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ABHD5 interacts with BECN1 to regulate autophagy and tumorigenesis of colon
cancer independent of PNPLA2
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ABSTRACT
Autophagy critically contributes to metabolic reprogramming and chromosomal stability. It has been
reported that monoallelic loss of the essential autophagy gene BECN1 (encoding BECN1/Beclin 1)
promotes cancer development and progression. However, the mechanism by which BECN1 is inactivated
in malignancy remains largely elusive. We have previously reported a tumor suppressor role of ABHD5
(abhydrolase domain containing 5), a co-activator of PNPLA2 (patatin like phospholipase domain
containing 2) in colorectal carcinoma (CRC). Here we report a noncanonical role of ABHD5 in regulating
autophagy and CRC tumorigenesis. ABHD5 directly competes with CASP3 for binding to the cleavage sites
of BECN1, and consequently prevents BECN1 from being cleaved by CASP3. ABHD5 deficiency provides
CASP3 an advantage to cleave and inactivate BECN1, thus impairing BECN1-induced autophagic flux and
augmenting genomic instability, which subsequently promotes tumorigenesis. Notably, clinical data also
confirm that ABHD5 proficiency is significantly correlated with the expression levels of BECN1, LC3-II and
CASP3 in human CRC tissues. Our findings suggest that ABHD5 possesses a PNPLA2-independent function
in regulating autophagy and tumorigenesis, further establishing the tumor suppressor role of ABHD5, and
offering an opportunity to develop new approaches aimed at preventing CRC carcinogenesis.

KEYWORDS
ABHD5; autophagy;
colorectal cancer; genome
instability; tumorigenesis

Introduction

Mechanisms of cellular homeostasis are important for prevent-
ing cellular injuries that could lead to impaired cellular function
and malignant transformation. One of those mechanisms is
macroautophagy (hereafter called autophagy), a lysosome-
dependent degradation pathway that allows the recycling of
damaged or superfluous cytoplasmic content, such as proteins
and organelles. Autophagy appears to be essential for many
physiological processes such as development, differentiation,
tissue remodeling, cell survival and death.1-4 In recent years,
mounting evidence points to a key role for autophagy serving
as a barrier to cancer initiation by limiting inflammation, elimi-
nating toxic unfolded proteins, and removing damaged mito-
chondria that produce reactive oxygen species (which damage
DNA).4,5 Support for the tumor-suppressive function of auto-
phagy also emerged from the findings that the essential auto-
phagic protein BECN1 functions as a haplo-insufficient tumor
suppressor in mice and humans.6-9 Allelic loss of BECN1 leads
to an enhanced DNA damage response, gene amplification and
chromosomal instability, resulting in aneuploidy, all of which
are hallmarks of cancer. However, a comprehensive

mechanistic view of how BECN1-induced autophagy is turned
off during tumor development was still missing.

Cellular metabolism has been tightly associated with auto-
phagy since the early days when de Duve et al.10 showed that
starvation and glucagon, a glycogenolytic agent, induce hepatic
autophagy. We recently learned that autophagy is a major con-
tributor to cellular metabolic reprogramming.11 Autophagy
provides essential components (amino acids, lipids, and carbo-
hydrates) required to meet the cell’s energy needs under
stress,12 and enzymes and other proteins that participate in
metabolic pathways can be timely and selectively degraded by
autophagy, coordinately contributing to the metabolic flux.13,14

Recently, metabolic reprogramming and aberrant activity of
metabolic enzymes have been characterized as hallmarks of
cancer.15-22 However, the relevance of defective autophagy to
the dysfunction of metabolic genes in cancer, and their closely
connected and functionally interdependent role in tumorigene-
sis, remain poorly understood.

More than 80% of CRCs harbor mutations in the gene
encoding APC, a tumor suppressor that regulates WNT signal-
ing.23 Apc mutant mice have been used as a relevant preclinical
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tumor model of CRC because they rapidly develop intestinal
adenomatous polyps, as occurs in humans with an inactivated
APC gene.24,25 Previously, we identified ABHD5, a cellular lipo-
lytic activator, which functions as a tumor suppressor in CRCs.
We demonstrated that loss of ABHD5 is a hallmark of CRCs,
and ABHD5 deficiency dramatically drives tumorigenesis and
malignant transformation of intestinal adenomas in the Apc
mutant mice (ApcMin/C mice). Very interestingly, we have also
noticed that in the circumstance of ABHD5 deficiency, which
is an interruption of metabolism homeostasis and supposed to
trigger autophagy, an impaired autophagy is exhibited
instead.26 These unexpected findings have been driving us to
explore the correlation between ABHD5 and autophagy, and
their interweaving and blending contribution to CRC
tumorigenesis.

Here, we investigated how ABHD5 regulates CRC tumori-
genesis in an autophagy-dependent manner. We reveal for the
first timeca direct interaction between ABHD5 and BECN1, by
which ABHD5 regulates autophagic flux and tumorigenesis of
CRC. This study thus provides further insights into the molecu-
lar mechanism by which ABHD5 functions as a tumor
suppressor.

Results

ABHD5 critically determines autophagic cell death

It has been recognized that autophagy is attributable to tumori-
genesis via controlling autophagic cell death.27,28 To examine
whether ABHD5 is involved in autophagy-dependent cell death
and tumorigenesis, we first used GSE data sets and divided
CRCs according to their relative ABHD5 proficiency. Impres-
sively, the subtypes with different ABHD5 proficiency displayed
strikingly distinct pathway profiles. The subtype of low ABHD5
exhibited, on average, decreased levels of autophagy and apo-
ptosis pathways. This subtype was also distinguished by higher
levels of WNT signaling (Fig. 1A). Moreover, cluster expression
centroid classification and the gene expression heatmap con-
firmed that autophagy- and apoptosis-related pathways were
enriched in ABHD5 high subgroup (Fig. 1B). Our findings thus
highlight a critical role of ABHD5 in regulating autophagic flux
and apoptosis.

To further confirm the role of ABHD5 in autophagy-
dependent cell death, CRISPER/Cas9-mediated ABHD5C/C

and ABHD5¡/¡ normal human colon epithelial cells
(CCD841CON) were cultured in Earle’s balanced salt solution
(EBSS), an amino acid and growth factor-free medium. As
shown in Figure 1C, ABHD5¡/¡ cells exhibited a resistance to
trypan blue staining after EBSS culture, suggesting that loss of
ABHD5 protects cells from death during nutrient starvation.
This was confirmed by clonogenic survival (Fig. 1D) and cell
viability (Fig. 1E) assays. The suppression of cell death in
ABHD5¡/¡ cells was diminished by restoration of ABHD5
expression (Fig. 1F).

To further determine whether this cell death is CASP-
dependent, we treated the cells with z-VAD-fmk, a CASP
Inhibitor. Addition of z-VAD-fmk had no effect on the death
of wild-type cells (Fig. 1G), demonstrating that colon epithelial
cells could undergo cell death independently of CASP activity

after nutrient starvation. In contrast, the CASP inhibitor signif-
icantly suppressed the cell death of ABHD5¡/¡ cells (Fig. 1G),
suggesting that the observed cell death of ABHD5-deficient cells
is apoptosis-dependent. Impressively, ultrastructural morphol-
ogy monitored by electron microscopy showed that under the
stress of nutrient deprivation, the capacity of autophagosome
formation in ABHD5¡/¡ cells was substantially impaired rela-
tive to that in ABHD5C/C cells (Fig. 1H), indicating that
ABHD5 may be involved in autophagic cell death. To further
confirm this hypothesis, we transiently transfected ABHD5C/C

and ABHD5¡/¡ cells with a plasmid carrying LC3 fused to
enhanced green fluorescent protein (GFP), and monitored the
autophagic flux and cell viability. Very impressively, a high-
content screening assay showed that under the culture condi-
tion of EBSS, the autophagic flux was negatively associated
with cell viability in a phase-dependent manner (Fig. 1I and J).
To corroborate our observation with GFP-LC3 overexpression,
the protein expression patterns of LC3 and SQSTM1 were con-
sistent with GFP-LC3 (Fig. 1K). Activators of autophagy, rapa-
mycin, brefeldin A (simulation of endoplasmic reticulum
stress), and N-acetyl-D-sphingosine (C2-ceramide; class I PI3K
pathway suppressor) significantly rescued LC3 and SQSTM1
expression levels in ABHD5¡/¡ cells, and dramatically reversed
the cell death of ABHD5¡/¡ cells to the equivalent level of
ABHD5C/C cells (Fig. 1L). Similar results were obtained by
using another normal human colon epithelial cell line (FHC)
(Fig. S1).

Intestine-specific inactivation of Abhd5 in ApcMin/C mice
promotes tumorigenesis via suppressing autophagy

We have reported that selective inactivation of Abhd5 in the
intestine of ApcMin/C mice (ApcMin/C Abhd5f/f/CreC) causes a sig-
nificant increase of intestinal tumor number and size.26 As
shown by MKI67 and TUNEL immunostaining, ABHD5 inac-
tivation in mouse intestine epithelial cells (Abhd5f/f/CreC) signif-
icantly suppressed cell apoptosis while having a modest effect
on cell proliferation (Fig. 2A). Expectedly, Abhd5-deficient
intestinal epithelial cells exhibited a substantially decreased
expression level of LC3 and a correspondingly increased
expression level of SQSTM1 (Fig. 2B). In addition, immunoblot
assay confirmed that the expression level of LC3 was decreased
and the expression level of SQSTM1 was correspondingly
increased in the intestinal mucosa of Abhd5f/f/CreC mice relative
to that in control mice (Fig. 2C). These lines of evidence
strongly support the idea that Abhd5 deficiency impairs auto-
phagic flux.

To further explore whether ABHD5 suppresses CRC tumor-
igenesis in an autophagy-dependent manner, we administered
rapamycin, an activator of autophagy, to ApcMin/C Abhd5f/f/CreC

and control mice. Rapamycin administration dramatically, but
not fully, reversed the intestinal tumorigenesis in ApcMin/C

Abhd5f/f/CreCmice (Fig. 2D and E). Furthermore, as shown by
hematoxylin and eosin (H&E) staining, besides increased
tumor number and size, many tumors formed in ApcMin/C

Abhd5f/f/CreC mice were highly dysplastic with cauliflower-like
surfaces, profound architectural distortion, and cytological
alterations to a level that was highly uncommon in human or
murine polyps but characteristic of carcinomas, including the
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tightly and irregularly arranged tall, columnar cells, dark stain,
atypical glandular proliferation with back-to-back phenome-
non and the 2 glands sharing the same glandular wall, loss or
disorder of cell polarity, dark stain, increased ratios of cell
nucleus to cytoplasm, pleomorphic nuclei with prominent
nucleoli, and activities of mitosis and pathological mitosis.

Impressively, rapamycin treatment substantially normalized
the morphology of intestinal epithelial cells of ApcMin/C

Abhd5f/f/CreC mice (Fig. 2F). Moreover, as shown in Figure 2G,
the CDX2 proficiency is substantially decreased in the intestine
of ApcMin/C Abhd5f/f/CreC mice, indicating that ABHD5 defi-
ciency induces a dedifferentiation of intestinal epithelial cells,

Figure 1. Loss of ABHD5 suppresses CASP-independent cell death induced by nutrition deprivation. (A) GSEA plot of autophagy, apoptosis and WNT signaling pathways
between ABHD5 high and ABHD5 low subgroups. (B) A heatmap of pathway enrichment signature in ABHD5 high and low subgroups. (C) ABHD5C/C (WT) and ABHD5¡/¡

(KO) colon epithelial cells (CCD841CON) were cultured in EBSS for 0, 3, 6 or 12 h, and the percentage of dead cells was determined at the indicated time points by trypan
blue exclusion assay. (D) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells colonies were exposed to EBSS culture, and the colony survival was calculated at the indi-
cated time points by crystal violet and trypan blue exclusion assay. (E) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells were cultured in EBSS for 0, 3, 6 or 12 h ,
and the cell viability was determined by MTT assay. (F) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells stably transfected with a wild-type ABHD5 expression plas-
mid or control empty vector were cultured in EBSS for 0, 3, 6 or 12 h, and the percentage of dead cells was determined at the indicated time points by trypan blue exclu-
sion assay. (G) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells were cultured in EBSS in the presence of 50 mM z-VAD-fmk or control DMSO for 0, 3, 6 or 12 h, and
the percentage of dead cells was determined at the indicated time points by trypan blue exclusion assay. (H) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells were
cultured in EBSS for 3 h and analyzed by transmission electron microscopy. Arrows, autophagosomes; M, mitochondria; LD, lipid droplet; N, nucleus. The number of auto-
phagosomes per cross-sectioned cell was counted. (I) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells were infected with GFP-RFP-LC3 adenovirus; 24 h after infec-
tion, high-content screen images showing RFP- and GFP-labeled LC3 staining in ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells at different time points (2, 4, 8
and 16 h in the presence of EBSS culture). Scale bar: 5 mm. Statistical analysis showing autophagosomes, autolysosomes and the corresponding cell viability (J) in
ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells at the indicated timepoints. (K) Western blots of autophagy-related proteins (LC3-I, LC3-II, SQSTM1) in ABHD5C/C

(WT) and ABHD5¡/¡ (KO) CCD841CON cells at 24 h following exposure to PBS, EBSS or EBSS+rapamycin (100 nM). (L) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON
cells were cultured in EBSS in the presence of rapamycin (Rap, 100nM), dihydro-N-acetyl-d-erythro-sphingosine (NADS, 10 mM), brefeldin A (Bre A, 5 mM) or control PBS
for 0, 3, 6, 12 or 18 h, and the percentage of dead cells was determined at the indicated time points by trypan blue exclusion assay. Unless noted, all bar plots in the figure
are mean § SEM of n biological replicates. (�, p < 0.01; ��, p< 0.001; ns, no significance).
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which is a feature of malignant transformation. Rapamycin
treatment also dramatically inhibited the dedifferentiation of
intestinal tumors in ApcMin/C Abhd5f/f/CreC mice. Taken
together, these findings demonstrated that activation of auto-
phagy efficiently suppressed the malignant transformation of
the intestinal tumors in ApcMin/C Abhd5f/f/CreC mice.

ABHD5-induced autophagy limits chromosomal instability

It has been recognized that autophagy plays a critical tumor
suppressor role by limiting genotoxic damage and chromo-
somal instability. We therefore sought to determine whether
ABHD5 serves to protect the genome. ABHD5C/C and

Figure 2. Intestine-specific knockout of Abhd5 promotes tumorigenesis and aggressiveness of tumors in ApcMin/¡ mice in an autophagy-dependent manner. (A, B) Repre-
sentative immunostaining images of expression of proliferation marker MKI67, apoptosis marker TUNEL, autophagy marker LC3 and SQSTM1 in the distal ilia of 100-d-old
male mice with or without intestinal knockout of Abhd5. Control, Abhd5C/C/CreC; ABHD5 knckout, Abhd5f/f/CreC. (C) Western blots of LC3 and SQSTM1 in the entire small
intestine of 100-d-old male mice. Control, Abhd5C/C/CreC; Abhd5 knockout, Abhd5f/f/CreC. (D) Representative images of Swiss-role H&E sections of the entire small intestine
tissue of 100-d-old male and female ApcMin/¡ mice. Control, ApcMin/¡ Abhd5C/C/CreC; Abhd5 knockout, ApcMin/¡ Abhd5f/f/CreC, the intestinal tumors were circled as shown.
(E) ApcMin/¡ Abhd5C/C/CreC and ApcMin/¡ Abhd5f/f/CreC mice were intraperitoneally administered rapamycin (3 mg/kg, once daily from the age of 30 d until the age of 100
d), and the tumor number and size in the entire small intestine were statistically analyzed. (F) ApcMin/¡ Abhd5C/C/CreC and ApcMin/¡ Abhd5f/f/CreC mice were intraperitone-
ally administered rapamycin (3 mg/kg, once daily, from the age of 30 d until the age of 100 days), and representative H&E sections of tumors in the small intestine of
control and ApcMin/¡ Abhd5f/f/CreC male mice at 100 d of age. (G) ApcMin/¡ Abhd5C/C/CreC and ApcMin/¡ Abhd5f/f/CreC mice were intraperitoneally administered rapamycin
(3 mg/kg, once daily, from the age of 30 d until the age of 100 d), and representative immunostaining images of CDX2, a differentiation marker of intestinal epithelial
cells, revealing the differentiation status of the intestinal epithelial cell of control and homozygous (ApcMin/¡ Abhd5f/f/CreC) male mice at 100 d of age. (�, p < 0.01; ��, p <
0.001; ns, no significance).
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ABHD5¡/¡ CCD841CON cells were then subjected to a comet
assay, a microgel electrophoresis technique for detecting DNA
damage at the level of the single cell. Although the tail moment
between ABHD5-silenced and control cells exhibited no differ-
ences under normal conditions, ABHD5¡/¡ cells showed a sig-
nificantly increased tail moment relative to ABHD5C/C cells
following EBSS culture treatment (Fig. 3A). In addition,
gH2AFX, a marker of DNA doublestrand breaks (DSBs), was
analyzed to further assess the effect of ABHD5 on DNA dam-
age. As shown in Figure 3B, about »40% of ABHD5¡/¡ cells
stained positive for gH2AFX foci relative to »20% in
ABHD5C/C cells after 6 h of treatment, and approximately 70%

of ABHD5¡/¡ cells exhibited bright gH2AFX staining com-
pared to »35% in ABHD5C/C cells 12 h following EBSS treat-
ment. Accumulation of DNA damage foci began to taper off
after that, and gH2AFX foci staining in ABHD5C/C cells had
returned to basal levels by 24 h. However, ABHD5¡/¡ cells
exhibited prolonged and sustained gH2AFX staining, even at
24 h post EBSS treatment (Fig. 3C). Furthermore, western blot
analysis was used to compare gH2AFX expression levels prior
to or following EBSS culture treatment. Intriguingly, the
expression level of phosphorylated H2AFX in ABHD5¡/¡ cells
was significantly higher than that in ABHD5C/C cells 12 h fol-
lowing EBSS treatment (Fig. 3D). In contrast, the protein

Figure 3. Loss of ABHD5 promotes DNA damage and genome instability in an autophagy-dependent manner. (A) ABHD5C/C (WT) and ABHD5¡/¡ (KO) colon epithelial
cells (CCD841CON) were cultured in EBSS for 12 h, and the DNA damage was measured by alkaline single cell gel electrophoresis (Comet) assay. Error bars of statistical
analysis of tail length represent standard error. (B) Immunostaining of gH2AFX (green) in ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells at the indicated time
points after exposure to EBSS. DAPI was used to stain the nuclei. (C) Quantification of gH2AFX-positive foci from (B). (D) Western blots of DNA damage-associated proteins
in ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells 24 h following exposure to EBSS. (E) Representative photomicrographs of ABHD5C/C (WT) and ABHD5¡/¡ (KO)
CCD841CON cells stained by indirect immunofluorescence for microtubules (anti-TUBULIN), DNA (DAPI), and centrosome-related protein (anti-NDEL1/NUDEL). Note the
extensive microtubule network, the heterogeneous nuclear size, and the abnormalities in NDEL1 expression in ABHD5¡/¡ (KO) cells. (F) Quantification of centrosome num-
bers in ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells. Percentage of cells with normal centrosome numbers (one or 2; blue bar) and with supernumerary centro-
somes (more than 2; red bar). (G) Flow cytometry analysis of a panel of ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells showing their DNA content. (H) Analysis of
total DNA content and aneuploid DNA content in ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells. (I) Statistical analysis of tail length, gH2AFX-positive foci and cen-
trosome numbers in ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells matched with or without rapamycin treatment (50 nmol/L, 24 h). Rapamycin treatment signifi-
cantly reversed the tail length, gH2AFX-positive foci and centrosome numbers in ABHD5¡/¡ (KO) cells to the level of control cells. (�, p < 0.01; ��, p < 0.001; ns, no
significance).
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expression levels of phosphorylated ATR and phosphorylated
CHEK1 were substantially decreased (Fig. 3D). These findings
thus far suggest that ABHD5 deficiency may result in an aggra-
vated DNA damage confronting stress.

To examine the effect of ABHD5 on chromosomal instabil-
ity, the morphological differences between ABHD5¡/¡ and
ABHD5C/C cells were compared. ABHD5C/C cells, with an
intact autophagy pathway, maintained a normal cell size with a
uniform microtubule framework, nuclear shape, and predomi-
nantly normal centrosome numbers (one or 2 centrosomes per
cell) (Fig. 3E and F). In contrast, autophagy-defective
ABHD5¡/¡ cells showed profound microtubule and centro-
some abnormalities, including heterogeneity in cell and nuclear
size and shape (Fig. 3E) and an increase in the percentage of
cells with centrosome abnormalities including increased cen-
trosome number (Fig. 3F). Abnormalities in the microtubule
framework can arise due to abnormally large cell size, and,
moreover, supernumerary centrosomes and large nuclei are
defining traits of excess DNA content as well as genomic insta-
bility.29 Accordingly, DNA content of ABHD5¡/¡ and
ABHD5C/C cells was determined by flow cytometry. ABHD5C/

C cells were predominantly diploid; however, ABHD5¡/¡ cells
showed a significant increase in the frequency of aneuploidy
(Fig. 3G and H). The susceptibility of ABHD5¡/¡ cells to geno-
toxic damage and chromosomal instability was dramatically
reversed by rapamycin (Fig. 3I). Consistently, similar results
were obtained by using FHC cells (Fig. S2). Overall, these
observations suggested that ABHD5 might be crucial for limit-
ing DNA damage and maintaining genome integrity in an
autophagy-dependent manner.

ABHD5 modulates autophagic flux independent of its
canonical metabolic activity

ABHD5 was well known to be a cofactor of PNPLA2 (patatin
like phospholipase domain containing 2) to achieve full triglyc-
eride hydrolase activity. This led us to ask whether ABHD5-
mediated autophagy is PNPLA2 dependent. To answer this
question, we first examined the effect of PNPLA2 manipulation
on the autophagic flux in colon epithelial cells. Intriguingly,
silencing PNPLA2 in CCD841CON cells resulted in an
increased autophagic flux instead (Fig. 4A). Additionally, we
found that in CCD841CON cells inactivation of PNPLA2
caused a decrease in cell viability when confronting EBSS cul-
ture treatment (Fig. 4B).

We further generated PNPLA2 knockout (KO) CRC cells
using CRISPR/Cas9 technology (Fig. 4C), and subsequently
manipulated ABHD5 expression in these PNPLA2 KO cells.
We found that manipulation of ABHD5 in PNPLA2 null cells
still significantly decreased their autophagic flux, and efficiently
suppressed cell death in the presence of EBSS (Fig. 4D). These
findings strongly suggest that ABHD5 regulates autophagy in a
PNPLA2-independent manner. We next engineered a series of
mutations within or near the evolutionarily conserved catalytic
active site of the ABHD5 enzyme to disrupt its reported meta-
bolic activity (Fig. 4E). These point mutations comprised 2
nonlethal ABHD5 mutations found in human patients with
Chanarin-Dorfman syndrome (Q130P and E260K). Very
impressively, as shown in Figure 4F and G, both Q130P and
E260K mutants successfully reversed the autophagic flux and
cell death of ABHD5¡/¡ CCD841CON cells under the stress of

Figure 4. ABHD5 regulates autophagic flux independent of its canonical metabolic activity. (A) Western blots of autophagy-related proteins (LC3-I, LC3-II, SQSTM1) in
ABHD5-silenced, PNPLA2-silenced and control CCD841CON cells 24 h following exposure to EBSS. (B) PNPLA2-silenced and control CCD841CON cells were treated with
EBSS for 24 h, and the cell viability was determined by MTT assay. (C) Western blots of PNPLA2 in control and CRISPR/Cas9-mediated PNPLA2 knockout (KO) CCD841CON
cells. (D) ABHD5 expression was silenced in PNPLA2 knockout CCD841CON cells, and the percentage of dead cells was determined at the indicated time points by trypan
blue exclusion assay. (E) Predicted domain structure of ABHD5, including the a/b hydrolase domain. The sites of mutations are indicated. (F) ABHD5C/C (WT) and
ABHD5¡/¡ (KO) CCD841CON cells were transfected with mutated ABHD5 (Q130P and E260K) or control vector plasmids. Statistical analysis of the number of autophago-
somes/cell in different groups (a random number of 30 cells were selected for each group). (G) ABHD5C/C (WT) and ABHD5¡/¡ (KO) CCD841CON cells were transfected
with mutated ABHD5 (Q130P and E260K) or control vector plasmids. Cell viability of cells at different time points (6, 12, 24, 48, 72 h) after the exposure to EBSS was mea-
sured by MTT assay. (��, p < 0.001; ns, no significance).
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EBSS culture. Taken together, these results suggest that ABHD5
induces autophagy independent of its metabolic function.

ABHD5 promotes autophagic flux via interacting with and
inhibiting the cleavage of BECN1

Our previous results found that ABHD5 was critical to the
formation of autophagosomes and the fusion of autophago-
somes with lysosomes (Fig. S3). Therefore, we speculated that
ABHD5 may interact with ATG family proteins to regulate
autophagic flux. BECN1 and LC3 are 2 of the most important
ATG proteins guiding the formation of the autophagosome.
Immunoflurorescent staining showed an extensive overlap
between ABHD5 and BECN1 signals, but no colocalization
between ABHD5 and LC3 (Fig. 5A). In addition, endogenous
ABHD5 coprecipitated with endogenous BECN1, but not LC3
(Fig. 5B). We also performed a coprecipitation to detect the
interaction between ABHD5 and other ATG family proteins,
such as ATG5 and ATG14, but no interaction was observed
(Fig. S4). Very interestingly, although immunofluorescent

staining detected almost no overlap between PNPLA2 and
BECN1, we detected colocalization between PNPLA2 and LC3
(Fig. S5). These findings further indicate the different mecha-
nism by which ABHD5 and PNPLA2 regulate autophagy
independently.

Although BECN1 expression was not significantly altered in
ABHD5-silenced cells compared with control cells, 2 extra frag-
ments were detected in ABHD5-silenced cells following EBSS
treatment (Fig. 5C); full-length BECN1 (BECN1-FL) was
cleaved into 3 major fragments of 50, 37 and 35 kDa. It was
reported that the N-terminal fragment of BECN1 (BECN1-N)
localizes predominantly in the nucleus whereas the C-terminal
fragment of BECN1 (BECN1-C) localizes predominantly at the
mitochondria; the C-terminal fragment functions to inhibit
autophagy.30 To investigate whether ABHD5-mediated BECN1
processing altered its subcellular localization under EBSS stress,
we performed subcellular fractionation in ABHD5-silenced and
control cells. Immunoblot analysis illustrated that under EBSS
challenge, BECN1-C fragments accumulated in the mitochon-
dria fraction were substantially increased in ABHD5-deficient

Figure 5. ABHD5 promotes autophagy via protecting BECN1 from being cleaved. (A) Representative immunofluorescent images of staining with the indicated antibodies
in wild-type CCD841CON cells are shown. LC3 and BECN1 proteins were labeled with green-fluorescent Alexa Fluor 488, ABHD5 were visualized with red-fluorescent Alexa
Fluor 594 and nuclei with DAPI (blue). An overlay is presented in the ‘Merge’ panel. (B) Immunoprecipitation of endogenous ABHD5 with LC3 or BECN1 in ABHD5-silenced
and control CCD841CON cells. (C) Whole-cell lysates were prepared from ABHD5-silenced and control CCD841CON cells matched with or without EBSS (24 h) treatment,
and analyzed by western blotting with anti-BECN1 antibody. (D) EBSS pretreated ABHD5-silenced and control CCD841CON cells were subjected to subcellular fraction-
ation. The cytosolic and mitochondrial fractions were analyzed by western blotting using anti-BECN1-C with COX4I as a loading control. (E) EBSS-pretreated ABHD5-
silenced and control CCD841CON cells were subjected to subcellular fractionation. The nucleic fractions were analyzed by western blotting using anti-BECN1-N with his-
tone 2A as a loading control. (F) EBSS-pretreated ABHD5-silenced and control CCD841CON cells were subjected to immunofluorescent staining with BECN1-C-specific anti-
body labeled with Alexa Fluor 488 (green) and MitoTracker (red, a marker of mitochondria) to reveal the localization of BECN1-C on mitochondria (orange), and
immunofluorescent staining with BECN1-N-specific antibody labeled with Alexa Fluor 594 (red) and MitoTracker (green) to reveal the localization of BECN1-N in the
nucleus (purple). (G) ABHD5-silenced and control CCD841CON cells were transfected with full-length BECN1 or BECN1-C and subjected to EBSS treatment. Number of
autolysosomes and cell viability were statistically analyzed. (H) ApcMin/¡ Abhd5C/C/CreC (control mice) and ApcMin/¡ Abhd5f/f/CreC (intestinal Abhd5 knockout ApcMin/¡)
mice were intraperitoneally administered with a specific activator of BECN1 (1.5 mg/kg, once daily from the age of 30 d until the age of 100 d), and the tumor number
and size in the entire small intestine were statistically analyzed. (�, p < 0.01; ��, p < 0.001; ns, no significance).
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cells relative to that in control cells, as determined by detection
of COX4I/COXIV (mitochondrial marker) (Fig. 5D). Mean-
while, BECN1-N fragments accumulated in the nuclear fraction
were also increased in ABHD5-silenced cells compared with
that in control cells, as determined by detection of histone 2A
(nucleus marker) (Fig. 5E).

To further characterize the subcellular localization of
BECN1-C and BECN1-N in ABHD5-silenced and control cells,
we performed immunofluorescent staining. Under the stress of
EBSS, the overlap between BECN1-C (green) and MitoTracker
(red), and the overlap between BECN1-N (red) and the nucleus
(blue) were substantially increased in ABHD5-silenced cells
relative to those in control cells (Fig. 5F). Our data strongly
suggest that confronting stress, BECN1 in ABHD5-deficient
cells is inactivated due to cleavage, which results in impaired
autophagic flux. To confirm this speculation, we expressed full-
length BECN1 and BECN1-C in ABHD5-silenced cells. As
expected, restoring full-length BECN1 in ABHD5-silenced cells
significantly rescued their autophagic flux and the sensitivity to
EBSS, whereas expression of the BECN1-C fragment failed to
do so (Fig. 5G). Similar results were also obtained by using
FHC cells (Fig. S6).

BECN1 activator exhibited a more efficient outcome than
rapamycin to almost fully reverse the intestinal tumorigenesis
in Abhd5-deficient ApcMin/C mice (Fig. 5H). We then specu-
lated that some other mechanism of BECN1 as a tumor sup-
pressor beyond autophagy activation remains attributable to
ABHD5-related tumorigenesis. It has been recently reported
that BECN1 controls the levels of TP53 by regulating the deubi-
quitination activity of USP10 and USP13,31 and our previous
findings also found a profound effect of ABHD5 on TP53. As
shown in Figure S7, expressing BECN1 in ABHD5-deficient
cells dramatically rescued the expression levels of TP53 and
TP53 target genes. We thus deduce that BECN1-induced TP53

activity may be a potential cause for the better curative effect of
BECN1 activator relative to rapamycin.

ABHD5 directly interacts with BECN1 to inhibit its cleavage

In an effort to determine whether the interaction between
ABHD5 and BECN1 is a direct contact, glutathione S-transfer-
ase (GST) affinity isolation assays were performed. Figure 6A
shows that ABHD5 coprecipitated with the BECN1 antibody,
and BECN1 coprecipitated with the ABHD5 antibody. Neither
protein was immunoprecipitated with preimmune serum. In
addition, GST-tagged ABHD5 was purified and incubated with
increasing doses of purified His-BECN1 for in vitro detection
of their direct association. ABHD5 was found to interact with
BECN1 in a dose-dependent manner (Fig. 6B). It has been
reported that BH3, CCD and ECD are the domains responsible
for the protein-protein interaction between BECN1 and other
proteins. To identify the domain responsible for the interaction
between BECN1 and ABHD5, various recombinant BECN1
deletion mutants were cloned as GST fusion proteins. We
found that the ABHD5 protein interacted with both the ECD
and CCD domain mutants of BECN1 but not the BH3 domain
mutant (Fig. 6C). This result demonstrated that the BECN1-
ABHD5 interaction occurs exclusively through the BH3
domain of BECN1.

Correspondingly, to map the BECN1-binding domain of
ABHD5, FLAG-tagged peptide segments of ABHD5 spanning
amino acids 1–110 (N terminus), 111–213 (globular domain),
and 214–349 (C terminus) were expressed in 293T cells. Cell
lysates were incubated with His-tagged full-length BECN1 on
nickel-nitrilotriacetic acid (Ni-NTA) beads. Immunoblotting of
the Ni-NTA-bound eluates with an anti-FLAG antibody
showed that only the C terminus of ABHD5 interacted with
BECN1 (Fig. 6D), suggesting that the ABHD5-related function

Figure 6. ABHD5 directly interacts with BECN1 to inhibit the cleavage of BECN1. (A) Reciprocal GST affinity isolation and immunoblotting of ABHD5 and BECN1 in wild-
type CCD841CON cells. (B) GST-tagged ABHD5 was purified and incubated with increasing doses of purified BECN1 for in vitro detection of their direct association. (C)
Immunoblotting of ABHD5 in the lysates of CCD841CON cells affinity isolated with GST-tagged full-length or different domains of BECN1 as indicated. The domain struc-
ture of BECN1 is given above the data. (D) In vitro binding assay with FLAG-tagged different domains of ABHD5 and His-tagged full-length BECN1 as indicated. The
domain structure of ABHD5 is given above the data. (E) A close-up view of the ionic layer at the center of the crystal structure of the ABHD5-BECN1 complex is shown. (F)
ABHD5-silenced and control cells were transfected with full-length ABHD5 or an ABHD5 mutant (mutated in the binding domain to BECN1) and subjected to EBSS treat-
ment. The cytosolic and mitochondrial fractions were analyzed by western blotting using anti-BECN1-C with COX4I as a loading control, and the nuclear fractions were
analyzed by western blotting using anti-BECN1-N with histone 2A as a loading control. (G, H) ABHD5-silenced and control CCD841CON cells were transfected with full-
length ABHD5 or an ABHD5 mutant (mutated in the binding domain to BECN1) and subjected to EBSS treatment. Number of autolysosomes and cell viability were statisti-
cally analyzed.(�, p < 0.01; ns, no significance).
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with BECN1 resides in the C-terminal region (Fig. 6E). To fur-
ther determine whether ABHD5 affects the cleavage of BECN1
via its C-terminal domain, we generated an ABHD5 mutant
lacking its C-terminal region. Although wild-type ABHD5 was
able to substantially reverse the cleavage of BECN1, an ABHD5
mutant lacking the C terminus was not capable of preventing
BECN1 from being cleaved (Fig. 6F). Taken together, this evi-
dence indicates that the ABHD5 C-terminal region physically
interacts with BECN1 to inhibit cleavage of the latter. Further-
more, we found that expressing a wild-type ABHD5 in
ABHD5-silenced cells strongly reversed their autophagic flux
and the sensitivity to EBSS challenge to the level of control cells,
whereas transfection of C-terminal defective ABHD5 failed to
do so (Fig. 6G and H).

ABHD5 prevents BECN1 from being cleaved by CASP3 via
competing with CASP3 for binding to the cleavage sites of
BECN1

We next sought to investigate the molecular mechanisms
whereby ABHD5 specifically suppresses the cleavage of
BECN1. Recently, the accumulated evidence suggests that
BECN1 is a novel substrate of CASP family members and can
be cleaved by CASP.30 Notably, we found that the expression
level of cleaved CASP3 was robustly increased in ABHD5-

silenced cells under the challenge of EBSS, and could be
reversed by autophagy activators (Figs. 7A and S8A). We there-
fore speculated that CASP3 may be responsible for ABHD5-
modulated cleavage of BECN1. We generated CASP3 knockout
(KO) CRC cells using CRISPR/Cas9 technology. Our results
showed that manipulation of ABHD5 in CASP3 null CRC cells
failed to affect the cleavage of BECN1 (Figs. 7B and S8B), sug-
gesting that ABHD5 deficiency-induced cleavage of BECN1 is
CASP3 dependent. It has been reported that DLFD124,
TDVD133 and DQLD149 of BECN1 are potential cleavage sites
for CASP3. To explore how ABHD5, BECN1 and CASP3 work
together, FLAG-tagged peptide segments of BECN1 spanning
amino acids 1–150 (segment A, including the BH3 domain,
DLFD124, TDVD133 and DQLD149), 151–250 (segment B,
including CCD domain), and 251–450 (segment C, including
the CCD domain) were expressed in 293T cells (Fig. 7C). Cell
lysates were incubated with His-tagged full-length CASP3 or
ABHD5 on Ni-NTA beads. Immunoblotting of the Ni-NTA-
bound eluates with an anti-FLAG antibody showed that seg-
ment A of BECN1 interacted with both ABHD5 and CASP3
(Fig. 7D).

We then speculated that the cleavage sites of BECN1 may be
competitively occupied by ABHD5, and the cleavage of BECN1
induced by CASP3 is therefore inhibited by ABHD5. Immuno-
fluorescent staining showed a competitive colocalization

Figure 7. ABHD5 competitively occupies the CASP3-dependent cleavage sites of BECN1 to protect BECN1 from being cleaved by CASP3. (A) Western blots of apoptosis-
related proteins in whole ABHD5-silenced and control CCD841CON cells 24 h after treatment with PBS, EBSS or EBSS+rapamycin (50 nM). (B) CRISPR/Cas9-mediated
CASP3 knockout (KO) CCD841CON cells were subjected to ABHD5 knockdown and a follow-up challenge of EBSS. The cytosolic and mitochondrial fractions were analyzed
by western blotting using anti-BECN1-C with COX4I as a loading control, and the nuclear fractions were analyzed by western blotting using anti-BECN1-N with histone 2A
as a loading control. (C) A scheme representing BECN1. Sequence alignment of human BECN1 shows conservation of the CASP3 cleavage sites, DLFD124, TDVD133 and
DQLD149. The CASP3-dependent cleavage sites are indicated in bold. The BH3, coiled-coil domain (CCD) and evolutionarily conserved domain (ECD) are depicted. (D) In
vitro binding assay with FLAG-tagged different domains of BECN1 and His-tagged CASP3 or ABHD5 as indicated. The indicated A, B or C domain structure of BECN1 is
given in (C). (E) Representative immunofluorescent images of staining with the indicated antibodies are shown. ABHD5, BECN1 and CASP3 are shown as blue, red, and
green, respectively. An overlay (purple) in control cells reveals an interaction between ABHD5 and BECN1, and an overlay (orange) in ABHD5-silenced cells reveals an inter-
action between BECN1 and CASP3. (F) Immunoprecipitation of endogenous BECN1 with LC3 in ABHD5-silenced and control CCD841CON cells.
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between ABHD5, BECN1 and CASP3 (Fig. 7E), and co-IP assay
further confirmed a competitive interaction between ABHD5,
BECN1 and CASP3 (Fig. 7F). Based on these findings, we pro-
posed that ABHD5 charges autophagic flux via regulating
CASP3-induced cleavage of BECN1.

ABHD5 proficiency is significantly correlated with the
expression levels of autophagy-related genes in clinical
samples

To further probe the relevance of our cell and animal findings
to human pathophysiology, we next explored the association
between ABHD5 and autophagy in 361 (stage I–IV) clinical
colorectal cancer samples. In support of our preclinical in vitro
and in vivo models, immunohistochemistry staining results
showed that ABHD5 expression levels were positively corre-
lated with the expression levels of BECN1 while negatively cor-
related with the expression levels of SQSTM1 (Fig. 8A and B).
To further confirm this result, we accessed a publicly available
colorectal cancer microarray dataset.32 Tumor tissue was avail-
able from 565 patients, ABHD5 status was successfully deter-
mined in 382 (65%) of these patients by the relative mRNA
values. Overall, 255 patients (67%) exhibited deficient ABHD5
(dABHD5, low, ABHD5 D 4.3352–6.1425), and 127 patients
(33%) exhibited proficient ABHD5 (pABHD5, high, ABHD5 D
6.1433–7.1295) (Fig. S9). We analyzed the mRNA expression
levels of ABHD5, BECN1, LC3 and CASP3, and found that
ABHD5 expression levels were positively correlated with the
expression levels of BECN1, LC3-II and CASP3 (Fig. 8C).

Kaplan-Meier analysis showed that tumor ABHD5 proficiency
was significantly associated with the survival of CRC cancer
patients. CRC patients with lower ABHD5 expression had
poorer prognosis than those with higher ABHD5 expression
(Fig. 8D). These clinical lines of evidence further support the
regulatory loop of ABHD5-BECN1-CASP3 underlying the
development and progression of CRCs.

Discussion

Our results from studies of cell behaviors, mouse model and
human patients strongly support the following mechanisms
(Fig. 9).

Lipid droplets and their component triglycerides and steryl
esters regulate autophagosome biogenesis.33 Despite the fact
that mutations in ABHD5 or PNPLA2 cause accumulation of
triglyceride-rich lipid droplets, obvious phenotypic differences
exist between PNPLA2 or ABHD5 mutations.34-38 Our study
showed that PNPLA2 deficiency induced autophagic flux in
colon epithelial cells. We deduce that the increased autophagic
flux in PNPLA2-deficient cells may serve to maintain lipid
homeostasis via promoting lipid droplet degradation and
mitochondrial fatty acid oxidation.37 Intriguingly, ABHD5
deficiency was demonstrated to result in an impaired auto-
phagy, and manipulation of ABHD5 in PNPLA2 null cells still
resulted in a significantly decreased autophagic flux. ABHD5
was previously reported to promote triglyceride hydrolysis by
activating PNPLA20s triglyceride hydrolase activity.39 Our
findings thus strongly suggest that ABHD5 possesses a

Figure 8. ABHD5 proficiency is significantly associated with the expression levels of autophagy-related proteins in CRCs. (A) Representative immunostaining images of
ABHD5, BECN1 and SQSTM1 expression patterns in serial tissue section of CRCs. (B) Correlation analysis for ABHD5 in colorectal cancer tissues versus BECN1 and SQSTM1.
Plotted data are the expression index calculated from immunostaining. (C) Co-expression analysis for ABHD5 in colorectal cancer vs. BECN1, LC3-II and CASP3. Plotted
data are log2 mRNA expression from GSE39528. (D) Statistical analysis of the correlation between ABHD5 expression levels and the relapse-free survival (RFS) and overall
survival (OS) of CRC patients (Kaplan-Meier Survival Curves) from dataset GSE17536 and GSE39528. Tumor tissue was available from a total of 566 patients, in which 235
patients were excluded on the basis of the impact of chemotherapy, 28 patients were excluded on the basis of below-standard quality of microarray, and 37 patients
were excluded for the following reasons: 17 lacked sufficient details for chemotherapy; 9 lacked sufficient details for OS or RFS; 5 were re-recruited after recurrence; 5
were dead within a month after surgery; 1 lacked sufficient details for TNM (tumor node metastasis). The remaining 266 patients were recruited into our study, with 133
exhibiting deficient ABHD5 (ABHD5 low, n D 133) and the 133 exhibiting proficient ABHD5 (ABHD5 high, n D 133).
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PNPLA2-independent function in regulating autophagy and
tumorigenesis. Furthermore, our study for the first time
revealed that ABHD5 critically charges autophagy indepen-
dent of its canonical metabolic activity but via interacting
with BECN1 directly. BECN1 is an essential autophagy regula-
tor and plays a key role in the formation of the autophago-
some, and it has recently been reported that ATG14/Barkor/
ATG14L promotes membrane tethering and fusion of auto-
phagosomes to endolysosomes.40 Our studies showed that
ABHD5 promotes both autophagosome formation and auto-
phagosome fusion with the lysosome, providing additional
evidence that ABHD5 critically determines BECN1 activity.

BECN1 has been characterized as a tumor suppressor, and its
importance is underscored by both the frequent monoallelic loss
of BECN1 in human breast, ovarian and prostate tumors, and an
increased rate of malignant tumors in Becn1¡/¡ mice.7-9 Previous
studies have also demonstrated that several BECN1-interacting
proteins, including AMBRA1,41 SH3GLB1,42 and UVRAG43

have tumor-suppressive or antiproliferation effects. Our results
described here highlight a mechanistic link between ABHD5 and
BECN1, which may further explain the tumor suppressor activity
of ABHD5. Noteworthy, although our study demonstrated that
ABHD5 regulates autophagy independent of its metabolic activ-
ity, we cannot rule out a potential contribution of metabolic
reprogramming in promoting tumorigenesis in Abhd5-deficient

ApcMin/C mice. We have previously revealed that ABHD5 is a
molecular switch of fuel selection, the loss of which turns off
mitochondrial fat oxidation and turns on aerobic glycolysis (the
Warburg effect).26 Glycolysis is a well-known contributor to can-
cer pathogenesis, and defective autophagy in ABHD5-deficient
cells also renders cells susceptible to metabolic stress, thus favor-
ing tumorigenesis. Further studies will be imperative to under-
stand the precise contribution of metabolic reprogramming to
ABHD5-BECN1-related CRC tumorigenesis.

BECN1 has been reported to be a novel substrate of CASP3,
7 and 8.44-48 CASP-induced cleavage of BECN1 results in an
inactivation of its pro-autophagic activity. Our study for the
first time demonstrated that ABHD5 physically interacts with
BECN1 to occupy the cleavage sites of BECN1, therefore pre-
venting BECN1 from being cleaved by CASP3. We then deduce
that in the absence of ABHD5, the cleavage site of BECN1 is
exposed, providing an advantage for CASP3 to easily interact
with BECN1 and perform a cleavage on BECN1. Impaired
autophagy resulting from BECN1 cleavage in ABHD5-deficient
cells results in accumulated DNA damage and chromosomal
instability, thus promoting tumorigenesis. Interestingly, we also
found an interaction between PNPLA2 and LC3 (Fig. S5), indi-
cating that PNPLA2 may interact with LC3 to modulate its
activity, thus regulating autophagy. Further study should be
conducted to reveal the precise mechanism by which PNPLA2
suppresses autophagic flux.

Notably, our study showed that an activator of BECN1
could almost fully reverse the tumorigenesis in Abhd5-defi-
cient ApcMin/C mice, whereas rapamycin, an activator of
MTOR-mediated autophagy, could just partially reverse the
tumorigenesis. Thus, it is unlikely that increased rate of
tumorigenesis in Abhd5-deficient ApcMin/C mice is solely due
to autophagy deficiency as assumed originally. We then need
to figure out how ABHD5 deficiency-induced inactivation of
BECN1 can have such a dramatic impact on genomic instabil-
ity and tumorigenesis. Our previous study has found that
ABHD5 deficiency significantly attenuates the function of
TP53,26 a very important tumor suppressor in CRC develop-
ment and progression. Interestingly, another study has dem-
onstrated that a reduction of BECN1 expression leads to a
reduced TP53 level by increasing its ubiquitination.31 This evi-
dence provides us with a hint that besides autophagy defi-
ciency, the reduced levels of TP53 as a result of BECN1
inactivation might provide a parallel molecular mechanism to
synergistically promote genomic instability which in turn leads
to tumorigenesis in Abhd5-deficient ApcMin/C mice. As shown
in Fig. S7, we demonstrated that the expression of BECN1 in
ABHD5-deficient cells fully rescued the expression levels of
TP53 and TP53 target genes. Our present study thus suggests
an explanation of TP53 inactivation in ABHD5-deficient cells,
and further studies should be designed to explore the detail
mechanism by which ABHD5 modulates TP53 function.

Our present study elucidated a non-PNPLA2-dependent
mechanism by which ABHD5 suppresses CRC tumorigenesis,
further establishing the tumor suppressor role of ABHD5. Our
findings will foster the development of ABHD5 as novel bio-
marker, and ABHD5-BECN1 signaling as corresponding thera-
peutic targets, to achieve the goal of personalized cancer
medicine in CRCs. Notably, from a translational point of view,

Figure 9. Proposed mechanism for ABHD5 in regulating autophagy and tumori-
genesis of colon cancer. ABHD5 physically interacts with BECN1 to competitively
occupy the cleavage sites of BECN1 with CASP3. In the absence of ABHD5, CASP3
acquires an advantage to cleave BECN1, consequently impairing BECN1-induced
autophagic flux. The defective autophagy in ABHD5-deficient cells augments DNA
damage and genomic instability, thus promoting tumorigenesis.
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although the connections between autophagy malfunctioning
and ABHD5 deficiency and tumorigenesis are unquestionable,
the therapeutic advancement is on hold until more selective
activators of autophagy become available. Given the critical
role of ABHD5 that has emerged in pathologies, additional
efforts regarding the clinical relevance of ABHD5 should be
developed in the fight against cancer.

Materials and methods

Patient and tumor samples

CRCs microarray samples collected from Gene Expression
Omnibus (GEO). GSE39528 and GSE17536 were selected by
following the subsequent criteria: (1) tumor and cell lines
assayed on Affymetrix Human Genome U133 Plus 2.0 Array or
Affymetrix Human GenomeU133A; (2) raw data of microarray
are available; (3) microarray quality control within standards;
(4) patients’ clinical parameters are available. In the GEO data
sets, each sample represents a unique case.

Gene expression analysis

The method used for quality control and raw data processing
was previously described.49 Each data set was normalized and
summarized independently using robust multi-chip average
implemented in the R package affy.50 For the GSE39528, batch
effects were corrected using the ComBat method implemented
in the SVA R package.51 The heatmap of the signature genes
was plotted based on their expression levels using R package
pheatmap, differentially expressed genes found using eBayes
algorithm in R package limma (3.2.0).52 Difference of ABHD5
expression among multi-cancer was assessed using data in
Oncomine (www.oncomine.org).

Gene set enrichment analysis

Gene set enrichment analysis was performed using java GSEA
Desktop Application (Broad Institute) with the hallmark gene
sets (n D 50) and KEGG gene sets (n D 186) implemented in
Molecular Signatures Database (v 5.1), expression data and
phenotype data were formatted following the user guide, sam-
ples were permutated with NMF clustering subtype or ABHD5
expression level 1000 times.53

Correlation with clinical parameters

Samples were classified to high or low ABHD5 levels by select-
ing the 25% top and bottom expressing tumors according nor-
malized ABHD5 expression values, respectively. Survival curves
were calculated from these samples using Kaplan-Meier analy-
sis and log rank test, online survival analysis tools of KMplotter
(kmplot.com) and SurvExpress (bioinformatics.knowledgeblog.
org) were used for validation. Correlation between ABHD5
expression and recurrence was calculated using a t test. Differ-
ence of ABHD5 expression among stages was assessed using
ANOVA and t-test. Analysis was performed using PRISM.

Human tissue samples

Tissue chips consisting of human CRC specimens with survival
follow-up information was purchased from Shanghai Outdo
Biotech (China) and used specifically for the analysis of the
associations between ABHD5 and BECN1, and between
ABHD5 and SQSTM1. The other sets of CRC tissue chips for
correlation analysis were collected from CRC patients who had
undergone surgeries or biopsy at our hospital. All human
experiments were approved by the Ethics Committee of South-
west Hospital, the Third Military Medical University.

Creation of mice lacking intestinal Abhd5

Intestine-specific Abhd5 knockout mice were generated by
mating Abhd5-floxed mice (Cyagen, China) with B6.SJL-Tg
(Vil-cre)977Gum/J mice (Jackson Laboratory, 004586), fol-
lowed by crossing Abhd5f/C Vil-Cre mice with Abhd5f/C mice
to get homozygous Abhd5 floxed mice with the Vil-Cre trans-
gene, designated Abhd5f/f/CreC, and homozygous Abhd5 floxed
mice without the Vil-Cre transgene, designated Abhd5f/f. A
male ApcMin/¡mouse on the C57BL/6J background was pur-
chased from the Jackson Laboratory (Jackson Laboratory,
002020) and crossed with female Abhd5f/f/CreCmice to produce
ApcMin/¡mice lacking Abhd5 in the intestine (ApcMin/¡

Abhd5f/f/CreC) and their control littermates (Control) for
experiments. This study was approved by the Institutional
Animal Care and Use Committee of Third Military Medical
University and was carried out in accordance with relevant
guidelines.

Antibodies and reagents

Primary antibodies used included monoclonal anti-ABHD5
(Abnova, H00051099-M01), monoclonal anti-ABHD5 (Santa
Cruz Biotechnology, sc-100468; for co-IP only), mouse
monoclonal antibody against chicken ACTIN (C-4; Santa
Cruz Biotechnology,sc-47778; known to recognize mouse,
human, rat, and chicken ACTIN), anti-LC3-II (Sigma,
L7543), anti-ATG5 (Sigma, A0731), anti-BECN1 (N-termi-
nal; Sigma, B6061), anti-BECN1 (C-terminal; Sigma, B6186),
anti-BECN1 (Cell Signaling Technology, 3738), anti-BCL2
(Cell Signaling Technology, 2870), anti-BCL2L1 (Cell Signal-
ing Technology, 2764), anti-MCL1 (Cell Signaling Technol-
ogy, 5453), anti-SQSTM1/p62 (Cell Signaling Technology,
5114), anti-ATG14 (Cell Signaling Technology, 5504), anti-
PINPLA2/ATGL (Cell Signaling Technology, 2439), anti-
cleaved CASP3 (Cell Signaling Technology, 9664), anti-TP53
(Cell Signaling Technology, 9282), anti-H2AFX/H2AX (Cell
Signaling Technology, 7631), anti-ATR (Cell Signaling Tech-
nology, 2790), anti-CHEK1/CHK1 (Cell Signaling Technol-
ogy, 2360), anti-ATM (Cell Signaling Technology, 2873),
anti-phospho-BECN1 (Ser93/96; Cell Signaling Technology,
12476), anti-phospho-BCL2 (Ser70; Cell Signaling Technol-
ogy, 2827), anti-phospho-BCL2 (Thr56; Cell Signaling Tech-
nology, 2875), anti-phospho-ATR (Ser428; Cell Signaling
Technology, 2853), anti -phospho-CHEK2/CHK2 (Thr68;
Cell Signaling Technology, 2197), anti-phospho-CHEK1/
CHK1 (Ser345; Cell Signaling Technology, 2348), anti-
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phospho-H2AFX (Ser139; Cell Signaling Technology, 9718),
anti-phospho-ATM (Ser1981; Cell Signaling Technology,
5883). Secondary antibodies Alexa Fluor 488 anti-rabbit IgG
(ZF-0511) and Alexa Fluor 594 anti-mouse IgG (ZF-0513)
were from ZSGB-BIOZF; DyLight649 goat anti-mouse IgG
(E032610-01) was purchased from EARTHX. BECN1 activa-
tor (5.06048.0001.1753) was from Merck Millipore. Rapamy-
cin (R0395) was purchased from Sigma. Z-VAD-fmk
(A1902) was purchased from ApexBio.

Immunohistochemistry of tissues

All tissue chip slides were dewaxed and rehydrated. The slides
were then incubated in 0.3% H2O2 in methanol for 30 min to
block endogenous peroxidase activity. Antigens were retrieved
with 10 mmol/L sodium citrate (pH 6) for 5 min in a pressure
cooker. The slides were then incubated with the selected anti-
body at 4�C overnight. The slides without treatment of the pri-
mary antibody served as negative controls. The slides were
developed with an EnVisionTM method (DAKO, Carpinteria,
CA, USA), visualized using the diaminobenzidine solution, and
then lightly counterstained with hematoxylin (Sigma, H9627).
Evaluation of the immunohistochemical staining reaction was
performed as previously described.26

Immunofluorescence

Immunofluorescent staining was performed using a modified
protocol as previously described.26 Sections were incubated with
different primary antibodies, and were subsequently incubated
with secondary fluorescein isothiocyanate (FITC)–conjugated
antibody (1:100; Invitrogen, R933-25) or tetramethylrhodami-
neisothiocyanate (TRITC)-conjugated antibody (1:100; Invitro-
gen, A-6397). Nuclei were counterstained with DAPI (1:2000;
Roche, 10236276001). Images were obtained by confocal laser-
scanning microscopy using a LSM780 laser scanning confocal
microscope (ZEISS, Germany) equipped with a Plan-Apochro-
mat 63£/1.4 objective. Images were assembled in the Adobe
Photoshop 7.0 software package. To monitor the various stages
of autophagy, the tandem GFP-RFP-LC3 adenovirus construct
obtained from HanbioInc (HB-AP2100001) was used in this
study. This tandem GFP-RFP-LC3 construct capitalizes on the
pH difference between the acidic autolysosome and the neutral
autophagosome, and the pH sensitivity differences exhibited by
GFP (green fluorescent protein) and RFP (red fluorescent pro-
tein) to monitor progression from the autophagosome to autoly-
sosome. In brief, to perform image-based analysis for autophagy,
cells were infected with the tandem GFP-RFP-LC3 adenovirus
for 24 h, and then the cells were treated and imaged for GFP and
RFP by using confocal fiuorescence microscopy.

Cell culture

Human colon epithelial cell lines CCD841CON (CRL-1790)
and FHC (CRL-1831) were purchased from ATCC. The cells
were grown at 37�C in a humidified 5% CO2 incubator in
RPMI-1640 medium (Gibco, 21875109) supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 units/ml peni-
cillin G sodium, and 100 mg/ml streptomycin sulfate

(Invitrogen, 15140–122). Cells were routinely passaged when
90% confluent.

Plasmid constructs and transfection

All the CRISPR/Cas9 knockout vectors were purchased from
Cyagen. Mutations (Q130P and E260K) in ABHD5 were intro-
duced using the following primers: forward primer for Q130P, 50-
AGAAGAAGTGGAGAATCCGTTTGTGGAATCCATTGA-30
and reverse primer for Q130P, 50-TCAATGGATTCCA-
CAAACGGATTCTCCACTTCTTCT-30; forward primer for
E260K, 50-TGCAGACTCCAAGTGGTAAGACAGCTTTCAA-
GAAT-30; and reverse primer for E260K, 50-ATTCTT-
GAAAGCTGTCTTACCACTTGGAGTCTGCA-30. Wild-type
ABHD5 template (80 ng) and primers (25 pmol each) were added
to PCR tubes containing 0.2 mM dNTPs, 1 mMMgSO4, 2.5 units
of Pfu polymerase, and 1x reaction buffer. Amplification was
done using the following conditions: denaturation of the template
at 94�C for 4 min followed by 20 cycles at 94�C for 45 sec (dena-
turation), 52�C for 1 min (annealing) and 72�C for 6 min (exten-
sion). The reaction was continued for another 20 min at 72�C to
complete the extension. The product was treated with DpnI at
37�C for 6 h to digest the methylated template and transformed
into the E. coli DH5a strain, and the mutants were confirmed by
sequencing.

Packaging and transfection of lentiviruses

Packaging and transfection of lentiviruses were performed as
previously described.26

Protein extraction and western blotting

The cells were lysed on ice for 15 min in RIPA buffer supple-
mented with a protease and phosphatase inhibitor cocktail
(Sigma, P8340 and P2850), followed by brief sonication. Pro-
tein concentrations were determined using bicinchoninic acid
(Pierce, 23221) assays according to the manufacturer’s instruc-
tions. Lysed proteins were separated by SDS-PAGE after heat
denaturation, and then transferred onto a PVDF membrane.
The membrane was incubated in 5% nonfat milk dissolved in
PBS-Tween 20 (0.1%; Beyotime Biotechnology, ST825) solution
for 1 h, followed by incubation with a primary antibody dis-
solved in PBS-Tween 20 containing 1% BSA (Biosharp,
BS043E) overnight at 4�C. After 3 washes in PBS-Tween 20
(10 min each), the membrane was incubated with an appropri-
ate HRP-conjugated secondary antibody, washed, and then
developed with Enhanced Chemiluminescence (ECL) detection
reagents (PerkinElmer, NEL105001EA). The signals were cap-
tured using a Bio-Rad ChemiDoc MP System (170–8280).

Co-immunoprecipitation assay

Total protein lysates (500 mg) from each sample were immuno-
precipitated in 400 ml lysate buffer containing 2 ml indicated
antibodies and inhibitors of various proteases, phosphatases
and kinases at 4�C for 4 h with rotation. Protein A-conjugated
agarose beads (25 ml; ThermoFisher, 10007D) were then added
into the immunoprecipitation reaction with an additional 5 h
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of rotation at 4�C. The antigen-antibody complexes were pre-
cipitated by a quick centrifugation, followed by 4 washes with
cold PBS (10 mM phosphate, pH 7.4). Controls included an ali-
quot of rabbit serum (Beyotime Biotechnology, A7016) to
replace the indicated antibody, in the immunoprecipitation
reaction. The pellet fractions were suspended in 20 ml of
2£SDS reducing western blot loading buffer and boiled for
10 min, followed by SDS-PAGE. The immunoprecipitates were
subjected to western blot assay to detect the corresponding
proteins.

Quantitative real-time PCR (qPCR)

Total RNAs were isolated using a Peqgold Total RNA Kit
including DNase digestion (Peqlab, 732–2868). RNAs were
transcribed into cDNAs using Omniscript (Qiagen, 205111).
qPCR was performed using the 7900HT Fast Real-Time PCR
system (Applied Biosystems, Darmstadt, Germany). Expression
levels were normalized to ACTB/b-actin. Reactions were done
in duplicate using Applied Biosystems Taqman Gene Expres-
sion Assays and Universal PCR Master Mix. The relative
expression was calculated by the 2(¡DDCt) method. The primers
are available upon request.

Flow cytometry of apoptosis

Cell apoptosis was assessed by flow cytometry of ANXA5/
annexin V-propidium iodide (PI; Sigma, APOAF and P4170)
staining. After harvesting, the cells were washed twice with PBS
and resuspended in 200 ml of 1x ANXA5 binding buffer. Five
ml ANXA5-FITC and 5 ml PtdIns were then added to the cell
suspension, and incubated at 37�C for 15 min. The stained cells
were analyzed with a FACS system (FACS Aria, BD Bioscience,
NJ, USA).

Tumor counting and size measurement in mice

Tumor counting and size measurement in ApcMin/C mice were
performed as described previously.26

In vivo tumor models

Four-to-6-wk-old Balb/c nude mice (body weight: 16 to 20 g)
were purchased from the Experimental Animal Center, Insti-
tute of Laboratory Animal Sciences (Chongqing, China), and
were housed in a 14-h light/10-h dark cycle. The mice were
subcutaneously injected with 1 £ 106 cells per mouse in both
thighs. The xenografts were collected 4 wk after injection. All
of our animal studies have been approved by the Institutional
Animal Care and Use Committee of the Third Military Medical
University.

Rapamycin and BECN1 activactor injection

Rapamycin (LC Laboratories, 53123-88-9) was initially dis-
solved in 100% ethanol (20 mg/ml), stored at ¡20�C, and
diluted in a vehicle solution containing 5% Tween 80, 5%
PEG400, and 4% ethanol (all from Fisher Scientific,
NC0541120, NC0572735 and A405P-4) dissolved in saline

immediately before intraperitoneal (i.p.) injection.54 Rapa-
mycin (3 mg/kg) or vehicle was injected i.p. once daily until
the day of experimentation. BECN1 activator was initially
dissolved in H2O (20 mM), stored at ¡20�C. For peptide
treatment, cells were washed with PBS and treated with the
peptides (10 mM) dissolved in RPMI-1640 medium (Gibco,
21875109). The mice were injected i.p. with peptides (dis-
solved in saline, 1.5 mg/kg) once daily from the age of 30 d
until the age of 100 d.

Statistical analysis

Data are expressed as mean § SEM (standard error of the
mean). The pathological scoring data of human specimens
were analyzed by 2 biostatisticians in the Department of
Statistics, The Third Military Medical University, China.
The statistical analysis was performed by one-way ANOVA
(when >3 groups) or Student t test (between 2 groups)
using Graph Pad Prism software. Survival curves were com-
puted by expression strata using the Kaplan-Meier method,
and differences between overall survival curves was assessed
using the log rank test. For the correlation analysis of
expression levels between ABHD5 and other proteins in
human tissues, a non-parametric Mann Whitney U test was
performed and Spearman’s rho was calculated using SPSS
17.0 software. Differences between the values were consid-
ered statistically significant when p < 0.05.

Abbreviations

ABHD5 abhydrolase domain containing 5
APC adenomatous polyposis coli
ATG autophagy related
CASP caspase
CCD coiled-coil domain
CDX2 caudal type homeobox 2
CHEK1 checkpoint kinase 1
COX4I cytochrome c oxidase subunit 4I
CRC colorectal carcinoma
EBSS Earle’s balanced salt solution
ECD evolutionarily conserved domain
gH2AFX phosphorylated H2A histone family member X
GFP green fluorescent protein
GFP-LC3 GFP tagged LC3
GST glutathione S-transferase
MTOR mechanistic target of rapamycin (serine/threonine

kinase)
NADS N-acetyl-D-sphingosine
PNPLA2 patatin like phospholipase domain containing 2
RFP red fluorescent protein
SQSTM1 sequestosome 1
TP53 tumor protein p53
TUNEL terminal-deoxynucleoitidyltransferase mediated

nick end labeling

Accession numbers

The GEO accession number for the expression and sequencing data
reported in this paper is GSE39528 and GSE17536.
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