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Abstract

We have previously reported that Monoglyceride Lipase (MGL) expression is absent or reduced in various human malignancies
and MGL-deficient mice develop tumors in multiple organs. Evidence also suggests MGL to be a tumor suppressor, however,
the mechanisms underlying its tumor-suppressive actions remain to be investigated. Here, we report a novel function of MGL as
a negative regulator of XIAP, an important inhibitor of apoptosis. We found that MGL directly interacted with XIAP and
enhanced E3-ligase activity and proteasomal degradation of XIAP. MGL overexpression induced cell death that was coupled
with caspase activation and reduced XIAP levels. N-terminus of MGL was found to mediate interactions with XIAP and induce
cell death. MGL-deficient cells exhibited elevated XIAP levels and exhibited resistance to anticancer drugs. XIAP expression
was significantly elevated in tissues of MGL-deficient animals as well as human lung cancers exhibiting reduced MGL
expression. Thus, MGL appears to mediate its tumor-suppressive actions by inhibiting XIAP to induce cell death.

Introduction

Several lines of evidence from recent studies have demon-
strated that Monoglyceride Lipase (MGL) plays an important
role in controlling tumorigenesis [1-4]. Our previous studies
have shown that MGL expression is frequently reduced in
multiple human malignancies including tumors of the lung,
colon, rectum, breast, stomach, and ovary [1, 2]. Information
from Firehose/RSEM and Oncomine public databases also
indicate that MGL (MGLL) mRNA expression is significantly
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reduced in multiple human malignancies [5, 6]. We pre-
viously showed a significant portion of MGL-deficient mice
exhibited lung adenocarcinoma and high-grade dysplasia [2].
MGL-deficient animals also exhibited spleen histiocytic sar-
coma, ameloblastic adenoma, soft-tissue sarcoma, hepatoma
and lymphoma at lower frequencies [2]. Depletion of MGL
via RNAI or gene targeting significantly enhanced Akt and
ERK phosphorylation in cancer cells and MGL-deficient lung
tissues [1, 2] and overexpression of MGL in cancer cells
lacking endogenous MGL suppressed cancer cell growth [1].
However, the exact mechanisms via which MGL suppresses
cancer cell growth and tumorigenesis remain to be further
elucidated.

Induction of cell death is an important cellular function
for eliminating the damaged cells with defective DNA and
suppressing cancer formation [7-9]. X-linked inhibitor of
apoptosis protein (XIAP) is a potent negative regulator of
apoptosis [10]. It is an E3 ligase with three baculovirus
inhibitory repeat (BIR) domains and a RING domain [11].
XIAP interacts with dimeric and activated caspases-3 and
-7 through the BIR-2 domain and prevents caspase-3 from
accessing its substrates [12—15]. Studies have also shown
that XIAP degrades caspases-3 via the proteasome-
mediated mechanism [16]. Shiozaki et al. [17] showed
that XIAP interacts with caspase-9 via its BIR-3 domain;
interaction of XIAP and caspase sequesters caspase-9 in a
monomeric state that blocks the activation and function of
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caspase-9. Overexpression of XIAP has been found in
a variety of human cancers and was associated with
anticancer drug resistance and poor survival of cancer
patients [18]. However, the molecular mechanism(s)
leading to XIAP overexpression in cancers remain
unclear. The current study identifies MGL to be a novel
negative regulator of XIAP and also demonstrates that
modulation of XIAP is an important mechanism via which
MGL mediates cell death and tumor suppression.

Results

MGL-induced cancer cell death involves activation
of apoptotic pathways

We sought to investigate the mechanism(s) as to how
MGL-deficiency leads to tumor development in animals.
We found that exogenously expressed MGL in tumor cells
lacking MGL caused significant cell death in human lung
(H1299) and cervical (HeLa) cancer cells as well as in
MGL-deficient mouse abdominal tumor cells (MADT)
(Fig. 1a, b and Supplementary Fig. 1). Significant portion
of RFP-MGL expressing H1299 and HeLa cells showed
apoptotic nuclei (Fig. 1c, d). MGL overexpression also
led to activation of caspases-3, 8, and 9 (Fig. 2a, b) and
increased PARP [Poly (ADP-ribose) polymerase] clea-
vage (apoptotic markers) in various cancer cell
lines (Fig. 2a—c). Further, pan-caspase inhibitor Z-VAD-
FMK effectively blocked MGL-mediated cell death
(Fig. 2d, e). Together, these results indicate that MGL
induces apoptosis in cancer cells via activation of apop-
totic signaling.

MGL negatively regulates XIAP and suppression of
XIAP is important for MGL-mediated cell death

To elucidate the mechanism(s) involving MGL-mediated
apoptosis, we found that the endogenous levels of XIAP
were significantly lower in MGL-overexpressing H1299
cells and HeLa cells (Fig. 3a). These cells inherently
exhibit undetectable and low levels of endogenous MGL
respectively (Fig. 3a). Conversely, MGL knockdown via
RNAI elevated the XIAP protein levels (Fig. 3b). These
results suggest that suppression of XIAP appears to play a
role in MGL-mediated apoptosis. Results presented in
Fig. 3c further indicate that while expression of MGL-
only induced significant cell death in various human and
mouse tumor cell lines, co-expression of XIAP blocked
MGL-mediated cell death; cells expressing vector-only
and XIAP-only did not show obvious changes in cell
viability (Fig. 3c). MGL overexpression also resulted in
significant amount of PARP cleavage and activation of

caspases-3 and 9 (Fig. 3d); co-expression of XIAP
inhibited MGL-mediated activation (reduction) of pro-
caspase-9, but did not significantly affect MGL-mediated
pro-caspase-3 activation (Fig. 3d). These results are con-
sistent with previous studies showing that XIAP binds to
monomeric capspase-9 (pro-caspase-9) to prevent
caspase-9 activation [17]; however, it only interacts with
and inhibits the dimeric caspase-3/activated caspase-3 and
not the pro-caspase/monomeric caspase-3 [19, 20].
Together, these results suggest that MGL is a negative
regulator of XIAP and suppression of XIAP appears to
play an important role in MGL-mediated cell death.

XIAP expression is elevated in MGL-deficient human
and mouse tumor tissues

Figure 4a shows XIAP protein expression status in
mouse embryonic fibroblasts (MEFs) developed from
mice with varying MGL status, and as is shown, the
expression levels of XIAP were higher in MGL-deficient
(MGL*'~, MGL~'") MEFs (lanes 3-6) compared with
MGL-proficient (MGL**) MEFs (lanes 1 and 2). XIAP
expression levels were also generally higher in liver
tissues of 5/6 MGL-deficient mice (Fig. 4b, lanes 4-9)
compared with those of MGL-proficient mice (Fig. 4b,
lanes 1-3). We have shown that significant portion of
MGL-deficient (MGL*'~ and MGL /") animals devel-
oped lung adenocarcinoma and some developed liver
tumors or lymphomas [2]. Figure 4c shows lung tissue of
a MGL-proficient (MGL ™) mouse with no tumor (panel
a) and lung tissue of a MGL-deficient (MGLH*) mouse
with lung tumor (panel b). Figure 4c, c and d panels also
show microscopic images of a papillary predominant
lung adenocarcinoma developed in a MGL-deficient
mouse (#171). Figure 4d shows XIAP protein expres-
sion in two groups of mouse lung tissues with different
MGL status. As is shown, XIAP expression was sig-
nificantly higher in lung tissues from MGL-deficient
mice relative to tissues from MGL-proficient animals
(compare lanes 2—-5 and 7-10 with lanes 1 and 6). Protein
expression of XIAP in lung tumor tissues of MGL-
deficient mouse #171 (shown in Fig. 4c, panels b, c) was
also significantly elevated (Fig. 4d, red arrows). Like-
wise, lymphoma developed in the liver tissues of MGL-
deficient mouse (#354) (Fig. 4e) exhibited much higher
XIAP expression (Fig. 4f, right panel) compared with
normal liver tissue of MGL-proficient mouse (#24)
(Fig. 4f, left panel). Thus, it appears that elevated XIAP
expression is a common feature of MGL-deficient tissues
and may play an important role in tumor development in
MGL-deficient animals. We also investigated the possi-
ble inverse correlation between MGL and XIAP
expression in human lung tissues and noted that MGL
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Fig. 1 Overexpression of MGL A

induces cancer cell death and
activates apoptotic signaling.
a, b Overexpression of MGL-
induced cell death in three
different tumor cell lines. Forty-
eight hours following
transfection of empty vector or
MGL expression construct,
representative photomicrographs
were taken (a) and cell death
was evaluated by trypan-blue
exclusion assay (b). Each bar
indicates the mean values of
three independent experiments
(SE, *p<0.05) (b). ¢, d
Indicated cancer cells were
transiently transfected with
pDsRedN1-only (RFP, vector)
or RFP-MGL (red) for 48 h 30 7
followed by DAPI staining

Vector

MGL
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T
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(blue) (scale bar 10 um) (c). 2 20 4
RFP-positive dead cells with 2
apoptotic nuclei (fragment or T
condensed nuclei indicated by o 10 1
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under a fluorescent microscope 0
(d). Each bar indicates the mean

values of three independent

experiments (+SE, *p <0.05).
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expression was significantly lower in tumor tissues
relative to matched normal tissues (Fig. 4g, upper left
and right; Supplementary Fig. 4). In 4/5 lung cancer
tissues exhibiting lower MGL levels (red stars), XIAP
expression was elevated (Fig. 4g, upper left). Figure 4g
(lower panel) shows that 9/12 patient lung adenocarci-
noma tissues showed a negative correlation between
MGL and XIAP. Together, our results indicate a negative
correlation between MGL and XIAP in vivo. Accord-
ingly, XIAP induction could play an important role in
tumorigenesis under MGL-deficient conditions.
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MGL alters XIAP protein stability via proteasomal
pathway

Studies have shown that XIAP is regulated at the protein level
by proteasomal pathway [21]. We determined whether MGL
alters XIAP protein stability (protein half-life) in MEFs with
varying MGL status. Figure 5a, b shows that XIAP protein
half-life was much longer in MGL-deficient (MGL™~ and
MGL ") MEFs than that in MGL-proficient MEFs. In
addition, XIAP protein reduction mediated by MGL was
reversed by proteasome inhibitor MG132 in both 293 T cells
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Fig. 2 MGL induces cell death via activation of apoptotic path- inhibitor (Z-VAD-FMK, 10 uM) in H1299 cells prevented cell death
ways. MGL overexpression triggered PARP cleavage (a—c¢) and acti- mediated by MGL overexpression (48 h). Photos were taken 48 h post
vation of caspases 8, 9, and 3, demonstrated by reduction of pro- transfection; percent of cell death was evaluated as described in legend
caspases (pro-casp) and detection of cleaved caspases (cl-casp) (a, b) to Fig. 1. Each bar indicates the mean values of three independent
in various cancer cell lines. d, e Co-treatment with pan-caspase experiments (+SE, *p <0.01).
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Fig. 3 XIAP suppression is important for MGL-mediated cell
death. a Exogenously expressed MGL reduced XIAP (endogenous)
protein levels in cancer cells. b XIAP protein levels were significantly
elevated in MGL shRNA (MGL RNAI) expressing cells compared
with that of scramble RNA (Scr. RNA) expressing cells. ¢ Exogenous
XIAP reversed cell death induced by MGL. Indicated four cell lines
transiently expressed either two control vectors (pEBB and pSRa-HA-

(Fig. 5¢) and HeLa cells (Supplementary Fig. 2). Further,

XIAP protein ubiquitination was also significantly enhanced
in cells overexpressing MGL with (5D) or without
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S) (panel 1), or MGL-only (panel 2) or XIAP-only (panel 3) with
control vectors, or combined MGL and XIAP (panel 4) vectors;
photomicrographs were taken 48 h post transfection. d PARP cleavage
and caspase activation induced by MGL overexpression were sup-
pressed by elevated levels of XIAP. Cell lysates for western analyses
were collected 48 h post transfection.

exogenously expressed ubiquitin (SE). Together, these results
suggest that MGL reduces XIAP protein levels by altering its
stability via proteasomal pathway.
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MGL directly interacts with XIAP via its N-terminus

We also investigated whether MGL interacts with XIAP.
Figure 6a shows that the S-tagged MGL, but not the S-tag-
alone, pulled down endogenous XIAP in H1299 and HeLa
cells. In addition, endogenous MGL and XIAP were co-

precipitated by XIAP antibodies not by control IgG
(Fig. 6b). These results suggest that MGL interacts with
XIAP. To determine the nature of MGL—XIAP interaction,
in vitro protein interaction assays were performed using the
purified recombinant XIAP and MGL proteins. As seen
in Fig. 6¢c, recombinant S-MGL, but not recombinant
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<« Fig. 4 Expression of XIAP is elevated in MGL-deficient human

and animal tissues. a, b XIAP protein expression in MEFs and liver
tissues extracted from MGL-proficient (4+/4) or -deficient (4+/— or
—/—) mice. B-actin or Ponceau S staining was used as protein loading
controls. ¢ (a) Lung tissue of MGL** mouse; (b) non-tumor and tumor
(yellow arrow) lung tissues of MGL™~ mouse; (c, d) H&E staining of
MGL*~ lung tumor tissues [shown in (b)] imaged under microscope at
4x (c) or 40x (d) magnification. d XIAP expression is elevated in
MGL-deficient lung tissues. Lysates of lung tissue used in lanes 2 and 3
(red arrows) were from the same animal (#171) shown in ¢, b panel.
e H&E staining (right) of lymphoma tissues grown in MGL ™~ animal
(#354) liver tissue (left, yellow arrows). f XIAP immunostaining of
mouse liver tissues. Left: normal liver tissue (MGL ™). Right: lym-
phoma grown in mouse liver (#354). g Expression patterns of XIAP
and MGL in matched human lung normal and tumor tissues. Left:
representative results of western blot analyses showing negative cor-
relation between MGL and XIAP protein expression (denoted by *).
Right: MGL immunostaining of human lung normal (a) and tumor
tissues (b). Bottom: summary of human lung cancer tissue studies.

S-protein-only, pulled down purified recombinant XIAP
demonstrating that MGL directly interacts with XIAP. To
study the region(s) of MGL involved in XIAP interaction,
we generated a set of MGL-deletion variants (Fig. 6d and
legend to Fig. 6d). The expression of MGL full-length and
various deletion variants are shown in Fig. 6e, f (inputs,
bands indicated by asterisk (*)). Our results indicate that
XIAP was abundantly co-precipitated with variant 1-105
and full-length MGL (Fig. 6e, lanes 6, 14, 8, and 16) but not
with MGL variant harboring residues 106-313 (Fig. 6e,
lane 7) in HeLa cells. These results indicate that the XIAP-
interaction region on MGL resides at the N-terminus.
Interestingly, although the MGL variant 1-209 also har-
bored the N-terminus, it showed weaker interaction with
XIAP in both HeLa and H1299 cells (Fig. 6e, lane 15 and
Fig. 6f, lane 7). Thus, these results show that (i) MGL
central region (a.a. 106-209) does not mediate MGL—-XIAP
interaction, (ii) the existence of the central region (a.a.
106-209) may impede the N-terminal region to interact with
XIAP, acting through a possible intramolecular negative
regulatory mechanism [22, 23].

XIAP interacts with MGL via its C-terminus

We also sought to identify the MGL-interacting region of
XIAP. We used various XIAP deletion variants that lacked
the N-terminal, central, and C-terminal regions of the pro-
tein [24] as shown in Fig. 7a. Expression of the full-length
and deletion variants of XIAP was determined as shown in
Fig. 7b, c, (inputs lower panels, bands indicated by asterisk
(*)). As we show in Fig. 7, S-tagged MGL-1-105 or FL-
MGL abundantly co-precipitated with full-length XIAP
protein as well as XIAP variant devoid of three BIR
domains (ABIR, a.a. 331-497) in both 293 T and HelLa
cells (Fig. 7b, c, top panels). Consistent with this finding,
MGL did not interact with XIAP deletion variant containing

SPRINGER NATURE

only the BIR domain (BIR1-2-3, a.a. 1-350) (Fig. 7b, c, top
panels). These results indicated that BIR domains of XIAP
may not interact with MGL. In comparison with MGL
interaction with full-length XIAP and the variant containing
UBA and RING domains (ABIR), the RING deletion var-
iant (ARING, 1-449) had significantly less interaction with
MGL, however, the interaction was not completely abol-
ished (Fig. 7b, c). Collectively, these results indicate that
RING domain of XIAP is important for MGL interaction
and the UBA region may also be partly involved in this
interaction.

N-terminal region of MGL is sufficient to kill cancer
cells

Next, we sought to determine the region of MGL that is
involved in cancer cell killing. As shown in Fig. 8a, variant
1-105 and full-length MGL induced cell death in both
HeLa and H1299 cancer cells whereas variant 1-209 did
not. In Fig. 6, we show that variant 1-105 and FL-MGL
interacted with XIAP while MGL-1-209 did not. Thus, the
cell killing potential of MGL appears to be associated with
its ability to interact with XIAP. Cells expressing increased
amount of MGL-1-105 or FL-MGL exhibited lesser sur-
vival (Fig. 8a, right panel) suggesting that MGL N-terminal
region-alone is sufficient to kill cancer cells. Figure 8b, c
and Supplementary Fig. 3 further demonstrate that MGL-
1-105 and FL-MGL, but not 1-209 and other variants, were
able to effectively induce cleavage (activation) of caspase-3
(cl-casp3) and PARP (cl-PARP). Further experiments
showed that expression of MGL first 60 a.a. (1-60) was
sufficient to induce cleavage (activation) of caspase-3 and
PARP (Fig. 8c). As shown in Fig. 8d, deletion of MGL gene
significantly enhanced cell survival in MGL-deficient MEFs
under anticancer drug (doxorubicin, etoposide, and taxol)
treatments (p < 0.05). These results indicate that MGL plays
an important role in regulation of cell death and the death
inducing region of MGL resides at its N-terminus. In light
of these results, we propose that the N-terminal region of
MGL could have a potential to be developed as an antic-
ancer therapeutic.

Discussion

In this study, we have identified a novel cellular function of
MGL in that it works as a negative regulator of XIAP.
XIAP is one of the major inhibitors of apoptosis and known
to inhibit caspases-3, 7, and 9 [25]. Overexpression of MGL
activated caspases, and induced PARP cleavage and apop-
tosis (Figs. 1-3). We show that lipase dead-mutant of MGL
was able to also induce cell death and activate caspases in a
manner similar to that induced by the wild-type counterpart



Monoglyceride lipase mediates tumor-suppressive effects by promoting degradation of X-linked inhibitor. ..

2895

CHX(min)

XIAP

B-actin M

MEF / MGL*"*

MEF / MGL*-

MEF / MGL*

20 60 120

20 60 120

20 60 120 kDa

D e

-55

B c
% 1.2 . 293T MG132
< 17 ~ DMSO  2hr  5hr
S 08 N 5 5 -
T T S e 4 L 4L
> N\ S) O 5]
O O O kDa
% 0.6 1 L\‘s\ g = g = g =
= -~ )
E 04 {1 =de=wt % XIAP |-" - ‘“-‘ 55
& —8—o/+ %5
0.2 1 —@— ko/ko MGL - —
0 T T T T T . '55
' ' ' = T D = EE T
20 60 120 a tubulln‘ ‘
D IP: XIAP E
Input WB: Ub. IP: XIAP
293T 5 5 293T Input WB: Ub (endog.)
8 2 g 2 5 5
- = 8 Q kDa 8 9} kDa
HA-Ub + +  KkDa E: + kDa wB: > = N > =
-40 < -40 <
MGL - = . MeL — Z MH —180
R o : —130
XIAP | e —55 2 =130 XIAP | w75 G
_130'§ —100 § I — 70
Vinculin El Z : ; -130 & _
S —70 ViINCUIIN | e g . — 55

Fig. 5 MGL alters XIAP protein stability via proteasomal path-
way. a XIAP protein stability is increased in MGL-deficient MEFs.
Protein synthesis was first blocked by treatment of cycloheximide
(CHX) for indicated times and reduction of XIAP (protein decay) was
then measured by western blot analyses. b Quantitative results of
XIAP protein level in MEFs with different MGL status shown in a.
Relative band intensity of XIAP (a, upper panels) was adjusted to the
band intensity of the loading control p-actin (a, lower panels). The first
time points (20 min) in each cell type were set as 1. Each bar indicates
the mean values of three independent experiments (+SE *p <0.05). ¢
XIAP protein reduction is reversed in MGL-overexpressing cells

(Supplementary Fig. 5a—c). Furthermore, treatment with
two different MGL inhibitors URB602 and JZL184 did not
alter MGL-mediated growth inhibition (Supplementary
Fig. 6). MGL inhibitor JZL184 also did not inhibit cell
growth when used at 10nM or 1 pM in several cell lines.
These concentrations are higher than IC50 value at 8 nM of
JZL184 [26]. JZL184 inhibited cell growth at 10 uM, a
concentration many fold higher than its IC50 value (Sup-
plementary Fig. 7). Given that JZL184, at higher

following treatment with proteasome inhibitor MG132. Forty-eight
hours following transfection of indicated vectors, cells were harvested
after treatment of MG132 for indicated times. Untreated (DMSO)
samples were also harvested at the 5-h time point. d Overexpression of
MGL increases XIAP ubiquitination levels. Vector-only or MGL
vector was co-transfected with ubiquitin vector (HA-Ub) for 48 h, then
the cells were treated with MG132 for 6 h. Immunoprecipitation (IP)
was performed using ubiquitin antibody. € MGL promotes XIAP
ubiquitination by endogenous ubiquitin. Cells were transfected with
vector-only or MGL expression vector for 48 h, then treated with
MG132 for 6 h prior to harvesting.

concentrations, reported to also inhibit fatty acid amide
hydrolase [26], JZL184-mediated growth inhibition at
higher concentration may involve effect on fatty acid amide
hydrolase. Taken together, although MGL is a lipase, MGL-
mediated apoptosis appears to be independent of its lipase
activity.

Our results show that MGL can regulate cellular functions
through protein—protein interactions. We show that over-
expression of MGL significantly reduced XIAP levels;

SPRINGER NATURE



R. Liu et al.

2896
A H1299 Hela B
o +|f‘lPUt S-EU”dOWH o Input  S-pulldown Hela P
-tag -tag + + 3 —
S-MGL + __+ kDa s meL + + kDa we: £ 19G XIAp kDa
XIAP | - — =55 XIAP‘.- || _.|.55 MGl EE-%
.. , 40
@ -40
| - @ o o @ w=] =
: 130
B-actin P——H |_40 B-actm‘ L’ ”7 ‘_40 VlncuhnEH:l
c Input S-pulldown
W MGL Full-length and deletion constructs
o~ Q £ \?‘
K\ 4 1 313
F N 0«»\“ & FL-MGL | |
we S o & koa 1-106 ————
: Es 1-209 [ )
xap | | 106-209 ————
. 106-313 | |
MGL | e - | 210313
E Hela Input S-tag pull down
—_— Input S-tag pull down
S-HA-MGL S-HA-MGL
g o 0 o S-HA-MGL o S-HA-MGL
< 8« < 0 < VO
T 2¢ T 2R I S8
we: @ <@ WB: o -t kda  TXF kpa
XIAP ’-.-.. l-55 ‘ = XIAP I...—I 55 ‘ - -
" : - ® v
A - HA T |2 =25
- Ry
A5 -15 -15
Vinculin [ me e ] 130 | Vineulin [=——u 130 | -130
Lanes: 1 2 3 4 56 7 8 9 101112 13141516
F H1299 Input S-tag pull down
2 S-HA-MGL 2 S-HA-MGL
I o :E 0 o
T S." 8. 4 kba T ‘O—, 8. 1 kDa
N «~ «— L N «—«— 1L
XIAP | |- 55 - . |55
o -40 .*'40
HA __ S I - Lo
- -15 - .15
Vinculin |-___ |~130 -130
Lanes: 1 23 4 5678

Fig. 6 MGL directly interacts with XIAP. a Exogenous S-tagged
MGL, but not S-tag-only, pulls down endogenous XIAP. Cells were
transfected with indicated vectors for 48 h prior to harvesting. S-tag
pulldown experiments were performed as described in “Materials and
methods”. b Endogenous interactions between MGL and XIAP
demonstrated by co-immunoprecipitation. Cells were treated with
MGL132 for 6 h prior to harvesting. Immunoprecipitation (IP) was
performed using control IgG or XIAP antibody. ¢ Recombinant XIAP
directly interacts with purified recombinant MGL in vitro. d A sche-
matic illustration of full-length and deletion variants of MGL. The
numbers indicate the amino acid positions of the full-length MGL.
MGL-deletion variants include the N-terminus-only (1-105); N-
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terminus plus the central region (1-209); central region-only
(106-209); central region plus C-terminus (106-313, which contains
the entire MGL lipase catalytic triad) and the region of C-terminus-
only (210-313). The correct nucleotide sequences of all MGL-deletion
variants were confirmed by DNA sequencing. e, f Interaction of
endogenous XIAP with exogenously expressed MGL-1-105 and full-
length MGL. Lysates from cells (HeLa in e, H1299 in f) expressing
(48h) S-HA-tagged full-length (FL)-MGL or S-HA-tagged MGL-
deletion variants or S-HA-tag-only were assayed for western blotting
(inputs) or proceeded for S-tag pulldown assays. The S-tag-pulldown
products were assayed for protein interactions using XIAP antibody.
The correct-sized MGL protein products are marked with asterisk “*”.
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inputs are shown in the bottom panels; “*” sign indicates the correct-
size of exogenous XIAP variants. Bands for endogenous XIAP protein
is indicated with the sign “§”. For S-tag pulldown experiments, cell
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lysates expressing S-MGL-1-105 or S-MGL full-length (FL) were
mixed separately with cell lysates expressing full-length-XIAP (FL-
XIAP) or deletion variants or control vector. In HeLa cells, the
expression of BIR 1-2-3 was relatively low (Fig. 8c, left lower panel,
1x); therefore, cell lysates with BIR 1-2-3 expressions were increased
five times [BIR 1-2-3 (5x)] as much in the protein pulldown experi-
ments (c, top panels).
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Fig. 8 N-terminus of MGL is critical for MGL-mediated cancer
cell killing. a N-terminal domain of MGL induces apoptosis. Cells,
transfected with indicated vectors for 48 h, were imaged under a
microscope (left) and harvested for MTT assays (right). Each
bar indicates the mean values of three independent experiments (+SE,
*p<0.05). b Expression of MGL N-terminus domain (1-105) and
FL-MGL induces caspase-3 cleavage. HeLa cells were transfected
with indicated MGL variants for 48 h prior to harvesting. Cl-casp3;
cleaved caspase-3. HA antibody detects all HA-tagged MGL variants.
¢ MGL fragment containing first 60 amino acids is sufficient to induce
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cell death in H1299 cells. Photomicrographs were taken for cells
transfected (48 h) with indicated vectors (left) and cell lysates were
harvested for western blot analysis (right). d MGL-deficient cells are
more resistant to treatment by chemotherapeutic drugs. MTT assays
were performed in MGL-proficient (4-/+) or -deficient (+/—, —/—)
MEFs following the treatments (48 h) with doxorubicin (DOX, 40 ng/
ml), etoposide (Etop, 50 uM), and taxol (10 uM). For bar graphs, each
bar indicates the mean values of three independent experiments (+SE,
*p <0.05). e A proposed model illustrating the possible mechanism via
which MGL induces cell death in cancer cells.
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conversely, depletion of MGL by RNAIi significantly
enhanced XIAP levels (Fig. 3). Further mechanistic studies
demonstrated that MGL altered XIAP protein stability; XIAP
protein half-life was significantly longer in MGL-deficient
cells (Fig. 5a, b). Furthermore, elevated expression of MGL
enhanced XIAP protein ubiquitination (Fig. 5d, e) and treat-
ment with proteasome inhibitor MG132 prevented MGL-
mediated XIAP protein reduction (Fig. 5S¢ and Supplementary
Fig. 2). Treatment with XIAP inhibitor Embelin [27] did not
further enhance MGL-mediated growth suppression (Sup-
plementary Fig. 8). Together, these results demonstrate that
MGL negatively controls XIAP levels by enhancing its pro-
tein ubiquitination and degradation. A schematic illustration
of the proposed model depicting MGL involvement in reg-
ulation of cell death is presented in Fig. 8e.

A study [28] has previously reported that MGL behaved
as an oncogenic protein and promoted tumor metastasis due
to its lipase activity. Our current and previous findings
indicate that MGL modulates cellular function by regulating
various proteins. For example, MGL inhibits expression and
phosphorylation of EGFR and Akt/ERK [2], and down-
regulates COX-2 [2] and XIAP (current study). MGL
expression is also reduced in malignancies of many organs
including those affecting lung, liver, breast, and several
others [1-5]. MGL expression is elevated in some tumors
such as kidney cancer [6]. MGL-mediated downregulation
of XIAP, and growth suppression, and apoptosis were noted
in the majority of cancer cell lines studied here. In two cell
lines including OVCAR3 and SKOV3 such effects were not
evident (Supplementary Figs. 9, 10). MGL-knockout ani-
mals also developed neoplasia in certain tissues such as
lung, liver, and lymphatic tissues but not in all tissues [2].
Thus, MGL regulation and function appear to be cell/tissue-
type specific particularly in relation to tumorigenesis. It is
possible that MGL may have a dual function as a tumor
suppressor or oncoprotein as dictated by cell and tissue
type. Several proteins, such as Notch, Spleen Tyrosine
Kinase, Sirtuins, WT-1, and transforming growth factor-f
were also reported to have such dual functions [29-33].

XIAP is known to form homodimer [34] and is self-
ubiquitinated (autoubiquitination) involving its own RING
domain, which results in protein degradation [21, 35, 36].
MGL does not contain a RING domain and is not expected
to be an E3-ligase. MGL may mediate its negative effect on
XIAP via one or more mechanisms. For example, MGL
may alter the E3-ligase activity of XIAP via direct inter-
action with XIAP (Fig. 6a—c) resulting in enhancement of
XIAP autoubiquitination and degradation. Previous studies
have demonstrated that the E3-ligase activity of BRCAL is
significantly enhanced by direct interaction with a protein
called BARDI1 [37]. BRCALI directly interacts with BARD1
protein via its RING domain and the direct interaction
between these two proteins results in the enhancement of

BRCAL1 E3-ligase activity and autoubiquitination [37]. It is
also possible that MGL may work to enhance XIAP ubi-
quitination by facilitating XIAP to form dimers that sub-
sequently promote intermolecular autoubiquitination of two
XIAP molecules. Previous studies have shown that human
MGL crystallized as a dimer [38] although another study
has shown MGL to be a monomer [39]. Our unpublished
results indicate that MGL forms homo-oligomers. We found
that S-tagged MGL was able to pull down (precipitate) the
RFP-tagged MGL in protein lysates of cells co-expressing
these two differently tagged MGL constructs. Thus, it is
possible that when MGL forms oligomers and interacts with
XIAP, it brings two XIAP molecules into close proximity
facilitating XIAP’s homodimerization, autoubiquitination,
and protein degradation.

We have also identified the XIAP region responsible for
interaction with MGL. Our results show that deletion of the
RING domain (ARING) significantly reduced XIAP interac-
tion with MGL compared with the full-length counterpart,
whereas deletion of BIR domains (ABIR) did not affect XIAP
interaction with MGL (Fig. 7b, c¢). In addition, a fragment
containing only the BIR domains (BIR-1-2-3) did not show
interaction with MGL (Fig. 7b, c). Thus, our results indicate
that the C-terminus of XIAP including the RING domain,
rather than the N-terminal BIR domains, interacts with MGL.
Previous studies have shown that XIAP N-terminal BIR-2 or
BIR-3 domains interact with caspases-3, 7, or 9 [12-15, 17].
Presumably, MGL-XIAP interaction may interfere with
XIAP binding to caspases and thus, protect caspases from
XIAP-mediated protein degradation and inhibition. Smac/
DIABLO, an inhibitor of XIAP released from mitochondria in
response to apoptotic stimuli, promotes apoptosis via inter-
action with XIAP and averts XIAP interaction with caspases
[40]. It will be of great interest in the future to investigate
whether MGL possesses Smac/DIABLO-like function to
counter inhibition of caspases and enhances activities of
caspases via its interaction with XIAP.

We also show that N-terminus of MGL is important for
MGL-mediated cell death and interaction with XIAP. We
demonstrate that MGL N-terminal fragment (a.a. 1-105)
induces cleavage (activation) of caspase-3 and PARP, and
cell death, which is coincident with its interaction with
XIAP (Fig. 6). Another MGL fragment (1-209), which
contains the N-terminal first 105 residues plus 104 amino
acids at the central region, did not induce caspase-3 acti-
vation, PARP cleavage, and cell death (Fig. 8a, b). MGL
fragment 1-209 also did not or minimally interacted with
XIAP (Fig. 6e, f). We also noted that the N-terminal
polypeptide 1-105 killed cells better than the FL-MGL
when expressed in cells under similar conditions (Fig. 8a).
MGL-1-105 also had stronger interaction with XIAP than
FL-MGL (Fig. 6e, f). Based on these results, we propose
that the central region (a.a. 106-209) may harbor regulatory
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element(s) that functionally suppresses the action of the N-
terminus of MGL on cell killing and interaction with XIAP.
When the inhibitory central domain (a.a. 106-209) is
removed, the suppression on N-terminus-mediated XIAP
interaction and cell killing is alleviated, such that the frag-
ment 1-105 works better than FL-MGL for its XIAP
interaction and cell killing. Rotem-Bamberger et al. [23]
have previously shown that ASPP2 (Apoptosis Stimulating
Protein of p53, also called pS3BP-2) stimulates the apop-
totic function of p53 wvia its interaction with p53; the C-
terminus of ASSP2 interacts with p53 while the N-terminus
acts as intramolecular negative regulatory element to inhibit
the p53—ASSP2 interaction. It remains to be determined
whether the central region of MGL has a suppressive role
on the N-terminus in protein interactions (i.e., with XIAP)
and cell killing.

Overexpression of XIAP has been commonly found in
human cancers [41-44] and the mechanism(s) for its ele-
vated expression are not very clear. Our studies indicate that
MGL deficiency could be one of the important mechanisms
leading to XIAP overexpression. We show that XIAP
expression is significantly lower in MGL-overexpressing
cells and opposite is true in MGL-deficient cells (Fig. 3).
Such reciprocal expression patterns of these two proteins
were also noted in MGL-knockout animal tissues and MEFs
as well as in human lung cancer tissues (Fig. 4). MGL
expression is commonly reduced in many human malig-
nancies [1-3, 5, 6]. Studies presented here, for the first time,
provide evidence suggesting a possible causative link
between MGL deficiency and XIAP overexpression.

Our results also indicate that MGL-deficient cells are
more resistant to doxorubicin and etoposide, the anticancer
drugs commonly used in the clinic (Fig. 8d). These results
suggest that reduced or lack of MGL expression may con-
tribute to anticancer drug resistance. Our previous studies
have also demonstrated that lack of MGL expression
resulted in elevated Akt phosphorylation [1, 2]. Thus, our
current and previous studies together demonstrate that MGL
appears to regulate cell death and thus, its tumor-
suppressive function via at least two mechanisms: one is
to inhibit the PI3K/Akt survival pathway and another is to
block the function of XIAP by enhancing its protein
degradation. Currently, several clinical trials are under way
using SMAC-mimetic LCL161 in combination with other
anticancer agents for treatments of relapsed and/or refrac-
tory small cell lung cancer, gynecologic malignancies, and
multiple myeloma [45]. Our study has revealed that a small
region (a.a. 1-60) on the N-terminus of MGL (MGL-N) has
a strong pro-apoptotic potential (Fig. 8c). It will be of great
interest to further determine whether MGL-N could have
SMAC-mimetic-like function in regulation of cell death and
to enhance sensitivity of anticancer drugs.
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Materials and methods
Cell culture, antibodies, and reagents

The MGL-proficient and deficient mouse embryonic
fibroblasts (MEFs) were generated from our previous
studies [2] and maintained as previously described [2].
MADT cell line was isolated from a tumor grown on the
abdominal region of a MGL™~ mouse (Supplementary
Fig. 1) and maintained in DMEM with 10% fetal bovine
serum (FBS). Human lung cancer cell lines A549 and
H1299, and cervical cancer HeLa cell line were from the
National Institutes of Health (NIH, National Cancer
Institute (NCI)) and cultured in DMEM supplemented
with 10% FBS. Human ovarian cancer cell lines OVCAR3
and SKOV3, were form ATCC, and MUM2C and C8161
[46] melanoma cells were kindly provided by Dr Brian J.
Nickoloff, Loyola University Medical Center, Maywood,
IL, USA. These cells were cultured in RPMI supple-
mented with 10% FBS. Cell lines used in this study were
tested for mycoplasma contamination using the Myco-
Fluor Mycoplasma Detection kit from Thermo Fisher
(Waltham, MA, USA).

The XIAP and caspase-3 antibodies were from BD
Transduction Laboratories (San Jose, CA, USA). The
Phospho-AKT (Serd73), AKT, Cleaved PARP, cleaved
caspase-3, cleaved caspase-8, pro-caspase-8 and 9 anti-
bodies were from Cell Signaling (Danvers, MA, USA).
The MGL antibody was generated by our laboratory and
described in previous studies [1]. The GAPDH and vin-
culin antibodies were from Santa Cruz Biotechnologies
(Dallas, TX, USA). The f-actin and a-tubulin antibodies
were from Sigma (St. Louis, MO, USA). The XIAP
antibody for immunohistochemical staining was from
Abcam (Cambridge, MA, USA). The MGL inhibitor
URB602 was purchased from Sigma-Aldrich (St. Louis,
MO, USA); it has IC50 =28 uM [47]. The other MGL
inhibitor JZL.184 was obtained from Cayman Chemical
(Ann Arbor, MI, USA); it has IC5=8nM [26]. Pan-
caspase inhibitor Z-VAD-FMK was purchased from R&D
Systems (Minneapolis, MN, USA). Cycloheximide was
purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used 10 pg/ml for indicated times. Embelin was purchased
from Cayman Chemical (Ann Arbor, MI, USA). Antic-
ancer drugs doxorubicin, etoposide, and taxol were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The
purified XIAP protein was purchased from R&D Systems
(Minneapolis, MN, USA). The purified S-HA-tag MGL
protein was generated from the previous studies [1]. The
matching human patient normal and tumor samples were
from The Cooperative Human Tissue Network, an orga-
nization sponsored by the NCI.
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MTT assays

MTT cell proliferation assays were performed as previously
described [1]. Briefly, cells seeded in a 96-well plate (for
Figs. 3, 8a) or 12-well plate (for Fig. 8d) with indicated
transfections or treatments, were incubated with 0.5 mg/mL
MTT for 1h. The resulting formazan precipitate was dis-
solved in isopropanol with 0.04 mol/L. HCl. Absorbance
was read with a Bio-Rad SmartSpec 3100 at 570 nm with
background subtraction read at 690 nm.

Expression plasmids

XIAP full-length and deletion variants vector were provided
by Addgene (Watertown, MA, USA). pDsRedN1-MGL-WT
vector (MGL-RFP) and pSRa-HA-S-tagged MGL expression
vector were previously described [1, 2]. The pDsRedNI1-
MGL-S132A construct was generated using the pDsRedN1-
MGL-WT [2] as a template and the site-directed mutagenesis
kit per protocol provided by the company (Agilent Technol-
ogies, Santa Clara, CA, USA). MGL-deletion variants were
generated by subcloning the MGL-cDNA fragments generated
by PCR into a pSRa-HA-S-tag expression vector; primers for
PCR-cloning as the followings: for MGL-1-60:
5-ACAGCTAGCATGGAAACAGGACCTGAA-3' and 5'-C
ATCCGCGGTCCATGGGACACA AAGAT-3. For MGL-
1-105: 5'- ACAGCTAGCATGGAAACAGGACCTGAA-3'
and 5-CATCCGCGGAACGTGGAAGTCAGACAC 3'. For
MGL-1-209: 5-ACAGCTAGCATGG AAACAGGACC
TGAA-3' and 5-CATCCGCGGCAGGGGGTCTGAGTT
ATA-3'. For MGL-106-209: 5-ACAGCTAGCATGTTCG
TCAGGGATGTG-3' and 5-CATCCGCGGCAGGGG GTC
TGAGTTATA 3'. For MGL-106-313: 5" ACAGCTAGCAT
GTTCGTCAGGGATGTG-3' and 5-CATCCGCGGGGGT
GGGGACGCAGTTC-3. For MGL-210-313: 5-ACAGC
TAGCATGATCTGCCGGGCAGGGC-3’ and 5'-CATCCG
CGGGGGTGGGGACGC AGTTC-3'. DNA sequencing was
performed to confirm the integrity of MGL sequence for all
expression vectors.

Animal studies

MGL-knockout mice were generated from our previous
studies and maintained as described [2]. Animal studies
were performed according to guidelines of the Institutional
Animal Care and Use Committee of SUNY Upstate Medi-
cal University. Tissues used for histological studies were
fixed in 4% paraformaldehyde and hematoxylin and eosin
staining was performed as previously described and
inspected by a pathologist (CC).

Lentivirus-mediated knockdown of MGL

Different nucleotide sequences targeting the human MGL
are designed as follows: shRNA1 5'-ccaggacaagactctcaa-
gat-3’; shRNA2 5’-caactccgtcttccatgaaat-3’; sShRNA3 5/-
ccaatcctgaatctgeaacaa-3’. MGL knockdown was achieved
by shRNA silencing as described previously [1].
The shRNA expression was mediated by lentiviruses that
are prepared and used according to protocols from
Addgene.

Western blot analysis

For western blotting analyses, cell lysate and tissue
extraction were performed as described previously [1].

Immunoprecipitation and S-tag pulldown assays

Immunoprecipitation was performed as previously
described [48, 49]. S-tag pulldown assay was performed
using S-protein agarose beads (EMD Millipore, Billerica,
MA). Approximately, 50 ul of bead slurry was washed
with buffer and mixed with cell lysate and the mixture
was incubated overnight on a rotator at 4 °C. The beads
were then washed for three times and the associated
proteins were denatured at 95 °C in SDS-loading buffer,
and subsequently analyzed by western blot analyses.
Complete triton lysis buffer (150 mM NaCl, 20 mM
HEPES, 1 mM EDTA, 1% Triton-X 100, 1 mM PMSF,
20mM NaF, 20mM Na3zVO,, 1% protease inhibitor
cocktail (Sigma-Aldrich)) was used for making cell lysate,
incubation, and washing.

Statistical analysis

Two-tail Student’s ¢ test was used for statistical analysis.
Tests are two-sided. Variance was similar between groups
within each experiment.
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