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Background
Anaplastic lymphoma kinase (ALK)-positive anaplastic large cell lymphoma is characterized by
the t(2;5) chromosomal translocation, resulting in the expression of a fusion protein formed of
nucleophosmin (NPM) and ALK. Recently, we reported the abnormal expression of the tran-
scription factor CCAAT/enhancer binding protein-beta (C/EBPβ) in ALK-positive anaplastic
large cell lymphomas, and demonstrated its dependence on NPM-ALK activity. 

Design and Methods
In this study, the role of C/EBPβ in proliferation and survival of ALK-positive anaplastic large
cell lymphomas was investigated, as well as the mechanism of its expression and activity.
Highly effective short hairpin RNA sequences and/or pharmacological inhibitors were used to
abrogate the expression or activity of C/EBPβ, signal transducer and activator of transcription
3 (STAT3), AKT, extracellular signal-related kinase 1/2 (ERK1/2) and mammalian target of
rapamycin (mTOR). 

Results
Interference with C/EBPβ expression resulted in a dramatic decrease in cell proliferation in
ALK-positive anaplastic large cell lymphomas, with a mild induction of apoptosis after 6 days.
Down-regulation of STAT3 resulted in a marked decrease in C/EBPβ mRNA and protein levels
with impairment in cell proliferation and viability, underscoring the important role of these
two proteins in ALK-mediated oncogenesis. Additionally, we demonstrated that reduction of
ERK1/2 activity led to C/EBPβ Thr235 dephosphorylation and moderate growth retardation. The
AKT/mTOR signaling pathway did not have any influence on C/EBPβ expression or C/EBPβ
phosphorylation. 

Conclusions
These findings reveal the convergence of STAT3 and ERK1/2 signaling pathways activated by
NPM-ALK in mediating the regulation of C/EBPβ expression, a transcription factor central to
NPM-ALK transformation.

Key words: anaplastic large cell lymphoma (ALCL), C/EBPβ, STAT3, RNA interference, cell
proliferation.
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Introduction

Anaplastic lymphoma kinase (ALK)-positive (ALK+)
anaplastic large cell lymphoma (ALCL) is a distinct type
of non-Hodgkin’s lymphoma with unique morphological
features and expression of the CD30 antigen.1 Most ALK+

ALCL have a characteristic cytogenetic abnormality, the
t(2;5) chromosomal translocation, which juxtaposes the
ALK gene to the nucleophosmin (NPM) gene, resulting in
the expression of a NPM-ALK fusion protein. However,
studies have shown that about one fifth of ALK+ ALCL
contain variant translocations in which the ALK gene is
fused to other partner genes.2,3 ALK-fusion proteins inter-
act with many adaptor proteins and activate several key
signaling pathways involved in cell proliferation, transfor-
mation and survival.3-5 While many of the proximal
effects of ALK-mediated lymphomagenesis are now well
understood, much less is known about how these activat-
ed signaling pathways converge to promote transforma-
tion. A promising candidate target gene in ALK-mediated
oncogenesis is the transcription factor CCAAT/enhancer
binding protein beta (C/EBPβ), which we recently report-
ed to be over-expressed in ALK+ ALCL, as opposed to
other lymphoma subtypes.6 The expression of C/EBPβ in
ALK+ ALCL and its dependence on NPM-ALK was cor-
roborated in two recent studies, underscoring the impor-
tance of this transcription factor.7,8 The C/EBP are a fami-
ly of leucine zipper transcription factors that are involved
in the regulation of various aspects of cellular growth and
differentiation in a variety of cell types. Several members
of this family have been implicated in tumorigenesis,
most notably C/EBPa in acute myeloid leukemia.9-11 Like
most other members of the C/EBP family, C/EBPβ is an
intronless gene. In rodents, it is transcribed as a single
mRNA that can produce at least three isoforms: a 39-kDa
liver-enriched activating protein (LAP*), a 36-kDa protein
(LAP), and a 20-kDa liver-enriched inhibitory protein
(LIP), with the LAP and LIP isoforms constituting the
major polypeptides in cells.12 LIP is an N-terminal truncat-
ed form of C/EBPβ that lacks most of the transactivation
domain, and, although it is able to dimerize with other
C/EBP family members and bind to DNA, its ability to
activate transcription is greatly attenuated; it, therefore,
appears to act as a repressor of C/EBP-mediated transcrip-
tion.12 In our previous study, we demonstrated that
C/EBPβ expression was dependent upon NPM-ALK activ-
ity;6 however, the biological significance and the signal
transduction pathways potentially responsible for its
expression were not investigated. The aim of the current
study was, therefore, to investigate both the importance
of C/EBPβ expression in ALK+ ALCL survival and prolifer-
ation, and to identify which of the NPM-ALK induced
signaling pathways might be responsible for its induction
and activation. 

Design and Methods

Plasmid constructs
Oligonucleotides containing short hairpin RNA (shRNA)

sequences for the target genes of interest were used: C/EBPβ-C1
sense – 5’-GAAGACCGTGGACAAGCAC-3’,13 STAT3-Gh1
sense – 5’-GCAGCAGCTGA ACAACATGT-3’,14 mammalian tar-
get of rapamycin (mTOR) sense – 5’-GGAGTCTACTCGCTTC-
TAT-3’; and AKT sense – 5’-GGGCACTTTCGGCAAGG TG-3’.15

Oligonucleotides were cloned into the H1 promoter driven vector
pSuper (Oligoengine, Seattle, WA, USA) as described previously.16

A non-targeting shRNA with the sense sequence: 5'-
GCCGCTTTGTAGGATAGAG-3' was used for construction of
the corresponding shRNA-control transfer vector. The measure-
ment of shRNA knockdown efficiency was performed as recently
described.17,18

Cell cultures 
The ALK+ ALCL (SUDHL-1, Ki-JK, Karpas 299 and SR786) were

cultured in RPMI 1640 (Gibco BRL, Karlsruhe, Germany) supple-
mented with 10% fetal calf serum (Biochrom KG, Berlin,
Germany), 2 mM glutamine, 100 µg/mL penicillin, and 100 µg/mL
streptomycin (Invitrogen, Carlsbad, CA, USA). The murine pro–B-
lymphoid cell line Ba/F3,5 was maintained in RPMI 1640 and was
supplemented with 10% fetal calf serum and 1 ng/mL murine
recombinant interleukin-3 (IL-3; R&D Systems, DPC Bierman
GmbH, Wiesbaden, Germany). Ba/F3-NPM-ALK-ATP-Abl trans-
formed cells contain a construct in which the ATP-binding site of
ALK is replaced by the corresponding domain of the ABL kinase.
This substitution renders NPM-ALK protein responsive to ima-
tinib. 6 Ba/F3-NPM-ALK-ATP-Abl cells were treated with 5 mM
imatinib (Novartis Pharma, Basel, Switzerland) for 24 h as
described elsewhere.6

Virus production and viral infection of suspensions 
of lymphoma cell lines

The virus production and viral infection of lymphoma cells
were performed as recently described.17-19 Cells were analyzed 3
days after infection, on the assumption that this is the normal time
it takes for efficient viral genome integration, shRNA expression
and corresponding shRNA knockdown.

Cytofluorimetric analysis of infected cells 
Gene transduction efficiency was determined by cytofluorimet-

ric analysis using the BD FACSCaliburTM flow cytometer (BD
Biosciences, San Jose, CA, USA) and analyzed with BD CellQuest
ProTM software. Infected cells were detected on the basis of the flu-
orescence of green fluorescent protein (GFP). Propidium iodide (1
mg/mL) was used to determine the viability of infected cells and
annexin V (Invitrogen, San Carlsbad, CA, USA) was used to deter-
mine the percentage of apoptotic cells.

Cell proliferation and viability assay
Triplicate seeding of 2¥105 cells per well was used for growth

experiments from day 1 to 6 after infection. Cell viability and
growth retardation was determined by the 3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) cell proliferation assay (AQueous
CellTiter96®, Promega, Mannheim, Germany). 

Kinase inhibitors
U0126 and PD98059 (MEK inhibitors) and rapamycin were pur-

chased from Calbiochem (San Diego, CA, USA). The final concen-
trations used were as follows: 8 mM for U0126, 50 mM for
PD98059 and 20 nM for rapamycin.

Western blot analysis
Cells were washed in phosphate-buffered saline, pelleted and

lysed, as described elsewhere.6,17 For immunoblotting the follow-
ing antibodies were used: C/EBPβ (Santa Cruz Biotechnology),
ALK (Zymed), STAT3 (Transduction Laboratories), phospho-
eIF2a (Calbiochem), phospho-C/EBPβ (Thr235), phospho-STAT3
(Tyr705), p44/42 MAPK, phospho-p44/p42 MAPK
(Thr202/Tyr204), AKT, phospho-AKT (Ser473), mTOR, phospho-
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mTOR (Ser2448), phospho-tuberin/TSC2 (Ser1254), phospho-
rpS6 (Ser235/236), phospho-4E-BP1 (Thr70), rabbit IgG horserad-
ish peroxidase (HRP)-linked from Cell Signaling (Beverly, MA,
USa). a-tubulin antibody (Sigma, St. Louis, MO, USA) was used as
a loading control. All experiments were repeated several times and
representative data are shown.

Real-time quantitative reverse transcriptase poly-
merase chain reaction analysis

Real-time quantitative reverse transcriptase polymerase chain
reaction (RT-PCR) analysis was performed with an ABI Prism
7500 Sequence Detection System (Applied Biosystems, Foster
City, CA, USA). Gene expression assays from Applied Biosystems
were used to quantify mRNA concentration (C/EBPβ,
Hs00270923_s1; NPM-ALK, Hs00608289-m1; STAT3,
Hs01047572_m1; mTOR, Hs00234508-m1). The TATA box-bind-
ing protein (TBP) was used as a control gene, as previously

described.20 Target gene expression was normalized to TBP and
the target gene expression was analyzed by the 2–DDCT formula. All
reactions were performed at least twice in duplicate.

Results

C/EBPβ is necessary for the proliferation and survival
of ALK-positive anaplastic large cell lymphoma cells

In a previous study, we showed that ALK+ ALCL
expressed high levels of the C/EBPβ and that this expres-
sion was dependent on active signaling through the onco-
genic protein NPM-ALK.6 In the current study, to investi-
gate the biological relevance of over-expressed C/EBPβ in
the survival and proliferation of ALK+ ALCL, we per-
formed gene silencing experiments in human ALK+ ALCL
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Figure 1. Influence of C/EBPβ
shRNA-mediated gene silenc-
ing on the expression of the dif-
ferent C/EBPβ isoforms and on
cell growth in ALK+ALCL cells.
(A) FACS analysis of trans-
duced SUDHL-1 cells with
C/EBPβ shRNA and controls 3
days after infection. The per-
centage of GFP-positive cells
represents the infected cells.
(B) Western blot analysis of
C/EBPβ knockdown three days
after infection. The five specific
C/EBPβ bands detected are
labeled with numbers. The
higher molecular weight band
corresponds to LAP (46 kDa)
and LAP* (48 kDa), and the
lower to LIP (21 kDa). Three
minor bands were observed at
39 kDa, 36 kDa and 30 kDa,
possibly proteolytic breakdown
products of the major LAP iso-
form. Each lane contained 30
µg protein extract. Tubulin was
used as a loading control. (C)
Proliferation curves of the con-
trols and the C/EBPβ shRNA
infected SUDHL-1 cells are
depicted up to 6 days after
infection. Error bars indicate
SD (n=3). (D) Cell cycle distri-
bution of the SUDHL-1 infected
cells 3 days after infection with
C/EBPβ-shRNA. The differ-
ences between the control and
the C/EBPβ-shRNA-infected
cells are given in percentages
on the right side. (E) Annexin V
staining of the controls and the
C/EBPβ shRNA-infected
SUDHL-1 cells 3 and 6 days
after infection.
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cell lines using C/EBPβ–shRNA (Figure 1A-E). To evaluate
the effect of C/EBPβ down-regulation on cell proliferation,
growth curves were generated from treated cells with
almost 100% infection rate (Figure 1B) for up to 6 days of
infection. A comparison between control and C/EBPβ-
shRNA-infected cells revealed a dramatic decrease in cell
proliferation after 3 days of infection (Figure 1C), even in
the presence of ALK and phosphorylated STAT3 (Figure
1B). Analysis of the cell cycle revealed that C/EBPβ-
shRNA-mediated down-regulation induced a shift of
approximately 8% from the S phase to the G1 and G2
phases in the cell cycle distribution after 3 days of infec-
tion (Figure 1D). FACS analysis with annexin V staining
showed that C/EBPβ down-regulation caused only mild
cell apoptosis, as a late effect, 6 days after initial infection
when compared to apoptosis of control cells (27% versus
10%, respectively) (Figure 1E). These results demonstrate
the key role of C/EBPβ in promoting proliferation and, to
a lesser extent, survival in ALK+ ALCL.

NPM-ALK induced signaling pathways in ALK-positive
anaplastic large cell lymphoma

The status of signaling pathway activity was analyzed
in four ALK+ ALCL cell lines (Ki-JK, SR-786, Karpas 299,
and SUDHL-1); the results are presented in Figure 2A. All
four cell lines showed significant phosphorylation of
STAT3, mTOR, ERK1/2 and AKT, confirming that these
pathways are active in ALK+ALCL. C/EBPβ was also
expressed in all cell lines in different amounts. 

To establish the dependence of these signaling path-
ways on active NPM-ALK, we utilized the model system
reported previously.6 To avoid the background effects of
growth factors on the different signaling pathways, the
Ba/F3 parental cell line was investigated with and without
IL-3 (Figure 2B). In the absence of IL-3, the Ba/F3 parental
cell line, in addition to lacking C/EBPβ, showed no phos-
phorylation of STAT3, ERK1/2 and AKT, whereas there

were low basal levels of phosphorylation of mTOR.
Addition of IL-3 resulted in the induction of ERK1/2 phos-
phorylation, a slight increase in mTOR phosphorylation,
and no change in STAT3 or AKT phosphorylation status.
In contrast, NPM-ALK-ATP-Abl-transformed Ba/F3 cells,
which are IL-3-independent, showed high levels of
C/EBPβ (murine LAP and LIP are 36 and 21 kDa, respec-
tively) and phosphorylated STAT3, AKT, and ERK1/2
(Figure 2B), indicating that their activation is dependent on
NPM-ALK. Imatinib treatment of Ba/F3 NPM-ALK-ATP-
Abl-transformed cells resulted in the inhibition of C/EBPβ
expression, loss of STAT3 and AKT phosphorylation, and
a decrease in ERK1/2 phosphorylation, without influence
on mTOR phosphorylation. Taken together, these experi-
ments show that the induction of C/EBPβ coincides with
activation of STAT3, ERK1/2 and AKT signaling, suggest-
ing that any of these pathways might be responsible for
the direct induction of C/EBPβ.

Effective gene silencing of STAT3 reduces C/EBPβ
expression at the mRNA and protein levels 

To determine the influence of specific signaling path-
ways on the expression of C/EBPβ in ALK+ ALCL, the
STAT3 signaling pathway was targeted with a specific
STAT3 shRNA construct (Figure 3A). STAT3 protein levels
analyzed by western blot were significantly reduced 3 days
after infection. The reduction in STAT3 protein correlated
with a decrease in C/EBPβ protein (Figure 3B). The percent-
age of viable cells after STAT3 shRNA infection was
approximately 80% 3 days after infection (Online
Supplementary Figure S1) showing that the effect of STAT3
on C/EBPβ expression is not secondary to cell death. These
results were corroborated by quantitative RT-PCR show-
ing coordinated reduction of STAT3 and C/EBPβ mRNA
levels (Figure 3C), suggesting that the reduction of C/EBPβ
mRNA level is a consequence of the STAT3 knockdown
with an important effect on cell proliferation (Figure 3D). 
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Figure 2. ALK1, C/EBPβ,
pmTOR, pSTAT3, pERK1/2
and pAKT expression in
ALK+ ALCL and Ba/F3
cells. (A) The cell lines Ki-
JK, SR 786, Karpas 299
and SUDHL-1 represent
ALCL cell lines with the
t(2;5) translocation. The
five specific C/EBPβ reac-
tive bands detected are
labeled with numbers. (B)
Western blot analysis of
Ba/F3 cells with and with-
out IL3, and after transfec-
tion with the NPM-ALK-
ATP-Abl construct untreat-
ed or treated with 5 mM
imatinib for 24 h. The
NPM-ALK-ATP-Abl con-
struct produces a positive
protein band of 85 kDa, 5
kDa larger than the protein
band detected in the
SUDHL-1 cell line used as a
control. Each lane con-
tained 30 mg protein
extract. Tubulin was used
as a loading control.
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Inactivation of ERK1/2 signaling reduces C/EBPβ
phosphorylation 

To determine the consequences of ERK1/2 activity on
C/EBPβ expression in ALK+ ALCL, cells were treated with
MAPK kinase (MEK) inhibitors (U0126 or PD98059). Both
inhibitors showed similar effects and representative data
are illustrated in Figure 4A. SUDHL-1 cells treated with
MEK inhibitors showed 40% growth retardation (Figure
4B). MEK inhibitors blocked ERK1/2 phosphorylation
completely after 2 h and the effect remained for 24 h.
Since no effect on total C/EBPβ protein expression was
observed, the influence of ERK1/2 on the phosphorylation
of C/EBPβ-Thr235 was also investigated (Figure 4A).
Inhibition of ERK1/2 resulted in reduced phosphorylation
of C/EBPβ after 24 h (Figure 4A) with minimal influence
on STAT3 phosphorylation. Collectively, these data imply
that ERK1/2 has an important role in the phosphorylation
of C/EBPβ. 

mTOR protein does not influence C/EBPβ protein level
in ALK-positive anaplastic large cell lymphoma 

To analyze whether targeting mTOR alone may have

any influence on C/EBPβ protein expression, ALK+ ALCL
cells were transduced with an mTOR-shRNA construct
(Figure 5A-C). Three different mTOR shRNA were ana-
lyzed. The most efficient one (mTOR-shRNA1) was used
for mTOR silencing (Online Supplementary Figure S2A). As
a consequence of the reduction of mTOR protein, there
were clear decreases in phosphorylation of the down-
stream targets rpS6 and 4E-BP1 (Figure 5A), whereas no
changes were observed in the phosphorylation of p-TSC2
and p-eIF2a, which are either upstream or independent of
the mTOR pathway. Specific down-regulation of mTOR
protein had no influence on the expression of C/EBPβ pro-
tein or on its phosphorylation on Thr-235 (Figure 5A).
These results were corroborated with quantitative RT-
PCR showing reduction of mTOR at the mRNA level
together with no change in C/EBPβ mRNA expression
level (Figure 5B). To confirm the data described above,
specific inhibition studies were done with rapamycin to
inhibit the functional activity of mTOR (Online
Supplementary Figure S2B). Rapamycin abrogated the phos-
phorylation of the mTOR downstream target rpS6 in
SUDHL-1-treated cells; however, C/EBPβ expression was

N. Anastasov et al.
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Figure 3. Influence of STAT3
shRNA-mediated gene
silencing on the expression
of C/EBPβ and on cell
growth in ALK+ALCL. (A)
FACS analysis of transduced
SUDHL-1 cells with STAT3
shRNA and controls 3 days
after infection. The percent-
age of GFP-positive cells
represents the infected
cells. (B) Western blot analy-
sis of STAT3 and C/EBPβ in
the transduced SUDHL-1
cells 3 days after infection.
Each lane contained 30 mg
protein extract. Tubulin was
used as a loading control.
(C) Quantitative RT-PCR
analysis of STAT3 mRNA
(dark boxes) and C/EBPβ
mRNA (light gray boxes) in
the transduced SUDHL-1
cells 3 days after infection.
Values were normalized to
TBP and data were analyzed
according to the 2-DDCT

method. Results are depict-
ed as mRNA concentration
relative to SUDHL-1 non-
infected cells (SUDHL-1-c).
Error bars indicate SD
(n=2).  (D) Proliferation
curves of the controls and
the STAT3 shRNA-infected
SUDHL-1 cells are depicted
up to 5 days after infection.
Error bars indicate SD
(n=3).
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not changed, confirming the data from the RNA interfer-
ence experiments. Collectively, these data indicate that
the mTOR pathway is not responsible for C/EBPβ expres-
sion or its phosphorylation in ALK+ ALCL.

The AKT signaling pathway does not influence total
protein level or C/EBPβ phosphorylation

Finally, to determine whether AKT participates in the
over-expression of C/EBPβ protein, AKT shRNA was used
(Figure 5C). Down-regulation of AKT resulted in a reduc-
tion of mTOR phosphorylation, without effects on
C/EBPβ protein expression or C/EBPβ Thr-235 phospho-
rylation. AKT-mediated signal transduction, including the
AKT/mTOR overlapping signaling pathway, is not
involved in the constitutive expression of C/EBPβ in ALK+

ALCL.
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Figure 4. Influence of MEK inactivation on C/EBPβ expression,
C/EBPβ phosphorylation, and cell growth. (A) Western blot analysis
of the protein extractions from SUDHL-1 cells after treatment with
MEK inhibitor (U0126), 2 h and 24 h after inhibition. Each lane con-
tained 30 mg protein extract. Tubulin was used as a loading control.
(B) Proliferation assay of the control and the SUDHL-1 cells 2 h and
24 h after treatment with MEK inhibitor (U0126). Error bars indicate
SD (n=3).

Figure 5. Influence of shRNA-mediated mTOR and AKT inhibition on
C/EBPβ expression and C/EBPβ phosphorylation. (A) The level of
the knockdown effect for the mTOR protein and downstream tar-
gets (p-rpS6, p-4E-BP1) was analyzed by western blot from the
SUDHL-1 cell extracts prepared 3 days after infection. Phospho-
TSC2 and phospho-eIF2a were used as a control for specificity. (B)
Quantitative RT-PCR analysis of mTOR mRNA (dark boxes) and
C/EBPβ mRNA (light gray boxes) in the transduced SUDHL-1 cells 3
days after infection. Values were normalized to TBP and data were
analyzed according to the 2-DDCT method. Results are depicted as
mRNA concentration relative to SUDHL-1 non-infected cells
(SUDHL-1-c). Error bars indicate SD (n=2). (C) The level of the
knockdown effect for the AKT protein and phospho- C/EBPβ was
analyzed by western blot from the SUDHL-1 cell extracts prepared
3 days after infection with corresponding controls and AKT shRNA.
Phospho-STAT3 and phospho-mTOR were used as a control for
specificity.

A

B

C

A

B

- 44 kD
- 42 kD

- 44 kD
- 42 kD

ERK1/2

mTOR

C/EBPβ
phospho

C/EBPβ

rpS6
phospho
4E-BP1
phospho

eIF2a
phospho
TSC2
phospho

Tubulin

SU
DH

L-
1 

- c
on

tro
l

SU
DH

L-
1 

- c
on

tro
l

+ 
em

pt
y 

vir
us

+ 
co

nt
ro

l s
hR

NA
+ 

m
TO

R 
sh

RN
A

SU
DH

L-
1

+ 
co

nt
ro

l s
hR

NA

SU
DH

L-
1 

- c

+ 
co

nt
ro

l
sh

RN
A

+ 
co

nt
ro

l
sh

RN
A

+ 
m

TO
R

sh
RN

A

+ 
em

pt
y 

vir
us

+ 
AK

T 
sh

RN
A

+ 
U0

12
6 

- 2
 h

+ 
U0

12
6 

- 2
4 

h

ERK1/2

C/EBPβ

C/EBPβ

C/EBPβ

C/EBPβ
phospho

AKT

STAT3
phospho

STAT3
phospho
mTOR
phospho

STAT3

NPM-ALK

Tubulin

Tubulin

SUDHL-1 with U0126 inhibitor

phospho

phospho

1
2
3
4

5

1
2
3
4

5

1
2
3
4

5

- 39 kD
- 36 kD
- 30 kD

- 39 kD
- 36 kD

- 30 kD

- LAP/LAP* - 46/48 kD

- LAP/LAP* - 46/48 kD

- LAP/LAP* - 46/48 kD

- LIP-21 KD

- 92 KD

- 289 KD

- 48 KD

- LAP/LAP* - 46/48 kD

- 39 kD
- 36 kD
- 30 kD

- LAP/LAP* - 46/48 kD

- LAP/LAP* - 46/48 kD

- LIP-21 kD

- 36 kD

- 15 kD

- 36 kD

- 200 kD- 200 kD

- 48 kD

- LIP - 21 kD

- 56 kD

- 289 kD

qRT-PCR for mTOR and C/EBPβ mRNA
180%
160%
140%
120%
100%
80%
60%
40%
20%
0%

Re
la

tiv
e 

m
RN

A 
co

nc
en

tra
tio

n

- 92 kD

- 92 kD

- 75 kD

- 48 kD

2 h 24 h

Re
la

tiv
e 

pr
ol

ife
ra

tiv
e 

ra
tio control

+ U0126

120

100

80

60

40

20

0

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on



Discussion

We previously reported that NPM-ALK induces C/EBPβ
expression,6 but the biological significance of this expres-
sion was not explored. In the current study we demon-
strated a critical role of C/EBPβ in the proliferation of
ALK+ ALCL. Efficient knockdown of C/EBPβ expression
resulted in a complete block of ALK+ ALCL cell prolifera-
tion, while infection with control shRNA had no effect on
cell growth. This was accompanied by an 8% shift from S
phase to G1-G2 phase in the cell cycle distribution.
Additionally, the apoptosis rate increased to 27%, 6 days
after C/EBPβ knockdown. These data indicate a crucial
role for C/EBPβ in proliferation and, to a lesser extent, in
survival, and complement a recent study,8 which showed
that silencing of C/EBPβ resulted in variable induction of
apoptosis. In contrast to the study by Piva et al.,8 our study
demonstrates that although the knockdown of C/EBPβ
induces mild to moderate apoptosis, the main role of
C/EBPβ in NPM-ALK-driven transformation is the induc-
tion of proliferation. Our experiments showed that 3 days
after effective C/EBPβ knockdown there was a striking
decrease in proliferation, whereas apoptosis was minimal
(2.8%). Apoptosis became apparent only after 6 days of
C/EBPβ knockdown, which strongly suggests that apopto-
sis is not a direct effect of C/EBPβ knockdown but rather
a secondary, late event. These results are in line with those
of studies in other human cancers, which have demon-
strated that the main effect of C/EBPβ over-expression is
induction of uncontrolled proliferation.13,21-23

Additionally, the role of several major NPM-ALK acti-
vated signaling pathways in C/EBPβ expression and acti-
vation was explored. Through the use of gene silencing
experiments, we were able to dissect several mechanisms
through which NPM-ALK exerts its control on C/EBPβ.
Gene silencing of STAT3 resulted in a marked decrease of
both C/EBPβ mRNA and protein, indicating that STAT3
activation by NPM-ALK is essential for C/EBPβ expres-
sion. Our results confirm a recent study8 suggesting that
STAT3 regulates C/EBPβ in ALK+ ALCL. Of note is that
although the C/EBPβ promoter contains no STAT3 DNA
binding motif sequences, a novel mechanism indirectly
tethering STAT3 to the C/EBPβ promoter has been
described.24-26 This result underscores the important role of
STAT3 in orchestrating the transforming capacity of NPM-
ALK and support studies suggesting STAT3 as a possible
therapeutic target.27

C/EBPβ activity is further regulated through specific
phosphorylations that determine its transcriptional acti-
vation and DNA binding capacity.24,28,29 The ERK1/2-
dependent phosphorylation of human LAP at Thr 235 is a
critical “priming” site required for the transcriptional acti-
vation of C/EBPβ.30 In contrast to a previous study,8 we

did not find down-regulation of total C/EBPβ protein
upon pharmacological inhibition of ERK1/2 activation.
However, we demonstrated that C/EBPβ phosphoryla-
tion at Thr 235 is ERK1/2-dependent and unaffected by
AKT or mTOR down-regulation. Moreover, inhibition of
ERK1/2 led to a 40% growth retardation of ALK+ ALCL
cells, indicating that ERK1/2 is important in the regulation
of C/EBPβ function. The possible influence of the mTOR
and AKT pathways on the expression of C/EBPβ was also
investigated. Efficient inactivation of mTOR or AKT did
not result in any reduction in C/EBPβ mRNA or protein
levels. The results with mTOR inhibition were some-
what unexpected because mTOR activity was shown
previously31,32 to be involved in the control of C/EBPβ iso-
form expression, through the activation of the translation
initiation factor eIF-4E.33,34 In the current study, although
efficient inactivation of mTOR and its downstream tar-
gets rpS6 and 4E-BP1 was achieved, no major changes in
C/EBPβ protein levels or in the LIP-LAP ratios were
observed. One possible explanation might be that the
effect on C/EBPβ caused by the mTOR inhibitor
everolimus in the earlier study33 is not the same as that
produced by shRNA silencing. Nevertheless, the results
obtained with the RNA interference assay were con-
firmed with mTOR inactivation using rapamycin. It is of
note that efficient knockdown of AKT led to similar
results in our study. Moreover, these results are in agree-
ment with an earlier study in which specific knockdown
of AKT1/AKT2 did not show any influence on the
expression of C/EBPβ.8

In conclusion, we demonstrated a critical role of the
NPM-ALK-induced target gene C/EBPβ in the prolifera-
tion and, to a less extent, in the survival of ALK+ ALCL.
Furthermore, we explored the role of several major NPM-
ALK activated signaling pathways in C/EBPβ expression
and activation. Our data indicate that C/EBPβ expression
in ALK+ ALCL is controlled primarily by the STAT3 path-
way, while its phosphorylation is partially dependent
upon the MAPK pathway. Neither mTOR nor the AKT
signaling pathway appears to have any influence on
C/EBPβ expression or activation in ALK+ ALCL.
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