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Abstract
Trastuzumab (Herceptin®) is the first FDA-approved therapeutic targeting a HER-family receptor
tyrosine kinase (HER2/ErbB2/neu). Although trastuzumab is effective in the treatment of HER2-
positive breast cancer, a substantial proportion of patients will not respond to trastuzumab-based
regimens (primary resistance), and those who do respond will often lose clinical benefit (i.e.,
secondary resistance). While multiple mechanisms underlying the development of secondary
trastuzumab resistance have been identified, few studies have specifically examined the basis of
primary trastuzumab resistance. Here, we review these studies, which, together, demonstrate that
trastuzumab induces phenotypic changes in tumor cells, even when they are not growth inhibited
by trastuzumab, including changes in gene expression. These changes have important clinical
implications, including sensitization of malignant cells to other therapeutic drugs. In light of these
observations, we propose that the conventional definition of “resistance” as it pertains to
trastuzumab and, perhaps, to other targeted therapeutics, may require revision. The results of these
studies will be useful in informing the direction of future basic and clinical research focused on
overcoming primary trastuzumab resistance.
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Introduction
While the HER2-directed antibody trastuzumab is one of the early success stories among
biologically targeted breast cancer therapeutics, some patients will not respond to this drug,
and among responders, the majority will eventually relapse. This clinical scenario occurs in
spite of steadfast efforts to select patients for trastuzumab treatment based on HER2-positive
tumor status with expensive diagnostic tests [1]. Here, we review recent studies on the
mechanistic basis of primary trastuzumab resistance. These studies suggest that multiple
endpoints beyond tumor cell growth inhibition should be considered during the evaluation of
trastuzumab efficacy, and perhaps the efficacy of other emerging biologically targeted
therapeutics.

Proposed mechanisms of trastuzumab activity
Contrary to initial assumptions, trastuzumab does not appear to inhibit HER2 dimerization
or ligand-dependent HER heterodimeric signaling [2]. Instead, three major mechanisms of
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trastuzumab inhibition of tumor growth and survival have gained some experimental
support:

1. Targeting of immune cells to HER2-positive tumor cells. Immune cells, binding to
trastuzumab Fc domains, effect antibody dependent cell-mediated cytotoxicity
(ADCC) of HER2-positive tumor cells [3–5].

2. Inhibition of HER2 shedding. In certain breast cancer-derived cell lines, the
extracellular domain (ECD) of HER2 is proteolytically shed from the cell surface
[6–8], and the remaining truncated receptor (‘p95HER2’ or ‘t95HER2’; [9]), now
freed from autoinhibition by the receptor’s ECD, exhibits constitutive tyrosine
kinase activity [10,11]. Trastuzumab binding to the HER2 receptor inhibits
proteolytic shedding, perhaps via a steric or allosteric mechanism, resulting in
decreased HER2 kinase activity [10]. This model is discussed in the context of
recent studies demonstrating that p95HER2 also may be expressed from an
alternate HER2 transcript (see section IV) [12].

3. Internalization and degradation of HER2. Trastuzumab binding to HER2 stimulates
the recruitment of c-Cbl and resulting in subsequent HER2 ubiquitinlyation,
internalization, and degradation [13–15].

Given the diversity of these proposed mechanisms of trastuzumab’s therapeutic activity, it is
perhaps not surprising that our understanding of trastuzumab resistance, both primary and
secondary, is incomplete. While the mechanistic basis for secondary resistance recently has
been reviewed [16–18], the number of studies exploring the mechanistic basis of primary
trastuzumab resistance is relatively limited. Here we review several recent studies on the
mechanism of primary resistance to trastuzumab, and discuss unifying themes revealed by
them.

Clinical studies reveal complex patterns of responsiveness to trastuzumab
Most patients with early stage breast cancer and a large proportion of patients with
metastatic breast cancer have a measurable tumor response to trastuzumab-chemotherapy, as
demonstrated by a reduction in tumor burden (i.e., partial or complete response). However, a
fraction (~20%) of early stage breast cancer patients will not respond to trastuzumab, and
~70% of patients with metastatic disease who receive trastuzumab monotherapy are resistant
to treatment [19,20]. De novo or ‘primary’ resistance occurs when trastuzumab is ineffective
for the treatment of breast cancer patients despite tumor expression of HER2. ‘Acquired’ or
‘secondary’ trastuzumab resistance occurs when patients who initially respond to
trastuzumab experience trastuzumab-refractory relapse. Patients with HER2-positive breast
cancer are typically treated with a combination of trastuzumab and chemotherapy, as
exemplified in the pivotal National Surgical Adjuvant Breast and Bowel Project B31 and
NCCTG N9831 trials. In both of these studies, while the addition of trastuzumab to
chemotherapy reduced the chance of death among patients with early-stage HER2-positive
breast cancer, survival among patients treated with chemotherapy alone was also high [21].
Since patients are not routinely treated with trastuzumab monotherapy, the relative
contribution of each drug to reduced tumor burden, as well as the potential interactions
among these drugs, can be difficult to assess, and both primary and secondary trastuzumab
resistance must necessarily be associated with primary resistance to genotoxic therapies as
well as to trastuzumab (except in the case of neoadjuvant trastuzumab monotherapy).

Putative mechanisms of primary trastuzumab resistance
Most studies on trastuzumab resistance have focused on the mechanisms underlying
acquired or secondary trastuzumab resistance, using trastuzumab-sensitive cell lines such as
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SKBR3 and BT474 cultured with trastuzumab until a resistant phenotype emerges. Several
recent studies, however, have examined in vitro models of primary trastuzumab resistance,
or have studied the properties of trastuzumab resistant tumors, to explore the mechanistic
basis for this phenomenon. The results of these studies are summarized schematically in
Figure 1, and are discussed in more detail, below.

N-terminal truncation of HER2
Alternate isoforms of all four members of the HER family have been described [9]. Soluble
(s) HER2 isoforms arise from alternately-spliced transcripts of the HER2 gene resulting in
68 kDa [22] or 100 kDa [23] isoforms encompassing most of the HER2 ECD, or from
proteolytic cleavage of full-length HER2 resulting in shed 105 kDa [7] or 110 kDa [6,8]
sHER2 fragments of the ECD. Proteolytic cleavage of full-length HER2 also yields a cell-
surface associated fragment of ~95 kDa (termed ‘p95HER2’) encompassing a small
fragment of the ECD, the transmembrane domain, and the intracellular domain (including
the tyrosine kinase) [11].

While all of these isoforms may be relevant to clinical targeting of HER2 in cancer patients,
it is the p95HER2 product that has received the most attention to date. Specifically,
p95HER2, freed from ECD-mediated autoinhibition, is a constitutively active kinase and a
potent oncogene [24]. Since p95HER2 lacks the trastuzumab binding domain of full-length
HER2 (see Figure 1, panel B), it may also be an important mediator of primary trastuzumab
resistance. Preclinical xenograft studies demonstrate that T47D [12] and MCF7 [25] cells
stably expressing p95HER2 are insensitive to trastuzumab whereas cells stably expressing
full-length HER2 are growth inhibited by trastuzumab. While retrospective studies have
associated p95HER2 expression with an aggressive breast tumor phenotype and poor patient
outcome [26,27], only two studies have specifically examined the role of p95HER2 in
primary trastuzumab resistance in breast cancer. Scaltriti et al. and Sperinde et al. both
demonstrate an association between p95HER2 expression and failure to respond to primary
trastuzumab regimens [25,28].

Regulation of p95HER2 expression reveals additional complexities of the primary
trastuzumab resistant phenotype. Initial studies demonstrated that full-length HER2 can be
cleaved by a metalloprotease resulting in the generation of a p95HER2 membrane-
associated fragment and a “shed” ECD fragment [6–8]; moreover, trastuzumab inhibits
HER2 ECD shedding [10]. However, recent studies have identified an alternate transcript of
HER2 which encodes a p95HER2 isoform lacking most or all of the ECD [12]. The relative
contribution of these two distinct mechanisms to the synthesis of p95HER2 in tumor cells
has not been determined, nor has the potential role of the shed ECD (or alternate sHER2
isoform[s]) been examined in the context of primary trastuzumab resistance.

Might the proteolytically shed sHER2 (ECD) isoform also play a role in primary
trastuzumab resistance? Early studies by Brodowicz et al. demonstrated that sHER2 ECD,
perhaps acting as an antibody sink, attenuated growth inhibitory effects of anti-HER2
antibodies on HER2-positive breast cancer cell lines [29] (see Figure 1, panel B); more
recent studies by Ghedini et al. suggest that sHER2 may serve to bind to and deliver
trastuzumab to the cell surface thereby synergistically inhibiting the growth of HER2-
positive cells [30]. Clinical correlative studies on circulating sHER2 have demonstrated a
trend or statistically significant correlation between decline in post-treatment vs. baseline
serum sHER2 concentration and responsiveness to trastuzumab therapy [31,32]. However,
the limited biochemical characterization of this circulating isoform(s) of sHER2, as well as
the limited number of functional studies on serum sHER2 prevent us from concluding that
this isoform plays an active role in the development of primary trastuzumab resistance.
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Dispensability and redundancy of HER2 signaling
Arnoud et al. demonstrated that primary trastuzumab resistance was inversely associated
with breast cancer HER2 expression [33]. Complementary studies by Ginester et al. have
identified basal phosphorylation of HER2 as a predictor of trastuzumab resistance in vitro;
in these studies primary trastuzumab resistance was common among basal subtype cell lines
and/or cell lines with low basal levels of phosphorylation of HER2 [34]. While the
mechanism underlying reduced basal HER2 phosphorylation was not rigorously
characterized in this study, the lack of constitutive HER2 phosphorylation in these cells
suggests that HER2 may not an “addictive oncogene” under these conditions, in contrast to
its role in BT-474 and SKBR-3 cells [35].

Complementary evidence in support of the dispensability or redundancy of HER2 signaling
in certain breast carcinoma-derived cell lines has been reported by Narayan et al. [36]. In
this study, several cell lines were selected that were not growth inhibited by trastuzumab or
by EGFR inhibitors; long-term trastuzumab treatment sensitized these cells to EGFR
inhibitor-mediated growth inhibition suggesting that HER2 and EGFR signaling may be
compensatory in these cell lines, i.e., only one functional HER axis is required for cell
proliferation. This concept is further supported by recent observations showing that
trastuzumab-mediated growth inhibition can be overcome by ectopic expression of EGFR in
SKBR3 cells [37], or by HB-EGF treatment of BT474 cells [38]. Similarly, an HB-EGF
inhibitor renders MCF7-HER2 cells sensitive to trastuzumab [38]. High tumor EGFR
expression levels also have been associated with primary resistance to trastuzumab
neoadjuvant therapy [39].

Similarly, in two studies, mRNA profiles of pre-treatment breast tumor core biopsies were
compared in patients with complete vs. non-complete pathologic response to trastuzumab in
a neo-adjuvant setting. Harris et al. demonstrated that unresponsive patients (trastuzumab
plus vinorelbine) were found to have elevated tumor expression levels of wnt family
members, growth factors and growth factor receptors such as HGF, met, IGF-I, PDGF,
leptin receptor, and pleitoropin; increased expression of IGF-1 in primary trastuzumab
resistant breast tumors was confirmed by immunohistochemistry (see Figure 1, Panel C)
[19]. More recent studies have demonstrated that IGFBP3, an inhibitor of IGF-1, synergizes
with trastuzumab to inhibit the growth of primary trastuzumab resistant cells [40,41]. By
contrast, Vegran et al. did not identify growth factor receptors as part of a gene array profile
upregulated in non-responsive (trastuzumab plus docetaxel) patient tumors, but did identify
upregulation of certain cell signaling effectors in tumor samples from non-responsive
patients (see below) [42].

In vitro studies also have identified the receptor tyrosine kinase EphA2 as commonly
overexpressed in breast cancer cell lines resistant to trastuzumab but not in cell lines
sensitive to trastuzumab [43], and EphA2 expression also has been correlated with poor
survival in breast cancer patients [44,45]. However, not all cell surface receptors cooperate
to attenuate trastuzumab sensitivity. For example, granulocyte-colony stimulating factor in
combination with trastuzumab can synergistically induce apoptosis in the primary
trastuzumab resistant cell lines T47D and ZR-75-1 [46]. These studies illustrate the complex
effect of cytokines on trastuzumab’s activity in tumor cells, and also the importance of
considering the entire complement of tyrosine kinases in the context of the tumor cell’s
resistance to trastuzumab.

Steric access to receptor and HER2 stability
As outlined above, several competing hypotheses have been proposed for the mechanism(s)
of trastuzumab-mediated inhibition of tumor cell growth (see ‘II’, above). One unifying
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aspect among these mechanisms is that tumor cell growth inhibition is dependent on the
binding of trastuzumab to the ECD of HER2. Therefore, processes or molecules which mask
or prevent trastuzumab from binding to the HER2 receptor would be predicted to block
trastuzumab activity. Experimental support for this hypothesis is summarized below.

Associations between HER2 and other cell surface signaling proteins, i.e., integrin β1 [47],
and CD44 (hyaluronin receptor) [48], have been associated with primary trastuzumab
resistance in the breast cancer-derived cell line JIMT-1 (see Figure 1, panel D). Studies
using this cell line suggest that reduced trastuzumab binding to cell surface HER2 is
mediated by steric hindrance associated with CD44 and/or MUC4 expression. This concept
is supported by the observation that 4-methylumbelliferon, a hyaluronin synthesis inhibitor,
increases trastuzumab binding to JIMT-1 cells, resulting in synergistic inhibition of JIMT-1
xenograft growth [48]. Similarly, MUC4, a high molecular mass proteoglycan, co-
immunoprecipitates with HER2 from lysates of JIMT-1 cells, and also inhibits cell surface
binding of trastuzumab [49]. In further support of this concept, siRNA’s directed against
MUC4 increase trastuzumab binding to JIMT-1 cells [50]. Clearly, however, HER2
association with CD44 and/or MUC4 does not completely inhibit trastuzumab binding to
JIMT-1 cells, nor does this association mask all HER2 epitopes, since pertuzumab, another
HER2-directed monoclonal antibody, binds effectively to JIMT-1 cells [50].

The related proteoglycan MUC1 also has been implicated as a mediator of primary
trastuzumab resistance. Proteolytic cleavage of full-length MUC1 yields a cell surface-
associated fragment termed MUC1*. BT-474 cells with acquired trastuzumab resistance
exhibit greatly increased concentrations of MUC1*, and siRNA knockdown of MUC1* or
antibodies directed against MUC1* reverse acquired trastuzumab resistance in BT-474 cells
[51]. MUC1* apparently plays a similar role in primary trastuzumab resistance: primary
trastuzumab resistant ZR-75-30 and T47D cells express MUC1*, and either knockdown or
antibody-mediated inhibition of MUC1* induce trastuzumab sensitivity in these cell lines.
While MUC1* could potentially inhibit trastuzumab’s association with HER2 via steric
hindrance, MUC1* expression has been independently correlated with induction of Erk
phosphorylation and also with cell survival and proliferation [52,53]. Therefore, the precise
mechanism underlying MUC1*’s role in trastuzumab resistance remains unclear.

In addition to these associations with extracellular matrix and cell surface proteoglycans,
cytosolic regulators of HER2 stability have been identified as critical mediators of primary
trastuzumab resistance. HER2 was recently identified as a target of the cysteine protease
calpain-1, and pharmacologic inhibition of calpain-1 desensitizes trastuzumab sensitive cells
(see Figure 1, panel E) [54]. This finding is novel and unanticipated, as calpain is known to
couple to EGFR and Src signaling to enhance motility and transformation [55], but in the
case of HER2, calpain has been proposed to function as an signaling attenuator [54].

Molecular chaperones also have been implicated in the development of primary trastuzumab
resistance. For example, HSP90 is well known to regulate the stability of client proteins
such as HER2, decreasing receptor turnover thereby potentiating HER2 signaling (see
Figure 1, panel E) [56]. Consequently, pharmacologic inhibition of HSP90 has become an
area of intense study for overcoming trastuzumab resistance. In this regard, the cleaved
tumorigenic HER2 fragment, p95HER2, has been identified as a client protein of the
molecular chaperone HSP90, and trastuzumab resistant breast cancer cells expressing
p95HER2 exhibit growth inhibition by the HSP90 inhibitors in vitro and in vivo [57,58].
While these studies do not directly identify HSP90 as a mediator of primary trastuzumab
resistance, they do validate HSP90 as a potential therapeutic target in trastuzumab resistant
patients. Furthermore, expression of an HSP90 interacting protein, DARPP-32 and its
truncated isoform t-Darpp, also have been shown to confer primary trastuzumab resistance
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in BT474 and SKBR-3 cells [59]. While DARPP-32 and tDarpp form a complex with HER2
and HSP90 in trastuzumab-resistant breast cancer cells [60], the function of DARPP-32 and
tDarpp in this complex has not yet been examined.

Activation of downstream effectors and signal crosstalk
In a small cohort of stage II/III breast cancer patients, Yonemori et al. have found an
association between responsiveness to neo-adjuvant therapy (trastuzumab plus
chemotherapy) and tumor HER2 expression, but not with PTEN, p53, ER, PR or activated
Akt expression [61]. In contrast, Nagata et al. have proposed that PTEN-deficiency in
primary breast tumors from patients later treated with trastuzumab (for recurrent disease) is
correlated with poor response to therapy [62]. In support of this finding, Migliaccio et al.
have reported that patients treated with neo-adjuvant trastuzumab plus docetaxel therapy
who exhibit low tumor PTEN expression or PIK3CA mutations are less likely to respond to
neo-adjuvant therapy [63]. However, low PTEN expression or PIK3CA mutation status does
not predict responsiveness to neoadjuvant lapatinib therapy, suggesting an involvement of
EGFR signaling and/or differential responsiveness of tumors to HER2-directed tyrosine
kinase inhibitors vs. therapeutic antibodies. Gori et al. further reported decreased survival in
response to trastuzumab therapy among patients with elevated levels of phosphorylated
MAPK [64]. Related in vitro studies using panels of breast cancer cell lines have identified
PI3K expression [65], low PTEN expression [65], Akt phosphorylation [65], and S6K
phosphorylation [66] as potential mediators of primary trastuzumab resistance in breast
cancer; the role of PIK3CA mutation in primary trastuzumab resistance in vitro is supported
by Katoaka et al. [66], but not by Koninki et al. [67].

Recent studies also have implicated protein kinase A (PKA) signaling as a mediator of
trastuzumab resistance. Treatment with the adenylyl cyclase agonist forskolin confers partial
resistance to trastuzumab-mediated survival signaling inhibition (i.e., Akt activation) in
trastuzumab-sensitive cells, and siRNA-mediated knockdown of the PKA negative regulator
PKA-RIIα also confers partial resistance to trastuzumab-mediated growth inhibition of
BT474 cells [68]. Additionally, Vegran et al. have identified upregulation of PRKACA, the
gene encoding the catalytic α-subunit of PKA, as an upregulated gene product in patients
with trastuzumab resistant breast cancer [42]. Among the small cluster of upregulated gene
products in patients with primary trastuzumab resistant breast cancer identified by Vegran
and colleagues are several cell signaling and cell cycle regulators, including the WEE1
homologue, protein phosphatase 2A, and CDC14A [42].

Finally, Cheng et al. have demonstrated a role for the well-known protein synthesis
regulator, eEF-2 kinase, in primary trastuzumab resistance. siRNA-mediated knockdown of
eEF-2 kinase, a negative regulator of eukaryotic elongation factor-2, sensitizes MCF7 and
MDA-MB-468 cells to trastuzumab [69].

Since numerous factors regulate PKA activity, cell cycle progression, and protein synthesis,
these findings provide further evidence of the complexity of primary trastuzumab resistance
(see Figure 1, panel F).

Cell: extracellular matrix interactions
Information from studies using carcinoma-derived cell lines is limited by the artificial and
highly selected nature of these in vitro models. Nowhere is this limitation more apparent
than in studies on the cell’s microenvironment, including those of cell/matrix and cell/tissue
interactions. The vast majority of in vitro studies using carcinoma-derived cell lines use
rigid tissue culture plastic as an adherence medium. One exception, however is a recent
study by Weigelt et al., who studied the influence of the microenvironment on trastuzumab
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resistance (see Figure 1, panel G) [70] using matrix coated substrates. When grown on a
laminin-rich matrix vs. untreated plastic, SKBR-3 cells are, remarkably, not growth
inhibited by trastuzumab. This laminin matrix-mediated trastuzumab resistance was
transduced through interactions between laminin and integrins, as evidenced by a reversal of
trastuzumab resistance when SKBR-3 cells were treated with a β1-integrin inhibitory
antibody [70]. In support of this concept, LAMA3, encoding laminin α3, has been identified
as part of a gene profile upregulated among patients with primary trastuzumab resistant
breast cancer [42].

In further support of this provocative finding, a recent retrospective study of patients with
metastatic HER2-positive breast cancer has shown that β1-integrin expression is inversely
correlated with survival among patients treated with trastuzumab but not with other
regimens [71]. Moreover, transfection of β1 integrin into SKBR3 cells renders these cells
resistant to trastuzumab-mediated growth inhibition [71]. Related results have been reported
in another in vitro model (ovarian cancer) of long-term trastuzumab treatment in which
tensin and RhoB regulation of tumor cell morphology has been proposed as a mediator of
trastuzumab resistance [72].

Non-cytostatic effects of trastuzumab
Inhibition of cell proliferation in vitro, or of tumor growth in vivo are typically used as
measures of efficacy for biologically targeted therapeutics, and with good reason. However,
other more subtle phenotypic changes involving alternative biological endpoints may be
manifest following trastuzumab treatment, as summarized in Figure 2. Critically, some of
these latent phenotypes may be clinically relevant. Identification of these novel phenotypes
may, therefore, allow us to more effectively treat breast cancer patients in the future.

Trastuzumab mediates de novo sensitization to drugs, ligands, and radiation
Several reports have demonstrated that trastuzumab may render tumor cells sensitive to
therapeutics, independent of tumor cell growth inhibition. We have demonstrated, using
HER2-positive breast carcinoma cell lines not growth inhibited by trastuzumab, long-term
trastuzumab treatment results in an increase in EGFR expression in three of five cell lines;
all five cell lines also showed an increase in HER3 expression [73]. In this study, one cell
line (MDA-MB-361) acquired sensitivity to the EGFR-targeted antibody cetuximab, and a
second cell line (MDA-MB-453) acquired sensitivity to the EGFR small molecule inhibitor
gefitinib. While such cell lines are not precise surrogates for the study of early stage HER2-
positive breast cancer, this is the first study to demonstrate that long-term trastuzumab
treatment of primary resistant cells has unambiguous effects on the tumor cell phenotype
independent of this drug’s effect on cell proliferation. Subsequent studies demonstrating that
primary trastuzumab resistant ovarian and lung cancer cells cultured with either trastuzumab
or gefitinib (respectively), can sensitize these cells to other HER-directed therapeutics
[74,75], suggesting that this pattern of drug-induced HER-axis “reprogramming” may be a
common theme in primary resistance to EGFR/HER2-directed therapeutics.

Concomitantly, long-term trastuzumab treatment also influences HER ligand-mediated cell
proliferation. As shown in Figure 3, long-term treatment with trastuzumab alters both EGF
and heregulin-mediated proliferative responses, despite the lack of trastuzumab cell growth
inhibition in these cells. Similarly, patterns of HER ligand (EGF and heregulin)-stimulated
phosphorylation of HER receptors and Akt are markedly different in gefitinib-resistant lung
cancer cells cultured long-term with gefitinib [74]. This altered growth factor/ligand
response phenotype may be related to changes in the expression pattern of HER receptors;
the number of cell lines used in this initial study was limited, and so the results of these
studies will need to be expanded and confirmed.
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Several reports indicate that trastuzumab induces de novo sensitization to other drugs,
including sensitization of MDA-MB-453 cells to all-trans retinoic acid [76] and to the
proteosome inhibitor bortezomib [77], sensitization of KPL-4 and JIMT-1 cells to an
immunomodulatory oligonucleotide toll-like receptor 9 agonist [78], and as mentioned
above, sensitization of JIMT-1 cells to antibodies directed against β1-integrin [71]. As some
of these drugs are in various stages of clinical testing, again, the prospect of rapidly
integrating this new information into the design of innovative clinical studies merits
consideration.

One recent study has demonstrated synergy between trastuzumab and the anti-diabetic drug
metformin. While trastuzumab alone had no effect on the formation of JIMT-1 cell
mammospheres in vitro, metformin, alone or in synergy with trastuzumab, inhibited
mammosphere formation [79]. Metformin has previously been demonstrated as protective
for development of breast cancer [80], and a phase II trial recently has opened to evalaute
the efficacy of trastuzumab plus metformin as neo-adjuvant therapy for patients with HER2-
positive breast cancer [81]. As metformin exhibits pleiotropic effects on cells, the
mechanism underlying metformin’s synergy with trastuzumab is unclear, but may include
AMPK activation, cell cycle arrest, and/or metabolic alterations [80].

Finally, Liang et al. have shown that some trastuzumab-resistant breast cancer cells are
sensitized to ionizing radiation following trastuzumab treatment [82]. Induction of apoptosis
was not observed in MDA-MB-453 or MCF7-HER2 cells following trastuzumab treatment,
but synergistic induction of apoptosis was noted with trastuzumab and ionizing radiation;
this synergism could be duplicated using the inhibitor LY294002, suggesting that
trastuzumab treatment inhibits PI3K activity in MCF7-HER2 cells. While the role of
radiation therapy has been more limited in the treatment of breast cancer patients, the notion
that drug priming of tumor cells prior to radiation treatment is one that has been exploited
for the treatment of other adult solid tumors, and may be worth further consideration in
breast cancer as well.

Trastuzumab mediates colony formation, dissemination and micrometastasis, and
immune-mediated cytotoxicity

Barok et al. recently have described another prime example of a non-proliferative effect of
trastuzumab treatment. Established JIMT-1 tumors in a xenograft model are not significantly
growth inhibited by trastuzumab [83]. However, trastuzumab does effectively inhibit the
level of circulating JIMT-1 tumor cells and distant micrometastases in this model [84],
likely through an immune-mediated mechanism, which may explain the observation cited
above (i.e., concurrent trastuzumab treatment inhibits both the seeding and proliferation of
JIMT-1 cells a xenograft model) [83]. Similarly, KPL-4 cells, while not growth inhibited by
trastuzumab in vitro, are growth inhibited by trastuzumab in a xenograft model only if
trastuzumab has an intact FcγR [85]. UACC812 and UACC893 cells also are not growth
inhibited by trastuzumab in vitro, but are sensitive to trastuzumab-mediated ADCC in vitro
[67].

In related studies, trastuzumab has been shown to inhibit soft agar colony formation of
SUM-190 and HCC-202 cells in vitro, despite the failure of this drug to inhibit the growth of
these cells when assayed in two-dimensional growth conditions [65]. Conversely, at least
one cell line (UACC-732) which is modestly growth inhibited by trastuzumab in two-
dimensional growth conditions is not growth inhibited by trastuzumab when cultured in soft
agar colony [65]. Trastuzumab also has been shown to inhibit colony formation (on tissue
culture plastic) of freshly dispersed T47D cells [86], but not of cells already growing as a
monolayer [73]. Remarkably, this inhibition of T47D colony formation can be reversed by
induction of cyclin D1 [86]. While colony formation assays have long been used as a
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sensitive and stringent measure of cytotoxic activity, colony formation is also a measure of
cell growth and plating (i.e., attachment) efficiency; therefore, interpretation of
trastuzumab’s mechanism of action in these studies is challenging. These studies remind us
of the importance of selecting in vitro assays that allow us to more precisely distinguish
between the oncogenic vs. mitogenic aspects of HER mediated signal transduction [87]
during all phases of drug development and testing, as well as the importance of such
distinctions in defining the mechanisms of primary trastuzumab resistance.

Trastuzumab treatment induces changes in gene/protein expression and phosphorylation
One of the first indications of the complex relationship between trastuzumab sensitivity and
changes in gene expression arose from studies on virally-infected tumor-derived cell lines
[88]. In particular, the MCF7 cell line expresses low levels of HER2, which can be induced
by treatment with estradiol, and trastuzumab can inhibit expression of estrogen receptor
alpha in this cell line [89]. Epstein-Barr Virus (EBV) infected MCF7 cells express elevated
levels of HER2 and HER3, and EBV-infected (or BARF0-transfected) cells acquire de novo
sensitivity to trastuzumab [88]. Together, these results highlight the complex relationship
between viral infection and changes in gene expression, and the impact of such changes on
responsiveness to trastuzumab.

In contrast, a few studies have demonstrated that trastuzumab can induce changes in gene
expression without inhibiting cell proliferation. For example, both the MDA-MB-436 and
MCF7 cell lines exhibit reproducible changes in the pattern of trastuzumab-induced gene
expression (as measured by cDNA microarray), including changes in expression patterns of
the FK506-binding protein, interleukin 2 receptor β, MUC2, plasminogen activator, kit, and
fos [90]. Similarly, in JIMT-1 cells, trastuzumab treatment does not inhibit Akt
phosphorylation, which is contrary to trastuzumab’s effect on SKBR-3 cells; however,
trastuzumab can down regulate Erk phosphorylation in both of these cell lines [91].

While the potential biological and clinical significance of these in vitro studies on gene
expression is intriguing, there is not yet a direct link between any of these observations and
their relationship to primary trastuzumab resistance. These observations do, however, further
underscore the apparent disconnect between the failure of trastuzumab to inhibit tumor cell
growth and the ability of this drug to induce many important phenotypic changes in the
tumor cell.

Summary and conclusions
Trastuzumab is unquestionably effective as a therapeutic for some patients with “HER2-
positive” breast cancer. However, the mechanisms of primary trastuzumab resistance have
yet to be thoroughly characterized, and a simple constellation of the mediators of primary
trastuzumab resistance has not been identified. The results of the early studies in this field,
summarized here, while compelling in their demonstration that primary trastuzumab
resistance can be correlated with certain patterns of gene expression, need to be interpreted
with caution and also require further validation in prospective clinical trials. Patient
heterogeneity, treatment of patients with combinations of trastuzumab and other drugs, small
population/cohort sizes, (most studies included <50 patients), methodological differences in
retrospective vs. prospective studies, tumor histological subtype (including primary vs.
metastatic disease), and finally, the lack of external validation using independent patient
populations, all limit our ability to extrapolate and generalize the findings from these studies
across patient populations.

Despite these limitations, including the paucity of both clinically validated studies as well as
adequate model systems, an important theme emerges from these studies: trastuzumab can
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induce important noncytostatic responses across model systems. Critically, some of these
noncytostatic effects result in clinically significant phenotypic changes that may be useful in
de novo sensitization of tumor cells to other drugs and/or treatment modalities. Moreover,
these studies highlight the need to develop a better, comprehensive definition of resistance
to trastuzumab, and perhaps to other biologically targeted drugs, that is consonant with the
subtle but important phenotypic changes that may predictably be associated with exposure to
biologically targeted therapeutics.

In conclusion, together, the unanticipated findings summarized here support the proposal
that primary trastuzumab “resistance” should be defined using metrics beyond those
restricted to conventional measures of drug inhibition of tumor cell proliferation.
Recognition of these more subtle trastuzumab-induced biological phenotypes may be useful
in the development of improved methods of cancer patient treatment, through the
identification of common, targetable mediators of resistance that will allow us to better
exploit all aspects of trastuzumab’s therapeutic potential.
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Figure 1. Potential mechanisms underlying primary trastuzumab resistance
(A) While the proposed mechanisms of trastuzumab action are diverse (and are not mutually
exclusive), one consensus viewpoint is that trastuzumab must be able to bind to the HER2
extracellular domain, and in doing so this antibody inhibits the association of PI3K and
activated HER2, leading to decreased activation of Akt and subsequent inhibition of cell
proliferation and survival. Even in the absence of a unifying hypothesis for the mechanism
of trastuzumab inhibition of tumor cell growth, several alternate mechanisms to define the
basis for primary trastuzumab resistance have been reported as summarized in this review,
and are depicted schematically here, including: (B) Expression or proteolytic generation of
p95HER2, a constitutively kinase-active HER2 isoform lacking the trastuzumab-binding
site; (C) Compensatory signaling by other cell surface receptors including EGFR/HER3 and
other receptor tyrosine kinases. (D) Physical blockade of trastuzumab/HER2 association by
CD44/hyaluronin, MUC1*, or MUC4. (E) Increased HER2 stability in association with
chaperone/HER2 interaction or downregulation of HER2-client proteases. (F) Constitutive
activation of downstream effectors or cross-talk pathways. (G) Interaction of integrins and
extracellular matrix components resulting in enhanced HER2-independent cell proliferation
survival signaling. (H) Dispensability of HER2 (not displayed). In this model, HER2
expression may be stochastic and nonessential in some tumor cells.
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Figure 2. Models of primary trastuzumab resistance
The majority of studies examining the action of trastuzumab (and subsequent acquired
resistance to trastuzumab) have focused on studies of cell proliferation and survival (i.e.,
“traditional” trastuzumab resistance). As summarized in this review, emerging evidence
suggests we need to consider a more expansive definition of trastuzumab action, by
including diverse functional assays for biological endpoints such as migration and
metastasis, anchorage dependence, patterns of gene expression, and the influence of
trastuzumab on cell responses to other biologically targeted therapeutics. Multiple studies
show that trastuzumab may influence all of these diverse cell phenotypes without directly
influencing tumor cell proliferation or survival.
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Figure 3. Long-term trastuzumab treatment alters proliferative response to HER family ligands
in “trastuzumab-resistant” breast cancer cell lines
The ability of HER ligands TGF-α, EGF, and Hrg-β to induce cell proliferation in long-term
trastuzumab treated cells vs. parental cells was assayed using methods described previously
[73]. Briefly, MDA-MB-453, T47D, UACC812, and UACC893 were cultured cells were
cultured with (T100) or without 100 µg/ml trastuzumab for 12 weeks. Cells were plated in
serum-free media overnight, then treated with TGF-α, EGF, or Hrg-β for 120 hours, and cell
proliferation was measured by a WST-1-based colormetric assay. Fold increase in cell
numbers is normalized against values determined for untreated cells. Statistical significance
of cell proliferation variance between parental and T100 cells was determined by Student’s
T-test. Asterisk denotes statistical variance (p<0.05) between parental and T100 cell line
response to ligand.
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