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Purpose: T-DM1 is an antibody–drug conjugate (ADC) consisting of trastuzumab and DM1 
linked together. T-DM1 binds to human epidermal growth factor receptor-2 (HER2) in 
tumors and then triggers the endocytosis of T-DM1 and release of payload. Therefore, 
endocytosis efficacy is considered as a critical step for the initiation of T-DM1 therapy; 
however, the endocytosis mechanism of T-DM1 remains poorly understood. Meanwhile, 
HER2 is regarded as an internalization-resistant receptor, which hinders the endocytosis and 
effectiveness of T-DM1. The present study is to explore the T-DM1 endocytosis pathway, 
which may provide insights into the internalization mechanism of ADCs and help to improve 
efficacy.
Methods: Confocal microscopy and flow cytometry were used to analyse T-DM1 intracel
lular trafficking and endocytosis efficiency, while Western blot assay was performed to detect 
T-DM1 degradation.
Results: We found that intracellular T-DM1 was increased to 50% within 12 h. T-DM1 was 
colocalized with cholera toxin B (CTxB), a lipid raft marker, within 2 h and then degraded in 
lysosome. Upon overexpression of caveolin-1 (CAV-1) and utilization of caveolae/lipid-raft 
disruptors, we found that temporal CAV-1 upregulation significantly facilitated T-DM1 
endocytosis and degradation, whereas nystatin and lovastatin disrupted caveolae/lipid-raft 
structure and inhibited T-DM1 degradation. We demonstrate that T-DM1 internalizes through 
the lipid raft-mediated endocytosis in a CAV-1 dependent manner, rather than through the 
clathrin-mediated endocytosis in HER2-positive cancer cells.
Conclusion: Our findings suggest that modulation of the caveolae/lipid-raft mediated 
endocytosis may be a possible option for improving the clinical therapeutic effect of 
T-DM1 because it plays a key role in regulating T-DM1 internalization.
Keywords: antibody–drug conjugate, T-DM1, endocytosis, lipid rafts, caveolae, caveolin-1

Introduction
Trastuzumab emtansine (T-DM1) is an antibody–drug conjugate composed of 
monoclonal antibody trastuzumab against HER2 and cytotoxic payload DM1 con
nected by a covalent linker. It has been approved by the FDA for the treatment of 
HER2 positive metastatic breast cancer. Although patients with HER2 positive 
breast cancer have received encouraging clinical benefits from T-DM1 treatment, 
progressive drug resistance, HER2 heterogeneity and insensitivity may occur in 
patients, affecting the disease-free survival.1,2 In order to improve the efficacy and 
safety of ADCs, a better understanding of the mechanism of action is especially 
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important. Upon binding to HER2, T-DM1 is able to be 
internalized via HER2 receptor-mediated endocytosis and 
releases the free toxin into the cytosol. This means that the 
anti-cancer efficacy of T-DM1 mainly relies on their 
uptake by HER2 positive cancer cells. However, the 
mechanism of T-DM1 and HER2 internalization has not 
yet to be fully elucidated.

As a special member of ErbB-family, HER2 is known 
as an orphan receptor and is prevalently expressed on the 
cell surface.3 It has also been reported that HER2 is 
resistant to endocytosis by forming a stable complex 
with heat shock protein 90 (Hsp90)4,5 or internalized 
HER2 rapidly recycles to the plasma membrane.6–8 

HER2 has previously been found to be concentrated on 
the membrane protrusions and to colocalize with mono
sialoteterahexosyl ganglioside (GM1), a lipid raft marker.9 

Moreover, HER2 has been reported to interact with Hsp90 
and raft-associated flotillin-1 to form the complex and 
stabilize at the plasma membrane.10 These results suggest 
that HER2 may be located in the lipid raft microdomains.

Lipid raft is microdomain located in the plasma mem
brane and is enriched with cholesterol and sphingolipid. 
Caveolae is considered as the major subtype of lipid raft. 
Caveolae/lipid raft mediates the internalization of ligands, 
receptors and extracellular molecules, such as cholera 
toxin B (CTxB), albumin and Simian virus 40 (SV40) in 
a clathrin-independent endocytosis. Caveolin-1 (CAV-1) is 
the main scaffolding protein of caveolae. As one of the 
isoforms of the caveolin family in mammals, CAV-1 is 
abundantly expressed in various tissues.11 Besides, CAV-1 
is involved in many biological events, such as cholesterol 
homeostasis, receptor-mediated endocytosis, cancer cell 
migration and metastasis, signal transduction and lipid 
transport.12 Several lines of investigation have found that 
CAV-1 is associated with the cell-surface HER2 level,13–15 

affects trastuzumab binding16,17 and T-DM1 
internalization.18–20 All these findings have raised ques
tions about how T-DM1 is internalized and what the role 
CAV-1 plays in T-DM1 endocytosis.

In this study, confocal microscopy and flow cytome
try were used to detect the internalization efficacy of 
T-DM1. We also employed the overexpression, knock
down of CAV-1, and two caveolae/lipid raft disruptors 
to evaluate the role of CAV-1 in T-DM1 endocytosis. 
All the experiments demonstrate that CAV-1 modulates 
the T-DM1 internalization via caveolae/lipid raft- 
mediated endocytosis.

Materials and Methods
Cell Lines and Cell Culture
Human gastric carcinoma NCI-N87 cells, breast cancer 
cell lines BT474, MDA-MB 453 and MDA-MB 231 
were obtained from ATCC. NCI-N87 (ATCC Cat# CRL- 
5822, RRID: CVCL_1603) and BT474 (ATCC, Cat# 
HTB-20, RRID: CVCL_0179) were grown in DMEM 
(Biological Industries, Cat# 06-1055-57-1ACS). MDA- 
MB 453 (ATCC, Cat# HTB-131, RRID: CVCL_0418) 
and MDA-MB 231 (ATCC, Cat# HTB-26, RRID: 
CVCL_0026) were grown in RPMI 1640 (Biological 
Industries, Cat# 01-100-1ACS). Cells were maintained at 
37°C in a humidified atmosphere containing 5% CO2 in 
the corresponding medium supplemented with 10% fetal 
bovine serum (FBS; ExCell Bio, Shanghai, Cat# FSP500) 
and 100 units/mL of both penicillin and streptomycin 
(Sangon, Shanghai, Cat# E607011).

Endocytosis of Cell-Surface Bound 
T-DM1
When cells grew to about 80% confluence, cells were 
treated with 10 μg/mL trastuzumab/T-DM1 (Genentech) 
at 4°C for 30 min. The cells were then washed with PBS 
for three times to remove unbound trastuzumab/T-DM1. 
After supplementing the fresh medium, cells were incu
bated at 37°C for different time intervals.

Confocal Microscopic Imaging to Monitor 
Endocytosis
Cells seeded on 15 mm poly-lysine-coated glass coverslips 
(NEST, Wuxi, China, Cat# 801007) were processed for 
confocal microscopic analysis for imaging endocytosis. In 
brief, subsequent to drug treatment mentioned above, cells 
were fixed with 4% (w/v) paraformaldehyde (PFA, 
Sangon, Cat# E672002) for 15 min, permeabilized with 
0.4% (v/v) Triton X-100 (Sangon, Cat# A600198) for 10 
min and incubated with blocking buffer containing 1% (w/ 
v) bovine serum albumin (BSA, Sangon, Cat# A600332) 
for 1 h at room temperature. Subsequently, cells were 
stained with rabbit anti-Lamp-1 (Cell Signaling, 1:200, 
Cat# 9091, RRID: AB_2687579), rabbit anti-caveolin-1 
(Cell Signaling, 1:200, Cat# 3267, RRID: AB_2275453), 
rabbit anti-HER2 (ABclonal Technology, 1:200, Cat# 
A2071, RRID: AB_2832988) and rabbit anti-clathrin 
(Proteintech, 1:300, Cat#10852-1-1AP, RRID: 
AB_2083025) antibodies at 4°C overnight. After washing 
with Tris-buffered saline buffer-Tween (TBST, 
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supplemented with 1% Tween-20), cells were stained with 
anti-human FITC conjugate IgG (Beyotime, Shanghai, 
1:500, Cat# A0556) or anti-rabbit Alexa Fluor 546 con
jugate IgG (Invitrogen, 1:500, Cat# A-11010, RRID: 
AB_2534077) for 1 h at RT. Cell nucleus were stained 
with DAPI (Solarbio, Beijing, 1:50, Cat# C0065) for 10 
min. The coverslips were mounted using the anti-fade 
mounting medium (Beyotime, Shanghai, Cat# P0126) 
and sealed with nail polish. Images were captured using 
a 60X oil immersion objective on a Nikon A1R confocal 
microscope (Nikon Instruments Inc., USA).

Visualization of Lipid Rafts by CTxB 
Staining
The lipid rafts were stained with CTxB conjugated to 
Alexa Fluor 594 (Invitrogen, Cat# C34777). Cells were 
seeded on coverglass slide chambers. Cells were incubated 
with 10 μg/mL CTxB for 30 min on ice and then washed 
with PBS and followed by a 30 min incubation at 37°C. 
Images were captured using a 60X oil immersion objective 
on a Nikon A1R confocal microscope, and representative 
cells from different views were photographed.

Flow Cytometry Analysis to Monitoring 
Endocytosis
Endocytosis of trastuzumab/T-DM1 was determined utiliz
ing a quantitative flow cytometric assay as described in 
a previous article.21 In brief, cells were incubated at 37°C 
for various time points to internalized surface-bound tras
tuzumab/T-DM1, while the control group was incubated at 
4°C as a negative control without internalization. Cells 
were collected in FACS staining buffer (PBS containing 
2% FBS) and then stained with anti-human FITC conju
gate IgG (Beyotime, Shanghai, 1:500) for 30 min on ice 
away from light. Mean fluorescence intensity (MFI) was 
collected from 10,000 cells on ACEA NovoCyteTM flow 
cytometer (ACEA Biosciences, USA) by exciting FITC at 
488 nm and collecting emission using a 530/30 nm band
pass filter. Data analysis was performed on Flow Jo soft
ware (Becton, Dickinson and Company). Endocytosis rates 
were calculated using the following formula: endocytosis 
rates (%) = (MFI at 4°C – MFI at 37°C)/MFI at 4°C×100.

Western Blot Analysis
Whole-protein extracts from cells were obtained using 
RIPA lysis buffer (pH 7.4, 50 mM Tris, 150 mM NaCl, 
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 

Beyotime, Cat# P0013B) supplemented with 1 mM phe
nylmethanesulfonyl fluoride (PMSF, Sangon, Cat# 
A610425) and 1 × Protease Inhibitor Cocktail (Bimake, 
USA, Cat# B14001). Soluble protein fractions were col
lected by centrifugation at 13,000 xg for 10 min at 4°C. 
Protein concentration was determined using BCA protein 
assay kit (Beyotime, Shanghai, Cat# P0010S). After the 
SDS-PAGE electrophoresis, proteins were transferred onto 
PVDF membranes (Millipore, Cat# IPVH00010). The 
blots were incubated with blocking buffer containing 5% 
(w/v) non-fat milk for 1 h at room temperature, probed 
with indicated primary antibodies and shaked at 4°C over
night. Unbound antibodies were washed away with TBST. 
The blots were incubated with HRP-conjugated secondary 
antibodies, goat anti-human IgG (Sangon, Shanghai, 
1:2000, Cat# D110150, RRID: AB_2876788), goat anti- 
mouse IgG (Cell Signaling, 1:3000, Cat# 7076S, RRID: 
AB_330924) or goat anti-rabbit IgG (Cell Signaling, 
1:3000, Cat# 7074S, RRID: AB_2099233). After washing 
with TBST, the blots were incubated with ECL chemilu
minescent substrate reagent (Aoqianbio, Hangzhou, China, 
Cat#P10100) and imaged on ChemiScope imaging system 
(CLiNX, Shanghai). Further densitometric analysis was 
implemented with Image J software. The following pri
mary antibodies are: rabbit anti-Caveolin 1 (1:1000), 
mouse anti-GAPDH (TransGen Biotech, Beijing, 1:4000, 
Cat# HC301-02, RRID: AB_2629434) and rabbit anti- 
HER2 (1:2000).

Cytotoxicity Assays
Cell viability was examined using MTT assay according to 
the manufacturer’s instruction. In brief, cells were seeded 
in 96-well plates at a density of 5000 cells per well over
night. Cells were pretreated with or without inhibitors for 
1 h and incubated with different concentrations of T-DM1 
for 96 h at 37°C. Cells were processed using standard 
procedures. The light absorbance of the solution was mea
sured by a microplate reader (Thermo). Cell viability rates 
were calculated using the following formula: viability rate 
(%) = (Ad−Ab)/(Ac−Ab)×100, where Ad stands for absor
bance value of the drug treated well, Ab refers to absor
bance value of the blank well, and Ac refers to absorbance 
value of the negative control well.22

Cell Cycle Analysis
About 5 × 105 cells were seeded in each well of 6-well 
plates overnight. Inhibition group was pretreated with 10 
μM CQ for 4 h, then incubated with 10 μg/mL T-DM1 for 
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another 48 h. Following 48 h treatment, cell cycle analysis 
was performed by washing cells with PBS, trypsinization 
and centrifugation at 1000 xg for 5 min. About 1 mL of 
70% ethanol was slowly loaded to the cell suspension drop 
by drop, and cells were fixed at 4°C overnight. After 
removing the ethanol, cells were resuspended with 500 
μL of propidium iodide (PI) staining buffer containing 
RNase A and incubated at 37°C for 30 min. Cells were 
then analyzed on ACEA NovoCyteTM flow cytometer.

Overexpression and Knockdown of 
CAV-1 Gene
CAV-1 overexpression plasmid was generated from an 
expression vector, pcDNA5/FRT with BamH I and Not 
I restriction sites. The primer sequences of the CAV-1 
(GenBank accession number: NM_001172895.1) amplifi
cation were as follows: 5ʹ-GGATCCATGTCTGGGGGCA 
AATACG-3ʹ (forward) and 5ʹ-TTGCGGCCGCTCA 
TTATATTTCTTTCTGCAAGTTG-3ʹ (reverse). Cells 
were transfected at 60–80% confluence containing 0.5 
μL/cm2 Hieff TransTM Liposomal Transfection Reagent 
(Yeasen, Shanghai, Cat# 40802ES03). CAV-1 overexpres
sion was evaluated 24 h after transfection by Western blot. 
Further experiments were performed 24 h post- 
transfection. Knockdown of CAV-1 was achieved by indu
cible expression of shRNA. The shRNA expressing vector 
pLKO.1-puro was used, and two putative candidate 
sequences (shCAV-1.1 and shCAV-1.2) and one scramble 
sequence were designed as follows: shCAV-1.1, 5ʹ- 
CCGGGACGTGGTCAAGAT

TGACTTTCTCGAGAAAGTCAATCTTGACCACGT 
CTTTTTP-3ʹ (forward), shCAV-1.2, 5ʹ-CCGGCC

ACCTTCACTGTGACGAAATCTCGAGATTTCGT
CACAGTGAAGGTGGTTTTT-3ʹ (forward) and control 
shRNA, 5ʹ-CCGGCAACAAGATGAAGAGCACCAA 
CTCGAGTTGGTGCTCTTCATCTTGTTG

TTTTTG-3ʹ (forward). Cells were transfected with 
shRNA vectors and selected with puromycin (1 μg/mL).

Treatments with Inhibitors
3 mM NH4Cl (Sangon, Shanghai, Cat# A501569) and 5 
μM chloroquine (CQ; Sigma-Aldrich, Cat# C6628) were 
used to inhibit lysosome function. 10 μM Lovastatin 
(Meilunbio, Dalian, China, Cat# 75330–75-5) and 10 μM 
Nystatin (Sangon, Shanghai, Cat# A600390) were 
employed to inhibit caveolae/lipid-raft mediated endocy
tosis. 20 μM chlorpromazine (CPZ, Aladdin, Shanghai, 

Cat# C129569) and 20 μM pitstop 2 (Sigma-Aldrich, 
Cat# SML1169) were employed to inhibit clathrin- 
mediated endocytosis. Cells were pretreated with inhibi
tors at 37°C for 1 h, except for the pretreatment of 
Lovastatin for 24 h. Cells were then incubated in the 
presence of trastuzumab/T-DM1 and inhibitors for indi
cated time intervals. After the incubation, cells were 
further analyzed by different methods such as Western 
blot, Confocal microscopy, flow cytometry and MTT.

Statistics
For the data represented graphically, the GraphPad Prism 
software (GraphPad Software, USA) was applied and error 
bars represent ± standard error of the mean of the indicated 
number of independent experiments performed. Statistical 
significance was determined using Student’s t-test or two- 
way ANOVA, as appropriate. Note: * = p ≤ 0.05, ** = 
p ≤ 0.01, ***= p ≤ 0.001, **** = p ≤ 0.0001.

Results
Trastuzumab or T-DM1 Accumulates 
Intracellularly and Increases Degradation 
with the Time
We first investigated the dynamic process of trastuzumab or 
T-DM1 internalization and degradation in breast cancer cells. 
Briefly, 10 μg/mL of trastuzumab or T-DM1 interacted with 
cell-surface HER2 receptor on ice and internalization was 
initiated by incubating cells at 37°C for different time inter
vals before further analysis. Endocytosis rate was quantified 
by flow cytometry by calculating MFI of cell-surface bound 
trastuzumab or T-DM1 at different time intervals. The results 
shown in the histogram indicated that the intracellular tras
tuzumab or T-DM1 in MDA-MB 453 as well as BT474 cells 
were accumulated. Endocytosis rates of both trastuzumab 
and T-DM1 reached a relatively steady state of 40–50% 
between 8 and 12 h (Figure 1A and B). To further explore 
the degradation rates of the internalized trastuzumab or 
T-DM1, whole-proteins were extracted and analyzed with 
the Western blot assay. The results showed that in MDA- 
MB 453 cells, both trastuzumab and T-DM1 protein levels 
were decreased by almost 50% at 8 h (Figure 1C and D). We 
also obtained the similar results in BT474 cells (Figure 1E). 
The blots of trastuzumab and T-DM1 were quantitatively 
analyzed and indicated in bar graphs (Figure 1F and G). 
However, we compared the endocytosis rates of trastuzumab 
to that of T-DM1 and no significant difference was found.
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Figure 1 Internalization and degradation dynamics of trastuzumab or T-DM1 in vitro. Flow cytometry assay of the internalization rates of trastuzumab and T-DM1 in MDA- 
MB 453 cells (A) and in BT474 cells (B), showing accumulated trastuzumab or T-DM1 intracellularly. The mean fluorescence intensity of each group was analyzed by 
GraphPad Prism and showed in bar graphs, means ± SD were presented. *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001 based on two-way ANOVA. Western blot assay 
showing the degradation of trastuzumab (C) and T-DM1 (D) in MDA-MB 453 respectively. GAPDH was used as loading control. (E) Western blot assay showing the 
degradation of trastuzumab and T-DM1 in BT474 cells. β-Actin was used as loading control. (F and G) Densitometric values of anti-human IgG from (C–E) were analyzed by 
Image J and normalized to control (time point at 0 h). The values of control were set to 100%. Means ± SD were presented. **** p < 0.0001 based on Student’s t-test. Data 
shown above were representative of at least two independent experiments.
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Taken together, these results suggest that trastuzumab 
and T-DM1 can be internalized and degraded in breast 
cancer cells.

Internalized T-DM1 is Degraded in 
Lysosome
We next observed the uptake of trastuzumab and T-DM1 
by immunofluorescence confocal microscopy. The images 
revealed an increase in the uptake of trastuzumab and 
T-DM1 with treatment time of 8–12 h, showing increasing 
colocalization signals with LAMP-1 stained lysosome 
(Figure 2A and B). It was in accordance with the data 
analyzed by flow cytometry (Figure 1A and B) and sug
gested that trastuzumab or T-DM1 could be internalized 
and then transported to lysosome.

Base on the observation, we next hypothesized that inter
nalized T-DM1 could eventually be degraded in the lyso
some. Therefore, NH4Cl and CQ were used as lysosome 
inhibitors to explore whether lysosomal dysfunction could 
reduce T-DM1 toxicity. The MTT results revealed that 
MDA-MB 453 cells were highly sensitive to T-DM1, 
whereas pretreatment of NH4Cl or CQ decreased T-DM1 
toxicity towards cells (Figure 3A left). The IC50 of the 
cells treated with NH4Cl+T-DM1 and CQ+T-DM1 was 
459.4 ng/mL and 1830 ng/mL, respectively, both of which 
were much higher than the IC50 of the cells treated only with 
T-DM1. Compared to MDA-MB 453, BT474 cells were less 
sensitive to T-DM1 (Figure 3A right), which suggested that 
the response to T-DM1 was distinct among different HER2 
positive cancer cells. The reasons may attribute to the differ
ent HER2 density or morphological factors between MDA- 
MB 453 and BT474 cells. MDA-MB 453 cells were grown 
with single round shape, while BT474 cells aggregated and 
made it difficult for effective drug transportation. In addition, 
T-DM1 is ineffective for HER2 negative MDA-MB 231 
cells. Although MDA-MB 231 cells were exposed to high 
concentrations of T-DM1, no fatal effect was found on the 
cell viability (data not shown). We also determined the 
degradation level of T-DM1 in the presence or absence of 
CQ or NH4Cl. The results indicated that over the same time- 
course, T-DM1 degradation was inhibited with the pretreat
ment of CQ, while T-DM1 was significantly degraded in the 
absence of CQ pretreatment (Figure 3C). Nevertheless, 
NH4Cl pretreatment was not totally inhibit the T-DM1 
degradation compared with the control group (Figure 3B). 
For the reason why NH4Cl and CQ showed different effects 
on inhibiting T-DM1 degradation, the possible explanations 

may be their distinct mechanisms of lysosomal 
alkalinization.23 Although both of them can prevent the 
acidification of lysosomes and therefore inhibit the activity 
of intraluminal degradative enzymes, NH4Cl nonspecifically 
increases the pH not only in lysosome lumen, but also in 
cytoplasm, while CQ diffuses into lysosome and undergoes 
protonation. Browning DJ explained that CQ entered the 
lysosome by diffusion, but it cannot diffuse out of the intra- 
lysosomal environment upon protonation to CQ2+.24 

Meanwhile, we determined the cell cycle of MDA-MB 453 
cells treated with different drugs (Figure 3D). Our data 
showed that cells treated with T-DM1 were significantly 
arrested in G2-M phase. Cells treated with CQ alone showed 
similar cell cycle percentage as control, which meant that low 
concentration of CQ did not affect the cell cycle. In contrast, 
combinational treatment of T-DM1 and CQ did not induce 
the same G2-M cell cycle arrest as T-DM1 did, as CQ 
blocked T-DM1 degradation.

The results demonstrate that T-DM1 transports to lyso
some and undergoes degradation. CQ and NH4Cl can 
prevent T-DM1 from degradation through inhibition of 
lysosomal function, and therefore block the release of 
free DM1 and lift the mitotic arrest.

Caveolin-1 (CAV-1) Dependent Lipid Raft 
is Associated with T-DM1 Endocytosis
We proved that T-DM1 could be internalized and trans
ported to the lysosome for degradation. Then, we wanted 
to know whether caveolae/lipid-raft mediated endocyto
sis was involved in the T-DM1 and HER2 internaliza
tion. First, we discovered the relationship between lipid 
rafts and CAV-1, the major component of caveolae. We 
assessed the lipid raft level using Alexa Fluor 594- 
conjugated CTxB staining. Confocal microscopic images 
showed that CTxB signals were increased in two CAV-1 
overexpressing cells compared to the corresponding con
trol cells, indicating higher level of lipid rafts in CAV-1 
overexpressing cells (Figure 4A). The overexpression of 
CAV-1 was confirmed by Western blot (Figure 4B). At 
the beginning (0 h), T-DM1 and CTxB were colocalized 
at the cell membrane. After 2 h of incubation, intracel
lular T-DM1 was colocalized with CTxB in the cytosol 
(Figure 4C left). The colocalization of HER2 and CTxB 
was also observed in both MDA-MB 453 and NCI-N87 
cells (Figure 4C right). The results implied that HER2 
and T-DM1 complexes could be internalized through 
lipid rafts.
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T-DM1 Internalization is Through the 
Caveolae/Lipid-Raft Mediated Endocytosis
Considering that lipid raft level was related to CAV-1 
expression, we explored the roles of CAV-1 in T-DM1 
endocytosis. We found that HER2 protein levels were 
unchanged by the incubation of T-DM1 in MDA-MB453 

cells, though intracellular T-DM1 was degraded 
(Figure 5A). This meant that T-DM1 internalization did 
not accelerate the HER2 degradation. We next performed 
the overexpression of CAV-1, a key mediator of caveolae/ 
lipid-raft mediated endocytosis to further prove our spec
ulation. The CAV-1 overexpression system was established 

Figure 2 Colocalization of trastuzumab or T-DM1 with LAMP 1-stained lysosome in the different time. Confocal microscopic images of immunofluorescence staining of 
trastuzumab (left) or T-DM1 (right) with LAMP-1 in MAD-MB 453 cells (A) and in BT474 cells (B). Scale bars = 10 μm (A) or 20 μm (B). Green, trastuzumab or T-DM1, red, 
LAMP-1, blue, DAPI. n =2, two experiments were repeated.
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by transfecting the pcDNA5/FRT-CAV-1 plasmids to 
MDA-MB 453 cells. Expression of exogenous CAV-1 
could be detected 24 h after transfection (Figure 5B). In 
order to find the association between CAV-1 and HER2, 
we detected the HER2 level following the CAV-1 over
expression in MDA-MB 453 cells. HER2 was degraded as 

CAV-1 was up-regulated at the same time without T-DM1 
treatment (Figure 5C). After treatment with T-DM1, 
increased degradation of HER2 was found when cells 
were overexpressed with CAV-1. It was observed that 
both HER2 and T-DM1 protein levels were remarkably 
decreased from 4 h to 8 h, while simultaneously CAV-1 

Figure 3 T-DM1 is degraded in lysosome. (A) Cytotoxicity assay: cell viability of HER2-positive cancer cells (MDA-MB 453, BT474) or HER2-negative cells (MDA-MB 231) 
with the pretreatment of NH4Cl (upper) and CQ (lower) followed with T-DM1 treatment for 96 h showing decreased drug toxicity to cancer cells than control group (only 
T-DM1 treatment). Mean values of independent 5 repeats of cell samples were shown and error bar indicate SD. (B) Western blot analysis of T-DM1 degradation in MDA-MB 
453 demonstrating pretreatment of NH4Cl inefficiently prevented the T-DM1 degradation. (C) Western blot analysis of T-DM1 degradation in MDA-MB 453 demonstrating 
efficient prevention of T-DM1 degradation after the pretreatment of CQ. (D) Bar graph of cell cycle in MDA-MB 453 showing CQ pretreatment prevented the DM1 from 
release and caused cell cycle arrest in G2-M phase. The percentage of cell cycle phases were determined by flow cytometry. Data shown in (B), (C) and (D) were 
representative of two independent experiments.
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Figure 4 CAV-1 dependent lipid rafts are associated with T-DM1 endocytosis. (A) Confocal microscopic images: Lipid-raft levels (CTxB staining) were increased in CAV-1 
overexpressing MDA-MB 453 cells (left) and NCI-N87 cells (right) compared to normal MB 453 cells and NCI-N87 cells. 36 h post-transfection was performed before CTxB 
staining for 30 min. Photography parameters were set to be the same and three different views of representative cells were showed. (B) CAV-1 overexpression was 
confirmed by Western blot. Ctrl group was transfected with the control plasmid. (C) Confocal images of immunofluorescence staining of T-DM1 or HER2 with CTxB 
respectively in MAD-MB 453 cells (upper) or NCI-N87 cells (lower). Cells were treated with T-DM1 and CTxB for 2 h. Scale bars = 10 μm. Green, T-DM1 or HER2, red, 
CTxB, a marker of lipid raft. n =2, experiments were repeated twice.
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Figure 5 Overexpression of CAV-1 induces the T-DM1 internalization in MDA-MB 453 cells. (A) T-DM1 was degraded and HER2 level kept constant in normal MDA-MB 
453 cells. (B) Evaluation of CAV-1 overexpression in MDA-MB 453 cells from 24 h to 72 h after transient transfection. (C) Downregulation of HER2 was induced by CAV-1 
overexpression 24 h post-transfection without T-DM1 incubation. (D) Flow cytometry assay of the internalization rates of T-DM1 showing the accumulation of intracellular 
T-DM1 in CAV-1 overexpression group was higher compared to the control group. The mean fluorescence intensity of each group was analyzed by GraphPad Prism and 
showed in bar graphs, means ± SD were presented. * p < 0.05, *** p < 0.001 based on two-way ANOVA. (E) Transient overexpression of CAV-1 accelerated HER2 and 
T-DM1 degradation. Treatment of T-DM1 was performed 24 h post transfection of CAV-1 overexpression plasmid. (F) Densitometric values of T-DM1 in panel E were 
analyzed by Image J and normalized to control (time point at 0 h). The values of control were set to 100%. Means ± SD were presented. **** p < 0.0001 based on two-way 
ANOVA. Data shown above were representative of at least two independent experiments.
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protein level was increasing compared to the control group 
(Figure 5E). The relative T-DM1 was quantitatively ana
lyzed and indicated in the bar graph (Figure 5F). T-DM1 
internalization was also quantified by flow cytometry, 
indicating that the internalization rate of T-DM1 in CAV- 
1 overexpression group at 12 h reached 60%, which was 
over 10% higher than the control one (Figure 5D).

CAV-1 shRNA expressing vectors or inhibitors of 
caveolae/lipid raft-mediated endocytosis pathway were 
used for the following experiments. Considering the low 
basal level of CAV-1 in MDA-MB 453 cells, we chose 

NCI-N87 (gastric carcinoma), which was HER2 positive 
with intermediate CAV-1 level. HER2 protein level 
remained unchanged with the treatment of T-DM1 in NCI- 
N87 cells (Figure 6A). Next, we found that the degrada
tion of HER2 and T-DM1 were inhibited in CAV-1 shRNA 
knockdown cells compared to the control group of scram
ble shRNA (Figure 6B). Moreover, nystatin and lovastatin 
were used to block the caveolae/lipid-raft mediated endo
cytosis pathway. Nystatin is a specific lipid raft-inhibiting 
reagent,25 and lovastatin is clinically available for normal
izing blood cholesterol level. As we expected, both 

Figure 6 CAV-1 knockdown via RNA interference or inhibitors targeting cholesterol inhibits T-DM1 degradation in NCl-N87 cells. (A) Treatment of T-DM1 did not induce 
the HER2 degradation in normal NCl-N87 cells. (B) Knockdown of CAV-1 in NCl-N87 cells using shRNA inhibited T-DM1 degradation while HER2 protein level remained 
stable. (C) Inhibition of T-DM1 degradation by lipid-raft disruptor Nystatin. Cells were pretreated with 10 μM Nystatin for 1h. (D) Lipid-raft disruptor lovastatin inhibited 
the degradation of T-DM1. Cells were pretreated with 10 μM lovastatin for 24 h. Data shown in (A–D) were representative of two independent experiments. GAPDH was 
used as loading control. Densitometric values of T-DM1 in (C) and (D) were analyzed by Image J and normalized to control (time point at 0 h). The values of control were 
set to 100%. Means ± SD were presented. ** p < 0.01, *** p < 0.001, **** p < 0.0001 based on two-way ANOVA.
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nystatin and lovastatin significantly inhibited T-DM1 
degradation, while HER2 protein level remained steady 
with or without nystatin or lovastatin pretreatment 
(Figure 6C and D). The relative T-DM1 was shown in 
bar graphs on the right.

T-DM1 Internalization is 
Clathrin-Independent
Clathrin-mediated endocytosis (CME) is the classic recep
tor-mediated endocytosis, so we wonder if T-DM1 could 
alternatively internalize through the CME. We observed 
that there was no colocalization of intracellular T-DM1 
with clathrin-coated pits in MDA-MB 453 and NCI-N87 
cells (Figure 7A). Next, two specific inhibitors were used 
to block the CME. Chlorpromazine (CPZ) prevents the 
assembly of clathrin-coated pits in the plasma membrane 
and pitstop 2 inhibits CME by associating it with the 
terminal domain of clathrin. Endocytosis rate of T-DM1 
was quantified by flow cytometry. No significant differ
ences in T-DM1 endocytosis were found in cells with or 
without pretreatment of CPZ or pitstop 2 (Figure 7B and 
C). It proved that T-DM1 endocytosis was independent 
of CME.

Based on the above results, we confirm that T-DM1 
endocytosis is through the caveolae/lipid raft-mediated 
endocytosis, which is regulated by CAV-1, and T-DM1 
endocytosis is not dependent on clathrin-mediated 
endocytosis.

Discussion
As one of the antibody-based therapeutics, ADC is more 
effective and precise for tumors than conventional che
motherapeutic agents. So far, 14 ADCs have been 
approved and more than 277 are currently in different 
stages of development. Although there are non- 
internalizing ADCs have been developed to liberate their 
payload in the tumor extracellular space, the majority of 
the ADCs need to be internalized to take effect.26,27 

Therefore, internalization is of crucial importance to the 
anti-cancer efficacy of ADC and it is necessary to decipher 
the mechanism of ADCs internalization.

In general, endocytosis of large molecules, such as 
monoclonal antibodies (mAbs) or ADCs, is categorized 
into three major pathways, clathrin-mediated, caveolae- 
mediated endocytosis, and micropinocytosis.28,29 To effi
ciently kill tumor cells, T-DM1 must be internalized via 
HER2 receptor-mediated endocytosis and be degraded 

efficiently. In this work, we studied the dynamic process 
of T-DM1 internalization and explored the role of CAV-1 
via caveolae/lipid raft-mediated endocytosis pathway in 
T-DM1 uptake.

Although T-DM1 endocytosis is HER2-mediated, 
HER2 is restricted to the cell surface. There is controver
sial evidence for the internalization of HER2 with antibo
dies or ADCs. Some articles suggested that mAbs 
(trastuzumab, pertuzumab) or T-DM1 promoted intracellu
lar HER2 level because of an antibody-mediated interna
lization process,5,30 while others indicated that mAbs 
rarely down-regulated the amount of HER2 in the plasma 
membrane.8,9,31,32 In this study, we found that HER2 level 
maintained a steady state when cells were incubated with 
T-DM1, including BT474 (data not shown), MDA-MB453 
and NCI-N87. It was indicated that T-DM1 had a limited 
effect on inducing HER2 internalization, but T-DM1 was 
dramatically internalized and degraded in lysosome. 
Meanwhile, the internalization of trastuzumab and 
T-DM1 was at the same rate. This meant that DM1, the 
payload conjugation did not affect the internalization rate.

It has been reported that CAV-1 was negatively corre
lated with HER215 and CAV-1 expression could mediate 
the HER2 trafficking.16,17 Upregulation of CAV-1 may 
enhance sensitivity of HER2 positive breast cancer cells 
to T-DM120 or attenuate the antibody-dependent cell 
mediated cytotoxicity (ADCC) effect of trastuzumab17 by 
promoting the endocytosis of trastuzumab. However, 
opposite evidence showed that caveolae-mediated endocy
tosis may be a possible mechanism of T-DM1 resistance.33 

Our findings demonstrated that intracellular T-DM1 and 
HER2 could be colocalized with lipid rafts. However, 
HER2 receptors may rapidly recycle into the plasma mem
brane after they unload T-DM1 in lipid rafts before reach
ing lysosome as T-DM1 internalized without 
downregulating HER2. CAV-1 overexpression induced 
the formation of lipid rafts and promoted T-DM1 interna
lization. Degradations of T-DM1 and HER2 were also 
accelerated by CAV-1 overexpression and were inhibited 
by CAV-1 downregulation.

In order to confirm the involvement of caveolae/lipid 
rafts in T-DM1 internalization, two cholesterol inhibitors 
were used to disrupt the caveolae/lipid-rafts. Cholesterol 
is one of the major components of the lipid bilayer of 
the cell membranes. It is enriched in the caveolae/lipid 
rafts. The variety of cholesterol abundance affected the 
cell shape and fluidity, and modulated the downstream 
signal transduction and the distribution of cell 
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Figure 7 Internalization of T-DM1 is independent on clathrin-mediated endocytosis pathway. (A) Confocal images of immunofluorescence staining of T-DM1 with clathrin in 
MAD-MB 453 cells (upper) or NCI-N87 cells (lower). Cells were treated with 10 μg/m T-DM1 for 0.5 h. Scale bars = 10 μm. Green, T-DM1; red, clathrin. The plot profiles 
on the right were correlated to the white lines in the merged images, showing the lack of colocalization of T-DM1 and clathrin. (B and C) Quantitative flow cytometry assay 
of the T-DM1 internalization rates in MDA-MB453 (left) and NCI-N87 (right) cells with the pretreatment of 20 μM CPZ or 20 μM pitstop 2 respectively. No inhibitory effect 
on T-DM1 endocytosis was shown with the use of CPZ and pitstop 2. Data were analyzed by GraphPad Prism and showed in bar graphs. Means ± SD were presented. No 
significant difference was found. Data shown above were representative of two independent experiments.
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membrane proteins.34 Cholesterol regulates the tran
scriptional level of CAV1 through two steroid regulatory 
elements in the CAV1 promoter.35 Nystatin binds and 
sequesters the membrane cholesterol without altering the 
amount of cellular cholesterol.25,36 Lovastatin inhibits 
the enzyme 3-hydroxy-3-methylglutaryl coenzyme 
A (HMG-CoA) reductase. Pretreatment of nystatin or 
lovastatin could inhibit caveolae/lipid raft-mediated 
endocytosis pathway, and eventually block the T-DM1 
degradation.

Several studies have mentioned about the additive effect 
of lovastatin in regulating the HER2 distribution. Lovastatin 
was found to downregulate CAV-1 expression in vivo and 
increase HER2 availability at the cell membrane, which 
resulted in the improvement of trastuzumab or pertuzumab 
binding and therapy.16,37 However, lovastatin had been 
reported to facilitate the internalization and intracellular 
degradation of HER2.34 In our work, we found that the 
combinational treatment of lovastatin and T-DM1 did not 
decrease HER2 level. Although different statins approved 
by the FDA, such as pitavastatin, lovastatin and 
simvastatin,38 have been proved to suppress the growth of 
breast cancer and have been proceeding in different stages of 
clinical trials as adjuvant therapy, the inhibitory effect of 
lovastatin on T-DM1 degradation implied that lovastatin or 
any other cholesterol-lowering drugs may reduce the thera
peutic benefit of HER2-directed ADCs.

Actually, CAV-1 not only facilitates the ADC interna
lization via the caveolae-mediated endocytosis but also 
plays different roles in caveolae-independent biological 
activities. CAV-1 deficiency and lipid raft disruption pro
moted autophagy via enhancing the lysosomal function in 
human breast cancer cells.39 CAV-1 influenced the insulin 
receptor-mediated signaling, insulin secretion and possibly 
in diabetes.40 Metformin, the diabetes drug increased the 
expression of CAV-141 and enhanced the T-DM1 toxicity 
in breast cancer cell lines and animal models.18,42 The 
functions of CAV-1 are complex, and CAV-1 is closely 
associated with breast cancer development. Therefore, we 
may consider that CAV-1 may be a novel biomarker for 
targeting HER2-positive tumors with T-DM1 or mAbs.

Besides, our data showed that T-DM1 might not be 
regulated by CME. Inhibitors specific to the CME did not 
significantly inhibit T-DM1 internalization. Therefore, 
considering that T-DM1 endocytosis is HER2 receptor- 
mediated, caveolae/lipid raft-mediated endocytosis may 
be the major clathrin-independent endocytosis pathway 
of T-DM1.

Conclusion
In summary, our results indicate that CAV-1 may act as 
a key modulator for regulating T-DM1 internalization via 
caveolae/lipid raft-mediated endocytosis. Upregulating 
CAV-1 using pharmacological modulators could enhance 
T-DM1 internalization and may benefit from therapeutic 
efficacy. Last but not least, the CAV-1 expression level in 
breast cancer tissues may be useful to predict drug 
response and resistance.
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