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Abstract

Survival for metastatic breast cancer is low and thus, continued efforts to treat and prevent
metastatic progression are critical. Estrogen is shown to promote aggressive phenotypes in multiple
cancer models irrespective of estrogen receptor (ER) status. Similarly, UDP-Glucose 6-dehydrogenase
(UGDH) a ubiquitously expressed enzyme involved in extracellular matrix precursors, as well as
hormone processing increases migratory and invasive properties in cancer models. While the role of
UGDH in cellular migration is defined, how it intersects with and impacts hormone signaling pathways
associated with tumor progression in metastatic breast cancer has not been explored. Here we
demonstrate that UGDH knockdown blunts estrogen-induced tumorigenic phenotypes (migration and
colony formation) in ER+ and ER- breast cancer in vitro. Knockdown of UGDH also inhibits
extravasation of ER- breast cancer ex vivo, primary tumor growth and animal survival in vivo in both
ER+ and ER- breast cancer. We also use single cell RNA-sequencing to demonstrate that our findings
translate to a human breast cancer clinical specimen. Our findings support the role of estrogen and
UGDH in breast cancer progression provide a foundation for future studies to evaluate the role of UGDH

in therapeutic resistance to improve outcomes and survival for breast cancer patients.
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Introduction:

Accounting for 12% of new cancer diagnoses annually, breast cancer (BC) is the most frequently
diagnosed cancer globally. In the United States, BC is responsible for the most cancer-related deaths after
lung cancer with the leading cause of death being sequelae of metastatic disease. Survival for metastatic
BC is low with a five-year survival rate of 27% for patients with estrogen receptor positive (ER+)?2 and
10.81% for estrogen receptor negative (ER-) disease®; thus, continued efforts to treat and prevent the
metastatic spread of both ER+ and ER- BC are critical. Estrogen can promote aggressive phenotypes in
ER+ subtypes and increase tumorigenic phenotypes in ER- BC>* via the canonical estrogen receptor
signaling pathway in ER+ tumors and alternative through growth factor signaling pathways, irrespective
of ER status.

UDP-Glucose 6-dehydrogenase (UGDH) is a ubiquitously expressed enzyme critical to the
formation/integration of UDP-glucuronic acid into extracellular matrix (ECM) precursors®*2, hormones,
sugars, and xenobiotic metabolism*® 141", Dysregulation of UGDH can increase the migratory and
invasive properties of ovarian cancer'® and triple negative BC (TNBC) ** both in vivo and in vitro and is
associated with stabilization of epithelial-mesenchymal transition (EMT)-associated transcription factors
in lung cancer!’. Mechanistically, the tumorigenic properties of UGDH are linked to its role in producing
UDP-a-D-glucuronic acid, the precursor for glycosaminoglycans (GAGSs) and proteoglycans (PGs) of the
ECM and hyaluronic acids (HA)'%*2, which are implicated in tumor progression*®*°. While roles for
UGDH in cellular migration have been defined, how it intersects with and impacts hormone signaling
pathways and the pathobiology of different subtypes of metastatic BC tumors has not been explored.

Thus, we sought to assess the role of UGDH on estrogen-induced tumorigenic phenotypes in ER+
and ER- BC in vitro and in vivo. More specifically, we assess whether genetic knockdown of UGDH
inhibits estrogen-stimulated migratory and invasive phenotypes in vitro and tumor growth and animal
survival in vivo in both ER+ and ER- BC. We also utilize single cell RNA-sequencing to determine
whether our findings translate to a human breast cancer patient using clinical specimens and patient data

bases to evaluate if UGDH expression is associated with metastatic breast cancer progression.
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Results:
UGDH expression is necessary for estrogen-induced, invasive tumorigenic phenotypes in ER+ breast
cancer cell lines

ER+ and ER- BC cell lines were assessed for UGDH expression, and MCF7:WS8 and T47D
(ER+) or MDA-MB-231 and MDA-MB-468 (ER-) cells were used for further analysis (Fig. 1A, Supp.
Fig. 1A-1; Supp. Fig. 2A-F). ER+ (MCF7:WS8 and T47D) cell lines stably expressing a non-targeting
control shRNA (NT) and two UGDH knockdown (KD) shRNAs (U1 and U2) were generated to assess
the effects of decreased UGDH expression in ER+ BC cells in vitro and in vivo (Figs. 1B, Supp. Fig. 1A,
D). In the ER+ MCF7:WS8 line, UGDH shRNAL (U1) effectively decreased UGDH protein expression
by 90% in the presence and absence of 17p-estradiol (E2) (Fig. 1B). E2 increased cell migration, cell
proliferation, colony formation, and cell cycle progression phenotypes in both the ER+ MCF7:WS8 and
T47D cell lines in vitro. Wound healing and transwell migration assays showed UGDH KD significantly
decreased E2-stimulated migratory phenotypes in both ER+ cell lines in vitro (p<0.001, Fig. 1C;
p<0.0001, Fig. 1D; p<0.001, p<0.0001, Supp. Fig. 1B, C, E, & F; p<0.01). Additionally, UGDH KD
altered colony formation of MCF7:WS8 and T47D in vitro in the presence of E2 (p<0.01, p<0.0001, Fig.
1E, Supplemental Figure 1i, p <0.01). However, UGDH KD did not significantly impact E2-induced
cell proliferation (Fig. 1F) and cell cycle progression (data not shown). UGDH knockdown, as well as
decreased estrogen-mediated wound healing and transwell migration were validated via a second sShRNA
in both ER+ MCF7:WS8 and T47D cell lines in vitro (p<0.05, p<0.01, p<0.001, p<0.0001; Supp. Fig.
1A-F). Given the effects of UGDH knockdown on ER+ BC cells in vitro, we assessed whether UGDH
knockdown alters primary tumor growth in vivo. In a mammary fat pad injection model in nude mice,
knocking down UGDH significantly decreased the growth rate and reduced the final tumor size by 53%
in the ER+ MCF7:WS8 cell tumors (p=0.026, Fig. 1G; Supp. Fig. 1G). Of note, UGDH knockdown
impacted only certain E2-induced phenotypes (migration and colony formation) but not proliferation and

ERa expression (Supp. Fig. 1H-1), suggesting that UGDH may affect non-canonical E2-mediated
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responses and/or that its effects may not depend on nuclear ERa.. Therefore, we hypothesized that
UGDH knockdown may impact E2-stimulated tumorigenic phenotypes in BC cell lines that do not

express ERa.

UGDH knockdown abrogates estrogen-induced cancer cell migration and tumor growth independent of
ER-a

The MDA-MB-231 cell line is a well validated model of TNBC which does not express ERa.
MDA-MB-231 cell lines stably expressing a non-targeting control ShRNA (NT) and UGDH knockdown
(KD) shRNAs (U1 and U2) were generated to assess the effects of decreased UGDH expression in ERa.-
negative BC cells in vitro and in vivo. UGDH- shRNAs decreased UGDH protein expression by 78%
and 74% in the absence and presence of E2, respectively (Fig. 2A; Supp. Fig. 2A). Surprisingly,
migration and colony formation were significantly increased in the ERa negative cell lines (p<0.05), and
as observed in ER+ cells lines, these activities were ablated upon UGDH knockdown (p<0.0001, Fig.
2B-C; p<0.01, Fig. 2D; p<0.05; p<0.001, p<0.0001, Supp. Fig. 2B-C). No effects on proliferation were
noted under any of the conditions tested (Fig. 2E). UGDH knockdown, as well as decreased estrogen-
mediated wound healing and transwell migration were validated via a second sShRNA in ER- MDA-MB-
231 (p<0.05, p<0.01, p<0.001, p<0.0001; Supp. Fig. 2A-C) and MDA-MB-468 cell lines (p<0.05,
p<0.01, p<0.001, p<0.0001; Supp. Fig. 2D-F). Given the effects of UGDH knockdown were seen in
both ER+ and ER- cell lines, we investigated the effects of UGDH on other signaling pathways parallel
to estrogen receptor signaling, such as the membrane bound G-protein coupled estrogen receptor
(GPER30/GPER). Our investigation into the GPR30/GPER pathway showed a decrease in GPR30
expression in estrogen treated UGDH knockdown lines that correlated to decreased migratory
phenotypes via wound healing and transwell migration in MCF7 and MDA-MB-231 (p<0.05, p<0.01,

p<0.001, p<0.0001; Supp. Fig. 3A-F).
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UGDH knockdown impairs extravasation of ER- breast cancer ex vivo, regardless of E2 stimulation
UGDH plays a critical role in the tumor microenvironment and prior studies demonstrate that it may be
implicated in metastasis. Given the estrogen-mediated migration and invasion phenotype in vitro, we
sought to examine the effects of UGDH knockdown on the initial steps of BC metastasis, using MDA-
MB-231 NT shRNA or UGDH shRNA cell lines perfused through an ex vivo microfluidic chip with
endothelial vasculature to model human microcirculation and extravasation during the metastatic cascade
(Fig. 3A). UGDH knockdown significantly reduced percentage of extravasating MDA-MB-231 cells,

regardless of estrogen stimulation (~16-fold; p = 0.0284) (Fig. 3B).

UGDH knockdown impairs tumor growth and metastatic progression of ER-negative breast cancer cells
in vivo

To examine the effect(s) of UGDH knockdown on metastatic tumor progression in vivo, Nu/J mice
implanted with either placebo (P) or estrogen pellets (E2) were injected via tail vein with either Control
(NT) or UGDH shRNAL1 (Ul) MDA-MB-231 cells. E2+NT mice showed the greatest metastatic tumor
burden compared to P+NT (p<0.0001); P+U1 (p=0.0001); and E2+U1 (p=0.0011) (Fig. 3C). To investigate
the effect of E2 stimulation and UGDH KD on primary ER- tumor growth, we injected control sShRNA or
UGDH knockdown shRNA MDA-MB-231 cells into the mammary fat pad of mice. E2-stimulated NT
shRNA MDA-MB-231 tumors demonstrated the greatest growth rate and size (307% of unstimulated
tumors at Day 36, p < 0.0001)). Interestingly, UGDH knockdown completely abrogated the tumor growth-
promoting effects of E2 (Fig. 3D). Given that UGDH knockdown blunted the E2-induced primary tumor
growth response in vivo and significantly reduced extravasation in the microfluidic ex vivo model, we
hypothesized that UGDH knockdown would blunt metastatic progression and increase animal survival. All
Ul-injected mice (P+Ul and E2+U1) and P+NT mice survived significantly longer (MS undefined,
p=0.0101) than E2+NT mice (MS = 84 days) (Fig. 3E). To confirm that the estrogen-mediated tumor
progression in ER- model in vivo was not cell-line specific, MDA-MB-468 cells were injected via

mammary fat pad or tail vein with either Control (NT) or UGDH shRNAs to assess primary ER- tumor
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growth, metastatic progression and animal survival. Again, E2-stimulation was associated with increased
primary tumor growth and resulted in worse overall survival in ER- BC in vivo, and these effects were

abrogated by UGDH KD (p<0.05; Fig. 3F-G, Supplemental Figure 4).

UGDH is involved in metastatic breast cancer progression in a patient

Approximately 70% of advanced breast cancer patients develop bone metastasis with the spine
being the most common site?>?! and recent studies indicate that breast cancer has a metastatic tropism to
the spinal vertebral body??. To determine whether our findings could translate to a human breast cancer
patient, single-cell RNA-sequencing of clinical specimens obtained from a radiologically normal and
tumor-containing vertebral body (Fig. 4A-D) from the same patient was performed, using our established
protocol?, to determine whether UGDH expression was associated with metastatic breast cancer
progression. Biopsied specimens obtained from the corresponding vertebral bodies were verified by
immunohistochemistry (Fig. 4E & 4F), confirmed to be breast in origin (Fig. 4G-1) and processed for
single cell sequencing. UMAP analyses showed UGDH was upregulated in tumor, compared to normal
vertebral tissue, in cancer epithelial cells (Fig. 4J-K). After observing that UGDH was upregulated in
metastatic breast cancer human clinical specimens, the association between UGDH expression level and
recurrence free survival (RFS) in patients with high grade ER+ and ER- BC was assessed. Higher UGDH
protein expression correlated with worse prognoses for high grade ER+ BC and ER- BC (p = 0.043;

0.0038) (Fig. 4L-M).

Discussion:

Our study establishes the involvement of UGDH in estrogen-induced breast cancer progression
and also provides further evidence of the role of estrogen in the development of metastatic progression,
irrespective of ER status. Specifically, we demonstrate that estrogen induces migratory and invasive
phenotypes in both ER+ and ER- BC in vitro, which are abrogated by UGDH knockdown. Additionally,

UGDH knockdown significantly reduces estrogen-dependent tumor growth in ER+ and ER- primary BC
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orthotopic models in vivo. Ex vivo microfluidics model demonstrated that UGDH can regulate
extravasation in the presence and absence of estrogen. Also, UGDH knockdown blunted the metastatic
formation and progression of ER- BC lines stimulated by estrogen in tail vein models of metastasis in
vivo. Furthermore, in a human breast cancer patient, UGDH expression was upregulated in metastatic
breast cancer tissue compared to normal vertebral tissue in a patient, specifically in cancer epithelial
cells. In the context of our in vitro, in vivo, and clinical explorations, UGDH appears to be involved in
metastatic breast cancer progression and mitigating UGDH expression can abrogate migratory
phenotypes that may contribute to hormonally responsive metastatic breast cancer.

To our knowledge, this is the first study demonstrating that UGDH expression can mediate the
tumorigenic effects of hormone stimulation via estrogen in BC regardless of ER status. Estrogen is
known to increase the risk of BC development?* via activation of estrogen receptor alpha (ERa) in ER+
BC with subsequent upregulation of genes associated with tumor cell invasion, growth and survival®.
While not widely considered to be estrogen responsive, previous literature?® suggests that ER- cell lines
can become more aggressive in the presence of estrogen, which is consistent with our findings.
Mechanistically, crosstalk between estrogen stimulation, growth factor signaling pathways involving
receptor tyrosine kinases such as IGF-1R and EGFR, and cell surface receptors including G protein-
coupled receptors (GPCRs) and their downstream mechanisms through the PI3BK/AKT and MEK/ERK
pathway have been implicated in estrogen effects that are ER independent?’3126:3233 |GF-1R signaling
is also involved in EMT-mediated metastatic tumor progression and IGF-1R overexpression is shown to
promote migratory phenotypes of TNBCs via the focal adhesion kinase signaling pathway*?*3, Of the
noted ER-independent pathways, UGDH has been shown to interact with and modulate the PISBK/AKT
and the MEK/ERK pathways downstream of growth factor receptors in other cancers through which
cancer cell motility, invasion, migration, and survival can occur 93334,

Congruent with our findings, previous studies also demonstrated that UGDH knockdown
abrogates tumor growth, invasion, and colony formation but does not impact proliferation in TNBC cell

lines'***, glioblastoma (GBM)*®, and lung adenocarcinoma®’. Conversely, UGDH knockdown can
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173 mitigate both tumor cell proliferation and migration® in colorectal carcinoma and in ovarian cancer®®.
174  Although our findings align with the previously proposed “go-or-grow’ hypothesis that cancer cell

175  motility and proliferation can be mutually exclusive, 327 it is important to note that this dichotomy is not
176  ubiquitous across all cancer types. Although further investigations are needed to determine the precise
177  mechanism through which UGDH may modulate the estrogen-induced effect on migration and tumor
178  growth, targeting UGDH can abrogate estrogen-induced tumor phenotypes, regardless of ER status.

179 Aside from affecting canonical cancer signaling pathways, UGDH may also promote estrogen-
180  mediated tumor progression by influencing cancer cell motility and/or the associated tumor

181  microenvironment, as specifically seen in our exploration of the tumor microenvironment of a patient
182  with metastatic breast cancer in which UGDH was highly expressed in tumor epithelial cells and was
183  absent from normal vertebral tissue. Dysregulation in the UGDH-driven GAG/PG production pathway
184  has been described as a possible explanation for UGDH knockdowns impairment of cancer cell

185  motility!*. Taking our results in the context of recent GBM studies, UGDH may aid in generating

186  extracellular matrix precursors that influence cancer cell migration, EMT processes, and macrophage-
187  related transcriptional, and epigenetic regulatory pathways to modulate estrogen-induced tumorigenic
188  phenotypes®. Thus, further investigation into the role of UGDH on EMT, ECM production, and

189  hormonal metabolism in the breast cancer tumor microenvironment are also warranted to fully elucidate
190 itsrole in breast cancer progression.

191

192  Conclusion:

193  Our study is the first to evaluate the role of UGDH in hormonally responsive breast cancers (BC). We
194  have established that UGDH knockdown effectively mitigates estrogen stimulated phenotypes in BC in
195  vitro and in vivo irrespective of estrogen receptor status. These studies support the role of estrogen and
196  UGDH in breast cancer progression provide a foundation for future studies to evaluate the role of UGDH
197 in therapeutic resistance to improve outcomes and survival for breast cancer patients.

198
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Methods:

Reagents and Cell Culture:

All reagents were purchased from Sigma-Aldrich unless otherwise specified. Puromycin was diluted to a
concentration of 1 ug/mL in cell culture medium as a working concentration. MCF7:WS8, T47D, and
MDA-MB-231 (American Type Culture Collection, ATCC, Manassas, Virginia) were grown in
Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI), and Minimum
Essential Media (MEM) respectively, all supplemented with 10% fetal bovine serum (FBS), non-
essential amino acids (1%), sodium pyruvate (1%), and puromycin. 17-p-estradiol (E2) (Cat# E-060,
Sigma Aldrich) was used in all assays at a physiologic concentration of 1 nM/mL. To assess the effect of
hormonal stimulation, twice charcoal stripped media at either 10% or 0.5% was used for all assays
evaluating the role of E2. G1 (GPER/GPR30 agonist) from Tocris Bioscience was used at 0.1 uM/mL,
and G15 (GPER/GPR30 antagonist) from Tocris Bioscience was used at 1 uM/mL. To appropriately
assess the effect of hormonal stimulation, twice charcoal stripped media (McDonnell lab) at either 10%

or 0.5% was used for all assays evaluating the role of E2 and G1 stimulation.

Lentiviral Transduction:

UGDH shRNA lentiviral particles were purchased from Dharmacon (Buckinghamshire, UK) as a set of 3
SMARTVvector Inducible Human UGDH shRNA (Cat # V3SH7675-01EG7358). Control (non-targeting)
shRNA clone (Cat # VSC6570), UGDH shRNAL1 (Cat # V2LHS_171838), and UGDH shRNA2 (Cat #
V2LHS 218865) were used. MCF7, T47D, and MDA-MB-231 cells were transduced with virus in
polybrene media (8 ug/mL) for 48 hours prior to puromycin selection (1 ug/mL) as previously described

(Xia et al, 2016).
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Quantitative real-time PCR:

Total RNA was extracted via QIAquick PCR Purification Kit (Qiagen, Mansfield, MA). After reverse
transcription using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and Oligo(dT) primer,
quantitative real-time PCR (gRT-PCR) was performed using SYBR Green PCR Mix (BioRad, Hercules,
CA) and 1Q5 detection system (Bio-Rad, Hercules, CA). Relative gene expression was normalized to

36B4 or ACTB gene expression.

Immunoblot and Immunocytochemistry:

Total cellular protein was extracted with radioimmunoprecipitation assay (RIPA) buffer containing
protease, phosphatase inhibitors and sodium orthovanadate. SDS-PAGE was performed with 50 ug total
proteins using 10% gradient acrylamide gels (LI-COR Biosciences, Lincoln, NE). Western blot analysis
was performed using Quantitative Western Blot System, with secondary antibodies labeled by IRDye
infrared dyes (LI1-COR Biosciences, Lincoln, NE). Antibodies included: anti-UGDH (ab15505, Abcam,
Cambridge, MA), and anti-GPER/GPR30 (AF5534, R&D Systems, Minneapolis, MN), and anti- -actin

(8H10D10, Cell Signaling, Danvers, MA).

Proliferation Assay:
2,000 cells per well were plated in 96 well plate and starved in 10% charcoal stripped (CS) FBS-
supplemented media for 48 hours and then stimulated with either 1 nM E2 or continued 10% CS media.

Baseline CellTiterGlo (Promega) reading was taken at specified time points.

Cell Cycle Analysis:
Cell cycle was analyzed by flow cytometry. Cells were plated in 10% CS medium for 48 hours followed
by stimulation with either E2 or nothing for the indicated time points. Cells were then trypsinized and

dissociated by pipetting, fixed with 75% ethanol at 4 C for 30 min. Cells were incubated with DNase free
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RNase at 37 C for 30 min followed by propidium iodide (100 ng/ml) for 1 h at 37 C. Percentage of cells
at each phase (G1/G0, S, and G2/M) were analyzed using BD CellQuest Pro Software (Becton Drive

Franklin Lakes, NJ).

Wound Healing Assay:

Cells were grown in 10% CS serum in 6 well plates until confluent. Three scratches per well were
created using a wide-tip 10 uL pipette tip through the confluent cells. Dishes were washed with PBS and
cells were grown in 0.5% CS medium with or without estrogen stimulation for 24-48 hours. Phase
contrast pictures were taken at 0, 24, and 48 hours. The width of the scratch was measured and quantified

using the MRI Wound Healing plugin in ImageJ.

Transwell Migration Assay:

Cells were grown in 10% CS serum in 6 well plates for 24 hours; they were then either starved with 0.5%
CS (control) or treated with 1 nM E2, for 24 hours. Transwell inserts (COSTAR) were placed into
twenty-four well plates and were seeded at 50,000-75,000 cells per insert in 100 uL of either 0.5% CS
media or 0.5% CS media supplemented +/- E2 for 24 hours. Cells migrated towards media with 10%
CFS for 12-24 hours and then were fixed with 30% formaldehyde, stained with Crystal Violet and then
washed with phosphate buffered saline (PBS). Pictures of the entire transwell surface were taken, and

cell counts were quantified using ImageJ.

Ex Vivo Microfluidic Metastasis Model

The microfluidic vasculature-on-a-chip device was used to assess cancer cell extravasation ex vivo.
The device was fabricated using soft lithography as reported %728 Briefly, SU-8 100 photoresist
(Microchem) was spun on a 4 inch silicon wafer (University Wafers) and cured via light exposure through
a photomask to create features with a height of 100 um. The uncured SU-8 was washed away using SU-8

developer and the wafer was silanized using Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma
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448931). Sylgard 184 (Ellsworth) polydimethylsiloxane (PDMS) at 10:1 (base:crosslinker) was poured
onto the wafer and allowed to cute at 60 °C for 2 hours. Post curing, the PDMS was cut around the features,
inlets and outlets were punched using biopsy punches, and bonded to a cover glass using plasma treatment
for 60 s.

The device consisted of three parallel microchannels with an array of trapezoidal microposts
separating the three channels. Human umbilical vein endothelial cells (Lonza, C2519A) were suspended
in 4 units/ml thrombin solution at a concentration of 50 million/ml, mixed 1:1 with 5 mg/ml fibrinogen
solution, and perfused into the central microchannel of the device to allow gelation. After gelation, media
channels were flushed with cell culture medium and the devices were cultured for 5 days to allow the
endothelial cells to self-assemble into microvascular networks with perfusable lumens. The engineered
tissue for immunostained for VE-Cadherin (Bio-techne, AF938) (1:100 dilution) followed by donkey anti-
goat (1:200) secondary antibody to visualize the endothelial cell-cell junctions. Alexa Fluor 488 phalloidin
(Thermo Fisher, A12379) and Hoechst 33342 were used to stain actin and nuclei respectively.
Fluorescently labelled control (NT shRNA) and UGDH knockdown (UGDH KD1) MDA-MB-231 cell
lines were suspended in medium and perfused into the vascular networks in the presence or absence of
estrogen (1nM) and the microfluidic devices were cultured for up to 8 hours to allow the cells to extravasate
from the vasculature into the fibrin hydrogel. Number of extravasating cells were assessed per condition

using ImageJ software.

Animal Studies:

A. Mammary Fat Pad Models
All protocols involving animals were previously approved by the Institutional Animal Care and Use
Committees. Mice used in all experiments were female Nu/J (Cat# 002019, Jackson Laboratory, Bar
Harbor, ME) aged 6-8 weeks. Sample size was determined by end-point statistics (power analysis)
performed prior to study initiation by Dr. James Herdon (N = 30). For MCF7:WS8 experiments mice

were ovariectomized and implanted with 17B-estradiol pellets (0.36mg, 60 days, Cat# SE-121,
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Innovative Research of America). Mice then received mammary fat pad injections of 1.3 x 108 viable
MCF7:WS8 cells that were stably transfected with the non-targeting (NT) shRNA, UGDH shRNAL or
UGDH shRNA3. Tumor volumes were measured three times weekly for 5 weeks. Tumor volumes were
calculated using the formula (short width * short width * long width)/ 2. After sacrificing mice, primary
tumors were removed and processed for RNA and protein analysis.

The same protocol was used for the mammary fat pad experiments with MDA-MD-231 and
MDA-MB-468 with the following modifications. Mice (N=40) were ovariectomized and implanted with
either placebo pellets (Cat# SC-111, Innovative Research of America) (groups 1 and 3) or 17p-estradiol
pellets (groups 2 and 4). Groups 1 and 2 were then injected with NT shRNA MDA-MB-231 cells into the
mammary fat pad while groups 3 and 4 received UGDH shRNA1 MDA-MB-231 cells. The resulting
experimental groups were the following (N=10 mice/group): (1) NT shRNA + placebo; (2) NT shRNA +
estrogen; (3) UGDH KD1 + placebo; (4) UGDH KD1 + estrogen. Tumor volume measurement and
tissue harvest were the same as described above.

B. Metastasis Models

To establish the metastatic BC models, mice (N=60) were ovariectomized and implanted with either
17B-estradiol pellets or placebo pellets. Parental cells used to generate the luciferase labeled and sShRNA
lines below were MDA-MB-231 and MDA-MB-468 (ATCC, Duke University). Mice then received arterial
tail vein injections of 1 x 108 viable cells expressing luciferase (Luc) and infrared protein (iRFP) that were
stably transfected with NT shRNA or UGDH shRNAL. The resulting experimental groups were the
following (N=15 mice/group): (1) placebo pellet + NT shRNA MDA-MB-231 or MDA-MB-468 (P+NT);
(2) estrogen pellet + NT shRNA MDA-MB-231 or MDA-MB-468 (E2+NT); (3) placebo pellet + UGDH
KD1 MDA-MB-231or MDA-MB-468 (P+U1); (4) estrogen pellet + UGDH KD1 MDA-MB-231 or MDA-
MB-468 (E2+U1).

To track metastatic tumor progression, mice were imaged weekly using the IVIS Lumina Il In
Vivo Imaging System (PerkinElmer, USA) to quantify tumor burden as normalized radiance. Prior to

imaging, mice were first injected via intraperitoneal administration with 100uL of 15 mg/mL D-Luciferin
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Sodium Salt (Cat# 1-360243-200, Regis Technologies, USA) reconstituted in sterile 1X Dulbecco’s PBS.
Images were collected at exposure times of 1 second, 30 seconds, 60 seconds, and 180 seconds and
quantified as normalized radiance.

Mice were weighed and monitored three times weekly for survival until end of the study. Mice
were euthanized when body weight fell below 15% of their original Day 0 weights or when mice could no
longer ambulate for food or water due to tumor-related paralysis. Upon median survival of any group, N=5
mice per group were euthanized and harvested for lung, liver, and uterus to be weighed and noted for tumor
burden and estrogen effects. Mice harvested for the median survival time point or found dead due to non-

tumor-related causes before week 1 of the study were censored from the final survival curve.

Cell Line Sequencing

Gene expression analysis from cell lines were generated by mRNA sequencing using Illumina NovaSeq
6000. Briefly, 1 ug of total RNA was converted to RNA sequencing libraries using the Kapa Stranded
MmRNA-seq library prep kit (Manufacture, Location) and sequencing on an Illumina NovaSeq 6000 using
the 50bp paired-end configuration with an average of 51.2 million read pairs per sample. Reads were
aligned to GRCh38 using STAR (PMID: 23104886). Transcript abundance estimates were performed for
each sample using Salmon (PMID: 28263959). Differential expression analysis was performed using

DESeq2 (PMID: 25516281) with an FDR cutoff of 5%.

Single Cell Sequencing of Patient Specimens

A. Patient History
All experiments for this study are performed under the IRB protocol Pro#00101198. The patient was a 71-
year-old female with a history of ER+/PR+/Her2 negative metastatic breast cancer status post T10-L2
radiation to the spine 30Gy in 10 fractions completed three months prior to the surgical procedure. Patient
was started on palbociclib one month later in August 2020, held for 2 weeks during August for a root

canal/tooth abscess and re-initiated later that month (August 24, 2020). Patient was receiving palbociclib
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consistently until October 10, 2020 when a PET scan and MRI findings identified progression of disease
at T11 and L1 corresponding to PET scan (Fig. 1A-C). The patient was taken to the OR for
biopsy/radiofrequency ablation and kyphoplasty with cement-augmentation.
B. Surgical Procedure for Specimen Acquisition
After patient was deemed a surgical candidate based on clinical indications and consent obtained for the
collection of tissue, the patient is placed under general anesthesia, the vertebral body (T11-L1) is identified
with fluoroscopic guidance. The skin overlying the target area is prepped with chlorhexidine and sterilely
draped in the usual fashion maintaining meticulous sterile technique. Local anesthesia is provided with
1% Lidocaine. A stab incision is made 1 cm lateral of the lateral border of each pedicle at the level of the
target vertebral body. A trocar is introduced safely through each pedicle just inside the target vertebral
body. The stylet of the trocar is removed and a working cannula is left in place. The biopsy cannula is
inserted, and anterior/posterior and lateral fluoroscopic x-rays views are taken to verify accurate placement
of biopsy cannula (Fig. 1D). A biopsy is taken from the representative levels, and divided in half. One half
of the specimen is sent to pathology for further evaluation to confirm presence of normal or tumor specimen
(Fig. 1E & F) and evaluated for its tissue of origin (Fig. 1G-I). The other half is placed in a pathology
specimen cup and taken to the laboratory for further single cell sequencing processing within 30 minutes
of acquisition, preferably transferred on ice to maintain cell viability. The remainder of the procedure is
performed according to clinical indications and then closed in the standard fashion.
C. Sample Processing for Single Cell Studies

Human samples were processed within a biological safety cabinet. Tissues from tumor and normal
vertebral bodies were manually dissected from the block of tissue using razor blades, surgical scissors, and
forceps, to obtain pieces of tissues that are less than 2 grams total. Samples are then minced using a razor
blade and placed into a gentleMACS C tube (Miltenyl Biotec, cat.no. 130-093-237) containing serum-free
DMEM, 1 mg/mL Collagenase A (Millipore Sigma, cat.no. 10103586001), and 0.1 mg/mL DNAse |
(Sigma-Aldrich, cat.no. D5025-150KU). Samples are homogenized on a gentleMACS Dissociator

(Miltenyl Biotec, cat.no. 130-093-235) with two rounds of the “h_impTumor 02.01” program and then
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placed into a shaking incubator for 30 minutes at 37°C. After, samples are then processed again on the
gentleMACS Dissociator with two rounds of the “h_impTumor 03.01” program and gently triturated to
ensure the tissues are homogenized. Samples are filtered through a 40 pum filter and rinsed with additional
sterile-filtered serum-free DMEM. Samples are then centrifuged (1500 rpm, 5 minutes) to pellet the cells
and discard the supernatant, then resuspended in ACK lysis buffer and incubated at room temperature for
3-5 minutes. Samples are then diluted with 1X Dubecco’s PBS (1:10), mixed by inverting, and then
centrifuged again (1500 rpm, 5 minutes, at 4°C). Finally, cells are resuspended in DPBS, counted, and then
centrifuged for a final time before being resuspended in cryopreservation media at 10-20 million live cells
per mL. Cells are frozen slowly at -80°C in cryofreezing containers until ready for further downstream
processing in a batch with other samples. Samples were prepared for single cell RNA sequencing using
standard RNA isolation, cDNA synthesis, and sequencing library preparation protocols according to 10X
Genomics protocols and were processed for single-cell sequencing through the Duke Sequencing and
Genomic Technologies research core facility.
D. Sequencing Analysis

Subsequent single cell RNA sequencing data was analyzed using standard Seurat pipeline to perform QC
pre-processing, normalization, identification of highly variable features, scaling, linear dimensionality
reduction, and clustering. Cell type identification and annotation was performed using InferCNV analysis
(to identify cells with high copy number variations or CNVs, which are likely cancer cells) and SingleR.
Uniform manifold approximation and projection (UMAP) plots and heat maps were generated using R

studio.

Clinical Regression Free Survival Analysis
The association between UGDH expression level and recurrence free survival (RFS) in patients with ER
positive breast cancer (BC) was assessed via an online Kaplan-Meier plotter (kmplotter.com)®. This

platform consolidates patient data from The Cancer Genome Atlas (TCGA) project, Gene Expression
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Omnibus (GEO), and Therapeutic Goods Administration (TGA) and allows for the comparison of RFS for

patients with low and high expression of specific proteins and RNA.

Statistical Analysis
In vitro and in vivo experiments were primarily analyzed with Student’s t-test, one-way ANOVA,
or two-way ANOVA with Bonferroni post-hoc correction. Survival curves were analyzed with the Gehan-

Breslow-Wilcoxon test. The threshold of significance was p<0.05 with confidence intervals of 95%.
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445 FIGURE LEGENDS

446  Figure 1. In ER+ BC cell line MCF7:WS8, UGDH knockdown significantly abrogates migratory

447  phenotype and tumor growth in the presence (+) and absence (-) of estrogen (E2) (NT = non-targeting
448  shRNA control; U1 = UGDH shRNA KD1. (A) Relative UGDH protein expression of ER+ breast cancer
449  cell lines (MCF7:WS8, T47D, BT483, ZR-751, CAMAL) when treated with 1nM E2 for 24hr (+) and
450  48hr (++). (B) UGDH protein expression in control and UGDH knockdown cell lines, with or without E2
451  (NT+veh = green; NT+E2 = orange; Ul+veh = purple; U1+E2 = teal). (C) Number of MCF7:WS8 cells
452  migrating in transwell assay over 16 hours, with or without E2 stimulation, to 10% CFS (NT+veh =

453  green; NT+E2 = orange; Ul+veh = purple; U1+E2 = teal). Images at 10x magnification. (D) Differences
454  in scratch area over 48 hours, with or without E2 stimulation on MCF7:WS8 (NT+veh = green; NT+E2 =
455  orange; Ul+veh = purple; UL+E2 = teal). Images at 10x magnification. (E) Number of MCF7:WS8

456  colonies formed on 1% agar after 21 days, with or without E2 stimulation. (F) Proliferation curves of
457  MCF7:WS8 from Day 0 to Day 6, with or without E2 stimulation. (G) Tumor growth progression of

458  subcutaneous implantation of MCF7:WS8 in mammary fat pad of Nu/J mice implanted with E2 pellets.
459  Statistical analyses were one-way ANOVA for migration assays and colony assays; two-way ANOVA
460  for proliferation assay and tumor growth curve, with Tukey’s post-hoc correction.*=p<0.05; **=p<0.01;
461  ***=p<0.001; ****=p<0.0001

462

463  Figure 2. In ER- BC cell line MDA-MB-231, UGDH knockdown significantly abrogates migratory

464  phenotype and tumor growth in the presence (+) and absence (-) of estrogen (E2) (NT = non-targeting
465  shRNA control; U1 = UGDH shRNA KD1). (A) UGDH protein expression in NT control (green and
466  orange) and UGDH knockdown (purple and teal) cell lines, with or without E2. (NT+veh = green;

467 NT+E2 = orange; Ul+veh = purple; UL+E2 = teal) (B) Number of MDA-MB-231 cells migrating in
468  transwell assay over 16 hours, with or without E2 stimulation, to 10% CFS (NT+veh = green; NT+E2 =
469  orange; Ul+veh = purple; UL+E2 = teal). Images at 10x magnification. (C) Differences in scratch area

470  over 48 hours, with or without E2 stimulation on MDA-MB-231 (NT+veh = green; NT+E2 = orange;
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Ul+veh = purple; UL+E2 = teal). Images at 10x magnification. (D) Number of MDA-MB-231 colonies
formed on 1% agar after 21 days, with or without E2 stimulation. (E) Proliferation curves of MDA-MB-
231 from Day 0 to Day 6, with or without E2 stimulation. *=p<0.05; **=p<0.01; ***=p<0.001;
****=p<0.0001. Statistical analyses were one-way ANOVA for migration assays and colony assays;

two-way ANOVA for proliferation assay and tumor growth curve, with Tukey’s post-hoc correction.

Figure 3. UGDH is associated with estrogen-mediated metastatic breast cancer progression in ER- breast
cancer and with decreased survival in vivo. UGDH knockdown impairs metastasis by preventing
extravasation of MDA-MB-231 cells ex vivo, even in the presence of estrogen (1nM). (A)
Characterization of the tissue-engineered vasculature network using staining for VE-Cadherin, F-actin,
and nuclei. Orthogonal views of z-stack confocal images of the immunostained vasculature showing
vascular lumens (white arrows). MDA-MB-231 cells (green) extravasating out of the endothelial
vasculature network over time. Extravasating cellSStatiss indicated with yellow arrows. Images scale: 50
um. (B) Percent (%) of cells extravasating ex vivo with or without E2 stimulation in MDA-MB-231 cells.
(C) Representative bioluminescent images of mice treated with estrogen or placebo pellets and implanted
with NT shRNA or U1 shRNA MDA-MB-231 luciferase (Luc) labeled cells and radiance values of
tumor burden at Week 7 (peak signal). (D) Tumor growth progression of subcutaneous implantation of
MDA-MB-231 in mammary fat pad of Nu/J mice. (E) Survival curve of metastasis experiment with mice
treated with estrogen or placebo pellets and implanted with NT shRNA (NT) or U1 shRNA MDA-MB-
231 (U1) luciferase (Luc) labeled cells. (F) Primary mammary fat pad xenograft tumor growth curve of
Nu/J animals implanted with NT shRNA or U1 shRNA MDA-MB-468 cells treated with placebo or E2
pellets. () Survival curve of metastasis experiment with mice treated with estrogen or placebo pellets and
implanted with NT shRNA (NT) or U1 shRNA MDA-MB-468 luciferase (luc) labeled cells. Statistical
analyses were student T-test with Bonferroni post-hoc correction for ex vivo analysis; one-way ANOVA

for radiance analysis & tumor growth curve, with Tukey’s post-hoc correction; and Gehan-Wilcoxon test
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with Sidak’s post-hoc correction for survival curves. *=p<0.05; **=p<0.01; ***=p<0.001;

****=p<0.0001.

Figure 4. UGDH is associated with metastatic breast cancer progression in patients and with lower
progression free survival. (A) Pre-operative sagittal MR, (B) sagittal PET scan, (C) axial CT, and (D)
intraoperative X-ray of L1 breast cancer spine metastasis (blue arrow pointing to metastatic mass in the
vertebral body). (E) Histology showing H&E of normal vertebral tissue and (F) H&E of L1 vertebral
metastasis. (G) Immunohistochemistry of BRST2, (H) GATAS, and (1) mammaglobin to demonstrate
that metastatic tumor is breast in origin. (J) UMAP depicting 26 unique cell subset clusters for normal
and tumorous tissue in a metastatic breast cancer patient. (K) UMAP depicting UGDH expression in
normal and tumorous tissue, concentrating in epithelial cells with high copy number variations. (L)
UGDH expression in ER+ BC correlated to lower recurrence free survival. (M) UGDH expression in

ER- BC correlated to lower recurrence free survival.
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Supplementary Figure 1. Validation of UGDH shRNA knockdowns and abrogation of migratory
phenotypes in ER+ cell lines (MCF7:WS8 and T47D), in two UGDH shRNAs. Black = NT shRNA
control cell line, red = UGDH knockdown 1 shRNA, and blue = UGDH knockdown 2 shRNA. (A)
UGDH RNA expression of MCF7:WS8 and (B) T47D treated with (+) or without (-) estrogen (1nM E2).
(C) Wound healing assays for MCF7:WS8 and (D) T47D treated with (+) or without (-) estrogen (1nM
E2). . (E) Transwell assays for MCF7:WS8 and (F) T47D treated with (+) or without (-) estrogen (1nM
E2). (G) ER-alpha expression of MCF7:WS8 and (H) T47D treated with (+) or without (-) estrogen (1nM
E2). (1) Tumor growth progression of subcutaneous implantation of MCF7:WS8 in mammary fat pad of
Nu/J mice implanted with E2 pellets. (J) Number of T47D colonies formed on 1% agar after 21 days,
with or without E2 stimulation. Statistical analyses were one-way ANOVA for migration assays and
colony assays; two-way ANOVA for proliferation assay and tumor growth curve, with Tukey’s post-hoc
correction. Data are mean and standard deviation. ns = not significant; *=p<0.05; **=p<0.01;
***=p<0.001; ****=p<0.0001.
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Supplementary Figure 2: UGDH expression and migration phenotyping in ER negative non-targeting
control and shRNA knockdown cell lines, stimulated with and without estrogen. Validation of UGDH
shRNA knockdowns and abrogation of migratory phenotypes in ER negative cell lines (MDA-MB-231
and MDA-MB-468), in two UGDH shRNAs. Black = NT shRNA control cell line, red = UGDH
knockdown 1 shRNA, and blue = UGDH knockdown 2 shRNA. (a) MDA-MB-231 UGDH RNA
expression treated with (+) or without (-) estrogen (1nM E2), with (b) MDA-MB-231 wound healing
assay, and (c) MDA-MB-231 transwell assay. (d) MDA-MB-468 UGDH RNA expression treated with
(+) or without (-) estrogen (1nM E2), with (e) MDA-MB-468 wound healing assay, and (f) MDA-MB-
468 transwell assay. Data are mean and standard deviation. *=p<0.05; **=p<0.01; ***=p<0.001;
****=p<0.0001.
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Supplementary Figure 3. UGDH knockdown prevents GPER agonist (G1)-mediated migration and
invasion. Black = NT shRNA control cell line, red = UGDH knockdown 1 shRNA. (A) UGDH and
GPR30/GPER expression in MCF7:WS8 and (B) in MDA-MB-231 stimulated with E2 (1nM, 10 nM, 100
nM) or G1 (0.1uM, 0.5uM, or 1uM). (C) Wound healing assay in MCF7:WS8 and (D) MDA-MB-231
treated with E2 (1nM), G1 (0.1uM), G15 (GPER antagonist, 1uM), or combination of E2+G15 or
G1+G15. (E) Transwell invasion assay in MCF7:WS8 and (F) MDA-MB-231 treated with E2 (1nM), G1
(0.1uM), G15 (GPER antagonist, 1uM), or combination of E2+G15 or G1+G15. Statistical analyses were
one-way ANOVA for migration assays, with Sidak's post-hoc correction. Data are mean and standard
deviation. *=p<0.05; ***=p<0.001; ****=p<0.0001.
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Supplemental Figure 4. MDA-MB-231 and MDA-MB-468 (ER- cell lines) animal studies. (A)
Longitudinal weights from surgery date (Day -6) to end of study (Day 100) for MDA-MB-231 metastasis
study. (B) Uterine weights comparing control cell lines and UGDH KD1 with or without estrogen pellets
at end of MDA-MB-231 metastasis study. (C) Longitudinal weights for MDA-MB-468 metastasis
survival study to end of study (Day 124). (D) Uterine weights comparing control cell lines and UGDH
KD1 with or without estrogen pellets at end of MDA-MB-468 primary mammary fat pad xenograft study.
Statistical analyses were one-way ANOVA with Tukey’s post-hoc correction.
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