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Abstract

Hypoxia is a common feature in solid tumors. Clinical samples show a positive correlation
between the expression of the hypoxia-inducible factor HIF-1a and estrogen receptor alpha (ERa.)
and a negative correlation between HIF-1a and hormone sensitivity. Results from monolayer
cultures are in contention with clinical observations, showing that ER (+) cell lines no longer
express ERa under hypoxic (1% O5) conditions. Here, we compared the impact of hypoxia on the
ERa signaling pathway for T47D cells in a 2D and 3D culture format. In the 2D format, the cells
were cultured as monolayers. In the 3D format, paper-based scaffolds supported cells suspended in
a collagen matrix. Using ELISA, western blot, and immunofluorescence measurements, we show
that hypoxia differentially regulates ERa protein levels. In the 2D format, the protein levels are
significantly decreased in hypoxia. In the 3D format, the protein levels are maintained in hypoxia.
Hypoxia reduced ERa transcriptional activation in both culture formats. These results highlight
the importance of considering tissue dimensionality for /n vitro studies. They also show that ERa
protein levels in hypoxia are not an accurate indicator of ERa. transcriptional activity, and confirm
that a positive stain for ERa in a clinical sample may not necessarily indicate hormone sensitivity.
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1. Introduction

Breast cancer is the most commonly occurring cancer in women worldwide [1].
Approximately 70% of breast cancers stain positively for estrogen receptor alpha (ERa) [2]
and rely on estrogen to regulate genes required for proliferation, differentiation, and motility
[3-5]. Endocrine therapies—including aromatase inhibitors, selective estrogen receptor
modulators, and selective estrogen receptor disruptors—are used as adjuvant therapies,
preventing breast tumor growth and recurrence by targeting proteins involved in the ERa
signaling pathway [6-8].

Nearly 40% of estrogen-sensitive ER (+) tumors become hormone-insensitive [7, 8]. A
number of factors have been implicated in this progression, including the tumor
microenvironment [6, 8]. Solid tumor masses are often poorly vascularized, resulting in
regions of insufficient oxygen tension to support normal cellular functions (hypoxia) [9]. In
healthy breast tissue, the average partial pressure of oxygen (pO,) is 52.0 mmHg (6.8%).
The average pO, for 212 breast tumors ranging in size and stage was hypoxic at 10.0 mmHg
(1.3%) [10, 11]. Hypoxia is associated with both tumor recurrence and aggressiveness in
breast cancer [9, 12].

Hypoxia-inducible factor 1 (HIF-1) is a master regulator of cellular responses in hypoxic
conditions [12], regulating the expression of more than 70 target genes involved in
angiogenesis, tissue remodeling, metabolism, and proliferation [13-15]. This heterodimeric
transcription factor consists of an oxygen-sensitive a subunit and a stable 8 subunit. Under
normoxic conditions, HIF-1a is readily targeted for degradation by prolyl-4-hydroxylases
(PHDs) and the von Hippel-Lindau tumor suppressor. Under hypoxic conditions, HIF-1a is
stabilized and able to translocate to the nucleus, where it forms an active transcription factor
complex.

HIF-1a protein stabilization has been associated with endocrine therapy insensitivity in ER
(+) breast cancer patients and its expression is positively correlated with ERa expression in
tissue samples [16-18]. Interestingly, previous /n vitro studies exposing monolayer cultures
of ER (+) breast cell lines to hypoxic conditions (1% O,, 24 — 48 h) had significantly
reduced ERa protein levels [19, 20]. The discrepancy between clinical and /n vitro studies
led us to question if the 3D tumor environment alters the interplay between the hypoxia and
ERa signaling pathways within 7n vitro models.

Three-dimensional (3D) culture models emulate key aspects of the tumor microenvironment
[21-24]. Both ERa and HIF-1a signaling pathways are sensitive to the culture environment.
Vantangoli ef a/. showed that transcriptional regulation in the ER (+) MCF-7 cell line was
markedly different for monolayers or microtissues in an agarose gel exposed to 17p-
estradiol (E2) [25]. After 24 h, five gene transcripts increased above basal levels in the 2D
cultures, whereas 22 transcripts were either increased or decreased in the 3D cultures. In
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another study, DelNero et a/. found that 214 genes were differentially regulated when
OSCC-3 cells in monolayers or suspended in alginate discs were exposed to hypoxia for six
days [26]. In particular, they observed increased expression of pro-inflammatory genes in 3D
culture, compared to levels seen in 2D culture.

There is not a study to our knowledge that compares how the transition from 2D to a 3D
culture format affects the interplay between the HIF-1a and ERa signaling pathways. In this
work, we compared the impact of 24 h of hypoxia on the expression and transcriptional
activity of ERa in 2D and 3D culture formats. The 2D cultures were monolayers on
plasticware and the 3D cultures were cell-containing collagen suspensions in wax-patterned
paper scaffolds. The paper scaffolds, which allow thin gel slabs (40 microns thick) to be
easily manipulated without fear of cracking or breaking, have been used to generate 3D
models of breast [27-30], lung [31, 32], colon [33], ovarian and cervical [34], and head and
neck tumors [35]. Our studies show that both the HIF-1a and the ERa signaling pathways
of the T47D-KBluc cell line are differentially regulated in different culture formats. In
particular, ERa levels in 3D cultures are not impacted by hypoxia, yet ERa transcriptional
activity is decreased under hypoxia in both 2D and 3D culture formats.

2. Materials and methods

2.1 Materials

All reagents were used as received unless otherwise stated. 17p-estradiol (E2) and MG-132
were purchased from Sigma-Aldrich. Dimethyloxalylglycine (DMOG) was purchased from
Frontier Scientific. Cell culture medium and additives were purchased from Gibco, except
for collagen | (rat tail, Corning), DMSO (Fisher Scientific), ethanol (Fisher Scientific), and
fetal bovine serum (FBS, VWR). CellTiter-Glo, ONE-Glo, and Reporter Lysis 5X Buffer
were purchased from Promega and used according to the manufacturer’s protocols.

2.2 Cell culture

The T47D-KBluc (T47D) cell line was kindly provided by Dr. Vickie Wilson at the EPA.
These cells are an engineered variant of the ER (+) T47D cell line that expresses luciferase,
in a dose-dependent manner, in the presence of estrogenic agonists [36]. The cells were
cultured as monolayers in phenol red-free DMEM supplemented with 10% FBS, 4.5 g/L D-
glucose, 4 mM L-glutamine, 25 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 0.5 mg/mL Geneticin, and 0.05 mg/mL gentamicin. Cells were maintained at
37 °C in a 5% CO; environment. Culture medium was exchanged every 2-3 days, and the
cells were passed at a 1:10 dilution upon confluency. Unless otherwise stated, the cells were
placed in withdrawal medium 3 d prior to use. Withdrawal medium consisted of phenol red-
free DMEM supplemented with 10% charcoal-stripped FBS, 4.5 g/L D-glucose, 4 mM L-
glutamine, 25 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and
0.05 mg/mL gentamicin.

For 2D cultures, the T47D cells were seeded at a density of 40,000 cells/well in tissue
culture-treated 96-well plates. For 3D cultures, the T47D cells were suspended in 1.2
mg/mL collagen | at a density of 40,000 cells/uL. Paper scaffolds containing a single zone
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surrounded by a wax-patterned border were seeded with 1 pL of the cell-containing
suspension, a final density of 4 x 107 cells/cm3. The paper scaffolds are detailed in Fig. S1.
Their preparation and characterization have been previously detailed [27].

For normoxia studies, cells were maintained at 21% oxygen in a standard cell culture
incubator. For hypoxia studies, cells were maintained at 1% oxygen in an O, Control In
Vitro Glove Box (Coy Laboratory Products). Both culture environments maintained the cells
at 37 °C in a 5% CO», environment.

2.3 ELISA and western blot

Prior to ELISA and western blot analysis, cells in both the 2D and 3D cell culture formats
were lysed in ice-cold RIPA buffer (20 min, frequent agitation, 4 °C, 2 x 108 cells per mL of
lysis buffer). The resulting lysates were clarified by centrifugation at 10,000 xgat 4 °C for
10 min. For ELISA, ERa and HIF-1a concentrations were determined with commercial Kits
(R&D Systems, DYC-5715 and DY C1935); B-actin concentration was determined with a
sandwich assay consisting of a p-actin capture antibody (R&D Systems, AF4000) and an
HRP-linked detection antibody (SantaCruz Biotechnology, sc-47778).

For western blot analyses, clarified lysates were separated by SDS-PAGE and transferred to
PVDF membranes. Membranes were probed with antibodies for ERa. (1:500), HIF-1a
(1:200), and p-actin (1: 500), detected with HRP-conjugated secondary antibodies (1: 1000
m-1gG° BP-HRP), and visualized with the Pierce ECL Plus Western blotting substrate.
Antibodies for ERa (sc-8002), B-actin (sc-47778), and mlgG® BP-HRP (sc-516102) were
purchased from Santa Cruz Biotechnology; the HIF-1a antibody (610958) was purchased
from BD Transduction Laboratories.

2.4 Immunofluorescence staining

Withdrawn cells were seeded on glass coverslips or in paper scaffolds. The cells were
incubated for 24 h under normoxic or hypoxic conditions, in the presence of either vehicle
(0.1% ethanol) or 10 nM E2. The coverslips and paper scaffolds were washed with 1X PBS,
fixed with 3.2% paraformaldehyde in 1X PBS for 15 min, blocked for 1 hr in 1X PBS
containing 5% normal goat serum and 0.3% Triton X-100, and incubated overnight in anti-
ERa (1:100, Santa Cruz Biotechnology sc-8002). The stained samples were washed with
1X PBS containing 0.3% Triton X-100, and incubated with 1gG-CFL 555 (1:200, goat anti-
mouse, Santa Cruz Biotechnology sc-362267) and DAPI (1:1000) for 3 h. Stained samples
were washed with 1X PBS containing 0.3% Triton X-100 and with 1X PBS before mounting
on glass microscope slides with ProLong Gold Antifade Mountant (Invitrogen). Mounted
samples were sealed with clear nail polish and allowed to cure overnight before image
acquisition.

2.5 Fluorescence image acquisition and analysis

Fluorescence micrographs were obtained on a Zeiss LSM 710 confocal laser scanning

microscope using a 25x/0.8 LD LCI Plan-Apochromatic objective. For 2D cultures, a single
confocal image was acquired; for 3D cultures, z-stack images were taken every 5 um. Each
image (512 x 512 pixels) is the average of six scans obtained at an acquisition speed of 1.27

Arch Biochem Biophys. Author manuscript; available in PMC 2020 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitman et al. Page 5

us/pixel, using a 36 um pinhole. ERa was imaged with a 543/604 nm filter set and DAPI
with a 405/478 filter set.

Single-slice images from each z-stack were analyzed with FI1JI using the following
procedure. First, the DAPI images were automatically thresholded using the Otsu method
[37]. Next, we generated a binary mask for each nucleus. Regions of interest (ROIs) were
then generated from each nuclear mask using the analyze particles function (parameters: size
=20 — 250 pm and circularity = 0.2 — 1.0). These ROIs were applied to the ERa images to
measure the intensity of nuclear ERa staining. The raw intensity data for each culture
format was normalized to the intensity signal for cultures incubated under normoxia in E2-
deprived medium.

2.6 RNA isolation and RT-qPCR

Total RNA was isolated from both 2D and 3D cultures after a 24 h treatment using the
TRIzol Plus RNA Purification Kit (Thermo Fisher Scientific); 1 ug of RNA was reverse
transcribed with the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific). Each qPCR reaction (10 pL total volume) was prepared in a 384-well plate with
0.3 uM primers and PowerUp SYBR Green PCR Master Mix (Applied Biosystems). gPCR
was performed with a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems)
using the following amplification protocol: initial denaturation at 95.0 °C for 20 seconds
followed by 40 cycles of 2 seconds at 95 °C and 30 seconds at 60 °C. The primers for
estrogen receptor a (£SRI), progesterone receptor (PGR), hypoxia-inducible factor 1a
(HIF1A), vascular epidermal growth factor A (VEGFA) and B-actin (ACTB) are listed in
Table S1. Standard curves for each primer pair were generated and the efficiency of each
gPCR reaction was calculated (Fig. S2). Relative quantification of target genes was
performed in triplicate and analyzed with the AAC; method using pB-actin (ACT7B) as the
reference gene [38].

2.7 ERtranscriptional activation assay

ERa transcriptional activation was measured as described previously [27]. Withdrawn cells
were seeded at a density of 40,000 cells per 100 pL in a 96-well plate or seeded in paper
scaffolds at 40,000 cells per zone. Luciferase activity and cellular viability were assessed
with the One-Glo and CellTiter-Glo reagents, respectively. For each assay, cells were lysed
in ambient oxygen conditions for 30 min. All of the luciferase activity reactions were also
performed under ambient oxygen levels. Luminescence values were recorded on a
SpectraMax M5 plate reader and are reported as a fold-change relative to the cultures
incubated in E2-deprived medium under normoxia.

2.8 Invitro proteasome activity assay

In vitro proteasome activity was assessed using a fluorescence-based assay (ab107921,
Abcam). Briefly, 2 x 10° cells were lysed in 400 uL. NP-40 lysis buffer (20 min, frequent
agitation, 4 °C). The lysate was clarified by centrifugation. Activity reactions were prepared
by adding 20 uL of sample to 80 uL of assay buffer in either the absence or presence of the
proteasome inhibitor MG-132 (100 pM). The reactions were initiated by the addition of 1 pL
of fluorogenic proteasome substrate, incubated at 37 °C for 30 min, and then the
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fluorescence intensity recorded for an additional 30 min (Ex350/440). Proteasome activity
was normalized to the total protein from each reaction, determined with a BCA assay
(Pierce).

2.9 Statistics

Unless otherwise specified, each dataset represents the average and standard error of the
mean (SEM) of at least six replicates. GraphPad Prism v7.0b was used for statistical
analyses. Two groups were compared using an unpaired Student’s #test with Welch’s
correction; multiple comparisons were made using one-way ANOVA. A pvalue of < 0.05
was considered significant.

3. Results

3.1 ERa levels are insensitive to hypoxia in a 3D culture format

To evaluate the impact of decreased oxygen tension on ERa protein expression, we exposed
both monolayers and 3D cultures containing 40,000 T47D cells to either normoxic (~21%
O») or hypoxic (1% O») conditions for 24 h. Schematics of both culture formats are shown
in Fig. 1A. We quantified ERa levels, after lysis, with an ELISA.

In both culture formats under normoxic conditions, ERa significantly decreased upon
exposure to E2, consistent with previous reports using monolayer cultures [39-41]. In 2D,
the ERa decrease was greater (1022 to 484 pg/mL, Fig. 1B) than in 3D (1204 to 634 pg/mL,
Fig. 1C). Hypoxia significantly reduced ERa expression in 2D cultures in both E2-deprived
(3.8-fold decrease) and E2-supplemented (2.9-fold decrease) medium. These findings agree
with previous /n vitro studies [19, 20, 42]. Surprisingly, ERa expression levels were not
affected by hypoxia in the 3D cultures. Western blots confirmed the ELISA results, showing
that the fold-changes were representative of full-length ERa and not artifacts caused by
ERa truncates or degradation products. Fig. 1D is a representative set of western blots; Fig.
S3 summarizes relative band intensities from three biological replicates.

To determine if the ELISA results were representative of all cells in the culture, we assessed
nuclear localization of ERa with immunofluorescence. Representative single-plane images
of cells in both culture formats are displayed in Fig. 2A and 2B. To quantify nuclear
localization of ERa., we used DAPI-stained nuclei to generate co-localized regions of
interest, as described previously [43]. Fig. 2C and 2D contain frequency distributions of
ERa nuclear staining for the 2D and 3D culture formats, respectively. The fluorescence
intensity of nuclear ERa staining for each condition was normalized to the average
fluorescence intensity of cultures incubated in E2-deprived medium under normoxic
conditions. Each frequency distribution could be fit to a single Gaussian (Fig. S4) with R2
values above 0.9 (Table S2). These results indicate a unimodal response and demonstrate
that the average changes in ERa levels are representative of the entire population of cells
rather than a subpopulation of strongly expressing cells. The average fluorescence intensity
of nuclear ERa staining in 2D (Fig. 2E) and 3D (Fig. 2F) culture formats are an alternative
means of displaying this dataset, and further confirm that ERa is sensitive to E2 in both
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culture formats and that ERa is sensitive to hypoxia in the 2D culture format but not in the
3D culture format.

3.2 Cells in both culture formats undergo classic responses to hypoxia

To confirm that cells in both culture formats underwent a canonical response to hypoxia, we
repeated the experimental setups detailed above and quantified HIF-1a levels with both
ELISA (Fig. 3A and 3B) and western blot (Fig. S5). The basal levels of HIF-1a were the
same in both culture formats, suggesting that the cells in the scaffolds were well oxygenated.
HIF-1a levels increased significantly after a 24 h exposure to hypoxia, with a culture
format-dependent stabilization: a 9.5-fold increase in 2D and a 3.0-fold increase in 3D.

Previous studies showed that hypoxia does not have an impact on H/F1A expression [44],
and that increased levels of HIF-1a are caused by a decrease in its rate of degradation [15].
We quantified the relative abundance of both H/F1A and VEGFA, a classic HIF-responsive
gene, using RT-gPCR. As expected, hypoxia had no impact on relative H/F1A abundance in
any of the setups (Fig. 3C and 3D). We observed a significant increase in VEGFA mRNA
expression under hypoxia in both 2D (Fig. 3E) and 3D (Fig. 3F) culture formats, confirming
HIF-1a transcriptional activity.

3.3 ERa is both transcriptionally and post-translationally regulated under hypoxia

Despite an agreement that hypoxia decreases ERa protein expression in 2D, its impact on
ESR1 gene expression is contended. Two separate studies found that hypoxia decreased
ESR1 gene expression in MCF-7 and T47D cells [19, 45]. A third study found hypoxia did
not affect £SR7in a panel of 10 ER (+) cell lines that included MCF-7 and T47D [20]. We
observed a significant reduction in £5RZ in both culture formats (Fig. 4A and 4B). These
results highlight that transcriptional and translational regulation of ERa is not directly
related in the 3D cultures.

Previous studies using monolayer cultures determined ERa. loss under hypoxic conditions
was mediated by the ubiquitin-proteasome system (UPS) [46, 47]. To confirm this finding,
we treated both culture formats with MG-132 (10 uM), a selective proteasome inhibitor, for
8 h. Under normoxia, HIF-1a. levels were significantly increased in both 2D (Fig. 4C) and
3D (Fig. 4D) formats, confirming proteasome inhibition. Under hypoxic conditions, ERa
protein levels increased significantly in both 2D (Fig. 4E) and 3D (Fig. 4F) formats,
confirming that ERa. is, at least partially, regulated by the UPS in hypoxia.

Given the role of the UPS in regulating ERa under hypoxic conditions, we hypothesized that
altered proteasome activity could explain the differences in ERa levels between the two
culture formats. Liu et al. showed that proteasome activity in monolayer cultures of
HUVECs and in lung tissue from a mouse model increased after exposure to hypoxia [48].
We measured 26S proteasome activity in cell lysates collected from both culture formats
with a fluorescence-based assay. Hypoxia had no impact on proteasomal activity in either
culture format, suggesting that the constant levels of ERa in 3D cultures are not caused by
altered UPS activity (Fig. S6).
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3.4 Hypoxiareduces ERa transcriptional activity in both 2D and 3D cultures

To determine if ERa protein levels were an accurate indicator of its transcriptional activity,
we quantified luciferase activity in both culture formats with the ONE-Glo assay. Under
normoxic and hypoxic conditions, the T47D cells had low basal luciferase activity in both
culture formats (Fig. 5A and 5B). Upon treatment with a saturating concentration of E2 (10
nM), luciferase activity increased significantly in each setup. Under normoxic conditions,
there was a 68-fold increase in 2D and a 32-fold increase in 3D. Under hypoxic conditions,
the increases were muted with an 8-fold increase in 2D and a 7-fold increase in 3D. These
results indicate that hypoxia significantly reduced ERa transcriptional activity in both
culture formats.

We also quantified the expression of the progesterone receptor (PGR), a canonical estrogen
receptor target gene. Under normoxic conditions, basal PRG levels were similar in both
culture formats (Table S3) and increased upon addition of E2 (Fig. 5C and 5D). In both
culture formats, hypoxia significantly decreased PGR expression in E2-deprived and -
supplemented medium, mirroring trends observed using the luciferase transcriptional
activation assay.

3.5 ERa transcriptional activity is decreased by chemical stabilization of HIF-1a

To determine whether ERa expression levels and transcriptional activity were mediated by
HIF-1a or a different hypoxia-mediated mechanism (e.qg., increased mitochondrial reactive
oxygen species), we treated cultures with DMOG (1 mM). This small molecule stabilizes
HIF-1a under normoxia by inhibiting PHD activity. ERa and HIF-1a protein levels in cell
lysates were quantified with an ELISA; ERa transcriptional activity was measured with the
ONE-Glo assay.

In both culture formats, DMOG stabilized HIF-1a levels in normoxia (Fig. 6A and 6B),
confirming inhibition of PHD. The DMOG had culture-dependent effects, with significant
decreases in ERa for 2D cultures in the presence and absence of E2 (Fig. 6C); a small but
significant increase in ERa for 3D cultures in the absence of E2 (Fig. 6D); and no change in
ERa in E2-treated cultures (Fig. 6D). In both culture formats DMOG decreased ERa
transcriptional activation in the presence of E2 (Fig. 6E and 6F).

Together, these results suggest that HIF-1a is responsible for the significant reduction of
ERa transcriptional activity observed under hypoxic conditions in both culture formats.
HIF-1a is also responsible for the loss of ERa protein expression in 2D culture formats.
Neither hypoxia nor stabilization of HIF-1a significantly impacted ERa protein expression
in 3D culture formats.

4. Discussion

The dysregulated expression of ERa is common in tumors of hormone-sensitive tissues,
including breast, ovary, and thyroid [4, 49-51]. Progression of ER (+) breast tumors from
hormone-responsive to hormone-insensitive is associated with a poor prognosis, as the
cancers no longer respond to adjuvant endocrine therapies [8, 52]. Clinical samples of
hormone-insensitive ER (+) tumors co-stain for HIF-1a and ERa, suggesting that hypoxia
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has a role in promoting this transition [16, 17, 53]. Hypoxia also decreases hormone
sensitivity in monolayer cultures. This decrease is coupled with decreased ERa. protein
levels, suggesting that activity is directly related to protein availability. In our experimental
setup, we determined that culture format significantly altered ERa regulation in the T47D
cell line, when exposed to hypoxic conditions.

In both formats, the cells underwent a canonical HIF-1a stabilization upon exposure to
hypoxic conditions [9, 30, 54, 55]. The extent of this stabilization was four-fold greater in
the 2D format, but was not reflected in overall transcriptional activity as both culture formats
had a nearly six-fold increase in VEGF expression. We are unaware of a single study that
directly compared HIF-1a stabilization between 2D and 3D culture formats, but
discrepancies in transcriptional activity have been noted previously [26]. Cells in both
formats had similar levels of HIF-1a under normoxic conditions, suggesting the cells in the
40-pm thick scaffolds were not hypoxic. Our previous characterization of a paper-based
colon tumor model showed that scaffolds containing similar cell densities had oxygen
tensions of less than 21% but were still within the clinically accepted values of normoxia
[10, 33]. These results are also supported by previous work, which showed that hypoxia
occurs in a tissue, multicellular aggregate, or collagen | suspension when the distance
between the cells and the oxygen source exceeds 150 um [10, 56, 57]. Based on previous
comparisons of oxygen and glucose gradients in spheroids, we can also conclude that the
cells in the paper scaffolds were not experiencing nutrient starvation [58].

In normoxia, the basal ERa levels and transcriptional activity were similar in both culture
formats. The changes in ERa levels caused by hypoxia were, however, markedly different
when moving from a 2D to a 3D culture format. Hypoxia decreased £SRZ levels in both
culture formats, which is supported by previous studies in monolayers [19, 45], and suggests
ERa is regulated at either the translational or post-translational level.

When exposed to hypoxic conditions, ERa levels were significantly reduced in the 2D
format. A similar reduction also occurred in the presence of E2. These results agree with
previous /n vitro experiments [19, 20, 42]. The combination of hypoxia and E2 decreased
ERa in monolayer cultures, but did not have an obvious additive or cooperative response.
The use of a PHD inhibitor, which stabilized HIF-1a under normoxia, confirmed a HIF-1a-
dependent process caused these changes in ERa. While E2 decreased ERa in the 3D
cultures, neither hypoxia nor the stabilization of HIF-1a altered its expression.

While there are no direct comparisons of ERa expression between 2D and 3D cultures,
others have evaluated ERa in spheroids. Truchet ef a/. found uniform levels of ERa across
MCF-7 spheroids (~ 400 um in diameter) that possessed proliferative gradients [59]. The
addition of E2 decreased these levels across the spheroid, with no differences between the
oxygen-rich periphery and the oxygen-poor core. These results support our observations that
hypoxia had no impact on ERa expression in 3D culture. Counter to our findings, Munoz et
al. showed that larger MCF-7 spheroids (~ 800 um in diameter) lost ERa expression in all
but a few cells along the periphery [60]. These studies, however, make it difficult to isolate
the impacts of hypoxia on ERa expression from the multiple gradients known to form across
spheroids of greater than 150 - 200 microns [57].
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The observed decreases in ERa upon addition of E2 was expected because its transcriptional
activation enables the subsequent proteolysis by the 26S proteasome [41]. Our proteasome
inhibition studies confirmed that ERa was degraded by the UPS under normoxic and
hypoxic conditions. Proteasomal activity was similar in both culture formats and unaffected
by hypoxia, suggesting that the increased stability of ERa in the 3D culture environment is a
result of differential post-translational regulation.

The insensitivity of ERa protein levels to hypoxia in the 3D culture format raises questions
about the environmentally mediated regulation of the receptor at either the transcriptional or
post-translational level. This increased stability of ERa in the 3D culture formats may be a
result of transcriptional repression of E3 ubiquitin ligases [61-64]; increased levels of
proteins that directly interact with ERa and increase its stability [65-69]; or altered kinase
activities, which can alter the affinity of ERa to other proteins through an altered
phosphorylation status [65, 66]. Numerous studies have observed altered kinase activities
between 2D and 3D culture formats [23, 70]. It is also possible that the availability of shared
E3 ubiquitin ligases or stabilizing proteins is different between 2D and 3D cultures,
impacting the stability of ERa under hypoxic conditions [71].

Despite differential regulation of ERa protein levels in the 2D and 3D cultures, hypoxia
decreased its transcriptional activity in both culture formats. We attribute the decreased
luciferase activity in hypoxia to reduced transcriptional activity of ERa specifically and not
to changes in overall translation efficiency. Previous reports support this assumption and
show that translation efficiency in breast cancer cell lines is unaffected by moderate hypoxia
[20, 72]. Using a selective inhibitor of PHD, we showed that this decrease is mediated by
HIF-1a. One possibility for this decrease in activity is the competition for shared
transcriptional coactivators (e.g., p300/CPB and SRC3) [73-75]. Alternatively, decreases in
the amount of ERa relative to ERP could result in a decrease in ERa transcriptional activity
independent of absolute ERa protein levels [19, 76].

In summary, we highlight the importance of incorporating a tissue-like microenvironment
when predicting cellular responses to hypoxia. By simply placing cells in a collagen matrix,
we found a differential regulation of ERa expression levels. Hypoxia decreased the
transcriptional activity of ERa in both culture formats. The significant decrease in ERa in
2D cultures suggested that loss of activity required loss of protein. The stabilization of ERa
in 3D cultures, however, can explain both co-staining for HIF-1a and ERa and hormone
insensitivity in clinical samples. Future studies on the hypoxia-mediated progression of
breast cancer using a 3D culture platform will likely reveal novel insights into the role of
hypoxia in regulating ERa. protein levels and transcriptional activity, along with de novo and
acquired resistance to endocrine therapies used for treatment.
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Highlights:
. ERa levels in 3D cultures are insensitive to hypoxia.
. Hypoxia decreases ERa transcriptional activity in 2D and 3D culture formats.
. HIF-1a mediates the observed hypoxic responses in both culture formats.
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Fig. 1.

(A?) Schematics of the 2D and 3D culture formats used throughout this work. Both formats
contained 40,000 T47D cells that were either plated directly in a commercial 96 well plate
or suspended in collagen | and seeded into a paper-based scaffold with a 1 x 1073 cm3
culture zone. Once seeded, the paper-based scaffolds were also placed in a commercial 96
well plate. All experiments were incubated under normoxic (21% O,) or hypoxic (1% O,)
conditions in E2-deprived (Veh) or -supplemented (E2) medium for 24 h. (B, C) Average
SEM of ERa protein levels for each experimental condition determined by ELISA. Protein
levels were normalized to B-actin. Each bar represents n = 12 replicate cultures from three
different cell passages. *p < 0.05, ** p< 0.01, *** p< 0.001, **** p<0.0001. (D) A
representative western blot of ERa protein levels with a p-actin loading control.
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Representative single-plane confocal fluorescence micrographs of T47D cells in (A) 2D and
(B) 3D culture formats after a 24 h incubation under normoxic (21% O») or hypoxic (1%
O,) conditions in E2-deprived (Veh) or -supplemented (E2) medium. Cells were fixed,

immunostained for ERa (red), and the nuclei co-stained with DAPI (blue). The scale bar in
each image represents 50 um. Nuclear ERa values were normalized to the normoxic vehicle
control for the 2D and 3D cultures. Frequency distributions of ERa staining, plotted for both
(C) 2D and (D) 3D culture formats. ERa staining intensity, plotted as average + SEM for
both (E) 2D and (F) 3D culture formats. Each data is n > 150 nuclei from four replicate
cultures from a total of two passages of cells. *p< 0.05, ** p< 0.01, *** p< 0.001, **** p
<0.0001.
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Fig. 3.
2D and 3D T47D cultures under normoxic (21% O,) or hypoxic (1% O,) conditions in E2-

deprived (\Veh) or E2-supplemented (E2) medium for 24 h, and then probed with ELISA to
quantify HIF-1a protein levels (A, B). Protein levels were normalized to p-actin. Data
represent the average + SEM, from n = 12 replicate cultures from three different cell
passages. Total RNA was extracted, and the relative expression of H/F1A (C, D) and
VEGFA (E, F) for each experimental condition determined using the AAC; method; B-actin
served as the reference gene. Data represent the average £ SEM, from n = 9 replicate
cultures from a total of three passages of cells. *p< 0.05, ** p< 0.01, *** p< 0.001, **** p
<0.0001.
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2D and 3D T47D cultures exposed to normoxic or hypoxic conditions in E2-deprived (Veh)
or -supplemented (E2) medium for 24 h. Total RNA was extracted and relative expression of
ESR1 (A, B) was determined using the AAC; method; B-actin served as the reference gene.
Data represent the average = SEM, from n = 9 replicate cultures from three different cell
passages. 2D and 3D T47D cultures were exposed to normoxic or hypoxic conditions in
estrogen-deprived medium in the presence or absence of MG-132 (10 uM) for 8 h. HIF-1a
(C, D) and ERa (E, F) protein levels were quantified with ELISA. Data represent the
average + SEM, from n = 6 replicate cultures from two different cell passages. *p < 0.05, **

p<0.01, *** p<0.001, **** p< 0.0001.
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ERa transcriptional activation is reduced under hypoxic conditions in both 2D and 3D
culture formats. Both culture formats were incubated in E2-deprived (Veh) or -supplemented
(E2) medium under normoxic or hypoxic conditions for 24 h. Luciferase activity was
quantified using the ONE-Glo luciferase assay; the fold-change in luminescence relative to
E2-deprived cultures under normoxia was plotted for 2D (A) and 3D (B) culture formats.
Figures represent the average £ SEM, from n = 6 replicates from three different cell
passages. Total RNA was extracted and the relative expression of PGR mRNA (C, D) was
determined using the AAC; method; p-actin served as the reference gene. Data represent the
average + SEM, from n = 9 replicate cultures from three different cell passages *p < 0.05, **
p<0.01, *** p<0.001, **** p<0.0001.
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T47D cells in 2D and 3D culture formats were incubated in the absence or presence of 1
mM DMOG for 1 h before culture in E2-deprived (Veh) or -supplemented (E2) medium (£
DMOG) for 24 h. ELISA was used to quantify HIF-1a (A, B) and ERa (C, D) protein
levels which were normalized to -actin. ERa transcriptional activity was measured using
the ONE-Glo luciferase activity assay (E, F). Data represent the average + SEM fromn > 6
replicate cultures from at least two different cell passages.
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