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SHP-1 is an important negative regulator of signaling
by several receptors including receptors for interleu-
kin-2 (IL-2R) and other cytokines. SHP-1 acts by de-
phosphorylating the receptors and receptor-associ-
ated kinases such as IL-2R-associated Jak3 kinase. We
found that SHP-1 protein was not detectable or greatly
diminished in most (six of seven) T cell lines derived
from various types of T cell lymphomas and all (eight
of eight) cutaneous T-cell lymphoma tissues with a
transformed, large-cell morphology. All T-cell lym-
phoma lines tested (eight of eight) expressed dimin-
ished amounts or no detectable SHP-1 mRNA. These T
cell lines did not, however, carry any mutations in
the SHP-1 gene-coding, splice-junction, and promoter
regions. Importantly, SHP-1 DNA promoter region in
the T cell lines was resistant to digestion with three
different methylation-sensitive restriction enzymes.
This resistance was reversed by treatment of the cells
with a demethylating agent, 5-deoxyazacytidine. The
treatment resulted also in the expression of SHP-1
mRNA and, less frequently, SHP-1 protein. The ex-
pression of SHP-1 protein was associated with de-
phosphorylation of the Jak3 kinase. These results
show that lack of SHP-1 expression is frequent in
malignant T cells and results from methylation of the
SHP-1 gene promoter. Furthermore, they indicate
that SHP-1 loss may play a role in the pathogenesis of
T cell lymphomas by permitting persistence of signals
generated by IL-2R and, possibly, other receptor com-
plexes. (Am J Pathol 2000, 157:1137–1146)

SHP-1 is a member of the nontransmembrane phospho-
tyrosine phosphatases expressed predominantly in cells
of the hematopoietic lineage.1–5 SHP-1 is an important
negative regulator involved in signaling through recep-
tors for cytokine/growth factors such as c-kit ligand,

CSF-1, erythropoietin, interleukin (IL)-3, IL-2, IL-4, and
IL-13.6–8 A variety of noncytokine receptors including
B-antigen receptor, T-antigen receptor, CD22, CD72,9–13

as well as the growing family of the inhibitory receptors
expressed by natural killer and other types of cells also
interact with SHP-1.14 Association of SHP-1 with the ma-
jority of these receptors is mediated by phosphorylated
tyrosine-based motifs.15,16 SHP-1 acts by dephosphory-
lating the receptors and receptor-associated tyrosine ki-
nases.6,17 Dysfunction of SHP-1 as seen in the natural
SHP-1 gene knock-out, motheaten mice, results in hyper-
plasia of the erythroid and lymphoid lineages.18

Signaling through the IL-2R receptor complex is vital
for proper function of normal T lymphocytes. High-
affinity IL-2R receptors are composed of a, b, and gc
chains. gc is shared by the receptors for IL-2, IL-4,
IL-7, IL-9, and IL-15.19 Inactivating mutations of gc result in
severe combined immunodeficiency in humans and
mice.20–23 Interaction of IL-2 with IL-2R rapidly induces
tyrosine phosphorylation of the IL-2R complex mediated by
the receptor-associated Jak1 and Jak3 tyrosine ki-
nases.24–26 This leads to phosphorylation of STAT3 and
STAT5 molecules which translocate to the cell nucleus and
activate transcription of the IL-2 responsive proteins.26–28

Activation of Jak3 is critical for transduction of signals me-
diated by IL-2R complex because mutations of Jak3 result
in severe combined immunodeficiency in both humans29,30

and mice31,32 similar to the immunodeficiency seen in mu-
tations of the gc chain.

Previous studies have established that a number of hu-
man T cell leukemia virus type I (HTLV-I)-positive and -neg-
ative T cell lines exhibit constitutive activation of the IL-2R
Jak/STAT signaling pathway33–35 raising the possibility that
an unbalanced, permanently turned-on IL-2R/Jak signaling
leads to uncontrolled growth of these cells and may play a
role in the pathogenesis of various types of human T cell
malignancy.

Lack of expression of SHP-1 protein has recently been
identified in several HTLV-I-positive T cell lines.7,36 This
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observation combined with the presence of constitutive
activation of the IL-2R Jak/STAT signaling pathway, sug-
gested that the concomitant lack of SHP-1 protein may be
responsible in some instances for the unbalanced IL-2R/
Jak signaling. However, the extent of the loss of SHP-1
expression in T cell lymphomas, the mechanism of such
loss and the exact effect of SHP-1 on the constitutive
IL-2R/Jak signaling in malignant T cells remained unde-
fined.

Here we describe that lack of SHP-1 expression is
frequent in T cell lymphomas and results from a transcrip-
tional block of SHP-1 gene because of an extensive
methylation of its promoter. Most, but not all, of the ma-
lignant T cell lines analyzed display constitutive activation
of the IL-2R-associated Jak/STAT pathway. Reversal of
the promoter methylation resulted in these cells in ex-
pression of SHP-1 mRNA and, less frequently, SHP-1
protein. The induced expression of SHP-1 protein corre-
lated with dephosphorylation of the IL-2R-associated
Jak3 kinase. These data demonstrate that inhibition of
SHP-1 expression in malignant T cells is mediated by
methylation of the SHP-1 gene promoter. Furthermore,
they indicate that promoter methylation-induced tran-
scriptional silencing of the SHP-1 gene may play a role in
malignant T cell transformation by permitting persistent
activation of the IL-2R/Jak signaling pathway and, possi-
bly, other pathways regulated by SHP-1.

Materials and Methods

Cell Lines and Tissues

Most cell lines used in this study were described in detail
previously.35,36 In brief, three cell lines (PB-1, 2A, and 2B)
were established from a patient with a progressive cuta-
neous T-cell lymphoproliferative disorder. The PB-1 cell
line was obtained at a relatively early stage of the pa-
tient’s cutaneous T lymphoma whereas the 2A and 2B
lines were established at a later, aggressive stage of the
disease. All lines showed the same morphology, immu-
nophenotype, T-cell receptor rearrangement, and cyto-
genetic abnormalities as the original, patient-derived ma-
lignant cells. Sez-4 line, kindly provided by T. Abrams
(Hahnemann University), was derived from a patient with
Sezary syndrome and also bears close morphological,
phenotypic, and genotypic resemblance to the original
tumor. ATL-2, C91PL, HUT102B, and C10MJ2 cell lines
represent HTLV-I-related acute T cell lymphoma/leuke-
mia. The SUDHL-1 line was derived from ALK1 T cell
lymphoma. L540, HS455, HDLM, and KM-H2 were ob-
tained from patients with Hodgkin’s lymphoma.37

Whereas L540 and HDLM are of T cell origin as demon-
strated by immunophenotyping and T-cell receptor gene
rearrangement analysis, KM-H2 displays a B cell pheno-
type and genotype. We determined by flow cytometry
that the HS445 cell line is also of B cell origin (kappa-
restricted CD191, CD201, CD221, CD231, CD101 B
cells; MA Wasik, unpublished data). The exact nature of
the HS445 line is uncertain. Although derived from a
patient with Hodgkin’s lymphoma, this line may represent

a nonmalignant Epstein-Barr virus-transformed lympho-
blastoid B cell line (HG Drexler, personal communica-
tion). The healthy adults served as normal controls. Pe-
ripheral blood mononuclear cells (PBMC) were obtained
from such individuals by centrifugation on Ficoll/Paque
gradient. Phytohemagglutinin (PHA) blasts were ob-
tained by stimulation of the PBMC with the mitogen. Cell
lines and PHA-stimulated PBMC were cultured at 37°C
with 5% CO2 in standard RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 1%
penicillin/streptomycin/fungizone mixture, and 2 mmol/L
L-glutamine.35 Tissue sections of lymph nodes and skin
were obtained from eight cases of advanced cutaneous T
cell lymphoma which has undergone histologically doc-
umented transformation into a diffuse large-cell lym-
phoma. Before the large cell transformation the patients
had a 1- to 8-year (median, 6.5 years) history of mycosis
fungoides, tumor phase (1 patient), or Sezary syndrome
(7 patients) diagnosed based on the combination of clin-
ical features, biopsy and peripheral blood smear mor-
phology, immunophenotyping, T-cell gene rearrange-
ment, and cytogenetics. After the diagnosis of the large
cell transformation most of the patients received com-
bined chemotherapy with no or transient response; seven
died within 4 to 15 months of the diagnosis.

Drug Treatment

In SHP-1 protein expression induction experiments, cell
lines were treated for 72 hours with 20 ng/ml of phorbol
12-myristate 13-acetate (PMA; Sigma Chemical CO., St.
Louis, MO).38–40 In some experiments Ionomycin (Cal-
biochem, La Jolla, CA) was added to PMA at 1 mg/ml. In
SHP-1 promoter demethylation experiments, the cell lines
were cultured with 5-deoxyazacytidine (Sigma) at 1
mmol/L for 5 days.

Protein Expression and Phosphorylation

These assays were performed as described.35,36 In brief,
the cells (10 to 15 3 106) were washed and lysed in
ice-cold lysis buffer. In the Jak3 phosphorylation experi-
ments the cells were exposed for 5 minutes to 500 U of
IL-2 or medium alone before lysis. The lysates were cen-
trifuged and supernatants were precleared with protein
A-Sepharose (Sigma), incubated with SHP-1 or Jak3 an-
tiserum (Santa Cruz Biotechnology, Santa Cruz, CA) and
protein A-Sepharose, washed, boiled, separated on a
10% polyacrylamide-sodium dodecyl sulfate gel, and
transferred electrophoretically to hybridization transfer
membranes. The membranes were blocked with 2% bo-
vine serum albumin in tris-buffered-saline/Tween 20
(TBST) buffer. To detect protein expression the mem-
branes were incubated with the SHP-1 or Jak3 antiserum.
To detect protein phosphorylation, the membranes were
incubated with anti-phosphotyrosine mAb (4G10; Up-
state Biotechnology, Lake Placid, NY). Next, the mem-
branes were incubated with an appropriate secondary,
peroxidase-conjugated Ab. Blots were developed using
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the enhanced chemiluminescence (ECL) reagents (Am-
ersham Life Science, Arlington Heights, IL).

Immunohistochemical Staining

The staining was performed on formalin-fixed, paraffin-
embedded tissue sections of skin and lymph nodes in-
volved by cutaneous T cell lymphoma, large-cell type
using a standard streptavidin-biotin complex technique
(Research Genetics, Huntsville, AL) and the following
antibodies: CD3 and CD20 (L-26) (both from DAKO,
Carpinteria, CA), Ki-67 (mib1; Immunotech, Westbrook,
ME), and SHP-1 (Santa Cruz Technology). To detect
SHP-1, heat-induced antigen retrieval was performed us-
ing Antigen Retrieval AR-10 solution (Biogenex, San
Ramon, CA) and 20 minutes slide immersion into a 95°C
water bath.

Nucleic Acid Analysis

Total cellular RNA was extracted by RNeasy Mini Hand-
book kit (Qiagen, Valencia, CA). For Northern analysis, 20
mg of total RNA samples were separated on 1% agarose-
formaldehyde gels, transferred to Hybond-N1 mem-
branes (Amersham), and hybridized with either a 563-bp
or 1-kb a[32P]-dCTP-labeled, reverse transcriptase-poly-
merase chain reaction (RT-PCR) generated SHP-1 cDNA
probe amplified from the catalytic domain of SHP-1. Hy-
bridization with a 670-bp b-actin cDNA probe served as
a control. RT-PCR was performed with 1 mg of total RNA
in RT buffer mixture containing 200 U of SuperScript TM
II reverse transcriptase (Life Technologies, Inc., Rock-
ville, MD). RNase H (Promega, Piscataway, NJ) was
added and cDNA was purified on Centri-Sep columns
(Princeton Separations, Princeton, NJ). PCR was per-
formed with 2 ml of cDNA in a PCR buffer mixture con-
taining 2 U Taq polymerase (Life Technologies, Inc.) and,
when developing probes for Northern blotting, 8 mCi
a[32P]-dCTP (Amersham). The SHP-1-specific primers
(see below) were designed based on the SHP-1 genomic
DNA sequence from the GenBank database using an
Oligo (National Biosciences, Plymouth, MN) computer
program. The PCR reaction was performed at 94°C for 3
minutes, followed by 30 cycles: 45 seconds at 94°C, 30
seconds at 57°C, and 1.5 minutes at 72°C. The amplified
products were visualized in UV light by staining with
ethidium bromide after electrophoresis in the 1.5% aga-
rose gel.

Genomic DNA extraction was performed with 2 3 107

cells using Qiagen Genomic DNA kit (Qiagen). For PCR,
DNA was digested with methylation sensitive restriction
enzymes (HpaII, EagI or NaeI; New England Biolabs,
Beverly, MA) for 4 hours at 37°C. PCR was performed
with primers which cover SHP-1 promoter 2 to exon 3
region (see below). For Southern blotting, DNA was di-
gested with MobI and the methylation-sensitive enzymes.
The DNA digests were purified by phenol/chloroform ex-
traction, ethanol precipitated, separated on 0.8% aga-
rose gel, and blotted on Hybond N1 nylon membranes.
The membrane-bound DNA was hybridized to 50 ng of

the digoxigenin-labeled, PCR-generated SHP-1 DNA
probe. Membranes were washed in buffer containing
0.23 standard saline citrate, 0.1% sodium dodecyl sul-
fate twice at 24°C and once at 68°C and exposed to
autoradiographic film. To determine the nucleic acid se-
quence of the SHP-1 genomic DNA, we used the seven
primer pairs to cover the entire gene region used by
hematopoietic cells spanning from promoter 2 (P2) to
exon 16 (E16). The primers were designed to include
;60 to 80 bp of exon adjacent intronic DNA containing
splice junction sequences. The primer pairs and DNA
sequences analyzed were as follows: 1) 59-cactgcagct-
gactcactgat and 59-acggggaaccaggaatgagtg (P50 -E50),
2) 59-tgctgtgctctaaaacgagaa and 59-gtggaaagggtggtaggt-
tag (E1-E3), 3) 59-cacagtaggtgcttgatttcc and 59-gggtg-
gagacctgtgagatga (E4-E7), 4) 59-cactccctccatacagatgat
and 59-agccctcagtttcccaacaag (E8-E9), 5) 59-caggcactca-
gaacatagagc and 59-aagaggaggaatggggagcac (E10-E11),
6) 59-cggtgaccctgggcacattcc and 59-gctacatctcatacac-
gagtg (E12-E14), and 7) 59-gtccccctgtgctgtctcctg and 59-
actgtgcccgtcttatcgtca (E15-E16). The PCR amplification
products were separated on agarose gel, visualized, and
purified using the QIAEX gel purification kit (Qiagen). The
nucleotide sequence of the PCR products was deter-
mined using ABI PRISM Ready Reaction Dye Deoxy Ter-
minator Cycle Sequencing Kit (Perkin-Elmer, Emeryville,
CA). The nucleotide sequence was determined on an
automated ABI DNA sequencer (Applied Biosystems,
Foster City, CA) and compared to the SHP-1 DNA se-
quence of a normal donor and the one available from
GenBank.

Results

T Cell Lymphomas Frequently Fail to Express
SHP-1 Protein

Previous studies7,36 have shown that most (five of seven)
of the HTLV-I-positive T cell lines tested displayed either
a lack or marked decrease in expression of the SHP-1
protein. To determine better the frequency of the SHP-1
protein loss in T cell malignancies, we analyzed seven
additional T cell lines derived from various types of T cell
lymphoma unrelated to the HTLV-I infection. These lym-
phomas represented aggressive types of non-Hodgkin’s
T cell lymphoma and Hodgkin’s lymphoma with a T cell
phenotype. As shown in Figure 1, six out of the seven T
cell lines showed greatly diminished to undetectable ex-
pression of SHP-1 protein. This finding suggests that lack
of the SHP-1 protein expression is frequent in T-cell lym-
phoma cells regardless of their HTLV-I status. Because
three of the SHP-1-negative cell lines (Sez-4, SUDHL-1,
and HDLM) did not display constitutive IL-2R/Jak3 sig-
naling as determined by the lack of Jak3 phosphorylation
(Q Zhang and MA Wasik, unpublished data),36 this indi-
cates that lack of SHP-1 expression may play a role in the
malignant transformation of T cells by affecting also other
receptor complexes controlled by SHP-1. Noteworthy,
the PB-1 cell line showed only a mild decrease in expres-
sion of SHP-1 protein compared to the control T-cell-rich
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PBMC and PHA blasts. This was in striking contrast to the
SHP-1-negative 2A and 2B lines derived from the same
patient as PB-1 at a more advanced stage of the T cell
lymphoma.35 This finding suggests that loss of SHP-1

protein expression may be progressive and lymphoma
stage-dependent.

To determine whether a lack of SHP-1 expression is
present not only in cultured cells but also in lymphoma
tissues, we tested biopsy-derived lymphoma tissue sam-
ples from several patients. Because our cell lines studied
in the greatest detail35 (see below) were obtained from an
advanced, transformed cutaneous T cell lymphoma, we
tested tissue samples from patient with cutaneous T cell
lymphoma (mycosis fungoides and its leukemic form
Sezary syndrome) which has undergone transformation
to a diffuse large-cell lymphoma. These transformed lym-
phomas represented either skin lesions (three samples)
or involved lymph nodes (five samples) obtained from
eight different patients. When analyzed by immunohisto-
chemistry, large lymphoma cells but not small, presum-
ably mainly residual normal cells showed lack of SHP-1
expression in all cases. Representative results from one
such patient are shown in Figure 2. The lymph node
showed almost total effacement of normal architecture by
the greatly expanded interfollicular T cell zones (Figure
2A) comprised of a rather homogeneous population of
large cells (Figure 2D) with a high proliferative rate (Fig-
ure 2E) and a T cell phenotype (Figure 2, B and C) with
deletions of CD2 and CD5 antigens as determined by
flow cytometry (data not presented). The lymphoma cells

Figure 1. Absent or markedly diminished SHP-1 protein expression in several
cell lines representing various types of malignant T cell lymphoma. T cell lines
derived from a progressive cutaneous T cell lymphoma (PB-1, 2A, and 2B),
Sezary syndrome (Sez-4), ALK1 T cell lymphoma (SUDHL-1), and Hodgkin’s
lymphoma (HDLM and L540) were evaluated for expression of the SHP-1
protein by immunoprecipitation and immunoblotting with an anti-SHP-1 anti-
body. T-cell-rich PBMC, mitogen (PHA)-stimulated T cell blasts (PHA bl), and
HS445 cell line (see Materials and Methods) served as positive controls.

Figure 2. Lack of SHP-1 expression by a transformed large-cell cutaneous T cell lymphoma involving lymph node. The images represent 3100 low-power (A–C)
and 3400 high-power (D–F) magnifications. Methylene blue was used as a counterstain. A and D: H&E staining. B: Anti-CD3 antigen staining (T-cell
receptor-associated antigen). C: Anti-CD79a staining (immunoglobulin-associated B cell antigen). E: Anti-mib1 (Ki67) staining (antigen expressed in cycling but
not resting cells). F: anti-SHP-1 staining. Note a residual nonmalignant, partially involuted follicle with preserved to mildly expanded mantle zone in the upper
left corners of all photographs.
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were completely devoid of any SHP-1 staining (Figure
2F). This contrasted with strong staining of residual nor-
mal cells, mostly mantle B cells from involuted follicles
and scattered small T cells. These findings indicate that
the loss of SHP-1 expression is common, if not universal,
in at least one type of T cell lymphoma, ie, transformed
large-cell cutaneous T cell lymphoma.

Malignant T Cells Frequently Fail to Express
SHP-1 Transcript

To determine whether lack of the SHP-1 protein expres-
sion represents a pre- or posttranscriptional event, sev-
eral cell lines were tested for expression of SHP-1 mRNA.
Beside PB-1, 2A, 2B, and Sez-4 cell lines, we also ana-
lyzed four HTLV-I-positive, malignant T cell lines derived
from an adult T cell leukemia/lymphoma. Three of these
lines (C91PL, ATL-2, and C10MJ2) did not and one
(HUT102B) did express SHP-1 protein.36 Northern blot
analysis (Figure 3A) showed that almost all SHP-1 pro-
tein-negative lines failed to express SHP-1 mRNA with the
C91PL cell line being the only exception. Interestingly,
three cell lines which expressed SHP-1 mRNA (PB-1,
C91PL, and HUT102B) contained less SHP-1 mRNA than
the control PBMC. This indicates that SHP-1 concentra-
tion in such cells may be relatively decreased. Similar
results were obtained using RT-PCR (data not present-
ed). The above findings indicate that transcription of the
SHP-1 gene is frequently, if not universally, inhibited in
malignant T cells.

Stimulation with Phorbol Ester Does Not Induce
SHP-1 Protein Expression in Malignant T Cells

Several groups have shown that expression of SHP-1
protein may be induced by cell stimulation with PMA and
other agents.38–40 To determine whether SHP-1 protein
expression can be induced in the SHP-1-negative malig-
nant T cells, we exposed the cells to PMA in the presence
(Figure 3C) or absence (not shown) of a calcium iono-
phore, Ionomycin A. Only one cell line, C91PL, which
constitutively expressed SHP-1 mRNA (Figure 3A), was
able to express SHP-1 protein on such stimulation. Five
other SHP-1-negative lines including 2A, 2B, and Sez-4,
failed to express SHP-1 protein. Furthermore, none of the
lines was able to express SHP-1 mRNA on PMA stimula-
tion (data not presented). These findings indicate that
lack of SHP-1 in most T-cell lymphoma cells is not revers-
ible by cell stimulation.

Sequence of the SHP-1 Gene Is Intact in T-Cell
Lymphoma Cells

To determine whether loss of the SHP-1 expression re-
sults from structural abnormalities of genomic DNA, we
analyzed the sequence of the coding region and splice
junctions of the SHP-1 gene. Although the entire SHP-1
gene consists of 17 exons, we examined the structure of
exons 2 to 16, because exon 1 is not expressed in he-
matopoietic cells and exon 17 contains untranslated se-
quences.41 We evaluated nine T-cell lymphoma lines
(PB-1, 2A, 2B, Sez-4, C91PL, ATL-2, C10MJ2, L540, and
SUDHL-1) from which only two (PB-1 and C91PL)
showed, respectively, constitutive and inducible expres-
sion of SHP-1 protein (Figure 3C). Using the sequence
deposited in GenBank and the one from normal PBMC as
reference, we did not identify any DNA deletions or sin-
gle-base mutations, either nonsense or missense, in any
of the cell lines analyzed in either coding or splice junc-
tion regions (data not presented). Because PB-1 and
C91PL expressed SHP-1 mRNA, albeit at a rather low
concentration (Figure 3A), we sequenced also cDNA
from these two cell lines. In agreement with results of the
genomic DNA analysis, we found no mutations in the
cDNA. Next, we analyzed the sequence of SHP-1 pro-
moter region to determine whether alterations therein
may be responsible for lack of the SHP-1 transcript in
malignant T cells. Transcription of the SHP-1 gene is
processed by two alternative promoters.41 Promoter 2 is
active in hematopoietic cells, whereas promoter 1 is func-
tional in cells of nonhematopoietic origin, such as epithe-
lial cells. With this in mind, we sequenced 520 bp up-
stream of the transcription initiation site of promoter 2, a
region that contains two GATA motifs as well as single
CCAAT, AP-2, and Sp-1 sites. As was the case with the
gene coding and splice junction regions, the sequence of
promoter 2 in all 10 malignant T cell lines tested was
identical to that of normal PBMC and the publicly avail-
able sequence.

Figure 3. Absent or markedly decreased constitutive SHP-1 mRNA expres-
sion and PMA-induced SHP-1 protein expression in malignant T cells. T cell
lines from cutaneous T cell lymphoma (PB-1, 2A, 2B, and Sez-4) and HTLV-
I-positive adult-type T cell leukemia/lymphoma (C91PL, ATL-2, HUT102B,
and C10MJ2), and control PBMC from healthy donors and HS445 cells were
examined for expression of the SHP-1 mRNA (A). Detection of actin mRNA
(B) served as a control of the quality and quantity of mRNA in the samples.
The T cell lines were stimulated with phorbol ester (PMA) and examined for
expression of SHP-1 protein (C). (2)*, denotes the control, PMA-unstimu-
lated cells
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Methylation of the SHP-1 Promoter Region in
Malignant T Cells

Transcriptional gene silencing may result from methyl-
ation of cytosine residue in CpG islands at the 59 end of
the gene.42 The region encompassing promoter 2 and
exon 2 of SHP-1 is particularly rich in the CpG islands.43

To determine whether methylation of the CpG island
within this region may be responsible for lack of the
SHP-1 expression in malignant T cells, we analyzed the
region using cytosine methylation-sensitive restriction en-
zymes. To accomplish this, we digested the genomic
DNA with either HpaII, EagI, or NaeI which have from five
to one recognition sites within the promoter region of the
SHP-1 gene and performed PCR amplification of the DNA
fragment spanning the promoter 2/exon 3 region. As
shown in Figure 4B, the 1,004-bp PCR product was still
present in the HpaII-digested DNA from all 10 malignant
T cell lines tested but not the control, normal PBMC and

PHA blasts. Similar results were obtained when either
EagI or NaeI methylation-sensitive enzymes were used
instead of HpaII for DNA digestion (data not presented).
Because these three restriction enzymes recognize dif-
ferent cytosine residues, this finding indicates an exten-
sive methylation of the SHP-1 promoter in the malignant T
cells. In addition, we also performed Southern blot anal-
ysis of the promoter region by using combination of the
flanking, methylation-resistant MobI, and methylation-
sensitive HpaII restriction enzymes and promoter 2-exon
3 region-specific probe. As expected from the PCR-
based studies, HpaII digestion was effective in PBMC but
not the T-cell lymphoma lines (2A, 2B, C10MJ2, ATL-2,
and SUDHL-1; data not shown). The above results doc-
ument extensive methylation of the CpG island within the
SHP-1 promoter region and indicate that lack of SHP-1
expression in malignant T cells is because of the pro-
moter methylation-mediated transcriptional silencing of
the SHP-1 gene.

Figure 4. Methylation of the SHP-1 promoter region in malignant T cells. T-cell lymphoma lines from cutaneous anaplastic large T cell lymphoma (PB-1, 2A, and
2B), HTLV-I1 adult-type T cell leukemia/lymphoma (C10MJ2 and ATL-2), ALK1 T cell lymphoma line (SUDHL-1), and two Hodgkin’s lymphoma cell lines (L540
and KMH2) were tested for methylation status of the 59 CpG island-rich DNA within the SHP-1 promoter. PBMC and PHA blasts served as positive controls.
A: PCR-amplified DNA fragment of the SHP-1 gene promoter region. B: SHP-1 promoter DNA treated with methylation-sensitive enzyme HpaII before the PCR
amplification. C: SHP-1 promoter DNA from cell lines precultured with 5-deoxyazacytidine. D: HpaII-digested SHP-1 promoter DNA from 5-deoxyazacytidine-
cultured cells. E: SHP-1 mRNA expression in untreated cells. F: Expression of control actin mRNA in untreated cells. G: SHP-1 mRNA expression in cells treated
with 5-deoxyazacytidine detected by RT-PCR. H: Expression of SHP-1 mRNA in 5-deoxyazacytidine-treated malignant T cells detected by Northern blot (amount
of SHP-1 mRNA in normal PBMC is used as a reference).

1142 Zhang et al
AJP October 2000, Vol. 157, No. 4



Demethylation of the SHP-1 Promoter Region
Removes the Transcriptional Block

To determine whether removal of the methylation would
confer on malignant cells sensitivity to the methylation-
sensitive enzymes and result in expression of SHP-1
mRNA, we treated the cells with a demethylating agent,
5-deoxyazacytidine. As shown in Figure 4D, treatment
with the drug rendered genomic DNA from the SHP-1
promoter region sensitive to HpaII digestion in all eight
cell lines tested. Furthermore, exposure to 5-deoxyaza-
cytidine induced transcription of the SHP-1 gene yielding
the RT-PCR detectable SHP-1 mRNA in all of the cell lines
(Figure 4G). To determine better the amount of the ex-
pressed mRNA, we tested four of the 5-deoxyazacyti-
dine-treated lines by Northern blot (Figure 4H). The
amount of SHP-1 mRNA in these drug-treated malignant
cells was similar to the control, normal PBMC indicating
complete reversal of the transcriptional inhibition.

Expression of the SHP-1 Protein Results in
Decreased Phosphorylation of Jak3

We explored next if expression of the SHP-1 mRNA leads
to expression of the SHP-1 protein. As shown in Figure
5A, the 2A T cell line displayed expression of the SHP-1
protein after treatment with 5-deoxyazacytidine. Three
other lines, including the 2B line which is clonally related
to the 2A cell line and shares with it a number of other
features,35 failed to express SHP-1 protein despite ex-
pressing SHP-1 mRNA. This indicates the presence of
additional, posttranscriptional blocks in the SHP-1 syn-
thesis pathway in some of the malignant T cell lines.

Because both 2A and 2B cell lines display a sponta-
neous, constitutive tyrosine phosphorylation of the IL-2R-
associated Jak3 kinase35 and SHP-1 acts by dephospho-
rylating receptor/kinase complexes including the IL-2R/
Jak3 complex,7 we examined an effect of 5-deoxy-
azacytidine treatment on the phosphorylation status of
Jak3 in these two lines. There was a profound difference
between the 2A and 2B lines which, respectively, ex-
pressed and failed to express SHP-1 protein in response
to the drug. Whereas the 2B line continued to display
maximal constitutive phosphorylation of Jak3 which could
not by augmented by IL-2, the 2A line showed complete
inhibition of the constitutive phosphorylation of Jak3
which was reversed to only a minor degree by cell stim-
ulation with IL-2 (Figure 5B). As expected, expression of
the Jak3 protein was not affected by 5-deoxyazacytidine
in either 2A or 2B (Figure 5C). These findings indicate
that expression of SHP-1 protein can result in dephos-
phorylation and, presumably, inactivation, of Jak3 kinase
in malignant T cells.

Discussion

Here we report that lack of SHP-1 protein expression was
frequently found in the T-cell lymphoma cells both cul-
tured and derived directly from patients. The SHP-1 pro-

tein-negative T-cell lymphoma cells failed to express
SHP-1 mRNA (see Table 1 for the data summary) even
when stimulated, but did not harbor any mutations in the
coding, splice junction, and promoter regions of the
SHP-1 gene. However, these malignant T cells displayed
extensive methylation of the SHP-1 gene promoter as
demonstrated by resistance to digestion with methyla-
tion-sensitive restriction enzymes. This resistance was
reversible by treatment of the cells with a demethylating
agent 5-deoxyazacytidine. Furthermore, the drug treat-
ment induced expression of SHP-1 mRNA, and, less
frequently, SHP-1 protein. The expression of SHP-1 pro-
tein correlated with dephosphorylation of the IL-2R-asso-
ciated Jak3. These results indicate that lack of SHP-1
expression may be frequent in various types of malignant
T cell lymphomas and is primarily because of the exten-
sive methylation of the SHP-1 gene promoter. In addition,
these data provide additional evidence that lack of SHP-1
expression may play a role in malignant transformation of
T cells by permitting constitutive activation of the IL-2R/
Jak3 complex and, possibly, other cell-surface receptor
complexes.

The failure to express SHP-1 in response to PMA 1/2
Ionomycin A stimulation in all but one malignant T cell line

Figure 5. Expression of SHP-1 protein leads to dephosphorylation of Jak3.
T-cell lymphoma lines treated with 5-deoxycitidyne were examined for
expression of SHP-1 protein (A) and tyrosine phosphorylation of IL-2R-
associated Jak3 kinase before (2) and after (1) stimulation with IL-2 (B).
Detection of Jak3 kinase expression (C) served as control for the latter
experiment.
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contrasted with the previous findings in normal and ma-
lignant germinal center B cells40 and other types of
cells38,39 in which PMA and several other stimuli induced
expression of the protein. This finding suggested the
presence of a structural abnormality of the SHP-1 gene in
the malignant T cells. SHP-1 and other inhibitory phos-
phatases such as PTEN44–46 and PIP-B147 may be
viewed as a novel class of oncosuppressor genes. Mu-
tations are the major mechanism of inactivation in this
broad category of genes. Accordingly, the best exam-
ples of the SHP-1 dysfunction which were identified in the
motheaten (me/me) and viable motheaten (mev/mev)
mice, are because of, respectively, null and phospha-
tase-domain deletional mutation of the SHP-1 gene.17,18

Furthermore, structural analysis of PTEN phosphatase
which is missing in a high proportion of gliomas, breast,
prostate, and kidney cancers, and melanomas, revealed
that its absence is also because of mutations.44 However,
our finding of intact SHP-1 gene indicated that a different
mechanism has to be responsible for lack of SHP-1 ex-
pression in the malignant T cells.

Methylation of the 59 CpG islands in the gene promoter
region represents another mechanism of gene inactiva-
tion, alternative to mutation. Indeed, promoter methyl-
ation which results in transcriptional repression of the
affected genes, has been identified in a number of on-
cosuppressors involved mainly in the control of cell cycle
in a variety of epithelial and nonepithelial tumors.48,49 To
our knowledge, the reported methylation in this study of
the SHP-1 promoter is the first example to demonstrate
that this mechanism of transcriptional gene silencing af-
fects phosphatase involved in a negative regulation of
signal transduction. Noteworthy, the ability to reverse the
transcriptional block and restore expression of functional
SHP-1 protein (Figure 5) by treatment with demethylating

agents may have implications for therapy of T cell lym-
phomas and other malignant tumors. Indeed, treatment
with 5-deoxyazacytidine and its analogue, 5-azacytidine,
has already been applied clinically with some success in
acute myelogeneous leukemia50–53 and myelodysplastic
syndrome.54,55 However, our finding that reversal of the
promoter methylation leads invariably to expression of
SHP-1 mRNA but much less frequently to expression of
the SHP-1 protein, suggests the existence of additional,
posttranscriptional blocks in the SHP-1 synthesis path-
way in malignant T cells. These blocks may need to be
identified before applying demethylating agents to ther-
apy of T cell lymphomas and other malignancies on a
larger scale.

The mechanism of the methylation-mediated gene in-
activation is poorly understood but involves proteins such
as MeCP1 and MeCP2 that bind to methyl-CpG and,
therefore, contribute to inhibition of transcription. MeCP1
binds to DNA containing at least 12 symmetrically meth-
ylated CpGs,56 whereas MeCP2 is relatively sequence-
independent and binds to a single methylated CpG
pair.57 In addition to the MeCP-mediated repression,
transcription can also be silenced by direct interference
of site-specific CpG methylation with binding of transcrip-
tion factors. Recent identification of the family of DNA
methyltransferases58 capable of de novo methylation and
of CpG demethylase59 indicates that imbalance between
these two types of enzymes with the opposite function
may play a role in carcinogenesis.60,61

There are several possible explanations for the persis-
tence of constitutive phosphorylation of the IL-2R/Jak3
complex in a few malignant T cell lines despite co-ex-
pression by these cells of the SHP-1 protein.7,36 First,
malignant T cells may produce cytokine which interacts
with IL-2R. This interaction may lead to a steady, repeti-
tive rephosphorylation of the IL-2R complex even in the
presence of SHP-1. In fact, one such double-positive line,
HUT102B, secretes large amount of IL-15. However,
there is so far no convincing evidence to support the
autocrine effect of IL-15 in these cells because a blocking
anti-IL-15 antibody had no effect on their growth rate.62

Alternatively, and perhaps more likely, the expressed
SHP-1 protein is rendered nonfunctional in such malig-
nant T cells. SHP-1 usually interacts via its two SH2
domains with the target protein by recognizing phospho-
tyrosine residues surrounded by specific sequence mo-
tifs;15,16 the exact mechanism of SHP-1 interaction with
the IL-2R complex is currently less understood.7 Al-
though we found no mutations in the SHP-1 gene se-
quence, it is possible that mutation in IL-2R or Jak3 may
preclude proper interaction of SHP-1 with the IL-2R com-
plex. Accordingly, mutations that affect the cytoplasmic
domain of receptor for erythropoietin lead to the receptor
hypersensitivity which is resistant to the SHP-1-mediated
inhibition.6,63 Finally, SHP-1 may not be available to IL-2R
by being tightly bound to other types of receptors such as
members of the inhibitory-receptor superfamily.14 Further
studies are needed to resolve the apparent paradox of
the co-expression of SHP-1 protein and constitutively
activated IL-2R complex in the malignant T cells.

Table 1. SHP-1: Methylation of the Gene Promoter and
Expression of mRNA and Protein in Malignant T
Cell Lymphoma Cell Lines (without and with
Exposure to 5-Deoxyazacytidine)*

Lymphoma type/
cell line

5-deoxyazacytidine

Promoter
methylation

mRNA
expression

Protein
expression

2 1 2 1 2 1

CTCL (MF and SS):
PB-1 1 2 1 1 1 1
2A 1 2 2 1 2 1
2B 1 2 2 1 2 2
Sez-4 2 2

HTLV-I1(ATLL):
ATL-2 1 2 2 1 2
C91PL 1 2
HUT102B 1 1 1
C10MJ2 1 2 2 1 2 2

ALCL
SUDHL-1 1 2 2

Hodgkin’s lymphoma
(T cell)

L540 1 2 2 1 2 2
HDLM 1

*Summary of the data from Figures 1 to 5 and reference 36.
Abbreviations: CTCL, cutaneous T cell lymphoma; MF, mycosis

fungoides; SS, Sezary syndrome; ATLL, adult type T cell
lymphoma/leukemia; ALCL, anaplastic large-cell lymphoma.
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