer cells in
message. However, processing does not seem to be awrulture has been recently reported in experiments based on
obligatory consideration for delivery to the plasma mem- RNAi-mediated gene silencin@?). tNOX as the molecular
brane. The exon 4 minu€EGFP construct, for example, was target at the surface of cancer cells to explain the activity of
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antitumor sulfonylureas9j has been independently con-
firmed by Alonso et al. 8).
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