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Esophageal cancer cells resistant to T-DM1 display alterations 
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ABSTRACT

Trastuzumab-emtansine (T-DM1) is an antibody-drug conjugate that specifically 
targets HER2 thanks to its antibody component trastuzumab. In spite of responses 
to this novel agent, acquired resistance to treatment remains a major obstacle. 
Prolonged in vitro exposure of the gastroesophageal junction cancer cell line OE-19 
to T-DM1, in the absence or presence of ciclosporin A resulted in the selection of two 
resistant cell lines to T-DM1. T-DM1-resistant cells presented an increased expression 
of adhesion genes, altered spreading and higher sensitivity to anoikis than parental 
cells. A resistant cell line showed decreased adhesion strength, increased migration 
speed and increased sensitivity to RhoA inhibition. Genes involved in the prostaglandin 
pathway were deregulated in resistant models. Addition of prostaglandin E2 to T-DM1 
partially restored its cytotoxic activity in resistant models. This work demonstrates 
that T-DM1-resistance may be associated with alterations of cell adhesion and the 
prostaglandin pathway, which might constitute novel therapeutic targets.

INTRODUCTION

The human epidermal growth factor receptor 2 
(HER2) belongs to the ErbB/HER receptor tyrosine 
kinase family that is necessary during normal development 
and plays a role in the oncogenesis of different cancers. 
HER2 is overexpressed in approximately 20% of breast 
cancers and is associated with poor outcome and high risk 
of recurrence [1, 2]. Gastric and esophageal cancer have 
a 5-year survival rate of less than 20% [3, 4]. HER2 is 
overexpressed in approximately 20% of gastric cancer 
and 33% of gastroesophageal junction (GEJ) cancers [5]. 
Trastuzumab was approved in 2010 for the treatment of 
patients with HER2-overexpressing metastatic gastric 

or GEJ adenocarcinomas who have not received prior 
treatment for metastatic disease.

Trastuzumab-emtansine (T-DM1) is an antibody-
drug conjugate (ADC) that targets HER2 thanks to its 
antibody component trastuzumab, linked to DM1 via 
a thioether non-cleavable linker. T-DM1 conserves the 
mechanisms of action of trastuzumab [6], combined to 
the antimitotic activity of DM1. DM1 is a derivative of 
maytansine, which is a potent antimitotic agent that binds 
to tubulin at the same site as Vinca alkaloids [7]. Once 
the ADC binds to HER2, internalization and processing 
are necessary for the release of the active metabolites. 
The lysine-Nε-SMCC-DM1 is the only metabolite present 
in quantifiable amounts after lysosomal degradation of 
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T-DM1 [8]. In patients with HER2-positive metastatic 
breast cancer T-DM1 was approved as a second line 
therapy in 2013. T-DM1 has also demonstrated efficacy 
against HER2 overexpressing uterine, bladder, lung and 
gastric cancers, both in vitro and in vivo [9–12]. The 
efficacy of T-DM1 is currently being evaluated in patients 
with HER2-positive gastric cancer. Since several patients 
treated with T-DM1 will eventually develop resistance 
to therapy it is important to determine mechanisms of 
resistance to this agent.

The efficacy of anti-cancer agents is often limited by 
acquired resistance to treatment. The increased expression 
and activity of the ABC transporters is responsible for 
decreasing the intracellular concentration of cytotoxic 
agents by enhancing drug efflux [13]. Resistance to 
maytansinoids and antibody-maytansinoid conjugates has 
been reported to be mediated by MDR1 [14, 15]. Resistance 
to tubulin binding agents can be due to alterations in tubulin 
isoforms or mutations and alterations in microtubule-
associated factors [16]. In patients receiving trastuzumab, 
resistance can be associated with HER2 shedding leading to 
a cleaved active form of HER2 [17]. Moreover, the epitope 
recognized by trastuzumab can be masked by molecules 
such as MUC4 [18]. Additionally, HER2 inhibition can be 
overcome by an intrinsic activation of HER2 downstream 
pathways, for example by PI3KCA mutation or loss of 
PTEN activity, or a by-pass of HER2 blockade by activation 
of HER1/3 or IGF1R [19].

Resistance mechanisms to ADC have not yet been 
extensively studied as they are relatively novel agents, 
although resistance to T-DM1 has been observed in 
pre-clinical and clinical reports [20, 12, 21]. in vitro, 
resistance to ADCs may involve alterations of the surface 
or intracellular targets or to an abnormal endosomal/
lysosomal pathway activity, leading to low intracellular 
concentrations of the cytotoxic agent. Decreases in 
the expression of the surface targets CD30 and HER2 
have been reported in lymphoma cell lines resistant to 
brentuximab vedotin (BV) [22] and breast cancer cell lines 
resistant to an analogue of T-DM1, respectively [23].

To investigate resistance mechanisms, we selected 
T-DM1 in vitro resistant models using a GEJ cancer cell 
line continuously exposed to incrementally increased 
concentrations, in the presence or absence of ciclosporin 
A, an MDR1 inhibitor. The characterization of the 
resistant cell lines revealed various alterations including 
modified expression of genes involved in adhesion and the 
prostaglandin pathways.

RESULTS

Selection of in vitro T-DM1 resistant models

OE-19 cells resistant to T-DM1 were selected by 
continuous exposure to the antibody-drug conjugate 
(ADC) in the absence or presence of the MDR1 modulator 

ciclosporin A (CsA). CsA was added simultaneously 
with T-DM1 at a non-toxic dose of 1 μg/ml. The initial 
concentration of T-DM1 was 20% of the IC50 for the OE-
19 cell line and was gradually increased when stable cell 
survival was obtained. The final T-DM1 concentration 
reached was 0.3 nM, which corresponds to 6 times the 
IC50 of the parental cell line in a 6-day cytotoxicity 
assay. We obtained two in vitro OE-19 resistant models 
to T-DM1: OE-19 TR in the absence of CsA and OE-19 
TCR in the presence of CsA. Parental sensitive cells were 
designated as OE-19 S cells.

Sensitivity phenotype of resistant cell lines

We compared the sensitivity to T-DM1 of the 
selected resistant cells to that of sensitive parental cells 
using MTT cytotoxicity, xCELLigence and apoptosis 
assays. The IC50 of T-DM1 determined by the MTT assay 
was approximatively 16-fold higher in TR cells (0.73 
nM) and 21-fold higher in TCR cells (0.98 nM) than in 
S cells (Figure 1A, Figure 1D). Real time monitoring 
by xCELLigence indicated that TR and TCR cells were 
capable of surviving under prolonged exposure to 0.1 nM 
T-DM1, unlike S cells (Figure 1B). Furthermore, apoptosis 
was quantified by annexin V staining after a 72h exposure 
to T-DM1 and we found that TR and TCR cell lines were 
less sensitive to T-DM1-induced apoptosis in comparison 
to S cells (Figure 1C). Using CFSE staining we verified 
that the changes observed where due to cell death and not 
to reduced proliferation (Supplementary Figure 1).

The sensitivity to HER2 targeted-therapy and 
standard chemotherapy of resistant cells was assessed by 
the MTT cytotoxicity assay and xCELLigence (Figure 
1D). Cross-resistance to trastuzumab was observed in both 
T-DM1 resistant models, with an IC50 approximatively 
5-fold higher in TR and 10-fold higher in TCR compared to 
OE-19 S cells. Both resistant models remained sensitive to 
DNA and tubulin targeting agents. These results suggest that 
T-DM1 resistant cells did not develop pleiotropic resistance 
mechanisms influencing cell death pathways and that the 
prolonged exposure to T-DM1 did not affect the sensitivity 
to other tubulin targeting or HER2 targeting agents.

T-DM1 resistance is independent of drug efflux

The overexpression of ABC transporters is a well 
described mechanism conferring multidrug resistance. 
To examine whether resistance to T-DM1 was due to an 
increase in the expression and activity of efflux proteins, 
we studied two main ABC transporters Multidrug 
Resistance protein 1 (ABCB1, MDR1) and Breast 
Cancer Resistance Protein (ABCG2, BCRP). Using flow 
cytometry to detect the expression at the cell membrane, 
we found that MDR1 but not BCRP was expressed in 
parental and resistant cell lines (Figure 2A). Interestingly, 
we observed two distinct populations of cells which 
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Figure 1: Chronic exposure to T-DM1 of OE-19 cell line results in resistance to this immunoconjugate. (A) Cytotoxicity of 
T-DM1 on OE-19 S, TR and TCR cells determined by MTT cytotoxic assays revealed an increase in the IC50 of TR and TCR cells compared 
to parental cells. (B) Cytotoxicity of T-DM1 was studied using xCELLigence. The cell index slope was calculated using RTCA software 
and plotted. A single experiment is shown, representative of 3 experiments. The stronger the slope, the stronger the cell proliferation. (C) 
Cell death after 72h exposure to T-DM1 was assessed by annexin V staining using flow cytometry. The fold change in cell death relative 
to control was plotted for each cell line. The amount of cell death was decreased in TR and TCR compared to parental cells. Statistically 
significant differences were found for TR (***: P<0,001; **: P<0,01; *: P<0,05) and TCR (+) compared to S cells. (D) Parental and resistant 
OE-19 cells were exposed to the indicated anti-cancer agents and their sensitivity was assessed by MTT assay (or xCELLigence for 
trastuzumab). Data are shown as the mean IC50 calculated from 3-4 independent experiments and the relative resistance is the ratio of the 
IC50 for OE-19 TR or TCR over the IC50 for OE-19 S cell line (*: p<0,05).
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were MDR1low and MDR1high in OE-19 S. The amount of 
MDR1high cells in TR and TCR cells was somewhat greater 
to that in S cells, suggesting that this population was 
slightly increased during selection of resistance models. To 
evaluate the activity of ABC transporters in parental and 
resistant cells, we performed a rhodamine 123 (rho 123) 
efflux assay (Figure 2B). Even though a subpopulation 
expressing MDR1high was selected in TR and TCR cells, 
the efflux activity was not significantly increased in these 
resistant models. While these results do not suggest an 
increased drug-efflux activity in the resistant variants, we 
observed decreased accumulation of Lys-MCC-DM1 in 
the TCR cell line in comparison to the parental cell line 
(Supplementary Figure 2).

Chronic exposure to T-DM1 does not affect 
HER2 expression or ability to bind antibody

Since the antitumor activity of T-DM1 depends on 
its ability to bind to HER2, we studied the expression 
and accessibility of this target. The expression at the 
mRNA (Figure 3A) and protein (Figure 3B) levels, 
studied by immunoblotting and RT-qPCR respectively, 
was unchanged between parental and resistant cells. 
HER2 expression at the cell surface was studied by flow 
cytometry. No significant difference of HER2 surface 
levels was found between parental and resistant cell lines 
(Figure 3C), suggesting that resistance to T-DM1 was 
not due to decreased expression of HER2. However, the 
presence of HER2 at the cell surface does not infer that 
T-DM1 is able to bind to its target. We therefore studied 
T-DM1 binding by flow cytometry using an anti-kappa 
antibody and found that T-DM1 binds similarly to parental 
and resistant cells (Figure 3D). These results suggest that 
resistance to T-DM1 did not arise from downregulation or 
masking of HER2.

T-DM1-induced cell cycle arrest is reduced in 
resistant models

We evaluated the effect of T-DM1 on cell cycle 
distribution by flow cytometry after propidium iodide 
staining. Parental cells were arrested in G2/M phase after 
24h exposure to T-DM1, S-methyl DM1 and vincristine 
(Supplementary Figure 3). Cell cycle arrest was decreased 
in resistant cells compared to parental cells after exposure 
to increasing concentrations of T-DM1 for 24h (Figure 
4A). Interestingly, resistant cells were sensitive to G2/M 
arrest induced by both S-methyl DM1 and vincristine, but 
the G2/M fraction in TCR was slightly inferior to that of 
the parental and TR cell lines (Figure4B). The absence 
of cell cycle arrest in the presence of T-DM1 may be due 
to a decreased concentration of the active metabolite or a 
difference in the microtubule dynamics of resistant cells 
compared to parental cells.

Expression of βII and βIII isoforms, tubulin 
pools and post-translational modifications of 
tubulin are altered in T-DM1 resistant models

Tubulin is the major intracellular target of T-DM1. 
Although prolonged exposure to T-DM1 did not affect 
total α and β tubulin protein content, isoforms βII and βIII 
were overexpressed in resistant models in comparison to 
parental cells (Figure 5A). Down-regulation of βIII tubulin 
by siRNA did not impact sensitivity to T-DM1 or T-DM1 
induced cell cycle arrest in TR cells (Supplementary 
Figure 4). Hence, although βIII tubulin is increased in 
resistant models, its downregulation does not seem be 
sufficient to restore T-DM1-cytotoxicity.

To study tubulin pools, fractionation of polymerized 
tubulin (“microtubule”) and non-polymerized tubulin 
(“free tubulin”) was performed (Figure 5B). We found 

Figure 2: ABC transporters MDR1 and BCRP expression and activity are not significantly modified in resistance 
models. (A) Surface expression of MDR1 and BCRP, studied by flow cytometry, does not show an increased expression of these ABC 
transporters in resistant cells. (B) Efflux activity was determined by Rhodamine 123 (Rho123) accumulation using flow cytometry. Rho123 
efflux percent was not significantly different in resistant cells and in parental cells. The percentage of Rho123 efflux was calculated by 
comparing the mean fluorescence intensity (MFI) after uptakeand the MFI after efflux ((Uptake-Efflux)/Uptake*100).
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that α and β tubulins were increased in the microtubule 
fraction in TR cells but remained unchanged in TCR cells, 
compared to S cells. Approximately 80% of tubulin was 
polymerized in TR cells versus 65% in parental and TCR 
cell lines. This was associated with a decrease in the free 
tubulin fraction, confirming that a larger proportion of 
tubulin was present under polymerized form in the TR 
resistant cells. Isoforms βII and βIII were predominantly 
present in microtubules in both parental and resistant 
cell lines. As post-translational modifications (PTMs) 
of tubulin may affect microtubule dynamics, we studied 
the acetylation and tyrosination status of α- tubulin by 
Western Blot. We found a decreased amount of acetylated 
tubulin in TCR cells and detyrosinated tubulin in both 
resistant models (Figure 5C). Also, the tubulin network 
was less sensitive to disruption by T-DM1 in resistant cells 
that sensitive cells as shown by tubulin staining (Figure 
5D). Hence, the modifications of PTMs in resistant cells 
are likely to be related to altered microtubule dynamics in 
these cell lines.

Deregulation of adhesion genes is associated with 
alterations in cell morphology and migration, 
and shape and strength of focal adhesions

To gain insight into the resistance mechanisms 
in TR and TCR cell lines, we performed a pangenomic 

transcriptomic analysis of OE-19 S, TR and TCR. 
Bioinformatic analysis OE-19 TR and TCR versus OE-19 
S allowed the identification of numerous genes involved 
in adherens junctions, ECM-receptor interaction, cell 
adhesion molecules and focal adhesion (Table S1A). 
To validate these results, we studied the differential 
expression in resistant cells by RT-qPCR of tyrosine 
kinase receptors (EGFR and MET), actin-interacting 
molecules (ACTN1 and VCL), and regulators of actin 
cytoskeleton (ROCK1, RAC2 and DIAPH1). We found 
that EGFR, MET, ROCK1, DIAPH1, ACTN1 and VCL 
were upregulated while RAC2 is downregulated in 
resistant cells (Table S1B). We examined cell morphology 
by immunofluorescent staining of α- tubulin and found 
that parental cells are spread in a round shape while both 
resistant cell lines spread in a polygonal shape (Figure 6A, 
Supplementary Figure 7A). To confirm that the differences 
in morphology were due to a difference in adhesion, 
we verified that cell size remained unchanged by mean 
diameter of suspension cells (Supplementary Figure 5). 
Next, we assessed the migration capacity by wound-
healing assay and we found that although parental cells 
were capable of migrating, TR and TCR cells closed the 
wound faster (Figure 6B). We verified that the changes 
observed in the wound healing experiment where not due 
to a different proliferation rate of resistant cells lines by 
CFSE staining (Supplementary Figure 1). We studied 

Figure 3: HER2 expression remains unchanged after chronic exposure to T-DM1. (A) mRNA and (B) proteinexpression 
from total cell lysates show that HER2 levels are unaffected in resistant cells. (C) HER2 expression at the cell surface determined by flow 
cytometry shows that parental and resistant cells express the same amount of HER2. (D) After exposure to T-DM1 for 1h at 4°C, cells were 
stained with anti-Kappa antibody and the mean fluorescence intensity (MFI) was studied using flow cytometry. T-DM1 was found to bind 
similarly parental and resistant cells. A single experiment is shown, representative of 3 experiments.



Oncotarget21146www.oncotarget.com

the shape of focal adhesions by immunostaining of talin 
(Figure 6C, Supplementary Figure 7B) and found that 
while the total expression of talin appeared to be greater 
in the resistant cells (Supplementary Figure 8), the size 
of focal adhesions seems to be reduced in resistant cell 
lines, in particular in TCR cells. Also, it appeared that 
the number of focal adhesions was increased in TR and 
TCR cells. Finally, we measured the adhesion strength 
using a centrifugal-force based adhesion assay (Figure 
6D). Following overnight adhesion, the detached fraction 
was increased in TCR cells and unchanged in TR cells 
compared to parental. Although spreading, migration 
speed and focal adhesions were modified in both resistant 
cell lines, only TCR cells showed decreased adhesion 
strength.

To evaluate the implications of focal adhesion 
changes in resistant cells, we assessed their viability 
under suspension conditions. Cell death was studied after 
plating cells in low-adherent condition plates for 24h and 
48h. We found fewer living cells in both resistant cell 

lines compared to parental cells (Figure 6E). This result 
suggests that resistant cells to T-DM1 are more dependent 
upon adhesion for survival. Then, in order to determine the 
relationship between adhesion and resistance we studied 
the sensitivity of cells to different inhibitors of focal 
adhesion points. We inhibited RhoA, a major regulator of 
the actin cytoskeleton, using rhosin and two of its targets, 
ROCK1 by fasudil and FAK by bortezomib. We found 
that TCR showed slightly increased sensitivity to rhosin 
in comparison to parental cells (Figure 6F). However, the 
sensitivity to ROCK1 or FAK inhibitors was unchanged in 
resistant cells compared to parental cells.

Prostaglandin E2 increases sensitivity to T-DM1 
of OE-19 resistant cell models

The transcriptomic analysis revealed that the 
prostaglandin pathway was deregulated in cells resistant 
to T-DM1. The overexpression of COX2, EP2, LEF1 
and PGT was confirmed by RTqPCR (Figure 7A). 

Figure 4: T-DM1-induced cell cycle arrest is impaired in OE-19 TR and TCR compared to OE-19 S. (A) Exposure to 
increasing concentrations of T-DM1 for 24h and analysis of cell cycle distribution shows that the G2/M population was decreased in 
resistant cells compared to parental. Statistically differences are shown for TR (***: P<0,001; *: P<0,05) and TCR (+++: P<0,001) compared 
to S. (B) Cell cycle distribution was studied by propidium iodide staining using flow cytometry after 24h exposure to 1 μM vincristine or 10 
nM S-methyl DM1. Control conditions are not shown; only OE-19 S, TR and TCR exposed to drugs are plotted. Vincristine and S-methyl 
DM1 induced G2/M phase arrest in parental and resistant cells. The TCR cell line showed decreased sensitivity to cell cycle arrest in 
comparison to the parental cell line (*: P<0,05; **: P<0,01).
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Prostaglandins (PGs) are synthetized from arachidonic 
acid by cyclooxygenase enzymes (COX1 and COX2), and 
we found that COX2 gene expression was increased by 
22-fold change in TR (P value=0.0005) cells and 3.3-fold 
change in TCR cells (P value=0.0134). COX2 expression 
is inducible and the promoter region contains a TCF/LEF 
response element. Since LEF1 is overexpressed in resistant 
models, it could be involved in the increased expression 

of COX2. The PGT or SLC02A1 gene coding for an SLC 
transporter that mediates the energy-dependent export of 
prostaglandins [24], was transcriptionally increased 15-
fold in TR (P value=0.0002) and 6.5-fold in TCR cells 
(P value<0.0001). The EP2 gene coding for prostaglandin 
E2 receptor, was transcriptionally increased 25-fold in 
TR cells (P value=0.0002) and 20-fold in TCR cells (P 
value<0.0001). Since COX2 was over-expressed in cells 

Figure 5: Tubulin expression and polymerized/soluble tubulin fractions in resistant models. Expression of total α and β 
tubulin and isoforms βII and βIII was examined from total cell lysates or from purified fractions of tubulin. A single experiment is shown, 
representative of 3 experiments. (A) Protein levels from total cell lysate were studied by Western Blot and the density of the bands was 
normalized with actin to determine the expression fold-change. Cells resistant to T-DM1 express higher levels of βII and βIII tubulin 
than parental cells. (B) Protein expression after purification of polymerized (microtubule fraction) and soluble (free tubulin fraction) 
tubulin. The percentage of polymerized tubulin indicated on the Supplementary Figure hows that TR cells have an increased amount of 
polymerized tubulin compared to parental. (C) Acetylation, tyrosination and detyrosination state of α tubulin was studied by Western Blot. 
(D) Immunostaining of tubulin was performed in parental and resistant cells with or without exposure to T-DM1. Exposure to Taxol is 
shown as a positive control. Tubulin staining shows that the tubulin network is less sensitive to disruption by T-DM1 in resistant cells that 
sensitive cells.
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resistant to T-DM1, we studied their sensitivity to aspirin, 
an inhibitor of COX1 and COX2 that blocks the synthesis 
of all PGs. We found a small yet significant decrease in 
the IC50 values of resistant cell lines compared to parental 
(Figure 7B).

In view of these results, we quantified the 
extracellular PGE2 for each cell line and found that the 
amount of PGE2 was increased in the TR cell supernatant 

in comparison to that of S cells (Figure 7C). Interestingly, 
the increased amount of PGE2 in TR cells is associated 
with higher COX2 and PGT expression than in TCR and S 
cells. Since PGs are involved in cell adhesion, spreading 
and migration, we exposed parental and resistant cell 
lines to PGE2 to study their migration in a wound healing 
assay (Figure 7D). Results suggest that the addition of 
PGE2 delayed migration of both resistant cell lines but 

Figure 6: Morphology is modified in both resistant cell lines but only TCR cells have increased migration speed and 
decreased adhesion strength. (A) Immunofluorescence staining of α-tubulin (green) and DAPI (blue) observed by confocal 
microscopy shows morphological differences between parental and T-DM1-resistant cell lines. (B) Migration speed determined 
by wound healing assay shows an increase in TR and TCR cells compared to parental (C) Immunofluorescence staining of 
talin (green) and DAPI (blue) observed using a confocal microscope. Focal adhesions in parental cells appear bigger and 
in least amount that those in resistant cells. (D) Detached fraction of parental and resistant cells following detachment by 
centrifugal force shows a decreased adhesion strength in TCR cells (*: P<0,05; P<0,01). (E) Cell death was quantified by 
Annexin/PI staining following 24h and 48h of incubation in suspension conditions. The percent of living cells was decreased 
in TR cells at 24h (P<0,01) and in TCR cells after 24h (P<0,001) and 48h (P<0,01) compared to parental. (F) Sensitivity to 
rhosin, bortezomib and fasudil was studied using MTT cytotoxic assays after 6 days exposure to the corresponding cytotoxic 
agents. Sensitivty to rhosin was increased in TCR cells compared to parental (**:P<0,01).



Oncotarget21149www.oncotarget.com

not the parental cell line. To assess whether PGE2 was 
involved in the resistance to T-DM1, we studied the 
sensitivity to T-DM1 in parental and resistant cells in 
the presence of PGE2 by Annexin/PI staining (Figure 
7E) and xCELLigence assays (Figure 7F). We found that 
the presence of pharmacological concentrations of PGE2 
increased the sensitivity to T-DM1 in resistant cells but 
not in parental cells. Additionally, exposure to PGE2 
was associated with enhanced expression of PTGS2 in 
resistant cells but not in sensitive cells while SLCO2A1 
was decreased specifically in OE19-TCR cells after 
combined exposure to PgE2 and T-DM1 (Supplementary 
Figure 9). Altogether these results indicate that the 

prostaglandin pathway, in particular the inhibition of the 
cyclooxygenases, may be an alternative target in T-DM1 
resistant cells.

DISCUSSION

The efficacy of cancer therapies is very often limited 
by acquired resistance. Although the exact mechanisms 
of resistance to T-DM1 have not been described, T-DM1 
has often been found to lose benefit despite continued 
treatment in some patients [25, 26]. To better understand 
possible mechanisms of resistance to T-DM1, we 
performed in vitro selection of OE-19 cell line resistant to 

Figure 7: Prostaglandin E2 mediates sensitivity to T-DM1 in resistant cells. (A) The expression of genes involved in the 
prostaglandin pathway is highly modified in resistant cells to T-DM1. The results shown are the expression fold changes of TR or TCR over 
parental cells for the indicated genes determined by RT-qPCR. (B) Sensitivity to aspirin studied by MTT assay was found to be increased 
in TR and TCR cells compared to S cells (*: P<0,05; **: P<0,01). (C) Quantification by ELISA of PGE2 in the supernatant of each cell line 
shows an increased amount in TR cells compared to parental cells. (D) Wound healing assay performed on OE-19 S, TR and TCR cell lines 
in the absence or presence of 10 μM PGE2. The addition of PGE2 decreased the migration speed of the parental cell line but had no effect on 
the migration speed of both resistant cell lines. (E) Cell survival after exposure to 1 nM T-DM1 and 10 μM PGE2 was studied by Annexin 
V/PI staining after 72h exposure. The presence of PGE2 increases the sensitivity to T-DM1 of resistant models. (F) The increased sensitivity 
to T-DM1 in the presence of PGE2 was confirmed by xCELLigence. After overnight incubation cells were exposed to 1 μM PGE2 and/or 0,1 
nM T-DM1. The normalized cell index of TR and TCR cells exposed to T-DM1 and PGE2 is inferior to control, PGE2 and T-DM1.A single 
experiment is shown, representative of 3 experiments.
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T-DM1 by prolonged exposure at low concentrations over 
several months in the absence or presence of CsA. CsA 
was added during selection of resistant cells to prevent 
MDR1-mediated resistance. However, neither TR nor 
TCR cell lines showed increased MDR1 expression or 
efflux activity, independently of the presence of CsA.

Reduced expression of the ADC target has 
previously been observed in some in vitro resistant models 
[22, 27]. Also, HER2 shedding leads to the expression 
of a cleaved transmembrane p95HER2 protein and a 
circulating extracellular domain and is responsible for the 
inefficacy of trastuzumab and possibly T-DM1 in patients 
[17, 18]. In our resistant models, HER2 expression 
remained unchanged as well as the ability of cells to 
bind T-DM1. Our results show that resistance to T-DM1 
in TR and TCR cells did not arise from downregulation 
or masking of HER2 at the cell surface. Additionally, 
resistant cells retained sensitivity to lapatinib, a small 
molecule inhibitor of Her2, suggesting that the Her2 
pathway remained functionally active.

Resistance to T-DM1 could be due to the inability 
of DM1 to bind to microtubules or reduced inhibition 
of microtubule dynamics by DM1. Total α and β tubulin 
content remained unchanged in resistance models, but the 
percentage of polymerized tubulin was increased in TR 
cells. As maytansine binds exclusively to soluble tubulin 
dimers it is possible that the reduction of the free tubulin 
pool in TR cells contributes to their resistance to T-DM1. 
Moreover, we found decreased acetylation of α-tubulin 
in both resistant cell lines, in particular in TCR cells. 
Tyrosination was slightly increased and detyrosination 
was decreased in TCR cells compared to parental cells. 
α-tubulin acetylation is associated with stable, long lived 
microtubules while newly assembled microtubules are 
highly tyrosinated [28, 29]. Hence, even though tubulin 
pools remained unchanged in TCR cells compared to 
S cells, PTMs indicate that microtubules in these cells 
seem to be less stable that in parental and TR cells. The 
contents of tubulin isoforms βII and βIII were increased 
in resistant cell types. βIII has been reported to possess 
specific characteristics in terms of microtubule dynamics 
and has also been reported to be associated with drug 
resistance both in vitro and in vivo [30–35]. However, 
the downregulation of βIII tubulin by siRNA in the TR 
cell line did not reverse the resistance to T-DM1 nor 
restored T-DM1-induced cell cycle arrest. This suggested 
that overexpression was not sufficient for resistance to 
T-DM1. Microtubules are constantly undergoing cycles 
of polymerization and depolymerization, called “dynamic 
instability” which are crucial to many of their functions, 
in particular chromosomal segregation during anaphase. 
Specific tubulin isoforms and tubulin PTMs have been 
reported to be associated with tubulin dynamics and 
possibly drug binding [36–38]. Overall, resistant cells 
displayed a number of microtubule-associated alterations 
but whether these play a role in the resistance phenotype 

or are consequences of exposure to T-DM1 remains to be 
determined.

Transcriptomic analysis of TR and TCR cells 
showed a deregulation of genes coding for adhesion 
molecules such as integrins and several regulators 
of the actin cytoskeleton (Supplementary Table 1A, 
Supplementary Figure 6). Also, we found that T-DM1 
resistant cells have a different shape and increased 
migration speed compared to parental cells. McGrail et al. 
found that taxol resistance was associated with decreased 
adhesion strength and that cells presented small nascent 
adhesions, characterized by strong traction forces [39]. 
We found that TCR cells have decreased adhesion strength 
that coincided with smaller focal adhesions. These results 
suggest that TCR cells present nascent adhesions with 
strong traction forces, which matches with their increased 
migration speed. Besides cell motility, adhesion to the 
extracellular matrix (ECM) is necessary for survival. Cells 
that detach from the ECM rapidly undergo apoptosis [40], 
a phenomenon designated by Frisch and Francis as anoikis 
[41]. We found that resistant cells were more sensitive to 
anoikis than parental, which suggests that their survival 
may be dependent on signaling pathways triggered by 
adhesion molecules. We studied the response of TR and 
TCR cells to inhibitors of cell adhesion such as rhosin, an 
inhibitor of RhoA that blocks actin stress fiber formation 
and focal adhesion assembly [42] and we observed an 
increased sensitivity in TCR cells compared to parental 
cells. To identify RhoA downstream pathways responsible 
for TCR cell death, we inhibited two targets of RhoA. 
However, the inhibition of ROCK1 or FAK did not modify 
TCR cell death compared to parental cells, suggesting 
that the altered pathway involves other RhoA interactors. 
In depth studies need to be performed to validate the 
implication of cell adhesion genes in resistance to T-DM1.

Genes involved in the prostaglandins (PGs) pathway 
were upregulated in models resistant to T-DM1. PGs are 
bioactive lipids implicated in normal development and 
pathological processes such as inflammation and cancer 
[43]. The expression of COX2 is upregulated in many 
types of cancer and has been associated with decreased 
survival [43–45]. The upregulation of COX2 in both 
resistant cell lines coincided with increased sensitivity 
to inhibition of cyclooxygenases by aspirin. Moreover, 
PGE2 has been described to be the most abundant PG 
in tumors [43], and its amount was increased in the 
supernatant of TR cells compared to parental cells. In 
view of this result and that the gene coding for its receptor 
(EP2) was upregulated in both resistant cell types, we 
studied its effect on T-DM1 resistant cells. We found that 
the addition of pharmacological concentrations of PGE2 
increased the cytotoxic effect of T-DM1 while PGE2 alone 
had no impact on cell survival. PGE2 has been extensively 
studied in rodent experiments and in the clinic and shown 
to be involved in tumor growth and associated with poor 
prognosis [46, 47]. However, a dual role of PGE2 has been 
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observed in some cases and reviewed by Greenhought 
et al [48]. Thus, PGE2 could have pro or anti-tumoral 
activities depending on the cell type and the experimental 
settings. PGE2 activates many downstream targets such as 
EGFR, MAPK, angiogenic and antiapoptotic factors, and 
chemokines [46]. These pathways could be implicated in 
resistance to T-DM1 and their modulation could restore 
sensitivity to T-DM1. Additional studies are required to 
describe the pathways involved in the role of PGE2 in this 
setting.

In summary our results show for the first time that 
resistance to an antibody-drug conjugate may be associated 
with modifications in cell adhesion and morphology as 
well as with alterations of the prostaglandin pathways. 
Future studies will help to determine the clinical relevance 
of these observations and whether it is possible to exploit 
these alterations as potential novel therapeutic targets.

MATERIALS AND METHODS

Cell culture

OE-19 cell line was purchased from ECACC, 
tested for Mycoplasma once a month and cultured in 
complete RPMI 1640 medium supplemented with 10% 
fetal calf serum and 100 μg/ml streptomycin. Counting 
was performed using Cellometer Auto T4 (Nexcelom 
Bioscience LLC). Cells were maintained at 37°C and 
5% CO2 at all times. OE-19 cell line was exposed to 
increasing concentrations of T-DM1 for 6 months in the 
absence or presence of 1 μg/ml ciclosporin A (C3662; 
Sigma-Aldrich) to obtain resistance models.

Chemotherapy and targeted agents

T-DM1 was kindly provided by Genentech and 
S-methyl DM1 by ImmunoGen.

Cytotoxicity assay

Cell suspensions (100 μL) were inoculated in 
96-well plates at a density of 2,500 cells per well and 
incubated overnight before exposure to therapeutic agents. 
After 6 days, cell viability was determined by the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide) assay, 20 μL of MTT solution were added to 
each well and cells were incubated at 37°C for 4h. Then, 
media/MTT mixture was removed and 100 μL of 4% 
HCl 1N/isopropanol were added to dissolve the purple 
formazan crystals. The absorbance was measured at 570 
nm with 690 nm as a reference readout using a Thermo 
MultiSkan EX microplate reader. Percentage of living 
cells was calculated using the absorbance in drug-exposed 
cells over control cells. IC50 values were calculated using 
CompuSyn software.

Real-time cell analysis (RTCA)

The xCELLigence RTCA DP instrument (ACEA 
Bioscience) was used to monitor cell impedance in real 
time. Cells were seeded (10,000 cells/well) in E-plate 
16 and allowed to adhere overnight before adding the 
cytotoxic agents or PGE2. Cells were monitored for one 
week. The xCELLigence software calculates the slope 
of the impedance trace between two-time points (from 
exposure to T-DM1 to the end of experiment in our design)

Efflux assay

Cell suspension was prepared at 4e6 cells/ml in 
RPMI media containing 0.5 μg/ml Rhodamine 123 (Santa 
Cruz, sc-208306) in the absence or presence of 3 μg/mL 
of CsA and incubated for 30 min at 37°C, 5% CO2. Cells 
were washed with cold RPMI media and 2e5 cells were 
suspended in RPMI media with or without 3 μg/mL of CsA 
and incubated for 90 min at 37°C, 5% CO2. Remaining 
cells were kept at 4°C. All conditions were washed twice 
with cold DPBS and analyzed by flow cytometry.

Flow cytometry

Cells were incubated for 30 min at room 
temperature with the corresponding antibodies: HER2 
(4225666), BCRP1 (561180) and anti-kappa (214561) 
from BD Bioscience, MDR1 (348608) from Biolegend 
and mouse IgG1 κ control isotypes from BD Pharmingen. 
CFSE staining was performed using Cell trace CFSE 
proliferation kit according to the manufacturer protocol 
(Invitrogen C34554). For apoptosis measurements, 
cells (2e5) were seeded in 6 well plates and incubated 
overnight. Then, T-DM1 was added to each well at 
increasing concentrations up to 100 nM for 72h. After 
incubation, cells were harvested, washed with cold 
DPBS + 10% SVF and stained using Annexin-V-FLUOS 
Staining Kit (Roche) according to the prescribed protocol 
and analyzed by flow cytometry. Annexin V positive 
cell percentages in conditions of exposure to T-DM1 
were normalized to that of control for each cell line. 
For cell cycle distribution, cells (2e5) were seeded in 6 
well plates and incubated overnight. Then, they were 
exposed to increasing concentrations up to 100 nM of 
T-DM1, 1 μM vincristine and 10 nM S-methyl DM1 for 
24h. Cells were collected and incubated for 30 min at 
4°C with propidium iodide (0.05 mg/mL) containing 
Nonidet-P40 (0.05%) and 4 μM of trisodium citrate. 
Cells were filtered using Falcon tubes with cell-strainer 
cap (352235) and analyzed by flow cytometry. Analyses 
were performed using a BD LSRII flow cytometer with 
BD FACSDiva software (BD Biosciences, San Diego, 
CA, USA) and FlowJo software (Tree Star, Ashland, OR, 
USA).
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Western blot

Proteins were extracted with RIPA buffer 
(RIPA buffer, 1 mM DTT, 1M NaF, 100 mM sodium 
orthovanadate and protease and phosphatase inhibitors). 
After SDS PAGE separation, and transfer onto a PVDF 
membrane by iBlot dry blotting system (Invitrogen), 
membranes were incubated overnight at 4°C with 
primary antibodies: HER2 (GTX50425; Genetex), βIII-
tubulin (clone TUJ1), βII-tubulin (clone 7B9) α-tubulin 
(T6199), β-tubulin (T4026) and β-actin (A5441) from 
Sigma-Aldrich, and 1h at room temperature with 
secondary antibodies (IRDye Infrared Dyes from LI-COR 
Biosciences). Membranes were scanned using Odyssey 
infrared imaging system (LI-COR Biosciences) and 
densitometric quantification was performed with Odyssey 
software. Quantification of Western Blot was performed 
using Image J software (Rasband, W.S., National. 
Institutes of Health). Expression levels of proteins were 
normalized against β-actin.

Separation of soluble tubulin and microtubules

Separation was performed as previously described 
[49]. Cells (20e6) were lysed in 300 μL of PEM 50DP 
Buffer (50mM Pipes, 1mM EGTA, 1mM MgSO4, 0.05% 
sodium azide, 1mM DTT and proteinase inhibitors 
at pH 6.7) by three freeze-thaw cycles. Cells were 
ultracentrifuged (100000 g for 1h at 20°C) and the 
supernatant was separated from the pellet. The pellet 
fraction was resuspended in 100 μL of PEM 50DP buffer, 
incubated on ice for 30 min for depolymerization and 
ultracentrifuged at 50000g for 45 min at 4°C to recover the 
supernatant containing “soluble tubulin”. The supernatant 
was incubated at 35°C with 1mM GTP for 30 min for 
polymerization and ultracentrifuged at 50000g for 45 min 
at 35°C. The supernatant was discarded and the pellet 
containing the “microtubules” was resuspended in 50 μL 
of PEM 50DP buffer. Alpha and beta tubulin isotypes were 
then analysed by Western Blot.

Microarray

The microarray was performed by ProfileXpert-
LCMT platform using OE-19 S, TR and TCR cell 
lines as previously described [50]. Data was analyzed 
with GeneSpring and Ingenuity softwares (Agilent 
Technologies, Santa Clara, CA, USA).

RT-qPCR

RNA was extracted using the QIAamp RNeasy Mini 
Kit (QIAGEN). Random primers (Life Technologies) 
were used for reverse transcription. Primer sequences 
were based on Roche database and quantitative PCR was 
performed using the LightCycler 480 Real-Time PCR 
system (Roche Life Science, Indianapolis, IN, USA).

Immunofluorescence

Immunostaining was performed as previously 
described [49]. The primary antibodies used were obtained 
from Sigma: the anti-α-tubulin (T6199 clone DM1A) 
diluted at 1/50 and anti-talin (T3287, clone 8d4) diluted 
at 1/100.

Adhesion strength assay

The centrifugal force-based adhesion assay was 
based on previous published methods [39]. Briefly, cells 
were seeded at 20,000 cells/well in 96-well plate and left 
to adhere overnight in media without red phenol. Cells 
were stained with 2μM Calcein AM (Sigma-Aldrich, 
C1359) in PBS-dextrose 2mM for 20 min at 37°C and 
rinsed with PBS. Cells were covered with PBS-dextrose 
before an initial fluorescence reading at 485nm excitation, 
535nm emission on a Plate Chameleon multilabel 
detection platform. Next, the supernatant was discarded, 
and the inverted plates were centrifuged at 60g for 5 min 
and rinse with PBS. Then, PBS-dextrose was added before 
a final reading. The detached fraction was calculated as 
1-final fluorescence/ initial fluorescence.

Wound healing assay

Scratch wound healing assay was performed using 
Incucyte, ZOOM System (Essen Bioscience), according 
to the manufacturer’s protocol

PGE2 quantification

Cells were washed and suspended in SVF free media 
to plate 2e5 cells per well in a 12-well plate. Supernatants 
were recovered 24h after plating and PGE2 was quantified 
with ELISA High sensitivity (ENZO Life Sciences).
Quantification of Lys-MCC-DM1

Analysis was performed with a Q-Exactive-
Plus (hybrid quadrupole-Orbitrap mass spectrometer) 
coupled with liquid chromatography (Ultimate 3000) 
from Thermo ScientificTM. Lys-MCC-DM1 was 
separated on a Hypercarb (5.0 μm, 150 mm x 2.1 mm 
i.d.) Thermo ScientificTM column. Gradient elution with 
water containing 0.1% formic acid (A) and acetonitrile 
containing 0.1% formic acid (B) was applied. The mobile 
phase was delivered through the column (temperature at 
+ 30° C) at a flow rate of 250 μl/min. At start, (B) was 
maintained for 1.5 min at 30 % (v/v). After, (B) increased 
linearly until 3 min to 80 % (v/v) and this composition is 
fixed for 4 min. Then (B) was reset to 30 % (v/v) for 5 min. 
Analysis of Lys-MCC-DM1 was carried out in positive ion 
mode using a heated electrospray ion source. The signal of 
Lys-MCC-DM1 (C53H75N6O15ClS] was collected using 
target-sim mode with a resolution of 70,000 and following 
the [M+H]+ ion at m/z 1103.4765. Lys-MCC-DM1 eluted 
as sharp peak at 7.2 min and cell components did not 
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interfere with the analysis. Cells were exposed to 5nM 
T-DM1 for one hour and washed twice with phosphate 
buffered saline and extracted with 300 μl of a mixture 
containing acetonitrile and water (80/20; v/v). The extract 
was transferred in Eppendorf tube, then shacked for 5 min, 
and conserved at -80°C until analysis. The day of analysis, 
samples were vigorously vortexed and centrifuged for 
10 minutes at 13000 g. The supernatant was evaporated 
to dryness under nitrogen at 37°C. Finally, the residue 
was resuspended in 150 μL of water and 20 μL were 
injected into liquid chromatography-mass spectrometry 
device. For calibration curves, blank cell samples were 
spiked with the appropriately diluted standard solutions 
to final concentrations of 1.25, 2.5, 5, 12.5 and 25 ng/
ml. Calibration curves were constructed by plotting the 
ion abundance peak area as function of cell Lys-MCC-
DM1 concentration. Data were fitted by weighted (1/
concentration) for least-squares regression, and standard 
curves were determined using linear regression analysis.

Statistical analysis

Experiments were performed at least three times and 
shown in graphs as the mean ± SD. Graphs and statistics 
were done using GraphPad Prism software. Statistics on 
cell survival experiments such as AnnexinV/PI staining or 
MTT assay were calculated by Two Way Anova followed 
by Bonferroni post-test. Statistics on gene expression by 
RT-qPCR were performed by Student t test.
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modifications), T-DM1 (Trastuzumab emtansine).

Author contributions

CD and AS conceived the original idea, CD 
supervised the project, JS designed and performed the 
experiments and wrote the manuscript with support of 
CD. EM performed the PCR experiments, AD analyzed 
the transcriptomic data, PV performed and analyzed the 
ELISA experiments and JG performed and analyzed the 
LC-MS/MS experiments.

CONFLICTS OF INTEREST

CD received research funding from Roche France.

FUNDING

This research was supported by Roche France.

REFERENCES

1. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, 
McGuire WL. Human breast cancer: correlation of relapse 
and survival with amplification of the HER-2/neu oncogene. 
Science. 1987; 235:177–82.

2. Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, 
Keith DE, Levin WJ, Stuart SG, Udove J, Ullrich A. Studies 
of the HER-2/neu proto-oncogene in human breast and 
ovarian cancer. Science. 1989; 244:707–12.

3. Kamangar F, Dores GM, Anderson WF. Patterns of cancer 
incidence, mortality, and prevalence across five continents: 
defining priorities to reduce cancer disparities in different 
geographic regions of the world. J Clin Oncol. 2006; 
24:2137–50.

4. Cunningham SC, Kamangar F, Kim MP, Hammoud S, 
Haque R, Maitra A, Montgomery E, Heitmiller RE, Choti 
MA, Lillemoe KD, Cameron JL, Yeo CJ, Schulick RD. 
Survival after gastric adenocarcinoma resection: eighteen-
year experience at a single institution. J Gastrointest Surg. 
2005; 9:718–25.

5. Van Cutsem E, Bang YJ, Feng-Yi F, Xu JM, Lee KW, 
Jiao SC, Chong JL, López-Sanchez RI, Price T, Gladkov 
O, Stoss O, Hill J, Ng V, et al. HER2 screening data from 
ToGA: targeting HER2 in gastric and gastroesophageal 
junction cancer. Gastric Cancer. 2015; 18:476–84.

6. Junttila TT, Li G, Parsons K, Phillips GL, Sliwkowski MX. 
Trastuzumab-DM1 (T-DM1) retains all the mechanisms 
of action of trastuzumab and efficiently inhibits growth of 
lapatinib insensitive breast cancer. Breast Cancer Res Treat. 
2011; 128:347–56.

7. Huang AB, Lin CM, Hamel E. Maytansine inhibits 
nucleotide binding at the exchangeable site of tubulin. 
Biochem Biophys Res Commun. 1985; 128:1239–46.

8. Erickson HK, Park PU, Widdison WC, Kovtun YV, Garrett 
LM, Hoffman K, Lutz RJ, Goldmacher VS, Blättler WA. 
Antibody-maytansinoid conjugates are activated in targeted 
cancer cells by lysosomal degradation and linker-dependent 
intracellular processing. Cancer Res. 2006; 66:4426–33.

9. English DP, Bellone S, Schwab CL, Bortolomai I, 
Bonazzoli E, Cocco E, Buza N, Hui P, Lopez S, Ratner E, 
Silasi DA, Azodi M, Schwartz PE, et al. T-DM1, a novel 
antibody-drug conjugate, is highly effective against primary 
HER2 overexpressing uterine serous carcinoma in vitro and 
in vivo. Cancer Med. 2014; 3:1256–65.

10. Hayashi T, Seiler R, Oo HZ, Jäger W, Moskalev I, Awrey S, 
Dejima T, Todenhöfer T, Li N, Fazli L, Matsubara A, Black 
PC. Targeting HER2 with T-DM1, an antibody cytotoxic 
drug conjugate, is effective in her2 over expressing bladder 
cancer. J Urol. 2015; 194:1120–31.

11. Cretella D, Saccani F, Quaini F, Frati C, Lagrasta C, 
Bonelli M, Caffarra C, Cavazzoni A, Fumarola C, Galetti 
M, La Monica S, Ampollini L, Tiseo M, et al. Trastuzumab 
emtansine is active on HER-2 overexpressing NSCLC cell 



Oncotarget21154www.oncotarget.com

lines and overcomes gefitinib resistance. Mol Cancer. 2014; 
13:143.

12. Barok M, Tanner M, Köninki K, Isola J. Trastuzumab-DM1 
is highly effective in preclinical models of HER2-positive 
gastric cancer. Cancer Lett. 2011; 306:171–79.

13. Długosz A, Janecka A. ABC transporters in the development 
of multidrug resistance in cancer therapy. Curr Pharm Des. 
2016; 22:4705–16.

14. Kovtun YV, Audette CA, Mayo MF, Jones GE, Doherty 
H, Maloney EK, Erickson HK, Sun X, Wilhelm S, Ab 
O, Lai KC, Widdison WC, Kellogg B, et al. Antibody-
maytansinoid conjugates designed to bypass multidrug 
resistance. Cancer Res. 2010; 70:2528–37.

15. Takara K, Sakaeda T, Okumura K. An update on 
overcoming MDR1-mediated multidrug resistance in cancer 
chemotherapy. Curr Pharm Des. 2006; 12:273–86.

16. Kavallaris M. Microtubules and resistance to tubulin-
binding agents. Nat Rev Cancer. 2010; 10:194–204.

17. Feldinger K, Generali D, Kramer-Marek G, Gijsen M, Ng 
TB, Wong JH, Strina C, Cappelletti M, Andreis D, Li JL, 
Bridges E, Turley H, Leek R, et al. ADAM10 mediates 
trastuzumab resistance and is correlated with survival in 
HER2 positive breast cancer. Oncotarget. 2014; 5:6633–46. 
https://doi.org/10.18632/oncotarget.1955.

18. Nagy P, Friedländer E, Tanner M, Kapanen AI, Carraway 
KL, Isola J, Jovin TM. Decreased accessibility and lack 
of activation of ErbB2 in JIMT-1, a herceptin-resistant, 
MUC4-expressing breast cancer cell line. Cancer Res. 
2005; 65:473–82.

19. Bender LM, Nahta R. Her2 cross talk and therapeutic 
resistance in breast cancer. Front Biosci. 2008; 13:3906–12.

20. Barok M, Tanner M, Köninki K, Isola J. Trastuzumab-DM1 
causes tumour growth inhibition by mitotic catastrophe in 
trastuzumab-resistant breast cancer cells in vivo. Breast 
Cancer Res. 2011; 13:R46.

21. Barok M, Joensuu H, Isola J. Trastuzumab emtansine: 
mechanisms of action and drug resistance. Breast Cancer 
Res. 2014; 16:209.

22. Chen R, Hou J, Newman E, Kim Y, Donohue C, Liu X, 
Thomas SH, Forman SJ, Kane SE. CD30 downregulation, 
MMAE resistance, and MDR1 upregulation are all 
associated with resistance to brentuximab vedotin. Mol 
Cancer Ther. 2015; 14:1376–84.

23. Loganzo F, Tan X, Sung M, Jin G, Myers JS, Melamud E, 
Wang F, Diesl V, Follettie MT, Musto S, Lam MH, Hu W, 
Charati MB, et al. Tumor cells chronically treated with a 
trastuzumab-maytansinoid antibody-drug conjugate develop 
varied resistance mechanisms but respond to alternate 
treatments. Mol Cancer Ther. 2015; 14:952–63.

24. Schuster VL. Prostaglandin transport. Prostaglandins Other 
Lipid Mediat. 2002; 68–69:633–47. https://doi.org/10.1016/
S0090-6980(02)00061-8.

25. Hurvitz SA, Dirix L, Kocsis J, Bianchi GV, Lu J, Vinholes 
J, Guardino E, Song C, Tong B, Ng V, Chu YW, Perez 

EA. Phase II randomized study of trastuzumab emtansine 
versus trastuzumab plus docetaxel in patients with human 
epidermal growth factor receptor 2-positive metastatic 
breast cancer. J Clin Oncol. 2013; 31:1157–63.

26. Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga 
J, Pegram M, Oh DY, Diéras V, Guardino E, Fang L, Lu 
MW, Olsen S, Blackwell K, and EMILIA Study Group. 
Trastuzumab emtansine for HER2-positive advanced breast 
cancer. N Engl J Med. 2012; 367:1783–91.

27. Smith LM, Nesterova A, Alley SC, Torgov MY, Carter PJ. 
Potent cytotoxicity of an auristatin-containing antibody-
drug conjugate targeting melanoma cells expressing 
melanotransferrin/p97. Mol Cancer Ther. 2006; 5:1474–82.

28. Ludueña RF. Multiple forms of tubulin: different gene 
products and covalent modifications. Int Rev Cytol. 1998; 
178:207–75.

29. Janke C, Bulinski JC. Post-translational regulation of the 
microtubule cytoskeleton: mechanisms and functions. Nat 
Rev Mol Cell Biol. 2011; 12:773–86.

30. Galmarini CM, Treilleux I, Cardoso F, Bernard-Marty C, 
Durbecq V, Gancberg D, Bissery MC, Paesmans M, Larsimont 
D, Piccart MJ, Di Leo A, Dumontet C. Class III β-tubulin 
isotype predicts response in advanced breast cancer patients 
randomly treated either with single-agent doxorubicin or 
docetaxel. Clin Cancer Res. 2008; 14:4511–16.

31. Vilmar AC, Santoni-Rugiu E, Sørensen JB. Class III 
β-tubulin in advanced NSCLC of adenocarcinoma subtype 
predicts superior outcome in a randomized trial. Clin 
Cancer Res. 2011; 17:5205–14.

32. Reiman T, Lai R, Veillard AS, Paris E, Soria JC, Rosell R, 
Taron M, Graziano S, Kratzke R, Seymour L, Shepherd FA, 
Pignon JP, Sève P, and LACE-Bio Group. Cross-validation 
study of class III beta-tubulin as a predictive marker for 
benefit from adjuvant chemotherapy in resected non-small-
cell lung cancer: analysis of four randomized trials. Ann 
Oncol. 2012; 23:86–93.

33. Jung M, Koo JS, Moon YW, Park BW, Kim SI, Park S, 
Lee SH, Hong S, Rha SY, Chung HC, Kim JH, Sohn J. 
Overexpression of class III beta tubulin and amplified 
HER2 gene predict good response to paclitaxel and 
trastuzumab therapy. PLoS One. 2012; 7:e45127.

34. Aoki D, Oda Y, Hattori S, Taguchi K, Ohishi Y, Basaki Y, 
Oie S, Suzuki N, Kono S, Tsuneyoshi M, Ono M, Yanagawa 
T, Kuwano M. Overexpression of class III β-tubulin predicts 
good response to taxane-based chemotherapy in ovarian clear 
cell adenocarcinoma. Clin Cancer Res. 2009; 15:1473–80.

35. McCarroll JA, Gan PP, Liu M, Kavallaris M. betaIII-tubulin 
is a multifunctional protein involved in drug sensitivity and 
tumorigenesis in non-small cell lung cancer. Cancer Res. 
2010; 70:4995–5003.

36. Panda D, Miller HP, Banerjee A, Ludueña RF, Wilson L. 
Microtubule dynamics in vitro are regulated by the tubulin 
isotype composition. Proc Natl Acad Sci USA. 1994; 
91:11358–62.

https://doi.org/10.18632/oncotarget.1955
https://doi.org/10.1016/S0090-6980
https://doi.org/10.1016/S0090-6980


Oncotarget21155www.oncotarget.com

37. Banerjee A, Roach MC, Trcka P, Luduena RF. Preparation 
of a monoclonal antibody specific for the class IV isotype 
of beta-tubulin. Purification and assembly of alpha beta II, 
alpha beta III, and alpha beta IV tubulin dimers from bovine 
brain. J Biol Chem. 1992; 267:5625–30.

38. Lu Q, Luduena RF. In vitro analysis of microtubule 
assembly of isotypically pure tubulin dimers. Intrinsic 
differences in the assembly properties of alpha beta II, alpha 
beta III, and alpha beta IV tubulin dimers in the absence 
of microtubule-associated proteins. J Biol Chem. 1994; 
269:2041–47.

39. McGrail DJ, Khambhati NN, Qi MX, Patel KS, Ravikumar 
N, Brandenburg CP, Dawson MR. Alterations in ovarian 
cancer cell adhesion drive taxol resistance by increasing 
microtubule dynamics in a FAK-dependent manner. Sci 
Rep. 2015; 5:9529.

40. Frisch SM, Francis H. Disruption of epithelial cell-
matrix interactions induces apoptosis. J Cell Biol. 1994; 
124:619–26.

41. Frisch SM, Ruoslahti E. Integrins and anoikis. Curr Opin 
Cell Biol. 1997; 9:701–06.

42. Shang X, Marchioni F, Sipes N, Evelyn CR, Jerabek-
Willemsen M, Duhr S, Seibel W, Wortman M, Zheng Y. 
Rational design of small molecule inhibitors targeting RhoA 
subfamily Rho GTPases. Chem Biol. 2012; 19:699–710.

43. Wang D, Dubois RN. Eicosanoids and cancer. Nat Rev 
Cancer. 2010; 10:181–93.

44. Eberhart CE, Coffey RJ, Radhika A, Giardiello 
FM, Ferrenbach S, DuBois RN. Up-regulation of 
cyclooxygenase 2 gene expression in human colorectal 
adenomas and adenocarcinomas. Gastroenterology. 1994; 
107:1183–88.

45. de Groot DJ, de Vries EG, Groen HJ, de Jong S. 
Non-steroidal anti-inflammatory drugs to potentiate 
chemotherapy effects: from lab to clinic. Crit Rev Oncol 
Hematol. 2007; 61:52–69.

46. Wang D, Dubois RN. Prostaglandins and cancer. Gut. 2006; 
55:115–22.

47. Nakanishi M, Rosenberg DW. Multifaceted roles of PGE2 
in inflammation and cancer. Semin Immunopathol. 2013; 
35:123–37.

48. Greenhough A, Smartt HJ, Moore AE, Roberts HR, 
Williams AC, Paraskeva C, Kaidi A. The COX-2/PGE2 
pathway: key roles in the hallmarks of cancer and adaptation 
to the tumour microenvironment. Carcinogenesis. 2009; 
30:377–86.

49. Duong MN, Cleret A, Matera EL, Chettab K, Mathé 
D, Valsesia-Wittmann S, Clémenceau B, Dumontet C. 
Adipose cells promote resistance of breast cancer cells 
to trastuzumab-mediated antibody-dependent cellular 
cytotoxicity. Breast Cancer Res. 2015; 17:57.

50. Hage-Sleiman R, Herveau S, Matera EL, Laurier JF, 
Dumontet C. Tubulin binding cofactor C (TBCC) 
suppresses tumor growth and enhances chemosensitivity 
in human breast cancer cells. BMC Cancer. 2010; 10:135. 


