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Abstract

Bone morphogenetic protein (BMP) expression and signaling are altered in a variety of cancers, but the functional impact of
these alterations is uncertain. In this study we investigated the impact of expression of multiple BMPs and their signaling
pathway components in human B-cell lymphoma. BMP messages, in particular BMP7, were detected in normal and
malignant B cells. Addition of exogenous BMPs inhibited DNA synthesis in most lymphoma cell lines examined, but some
cell lines were resistant. Tumor specimens from three out of five lymphoma patients were also resistant to BMPs, as
determined by no activation of the BMP effectors Smad1/5/8. We have previously shown that BMP-7 potently induced
apoptosis in normal B cells, which was in contrast to no or little inhibitory effect of this BMP in the lymphoma cells tested.
BMP-resistance mechanisms were investigated by comparing sensitive and resistant cell lines. While BMP receptors are
downregulated in many cancers, we documented similar receptor levels in resistant and sensitive lymphoma cells. We found
a positive correlation between activation of Smad1/5/8 and inhibition of DNA synthesis. Gene expression analysis of two
independent data sets showed that the levels of inhibitory Smads varied across different B-cell lymphoma. Furthermore,
stable overexpression of Smad7 in two different BMP-sensitive cell lines with low endogenous levels of SMAD7, rendered
them completely resistant to BMPs. This work highlights the role of Smads in determining the sensitivity to BMPs and shows
that upregulation of Smad7 in cancer cells is sufficient to escape the negative effects of BMPs.
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Introduction

Bone morphogenetic proteins (BMPs) are members of the TGF-

b family of cytokines and control cellular processes like pro-

liferation, apoptosis, migration and differentiation in many cell

and tissue types [1]. More than 20 different BMPs have been

identified in mammals, and these are further divided into at least

four subgroups based on their sequence similarities and functions:

BMP-2/4, BMP-5/6/7/8a/8b, BMP-12/13/14 and BMP-9/10

[2]. BMPs play important roles during embryonic development

and they regulate tissue homeostasis in adults [1]. Several studies

have shown that BMPs can influence the hematopoietic system as

they regulate development of hematopoietic stem cells [3], inhibit

B- and T-cell lymphopoiesis [4,5], and affect mature immune cells

[6]. Exogenously added BMP-2,-4, -6 and -7 inhibit cell growth

and plasma-cell differentiation in human B cells [7,8]. Further-

more, an in vivo study has shown that the BMP-signaling

machinery affects B-cell functions in mice [9]. Similar to TGF-

b, the functional outcome of BMP stimulation is highly dependent

on cell type and microenvironment conditions.

BMPs transduce their effects via two types of serine/threonine

receptors which they bind with different affinities [1]. Type II

receptors are constitutively active, whereas type I receptors require

ligand binding, ligand-receptor oligomerization and transpho-

sphorylation via type II receptors to be activated. The active type I

receptors phosphorylate the receptor-regulated Smads (R-Smads):

Smad1, Smad5 or Smad8, which together with Smad4 form

a complex and move to the nucleus where they bind DNA and

regulate transcription of target genes. The pathway is negatively

regulated on multiple levels, e.g. by intracellular inhibitory Smads:

Smad6 and Smad7 [1].

The role of TGF-b in cancer has been extensively studied.

Whereas TGF-b often is a tumor suppressor in early stages of

tumor development, it can have enhancing effects in advanced

tumors. Tumor cells can evade the anti-tumor effects of TGF-b by

acquiring alterations in the TGF-b signaling pathway, such as

mutations in receptors or Smad4 and upregulation of inhibitory

Smads [10]. Similarly, alterations in components of the BMP

signaling pathway have been found in several types of cancer,

demonstrating their importance during tumorigenesis [11].

Whereas some studies showed that BMPs can promote tumori-

genesis and metastasis, others demonstrated that BMPs can have

negative effects on cancer [12,13], illustrating the context-de-

pendence of BMP effects. Resistance to BMPs has also been shown
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in some cancers and the mechanisms are similar to those found in

the TGF-b pathway [11]. For instance, impaired expression of

BMP receptors and Smad4 has been found in colorectal cancer

[14].

In this study we have investigated the intracellular signaling

proteins of BMPs and the functional outcome of exogenously

added BMPs in B-cell lymphoma, to study whether possible escape

mechanisms are similar or different to other cancers. We found

that also B-cell lymphoma cells could escape BMP inhibitory

effects. However, the mechanism was not loss of BMP receptors,

which is shown to occur in other cancers. Instead, we found that

expression levels of inhibitory Smads varied across lymphoma

cells, and that overexpression of Smad7 could transform highly

BMP-sensitive cell lines to become BMP resistant.

Results

Expression of BMP mRNA in Normal and Malignant
Germinal-center B Cells

Expression of BMP-6 has been detected in some lymphoma cell

lines [15], but the expression of BMPs in adult lymphoid tissue is

largely unknown. We therefore examined the expression of BMP

mRNA in normal and malignant germinal-center B cells, by using

real-time RT-PCR. FACS-sorted centrocytes and centroblasts

from tonsils expressed BMP7, but only low levels of BMP6

(Figure 1A). Studies in lymphoma cell lines of different subtypes

showed that seven out of ten expressed BMP7, whereas three out

of ten had detectable BMP6 levels (Figure 1B). Only one cell line

expressed BMP4 (Figure S1), and BMP2 mRNA was undetectable

(data not shown).

Next, we used tumor samples from lymphoma patients and

separated the malignant B cells from the infiltrating T cells by

FACS sorting. BMP6 was expressed at low to intermediate levels in

all malignant B cells, whereas infiltrating T cells expressed

undetectable to low levels of BMP6 and BMP7 (Figure 1C).

Furthermore, malignant B cells from tumor samples of three out of

three Follicular lymphoma (FL) patients expressed high levels of

BMP7, whereas it was undetectable in the malignant B cells from

two Diffuse large B-cell lymphoma (DLBCL) patients.

Analysis of BMP6 and BMP7 expression levels across non-

Hodgkin’s lymphoma (NHL) in an independent data set [16],

showed good correlation with the RT-PCR data of purified

malignant B cells (Compare Figure 1C and 1D). BMP7 was highly

expressed in FL as well as in the normal counterparts, but was

expressed at low levels in most DLBCL (Figure 1D). Expression of

BMP7 in lymphoma cell lines was further confirmed at the protein

level (Figure 1E and 1F), but did not correlate well with mRNA

levels. Altogether, the expression of BMP6 and BMP7 in normal

and malignant B cells suggests the possibility for autocrine growth

regulation.

B-cell Lymphoma Cells can Escape BMP-induced
Inhibition of Cell Growth

As malignant B cells expressed BMP6 and BMP7 (Figure 1), we

next studied the effects of exogenously added BMPs in different B-

cell lymphoma cell lines. In addition to BMP-6 and BMP-7, we

also included BMP-2 and BMP-4, since these BMPs constitute

another subgroup of BMPs. BMP-2, -4 and -6 induced more than

30% inhibition of DNA synthesis in three cell lines (Raji, Sudhl-6,

OCI-Ly3) of which Sudhl-6 was most affected (Figure 2A). These

were defined as BMP sensitive. In contrast, three other cell lines

(ROS-50, K-422, OCI-Ly7) were completely resistant to BMP-

induced inhibition of DNA synthesis. Four cell lines (Bjab, Ramos,

Sudhl-4, OCI-Ly10) showed intermediate sensitivity with less than

30% inhibition for any BMP tested (Figure S2). Interestingly,

sensitivity to BMP-7 was low in all cell lines, with less than 20%

inhibition of DNA synthesis (Figure 2A and Figure S2). In sensitive

Sudhl-6 cells, CFSE tracking of cell division confirmed that

proliferation was inhibited by BMP-2 and BMP-6 (Figure 2B).

Induction of cell death was less prominent, except for Sudhl-6 cells

(Table S1 and Table S2). Altogether, B-cell lymphoma cell lines

had variable sensitivity to BMP-2-, -4- and -6-induced growth

inhibition, but they were all resistant to BMP-7.

Cytokines can Counteract the Inhibitory Effects of
Exogenous BMP-6 in Sensitive Cells

The lymph node microenvironment normally contains many

cytokines including IL-2, IL-4 and IL-10, mainly produced by

activated T cells which also express membrane-bound CD40L

[17]. Thus, we next tested if these B-cell stimulators could

counteract the inhibitory effects of exogenous BMP-2 and BMP-

6 in sensitive Sudhl-6 cells. IL-10 and CD40L partly abolished

the effects of BMP-2 and BMP-6 by themselves, but the

combination of these was more potent and increased DNA

synthesis in BMP-6-stimulated cells (Figure 2C). In contrast, IL-

4 or IL-2 did not counteract the effects of BMPs (Figure 2C

and data not shown). Taken together, IL-10 and CD40L could

partly counteract the BMP-induced growth suppression in

sensitive Sudhl-6 cells.

Sensitive and Resistant Lymphoma Cells Express BMP
Receptors

Next, we focused on how some lymphoma cells could escape

BMP-induced growth suppression by comparing BMP-induced

signal transduction in sensitive and resistant cell lines. Expression

of BMP receptors are reduced in several types of cancer and this

could be a mechanism to evade BMP-induced suppression of

proliferation [14,18–20]. We used FACS analysis to determine the

expression of BMP receptors. The sensitive cell line OCI-Ly3 is

shown as an example and expressed high levels of activin receptor-

like kinase (Alk) 2, activin receptor type II (ActRII) A and

ActRIIB, and low levels of the other receptors (Figure 3A). All

resistant cell lines expressed at least one type I and one type II

receptor at comparable levels to sensitive cell lines (Figure 3B). In

addition, the resistant cell line K-422 expressed high levels of

receptors compared to sensitive cell lines.

We also included tumor samples from lymphoma patients, and

malignant B cells from all patients expressed Alk-2 and ActRIIB

(Figure 3C). Most of them also expressed Alk-6 and ActRIIA.

Furthermore, the expression of the various BMP receptors was not

different from the normal B cells present in the same sample

(Table 1). These results indicate that downregulation of receptors

is not a common mechanism for loss of BMP sensitivity in

lymphomas.

BMP-induced Growth Suppression Correlates with
Activation of Smad1/5/8

Next, we tested if resistance to BMP could be due to changes

upstream or downstream of Smad1/5/8 activation. To optimize

conditions, time-course experiments were performed in sensitive

Sudhl-6 cells (Figure S3A), and a one-hour incubation period

was selected for studies of BMP-induced signaling. Specificity of

the BMPs was shown using Dorsomorphin, a selective inhibitor

of BMPs [21], which completely abolished BMP-induced

phosphorylation of Smad1/5/8 and growth-inhibitory effects

(Figure S3B and C). Two out of three resistant cell lines showed

very low or no phosphorylation in response to any of the BMPs

BMP Resistance in B-Cell Lymphoma
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Figure 1. Normal and malignant B cells express BMP6 and BMP7. BMP mRNA expression was determined by real-time RT-PCR, and the results
are relative to the expression in human fetal brain tissue. (A) Centrocytes (CD19+CD38+IgD2CD77-) or centroblasts (CD19+CD38+IgD2CD77+) from
normal human tonsils (relative expression 6 SD of duplicates). (B) Lymphoma cell lines (means 6 SEM, n= 3 for BMP6; n= 5 for BMP7). (C) Purified
malignant B cells (CD20+CD10+Igk/Igl+) or tumor-infiltrating T cells (CD202CD3+) from lymphoma patient samples (relative expression 6 SD of
duplicates). (D) Relative expression of BMP6 and BMP7 across non-Hodgkin’s lymphoma (NHL; left of line) and in normal B-cell populations (right of
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tested compared to the positive control, which was the same for

all Western blots (Figure 4A). In resistant ROS-50 cells, BMP-2

and BMP-4 induced activation of Smad1/5/8, but note that

BMP-2 significantly increased the DNA synthesis in these cells

(Figure 2A). As expected, BMP-2 and BMP-4 induced strong

phosphorylation of Smad1/5/8 in the three sensitive cell lines

compared to the positive control (Figure 4A). BMP-7 did not

induce phosphorylation of Smad1/5/8, which is in agreement

with no/limited inhibitory effects of this BMP. However, BMP-

7 was active as it showed the same potency as BMP-2, BMP-4

and BMP-6 in inducing phoshorylation of Smad1/5/8 in

peripheral blood B cells from healthy donors (Figure S4). The

difference in BMP-2- and BMP-4-induced phosphorylation of

Smad1/5 in Sudhl-6, ROS-50 and K-422 cells was confirmed

by phospho-flow cytometry (Figure 4B). Activation of non-Smad

signaling pathways, primarily p38 MAPK, was only seen in

Sudhl-6 cells (Figure 4B).

To test if BMP-induced phosphorylation of Smad1/5/8

correlated with the BMPs’ antiproliferative capacity, we quantified

the levels of pSmad1/5/8 in the Western blots. To compare

different Western blots, we normalized the levels of pSmad1/5/8

to the positive control, which was the same for all the blots. The

correlation between BMP-induced phosphorylation of Smad1/5/

8 and suppression of DNA synthesis in the various lymphoma cell

lines was significant when all the different BMPs were combined

(p= 0.015, adjusted R-square = 40%; Figure 4C). Similar to the

variable levels of BMP-induced phosphorylation of R-Smads in

cell lines, analysis of BMP-induced phosphorylation in five

lymphoma patient samples showed that lymphoma cells from

two patients were responsive whereas the three others were

unresponsive (Figure 4D). Furthermore, BMP-7 did not activate

Smad1/5/8 in any of the patient samples. Note that the BMP

receptor levels in the unresponsive samples were not different from

those which showed BMP-induced phosphorylation of Smad1/5/

8 (Figure 3C and 4D). As this is similar to what we observed for

lymphoma cell lines, we expect that primary lymphoma cells can

escape the negative influence of BMPs also in vivo. Collectively,

BMP-induced phosphorylation of Smad1/5/8 correlated with the

functional effects of BMPs in lymphoma cell lines, suggesting that

BMP-resistance mechanisms in lymphoma are upstream of R-

Smad activation.

line) obtained from gene expression data set [16]. (E-F) Protein expression of BMP-7 was determined by Western blot analysis. Protein bands
correspond to propeptide (lower band) and uncleaved full-length monomer (upper band). HeLa_BMP-7: Lysate from HeLa cells transfected with BMP-
7. b-tubulin was used as loading control. One representative experiment (E) and mean values (F) of BMP-7 levels are shown (means 6 SEM, n= 3).
doi:10.1371/journal.pone.0046117.g001

Figure 2. Effects of BMPs on proliferation of B-cell lymphoma cell lines. (A and C) Lymphoma cell lines were stimulated with various BMPs
alone (A; n= 6, *p,0.05) or in the presence of interleukins and CD40L (C; Sudhl-6 cells, n $2) for three days before measuring 3H-thymidine
incorporation. Results are normalized to unstimulated control in each experiment. (B) Tracking of cell division by CFSE labeling of Sudhl-6 cells
cultured with or without BMP-2 or BMP-6 for three days. One representative of four independent experiments is shown.
doi:10.1371/journal.pone.0046117.g002
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Overexpression of Smad7 in Sensitive Cell Lines Renders
them Resistant to BMP

Overexpression of inhibitory Smads is a potential mechanism of

resistance, as these can inhibit BMP signaling in multiple ways,

including binding to BMP type I receptors and preventing

activation of R-Smads [22]. To test if upregulation of Smad7 in

sensitive cell lines could render them less sensitive to BMPs, we

used retroviral transduction to stably overexpress Smad7 in the

BMP-sensitive cell lines Sudhl-6 and Raji. We used a bicistronic

vector where SMAD7 is linked to GFP (see materials and methods),

and Smad7+ cells could therefore be indirectly identified based on

the expression of GFP. By using FACS sorting, we obtained

purified GFP+ and GFP- cell subsets, and GFP+ cells transduced

with SMAD7_2A_GFP vector had high expression of 2A-tagged

Smad7 (Figure 5A). Furthermore, SMAD7 mRNA was over-

expressed in GFP+ Sudhl-6 cells transduced with the SMA-

D7_2A_GFP vector (Figure S5). Ectopic expression of Smad7 did

not alter the expression of R-Smads (Figure 5A) or BMP receptors

(Figure S6).

To determine the functional outcome of Smad7 overexpression,

we tested the effects of BMP-2 and BMP-4 on DNA synthesis in

GFP2 and GFP+ FACS-sorted cell populations from SMA-

D7_2A_GFP-transduced Sudhl-6 and Raji cells. Interestingly,

overexpression of Smad7 altered the cells’ sensitivity to BMPs, as

BMP-2 and BMP-4 inhibited DNA synthesis in the GFP2

population, in contrast to no inhibition in the GFP+ population

of SMAD7_2A_GFP-transduced cells (Figure 5B). Transduction

with the GFP control vector did not affect the sensitivity to BMPs

(Figure S7A). BMP signaling was also measured by phospho-flow

cytometry in SMAD7_2A_GFP-transduced Sudhl-6 and Raji

cells. In agreement with the results from the DNA-synthesis assay,

BMP-2 and BMP-4 induced phosphorylation of Smad1/5 in

GFP2 cells, but not in the GFP+ cells overexpressing Smad7

(Figure 5C). In cells transduced with GFP control vector, BMP-2

and BMP-4 induced the same levels of phosphorylated Smad1/5

in GFP2 and GFP+ cells (Figure S7B), showing that expression of

GFP did not affect BMP signaling. In SMAD7_2A_GFP-trans-

duced Sudhl-6 cells, we saw some expression of Smad7 also in

Figure 3. BMP-sensitive and -resistant lymphoma cells express BMP receptors. (A) BMP receptor expression in OCI-Ly3. (B-C) Relative
receptor expression in lymphoma cell lines (B; means 6 SEM, n= 3) and CD20+CD32Igk/Igl+ malignant B cells from lymphoma patient samples (C).
Values represent median fluorescent intensity (MFI) of each BMP receptor relative to the MFI of the isotype control.
doi:10.1371/journal.pone.0046117.g003
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GFP2 cells (Figure S5) which can explain the slightly lower

sensitivity to BMP-2 seen in the GFP2 population (compare

Figure 5B and C with Figure S7). Taken together, these results

show that overexpression of Smad7 is sufficient for lymphoma cells

to become resistant to BMPs.

Downregulation of R-Smads and Upregulation of
Inhibitory Smads are Potential Mechanisms for Loss of
BMP Responsiveness

Using real-time RT-PCR, we next investigated if resistant cells

expressed higher levels of inhibitory SMADs, and found that

SMAD6 and SMAD7 mRNA levels varied among both the sensitive

and the resistant cell lines (Figure 6A). Resistant ROS-50 cells had

the highest level of SMAD7 mRNA. Unfortunately, despite testing

most commercially available anti-human Smad7 antibodies, we

were not able to reliably detect Smad7 at the protein level.

Retroviral transduction with a dominant negative Smad7 did not

restore sensitivity in ROS-50 (Figure S8), and therefore, high levels

of Smad7 seem not to be the mechanism for the BMP resistance

seen in this cell line. However, gene expression profiling data

across NHL showed that Chronic lymphocytic leukemia (CLL)

and Mantle cell lymphoma (MCL) had lower levels of SMAD6 and

SMAD7, compared to the other B-cell malignancies (Figure 6B and

Figure S9). Furthermore, the expression of inhibitory SMADs also

varied within each entity. This variability in expression levels of

inhibitory SMADs seen in cell lines and in primary patient samples,

together with our finding that upregulation of Smad7 was

sufficient to transform BMP-sensitive cells into resistant cells,

suggest that overexpression of inhibitory Smads can be a potential

mechanism for BMP resistance in some lymphoma cells.

Downregulation of Smad4 represents another possibility for

development of BMP resistance. Although the protein level of

Smad4 varied between lymphoma cell lines (Figure S10A), it did

not correlate with sensitivity to BMPs. Of the resistant cell lines,

only OCI-Ly7 had low expression of Smad4, but the level was not

lower than in BMP-sensitive Sudhl-6 cells. Interrogation of

SMAD4 gene expression across different NHLs showed that

SMAD4 levels were comparable, also to normal counterparts

(Figure S10B).

The expression of Smad1 and Smad5 also varied between the

cell lines (Figure 7A and B). As the resistant K-422 cells expressed

lower levels of Smad1 and Smad5 than the other cell lines, this

suggests downregulation of R-Smads as a possible mechanism for

loss of BMP responsiveness in this cell line (Figure 7A and B).

Interrogation of SMAD1 gene expression across different NHLs

showed that SMAD1 varied across different subtypes, with highest

levels in Burkitt lymphoma (BL), and lowest in MCL (Figure 7C).

In contrast, only small variations in SMAD5 levels were observed

(Figure 7C). Altogether, altered expression of Smad proteins

represents possible mechanisms for resistance to BMPs in B-cell

lymphoma.

Discussion

BMPs are known to inhibit proliferation and induce apoptosis in

many cell types, including B cells [7,8]. In cancer, alterations have

been found in several components of the BMP signaling pathway,

leading to BMP resistance. In this study, we have shown that B-cell

lymphoma cells as well as normal germinal-center B cells express

BMP mRNA, most frequently BMP7. Strikingly, we observed that

all lymphoma cells were resistant to this BMP, whereas their

sensitivity to BMP-2, -4 and -6 varied from highly sensitive to

completely resistant. Our data suggest that more than one

mechanism is involved in the resistance to BMPs, including

downregulation of R-Smads and upregulation of inhibitory

Smads.

We have previously shown that BMP-7 inhibits the growth of

human, mature B cells by potently inducing apoptosis, whereas

BMP-2, -4 and -6 had less effect [8]. In this study, lymphoma cell

lines as well as malignant B cells from lymphoma patients were

resistant to BMP-7. Combined with expression of BMP7 in both

normal and malignant B cells, this suggests that lymphoma cells

can escape autocrine growth-inhibitory effects of BMP-7. Simi-

larly, aggressive metastatic melanoma cells have been shown to be

resistant to autocrine growth-inhibitory effects of BMP-7 [23].

Furthermore, BMP7 expression correlated with tumor progression,

as aggressive melanomas expressed abundant BMP7 mRNA, but

primary melanomas did not [23]. The relationship between BMP-

7 and survival of lymphoma patients has not been studied, but

expression of BMP6 has previously been associated with prognosis

in patients with hematological malignancies. In multiple myeloma

patients, Seckinger et al. showed that high BMP6 expression

correlated with increased overall survival [24]. In DLBCL,

hypermethylation of the BMP6 promoter which correlated with

lack of BMP-6 expression, was associated with decreased survival

[15]. However, a study by Rosenwald et al., where BMP6

increased the prognostic value of a gene expression signature in

DLBCL, showed that BMP6 expression was associated with poor

outcome [25]. The finding that BMPs have a role in hematological

malignancies is further strengthened as Grčević et al. [26] showed

that expression of BMP4 and BMP6 was significantly higher in

bone-marrow samples from multiple myeloma patients than from

healthy controls.

Both sensitivity and resistance to BMPs have been reported,

which is in line with the variation we observed in sensitivity to

BMPs. Cancer cells from solid tumors were resistant to BMPs

[14,18,20], whereas BMPs induced apoptosis and inhibited

proliferation in multiple myeloma [27–29]. In ROS-50 cells, we

found that BMP-2 induced DNA synthesis, suggesting rewired

signaling and induction of target genes different from those

normally induced when BMPs have antiproliferative effects.

Others have also shown that BMP-2 can induce tumor growth

under certain conditions [30,31].

Downregulation of BMP receptors has been shown in cancer,

and lost sensitivity can be restored by exogenous expression of

BMPRII [14,18,20]. In a lymphoma cell line, resistance to TGF-

Table 1. BMP receptor expression in tumor B cells and in
normal infiltrating B cells from FL patient lymph node
specimens.

Relative MFI

Patient
B-cell
subset Alk-2 Alk-3 Alk-6 BMPRII ActRIIA ActRIIB

FL1 Tumor 7.8 1.7 2.5 1.2 2.0 3.1

Normal 2.9 1.9 2.6 1.5 1.9 2.2

FL2 Tumor 4.9 nda 2.5 1.9 3.8 5.0

Normal 3.6 nda 1.6 1.4 1.5 6.3

FL5 Tumor 4.5 2.5 4.3 2.4 2.3 7.4

Normal 1.5 1.1 1.2 1.0 1.0 5.0

FL6 Tumor 3.9 1.6 1.9 1.2 1.4 5.0

Normal 2.3 1.3 1.9 0.9 1.1 6.6

and =not determined.
doi:10.1371/journal.pone.0046117.t001
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Figure 4. Reduced phosphorylation of Smad1/5/8 in resistant lymphoma cells. (A) Lymphoma cell lines were stimulated with BMPs for one
hour and analyzed for the expression of pSmad1/5/8 by Western blotting. (B) BMP-induced phosphorylation of Smad1/5 and non-Smad pathways
were determined by phospho-flow cytometry in lymphoma cell lines treated with or without BMPs for one hour. Shown is one representative of three
independent experiments. (C) BMP-induced phosphorylation of Smad1/5/8 was quantified by densitometric analysis and normalized to the positive
control, and mean OD-values (n= 3) are plotted against mean values for relative DNA synthesis for the corresponding BMP (from Figure 2A) for each

BMP Resistance in B-Cell Lymphoma
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b correlated with epigenetic silencing of TGF-b receptor II [32].

However, we did not detect loss of BMP receptors in lymphoma

cell lines or lymphoma patient samples. Furthermore, the BMP

receptor expression in lymphoma cells did not differ from the non-

malignant B cells in patient samples. Thus, escape from BMP-

induced growth inhibition in B-cell lymphomas seems not to be

mediated via downregulation of BMP receptors. However, we

cannot rule out the possibility for mutations in the intracellular

domains of the receptors, preventing activation of R-Smads.

Although we found a statistical significant relationship between

BMP-induced Smad1/5/8 activation and growth inhibition,

BMPs induced Smad1/5/8 phosphorylation in one resistant cell

line. This implies that the mechanism of resistance also can be

found downstream of Smad1/5/8 phosphorylation, and that

lymphoma cells can develop different ways to escape the negative

influence of BMPs. Smad4 was originally identified as a tumor

suppressor and deletions or mutations in SMAD4 is common in

solid cancers, including 50% of all pancreatic cancers [10].

However, mutations in SMAD genes are rare in hematopoietic

tumors [33]. All lymphoma cell lines in this study expressed

Smad4 although at different levels, and SMAD4 mRNA had

similar expression levels across different NHLs. In contrast,

downregulation of R-Smads are more likely to contribute to

BMP resistance. R-Smads have previously been shown to have

a tumor-suppressive role, as gonade-specific deletion of SMAD1/5

induces ovarian or testicular cancer in mice [34]. It has been

suggested that microRNA-155 has a role in lymphomagenesis as it

is highly expressed in some lymphomas [35,36]. MicroRNA-155

expression can lead to limited cytostatic effect of BMPs through

direct suppression of SMAD5 [37], and has been shown to be

overexpressed in the aggressive ABC subtype of DLBCL

[35,37,38]. Hence, downregulation of Smad5 could represent

a common way to escape BMP-induced growth suppression.

Upregulation of inhibitory Smads represents another possible

mechanism of BMP resistance. Others have shown that SMAD6

and SMAD7 are upregulated in pancreatic cancer [39,40].

Furthermore, Smad6 and Smad7 correlate with poor prognosis

in lung cancer [41] and gastric carcinomas [42]. Importantly, we

found that stable overexpression of Smad7 in BMP-sensitive

lymphoma cells transformed them into BMP-resistant cells,

cell line. The parallel lines are based on analysis of covariance; p=0.015. (D) Tumor samples from five different lymphoma patients were treated with
BMPs for one hour and analyzed for the expression of pSmad1/5/8. Anti-PGK1 was used as loading control and vertical lines indicate cutting of gel.
doi:10.1371/journal.pone.0046117.g004

Figure 5. Overexpression of Smad7 in sensitive lymphoma cells renders them resistant to BMP-induced growth inhibition. Sudhl-6
and Raji cells were retrovirally transduced with GFP control vector or SMAD7_2A_GFP vector, and FACS sorted into GFP2 or GFP+ cells. Smad1, Smad5
and 2A-tagged Smad7 expression was measured by Western blotting, and anti-actin was used as loading control. (B) SMAD7_2A_GFP-transduced
cells were treated with or without BMP-2 or BMP-4 for three days before 3H-thymidine incorporation was measured. Results are normalized to the
unstimulated control (mean 6 SD of triplicate wells). The experiments have been reproduced. (C) BMP-induced signaling was measured by treating
retroviral transduced cells with or without BMP-2 or BMP-4 for one hour, followed by detection of GFP, pSmad1/5 and Smad2 by phospho-flow
cytometry. The experiments have been reproduced.
doi:10.1371/journal.pone.0046117.g005
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showing that upregulation of Smad7 is sufficient for cancer cells to

escape the negative effects of BMPs. Smad6 and Smad7 inhibit

BMP signaling in multiple ways, including competition of binding

to activated receptors or Smad4 [22]. In addition, Smad7 can

inhibit Smad signaling in the nucleus by disrupting the formation

of functional Smad-DNA complexes [43].

Whereas we were able to show that increasing the expression of

Smad7 in two highly BMP-sensitive cell lines was sufficient to

transform them into completely BMP-resistant cells, we have not

been able to identify the mechanism for resistance in the three

de novo resistant cell lines. In addition to ruling out alteration in

expression of BMP receptors, expression of antagonists was also

not associated with BMP resistance in these cells. Antagonists are

secreted factors that bind BMPs and prevent receptor binding. We

measured the mRNA expression of various BMP antagonists in

sensitive and resistant cell lines. However, low or no expression

was observed for all antagonists analyzed (data not shown). Hence,

upregulation of BMP antagonists seems not to be a common way

for lymphomas to escape BMP-induced growth inhibition. In

addition to antagonists, several co-receptors have been identified

which also can modulate BMP sensitivity in cancer cells [44], but

this was not investigated here. Furthermore, translocations and

mutations cause overexpression of oncogenes like BCL2, BCL6 and

MYC in lymphoma cells. In multiple myeloma, it was recently

shown that BMP-induced apoptosis required downregulation of

MYC. However, myeloma cells with MYC translocations evaded

BMP-induced apoptosis [45], adding further complexity to how

cancer cells can evade negative influence of BMPs. Two of the

resistant cell lines in the present study, K-422 and ROS-50, do not

have MYC translocations, but instead have BCL2 translocations. If

BCL2 also can modulate BMP sensitivity similar to MYC, will be

a subject for further studies.

In addition to alterations in the BMP signaling pathway,

cytokines normally present in the lymph node environment could

influence the functional outcome of BMP signaling. We found that

the inhibitory effects of BMPs could be reduced by adding CD40L

and IL-10. Similarly, activation of CD40 was found to inhibit

TGF-b effects through induction of Smad7 [46]. The mechanism

for how IL-10/CD40L counteract the inhibitory effects of BMPs

could be via their activation of MAPKs as this has been shown to

have an antagonistic effect on BMP signaling in many de-

velopmental contexts (reviewed in Wu [47]). MAPKs can

phosphorylate serines and threonines in the linker region of

Smad1, which e.g. marks it for ubiquitinylation and subsequent

degradation [48]. Furthermore, strong proliferative pathways

might override the transcriptional responses to BMP signals,

whereas the presence of constitutively active p38 MAPK might

sensitize cells towards TGF-b family members [49]. Since CD40L

Figure 6. Expression of inhibitory SMADs in lymphoma cells. (A) Real-time RT-PCR analysis of SMAD6 and SMAD7 expression in lymphoma cell
lines, relative to their expression in the osteogenic sarcoma cell line Saos-2 (SMAD6; means6 SD, n=2) or human fetal brain tissue (SMAD7; means6
SD, n=5). (B) Relative expression of inhibitory SMADs across NHLs (left of line) and in normal B-cell populations (right of line) obtained from a gene
expression data set from Basso et al. [16].
doi:10.1371/journal.pone.0046117.g006
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and IL-10 are present in the lymphoma microenvironment, these

proteins can contribute to BMP resistance.

In conclusion, we have shown that some B-cell lymphomas can

escape BMP-induced antiproliferative effects and that this

correlates with reduced Smad1/5/8 activation. A common

mechanism for loss of BMP sensitivity is downregulation or loss

of receptor expression, but this was not seen in lymphomas.

Instead, we found that overexpression of Smad7 is sufficient for

lymphoma cells to become resistant to BMPs. How loss of BMP

sensitivity might influence lymphomagenesis warrants further

investigations, for example by using xenograft models.

Materials and Methods

Human Samples
Tumor biopsies were obtained from patients with Follicular

lymphoma (FL, n= 6) or de novo Diffuse large B-cell lymphoma

(DLBCL, n= 2) at The Norwegian Radium Hospital between

1988 and 1993. Tonsils were obtained from children undergoing

routine tonsillectomy and served as healthy controls. Biopsies and

tonsils were obtained with written informed consent in accordance

with the Declaration of Helsinki and the Regional Committees for

Medical and Health Research Ethics, Region Eastern Norway,

approved protocols REK# 2.2007.2949 and REK# 2010/1147a,

respectively. Single-cell suspensions were prepared and stored in

liquid nitrogen.

Reagents and Antibodies
Biotinylated antibodies were from R&D Systems (MN, USA):

anti-ActRIA, anti-BMPRIA, anti-BMPRIB, anti-BMPRII, anti-

ActRIIA and anti-ActRIIB. Goat serum was purchased from

Sigma-Aldrich (MO, USA) and Streptavidin-PE from Dako

(Denmark). Anti-CD38-PC5 was from Beckman Coulter (CA,

USA); anti-IgD-PE, anti-Igk-APC, anti-Igl-PE, anti-CD3-FITC

and anti-CD10-FITC were from Dako and anti-CD3-Pacific Blue,

anti-CD77-FITC, anti-CD20-PerCPCy5.5 was from Becton

Dickinson (BD; CA, USA); anti-pSmad1/5/8, anti-Smad4 and

anti-b-Tubulin were from Cell Signalling Technology (CST; MA,

USA); anti-Smad1 was from Upstate (Millipore, MA, USA) and

CST, anti-2A was from Millipore, anti-actin was from Santa Cruz

Biotechnology (CA, USA) and anti-PGK1 was from Abcam. Anti-

BMP-7 (clone M1-F8) was from AbD Serotec. Antibodies used for

phospho-flow cytometry: anti-pErk-Alexa488 (T202/204) and

anti-pp38-Alexa647 (T180/Y182) were from BD; anti-pSmad1/

5 (Ser462/Ser465) and anti-Smad2 were from CST. See detailed

list of antibodies in Table S3. Recombinant human (rh) BMP-2

(300 ng/ml), rhBMP-4 (50 ng/ml), rhBMP-6 (500 ng/ml),

rhBMP-7 (400 ng/ml), rhTGF-b (10 ng/ml), rhIL-2 (10 ng/ml),

rhIL-4 (40 ng/ml) and rhIL-10 (10 ng/ml) were purchased from

R&D Systems. CD40L (0.25 mg/ml) were purchased from Alexis

Biochemicals (Enzo Life Sciences, NY, USA). Dorsomorphin

(Calbiochem, Merck, Germany) was used at 1.25 mM as this

concentration inhibited the BMP-induced effects without being

toxic as determined by dose-response experiments (data not

shown). For detection of BMP-7 protein, the cells were treated

with Brefeldin A (BD; diluted 1/1000 at final concentration) for 20

hours prior to preparation of cell lysate.

Figure 7. Expression of R-Smads in lymphoma cells. (A–B) Smad1 and Smad5 expression was measured by Western blotting in cell lines. Anti-
PGK1 was used as loading control. One representative experiment (A) and mean values of optical density from densitometric measurements (B; 6
SEM, n= 3) are shown. (C) Relative expression of SMAD1 and SMAD5 across NHLs in data set from Basso et al. [16].
doi:10.1371/journal.pone.0046117.g007
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Cell Culture
The cell lines Raji (purchased from DSMZ, Germany, in 2005),

Sudhl-4, Sudhl-6 (gift from L.M. Staudt, Metabolism Branch,

Center for Cancer Research, National Cancer Institute, National

Institutes of Health, Bethesda, MD; in 2005), K-422, ROS-50 (gift

from J. Delabie, Department of Pathology, Oslo University

Hospital, Oslo, Norway; in 2006), Ramos and Bjab (from Steinar

Funderud, Department of Immunology, Oslo University Hospital,

Oslo, Norway) were cultured in RPMI 1640 (PAA Laboratories,

Austria) supplemented with 10% fetal calf serum (PAA), penicillin

and streptomycin. OCI-Ly7, OCI-Ly3 and OCI-Ly10 (all from

L.M. Staudt; in 2006) were cultured in IMDM medium

(Invitrogen, CA, USA) supplemented with 20% human plasma,

55 mM b-mercaptoethanol, penicillin and streptomycin. In all

experiments, cells were cultured in serum-free X-VIVO15

medium (BioWhittaker, Switzerland). Sudhl-6 obtained from

DSMZ (ACC 573) in September 2009 gave identical results to

Sudhl-6 cells obtained from L. Staudt. The cell lines Sudhl-4,

Sudhl-6, ROS-50, K-422 and Ramos were authenticated in

February 2011 (STR DNA profiling by RT-PCR of 16 poly-

morphic markers).

Flow Cytometry, Fluorescence-activated Cell Sorting
(FACS) and Phospho-specific Flow Cytometry

All incubations with antibodies were performed in the dark at

4uC for 30 min and flow-cytometry analysis was performed on

a FACSCalibur (BD) or LSR II (BD). Centrocytes and centroblasts

were isolated from children undergoing routine tonsillectomy as

described previously [50]. Tumor-cell suspensions from lymphoma

patients were stained with antibodies and subjected to FACS

sorting into malignant B cells (CD20+CD10+CD32Igk/Igl+) or

infiltrating T cells (CD202CD102CD3+). Retrovirally transduced

cell lines were also subjected to FACS sorting to obtain GFP2 and

GFP+ cells. Phospho-specific flow cytometry was performed as

described previously [51], see details in Methods S1. Flow-

cytometry data was analyzed using FlowJo or Cytobank software

(www.cytobank.org).

Western Blotting
Cells were lysed in SDS lysis buffer and separated in poly-

acrylamide gels (Thermo Scientific, IL, USA) as previously

described [49]. Protein bands were visualized by the ECL or

ECL Plus detection systems (GE Healthcare, NJ, USA). Densito-

metric analysis was performed by scanning hyperfilms on a GS-

800 Calibrated Densitometer (BioRad, CA, USA), using Quantity

One software (Bio-Rad). Quantification of BMP-7 in each sample

was calculated as the sum of the two bands (uncleaved monomer +
propeptide) and normalized to that sample’s level of b-tubulin, and

then calculated relative to the expression in Raji cells. Quantifi-

cation of phosphorylated Smad1/5/8 was calculated relative to

the expression in the positive control, which was cell lysate

prepared from Sudhl-6 cells treated with BMP-2 for one hour.

Proliferation Assay and Cell-division Tracking
Cells were cultured in triplicates in 96-well round-bottom plates

(20 000 cells/well in 200 ml) for 3 days and 20 ml of 3H-thymidine

was added the 4 last hours of incubation. 3H-thymidine in-

corporation was measured as described previously [8].

For cell-division tracking, cells were labeled with 5 mM CFSE

(Molecular Probes, OR, USA) for 10 min at 37uC, washed in PBS

w/10% FCS and FACS sorted (50 channels around CFSE peak).

Sorted cells were cultured with or without BMPs for 3 days (20 000

cells/well in 200 ml) before FACS analysis of CFSE intensity was

performed on a FACS Canto (BD).

Overexpression of Wild Type and Dominant Negative
Smad7 by Retroviral Transduction

SMAD7_2A_GFP construct was designed in silico and synthe-

sized in vitro by GeneArt (Invitrogen). The construct is a bicistronic

gene where SMAD7 (isoform 1) coding sequence (CDS) devoid of

STOP codon is linked to GFP CDS via a Picornavirus 2A sequence

(TNFSLLKQAGDVEENPG*P, where * represents 2A cleveage

site). 2A peptides allow multiple proteins to be encoded as

polyproteins, which then dissociate into component proteins upon

translation by ribosomal skipping. Therefore, 2A-tagged Smad7

and GFP will be produced as separated proteins, but at almost

equimolar amounts. SMAD7_2A_GFP construct was subcloned

into a retroviral expression vector. Furthermore, a dominant

negative SMAD7 mutant (SMAD7DN) was constructed by a 25-

amino acid deletion at the COOH terminus of Smad7 as

previously described [52], and the SMAD7DN_2A_GFP con-

struct was subcloned into the same retroviral expression vector. A

retroviral vector expressing GFP (our collection) was used as

a control vector. For viral particle preparation, Hek-Packaging

cells were transfected and supernatants were harvested at 48 and

72 hours and pooled. Sudhl-6 and Raji cells (0.5 million) were

transduced twice by spinoculation on Retronectin-coated (Takara,

Japan) non-treated plates, for 1 hour at 9006g. Transduced cells

were expanded for at least 10 days before they were used in

experiments.

Real-time RT-PCR and Gene Expression Data
RNA was isolated from cells using the Absolute RNA miniprep

kit (Stratagene, CA, USA) following the manufacturer’s recom-

mendations. cDNA was synthesized and analyzed by real-time

RT-PCR using TaqMan technology (Applied Biosciences, CA,

USA), and gene expression was quantified using the comparative

CT method as previously described [4]. PGK1 was used as

endogenous reference and gene expression in each sample was

normalized to the level in fetal brain tissue (BioChain, CA, USA)

or to the cell line Saos-2 as described in figure legends.

Data processing for the gene expression data set from Basso et

al. [16], GSE2350, was done as previously described [53]. Briefly,

Affymetrix raw data were normalized using MAS5.0 and Entrez

gene version 12 probe summaries within a custom chip definition

schema [54]. Results are shown as log2-transformed values, and

included Chronic lymphoid leukemia (CLL, n = 34); Hairy cell

leukemia (HCL, n = 16); Mantle cell lymphoma (MCL, n = 8); FL

(n = 6); DLBCL (n = 60); Burkitt like lymphoma (BLL, n= 6);

Burkitt lymphoma (BL, n = 11) and Primary effusion lymphoma

(PEL, n = 9). The data set also included normal B-cell populations

(n = 5 for each population).

Statistical Analysis
Statistical comparisons of groups were calculated using two-

sided, paired Student’s t-tests. In Figure 2A the mean value of

triplicates in each experiment was log-transformed before doing

the t-test. The relation between BMP-induced phosphorylation of

Smad1/5/8 and suppression of DNA synthesis was evaluated by

analysis of covariance, using DNA synthesis and an indicator for

the BMPs as factors in the analysis (JMP 7.0 software).

Supporting Information

Figure S1 BMP4 mRNA expression in B-cell lymphoma
cell lines. BMP4 mRNA expression was determined by real-time
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RT-PCR. Data are given relative to the expression of BMP in

human fetal brain tissue. (Means 6 SEM, n= 3).

(TIF)

Figure S2 Inhibition of DNA synthesis in cell lines
showing intermediate sensitivity to BMPs. Lymphoma

cell lines stimulated with or without BMPs for three days before
3H-thymidine incorporation was measured. Values are obtained

by normalizing mean cpm for each BMP to the mean cpm for

unstimulated control in each experiment. (Means 6 SEM, n= 6–7)

*p,0.05.

(TIF)

Figure S3 BMP-induced phosphorylation of Smad1/5/8
is selectively blocked by Dorsomorphin in sensitive
Sudhl-6 cells. (A) Cells were cultured with BMP-2, -4 or -6 for

different time periods, and analyzed for pSmad1/5/8 expression

by Western blotting. (B) Cells stimulated with various BMPs or

TGF-b with or without Dorsomorphin for one hour before cells

were lysed to detect pSmad1/5/8 induction. (C) Cells were

stimulated with or without various BMPs or TGF-b, in the

presence or absence of Dorsomorphin for three days before 3H-

thymidine incorporation was measured. (Mean cpm values 6

SEM, n= 6 (n = 2 for Dorsomorphin only)).

(TIF)

Figure S4 BMP-7 induces pSmad1/5/8 to the same level
as other BMPs in B cells from healthy donors. CD19+ B

cells were purified from peripheral blood from healthy donors and

cultured with or without BMPs for one hour before pSmad1/5/8

expression was determined by Western blotting. Smad1 was used

as loading control. One representative of four experiments is

shown.

(TIF)

Figure S5 Sudhl-6 cells transduced with SMA-
D7_2A_GFP vector highly express SMAD7 mRNA. Real-

time RT-PCR analysis of SMAD7 expression in Sudhl-6 cells

which were retrovirally transduced with GFP control vector or

SMAD7_2A_GFP vector and FACS sorted into GFP2 or GFP+

cells. Expression is shown relative to the expression in human fetal

brain tissue, and one representative of two independent experi-

ments is shown.

(TIF)

Figure S6 Ectopic expression of Smad7 does not alter
the expression of BMP receptors. Relative BMP receptor

expression in GFP2 and GFP+ Sudhl-6 cells transduced with

SMAD7_2A_GFP vector (means 6 SD, n= 2). Values represent

median fluorescent intensity (MFI) of each BMP receptor relative

to the MFI of the isotype control.

(TIF)

Figure S7 Overexpression of GFP in sensitive cell lines
does not alter their sensitivity to BMPs. (A) Sudhl-6 and

Raji cells were retrovirally transduced with GFP control vector,

FACS sorted into GFP2 or GFP+ cells, and treated with or

without BMP-2 and BMP-4 for three days before 3H-thymidine

incorporation was measured. Results are normalized to unstimu-

lated control in each experiment (mean 6 SD of triplicate wells).

The experiments have been reproduced. (B) BMP-induced

signaling was measured by treating retrovirally transduced cells

with or without BMP-2 or BMP-4 for one hour, followed by

detection of GFP, pSmad1/5 and Smad2 by phospho-flow

cytometry. The experiments have been reproduced.

(TIF)

Figure S8 Expression of dominant negative Smad7 does
not restore BMP sensitivity in ROS-50 cells. (A) ROS-50

cells transduced with SMAD7DN_2A_GFP or GFP control vector

were FACS sorted, and GFP+ cells were subjected to real-time RT

PCR. A gene expression assay binding to the NH2 terminus of

SMAD7 (which also detects the SMAD7DN mutant) was used to

measure the mRNA levels. Expression is shown relative to the

expression in wild type ROS-50 cells and PGK1 is used as

endogenous control. (B) Western blotting was used to measure the

expression of 2A-tagged Smad7DN in GFP2 and GFP+ ROS-50

cells, transduced with SMAD7DN_2A_GFP. Actin was used as

loading control. (C) SMAD7DN_2A_GFP transduced ROS-50

cells were treated with or without BMP-2 or BMP-4 for one hour

before they were fixed, permeabilized, stained with anti-pSmad1/

5 or Smad2 and analyzed by flow cytometry (n= 2). Even though

Smad7DN was highly expressed (shown in A and B), it did not

alter the BMP sensitivity of ROS-50 cells. (D) To show that the

Smad7DN is not a functional Smad7 protein, we transduced

Sudhl-6 cells with the SMAD7DN_2A_GFP vector, in addition to

the GFP control and SMAD7_2A_GFP vector (as shown in

Figure 5). The cells were treated with or without BMP-2 or BMP-4

for one hour before they were fixed, permeabilized, stained with

anti-pSmad1/5 or Smad2 and analyzed by flow cytometry.

Results are shown for GFP+ populations only. Expression of

Smad7DN did not make Sudhl-6 cells resistant as the ectopic

overexpression of wild type Smad7 did.

(TIF)

Figure S9 SMAD7 mRNA is higher in FL and DLBCL as
compared to CLL. Relative expression of inhibitory SMADs

across NHLs in the data set from Alizadeh et al. [55], * p,0.0001

compared to CLL.

(TIF)

Figure S10 Expression of Smad4. (A) Smad4 expression in

unstimulated cells, analyzed by Western blotting. Anti-PGK1 was

used as loading control. Experiment was repeated once with

similar results. (B) Relative expression of SMAD4 across non-

Hodgkin’s lymphoma (NHL; left of line) and in normal B-cell

populations (right of line) obtained from the data set of Basso et al.

[16].

(TIF)

Table S1 Analysis of BMP-induced cell death in lym-
phoma cell lines. Lymphoma cell lines were stimulated with or

without BMPs for three days before PI-positive cells were detected

by FACS analysis. Means 6 SEM, n = 6–7, *p,0.05.

(DOC)

Table S2 BMP-2 and -6 induce apoptosis in Sudhl-6.
Sudhl-6 cells were stimulated with BMPs for three days before

apoptosis was quantified with TUNEL. Means 6 SEM, n = 3.

(DOC)

Table S3 Antibody specifications.

(DOC)

Methods S1

(DOC)
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