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Activating Janus kinase (JAK) and signal transducer and activator of
transcription (STAT) mutations have been discovered in many T-cell
malignancies, including anaplastic lymphoma kinase (ALK)− anaplastic
large cell lymphomas (ALCLs). However, such mutations occur in a
minority of patients. To investigate the clinical application of target-
ing JAK for ALK− ALCL, we treated ALK− cell lines of various histo-
logical origins with JAK inhibitors. Interestingly, most exogenous
cytokine-independent cell lines responded to JAK inhibition regard-
less of JAK mutation status. JAK inhibitor sensitivity correlated with
the STAT3 phosphorylation status of tumor cells. Using retroviral
shRNA knockdown, we have demonstrated that these JAK inhibitor-
sensitive cells are dependent on both JAK1 and STAT3 for survival.
JAK1 and STAT3 gain-of-function mutations were found in some,
but not all, JAK inhibitor-sensitive cells. Moreover, the mutations
alone cannot explain the JAK1/STAT3 dependency, given that wild-
type JAK1 or STAT3was sufficient to promote cell survival in the cells
that had either JAK1or STAT3 mutations. To investigate whether
other mechanisms were involved, we knocked down upstream re-
ceptors GP130 or IL-2Rγ. Knockdown of GP130 or IL-2Rγ induced cell
death in selected JAK inhibitor-sensitive cells. High expression levels
of cytokines, including IL-6, were demonstrated in cell lines as well as
in primary ALK− ALCL tumors. Finally, ruxolitinib, a JAK1/2 inhibitor,
was effective in vivo in a xenograft ALK− ALCL model. Our data
suggest that cytokine receptor signaling is required for tumor cell
survival in diverse forms of ALK− ALCL, even in the presence of
JAK1/STAT3 mutations. Therefore, JAK inhibitor therapy might ben-
efit patients with ALK− ALCL who are phosphorylated STAT3+.
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The term anaplastic large cell lymphoma (ALCL) is applied to a
group of T-cell lymphomas sharing a high expression of CD30

and a cytotoxic immunophenotype (1). Several variants have been
described based on genetic and clinical features, including anaplastic
lymphoma kinase (ALK)+ systemic, ALK− systemic, and primary
cutaneous ALCL (2, 3). ALK+ ALCL is characterized by recurrent
chromosomal translocations involving the ALK gene (4, 5). ALK−
ALCLs, a heterogeneous group of disorders, are defined as tumors
morphologically and immunophenotypically similar to ALK+ALCL,
but lacking ALK expression.
Patients with newly diagnosed systemic ALCL are commonly

treated with first-line chemotherapy regimens, such as CHOP (cy-
clophosphamide, doxorubicin, vincristine, and prednisone); none-
theless, the disease is more likely to relapse within 5 y in patients
with ALK−ALCL than in those with ALK+ALCL. The 5-y overall
survival rate in patients with ALK− ALCL is 49%, compared with
70% in those with ALK+ ALCL and 90% in those with primary
cutaneous (pc) ALCL (6). Recently, breast implant-associated

ALCL was recognized as a distinct clinical and pathological entity
that shares morphologic features with both primary ALK− ALCL
and pc-ALCL (7). It arises in the seroma cavity surrounding breast
implants, usually after many years, and in the absence of invasion of
the breast tissue, the clinical outcome is usually excellent.
The JAK/STAT pathway is a major pathway that transmits signals

from extracellular stimuli (e.g., cytokines) into cellular activities (8,
9). Gain-of-function JAK and STAT mutations have been reported
in many mature T-cell malignancies, including ALK− ALCL (10–
16). These mutations are usually associated with increased phos-
phorylation of protein and enhanced growth activity (17). However,
most previous functional studies of JAK/STAT mutations were
carried out in cells that do not represent the true nature of human
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T-cell malignancies, thus limiting our understanding of how the
mutations contribute to specific tumor growth. Moreover, the JAK/
STAT mutation rate in a specific T-cell tumor population is usually
low (∼20% in ALK− ALCL), which would appear to make the
clinical application of targeting the pathway more challenging.
In the present study, we investigated whether JAK inhibitors could

be of value in treating diverse ALK−ALCL cell lines originating from
systemic, cutaneous ALK− ALCL, and breast implant-associated
ALK− ALCL. Interestingly, most exogenous cytokine-independent
ALK− ALCL cell lines responded to JAK inhibition regardless of
JAK mutation status. Their JAK inhibitor sensitivity was corre-
lated with their STAT3 phosphorylation status. These JAK in-
hibitor-sensitive cell lines were dependent on JAK1 and STAT3 for
survival, as demonstrated by retroviral shRNA knockdown. We
found that cytokine receptors were required for cell survival even in
the presence of gain-of-function JAK1/STAT3 mutations. Finally,
ruxolitinib, a JAK1/2 inhibitor, demonstrated efficacy in vivo in a
xenograft model of ALK− ALCL. In summary, our data suggest
that ALK− ALCLs are dependent on JAK1/STAT3 and that JAK

inhibitors may be of value in the treatment of ALK− ALCLs that
are phospho-STAT3 (p-STAT3)+ regardless of the presence of
JAK/STAT mutations.

Results
JAK Inhibitors Diminish Exogenous Cytokine-Independent ALK− ALCL
Cell Growth in Vitro. We studied ALK− ALCL cell lines that
originated from diverse forms of ALCL, including systemic ALK−
ALCL, cutaneous ALK− ALCL, and breast implant-associated
ALK−ALCL. All ALK− cell lines grew independent of exogenous
cytokines, with the exception of TLBR4, which needed exogenous
IL-2 to grow and was excluded from the study.
To investigate whether JAK inhibitors could be of value in treating

ALK− ALCL, we treated eight exogenous cytokine-independent
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Fig. 1. JAK inhibitors diminished various p-STAT3+ ALK− ALCL cell line
growth in vitro. (A) JAK inhibitors ruxolitinib, tofacitinib, and AZ-3 inhibited
cell proliferation in most exogenous cytokine-independent ALK− ALCL cells.
The cells were treated with a series of increasing concentrations of inhibi-
tors. Blue, ALK+ ALCL cell lines; red, ALK− ALCL cell lines. The data are
representative of three independent experiments. (B) Western blot analysis
of STAT3 phosphorylation in ALK− ALCL cells. (C) Tofacitinib treatment
decreased STAT3 phosphorylation in ALK− ALCL cells. The cells were treated
with tofacitinib (1 μg/mL) for 4 h before harvesting.
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Fig. 2. JAK1 (and JAK2) are required for cell survival in JAK inhibitor-sensitive
cells. (A) shJAK1 induced cell death in all JAK inhibitor-sensitive cells. The
percentage of viable shRNA+ cells at days 2, 4, 6, 8, 10, and 12 after addition of
doxycycline was compared with that of day 0. shRNA-infected cells were GFP+;
the shRNA expression was induced by doxycycline. shSC4 served as a negative
control; shRPL6, as a positive control. (B) shJAK2 induced cell death in Mac-1/
2A/2B cells. (C) Western blot analysis of JAK1 and p-STAT3 in Mac-1 cells stably
infected with retroviral shJAK1. The shRNA expression was induced by doxy-
cycline for 24 h or 72 h. (D) Western blot analysis of PCM1-JAK2 and p-STAT3 in
Mac-1 cells stably infected with retroviral shJAK2.
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ALK−ALCL cell lines with the following JAK inhibitors: tofacitinib,
a pan-JAK inhibitor; ruxolitinib, a JAK1/2 inhibitor; and AZ-3, a
JAK1 inhibitor. All three JAK inhibitors are ATP-competitive in-
hibitors that bind to the ATP-binding site in the catalytic cleft of the
kinase domain of JAK. Dose-dependent inhibition of proliferation
was observed in six cell lines with all inhibitors (Mac-1/2A/2B, FE-PD,
and TLBR1/2) (Fig. 1A). Interestingly, all JAK inhibitor-sensitive
ALK− ALCL cells exhibited STAT3 activation (Fig. 1B), and tofaci-
tinib treatment significantly decreased STAT3 phosphorylation in these
cells (Fig. 1C). This suggests that STAT3 may be a major downstream
target in the JAK inhibitor-sensitive cells. As a control, ALK+ ALCL
cells did not respond to JAK inhibitors, and STAT3 phosphorylation
was not affected by tofacitinib (Fig. 1 A and C), likely because the
oncoprotein nucleophosmin-ALK activates STAT3 directly or in-
directly without the involvement of JAKs in ALK+ ALCL cells (18).

JAK1 Is Required for the Survival of JAK Inhibitor-Sensitive Cells. To
investigate which JAK is responsible for JAK inhibitor sensitivity,
we knocked down JAK1 and JAK2 with retroviral shRNA.
Knockdown of JAK1 induced cell death in all six JAK inhibitor-
sensitive lines (Fig. 2A), whereas knockdown of JAK2 induced cell
death in three cell lines (Mac-1/2A/2B) that have JAK2 trans-
location (19) (Fig. 2B). For each knockdown experiment, two
shRNAs were used, and similar effects were observed for both
shJAK1 and shJAK2 (Fig. 2 A and B). JAK inhibitor-insensitive
ALK− ALCL cell lines (DL-40 and TLBR3) served as negative
cell controls (Fig. 2 A and B). Western blot analyses showed that
JAK1/2 shRNA not only decreased JAK1 and JAK2 protein ex-
pression but also significantly decreased STAT3 phosphorylation
(Fig. 2 C and D). This finding suggests that JAK1 (and JAK2) are
required for cell survival in JAK inhibitor-sensitive cells and that
STAT3 may be a major downstream target for JAK inhibition.

STAT3 Is Required for the Survival of JAK Inhibitor-Sensitive Cells.We
next investigated whether STAT3 is required for cell survival in
JAK inhibitor-sensitive cells. Knockdown of STAT3 induced cell
death in all JAK inhibitor-sensitive cells (Fig. 3A). Two different
shRNAs that target different regions of STAT3 were used, and

similar effects were observed (Fig. 3A). p-STAT3− ALK− ALCL
cell lines DL40 and TLBR3 (also JAK inhibitor-insensitive) served
as negative cell controls (Fig. 3A). Western blot analysis showed
decreased STAT3 protein expression and phosphorylation with
shSTAT3 treatment (Fig. 3B).

Activating JAK1 and STAT3 Mutations Are Identified in Some, But Not
All, JAK Inhibitor-Sensitive Cells. To investigate the underlying mech-
anism for JAK1/STAT3 dependency, we performed RNA-seq to
examine whether JAK and STAT genes were mutated in these JAK
inhibitor-sensitive cells. Interestingly, we found JAK1 and STAT3
gene mutations in some, but not all, JAK inhibitor-sensitive cells.
The mutations were confirmed by Sanger sequencing (Table 1).
Of these, all three STAT3 mutations—G618R, S614R, and
D661Y—have been previously described in large granular lym-
phocytic (LGL), natural killer (NK)-cell, and γδ T-cell leukemias
(11, 20). There was an additional JAK1 mutation, G1097V. The
JAK2 translocation was previously reported in Mac-1/2A/2B cells
(19). We confirmed the translocation by RNA-seq and Western
blot analyses (Fig. S1).
We next analyzed the activity of JAK1 and STAT3 mutants using

a Cignal STAT3 reporter assay (Qiagen). JAK1G1097V showed a
modest increase in STAT3 reporter activation and STAT3 phos-
phorylation in response to IL-6 (JAK1 vs. JAK1G1097V, P = 0.02)
(Fig. 4 A and B). STAT3 mutations G618R, S614R, and D661Y
demonstrated increased STAT3 reporter activation and increased
phosphorylation in response to IL-6 (STAT3 vs. G618R, P < 0.01;
STAT3 vs. S614R, P = 0.03; STAT3 vs. D661Y, P < 0.01) (Fig. 4 C
and D). Of note, D661Y demonstrated high activity even in the
absence of IL-6.

Wild-Type JAK1 or STAT3 Is Sufficient to Promote Cell Survival in JAK
Inhibitor-Sensitive Cells with Either JAK1 or STAT3 Mutations.Activating
JAK1 and STAT3 mutations have proven capable of promoting
tumor growth and oncogenesis (10, 11). To investigate whether the
JAK1/STAT3 dependency in the mutant-containing cells is due
solely to the mutations, we knocked down the endogenous JAK1
(or STAT3) expression and overexpressed wild-type (WT) JAK1
(or STAT3) in FE-PD cells that had both JAK1 and STAT3 muta-
tions. The expression of WT JAK1 abrogated the cell death induced
by shJAK1 (Fig. 5A and B), and p-STAT3 expression was maintained
in both Y705 and S727 (Fig. S2). Similarly, expression of WT STAT3
also abrogated the cell death induced by shSTAT3 (Fig. 5 C and D).
Moreover, expression of WT STAT3 abrogated the cell death in-
duced by shSTAT3 in TLBR2, a cell line with a STAT3 D661Y
mutation (Fig. S3). These data suggest that WT JAK1 and STAT3
are sufficient to promote cell growth in JAK1 or STAT3 mutant-
containing cells, and thus the JAK1/STAT3 mutations alone cannot
explain the JAK1/STAT3 dependency in these leukemic cell lines.

Cytokine Receptors GP130 and IL-2Rγ Are Needed for Cell Survival in
Select JAK Inhibitor-Sensitive Cells. To investigate whether other
mechanisms are involved in JAK1/STAT3 dependency, we exam-
ined cytokine/cytokine receptor expression in the JAK inhibitor-
sensitive cells. Interestingly, these cells produced large amounts of
cytokines, including IL-6, IL-10, and IFNγ (Table S1). They also
expressed IL-6 receptors and γ cytokine receptors (Fig. S4).
To investigate whether cytokine receptors are involved in the cell

survival in JAK inhibitor-sensitive cells, we knocked down GP130
and IL-2Rγ. Knockdown of GP130 led to cell death in Mac-1/2A/2B
cells (Fig. 6A) and also induced a dramatic decrease in STAT3
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Fig. 3. STAT3 is required for cell survival in all JAK inhibitor-sensitive cells.
(A) shSTAT3 induced cell death in all JAK inhibitor-sensitive cells. (B) Western
blot analysis of STAT3 expression and p-STAT3 in Mac-1 cells stably infected
with shSTAT3.

Table 1. JAK and STAT3 mutations in JAK inhibitor-sensitive cells

Mutation Mac-I Mac-2A Mac-2B FE-PD TLBR I TLBR2

JAK mutation JAK2 (PCMI-JAK2) JAK2 (PCMI-JAK2) JAK2 (PCMl-JAK2) JAK l (G1097V)
STAT3 mutation STAT3 (G618R) STAT3 (S614R) STAT3 (D661Y)
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phosphorylation in these cells (Fig. 6B). Depletion of surface GP130
expression was demonstrated by flow cytometry (Fig. 6C). Knock-
down of IL-2Rγ led to cell death in FE-PD cells (Fig. 6D), as well as
decreased STAT3 phosphorylation (Fig. 6E). Depletion of surface
IL-2Rγ expression was demonstrated by flow cytometry (Fig. 6F).
These data suggest that cytokine receptors GP130 and IL-2Rγ are
involved in the cell survival of select JAK inhibitor-sensitive cells.

High Expression of Cytokine Genes in ALK− ALCL Primary Tumors.
Chronic autocrine paracrine cytokine stimulation is common in
T-cell disorders (21). To investigate whether there is cytokine stim-
ulation in ALK− ALCL primary tumors, we analyzed cytokine gene
expression with NanoString. The primary tumor tissues were obtained
from eight systemic ALK−ALCLs, and the diagnosis was confirmed
by pathology. NanoString demonstrated increased expression of
cytokine genes, including IL-21, IL-18, IFNβ, IL-6, LIF, IL-17F,
and IL-10, in the ALK− primary tumors (Fig. S5).

Ruxolitinib Inhibits Tumor Growth in Vivo in a Xenograft ALK− ALCL
Model. To investigate the possibility of using JAK inhibitor in the
clinic, we tested the efficacy of the JAK1/2 inhibitor ruxolitinib in vivo
in a xenograft ALK− ALCL mouse model. The mouse model was
established by s.c. injection of FE-PD cells. Treatment started when
the tumor volume reached 100 mm3. One week of continuous infu-
sion of ruxolitinib (50 mg/kg/d) significantly inhibited tumor growth
(n = 5; P < 0.01) (Fig. 7A). The ruxolitinib-treated mice also had
lower tumor weights compared with the control group when mea-
sured at the end of the study (day 9; P < 0.0001) (Fig. 7B). Our data
suggest that ALK−ALCL cells are dependent on JAK1 and STAT3
and that targeting JAK1 could be a rational approach to the clinical
treatment of ALK− ALCL tumors.

Discussion
Mature T-cell lymphomas are a rare, heterogeneous group of non-
Hodgkin lymphomas with an aggressive disease course and poor
overall survival. The advent of novel technologies, such as next-
generation sequencing, not only has helped delineate the molecular
pathogenesis of T-cell lymphomas, but also has led to the discovery
of many actionable genetic alterations, which can be targeted either

by specific therapeutic compounds or by monoclonal antibodies.
The JAK/STAT pathway has emerged as one of these targets (11–
14). JAK mutations have been identified in patients with adult
T-cell leukemia, ALK− ALCL, early T-cell precursor acute lym-
phoblastic leukemia, T-cell prolymphocytic leukemia, and Sézary
syndrome. STAT mutations have been identified in LGL, nasal
type NK/T-cell lymphoma, γδ hepatosplenic T-cell lymphoma, and
ALK− ALCL. Although the JAK/STAT mutations are quite com-
mon among T-cell malignancies in general, the mutation rate in any
specific T-cell malignancy is quite low (e.g., ∼20% in ALK−ALCL).
This would appear to limit the clinical application of targeting this
pathway for a broader patient population.
In this study, we investigated the targeting of JAK for the

treatment of diverse forms of ALK− ALCL using ALK− ALCL
tumor cell lines originated from systemic, cutaneous ALK−ALCLs
as well as breast implant-associated ALK− ALCLs. We tested
three JAK inhibitors: tofacitinib, a pan-JAK inhibitor; ruxolitinib, a
JAK1/2 inhibitor; and AZ-3, a JAK1-selective inhibitor. Surprisingly,
most exogenous cytokine-independent ALK− ALCL cells (six of
eight) responded to JAK inhibition (Fig. 1). The JAK inhibitor
sensitivity correlated with the positive STAT3 phosphorylation
status of the cells. Moreover, JAK inhibitor treatment significantly
decreased STAT3 phosphorylation, suggesting that STAT3 might
be a major downstream target for JAK inhibition (Fig. 1).
Janus kinase has four family members: JAK1, JAK2, JAK3, and

TYK2. To further characterize the nature of JAK inhibitor sensi-
tivity in ALK− ALCL cells, we knocked down JAK1 and JAK2 with
shRNA. Knockdown of JAK1 led to cell death in all JAK inhibitor-
sensitive cell lines (Fig. 2), whereas knockdown of JAK2 led to cell
death only in PCM1-JAK2–containing Mac-1/2A/2B cell lines. Inter-
estingly, knockdown of JAK1 and JAK2 led not only to decreased
expression of JAK1 (or PCM1-JAK2) but also to significantly de-
creased p-STAT3 expression. This finding again suggests that STAT3
may be a major downstream target for JAK inhibition. This hy-
pothesis was further confirmed by our demonstration that knockdown
of STAT3 led to cell death in all JAK inhibitor-sensitive cells (Fig. 3).
To investigate the underlying mechanisms of JAK1/STAT3

dependency in ALK−ALCL cells, we considered two possibilities:
gain-of-function JAK1/STAT3 mutations and activation of the
pathway through cytokine receptors. Using RNA-seq followed by
Sanger sequencing, we demonstrated gain-of-function mutations
in JAK1 (G1097V) and STAT3 (S614R, G618R, and D661Y) in
some, but not all, JAK inhibitor-sensitive cell lines (Table 1). We
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also confirmed PCM1-JAK2 translocation in Mac-1/2A/2B cells
(Fig. S1). These mutations demonstrated greater STAT3 activity
in response to IL-6 when transfected into 293T cells (Fig. 4). Only
D661Y demonstrated STAT3 activity in the absence of IL-6,
suggesting that D661Y may be a constitutive active mutation, or
that it requires less cytokine stimulation, which may be achieved
endogenously in 293T cells. Nevertheless, these data suggest that
the mutations may facilitate and augment signals from upstream in
the pathway, but alone cannot fully explain the JAK1/STAT3
dependency in JAK inhibitor-sensitive cells, given that most of the
JAK1-dependent cells had no JAK1 mutation (Table 1). Similarly,
Kücük et al. (17) demonstrated that activating STAT5b mutations
were insufficient to initiate leukemic cell proliferation and only
facilitated and prolonged signals from above by IL-2 stimulation.
We next investigated whether the JAK1/STAT3 mutations were

responsible for the JAK1/STAT3 dependency in JAK1/STAT3
mutant-containing FE-PD cells. Surprisingly, we found that WT
JAK1 or STAT3 was sufficient to promote cell growth in FE-PD
cells (Fig. 5). Similarly, WT STAT3 was sufficient to promote cell
growth in TLBR2, a cell line with a STAT3 D661Ymutation (Fig. S3).
These data suggest that, even in JAK1/STAT3 mutant-containing cells,
other mechanisms are involved in activating the JAK/STAT pathway.
Cytokine receptors are major components in the signaling

pathway for transducing extracellular stimuli into cellular functions.

They also act as scaffold/docking sites for the transactivation of
JAKs and the recruitment of the STAT factors (22–24). In par-
ticular, Lu et al. (22) demonstrated that the expression of a
homodimeric type 1 cytokine receptor is required for JAK2V617F-
mediated transformation. In addition, Hornakova et al. (25)
showed that IL-9Rα and IL-2Rβ homodimers efficiently mediate
constitutive activation of an ALL-associated JAK1 mutant, again
indicating that a cytokine receptor is required as a JAK activation
scaffold and is a STAT docking site. We investigated whether cy-
tokine receptors are involved in activating the JAK1/STAT3
pathway in JAK inhibitor-sensitive cells. Knockdown of GP130 and
IL-2Rγ induced cell death in Mac1/2A/2B and FE-PD cells, re-
spectively (Fig. 6). Mac-1/2A/2 B (25) cells produced large amounts
of IL-6 (Table S1) and expressed IL-6 receptors (Fig. S4). The
GP130 knockdown experiment suggests the possibility of an IL-6/
IL-6R autocrine stimulation in these cells. This idea is in agree-
ment with our finding that Mac-1/2A/2B cells are dependent not
only on JAK1 but also on JAK2 for survival (Fig. 2), because IL-6
signals through JAK1, JAK2, and TYK2. However, neutralizing
antibodies targeted to IL-6 or gp130 did not affect cell growth
(Fig. S6). This may due to an intracellular interaction of IL-6 with
its receptor or the inability of the commercial antibodies to neu-
tralize large amounts of IL-6. The shJAK2 used in this study
targeted both WT and PCM1-JAK2; thus, whether its effect is due
to WT JAK2 or PCM1-JAK2 is unknown. Nevertheless, this ob-
servation supports a possible IL-6 autocrine loop in Mac-1/2A/2B
cells, although we cannot not rule out the possibility that gp130
acts as a scaffold/docking site for PCM-JAK2–mediated trans-
formation that involves JAK1 and STAT3.
Interestingly, the breast implant-associated tumor cell lines

TLBR1/2 were not dependent on GP130 for survival, even though
they produced high levels of IL-6 (Table S1) and expressed IL-6
receptors (Fig. S4). Further study is needed to characterize the
upstream signaling that activates JAK1 (and STAT3) in TLBR1/2.
In agreement with the cell line data, expression of cytokines, in-
cluding IL-6, IL18, IL21, LIF, and others, was demonstrated in
primary ALK− ALCL tumors (Fig. S5).
Our demonstration of JAK1/STAT3 dependency in ALK−

ALCL cell lines suggests that the JAK/STAT pathway could be an
attractive target for therapy in diverse forms of ALK− ALCL that
are p-STAT3+. This significantly broadens the scope of clinical
application of targeting the JAK/STAT pathway, given that roughly
50% of ALK− ALCL primary tumors have p-STAT3 expressed in
the nucleus (26). The STAT3 activation in ALK− ALCL may or
may not be associated with JAK/STAT mutations; regardless, the
prognosis is much worse in patients with p-STAT3+ tumors (26).
Similarly, constitutive activation of the JAK/STAT pathway is more
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pervasive than JAK/STAT mutations among T-cell malignancies,
suggesting that the JAK/STAT pathway may be an attractive target
for therapy of T-cell malignancies in general (27).
STAT3 has been recognized as a potentially good target for

therapy in many other cancers; however, very few of the STAT3
inhibitors that have been developed have undergone in vivo evalua-
tion (28). On the other hand, several JAK inhibitors have successfully
transitioned into clinical use. Tofacitinib, a pan-JAK inhibitor, has
been approved by the Food and Drug Administration (FDA) for
rheumatoid arthritis (29). Ruxolitinib, a JAK1/2 inhibitor, was
recently approved by the FDA for the treatment of polycythemia
vera and intermediate-risk and high-risk myelofibrosis (30, 31). To
investigate whether a JAK inhibitor could be useful in patients
with ALK− ALCL, we developed an in vivo xenograft ALK−
ALCL mouse model using FE-PD cells. One week of continuous
ruxolitinib infusions significantly inhibited tumor growth and de-
creased tumor weight (Fig. 7 A and B).
In summary, our data suggest that even in the presence of JAK1

or STAT3 mutations, signaling through cytokine receptors is re-
quired for cell survival through activation of JAK1 and STAT3 in
ALK− tumor cells that originated from diverse forms of ALK−
ALCL. JAK inhibitors demonstrated antitumor efficacy both in
vitro and in vivo; therefore, JAK inhibitor therapy might benefit
patients with an ALK− ALCL that is p-STAT3+.

Materials and Methods
Cell Lines. Mac-1/2A/2B cell lines were established from different stages and
sites of ALK− cutaneous ALCLs (32). FE-PD and DL-40 were established from
aggressive leukemic ALK− ALCLs (33, 34). TLBR1/2/3/4 cell lines were established
from four patients with breast implant-associated ALCLs (35, 36). JB6, SUDHL4,
Karpass299, and DEL were established from ALK+ ALCLs. TLBR4 and NK-92
cells were cultured with 100 U of rhIL-2, and BaF3 cells were cultured with

10% (vol/vol) WEHI-3 conditioned medium. Cells were engineered to express
ecotropic retroviral receptors and the TET repressor for infection and inducible
expression of retroviral shRNA vectors as described previously (37). All human
studies were approved by the Institutional Review Board of National Cancer
Institute (NCI), and patients provided consent. Animal studies were approved
by the Animal Care and Use Committee (ACUC) of the NCI.

Proliferation Assay. Here 100-μL aliquots of cell culture suspensions (1 × 106/mL)
were seeded into 96-well microtiter plates in triplicate and cultured for 3 d at
37 °C in 5% CO2. JAK inhibitors were added at the beginning of the assay.
Cultures were pulsed with 1 μCi [3H]thymidine at 6 h before harvesting.

shRNA Gene Knockdown. shRNAs were cloned into a doxycycline-inducible
pRSMX-puroGFP vector. Retroviruses containing the shRNA were produced by
cotransfection of 293T cells with helper plasmids expressing gag-pol genes, an
ecotropic pseudotyping env gene, and a retroviral vector using FuGENE6
transfection reagent as described previously (37). Target cells were infected
with the retroviruses in the presence of 8 μg/mL polybrene.

Retroviral Gene Expression. cDNAswere cloned into pCMV/TO/puro,mscv-puro,
ormscv-hyg. Retroviruseswere produced in 293T cells, and the target cells were
infected as described above. Stable cell lines were obtained by selection with
puromycin or hygromycin for 3 wk.

STAT3 Reporter Assay. JAK1/STAT3 expression constructs were cotransfected
with STAT3 reporter (Qiagen) using the Fugene6 transfection reagent. Cells
were lysed following the protocol of the Promega Dual-Luciferase Reporter
Assay system and then analyzed for luciferase activity.
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