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Abstract
The inhibitors of apoptosis (IAP) are important regulators of apoptosis. However, little is known
about the capacity of Smac mimetics (IAP inhibitor) to overcome virally-associated-lymphoma’s
(VAL) resistance to apoptosis. Here, we explored the pro-apoptotic effect of a novel Smac
mimetic, RMT5265.2HCL (RMT) in VAL cells. RMT improved the sensitivity to apoptosis in
EBV- and to some extend in HTLV-1- but not in HHV-8-VAL. Furthermore, we identified that
RMT promotes caspase 3 and 9 cleavage by inhibiting XIAP and inducing the mitochondrial
efflux of Smac and cytochrome C. This investigation further support exploring the use of Smac
inhibitors in VAL.
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Lymphomas associated with viral infections are common events in immunocompromised
hosts and carry a poor prognosis [1–6]. Inhibition of apoptosis is an essential mechanism for
the maintenance of VAL homeostasis and resistance to chemotherapy. Commonly, VAL
avoids apoptosis by expressing inhibitors of the caspase cascade such as the inhibitors of
apoptosis (IAP) [7–9]. However, little is known on the potential therapeutic use of XIAP
inhibitors in VAL. Once apoptosis is triggered, mitochondria undergo a series of changes
that result in the release of cytochrome C. In the cytoplasm, cytochrome C forms a complex
with procaspase 9, ATP and APAF-1 (apoptosome) to promote the activation of caspase 9.
Once activated, caspase 9 triggers the activation of the “executioner” caspases 3 and 7.
Tumors can modify the activation of caspases in part by expressing the inhibitors of
apoptosis (IAP) [10]. IAP inhibit key initiator and executioner caspases (3, 7, 8 and 9) [10,
11]. In particular, X-chromosome-linked IAP (XIAP) is recognized as a ubiquitously
expressed protein with a potent anti-apoptotic role. Its baculoviral IAP repeat (BIR) 3
domain inhibits the monomeric inactive form of caspase-9 and its BIR 2 domain binds to the
catalytic sites of the activated forms of the common “executioner” caspases 3 and 7 [12–14].
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Cells sensitive to the mitochondrial apoptotic pathway overcome XIAP regulatory function
by releasing from the mitochondria the second mitochondrial activator of caspases (Smac).
In the cytoplasm, Smac relieves the XIAP-associated inhibition of the caspases by binding
XIAP’s BIR domains and by promoting their auto-ubiquitination and rapid degradation [15,
16]. The central role in cell death of XIAP and its clinical relevance has led to the
development of novel agents that overcome IAP’s anti-apoptotic function [17–19]. Previous
reports have successfully demonstrated that synthetic peptide analogs of Smac restore
sensitivity to apoptosis in different tumor models [20]. Recently, a new bivalent Smac
mimetic, RMT5265.2HCL (RMT, Figure 1), has been designed [18]. RMT mimics the Cterminus of Smac and inhibits XIAP and cIAP1/2, through the BIR 3 domain, more potently
than other Smac mimetics. This compound penetrates cell membranes and binds XIAP with
an affinity equal to that of Smac itself. Furthermore, RMT has been shown to sensitize
ovarian and breast cancer cells more effectively than other Smac mimetics to activators of
the receptor apoptotic pathway such as the tumor necrosis factor (TNF) and TNF-related
apoptosis-inducing ligand [18]. However, the mechanism of action of Smac mimetics in
tumor models with defects in the receptor apoptotic pathway, such as those associated with
viral infections, remains unknown [21–23]. In this study, we address this question in vitro
using three virally associated lymphoma (VAL) models characterized for having defects in
the activation of the TNF receptor, such as human T-lymphotropic virus 1 (HTLV-1)associated adult T-cell leukemia/lymphoma (ATL), Epstein-Barr virus (EBV)-associated
Burkitt’s lymphoma, and human herpes virus 8 (HHV-8)-associated primary effusion
lymphomas [24–29].

2. Material and Methods
2.1. Cell Lines
EBV(+) Burkitt’s lymphoma cell lines (Daudi and Raji), HTLV-1(+) adult T-cell leukemia/
lymphoma cell lines (MT2 and MT4), and HHV-8(+) primary effusion lymphoma cell lines
(BCBL and BC1) were maintained in RPMI medium. SC, a large granular lymphocytic cell
line derived from a HTLV-1 Tax transgenic mouse model [30], and OCI-LY3 (non-virally
associated diffuse large cell lymphoma cell line, kindly provided by I. Lossos, University of
Miami) were maintained in Iscove’s medium.
Culture media were supplemented with 10% fetal bovine serum, 1% L-glutamine, 1 mM
sodium pyruvate, and 50 μg/ml penicillin-streptomycin. OCI-LY3 medium was
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supplemented with fresh human plasma (Innovative Research). Culture medium for the SC
cell line was additionally supplemented with 250–500 units/ml of human interleukin-2
(IL-2).
2.2. Immunoblotting and Mitochondrial Extraction
Cell lysates were prepared using a mammalian cell lysis buffer (50 mM Tris-Cl, pH 8/ 5 mM
EDTA/ 100 mM NaCl/ 0.5% Triton X-100 plus protease and phosphatase inhibitors).
Twenty micrograms of lysate was separated by 10% SDS/PAGE and transferred to
polyvinylidene difluoride membranes, blocked with 0.01% Tween 20 and 5% dry milk in
TBS (TBST), and probed overnight with primary antibody. After washing with TBST,
horseradish peroxidase-labeled secondary antibody was added (1:1000 dilution, goat antirabbit IgG and goat anti-mouse IgG; Pierce). Immunodetection was performed with
enhanced chemiluminescence reagents (Supersignal West Femto Sensitivity Substrate,
Pierce).
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Immunoblots were performed using antibodies directed against the following antigens:
cleaved caspase- 3 (9761), pro- and cleaved caspase- 9 (9508), Bcl-2 (2876), Bcl-xL (2762)
and XIAP (2042) from Cell Signaling Technology and procaspase-8 (sc-7890), cIAP1/2
(sc-12410), cIAP1 (sc-7943), Fas-associated death domain-like IL-1β-converting enzyme
inhibitory protein (c-FLIPS/L, sc-5276) and GAPDH (sc-25788) from Santa Cruz
Biotechnology. Antibodies were used at a dilution of 1:1000. Densitometric measurements
for band intensities were performed using ImageJ software.
The localization of Smac and cytochrome C was determined with Smac and cytochrome C
polyclonal antibodies from Santa Cruz Biotechnology (sc-12683, sc-7159, respectively).
The cytoplasmic fraction and mitochondrial fraction were obtained following the
mitochondrial fractionation kit protocol (Active Motif).
2.3. Apoptosis and Proliferation Studies
For apoptosis studies, 106 cells were treated with etoposide (180 nM, Sigma), or 10 ng/ml
TNFα (Sigma) and cycloheximide (CHX, 10 μg/ml, Sigma), or titration doses (25 and 50
nM) of RMT5265.2HCl (RMT, kindly provided by PG Harran, University of Texas
SouthWestern Medical Center at Dallas) or dimethyl sulfoxide (DMSO, as control). Twentyfour hours later, 105 cells were stained with FITC-conjugated antibody against annexin V
(Molecular Probes). Apoptotic cells were measured with a FACScan flow cytometer
(Becton Dickinson), quantitating annexin V(+) cells. Statistics were performed by analysis
of variance (ANOVA) using Prism statistical software.

NIH-PA Author Manuscript

Proliferation was measured by Bromodeoxyuridine (Brdu) incorporation following FITC
BrdU Flow Kit protocol (BD Pharmingen). Brdu positive cells were measured at baseline
and after 24 hour treatment with RMT with a FACScan flow cytometer (Becton Dickinson).
2.4. Plasmids
Small hairpin RNA (shRNA) against XIAP and Luciferase (as control) were expressed
under the control of the U6 human promoter and were generated using PLKopuro.1 vector
(provided by S. Stewart, Washington University). Complementary shRNA oligos were
annealed and cloned into a vector digested with AgeI and EcoRII, and confirmed by
sequencing analysis. The sense shRNA oligonucleotide probes were as follows: murine and
human XIAP: GATAGGAATTTCCCAAAT and murine and human Bcl-xL:
GGAGATGCAGGTATTGGTGAG. Control plasmid expressing shRNA against Luciferase
was provided by S. Stewart [31]. Recombinant lentiviruses were generated in 293T cells.
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Infection of SC, MT2, Daudi and BCBL cell lines was performed for 48 hours and then cells
were placed in selection media using 0.8–10 μg/mL puromycin.
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3. Results
3.1. Virally-Associated Lymphomas are Resistant to Inducers of the Extrinsic and Intrinsic
(mitochondrial) Apoptotic Pathways
The resistance of VAL to TNFα has been associated with down regulation of TNFR1
(HTLV-1 and EBV[+] tumors) or the expression of viral-FLIP (HHV-8 [+] tumors, [25–
29]). To confirm VAL resistance to inducers of the extrinsic apoptotic pathway, we
measured the percent of Annexin V positive cells after treatment with TNFα (in combination
with CHX). As shown in Figure 1, VALs were resistant to the apoptotic effect of TNFα
compared to the non-VAL cell line OCI-LY3. Similarly, VAL cells were more resistant to
inducers of the intrinsic (etoposide) apoptotic pathway than OCI-LY3 cells (p<0.001).
3.2. The Smac Mimetic RMT Induces Apoptosis and Enhances the Apoptotic Activity of
Etoposide in EBV- and HTLV-1-VAL cells
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Based on the resistance of VAL cell lines to the apoptotic effect of TNF and Etoposide, we
investigated whether RMT was able to restore the apoptotic sensitivity of VAL cells. To this
end, we treated different VAL cell lines with RMT or RMT in combination with etoposide.
The sensitivity of VAL cells to RMT treatment demonstrated significant degree of
variability between cell lines; however, a trend towards a higher sensitivity in HTLV-1 and
EBV(+) VAL cells emerged. RMT, at 25 nM, led to a minimal but statistically significant
increase in apoptosis in HTLV-1 and EBV(+) VAL cells compared to HHV-8 VAL cells
(BCBL and BC-1, Figure 2). However, at a higher dose (50nM), HTLV-1 Tax(+) cells (SC
and MT2) and EBV(+)- VAL cell lines (Daudi and Raji, p<0.05) demonstrated higher levels
of apoptosis than HHV-8 VAL cells cell lines. Similar to MT2 and Daudi, the non-VAL cell
OCI-LY3 cells were highly sensitive to the apoptotic effect of RMT at 25 and 50 nM
(Supplemental Figure 1A).
The addition of etoposide in HTLV-1 Tax(+) and EBV(+) VAL cell lines minimally
increased the apoptotic effect of RMT at high concentration (50nM, P=0.2), however at
25nM an increase of ~1.5- to 2-fold over DMSO or RMT alone was observed (p<0.02,
Figure 2A–B). Furthermore, similar to the RMT treatment alone, HHV-8 (+) VAL cells
(BCBL and BC-1) demonstrated a great degree of resistance RMT in combination with
etoposide.
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To determine whether VAL sensitivity to RMT relates to differences in cell proliferation, we
compared the baseline proliferation rate of RMT sensitive (Daudi and MT2) and RMT
resistant VAL cells using a Brdu incorporation assay. RMT sensitive cells demonstrated
higher Brdu incorporation than RMT resistant cells (60% vs. 40%, p<0.001). In addition,
when the proliferation rate was measured after RMT treatment, VAL cells displayed no
changes in their baseline Brdu incorporation levels (Supplemental Figure 1B).
3.3. RMT Promotes Caspase 3 and 9 Cleavage by Inducing Mitochondrial Efflux of Smac
and Cytochrome C
To further understand the effects of RMT on the caspase cascade, we evaluated the protein
levels of caspase 3, 7 and 9 and the release of cytochrome C from the mitochondria. To this
end, we first measured the protein levels of cleaved caspase 3, 7 and 9 in two RMT sensitive
cells (Daudi and MT2) and an RMT-resistant cell line (BCBL) after treatment with RMT or
RMT in combination with etoposide. At lower concentrations of RMT (25 nM) the levels of
cleaved caspase 9 increased minimally while no increase was seen in cleaved caspase 3.
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When RMT (25 nM) was combined with etoposide, we observed an increase in the levels of
cleaved caspase 9 without increasing cleaved caspase 3 levels (Figure 3A). On the other
hand, RMT at 50 nM or in combination with etoposide increased the levels of cleaved
caspase-9 and caspase-3 in MT2 and Daudi cells compared with DMSO treated cells (Figure
3A and Supplemental table 1 for densitometry measurement of the band intensities). In
contrast to these results, both concentrations of RMT failed to promote caspase 3 and 9
cleavage in the BCBL cell line. When procaspase 7 levels were measured, RMT sensitive
cells display higher levels than BCBL cells. However, RMT treatment had little effect on
procaspase 7 levels, suggesting that RMT’s effect is caspase 3 dependent (Supplemental
Figure 1C). Overall, these results suggest the presence of defects in the activation of the
mitochondrial caspase cascade in BCBL cells.
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Based on our observation that caspase 9 is cleaved during RMT treatment in RMT-sensitive
cells, we reasoned that either RMT is functioning upstream of caspase 9 activation or that
VALs have a constitutively low level of apoptosome formation that must be controlled by
XIAP. To discriminate between these two possibilities, we asked whether RMT induces
mitochondrial cytochrome C release. To answer this question, we compared the
mitochondrial function of RMT-sensitive (Daudi and MT2) and resistant cells (BCBL) by
measuring the mitochondrial and cytoplasmic levels of Smac and cytochrome C after RMT
or etoposide treatment. Figure 3B show that 24-hour treatment with RMT (25, 50 or 500
nM) and etoposide increased the cytoplasmic levels of Smac and cytochrome C in RMTsensitive but not in RMT-resistant cells (BCBL). Furthermore, the correlation between the
cytoplasmic levels of cytochrome C, but not of Smac, with the increasing concentrations of
RMT in sensitive cells suggests a dose-dependent effect. Overall, these results suggest that
the mitochondrial efflux of Smac and cytochrome C plays an important role in RMT’s
apoptotic effect.
To substantiate the role that activation of the mitochondrial apoptotic pathway has on RMTinduced apoptosis in RMT-sensitive cells, we treated Daudi cells with a caspase 8 inhibitor
(Z-IETD-FMK) during RMT treatment. Our data demonstrate that despite caspase 8
inhibition, RMT was able to induce caspase 9 and caspase 3 cleavage (Supplemental Figure
1D).
3.4. XIAP inhibition is important for RMT to promote apoptosis in RMT-sensitive cell lines
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To evaluate whether XIAP levels explain the difference in RMT response, we examined the
protein levels of several regulators of the mitochondrial apoptotic pathway. Figure 4A shows
that XIAP was ubiquitously expressed in all lymphoma cell lines. In addition, HTLV-1associated lymphoma cells (MT2 and MT4) overexpressed BCL-2 while BCBL, MT2 and
SC overexpressed Bcl-xL.
Based on the lack of correlation between XIAP protein levels and RMT response, we
evaluated the importance of XIAP as an anti-apoptotic mechanism in our in vitro models. To
achieve this goal, we measured the level of apoptosis in VAL cells treated with etoposide
after expression of a shRNA directed to XIAP. XIAP-shRNA reduced the endogenous levels
of XIAP by 70–90% without causing apoptosis in SC, MT2, Daudi or BCBL cell lines
(XIAP protein levels did not decrease in cells treated with etoposide, Supplemental Figure
1E). However, when these XIAP-shRNA expressing cells were treated with etoposide, we
observed an increase in the extent of apoptosis by 2–2.5-fold in the three RMT-sensitive cell
lines (SC, MT2 and Daudi) as compared to cell lines expressing a control shRNA
(Luciferase, p<0.001, Figure 4B.1–.4). In contrast, XIAP knock down failed to increase the
apoptotic effect of etoposide in BCBL cells. The observed apoptotic effect of XIAP-shRNA
expression combined with etoposide treatment and the lack of apoptosis induced by XIAP-
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shRNA expression suggest that inhibition of XIAP alone cannot fully explain the activity of
RMT.
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To evaluate the role of XIAP inhibition in RMT’s apoptotic effect, we tested the apoptotic
levels in RMT-sensitive cells (SC or Daudi) when XIAP-shRNA was expressed. The levels
of annexin V after 24 hours of RMT treatment (50nM) in RMT-sensitive cells expressing
the control shRNA (Luciferase-shRNA) decrease by 2-fold when XIAP-shRNA was
expressed (figure 4C). Taken together, these results demonstrate that inhibition of XIAP is
necessary but not sufficient for RMT-induced apoptosis.
3.4. BCBL’s resistance to RMT is not associated to BCL-xL overexpression
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The resistance of BCBL cells to RMT’s apoptotic effector the combination of XIAP-shRNA
and etoposide leaves open the possibility that another survival mechanism may be
responsible for RMT’s resistance. Based on the protein baseline expression levels of BCLxL, XIAP and c-IAP in BCBL cells, we compared their change after treating BCBL and
Daudi cells with RMT (50 nM). Treatment with RMT induced the expression of BCL-xL in
BCBL cells while it reduced moderately the expression of BCL-xL, XIAP and c-IAP in
Daudi cells (Supplemental Figure 1F). To evaluate whether the overexpression of BCL-xL is
responsible for BCBL’s RMT resistance, we generate a BCL-xL-shRNA BCBL expressing
cell line and tested RMT’s apoptotic effect. As shown in Supplemental Figure 1G, RMT
treatment (50nM) was ineffective on inducing apoptosis in BCL-xL- and luciferase-shRNA
BCBL expressing cells. These results suggest that other potential mechanism inhibition of
the mitochondrial apoptotic pathway may play a role in BCBL’s RMT apoptotic resistance.

4. Discussion
In this study we provide evidence that the bivalent Smac mimetic RMT can induce apoptosis
in EBV(+)-VAL cells, and to some extend in HTLV1(+)-VAL cells, through activation of
the intrinsic apoptotic pathway. We demonstrated that RMT’s apoptotic effect results from
its capacity to induce the mitochondrial efflux of Smac and cytochrome C and inhibit XIAP
(Figure 4D).
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We demonstrated in two independent lines of investigation that XIAP, a target of RMT,
plays an important role in EBV(+)- and HTLV-1(+)-lymphoma cell’s survival. First, we
found that knocking down XIAP facilitated etoposide-induced apoptosis in HTLV-1(+) and
EBV(+) lymphoma cell lines. Second, although RMT has been shown to bind the BIR 3
domains of XIAP and cIAP1/2 [18, 20, 32, 33], our results are consistent with others
showing that the Smac mimetic inhibitory effect on XIAP is important for inducing
apoptosis in VAL models [20, 34]. XIAP’s important role in VAL cell survival, particularly
in EBV(+)- lymphoma cells, are in line with the cell survival and expansion observed when
wild type XIAP is overexpressed in EBV-transformed B cells obtained from XIAP-deficient
patients and the central role of XIAP’s survival efffect in Syk signaling observed in cell
lines derived from EBV(+) post-transplant lymphoproliferative disorders [35] [7]. Overall,
these findings highlight the importance of XIAP and the lack of redundancy among IAP
proteins in EBV- and potentially in HTLV-1(+) lymphomas. In addition to inhibiting XIAP,
we provide evidence that the mitochondria play an important role in RMT induction of
apoptosis. The evidence that RMT increased mitochondrial efflux of Smac and cytochrome
C only in sensitive cells and that shRNA-XIAP expression alone did not induce apoptosis
support this model.
In addition, this model is consistent with the lack of apoptosis in BCBL cells produced by
the combination of RMT and BCL-xL-shRNA, where HHV-8 provides an inhibitory effect
on the mitochondrial activating potential [36]. However, a more detailed examination into
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how RMT promotes cytochrome C release is warranted. Overall, the dual effect of RMT
(the mitochondrial efflux of cytochrome C and the inhibition of regulators of the caspases
activation such as XIAP) supports the concept that the mitochondrial apoptotic pathway is a
two-signal system and provides an explanation for the discordant results observed between
the limited effects in cell survival seen in the murine models deleted in XIAP or Smac genes
and the Smac mimetics [37, 38].
Several investigators have suggested that other Smac mimetics require activation of caspase
8 to induce apoptosis. It is believed that activation of caspase 8 occurs via an autocrine
production of TNF. In contrast, RMT promotes the activation of caspase 8 by inducing cIAP
proteasomal degradation and not by inducing TNF production [18]. Although, it was
previously unclear whether RMT requires the induction of cytochrome C efflux to promote
apoptosis [39–42], our study has addressed this question and established in our model that
the mitochondrial cytochrome C and Smac release are an important step during the induction
of apoptosis by RMT.
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RMT constitutes a promising therapeutic or chemosensitizing agent to target EBV(+) and
potentially HTLV-1(+) VAL. Our work improved the understanding of the mechanistic
model for RMT-induced apoptosis. We showed that RMT’s apoptotic effect involves
activation of the mitochondria, the subsequent mitochondrial efflux of Smac and
cytochrome C and the inhibition of XIAP (Figure 4D). However, further studies are needed
to evaluate in detail the mechanisms through which RMT or other Smac mimetics activate
the mitochondria.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

VAL are resistant to inducers of the apoptotic pathways. (A) Chemical structures of the
RMT. (B) HTLV-1 Tax transgenic cell line: SC, HTLV-1-immortalized human lymphoid
cells: MT2 and MT4, EBV(+) lymphoma cells: Daudi and Raji and HHV-8-associated
lymphoma cells: BCBL and BC1 or control cell lines (OCI-LY3) were treated for 24 hours
with etoposide or TNFα with cycloheximide (see Methods section for details). Apoptosis
was determine by flow cytometry and measured by the proportion of annexin V positive
cells. Data is presented as the mean ± standard deviation of independent experiments.
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Figure 2.

Treatment with RMT restores apoptosis and increases the effect of etoposide in EBV(+)and HTLV-1(+)-associated lymphoma cells. The induction of apoptosis by RMT ±
etoposide was examined in (A) HTLV-1 Tax transgenic cell line SC, HTLV-1 immortalized
human lymphoid cells MT2, (B) EBV(+) VAL: Daudi and Raji and (C) HHV-8 VAL cells:
BCBL and BC1. Apoptosis was measured by FACS analysis using annexin V after 24 hours
of treatment with RMT (25 nM or 50 nM) ± etoposide (150 nM). (* p<0.001). . Data is
presented as the mean ± standard deviation of independent experiments.
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Figure 3.

RMT increases cytochrome C and Smac mitochondrial efflux and promotes caspase 3 and 9
activation. (A) The effect on activation of caspase 3 and 9 was examined after 24 hours of
RMT ± etoposide treatment in Daudi, MT2 and BCBL cells. (B) Mitochondrial and
cytoplasmic cytochrome C and Smac western blot of Daudi and BCBL cells treated with
RMT for 24 hours. Each fraction was blotted for Smac, cytochrome C (cyto-C), prohibitin
(mitochondrial loading control) and actin (cytoplasmic loading control) as described in the
Methods section.
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Figure 4.
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xIAP inhibition is important for RMT to promote apoptosis in RMT-sensitive cells. (A)
Levels of FLIP, cIAP1 and cIAP2, xIAP, Bcl-2, Bcl-xL and GAPDH are shown for VAL
cells and control (OCI-LY3). Two exposure times are provided for Bcl-xL Western blots
because of the abundance of this protein in SC cell lines. (B) xIAP shRNA improves the
apoptotic effect of etoposide in EBV(+)- and HTLV1(+)- VAL cell lines. VAL cells SC (B.
1), MT2 (B.2), Daudi (B.3) and BCBL (B.4) were infected with lentivirus expressing xIAP
shRNA (murine or human sequence). xIAP levels of knock down in xIAP-shRNA
expressing cells compared to Luciferase (Luc)-shRNA are shown. The effects on apoptosis
shown in VAL-shRNA expressing cells were measured by flow cytometry after 24 hours of
treatment with etoposide or TNFα (* p<0.001). Non-specific bands of lower molecular
weight (*) were also identified in immunoblots with antibodies to xIAP. (C) xIAP is
essential for RMT- induced apoptosis in HTLV-1 (+) and EBV (+) associated lymphomas.
RMT sensitive cells (SC and Daudi) expressing xIAP or Luciferase-siRNA were treated
with RMT (50 nM) or DMSO for 24 hours. In all these experiments apoptosis was measured
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by flow cytometry and was defined by positivity of Annexin V. Figure represent the mean ±
SD of three independent experiments. (D) Diagrammatic representation of the proposed
molecular mechanistic model of action of RMT in RMT-sensitive cells. (?) Undetermined
mechanism.
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