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Background
FoxM1 has been shown to play a critical role in the pathogenesis of various epithelial malignan-
cies. However, its role in lymphoid malignancies has not been fully clarified. We, therefore, inves-
tigated the role of FoxM1 expression in a large cohort of diffuse large B-cell lymphoma samples
and panel of cell lines.

Design and Methods
FoxM1 expression was investigated in a large series of diffuse large B-cell lymphoma tissues in a
tissue microarray format by immunohistochemistry. Apoptosis was measured by flow cytometry
and protein expression was detected by immunoblotting using diffuse large B-cell lymphoma cell
lines following treatment with either pharmacological inhibitor of FoxM1 or small interference
RNA knockdown strategy. Invasion/migration and soft agar colony assays were also performed
following treatment with FoxM1 inhibitor.

Results
FoxM1 expression was detected in 84.6% of diffuse large B-cell lymphoma tumors and found to
be significantly associated with proliferative tumor marker Ki67 (P<0.0001), matrix metallopro-
teinases-2 (P=0.0008), matrix metalloproteinases-9 (P=0.0002), S-phase kinase associated protein-
2 (P<0.0001) and inversely associated with p27 expression (P=0.0215). Expression of small inter-
ference RNA targeted against FoxM1 or treatment of diffuse large B-cell lymphoma cells with
thiostrepton caused its downregulation accompanied by decreased expression of matrix metallo-
proteinases-2 and matrix metalloproteinases-9. Inhibition of FoxM1 in diffuse large B-cell lym-
phoma cells also decreased invasive and migratory capability, and induced caspase dependent
apoptosis via activation of the mitochondrial apoptotic pathway. Finally, combined thiostrepton
and bortezomib at sub-toxic doses led to efficient apoptosis in diffuse large B-cell lymphoma cells.  

Conclusions
Altogether, these results suggest that FoxM1 is over-expressed in the majority of diffuse large B-
cell lymphoma samples. These data also indicate that targeting FoxM1 signaling can serve as a
potential therapeutic modality in the management of diffuse large B-cell lymphoma. 
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most
common lymphoid malignancy making up approximately
40% of all cases. Despite improvement in treatment pro-
tocols, a large number of DLBCL cases remain refractory
to treatment.1,2 Dysregulated survival pathways have
been shown to contribute to the aggressiveness of
DLBCL.3 The cause of most DLBCL remains unknown;
however, dysregulation of apoptosis or defective repair
plays a role in its pathogenesis.4,5

Forkhead box protein M1 (FoxM1) is a member of the
FoxM family that consists of more than 50 proteins that are
characterized by a conserved 100 amino acid DNA binding
domain.6,7 Deregulation of FoxM1 has been implicated in
the pathogenesis of many cancers because of its ability to
drive cell cycle progression and prevention of growth
arrest.8,9 FoxM1 is known to be a key regulator of transition
from G1 to S phase by downregulation of p27kip1 through
upregulation of S-phase kinase-associated protein 2 (SKP2)
and CDK subunit.10-12 FoxM1 has also been known to reg-
ulate the transcriptional activity of a number of genes
including cyclin B, cyclin A and Aurora B kinase which are
very important for cell cycle progression and mitotic
entry.13-15 Loss of FoxM1 expression has also been reported
to generate mitotic spindle defects leading to mitotic catas-
trophe.13,16,17 FoxM1 signaling has been implicated in the
carcinogenesis of tumor development in various cancers,
including hepatocellular, prostate, lung, glioma, cervical
and gastric cancers.14,18-22 Nakamura et al.23 have shown that
FoxM1 promotes the proliferation of leukemia cells
through the modulation of cell cycle progression. Recent
studies have shown that downregulation of FoxM1 has
resulted in inhibition of cell growth, migration and inva-
sion in a number of cancer cells.9,24,25

FoxM1 has also been shown to be associated with
Matrix metalloproteinases (MMPs) in a variety of cancers.
MMPs are made up of a large family of related proteolytic
enzymes that includes collagenases, gelatinases,
stromelysins, elastases, and membrane-type (MT-
MMPs).26 The expression and activity of MMPs increase
in almost all human cancer and are associated with
advanced tumor stage and poor survival.27,28 Expression of
MMP-9 has also been found to be elevated in liver of
FoxM1B transgenic mice.29

Since FoxM1 has been shown to play a critical role in
the carcinogenesis and progression of several human can-
cers, its specific role in DLBCL has not been investigated.
Therefore, in the present study, we first investigated the
expression of FoxM1 in a large cohort of DLBCL using tis-
sue microarray (TMA) analysis. Our study demonstrates
that FoxM1 was over-expressed in 84.6% of DLBCL sam-
ples and was significantly associated with expression of
Ki67, MMP-9, MMP-2 and SKP-2. We further demon-
strate that pharmacological and small interference RNA
(siRNA) mediated inhibition of FoxM1 negatively regu-
late the expression of cell cycle regulatory proteins in vitro.
Finally, we show that the combination of proteasome
inhibitor, bortezomib and FoxM1 inhibitor, has a potent
anti-apoptotic effect. Altogether, our data show that
downregulation of FoxM1 expression can lead to cell
cycle arrest and inhibition of cell invasion/migration in
DLBCL cells suggesting a possible potential therapeutic
role of FoxM1 as novel therapeutic target for the treat-
ment of DLBCL.

Design and Methods

Patient samples and construction of tissue microarray
Two hundred and thirty-one cases of de novo DLBCL, diagnosed

between 1987 and 2006 and reclassified according to the WHO cri-
teria,30 were collected from the department of pathology at King
Faisal Specialist Hospital and Research Centre. Tissue microarrays
(TMA) were constructed as described previously.31 The study was
approved by the institutional review board of the King Faisal
Specialist Hospital and Research Center (Project RAC# 2060008).

Immunohistochemistry (IHC)
TMA slides were processed and stained manually. The IHC pro-

tocol was followed as described.32 Primary antibodies used, their
dilutions, and cut-off levels for evaluation are listed in the Online
Supplementary Table S1. Immunohistochemical detection of FoxM1
was performed using antibody from Santa Cruz Bio Technology
(SCBT, USA, clone K-19) which has been used previously and
extensively validated.9 Antigen retrieval for SKP2, p27, MMP2 and
MMP9 was performed for 10 min at 120°C in a pressure cooker at
pH6 in Dakocytomation Target retrieval solution (code S2369) and
at pH9 in Dako Target retrieval solution (code S2367).33 

We also assessed expression of matrix MMP-9, MMP-2 and
Aurora B kinase by immunohistochemistry using X-tile plots as
previously described.9 X-tile plots were constructed for assessment
of biomarker and optimization of cut-off points based on outcome
as has been described earlier.32,34,35 The expression of CD10, BCL6
and MUM1 was used to classify tumors as germinal center B-cell
(GC), like DLBCL and activated B cell (ABC), applying the decision
tree described earlier.36

Statistical analysis
The JMP 9.0 (SAS Institute Inc., Cary, NC, USA) software pack-

age was used for data analyses. Comparisons between groups
were made with the paired Student’s t-test. c2 tests were used to
examine the relationship between nominal variables. P=0.05 was
The limit of significance for all analyses was defined as a P value
of 0.05. Dose effect curves and combination indices were generat-
ed using calcusyn software applying Chou-Talalay methodology
as previously described.37

Results

FoxM1 expression in diffuse large B-cell lymphoma
patients 

Immunohistochemical analysis of FoxM1 expression
could be interpreted in 214 DLBCL spots and FoxM1
expression was predominantly seen in the nuclear compart-
ment (Online Supplementary Figure S1A and B). Although
FoxM1 expression was significantly higher (P=0.0126) in
the germinal center B-cell (GCB) phenotype (43 of 45;
95.6%), a large proportion of the activated B-cell (ABC)
phenotype (138 of 168; 82.1%) also showed high FoxM1
expression. Therefore, the overall incidence of FoxM1
expression was found to be 84.6% (181 of 214). However,
FoxM1 expression showed no association with age, gender,
LDH and IPI. In addition, FoxM1 expression showed a
direct association with SKP-2 (P<0.0001) and an inverse
association with p27 (P=0.0215). FoxM1 expression also
correlated significantly with proliferative marker Ki-67
(P<0.0001) (Online Supplementary Figure S1C and D), MMP-
2 (P=0.0008), MMP-9 (P=0.0002) and Aurora B kinase
(P=0.0061). Therefore, FoxM1 expression is significantly

FoxM1 signaling in DLBCL
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associated with aggressive and proliferative markers in
DLBCL. To compare the expression levels of FoxM1 in 36
non-neoplastic lymphoid tissues, we assessed FoxM1
expression in lymphoid tissue from lymph nodes and ton-
sils. Using Student’s t-test, the mean±SD of FoxM1 expres-
sion in lymphoma (103.2±18.2) was significantly higher
than FoxM1 expression in normal lymphoid cells
(21.9±16.9; P<0.0001) (Online Supplementary Figure S1E).

FoxM1 gene consists of three alternately spliced isoforms:
FoxM1a, FoxM1c and FoxM1b. All three isoforms are
expressed in DLBCL cell lines as detected by RT-PCR (data
not shown).

Inhibition of FoxM1 expression leads to downregulation
of MMP-2 and MMP-9 expression in diffuse large B-cell
lymphoma cells

As our clinical data showed a significant association
between expression of FoxM1 with MMP-2 and MMP-9,
we investigated whether siRNA targeted against FoxM1
expression or inhibition of FoxM1 using either a selective
FoxM1 inhibitor, thiostrepton,38 that has also been shown
to have proteasomal inhibition activity39 leads to downreg-
ulation of MMP-2 and MMP-9 in DLBCL cells. SUDHL4
cells were transfected with 50 and 100 nM FoxM1 siRNA
for 48 h and proteins were immunoblotted. As shown in
Figure 1A, siRNA knockdown of FoxM1 down-regulated
expression of FoxM1, MMP-2 and MMP-9 protein levels in
a dose dependent manner. Interestingly, thiostrepton treat-
ment of DLBCL cells produced similar results (Figure 1B),
confirming that FoxM1 downregulation leads to their inhi-
bition. 

FoxM1 expression has been shown to enhance anchorage
dependent colony formation in tumors.9 We, therefore,
sought to determine whether inhibition of FoxM1 expres-
sion affects the colony formation in DLBCL cells. As shown
in Figure 1C, thiostrepton treatment of SUDHL4 cells led to
decreased colony formation as compared to untreated cells.
Next, we examined secretion of MMP-2 by ELISA follow-
ing treatment of DLBCL cells with thiostrepton.
Thiostrepton treatment caused decreased secretion of
MMP-2 in media in SUDHL4 and OCI-LY19 cells (Figure
1D). MMP-2 and MMP-9 expressions have been known to
play a major role in invasion and migration of cancer cells.28

Therefore, we were interested in determining whether
thiostrepton treatment of DLBCL led to inhibition of inva-
sion and migration of these cells. Thiostrepton treatment of
DLBCL cells prevented penetration through the Matrigel-
coated membrane for invasion/migration compared with
the untreated sample suggesting that FoxM1 regulated inva-
sion/migration of DLBCL cells via upregulation of MMPs
(Figure 1E). These data were confirmed by siRNA knock-
down of FoxM1 of DLBCL cells that showed similar data
(Figure 1F) suggesting that FoxM1 modulates the activity of
MMPs in DLBCL cells. 

Downregulation of FOXM1 inhibits cell viability 
via induction of apoptosis in DLBCL cell lines

Our clinical data also demonstrated a significant associa-
tion of FoxM1 expression with Ki67, a proliferative marker.
We, therefore, sought to determine whether treatment with
thiostrepton or siRNA knockdown of FoxM1 led to inhibi-
tion of cell viability in DLBCL cells as detected by MTT
assay.  Figure 2A shows that as the dose of thiostrepton
increased from 0.5 to 25 mM, cell growth inhibition
increased in a dose dependent manner in all the DLBCL cell

lines. The growth inhibition induced by thiostrepton treat-
ment was found to be statistically significant (P<0.01)
(Student’s t-test) at most of the doses tested in all cell lines.
Similar data were obtained using siRNA knockdown of
FoxM1 (Figure 2B). We then examined whether inhibition of
cell viability occurred due to DLBCL undergoing cell death.
For this, we treated DLBCL cell lines with 5 and 10 mM
thiostrepton for 48 h and, after staining them with calcein
and ethidium homodimer, we examined the cells under a
microscope to check for plasma membrane integrity. As
shown in Figure 2C, untreated cells were stained green
showing live cells with intact plasma membrane integrity
while cells treated with thiostrepton showed an increase in
red cells suggesting disruption of plasma membrane integri-
ty, i.e. dead cells. Finally, we confirmed the response of
DLBCL cell lines to thiostrepton by DNA laddering assay.
SUDHL4 and OCI-LY19 cell lines were treated with 5 and
10 mM thiostrepton for 48 h and DNA fragmentation were
observed in both the cell lines (Figure 2D). Interestingly,
transfection of DLBCL cells with FoxM1 siRNA showed
increased apoptosis after transfection with 50 and 100 nM
siRNA targeted against FoxM1 confirming that FoxM1
downregulation leads to apoptosis in DLBCL cells (Figure
2E). To exclude off-target effects of FoxM1 specific siRNA in
inhibition of cell viability and inducing apoptosis, we trans-
fected DLBCL cells with another siRNA targeting a different
sequence of the FoxM1 gene and found similar results
(Online Supplementary Figure S2A and B). Finally, to assess the
response of thiostrepton on normal PBMNC, we treated 3
samples of normal PBMNC with 5 and 10 mM thiostrepton
for 48 h and analyzed the samples for apoptosis. As shown
in the Online Supplementary Figure S2C, there was no apop-
tosis detected in any of the PBMNC samples following treat-
ment with thiostrepton. Additionally, caspase-3 was not
activated in PBMNC cells following treatment with
thiostrepton (Online Supplementary Figure S2D).  

Park et al.40 have previously shown that tumor cells that
express activated AKT are dependent on FoxM1 expression
for survival. Therefore, we determined the phosphorylation
(activation) status of AKT and its downstream target, BAD,
following treatment with thiostrepton. As shown in Figure
3A, thiostrepton treatment of SUDHL4 and OCI-LY19 cell
lines inactivated AKT and Bad in a dose dependent manner.
These data were further confirmed by siRNA knockdown
of FoxM1 that showed similar results (Figure 3B). It has
been shown before that dephosphorylation of Bad leads to
upregulation of pro-apoptotic Bax and activation of the
mitochondrial apoptotic pathway.41 As shown in Figure 3C,
inhibition of FoxM1 led to conformational changes of Bax
protein starting within 4 h of thiostrepton treatment in the
SUDHL4 cell line and peaking at 8 h as detected by
immunoprecipitation with Bax 6A7 antibody that only rec-
ognizes the conformationally changed Bax.  We further
tested the effect of thiostrepton on the mitochondrial mem-
brane potential and release of cytochrome c in these cells.
Cells were treated with thiostrepton for 48 h and labeled
with JC1 dye and mitochondrial membrane potential was
measured by flow cytometry.  As shown in Figure 3D, treat-
ment of cells with thiostrepton resulted in loss of mitochon-
drial membrane potential in DLBCL cells as measured by
JC1 stained green fluorescence depicting apoptotic cells as
well as release of cytochrome c from mitochondria to
cytosole (Figure 3E). 

Release of cytochrome c has been shown to activate the
downstream caspases that are ultimately required to induce
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apoptosis.40,41 We, therefore, decided to determine whether
thiostrepton-induced release of cytochrome c is capable of
activation of caspase 9, caspase-3 and cleavage of PARP.
Figure 3F shows that thiostrepton treatment of SUDHL4
and OCI-LY19 cell lines resulted in the activation of cas-
pase-9, caspase-3 and cleavage of PARP in DLBCL cells after
treatment with 5 and 10 mM thiostrepton for 48 h.
Interestingly, expression of FoxM1 siRNA also activated
caspases-9 and caspases -3 in DLBCL cells (Online
Supplementary Figure S3A). In addition, pre-treatment of
DLBCL cells with 80 mM z-VAD-fmk, a universal inhibitor
of caspases, followed by thiostrepton treatment, abrogated
apoptosis and prevented caspases-9 and caspases-3 activa-
tion induced by thiostrepton (Online Supplementary Figure

S2B and C).  Finally, thiostrepton treatment of DLBCL cells
also inhibits the expression of inhibitor of apoptosis pro-
teins (IAP) (Online Supplementary Figure S2D).

FoxM1 has also been shown to regulate the activity of cell
cycle proteins in other cancers.10-12,18 Interestingly, our clini-
cal data showed that FoxM1 was significantly associated
with cell cycle regulatory proteins such as SKP-2 and Aurora
kinase B. We, therefore, investigated the role of FoxM1
expression on cell cycle regulatory proteins following treat-
ment with thiostrepton in DLBCL cells. Treatment of
DLBCL cells led to downregulation of SKP-2, Aurora B
kinase, Cyclin A, Cyclin B1 and pRb accompanied by
upregulation of p27 (Figure 4A). We next performed trans-
fection studies with siRNA targeted against SKP-2 and

FoxM1 signaling in DLBCL
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Figure 1. Thiostrepton treatment causes downregulation of FoxM1 and its downstream targets in DLBCL cells. (A) OCI-LY19 cells were trans-
fected with either 100 nM scrambled siRNA or 50 and 100 nM specific siRNA targeted against FoxM1 for 48 h. After incubation, cells were
lysed and immuno-blotted with antibodies against FoxM1, MMP-2 and MMP-9. Beta-actin was used as a loading control. (B) SUDHL4 and
OCI-LY19 cells were treated with 5 and 10 mM thiostrepton for 48 h. After cell lysis, proteins were separated on SDS-Page and immuno-blot-
ted with antibodies against FoxM1, MMP-2, MMP-9 and beta-actin. (C) Clonogenic assays were performed as described in the Design and
Methods section. SUDHL4 cells were treated with 5 and 10 mM thiostrepton for 48 h. Subsequently, cells were plated on Soft agar plates
for four weeks. After four weeks, plates were stained and manually counted. (D) SUDHL4 and OCI-LY19 cells were treated with 5 and 10 mM
thiostrepton for 48 h. Activity of MMP-2 was determined by enzyme-linked immunoabsorbent assay (ELISA). (E) SUDHL4 cells were treated
with 5 and 10 mM thiostrepton for 24 h. Following treatment, Invasion-Migration assay were performed as described in the material and
methods section. (F) SUDHL4 cells were transfected with either scrambled siRNA or FoxM1 specific siRNA for 48 h. Following treatment,
Invasion-Migration assay were performed as described in the Design and Methods section.
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found that there was no effect on FoxM1 expression (Figure
4B). To further confirm the role of FoxM1 in cell cycle reg-
ulation, we analyzed cell cycle distribution in DLBCL cells
in response to thiostrepton treatment. As shown in Figure
4C, thiostrepton treatment induced a gradual time depend-
ent G2/M arrest in DLBCL cells of up to 16 h of treatment
in the SUDHL4 cell line. Similar results were obtained in
OCI-LY19 cells where the G2/M population of cells
increased up to 16 h. These data suggest that FoxM1 plays
an active role in cell cycle progression of DLBCL cells. 

Synergistic activity of thiostrepton and bortezomib 
to induce apoptosis in diffuse large B-cell lymphoma
cell lines

Finally, we sought to determine whether co-treatment
of thiostrepton and bortezomib, a proteasome inhibitor, at
sub-toxic doses could induce a more potent apoptosis in
DLBCL cells. Experiments were conducted to determine
the optimal doses that could be used to induce a synergis-
tic apoptotic response with combination of thiostrepton

and bortezomib in DLBCL cells. As shown in the Online
Supplementary Table S2 and Online Supplementary Figure S4,
using the Chou-Talalay method,37 we found that 1 mM
thiostrepton and 1 nM bortezomib exerted the maximum
synergistic apoptotic response in SUDHL4 cells (combina-
tion index 0.182) and OCI-LY19 cells (combination index
0.108), both the values being less than 1.0 suggesting a
strong synergistic response.37 We, therefore, co-treated
DLBCL cells with sub-toxic doses of thiostrepton (1 mM)
and bortezomib (1 nM) for 48 h and assessed the cell via-
bility by MTT assay. As shown in Figure 4D, neither
thiostrepton alone nor bortezomib could inhibit cell via-
bility alone. However, combination treatment led to a sig-
nificant inhibition of viability in all the cell lines tested. We
followed up these experiments by examining whether this
combination can drive DLBCL cells to undergo apoptosis.
We found that there was efficient apoptosis following
combination treatment for 48 h as assessed by activation
of caspase-9, caspase-3 and PARP (Figure 4E). These data
were confirmed by combining bortezomib treatment with

s. Uddin et al.
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Figure 2. Downregulation of FoxM1 expression leads to inhibition of cell
viability and induction of apoptosis in DLBCL cell lines. (A) DLBCL cells
were incubated with 0.5, 1, 5, 10 and 25 µM thiostrepton for 48 h. Cell
viability was assayed using MTT as described in Design and Methods
section. The graph displays the mean ± SD (standard deviation) of 3
independent experiments with replicates of 6 wells for all the doses and
vehicle control for each experiment * P<0.05, statistically significant
(Student’s t-test.) (B) SUDHL4 and HBL-1 cells were transfected with
scrambled siRNA or FoxM1 specific siRNA for 48 h. Following treatment,
cell viability was measured by MTT. The graph displays the mean ± SD
(standard deviation) of 3 independent experiments with replicates of 6

wells for all the doses and vehicle control for each experiment *P<0.05, statistically significant (Student’s t-test.) (C) SUDHL4, SUDHL5,
SUDHL8 and OCI-LY19 cells were treated with 5 and 10 mM thiostrepton for 48 h and apoptosis was measured by Live/Dead Assay. (D)
Thiostrepton-induced apoptosis detected by DNA laddering. DLBCL cells were treated with 5 and 10 mM thiostrepton (as indicated) for 48 h
and DNA was extracted and separated by electrophoresis on 1.5% agarose gel. (E) SUDHL4 and HBL-1 cells were transfected with scrambled
siRNA or FoxM1 specific siRNA for 48 h. Following treatment, cells were subsequently stained with flourescein-conjugated annexin-V and pro-
pidium iodide (PI) and analyzed by flow cytometry. Bar graph denotes standard deviation of 3 independent transfections.
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transfection of siRNA targeted against FoxM1 that
showed similar results (Figure 4F and G). These data clear-
ly suggest that combined downregulation of FoxM1 and
cell cycle regulating proteins induce efficient apoptosis in
DLBCL cells.

Discussion

Recent studies have shown that deregulated expression
of FoxM1 plays a critical role in the carcinogenesis of many
cancers.8,9,14,18 However, the role of FoxM1 has not been fully

FoxM1 signaling in DLBCL
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Figure 3. Thiostrepton-induced mitochondrial apoptotic pathway in DLBCL cells.  (A) SUDHL4 and OCI-LY19 cells were treated with 5 and 10
mM thiostrepton for 48 h and cells were lysed and equal amounts of proteins were separated by SDS-PAGE, transferred to PVDF membrane,
and immunoblotted with antibodies against p-AKT, p-Bad and Beta-actin. (B) SUDHL4 and OCI-LY19 cells were transfected with either 100 nM
scrambled siRNA or 50 and 100 nM specific siRNA targeted against FoxM1 for 48 h. After incubation, cells were lysed and immunoblotted with
antibodies against p-AKT, p-Bad and Beta-actin. (C) After treating with 10 mM thiostrepton for indicated time periods, SUDHL4 cells were lysed
in 1% Chaps lysis buffer and subjected to immunoprecipitation with anti-Bax 6A7 monoclonal antibody and probed with specific polyclonal anti-
Bax antibody for detection of conformationally changed Bax protein. In addition, the total cell lysates were applied directly to SDS–PAGE, trans-
ferred to immobilon membrane and immunoblotted with specific anti-Bax polyclonal antibody. (D) Loss of mitochondrial membrane potential
by thiostrepton treatment of DLBCL cells. DLBCL cells were treated with and without 5 and 10 mM thiostrepton for 48 h. Live cells with intact
mitochondrial membrane potential and dead cells with lost mitochondrial membrane potential were measured by JC-1 staining and analyzed
by flow cytometry as described in Design and Methods section. The graph displays the mean ± SD (standard deviation) of 3 independent exper-
iments. (E) Thiostrepton-induced release of cytochrome c. SUDHL4 and OCI-LY19 cells were treated with and without 5 and 10 mM thiostrepton
for 48 h. Mitochondrial free, cytosolic fractions were isolated as described in Design and Methods section. Cell extracts were separated on SDS-
PAGE, transferred to PVDF membrane, and immunoblotted with an antibody against cytochrome c. The blots were stripped and re-probed with
an antibody against actin for equal loading. (F) SUDHL4, OCI-LY19 and HBL-1 cells were treated with and without 5 and 10 mM thiostrepton for
48 h. Cells were lysed and equal amounts of proteins were separated by SDS-PAGE, transferred to PVDF membrane, and immunoblotted with
antibodies against caspase-9, caspase-3, cleaved caspase-3, PARP and beta-actin. 
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clarified in DLBCL. We found that the FoxM1 was
expressed in 84.6% of DLBCL samples and significantly
associated with other aggressive molecular markers such as
MMP-9, MMP-2, SKP-2 and Ki67. The expression of FoxM1

varied in a non-neoplastic reactive lymph node with maxi-
mal expression seen in proliferating cells of the germinal
center and minimal expression in the majority of malignant
lymphoid cells as compared to non-neoplastic reactive

s. Uddin et al.
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Figure 4. Association of FoxM1 expression with cell cycle regulatory proteins. (A) SUDHL4 and OCI-LY19 cells were treated with and without 5
and 10 mM thiostrepton for 48 h. After cell lysis, equal amounts of proteins were separated by SDS-PAGE, transferred to Immobilon membrane,
and immunoblotted with antibodies against SKP-2, p27Kip1, Aurora kinase B, Cyclin A, Cyclin B1, pRb and beta-actin as indicated. A represen-
tative of 3 different experiments is shown. (B) SKP-2 siRNA expression does not affect expression of FoxM1. OCI-LY19 cells were transfected
with scrambled siRNA (100 nM) and SKP-2 siRNA (50 and 100 nM) with Lipofectamine as described in the Design and Methods section. After
48 h of transfection, cells were lysed and equal amounts of proteins were separated by SDS-PAGE, transferred to Immobilon membrane, and
immunoblotted with antibodies against SKP-2, FoxM1 and beta-actin as indicated. (C) Thiostrepton treatment induces a G2/M cell cycle arrest
at early time point in DLBCL. SUDHL4 and OCI-LY19 cells were treated with 10 mM thiostrepton for indicated time periods. Following incubation,
cells were analyzed for cell cycle fractions by flow cytometry. (D) DLBCL cells were incubated with either 1 mM thiostrepton or 1nM bortezomib
alone or in combination for 48 h. Cell viability was assayed using MTT as described in the Design and Methods section. The graph displays the
mean ± SD (standard deviation) of 3 independent experiments with replicates of 6 wells for all the doses and vehicle control for each experi-
ment *P<0.05, statistically significant (Student’s t-test.). (E)  SUDHL4 cells were treated with either 1 mM thiostrepton or 1 nM bortezomib alone
or in combination (as indicated) for 48 h. Cells were lysed and equal amounts of proteins were separated by SDS-PAGE, transferred to PVDF
membrane, and immunoblotted with antibodies against caspase-9, caspase-3, PARP and beta-actin. (F) SUDHL4 and OCI-LY19 cells were trans-
fected with either 100 nM scrambled siRNA or 25 nM specific siRNA targeted against FoxM1 alone or in combination with 1 nM bortezomib
for 48 h. Cell viability was assayed using MTT as described in Design and Methods section. The graph displays the mean ± SD (standard devi-
ation) of 3 independent experiments with replicates of 6 wells for all the doses and vehicle control for each experiment. (G) SUDHL4 cells were
transfected with either 100 nM scrambled siRNA or 25 nM specific siRNA targeted against FoxM1 alone or in combination with 1 nM borte-
zomib for 48 h. Cells were lysed and equal amounts of proteins were separated by SDS-PAGE, transferred to PVDF membrane, and immunoblot-
ted with antibodies against caspase-9, caspase-3, PARP and beta-actin.
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lymph nodes. These data agree with another report that
showed absence or minimal expression of FoxM1 in normal
tissue from various organ sites as compared to their cancer
counterparts.42 Our data also showed that proliferative
marker Ki67 was strongly associated with FoxM1 overex-
pression suggesting that FoxM1 deregulation may be driv-
ing the survival and proliferation of DLBCL cells. 

FoxM1 is thought to be involved in metastasis and angio-
genesis through the modulation of the activity of MMP-2,
MMP-9 and vascular endothelial growth factor.9,24,25,29 MMP-
2 and MMP-9 are crucial in the process of tumor invasion
and metastasis, and are directly linked to degradation of
basement membrane collagen leading to metastasis.25 Our
clinical data showed that DLBCL tumor cells expressing
FoxM1 showed a strong association with MMP-2 and
MMP-9. We also found that depletion of FoxM1 by
thiostrepton treatment or expression by siRNA resulted in
reduced expression of MMP-2 and MMP-9 as well as
decreased the invasive and migration capability of DLBCL
cells. In addition, secretion of MMP-2 also decreased fol-
lowing thiostrepton treatment. These results strongly sug-
gest that FoxM1 increases the aggressiveness of DLBCL via
upregulation of MMPs. 

FoxM1 inhibition has been shown to induce apoptosis
in human cancer cells.9 In the current study, we found that
thiostrepton treatment of DLBCL cells inhibited cell viabil-
ity and induced apoptosis in a dose dependent and p53
independent manner. The exact mechanism of apoptosis
following downregulation of FoxM1 is not known.
However, our data suggested that FoxM1 inhibition led to
inactivation of AKT, an important survival protein that
was previously shown to be addicted to FoxM1 expres-
sion for survival.40 Inactivation of AKT caused dephospho-
rylation of pro-apoptotic protein Bad leading to conforma-
tional changes in Bax protein and induction of apoptosis
via the mitochondrial apoptotic pathway.  Once the mito-
chondrial apoptotic pathway is activated, it recruits and
cleaves caspases-9 and caspases-3 ultimately leading to
apoptosis. Furthermore, FoxM1 specific siRNA treatment
of DLBCL cell lines caused activation and cleavage of cas-
pases-9 and caspases-3 confirming the role of FoxM1
expression in prevention of caspase-dependent apoptosis.

FoxM1 activity has also been reported to induce
p27kip1 degradation through the upregulation of specific
subunits of the SKP1-Cullin1-F-box ubiquitin ligase com-
plex involved in targeting proteins for degradation by pro-
teasome.20,43 In addition, FoxM1 expression has also been
shown to be associated with increased MYC oncogenic
signaling as well as accelerated G2/M progression leading

to cell survival.44 We also demonstrated a strong relation-
ship between expression of FoxM1 and cell cycle regulat-
ing proteins by IHC and inhibition of FoxM1 expression
with thiostrepton down-regulated SKP2 accompanied
with the increased level of p27Kip1 in DLBCL cells leading
to G2/M arrest.  These data are consistent with the estab-
lished notion that the FoxM1 is a key regulator of G2/M
progression.8,9

Bortezomib has been approved for the treatment of mul-
tiple myeloma and mantle cell lymphoma and is currently
being used in several clinical trials for the management of
solid cancers.45 While the results in multiple myeloma and
mantle cell lymphoma have been promising, bortezomib as
a single agent has not been very successful in the manage-
ment of solid tumors.46,47 Thrombocytopenia along with
fatigue and edema have been the more common dose
dependent toxicities associated with bortezomib in clinical
trials.48 Therefore, we decided to use bortezomib at sub-
toxic doses along with thiostrepton and hypothesized that
administration of this sub-toxic dosage combination would
potentially decrease drug-induced toxicity and would
increase their anti-tumor effect.  Our data clearly showed
that the combination of bortezomib and thiostrepton pro-
foundly inhibited cell viability via induction of apoptosis
suggesting synergistic efficacy. This should, however, be
confirmed by further studies in clinical trials in DLBCL. 

In summary, we observed FoxM1 expression in the
majority of DLBCL and a tight linkage with co-expression
of MMP2, MMP9, Ki-67 and SKP2. We also presented
experimental evidence that downregulation of FoxM1
caused inhibition of cell viability, and induced caspase
dependent apoptosis in DLBCL cells. This study also con-
firms the strong association between expression of FoxM1
and proteins that play an important role in invasion and
migration as well as cell cycle regulatory proteins in DLBCL
cells. From these results, we conclude that the aberrant
FoxM1 signaling pathway plays a critical role in the patho-
genesis of DLBCL and identify FoxM1 as a potential thera-
peutic target in DLBCL.  
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