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ABSTRACT

Autophagy, a lysosome-mediated degradation and recycling process, functions
in advanced malignancies to promote cancer cell survival and contribute to cancer
progression and drug resistance. While various autophagy inhibition strategies are under
investigation for cancer treatment, corresponding patient selection criteria for these
autophagy inhibitors need to be developed. Due to its central roles in the autophagy
process, the cysteine protease ATG4B is one of the autophagy proteins being pursued
as a potential therapeutic target. In this study, we investigated the expression of ATG4B
in breast cancer, a heterogeneous disease comprised of several molecular subtypes. We
examined a panel of breast cancer cell lines, xenograft tumors, and breast cancer patient
specimens for the protein expression of ATG4B, and found a positive association between
HER2 and ATG4B protein expression. We showed that HER2-positive cells, but not HER2-
negative breast cancer cells, require ATG4B to survive under stress. In HER2-positive
cells, cytoprotective autophagy was dependent on ATG4B under both starvation and
HER2 inhibition conditions. Combined knockdown of ATG4B and HER2 by siRNA resulted
in a significant decrease in cell viability, and the combination of ATG4B knockdown with
trastuzumab resulted in a greater reduction in cell viability compared to trastuzumab
treatment alone, in both trastuzumab-sensitive and -resistant HER2 overexpressing
breast cancer cells. Together these results demonstrate a novel association of ATG4B
positive expression with HER2 positive breast cancers and indicate that this subtype is
suitable for emerging ATG4B inhibition strategies.
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INTRODUCTION

During the past decade, a tremendous effort has
been devoted to better understanding the dynamic role of
autophagy in different cancers, including breast cancer -
the most common cancer in women worldwide (reviewed
in [1-5]). However, little progress has been made in
applying this knowledge clinically for diagnostic or
therapeutic purposes. One of the outstanding challenges in
the autophagy field is determining whether certain cancer
types or subtypes are sensitive to specific autophagy-
related inhibition strategies, with the longer term aim of
better patient selection for relevant treatments.

Macroautophagy (herein referred to as autophagy),
a lysosome-mediated degradation and recycling process,
plays an important role in maintaining cell homeostasis
and functions as an adaptive survival response to various
cellular stresses, including hypoxia and chemotherapy [1].
Depending on the stage of tumorigenesis, autophagy may
act as either a tumor suppressor [1, 6-9] or promoter [1,
10—12]. Numerous clinical trials targeting autophagy with
the non-specific pharmacological inhibitors chloroquine
(CQ) and hydroxychloroquine (HCQ) in various cancers
are underway, and the first published results highlight the
need for the development of reliable criteria for better
patient selection [13, 14]. In addition, whereas autophagy
inhibitors that target specific proteins crucial for distinct
steps in the autophagic process are currently under
development [15-21], our knowledge about the sensitivity
of different cancers to these inhibition strategies is limited.

The cysteine protease ATG4B is a potential target
for autophagy inhibition due to its important roles in the
autophagic pathway. ATG4B is crucial for the processing
of the microtubule-associated protein 1 light chain 3B
(MAPI1LC3B, or LC3B), a ubiquitin-like protein, which
is required for autophagosome formation [22]. ATG4B
is responsible for the cleavage of the carboxyl terminus
of newly synthesized pro-LC3B to provide LC3-I, a
reaction essential for further LC3B conjugation to the lipid
phosphatidylethanolamine (PE) during autophagosome
formation [23-25]. LC3B-PE (or LC3B-II) is widely used
as a key autophagy marker [26]. ATG4B also delipidates
LC3B to release the protein from membranes and
recycles de-conjugated LC3B to maintain a reservoir of
its unlipidated form for new autophagosome formation
[22, 27]. Other ATG4 paralogs (ATG4A, ATGA4C,
ATG4D) have also been described in mammalian cells
[28, 29]. Each of the four ATG4 family members displays
differing substrate affinities for the various mammalian
ATGS8 family members (including MAP1LC3B), allowing
potential fine-tuning of the autophagic process [30, 31].
Notably, ATG4B displays the broadest substrate specificity
compared to the other ATG4 family members [29-31].

ATG4B appears to act as a positive regulator of
proliferation in some cancer types [32, 33], although the
roles of ATG4B and the effects of ATG4B inhibition are

cell type, treatment, and context-dependent [16, 32-34].
Previous reports showed elevated ATG4B expression
in colorectal tumor cells [32] and lung cancer cells [35]
compared with adjacent normal cells. However, little is
known about ATG4B expression and function in breast
cancers, nor have the contexts been identified where
ATG4B inhibition might be beneficial.

Approximately 15%-20% of breast cancers have
amplification of the ERBB2 gene, which codes for
HER2 (human epidermal growth factor receptor 2) on
chromosome 17 [36]. Patients with this subtype of breast
cancer historically had more aggressive disease and worse
outcomes compared to patients with some other breast
cancer subtypes. Since approval in 1998 of the first anti-
HER?2 agent (trastuzumab) and development of molecularly
targeted therapies for HER2-positive breast cancer, disease
outcomes have significantly improved [36], although
drug resistance remains a challenge [37, 38]. Previous
studies [39, 40] showed that autophagy inhibition with
pharmacological inhibitors CQ or HCQ may help overcome
resistance to anti-HER2 therapy. However, the role of
ATG4B and the effects of ATG4B inhibition in HER2-
positive breast cancers have never been reported before.

Here we evaluated ATG4B protein expression in a
panel of HER2 negative and HER2 positive breast cancer
cell lines. Unexpectedly, we found that ATG4B expression
was elevated in HER2-positive breast cancer cells. We
further evaluated the function of ATG4B in these cells
and found that HER2-positive breast cancer cells, but
not HER2-negative breast cancer cells required ATG4B to
survive under stress. Importantly, we showed that ATG4B
inhibition sensitized HER2-positive breast cancer cells to
anti-HER2 treatment.

RESULTS

ATG4B protein expression correlates with
HER?2 status in breast cancer cell lines

We compared basal levels of ATG4B protein
expression in five HER2 positive and five HER2 negative
breast cancer cell lines, and found that ATG4B levels
were significantly (p<0.0001) elevated in HER2 positive
cells (Figure 1A). To further determine whether the
observed cell line differences in ATG4B levels can be
attributed to HER2 status alone, we employed genetic
approaches to specifically modify HER2 status in cells
with different genetic backgrounds. Overexpression of
HER?2 in HER2-negative MCF7 and MDA-MB-231-BR-
eGFP cells (Figure 1B) resulted in a significant increase
in ATG4B protein expression (p<0.01). Conversely,
HER2 knockdown using siRNA treatment in three HER2-
positive cell lines (SKBR3, MDA-MB-453, and JIMT-
1) led to a significant decrease in ATG4B levels (Figure
1C). Together, these findings support a positive association
between HER2 and ATG4B protein levels in breast cancer.
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To determine if the expression of other autophagy
proteins correlated with HER?2 status, we examined ATGS,
ATG7, BECNI1/Beclin 1 and the other ATG4 family
members in the cell line panel. We observed no significant
correlations between protein expression level and HER2
status (Supplementary Figure S1); there was a trend
towards higher protein expression of Beclin 1 in HER2 positive
cells, but the difference was not statistically significant.
To determine if ATG4B mRNA levels correlated with
HER?2 status, we queried mRNA data from The Cancer
Genome Atlas consortium. RNA-seq derived mRNA
levels for the ATG4 paralogs in patients with invasive
breast carcinoma (BRCA) were not found to be dynamic
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between patient groups that differ in ERBB2/HER2 status,
including stratification by PAMS50 subtype (n=579), by
DNA alteration status (amplifications and/or mutations
versus wild type; n=959) or by ERBB2 amplification,
mRNA overexpression (OE), and/or protein OE versus
median expression (n=410) (Supplementary Figure S1).
Similarly, there was no correlation between ATG4B
mRNA levels and ERBB2/HER?2 protein levels across all
TCGA BRCA patients assessed for ERBB2/HER2 protein
abundance (n=410; Spearman r=-0.023); however, the
correlation does increase in patients with either ERBB2/
HER?2 amplification, mRNA OE, and/or protein OE (n=72;
Spearman r=0.30) (Supplementary Figure S1). Together,
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Figure 1: ATG4B protein expression correlates with HER2 status. A. HER2-positive cell lines have higher protein levels of
ATG4B as compared to HER2-negative cell lines. Representative western blot analysis shows ATG4B basal expression in a panel of HER2-
positive (n=5) and HER2-negative (n=>5) breast cancer cell lines. Bar plots demonstrate average ATG4B expression within each group of
cell lines (mean+SEM) normalized to actin (used as internal control for protein loading); n=3; P values are based on the Student’s #-test. B.
HER2+ overexpression in MCF7 and MDA-MB-231-BR-eGFP breast cancer cells results in elevated ATG4B protein levels. Representative
western blot and bar plots show ATG4B expression normalized to actin loading control (mean+SEM; n=3); P values are based on the
Student’s z-test. C. HER2 knockdown in three HER2-overexpressing cell lines (SKBR3, MDA-MB-453, and JIMT1) results in a decrease
in ATG4B protein levels, increase in LC3B-II and decrease in SQSTM1/p62 expression. Representative western blot from 3 independent
experiments. Bar graph on right shows ATG4B expression normalized to actin loading control; (mean+=SEM; n=3); P values are based on

the one-way ANOVA with Dunnett post-test.
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these results suggest that the regulation of ATG4B levels
occurs post-transcriptionally.

HER?2 status is inversely associated with
autophagic activity

To determine how HER2-positivity affects
autophagic activity, we compared autophagic flux under
basal conditions in MCF7 and HER2+MCF7 cells
using the late-stage autophagy inhibitor Bafilomycin A1l
[26] and the results of these studies are summarized in
Figure 2A. There was an accumulation of LC3B-I and
reduction of LC3B-II in HER2+MCF7 cells in the
presence of Bafilomycin Al as compared to parental
MCFT7 cells (Figure 2A), consistent with increased LC3B-
II recycling by ATG4B and decreased autophagic flux.

HER?2 knockdown resulted in an increase in LC3-II
levels together with a decrease in p62 levels in all tested
cell lines (Figure 1C), which suggested an increase in
autophagic flux. To monitor autophagic flux in response
to HER2 knockdown, we used mRFP-eGFP tandem
fluorescent-tagged LC3B (tfLC3B) and fluorescence
microscopy — an assay based on differential pH stability
of eGFP and mRFP fluorescent proteins [26, 41], which
allows the simultaneous evaluation of autophagy
induction and flux through autophagic compartments
without requiring the use of lysosomal inhibitors [26].
SKBR3-tfLC3B (HER2 positive) cells were treated with
HER?2 siRNA, and using green/red merged images, we
quantitated yellow (i.e., RFP+GFP+, autophagosomes),
and red (i.e., RFP+GFP-, autolysosomes) puncta per cell.
As shown in Figure 2B, there was a significant increase in
both red and yellow puncta following HER2 knockdown
even under basal (i.e. fed) conditions, which confirms
an induction of autophagy and increase in autophagic
flux. Starvation, a commonly used stressor to induce
autophagic flux [42], was used as a positive control. As
seen in Figure 2B, an increase in autophagic activity in
fed HER2 knockdown cells was comparable to that in
starved control cells. Starvation in HER2-knockdown cells
resulted in further increase of autophagic flux as seen by
significantly higher red/yellow puncta ratio. An alternative
autophagic flux assay, using a saturating concentration of
lysosomal inhibitor Bafilomycin A1 in the same cell line,
further confirmed the increase in autophagic flux (Figure
2C) in response to HER2 knockdown.

HER?2 positive cells require ATG4B for
autophagy upregulation and survival under
stress

To determine whether ATG4B knockdown results
in changes in autophagic flux in HER2 positive cells, we
performed a western blot-based autophagic flux assay,
using saturating concentrations of Bafilomycin Al in
HER2+MCF7 cells (Figure 3A). Cells treated with ATG4B

siRNA showed higher accumulation of LC3B-II as
compared to scramble controls, consistent with a reduction
in the recycling (de-conjugating) function of ATG4B
[22, 27]. The observed accumulation of p62 (Figure 3A)
supports an impairment of autophagy following ATG4B
knockdown. These changes in LC3B-II and p62 were
observed in both basal (i.e. fed) and starved conditions
(Figure 3A). Similar results were observed in the HER2
positive cell line SKBR3 (Supplementary Figure S2).

To confirm suppression of autophagy following
ATG4B knockdown, we used the alternative mRFP-
eGFP-LC3B flux assay. In control scramble-siRNA treated
SKBR3-tfLC3B cells, we found that starvation caused a
substantial increase in autophagic flux as indicated by an
increase in red puncta. However, there was no increase
in red puncta in ATG4B-siRNA treated cells (Figure
3B). Moreover, there was an increase in yellow puncta
in ATG4B-siRNA treated cells, consistent with defective
de-conjugation of LC3B from the membranes. Together,
these results show that ATG4B is required for starvation-
induced autophagic flux.

To evaluate the effects of ATG4B inhibition on
cell viability, HER2 positive and HER2 negative cells
were treated with ATG4B siRNA under fed and starved
(24 hours) conditions. While ATG4B knockdown had
no significant effect on cell viability in fed conditions,
it resulted in a significant (p<0.0001) decrease in the
surviving cell fraction of HER2 positive cells under
starvation — an effect not seen in HER2 negative cells
(Figure 3C).

To determine whether ATG4B inhibition under
starvation triggers caspase-dependent cell death in HER2
positive breast cancer cells, we assessed executioner
caspase activity levels using the luminescence-based
Caspase-Glo assay. Cycloheximide (CHX) was used as
a positive control for induction of caspase activity. The
results in Figure 3D show that ATG4B knockdown under
starvation leads to increased levels of caspase activity
compared with the scramble-siRNA control in all tested
HER?2 positive cell lines. These findings indicate that these
HER2-positive cells require ATG4B for survival under
starvation.

ATG4B is required for upregulation of
cytoprotective autophagy in response to HER2
knockdown

We observed increased autophagic flux in response
to HER2 inhibition alone, as well as dependency of HER2
positive cells on ATG4B for autophagy upregulation and
survival under stress (starvation). These findings led us to
pose the question of whether ATG4B is required for the
increased autophagy following HER2 inhibition. In order
to address this question, we performed a combination
knockdown of HER2 and ATG4B in SKBR3-tfLC3B cells.
As shown in Figure 4A, addition of ATG4B knockdown
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to HER2 knockdown prevented autophagy induction that
was otherwise seen in cells treated with HER2-siRNA
alone (Figure 2B). This effect was observed in both
fed and starved conditions. Furthermore, combination
knockdown of ATG4B and HER2 resulted in the inability
of cells to upregulate autophagy in response to starvation,

as seen by a significant (p<0.05) decrease in red puncta
in combination (ATG4B and HER2) siRNA-treated cells
compared to starved controls. This result indicates that
ATGH4B is required for the increase in autophagic flux in
response to HER2 knockdown alone and for starvation-
induced autophagy.
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Figure 2: HER2 status inversely correlates with autophagic activity. A. HER2-overexpressing cells have decreased basal
autophagy levels. Western blot flux assay using saturating (60nM) concentrations of Bafilomycin A1 (Baf A1) shows LC3B-II and p62
levels in parental MCF7 cells as compared to HER2-overexpressing MCF7 cells. Bar graphs on right show LC3B-II (in the presence of
Baf Al) and p62 expression, normalized to actin loading control (fold change); mean+SEM; n=3; P values are based on Student’s t-test. B.
HER2 knockdown increases autophagic flux. SKBR3 cells stably expressing mRFP-EGFP-LC3B protein were treated with either HER2
or scramble siRNA under fed and starved conditions. Increase in red puncta (autolysosomes) relative to yellow puncta (autophagosomes)
indicates increased autophagic flux in response to HER2 knockdown. Bar graphs show average (mean+SEM) ratio of red to yellow puncta
per cell. Data was collected from 3 independent experiments, and P values are based on the one-way ANOVA with Dunnett post-test. Scale
bar, 50 um. C. HER2 knockdown increases autophagic flux. Western blot flux assay using saturating (60nM) concentrations of Bafilomycin
Al (Baf A1) shows LC3B-II, p62, and ATG4B levels in cells treated with HER2 siRNAs as compared to scramble siRNA control. Bar
graphs on right show LC3B-II (in the presence of Baf A1), p62, and ATG4B expression, normalized to actin loading control (fold change);
mean+SEM; n=3; P values are based on Student’s t-test.
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Figure 5: ATG4B knockdown sensitizes HER2 positive cells to HER?2 inhibition. A. and B. ATG4B is required for cell survival
under HER?2 inhibition. Combination ATG4B and HER2 knockdown results in decreased cell viability as compared to single knockdowns
under fed and starved conditions. Alamar blue (A) and Trypan Blue exclusion (B) assays were used to assess cell viability following siRNA
treatment. Bar graphs represent mean+SEM values of %viable cells relative to fed scramble controls (n=3 independent experiments). P
values are based on the one-way ANOVA with Dunnett post-test. C. Trastuzumab (Tz) treatment results in increased autophagic flux and
decreased levels of ATG4B. Representative western blots for SKBR3-tfLC3, MDA-MB-453, and JIMT-1 cells. Bar graphs on right show
LC3B-II (in the presence of Baf A1), p62, and ATG4B expression, normalized to actin loading control (fold change); mean+=SEM; n=3; P
values are based on Student’s t-test. D. ATG4B knockdown sensitizes HER2-positive cells to trastuzumab (Tz). SKBR3, MDA-MB-453,
and JIMT-1 cells were pre-treated with ATG4B and scramble siRNAs, and then treated with trastuzumab for 72 hours. Colonies were
visualized with crystal violet staining (on the left). Retained crystal violet staining was measured by A590 to generate a proliferation index
(central panel). Bar plot indicates mean+=SEM values from 3 independent experiments normalized to scramble siRNA controls. P values are
based on the one-way ANOVA with Dunnett post-test. Accompanying representative western blot analysis of ATG4B levels, as well as flux
assay of LC3B-II levels using saturating concentrations of Bafilomycin A1 (Baf A1) is shown on the right.
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Table 1: Cohort characteristics

Cohort characteristics stratified by ATG4B Total ATG4B cytoplasmic score
negative positive missing
Total 330 (100%) 269 (82%) 22 (7%) 39(12%)
Follow-up (years)
mean 12+0 12+0 14+1 13+1
median 13 13 14 14
interquartile range I1to 15 11 to 14 11to 16 11.4-15.8
range (min to max) 1.1to25 1.1to23 6.7 to 23 1 to 25
missing 0 0 0 0
%Age (group)
<40 28 22(79%) 1(4%) 5(18%)
40-49 98 82(84%) 7(7%) 9(9%)
50-65 130 108(83%) 9(7%) 13(10%)
>65 74 57(77%) 5(7%) 12(16%)
missing 0 0(0%) 0(0%) 0(0%)
Grade
Grade 1 62 51(82%) 2(3%) 9(15%)
Grade 2 129 107(83%) 6(5%) 16(12%)
Grade 3 134 108(81%) 14(10%) 12(9%)
missing 5 3(60%) 0(0%) 2(40%)
Nodal status
Negative 214 173(81%) 13(6%) 28(13%)
Positive 115 96(83%) 8(7%) 11(10%)
missing 1 0(0%) 1(100%) 0(0%)
LVI
Negative 241 194(80%) 17(7%) 30(12%)
Positive 75 64(85%) 5(7%) 6(8%)
missing 14 11(79%) 0(0%) 3(21%)
Tumour size (group)
<=2c¢m 194 153(79%) 13(7%) 28(14%)
>2-5cm 114 99(87%) 8(7%) 7(6%)
>5cm 21 16(76%) 1(5%) 4(19%)
missing 1 1(100%) 0(0%) 0(0%)
ER (IHC)
Negative 65 55(85%) 5(8%) 5(8%)
Positive 261 212(81%) 17(7%) 32(12%)
missing 4 2(50%) 0(0%) 2(50%)
PR (IHC)
Negative 105 87(83%) 7(7%) 11(10%)
(Continued)
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Cohort characteristics stratified by ATG4B Total

ATG4B cytoplasmic score

negative positive missing
Positive 217 178(82%) 15(7%) 24(11%)
missing 8 4(50%) 0(0%) 4(50%)
HER2 (IHC)
Negative 298 244(82%) 17(6%) 37(12%)
Positive 19 15(79%) 4(21%) 0(0%)
missing 13 10(77%) 1(8%) 2(15%)
Intrinsic subtype (IHC)
Lum NOS 5 4(80%) 0(0%) 1(20%)
Lum A 168 133(79%) 14(8%) 21(13%)
Lum B /Ki67 high 76 66(87%) 0(0%) 10(13%)
Lum B /HER2+ 8 6(75%) 2(25%) 0(0%)
HER2+/HR- 11 9(82%) 2(18%) 0(0%)
Basal 29 25(86%) 0(0%) 4(14%)
Additional Basal if by TNP 17 14(82%) 3(18%) 0(0%)
missing 16 12(75%) 1(6%) 3(19%)
Adjuvant systemic therapy
no systemic therapy 78 56(72%) 6(8%) 16(21%)
TAM only 95 81(85%) 5(5%) 9(9%)
chemotherapy only 60 51(85%) 4(7%) 5(8%)
chemotherapy + TAM 96 80(83%) 7(7%) 9(9%)
o St o B gy e oo
missing 0 0(0%) 0(0%) 0(0%)

The study cohort included 330 female patients with primary breast cancer originally diagnosed between January 1, 1998 and
December 31, 2002, accessioned in the Pathology Department at University of British Columbia Hospital from 1997 to 2002,
and who were referred to the British Columbia Cancer Agency for treatment. The median follow-up was 13 years.

LVI — lymphovascular invasion; Lum — luminal; HR — hormone receptor; TNP — triple-negative phenotype; TAM —

tamoxifen

for pro-survival autophagy in HER2-positive cells.
Importantly, we showed that nearly complete, rather than
partial, depletion of ATG4B is crucial in order to obtain
improved cytotoxicity.

Treatment with trastuzumab (Herceptin) in
combination with ATG4B siRNA-mediated knockdown
in Herceptin-sensitive and -resistant breast cancer
cells significantly reduced cell viability compared to
trastuzumab alone in all tested cell lines. Bearing in
mind the extracellular actions of trastuzumab, including
the immunological control of neoplastic cells [54], it is
of great importance to further validate the described
effects using appropriate in vivo models. As a first
step towards future efficacy studies, we validated the

effects of trastuzumab on ATG4B levels in two different
in vivo models and found a significant reduction in ATG4B
protein expression following trastuzumab treatment.
The significant reduction in cell viability following
combination inhibition of ATG4B and HER?2 in vitro, as
well as the positive association between ATG4 protein
level and HER2 status in vivo, could serve as proof-of-
principle for testing clinically relevant inhibitors of HER2
in combination with ATG4B inhibitors in the future.

In conclusion, we showed, for the first time, a
functional association between ATG4B and HER2 in
breast cancer cells. We explored the possible roles that
ATG4B plays in HER2-positive cells and found that
ATG4B is required for upregulation of pro-survival
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Figure 6: ATG4B levels correlate with HER2 status and trastuzumab treatment in vivo. A. Immunohistochemical images
representing patient breast tumors positive and negative for ATG4B expression. B. Distribution of trastuzumab through breast cancer
xenografts in a dose-dependent manner. Mice bearing BT-474 xenograft tumors received single 4, 10 or 20 mg/kg doses of trastuzumab for 8h
or 10 mg/kg every 72h for one week, with tissues collected 24 h after last dose. Bound trastuzumab was labeled in tumor cryosections using
fluorescently tagged antihuman secondary antibodies; representative sections are shown with trastuzumab (magenta), CD31 (dark blue), and
perfusion dye, DioC7(3) (cyan). Scale bar, 150 um. C. Trastuzumab treatment results in reduction of ATG4B protein expression in BT-474
tumor xenografts in a dose-dependent manner. ATG4B and actin protein levels in tumors from the previously described experiment (panel
B) were assessed with western blot analysis. Bar plots demonstrate average ATG4B expression within each treatment group (mean+=SEM)
normalized to actin (used as internal control for protein loading); P values are based on the Student’s t-test. D. Distribution of trastuzumab in
JIMT1 xenograft tumor collected 24 hour following treatment with a single dose of 10mg/kg trastuzumab. Bound trastuzumab was labeled
in tumor cryosections using fluorescently tagged antihuman secondary antibodies; a representative section is shown with trastuzumab
(magenta), CD31 (dark blue), and perfusion dye, DioC7(3) (cyan). Scale bar, 150 um. E. Trastuzumab treatment results in reduction of
ATG4B protein expression in JIMT1 tumor xenografts. ATG4B and actin protein levels in tumors were assessed with western blot analysis.
Bar plots demonstrate average ATG4B expression within each treatment group (mean+SEM) normalized to actin (used as internal control
for protein loading); P values are based on the Student’s t-test.
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Table 2: Relation between ATG4B and patient characteristics

Patient Total ATG4B cytoplasmic score ATG4B cytoplasmic score  missing  Association/correlation
characteristics negative any positive test
Total 330 269 (82%) 22 (7%) 39(12%)
Grade Kendall correlation
tau=0.12
P=10.0359
Grade lor2 191 158(83%) 8(4%) 25(13%)
Grade 3 134 108(81%) 14(10%) 12(9%)
missing 5 3(60%) 0(0%) 2(40%)
HER2 (IHC) Kendall correlation
tau=10.14
P=10.0204
Negative 298 244(82%) 17(6%) 37(12%)
Positive 19 15(79%) 4(21%) 0(0%)
missing 13 10(77%) 1(8%) 2(15%)

This table shows the association between tumor grade, HER2 status and ATG4B positive expression

autophagy under HER2 inhibition and in nutrient-
deprivation conditions. Our results can serve as a proof-of-
principle for combination treatment approaches and should
be taken into consideration for further in vivo validation
once suitable ATG4B inhibitors become available.

MATERIALS AND METHODS

Reagents

Anti-LC3B  (#ab48394, Abcam), anti-B-actin
(#ab6276, Abcam), anti-HER2 (#2242L Cell Signaling
Technology), anti-ATG4B (#A2981, Sigma), anti-
ATG4A (#ARP42722 P050, Aviva Systems Biology),
anti-ATG4C (#A9482, Sigma), anti-ATG4D (#ABC22,
EMD Millipore), anti-Beclinl (#NB500-249, Novus
Biologicals), anti-ATGS5 (#2630, Cell Signaling
Technology), anti-ATG7 (#NB110-55474, Novus
Biologicals), anti-p62 (#P0067, Sigma), goat anti-mouse
IgG—horseradish peroxidase (HRP), and goat anti-rabbit
IgG-HRP (Santa Cruz Biotechnology) antibodies were
used in immunoblotting and immunohistochemistry. The
following drugs were used: Bafilomycin Al (Sigma-
Aldrich), and trastuzumab (Herceptin; Genentech Inc.,
San Francisco, CA).

Cell lines and culture conditions

A panel of HER2-negative cell lines included
MCF7, MDA-MB-231, SUMI159PT, SUM149PT, and
Hs 578T. A panel of HER2-overexpressing (positive) cell
lines included SKBR3, JIMT1, BT474, MDA-MB-361,
and MDA-MB-453. HER2-expressing MCF7 cells

(HER2+MCF7) were a gift from Dr. M. Alaoui-Jamali
(McGill University, Montreal, Quebec, Canada [55]).
Human brain metastatic breast cancer cell lines MDA-
MB-231-BR-eGFP and HER2-expressing counterpart
HER2+MDA-MB-231-BR-eGFP were developed in the
laboratory of Dr Patricia Steeg at the National Cancer
Institute (Bethesda, MA)[56].

MDA-MB-231, Hs 578T, BT474, MDA-MB-361,
and MDA-MB-453 cells (American Type Culture
Collection, ATCC), as well as JIMTI1 cells (German
Collection of Microorganisms and Cell Culture (Deutsche
Sammlung von Mikroorganismen und Zellkulturen
GmbH), DSMZ) were maintained in Gibco DMEM (Life
Technologies) supplemented with 10% fetal bovine serum
(FBS). MCF7 cells (ATCC) and HER2+MCF7 cells
were grown in Gibco RPMI-1640 medium with 10%
FBS; G418 (lug/ml) was added to HER2+MCF7 cells
weekly. SUM159PT and SUMI149PTcells (Asterand)
were maintained in Ham’s F-12 medium with 10%
FBS, HEPES (Sigma-Aldrich), 5 pg/mL insulin (Sigma-
Aldrich), and 1 pg/mL hydrocortisone (Sigma-Aldrich).
SKBR3 cells (ATCC) were maintained in McCoy's 5A
(modified) medium with 10% FBS. SKBR3 cells (ATCC)
stably transfected with mRFP-eGFP-LC3B were grown
in DMEM supplemented with 10% FBS, 20mM HEPES,
and 1X non-essential amino acids (Gibco) with Geneticin
(G418). All cells were maintained at 37°C with 5% CO,
and 95% humidity.

Cell viability assays

To evaluate cell viability following ATG4B-siRNA
and HER2-siRNA treatment, we used Alamar Blue—based
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metabolic assay (Invitrogen). Cells were plated at 2x10*
cells per well in a 96-well plate and the next day transfected
with siRNA as described below. Alamar Blue was added
according to the manufacturer’s recommendations 48
hours after the second siRNA treatment, and readings
taken using an Infinite M1000 (TECAN). Data for cell
viability evaluation are presented as percentages relative to
the vehicle-only control (mean + SEM) and graphed using
Prism 6.0 (GraphPad Software Inc.).

Cell viability was also determined by the Trypan
blue exclusion assay, using a Countess Automated Cell
Counter (Life Technologies).

Crystal violet proliferation assay

Cells were fixed with 4% paraformaldehyde (PFA)
and stained with 0.1% crystal violet. Images of the fixed
stained cells were captured with a Bio-rad ChemiDoc
Imaging system. Retained crystal violet stain was
resolubilized in 10% acetic acid. Readings were taken at
A, using a plate reader (VersaMAX Microplate Reader).

siRNA transfection

Cells were plated at 4 x 10° cells per well in a 6-well
plate in serum-free medium and transfected with 75 pmol
ATG4B or HER2 siRNAs or a scramble medium GC
siRNA negative control (Invitrogen) using Lipofectamine
RNAIMAX™ (Invitrogen) as per manufacturer’s
recommendations. Serum-free medium was replaced with
fresh media containing 10% FBS the next day. Forty-
eight hours after the initial siRNA transfection, cells
were transfected again with respective siRNAs following
the same protocol. Seventy-two hours after the second
transfection the cells were harvested. For the experiments
involving starvation, forty-eight hours after the second
transfection the medium in respective wells was replaced
with Earl’s Balanced Salt Solution (EBSS). After twenty-
four hours under either starvation or fed conditions (i.e.
seventy-two hours after the second transfection) the cells
were either harvested for western blot, or fixed with
formalin for crystal violet proliferation assay.

SKBR3-mRFP-eGFP-LC3B (SKBR3-tfLC3)
assay

SKBR3 cells (ATCC) stably transfected with mRFP-
eGFP-LC3B [57] were plated at a density 1,600 cells per
well in 200uL of DMEM with G418 in 8-well chamber
slides. Twenty-four and seventy-two hours later cells were
transfected with ATG4B-siRNA, ATG4A-siRNA, ATG4C-
siRNA, ATG4D-siRNA, HER2-siRNA, or medium GC-
siRNA constructs. Media was replenished every day after
initial plating and before siRNA treatment. Complete
starvation was performed by incubation in PBS for two
hours at 37°C. At the end of the experiment the cells were
fixed in 4% PFA for 20 minutes and then rinsed with PBS.

Cells were then mounted using SlowFade Gold Antifade
with DAPI (Invitrogen). All cells were imaged on a Leica
TCS SP8 inverted confocal microscope with a Leica HC PL
APO 63x/1.40 oil objective and LAS AF software (Leica).
The pinhole and laser brightness settings were kept constant
by applying the same properties between comparable
experiments. For each treatment, the number of red and
yellow puncta per cell were determined for at least 100
cells. Puncta counting was performed using the OpenCV
Python package; a contours discovery algorithm[58] was
applied to images pre-processed by filtering colors and
applying a Gaussian filter and adaptive threshold.

Western blot analysis

Western blot analysis was performed as
described earlier [26, 41]. Briefly, protein lysates were
prepared using the RIPA Lysis Buffer Kit (Santa Cruz
Biotechnology), according to the manufacturer’s protocol.
Electrophoresis and transfer of proteins were performed
using standard methods and protein—antibody complexes
were detected by chemiluminescence assays. Quantitation
of the signal was performed using Bio-Rad Image
Lab analysis software. The autophagic flux assay was
performed using saturating concentrations (20-40 nM) of
lysosomal inhibitor Bafilomycin Al.

Caspase-Glo 3/7 assay (Promega)

HER2+MCF7 cells (8 x 10°) were plated in each
well of 96-well optical plates (BD Biosciences) and
transfected sequentially on day 2 and 4 with scramble
or ATG-siRNAs (5 pmol). Cycloheximide served as
a positive control. Forty-eight hours after the second
transfection, cells in respective wells were starved with
EBSS for twenty-four hours, followed by caspase activity
assessment with the Caspase-Glo 3/7 Kit. Luminescence
was measured with a Synergy H4 Hybrid (BioTek).

Study population

The study cohort included 330 female patients
with primary breast cancer originally diagnosed between
January 1, 1998 and December 31, 2002, accessioned in the
Pathology Department at University of British Columbia
(UBC) Hospital from 1997 to 2002, and who were referred
to the BC Cancer Agency for treatment. Cases with micro-
invasive primary tumors whose tissue blocks did not contain
sufficient material for tissue microarray construction were
excluded. Patients with a previously diagnosed breast
cancer, or synchronous breast cancer (additional diagnosis
of breast cancer within 6 months of diagnosis of the
primary) were excluded. The median follow-up was 13
years. Ethical approval for this study was obtained from
the Clinical Research Ethics Board of the British Columbia
Cancer Agency, and Simon Fraser University.

Patient characteristics are presented in Table 1.
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Immunohistochemistry, scoring, and analysis of
markers

Slides from formalin fixed paraffin embedded
archival blocks from the 330 patients were stained
with hematoxylin and eosin (H&E). These slides were
reviewed by a pathologist to identify areas of invasive
breast carcinoma. Two 0.6 mm cores from each block
were extracted and embedded into three tissue microarray
blocks. Slices from this tissue microarray were stained
previously with H&E, ER, PR, HER2, Ki67, CK5/6 and
EGFR using procedures as described [59, 60]. Intrinsic
subtypes based on immunohistochemical marker panel
were assigned using the definitions previously described
[59, 60]. ATG4B immunohistochemistry was performed
using the Ventana Discovery Ultra automated instrument
(Ventana Medical Systems Inc, Tuscon, USA) according
to manufacturer’s recommendations.

All clinical and pathological data for each tumor
sample was blinded to the pathologist during scoring.
Each sample was assessed for the presence (i.e. positivity)
of diffuse ATG4B under X50 magnification.

Statistical analysis

Statistical analysis was performed using R-3.2.1.
Clinicopathological parameter and biomarker associations
were assessed using contingency tables. The significance of
associations was determined using Fisher’s exact test for
parameters that are nominal such as intrinsic subtype.
The significance of correlations was determined using
Kendall’s tau test for parameters that are ordinal such as
tumor grade.

The cut point (negative vs. any positive) for ATG4B
was chosen to maximize statistical power. Distribution
of the scores was assessed using frequency tables and
histograms. The cut point that resulted in the minimal
difference between the number of positive and negative
cases was chosen.

All immunohistochemistry tissue microarray images
and scores used in this study are publicly available at the
companion site http://www.gpecimage.ubc.ca (username:
atgdb; password: abc123).

ATG4 gene expression analysis

Patient status for ERBB2 DNA alteration (copy
number alteration or mutation), mRNA overexpression
(Z-score > 2.0), and protein overexpression (Z-score >
2.0) were obtained from cbioportal.org [61, 62] for The
Cancer Genome Atlas (TCGA) invasive breast cancer
data set (BRCA) [63]. Quantile normalized Level 3
mRNA levels (illuminahiseq rnaseqv2-RSEM genes
normalized) and Level 3 protein levels (mda rppa
core-protein_normalization) were downloaded from
firebrowse.org for these same TCGA BRCA patients.
Gene abundance for genes of interest were stratified

by patient DNA alteration status (amplified or mutant
or wild type; n=959) or PAMS50 subtype (n=579) for
patients where status was available in cbioportal.
org. Gene abundance was also stratified by ERBB2/
HER2 status, where we defined HER2 positive patients
(HER2+) as patients for which ERBB2 protein levels
had been assessed by RPPA platform (n=410), who were
found to meet the following parameters: 1) ERBB2
protein overexpression (Z-score > 2.0), 2) ERBB2
mRNA overexpression (Z-score > 2.0), or 3) ERBB?2
amplification. Many patients showed a combination
of these conditions: ERBB2 amplification/mRNA
overexpression (OE)/protein OE (n=25), ERBB2
amplification/mRNA OE (n=27), amplification only
(n=7), mRNA OE only (n=12), mRNA OE/protein OE
(n=1). To examine ATG4B and ERBB2 co-expression,
we plotted ATG4B mRNA levels (Level 3 normalized
RSEM Z-scores) versus ERBB2 protein levels (Level 3
normalized RPPA Z-scores) and calculated the Spearman
correlation for HER+ patients and HER2- patients.

In vivo studies

Mice bearing BT-474 and JIMT1 xenograft
tumors received intraperitoneal injections of unlabeled
trastuzumab at 4, 10 or 20 mg/kg and tumors collected at
4-24h after the last administration. An intravenous injection
of 0.6mg/ml DioC.(3), a fluorescent carbocyanine dye
labeling patent vessels, was administered 5 minutes prior
to tissue collection and cryopreservation. Cryosections (10
um) were imaged directly for native DioC,(3) fluorescence
and then stained for bound trastuzumab using fluorescently
tagged antihuman secondary antibodies and re-imaged, as
previously described [64]. ATG4B and actin protein levels
were assessed by western blot analysis; protein extraction
procedure has been previously described in [41].

ACKNOWLEDGMENTS

The authors thank Torsten Nielsen, Suganthi
Chittaranjan, Morgana Xu, Paalini Sathiyaseelan, Kevin
Yang, and Robert Camfield for helpful discussions and
comments on the manuscript.

CONFLICTS OF INTEREST
No potential conflicts of interest were disclosed.

GRANT SUPPORT

S. Bortnik is supported by a CIHR Frederick
Banting and Charles Best Canada Graduate Scholarship
Doctoral Award. This work was supported by CIHR
team grant GPG102167 and CIHR in partnership
with Avon Foundation for Women—Canada grant
OBC127216.

www.impactjournals.com/oncotarget

66985

Oncotarget



REFERENCES

10.

11.

Galluzzi L, Pietrocola F, Bravo-San Pedro JM, Amaravadi
RK, Bachrecke EH, Cecconi F, Codogno P, Debnath J,
Gewirtz DA, Karantza V, Kimmelman A, Kumar S, Levine
B, et al. Autophagy in malignant transformation and cancer
progression. EMBO J. 2015; 34: 856—80. doi: 10.15252/
embj.201490784.

Jain K, Paranandi KS, Sridharan S, Basu A. Autophagy in
breast cancer and its implications for therapy. Am J Cancer
Res. 2013; 3: 251-65.

Zarzynska JM, Zarzynska JM. The Importance of
Autophagy Regulation in Breast Cancer Development
and Treatment, The Importance of Autophagy Regulation
in Breast Cancer Development and Treatment. BioMed
Res Int BioMed Res Int. 2014; 2014, 2014: ¢710345. doi:
10.1155/2014/710345, 10.1155/2014/710345.

Berardi DE, Campodoénico PB, Diaz Bessone MI, Urtreger
AlJ, Todaro LB. Autophagy: friend or foe in breast cancer
development, progression, and treatment. Int J Breast
Cancer. 2011; 2011: 595092. doi: 10.4061/2011/595092.

Zhi X, Zhong Q. Autophagy in cancer. F1000prime Rep.
2015; 7: 18. doi: 10.12703/P7-18.

Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A,
Rosen J, Eskelinen E-L, Mizushima N, Ohsumi Y, Cattoretti
G, Levine B. Promotion of tumorigenesis by heterozygous
disruption of the beclin 1 autophagy gene. J Clin Invest.
2003; 112: 1809-20. doi: 10.1172/JC120039.

Liang XH, Jackson S, Seaman M, Brown K, Kempkes
B, Hibshoosh H, Levine B. Induction of autophagy and
inhibition of tumorigenesis by beclin 1. Nature. 1999; 402:
672—-6. doi: 10.1038/45257.

Cicchini M, Chakrabarti R, Kongara S, Price S, Nahar
R, Lozy F, Zhong H, Vazquez A, Kang Y, Karantza V.
Autophagy regulator BECNI suppresses mammary
tumorigenesis driven by WNTT1 activation and following
parity. Autophagy. 2014; 10: 2036-52. doi: 10.4161/
auto.34398.

Cianfanelli V, Fuoco C, Lorente M, Salazar M,
Quondamatteo F, Gherardini PF, De Zio D, Nazio F,
Antonioli M, D’Orazio M, Skobo T, Bordi M, Rohde M,
et al. AMBRALI links autophagy to cell proliferation and
tumorigenesis by promoting c-Myc dephosphorylation and
degradation. Nat Cell Biol. 2015; 17: 20-30. doi: 10.1038/
ncb3072.

Karsli-Uzunbas G, Guo JY, Price S, Teng X, Laddha
SV, Khor S, Kalaany NY, Jacks T, Chan CS, Rabinowitz
JD, White E. Autophagy Is Required for Glucose
Homeostasis and Lung Tumor Maintenance. Cancer
Discov. 2014; 4: 914-27. doi: 10.1158/2159-8290.
CD-14-0363.

Yang A, Rajeshkumar NV, Wang X, Yabuuchi S, Alexander
BM, Chu GC, Hoff DDV, Maitra A, Kimmelman AC.
Autophagy Is Critical for Pancreatic Tumor Growth and

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Progression in Tumors with p53 Alterations. Cancer Discov.
2014; 4: 905-13. doi: 10.1158/2159-8290.CD-14-0362.

Guo JY, Karsli-Uzunbas G, Mathew R, Aisner SC,
Kamphorst JJ, Strohecker AM, Chen G, Price S, Lu W, Teng
X, Snyder E, Santanam U, DiPaola RS, et al. Autophagy
suppresses progression of K-ras-induced lung tumors to
oncocytomas and maintains lipid homeostasis. Genes Dev.
2013; 27: 1447-61. doi: 10.1101/gad.219642.113.

Rebecca VW, Amaravadi RK. Emerging strategies to
effectively target autophagy in cancer. Oncogene. Available
from http://www.nature.com/onc/journal/vaop/ncurrent/full/
onc201599a.html. 2015 [cited 2015 May 12]; doi: 10.1038/
onc.2015.99.

Kraya AA, Piao S, Xu X, Zhang G, Herlyn M, Gimotty
P, Levine B, Amaravadi RK, Speicher DW. Identification
of secreted proteins that reflect autophagy dynamics
within tumor cells. Autophagy. 2015; 11: 60-74. doi:
10.4161/15548627.2014.984273.

Nguyen TG, Honson NS, Arns S, Davis TL, Dhe-
Paganon S, Kovacic S, Kumar NS, Pfeifer TA, Young RN.
Development of Fluorescent Substrates and Assays for
the Key Autophagy-Related Cysteine Protease Enzyme,
ATG4B. Assay Drug Dev Technol. 2014; 12: 176-89. doi:
10.1089/adt.2013.561.

Akin D, Wang SK, Habibzadegah-Tari P, Law B, Ostrov D,
Li M, Yin X-M, Kim J-S, Horenstein N, Dunn WA. A novel
ATG4B antagonist inhibits autophagy and has a negative
impact on osteosarcoma tumors. Autophagy. 2014; 10:
2021-35. doi: 10.4161/auto.32229.

Egan DF, Chun MGH, Vamos M, Zou H, Rong J, Miller
CJ, Lou HJ, Raveendra-Panickar D, Yang C-C, Sheffler
DJ, Teriete P, Asara JM, Turk BE, et al. Small Molecule
Inhibition of the Autophagy Kinase ULK1 and Identification
of ULK1 Substrates. Mol Cell. 2015; 59: 285-97. doi:
10.1016/j.molcel.2015.05.031.

Farkas T, Daugaard M, Jédtteld M. Identification of Small
Molecule Inhibitors of Phosphatidylinositol 3-Kinase
and Autophagy. J Biol Chem. 2011; 286: 38904—12. doi:
10.1074/jbc.M111.269134.

Peppard JV, Rugg C, Smicker M, Dureuil C, Ronan B,
Flamand O, Durand L, Pasquier B. Identifying Small
Molecules which Inhibit Autophagy: a Phenotypic
Screen Using Image-Based High-Content Cell Analysis.
Curr Chem Genomics Transl Med. 2014; 8: 3—15. doi:

10.2174/2213988501408010003.

Petherick KJ, Conway OJL, Mpamhanga C, Osborne SA,
Kamal A, Saxty B, Ganley IG. Pharmacological Inhibition
of ULK1 Kinase Blocks Mammalian Target of Rapamycin
(mTOR)-dependent Autophagy. J Biol Chem. 2015; 290:
11376-83. doi: 10.1074/jbc.C114.627778.

Shu C-W, Madiraju C, Zhai D, Welsh K, Diaz P, Sergienko
E, Sano R, Reed JC. High-throughput fluorescence assay for
small-molecule inhibitors of autophagins/Atg4. J Biomol
Screen. 2011; 16: 174-82. doi: 10.1177/1087057110392996.

WWw

.impactjournals.com/oncotarget

66986

Oncotarget



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nakatogawa H, Ichimura Y, Ohsumi Y. Atg8, a Ubiquitin-
like Protein Required for Autophagosome Formation,
Mediates Membrane Tethering and Hemifusion. Cell. 2007;
130: 165-78. doi: 10.1016/j.cell.2007.05.021.

Tanida I, Ueno T, Kominami E. LC3 conjugation system in
mammalian autophagy. Int J Biochem Cell Biol. 2004; 36:
2503-18. doi: 10.1016/j.biocel.2004.05.009.

Tanida I, Sou Y, Ezaki J, Minematsu-lkeguchi N, Ueno T,
Kominami E. HsAtg4B/HsApg4B/autophagin-1 cleaves
the carboxyl termini of three human Atg8 homologues
and delipidates microtubule-associated protein light chain
3- and GABAA receptor-associated protein-phospholipid
conjugates. J Biol Chem. 2004; 279: 36268-76. doi:
10.1074/jbc.M401461200.

Ichimura Y, Kirisako T, Takao T, Satomi Y, Shimonishi Y,
Ishihara N, Mizushima N, Tanida I, Kominami E, Ohsumi
M, Noda T, Ohsumi Y. A ubiquitin-like system mediates
protein lipidation. Nature. 2000; 408: 488-92. doi:
10.1038/35044114.

Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ,
Abeliovich H, Acevedo Arozena A, Adachi H, Adams CM,
Adams PD, Adeli K, Adhihetty PJ, Adler SG, Agam G, et
al. Guidelines for the use and interpretation of assays for
monitoring autophagy (3rd edition). Autophagy. 2016; 12:
1-222. doi: 10.1080/15548627.2015.1100356.

Yu Z-Q, Ni T, Hong B, Wang H-Y, Jiang F-J, Zou S, Chen
Y, Zheng X-L, Klionsky DJ, Liang Y, Xie Z. Dual roles of
Atg8—PE deconjugation by Atg4 in autophagy. Autophagy.
2012; 8: 883-92. doi: 10.4161/auto.19652.

Fernandez AF, Lopez-Otin C. The functional and pathologic
relevance of autophagy proteases. J Clin Invest. 2015; 125:
33-41. doi: 10.1172/JCI73940.

Zhang L, Li J, Ouyang L, Liu B, Cheng Y. Unraveling
the roles of Atg4 proteases from autophagy modulation to
targeted cancer therapy. Cancer Lett. 2016; 373: 19-26. doi:
10.1016/j.canlet.2016.01.022.

Mannack L, Lane JD. The autophagosome: current
understanding of formation and maturation. Res Rep Biochem.
2015 [cited 2015 Dec 28]. Available from http://research-
information.bristol.ac.uk/en/publications/the-autophagosome-
current-understanding-of-formation-and-maturation(a7894cf8-
dc54-4997-927-195¢5¢70951)/export.html.

Li M, Hou Y, Wang J, Chen X, Shao Z-M, Yin X-M.
Kinetics comparisons of mammalian Atg4 homologues
indicate selective preferences toward diverse Atg8
substrates. J Biol Chem. 2011; 286: 7327-38. doi: 10.1074/
jbc.M110.199059.

Liu P-F, Leung C-M, Chang Y-H, Cheng J-S, Chen J-J,
Weng C-J, Tsai K-W, Hsu C-J, Liu Y-C, Hsu P-C, Pan
H-W, Shu C-W. ATG4B promotes colorectal cancer growth
independent of autophagic flux. Autophagy. 2014; 10:
1454-65. doi: 10.4161/auto.29556.

Rothe K, Lin H, Lin KBL, Leung A, Wang HM,
Malekesmaeili M, Brinkman RR, Forrest DL, Gorski

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

SM, Jiang X. The core autophagy protein ATG4B is a
potential biomarker and therapeutic target in CML stem/
progenitor cells. Blood. 2014; 123: 3622-34. doi: 10.1182/
blood-2013-07-516807.

Tran E, Chow A, Goda T, Wong A, Blakely K, Rocha M,
Taeb S, Hoang VC, Liu SK, Emmenegger U. Context-
dependent role of ATG4B as target for autophagy inhibition
in prostate cancer therapy. Biochem Biophys Res Commun.
2013; 441: 726-31. doi: 10.1016/j.bbrc.2013.10.117.

Wu S, Su J, Qian H, Guo T. SLC27A4 regulate ATG4B
activity and control reactions to chemotherapeutics-induced
autophagy in human lung cancer cells. Tumour Biol J Int
Soc Oncodevelopmental Biol Med. 2015; . doi: 10.1007/
s13277-015-4587-4.

Zhu X, Verma S. Targeted therapy in her2-positive
metastatic breast cancer: a review of the literature. Curr
Oncol. 2015; 22: S19-28. doi: 10.3747/¢0.22.2363.

Pohlmann PR, Mayer IA, Mernaugh R. Resistance to
Trastuzumab in Breast Cancer. Clin Cancer Res. 2009; 15:
7479-91. doi: 10.1158/1078-0432.CCR-09-0636.

Ahmad S, Gupta S, Kumar R, Varshney GC, Raghava
GPS. Herceptin Resistance Database for Understanding
Mechanism of Resistance in Breast Cancer Patients. Sci
Rep. 2014; 4: 4483.

Vazquez-Martin A, Oliveras-Ferraros C, Menendez JA.
Autophagy Facilitates the Development of Breast Cancer
Resistance to the Anti-HER2 Monoclonal Antibody
Trastuzumab. PLoS ONE. 2009; 4: €6251. doi: 10.1371/
journal.pone.0006251.

Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Corominas-
Faja B, Cuyas E, Lopez-Bonet E, Martin-Castillo B, Joven
J, Menendez JA. The anti-malarial chloroquine overcomes
primary resistance and restores sensitivity to trastuzumab in
HER2-positive breast cancer. Sci Rep. 2013; 3: 2469. doi:
10.1038/srep02469.

Chittaranjan S, Bortnik S, Dragowska WH, Xu J, Abeysundara
N, Leung A, Go NE, DeVorkin L, Weppler SA, Gelmon K,
Yapp DT, Bally MB, Gorski SM. Autophagy inhibition
augments the anticancer effects of epirubicin treatment in
anthracycline-sensitive and -resistant triple-negative breast
cancer. Clin Cancer Res Off J] Am Assoc Cancer Res. 2014;
20: 3159-73. doi: 10.1158/1078-0432.CCR-13-2060.

Russell RC, Yuan H-X, Guan K-L. Autophagy regulation by
nutrient signaling. Cell Res. 2014; 24: 42-57. doi: 10.1038/
cr.2013.166.

Zhou X, Tan M, Stone Hawthorne V, Klos KS, Lan K-H,
Yang Y, Yang W, Smith TL, Shi D, Yu D. Activation of
the Akt/mammalian target of rapamycin/4E-BP1 pathway
by ErbB2 overexpression predicts tumor progression in
breast cancers. Clin Cancer Res Off J] Am Assoc Cancer
Res. 2004; 10: 6779-88. doi: 10.1158/1078-0432.
CCR-04-0112.

Shimobayashi M, Hall MN. Making new contacts: the
mTOR network in metabolism and signalling crosstalk.

WWw

.impactjournals.com/oncotarget

66987

Oncotarget



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Nat Rev Mol Cell Biol. 2014; 15: 155-62. doi: 10.1038/
nrm3757.

Negri T, Tarantino E, Orsenigo M, Reid JF, Gariboldi M,
Zambetti M, Pierotti MA, Pilotti S. Chromosome band
17921 in breast cancer: significant association between
beclin 1 loss and HER2/NEU amplification. Genes
Chromosomes Cancer. 2010; 49: 901-9. doi: 10.1002/
gce.20798.

He C, Levine B. The Beclin 1 interactome. Curr Opin Cell
Biol. 2010; 22: 140-9. doi: 10.1016/j.ceb.2010.01.001.
Tang H, Sebti S, Titone R, Zhou Y, Isidoro C, Ross TS,
Hibshoosh H, Xiao G, Packer M, Xie Y, Levine B.
Decreased BECN1 mRNA Expression in Human Breast
Cancer is Associated with Estrogen Receptor-Negative
Subtypes and Poor Prognosis. EBioMedicine. 2015; 2:
255-63. doi: 10.1016/j.ebiom.2015.01.008.

Tang Y, Hamed HA, Cruickshanks N, Fisher PB, Grant S,
Dent P. Obatoclax and Lapatinib Interact to Induce Toxic
Autophagy through NOXA. Mol Pharmacol. 2012; 81:
527-40. doi: 10.1124/mol.111.076851.

Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Corominas-
Faja B, Urruticoechea A, Martin-Castillo B, Menendez JA.
Autophagy-related gene 12 (ATG12) is a novel determinant
of primary resistance to HER2-targeted therapies: Utility
of transcriptome analysis of the autophagy interactome to
guide breast cancer treatment. Oncotarget. 2012; 3: 1600—
14. doi: 10.18632/oncotarget.742.

Lozy F, Cai-McRae X, Teplova I, Price S, Reddy A,
Bhanot G, Ganesan S, Vazquez A, Karantza V. ERBB2
overexpression suppresses stress-induced autophagy
and renders ERBB2-induced mammary tumorigenesis
independent of monoallelic Becnl loss. Autophagy. 2014;
10: 662-76. doi: 10.4161/auto.27867.

Han J, Hou W, Lu C, Goldstein LA, Stolz DB, Watkins
SC, Rabinowich H. Interaction between Her2 and
Beclin-1 proteins underlies a new mechanism of reciprocal
regulation. J Biol Chem. 2013; 288: 20315-25. doi:
10.1074/jbc.M113.461350.

Qiao S, Dennis M, Song X, Vadysirisack DD, Salunke
D, Nash Z, Yang Z, Liesa M, Yoshioka J, Matsuzawa S-I,
Shirihai OS, Lee RT, Reed JC, et al. A REDD1/TXNIP
pro-oxidant complex regulates ATG4B activity to control
stress-induced autophagy and sustain exercise capacity. Nat
Commun. 2015; 6: 7014. doi: 10.1038/ncomms8014.

Marifio G, Salvador-Montoliu N, Fueyo A, Knecht E,
Mizushima N, Lopez-Otin C. Tissue-specific autophagy
alterations and increased tumorigenesis in mice deficient in
Atg4C/autophagin-3. J Biol Chem. 2007; 282: 18573-83.
doi: 10.1074/jbc.M701194200.

Nuti M, Bellati F, Visconti V, Napoletano C, Domenici L,
Caccetta J, Zizzari 1G, Ruscito I, Rahimi H, Benedetti-

Panici P, Rughetti A. Immune Effects of Trastuzumab. J
Cancer. 2011; 2: 317-23.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Benz CC, Scott GK, Sarup JC, Johnson RM, Tripathy
D, Coronado E, Shepard HM, Osborne CK. Estrogen-
dependent, tamoxifen-resistant tumorigenic growth of
MCE-7 cells transfected with HER2/neu. Breast Cancer Res
Treat. 1992; 24: 85-95. doi: 10.1007/BF01961241.

Palmieri D, Bronder JL, Herring JM, Yoneda T, Weil
RJ, Stark AM, Kurek R, Vega-Valle E, Feigenbaum L,
Halverson D, Vortmeyer AO, Steinberg SM, Aldape K, et
al. Her-2 overexpression increases the metastatic outgrowth
of breast cancer cells in the brain. Cancer Res. 2007; 67:
4190-8. doi: 10.1158/0008-5472.CAN-06-3316.

Kimura S, Noda T, Yoshimori T. Dissection of the
autophagosome maturation process by a novel reporter
protein, tandem fluorescent-tagged LC3. Autophagy. 2007,
3: 452-60.

Suzuki S, be K. Topological structural analysis of
digitized binary images by border following. Comput
Vis Graph Image Process. 1985; 30: 32-46. doi:
10.1016/0734-189X(85)90016-7.

Cheang MCU, Voduc D, Bajdik C, Leung S, McKinney S,
Chia SK, Perou CM, Nielsen TO. Basal-like breast cancer
defined by five biomarkers has superior prognostic value
than triple-negative phenotype. Clin Cancer Res Off J Am
Assoc Cancer Res. 2008; 14: 1368—76. doi: 10.1158/1078-
0432.CCR-07-1658.

Cheang MCU, Chia SK, Voduc D, Gao D, Leung S,
Snider J, Watson M, Davies S, Bernard PS, Parker JS,
Perou CM, Ellis MJ, Nielsen TO. Ki67 index, HER2
status, and prognosis of patients with luminal B breast
cancer. J Natl Cancer Inst. 2009; 101: 736-50. doi:
10.1093/jnci/djp082.

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B,
Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E,
Cerami E, Sander C, Schultz N. Integrative analysis of
complex cancer genomics and clinical profiles using
the cBioPortal. Sci Signal. 2013; 6: pll. doi: 10.1126/
scisignal.2004088.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy
BA, Jacobsen A, Byrne CJ, Heuer ML, Larsson E, Antipin
Y, Reva B, Goldberg AP, et al. The cBio cancer genomics
portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012; 2: 401-4. doi:
10.1158/2159-8290.CD-12-0095.

Network TCGA. Comprehensive molecular portraits of
human breast tumours. Nature. 2012; 490: 61-70. doi:
10.1038/nature11412.

Baker JHE, Lindquist KE, Huxham LA, Kyle AH, Sy
JT, Minchinton Al. Direct visualization of heterogeneous
extravascular distribution of trastuzumab in human
epidermal growth factor receptor type 2 overexpressing
xenografts. Clin Cancer Res Off J] Am Assoc Cancer
Res. 2008; 14: 2171-9. doi: 10.1158/1078-0432.
CCR-07-4465.

WWw

.impactjournals.com/oncotarget

66988

Oncotarget



