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 The HER2 growth receptor is upregulated in approximately 30% of human 

breast cancer, which remains the leading cause of cancer deaths in women. The 

HER2 subtype is more aggressive than others, and less responsive to traditional 

treatments, including chemotherapy and hormone therapy. Due to this decreased 

responsiveness, trastuzumab, a humanized antibody that blocks HER2 activity, is 

used. Although trastuzumab treatment is initially very successful, it has been 

shown clinically that the effectiveness of trastuzumab becomes severely 

diminished in a majority of patients after approximately one year of treatment. 
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This occurrence is known as trastuzumab/HER2 resistance, a phenomenon that 

severely impacts survival rates and treatment options.  

 The tumorigenic role of HER2 in breast cancer has been linked to its 

activation of the phosphoinositol-3-kinase (PI3K)/AKT signaling pathway, a 

critical regulator of cell proliferation, and to lipocalin 2 (LCN2), an onco-protein 

correlated with tumorgenesis and changes in tumor stage. Previous research in 

this lab has shown that activation of the unfolded protein response (UPR), a 

microenvironmental stress adaptation mechanism, results in the increased 

expression of LCN2. Using HER2+ SKBr3 human breast cancer cells, we found 

that induction of the UPR abrogated trastuzumab-mediated LCN2 

downregulation. Furthermore, through use of PI3K/AKT inhibitors, we discovered 

that the upregulation of LCN2 by the UPR was AKT-dependent. Taken together, 

this suggests that the UPR may serve to reactivate tumorigenic signaling 

pathways downstream of HER2, thus initiating trastuzumab resistance, making it 

a possible novel target in therapy in HER2 positive breast cancer. 
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Introduction 

 Human Epidermal Growth Receptor 2 (HER2) is a 185-kilodalton 

glycoprotein cell surface receptor of the tyrosine kinase family. Its functions are 

linked to signal transduction pathways important to cell growth and proliferation.1 

20% to 30% of all patients that are diagnosed with breast cancer are of the HER2 

subtype2 and overexpression of HER2 has been correlated with almost a 20% 

decrease in both 10-year disease free survival and overall survival.3,4 In one 

study of 185 primary breast carcinomas, HER2 positivity was found to be a better 

prognostic indicator of relapse-free and overall survival than even ER status, 

tumor size, and histological grade.5 HER2+ breast cancer is characterized by 

being a particularly aggressive form, and one that is unresponsive to traditional 

hormone therapy.6 In lieu of these therapies, direct targeting of HER2 has been 

shown to be a very effective method of treatment for this breast cancer subtype. 

For this reason, trastuzumab, a monoclonal IgG antibody that targets the HER2 

receptor, has become a commonly used drug therapy for this atypical breast 

cancer subtype. Clinical studies have shown that trastuzumab can be an effective 

single agent in HER2+ breast cancer patients.7,8 It has also been found to work 

synergistically with a wide variety of chemotherapeutic drugs such as 

doxorubicin, cyclophosphamide, paclitaxel, and many others.9-13 These 

successes have resulted in trastuzumab commonly being used in adjuvant 

therapy when a HER2+ diagnosis is present.  
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 Intensive research has been conducted in the attempt to increase 

understanding of what makes HER2 such a potent oncogenic protein. As a result 

of this strong research focus, the critical relationship between AKT and HER2 

was discovered.  AKT is another onco-protein that has been found to play an 

important role in cancer progression.  As a potent signaling kinase associated 

with cell cycle regulation, cell survival, and angiogenesis,14,15 AKT has been 

linked to tumor proliferation, metastasis, and survival in breast cancer. Yakes et 

al16 show that the importance of trastuzumab’s inhibition of HER2 is that it results 

in the downregulation of cyclin D1, the upregulation p27 levels, and it decreases 

the cancer cells ability to form colonies. Using an AKT inhibitor, they found they 

achieved similar results to that of when the cells were treated with trastuzumab. 

These findings would suggest that the source of the antibody’s effectiveness 

comes from its ability to inhibit the interaction between HER2 and the PI3K/AKT 

pathway. This hypothesis was confirmed by Longva et al17 who show that 

treatment with trastuzumab does not result in a downregulation of HER2 in 

SKBr3 cells but does inhibit the phosphorylation of AKT. Clinically, 

overexpression of AKT and HER2 in breast cancer patients leads to the lowest 

benefit when treated with traditional hormone therapy, suggesting that AKT plays 

a role in resistance against this type of treatment.6  Additionally, MCF-7 breast 

cancer cells shown to highly express HER2 see a corollary activation of AKT, 

leading to multi-drug resistance against commonly used chemotherapeutic 

agents.18 
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 In attempting to understand what the downstream effectors that HER2 and 

AKT activate are, a research group discovered that one downstream target of 

HER2 signaling, as well as consequent AKT activation, is lipocalin 2 (LCN2).19 

LCN2 has become a growing topic of interest in the research community. Its 

native function is that of a bacteriostatic agent that prevents invading pathogens 

from scavenging host iron for their own survival and growth.20,21 Iannetti et al22 

have shown that LCN2 plays a role in chemotherapeutic drug resistance in 

thyroid cancer. They also suggest that LCN2’s function of iron sequestration is 

critical to this protection. Iron metabolism has been shown to be a significant 

factor in disease progression.23,24 In clinical studies, patients are often found to 

be anemic prior to chemotherapy and even more so post-treatment.25 Research 

done by the Berger lab discovered that knocking out Lcn2 in tumor prone mice 

led to a significant delay in even the prognosis of cancer. Additionally, these 

Lcn2-KO mice were found to have less total cancer as a whole versus the control 

group.26 

 In recent years a relationship between LCN2 and human breast cancer 

has begun to emerge. A survey of urine samples saw the presence of LCN2 in 

over 86% of the breast cancer patients tested versus the healthy control group.27 

This was confirmed by Bauer et al28, which found that in 68 breast carcinomas 

that contained NGAL, the secreted protein was correlated with negative receptor 

status, poor histologic grade, and HER2/neu overexpression. Using a univariate 

survival analysis, NGAL was associated with decreased disease specific survival 
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and decreased disease free survival in the entire cohort. In MCF-7 cells, one 

group found that LCN2 activated the EMT pathway via the ERα/Slug axis.29 

 Though highly effective in treating the difficult HER2 subtype initially, a 

current problem plaguing the use of trastuzumab is that over time, a majority of 

patients develop resistance or insensitivity to the drug, a condition referred to as 

HER2 resistance. When looking back at various clinical studies, it is found that 

primary resistance to trastuzumab as a single agent is 66% to 88%.8,9,30-34 In one 

of these studies, where HER2+ patients had not yet received chemotherapy, 

although the median time to disease progression was greater in those who 

received a combination treatment of chemotherapy and trastuzumab versus 

trastuzumab alone, it still only delayed progression by 7.4 months.9 Trastuzumab 

only treatment provided a median disease progression delay of 4.6 months. This 

would suggest that even when trastuzumab provides a clinical benefit for breast 

cancer patients, the duration of its efficacy is only around 1 year. This begs the 

question, what is causing this?   

 Multiple mechanisms are thought to be behind HER2 resistance.30,31 One 

possible source of this problem is the membrane-associated glycoprotein MUC4. 

MUC4 has been an interesting target for a myriad of reasons, including its ability 

to activate HER2, inhibit immune recognition of cancer cell, suppress apoptosis, 

and promote proliferation.35 Additionally, MUC4 has the ability to interact with 

HER2 in such a way that it can sterically hinder the binding of the trastuzumab 

antibody to the receptor.35,36 Another suggested mechanism includes 
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compensatory signaling by other members of the Her receptor family. Since 

trastuzumab binds a domain that is not involved in the dimerization with non-

HER2 partners this antibody does not interfere with HER3-HER2 dimerization in 

SKBr3 cells.37 Yet another possible source of resistance that also holds 

substantial weight is alternative downstream signaling of targets normally 

induced by HER2 activation. There is strong evidence supporting the importance 

of this. Chan et al38 were able to produce trastuzumab resistant BT474 human 

breast cancer cells, which had much higher levels of phosphorylated AKT versus 

their non-resistant counterpart. Additionally, when given a PI3K inhibitor, the 

trastuzumab resistant cells were phenotypically more like their trastuzumab 

sensitive counterparts.  

If it is HER2s activation of AKT and AKTs potent effectors such as LCN2 

that makes it critically important, this suggests that active upregulation of these 

targets via alternate pathways may lead to what is perceived as HER2 

resistance. Looking at alternative pathways that activate LCN2, this lab has 

shown that LCN2 can indeed be upregulated by the cellular event known as 

endoplasmic reticulum stress (hereafter referred to as ER stress) in a NF-kb 

dependent manner.39  When a cell is met with the conditions of hypoxia, pH 

imbalance, or nutrient deficiency, these noxae can lead to protein misfolding 

within the endoplasmic reticulum of the cell, a physiological occurrence that is 

known as ER stress. Mammalian cells activate a protective mechanism when this 

occurs known as the unfolded protein response (UPR). This cell signaling 
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pathway(s) is beneficial to the cell in that it will induce cytoprotective measures in 

order to protect the cell from apoptosis while it attempts to correct the protein 

imbalance. However, these cytoprotective mechanisms of the UPR have been 

shown to play a pro-tumor and pro-inflammatory role in cancer progression.40 

The unfolded protein response is compromised of three main cell signaling 

arms/pathways: ATF6, IRE1, and PERK. All three signaling proteins are bound in 

an inactive state through endoplasmic reticulum to GRP78, the initial sensor of 

the UPR. When unfolded/misfolded proteins accumulate in the ER, GRP78 

dissociates from these signaling proteins and acts as a chaperone protein in 

order to reduce the stress.41 The environmental factors that activate the UPR in 

healthy cells are analogous to the microenvironmental state found in most solid 

tumors. Conditions such as hypoxia and nutrient deprivation due to poor 

vascularization are common in tumors.42-47 ER stress response proteins such as 

GRP78, ATF4, and spliced XBP-1 have been shown to be upregulated in a 

variety of primary human tumors, including breast cancer.48-54  

 It is the UPR’s link to inflammation in the tumor microenvironment that has 

driven research into its role in cancer. The correlation between inflammation in 

the microenvironment and the consequent tumor outgrowth is well 

established.55,56 Critical inflammatory regulators, such as NF-kB and STAT3 as 

well as some of their downstream targets have been indicated as key players in 

the tumorigenicity of cancer cells. ER stress and the UPR have already been 

linked to several conditions that are characterized by chronic inflammation.57,58 
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All three major arms of the UPR – ATF6, PERK, and IRE1a – have been linked to 

the induction of NF-kB.59-62 Combining this with knowledge of the cancer tumor 

microenvironment, a place of frequent hypoxia, nutrient deprivation, and oxidative 

stress due to hyper proliferation and poor vascularization, the role that ER stress 

may play in cancer becomes rather significant. 
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Statement of Hypothesis 

 Breast cancer is the second most common diagnosis for women in 

America. Of the five possible subtypes of breast cancer, HER2 positive breast 

cancer is a dominant form with 25-30% of patients identified.2 With HER2+ breast 

cancer being unresponsive to traditional hormone and chemotherapy, doctors 

and researchers have targeted the unique signaling pathways that underlie this 

cancer subtype. The humanized IgG antibody trastuzumab can specifically target 

HER2 receptor domain IV, inactivating it.63 When used in conjunction with other 

forms of therapy, the use of trastuzumab has been shown to be extremely 

effective in improving a remission diagnosis, as well as reducing the probability of 

recurrence.64 However, it has become apparent that the initial effectiveness of 

trastuzumab’s ability to stave off cancer progression wears off after a year or so, 

leaving patients with very few remaining viable treatment therapies to use after 

resistance has occurred. The frequency of clinical cases of HER2 resistance has 

led to the creation of alternative drugs such as Tykerb. Tykerb, or Lapatinib, 

works intracellularly by reversibly binding the phosphorylation sites of both HER2 

and EGFR.65 In trying to understand the cell signaling that underlies HER2 

resistance, several theories of its root problems have been suggested. These 

include the participation of other homologous receptor subunits of the Her family 

such as HER3 and HER4. A possible source of HER2 resistance comes from the 

alternative activation of downstream mediators and effectors normally initiated by 

the HER2 receptor. One such effector is LCN2, a small protein whose native 
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function is proposed to be that of a bacteriostatic agent against bacterial iron 

scavenging. It does this by forming a complex with bacterial iron siderophores.  

LCN2 has been shown to be a downstream effector of HER2 stimulation via the 

AKT/PI3K pathway.19 This lab has shown that the activation of the unfolded 

protein response (UPR) through ER stress can also lead to the activation of 

LCN2. I hypothesize that ER stress and the consequent UPR response can lead 

to the activation of HER2 downstream targets such as AKT and LCN2, showing 

that a possible source of HER2 resistance is the alternative stimulation of critical 

mediators and effectors generally attributed to HER2 signaling (Fig. 1). To test 

this, I will treat SKBr3 cells with trastuzumab with or without the presence of ER 

stress looking to see if ER stress leads to the induction of LCN2 expression even 

in the face of inhibition with trastuzumab. Following this, the cells will be treated 

with Phenyl Butyric Acid (PBA) in order to see if ER stress inhibition can rescue 

the upregulation of LCN2 by the UPR. Additionally, SKBr3 cells will be treated 

with a PI3K inhibitor while in the presence of ER stress to verify if the 

upregulation of LCN2 is being done in an AKT dependent manner. AKT 

phosphorylation will be examined at the Ser473 site in order to understand how 

AKT activity correlates to LCN2 expression. If ER stress and the UPR do indeed 

abrogate the effects that trastuzumab has on LCN2 by alternatively signaling the 

PI3K/AKT pathway, this could delineate a new therapeutic target for adjuvant 

therapy in HER2+ breast cancer patients where resistance has become a serious 

factor. 
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Material and Methods 

Cell Culture and Treatments 

Human SKBr3 cells were grown in RPMI containing 10% heat-inactivated fetal 

bovine serum (FBS, Hyclone #SH3036.03), 1% non-essential amino acids, 1% 

sodium pyruvate, 1% HEPES, 1% penicillin/streptomycin/L-glutamine, and .005% 

b-ME. The timing of drug treatments is indicated in the figure legends. 

Trastuzumab (Herceptin, Genentech) was a gift from the Moores Cancer Center 

Pharmacy. Thapsigargin (Enzo Life Sciences #BML-PE180-0001) was used at 

300 nM. 4-phenyl butyric acid (SIGMA #P21005-25G) was used at 30 mM. 

LY294002 (SIGMA #PHZ1144) was used at concentrations ranging from 5 µM to 

20 µM. NVP-BEZ235 (Selleck Chemicals # S1009-5mg) was used at 

concentrations ranging from .1 µM to 5 µM. 

RT-qPCR 

RNA was isolated from cells using Nucleopsin II Kit (Machery-Nagel #740955). 

Concentration and purity of RNA was quantified the NanoDrop (ND-1000) 

spectrophotometer (Thermo Scientific) and analyzed with NanoDrop Software 

v3.8.0. cDNA was obtained using the High Capacity cDNA Synthesis kit (Life 

Technologies/Applied Biosystems #4368813), and RT-qPCR was performed on 

an ABI StepOne system using TaqMan reagents for 50 cycles using universal 

cycling conditions. Target gene expression was normalized to β-actin, and 

analyzed using the –ΔΔCt relative quantification method. Validated FAM-labeled 

Human LCN2, HSPA5 (GRP78), DDIT3 (CHOP), and VIC-labeled Human β-actin 
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TaqMan primer/probe sets (Life Technologies/Applied Biosystems, #4331182) 

were used.  

Western Blot Analysis  

After treatment, SKBr3 cells were washed with ice cold PBS and suspended with 

the RIPA Lysis Buffer system: 1X RIPA buffer and cocktail of protease inhibitors 

(Santa Cruz Biotechnologies #sc-24948). Cell lysates were centrifuged at 4 °C at 

16,000xg for 15 min and the supernatants were extracted. Protein concentration 

was determined using Pierce BCA Protein Assay Kit (Thermo Scientific #23335). 

Samples were denatured and equal concentrations of protein (70-95 µg) were 

electrophoresed on a Bio-Rad 4-20% Mini-PROTEAN TGX Precast Gels (Bio-

Rad #456-1094). The proteins were transferred at 4°C using the Novex XCell II 

Blot system (Invitrogen #EI0002) for 2 hrs at 30V onto 0.2 µM PVDF membrane. 

The membranes were probed with goat polyclonal anti-human Lipocalin-2/NGAL 

antibody (R&D Systems #AF1757), and rabbit monoclonal anti-human P-AKT 

(Ser473) and Pan-AKT antibodies (Cell Signaling #4060 and  #4691, clones: D9E 

and C67E7). β-actin was used as a loading control and blots were probed with 

polyclonal goat anti-human β-actin (Abcam #ab8229). Blots were revealed using 

either HRP-conjugated donkey antibody to goat IgG (Santa Cruz Biotechnology 

#sc2020) or HRP-conjugated goat antibody to rabbit IgG (Cell Signaling #7074). 

Bands were visualized using Pierce ECL Blotting Substrate (Thermo Scientific 

#32106). All samples were normalized to β-actin. 

Secreted LCN2 Quantification 
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Supernatant was extracted from treated SKBr3 cells and concentrated ~40 fold. 

Concentrated sample were than analyzed using the hLipocalin2 Quantikine 

ELISA Kit (R & D Systems, #DLCN20). 
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Results 

Trastuzumab Effectiveness on Non-Stressed SKBr3 Cells 

 In order to confirm previous research showing that trastuzumab 

downregulates LCN2 in HER2+ breast cancer, SKBr3 cells were plated at 

250,000 cells per well in C-DMEM or C-RPMI in duplicate.  Cells were either 

exposed to trastuzumab at 10 or 20 ug/ml, a vehicle control of PBS, or an IgG 

isotype control; the concentrations used were decided on based on prior 

research.19 Following others’ work with trastuzumab and SKBr3, an exposure 

time of 48 hours was used in order to examine the effect of the drug on LCN2 

expression. Analysis by qPCR revealed that trastuzumab causes a 38% 

reduction in basal LCN2 expression at 48 hours versus controls (Fig. 2A). The 

effect of trastuzumab on GRP78 and CHOP expression was negligible (Fig. 2A).  

This result confirms that trastuzumab inhibits basal LCN2 expression in HER2+ 

cancer cells. 

Thapsigargin Abrogates Trastuzumab inhibition of LCN2 

 After establishing that in non-stressed SBKr3 cells trastuzumab inhibits 

the basal expression of LCN2, the effects of thapsigargin on trastuzumab 

inhibition were then examined. Thapsigargin is a sesquiterpene lactone that acts 

as a non-competitive inhibitor of the sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) class of enzymes. This allows it to impede the pumping of calcium into 

the Endoplasmic Reticulum leading to protein misfolding and ER stress. Cells 

were plated at 500,000 cells per well at a 48-hour total exposure time using 
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Gamma-1 as the isotype control. Based on previous work done in this lab,39 

thapsigargin was introduced at 30 hours by media replacement resulting in a total 

exposure time of 18 hours to the cells.  Analysis shows a large increase in 

expression of GRP78 and CHOP in the SKBr3 cells exposed to ER stress via 

thapsigargin (Fig. 2B). This is consistent with the activation of the UPR during 

ER stress. Looking at LCN2, when ER stress is introduced there is over a 80-fold 

increase in LCN2 expression versus the Gamma-1 control condition (Fig. 2B). 

This shows that ER stress via thapsigargin may have the ability to override the 

inhibitory effects of trastuzumab on LCN2 expression.   

ER stress can override the effects of Trastuzumab on LCN2 

 In order to validate that it is thapsigargin’s induction of ER stress that 

caused the abrogation of trastuzumab inhibition on LCN2 in SKBr3 cells, PBA 

was introduced. 4-Phenylbutyric Acid, or PBA, acts as an additional molecular 

chaperone to GRP78 in times of unfolded protein accumulation, making it an ER 

stress inhibitor. Using the cell culture conditions from the previous experiment, 

SKBr3 cells were additionally exposed to PBA for the last 18 hours of the 48-hour 

treatment time. Examining the expression of GRP78 and CHOP (Fig. 3), a large 

increase in their gene expression is seen when the SKBr3 cells are exposed to 

thapsigargin, a result that is once again indicative of ER stress. However, when 

cells are additionally treated with PBA, there is a downregulation of these ER 

stress response proteins in line with the direct aid given by PBA to the unfolded 

protein response. This confirms that PBA does in fact act as an ER stress 
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inhibitor on SKBr3 cells.  Looking to the effect of PBA on LCN2 (Fig. 3), a 

significant decrease in expression is seen in stressed SKBr3 cells when also 

dosed with the ER stress inhibitor. At 30 mM of PBA, a complete rescue of 

trastuzumab function on LCN2 expression is seen. Taken together, these results 

show that ER stress is capable of overriding the effectiveness of trastuzumab on 

LCN2 expression. This data suggest that ER stress may be a possible cause of 

trastuzumab resistance that occurs in patients with HER2+ breast cancer.  Using 

2-Site Capture ELIZA, the secretion of LCN2 protein by these cells was 

examined (Fig. 4). In agreement with the gene expression analysis, trastuzumab 

is able to decrease basal secretion of LCN2 in these breast cancer cells while 

activation of the UPR via thapsigargin not only abrogates trastuzumab’s inhibitory 

effect but potently upregulates secretion. 

ER stress increases the phosphorylation of AKT  

 In order to determine the possibility that AKT played a role in the 

upregulation of LCN2 by ER stress, AKT phosphorylation was examined 2, 4, 

and 6 hours after the introduction of thapsigargin to trastuzumab pretreated 

SKBr3 cells. As seen in Figure 5, trastuzumab does indeed downregulate the 

activation of AKT at Ser473. However, the thapsigargin induced ER stress 

robustly reactivates AKT even with pretreatment with trastuzumab. These results 

suggest that the unfolded protein response mediates the secretion of LCN2 

through the PI3K/AKT pathway. 

ER stress Signals LCN2 in an AKT-dependent manner  
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 To elucidate the cell signaling mechanisms involved in ER stress 

activation of LCN2, the AKT/PI3K Pathway inhibitors LY294002 and NVP-

BEZ235 were used. It has been previously shown that HER2 activates LCN2 via 

AKT activation.19 This lab has shown that there is relationship between LCN2 

and NF-kB, a major downstream target of the unfolded protein response. Recent 

findings have suggested that a link exists between AKT and NF-kB.59 As with 

thapsigargin and PBA, LY294002 or NVP-BEZ235 was introduced to SKBr3 cells 

for the final 18 hours of the 48-hour experiment. LY294002 is a morpholine 

derivative of quercetin where NVP-BEZ235 is an imidazoquinoline derivative. 

Both act by inhibiting phospho-oinositide-3-kinases, such as PI3K. As highly 

selective inhibitors of PI3K, they have, unsurprisingly, a negligible effect on the 

ER stress proteins CHOP and GRP78 (Fig. 6A and 6B). When examining LCN2 

however, a decrease in expression correlated with exposure to either of the AKT 

inhibitors is seen (Fig. 6A and 6B). Looking at SKBr3 cells exposed to 

trastuzumab, thapsigargin, and LY294002 at 10 mM, we see a 72% reduction in 

LCN2 levels versus cells exposed solely to trastuzumab and thapsigargin. NVP-

BEZ235 is even more effective at inhibiting the unfolded protein response’s 

upregulation of LCN2, reducing its expression by 99.9%. This suggests that ER 

stress activation of LCN2 is AKT-dependent, similar to activation by HER2. 

Taken together, this suggests a possible source of trastuzumab resistance as 

well as a potential solution: inhibition of ER stress in the tumor microenvironment 

could possibly lead to restoration of trastuzumab’s effectiveness against human 
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breast cancer proliferation. In order to confirm that the effects seen in LCN2 

transcription levels are due to changes in AKT activity, cells were concurrently 

stressed with thapsigargin and treated with a PI3K inhibitor 9 (Fig. 7).  The 

results show that thapsigargin does not activate AKT when PI3K activity is 

blocked by NVP-BEZ235. This confirms that upregulation of LCN2 in SKBr3 cells 

by ER stress is mediated by the PI3K/AKT pathway. 
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Discussion 

 The research conducted throughout this study has shown that 

trastuzumab reduces basal level expression of LCN2 in SKBr3 human breast 

cancer cells. When these same cells are additionally exposed to ER stress, the 

consequent activation of the UPR resulted in a complete abrogation of 

trastuzumab’s inhibition of LCN2. Through the use of an UPR inhibitor, PBA, it is 

shown that the activation of LCN2 is indeed ER stress/UPR specific. The success 

of LY294002 and NVP-BEZ235 treatment in dampening the induction of LCN2 by 

ER stress is indicative of AKT/PI3K playing role in this cell-signaling pathway.   

Trastuzumab and LCN2 expression 

  In corroboration with the protein work done by Leng et al,19 here it is seen 

that trastuzumab has a definitive effect on the onco-protein LCN2 in unstressed 

human breast cancer cells. This presents another possible benefit of specifically 

targeting the HER2 receptor. LCN2’s link to iron aggregation may provide a 

critical nutrient supply for aggressive HER2+ breast cancer as well as be a driver 

of metastasis. Trastuzumab’s inhibition of LCN2 expression in breast cancer may 

one of the reasons it delays disease progression. This correlation between 

HER2+ breast cancer and LCN2 may also to apply to other cancers where HER2 

overexpression plays a role, such as gastric cancers and glioblastomas.66-68 This 

suggests that other HER2+ tumor lines should be examined for the LCN2 

expression. 
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ER stress and Trastuzumab’s Interplay 

  This body of research outlines an important new relationship between 

ER stress and breast cancer. Many researchers are currently trying to delineate 

the mechanisms behind trastuzumab resistance. HER2 dimerization with HER3 

or HER4 has been indicated as a possible alternate pathway for PI3K/AKT 

activation, making the blocking of the HER2 receptor obsolete. Other 

mechanisms for resistance have also been suggested, including MUC4 

disruption, IGF-1 compensatory signaling, and altered signaling due to 

PTEN.35,69,70 Shown in this research is a completely new pathway by which drug 

resistance may be occurring. The ability of the UPR to abolish trastuzumab 

inhibition of LCN2 via upregulation of AKT shown here both by protein analysis 

and gene expression indicates that persistent ER stress in the tumor 

microenvironment may interfere with the effectiveness of clinical treatment with 

this antibody.  

ER stress Inhibition as a Therapeutic Target 

  The introduction of PBA to SKBr3 cells confirmed that the high levels of 

LCN2 expression observed during exposure to thapsigargin were indeed due to 

the chemical’s effect on the unfolded protein response.  Additionally, it showed 

that inhibiting the UPR could restore the effectiveness of trastuzumab on LCN2 

inhibition that was lost by the induction of ER stress in these cells.  

 In current clinical treatment, trastuzumab is without question the first line 

treatment for HER2 positive breast cancer.  When combined with chemotherapy, 
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it regresses tumor suppression in 30-35% of patients treated.8 It is been shown to 

be effective in both early state and late stage cancer.71,72 Hence, the situation of 

disease progression during trastuzumab treatment is a serious one. The loss of 

this most potent therapeutic treatment outside of chemotherapy results in afflicted 

patients having little recourse. One of the only treatments available to those 

immune to trastuzumab is lapatinib. Lapatinib is a specific kinase inhibitor that 

specifically targets HER2 and EGFR. In current clinical use of trastuzumab, the 

loss of efficacy after long-term treatment is commonly tested for73 and when 

found to be occurring, use of trastuzumab is replaced with an adjuvant therapy 

such as additional treatment with lapatinib.65 However, this drug has not shown 

the success that trastuzumab has demonstrated in treating early stage breast 

cancer. Looking at late stage treatment, the effectiveness it has at delaying 

disease progression versus trastuzumab is small.74 Additionally, it has been 

suggested that lapatinib is not cost effective in terms of pricing.75  This work 

suggests that lapatinib’s mechanism of action, inhibiting the intercellular 

phosphorylation site of HER2 thereby preventing PI3K docking and activation, 

may be indicative of its short-term success in patients. If pathways such as the 

unfolded protein response are still alternatively activating critical targets of PI3K, 

such as AKT and LCN2, then this could explain why the overall effect of lapatinib 

treatment, much like trastuzumab, diminishes over time. 

 When combining this with a chronically stressed tumor 

microenvironment76,77 it paints a picture showing that in the long term, ER stress 
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in breast cancer tumors may deter the efficacy of trastuzumab’s inhibition of AKT 

mediated LCN2 expression. In fact, it has been shown that HER2 overexpression 

is correlated with increased angiogenesis and lower levels of hypoxia in breast 

tumors.78 This would suggest that inhibiting HER2 via trastuzumab would actually 

increase the hypoxic state of the cancer. One study found that this was indeed 

the case, and found more specifically that trastuzumab had a negative impact on 

the ability of the EGFR inhibitor gefitinib to reduce the percentage of hypoxia 

viable breast cancer cells, actually abrogating its ability to do so.79  This increase 

in hypoxia as a side effect of trastuzumab treatment could then create ER stress 

and consequently induce the UPR.80 Given that trastuzumab is initially an 

effective treatment for HER2 positive cancer, concurrent administration of an ER 

stress inhibitor could prolong trastuzumab’s potency, providing a new type of 

adjuvant therapy. 

 There is strong drive in the field of cancer drug research to find new 

adjuvants to be used with trastuzumab to boost its efficacy. The UPR may 

provide a new novel target for this type of research. Eventual resistance to 

trastuzumab has shown to be an unfortunate consequence of treatment. Any and 

all alternative targets and pathways should be examined for the ability to stave off 

the onset of resistance.  

AKT as Role Player in the UPR-LCN2 Pathway 

 AKT has been indicated as a mediator for LCN2 expression.19,81 However, 

it remains unclear what other cell signaling pathways activate its expression, 
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specifically in cancer cells. Prior work in this lab has shown that ER stress alone 

can induce LCN2 expression in a NF-kB dependent manner. Here I present a 

relationship between LCN2 and ER stress where it appears that AKT is an 

important mediator. Taken together, this suggests a possible interplay between 

AKT and NF-kB in the activation of LCN2 by the ER stress response. A 

relationship between AKT and NF-kB has been suggested before.82-86 It has even 

been suggested that NF-kB --an inflammatory mediator that is strongly tied to the 

UPR response-- actually behaves in an AKT dependent manner.59 Their 

observations paint a relationship between AKT activation and activity and the 

UPR that these experimental findings reinforce.  It is the activation of AKT/PI3K 

pathway that is thought to be why targeting HER2 in cancer cells is so 

effective.6,16,17 Further study will be needed in creating a clearly defined 

relationship between the unfolded protein response, NF-kB and the AKT/PI3K 

pathway. 

The UPR as a Mechanism of Resistance 

 Drug resistance is a common outcome of cancer treatment with single 

agents. In variety of these cases redundant activation of PI3K/AKT pathway has 

been suggested as a source of resistance.87,88 The importance of AKT as an 

escape route for cells against single agent mediated apoptosis would suggest 

that the importance of the UPR’s activation of AKT could extend to cases outside 

of HER2+ breast cancer and even outside of breast cancer itself. As hypoxia and 

other stressors that create ER stress are common to solid tumors of all types, the 
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UPR has been found to be upregulated in a myriad of cancers. Many currently 

used drugs attempt to fight tumors through the use of a variety of growth inhibitor 

such as gefitinib and vemurafenib in attempt curb rampant growth, similar to 

trastuzumab. However, the effectiveness of these treatments may be 

compromised by the UPR that acts as a redundant activator of the PI3K/AKT 

pathway and its many targets, such as LCN2. More work must be done to 

examine if the UPR has the same ability to reactivate important growth signaling 

pathways in other tumor types where drug resistance is a common occurrence. 
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Figure 1.  The UPR overrides trastuzumab inhibition of HER2 in cancer cells  

(A) HER2 homodimerization in unstressed cancer cells inhibits PTEN and activates 
PI3K/AKT signaling, which in turn leads to the activation of NF-kB, which drives the 
upregulation of LCN2.  

(B) Trastuzumab disables HER2 homodimerization inhibiting PI3K docking and 
derepressing PTEN.  The net effect of trastuzumab inhibition is to stop tumor cell 
growth.  

(C) Upon induction of the UPR several events occur: (1) the reactivation of the 
PI3K/AKT axis; (2) the inhibition of PTEN; and (3) the activation of NF-kB.  
Cumulatively, these three events result in LCN2 upregulation, and reactivation of 
tumor cell growth despite continuous HER2 inhibition.  Notably, UPR-activated NF-
kB can also independently contribute to AKT phosphorylation, hence further 
contributing to LCN2 expression.  
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Figure 2. Induction of ER stress in SKBr3 cells rescues inhibition of LCN2 by 
trastuzumab under basal conditions  
(A) SKBr3 cells were treated with trastuzumab or an isotype control antibody for 48 hrs, 
and then analyzed by RT-qPCR for LCN2 transcription and UPR activation.  
(B) SKBr3 cells were treated with trastuzumab or an isotype control antibody for 48 hrs. 
Tg was introduced during the final 18 hrs of treatment.  Tumor cell mRNA was isolated 
and analyzed by RT-qPCR for LCN2 transcription and UPR activation. Columns indicate 
fold increase in expression levels (RQ) for each treatment condition. The value of the 
isotype control was set to 1. Error bars represent the SEM of biological replicates pooled 
from 5 or more independent experiments. *P<0.05, **P<0.01, ***P<0.001, NS = not 
significant (unpaired, two-tailed t test.)  
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Figure 3. ER stress amelioration restores trastuzumab sensitivity leading to 
downregulation of LCN2 
SKBr3 cells were treated with trastuzumab or an isotype control antibody for 48 hrs. Tg 
and 4-phenyl butyric acid (PBA) were introduced during the final 18 hrs of treatment. 
Tumor cell mRNA was isolated and analyzed by RT-qPCR for LCN2 transcription and 
UPR activation. Columns indicate fold increase in expression levels (RQ) for each 
treatment condition. The value of the isotype control was set to 1. Error bars represent 
the SEM of biological replicates pooled from 4 or more independent experiments. 
*P<0.05, **P<0.01, ***P<0.001, NS = not significant, (unpaired, two-tailed t test.)  
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Figure 4. ER stress induction of the UPR increases LCN2 protein secretion 
negating trastuzumab inhibition 
SKBr3 cells were treated with or without trastuzumab for 38 hrs and Tg was introduced 
during the final 8 hrs of treatment. Cell-free supernatants were concentrated ~40-fold 
and then analyzed for secreted extracellular LCN2 protein by 2 site capture ELISA. 
Concentrations were then normalized for cell number.  
 



29 

	
  

	
  

	
  

 

	
  

	
  

	
  

Figure 5. Activation of the UPR by ER stress leads to the reactivation of AKT 
SKBr3 cells were treated with or without trastuzumab for 36 hrs and Tg was introduced 
during the final 6 hrs of treatment. Cells from each condition were extracted at 32, 34, 
and 36 hrs, lysed, and then interrogated for protein expression by Western blot. 
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Figure 6. UPR-mediated LCN2 rescue is partially PI3K/AKT dependent  
SKBr3 cells were treated with trastuzumab or an isotype control antibody for 48 hrs. 
Tg and (A) LY294002 or (B) NVP-BEZ235 were introduced during the final 18 hrs of 
treatment. Tumor cell mRNA was isolated, and analyzed by RT-qPCR for LCN2 
transcription and UPR activation. Columns indicate fold increase in expression levels 
(RQ) for each treatment condition. The value of the isotype control was set to 1. Error 
bars represent the SEM of biological replicates pooled from 5 or more independent 
experiments. *P<0.05, **P<0.01, ***P<0.001, NS = not significant, (unpaired, two-
tailed t test.)  
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Figure 7. The decrease in LCN2 expression by NVP-BEZ235 is mediated 
by AKT 

SKBr3 cells were treated with or without trastuzumab for 34 hrs. Tg and NVP-
BEZ235 was introduced during the final 6 hrs of treatment. Cells from each 
condition were extracted, lysed, and then interrogated for protein expression 
by Western blot. 



	
  

32 

References 

1. Akiyama, T., Sudo, C., Ogawara, H., Toyoshima, K. & Yamamoto, T. The 
product of the human c-erbB-2 gene: a 185-kilodalton glycoprotein with 
tyrosine kinase activity. Science 232, 1644-6 (1986). 

 
2. Slamon, D.J., Clark, G.M., Wong, S.G., Levin, W.J., Ullrich, A. & McGuire, 

W.L. Human breast cancer: correlation of relapse and survival with 
amplification of the HER-2/neu oncogene. Science 235, 177-82 (1987). 

 
3. Choi, Y.H., Ahn, J.H., Kim, S.B., Jung, K.H., Gong, G.Y., Kim, M.J., Son, 

B.H., Ahn, S.H. & Kim, W.K. Tissue microarray-based study of patients 
with lymph node-negative breast cancer shows that HER2/neu 
overexpression is an important predictive marker of poor prognosis. 
Annals of oncology : official journal of the European Society for Medical 
Oncology / ESMO 20, 1337-43 (2009). 

 
4. Carey, L.A., Perou, C.M., Livasy, C.A., Dressler, L.G., Cowan, D., 

Conway, K., Karaca, G., Troester, M.A., Tse, C.K., Edmiston, S., Deming, 
S.L., Geradts, J., Cheang, M.C., Nielsen, T.O., Moorman, P.G., Earp, H.S. 
& Millikan, R.C. Race, breast cancer subtypes, and survival in the Carolina 
Breast Cancer Study. JAMA : the journal of the American Medical 
Association 295, 2492-502 (2006). 

 
5. Wright, C., Angus, B., Nicholson, S., Sainsbury, J.R., Cairns, J., Gullick, 

W.J., Kelly, P., Harris, A.L. & Horne, C.H. Expression of c-erbB-2 
oncoprotein: a prognostic indicator in human breast cancer. Cancer 
research 49, 2087-90 (1989). 

 
6. Tokunaga, E., Kataoka, A., Kimura, Y., Oki, E., Mashino, K., Nishida, K., 

Koga, T., Morita, M., Kakeji, Y., Baba, H., Ohno, S. & Maehara, Y. The 
association between Akt activation and resistance to hormone therapy in 
metastatic breast cancer. Eur J Cancer 42, 629-35 (2006). 

 
7. Goldenberg, M.M. Trastuzumab, a recombinant DNA-derived humanized 

monoclonal antibody, a novel agent for the treatment of metastatic breast 
cancer. Clin Ther 21, 309-18 (1999). 

 
8. Vogel, C.L., Cobleigh, M.A., Tripathy, D., Gutheil, J.C., Harris, L.N., 

Fehrenbacher, L., Slamon, D.J., Murphy, M., Novotny, W.F., Burchmore, 
M., Shak, S., Stewart, S.J. & Press, M. Efficacy and safety of trastuzumab 
as a single agent in first-line treatment of HER2-overexpressing metastatic 



33 

	
  

breast cancer. Journal of clinical oncology : official journal of the American 
Society of Clinical Oncology 20, 719-26 (2002). 

 
9. Slamon, D.J., Leyland-Jones, B., Shak, S., Fuchs, H., Paton, V., 

Bajamonde, A., Fleming, T., Eiermann, W., Wolter, J., Pegram, M., 
Baselga, J. & Norton, L. Use of chemotherapy plus a monoclonal antibody 
against HER2 for metastatic breast cancer that overexpresses HER2. N 
Engl J Med 344, 783-92 (2001). 

10. Baselga, J., Norton, L., Albanell, J., Kim, Y.M. & Mendelsohn, J. 
Recombinant humanized anti-HER2 antibody (Herceptin) enhances the 
antitumor activity of paclitaxel and doxorubicin against HER2/neu 
overexpressing human breast cancer xenografts. Cancer research 58, 
2825-31 (1998). 

 
11. Pietras, R.J., Pegram, M.D., Finn, R.S., Maneval, D.A. & Slamon, D.J. 

Remission of human breast cancer xenografts on therapy with humanized 
monoclonal antibody to HER-2 receptor and DNA-reactive drugs. 
Oncogene 17, 2235-49 (1998). 

 
12. Pietras, R.J., Poen, J.C., Gallardo, D., Wongvipat, P.N., Lee, H.J. & 

Slamon, D.J. Monoclonal antibody to HER-2/neureceptor modulates repair 
of radiation-induced DNA damage and enhances radiosensitivity of human 
breast cancer cells overexpressing this oncogene. Cancer research 59, 
1347-55 (1999). 

 
13. Pegram, M., Hsu, S., Lewis, G., Pietras, R., Beryt, M., Sliwkowski, M., 

Coombs, D., Baly, D., Kabbinavar, F. & Slamon, D. Inhibitory effects of 
combinations of HER-2/neu antibody and chemotherapeutic agents used 
for treatment of human breast cancers. Oncogene 18, 2241-51 (1999). 

 
14. Manning, B.D. & Cantley, L.C. AKT/PKB signaling: navigating 

downstream. Cell 129, 1261-74 (2007). 
 
15. Plas, D.R. & Thompson, C.B. Akt-dependent transformation: there is more 

to growth than just surviving. Oncogene 24, 7435-42 (2005). 
 
16. Yakes, F.M., Chinratanalab, W., Ritter, C.A., King, W., Seelig, S. & 

Arteaga, C.L. Herceptin-induced inhibition of phosphatidylinositol-3 kinase 
and Akt Is required for antibody-mediated effects on p27, cyclin D1, and 
antitumor action. Cancer research 62, 4132-41 (2002). 

 
17. Longva, K.E., Pedersen, N.M., Haslekås, C., Stang, E. & Madshus, I.H. 

Herceptin-induced inhibition of ErbB2 signaling involves reduced 



34 

	
  

phosphorylation of Akt but not endocytic down-regulation of ErbB2. 
International Journal of Cancer 116, 359-367 (2005). 

 
18. Knuefermann, C., Lu, Y., Liu, B., Jin, W., Liang, K., Wu, L., Schmidt, M., 

Mills, G.B., Mendelsohn, J. & Fan, Z. HER2/PI-3K/Akt activation leads to a 
multidrug resistance in human breast adenocarcinoma cells. Oncogene 
22, 3205-12 (2003). 

 
19. Leng, X., Ding, T., Lin, H., Wang, Y., Hu, L., Hu, J., Feig, B., Zhang, W., 

Pusztai, L., Symmans, W.F., Wu, Y. & Arlinghaus, R.B. Inhibition of LCN2 
impairs breast tumorigenesis and metastasis. Cancer research 69, 8579-
84 (2009). 

 
20. Leng, X., Wu, Y. & Arlinghaus, R.B. Relationships of LCN2 with breast 

tumorigenesis and metastasis. Journal of cellular physiology 226, 309-14 
(2011). 

21. Goetz, D.H., Holmes, M.A., Borregaard, N., Bluhm, M.E., Raymond, K.N. 
& Strong, R.K. The neutrophil lipocalin NGAL is a bacteriostatic agent that 
interferes with siderophore-mediated iron acquisition. Mol Cell 10, 1033-43 
(2002). 

 
22. Iannetti, A., Pacifico, F., Acquaviva, R., Lavorgna, A., Crescenzi, E., 

Vascotto, C., Tell, G., Salzano, A.M., Scaloni, A., Vuttariello, E., 
Chiappetta, G., Formisano, S. & Leonardi, A. The neutrophil gelatinase-
associated lipocalin (NGAL), a NF-kappaB-regulated gene, is a survival 
factor for thyroid neoplastic cells. Proceedings of the National Academy of 
Sciences of the United States of America 105, 14058-63 (2008). 

 
23. Hann, H.W., Stahlhut, M.W. & Blumberg, B.S. Iron nutrition and tumor 

growth: decreased tumor growth in iron-deficient mice. Cancer research 
48, 4168-70 (1988). 

24. Richardson, D.R. Iron chelators as therapeutic agents for the treatment of 
cancer. Crit Rev Oncol Hematol 42, 267-81 (2002). 

 
25. Henry, D.H. Supplemental Iron: A Key to Optimizing the Response of 

Cancer-Related Anemia to rHuEPO? Oncologist 3, 275-278 (1998). 
 
26. Berger, T., Cheung, C.C., Elia, A.J. & Mak, T.W. Disruption of the Lcn2 

gene in mice suppresses primary mammary tumor formation but does not 
decrease lung metastasis. Proceedings of the National Academy of 
Sciences of the United States of America 107, 2995-3000 (2010). 

 



35 

	
  

27. Fernandez, C.A., Yan, L., Louis, G., Yang, J., Kutok, J.L. & Moses, M.A. 
The matrix metalloproteinase-9/neutrophil gelatinase-associated lipocalin 
complex plays a role in breast tumor growth and is present in the urine of 
breast cancer patients. Clinical cancer research : an official journal of the 
American Association for Cancer Research 11, 5390-5 (2005). 

 
28. Bauer, M., Eickhoff, J.C., Gould, M.N., Mundhenke, C., Maass, N. & 

Friedl, A. Neutrophil gelatinase-associated lipocalin (NGAL) is a predictor 
of poor prognosis in human primary breast cancer. Breast cancer research 
and treatment 108, 389-97 (2008). 

 
29. Yang, J., Bielenberg, D.R., Rodig, S.J., Doiron, R., Clifton, M.C., Kung, 

A.L., Strong, R.K., Zurakowski, D. & Moses, M.A. LCN2 promotes breast 
cancer progression. Proceedings of the National Academy of Sciences of 
the United States of America 106, 3913-8 (2009). 

 
30. Nahta, R. & Esteva, F.J. HER2 therapy: molecular mechanisms of 

trastuzumab resistance. Breast cancer research : BCR 8, 215 (2006). 
 
31. Nahta, R., Yu, D., Hung, M.-C., Hortobagyi, G.N. & Esteva, F.J. 

Mechanisms of Disease: understanding resistance to HER2-targeted 
therapy in human breast cancer. Nature Clinical Practice Oncology 3, 269-
280 (2006). 

 
32. Sawaki, M., Ito, Y., Tada, K., Mizunuma, N., Takahashi, S., Horikoshi, N., 

Kasumi, F., Akiyama, F., Sakamoto, G., Imai, T., Nakao, A. & Hatake, K. 
Efficacy and safety of trastuzumab as a single agent in heavily pretreated 
patients with HER-2/neu-overexpressing metastatic breast cancer. Tumori 
90, 40-3 (2004). 

 
33. Baselga, J., Tripathy, D., Mendelsohn, J., Baughman, S., Benz, C.C., 

Dantis, L., Sklarin, N.T., Seidman, A.D., Hudis, C.A., Moore, J., Rosen, 
P.P., Twaddell, T., Henderson, I.C. & Norton, L. Phase II study of weekly 
intravenous recombinant humanized anti-p185HER2 monoclonal antibody 
in patients with HER2/neu-overexpressing metastatic breast cancer. 
Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology 14, 737-44 (1996). 

 
34. Cobleigh, M.A., Vogel, C.L., Tripathy, D., Robert, N.J., Scholl, S., 

Fehrenbacher, L., Wolter, J.M., Paton, V., Shak, S., Lieberman, G. & 
Slamon, D.J. Multinational study of the efficacy and safety of humanized 
anti-HER2 monoclonal antibody in women who have HER2-
overexpressing metastatic breast cancer that has progressed after 



36 

	
  

chemotherapy for metastatic disease. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology 17, 2639-48 (1999). 

 
35. Price-Schiavi, S.A., Jepson, S., Li, P., Arango, M., Rudland, P.S., Yee, L. 

& Carraway, K.L. Rat Muc4 (sialomucin complex) reduces binding of anti-
ErbB2 antibodies to tumor cell surfaces, a potential mechanism for 
herceptin resistance. International journal of cancer. Journal international 
du cancer 99, 783-91 (2002). 

 
36. Nagy, P., Friedlander, E., Tanner, M., Kapanen, A.I., Carraway, K.L., 

Isola, J. & Jovin, T.M. Decreased accessibility and lack of activation of 
ErbB2 in JIMT-1, a herceptin-resistant, MUC4-expressing breast cancer 
cell line. Cancer research 65, 473-82 (2005). 

 
37. Agus, D.B., Akita, R.W., Fox, W.D., Lewis, G.D., Higgins, B., Pisacane, 

P.I., Lofgren, J.A., Tindell, C., Evans, D.P., Maiese, K., Scher, H.I. & 
Sliwkowski, M.X. Targeting ligand-activated ErbB2 signaling inhibits breast 
and prostate tumor growth. Cancer cell 2, 127-37 (2002). 

 
38. Chan, C.T., Metz, M.Z. & Kane, S.E. Differential sensitivities of 

trastuzumab (Herceptin)-resistant human breast cancer cells to 
phosphoinositide-3 kinase (PI-3K) and epidermal growth factor receptor 
(EGFR) kinase inhibitors. Breast cancer research and treatment 91, 187-
201 (2005). 

 
39. Mahadevan, N.R., Rodvold, J., Almanza, G., Pérez, A., Wheeler, M.C. & 

Zanetti, M. ER stress drives LCN2 upregulation in prostate cancer cells in 
an NF-κB-dependent manner. BMC cancer 11, 229 (2011). 

 
40. Mumm, J.B. & Oft, M. Cytokine-based transformation of immune 

surveillance into tumor-promoting inflammation. Oncogene 27, 5913-9 
(2008). 

41. Bertolotti, A., Zhang, Y., Hendershot, L.M., Harding, H.P. & Ron, D. 
Dynamic interaction of BiP and ER stress transducers in the unfolded-
protein response. Nat Cell Biol 2, 326-32 (2000). 

 
42. Bi, M., Naczki, C., Koritzinsky, M., Fels, D., Blais, J., Hu, N., Harding, H., 

Novoa, I., Varia, M., Raleigh, J., Scheuner, D., Kaufman, R.J., Bell, J., 
Ron, D., Wouters, B.G. & Koumenis, C. ER stress-regulated translation 
increases tolerance to extreme hypoxia and promotes tumor growth. 
EMBO J 24, 3470-81 (2005). 

 



37 

	
  

43. Shiu, R.P., Pouyssegur, J. & Pastan, I. Glucose depletion accounts for the 
induction of two transformation-sensitive membrane proteinsin Rous 
sarcoma virus-transformed chick embryo fibroblasts. Proceedings of the 
National Academy of Sciences of the United States of America 74, 3840-4 
(1977). 

 
44. Henning, T., Kraus, M., Brischwein, M., Otto, A.M. & Wolf, B. Relevance of 

tumor microenvironment for progression, therapy and drug development. 
Anticancer Drugs 15, 7-14 (2004). 

 
45. Scriven, P., Brown, N.J., Pockley, A.G. & Wyld, L. The unfolded protein 

response and cancer: a brighter future unfolding? J Mol Med (Berl) 85, 
331-41 (2007). 

 
46. Drogat, B., Auguste, P., Nguyen, D.T., Bouchecareilh, M., Pineau, R., 

Nalbantoglu, J., Kaufman, R.J., Chevet, E., Bikfalvi, A. & Moenner, M. 
IRE1 signaling is essential for ischemia-induced vascular endothelial 
growth factor-A expression and contributes to angiogenesis and tumor 
growth in vivo. Cancer research 67, 6700-7 (2007). 

 
47. Feldman, D.E., Chauhan, V. & Koong, A.C. The unfolded protein 

response: a novel component of the hypoxic stress response in tumors. 
Mol Cancer Res 3, 597-605 (2005). 

 
48. Fernandez, P.M., Tabbara, S.O., Jacobs, L.K., Manning, F.C., Tsangaris, 

T.N., Schwartz, A.M., Kennedy, K.A. & Patierno, S.R. Overexpression of 
the glucose-regulated stress gene GRP78 in malignant but not benign 
human breast lesions. Breast cancer research and treatment 59, 15-26 
(2000). 

 
49. Uramoto, H., Sugio, K., Oyama, T., Nakata, S., Ono, K., Yoshimastu, T., 

Morita, M. & Yasumoto, K. Expression of endoplasmic reticulum molecular 
chaperone Grp78 in human lung cancer and its clinical significance. Lung 
Cancer 49, 55-62 (2005). 

 
50. Shuda, M., Kondoh, N., Imazeki, N., Tanaka, K., Okada, T., Mori, K., 

Hada, A., Arai, M., Wakatsuki, T., Matsubara, O., Yamamoto, N. & 
Yamamoto, M. Activation of the ATF6, XBP1 and grp78 genes in human 
hepatocellular carcinoma: a possible involvement of the ER stress 
pathway in hepatocarcinogenesis. J Hepatol 38, 605-14 (2003). 

 



38 

	
  

51. Xing, X., Lai, M., Wang, Y., Xu, E. & Huang, Q. Overexpression of 
glucose-regulated protein 78 in colon cancer. Clinica chimica acta; 
international journal of clinical chemistry 364, 308-15 (2006). 

52. Daneshmand, S., Quek, M.L., Lin, E., Lee, C., Cote, R.J., Hawes, D., Cai, 
J., Groshen, S., Lieskovsky, G., Skinner, D.G., Lee, A.S. & Pinski, J. 
Glucose-regulated protein GRP78 is up-regulated in prostate cancer and 
correlates with recurrence and survival. Hum Pathol 38, 1547-52 (2007). 

 
53. Pyrko, P., Schonthal, A.H., Hofman, F.M., Chen, T.C. & Lee, A.S. The 

unfolded protein response regulator GRP78/BiP as a novel target for 
increasing chemosensitivity in malignant gliomas. Cancer research 67, 
9809-16 (2007). 

 
54. Zhuang, L., Scolyer, R.A., Lee, C.S., McCarthy, S.W., Cooper, W.A., 

Zhang, X.D., Thompson, J.F. & Hersey, P. Expression of glucose-
regulated stress protein GRP78 is related to progression of melanoma. 
Histopathology 54, 462-70 (2009). 

 
55. Coussens, L.M. & Werb, Z. Inflammation and cancer. Nature 420, 860-7 

(2002). 
 
56. Grivennikov, S.I., Greten, F.R. & Karin, M. Immunity, inflammation, and 

cancer. Cell 140, 883-99 (2010). 
 
57. Kaufman, R.J. Orchestrating the unfolded protein response in health and 

disease. J Clin Invest 110, 1389-98 (2002). 
 
58. Gargalovic, P.S., Gharavi, N.M., Clark, M.J., Pagnon, J., Yang, W.P., He, 

A., Truong, A., Baruch-Oren, T., Berliner, J.A., Kirchgessner, T.G. & Lusis, 
A.J. The unfolded protein response is an important regulator of 
inflammatory genes in endothelial cells. Arterioscler Thromb Vasc Biol 26, 
2490-6 (2006). 

 
59. Yamazaki, H., Hiramatsu, N., Hayakawa, K., Tagawa, Y., Okamura, M., 

Ogata, R., Huang, T., Nakajima, S., Yao, J., Paton, A.W., Paton, J.C. & 
Kitamura, M. Activation of the Akt-NF-kappaB pathway by subtilase 
cytotoxin through the ATF6 branch of the unfolded protein response. 
Journal of immunology 183, 1480-7 (2009). 

 
60. Jiang, H.Y., Wek, S.A., McGrath, B.C., Scheuner, D., Kaufman, R.J., 

Cavener, D.R. & Wek, R.C. Phosphorylation of the alpha subunit of 
eukaryotic initiation factor 2 is required for activation of NF-kappaB in 
response to diverse cellular stresses. Mol Cell Biol 23, 5651-63 (2003). 



39 

	
  

 
61. Deng, J., Lu, P.D., Zhang, Y., Scheuner, D., Kaufman, R.J., Sonenberg, 

N., Harding, H.P. & Ron, D. Translational repression mediates activation 
of nuclear factor kappa B by phosphorylated translation initiation factor 2. 
Mol Cell Biol 24, 10161-8 (2004). 

 
62. Kaneko, M., Niinuma, Y. & Nomura, Y. Activation signal of nuclear factor-

kappa B in response to endoplasmic reticulum stress is transduced via 
IRE1 and tumor necrosis factor receptor-associated factor 2. Biol Pharm 
Bull 26, 931-5 (2003). 

 
63. Cho, H.S., Mason, K., Ramyar, K.X., Stanley, A.M., Gabelli, S.B., Denney, 

D.W., Jr. & Leahy, D.J. Structure of the extracellular region of HER2 alone 
and in complex with the Herceptin Fab. Nature 421, 756-60 (2003). 

 
64. Gianni, L., Dafni, U., Gelber, R.D., Azambuja, E., Muehlbauer, S., 

Goldhirsch, A., Untch, M., Smith, I., Baselga, J., Jackisch, C., Cameron, 
D., Mano, M., Pedrini, J.L., Veronesi, A., Mendiola, C., Pluzanska, A., 
Semiglazov, V., Vrdoljak, E., Eckart, M.J., Shen, Z., Skiadopoulos, G., 
Procter, M., Pritchard, K.I., Piccart-Gebhart, M.J. & Bell, R. Treatment with 
trastuzumab for 1 year after adjuvant chemotherapy in patients with 
HER2-positive early breast cancer: a 4-year follow-up of a randomised 
controlled trial. Lancet Oncol 12, 236-44 (2011). 

 
65. Collins, D., Hill, A.D. & Young, L. Lapatinib: a competitor or companion to 

trastuzumab? Cancer treatment reviews 35, 574-81 (2009). 
 
66. Mineo, J.F., Bordron, A., Quintin-Roue, I., Loisel, S., Ster, K.L., Buhe, V., 

Lagarde, N. & Berthou, C. Recombinant humanised anti-HER2/neu 
antibody (Herceptin) induces cellular death of glioblastomas. British 
journal of cancer 91, 1195-9 (2004). 

 
67. Kim, S.Y., Kim, H.P., Kim, Y.J., Oh do, Y., Im, S.A., Lee, D., Jong, H.S., 

Kim, T.Y. & Bang, Y.J. Trastuzumab inhibits the growth of human gastric 
cancer cell lines with HER2 amplification synergistically with cisplatin. 
International journal of oncology 32, 89-95 (2008). 

 
68. Ahmed, N., Salsman, V.S., Kew, Y., Shaffer, D., Powell, S., Zhang, Y.J., 

Grossman, R.G., Heslop, H.E. & Gottschalk, S. HER2-specific T cells 
target primary glioblastoma stem cells and induce regression of 
autologous experimental tumors. Clinical cancer research : an official 
journal of the American Association for Cancer Research 16, 474-85 
(2010). 



40 

	
  

 
69. Lu, Y., Zi, X., Zhao, Y., Mascarenhas, D. & Pollak, M. Insulin-like growth 

factor-I receptor signaling and resistance to trastuzumab (Herceptin). J 
Natl Cancer Inst 93, 1852-7 (2001). 

 
70. Nagata, Y., Lan, K.-H., Zhou, X., Tan, M., Esteva, F.J., Sahin, A.A., Klos, 

K.S., Li, P., Monia, B.P., Nguyen, N.T., Hortobagyi, G.N., Hung, M.-C. & 
Yu, D. PTEN activation contributes to tumor inhibition by trastuzumab, and 
loss of PTEN predicts trastuzumab resistance in patients. Cancer cell 6, 
117-127 (2004). 

 
71. Bartsch, R., Wenzel, C. & Steger, G.G. Trastuzumab in the management 

of early and advanced stage breast cancer. Biologics 1, 19-31 (2007). 
 
72. Hudis, C.A. Trastuzumab--mechanism of action and use in clinical 

practice. N Engl J Med 357, 39-51 (2007). 
 
73. Kaufman, B., Trudeau, M., Awada, A., Blackwell, K., Bachelot, T., Salazar, 

V., DeSilvio, M., Westlund, R., Zaks, T., Spector, N. & Johnston, S. 
Lapatinib monotherapy in patients with HER2-overexpressing relapsed or 
refractory inflammatory breast cancer: final results and survival of the 
expanded HER2+ cohort in EGF103009, a phase II study. Lancet Oncol 
10, 581-8 (2009). 

 
74. Burstein, H.J., Storniolo, A.M., Franco, S., Forster, J., Stein, S., Rubin, S., 

Salazar, V.M. & Blackwell, K.L. A phase II study of lapatinib monotherapy 
in chemotherapy-refractory HER2-positive and HER2-negative advanced 
or metastatic breast cancer. Annals of oncology : official journal of the 
European Society for Medical Oncology / ESMO 19, 1068-74 (2008). 

 
75. Le, Q.A. & Hay, J.W. Cost-effectiveness analysis of lapatinib in HER-2-

positive advanced breast cancer. Cancer 115, 489-98 (2009). 
 
76. Vaupel, P., Mayer, A., Briest, S. & Hockel, M. Hypoxia in breast cancer: 

role of blood flow, oxygen diffusion distances, and anemia in the 
development of oxygen depletion. Adv Exp Med Biol 566, 333-42 (2005). 

 
77. Vaupel, P., Schlenger, K., Knoop, C. & Hockel, M. Oxygenation of human 

tumors: evaluation of tissue oxygen distribution in breast cancers by 
computerized O2 tension measurements. Cancer research 51, 3316-22 
(1991). 

 



41 

	
  

78. Blackwell, K.L., Dewhirst, M.W., Liotcheva, V., Snyder, S., Broadwater, G., 
Bentley, R., Lal, A., Riggins, G., Anderson, S., Vredenburgh, J., Proia, A. 
& Harris, L.N. HER-2 gene amplification correlates with higher levels of 
angiogenesis and lower levels of hypoxia in primary breast tumors. Clinical 
cancer research : an official journal of the American Association for 
Cancer Research 10, 4083-8 (2004). 

 
79. Warburton, C., Dragowska, W.H., Gelmon, K., Chia, S., Yan, H., Masin, 

D., Denyssevych, T., Wallis, A.E. & Bally, M.B. Treatment of HER-2/neu 
overexpressing breast cancer xenograft models with trastuzumab 
(Herceptin) and gefitinib (ZD1839): drug combination effects on tumor 
growth, HER-2/neu and epidermal growth factor receptor expression, and 
viable hypoxic cell fraction. Clinical cancer research : an official journal of 
the American Association for Cancer Research 10, 2512-24 (2004). 

 
80. Rouschop, K.M., van den Beucken, T., Dubois, L., Niessen, H., Bussink, 

J., Savelkouls, K., Keulers, T., Mujcic, H., Landuyt, W., Voncken, J.W., 
Lambin, P., van der Kogel, A.J., Koritzinsky, M. & Wouters, B.G. The 
unfolded protein response protects human tumor cells during hypoxia 
through regulation of the autophagy genes MAP1LC3B and ATG5. J Clin 
Invest 120, 127-41 (2010). 

 
81. Guo, H., Jin, D., Zhang, Y., Wright, W., Bazuine, M., Brockman, D.A., 

Bernlohr, D.A. & Chen, X. Lipocalin-2 deficiency impairs thermogenesis 
and potentiates diet-induced insulin resistance in mice. Diabetes 59, 1376-
85 (2010). 

 
82. Meng, F. & D'Mello, S.R. NF-κB stimulates Akt phosphorylation and gene 

expression by distinct signaling mechanisms. Biochimica et Biophysica 
Acta (BBA) - Gene Structure and Expression 1630, 35-40 (2003). 

 
83. Meng, F., Liu, L., Chin, P.C. & D'Mello, S.R. Akt is a downstream target of 

NF-kappa B. The Journal of biological chemistry 277, 29674-80 (2002). 
 
84. Ozes, O.N., Mayo, L.D., Gustin, J.A., Pfeffer, S.R., Pfeffer, L.M. & Donner, 

D.B. NF-kappaB activation by tumour necrosis factor requires the Akt 
serine-threonine kinase. Nature 401, 82-5 (1999). 

 
85. Los, M., Maddika, S., Erb, B. & Schulze-Osthoff, K. Switching Akt: from 

survival signaling to deadly response. BioEssays : news and reviews in 
molecular, cellular and developmental biology 31, 492-5 (2009). 

 



42 

	
  

86. Romashkova, J.A. & Makarov, S.S. NF-kappaB is a target of AKT in anti-
apoptotic PDGF signalling. Nature 401, 86-90 (1999). 

 
87. Engelman, J.A., Zejnullahu, K., Mitsudomi, T., Song, Y., Hyland, C., Park, 

J.O., Lindeman, N., Gale, C.M., Zhao, X., Christensen, J., Kosaka, T., 
Holmes, A.J., Rogers, A.M., Cappuzzo, F., Mok, T., Lee, C., Johnson, 
B.E., Cantley, L.C. & Janne, P.A. MET amplification leads to gefitinib 
resistance in lung cancer by activating ERBB3 signaling. Science 316, 
1039-43 (2007). 

 
88. Abramson, V. & Arteaga, C.L. New strategies in HER2-overexpressing 

breast cancer: many combinations of targeted drugs available. Clinical 
cancer research : an official journal of the American Association for 
Cancer Research 17, 952-8 (2011). 

 

 




