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Abstract

Epithelial-mesenchymal transition (EMT) is a conserved cellular plasticity program that is
reactivated in carcinoma cells and drives metastasis. While EMT is well studied its regulatory
mechanisms remain unclear. Therefore, to identify novel regulators of EMT, a data mining
approach was taken using published microarray data and a group of deubiquitinases (DUBs) were
found to be upregulated in cells that have undergone EMT. Here, it is demonstrated that one DUB,
ubiquitin specific peptidase 11 (USP11), enhances TGF-induced EMT and self-renewal in
immortalized human mammary epithelial cells. Furthermore, modulating USP11 expression in
human breast cancer cells altered the migratory capacity in vitro and metastasis in vivo. Moreover,
elevated USP11 expression in human breast cancer patient clinical specimens correlated with
decreased survival. Mechanistically, modulating USP11 expression altered the stability of TGFp
receptor type 2 (TGFBR2) and TGFp downstream signaling in human breast cancer cells.
Together, these data suggest that deubiquitination of TGFBR2 by USP11 effectively spares
TGFBR2 from proteasomal degradation to promote EMT and metastasis.
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Introduction

Metastasis is the major cause of cancer-related deaths; despite intense investigation, it
continues to be a poorly understood aspect of cancer progression (1). While deaths due to
metastasis are likely to be abrogated by increased efforts in early detection of cancer, there is
a need for more effective metastasis-specific therapies in the clinic (2).

Metastasis is fueled by disseminating tumor cells following a complex cascade of events
starting with translocation of primary tumor cells to a distant site and culminating with the
development into a lethal outgrowth in distant organs. Two well-studied drivers of metastasis
are the epithelial-mesenchymal transition (EMT) and microenvironment-derived
transforming growth factor-p (TGFB). The EMT is a cellular developmental program that
becomes reactivated during cancer progression. Previous work has demonstrated that the
EMT endows neoplastic epithelial cells with mesenchymal and stem-like characteristics
needed for subsequent steps in the metastatic cascade (3).

TGFp is a cytokine that is known to promote cancer metastasis through multiple
mechanisms, including enhancing invasive properties, stemness, and permissive effects on
the tumor microenvironment (4,5). Interestingly, TGFp is a potent inducer of EMT; thus,
metastasis relies, in part, on TGFB’s ability to induce an EMT program (6). The link
between TGFB and EMT is mechanistically clear: upon TGF@ type | and type Il receptor
(TGFBR1 and TGFBR?2) heterocomplex activation, SMAD2/3 are phosphorylated and
shuttled to the nucleus with SMADA4 to regulate expression of EMT transcription factors (7).
However, what remain unclear are the ubiquitin-proteasome regulatory mechanisms of
TGFp signaling in the context of EMT and metastasis. Importantly, a deeper understanding
of this mode of regulation may reveal novel enzymes that can be subject to rational and
specific drug design.

There is increasing support for the importance of the ubiquitin-proteasome system in
regulating EMT and cancer progression. Low proteasome activity is associated with the
cancer stem cell state and EMT, and treatment of epithelial cells with proteasome inhibitors
can induce EMT (8,9). In addition, a number of deubiquitinases (DUBs) have been
implicated in cancer progression and metastasis, such as DUB3, USP4, USP13, USP15,
USP28, and USP51 (10-15). Based on this work and the context-specific nature of EMT, we
hypothesize that there exists a set of proteins within the ubiquitin-proteasome pathway that
regulate EMT specifically in normal and neoplastic human mammary epithelial cells.

In this study, we show that specific DUBs are upregulated during EMT, and that Ubiquitin
specific peptidase 11 (USP11) regulates TGFB-induced EMT in immortalized human
mammary epithelial cells. Further, we demonstrate that USP11 regulates human breast
cancer cell behavior, including migration, self-renewal, and experimental metastasis. Finally,
we show that USP11 exerts its effects on human breast cancer cell behavior by stabilizing
the TGF type Il receptor (TGFBR2) and enhancing TGFp signaling. While this
relationship has been previously shown in lung fibroblast cells (16), we demonstrate the
relevance of this pathway in human breast cancer /n vitro and in vivo models implicating
USP11 as a useful therapeutic target in the clinic.
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Materials & Methods

Animal studies

Animal studies were conducted using procedures approved by the IACUC at the University
of California, San Diego (protocol # S09264). Studies were conducted in accordance to the
ARRIVE guidelines. NOD-scid 1L2Rgamma™!! (NSG) mice were obtained from Jackson
Laboratories and UCSD Animal Care Program. For the tail vein metastasis assay, SUM159
or MDA-MB-231 cells were resuspended in PBS and injected into the tail vein of 6-8 week
old female NSG mice. A total of 1x108-1.5x106 cells were injected in a volume of 100 pl.
Mice were sacrificed after 6-8 weeks and lung metastases were quantified. Tumors located
within vascular spaces in the lung were excluded from analysis.

Metastasis quantification

Cell culture

Vectors

Lungs were perfused with PBS and then removed from the thoracic cavity. The lung lobes
were fixed in Bouin’s solution for 6 hours, and tissue was processed for sectioning and H&E
staining. H&E step sections were analyzed by a pathologist (M. V. Estrada) at the Tissue
Technology Shared Resource (Moores Cancer Center, UCSD). Tumor burden was assessed
by whole section tumor cellularity.

All cell cultures were maintained at 37°C with 5% CO,. Human mammary epithelial cell
lines (HMLE) were cultured in MEGM (Lonza). shRNA and overexpression constructs were
retrovirally transduced into HMLE cells. HEK293T, T47D, and MDA-MB-231 cells were
cultured in DMEM with 10% FBS. SUM159 cells were cultured in Ham’s F12
supplemented with 10 mM HEPES, 5% FBS, 5 pg/ml insulin, and 1 pug/ml hydrocortisone.
T47D cells were obtained from Li Ma (University of Texas, MD Anderson Cancer Center).
All cell lines were authenticated by short tandem repeat (STR) analysis at ATCC. Since it
was not present in any STR database as a basis of comparison, the HMLE cell line was
authenticated on the basis of morphology and epithelial marker expression to the original
cell line, as other studies have reported (17). In addition, all cell lines used in the manuscript
tested negative for mycoplasma using the service provided by the Human Embryonic Stem
Cell Core Facility at UCSD. Cells used for experiments were between 2 and 7 passages from
thawing.

The following retroviral vectors were gifts from Wade Harper: Flag-HA-GFP (Addgene #
22612), Flag-HA-USP13 (Addgene # 22568), Flag-HA-UCHL1 (Addgene # 22563) (18).
Full length human USP11 was amplified from a cDNA library and cloned into a retroviral
pDEST-Flag-HA vector. Catalytically inactive USP11 was generated by site-directed
mutagenesis. ShRNA hairpin sequences targeting firefly luciferase or USP11 were cloned
into pINDUCER10 (miR-RUP) (19). Stable expression of DUBs and shRNAs was achieved
by retroviral infection for 5-7 hours and selection with 2 pg/ml puromycin 24-48 hours
later. Retroviruses were produced with HEK293T cells as previously described (8).

CAGA o-firefly luciferase reporter was a gift from Peter ten Dijke (Leiden University
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Medical Center, Netherlands) (14). pGL4.74-renilla luciferase construct was obtained from
Maryan Rizk (Guatelli Lab, University of California, San Diego). See Supplementary Data
for shRNA hairpin sequences.

RNA extraction and RT-qPCR

Total RNA was extracted using TRIzol (Thermo-Fisher Scientific) and was reverse-
transcribed with High-Capacity cDNA Reverse Transcription Kit (Thermo-Fisher
Scientific). The resulting cDNAs were used for RT-qgPCR using SsoAdvance SYBR Green
Supermix (Bio-Rad) in triplicate. RT-gPCR and data collection were performed on CFX96
Touch Real-Time PCR Detection System (Bio-Rad). All the values were normalized to an
internal control GAPDH. Relative expression for each target gene was compared to that of
cells expressing Ctrl or shCtrl. See Supplementary Data for primer oligonucleotide
sequences.

Microarray and Kaplan-Meier analysis

Microarray data from GEO accession GSE24202 (20) were analyzed with IPA (Qiagen).
Briefly, 56 genes associated with the ubiquitin-proteasome pathway were chosen from the
list of differentially expressed genes as determined by IPA. Venn diagram analysis was
performed using the list of 56 genes. Kaplan-Meier survival curves for overall survival were
generated from The Cancer Genome Atlas Breast Invasive Carcinoma gene expression
dataset (7= 1215). Patients were stratified based on the expression of USP11, USP13, or
UCHL 1. High and low expression were defined as the top and bottom ~25% of the patient
distribution. Expression, overall survival, and patient tumor subtype data were downloaded
from the UCSC Cancer Genomics Browser (https://genome-cancer.ucsc.edu/). Prism
(GraphPad) was used to test the statistical significance between the overall survival curves
using the Log-rank (Mantel-Cox) Test. Kaplan-Meier survival curves for overall survival and
distant metastasis free survival were generated with the web tool KMplotter (21).

Flow cytometry analysis

Suspensions of HMLE cell lines were stained with anti-CD44 antibody (Biolegend) and
analyzed by flow cytometry on a BD Accuri C6 (BD Biosciences). Suspensions of MDA-
MB-231 and SUM159 cell lines were fixed and permeabilized with the fixation/
permeabilization concentrate kit (eBioscience), and stained with anti-TGFBR2 antibody
(R&D). Data were analyzed using FlowJo software. Cell sorting was done using a FACS
Avria 2 (BD Biosciences) at the UCSD Human Embryonic Stem Cell Core Facility. For
apoptosis analysis, suspensions of HMLE cells from dissociated mammospheres were
resuspended in Annexin V Binding Buffer (Biolegend) and stained with Annexin V-APC
(Biolegend) and 7-AAD (Biolegend) and analyzed on a BD Accuri C6.

Mammosphere assay

HMLE mammosphere culture was performed by plating 1,000-5,000 cells in Mammocult
medium (Stemcell Technologies) supplemented with 4 pg/ml heparin, 0.5 pg/ml
hydrocortisone, and 1% methylcellulose. For serial passage into secondary mammaosphere
formation, mammospheres were dissociated into single cells by trypsinization and then
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plated in mammosphere culture conditions. Spheres were counted 10-12 days later. T47D
spheres were formed by plating 1,000-4,000 cells in DMEM/F12 media supplemented with
hEGF (20 ng/ml, Sigma), bFGF (20 ng/ml, Thermo-Fisher Scientific), heparin (4 pg/ml,
Sigma), 1% methylcellulose (R&D), and B27 Supplement (Thermo-Fisher Scientific). All
sphere assays were performed in 24-well ultra low-attachment plates (Corning).

Western blot analysis

Cells were lysed on ice in RIPA buffer supplemented with Protease/Phosphatase Inhibitor
Cocktail (Cell Signaling Technology). 30 g of total protein from each sample was resolved
on Novex 4-20% Tris-Glycine Mini Protein Gels and transferred onto nitrocellulose
membranes. Blots were probed with the appropriate antibodies: anti-USP11 (Bethyl), anti-
USP13 (Bethyl), anti-phospho-SMAD?2 (Cell Signaling Technology), anti-total-SMAD2
(Cell Signaling Technology), anti-HA (eBioscience), anti-Fibronectin (eBioscience), anti-
ZEB1 (Cell Signaling), anti-SNAI1 (Cell Signaling), or anti-B-Actin (Sigma-Aldrich).
Signals were detected using fluorescent secondary antibodies compatible with Odyssey
infrared imaging system (Li-Cor Biosciences). For Figure 7C and Supplementary Figure 6,
all western blots images are taken from the same membrane with the intervening irrelevant
samples removed for clarity.

Cell migration assays

Scratch wound assays were performed in 6-well plates. Cells were grown to ~90%
confluency and wound was created with a pipette tip. Media was replenished with media
containing TGFB (2.5 ng/ml). Images were taken in three separate locations along the
scratch wound at 0 and 24 hours after wound was made. Extent of wound closure was
analyzed with TScratch software (22). Transwell assays were performed in 24-well
polycarbonate inserts (Falcon, 8 um pore size). Cells were serum starved overnight, then
plated in transwell inserts with serum-free media and complete media in the bottom
chamber. Cells in the upper part of the transwells were removed with a cotton swab;
migrated cells were fixed in 4% paraformaldehyde and stained with crystal violet 0.5%.
Three random fields were photographed and the number of cells was counted with ImageJ
and averaged. Every experiment was repeated independently at least three times.

Cell proliferation analysis

Cell proliferation was measured using the TetraZ Cell Counting Kit (BioLegend) following
manufacturer’s instructions.

Dual luciferase reporter assay

SUM159 cell lines were transfected with the TGF signaling reporter CAGAo-firefly
luciferase and pGL4.74-renilla luciferase (Promega) constructs using Fugene HD
(Promega). After 24-48 hours, cells were treated with TGFp (0.25 ng/ml) for 6 hours.
Luciferase activity was then measured using the Dual-Glo Luciferase Assay Kit (Promega).
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Statistical analysis

Results

Statistical analyses were performed with an unpaired ¢test, one-way ANOVA, two-way
ANOVA, or Log-rank (Mantel-Cox) Test (for Kaplan-Meier survival curves) using
GraphPad Software. The resulting statistics are indicated in each figure as follows: ns = not
significant (P> 0.05), * = (P< 0.05), ** = (P< 0.01), *** = (P< 0.001).

DUB expression is associated with EMT and decreased survival in human breast cancer

patients

To identify novel regulators of EMT within the ubiquitin-proteasome pathway, we examined
previously published microarray data. Taube et al. compared the transcriptomes of
immortalized human mammary epithelial (HMLE) cells that have undergone EMT via stable
overexpression of EMT-inducing factors (EMT-TFs) Twist, Snail, Gsc, or TGFp (20). We
filtered differentially expressed genes to a curated list of genes within the ubiquitin-
proteasome pathway, including the 26S proteasome subunits, ubiquitin ligases, and
deubiquitinases. Venn diagram analysis revealed three deubiquitinases — USP11, USP13,
and UCHL1 - that were upregulated across all HMLE lines (Fig. 1A). We confirmed the
upregulation of DUBs at the protein level (Fig. 1B) in HMLE-Twist and HMLE-Snail
compared to the parental line. To show that DUB expression was also differentially
expressed without forced overexpression of EMT-TFs, parental HMLE cells were sorted
based on their level of cell surface CD44, a previously established EMT marker (23). In the
~1% of cells that were CD44M9N within the parental HMLE cell line, DUB expression was
markedly increased compared to the rest of the population (CD44°%) (Fig. 1C). USP11,
USP13, and UCHL1 also appear to be a part of the TGFp-induced EMT pathway, as their
expression is upregulated upon TGFp treatment and EMT induction (Fig. 1D). These results
suggest that DUB expression is associated with the EMT, whether cells are induced with
TGFp or stable overexpression of EMT-TFs.

To establish a potential role for DUB expression in human disease progression, we examined
their expression in cohorts of breast cancer patients. Using the TCGA Breast Cancer patient
dataset, we found that patients with high expression of USP11 and USP13, but not UCHL1,
had decreased overall survival (OS) compared to patients with low expression (Fig. 1E).
Using the web tool Kmplot, we found that only patients with high expression of USP11, not
USP13 or UCHL1, exhibited a decreased distant metastasis-free survival (DMFS) (Fig. 1F).
These results are in line with previous work (24) and suggest that DUB expression may
contribute to both disease progression and metastasis in human breast cancer patients.

To understand USP11’s role in disease progression in a more specific manner, we used the
TCGA and Kmplot databases to correlate USP11 expression with clinically relevant patient
subsets and tumor stages. In the TCGA Breast Cancer patient dataset, we found that high
USP11 expression correlated with decreased OS in ER+ patients and patients with a
Luminal A tumor subtype, but not other tumor subtypes (Supp. Fig. 1A). Using the Kmplot
breast cancer database, we found that only patients a with Luminal B tumor subtype showed
a correlation with decreased OS and high USP11 expression (Supp. Fig 1B). When using
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DMFS as the clinical outcome, Kmplot analysis showed that high USP11 expression
correlated with decreased survival in patients with ER+, Luminal A, and HER2+ tumor
subtypes (Supp. Fig. 1B). These survival analyses suggest that patients with tumors of
epithelial nature (Luminal A/B, ER+) are more vulnerable to decreased survival and
increased metastasis that is associated with high USP11 expression. Lastly, we found that
USP11 expression was not significantly enriched in any tumor stage, suggesting that high
USP11 expression is likely a risk factor present at tumor initiation (Supp. Fig. 1C).

USP11 and its catalytic activity are necessary for a complete acquisition of EMT
characteristics in response to TGFp

To test whether DUBs play a role in regulating EMT, USP11, USP13, and UCHL1 were
retrovirally overexpressed in HMLE cells (Supp. Fig. 2A). We found that overexpression of
these DUBSs alone did not cause the cells to undergo EMT. However, when EMT was
induced via treatment with TGFp for 14 days, we observed that cells overexpressing USP11,
but not USP13 or UCHL1, exhibited a higher percentage of CD44Ni9" cells (Fig. 2A). Based
on this result, we decided to focus on the role USP11 plays in regulating TGFB-induced
EMT.

To determine if the effect of USP11 on EMT induction in HMLE cells was due to its
deubiquitinating activity, we overexpressed either wild-type USP11 (USP11-wt) or a C318S
catalytic mutant of USP11 (USP11-mut) in HMLE cells (Supp. Fig 2B). Unlike USP11-wt,
expression of the C318S catalytic mutant failed to enhance EMT, based on CD44 cell
surface expression (Fig. 2B) and mRNA expression of EMT markers CDH1 (E-cadherin),
CDH2 (N-cadherin), VIM, ZEB1, TWIST1, and SNA/I (Fig. 2C). These results suggest that
USP11’s deubiquitinating activity is necessary to enhance TGFp-induced EMT.

We next stably expressed USP11 shRNA in HMLE cells (HMLE-shUSP11) to determine if
USP11 is necessary for EMT induction (Supp. Fig 2C). After 14 days of TGFp treatment,
HMLE-shUSP11 cells were unable to undergo EMT to the same extent as cells expressing a
non-targeting control ShRNA (HMLE-shCtrl). HMLE-shUSP11 cells displayed a
significantly lower percentage of CD44M9" events (Fig. 2D) and failed to upregulate EMT
markers to the same extent at HMLE-shCtrl cells (Fig. 2E). Together, these data suggest that
while USP11 alone does not induce EMT, it is nonetheless required for TGFB-induced EMT
and is dependent on its catalytic activity to do so.

Cells that have undergone EMT have been shown to possess stem-like characteristics,
namely growth in suspension and self-renewal in the mammosphere formation assay (23).
We induced EMT with TGFp treatment for 14 days in the USP11 overexpression and
USP11 shRNA HMLE cell lines and then plated them in the mammosphere formation assay
(Supp. Fig. 3A). We found that overexpression of USP11-wt, but not USP11-mut, increased
the number of spheres formed compared to control cells (Supp. Fig. 3B), while ShRNA
knockdown of USP11 reduced the number of spheres formed compared to shCtrl cells
(Supp. Fig. 3C). This result was expected since the percentage of CD44M9" cells correlates
with the extent of sphere formation, and that CD44!° cells do not possess mammosphere-
forming capacity (23). To determine the role of USP11 in self-renewal, we first sorted cells
based on CD44 expression, and then plated them in the sphere assay (Fig. 3A). Neither
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USP11 overexpression nor USP11 shRNA knockdown affected the number of primary
spheres formed when only CD44M9h cells were plated suggesting that USP11 does not alter
the number of stem-like cells in the CD44M population (Fig. 3B, 3C). However, upon serial
passage, USP11-wt, but not USP11-mut cells formed more secondary spheres when
compared to control cells (Fig. 3B). Conversely, serial passage of shUSP11 spheres resulted
in fewer secondary spheres compared to shCtrl (Fig. 3C). Notably, the differences observed
in sphere formation are not due to apoptosis (Fig. 3D). These results suggest that USP11 and
its deubiquitinating activity are necessary for the self-renewal capacity of human mammary
epithelial cells. This is likely due to USP11’s effect on the stem-like characteristics of the
daughter progenitor cells formed in primary spheres that are then passaged on to the
secondary sphere formation experiment. It appears that an induction of EMT also induces
heritable self-renewal characteristics that continues in subsequent passages of
mammospheres, and the extent of this phenomenon is affected by USP11 expression, despite
the lack of EMT stimulus (TGFp).

USP11 and its catalytic activity influence human breast cancer cell migration and self-
renewal in vitro

Since we found that USP11 is upregulated in a panel of human breast cancer cell lines
compared to normal mammary epithelial cells (HMLE) (Supp. Fig. 4), we next sought to
determine the effects of modulating USP11 expression on the behavior of human breast
cancer cells. We chose two human breast cancer cell lines, MDA-MB-231 and SUM159,
which exhibited the highest and lowest extent of USP11 expression, respectively (Supp. Fig.
4). We performed shRNA knockdown experiments in MDA-MB-231 cells and retroviral
overexpression experiments in SUM159 cells and (Supp. Fig. 2D, 2E).

To determine the involvement of USP11 on the /n vitro behavior of human breast cancer
cells, we performed scratch wound and transwell cell migration assays. In a scratch wound
closure assay, overexpression of USP11-wt, but not USP11-mut, in SUM159 cells resulted
in significantly faster wound closure when compared to control cells (Fig. 4A). USP11
depletion caused MDA-MB-231 cells to close the wound significantly slower when
compared to control cells, as evidenced by a significantly larger open area 24 hours after the
scratch wound was made (Fig. 4B). The differences seen in wound closure did not appear to
be due to proliferative differences, since proliferation was not significantly different across
cell lines (Fig. 4C). In a transwell migration assay, overexpression of USP11-wt, but not
USP11-mut, caused more SUM159 cells to migrate through the transwell membrane (Fig.
4D). Conversely, shRNA knockdown of USP11 in SUM159 cells caused fewer cells to
migrate through the transwell membrane (Fig. 4D). These results suggest that
deubiquitination by USP11 regulates collective cell migration in response to a wound
(scratch wound assay) and single cell migration in response to a chemoattractant (transwell
assay).

In light of our observation that USP11 regulates self-renewal in normal mammary epithelial
cells (Fig. 3), we next sought to determine if USP11 also regulates self-renewal in human
breast cancer cells. Neither USP11 overexpression nor shRNA knockdown affected primary
sphere formation in T47D human breast cancer cells (Fig. 5A, 5D). However, upon serial
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passage, overexpression of USP11-wt, but not USP11-mut, increased the number of
secondary spheres compared to control cells (Fig. 5A). Conversely, USP11 depletion in
TA7D cells decreased the number of secondary spheres formed compared to shCtrl cells
(Fig. 5D). Notably, sphere volume was significantly larger in USP11-wt cells compared to
control and USP11-mut cells at the secondary passage, but not the primary passage (Fig. 5B,
5C). We also observed smaller spheres at both primary and secondary sphere passages in
TA47D cells lacking USP11 compared to shCtrl cells (Fig. 5E, 5F). Together, these results
show that while USP11 may not affect primary sphere formation, it does regulate secondary
sphere formation at subsequent passages suggesting a role in self-renewal. Strikingly,
USP11 also affects sphere size, suggesting a role in the proliferative capacity of progenitor
cells.

The extent of metastasis of human breast cancer xenografts is dependent on USP11
expression

On the basis of the results from our /in vitro experiments described above, we hypothesized
that modulating USP11 expression in human breast cancer cell lines would affect their
behavior /in vivo. To directly test this hypothesis, we used an experimental tail vein
metastasis assay. Indeed, we found that SUM159 cells overexpressing USP11-wt, but not
USP11-mut, colonized lung tissue as metastases 10-fold more than control cells (Fig. 6A).
Alternatively, when USP11 expression was knocked down with stable ShRNA expression,
MDA-MB-231 cells colonized lung tissue approximately 40% less than control cells (Fig.
6B). These results suggest that the effect of USP11 expression on /7 vitro behaviors of
cancer cell lines can be recapitulated with a more stringent 7 vivo test of metastatic
capacity.

USP11 regulates the stability of TGFBR2 and downstream TGF signaling in human breast
cancer cells

Given the known relationship between TGFp receptors and DUBs (14,16,25,26), and that
the USP11-dependent regulation of transwell migration we observed is TGFB-dependent
(Supp. Fig. 5), we hypothesized that USP11 was affecting TGFp receptor stability in human
breast cancer cells. To determine the mechanism of USP11’s effects on cancer cell behavior,
we measured the level of TGFp type Il receptor (TGFBR2) using flow cytometry.
Overexpression of USP11-wt, but not USP11-mut, caused a 50% increase in TGFBR2 levels
in SUM159 cells maintained in normal culture conditions (Fig. 7A). Conversely, USP11
depletion caused a 25% decrease in TGFBR2 levels in MDA-MB-231 cells maintained in
normal culture conditions (Fig. 7A). To investigate the stability and degradation of TGFBR2
in cancer cell lines, we performed a cycloheximide timecourse with simultaneous TGFB
treatment in cells that were serum-starved overnight prior to treatment. While TGFBR2 was
degraded over time in all cell lines, TGFBR2 exhibited increased stability in cells
overexpressing USP11-wt, but not USP11-mut (Fig. 7B). Conversely, TGFBR2 was
degraded more quickly in cells lacking USP11 (Fig. 7B). These results show that USP11
regulates the stability of TGFBR2 during TGFp stimulation.

To examine how USP11 affects TGFp signaling, we performed western blots to measure the
level of TGFp pathway activation. We found that USP11 modulates TGFp signaling over
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short timescales in human breast cancer cells, as differences in phospho-SMAD?2 levels were
evident following 30 minutes of TGFp treatment (Fig. 7C). TGFp transcriptional activity is
also affected by USP11, as the CAGA1, SMAD-dependent luciferase reporter (14) was
differentially activated when USP11 expression was altered in SUM159 cells (Fig. 7D).
Finally, we found that downstream targets of TGFp are affected by USP11, as USP11
depletion in MDA-MB-231 cells prevented the expression of PA/-1, SNO, SKI, CTGF, and
SNA/21to the same extent as control cells (Fig. 7E). These effects are recapitulated in the
induction of EMT markers by TGFp at the protein level in SUM159 and MDA-MB-231
cells (Supp. Fig. 6). Together, these results confirm that USP11 regulates TGFp signaling
and is essential for TGFp-dependent responses in human breast cancer cells.

Discussion

While EMT has been studied extensively and clearly plays a role in metastasis, novel
druggable regulators of EMT have yet to be uncovered and introduced into the clinic. Since
the majority of cancer mortalities are due to metastasis, anti-EMT drugs are an important
deficiency in the current arsenal of cancer therapies. In this study, we confirm the role of
USP11 in EMT using a robust EMT cell culture model. Furthermore, we establish for the
first time USP11’s importance in human breast cancer cell migration, self-renewal, and
metastasis.

In search of novel regulators of EMT within the ubiquitin-proteasome pathway, we mined
previously published microarray data and found USP11, USP13, and UCHL1 to be
upregulated during EMT. Using human mammary epithelial cells (HMLE), a robust /n vitro
model for EMT, we show that overexpression of these DUBSs alone does not change their
phenotype. However, upon EMT induction with TGF, only USP11 overexpression
enhanced the EMT phenotype. Further, modulation of USP11 expression affects the
development of mesenchymal characteristics in HMLE cells, namely mesenchymal marker
expression and self-renewal ability. These experiments are in line with previous work that
established a role for USP11, but not USP13 or UCHLL, in TGFp signaling and regulation
of TGFBR1 and TGFBR2 stability (16,26). While these studies use mouse or non-mammary
cell lines, the current study provides for the first time a thorough phenotypic and functional
characterization using a human model of EMT in cells derived from the mammary
epithelium.

Our study is also the first to show the dependence of human breast cancer cells on USP11
for cell migration, self-renewal, and metastasis. We showed that ShRNA knockdown of
USP11 slowed scratch wound closure and decreased transwell migration, while the opposite
effect was shown in a previous study in 786-O cells, a human renal cell adenocarcinoma cell
line (27). In that same study, ShRNA knockdown of USP11 in 786-O cells increased cell
proliferation, which contrasts with our observation that overexpression or ShRNA
knockdown of USP11 in SUM159 and MDA-MB-231 cells, respectively, had no effect on
cell proliferation in a 2D growth assay. However, we did find that USP11 knockdown
resulted in smaller T47D spheres at the secondary passage, raising the possibility that
USP11 may regulate cell proliferation. Moreover, the tail vein metastasis assay, which tends
to assess parameters related to survival and outgrowth, demonstrated alterations in lung
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colonization with USP11 overexpression or knockdown. Thus, it remains unclear whether
USP11 directly regulates cell proliferation, but it appears that USP11’s role may be context-
specific with different targets for deubiquitination in different cell and tissue types.

In terms of self-renewal, modulating USP11 expression had a significant effect in HMLE
normal epithelial cells and T47D human breast cancer cells. In general, we found that
USP11 is required for proper sphere formation and sufficient to increase sphere formation,
specifically at the secondary passage and independent of apoptosis. These results suggest
that USP11 is responsible for the maintenance of stem cell characteristics in stem-like
human breast cancer cells. Unexpectedly, we see USP11-dependent effects on sphere size in
TA7D cells. Sphere size is not well studied, but it is thought that sphere size indicates the
nature of the founder clone cell as being more stem-like in terms of being able to produce
more progenitor cells (28). Our results show for the first time USP11’s role in regulating
stem-like behavior of human breast cancer cells in vitro. While sphere number and size are
not necessarily a definitive readout of the /n vivo presence of cancer stem cells, /n vivo
models of metastasis are rigorous tests of these characteristics. Our study shows that, in this
case, the /n vivo experimental metastasis model does faithfully recapitulate the /n vitro
behaviors of human breast cancer cells.

Tumor-intrinsic subtype analysis of patient survival outcomes provided information about
which patient subpopulations are more at risk for USP11-associated disease progression and
metastasis. In these analyses, we found high USP11 expression in Luminal-type tumors
(Luminal A/B, ER+), but not Basal-like tumors, was associated with decreased survival and
metastasis. Luminal-type tumors tend to have more epithelial characteristics, and we
speculate that those tumor types are more sensitive to EMT-inducing signals, especially
those enhanced by USP11. Since Basal-like tumors have already adopted a mesenchymal
phenotype, USP11 may not be predictive of survival in those patients. By contrast, we
observed an effect of USP11 in regulating the behavior of Basal-like human breast cancer
cells in our xenograft studies. This apparent lack of correlation represents a limitation of the
study, but raises the possibility that characteristics beyond tumor subtype may influence
whether or not USP11 can influence growth, survival, and metastasis.

Mechanistically, we show that USP11 enhances TGFBR?2 stability, thereby enhancing TGFB
signaling and metastasis. USP11 has been shown to target both TGFBR1 and TGFBR2 for
deubiquitination (16,26) and our study confirms this pathway for the first time in human
breast cancer cells. It has not escaped our notice that USP11 likely deubiquitinates TGFBR1
in human breast cancer cells in order to affect EMT and metastasis. Since TGFp has been
linked to EMT and metastasis-promoting functions, it is likely that USP11 regulates the
metastatic cascade at multiple points (invasion, intravasation, extravasation, colonization,
any step that depends on TGF signaling). Thus, our current study suggests a role for
USP11 in the complex process of metastasis and implicates USP11 as a potential therapeutic
target in breast cancer
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Implications: USP11 regulates TGFB-induced epithelial-mesenchymal plasticity and
human breast cancer metastasis and may be a potential therapeutic target for breast

cancer.

Implications
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Figure 1. DUB expression isassociated with EM T and decreased survival in human breast

cancer patients

A, Venn diagram analysis of microarray data from GEO accession GSE24202. Ubiquitin-
proteasome system-associated genes were selected from the list of differentially expressed
genes. B, Western blot analysis of DUB protein levels in HMLE cells with or without
retroviral overexpression of EMT transcription factors. C, RT-gPCR analysis of DUB
MRNA levels in HMLE cells sorted based on CD44 cell surface expression level. D, RT-
gPCR analysis of DUB mRNA levels in HMLE cells treated or not with TGFp for 7 days. E,
Kaplan-meier analysis of overall survival in relation to the level of DUB gene expression in
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TCGA breast invasive carcinoma cases. F, Kaplan-meier analysis (KMplotter) of distant
metastasis free survival in relation to DUB expression in patient tumor samples.
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Figure 2. USP11 and its catalytic activity are necessary for a complete TGFB-induced EMT
A, B, D, Representative flow cytometry analysis of CD44 expression in HMLE cells treated

or not with TGFp for 14 days. (A) Retroviral overexpression of DUBs compared to GFP
expressing control (Ctrl), (B) retroviral overexpression of wild type USP11 (USP11-wt)
compared to C318S catalytic mutant USP11 (USP11-mut) and Ctrl, (D) retroviral expression
of shRNA targeting USP11 (shUSP11) compared to a non-targeting control sShRNA (shCtrl).
Three independent experiments are represented in the bar graphs. C, E, RT-qPCR analysis of
MRNA levels of EMT markers in HMLE cells treated or not with TGF for 14 days. (C)
Retroviral overexpression of wild type USP11 (USP11-wt) compared to C318S catalytic
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mutant USP11 (USP11-mut) and Ctrl, (E) retroviral expression of shRNA targeting USP11
compared to a non-targeting control shRNA (shCtrl). Three independent experiments are
represented in the bar graphs.
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Figure 3. USP11 regulates self-renewal in normal human epithelial cells
A, HMLE cells were treated with TGFp for 14 days, and then stained for cell surface CD44.

CDA44high cells were sorted by FACS and plated in the mammosphere assay. B, C, Primary
mammosphere formation was quantified after 10-12 days. Primary spheres were dissociated
and replated in the secondary mammosphere assay. Secondary sphere formation was
quantified after 10-12 days. Three independent experiments are represented in the bar
graphs. Representative images of spheres are shown. D, Secondary mammospheres were
dissociated and single cells were stained for apoptosis markers (Annexin V and 7-AAD) and
analyzed by flow cytometry. Live cells (Annexin V=/7-AAD™, lower left quadrant), early
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apoptotic cells (Annexin V*/7-AAD™, upper left quadrant), and late apoptotic cells (Annexin
V*/7-AAD*, upper right quadrant) were quantified as a percentage of total cells. Two
independent experiments are represented in the bar graphs.
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Figure 4. USP11 regulates human breast cancer cell migration, but not proliferation
A, B, Scratch wound away was performed with (A) SUM159 cells overexpressing GFP

(Ctrl), USP11-wt, or USP11-mut and (B) MDA-MB-231 cells expressing shCtrl or
shUSP11, in media containing TGFp. Percent open area was quantified by measuring the
surface area of the scratch wound at 0 and 24 hours after scratch wound was made. Shown
are representative images of the scratch wound 24 hours after scratch was made. Light gray
area indicates area covered by cells, while dark gray area indicates the scratch wound. Three
independent experiments are represented in the bar graph. C, Cell proliferation assay with
SUM159 and MDA-MB-231 cells. D, Transwell migration assay in SUM159 cells. For each
experiment, five random microscope fields were photographed and the number of cells per
field was quantified using ImageJ. Two independent experiments are represented in the bar
graphs.
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A, B, C, Primary and secondary sphere formation of T47D cells overexpressing GFP (Ctrl),

USP11-wt, or USP11-mut. Sphere number (A) and sphere volume (B) were quantified.
Representative sphere images are shown (C). D, E, F, Primary and secondary sphere
formation of T47D cells expressing shCtrl or shUSP11. Sphere number (D) and sphere
volume (E) were quantified. Representative sphere images are shown (F).
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Figure 6. USP11 regulates experimental metastasis of human breast cancer cellsin mice
A, B, Either 1.5x10% SUM159 cells (A) or 1x108 MDA-MB-231 cells (B) were resuspended

in PBS and injected via tail vein into NSG mice at a volume of 100 pl. After 6-8 weeks,
mice were sacrificed and lungs were analyzed for metastatic colonization by fixation,
paraffin embedding. H&E-stained sections were examined for percentage of tumor cells
amongst normal cells (tumor cellularity). Each data point represents the average tumor
cellularity of three step sections (100 um apart) from one mouse. The black arrows indicate
examples of metastatic tumors within lung tissue.
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Figure 7. USP11 regulates TGFBR2 stability and signaling in human breast cancer cells
A, Flow cytometry analysis of TGFBR2 median fluorescence intensity (MFI) in SUM159

cells overexpressing GFP (Ctrl), USP11-wt, or USP11-mut and MDA-MB-231 cells
expressing shCtrl or shUSP11. B, Flow cytometry analysis of TGFBR2 MFI over time after
CHX and TGFp treatment in SUM159 and MDA-MB-231 cells. C, Western blot analysis of
phosho-SMAD2 (pSMAD?2) in SUM159 cells overexpressing GFP (Ctrl), USP11-wt, or
USP11-mut and MDA-MB-231 cells expressing shCtrl or shUSP11 before and after TGFB
treatment for 30 minutes. All blot images are from the same membrane with intervening
irrelevant samples removed for clarity. D, Effect of USP11-wt or USP11-mut overexpression
and shRNA knockdown on CAGA1»-luciferase transcriptional response induced by TGFp in
SUM159 cells. E, RT-gPCR analysis of mRNA levels of TGFp target genes in MDA-
MB-231 cells expressing shCtrl or shUSP11.
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