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Abstract

Trastuzumab emtansine (T-DM1), an antibody—drug conjugate (ADC) of trastuzumab and cytotoxic agent emtansine
(DM1), has been approved for the therapy of metastatic HER2-positive breast cancer after prior treatment of trastu-
zumab and taxane. The impressive efficacy exhibited by T-DM1 has heightened the need for more further studies on
the underlying mechanisms of T-DM1 cytotoxicity. Previous research suggested that autophagy was crucial for cancer
therapy, but the role of autophagy in T-DM1 treatment has not been investigated. Here, we demonstrated for the

first time that T-DM1 triggered obvious autophagy in HER2-positive SK-BR-3 and BT-474 breast cancer cells. Blocking
autophagy with pharmacological inhibitors chloroquine (CQ) or LY294002 partly reduced T-DM1-induced apopto-

sis and Caspase-3/7 activation, suggesting that autophagy played an essential role in the cytotoxicity induced by
T-DM1 in HER2-positive breast cancer cells. Further investigation demonstrated that Akt/mTOR signaling pathway was
involved in T-DM1-induced autophagy in a time-dependent manner. Altogether, our results highlighted the impor-
tant role of autophagy as a novel mechanism for T-DM1-induced cytotoxicity and elucidated the critical relationships
between T-DM1-induced autophagy and apoptosis in human HER2-positive breast cancer cells, which provides novel
insight into the underlying anti-tumor mechanism of T-DM1.
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Key points + T-DM1 blocked Akt/mTOR signaling pathway acti-
vation in HER2-positive breast cancer cells.
+ T-DM1 induced apoptosis in HER2-positive breast
cancer cells.
« T-DM1 triggered obvious autophagy in HER2-posi-  Introduction
tive breast cancer cells. Approximately 20-30% patients with breast cancer are
+ Inhibiting autophagy attenuated T-DMl-induced characterized with overexpressed human epidermal
apoptosis and cytotoxicity in HER2-positive breast — growth factor receptor 2 (HER2) which is closely related
cancer SK-BR-3 and BT-474 cells. with short time of recurrence, high risk of metasta-
ses and poor overall patient survival (Loibl and Gianni
2017; Rimawi et al. 2015). Trastuzumab, a humanized
monoclonal antibody which targets HER2 extracellular
domain, has been approved since 1998 as the prior neo-
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chemotherapy are then found to have residual invasive
breast cancer at surgery (Darini et al. 2019; Zhang et al.
2011). These limitations raise the necessity for achieving
better understanding of biological mechanisms of these
agents and developing better approaches for the treat-
ment of HER2-overexpressed breast cancer.

Trastuzumab emtansine (T-DM1) is a HER2-targeted
antibody—drug conjugate (ADC) which covalently binds
trastuzumab with toxic agent emtansine (DM1), a potent
microtubule inhibitor, by non-reducible thioether linker
(Hurvitz et al. 2018). T-DM1 was approved for the ther-
apy of HER2-overexpressed metastatic breast cancer in
patients who have progressed despite previously receiv-
ing therapy of trastuzumab and taxane (Hunter et al
2020). T-DM1 retains trastuzumab activity and it can
deliver DM1 to HER2-positive cells efficiently. T-DM1
exhibits superior efficacy than trastuzumab mono-
treatment or trastuzumab combined with other chemo-
therapeutic agents (Chen et al. 2016; Singh et al. 2016).
Mechanistically, T-DML1 is internalized into the intracel-
lular compartment upon interacting with HER2 recep-
tor on cell surface, and then emtansine is degraded by
proteases of acid lysosomes to release cytotoxic metabo-
lites that act on tubulin (Erickson et al. 2006). Although
T-DM1 has yielded impressive efficacy in the clinic,
resistance, relapse and systemic toxicity of this targeted
therapy can still arise (Rios-Luci et al. 2017). Thus, it’s
crucial to conduct in-depth investigation on the molec-
ular mechanisms of T-DM1, which could then provide
novel strategies to optimize clinical outcomes.

Autophagy is an evolutionarily conserved mechanism
that mediates dysfunctional protein and organism deg-
radation (Cao et al. 2019). Growing evidence shows that
autophagy plays dual roles in tumorigenesis and can-
cer therapy (Gewirtz 2013; Yun and Lee 2018). Many
anti-tumor agents including imatinib and proteasome
inhibitors have been reported to induce cytoprotective
autophagy which is partly responsible for drug resistance
(Zeng et al. 2015; Zhu et al. 2010). However, autophagy is
also recognized as a novel kind of programmed cell death
in certain circumstance. Poly(amidoamine) dendrimers
led to robust cell death and tissue damage by triggering
cytotoxic autophagy (Li et al. 2014). Lapatinib, an oral
dual tyrosine kinase inhibitor, was reported to induce
autophagy, which facilitated apoptosis in HER2-positive
breast cancer (Zhu et al. 2013). Recently, autophagic cell
death was also observed in non-Hodgkin lymphoma
which was exposed to Rituximab-monomethyl aurista-
tin E, indicating a possible interplay between ADC and
autophagy (Wang et al. 2018). However, whether T-DM1
could induce autophagy in cancer treatment has not been
defined, nor has the relationship between autophagy and
T-DM1 efficacy been determined.
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This paper attempts to determine whether T-DM1
could trigger autophagy in HER2-overexpressed breast
cancer cells. Our data showed that T-DM1 induced obvi-
ous autophagy in SK-BR-3 and BT-474 cells and block-
ing autophagy partly reversed cytotoxicity and apoptosis
induced by T-DM1, suggesting autophagy played a vital
part in the cytotoxicity induced by T-DM1 in HER2-pos-
itive breast cancer cells. Deciphering role of autophagy as
well as underlying signaling mechanism of T-DM1 could
contribute to further understanding of T-DM1 resistance
and provide novel idea for the design of second-genera-
tion HER2-targeted ADC.

Materials and methods

Regents

T-DM1 was purchased from Genentech Roche (San
Francisco, CA, USA). Apoptosis Detection Kit was
from Dojindo (Tokyo, JPN). Z-VAD-fmk, rapamycin,
LY294002 and chloroquine (CQ) were obtained from
Sigma-Aldrich (St Louis, MO, USA).

Cell culture

HER2-positive human breast cancer cell lines BT-474 as
well as SK-BR-3 were from American Type Culture Col-
lection (Rockville, MD, USA). Both two cells were cul-
tured in RIPM-1640 medium supplemented with 10%
fetal bovine serum.

Cell viability analysis

Cell counting kit-8 (CCK-8) (Dojindo, Tokyo, JPN) was
applied for cell viability measurement. At first, cells
were cultured with indicated doses of T-DM1 and/or
autophagy inhibitors. After 3 days, CCK-8 solution was
carefully transferred to plates and the samples were
then maintained at 37 °C for another 3 h. Cell viabil-
ity was analyzed and expressed as percentage of control
absorbance.

Transmission electron microscopy (TEM)

Cells were exposed to T-DM1 for 72 h, then harvested
and processed as previously described (Zeng et al. 2015).
The ultra-structure morphology was visualized via TEM
(JEOL, Inc., USA).

Western blot

After treatment, cells were lysed and incubated on ice
for half an hour, and then supernatant was obtained and
quantified. Equivalent amount protein was separated
using SDS-PAGE and transformed on polyvinylidene
fluoride membrane that was blocked by 5% bovine serum
albumin for 60 min afterwards. Next, membranes were
exposed to specialized antibodies and secondary anti-
bodies (Cell Signaling Technology, MA, USA). Finally,
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samples were examined by enhanced chemiluminescence
reagents (Millipore, Billerica, MA, USA).

Confocal microscopy

Rapamycin (50 nM) was employed as a positive control.
After treatment, samples were cultured with Cyto-ID
Green dye (ENZO Life Science, NY, USA) following the
manufacturer’s protocol. Finally, samples were examined
by confocal microscope (LSM710, Carl Zeiss, Germany).

Caspase-3/7 activity analysis

For the measurement of apoptosis, cells were exposed to
T-DML1 for 48 h and cultured with Caspase-Glo 3/7 rea-
gent (Promega, Madison, USA) for half an hour at 37 °C.
Caspase-3/7 activity was then determined by microplate
reader (SpectraMax M5, Molecular Devices, USA).

Statistical analysis
Statistical analysis was performed by Students’ ¢-test
(two-tailed) or One-Way analysis via GraphPad Prim
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5, and the data of three independent experiments were
expressed as mean =+ standard deviations (SD) (*P<0.05,
*#P<0.01, **P<0.001).

Results

T-DM1 induced apoptosis in SK-BR-3 and BT-474 cells

For evaluating anti-tumor effect of T-DM1 on HER2-
overexpressed breast cancer cells, flow cytometry was
used to detect Annexin V/PI-positive cells. As shown in
Fig. 1a, b, there was an obvious increase of Annexin V/
PI-positive cells in a dose-dependent manner in SK-BR-3
and BT-474 cells after T-DM1 treatment for 2 days, indi-
cating that T-DM1 induced potent apoptosis in both two
breast cancer cells. Specifically, SK-BR-3 cells were more
sensitive to T-DM1 than BT-474 cells, which was con-
sistent with HER2 expression levels in these two cells as
reported in previous studies (Lewis Phillips et al. 2008;
Takegawa et al. 2019). Caspase-3/7 activation is the key
biomarker of apoptosis. As illustrated in Fig. 1c, T-DM1
triggered a significant up-regulation of Caspase-3/7
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Fig. 1 T-DM1 induced apoptosis and Caspase-3/7 activation in SK-BR-3 and BT-474 cells. a, b Cells were incubated with T-DM1 for 2 days, and
then examined by flow cytometry. Percentages of Annexin V/Pl-positive cells were shown in bar charts. ¢ Cells were cultured with different
concentrations of T-DM1 for 2 days and caspase-3/7 activation was analyzed by commercial kits. d SK-BR-3 cells (20 ng/mL of T-DM1) and BT-474
cells (250 ng/mL of T-DM1) were exposed to 20 uM of Z-VAD-fmk for 2 days and Caspase-3/7 activation of both two cells was detected
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activation level in the cellular lysate of SK-BR-3 and
BT-474 cells. Moreover, blocking apoptosis by Z-VAD-
fmk, a general caspase-family inhibitor, significantly
attenuated T-DMI1-mediated Caspase-3/7 activation
(Fig. 1d).

Collectively, our results suggested that T-DM1 could
induce significant apoptosis in HER2-positive breast can-
cer cells.

Autophagy was triggered by T-DM1 in HER2-positive
breast cancer cells
Considering that autophagy could be triggered under
stress conditions and plays a crucial role in anti-can-
cer therapy, we then investigated whether T-DM1
could induce autophagy. First, ultra-structure morpho-
logic analysis was applied to detect the formation of
autophagosomes by transmission electron microscopy.
As illustrated in Fig. 2a, an obvious accumulation of “dou-
ble-membrane” autophagic vesicles can be found in the
cytoplasm of these two HER2-positive breast cancer cells.
To further confirm the formation of autophagy, LC3-1/
II, the autophagy-related protein, was determined by
western blot. Figure 2b, ¢ showed that LC3-II expression
levels significantly increased as compared with normal
cells in dose-dependent manners after T-DM1 treat-
ment. Finally, we employed Cyto-ID® autophagy green
dye to detect autophagosomes and assess autophagy level
changes by confocal microscopy. As displayed in Fig. 2d,
e, T-DM1 treatment induced a remarkable autophagic
fluorescent accumulation in the cytoplasm of these two
HER2-positive cells. Rapamycin, an autophagy inducer,
served as a positive control.

Overall, the data indicated T-DM1 triggered autophagy
in both two HER2-overexpressed breast cancer cells.

Autophagy inhibition reversed T-DM1-indcued cytotoxicity
and apoptosis in HER2-positive breast cancer cells

Given that T-DM1 induced autophagy in these two
HER2-positive breast cancer cells, we wondered whether
autophagy played a pro-survival role or cytotoxic role in
T-DM1-mediated anti-tumor efficacy. To test the actual
roles of autophagy, we treated both HER2-positive breast
cancer cells with T-DM1 and CQ, which was a typical
inhibitor that inhibited the integrating of lysosomes and
autophagosomes and blocked autophagosome formation.
Our results (Fig. 3a, b) showed that T-DM1 combined
with CQ treatment partly reversed T-DM1-induced cyto-
toxocity in these two breast cancer cells. In accord with
the findings of CQ above, another autophagy inhibitor
LY294002 also partly rescued these two HER2-positive
breast cancer cells from T-DM1l-induced cytotoxicity
(Fig. 3¢, d).
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Moreover, we also studied the role of autophagy in
T-DM1-induced apoptosis in these two breast cancer
cells. As presented in Fig. 4a, b, T-DM1 treatment alone
induced significant cellular apoptosis in both HER2-posi-
tive breast cancer cells, whereas combinational treatment
of T-DM1 and CQ drastically reduced T-DM1-medicated
apoptotic cell death. Meanwhile, the results of LY294002
were in accord with CQ in both breast cancer cells
(Fig. 4c, d). Caspase-3/7 analysis also revealed that inhib-
iting autophagy by CQ or LY294002 remarkably reduced
T-DM1-induced Caspase-3/7 activation level (Fig. 4e, f).

Altogether, blocking autophagy by chemical inhibitors
significantly reversed T-DM1-medicated apoptosis, indi-
cating that autophagy induced by T-DM1 played a cyto-
toxic role facilitating apoptosis in these two cells.

Akt/mTOR signaling pathway inactivation was associated
with T-DM1-induced autophagy in HER2-overexpressed
breast cancer cells

Previous studies showed that Akt/mTOR pathway which
functions via sensing intracellular energy stress was one
of the major regulators of autophagy (Xia et al. 2016). To
explore the molecular mechanisms of T-DM1-induced
autophagy, we examined the levels of mTOR phospho-
rylation and its subsequent transductions. As exhibited
in Fig. 5a, b, T-DM1 significantly reduced mTOR phos-
phorylation in dose-dependent manners in both two
HER2-positive breast cancer cells. 4E-binding protein
1 (4EBP1) and Protein S6 kinase (p70s6K), downstream
components of mTOR, were also significantly dephos-
phorylated. Moreover, the Akt phosphorylation level was
also remarkably reduced upon T-DM1 treatment dose-
dependently. The quantitative analyses of proteins men-
tioned above were shown in Fig. 5c¢, d.

Collectively, these results showed T-DM1 could inhibit
Akt/mTOR signaling pathway and Akt/mTOR path-
way inactivation was associated with T-DM1-triggered
autophagy in both HER2-positive breast cancer cells.

Discussion

Since the identification of HER2 gene was considered
as an important oncological driver of a subset of breast
cancers, the development of HER2-based therapy has
achieved advanced progression. The therapeutics con-
sists of tyrosine kinase inhibitors, humanized mono-
clonal antibodies and ADC (Rinnerthaler et al. 2019).
T-DM1, which covalently links trastuzumab with may-
tansinoid derivative DM1, has exhibited excellent efficacy
in the clinic (Peters et al. 2019). T-DM1 retains original
activities of trastuzumab including recognizing HER2 on
the cellular surface of breast tumor and down-regulating
the subsequent PI3K-AKT signaling pathway. Antibody-
dependent cell-mediated cytotoxicity (ADCC) is also
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maintained in T-DM1 therapy (Krop and Winer 2014).
Because T-DM1 can selectively deliver DM1 to HER2-
overexpressed malignant cells, the exposure of cell-killing

DM1 to systemic tissues is significantly reduced and the
therapeutic window of this agent is thus improved (Junt-
tila et al. 2011). Despite the concept of T-DM1 design is
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straightforward and the efficacy of T-DM1 has been well-
validated in the clinic, underlying function mechanism of
this agent has not been completely elucidated yet.

This report attempts to uncover underlying mecha-
nisms of T-DM1 that lead to cell death in human HER2-
overexpressed breast cancer cells. First, we demonstrated
that apoptosis was triggered upon T-DM1 treatment
in two HER2-positive breast cancer cells. Moreover,
T-DM1-induced apoptosis was showed to be Caspase-
3/7-dependent, blocking apoptotic cell death via molecu-
lar agent Z-VAD-fmk partly reversed T-DM1-mediated
cytotoxicity and Caspase-3/7 activation. These results
indicated that there might be other types of cell death
aside from apoptosis that participated in T-DM1-induced
anticancer effects.

Mounting evidence shows that autophagy which
plays an important role in anti-tumor treatment. While
autophagy majorly serves as a protective role for drug
resistance, it is also recognized as type II programmed

cell death and mediates chemotherapeutics toxicity in
certain cases (Chen et al. 2012; O’Donovan et al. 2011;
Yang et al. 2011). Recently, autophagy has been identi-
fied to be involved in Rituximab-MMAE-induced anti-
tumor efficacy in non-Hodgkin lymphoma, indicating a
cytotoxic role of autophagy in Rituximab-MMAE-based
tumor therapy (Wang et al. 2018). In this essay, it is for
the first time that we demonstrated that T-DM1 sig-
nificantly triggered autophagy in HER2-positive breast
cancer cells, as evidenced by confocal microscopy, trans-
mission electron microscopy and western blot analy-
sis. Specifically, blocking autophagy by pharmacological
inhibitors including CQ and LY294002 partly reversed
T-DM1-induced cytotoxicity, indicating a cytotoxic role
of autophagy in T-DM1 treatment. Remarkably, CQ
and LY294002 partly reversed T-DM1-induced apop-
totic cell death and reduced Caspase-3/7 activation.
These results elucidated that there was a close crosstalk
between T-DM1-induced apoptosis and autophagy, and
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Fig. 4 Inhibition of autophagy reduced T-DM1-induced apoptosis in SK-BR-3 cells and BT-474 cells. SK-BR-3 cells and BT-474 cells are exposed
to corresponding concentrations of T-DM1 with or without 5 uM of LY294002 or 10 uM of CQ for 2 days. a-d Proportion of Annexin V/Pl-positive
cells were analyzed and then presented in bar charts. e, f After treatment with T-DM1 in combination with autophagy inhibitors, the activation of
caspase-3/7 was analyzed by commercial kit and presented in bar charts

the cytotoxic autophagy facilitated apoptotic cell death
in T-DML1 treatment. Further study on the relationship of
autophagy and apoptosis in T-DM1 therapy is meaning-
ful to develop novel therapeutic strategies for improving

the therapeutic efficacy.

To elucidate molecular mechanism of T-DM1-induced
autophagy, we investigated Akt/mTOR signaling pathway,
which negatively modulates autophagy. Our results dem-
onstrated that T-DM1 treatment significantly reduced

p-mTOR-52448 expression levels in both two cells. The
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Fig. 5 Akt/mTOR signaling pathways were associated with T-DM1-induced autophagy in both two cells. a SK-BR-3 cells were incubated with 0, 20,
50, 100 and 300 ng/mL of T-DM1 for 48 h, and the protein expression levels of p-mTOR-52448, p-p70s6K-5371, p-4EBP1-pT45, Akt and p-Akt-S473
were determined by western blot analysis. b Relative protein expression levels compared to GAPDH were showed in bar charts. ¢ Protein expression
levels were determined by western blot, after BT-474 cells being cultured with indicated concentrations of T-DM1 for 2 days. d Relative protein
expression levels of BT-474 cells were presented in bar charts

subsequent regulators of mTOR, including p70s6K and
4EBP1, were also significantly dephosphorylated in dose-
dependent manners. Besides, Akt, an upstream regula-
tor of mTOR, was significantly dephosphorylated upon
T-DML1 treatment. The results mentioned above showed
that Akt/mTOR pathway was highly involved in T-DM1-
induced autophagy in human HER2-overexpressed breast
cancer cells.

In conclusion, it was for the first time we demonstrated
that T-DM1, a clinical approved ADC agent, could trigger
autophagy in the two HER2-overexpressed breast cancer
cells. Scheme 1 illustrates the role of autophagy in the
cytotoxicity induced by T-DM1 in HER2-overexpressed

breast cancer cells. Inhibiting autophagy by pharmaco-
logical inhibitors (CQ and LY294002) partly reduced
T-DM1-induced cytotoxicity and apoptotic cell death,
indicating a close interaction between autophagy and
apoptosis in T-DM1 treatment. Autophagy induced by
T-DM1 functioned as a cytotoxic mechanism and facili-
tated apoptosis of breast cancer cells. Mechanistically,
the activation of Akt/mTOR pathway was inhibited in
T-DM1-mediated autophagy. Thus, our study highlighted
a novel anti-tumor mechanism of T-DM1 therapy, and it
might provide novel idea for second-generation HER2-
targeted ADC.
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Scheme 1 Schematic illustration of the role of autophagy in T-DM1-triggered cytotoxicity in SK-BR-3 as well as BT-474 cells. In brief, T-DM1 is
internalized upon interacting with HER2 on the cellular surface, and degraded into cytotoxic metabolites by proteases in lysosomes. The toxic agent
promotes Caspase-3/7 dependent apoptosis and autophagy afterwards. Mechanistically, Akt/mTOR pathway inhibition is crucial in autophagy
triggered by T-DM1, and the relationship between autophagy and apoptosis is also identified. Blocking autophagy via pharmacological inhibitors
partly reduced T-DM1-induced apoptotic cell death, indicating that autophagy triggered by T-DM1 therapy played a cytotoxic role which facilitated

Abbreviations

ADC: Antibody-drug conjugate; ADCC: Antibody-dependent cell-mediated
cytotoxicity; CCK-8: Cell counting kit-8; CQ: Chloroquine; DM1: Emtansine;
HER2: Human epidermal growth factor receptor 2; P70s6K: Protein S6 kinase; T-
DM1: Trastuzumab emtansine; TEM: Transmission electron microscopy; 4EBP1:
4E-binding protein 1.

Authors’ contributions

PL, JF and ZW designed the experiments, performed experiments and wrote
manuscript. WZ and PS analyzed data. YL and DJ designed the study, super-
vised data analysis and edited the manuscript. All authors read and approved
the manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (81773620, 81803529 and 81573332), Shanghai Sailing Program
(17YF1405100), Key Specialty Construction Project of Pudong Health and Fam-
ily Planning Commission of Shanghai (Grant No. PWZzk2017-32), PDH-SPFDU
Joint Research Fund and Shanghai Municipal Commission of Health and
Family Planning Fund (201640036).

Availability of data and materials
All data are fully available.

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors read the manuscript and expressed their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Biological Medicines & Shanghai Engineering Research
Center of Immunotherapeutics, Fudan University School of Pharmacy,
Shanghai 201203, China. 2 Department of Pharmacy, Huadong Hospital, Fudan
University, Shanghai 200040, China. > School of Basic Medical Science, Fudan
University, Shanghai 201203, China. * Department of Pharmacy, Ruijin Hospital
Luwan Branch, School of Medicine, Shanghai Jiao Tong University, Shang-

hai 200020, China. > Department of Breast Surgery, Shanghai Pudong Hospital,
Fudan University Pudong Medical Center, Shanghai 201399, China.

Received: 17 May 2020 Accepted: 27 May 2020
Published online: 03 June 2020

References

Cao Q, You X, Xu L, Wang L, Chen Y (2019) PAQR3 suppresses the growth
of non-small cell lung cancer cells via modulation of EGFR-mediated
autophagy. Autophagy. https://doi.org/10.1080/15548627.2019.1659654

ChenW, Feng L, Nie H, Zheng X (2012) Andrographolide induces autophagic
cell death in human liver cancer cells through cyclophilin D-mediated
mitochondrial permeability transition pore. Carcinogenesis 33(11):2190-
2198. https://doi.org/10.1093/carcin/bgs264

Chen L, Wang L, Shion H, Yu C, Yu YQ, Zhu L, Li M, Chen W, Gao K (2016)
In-depth structural characterization of Kadcyla(R) (ado-trastuzumab


https://doi.org/10.1080/15548627.2019.1659654
https://doi.org/10.1093/carcin/bgs264

Liu et al. AMB Expr (2020) 10:107

emtansine) and its biosimilar candidate. mAbs 8(7):1210-1223. https://
doi.org/10.1080/19420862.2016.1204502

Darini C, Ghaddar N, Chabot C, Assaker G, Sabri S, Wang S, Krishnamoorthy J,
Buchanan M, Aguilar-Mahecha A, Abdulkarim B, Deschenes J, Torres J,
Ursini-Siegel J, Basik M, Koromilas AE (2019) An integrated stress response
via PKR suppresses HER2+ cancers and improves trastuzumab therapy.
Nat Commun 10(1):2139. https://doi.org/10.1038/s41467-019-10138-8

Erickson HK, Park PU, Widdison WC, Kovtun YV, Garrett LM, Hoffman K, Lutz RJ,
Goldmacher VS, Blattler WA (2006) Antibody-maytansinoid conjugates
are activated in targeted cancer cells by lysosomal degradation and
linker-dependent intracellular processing. Cancer Res 66(8):4426-4433.
https://doi.org/10.1158/0008-5472.CAN-05-4489

Gewirtz DA (2013) Cytoprotective and nonprotective autophagy in cancer
therapy. Autophagy 9(9):1263-1265. https://doi.org/10.4161/auto.25233

Hunter FW, Barker HR, Lipert B, Rothe F, Gebhart G, Piccart-Gebhart MJ, Sotiriou
C, Jamieson SMF (2020) Mechanisms of resistance to trastuzumab emtan-
sine (T-DM1) in HER2-positive breast cancer. Br J Cancer 122(5):603-612.
https://doi.org/10.1038/541416-019-0635-y

Hurvitz SA, Martin M, Symmans WF, Jung KH, Huang C-S, Thompson AM,
Harbeck N, Valero V, Stroyakovskiy D, Wildiers H, Campone M, Boileau
J-F, Beckmann MW, Afenjar K, Fresco R, Helms H-J, Xu J, Lin YG, Sparano
J, Slamon D (2018) Neoadjuvant trastuzumab, pertuzumab, and chemo-
therapy versus trastuzumab emtansine plus pertuzumab in patients with
HER2-positive breast cancer (KRISTINE): a randomised, open-label, multi-
centre, phase 3 trial. Lancet Oncol 19(1):115-126. https://doi.org/10.1016/
S1470-2045(17)30716-7

Junttila TT, Li G, Parsons K, Phillips GL, Sliwkowski MX (2011) Trastuzumab-DM1
(T-DM1) retains all the mechanisms of action of trastuzumab and effi-
ciently inhibits growth of lapatinib insensitive breast cancer. Breast Can-
cer Res Treat 128(2):347-356. https://doi.org/10.1007/510549-010-1090-x

Krop I, Winer EP (2014) Trastuzumab emtansine: a novel antibody-drug conju-
gate for HER2-positive breast cancer. Clin Cancer Res 20(1):15-20. https://
doi.org/10.1158/1078-0432.CCR-13-0541

Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E, Blattler WA,
Lambert JM, Chari RVJ, Lutz RJ, Wong WLT, Jacobson FS, Koeppen H,
Schwall RH, Kenkare-Mitra SR, Spencer SD, Sliwkowski MX (2008) Target-
ing HER2-positive breast cancer with trastuzumab-DM1, an antibody-
cytotoxic drug conjugate. Cancer Res 68(22):9280-9290. https://doi.
0rg/10.1158/0008-5472.CAN-08-1776

LiY,Wang S, Wang Z, Qian X, Fan J, Zeng X, Sun 'Y, Song P, Feng M, Ju D
(2014) Cationic poly(amidoamine) dendrimers induced cyto-protec-
tive autophagy in hepatocellular carcinoma cells. Nanotechnology
25(36):365101. https://doi.org/10.1088/0957-4484/25/36/365101

Loibl S, Gianni L (2017) HER2-positive breast cancer. Lancet 389(10087):2415-
2429. https://doi.org/10.1016/S0140-6736(16)32417-5

O'Donovan TR, O'Sullivan GC, McKenna SL (2011) Induction of autophagy
by drug-resistant esophageal cancer cells promotes their survival and
recovery following treatment with chemotherapeutics. Autophagy
7(5):509-524. https://doi.org/10.4161/auto.7.6.15066

Peters S, Stahel R, Bubendorf L, Bonomi P, Villegas A, Kowalski DM, Baik CS, Isla
D, Carpeno JDC, Garrido P, Rittmeyer A, Tiseo M, Meyenberg C, de Haas S,
Lam LH, Lu MW, Stinchcombe TE (2019) Trastuzumab emtansine (T-DM1)
in patients with previously treated HER2-overexpressing metastatic non-
small cell lung cancer: efficacy, safety, and biomarkers. Clin Cancer Res
25(1):64-72. https://doi.org/10.1158/1078-0432.CCR-18-1590

Rimawi MF, Schiff R, Osborne CK (2015) Targeting HER2 for the treatment of
breast cancer. Annu Rev Med 66:111-128. https://doi.org/10.1146/annur
ev-med-042513-015127

Rinnerthaler G, Gampenrieder SP, Greil R (2019) HER2 directed antibody-drug-
conjugates beyond T-DM1 in breast cancer. Int J Mol Sci 20(5):1115. https
://doi.org/10.3390/ijms20051115

Page 10 of 10

Rios-Luci C, Garcia-Alonso S, Diaz-Rodriguez E, Nadal-Serrano M, Arribas J,
Ocana A, Pandiella A (2017) Resistance to the antibody-drug conjugate
T-DM1 is based in a reduction in lysosomal proteolytic activity. Cancer
Res 77(17):4639-4651. https://doi.org/10.1158/0008-5472.CAN-16-3127

Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE Jr, Davidson NE, Tan-Chiu
E, Martino S, Paik S, Kaufman PA, Swain SM, Pisansky TM, Fehrenbacher
L, Kutteh LA, Vogel VG, Visscher DW, Yothers G, Jenkins RB, Brown AM,
Dakhil SR, Mamounas EP, Lingle WL, Klein PM, Ingle JN, Wolmark N
(2005) Trastuzumab plus adjuvant chemotherapy for operable HER2-
positive breast cancer. New Engl J Med 353(16):1673-1684. https://doi.
org/10.1056/NEJM0a052122

Singh AP, Maass KF, Betts AM, Wittrup KD, Kulkarni C, King LE, Khot A, Shah
DK (2016) Evolution of antibody-drug conjugate tumor disposition
model to predict preclinical tumor pharmacokinetics of trastuzumab-
emtansine (T-DM1). AAPS J 18(4):861-875. https://doi.org/10.1208/s1224
8-016-9904-3

Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, Press M, Mackey
J, Glaspy J, Chan A, Pawlicki M, Pinter T, Valero V, Liu MC, Sauter G, von
Minckwitz G, Visco F, Bee V, Buyse M, Bendahmane B, Tabah-Fisch |, Lind-
say MA, Riva A, Crown J, Breast Cancer International Research G (2011)
Adjuvant trastuzumab in HER2-positive breast cancer. New Engl J Med
365(14):1273-1283. https://doi.org/10.1056/NEJM0a0910383

Takegawa N, Tsurutani J, Kawakami H, Yonesaka K, Kato R, Haratani K, Hayashi
H, Takeda M, Nonagase Y, Maenishi O, Nakagawa K (2019) [fam-] trastu-
zumab deruxtecan, antitumor activity is dependent on HER2 expression
level rather than on HER2 amplification. Int J Cancer 145(12):3414-3424.
https://doi.org/10.1002/ijc.32408

WangY, Zhang X, Fan J, Chen' W, Luan J, Nan Y, Wang S, Chen Q, Zhang Y, Wu
Y, Ju D (2018) Activating autophagy enhanced the antitumor effect of
antibody drug conjugates rituximab-monomethyl auristatin E. Front
Immunol 9:1799. https://doi.org/10.3389/fimmu.2018.01799

Xia D, Qu L, Li G, Hongdu B, Xu C, Lin X, Lou Y, He Q, Ma D, Chen Y (2016)
MARCH?2 regulates autophagy by promoting CFTR ubiquitination and
degradation and PIK3CA-AKT-MTOR signaling. Autophagy 12(9):1614—
1630. https://doi.org/10.1080/15548627.2016.1192752

Yang ZJ, Chee CE, Huang S, Sinicrope FA (2011) The role of autophagy in
cancer: therapeutic implications. Mol Cancer Ther 10(9):1533-1541. https
://doi.org/10.1158/1535-7163.MCT-11-0047

Yun CW, Lee SH (2018) The roles of autophagy in cancer. Int J Mol Sci
19(11):3466. https://doi.org/10.3390/ijms19113466

Zeng X, Zhao H, LiY, Fan J, Sun'Y, Wang S, Wang Z, Song P, Ju D (2015) Target-
ing Hedgehog signaling pathway and autophagy overcomes drug
resistance of BCR-ABL-positive chronic myeloid leukemia. Autophagy
11(2):355-372. https://doi.org/10.4161/15548627.2014.994368

Zhang S, Huang WC, Li P, Guo H, Poh SB, Brady SW, Xiong Y, Tseng LM, Li SH,
Ding Z, Sahin AA, Esteva FJ, Hortobagyi GN, Yu D (2011) Combating
trastuzumab resistance by targeting SRC, a common node downstream
of multiple resistance pathways. Nat Med 17(4):461-469. https://doi.
org/10.1038/nm.2309

Zhu K, Dunner K Jr, McConkey DJ (2010) Proteasome inhibitors activate
autophagy as a cytoprotective response in human prostate cancer cells.
Oncogene 29(3):451-462. https://doi.org/10.1038/0nc.2009.343

Zhu X,Wu L, Qiao H, Han T, Chen S, Liu X, Jiang R, Wei Y, Feng D, Zhang
Y, MaY, Zhang S, Zhang J (2013) Autophagy stimulates apoptosis in
HER2-overexpressing breast cancers treated by lapatinib. J Cell Biochem
114(12):2643-2653. https://doi.org/10.1002/jcb.24611

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1080/19420862.2016.1204502
https://doi.org/10.1080/19420862.2016.1204502
https://doi.org/10.1038/s41467-019-10138-8
https://doi.org/10.1158/0008-5472.CAN-05-4489
https://doi.org/10.4161/auto.25233
https://doi.org/10.1038/s41416-019-0635-y
https://doi.org/10.1016/S1470-2045(17)30716-7
https://doi.org/10.1016/S1470-2045(17)30716-7
https://doi.org/10.1007/s10549-010-1090-x
https://doi.org/10.1158/1078-0432.CCR-13-0541
https://doi.org/10.1158/1078-0432.CCR-13-0541
https://doi.org/10.1158/0008-5472.CAN-08-1776
https://doi.org/10.1158/0008-5472.CAN-08-1776
https://doi.org/10.1088/0957-4484/25/36/365101
https://doi.org/10.1016/S0140-6736(16)32417-5
https://doi.org/10.4161/auto.7.6.15066
https://doi.org/10.1158/1078-0432.CCR-18-1590
https://doi.org/10.1146/annurev-med-042513-015127
https://doi.org/10.1146/annurev-med-042513-015127
https://doi.org/10.3390/ijms20051115
https://doi.org/10.3390/ijms20051115
https://doi.org/10.1158/0008-5472.CAN-16-3127
https://doi.org/10.1056/NEJMoa052122
https://doi.org/10.1056/NEJMoa052122
https://doi.org/10.1208/s12248-016-9904-3
https://doi.org/10.1208/s12248-016-9904-3
https://doi.org/10.1056/NEJMoa0910383
https://doi.org/10.1002/ijc.32408
https://doi.org/10.3389/fimmu.2018.01799
https://doi.org/10.1080/15548627.2016.1192752
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.3390/ijms19113466
https://doi.org/10.4161/15548627.2014.994368
https://doi.org/10.1038/nm.2309
https://doi.org/10.1038/nm.2309
https://doi.org/10.1038/onc.2009.343
https://doi.org/10.1002/jcb.24611

	The role of autophagy in the cytotoxicity induced by trastuzumab emtansine (T-DM1) in HER2-positive breast cancer cells
	Abstract 
	Key points
	Introduction
	Materials and methods
	Regents
	Cell culture
	Cell viability analysis
	Transmission electron microscopy (TEM)
	Western blot
	Confocal microscopy
	Caspase-37 activity analysis
	Statistical analysis

	Results
	T-DM1 induced apoptosis in SK-BR-3 and BT-474 cells
	Autophagy was triggered by T-DM1 in HER2-positive breast cancer cells
	Autophagy inhibition reversed T-DM1-indcued cytotoxicity and apoptosis in HER2-positive breast cancer cells
	AktmTOR signaling pathway inactivation was associated with T-DM1-induced autophagy in HER2-overexpressed breast cancer cells

	Discussion
	References




