
(CANCERRESEARCH57. 2124-2129. June I, 19971

Advances in Brief
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Abstract

It has long been postulated that protein tyrosine phosphatases may act
as tumor suppressors because of their ability to counteract the oncogenic

actions of protein tyrosine kinases. Here we report the cloning and char
acterization of a novel human protein tyrosine phosphatase, TEP1. TEP1

contains the protein tyrosine phosphatase signature motif, and we show

that it possesses an intrinsic protein tyrosine phosphatase activity. TEP1

also shares extensive homology with tensm, a cytoskeletal protein localized
to focal adhesions, and with auxilin, a protein involved in synaptic vesicle

transport. Immunofluorescence studies show that TEP1 is a cytoplasmic
protein. The abundance of TEP1 transcription is altered in many trans

formed cells. In the transforming growth factor fl-sensitive cells, TEP1
expression is rapidly down-regulated by transforming growth factor @1,a
cytokine shown to be involved in regulating cell adhesion and cell motility.

We have also mapped the gene encoding TEP1 to chromosome 10q23, a

locus that is frequently deleted in a variety of human cancers. TEPI
protein is identical to the protein encoded by the candidate tumor sup

pressor gene PTEN/MMACJ.Our functional studies of the TEPI protein

suggest that its tumor suppressor function may associate with Its intrinsic
protein tyrosine phosphatase activity and its cytoplasmic localization.

Introduction

The proper levels of protein tyrosine phosphorylation inside the
cells are regulated by the dynamic actions of both protein tyrosine
kinases and protein tyrosine phosphatases ( 1, 2). Because many of the

protein tyrosine kinases are encoded by proto-oncogenes, it has long
been postulated that some of the protein tyrosine phosphatases may
act as tumor suppressors. Although protein tyrosine phosphatases are

diverse in their structure and cellular localization, they all contain a
conserved signature motif (HCXXGXGRXG; Ref. 3), which consti
tutes the active site in the phosphatase catalytic domain. A critical
cysteinyl residue is required for the formation of a thiophosphate
intermediate during the phosphate transfer reaction (4). This motif is
also conserved by the dual-specificity phosphatases, a subfamily of

protein tyrosine phosphatases that can dephosphorylate both phospho
tyrosyl and phosphoseryl/threonyl residues. Protein tyrosine phos
phatases have been shown to act as either positive or negative regu
lators during signal transduction, cell cycle progression, and cellular
transformation. For example, CDC25 is shown to specifically dephos
phorylate and thus activate the CDKs3 (5), whereas MKP-l/CL100
acts to dephosphorylate and consequently inactivate the MAPKs
(6, 7).
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In addition to growth factor receptor tyrosine kinase-mediated
signaling events, tyrosine phosphorylation also plays an important
role in regulating the cell-cell or cell-extracellular matrix interactions
that affect cell migration, attachment, and communication between
neighboring cells (8). The signaling proteins at focal adhesions, which
mediate cell attachment to substratum, include both focal adhesion
kinase and Src tyrosine kinases. Furthermore, cytoskeletal proteins
such as tensin and paxillin are tyrosine phosphorylated and localized
to focal adhesions during cell attachment to extracellular matrix.
Tensin, a protein that contains an SH2 domain and binds to actin, has
been implicated in the assembly of the signaling complexes at focal
adhesions (9).

Here we report the cloning and characterization of a novel member
of protein tyrosine phosphatase TEPI (IGF-@3-regu1atedand Ã§pithelial
cell-enriched phosphatase).4 This protein contains the tyrosine phos
phatase signature motif and also shares extensive homology to tensin
and auxilin. TEP1 is identical to the protein encoded by PTEN/
MMACJ, a candidate tumor suppressor gene at chromosome l0q23
(10, 11). Inactivation of this gene by deletions or mutations has been
found recently in many primary tumors or in tumor cell lines. Here we
report that TEP1IPTENIMMAC1 possesses intrinsic protein tyrosine
phosphatase activity and its gene transcription is highly regulated.

Materials and Methods

Cell Lines. W138 (normal human foreskin fibroblasts), Saos2 (human
osteosarcoma), 293 (human embryo kidney carcinoma), HeLa (cervical epi

theloid carcinoma), and A431 (epidermoid carcinoma) cells were maintained
in DMEM supplemented with 10% FBS. PCI2 (rat pheochromocytoma) cells

were cultured in DMEM with 10% FBS together with 15% horse serum.
HepG2 (human hepatocellular carcinoma) cells were maintained in MEM with
10% FBS. NIH3T3 (mouse fibroblasts) cells were maintained in DMEM with
10%calf serum. All of the above cell lines were obtained from American Type
Culture Collection. HaCaT (human keratinocytes) and ML1 (human myelo
blastic leukemia) cells were obtained from Hui Zhang at Yale University and
were maintained in DMEM or RPMI with 10% FBS, respectively. TGF-(3l
treatment of asynchronously growing HaCaT cells were performed as de
scribed (12).

Cloning of the TEP1 Gene. EST clone N48030 was obtainedfrom Re

search Genetics, Inc. (St. Louis, MO). The cDNA fragment in this clone was
excised and used as a probe to screen a MLI AZAPII cDNA library (kindly
provided by Hui Zhang at Yale University). Among one million phages
screened, 15 positive clones were identified. The size of cDNA inserts were
analyzed by restriction mapping. Clone 13-1 was found to contain the longest
insert and was chosen for further studies. DNA sequencing was performed on
both DNA strands. Inspection of clone 13-1 sequence indicated that it con
tamed a full-length cDNA. The coding region of the TEP1 cDNA was
amplified by PCR with a BamHI linker added immediately before the initiating
codon, and the PCR fragment was subcloned into the pBlueScript vector
(Stratagene). Site-directed mutagenesis was performed to generate the C124S
mutant (substitution of cysteine at codon 124 with serine). To construct a
plasmid expressing a histidine-tagged TEP1 in bacteria, a 1.3-kb BamHI and
XhoI fragment was transferred from the pBlueScript vector into pQE3l vector

4 The GenBank accession number for TEPI is U96180.
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TEPI REGULATED BY TGF-@

(Qiagen).Flag-epitopetaggedTEP1wasconstructedby subcloningthe 1.3-kb
BamHI and KpnI fragment from the pBlueScript vector into pFlagCMV4, a

mammalian expression vector (Kodak-IBI).
RNA Analysis. Total RNAs were isolated using RNazol (Tel-Test, Inc.)

according to the manufacturer's recommendation. Northern blot hybridization
was performed in 250 mMNaPO4 (pH 7.2), 7% SDS, and I mMEDTA (13) at
65Â°C,andthefilterswerewashedextensivelywith40 msiNaPO4(pH7.2), 1%
SDS and 1 mM EDTA at 65Â°C.For TEPI detection, a 1-kb BglII-XhoI
fragment spanning nucleotides 1122-2095 was used as a probe. For the
detection of @15@@4RRNA, a PCR fragment corresponding to the first coding

exon of the p15 gene (12) was used. For the detectionof CDK2, a 2-kb
fragment containing the entire CDK2 cDNA was used as the probe.

Recombinant Protein Production and Purification. Escherichia coli

(strain BL21/DE3) cells harboring the plasmid pQE3l-TEPI were grown to
late log phase (A@ = 1.0), and expression of the histidine-tagged TEP1
protein was induced with 0.4 mMisopropyl-l-thio-j3-D-galactopyranosidefor
4 h at room temperature. Histidine-tagged TEP1 (His6-TEP1) was purified
from the E. coli lysates using nickel-agarose beads as the affinity resin
(ProBond metal-binding resin; Invitrogen) following the conditions recom
mended by the manufacturer. The purified fraction contains 0.1 mg/mI His6-
TEP1 protein and was â€”90% pure as judged by SDS-PAGE analysis and

Coomassie Blue staining. Similar methods were used to purify the histidine

tagged TEP1(C124S) mutant protein.
Protein Tyrosine Phosphatase Assay. Phosphotyrosyl RCML was phos

phorylated using a recombinant insulin receptor kinase catalytic domain
(BIRK) and then used as substrates for assaying tyrosine phosphatase activity
as described (14). Purified His6-TEPI protein or the C124S mutant derivative
(0.5 @.tgeach) was assayed with 3 @iMphosphotyrosyl-RCML in a buffer

containing 40 inst HEPES (pH 7.0), 2 mt@tDTF, and 0. 1 mg/mi BSA at 30Â°C
for the indicated time. Reactionswere terminatedby the addition of an
activated charcoal mixture. After centrifugation, the released inorganic phos
phate in the supernatant was quantitated by liquid scintillation counting.

Transfection and Immunostaining of Transfected Cells. HepG2 and

NIH3T3 cells were grown on glass coverslips in DMEM supplemented with
either 10% FBS or 10%calf serum, respectively. Cells were transfected by the
standard calcium phosphate method with 10 @geach of either pF1agCMV4
vector or pFlagCMV4-TEP1, together with 10 @.tgof pUC18 carrier DNA.
Thirty-six h after transfection, cells were fixed in 3.7% formaldehyde in PBS
for 30 mm at room temperature and then permeabilized with 0. 1% Triton
X-l00 in PBS for 3 mm. After blocking with 5 mg/ml BSA, coverslips were
incubated with anti-Flag epitope antibody M2 (Kodak-IBI), followed by rho
damine-conjugated donkey anti-mouse IgG secondary antibody (Jackson Im
munoResearch). Antibodies were diluted in PBS containing 2 mglml BSA.
Cells were examined and photographed using a Zeiss Axiophot epifluoresence
microscope.

Results

Identification and Cloning of TEP1 cDNA. We are interested in
isolating novel protein tyrosine phosphatases that are potentially in
volved in the signaling events during the formation of focal adhesions.
Two approaches were used: (a) pairs of degenerate oligonucleotides
that correspond to the conserved catalytic domain were used as
primers in a PCR to amplify gene sequences from human cDNA
libraries; and (b) we also used the conserved sequence motifs in the
tyrosine phosphatase catalytic domain to search the GenBank EST
database. These combined approaches yielded several clones that
potentially encode novel protein tyrosine phosphatases.

We report here the characterization of one of the clones that we

have isolated. A partial cDNA sequence (EST clone N48030) was
discovered during the search of the GenBank EST database using the
conserved sequences of the tyrosine phosphatases. The potential pep
tide encoded by this cDNA not only contains the tyrosine phosphatase
signature motif but also shares homology to tensin, a cytoskeletal
protein that associates with focal adhesions. To further examine the
function of this gene, we have isolated its full-length cDNA from a
human lambda phage cDNA library constructed from ML1, a myelo

blastic cell line, using the partial cDNA fragment as a probe. Fifteen
positive clones were identified among one million phages screened.
The clones that contained the longest inserts were fully sequenced.
The complete cDNA (Fig. 1A) contained an open reading frame of
1209 nucleotides that encodes a deduced protein of 403 amino acids.
Several lines of evidence suggest that the methionine at nucleotide
805 is the initiating codon. The nucleotide sequence near the first

methionine matches a Kozak concensus sequence, and there are
several in-frame stop codons upstream of the putative initiation me

thionine. Consistent with the deduced protein molecular weight, a Mr
close to 47,000 protein was synthesized using this cDNA as the
template in an in vitro transcription/translation assay (data not shown).
We have named this novel protein TEP1, as described below.

The full-length cDNA of TEP1 has several interesting features. The
cDNA contains an unusually long 5' untranslated region (Fig. 1A), an
indication that its expression may be translationally regulated. Fur
thermore, multiple islands of CGG repeats were present in this un
translated region. Deletion or expansion of di- or trinucleotides re
peats have been reported for several disease-related genes, including
the gene responsible for Huntington disease (15). Alternatively, the
CpG islands may be regulated by DNA methylation. The tumor
specific, CpG methylation-induced transcriptional silencing of several
human tumor susceptibility genes, including the gene encoding
p16IN@@@4A, has been reported (16).

The phosphatase domain of the deduced protein shares homology
with a subfamily of protein tyrosine phosphatases, the dual specificity
phosphatases. These include BVP, a dual specificity phosphatase
encoded by the baculovirus Autographa californica (17); VHR, a dual
specificity phosphatase identified by expression cloning (18); MKP-l,
a specific phosphatase that inactivates MAPKs (6, 14); and CDC14, a
putative phosphatase involved in cell cycle regulation in yeast Sac
charomyces cerevisiae (19). As observed previously for the members

of the dual specificity phosphata.ses, the sequence homology is mostly
confined in the region surrounding the protein tyrosine phosphatase
signature motif (Fig. 1B).

In addition, the deduced protein sequence shares extensive homol

ogy along the entire protein length with two cytoplasmic proteins,
tensin (20) and auxilin (21) (Fig. 1C). Tensin is a cytoskeletal protein

shown to bind actin and is localized in focal adhesions (9). Auxilin is
a cytoplasmic protein involved in synaptic vesicle transport (22). Very
recently, GAK (23), a serine/threonine kinase shown to interact with
cyclin 0, has also been reported to contain a region homologous to
tensin and auxilin (Fig. 1C). The sequence homology among these
proteins suggest that they may be involved in related cellular
processes.

TEP1 Gene Encodes a Protein Tyrosine Phosphatase. To deter

mine whether TEP1, which contains the protein tyrosine signature
motif, is indeed a protein tyrosine phosphatase, we tested whether
TEP1 is capable of dephosphorylating phosphotyrosyl RCML, an in
vitro substrate for many tyrosine phosphatases. We expressed the
TEPI protein in bacteria as a histidine-tagged protein and purified the
recombinant protein using nickel-agarose beads as an affinity resin
(Fig. 14). The purified TEP1 protein displayed an intrinsic tyrosine
phosphatase activity, which was abolished when the essential cystei
nyl residue in the tyrosine phosphatase signature motif was mutated to
serine (C124S; Fig. 2B). Because structurally TEP1 is related to the
dual specificity phosphatases, we also assayed TEPI for phos
phoseryl/threonyl phosphatase activity. No phosphatase activity was
detected when TEP1 was assayed using phosphoseryl/threonyl casein
as substrate(data not shown).

To further characterize the tyrosine phosphatase activity of TEP1,
we examined its activity in the presence of various phosphatase
inhibitors (Fig. 2C). The tyrosine phosphatase activity of TEP1 was
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A
GAATTCGGCACGAGGTGAGGCGAGGCCGGGCTCAGGCGAGGGAGATGAGAGACGGCGGCGGCCGCGGCCCGGAGCCCCTCTCAGCGCCTG 90
TGAGCAGCCGCGGGGGCAGCGCCCTCGGGGAGCCGGCCGGCCTGCGGCGGCGGCAGCGGCGGCGTTTCTCGCCTCCTCTTCGTCTTTTCT 180
AACCGTGCAGCCTCTrCCTCGGCTTCTCCTGAAAGGGAAGGTGGAAGCCGTGGGCTCGGGCGGGAGCCGGCTGAGGCGCGGCGGCGGCGG 270
CGGCACCTCCCGCTCCTGGAGCGGGGGGGAGAAGCGGCGGCGGCGGCGGCCGCGGCGGCTGCAGCTCCAGGGAGGGGGTCTGAGTCGCCT 360

@ 450
GGACCCGGGCCGGTTTTAAACCTCCCGTCCGCCGCCGCCGCACCCCCCGTGGCCCGGGCTCCGGAGGCCGCCGGCGGAGGCAGCCGTTCG 540
GAGGATTA@CGTCTTCTCCCCATTCCGCTGCCGCCGCTGCCAGGCCTC@GCTGCTGAGGAGAAGCAGGCCCAGTCGCTGCAACCATCC 630
AGCAGCCGCCGCAGCAGCCAT@ACCCGGCTGCGGTCCAGAGCCAAGCGGCGGCAGAGCGAGGGGCATCAGCTACCGCCAAGTCCAGAGCC 720
ATTTCCATCCTGCAGAAGAAGCCCCGCCACCAGCAGCTPCTGCCATCTCTCTCCTCCTTTTTCTTCAGCCACAGGCTCCCAGACATGACA 810

MT 2

GCCATCATCAAAGAGATCGTTAGCAGAAACAAAAGGAGATATCAAGAGGATGGATTCGACTTAGACTrGACCTATATTTATCCAAACATT 900
A I I K E I V S R N K R R Y Q E D G F D L D L T Y I Y P N I 32

ATTGCTATGGGATTTCCTGCAGAAAGACTTGAAGGCGTATACAGGAACAATATTGATGATGTAGTAAGGTTTTTGGATTCAAAGCATAAA 990

I A M G F P A E R L E G V Y R N N I D D V V R F L D S K H K 62

AACCA@ACAAGATATACAATCTTTGTGCTGAAAGACATTATGACACCGCCAAATTTAATTGCAGAGTTGCACAATATCCTTTTGAAGAC 1080
N H Y K I Y N L C A E R H Y D T A K F N C R V A Q Y P F E D 92

CATAACCCACCACAGCTAG@CTTATCAAACCCTTTTGTGAAGATCTTGACCAATGGCTAAGTGAAGATGACAATCATGTTGCAGCAATT 1170
H N P P Q L E L I K P F C E D L D Q W L S E D D N H V A A I 122

CACTGTA@GCTGGAGGGACGAACTGGTGTAATGATATGTGCATATTTATTACATCGGGGCAAATTTTTA@GGCACAAGAGGCCCTA 1260
H C K A G K G R T G V M I C A Y L L H R G K F L K A Q E A L 152

GATTTCTATGGGGAAGTAAGGACCAGAGACAAAAAGGGAGTAACTATTCCCAGTCAGAGGCGCTATGTGTATTATTATAGCTACCTGTTA 1350
D F Y G E V R T R D K K G V T I P S Q R R Y V Y Y Y S Y L L 182

AAGAATCATCTGGATTATAGACCAGTGGCACTGTTGTTTCACAAGATGATGTTTGAAACTATTCCAATGTTCAGTGGCGGAACTTGCAJ@T 1440
K N H L D Y R P V A L L F H K M M F E T I P M F S G G T C N 212

CCTCAGTTTGTGGTCTGCCAGCTA@GGTGAAGATATATTCCTCCAATTCAGGACCCACACGACGGGAAGACAAGTTCATGTACT@TGAG 1530
P Q F V V C Q L K V K I Y S S N S G P T R R E D K F M Y F E 242

TTCCCTCAGCCGTTACCTGTGTGTGGTGATATCAAAGTAGAGTTCTTCCACAAACAGAACAAGATGCTAAAAAAGGACAA@ATGTTTCAC 1620
F P Q P L P V C G D I K V E F F H K Q N K H L K K D K M F H 272

TTTTGGGTAAATACATTCTTCATACCAGGACCAGAGGAAACCTCAGAAAAAGTAGAAAATGGAAGTCTATGTGATCAAGAAATCGATAGC 1710
F W V N T F F I P G P E E T S E K V E N G S L C D Q E I D S 302

ATTrGCAGTATAGAGCGTGCAGATAATGACAAGGAATATCTAGTACTTACTTPAACAAAAATGATCTTGACAAAGCAAkTA@GACA@ 1800
I C S I E R A D N D K E Y L V L T L T K N D L D K A N K D K 332

@ 1890
A N R Y F S P N F K V K L Y F T K T V E E P S N P E A S S S 362

ACTCTGTAACACCAGATGTTAGTGACAATGACCTGATCA@rATAGATATTCTGACACCACTGACTCTGATCCAGAG@TGA@CCTTTT 1980
T S V T P D V S D N E P D H Y R Y S D T T D S D P E N E P F 392

@ 2070
D E D Q H T Q I T KV * 403

AAAAA@AAAAAAA.AAAAAACTCGAG 2095

B
Tepi CEDLDQ LS . . . EDDNHVA G@ VMIC1 HRGKF

Bvp IDTVKE TE . . . KCP ML N YMVC HULGI

Vhr FER AD D QALAQKN R S SPTLVI MRQKM

Mkpl FNE ID D .SIKDA R S SATICL R NRV

Cdcl4 VGA ETI K . . .R. . K G @CLIG Y YGF

C
Tepi ET YPN A G â€˜AER L GVY ID â€¢ VR P KN KI C AE HUDTA 81

Tensin E LV E AV__Y'STA E QSF S LR K AHM K GDN VLF .E RHDIS 124

Auxilin P IFT V S V_____ LDS V IGF VD IRS I K LD TV' P.KS RTA 118

Gak â€˜ IS S AV â€˜AEG V SAlK IE RL IA PG AV_____ P.UI RAS 463

Tepl NC AQYP E DHNP Q ELI KPF ED DQ SEDDNH AA I KA KGRT G M C YLLH 141

Tensiri PK LDFG P DLHT A EKI CSI KA DT NAAAH V L NKGN GRL G V A YMHY 184

Auxilin S SECS P IRQA S HNL FAV RN YN LQNPK C V LD AAS S L G MFIF 178

Gak N TECG A VRRA H HSL YTL RS HA REDHR C V ND AAS A A C FLCF 523

Tepl RGKFLK QE LDFYGEV TR DKKGVTI. . QR VY YS Y KN.HLDY RPVS LFHKM 198

Tensin SNISAS DQ LDRFAM FY EDKVVPVGQ QK IH FS G SG.SIKM NN FLHHV 243

Auxilin CNLYSTPGP VRLLYA PGIGLS HR LG MC D ADKPYRP HF TIKSI 233

Gak CRLFSTUEA VYMFSM CPPGIW HK IE VC D VAEEPITP HS LVKSV 578

Tepl MFETI H .S G.GT N QFV CQLKVKI S SNSG P TRRE.DUFMY FEF QPLPUC 250

Terisin IMHGI N ES KG FLK YQAMQPV SGIY N VQGDSQTGIC IT EPGLLLK 297

Auxilin TVSPV F NK QRN YCD LIGETKI TCADFERMKE YRVQDG IF. . . LSIT Q 290

Gak VMTPV L SK QRN FCE YVGEERVT TSQEYDRNKE FKIEDG AV. . . LGIT Q 635

Tepl IKVEF K QNKMLKK DKM HF @â€œâ€œâ€˜-@. .F FIPGPEE TSEKVENGSL 295

Tensin ILLKC K KFRSPT DVI RV . . CAVH DLDIV G ED EAFRD RF 348

Auxilin VVVSM L RSTIGS LQA KVTNTQI QL 3FIPLD TTVLK T PE ACDVP KY 350

Gak VLTII A RSTLGG LQA KMASMKM QI FVPRN ATTVK A YD ACDIQ KY 695

Fig. 1. Sequence of the TEP1 cDNA. A, nucleotide sequence of the TEPI cDNA and the deduced amino acid sequence. Nucleotides and amino acids are numbered at the end of
each sequence line. B, sequence alignment of TEPI with several dual specificity phosphatases. Alignment was performed using the PILEUP program from the Wisconsin Genetics

Computer Group. Identical amino acids are highlighted by the black boxes. C, sequence alignment of TEPI with tensin, auxilin, and GAK. Alignment was performed using the same

program as in B. The black box highlights the identical amino acids between these proteins.
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Fig. 2. Protein tyrosine phosphatase activity assay of
recombinant TEP1 protein. A, expression of the recom
binant histidine-tagged TEP1 protein in E. coli cells. The
TEP1 expression was induced by isopropyl-I-thio-3-r-
galactopyranoside, and whole-cell lysates were prepared
from cells that contain either the control empty vector
(Lane 1) or His6-TEP1 (Lane 2). Affinity-purified His6-

TEP1 is shown in Lane 3. Arrow, position of the His6-
TEPI protein. The protein molecular weight markers (in
thousands) are indicated. B, dephosphorylation of
phophotyrosyl-RCML by TEP1 . Purified His6-TEPI or
its CI24S mutant derivative (0.5 @.sgfor each reaction)
was incubated with 3 @isiof phophotyrosyl-RCML (0,
wild-type TEP1; A, C124S mutant). Reactions proceeded
for the indicated time, and the phosphatase activity was
shown as picomoles of inorganic phosphate released at
each time point. C, effects of phosphatase inhibitors on
the TEP1 activity. Activity of His6-TEPI was measured
in the presence of either 10 msi N-ethylmaleimide

(NEM), I mM sodium orthovanadate (Van), 1 @xMokadaic

acid (OA), 1 mMtetramisole (Tet), or 5 mt@itartrate (Tar).

Phosphatase activity was shown as the percentage of that
in the absence of inhibitors (std, standard assay).
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sensitive to both N-ethylmaleimide, a cysteinyl-modifying agent, and
vanadate, a classic tyrosine phosphatase inhibitor. In contrast, the
phosphatase activity ofTEP1 was insensitive to okadaic acid, a potent
inhibitor of mammalian types 1 and 2A phosphatases, nor was it
sensitive to tetramisole or tartrate, inhibitors of bacterial alkaline and
acid phosphatases, respectively (Fig. 20. These studies demonstrate
that TEP1 is indeed a protein tyrosine phosphatase.

Transcriptional Regulation of TEP1. To determine how TEP1
may be regulated, its expression in various cell lines was examined by
Northern blot analysis. Multiple RNA species of TEP1 were observed
(Fig. 3A). Two major transcripts, approximately 2 and 5 kb in size,
were detected in several cell lines. Additional minor RNA species
were also found. Because all of these RNA species were observed in
the cell lines that express TEP1, it is likely that these RNA may be

derived from the same gene. Whether they represent different spliced
forms of TEP1 RNA remains to be determined.

The level of TEP1 transcription was compared among several cell
lines. TEP1 is highly expressed in ML! (human myeloblastic), HaCaT
(human keratinocyte), and A431 (epidermoid) cells (Fig. 3A). In
addition, TEP1 mRNA is present at high levels in nerve growth
factor-treated PC12 (rat pheochromocytoma) cells. In contrast, TEP1
expression is greatly reduced in cells transformed by DNA tumor
viruses including 293 cells (human embryonic kidney cells trans
formed by adenovirus EJA gene), HeLa cells (cervical epitheloid
carcinoma cells expressing human papillomavirus E6 and E7 genes),
or Saos2 cells (human osteosarcoma) that lack functional p53 and

pRb. We are currently investigating whether inactivation of p53 or

pRb is responsible for reduction of TEP1 gene transcription in these

transformed cells.
TEP1 mRNA was relatively abundant in a human keratinocyte cell

line, HaCaT, which is sensitive to TGF-@.TGF-j3, which can regulate
cell growth as well as cell adhesion properties (24, 25), has been

shown to regulate transcription of several genes in HaCaT cells. We
tested whether TEPJ gene expression was modulated by TGF-(3 (Fig.
3B). The addition of TGF-f31 to actively growing cells led to the rapid

down-regulation of TEP1 mRNA, occurring within 2 h after TGF-@
treatment. In contrast, as described previously, TGF-p treatment
caused a gradual induction of the p15INK4B gene, which encodes an
inhibitor of cyclin D/CDK4 (12). As a control, the expression of the
CDK2 gene is marginally affected by TGF-@3treatment. These studies
suggest that the TEP1 gene may be a novel target for TGF-j3.

TEP1 Is a Cytoplasmic Protein. To gain an insight into the roles

that TEP1 may play inside of the cell, we examined its intracellular
localization. We expressed a Flag-epitope tagged TEPI in several
mammalian cell lines by a transient transfection method. The local
ization of the Flag-epitope tagged TEPI protein was examined by
immunofluorescence microscopy. In both HepG2 and NIH3T3 cells,
TEP1 was localized in the cytoplasm, and the staining had an appear
ance of a network-like structure (Fig. 4). Similar cytoplasmic staining
pattern was also observed in HeLa or HaCaT cells (data not shown).
These observations are consistent with the notion that TEP1 shares
homology with cytoplasmic proteins such as tensin and auxilin, sug
gesting that TEPI may exert its function in the cytosol.

Discussion

Using the TEP1 cDNA as a probe, we have mapped the gene
encoding TEP1 to chromosome l0q23 by fluorescence in situ hybrid
ization (data not shown). Deletion of the chromosome l0q23 region is
often associated with prostate cancers or malignant gliomas (26, 27).
Very recently, it has been shown that using the positional cloning
method, a candidate tumor suppression gene, PTEN/MMACI (10, 11),
was isolated from this locus. PTEN/MMACJ were reported to encode
a putative protein tyrosine phosphatase. The sequence of the TEP1
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TEPI REGULATEDBY TGF-@

Compared to other tyrosine phosphatases such as PTP1B, the
specific activity of the TEP1 tyrosine phosphatase activity is relatively
low toward the in vitro artificial substrate, phosphotyrosyl RCML.
This may reflect the fact that TEP1 may have a stringent substrate
specificity. Similar low tyrosine phosphatase activity toward phos
photyrosyl RCML was observed previously for MKP-l (14). MKP-l
was later shown to be a potent and specific phosphatase for the
MAPKs (6). Alternatively, it is also possible that in vivo TEP1 may
require certain posttranslational modification or association with ac
cessory factors to achieve a higher activity. Although we failed to

detect that TEP1 has serine/threonine phosphatase activity in vitro, it
remains possible that in vivo it may dephosphorylate phosphoseryl/
threonyl residues in addition to phosphotyrosyl residues with its
physiological substrates.

We also demonstrated that TEP1 gene transcription is down-regu
lated by TGF-f3. This down-regulation ofTEP1 may play an important
role in the cellular responses to TGF-@. TGF-13 can either positively
or negatively regulate cell growth, depending on the cellular context

(24, 25). TGF-j3 can affect cell adhesion properties, including stimu
lating extracellular matrix production and enhancing cell motility (24,
25). TGF-f3has also been implicated in tumor progression, possibly

through regulation of cell-cell or cell-matrix interactions. Increased
TGF-/3 production has been observed in the advanced stages of breast
cancers, particularly in invasive carcinomas with associated lymph
node metastasis (28). Tumorigenicity of human breast cancer cells in
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Fig. 3. Expression of the TEPI gene. A, expression of the TEP1 gene in a variety of
normal and tumor cell lines. Total RNA (5 xg each) from the indicated cell lines was
analyzed by Northem blot analysis using TEPI cDNA as the probe. B, TEP1 gene
expression in TGF-fI-treated human keratinocytes. Asynchronously growing HaCaT cells

were either treated with TGF-3 (2 ng/ml) for the indicated times or untreated (0 Hour).
TotalRNA(5 ;xgeach)fromthe indicatedtimepointswereanalyzedby Northemblot
analysis with the TEPI cDNA as the probe (top panel). Duplicate filters were also probed
with either a pl5@Â°@48cDNA (middle panel) or a CDK2 cDNA probe (bottom panel).

protein is identical to the predicted polypeptide encoded by the
PTEN/MMACJ gene, although at the nucleotide sequence level, there

are differences at both 5 â€ãnd 3â€ũntranslated regions. Whether these
differences are due to the source of the cDNA clones remains to be

determined. Mutations that inactivate the PTEN/MMACJ gene have
been identified in primary breast cancer, prostate cancer, and glio
blastomas as well as in many in vitro cultured tumor cell lines. These
observations suggest that PTEN/MMACJ is a good candidate for the
tumor suppressor gene located on chromosome 10q23.

In this report, we demonstrated that the TEP1IPTENIMMAC1
protein indeed contains an intrinsic protein tyrosine phosphatase ac
tivity. Consistent with its homology to tensin and auxilin, TEP1 is
located in the cytoplasm. Our demonstration of TEP1 being a tyrosine
phosphatase suggests that its enzymatic activity is responsible for its
tumor suppression function. Because TEP1 shares homology with
tensin, a focal adhesion protein, potential targets for TEPI may reside
in the focal adhesion complexes. Identification of the substrates for

TEP1 tyrosine phosphatase should help elucidate the roles it plays in
tumor suppression.

Fig. 4. Cellular localization of TEPI. Immunofluorescence staining of the expressed
TEPI protein in transfected cells. Flag-epitope tagged TEP1 can-led on the mammalian
expression vector pFlag-CMV4 was introduced into the HepG2 cells (A)or NIH3T3 cells
(B) by transient transfection. Flag-epitope tagged TEP1 protein was detected by immu

nostaimng with the anti-Flag epitope antibody (M2 antibody). followed by staining with
a rhodamine-conjugated secondary antibody.
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TEPI REGULATEDBY TGF-j3

experimental animals was also shown to be increased by in vitro
treatment of TGF-f3 (29) or by expression of the TGF-fJ gene (30).
Our observations of TGF-(3 down-regulation of TEP1 raises an inter
esting possibility that TEP1 may normally be responsible for nega
tively regulating cell motility, a role consistent with its sequence
homology with focal adhesion protein tensin and with its candidate
tumor suppression function. By reducing TEP1 expression, TGF-j3
may promote cell migration during tumor invasion and metastasis.

Acknowledgments

We are grateful to Drs. Patricia Ward, Amy Banks, and David Ward for
generous help with FISH mapping of the TEP1 gene, Lynn Cooley, Jerome
Eisenstadt, and Stephen Meyn for kindly providing the fluorescence microscope
facilities,and Douglas Robinson for assistance in fluorescencemicroscopepho
tography. We would like to thank David Ward, Daniel DiMaio, Michael Reiss, and
Hui Thang for helpful discussionsand critical reading of the manuscript.

References

1. Sun, H., and Tonks, N. K. The coordinated action of protein tyrosine phosphatases
and kinases in cell signaling. Trends Biochem. Sci., 19: 480â€”485,1994.

2. Hunter, T. Protein kinases and phosphatases: the yin and yang of protein phospho
rylation and signaling. Cell, 80: 225â€”236,1995.

3. Barford, D., Flint, A. J., and Tonks, N. K. Crystal structure of human protein tyrosine
phosphatase lB. Science (Washington DC), 263: 1397â€”1404,1994.

4. Denu, J. M., Stuckey, J. A., Saper, M. A., and Dixon, J. E. Form and function in
proteindephosphorylation.Cell,87: 361, 1996.

5. Dunphy, W. G., and Kumagai, A. The cdc25 protein contains an intrinsic phosphatase
activity. Cell, 67: 189â€”196,1991.

6. Sun,H.,Charles,C.H.,Lau,L.F.,andTonks,N.K.MKP-l(3CH134),animmediate
early gene product, is a dual specificity phosphatase that dephosphorylates MAP
kinase in viva. Cell, 75: 487â€”493, 1993.

7. Alessi, D. R., Smythe, C., and Keyse, S. M. The human CLHX@gene encodes a
Tyrlflsr-protein phosphatase which potently and specifically inactivates MAP kinase and
suppresses its activation by oncogenic ma in Xenopus oocyte extracts. Oncogene, 8:
2015â€”2020,1993.

8. Clark, E. A., andBrugge,J. S. Integrinsandsignaltransductionpathways:the road
taken. Science (Washington DC), 268: 233â€”239,1995.

9. Lo, S. H., Weisberg, E., and Chen, L. B. Tensin: a potential link between the
cytoskeleton and signal transduction. Bioessays, 16: 817â€”823, 1994.

10. Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S. I., Puc, J., Miliaresis,

C., Rodgers, L., McCombie, R., Bigner, S. H., Giovanella, B. C., Iumann, M., Tycko,
B., Hibshoosh, H., Wigler, M. H., and Parsons, R. PTEN. a putative protein tyrosine
phosphatase gene mutated in human brain, breast, and prostate cancer. Science
(Washington DC), 275: 1943â€”1947,1997.

11. Stack, P. A., Pershouse, M. A., Jasser. S. A.. Lin, H., Yung, W. K. A., Ligon. A. H.,
Langford, L. A., Baumgard, M. L, Hattier, T., Davis, T.. Frye, C., Hu, R., Swedlund,
B., Teng, D. H. F., and Tavtigian, S. V. Identification of a candidate tumor suppressor
gene at 10q23.3 that is mutated in multiple advanced cancers, MMACJ. Nat. Genet.,
15: 356â€”363,1997.

12. Hannon, G. J., and Beach, D. pI5INK4B is a potential effector ofTGF-(3-induced cell
cycle arrest. Nature (Lond.), 371: 257â€”261,1994.

13. Church, G. M., and Gilbert, W. Genomic sequencing. Proc. NatI. Acad. Sci. USA, 81:

1991â€”1995,1984.

14. Charles, C. H., Sun, H., Lau. L. F., and Tonks, N. K. The growth factor-inducible

immediate-early gene 3CH134 encodes a protein-tyrosine-phosphatase. Proc. Natl.
Acad. Sci. USA, 90: 5292â€”5296,1993.

15. Timchenko, L. T., and Caskey, C. T. Trinucleotide repeat disorders in humans:

discussions of mechanisms and medical issues. FASEB J.. 10: 1589â€”1597, 1996.
16. Gonzalez-Zulueta, M.. Bender, C. M., Yang, A. S., Nguyen, T.. Bean, R. W., Van

Tomout, J. M., and Jones, P. A. Methylation of the 5' CpG island of the p16/CDKN2
tumor suppressor gene in normal and transformed human tissues correlates with gene
silencing. Cancer Res., 55: 4351â€”4355, 1995.

17. Sheng, Z., and Charbonneau, H. The baculovirus Autographa californica encodes a
protein tyrosine phosphatase. J. Biol. Chem., 268: 4728â€”4733, 1993.

18. Ishibashi, T., Bottaro, D. P., Chan, A., Miki, T., and Aaronson, S. A. Expression

cloning of a human dual-specificity phosphatase. Proc. NatI. Acad. Sci. USA, 89:

12170â€”12174,1992.

19. Wan, J., Xu, H., and Grunstein, M. CDC14 of Saccharomyces ceres'isiae. Cloning,
sequence analysis, and transcription during the cell cycle. J. Biol. Chem., 267:
11274â€”11280,1992.

20. La. S. H., An, Q., Bao, S., Wong, W-K., Lin, Y., Janmey. P. A., Hartwig, J. H., and
Chen, L. B. Molecular cloning of chicken cardiac muscle tensin. J. Biol. Chem., 269:
22310â€”22319,1994.

21. Schroder, S., Morris, S. A., Knorr, R.. Plessmann, U.. Weber, K., Nguyen. G. V., and
Ungewickell, E. Primary structure of the neuronal clathrin-associated protein auxilin

and its expression in bacteria. Eur. J. Biochem., 228: 297â€”304,1995.
22. Ungewickell. E., Ungewickell. H.. Holstein, S. E.. Lindner, R., Prasad, K., Barouch,

W., Martin, B., Greene, L. E., and Eisenberg, E. Role of auxilin in uncoating
clathrin-coated vesicles. Nature (Lond.), 378:632â€”635,1995.

23. Kanaoka, Y., Kimura, S. H., Okazaki, I., Ikeda, M., and Nojima, H. GAK: a cyclin
G associated kinase contains a tensin/auxilin-like domain. FEBS Len., 402: 73â€”80,
1997.

24. Gailit, J., and Clark, R. A. Wound repair in the context of extracellular matrix. Curr.
Opin. Cell Biol., 6: 717â€”725,1994.

25. Reiss, M., and Barcellos-Hoff, M. H. Transforming growth factor43 in breast cancer:

a working hypothesis. Breast Cancer Res. Treat., in press, 1997.
26. Gray, I. C., Phillips, S. M., Lee, S. J., Neoptolemos. J. P., Weissenbach, J., and Spurr,

N. K. Loss of the chromosomal region 10q23â€”25in prostate cancer. Cancer Res., 55:
4800â€”4803.1995.

27. Steck, P. A., Ligon, A. H., Cheong, P., Yung, W. K., and Pershouse, M. A. Two tumor
suppressive loci on chromosome 10 involved in human glioblastomas. Genes Chro
mosomes Cancer, 12: 255â€”261,1995.

28. Dalal, B. I., Keown, P. A., and Greenberg, A. H. Immunocytochemical localization of
secreted transforming growth factor-(3l to the advancing edges of primary tumors and

to lymph node metastases of human mammary carcinoma. Am. J. Pathol., 143:
381â€”389.1993.

29. Arrick, B. A., Lopez, A. R., Elfman, F., Ebner, R., Damsky, C. H., and Derynck, R.
Altered metabolic and adhesive properties and increased tumongenesis associated
with increased expression of transforming growth factor @l.J. Cell Biol., 118:
715â€”726.1992.

30. Welch, D. R., Fabra, A., and Nakajima, M. Transforming growth factor (3 stimulates

mammary adenocarcinoma cell invasion and metastatic potential. Proc. NatI. Acad.
Sci. USA, 87: 7678â€”7682, 1990.

2129

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/5

7
/1

1
/2

1
2
4
/2

4
6
3
5
7
1
/c

r0
5
7
0
1
1
2
1
2
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2


