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The tissue inhibitor of metalloproteinase-1 (TIMP1) is
expressed in a subset of malignant lymphomas and
can inhibit tumor spread and promote cell survival.
Recent data suggest that TIMP1 expression may be
regulated by signal transducer and activator of tran-
scription (STAT)-3. Thus, we tested the hypothesis
that TIMP1 expression is related to STAT3 activation
in lymphomas, with a focus on anaplastic large cell
lymphomas (ALCLs), which are known to express
high levels of phosphorylated/active STAT3 (pSTAT3).
Specific inhibition of STAT3 with a dominant-negative
construct led to concentration-dependent down-regu-
lation of TIMP1 expression in two anaplastic lym-
phoma kinase (ALK)™ ALCL cell lines, Karpas 299 and
SU-DHL-1. Using cDNA microarrays, ALK* ALCL cell
lines consistently expressed the highest TIMP1 level
among 29 lymphoma cell lines of various subtypes.
The association between TIMP1 expression and high
level of STAT3 activation was validated by Western
blots and immunostaining using antibodies specific
for pSTAT3 and TIMP1. We further evaluated the rela-
tionship between TIMP1 expression and STAT3 acti-
vation in 43 ALCL tumors (19 ALK* and 24 ALK")
using immunohistochemistry and a tissue microar-
ray. The TIMP1" group had a mean of 64% pSTAT3™*
cells as compared to 23% pSTAT3 ™" cells in the TIMP1~
group (P = 0.002). As expected, TIMP1 positivity was
higher in the ALK™ group (15 of 19, 79%) compared
with the ALK~ group (5 of 24, 21%; P = 0.0002)
because NPM-AILK restricted to ALK* tumors was pre-

viously shown to activate STAT3. In conclusion,
STAT3 directly contributes to the high level of TIMP1
expression in ALK* ALCL, and TIMP1 expression cor-
relates with high level of STAT3 activation in ALCL.
TIMP1, as a downstream target of STAT3, may mediate
the anti-apoptotic effects of STAT3. (Am J Pathol
2004, 164:2251-2258)

The tissue inhibitors of metalloproteinases (TIMPs) con-
stitute a family of secreted proteins, of which their known
primary function is inhibition of the degradative action of
matrix metalloproteinases. In pathological states, TIMPs
have been shown to inhibit tumor invasion and metastasis
through regulation of extracellular homeostasis.’ Over-
expression of TIMP1, one of the TIMP family members,
was shown to inhibit tumor growth and metastasis of
T-cell lymphoma in transgenic mice.* In addition to its
roles in regulating the extracellular matrix, TIMP1 also
possesses anti-apoptotic and differentiation properties in
B cells as well as in breast cancer cells.>® In B-cell
lymphomas, TIMP1 expression correlates with the high
histological grade and is associated with worse clinical
outcome.”® TIMP1 is also constitutively expressed in
some Hodgkin’s lymphoma cell lines and tumors.’® Reg-
ulation of TIMP1 expression is incompletely understood,
but previous studies have shown that interleukin (IL)-6
and IL-10 up-regulate TIMP1 expression."''® Recent
data also suggest that TIMP1 expression may be regu-
lated by STAT3 because the binding site for STAT3 has
been found in the promoter region of the TIMP1 gene in
rat cells.’® Nevertheless, the exact role of STAT3 in reg-
ulating TIMP1 expression in human neoplasms has not
been examined.
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Table 1. Lymphoma Cell Lines Used for cDNA Microarray

Anaplastic large cell
lymphoma
Burkitt lymphoma

Karpas 299, SR 786, SU-DHL-1

BCHN1, CA 46, Daudi, Raji,
Ramos, ST 486

Body cavity effusion BC-1, BC-2, BC-3, BC-4
lymphoma

Hodgkin’s lymphoma L428, L1236, MDA-E, MDA-V

Large B-cell ymphoma CJ, EJ-1, FL318, JMEA, JP, M,

MS, SKI-DLCL1

Mantle cell lymphoma JEKO-1, M-1, MINO, SP53

Cell lines in bold type were also further assessed for TIMP1
expression by Western blots and/or immunocytochemistry.

The signal transducers and activators of transcription
(STATs) are members of a ubiquitously expressed family
of transcription factors activated in response to growth
factors and cytokines.'”'® STAT3 has been shown to be
an oncogene.'® Many types of human cancer express
constitutively active STAT3.2°724 Several downstream tar-
gets of STAT3 have been identified in various cell types,
many of which are associated with the regulation of ap-
optosis and cell proliferation, such as Bcl-X,, Mcl-1, cy-
clin D3, c-Myc, and p21*a~" 17 Recently, it has been
shown that the chimeric NPM-ALK oncoprotein, which
results from the 1(2;5)(p23;g35) seen in a substantial
subset of anaplastic large cell lymphomas (ALCLs),?® is
capable of binding to and phosphorylating STAT3 at the
Tyr’®® residue.?® We recently also have confirmed the
finding that activation of STAT3 by phosphorylation is
strongly associated with anaplastic lymphoma kinase
(ALK) expression in ALCL tumors.?”

With this background, we hypothesized that TIMP1
expression is related to STAT3 activation in malignant
lymphoma. In particular, we evaluated TIMP1 expression
in ALK™ ALCL cell lines and tumors because these cells
have a relatively high level of STAT3 activation, which is
related to the presence of NPM-ALK. We also assessed
for a direct role of STAT3 in contributing to TIMP1 expres-
sion in ALK* ALCL cell lines by using a dominant-nega-
tive STAT3 construct. Our results provide evidence that
STATS plays a direct role in up-regulating TIMP1 in ALK™
ALCL, and demonstrate that TIMP1 expression correlates
with high level of STAT3 activation in lymphomas.

Materials and Methods

cDNA Microarray Analysis of 29 Lymphoma Cell
Lines

The lymphoma cell lines analyzed by cDNA microarrays
in this study are listed in Table 1. Three ALK™ ALCL cell
lines, Karpas 299, SR-786, and SU-DHL-1 were used in
this study. In addition, four Hodgkin’s lymphoma cell
lines, (L428, L1236, MDA-E, and MDA-V), eight diffuse
large B-cell lymphoma cell lines (CJ, EJ-1, FL318, JM,
JMEA, JP, MS, and SKI-DLCL1), six Burkitt lymphoma
cell lines (CA 46, Daudi, Ramos, BCHN-1, Raji, and ST
486), four mantle cell lymphoma cell lines (JeKo-1, M-1,
Mino, and SP53), and four body cavity effusion lym-
phoma cell lines (BC-1, BC-2, BC-3 and BC-4) were

included. All cell lines were grown in Roswell Park Me-
morial Institute (RPMI) 1640 medium (Life Technologies,
Inc., Grand Island, NY), supplemented with 10% heat-
inactivated fetal bovine serum, 10,000 U/ml penicillin
(Sigma, St. Louis, MO), 10 mg/ml streptomycin (Sigma),
and 200 mmol/L L-glutamine (Life Technologies), and
incubated at 37°C in 5% CO,. We performed cDNA mi-
croarray analysis with RNA extracted from these lym-
phoma cell lines using the Trizol reagent. Briefly, cDNA
microarray expression profile analysis was performed
with Clontech Human Cancer 1.2 cDNA nylon membrane
(Clontech, Palo Alto, CA). Radiolabeled cDNA probes
were synthesized by reverse transcription from 5 ug of
total RNA using the manufacturer's protocol with P%2-
dATP (Amersham Biosciences, Piscataway, NJ). The im-
ages were quantitated using the Image Quantification
Software Array Vision from Imaging Research Inc. (St.
Catharines, Ontario, Canada). The signal intensities and
the local background intensities were determined, and
the background-subtracted signal intensities were used
for analysis using a program designed at the University of
Texas M.D. Anderson Cancer Center for microarray anal-
ysis. As a structure detection method, principal compo-
nent analysis was applied to this set of data, with six
groups corresponding to six subtypes of lymphoma.?®
Two group statistics, in which the log-transformed nor-
malized data along with the different groups of samples
as a vector, were used to obtain gene-by-gene means
and variance for two groups. The significant t-statistics
were those with values higher than the cutoff.

Microarrays of ALCL Cell Lines and Tumors

For the preparation of the lymphoma cell line microarray,
23 lymphoma cell lines were included, as shown in Table
2. Most (16 of 23) of these cell lines were included in the
cDNA microarray studies. Additional cell lines were Jur-
kat (T-cell acute lymphoblastic leukemia), SKW-3 (T-cell
prolymphocytic leukemia), HH, and HUT 78 (Sezary syn-
drome), and FN, LP, and LR (diffuse large B-cell lym-
phoma). ALL cell lines were kept in conditions described
above, grown to mid-logarithmic phase, fixed overnightin
buffered formalin, and embedded in paraffin. Two cores
of each cell block were used to create the lymphoma cell
line microarray.

For the preparation of the ALCL tumor tissue microar-
ray, only tumors that fulfilled the diagnostic criteria of
ALCL as defined in the World Health Organization clas-
sification®® were included. All ALCL tumors were uni-
formly positive for CD30, negative for CD20 and PAXS5,
and were of either T cell (37 cases) or null-cell (6 cases)
immunophenotype. Nineteen (44%) tumors were ALK™
and 24 (56%) were ALK™. All ALCL tumor specimens
were pretreatment biopsy samples that were fixed in
formalin, routinely processed, and embedded in paraffin.
To construct the ALCL tissue microarrays, three repre-
sentative cores from each tumor were selected from the
paraffin tissue blocks. Triplicate cores from two reactive
lymph nodes were included in the tissue microarrays as
internal controls.
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Table 2. Summary of the Cell Lines Used in This Study, and Their Expression of TIMP1 and pSTAT3 by Immunohistochemistry
and Western Blots

TIMP-1 TIMP1 by pSTAT3 PSTATS3 by
Cell lines Type of cell lines by ICP WB by IH WB
Karpas 299 Anaplastic large cell lymphoma, ALK-positive + Strongly + + Strongly +
SU-DHL-1 Anaplastic large cell lymphoma, ALK-positive + Strongly + + Strongly +
SR-786 Anaplastic large cell lymphoma, ALK-positive + Strongly + + Strongly +
Jurkat T-cell acute lymphoblastic leukemia — Weakly + - -
SKW-3 T-cell prolymphocytic leukemia - - - -
HUT-78 Sezary syndrome - - - -
HH Sezary syndrome - - - -
MS Diffuse large cell lymphoma, t(14;18)-positive — - - -
CJ Diffuse large cell lymphoma, t(14;18)-positive - - - -
EJ-1 Diffuse large cell lymphoma, t(14;18)-positive — - - -
LP Diffuse large cell lymphoma - - - -
LR Diffuse large cell lymphoma - - - -
JMEA Diffuse large cell lymphoma - - - -
FN Diffuse large cell lymphoma - Weakly + — -
SKI-DLCL1 Diffuse large cell lymphoma - Weakly + - Weakly +
SP53 Mantle cell lymphoma — - - Weakly +
Mino Mantle cell lymphoma - Weakly + - -
BC-1 BC-lymphoma - - - -
BC-3 BC-lymphoma - Weakly + - Weakly +
MDA-V Hodgkin lymphoma - = - -
L428 Hodgkin lymphoma - - - -
CA-46 Burkitt lymphoma - - - -
Daudi Burkitt lymphoma - - - -

ICP, immunocytochemistry using paraffin-embedded, cell line microarray (the presence of any definitive immunostained cells was regarded as
positive); WB, Western blots; ND, Not determined; IH, immunohistochemistry; BC-lymphoma, body cavity effusion lymphoma.
Cell lines in bold type were also previously included in the cDNA microarray studies.

STAT3 Dominant-Negative Adenovirus Vector
and Infection Protocol

The production and characteristics of STAT3 dominant-
negative adenovirus vector have been detailed else-
where.2°~3" Briefly, the adenoviral vector was deleted at
the E1A region. Using the site-directed mutagenesis
technique, the STAT3 cDNA was modified such that the
tyrosine”®® residue was replaced by phenylalanine. Ex-
pression of STAT3 was driven by the rabbit p-actin pro-
moter and cytomegalovirus enhancer. The construct was
epitope-tagged with FLAG (DYKDDDDK) (Kodak, Roch-
ester, NY) at the N terminal. Before each experiment,
cells were grown in logarithmic phase. Cells were first
concentrated to 107/ml, and these highly concentrated
cell suspensions were incubated with adenoviral vectors
at varying titers to create multiplicity of infection (MOI)
ranging from 0O to 100 for 1 hour at 37°C. Subsequently,
fresh complete medium was added to dilute the cell
suspensions to 10°/ml. Cell lysates were prepared after
24 hours of incubation.

Antibodlies and Immunostaining

Antibodies reactive with STAT3, pSTAT3 (Tyr’°%), and
TIMP1 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-FLAG antibody was purchased
from Abcam (Cambridge, UK). Immunostaining was per-
formed using standard techniques. Briefly, heat-induced
epitope retrieval was performed. 3,3’-Diaminobenzidine/
H,0, (Biogenex, San Ramon, CA) was used as a chro-
mogen, and hematoxylin as the counterstain. For each

case, TIMP1 was considered positive when at least 20%
of the tumor cells showed definitive cytoplasmic staining.
STAT3 was considered to be activated when more than
20% of the neoplastic cells showed unequivocal nuclear
immunostaining of pSTAT3, regardless of the staining
intensity. Evaluation of TIMP1 and pSTAT3 immunostain-
ing was performed separately without knowing the results
of the staining of the other marker or clinical outcome.

Western Blot Analysis

Western blot analysis was performed using standard
techniques. Briefly, the cells were washed in phosphate-
buffered saline (pH 7.5), and lysed in a buffer containing
50 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl, 0.1%
sodium dodecy! sulfate, 1% Nonidet P-40, 1 mmol/L phe-
nylmethyl sulfonyl fluoride, 5 wg/ml aprotinin (5 pg/ml),
sodium vanadate (1 mmol/L), and leupeptin (5 ng/ml).
After incubation on ice for 15 minutes, the lysates were
subjected to centrifugation at 12,000 rpm, and the super-
natants were collected. Protein concentration was deter-
mined with a protein assay kit (Bio-Rad, Hercules, CA).
Each lane of a 5 to 12% polyacrylamide slab gel received
80 ng of protein. After electrophoresis and transfer to
nitrocellulose membranes (Bio-Rad) by electroblotting,
blots were probed with specific primary and secondary
antibodies and the enhanced chemiluminescence detec-
tion system (Amersham, Arlington Heights, IL) according
to the manufacturer’s protocol. The antibodies were used
at dilutions of 1:500 to 1:1000.
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Figure 1. Adenoviral vector gene transfer of a dominant-negative STAT3
construct into Karpas 299 led to down-regulation of TIMP1 expression in a
dose-dependent manner. MOI represents multiplicity of infection. STAT3
represents the total amount of STAT3, including both exogenous and endog-
enous STAT3. FLAG staining showed an increased amount of the expressed
constructs with higher MOIs.

Statistical Analysis

The association between TIMP1 and various parameters
was evaluated by Fisher’s exact test. The nonparametric
correlation between pSTAT3 expression as a continuous
variable (percentage of pSTAT3-positive tumor cells) and
TIMP1 expression was assessed by the Mann-Whitney
test. All statistical calculations were performed using the
StatView software (Abacus Concepts, Inc., Berkeley, CA).

Results

Down-Regulation of TIMP1 Expression in ALK™
ALCL Cells by Inhibiting STAT3

Because the TIMP1 promoter contains the STAT3-bind-
ing consensus sequence in rat cells, we determined if
STATS activation directly contributes to the relatively high
level of TIMP1 expression in ALK* ALCL cells. We
blocked STAT3 signaling using an adenoviral vector that
expresses a dominant-negative STAT3 construct. Our
previous experiment using an adenoviral vector carrying
green fluorescent protein construct showed that a MOI of
10 led to >70% of SU-DHL-1 and Karpas 299 cells ex-
pressing relatively high levels of green fluorescent sig-
nals detectable by flow cytometry. Both SU-DHL-1 and
Karpas 299 also had similar efficiency of infection with
the adenoviral vector expressing dominant-negative
STATS, as assessed by the intensity of STAT3 and FLAG
staining in Western blots (not shown). As exemplified in
Figure 1, using Karpas 299, gene transfer of the domi-
nant-negative STAT3 construct led to an increase in the
total STAT3 protein level and FLAG level in a dose-de-
pendent manner. With the same experimental conditions,
TIMP1 immunoreactivity decreased in a dose-dependent
manner and became undetectable at a MOI of 25. Similar
experiments using SU-DHL-1 cells also yielded compa-
rable findings. Thus, STAT3 signaling directly contributes
to the high level of TIMP1 expression in ALK* ALCL cell
lines.

I | =
>
=
@ N
c - :
Q 3 °
- . . . -
[ =
— *
é,‘ o . t
Se
. :
(<] ¢ .
5 s
& . . ¢ S
4 & £ g = )
x N S 4 S g
~ (3) o
< Q & < 5 s

Figure 2. Statistical analysis of the ¢cDNA microarray data with plot of log
(base 2) intensity (expression) of each histological group of lymphoma cell
lines. All three ALK™ ALCL cell lines consistently had a higher level of TIMP1
expression than cell lines representing the other lymphoma subtypes. Al-
though one Burkitt lymphoma cell line had a high level of TIMP1, this was
not a consistent finding in this type of lymphoma.

Consistently High TIMP1 Expression in ALK™
ALCL Cell Lines

As shown in Figure 2, cDNA microarray analysis showed
that TIMP1 was highly expressed in all three cell lines
derived from ALK™ ALCL, including Karpas 299, SU-
DHL-1, and SR-786. The median expression level of
TIMP1 was 1 to 2 log-fold higher than the other lymphoma
cell types. The t-statistics in the two group statistical
analysis gave a highly significant value (t = =5.2; P <
0.0001) for TIMP1 in the ALK™ ALCL group compared to
the other groups. Of the remaining 26 lymphoma cell
lines examined, only 1 derived from a Burkitt lymphoma
had a comparable expression level of TIMP1. All other
Burkitt ymphoma cell lines showed lower levels of TIMP1
expression compared with ALK™ ALCL cells. Thus, high
TIMP1 expression in lymphoma cell lines is almost re-
stricted to and is most consistently in the ALK™ ALCL cell
type.

To validate the cDNA data, we performed Western blot
analysis and immunocytochemistry using a tissue mi-
croarray that included 23 lymphoma cell lines, 16 of
which were previously included in the cDNA microarray
study. The results are summarized in Table 2 and some of
the Western blots are illustrated in Figure 3. Western blots
showed that all three ALK* ALCL cell lines expressed
TIMP1 strongly and 5 of 23 cell lines (BC-3, FN, Jurkat,
Mino, and SKI-DLCL1) expressed TIMP1 weakly. All other
cell lines showed no detectable TIMP1 expression.

Immunocytochemistry using the lymphoma cell line
tissue microarray and an anti-TIMP1 antibody showed
that TIMP1 immunoreactivity was detectable only in ALK™
ALCL cell lines; those cell lines that showed a weak
TIMP1 band or no detectable TIMP1 band on Western
blots had no detectable TIMP1 immunoreactivity in any
cells by immunocytochemistry. Figure 4 shows that Kar-
pas 299 cells uniformly expressed pSTAT3 that was lo-
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Figure 3. Western blot analysis showed that Karpas 299 and SU-DHL-1 had
a relatively high TIMP1 expression (bottom bands). Jurkat and FN cells had
detectable TIMP1 but at a lower level. All of the other cell lines were
negative. The top bands represent actin, which was expressed at a similar
level in all cell lines examined.

calized to the nucleus (Figure 4a), and TIMP1 that was
present in the cytoplasm with a distinct Golgi pattern
(Figure 4b). The cells that highly expressed TIMP1 were
generally the larger lymphoma cells. Because of the fact
that staining was confined to the Golgi, the proportion of
TIMP1-positive was probably underestimated because
our method only allowed us to evaluate a section of the
cell. Overall, considering that Western blotting is more
sensitive than immunostaining, our results showed con-
currence between Western blots and immunocytochem-
istry, and the findings validate the cDNA microarray data.

Correlation of TIMP1 Expression with STAT3
Activation in ALCL Tumors

Because simultaneous high expression levels of pSTAT3
and TIMP1 were found only in ALK* ALCL cell lines, we
further investigated if the relationship between TIMP1
expression and STAT3 activation is also present in ALCL
tumors. We assessed 43 cases of systemic ALCL tumors
(19 ALK™ and 24 ALK™) included in a tissue microarray
using immunohistochemistry. The results are summa-
rized in Table 3. Overall, 20 of 43 (47%) tumors were
positive for TIMP1. Similar to the cell lines, TIMP1 dem-
onstrated a distinct Golgi staining pattern in most of the
positive cases, as shown in Figure 5. TIMP1 expression
significantly correlated with ALK expression; 15 of 19
(79%) of ALK™ ALCL tumors compared with 5 of 24
(21%) ALK~ ALCL tumors were positive for TIMP1 (P =
0.0002, Fisher’s exact test). We also found that TIMP1
expression significantly correlated with pSTAT3 immuno-
reactivity, with 13 of 22 (59%) pSTAT3" ALCL tumors
being positive for TIMP1, compared with 3 of 16 (19%)
pSTAT3™ cases (P = 0.02, Fisher’s exact test). In addi-
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Figure 4. Immunocytochemistry showing expression of pSTAT3 (a) and
TIMP1 (b) in Karpas 299 cells in the lymphoma cell line microarray. Many
lymphoma cells showed pSTAT3 nuclear staining. A small subset of lympho-
mas, mostly the large lymphoma cells (open arrows), showed TIMP1
reactivity; both cytoplasmic and Golgi patterns were recognized.
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Table 3. Association between ALK-1 and TIMP1 in 43 Cases

of ALCL
TIMP1- TIMP1- Total
positive negative cases
ALK-1-positive 15 (78.9%) 4(21.1%) 19
ALK-1-negative 5(20.8%) 19 (79.2%) 24

P = 0.0002 (Fisher's exact test).

tion, when TIMP1 expression was correlated with STAT3
activation based on the percentage of pSTAT3 cells (as a
continuous variable), TIMP1" cases demonstrated a sig-
nificantly higher mean percentage of pSTAT3" cells
compared with TIMP1~ cases (64% versus 23%, P <
0.002, Mann-Whitney test; Figure 6).

Correlation of TIMP1 Expression with Clinical
Parameters in ALCL Tumors

TIMP1 expression correlated with progression-free sur-
vival (PFS) in 36 patients with ALCL tumors (14 ALK™, 22
ALK™) and available clinical follow-up data. In the ALK™
group, the 5-year PFS was 89% for patients with TIMP1-
positive tumors, compared with 50% for patients with
TIMP1-negative tumors. Because of the small number of
patients in this analysis, the difference in PFS between
the two groups is not statistically significant (P = 0.5 by
log rank). For the ALK™ group, 5-year PFS was 27% for
patients with TIMP1-positive tumors, compared with 74%
for patients with TIMP1-negative tumors (P = 0.05 by log
rank).

Expression of TIMP1 in Peripheral T-Cell
Lymphomas

To further support that ALK ALCL cells have relatively
high TIMP1 expression compared to other T-cell neo-

Figure 5.Immunohistochemistry using anti-pSTAT3 (a and b) and anti-
TIMP1 (c and d) applied to the ALCL tissue microarray, with strong expres-
sion of pSTAT3 in a case of ALK* ALCL as shown in a (low magnification)
and b (high magnification). In the same case, TIMP1 is highly expressed, as
shown in ¢ and d. The inset in d highlights the Golgi TIMP1 staining of the
lymphoma cells.
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Figure 6. Box plot illustrating that TIMP1" ALCL tumors have a higher mean
number of pSTATiJr cells than TIMP1~ ALCL tumors.

plasms, we examined nine cases of peripheral T-cell
lymphomas for TIMP1 using immunohistochemistry and a
protocol similar to that used for immunocytochemistry
described in Methods and Materials. All nine cases of
peripheral T-cell ymphomas had no detectable TIMP1 or
pSTAT3 expression.

Discussion

The primary function of TIMPs in physiological states is to
inhibit the degradation effects of metalloproteinases. In
pathological states, it has been shown that TIMPs may
inhibit tumor invasion and metastasis and control tumor
growth through regulating extracellular matrix homeosta-
sis.? TIMP1 overexpression in a transgenic mouse model
has been shown to inhibit tumor growth and metastasis of
a T-cell lymphoma.* There is evidence that TIMPs also
may have functions not directly related to cell migration,
and these functions include growth-promoting as well as
anti-apoptotic effects.>¢32 For instance, TIMP1 can pro-
tect germinal center B cells from apoptosis.® In fact, high
levels of TIMP1 in serum correlates with poor clinical
outcome in patients with some types of carcinoma.®®34
Most likely, the correlation between TIMP1 levels and
worse survival is attributed to the cell proliferative and
anti-apoptotic effects of TIMP1.

Regulation of gene expression of TIMPs is not com-
pletely understood. In rat cells, the TIMP1 promoter has
been found to have bindings sites for AP-1 and STATS,
and the presence of these two transcriptional factors is
required for full activation of TIMP1 expression.’® A num-
ber of cytokines are implicated in up-regulating TIMP1
production in a variety of cell types. For instance, IL-6 has
been shown to stimulate TIMP1 production in fibro-
blasts,®® but not in a number of lymphoid cell lines.® In
plasma cells, it has been shown that TIMP1 production
can be induced by a combination of tumor necrosis
factor-a and IL-18.%6 In mononuclear phagocytes, IL-10
stimulates secretion of TIMP1."" In fact, TIMP1 and IL-10
may form an autocrine loop in non-Hodgkin's lympho-
mas, and TIMP1 expression in B-cell nonlymphoma pa-
tients correlates closely with IL-10 expression and with a
high histological grade in these patients. In summary, it is

likely TIMP1 production in different cell types is regulated
by different cytokines, and it is possible that STAT3 may
be the signal transducer for these cytokines because all
of the above-mentioned cytokines can activate STAT3.

In normal lymphoid cells, TIMP1 expression is re-
stricted to B cells.? In T cells, TIMP1 expression has been
shown to increase in response to viral transactivators of
HTLV-1 and HTLV-2.537 As shown in this study, ALK™
ALCL is a rather unusual type of T-cell neoplasms in that
a relatively high level of TIMP1 is expressed. Other than
ALCL, we did not observe any TIMP1 expression in all
peripheral T-cell lymphomas examined and only one of
four T-cell lymphoma cell lines showed weak reactivity on
Western blots in this study. One recent study using cDNA
microarray analysis also showed that stimulated T cells
have relatively low levels of TIMP1 compared to ALK™
ALCL.®® In B-cell lymphomas, expression of TIMP1 is
more highly expressed in high-grade than low-grade lym-
phomas.®® Previously, it has been reported that the
TIMP1 gene promoter carries STAT3-response element,
suggesting that TIMP1 expression may be regulated by
STAT3."® Functional blockage of STAT3 has been shown
to inhibit thrombin-driven TIMP1 expression in human
glomerular mesangial cells,*° although a possible role
of the STATS signaling pathway in regulating TIMP1
expression in neoplastic cells has not been examined
previously.

Because ALK™ ALCL has a relatively high level of
STAT3 activation, we hypothesized that ALK™ ALCL also
has a relatively high level of TIMP1 expression compared
with other lymphoma types. Results from the cDNA mi-
croarray studies using 29 lymphoma cell lines represent-
ing a wide range of lymphoma types supported our hy-
pothesis. With the exception of one Burkitt lymphoma cell
line, ALK* ALCL cell lines expressed TIMP1 at a level
higher than that of all other lymphoma cell lines. We
confirmed this finding by examining TIMP1 expression in
a panel of lymphoma cell lines using a tissue microarray
and immunocytochemistry. In addition, using tissue mi-
croarrays, we identified that TIMP1 expression signifi-
cantly correlates with STAT3 activation in ALCL. Lastly,
gene transfer of STAT3DN into two ALK™* ALCL cell lines,
Karpas 299 and SU-DHL-1, led to down-regulation and
complete abrogation of TIMP1 expression in these cells.
Together, our data strongly support the concept that high
levels of TIMP1 expression in lymphomas correlate with
STAT3 activation, and that STAT3 directly contributes to
the high level of TIMP1 expression in ALK* ALCL.

Because it has been previously shown by us and oth-
ers®®27 that ALK expression significantly correlates with
STATS activation in ALCL, it is not surprising to observe
that ALK positivity also significantly correlated with TIMP1
expression in these tumors in our study. Although we did
not include T-cell lymphoma cell lines in our initial cDNA
analysis, results from Western blot/immunocytochemical
studies of four T-cell lymphoma cell lines, as well as
results from immunohistochemical studies of nine cases
of peripheral T-cell lymphoma support that high TIMP1
expression is unigue to ALK™ ALCL, tumors that also
frequently have STAT3 activation. In addition, Gaiser and
colleagues®® have recently reported that TIMP1 is



Table 4. Association between pSTAT3 and TIMP1 in 38
Cases of ALCL

TIMP1- TIMP1- Total

positive negative cases
pPSTAT3-positive 13 (569.1%) 9 (40.9%) 22
pSTAT3-negative 3(18.7%) 13 (81.3%) 16

P = 0.02 (Fisher’s exact test).

strongly expressed in ALK™ ALCL cell lines compared to
stimulated T cells.

Although we concluded that there is a correlation be-
tween STATS activation and TIMP1 expression in lym-
phoma, exceptions do exist. Subsets of Burkitt ymphoma
cell lines are known to produce high levels of TIMP1, and
the mechanism of TIMP1 production may be related to
Epstein-Barr viral infection of these cells.® In addition, the
identification of cell lines, as summarized in Table 1,
showing relatively low levels of TIMP1 expression in the
absence of detectable pSTAT3 in Western blots suggests
that TIMP1 expression is not strictly dependent on the
STAT3 signaling pathway. Likewise, TIMP1 expression
was detectable by immunohistochemistry in two
pSTAT3™ ALCL tumors (Table 4). The mechanism re-
sponsible for TIMP1 expression in these pSTAT3™ cells
remains to be investigated. On the other hand, cells with
STAT3 activation may not necessarily be coupled with
high TIMP1 expression. For instance, as shown in Table
4,9 of 22 cases of pSTAT3" ALCL showed no detectable
TIMP1 by immunohistochemistry. The lack of TIMP1 im-
munoreactivity in these cases may be because of sub-
optimal fixation, but we have also considered the possi-
bility that TIMP1 was expressed at a low level that is
below the detection sensitivity of immunohistochemistry.
In fact, it has been shown that STAT3 may require the
presence of another transcriptional factor, AP-1, for full
activation of TIMP1 expression in rat cells.'®

Previous studies indicated that stromal cells, macro-
phages, and fibroblasts produce TIMP1. In our study, we
detected TIMP1 immunostaining in the cytoplasm of neo-
plastic cells. TIMP1* ALCL tumors often have a Golgi
staining pattern, supporting the concept that TIMP1 is
produced by the neoplastic cells. Considering the cyto-
kine nature of TIMP1, it is likely that the lymphoma cells
produce TIMP1, which is subsequently secreted in the
microenvironment where TIMP1 eventually binds to its
specific cell-surface ligands to exert its biological effects.
Thus, TIMP1 may function in an autocrine/paracrine path-
way, to promote cell proliferation and survival. Disruption
of this pathway may have therapeutic implication for
ALK™ ALCL tumors.

The exact biological significance of the high level of
TIMP1 expression in ALK™ ALCL remains to be investi-
gated. In view of its function in some Burkitt lymphoma
cell lines, TIMP1 may contribute to the pathogenesis of
ALK* ALCL in two ways. First, it antagonizes the actions
of metalloproteinases and inhibits spreading of cells into
the stroma. In this regard, it is tempting to hypothesize
that TIMP1 production by ALK ALCL cells may explain
the distinct sinusoidal infiltration pattern of these tumors,
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which is one of the distinguishing features of ALCL.?®
Second, it has been shown that TIMP1 has anti-apoptotic
effects. We recently have shown that selective blockade
of STAT3 signaling pathway using a dominant-negative
STAT3 construct induced apoptosis in ALK* ALCL cell
lines (HM Amin et al, Oncogene, in press). It will be of
great interest to determine whether deregulation of TIMP1
is a key factor contributing to apoptosis in this experi-
mental model.

The adenoviral vector used in this study has been previ-
ously used in a number of studies.?®=3" The biological ef-
fects of the dominant-negative STAT3 construct are sec-
ondary to a single mutation at residue 705Yesine—rhenyialanine,
This mutation prevents tyrosine phosphorylation at this site,
which is believed to be crucial in mediating dimerization
and nuclear localization of STAT3." Our findings from our
immunoprecipitation studies support this concept, because
STAT3DN did not show evidence of tyrosine phosphoryla-
tion in Karpas 299 cells. The exact mechanism underlying
the dominant-negative effects of this construct is not clear.
Nevertheless, our immunoprecipitation studies showed that
the expression of dominant-negative STAT3 induces down-
regulation of the endogenously expressed tyrosine-phos-
phorylated STAT3. It is likely that dominant-negative STAT3
competes with the endogenous STATS for the binding sites
on NPM-ALK, and thereby inhibiting STAT3 activation.

Because of the relatively small number of ALCL pa-
tients included in our study, we did not observe any
statistically significant difference in PFS in TIMP1-positive
and -negative ALCL patients within the ALK™ ALCL
group. The problem is further compounded by the fact
that most ALK™ ALCL patients have TIMP1 expression.
Nevertheless, in the ALK™ group, patients with TIMP1
expression showed a shorter PFS (P = 0.05). This may
correlate with the results of some of the previous studies
that TIMP1 is associated with worse clinical outcome and
clinical aggressiveness of high-grade lymphoma.®° Re-
sults from one of our recent studies also suggest that
TIMP1 is associated with shortened overall survival in
diffuse large B-cell lymphoma patients (manuscript in
preparation). Further studies will be warranted to confirm
the finding of TIMP1 being a prognostic indicator for
ALCL patients.

In conclusion, our data show that high TIMP1 expres-
sion correlates with STAT3 activation in malignant lym-
phoma, and that selective inhibition of STAT3 results in
TIMP1 down-regulation in ALK* ALCL. Considering the
known functions of TIMP1, it seems to mediate at least
some of the anti-apoptotic effects of STAT3. Our results
also demonstrate that selective targeting of STAT3 sig-
naling pathway could represent a potential therapeutic
modality in ALCL by the down-regulation of known anti-
apoptotic proteins such as TIMP1.
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