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Cancer and Metastasis 

Cancer is a highly prevalent disease worldwide and one of the leading causes of 
death. In 2008, 7.6 million deaths (approximately 13% of total worldwide 
deaths) were due to cancer (1). Moreover, 12.7 million new cancer cases were 
diagnosed in that same year (1). Cancer comprises a wide variety of diseases 
that share a number of characteristics that include uncontrolled division of 
abnormal cells in the body and the ability of these cells to invade surrounding 
tissues and spread to other organs - a process referred to as metastasis. The three 
most common cancer treatment modalities are surgery, radiotherapy and 
chemotherapy. Treatment choice is dependent on a number of factors, including 
those specific to the tumor (such as cancer type and disease stage) as well as 
those of the patient (age, health status). Often, patients receive a combination of 
treatments to achieve the highest treatment efficacy. When cancer is detected 
early, meaning before it has metastasized, the cure rate is high. However, most 
cancers are considered incurable after they have spread to one or more distant 
sites. For example, the overall 5-year survival for localized (confined to the 
primary site) uterine cervix cancer disease, is 90.7%, whereas this number is 
only 16.2% for cancers with distant metastases (2). Consequently, the vast 
majority of cancer-related deaths are either directly or indirectly attributable to 
metastasis.  

 
The presence of clinically detectable metastases often implies that the patient 
has many more undetectable metastases. Therefore, local therapies (radiation or 
surgery) are largely ineffective in treating metastatic disease, and systemic 
therapy is administered instead. Chemotherapy is the standard form of systemic 
therapy for most metastatic cancers, but in some cases patients can receive 
hormonal therapy (e.g. breast cancer) or immunotherapy (e.g. melanoma and 
renal cancer). Unfortunately, systemic therapies are generally not curative. One 
of the very few exceptions is metastatic testicular germ-cell cancer, which has a 
cure rate of approximately 80% (3).  

The Metastatic Cascade 

Given its therapeutic relevance, it is important to determine what drives 
metastasis and why certain tumors are more aggressive and more likely to 
metastasize than others. To address these questions there is a need to understand 
how metastasis occurs and the underlying contributing factors. This 
understanding could potentially lead to new ways to treat patients to prevent 
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metastasis (in those who are treated before metastasis has occurred), or even to 
target novel vulnerabilities in metastatic cells not present in the primary tumor.  

 
Despite almost 200 years of research, the molecular and cellular mechanisms 
underlying the metastatic process still remain relatively poorly understood. 
However, during this period - and especially in the last 30 years - some crucial 
discoveries have been made that have vastly improved our knowledge on the 
properties of metastatic cells and the biological events that occur during this 
process. Metastasis is a complex, multi-step process. In the case of solid tumors, 
the tumor cells must first invade the host interstitial stroma to gain access to the 
blood circulatory system that will take them to other parts of the body. Tumor 
cells can also enter the blood circulation indirectly via the lymphatic system, 
which is connected with the blood vasculature at the subclavian veins (4). The 
presence of tumor cells in draining lymph nodes (lymph node status) is an 
important prognostic indicator for many carcinomas, including cervix tumors 
(5, 6).   

 
It is estimated that more than a million cells per gram of tumor can be shed into 
the bloodstream daily (7). Thus, a 1 cm tumor that has ≈109 cells can release 
about 10 million cells into the bloodstream each day. Soon after entering, tumor 
cells arrest in capillary beds of secondary organs and those that have survived 
within the bloodstream may then extravasate and migrate into the surrounding 
tissue. Tumor cells must subsequently initiate growth within the organ 
parenchyma to form a micrometastasis. As is the case for the primary tumor, 
continued growth and development of overt metastases requires stimulation of 
angiogenesis (8). Only those cancer cells that successfully complete all of these 
steps can seed distant tumors; metastasis is therefore considered a highly 
inefficient process. Studies have estimated less than 0.01% of tumor cells that 
reach the blood circulation actually form macroscopic metastases (9-11). Tumor 
cells are relatively proficient in completing the earlier steps, from entering the 
bloodstream until extravasation into secondary organs. The rate-limiting step of 
the metastatic cascade is the initiation and maintenance of growth at the 
secondary site (organ colonization) (11, 12). One of the experimental studies in 
which the metastatic efficiency of the B16F1 murine melanoma cell line was 
determined using in vivo videomicroscopy, revealed that only 2% of 
intraportally injected cells had formed liver micrometastases by day 3. Few of 
these micrometastases survived or continued to grow, with only 0.02% of 
injected cells eventually contributing to macroscopic metastases by day 13 (10). 
Similar conclusions about the low frequency of metastatic colonization were 
drawn from a clinical study involving patients with incurable abdominal cancer 
that underwent palliative peritoneovenous shunting, a procedure in which 
ascites (containing cancer cells) is returned to the blood circulation via an 
anastomosis (13). In 8 out of 15 autopsied patients no micro- or macroscopic 
hematogenous metastases could be detected, even though patients were infused 
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with several million cancer cells per week. In the patients that did develop 
hematogenous metastatic spread, the metastases were often microscopic and 
asymptomatic (13). 
 
What factors determine whether a cancer cell will be successful at seeding 
distant metastases? In 1889, Stephen Paget introduced the “seed-and-soil” 
hypothesis (14). He was a surgeon who studied the metastatic patterns of 
cancers and from his studies he concluded that the distribution of metastatic 
sites is not a random event, but rather the result of an interaction between 
metastatic cancer cells (the seed) and the site of metastasis (the soil) (14). Thus, 
according to the seed-and-soil hypothesis, the growth of distant metastases is 
determined not only by the intrinsic properties of the tumor cells; tumor-host 
interactions are an equally important determinant of successful completion of 
metastasis. The seed-and-soil hypothesis is still supported today, and through 
extensive research we now have a better understanding of the interactions that 
take place between disseminated tumor cells and the local microenvironment at 
the secondary site, which consists of a variety of cells, such as bone marrow-
derived cells, myeloid cells and stromal cells (e.g. fibroblasts), extracellular 
matrix proteins as well as secreted growth factors (15, 16). Even though the 
emphasis of the seed-and-soil theory is on the metastatic site (foreign soil), we 
now know that the primary tumor microenvironment (original or native soil) 
can also be a driver of metastasis. Several non-tumor cells within the primary 
tumor (e.g. fibroblasts, immune cells, endothelial) can influence the metastatic 
phenotype of tumor cells (17-20). The same is true for the unique 
microenvironmental conditions found within the microenvironment of the 
primary tumor, such as low oxygen (hypoxia) (21-23). In this thesis we 
investigate mechanisms through which hypoxia regulates metastasis. 

Hypoxia and Cancer 

Poorly oxygenated (hypoxic) regions are highly prevalent in most types of 
advanced solid tumors. Oxygen concentrations experienced by most normal 
tissues range from 5-7%, whereas hypoxia is often defined as <3% O2 (24). 
Intratumoral hypoxia arises in part from the uncontrolled proliferation of tumor 
cells, which causes solid tumors to quickly outgrow the nutrient and oxygen 
supply capacity of the tumor vasculature. Two types of hypoxia can be 
distinguished within tumors: diffusion-limited hypoxia (also referred to as 
chronic hypoxia) and perfusion-limited (acute) hypoxia. Chronic hypoxia arises 
as a result of the limited diffusion of oxygen from perfused vessels. A 
functional blood vessel can only supply a limited number of cell layers (on 
average extending ~150 µm away from the vessel) with sufficient oxygen. 
Oxygen consumption by tumor cells results in a gradient of oxygenation 
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surrounding the vessel, ranging from normal values at the vessel wall to 
complete anoxia at the borders of necrosis. Tumors attempt to improve their 
oxygenation by stimulating growth of new blood vessels from existing ones, a 
process referred to as angiogenesis. However, the newly formed vasculature 
often falls short of providing sufficient oxygen for the entire tumor. In addition, 
these blood vessels are often underdeveloped and exhibit a wide variety of 
abnormalities that compromise their function - the basis for perfusion-limited 
hypoxia. These abnormal vessels are prone to temporary closure or obstruction, 
which can acutely reduce oxygen supply to its surrounding tumor cells, causing 
a rapid and often severe drop in oxygen concentration. 
 
In 1955, Thomlinson and Gray indirectly demonstrated the existence of hypoxic 
regions in human tumors (25). They examined clinical specimens of bronchial 
carcinoma characterized by circular tumor areas surrounded by vascular stroma. 
The tumor areas were often composed of a necrotic center surrounded by a thin 
sheet of viable tumor cells, whose thickness was independent of the size of the 
tumor area. In fact, the thickness of this ‘rim’ of viable cells was similar to the 
theoretical oxygen diffusion distance based on oxygen consumption rates that 
they had calculated. They reasoned that necrosis observed beyond this distance 
was the result of insufficient oxygen delivery to cells beyond the diffusion limit 
of oxygen, and therefore that an oxygen gradient must exist between the center 
and periphery of such a necrotic area.  
 
At the time of Thomlinson and Gray’s discovery, it was already known that 
hypoxic cells are less sensitive to radiotherapy than well-oxygenated cells (26). 
Hence, the presence of hypoxia within tumors was expected to have negative 
implications for their radiocurability (25). However, the clinical relevance of 
hypoxia in human tumors was controversial for many years because clinical 
attempts to overcome hypoxia-mediated radioresistance using hyperbaric 
oxygen therapy, chemical radiosensitizers or blood transfusions, did not 
demonstrate significant benefits over radiotherapy alone (27, 28).  This changed 
with the introduction of the computerized Eppendorf pO2 histography system in 
the late 1980s, which allowed direct measurement of tumor oxygenation in 
patients (29, 30). Multiple clinical studies using the Eppendorf oxygen electrode 
to measure intratumoral oxygen levels have demonstrated that hypoxia has a 
negative impact on patient outcome after radiotherapy in different types of 
tumors, including cervix, prostate, and head and neck tumors (31-34). However, 
these studies have also revealed that the clinical importance of tumor hypoxia 
stretches beyond its impact on treatment sensitivity. In 1996, an influential 
cervical cancer study showed that patients carrying more hypoxic tumors had 
significantly reduced disease-free and overall survival compared to patients 
with less hypoxic tumors (35). Importantly, when patients with radiation or 
surgery as primary mode of treatment were analyzed separately, the association 
between tumor hypoxia and poor survival remained in both groups. Based on 
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this study, it was concluded that hypoxic tumors are characterized by more 
aggressive disease, suggesting that hypoxia itself may be a direct driving force 
of malignant phenotypes, such as increased invasion and metastasis. Since that 
time, numerous clinical studies have revealed a strong association between 
tumor hypoxia and distant metastasis in cervical cancer (36-38), soft tissue 
sarcoma (39) and prostate cancer (34).  
 
Laboratory studies investigating the biological changes induced by hypoxia 
have also suggested its role in malignancy and metastasis (40-46). The first such 
study was conducted by Hill and colleagues, and showed that exposure of tumor 
cells to in vitro hypoxia increases their capacity to seed pulmonary metastases 
following tail-vein injection (40). Induction of hypoxia in vivo via exposure of 
tumor-bearing animals to low-oxygen inhalation gas has also been shown to 
increase metastasis in several xenograft models (42, 43, 45). Tumor cells 
respond to hypoxia by activating several oxygen-sensitive signaling pathways 
that allow for adaptation and survival during hypoxic conditions (47). 
Adaptation is achieved through activation of processes that increase the amount 
of oxygen that is available to tumor cells, and include angiogenesis and the 
metabolic switch to anaerobic glycolysis. These processes are mainly regulated 
by the hypoxia-inducible factor family of transcription factors (HIFs). However, 
the HIF signaling pathway also regulates the expression of several genes that 
are more directly involved in the metastasic process (reviewed in chapter 2).  
 
Recently, it has become clear that HIF is not the only, or even the most 
important, pathway that mediates adaptation to tumor hypoxia. The highly 
conserved endoplasmic reticulum (ER) stress signaling program known as the 
unfolded protein response (UPR), is also activated in response to low oxygen 
levels and is required for cellular adaptation to hypoxia in both normal and 
transformed cells (10). Several experimental studies have identified the UPR as 
an important mediator of hypoxia tolerance in vivo and tumor growth in vivo 
(48-52). Hypoxia causes accumulation of unfolded and misfolded proteins in 
the ER and triggers activation of the UPR, which promotes adaptation and cell 
survival during conditions of ER stress. Through inhibition of global protein 
translation and upregulation of genes involved in protein folding and 
maturation, further accumulation of unfolded proteins in the ER is prevented. 
Furthermore, signaling through the UPR stimulates ER-associated degradation 
(ERAD) and autophagy to remove already accumulated misfolded proteins or 
protein aggregates (reviewed in (47)). Besides promoting cell survival, these 
oxygen sensitive signaling pathways can lead to changes in gene expression and 
cellular phenotype that influence the potential of cancer cells to metastasize. 
However, hypoxia-induced signaling events that promote tumor metastasis are 
still relatively poorly understood and involvement of the UPR has not been 
addressed.  
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Research Question and Thesis Outline  

Previous studies aimed at understanding the relationship between hypoxia and 
metastasis have focused largely on the HIF signaling pathway. Despite being 
recognized as an important pro-survival pathway during hypoxia, the 
contribution of UPR signaling to hypoxia-induced metastasis has not yet been 
examined. As result, in this thesis we aimed to address the following research 
question: Does hypoxic activation of the UPR influence metastasis, and if so, 
how does this occur and what is its importance in human cancer? 
 
In Chapter 2 we provide a comprehensive literature review of both clinical and 
experimental evidence of hypoxia-driven metastasis, and the current knowledge 
of the molecular mechanisms underlying this process. Previous studies have 
identified a number of candidate genes that contribute to hypoxia-induced 
metastasis, the majority of which are regulated by the HIF pathway. In addition, 
we introduce work from this thesis demonstrating that the UPR is also an 
important driver of metastasis during hypoxia. In Chapter 3, we report the 
novel discovery of the first metastasis-associated gene regulated by the UPR in 
response to severe hypoxia, LAMP3 (lysosomal associated membrane protein 
3). Overexpression of LAMP3 has previously been shown to promote 
metastasis in a xenograft model of cervical carcinoma (53), but the mechanisms 
underlying its metastasis-promoting effects have not been investigated in much 
detail. Similarly, there are no previous studies reporting on the regulation of 
LAMP3 gene expression. We identified LAMP3 as part of a microarray screen 
for novel hypoxia-regulated genes. We measured LAMP3 expression in 
different cancer cell lines to investigate whether the hypoxia-mediated induction 
of LAMP3 is cancer specific or common to multiple cancer types. In Chapter 3 
we also characterized the transcriptional regulation of LAMP3 during hypoxia, 
using cells defective in hypoxia signaling through HIF1 or the UPR, as well as 
chemical agents known to stimulate signaling activity of these pathways. We 
also examined LAMP3 expression in vivo in both tumor xenografts and breast 
cancer patient samples. Finally, the relationship between LAMP3 and hypoxia 
was investigated in glioblastoma xenografts treated with Avastin, an angiogenic 
inhibitor known to induce tumor hypoxia.  
 
Since little is known about the functional role of LAMP3 in metastasis, we next 
decided to investigate its involvement in hypoxia-induced cell migration and 
invasion, two processes critical for metastasis (Chapter 4). Using knockdown 
experiments in combination with in vitro metastasis assays, the involvement of 
LAMP3 and its upstream regulators PERK and ATF4 in cell migration was 
assessed. To study cell migration during hypoxia, the assays were performed 
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under low oxygen conditions. As an alternative in vitro model of tumor hypoxia 
we used spheroid cultures, which spontaneously develop hypoxic cores once 
they reach a certain size. Invasion of LAMP3 knockdown and control spheroid 
cultures cells was assessed using the three-dimensional collagen spheroid 
invasion assays. In Chapter 5 we directly assessed the requirement for UPR 
signaling and LAMP3 in hypoxia-induced metastasis. We focused on cervix 
cancer, where evidence from clinical studies is the strongest showing a direct 
association between tumor hypoxia and metastasis (36, 38). First, we 
constructed a series of isogenic and inducible cell lines to interfere with UPR 
and/or LAMP3 activation during hypoxia and used these in a xenograft model 
of hypoxia-driven metastatic cervix carcinoma. We demonstrated that hypoxic 
activation of the UPR promotes metastasis, and we addressed the individual 
contribution of both LAMP3 and hypoxia tolerance to this phenotype. To 
evaluate the potential clinical relevance of these results we investigated whether 
hypoxia influences LAMP3 in patients with cervical cancer. LAMP3 expression 
was therefore determined in a set of human cervix tumors for which 
measurements of tumor oxygenation were available. However, since genetic 
amplification of LAMP3 has been reported in cervical carcinoma (54), we also 
determined LAMP3 gene copy numbers using FISH analysis.  
 
Finally, we investigated the clinical relevance of LAMP3 expression in a second 
type of cancer. For this purpose we measured LAMP3 expression in a set of 
samples derived from breast carcinoma patients previously treated with surgery 
and in some cases with the addition of radiotherapy, and tested the prognostic 
value of LAMP3. This study is described in Chapter 6. In addition, we 
assessed the evidence for hypoxic regulation of LAMP3 in breast cancer using 
experimental models, including breast cancer cell lines and xenografts.  
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Abstract 

Conditions of poor oxygenation (hypoxia) are present in the majority of solid 
human tumors and are associated with poor patient prognosis due to both 
hypoxia-mediated resistance to treatment, and to hypoxia-induced biological 
changes that promote increased malignancy, including metastasis. Tumor cells 
respond to hypoxia by activating several oxygen-sensitive signaling pathways 
that include the hypoxia inducible factor 1/2 (HIF1/2) signaling pathways and 
the unfolded protein response (UPR), which alter gene expression to promote 
adaptation and survival during hypoxic conditions. Furthermore, these hypoxia 
responsive pathways can lead to changes in gene expression and cellular 
phenotype that influence the potential of cancer cells to metastasize. However, 
the hypoxia-induced signaling events that promote tumor metastasis are still 
relatively poorly understood. Previous studies have largely focused of the 
contribution the HIF signaling pathway to hypoxia-mediated metastasis. 
However, recent evidence demonstrates that hypoxic activation of the unfolded 
protein response (UPR) is also an important mediator of metastasis. 
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Introduction  

Nearly all solid tumors develop some level of poorly oxygenated (hypoxic) 
areas. High levels of tumor hypoxia are associated with an unfavorable 
prognosis in many types of cancer. This is due in part to the intrinsic treatment 
resistance of hypoxic cells, as well as to hypoxia-mediated biological changes 
that promote more aggressive disease, including metastasis. Substantial 
evidence from both clinical and experimental studies supports a role for hypoxia 
in tumor metastasis. Over the last two decades significant progress has been 
made in understanding the molecular mechanisms underlying hypoxia-driven 
metastasis, although much remains to be learned. Hypoxia affects multiple 
metastasis-associated processes, including the epithelial-mesenchymal transition 
(EMT), invasive migration and (lymph)angiogenesis (figure 1), but the relative 
contribution of these individual processes to hypoxia-induced metastasis is 
unclear. Hypoxia has also been implicated in the establishment of the 
premetastatic niche and subsequent metastatic growth. In addition, recent 
evidence suggests that hypoxic regulation of the cancer stem cell phenotype 
contributes to the pool of metastatic cells in the primary tumor. Hypoxia 
influences these cellular phenotypes through multiple oxygen sensitive 
signaling pathways that individually influence many changes in gene 
expression. Importantly, these same hypoxia response pathways also promote 
tumor cell survival under low-oxygen conditions. Increased tolerance to 
hypoxia per se, induced prior to, or during the metastatic process, influences the 
proportion of viable hypoxic cells and is thus also an important contributor to 
metastatic potential. The best understood hypoxia response pathway is mediated 
by the hypoxia-inducible factor 1/2 (HIF1/2) family of transcription factors. 
However, emerging evidence suggest that additional pathways, and in 
particular, the unfolded protein response (UPR), also plays key roles in hypoxia 
tolerance and metastatic phenotypes.  
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Figure 1. Hypoxic involvement in the metastatic cascade. Hypoxia in the primary tumor 
promotes angiogenesis (1), which enables tumor expansion and provides a potential route for 
dissemination. Hypoxia also initiates changes in cell signaling and gene expression that promotes 
invasiveness through induction of EMT (2) as well as upregulation of cell-matrix adhesion 
molecules and proteins involved in ECM remodeling and degradation (4). Moreover, hypoxia-
induced genes facilitate intra- and extravasation (5), and the recruitment of BMDCs that prepare 
the metastatic site for tumor cell colonization (6). Cancer stem cells are considered as a potential 
source of metastasis-initiating cells (3). Cells that have undergone an EMT share many properties 
with CSCs, including tumor-initiating capacity. Hypoxia directly promotes the expansion of 
existing cancer stem cells. 
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Clinical evidence for hypoxia-induced metastasis 

The presence of poorly oxygenated regions in human tumors was first proposed 
by Thomlinson and Gray back in 1955 (1). After examining the histological 
structure of bronchial carcinoma they often observed the presence of tumor 
areas composed of a necrotic center surrounded by a thin sheet of viable tumor 
cells. They reasoned that necrosis was the result of insufficient oxygen delivery 
to cells beyond the diffusion limit of oxygen, and that cells exposed to lower 
oxygen concentration at the time of irradiation are more radioresistant and 
would eventually be responsible for repopulation of the tumor. The actual 
existence of viable hypoxic cells and their contribution to radiotherapy 
resistance was later demonstrated in rodent tumors and xenografted human 
tumors (2, 3). A number of experimental techniques, including the paired 
survival curve assay and the clamped tumor growth delay assay (4), allowed 
direct and repeatable measurement of the proportion of clonogenic radiation 
resistant hypoxic cells within a tumor.  
 
Evidence that hypoxia similarly drives radioresistance in human tumors arose 
rapidly with the introduction of the computerized Eppendorf pO2 histography 
system in the late 1980s (5, 6). Multiple prospective trials were initiated in 
different types of easily accessible cancers, including cervix, soft tissue sarcoma 
and head and neck. The first such study to report the prognostic value of tumor 
hypoxia was published in 1993 and was carried out in 31 cervix cancer patients 
treated with radiation alone or combination therapy including radiation (7). 
Patients harboring tumors with higher levels of hypoxia (defined as a median 
pO2 ≤ 10 mmHg) had both a reduced overall and recurrence-free survival 
compared to patients with less hypoxic tumors (pO2 > 10 mmHg). The vast 
majority of patients in this study had been treated with radiation; consistent with 
the notion that poor outcome was associated with hypoxia mediated radiation 
resistance. A second study with a longer follow-up time and more patients 
confirmed the prognostic value of tumor hypoxia (8). However, when patients 
treated with radiation or surgery as primary mode of treatment were analyzed 
separately, the positive association between tumor hypoxia and poor survival 
remained in both groups. Furthermore, histopathological evaluation of the 
resected tumors revealed increased invasiveness of the hypoxic tumors. This 
seminal clinical study indicated the clinical importance of tumor hypoxia 
extends beyond its role in radioresistance.  
 
Since this time, it has become clear that hypoxia itself may be a direct 
contributor to adverse malignant phenotypes, such as invasion and metastasis. A 
direct association between tumor hypoxia and distant metastasis has been 
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demonstrated in soft tissue sarcoma (9) as well in cervical cancer (10-12). A 
large study by Fyles et al. involving 106 cervix cancer patients treated with 
radiotherapy at Princess Margaret Cancer Centre in Toronto identified tumor 
hypoxia as an independent predictor of treatment outcome, but only in those 
patients that did not present with lymph node metastases at the time of diagnosis 
(12). They continued to show that hypoxic tumors were associated with worse 
outcome because they are more likely to develop distant metastases. Likewise, 
Milosevic et al. recently demonstrated that hypoxia is associated with early 
biochemical relapse following radiotherapy in patients with prostate cancer, but 
only within the first 48 months of completing treatment (13), suggesting the 
presence of subclinical metastatic disease at time of treatment in patients with 
hypoxic tumors.   

Hypoxia and metastasis: experimental evidence 

Young and Hill were the first to recognize a potential relationship between 
tumor hypoxia and metastasis in the late 1980s (14). At the time, several studies 
had provided indirect evidence for a role of gene amplification in cancer 
metastasis (15, 16). In addition, it was known that hypoxic conditions in tumors 
could cause gene amplification and DNA overreplication (17, 18). These 
findings prompted Young and Hill to hypothesize that hypoxia-induced DNA 
overreplication could enhance the metastatic potential of cancer cells through 
amplification of metastasis-associated genes (14). Although their observations 
were not supportive of a role for DNA amplification in hypoxia induced 
metastasis (19, 20), they did find that in vitro exposure to hypoxia significantly 
increased the ability of multiple murine cancer cell lines to form lung 
metastases upon tail-vein injection into mice (14). These observations were later 
confirmed in several independent studies (21-23).  
 
Exposure of tumor-bearing animals to low-oxygen gas breathing with the 
purpose to increase tumor hypoxia has also been shown to enhance spontaneous 
metastasis of murine KHT fibrosarcoma tumors (24) as well as two different 
human xenograft models (25, 26). In this approach, tumor-bearing mice are 
exposed to additional transient hypoxia by altering the oxygen content of the 
inhalation gas. Repeated cycles of ‘acute’ cyclic hypoxia (12 cycles of 10 
minutes of 5–7% O2 per day) have been shown to be more effective at 
stimulating metastasis than daily exposure to ‘chronic’ hypoxia (5–7% O2 for 
2h/day) (24). A particularly elegant model to study hypoxia-induced metastasis 
in cervical cancer was established by the Hill group. In this model, ME180 
human cervical cancer cells are implanted into the cervix and metastasize to a 
series of 4 pairs of lymph nodes in a manner similar to that observed in human 
patients (27). Importantly, this model enables quantification of metastatic 
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burden by assessing the number and position of lymph-node metastases. In this 
model acute hypoxic exposure approximately doubled the number of metastases 
even though primary tumors were smaller in size (25).  Similar results have 
been observed with the human A-07 melanoma xenografts, which demonstrates 
increased incidence of pulmonary metastases when exposed to the acute 
hypoxia regimen (26). The effects of hypoxia on tumor cell invasion and 
metastasis have been demonstrated with other models as well. The in vivo chick 
embryo model has been used to show that hypoxia induces tumor cell migration 
and invasion of the extra-embryonic membranes (28, 29). Similarly, hypoxia 
enhances tumor cell invasion and metastasis in an embryonic zebrafish 
metastasis model (30). 

Hypoxia-inducible factor family of transcription factors 
(HIFs) 

Tumor cells respond to hypoxia through several adaptive oxygen-sensitive 
signaling pathways. The best-characterized response is mediated by the 
hypoxia-inducible factor family of transcription factors (HIFs). Functionally 
active HIFs are heterodimers composed of an oxygen-regulated α-subunit and a 
constitutively expressed β-subunit (31). Three different HIF α-subunits have 
been identified, HIF1α, HIF2α and HIF3α, of which HIF1α is the most widely 
expressed. HIF1 regulates the expression of genes involved in many different 
processes, including metabolism, angiogenesis and also metastasis (32). 
Oxygen-dependent regulation of HIF1α expression occurs at the post-
translational level. In the presence of oxygen, HIFα subunits are targeted for 
ubiquitination and proteasomal degradation following hydroxylation of two of 
their proline residues by HIF prolyl hydroxylases (PHDs) and subsequent 
binding of the E3 ubiquitin ligase von Hippel-Lindau (pVHL). Since PHDs are 
reliant on oxygen for their activity, HIFα proteins escape degradation in a 
hypoxic environment allowing HIFα-HIFβ complex formation and activation of 
its target genes (reviewed in (33)). 

HIFs and metastasis 

Previous studies have established HIF1 as an important mediator of metastasis 
by inhibiting HIF1 itself or one of its downstream genes. In a transgenic mouse 
model of metastatic breast cancer, conditional deletion of HIF1α in the 
mammary epithelium resulted in delayed tumor onset and inhibition of tumor 
growth (34). Importantly, end-point HIF1α-/- tumors also showed reduced ability 
to seed pulmonary metastases (34). Studies using xenograft models support a 
role for HIF in hypoxia driven metastasis (35, 36). HIF1 is thought to promote 
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metastatic disease by regulating the expression of a large number of genes 
involved in metastasis-associated processes such as the EMT, migration, 
invasion and angiogenesis/lymphangiogenesis.  

Epithelial-Mesenchymal Transition 

In order to gain access to the blood and/or lymphatic vasculature located in the 
interstitial stroma and seed distant metastases, tumor cells within the primary 
tumor must first acquire a motile and invasive phenotype. Invasion requires 
altered intercellular and tumor cell-extracellular matrix adhesion, proteolysis of 
extracellular matrix components and migration (37). Cancer cells employ 
different types of cell migration, including single-cell mesenchymal or 
amoeboid migration, and collective cell migration (38, 39). The predominant 
form for most epithelial cancers is collective migration, but carcinoma cells that 
undergo an epithelial-mesenchymal transition (EMT) can also migrate as single 
cells. The EMT has received widespread attention over the last few years, but 
whether it is an essential event in the metastatic cascade still remains 
controversial. Besides tumor cell invasion and metastasis, the EMT has also 
been implicated in other cancer-related processes, including apoptosis (40), 
senescence (41), immune surveillance (42) and responses to radio- and 
chemotherapy (43, 44). Moreover, induction of EMT has been shown to 
generate cells with stem cell-like properties (45) (see below). 
 
Cells that undergo an EMT acquire a more motile, mesenchymal phenotype that 
is characterized by loose intercellular contacts and loss of polarity. Molecular 
changes associated with EMT include downregulation of epithelial markers, E-
cadherin in particular, but also claudins, cytokeratins, integrins, mucins, 
occludin and ZO proteins. This is accompanied by increased expression of 
mesenchymal genes, including vimentin, N-cadherin and α-smooth muscle actin 
(46). Hypoxia is a strong EMT inducer (47-51), but EMT is also triggered by a 
variety of other microenvironmental signals such as growth factors, cytokines 
and hormones. Hypoxia acts on components of EMT-inducing signaling 
pathways (e.g. TGFβ/Smad, Notch, Wnt/β-catenin and NFκB (reviewed in (52, 
53))) as well as on transcription factors that are downstream of these pathways. 
Key transcription factors involved in the EMT are SNAI1, SNAI2, TWIST1 and 
ZEB1/2. These factors function as transcriptional repressors of epithelial genes 
by means of epigenetic silencing, but they can also induce the expression of 
certain mesenchymal genes (46).  
 
SNAI1 (also known as Snail) belongs to the Snail family of zinc finger 
transcription factors that also includes SNAI2 (also known as Slug). Hypoxia 
has been shown to increase SNAI1 expression in extravillous trophoblast cells 
(54) and in multiple cancer cell lines, including ovarian and breast cancer (55-
57). Elevated SNAI1 expression coincides with downregulation of E-cadherin 
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and induction of EMT as well as enhanced cell migration and invasiveness (54-
57). Both HIF1α and HIF2α activate SNAI1 transcription through direct binding 
to a hypoxia-response element (HRE) within the SNAI1 promoter (58). 
Hypoxia also enhances the expression of SNAI2 (56) and an association 
between SNAI2 and CA9 expression was found in patient-derived breast tumor 
tissue (59).  
 
Another direct HIF1α target gene is the basic helix-loop-helix (bHLH) 
transcription factor TWIST1. Yang et al. (60) demonstrated the presence of a 
functional HRE in the TWIST proximal promoter and showed that TWIST1 
expression is required for hypoxia-induced EMT and experimental metastasis in 
FaDu (hypopharyngeal cancer) cells. They also showed that TWIST1 and 
SNAI1 expression is higher in more hypoxic human head and neck squamous 
cell carcinoma (HNSCC) tumors compared to less hypoxic tumors, as assessed 
by HIF1α and CA9 staining. Moreover, overexpression of HIF1α, TWIST1 or 
SNAI1 is associated with a shorter metastasis-free period and reduced overall 
survival. Tumors with triple-positive staining for HIF1α, TWIST1 and SNAI1 
showed the shortest metastasis-free period and worst overall survival (60). 
 
HIF also promotes the transcription of E-cadherin repressors ZEB1 and ZEB2 
(also known as δEF1 and SIP1, respectively) (50, 51). In epithelial cells, 
expression of ZEB factors is repressed by the miR-200 family and miR-205 
(61). ZEB factors, however, also function as inhibitors of the miR-200 family 
(62, 63). Hence, when ZEB1/2 levels are increased - in response to hypoxia for 
example - the miR-200-mediated ZEB repression is relieved, allowing cells to 
undergo an EMT. 

Tissue invasion (and intra-/extravasation) 

In addition to EMT dependent changes in E-cadherin, hypoxia regulates the 
expression of cell adhesion molecules such as integrins (64, 65), CD44 (66) and 
L1CAM (L1 cell adhesion molecule), a direct HIF1α target gene that was 
recently shown to promote tumor cells extravasation by stimulating tumor cell 
binding to endothelial cells (35). Hypoxia also induces several protease systems, 
which facilitate cellular invasion through proteolytic degradation of the 
basement membrane and extracellular matrix as well as enzymatic processing 
and activation of other proteases, cell surface receptors, growth factors and 
chemokines (38). These systems include the serine protease urokinase 
plasminogen activator (uPA) and its receptor uPAR (67), MMPs 
(metalloproteinases) (48), ADAMs (68, 69) and cathepsins (70). Hypoxia 
mediated induction of uPAR has been shown to increase tumor cell invasion 
(71) and spontaneous lymph node metastasis in human melanoma xenografts 
(72). Furthermore, uPAR expression is required for hypoxia-induced EMT in 
breast cancer cells (57). uPAR binds and activates the pro-enzyme uPA, which 
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then catalyzes the conversion of plasminogen into the active protease plasmin. 
Plasmin can degrade a variety of ECM proteins and also cleave and thereby 
activate several MMPs (73). Besides their key role in tissue invasion and 
intravasation through the degradation and remodeling of the ECM, MMPs also 
promote metastasis by promoting angiogenesis, inflammation and metastatic 
niche formation (see below) (74).  
 
Another hypoxia-regulated ECM protein that has received much attention is 
lysyl oxidase (LOX). Numerous experimental studies have shown that secreted 
LOX enhances tumor cell invasion (75, 76) and metastasis (77-80). Erler et al. 
were the first to demonstrate a direct requirement for LOX in hypoxia-induced 
metastasis (79). They identified LOX as a direct HIF1α target gene and showed 
that hypoxia-induced LOX is essential for the formation of spontaneous 
metastases in an orthotopic breast cancer model. They also showed that LOX 
expression correlates with the degree of hypoxia in breast and head and neck 
cancer. Moreover, patients with high LOX expression had reduced metastasis-
free and overall survival (79). Other clinical studies have confirmed the 
association between LOX expression and metastatic disease in these and 
additional cancer types (77, 81). LOX catalyzes the covalent crosslinking of 
collagen and elastin in the interstitial space, which leads to a more rigid ECM 
(82). In a recent report, Erler and co-workers showed that LOX-mediated 
stiffening of the ECM leads to activation of the FAK/SRC-signaling pathway 
and increased proliferation and metastasis in a colorectal cancer model (83). 
LOX-induced ECM stiffening has also been shown to promote tumor 
progression in a transgenic model of breast cancer (80). In addition to its role in 
invasive migration, hypoxia-induced LOX also mediates premetastatic niche 
formation (78) (see below).  
 
Hypoxia regulates the expression of many other genes involved in cell adhesion, 
motility, chemotaxis, invasion and intra- and extravasion. These have been 
extensively reviewed previously (84-86).  

Angiogenesis/lymphangiogenesis 

Expansion of the existing blood supply is necessary to support continuous 
growth of the primary tumor as well as to facilitate systemic tumor cell 
dissemination. Hypoxia is an extremely potent stimulus for tumor angiogenesis. 
HIFs activate the transcription of various pro-angiogenic genes, including the 
primary mediator of angiogenesis VEGF-A (87) and its receptors VEGFR1 
(FLT1) (88) and VEGFR2 (FLK1) (89, 90). Other examples of HIF-regulated 
angiogenesis-related genes are PDGF-B (platelet-derived growth factor-B), 
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angiopoietins (ANGPT1, ANGPT2, ANGPT4) (35, 91), plasminogen activator 
inhibitor-1 (PAI-1) (92) and interleukin-8 (IL-8) (93).  
Rofstad and co-workers have demonstrated that acute hypoxia treatment of 
animals carrying A-07 melanoma tumors results in increased spontaneous 
metastasis and enhanced perfusion and angiogenesis in the primary tumor, as 
evidenced by a higher microvascular density and VEGF-A expression (26). 
Anti-VEGF-A treatment significantly inhibited lung metastasis formation and 
reduced primary tumor microvascular density, indicating that hypoxia-induced 
angiogenesis is an important mechanism for metastatic dissemination in A-07 
tumors. Likewise, in D-12 melanoma xenografts the degree of hypoxia was 
associated with the incidence of spontaneous pulmonary metastases as well as 
microvascular density and IL-8 expression (94). In vivo administration of an 
anti-IL-8 or anti-VEGF antibody inhibited metastasis. The same group has also 
shown that prior in vitro exposure of D-12 melanoma cells to hypoxia increases 
VEGF expression and secretion, and pulmonary metastasis, whereas treatment 
of animals with neutralizing antibodies against VEGF reduced their metastatic 
potential (21). However, in this case the enhanced metastatic efficiency is more 
likely the result of VEGF-mediated vascular permeability rather than increased 
angiogenesis as angiogenic growth is not required until progression to 
macrometastases (95, 96).  
 
Hypoxia may also stimulate tumor neovascularization and metastatic spread via 
recruitment of vascular modulatory bone marrow-derived cells (BMDCs) (97). 
HIF1α-mediated induction of SDF1α in glioblastoma was shown to attract 
CXCR4+ bone marrow-derived endothelial and pericyte progenitor cells to the 
tumor site as well as CD45+ myeloid cells expressing MMP-9. MMP-9 activity 
resulted in increased tumor cell infiltration into the brain parenchyma as well as 
VEGF release from the ECM and concomitant increase in angiogenesis (97). 
 
As described above, hypoxia also promotes lymphatic spread of cancer cells, 
which may occur through increased expression of lymphangiogenic genes such 
as VEGF-C and VEGF-D, and VEGFR3 (Flt-4), the receptor for both (98-101). 
Using an animal model of metastatic cervical carcinoma, Chaudary et al. 
recently showed that VEGF-C/VEGFR3 signaling is essential for hypoxia-
induced nodal metastasis (98). They exposed tumor-bearing animals to acute 
hypoxia and observed a significant increase in the number of lymph node 
metastases. The hypoxia treatment caused an increase in tumor expression of 
VEGF-C and VEGFR3 as well as the number of lymphatic and blood vessels. 
Knockdown of VEGF-C or inhibition of VEGFR3 completely abrogated 
hypoxia-mediated metastasis to the lymph nodes (98). Lymphatic metastasis of 
hypoxic breast cancer cells has similarly been shown to depend on HIF1, 
through its ability to induce PDGF-B expression (102).     
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Hypoxia, cancer stem cells and metastasis 

Hypoxia has been implicated in promoting a cancer stem cell (CSC) phenotype. 
The cancer stem cell population within a tumor represents a limited number of 
cells that have the unique ability to self-renew and regenerate the tumor, 
including its phenotypic heterogeneity. Accordingly, CSCs in many aspects 
resemble metastatic cancer cells, which must be able to initiate tumor formation 
at distant sites. Indeed, data from several studies suggest that a specific 
subpopulation of CSCs within a tumor is responsible for the seeding of 
metastases (103-107). Hermann et al. demonstrated that HIF target gene 
CXCR4 is crucial for metastatic spread of pancreatic CD133+ CSCs, despite the 
fact that CD133+CXCR4+ and CD133+CXCR4- CSC show similar tumorigenic 
potential (106). Likewise, only CD26+ patient-derived colorectal CSCs are able 
to form liver metastases following orthotopic implantation (103).  
 
Most of the evidence linking hypoxia to the regulation of the CSC phenotype is 
derived from studies in glioblastoma. Hypoxia has been shown to induce the 
expression of CD133 and other stem markers, including Nestin, OCT4 and 
SOX2 in patient-derived stem cells cultures (108). Hypoxia exposure of glioma 
stem cells stimulates their proliferation and self-renewal potential while 
inhibiting differentiation (108-110).  
 
Recent evidence suggests that hypoxia may also induce a stem-like phenotype 
in differentiated, non-stem tumor cells. Pahlman and colleagues studied the 
effects of hypoxia on the differentiation status of neuroblastoma cells and 
showed that hypoxia induces the expression of stem cell-related genes including 
c-KIT and NOTCH-1, suggesting a shift to a less differentiated state (111). 
They observed a similar effect on gene expression in breast cancer and showed 
that hypoxia was associated with a less differentiated phenotype (112). A more 
recent study by Heddleston et al. demonstrated that hypoxia promotes self-
renewal of both glioma CSCs and non-CSCs, as reflected by enhanced 
neurosphere formation (113). In non-CSCs, hypoxia increased the expression of 
stem cell genes OCT4, NANOG and c-MYC to levels comparable in existing 
CSCs. They continued to show that the acquisition of the stem-like phenotype 
was mediated by HIF2α. Overexpression of HIF2α in non-CSCs recapitulated 
the effects of hypoxia and increased in vivo tumor growth. Interestingly, Mani et 
al. showed that induction of the epithelial-mesenchymal transition in 
immortalized human mammary epithelial cells (HMLEs) gives rise to cells that 
exhibit stem cell-like behavior, including expression of stem cell markers and 
increased ability to form mammospheres (45). In addition, transformed HMLEs 
that were forced to undergo an EMT were more tumorigenic. Since hypoxia is a 
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strong trigger for EMT, hypoxic activation of the EMT might represent a 
potential mechanism through which hypoxia promotes stemness. Furthermore, 
since CSCs play a crucial role in metastasis, hypoxia-induced changes in EMT 
and stemness might underlie hypoxia-driven metastasis.  

Premetastatic niche formation 

Increasing evidence supports a role for hypoxia in the establishment of a 
premetastatic niche at secondary sites. The premetastatic niche is a specialized 
microenvironment that is conducive for the arrival of disseminated tumor cells 
and the formation of metastases (114). Establishment of such a niche involves 
preconditioning of the metastatic site by bone marrow-derived cells (BMDCs) 
that are recruited in response to factors secreted by cancer cells in the primary 
tumor, including VEGF-A, placental growth factor (PlGF), transforming growth 
factor-β (TGF-β) and tumor necrosis factor-α (TNF-α) (115), many of which are 
known hypoxia-responsive genes. Tumor-secreted factors, such as SDF1, 
simultaneously function as chemotactic attractants for malignant cells in the 
primary tumor. Once at the metastatic site, the BMDCs secrete a variety of 
molecules, including cytokines, chemokines, MMPs and fibronectin, which 
results in remodeling of the ECM and recruitment of additional BMDCs and 
eventually metastatic tumor cells. Erler et al. have demonstrated that LOX 
secretion by hypoxic tumor cells plays a key role in the initiation of the 
premetastatic niche through recruitment of bone marrow-derived CD11b+ 

myeloid cells (78). Their study showed that hypoxia-induced LOX accumulates 
at the premetastatic site where it crosslinks collagen IV in the basement 
membrane and increases adhesion of CD11b+ BMDC. Binding of CD11b+ cells 
to the cross-linked basement membrane increased their production of active 
MMP-2 and resulted in enhanced degradation of collagen IV and BMDC 
invasion into the lung tissue. Inhibition of LOX suppressed recruitment of 
BMDCs to the premetastatic site and the formation of metastases (78). LOXL2 
and LOXL4 (LOX-like 2-4), two other members of the LOX family and both 
direct HIF target genes, have also been implicated in the initiation of the 
premetastatic niche (116). Consistent with a role for HIFs in premetastatic niche 
formation and metastasis, a recent report by Semenza and co-workers showed 
that inhibitors of HIF1 block hypoxia-induced expression of LOX and LOXL 
proteins, collagen cross-linking, CD11b+ BMDC recruitment and lung 
metastasis in an orthotopic breast cancer model (117).  
 
Among the BMDCs that are recruited to the premetastatic site is a specific 
subpopulation immunosuppressive myeloid cells, also referred to as myeloid-
derived suppressor cells (MDSCs, CD11b+/Gr-1+) (118, 119). MDSCs are a 
heterogeneous population of cells of myeloid origin that comprises myeloid 



 

 

	  
Chapter 2 

	  
	   	  

32 

progenitors and precursors of granulocytes, dendritic cells and macrophages 
(120). Accumulation of MDSCs in the primary tumor promotes tumor 
progression mainly through their ability to suppress anti-tumor T cell and NK 
cell responses (121). Thus, MDSCs most likely contribute to the establishment 
of the premetastatic niche through their immunosuppressive function (122, 123) 
and their ability to secrete a variety of MMPs and chemokines (118, 119). A 
recent report demonstrated that secretion of monocyte chemotactic protein-1 
(MCP-1/CCL2) by hypoxic cells in primary breast tumors mobilizes a specific 
subpopulation of MDSCs (CD11b+/Ly6Cmed/Ly6G+) from the bone marrow to 
the premetastatic lung and increases metastasis formation (123). A BMDC 
population consisting of less mature NK cells with a reduced cytotoxic activity 
was also enriched in the lungs of these animals. Depletion of NK cells resulted 
in a significant increase in the number of lung tumor cells (123). These data 
suggest that hypoxia promotes premetastatic niche formation in part through 
recruitment of MDSCs capable of suppressing NK cell anti-tumor activity.   

HIF-independent regulation of gene expression during 
hypoxia 

The unfolded protein response (UPR) was recently identified as a novel 
hypoxia-responsive pathway that is activated independently of HIF1α (124). 
The UPR is a highly conserved response to endoplasmic reticulum (ER) stress 
consisting of three independent pathways initiated by a unique sensor of ER 
stress. These include PKR-like ER kinase (PERK, also known as EIF2AK3), 
inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) 
(figure 2). Under physiological conditions the endoplasmic reticulum is 
responsible for the folding and maturation of secretory and transmembrane 
proteins. However, certain conditions that include nutrient and redox status 
imbalance and also hypoxia, cause accumulation of unfolded and misfolded 
polypeptide chains in the ER and subsequent activation of the UPR. Even 
though there is substantial evidence demonstrating low oxygen levels are a 
stimulus for UPR activation, the molecular mechanisms behind this activation 
are still poorly understood. A previous study in yeast has reported that oxygen is 
required for proper ER protein maturation by acting as a terminal electron 
acceptor during disulfide bond formation (125). 
 
During hypoxia or other forms of ER stress, activation of the PERK arm of the 
UPR results in an immediate inhibition of overall mRNA translation through 
Ser51 phosphorylation and inhibition of eukaryotic translation initiation factor 
2a (eIF2) (124, 126-128). Hypoxia induced phosphorylation of eIF2α can occur 
over a range of oxygen concentrations, but the fastest and strongest induction 
occurs during severe hypoxia (<0.02%) (124, 129). Although the translation of 
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most genes is inhibited during hypoxia, a small subset of genes is selectively 
translated under these conditions. The UPR transcription factor ATF4 
(Activating transcription factor 4) is amongst this group, and is induced by 
hypoxia. ATF4 activates the transcription of stress-inducible genes that promote 
restoration of normal ER function, such as ER protein chaperones and genes 
involved in amino acid metabolism and resistance to oxidative stress (130). 
ATF4 also induces DNA damage gene 34 (GADD34) (131). GADD34 mediates 
a negative feedback loop that results in dephosphorylation of eIF2a and relief 
from translational inhibition (131, 132). GADD34 interacts with the catalytic 
subunit of protein phosphatase 1 (PP1c) to promote dephosphorylation of eIF2α 
(133). 
 

 

Figure 2. Hypoxia-responsive signaling pathways. Hypoxia activates several oxygen-sensitive 
pathways, which affect both gene transcription and mRNA translation. The resulting changes in 
gene expression are responsible for the initiation of diverse biological responses, which either 
contribute to hypoxia tolerance or to adverse phenotypes, such as metastasis. Furthermore, 
increased hypoxia tolerance indirectly promotes the emergence of hypoxia-associated adverse 
phenotypes. 
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UPR and metastasis 

Recent evidence suggests that hypoxic activation of the UPR may also 
contribute to a metastatic phenotype (134, 135). Robust activation of the UPR is 
observed at very low levels of oxygen, which can occur from acute interruptions 
in blood flow or red cell flux. Several studies have directly assessed the 
importance of this form of acute hypoxia, and concluded it may be more 
important for metastasis than hypoxia arising due to limited diffusion from 
perfused vessels (24, 136). Furthermore, tumor cells exposed to acute hypoxia 
are often located closer to blood vessels compared to chronically hypoxic cells 
and thus have easier access to the blood circulation (137). UPR signaling is 
thought to enhance hypoxia-induced metastasis by regulating the expression of 
metastasis-associated genes as well as by increasing cell survival under hypoxic 
conditions. Several hypoxia-responsive genes involved in the metastatic process 
are dependent on the UPR for their expression. These include the recently 
identified hypoxia target gene lysosomal associated membrane protein 3 
(LAMP3)(138), VEGF-A and carbonic anhydrase 9 (CA9). 

Lysosomal associated membrane protein 3 (LAMP3) 

We have recently identified LAMP3 as a novel hypoxia-inducible gene that is 
transcriptionally regulated through the PERK/eIF2α/ATF4 arm of the UPR 
(138). LAMP3 induction during hypoxia does not require HIF1α activity (138). 
We have also shown that LAMP3 expression is necessary for hypoxia-induced 
metastasis using the previously described animal model of metastatic cervix 
carcinoma (25, 134). Knockdown of LAMP3 significantly inhibits lymph node 
metastasis in animals exposed to acute hypoxia, without affecting primary 
tumor growth. LAMP3 promotes tumor cell migration and invasion during 
hypoxia, but the underlying molecular mechanisms remain unknown (134, 135). 
 
LAMP3 is overexpressed in breast cancer (138) and Nagelkerke et al. recently 
identified LAMP3 mRNA expression as an independent prognostic factor for 
locoregional control in a subgroup of breast cancer patients treated with 
radiotherapy (139). Moreover, we have also shown that LAMP3 protein 
expression correlates with the level of tumor hypoxia in human cervix cancer 
(134). Tumor hypoxia has previously been identified as an independent 
predictor of metastasis in a similar group of patients taking part in the same 
clinical trial (12), suggesting an involvement of LAMP3 in metastasis in these 
patients.   
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Angiogenesis 

Both PERK and IRE1 arms of the UPR have been directly implicated in tumor 
angiogenesis (140, 141). Blais et al. showed that PERK is required for proper 
vessel formation and maturation in tumors (140). Consistent with this finding, 
PERK-/- tumors were smaller and poorly vascularized compared with PERK+/+ 
tumors. PERK regulates the transcription and/or translation of several 
proangiogenic genes during hypoxia. VCIP (VEGF and type I collagen 
inducible protein) is a proangiogenic transcript preferentially translated during 
hypoxia in a PERK-dependent manner (140). Similarly, multiple angiogenesis-
related genes remain efficiently translated in DU145 prostate carcinoma cells 
exposed to 4 hours of severe hypoxia (142). UPR activation also increases 
expression of VEGF-A through an effect on both transcription and mRNA 
stability (143-146).  

Carbonic anhydrase 9 (CA9) 

CA9 is a well-characterized hypoxia-regulated gene that is often used as a 
surrogate marker for tumor hypoxia. CA9 plays a vital role in the regulation of 
tumor pH during hypoxia. Full transcriptional induction of CA9 during hypoxia 
is dependent on both HIF1α and the UPR transcription factor ATF4 (147, 148). 
High CA9 expression correlates with poor patient prognosis in multiple cancer 
types (149-151). Furthermore, an association between CA9 expression and 
distant metastasis has been identified in breast and cervix cancer (152-154). A 
direct role for CA9 in metastasis is supported by data from several experimental 
studies (154-156). Lou et al. demonstrated that shRNA-mediated or 
pharmacologic inhibition of CA9 inhibits metastasis in two different tumor 
models of metastatic breast cancer (154). CA9 is thought to promote metastasis 
by increasing both tumor cell survival during hypoxia, and cell migration and 
invasion (157). By catalyzing the reversible conversion of carbon dioxide to 
bicarbonate and protons, CA9 aids in the maintenance of the intracellular pH, 
while at the same time promoting acidification of the extracellular space. An 
acidic tumor microenvironment has been associated with increased breakdown 
of extracellular matrix, invasion and metastasis (158-160). CA9 may also 
regulate tumor cell migration (161-163). Svastova et al. showed that CA9 
relocalizes to lamellipodia of migrating cells where it interacts with bicarbonate 
transporters and promotes cell migration (163). Furthermore, a recent study 
suggests a role for CA9 in the expansion of cancer stem cells residing in 
hypoxic niches (164). 
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Hypoxia tolerance and metastasis 

The ability to survive low-oxygen conditions within the primary tumor is a 
prerequisite for metastasis of hypoxic cells. Consequently, tumor cells with a 
higher level of tolerance to hypoxia will, by definition, have a higher probability 
to seed distant metastases. Hill and co-workers have shown that hypoxia can 
enhance metastatic efficiency of murine KHT and human HT1080 fibrosarcoma 
cells by increasing cell survival at the metastatic site without affecting their 
adhesive and invasive properties (23, 165). In KHT cells, the increased 
metastatic efficiency was, at least in part, due to hypoxic upregulation of Mdm2 
expression and consequent inhibition of p53-mediated apoptosis (165). In fact, 
hypoxia can act as a selective pressure for tumor cells that have lost p53 and 
therefore show increased resistance to apoptosis (166). The molecular 
mechanisms behind the increased survival of lung-arrested HT1080 cells 
remained unresolved, but likely also involve apoptosis (23).  
 
Both the HIF and UPR pathways described earlier, are also important mediators 
of hypoxia tolerance. HIF is thought to promote tolerance mainly through its 
regulation of metabolic genes (32, 167). UPR activation alleviates ER stress and 
promotes hypoxia tolerance by on one hand preventing further accumulation of 
unfolded proteins in the ER through inhibition of protein translation, and on the 
other hand by stimulating gene expression through activation of the ATF4, 
XBP1, and ATF6 transcription factors. There is so far no evidence of ATF6 
mediating tolerance. However, numerous studies have demonstrated that 
signaling through XBP1 and ATF4 promotes hypoxia tolerance and tumor 
growth (124, 129, 134, 140, 168-171). ATF4 can promote survival of hypoxic 
cells in multiple ways. Transcriptional induction of the autophagy related genes 
MAP1LC3B and ATG5 by ATF4 and CHOP functions to maintain high rates of 
autophagy during hypoxia (171). Inhibition of autophagy sensitizes cells to 
hypoxia-induced cell death in vitro and similarly, radiosensitizes tumors (171), 
indicating that PERK/ATF4-dependent regulation of autophagy represent an 
important cell survival mechanism during conditions of hypoxia. Furthermore, 
ATF4 signaling protects hypoxic cells against oxidative stress by increasing 
intracellular cysteine levels and glutathione synthesis (170). This protection is 
especially important in cells experiencing cyclic hypoxia, during which 
reoxygenation-induced accumulation of reactive oxygen species (ROS) occurs. 
Both HIF and PERK/eIF2α signaling were found to be important for hypoxic 
cell survival, but only PERK/eIF2α contributed to the survival of radiation-
resistant cells in tumor xenografts that arise as a consequence of transient 
changes in oxygenation (170). Similarly, XBP1-/- MEFs display lower survival 
rates during hypoxia and are unable to form tumors, whereas tumors derived 
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from XBP1-knockdown cells grow significantly slower compared to XBP1 wild 
type tumors (169).   

Antiangiogenic therapy-induced hypoxia and metastasis 

Hypoxia induced metastasis may also be important in the context of treatment, 
and particularly in tumors treated with antiangiogenic agents that result in tumor 
vessel destruction. Targeting angiogenesis is effective at reducing primary 
tumor growth but can promote invasiveness and metastasis in several tumor 
models (172-177). Hypoxia resulting from the disruption of vasculature in this 
setting has been proposed to be a major contributor to antiangiogenic therapy 
resistance as well as the driving force for the increased malignancy observed in 
preclinical models. Multiple experimental studies have demonstrated that 
antiangiogenic drugs increase tumor hypoxia (138, 173, 175-181). The 
antiangiogenic agent bevacizumab was similarly shown to reduce tumor 
perfusion in patients (182). Paez-Ribes et al. demonstrated that genetic or 
pharmacological inhibition of VEGF/VEGFR signaling increases lymphatic and 
distant metastasis in a mouse model of pancreatic neuroendocrine carcinoma 
(173). They also showed that the treated tumors exhibited a higher degree of 
hypoxia compared to the untreated tumors, implicating therapy-induced hypoxia 
in the observed metastatic phenotype. Using the same tumor model of 
pancreatic neuroendocrine carcinoma, Sennino et al. investigated the 
contribution of c-Met signaling to the increase in metastasis following 
antiangiogenic therapy (176). C-Met, the Hepatocyte growth factor (HGF) 
receptor, is a direct HIF1α target gene (183) that stimulates many cellular 
processes, including migration, invasion and metastasis (184). Combined 
inhibition of c-Met and VEGF/VEGFR signaling using either a selective 
inhibitor or an agent that targets both pathways, reduced tumor invasion and 
metastasis and prolonged overall survival (176). These findings are in 
agreement with two previous reports in which two small-molecule inhibitors 
(XL880/foretinib and XL184 /cabozantinib) were used that potently block 
multiple receptor tyrosine kinases, including VEGFR and c-Met (185, 186).   

Conclusion 

The poor prognosis of patients with hypoxic tumors is only partly explained by 
their increased resistance to common treatment modalities that include radiation 
and chemotherapy. Hypoxia can directly promote tumor malignancy through 
activation of oxygen sensitive signaling pathways that increase hypoxia 
tolerance and promote tumor progression, including metastasis (figure 2). 
Previous studies aimed at understanding the relationship between hypoxia and 
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metastasis have focused largely on the HIF signaling pathway. However, recent 
evidence demonstrates that the unfolded protein response (UPR), a pro-survival 
pathway that is activated during hypoxia, is also an important mediator of 
metastasis. Therefore, targeting HIF and/or UPR signaling presents a potential 
therapeutic strategy to prevent development of metastases. Strategies to target 
hypoxic cells should be combined with radiotherapy and chemotherapy, which 
are aimed at eliminating well-oxygenated tumor cells, including those with 
increased metastatic potential. Furthermore, recent data from experimental 
studies suggest that simultaneous inhibition of tumor angiogenesis and hypoxia 
signaling might improve the clinical efficiency of antiangiogenic therapy by 
increasing its anti-tumor activity, and by preventing hypoxia-induced metastasis 
that has been observed in several experimental settings. Combinations of 
antiangiogenic drugs with inhibitors of HIF1, the UPR, or their downstream 
effectors, should therefore similarly be evaluated in more detail.   
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Abstract 

Background and Purpose: Tumor hypoxia contributes to failure of cancer 
treatment through its ability to protect against therapy and adversely influence 
tumor biology. In particular, several studies suggest that hypoxia promotes 
metastasis. Hypoxia-induced cellular changes are mediated by oxygen-sensitive 
signaling pathways that activate downstream transcription factors. We have 
investigated the induction and transcriptional regulation of a novel metastasis-
associated gene, LAMP3 during hypoxia. 

Materials and Methods: Microarray, quantitative PCR, Western blot analysis 
and immunohistochemistry were used to investigate hypoxic regulation of 
LAMP3. The mechanism for LAMP3 induction was investigated using transient 
RNAi and stable shRNA targeting components of the hypoxic response. 
Endoplasmic reticulum stress inducing agents, including proteasome inhibitors 
were assessed for their ability to regulate LAMP3. 

Results: LAMP3 is strongly induced by hypoxia at both the mRNA and protein 
levels in a large panel of human tumor cell lines. Induction of LAMP3 occurs as 
a consequence of the activation of the PERK/eIF2α/ATF4 arm of the unfolded 
protein response (UPR) and is independent of HIF1α. LAMP3 is expressed 
heterogeneously within the microenvironment of tumors, is overexpressed in 
breast cancer, and increases in tumors treated with Avastin. 

Conclusions: These data identify LAMP3 as a novel hypoxia-inducible gene 
regulated by the UPR. LAMP3 is a new candidate biomarker of UPR activation 
by hypoxia in tumors and is a potential mediator of hypoxia-induced metastasis. 
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Introduction 

Numerous clinical studies have demonstrated that the majority of solid tumors 
contain regions of poor oxygenation or hypoxia (1). Hypoxic cells are 
considerably more resistant to radiotherapy than well-oxygenated cells, and also 
compromise the effectiveness of other forms of treatment (2, 3). Moreover, 
hypoxia contributes to the development of a more malignant tumor phenotype 
(4-6). Various clinical studies have demonstrated an association between 
hypoxia and poor patient prognosis (7, 8) as well as hypoxia and metastasis (9-
11). Data from experimental studies support a functional role for hypoxia 
underlying this clinical association, as exposure of tumor cells or tumor bearing 
mice to hypoxic environments can directly promote metastasis (12-15). 
 
Changes in cell biology that occur in response to hypoxia are attributed largely 
to the activation of oxygen-sensing pathways that influence gene expression. 
Hypoxic exposure elicits a substantial transcriptional response due in part to the 
activation of the hypoxia inducible factor (HIF) family of transcription factors. 
HIF1 and HIF2 induce genes involved in angiogenesis, glycolysis, 
erythropoiesis and cell survival (16, 17). Recently, the unfolded protein 
response (UPR) has also been demonstrated to contribute to hypoxic adaptation 
in tumors (reviewed in (4)). In comparison to HIF, which is activated over a 
wide range of oxygen concentrations below 2%, maximum activation of the 
UPR requires exposure to more severe hypoxia (<0.02% O2) (reviewed in (18)). 
Nevertheless, activation of the UPR has been shown to protect tumor cells 
against hypoxia-induced cell death both in vitro and in vivo over a range of 
oxygen concentrations (19-21). 
 
The UPR is activated in response to endoplasmic reticulum (ER) stress during 
hypoxia, and results in the downstream activation of numerous adaptive 
mechanisms. The UPR is initiated by three independent ER transmembrane 
proteins: inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK) and 
activating transcription factor 6 (ATF6) (22). Exposure to severe hypoxia 
causes rapid activation of PERK and phosphorylation of its substrate eIF2α on 
Serine 51, which leads to a reduction in overall protein synthesis (23). Although 
translation of most genes is inhibited under these conditions, certain gene 
transcripts are able to escape this inhibition due to the presence of regulatory 
sequences in their 5’ untranslated regions. This change in translation efficiency 
contributes to changes in differential protein expression during hypoxia (23, 
24). Translation of the transcription factor ATF4 is strongly stimulated under 
hypoxic conditions in response to PERK activation (25) due to the presence of 
two upstream open reading frames in its 5’ UTR (26). ATF4 activates various 
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UPR-target genes that promote restoration of normal ER function and protection 
against reactive oxygen species (27). The IRE1 and ATF6 arms of the UPR are 
also responsible for eliciting transcriptional activation of a large number of 
target genes during hypoxia. Consequently, the UPR mediates both translational 
(via PERK) and transcriptional responses (via PERK, IRE1, and ATF6) during 
hypoxia. 
 
In an ongoing effort to characterize the biological response to hypoxia we report 
here the identification of a novel hypoxia-regulated gene, lysosomal-associated 
membrane protein 3 (LAMP3) that previously has been implicated in 
metastasis. LAMP3 (also known as TSC403, DC-LAMP and CD208) is a 
member of the LAMP family of highly glycosylated proteins that reside 
predominantly in the lysosomal membrane. LAMP3 was first identified as a 
lung-specific gene (28), but is also a well-established cell surface marker of 
mature dendritic cells. Although its precise function in both cell types is 
unknown, LAMP3 is most likely involved in MHC II-associated antigen 
presentation in dendritic cells (29). LAMP3 is overexpressed in several human 
cancers, including lung, colon, esophagus, breast and ovary cancer (28), and 
high LAMP3 expression predicted for poor survival in a small cohort of patients 
with cancer of the uterine cervix (30). Although the functional role of this 
protein in carcinogenesis and tumor progression remains largely unknown, 
overexpression of LAMP3 has been shown to stimulate metastasis from 
subcutaneously growing tumor xenografts (30). Here it is shown that LAMP3 is 
transcriptionally induced during hypoxia in a PERK/ATF4 dependent manner. 
Furthermore, LAMP3 expression is increased in breast cancer and in tumors 
treated with the anti-angiogenic agent Avastin. 

Materials and methods 

Cell culture, hypoxic exposure and drug treatment 

This study included the following human cancer cell lines: HT-29 (colon 
adenocarcinoma), MCF7 (breast adenocarcinoma), DU 145 (prostate 
carcinoma), A549 (lung carcinoma), ME180 (cervix carcinoma) and U-373 MG 
(glioblastoma-astrocytoma), HCT116 (colon carcinoma), HeLa (cervical 
carcinoma), and MDA-MB-231 (breast adenocarcinoma). The cells were grown 
in DMEM (HT-29, A549, MDA-MB-231), RPMI (MCF7), McCoy’s 5A 
(DU145) or MEM-alpha (ME180 and U-373 MG) media supplemented with 
10% fetal bovine serum. MCF7 cells used for experiments with gradual hypoxia 
(see below) were cultured in DMEM. U-373 MG cells expressing the C-
terminal active part of GADD34 (31), eIF2α (S51A) and the shRNA against 
PERK (targeting sequence 5’-AGCGCGGCAGGTCATTAGTAA-3’) were 
generated as described previously (20). 
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Exposure to hypoxia was done in two different ways. The first was an acute 
shift to severe hypoxia (<0.02% O2) and was established by culturing cells on 
glass dishes. This enables rapid equilibration of the cellular media with the 
environment when the dishes are placed into the hypoxic chamber. The second 
was a more gradual shift to severe hypoxia (<0.02% O2) and was accomplished 
by culturing cells on plastic dishes. In the latter experiments, oxygen dissolved 
in the plastic dishes delays the establishment of severe hypoxic conditions for 
the cells when switched to the hypoxic atmosphere. In the manuscript we refer 
to these two types of hypoxic treatment as rapid hypoxia and gradual hypoxia. 
All hypoxic exposures were carried out in the same hypoxic culture chamber 
(MACS VA500 microaerophilic workstation, Don Whitley Scientific, Shipley, 
UK). The composition of the atmosphere in the chamber consisted of 5% H2, 
5% CO2, 0.0% O2 and residual N2. 
 
For experiments involving exposure to stress inducing agents, MCF7 and 
MDA-MB-231 cells were exposed for 24 h to desferoxamine (dfo) 40 µM, 
CoCl2 100 µM, arsenite (ars) 5 µM, MG132-10µM, thapsigargin (thaps) 300 
nM, MG115-5 µM, 5µg/ml tunicamycin (tunic) and bortezomib (velc) 100 nM. 
Bortezomib was a gift from Millennium Pharmaceuticals Inc. (Cambridge, 
MA). MG115, MG132, thapsigargin and tunicamycin were from Calbiochem. 

Microarray experiments 

Microarray experiments were performed as previously described (24). Briefly, 
DU145, HT-29 and MCF7 cells were grown on glass dishes and exposed to 
various periods of hypoxia (<0.02% O2), respectively, 0, 1, 2, 4, 8, 16 or 24 h. 
Equal amounts of total RNA from three different experiments were pooled 
before hybridization to the arrays. The pooled RNA samples were hybridized to 
Human Genome U133 Plus 2.0 Arrays from Affymetrix, which comprises a 
total of 54.675 probe sets. Genes whose signal intensity was below 100 for one 
or more total RNA samples were removed from the analysis. 

RNA isolation and quantitative PCR analysis 

Total RNA was extracted using the Promega SV Total RNA Isolation kit 
(Promega). RNA was reverse transcribed using iScript cDNA Synthesis Kit 
(BioRad), both according to the manufacturers’ instructions. Quantitative RT-
PCR was performed in ABI 7700 (Applied Biosystems). The abundance of the 
following genes was detected with SYBR® Green I (Eurogentec/Applied 
Biosystems) using the indicated forward and reverse primers: 18S: F-
agtccctgccctttgtacaca and R-gatccgagggcctcactaaac; LAMP3: F-tgaaaacaa-
ccgatgtccaa and R-tcagacgagcactcatccac; ATF4: F-tggccaagcacttcaaacct and R-
gttgttggagggactgaccaa; ATF6: F-agactgaagagcaggtgagcaaa and R-gatgat-
gaaaaatggagcagctt; CHOP: F-cagagctggaacctgaggag and R-tggatcagtctg-
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gaaaagca. The abundance of HIF1α was detected with Taqman Gene Expression 
Assay (Applied Biosystems) hs00153153_m1. All samples were normalized by 
18S rRNA signal. 

Western blotting 

Cells were lysed in RIPA buffer (150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris and CompleteTM (Roche) 
protease inhibitor cocktail). Protein concentrations were determined using 
Bradford measurement (BioRad). For denaturation, equal amounts of protein 
were boiled in 6x SDS sample buffer (Laemmli) and polypeptides were 
resolved by SDS–PAGE and transferred onto a 0.2 µm nitrocellulose membrane 
(Amersham Corp.). Blots were probed with anti-LAMP3 goat polyclonal 
antibody (AF4087, R&D Systems), anti-ATF4 (SC-200, Santa Cruz), anti-
phospho-eIF2α rabbit monoclonal antibody (Cell Signaling), anti-phospho-
PERK (T980) rabbit polyclonal antibody (Biolegend), or anti-actin mouse 
monoclonal antibody (Sigma). Bound antibodies were visualized using HRP-
linked secondary antibodies (anti-goat (Santa Cruz Biotechnology) and anti-
mouse (Sigma)) and ECL luminescence (Pierce).  

siRNA transfections 

U-373 MG and A549 cells were seeded at 15% confluence the day before 
transfection. Transfection was performed by incubating the cells for 16 h in a 
transfection mixture containing 250 pmol siRNA and 5 µl of Lipofectamine 
2000 Transfection Reagent (Invitrogen) in 2.5 ml of serum-free DMEM. All 
siRNAs were purchased either from Ambion: (HIF1α_ID: 42840; ATF4_ID: 
122372; ATF6_ID: 115889 and Silencer Negative Control #1) or from 
Eurogentec: ATF4 sense, 5’-CCACGUUGGAUGACACUUGdTdT; ATF4 
antisense, 5’-CAAGUGUCAUCCAACGUGGdTdT. Transfected cells were 
subcultured 24 h after transfection and harvested 72 h after transfection. 

Immunohistochemistry 

Cells were grown as monolayers on cover slips. Cells were fixed in -20°C cold 
methanol for 15 min, washed three times with PBS and blocked with 1% bovine 
serum in PBS, pH 7.5, for 30 min followed by overnight incubation with anti-
LAMP3 goat polyclonal antibody (AF4087, R&D Systems) at a 50-fold dilution 
at 4°C. Secondary fluorescent Alexa 594 (Invitrogen) was used at dilution 1:500 
in blocking buffer for 1 h. Cells were visualized by using a Nikon microscope 
fitted with the appropriate filters. 
 
The expression of LAMP3 was investigated in vivo within ME180 xenografts 
grown orthotopically in the cervix (32). Frozen sections (5 µm) were fixed for 
20 min with 2% paraformaldehyde, rinsed 3 x 5 min each with PBS and then 
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incubated with anti-LAMP3 goat polyclonal antibody (AF4087, R&D Systems) 
at a 50-fold dilution overnight at room temperature in a humidity chamber. 
Slides were rinsed 3 x 5 min each with PBS and incubated with Jackson 
ImmunoResearch Donkey anti-Goat at a 200-fold dilution for 1 h at room 
temperature. Slides were then rinsed 3 x 5 min each with PBS and 
counterstained with DAPI at a concentration of 1 µg/ml for 5 min. Samples 
were then rinsed 3 x 5 min each with PBS. Images were acquired with a 
Photometrics Quantix cooled CCD camera mounted on Olympus BX50 using a 
20x objective. 

LAMP3 expression in U-87 MG xenografts and breast cancer patients 

Six- to eight-week-old female BALB/c severe combined immunodeficiency 
(SCID) mice (Harlan Sprague-Dawley, Inc.) were implanted s.c. with 100 µl of 
cell suspension with an equal volume of Matrigel (BD Bioscience). U-87 MG 
cells (107) were injected into each mouse. Each group consisted of five mice. 
Tumor growth was monitored twice to three times every week by measuring the 
length, width, and height of each tumor using callipers. Tumor volumes were 
calculated from the formula L x W x H/0.52. When a tumor reached the 
maximum size (1.44 cm2 surface area) permitted by the Home Office license, 
the mouse was sacrificed, and the tumor was excised. Where appropriate, 
Avastin (Bevacizumab) was given i.p. (10 mg/kg every 3 days) for a total of 
five injections (U-87 MG) starting from day 0 when the tumor cells were 
implanted. 
 
Thirty RNA samples extracted from surgically resected tumors from unselected 
patients with different stages and grades of epithelial breast carcinoma and 11 
samples from surrounding normal tissue were retrieved from the archives of the 
John Radcliffe Hospital, Oxford, United Kingdom. 

Results 

Hypoxic induction of LAMP3 was identified in an ongoing screen for hypoxia-
regulated genes utilizing microarray datasets carried out in HT-29, DU145 and 
MCF7 cell lines exposed to different durations of rapid or gradual severe 
hypoxia (<0.02%). Establishment of rapid hypoxia resulted in robust induction 
of LAMP3 mRNA levels in two of the three lines investigated, rising steadily to 
~90-fold in HT-29 cells by 12 h and ~10-fold in MCF7 cells by 24 h (Fig. 1A). 
Induction of LAMP3 mRNA was validated in these and two additional cell lines 
(A549 and ME180) exposed to rapid hypoxia for 4, 8 and 24 h using 
quantitative RT-PCR (Fig. 1B). Each of the cell lines shows a substantial 
induction of LAMP3 ranging from 5- to 80-fold, similar to that observed in the 
microarray data. MCF7 cells were also exposed to severe hypoxia in a more 
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gradual way by culturing cells on plastic. These conditions also result in strong 
induction of LAMP3 but with slower kinetics, with a ~10-fold induction at 24 h 
and 400-fold induction at 48 h (Fig. 1C). These data demonstrate that LAMP3 is 
substantially induced by severe hypoxia, regardless of whether the onset of 
hypoxia is rapid or gradual. 
 
 

 

Figure 1. Hypoxia induces expression of LAMP3 mRNA. (A) LAMP3 gene expression in 
response to rapid hypoxia as measured by microarray analysis in the HT-29, MCF7 and DU-145 
cancer cell lines. Gene expression levels are shown relative to the aerobic control. (B) Validation 
of microarray gene expression data by qRT-PCR. LAMP3 expression was quantified in five 
different cancer cell lines exposed to rapid hypoxia for the indicated period of time. (C) LAMP3 
mRNA expression in response to gradual hypoxia. LAMP3 expression was quantified by qRT-
PCR in MCF7 cultured on plastic dishes as a function of time following exposure to severe 
hypoxia (<0.02%). 
 
Hypoxic induction of LAMP3 was also investigated at the protein level (Fig. 2). 
Exposure to both rapid (Fig. 2A and B) or gradual (Fig. 2C and B) hypoxia 
resulted in a pronounced increase in LAMP3 protein levels in each of the five 
cell lines investigated. The LAMP proteins, including LAMP3, are known to be 
highly glycosylated, containing multiple N- and O-linked glycans (33). As a 
result, immunoblotting with anti-LAMP3 produces multiple reactive bands of 
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different molecular weight most likely reflecting the various glycosylated forms 
of the LAMP3 protein under hypoxic conditions. Hypoxia resulted in 
substantial increases in all forms of the protein. Treatment of extracts with an 
endoglycosidase that specifically cleaves N-linked glycans from glycoproteins 
resulted in the loss of higher MW immunoreactive bands, confirming the 
glycosylation of LAMP3 (data not shown). Furthermore, exposure of cells to 
tunicamycin, an inhibitor of N-linked protein glycosylation, prevented the 
appearance of higher MW bands (see Fig. 4B). LAMP3 protein expression and 
subcellular localization were also examined using immunohistochemistry (Fig. 
2E). These experiments demonstrated increased expression of LAMP3 on the 
cell membrane and within cytoplasmic punctuate vesicles (presumably 
lysosomes).  
 
The mechanistic regulation of LAMP3 was investigated using knockdown 
experiments against the hypoxia-regulated transcription factors, including HIF1, 
ATF4 and ATF6. Preliminary analysis of the putative promoter region of 
LAMP3 suggested potential binding sites for each of these transcription factors. 
A549 cells, which demonstrate strong induction of LAMP3, were transfected 
with siRNA targeting HIF1α, ATF4, or ATF6 and subsequently exposed to 
normoxia or rapid hypoxia for 24 h. A knockdown efficiency between 60% and 
85% was achieved for each (Fig. 3A). No significant differences in LAMP3 
mRNA expression were observed between the HIF1α or ATF6 knockdown cells 
and the SCR controls under normoxic or hypoxic conditions (Fig. 3B). In 
contrast, knockdown of ATF4 strongly suppressed LAMP3 induction during 
exposure to rapid hypoxia. Similar results were observed in U-373 MG cells 
exposed to rapid hypoxia (Fig. 3A and B) and in MCF7 cells cultured under 
conditions of more gradual exposure to hypoxia at both the mRNA (Fig. 3D) 
and protein levels (Fig. 3E). 
 
To confirm the requirement of the UPR signaling pathway for the 
transcriptional regulation of LAMP3 during hypoxia, a set of inducible isogenic 
U-373 MG cell lines engineered to have distinct defects in the 
PERK/eIF2α/ATF4 arm of the UPR was used. These cells express either a 
dominant negative eIF2α mutant (S51A) that cannot be phosphorylated, a C-
terminal truncated active GADD34 protein which directs phosphatase activity 
against eIF2α, or a short-hairpin interfering RNA (shRNA) against PERK (20, 
34, 35). Each of these stable cell lines is unable to maintain phosphorylation of 
eIF2α, and thus unable to induce ATF4 (20, 34, 35). Consistent with the 
transient siRNA knockdown experiments (Fig. 3B), each of the three cell lines 
with defective PERK signaling demonstrated a substantial reduction in LAMP3 
mRNA induction during hypoxia (Fig. 3C). Together these data indicate that 
LAMP3 induction during hypoxia occurs as a result of PERK-dependent 
activation of the transcription factor ATF4. 
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Figure 2. Hypoxia induces expression of LAMP3 protein. LAMP3 protein levels in (A) HT-29, 
MCF7 and (B) ME180 cells exposed to rapid hypoxia for the indicated period of time were 
measured by immunoblotting. (C) Protein levels of LAMP3, ATF4 and actin in MCF7 cultured 
on plastic dishes exposed to hypoxia for the indicated period of time were measured by 
immunoblotting. (D) Protein levels of LAMP3, ATF4 and actin in HCT116 and HeLa cells 
cultured on plastic dishes exposed to normoxia or hypoxia for 24 h were assessed by 
immunoblotting. Asterisk indicates non-specific protein band. (E) MCF7 cells cultured on plastic 
were exposed to normoxia hypoxia for 48 h. Cells were observed by the fluorescent microscopy; 
images with LAMP3-Alexa Fluor 594 and DAPI staining are shown. 
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Figure 3. Hypoxia induces LAMP3 via the PERK/eIF2α/ATF4 arm of the UPR. ATF6, ATF4 
and HIF1α were transiently knocked down in either A549 or U-373 MG cells using siRNA. 
Following knockdown, cells were exposed to 24 h of rapid hypoxia. (A) Gene-specific 
knockdown efficiency was determined using qRT-PCR. Expression levels are shown relative to 
the mRNA levels in cells transfected with control siRNA (SCR). (B) Relative LAMP3 mRNA 
expression levels in the siRNA knockdown cells following 24 h of exposure to rapid hypoxia. (C) 
Isogenic U-373 MG cells expressing either a dominant negative mutant of eIF2α (S51A), 
truncated GADD34 or a short-hairpin targeting PERK were exposed to 24 h of rapid hypoxia. 
LAMP3 mRNA levels were quantified using qRT-PCR. (D) Relative LAMP3 mRNA levels were 
measured using qRT-PCR assessed in ATF4 siRNA knockdown and control (SCR) MCF7 cells 
cultured on plastic dishes and exposed to normoxia or hypoxia for 48 h. Error bars represent 
standard deviations. (E) Protein levels of LAMP3, ATF4 and actin in ATF4 siRNA knockdown 
MCF7 cells cultured on plastic and exposed to normoxia or 48 h of hypoxia were measured by 
immunoblotting. Asterisk indicates non-specific protein band. 
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The ability of the UPR to transcriptionally regulate LAMP3 was further 
investigated in MCF7 and MDA-MB-231 cell lines using a series of agents 
known to cause ER and other forms of cell stress. The two most well-studied 
ER stress-inducing compounds are thapsigargin, which disrupts calcium stores 
in the ER and tunicamycin, which prevents N-linked protein glycosylation in 
the ER (36). Exposure to either of these agents resulted in robust induction of 
LAMP3 mRNA (Fig. 4A) and protein (Fig. 4B) to levels similar to that 
observed with hypoxia. Each of these agents also resulted in activation of 
PERK, phosphorylation of eIF2α and induction of ATF4, but had little to no 
effect on HIF1α (Fig. 4B). Furthermore, knockdown of ATF4 using siRNA 
prevented LAMP3 induction in response to thapsigargin treatment, confirming 
the role of the UPR in its regulation (Fig. 4C). 
 
Proteasome inhibitors have also been shown to induce ER stress and to 
potentiate hypoxia-induced cell death through this pathway (37-40). In MCF7 
cells, exposure to the proteasome inhibitors velcade, MG115 and MG132 each 
led to a substantial increase in LAMP3 mRNA and protein levels (Fig. 4A and 
B). These agents also led to PERK activation, eIF2α phosphorylation and ATF4 
induction. As a consequence of proteasome inhibition, these agents also cause 
HIF1α protein stabilization (Fig. 4B). However, knockdown of ATF4 using 
siRNA largely prevented LAMP3 induction in response to velcade suggesting 
that the UPR is also primarily responsible for its induction during proteasome 
inhibition. 
 
Exposure to cobalt chloride, which increases HIF1α (Fig. 4B) or arsenite (an 
inducer of oxidative stress), had no effect on LAMP3 or ATF4. Interestingly, 
desferrioxamine (DFO), an iron chelator that also induces HIF1α levels, did 
cause a small induction of LAMP3 mRNA in both MCF7 and MDA-MB-231 
cell lines (Fig. 4A). However, DFO is also reported to cause ER stress (41), and 
in MCF7 cells resulted in noticeable eIF2α phosphorylation and ATF4 
induction (Fig. 4B). Thus, the results with DFO are consistent with each of the 
tested agents and suggest that induction of ER stress and activation of ATF4 
directly lead to LAMP3 induction. 



 

 

	  
Hypoxic Activation of the UPR Induces Expression of LAMP3	  

	  
	   	  

63 

 

Figure 4. ER stress inducing agents induce LAMP3 via the PERK/eIF2α/ATF4 arm of the UPR. 
(A) MCF7 (left panel) and MDA-MB-231 cells (right panel) were treated for 24 h with 
desferoxamine (dfo) 40 µM, CoCl2 100 µM, arsenite (ars) 5 µM, MG132 10 µM, thapsigargin 
(thaps) 300 nM, MG115 5 µM, 5 µg/ml tunicamycin (tunic) and bortezomib (velc) 100 nM. 
LAMP3 mRNA levels were measured by qRT-PCR. Error bars represent standard deviations. (B) 
Protein levels of HIF1α, phospho-PERK (Thr980), phospho-eIF2α (Ser51), ATF4, LAMP3 and 
actin were measured by immunoblot analysis on samples from (A). (C) LAMP3 and ATF4 
protein levels were measured in ATF4 knockdown (ATF4 lanes) and control (SCR lanes) MCF7 
cells. Cells were either untreated (C) or exposed to thapsigargin (300 nM) for 24 h (T(24)) or 48 h 
(T(48)). Levels of protein expression were measured by immunoblotting. Asterisk indicates non-
specific protein band. (D) ATF4 siRNA knockdown and control (SCR) MCF7 cells were treated 
with 100 nM velcade (bortezomib) for 24 h. Relative mRNA levels for LAMP3 were measured 
by qRT-PCR. Error bars represent standard deviations. 
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Finally, the expression of LAMP3 was investigated in vivo in both tumor 
xenografts and breast cancer patient samples. Immunohistochemical analysis 
demonstrated that LAMP3 protein is present primarily on the membrane in 
ME180 tumor xenografts grown orthotopically in the cervix of immune 
deficient mice (Fig. 5A). Furthermore, the intensity of LAMP3 staining was 
highly heterogeneous within the two xenografts investigated, suggesting that its 
expression was subject to microenvironmental regulation. LAMP3 mRNA 
levels were also evaluated in a series of 11 samples from normal breast tissue 
and 30 samples from breast cancer patients (Fig. 5A). The expression in tumor 
tissue was significantly higher (p < .002) than that in normal tissue and its range 
in expression was also greatly enhanced. 
 
Finally, the expression of LAMP3 mRNA was measured within a series of U-87 
MG tumor xenografts that had previously been treated with or without Avastin, 
an angiogenic inhibitor that affects tumor vasculature and can induce tumor 
hypoxia. The Avastin-treated tumors showed significantly increased expression 
of the UPR-target gene CHOP (p = 0.0004) and LAMP3 (p = 0.0415) (Fig. 5C). 
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Figure 5. LAMP3 expression in tumors. (A) The intensity and distribution of LAMP3 was 
assessed by immunohistochemistry in two different ME180 orthotopic xenografts. Left panel 
shows heterogeneous membrane staining of LAMP3. Right panels show DAPI stained nuclei. (B) 
Box-and-whisker plot of LAMP3 expression in 30 RNA tumor samples from unselected patients 
with different stages and grades of epithelial breast carcinoma and 11 samples from surrounding 
normal tissue as determined by qRT-PCR. Data are normalized to the mean level in normal tissue. 
Stars indicate significance in two tailed Student’s t-test **p < 0.005. (C) Box-and-whisker plot of 
LAMP3 and CHOP expression in RNA samples extracted from xenograft tumors as measured by 
qRT-PCR. N = 5, stars indicate significance in two tailed Student’s t-test *p < 0.05. 



 

 

	  
Chapter 3 

	  
	   	  

66 

Discussion 

The data presented here identify LAMP3 as a novel hypoxia-inducible gene. 
Induction of LAMP3 occurred in response to severe hypoxia (<0.02%) and was 
observed in each of the eight human tumor cell lines investigated. Several lines 
of evidence indicate that unlike many hypoxia-induced genes, LAMP3 is not 
regulated by HIF-1, but instead is induced by the UPR in a PERK, eIF2α, and 
ATF4-dependent manner. First, the kinetics of LAMP3 induction correlate with 
that of PERK activation and ATF4 induction. LAMP3 mRNA and protein 
induction occurred rapidly when the cells were cultured on glass, and more 
slowly when cultured on plastic (Figs. 1 and 2). This correlates well with the 
activation kinetics of the PERK/eIF2α/ATF4 arm of the UPR under these 
different conditions (23, 42), which arise due to the dissolved oxygen present 
within the plastic. More importantly, knockdown of ATF4 using siRNA or 
disruption of PERK-mediated eIF2α phosphorylation through three different 
approaches prevented LAMP3 induction during hypoxia in all cases (Fig. 3). 
Furthermore, LAMP3 was induced by several other agents known to cause ER 
stress and activate the UPR, including proteasome inhibitors, which are 
currently being used in the clinic to treat certain types of cancer. 
Several recent studies have indicated that the UPR is an important adaptive 
mechanism that promotes hypoxia tolerance and tumor growth (reviewed in 
(4)). The UPR may facilitate cell survival through multiple mechanisms 
including regulation of autophagy, pH control, angiogenesis, and others (19, 34, 
37, 43, 44). However, the clinical relevance and frequency of UPR activation in 
tumors is still largely unknown. In spite of the fact that the UPR is most 
strongly induced under conditions of severe hypoxia (which we define as less 
than 0.02%), activation of UPR signaling pathway can also be observed at 
higher oxygen concentrations (0.2%, 2%) although this requires longer duration 
(20, 45). More importantly, we and others have previously shown that 
conditions of hypoxia are severe enough in tumors to activate the UPR and that 
disruption of the PERK/eIF2α-dependent arm of the UPR (19) as well as the 
IRE1-dependent arm (21) results in reduced cell survival and tumor growth. 
Identification of LAMP3 as a novel UPR and hypoxia-regulated gene presents a 
new clinical opportunity to test the importance of this pathway in human 
cancers. The data presented here indicate that LAMP3 staining intensity varies 
significantly within tumor sections consistent with its regulation by microen- 
vironmental stress. LAMP3 has previously been reported to be overexpressed in 
several tumor types (28) and this was also observed in this study in a series of 
unselected breast cancer patients (Fig. 5). Furthermore, treatment of tumor 
xenografts with the anti-angiogenic agent Avastin, which is thought to induce 
hypoxia through disruption of tumor vasculature, increased the expression of 
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both LAMP3 and the UPR-target gene CHOP. It will be interesting to evaluate 
the potential prognostic value of LAMP3 in patients treated with radiotherapy 
and chemotherapies where hypoxia is known to be important. 
 
The biologic importance of LAMP3 regulation by hypoxia remains to be 
investigated. However, a previous study using xenografts engineered to 
overexpress LAMP3 indicated that it can stimulate metastasis (30). Thus, it is 
tempting to speculate that induction of LAMP3 may contribute to hypoxia-
induced metastasis, a phenomenon that underlies at least part of the adverse 
clinical outcome of patients with hypoxic tumors. The fact that hypoxia can 
stimulate metastasis represents a paradox, as chronically hypoxic cells are 
typically located at large distances away from vessels and thus do not have an 
easy route to the circulation. However, tumor hypoxia can arise directly around 
or near to vessels due to transient changes in blood perfusion (46). The 
temporary collapse or occlusion of a vessel results in rapid and severe oxygen 
deprivation to a large number of tumor cells surrounding the affected vessel, 
similar to the conditions of severe hypoxia used in this study. These acutely 
hypoxic cells would be expected to show robust activation of the UPR and their 
proximity to vessels makes them good candidates for hypoxia-induced 
metastasis. Indeed, exposure of tumor bearing mice to transient hypoxia 
exposures over many days results in a significant stimulation of metastasis (12). 
Several recent reports suggest that hypoxia-mediated metastasis may also be 
important in tumors treated with agents that directly or indirectly damage tumor 
vessels. Short-term treatment with anti-angiogenic agents that target VEGF 
signaling is effective at reducing tumor size but promotes metastasis in several 
tumor models (47, 48). Disruption of tumor vasculature in this setting may 
contribute to the induction of severe hypoxia and UPR activation as observed 
here in xenografts treated with Avastin (Fig. 5). 
 
Previous studies have identified a number of candidate genes that contribute to 
hypoxia-induced metastasis, the majority of which are regulated by HIF. These 
include LOX, CXCR4, uPAR, VEGF-C, Mdm2, and OPN (15, 49-54). LAMP3 
represents the first metastasis-associated gene regulated by the UPR in response 
to severe hypoxia and is thus an interesting candidate to explore further in 
tumor models of metastasis. The fact that LAMP3 is predominantly expressed 
on the cell surface also makes it an attractive potential therapeutic target and/or 
biomarker for molecular imaging approaches to treat or characterize aggressive 
hypoxic tumors. 
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Abstract 

Background and Purpose: The hypoxia-inducible factor (HIF)-1 pathway can 
stimulate tumor cell migration and metastasis. Furthermore, hypoxic tumors are 
associated with a poor prognosis. Besides the HIF-1 pathway, the unfolded 
protein response (UPR) is also induced by hypoxic conditions. The PKR-like 
ER kinase (PERK)/activating transcription factor 4 (ATF4)-arm of the UPR 
induces expression of lysosomal-associated membrane protein 3 (LAMP3), a 
factor that has been linked to metastasis and poor prognosis in solid tumors. In 
this study the role of UPR-induced LAMP3 in hypoxia-mediated migration of 
breast cancer cells was examined. 

Materials and Methods: A number of in vitro metastasis models were used to 
study the migration and invasion of MDA-MB-231 breast cancer cells under 
hypoxic conditions. PERK, ATF4 and their downstream factor LAMP3 were 
knocked down to examine their role in cell migration. In addition, multicellular 
tumor spheroids were used to study the involvement of the tumor 
microenvironment in invasion. 

Results: Using transwell assays, migration of different breast cancer cell lines 
was assessed. A direct correlation was found between cell migration and 
baseline LAMP3 expression. Furthermore, moderate hypoxia (1% O2) was 
found to be optimal in stimulating migration of MDA-MB-231 cells. siRNA 
mediated knockdown of PERK, ATF4 and LAMP3 reduced migration of cells 
under these conditions. Using gap closure assays, similar results were found. In 
a three-dimensional invasion assay into collagen, LAMP3 knockdown cells 
showed a diminished capacity to invade compared to control cells when 
collectively grown in multicellular spheroids. 

Conclusions: Thus, the PERK/ATF4/LAMP3-arm of the UPR is an additional 
pathway mediating hypoxia-induced breast cancer cell migration. 
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Introduction 

Breast cancer mortality is caused foremost by the spread of cancer cells within 
the host in a process called metastasis (1). Before tumor cells can metastasize, 
the tumor will need to invade, seek access to the lymphatic or vascular system 
and colonize the metastatic site (2, 3). Insights in this process will aid in the 
prevention of cancer metastasis and help improve prognosis. 
 
An important characteristic of most solid tumors is the presence of hypoxic 
regions (4-6). Absent or inadequate vasculature within the tumor causes 
disruption of the supply of blood and consequentially an impaired delivery of 
oxygen and nutrients and an impaired removal of carbon dioxide and waste 
products. Several studies found low oxygen tension in tumors to be an adverse 
prognostic marker in different tumor types (7-10). In addition, endogenous 
hypoxia-related markers, such as carbonic anhydrase-IX, were also shown to 
negatively influence patient outcome in breast cancer (11, 12). Furthermore, 
hypoxic tumors were found to correlate with metastatic occurrences: patients 
with hypoxic primary tumors developed more metastases than patients with less 
hypoxic tumors (7, 13-15). Mechanistically, numerous factors have been 
identified that are induced by hypoxia and that can promote metastasis 
(reviewed in (16-20)). The common denominator of most, if not all, of these 
factors is that they are either directly or indirectly influenced by the action of 
the family of master transcription regulators during hypoxic conditions: the 
hypoxia-inducible factor (HIF)-family (18). 
 
Recently, a separate pathway from the HIFs was described, which is able to 
regulate gene expression during hypoxia, namely the unfolded protein response 
or UPR (21-24). Within this response three distinct arms have been classified: 
the PKR-like endoplasmic reticulum kinase (PERK)/activating transcription 
factor 4 (ATF4)-arm, the inositol-requiring protein 1 (IRE1)-arm and the 
activating transcription factor 6 (ATF6)-arm. These pathways are activated 
during endoplasmic reticulum stress conditions and enable cell survival by 
regulating apoptosis, angiogenesis and autophagy (21, 23-25). Thus far, the 
UPR has not been directly implicated in hypoxia-induced metastasis. However, 
recently lysosomal-associated membrane protein 3 (LAMP3, also known as 
DC-LAMP, TSC-403 or CD208) was identified as a factor induced by hypoxia 
as part of the PERK/ATF4 arm of the UPR (26, 27). In addition, we found that 
LAMP3 has prognostic relevance in breast cancer (28). Two homologs of 
LAMP3, LAMP1 and LAMP2, have been associated with cancer metastasis 
previously (29, 30). LAMP3 itself was also found to be involved in metastasis: 
overexpression of LAMP3 in a cervical xenograft model showed an increased 
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metastatic potential (31). In what way LAMP3 is involved in breast cancer 
metastasis and which role hypoxia may have in this process is unknown. 
Therefore, we set out to determine whether the UPR can influence migration 
and invasion of breast cancer cells via LAMP3 under hypoxic conditions. 

Materials and methods 

Cell culture and hypoxic incubations 

All cell lines used were obtained from LGC Promochem (Teddington, UK) and 
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 
with 10% (vol/vol) fetal bovine serum (FBS), 20 mM Hepes, 1x nonessential 
amino acids, 2 mM L-glutamine and 10 U/ml penicillin, 10 µg/ml streptomycin 
(all from PAA Laboratories, Cölbe, Germany) at 37°C with 5% CO2. Hypoxic 
conditions were induced with a H35 Hypoxystation (Don Whitly Scientific Ltd, 
Shipley, UK). 

Cell migration using modified Boyden Chambers 

Membranes with 8 µm pores (Greiner Bio-one, Alphen a/d Rijn, The 
Netherlands) were used in a 24-wells format. A total of 40,000 cells, serum-
starved overnight where indicated, were added to the upper compartment. The 
lower compartment was filled with standard cell culture medium. Cells were 
allowed to migrate for 24 hours, after which chambers were fixed for 10 
minutes in cold 70% ethanol. Membranes were stained with 0.5% (w/v) crystal 
violet (Sigma-Aldrich, St. Louis, MO, USA) for 30 minutes and subsequently 
washed thoroughly with tap water. Cells that had not migrated to the lower 
compartment were removed with a cotton swab. Migrated cells were quantified 
by solubilizing bound crystal violet in 1% (wt/vol) sodium dodecyl sulfate 
(SDS, Sigma-Aldrich) for 1 hour at 37°C. Absorbance was measured at 595 nm. 

RNA isolation, cDNA synthesis and quantitative polymerase chain reactions 
(qPCR) 

RNA was isolated with Norgen’s total RNA purification kit (Norgen Biotek 
Corp., Thorold, Canada) and stored at -80°C until further processing. cDNA 
was synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories 
Inc., Richmond, CA, USA) with 1 µg RNA as input. The following primers 
were used for the qPCR: PERK FW: 5’-CTGATTTTGAGCCAATTC-3’ and 
RV: 5’-CCGGTACTCGCGTCGCTG-3’, ATF4 FW: 5’-CCTTCACCTT-
CTTACAACCT-3’ and RV: 5’-GTAGTCTGGCTTCCTATCTC-3’, LAMP3 
FW: 5’-TGAAAACAACCGATGTCCAA-3’ and RV: 5’-TCAGACGAGCA-
CTCATCCAC-3’. qPCR was carried out on a CFX96 real-time PCR detection 
system (Bio-Rad) with SYBR Green (Applied Biosystems, Foster City, CA, 
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USA). As a reference gene, hypoxanthine-guanine phosphoribosyltransferase 
(HPRT) in a pre-developed assay (Applied Biosystems) was used. 

Transient transfection 

Cells were transfected transiently for PERK, ATF4 or LAMP3 using mission 
siRNAs (Sigma Aldrich): PERK (NM_004836), SASI_Hs01_00096845 and 
SASI_Hs01_00096846. ATF4 (NM_001675), SASI_Hs02_00332313 and 
SASI_Hs01_00175197. LAMP3 (NM_014398), SASI_Hs01_00214233 and 
SASI_Hs02_00345584. Transfections were performed using Saint-Red 
(Synvolux Therapeutics, Groningen, The Netherlands) according to the 
manufacturer’s instructions. 

Generation of stable MDA-MB-231 shLAMP3 pools 

A U6 promoter-driven short hairpin RNA (shRNA) expression vector targeting 
LAMP3 and a non-targeting control vector (PLKO1_shLAMP3 (TRCN-
0000148784, number 842) and PLKO.1 control, respectively) were purchased 
from Sigma-Aldrich. Briefly, pseudotyped lentiviral particles were produced in 
HEK293FT cells using the ViraPower lentiviral expression system according to 
the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). MDA-MB-
231 cells were infected at a low passage number after which a pool of 
transfected cells was derived by puromycin (4 µg/ml) selection for approxi-
mately 10 days. 

Colony-forming assays 

For the colony-forming assays 500 transiently transfected cells were plated in 
T25 cell culture flasks (Greiner Bio-one) and allowed to adhere overnight. Cells 
were incubated under hypoxic conditions (1% O2) for 24 hours after which they 
were transferred to the normoxic incubator and given time to form colonies. 
Once colonies in the normoxic controls comprised of at least 50 cells, flasks 
were fixated in 70% ethanol for 10 minutes at 4°C and stained with 0.5% crystal 
violet for 30 minutes. Colonies of at least 50 cells were scored manually. 

Gap closure assays 

Monolayer gap closure assays (formerly known as scratch assays) were 
conducted using silicone cell culture inserts (Ibidi, Martinsried, Germany) 
attached to culture plates. In short, 30,000 cells were seeded in the inserts and 
allowed to recover overnight to form a confluent monolayer. Inserts were 
removed with tweezers, after which cells were rinsed thrice with Hank’s 
buffered saline solution (HBSS, PAA Laboratories) to remove detached cells. 
Culture medium was re-added and closure of the gap was followed for 24 hours 
using live imaging (see below). Gap closure was quantified using ImageJ 
(National Institutes of Health, Bethesda, MD, USA). 
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Spheroid culture 

Multicellular tumor spheroids were prepared from conventional monolayer 
cultures using an adapted liquid overlay technique. In short, V-shaped 96-wells 
plates (Greiner Bio-one) were coated with 0.5% (wt/vol) poly-HEMA (Sigma-
Aldrich). A total of 1,000 cells in 100 µl of standard culture medium with 2.5% 
(vol/vol) Matrigel (BD Biosciences, San Jose, CA, USA) were added to each 
well, after which cells were spun down for 10 minutes at 1,000 x g. Within 24 
hours spheroids were formed. 

Pimonidazole staining 

After formation, MDA-MB-231 spheroids were incubated for 1 hour with 200 
µM of pimonidazole (1-[(2-hydroxy-3-piperidinyl)propyl]-2-nitroimidazole 
hydrochloride, Natural Pharmacia International Inc., Burlington, MA, USA). 
Next, spheroids were fixed in 4% paraformaldehyde (Merck Chemicals, 
Darmstadt, Germany), and embedded in paraffin. Staining was performed on 5-
µm sections as previously described (28), using the following antibodies: 
mouse-anti-pimonidazole (Natural Pharmacia International Inc.) diluted 1:800 
and biotin-conjugated donkey-anti-mouse IgG (715-066-150, Jackson Immuno-
Research Laboratories Inc., West Grove, PA, USA) diluted 1:200. 

Cell labeling with cell tracker 

To label cells with CellTracker Green (Life Technologies, Carlsbad, CA, USA) 
or CellTracker Orange (Life Technologies), 0.15 x 106 cells/ml were seeded in a 
T75 cell culture flask (Greiner Bio-one). Cells were allowed to adhere, after 
which CellTracker was dissolved in DMSO and added at 10 µM to the cell 
culture medium. Flasks were incubated at 37°C for 45 minutes. Next, cell 
culture medium was replenished and cells were allowed to recover for 30 
minutes, after which they were ready for further experimentation. 

Spheroid invasion assays in collagen 

Twenty-four hours after formation, spheroids were embedded into collagen. 
Spheroids were collected in a 15 ml tube and allowed to descend to the bottom. 
Cell culture medium was renewed once. Next, the spheroids were combined 
with 4 mg/ml of rat-tail collagen type I (BD Biosciences), according to the 
manufacturer’s instructions. The collagen was allowed to polymerize for 10 
minutes at room temperature, after which the mixture was pipetted carefully 
into a 12-wells plate (Greiner Bio-one). The collagen disk was incubated at 
37°C until fully solidified, after which standard cell culture medium was added. 
Spheroids were allowed to invade the collagen for several days, as indicated in 
the legends to the figures. 
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F-actin staining 

After invasion of spheroids into collagen, collagen disks were fixed in 4% 
paraformaldehyde for 30 minutes at room temperature. Next, disks were washed 
with PBS, after which they were incubated with Alexa-488-conjugated 
Phalloidin (1:100; Life Technologies) for 3 hours at room temperature. After 
washing once more with PBS images were acquired. 

Live imaging and microscopy 

Live imaging of cells was performed using the JULI (Just Unbelievable Live 
Imaging) system from PAA. All other microscopic images were obtained using 
a Leica DM 6000 fluorescence microscope in combination with IPLab imaging 
software (Scanalytics Inc., Fairfax, VA, USA). 

Data analysis and statistics 

Unless stated otherwise, all data are presented as mean values ± standard 
deviation. Statistical analysis was carried out using Student’s t-tests or one-way 
analysis of variance (ANOVA) with Tukey’s post-hoc test where appropriate 
unless stated otherwise. Two-sided P values < 0.05 were considered statistically 
significant. Asterisks indicate statistical significance: *** is P < 0.001, ** is P < 
0.01 and * is P < 0.05. 

Results 

Breast cancer cell migration in transwell assays 

To study the role of the UPR in the process of breast cancer cell migration, a 
number of models for in vitro metastasis were used. First, cell migration was 
studied in a series of six breast cancer cell lines under normoxic conditions 
using a transwell assay. In this assay cells have to actively migrate through a 
porous membrane. Cells were serum-deprived overnight and added to the upper 
compartment of modified Boyden chambers. In the lower compartment serum 
was added as a chemoattractant. As shown in Figure 1A, vast differences were 
found in the capability of cells to migrate to the lower compartment. The largest 
percentage of migrated cells was found in MDA-MB-231 and MDA-MB-468 
cells, both triple-negative cell lines (that is, lacking expression of the estrogen 
receptor, progesterone receptor and human epidermal growth factor receptor 2). 
In contrast, MCF-7 and MDA- MB-175 cells demonstrated very little migration. 
A direct comparison between the potential to migrate and the expression of 
LAMP3 on the mRNA level revealed a moderate correlation in this small group 
of cell lines (see Figure 1B). All subsequent experiments were performed with 
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the MDA-MB-231 cells, a commonly used breast cancer cell line to study cell 
migration. 
 
 

 

Figure 1. Migration of breast 
cancer cells correlates with 
LAMP3 mRNA expression. (A) 
Migration of six different breast 
cancer cell lines under normoxic 
conditions during 24 hours in a 
transwell assay. (B) mRNA 
expression of LAMP3 in the same 
six cell lines. Results are from two 
representative experiments with 
three replicates each. LAMP3, 
lysosomal-associated membrane 
protein 3.	  

Importance of serum deprivation on migration of MDA-MB-231 cells in a 
transwell assay 

The standard protocol for a transwell assay includes serum deprivation of the 
cells before the assay. This enables the addition of serum as a chemoattractant 
to the lower compartment. However, starvation induces the UPR profoundly 
and could therefore influence cell migration, especially under hypoxic 
conditions. In the present study, the chemoattractant function of serum was 
confirmed: overnight starvation of cells led to an increase in migration 
compared to cells that were not starved and thus allowed to migrate in complete 
medium (see Figure 2A). Next, this assay was used to establish the optimal 
percentage of oxygen to increase the migration of MDA-MB-231 breast cancer 
cells, in both serum-depleted and serum-supplemented conditions. When cells 
were serum-deprived overnight, cells migrated optimally at 1% O2 (see Figure 
2B). Cell migration decreased at lower or higher oxygen concentrations. 
Subsequently, the assay was performed without starvation. The availability of 
serum influenced the optimal oxygen percentage profoundly. Figure 2C shows 
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that in the presence of serum cells favored lower oxygen percentages for 
optimal cell migration (0.1% O2). 
 

 

Figure 2. Serum starvation and hypoxia increase cell migration in transwell assays. (A) Effect of 
the addition of serum on the migration of MDA-MB-231 cells in a transwell assay during 24 
hours. Effect of exposure to hypoxia on migration of MDA-MB-231 cells in a transwell assay 
under (B) serum-depleted or (C) serum-supplemented conditions, where cells were seeded in the 
transwell assays and then put in the hypoxic chamber for 24 hours (black bars) or cells received a 
24 hour preincubation under the hypoxic conditions indicated on the x-axis and seeded in the 
transwell assays under hypoxia (white bars). Results are from two representative experiments 
with three replicates each. Asterisks indicate statistical significance of knockdown compared to 
the corresponding negative control. 

Effect of knockdown of PERK, ATF4 and LAMP3 on cell migration in 
transwell assay during hypoxia 

Next, the effect of knockdown of PERK, ATF4 and LAMP3 on cell migration 
during hypoxia using the transwell assay was studied. First, we examined 
whether PERK, ATF4 and LAMP3 expression was induced by 1% O2 (see 
Figure 3A). Expression of these UPR components showed a moderate 
induction. Next, to ensure that any effects of knockdown on the migratory 
capacity during hypoxia were not due to reduced survival of the cells, a series of 
colony-forming assays was performed first. No significant effect of hypoxia 
(1% O2) on colony-forming ability of knockdown cells was found in the 
timeframe in which assays are performed (see Figure 3B). Figure 3C shows that 
transfection with the siRNAs used successfully diminished expression of the 
mRNA of PERK, ATF4 and LAMP3. In addition, knockdown of PERK and 
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ATF4 reduced the expression of their downstream targets (that is ATF4 and 
LAMP3) after serum starvation (see Figure 3D). Subsequently, transwell assays 
were performed. First, cell migration through the porous membrane was studied 
at 1% O2 under serum-starved conditions. The most profound effect of 
knockdown on cell migration was induced when cells were preincubated under 
hypoxic conditions prior to the assay, which itself was also performed under 
hypoxia (see Figure 3E). Hypoxia without preincubation showed a diminished 
migration of cells for all knockdowns tested, but the effect was less profound 
than with the preincubated cells. Performing the assay in normoxic conditions 
led to a non-significant decrease in cell migration and only for some of the 
knockdowns tested. In addition, the cell migration after knockdown in a 
transwell assay at 0.1% O2, without serum starvation was also studied (see 
Figure 3F). Here, effects similar to the assay at 1% O2 were found, albeit less 
prominent. 
 
 

 

Figure 3. Knockdown of PERK, ATF4 and LAMP3 reduces cell migration under hypoxic 
conditions in transwell assays. (A) mRNA expression of PERK, ATF4 and LAMP3 after 
exposure of MDA-MB-231 cells to 1% O2 for the time indicated on the x-axis. (B) Clonogenic 
survival of MDA-MB-231 cells transiently transfected with siRNAs directed against PERK, 
ATF4 or LAMP3 after exposure to 1% O2 for a 24-hour period. (C) mRNA expression of PERK, 
ATF4 and LAMP3 in MDA-MB-231 cells after transient transfection with siRNAs directed 
against the corresponding genes. (D) mRNA expression of ATF4 and LAMP3 in MDA-MB-231 
cells, transfected with siRNAs directed against PERK and ATF4, after serum starvation for 24 
hours. (E) Effect of hypoxia (1% O2) in combination with transient knockdown of PERK, ATF4 
or LAMP3 in MDA-MB-231 cells on cell migration in a transwell assay under serum-starved 
conditions. (F) Effect of hypoxia (0.1% O2) in combination with transient knockdown of PERK, 
ATF4 or LAMP3 in MDA-MB-231 cells on cell migration in a transwell assay under serum-
supplemented conditions. Preincubated cells were exposed to hypoxic conditions 16 hours prior to 
the start of the assay. Assays were carried out under normoxic or hypoxic conditions during 24 
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hours. The preincubated assays were also performed under hypoxia. Results are from two 
representative experiments with three replicates each. Asterisks indicate statistical significance of 
knockdown compared to the corresponding negative control. ATF4, activating transcription factor 
4; LAMP3, lysosomal-associated membrane protein 3; PERK, PKR-like endoplasmic reticulum 
kinase; siRNA, small interfering RNA. 

Migration of MDA-MB-231 breast cancer cells in a gap closure assay under 
hypoxic conditions 

To confirm and extend the data from the transwell assay, similar experiments 
were performed using a gap closure assay, which does not require serum 
deprivation. First, the effect of exposure to hypoxia on the migration of MDA-
MB-231 breast cancer cells was studied. Figure 4 shows the percentage of the 
gap that the cells filled in a 16-hour period. Compared to normoxic conditions, 
1% O2 showed the largest percentage of gap closure. 0.5% O2 revealed a 
moderate but still significant effect. Exposure to even lower oxygen 
concentrations, that is 0.1% O2, did not reveal an increase in gap closure speed 
compared to normoxia. 
 
 

 

Figure 4. Hypoxia has a profound effect 
on cell migration in a gap closure assay. 
Shown is the percentage of the gap that 
is closed after 16 hours. Results are from 
two representative experiments with two 
replicates each. Asterisks indicate 
statistical significance compared to the 
normoxic control. 

Effect of knockdown of PERK, ATF4 and LAMP3 on cell migration during 
hypoxia in a gap closure assay 

As 1% O2 was found to be the optimal level of hypoxia for cells to migrate, 
subsequent gap closure experiments were performed at this oxygen level. Figure 
5 shows the effect of knockdown of PERK, ATF4 and LAMP3 on migration of 
MDA-MB-231 cells. Under normoxic conditions no significant difference 
between cells transfected with a negative control and cells transfected with 
siRNA against PERK, ATF4 or LAMP3 could be demonstrated (see Figure 5A, 
5C and 5E). In contrast, when the assay was performed under 1% O2 a 
considerable effect was observed (see Figure 5B, 5D and 5F). Knockdown of 
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PERK, ATF4 or LAMP3 led to a substantial decrease in the speed at which 
cells close the created gap (see also Additional file 1).  
 

 

Figure 5. Knockdown of PERK, ATF4 and LAMP3 reduces cell migration under hypoxic 
conditions in gap closure assays. (A-F) Effect of hypoxia (1% O2) in combination with transient 
knockdown of PERK, ATF4 or LAMP3 in MDA-MB-231 cells on cell migration in a gap closure 
assay. Results are from two representative experiments. ATF4, activating transcription factor 4; 
LAMP3, lysosomal-associated membrane protein 3; PERK, PKR-like endoplasmic reticulum 
kinase. 

Importance of the tumor microenvironment for migration of MDA-MB-
231 cells 

All assays used so far required an artificial induction of hypoxic conditions. To 
study the effect of hypoxia on migration with endogenous hypoxia, 
multicellular tumor spheroids were employed. Beyond a certain diameter, tumor 
spheroids will develop a core consisting of hypoxic cells (see Figure 6A). 
Expression of PERK, ATF4 and LAMP3 was found to be higher in cells grown 
as a monolayer than cells grown in a spheroid (see Figure 6B). To directly 
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compare the potential to migrate of a standard two-dimensional monolayer and 
three-dimensional spheroids both transwell and gap closure assays were per- 
formed. Directly before the start of the assays, spheroids were disintegrated by 
standard trypsinization into a single cell suspension, which was used as the 
input for the assays. In both assays the cells initially cultured as spheroids 
showed an increased capacity to migrate compared to the cells grown as a 
monolayer (see Figure 6C and 6D). Thus, once cells have experienced a 
simplified, transient tumor microenvironment, their migratory capacity 
increases. 
 

 

Figure 6. Cells derived from tumor spheroids are more migratory than monolayer cells. (A) 
MDA-MB-231 spheroid stained against the hypoxia marker pimonidazole. Bar is 100 µm, 
original magnification is 200 x. (B) mRNA expression of PERK, ATF4 and LAMP3 in MDA-
MB-231 monolayers compared to cells grown as spheroids. Migration of monolayer cells 
compared to cell initially grown as a spheroid in a transwell assay (C) during 24 hours and a gap 
closure assay (D) during 16 hours in standard cell culture medium. Spheroids were disintegrated 
into a single-cell suspension prior to the start of the assay. Results are from two representative 
experiments with three replicates each. ATF4, activating transcription factor 4; LAMP3, 
lysosomal-associated membrane protein 3; PERK, PKR-like endoplasmic reticulum kinase. 
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Effect of LAMP3 knockdown on collagen invasion of MDA-MB-231 
spheroids 

Next, the ability of spheroids generated from cells with a stable knockdown of 
LAMP3 to invade a collagen matrix was studied. Figure 7A shows that stable 
knockdown of LAMP3 attenuated the mRNA expression of LAMP3. After 4 
days of growth, both control and knockdown spheroids were of similar size, 
indicating that there is no difference in proliferation between these cells when 
grown as a spheroid (see Figure 7B). MDA-MB-231 negative control spheroids 
were found to invade the collagen with string-like protrusions (see Additional 
file 2). Stable knockdown of LAMP3 reduced these invasive filaments to some 
extent (see Figure 7C and Additional file 2). The effect of LAMP3 knockdown 
on invasion of the spheroids into collagen was quantified by measuring the 
surface of collagen invaded by the spheroids. The surface of the invasive zone 
was found to be smaller in the knockdown spheroids (see Figure 7D). The 
diminished invasion of LAMP3 knockdown spheroids was validated further by 
generating spheroids of a mixed origin. Control cells were labeled with 
CellTracker Green and LAMP3 knockdown cells were labeled with CellTracker 
Orange. Subsequently, mixed spheroids in a 1:1 ratio were generated. Invasion 
of these spheroids in collagen demonstrated the enhanced ability of the control 
cells to deeply invade the collagen compared to the LAMP3 knockdown cells 
(see Figure 7E). This effect was quantified by analyzing the green and red 
signal present within the spheroid body and the invasive zone (see Figure 7F). 
The invasive zone was divided into four circular zones with increasing distance 
from the spheroid body. Analysis of the signal present within each zone 
revealed that the green signal was more prevalent in the invasive zones than the 
red signal, indicating that the control cells invaded the collagen deeper than the 
LAMP3 knockdown cells. 

Discussion 

In this study, evidence is provided that UPR-induced LAMP3 can influence 
hypoxia-mediated cell migration of breast cancer cells. We provide evidence 
that apart from the established involvement of the HIF-pathway in the induction 
of cancer cell spread, the UPR is a second manner in which hypoxia is 
implicated in breast cancer cell migration. 
 
A characteristic of the UPR is its maximum induction under conditions of 
severe hypoxia (<0.2% O2) or anoxia (32). Indeed, LAMP3 as a UPR-induced 
factor was found to have its peak of induction under these conditions (26, 28). 
However, cell migration and invasion is often studied under conditions of more 
moderate hypoxia, around 1% oxygen (33-38), conditions which maximally in- 
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Figure 7. Knockdown of LAMP3 reduces invasion of spheroids into collagen. (A) Expression of 
LAMP3 mRNA in control cells versus LAMP3 knockdown cells. (B) Spheroid size of MDA-MB-
231 control and LAMP3 knockdown spheroids after 4 days of growth. Results are from two 
independent experiments with 32 replicates each. (C) F-actin staining of MDA-MB-231 spheroids 
of control and LAMP3 knockdown cells, after 6 days of invasion in collagen. Bar is 100 µm, 
original magnification is 50 x. (D) Surface of collagen invaded by MDA-MB-231 control and 
LAMP3 knockdown spheroids during 72 hours. (E) Collagen invasion of a mixed MDA-MB-231 
spheroid after 6 days. Control cells were labeled with CellTracker Green and LAMP3 knockdown 
cells were labeled with CellTracker Orange. Control and LAMP3 knockdown cells were mixed in 
a 1:1 ratio. Bar is 100 µm, original magnification is 100 x. (F) Quantification of E. The total 
amount of green and red signal was analyzed in five different zones: the spheroid body and four 
consecutive invasive zones, n = 5. LAMP3, lysosomal-associated membrane protein 3. 
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duce HIF1α expression (23). The current study shows that knockdown of 
PERK, ATF4 or LAMP3 in combination with hypoxic exposure to 1% O2 led to 
a reduction in cell migration. If the UPR and its associated factors are 
maximally induced by anoxia, why are the largest effects observed at moderate 
levels of hypoxia? Several studies have shown that the UPR can indeed be 
induced by moderate hypoxia as well, but with different kinetics (22, 39, 40). In 
this study assays were performed at 1% O2 as stronger hypoxic conditions did 
not lead to a stimulation of cell migration. Possibly, at severe hypoxic 
conditions, cells apply the UPR more for cell survival (25) than migration. 
 
In the transwell assays an intriguing effect of the addition of serum on the 
induction of cell migration by hypoxia was observed. Serum-starved cells 
migrated most profoundly at 1% O2, whereas serum-supplemented cells 
migrated best at 0.1% O2. Serum dependency of cancer cell invasion has been 
observed before (41, 42). When MDA-MB-231 cells were serum depleted, no 
increase in invasion was found for a hypoxic incubation (1.5% O2) (41). As 
addition of serum led to an increased invasion under hypoxia, it was suggested 
that serum might contain factors that increase invasion under hypoxic 
conditions (41). In a different study, the effect of hepatocyte growth factor 
(HGF) on tumor invasion was examined in U2-OS and SiHa cells (43). Mild 
hypoxia (3% O2) was found to increase invasion by amplifying HGF signaling, 
thereby sensitizing cells to HGF stimulation (43). These and the current data 
indicate that the role of serum in cancer cell migration and invasion is more than 
just a chemoattractant and that growth factor signaling has a vast influence on 
the effects of hypoxia in migration and invasion assays. Trying to survive 
during hypoxia is of critical importance for cells. Depriving cells of serum may 
make survival even more difficult. Possibly, without serum and under severe 
hypoxic conditions (0.1% O2) cells are not migrating as fast as under moderate 
hypoxia (1% O2) because cell survival is more essential. When serum is present, 
the need for survival may become less critical even at 0.1% O2, causing the 
increase in cell migration. 
 
 
The importance of the tumor microenvironment during cell migration was 
emphasized when migration assays were performed with cells grown as 
monolayer and cells initially grown as spheroids. The latter were found to be 
more migratory than the former. In other words, cells that experienced a 
simplified microenvironment prior to the assay were more migratory, despite 
the fact that spheroids had to be disintegrated back to a single-cell suspension. 
This behavior was also observed previously with murine breast cancer cell lines 
in transwell invasion assays (44). As the spheroids used contain a central 
hypoxic core, the enhanced ability of spheroid cells to migrate or invade could 
be a consequence of hypoxia. This, however, remains to be established. 
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With the evidence that LAMP3 is involved in hypoxia-induced cell migration, it 
needs to be elucidated which mechanism LAMP3 uses to cause the actual 
spread of cancer cells. LAMP3 protein under physiological conditions is 
localized within the lysosomal membrane  (45). For LAMP1 and LAMP2 it has 
been previously established that their expression can relocalize to the plasma 
membrane in cancer cells (29). Cell lines with a stronger metastatic capacity 
showed an enhanced expression of LAMP1 and LAMP2 on the cell membrane 
(29). It is believed that LAMP surface expression provides a cancer cell with 
means to attach to selectins on endothelial cells and enhance their capacity to 
form metastases (30). A similar mechanism could be responsible for the role of 
LAMP3 in hypoxia-induced cell migration. LAMP3 was found to have the 
ability to relocalize to the plasma membrane upon influenza A virus infections 
in HeLa cells (46). Nevertheless, we have not been able to show LAMP3 
expression on the cell surface in the MDA-MB-231 cells used, under either 
normoxic or hypoxic conditions. Immunohistochemically, in MDA-MB-231 
cells we have only observed LAMP3 expression in the cytoplasm. An 
alternative explanation for the function of LAMP3 in cell migration is the link 
LAMP proteins have with autophagy (47). Autophagy has been previously 
suggested as a possible mechanism responsible for increased survival and 
increased metastasis of cancer cells (48, 49). Analysis of the autophagy marker 
LC3B expression in a large subset of breast tumors revealed that it is associated 
with metastasis and a worse outcome (50). However, Indelicato et al. found that 
chemically induced autophagy results in reduced invasion of MDA-MB-231 
cells under both normoxic and hypoxic (1% O2) conditions, whereas LC3B 
silenced cells showed a decreased invasion during hypoxic conditions (37). 
Thus, there is evidence that autophagy may function as a mechanism behind 
hypoxia-induced metastasis, but its precise role is far from clarified. 

Conclusions 

In conclusion, this study provides evidence that the UPR with LAMP3 is 
involved in the process of hypoxia-induced cell migration. In addition, growth 
factor signaling via the serum component of cell culture medium is a factor of 
vital importance in the migration of cells under conditions of both moderate and 
severe hypoxia. Furthermore, the tumor microenvironment, experienced by cells  
when grown as multicellular spheroids is of significance in the process of cell 
migration and invasion. The PERK/ATF4/LAMP3 arm of the UPR might 
function as a new target for therapy combating hypoxia-induced metastasis in 
breast cancer. 
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Abstract 

Conditions of poor oxygenation (hypoxia) are present in the many human 
tumors and in cervix cancer, and are associated with increased risk of metastasis 
and poor patient prognosis. Hypoxia is a potent activator of the PERK/eIF2a 
signaling pathway, a component of the unfolded protein response and an 
important mediator of hypoxia tolerance and tumor growth. To evaluate the 
importance of this pathway in metastasis, we constructed a series of isogenic 
and inducible cell lines to interfere with PERK signaling during hypoxia and 
used these in an orthotopic cervix cancer model of hypoxia-driven metastasis. 
We find that induced disruption of PERK signaling in established orthotopic 
xenografts results in complete inhibition of hypoxia-induced metastasis to the 
lymph nodes. Our data indicate this is due in part to a direct influence of this 
pathway on hypoxia tolerance, since its disruption markedly reduced cell 
survival to hypoxia in vitro and impaired primary tumor growth in vivo. 
However, we also find that the PERK/ATF4 target gene LAMP3, a metastasis-
associated gene, is a key mediator of hypoxia driven lymph node metastasis. 
Silencing LAMP3 had no effect on hypoxia tolerance, but prevented lymph 
node metastasis in orthotopic xenografts and inhibited cell migration in vitro. 
Finally, we demonstrate that LAMP3 is regulated by both amplification, and by 
hypoxia in human cervix tumors. These data suggest that the poor prognosis of 
patients with hypoxic cervix cancer is due in part to PERK activation of 
LAMP3.  
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Introduction 

The microenvironment of solid tumors is profoundly different from that of the 
normal tissues from which they derive. The high proliferation rate of tumor 
cells inevitably results in the development of poorly oxygenated (hypoxic) 
regions where oxygen and nutrient demand exceeds supply. Over the last two 
decades clinical studies have established a clear association between increased 
levels of tumor hypoxia and poor patient prognosis. The degree of hypoxia in 
tumors as measured by the Eppendorf probe has been found to be a prognostic 
factor for a variety of tumor types, including uterine cervix and head and neck 
carcinoma (1-3). Tumor hypoxia negatively impacts prognosis by conferring 
intrinsic resistance to both radio- and chemotherapy, and also induces biological 
changes that promote increased malignancy, including metastasis (4-6). Studies 
in both cervix carcinoma and soft tissue sarcoma have shown directly that 
patients with hypoxic tumors are more likely to fail therapy due to distant 
metastases (4, 5, 7). Likewise, a recent study in prostate cancer has identified 
tumor hypoxia as an independent predictor of biochemical relapse, but only 
within the first 48 months of completing treatment, suggesting the presence of 
subclinical metastatic disease at time of treatment in patients with hypoxic 
tumors (8). Laboratory and animal models support a direct role for hypoxia in 
promoting metastasis. In vitro hypoxia exposure has been shown to potentiate 
experimental metastasis of several cancer cell lines when injected into mice (9-
12). Moreover, increasing tumor hypoxia by subjecting tumor-bearing animals 
to periodically breathe low-oxygen gas enhances spontaneous metastasis in a 
number of metastatic xenograft models, including an orthotopic model of 
human cervical carcinoma (13-15). In this model, lymph node metastasis was 
increased in animals exposed to cyclic hypoxia.  
 
Tumor cells respond to hypoxia through several known adaptive oxygen-
sensitive signaling pathways. This includes activation of the hypoxia-inducible 
factor family of transcription factors (HIFs), which regulate the expression 
many genes involved in metabolism and angiogenesis (16). Hypoxia also acts as 
a potent activator of the unfolded protein response (UPR), an evolutionally 
conserved program that responds to endoplasmic reticulum (ER) stress (17-19). 
The UPR consist of 3 signaling pathways initiated by PKR-like ER kinase 
(PERK, also known as EIF2AK3), inositol-requiring enzyme 1 (IRE1), and 
activating transcription factor 6 (ATF6) which function as individual sensors of 
ER stress. Several studies have demonstrated that both PERK and IRE1 arms of 
the UPR are strongly activated by hypoxia and important for the tolerance of 
tumor cells to hypoxic stress (19-22). PERK activation leads to a rapid 
inhibition of protein synthesis during hypoxia through phosphorylation of the α 
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subunit of eukaryotic translation initiation factor 2 (eIF2α) on Ser51 (18), which 
prevents the assembly of the ternary translation initiation complex eIF2-GTP-
tRNA/Met and inhibition of translation initiation. Paradoxically, eIF2a 
phosphorylation also results in selective translation of activating transcription 
factor 4 (ATF4) due to the presence of an unusual 5’ UTR that contains multiple 
upstream open reading frames (17, 23, 24). ATF4 initiates a widespread 
transcriptional response that mediates adaptation to ER stress, including ER 
protein chaperones, and genes involved in amino acid metabolism and 
resistance to oxidative stress (25). ATF4 promotes hypoxia tolerance directly by 
inducing LC3B (MAP1LC3B) that enables high rates of autophagy required to 
protect hypoxic cells from cell death (26). Finally, ATF4 also initiates a 
negative feedback loop by inducing growth arrest and DNA damage-inducible 
protein 34 (GADD34, also known as PPP1R15A), which promotes 
dephosphorylation of eIF2a and restoration of overall protein synthesis (27). 
 
Several studies have demonstrated that HIF-1 activation can regulate pathways 
involved in metastasis (28, 29). Direct or indirect targets of HIF-1 include genes 
that regulate the epithelial and mesenchymal transition (EMT), matrix 
metalloproteinases (MMPs) and lysyl oxidase (LOX), which are involved in the 
establishment of the pre-metastatic niche (30-32). The relevance of UPR 
signaling in hypoxia-induced metastasis has not yet been examined. However, 
we recently showed that expression of a putative metastasis promoting gene, 
lysosomal-associated membrane protein 3 (LAMP3) was strongly induced by 
hypoxia in a PERK/ATF4 dependent and HIF independent manner (33). 
LAMP3 has been hypothesized as a potential mediator of metastasis and is 
overexpressed in several cancer types (34). Here, we have created a series of 
isogenic and inducible models and used these in an orthotopic model of cervical 
cancer to test the contribution of PERK and LAMP3 in hypoxia-induced 
metastasis.  

Materials and methods 

Cell models and hypoxia exposure 

The ME180 (human cervix carcinoma) cell line with doxycycline inducible 
expression of the hamster GADD34 C-terminus (GADD34-C) (35) was created 
using the Flp-In T-Rex system according to the manufacturer’s instructions 
(Invitrogen). ME180 cells were transfected with a pRetroSuper vector 
containing a short hairpin against LAMP3 to generate stable LAMP3 
knockdown cells (shLAMP3) or with an empty vector (EV control). For anoxic 
exposure cells were transferred into a H85 HypOxystation hypoxic incubator 
(Hypoxgyen, USA). The composition of the atmosphere in the incubator 
consisted of 5% H2, 5% CO2, 0.0% O2 and residual N2.  
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RNA isolation and quantitative PCR analysis 

Total RNA isolation and quantitative RT-PCR was performed as previously 
described (33). Relative transcript abundance was determined using the standard 
curve method and normalized to 18S rRNA expression.  

Western blot analysis 

Cell lysis and immunoblot analysis was performed as described previously (33). 
For the detection of phosphorylated eIF2α cells were lysed in 20mM HEPES, 
100mM KCl, 5mM EDTA, 10% glycerol, 0.5% Triton-X, 0.005% SDS and 
1mM DTT supplemented with Halt Phosphatase Inhibitor Cocktail (Thermo 
Scientific). See supplementary materials and methods for antibodies used.  

Spontaneous metastasis assay and cyclic hypoxia treatment 

Orthotopic implantations were performed as described previously (13). 
Expression of the GADD34-C transgene was induced 8 days after implantation 
by administration of doxycycline (2 g/L in 5% sucrose) in the drinking water of 
the animals. The cyclic hypoxia treatment was started the following day (day 9) 
and repeated daily until 24 hours prior to sacrifice, as described previously (13). 
To identify viable hypoxic cells, animals were injected with the hypoxia marker 
drug EF5 [2-(2-nitro-1H- imidazole-1-yl)-N-(2,2,3,3,3-pentafluoropropyl) acet-
amide], obtained from Dr. Cameron Koch (University of Pennsylvania), 4 hours 
before tumor excision (100 µmol/kg i.p.). All animal experiments were 
performed according to the regulations of the Canadian Council on Animal 
Care. 

Immunohistochemical staining and image analysis 

See supplementary materials and methods for the staining protocols. Images 
were analyzed using Definiens Tissue Studio software, which allows for semi-
automatic histology image analysis. Briefly, the software was trained to identify 
viable tumor areas, necrotic areas, tumor stroma and empty areas within the 
scanned section. For human cervix carcinoma biopsies the average LAMP3 
staining intensity within the tumor areas was measured as well as the LAMP3 
positive area above a background threshold obtained from the average intensity 
of all patient sections. The product of average staining intensity and fractional 
labeled tumor area was calculated for each case to represent relative protein 
abundance. Two sections per case were stained and analyzed at different times.  

FISH analysis 

The LAMP3 containing clone RP11-1012H23 was selected from the Human 
UCSC Genome Browser assembly (Feb.2009 CRch37/hg19) and obtained from 
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TCAG Genome Resource Facility (Toronto, Canada). Prior to experiments, the 
RP11-1012H23 probe was verified on normal blood metaphases to confirm its 
correct location on chromosome 3q27. The BAC probe was used along with 
centromeric probes CEP3 (labeled with SpG) and CEP7 (labeled with aqua) 
purchased from Abbott Molecular and utilized as internal controls. FISH was 
performed on paraffin embedded tissues - TMA’s. See supplementary materials 
and methods for protocol. H&E stained adjacent TMA sections were compared 
with FISH stained slides in order to properly identify tumor cells. 100 non-
overlapping, intact cells were scored for each case. Total LAMP3, CEP3 and 
CEP7 signal was determined for each case and subsequently the LAMP3 to 
CEP3 and LAMP3 to CEP7 ratio was calculated. A ratio of 1.5 or higher was 
considered an abnormal signal.  

Patients and oxygen measurements 

Biopsies were obtained from a previously described group of uterine cervix 
cancer patients enrolled in a single institutional prospective study (36). Written 
informed consent was obtained from each participant prior to study entry and 
the Research Ethics Board at the Princess Margaret Cancer Centre approved the 
trial. The clinical characteristics of the group of patients with LAMP3 protein 
expression (IHC) are found in supplementary table 1. The first date of treatment 
in this group was 25 January 2000 and the last 25 April 2007. The median 
follow-up is 5.9 years (range 0.8 - 10.6). 

Statistical analysis 

Unless stated otherwise, Student t-test or one-way ANOVA with Bonferroni's 
post test was used to test significance of differences in numerical data. Two-
sided p-values of less than 0.05 were considered statistically significant.  

Results 

Generation of an isogenic inducible PERK signaling defective cervical 
cancer xenograft model 

To address the functional importance of UPR signaling in hypoxia-induced 
metastasis, we introduced and validated a single flippase recombination target 
site together with a tetracycline repressor into the genome of the ME180 
cervical carcinoma cell line. This approach allows rapid development of 
tetracycline/doxycycline inducible isogenic sublines with transgene expression 
from a single genomic integration. To test the functionality of our cell model, 
we inserted a doxycycline-regulated eGFP reporter gene into the flippase 
recombination target site. Addition of doxycycline resulted in strong induction 
of eGFP expression in vitro (figure 1A) and in vivo when administered continu- 
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Figure 1. A doxycycline-regulated ME180 cervix carcinoma cell line with inducible expression 
of the GADD34 protein. A) EGFP fluorescence in ME180 cells expressing a doxycycline-
inducible eGFP reporter gene. Shown are fluorescence microscopy images following 0, 24 and 48 
hours of doxycycline incubation (1 µg/ml). B) EGFP expression in orthotopic xenografts 
established from cells in (A). Doxycycline was administered to tumor-bearing mice in water (2 
g/L) for a total period of two weeks. EGFP expression was evaluated under a fluorescent 
stereomicroscope. C) The PERK/eIF2α/ATF4 arm of the UPR. D) Induction kinetics of 

Figure 1

0 6 16 0 6 16
0

10

20

30

40

50
(-)dox
(+)dox

Re
la

tiv
e 

CH
O

P 
m

RN
A 

Ab
un

da
nc

e 

EVGADD34-C

A B

C D

Figure 9: ME180 subclone 10.8 inducibility in vivo. Primary cervix tumours were established from eGFP 

expressing ME180 subclone 10.8 cells. eGFP expression was induced in vivo by supplementing the drinking 

water of the animals with doxycycline.

eGFP -dox eGFP +dox

E

F

ER stress

PERK

eIF2α-P

ATF4

GADD34
CHOP
LAMP3

e.g. hypoxia, DTT

G H

Figure 9: ME180 subclone 10.8 inducibility in vivo. Primary cervix tumours were established from eGFP 

expressing ME180 subclone 10.8 cells. eGFP expression was induced in vivo by supplementing the drinking 

water of the animals with doxycycline.

eGFP -dox eGFP +dox

- +
0

GADD34-C

eIF4E

eIF2α-P
+-
--

++
+-

++
+-

++
+-

DTT
dox

eIF2α
21 43 65 87

+-
00

+-
66

+-
1616

GADD34-C

dox

GADD34-C

eIF4E

0.0% O2 (hrs)

CHOP

GADD34-C

eIF4E

+- +- +-
T2T1 T4T3 Cells

dox

(-)dox (+)dox
0 hrs dox 6 hrs dox 24 hrs dox

- +
4

- +
8

- +
16

- +
24

- +
48

- +
72

dox

0 6 16 24

+-
00

+-
66

+-
1616

EV

✽ ✽

✽



 

 

	  
Chapter 5 

	  
	   	  

102 

doxycycline regulated expression of the hamster GADD34 C-terminus region in ME180-
GADD34-C cells. Levels of protein expression were measured by immunoblotting in cells grown 
in the presence or absence of doxycycline for the indicated periods of time. EIF4E was used as a 
loading control. E) DTT-induced phosphorylation of eIF2α was assessed by immunoblotting in 
ME180-GADD34-C cells pre-exposed to 0, 6, 16 or 24 hours of doxycycline. Total eIF2α protein 
levels were used as loading control. F+G) ME180-GADD34-C and EV control (EV) cells were 
preincubated with doxycycline for 72 hours (+dox) or left untreated (-dox), and subsequently 
exposed to 0, 6 or 16 hours of anoxia. CHOP protein (F) and mRNA (G) expression was 
measured by immunoblotting and qRT-PCR, respectively. Mean and SEM of three independent 
experiments is shown. (two-way ANOVA, p < 0.05, **p < 0.005, (-)dox EV vs rest) H) GADD34 
transgene protein expression was assessed in four different intramuscularly grown ME180-
GADD34-C derived xenografts (T1-T4) following a 7-day administration of doxycycline to the 
animals.	  
 
ously to animals for two weeks (figure 1B). Importantly, we confirmed that the 
potential of the ME180 cell line to spread to the local pelvic lymph nodes when 
grown orthotopically in the mouse uterine cervix was not altered by this genetic 
engineering (supplementary figure 1A-C). In addition, doxycycline treatment 
alone for two weeks had no effect on lymph node metastasis (supplementary 
figure 1D-F).  
 
Next, we generated an ME180 subline that allows doxycycline-regulated 
expression of the highly conserved C-terminal region of the hamster GADD34 
protein (referred to as ME180- GADD34-C). Overexpression of the C-terminus 
alone is more effective at inhibiting signaling through PERK/eIF2α compared to 
the full-length protein (25). Using an antibody against the C-terminal region of 
the hamster GADD34 protein, we found that maximum induction of the 
transgene is reached after only 8 hours of exposure to doxycycline and persists 
for 48 hours (figure 1D). Dithiothreitol (DTT) is a highly potent ER stress 
inducing agent that functions to reduce protein disulfide bonds, causing 
accumulation of misfolded proteins and PERK-dependent inhibition of protein 
translation. Treatment of ME180-GADD34-C cells with DTT resulted in strong 
and rapid phosphorylation of eIF2α (figure 1E lanes 2,3,5,7). However, eIF2α 
phosphorylation was prevented in cells that had been exposed to doxycycline 
for 6, 16 or 24 hours prior to DTT treatment to induce GADD34-C (figure 1E 
lanes 4,6,8). We tested the functionality of our expression system under 
conditions of hypoxic stress, by exposing ME180-GADD34-C and empty 
vector control cells to 0.0% O2 and monitoring the expression of the ATF4 
target gene CHOP. In doxycycline-free cells, we observed an early and strong 
induction of both CHOP protein (figure 1F) and mRNA (figure 1G). However, 
CHOP expression was strongly inhibited in cells pre-incubated with 
doxycycline for 72 hours. Importantly, expression of the GADD34 transgene 
was also detectable in tumor xenografts at comparable levels to that of cell lines 
in vitro, in mice that received doxycycline for 7 days (figure 1H).  
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Disruption of UPR signaling inhibits hypoxia-induced lymph node 
metastasis 

The metastatic potential of ME180 cells with intact versus defective PERK 
signaling, was tested by implanting ME180-GADD34-C xenografts 
orthotopically and allowing them to establish for eight days before expressing 
the GADD34 transgene with doxycycline. This approach eliminates 
confounding effects of the transgene on primary tumor establishment, which is 
influenced by PERK (20). Starting on day 9, tumor bearing mice were exposed 
daily to a cycling hypoxia regimen previously shown to increase lymph node 
metastasis in this model (13) (figure 2A). As observed previously, doxycycline-
naive tumors (with a functional PERK pathway) from hypoxia-treated animals 
were noticeably smaller compared to sham-treated mice (figure 2B; compare  
-dox sham and -dox hypoxia) (13, 37). Doxycycline induced disruption of UPR 
signaling also reduced primary tumor size (compare -dox and +dox sham), but 
adding doxycycline to the hypoxia group did not further affect tumor size.  
 
These primary cervix tumors spread to the local pelvic lymph node chain, which 
consists of a total of eight lymph nodes, aligned in four pairs. We observed the 
previously described increase in the total number of colonized lymph nodes per 
animal following exposure to hypoxia treatment (figure 2C; compare -dox sham 
and -dox hypoxia). Importantly, inhibition of PERK signaling prevented the 
hypoxia-induced increase in metastasis to the lymph nodes (compare +dox 
sham and +dox hypoxia). In order to account for the location of the involved 
nodes, we assigned different weights to the four lymph node pairs based on their 
distance from the primary tumor and calculated a metastatic score for each 
animal. Pair one and pair two were given an equal weight because they are 
located at a similar distance from the primary tumor and colonization of pair 
one has been shown to be independent of the hypoxia treatment (24). Similar to 
the effect on the total number of metastatic nodes, disruption of PERK signaling 
significantly decreased the metastatic score in hypoxia treated animals, 
indicating diminished colonization of the more distant lymph node pairs (figure 
2D). In fact, even in animals that were exposed to standard laboratory air only, 
doxycycline-mediated disruption of PERK signaling significantly reduced the 
metastatic score (compare -dox and +dox sham). Together these results indicate 
that in this animal model of cervical carcinoma the PERK/eIF2α arm of the 
UPR is required for primary tumor growth as well as hypoxia-induced nodal 
metastasis.  
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Figure 2. Inhibition of UPR signaling suppresses hypoxia-induced lymph node metastasis. A) 
Timeline metastasis assay. Cervical tumors were initiated by orthotopic implantation of fragments 
derived from several different intramuscular ME180-GADD34-C tumors. B) Size orthotopic 
xenografts. The cervix tumors were excised and weighted at the end of the experiment (day 28). 
Each symbol represents a tumor from one animal. Horizontal lines represent the mean values for 
each group. Animals carrying tumors 2 standard deviations above or below group mean were 
excluded from analysis because of positive correlation between primary tumor size and lymph 
node metastasis (13). (Unpaired Student t-test, one-tailed *p < 0.05, **p < 0.005) C) On the y-
axis is shown the total number of colonized lymph nodes in each animal (out of a total of eight). 
The size of the circle represents the number of animals (labeled in the center). D) On the y-axis is 
shown metastatic scores. The metastatic score for each animal was calculated using the formula: 
(p1*1)+(p2*1)+(p3*2)+(p4*3) where p1 is the number of involved nodes for lymph node pair 1, 
p2 is the number of involved nodes for lymph node pair 2 etc. The size of the circle represents the 
number of animals (labeled in the center). (Mann Whitney test, one-tailed *p < 0.05). 

UPR target gene LAMP3 promotes hypoxia-induced lymph node 
metastasis 

We recently demonstrated that LAMP3, a protein previously implicated in 
cervical cancer metastasis, is induced by hypoxia in a PERK/eIF2α/ATF4 
dependent manner (33). To assess the contribution of LAMP3 to lymph node 
metastasis, we stably expressed a shRNA to knockdown expression of LAMP3 
in ME180 cells and showed that it fully abrogated the hypoxia-induced increase 
in mRNA and protein (supplementary figure 2 and figure 3A, respectively). 
Xenografts established from the LAMP3 knockdown cells also showed a 
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marked reduction in LAMP3 protein expression compared to empty vector 
controls (figure 3B).  
 
Mice with orthotopic ME180 empty vector control and LAMP3 knockdown 
xenografts were exposed to the hypoxia regimen and assessed for primary 
tumor growth and metastasis to the pelvic lymph nodes. As expected, both the 
LAMP3 knockdown and empty vector control tumors were considerably 
smaller in the hypoxia treatment group compared with sham-treated controls 
(figure 3C). In contrast to disruption of PERK signaling (figure 2), knockdown 
of LAMP3 resulted in a trend towards somewhat larger primary tumors in the 
sham treated group (figure 3C; compare EV and shLAMP3 sham). With respect 
to metastasis, the hypoxia treatment regimen resulted in an increase in 
metastasis in the animals bearing empty vector control tumors, as expected 
(figure 3D; compare EV sham and EV hypoxia). However, in mice with 
LAMP3 knockdown tumors, hypoxia treatment failed to increase metastasis and 
instead resulted in a trend towards fewer colonized nodes (compare shLAMP3 
sham and shLAMP3 hypoxia). Thus, despite the fact that the shLAMP3 primary 
tumors were somewhat larger on average, they did not exhibit any measurable 
hypoxia-induced metastasis. A similar effect was observed when assessing 
metastatic score (figure 3E).  The results from this experiment suggest that 
signaling through the UPR promotes hypoxia-mediated metastasis in part 
through induction of LAMP3.  
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Figure 3. Knockdown of LAMP3 inhibits hypoxia-induced lymph node metastasis. A) LAMP3 
protein levels in stable LAMP3 knockdown cells (shLAMP3) and empty vector control cells (EV 
control) exposed to 24 hours of anoxia. Asterisks indicate non-specific protein bands. B) LAMP3 
protein expression was assessed by immunofluorescence staining in LAMP3 knockdown and 
empty vector control tumors. C) Size of the orthotopic tumors at the end of the experiment, 25 
days post orthotopic implantation. Each symbol represents a tumor from one animal. Horizontal 
lines represent the mean values for each group. Animals carrying tumors ≤0.01 grams and/or 2 
standard deviations above or below group mean were excluded from analysis because of positive 
correlation between primary tumor size and lymph node metastasis (13). (Unpaired Student t-test, 
one-tailed) D) On the y-axis is shown the total number of colonized lymph nodes in each animal 
(out of a total of eight). The size of the circle represents the number of animals (labeled in the 
center). E) On the y-axis is shown metastatic scores. The metastatic score for each animal was 
calculated using the formula: (p1*1)+(p2*1)+(p3*2)+(p4*3) where p1 is the number of involved 
nodes for lymph node pair 1, p2 is the number of involved nodes for lymph node pair 2 etc. The 
size of the circle represents the number of animals (labeled in the center). (Mann Whitney test, 
one-tailed *p < 0.05).	  
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Activation of the PERK/eIF2α arm of the UPR promotes hypoxia tolerance  

The potential mechanisms contributing to the defect in hypoxia-induced 
metastasis were investigated by characterizing the microenvironments of the 
orthotopic xenografts using immunohistochemistry (IHC) for blood vessel 
content and hypoxia. Although PERK signaling has been reported to regulate 
angiogenesis (21) we found no differences in vessel content or perfusion in the 
PERK signaling deficient tumors exposed to sham treatment or to hypoxia 
(figure 4A and supplementary figure 3). Several studies have shown that 
activation of the PERK/eIF2α/ATF4 arm of the UPR increases hypoxia 
tolerance of cells and consequently promotes higher levels of tumor hypoxia  
(20, 26). The fact that the GADD34 tumors were smaller than controls is 
consistent with these observations (figure 2B; compare -dox and +dox sham). In 
order to directly test the contribution of PERK signaling on hypoxia tolerance 
we conducted clonogenic assays under hypoxia in dox treated and untreated 
cells in vitro. Figure 4B shows that ME180-GADD34-C cells are indeed 
significantly more sensitive to anoxia induced cell death following doxycycline. 
However, the fraction of hypoxic tumor cells as assessed by EF5 staining in 
vivo was not significantly different between tumors with intact versus inhibited 
PERK signaling (figure 4C). Thus, it is clear that although PERK deficient cells 
are more sensitive to hypoxia-induced cell death, differences in the proportion 
of viable hypoxic cells in the primary tumor cannot account alone for the loss of 
metastasis in the PERK signaling deficient group.  

LAMP3 influences migration of hypoxic cells 

Characterization of the microenvironment of sham and hypoxia treated tumors 
also demonstrated no measurable difference in angiogenesis in the control 
versus LAMP3 knockdown tumors (supplementary figure 4). LAMP3 deficient 
tumors did have a slightly larger hypoxic fraction compared to empty vector 
control tumors (supplementary figure 5A), although this finding can be 
accounted for based on a strong relationship between primary tumor size and 
hypoxic fraction (supplementary figure 5B). Unlike the PERK deficient cells, 
LAMP3 knockdown and empty vector controls showed a comparable sensitivity 
to hypoxia-induced cell death in in vitro as assessed by clonogenic survival 
(figure 4D). These data suggest that LAMP3 does not promote hypoxia-induced 
metastasis through regulation of angiogenesis and/or hypoxia tolerance. 
 
The role of LAMP3 in hypoxia-induced cell migration and invasion was 
investigated by measuring cell migration under both normoxic (21% O2) and 
hypoxic (1% O2) conditions in LAMP3 deficient and empty vector control cells 
using in vitro transwell migration assay. The two cell lines showed similar 
migratory capacity during normoxia (figure 4E). However, hypoxia exposure 
significantly enhanced migration of empty vector control cells, whereas migra- 
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Figure 4. Activation of the PERK/eIF2α arm of the UPR promotes hypoxia tolerance and cell 
migration and invasion through LAMP3. A) The microvessel density of ME180-GADD34-C 
orthotopic xenografts was evaluated by immunofluorescence staining (CD31). Bars represent the 
mean of ten tumors. Error bars depict SD. B) Clonogenic survival ME180-GADD34-C and empty 
vector control (EV) cells after exposure to anoxia in the presence or absence of doxycycline. 
Mean and SEM of three independent experiments is shown. (one-way ANOVA, **p < 0.005, (-
)dox EV vs rest) C) Fraction EF5 labeled tumor area (left) Horizontal lines represent the mean 
values for each group. Right: dual immunofluorescence labeling for hypoxia (EF5, green) and 
vessels (CD31, red). D) Clonogenic survival shLAMP3 and empty vector control cells in response 
to anoxic exposure. Mean and SEM of three independent experiments is shown. E) Transwell 
migration assay. Migration of shLAMP3 and empty vector control cells was monitored during 
both normoxic and hypoxic (1% oxygen) conditions. Mean and SD of two independent 
experiments is shown. (two-way ANOVA *p < 0.05) F) 3D spheroid migration assay. Left: 
representative images of shLAMP3 and empty vector control spheroids. Right: The area covered 
by migrating cells during a period of 18 hours. Mean and SD of two independent experiments is 
shown. (Unpaired Student t-test ***p < 0.0001)	  
 
tion of the LAMP3 knockdown cells was unaffected. Cell motility was also 
evaluated in these cells using a 3D spheroid migration assay. Multicellular 
spheroid cultures grown in a 3D environment are characterized by a necrotic 
core surrounded by viable hypoxic cells and thus mimic some of the properties 
of cells grown in vivo. We observed that migration of cells out of the spheroids 
was strongly reduced by LAMP3 knockdown (figure 4F), reflecting impaired 
motility of the hypoxic LAMP3 deficient cells. Taken together, out results are 
consistent with a model where LAMP3 promotes metastasis during hypoxia by 
promoting cancer cell migration. 

LAMP3 expression correlates with the degree of hypoxia in human cervix 
tumors 

To evaluate the potential clinical relevance of these results we investigated 
whether hypoxia influences LAMP3 in patients with cervical cancer, where 
hypoxia has previously been shown to influence overall survival through 
metastasis (5, 7). LAMP3 expression was therefore determined in a set of 
cervical carcinoma patient samples obtained from clinical trials at the Princess 
Margaret Cancer Centre (Toronto) in which patient tumors had been assessed 
for hypoxia with oxygen needle electrodes prior to treatment. However, since 
cervical carcinoma is one of the cancer types where gene amplification of 
LAMP3 has been reported (38), we also first determined LAMP3 gene copy 
numbers using FISH analysis. This allowed us to distinguish between hypoxia-
induced LAMP3 expression and enhanced LAMP3 expression associated with 
gene amplification. Similar to previously reported results in cervical cancer, 
elevated LAMP3 gene copy number was observed in 38% of all cases (figure 
5A). A strong relationship was also observed between copy number alteration 
and both LAMP3 protein and mRNA expression levels (supplementary figure 
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6A and 6B, respectively). No LAMP3 copy number aberrations were identified 
in normal cervix tissue (supplementary figure 6C).  
 

 

Figure 5. LAMP3 expression correlates with the degree of hypoxia in human cervix tumors. A) 
Left: waterfall plot of LAMP3/CEP7 ratios measured in human cervical cancer biopsies. Dashed 
line represents the cut-off between normal and aberrant LAMP3 gene copy numbers. Right: 
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representative images of cases with normal (top) and amplified (bottom) LAMP3 copy numbers. 
LAMP3 = red signal, CEP7 = aqua, CEP3 = green. B) LAMP3 protein expression quantification 
exemplified in two human cervix tumors. Panels 1a and 2a: immunofluorescence staining of total 
biopsy sections for LAMP3 (green, unthresholded signal), overlaid with DAPI signal (blue); 
panels 1b and 2b: viable tumor areas within sections indicated in blue; panels 1c and 2c: LAMP3 
(thresholded signal) within viable tumor areas. C) Scatter plots of HP5 values and LAMP3 
expression in patients with normal (LAMP3/CEP7 <1.5 - left) and aberrant (LAMP3/CEP7 ≥1.5 - 
right) LAMP3 gene copy numbers. A straight line was fitted through the data. (Pearson 
correlation test)	  
 
Using quantitative immunofluorescence, LAMP3 protein expression was then 
measured within tumor areas (excluding stroma) of the biopsies (figure 5B). 
Tumor-infiltrating, LAMP3-positive, mature dendritic cells were also excluded 
from the analysis. As reported earlier (33), LAMP3 staining intensity was 
highly heterogeneous and the protein was found primarily on the cell 
membrane. Importantly, in patients with normal LAMP3 copy numbers a 
positive and significant association between hypoxia (HP5) and LAMP3 
expression was observed (figure 5C and table 1) whereas no such correlation 
was seen in the amplified subset. These data indicate that LAMP3 expression in 
cervical cancer is induced through both genetic means as well as by hypoxia. A 
subgroup analysis showed a positive relationship between LAMP3 expression 
and clinical stage at diagnosis, but again only in patients with normal copy 
numbers (table 2) indicating that, like hypoxia, LAMP3 is associated with more 
advanced disease.  
 

Table 1. Relationship LAMP3 expression and continuous clinical parameters 
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Table 2. Relationship LAMP3 expression and categorical clinical parameters 

	  

Discussion 

Using a xenograft model of hypoxia-driven metastatic cervix carcinoma and a 
human cervix cancer cell line with doxycycline-controlled expression of 
GADD34, we have demonstrated that the PERK/eIF2α/ATF4 arm of the UPR 
promotes hypoxia-induced metastasis. Doxycycline-induced overexpression of 
the C-terminal region of the GADD34 protein, a negative regulator of 
PERK/eIF2α/ATF4 signaling, resulted in complete inhibition of hypoxia-driven 
lymph node metastasis. More importantly, inhibition of UPR signaling 
significantly reduced nodal metastasis in animals that were not exposed to the in 
vivo hypoxia treatment. We have presented evidence for two different 
contributions of this pathway to hypoxia-induced metastasis. The first is 
through a direct influence on the tolerance of cells to hypoxia, since 
overexpression of GADD34 markedly reduced cell survival in cells exposed to 
hypoxia in vitro and also impaired tumor growth in vivo. These data are 
consistent with other reports demonstrating that the UPR pathway is an 
important mediator of hypoxia tolerance and tumor growth by affecting cellular 
processes that include autophagy, angiogenesis and pH regulation (19-21, 26, 
39). Tumor cells with a higher hypoxia tolerance, by definition, have a higher 
probability to escape the primary tumor and survive in an avascular metastatic 
site regardless of how or when they acquire other metastatic phenotypes. 
However, tolerance mechanisms cannot alone account for the PERK 
contribution to hypoxia-induced metastasis in our model. We did not observe 
significant differences in overall levels of hypoxia in the PERK signaling 
proficient and deficient tumors at the end of the hypoxia treatment schedule. 
Instead, our data indicate that PERK/eIF2a regulation of LAMP3 is a key driver 
of both the migratory phenotype and development of lymph node metastases in 
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response to hypoxia. Silencing LAMP3 caused no reduction in hypoxia 
tolerance in vitro, hypoxic fraction in vivo, or primary tumor size, but did 
effectively inhibit hypoxia-induced metastasis in vivo and hypoxia-induced 
migration in two different in vitro models. Interestingly, knockdown of VEGF-
C signaling also achieves a reduction in hypoxia-induced metastasis in this 
model (37). Thus, it is clear that multiple pathways are likely contributing and 
required to observe increased metastasis in response to hypoxia. 
 
LAMP3 and its functional role in cancer has not been investigated in much 
detail. LAMP3 and other LAMP family members are lysosomal membrane 
glycoproteins characterized by a long luminal domain containing multiple O- 
and N-linked glycosylation sites as well as several disulfide bonds, a 
transmembrane domain and a short cytoplasmic tail (40). Cell surface 
expression of LAMPs is often observed in cancer cells and has been shown to 
correlate with the metastatic ability of colon carcinoma cell lines (41). We 
identified LAMP3 as a hypoxia responsive gene regulated by PERK/eIF2α 
signaling and showed that it is also found on the cell surface (33) We also 
showed that LAMP3 is overexpressed in breast cancer (33) and moreover that it 
is an independent prognostic factor for locoregional control in a subgroup of 
patients treated with radiotherapy (42). However, the biological function of 
LAMP3 in migration and metastasis in tumor cells is not understood. LAMP1 
was shown to be required for proper formation of membrane ruffles and 
filopodia in migrating tumor cells (43) and it is possible that LAMP3 exerts a 
similar function in response to hypoxia. A role for LAMP3 in cell-cell adhesion 
has also been proposed since it is a highly glycosylated protein that is often 
localized to the cell surface of tumor cells (40, 44) and other LAMP family 
members have already been implicated in cell adhesion (45). By mediating 
binding to endothelial cells for example, LAMP3 might facilitate tumor cell 
extravasation. 
 
Our findings are likely to translate into relevant mechanisms of poor prognosis 
in cervical cancer patients. Previous clinical studies have identified tumor 
hypoxia as an important predictor of metastasis in cervical cancer patients 
treated with surgery and/or radiotherapy (5, 7). This includes previously 
published results from an ongoing study assessing hypoxia in cervical cancer 
patients receiving radiotherapy at the Princess Margaret Cancer Centre in 
Toronto (7). In this study of 106 patients, hypoxia was shown to be a significant 
prognostic marker for overall survival in a multivariate model, and this effect 
was due primarily to differences in distant metastasis rather than local control. 
Here, we used biopsies from the same trial involving a similar group of cervix 
cancer patients. Our data show that in these patients, LAMP3 expression is 
regulated by both genetic gains/amplifications of LAMP3 and by tumor 
hypoxia. Similar to other studies in cervix cancer (38), approximately half of all 
patients showed copy number aberrations and this was associated with increased 
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LAMP3 mRNA and protein expression. However, in the other half we found 
that hypoxia was strongly and significantly associated with LAMP3 expression. 
Although we did not have sufficient samples to investigate directly if LAMP3 
expression was driving poor outcome in these patients, its direct association 
with hypoxia, which has been shown to drive poor outcome, strongly implicate 
LAMP3 as a contributor to metastasis in these patients. 
 
These data support accumulating evidence implicating ER stress responses as 
important contributors to aggressive hypoxic tumor biology (19, 26, 39). This 
potential importance of ER stress responses in cancer has led to some attempts 
to identify and incorporate agents aimed at disrupting ER homeostasis either 
alone or in combination with conventional agents (26, 46-48). Our findings 
suggest that such agents are likely to be most effective when given in curative 
settings in combination with conventional therapy or with other agents that 
target well-oxygenated cells. This approach would produce synergy not only by 
targeting distinct populations of cells in the tumor, but also by targeting intrinsic 
mechanisms that enable the hypoxic cells to escape and colonize distant nodes 
or other organs.  
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Abstract 

Background and Purpose: LAMP3 is a newly described hypoxia regulated 
gene of potential interest in hypoxia-induced therapy resistance and metastasis. 
The prognostic value of LAMP3 in breast cancer was investigated.  

Materials and Methods: Expression levels of LAMP3 in breast cancer cell 
lines and patient tissues were determined by real-time polymerase chain 
reaction and in a tissue microarray by immunohistochemistry. Immuno-
fluorescent staining was used to evaluate the distribution of LAMP3 in tumor 
xenografts relative to pimonidazole. Kaplan-Meier analysis as well as multi-
variate Cox regression survival analyses were performed.  

Results: LAMP3 was variably expressed in breast cancer cell lines and induced 
in an oxygen concentration-dependent manner. LAMP3 protein expression 
colocalized with hypoxic areas in breast cancer xenografts. LAMP3 mRNA was 
higher in breast tumors from patients with node-positive (p = .019) and/or 
steroid hormone receptor-negative tumors (p < .001). Breast cancer patients 
with high LAMP3 mRNA levels had more locoregional recurrences (p = .032 
log-rank). This was limited to patients treated with lumpectomy and 
radiotherapy as primary treatment (n = 53, p = .009). No association with 
metastasis-free survival was found. In multivariate Cox regression analysis, 
LAMP3 remained as a statistically independent prognostic factor for 
locoregional recurrence (hazard ratio, 2.76; 95% confidence interval, 1.01-7.5; p 
= .048) after correction for menopausal status, histologic grade, tumor size, 
nodal status, therapy, and steroid hormone receptor status. LAMP3 protein in 
breast cancer tissue proved also to be of prognostic relevance.  

Conclusions: Evidence was provided for an association of LAMP3 with tumor 
cell hypoxia in breast cancer xenografts. In the current breast cancer cohorts, 
LAMP3 had independent prognostic value. 
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Introduction 

Lysosome-associated membrane protein 3 (LAMP3) was first identified in 1998 
by two independent research groups. De Saint-Vis et al. named it DC-LAMP, a 
marker of mature dendritic cells (1) with a possible role in migration of 
dendritic cells from the periphery into lymph vessels (2), whereas Ozaki et al. 
described it as TSC403 with specific expression in the lung and overexpression 
in carcinomas of the breast, amongst others (3). Significant similarities of 
TSC403 with LAMP1 and LAMP2 were found (3). LAMPs are highly 
glycosylated type 1 integral membrane proteins, which reside in lysosomal 
membranes (1, 4). Their function is still largely unknown. In noncancerous 
cells, LAMP1 and LAMP2 are rarely expressed on the cell surface (5). 
However, in cancer cells their presence in the plasma membrane is frequently 
observed, with an increased incidence in more metastatic cell lines (6, 7). 
Experiments with overexpression of LAMP3 indicated similar characteristics 
for this protein: a strong association between LAMP3 and the promotion of 
metastatic potential was described both in vitro and in vivo (2). This suggests 
that LAMP3 expression might be related to metastasis. Indeed, high LAMP3 
mRNA levels correlated significantly with poor prognosis in a small cohort of 
cervical cancers (2). 
 
For several decades, hypoxia (oxygen deprivation) has been recognized as a 
hallmark of solid tumors. A low blood and oxygen supply to cancers 
complicates their (local) treatment. Hypoxia can decrease the effectiveness of 
both radiotherapy and chemotherapy and induce treatment resistance (8). 
Especially for radiotherapy, hypoxia poses problems, as oxygen is required for 
radiation to cause DNA damage (9). In addition, several studies have reported 
that less well-oxygenated tumors show a worse prognosis and a higher 
incidence of metastases compared with better oxygenated tumors (10-12). 
Hypoxia has therefore been linked to a more aggressive and metastatic tumor 
phenotype. Several hypoxia-regulated genes have been described that influence 
metastasis of tumors, including factors that enhance dissociation and migration 
of tumor cells (13). Recently, LAMP3 was shown to be regulated by hypoxia in 
a panel of tumor cells, via the unfolded protein response (UPR) (14). The UPR 
is a mechanism of adaptation to endoplasmic reticulum stress and has been 
demonstrated to contribute to hypoxic adaptation in tumors through multiple 
mechanisms (15). This adaptation may facilitate the survival of treatment-
resistant hypoxic cells, leading to a poor prognosis of patients (16). Whether 
LAMP3 is associated with treatment resistance or metastasis in solid tumors is 
unknown. 
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In this study, we investigated the correlation between hypoxia and LAMP3 
expression in breast cancer xenografts and we assessed the prognostic value of 
LAMP3 mRNA and protein expression in breast cancer patients. 

Materials and Methods 

Cell Culture 

MDA-MB-231 and SKBR-3 breast tumor cells were obtained from LGC 
Promochem (London, UK) and cultured at 37°C with 5% CO2 in DMEM 
(Lonza, Biowhittaker, Walkersville, MD) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 10 U/ml penicillin, 10 µg/ml 
streptomycin, 2 mM L-glutamine, 20 mM Hepes (all from Invitrogen, Carlsbad, 
CA), and 1 x nonessential amino acids (NEAA, Promocell, Heidelberg, 
Germany). Cells were harvested and reseeded at 100% confluence. cDNA from 
a panel of breast cancer cell lines (n = 16) was a gift from Dr. M. Schutte 
(Department of Medical Oncology, Josephine Nefkens Institute, Erasmus 
University Medical Center, Rotterdam, the Netherlands) (17, 18). 

Cell Culture in Hypoxic Conditions 

For culturing under hypoxic conditions, MDA-MB-231 cells were seeded at 
300,000 cells per 10-cm dish and were allowed to recover overnight. Hypoxia 
was induced using a H35 Hypoxystation (Don Whitley Scientific, Ltd, Shipley, 
UK), set at 0.5%, 0.2%, or 0.1% oxygen. After incubation of up to 72 hours, 
cells were harvested.  

RNA Isolation 

RNA from hypoxic cultured cells was isolated using Norgen’s total RNA 
purification kit (Norgen Biotek Corp, Thorold, Canada), according to the 
manufacturer’s instructions with addition of an on-column DNase treatment. 
Isolated RNA was stored at -80°C until further processing. 

cDNA Synthesis and Quantitative Polymerase Chain Reactions (qPCR) 

cDNA synthesis was performed by reverse transcribing 1 µg of RNA using the 
Reverse Transcription System (Promega, Madison, WI) according to the 
manufacturer’s instructions. The primers used for LAMP3 qPCR were FW: 5’-
TGAAAACAACCGATGTCCAA-3’ and RV: 5’- TCAGACGAGCACTC-
ATCCAC-3’.  
 
mRNA expression was analyzed on a CFX96 real-time PCR detection system 
(Bio-Rad Laboratories Inc., Richmond, CA) using SYBR Green (Applied 
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Biosystems, Foster City, CA). Hypoxanthine-guanine phosphoribosyl 
transferase (HPRT) was used as the reference gene, analyzed with a 
predeveloped assay (Applied Biosytems). 

Western Blot Analysis 

Cells were harvested in RIPA buffer (1% NP-40, 0.5% sodium desoxycholate 
and 0.1% sodium dodecylsulfate) to which phosphatase and protease inhibitors 
(Roche, Indianapolis, IN) were added. Protein concentrations were determined 
using the Pierce BCA assay (Thermo Fisher Scientific, Rockford, IL), after 
which 30 µg of protein was fractionated on 12% Criterion XT Bis-Tris gels 
(Bio-Rad). After running, samples were transferred to PVDF membranes 
(Millipore Immobilon, Millipore, Bedford, MA) for 2 hours at 4°C. After 
blocking with 4% nonfat dry milk (Bio-Rad), membranes were incubated 
overnight at 4°C with rabbit-anti-human-LAMP3 IgG (AP1827a, 0.25 mg/ml, 
Abgent, San Diego, CA) in a dilution of 1:100 or rabbit-anti-b-actin IgG 
(#4970, Cell Signaling Technology, Beverly, MA) in a dilution of 1:1000, both 
diluted in 5% (w/v) bovine serum albumin (Sigma-Aldrich, St. Louis, MO) in 
tris buffered saline (TBS) with 0.1% Tween-20 (w/v) (Sigma). Next, 
membranes were incubated for 1 hour at room temperature with horseradish 
peroxidase (HRP)-labeled goat-anti-rabbit immunoglobulin G (IgG; 1:2000, 
#7074, Cell Signaling). Proteins were detected using chemiluminescent 
peroxidase substrate (Sigma) and imaged on a ChemiDoc XRSþ imaging 
system (Bio-Rad). 

Growth of Breast Cancer Cell Xenografts 

Xenografts of breast cancer cells were grown on nu/nu BALB/c athymic mice, 
kept in a specific pathogen-free unit at the central animal facility of the 
Radboud University Nijmegen. All animal procedures were approved by the 
local ethics committee. In short, a cell suspension of MDA-MB-231 or SKBR-3 
cells was diluted in Matrigel (BD Bioscience, Bedford, MA) 2:1 and injected 
subcutaneously (s.c.) into the flank of the mice. At an average tumor size of 8 
mm to 9 mm, mice were injected intraperitoneally (i.p.) with the hypoxic cell 
marker pimonidazole (1-[(2-hydroxy-3-piperi- dinyl)propyl]-2-nitroimidazole 
hydrochloride, Natural Pharmacia International Inc., Burlington, MA). One 
hour post-injection, mice were sacrificed, and tumors were harvested and 
immediately stored in liquid nitrogen until further processing. 

Immunohistochemistry 

Frozen 5-µm tumor sections were fixed in acetone for 10 minutes at 4°C, after 
which they were rehydrated for 30 minutes in phosphate-buffered saline (PBS) 
pH 7.4 (Klinipath, Duiven, The Netherlands) and subjected to staining. All 
antibodies were dissolved in primary antibody diluent (PAD, AbD Serotec, 
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Oxford, UK). Between all incubations, sections were rinsed 3 times in PBS. 
Sections were incubated overnight at 4°C with goat-anti-human-LAMP3 IgG 
(AF4087, 0.2 mg/ml, R&D Systems Inc., Minneapolis, MN) used in a dilution 
of 1:100. Subsequently, sections were treated with Cy3-conjugated donkey-anti-
goat IgG (705-166-147, 1.5 mg/ml, Jackson ImmunoResearch Laboratories Inc., 
West Grove, PA) in a 1:600 dilution for 30 minutes at 37°C as the secondary 
antibody. Vessels were visualized by incubating sections with undiluted 9F1 
supernatant, a rat monoclonal anti-body to mouse endothelium (Department of 
Pathology, Radboud University Nijmegen Medical Centre, RUNMC) for 45 
minutes at 37°C. Then, sections were incubated with rabbit-anti-pimonidazole 
(J.A. Raleigh) diluted 1:1000 for 30 minutes at 37°C. Finally, sections were 
incubated with Alexa-Fluor-647-conjugated chicken-anti-rat IgG (A21472, 2 
mg/ml, Invitrogen) diluted 1:100 and Alexa-Fluor-488-conjugated donkey-anti-
rabbit IgG (A21206, 2 mg/ml, Invitrogen) diluted 1:600 for 60 minutes at 37°C. 
Nuclei were visualized using Hoechst 33342 (1 mg/ml) 1:3000 for 5 minutes. 
Slides were mounted in Fluorostab (ICN Pharmaceuticals, Inc., Zoetermeer, 
The Netherlands). 

Tissue Microarray (TMA) of BreastCancer Patients 

For the TMA construction, formalin-fixed paraffin-embedded (FFPE) tumor 
sections were marked on hematoxylin and eosin-stained slides of the primary 
tumors by a pathologist. TMAs were constructed with a tissue arrayer using a 2-
mm-diameter punch (Beecher Instruments, Silver Spring, MD). Staining for 
LAMP3 was performed as described in the next section and scored blinded for 
outcome semi-quantitatively as being either absent/low or present/high. 

Immunohistochemical Assessment of LAMP3 in FFPE Sections 

FFPE sections were dewaxed in Histosafe (Adamas Instruments BV, Leersum, 
The Netherlands) and rehydrated in graded alcohols. Antigen retrieval was 
performed by boiling sections in 10 mM citrate buffer pH 6.0 (Dako, Glostrup, 
Denmark) for 30 minutes after which endogenous peroxidase was blocked for 
10 minutes using 3% H2O2 in methanol. Sections were incubated for 30 minutes 
with 5% normal donkey serum (Jackson) in PAD and subsequently incubated 
overnight at 4°C with goat-anti-human-LAMP3 (R&D Systems), diluted 1:100 
in PAD. Next, sections were incubated for 60 minutes with Biotin-conjugated 
donkey-anti-goat IgG (705-066-147, 1.5 mg/ml, Jackson) diluted 1:200 in PBS, 
after which they were incubated for 30 minutes with avidin-biotin complex 
reagent (Vector Laboratories, Inc., Burlingame, CA). After rinsing with 
deionized water, sections were incubated with diaminobenzidine (Invitrogen) 
for 10 minutes. Next, sections were rinsed with tap water and counterstained 
with hematoxylin (Klinipath) for 1 minute, after which they were dehydrated 
and mounted in mounting medium (Klinipath). 
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Microscopy 

All images were acquired using IP-lab imaging software (Scanalytics Inc., 
Fairfax, VA) in combination with a Leica DM 6000 (fluorescence) microscope. 

Patients 

Coded tumor tissues were used in accordance with the Code of Conduct of the 
Federation of Medical Scientific Societies in The Netherlands (Code for Proper 
Secondary Use of Human Tissue in the Netherlands, http:// www.fmwv.nl). The 
study adhered to all relevant institutional and national guidelines, and was 
reported according to REMARK guidelines (19). 
 
A series of 183 patients with unilateral, resectable breast cancers who had 
undergone resection of their primary tumors between November 1987 and 
December 1997 were selected based on the availability of RNA in the tumor 
bank of the Department of Laboratory Medicine of the RUNMC (20). This bank 
contains material from breast cancer patients of 7 different hospitals of the 
Comprehensive Cancer Centre East in The Netherlands. The inclusion and 
exclusion criteria have been described earlier (20). Postoperative radiotherapy 
was given to the breast after an incomplete resection or after breast-conserving 
treatment, or parasternal when the tumor was medially localized. Axillary 
irradiation was given in the case of positive lymph nodes. 
 
A TMA was constructed from FFPE tissues as described above from another 
cohort of 61 breast cancer patients who had undergone lumpectomy and 
radiotherapy as primary treatment of their tumors between 1991 and 1996 at the 
Rijnstate Hospital, Arnhem, The Netherlands. These patients had no involved 
axillary lymph nodes and received no systemic adjuvant therapy, as was the 
practice at the time. Other clinicopathologic characteristics (steroid hormone 
receptor status, tumor size, and histologic grade) were essentially similar to 
those of the cohort from which RNA was extracted. 

Statistical Analysis 

Statistical analyses were carried out using SPSS 16.0 software (SPSS Benelux 
BV, Gorinchem, The Netherlands). Normality of data distribution was tested by 
Kolmogorov-Smirnov testing. An analysis of variance (ANOVA) with post-hoc 
Tukey’s honestly significant difference (HSD) testing was used to assess the 
effect of hypoxia on LAMP3 mRNA levels. Nonparametric Mann-Whitney U 
tests or Kruskall-Wallis tests were used to assess differences in LAMP3 mRNA 
levels between categories of patients. Locoregional control (defined as the time 
from surgery until diagnosis of locoregional recurrent disease), disease-free 
survival (DFS) time (defined as the time from surgery until diagnosis of 



 

 

	  
Chapter 6 

	  
	   	  

126 

recurrent disease), metastasis-free survival (defined as the time between date of 
surgery and diagnosis of a distant metastasis), and overall survival (OS) time 
(defined as the time between date of surgery and death by any cause) were used 
as follow-up end points. Survival curves were generated using the Kaplan-
Meier method. Equality of survival distributions was tested using log-rank 
testing and Cox univariate and multivariate regression analyses. Variables were 
selected for the multivariate survival analyses by backward stepwise selection, 
with removal testing based on the probability of the likelihood-ratio statistic, at 
a p > .10. Two-sided p-values < .05 were considered to be statistically signi-
ficant. 

Results 

Expression of LAMP3 in breast cancer cell lines 

We first measured the expression of LAMP3 mRNA in a panel of 16 different 
breast cancer cell lines under standard (normoxic) culturing conditions (Fig. 1). 
Three cell lines (SUM44PE, MPE600, and ZR75-30) displayed no measurable 
LAMP3 mRNA expression. In the other breast cell lines, levels varied >100-
fold between SKBR-3 and MDA-MB-361, with OCUB-F cells exhibiting even 
higher LAMP3 levels. No association between LAMP3 expression and cancer 
subtype, or ER, PR, or HER2 expression was found (Fig. 1). 

Expression of LAMP3 in breast cancer cells under hypoxic conditions 

In MDA-MB-231 cells, which show moderate basal LAMP3 mRNA expression 
levels, LAMP3 was strongly induced under hypoxic conditions in an oxygen-
dependent manner (Fig. 2A). The highest induction (i.e., 4-fold) was observed 
after 48 hours of incubation under severe hypoxic conditions (0.1% O2, p = 
.003). An incubation of 72 hours at 0.1% O2 led to a reduction in LAMP3 
expression compared with 48 hours. At 0.2% O2 there was a 2-fold increase 
overall as a maximum, whereas at 0.5% O2 no statistically significant change 
was seen. Thus, the level of LAMP3 mRNA induction is dependent on the level 
of hypoxia, with severe hypoxia leading to a stronger induction of LAMP3 
mRNA than moderate hypoxia. This dependency is consistent with the known 
oxygen dependency of UPR activation (21). Protein expression was found to be 
induced in a similar manner (Fig. 2B). 
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Figure 1. LAMP3 mRNA expression in a panel of breast cancer cell lines is shown. Gene 
expression levels are shown relative to phosphoribosyl transferase (HPRT). L indicates luminal; 
E, ERBB2; N, normal-like; B, basal-like; O, other subtype; -, not detectable; +, expressed; ++, 
overexpressed (18). 
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Figure 2. Induction of LAMP3 in MDA-MB-231 cells under hypoxic conditions is shown. 
mRNA expression (A) was found to be dependent on the level of hypoxia (0.1 [dark gray], 0.2 
[gray], or 0.5 [white] % O2). Gene expression levels are shown relative to phosphoribosyl 
transferase (HPRT). Data (n = 6) are presented as box-and-whisker plots with median values, 
25 and 75 percentiles, and minimal and maximal values. A similar effect was observed for 
protein expression (B). The multiple bands are distinct forms of LAMP3 carrying different 
glycosylations.	  

Colocalization of LAMP3 with hypoxic areas in breast cancer xenografts 

Next, xenografts of SKBR-3 (low endogenous expression) and MDA-MB-231 
breast cancer cells were established in immunodeficient mice. After 
subcutaneous injection of the hypoxic cell marker pimonidazole, mice were 
sacrificed and xenografted tumors were stained for LAMP3 and hypoxia. In 
agreement with our in vitro expression data, we found only limited staining of 
the SKBR-3 tumors for LAMP3 in normoxic areas (Fig. 3A-C). Simultaneous 
staining for LAMP3 and pimonidazole revealed a regional colocalization of 
intense LAMP3 staining with areas of severe hypoxia, distant from perfused 
blood vessels (Fig. 3D). A hematoxylin and eosin staining showed the epithelial 
cell origin of this breast cancer xenograft and LAMP3 expressing cells (Fig. 
3E). The MDA-MB-231 xenografted tumors were well oxygenated and did not 
show hypoxic areas or LAMP3 expression (results not shown). 
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Figure 3. Single-field pseudo-colored immunofluorescent images of an SKBR-3 xenograft at 
100x magnification show (A) LAMP3 (red), (B) pimonidazole binding (green), and (C) vessels 
(white) and nuclei (blue). Panel D shows the superimposed image of LAMP3, pimo and vessels, 
and panel E shows the hematoxylin and eosin staining of an adjacent tumor section. Yellow 
arrows indicate vessels. Bar = 200 µm. 
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LAMP3 mRNA expression in breast cancer 

LAMP3/HPRT mRNA values were assessed in 183 human invasive breast 
cancer tissues and were found to be log-normally distributed with a >100-fold 
variation in values, similar to the range in the breast cancer cell lines. There was 
no association between LAMP3 and menopausal status, type of surgery, 
histologic grade, or tumor size (pT, Table 1). However, LAMP3 was 
significantly higher in node-positive patients (p = .019, Kruskal-Wallis, Fig. 
4A), steroid hormone receptor-negative tumors (p < .001, Mann-Whitney U, 
Fig. 4B), patients receiving radiotherapy as part of their primary treatment (p = 
.022), and patients receiving adjuvant systemic chemotherapy (p = .050). Thus, 
LAMP3 is associated with poor prognosis characteristics (node positive, steroid 
hormone receptor negative) and therefore with more aggressive treatment 
(radiotherapy, chemotherapy). 
 

 

Figure 4. Differences in LAMP3/phosphoribosyl transferase (HPRT) values in (A) patients with 
0, 1 to 3, or ≥4 positive lymph nodes (p = .019) and (B) ER-negative and ER-positive (p <.001) 
tumors are shown. Horizontal bars represent median values. Open symbols represent outliers 
above the range of the chosen y-axis. 

Prognostic value of LAMP3 mRNA expression 

Patients were dichotomized based on LAMP3 levels in their primary tumor and 
evaluated for response parameters. Patients with higher levels of LAMP3 (n = 
99) had more locoregional recurrences than those with low LAMP3 mRNA 
levels (n = 84), p = .032 log-rank (Fig. 5A). In Cox regression analysis, this 
amounted to a hazard ratio (HR) of 2.85 (95% CI, 1.05-7.8). There was no 
association with distant metastasis-free or overall survival. In exploratory 
subgroup analyses, we found that the association of LAMP3 with locoregional  
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Table 1. LAMP3 mRNA levels per clinicopathologic subgroup 

 
a Mann-Whitney U test 
b Kruskall-Wallis test 
 

N=183 Median Interquartile Range p-value

Menopausal status
   Pre

   Post

Histologic grade
   I/II

   III

Size
   pT1

   pT2

   pT3

   pT4

Nodal status
  p0

   1-3

   ≥4

Surgery
   Lumpectomy

   Mastectomy

Radiotherapy
   No

   Yes

Adjuvant therapy
   None

   Endocrine

   Chemo

   Both

ER
   Negative

   Positive

PR
Negative

Positive

0.196a

48 10,825 21,005

135 9883 15,524

0.082a

70 9430 14,898

65 13,998 23,164

0.533b

45 9409 15,340

115 9986 16,148

16 16,973 25,150

6 7772 10,803

0.019a

78 9017 14,348
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Figure 5. Prognostic value of LAMP3 mRNA levels are shown. (A) Patients with high 
LAMP3 mRNA levels (dashed line) in their primary tumor experienced more locoregional 
recurrences (p = .032, log-rank). (B) There is no association with locoregional control in 
patients who had no radiotherapy (n = 49, p = .762), but (C) only in patients who had received 
radiotherapy (n = 134, p = .034). (D) LAMP3 was not prognostic if radiotherapy was part of a 
modified radical mastectomy procedure (n = 81, p = .615), but (E) only as part of a breast-
conserving lumpectomy (n = 53, p = .009). 
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control was limited to patients who had received radiotherapy as part of their 
primary treatment. In patients who had not received radiotherapy, LAMP3 
showed no association with locoregional control (n = 49, p = .762, Fig. 5B), 
whereas in patients who had received radiotherapy, a significant association was 
found (n = 134, p = .034, Fig. 5C). Within the patient cohort that had received 
radiotherapy, no association of LAMP3 with locoregional control was found if 
this was part of a modified radical mastectomy procedure (n = 81, p = .615, Fig. 
5D). LAMP3 was significantly associated with locoregional control but only in 
those patients who received radiotherapy as part of a breast-conserving 
lumpectomy (n = 53, p = .009, Fig. 5E).  
 
In multivariate Cox regression analysis, only LAMP3 remained as an 
independent prognostic factor for locoregional recurrence (HR = 2.76, 95% CI, 
1.01-7.5, p = .048) after correction for menopausal status, histologic grade, 
tumor size, nodal status, therapy, and steroid hormone receptor status (Table 2). 

Table 2. Uni- and Multivariate Cox Regression Survival Analyses for Locoregional Control 

 
HR, hazard ratio; CI, confidence interval. aToo few events. 
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Immunohistochemical validation of prognostic value of LAMP3 mRNA 

We set out to validate the data on LAMP3 mRNA as being prognostic in breast 
cancer patients who were treated with lumpectomy and radiotherapy on the 
protein level. For this, LAMP3 protein was semi-quantitatively scored in TMA 
of a series of FFPE sections of breast cancer patients that were only treated with 
lumpectomy and radiotherapy. These patients received no adjuvant systemic 
therapy, making it possible to distinguish a prognostic from a predictive value 
of LAMP3 in these patients. Of the 61 patients, 21 (34%) had low or absent 
levels of LAMP3 protein (Fig. 6A), and 40 (66%) had high levels (Fig. 6B) of 
LAMP3 protein in their tumor. Despite the clear difference in the number of 
events between these subgroups (1 versus 8 in the LAMP3 low and high cohort, 
respectively), the power was too low to obtain a significant difference in 
locoregional control (p = .121). These 2 categories of patients did, however, 
differ significantly in both disease-free survival (DFS) (p = .024, Fig. 6C) and 
overall survival (OS) time (p = .019, Fig. 6D), confirming the prognostic value 
of LAMP3 mRNA levels in this patient group on the protein level. 

Discussion 

In this study, the occurrence and prognostic relevance of LAMP3 in breast 
cancer was evaluated. We present evidence indicating that LAMP3 mRNA 
levels are elevated in aggressive ER-negative breast tumors and in tumors that 
have already spread to the axillary lymph nodes. Patients with high LAMP3 
mRNA levels also have more locoregional recurrences than those with low 
levels, a phenomenon that remains after correction for menopausal status, tumor 
size, histologic grade, nodal status, steroid hormone receptor status, adjuvant 
therapy, and radiotherapy. The prognostic value of LAMP3 for locoregional 
control is limited to patients treated with breast-conserving lumpectomy and 
radiotherapy. The prognostic value of LAMP3 mRNA is also seen for LAMP3 
protein as assessed by immunohistochemistry. 
 
In 2004, Treileux et al. examined the potential prognostic role of LAMP3 in 
breast cancer tissue, using a semi-quantitative immunohistochemical analysis 
(22) They found that the presence of mature LAMP3+ dendritic cells (DC) 
within clusters of lymphocytes at the margin of the tumor correlated with lymph 
node involvement and tumor grade, although no association with prognosis was 
found. Our immunohistochemical data indicate that tumor hypoxia is also an 
important regulator of LAMP3 in the epithelial cancer cells. LAMP3 expression 
in breast cancer xenografts colocalizes with tumor cell hypoxia as revealed by 
pimonidazole labeling. Together with our immunohistochemical data on actual 
breast tumors, this indicates that lymphocyte infiltration, which reportedly has  
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Figure	   6.	   Validation of the prognostic value of LAMP3 mRNA via immunohistochemical 
staining of LAMP3 protein on a tissue microarray of formalin-fixed paraffin-embedded breast 
cancer tissues (n = 61) is shown. Panel A shows a typical example of a tumor with low/absent 
levels of LAMP3 protein expression at 100x and 400x magnification. Panel B shows a typical 
example of a tumor with high levels of LAMP3 protein at 100x and 400x magnification. Patients 
with high levels of LAMP3 protein (dashed line, n = 40, 66%) have a worse (C) disease-free 
survival (DFS, p = .024) and (D) overall survival (OS, p = .019) compared with patients with low 
LAMP3 protein levels (solid line, n = 21, 34%).	  
 
different effects on prognosis in breast cancer depending on ER status (23), is 
unlikely to be the sole cause of the association of LAMP3 mRNA with 
prognosis we report here. Rather, the tumor epithelial cells themselves 
aberrantly express LAMP3, with consequences for locoregional control. 
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LAMPs have previously been implicated in cancer (24-26); especially in 
relation to the metastatic potential of tumors they may serve important functions 
(7, 27, 28). LAMPs are characterized by high and complex levels of 
glycosylation (4, 29). They are the main carriers of sialyl-Lex (sialylated Lewis 
x antigen), which is amplified in carcinoma cells (30). Via these carbohydrates, 
tumor cells are able to connect with E-selectins, adhere to endothelial cells, and 
form metastases, suggesting that LAMPs play a role in the metastasis of certain 
solid tumors (31-33). Indeed, overexpression of LAMP3 in cervical cancer cells 
used for xenografts led to an enhancement of formation of metastasis (2). Our 
observation that mRNA levels are significantly higher in breast cancer patients 
with positive axillary lymph nodes would indicate that LAMP3 might also serve 
a role in metastasis of breast cancers. Other studies have demonstrated that 
tumor hypoxia is also associated with a more malignant phenotype and a higher 
prevalence of metastasis (10-12). 
 
Although a direct link between hypoxia, LAMP3, and metastasis has not yet 
been explored, hypoxia was found to increase the expression of LAMP-
associated sialyl-Lex at the surface of colon cancer cells (34). This leads to 
increased adhesion to endothelial E-selectin and potentially could provide a 
mechanism for hypoxia-meditated metastasis. We did not find an association 
between LAMP3 mRNA expression in breast cancer and distant metastasis-free 
survival in our breast cancer cohort. However, it is possible that protein 
localization and/or glycosylation patterns of the protein may be relevant for its 
association with metastasis. 
 
Interestingly, unlike most other hypoxia targets, LAMP3 induction occurs 
independently of the master hypoxia transcription factor hypoxia inducible 
factor 1α (HIF1α) (14). Consistent with previous reports, we found that LAMP3 
induction was dependent on the level of hypoxia, with severe hypoxia being 
most effective. This is consistent with the reported dependency of UPR 
activation in response to hypoxia. The UPR is induced potently and rapidly 
under conditions of severe hypoxia but requires oxygen levels well below those 
required for most HIF1 target genes (21). As such, LAMP3 may serve as a 
unique biomarker for the presence of UPR activation under conditions of severe 
hypoxia in human tumors. This is interesting in the context of our intriguing 
finding that LAMP3 is specifically related to locoregional control in patients 
treated with breast-conserving lumpectomy and radiotherapy. We speculate that 
high levels of LAMP3 and UPR activation may indicate the presence of 
substantial numbers of radiation-resistant hypoxic cells in these tumors. As 
such, LAMP3 may be a particularly useful marker of the radiation-resistant 
fraction of the tumor. There have been intense efforts made at identifying 
endogenous markers of tumor hypoxia (35, 36) although most of these studies 
have focused on HIF target genes such as carbonic anhydrase 9 (CA9), glucose 
transporters (GLUT-1,4), and vascular endothelial growth factor (VEGF). 
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Although clearly important, these hypoxia targets are activated at moderate 
oxygen concentrations (1% to 2% oxygen), which may not be sufficient to 
cause radiation resistance. Tumor cells become maximally radiation resistant 
only below 0.1% oxygen, levels that are well below those required to activate 
HIF. The UPR, and LAMP3, may thus provide a more accurate surrogate of 
oxygenation levels associated with clinical resistance to radiotherapy. Our 
results suggest that the prognostic value of LAMP3 in breast cancer is due to its 
induction by severe hypoxia, the consequential association with radiotherapy 
resistance, and lack of locoregional control. 
 
In conclusion, LAMP3 is expressed to highly variable levels within a large 
panel of breast cancer cell lines and breast cancer patient samples. In addition, 
LAMP3 is strongly induced by hypoxia both in vitro and in vivo. The 
correlation between LAMP3 mRNA expression and nodal spread strengthens 
the concept of a function of LAMP3 in (hypoxia-mediated) metastasis 
formation in (breast) cancer. Furthermore, the identification of LAMP3 as an 
independent prognostic factor for locoregional recurrence supports the notion 
that LAMP3 may be a biomarker for hypoxia-mediated treatment resistance. 

References 

1.       de Saint-Vis B, Vincent J, Vandenabeele S, Vanbervliet B, Pin JJ, Ait-Yahia S, et al. A 
novel lysosome-associated membrane glycoprotein, DC-LAMP, induced upon DC matu-
ration, is transiently expressed in MHC class II compartment. Immunity. 1998;9:325-36. 

2. Kanao H, Enomoto T, Kimura T, Fujita M, Nakashima R, Ueda Y, et al. Overexpression 
of LAMP3/TSC403/DC-LAMP promotes metastasis in uterine cervical cancer. Cancer 
Res. 2005;65:8640-5. 

3. Ozaki K, Nagata M, Suzuki M, Fujiwara T, Ueda K, Miyoshi Y, et al. Isolation and 
characterization of a novel human lung-specific gene homologous to lysosomal membrane 
glycoproteins 1 and 2: significantly increased expression in cancers of various tissues. 
Cancer Res. 1998;58:3499-503. 

4. Fukuda M. Lysosomal membrane glycoproteins. Structure, biosynthesis, and intracellular 
trafficking. J Biol Chem. 1991;266:21327-30. 

5. Fukuda M. Biogenesis of the lysosomal membrane. Subcell Biochem. 1994;22:199-230. 
6. Carlsson SR, Fukuda M. The lysosomal membrane glycoprotein lamp-1 is transported to 

lysosomes by two alternative pathways. Arch Biochem Biophys. 1992;296:630-9. 
7. Saitoh O, Wang WC, Lotan R, Fukuda M. Differential glycosylation and cell surface 

expression of lysosomal membrane glycoproteins in sublines of a human colon cancer 
exhibiting distinct metastatic potentials. J Biol Chem. 1992;267:5700-11. 

8. Brown JM, Giaccia AJ. The unique physiology of solid tumors: opportunities (and 
problems) for cancer therapy. Cancer Res. 1998;58:1408-16. 

9. Hall EJ. Molecular biology in radiation therapy: the potential impact of recombinant 
technology on clinical practice. Int J Radiat Oncol Biol Phys. 1994;30:1019-28. 



 

 

	  
Chapter 6 

	  
	   	  

138 

10. Fyles AW, Milosevic M, Wong R, Kavanagh MC, Pintilie M, Sun A, et al. Oxygenation 
predicts radiation response and survival in patients with cervix cancer. Radiother Oncol. 
1998;48:149-56. 

11. Hockel M, Schlenger K, Aral B, Mitze M, Schaffer U, Vaupel P. Association between 
tumor hypoxia and malignant progression in advanced cancer of the uterine cervix. 
Cancer Res. 1996;56:4509-15. 

12. Sundfor K, Lyng H, Rofstad EK. Tumour hypoxia and vascular density as predictors of 
metastasis in squamous cell carcinoma of the uterine cervix. Br J Cancer. 1998;78:822-7. 

13. Chan DA, Giaccia AJ. Hypoxia, gene expression, and metastasis. Cancer Metastasis Rev. 
2007;26:333-9. 

14. Mujcic H, Rzymski T, Rouschop KM, Koritzinsky M, Milani M, Harris AL, et al. 
Hypoxic activation of the unfolded protein response (UPR) induces expression of the 
metastasis-associated gene LAMP3. Radiother Oncol. 2009;92:450-9. 

15. Wouters BG, Koritzinsky M. Hypoxia signaling through mTOR and the unfolded protein 
response in cancer. Nat Rev Cancer. 2008;8:851-64. 

16. Rouschop KM, van den Beucken T, Dubois L, Niessen H, Bussink J, Savelkouls K, et al. 
The unfolded protein response protects human tumor cells during hypoxia through re-
gulation of the autophagy genes MAP1LC3B and ATG5. J Clin Invest. 2010;120:127-41. 

17. Hollestelle A, Elstrodt F, Nagel JH, Kallemeijn WW, Schutte M. Phosphatidylinositol-3-
OH kinase or RAS pathway mutations in human breast cancer cell lines. Mol Cancer Res. 
2007;5:195-201. 

18. Hollestelle A, Nagel JH, Smid M, Lam S, Elstrodt F, Wasielewski M, et al. Distinct gene 
mutation profiles among luminal-type and basal-type breast cancer cell lines. Breast 
Cancer Res Treat. 2009;121:53-64. 

19. McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM. Reporting 
recommendations for tumor marker prognostic studies (REMARK). J Natl Cancer Inst. 
2005;97:1180-4. 

20. Span PN, Waanders E, Manders P, Heuvel JJ, Foekens JA, Watson MA, et al. 
Mammaglobin is associated with low-grade, steroid receptor-positive breast tumors from 
postmenopausal patients, and has independent prognostic value for relapse-free survival 
time. J Clin Oncol. 2004;22:691-8. 

21. Koritzinsky M, Magagnin MG, van den Beucken T, Seigneuric R, Savelkouls K, Dostie J, 
et al. Gene expression during acute and prolonged hypoxia is regulated by distinct 
mechanisms of translational control. EMBO J. 2006;25:1114-25. 

22. Treilleux I, Blay JY, Bendriss-Vermare N, Ray-Coquard I, Bachelot T, Guastalla JP, et al. 
Dendritic cell infiltration and prognosis of early stage breast cancer. Clin Cancer Res. 
2004;10:7466-74. 

23. Calabro A, Beissbarth T, Kuner R, Stojanov M, Benner A, Asslaber M, et al. Effects of 
infiltrating lymphocytes and estrogen receptor on gene expression and prognosis in breast 
cancer. Breast Cancer Res Treat. 2009;116:69-77. 

24. Chen JW, Murphy TL, Willingham MC, Pastan I, August JT. Identification of two 
lysosomal membrane glycoproteins. J Cell Biol. 1985;101:85-95. 

25. Feizi T. Demonstration by monoclonal antibodies that carbohydrate structures of 
glycoproteins and glycolipids are onco-developmental antigens. Nature. 1985;314:53-7. 

26. Fukuda M. Cell surface glycoconjugates as onco-differentiation markers in hematopoietic 
cells. Biochim Biophys Acta. 1985;780:119-50. 



 

 

	  
Prognostic Value of LAMP3 in Breast Cancer 

	  
	   	  

139 

27. Heffernan M, Yousefi S, Dennis JW. Molecular characterization of P2B/LAMP-1, a 
major protein target of a metastasis-associated oligosaccharide structure. Cancer Res. 
1989;49:6077-84. 

28. Laferte S, Dennis JW. Purification of two glycoproteins expressing beta 1-6 branched 
Asn-linked oligosaccharides from metastatic tumour cells. Biochem J. 1989;259:569-76. 

29. Hunziker W, Geuze HJ. Intracellular trafficking of lysosomal membrane proteins. 
Bioessays. 1996;18:379-89. 

30. Sawada R, Lowe JB, Fukuda M. E-selectin-dependent adhesion efficiency of colonic 
carcinoma cells is increased by genetic manipulation of their cell surface lysosomal 
membrane glycoprotein-1 expression levels. J Biol Chem. 1993;268:12675-81. 

31. Kannagi R. Carbohydrate antigen sialyl Lewis a--its pathophysiological significance and 
induction mechanism in cancer progression. Chang Gung Med J. 2007;30:189-209. 

32. Kannan K, Stewart RM, Bounds W, Carlsson SR, Fukuda M, Betzing KW, et al. 
Lysosome-associated membrane proteins h-LAMP1 (CD107a) and h-LAMP2 (CD107b) 
are activation-dependent cell surface glycoproteins in human peripheral blood 
mononuclear cells which mediate cell adhesion to vascular endothelium. Cell Immunol. 
1996;171:10-9. 

33. Takada A, Ohmori K, Takahashi N, Tsuyuoka K, Yago A, Zenita K, et al. Adhesion of 
human cancer cells to vascular endothelium mediated by a carbohydrate antigen, sialyl 
Lewis A. Biochem Biophys Res Commun. 1991;179:713-9. 

34. Koike T, Kimura N, Miyazaki K, Yabuta T, Kumamoto K, Takenoshita S, et al. Hypoxia 
induces adhesion molecules on cancer cells: A missing link between Warburg effect and 
induction of selectin-ligand carbohydrates. Proc Natl Acad Sci U S A. 2004;101:8132-7. 

35. Bussink J, Kaanders JH, van der Kogel AJ. Tumor hypoxia at the micro-regional level: 
clinical relevance and predictive value of exogenous and endogenous hypoxic cell 
markers. Radiother Oncol. 2003;67:3-15. 

36. Rademakers SE, Span PN, Kaanders JH, Sweep FC, van der Kogel AJ, Bussink J. 
Molecular aspects of tumour hypoxia. Mol Oncol. 2008;2:41-53. 



 

 



 

141 

 
 
CHAPTER 7 
 
 
Summary and General Discussion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 

 

	  
Chapter 7 

	  
	   	  

142 

Summary 

Clinical studies in several cancer types have established a strong association 
between hypoxia and the risk of metastasis (1-3). In addition, extensive 
evidence from experimental studies supports a role for hypoxia in driving 
metastasis (4-7). However, the signaling events that promote a pro-metastatic 
phenotype during conditions of hypoxia are not well understood. This thesis 
describes the contribution of the unfolded protein response (UPR) to hypoxia-
regulated metastasis, and its importance in human cancer.  
 
In an ongoing screen for novel hypoxia-regulated genes, we employed 
microarray technology to assess transcriptional changes of genes during 
hypoxia, and identified lysosomal associated membrane protein 3 (LAMP3), a 
gene previously implicated in metastasis (8). In the study described in Chapter 3 
we demonstrated that LAMP3 expression is induced by severe hypoxia in 
multiple cancer cell lines, including cervix, breast and colon carcinoma. We 
showed that unlike most other hypoxia-induced metastasis genes identified to 
date, LAMP3 is not regulated by HIF1, but instead is induced by the UPR in a 
PERK, eIF2α, and ATF4-dependent manner. We also showed that the gene is 
overexpressed in breast cancer, and is induced in tumors treated with the anti-
angiogenic drug bortezomib (Avastin). This is consistent with induction of 
hypoxia and the UPR in these tumors following therapeutic targeting of blood 
vessels. The results presented in Chapter 3 suggested that LAMP3 may 
contribute to hypoxia-induced metastasis.  
 
To examine the importance of UPR and LAMP3 induction by hypoxia in 
metastasis, we assessed their role in hypoxia-mediated cell migration and 
invasion in breast cancer (Chapter 4). Using two different in vitro cell migration 
assays we were able to show that siRNA-mediated knockdown of PERK, ATF4 
or LAMP3 significantly reduced the migratory capacity of breast cancer cells 
during hypoxia. This effect was not due to reduced cell survival during hypoxia 
following the knockdown. As expected, we did not observe differences in cell 
migration when the assays were performed under normoxic conditions. As a 
second in vitro model of tumor hypoxia we used multicellular spheroid cultures 
established from breast cancer cell lines. Multicellular tumor spheroids are 
characterized by a necrotic core that is surrounded by hypoxic cells. We 
validated the presence of hypoxic cells within the core of the spheroids by IHC 
staining of the exogenous hypoxia marker pimonidazole, and we observed UPR 
and LAMP3 activation in cells grown in spheroids, but not in (normoxic) 
monolayer cells. Moreover, tumor cells derived from disaggregated spheroids 
were more migratory compared to cells grown in monolayers. To investigate 
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whether LAMP3 also affects cell invasion, we generated spheroids from stable 
LAMP3 knockdown cells and tested their ability to invade matrices of collagen, 
the most abundant protein in the extracellular matrix. LAMP3 knockdown did 
not affect the growth of the spheroids, but it did significantly impair collagen 
invasion. We also generated mixed spheroids by combining LAMP3 
knockdown and control cells, each labeled with a different fluorescent dye, and 
tracked their invasion into collagen. In line with our previous results, the 
LAMP3 knockdown cells within the spheroids showed a diminished collagen 
invasion capacity compared to the control cells. In conclusion, our data from the 
study described in Chapter 4 suggest that the UPR as well as LAMP3 promote 
cell migration and invasion during conditions of hypoxia.  
 
In Chapter 5 we directly assessed the importance of hypoxic activation of the 
UPR and LAMP3 in metastasis using an animal model of hypoxia-induced 
metastatic cervix carcinoma. In this model, primary tumors established in the 
mouse cervix from the human ME180 cervix cancer cell line spontaneously 
metastasize to the regional pelvic lymph node chain (9). Previous work with this 
model has shown that subjecting tumor-bearing animals to cyclic hypoxia 
conditions quantitatively increases the frequency of nodal involvement (4), 
making this a highly suitable model for studying the molecular mechanisms of 
hypoxia-driven metastasis. We generated an isogenic ME180 subline that 
allows doxycycline-inducible disruption of UPR signaling through the 
PERK/eIF2α/ATF4-arm. The use of an inducible model allowed us to uncouple 
any possible involvement of the UPR in metastasis from its known role in 
primary tumor establishment (10). We found that disruption of UPR signaling 
in established tumors resulted in complete inhibition of hypoxia-driven lymph 
node metastasis. More importantly, inhibition of UPR signaling significantly 
reduced nodal metastasis even in animals that were not exposed to the 
additional in vivo hypoxia treatment.  
 
We next investigated different mechanisms through which UPR signaling 
contributes to hypoxia-induces metastasis. Previous reports have demonstrated 
that the UPR pathway is an important mediator of hypoxia tolerance and tumor 
growth by affecting cellular processes that include autophagy, angiogenesis, pH 
regulation and the elimination of reactive oxygen species (10-15). We found 
that UPR deficient ME180 cells were more sensitive to hypoxia-induced cell 
death in vitro and disruption of UPR signaling also impaired tumor growth in 
vivo. However, tolerance mechanisms cannot alone account for the 
PERK/eIF2α/ATF4 contribution to hypoxia-induced metastasis in our model. 
Instead, our data indicate that LAMP3 is a key mediator of hypoxia driven 
lymph node metastasis downstream of UPR activation. Silencing LAMP3 
expression significantly inhibited lymph node metastasis in response to hypoxia, 
but did not affect hypoxia tolerance or tumor growth. In agreement with our 
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study described in Chapter 4, we instead found evidence for a role of LAMP3 in 
regulating hypoxia-induced cell migration in this model. 
 
Next, we investigated whether the relationship between hypoxia and LAMP3 
also exists in human cervix tumors, one of the cancer types in which a direct 
association between tumor hypoxia and metastasis has been identified (1, 
16)(Chapter 5). LAMP3 expression was determined in a set of cervical 
carcinoma patient samples obtained from clinical trials at the Princess Margaret 
Cancer Centre, Toronto, in which tumors were assessed for tumor hypoxia with 
oxygen needle electrodes prior to treatment. However, since cervical carcinoma 
is one of the cancer types where gene amplification of LAMP3 has been 
reported (17), we also first determined LAMP3 gene copy numbers using FISH 
analysis. This allowed us to distinguish between hypoxia-induced LAMP3 
expression and enhanced LAMP3 expression associated with gene 
amplification. Similar to previously reported results in cervical cancer, elevated 
LAMP3 gene copy number was observed in 38% of all cases. Importantly, in 
patients with normal LAMP3 copy numbers a positive and significant 
association between hypoxia (HP5) and LAMP3 expression was observed 
whereas no such correlation was seen in the amplified subset. These data 
indicate that LAMP3 expression in cervical cancer is induced through both 
genetic means (amplification) as well as by hypoxia (UPR mediated induction), 
and suggest that the poor prognosis of patients with hypoxic cervix cancer is 
due in part to PERK/eIF2α/ATF4 activation of LAMP3 and increased 
metastatic capacity. 
 
We extended our LAMP3 expression analysis described in Chapter 5 to breast 
cancer patients (Chapter 6). We found that LAMP3 mRNA levels are elevated 
in steroid hormone receptor-negative breast tumors and in tumors from node-
positive patients, suggesting that LAMP3 is associated with more aggressive 
disease. Moreover, we showed that LAMP3 is an independent negative 
prognostic factor for locoregional control in patients treated with breast-
conserving lumpectomy and radiotherapy. Since hypoxia has been shown to be 
prognostic for local control in radiotherapy-treated head and neck cancers (18, 
19), our findings suggest that LAMP3 could potentially serve as an endogenous 
marker of hypoxia-induced radiation resistance in breast cancer. 

General Discussion and Future Perspectives 

Hypoxia tolerance versus hypoxia-induced changes in phenotype 

Our work in this thesis emphasizes two distinct mechanisms through which 
hypoxia-induced signaling pathways, and specifically UPR signaling, facilitate 
metastasis. First, cellular responses to hypoxia promote adaptation and cell 
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survival during conditions of low oxygen, increasing the overall chance of 
hypoxic tumor cells to metastasize. Tumor cells that are best equipped to 
survive in hypoxia will, by definition have a higher probability to seed distant 
metastases. Second, changes in gene expression that occur in response to 
hypoxia can directly affect the metastatic behavior of tumor cells. This is 
exemplified by the PERK/eIF2α-mediated increase in LAMP3 expression 
during hypoxia. LAMP3 enhances the migratory and invasive properties of 
hypoxic cells (chapter 4 and chapter 5, figures 4E-F), without affecting 
tolerance (chapter 5, figure 4D).  
 
In chapter 5 of this thesis we demonstrated that disruption of PERK/eIF2α 
signaling decreased cell survival during hypoxia in vitro (figure 4B) and 
inhibited tumor growth (figure 2B). These findings are in agreement with 
previous studies reporting the importance of PERK signaling in mediating 
hypoxia tolerance. Hypoxic activation of PERK promotes tolerance by 
preventing further accumulation of unfolded proteins in the ER through 
inhibition of protein translation (10, 20, 21), as well as by stimulating 
autophagy (13) and protecting cells from oxidative stress (15). The decreased 
metastatic efficiency of cells with defective PERK/eIF2α signaling that was 
observed in chapter 5 (figure 2) is therefore due at least in part to a direct 
influence of the UPR pathway on hypoxia tolerance. Although our work argues 
that hypoxia tolerance is an important determinant of metastatic efficiency, its 
relative importance in hypoxia-regulated metastasis still remains undefined. It is 
likely that its contribution is dependent on the hypoxic fraction of the tumor as 
well as the metastasis-promoting genes that are expressed within the tumor, 
which itself can be tumor-specific.   

Acute versus chronic hypoxia 

The cells within a tumor are exposed to a wide range of oxygen concentrations, 
which originate from both diffusion-limited (chronic) and perfusion-limited 
(acute) hypoxia. We still have a poor understanding of which subpopulations of 
hypoxic cells are responsible for the seeding of metastases. Several studies have 
assessed the importance of acute versus chronic hypoxia in metastasis through 
dynamically changing the oxygen content of inhalation gas in tumor-bearing 
animals, and demonstrated that acute/cyclic hypoxia may be more relevant for 
metastasis than hypoxia arising due to limited diffusion from perfused vessels 
(4, 5, 22). The cellular pathways that are activated in response to hypoxia 
respond differently to hypoxic severity and duration. Stabilization of HIFs 
occurs at a broad range of oxygen concentrations and maximal activation is 
observed at relatively moderate hypoxia (1-2% O2). Activation of the UPR, 
however, requires more severe hypoxia (<0.02% O2 for maximum induction), 
which would be expected upon acute disruption of blood perfusion. A recent 
study demonstrated a critical role for the PERK/eIF2α-arm of the UPR in 
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promoting the survival of cycling hypoxic cells through its ability to upregulate 
glutathione synthesis for protection against reactive oxygen species that are 
generated during reoxygenation (15). In contrast, HIF signaling was not 
required for cell survival under these conditions (15). In Chapter 5 of this thesis 
we provide evidence for a direct involvement of UPR signaling in cyclic 
hypoxia-induced metastasis using a genetic model. It should be noted, however, 
that activation of the UPR can also occur during more moderate hypoxia, albeit 
more slowly (20). We did not directly compare the contributions of HIF and 
UPR signaling in our experiments, but it will be important to evaluate their 
relative importance in hypoxia-driven metastasis during either acute or chronic 
exposures. It is likely, that the underlying molecular mechanisms, and thus 
therapeutic targets, will differ between these pathways and thus the relative 
importance of each is an important question. Experiments are currently 
underway in our institute to test the impact of knocking down HIF1α on 
hypoxia-induced metastasis using the same animal model of human cervix 
carcinoma that was used for our studies in chapter 5. Similarly, we have 
recently developed a hypoxia lineage-tracing technology that will allow clear 
delineation of the involvement of these two pathways in metastasis (see below).  

IRE1 and ATF6   

The focus of this thesis has been on the PERK/eIF2α-arm of the UPR. However, 
the UPR consists of two additional signaling arms, which are mediated by IRE1 
and ATF6 that are also activated during ER stress. IRE1 is an ER 
transmembrane protein with both kinase and endoribonuclease (RNAse) 
activity. Upon activation, IRE1 catalyzes the mRNA splicing and activation of 
its only known substrate XBP1 (23). This spliced XBP1 variant is a 
transcription factor that regulates the expression of genes involved in protein 
folding, such as chaperones, and protein degradation (24). Just as for 
PERK/eIF2α, signaling through IRE1/XBP1 has been reported to promote 
hypoxia tolerance and tumor growth (12). It is therefore possible that the 
metastatic ability of hypoxic tumor cells is also influenced by phenotypic 
changes induced by IRE1. However, a recent study using an IRE1-specific 
inhibitor showed that signaling through IRE1/XBP1 is not important for cell 
survival during conditions of acute ER stress (25). Instead, cells depend on 
IRE1/XBP1 for ER expansion, to ensure efficient production and secretion of 
proteins (25, 26). Since hypoxic cells constitute a phenotypically diverse set of 
cells, it is possible that different subsets of (severely) hypoxic cells show a 
different dependency on the IRE1 and PERK arm of the UPR. Activation of 
PERK may be more relevant in acutely hypoxic cells to rapidly limit energy-
costly protein translation, whereas IRE1 signaling is mainly concerned with 
restoration of ER capacity and therefore recovery from prolonged ER stress.  
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ATF6, the third UPR signaling arm, is a transcription factor whose target genes 
include XBP1, as well as genes required for protein folding, secretion, and 
degradation. However, the phenotypic changes associated with ATF6 activation 
remain poorly characterized. It is important to note that since both IRE1 and 
ATF6 are transcriptional pathways, their pool of target genes potentially also 
includes metastasis-promoting genes. Going forward, it will be of great interest 
to assess the contribution of both IRE1 and ATF6 to hypoxia-mediated 
metastasis, as this may uncover additional novel mechanisms used by tumor 
cells to metastasize.  

LAMP3, hypoxia and metastasis 

In this thesis we have identified LAMP3 as an important regulator of UPR-
mediated metastasis. In chapters 4 and 5 we shed some light on its metastasis-
enhancing functions by demonstrating its involvement in cell migration and 
invasion. However, the biological function of LAMP3 in these processes 
remains to be elucidated. The LAMP3 family member LAMP1 was shown to be 
required for proper formation of membrane ruffles and filopodia in migrating 
tumor cells (27) and it is possible that LAMP3 exerts a similar function in 
response to hypoxia. In fact, closer examination of the collagen invasion 
patterns of LAMP3 knockdown and control spheroids (chapter 5, figure 7) 
reveals that control spheroids invade the collagen with string-like protrusions, 
whereas these are largely absent in LAMP3-knockdown spheroids (figure 1). 
Labeling of LAMP3 to track its subcellular localization in migrating cells, 
combined with genetic models (e.g. LAMP3 knockdown and overexpression), 
will further characterize the role of LAMP3 in cell motility and invasion. 
 

 

Figure 1. 3D collagen spheroid invasion assay. Spheroids were established from MDA-MB-231 
breast cancer cells expressing either a control vector (left) or a short hairpin directed against 
LAMP3 (LAMP3-KD; right) and allowed to invade into collagen. Images show spheroids after 6 
days of invasion. 

MDA-MB-231 Control MDA-MB-231 LAMP3-KD
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A role for LAMP3 in cell-cell adhesion and extravasation has also been 
suggested, based on the fact that LAMP3 is a highly glycosylated protein that 
could potentially mediate tumor cell binding to endothelial cells and platelets 
via cell surface selectins (28, 29). We have continued to investigate the role of 
LAMP3 in the various steps of the metastatic cascade using the experimental 
metastasis (tail-vein) assay, which allows assessment of the final steps in 
metastasis, including extravasation. In this assay, tumor cells are injected 
intravenously into the lateral tail vein of mice, and the number of pulmonary 
metastases is counted after 2-6 weeks. We established a highly sensitive Real-
Time PCR assay for quantification of human tumor cells within murine lungs, 
using primers directed against human Alu repeat sequences. With this method 
we are able to detect 1 human tumor cell for every ∼115,000 murine lung cells. 
Due to its high sensitivity, this method can detect small changes in the number 
of tumor cells in the lungs and therefore allows quantitative assessment of 
individual steps in metastasis, including extravasation, early survival of solitary 
cells at the metastatic site and metastatic growth.  
 
To investigate the involvement of LAMP3 in extravasation, we intravenously 
injected mice with either ME180 control or LAMP3-knockdown cells 
previously exposed in vitro to 16 hours of anoxia to activate the UPR and 
induce upregulation of LAMP3 expression, or left untreated. Lungs were 
harvested 24 hours or 10 days post injection to evaluate tumor cell 
extravasation, and overall survival and growth at the metastatic site, 
respectively. At 24 post-injection we detected less human cells in the lungs of 
animals injected with LAMP3 deficient cells compared to those injected with 
control cells (figure 2). Most tumor cells are expected to have exited the 
bloodstream by 24 hours post injection (30); therefore data from this 
preliminary experiment suggest that LAMP3 indeed promotes extravasation of 
tumor cells. However, this finding will need to be confirmed by histological 
analysis of lung sections as well as additional in vitro cell-cell adhesion 
experiments. Similarly, LAMP3 knockdown significantly reduced metastatic 
burden at 10 days post-injection, which is most likely a reflection of the 
diminished extravasation of LAMP3 knockdown cells. Incorporation of 
additional time points (>10 days) will be necessary to evaluate the contribution 
of LAMP3 to initial and continued metastatic growth. Furthermore, pre-
exposure of the cells to anoxia increased the number of both LAMP3 
knockdown and control cells detected at 24 post-injection, which supports the 
idea that transient changes in gene expression in response to (primary) tumor 
hypoxia are sufficient to drive metastatic behavior. 
 
In this thesis we provide evidence from two separate studies that suggests that 
LAMP3 can potentially serve as an endogenous marker of tumor hypoxia. In the 
first such study (Chapter 5), we identified a direct relationship between LAMP3 
expression and oxygen tension in human cervix tumors. In breast cancer  
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Figure 2. Quantitative analysis of experimental metastasis. ME180 control and LAMP3 
knockdown cells (106) were injected into the tail-vein of mice and the number of human tumor 
cells per lung was quantified either 24 hours or 10 days post-injection using RT-qPCR. Cells were 
exposed to 16 hours of anoxia prior to injection (right; anoxia) or left untreated (left; normoxia). 
Bars represent averages from 2 animals, and error bars depict SD. *p < 0.05 
  
(Chapter 6), we showed that LAMP3 is an independent prognostic factor for 
locoregional control in patients treated with radiotherapy where hypoxia is 
known to be important. However, the value of LAMP3 as a marker of hypoxia 
may be limited by the fact that the LAMP3 gene is often amplified in cervical 
carcinoma (17), including the patient cohort in our study, and possibly also 
other cancers (31, 32). The reported clinical association between tumor hypoxia 
and metastasis in cervical cancer implies that LAMP3 could also potentially 
distinguish between less and more metastatic cervix cancers. However, it still 
remains to be determined whether LAMP3 directly drives malignancy in human 
tumors. 

Hypoxia lineage-tracing 

Clinical studies have provided robust evidence for an association between tumor 
hypoxia and increased risk of distant metastasis in several cancer types, 
including cervix, prostate and soft tissue sarcoma (1-3, 33). Experimental data 
support a role for hypoxia in metastasis (reviewed in chapter 2). However, the 
underlying mechanisms driving the association between hypoxia and metastasis 
remain unclear. This is due in part to the fact that all clinical and pre-clinical 
data (including that presented in this thesis) are correlative in nature, and 
therefore do not prove that hypoxic cells themselves are directly responsible for 
seeding metastases. Instead, hypoxia could simply be a manifestation of rapidly 
growing, aggressive disease. Furthermore, if hypoxia is indeed significantly 
contributing to metastatic behavior of cells, this could occur in either a direct 
way by altering cell intrinsic properties, or in an indirect way by influencing 
other cells in the tumor through paracrine signals (for example by secretion of 
VEGF). Our understanding of hypoxia-induced metastasis is further 
complicated by the vast diversity of hypoxic subpopulations in tumors. As 
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mentioned earlier, different subsets of hypoxic cells activate distinct oxygen-
sensitive pathways, which can mediate very different cellular responses to 
hypoxia. It is yet to be determined which subpopulation is most important for 
metastasis.  
 
A more direct demonstration that hypoxia can influence metastatic capacity 
directly requires tools to follow the fate of individual cells. One approach to 
prove the direct involvement of hypoxia in metastasis is through lineage-tracing 
of specific populations of hypoxic cells. Cell lineage-tracing experiments have 
been extensively used in developmental biology and stem cell research to map 
the fate of specific cell populations of interest – primarily putative stem cells. 
We have recently developed our own hypoxia lineage-tracing technology to 
genetically label different subpopulations of hypoxic tumor cells based on their 
activation of distinct hypoxia-response pathways, and track their contribution to 
the development of metastases. This system allows us to create a set of isogenic 
cell lines in which the expression of a fluorescent reporter gene can be activated 
in only defined cell populations. Activation of the reporter gene is irreversible 
and therefore all labeled cells will pass on the expression of the reporter gene to 
their progeny. The first step is to create  “lineage reporter” lines through genetic 
integration of a construct containing the fluorescent reporter gene mCherry. 
This reporter is initially silent due to the presence of a LoxP flanked 
transcription stop sequence (Lox-Stop-Lox) that can be excised by a Cre 
recombinase (figure 3). Once these lineage reporter lines are generated and 
validated, derivate lines are created that contain integration of a second optical 
reporter (GFP) as well as a modified Cre enzyme (CreERT2) that is active only 
in the presence of tamoxifen. An internal ribosome entry site (IRES) is used to 
allow expression of both GFP and CreERT2 from the same promoter. This 
second construct provides both conditional and temporal control over the 
activity of the reporter gene: conditional expression of Cre is engineered using 
selected promoters that are active only under conditions of interest, whereas 
temporal control over the activation of Cre is achieved through tamoxifen 
administration.  
 
To determine the contribution of specific subsets of hypoxic cells that activate 
either the HIF or UPR pathways to metastasis, we propose creation of three 
sublines that use three different promoters to drive expression of the GFP-IRES-
CreERT2 construct (figure 3). The first such line will constitutively express 
GFP and CreERT2 (LRC line), which is achieved using the CMV promoter. 
Conditional expression in HIF expressing cells (LRH line) is achieved using a 
promoter containing 5 copies of the hypoxia response element (HRE) (34). We 
have already synthesized the 5xHRE-EGFP-IRES-CreERT2 lentiviral vector 
and demonstrated strong induction by hypoxia (figure 4). We will use a 
fragment of the UPR responsive gene GRP78, which contains 3 copies of the 
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ER stress response element (ERSE) to attain conditional expression of GFP-
IRES-CreERT2 in UPR activated cells (LRU line) (35).  
 

 

Figure 3. Hypoxia lineage-tracing system. (A) The generation of hypoxia lineage-tracing cell 
lines first involves the creation of lineage reporter (LR) lines containing the red fluorescent 
reporter gene mCherry preceded by a synthetic STOP cassette surrounded by loxP sites. (B) 
Subsequently, three derivate lines are created to express eGFP and CreERT2 from i) a constitutive 
promoter, ii) HIF dependent promoter, and iii) UPR dependent reporter. (C) An example of 
lineage tracing to track HIF expressing cells. Left: during hypoxia and without tamoxifen, HIF 
induces expression of GFP and inactive Cre. Right: in the presence of tamoxifen, Cre is activated 
by translocation to the nucleus and excises the STOP casette leading to permanent mCherry 
expression. 
 
This set of isogenic cell lines will be derived from the ME180 cervix carcinoma 
cell line, which we will subsequently use to establish orthotopic tumors in the 
mouse cervix to monitor the development of lymph node metastases as 
described in chapter 5. Animals will receive tamoxifen continuously during the 
initial metastasis-free period (first 9 days post implantation) to activate mCherry 
expression in the primary tumor. The number of mCherry expressing cells in the 
primary tumor as well as in the nodal metastases will be determined 2 weeks 
later, after metastasis has occurred. If hypoxia directly stimulates metastases 
through either the HIF or UPR pathways, we should observe a higher frequency 
of mCherry positive cells in the metastases compared with that in the 
corresponding matched primary tumor. 
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Figure 4. Validation of conditional 
GFP expression. The 5XHRE-eGFP-
IRES-CreERT2 construct depicted in 
figure 1b-ii, which enables HIF 
dependent expression of GFP and 
CreERT2, was synthesized and 
transferred to a lentiviral vector. 
Recipient cells were infected with 
resulting lentivirus and subsequently 
exposed to hypoxia (1% O2) for 24 
hours to activate the HIF-responsive 
promoter. Infected cells show strong 
hypoxic induction of GFP. 

Concluding Remarks 

Given the fact that hypoxia can greatly influence metastatic behavior of cells, 
targeting hypoxic cells is a viable therapeutic strategy to prevent development 
of metastases. Hypoxia-targeting drugs would be most effective in combination 
with radiotherapy and chemotherapy, which target well-oxygenated cells within 
the tumor, including those ones with a high metastatic propensity. Our results 
presented in this thesis suggest that a potential approach to prevent metastasis of 
hypoxic cells is through targeting of the PERK/eIF2α-arm of the UPR. This 
could be achieved using agents that inhibit PERK/eIF2α pathway components 
(e.g. PERK inhibitors), or agents that target its downstream effector pathways 
such as autophagy, but potentially also LAMP3. Due to its cell surface location, 
LAMP3 would be a suitable therapeutic target for metastatic cells. Given the 
fact that LAMP3 is often amplified in cancer, targeting LAMP3 may also 
eliminate non-hypoxic tumor cells. The potential importance of ER stress in 
cancer has led to the development of novel anti-cancer agents aimed at 
disrupting ER homeostasis (36-38). It will be important to evaluate the 
therapeutic effect of these agents in combination with conventional therapies on 
metastasis, in patients both with and without occult metastases at the time of 
treatment.  
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Samenvatting 

Klinische studies in verscheidene soorten kanker hebben een sterke associatie 
aangetoond tussen hypoxie en het risico op uitzaaiing van kanker 
(metastasering) (1-3). Er bestaat bovendien een overvloed aan bewijs verkregen 
uit experimentele studies voor een rol van hypoxie bij metastasering (4-7). 
Echter, de signaaloverdrachten die plaatsvinden binnen kankercellen en die 
metastasering bevorderen tijdens hypoxie zijn op dit moment nog niet goed 
bekend.  Dit proefschrift beschrijft hoe de signaaloverdrachten die via het 
unfolded protein response (UPR) plaatsvinden, bijdragen aan hypoxie-
gereguleerde metastasering, en ook het algemene belang van het UPR in kanker. 
 
Tijdens onze voortdurende zoektocht naar nieuwe hypoxie-gereguleerde genen 
hebben we microarray technologie toegepast om transcriptionele veranderingen 
tijdens hypoxie in kaart te brengen, en daarbij hebben we lysosomal associated 
membrane protein 3 (LAMP3) ontdekt, een gen dat al eens eerder met 
metastasering in verband is gebracht (8). In de studie die beschreven staat in 
Hoofdstuk 3 van dit proefschrift hebben we gedemonstreerd dat de gen 
expressie van LAMP3 wordt geïnduceerd door strenge hypoxie in meerdere 
kanker cellijnen, inclusief baarmoederhals (cervix), borst en dikkedarmkanker. 
We hebben laten zien dat in tegenstelling tot de meeste andere hypoxie-
geïnduceerde genen die in verband zijn gebracht met metastasering tot nu toe, 
LAMP3 niet wordt gereguleerd door HIF1, maar geïnduceerd wordt door het 
UPR op een PERK, eIF2α, en ATF4-afhankelijke wijze. We hebben ook 
overexpressie van LAMP3 in borstkanker vastgesteld, en laten zien dat dit gen 
geïnduceerd wordt in tumoren die behandeld zijn met het anti-angiogenese 
geneesmiddel bortezomib (Avastin). Dit is consistent met de inductie van 
hypoxie en het UPR in deze tumoren na het therapeutisch beschadigen van het 
tumorvaatbed. De resultaten gepresenteerd in Hoofdstuk 3 suggereren dat 
LAMP3 mogelijk betrokken is bij hypoxie-gereguleerde metastasering.  
 
Om de bijdrage van UPR en LAMP3 inductie door hypoxie tot metastasering te 
bepalen, hebben we hun rol bij hypoxie-gemedieerde cel migratie en invasie in 
borstkanker onderzocht (Hoofdstuk 4). Door middel van twee verschillende in 
vitro cel migratie assays hebben we kunnen aantonen dat siRNA-gemedieerde 
knockdown van PERK, ATF4 of LAMP3 aanzienlijk de migratiecapaciteit van 
borstkankercellen verminderde tijdens hypoxie. Dit effect was niet het resultaat 
van verminderde overleving van cellen tijdens hypoxie na de knockdown. Zoals 
verwacht hebben we geen enkele verschil in cel migratie gezien toen de assays 
werden uitgevoerd onder normoxie. Als een tweede in vitro model van tumor 
hypoxie hebben we multicellulaire sferoïde culturen afkomstig van borstkanker 
cellijnen tot stand gebracht. Multicellulaire sferoïden hebben een necrotische 
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kern die omgeven wordt door hypoxische cellen. We hebben de aanwezigheid 
van hypoxische cellen in de kern van de sferoïden aangetoond door middel van 
immunohistochemische kleuring van de exogene hypoxie marker pimonidazole, 
en we hebben de activatie van het UPR en LAMP3 in de cellen in de sferoïden 
geobserveerd, maar niet in (normoxische) monolaag cellen. Bovendien, de 
kankercellen afkomstig van disaggregeerde sferoïden migreerden sneller 
vergeleken met cellen die in monolagen groeiden. Om te onderzoeken of 
LAMP3 ook invloed heeft op cel invasie hebben we sferoïden van stabiele 
LAMP3 knockdown cellen gegenereerd en hun vermogen getest tot infiltratie 
van collageen matrices, het meest voorkomende eiwit in de extracellulaire 
matrix. Knockdown van LAMP3 had geen effect op de groei van de sferoïden, 
maar het had wel aanzienlijk de collageen infiltratie vertraagd. We hebben ook 
gemengde sferoïden gegenereerd door LAMP3 knockdown en controle cellen te 
combineren, elk gelabeld met een ander fluorescente kleur, en hun collageen 
infiltratie gevolgd. In overeenstemming met onze eerdere resultaten hadden de 
LAMP3 knockdown cellen in de gemengde sferoïden een verminderde 
capaciteit tot collageen infiltratie vergeleken met de controle cellen. 
Samenvattend, onze resultaten vanuit de studie beschreven in Hoofdstuk 4 
suggereren dat zowel het UPR als LAMP3 cel migratie en invasie bevorderen 
tijdens hypoxie.  
 
In Hoofdstuk 5 hebben we direct de bijdrage van de hypoxische activering van 
het UPR en LAMP3 tot metastasering getest door middel van een diermodel van 
hypoxie-geïnduceerde metastatische cervixkanker.  In dit model vindt spontane 
metastasering plaats van de primaire tumoren die gegenereerd worden van de 
humane ME180 cervixkanker cellijn in de cervix van muizen, naar de regionale 
lymfeklieren in het bekken (9). Eerder onderzoek met dit model heeft 
aangetoond dat wanneer de muizen die deze tumoren dragen worden 
blootgesteld aan cyclische hypoxie, de metastasering naar de lymfeklieren 
toeneemt (4), waardoor dit model erg geschikt is om de moleculaire 
mechanismes van hypoxie-gereguleerde metastasering te bestuderen. We 
hebben een isogene ME180 sub cellijn gegenereerd waarin doxycycline-
geïnduceerde verstoring van UPR signaaloverdracht via de PERK/eIF2α/ATF4-
tak plaats kan vinden. Het gebruik van een induceerbaar model heeft ons in staat 
gesteld om een mogelijk betrokkenheid van het UPR in metastasering los te 
koppelen van zijn welbekende rol in primaire tumorvorming (10). We hebben 
ontdekt dat verstoring van UPR-gemedieerde signaaloverdracht in bestaande 
tumoren resulteert in een complete inhibitie van hypoxie-gereguleerde 
lymfeklieren metastasering. Wat nog belangrijker is, is dat inhibitie van UPR-
gemedieerde signaaloverdracht aanzienlijk uitzaaiing naar de lymfeklieren 
verminderde, zelfs in dieren die niet waren blootgesteld aan de additionele in 
vivo hypoxie behandeling.  
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Vervolgens hebben we de verschillende mechanismes onderzocht door middel 
van welke signaaloverdracht via het UPR bijdraagt aan hypoxie-gereguleerde 
metastasering. Eerdere onderzoeken hebben aangetoond dat het UPR een 
belangrijke bijdrage levert aan hypoxie tolerantie en tumorgroei doordat het 
verscheidene cellulaire processen beïnvloedt zoals autofagie, angiogenese, pH 
regulatie en de eliminatie van reactieve zuurstofverbindingen (ROS, reactive 
oxygen species) (10-15). We hebben ontdekt dat UPR deficiënte ME180 cellen 
gevoeliger zijn voor hypoxie-geïnduceerde celdood in vitro en verstoring van 
UPR signaaltransductie belemmerde ook de tumorgroei in vivo. Echter, 
tolerantie mechanismen alleen kunnen niet de bijdrage van PERK/eIF2α/ATF4 
tot hypoxie-gereguleerde metastasering verklaren in ons model. In plaats 
daarvan wijzen onze resultaten erop dat LAMP3 een fundamentele bijdrage 
levert aan hypoxie-gereguleerde lymfeklieren metastasering volgend op UPR 
activatie. Het uitschakelen van LAMP3 expressie verhinderde aanzienlijk 
hypoxie-gestuurde uitzaaiing naar de lymfeklieren, maar had geen effect op 
hypoxie tolerantie or tumorgroei. In overeenstemming met onze studie 
beschreven in Hoofdstuk 4, hebben we in plaats daarvan bewijs gevonden voor 
een rol van LAMP3 in hypoxie-gereguleerde cel migratie in dit model.  
 
We hebben vervolgens onderzocht of de relatie tussen hypoxie en LAMP3 ook 
bestaat in humane cervix tumoren, een van de kankersoorten waarin een directe 
associatie tussen tumor hypoxie en metastasering is gevonden (1, 16)(Hoofdstuk 
5).  LAMP3 expressie werd bepaald in een set van cervixkanker biopten 
verkregen uit klinische studies in de Princess Margaret Cancer Centre, Toronto, 
waarin de mate van tumor hypoxie voorafgaande aan de behandeling is gemeten 
met behulp van zuurstof naald elektrodes. Echter, omdat cervixkanker een van 
de kankersoorten is waarin amplificatie van het LAMP3 gen is gevonden (17), 
hebben we eerst het aantal kopieën van het LAMP3 gen bepaald met behulp van 
een FISH analyse. Hierdoor waren we in staat om onderscheid te maken tussen 
hypoxie-gereguleerde LAMP3 expressie en verhoogde LAMP3 expressie als 
gevolg van genetische amplificatie. Overeenkomstig met eerdere cervixkanker 
studies, hebben we in 38% van alle patiënten een verhoogd aantal kopieën van 
het LAMP3 gen geobserveerd. Wat nog belangrijker is, is dat er in patiënten 
met een normaal aantal LAMP3 kopieën  een positieve en statistisch 
significante associatie tussen hypoxie (HP5) en LAMP3 expressie aanwezig 
was, terwijl er niet zo een correlatie werd gevonden in de patiënten die een 
amplificatie van het LAMP3 gen hebben. Deze resultaten duiden erop dat 
LAMP3 expressie in cervixkanker abnormaal is door zowel een genetisch 
mechanisme (amplificatie) als ook hypoxie (UPR-gemedieerde inductie), en 
suggereren dat de slechte prognose van patiënten met hypoxische cervix 
tumoren mede wordt veroorzaakt door PERK/eIF2α/ATF4 activatie van 
LAMP3 en verhoogde capaciteit tot metastasering.  
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We hebben ons LAMP3 expressie analyse beschreven in Hoofdstuk 5 uitgebreid 
naar borstkanker patiënten (Hoofdstuk 6). We hebben ontdekt dat LAMP3 
mRNA expressie verhoogd is in steroid hormoon receptor-negatieve 
borsttumoren en in tumoren afkomstig van lymfeklier-positieve patiënten, wat 
suggereert dat LAMP3 expressie geassocieerd is met agressievere tumoren. 
Bovendien hebben we laten zien dat LAMP3 een afhankelijke negatieve 
prognostische factor is voor locoregionale controle in patiënten die een 
borstsparende operatie (lumpectomie) en radiotherapie hebben ondergaan. 
Aangezien hypoxie ook prognostisch is voor lokale controle in radiotherapie-
behandelde hoofd- en halstumoren (18, 19), suggereren onze bevindingen dat 
LAMP3 ook een potentiële endogene marker is voor hypoxie-geïnduceerde 
radioresistentie in borstkanker. 
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