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ATG4B promotes colorectal cancer growth
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Autophagy is reported to suppress tumor proliferation, whereas deficiency of autophagy is associated with
tumorigenesis. ATG4B is a deubiquitin-like protease that plays dual roles in the core machinery of autophagy; however,
little is known about the role of ATG4B on autophagy and proliferation in tumor cells. In this study, we found that ATG4B
knockdown induced autophagic flux and reduced CCND1 expression to inhibit G,/S phase transition of cell cycle in
colorectal cancer cell lines, indicating functional dominance of ATG4B on autophagy inhibition and tumor proliferation
in cancer cells. Interestingly, based on the genetic and pharmacological ablation of autophagy, the growth arrest induced
by silencing ATG4B was independent of autophagic flux. Moreover, dephosphorylation of MTOR was involved in reduced
CCND1 expression and G,/S phase transition in both cells and xenograft tumors with depletion of ATG4B. Furthermore,
ATG4B expression was significantly increased in tumor cells of colorectal cancer patients compared with adjacent normal
cells. The elevated expression of ATG4B was highly correlated with CCND1 expression, consistently supporting the notion
that ATG4B might contribute to MTOR-CCND1 signaling for G,/S phase transition in colorectal cancer cells. Thus, we
report that ATG4B independently plays a role as a positive regulator on tumor proliferation and a negative regulator on
autophagy in colorectal cancer cells. These results suggest that ATG4B is a potential biomarker and drug target for cancer
therapy.

Introduction (v-akt murine thymoma viral oncogene homolog)* and MTOR

(mechanistic target of rapamycin),” inhibit the initiation of

Autophagy is a self-digesting process through which cells autophagy. Moreover, autophagy functions as a tumor suppressor
recruit damaged proteins and organelles to autophagosomes, by reducing SQSTMI1/p62-mediated tumor proliferation
which then fuse with lysosome for their degradation and recycling  pathways.®” The liver-specific knockout of Azg5 or Arg7, essential
during nutrient deprivation.! This evolutionarily conserved autophagy-related (A7G) genes, accumulates SQSTMI and
process plays an important role in many diseases, particularly increases spontaneous tumorigenesis, with the development of
in cancer development.! Several tumor-suppressor genes have liver adenomas.® BECN1 (mammalian ortholog of yeast Vps30/
been shown to promote autophagy, including STK11/LKBI  Atg6)’ and UVRAG (a potential activator of BECN1-dependent
(serine/threonine kinase 11)? and TSC1/2 (tuberous sclerosis autophagy) induce autophagy and inhibit tumor cell growth
1/2).2 In contrast, oncogenes, such as AKT/protein kinase B and tumor formation in vivo." These results indicate that
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autophagy plays a suppressive role on cell proliferation to inhibit
tumorigenesis.

Atleast 36 ATG genes are primarily involved in the progression
of autophagy from phagophore initiation to autophagosome
formation in mammalian cells."! Among them, 2 ubiquitin-like
(Ubl) proteins are required for the autophagy core machinery,
including MAPILC3 (microtubule-associated protein 1 light
chain 3, a mammalian ortholog of yeast Atg8) and ATG12, which
require ATG3 and ATGI10 as the E2-like enzymes, respectively.?
ATG7 is a common El-like enzyme for both Ubl proteins,'® and
the ATG12-ATG5 complex serves as an E3-like enzyme that
covalently attaches MAPILC3 to phosphatidylethanolamine
(termed MAP1LC3-1II)," which plays a crucial role in phagophore
elongation.® Moreover, ATG4 is the cysteine protease required
for the activation of the MAP1LC3 precursor (proMAP1LC3)'¢"”
and the delipidation of MAPILC3-II from autophagosomes
for its recycling to facilitate autophagy.'® Autophagic activity
is also diminished in both A7G4-deficient yeast and Arg4b-
knockout mice.”?' Nevertheless, inhibition of ATG4 activity by
reactive oxygen species (ROS) is essential for starvation-induced
autophagy,” indicating that ATG4 activity is dynamically
switched during autophagy conditions and the tight regulation
of AT G4 is crucial for autophagy quality control.

There are 4 independent genes encoding ATG4 (4A, 4B,
4C, and 4D) in the human genome.”” ATG4B shows the
most active and broadest proteolysis activity on human Atg8
orthologs,'®”?*% including MAPILC3 and GABARAP/
GABARAPL2 subfamilies, both of which are required for
autophagosome formation.” In addition, Azg4b-knockout mice

exhibit decreased autophagic flux,”

whereas Arg4c-knockout
mice displayed minimal effect on autophagy,®® indicating that
ATG4B is functionally dominant in autophagic homeostasis
compared with the other isoforms of ATG4. Although numerous
studies have demonstrated the correlation between autophagy
and tumor growth, the role of ATG4B on autophagy and the
dependence of ATG4B-mediated autophagy on proliferation
in cancer cells remain largely unknown. In this study, A7G4B
knockdown blocked G,/S phase transition in colorectal cancer
cells independent of autophagic flux. We further found that the
role of ATG4B on tumorigenesis is prominent in xenograft tumors
and colorectal cancer patients. Thus, our data show that A7G4B
serves as an oncogene to promote tumorigenesis in colorectal
cancer cells, which might be independent of autophagy.

Results

Knockdown of ATG4B induces autophagic flux in colorectal
cancer cells

On the basis of reports of the dual roles of ATG4 on autophagy,
we initially corroborated a role for ATG4B on autophagy in
human colorectal cancer cells. Knockdown of ATG4B with 3
individual siRNA against A7G4B attenuated ATG4B expression
and increased the ratio between the lipidated (MAPILC3-II) and
nonlipidated (MAPILC3-I) forms of MAPILC3 in colorectal
cancer cells (Fig. S1). To minimize off-target effects of siRNA, we
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used a siRNA pool to silence ATG4B for subsequent experiments.
The ATG4B protein level was gradually decreased in the presence
of siRNA against A7G4B from 24 h to 72 h (Fig. 1A), and both
the protein expression and proteolysis activity of ATG4B were
attenuated in the A7G4B-silenced cells (Fig. 1B). The ratio
of MAPILC3-II/LC3-1 was increased at 72 h after ATG4B
knockdown (Fig. 1C). Consistent with the immunoblotting
results, ATG4B knockdown resulted in a large number of
GFP-MAPILC3 puncta (Fig. 1D). Because both induction of
autophagy and a block in downstream steps increase the ratio of
MAPILC3-II/LC3-1 and GFP-MAPILC3 puncta, autophagic
flux assay was used to distinguish between these 2 possibilities.”
The autophagy inhibitor chloroquine (CQ) or ammonium
chloride (NH,CI) was employed to determine autophagic
flux in human colorectal cancer cells silenced with siRNA
against ATG4B (Fig. 1E-G), with both inhibitors increasing
MAPILC3-II accumulation in the A7G4B-silenced HCT116
cells (Fig. 1E and F). Furthermore, SQSTMI, an autophagy
adaptor,”®? was degraded in the A7G4B-knockdown cells,
whereas degradation was recovered in the presence of autophagy
inhibitors (Fig. 1E and G). Similar results were obtained using
human colorectal cancer Caco2 cells (Fig. S2), indicating that
ATGH4B is functionally dominant on the negative regulation of
autophagy in human colorectal cancer cells.

ATG4B promotes tumor growth in colorectal cancer cells

In terms of molecular mechanisms of autophagy on tumor
growth, autophagy is able to trigger SQSTMI-mediated
degradation of DVL (dishevelled segment polarity protein), a
key mediator of WNT (wingless-type MMTYV integration site
family) for both the canonical and noncanonical pathways, to
block WNT signaling during induction of autophagy, which
in turn diminishes expression of its target genes, including
CCNDI (cyclin D1).” Aberrant expression of WNT activates its
signaling through autocrine mechanisms in colorectal sarcomas
and sarcoma cell lines.*** To examine the involvement of
ATG4B-mediated autophagy on WNT signaling and tumor
proliferation, we used human colorectal cancer HCT116 cells,
a WNT3A expressed and a CTNNBI/B-catenin (catenin
[cadherin-associated protein], B 1, 88 kDa)-mutated cell
line that is highly responsive to WNT signaling.’"* Besides
degradation of SQSTMI, protein levels of both DVL2 and
CCNDI1 were decreased in colorectal cancer HCT116 cells
silenced with ATG4B siRNA, and mRNA level of CCNDI
was reduced in the A7G4B-knockdown cells (Fig. 2A). The
viability was also diminished in cells with siRNAs against
ATG4B (Fig. S3). Moreover, silencing ATG4B significantly
reduced the colony formation in HCT116 cells (Fig. 2B). To
mimic the in vivo conditions, cell culture with Matrigel was
employed to determine the effect of ATG4B on cancer growth in
3-dimensional spheroid formation (Fig. 2C). Spheroid volume
was notably decreased in the ATG4B-silenced HCT116 cells
(Fig. 2C). Similar results were observed in human colorectal
cancer Caco2 cells (Fig. 2D and E), revealing that ATG4B is
required for the tumor growth of colorectal cancer cells.

Silencing ATG4B inhibits G /S phase transition in colorectal
cancer cells
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Figure 1. Silencing ATG4B induced autophagic flux in human colorectal cancer cells. (A) Scrambled siRNA (5 nM, siCtrl) or siRNA against ATG4B (5 nM,
siATG4B) was transfected into human colorectal cancer Caco2 cells, and the cells were harvested every 24 h for 72 h. The cells were lysed forimmunoblot-
ting to determine the protein levels of ATG4B, MAP1LC3-I, MAP1LC3-Il, and ACTB. (B) The knockdown efficiency of ATG4B was quantitated for each time
point using ACTB as the normalization control (left panel). The proteolysis activity of ATG4B in the silenced cells was measured with the MAP1LC3-PLA,

reporter assay (right panel). (C) The ratio of MAP1LC3-II/MAP1LC3-l as an au

on autophagy. (D) Human colorectal cancer HCT-116 cells harboring GFP or GFP-MAP1LC3 were transfected with 5 nM siRNA for 72 h, and GFP-MAP1LC3
puncta were observed under fluorescence microscopy (left panel). Scale bar: 10 wm. The number of GFP-MAP1LC3 puncta for each cell was quantified

(right panel). (E) HCT116 cells were transfected with the siRNA for 72 h and tr
mulation and SQSTM1 degradation were examined by immunoblotting to

and (G) SQSTM1 degradation in the cells were quantitated using ACTB as the normalization control. The results are expressed as the mean + SEM from

3 individual experiments.

tophagy marker was employed to determine the effect of silencing ATG4B

eated with or without (-) 20 M CQ or 2 mM NH,ClI for 2 h. MAP1LC3-Il accu-
determine the autophagic flux. The levels of (F) MAP1LC3-Il accumulation

CCND1 forms a complex with cyclin-dependent kinase
CDK4 or CDKG6 and serves as a sensor for cell cycle transition
from the G, to the S phase. To examine whether ATG4B is
involved in the control of cell cycle and contributes to the tumor
growth of colorectal cancer cells, the cell cycle profiles of ATG4B-
knockdown cells were measured using flow cytometry (Fig. S4).
The percentage of cells in G, phase was increased, whereas the
percentage of cells in S phase was accordingly attenuated in
the HCT116 cells transfected with the siRNA against A7G4B,
indicating that silencing A7G4B arrested cell cycle at the G, phase
(Fig. 3A). Similar effects were observed in 3 other colorectal
cancer cell lines, Caco2, HT-29, and lung-metastatic colorectal
cancer T84 cells (Fig. 3B-D), suggesting that ATG4B may
promote the transition from G, to S phase in various stages of
colorectal cancer cells. To more precisely measure the percentage
of the cells in S phase, HCT116 or Caco2 cells were transfected
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with the siRNA against A7G4B and analyzed using the BrdU
incorporation assay (Fig. S5). ATG4B knockdown reduced the
number of BrdU-positive cells, which represents the percentage
of cells in S phase (Fig. 4A and B). Similarly, HCT116 cells stably
harboring shRNA against ATG4B were used for BrdU-7AAD
staining and showed a significant reduction in the percentage of
cells in S phase (Fig. 4C). The ratio of S/G, phase was markedly
decreased in the ATG4B stable-knockdown cells (Fig. 4D). These
results indicate that ATG4B promotes cell cycle transition from
the G, to S phase.

Autophagic flux is not required for ATG4B knockdown-
induced G, arrest

To inspect whether autophagic flux is involved in the
reduction of CCND1 expression and G, arrest of the cell cycle
in ATG4B-knockdown cells, the siRNA against ATG4B was
introduced into autophagy-deficient HCTI116 cells stably
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Figure 2. Knockdown of ATG4B reduced CCND1 expression and inhibited tumor growth in colorectal cancer cells. (A) Human colorectal cancer HCT116
cells were transfected with 5 nM siRNA for 72 h, and the protein levels of SQSTM1, DVL2, and CCND1 were detected by immunoblotting (upper panel).
The mRNA level of CCND1 was measured by real-time PCR (lower panel). (B) HCT116 cells were transfected with 5 nM scrambled or ATG4B siRNA for the
clonogenic assay. Representative data and quantitative results are shown in the left and right panels, respectively. (C) The siRNA-transfected cells were
seeded on Matrigel-coated wells for spheroid formation. The cells were fixed to observe spheroid formation (upper panel), and the spheroid sizes were
measured with ImageJ using the scrambled siRNA-transfected cells as the normalization control (n = 50, lower panel). Human colorectal cancer Caco2
cells were transfected with siRNA for (D) clonogenic assay or (E) spheroid formation. The results are expressed as the mean + SEM from 3 individual
experiments.
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Figure 3. Silencing ATG4B arrested the cell cycle at the G, phase in human colorectal cancer cell lines. Human colorectal cancer (A) HCT116, (B) Caco2,
(€) HT-29, and (D) T84 cells were transfected with 5 nM scrambled siRNA (siCtrl) or siRNA against ATG4B (siATG4B) for 72 h. The ATG4B protein level in the
silenced cells was validated by immunoblotting (left panel). The knockdown cells were fixed and stained with propidium iodide to examine proportions
of the cell cycle using flow cytometry. The flow cytometry data were analyzed and quantitated with FlowJo (right panel). The results are expressed as
the mean + SEM from 3 individual experiments.

www.landesbioscience.com Autophagy 1457

Do not distribute.

I0Science.

©2014 Landes B



A HCT116 B Caco? Figure 4. Silencing ATG4B inhibited G /S phase
__ 25 __ 25 transition in human colorectal cancer cells. (A)
N ) 20 — (§’ ) 20 Human colorectal cancer HCT116 (left panel)
(§ Q SiRNA s > {V\ s or (B) Caco2 (right panel) cells were transiently
ki E 15 ks (i ERHA ? 15 - transfected with 5 nM scrambled or ATG4B
| ATGAB 210 - |aTG4B 210 SiRNA for 72 h for subsequent immunoblot-
- ACTB T ¢ = e |A\CTB T 5 ting (left panel) and BrdU incorporation assays
= o (right panel). The BrdU-positive cells, represent-
0 T 0 T . . . .
siRNA Cil ATG4B siRNA Cil ATG4B ing proliferating cells in the S phase of the cell
cycle, were quantified. (C) Human colorectal
C g) 20- D cancer HCT16 cells stably expressing scrambled
N or ATG4B shRNA were used for BrdU/7-AAD
& § shRNA = o )
15 1.0 staining, followed by flow cytometry analysis.
IEIATG4B ; . The BrdU-positive cells (tangle) were quanti-
[s==] rcTB 3 10 . o tated with FlowJo. (D) The ratio of S/G, phase
ShRNA ctrl ATG4B g 1 § . for the cells as (C) was further quantified. The
Q. ol 0.5 results are expressed as the mean + SEM from 3
D b P individual experiments.
of = B
T .
HE oll- 0.0
TR S ENOETETETETY shRNA Ctrl ATG4B | shRNA  Ctrl ATG4B
7-AAD
A _ctl_ _ATe5 _ATG7 ShRNA B
— 1+ — 1+ — 1 ATG4BSiRNA . sictrl
|- - --.—| sQsTM1 < 200, Osictr - say l SIATCSS
c W SiATG4B o 451
o S
[== — = = — —|DVL2 @ 1501 e
0
O (7]
[== = == — = | ccND1 5 100 o |l|
[@ 8 - | ATGaB ) 2 30
a M ()
[ e— o a—| ATG12-ATGS z 15'
0- 0-
| PSS | ATG7 o IR & & & &» &
P 08 S 8 & 3
|-....| ACTB @ & & & S
C Ctrl cQ MG D
— & — + — 1 ATG4BSRNA — = [1seul
2 150+ D sictrl -SIATG4B
|- —— - — —I SQSTM1 = W SiATG4B T 457
=
2 >~
P == (3]
|-- -—---'CCND1 % - N -
Q = Q. 301
MAP1LC31 « 501 -
— MAP1LC3-I 2 o 15_
- Q
(o9 - e |ATG4B O ol o-
) o & o o v
[ = ] ACTB & < & e S @o\w

Figure 5. Autophagic flux was not required for G, phase arrest in ATG4B-silenced cells. (A) Scrambled (-) or ATG4B (+) siRNA (5 nM) was introduced into

autophagy-deficient (shATG5 or shATG7) human colorectal cancer HCT116
mined by immunoblotting, and the knockdown efficiency of ATG4B, ATG5,

cells for 66 h. The protein levels of SQSTM1, DVL2, and CCND1 were deter-
or ATG7 was also examined. (B) The proportion of cells in G, phase was ana-

lyzed by flow cytometry. (C) Scrambled (-) or ATG4B (+) siRNA was transfected into human colorectal cancer HCT116 cells for 56 h, followed by treatment
with CQ (10 M) or MG132 (1.M) for 16 h prior to harvesting. The protein levels of SQSTM1, DVL2, and CCND1 were determined by immunoblotting. (D)
The proportion of the cells as (C) in G, phase was analyzed by flow cytometry. The image of the immunoblotting results was quantitated using ACTB as
the normalization control. The results are expressed as the mean + SEM from 3 individual experiments.

expressing shRNA against ATG5 or ATG7 (Fig. 5A). CCND1
expression was slightly increased in the autophagy-deficient cells,
which is consistent with the results from Azg5- or Azg7-knockout
liver cells.** Surprisingly, although silencing ATG4B-induced
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degradation of SQSTMI and DVL2 was restored in the
autophagy-deficient cells, the expression of CCNDI was not
restored (Fig. 5A). The arrested G, phase caused by silencing
ATG4B in autophagy-deficient cells also remained unchanged
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Figure 6. MTOR dephosphorylation was involved in G, phase arrest in ATG4B-silenced cells. (A) Scrambled (-) or ATG4B (+) siRNA (5 nM) was introduced
into human colorectal cancer HCT116 cells stably harboring scrambled shRNA (Ctrl) or shRNA against MTOR for 72 h. MTOR phosphorylation and protein
level of MTOR, CCND1, and ATG4B were subsequently determined by immunoblotting. (B) The proportion of G, phase for cells as (A) was analyzed by
flow cytometry. (C) Scrambled (-) or ATG4B (+) siRNA was transfected into human colorectal cancer HCT116 cells for 56 h, followed by treatment with
rapamycin (0.2 wM) for 16 h prior to harvesting. The cells were harvested for immunoblotting or (D) assessment of the proportion in the G, phase. (E)
HCT116 cells were transfected with a vector expressing cherry or cherry tagged ATG4B forimmunoblotting (left panel) or BrdU staining (right panel). The
percentage of BrdU-positive cells in cherry-expressing cells was quantitated with FlowJo. (F) The cells were transfected with scrambled or siRNA against
ATG4B for 48 h, followed by transfection of MTOR or CCND1 expression vectors for 24 h. The cells were harvested forimmunoblotting (left panel) or cell
cycle analysis. The results are expressed as the mean + SEM from 3 individual experiments. NS: not significant.

(Fig. 5B). Moreover, because ATG5- and ATG7-independent
macroautophagy” may occur to affect CCNDI expression, we
further treated the A7G4B-knockdown cells with chloroquine
(CQ) and found that decreased CCNDI expression resulting
from ATG4B knockdown was not recovered in the CQ-treated
cells (Fig. 5C). Although the basal level of CCNDI1 expression
was slightly increased in the cells treated with MG132 due to
the inhibition of protein degradation, the expression of CCND1
was relatively low in the HCT116 cells transfected with siRNA
against ATG4B (Fig. 5C). Accordingly, both CQ and MG132
treatments did not recover the G, phase arrest in the ATG4B-
silenced cells (Fig. 5D), suggesting that reduction in CCNDI
expression and G, phase arrest caused by A7G4B knockdown is
independent of autophagic flux.

Dephosphorylation of MTOR is involved in G, arrest
induced by depletion of ATG4B

www.landesbioscience.com
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MTOR, a member of the PtdIns 3-kinase-related kinase
(PIKK) family, masters signaling in G,/S phase progression of cell
cycle and inhibits autophagy,*® which shows similar functions
with ATG4B observed in this study. In terms of MTOR in cell
cycle control, MTOR is able to elevate CCNDI transcription
and translation to promote G /S phase progression.”* To
evaluate the involvement of MTOR in ATG4B-mediated G /S
phase transition, MTOR phosphorylation was examined in the
ATG4B-knockdown cells. Both MTOR phosphorylation and
CCNDI1 expression were decreased in A7G4B-knockdown cells,
while the diminished level of MTOR and CCNDI1 expression
was observed in the control cells with shRNA against MTOR
(Fig. 6A). Transfection of siRNA against A7G4B into the cells
stably harboring shRNA against M7TOR did not synergize G,
phase arrest compared with the cells with scrambled shRNA
(Fig. 6B). Similar effects on MTOR phosphorylation, CCND1
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expression, and G, phase proportion were also observed in
ATG4B-silenced cells in the presence or absence of rapamycin, an
inhibitor of MTOR (Fig. 6C and D). Moreover, overexpression
of ATG4B increased MTOR phosphorylation, CCNDI
expression, and number of BrdU-positive cells (Fig. 6E). Ectopic
expression of MTOR and CCNDI diminished G, arrest caused
by silencing A7G4B in human colorectal cancer HCT116 cells
(Fig. 6F). These results indicate that MTOR-CCNDI signaling
may contribute to ATG4B-mediated cell proliferation.

ATG4B promotes G,/S phase transition in xenograft tumors

To determine the role of ATG4B on tumor growth in vivo,
HCT116 cells stably expressing scrambled shRNA or ATG4B
shRNA were xenografted into immunodeficient mice. The
growth of xenograft tumors derived from A7G4B stable-
knockdown cells was significantly slower than the cells with
scrambled shRNA (Fig. 7A and B). The xenograft tumors were
further excised for dissociation to obtain single cell population.
The dissociated cells were harvested to examine cell cycle
profiles and molecular mechanisms in vivo (Fig. 7C and D).
The percentage of ATG4B-knockdown cells in G, phase was
significantly increased compared with the cells with scrambled
shRNA (Fig. 7C). MTOR phosphorylation and CCNDI
expression were also diminished in the cells with shRNA against
ATG4B (Fig. 7D), supporting the notion that ATG4B may
facilitate MTOR phosphorylation to increase CCNDI expression
for G,/S phase transition.

Elevated ATG4B expression is correlated with CCND1
expression in colorectal cancer patients

In the cell culture and mouse models, ATG4B was found
to serve as an oncogene and facilitate G /S phase progression
of the cell cycle via CCND1 expression for tumor growth in
colorectal cancer cells. To determine whether ATG4B expression
level is correlated with tumor proliferation in colorectal cancer
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patients, 20 colorectal cancer patients (5 for each tumor stage)
were recruited to examine ATG4B and CCNDI expression
with immunohistochemical staining using MKI67 (a typical
proliferation marker) as a control. Significantly (2 < 0.001), the
expression level of ATG4B, CCND1, and MKI67 was increased
in the colorectal cancer cells compared with the stroma and
goblet cells (Fig. 8A; Fig. S6), which were considered adjacent
normal cells. For the correlation between ATG4B and CCND1
or MKIG7, representative sections for both low and high
ATG4B-expressing tumors from 2 colorectal cancer patients
are shown in Figure 8B. There was a strong correlation between
ATG4B and CCNDI1 expression in tumor tissues of colorectal
cancer patients (R = 0.5267, P = 0.0085), whereas there was
no correlation between ATG4B and MKI67 (Fig. 8C). This is
likely because maximal expression of both ATG4B and CCNDL1
occurs in the G, phase,” but maximal expression of MKI67
occurs during mitosis.”® We also analyzed ATG4B expression in
tumor cells at different stages, and found that the intensity of
high ATG4B expression was nearly correlated with a late stage
(II-IV) of tumors (73%) (Fig. S7). These results further support

oncogenesis role of ATG4B in colorectal cancer.

Discussion

Dysregulation of autophagy is highly associated with cancer,
particularly in tumorigenesis and chemotherapy resistance.®3%4
ATG4 is required for basal homeostasis of autophagy in eukaryotic

Ce115’16,19-21

whereas spatiotemporal inactivation of ATG4 ensures
conjugation of MAPILC3 to autophagosome membrane and
facilitates autophagy in cells during starvation.?? The role of ATG4
on autophagy and tumor growth in cancer cells remains unclear.

In this study, we found that silencing A7G4B, a dominant member
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of ATG4 in human cells, induced autophagic flux A C L 10
and arrested the cell cycle at G, phase in colorectal ‘g 8
cancer cells. Interestingly, the depletion of ATG4B- L
induced autophagic flux was not required for growth S 4
suppression in human colorectal cancer cells. 8 2 g
Moreover, MTOR dephosphorylation was involved [}6 — _:".. .
in reduced CCNDLI expression and inhibited
.. . 8 ATG4B score
G,/S phase transition in A7G4B-knockdown ®
cells, which was also proved in a mouse xenograft § 6 ¢ e
@ LI Je
model for human colorectal cancer HCT116 cells. s 4 —
Furthermore, elevated ATG4B expression was 1 . < ,lreo : 200 L
=0. . .
strongly correlated with CCNDI expression in | N=20 ATG4B expression =
| 1 . Th 1 d Negative Low High (IS>2) p-value cIP=0.1'3059 . ' .
colorectal cancer patients. These results suggeste Normal 20 (100%) 0 (0%) 0 (0%) <0.001 0o 1 2 3 4
that ATG4B functions as \anoncogene .and Tumor 0 6 (30%) 14 (70%) ATGAB score
modulates MTOR-CCNDI signaling to facilitate
G,/S phase transition in colorectal cancer cells | B ATG4B CCND1 MKI67

independent of autophagic flux.

ATG4 is functionally redundant and plays
dual roles on autophagy in mammalian cells.
Human ATG4B cleaves all Atg8 orthologs at
a considerably low concentration (I nM) in
vitro.” ATG4A'*'72224 and activated ATG4D?*
demonstrate preferential proteolysis activity on
the GABARAP/GABARAPL2 subfamily of Atg8
orthologs. Using the highly sensitive MAP1LC3-
PLA, reporterassay, ATG4A and activated ATG4D
were able to cleave MAPILC3 in vitro (Fig. S8).

Tumor
case1 ,

Tumor =88
&
case 2 RN

The MAPILC3 and GABARAP/GABARAPL2

subfamilies are required for phagophore elongation

and autophagosome sealing, respectively, which
are crucial for autophagosome biogenesis.” These
results suggested the functional redundancy of
ATG4 on autophagy machinery in mammalian
cells. In addition, ATG4B might locally interfere
with the conjugation of MAPILC3-II to
autophagosome membrane in mammalian cells.?
Overexpression of ATG4B reveals an inhibitory
effect on MAPILC3-1II conjugation because it is

Figure 8. Elevated ATG4B expression was correlated with CCND1 expression in tumor
specimens of colorectal cancer patients. (A) The ATG4B expression level in colorectal
cancer was determined by immunohistochemistry, and the intensity score (IS) was cat-
egorized into 3 grades based on the ATG4B protein level (upper panel). ATG4B was only
expressed in the cytoplasm of the colorectal tumor cells and not in the adjacent normal
tissues (stroma and goblet cells, scored as 0). The ATG4B protein level in the tumor and
adjacent normal cells is quantified in the lower panel (P < 0.001). (B) Representative tumor
sections stained for ATG4B, CCND1, and MKI67 from 2 colorectal cancer patients were
shown. (C) The Allred scoring system was employed to quantitate CCND1 and MKI67 pro-
tein level. The correlation between ATG4B and CCND1 or MKI67 expression was calculated
through the Pearson x? test. Twenty tissue samples from colorectal cancer patients were

likely that ATG4B competes with conjugating

used to determine the expression and correlation. Scale bar: 200 wm.

enzymes on MAPILC3 binding.” Our present
study found that ATG4B inhibited autophagic flux
in several colorectal cancer cell lines. This finding indicated that
a small amount of ATG4B or other isoforms might be sufficient
for the homeostasis of autophagy in normal cells, whereas excess
ATG4B leads to a reduction in conjugation of MAPILC3-I
to PE, or deconjugation of the MAPILC3-II from premature
phagophore, which inhibits autophagosome formation, thereby
decreasing the autophagic flux in cancer cells. Alternatively, post-
translational modification is required for ATG4D activation,”
while phosphorylation of ATG4B at Ser383 site has been detected
in human cells.*** It raises a possibility that post-translational
modification of ATG4B alters its function on autophagy in
colorectal cancer cells.

Numerous studies have revealed that autophagy induction
plays a suppressive role in tumor growth.®” Defects in autophagy

augment SQSTMI-mediated WNT signaling’ and NFKB
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activation,® both of which induce CCND1 expression to promote
G,/S transition during the cell cycle. However, based on genetic
and pharmacological approaches, our data show that ATG4B
might play an autophagy-independent role on cell proliferation
in colorectal cancer. Additional functions of several A7TG
genes have been shown in cancer cells but not with regard to
autophagy. ATGS is induced in cancer cells under genotoxic
stress and contributes to mitotic catastrophe in an autophagy-
independent manner.* BECN1 functions as a tumor suppressor,
and a monoallelic deletion in the gene has been identified in
several types of cancer.” However, cells with monoallelic-deleted
BECNI exhibit the promotion of cell proliferation® yet are
still able to mount autophagic flux under stress condition,”*
suggesting an autophagy-independent role of BECNI on
cell proliferation.®® Our results show that ATG4B promotes
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G,/S phase transition for colorectal cancer proliferation in an
autophagy-independent manner, which presented a new function
of ATG4B on tumorigenesis.

Several oncogenes or tumor suppressors independently
act as upstream regulators on tumorigenesis and autophagy.
For example, DAPK1 (death-associated protein kinase 1)
not only phosphorylates BECNI to promote autophagy®
but also induces CDKN2A/pl9 and TP53/p53 (TRP53 in
mice)-mediated apoptosis to suppress tumor transformation.”’
MTOR phosphorylates and inactivates Unc-51 kinase (ULK1)
to inhibit autophagy,’ whereas MTOR increases CCNDI
expression to promote cell proliferation through the inhibition
of EIF4EBP1/4EBP1 (eukaryotic translation initiation factor 4E
binding protein 1) or activation of AKT.?***! In this study, ATG4B
might facilitate MTOR phosphorylation to independently
inhibit autophagy and promote cell proliferation in tumor
cells. The effect was not caused by direct binding between
ATG4B and MTOR complexes, because no interaction between
ATG4B and MTOR was observed in co-immunoprecipitation
experiments (data not shown). Therefore, ATG4B may confer
tumor proliferation through indirect regulation on MTOR
phosphorylation in colorectal cancer cells. Regardless, further
studies are required to clarify the detailed mechanism of ATG4B
on tumor proliferation.

To date, there is no report demonstrating the role of ATG4B
on tumor proliferation in cancer cells. According to our present
data, ATG4B knockdown reduced MTOR phosphorylation and
CCNDI expression to attenuate the G,/S transition in both
colorectal cancer cellsand xenograft tumors. Consistently, ATG4B
expression was strongly correlated with CCNDI1 expression in
tumor cells from colorectal cancer patients. Overexpression of
CCNDI1 has been found to initiate neoplasm in colorectal cancer
patients,”> supporting the notion that ATG4B might modulate
CCNDI expression through MTOR phosphorylation for tumor
proliferation in colorectal cancers. More interestingly, 2tg46™'~ mice
only show a slight defect on otoconial development of the inner
ear, without growth inhibition or other clear abnormalities.”>*
Our data also showed that the growth rate of azg4b~'~ 3T3 cells
was similar to that of Azg46*"* 3T3 cells (Fig. S9), revealing that
the regulation of ATG4B on cell proliferation in colorectal cancer
cells might be different from normal cells due to the complicated
nature of cancer. Taken together, our data indicated that ATG4B
increases MTOR phosphorylation and CCNDI expression,
promoting the transition of G,/S phase for tumor proliferation in
colorectal cancer cells. Our findings show that A7G4B is the first
ATG gene that serves as an oncogene in colorectal cancer cells,
potentially providing a novel cancer marker and drug target for
colorectal cancer therapy.

Materials and Methods

Plasmids and siRNA transfection

Human colorectal cancer cells, including HCT116, Caco2,
T84, and HT-29, from ATCC were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Invitrogen, 12100-046)
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supplemented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 mg/ml). The cells were seeded
at 20% to 30% confluence and reversely transfected with
RNAIMAX (Life Technologies, 13778-150) in the presence of
5 nM scrambled siRNA (Life Technologies, 12935-112) or siRNA
against A7G4B (Life Technologies, 20218, 523245, s23246) for
72 h. For plasmid transfection, the cells were transfected with
2 g FLAG-MTOR (26603) or HA-CCNDI1 (8948) expression
plasmids (Addgene) or cherry-tagged ATG4B (subcloned from
FLAG-ATG4B reported previously") using 2 pl Lipofectamine
2000 (Invitrogen, 11668-027) for 24 h. The cells were harvested
for either protein expression analysis by immunoblotting or cell
cycle analysis by flow cytometry.

Generation of shRNA stable cell line

shRNAs against A7G4B (TRCN0000073801), ATG5
(TRCN0000151963), ATG7 (TRCN0000007584), and MTOR
(TRCN0000199323) were obtained from The RNAi Consortium
(TRC, Taiwan). pLKO.1 Scrambled shRNA was purchased from
Addgene (1864). The plasmids (2 g) were transfected into
293FT cells (1 x 10° cells) using 2 ul of Lipofectamine 2000
(Life Technologies, 11668-027). The supernatant was harvested
after 2 d, and the cell debris was removed for the infection of
human colorectal cancer HCT116 cells. The infected HCT116
cells were selected with puromycin (1 pg/ml) for 10 ds to obtain
cells stably harboring shRNA. The knockdown efficiency was
verified by immunoblotting.

Autophagic flux measurement and immunoblotting

For more precise monitoring of autophagy activity, siRNA-
transfected cells were treated with or without 20 uM CQ
(Sigma-Aldrich, C6628) or 2 mM NH4C1 (Sigma-Aldrich,
A9434) for 2 h prior to harvesting. The cell lysate was used to
detect MAP1LC3-1I accumulation by immunoblotting to verify
autophagic flux.”’ For immunoblotting, the cells were briefly
rinsed in PBS (Biological Industries, 02-023-1) and lysed with
RIPA buffer (1% NP40 [MDBio, 101-9016-45-9], 50 mM
TRIS-HCI, pH 7.5, 150 mM NaCl, 0.25% sodium deoxycholate
[Sigma-Aldrich, D6750], 0.1% sodium dodecyl sulfate [SDS;
Calbiochem, 428015], and protease inhibitor cockrail [Roche,
11873580001]). The cell lysates were resolved by SDS-PAGE and
transferred electrophoretically onto nitrocellulose membranes.
The membrane was blocked with 5% skim milk and then
incubated with primary antibodies against ATG4B (A2981),
MAPILC3 (L7543), Flag (F1804) and ACTB (B-actin, A5441)
(all purchased from Sigma-Aldrich), SQSTM1 (BD PharMingen,
610832), HA (Roche, 12CA5) and CCNDI (cyclin DI,
2926), DVL2 (3224), ATG5 (8540), ATG7 (8558), p-MTOR
(5536), and MTOR (2983) (all purchased from Cell Signaling
Technology) for overnight at 4 °C. The proteins were probed
with an HRP-labeled secondary antibody (Santa Cruz, sc-2004
or s¢-2005) and detected with an ECL reagent. The membrane
was scanned and analyzed for the protein expression level with
the ChemiDoc XRS Imaging System (Bio-Rad).

ATG4B activity measured using MAPILC3B-PLA,
substrate

The ATG4B activity in cells was assayed according to previous
reports using the reporter substrate MAPILC3B-PLA, and
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fluorescent dye 2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)
hexanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine  (NBD-
C,-HPC) (Invitrogen, N-3786).7% Briefly, ATG4B-silenced
cells were harvested and lysed in lysis buffer containing 25 mM
TRIS-HCI, pH 8.0, 100 mM NaCl, 1 mM CaCl,, 5 mM MgCl,,
5% glycerol, 0.1% NP-40, 1 mM PMSF, and 1 mM DTT on ice
followed by sonication for 2 s to break cells. The proteins in the
supernatant fraction were diluted and mixed with assay buffer
containing 20 mM TRIS-HCI, pH 8.0, 2 mM CaCl, 1| mM
DTT, 20 pM NBD-C-HPC, and 100 nM MAP1LC3B-PLA,.
The fluorescence intensity was kinetically measured within 1 h
using the Fluoroskan Ascent FL reader (Thermo Fisher Scientific,
Waltham, MA, USA) at room temperature with excitation and
emission wavelengths of 485 and 530 nm, respectively. The
ATGH4B activity in the silenced cells was normalized to control
cells and quantified using Prism 5 software (GraphPad).

Real-time PCR

The cells transfected with siRNA were used for extraction
total RNA with TRIzol Reagent (Invitrogen, 15596-018). The
1 pg of RNA was reverse-transcribed with SuperScript IT RNase
H-Reverse Transcriptase (Invitrogen, 18064-014) for cDNA
synthesis. The amount of CCNDI mRNA relative to GAPDH
was analyzed by real-time PCR performed in StepOnePlus™
system (Applied Biosystems) with SYBR Green Master Mix
(Applied Biosystems, 4385612). The primers for the genes are
as follows: CCNDI forward 5-CGCCCCACCC CTCCAG-3’
and reverse 5-CCGCCCAGAC CCTCAGACT-3', GAPDH
forward 5-TGCACCACCA ACTGCTTAGC -3’ and Reverse
5'- GGCATGGACT GTGGTCATGA G -3'.

Clonogenic assay

The cells were seeded in 6-well plates at a density of 500 or
1000 cells/well in the presence of scrambled siRNA or siRNA
against ATG4B. The cells were then cultured in complete
media, which was refreshed every 3 d for 2 wk. The cell colonies
were fixed with 2% paraformaldehyde and stained with 20%
ethanol containing 0.25% crystal violet at room temperature for
30 min. The stained cells were washed with PBS for 3 times to
observe colonies; colonies over 1 mm were counted in at least 3
independent experiments.

Three-dimensional spheroid culture

The 3-dimensional cell culture was performed as previously
described, with minor modifications.’® Briefly, 50 .l of collagen-
and laminin-enriched Matrigel (BD Biosciences, 356237) was
coated in each well of a 96-well plate at 37 °C for 30 min. Human
colorectal cancer cells were trypsinized to obtain a single-cell
suspension, and the cells were centrifuged at 1000 x g for 5 min.
The cells were resuspended in DMEM medium containing 2.5%
Matrigel at a density of 2 x 104 cells / ml, and 100 pl of the cells
was seeded into each well. The medium was refreshed every 3 d
for 14 d until the cells form a spheroid scaffold. The cells were
further fixed with 2% paraformaldehyde and visualized under
a microscope. The volume of spheroids (n = 50) was measured
using Image] software.

Flow cytometry for cell cycle and proliferation analysis

For the cell cycle analysis, the knockdown or treated cells
were washed with PBS containing 1 mM EDTA and then fixed
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with 75% ethanol at -20 °C overnight. The fixed cells were then
washed with PBS containing 1% fetal bovine serum and further
stained with propidium iodide (50 pg/ml; Sigma-Aldrich, P4170)
and RNase A (25 pg/ml; Sigma-Aldrich, R6513) on ice for
30 min to profile the cell cycle. To precisely determine the
G,/S phase transition of the cells, BrdU/7AAD staining was
performed according to the manufacturer’s instructions (BD
PharMingen, 559619). Briefly, the cells were treated with 10
wM of BrdU for 1 h prior to fixation, and the cells were further
probed with a fluorescein isothiocyanate (FITC)-conjugated
anti-BrdU antibody and 7-aminoactinomycin D (7AAD). The
stained cells were analyzed for the proportion of cells in different
cell cycle phases using the FACScan (Becton Dickinson) and
FlowJo (Tree Star).

Tumor xenograft

Five-wk-old immunodeficient mice (nu/nu, female) were
purchased and acclimated for 5 d prior to tumor implantation.
Human colorectal cancer HCT116 cells (2 x 10°) stably harboring
scrambled shRNA or shRNA targeting A7G4B were mixed with
Matrigel (1:1) and subcutaneously implanted into mice. Tumors
were measured every 3 to 4 d with vernier calipers, and tumor
volumes were calculated by the formula (larger diameter) x
(smaller diameter)? x /6. All animal experiments were approved
by Institutional Animal Care and Use Committee at Kaohsiung
Veterans General Hospital. Tumors were further cut from
sacrificed mice and dissociated mechanically and enzymatically
with a gentleMACs dissociator according to the manufacturer’s
instructions (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). The dissociated cells were seeded on culture dish at
37 °C for 2 h to eliminate the cell debris and contamination from
mouse blood cells. The adherent cells were then harvested for cell
cycle analysis and immunoblotting.

Immunohistochemistry and scoring

As the retrospective cohort for this study, 20 surgically
resected colorectal cancers (5 for each tumor stage) were
collected between 2004 and 2005; no chemotherapy was
administered prior to surgery, and the tissue was pathologically
assessed at Kaohsiung Veterans General Hospital. Informed
consent was provided by all the patients in this study, and the
study was approved by IRB of Kaohsiung Veterans General
Hospital (No. VGHKS11-CT12-08). The colorectal tissues
were analyzed by immunohistochemistry staining: the tissue
sections were stained with an anti-ATG4B antibody (Sigma-
Aldrich, A2981) or CCNDI1 (Abcam, SP4) or MKI67
(Genemed, GMO001), followed by a Bond™ Polymer Refine
Detection kit (Leica Biosystems, DS9800) to observe protein
expression in both the tumor and adjacent normal cells. All the
tumor cells within each microscopic field were counted, and
then the positive rates of ATG4B expression in the cells were
calculated. The ATG4B immunoreactivity of the tumor cells
varied considerably; the estimated average staining intensity
was scored as 0 (all cells negative), 1+ (weak expression), 2+
(moderate expression), and 3+ (strong expression). In the
subsequent data analysis, an expression level of ATG4B scored
0 and 1+ was considered “low,” whereas 2+ and 3+ were
categorized as “high.” Moreover, since the staining pattern

Autophagy 1463

©2014 Landes Bioscience. Do not distribute.



of CCNDI1 and MKI67 on tumors was heterogeneous, the
expression level was scored using the Allred scoring system
based on the sum of a proportion score and intensity score,
ranging from 2 to 8. Expression level of CCND1 and MKI67
scored = 5 was considered as “high” expression. The expression
level of ATG4B, CCND1, and MKI67 in the tissues was scored
by Dr Chih-Wen Shu and pathologist Dr Hung-Wei Pan at
least twice.

Statistical analysis

All the data are expressed as the mean + SEM from at least 3
individual experiments. The statistical analysis was performed
using a nonparametric 2-tailed Student # test with Prism 5.0
(Graph-Pad). For correlation between ATG4B and CCNDI1
expression in immunohistochemical results, the P value was
calculated through the Pearson x? test. P values lower than
0.05 were considered significant (*P < 0.05, **P < 0.01, ***P
<0.001).
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