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ABSTRACT

Detachment of non-malignant epithelial cells from the extracellullar matrix (ECM) 
triggers their growth arrest and apoptosis. Conversely, carcinoma cells can grow 
without adhesion to the ECM. This capacity for anchorage-independent growth is 
thought to be critical for tumor progression. ErbB2/Her2 oncoprotein is overproduced 
by a significant fraction of breast cancers and promotes anchorage-independent 
tumor cell growth by poorly understood mechanisms. In an effort to understand 
them we found that in order to produce ErbB2, detached breast cancer cells require 
the activity of an ErbB2 effector protein kinase Mek and that Mek-driven ErbB2 
expression is neccesary for anchorage-independent growth of such cells. We observed 
that Mek inhibition does not alter ErbB2 mRNA levels in detached cancer cells and 
that ErbB2 protein loss induced by this inhibition can be blocked by a lysosomal 
inhibitor. We also noticed that an increase of the density of cancer cells detached 
from the ECM downregulates a Mek effector protein kinase Erk and causes ErbB2 loss. 
Those cells that survive after ErbB2 loss display resistance to trastuzumab, an anti-
ErbB2 antibody used for ErbB2-positive breast cancer treatment. Thus, Mek-induced 
ErbB2 stabilization in detached breast cancer cells is critical for their ability to grow 
anchorage-independently and their trastuzumab sensitivity.

INTRODUCTION

15-20% of breast tumors overproduce ErbB2/
Her2 oncoprotein which drives the progression of these 
malignancies [1]. In most cases ErbB2 overproduction 
occurs due to the amplification of the ErbB2 gene [2]. 
ErbB2, a member of the ErbB family of receptor tyrosine 
kinases, triggers numerous oncogenic signals in cancer cells 
by binding other members of the family, such as Epidermal 
Growth Factor Receptor (EGFR) or ErbB3 [2]. The indicated 
heterodimers trigger various signalling events in the cells, 
e.g. activation of a protein kinase Raf which in turn induces 
a protein kinase Mek [2]. Mek then phosphorylates and thus 
activates a protein kinase Erk [3] which phosphorylates 
diverse cellular proteins and thereby controls their activity.

One critical feature of primary and disseminated 
breast tumors, including those overproducing ErbB2, is 
their ability to grow in a three-dimensional manner [4]. 
Such growth requires the ability of cancer cells to survive 
without adhesion to the extracellular matrix (ECM) [5]. 
This notion is based on the fact that normal basal and 
luminal breast epithelial cells are attached to the ECM in 
the breast [6, 7]. Detachment causes their growth arrest 
[8] and death by apoptosis [9]. The latter phenomenon 
is called anoikis [10]. In contrast, breast tumors grow, 
invade adjacent tissue and metastasize to other organs 
as three-dimensional multicellular masses in which the 
cells are not properly attached to the ECM but remain 
viable and capable of proliferation [9]. Numerous lines of 
evidence indicate that the ability oftumor cells, including 
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breast cancer cells, to survive and grow without adhesion 
to the ECM is critical for tumor progression [9]. First, 
cancer cells survive and grow without attachment to the 
ECM as colonies in soft agar. This ability represents a 
“gold standard” for malignant transformation [11, 12]. 
Second, major oncoproteins, e.g. ErbB2 [4], Ras [13, 
14] and β-catenin [15], promote anchorage-independent 
survival and growth of cancer cells. Moreover, approaches 
suppressing anchorage-independent growth of malignant 
cells block their ability to form primary tumors [16-20] and 
metastases [16, 19, 21-23]. Finally, spontaneous acquisition 
of the ability to grow in a three-dimensional manner is 
sufficient for the attainment of in vivo tumorigenicity by 
cancer cells [24]. Also importantly, formation of three-
dimensional multicellular masses was found to render 
cancer cells resistant to chemotherapeutic agents [25]. This 
phenomenon is called “multicellular drug resistance” [25].

Mechanisms by which ErbB2 promotes three-
dimensional growth of breast cancer cells are understood in 
part. One such mechanism has emerged from our work [26]. 
We found that ErbB2 blocks anoikis of breast cancer cells by 
downregulationg a protein Perp that triggers apoptosis by an 
unknown mechanism. Of note, it is known that detachment 
of non-malignant breast epithelial cells triggers lysosmal 
degradation of an ErbB2 signalling partner EGFR and that 
ErbB2-induced Mek activation prevents this degradation in 
detached breast cancer cells [27]. We observed that the effect 
of ErbB2/Mek on EGFR is required for ErbB2-induced Perp 
downregulation in the indicated cells [26].

In an effort to further understand the mechanisms 
that control ErbB2-dependent three-dimensional growth 
of breast cancer cells we found in this study that Mek 
activity is required for the expression of ErbB2 itself in 
ErbB2-positive breast cancer cells detached from the 
ECM. We observed that in the absence of Mek activity 
ErbB2 undergoes lysosomal degradation in detached 
cells. We also demonstrate here that Mek-induced ErbB2 
upregulation is required for anchorage-independent 
growth of malignant breast epithelial cells. Finally, we 
show that as the number of detached breast tumor cells 
composing a three-dimensionally growing cellular mass 
increases, Mek activity and ErbB2 expression are lost and 
the resulting ErbB2-deficient cells display resistance to 
trastuzumab, an anti-ErbB2 antibody normally used for 
treatment of ErbB2-positive breast cancer. Thus, Mek-
dependent ErbB2 expression in detached breast cancer 
cells is critical for their ability to grow without adhesion 
to the ECM and for their trastuzumab sensitivity.

RESULTS

Mek activity is required for ErbB2 expression in 
detached breast cancer cells

One model that we used to study the role of 
Mek in the ability of ErbB2-expressing breast cancer 

cells to grow without adhesion to the ECM represents  
MCF-ErbB2 cells derived from non-malignant breast 
epithelial cells MCF10A by infection with a wild type 
ErbB2-encoding retrovirus [26, 28]. Unlike the parental 
MCF10A cells which undergo anoikis after detachment 
and do not form colonies in soft agar, MCF-ErbB2 cells 
are anoikis-resistant and efficiently grow in soft agar 
[26]. We found that treatment of MCF10A cells with a 
widely used highly specific Mek inhibitor selumetinib 
[29, 30] strongly downregulates ErbB2 in detached MCF-
ErbB2 cells but has no impact on ErbB2 in the attached 
cells (Figure 1A). The effect of selumetinib on ErbB2 
was not unique to MCF-ErbB2 cells as we found that the 
Mek inhibitor downregulates ErbB2 in detached ErbB2-
positive human breast cancer cell lines BT-474, AU-565 
and HCC-1419 [31, 32] but has no effect on ErbB2 levels 
when these cells are attached to the ECM (Figure 1B-1D). 
(Changes in the ErbB2 protein levels observed in Figure 
1A-1D are quantified in Supplementary Figure 1). Thus, 
Mek activity is required for ErbB2 expression in breast 
cancer cells detached from the ECM.

Mek-dependent ErbB2 expression is required 
for anchorage-independent growth of malignant 
breast epithelial cells

We further tested whether selumetinib blocks the 
ability of ErbB2-overproducing breast epithelial cells 
MCF-ErbB2 to grow without adhesion to the ECM. Of 
note, Mek inhibition is known to trigger various feedback 
anti-apoptotic mechanisms in cancer cells (e.g. ErbB3 
upregulation [33]) which could in principle promote their 
survival. Thus, the effect of Mek inhibition on anchorage-
independent growth of ErbB2-positive cells cannot be 
predicted. We observed that selumetinib-induced ErbB2 
downregulation in MCF-ErbB2 cells (see Figure 1A) is 
accompanied by loss of the ability of these cells to grow 
anchorage-independently as colonies in soft agar (Figure 
2A). Moreover, we found that ErbB2 knockdown in MCF-
ErbB2 cells by small interfering (si) RNAs can mimic the 
effect of selumetinib on these cells, i.e. such knockdown 
strongly blocks their soft agar growth (Figure 2B, 2C). 
(Changes in the ErbB2 protein levels observed in Figure 
2B are quantified in Supplementary Figure 2).

We further tested the effect of Mek on ErbB2 in 
detached MCF10A cells and a variant of these cells MCF-
MekDD generated by infection of the former cells with 
the retrovirus encoding an activated Mek mutant [26, 28]. 
We found that as expected MCF-MekDD cells displayed 
higher total Mek levels than the parental MCF10A cells 
(Figure 3A) and showed much higher ErbB2 levels than 
MCF10A cells when these cell lines were detached from 
the ECM (Figure 3B). (Changes in protein levels observed 
in Figure 3A, 3B are quantified in Supplementary Figure 
3). We further observed that MCF-MekDD cells are 
capable of growing anchorage-independently in soft 
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Figure 1: Mek activity is required for ErbB2 expression in breast cancer cells detached from the ECM. MCF-ErbB2 
(A), BT-474 (B), AU-565 (C) and HCC-1419 cells (D) were cultured attached to (attached) or detached from (detached) the ECM in the 
presence of DMSO (-) or 1μM selumetinib (+) for 5h and assayed for ErbB2 expression by western blot. CDK4 was used as a loading 
control.
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agar and that treatment with trastuzumab, a therapeutic  
anti-ErbB2 antibody [34], significantly reduced the ability 
of the indicated cells to grow in this manner (Figure 3C). 
Thus, one function of Mek in detached breast cancer 
cells is to support ErbB2 expression. In the absence of 
active ErbB2 the ability of Mek to promote anchorage-
independent growth of such cells is significantly reduced.

Mek does not upregulate ErbB2 mRNA in 
detached breast cancer cells

In an effort to understand the mechanisms by which 
Mek controls ErbB2 expression in detached breast cancer 
cells we found that selumetinib does not downregulate 
ErbB2 mRNA in detached MCF-ErbB2 cells. To the 

Figure 2: Inhibition of Mek or ErbB2 knockdown block anchorage-independent growth of ErbB2-overproducing 
breast epithelial cells. (A). MCF-ErbB2 cells were plated in monolayer culture or in soft agar in the presence of DMSO (-) or 1μM 
selumetinib (+) and allowed to form colonies which were counted 10 days later. % colonies was calculated as a ratio between the number of 
colonies in soft agar to that in monolayer x100%. (B). MCF-ErbB2 cells were transfected with 25nM control RNA or 25 nM ErbB2-specific 
siRNA (ErbB siRNA) 17 or 18, cultured detached from the ECM for 24 and assayed for ErbB2 expression by western blot. β-actin was 
used as a loading control. (C). Cells treated as in (B) were assayed as in (A). The data in (A) and (C) represent the average of the triplicates 
plus SD. * indicates that p value was < 0.05.

Figure 3: Mek-induced ErbB2 uregulation promotes anchorage-independent growth of breast epithelial cells. Indicated 
cells were cultured detached from the ECM for 3h and assayed for Mek (A) or ErbB2 (B) expression by western blot. β-actin was used as 
a loading control. (C). MCF-MekDD cells were plated in monolayer culture or in soft agar in the absence (-) or in the presence (+) or 5μg/
ml trastuzumab and allowed to form colonies which were counted 10 days later. % colonies was calculated as a ratio between the number 
of colonies in soft agar to that in monolayer x100%. The data represent the average of the triplicates plus SD. * indicates that p value was 
< 0.05.
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contrary, the Mek inhibitor upregulated this mRNA in 
the indicated cells (Figure 4A). We also observed that 
selumetinib has no effect on the ErbB2 mRNA in detached 
human breast cancer cells BT474 (Figure 4B). Moreover, 
the Mek inhibitor upregulated, rather than downregulated, 
the ErbB2 mRNA in detached human breast cancer cells 
HCC-1419 (Figure 4C). Finally, an activated Mek mutant, 
which upregulates ErbB2 protein in detached MCF-10A 
cells (Figure 3B), did not upregulate the ErbB2 mRNA 
in these cells (Figure 4D). Hence, since selumetinib 
downregulates ErbB2 protein in detached breast cancer 
cells (Figure 1), whereas activated Mek upregulates ErbB2 
protein in detached breast epithelial cells (Figure 3B), the 
effect of Mek on ErbB2 protein in such cells does not 
involve changes in the ErbB2 mRNA.

ErbB2 loss following Mek inactivation in 
detached breast cancer cells can be blocked by a 
lysosomal inhibitor

Given that Mek inhibition downregulates 
ErbB2 protein in detached breast cancer cells without 
downregulating the ErbB2 mRNA, we tested whether 
Mek inactivation blocks ErbB2 protein stability in these 
cells. To this end, we treated detached human breast 
cancer cells BT474 with a protein synthesis inhibitor 
cyclohexamide [35, 36]. As could have been expected in 
the absence of de novo protein synthesis, ErbB2 levels 
were reduced to some extent by this treatment (Figure 
5A). Moreover, cyclohexamide noticeably enhanced 
selumetinib-induced ErbB2 protein loss in detached 

Figure 4: Mek does not control ErbB2 mRNA expression in breast cancer cells detached from the ECM. MCF-ErbB2 
(A), BT-474 (B) and HCC-1419 (C) were cultured detached from the ECM (detached) in the presence of DMSO (-) or 1μM selumetinib 
(+) for 5h and assayed for ErbB2 mRNA levels by qPCR. (D). MCF10A and MCF-MekDD cells were cultured detached from the ECM 
for 3h and assayed for ErbB2 mRNA levels by qPCR. ErbB2 mRNA levels observed in (A-D) were normalized by the levels of 18S rRNA 
which were also determined by qPCR. The resulting levels of the ErbB2 mRNA in the DMSO-treated cells (A-C) or MCF10A cells (D) 
were designated as 100%. The data in (A, C) represent the average of three and those in (B, D) the average of four independent experiments 
plus SE.
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breast cancer cells (Figure 5A). These data are consistent 
with a scenario that the absence of de novo protein 
synthesis accelerates selumetinib-induced ErbB2 protein 
loss resulting from selumetinib-induced ErbB2 protein 
degradation.

We further tested whether Mek inhibition promotes 
covalent binding of ErbB2 to a protein ubiquitin and 
subsequent ErbB2 proteasomal degradation (a known 
mechanism of protein turnover [37]) in detached breast 

cancer cells. To this end, we treated detached BT474 cells 
with selumetinib in the absence and in the presence of 
a proteasomal inhibitor MG132 [37]. We observed that 
treatment with MG132 for 2h (not shown) or 5h (Figure 
5B) does not block the effect of selumetinib on ErbB2 in 
these cells. Hence, ErbB2 ubiquitination and subsequent 
proteasomal degradation does not seem to be involved 
in the effect of selumetinib on ErbB2 in detached breast 
cancer cells.

Figure 5: ErbB2 downregulation induced by a Mek inhibitor in detached breast cancer cells can be blocked by a 
lysosomal inhibitor. (A) BT-474 cells were cultured detached from the ECM in the presence of DMSO (-) or 1μM selumetinib (+) or 
10μg/ml cyclohexamide (CHX) (+) for 3h and assayed for ErbB2 expression by western blot. (B) BT-474 cells were cultured detached from 
the ECM in the presence of DMSO (-) or 1μM selumetinib (+) or 10μg/ml MG132 (MG132) (+) for 5h and assayed for ErbB2 expression 
by western blot. (C) BT-474 cells were cultured detached from the ECM in the presence of DMSO (-) or 1μM selumetinib (+) or 100 nM 
Bafilomycin A1 (+) for 5h and assayed for ErbB2 expression by western blot. (D) BT-474 cells were infected with lentiviruses encoding the 
control RNA (cont RNA) or Atg12-specific shRNA 1 or 2 (Atg12 shRNA 1 or 2) and a puromycin resistance gene, the cells were expanded 
in the presence of puromycin, and the resulting stable cell lines were assayed for Atg12 expression by western blot by use of the anti-
Atg12 antibody. Position of the Atg12-Atg5 covalent complex (Atg12-Atg5) on the gel and that of the molecular weight markers (KDa) is 
indicated. (E) Cells generated as in (D) were cultured detached from the ECM in the presence of 1μM selumetinib (+) for 5h and assayed 
for ErbB2 levels by western blot. GAPDH (A) and β-actin (B-E) was used as a loading control.
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It is known that Mek inhibition accelerates 
lysosomal degradation of EGFR [27], an ErbB2 
signalling partner [2]. Moreover, lysosomal degradation 
is an established mechanism of ErbB2 protein turnover 
in certain circumstances. For example, it was found that 
a therapeutic HSP90 inhibitor [38] or an inhibitor of 
phosphatidylcholine-specific phospholipase C [39] trigger 
lysosomal ErbB2 degradation in breast cancer cells. To test 
whether Mek inhibition promotes degradation of ErbB2 in 
the lysosomes of detached breast cancer cells we treated 
detached BT474 cells with selumetinib in the absence and 
in the presence of a lysosomal inhibitor Bafilomycin A1 
[40, 41]. We observed that Bafilomycin A1 strongly blocks 
selumetinib-induced ErbB2 downregulation in these cells 
(Figure 5C). Collectively, our data are consistent with a 
scenario that Mek activity prevents lysosomal ErbB2 
degradation in detached breast cancer cells.

Of note, it was proposed that in certain 
circumstances ErbB2 can covalently bind ubiquitin, and 
that such ubiquitination further triggers proteasome-
mediated cleavage of the intracellular ErbB2 region [42]. 
This, in turn was suggested to induce internalization and 
subsequent sorting of ErbB2 to the lysosomes [42]. Our 
data showing that selumetinib-induced ErbB2 degradation 
is proteasome-independent (Figure 5B) indicate that the 
mechanism outlined above is unlikely involved in the 
effect of selumetinib on ErbB2 in breast cancer cells 
detached from the ECM.

Another mechanism of protein delivery to the 
lysosomes involves protein engulfment by vacuole-
like structures called autophagosomes which can fuse 
with the lysosomes and thus deliver its content into the 
latter organelles where the indicated content is degraded. 
This process is called autophagy [43]. To test whether 
autophagosomes mediate the effect of Mek inhibition 
of ErbB2 in detached BT474 cells we knocked down a 
critical mediator of autophagosome formation Atg12 [43] 
in these cells by infecting them with lentiviruses encoding 

two different Atg12-specific small hairpin (sh) RNAs 
(Figure 5D). Atg12 mediates autophagosome formation 
by covalently binding another critical autophagy mediator 
Atg5 [43], and the majority of cellular Atg12 is often 
constitutively conjugated with Atg5 even in the absence 
of autophagy [37]. Similar to what was observed by others 
[37], we found that essentially all Atg12 (whose molecular 
weight is approximately 20KD) is present in BT474 cells 
as species with a molecular weight of approximately 
55KD (Figure 5D) which is well known to represent the 
Atg12-Atg5 covalent complex [37, 43]. Introduction of 
Atg12-specific shRNAs in the cells resulted in a strong 
downregulation of the indicated complex (Figure 5D) but 
did not upregulate ErbB2 in the cells when they were treated 
with selumetinib in the absence of adhesion to the ECM for 
2h (not shown) or 5h (Figure 5E). These data are consistent 
with a scenario that autophagy is not involved in the effect 
of Mek inhibition on ErbB2. (Changes in protein levels 
observed in Figure 5 are quantified in Supplementary Figure 
4). In summary, our data indicate that Mek blocks lysosomal 
ErbB2 degradation in detached breast tumor cells.

The activity of the Mek/Erk signalling pathway, 
ErbB2 expression and trastuzumab sensitivity 
can be blocked by an increased density of 
detached breast tumor cells

Our data indicate that Mek inhibition blocks ErbB2 
expression in detached breast cancer cells. In search for 
physiologically relevant circumstances under which this 
scenario could take place we reasoned that ErbB2 loss 
represents an established mechanism of breast cancer 
resistance to treatment with a therapeutic anti-ErbB2 
antibody trastuzumab [44, 45]. Moreover, it was found 
that breast tumor cells circulating in patient’s blood are 
ErbB2-positive in a significant number of cases whereas 
the cells composing respective primary tumors are often 
ErbB2-negative [46]. Finally, it was found that growth 

Figure 6: pErk, Erk and ErbB2 protein expression is blocked by an increased density of detached breast tumor cells. 
(A, B) BT-474 cells were cultured detached from the ECM for 6 days at a concentration 12500 cells/ml (sparse) or 125000 cells/ml (dense) 
and assayed for phospho-Erk1 (pErk1), phospho-Erk2 (pErk2), Erk1, Erk2 and ErbB2 protein expression (A) or phospho-Mek (pMek) and 
Mek protein expression (B) by western blot. β-actin was used as a loading control in (A, B).
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of tumors formed by ErbB2-positive breast cancer 
cells injected in immunodeficient mice is blocked by 
trastuzumab significantly more efficiently if the drug is 
administered immediately after cell injection (before the 
tumor mass is formed) compared to the situation when 
the drug is administered after a tumor mass is established 
[47]. Thus, we speculated that increase in the cancer cell 
density within a three-dimensional tumor mass can block 
the activity of Mek or that of its substrates and cause 
inhibition of ErbB2 expression. This in turn could render 
breast cancer cells trastuzumab-resistant.

To test whether an increased density of detached 
breast cancer cells can block the activity of Mek or that 
of its substrate Erk and inhibit ErbB2 expression we 
compared the levels of Erk1 and Erk2 (the two Mek 
substrates [3]), phospho-Erk1 and phospho-Erk2 as well 
as that of ErbB2 in human breast cancer cells BT-474 

detached from the ECM grown as a “sparse” culture to 
those in detached BT-474 cells grown at a 10 times higher 
concentration (which we refer to as a “dense” culture). 
The cells in the sparse culture formed multiple relatively 
small size spheroids whereas those cultured in the dense 
culture represented one large multicellular aggregate (not 
shown). We found that densely grown cells display much 
lower levels of Erk1 and Erk2 proteins as well as those of 
phospho-Erk1 and phospho-Erk2 than the sparsely grown 
cells (Figure 6A). Of note, the increase in cell density did 
not significantly reduce the levels of the Erk1 and Erk2 
mRNAs (Supplementary Figure 5) indicating that the 
observed downregulation of Erk1 and Erk2 occurred at 
the protein, rather than at the mRNA level. Unlike the case 
with Erk and phospho-Erk, the indicated increase in the 
cell density did not significantly alter the cellular protein 
levels of Mek and phospho-Mek (Figure 6B). We further 

Figure 7: Trastuzumab sensitivity is blocked by an increased density of detached breast tumor cells. (A, B). BT-474 cells 
were cultured detached from the ECM for 6 days at a concentration 12500 cells/ml (sparse) (A) or 125000 cells/ml (dense) (B) for 6 days 
and the cells were counted. (C, D). BT-474 cells were cultured detached from the ECM for 6 days at a concentration 12500 cells/ml (sparse) 
(C) or 125000 cells/ml (dense) (D) for 6 days in the presence of DMSO (-) or 1μM selumetinib (+) or 5μg/ml trastuzumab (+) and the cells 
were counted. % plated cells was calculated as that of the cells plated at day 0. The data represent the average of the triplicates (A, B, D) or 
that of the duplicates (C) plus SD. * indicates that p value was < 0.05.
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found that an increase in the density of detached cells 
resulted in a dramatic reduction of ErbB2 protein levels 
(Figure 6A). (Changes in the levels of proteins observed in 
Figure 6 are quantified in Supplementary Figure 6).

We subsequently noticed that culturing detached 
cells sparsely did not reduce their number compared to the 
number of those initially plated (Figure 7A). In contrast, 
culturing the cells at high density significantly reduced 
their number compared to the number of initially plated 
cells (Figure 7B). These data are consistent with our 
observations shown in Figures 1-3 indicating that ErbB2 
is requited for anchorage-independent growth of these 
cells. Of note, even though plating the cells in the dense 
culture noticeably reduced their number, a substantial 
fraction of the cells remained viable (Figure 7B). One 
possible explanation of the fact that these cells survived 
in the absence of ErbB2 is that in addition to ErbB2 gene 
amplification [32], other oncogenic changes present in 
the cells contribute to their ability to grow anchorage-
independently. For example, BT474 cells also carry a 
loss-of-function mutation of the p53 tumor suppressor 
gene [48], and loss of p53, a well known inhibitor of 
apoptosis and cell proliferation [49], could contribute to 
the ability of detached cells that did not succumb to ErbB2 
loss (Figure 6A, 7B) to survive and grow in the dense cell 
culture.

We further observed that the number of cells grown 
in the sparse culture (and producing relatively high ErbB2 
amounts) was significantly reduced by trastuzumab 
treatment (Figure 7C). We also found that treatment with 
selumetinib (which downregulates ErbB2 in these sells 
(Figure 1B) reduced the number of detached cells to a 
degree similar to that observed in case of trastuzumab 
treatment (Figure 7C). These data are consistent with a 
notion that has emerged from our studies (Figure 1-3) that 
Mek inhibition blocks anchorage-independent growth 
of breast cancer cells at least in part by downregulating 
ErbB2. We further noticed that a combination of 
selumetinib and trastuzumab had the same impact on the 
growth of detached cells as each drug alone (Figure 7C). 
The latter data support a scenario that once selumetinib 
blocks ErbB2 expression in the cells, trastuzumab (that 
no longer has a target) does not affect growth of those 
cells that are still present in the culture after selumetinib 
treatment.

Remarkably, trastuzumab treatment failed to reduce 
the number of ErbB2-deficient cells that were present in 
the dense culture (Figure 7D). In addition, selumetinib 
or its combination with trastuzumab did not reduce the 
number of detached densely grown cells (Figure 7D). 
Thus, increased density of detached breast cancer cells 
strongly reduces Erk, phospho-Erk and ErbB2 levels 
in these cells and renders those cells that remain viable 
trastuzumab-resistant.

In summary, we have identified a novel mechanism 
of the regulation of ErbB2 expression in breast 
cancer cells. When the cells detach from the ECM this 
expression becomes strongly dependent on Mek activity. 
Furthermore, the ability of Mek to promote anchorage-
independent growth of such cells requires Mek-induced 
ErbB2 upregulation. Once Mek activity is blocked in 
breast cancer cells, the cells lose ErbB2 and those cells 
that survive become trastuzumab-resistant.

DISCUSSION

We have identified in this study a novel mechanism 
by which a protein kinase Mek controls three-dimensional 
growth of ErbB2-positive breast cancer cells. Mek 
promotes growth of these cells without adhesion to the 
ECM by supporting ErbB2 expression. This function of 
Mek is somewhat unexpected. It is well known that the 
indicated protein kinase can promote Erk-dependent 
phosphorylation and thus alter the activity of numerous 
transcription factors [50]. One easily conceivable scenario 
for the role of Mek in anchorage-independent growth of 
tumor cells is that once activated downstream of ErbB2, 
Mek alters the activity of those transcription factors 
that directly control the expression of the regulators of 
cell growth and survival and thus promotes growth of 
these cells without adhesion to the ECM. However, this, 
at least in part, appears not to be the case. We found 
that the ability of breast epithelial cells producing an 
activated Mek mutant to grow anchorage-independently 
is substantially impaired if the activity of ErbB2 (which is 
strongly upregulated by Mek in these cells) is blocked by 
trastuzumab (Figure 3). Hence three-dimensional growth 
of these cells significantly relies on the ability of Mek 
to upregulate ErbB2, rather than (or in addition to) the 
ability of Mek to promote phosphorylation of transcription 
factors that directly control levels of proteins regulating 
cells growth and survival. We and others found that ErbB2 
blocks anoikis of breast cancer cells by downregulating 
pro-apoptotic proteins Perp [26] and Bim [51] in a Mek-
dependent manner. It would be of significant interest to 
test whether the effect of Mek on these proteins requires 
Mek-driven ErbB2 upregulation in the indicated cells.

Our data are consistent with a scenario that Mek 
promotes ErbB2 expression in breast cancer cells by 
blocking lysosomal ErbB2 degradation. These data 
are supported by findings that ErbB2 can be degraded 
by the lysosomes in breast cancer cells in response to 
various stimuli. For example, it was established that 
a therapeutic HSP90 antagonist can trigger lysosomal 
ErbB2 degradation in breast cancer cells [38]. Moreover, 
an inhibitor of phosphatidylcholine-specific phospholipase 
C can promote lysosomal ErbB2 degradation in these cells 
as well [39]. A similar mode of regulation was identified 
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for an ErbB2 signalling partner EGFR. It was found that 
detachment of non-malignant breast cancer cells promotes 
lysosomal EGFR degradation [27]. Perhaps not by 
coincidence, it was observed that ErbB2 blocks lysosomal 
EGFR degradation by activating Mek [27].

What is the potential physiological relevance of our 
findings? It is known that ErbB2 levels are not constant 
in many ErbB2-positive breast cancers. ErbB2 protein 
expression is heterogeneous (i.e. some parts of the tumor 
produce ErbB2 and some do not) in a significant fraction 
of ErbB2-positive breast cancers that display a relatively 
homogeneous amplification of the ErbB2 gene (the latter 
is normally detected by Fluorescence In Situ Hybridization 
(FISH)) [52]. Importantly, patients with heterogeneous 
ErbB2 expression in breast tumors have a worse prognosis 
than those with a homogeneous ErbB2 expression [51]. 
What factors control this heterogeneity is not known. 
Our data indicate that the activity of Mek or that of its 
effectors could be responsible for this phenomenon. Our 
results suggest that tumor cells with lower Mek activity 
produce lower ErbB2 amounts than those with a higher 
Mek activity.

Under what conditions could Mek activity be 
expected to be reduced in breast tumors? We found that an 
increase in the cell density within a three-dimensionally 
grown mass of breast cancer cells strongly blocks the 
expression and phosphorylation of the Mek substrate Erk 
and essentially eliminates ErbB2 from the cells (Figure 
6A). (The mechanisms by which Erk expression is 
reduced under these conditions are presently not known 
and represent an important direction for our future 
studies). These data are consistent with observations 
that growth of tumors composed of ErbB2-positive 
breast cancer cells injected in immunodeficient mice is 
suppressed by trastuzumab much more efficiently if the 
drug is administered immediately after cell injection 
(before the tumor mass is formed) compared to the 
scenario when the drug is administered after a tumor 
mass is established [47]. Situations when a change in the 
breast tumor cell density could take place in breast cancer 
patients and thus affect ErbB2 levels have been described 
[46]. For example, it was found that circulating breast 
cancer cells (that are likely relatively sparse) are ErbB2-
positive in a substantial number of cases while primary 
tumor masses (in which tumor cell density is likely higher 
than that in case of the circulating tumor cells) derived 
from the same patients are often ErbB2-negative [46]. 
Testing whether the circulating tumor cells display higher 
phospho-Erk levels than those composing respective 
primary ErbB2-negative tumors would represent a 
promising direction of the studies aimed at verifying the 
role of Mek/Erk activity in ErbB2 expression in breast 
cancer patients.

Primary tumors showing equivocal results of the 
immonohistochemical measurement of the ErbB2 levels 
are normally tested for ErbB2 gene amplification by 

FISH [53]. If the ErbB2 gene is amplified, respective 
patients receive trastuzumab-based therapies even 
though their tumors do not display high levels of 
ErbB2, and the indicated treatments can provide benefit 
to these patients [53]. The reasons why such therapies 
may be effective in such cases are unclear. Our study 
provides a potential mechanistic explanation of these 
observations. Respective primary tumors carrying 
an amplified ErbB2 gene might display low ErbB2 
levels due to low Mek/Erk activity. However, cancer 
cells remaining in the body after the primary tumor 
is resected could have a higher Mek/Erk activity and 
ErbB2 expression than the cells in the primary tumor 
and thus be at least partially sensitive to subsequent 
trastuzumab-based treatments.

MATERIALS AND METHODS

Materials

The following compounds were used in this study. 
Selumetinib (Santa Cruz Biotechnology or ApexBio), 
Bafilomycin A1 (Sigma), trastuzumab (Roche), polybrene 
(Sigma-Aldrich).

Cell culture

MCF-10A cells and their derivative MCF-ErbB2 
were provided by M. Reiginato (Drexel University, USA). 
A variant of MCF10A cells MCF-MekDD producing 
and activated Mek2 mutant was generated as previously 
described [26, 28]. Expression vector encoding the 
activated Mek2 mutant was provided by M. Reiginato [26, 
28]. The cells listed above were cultured in the medium 
containing DMEM/F12 (GIBCO) supplemented with 5% 
horse serum (GIBCO), 20 ng/ml EGF (Invitrogen), 10 
μg/ml insulin (Novolin GE Toronto), 0.1 μg/ml cholera 
toxin (Biolynx), 0.5 mg/ml hydrocortisone (Sigma), 50 U/
ml penicillin (GIBCO), 50 μg/ml streptomycin (GIBCO), 
0.146 mg/ml L-glutamine (GIBCO). BT-474 (ATCC) 
were cultured in Hybri-Care medium (ATCC), 10% fetal 
bovine serum (Sigma), 100 U/ml penicillin (GIBCO), 100 
μg/ml streptomycin (GIBCO), 0.29 mg/ml L-glutamine 
(GIBCO). AU-565 (ATCC) and HCC1419 (ATCC) were 
cultured in RPMI1640 medium (GIBCO), 10% fetal 
bovine serum (Sigma), 100 U/ml penicillin (GIBCO), 100 
μg/ml streptomycin (GIBCO), 0.29 mg/ml L-glutamine 
(GIBCO). 293T cells (provided by Dr. A. Stadnyk 
(Dalhousie University) were cultured in DMEM (GIBCO), 
10% fetal bovine serum (Sigma) 100 U/ml penicillin 
(GIBCO), 100 μg/ml streptomycin (GIBCO), 0.29 mg/
ml L-glutamine (GIBCO). To detach cells from the ECM, 
they were plated in suspension culture above a layer of 
1% sea plaque agarose polymerized in respective culture 
medium not containing any of the additional ingredients 
listed above.
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Western blot

This assay was performed as previously described 
[54]. The following antibodies were used: anti-ErbB2 
(Cell Signaling Technology), anti-Erk (Cell Signaling 
Technology), anti-phospho-Erk (Cell Signaling 
Technology), anti-Mek (Cell Signaling Technology), anti-
Atg12 (Cell Signaling Technology), anti-β-actin (Santa 
Cruz Biotechnology), anti-GAPDH (Cell Signaling 
Technology), anti-CDK4 (Santa Cruz Biotechnology).

RNA interference

RNA interference was performed as we described 
[14]. The sequences of the sense strands of the RNAs 
used in this study were as follows: control RNA 
(siCONTROL non-targeting siRNA #1 (Dharmacon)), 
UGUUGUUUGAGGGGAACGGTT; human-specific ErbB2 
siRNA 17, UGGAAGAGAUCACAGGUUA; human-
specific ErbB2 siRNA 18 GAGACCC GCUGAACAAUAC. 
The latter two RNAs were from Dharmacon.

To knock down Atg 12 in BT474 cells 3x106 293T 
cells were cultured on a 100 mm tissue culture dish 
overnight and transfected with 3 μg of pLKO.1 non-
targeting shRNA control expression vector encoding a 
control non-targeting RNA or pLKO.1-ATG12 shRNA 
393 expression vector or pLKO.1-ATG12 shRNA 777 
expression vector each encoding a separate Atg12-specific 
shRNA, referred to in this manuscript as Atg12 shRNA 
1 and 2, respectively (the indicated 3 vectors were from 
Sigma-Aldrich) as well as 2.25 μg of psPAX2 and 0.75 μg 
of pMD2. G lentitroviral packaging vectors (both provided 
by L. Attardi, Stanford University, USA) in the presence of 
12 μl of Lipofectamine 2000 (Invitrogen) in 6ml of OPTI 
MEM medium (GIBCO). The medium was changed 4 
hours later to the regular cell growth medium, collected 48 
hours later and filtered through a 0.45-micron filter unit. 
0.5 ml of the viral supernatant and 8 μg/ml polybrene were 
then added to 3x105 BT474 cells grown on a 60 mm tissue 
culture dissh, and the cells were cultured for 24 hours. The 
medium was then changed to the fresh medium and the cells 
were grown for 7 days in the presence of 2μg/ml puromycin.

qPCR

This procedure was performed as we described [55]. 
The sequences of the primers used to amplify the ErbB2 
mRNA were as follows: ACCTGCTGAACTGGTGTATG 
and TGACATGGTTGGGACTCTTG. The sequences 
of the primers used to amplify the 18S rRNA were 
as follows: ATAGTCAAGTTCGACCGTCTTC and 
GTTGATTAAGTCCCTGCCCTT.

The following assays were performed as we 
described

Counting cells in suspension [36] as well as the soft 
agar growth assay [54].

Statistical analysis

Statistical analysis of the data in Figure 6C and 
Supplementary Figures 1-5 was performed by the chi-
square test for goodness-of-fit. Statistical analysis of all 
other data was performed by the Student’s t-test.

Western blot images

Western blot images were generated by Photoshop.

Densitometry analysis of western blot images

This analysis was performed as we previously 
described [56].

Abbreviations

ECM-extracellular matrix
EGFR-Epidermal Growth Factor Receptor
siRNA-small interfering RNA
shRNA-small hairpin RNA
qPCR-quantitative PCR
CHX-cyclohexamide

Author contributions

IAK performed all experiments except for those 
preformed by BHY (see below) and analyzed the data 
together with KVR. BHY performed the experiments 
shown in Figure 5D, 5E and quantified all western blot 
data shown in Supplementary Figures 1-5. KVR and JR 
designed the experiments in Figure 6 and the presentation 
of respective data in the manuscript, KVR designed all 
other experiments and wrote the manuscript.

ACKNOWLEDGMENTS

We are grateful to Drs. M. Reginato, A. Stadnyk and 
L. Attardi for the materials provided for this study.

CONFLICTS OF INTEREST

The authors have no conflicts to declare.

FUNDING

This study was supported by the Canadian Cancer 
Society grant #704794 awarded to KR and JR.



Oncotarget105394www.impactjournals.com/oncotarget

REFERENCES

1. Bethune GC, Veldhuijzen van Zanten D, MacIntosh RF, 
Rayson D, Younis T, Thompson K, Barnes PJ. Impact of 
the 2013 American Society of Clinical Oncology/College 
of American Pathologists guideline recommendations for 
human epidermal growth factor receptor 2 (HER2) testing 
of invasive breast carcinoma: a focus on tumours assessed 
as ’equivocal’ for HER2 gene amplification by fluorescence 
in-situ hybridization. Histopathology. 2015; 67:880-887. 
https://doi.org/10.1111.his.12723.

2. Harari D, Yarden Y. Molecular mechanisms underlying 
ErbB2/HER2 action in breast cancer. Oncogene. 2000; 
19:6102-6114. https://doi.org/10.1038/sj.onc.1203973.

3. Mandal R, Becker S, Strebhardt K. Stamping out RAF and 
MEK1/2 to inhibit the ERK1/2 pathway: an emerging threat 
to anticancer therapy. Oncogene. 2015; 35:2547-61. https://
doi.org/10.1038/onc.2015.329.

4. Jacks T, Weinberg RA. Taking the study of cancer cell 
survival to a new dimension. Cell. 2002; 111:923-925. 
https://doi.org/10.1016/S0092-8674(02)01229-1.

5. Debnath J, Mills KR, Collins NL, Reginato MJ, 
Muthuswamy SK, Brugge JS. The role of apoptosis 
in creating and maintaining luminal space within 
normal and oncogene-expressing mammary acini. 
Cell. 2002; 111:29-40. https://doi.org/10.1016/
S0092-8674(02)01001-2.

6. Gudjonsson T, Ronnov-Jessen L, Villadsen R, Rank F, 
Bissell MJ, Petersen OW. Normal and tumor-derived 
myoepithelial cells differ in their ability to interact with 
luminal breast epithelial cells for polarity and basement 
membrane deposition. J Cell Sci. 2002; 115:39-50.

7. Weaver VM, Lelievre S, Lakins JN, Chrenek MA, Jones JC, 
Giancotti F, Werb Z, Bissell MJ. beta4 integrin-dependent 
formation of polarized three-dimensional architecture 
confers resistance to apoptosis in normal and malignant 
mammary epithelium. Cancer Cell. 2002; 2:205-216. 
https://doi.org/10.106/S1535-6108(02)00125-3.

8. Benaud CM, Dickson RB. Adhesion-regulated G1 cell 
cycle arrest in epithelial cells requires the downregulation 
of c-Myc. Oncogene. 2001; 20:4554-4567. https://doi.
org/10.1038/sj.onc.1204609.

9. Debnath J, Brugge JS. Modelling glandular epithelial 
cancers in three-dimensional cultures. Nat Rev Cancer. 
2005; 5:675-688. https://doi.org/10.1038/nrc1695.

10. Frisch SM, Francis H. Disruption of epithelial cell-
matrix interactions induces apoptosis. J Cell Biol. 1994; 
124:619-626.

11. Freedman VH, Shin SI. Cellular tumorigenicity in 
nude mice: correlation with cell growth in semi-
solid medium. Cell. 1974; 3:355-359. https://doi.
org/10.1016/0092-8674(74)90050-6.

12. Lim KH, Baines AT, Fiordalisi JJ, Shipitsin M, Feig LA, 
Cox AD, Der CJ, Counter CM. Activation of RalA is critical 

for Ras-induced tumorigenesis of human cells. Cancer Cell. 
2005; 7:533-545. https://doi.org/10.1016/j.ccr.2005.04.030.

13. Liu Z, Li H, Derouet M, Filmus J, LaCasse EC, Korneluk 
RG, Kerbel RS, Rosen KV. ras Oncogene triggers 
up-regulation of cIAP2 and XIAP in intestinal epithelial 
cells: epidermal growth factor receptor-dependent and 
-independent mechanisms of ras-induced transformation. 
J Biol Chem. 2005; 280:37383-37392. https://doi.
org/10.1074/jbc.M503724200.

14. Liu Z, Li H, Derouet M, Berezkin A, Sasazuki T, Shirasawa 
S, Rosen K. Oncogenic Ras inhibits anoikis of intestinal 
epithelial cells by preventing the release of a mitochondrial 
pro-apoptotic protein Omi/HtrA2 into the cytoplasm. J Biol 
Chem. 2006; 281:14738-14747. https://doi.org/10.1074/jbc.
M508664200.

15. Yoo BH, Masson O, Li Y, Khan IA, Gowda PS, Rosen KV. 
Anoikis of colon carcinoma cells triggered by beta-catenin 
loss can be enhanced by tumor necrosis factor receptor 1 
antagonists. Oncogene. 2015; 34:4939-4951. https://doi.
org/10.1038/onc.2014.416.

16. Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE. 
EphA2: a determinant of malignant cellular behavior and a 
potential therapeutic target in pancreatic adenocarcinoma. 
Oncogene. 2004; 23:1448-1456. https://doi.org/10.1038/
sj.onc.1207247.

17. Rosen K, Rak J, Leung T, Dean NM, Kerbel RS, Filmus 
J. Activated Ras prevents downregulation of Bcl-X(L) 
triggered by detachment from the extracellular matrix. A 
mechanism of Ras-induced resistance to anoikis in intestinal 
epithelial cells. J Cell Biol. 2000; 149:447-456.

18. Rosen K, Rak J, Jin J, Kerbel RS, Newman MJ, Filmus 
J. Downregulation of the pro-apoptotic protein Bak is 
required for the ras-induced transformation of intestinal 
epithelial cells. Curr Biol. 1998; 8:1331-1334. https://doi.
org/10.1016/S0960-9822(07)00564-7.

19. Scotlandi K, Maini C, Manara MC, Benini S, Serra M, 
Cerisano V, Strammiello R, Baldini N, Lollini PL, Nanni 
P, Nicoletti G, Picci P. Effectiveness of insulin-like growth 
factor I receptor antisense strategy against Ewing’s sarcoma 
cells. Cancer Gene Ther. 2002; 9:296-307. https://doi.
org/10.1038/sj.cqt.7700442.

20. Frankel A, Rosen K, Filmus J, Kerbel RS. Induction of 
anoikis and suppression of human ovarian tumor growth 
in vivo by down-regulation of Bcl-X(L). Cancer Res. 2001; 
61:4837-4841.

21. Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE. 
CEACAM6 gene silencing impairs anoikis resistance and 
in vivo metastatic ability of pancreatic adenocarcinoma 
cells. Oncogene. 2004; 23:465-473. https://doi.org/10.108/
sj.onc.1207036.

22. Jiang K, Sun J, Cheng J, Djeu JY, Wei S, Sebti S. Akt mediates 
Ras downregulation of RhoB, a suppressor of transformation, 
invasion, and metastasis. Mol Cell Biol. 2004; 24:5565-5576. 
https://doi.org/10.1128/MCB.24.12.5565-576.2004.

https://doi.org/10.1111.his.12723
https://doi.org/10.1038/sj.onc.1203973
https://doi.org/10.1038/onc.2015.329
https://doi.org/10.1038/onc.2015.329
https://doi.org/10.1016/S0092-8674(02)01229-1
https://doi.org/10.1016/S0092-8674(02)01001-2
https://doi.org/10.1016/S0092-8674(02)01001-2
https://doi.org/10.106/S1535-6108(02)00125-3
https://doi.org/10.1038/sj.onc.1204609
https://doi.org/10.1038/sj.onc.1204609
https://doi.org/10.1038/nrc1695
https://doi.org/10.1016/0092-8674(74)90050-6
https://doi.org/10.1016/0092-8674(74)90050-6
https://doi.org/10.1016/j.ccr.2005.04.030
https://doi.org/10.1074/jbc.M503724200
https://doi.org/10.1074/jbc.M503724200
https://doi.org/10.1074/jbc.M508664200
https://doi.org/10.1074/jbc.M508664200
https://doi.org/10.1038/onc.2014.416
https://doi.org/10.1038/onc.2014.416
https://doi.org/10.1038/sj.onc.1207247
https://doi.org/10.1038/sj.onc.1207247
https://doi.org/10.1016/S0960-9822(07)00564-7
https://doi.org/10.1016/S0960-9822(07)00564-7
https://doi.org/10.1038/sj.cqt.7700442
https://doi.org/10.1038/sj.cqt.7700442
https://doi.org/10.108/sj.onc.1207036
https://doi.org/10.108/sj.onc.1207036
https://doi.org/10.1128/MCB.24.12.5565-576.2004


Oncotarget105395www.impactjournals.com/oncotarget

23. Berezovskaya O, Schimmer AD, Glinskii AB, Pinilla C, 
Hoffman RM, Reed JC, Glinsky GV. Increased expression 
of apoptosis inhibitor protein XIAP contributes to anoikis 
resistance of circulating human prostate cancer metastasis 
precursor cells. Cancer Res. 2005; 65:2378-2386. https://
doi.org/10.1158/0008-5472.CAN-04-2649.

24. Derouet M, Wu X, May L, Yoo BH, Sasazuki T, Shirasawa 
S, Rak J, Rosen KV. Acquisition of anoikis resistance 
promotes the emergence of oncogenic K-ras mutations in 
colorectal cancer cells and stimulates their tumorigenicity 
in vivo. Neoplasia. 2007; 9:536-545.

25. Green SK, Francia G, Isidoro C, Kerbel RS. Antiadhesive 
antibodies targeting E-cadherin sensitize multicellular 
tumor spheroids to chemotherapy in vitro. Mol Cancer Ther. 
2004; 3:149-159.

26. Khan IA, Yoo BH, Masson O, Baron S, Corkery D, Dellaire 
G, Attardi LD, Rosen KV. ErbB2-dependent downregulation 
of a pro-apoptotic protein Perp is required for oncogenic 
transformation of breast epithelial cells. Oncogene. 2016; 
35:5759-5769. https://doi.org/10.1038/onc.2016.109.

27. Grassian AR, Schafer ZT, Brugge JS. ErbB2 stabilizes 
epidermal growth factor receptor (EGFR) expression via 
Erk and Sprouty2 in extracellular matrix-detached cells. J 
Biol Chem. 2011; 286:79-90. https://doi.org/10.1074/jbc.
M110.169821.

28. Haenssen KK, Caldwell SA, Shahriari KS, Jackson SR, 
Whelan KA, Klein-Szanto AJ, Reginato MJ. ErbB2 requires 
integrin alpha5 for anoikis resistance via Src regulation of 
receptor activity in human mammary epithelial cells. J 
Cell Sci. 2010; 123:1373-1382. https://doi.org/10.1242/
jcs.050906.

29. Akinleye A, Furqan M, Mukhi N, Ravella P, Liu D. MEK 
and the inhibitors: from bench to bedside. J Hematol Oncol. 
2013; 6:27. https://doi.org/10.1186/1756-8722-6-27.

30. Corcoran RB, Cheng KA, Hata AN, Faber AC, Ebi H, 
Coffee EM, Greninger P, Brown RD, Godfrey JT, Cohoon 
TJ, Song Y, Lifshits E, Hung KE, et al. Synthetic lethal 
interaction of combined BCL-XL and MEK inhibition 
promotes tumor regressions in KRAS mutant cancer 
models. Cancer Cell. 2013; 23:121-128. https://doi.
org/10.1016/j.ccr.2012.11.007.

31. Subik K, Lee JF, Baxter L, Strzepek T, Costello D, Crowley 
P, Xing L, Hung MC, Bonfiglio T, Hicks DG, Tang P. The 
Expression Patterns of ER, PR, HER2, CK5/6, EGFR, 
Ki-67 and AR by Immunohistochemical Analysis in Breast 
Cancer Cell Lines. Breast Cancer (Auckl). 2010; 4:35-41.

32. O’Brien NA, Browne BC, Chow L, Wang Y, Ginther C, 
Arboleda J, Duffy MJ, Crown J, O’Donovan N, Slamon DJ. 
Activated phosphoinositide 3-kinase/AKT signaling confers 
resistance to trastuzumab but not lapatinib. Mol Cancer 
Ther. 2010; 9:1489-1502. https://doi.org/10.1158/1535-
7163.MCT-09-1171.

33. Sun C, Hobor S, Bertotti A, Zecchin D, Huang S, Galimi 
F, Cottino F, Prahallad A, Grernrum W, Tzani A, Schlicker 
A, Wessels LF, Smit EF, et al. Intrinsic resistance to MEK 
inhibition in KRAS mutant lung and colon cancer through 
transcriptional induction of ERBB3. Cell Rep. 2014; 7:86-
93. https://doi.org/10.1016/j.celrep.2014.02.045.

34. Leyland-Jones B. Trastuzumab: hopes and realities. Lancet 
Oncol. 2002; 3:137-144.

35. Yoo BH, Berezkin A, Wang Y, Zagryazhskaya A, Rosen 
KV. Tumor suppressor protein kinase Chk2 is a mediator 
of anoikis of intestinal epithelial cells. Int J Cancer. 2012; 
131:357-366. https://doi.org/10.1002/ijc.26368.

36. Yoo BH, Wu X, Li Y, Haniff M, Sasazuki T, Shirasawa S, 
Eskelinen EL, Rosen KV. Oncogenic ras-induced down-
regulation of autophagy mediator Beclin-1 is required for 
malignant transformation of intestinal epithelial cells. J Biol 
Chem. 2010; 285:5438-5449. https://doi.org/10.1074/jbc.
M109.046789.

37. Haller M, Hock AK, Giampazolias E, Oberst A, Green DR, 
Debnath J, Ryan KM, Vousden KH, Tait SW. Ubiquitination 
and proteasomal degradation of ATG12 regulates its 
proapoptotic activity. Autophagy. 2014; 10:2269–2278. 
https://doi.org/10.4161/15548627.2014.981914.

38. Castagnola P, Bellese G, Birocchi F, Gagliani MC, Tacchetti 
C, Cortese K. Identification of an HSP90 modulated multi-
step process for ERBB2 degradation in breast cancer cells. 
Oncotarget. 2016; 7:85411-85429. https://doi.org/10.18632/
oncotarget.13392.

39. Paris L, Cecchetti S, Spadaro F, Abalsamo L, Lugini 
L, Pisanu ME, Iorio E, Natali PG, Ramoni C, Podo F. 
Inhibition of phosphatidylcholine-specific phospholipase C 
downregulates HER2 overexpression on plasma membrane 
of breast cancer cells. Breast Cancer Res. 2010; 12:R27.

40. Yoo BH, Wu X, Derouet M, Haniff M, Eskelinen EL, 
Rosen K. Hypoxia-induced downregulation of autophagy 
mediator Beclin 1 reduces the susceptibility of malignant 
intestinal epithelial cells to hypoxia-dependent apoptosis. 
Autophagy. 2009; 5:1166-1179. https://doi.org/10.4161/
auto.5.8.10167.

41. Yoo BH, Zagryazhskaya A, Li Y, Koomson A, Khan IA, 
Sasazuki T, Shirasawa S, Rosen KV. Upregulation of ATG3 
contributes to autophagy induced by the detachment of 
intestinal epithelial cells from the extracellular matrix, but 
promotes autophagy-independent apoptosis of the attached 
cells. Autophagy. 2015; 11:1230-1246. https://doi.org/10.1
080/15548627.2015.1056968.

42. Bertelsen V, Stang E. The Mysterious Ways of ErbB2/HER2 
Trafficking. Membranes (Basel). 2014; 4: 424-446. https://
doi.org/10.3390/membranes4030424.

43. Feng Y, He D, Yao Z, Klionsky DJ. The machinery of 
macroautophagy. Cell Res. 2014; 24:24-41. https://doi.
org/10.1038/cr.2013.168.

https://doi.org/10.1158/0008-5472.CAN-04-2649
https://doi.org/10.1158/0008-5472.CAN-04-2649
https://doi.org/10.1038/onc.2016.109
https://doi.org/10.1074/jbc.M110.169821
https://doi.org/10.1074/jbc.M110.169821
https://doi.org/10.1242/jcs.050906
https://doi.org/10.1242/jcs.050906
https://doi.org/10.1186/1756-8722-6-27
https://doi.org/10.1016/j.ccr.2012.11.007
https://doi.org/10.1016/j.ccr.2012.11.007
https://doi.org/10.1158/1535-7163.MCT-09-1171
https://doi.org/10.1158/1535-7163.MCT-09-1171
https://doi.org/10.1016/j.celrep.2014.02.045
https://doi.org/10.1002/ijc.26368
https://doi.org/10.1074/jbc.M109.046789
https://doi.org/10.1074/jbc.M109.046789
https://doi.org/10.4161/15548627.2014.981914
https://doi.org/10.18632/oncotarget.13392
https://doi.org/10.18632/oncotarget.13392
https://doi.org/10.4161/auto.5.8.10167
https://doi.org/10.4161/auto.5.8.10167
https://doi.org/10.1080/15548627.2015.1056968
https://doi.org/10.1080/15548627.2015.1056968
https://doi.org/10.3390/membranes4030424
https://doi.org/10.3390/membranes4030424
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1038/cr.2013.168


Oncotarget105396www.impactjournals.com/oncotarget

44. Guarneri V, Dieci MV, Barbieri E, Piacentini F, Omarini C, 
Ficarra G, Bettelli S, Conte PF. Loss of HER2 positivity 
and prognosis after neoadjuvant therapy in HER2-positive 
breast cancer patients. Ann Oncol. 2013; 24:2990-2994. 
https://doi.org/10.1093/annonc/mdt364.

45. Burnett JP, Korkaya H, Ouzounova MD, Jiang H, 
Conley SJ, Newman BW, Sun L, Connarn JN, Chen CS, 
Zhang N, Wicha MS, Sun D. Trastuzumab resistance 
induces EMT to transform HER2(+) PTEN(-) to a 
triple negative breast cancer that requires unique 
treatment options. Sci Rep. 2015; 5:15821. https://doi.
org/10.1038/srep15821.

46. Wulfing P, Borchard J, Buerger H, Heidl S, Zanker KS, 
Kiesel L, Brandt B. HER2-positive circulating tumor cells 
indicate poor clinical outcome in stage I to III breast cancer 
patients. Clin Cancer Res. 2006; 12:1715-1720. https://doi.
org/10.1158/1078-0432.CCR-05-2087.

47. Ithimakin S, Day KC, Malik F, Zen Q, Dawsey SJ, Bersano-
Begey TF, Quraishi AA, Ignatoski KW, Daignault S, 
Davis A, Hall CL, Palanisamy N, Heath AN, et al. HER2 
drives luminal breast cancer stem cells in the absence of 
HER2 amplification: implications for efficacy of adjuvant 
trastuzumab. Cancer Res. 2013; 73:1635-1646. https://doi.
org/10.1158/0008-5472.CAN-12-3349.

48. Papanikolaou V, Iliopoulos D, Dimou I, Dubos S, Tsougos I, 
Theodorou K, Kitsiou-Tzeli S, Tsezou A. The involvement 
of HER2 and p53 status in the regulation of telomerase in 
irradiated breast cancer cells. Int J Oncol. 2009; 35:1141-
1149. https://doi.org/10.3892/ijo_00000430.

49. Vousden KH, Lu X. Live or let die: the cell’s response 
to p53. Nat Rev Cancer. 2002; 2:594-604. https://doi.
org/10.1038/nrc864.

50. Yoon S, Seger R. The extracellular signal-regulated 
kinase: multiple substrates regulate diverse cellular 
functions. Growth Factors. 2006; 24:21-44. https://doi.
org/10.1080/02699050500284218.

51. Reginato MJ, Mills KR, Paulus JK, Lynch DK, Sgroi DC, 
Debnath J, Muthuswamy SK, Brugge JS. Integrins and 
EGFR coordinately regulate the pro-apoptotic protein Bim 
to prevent anoikis. Nat Cell Biol. 2003; 5:733-740. https://
doi.org/10.1038/ncb1026.

52. Kurozumi S, Padilla M, Kurosumi M, Matsumoto H, 
Inoue K, Horiguchi J, Takeyoshi I, Oyama T, Ranger-
Moore J, Allred DC, Dennis E, Nitta H. HER2 intratumoral 
heterogeneity analyses by concurrent HER2 gene and protein 
assessment for the prognosis of HER2 negative invasive 
breast cancer patients. Breast Cancer Res Treat. 2016; 
158:99-111. https://doi.org/10.1007/s10549-016-3856-2.

53. Lee HJ, Seo AN, Kim EJ, Jang MH, Suh KJ, Ryu HS, Kim 
YJ, Kim JH, Im SA, Gong G, Jung KH, Park IA, Park SY. 
HER2 heterogeneity affects trastuzumab responses and 
survival in patients with HER2-positive metastatic breast 
cancer. Am J Clin Pathol. 2014; 142:755-766. https://doi.
org/10.1309/AJCPIRL4GUVGK3YX.

54. Rosen K, Shi W, Calabretta B, Filmus J. Cell Detachment 
Triggers p38 Mitogen-activated Protein Kinase-dependent 
Overexpression of Fas Ligand. A novel mechanism of anoikis 
of intestinal epithelial cells. J Biol Chem. 2002; 277:46123-
46130. https://doi.org/10.1074/jbc.M207883200.

55. Yoo BH, Wang Y, Erdogan M, Sasazuki T, Shirasawa S, 
Corcos L, Sabapathy K, Rosen KV. Oncogenic ras-induced 
down-regulation of pro-apoptotic protease caspase-2 is 
required for malignant transformation of intestinal epithelial 
cells. J Biol Chem. 2011; 286:38894-38903. https://doi.
org/10.1074/jbc.M111.290692.

56. Liu Z, Li H, Derouet M, Filmus J, LaCasse EC, Korneluk 
RG, Kerbel RS, Rosen KV. ras Oncogene triggers 
up-regulation of cIAP2 and XIAP in intestinal epithelial 
cells: epidermal growth factor receptor-dependent and 
-independent mechanisms of ras-induced transformation. 
J Biol Chem. 2005; 280:37383-37392. https://doi.
org/10.1074/jbc.M503724200.

https://doi.org/10.1093/annonc/mdt364
https://doi.org/10.1038/srep15821
https://doi.org/10.1038/srep15821
https://doi.org/10.1158/1078-0432.CCR-05-2087
https://doi.org/10.1158/1078-0432.CCR-05-2087
https://doi.org/10.1158/0008-5472.CAN-12-3349
https://doi.org/10.1158/0008-5472.CAN-12-3349
https://doi.org/10.3892/ijo_00000430
https://doi.org/10.1038/nrc864
https://doi.org/10.1038/nrc864
https://doi.org/10.1080/02699050500284218
https://doi.org/10.1080/02699050500284218
https://doi.org/10.1038/ncb1026
https://doi.org/10.1038/ncb1026
https://doi.org/10.1007/s10549-016-3856-2
https://doi.org/10.1309/AJCPIRL4GUVGK3YX
https://doi.org/10.1309/AJCPIRL4GUVGK3YX
http://doi.org/10.1074/jbc.M207883200
https://doi.org/10.1074/jbc.M111.290692
https://doi.org/10.1074/jbc.M111.290692
https://doi.org/10.1074/jbc.M503724200
https://doi.org/10.1074/jbc.M503724200

