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Therapy resistance is a major limitation to the successful treatment
of cancer. Here, we identify Bcl2-like 13 (Bcl2L13), an atypical mem-
ber of the Bcl-2 family, as a therapy susceptibility gene with
elevated expression in solid and blood cancers, including glioblas-
toma (GBM). We demonstrate that mitochondria-associated Bcl2L13
inhibits apoptosis induced by a wide spectrum of chemo- and
targeted therapies upstream of Bcl2-associated X protein activa-
tion and mitochondrial outer membrane permeabilization in vitro
and promotes GBM tumor growth in vivo. Mechanistically, Bcl2L13
binds to proapoptotic ceramide synthases 2 (CerS2) and 6 (CerS6)
via a unique C-terminal 250-aa sequence located between its Bcl-2
homology and membrane anchor domains and blocks homo- and
heteromeric CerS2/6 complex formation and activity. Correspond-
ingly, CerS2/6 activity and Bc2L13 abundance are inversely corre-
lated in GBM tumors. Thus, our genetic and functional studies
identify Bcl2L13 as a regulator of therapy susceptibility and point
to the Bcl2L13-CerS axis as a promising target to enhance responses
of therapy-refractory cancers toward conventional and targeted
regimens currently in clinical use.

Bcl-2 protein family | intrinsic apoptosis signaling

he sphingolipid ceramide has been widely shown to be an

essential component of the mitochondrial phase of apoptosis
progression. De novo synthesis of ceramides is catalyzed by six dif-
ferent ceramide synthases (CerS1-6), also referred to as “sphinga-
nine N-acyl-transferases,” which generate ceramides with distinct
fatty-acid chain lengths. Upon apoptosis induction, CerS activity
is stimulated at mitochondria and mitochondria-associated mem-
branes (MAMs), a distinct membrane compartment that links the
endoplasmic reticulum to mitochondria (1). Ceramide production
is necessary for Bcl2-associated X protein (Bax) to insert into the
mitochondrial membranes, oligomerize, and subsequently form
a pore resulting in mitochondrial outer membrane permeabilization
(MOMP) and cytochrome c release (2, 3).

Reflecting the important role of ceramide in regulating apoptosis
and therapy susceptibility, a role for CerSs in the pathobiology of
cancer is beginning to emerge. In breast cancer, CerS2 acts as a
proapoptotic protein that increases chemosensitivity and inhibits
tumor growth. Consequently, reduced expression of CerS2 has
been shown to be a negative prognostic indicator in breast cancer
patients (4). Similarly, CerS6 promotes therapy-induced apoptosis
in colon cancer cells (5, 6), head and neck squamous cell carcinoma,
and lung carcinomas (7, 8), and CerS1 acts as a proapoptotic
factor in multiple cancer cell lines (9, 10).

Although it has been well established that CerS-mediated
ceramide synthesis is an integral part of mitochondria-controlled
intrinsic apoptosis signaling and is an important factor regulating
tumorigenesis, specific mechanisms of CerS regulation during
apoptosis are not well understood. Here, we have identified
and characterized the atypical Bcl-2 family protein Bcl2-like 13
(BcI2L13) as a CerS inhibitor with elevated expression in glio-
blastoma (GBM) and other solid and systemic human cancers,
and potent tumorigenicity in an orthotopic GBM tumor model.
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A series of yeast two-hybrid (Y2H), immunoprecipitation, and
molecular analyses of intrinsic apoptosis signaling revealed that
Bcl2L13 blocks apoptosis in response to conventional and tar-
geted therapy upstream of Bax activation and MOMP, at least
in part by inhibiting CerS2 and CerS6 activity. Thus, our ge-
netic and functional studies revealed, for the first time to our
knowledge, that CerS activity is under the control of Bcl-2
family proteins and that the Bcl2L13-CerS2/6 signaling axis
may represent a novel target to sensitize cancer cells toward
extant therapies.

Results

Bcl2L13 Is Overexpressed in Cancer. Bcl2L13 is a Bcl-2 family pro-
tein that, similar to canonical members such as Bcl-2 and Bcl-xg,
bears four Bcl-2 homology (BH) motifs (BH1-4) and a hydro-
phobic C-terminal membrane anchor (MA) (Fig. S14). Unlike
classical multi-BH-domain proteins, however, BcI2L13 possesses
a unique C-terminal 250-aa sequence (termed the “BHNo do-
main”) between its BH2 and MA domains, does not hetero-
dimerize with pro- or antiapoptotic Bcl-2 proteins (11), and, as
expected, does not cluster with known Bcl-2 proteins as shown by
phylogenetic analysis (Fig. S1B).

Although initial reports using standard 293T-based transient
overexpression systems suggested that Bcl2L13 has a proa-
poptotic profile (11, 12), recent transcriptomic surveys across
multiple malignancies point to putative oncogenic functions of
Bcl2LL13. Specifically, Bcl2L13 overexpression is associated with
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chemotherapeutic resistance in childhood acute lymphoblastic
leukemia (ALL) and was found to be the only prognostic factor
for unfavorable clinical outcome among apoptosis-related genes
(13, 14). In addition, Bcl2L13 overexpression drives resistance to
ABT-263 in leukemia and small cell lung carcinoma cells and is
up-regulated in ZICI-driven liposarcoma (15, 16). In line with
these reports, in silico analysis of Bc/l2L13 mRNA expression in
solid and systemic cancers confirmed elevated levels of Bcl2L13
in esophageal adenocarcinoma, oral cavity carcinoma (Fig. S1C),
anaplastic large cell lymphoma (ALCL), acute myeloid leukemia
(AML), and GBM (Fig. 14). Based on the notorious resistance
of GBM tumors to extant chemotherapeutic regimens and
GBM’s highly lethal and progressive course, we focused on
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Fig. 1. Bcl2L13 is overexpressed in multiple malignancies, including GBM.
(A) In silico analysis (www.oncomine.org) of Bcl2L13 expression in solid and
systemic malignancies compared with nonmalignant tissue in ALCL [fold
change (fc) = 2.36, P = 3.34 x 1077] (Left), AML (fc = 1.51, P = 1.27 x 107°)
(Center), and GBM (fc = 1, 58 P = 5.91 x 107) (Right). PBCs, peripheral blood
cells; T.L., T lymphocyte. (B) RT-gPCR analysis of Bc/2L13 expression in 31 GBM
tumor samples compared with a pool comprising brain tissue from 23
healthy individuals. Samples are grouped into tumors displaying Bcl2L13
mRNA levels <logx = 2 and >logx = 2 relative to the RNA pooled from 23
healthy individuals. Data are represented as mean + SD. (C) Western blot
analysis of Bcl2L13 levels in normal human E6/E7/TERT-immortalized astrocytes
(NHA) and multiple GBM tumor samples. B-Actin is shown as a loading control.
(D) IHC staining for Bcl2L13 in four representative GBM tumor samples and
adjacent normal brain. (E) Quantification of Bcl2L13-positive cells in normal
brain compared with GBM tissue as determined by IHC staining for Bcl2L13.
Shown are Bcl2L13-positive cells per total cell number and high-power field
(HPF). More than 30 high-power fields were counted. Error bars indicate
minimum and maximum values.
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GBM as a cancer model for further in-depth studies of Bcl2L13
abundance and function. A series of RT-quantitative PCR (RT-
gPCR), Western blot, and immunohistochemistry (IHC) analyses
of primary GBM specimens revealed overexpression of Bcl2L13
mRNA and protein in comparison with normal brain. Specifi-
cally, we detected highly elevated Bcl2L13 mRNA levels in the
great majority of tumors tested, with two thirds of tumors (23/31)
displaying greater than 100-fold increase in Bcl2L13 mRNA
in comparison with normal brain (Fig. 1B). Although absent
in human papillomavirus E6/E7- and telomerase reverse tran-
scriptase (TERT)-immortalized normal human astrocytes and
normal brain tissue adjacent to cancerous lesions, Bcl2L13 pro-
tein was detected readily in all GBM patient samples by Western
blot (Fig. 1C) and IHC analyses (Fig. 1D; see Fig. 1E for quan-
tification of Bcl2L13-postive tumor cells).

Bcl2L13 Inhibits Apoptosis Induced by Conventional and Targeted
Therapies. Motivated by these in silico and in situ expression
analyses revealing elevated expression of Bcl2L13 in systemic
and solid cancers, in particular GBM, and the homology of
Bcl2L13 to a family of established apoptosis modulators, we next
assessed the role of Bcl2L13 in regulating therapy-induced ap-
optosis in vitro and tumorigenesis in vivo using cDNA comple-
mentation and RNAi-based loss-of-function studies. Lentiviral
infection of the glioma cell line SF767 with Bcl2L.13-targeting
shRNAs (Fig. 24; see Fig. S2 for multiplicity experiments doc-
umenting increased caspase activation and annexin V positivity
elicited by multiple Bcl2L.13-targeting shRNA constructs; here-
after, “shBcl2L.13-1” is designated as “shBcl2L.13”) resulted in a
potent increase in postmitochondrial caspase maturation and
activity (Fig. 2 B and C) and amplified phosphatidyl serine
translocation (Fig. 2D) upon treatment with the pan-kinase in-
hibitor staurosporine (STS). Conversely, stable overexpression
of a Bcl2L13 cDNA (Fig. 2E) blocked caspase activation and
activity (Fig. 2 F and G) and reduced annexin V positivity in
response to STS (Fig. 2H). Notably, a survey of caspase activa-
tion in response to chemo- and targeted GBM therapies [i.e., the
EGEF receptor (EGFR) and cMet-targeting ATP mimetics erlo-
tinib and SU11274 (Fig. 2/) and the diarylheptanoid curcumin
(Fig. 2J)] confirmed antiapoptotic activity of Bcl2L13. Because
Bcl2LL13 represents a critical prognostication factor in leukemia
(13), we also confirmed the antiapoptotic function of Bel2L13 in
leukemia cells. As in glioma cell lines, Bcl2L13 potently inhibited
caspase maturation in STS-treated ALL and chronic myeloge-
nous leukemia cells (CCRF-CEM and K562 cells, respectively),
because overexpression of Bcl2L.13 blocked caspase activation
(Fig. S3A). Cells engineered to express Bel2L13-specific ShRNAs
stably exhibited increased caspase-3 and caspase-7 activation (Fig.
S3B), providing evidence that Bcl2L.13 is an antiapoptotic factor in
multiple types of malignancies. Taken together, this series of
reinforcing knockdown and overexpression studies demonstrate
that Bcl2L13 acts as a potent inhibitor of conventional and tar-
geted therapy-induced apoptosis in cancer.

Next, the glioma-promoting activity of Bcl2L13 was assessed
in in vivo tumorigenesis experiments using SF767 cells with
enforced expression of Bcl2LL13 and Bel2L13-targeting shRNAs.
Bcl2L13 depletion resulted in impaired GBM progression, and
overexpression of Bcl2L13 caused enhanced GBM progression,
as measured by the survival of orthotopic xenografts (Fig. 2 K-M;
n = 5; P = 0.0021; median survival: sShRNA control (shCo) vs.
shBcl2LL13, 43 vs. 53 d; n = 5; P = 0.0021; median survival: CSII-
vector vs. CSII-Bcl2LL13, 59 vs. 51 d).

Bcl2L13 Is a Mitochondrial Protein That Blocks Apoptosis Upstream of
Bax Activation and MOMP. To begin to dissect the modus operandi
of Bcl2L13, we first determined the subcellular localization of
endogenous and epitope-tagged Bcl2L.13 species. In agreement
with previous studies (11, 17), confocal immunofluorescence and
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Fig. 2. Bcl2L13 potently inhibits therapy-induced apoptosis and promotes
GBM progression in vivo. (A) Lentivirus-mediated knockdown of Bcl2L13
using a Bcl2L13-targeting shRNA (shBcl2L13), as assessed by Western blot
analysis for endogenous Bcl2L13. Heat shock protein 70 (Hsp70) is shown as
a loading control. (B) Western blot analysis for active effector caspases in
cells with stable knockdown of Bcl2L13 treated with STS (100 nM). aC-3,
active caspase-3; aC-7, active caspase-7; aC-9, active caspase-9. (C) Quantifi-
cation by fluorometric DEVDase assay using a fluorochrome-labeled DEVD
peptide of effector caspase-3 and -7 activity induced by STS (100 nM). (D)
FACS-based annexin V quantification of cells harboring shCo and shBcl2L13
following treatment with STS (100 nM) for 24 h. (E) Lentivirus-mediated,
enforced Bcl2L13 overexpression in SF767 cells. Shown is a Western blot for
Bcl2L13; Hsp70 is shown as a loading control. (F) Effect of enforced Bcl2L13
expression on STS-induced (100 nM) apoptosis as documented by Western
blot analysis for active caspase -3, -7, and -9. (G) DEVDase assays of SF767
cells ectopically expressing Bcl2L13. (H) FACS-based quantification of annexin
V-positive cells following treatment with STS (100 nM) for 24 h. (/) Anti-
apoptotic activity of enforced Bcl2L13 in SF767 cells upon EGFR and c-Met
inhibition by erlotinib (E, 5 pM) and SU11274 (S, 5 pM)], either singly or in
combination, as measured by caspase-3 and -7 cleavage. (J) Inhibition of curcu-
min-induced (50 pM) apoptosis by enforced Bcl2L13 expression in SF767 cells as
measured by Western blot analysis for active caspase-3, -7, and -9. B-Actin is
shown as a loading control. (K-M) A GBM xenograft model (K) to determine the
impact of stable Bcl2L13 knockdown (SF767 cells) (L) or Bcl2L13 overexpression
(M) on GBM progression. Shown are Kaplan-Meier survival curves of xenografts
harboring glioma cells with enforced Bcl2L13-targeting shRNA or Bcl2L13 cDNA
expression. In C, D, G, and H, results are shown as mean + SD; *P < 0.05.

transmission electron microscopy (TEM) confirmed mitochondrial
localization of Bcl2LL13 as evidenced by costaining of endoge-
nous Bcl2L.13 with the mitochondrial marker cytochrome ¢ (Fig.
34) and immunogold labeling of ectopically expressed Bcl2LL13
as visualized by TEM (Fig. 3B).

The classical Bcl-2-related structural features (i.e., the pres-
ence of multiple BH domains and a C-terminal MA, together
with exclusive mitochondrial localization and strong inhibition of
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caspase-9 activation downstream of MOMP) pointed to Bcl2L13
as a factor safeguarding mitochondrial membrane integrity dur-
ing apoptosis. Thus, as a first step in positioning the actions of
Bcl2L13 upstream of, at, or downstream from mitochondria, we
assessed the impact of Bcl2L13 overexpression on Bax activa-
tion and on the integrity of the outer and inner mitochondrial
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Fig. 3. Bcl2L13 is a mitochondrial protein that inhibits Bax activation
and subsequent MOMP and cytochrome c release. (A) Immunofluorescence
staining of LN235 glioma cells using antibodies recognizing endogenous
Bcl2L13 and cytochrome c (cyto c). DAPI is shown as a nuclear counterstain.
(B) TEM of Bcl2L13-V5-transfected SF767 cells using an anti-V5 antibody in
immunogold staining (gold diameter, 10 nm). (C) (Upper) Western blot
analysis for Bax to assess the effect of enforced Bcl2L13 expression on Bax
dimerization and the formation of higher-order Bax oligomers upon cur-
cumin-induced (20 pM) apoptosis in SF767 cells. COXIV is used as a mito-
chondrial loading control. (Lower) Anti-Bax Western blot analysis to assess
total Bax levels in whole-cell lysates (WCL) in CSII-BcI2L13 vs. CSlI-vector cell
lines. (D) Effect of Bcl2L13 overexpression on MOMP was determined by
analyzing AW\, dissipation in STS-treated (500 nM) Bcl2L13-expressing SF767
cells relative to a vector control. Cells were stained with MitoSense Red, and
early apoptotic cells with dissipated A%y, (7-aminoactinomycin D 7-negative/
MitoSense Red-positive) were quantified by FACS comparing cells with enforced
Bcl2L13 expression with a vector-alone control. (E) Control, Bcl2L13-, and Bcl-2—
expressing SF767 cells were treated with vehicle (Veh) or the receptor tyrosine
kinase inhibitors (RTK-Is) erlotinib (5 pM), SU11274 (5 pM), imatinib (5 pM),
AG1024 (5 pM), and KI8751 (2 pM) for 24 h, and cytochrome c released from
the mitochondria and into the cytosol was assessed by ELISA. (F and G) Stable
SF767 infectants were treated with Veh or STS (100 nM) for 4 h (F) and
curcumin (200 uM) for 2 h (G), and cytochrome c release was monitored by
ELISA. (H) Mitochondria-enriched heavy membrane (HM) fractions isolated
from vector control and Bcl2L13-overexpressing SF767 cells were treated
with increasing concentrations of recombinant truncated BH3 interacting
domain death agonist (tBid). Subsequently, the amount of cytochrome
¢ released from HMs was quantified by ELISA. For D-H, data are shown as
mean + SD, *P < 0.05.
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membrane after exposure to apoptotic stimuli. We demonstrate
that Bcl2LL13 blocked activation of Bax in SF767 (Fig. 3C) and
CCRF-CEM cells (Fig. S3C; see Fig. S3D for quantification of
Bax dimerization and membrane insertion), as measured by the
extent of Bax oligomerization and insertion into heavy membranes
upon induction of apoptosis. In addition, Bcl2L.13 inhibited the
dissipation of the mitochondrial membrane potential (A%¥)y) in
STS-treated cells (Fig. 3D) and prevented the release of cyto-
chrome ¢ from mitochondria upon treatment of cells with receptor
tyrosine kinase inhibitors (Fig. 3E) and in response to STS (Fig.
3F) and curcumin (Fig. 3G). Notably, the inhibition of cyto-
chrome c release by Bcl2L.13 overexpression was similar in degree
to the inhibition by ectopically expressed Bcl-2 (Fig. 3E), docu-
menting robust inhibition of the intrinsic apoptosis pathway by
Bcl2L13. Together with cell-free assays demonstrating the
resistance of isolated mitochondria overexpressing Bcl2L13 to
truncated BH3 interacting domain death agonist (tBid)-induced
release of cytochrome ¢ (Fig. 3H), these data show that Bcl2L13
is a mitochondria-associated protein that blocks apoptosis by lim-
iting Bax activation, mitochondrial membrane permeabilization,
and subsequent cytochrome c-driven caspase activation.

Bcl2L13 Binds to and Inhibits CerS2 and CerS6 Activity. To gain
mechanistical insight into the biological function of Bcl2L13, we
screened for Bcl2L13—protein interactions using Y2H technol-
ogy. Our Y2H screen yielded a number of interacting partners
(Table S1), most notably CerS2, a member of the ceramide
synthase family, which is involved in sphingolipid biogenesis and
is responsible for catalyzing the synthesis of ceramide via de novo
or recycling pathways. CerS-directed synthesis of ceramide is
a critical signaling mechanism during intrinsic apoptosis pro-
gression that triggers Bax oligomerization and MOMP (2, 3). In
agreement with previous studies (4, 5), we found that CerS2 and
CerS6 are proapoptotic enzymes, because overexpression of
CerS2 and CerS6 proteins increased STS-induced caspase acti-
vation (Fig. S4 4 and B), but knockdown of CerS2 and CerS6
blocked caspase activation in glioma cells (Fig. S4 C and D).
Mirroring the tumor-promoting activities of ectopically expressed
Bcl2LL13 (Fig. 2 K-M), stable knockdown of CerS6 reduced the
tumorigenic potential of SF767 as measured by reduced sur-
vival of corresponding xenografted mice (Fig. S4 E and F; n = 10;
P < 0.05; median survival: shCo vs. shCerS6, 39 vs. 35 d). To
begin to validate a Bcl2L13—CerS signaling axis, we confirmed
the formation of the Bcl2LL13—CerS complex by reciprocal coim-
munoprecipitations (co-IPs) of Bcl2L13 and CerS2 in glioma cells
[Fig. 44, immunoprecipitation (IP) of FLAG-tagged Bcl2L.13
followed by Western blot for endogenous CerS2; Fig. 4B, IP of
FLAG-tagged CerS2 and Western blot for endogenous Bcl2L13].

CerS2 has been shown previously to form heterodimers with
other CerS family members, resulting in increased substrate af-
finity and overall activity (18, 19). Therefore we tested whether
Bcl2L13 can bind other CerS members. Similar to CerS2, ec-
topically expressed Bcl2L.13 binds endogenous CerS6 (Fig. 4C).
Further supporting a Bcl2L13-CerS axis, ectopically expressed
Bcl2L13 and CerS2 proteins showed significant colocalization
and cocompartmentalization as evidenced by confocal immuno-
fluorescence microcopy (Fig. S54) and submitochondrial frac-
tionation (Fig. S5B). Specifically, separation of outer mitochondrial
membranes (OMMs), intermitochondrial membrane space (IMS),
and inner mitochondrial membranes (IMMs) revealed that
Bcl2L13, likely by virtue of its C-terminal MA, is predominantly
present in OMMSs. As previously reported (20), CerS2 and CerS6
also are found in mitochondrial membranes, most prominently in
the outer leaflet. To begin to define the CerS-binding site within
the Bcl2L13 polypeptide, we determined that deletion of the
BHNo domain (ABHNo, Fig. S6A4) of Bcl2L13 abrogated CerS2
and CerS6 binding to Bcl2L13 (Fig. S6 B-D), resulting in
a Bcel2LL13 polypeptide that failed to block STS-driven caspase
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Fig. 4. Bcl2L13 binds to CerS2 and CerS6 and negatively regulates CerS
activity. (A) Immunoprecipitation of FLAG-tagged Bcl2L13 followed by im-
munoblotting for endogenous CerS2 in SF767 cells. Migration positions of
CerS2 in input and anti-FLAG immunoprecipitates are indicated. (B) Immu-
noprecipitation of FLAG-tagged CerS2 followed by immunoblotting for en-
dogenous Bcl2L13 in SF767 cells. Migration position of endogenous Bcl2L13
is indicated. Asterisks indicate nonspecific background bands. (C) Immuno-
precipitation of FLAG-BcI2L13 followed by immunoblotting for endogenous
CerS6 in SF767 cells. Migration position of CerSé6 is indicated. (D) The effect
of enforced Bcl2L13 expression on CerS2-CerS6 heteromer formation was
assessed by anti-FLAG immunoprecipitation using SF767 cells cotransfected
with FLAG-CerS2 and HA-CerS6, followed by immunoblotting with an anti-
HA antibody. Migration positions of HA-CerS6 are indicated. (E) Effect of
enforced Bcl2L13 expression on CerS6 dimerization was determined by
treating HA-CerS6-transfected SF767 cells with curcumin (50 pM), followed
by Western blot analysis of ectopically expressed HA-CerS6 under non-
denaturing conditions. Migration positions of HA-tagged CerS6 monomers
and dimers are indicated. p-Actin is shown as a loading control. (F) Effect of
shRNA-mediated Bcl2L13 KD on CerS6 dimerization was determined by
treating HA-CerS6-transfected SF767 cells with curcumin (50 puM) and
assessing dimerization of HA-CerS6 under nondenaturing conditions. (G and H)
Effect of Bcl2L13 on CerS2 (G) and CerS6 (H) enzymatic activity was de-
termined by treating SF767 cells with curcumin (8 uM) for the indicated
periods of time before measuring CerS2 or CerS6 activity (as described in S/
Materials and Methods). Data are shown as mean + SD, *P < 0.05. (/ and J)
Correlation between Bcl2L13 mRNA expression levels and CerS2 (/) and CerS6
activity (J) in human GBM tumor samples. CerS activity in G-J is expressed as
pmol (ceramide C16 or C22 species)-min~"-mg~" protein.
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activation (Fig. S6 E-F). Correspondingly, the canonical Bcl-2
family proteins Bcl-2 and Bcl-x;, which also are characterized by
four BH domains and a MA but lack a BHNo domain, do not
form a complex with CerS2 or CerS6 (Fig. S7).

Because homo- and heterodimer formation is required for full
CerS activity (19), we assessed the impact of ectopic Bcl2L.13
expression on CerS dimerization properties and activity. Bcl2LL13
prevented CerS2:CerS6 heteromer formation as assessed by co-
IP of tagged CerS proteins in the presence or absence of ec-
topically expressed Bcl2L13 (Fig. 4D). Furthermore, we found
that Bcl2L.13 potently inhibited CerS6 homodimerization (Fig.
4F), and, correspondingly, knockdown of Bcl2L13 increased
both dimerization (Fig. 4F), and CerS2 and CerS6 activity (Fig. 4
G and H) in response to curcumin, a known inducer of apoptosis
that promotes ceramide production in part through CerS di-
merization and activity (19). As expected, a ABHNo Bcl2L13
mutant deficient in CerS binding and apoptosis inhibition was
unable to inhibit curcumin-induced CerS6 dimerization (Fig. S6G).

Finally, by analyzing Bcl2L13 mRNA abundance and CerS
activity, we sought to obtain evidence for a Bcl2L13-CerS axis in
primary GBM tumor specimens. We uncovered highly significant
negative correlations between Bcl2L13 expression and CerS2
and CerS6 activity, further validating our yeast, cell culture, and
in vivo xenograft studies (Fig. 4 I and J). Collectively, these re-
sults revealed that Bcl2L.13 physically interacted with and inhibi-
ted homo-/heterodimerization and activities of CerS2 and CerS6,
pointing to ceramide synthesis as an important tumor-suppressive
mechanism and confirming that the inhibition of ceramide synthesis
is a critical modus operandi of antiapoptotic Bcl2L13.

Discussion

In this study, we provide physical and functional evidence that
Bcl2L13 acts as an antiapoptotic protein. Bcl2L13 protects mi-
tochondrial membrane integrity upstream of Bax activation by
binding to and inhibiting CerS2 and CerS6 activity. Taking these
findings together with elevated Bcl2L.13 expression in systemic
and solid malignancies, including GBM, we propose that Bcl2L.13
is an important contributor to therapeutic resistance in cancer and
represents a first-in-class Bcl-2 family protein that directly controls
CerS biology.

On molecular levels, the presence of multiple BH domains
and a C-terminal MA, together with constitutive mitochondrial
localization, translate into classical antiapoptotic Bcl-2-like ac-
tivities, i.e., the protection of outer and inner mitochondrial
membrane integrity. Specifically, BcI2L.13 inhibited MOMP, as
evidenced by reduced cytochrome c translocation into the cytosol
and subsequent dissipation of AWy, as an indicator IMM in-
tegrity. This profile, coupled with impaired postmitochondrial
caspase-9, -3, and -7 activation, is consistent with the ability of
Bcl2LL13 to block CerS2/6 activity, which in turn can antagonize
Bax activation upstream of MOMP. Mechanistically, Bcl2L.13
physically binds to CerS2 and CerS6 via its BHNo domain and
inhibits homo- and heterodimerization of CerS2 and CerS6.
Because the BHNo domain encompasses 250 amino acids of the
Bcl2L13 polypeptide, we cannot exclude the possibility that its
deletion impacts the 3D structure of Bcl2LL13 and thereby alters
the binding site for CerS2 and CerS6. Future studies will de-
lineate specific residues within the BHNo required for CerS2/6
interaction. Bcl2L13 also may interact with CerS5, which gen-
erates C;4 ceramide, because all commercial antibodies against
CerS6 have been shown to cross-react with CerS5 (18). Impor-
tantly, homo- and heteromeric complex formation regulates
CerS activity, because substrate binding to one monomer allo-
sterically reduces the substrate K, for the other monomer (19).
This regulation is particularly important for CerS2, which has
low-level activity as a monomer but is the main CerS responsible
for the generation of very long acyl-chain ceramides (21, 22).
Detailed structural analyses and ultimately resolution of the
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crystal structure of CerSs remain elusive. Consequently, the CerS
dimerization interface has not been defined yet. Based on early
biochemical studies and in silico 3D structure prediction algorithms,
CerSs are transmembrane proteins harboring six transmembrane
regions, with two loops facing the lumen of intracellular organ-
elles, such as the IMS (23). The first luminal loop contains a
Hox-like domain, and the second luminal loop harbors an LAG1P
motif with two conserved histidine residues that are critical for
activity and/or substrate binding of CerS. Based on these structural
details, we hypothesize that Bcl2L.13 anchored in the OMM and
facing the IMS binds to the first and/or second luminal loop,
thereby preventing the association or provoking the dissociation
of CerS homo- and heterodimers (Fig. S8). This mechanism of
action represents an effective means of enzyme regulation, be-
cause posttranslational regulation occurs rapidly and allows quick
adaptation to extrinsic and intrinsic cues to modulate ceramide
production and downstream signaling.

Extending beyond its structural role in biomembranes, cer-
amide has pleiotropic tumor-suppressor functions by virtue of
its impact on apoptosis signaling, in particular on the mito-
chondria-driven intrinsic pathway (24). Multiple studies found
that ceramide is required for Bax to permeabilize outer mito-
chondrial membranes effectively (3, 25). In support of a ceram-
ide-Bax signaling axis, ceramide-rich macrodomains in the outer
mitochondrial leaflet are critical for Bax membrane insertion (2).
In addition, ceramide-driven increases in intracellular pH can
induce conformational changes in Bax and can trigger p3SMAPK
activation that, together with AKT down-regulation, promotes
Bax translocation to mitochondria (17, 26). In line with these
studies, we propose that Bcl2L13-mediated inhibition of ceramide
production occurs upstream of Bax oligomerization and insertion
into mitochondrial membranes, because ectopic Bcl2L13 expres-
sion prevented both the formation of high molecular weight Bax
complexes and the insertion of Bax into heavy membranes.

Although several studies have suggested that ceramide syn-
thesized in the MAMs traffics to mitochondrial membranes to
synergize with Bax (2, 3), additional evidence suggests that pu-
rified mitochondria are capable of generating ceramide through
either CerS or reverse ceramidase and that CerS activities can be
found in OMMs and IMMs (20, 27). We could confirm a mito-
chondrial localization of CerS2/6 predominantly in the OMMs.
Thus we propose that mitochondria-associated Bcl2L.13 blocks
CerS activity at the level of mitochondrial membranes, thereby
lowering ceramide levels in mitochondria membranes and re-
ducing Bax activation, MOMP, and cytochrome c release.

Ceramide holds great promise as an antineoplastic agent that can
overcome the resistance of cancer cells to therapy by amplifying
intrinsic, mitochondria-driven apoptosis progression. However, the
rapid clearance of ceramide and the significant adverse side effects
of ceramide-generating agents, such as fenretinide, currently being
tested in phase I and II clinical trials in lymphomas and solid
tumors (28) have limited a wider application of ceramide-based
regimens in the clinic. A promising strategy to enhance intracellular
ceramide levels involves targeting proteins that regulate ceramide
levels. Examples include the acid ceramidase inhibitor DM102 in
prostate and breast cancer cell lines (29), tamoxifen (which acts as
a potent inhibitor of ceramide glycosylation) in triple-negative
breast cancer (24), and, finally, safingol, an inhibitor of sphingosine
kinase with efficacies in colon, breast, ovarian, and cervical cancer
models currently enrolled in phase I clinical trials (30, 31). Here, we
have identified the Bcl-2 family protein Bcl2LL13 as a first-in-class
inhibitor of CerS activity in cancer, particularly in GBM. Pharma-
cological inhibition or RNAi-mediated silencing of Bcl2L13
therefore may enable the safe and robust increase of proapoptotic
ceramide levels in cancers. Interestingly, a role for ceramide
in regulating proliferation, differentiation, and cell death in
glioma has begun to emerge. Specifically, in T9 glioma cells nerve
growth factor activates sphingomyelin hydrolysis, blocks cellular
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proliferation, and induces differentiation (32). In addition, stim-
ulation of primary astrocytes with basic FGF activates sphingo-
myelin synthase to reduce cellular ceramide levels and promote
survival (33). Finally, glioma tumor grade negatively correlates
with overall ceramide levels, suggesting that ceramide metabolism
may represent a biomarker for GBM progression (35). Taking
these findings together, we propose that targeting the Bcl2L13—
CerS2/6 interaction represents a promising strategy to restore
ceramide production in GBM cells, which in turn lowers the
threshold for mitochondrial membrane disintegration and in-
duction of intrinsic apoptosis progression in response to extant
conventional and targeted therapeutics.

Materials and Methods

To identify Bcl2L13-interacting proteins, a Y2H screen was performed using
the Matchmaker Gold GAL4-Yeast Two-Hybrid system (Clontech Laborato-
ries). Full-length Bcl2L13 was cloned into the bait construct (GAL4 DNA-
binding domain-pGBKT7) and was transformed into the Saccharomyces
cerevisiae Y2HGold strain according to the manufacturer’s instructions. The
expression of Bcl2L13 in transformed yeast cells was confirmed by Western
blot analysis of positive colonies. To assess Bcl2L13-protein interactions,
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a human fetal brain ¢cDNA library, constructed in the pGADT7-Rec vector and
pretransformed into the S. cerevisiae Y187 strain, was used as prey for
mating. The mated, diploid yeast cells were grown on different stringency-
selection media to select for colonies that had bait-prey interactions. The
positive colonies were collected and used to amplify the prey insert sequences
by PCR using the Matchmaker Insert Check PCR mix (Clontech). The resulting
PCR products were separated on an agarose gel, purified using the Gel Ex-
traction kit (Qiagen), sequenced using a T7 primer, and analyzed by BLASTn.
A full description of the materials and methods can be found in the S/
Materials and Methods.
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