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Abstract

Fibronectin (FN) is an extracellular matrix (ECM) glycoprotein that self‐
assembles into FN fibrils, forming a FN matrix contributing to the stiffness of

the ECM. Stromal FN stiffness in cancer has been shown to impact epithelial

functions such as migration, cancer metastasis, and epithelial‐to‐mesenchymal

transition. The role of the FN matrix of epithelial cells in driving such pro-

cesses remains less well understood and is the focus of this study. Hypoxia,

defined by low oxygen tension (<5%) is one of the hallmarks of tumor mi-

croenvironments impacting fibril reorganization in stromal and epithelial

cells. Here, using the MCF10 breast epithelial progression series of cell lines

encompassing normal, preinvasive, and invasive states, we show that FN fibril

formation decreases during hypoxia, coinciding with a decrease in migratory

potential of these cells. Conversely, we find that FN fibril disruption during

three‐dimensional acinar growth of normal breast cells resulted in acinar lu-

minal filling. Our data also demonstrates that the luminal filling upon fibril

disruption in untransformed MCF10A cells results in a loss of apicobasal

polarity, characteristic of pre‐invasive and invasive breast cell lines MCF10AT

and MCF10 DCIS.com. Overall this is the first study that relates fibril‐
mediated changes in epithelial cells as critical players in lumen clearing of

breast acini and maintenance of the untransformed growth characteristic.
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1 | INTRODUCTION

Morphogenesis and metastatic progression are influ-
enced by the composition and organization of the ex-
tracellular matrix (ECM).1 One such ECM protein is

fibronectin (FN), a cell surface glycoprotein that orga-
nizes into a matrix by the stepwise assembly of its
N‐terminal domains by FN–FN self‐association.2

Although FN knockout is embryonically lethal,3,4 the
selective deletion of FN in the mammary epithelium
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results in growth retardation of branching ducts and
lobules.5 Evidently, FN is also the most significantly
altered ECM protein, spatially and temporally during the
postnatal development of the mammary gland.6

Although normal adult breast tissue and benign
neoplasms are devoid of FN, enhanced expression is
observed in malignant neoplasms and lobular carcino-
ma.7 Histopathological evaluation of metastatic ECM is
also supported by qPCR analyses of FN, confirming the
increased expression in metastatic lesions compared to
primary tumors and matched controls, respectively.8,9

Several pivotal studies using three‐dimensional (3D)
cultures of breast cells that mirror the acinar develop-
ment of the mammary gland have established the con-
tribution of ECM proteins to acinar morphogenesis and
tumorigenesis.10–13 Addition of FN either during acinar
growth or after acinar differentiation of normal breast
cells reverses growth arrest, resulting in lumen filling
and an increase in acinar size, pointing to the role of FN
in the modulation of oncogenesis.11 Acinar cultures of
cells from breast carcinoma biopsies and cell lines reveal
the loss of acinar organization, tissue polarity, prolifera-
tion and the absence of a distinct lumen.14–17

Incidentally, perturbation of cell–ECM interactions in
breast tumor acini using integrin‐β1 function‐blocking
antibodies cause reversion to phenotypically normal
acini.16–18

Matrix FN is structured into distinct FN fibrils on the
cell surface, unlike the non‐fibril dimeric protein (nearly
identical ∼250 kDa subunits) that is present in-
tracellularly.2 Studies using a 76aa peptide (III‐1C) de-
rived from the first Type III repeat of FN accelerates
FN–FN crosslinking, modifying the assembly state from
dimeric to polymeric FN that resembles matrix FN fi-
brils.19 Administering the fibril‐forming peptide specifi-
cally reduces breast cancer metastasis in xenograft mouse
models20 and reduces subcutaneous and experimental
metastases in multiple tumor types.21 We have also de-
monstrated that the assembly state of FN determines the
migratory potential of “normal” breast cells in response
to TGF‐β1.22,23

Oxygen is a vital morphogen that has been shown to
influence FN fibril formation largely in fibroblasts and
the tumor stroma.24,25 The reorganization of FN into
aligned fibrils in fibroblasts serves as conduits for the
migration of breast cancer cells by increasing adhesion
and motility.25

Despite the advances in our understanding of hypoxia
on the ECM of fibroblasts, the reorganization of FN in
breast epithelial cells exposed to hypoxia remain un-
defined. Here, we demonstrate that hypoxia reorganizes
FN in hypoxic breast epithelial cells, perhaps influencing
the migratory behavior of these cells. Importantly, we

show that FN matrix formation plays a required and 3D
specific role in acinar development and polarization of
normal breast cells. These results add new data demon-
strating the necessity of the FN matrix for the normal
morphological development of the mammary gland,
preventing tumorigenesis.

2 | MATERIALS AND METHODS

2.1 | Cell lines and culture conditions

The isogenic MCF10 cell line series included the un-
transformed normal MCF10A, Ras‐transformed pre‐
invasive MCF10AneoT and the invasive MCF10
DCIS.com. MCF10A and MCF10AneoT were obtained
from the Barbara Ann Karmanos Institute and MCF10
DCIS.com was obtained from Wayne State University.
MCF10A and MCF10AT cells were cultured in
DMEM/F12 (1:1) media (#11330‐032; Gibco) supple-
mented with 5.26% horse serum (#16050‐122; Gibco),
insulin (10 µg/ml; #12585‐014; Gibco), epidermal
growth factor (20 ng/ml; #PHG0313; Gibco), hydro-
cortisone (0.5 µg/ml; #CB40203; Corning), and cho-
lera toxin (100 ng/ml). MCF10 DCIS.com cells were
cultured in DMEM/F12 (1:1) media (#11330‐032;
Gibco) supplemented with 5.26% horse serum
(#16050‐122; Gibco). Cells were maintained in a 37°C
humidified incubator buffered with 5% CO2 and rou-
tinely tested for mycoplasma contamination using
the MycoAlert Plus Mycoplasma Detection Kit
(#LT07703; Lonza).

2.2 | Normoxic and hypoxic culture
conditions

Normoxic conditions for the cell lines were routine
subculture conditions 37°C/5% CO2 and (21% environ-
mental Oxygen). Hypoxia (1% O2) within an incubator
subchamber C‐Chamber was generated using a ProOx
C21 Oxygen CO2 single chamber controller (Biospherix).
Hypoxia incubations were initiated and timed after the
setpoint on the controller reached 1% O2.

2.3 | Antibodies and reagents

Antibodies for immunoblotting and immunocytochemistry:
GAPDH (#437000; Invitrogen), HIF1‐α (#14179S; Cell
Signaling Technology), HIF2‐α (#ab207607; Abcam), FN
(IB) (#ab23750; Abcam), FN (ICC) (#IST‐9; SCBT), β‐actin
(#MA1‐140; Invitrogen), Vinculin (#129002; Abcam),
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Integrin‐α6 (#MABT356; Millipore Sigma), Integrin‐α5
(#ab150361; Abcam), Integrin‐β1 (#96996; Cell Signaling
Technology) Alexa Fluor 568 (#A10037; Invitrogen), and
Alexa Fluor 488 (#A11001; Invitrogen). For flowcyto-
metry, Active integrin‐β1 clone HUTS‐4 (#MAB2079Z;
Millipore Sigma) was used. Matrigel™ was purchased
from Corning. Protein concentration in lots used varied
between 10 and 11.2mg/ml with an endotoxin level of less
than 1.5.

2.4 | Deoxycholate assay

Deoxycholate (DOC) fractionation was carried out as
previously described.22,23 Briefly, cells were washed in
ice‐cold phosphate‐buffered saline (PBS) and soluble
FN protein was extracted in buffer containing 2% DOC
and 0.02‐M Tris‐HCl, pH 8.8, supplemented with
2‐mM phenylmethylsulphonyl fluoride, 2‐mM EDTA,
2‐mM iodoacetic acid, and 2‐mM N‐ethylmalemide.
Following lysis for 30 min at 4°C, the lysates were
centrifuged at 15,000 rpm for 30 min to separate the
soluble FN in the supernatant. The pellet fraction
containing the fibril FN was resuspended in sodium
dodecyl sulfate (SDS) lysis buffer containing 1% SDS,
25‐mM Tris‐HCl, pH 8.0, and protease inhibitors. The
pellet fraction containing the SDS lysis buffer was
heated for 1 min at 95°C. The entire pellet fraction
was loaded on a 5% polyacrylamide gel and 10% of
the soluble fraction was loaded alongside. Both
soluble and fibril FN were normalized to GAPDH.
Average fold differences between fibril and soluble FN
were plotted as bar graphs and p values calculated
using the unpaired Student's t‐test.

2.5 | Protein extraction and
immunoblotting

Protein extraction was performed at 4°C using ice‐cold
SDS lysis buffer containing protease and phosphatase
inhibitors (1‐mM DTT, 1‐mM EDTA, 100‐µg/ml PMSF,
1‐µg/ml leupeptin, 1‐mM sodium orthovanadate).
Proteins were separated by SDS–polyacrylamide gel
electrophoresis and immunoblotted for specific proteins
as indicated. Vinculin, β‐actin, and GAPDH were used as
loading controls.

Quantification of immunoblots was performed
using the Li‐Cor Image Studio Software version 5.2.
Pixel intensities of each protein normalized to the
loading control were averaged from at least three in-
dependent experiments and fold‐differences between
untreated and treated samples were plotted as shown.

Statistical significance was determined using the
unpaired Student's t‐test.

2.6 | Immunocytochemistry and
imaging

For immunocytochemistry of active integrin‐β1, cells
were seeded on sterile coverslips in a six‐well plate at a
density of 173,000 cells per well. The coverslips were
fixed in 4% paraformaldehyde and permeabilized in 0.1%
Triton X‐100 on ice for 1 min. After blocking in 5%
BSA‐1X PBS, active integrin‐β1 antibody (1:100) was
added for 1 h followed by 1h incubation with secondary
antibody. After repeated washing in 1X PBS, cells were
stained with the DNA stain DAPI (4,6‐diamidino‐2‐
phenylindole dihydrochloride; #1023627001; Roche) and
mounted using Prolong gold anti‐fade mount media
(#P36930; Invitrogen) on glass slides. Imaging and
z‐stacks (1‐µm z‐slice) were acquired using a Leica TCS
SPEII confocal microscope maintaining consistent ac-
quisition parameters between experiments.

2.7 | Cell migration

Real‐time cell migration was performed in 16‐well CIM
plates using the ACEA xCELLigence RTCA DP System
(ACEA Biosciences). To set‐up the cell migration assay,
160 µl of serum‐containing media were plated in the
lower chamber of the CIM plates and topped with 50‐µl
serum‐free media to equilibrate the membrane (8‐µm
pore size) that separates the top and bottom chambers.
As a negative control, one triplicate set of wells contained
serum‐free media in the lower chamber. For migration in
the presence of functional upstream domain (FUD;
500 nM) or III‐11C (500 nM), the peptide was added to
the top and bottom chambers. After equilibration of the
membrane for 1 h, 30,000 cells in 100‐µl serum‐free
media were plated in the top chamber of the CIM plate.
After the plate was assembled in the instrument, cell
migration from the upper to lower chambers was quan-
tified by measurement of cell impedance. Impedance is
created when cells travel through the membrane lined
with gold electrodes. As cells migrate, they impede the
flow of electrical current between the electrodes to gen-
erate impedance values, which are converted by the
xCELLigence software to cell index (cell numbers). For
cell migration at 1% O2, the xCELLigence instrument was
placed in a hypoxia chamber and the complete cell mi-
gration assay was performed under hypoxic conditions.
Cell index values generated by the instrument were
analyzed using the included RTCA DP software Pro.
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The values were exported to Excel and migration curves
were calculated following ACEA‐provided user manuals.
Each treatment condition was performed in technical
triplicates and each experiment was performed two
times. Statistical significance was determined using the
nonparametric Mann–Whitney U test between hypoxia‐
exposed cells and normoxic cells.

2.8 | Acinar culture

Three‐dimensional acinar culture in Matrigel™ was
performed as previously described.14 Briefly, cells
were resuspended in Assay media containing 2% serum,
5‐ng/ml EGF, and 2% Matrigel™. 400 µl of this mixture
(∼5000 cells) was plated in each well of a chamber slide
containing solidified Matrigel™. The cells were fed with
fresh Assay media every four days. We obtained any-
where from 5 to 10 acini/well.

For FUD and III‐11C treatments, the 500‐nM peptide
was added to the Assay media. Media replacement
included re‐addition of the peptides. For acini growth in
hypoxia, cells were plated on solidified Matrigel™ in
chamber slides and placed in the hypoxia chamber for
the entire duration of acini formation. All acini were
processed for immunostaining after 14‐day growth in
culture. Acini processed for FN immunostaining
(Figure S3B) was sampled after 7‐day growth in culture
when FN expression is detectable.11

2.9 | Immunostaining of acinar
structures

Immunostaining of acini was performed as previously
described.26 Briefly, media was aspirated from each well
of the chamber slide and acini were fixed with 4% par-
aformaldehyde for 20 min followed by permeabilization
for 10 min at 4°C in 0.5% Triton‐PBS. After repeated
rinsing in PBS‐glycine, blocking solution (130‐mM NaCl,
7‐mM Na2HPO4, 3.5‐mM NaH2PO4, 7.7‐mM NaN3, 0.1%
BSA, 0.2% Triton X‐100, 0.05% Tween‐20, and 10% goat
serum) was added for 45–60min at room temperature.
The acini were subsequently incubated with integrin‐α6
primary antibody or FN primary antibody (1:100) over-
night at 4°C followed by secondary antibody incubation
(Alexa 568) in blocking buffer. The nuclei were stained
with DAPI (#1023627001; Roche) and mounted using
Prolong gold anti‐fade mount media (#P36930;
Invitrogen) on glass slides. Imaging and z‐stacks (4‐µm
z‐slice) were acquired using a Leica TCS SPEII confocal
microscope maintaining consistent acquisition para-
meters between experiments.

2.10 | Quantification of acinar size

Acinar size of DAPI‐stained acini was determined from a
confocal z‐stack comprising z‐slices from the center of
the acini and imported into Fiji (ImageJ; open source). A
region of interest (ROI) was drawn around each acinus
and the area of each acinus calculated using Fiji. Average
acinar area values were plotted as individual data points
and statistical significance determined using the un-
paired Student t‐test.

2.11 | Quantification of integrin‐α6
lumen intensity

To quantify luminal staining of integrin‐α6, z‐slices of the
center of the acini were imported into Fiji (ImageJ; open
source). Each z‐slice is a 4‐µm section acquired as a
z‐stack using confocal microscopy. Mean integrated in-
tensities (total intensity/area) of the ROI excluding the
basement membrane were determined from the center
slice. Intensity values from each acinus were plotted as
individual data points. Statistical difference in intensities
between treatments was evaluated using the unpaired
Student t‐test.

2.12 | Flowcytometry analysis

To determine active integrin‐β1 levels, 0.4 × 106 cells
were seeded on 6‐cm2 plates and treated with the dif-
ferent experimental conditions as described. Cells were
dissociated using the non‐enzymatic cell dissociation
buffer (#13151014; Sigma) and washed with ice‐cold 0.5%
BSA‐PBS. The cells were pelleted at 1500 rpm for 5min
and blocked for 1 h using 100 µl 0.5% BSA‐PBS. After
blocking, the cell pellets were incubated with 2.5 µl of the
active integrin‐β1 antibody for 1 h at 4°C according to the
manufacturer's instructions. After antibody incubation,
the cell pellets were washed twice with 0.5% BSA‐PBS
and resuspended with 200 µl of 0.5% BSA‐PBS before
acquisition. Acquisition was carried out using a
CytoFLEX flowcytometer (Beckman Coulter) and analyzed
using the FlowJo™ software (BD Bioscience). Average
positive cells for active integrin‐β1 are represented as
flowcytometry histograms and mean fluorescence in-
tensities (MFI) are represented as bar graphs.

2.13 | Statistical analysis

All data are presented as mean ± SEM. Where indicated
the experiments are averages of at least three
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independent determinations or data representative of
two or more trials. Individual data points for each ex-
perimental condition have been included in figures to
demonstrate variability between experiments. Statistical
analyses were performed with GraphPad Prism 8.

3 | RESULTS

3.1 | Hypoxia reduces FN fibrils in
untransformed and transformed breast
epithelial cells

To investigate whether FN fibril formation is affected by
hypoxia in the untransformed MCF10A, pre‐invasive
MCF10AT, and invasive MCF10 DCIS.com cells, we ex-
posed the MCF10 breast progression series to 1% O2 for 6,
12, and 18 h and separated the fibril (insoluble) and
nonfibril (soluble) FN fractions by fractionation based on
differential solubilities in DOC.22,23 As shown in
Figure 1A, hypoxia decreased FN fibril levels and sig-
nificantly decreased the ratio of fibril versus soluble FN
at 18 h in MCF10AT (*p< .05) and at 12 and 18 h in
MCF10 DCIS.com cell lines (*p< .05, ***p< .001;
Figure 1B). The decrease in FN fibrils in response to
hypoxia was further confirmed in the three cell lines by
immunolabelling FN (Figure S1A). In accordance with
our observations and from previous studies in renal
epithelial cells,27–30 we observed a two‐fold increase in
total FN protein in response to hypoxia indicating that
the decrease in FN fibrils (Figures 1A and S1A) is un-
likely to be due to insufficient protein (Figure 1C,D).
Increased levels of HIF‐1α and HIF‐2α confirmed hy-
poxia response in these cell lines (Figures 1E and S1B).

3.2 | Integrin activation is not altered in
cells exposed to hypoxia

Hypoxia has been shown to increase expression of
integrin‐α5 and integrin‐β1 in breast cancer cell lines.31

Since integrinα5β1 activation is principally associated
with FN fibril formation,32,33 we assessed whether pro-
tein levels of the integrin‐α5 and integrin‐β1 subunits are
altered in cells exposed to hypoxia. Basal expression le-
vels of the integrin subunits were comparable among the
three cell lines and hypoxia upregulated integrin protein
levels, especially at the 12 and 18 h time points as de-
tected by immunoblotting and immunocytochemistry
(Figures 2A and S2A). However, vinculin, a focal adhe-
sion protein that has been shown to stabilize integrin
activity,34 demonstrated unchanged total protein levels in
the three cell lines in response to hypoxia (Figure S2B).

Since upregulated integrin levels did not correlate with
our observation that hypoxia reduces FN fibril formation
(Figure 1A,B and S1A), we suspected instead the absence
of integrin activation. Consistently, quantification of
the active conformation of integrin‐β1 by im-
munocytochemistry and flowcytometry using a
conformation‐specific antibody revealed the absence
of integrin‐β1 activation in hypoxia‐exposed cells
(Figure 2B,C). Experimentally ‐induced functional acti-
vation of integrin‐β1 by addition of the divalent cation
MnCl2 considerably increased active integrin‐β1 by im-
munostaining (Figure 2B). These results were confirmed
using flowcytometry (Figure 2C), indicating that the ab-
sence of integrin‐β1 activation in response to hypoxia
was neither due to insufficient protein levels nor defec-
tive activation of cell surface integrins.

3.3 | Hypoxia decreases cell migration

Although hypoxia did not increase integrin‐β1 activation
in 2D culture of the MCF10 series of cell lines, total in-
tegrin levels were increased in these cells (Figures 2A
and S2A). Upregulated integrin levels are significant to
the metastatic response of breast cancer cells and
knockdown of integrinα5β1 has been shown to reduce
3D cell migration but having no impact on migration in
2D.31 We have previously shown that FN fibril formation
is required for directional cell migration in MCF10A
cells.22 Since hypoxia reduced FN fibrils in the MCF10
progression series (Figure 1), we investigated whether
hypoxia impacts epithelial cancer cell migration. We set
up a transwell migration assay and tracked the real‐time
migration of the MCF10 series of cell lines towards a
serum‐based chemotactic gradient under normoxic and
hypoxic conditions for 12 h. All the three cell lines dis-
played significantly reduced cell migration under hy-
poxia compared to migration at 21% oxygen (Figure 3A).

Given that hypoxia decreases FN fibril assembly
(Figure 1A,B), we investigated whether FN fibril dis-
ruption is sufficient to decrease the cellular migration in
response to a serum chemotactic gradient. To test this,
we blocked fibril assembly using a 49‐mer peptide (FUD)
derived from the Streptococcus pyrogenes adhesion F1
protein that binds to the N‐terminal domain of FN,
which is responsible for fibril formation. Since FUD does
not affect FN protein levels or the initial binding of FN to
the integrinα5β1 receptor, this approach specifically tar-
gets fibril assembly without altering the protein compo-
sition of the ECM.35–39 We confirmed that FUD
treatment at 500 nM, unlike the control peptide III‐11C
(control fragment from the 11th Type III repeat of FN),
disrupted FN fibril assembly in MCF10A cells
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(A)

(B)

(C)

(D)

(E)

FIGURE 1 Fibril formation decreases in hypoxia‐exposed breast epithelial cells. (A) MCF10A, MCF10AT and MCF10 DCIS.com cells were
exposed to hypoxia (1% O2) for the indicated times and cell lysates fractionated using deoxycholate to separate fibril FN and soluble FN. (B) Ratio
of fibril versus soluble FN fractions, normalized to loading control GAPDH is plotted as mean± SEM. Quantification is an average of three
independent trials. Statistically significant differences between untreated and hypoxic samples were calculated using unpaired Student's t‐test.
Actual p values are included. (C) Total cell lysates at the indicated treatment times were lysed in sodium dodecyl sulfate buffer to solubilize total
FN pools (fibril and soluble combined) and immunoblotted against FN. Vinculin is used as loading control. (D) Total FN levels normalized to
vinculin are plotted as mean± SEM of three independent trials. Statistical significance and actual p values were determined using the unpaired
Student t‐test. (E) Total cell lysates immunoblotted against proteins as indicated. Actin was used as loading control

MAGDALENO ET AL. | 529

http://DCIS.com


(Figure S3A). Migration kinetics of the MCF10 progres-
sion series remained unchanged despite the addition of
FUD in normoxia and hypoxia (Figure 3B).

3.4 | FN fibril disruption prevents
lumen formation in 3D mammary acini of
untransformed MCF10A cells

Although hypoxia reduced cell migration in 2D culture
(Figure 3A) whilst FN fibril disruption alone did not
(Figure 3B), hypoxia has been shown to cause filling of
the acinar luminal space of untransformed breast cells
cultured to form acini in 3D culture conditions.40,41 Due
to differences in the composition and organization of the
microenvironment between tissue versus in vitro culture
conditions, we tested the role of hypoxia and FN fibril
disruption in the context of 3D cell culture conditions.
Since 3D growth of mammary epithelial cells re-
capitulates the breast epithelial architecture in vivo,15,42

we cultured breast acini of the MCF10 progression series
of cell lines on reconstituted basement membrane
Matrigel™ for 14 days. As expected, the untransformed
MCF10A cells formed acini with a single layer of polar-
ized epithelial cells and a hollow lumen, whereas the pre‐
invasive MCF10AT and invasive MCF10 DCIS.com cells
showed filling of luminal space: a hallmark of epithelial
tumors. MCF10A acini growth in hypoxic conditions
resulted in the filling of the acinar lumen in agreement
with previous findings40,41 (Figure 4A). Pre‐invasive
MCF10AT and invasive MCF10 DCIS.com cells did not
significantly alter acinar architecture in response to hy-
poxia, exhibiting a filled lumen under normal and hy-
poxic growth conditions (Figure 4A). Interestingly,
growth of MCF10A acini in the presence of FUD re-
plenished throughout the growth of the acini, blocked
the hollowing of the lumen (but this was not achieved
using the control peptide III‐11C), indicating that FN
fibril assembly is critical to lumen formation and main-
tenance of the untransformed phenotype (Figure 4A).
The blocking of FN fibril assembly using FUD yielded an
increase in the percentage of MCF10A acini lacking a
hollow lumen which was comparable to that resulting
from hypoxia exposure (Figure 4B).

Early proliferative stages of acinar morphogenesis is
followed by polarization and growth arrest14,26 and FN
expression has been shown to decline at the onset of
polarization and growth arrest (∼Day 7).11 To investigate
whether blocking FN fibril assembly during the early
stages affected growth arrest, we added FUD or the
III‐11C control peptide during acinar growth and de-
termined acinar size. FUD treatment increased acinar
size significantly in the untransformed MCF10A

(***p< .001) and pre‐invasive MCF10AT cells (*p< .05)
compared to the control peptide treatments (Figure 4C).
These data demonstrate that fibril formation is essential
for lumen formation and in addition, increases acinar
size during MCF10 morphogenesis.

3.5 | Blocking FN fibrils disrupts
apicobasal polarity

Cells that contact the confines of the 3D matrix exhibit
apicobasal polarity, one of the prerequisites for lumen
clearing in maintaining the untransformed phenotype
during acinar morphogenesis.26 In contrast, mammary
tumors and cell lines are unable to maintain acinar lu-
men clearing and are characterized by a loss of polarity.17

The polarization marker integrin‐α6 localizes to the basal
surface of the single layer of polarized epithelia that
contacts the 3D matrix. Thus the localization of integrin‐
α6 to the basement membrane of breast acini is a reliable
marker to assess polarized epithelia.17 To investigate
whether blocking fibril assembly disrupts lumen forma-
tion by altering apicobasal polarity, we cultured acini of
the MCF10 progression series of cell lines in the presence
of the FUD and III‐11C peptides and immunostained for
integrin‐α6. In untreated MCF10A cells, integrin‐α6 was
localized as a distinct rim labeling the basal surface,
consistent with their polarized phenotype and un-
transformed state. Upon treatment with FUD (but not in
the case of the III‐11C‐treated acini), integrin‐α6 locali-
zation was more random, spreading towards the center of
the acini revealing a loss in polarity (Figure 5A). Quan-
tification of integrin‐α6 intensity levels within the center
of the acini showed a two‐fold increase in FUD‐treated
MCF10A acini relative to the controls (****p< .0001).
MCF10AT and MCF10 DCIS.com cells, either untreated
or treated with FUD displayed a characteristic loss in
polarity, evident from the distribution of integrin‐α6 that
was not restricted to the basal surface (Figure 5B,C).

4 | DISCUSSION

In this study, we demonstrate that hypoxia decreases FN
fibril assembly in normal and transformed breast epi-
thelial cells whilst increasing FN deposition in these cells
(Figure 1A–D). Although previous studies by others43,44

have observed negligible fibril FN in MCF10A cells, our
observation of fibril FN in these cells is perhaps due to
our experimental and culture conditions that include
serum and growth factors. Regardless, amongst the three
cell lines we tested in our progression series—MCF10A,
MCF10AT, and MCF10 DCIS.com, the invasive MCF10
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(A)

(B)

(C)

FIGURE 2 Integrin‐β1 is not activated by hypoxia. (A) Total cell lysates at the indicated treatment times were lysed in sodium dodecyl
sulfate and immunoblotted for integrin‐β1 and integrin‐α5. Vinculin was used as loading control. Data is a representative image of three
independent trials. (B) Untreated and hypoxia‐exposed cells were fixed at indicated time points after treatment and immunostained for
the active conformation of integrin‐β1 (green) and nuclear stain DAPI (blue). Integrin activator MnCl2 was included as a positive control.
Scale bar = 20 µm. (C) Untreated and hypoxia‐exposed cells were marked using fluorescent‐tagged antibodies for activated integrin‐β1
and positive cells were quantified using a Beckman Coulter CytoFLEX benchtop flowcytometer. Twelve‐hour hypoxia treatment (blue)
did not increase activation of integrin‐β1 (x‐axis) in comparison to untreated controls (red) or MnCl2‐treated positive controls (green) in any
of the three cell lines tested. Bar graph of mean fluorescence intensities (MFIs; n= 2) determined from flowcytometry data in (C) is shown
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DCIS.com cells exhibited the least amount of fibril FN as
evident from our fluorescence detection and biochemical
fractionation approaches (Figures S1A and 1A).

Studies in primary mammary tumors and analysis of
more than 2000 patient tumor biopsies have indicated
that increased FN expression correlates with decreased
patient survival.45,46 Incidentally, the addition of exo-
genous FN to 3D cultures of breast acini, disrupts acinar
morphology and increases acinar size.11 Nonetheless, the
assembly state of FN is a critical contributor to the tu-
morigenic potential of cancer cells although mechanistic
data on the contribution of the FN matrix to development
and tumorigenesis remains less well understood.20,21,47

Our results indicated that the decrease in fibril assembly
that we observed in untransformed and transformed

breast cell lines, in response to hypoxia, correlated to a
decrease in migration in these cells (Figure 3A).
Although we show that FN matrix disruption does not
independently retard migration kinetics (Figure 3B), it
remains to be tested if preventing the FN matrix dis-
ruption during hypoxia reverses reduced cell migration
in these cells. This reasoning has been corroborated by
findings in breast cell lines, demonstrating that although
FUD treatment did not alter chemotactic migration of
MCF10A cells, FUD decreased the TGF‐β1‐mediated cell
migration.43 Although we and others have previously
shown that renal epithelial cells exposed to hypoxia
disassemble the FN matrix, perhaps involving cell traf-
ficking of the FN protein, it is still unclear how this
process of FN disassembly is initiated or mediated.28 For

(A) (B)

FIGURE 3 Hypoxia decreases chemotactic migration. (A) MCF10 series of cell lines were allowed to migrate under normoxic (21% O2)
or hypoxic (1% O2) environments towards a serum chemotactic gradient for 12 h. Real‐time migration of the cells through the 8‐µm pore was
automatically quantified by the ACEA xCELLigence system and the migration curve was plotted. Each data point is an average of technical
duplicates ± SD. Data is representative of two independent determinations. Statistically significant differences in migration up to 10 h
between normoxia and hypoxia as denoted by actual p values were determined using the Mann–Whitney U test. (B) Cell migration was
performed as described in (A) in the presence of 500‐nM functional upstream domain (FUD), 500‐nM III‐11C, or no‐peptide control. Each
data point is an average of technical duplicates ± SD. Data is representative of three independent determinations
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this reason, we were unable to target a specific me-
chanistic process to reverse fibril disassembly. However,
this data is the first observation investigating real‐time
migration of the breast progression series under hypoxia.
While several studies in other cancer types correlate
hypoxia to increased cell migration,28,48,49 limited but
significant data in breast cell lines generated using hy-
poxia mimetics or alternatively by pre‐exposing cells to
1% O2 followed by migration in normoxia have also
pointed to similar conclusions.50,51 In contrast to much of
the previous in vitro migration assays but in agreement

with our findings, in vivo imaging of breast cancer cells
at single‐cell resolution, has revealed a persistent slow
migration of hypoxic cells compared to their normoxic
counterparts.52 This property has been linked to the
abundance of invadopodia in these cells, offering
directionality towards attractants and persistence in mi-
gration.53 Thus more sophisticated detection methods
have allowed us to redefine the context‐dependent role of
hypoxia in cancer migration.

Our findings establish that hypoxia in breast cell lines
decreases migration, which is in agreement with in vivo

(A)

(B) (C)

FIGURE 4 FN fibril disruption blocks lumen formation and increases 3D acinar size. (A) MCF10 series of cell lines were cultured onMatrigel™
for 14 days in the presence of indicated treatments throughout the course of the culture period. Acini were fixed and stained using nuclear stain
DAPI (blue). Images are z‐slices of a center slice in a z‐stack acquired using a confocal microscope. Scale bar= 50 µm. (B) Immunostained
acini in (A) were separated into “lumen” and “no lumen” containing acini and plotted as percentages. Data is an average of multiple determinations
and a total of approximately 40 acini per condition were included in the analysis. (C) Maximum projections of immunostained acini in (A) were used
to determine the acinar area. Each data point represents a separate acinus. Statistical significance and actual p values between untreated and
functional upstream domain (FUD)‐treated acini were determined using the unpaired Student t‐test
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(A)

(B)

(C)

FIGURE 5 FN fibril formation is required for
apicobasal polarization during acini development.
(A–C) MCF10 series of cell lines were cultured on
Matrigel™ for 14 days in the presence of 500‐nM
functional upstream domain (FUD), 500‐nM III‐11C,
or no‐peptide control. The acini were fixed and
immunostained for the basal polarization marker
integrin‐α6 (red) and counterstained using the
nuclear stain DAPI (blue). Images are z‐slices of a
center slice in a z‐stack acquired using a confocal
microscope. Scale bar = 50 µm. (A) MCF10A acini
show a rim‐like localization for integrin‐α6 in
untreated and control peptide ‐treated acini. FUD
treated acini demonstrate invaginations in integrin‐α6
staining towards the lumen. Quantification of luminal
integrin‐α6 (right) was performed by measuring
integrated intensities (intensity/area) within one
region of interest (ROI) per acinus. Each ROI
comprised the majority of the lumen while omitting
the acinar margin. Statistical significance in intensity
variation between the untreated and peptide‐treated
acini (as denoted by actual p values) was determined
using the unpaired Student t‐test. (B) MCF10AT acini
display integrin‐α6 staining in the lumen and rim of
the acini in all treatment conditions. (C) MCF10
DCIS.com acini display random integrin‐α6 staining
as shown
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findings by others that attribute the slow persistent mi-
gration of hypoxic cells to greater metastatic propensity.
The absence of a change in migration rates upon FN
fibril disruption (Figure 3B) agrees with previously
published findings43 and indicates that matrix disruption
alone is insufficient to alter the migratory capacity of
breast cell lines.

The observation that hypoxia causes luminal filling in
3D acinar cultures of normal MCF10A cells (Figure 4A) is
in accordance with previously published data.40,41 The
alteration of matrix FN by hypoxia (Figure 1A–D), led us
to investigate if the matrix organization was a contributor
to luminal filling. Despite our observation that FN fibrils
may not influence chemotactic migration (Figure 3B),
based on several in vivo studies pointing to the function
of the fibril FN, it was likely that FN fibril disruption may
have significant effects on metastatic propensity in a 3D
cell culture model. Our results indicated that disrupting
matrix organization in normal breast cells using the FUD
peptide was sufficient to phenocopy the changes observed
in the transformed MCF10AT and MCF10 DCIS.com cell
lines such as filling of the central luminal space, char-
acteristic of early epithelial tumors (Figure 4A). Although
integrin α5β1 is the typical integrin involved in fibril
formation, other integrins besides integrin α5β1 have
been shown to mediate matrix assembly.33,54,55 Since
FUD binding does not interfere with the engagement of
FN to integrins nor affect FN protein levels, FUD served
as an ideal tool to establish the role of the matrix in
acinar development despite the choice of the integrin
heterodimer that initiated matrix formation.35–39 As pre-
viously established, FN localizes to the acinar rim during
the early proliferative stage (∼7 days) following which FN
expression begins to decrease.11 At the resolution limits
of confocal imaging, we were unable to determine whe-
ther the FN at the rim in untreated acini were composed
of fibrils (Figure S3B). Perhaps, for this reason, im-
munolabelled FN in tissues have not been resolved into
fibril and non‐fibril forms although FUD has been shown
to disrupt the FN fibril‐mediated functions in vivo.56 We
observed that the addition of FUD to acini resulted in an
interspersed localization of FN (Figure S3B white arrows)
not restricted to the acinar rim. Hypoxia similarly af-
fected FN localization (Figure S3B white arrows) al-
though we also observed prominent labeling of FN at the
rim (Figure S3B). Collectively, these studies are the first
to implicate FN reorganization in the creation of the lu-
men and in preventing the transformed growth char-
acteristic in normal cells.

During 3D growth of normal MCF10A breast cells,
lumen formation follows the development of apicobasal
polarity.14 Based on our findings, we predict that the loss
in polarization upon fibril disruption, as observed from the

mislocalized integrin‐α6 immunostaining (Figure 5A),
prevents the subsequent stages of growth arrest and
luminal apoptosis. In accordance with these findings, we
observed increased acinar size under these conditions
(Figure 4C).

Oncogenes that cause luminal filling have shown to
also exhibit anti‐apoptotic activities since the cells that
proliferate within the lumen are incompatible with cell
survival.26 It is probable from our experiments that on-
cogenes that cause lumen filling do so by specifically
targeting the fibril organization of FN. Our data sheds
light on the novel function of matrix organization on
lumen filling, independent of the role of oncogenes in
driving this process.

While these experiments were primarily focused on
FN fibril disruption, it is nonetheless of interest to
speculate how accelerated matrix formation during 3D
growth of pre‐invasive and invasive cancer cells could
impact luminal filling and cause reversion of the tu-
morigenic phenotype.
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