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Abstract: Anaplastic lymphoma kinase-positive, anaplastic large cell lymphoma (ALK+ ALCL) is an aggressive non-
Hodgkin lymphoma of T/null immunophenotype that is most prevalent in children and young adults. The normal cellu-
lar counterpart of this malignancy is presumed to be the cytotoxic T lymphocyte (CTL), and this presumption is partly
based on the observation that these tumour cells often express cytotoxic granules containing Granzyme B (GzB) and
Perforin. Chromosomal translocations involving the gene encoding for the ALK tyrosine kinase are also characteristic
of ALK+ ALCL, and the resulting fusion proteins (e.g. NPM-ALK) initiate signalling events important in ALK+ ALCL
pathogenesis. These events include the elevated expression of JunB; an AP-1 family transcription factor that pro-
motes ALK+ ALCL proliferation. In this report we demonstrate that JunB is a direct transcriptional activator of GzB
and that GzB transcription is also promoted by NPM-ALK. We found that Perforin expression was not regulated by
JunB, but was promoted by NPM-ALK in some cell lines and inhibited by it in others. In conclusion, our study makes
the novel observation that signalling through NPM-ALK and JunB affect the expression of cytotoxic molecules in ALK+
ALCL. Moreover, these findings demonstrate the expression of GzB and Perforin in this lymphoma is not solely due its
presumed CTL origin, but that oncogenic signalling is actively influencing the expression of these proteins.
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Introduction

Anaplastic lymphoma kinase-positive, anaplas-
tic large cell lymphoma (ALK+ ALCL) is a T/null
cell non-Hodgkin lymphoma (NHL) that accounts
for 10-20% of NHL in children [1]. This lym-
phoma is thought to arise from an activated
cytotoxic T lymphocyte (CTL) [1] given that
greater than 90% of ALK+ ALCL tumours pos-
sess clonal T cell receptor gene rearrangements
[2] and the fact these tumour cells often pos-
sess cytotoxic granules containing the serine
protease, Granzyme B (GzB), and pore-forming
protein, Perforin [2, 3]. A defining characteristic
of ALK+ ALCL is the presence of chromosomal
translocations involving the ALK tyrosine kinase
gene [4], which result in the expression of ALK-
containing fusion proteins (e.g. NPM-ALK) that
are critical in the pathogenesis of this lym-
phoma. NPM-ALK activates the PI3K/Akt, Jak/

STAT, JNK, MEK/ERK, Rac, and other signalling
pathways that regulate ALK+ ALCL proliferation,
survival, and migration [5, 6]. The MEK/ERK [7,
8] and PI3K/Akt [7] pathways contribute to the
elevated expression of the JunB transcription
factor in ALK+ ALCL.

JunB belongs to the AP-1 family of transcription
factors which includes c-Jun and JunD, as well
as members of the Fos/Fra, ATF, and Maf sub-
families of transcription factors [9, 10]. These
proteins homo- and heterodimerize to form AP-1
transcriptional complexes which primarily regu-
late genes associated with proliferation and
apoptosis [9, 10]. JunB is highly expressed in
ALK+ ALCL [11-13], and transcriptional and
translational mechanisms account for this ele-
vated expression [7, 8]. The importance of JunB
in this lymphoma is illustrated by the finding
that reducing JunB expression in ALK+ ALCL cell
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lines impairs cellular proliferation [7].

While it is clear that JunB plays an important
role in ALK+ ALCL, its transcriptional targets in
this lymphoma are largely uncharacterized.
JunB has been shown to promote CD30 expres-
sion in ALK+ ALCL [8, 14], but since sites recog-
nized by AP-1 complexes are prevalent in the
genome, we hypothesized that this transcription
factor regulates the expression of many genes
that contribute to the phenotype and/or patho-
genesis of this lymphoma. In this report, we
demonstrate that GzB is a JunB transcriptional
target in ALK+ ALCL, and further show that NPM
-ALK is required to promote GzB expression. We
found that while Perforin expression is not regu-
lated by JunB, its expression is either inhibited
or promoted by NPM-ALK in a cell line-specific
manner. These findings are the first to link on-
cogenic signalling directly to the expression of
cytotoxic molecules in ALK+ ALCL.

Materials and methods
Antibodies and other reagents

The anti-tubulin monoclonal antibody (mAb) was
from Calbiochem (San Diego, CA). The mAbs
against JunB, GzB, and Perforin were from
Santa Cruz Biotechnology (Santa Cruz, CA). The
anti-B-actin and anti-FLAG M2 mAbs were from
Sigma-Aldrich (Mississauga, ON, Canada), while
the anti-NPM mAb was from Thermo Scientific
(Waltham, MA). Short interfering RNA (siRNA)
oligonucleotides (pooled and individual) were
purchased from Dharmacon RNAi Technologies
(Lafayette, CO). The human GzB proximal pro-
moter (-728 to +59 relative to the transcrip-
tional start site) was PCR amplified from Karpas
299 cells and cloned into the pGL2 basic
luciferase vector (Promega; Madison, WI). The
AP-1 mutant construct was generated by mutat-
ing the AP-1 consensus sequence from TGAG-
TCA to TTAGTTA. The JunB cDNA was PCR ampli-
fied and cloned into the pFLAG-CMV2 vector to
generate the Flag-tagged JunB construct.

Cell lines and electroporations

Cell lines were cultured in RPMI 1640 media
supplemented with 10% heat-inactivated fetal
calf serum, 1 mM sodium pyruvate, 2 mM so-
dium glutamate, and 50 uM 2-mercaptoethanol.
4x106 cells were electroporated with 100 nM of
siRNA as previously described [15], and incu-
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bated for 48 h at 37°C prior to lysis. For
luciferase assays, 1x107 cells were electropo-
rated with the indicated pGL2 luciferase con-
structs (10 pg), a constitutively expressed
Renilla luciferase construct (1 ug) (controls for
transfection efficiency), and 100 nM siRNA, and
then incubated for 24 h at 37°C prior to analy-
sis. For the JunB over-expression experiment,
cells were transfected with luciferase constructs
along with a Flag-tagged JunB construct or
empty vector (5 pg).

Cell lysis and western blotting

Cells were lysed in Nonidet P-40 lysis buffer
[15] containing protease inhibitor cocktail
(Sigma-Aldrich), 1 mM phenylmethylsulfon-
ylfluoride, and 1 mM sodium orthovanadate.
The protein concentration of cleared lysates
was determined using the BCA Protein Assay kit
(Thermo Scientific). Equivalent protein amounts
were resolved on SDS-PAGE gels then trans-
ferred to nitrocellulose membranes for western
blotting. Western blots were visualized with Su-
perSignal West Pico Chemiluminescent Sub-
strate (Thermo Scientific). Reprobed blots were
stripped in 0.1% TBST, pH 2. Quantitative west-
ern blotting was performed on a LI-COR Odyssey
Infrared Imager (LI-COR Biosciences; Lincoln,
NE). For quantification, protein levels were nor-
malized to actin or tubulin levels in each sample
and expressed relative to non-targeting control
siRNA-treated cells (which were set at 100%).

Quantitative RT-PCR (qRT-PCR)

Total RNA was collected using the RNeasy mini
kit (Qiagen; Mississauga, ON), subjected to
DNase | digestion, and reverse transcribed to
cDNA using the Superscript || Reverse Transcrip-
tase System (Invitrogen; Burlington, ON, Can-
ada). gRT-PCR was performed using PerfeCTa
SYBR Green FastMix (Quanta Biosciences;
Gaithersburg, MD) with an Eppendorf Mastercy-
cler realplex* thermal cycler. GzB and Perforin
expression were normalized to B-actin and ex-
pression levels determined using the AA-CT
method [16]. Results are displayed relative to
non-targeting control siRNA-transfected cells
which were set at 100%.

Luciferase assays

1x106é cells were assayed in triplicate for GzB
promoter-driven firefly luciferase and constitu-
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tive Renilla luciferase activity on a BMG Labtech
Plate Reader using the Dual-Glo Luciferase As-
say System (Promega). The ratio of firefly to
Renilla luciferase activity was determined for
each sample and triplicate measurements were
averaged.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were collected using the Pro-
teoJET cytoplasmic and nuclear protein extrac-
tion kit (Fermentas; Burlington, ON, CA). EMSAs
were performed using the LightShift chemilumi-
nescent EMSA kit (Thermo Scientific) essentially
as outlined in the manufacturer’s protocol.

Results

GzB protein levels are reduced in JunB siRNA-
treated ALK+ ALCL cell lines

Using quantitative mass spectrometry we identi-
fied GzB as a protein that was down-regulated
in ALK+ ALCL cell lines treated with JunB siRNA
(results not shown). Since GzB expression is a
well-known phenotypic characteristic of ALK+
ALCL [2, 3], we were intrigued by this finding.
Western blotting lysates from the Karpas 299
and SUP-M2 ALK+ ALCL cell lines treated with
either pooled JunB or non-targeting (control)
siRNA confirmed that reducing JunB expression
resulted in decreased GzB protein levels (Figure
1A and B). To rule out potential off-targeting
effects of the pooled JunB siRNAs, we per-
formed similar experiments using individual
siRNAs directed against JunB. We found that
GzB protein levels were reduced in cells treated
with each of the four individual JunB siRNAs
(Figure 1C). Moreover, the decrease in GzB lev-
els directly correlated with the degree of JunB
silencing observed with the individual siRNAs.
Taken together, these results demonstrate that
JunB promotes the expression of GzB in ALK+
ALCL.

Figure 1. JunB promotes GzB protein expression in ALK+ ALCL. A. Western blot analysis of JunB (upper panel) and
GzB (middle panel) expression in cell lysates of cells transfected with 100 nM of pooled non-targeting (control) or
JunB siRNAs. The anti-actin western blot (lower panel) demonstrates equivalent protein loading. B. Quantification of
western blots in A using the LI-COR Odyssey Infrared imager. The results shown are the mean and standard deviation
of three independent experiments. p values were obtained using paired, one-tailed t-tests. C. Western blot analysis of
JunB (upper panel) and GzB (middle panel) expression in lysates from Karpas 299 cells transfected with 100 nM of a
non-targeting (control) or individual JunB siRNAs. The anti-actin western blot (lower panel) demonstrates equivalent
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Figure 2. JunB promotes GzB transcription in ALK+ ALCL. A. gRT-PCR analysis of GzB mRNA levels in Karpas 299 (left)
and SUP-M2 (right) cells transfected with 100 nM of the indicated pooled siRNAs. Note: these experiments were per-
formed on the mRNA extracted from cells transfected in Figure 1. B. Luciferase activity was measured in Karpas 299
cells transfected with a promoter-less luciferase construct (pGL2 basic) or a luciferase construct under control of the
GzB proximal promoter (pGL2-GzB promoter) and 100 nM of the indicated pooled siRNAs. Luciferase activity is ex-
pressed relative to the activity present in cells co-transfected with the pGL2-GzB promoter and control siRNA (which
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was set at 100%). A western blot demonstrating the efficiency of JunB knock-down is shown to the right. C. Karpas
299 cells were transfected with the pGL2 basic, pGL2-GzB promoter, or AP-1 mutant pGL2-GzB promoter luciferase
constructs and luciferase activity was measured 24 h post-transfection. Luciferase activity is expressed relative to the
activity present in the pGL2-GzB promoter transfected cells (which was set at 100%). D. Luciferase activity was meas-
ured in Karpas 299 cells transfected with the pGL2-GzB promoter luciferase construct and Flag-tagged JunB (+) or
empty vector (-) (top). Luciferase activity is expressed relative to the activity present in the pGL2-GzB promoter and
empty vector-transfected cells (which was set at 100%). Anti-Flag and anti-JunB western blots demonstrate JunB
over-expression (bottom). Molecular mass markers are indicated to the left of blots. E. EMSAs were performed with
Karpas 299 nuclear extracts using a biotinylated probe based on the sequence of the AP-1 site in the GzB proximal
promoter (GzB AP-1 probe). For competitor experiments, a 200-fold molar excess of unlabeled GzB AP-1 probe (wt
competitor) or an unlabeled GzB AP-1 probe with a mutation in the AP-1 binding site (AP-1 mutant competitor) were
included in the reaction. For super-shift experiments, 1 ug of the indicated antibody (Ab) was included in the reaction.
In all experiments, the quantification represents the mean and standard deviation of three independent experiments.
p values were determined using paired, one-tailed t-tests.
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Figure 4. NPM-ALK promotes GzB expression in ALK+ ALCL. A. Western blots (left) and quantification (right) of GzB
and JunB expression in lysates from Karpas 299 or SUP-M2 cells transfected with 100 nM of the indicated pooled
siRNAs. Note: the anti-NPM blots demonstrate NPM-ALK silencing. Molecular mass markers are indicated to the left
of the blots. B. gRT-PCR analysis of GzB mRNA expression in Karpas 299 and SUP-M2 cells transfected with the indi-
cated siRNAs. Note: these experiments were performed on the mRNA extracted from cells transfected in A. C. GzB
promoter luciferase activity was measured in Karpas 299 cells transfected with 100nM of non-targeting (control) or
ALK siRNA. Luciferase activity is expressed relative to the activity present in cells transfected with the pGL2-GzB pro-
moter and control siRNA (which was set at 100%). In all experiments, the quantification represents the mean and
standard deviation of three independent experiments. p values were obtained using paired, one-tailed t-tests.

complexes contain JunB. In sum, these findings
suggest that JunB binds the AP-1 site in the GzB
promoter and functions as a direct activator of
GzB transcription in ALK+ ALCL.

Perforin levels are not regulated by JunB in
ALK+ ALCL

Perforin is another component of the cytotoxic
granules found in ALK+ ALCL [2, 3], and since
the Perforin promoter contains an AP-1 binding
site [17], we postulated it may also be regulated
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by JunB in this lymphoma. However, western
blotting experiments revealed that Perforin pro-
tein levels were not significantly altered in cells
treated with JunB siRNA (Figure 3). Therefore,
while JunB is an important transcriptional regu-
lator of GzB in ALK+ ALCL, it does not regulate
Perforin in this lymphoma.

NPM-ALK regulates GzB and perforin expres-
sion in ALK+ ALCL

Since NPM-ALK promotes the expression of
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Figure 5. NPM-ALK regulates Perforin expression in ALK+ ALCL. A, Western blots (left) and quantification (right) of
Perforin expression in lysates from Karpas 299 or SUP-M2 cells transfected with 100 nM of non-targeting (control) or
ALK siRNA. B, gRT-PCR analysis of Perforin mRNA expression in Karpas 299 and SUP-M2 cells transfected with 100
nM of non-targeting (control) or ALK siRNA. Note: these experiments were performed on the mRNA extracted from
cells transfected in A. C, Western blots (left) and quantification (right) of the indicated proteins in lysates from SU-DHL
-1 cells transfected with 100 nM of non-targeting (control) or ALK siRNA. D, gRT-PCR analysis of Perforin and GzB
mRNA expression in SU-DHL-1 cells transfected with 100 nM of non-targeting (control) or ALK siRNA. Note: these
experiments were performed on the mRNA extracted from cells transfected in C. Molecular mass markers are indi-
cated to the left of the western blots. In all experiments, the quantification represents the mean and standard devia-

tion of three independent experiments. p values were obtained using paired, one-tailed t-tests. Note: the anti-NPM
blots demonstrate NPM-ALK silencing.
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JunB [7, 14], we examined whether NPM-ALK
also promotes GzB expression. Knock-down of
NPM-ALK in Karpas 299 and SUP-M2 cells re-
sulted in reduced GzB protein and mRNA levels
(Figures 4A and B, respectively). Reducing ALK
expression also reduced GzB promoter
luciferase activity (Figure 4C). Consistent with a
previous study [14], we found that JunB levels
were decreased in cells treated with ALK siRNA
(Figure 4A).

We also investigated whether NPM-ALK influ-
ences Perforin expression. In Karpas 299 cells,
Perforin protein (Figure 5A) and mRNA (Figure
5B) levels were decreased in ALK siRNA-
treated cells. In contrast, NPM-ALK knock-down
in SUP-M2 cells led to a significant increase in
Perforin protein and mRNA levels (Figures 5A
and B, respectively). In light of these results, we
examined how NPM-ALK knock-down affected
Perforin levels in the SU-DHL-1 ALK+ ALCL cell
line. Similar to SUP-M2 cells, we found that SU-
DHL-1 cells treated with ALK siRNA had in-
creased Perforin protein and mMRNA levels
(Figure 5C and D, respectively). NPM-ALK pro-
moted GzB and JunB expression in SU-DHL-1
cells (Figure 5C and D), as was observed in Kar-
pas 299 and SUP-M2 cells. These results dem-
onstrate that while NPM-ALK is an important
activator of GzB transcription in ALK+ ALCL, this
oncogene can either promote or repress the
expression of Perforin.

Discussion

The expression of GzB and Perforin is a com-
mon feature of ALK+ ALCL and one piece of
evidence suggesting that these tumour cells are
derived from a CTL. However, our results reveal
that the expression of these proteins is not just
a remnant of the suggested CTL origin of this
lymphoma. We demonstrate that the NPM-ALK
oncogene and JunB transcription factor promote
the transcription of GzB in ALK+ ALCL cell lines,
which we believe helps explain why the majority
of ALK+ ALCL tumours are positive for GzB ex-
pression [2, 3, 20]. We found that Perforin ex-
pression was not regulated by JunB, but was
either promoted or repressed by NPM-ALK in a
cell line-specific manner. Taken together, these
novel findings demonstrate that oncogenic sig-
nalling influences the expression of cytotoxic
molecules in this lymphoma.

In addition to JunB, c-Jun is also highly ex-
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pressed in ALK+ ALCL [11, 21]. c-Jun has also
been reported to promote ALK+ ALCL prolifera-
tion [22], although there is not complete agree-
ment on this point [7]. We were only able to sig-
nificantly knock-down c-Jun levels using high
levels of siRNA (600 nM) which could cause off-
targeting events [23]. However, even using
these high levels of siRNA, we found that c-Jun
knock-down had no effect on GzB protein or
MRNA levels (results not shown). We also could
not detect c-Jun binding to the AP-1 site in the
GzB proximal promoter by EMSA (results not
shown). These results argue that c-Jun is not an
important transcriptional activator of GzB in
ALK+ ALCL. We also found that c-Jun did not
regulate Perforin expression in this lymphoma
(results not shown). This result and the findings
of Figure 3 argue that if the AP-1 site in the Per-
forin promoter is important in ALK+ ALCL, it is
responsive to AP-1 transcriptional complexes
that do not contain JunB or c-Jun.

Since NPM-ALK promotes JunB expression ([7,
14] and Figures 4A and 5C), we postulate that
NPM-ALK likely promotes GzB transcription in
large part through JunB. However, NPM-ALK
knock-down had a more dramatic affect on GzB
expression than JunB knock-down (compare
Figures 1 and 2 with Figure 4), so it is likely that
NPM-ALK activates other signalling pathways
that promote GzB transcription. One possibility
is the Jak/STAT pathway. NPM-ALK activates
Jak/STAT signalling [5, 6] and since this path-
way promotes GzB expression in other cell types
[24-27], it may play a role in promoting GzB ex-
pression in ALK+ ALCL.

NPM-ALK was found to promote Perforin expres-
sion in Karpas 299 cells, but interestingly re-
pressed Perforin expression in SUP-M2 and SU-
DHL-1 cells (Figure 5). We postulate that the
repression of Perforin expression by NPM-ALK in
SUP-M2 and SU-DHL-1 cells may be due to the
ability of NPM-ALK to silence gene expression by
promoting DNA methylation [28, 29]. NPM-ALK
up-regulates the expression of DNA methyltrans-
ferases which methylate the promoters of sev-
eral T cell-associated genes (e.g. CD3¢, SLP-76,
ZAP-70, LAT) thereby inhibiting the expression
of these genes [28]. We found that Perforin lev-
els were elevated after treatment of SUP-M2
and SU-DHL-1 cells (but not Karpas 299 cells)
with the DNA methyltransferase inhibitor, 5-aza-
2’-deoxycytidine, consistent with the possibility
that NPM-ALK may limit Perforin expression by
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DNA methylation in these cell lines (results not
shown). Why NPM-ALK differentially regulates
Perforin gene expression in ALK+ ALCL cell lines
is unclear. However, these results are consis-
tent with the observation that other genes
known to be silenced by NPM-ALK through DNA
methylation are not uniformly silenced in ALK+
ALCL patient samples and cell lines [28].

The fact that GzB expression is actively pro-
moted by oncogenic signalling in ALK+ ALCL
raises the question as to whether GzB could be
important in the pathogenesis of this lym-
phoma. A recent study found that ~75% of
urothelial carcinomas and about half of the
bladder cancer cell lines tested express GzB
[30]. This study further demonstrated that GzB
knock-down in these bladder cancer lines sig-
nificantly inhibited their invasion through ma-
trigel [30]. Whether ALK+ ALCL cell lines use
GzB to similarly promote invasion through ma-
trix is something that we are currently investi-
gating. This could be one reason for why this
lymphoma is widely disseminated in patients at
clinical presentation [31-33].
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