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The cytoplasmic tyrosine phosphatase SHP1 has been shown
to inhibit the oncogenic fusion protein nucleophosmin (NPM)-
anaplastic lymphoma kinase (ALK), and loss of SHP1 contrib-
utes to NPM-ALK-mediated tumorigenesis. In this study, we
aimed to further understand how SHP1 interacts and regulates
NPM-ALK. We employed an in vitro model in which GP293
cells were transfected with various combinations of NPM-ALK
(or mutants) and SHPI (or mutants) expression vectors. We
found that SHP1 co-immunoprecipitated with NPM-ALK,
but not the enzymatically inactive NPM-ALK**'°® mutant, or
the mutant in which all three functionally important tyrosine
residues (namely, Tyr®3%, Tyr**?, and Tyr>*®) in the kinase acti-
vation loop (KAL) of ALK were mutated. Interestingly, whereas
mutation of Tyr®**® or Tyr**? did not result in any substantial
change in the NPM-ALK/SHP1 binding (assessed by co-immu-
noprecipitation), mutation of Tyr>*® abrogated this interaction.
Furthermore, the NPM-ALK/SHP1 binding was readily detect-
able when each of the remaining 8 tyrosine residues known to be
phosphorylated were mutated. Although the expression of
SHP1 effectively reduced the level of tyrosine phosphorylation
of NPM-ALK, it did not affect that of the NPM-ALKY****
mutant. In soft agar clonogenic assay, SHP1 expression signifi-
cantly reduced the tumorigenicity of NPM-ALK but not that of
NPM-ALKY***F, In conclusion, we identified Tyr>** of NPM-
ALK as the crucial site for mediating the NPM-ALK/SHP1 inter-
action. Our results also support the notion that the tumor sup-
pressor effects of SHP1 on NPM-ALK are dependent on its
ability to bind to this oncogenic protein.

ALK?-positive anaplastic large cell lymphoma (ALK*ALCL)
is a distinct type of aggressive lymphoma of T/null cell immu-
nophenotypes (1). Approximately 80% of these neoplasms have
the chromosomal translocation #(2;5)(p23;¢35), which brings
the nucleophosmin (NPM) gene at 5¢35 in juxtaposition
with the anaplastic lymphoma kinase (ALK) gene at 2p23, lead-
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ing to the formation of NPM-ALK (2-5). ALK is normally a
receptor-tyrosine kinase expressed exclusively on the cell sur-
face of embryonic neuronal cells (6). It has been shown that the
oligomerization domain of the NPM portion in this fusion gene
protein induces dimerization of ALK, which results in auto-
phosphorylation and constitutive activation of the ALK tyro-
sine kinase (7, 8). By virtue of its constitutively active tyrosine
kinase, it is believed that NPM-ALK promotes tumorigenesis
by aberrantly phosphorylating various tyrosine residues of a
host of cellular signaling proteins, thereby deregulating a large
number of cellular signaling pathways (9).

In addition to the expression of NPM-ALK, recent studies
also revealed the existence of multiple coexisting biochemi-
cal defects in NPM-ALK-expressing lymphomas (10-15).
The loss of SHP1, a cytoplasmic tyrosine phosphatase, serves
as an example (14). SHP1 is normally expressed at the highest
level in hematopoietic cells and it is known to act as a negative
regulator of various cell signaling pathways, such as the JAK/
STAT pathway and that of the T-/B-cell receptor (16). The
biological importance of SHP1 is highlighted by the phenotype
of the so-called “moth-eaten” mice; specifically, homozygous
mutations of the SHPI gene, which results in a complete loss of
SHP1 expression, are associated with severe dysregulation of
the leukocyte development and systemic autoimmunity (17,
18). SHP1 also has been shown to have tumor suppressor func-
tions. Specifically, loss of SHP1 has been demonstrated in a
proportion of T-cell lymphomas, including the majority of
the ALK*ALCL cases (10, 12, 19). Importantly, restoration
of SHP1 expression has been shown to decrease the growth of
ALK™ALCL cells in vitro. In another study, decreased expres-
sion of SHP1 has been shown to be associated with the progres-
sion of chronic myeloid leukemia (20). Previous studies have
shown that SHP1 is physically associated with NPM-ALK,
and SHP1 dephosphorylates NPM-ALK (14, 21). However,
the molecular details underlying the physical and functional
interaction between SHP-1 and NPM-ALK are incompletely
understood.

Because NPM-ALK is known to interact with its binding
partners via the phospho-Tyr/SH2 motif (7, 22-24), one of the
main objectives of this study was to identify the exact tyrosine
residue of NPM-ALK involved in mediating its interaction with
SHP1. We focused our search on the 11 tyrosine residues of
NPM-ALK that have been previously found to be phosphory-
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lated (25). Similarly, because SHP1 is known to interact with its
substrates via one or both of its two SH2 domains, commonly
termed N-SH2 (i.e. close to the N terminus) and C-SH2 (i.e.
close to the C terminus) (26), we focused our studies on the
roles of these two domains of SHP1 in the NPM-ALK/SHP1
binding. After we identified the exact tyrosine residue of NPM-
ALK that is important for the physical interaction between
NPM-ALK and SHP1, we examined the functional importance
of this physical interaction in SHP1-mediated suppression on
NPM-ALK.

MATERIALS AND METHODS

Cell Lines and Tissue Culture—An ALK ALCL cell line, Kar-
pas 299, was used. These cells were from the American Type
Culture Collection (Manassas, VA) and cultured in RPMI 1640
(Invitrogen) containing 2 mm L-glutamine supplemented with
10% fetal bovine serum (FBS)(Invitrogen). GP293, a human
embryonic kidney cell line, was cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 4 g/liter of glucose sup-
plemented with 10% FBS.

Vectors and Plasmids—The wild-type SHPI plasmid has
been previously described (14). SHP1 mutants with Arg — Lys
mutation of one or both of the two functionally important
arginine residues (Arg®* and Arg'>®) located in the N-termi-
nal and C-terminal SH2 domains, respectively, were kind
gifts from Dr. F. Bohmer (Friedrich-Schiller-University, Jena,
Germany) (27). Phosphatase inactive SHPI (SHPI<***®) that
has a point mutation (Cys — Ser) at the critical cysteine
residue in the phosphatase domain was a kind gift from Dr.
Zhenbao Yu (National Research Council of Canada, Mon-
treal, Canada) (28). The NPM-ALK expression vector, a kind
gift from Dr. S. Morris (St. Jude’s Children Research Hospital,
Memphis, TN), was cloned into the pcDNA3.1(+) vector
(Invitrogen). The use of the “kinase-dead” NPM-ALK (NPM-
ALK*?'°R) has been previously described (29). The NPM-
ALK*™ mutant, which was generated by mutating all three tyrosine
residues in the kinase activation loop of ALK (Tyr®*®, Tyr®**?,
and Tyr**) in a pcDNA3.1(+)/His-tagged NPM-ALK back-
bone, has also been described (25). Similarly, the single Tyr —
Phe mutants of NPM-ALK (i.e. site-directed mutagenesis of
TyrISS, Tyr152, Tyr156, Tyr191, Tyr419, Tyr567, Tyr644, and
Tyr®®*) were constructed on a pcDNA3.1(+)/NPM-ALK back-
bone. The coding sequences of NPM-ALK and all mutants were
confirmed to ensure that no artificial mutations were acquired.

Gene Transfection—GP293 cells were plated in a 100-mm
cell culture dish 24 h before gene transfection to obtain cell
confluence of ~70%. Gene transfection of NPM-ALK alone or
in combination with SHPI were done using TurboFect™ in
vitro Transfection Reagent (Fermentas, Burlington, Ontario,
Canada) according to the manufacturer’s protocol. Transient
transfection of Karpas 299 cells (4 X 10° cells) with 10 ug of
DNA of wild-type SHP1 or different SHP1 mutants were per-
formed using the Electro square electroporator, BTX ECM 800
(San Diego, CA) at 225 V (8.5 ms, 03 pulses).

Co-immunoprecipitation, Antibodies, and Western Blot Anal-
ysis—Cell lysates were prepared 24 h after gene transfection.
For immunoprecipitation, a standard protocol was used as pre-
viously described (30). Briefly, cells were washed with cold
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phosphate-buffered saline and lysed using Cell Lytic Buffer M
(Sigma) supplemented with 0.1 mm phenylmethylsulfonyl
fluoride (Sigma), a protease inhibitor mixture (Nacalai Inc., San
Diego, CA), and phosphatase inhibitor mixture (Calbiochem,
EMD Biosciences, Darmstadt, Germany). After incubating
the lysate on ice for 30 min, it was centrifuged at 15,000 X g
for 15 min. Two micrograms of the primary antibody was
added to 500 ug of protein lysate and rotated overnight at 4 °C.
Negative control samples with the primary antibody omitted
were included. 50 ul of protein (A/G Plus-agarose) beads (Santa
Cruz Biotechnology, Santa Cruz, CA) was added to both the
test and control lysates and rocked for 2 h at 4 °C. The beads
were then washed 3 times with cold phosphate-buffered
saline. For co-immunoprecipitation experiments, the final
wash was done using cold cell lysis buffer. For immunopre-
cipitation experiments, the final wash was done using RIPA
buffer. Proteins were then eluted from the beads in 20 ul of SDS
protein loading buffer by boiling for 5 min at 100 °C. The com-
plex was then subjected to SDS-polyacrylamide gel electro-
phoresis and Western blotting, and the proteins were visualized
using enzyme chemiluminescence (Pierce ECL Western Blot-
ting Substrate, Thermo Scientific, Rockford, IL). The following
antibodies were used for immunoprecipitation and immuno-
blotting: goat polyclonal anti-ALK, rabbit polyclonal anti-SHP1
(both were from Santa Cruz Biotechnology), monoclonal anti-
ALK (Dako, Glostrup, Denmark), mouse anti-SHP1 monoclonal
antibody (BD Transduction Laboratories, Mississauga, Ontario,
Canada), rabbit polyclonal anti-phospho-ALK (Tyr'¢®%), anti-
phosphotyrosine (both were from Cell Signaling, Danvers, MA),
and anti-B-actin (Sigma). Western blot analysis is described as
follows: cells were washed with cold phosphate-buffered saline,
and cellular proteins were precipitated using RIPA buffer con-
taining 150 mm NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid,
0.1% SDS, 50 mum Tris (pH 8), which was supplemented with 40
pg/ml of leupeptin, 1 um pepstatin, 1 mm 4-(2-aminoethyl)-
benzenesulfonyl fluoride, and 0.1 mm phenylmethylsulfonyl
fluoride. The protein concentration of the samples was deter-
mined using the BCA Protein assay kit (Pierce, Thermo Fisher
Scientific Inc.). Cell lysates were then electrophoresed on 8 or
10% SDS-polyacrylamide gels and transferred to nitrocellulose
membranes (Bio-Rad). Subsequently, the membranes were
blocked with 5% milk in Tris-buffered saline, 0.1% Tween
buffer for 1 h (20 mm Tris-HCL, pH 7.6, 150 mMm NaCl) and then
incubated with the primary antibodies overnight at 4 °C. After 3
washes with Tris-buffered saline, 0.1% Tween, the membranes
were incubated with the isotype-specific secondary antibody
conjugated with the horseradish peroxidase (Cedarlane Labo-
ratories, Burlington, Ontario, Canada) for 1 h at room temper-
ature. This was followed by 3 washes with Tris-buffered saline,
0.1% Tween, and the protein was detected using the chemilu-
minescence detection kit (Pierce).

Colony Formation in Soft Agar—The soft agar consisted of
two layers, both of which were prepared from a stock 1.2%
Bacto-agar (Difco, Detroit, MI) dissolved in distilled water and
autoclaved. For the bottom layer, Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS was added to the stock
agar to achieve a 0.6% agar concentration. For the top layer, cell
suspension (20,000 cells in 2 ml of Dulbecco’s modified Eagle’s
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medium supplemented with 10% FBS) was mixed with the stock
agar to achieve a final agar concentration of 0.3%. Cells in the
agar were fed with 200 ul of Dulbecco’s modified Eagle’s
medium, 10% FBS every 2 days. Colonies were stained and visu-
alized with 0.05% crystal violet after 4 weeks of culture.

Statistical Analysis—The association between SHP1 and the
number of colonies formed in soft agar was evaluated using
Student’s t test. A p value = 0.05 is considered statistically
significant.

RESULTS

SHPI Interacts with NPM-ALK but Not the NPM-ALK*?'°%
Kinase-dead Mutant—Based on a number of previously pub-
lished studies (23, 29, 31, 32), the binding between NPM-ALK
and partners is typically dependent on the autophosphorylation
and activation status of NPM-ALK. Thus, we asked if the acti-
vation status of NPM-ALK is important to the physical interac-
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FIGURE 1.The activation status of NPM-ALK is important for its binding to
SHP1. Co-immunoprecipitation (IP) experiments using GP293 cells co-trans-
fected with NPM-ALK (or its mutants) and SHP1 revealed binding of SHP1
to NPM-ALK (lane 2), but not the enzymatically inactive NPM-ALK*?"°f mutant
(lane 3) or the NPM-ALK™F mutant (lane 4). Immunoblotting (/B) with anti-
SHP1 revealed a relatively equal amount of immunoprecipitated SHP1 pro-
teins. Negative control reactions (—) were performed by omitting the use of
anti-SHP1 antibody. Cells co-transfected with SHP7 and an empty vector (i.e.
pcDNA3) were used as a negative control. Results shown are representative of
three independent experiments.

SHP1 and NPM-ALK

tion between SHP1 and NPM-ALK. To address this question,
we co-transfected GP293 cells with SHPI and NPM-ALK or the
enzymatically inactive NPM-ALK**'°® mutant. As shown in
Fig. 1, SHP1 co-immunoprecipitated with NPM-ALK (lane 2);
it did not bind the NPM-ALK*?*'°® mutant (lane 3). We per-
formed similar experiments using another NPM-ALK mutant,
in which all three functionally important tyrosine residues in
the kinase activation loop (KAL) of ALK have been mutated
(labeled as FFF) (25, 33). As shown in lane 4, SHP1 also did not
associate with the FFF mutant.

The Importance of the KAL of ALK for the NPM-ALK/SHP1
Binding—W'e have previously shown that mutations of one or
more of the three tyrosine residues in the KAL of ALK result in a
dramatic decrease in the number of phosphorylated tyrosine res-
idues on NPM-ALLK, its ability to phosphorylate substrates and
its tumorigenicity (25). Our previously published data showed
that Tyr®?® is the first tyrosine residue in the KAL to be phos-
phorylated and it appears to be functionally more important
than Tyr**? and Tyr>*? (25). With this background, we assessed
how mutation of each one of these three tyrosine residues in the
KAL affects the NPM-ALK/SHP1 binding. As shown in Fig. 2,
mutation of Tyr**%, which was previously shown to dramati-
cally decrease the overall level of tyrosine phosphorylation of
NPM-ALK and the ability of NPM-ALK to phosphorylate var-
ious downstream targets, did not result in any substantial
change in the binding between NPM-ALK and SHP1 (lane 2).
Similarly, a relatively strong SHP1 binding was evident with the
Tyr*** mutant (lane 3). In contrast, mutation of Tyr*** resulted
in a complete loss of SHP1 binding detectable by our co-immu-
noprecipitation experiments (lane 4). Double mutation of
Tyr**? and Tyr**? also abrogated the binding (lane 5), high-
lighting the importance of the Tyr**® residue in mediating the
NPM-ALK/SHP1 interaction.

Tyr**3 Falls into a Consensus Sequence That Is Recognized by
SHP1—To explain why mutation of Tyr**® results in the dra-
matic loss of SHP1 binding, we performed peptide sequence
analysis, and assessed if Tyr>*® falls into any of the known

consensus sequences that can be
o recognized by SHP1. In this regard,
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FIGURE 2. The importance of the three tyrosine residues in the KAL of ALK for the binding between
NPM-ALK and SHP1. Single mutation of the Tyr*® of the KAL showed no detectable change in its binding to
SHP1 (lane 2) as compared with NPM-ALK (lane 1). A readily detectable SHP1 binding was also evident for the
mutant (lane 3).In contrast, the Tyr*** mutant did not show detectable SHP1 binding (lane 4). In addition,
double mutant NPM-ALKY3427/Y343F 3150 showed a complete loss of SHP1 binding. The degree of SHP1 binding
seen in each lane was assessed by densitometry and the results were normalized to the SHP1 protein level and
determined relative to the SHP1 binding to unaltered NPM-ALK (lane 7). Results are representative of three
independent experiments. Of note, the NPM-ALK vectors used for lanes 2-5 contained a His tag, which explains

342
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the slightly slower migration pattern seen in these lanes. /B, immunoblot.
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dramatic change in the binding
between NPM-ALK and SHP1.

The Loss of SHPI Binding Is Spe-
cific for the NPM-ALK™"3%* Muy-
tant—We then asked if the loss of
SHP1 binding can be seen in muta-
tions outside the KAL of ALK.
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FIGURE 3. The loss of SHP1 binding is specific for the NPM-ALK™"3%* mutant. a, co-immunoprecipitation (IP) experiments using GP293 cells co-expressing
SHP1 and 8 different NPM-ALK mutants (each of which contained a single mutation of the 8 remaining tyrosine residues known to be phosphorylated) showed
no substantial or relatively minimal loss of SHP1 binding. b, a randomly selected mutant, Tyr®”, which has been shown previously not to be phosphorylated,
showed no loss of binding to SHP1. Results shown are representative of three independent experiments. The degree of SHP1 binding seen in each lane was
assessed by densitometry, and the results were normalized to the SHP1 protein level and determined relative to the SHP1 binding to unaltered NPM-ALK. /B,

immunoblot.
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FIGURE 4. Tyrosine dephosphorylation of NPM-ALK by SHP1 is dependent on their physical interaction.
GP293 cells co-transfected with NPM-ALK (or its mutants) and SHP1 (or the empty vector, PCl) were used for
immunoprecipitation (/P) of NPM-ALK, followed by detection of the phosphorylation level of NPM-ALK using
phosphotyrosine antibody. There is almost a 50% reduction of NPM-ALK tyrosine phosphorylation when SHP1
was coexpressed (a). In contrast, there was no detectable difference in the tyrosine phosphorylation of NPM-
ALKY3*%3F when it was coexpressed with SHP1 or an empty vector (b). The NPM-ALKY®**F and NPM-ALKY342F
showed similar results as NPM-ALK (c and d). Results shown are representative of three independent experi-
ments. /B, immunoblot.
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Because our recent mass spectrome-
try studies revealed only 11 tyrosine
residues (including the three in the
KAL of ALK) that are phosphorylated
(25), we performed site-directed
mutagenesis of each of the remain-
ing 8 tyrosine residues outside the
KAL, including Tyr138, Tyrlsz, Tyr156,
Tyr'®Y, Tyr*®, Tyr*®, Tyr®*, and
Tyr®®*. Using co-immunoprecipi-
tation experiments, we found that
mutations of all of these 8 tyro-
sine residues resulted in readily
detectable binding between NPM-
ALK and SHP1 (Fig. 3a), and these
findings are in sharp contrast with
that for the Tyr*** mutant (Fig. 2).
We also examined one randomly
chosen tyrosine residue of NPM-
ALK that is not involved in the
phosphorylation, namely Tyr®”; no
loss of SHP1 binding was detected
(Fig. 3b).

Tyrosine Dephosphorylation of
NPM-ALK by SHPI Is Dependent
on Their Physical Interaction—Be-
cause we identified Tyr>** of NPM-
ALK as the crucial binding site for
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FIGURE 5. The SHP1/NPM-ALK binding is dependent on both of the SH2 domains of SHP1. Co-immuno-
precipitation (IP) experiments using GP293 cells co-expressing NPM-ALK and SHP1 or its SH2 mutants showed
reduced NPM-ALK/SHP1 interaction in all three mutants (lanes 3-5). Results shown are representative of three

independent experiments. /B, immunoblot.
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FIGURE 6. The SHP1/NPM-ALK binding is not dependent on the phospha-
tase activity of SHP1. Co-immunoprecipitation (/P) experiments using
GP293 cells showed that NPM-ALK/SHP1 binding was the same between
NPM-ALK/SHP1 (lane 2) and NPM-ALK/SHP1<4>%5 (lane 3). Results shown are
representative of three independent experiments. /B, immunoblot.
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FIGURE 7. Mutation of the SH2 domains of SHP1 results in a partial loss of
its inhibitory effects on NPM-ALK. Transfection of SHPT in ALK™ALCL cell
line Karpas 299 resulted in a dramatic down-regulation of phosphorylated
NPM-ALK as well as the total ALK protein level. In contrast, the SHP1 mutant
(mutation in both the N-SH2 and C-SH2 domains, SHP1N<"2) resulted in a
partial decrease in the level of tyrosine phosphorylation of NPM-ALK, as com-
pared with SHP1. The densitometry values were determined after normaliza-
tion to the B-actin band. Results shown are representative of three indepen-
dent experiments.
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and NPM-ALK resulted in a 50%
5 reduction of the tyrosine phosphor-
ylation level of NPM-ALK. This
level of tyrosine dephosphorylation
induced by SHP1 is similar to that
seen previously (14, 35). In contrast,
SHP1 did not result in any detectable change in the tyrosine
phosphorylation level of the Tyr*** mutant (Fig. 4b). We
repeated similar experiments using other NPM-ALK mutants,
including (i) the Tyr®** mutant, which is known to be phosphor-
ylated and resides outside the KAL; and (ii) the Tyr*** mutant,
which is known to be phosphorylated and resides in the KAL.
As shown in Fig. 4, ¢ and d, SHP1 dephosphorylated these
mutants as effectively as it did for NPM-ALK.

The SHP1/NPM-ALK Binding Is Dependent on Both SH2
Domains of SHPI, but Not Its Tyrosine Phosphatase Activity—
As shown in Fig. 5, in GP293 cells co-transfected with SHP1
and NPM-ALK, SHP1 co-immunoprecipitated with NPM-
ALK (lane 2). In contrast, as shown in lanes 3-5, all three
SHP1 mutants (i.e. with mutations in the N-SH2 domain, the
C-SH2 domains, or both the N-SH2 and C-SH2 domains)
had reduced binding to NPM-ALK. Thus, it is evident that
both the N-SH2 and C-SH2 domains of SHP1 are important in
mediating its binding to NPM-ALK. Reciprocal experiments
using anti-ALK antibody for immunoprecipitation yielded sim-
ilar conclusions regarding the importance of N-SH2 and C-SH2
domains of SHP1 in mediating the interaction between these
two proteins (data not shown). Using the same experimental
approach, we assessed whether the tyrosine phosphatase activ-
ity of SHP1 is important for the SHP1/NPM-ALK binding. As
shown in Fig. 6, NPM-ALK co-immunoprecipitated with the
SHP1<***S mutant (lane 3), previously reported to be “phos-
phatase-dead” (28).

Mutation of the SH2 Domains of SHP1 Results in a Partial
Loss of Its Inhibitory Effects on NPM-ALK—W'e then asked if
mutations of the SH2 domain of SHP1 also affect its ability
to dephosphorylate NPM-ALK. To address this question, we
transfected SHPI or its double SH2 mutant into Karpas 299
cells, a SHP1-negative ALK™ALCL cell line (14). As shown in
Fig. 7, mutations of both N-SH2 and C-SH2 domains of SHP1
resulted in a partial decrease in the level of tyrosine phosphor-
ylation of NPM-ALK, as compared with the parental SHP1 con-
struct. This partial decrease was expected, as mutation of the
SH2 domain of SHP1 did not completely abrogate the SHP1/
NPM-ALK binding (Fig. 5).
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FIGURE 8. The tumorigenicity of NPM-ALK, but not that of NPM-ALKY3**f, was suppressed by SHP1, as
assessed by soft agar clonogenic assay. The colony formation induced by NPM-ALK in GP293 cells was
significantly reduced by SHP1 (p = 0.0032). In contrast, the colony formation induced by NPM-ALK3%3F was not
significantly affected by SHP1 (p > 0.05). These experiments were performed in triplicates.

lated the activation/phosphoryla-
tion level of NPM-ALK and inhibits
its cell growth-promoting effects
(14, 21, 35).

Although the molecular events
underlying the interactions between
SHP1 and various substrates in
normal cells have been extensively
studied, how SHP1 binds and regu-
lates oncogenic tyrosine kinases
is incompletely understood. To our
knowledge, there are only 3 pub-
lished studies in which the physical
and/or functional interactions be-
tween SHP1 and different onco-
genic tyrosine kinases were exam-
ined (52—-54). In the first study, Lim
et al. (52) examined the effect of
SHP1 on BCR-ABL and concluded
that the physical binding between
SHP1 and BCR-ABL is important
for down-regulating the phosphor-

Soft Agar Clonogenic Assay—Using a soft agar clonogenic
assay, we assessed how the physical interaction between SHP1
and NPM-ALK affects NPM-ALK-driven tumorigenicity. As
shown in Fig. 8, the tumorigenicity of NPM-ALK in cells co-
expressing SHP1 was significantly less than that seen in cells
co-expressing an empty vector (p value = 0.0032, Student’s ¢
test). In contrast, there was no significant difference between
tumorigenicity of the Y343F mutant in cells coexpressing either
empty vector or SHP1 (p > 0.05, Student’s £ test).

DISCUSSION

In normal cells, the tyrosine phosphorylation status of var-
ious proteins is tightly regulated by interaction of a host of
kinases and phosphatases (36, 37). SHP1, a cytoplasmic tyro-
sine phosphatase largely expressed in hematopoietic cells, is
known to dephosphorylate and inhibit various proteins
including cytokine receptors (38—-42) as well as cell-surface
receptors involved in immune response (43—47). By virtue of
the two SH2 domains, SHP1 physically interacts with specific
phosphotyrosine residues in its substrates. Upon binding to
these substrates, SHP1 undergoes intramolecular changes that
set its tyrosine phosphatase domain free from the hindering
effects of its N-SH2 domain (48). The “exposed” tyrosine phos-
phatase domain is able to dephosphorylate the substrates and
thereby down-regulate their activities.

Reduction or loss of SHP1 expression has been found in a
number of hematopoietic neoplasms (12, 20, 49 —51). This loss
of expression can be attributed to gene methylation, and resto-
ration of SHP1 expression by 5-azathioprine has been shown in
a number of hematopoietic cell lines (35, 50). In ALK*ALCL,
the loss of SHP1 expression can be identified in up to 80% of
these tumors, and this finding correlates with gene methylation
of SHP1 (12). Its tumor suppressor function and inhibitory
effects on NPM-ALK in these tumors have also been shown
previously. Specifically, gene transfection of SHPI down-regu-
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ylation level and tumorigenicity of
BCR-ABL. In contrast with our study, this study employed an arti-
ficially created fusion protein containing the catalytic domain of
SHP1 and the ABL binding domain of RIN1 (a known binding
partner of c-ABL). Thus, whether the SH2 domains of SHP1 are
required for this physical interaction could not be determined. In
addition, the tyrosine residue(s) of BCR-ABL involved in this inter-
action was not determined. In the second study, Hennige et al. (53)
examined the inhibitory effect of SHP1 on Ret, an oncogenic tyro-
sine kinase expressed in medullary thyroid carcinoma. Although it
is nicely demonstrated that SHP1 reduces the phosphorylation
status of Ret and its oncogenic activity, details of the physical
interaction of these two proteins and the importance of this
interaction were not examined. Finally, Roccato et al. (54) iden-
tified the site of interaction between SHP1 and TRK-T3 (an
oncogenic tyrosine kinase characteristic for papillary thyroid
tumors) although the functional significance of the physical
interaction between these two proteins was not addressed.
The requirement for both SH2 domains of SHP1 for its opti-
mal interaction with NPM-ALK is in contrast with the previous
finding that only the C-SH2 domain is important for mediating
the physical interaction between SHP1 and FcyRIIb1 (43). Nev-
ertheless, the requirement for both SH2 domains of SHP1 has
been described for the SHP1-epidermal growth factor receptor
interaction (27). Thus, the relative roles of N-SH2 and C-SH2 of
SHP1 appear to vary among different substrates. Because muta-
tions of both SH2 domains of SHP1 did not completely abro-
gate its binding to NPM-ALK, it is likely that other portions of
SHP1 may contribute to the binding. In this regard, it has been
previously reported that SHP1 binds the insulin receptor via a
unique sequence located in the C-terminal tail of SHP1 (55).
Because ALK is a member of the insulin receptor subfamily, this
portion of SHP1 may also contribute to the NPM-ALK/SHP1
binding.
A recent study from our laboratory revealed that only 11
tyrosine residues in NPM-ALK are phosphorylated (25). Three

AV EN

VOLUME 285+NUMBER 26+JUNE 25, 2010



of these 11 tyrosine residues are found in the KAL (Tyr®®%,

Tyr®?, and Tyr**®). The other eight tyrosine residues were
found to be confined to the ALK portion of the fusion protein,
and they include Tyr'?®, Tyr'*?, Tyr'®!, Tyr'®°, Tyr*'?, Tyr>*,
Tyr®*, and Tyr®**. In the same study, we found that mutation
of any of the three tyrosine residues in the KAL did not affect
the phosphorylation status of the remaining two tyrosine resi-
dues. Furthermore, the tyrosine phosphorylation pattern
outside the KAL is identical between the Tyr>*® mutant and
the Tyr®>*®* mutant. These findings are relevant to this study,
because we can conclude that, as compared with the Tyr>*®
mutant, the dramatic loss of SHP1 binding seen in the Tyr
mutant is not because of a loss of phosphorylation in any tyro-
sine residue other than Tyr®*? itself. Because Tyr>*?is located in
the KAL of ALK, one may have to consider the possibility that
this loss of SHP1/NPM-ALK binding is related to the loss of the
overall activity of NPM-ALK. We consider this possibility to be
unlikely, because the Tyr**® or Tyr**> mutants, both of which
have been shown to have significantly lower tumorigenicity
than the Tyr®*®> mutant (25), did not show a substantial loss of
SHP1 binding. To further show that Tyr**? is the specific binding
site of SHP1, we found no substantial loss of SHP1 binding when
we introduced mutations of each of the remaining 8 different tyro-
sine residues known to be involved in the phosphorylation of
NPM-ALK. Of note, because the enzymatically inactive NPM-
ALK*?*'°R mutant resulted in abrogation of the SHP1/NPM-ALK
binding, some degree of (but not full) phosphorylation and activa-
tion of NPM-ALK is required for its physical interaction with
SHP1. The requirement for at least some degree of tyrosine phos-
phorylation is in keeping with the observation that SHP1 generally
binds only the phosphorylated substrates (16).

Based on the presented data, we have developed a hypothet-
ical model to describe the SHP1/NPM-ALK interaction. We
speculate that one of the two SH2 domains of SHP1 directly
binds Tyr®*® of NPM-ALK, whereas the second SH2 domain
of SHP1 is responsible for providing the optimal three-di-
mensional conformation for this interaction. This second SH2
domain may also interact with another specific tyrosine residue
of NPM-ALK, although this interaction by itself is so weak that
mutation of this specific tyrosine residue alone did not result in
a dramatic effect in our co-immunoprecipitation experiments.
This model explains why mutation of either SH2 domain of
SHP1 resulted in a reduction in the NPM-ALK/SHP1 binding.

In conclusion, we identified Tyr*** of NPM-ALK as the cru-
cial binding site for SHP1. Furthermore, the inhibitory effects of
SHP1 on NPM-ALK require some degree of (but not full) acti-
vation of NPM-ALK. Their physical interaction is also partly
dependent on the two SH2 domains of SHP1. Our results sup-
port the model that SHP1 exerts its inhibitory effects directly on
NPM-ALK. To our knowledge, this is one of the most compre-
hensive studies of how SHP1 physically and functionally inter-
acts with an oncogenic tyrosine kinase.
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