
PAX5 is expressed in small-cell lung cancer and
positively regulates c-Met transcription
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PAX5 is a nuclear transcription factor required for B cell development, and its expression was evaluated in upper
aerodigestive malignancies and pancreatic cancer by immunoblotting. The PAX5 protein expression was relatively strong
in small-cell lung cancer (SCLC, 11/12); however, its expression was not detected in non-SCLC (NSCLC, n¼ 13), me-
sothelioma (n¼ 7), pancreatic (n¼ 6), esophageal (n¼ 6) and head and neck cancer cell lines (n¼ 12). In comparison,
PAX8 and PAX3 expressions were absent or non-detectable in SCLC cell lines; however, PAX8 was expressed in most of
the tested NSCLC cell lines (13/13) and also frequently in all the other cell lines. We also detected frequent expressions of
PAX2 and PAX9 protein in the various cell lines. Utilizing neuroendocrine tumor samples, we found that the frequency as
well as the average intensity of the expression of PAX5 increased from pulmonary carcinoid (9%, moderate and strong
PAX5 expression, n¼ 44), to large-cell neuroendocrine carcinoma (LCNC, 27%, n¼ 11) to SCLC (33%, n¼ 76). FISH analysis
revealed no translocations of the PAX5 gene, but polyploidy in some SCLC tumor tissues (6/37). We determined that PAX5
could regulate the transcription of c-Met using luciferase-coupled reporter and chromatin immunoprecipitation analysis.
In addition, the phospho-c-Met (active form) and PAX5 were both localized to the same intra-nuclear compartment in
hepatocyte growth factor treated SCLC cells and interacted with each other. Finally, we determined the therapeutic
translational potential of PAX5 using PAX5 knockdown SCLC cells in conjunction with Topoisomerase 1 (SN38) and c-Met
(SU11274) inhibitors. Loss of endogenous PAX5 significantly decreased the viability of SCLC cells, especially when
combined with SN38 or SU11274, and maximum effect was seen when both inhibitors were used. Therefore, we propose
that PAX5 could be an important regulator of c-Met transcription and a potential target for therapy in SCLC.
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It is estimated that there will be over 214 000 patients diag-
nosed with lung cancer in 2008, and over 160 000 patients
will die of this disease in the United States.1 Lung cancer can
usually be divided into small-cell lung cancer (SCLC) and
non-SCLC (NSCLC) with histological subtypes including
adenocarcinoma, bronchioloalveolar carcinoma, squamous
cell carcinoma and large-cell carcinoma. The overall 5-year
survival of NSCLC, which accounts for 85% of all lung
cancers, is 16%. Moreover, SCLC comprises 14% of all lung
cancers and the prognosis is only 6% over 5 years. Even with
the most current therapeutic agents, the response is relatively
poor in a majority of the patients.1 In order to further
identify potential therapeutic targets in lung cancer, we

examined the expression profile and the role of PAX genes, in
particular PAX5 (also known as B cell-specific activator
protein) in lung cancer.

PAX (paired box) genes are a family of nine nuclear
transcription factors that play a crucial and indispensable
role, in various developmental programs, both in vertebrates
and invertebrates. All the PAX genes have the characteristic
paired domain that is essential for specific DNA binding and,
in addition, some have either an octapeptide region or a
homeodomain or both. The later two appear to be essential
for protein–protein interactions. In humans, all the nine PAX
genes are expressed during various stages of embryogenesis
and development. In adults, most of the PAX genes are silent;
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however, they become selectively active during tissue repair
and regeneration. Interestingly, several of the PAX genes have
been reported to be expressed in various cancers and are
likely to contribute to the overall tumorigenesis. Usually,
expressions of the PAX genes in cancers appear to be related
to tissue lineage thereby suggesting a process of dediffer-
entiation.2 In this study, we have examined the expression of
PAX5 protein and compared it with the expression of other
PAX proteins such as PAX 2, 8 and 9.

PAX5 is expressed normally in the developing brain at the
boundary of the mid and hind brains and neural tubes. It is
essential for B cell development; and its expression has been
noted at all stages of B cell development except in the
terminally differentiated plasma cells. PAX5 knockout mice
predictably lack B cells and therefore any humoral im-
munity.3 In addition, they also have defective inferior colli-
culus and anterior cerebellum. Significant PAX5 expression
has been noted in most of the B cell lymphomas (B cell
chronic lymphocytic leukemia, mantle cell leukemia and
follicular lymphoma); however, the T and null-cell lympho-
mas, as well as plasmacytomas and multiple myeloma lack
the PAX5 expression.4 The deregulated expression of PAX5
has also been noted in pediatric cancers such as medullo-
blastomas, and its expression in normal cells is correlated
inversely with neuronal differentiation.5 Most importantly,
significant PAX5 expression has been noted in tumors of
neuroendocrine origin such as neuroblastoma and SCLC.6

PAX5 was found to be over expressed in aggressive neuro-
blastoma (N-type) as opposed to the less aggressive S-type. A
similar scenario has been reported with respect to highly
metastatic SCLC cell lines. Significant amounts of PAX5
transcripts were found to be present in several SCLC cell lines
but not in NSCLC cell lines.6 As the enforced expression of
PAX5 in neuroblastoma S-type cells confers on them a more
oncogenic phenotype, and because the PAX5 knockdown
results in a significant loss in cell viability, PAX5 is believed to
not only support cancer cell survival but also contribute to
metastasis.

Mechanisms underlying metastasis are extremely complex
and the contributing factors could be many. The receptor
tyrosine kinase (RTK) c-Met is known to play a significant
role in cell motility and tumor metastasis.7 We and others
have shown that c-Met is over expressed in SCLC and plays a
significant role in lung tumorigenesis and metastasis.8–10

PAX3 is known to regulate transcription of c-Met in limb
muscle in which both are expressed. PAX3 and its oncogenic
fusion product PAX3-FKHR are both known to positively
regulate the transcription of c-Met.11 It is not known whether
PAX5 expressed in SCLC also enhance c-Met transcription.
Therefore, we examined the PAX5 protein expression in
SCLC tumor tissues and its role in the regulation of c-Met
expression.

In this study, using cell line panels that represent SCLC and
other cancers, we show that the PAX5 protein expression
is restricted to SCLC cell lines and its expression is not

detectable in NSCLC, pancreatic, mesothelioma, head and
neck and esophageal cancer cell lines. In comparison, PAX8
protein was expressed in NSCLC but not SCLC cell lines;
however, its expression was seen with varying frequency in
other cancer cell lines. We also show here that the PAX5
protein expression increased from carcinoid to large cell to
SCLC tumors, suggesting a positive correlation between in-
tensity and frequency of the PAX5 expression and metastatic
potential. In addition, we show that PAX5 is a direct tran-
scriptional activator of the RTK c-Met. The results presented
here show PAX5 to be associated temporally and spatially
with c-Met and thus, it can serve as a potential therapeutic
target in SCLC.

MATERIALS AND METHODS
Antibodies and Other Reagents
PAX 2, 5, 8 and 9 polyclonal antibodies were from Abcam
(Cambridge, MA) and PAX5 monoclonal antibody was from
BD Biosciences (Franklin Lakes, NJ). The phospho-specific
(pY1230/1234/1235) anti-c-Met rabbit polyclonal was from
Biosource (Carlsbad, CA), and the rabbit polyclonal against
Ron-b and the mouse monoclonal against Topoisomerase 1
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). SU11274 (3Z)-N-(3-Chlorophenyl)-3-((3,5-dimethyl-
4-((4-methylpiperazin-1-yl)carbonyl)-1H-pyrrol-2-yl)methy-
lene)-N-methyl-2-oxo-2,3-dihydro-1H-indole-5-sulfonamide,
the c-Met small molecule inhibitor was from EMD Calbio-
chem (San Diego, CA) and SN38, the active metabolite of the
topoisomerase 1 inhibitor irinotecan was purchased from the
American Custom Chemicals corporation (San Diego, CA).
A set of four different small interfering RNAs (siRNAs) spe-
cific for PAX5 and the control RNA were purchased from
Qiagen (Cambridge, MA).

Cell Lines
The SCLC, NSCLC, mesothelioma, esophageal, pancreatic
and head and neck cancer cell lines were obtained from the
American Type Culture Collection (Manassas, VA) and were
cultured in RPMI 1640 medium (Gibco/BRL) supplemented
with 10% (v/v) fetal bovine serum supplemented with
L-glutamine and 1%(v/v)penicillin–streptomycin at 371C
with 5% CO2.

Cell lysis and Immunoblotting
Whole cell lysates were prepared in RIPA lysis buffer (50mM
Tris (pH 8.0), 150mM Nacl, 10%glycerol, 1% NP-40, 0.5%
Sodium deoxycholate, 0.1% SDS and 0.42% NaF) containing
protease inhibitors (1mM phenylmethylsulfonyl fluoride,
1mM Na3VO4, 5 mg/ml leupeptin).12 Protein concentrations
were determined using the Bradford Assay, and 60–80 mg
protein lysates were separated by 10% SDS-PAGE under re-
ducing conditions and transferred to PVDF membranes
(Millipore, Bedford, MA). The membranes were blocked in
5% non-fat dried milk, freshly made in TBST. Proteins were

PAX5, c-Met and lung cancer

R Kanteti et al

302 Laboratory Investigation | Volume 89 March 2009 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


detected by immunoblotting using an enhanced chemilu-
minescense reagent (Boston Bioproducts, Worcester, MA).12

Immunoprecipitation Experiment
H249 and H69 (SCLC) cells were lysed in a mild detergent,
and immunoprecipitations with anti-c-Met, anti-PAX5 and
normal mouse IgG were carried out as described earlier.12

The immune complexes were then collected and the proteins
separated and probed by immunoblotting as described above.

Plasmids and Vectors
MET promoter linked to luciferase reporter
A fragment of the MET promoter (�535 to �172 upstream
of the transcriptional start site) was amplified from normal
human genomic DNA and subcloned into pGL2-basic vector
(Promega, Madison, WI) to create the reporter plasmid wt
hMET pm. The MET1 (see Figure 5a) consensus site for
paired protein binding was mutated by site-directed muta-
genesis, replacing the sequence GTCCCGC to ACTAGTC,
thereby destroying the MET1 site and creating a SpeI
restriction site (hMET pm D). The human PAX5 expression
construct was kindly provided by Dr Meinrad Busslinger
(Research Institute of Molecular Pathology, Austria). HEK
293T cells were transfected with either wt hMET pm or
hMET pm, D reporter constructs, an internal control
b-galactosidase expressing construct pCMV (Clontech,
Mountain View, CA) and the presence or absence of PAX5
expressing construct. The total amount of DNA transfected
was kept constant by the addition of pBluescript plasmid
(Stratagene, Cedar Creek, TX). Cells were transfected
according to the manufacturer’s protocols (Effectene reagent,
Qiagen). After 48h post-transfection, luciferase and b-galacto-
sidase assays (Promega) were performed. Luciferase activity was
normalized to b-galactosidase activity levels as an internal
control. All experiments were performed in triplicate.13

Chromatin Immunoprecipitation (ChIP) Assay
H69 cell suspensions were fixed in 1% formaldehyde and
quenched in 0.125M glycine, then processed according to the
manufacturer’s protocol (Upstate Biotechnology, Lake Placid,
NY). For immunoprecipitation of PAX5–DNA complexes,
1 ml of mouse monoclonal antibody (BD Biosciences) was
added per experimental reaction. A non-specific antibody,
normal IgG (Sigma), was used as a negative control against
non-specific DNA precipitation by an antibody.13 Nested
PCR was performed with primers to the Met enhancer, first
with TCCGCCTCTAACAATGAACTCC (F) and AAGG
TGAAACTTTCTAGGTGG (R) then a second PCR
reaction with primers TGCCCAAATCTCTCTAAACCC (F)
and AAGTTTTCTCGCCCTGGCTGCG. All chromatin
immunoprecipitation (ChIP) samples were tested for false-
positive PCR amplification using primers that amplify
sequence from within the fourth large coding exon of
the b-tubulin gene to control against genomic DNA
contamination. The nested primer set for this control was

AAAGGCCACTACACAGAGGG (F) and TACCAACTGAT
GGACGGAGAGG (R) for the first PCR reaction, then
TTGATTCTGTCCTGGATGTGG (F) and TCAGACACTTT
GGGTGAAGGC(R) for the second PCR round. For the first
PCR reaction, 10% of the ChIP sample was utilized as tem-
plate. For the nested second reaction, 5% of the first PCR
reaction was used as template.

Transfection with Small Interfering RNA (siRNA)
Four different siRNAs targeting human PAX5 mRNA were
obtained from Qiagen and pooled the PAX5 expression to
silence. For each experiment, 4� 105 cells/well were plated in
6-well plates and transfected with 100 nM siRNA (cocktail)
or scrambled control RNA (scRNA) for 96 h using HiPerfect
Transfection Reagent according to the manufacturer’s in-
structions (Qiagen). After 96 h incubation with siRNA, the
cell lysates were prepared using RIPA lysis buffer.

Immunofluorescence and Confocal Microscopy
Cells were grown in a medium devoid of FBS on glass cover
slips (coated with polylysine) in 6-well plates overnight. They
were treated with hepatocyte growth factor (HGF) (40 ng/ml)
for various times and fixed in paraformaldehyde (3.7%) in
PBS for 15min at 371C, and then permeabilized with Triton
X-100 in PBS (0.1%) for 10min at room temperature. Fixed
cells were washed twice with ice-cold PBS and once with PBS
containing Triton X-100. They were then incubated with
primary antibodies in 1% BSA for 1 h followed by three
washes with PBS. Further incubation with the appropriate
secondary antibodies conjugated with fluorescein (CY3 and
CY5) followed. After washes, the samples were mounted in
Vectashield.

DNA Extraction from Paraffin-Embedded Tissue
Three 10 mM-thick sections were cut from each paraffin-
embedded tissue block and placed into a microcentrifuge
using clean forceps. The microtome blade, tweezers and other
equipments that could come into contact with the sample
were sterilized carefully before processing each tissue block.
Care was taken to minimize cross contamination. DNA ex-
traction was carried out according to Sato et al, with minor
modifications.14

Tissue Microarrays (TMAs)
TMAs were assembled at the University of Chicago, Chicago,
IL and The Methodist Hospital, Houston, TX. For the TMA,
44 carcinoids, 76 SCLC and 11 large-cell neuroendocrine
carcinoma (LCNC) were identified from tissue archives. A
minimum of three tissue cores with a diameter of 1mm was
arrayed into a recipient block using an automated tissue
microarrayer ATA-27 (Beecher Instruments, Sun Prairie, WI).
All tissues were obtained under protocols approved by ap-
plicable IRBs and they were used for PAX5 staining.
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TMA paraffin sections were deparaffinized in xylene, re-
hydrated through graded ethanol solutions to distilled water
and then washed in Tris-buffered saline. Antigen retrieval was
carried out by heating sections in ETDA buffer (pH¼ 9) for
15min in a microwave oven. Endogenous peroxidase activity
was quenched by incubation in 3% H2O2 in methanol for
5min. Non-specific binding sites were blocked using Protein
Block (DAKO, Carpinteria, CA) for 20min. Then the tissue
sections were incubated for 1 h at room temperature with the
mouse monoclonal antibody against PAX5 (clone 24, 1:25
dilution, BD Biosciences). This step was followed by 30min
incubation with goat anti-mouse IgG conjugated to a
horseradish peroxidase-labeled polymer (Envisiontþ Sys-
tem, DakoCytomation, Carpinteria, CA). Slides were then
developed for 5min with 3-30-diaminobenzidine chromogen,
counterstained with hematoxylin. Negative controls were
performed by substituting the primary antibody step with
non-immune mouse immunoglobulins. Scoring of the im-
munostaining intensity in the nuclei was performed as fol-
lows: 0, no staining; 1þ , weak staining; 2þ , moderate
staining; and 3þ , strong staining (as high as seen in normal
B cells used as internal positive control).

FISH Analysis
FISH on paraffin-embedded tissue sections was performed,
as described earlier,15,16 using probes that were constructed
by random priming (Bioprime, Invitrogen, Carlsbad, CA) of
purified DNA from bacterial artificial chromosomes RP11-
1009K17, RP11-844C13, RP11-591B19, RP11-12P15, RP11-
614P24, RP11-397D12, RP11-660F1 and RP11-643F16 that
flank the PAX5 gene. Briefly, bacterial artificial chromosomes
with DNA inserts immediately upstream and downstream of
the PAX5 gene were differentially labeled with dCTP-biotin
(Bioprime) or dUTP-digoxigenin (Roche, Nutley, NJ),
hybridized against small-cell carcinoma tissues that were
digested with Digest-All 3 (Zymed) and reacted with
Streptavidin-Alexa594 (Molecular Probes, Carlsbad, CA) and

anti-digoxigenin-fluorescein (Roche) in the presence of CAS
block (Zymed, San Francisco, CA) for detection. All bacterial
artificial chromosome probes hybridized to the PAX5 locus at
9p13 on metaphase spreads from normal human lympho-
cytes (unpublished data). Hybridizations were visualized on a
Ziess Axioplan2 ie, microscope with Zeiss Neofluar and
ApoFluar objectives and a megapixel CCD camera using
Metasystems software (Metasystems, GmbH, Altlussheim,
Germany).

Sequencing and Mutation Analysis of PAX5
The individual exons of PAX5 in genomic DNA were am-
plified by Multiplex PCR reagent (Qiagen, Hilden, Germany).
In each multiplex, PCR reaction up to four sets of amplifi-
cation primers were used. For DNA isolated from the par-
affin-embedded tissue, the amplicon size was kept at
o500 bp. PCR was performed in 15 ml volumes containing
1� buffer, 200 nM of each primer and 100–200 ng of tem-
plate DNA. Genomic DNA obtained from cell line or of ar-
chival formalin-fixed, paraffin-embedded tumor tissue was
used as template. Primer cocktails were prepared from 50 mM
stock solutions. PCR profile: 951C for 15min, then 35 cycles
of 941C for 30 s, 601C for 1min and 721C for 1min, followed
by one cycle of 721C for 10min. PCR products were treated
with ExoSAP-IT (USB Corp., Cleveland, OH) and sequenced
employing Big Dye Terminator Chemistry (Applied Biosys-
tems, Weiterstadt, Germany). Sequencing was performed on
the forward coding strand. Confirmation of nucleotide al-
terations was performed by repeating PCR followed by se-
quencing the forward and reverse strands. Chromatograms
were analyzed for mutations using Mutation Surveyor v2.61
(Softgenetics, State College, PA). The nucleotide positions
numbering is relative to the first base of the translational
initiation codon according to the full-length PAX5 cDNA
(CCDS 6607.1).

PAX5 PCR-Amplification Primers

Exon # Forward (50–30) Reverse (50–30)

1 GGCTTGAATTATTCCGACCTGTGAG GCCAGCGTGAACATTCAGAAACAG

2 GGTGCTTCTCCTATGTGACTGGTTC CATATTGGACAGCTGCTGGGTCATG

3 GGACGTTTCCTGGCCAGAGTAG CCCTGCCATCCCTCCAAATC

4 GTTGTCTGTGCATAGCTGGTTGAG CGCATTAGTACGTGTGCTGAAGTG

5 GTGCCCACCCTTCCCTTTCTC CTTTCCCGTGTTCACGAAAAGGACAG

6 GCAACGTGTATAACCTCCACTCAC CAGATGCCTCTGCCTTCAGGAAC

7 CTGAGCTCAGAACGTGGAGTTG CAATCACATCCAAACACACCAAGAAGC

8 GTCCAAACGTGACAAATGTGCAGAAG GTAGAGGTCACCCAGGCTGTTTG

9 CTGAACTGGATTTGACGTTTGGTTCCTG CACCTGTGCTCCATGTGTCTG

10 GAAAGGACAGAAGTGGAGGAGACTG GTGGCTGTCACCCTCAATAGGTG
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Cell Viability
In order to evaluate the inhibition of PAX5-affected cell
growth, 4� 104 H69 (SCLC) cells were plated in 6-well plates
in duplicates, and grown in serum-containing media for 24 h.
siRNA against human PAX5 (as above) was used at a final
concentration of 100 nM. Transfections were achieved uti-
lizing Fugene HD (Roche Diagnostics, Basel, Switzerland), as
per the manufacturer’s instructions. SU11274 was used to
inhibit c-Met at 2.5 mM, whereas SN38 was used at 2.5 nM.
All treatments were performed for 72 h in serum-free media.
Cell growth was estimated utilizing fluorometric readings
after the addition of Alamar Blue, a non-radioactive, non-
toxic dye that is reduced. This reduced compound emits
fluorescence that is proportional to the metabolic activity. A
HT Synergy Plus microplate reader (Biotek, Winooski, VT)
was used to measure fluorescence. Readings were normalized
to control wells.

Statistics
Statistical analysis was performed utilizing Graphpad Prism
version 5.0 (Graphpad Inc, San Diego, CA). In order to
evaluate for statistically significant differences between two
continuous variables the unpaired Student’s t-test was used.
Differences were considered significant when ‘P’ values were
o0.05.

RESULTS
Selective Expression of PAX5 in SCLC
Using panels of cancer cell lines that represent lung (SCLC,
n¼ 12 and NSCLC, n¼ 13), head and neck (n¼ 12),
mesothelioma (n¼ 7), esophageal (n¼ 6) and pancreatic
cancers (n¼ 6), we determined the relative protein expres-
sion levels of PAX5 and compared it with other PAX protein
levels using whole cell lysates and standard immunoblotting
techniques. The level of actin expression in the same sample
served as loading control. Immunoblots of various PAX
proteins were performed (Figure 1), the relative protein
expression levels were scored visually and presented in the
Table 1 to facilitate comparisons.

PAX5 protein was expressed in most of the SCLC cancer
lines (n¼ 11/12) and the levels were non-detectable in all
other cancer cell lines. Half of the SCLC cell lines examined
expressed relatively high levels of PAX5. SCLC cell lines also
expressed varying amounts of PAX2 protein and only 5/12
SCLC cell lines expressed PAX9. Interestingly, none of them
expressed PAX3, or PAX7 (data not shown). In comparison,
all the NSCLC cell lines (n¼ 13) expressed PAX8. The ma-
jority of the NSCLC cell lines also expressed PAX2; however,
the PAX9 expression was seen only in five NSCLC cell lines.

In pancreatic, head and neck, esophageal cancers and
mesotheliomas, no particular PAX protein was expressed
exclusively in any of these cancers. Most of them were posi-
tive for one or more of PAX proteins, excluding PAX5 (with
validation from internal controls such as Raji cells, data not
shown). These tumor cell lines expressed varying combina-

tions of PAX2, 8 and 9 proteins. In the seven mesothelioma
and six pancreatic cancer cell lines examined, the above three
PAX proteins were expressed in all but one. We also failed to
detect any PAX8 protein in all the six esophageal cancer cell
lines. An important finding was the expression of PAX9 in all
the pancreatic cancer cell lines examined and its more fre-
quent appearance in other cancers.

In the same samples, we also determined the relative
protein expression levels of potential therapeutic targets such
as the RTKs, c-Met (and a related kinase RON) that is known
to be regulated by PAX3 and the DNA topology enzyme
Topoisomerase 1 (Topo1). The majority of the cancer cell
lines that represented the six different cancers expressed c-
Met; however, RON was less frequently seen in mesothelioma
((2/7) and pancreatic cancer (3/6) cell lines. Topo1 was found
to be expressed in most of the cancer cell lines that re-
presented SCLC (11/12), NSCLC (12/13), pancreas (5/6),
esophageal (5/6) and head and neck cancer cell lines (10/12);
however, significant Topo1 expression was observed only in
three out of the six mesothelioma cell lines.

Frequency and Intensity of PAX5 Expression Increases
with Metastatic Potential of Neuroendocrine Lung
Tumors
In order to validate the expression of PAX5 in tumors of
neuroendocrine origin, we determined the protein expression
in various archival lung tumors (with tumor TMAs). Uti-
lizing anti-PAX5 antibody in immunohistochemistry, we
determined the PAX5 expression in pulmonary carcinoid
(n¼ 44), large-cell neuroendocrine cancer (LCNC) (n¼ 11)
and SCLC (n¼ 76). A representative staining is shown in
Figure 2a. The results obtained from a total of 131 lung
cancer tumor samples are summarized in Figure 2b–e. The
percentage of PAX5-positive tumor samples increased from
27% in carcinoids to 55% in LCNC and 66% in SCLC. Based
on the intensity of the expression of PAX5 in the nucleus, we
scored each tumor sample as low (þ 1), medium (þ 2) and
maximum (þ 3). The percentage of positive cells in each of
the three above categories also increased significantly from
carcinoid to LCNC and to SCLC (chi-square, P¼ 0.007), and
overall reflects increased metastatic potential.

PAX5 Gene Copy Number in SCLC
We ascertained by interphase fluorescence in situ hybridiza-
tion (FISH) the presence of rearrangements and copy num-
ber changes in the PAX5 gene to determine the mechanism of
PAX5 over expression in SCLC. The paraffin-embedded tis-
sue sections of SCLC were hybridized to dual-color
FISH probes that were constructed from bacterial artificial
chromosomes that flank PAX5 on chromosome 9q13
(Figure 3a and b). No split FISH signals that are indicative of
PAX5 rearrangements were detected in SCLC from 30 dif-
ferent patients (Figure 3c and d). On the other hand, changes
in PAX5 copy number were present in 21 (70%) of the SCLC.
Fifteen (50%) SCLC exhibited increased PAX5 copy number
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(N3, N4 and/or N5), whereas one (3%) additional small-cell
carcinoma contained PAX5 tetraploid (N4) and octaploid
(N8) cells. In contrast, five (17%) SCLC exhibited decreased
PAX5 copy number (combined N1 and N2) and nine (30%)
SCLCs were normal diploid at the PAX5 locus (N2). No
correlation between PAX5 copy number and clinical-patho-
logic parameters was observed in these patients (data not
shown).

PAX5 Mutational Analysis in SCLC
All 10 exons coding for the full-length PAX5 were sequenced
using aqueous extracts of genomic DNA isolated from 21
SCLC cell lines and 24 SCLC tumor tissue specimens, as
described in Materials and Methods. As shown in Figure 4,
the frequency of occurrence of either synonymous or non-
synonymous mutations was not significant. One non-sy-
nonymous heterozygous mutation 964G4AG leading to

Figure 1 Expression profile of PAX5 in SCLC, NSCLC, mesothelioma, esophagus, pancreas and head and neck cancers. Each panel represents a collection of

cancer cell lines that signify a particular cancer. The whole cell lysates were immunoblotted with anti-PAX5, anti-PAX2, anti-PAX8 and anti-PAX9 antibodies.

The same sample set was also used in parallel to determine the c-Met, RON and Topo1 expressions using specific antibodies in immunoblotting. b-actin
level served as loading control.
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amino acid change A322S in the PAX5 gene was detected in
cell line H146. Also, another heterozygous synonymous
mutation 1029G4AG corresponding to amino acid G343
was detected in two specimens out of 24. These mutations
were either in the transactivation domain or within its
proximity. In the tested SCLC tissue samples, non-synon-
ymous mutations were not detected.

PAX5 Directly Promotes Transcription of the RTK, c-Met
As SCLC is the most aggressive of all cancers, and also be-
cause these tumors express relatively high levels of c-Met, a
RTK that is known to play a significant role in both tumor
growth and metastasis,1,7 we investigated the relationship
between the nuclear transcription factor PAX5 and c-Met. In
addition, a highly related PAX3 is known to directly activate
transcription of c-Met promoter.11 The paired binding site
defined for PAX3 in this enhancer, GTCCCGCTT, is also si-
milar to sites described for PAX5, and the details are shown
in Figure 5a. In order to test whether PAX5 can enhance the
luciferase reporter linked to c-Met promoter, we generated a
mammalian expression plasmid that contained hMET pro-
moter linked to luciferase and also a similar construct, in
which the putative PAX5 binding site was deleted in the
c-Met promoter sequence. We tested the ability of PAX5 to
activate the expression of reporter gene in both reporter
constructs by transfecting HEK 293T cells with or without
expression plasmids encoding PAX5 and measuring luciferase
activity. Compared with control-transfected cells, PAX5 in-
duced significant increases in luciferase activity from the wt
hMET promoter construct (6.39±1.99 light units). Mutating
the PAX5 binding site completely abolished the ability of
PAX5 to activate reporter activity (Figure 5b). To determine
whether PAX5 associates with the METenhancer in small-cell
lung carcinoma cells, we performed ChIP assays. DNA–pro-
tein complexes within H69 cells were cross-linked and pre-
cipitated with either an antibody specific for PAX5 or normal
mouse IgG (Figure 5c). After precipitation and DNA
purification, the PCR product was generated using MET

promoter primers from samples from the PAX5 antibody
ChIP or input, but not with non-specific antibody or with
b-tubulin control primers (Figure 5c).

To show the endogenous relationship between PAX5
activity and c-Met protein levels, we knocked down PAX5 in
H526 SCLC cells and determined the intracellular levels of
c-Met. As shown in Figure 5d, cells transduced with siRNA
that specifically targets PAX5 resulted in a dramatic drop in
endogenous PAX5 levels when compared with cells trans-
duced with the control-scrambled siRNA. In addition, loss in
the PAX5 protein expression was accompanied by a con-
comitant loss in the c-Met expression, thereby further sub-
stantiating that PAX5 is a direct and positive regulator of
c-Met transcription.

PAX5 and c-Met Interact with Each Other in the Nuclear
Compartment
Although c-Met is a RTK that is mainly localized to the
plasma membrane, we and others have observed partial
localization of phospho-c-Met, especially after activation
with HGF, to the nucleus in SCLC cells 17–19 (Kanteti and
Salgia, unpublished). As PAX5 is mainly nuclear, we therefore
examined the possibility that there could be significant co-
localization of c-Met in HGF-treated SCLC cells. Re-
presentative confocal pictures showing intracellular location
of p-c-Met, using immunofluorescence staining as described
in Materials and Methods are shown in Figure 6a. In resting
H82 cells, all of the PAX5 expression, as expected, was diffuse
and restricted to the nucleus. There was virtually no phos-
pho-c-Met in the cell (left panel). Upon treatment of cells
with HGF for 10min, the nuclear PAX5 staining became
more intense and punctuated. At the same time, we also
observed a dramatic appearance of phospho-c-Met in the
nucleus, and majority of it was found to be co-localized with
PAX5 (right panel); thus, c-Met and PAX5 are both linked
spatially and temporally.

This raised the possibility that PAX5 could interact with
c-Met and we verified the same using an independent cell line

Table 1 Summary of relative expression levels of Pax proteins in cancer cell lines by immunoblotting

Cancer
molecule

SCLC NSCLC Pancreas Esophagus Mesothelioma Head & Neck

PAX2 ++ ++ (8/13) ++ (5/6) ++ + (2/7) ++ (9/12)

PAX5 +++ (11/12) 0 0 0 0 0

PAX8 0 ++ +++ (5/6) 0 ++ ++ (10/12)

PAX9 ++ (5/12) ++ (4/13) +++ (5/6) ++ (5/6) + (6/7) ++ (9/12)

c-Met +++ +++ (9/12) ++ ++ (5/6) + (3/7) ++ (10/12)

c-RON +++ +++ 0 ++ ++ (2/7) + (11/12)

Topo1 ++ ++ ++ (5/6) ++ (5/6) ++ (3/7) ++ (10/12)

Expression is defined as: 0, non-detectable; +, minor expression; ++, medium expression; +++, robust expression. Values in parenthesis indicate number of positive
cell lines in each type of cancer/total number of cell lines.
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Figure 2 Expression of PAX5 in lung tumor tissues of neuroendocrine origin. (a) Nuclear PAX5 staining was carried out as described in Materials and

Methods. Immunohistochemistry images represent negative (0), weak (1þ ), moderate (2þ ) and strongly positive (3þ ) PAX5 expression of different tumor

subtypes. (b–d) Pie charts show relative proportion of negative (blue), weak-positive (yellow), moderate-positive (red) and strong-positive cases (maroon) in

carcinoid, LCNC and SCLC tumor samples. (e) PAX5 expression levels and relative frequency based on independent scoring by two pathologists. It was

lowest in lung carcinoids (top panel, 73% negative cases, n¼ 44), intermediate in large-cell neuroendocrine carcinomas (middle panel, 45% negative cases,

n¼ 11) and highest in small-cell carcinomas (bottom panel, 34% negative cases, n¼ 76). A chi-square test shows statistically significant increased PAX5

expression from carcinoid to LCNC to SCLC (P¼ 0.007).
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H249 and H69 (SCLC). As shown in Figure 6b, im-
munoprecipitation of PAX5 co-precipitated significant
amounts of phospho-c-Met, with HGF stimulation and the
reverse experiment carried out with H69 cell lysates con-
firmed the same (Figure 6c).

Loss of PAX5 Significantly Enhances SCLC Cell Death
when Combined with Topo1 and c-Met Inhibitors
In order to test the translational potential of PAX5 as an
adjuvant chemotherapeutic target in SCLC therapy, as an
initial step, we determined the effects of knockdown of PAX5
in H69 cells, individually and in combination with SU11274
(a specific c-Met inhibitor currently in clinical trials) and
SN38 (a potent Topoisomerase 1 inhibitor and the active
metabolite of irinotecan); a drug used in the treatment of
SCLC. The cells were transfected with PAX5 siRNA and
treated with SU11274, SN38 or combinations for 3 days,

(Figure 7). Loss of endogenous PAX5 in these cells had a
marginal adverse effect on the viability of the SCLC cells. The
cell viability in the above knockdown cells further decreased
when treated with either SU11274 or SN38; however, the loss
in viability was significantly higher in those cells treated with
the Topo1 inhibitor SN38. Finally, treatment of PAX5
knockdown cells with both SN38 and SU11274 compounds
resulted in maximum loss in viability.

DISCUSSION
The PAX genes are highly conserved throughout evolution
and they play a complex and vital role in the development as
well as the repair and regeneration of specific tissues. As
cancers mimic, albeit in a chaotic fashion, the process of
dedifferentiation, it is therefore not surprising that PAX genes
are expressed in various cancers.2 In this study, we have
focused mainly on the expression and functional con-

Figure 3 PAX5 locus on human chromosome 9 and FISH analysis. (a) The PAX5 gene, located on chromosome 9 on p13, and involved in t(9;14)(p13;q32)

translocations recurring in small lymphocytic lymphomas of the plasmacytoid subtype. (b) The PAX5 gene locus and the digitonin and biotin-labeled BAC

constructs used in the FISH are represented schematically. (c) Flowchart shows SCLC tissue sample processing for FISH analysis. (d) Representative

micrograph of a SCLC tissue FISH analysis.
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sequence of PAX5 in tumors of neuroendocrine origin such
as SCLC. We have shown clearly the preferential expression of
PAX5 in SCLC but not in NSCLC, mesothelioma, esophageal,
pancreatic and head and neck cancer cell lines (Figure 1 and
Table). Further, the PAX5 protein expression data in lung
tumors (Figure 2) supported the above observation; and the
frequency and intensity of the PAX5 protein expression po-
sitively correlated with neuroendocrine tumors. SCLCs are
known to be highly metastatic and over express several RTKs
such as c-Kit and c-Met. We and others have shown that c-
Met plays an important role in both lung tumorigenesis and
metastasis.20 A striking observation, we made in this paper,
was the demonstration of a temporal and spatial link between
the expressions of PAX5 and c-Met proteins in the HGF-
treated SCLC cells. In addition, we also showed that PAX5
directly promotes transcription of c-Met. Finally, we also
found that loss of the PAX5 expression in SCLC cells sy-
nergized with the ability of c-Met and Topo1 inhibitors to kill
SCLC cells.

The PAX5 gene plays an indispensable role in B cell de-
velopment and is expressed at almost all stages except in the
terminally differentiated plasma cells.3 Most of the Hodgkin
and non-Hodgkin B cell lymphomas express PAX5.21 How-
ever, several cancers such as plasma cell neoplasms, multiple
myeloma, plasmablastic lymphoma and T cell lymphomas,
appear to be negative for the PAX5 expression.22 In addition

to B cells, PAX5 is expressed naturally in some parts of the
developing nervous system. In this study, we have clearly
shown that the PAX5 protein expression is restricted to lung
tumors of neuroendocrine origin such as carcinoid, LCNC
and SCLC but not general NSCLC. The expression of con-
siderable amounts of PAX5 transcripts in SCLC but not
NSCLC cell lines was reported previously by Baumann
Kubetzko et al; however, they carried out RT-PCR using
RNA preparations from both SCLC and NSCLC cell lines
(five from each group).6 Here, we have not only determined
the relative levels of the PAX5 protein expression in SCLC cell
lines, but we also extended the findings to SCLC tumor tis-
sues and reinforced the idea that the PAX5 expression is seen
predominantly in tumors of neuroendocrine origin. Similar
observations were made recently by others by carrying out
immunohistochemical analysis of PAX5 in needle biopsies of
tumors of neuroendocrine origin, and through high-
throughput TMA analysis of FFPE tumor sections.23,24 Using
archival paraffin-embedded lung tumor tissues, we were the

Figure 4 PAX5 gene mutational analysis. (a) PAX5 functional domains such

as PD, DNA binding paired domain; OP, conserved octapeptide; HD, partial

homeodomain; TA, transactivation domain; ID, inhibitory domain are

schematically represented. (b) Exons that code various domains in PAX5

protein are shown. (c) Summary of mutations detected in SCLC cell lines

and tissues. The PAX5 protein coding exons were PCR amplified and

sequenced using genomic DNA from 21 SCLC cell lines and 24 SCLC tumor

tissues. A non-synonymous heterozygous mutation 964G4AG resulting in

an amino acid change A322S of the TA domain (amino acids 304–358) was

detected in cell line H146. All the other mutations were synonymous.

Figure 5 PAX5 is a direct activator of c-Met transcription. (a) PAX5

responsive element in the MET receptor gene. Sequence of the MET1 paired

consensus site in the MET promoter and in the reporter construct wt hMET

pm is shown. The sequence below has the MET1 site destroyed, GTCCCGC

to ACTAGTC. (b) Transfection of HEK 293T cells with both the hMET pm

(wild-type MET promoter sequence) and hMET pm D (MET promoter with

MET1 site mutated) reporter constructs were carried out and all

transfections were normalized for transfection efficiency and the reporter

activities were expressed as fold activation compared with transfection

without PAX5. (mean±s.d., n¼ 12 for each set). (c) Chromatin

immunoprecipitation (ChIP) analysis was performed in H69 SCLC cells. The

top panel represents PCR product obtained using primers for the MET

promoter enhancer and the bottom panel represents PCR product using

primers located in exon 4 of the b-tubulin gene (negative control). Lane 1,

precipitation with mouse anti-PAX5 antibody; Lane 2, precipitation with

normal mouse IgG; Lane 3, cell lysate input, pre-ChIP; and Lane 4, water

blank PCR negative control are shown. (d) H526 SCLC were transfected with

scrambled and PAX5-specific siRNA (four different siRNAs pooled) at

100 nM. As shown, loss of PAX5 protein expression in siRNA-treated cells is

accompanied by a similar loss in c-Met protein levels.
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first to positively correlate the intensity and frequency of the
PAX5 expression to their metastatic potential (Figure 2).

In addition to PAX5, we also determined the expressions of
PAX2, 8 and 9 in lung cancer and other cancer cell lines. As
shown in Figure 1, PAX2 and PAX9 expressions, although not
consistent, were seen in most of the cancers examined. To a
lesser extent, similar findings were made with respect to PAX8.
One interesting fact was that the PAX8 expression was seen in
all of the NSCLC cell lines tested but not in any of the SCLC
cell lines. Therefore, we propose determination of differential
expressions of PAX5 and PAX8 proteins in lung cancers to
further distinguish SCLC from NSCLC. Despite the fact that
PAX2 and also PAX8 have a nephritic lineage and are over
expressed in kidney cancers,25–28 their expressions were seen in
all of the cancers we examined. A similar observation was also
made by others (reviewed in 2). In pediatric thyroid cancers,
PAX8 is associated with a high degree of recurrence and poor

prognosis, and is expressed in differentiated but not un-
differentiated cancers;29,30 however, we showed here that it was
expressed in NSCLC, head and neck, pancreatic and esopha-
geal cancers. Here, of all the cancers we examined, SCLC is the
most metastatic and all the 12 cell lines from this group failed
to express PAX8. Therefore, it is very likely that in addition to
PAX8, there could be one or more factors that in combination
determine the prognosis. We also determined the relative
protein expression levels of PAX3 and PAX7, two genes known
to be over expressed and frequently translocated and fused to
the fork head receptor protein transcription factor (FKHR) in
pediatric alveolar rhabdomyosarcoma;31–34 however, we failed
to detect any PAX3 and PAX7 protein expressions (data not
shown).

Here, of all the four PAX proteins examined, the PAX9
expression was the most surprising. Its expression was first
reported in esophageal cancers. Progressive loss of the PAX9
expression was found to correlate with increasing malignancy
and dysplasia of cancerous esophageal epithelium.35 In gen-
eral, squamous cell cancers of the esophagus appear to be
positive for PAX9. In comparison, we detected significant
PAX9 protein expression with varying frequency in all the six
panels of cancer cell lines that represented SCLC, NSCLC,
mesothelioma, head and neck, esophageal and pancreatic
cancers. Our studies clearly point out the fact that any given
cancer is likely to express one or more PAX genes and PAX5
expression, however, appears to be specific for SCLCs.

Figure 6 PAX5 interacts with activated c-Met in SCLC cells upon HGF

treatment. (a) Representative confocal pictures showing individual staining

patterns for phospho-c-Met and PAX5 and the two merged in untreated

(left quadrant) and HGF treated (right quadrant) in H82 cells are

shown. The cells were treated for 10min with HGF (40 ng/ml). (b)

Co-immunoprecipitation of phospho-c-Met with PAX5. H249 cells were

treated with and without HGF (40 ng/ml) for 10min and cell lysates

prepared by standard method. Immunoprecipitation (200 mg lysates) was

carried out using anti-PAX5 antibody that revealed significant amounts of

phospho-c-Met only in HGF-treated sample. (c) Immunoprecipitation

of c-Met coprecipitated significant amounts of PAX5.

Figure 7 Combinatorial effect of PAX5 knock down with c-Met and Topo1

inhibitors in SCLC cells. H69 SCLC cells were transfected with either control

or PAX5-specific siRNA duplexes (Qiagen). As shown, they were then treated

with either SU11274, or SN38, or a combination of both. The histograms

represent percentage of cell viability along with statistical significance.
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In diffuse large B cell lymphomas and lymphoplasmacy-
toid lymphoma, a subtype of B cell non-Hodgkin’s lym-
phoma, frequent translocation of the PAX5 gene to the IgH
chain gene locus [t(9;14) (p13; q32)] was reported, most
likely because of aberrant somatic hypermutation events.36,37

It results in a juxtaposition placement of PAX5 to IgH chain
regulatory elements, thereby resulting in a deregulated ex-
pression of PAX5. We have used the FISH method that
previously identified reproducible PAX15,16 and non-PAX
gene rearrangements38,39 in other cancers. In this study, based
on FISH analysis, we did not find significant PAX5 gene
amplification, and there were also no chromosomal translo-
cations in more than 30 tumor tissues examined (Figure 3).
In addition, unlike c-Met that acquire gain-of-function
mutations in SCLC,12 we failed to detect any significant
mutations in PAX5 genomic DNA in SCLC tumor tissues
(Figure 4).

RTKs play a very important role in tumor development
and metastasis. Based on our previously published data12 and
the data shown in Figures 1 and 2, it is clear that the RTK c-
Met is highly expressed in SCLC primary tumors and cell
lines. Although we failed to detect PAX3 in SCLC, there is still
a possibility that PAX5 can activate c-Met transcription be-
cause the PAX5 nuclear binding sequence is very similar to
that of PAX3 (�476 to �460 upstream of the first non-
encoding exon of the human MET gene),11 and c-Met pro-
moter sequence has one putative PAX5 binding site. Using
luciferase reporter and ChIP assays, we have shown unequi-
vocally that PAX5, also directly and positively regulates c-Met
transcription (Figure 5). The physiological relevance can be
appreciated by the fact that knockdown of PAX5 in SCLC
cells resulted in a substantial loss in c-Met protein expression,
thereby linking directly the expression of c-Met to PAX5. The
fact that the PAX5 knockdown cells still express other PAX
genes such as PAX2 and 9 shows that PAX5 is the main
regulator of c-Met in SCLC cells. We also reported in this as
well as in an earlier study that c-Met is also over expressed in
NSCLC40,41 and obviously they lack the detectable PAX5
expression. Therefore, it is likely that the NSCLC tumors
regulate their c-Met expression through PAX8 and PAX2,
both of which are known paralogs of PAX5; however, this
possibility remains to be investigated. Previous work by
others identified multiple SP1 binding sites that are likely to
aid in the constitutive expression of the c-Met gene.42 PAX5
is also known to repress p53 expression.43 In the untranslated
first exon of TP53, there is a PAX5 binding site that is re-
sponsible for PAX5-mediated repression of p53 transcription.
As most of the SCLC has mutated p53 that makes it non-
functional, the above role of PAX5 may not be relevant;
however, in those tumors that harbor wt p53, depending on
the expression, PAX5 (or PAX2 and PAX8) is very likely to
interfere with p53 transcription and, thereby contribute to
the tumor development. Daxx, originally identified as Fas
cytoplasmic tail binding protein, is known to be localized
both in the cytoplasm and the nucleus. In the nucleus Daxx

interacts with PAX5 and through HDAC2, appears to have a
significant suppressive effect on c-Met transcription.44 The
role of Daxx in the context of PAX5 in SCLC cells needs to be
investigated.

The PAX transcription factor activities are also regulated
by specific protein–protein interactions. For instance, PAX 2,
5 and 8 are known to interact with the tumor suppressor
pRB, and in case of PAX8, it has been shown to activate the
transcriptional activity.45 Daxx, on the other hand, interacts
with PAX5; however, it appears to suppress the activity
through its binding to HDAC2.45 The fact that in HGF-
treated cells, PAX5 and activated c-Met both co-localize to
the same intra-nuclear compartment, adds yet another di-
mension to the possible PAX5 functions. The role of nuclear
phospho-c-Met in these HGF-treated SCLC cells needs to be
established. The fact that we were able to successfully co-
precipitate c-Met with PAX5 suggests a strong functional link
between the two (Figure 6). We have shown previously that c-
Met is mutated frequently in SCLC with a gain of function.12

It is possible that in normal cells, nuclear c-Met binds to
PAX5 and acts as a feedback inhibitor of PAX5 transcrip-
tional activity; however, in SCLC cells, although the mutated
c-Met is translocated into the nucleus in HGF-treated cells,
its ability to inhibit PAX5 function may be lost and therefore
led to the elevated levels of c-Met in SCLC.

Abrogation of PAX5 is known to decrease viability of
cancer cells,6 thereby, suggesting that PAX5 is required for
survival and proliferation. It is interesting to note that the
PAX5 is expressed in a subset of neuroblastoma cells named
N-type but not in the more benign S-type cells.6 However,
forced expression of PAX5 in the S-type cells increases their
oncogenic potential as evidenced from enhanced cell viability
and anchorage independent colony formation. We have also
shown in this paper, a significant role for PAX5 in promoting
SCLC cell viability. The effect is rather modest, most likely
due to the fact that these cells are also expressing other PAX
genes such PAX2 and 8 that are known to contribute to the
overall survival of the SCLC cells.46 As the prognosis for
SCLC is extremely poor, targeted combinatorial therapy is
likely to be highly efficacious. Therefore, we tested the effect
of PAX5 knockdown in SCLC cells on their viability in
combination with c-Met and Topoisomerase 1 inhibitors that
are currently used in SCLC therapy.7,47 The potential adjunct
therapeutic role of targeting PAX5 is apparent in the results
presented in Figure 7. Loss of PAX5 clearly decreases the
viability of SCLC cells; however, the decrease is much greater
when combined with c-Met or Topo1 inhibitor; and the
maximum effect is seen when all the three conditions are
combined. This study revealed one very important aspect in
cancers that is the relatively high possibility of multiple PAX
genes being expressed simultaneously. Although our study
provides the proof of principle with respect to PAX5, in order
to get dramatic effects, we need to abrogate the expressions of
all the PAX genes and then apply the above combinatorial
therapy, an aspect we are investigating currently.
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In conclusion, many types of cancers express one or more
of PAX proteins. The expression of PAX5 is highly restricted
to SCLC and, in comparison, PAX8 is expressed in NSCLC.
SCLC has an extremely poor prognosis and as PAX5 tran-
scription factor appears to be expressed preferentially in
SCLC, and also because it appears to be directly responsible
for the elevated levels of c-Met commonly encountered in
SCLC, we propose that PAX5 be targeted for therapeutic
purposes.
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