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Abstract
Hedgehog (Hh) signaling pathway is activated in diffuse large B-cell lymphoma (DLBCL).
Genetic abnormalities that explain activation of Hh signaling in DLBCL are unknown. We
investigate the presence of amplifications of Hh genes that might result in activation of this
pathway in DLBCL. Our data showed few extra copies of GLI1 and SMO due to chromosomal
aneuploidies in a subset of DLBCL cell lines. We also showed that pharmacologic inhibition of
PI3K/AKT and NF-KB pathways resulted in decreased expression of GLI1 and Hh ligands. In
conclusion, our data support the hypothesis that aberrant activation of Hh signaling in DLBCL
mainly results from integration of deregulated oncogenic signaling inputs converging into Hh
signaling.
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INTRODUCTION
The hedgehog (Hh) signaling pathway is a highly regulated signaling pathway which is not
only important in tissue patterning, organogenesis and embryonic development but also in
tissue repair as well as in the maintenance of stem cells in adult tissues and has been
implicated in the development of various tumors [1]. The Hh family of proteins consists of
three distinct ligands, sonic hedgehog (Shh), indian hedgehog (Ihh), and desert hedgehog
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(Dhh), which use the same receptors and signal transduction pathway [2]. Hh ligands
interact with a receptor complex composed of two proteins, the 12 transmembrane protein
patched (PTCH1), ligand-binding subunit, and the 7 transmembrane protein smoothened
(SMO), signal transduction subunit. In the absence of Hh ligands, PTCH1 inhibits SMO,
which results in phosphorylation-dependent ubiquitination of glioma-associated oncogene
homolog (GLI) transcription factors, leading to degradation and clearance of GLI1 and GLI2
or partial proteolysis of GLI3 that represses transcription of Hh target genes. However,
binding of Hh ligands leads to internalization of PTCH1 allowing the activation of SMO.
SMO activation results in increased stability and nuclear accumulation of GLI transcription
factors and transcription of Hh target genes [3]. GLI1 and SMO are positive regulators of
Hh transcriptional targets and GLI1 is, itself, a transcriptional target of Hh signaling and the
best reliable indicator of the activation of the pathway [4].

Inappropriate activation of the Hh signaling pathway has been shown in several cancers
including hematopoetic malignancies [5–13]. Recently, we found that Hh signaling is active
and functional in diffuse large B-cell lymphoma (DLBCL), the most frequent aggressive
subtype of B-cell lymphoma [8]. High expression of SMO and the transcription factor GLI1
have been detected in DLBCL tumor samples and in DLBCL cell lines [8, 14]. Importantly,
inhibition of Hh signaling in DLBCL cell lines results in increased apoptosis and/or cell
cycle arrest, in particular in those DLBCL cell lines with high expression of SMO [8].
However, genetic abnormalities (gene amplifications) that might explain the inappropriate
activation of Hh signaling in DLBCL are unknown.

To uncover potential factors contributing to Hh activation in DLBCL, we explored if gene
amplifications involving Hh-related genes may contribute to explain the inappropriate Hh
signaling activation in DLBCL. GLI1 is located at 12q13 and gains of this locus and/or extra
copies of chromosome 12 have been reported in B-cell lymphomas, including splenic and
nodal marginal zone lymphoma, DLBCL and mantle cell lymphoma [15–18].

Our data indicate the presence of few extra copies of SMO and GLI1 in a subset of DLBCL
which are caused by chromosomal aneuploidy rather than true gene amplification. The
presence of these extra copies of Hh related genes do not explain per se the inappropriate
level of activation of Hh pathway. Recent evidence suggests that activation of Hh signaling
in cancers with Hh ligand dependent activation may result, at least in part, from integration
of multiple deregulated oncogenic signaling inputs in the Hh pathway [19]. For this reason,
we also explored the effect of inhibition of two relevant oncogenic pathways in DLBCL,
PI3K/AKT and NF-kB signaling, in the activation level of Hh signaling.

MATERIAL AND METHODS
DLBCL Cell Lines and Patient Samples

Seven DLBCL cell lines were used for this study; 3 germinal center type (BJAB, DOHH2,
and SUDHL4), 3 activated cell type (OCl-LY3, SUDHL2, and HBL-1), and one primary
mediastinal large B-cell lymphoma (U2940). DOHH2, SUDHL4, and U2490 were
purchased from DSMZ (Braunschweig, Germany) and HBL-1 from ATCC (Manassas, VA,
USA). OCI-LY3 were kindly provided by Michael G Rosenblum (Department of
Experimental Therapeutics, MDACC), and SUDHL2 and BJAB cells by Felipe Samaniego
(Department of Lymphoma/Myeloma, MDACC). All cell lines were maintained at 37°C in
RPMI 1640 (ATCC) supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Sigma, St Louis, MO, USA) in a humidified atmosphere containing 5% CO2.

Gene copy number was also studied in frozen lymph node samples collected from 9 patients
with DLBCL. Four DLBCL tumors were relapses collected from patients previously treated
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with R-CHOP and 5 DLBCL tumors were de novo lymphomas from untreated patients. The
DLBCL tumors were provided by the Hematopathology Tissue Bank of the UT MD
Anderson Cancer Center.

Real-Time Quantitative (q) PCR for copy number estimation
DNA was extracted from the cell lines using the DNeasy tissue kit (Qiagen, Valencia, CA,
USA). Gene copy number by real-time qPCR was also assessed in DNA extracted from
paraffin embedded tissue sections collected from 9 patients with DLBCL involving lymph
nodes. The ABI Prism 7900 HT Sequence Detection System and Taqman probes (PE
Applied Biosystems, Foster City, CA, USA) were used for performing real-time qPCR.
Primers and probes were added at a final concentration of 0.3 and 0.1 µmol/L per reaction
respectively. 500 ng of DNA was used for each reaction and PCR was performed in a total
reaction volume of 25 µL. For each copy number estimation each target gene was amplified
in duplicate. The copy number was calculated based on the difference between amplification
of each gene and RNaseP and comparison with gene copy number in normal female DNA
using ΔΔCT method. These experiments were performed in quadruplicate for the DLBCL
cell lines and in triplicate for the tumor samples. Gene copy number was estimated as
follows: a 2−ΔΔCT ratio higher than 1 was considered as a potential indication of presence of
gene extra copies. Importantly, qRT-PCR assay for copy number estimation is a screening
method and the results of this assay need to be confirmed by additional methods such as
FISH.

G-band Karyotyping and Spectral Karyotyping (SKY)
G-band karyotyping analysis was performed using conventional cytogenetic techniques and
the Applied Imaging system (Genetix, San Jose, CA). The cells were grown, arrested in
metaphase by colcemid, harvested, dropped on slides, G-banded with trypsin, and stained
with 4% Giemsa. Complicated chromosome abnormalities or discrepancies between
chromosome number by G-banding and FISH were further investigated in one cell line
(BJAB) using Spectral Karyotyping (SKY) and analyzed using SKYPaint probes (Applied
Spectral Imaging).

Fluorescent In Situ Hybridization (FISH) analysis
To verify the presence of extra copies/amplifications of GLI1 and SMO, two Hh genes
which might contribute in the activation status of Hh pathway, we designed FISH assays
using bacterial artificial chromosome (BAC) clones which include GLI1 and SMO genes.
The BAC clones used were RP11-258J5 (from 57740420 to 57928991) for GLI1 and
RP11-152K21 (from 12877.4 to 128920.82) for SMO. BAC clones were selected using
mapping information from the National Center of Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov) and obtained from BAC Resources PAC (Oakland, CA,
USA). BAC clones were grown in TB media with chloramphenicol. DNA was isolated using
a standard alkaline lysis kit (Eppendorf Plasmid Mini Prep, Fischer Scientific, Pittsburg, PA,
USA). Centromere probes were also used as controls. DNA was labeled directly with
spectrum Orange-dUTP or Spectrum Green-dUTP using Nick Translation Kit (Vysis,
Downer’s Grove, Il, USA) following the manufacturer’s instructions.

We verified that fluorescently labeled BAC clones hybridized to the correct chromosome
locations using metaphase chromosome spreads obtained using standard procedures.
Following hybridization with the FISH probes, the slides were analyzed using a Zeiss
Axiphot fluorescent microscope including single- and triple-band pass filters. Up to 1000
cells were counted for the FISH studies. Digital FISH images were captured by a Power
Macintosh G3 system and MacProbe version 4.4 (Applied Imaging, San Jose, CA, USA).
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Western blots analysis and drug treatments
Western blotting was done as described previously.[8] Antibodies used were Ser536p-P65,
total P65, GLI1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), SHH monoclonal
antibody (Clone C9C5), Ser473pAKT (Cell Signaling Technology, Beverly, MA, USA), and
β-actin (Sigma). Reactions were visualized with suitable secondary antibodies conjugated
with horseradish peroxidase using enhanced chemiluminescence reagents (Amershan,
Piscataway, NJ, USA). Drug treatments were done using the PI3K inhibitor, 2-(4-
morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002), (Calbiochem, San Diego, CA,
USA) and the NF-Kβ inhibitor BAY11-7082 (Calbiochem) as previously described [20].

RESULTS
Estimation of copy number of Hh-related genes in DLBCL cell lines and tumor samples

The results of the real-time qPCR assays for gene copy number estimation in DLBCL cell
lines and in tumor samples are summarized in figures 1 and 2, respectively.

The real-time qPCR data suggested the presence of extra copies of Hh-related genes in most
of the cell lines analyzed. Extra copies of GLI1, SMO and DHH were detected in almost all
the cell lines analyzed. The number of extra copies of GLI1 was higher in DOHH2 cells than
in the other cell lines. The real-time qPCR data also suggested the presence of extra copies
of GLI2, GLI3, and PTCH1 in a subset of the cell lines. Losses involving SHH gene were
also suggested in 5 DLBCL cell lines except in DOHH2 cells (Figure 1). Extra copies of
SHH were detected in DOHH2 (Figure 1).

In DLBCL tumor samples, extra copies of GLI1 were suggested by the real-time qPCR
assay in most of the tumor samples (Figure 2). Extra copies of DHH were seen in all patient
samples. SHH and PTCH1 genes seems to be frequently lost in DLBCL tumor samples.

Cytogenetic findings including G-band karyotyping, FISH and SKY and correlation with the
gene copy number PCR assay

G-band karyotyping was performed on 4 DLBCL cell lines: BJAB, DOHH2, HBL1, and
OCI-LY3. The results of the karyotyping analysis of these DLBCL cell lines is shown in
table 1. The chromosomes of interest regarding the major Hh-related genes are the long arm
of chromosome 12 (for GLI1 and DHH), the long arm of chromosome 2 (for GLI2), the
short arm of chromosome 7 (for GLI3), the long arm of chromosome 7 (for SHH, and SMO)
and the long arm of chromosome 9 (for PTCH1). BJAB cells showed a very complex
karyotype with multiple structural abnormalities, chromosomal additions and deletions.
DOHH2 cells showed trisomy 7 and the t(8;14;18)(q24.1;q32;q21.3), HBL-1 cells showed
monosomy 7 and a derivative chromosome 12 with the t(7;12)(q11.2;p13) among other
structural and numeric abnormalities and OCI-LY3 cells showed multiple structural and
numeric abnormalities.

Interphase and metaphase FISH studies to detect extra copies of GLI1 and SMO were also
performed. In DOHH2, HBL1 and OCI-LY3, the number of signals for GLI1 and SMO
detected by FISH studies correlated with the number of the respective centromeric signals
(centromere 12 for GLI1 and centromere 7 for SMO). In BJAB cells there were some
discrepancies between the results obtained by G-banding and FISH which were clarified
using SKY. In BJAB cells, G-band karyotyping showed trisomy 7 (Figure 3A) and
interphase FISH showed that most of the cells (90.1%) have 2 green signals for SMO and 2
red signals for centromere 7 indicating the presence of 2 chromosome 7 and 2 copies of
SMO. Few cells (3.5%) showed 2 SMO signals and 3 centromeric signals indicating that a
subset of cells with trisomy 7 has a potential deletion/translocation involving the long arm (q
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arm) on chromosome 7 (Figure 3B). SKY analysis confirmed the presence of trisomy 7, but
with a derivative 7 having the long arm replaced with DNA material from another
chromosome (Figure 3C). DOHH2 cells showed trisomy 7 by G-banding and FISH studies
showed that 91% of the cells had 3 green and red signals confirming the presence of trisomy
7 and 3 copies of SMO (Figure 4A). HBL1 cells showed that one entire chromosome 7
moved to a derivative chromosome 12. Metaphase and interphase FISH studies confirmed
that SMO was not lost as a consequence of this chromosomal translocation as virtually
100% of the cells had 2 red signals for SMO (Figure 4B). FISH studies also showed that
88% of the OCI-LY3 cells displayed 3 green signals (GLI1) and 7% of the cells had 4 green
signals, that were associated with identical number (1:1 ratio) of centromeric (red) signals
(Figure 4C).

Altogether, these results suggest that DLBCL cell lines carry extra copies GLI1 and SMO
genes, and that these extra copies are due to chromosomal aneuploidy rather than true gene
amplification.

Evidence of synergistic cross talk between HH signaling with PI3K/AKT and NF-kB
Recent evidence suggest that activation of Hh signaling in some cancers may result, at least
in part, from integration of multiple deregulated oncogenic signaling inputs in the final
signaling effectors of the Hh pathway [19]. To investigate if this may also apply to DLBCL,
we inhibited 2 relevant oncogenic pathways known to be activated in DLBCL and assessed
the effect of this inhibition on the expression levels of Hh-related genes. We measured the
protein levels of GLI1, which reflects the activation status of the pathway, as well as the
levels of Hh ligands. For these experiments we used 2 drugs, LY294002 and BAY11-7082,
which are well-established inhibitors of PI3K and NF-KB signaling pathways, respectively.
BAY11-7082 selectively and irreversibly inhibits the phosphorylation of IκBα, resulting in
inhibition of NF-κB activation.

Treatments with the PI3K inhibitor, LY294002, led to a concentration dependent decrease of
GLI1 and Hh protein levels in OCI-LY3, BJAB, DOHH2, and SUDHL4 cells (Figure 5A) as
well as decreased Hh ligands secreted into the culture medium (Supplementary Figure 1).
Similarly, inhibition of NF-kB signaling using BAY11-7082 resulted in decrease of GLI1
and Hh protein levels in SuDHL4, BJAB and DOHH2 associated with a decreased in the
phosphorylation levels of P65 at ser536 (Figure 5B, left panel). It is accepted that
phosphorylation of ser536 of P65 represents an active mark for NF-kB activation (mainly
canonical, but also non-canonical). These data support a crosstalk between PI3K/AKT and
NF-kB pathways with Hh signaling and that the activation level of Hh signaling may be
modulated by the activation status of these two oncogenic pathways.

DISCUSSION
One mechanism that explains the aberrant activation of Hh signaling in some cancers is the
excessive expression of Hh ligands (ligand-dependent activation of Hh signaling), resulting
in autocrine and/or paracrine stimulation of cancer cells. Recently, we have found that Hh
ligands are synthesized, processed and secreted by DLBCL cells and that the canonical Hh
ligand-PTCH1-SMO-GLI axis is activated and functional in DLBCL cells providing
evidence of the existence of an autocrine/paracrine Hh signaling loop in DLBCL [8, 14, 21]
Moreover, we also found evidence that a significant degree of Hh activation in DLBCL cell
lines seem to be independent of the stimulus provided by Hh ligands [8]. Silencing the
expression of various Hh ligands using siRNA approaches as well as blocking Hh ligands
using 5E1 resulted only in a modest decrease of mRNA and proteins levels of GLI1 in
DLBCL cell lines [8].
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However, causative factors that might explain the activation of Hh signaling, independently
of Hh ligands (Shh, Dhh and Ihh), in DLBCL are unknown. One possibility is the presence
of gene amplifications involving Hh-related genes. Another mechanism that may explain Hh
activation in DLBCL are activating or inactivating mutations involving Hh related genes.
However, two recent studies analyzing the coding genome of DLBCL did not find mutations
involving Hh signaling genes [22, 23].

Hedge et al, have also reported Hh activation in a subset of mantle cell lymphoma cell lines
that seem to be independent of the stimulus provided by Hh ligands and/or SMO and
suggested the possibility of other mechanisms responsible for Hh activation such as gene
mutations of Hh-related genes or cross talking between Hh signaling with other activated
oncogenic signaling pathways [11].

Here, we explored if genetic amplifications of Hh-related genes, in particular those genes
responsible for fostering endogenous pathway activity, are found in DLBCL cells. Our data
indicate the presence of few extra copies of GLI1 and SMO in DLBCL cell lines and GLI1
and DHH in DLBCL tumors. However, these extra copies seem to be caused by
chromosomal aneuploidies but not by true gene amplification.

Activation of canonical Hh signaling pathway results in increased expression of GLI1 and
gene expression profile studies have shown that GLI1 is mainly a transcriptional activator
involved in the regulation of genes involved in cell cycle control including cyclin D1, D2
and E1 among others [4, 24]. Although we did not detect significant gene amplifications per
se, it is likely that the presence of small number of extra copies of GLI1 may represent a
biological advantage for the tumor cells. It is known that oncogene amplifications have
importance for the biological behavior, prognosis, and response to treatment in cancers. For
example, amplifications of MYC and ERBB2 genes in breast carcinoma have been reported
to be significantly associated with high tumor grade and poor prognosis [25]. It has been
also found that the presence of few extra copies of some oncogenes, due to chromosomal
aneuploidy, also have consequences in the tumor biology and prognosis of DLBCL. For
example, in DLBCL the presence of few extra copies of MYC (e.g. due to trisomy 8) or
BCL2 (e.g. due to trisomy 18), when associated to other genetic aberrancies, such as the
t(14;18) or MYC gene rearrangements, respectively, result in tumors with aggressive clinical
course and poor prognosis [26]. B-cell lymphomas with extra copies of MYC associated
with the t(14;18) or MYC gene rearrangement associated with extra copies of BCL2 or with
just an extra chromosome 18 have been reported [26]. These patients were described to have
aggressive clinical or laboratory findings, including high International Prognostic Index,
high serum lactate dehydrogenase levels and poor prognosis. Snuderl and colls [27]
described one patient with histologically aggressive B-cell lymphoma associated with MYC
translocation and eight copies of BCL2 who also showed an aggressive clinical behavior.

DLBCL, mantle cell lymphoma and anaplastic large cell lymphoma express some of the
main components of Hh signaling such as SMO, GLI1 and GLI2 [9,11,14]. Other
lymphomas such as classical Hodgkin lymphoma consistently express GLI3 but not GLI1 or
GLI2 [12]. Inappropriate activation of Hh signaling appears to have an important role in cell
proliferation, survival and enhances tolerance to chemotherapeutic agents in malignant
lymphomas as inhibition of Hh signaling results in cell cycle arrest, apoptosis and decrease
of chemotolerance (reviewed in [10] and [13]). Effective inhibitors of SMO are currently
available and inhibitors of GLI1 are being developed, both inhibitors could be the basis for
novel therapeutic strategies for malignant lymphomas as well as for DLBCL. However, it
would be important to understand the contribution of SMO and GLI1 and the contribution of
Hh-ligand dependent and independent mechanisms in the pathobiology of these neoplasms.
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In this study, we provide evidence of crosstalk between PI3K/AKT and NF-kB pathways
with Hh signaling and that these cross talks (as well as others) may contribute to the
inappropriate activation of Hh signaling pathway in DLBCL.

A possible link between PI3K/AKT and Hh signaling has been previously suggested by
others as well as by us [9, 28]. Several growth factors including platelet-derived growth
factor, epidermal growth factor and insulin-like growth factor 1 has been described that
increase activation of Hh signaling that is dependent of activation of the PI3K/AKT pathway
[24]. Previously, we have shown that adenoviral delivery of activated AKT up-regulate the
expression of Hh ligand and vice versa inhibition of PI3K/AKT results in inhibition of Hh
signaling in ALK-positive anaplastic large cell lymphoma (ALCL) [9]. In addition, genetic
studies in mice have revealed that the PI3K/AKT pathway provides a synergistic signal for
Hh pathway-induced tumor formation [29]. However, the precise mechanism by which
PI3K/AKT regulates Hh signaling remains unclear.

Several lines of experimental evidence also support cross talk between NF-kB and Hh
signaling. For example, during avian embryonic limb formation, inhibition of NF-kB
activity in limb mesenchyma led to reduced expression of SHH [30]. Nakashima and
colleagues [31] reported that blockage of NF-kB signaling suppressed constitutive
expression of SHH RNA in pancreatic cancer cells. Moreover, Kasperczyk and colleagues
[32] have provided evidence that SHH is a NF-kB target gene (under direct control of NF-
kB) and promotes NF-kB mediated apoptosis resistance and tumor growth.

In summary, we showed that Hh signaling activation in DLBCL is not due to amplifications
of the main genes involved in this signaling pathway. Our data support the hypothesis that
activation of Hh signaling in DLBCL and in cancer in general may result, at least in part,
from integration/crosstalk of multiple deregulated oncogenic signaling inputs in the Hh
signaling pathway [19]. This view of interconnectivity between oncogenic pathways has
important implications for understanding how the major oncogenic pathways interact in
malignant tumors in general, and in DLBCL in particular, and also for the development of
more effective and focused anticancer therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Real-time quantitative (q) PCR for Hh-related genes copy number estimation in
DLBCL cell lines
These experiments were performed in quadruplicate. In each experiment, Hh related genes
were amplified in duplicate. The diploid status is indicated with a dotted line.
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Figure 2. Real-time quantitative (q) PCR for Hh-related genes copy number estimation in
DLBCL tumor samples
These experiments were performed in triplicate. In each experiment, Hh related genes were
amplified in duplicate. The diploid status is indicated with a dotted line.
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Figure 3. G-banding karyotype, FISH and SKY for BJAB cells
G-banding showed 3 chromosomes 7 and 2 chromosomes 12 in BJAB cells. However,
dualcolor interphase FISH showed that 90% of the cells have 2 green signals for SMO and 2
red signals for centromere 7 (ratio 1:1) indicating the presence of 2 chromosome 7 and 2
copies of SMO. Few cells showed 2 SMO signals and 3 centromeric signals indicating that a
subset of cells has trisomy 7 and a deletion involving the long arm on chromosome 7 (not
shown). SKY analysis confirmed the presence of trisomy 7 with one derivative 7 having its
long arm replaced with DNA from another chromosome.
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Figure 4. G-banding karyotype and FISH assays for DOHH2, HBL1 and OCI-LY3 cells
In DOHH2 cells, G-banding showed trisomy 7 and 2 chromosomes 12. Dual-color
interphase FISH confirmed the presence of 3 copies of SMO (ratio 1:1 with the centromere
probe) and 2 copies of GLI1 in this cell line. In HBL1 cells, G-banding showed one intact
chromosome 7 and a der(12) having the other chromosome 7. The presence of 2 copies of
SMO gene was confirmed by interphase and metaphase FISH assays. In OCI-Ly3, G-
banding show trisomy 7 and 12 and dual-color interphase and metaphase FISH studies
confirmed that the presence of extra copies of SMO and GLI1 genes were associated with
chromosomal aneuploidies (ratio 1:1 with centromere probes).
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Figure 5. The activation status of PI3K and NF-kB modulates GLI1 and Hh levels in DLBCL cell
lines
(A) OCI-LY3, BJAB, DOHH2 and SUDHL4 cells were treated with increasing
concentrations of the PI3K inhibitor LY294002. Western blot analysis showed a
concentration dependent decrease in the expression levels of GLI1 and Hh proteins (left
panel). (B) Three DLBCL cell lines (SUDHL4, BJAB and DOHH2) cells were treated with
2.5 µM of BAY11-7082. In all the cell lines, treatments with BAY11-7082 resulted in
decrease of expression levels of GLI1 associated with a decreased in the phosphorylated
levels of p65 (ser536) but not total p65. In addition, treatments with 2.5 µM of BAY11-7082
also resulted in decrease in the levels of Hh protein in the three cell lines.
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