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ABSTRACT

Acquired chemotherapy resistance is one of the main culprits in the relapse of breast cancer. But the
underlying mechanism of chemotherapy resistance remains elusive. Here, we demonstrate that
a small adaptor protein, SH3BGRL, is not only elevated in the majority of breast cancer patients
but also has relevance with the relapse and poor prognosis of breast cancer patients. Functionally,
SH3BGRL upregulation enhances the chemoresistance of breast cancer cells to the first-line doxor-
ubicin treatment through macroautophagic/autophagic protection. Mechanistically, SH3BGRL can
unexpectedly bind to ribosomal subunits to enhance PIK3C3 translation efficiency and sustain
ATG12 stability. Therefore, inhibition of autophagy or silence of PIK3C3 or ATG12 can effectively
block the driving effect of SH3BGRL on doxorubicin resistance of breast cancer cells in vitro and
in vivo. We also validate that SH3BGRL expression is positively correlated with that of PIK3C3 or
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ATG12, as well as the constitutive occurrence of autophagy in clinical breast cancer tissues. Taken
together, our data reveal that SH3BGRL upregulation would be a key driver to the acquired
chemotherapy resistance through autophagy enhancement in breast cancer while targeting
SH3BGRL could be a potential therapeutic strategy against breast cancer.

Abbreviations: ABCs: ATP-binding cassette transporters; Act D: actinomycin D; ACTB/B-actin: actin
beta; ATG: autophagy-related; Baf A;: bafilomycin A;; CASP3: caspase 3; CHX: cycloheximide; CQ:
chloroquine; Dox: doxorubicin; FBS: fetal bovine serum; GAPDH: glyceraldehyde-3-phosphate dehy-
drogenase; GEO: gene expression omnibus; GFP: green fluorescent protein; G6PD: glucose-6-phos-
phate dehydrogenase; GSEA: gene set enrichment analysis; IHC: immunochemistry; KEGG: Kyoto
Encyclopedia of Genes and Genomes; MAP1LC3B/LC3B: microtubule-associated protein 1 light
chain 3 beta; 3-MA: 3-methyladenine; mRNA: messenger RNA; PIK3C3: phosphatidylinositol 3-kinase
catalytic subunit type 3; SH3BGRL: SH3 domain binding glutamate-rich protein-like; SQSTM1/p62:
sequestosome 1; ULK1: unc-51 like autophagy activating kinase 1

Introduction often emerges in malignant breast tumors, resulting in patients’

relapse, metastasis and poor prognosis [8-11]. The current view
on the cause of Dox resistance mainly includes the upregulation
of ATP-binding cassette transporters (ABCs) of ABC family
members [11-14], mutation or depletion of topoisomerase II
[15,16], enhanced capability for DNA damage repair [17-19],
increased detoxification by overexpression of glutathione
S-transferases [20,21] or the dysfunction of cell death program,
including apoptosis (type I programmed cell death) [22,23] and
autophagic cell death (type II programmed cell death) [24-26].

Breast cancer is the most prevalent malignancy and a leading
cause of cancer-associated death in women, which is mainly
accounted for metastasis and relapse [1]. The emergence of
resistance to chemotherapy is one of the major reasons for this
late metastasis or relapse of breast cancer patients [2,3].
Doxorubicin (Dox), an anthracycline used as a DNA topoisome-
rase II inhibitor, is recognized as the effective and first-line
adjuvant chemotherapy for breast cancer patients [4].
Mechanistically, Dox induces cell death or cell growth arrest

through inhibition of topoisomerase II to impair DNA replica-
tion and transcription [5,6], intercalation with DNA to cause
DNA damage, and production of free radicals to result in
increasing mitochondrial membrane permeability, which all

Recently, the role of autophagy in Dox resistance in breast
cancer has been extensively investigated. Inhibition of auto-
phagy can overcome or reverse Dox resistance at least partly
in a variety of cancer types, including breast cancer [27-35],

lead to cancer cell apoptosis [7]. However, resistance to Dox revealing that combination with chemotherapy and autophagy
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inhibition would be a promising therapeutic strategy.
However, the exact relevance of autophagy and Dox resistance
is unclear.

Autophagy, also known as macroautophagy, is a lysosomal
degradation process that recycles unwanted or damaged cel-
lular organelles and proteins to regenerate various precursors
to maintain cellular biosynthesis and viability upon stresses,
including nutrient deprivation, hypoxia, chemotherapeutic
toxicity [36-38]. The classical autophagy process comprises
five steps: initiation, nucleation (formation of phagophore),
elongation and closure (formation of autophagosome), fusion
(formation of autolysosome), and degradation and recycling
[39-41]. Autophagy initiation and phagophore formation
require two protein complexes, the Atgl/ULKI and the
Vps34/PIK3C3 complexes. Likely, autophagosome formation
includes two trimeric ATGI6L1 complexes ATG12-ATGS5-
ATGI16L1 and ATG16L1-SQSTM1-LC3-1I [42,43], indicating
the importance of the regulation of autophagy-related pro-
teins for cell homeostasis.

Autophagy is also known to play paradoxical roles in
cancer as either a tumor suppression in the early stage of
tumorigenesis or a tumor promoter in cancer cell survival
amid metabolic stresses and anticancer cytotoxicity [44-48].
So far, many anticancer agents, including both chemotherapy
and targeted agents can activate autophagy and confer resis-
tance to cytotoxic chemotherapy [24,49-51]. For instance,
combination with autophagy inhibition could sensitize cancer
cells to the same chemotherapy regime along with elevated
tumor regression and prolonged mice survival period in
response to alkylating agents [52-55]. However, the intriguing
mechanism on how autophagy is activated upon chemother-
apeutic agents, including doxorubicin is still elusive.
Therefore, dissecting the underlying mechanism of this ther-
apy-resistant autophagy is necessary.

SH3BGRL (SH3 domain binding glutamate-rich protein-
like) encodes a protein of 114 amino acids with the Homer
SH3-binding and EVHI-binding motifs [56]. As a scaffold
protein, SH3BGRL would play varied roles in cellular events
by protein-protein interaction [57]. For instance, SH3BGRL is
involved in formations of the central nervous system and
intestine of zebrafish and the progression of Parkinson disease
[58,59]. But the function of SH3BGRL in human cancer
remains largely unknown. Clinically, SH3BGRL is shown to
be overexpressed in various types of breast cancers, including
BRCA1 mutant, ESR/ER-positive, triple-negative and lympho-
cytic infiltration-positive breast tumors by proteomics analysis
[60-62], suggesting its possible tumor-promoting role.
Recently, we found that SH3BGRL renders innate ERBB2/
HER2-targeting drug resistance in breast cancer [63]. In con-
trast to this oncogenic character, SH3BGRL is shown as an
inhibitor of REL/v-Rel-induced transformation in chicken
cells [64] and a suppressor in leukemogenesis [65] and triple-
negative breast cancer cells [66]. However, the exact biological
role of SH3BGRL in breast cancer remains largely unknown.

Here, we uncover that SH3BGRL can enhance autophagy
occurrence to lead doxorubicin resistance in breast cancer
cells through enhancing PIK3C3 translation and ATG12 pro-
tein stability, suggesting SH3BGRL as a novel possible target
for doxorubicin-resistant breast cancer.
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Results

SH3BGRL upregulation is associated with a poor
prognosis of breast cancer

To evaluate the biological role of SH3BGRL in the progression
of breast cancer, we first analyzed public breast cancer data-
sets and found that SH3BGRL mRNA is upregulated in the
majority of breast cancers, compared to their adjacent normal
ones (Figure 1A,B; Fig.S1A). We also investigated the clinical
relevance of SH3BGRL upregulation in breast cancer progres-
sion and noted that patients with elevated SH3BGRL mRNA
levels had worse overall survival and relapse-free survival by
analyses of GSE26304 and TCGA datasets (Figure 1C-E). In
addition, Kaplan-Meier Plotter analysis showed that breast
cancer patients with high SH3BGRL protein had poorer over-
all survival based on analysis of 65 cases of breast cancers
(Figure 1F). To verify SH3BGRL overexpression in breast
cancer patients, we performed immunoblots and showed
that SH3BGRL protein expression was markedly upregulated
in most of the breast cancer cell lines (Figure 1G) as well as in
12 breast cancer tissues (Figure 1H), compared with that in
the immortalized normal breast cell MCF-10A or the paired
adjacent noncancerous tissues, respectively. We further exam-
ined 25 pairs of paraffin-embedded breast cancer tissues by
immunohistochemistry (IHC) and observed that SH3BGRL
protein was highly expressed in breast cancer tissues com-
pared to the adjacent counterparts (Figure 11, ), verifying the
SH3BGRL upregulation in breast cancers. Taken together,
these results indicated that SH3BGRL upregulation might
contribute to the poor outcome of breast cancer patients.

SH3BGRL confers resistance to doxorubicin cytotoxicity
through autophagic protection

To understand the underlying physiological role of SH3BGRL
in breast cancer progression and the poor prognosis, we
performed the gene set enrichment analysis (GSEA) of breast
cancer patient cohorts from various public datasets.
Interestingly, GSEA analyses demonstrated that SH3BGRL
expression is positively correlated with the enrichment of
gene signature for doxorubicin resistance, but inversely with
the doxorubicin-sensitive gene signature (Figure 2A).
Meanwhile, SH3BGRL mRNA level was elevated in almost
all patients with conventional chemotherapy, targeted therapy
and endocrino-therapy, based on analyses of breast cancer
patient cohorts retrieved from the public Gene Expression
Omnibus (GEO) databases (Fig. S1B, Table S1). Typically,
SH3BGRL was significantly upregulated in doxorubicin
(Dox)-resistant MCEF-7 cells. Further analyses uncovered that
SH3BGRL expression was also positively correlated to auto-
phagy-related gene signature from analysis of more breast
cancer patient cohorts (GSE45827 and GSE15852)
(Figure 2B; Fig. S1C,D). Given that autophagy is a crucial
cellular event against chemotherapy [27-35], including
against Dox in clinical breast cancer treatment, we suspected
that SH3BGRL might promote autophagy-mediated Dox
resistance in breast cancer. To verify this hypothesis, we over-
expressed SH3BGRL in MCEF-7 cells with a low level of
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Figure 1. SH3BGRL upregulation is associated with the poor prognosis of breast cancer. (A,B) SH3BGRL upregulation in breast cancer tissues, compared with the
paired normal tissues based on TCGA dataset. Tumor (T) = 111, Normal (N) = 111; Ratio of SH3BGRL in tumor to normal (T:N) is 1.52; P < 0.0001 (A) and GSE26304
dataset (T = 109, N = 6; T:N = 1.8; P = 0.03) (B) analyses. (C,D) Kaplan—Meier analysis of overall survival (C, n = 1075; P = 0.003) or relapse-free survival (D, n = 1119;
P =0.0078) of breast cancer patients with low versus high SH3BGRL expression from two TCGA datasets. (E,F) Kaplan-Meier analysis of overall survival of cases from
GSE26304 dataset (n = 109; P < 0.0001) (E) or Kaplan-Meier Plotter Tang_2018 dataset (n = 65; P = 0.0061) (F) of breast cancer patients with low versus high
SH3BGRL expression. (G,H) Immunoblots of SH3BGRL in 12 pairs of breast cancer samples and matched adjacent normal tissues (G), and in MCF-10A and 8 cultured
breast cancer cell lines (H). ACTB served as the loading control. (1,J) IHC staining of SH3BGRL expression in 25 paired human breast cancer tissues, compared with
their adjacent normal ones (l). Statistical SH3BGRL expression is shown (J). Scale bars are shown; P < 0.0001.
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Figure 2. SH3BGRL confers resistance to doxorubicin (Dox)-induced apoptosis through autophagy. (A) GSEA enrichment analysis of SH3BGRL expression and Dox
resistance signature in public breast datasets (GSE45827,n = 130; GSE26304, n = 109) and MDA-MB-453 cells. (B) GSEA plots of SH3BGRL expression with autophagy
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or without CQ. (D) Flow cytometry analyses of MCF-7 cells with SH3BGRL overexpression or MDA-MB-453 cells with SH3BGRL knockdown with their parental control
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cells treated with indicated concentrations of Dox and time with or without CQ. The left panels show the staining of ANXA5-FITC and P, and the right ones present
the quantification of apoptotic cells. (E) Colony formation of the cells as shown in (D) with treatments of Dox combined with CQ or 3-MA or without them (Control),
respectively. The upper panels show representative images of generated colonies. Each experiment was independently repeated three times. (F-H) Xenograft model
of MCF-7 and MDA-MB-453 tumor cells for tumor progression in nude mice. The growth curves of each tumor progression were measured by tumor volume (F),
mean tumor weight of the dissected tumors after five weeks of tumor growth (G) and their weight statistical analysis (H). Six nude mice in each group were
subcutaneously injected with indicated cells for 1 week, and the Dox treatment was conducted. All statistical analyses are shown as *P < 0.05, **P < 0.01,

***p < 0.001, ****P < 0.0001 and n.s, no significance, respectively.

endogenous SH3BGRL (Fig. S2A) and knocked down it in
MDA-MB-453 cells with high endogenous SH3BGRL (Fig.
S2B). Blockade of cell autophagy completion with a known
inhibitor, chloroquine (CQ), or its initiation with a class III
phosphatidylinositol ~3-kinase inhibitor, 3-methyladenine
(3-MA) showed marginal influence on colony formation
(Fig. S2C,D) and cell apoptosis of both SH3BGRL-high and
their control cells (Fig. S2E,F), but this blockade sensitized
SH3BGRL-overexpressing cells to have similar Dox cytotoxi-
city response as their parental counterparts (Fig. S2E,F, Dox).
Cytotoxicity analysis showed that SH3BGRL overexpression
increased ICsy of cells to Dox, while SH3BGRL knockdown
decreased it, and inhibition of cell autophagy with CQ effi-
ciently neutralized the effects (Figure 2C; Fig. S2G,H). Flow
cytometry and colony formation analyses verified that
SH3BGRL overexpression conferred cell resistance to Dox
treatment, and blockade of cell autophagy by either CQ or
3-MA sensitized cells to Dox cytotoxicity (Figure 2D,E, MCF-
7; Fig. S2I). In contrast, SH3BGRL knockdown sensitized cell
apoptosis to Dox treatment and reduced colony formation
ability, and inhibition of autophagy almost abrogated these
discrepancies (Figure 2D,E, MDA-MB-453; Fig. S2]).
Immunoblots revealed that SH3BGRL blocked the cleavages
of PARP and CASP3 (caspase 3), but increased the autophagic
SQSTM1/p62 degradation upon Dox treatment (Fig. S2K).
Conversely, SH3BGRL knockdown reversed these events in
MDA-MB-453 cells (Fig. S2L), and blockade of autophagy
attenuated all these alterations in both cell types (Fig. S2K,
L). We further evaluated the Dox resistance induced by
SH3BGRL overexpression in a subcutaneous xenograft
tumor model and observed that SH3BGRL overexpression
promoted the tumor growth of MCF-7 cells even with Dox
therapy, while SH3BGRL silence dramatically sensitized
tumors induced by MDA-MB-453 cells to Dox (Figure 2F-
H). Therefore, SH3BGRL might confer autophagy-mediated
chemoresistance in breast cancer.

SH3BGRL triggers autophagy in breast cancer cells

To verify the driving effect of SH3BGRL on macroautophagy,
we examined the two typical autophagy markers, LC3B and
SQSTM1, and showed that SH3BGRL overexpression
decreased SQSTMI1 level even without Dox-induced stress,
whereas SH3BGRL knockdown increased it in breast cancer
cells (Figure 3A,B) along with the relevant LC3B-I to LC3B-II
transition for autophagy progression (Figure 3C).
Furthermore, when inhibiting the autophagosome-lysosome
fusion step with bafilomycin A; (Baf A;) for a short time to
probe the releasing autophagy flux [67], we observed an
evident LC3B-II  enrichment in the SH3BGRL-
overexpressing cells, in contrast, it was faded in cells with

SH3BGRL knockdown (Figure 3D,E), indicating the existence
of SH3BGRL-induced autophagy flux. Immunofluorescence
staining indicated that the LC3B aggregation puncta were
clearly increased by SH3BGRL overexpression in MCEF-7
cells, while SH3BGRL knockdown decreased it in MDA-MB
-453 cells under either serum-free or amino acid-depleted
EBSS starvation (Figure 3F-H). The marked lysosomal
SQSTM1 degradation was also confirmed (Figure 4A), and
no clear MTOR activation was related to SH3BGRL-induced
autophagy (Figure 4B). Moreover, we validated the relation-
ship between SH3BGRL and autophagy events in breast can-
cer patients with IHC staining of SH3BGRL and LC3B in the
same cohort of 25 paired human breast cancer specimens.
Staining and statistical analysis demonstrated that patients
with SH3BGRL high expression manifested a clear decrease
of total LC3B protein level, compared with the paired adjacent
normal tissues (Figure 4C,D). Meanwhile, SH3BGRL protein
level was statistically correlated with that of LC3B in patients
negatively (Figure 4E). Collectively, these results indicated
that elevated SH3BGRL promotes autophagy progression in
breast cancer cells.

SH3BGRL drives autophagy through PIK3C3 translation
enhancement through interacting with ribosomes

To further explore the underlying mechanism of SH3BGRL in
autophagy, affinity purification, co-immunoprecipitation and
mass spectrometry (MS) were approached to figure out the
SH3BGRL-bound proteins in breast cancer tissues (Fig. S3A).
MS identification indicated that SH3BGRL interacts with
abundant translation machinery proteins, including small
and large subunits of ribosomes, translation initiation factors
and translation extension factors in both breast cancer tissues
(Fig. S3B,C) and cells (Figure 5A). Therefore, we suspected
that SH3BGRL might interact with ribosomes to modulate the
translation process of proteins, including autophagy-related
proteins. Colocalization and interaction of SH3BGRL with
a ribosomal RPL7a subunit in different breast cancer cells
and 293 T cells were observed with immunofluorescence
and co-immunoprecipitation assays, respectively (Fig. S3D,E).

To further investigate whether SH3BGRL participates in
whole protein translation, we performed a polyribosome-
mRNA profiling by sucrose density-gradient centrifugation, fol-
lowed by RNA-sequencing in MDA-MB-453 cells. Sequence
analysis revealed that SH3BGRL depletion dramatically altered
some gene translation, which is indicated by the mRNA fraction
shift (Fig. S3F; Table S2). In addition, we analyzed the translation
efficiency of autophagy-related genes in our profiled sequence
and found that autophagy-initiating PIK3C3 mRNA showed
about 4 shifts to the lighter portion, indicating its translation
attenuation (Figure 5B; Fig. S3G), but no other autophagy-
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control. (E) Immunoblots of autophagy-related proteins and the cleaved c-CASP3 in MCF-7 SH3BGRL overexpressing cells or MDA-MB-453 SH3BGRL knockdown cells.
Cells were treated with Dox along with or without 50 nM BafA, for 4 h. (F,G) Representative immunofluorescence staining of LC3B puncta in indicated cells with
Serum-free medium (F) for 12 h or EBSS culture for 6 h (G). Cells were counterstained with DAPI in blue. Bars: 25 pm. (H) Quantifications of LC3B puncta intensity in
the assayed cells (F,G) were presented as histograms. ***P < 0.001, ****P < 0.0001.
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Figure 4. SH3BGRL renders autophagy of breast cancers. (A) Immunoblots of SQSTM1 protein in the MCF-7 cells with SH3BGRL overexpression or MDA-MB-453 cells
with SH3BGRL knockdown, respectively. Cells were treated with or without 0.5 pg/ml actinomycin D (Act D), 50 pg/ml cycloheximide (CHX), 20 uM MG132, or 50 pM
CQ for 12 h, respectively. (B) Immunoblots of MTOR and its phosphorylated form in the indicated cells. (C,D). Representative IHC staining of total LC3B protein
expression in 25 paired human breast cancer tissues compared with adjacent normal ones (C) Scale bars: 100 mm (insets, 50 mm). Statistical LC3B expression is
shown (D), P = 0.0109. (E) Correlation analysis of SH3BGRL expression level with that of LC3B in breast cancer tissues. (n = 25; r = —0.56; P = 0.0034).

related gene was observed (Fig. S4A-L; Table S3). Besides, RNA-
seq and quantitative mRNA expression analyses demonstrated
that SH3BGRL marginally impaired expression of these genes at
the transcriptional level, including PIK3C3 and ATGI2 (Fig.
S4M-O; Table S3,54), suggesting the possible main PIK3C3
upregulation by SH3BGRL at the translational level.

As expected, immunoblot results showed that PIK3C3 was
evidently increased in SH3BGRL-overexpressing cells, but
decreased in SH3BGRL knockdown cells (Figure 5C).
Moreover, we examined PIK3C3 mRNA and protein level in
breast cancer cell lines and found PIK3C3 protein was almost all
upregulated, but the mRNA level was not well consistent with
each protein level (Fig. S5A,B). When blockade of ribosome
translation by a translation inhibitor, cycloheximide (CHX),
PIK3C3 protein level in SH3BGRL-overexpressing cells was
clearly reverted to that of the parental cells (Figure 5D).
Moreover, we further performed the polyribosome profiling in
cells and observed that PIK3C3 mRNA shifted into the heavier
polyribosome fractions in SH3BGRL high cells (Figure 5E),
whereas it, in turn, shifted into the lighter portion in SH3BGRL-
knocked down cells (Figure 5F). There was no fraction shift or

transcriptional expression change of ATGI2 (Figure 5G; Fig.
S5C,D) and protein change of other autophagy genes
(Figure 5H). Immunofluorescence further confirmed that
SH3BGRL overexpression facilitated the LC3B aggregation and
PI3KC3 expression, but its depletion attenuated these events
(Fig. S5E). Taken together, our results demonstrated that
SH3BGRL may promote breast cancer cell autophagy at least
through enhancing PIK3C3 translation by interaction with
ribosomes.

SH3BGRL also promotes autophagy through sustaining
ATG12 stability

Along with the above-mentioned effect, we also observed that
SH3BGRL could effectively upregulate ATG12 in breast can-
cer cells at protein level (Figure 6A; S6A,B), but not its mRNA
level and translational event as described. CHX chase assay
demonstrated that SH3BGRL sufficiently reduced ATGI12
degradation rate in MCEF-7 cells, while SH3BGRL silence
accelerated it in MDA-MB-453 cells (Figure 6B). Reciprocal
co-immunoprecipitation (co-IP) disclosed that SH3BGRL
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gradient. (G) Polyribosome profiling of ATG12 mRNA in indicated cells as (E). All experiments were independently repeated at least three times. (H) Immunoblots of
ULK1, BECN1, ATG7, ATG5 and ATG3 in the indicated cells. ACTB was used as a loading control. All significant differences are shown as *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

interacts with ATG12 and BECN, but no other autophagy-
related proteins in various cells (Figure 6C; Fig. S6C).
Moreover, immunofluorescence staining also showed co-
localization of ATG12 with SH3BGRL in the above two cell
lines (FigureS6D).

To characterize the motif of SH3BGRL for the possible
binding with ATG12, we individually deleted all 6 o helixes
and B3 sheet (core region of SH3B domain) of SH3BGRL to
conduct co-IP analysis. Results showed that deletion of either
a3 helix or B3 sheet of SH3BGRL abrogated its interaction
with ATG12, while deletion of the a5 helix also attenuated the
interaction, and the total ATGI2 protein amount was
decreased along with the a3 helix- or f3 sheet-deleted mutant
of SH3BGRL expression (Fig. S6E). To further investigate the
possible proteasome degradation of ATGI2 for the less
ATGI12 binding with the a3 helix or B3 sheet-deleted
SH3BGRL mutants, we treated the cells with proteasome
inhibitor, MG132 and found that the a3 helix or B3 sheet in
SH3BGRL is still essential to the binding of SH3BGRL with
ATGI12 (Figure 6D). Immunoblot confirmed that SH3BGRL
B3 or a3 domain breakdown consequently caused ATGI12
reduction, compared with other deletions in MCF-7 (Fig.
S6F), suggestive of the interaction between SH3BGRL and
ATGI12. To validate if the interaction between SH3BGRL
and ATGI12 blocks ATGI12 ubiquitination degradation, we
treated cells with MG132 again. Immunoblots revealed that
blockade of proteasome process, the ATG12 expression in
parent MCF-7 cells or the MDA-MB-453 SH3BGRL knock-
down cells showed similar level to the SH3BGRL-high coun-
terparts (Figure 6E), indicating the mimicking effect of
protosome inhibition to SH3BGRL. Ubiquitination assay
directly manifested that the decreased ubiquitin-conjugated
ATGI12 in SH3BGRL-overexpressing cells, and the increased
in SH3BGRL-silenced ones (Figure 6F). Thus, these results
demonstrated that SH3BGRL can parallelly enhance autopha-
gy through stabilizing ATGI2 by either interaction with
ATGI12 to block its degradation or by binding with and
weakening ATG12 E3 ligase function in breast cancer cells.

PIK3C3 and ATG12 contribute to SH3BGRL-mediated
doxorubicin resistance

To validate the characterized autophagy-mediated Dox resis-
tance by SH3BGRL-PIK3C3/ATG12 axis, we additionally
knocked down PIK3C3 or ATGI2 in SH3BGRL-
overexpressing cells (Figure 7A), or forced expression of
them in SH3BGRL knockdown cells (Figure 7B), respectively.
Flow cytometry analysis indicated that the additional silence
of endogenous PIK3C3 or ATGI2 in SH3BGRL-
overexpressing MCF-7 cells markedly promoted apoptosis
(Figure 7C) along with less autophagy (Figure 7D) as well as
the elevated apoptosis featured with the cleaved PARP and
CASP3 (Figure 7E) upon Dox treatment. Meanwhile, this
PIK3C3 or ATGI2 silence resulted in lower cell viability,
less colony formation under Dox treatment (Figure 7F-J,

MCE-7). Conversely, the forced PIK3C3 or ATGI12 expression
in SH3BGRL-knockdown MDA-MB-453 cells repressed cell
apoptosis, increased autophagy level and Dox resistance
(Figure 7A-], MDA-MB-453), confirming the crucial role of
autophagy in chemoresistance induced by SH3BGRL for
PIK3C3 or/and ATG12 upregulation.

The physiological role of SH3BGRL-mediated autophagy
to Dox resistance of breast cancer was further evaluated by
a subcutaneous xenograft tumor model. SH3BGRL knock-
down in breast cancer cells markedly sensitized its tumors to
Dox therapy, leading to reduced tumor burdens, while sup-
plemental PIK3C3 or ATGI12 overexpression abrogated the
tumor regression (Figure 8A, B, Dox). Impressively, the com-
bination of Dox with autophagy inhibitor, CQ could effi-
ciently render the regression of SH3BGRL-high tumors of
MDA-MB-453 cells (Figure 8A,B, Dox+CQ). Moreover, we
determined this SH3BGRL-PIK3C3 or ATG12 and the subse-
quent autophagy and apoptosis events in these xenografted
tumors. Results showed that SH3BGRL depletion sufficiently
inhibited cell autophagy and tumor cell apoptosis upon Dox
treatment (Figure 8C,D, Dox). Whereas, PIK3C3 or ATG12
overexpression in SH3BGRRL-silenced tumors promoted
autophagy and suppressed tumor cell apoptosis, and the com-
bination of Dox with CQ enhanced more tumor cell apoptosis
(Figure 8C,D, Dox+CQ). In addition, we analyzed and found
that SH3BGRL presented no obvious influence on the other
chemotherapy-resistant genes, including ABCs, topoisomerase
II (TOP2A), repair of DNA damage, detoxifying systems and
classical apoptosis (type I programmed cell death), indicating
that SH3BGRL-derived autophagy is the main cause to che-
motherapy, including Dox (Figure 8E,F; Table S5-6). Taken
together, these results demonstrated that SH3BGRL-PIK3C3-
ATGI12 autophagy axis confers the effective Dox or other
chemoresistance in breast cancer.

Activation of SH3BGRL-PIK3C3/ATG12 canonical
autophagy in breast cancer patients

Next, we investigated the clinical relevance of SH3BGRL-
PIK3C3/ATGI12 autophagy on breast cancer. IHC staining of
SH3BGRL, PIK3C3, ATG12 and LC3B was performed in the
same cohort of 25 paired breast cancer specimens. Results
revealed that SH3BGRL, ATGI12 and PIK3C3 were coordi-
nately elevated in breast cancers, while LC3B was downregu-
lated, compared to the paired adjacent normal tissues
(Figure 9A-C; S7A). Statistical analysis showed that
SH3BGRL is positively correlated to the expression of
PIK3C3 or ATGI2, and negatively to LC3B, respectively
(Figure 9D). These results were further verified in another
14 fresh breast cancer tissues by immunoblotting, in which
SH3BGRL expression was analyzed to be positively correlated
to that of PIK3C3 and ATG12, and negatively to SQSTM1 and
LC3B (Figure 9E-G). SH3BGRL mRNA was also elevated in 10
paired tumor tissues, but no dramatic change of PIK3C3 or
ATGI12 mRNA level was observed (Fig. S7B). The less than
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with or without MG132 for 12 h. Statistical analysis of ATG12 expression was performed with three independent experiments. *P < 0.05, **P < 0.01. (F)
Ubiquitination analysis of ATG12. Cells were treated with or without MG132 for 12 h. Lysates from Indicated cells were immunoprecipitated with ATG12 antibody,

followed by immunoblotting analysis with antibody against ubiquitin.

1.2-fold marginal changes of PIK3C3 and ATGI2 mRNA
levels were also validated by analyses of other breast cancer
cohorts (GSE45827, GSE26304 and TCGA dataset)
(Figure 9H; Fig. S8A-F). In contrast, PIK3C3 and ATGI2
protein were both upregulated in these 10 pairs of tissues
clearly (Fig. S8G), indicating the main upregulation of
PIK3C3 and ATGI12 on posttranscriptional regulation.
Besides, PIK3C3 and ATG12 mRNAs could also be upre-
gulated by treatment with conventional chemotherapy, tar-
geted therapy, or endocrinotherapy drugs, based on analysis
of the public Gene Expression Omnibus (GEO) dataset of
breast cancer cell lines (Fig. S8H,I; Table S1). Eventually,
Kaplan-Meier Plotter of the random large-scale breast cancer
datasets demonstrate that patients with high PIK3C3 or
ATGI2 levels significantly suffered poorer 5-year overall
survival, relapse-free survival, and metastasis-free survival in
breast cancer patients (Figure 9I; FigureS9A-F). All results
above validate the relevance of this SH3BGRL-PIK3C3-
ATGI12 autophagy axis on Dox chemo-resistance in breast
cancers via posttranscriptional regulation in breast cancer
metastasis relapse and poorer clinical outcomes (Figure 9]).

Discussions

Chemotherapy, including the anthracycline, Dox, still is
widely used as the first-line treatment of breast cancer [4].
However, acquired resistance to chemotherapy is often with
disease progression, relapse and metastasis [8,9]. Activation of
cytoprotective autophagy is one of the crucial causes of drug
resistance [27-30], but the reason for protective autophagy is
elusive. Here, we disclose small adaptor protein, SH3BGRL, as
a novel main cause of this protective autophagy, contributes
to chemotherapy resistance, especially to doxorubicin.
Therefore, either targeting SH3BGRL or combinational inhi-
bition of autophagy with anticancer drugs would be
a potential therapeutic strategy to break and overcome Dox
resistance or another drug resistance.

As a scaffold protein, it is rational to predict that
SH3BGRL could play important roles in protein-protein
interaction and signal transduction to regulate multiple
important cellular processes [57]. Recently, we characterized
the interaction between SH3BGRL and ERBB2/HER2 in the
resistance of ERBB2/HER2-target therapy and cisplatin in
breast cancer [63]. Likely, here we also identify that
SH3BGRL interacts with ATG12 to maintain ATGI2 level
by inhibiting the ubiquitin-mediated ATG12 degradation.
But the detailed mechanism still needs to be further dissected.
Tentatively, we speculate that binding of SH3BGRL to ATG12
might block the interaction between ATG12 and its E3 ligase,
or SH3BGRL interacts with the E3 ligase to halter the binding
of ATG12 with its E3 ligase.

Unexpectedly, we also observe that SH3BGRL can bind
with abundant translational machinery proteins, including
ribosomal subunits, indicating its interaction with ribosomes.
As an adaptor protein, we suspect that the interaction of

SH3BGRL with ribosomal subunits may cause a unique con-
formational structure, which subsequently leads to the bias for
mRNA translation in the mRNA-ribosome complex assembly
or elongation processes. Nevertheless, we experimentally
demonstrate that SH3BGRL can efficiently affect multiple
mRNA polyribosome profiles on the whole gene level, includ-
ing PIK3C3. However, the detailed function of SH3BGRL in
ribosome assembly, the target mRNA bias selectivity, or elon-
gation efficacy in the translation process should be thoroughly
dissected by structural analysis.

Elevation of PIK3C3 and ATG12 protein levels along with
the no obvious change of their mRNA levels in SH3BGRL-
positive breast cancer tissues indicates that the dysregulation
of critical genes at the post-translational level is common in
tumors. However, the high-throughput RNA-sequencing is
generally approached to assess gene expression alteration
[68], the inconsistency of a gene’s mRNA abundance with
its protein level should be given extensive attention in evalu-
ating the real effect of a gene in diseases [69]. Thus, the
combination of RNA-sequencing with the translatome or
polyribosome profiling would be an ideal strategy.

Autophagy acts as a double-edged sword in cancer cell
survival and death. Increasing evidence predominantly indi-
cates that autophagy functions for cell survival upon stresses
induced by anti-cancer agents [44,46,48]. Here, we present
that SH3BGRL upregulation can promote cytoprotective auto-
phagy to enhance Dox resistance through multiple manners,
such as by the accelerated translation of PIK3C3 for autopha-
gy initiation or the increased protein stability of ATG12 in
autophagosome formation. Likely, autophagy can lead to
sequestration of Dox in lysosomes to reduce cell damage
[31,70]. Therefore, usage of autophagy inhibitor agents could
efficiently abolish SH3BGRL-mediated Dox resistance. In
addition, as the total LC3 (A or B) protein can be down-
regulated in SH3BGRL-high breast cancers, the detection of
LC3 (A or B) would be helpful to autophagy-inhibiting ther-
apy. When evaluating the ICsqy of a specific chemotherapy
agent in cells, the seeding cell confluency, cell type and
tumor cell heterogeneity should be considered, as these
could cause experimental inconsistency.

Overall, our results at least uncover that SH3BGRL is
a novel drug-resistant gene to promote autophagy-mediated
Dox resistance in breast cancer through upregulations of
PIK3C3 and ATG12 with distinct mechanisms. Thus, target-
ing SH3BGRL or its downstream key effectors would be
a possible strategy to overcome drug resistance of chemother-
apy in breast cancers.

Materials and methods

Cell culture and reagents

Human breast cancer cell lines MCF-7, MDA-MB-231, MDA-
MB-453, MDA-MB-468, ZR-75-1, SKBR-3, BT-549, BT-474
and HEK293T cell lines were purchased from the Cell Bank of



o
qe."\ o

c?
\(43 ,50'5

&
\xs?' @“P’ @“Ps @“P&

v - ———-— —PIK3C3

- @ ACTB

MCF-7 MDA-MB-453
C Dox Dox
Vector SHSBGRL shRNA-V  shRNAs
A 1 T3 30%) A [T 0% 1.76%
e || #
. 4-»« ol o o
! 3|3 b 5
2 5 y 5
,'S :: gy BT u% o g L | 10.61% 38.21%
g€ oasw g|F 1 os8%  078%
S|<. Loy 2 g }
g| | .. s 'g_ s |
5| - :
S
o o I
o VT BA% o | 19, b L 292% . | 23.20%
SH3BGRL shRNAs shRNAs
+siPIK3C3 +PIK3C3 +ATG12
ANXA5-APC ANXA5-APC v
£ 50t MCFT gso .. MDA-MB-453
3 =40
o [}
o3 pre
R 520
4 2
10 o
é_ g- 10
* 2, <?® N po P‘é
o ) 2
R NI S )
o Y\?:?\V‘ o) N oM 6:\5{‘(& WXO

D

AUTOPHAGY
AL
B 4 N
$»*9\ \
R P P Lad
qe"" Y\'& ‘(\1,0 6“3\" 5“@ 6“@“
s R ATG12
— G Gmp =S =P \CTB
MCF-7 MDA-MB-453
Vector + - - = ShRNA-V % - - -
SH3BGRL = + + + shRNAs= + % #
SIATG12 = = + =  ATGI2= = + =
SiPIK3C3 = - ¢ PK3cz= = =
210 ﬂlﬁhsww
LC3BA

E

SH3BGRL+siPIK3C3 SH3BGRL+sIATG12

14 kDa

- WS WS Lc3B-ll

MCF-7 MDA-MB-453

Vector + - - = ShRNA-V + - - -
SH3BGRL- + + + ShRNAs = + + +
siATG12= = + = ATGI2 - = + -~
siPK3c3= - = + PIKC3= = = +

100kDa = w— - -
16kDa "= " - -

89 kDa M i s e
szDa-——-
17 kDa " s s

45KD2 m— — v —
DOX + + + +#
MCF-7

'S

MCF-7

wnne waee

w

ns

Relative colony count
-~

2

s ns

b
o

b
=)

Relative colony count

W e o e PIK3C3
- e . ATG12
" %= = == c-PARP
= e e e SQSTM1
% s W S c-CASP3
W w— v w ACTB

L
MDA-MB-453

g
NG \f.a?’ o5 v;.'& e"‘

N
5\‘93» s\‘@“ “p 9’\1

1833

G 1.07 B Vector+Dox Bl SH3BGRL+Dox H 100 T o |

0.8 - SH3BGRL+siPIK3C3+Dox . .« SH3BGRL

: S|;|3BGRL+SIATG12+DOX 275 ~ SH3BGRL+siPIK3C3
5 > ~ SH3BGRL+sIATG12
o = e
a 2 b

. ©
o 2 25 ey ’E‘
2 3 c oo v
s 8, o R """"\Cs «G‘
£ SQSTM1 c-CASP3 0248 16 24 32 40 48 56 64 2
2 MDA-MB-453 e MDA-MB-453
©11.01M8 shRNA-V+Dox Ml shRNAs+Dox 100 MDA-MB-453 %X | 200 paws
g 8 shRNAs+PIK3C3+Dox = ShRNA-V 8l 1s0
©|081  ** Wl ShRNAs+ATG12+Dox K75 = shRNAs
2 v ~ shRNAs+PIK3C3 100
® 0.6 2 -« shRNAs+ATG12
° =50 &0
| 0.4 ]

> 25 .
0.2 3 “g“ “%
O

SQSTM1

c-CASP3

J Vector

SH3BGRL

MCF-7

Dox

MDA-MB-453

'ShRNA-V

SH3BGRL+siPIK3C3 SH3BGRL+siATG12

ShRNAs+PIK3C3

01040 80 120160200 240 280 320

50

Colony number

ShRNAs+ATG12

Vector SH3BGRL SH3BGRL SH3BGRL

+siPIK3C3 +siATG12
MDA-MB-453

— ———
—_—

ShRNA-V shRNAs shRNAs shRNA

+PIK3C3 +ATG12

Figure 7. PIK3C3 and ATG12 contribute to SH3BGRL-mediated Dox resistance. (A,B) Immunoblots of PIK3C3 (A) and ATG12 (B) in indicated cells. ACTB served as the



1834 (&) S.ZHANG ET AL.

loading control. (C) Flow cytometry analysis of the indicated MCF-7 series cells. 10 nM or 20 nM Dox was used to treat MCF-7 or MDA-MB-453 cells for 12 h or 24 h,
respectively. The left panel shows the staining of ANXA5-FITC and PI. The right panel is the quantification of apoptotic cells. (D) Immunoblots of the indicated
autophagy markers in MCF-7-SH3BGRL overexpression cells with either ATG12 or PIK3C3 knockdown, or in MDA-MB-453-SH3BGRL knockdown cells with either ATG12
or PIK3C3 forced expression. (E) Immunoblots of SQSTM1 and the cleaved CASP3 in the above cells in (C). MCF-7 cells were treated with 10 nM Dox for 12 h, and
MDA-MB-453 cells with 20 nM Dox for 24 h. (F) Representative images of colonies formed by indicated cells with10 nM or 20 nM Dox treatment. The right panel
shows the quantification of colony formation. Colonies with more than 60 cells were scored. (G) Statistical SQSTM1 and the cleaved CASP3 expression by three
independent experiments. 10 nM Dox was used for MCF-7 cells, and 20 nM for MDA-MB-453 cells. (H) Cell viability analysis of indicated cells under treatment with
Dox at various concentrations, combined with or without CQ for 24 h. (1) ICs, of the indicated cells under treatment as in (D). (J) Representative images of soft agar
colonies of the indicated cells after treatments with10 nM or 20 nM Dox treatment for 48 h (Left panel). Quantification of soft agar colony is shown in the right panel.
Colonies (larger than 0.1 mm diameter) were quantified after 18 days of culture. Significant differences are shown as *P < 0.05, **P < 0.01, ***P < 0.001,

****¥p < 0.0001, and n.s means no significance.

Chinese Academy of Sciences (TCHu 74, TCHu227,
TCHu233, TCHul36, TCHul26, TCHu 225, TCHu 93,
TCHul43, GNHu 43, respectively) and cultured in RPMI
1640 (Gibco, 11875085) or DMEM (Gibco, 11995123) with
10% FBS at 37°C in a 5% CO, incubator. MCF-10A, a non-
tumorigenic breast epithelial cell line, was purchased from the
American Type Culture Collection (ATCC, CRL-10317) and
cultured in keratinocyte serum-free medium (KSFM; Gibco,
12568010) supplemented with 0.1 ng/ml human recombinant
EGF (epidermal growth factor; Gibco, PHG0315) and 20 ug/
ml bovine pituitary extract (Invitrogen, 13028014). All used
cell lines were also authenticated using the STR method and
tested for mycoplasma contamination. Generally, cells were
treated with indicated reagents at 85% of confluency.
Chloroquine diphosphate salts (CQ; Selleck, S6999) were
dissolved in DMSO (Sigma, D8418) at 50 uM as a stock to
be used, while the equal volume of DMSO was used as con-
trol. Likewise, actinomycin D (Act D, 0.5 pg/ml; Sigma,
SBR00013), cycloheximide (CHX, 50 ug/ml; Sigma,
5087390001), 3-methyladenine (3-MA, 5 mM; Selleck,S2767),
bafilomycin A; (Baf A;, 50 nM; Selleck, S1413) and MG132
(20 uM; Sigma, C2211) was also used at the indicated time
points to terminate the novel transcription, protein synthesis
and degradation, respectively.

Clinical samples and Immunohistochemistry (IHC)
wenty-five pairs of breast cancer tissue with the corre-
sponding adjacent counterparts and 14 fresh breast cancer
tissues were collected with the informed consents and
approved by the Research Ethics Committee, according to
Sun Yat-Sen University health regulation. Tissues were for-
malin-fixed, paraffin-embedded and sliced into 5 pum serial
sections with Leica BM 2135 microtome, which were sub-
sequently incubated with anti-SH3BGRL (1:200 dilution;
Sigma-Aldrich, HPA051248). Antibodies of anti-LC3B
(1:200 dilution), anti-PIK3C3 (1:200 dilution) and ATGI2
(1:200 dilution) were also purchased from Cell Signaling
Technology (CST; 3868, 3358S, 4180, respectively)
Biological Reagents Company Limited, respectively. Slices
were developed with Polink-1 HRP DAB Detection System
(ZSGB-BIO, ZLI-9036) and Images were captured and con-
firmed by two independent professional pathologists by
microscopy (Nikon, Tokyo, Japan). The color intensity of
slides was divided into four grades (points) to score
SH3BGRL, PIK3C3, ATGI12 and LC3B expression levels
for statistical analysis.

The stable cell establishment

The stable cell lines of MCF-7 with SH3BGRL overexpres-
sion and MDA-MB-453 with SH3BGRL knockdown as well
as the HA-tagged SH3BGRL mutants were established as
previously described [63]. PIK3C3-specific siRNA: 5'-
CAGAGAAGTTTCACTACATCTAT-3" and that of ATGI2
(5'-CACCAAGTTTCACTGTGTAATTG-3') were purchased
from Invitrogen for knockdown of PIK3C3 and ATGI12,
respectively. Cells were transfected with Lipofectamine
3000 (Invitrogen, L3000075). Supplemental PIK3C3 or
ATGI12 overexpression was achieved with EGFP-PIK3C3
or EGFP-ATGI12 plasmids in pEGFP-C1 Vector (Vigene,
CHS810399, CHS821707, respectively) in MDA-MB-453
SH3BGRL knockdown cells and selected with 500 pg/ml
G418 (Sigma-Aldrich, A1720) for 4-5 weeks. Single stable
cell clones were picked under a fluorescence microscope
(Nikon, Tokyo, Japan) to make stable cell pools.

Immunofluorescence microscopy

Cells were seeded on coverslips and fixed with 4% paraformalde-
hyde in 1x PBS (1 mM KH,PO,, 0.3 mM Na,HPO,.7H,0, 0.15 M
NaCl, pH 7.4; Gibco, 10010031) for 20 min, followed by treatment
with 0.2% Triton X-100 (BIOSHARP, 523287) for another 15 min
at room temperature. Cells were then blocked with 4% BSA
(Thermo, 23209) in PBS for 1.5 h and incubated with indicated
primary antibodies overnight at 4°C. After 3 times washes with
1x PBS, cells were stained with Alexa Fluor 488-, 594-, or 647
conjugated secondary antibodies (Invitrogen; A10680, A32740,
A32733, respectively) at room temperature for 1 h. Cells were
then washed and counterstained with DAPI for 3 min, then
mounted with an anti-fade reagent. Slides were viewed and photo-
graphed with an LSM710 confocal microscope (Carl Zeiss AG).
Images were processed by Photoshop (Adobe Systems).

Autophagy assays

Autophagy flux was examined in terms of LC3B-II turnover
with immunoblotting LC3B-II (CST, 3868) protein level or
the endogenous LC3B puncta number as described [67]. The
completion of autophagy was evaluated with SQSTM1 protein
level. For endogenous LC3B staining, cells were pre-treated
with EBSS (Gibco, 14155063) or serum-free starvation for 1 h
and then fixed for immunofluorescence with LC3B antibody.
The average channel pixel intensity of LC3B within the cyto-
plasmic area per cell was scored by Photoshop as the overall
amount of LC3B puncta in each cell.
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Figure 8. PIK3C3 and ATG12 contribute to tumorigenicity and Dox resistance. (A,B) Xenograft model of chemotherapy in nude mice. Six nude mice in each group
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quantified around another three weeks later (B). ****P < 0.0001. (C) Immunoblots of SH3BGRL, PIK3C3, ATG12, SQSTM1, LC3B, PARP, cleaved (c)-PARP, CASP3 and
c-CASP3 in the indicated mice tumor tissues. ACTB was used as a loading control. (D) Statistical analysis of SQSTM1, c-CASP3 and c-PARP expressions in the indicated
six group mice tumors. Error bars represent mean + s.d.*P < 0.05, **P < 0.01, ***P < 0.001. (E) Transcriptional expression analysis of classical genes involved in Dox
resistance from RNA-Seq of MCF-7 and MDA-MB-453 cells with SH3BGRL expression alteration. (F) Translational expression analysis of general genes involved in Dox
resistance based on polyribosome profiling results of MDA-MB-453 cells.



1836 (&) S.ZHANG ET AL.

Antibodies and Immunoblotting

Antibodies of anti-SH3BGRL (1:1000; Sigma-Aldrich,
HPAO051248), anti-ACTB/p-actin (1:2000; CST, 4967), anti-
SQSTM1/p62 (1:1000; CST, 5114), anti-LC3B (1:1000; CST,
3868), anti-PIK3C3 (1:1000; CST, 3358S), anti-ATG12
(1:1000; CST, 4180), anti-ULK1 (1:1000; CST, 4773), anti-
ATG?7 (1:1000; CST, 8558), anti-BECN1 (1:1000; CST, 3495),
anti-ATG5 (1:1000; CST, 8540), anti-ATG3 (1:1000; CST,
3415), anti-RPL7A (1:1000; CST, 2415), anti-MTOR (1:1000;
CST, 2983), anti-phospho-MTOR (Ser2448) (1:1000; CST,
2971), anti-HA (1:1000; CST, 3724), anti-ubiquitin (1:1000;
CST, 3933S), anti-PARP (1:1000; CST, 9542), anti-c-PARP
(1:1000; CST, 9541), anti-CASP3/caspase 3 (1:1000; CST,
9662) and anti-c-CASP3 (1:1000; CST, 9661) were purchased
and used. For immunoblotting, cells were lysed with lysis
buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl; 0.5% NP-
40 [Thermo, 28324], 1 mM EDTA, 0.2 mM PMSF [Thermo,
36978] and protease inhibitor cocktail [Thermo, 87786]) on
ice. Whole cell lysates were centrifuged at 13,780 g for 15 min
at 4°C, and the supernatant was collected and assessed using
the BCA protein assay (Thermo, 23225). Total proteins were
separated with SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membrane (Millipore, Z358657),
followed by incubation with the indicated antibodies and
visualized on film by chemiluminescent substrates
(Millipore, CPSOC) development. Protein band intensity
was quantified and analyzed with densitometry and Image]
software.

Co-immunoprecipitation assay and MS analysis

Cell lysates were incubated with 30 pL antibody or IgG con-
jugated with protein G magnetic beads (Thermo, 10003D)
overnight at 4°C. Beads were washed with washing buffer
(25 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% NP-40,1 mM
EDTA, 1 mM PMSF) for six times and the pelleted beads were
resuspended in 30 uL 1 M glycine (pH 3.0) for electrophoresis
or immunoblot analysis. The separated protein bands were
stained with Coomassie Brilliant Blue. The specific bands
were subjected to MS analysis by the commercial company.

Ubiquitination and protein half-life analyses

To detect the ubiquitination of endogenous ATG12, MCF-
7-GFP, MCEF-7-SH3BGRL, MDA-MB-453-shRNA-V and
MDA-MB-453-shRNAs cells were treated with 20 uM
MGI132 for 12 h to block proteasome degradation. ATGI12
was first immunoprecipitated with its antibody and then
immunoblotted with an antibody against ubiquitin. For
ATGI12 half-life analysis, 50 pg/ml cycloheximide (Sigma-
Aldrich, 5087390001) was used to treat cells for 0, 3, 6, and
9 h, and ATGI12 protein was quantified by immunoblotting
and densitometry analysis.

RNA extraction, cDNA synthesis, and real-time quantitative
PCR

Total RNA was extracted from cells or frozen tumor speci-
mens using the TRIzol Reagent (Invitrogen, 15596026). An
equal amount of mRNA was used to generate cDNAs with
a Revert Aid First Strand ¢cDNA Synthesis Kit (Thermo,
K1621) for semi-quantitative RT-PCR or real-time

quantitative-PCR (qPCR). qPCR was performed using a 480
SYBR Green I Master kit (Thermo, ABI1323A) and
a LightCycler480 Detection System (Roche). The primer
sequences used for real-time PCR are listed in Table S7.
mRNA expression was presented as relative to the ACTB/S-
actin level regarding the band intensity determined by densi-
tometry and Image] software.

Ribosome mRNA profiling and sequencing

For polyribosome isolation [71], cells were incubated with
90 mg/ml cycloheximide for 10 min, followed by trypsini-
zation and harvest. Twenty million cells were resuspended
in RSB (20 mM Tris-HCI, pH 7.4, 20 mM NaCl, 30 mM
MgCl,, RNasin [Thermo, N8080119], 100 mg/ml heparin
[Invitrogen, RP-43138], and 5 mg/ml cycloheximide). An
equal volume of lysis buffer (1.2% Triton X-100
[BIOSHARP, 523287], 1.2% deoxycholate [Sigma-Aldrich,
D5670]) was added on ice for 5 min. The nuclei and cell
debris were removed by centrifugation for 3 min at
12,000 rpm. The supernatant was then diluted with an
equal volume of dilution buffer (25 mM Tris-HCl, pH 7.4,
25 mM NaCl, 25 mM MgCl,, 0.05% Triton X-100, 500 mg/
ml heparin), from which 0.4 ml extract was loaded onto
11.5 ml linear 10% to 50% sucrose (Sigma-Aldrich,
V900116) gradients and centrifuged at 36,000 rpm for 2 h
with a SW41 rotor (Beckman). Ten (1.2 ml each) fractions
were collected with the BioComp piston gradient fractiona-
tor linked to an EM-1 UV Monitor (Bio-Rad). Fractions
were incubated in 1% SDS and proteinase K (Invitrogen,
QS0510) at 42°C for 30 min. RNA was purified from each
fraction by phenol-chloroform extraction, followed by etha-
nol precipitation. PIK3C3, ATGI2 or ACTB mRNA was
detected by semi-quantitative RT-PCR. Meanwhile, mRNA
from each fraction was subjected to RNA-sequencing ana-
lysis. Gene fraction shift represents the value of the marked
fraction number with maximum target RNA minus that of
the control group from sucrose density-gradient centrifuga-
tion. The marked numbers are equivalent to the collected
fractions after gradient centrifuge, for instance, fraction 1
represents the top (10%) of the gradient, fraction 8 repre-
sents the bottom (50%) of the gradient. ACTB, GAPDH,
TUBA/a-tubulin and G6PD mRNA were checked and used
as negative controls for polyribosome profiling analysis.

Xenograft tumor models

Four-week-old female BALB/c nude mice were obtained from
Guangdong Medical Laboratory Animal Center. Six nude
mice in each group were individually and subcutaneously
injected into the left and right sides of their armpit area
with 4 x 10° MCEF-7 cells or 2 x 10° MDA-MB-453 cells as
indicated to examine the tumorigenicity in vivo. Once the
tumor size reached 5 mm in diameter two weeks later, dox-
orubicin (5 mg/kg; Selleck, S1208) with or without CQ
(20 mg/kg) was intraperitoneally injected once three days, 7
timed in total. Five weeks later, mice were executed and the
tumors were harvested and analyzed. All mouse experiments
were approved and conducted under a protocol of the
Institutional Animal Care and Use Committee (IACUC) of
Sun Yat-sen University.
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mechanism of SH3BGRL-PIK3C3/ATG12 autophagy on doxorubicin resistance in breast cancer. All statistical analyses are shown as ****P < 0.0001.
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Cell counting kit-8 (CCK8) assay

Cells were seeded into 96-well plates in triplicate (6000 cells
per well) and cultured overnight. On the next day, cells were
treated with 10 or 20 nM doxorubicin combined with or
without 20 uM CQ in 100 pl media at the indicated period.
CCKS8 reagent (BB-4202-1, Best Bio) was then added to each
well (10 pl per well) and incubated at 37°C for 2 h. The
absorbance at 450 nm was measured by an enzyme-
labeling instrument (GEN10S-BASIC, Tecan) and considered
cell viability.

Anchorage-independent growth assay

Two thousand cells were trypsinized and suspended in 2 mL
complete medium plus 0.3% agar (Sigma-Aldrich, 05040). The
agar-cell mixture was plated on top of a 0.5% agar layer with
a complete medium. Cells were treated with 10 or 20 nM
doxorubicin with or without 20 pM CQ and 5 mM
3-methyladenine for 24 h, followed by continuously growing
for another 18 to 25 days, viable colonies larger than 0.1 mm
in diameter were counted. The experiment was carried out in
triplicates.

Colony formation assay

Colony formation assay was initiated by seeding cells in 6-well
plates. Cells were treated with doxorubicin or DMSO as con-
trol, combined with or without 20 uM CQ, 5 mM 3-MA for
24 h, followed by continuously growing in fresh medium
without indicated concentrations of drugs for another 16 to
21 days. Colonies were fixed with 4% formaldehyde for
15 min and stained with 0.5% crystal violet for another
10 min. Colonies were counted under an inverted microscope.

Apoptosis analysis

The indicated MCF-7 or MDA-MB-453 cells were respectively
treated with 10 nM doxorubicin for 12 h or with 20 nM for
24 h, combined with or without 20 uM CQ and 5 mM 3-MA.
Cells were detached with 0.25% EDTA-free trypsin and
washed with PBS, followed by APC-conjugated ANXAS5/
Annexin V and PI (KeyGEN BioTECH, KGA1017) staining
for 20 min at room temperature in dark. These cells were then
analyzed by flow cytometry (Beckman, Gallios).

Gene expression profiling and GSEA analysis

Analyses of human breast cancer data from The Cancer Genome
Atlas (TCGA) data (https://portal.gdc.cancer.gov/projects/
TCGA-BRCA), Kaplan Meier Plotter (https://kmplot.com/analy
sis/) and Gene Expression Omnibus (GEO) datasets, including
GSE26304, GSE45827, GSE15852, GSE28784, GSE12791,
GSE22796, GSE3929, GSE54326, GSE16070, GSE16080,
GSE15043, GSE28415, GSE18912, GSE26459, GSE12708,
GSE7390 and GSE1456 in the NCBI database (https://www.
ncbinlm.nih.gov/geo/) were conducted. SH3BGRL expression
was considered as a numeric variable. A continuous-type CLS
file of the SH3BGRL expression to phenotype labels in GSEA
was applied. The metric for ranking genes in GSEA was set as
“Pearson”, and the other parameters were set to their default
values. GSEA was performed using GSEA 2.0.9 software (http://
www.broadinstitute.org/gsea/).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.
For comparison of two groups, P-values were calculated with
a Student’s t-test. For comparison of more than two groups,
P-values were calculated using the ANOVA test. The relation-
ship between SH3BGRL, PIK3C3, or ATG12 expression or the
clinicopathological characteristics was tested with the v2 test.
Survival curves were plotted with the Kaplan-Meier method
and compared by the log-rank test. Survival data were eval-
uated using univariate or multivariate Cox regression analysis.
Bivariate correlations between variables were calculated using
Spearman’s rank correlation coefficients. P < 0.05 was con-
sidered statistically significant in all cases.
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