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Hypoxia is a common feature of the tumor microenvironment. Accumulating evidence has
demonstrated hypoxia to be an important trigger of tumor cell invasion or metastasizes via hypoxia-
signaling cascades, including hypoxia-inducible factors (HIFs). Microfluidic model can be a reliable

in vitro tool for systematically interrogating individual factors and their accompanying downstream
effects, which may otherwise be difficult to study in complex tumor tissues. Here, we used an in vitro
model of microvascular networks in a microfluidic chip to measure the extravasation potential of breast
cell lines subjected to different oxygen conditions. Through the use of HIF-1a knock-down cell lines, we
also validated the importance of HIF-1c in the transmigration ability of human breast cell lines. Three
human breast cell lines derived from human breast tissues (MCF10A, MCF-7 and MDA-MB-231) were
used in this study to evaluate the role of hypoxia in promoting metastasis at different stages of cancer
progression. Under hypoxic conditions, HIF-1a protein level was increased, and coincided with changes
in cell morphology, viability and an elevated metastatic potential. These changes were accompanied by
an increase in the rate of extravasation compared to normoxia (21% O,). siRNA knockdown of HIF-1av in
hypoxic tumors significantly decreased the extravasation rates of all the cell lines tested and may have
an effect on the function of metastatic and apoptotic-related cellular processes.

Hypoxia within the tumor microenvironment plays a central role in regulating breast cancer progression, metas-
tasis, and patient mortality'. Hypoxia-inducible factors (HIFs) are a family of transcription factors that reg-
ulate the expression of hypoxia-inducible genes in response to reductions in oxygen concentration. HIFs are
heterodimeric complexes composed of two subunits, an a-subunit whose level increases during hypoxia and a
B-subunit that is constitutively expressed'. HIFs regulate over 1000 gene products by binding hypoxia response
elements (HREs) at target gene loci>°. More precisely, many cellular processes controlled by HIFs are linked to
cancer development such as angiogenesis, metabolic reprogramming, epithelial-mesenchymal transition (EMT),
invasion, and metastasis’"''. HIF-1 and HIF-2 are closely related key transcriptional regulators of the hypoxic
response. HIF-2a is low or absent from the more aggressive cell lines. However, HIF-1a, which is regulated by a
proline hydroxylase?, has been described to control many important steps of the metastatic process and promotes
an aggressive cancer phenotype®!?!*. Indeed, overexpression of HIF-1a has been confirmed in many primary
tumor biopsies, and is associated with resistance to therapy, and poor outcomes!*-%°.

Breast cancer is the most commonly diagnosed cancer and the second leading cause of cancer death among
women?’. Early detection of relapsed and metastatic disease has been a primary focus of ongoing research?'.
Hypoxia is present in over 90% of solid tumors, and the mean partial pressure of oxygen (PO,) is 10 mm Hg in
breast cancer as compared to 65mm Hg in normal human breast tissue®. PO, values less than 10 mm Hg have
been associated with an increased risk of metastasis and mortality®. Using HIF-1« as a marker for hypoxia'®, it
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has been observed that approximately 25 mm Hg?*?* hypoxic tumors are associated with a more aggressive phe-
notype®, increased risk of metastasis®, increased resistance to radiotherapy and chemotherapy?*, and induced
cancer immune suppression?*-2,

Cancer metastasis is a complex and dynamic multi-step process**-*!. During metastasis, many interactions
occur among tumor cells and their surrounding microenvironment, and these interactions can have far reaching
effects on the intrinsic metastatic potential of the cancer cells. In vitro models for studying cancer metastasis have
thus relied heavily on the use of simple assay systems that do not allow expression of the full spectrum of interac-
tions and events that occur during metastasis. Among conventional models, the Boyden chamber transwell assay
is the most commonly used in the study of tumor cell invasiveness, in which cells migrate by chemotaxis from an
upper environment toward a bottom chamber by crossing a porous membrane®>*. Recent advances in microfab-
rication technologies and biomaterials have allowed for the development of in vitro platforms that recapitulate
physiologically relevant cellular processes of cancer progression. In past years, many groups have developed 2D
endothelial monolayer and 3D microvascular models to investigate tumor angiogenesis**~*°, intravasation*?>%7,
role of interstitial flow***°, cancer cell migration*"*?, and extravasation**~**. The engineered 3D microvascular
network system developed by our group is a robust experimental model for creating readily perfusable blood
vessels in situ imaging and quantification of the critical metrics of cell-cell interactions or cancer cell invasive-
ness***. Using such devices allowed a better description of the different stages of trans-migration. The first step
consists in cell penetration through the endothelial barrier by extending filopodial protrusions. Protrusions will
then increase and branch out while the remaining body on the apical side of the lumen maintains its sphericity. 31
integrin activation facilitates protrusion maintenance through focal adhesion proteins (e.g., vinculin) and F-actin
recruitment to the tips of protrusions; actomyosin-mediated contractions pull the remaining spherical cell body
past the endothelial barrier and cells undergo shape changes as they adopt a final spread morphology*>*>*.

Identification of key alterations that occur under hypoxic conditions is critical to elucidating mechanisms that
promote metastasis. In this study, we investigated the impact of hypoxia on cancer progression using a panel of
breast cell lines with different degrees of malignancy, namely the non-malignant breast cell line MCF-10A and
the two breast carcinoma cell lines MCF-7 and MDA-MB-231. Considering multiple cell lines permit a more
exhaustive study on how hypoxia affects both MCF-10A and cancer cell lines based on their stages of cancer
progression. Cell proliferation, viability and invasiveness potential were each studied under long-term hypoxia
(i.e. three to five days), therefore amplifying the effect of low oxygen on the different types of breast cell lines.
Finally, a 3D microvascular network was used to unravel the role of hypoxia and HIF-1a in the extravasation
potential of breast cell lines. Using our in vitro 3D model, we can address such important issues that are otherwise
difficult to investigate in the clinic. Continued studies which examine specific mechanisms of the role of hypoxia
in metastasis are clearly warranted and may likely lead to new and innovative therapeutic strategies to block
metastasis. To the best of our knowledge, this is the first study evaluating the role of HIF-1a in the extravasation
of human breast epithelial and cancer cell lines in 3D microvasculature. Our data provide evidence that hypoxia
and HIF-1a have an essential role in promoting aggressive behavior and extravasation potential regardless of the
level of malignancy of the cell lines.

Results

Effect of hypoxia on proliferation and cell viability. To investigate the impact of hypoxia on cell prolif-
eration and viability, four cell-based assays were performed on the three human breast cell lines exposed to either
hypoxia or normoxia for 5 days. Cell proliferation was first measured by counting the viable cells at different days.
After 5 days in culture, we observed that the hypoxia groups of MCF-7 and MCF-10A cells had significantly lower
number of cells compared to normoxic groups. The MDA-MB-231 hypoxic group presents also a lower number
of cells compared to normoxia; however the difference for this cell line is not significant (Fig. 1A, n=4).

In order to strengthen our observations, we investigated the metabolic activity of breast cell lines under both
hypoxic and normoxic conditions. Using resazurin dye as a metabolic activity marker of cells, we confirmed that
hypoxia had little effect on MDA-MB-231 cells, while MCF-10A and MCEF-7 cells exhibited a significantly reduced
metabolic activity (Fig. 1B, n=3). Using the SYTOX live/dead assay, we observed a similar trend (Fig. 1C, n=3).
Indeed, the number of dead cells for each breast cell line was higher in hypoxia compared to normoxia. However,
the viability difference between conditions was not significant, in contrast to the significance of the resazurin and
cell count results for MCF-10A and MCF-7 cells.

In order to look more deeply into the mechanism of cell death, and notably if cells are undergoing apoptosis,
the activity of Caspase-3/7 was investigated. We observed that the percentage of apoptotic cells was significantly
increased in hypoxia compared to normoxia, and this for all cell lines investigated (Fig. 1D, p < 0.01; n=>5). This
is supported by evidence showing the impact of hypoxia in promoting the apoptotic pathway®.

Hypoxia induces changes in cell morphology and gene expression associated with invasive
phenotype. It is known that hypoxia induces morphological changes linked to a more invasive behavior™.
In order to confirm the impact of hypoxia on cell shape and structure, the three breast cell lines (MDA-MB-231,
MCEF-7 and MCF-10A) were exposed to hypoxic conditions for 72h, and their morphology compared to cells
incubated in normal oxygen level (Fig. S1). Control cells under normoxic conditions showed robust cellular
junctions with a cobblestone-like, epithelial appearance. Conversely, under hypoxia, all cells appeared flattened
and fibroblast-like, characterized by many cytoplasmic projections and loss of tight cell-cell junctions typical of
an invasive phenotype (Fig. S2). Loss of epithelial E-cadherin and gain of mesenchymal vimentin often correlate
with increased invasive behaviour and are used as markers of cancer progression.

In order to investigate whether the observed morphological switches correlate with enhanced migratory prop-
erties, we investigated the expression of vimentin and E-cadherin in hypoxia and normoxia conditions using
immunofluorescence. As shown in Fig. 2A-C, both MDA-MB-231 and MCF-10A showed similar profiles of
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Figure 1. Effect of hypoxia on cell proliferation and viability. (A) Rate of proliferation defined by the ratio of
the number of viable cells at day 5 to the number of viable cells at day 1. (B) Metabolism assay using resazurin
dye. Cellular metabolic activity is measured as relative fluorescence units (RFU). (C) Flow cytometric analysis
of live/dead fixable aqua dead cell stain using the SYTOX assay. (D) CellEvent Caspase-3/7 Green was used to
measure an early indicator of apoptosis of cells destined for cell death. White bar represents normoxia. Grey bar
represents hypoxia. Data are presented as the mean &= SEM of triplicate samples. **p < 0.01 versus normoxia-
treated cells.
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Figure 2. Changes in cell morphology and gene expression under hypoxia. (A) Immunofluorescent staining
(red) of the epithelial marker E-cadherin (HECD-1) and the mesenchymal marker vimentin (V9). Three human
breast cell lines, MDA-MB-231, MCF-7, and MCF-10A cells were cultured in hypoxia for 72h prior to staining.
The secondary antibody is rabbit anti-mouse labelled with AlexaFluor 594. Cell nuclei were stained with

DAPI. Relative fluorescence intensity of (B) E-Cadherin and (C) vimentin. Cells were cultured in normoxic

and hypoxic conditions for 72 hours prior to the staining. Mean & S.E.M. data are shown (n=3); **p < 0.01
(Student’s ¢ test). Scale bar is 100 um.
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Figure 3. HIF-1a measurement in hypoxic-induced cell lines. Three breast cell lines; (A) MDA-MB-231, (B)
MCE-7, and (C) MCF-10A, were harvested after 1-, 3-, 5-days under normoxic (21% O,) and hypoxic (1%

and 3% O,) conditions. Normalized HIF-1 levels over total protein levels. (D-F) HIF-1a knock-down using
siRNA. Corresponding bar graphs represent relative HIF-1a normalized to the respective control cells in
hypoxic condition. Data are presented as the mean 4= SEM of duplicate independent samples. **p < 0.01 versus
hypoxia-treated cells; n =2 due to consistent datasets.

expression in both conditions consisting in high vimentin expression, and low level of E-cadherin. This observa-
tion was expected since both cell lines present features of mesenchymal phenotype. In contrast, MCE-7 present an
epithelial profile in both oxygen conditions, characterized by high levels of E-cadherin while vimentin expression
remains low (Fig. 2A-C). However, when comparing hypoxia over normoxia condition, we observed a significant
increase in vimentin expression in both MDA-MB-231 and MCF-10A cells (Fig. 2C) while no significant changes
could be detected for E-cadherin expression. For MCF-7 cells, we observed the opposite trend, i.e. a 1.5-fold
decrease in E-cadherin expression under hypoxic conditions while no significant changes in vimentin expression
could be detected. For MCF-7 in normoxic conditions, E-cadherin localized at the plasma membrane and the
cells formed small islands (Fig. 2A). In contrast, under hypoxia, we observed a loss of cell polarity as well as a
decrease in E-cadherin expression (Figs 2B and S1-2). MDA-MB-231 and MCF-10A cells did not form clusters
in either condition but still present a decrease in cell-to-cell polarity under hypoxic conditions (Figs 2A and S1).
As the loss of E-cadherin and/or increase in vimentin expression were expected features of cancer progression,
those results suggested that hypoxia triggers - to a certain extend and for the three cell lines tested - changes in
expression associated with increased invasiveness.

HIF-1a expression during hypoxia and validation of HIF-1o knockdown cell lines.  HIF-laisa
key control factor in the transcriptional response to oxygen. In order to obtain a quantitative description of the
impact of hypoxia on HIF-1o expression, we applied various oxygen conditions (21%, 3%, and 1%) with constant
CO, and temperature to the three human breast cell lines previously tested (Fig. 3). HIF-1o protein level was
analyzed up to five days using an enzyme-linked immunosorbent assay (ELISA). We observed increased levels of
HIF-1a in hypoxia compared to normoxia for all cell lines tested, which is consistent with previous studies®**%.
In addition, the level of HIF-1c increased with exposure time and peaked on day 5 for all cell lines (Fig. 3A-C).
In hypoxic conditions (1% and 3% O,) at day 5, HIF-1a level was higher for all cell lines compared to normoxic
condition (21% O,). Same observations have been made for shorter induction times (day 1 and 3) except for
MDA-MB-231 cells incubated in 1% O, at day 1 for which HIF-1a protein level is lower than in normoxia. The
difference in HIF-1a level at day 5 between hypoxia 1% O, and normoxia 21% O, is significant for MDA-MB-231
(1.67-fold increased), MCF-7 (2.1-fold increase) and MCF-10A (5.0-fold increase). Therefore, the protein level
of HIF-1a depends on hypoxic conditions; i.e. oxygen level and incubation time, but is independent on cell
phenotype.

In order to confirm those observations, we used a siRNA-mediated approach to knockdown HIF-1« in the
three breast cell lines previously cultured under hypoxia for several days. Such approach was used to determine
whether the reduction in HIF-1a would result in a loss of the previously observed phenotypes. Under hypoxic
condition, HIF-1ae knockdown cells present a significant reduction of HIF-1a protein levels for MDA-MB-231
(0.39£0.02; 61%), MCF-7 (0.52+0.01; 48%) and MCF-10A (0.16 = 0.00; 84%) compared to the control group
(HIF-1oonormalized to control cells in hypoxia, Fig. 3D-F, respectively). Hypoxic HIF-1a knockdown cells pres-
ent minimal difference or nearly the same values than control cells in normoxia (Fig. 3D-F).
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Hypoxia promotes human breast cell extravasation. Next, we examined the effect of hypoxia on
human breast cell extravasation using a functional microvascular network generated in a microfluidic plat-
form**°. The cultured HUVECSs start forming microvascular networks within 24 hours and perfusable vessels
with patent lumens formed after 3-4 days depending on the seeding density (Fig. S3). Then, a pressure gradient
was established across the vascularized compartment and human breast cells, pre-treated under either normoxic
or hypoxic conditions, were suspended in the medium and introduced in the vessels where they arrested and
began extravasating across the endothelial cell barrier into the hydrogel (Fig. 4A).

Cells that either adhered to the endothelium or became physically trapped inside the small vessels were
imaged after 6 hours incubation to determine the rates of extravasation (Figs 4B-D and S4). We first performed
a control experiment where we measured the extravasation rate of cells pre-treated under the normoxic condi-
tion (n=>5). We observed that the average rate was relatively similar among the different cell lines (Fig. 4E-G).
We then explored the impact of pre-treatment with hypoxia on the extravasation rate of the three breast cell
lines. Extravasation rates were significantly higher for all three cell lines compared with the normoxic cells
(Fig. 4E-G). The average extravasation rate was 33.28 +2.49% for MDA-MB-231, 50.45 % 6.15% for MCF-7, and
66.41 £ 4.45% for MCF-10A, or an increase of 1.5- to 3.5-fold compared to normoxic cells (Fig. 4E-G; Hypoxic).
Similarly, we tested the transmigration ability of the knockdown HIF-1a breast cells after hypoxia pre-treatment.
The extravasation rates of the three knockdown HIF-1a cell lines were significantly lower than the wild-type
cells in hypoxic conditions; notably, values were similar to the extravasation rates of wild-type cells cultured in
normoxic conditions.

Discussion

The control of O,, CO,, and temperature is essential to maintain cell homeostasis, and small deviations in these
parameters can affect gene expression and cell phenotype. While physiological in vivo oxygen concentrations can
range from 1% to 15%, most cell cultures are maintained at 21% O,. Therefore, the use of hypoxic culture condi-
tions may be more meaningful for research aimed at investigating natural phenomena. Hypoxic conditions are
found in most tumors and are known to promote tumor invasion and metastasis via multiple mechanisms®'°. For
instance, the high proliferation rate of solid tumors cause some of the tumor cells to become progressively distant
from vasculature and they soon encounter an environment deficient in oxygen. 90% of tumors are described
as hypoxic and are associated with aggressive phenotype, increasing the risk of metastasis and resistance to
therapy®®.

In this work, a panel of breast cell lines with different degrees of malignancy was used to study how hypoxia
affect cells depending on their stages of cancer progression. The breast cell lines used consisted of the immor-
talized breast cell line MCF-10A, the tumorigenic but non-invasive cell line MCF-7 and the tumorigenic and
invasive MDA-MB-231 cell line. Previous studies using the three aforementioned cell lines mainly focused on
one aspect of hypoxia, either investigating a specific signalling pathway®’-*°, or a molecular factor involved in
cancer progression®®! but none interrogated simultaneously impact hypoxia on proliferation, cell death, HIF-1au
expression and extravasation.

We first investigated the impact of hypoxia on cell proliferation and viability. Previous studies showed that
hypoxia induces either no change or an increase in breast cancer cell proliferation, and no change or a decrease in
apoptosis®*®2-¢. On the contrary, the breast cell line MCF-10A has been observed to decrease proliferation, and
induce apoptosis under hypoxia®. Therefore, different responses were described depending on the malignancy of
the breast cell lines, with higher sensitivity for non-tumorigenic breast cell types to hypoxia. Moreover, hypoxia
was never induced more than 72 h, while longer time might have been needed for oxygen to be a limiting factor.
One novel aspect of our study was to culture the cells for 5 days in low oxygen, therefore amplifying the effect of
hypoxia on different types of breast cell lines. Surprisingly, we observed in those conditions that proliferation was
significantly decreased in both MCF-7 and MCF-10A; while MDA-MB-231 showed only a mild, not significant
reduction. Considering hypoxia-induced cell death, we observed a significant increase in apoptosis for all three
cell lines. Therefore, long-term hypoxia seems to reduce the differences previously observed with short durations
of hypoxia among cell lines with different degrees of malignancy in that metastatic cell lines show, or begin to
show, similar sensitivity to that of non-metastatic breast cells. The impact of hypoxia on cell death depends on
different factors such as cell type and time of exposure. In general, if nutrients are accessible to the cells, apoptosis,
an energy dependent cell death, can be triggered. Different mechanisms are involved, including the release of
cytochrome C from mitochondria®, the generation of reactive oxygen species (ROS) and the activation of c-Jun
NH2-terminal kinase (JNK)”. However, in the absence of ATP, hypoxic tumor cells are unable to enter the apop-
totic cascade and cells undergo necrosis, often observed in the central core of solid tumors®. In this work, the
breast cell lines are cultured in conventional monolayer conditions with sufficient access to nutrient at all time,
and are therefore able to initiate apoptosis.

Next, we investigated the impact of hypoxia in promoting invasiveness through the expression of well-known
markers®. Aggressive phenotype of metastatic cells is defined by the loss of epithelial characteristics*>*, notably
E-cadherin involved in cell-cell adhesion’, and the increase in cell motility and expression of mesenchymal mark-
ers, such as vimentin”'. This overall change correlates with increased migration and invasion capacity of breast
cancer cells’>7*, MDA-MB-231 is a mesenchymal-like cell line and MCF-10A, despite being a non-tumorigenic
epithelial cell line, shares many features of a mesenchymal cancer cell line”>””. Indeed, due to vimentin positivity
and low E-cadherin expression, both present post-EMT properties in normal condition (Fig. 2A-C). Culturing
MDA-MB-231 and MCF-10A in hypoxic conditions triggers an increase in vinculin expression but no change
in E-cadherin. The naturally low level of E-cadherin may imply that further reduction is either not possible or
too energy consuming for the cell. However, the increase in vimentin expression for both cell lines could reflect
a progression to a more invasive phenotype. The last cell lines used in this study, MCF-7, is classified as a luminal
cell line’® with an epithelial phenotype. Indeed, we observed in normoxic condition high E-cadherin and low
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Figure 4. In vitro extravasation model of microvascular network system. (A) Schematic illustration of the
device structure with three-gel channels; HUVECs seeded in middle channel, and along the sides NHLE.
HUVECsS form vasculature and NHLF are stabilizers. Human breast cells were introduced into the media
channel to reach the vasculature network. The fluorescent image shows the vascular network (RFP-HUVEC)
with GFP-MDA-MB-231 cells. Orange arrows indicate representative extravasated cells, whereas white

arrows indicate representative non-extravasated cells. Images of MDA-MB-231 cells introduced into a 3D
microvascular network with cells cultured in (B) normoxia, (C) hypoxia, and (D) HIF-1o knockdown showing
extravasation. (E-G) Graphs of extravasation rates for three breast cell lines in different conditions. Scale

bar in all panels, 100 pm. Mean £ S.E.M. data are shown. P values were calculated by one-way ANOVA with
Bonferroni post-test. *p < 0.05, **p < 0.01, ***p < 0.001. n=5 for each condition.
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vimentin expression (Fig. 2A-C). During hypoxia, MCE-7 cells displayed a significant decrease of E-cadherin
expression but no change in vimentin level could be observed. Even though the change of expression experienced
by the different breast cell lines is only observed for one of the two markers analysed, we cannot disregard the fact
that the modification correlates with either loss of epithelial phenotype or increased invasiveness, which are all
markers of cancer progression.

As previously described, hypoxia induced the stabilization and accumulation of HIF-1 protein which is a
feature of metastatic progression in various cancers”. The downstream target genes of HIF-1a are related to
angiogenesis, cancer cell survival and invasion®. In addition, HIF-1c has been observed to regulate factors of
many EMT regulators, such as SNAIL, twist or LOX and promotes EMT in different cell lines®*-*2. These previ-
ous studies motivated us to investigate the role of HIF-1a in metastatic progression of hypoxic cells. Our results
showed that for the three cell lines tested, HIF-1a level increases in hypoxia and correlates with the percentage of
oxygen and period of exposure (Fig. 3A,C). Those results are in accordance with previous studies showing a direct
link between HIF-1a induction and hypoxic tumors®®. The direct role of HIF-1a in hypoxia-induced apoptosis
previously described is also consistent with our observation, showing that hypoxia triggered an increase in both
HIF-1a protein level and apoptosis for each breast cell line tested.

We then investigated the role of hypoxia and HIF-1a in extravasation using our panel of breast cell lines.
Previous studies have described how hypoxia increases cell motility®, as well as their ability to transmigrate
through endothelial monolayers®. Most notably, Jin et al. investigated the role of CXCR4 expression in promoting
cancer cells adhesion and transmigration through a monolayer of endothelial cells®*. The experiment was con-
ducted in a 2D migration assay model, and therefore fails to recapitulate the native 3D environment encountered
by cancer cells. On the other hand, Zhang et al. used animal models by injecting hypoxic DKD cells into the tail
vein of mice and analyzed lung sections one week later'!. Despite the physiological relevance of their in vivo study,
visualization was limited and the process of cell extravasation could not be assessed independent of the coloni-
zation step of cancer cells into the lung tissue. In this study, we used engineered 3D vascular networks developed
by our group to recapitulate the process of cancer cell extravasation through the vasculature. Using this platform,
we observed that extravasation rates of breast cell lines previously exposed to hypoxic conditions significantly
increased compared to normoxic cells. In contrast, knock-down of HIF-1a significantly reduced extravasation
rates compared to wild-type cells under the same hypoxic conditions, with rates similar to normoxia. Therefore,
our results support the hypothesis that hypoxia and HIF-1« induction promotes extravasation of MCF-10A and
the cancer breast cells. Interestingly, the effects of hypoxia are relatively independent of the degree of cell malig-
nancy since HIF-1o induction, apoptosis induction and extravasation rates showed similar changes among the
three breast cell lines tested. Overall this study allowed an exhaustive analysis of the impact of low oxygen supply
on the general biological features and specific extravasation behaviours of three breast cell lines.

Conclusions

In this work, we have employed a previously developed microfluidic extravasation assay consisting of a
self-organized 3D microvasculature that enables the study of tumor cell extravasation. In vivo models often lack
a high level of control while classic in vitro cancer models provide control, yet lack critical components of the
tumor microenvironment. Thus, our 3D microvasculature model served to investigate the extravasation potential
of hypoxic human breast epithelial and cancer cell lines while confirming the implication of HIF-1 in this pro-
cess. Hypoxia can play an important and beneficial role in human physiology and development, as well as during
cancer progression. However, the role of hypoxia and the associated increase in HIF-1a protein levels on tumor
invasiveness remained unclear. In this study, we characterized, for the first time, the extravasation dynamics of
three different breast cell lines, pre-conditioned by hypoxia, in high spatiotemporal resolution within an in vitro
microvascular network. However, more studies will be needed to understand the downstream cell signaling path-
ways, functional consequences, target genes, and suppression of HIF-1a to develop novel treatments or to inhibit
tumor progression.

Methods

Cell culture and treatments. HUVECs (C2519A, Lonza, MA, USA) were cultured in EGM-2 BulletKit
(CC-3162, Lonza) containing EBM-2 Basal medium supplemented with EGM-2 SingleQuot Kit (2% FBS, 0.4%
hFGF-2, 0.1% VEGE, 0.1% R*-IGF-1, 0.1% hEGE, 0.04% hydrocortisone, 0.1% ascorbic acid, 0.1% heparin, and
0.1%-GA-100) and used at passage 5. NHLF were cultured in FGM-2 Fibroblast Growth Medium BulletKit (CC-
3132) which consists of Fibroblast Basal Medium supplemented with FGM-2 SingleQuot Kit (2% FBS, 0.1%
hFGF-B, 0.1% insulin, and 0.1%-GA-100), until passage 5. MDA-MB-231 (HTB-26) and MCF-10A (CRL-10317)
human breast cell lines were obtained from ATCC while MCF-7 (AKR-211) cell line was obtained from Cell
Biolabs. The MDA-MB-231 and MCEF-7 cell lines were grown in DMEM (Dulbecco’s Modified Eagle Medium)
containing 10% FBS and 2% penicillin - streptomycin (PS). MCE-10A cells were grown in Mammary Epithelial
Basal Medium (MEGM) supplemented with SingleQuots from the MEGM Bulletkit (Lonza, MD, USA). Each
human breast cell line was cultured as described by ATCC and Cell Biolabs and were confirmed to be free of
microbial and mycoplasma contamination using a mycoplasma detection kit (LT07-701; Lonza, MA, USA). 80%
confluent breast cells were used, and culture medium replaced every 2 days. Cells were placed in a sealed hypoxic
incubator (Panasonic’s MCO-5M) that was continuously infused with a mixture of 1% O, and 5% CO, at 37°C
for 5 days. Control cells were cultured simultaneously in a normoxia incubator (21% O,, 5% CO,, 37 °C; Thermo
Fisher Scientific, Rochester, NY, USA).

Fabrication of microfluidic device. The microfluidic device was fabricated with polydimethylsiloxane
(PDMS, Silgard 184; Dow Chemical, MI, USA) from a silicon wafer mold produced by standard photolithog-
raphy techniques. Microfabrication methods were described previously for similar devices developed by our
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group*#>8¢_ The microfluidic device consisted of two lateral media channels and a central gel channel of 1 mm
wide and 150 um height.

Three-dimensional microvascular networks formation. The complex endothelial-tumor cell inter-
actions were studied using a microfluidic model of the human microvasculature, similar to the one described
previously***>. The microfluidic platform consisted of three parallel gel channels with human umbilical vein
endothelial cells (HUVECs) seeded in fibrin gels and cultured alongside with normal human lung fibroblasts
(NHLFs) to generate a microvascular network in the middle channel (Fig. 4A). Signaling between the two cell
lines helped to prevent matrix degradation and maintained stable networks for a maximum of 7 days. Gel regions
separated from the medium channels by trapezoidal post arrays allowing gas exchange and delivery of nutrients.
Functional microvascular networks usually contain a stably formed lumen of diameter ranging between 10 and
100 pm.

HUVECs were suspended at a concentration of 12 x 10° cells/mL in a solution of endothelial growth medium
(EGM-2, Lonza, MA, USA) and thrombin (1 U/mL, Sigma). The cell suspension was then mixed in a 1-to-1 ratio
with 20 uL fibrinogen solution (6 mg/mL) to achieve a final concentration of 6 x 10° cells/mL and immediately
injected into the central gel channel (Fig. 4A). NHLF cells were mixed with fibrinogen solution to reach a final
cell density of 2 x 10° cells/mL and injected into the two lateral gel channels. The devices were incubated within a
humidity chamber at room temperature for 20 min to allow gel polymerization before filling the media channels
with EGM-2. Media was replenished every 24 h for the duration of the experiment (4 days). The devices were then
maintained in a humidified incubator at 37 °C and 5% CO,. Under these conditions, a perfusable microvascula-
ture formed after ~4 days.

Human breast cells perfused in three-dimensional microvascular device. Human breast cell lines
were cultured under normoxic or hypoxic conditions for 5 days in EGM-2. The cell lines were then trypsinized
and resuspended at a concentration of 4 x 10° cells/mL in EGM-2. Breast cell lines were introduced into the
microvascular networks on day 4 of device culture by flowing a volume of 40 pL of the cell suspension through
the vascular networks under a pressure drop of 5.2 mm H,O (Fig. S3). The device was then placed at 37 °C for
30 min for stabilization. The media from the side channels were replaced to remove the excess of human breast
cells. The device was once again incubated at 37 °C in a humidity chamber for 6 h, allowing for cell extravasation
and invasion.

Proliferation and cell viability assays. All experiments were conducted using the three breast cell lines.
To ensure consistency among experiments, passage 3 to 6 were used in the study and the cells were cultured for 5
days under normoxic and hypoxic conditions. The same density of each cell line was seeded in culture plates and
maintained at 1% and 21% O,. Cells were almost fully attached 2 h after seeding. The medium was replenished
24N after seeding and every 2 days thereafter.

Cell proliferation was measured by counting the number of viable cells at different days using a trypan blue
exclusion test. For that, cells were plated at 1 x 10° cells per well in six-well cell culture plates. The cells were then
harvested by trypsinization and centrifugation at 500 X g for 5minutes. Cells were resuspended in trypan blue
solution (Sigma) and viable cells were counted (BioRad; TC20). The ratio of cell number at day 5 to the cell num-
ber at day 1 was finally calculated.

PrestoBlue (Invitrogen; A13261) is a resazurin-based solution for rapidly quantifying the metabolic active
cells, providing a metric of cell viability. The cells were seeded in 96-well plates for 5 days at 37°C in the appro-
priate medium and oxygen condition. The reagent was then added directly to the cells and incubated for 10 min
at 37 °C. The metabolic rates were measured by the amount of fluorescence using a plate reader (Tecan, Infinite
M200 Pro).

Following, a quantitative single-step dead cell indicator, SYTOX Green Dead Cell Stain (Invitrogen; S34860),
was used to identify the dead population using flow cytometry. The cells were cultured in a six-well plate for 5
days at 37 °C. The live cell population was labelled using NucBlue Live ReadyProbes Reagent (Invitrogen, R37605)
for 15 min prior to SYTOX Green addition. SYTOX Green was then prepared (30 uM) in FACS buffer; PBS, 2 mM
EDTA, 5% FBS, 5% human serum, 0.1% sodium azide (Merck, 1.06688.0100) and added to cells for 20 min at
4°C, protected from light. To ensure proper staining, the solution was washed 3 times with phosphate-free buffer.
The cells were then fixed with 4% paraformaldehyde (PFA) for 15 min. Flow cytometry was then performed
using LSRII Flow cytometer (BD Biosciences), and data were analysed using the BD FACS Diva software (BD
Biosciences).

Caspase-3/7 Green Ready Probes (Invitrogen; R37111) was used for detection of active caspase-3 or caspase-7
in cells undergoing apoptosis. Cells were seeded in 6-well plates and incubated in different oxygen conditions
(1% or 21% O,) at 37°C for 5 days. Prior to addition of the probes, NucBlue Live ReadyProbes Reagent was used
for live cell detection. Caspase-3/7 Green Ready reagent was added to cells (2 drops/mL) and allowed 30 min
incubation at 37 °C. Cells were then fixed using 4% paraformaldehyde (PFA) for 15 min. Cells were imaged using
a confocal microscope (Olympus FV-1200) with a 10x objective. Apoptotic versus non-apoptotic cells were then
counted using Imaris software. All the experiments were conducted in triplicate.

HIF-1o ELISA.  Concentration of HIF-1 o protein in cell culture lysates was quantified using the quantitative
sandwich ELISA immunoassay (Invitrogen, HIF-1 o« ELISA Kit; EHIF1A). HIF-1a standards and samples were
captured by a polyclonal HIF-1a antibody on the pre-coated plate. Detection was then performed using a biotiny-
lated monoclonal HIF-1a antibody reactive to epitopes other than the capture antibody. All reagents, samples and
standards were prepared as instructed in the manual. Prior to ELISA, the cells were treated with different levels
of oxygen as previously described. The cell lysate was collected in cultured adherent cells to approximately 80%
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confluence on T25 cell culture flask (Invitrogen). The cells were then scraped using a cell scraper and the lysate
transferred to a 15mL conical tube. The Bradford protein assay was used to measure the concentration of total
protein for each sample (Invitrogen, 23246). All the experiments were conducted in triplicate.

HIF-1a siRNATransfection.  Prior to transfection, breast cell lines were first cultured in hypoxia for 5 days
and transfected with siRNA against HIF-1a for 48 h. 30 pmol of HIF-1a siRNA (Invitrogen, S6539) was used
in 6-well plates and transfected to breast cells using Lipofectamine (Invitrogen) according to the manufactur-
er’s instructions. At 48 h post transfection, the medium of the transfected cells was replaced with fresh culture
medium and let to incubate for 24 h at 37 °C prior to HIF-1o ELISA experiment. The knockdown efficiency was
determined by ELISA analysis.

Immunofluorescence. All devices were washed with PBS (Invitrogen), fixed with 4% paraformaldehyde
(PFA) for 15min and permeabilized with 0.1% Triton-X 100 solution for 10 min at room temperature. Samples
were treated with 5% BSA +3% (wt/vol) goat serum solution for at least 1 h at 4°C. After blocking, samples
were incubated overnight at 4 °C with E-cadherin mouse monoclonal antibody HECD-1 (131700, Invitrogen)
and vimentin mouse monoclonal antibody V9 (MA511883, Invitrogen) at a ratio of 1:100. Samples were then
incubated for 2h at 4°C with the AlexaFluor 594 rabbit anti-mouse secondary antibody (1:200, Invitrogen). All
images were captured on an inverted confocal microscope (Olympus FV-1200) and further processed with Imaris
software (Bitplane Scientific Software).

Extravasation acquisition and analysis. To quantify the extravasation events, the microvascular net-
works were fixed at the final time point to visualize the position of breast cells relative to the endothelial bar-
rier. Cell nuclei were then stained with DAPI (1: 1000) in order to count the cells. Images were obtained on a
FluorView FV-1200 confocal laser scanning confocal microscope (Olympus) using a 20x objective at 4 um z-steps
with 800 x 800 pixel resolution. Using Imaris imaging software, the nuclei of each breast cell in a ROI was identi-
fied and marked using the spot tracker function. Only cells with nuclei found on the basal side of the endothelial
barrier (either directly adjacent to or migrated away from the barrier) were counted as an extravasation event.
We then calculated the extravasation efficiency as the ratio of extravasated cells to the total number of cells found
inside the microvasculature by analyzing a minimum of 10 ROI per device.

Statistical analysis. Data were presented as the mean & SEM of at least three independent experiments.
For Figs 1 to 3, comparison was performed using unpaired Student’s t-test. For Fig. 4, statistical analysis was per-
formed with one-way ANOVA followed by Bonferroni post hoc comparisons. Statistical significance is based on
**P-values < 0.01. All statistical analysis were done using GraphPad Prism (GraphPad Software, Inc., San Diego, CA).

References

. Harris, A. L. Hypoxia—a key regulatory factor in tumour growth. Nature Reviews Cancer 2, 38-47 (2002).

. Semenza, G. L. Targeting HIF-1 for cancer therapy. Nature Reviews Cancer 3,721-732 (2003).

. Vaupel, P,, Mayer, A. & Hockel, M. Tumor hypoxia and malignant progression. Methods in enzymology 381, 335-354 (2004).

. Brahimi-Horn, M. C., Chiche, J. & Pouysségur, J. Hypoxia and cancer. Journal of molecular medicine 85, 1301-1307 (2007).

. Semenza, G. L. Hypoxia-inducible factors in physiology and medicine. Cell 148, 399-408 (2012).

. Dales, J.-P. et al. Overexpression of hypoxia-inducible factor HIF-1a predicts early relapse in breast cancer: Retrospective study in a

series of 745 patients. International journal of cancer 116, 734-739 (2005).

7. Semenza, G. L. Hypoxia-inducible factors: mediators of cancer progression and targets for cancer therapy. Trends in pharmacological
sciences 33, 207-214 (2012).

8. Sullivan, R. & Graham, C. H. Hypoxia-driven selection of the metastatic phenotype. Cancer and Metastasis Reviews 26, 319-331
(2007).

9. Jin, E, Brockmeier, U, Otterbach, F. & Metzen, E. New insight into the SDF-1/CXCR4 axis in a breast carcinoma model: hypoxia-
induced endothelial SDF-1 and tumor cell CXCR4 are required for tumor cell intravasation. Molecular Cancer Research, molcanres.
0498.2011 (2012).

10. Finger, E. C. & Giaccia, A. J. Hypoxia, inflammation, and the tumor microenvironment in metastatic disease. Cancer and Metastasis
Reviews 29, 285-293 (2010).

11. Zhang, H. et al. HIF-1-dependent expression of angiopoietin-like 4 and LICAM mediates vascular metastasis of hypoxic breast
cancer cells to the lungs. Oncogene 31, 1757 (2012).

12. Vleugel, M. et al. Differential prognostic impact of hypoxia induced and diffuse HIF- 1o expression in invasive breast cancer. Journal
of clinical pathology 58, 172-177 (2005).

13. Generali, D. et al. Hypoxia-inducible factor-1a expression predicts a poor response to primary chemoendocrine therapy and
disease-free survival in primary human breast cancer. Clinical Cancer Research 12, 4562-4568 (2006).

14. Kronblad, A., Jirstrom, K., Rydén, L., Nordenskjéld, B. & Landberg, G. Hypoxia inducible factor-1a is a prognostic marker in
premenopausal patients with intermediate to highly differentiated breast cancer but not a predictive marker for tamoxifen response.
International journal of cancer 118, 2609-2616 (2006).

15. Yamamoto, Y. et al. Hypoxia-inducible factor 1o is closely linked to an aggressive phenotype in breast cancer. Breast cancer research
and treatment 110, 465-475 (2008).

16. Gordan, J. D., Bertout, J. A, Hu, C.-J,, Diehl, J. A. & Simon, M. C. HIF-2a promotes hypoxic cell proliferation by enhancing c-myc
transcriptional activity. Cancer cell 11, 335-347 (2007).

17. Bos, R. et al. Levels of hypoxia-inducible factor-1c independently predict prognosis in patients with lymph node negative breast
carcinoma. Cancer 97, 1573-1581 (2003).

18. Sporn, M. B. The war on cancer. The lancet 347, 1377-1381 (1996).

19. Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57-70 (2000).

20. Jemal, A. et al. Global cancer statistics. CA: a cancer journal for clinicians 61, 69-90 (2011).

21. Cristofanilli, M. et al. Circulating tumor cells, disease progression, and survival in metastatic breast cancer. N Engl ] Med 2004,
781-791 (2004).

22. Vaupel, P, Schlenger, K., Knoop, C. & Hockel, M. Oxygenation of human tumors: evaluation of tissue oxygen distribution in breast
cancers by computerized O2 tension measurements. Cancer research 51, 3316-3322 (1991).

QN U N =

SCIENTIFIC REPORTS |

(2018) 8:17949 | DOI:10.1038/s41598-018-36381-5 9



www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.
50.

51.

57.

58.
59.

60.

61.

62.

63.

64.
65.

66.

Vaupel, P, Hockel, M. & Mayer, A. Detection and characterization of tumor hypoxia using pO2 histography. Antioxidants & redox
signaling 9, 1221-1236 (2007).

Mierke, C. T. Cancer cells regulate biomechanical properties of human microvascular endothelial cells. Journal of Biological
Chemistry 286, 40025-40037 (2011).

Song, J. W. et al. Microfluidic endothelium for studying the intravascular adhesion of metastatic breast cancer cells. PloS one 4, €5756
(2009).

Brizel, D. M. et al. Tumor oxygenation predicts for the likelihood of distant metastases in human soft tissue sarcoma. Cancer research
56, 941-943 (1996).

Mees, G., Diercks, R., Vangestel, C. & Van de Wiele, C. Molecular imaging of hypoxia with radiolabelled agents. European journal of
nuclear medicine and molecular imaging 36, 1674-1686 (2009).

Lewis, D. M. et al. Intratumoral oxygen gradients mediate sarcoma cell invasion. Proceedings of the National Academy of Sciences 113,
9292-9297 (2016).

Luzzi, K. J. et al. Multistep nature of metastatic inefficiency: dormancy of solitary cells after successful extravasation and limited
survival of early micrometastases. The American journal of pathology 153, 865-873 (1998).

Wirtz, D., Konstantopoulos, K. & Searson, P. C. The physics of cancer: the role of physical interactions and mechanical forces in
metastasis. Nature Reviews Cancer 11,512-522 (2011).

Fidler, I. J. The pathogenesis of cancer metastasis: the’seed and soil’hypothesis revisited. Nature Reviews Cancer 3, 453-458 (2003 ).
Hendrix, M. J,, Seftor, E. A, Seftor, R. E. & Fidler, I. J. A simple quantitative assay for studying the invasive potential of high and low
human metastatic variants. Cancer letters 38, 137-147 (1987).

DiMilla, P. A., Quinn, J. A., Albelda, S. M. & Lauffenburger, D. A. Measurement of individual cell migration parameters for human
tissue cells. AIChE Journal 38, 1092-1104 (1992).

Vickerman, V. & Kamm, R. D. Mechanism of a flow-gated angiogenesis switch: early signaling events at cell-matrix and cell-cell
junctions. Integrative Biology 4, 863-874 (2012).

Zhang, Q,, Liu, T. & Qin, J. A microfluidic-based device for study of transendothelial invasion of tumor aggregates in realtime. Lab
on a chip 12, 2837-2842 (2012).

Kim, S., Lee, H., Chung, M. & Jeon, N. L. Engineering of functional, perfusable 3D microvascular networks on a chip. Lab on a chip
13, 1489-1500 (2013).

Zervantonakis, I. K. et al. Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function.
Proceedings of the National Academy of Sciences 109, 13515-13520 (2012).

Polacheck, W. J., Charest, J. L. & Kamm, R. D. Interstitial flow influences direction of tumor cell migration through competing
mechanisms. Proceedings of the National Academy of Sciences 108, 11115-11120 (2011).

Swartz, M. A. & Lund, A. W. Lymphatic and interstitial flow in the tumour microenvironment: linking mechanobiology with
immunity. Nature Reviews Cancer 12,210 (2012).

Shieh, A. C., Rozansky, H. A., Hinz, B. & Swartz, M. A. Tumor cell invasion is promoted by interstitial flow-induced matrix priming
by stromal fibroblasts. Cancer research 71, 790-800 (2011).

Hazan, R. B,, Phillips, G. R., Qiao, R. E, Norton, L. & Aaronson, S. A. Exogenous expression of N-cadherin in breast cancer cells
induces cell migration, invasion, and metastasis. The Journal of cell biology 148, 779-790 (2000).

Karnoub, A. E. et al. Mesenchymal stem cells within tumour stroma promote breast cancer metastasis. Nature 449, 557 (2007).
Chen, M. B, Whisler, J. A., Jeon, J. S. & Kamm, R. D. Mechanisms of tumor cell extravasation in an in vitro microvascular network
platform. Integrative Biology 5, 1262-1271 (2013).

Jeon, J. S., Zervantonakis, I. K., Chung, S., Kamm, R. D. & Charest, J. L. In vitro model of tumor cell extravasation. PloS one 8, 56910
(2013).

Jeon, J. S. et al. Human 3D vascularized organotypic microfluidic assays to study breast cancer cell extravasation. Proceedings of the
National Academy of Sciences 112, 214-219 (2015).

Park, Y. K. et al. In vitro microvessel growth and remodeling within a three-dimensional microfluidic environment. Cellular and
molecular bioengineering 7, 15-25 (2014).

Shin, Y. et al. In vitro 3D collective sprouting angiogenesis under orchestrated ANG-1 and VEGF gradients. Lab on a chip 11,
2175-2181(2011).

Chung, S., Sudo, R., Zervantonakis, I. K., Rimchala, T. & Kamm, R. D. Surface-treatment-induced three-dimensional capillary
morphogenesis in a microfluidic platform. Advanced materials 21, 4863-4867 (2009).

Morgan, J. P. et al. Formation of microvascular networks in vitro. Nature protocols 8, 1820 (2013).

Chen, M. B., Lamar, J. M., Li, R., Hynes, R. O. & Kamm, R. D. Elucidation of the roles of tumor integrin ss1 in the extravasation stage
of the metastasis cascade. Cancer research, canres. 1325.2015 (2016).

Greijer, A. & Van der Wall, E. The role of hypoxia inducible factor 1 (HIF-1) in hypoxia induced apoptosis. Journal of clinical
pathology 57, 1009-1014 (2004).

. Christofori, G. New signals from the invasive front. Nature 441, 444 (2006).

. Semenza, G. L. Hypoxia-inducible factor 1 and cancer pathogenesis. IUBMB life 60, 591-597 (2008).

. Han, J. et al. Hypoxia is a Key Driver of Alternative Splicing in Human Breast Cancer Cells. Scientific reports 7, 4108 (2017).

. Chen, M. B. et al. On-chip human microvasculature assay for visualization and quantification of tumor cell extravasation dynamics.

Nature protocols 12, 865-880 (2017).

. Cosse, J.-P. & Michiels, C. Tumour hypoxia affects the responsiveness of cancer cells to chemotherapy and promotes cancer

progression. Anti-Cancer Agents in Medicinal Chemistry (Formerly Current Medicinal Chemistry-Anti-Cancer Agents) 8, 790-797
(2008).

Gilkes, D. M. et al. Hypoxia-inducible factors mediate coordinated RhoA-ROCKI expression and signaling in breast cancer cells.
111, E384-E393 (2014).

Gowda, G. N. et al. A Metabolomics Study of BPTES Altered Metabolism in Human Breast Cancer Cell Lines. 5 (2018).

Peng, X.-H. et al. Cross-talk between epidermal growth factor receptor and hypoxia-inducible factor-1a signal pathways increases
resistance to apoptosis by up-regulating survivin gene expression. 281, 25903-25914 (2006).

Botlagunta, M. et al. Expression of DDX3 is directly modulated by hypoxia inducible factor-1 alpha in breast epithelial cells. 6,
€17563 (2011).

Xie, M. et al. NZ51, a ring-expanded nucleoside analog, inhibits motility and viability of breast cancer cells by targeting the RNA
helicase DDX3. 6, 29901 (2015).

Voss, M. J. et al. Luminal and basal-like breast cancer cells show increased migration induced by hypoxia, mediated by an autocrine
mechanism. BMC cancer 11, 158 (2011).

Notte, A., Ninane, N., Arnould, T. & Michiels, C. Hypoxia counteracts taxol-induced apoptosis in MDA-MB-231 breast cancer cells:
role of autophagy and JNK activation. Cell death & disease 4, €638 (2013).

Xie, J. et al. Hypoxia regulates stemness of breast cancer MDA-MB-231 cells. Medical Oncology 33, 42 (2016).

Daly, C. S. et al. Hypoxia modulates the stem cell population and induces EMT in the MCF-10A breast epithelial cell line. Oncology
reports 39, 483-490 (2018).

Saikumar, P. et al. Role of hypoxia-induced Bax translocation and cytochrome c release in reoxygenation injury. Oncogene 17, 3401
(1998).

SCIENTIFICREPORTS|  (2018) 8:17949 | DOI:10.1038/s41598-018-36381-5 10



www.nature.com/scientificreports/

67. Basu, S. & Kolesnick, R. Stress signals for apoptosis: ceramide and c-Jun kinase. Oncogene 17, 3277 (1998).

68. Thiery, J. P.,, Acloque, H., Huang, R. Y. & Nieto, M. A. Epithelial-mesenchymal transitions in development and disease. Cell 139,
871-890 (2009).

69. Baranwal, S. & Alahari, S. K. Molecular mechanisms controlling E-cadherin expression in breast cancer. Biochemical and biophysical
research communications 384, 6-11 (2009).

70. Thiery, J. P. Epithelial-mesenchymal transitions in tumour progression. Nature Reviews Cancer 2, 442-454 (2002).

71. Grinert, S., Jechlinger, M. & Beug, H. Opinion: Diverse cellular and molecular mechanisms contribute to epithelial plasticity and
metastasis. Nature reviews Molecular cell biology 4 (2003).

72. Satelli, A. & Li, S. Vimentin in cancer and its potential as a molecular target for cancer therapy. Cellular and molecular life sciences
68, 3033-3046 (2011).

73. Wang, T. et al. Hypoxia-inducible factors and RAB22A mediate formation of microvesicles that stimulate breast cancer invasion and
metastasis. Proceedings of the National Academy of Sciences 111, E3234-E3242 (2014).

74. Botlagunta, M. et al. Oncogenic role of DDX3 in breast cancer biogenesis. Oncogene 27, 3912 (2008).

75. Lieblein, J. C. et al. STAT3 can be activated through paracrine signaling in breast epithelial cells. BMC cancer 8, 302 (2008).

76. Neve, R. M. et al. A collection of breast cancer cell lines for the study of functionally distinct cancer subtypes. Cancer cell 10, 515-527
(2006).

77. Charafe-Jauffret, E. et al. Gene expression profiling of breast cell lines identifies potential new basal markers. Oncogene 25,
2273-2284 (2006).

78. Lacroix, M. & Leclercq, G. Relevance of breast cancer cell lines as models for breast tumours: an update. Breast cancer research and
treatment 83, 249-289 (2004).

79. Zhong, H. et al. Overexpression of hypoxia-inducible factor 1ce in common human cancers and their metastases. Cancer research 59,
5830-5835 (1999).

80. Zhang, W. et al. HIF-1a promotes epithelial-mesenchymal transition and metastasis through direct regulation of ZEBI in colorectal
cancer. PloS one 10, 0129603 (2015).

81. Xiong, Y. et al. Hypoxia-inducible factor 1a-induced epithelial-mesenchymal transition of endometrial epithelial cells may
contribute to the development of endometriosis. Human Reproduction 31, 1327-1338 (2016).

82. Zhang, L. et al. Hypoxia induces epithelial-mesenchymal transition via activation of SNAI1 by hypoxia-inducible factor-1a in
hepatocellular carcinoma. BMC cancer 13, 108 (2013).

83. Ginis, I. & Faller, D. V. Hypoxia affects tumor cell invasiveness in vitro: the role of hypoxia-activated ligand HAL1/13 (Ku86
autoantigen). Cancer letters 154, 163-174 (2000).

84. Jin, E, Brockmeier, U., Otterbach, F. & Metzen, E. ]. M. C. R. New insight into the SDF-1/CXCR4 axis in a breast carcinoma model:
hypoxia-induced endothelial SDF-1 and tumor cell CXCR4 are required for tumor cell intravasation. molcanres. 0498.2011 (2012).

85. Whisler, J. A., Chen, M. B. & Kamm, R. D. Control of perfusable microvascular network morphology using a multiculture
microfluidic system. Tissue Engineering Part C: Methods 20, 543-552 (2012).

86. Shin, Y. et al. Microfluidic assay for simultaneous culture of multiple cell types on surfaces or within hydrogels. Nature protocols 7,
1247-1259 (2012).

Acknowledgements

This research was supported by the National Research Foundation Singapore, the Singapore-MIT Alliance
for Research and Technology - BioSym IRG Research Program Phase II, the US National Cancer Institute
(CA202177; RD.K.), and the Human Frontier Science Program (LT000173/2014-L; A.M.).

Author Contributions
J.S. conceived and designed and interpreted all the experiments; J.S. performed experiments, analyzed the data;
J.S., AM., C.T. and R.D.K. wrote and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36381-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:17949 | DOI:10.1038/s41598-018-36381-5 11


http://dx.doi.org/10.1038/s41598-018-36381-5
http://creativecommons.org/licenses/by/4.0/

	A 3D microvascular network model to study the impact of hypoxia on the extravasation potential of breast cell lines

	Results

	Effect of hypoxia on proliferation and cell viability. 
	Hypoxia induces changes in cell morphology and gene expression associated with invasive phenotype. 
	HIF-1α expression during hypoxia and validation of HIF-1α knockdown cell lines. 
	Hypoxia promotes human breast cell extravasation. 

	Discussion

	Conclusions

	Methods

	Cell culture and treatments. 
	Fabrication of microfluidic device. 
	Three-dimensional microvascular networks formation. 
	Human breast cells perfused in three-dimensional microvascular device. 
	Proliferation and cell viability assays. 
	HIF-1α ELISA. 
	HIF-1α siRNA Transfection. 
	Immunofluorescence. 
	Extravasation acquisition and analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Effect of hypoxia on cell proliferation and viability.
	Figure 2 Changes in cell morphology and gene expression under hypoxia.
	Figure 3 HIF-1α measurement in hypoxic-induced cell lines.
	Figure 4 In vitro extravasation model of microvascular network system.




