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Abstract

c-Met, a receptor tyrosine kinase, has been implicated in the patho-
physiology of many cancers, but its role in Hodgkin lymphoma (HL)
is poorly investigated. In this study, c-Met was detected in tumor cells
in 55% (26/47) of HL patients. Expression of hepatocyte growth factor
(HGF), the c-Met ligand, was detected in tumor cells of five c-Met pos-
itive and two c-Met negative HL cases. c-Met expression was high in
L428 compared to three other HL cell lines, whereas HGF expression
was only high in KMH2. Phosphorylated c-Met (p-Met) was only ob-
served in L428 consistent with the high basal expression levels of c-Met.
Phosphorylation of c-Met, Akt, and Erk1/2were upregulated uponHGF
stimulation of L428 cells. is upregulation was blocked by inhibiting
c-Met activation with SU11274, a specific c-Met kinase inhibitor. In
functional studies, SU11274 suppressed cell growth in L428, promoted
G2/M cell cycle arrest aer 24h incubation, and induced tetraploid cells
aer 48h. Washing of the cells aer induction of G2/M arrest resulted in
normal cell cycle progression indicating that the G2/M cell cycle arrest
was reversible. Inhibition of downstream substrates of the HGF/c-Met
signaling pathway, PI3K, MEK1/2 and Erk1/2, also induced G2/M cell
cycle arrest in L428. In conclusion, expression of c-Met by tumor cells
was observed in 55% of the HL patients and the HGF/c-Met signaling
pathway regulates cell cycle progression in L428 cells.
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2.1 Introduction

Hodgkin lymphoma (HL) is a B-cell neoplasm characterized by a mi-
nority of neoplastic cells located within an extensive infiltrate of reactive
cells. It consists of classical HL (cHL) and nodular lymphocyte predom-
inant (NLPHL) variant. e tumor cells in cHL, the so-called Hodgkin
and Reed-Sternberg (HRS) cells, are derived from pre-apoptotic germi-
nal center (GC) B-cells that acquired crippling immunoglobulin gene
mutations and/or lost their capacity to express a high affinity B-cell re-
ceptor (BCR) [1]. In addition to Epstein-Barr virus (EBV) infection and
constitutive activation of nuclear factor 𝜅B (NF-𝜅B), aberrant signaling
pathways, especially some of which are activated by the receptor tyro-
sine kinases (RTKs) via autocrine or paracrine mechanisms, contribute
to the survival and proliferation of Hodgkin tumor cells [2-3].

e HGF/c-Met signaling pathway regulates a variety of biological pro-
cesses, including proliferation, survival and migration [4]. Deregulated
c-Met activation, caused by gene amplification, translocation, muta-
tion, or autocrine/paracrine HGF signaling, has been implicated in the
pathogenesis of many human cancers [5]. Given the uncontrolled c-
Met activation in cancers, some inhibitors have been developed to block
this signaling pathway. SU11274 [6], a specific c-Met kinase inhibitor,
shows effective inhibition of the c-Met signaling pathway, thereby af-
fecting the survival and growth of lung cancer [7], mesothelioma [8],
and melanoma [9] cell lines.

In HL patient tissue samples, c-Met expression was found in Hodgkin
tumor cells in 33% (6/18) [10] and 100% (n=57) [11] of the HL cases
in two studies. Expression of HGF was observed in infiltrating cells,
especially in dendritic cells but not in tumor cells [11]. Additionally,
both c-Met and HGF expression has been observed in some HL cell
lines [12-13]. Given the results of HGF/c-Met expression and limited
investigation of the function of HGF/c-Met signaling pathway in HL,
we conducted further experiments. Expression of c-Met and HGF was
detected in HL patient tissues and HL cell lines. Furthermore, the phys-
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iological effects of the HGF/c-Met signaling pathway were studied using
the SU11274 c-Met inhibitor in HL cell lines.

2.2 Materials and Methods

2.2.1 Patient materials

A tissue micro array (TMA) was used with HL patient tissue and lymph
node control tissue. Each case was represented by two 1 mm cores. e
numbers of total and positive tumor cells were counted per core and
for each patient the score for both cores were added. Cases were only
scored if at least 10 tumor cells could be evaluated. Using these crite-
ria 47 HL cases were evaluable in the TMA with a median number of
30 tumor cells per patient. 41 patients with nodular sclerosis (NS), 4
patients with mixed cellularity (MC) and 2 patients with nodular lym-
phocyte predominant (NLP) HL subtypes were included. EBV status
was determined by in situ hybridization using a probe specific for EBV
encoded RNAs (EBERs). 13 patients scored positive for EBV.

2.2.2 Cell lines

e HL cell lines L428 [14], L1236 [14], KMH2 [14] and U-HO1 [15]
were cultured inRPMI-1640medium (LonzaWalkersville,Walkersville,
MD USA) supplemented with ultraglutamine-1, 100 U/ml penicillin/
streptomycin, 10% fetal calf serum (FCS) (5% for L428) (Lonza Walk-
ersville).
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2.2.3 Cell treatment

e cell lines were stimulated with HGF (R&D Systems, Minneapolis,
MN, USA) at the concentration of 100 ng/ml for 5 minutes to study the
c-Met phosphorylation in response to HGF stimulation. SU11274 (c-
Met inhibitor, Calbiochem, San Diego, CA USA) was used at different
concentrations (1, 2.5 and 5 𝜇M) for 1 hour prior to HGF stimulation
(10ng/ml) for 5 minutes. For Western blotting cells were lysed in 1x
SDS Sample Buffer (62.5 mM Tris-HCl (pH 6.8 at 25˚ C), 2% w/v SDS,
10% glycerol, 50mMDTT, 0.01%w/v bromophenol blue). ForMTT as-
says L428 cells were cultured during 72 hours with SU11274 at different
concentrations (1, 2.5 and 5 𝜇M). For cell cycle analysis L428 cells were
cultured during 72 hours with SU11274 (1, 2.5 and 5 𝜇M), LY294002
(25 𝜇M) (PI3 kinase inhibitor, Invivogen, San Diego, CA USA), Akt
inhibitor VIII (500 nM) (Calbiochem), UO126 (25 𝜇M) (MEK1/2 in-
hibitor, Cell Signaling Technology (CST) Boston, MA, USA), ERK1/2
inhibitor (20 𝜇M) (3-(2-Aminoethyl)-5-((4-ethoxyphenyl)methylene)-
2, 4-thiazolidinedione hydrochloride, Biaffin Gmbh & Co KG, Kassel,
Germany) and Rapamycin (10ng/ml) (mTOR inhibitor, Santa Cruz Bio-
technology, Santa Cruz, CA, USA), and measurements were performed
every 24 hours. In all experimentswith SU11274 inhibition, cells treated
with 0.57% DMSO (Sigma Aldrich, St Louis, MO, USA) (vehicle con-
trol)were included. All experimentswere carried out at least three times.

2.2.4 Immunohistochemistry

Immunohistochemistry (IHC) was performed with polyclonal antibod-
ies against c-Met (C-28) (1:200) (SantaCruz) andHGF (1:20) (R&D sys-
tems) on paraffin-embedded tissue cores in TMAs. Microwave antigen
retrieval was performed in 10 mM Tris (tris-hydroxymethyl-aminome-
thane) / 1 mM EDTA (ethylene diamine tetracetic acid) at pH 9.0 for
both antibodies. Positive staining was visualized using a HRP-labeled
secondary antibody and 3,3’-diaminobenzidine (Sigma-Aldrich, St Louis,
MO). Hematoxylin was used as a counterstain. Appropriate positive
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and negative controls were performed for each staining. e cut-off
level for positive staining was set at 30% for c-Met and at 20% for HGF.

2.2.5 ELISA on HL cell line culture supernatant

HGFprotein levels weremeasured in cell culture supernatant from 4HL
cells lines by ELISA (R&D Systems) following the protocol provided by
the manufacturer.

2.2.6 Quantitative RT-PCR

RNA was extracted using Trizol® total RNA isolation reagent (Invitro-
gen, Carlsbad, CA, USA) using the manufacturer’s protocol. cDNA
was made from 500 ng of total RNA in 20 𝜇l reactions using Super-
script II and random primers as described by the manufacturer (In-
vitrogen). 2 ng cDNA was used in the qRT-PCR reaction in triplicate
using sybergreen (for HGF) and probe (for U6) as described by the
manufacturer (Applied Biosystems, Foster City, CA, USA). PCR was
performed using an ABI7900HT (Applied Biosystems). e primer se-
quences used for the amplification were as follows: U6 forward primer:
5’-ttcggcagcacatatactaa-3’ and reverse primer 5’-aatatggaacgcttcacgaa-
3’; U6 probe: 5’-ccctgcgcaaggatgaca-3’, HGF forward primer (exon 5):
5’-caatccagaggtacgctacgaa-3’ and reverse primer (exon 6) 5’-actctccccat-
tgcaggtcat-3’. U6 was used for normalization (𝛥Ct = Ct𝐻𝐺𝐹 – Ct𝑈). Rel-
ative expression levels of HGF were determined by using the formula
2−𝛥𝐶𝑡.
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2.2.7 Western blot

Cell lysates were separated on polyacrylamide gels and electroblotted
onto nitrocellulosemembranes using standard laboratory protocols. Bl-
ots were blocked in blocking buffer (TBS with 0.05% Tween 20, pH
7.6 with 5% skimmed milk), washed and incubated with primary an-
tibodies, at 4𝑜C overnight. e antibody against c-Met (C12) was pur-
chased from Santa Cruz. e antibodies against p-Met (Tyr1234/1235),
p-p44/42 MAPK (r202/Tyr204) (20G11), p-Akt (Ser473) (D9E), p-
cdc2 (Tyr15), cdc25C (5H9), andCyclinB1 (V152)were purchased from
CST. CDC2 (E53) antibodywas purchased fromEpitomics (Burlingame,
CA, USA). Immunostaining was amplified by incubation with HRP-
conjugated antibodies and chemiluminescence was detected with ECL
(Pierce, Rockford, USA).

2.2.8 MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma) was added to cells and incubated for 4 hours at 37˚ C. e
cells were centrifuged and the supernatant was removed. 200 𝜇l DMSO
(Sigma) was added to eachwell and absorptionwasmeasured at 540nm.

2.2.9 Cell cycle analysis

Cells were washed in PBS with 0.1% BSA. Hypotonic DNA staining
buffer (0.1% Sodium citrate; 0.3% Triton–x 100; 0.01% Propidium io-
dide, 0.002% Ribonuclease A) was added to the pellet and mixed well.
Acquisitionwas performedon the flowcytometer (Calibur, BDBioscien-
ces, San Jose, CA USA). e percentage of cells in each cycle phase was
determined by ModFit LT3 by using the one cell cycle analysis model.
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2.2.10 Statistical analysis

For the correlation between c-Met andHGF/EBV status, statistical anal-
ysis was performed by Fisher’s exact test. Significant differences ofMTT
results and cell cycle analysis between the groupswere determined using
a paired Student’s 𝑡-test. P values less than 0.05 were considered to be
significant. SPSS statistical soware version 16.0 (SPSS Inc., Chicago,
IL) was used for all analysis.

2.3 Results

2.3.1 c-Met and HGF expression in HL

Overall, c-Met expression was detected in more than 30% of Hoddgkin
tumor cells in 26 of the HL cases (55%), showing both cytoplasmic and
membranous staining (Figure 2.1A arrow, Table 2.1). In 14 cases (30%)
positive c-Met staining was observed in a minority of Hodgkin tumor
cells and no c-Met staining was observed in Hodgkin tumor cells of 7 of
the HL cases (15%) (Supplementary Table 2.1). Although c-Met expres-
sion can be detected in the reactive cellular background, there was no
specific pattern of c-Met expression observed between Hodgkin tumor
cells and infiltrating cells. No correlation was observed between c-Met
positivity and EBV status (Table 2.1).

HGF staining in more than 20% of Hodgkin tumor cells was detected
in 7 of the 47 HL patients (15%) albeit with varying staining intensities
(Figure 2.1B arrows, Table 2.1). Staining in less than 20% of Hodgkin
tumor cells was observed in 13 HL patients and no staining was ob-
served in Hodgkin tumor cells in 27 of the HL patients (Supplementary
Table 2.1). Furthermore, co-expression of c-Met and HGF in Hodgkin
tumor cells was found in 5 of the HL patients (Table 2.1). Reactive cells



36 e HGF/c-Met Signaling Pathway in Hodgkin Lymphoma

Table 2.1: Correlation between c-Met andHGF, EBV inHL (TMA summary).
c-Met

Positive Negative p-value
HGF

Positive 5 2 0.42*
Negative 21 19

EBV
Positive 9 4 0.33*
Negative 17 17

* Fisher exact test

 

Figure 2.1: c-Met and HGF expression in HL tissue. (A) Representative HL
case showing expression of c-Met in Hodgkin tumor cells (arrow). Expression
of c-Met in the reactive cells can also be observed. (B) Representative HL case
showing expression of HGF in Hodgkin tumor cells (arrows). Reactive cells
were also positive for HGF.
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stained positive in all HL cases, but no HGF staining was observed in
the lymphocytes directly surrounding Hodgkin tumor cells.

2.3.2 c-Met and HGF expression in HL cell lines

Using Western Blot, high c-Met expression levels were observed only
in L428, whereas a moderate level was observed in L1236 and very low
to negative levels were observed in KMH2 and U-HO1 (Figure 2.2A).
e HGF mRNA level was high in KMH2 and very low in the other
three cHL cell lines (Figure 2.2B). Consistently, HGF protein level was
high in the cell culture supernatant of KMH2 and low to negative in the
other three cHL cell lines (Figure 2.2C).

2.3.3 HGF/c-Met signaling pathway in HL cell lines

To investigate the function of the HGF/c-Met signaling pathway in HL
cell lines, we first determined the baseline expression of p-Met. P-Met
was only detected in L428, correlating with the higher expression of c-
Met (Figure 2.3A). In response to HGF stimulation, p-Met was highly
upregulated in L428 andweakly upregulated in L1236 andU-HO1, whe-
reas p-Met was not detectable in KMH2 (Figure 2.3A). erefore, L428
was selected as a HL cell line model to study the function of the signal-
ing pathway and functionality of the HGF/c-Met pathway. Upon HGF
stimulation, p-Met and its downstream substrates, p-Akt and p-Erk1/
2, were upregulated in L428 (Figure 2.3B). is upregulation was effec-
tively blocked by SU11274, a c-Met specific kinase inhibitor, with a dose
dependent effect (Figure 2.3B).
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Figure 2.2: c-Met and HGF expression in HL cell lines. (A) Baseline expres-
sion of c-Met was determined inHL cell lines L428, KMH2, L1236 andU-HO1
by WB. e c-Met level was high in L428, moderate in L1236 and very low to
negative in KMH2 and U-HO1. (B) HGF mRNA levels were measured in HL
cell lines by qRT-PCR. e HGF mRNA level was high in KMH2 and very low
in the other three HL cell lines (C) HGF protein levels in the cell culture su-
pernatant of HL cell lines was determined by ELISA. e HGF protein level
was high in the supernatant of KMH2 and low to negative in the other three
HL cell lines.
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Figure 2.3: eHGF/c-Met signaling pathway inHL cell lines. (A) p-Met level
was compared with or without HGF stimulation (100ng/ml) in HL cell lines
L428, KMH2, L1236 and U-HO1. Without HGF stimulation, constitutively
p-Met was only detected in L428. Upon HGF stimulation, p-Met was highly
upregulated in L428 and weak to negative in the other three HL cell lines. (B)
Upregulation of p-Met, p-Akt and p-Erk1/2 with HGF stimulation could be
blocked with the c-Met kinase inhibitor SU11274 in L428 cells.

2.3.4 SU11274 suppresses cell growth inHLcell line L428,
via G2/M cell cycle arrest

Although theHGF/c-Met signaling pathway has been known to regulate
cell growth, HGF stimulation in L428 had no effect on cell growth (data
not shown). Based on its high endogenous c-Met level and the pres-
ence of constitutively active c-Met in L428, the c-Met kinase inhibitor
SU11274 is expected to suppress cell growth in L428. We indeed ob-
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served significant suppression of cell growth by SU11274 at the con-
centration of 2.5 𝜇M (p<0.001) and 5 𝜇M (p<0.001), showing a dose
dependent effect (Figure 2.4).

To investigate the cause of cell growth suppression, the effect of SU11274
on apoptosis and cell cycle progression was analyzed in L428. ere was
no increase in the percentage of apoptotic cells as determined byDiOC6
staining (measurement of the change in mitochondrial membrane po-
tential) aer 24 hours incubation with SU11274 (data not shown).

Figure 2.4: Effect on cell growth ofHGF/c-Met signaling pathway inHL. L428
cells were grown in the presence of increasing concentrations of SU11274 (0,
1, 2.5 and 5 𝜇M) for three days, and the effect on cell growth was assayed by
MTT. Cell growth compared with control is significantly decreased (p <0.001)
at 2.5 𝜇M and 5 𝜇M SU11274.

Of interest, SU11274 promoted G2/M cell cycle arrest. Aer 24 hours,
the percentage of cells in G2/M phase increased from 15% in control
cells up to 52% in SU11274 (2.5 𝜇M) treated cells (p<0.05) (Figure 2.5A,
B).is effect was stronger either at a higher concentration (5𝜇M) (data
not shown) or aer incubation for a longer time (48 hours or 72 hours)
(Figure 2.5A, supplementary Figure 2.1A), indicating a dose and time
dependent effect. Aer 48 and 72 hours a population of tetraploid cells
appeared (Figure 2.5A). Washing of the cells aer induction of G2/M
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Figure 2.5: Effect of the HGF/c-Met signaling pathway on cell cycle progres-
sion in HL cells. (A) cell cycle distribution of SU11274 (2.5 𝜇M) treated L428
cells show G2/M cell cycle arrest. Tetraploid cells with 8N DNA content can be
observed aer 48 hours and 72 hours incubation with SU11274. (B) G2/M cell
cycle arrest induced by SU11274 aer 24 hours could be recovered by washing
SU11274 away from the arrested cells and incubation in normal medium for
24 hours, showing a normal cell cycle distribution. (C) Inhibition of MEK1/2
with UO126 (25 𝜇M) for 72 hours resulted in G2/M cell cycle arrest, whereas
treatment with Erk1/2 inhibitor (20 𝜇M) for 72 hours revealed upregulation of
cells in G0/G1 and G2/M phase of the cell cycle. (D) Inhibition of PI3K with
LY294002 (25 𝜇M) for 72 hours induced G2/M cell cycle arrest in L428 cells,
whereas treatment with Akt inhibitor (500 nM) and inhibition of mTOR with
Rapamycin (10ng/ml) for 72 hours resulted in upregulation of cells in the G0/
G1 phase.
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cell cycle arrest, resulted in the recovery of cell cycle progression aer
24 hours (G2/M cells 24%) and 48 hours (G2/M cells 20%), indicating
that G2/M cell cycle arrest was reversible (Figure 2.5B, supplementary
Figure 2.1A).

2.3.5 Mechanismof G2/M cell cycle arrest with SU11274
in HL cell line L428

To investigate downstream substrates involved in the G2/M cell cycle
arrest with SU11274 we analyzed the PI3K/Akt and MAPK signaling
pathways. Both play a role in cell cycle regulation and inhibition of
these signaling pathways could lead to cell cycle deregulation similar to
the effect of SU11274 inhibition. Aer incubation for 72 hours, UO126,
a specific MEK1/2 inhibitor, induced an increase in G2/M from 18% in
untreated cells to 35% in treated cells (p<0.05); and the Erk1/2 inhibitor
upregulated both G0/G1 and G2/M from 36% and 18% respectively in
untreated cells to 52% and 25% in treated cells (Figure 2.5C, supple-
mentary Figure 2.2A). ese results indicated that the MAPK signaling
pathway via MEK1/2 and Erk1/2 is at least partially responsible for the
G2/M cell cycle arrest induced by c-Met inhibition. Aer incubation for
72 hours, LY294002, a specific PI3K kinase inhibitor, the percentage of
L428 cells in G2/M phase increased from 18% in untreated cells to 58%
in LY294002 treated cells (p<0.01) (Figure 2.5D, supplementary Figure
2.2B). However, inhibition of the PI3K downstream signaling compo-
nents, Akt or mTOR, induced upregulation of G0/G1, rather than G2/
M cell cycle arrest (figure 2.5D, supplementary Figure 2.2B).

Cell cycle progression is regulated by cell cycle checkpoints and involves
many cell cycle regulators. Some cell cycle regulators that have been
shown to regulate the G2/M cell cycle checkpoint, including cyclin B1,
CDC2, p-CDC2 (Tyr15), and CDC25c were tested by Western blot. Af-
ter 24 hours incubation with SU11274, no obvious changes were ob-
served for these cell cycle regulators (data not shown).
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2.4 Discussion

Deregulation of the HGF/c-Met signaling pathway has been implicated
in the pathogenesis of many cancers, disrupting fundamental biologi-
cal processes, e.g. cell cycle, survival, adhesion and migration [5, 16].
In this study, we demonstrated that c-Met was detected in Hodgkin tu-
mor cells in half of the HL cases, and co-expression of HGF and c-Met
in Hodgkin tumor cells was found in 5 HL cases (11%). Furthermore,
we demonstrated that the HGF/c-Met signaling pathway controls cell
growth and cell cycle progression in the L428 HL cell line.

Previously, expression of c-Met and HGF has been studied in HL pa-
tients and cell lines [10-13]. One study showed a correlation of c-Met
expression with EBV-positivity in a small cohort [10], while c-Met was
detected in Hodgkin tumor cells of all HL cases independent of EBV
status in a larger study [11]. We showed c-Met expression in half of HL
cases and no correlation with EBV status. e lower percentage of c-
Met positive HL cases is likely dependent on our relative strict criteria
for scoring, while the scoring criteria are unclear in the previous study
[11]. HGF expression was reported in infiltrating cells in HL tissues,
and was elevated in serum of patients at diagnosis and relapse com-
pared to healthy donors and patients in remission [11]. In our study,
HGF expression was detected in Hodgkin tumor cells in some of the
HL cases, as well as in a variable percentage of the infiltrating cells in all
cases. Production of HGF by KMH2 cells further indicates the capacity
of Hodgkin tumor cells to express HGF. Taken together, co-expression
of c-Met andHGF inHodgkin tumor cells suggests that autocrinemech-
anisms of the HGF/c-Met signaling pathway may exist in a minority of
the HL patients. In all patients, paracrine activation of c-Met is possibly
involved in the pathogenesis of HL.

c-Met expression was detected in four HL cell lines, although at very
low levels in U-HO1 and KMH2. e expression of c-Met can be reg-
ulated by MET gene amplification, transcriptional regulation, or MET
gene mutations affecting the c-Met protein stability [16]. Re-analysis
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of our previously reported array-CGH data showed that L428 contains
a duplication of the MET gene, KMH2 shows a heterozygous deletion,
whereas L1236 and U-HO1 have a normal copy number [15, 17]. e
MET copy numbers are in line with the c-Met expression levels detected
by Western blot in this study. HGF was detected in KMH2 and not or at
very low levels in the other HL cell lines, however, p-Met was only de-
tected in L428, indicating that the baseline p-Met expression in HL cell
lines is not related to HGF binding to the c-Met receptor. Since c-Met
activation (as assessed by phosphorylation) can be a result of overex-
pression, gene amplification, or activating mutations [4, 18], the consti-
tutively activation of c-Met in L428 can result from the duplication of
the MET gene and overexpression of c-Met protein.

Upon stimulationwithHGF, c-Met phosphorylation is upregulated, the-
reby activating its downstream signaling pathway, as shown by the up-
regulation of p-Akt and p-Erk1/2 known to regulate cell proliferation,
cell cycle and survival. Previously, p-Erk1/2 and p-Akt have been found
to be constitutively activated in HL [20-21], which has been attributed
to CD30 and CD40, as well as other RTKs. Based on our results, is can
be concluded that also c-Met might contribute to the constitutive acti-
vation of p-Erk1/2 and p-Akt in Hodgkin tumor cells.

eHGF/c-Met signaling pathway has been implicated in the regulation
of proliferation in lung cancer [7], mesothelioma [8], melanoma [9] and
multiple myeloma [22], but not in diffuse large B cell lymphoma [19].
However, no effect on cell growth by HGF stimulation was observed
in L428 cells. is could be the result of redundant RTKs expression
and other receptors that might dictate cell growth in HL. For instance,
expression of platelet derived growth factor receptor-𝛼 (PDGFRA), ep-
ithelial discoidin domain containing receptor 2 (DDR2), macrophage
stimulating protein receptor (MSPR), neurotrophic tyrosine kinase re-
ceptor, type 1 (TRKA) and neurotrophic tyrosine kinase receptor, type
2 (TRKB) have been found in HL patient tissues and HL cell lines [3],
whereas these RTKs are rarely seen in other lymphomas, except pri-
mary mediastinal B-cell lymphoma [23]. Moreover, inhibition of the
PDGFRA and TRKA signaling pathways resulted in suppression of cell
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growth, similar to the effect of c-Met inhibition, in HL cell lines [3, 24],
supporting the role of these RTKs to regulate cell growth inHL cell lines.

We showed that SU11274 can block the HGF/c-Met signaling pathway
and suppress cell growth of L428 cells. Surprisingly, G2/M cell cycle ar-
rest, even the formation of tetraploid cells, was induced by c-Met inhibi-
tion with SU11274. SU11274 can induce G0/G1 cell cycle arrest in dif-
ferent cancer cell lines [25-27], but G2/M arrest has not been observed.
MEK1/2 inhibition by UO126 also results in G2/M cell cycle arrest in
HL cell lines L428, KMH2 and HDMYZ [21], in concordance with our
results. InHDLM2, inhibition byUO126 did not induceG2/M cell cycle
arrest [21] whereas PI3K inhibition induced apoptosis and G0/G1 ar-
rest [20]. Since this is a T-cell derivedHL cell line, these findings can not
be compared to L428. Akt and mTOR inhibition result in upregulation
of G0/G1, whereas inhibition of Erk1/2 upregulates both G0/G1 and
G2/M. To further analyze the involvement of cell cycle regulators we
checked several downstream proteins, but did not find changes in the
G2/M cell cycle checkpoint regulators cyclinB1, cdc2, p-cdc2 (Tyr15)
and cdc25c. Since p53 is mutated in L428 [28], the status of p53 and
p21 was not studied. e mechanisms regulating cell cycle progression
are very complicated, not only involving the protein level and phospho-
rylation status of cell cycle regulators, but also the subcellular location.
For example, phosphorylation of cyclin B1 at Ser147 and/or Ser133 is
required for cdc25 and subsequent cdc2/cyclin B1 translocation and ac-
tivation [29]. Further work is warranted to unravel the mechanisms of
G2/M cell cycle arrest by SU11274 in L428.

In conclusion, our study showed expression of c-Met in Hodgkin tu-
mor cells in 55% of the HL cases. Activation of c-Met in a HL cell line
revealed enhanced cell growth and cell cycle progression by activation
of the HGF/ c-Met signaling pathway. us, this study provides new
insights in the pathogenesis of HL and implicates the HGF/c-Met sig-
naling pathway as a potential therapeutic target.



46 e HGF/c-Met Signaling Pathway in Hodgkin Lymphoma

References

1. Kanzler, H. Kuppers, R. Hansmann, ML. et al. Hodgkin and Reed-
Sternberg cells in Hodgkin’s disease represent the outgrowth of a domi-
nant tumor clone derived from (crippled) germinal center B cells. J. Exp.
Med. 1996; 184: 1495-1505.

2. Brauninger, A. Molecular biology of Hodgkin and Reed/Sternberg cells in
Hodgkin’s lymphoma. Int. J. Cancer 2006; 118: 1853-1861.

3. Renne, C. Willenbrock, K. Kuppers, R. et al. Autocrine and paracrine
activated receptor tyrosine kinases in classical Hodgkin lymphoma. Blood
2005; 105: 4051-4059.

4. Ma, PC. Maulik, G. Christensen, J. et al. c-Met: structure, functions
and potential for therapeutic inhibition. Cancer Metastasis Rev. 2003; 22:
309-325.

5. Comoglio, PM. Giordano, S. Trusolino, L. Drug development of MET
inhibitors: targeting oncogene addiction and expedience. Nat. Rev. Drug
Discov. 2008; 7: 504-516.

6. Sattler, M. Pride, Y. Ma, P. et al. A Novel Small Molecule Met Inhibitor
Induces Apoptosis in Cells Transformed by the Oncogenic TPR-MET Ty-
rosine Kinase. Cancer Res 2003; 63: 5462-5469.

7. Ma, PC. Jagadeeswaran, R. Jagadeesh, S. et al. Functional Expression
and Mutations of c-Met and Its erapeutic Inhibition with SU11274 and
Small Interfering RNA in Non-Small Cell Lung Cancer. Cancer Res 2005;
65: 1479-1488.

8. Jagadeeswaran, R. Ma, PC. Seiwert, TY. et al. Functional Analysis of
c-Met/Hepatocyte Growth Factor Pathway in Malignant Pleural Mesothe-
lioma. Cancer Res 2006; 66: 352-361.

9. Puri, N. Ahmed, S. Janamanchi, V. et al. c-Met Is a Potentially New
erapeutic Target for Treatment of Human Melanoma. Clin. Cancer Res
2007; 13: 2246-2253.

10. Weimar, I. de Jong, D. Muller, E. et al. Hepatocyte Growth Factor/Scat-
ter Factor Promotes Adhesion of Lymphoma Cells to Extracellular Matrix



Tumor Cell Survival Strategies in Hodgkin Lymphoma 47

Molecules Via alpha 4beta 1 and alpha 5beta 1 Integrins. Blood 1997; 89:
990-1000.

11. Teofili, L. Di Febo, AL. Pierconti, F. et al. Expression of the c-met proto-
oncogene and its ligand, hepatocyte growth factor, in Hodgkin disease.
Blood 2001; 97: 1063-1069.

12. Jucker, M. Gunther, A. Gradl, G. et al. e Met/hepatocyte growth factor
receptor (HGFR) gene is overexpressed in some cases of human leukemia
and lymphoma. Leuk. Res. 1994; 18: 7-16.

13. Pons, E. Uphoff, CC. Drexler, HG. Expression of hepatocyte growth factor
and its receptor c-met in human leukemia-lymphoma cell lines. Leuk. Res.
1998; 22: 797-804.

14. Drexler, HG. Recent results on the biology ofHodgkin andReed-Sternberg
cells. II. Continuous cell lines. Leuk. Lymphoma 1993; 9: 1-25.

15. Mader, A. Bruderlein, S. Wegener, S. et al. U-HO1, a new cell line de-
rived from a primary refractory classical Hodgkin lymphoma. Cytogenet.
Genome Res. 2007; 119: 204-210.

16. Birchmeier, C. Birchmeier, W. Gherardi, E. et al. Met, metastasis, motility
and more. Nat. Rev. Mol. Cell Biol. 2003; 4: 915-925.

17. Kluiver, J. Kok, K. Pfeil, I. et al. Global correlation of genome and
transcriptome changes in classical Hodgkin lymphoma. Hematol. Oncol.
2007; 25: 21-29.

18. Jeffers, M. Fiscella, M. Webb, C. et al. e mutationally activated Met
receptor mediates motility and metastasis. Proc. Natl Acad. Sci. USA
1998; 95: 14417-14422.

19. Tjin, E. Groen, R. Vogelzang, I. et al. Functional analysis of HGF/MET
signaling and aberrant HGF-activator expression in diffuse large B-cell
lymphoma. Blood 2006; 107: 760-768.

20. Georgakis, GV. Li, Y. Rassidakis, G. et al. Inhibition of the phosphatidyli-
nositol-3 kinase/Akt promotes G1 cell cycle arrest and apoptosis in Hodg-
kin lymphoma. Br. J. Haematol. 2006; 132: 503-511.

21. Zheng, B. Fiumara, P. Li, Y. et al. MEK/ ERK pathway is aberrantly
active in Hodgkin disease: a signaling pathway shared by CD30, CD40,
and RANK that regulates cell proliferation and survival. Blood 2003; 102:
1019-1027.



48 e HGF/c-Met Signaling Pathway in Hodgkin Lymphoma

22. Derksen, PWB. de Gorter, DJJ. Meijer, HP. et al. e hepatocyte growth
factor//Met pathway controls proliferation and apoptosis in multiple mye-
loma. Leukemia 2003; 17: 764-774.

23. Renne, C. High expression of several tyrosine kinases and activation of the
PI3K/AKT pathway in mediastinal large B cell lymphoma reveals further
similarities to Hodgkin lymphoma. Leukemia 2007; 21: 780-787.

24. Renne, C. Minner, S. Kuppers, R. et al. Autocrine NGFbeta/TRKA sig-
nalling is an important survival factor for Hodgkin lymphoma derived cell
lines. Leuk. Res. 2008; 32: 163-167.

25. Berthou, S. Aebersold, D. Schmidt, L. et al. e Met kinase inhibitor
SU11274 exhibits a selective inhibition pattern toward different receptor
mutated variants. Oncogene 2004; 23: 5387-5393.

26. Ganapathipillai, S. Medova, M. Aebersold, D. et al. Coupling of Mutated
Met Variants to DNA Repair via Abl and Rad51. Cancer Res. 2008; 68:
5769-5777.

27. Sattler, M. Pride, Y. Ma, P. et al. A Novel Small Molecule Met Inhibitor
Induces Apoptosis in Cells Transformed by the Oncogenic TPR-MET Ty-
rosine Kinase. Cancer Res. 2003; 63: 5462-5469.

28. Janz, M. Stuhmer, T. Vassilev, LT. Bargou, RC. Pharmacologic activation
of p53-dependent and p53-independent apoptotic pathways in Hodgkin//
Reed-Sternberg cells. Leukemia 2007; 21: 772-779.

29. Toyoshima-Morimoto, F. Taniguchi, E. Shinya, N. et al. Polo-like kinase
1 phosphorylates cyclin B1 and targets it to the nucleus during prophase.
Nature 2001; 410: 215-220.



Tumor Cell Survival Strategies in Hodgkin Lymphoma 49

Supplementary Table 2.1: IHC results of c-Met and HGF in HL TMA.
cases subtype EBV status % of c-Met+ % of HGF+

Hodgkin tumor cells Hodgkin tumor cells
1 NS - 100 100
2 NS + 100 7
3 NS + 100 0
4 NS + 100 0
5 NS - 100 0
6 NS - 100 0
7 MC - 100 0
8 MC - 100 0
9 NS + 96 96
10 MC + 86 40
11 NS + 83 6
12 NS - 80 0
13 NS - 79 0
14 NS - 72 0
15 NS - 70 0
16 NS - 67 0
17 NS - 60 0
18 MC + 54 10
19 NS - 50 27
20 NS + 40 18
21 NS - 40 4
22 NS + 38 24
23 NS - 38 0
24 NS - 38 0
25 NS - 33 8
26 NS - 30 17
27 NS + 26 0
28 NS - 20 5
29 NS - 17 70
30 NS + 17 0
31 NS - 17 0
32 NS - 17 0
33 NS - 14 9
34 NS - 13 4
35 NLP - 13 0
36 NS + 9 0
37 NS - 8 0
38 NS - 5 0
39 NS + 4 0
40 NS - 2 2
41 NS - 0 100

to be continuoued
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IHC results of c-Met and HGF in HL TMA (Continoued).
cases subtype EBV status % of c-Met+ % of HGF+

Hodgkin tumor cells Hodgkin tumor cells
42 NLP - 0 17
43 NS - 0 5
44 NS - 0 0
45 NS - 0 0
46 NS - 0 0
47 NS - 0 0

NS: nodular sclerosis; MC: mixed cellularity;
NLP: nodular lymphocyte predominant; For EBV cases are scored as + or -.
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