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ABSTRACT  
Tumor cell dissemination in cancer patients is associated with a significant reduction in their survival and quality of 

life. The ubiquitination pathway plays a fundamental role in the maintenance of protein homeostasis both in normal and 
stressed conditions and its dysregulation has been associated with malignant transformation and invasive potential of 
tumor cells, thus highlighting its value as a potential therapeutic target. In order to identify novel molecular targets of 
tumor cell migration and invasion we performed a genetic screen with an shRNA library against ubiquitination pathway-
related genes. To this end, we set up a protocol to specifically enrich positive migration regulator candidates. We identified 
the deubiquitinase USP19 and demonstrated that its silencing reduces the migratory and invasive potential of highly 
invasive breast cancer cell lines. We extended our investigation in vivo and confirmed that mice injected with USP19 
depleted cells display increased tumor-free survival, as well as a delay in the onset of the tumor formation and a significant 
reduction in the appearance of metastatic foci, indicating that tumor cell invasion and dissemination is impaired. In 
contrast, overexpression of USP19 increased cell invasiveness both in vitro and in vivo, further validating our findings. 
More importantly, we demonstrated that USP19 catalytic activity is important for the control of tumor cell migration and 
invasion, and that its molecular mechanism of action involves LRP6, a Wnt co-receptor. Finally, we showed that USP19 
overexpression is a surrogate prognostic marker of distant relapse in patients with early breast cancer. Altogether, these 
findings demonstrate that USP19 might represent a novel therapeutic target in breast cancer.  

 
 

INTRODUCTION 
Cell migration plays a crucial role in a wide variety of 

physiological processes such as development, tissue injury 
and wound healing [1]. Its activation is highly regulated both 
spatially and temporarily, contributing to the maintenance 
of tissue and cellular homeostasis [1, 2]. Therefore, it is not 
surprising that when deregulated, migration is associated 
with the development and progress of multiple pathologies, 
including cancer [2-4]. 

During the development of malignant tumors, 
transformed cells change and acquire the ability to invade 
and abandon their original position. In order to do so, they 
need to pierce the surrounding extracellular matrix 
(invasion) and reach the circulatory torrent (intravasation). 
If they survive, some will be able to disseminate and get 
through distant capillary walls (extravasation), to invade the 
extracellular matrix in a new host environment, establishing 
a secondary tumor (colonization). During this process, cells 
acquire the ability to proliferate in an anchorage-
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independent manner with elevated invasive potential [5]. 
Cell motility plays a vital role in many of these events and 
therefore has a major influence in metastatic cell 
dissemination. Particularly in cancer, alteration or 
exacerbation of malignant tumor cell migration and 
dissemination is the principal cause of death due to solid 
tumors [6]. 

In addition, it was observed that decreasing the 
migratory capabilities of tumor cells can restore a certain 
level of sensitivity to cytotoxic reagents and increase the 
susceptibility to chemotherapeutic treatments [7, 8]. 
Consequently, targeting genes that regulate cell motility 
could be beneficial in the treatment of highly aggressive 
cancers [9, 10], and anti-migratory or anti-invasive activity 
is usually viewed as a desired attribute for novel anticancer 
drugs [11]. 

Cell motility is a complex process that requires post-
translational regulation of wide variety of proteins, 
modifying their biological function, subcellular localization, 
or half-life. Ubiquitination is an important form of protein 
post-translational modification that consists in the 
conjugation of ubiquitin polypeptides to target proteins 
[12, 13]. Ubiquitin tagged proteins are either subjected to 
destruction or responsible for regulating different 
processes, including endocytosis, DNA repair, cell cycle 
regulation, and gene expression [14]. The process of 
ubiquitin chain conjugation and elongation are regulated 
by a complex enzymatic cascade [15]. Also, like most post-
translational modifications, the addition of poly-ubiquitin 
chains can be reversed or modified. This process is carried 
out by deubiquitinating enzymes (DUBs), a family of 
proteins including approximately 100 members classified 
into few sub-groups according to their catalytic core 
domains [16]. The ubiquitination cascade is of vital 
importance for the maintenance of cellular homeostasis by 
regulating a wide variety of processes, including cell 
migration and invasion [14, 17]. 

Therefore, in order to identify novel molecular targets 
within the ubiquitination pathway that positively regulate 
migration we conducted a loss-of-function genetic screen. 
Screens targeting multiple genes significantly shortens 
experiment duration [18], and therefore they have been 
widely and successfully used to find genes involved in many 
physiological and pathological cellular processes [18-22], 
as they are relatively easy to perform and implement. In 
this study, we used a pooled shRNA interference library 
and an immortalized tumorigenic mammary epithelial cell 
line, MDAMB231, derived from a human triple-negative 
breast cancer. This type of cancer lacks expression of the 
estrogen receptor, progesterone receptor and human 
epidermal growth factor receptor 2 (HER2) and is 
associated with aggressive behavior and an overall poor 
prognosis [23]. Currently, there are no specific targeted 
therapeutic systemic alternatives for its treatment [24-26], 
and optimal chemotherapy regimens have yet to be 
established. 

From our screen, we identified the Ubiquitin specific 
protease 19 (USP19) as a new candidate gene associated 
with the regulation of cell migration and invasion. USP19 

Figure 1| shRNA-based selection of positive regulators of cell migration.  
(A) Overview of the selection procedure. The production and infection of 
a ubiquitination-related lentiviral shRNA library are described in 
Methods. Two weeks after lentiviral infection and selection, MDAMB231 
cells were seeded onto transwell inserts and allowed to migrate across 
the porous membrane for 24 hours in order to select cells with a 
decreased migration phenotype. Migrating cells were removed and non-
migrating cells were collected from the inserts upper compartment and 
amplified. Cells were then reseeded onto transwell culture inserts for a 
subsequent cycle of selection; this procedure was repeated until cells lost 
80% of their initial migratory potential. After every cycle of selection, the 
relative abundance of the different shRNAs was evaluated using Next 
Generation Sequencing. (B) Transwell assay was used every other 
enrichment cycle to determine the percentage of migratory cells and 
monitor the selection process. (C) shRNAs’ abundance was estimated 
after each selection cycle. 
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presents different isoforms and the most distinctive feature, 
structurally and functionally, is that some of them have a 
cytoplasmic localization while others have a transmembrane 
domain that serves as anchorage to the endoplasmic 
reticulum [27, 28]. This DUB is associated with protein 
quality control and cellular homeostasis [27-31]. In 
particular, it has been demonstrated that USP19 regulates 
LRP6 stability, a co-receptor of the Wnt signaling cascade 
[32]. Aberrant activation of this pathway and LRP6 
polymorphisms and overexpression have been associated 
with susceptibility to the development of different cancers, 
including breast cancer [33-37]. 

To validate USP19 function as a positive regulator of 
migration and invasion, we performed a series of in vitro and 
in vivo experiments analyzing USP19’s role in colonization 
and tumor formation. In addition, we showed that USP19 
overexpression is associated with distant relapse in patients 
diagnosed with early breast cancer (T1-2, N0, M0). 
Collectively, our data suggest that USP19 plays a crucial role 
in breast cancer cell dissemination, and we provide novel 
evidence that it can be a prognostic marker and attractive 
candidate for the development of new therapeutic 
strategies in breast cancer.  
 
RESULTS 
Migration-based screen to identify ubiquitination pathway 
genes with novel regulatory functions 

In order to identify novel positive regulators of cell 
migration within the ubiquitination pathway, we performed 
an shRNA-based functional selection screen (Fig. 1A). A 
pooled recombinant lentiviral shRNA library targeting over 
400 human ubiquitination related genes (≈ 5 shRNAs per 
gene) was stably transduced into breast cancer cells. The 
functional selection consisted in placing the mixed 
population into the upper compartment of a transwell unit 
and allowing migration through the perforated membrane 
to the lower compartment. Cells that exhibited reduced 
migration were isolated from the upper compartment and 
amplified. We performed subsequent enrichment cycles 
until shRNA-transduced cells lost about 80% of their initial 
migratory potential (Fig. 1B). After every enrichment cycle, 
we evaluated shRNAs relative abundance in the cell 
population by PCR amplification and quantitative 
sequencing from genomic DNA. As shown in Figure 1C, as 
enrichment cycles increased, we observed a marked 
reduction in the number of shRNAs, suggesting that the 
selection process was efficient. As a control, we used an 
empty vector-transduced cell line. 

 
Selection of candidate genes 

After the selection process, we followed an analytical 
workflow to select candidate genes for further validation 
(Fig. 2A). In order to avoid false positives due to off-target 
effects, we discarded those genes for which only one shRNA 
targeting its sequence was found in the sequencing results. 
These criteria allowed us to identify 30 genes whose 
depletion altered migration. Half of these genes had already 
been associated with migration, invasion, metastasis or 
tumorigenesis, and served as a proof of principle for the 

efficacy and specificity of our screen (Supp. Fig. 1 and Supp. 
Table 1). Among the identified candidates, we focused our 
attention on the study of the deubiquitinase USP19. 

 
Validation of USP19 as a regulator of cell migration 

In order to validate USP19 as a potential regulator of cell 
migration, we established stable MDAMB231 cell lines 
transduced individually with two different shRNAs targeting 
USP19 expression (named shRNA#1 and shRNA#2). Our 
results showed that both caused a significant reduction in 
USP19 mRNA and protein levels (Fig. 2B). 

It is conceivable that shRNAs promoting cell proliferation 
may have also been enriched during the functional 
selection, as they provide cells an advantage during the in 
vitro amplification step. To discard this possibility, we 
performed proliferation curves of control and USP19-
silenced cell lines and calculated doubling rates. We 
observed no differences between the different cell lines (Fig. 
2C, Supp. Fig. 2), providing evidence for a direct role of 
USP19 in the control of cell migration. 

Next, to confirm the effect of USP19 depletion on cell 
motility, we used two independent assays: transwell 
migration and wound-healing assays. As shown in Figures 2D 
and 2E, USP19 knockdown significantly decreased the 
migratory potential of cells relative to the control cell line. A 
more detailed analysis on the wound healing assay indicated 
that wound-edge cells speed and total displacement was 
significantly reduced in USP19 knockdown cells, and they 
presented a minor increase in persistence relative to control 
cells (Supp. Fig. 3). We also compared the effect on 
migration of USP19 silencing with USP10 silencing, one of 
the already published candidate genes obtained from our 
screen [38-40]. Our results indicate that knock down of both 
genes impair migration to a similar extent (Supp. Fig. 4). 

Altogether, these experiments indicate that USP19 
silencing affects cell migration in vitro. We further 
confirmed our findings using another highly invasive breast 
cancer cell line (Supp. Fig. 5). 

 
USP19 knockdown impairs invasion 

Cell motility is often associated with increased tumor cell 
invasion and is a characteristic trait of aggressive tumor cells 
[41, 42]. Based on the observation that modulation of USP19 
expression regulates migration, we decided to investigate 
the effect of USP19 depletion on tumor cell invasion.  

To this end, we used three different experimental 
approaches. We first analyzed the ability of cells to invade 
agar spots. Our results show that USP19 knockdown 
significantly reduced the number of invading cells as well as 
their total displacement, compared to the control cell line 
(Fig. 3A).  

We next performed a 3D growth assay by seeding cells 
at low confluence into noble agar, an anchorage-
independent matrix. After 6 weeks in culture, the control 
cell line formed bigger colonies compared to USP19-silenced 
cell lines (Fig. 3B), indicating that colonization, matrix 
invasion and anchorage independent growth in these 
conditions is partially impaired in cells where USP19 
expression is reduced. 
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Figure 2| Validation and characterization of USP19 as a regulator of cell migration.  
(A) Workflow used to select a candidate regulatory gene. MDAMB231 cells were stably transduced with control empty vector shRNA (control) or two 
different shRNAs (#1 & #2) targeting USP19. (B) Efficiencies of shRNA-mediated knockdown were confirmed by RT-PCR (top, n= 5, one-way ANOVA, 
Dunnett’s multiple comparison test. shRNA#1 p= 0.0048 and shRNA#2 p= 0.0006) and Western Blotting (middle and bottom, n= 5, one-way ANOVA, 
Dunnett’s multiple comparison test. shRNA#1 p= 0.0064 and shRNA#2 p= 0.0003). (C) Crystal violet (CV) staining was used to determine cell growth over 
time. Cells were seeded onto wells and allowed to attach. At the indicated time points, cells were fixed and then stained at the end of the experiment. The 
graph on the top shows the mean relative CV absorbance every 24 hours. Doubling time was calculated for control and USP19 silenced cell lines on the 
bottom (n³ 3, Kruskal-Wallis, Dunn’s multiple comparison test. shRNA#1 p> 0.9999 and shRNA#2 p> 0.9999). Migratory potential was evaluated by two 
different experiments. (D) Transwell assay: After 24 hours of incubation, USP19-depleted cells were stained for microscopic examination and the number 
of migratory cells was compared to control cells. The graph shows the number of migratory cells per transwell membrane (n= 4, one-way ANOVA, Dunnett’s 
multiple comparison test. shRNA#1 p= 0.0187 and shRNA#2 p= 0.0001). (E) Wound healing assays: scratching with a pipette tip made a gap on a monolayer 
of the different cell cultures, and time-lapse imaging monitored the number of migrating cells across the border. After 8 hours, cells exhibited different 
levels of migration. The graph on the left shows the gap covered area (mm2) after 8 hours (n= 16, one-way ANOVA, Dunnett’s multiple comparison test. 
shRNA#1 p< 0.0001 and shRNA#2 p< 0.0001) and the images on the right show representative areas in a wound healing experiment at the indicated time 
points. Scale bar= 100 μm.  
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Finally, to further characterize USP19 depletion on 
tumor cell invasion, we assessed growth and invasion into a 
reconstituted extracellular matrix that provides anchorage 
(Matrigel®). Both cell lines expressing USP19 shRNAs 

showed colonies with a significantly smaller size than the 
control cell line (Fig. 3C), indicating that USP19 is required 
for efficient invasion even when anchorage is provided.  
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Figure 3| USP19 knockdown reduces cellular invasion.  
(A) Top left: Diagram of agar spot assay. MDAMB231 cells were seeded in wells (pink surface) with drops of solidified agar (gray sphere) and allowed to 
invade along the bottom surface under the agar. Pictures were taken along the edge (the edge is indicated by a dotted line); the displacement (d) is the 
extent of invasion under agar from the spot edge until the end of the experiment. Bottom Left: Representative area showing cell invasion into an agar spot 
at the indicate time points. Top right: Quantification of the mean number of invading cells per spot (n³ 4, one-way ANOVA, Dunnett’s multiple comparison 
test. shRNA#1 p= 0.0497 and shRNA#2 p= 0.0042) and bottom right: cells mean displacement after 18 hours (n³ 4, one-way ANOVA, Dunnett’s multiple 
comparison test. shRNA#1 p< 0.0001 and shRNA#2 p< 0.0001). Scale bar= 100 μm. (B) Noble agar assay was used to study 3D culture proliferation and 
invasion. Left: Representative brightfield images obtained at 6 weeks in culture are shown. Scale bar= 150 μm. Right: Colony size was calculated at the end 
of the experiment (n= 2). (C) Left: Representative area showing cell invasion in a Matrigel 3D experiment after 5 days in culture. Right: Colony area was 
calculated at the end of the experiment (n³ 3, Kruskal-Wallis, Dunn’s multiple comparison test. shRNA#1 p= 0.1033 and shRNA#2 p= 0.0348). Scale bar= 
150 μm. 
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In a similar way to the migration experiments, we further 
validated our results using another breast cancer cell line 
(Supp. Fig. 5). 

Collectively, our results indicate that USP19 knockdown 
inhibits tumor cell invasion in vitro. 

 
USP19 overexpression enhances migration and invasion 

In order to complement our analysis on the putative role 
of USP19 as a positive regulator of migration and invasion, 
we analyzed the effect of USP19 overexpression in a poorly 
migratory and non-invasive breast cancer cell line (MCF7). 

For this purpose, we stably transfected MCF7 cells with 
a USP19 overexpressing plasmid (Fig. 4A), and then 

performed wound healing assays. As shown in Figure 4B, 
USP19 overexpression induced a significant increase in the 
gap covered area, compared to the control cell line. 

As a control, we overexpressed a catalytically mutant 
version of USP19 [28, 43-47] and a mutant lacking USP19 
transmembrane domain (Supp. Fig. 6). In contrast to USP19 
wild type, we did not detect any substantial increase in 
migration in either of these mutants compared to the 
control cell line (Figure 4B). 

This result further supports the hypothesis that USP19 is 
a positive regulator of migration, and it provides evidence 
that this phenotype is dependent on its catalytic activity and 
on its subcellular localization. 
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Next, we analyzed the effect of USP19 overexpression on 
invasion and growth into a reconstituted extracellular matrix 
(Matrigel®), using similar experimental settings as described 
before. We observed a significant increase in colony areas 
when comparing wild type USP19 overexpressing cells to the 

control cell line (Fig. 4C). In accordance with our previous 
results, the USP19-dependent increase in invasion is also 
determined by its catalytic activity and presence of the 
transmembrane domain (Fig. 4C). 
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Figure 5| Analysis of USP19 expression relevance using mice models.  
(A) Downregulation of USP19 attenuates tumorigenicity in vivo: Control or USP19-silenced MDAMB231 cells were subcutaneously inoculated into the 
mammary fat pads of female NOD/SCID mice and tumor growth monitored every 2-3 days. Left: tumor volume was calculated at the indicated time points 
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p< 0.0001 and shRNA#2 p< 0.0001). (B) Silencing effects of USP19 on experimental metastasis assays: NOD/SCID male mice were inoculated with 
MDAMB231 USP19-silenced cells through tail vein injection and after 2 months, lungs were harvested. Top left: metastatic foci were estimated by qPCR 
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lung images stained with Indian ink at the end of the experiment are shown. Scale bar= 1 cm. Right: metastatic load quantification was performed by 
evaluating lung Hematoxylin & Eosin stained slides. We used a lesion-based analysis of percent of metastatic pixels to compare the differences in metastatic 
load produced on the lungs by the MDAMB231 cell lines (n= 6, Kruskal-Wallis, Dunn’s multiple comparison test. shRNA#1 p> 0.9999 and shRNA#2 p= 
0.0299). (C) USP19 catalytic activity is needed for tumorigenicity in vivo: control, WT or C506S mutant versions of USP19 overexpressing MCF7 cells were 
subcutaneously inoculated into the mammary fat pads of female NOD/SCID mice. Left: tumor volume was calculated at the indicated time points (results 
show mean value ± S.E.); right: Kaplan-Meier curves were built for Tumor Free Survival (TFS) over time (n³ 7, Log-Rank (Mantel-Cox) test, WT p< 0.0001 
and C506S p= 0.5307).   
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USP19 regulates invasion in vivo  
To further characterize USP19-dependent control of cell 

invasion in vivo, we performed subcutaneous orthotopic 
xenotransplants and experimental metastasis assays in 
immunocompromised mice (NOD/SCID). 

First, we injected MDAMB231 control or USP19-silenced 
cells subcutaneously in the mammary fat pad of female mice 
and monitored tumor growth every 2-3 days. Tumor growth 
curves analysis indicated that those generated from control 
cells were significantly more volumetric than the ones 
originated from USP19-silenced cells (Fig. 5A, left and Supp. 
Fig. 7). Moreover, Kaplan-Meier curves for tumor-free 
survival indicated that cells expressing either of the shRNAs 
targeting USP19 generated fewer tumors compared to the 
control cell line (Fig. 5A, right and Supp. Table 2). In addition, 
we observed similar results using another breast cancer cell 
line (Supp. Fig. 8 and Supp. Table 2). 

Second, we analyzed USP19’s role in the regulation of 
tumor cell lung colonization. For that purpose, we 
inoculated control or USP19-silenced MDAMB231 cells 
through tail vein injection and harvested the lungs two 
months later. As shown in Figure 5B, USP19 depletion 
inhibits tumor foci formation in vivo, as evaluated by human 
DNA quantification (left) and metastatic load quantification 
in Hematoxylin & Eosin stained lung sections (right, and 
Supp. Fig. 9). We observed the same trend when another 
breast cancer cell line was used (Supp. Fig. 8). 

Last, we repeated the same type of tests using MCF7 
cells in similar experimental conditions. We subcutaneously 
injected control cells or cells expressing either wild type or 
catalytically mutant versions of USP19 in female mice.  

In agreement with our in vitro experiments, wild type 
USP19-expressing cells formed tumors in all injected mice, 
whereas mice injected with cells expressing the catalytic 
mutant did not show signs of tumor growth (Fig. 5C, Supp. 
Fig. 7 and Supp. Table 2). Since these cell lines showed no 
difference in proliferation rates in two dimensions (Supp. 
Fig. 10) and the fact that the MCF7 cell line does not usually 
form tumors unless an external estrogen source is supplied, 
this result highlights the importance of USP19 for tumor 
development and onset. 

Altogether, we concluded that USP19 is important for in 
vivo colonization and tumor growth. In addition, our results 
indicate that USP19 catalytic activity and transmembrane 
domain are required for its stimulatory effect on cell 
motility. 

 
 

USP19 regulates LRP6 protein levels in breast cancer cells 
In order to study the putative mechanism of action 

responsible for USP19 migration and invasion regulation, we 
performed an in silico analysis on breast cancer mRNA 
expression using publicly available datasets. Our results 
revealed that high USP19 expression levels correlate with 
the activation of the Wnt pathway (Fig. 6A, B and C), among 
others. This result was in concordance with previous 
observations by Perrody and collaborators, which 
demonstrated that USP19 stabilizes LRP6, a Wnt pathway 
coreceptor, and that this interaction affected downstream 
Wnt signaling capacity [32]. 

Based on these results, we analyzed LRP6 protein steady 
state levels upon USP19 genetic silencing or overexpression. 
In accordance with Perrody et al. [32], our results indicate 
that LRP6 protein levels decrease upon USP19 silencing in 
MDAMB231 (Figure 6D) and increase in wild type USP19-
overexpressing MCF7 cells, but not in cells expressing 
catalytically dead or cytoplasmic mutant versions (Fig. 6E). 
This correlation was also observed when using another 
breast cancer cell line (Supp. Fig 11).  

In order to test the functional relation between USP19 
and LRP6, we then analyzed the effect of LRP6 endogenous 
silencing in MCF7 cells overexpressing USP19. Our results 
indicated that wild type USP19-induced increase in 
migration was reverted by LRP6 shRNAs stable expression 
(Fig. 6F).  

Altogether, our results indicate that the axis 
USP19/LRP6, rather than the absolute level of expression of 
USP19 (Supp. Fig. 11), is key to regulate the migratory 
potential of breast cancer cells. 

 
Survival analysis of USP19 expression in early breast cancer 
patients 

Finally, we analyzed USP19 protein expression in a 
cohort study of early breast cancer patients (T1-2, N0, M0; 
n= 168) with long-term follow-up. Kaplan-Meier plots 
showed that overexpression of USP19 was associated with a 
significantly lower frequency of distant relapse free survival 
(DRFS), while no significant correlation with disease free 
survival (DFS) was observed (Fig. 7A and B). 

Multivariate analysis of DRFS, adjusted for other 
prognostic factors, revealed that USP19High was an 
independent prognostic predictor of DRFS (Table 1).  

Altogether these findings indicate that, in accordance 
with our in vitro and in vivo studies, USP19 represents a new 

Figure 6| USP19 mechanism of action.  
An in silico study was performed in order to analyze the relationship between USP19 expression levels and different pathway activation status. (A) USP19 
mRNA expression among primary breast carcinomas according to their intrinsic subtype. Expression analysis showed a consistent up-regulation in luminal 
A and B subtypes compared with basal-like and Her2 subtypes. (B) Luminal A/B primary breast cancers divided into low (n= 77) or high (n= 209) USP19 
mRNA expression levels. (C) Significantly activated pathways among Luminal A/B tumors with high USP19 mRNA expression (n³ 77, SAM test, p< 0.01). 
Western blotting was performed in order to analyze LRP6 protein expression in breast cancer cells upon USP19 genetic manipulation. (D) Top: Western 
Blot quantification in control or USP19 silenced MDAMB231 cells (n=5, one-way ANOVA, Dunnett’s multiple comparison test. shRNA#1 p= 0.0492 and 
shRNA#2 p= 0.0226), bottom: representative image of a blot. (E) Top: Western Blot quantification in MCF7 cells overexpressing control or GFP-tagged 
USP19 constructs (n=5, one-way ANOVA, Dunnett’s multiple comparison test. WT p= 0.0484, C506S p= 0.8469 and WTDTM p= 0.9968), bottom: 
representative image of a blot. (F) Wound healing assays were performed in order to analyze endogenous LRP6 silencing effects in MCF7 cells 
overexpressing WT or C506S mutant versions of USP19. Cells were stably transduced with control vector (‘ctrol’, PLKO.1 empty vector), or shRNAs targeting 
LRP6 (sh#1 and sh#2). Scratching with a pipette tip made a gap on a monolayer of the different cell cultures, and time-lapse imaging monitored the number 
of migrating cells across the border. The graph shows the gap covered area (mm2) after 8 hours (n=3, Kruskal-Wallis and Dunn’s multiple comparison test 
for WT or C506S overexpressing MCF7 cell lines, analyzed separately. WT overexpressing MCF7 cell line: sh#1 p= 0.0341 and sh#2 p= 0.2021. C506S 
overexpressing MCF7 cell line: sh#1 p= 0.7422 and sh#2 p> 0.9999). 
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predictor of distant metastasis formation in early breast 
cancer patients. 

 
DISCUSSION 

Migration occurs in a wide variety of physiological 
conditions, and alterations in its regulation are associated 
with different pathologies, including cancer [3, 4, 48]. In this 
disease, mortality is associated primarily with tumor growth 
at secondary sites, and effective therapies to block the 
metastatic cascade are lacking [6]. Tumor cells need to 
migrate, invade and colonize new niches prior to metastasis, 
making it a vital trait of malignancy. Indeed, a recent work 
indicated that migration, rather than proliferation, is 

strongly associated with breast cancer patient survival [49].  
Therefore, modulation of genes that regulate migration 

and invasion could find application for the treatment of 
cancer. In line with this reasoning, we chose to screen for 
genes that positively regulate motility within the 
ubiquitination pathway, as this cascade is currently 
emerging as an attractive therapeutic target in drug 
development [50-53]. Here we report the identification of 
USP19, a deubiquitinating enzyme, as a positive regulator of 
migration in breast cancer. USP19 was initially characterized 
as a DUB predominantly localized in the cytosol in 
association with Hsp90 and other chaperones [31]. USP19 
has been associated with the regulation of the half-life of 
several proteins that participate in different cellular 
processes [27, 32, 45, 46, 54-63].  

Our in vitro validation experiments showed that USP19 
depletion did not affect cell proliferation in agreement with 
Lu et al. [64], but directly inhibited cellular migration. In 
addition, we observed that USP19 knockdown impaired 
invasion, as evaluated by agar drop assays and three-
dimensional basement membrane cultures (Figs. 2, 3 and 
Supp. Fig. 5). When we analyzed growth into noble agar, the 
size of the resulting colonies was smaller than control cells, 
indicating that USP19 silencing also reduced anchorage-
independent growth (Fig. 3). In all cases, we observed a 
correlation between the extent of USP19 silencing and the 
reduction of migration and invasion potential. These results 
are in agreement with USP19-silencing deleterious effects in 
growth and development in Zebrafish embryos [65]. 

To further confirm our results, we analyzed how USP19 
overexpression affected migration and invasion, using a 
poorly migratory cell line. In agreement with our depletion 

Variable HR 95% CI P*

Tumor size, cm (>2 vs   2) 1.0     0.6-1.9 0.888
Tumor grade (1 vs  2-3) 1.1     0.5-2.8 0.793
ER (negative vs  positive) 1.6     0.6-4.2 0.302
PR (negative vs  positive) 1.1    0.5-2.6 0.853
Ki-67 (positive vs  negative) 1.1    0.6-2.0 0.818
HER-2 (positive vs  negative) 1.9     0.9-4.2 0.112
USP19 (low vs  high) 1.0     0.6-1.9 0.926

Tumor size, cm (  2 vs >2) 1.4     0.6-3.1 0.413
Tumor grade (2-3 vs  1) 3.6    0.5-27.0 0.221
ER (negative vs  positive) 2.7     0.9-8.8 0.090
PR (positive vs  negative) 1.8     0.6-5.3 0.313
Ki-67 (positive vs  negative) 1.1     0.5-2.4 0.808
HER-2 (positive vs  negative) 1.9     0.8-4.6 0.176
USP19 (high vs  low) 2.4    1.1-5.4   0.032*

Disease-free survival

Distant Relapse-Free Survival

Table 1| USP19High is an independent prognostic predictor of DRFS.  
Multivariate analysis of USP19 expression in breast tumors indicated that 
USP19High is an independent prognostic predictor of DRFS. HR: Hazard 
Ratio, CI: Confidence Interval (n= 168, Cox's proportional hazard model, 
DFS p= 0.926, DRFS p= 0.032). 
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Figure 7| Prognostic value of USP19 protein expression in breast cancer 
patients.  
Kaplan-Meier estimates of DFS and DRFS in patients with early breast 
cancer tumors, according to high (solid green lines) and low (dashed blue 
lines) expression of USP19. (A) 19 out of 62 patients (30.6%) harboring 
USP19High tumors and 30 out of 106 patients (28.3%) with USP19Low 
tumors had a disease relapse (n= 168, Log-Rank (Mantel-Cox) test, p= 
0.817). (B) Distant metastases developed in 18 out of 62 (29.0%) and 11 
out of 106 (10.4%) of patients with USP19High and USP19Low tumors, 
respectively (n= 168, Log-Rank (Mantel-Cox) test, p= 0.003).  
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experiments, USP19 overexpression induced an increase in 
cellular migration, invasion and growth in three-dimensional 
basement membrane cultures.  

These effects were dependent on USP19 its subcellular-
localization, and on the presence of a highly conserved 
cysteine at the catalytic site and mutation of this residue 
abolished USP19-induced migration and invasion. Taken 
together, these in vitro results suggest that USP19 
expression levels are associated with the regulation of 
motility, invasion, and anchorage-independent growth in 
breast cancer cell lines. 

Our in vivo studies using immunocompromised mice 
demonstrated that USP19 silencing decreased cell 
engraftment and tumor growth, as well as colonization into 
the lungs (Fig. 5A and Supp. Fig. 8B). On the contrary, 
overexpression of wild type USP19, but not its catalytically 
deficient mutant version, promoted tumor growth (Fig. 5B). 
This is compatible with the requirement of USP19 catalytic 
activity for local invasion and growth in three dimensions, 
both in vitro and in vivo. In line with these results, we 
observed a marked increase in USP19 mRNA expression in 
cells growing in tumors compared to the same cells in 
culture dishes (Supp. Fig 12). These results are compatible 
with a requirement for higher levels of USP19 to support 
three-dimensional invasion and growth, highlighting the 
possible existence of a specific regulation of USP19 in a 
context where cells need to invade. 

Finally, a retrospective study conducted on human 
breast tumor samples indicated that high USP19 protein 
levels are associated with high-risk for metastatic relapse in 
patients diagnosed with early breast cancer (Fig. 7). 

Altogether these results provide evidence indicating that 
USP19 has great potential as a therapeutic target for drug 
development in breast cancer treatment.  

In this regard, there is considerable scientific evidence 
demonstrating that DUBs exhibit strong substrate 
selectivity, which can be advantageous to ensure high 
efficacy and low adverse effects. Moreover, the design and 
development of a selective enzyme inhibitor is easier than 
generating an enzyme activator due to competitive 
inhibition and modeling of substrates [66]. In fact, numerous 
inhibitors for DUB activities have been already identified 
[67-71] and an orally bioavailable compound that inhibits 
USP19 activity has recently been developed [72]. 

USP19 was previously related to proliferation and 
growth in Ewing's sarcoma cells, a specific type of cancer 
characterized by a reciprocal translocation and fusion of the 
EWSR1 and the FLI1 genes. The authors demonstrated that 
USP19 specifically stabilized EWS-FLI1 fusion oncoprotein, 
but not EWSR1 or FLI1 proteins [45], therefore indicating 
that the specific molecular target of USP19 in this context is 
specific for this type of cancer and the results cannot be 
easily extrapolated to other contexts.  

To our knowledge, USP19 molecular mechanism of 
action in the regulation of migration and invasion in breast 
cancer cells was not investigated before.  

Our results demonstrated that USP19 expression 
correlates with tumor growth and invasion. Supporting this, 
we analyzed e-cadherin protein expression levels in the 

samples of our retrospective study and observed an inverse 
correlation between USP19 and e-cadherin expression (n= 
168, Spearman correlation analysis, rho= -0.180, p= 0.032, 
Supp. Table 3). In agreement with our results, previous 
reports demonstrated that low e-cadherin expression holds 
a prognostic value as a predictor of poorer prognosis and 
more aggressive phenotypes in breast cancer [73, 74].  

Moreover, we performed an in silico analysis on breast 
cancer mRNA expression publicly available datasets, which 
revealed that high USP19 expression levels correlate with 
the activation of the Wnt pathway (Fig. 6 A, B and C). This is 
consistent with a recent work which showed that USP19 
regulates LRP6 stability, a co-receptor of the Wnt signaling 
cascade [32]. Particularly in breast cancer, LRP6 is 
overexpressed in around a third of the patient samples, and 
its overexpression has been proposed as a distinctive 
feature of a specific class of breast cancer subtype [75].  

In this regard, our experiments show that LRP6 
expression positively correlates with USP19 protein levels in 
breast cancer cells (Fig. 6D and E, and Supp. Fig. 11) and that 
overexpression of a catalytically dead mutant or a 
cytoplasmic version of USP19 has no effect on LRP6 (Fig. 6E), 
in concordance with previous results [32]. Moreover, this 
molecular mechanism is specific associated with USP19 
modulation and it is not a general effect as a result of change 
in migration, since downregulation of USP10 and its 
concomitant reduction in migration does not alter LRP6 
protein levels (Supp. Fig. 4C). In all, our results are 
compatible with former experiments that demonstrated 
that LRP6 downregulation in breast cancer cell lines reduces 
their migratory and invasive potential [76], as well as their 
ability to form colonies in soft agar [75]. More importantly, 
we show that endogenous LRP6 silencing abolishes USP19 
overexpression-induced increase in migration (Fig. 6F). 
Consequently, our results indicate that the functional 
interaction between USP19 and LRP6 is key for the 
regulatory effect that USP19 exerts on the modulation of 
breast cancer cells migration and invasion. 

Opposite to our findings, Hu and collaborators very 
recently demonstrated that USP19 negatively regulates 
proliferation and migration in clear cell renal carcinoma [77]. 
In this type of cancer, the most relevant USP19 isoform is 
uc003cvz.3, which is mainly localized in the cytoplasm [78]. 
Based on our data showing that the control of cell migration 
in breast cancer cells is mainly exerted by the 
transmembrane USP19 isoform, it is plausible to assume 
that this difference could contribute to explain the divergent 
role that USP19 plays in these two different cellular 
contexts. 

For all the reasons expressed before, we conclude that 
USP19 is relevant for the regulation of breast cancer cell 
dissemination and its expression levels correlate with high 
risk of metastases development, and could therefore 
represent a novel target for the management of breast 
cancer metastatic disease, in particular when LRP6 
expression is relevant for determining patients’ outcome. 
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MATERIALS AND METHODS 
 

Cell lines and cell culture  
The human breast cancer cell lines MCF7, MDAMB231 

and MDAMB436 and the Hek293T cells were obtained from 
the ATCC and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco) supplemented with 10% fetal 
bovine serum (FBS) (Natocor, Córdoba, Argentina), 50U/ml 
penicillin-streptomycin and 200 μM L-glutamine at 37°C and 
5% CO2 in a humidified incubator. ATCC uses morphology, 
karyotyping, and PCR based approaches to confirm the 
identity of human cell lines. Mycoplasm contamination was 
evaluated monthly by PCR, and cell lines were cultured less 
than three months. 

 
shRNA screening and plasmid transfections 

A pool of plasmids encoding 1,885 shRNAs targeting 407 
different genes related to the ubiquitination pathway 
(UB/DUB library) in the pLKO.1 backbone produced by The 
RNAi Consortium (TRC, Sigma-Aldrich, St. Louis, MO) were 
obtained from the University of Colorado Cancer Center 
Functional Genomics Shared Resource. 1 mg of the shRNA 
library plasmid DNA at 100 ng/mL was mixed with 4 mg of 
packaging plasmid mix (pD8.9 and pCMV-VSVG lentiviral 
packaging plasmids at a 1:1 ratio) and incubated with 30 mg 
of polyethylenimine for 15 min at RT. The entire mixture was 
then added to a 100 mm dish containing Hek293T packaging 
cells at 75% confluence. 6 hours after transfection, media on 
cells was replaced with complete DMEM and 48 hours after 
media replacement, the supernatant from each dish of 
packaging cells (now containing lentiviral library particles) 
was filtered through 0.45 mm cellulose acetate filters and 
stored at -80ºC until use. Before performing the screen, MOI 
determination of the lentivirus stock was carried out using 
different dilutions. Target cells were seeded at 8x104 
cells/well in 6-well plates and then transduced with the 
lentivirus. After 48 hours the infective media was removed, 
and target cells were selected for 5 days with a 0.5 μg/ml 
puromycin DMEM medium. The amount of virus required to 
maintain 10% survival was used. These infection conditions 
were essential for each cell to be transduced with less than 
one lentivirus particle expressing a single shRNA. Target cells 
were transduced with a 1:27 dilution of the lentivirus stock 
and were then combined at the time of harvest to reach a 
starting number of 4,4x106 cells per condition (~300X 
coverage of the library complexity). 48 hours after 
transduction, the media was replaced with puromycin 
selection media and cells were then propagated for 14 days 
before use, in order to select out those shRNA targeting 
essential genes.  

For single shRNA transduction, TRCN0000051715 and 
TRCN0000051716 (USP19 shRNA# 1 and 2, respectively), 
TRCN0000033406 and TRCN0000033408 (LRP6 shRNA# 1 
and 2, respectively), and SHC001 (control) PLKO.1 vectors 
were used (obtained from the University of Colorado Cancer 
Center Functional Genomics Shared Resource); no MOI 
determination was performed. 

For overexpression experiments, transfections were 
performed using Lipofectamine 2000 reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s protocol. GFP 
tagged wild type and catalytically dead mutant (C506S) 
USP19 plasmids were a kind gift of Dr. Sylvie Urbé 
(University of Liverpool, UK), and GFP tagged DTM USP19 
plasmid was obtained by generating a premature stop by 
mutagenesis PCR from wild type USP19 vector. 

 
Mutagenesis  

Mutagenesis PCR amplification was performed with the 
KAPA HiFi System (Kapa Biosystems) following the 
manufacturer’s instructions. 1 μL DpnI enzyme (20 U, New 
England Biolabs #R0176L) was added to the 25 μL PCR 
mixture immediately after the final extension and incubated 
at 37ºC for 1 hour. The digestion product was then purified 
with the QIAquick PCR Purification Kit (Qiagen) following the 
manufacturer’s instructions, and 5 μL of the mixture was 
used to transfect competent E coli DH5α. Mutations that 
generated a stop codon at aminoacid 1290 were 
corroborated by sequencing and by checking expression in 
U2OS cells under a fluorescence microscopy (Supp. Fig 6). 
Mutagenesis primers sequences are as follows: 5’-
GATGAGGGCTGCCTCCGGTAGTAGTAGCTGGGCACCGTGGCGG-3’, 
5’-CCGCCACGGTGCCCAGCTACTACTACCGGAGGCAGCCCTCATC-3’. 

 
Transwell migration assay  

All cell lines were starved during 24 hours in assay 
medium (growth medium containing 0.1% FBS). The starved 
cells were trypsinized, 5x104 cells were added to the top 
chamber of 24-well transwells (8 μm pore size membrane; 
BD Bioscience, Bedford, MA), and assay medium was added 
to the bottom chambers and incubated for 24 hours (10% 
FBS). After non-migratory cells removal, membranes were 
fixed, stained with 4ʹ,6-diamidino-2-phenylindole, and 
mounted. The whole membrane was then imaged using a 
Zeiss Axio Observer Z1 Inverted Epi-fluorescence 
microscope with montage function. Image analysis was 
performed with Fiji software, using an automated analysis 
macro to measure the number of nuclei per transwell. 

For the migration screen, 6.6x105 starved MDAMB231 
cells expressing the shRNA library (or control cell line) were 
plated onto 6-well transwell chambers (8 μm pore size 
membrane; BD Bioscience, Bedford, MA) in assay medium. 
After a 24-hour incubation, the non-migratory cells were 
collected from the upper chamber, propagated and allowed 
to re-migrate eleven times for enrichment purposes (the 
non-migratory cells of each migration experiment were used 
for the subsequent cycle of enrichment). The non-migratory 
cells of 8 transwells were combined per each selection cycle 
to ensure a > 700 library coverage. Simultaneously, the 
percentage of non-migratory cells in each cycle was 
determined in 24-well plates as described before, using 8 
μm pore size membrane transwells (BD Bioscience, Bedford, 
MA). 

 
shRNA library preparation and sequencing 

The library preparation strategy uses genomic DNA and 
two rounds of PCR in order to isolate the shRNA cassette and 
prepare a single strand of the hairpin for sequencing by 
means of an XhoI restriction digest in the stem-loop region. 
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We used barcoded half-hairpin sequences for the 
identification of shRNAs from every enrichment cycle. The 
procedure was performed as described previously [79]. 
After purity analysis of the sequencing library, barcode 
adaptors were linked to each sample to allow a multiplexing 
strategy. A HiSEQ 2500 HT Mode V4 Chemistry Illumina 
instrument was used for that purpose and each sample was 
quantified and mixed together at a final concentration of 10 
ng/mL. Samples were sequenced with a simple 1x50 run and 
on average 1.2x106 reads were obtained per sample (> 600X 
shRNA library complexity). 

 
shRNA screen analysis  

shRNA data were analyzed in a similar fashion to RNA-
seq data. Briefly, quality control was performed with 
FastQC, reads were trimmed to include only shRNA 
sequences using FASTQ trimmer and filtered with the FASTQ 
Quality Filter. Reads were then aligned to a custom 
reference library of shRNA sequences using TopHat2. 

 
Quantitative PCR 

Total RNA was extracted from cell lines or tumor tissues 
using TRIzol reagent (Invitrogen, Thermo Fisher Scientific) 
according to the manufacturer’s instructions and 
complementary DNA synthesis was carried out using M-MLV 
reverse transcriptase in the presence of RNasin RNase 
inhibitor (Promega) and an oligo(dT) primer (Invitrogen).  

Total DNA was extracted from cell lines or fixed tissues 
using Qiagen DNeasy Blood and Tissue kit with the optional 
RNAse A treatment step and following the manufacturer’s 
instructions. 

Quantitative real-time PCR amplification, using specific 
primer sets at a final concentration of 300 nM, was carried 
out using the FastStart Essential DNA Green Master kit 
(Roche) at an annealing temperature of 60°C for 35 cycles, 
and a CFX96 PCR Detection System (Biorad). Expression was 
calculated for each gene by the comparative CT (ΔCT) 
method with GAPDH for normalization.  

Sequences and expected product sizes are as follows:  
Usp19 sense 5ʹ-CAAATGTTCTCATCGTGCAGCTC-3ʹ, 

antisense 5ʹ-CTTGCTCAGGTCCAGGTTCCTAACA-3ʹ (110 bp) 
and GAPDH sense 5’-TGCACCACCAACTGCTTAGC-3ʹ, 
antisense 5ʹ-GGCATGGACTGTGGTCATGAG-3ʹ (87 bp) for 
mRNA expression analysis. (PCR primers are all intron 
spanning). 

Human GAPDH sense 5ʹ-TACTAGCGGTTTTACGGGCG-3ʹ, 
antisense 5ʹ-TCGAACAGGAGGAGCAGAGAGCGA-3ʹ (166 bp) 
and mouse GAPDH sense 5’- CCTGGCGATGGCTCGCACTT -3ʹ, 
antisense 5ʹ- ATGCCACCGACCCCGAGGAA -3ʹ (232 bp) for 
DNA expression analysis.  

 
Western blot analysis  

Cells were lysed in lysis buffer (50 mM Tris-HCl pH 7.4, 
250 mM NaCl, 25 mM NaF, 2 mM EDTA, 0.1% Triton-X, with 
protease inhibitors mix (Complete ULTRA, Roche), 1 mM 
1,4-DTT, 1 μM NaOV, 10 nM okadeic acid). Protein 
concentrations in cell lysates were determined using the 
BCA assay Kit (Pierce) and then prepared for loading in 
Laemmli buffer 4X. Equal amounts of protein were 

separated by 8-12% SDS-PAGE and transferred to PVDF 
membranes (Millipore-Merck). Membranes were incubated 
with primary antibodies: rabbit anti-USP19 antibody (Bethyl 
Cat# A301-587A, 1:2000 dilution), mouse anti-tubulin 
antibody (Santa Cruz Biotechnology, Cat# sc-398103, 1:3000 
dilution), mouse anti-β-actin antibody (Cell Signaling, Cat# 
3700, 1:5000 dilution), mouse anti-GFP antibody (Santa Cruz 
Biotechnology, Cat# sc-9996 B2, 1:1000 dilution) and rabbit 
anti-LRP6 antibody (Cell Signaling Cat#2560 C5C7, 1:2000 
dilution) and HRP-conjugated secondary antibodies: anti-
rabbit (GE Healthcare Cat# NA934); anti-mouse (GE 
Healthcare Cat# NA931, 1:5000 dilution), and then detected 
using an ECL SuperSignal West Femto y West Pico detection 
kit (Pierce). 

 
Crystal violet proliferation assay  

1x104 cells were seeded in 96-well plates at time= 0 
hours in quadruple. Every 24 hours, medium was removed 
at each time point, cells were rinsed with 1X PBS and fixed 
with methanol for 15 minutes. After 4 days, all wells were 
staining simultaneously with 150 μl of a 0.05% crystal violet 
solution for 15 minutes. Plates were then rinsed with water, 
dried out and the remaining crystal violet was solubilized in 
150 μl methanol. The absorbance was measured at 595 nm 
in a plate reader. An exponential growth model for non-
lineal regression was used to calculate doubling time. 

 
Area-based analysis of proliferation rate 

This experiment was performed as described previously, 
with minor modifications [80]. Briefly, 1x103 cells were 
seeded in 96-well plates and incubated overnight to allow 
cell attachment. Images were then acquired under bright 
field illumination every 6 hours for 3 days using a 10X air 
objective and Zeiss Zen Blue 2011 software for image 
acquisition. Image analysis was performed with Fiji 
software, using an automated analysis macro to measure 
the occupied area by cells. An exponential growth model for 
non-lineal regression was used to calculate doubling time. 

 
Wound healing assays  

Cells were seeded onto 24-well culture plates at 2,5x105 

per well in growth medium. Confluent monolayers were 
starved during 24 hours in 0.1% FBS supplemented DMEM 
medium and a single scratch wound was created using a 
micropipette tip. Cells were washed with PBS to remove cell 
debris, supplemented with 3% DMEM medium, and 
incubated at 37°C under 5% CO2 to enable migration into 
wounds. Images were acquired with a Zeiss Axio Observer 
Z1 Inverted Epi-fluorescence microscope equipped with an 
AxioCam HRm3digital CCD camera; a Stage Controller XY 
STEP SMC 2009 scanning stage and an Incubator XLmulti S1 
and Heating Unit XL S1 for live imaging incubation. Images 
were acquired under bright field illumination using a 10X air 
objective and Zeiss Zen Blue 2011 software for image 
acquisition. Image analysis was performed with Fiji 
software, using an automated analysis macro to measure 
the occupied area by cells, and the results are presented as 
the wound covered area at the end of the experiment, 
relative to time= 0 hours. For wound-edge cells analysis, 
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GFP-tagged H2B expressing MDAMB231 cells were used. 
Images were acquired every 30 minutes for 8 hours for three 
independent experiments, and calculations were performed 
using cell tracks from each wound edge separately. The 
number and position of cells were determined using image 
analysis software, ImageJ/Fiji -‘Trackmate’ plug-in [81], and 
trajectory analysis was performed using the ‘Chemotaxis 
and Migration Tool’ plug-in for ImageJ 1.01 (Ibidi). 

 
Agar invasion assay  

The procedure was performed as described previously, 
with minor modifications [82-84]. A 1% noble agar solution 
was heated until boiling, swirled to facilitate complete 
dissolution, and then taken off of the heat. When the 
temperature cooled to 50°C, 5 μL spots were pipetted onto 
96 well cell culture plates and allowed to cool for 20 min at 
RT under the hood. At this point, 5x103 cells were plated into 
spot-containing wells in the presence of 10% FBS cell culture 
media supplemented with 1 μg/ml Hoechst 33258 (Thermo 
Fisher Scientific) and allowed to adhere for 1 hour. 
Fluorescent images of the edges of each spot were taken 
every 20 minutes during 18 hours on an Axio Observer Z1 
(Zeiss) Fluorescence Microscope using a 10X magnification 
air objective, equipped with CCD Axio Cam HRm3 digital 
Camera, and a XL multi S1 (D) incubation unit plus a XL S1 
(D) temperature module to maintain cell culture conditions 
at 37°C and 5% CO2. Acquisition was controlled with Zen 
Blue 2011 (Zeiss) Software. Graph construction and 
statistical analysis were performed using GraphPad Prism. 
The number and position of cells were determined using 
ImageJ/Fiji -‘Trackmate’ plug-in [81]. 

 
Noble agar assay  

This experiment was performed as previously, with 
minor modifications [85]. A 2 ml mixture of 5,000 cells in 
assay medium and 0.3% noble agar was seeded onto a 4 ml-
solidified bed of 0.6% noble agar on six-well plates. The 
plates were allowed to solidify and were then incubated at 
37°C. The cultures were fed once a week with assay 
medium. The cultures were imaged, and the number of 
colonies was counted after 6 weeks.  

 
Matrigel three-dimensional cell culture  

Experiments were carried out based on experimental 
settings described before [86-89]. Briefly, 1,000 cells were 
cultured during the length of the experiment in 100 μl 
basement membrane gels composed of 9.2 μg/μl phenol 
red-free growth factor reduced Matrigel (BD Bioscience) in 
96 well plates. 50 μl of fresh medium were added on top of 
each gel every three days. 

 
Mouse tumorigenesis and metastasis models 

NOD SCID mice were originally purchased from Jackson 
Laboratories (Bar Harbor, ME, USA), and bred in our animal 
facility under a pathogen-free environment. For all 
experiments, 7/8-week-old mice were used in accordance 
with protocols approved by the Institutional Board on 
Animal Research and Care Committee (CICUAL, 
Experimental Protocol # 63, 22.nov.2016), Facultad de 

Ciencias Exactas y Naturales (School of Exact and Natural 
Sciences), University of Buenos Aires.   

For in vivo mouse tumor studies, 5x105 transduced cells 
were suspended in 100 μl of sterile 1X PBS and 
subcutaneously injected in the mammary fat pads of female 
mice. Tumors were measured every 3 days and tumor 
volumes were calculated using the following formula: Vol 
(volume)= ½ (width2 * length). Area Under Curve analysis 
was performed using measurements from mice that were 
alive at the end of the experiment. 

For the experimental metastasis assay, 1x106 cells were 
suspended in 200 μl of sterile 1X PBS and injected in the 
lateral tail vein of male mice. Lungs were harvested 60 days 
post-injection, fixed in buffered formalin and then stored in 
70% ethanol until use for DNA quantification (as described 
before [90]) or paraffin embedding and Hematoxylin and 
Eosin staining, or insufflated with a 15% India Ink solution 
and counterstained with Fekete’s solution for 
macrometastasis exposure and imaging. 

 
Metastatic load quantification of lung Hematoxylin & Eosin 
(H&E) stained slides 

The presence of tumor nodules was identified by 
scanning individual lung H&E stained slides with an optical 
microscope. Digital image files were acquired for each 
specimen. For the analysis of the lung metastatic area, 
Adobe Photoshop software was used to determine the 
percentage of the lung section that was occupied by the 
tumor. Furthermore, since the cell-surface glycoprotein 
CD44s is constitutively expressed by MDAMB231 cells, 
immunohistochemical staining with the anti-human CD44s 
(HCAM) antibody (clone DF1485; heat induced epitope 
retrieval in citrate buffer pH 6.0; dilution 1:50, incubation 
time: 60’) was used to confirm the tumor origin of the lung 
nodules (Supp. Fig. 9).  

 
In silico analysis of USP19 mRNA expression among the 
TCGA-BRCA dataset 

Pre-processed USP19 expression levels among 800 
primary breast carcinomas with intrinsic subtype data and 
their integrated pathway activities (pathway activity - z score 
of 1387 constituent PARADIGM pathways) were obtained 
from the TCGA Breast Cancer (BRCA) dataset at UCSC Xena 
browser (http://xena.ucsc.edu/). The PARADIGM algorithm 
integrates pathway, expression and copy number data to 
infer activation of pathway features within a superimposed 
pathway network structure extracted from NCI-PID, 
BioCarta, and Reactome [91]. 

Briefly, Luminal A/B primary breast cancer group (n= 
600) was divided into low (n= 77) or high (n= 209) USP19 
expression levels according to the StepMiner one-step 
algorithm 
(http://genedesk.ucsd.edu/home/public/StepMiner/). 
These two groups were then compared at their integrated 
pathway activities to identify the most relevant signaling 
pathways associated with USP19 expression using the SAM 
test (p< 0.01; Fold Change> 1.5) with MultiExperiment 
Viewer Software (MeV 4.9). 
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Patients and immunohistochemistry  
We retrospectively extracted the eligible patients for the 

study from a consecutive cohort of cases (year range, 1983-
2001) diagnosed with primary unilateral breast carcinoma at 
the Regina Elena National Cancer Institute, Rome, Italy. 
From the original series, only N0 patients with T1/T2 tumors 
were included in this study (n= 168). The patient and tumor 
characteristics can be found in Supplementary Tables 4 and 
5. This study was reviewed and approved by the Ethics 
Committee of the Regina Elena National Cancer Institute, 
and written informed consent was obtained from all 
patients. All the patients were treated with quadrantectomy 
and received radiation therapy, while 90 (53,6%) received 
chemotherapy associated or not to hormonal therapy, and 
58 (34.5%) underwent only hormonal therapy. Patients with 
HER2-positive tumors did not receive trastuzumab because 
it was not available during the study period. The median 
follow-up was 91.5 months (range, 6 - 298 months). Follow-
up data were collected from institutional records or 
referring physicians. During the follow-up, distant relapse 
was seen in 29 (17.3%) of the patients.  

Tissue microarrays (TMA) were constructed by punching 
2-mm-diameter cores from invasive breast carcinoma areas, 
as previously described [92]. TMA sections were incubated 
overnight with the rabbit anti-USP19 polyclonal antibody 
(LifeSpan, Cat# LS-C353286, 1:50 dilution) after applying the 
MW antigen retrieval technique at 750 W for 10 min in 10 
mM Sodium Citrate Buffer (pH 6.0). The anti-rabbit EnVision 
kit (Agilent, CA) was used for signal amplification. For the 
negative control, the primary antibody was substituted with 
a rabbit non-immune serum.  

The anti-E-cadherin mouse monoclonal antibody (clone 
HECD-1, 1:50 dilution, 30 min, Zymed Laboratories Inc., San 
Francisco, CA) was also used. Antigen retrieval was 
performed as described in the previous paragraph. 

The immunohistochemical analysis was carried out by 
two pathologists (R.L., S.B.) by agreement, with both blinded 
to the clinicopathological information. The proportion of 
USP19-positive cells that showed cytosolic positivity was in 
the range of 4-100%, with a mean ± S.E. of 63.2% ± 3.6. E-
cadherin positivity was defined as a membrane-associated, 
linear pattern of immunoreactivity which decorated the cell 
membrane entirely. 

The immunohistochemical results for the estrogen 
receptor (ER), progesterone receptor (PR), Ki67, and HER2 
status were obtained from the patient hospital records. 

 
Statistical analysis 

Results are presented as Box-and-whisker plots with 
median interquartile ranges plus minimum to maximum. n 
indicates the number of independent biological replicates. 
The one-way ANOVA with Dunnett’s multiple-comparison 
test as well as non-parametric Kruskal-Wallis and Dunn’s 
Tests were used to compare treatments to their 
corresponding control, and adjusted p-values are indicated. 
P-value differences of < 0.05(*), < 0.01(**), < 0.001(***) or 
< 0.0001(****) were considered statistically significant. 
GraphPad Prism and SPSS (SPSS version 15.0, Chicago, IL) 
statistical software were used for the analysis. 

The expression of the USP19 protein in patients’ samples 
was reported as percent of positive cells and dichotomized 
(high vs. low) according to the ROC analysis. The optimal cut-
off parameter for USP19 positive expression was 50%. 
Consequently, tumors were identified as USP19High (n= 62) 
with a score above the cut-off threshold, while it was 
USP19Low (n= 106) with a score below the threshold (Supp. 
Fig. 13). Pearson’s χ2 or Fisher’s exact tests were used to 
assess the relations between the tumor USP19 protein 
expression and the patient clinicopathological parameters. 
Disease-free survival (DFS) was defined as the interval from 
surgery to the first of the following events: tumor relapse at 
local or distant sites. Distant relapse-free survival (DRFS) was 
defined as the time from surgery to the occurrence of 
distant relapse. The Log-Rank (Mantel-Cox) test was used to 
analyze differences between the survival curves, and Cox's 
proportional hazard model was used to evaluate the 
association of USP19 expression with survival time, using 
covariates. The following covariates were computed in the 
multivariate model: tumor size, tumor grade, and ER, PR, Ki-
67, HER2, and USP19 status.  
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Figure S1| Candidate regulators of migration. 
We performed a loss-of-function screen using shRNAs targeting ubiquitination pathway-related genes in MDAMB231 cells. 
We implemented a cyclic functional selection and focused our analysis in cells that presented impaired migration. By 
sequencing DNA of selected cells, we calculated the frequency of each shRNA relative to the whole population of shRNAs 
after every cycle of selection. We then calculated the fold enrichment of each shRNA as their relative abundance in the 
fourth cycle compared to their abundance in the non-selected population of cells. The graph shows the mean fold enrichment 
(log2 of relative abundance [r.a.]) of at least two shRNAs targeting each candidate gene. Values above zero represent 
putative positive regulators of migration, and values below zero belong to shRNAs that were lost in the screen and could 
represent negative regulators of migration.  
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Figure S2| Doubling time of USP19 silenced MDAMB231 cells.  
An area-based analysis of proliferation rate was used to determine cell growth over time. Cells were seeded onto wells, 
allowed to attach and imaged at the indicated time points. Left: relative mean occupied area at each time point ± S.E., and 
right: doubling time calculated for control and USP19 silenced cell lines (n= 9, one-way ANOVA, Dunnett’s multiple 
comparison test. shRNA#1 p= 0.6284 and shRNA#2 p= 0.2123). 
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Figure S3| Detailed analysis on the wound healing assay in control or USP19 silenced MDAMB231 cells. 
We generated MDAMB231 cells expressing GFP tagged-H2B and then stably transduced them with control vector or shRNAs 
# 1 and # 2 directed against USP19. For the wound healing assays, a scratch was made with a pipette tip on a monolayer of 
the different cell cultures, and time-lapse imaging monitored the number of migrating cells across the border. (A) 
Representative images of a wound healing assay at time= 0 hours. Cells circled in magenta were considered for the analysis. 
Data corresponding to circled cells in the gap area were manually excluded from the analysis. Data was collected from three 
independent experiments for each cell line. Scale bar= 100 μm. (B) The graph shows the gap covered area (mm2) at the 
indicated time. (C) Cells mean speed from each wound-edge was calculated throughout the length of the experiment. (n=6, 
one-way ANOVA, Dunnett’s multiple comparison test. shRNA#1 p< 0.0001 and shRNA#2 p= 0.0028). (D) Mean accumulated 
track displacement (total displacement) for cells in each wound-edge was calculated until the end of the experiment (n=6, 
one-way ANOVA, Dunnett’s multiple comparison test. shRNA#1 p< 0.0001 and shRNA#2 p= 0.0059). (E) Persistence was   
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calculated as the Euclidean/Accumulated track displacement ratio for control or USP19 silenced MDAMB231 cells at each 
wound-edge. (n=6, one-way ANOVA, Dunnett’s multiple comparison test. shRNA#1 p= 0.0003 and shRNA#2 p= 0.0527). (F) 
Rose diagrams representing the orientation of migration trajectories relative to cells position at time= 0 hours. Cells from 
the left wound-edge of three videos per cell line are shown, and each sector indicates the frequency of trajectory orientation. 
Control cell line (n= 131), shRNA#1 (n= 107) and shRNA#2 (n= 123). F: forward to direction of migration, L: left to direction 
of migration, O: opposite to direction of migration, R: right to direction of migration. 
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Figure S4| USP10 silencing effects in MDAMB231 cells migratory potential. 
We generated USP10 silenced MDAMB231 cells and compared the effect on migration with USP19 depletion experiments. 
(A) Efficiencies of shRNA-mediated USP10 knockdown were confirmed by RT-PCR (n= 4, one-way ANOVA, Dunnett’s multiple 
comparison test. shRNA#1 p= 0.0004 and shRNA#2 p= 0.0002, relative to mRNA expression in control cells). (B) Wound 
healing assays were used to analyze migration. The graph shows the gap covered area for control or cells stably expression 
shRNAs targeting USP10 or USP19 after 8 hours (n³4 Kruskal-Wallis, Dunn’s multiple comparison test. USP10 shRNA#1 p= 
0.4576, USP10 shRNA#2 p= 0.0397, USP19 shRNA#1 p= 0.0141 and USP19 shRNA#2 p= 0.0060). (C) LRP6 protein expression 
was evaluated in control or USP10 silenced MDAMB231 cells. Left: representative image of a blot; right: LRP6 signal 
quantification (n=3, Kruskal-Wallis and Dunn’s multiple comparison test. shRNA#1 p> 0.9999 and shRNA#2 p> 0.9999). 
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Figure S5| In vitro validation in MDAMB436 cells.  
USP19 silencing effects were studied in MDAMB436 cells. (A) Left: Efficiencies of shRNA-mediated target gene knockdown 
were confirmed by RT-PCR (n³ 5, Kruskal-Wallis, Dunn’s multiple comparison test. shRNA#1 p= 0.6028 and shRNA#2 p= 
0.8335) and Right: Western Blotting (n= 4, one-way ANOVA, Dunnett’s multiple comparison test. shRNA#1 p= 0.0039 and 
shRNA#2 p= 0.0002). (B) Cells migratory potential was evaluated by wound healing assay. Left: gap covered area (mm2) 
after 8 hours (n= 3, Kruskal-Wallis, Dunn’s multiple comparison test. shRNA#1 p= 0.0146 and shRNA#2 p= 0.3594); right: 
representative areas in a wound healing experiment at the indicated time points. Scale bar= 100 μm. (C) Invasiveness was 
assessed with Matrigel 3D experiments. Left: Colony area was calculated at the end of the experiment (n= 3, Kruskal-Wallis, 
Dunn’s multiple comparison test. shRNA#1 p= 0.2021 and shRNA#2 p= 0.0341); right: a representative area for the cell 
invasion assay after 5 days in culture is shown. Scale bar= 200 μm. 
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Figure S6| USP19 overexpression in U2OS cells.  
There are a variety of USP19 mRNA transcripts generated by alternative splicing, and not all of them show the same 
functional properties. In this regard, changes in the last exon coding sequence generate soluble isoforms and endoplasmic 
reticulum (ER) membrane-bound isoforms. In order to analyze whether USP19’s transmembrane domain was required for 
migration and 3D growth, we generated a GFP-tagged USP19 construct (wild type for its catalytic activity) with a point 
mutation that generates a premature stop codon. This mutation prevented the transmembrane domain to be translated, 
therefore generating a protein that mimicked USP19’s soluble isoform (named WTDTM). We analyzed overexpressed-USP19 
proteins subcellular localization by transiently transfecting U2OS cells with wild type (WT), catalytically dead mutant (C506S) 
or cytoplasmic (WTDTM) GFP-tagged USP19 constructs. Cells were fixed with 4% paraformaldehyde, stained with DAPI and 
mounted. Images were captured using an inverted fluorescence microscopy. Scale bar= 100 µm. 
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Figure S7| Tumor growth analysis.  
Tumor growth was analyzed by calculating the area under the tumor volume curves of mice injected with the different cell 
lines, at the end of the experiment. (A) AUC values of mice injected with MDAMB231 cells (n³ 10, Kruskal-Wallis, Dunn’s 
multiple comparison test. shRNA#1 p= 0.0021 and shRNA#2 p< 0.0001). (B) AUC values of mice injected with MCF7 cells (n³ 
4, Kruskal-Wallis, Dunn’s multiple comparison test. WT p= 0.0015 and C506S p= 0.7582).  
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Figure S8| In vivo experiments with MDAMB436 cells.  
(A) Downregulation of USP19 attenuates tumorigenicity in vivo: control or USP19-silenced MDAMB436 cells were 
subcutaneously inoculated into the mammary fat pads of female NOD/SCID mice. Top left: Tumor volume was measured at 
the indicated time points (results show mean value ± S.E.). Top right: the area under the tumor volume curves was calculated 
at the end of the experiment (n³ 6, Kruskal-Wallis, Dunn’s multiple comparison test. shRNA#1 p= 0.0053 and shRNA#2 p= 
0.0014). Bottom: Kaplan-Meier curves were built for Tumor Free Survival (TFS) over time (n³ 6, Log-Rank (Mantel-Cox) test, 
shRNA#1 p= 0.0003 and shRNA#2 p= 0.0001). (B) Experimental metastasis assay: NOD/SCID male mice were inoculated with 
MDAMB436 USP19-silenced cells through tail vein injection and after 2 months, lungs were harvested. Metastasis foci were 
estimated by qPCR human DNA quantification (n³  2). 
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Figure S9| Metastatic load determination.  
Representative images of lung sections of mice injected with control or USP19-silenced MDAMB231 cells. Tissues were 
analyzed for metastatic load by Hematoxylin & Eosin staining (A, C, and E), and nodules tumor origin was confirmed by 
staining with the mouse anti-human CD44s monoclonal antibody (B, D, and F). Scale bar: 50 μm. 
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Figure S10| USP19 overexpression does not affect 2D proliferation in MCF7 cells.  
Crystal violet (CV) staining was used to determine cell growth over time. Cells were seeded onto wells and allowed to attach. 
At the indicated time points, cells were fixed and then stained at the end of the experiment. (A) The graph shows the mean 
relative CV absorbance every 24 hours. (B) Doubling time was calculated for MCF7 cells overexpressing WT or mutant C506S 
USP19 constructs (n³ 3, Mann-Whitney test, p= 0.4000). 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 24, 2020. ; https://doi.org/10.1101/2020.07.01.181883doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.01.181883
http://creativecommons.org/licenses/by/4.0/


SUPPLEMENTARY MATERIAL: USP19 modulates cancer cell migration and invasion and acts as a novel prognostic marker in patients with early breast cancer 

	 XII 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

250kD 

50kD 

control
shRNA

# 1 # 2

TUBULIN

LRP6

250kD 

TUBULIN

USP19

LRP6

50kD 

150kD 

MDAMB23
1

MDAMB43
6

MCF7

A

B

0.0

0.5

1.0

1.5

control shRNA#1 shRNA#2
cell line

Pr
ot

ei
n 

ex
pr

es
si

on
 (A

U
)

MDAMB436

* *

Figure S11| USP19 expression regulates LRP6 protein levels in breast cancer cell lines.  
(A) Western blotting was performed in order to analyze LRP6 protein expression in the breast cancer cell lines used in this 
manuscript. (B) LRP6 protein expression was evaluated in control or USP19 silenced MDAMB436 cells. Top: LRP6 signal 
quantification (n=5, one-way ANOVA, Dunnett’s multiple comparison test. shRNA#1 p= 0.0139 and shRNA#2 p= 0.0188), 
bottom: representative image of a blot. 
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Figure S12| USP19 mRNA expression is increased in tissues.  
USP19 mRNA expression levels were analyzed by RT-qPCR in cultured MDAMB231 cells expressing PLKO.1 empty vector 
(growing in culture dishes), or in tumors that generated in NOD/SCID mice upon injection of MDAMB231 cells expressing 
PLKO.1 empty vector (n³ 5, Mann-Whitney test, p= 0.0326). 
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Figure S13| USP19 staining on FFPE breast cancer tissues.  
Immunohistochemical staining: examples of (A) low and (B) high expression of USP19 in breast cancer. Scale bar: 200 μm. 
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SUPPLEMENTARY TABLES 
 
GENE REFERENCE Title DOI 

DTX1 Integrative computational analysis of transcriptional and epigenetic 
alterations implicates DTX1 as a putative tumor suppressor gene in HNSCC. 10.18632/oncotarget.14856 

MYLIP miR-19b promotes breast cancer metastasis through targeting MYLIP and its 
related cell adhesion molecules. 10.18632/oncotarget.19278 

FBXL19 

SCF E3 Ligase F-box Protein Complex SCF(FBXL19) Regulates Cell 
Migration by Mediating Rac1 Ubiquitination and Degradation. 10.1096/fj.12-223099 

 
A new mechanism of RhoA ubiquitination and degradation: Roles of 
SCFFBXL19 E3 ligase and Erk2. 10.1016/j.bbamcr.2013.07.005  

F-box protein complex FBXL19 regulates TGFβ1-induced E-cadherin down-
regulation by mediating Rac3 ubiquitination and degradation. 10.1186/1476-4598-13-76  

UCHL3 

UCHL3 Promotes Pancreatic Cancer Progression and Chemo-Resistance 
Through FOXM1 Stabilization. 

www.ajcr.us/ISSN:2156-
6976/ajcr0089233 

 

UCHL3 promotes ovarian cancer progression by stabilizing TRAF2 to 
activate the NF-κB pathway. 10.1038/s41388-019-0987-z  

TRIM59 

TRIM59 promotes breast cancer motility by suppressing p62-selective 
autophagic degradation of PDCD10. 10.1371/journal.pbio.3000051.  

TRIM59 loss in M2 macrophages promotes melanoma migration and 
invasion by upregulating MMP-9 and Madcam1. 10.18632/aging.102351  

TRIM59 overexpression correlates with poor prognosis and contributes to 
breast cancer progression through AKT signaling pathway. 10.1002/mc.22897  

An TRIM59-CDK6 axis regulates growth and metastasis of lung cancer. 10.1111/jcmm.14052  

TRIM59 Promotes the Proliferation and Migration of Non-Small Cell Lung 
Cancer Cells by Upregulating Cell Cycle Related Proteins. 10.1371/journal.pone.0142596  

HECTD4 LncRNA HEIH promotes cell proliferation, migration and invasion in 
cholangiocarcinoma by modulating miR-98-5p/HECTD4. 10.1016/j.biopha.2020.109916.  

EP300 

EP300 as an oncogene correlates with poor prognosis in esophageal 
squamous carcinoma. 10.7150/jca.34261.  

The p300/YY1/miR-500a-5p/HDAC2 signalling axis regulates cell 
proliferation in human colorectal cancer. 10.1038/s41467-018-08225-3.  

P300 promotes proliferation, migration, and invasion via inducing epithelial-
mesenchymal transition in non-small cell lung cancer cells. 10.1186/s12885-018-4559-3.  

PML 

Ubiquitination of tumor suppressor PML regulates prometastatic and 
immunosuppressive tumor microenvironment. 10.1172/JCI89957.  

PML represses lung cancer metastasis by suppressing the nuclear EGFR-
mediated transcriptional activation of MMP2. 10.4161/15384101.2014.94921.  

TRIM37 

TRIM37 promoted the growth and migration of the pancreatic cancer cells. 10.1007/s13277-015-4078-7.  

Knockdown of TRIM37 suppresses the proliferation, migration and invasion 
of glioma cells through the inactivation of PI3K/Akt signaling pathway. 10.1016/j.biopha.2018.01.054.  

TRIM37 promotes cell invasion and metastasis by regulating SIP1-mediated 
epithelial-mesenchymal transition in gastric cancer. 10.2147/OTT.S178446.  

Over-expression of TRIM37 promotes cell migration and metastasis in 
hepatocellular carcinoma by activating Wnt/β-catenin signaling. 10.1016/j.bbrc.2015.07.089.  

TRIM37 promotes epithelial-mesenchymal transition in colorectal cancer. 10.3892/mmr.2017.6125.  

TRIM15 High Expression of TRIM15 Is Associated with Tumor Invasion and Predicts 
Poor Prognosis in Patients with Gastric Cancer. 10.1080/08941939.2019.1705443.  

HACE1 

Loss of HACE1 promotes colorectal cancer cell migration via upregulation of 
YAP1. 10.1002/jcp.27653.  

Overexpression of HACE1 in gastric cancer inhibits tumor aggressiveness by 
impeding cell proliferation and migration. 10.1002/cam4.1496.  
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The tumour suppressor HACE1 controls cell migration by regulating Rac1 
degradation. 10.1038/onc.2012.189.  

CBL 

The E3 ligase C-CBL inhibits cancer cell migration by neddylating the proto-
oncogene c-Src. 10.1038/s41388-018-0354-5.  

c-CBL regulates melanoma proliferation, migration, invasion and the FAK-
SRC-GRB2 nexus. 10.18632/oncotarget.10861.  

c-Cbl regulates migration of v-Abl-transformed NIH 3T3 fibroblasts via Rac1. 10.1016/j.yexcr.2005.03.010.  

c-Cbl regulates αPix-mediated cell migration and invasion. 10.1016/j.bbrc.2014.10.129.  

  TRIM25 blockade by RNA interference inhibited migration and invasion of 
gastric cancer cells through TGF-β signaling. 10.1038/srep19070.  

TRIM25 The ubiquitin ligase TRIM25 inhibits hepatocellular carcinoma progression by 
targeting metastasis associated 1 protein. 10.1002/iub.1661.  

  Overexpression of TRIM25 in Lung Cancer Regulates Tumor Cell 
Progression. 10.1177/1533034615595903.  

  Tripartite motif containing 25 promotes proliferation and invasion of colorectal 
cancer cells through TGF-β signaling. 10.1042/BSR20170805.  

USP19 Ubiquitin Specific Peptidase 19 Is a Prognostic Biomarker and Affect the 
Proliferation and Migration of Clear Cell Renal Cell Carcinoma 10.3892/or.2020.7565  

USP10 

USP10 promotes proliferation and migration and inhibits apoptosis of 
endometrial stromal cells in endometriosis through activating the Raf-
1/MEK/ERK pathway. 

10.1152/ajpcell.00272.2018.  

USP10 regulates the stability of the EMT-transcription factor Slug/SNAI2. 10.1016/j.bbrc.2018.05.156.  

Deubiquitinating enzyme USP10 promotes hepatocellular carcinoma 
metastasis through deubiquitinating and stabilizing Smad4 protein. 10.1002/1878-0261.12596.  

HECTD1 

The E3 Ubiquitin Ligase HectD1 Suppresses EMT and Metastasis by 
Targeting the +TIP ACF7 for Degradation. 10.1016/j.celrep.2017.12.096.  

HECTD1 regulates the expression of SNAIL: Implications for 
epithelial-mesenchymal transition. 10.3892/ijo.2020.5002.  

RAD23A 
(HR23A) 

HR23A-knockdown lung cancer cells exhibit epithelial-to-mesenchymal 
transition and gain stemness properties through increased Twist1 stability. 10.1016/j.bbamcr.2019.118537.  

USP20 USP20 positively regulates tumorigenesis and chemoresistance through β-
catenin stabilization. 10.1038/s41418-018-0138-z.  

HERC4 

HERC4 Is Overexpressed in Hepatocellular Carcinoma and Contributes to 
the Proliferation and Migration of Hepatocellular Carcinoma Cells. 10.1089/dna.2016.3626.  

RNA interference of HERC4 inhibits proliferation, apoptosis and migration of 
cervical cancer Hela cells 

10.3969/j.issn.1673-
4254.2017.02.15. 

 

A miRNA-HERC4 pathway promotes breast tumorigenesis by inactivating 
tumor suppressor LATS1. 10.1007/s13238-019-0607-2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S1| References for known regulators of migration in the candidate gene list.  
List of the candidate genes obtained after our screen, that had already been described in the literature as regulators of 
migration and the corresponding supporting references. The table does not review all the known functions of each already-
published gene. 
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Table S2| Analysis of Tumor Free Survival curves in USP19 silencing and overexpression in vivo experiments.  
USP19 effects on tumor growth were analyzed by injecting genetically manipulated cell lines in the mammary fat pad of 
NOD/SCID mice and measuring tumor growth over time. For each control or USP19 silenced cell line, in the case of 
MDAMB231 or MDAMB436 cells, and for each control or USP19 overexpressing cell line, in the case of MCF7 cells, tumor 
growth curves were built. Using this data, we calculated median tumor-free survival time (expressed in days) and performed 
Long-Rank (Mantel-Cox) tests of each cell line relative to their corresponding control. Hazard ratio ranks relative to control 
treatments are also indicated in the table. 
 

Tumor-free Median Survival 
(days)

p value Summary Ratio 95% CI

control 38 - - - -

shRNA#1 64 <0.0001 **** 4.315 1.347-12.96

shRNA#2 undefined <0.0001 **** 6.845 2.149-21.80

control 47 - - - -

shRNA#1 84 0.0003 *** 5.768 1.468-22.67

shRNA#2 undefined 0.0001 *** 8.399 2.002-35.23

GFP undefined - - - -

WT 94.5 0.0003 *** 7.953 2.488-25.43

C506S 189 0.6000 ns 1.536 0.305-7.719

Hazard Ratio 
(logrank) vs 

control

ce
ll 

lin
e

M
DA

M
B2

31
M

DA
M

B4
36

M
CF

7

Long-Rank (Mantel-
Cox) test vs 

control
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N. BIOPSY N# CODE AGE 
FOLLOW-

UP 
(months) 

E-
caderin 

E-
cad_int USP19_C% USP19_C_int 

213 83/7127 RM 1 58.7 298 98 3 0 0 
214 92/720 RM 2 40.7 165 84 3 82 2 
215 96/1827 RM 3 61.7 149 80 3 84 2 
219 92/2237 RM 7 45.6 188 75 3 71 2 
220 96/1511 RM 8 59.7 114 97 3 85 2 
221 96/70 RM 9 75.8 146 16 2 11 2 
223 95/2705 RM 11 59.5 148 100 3 0 0 
225 96/561 RM 13 56.2 149 0 0 0 0 
226 95/4980 RM 14 38.6 108 51 2 0 0 
227 95/3549 RM 15 56.2 156   88 2 
228 93/1074 RM 16 60.2 170 96 3 0 0 
232 95/3029 RM 20 44.1 158 18 2 100 3 
234 94/499 RM 22 55.3 175 42 2 98 2 
235 96/350 RM 23 61.1 99 87 3 68 2 
240 96/4647 RM 28 64.1 100   0 0 
241 96/5756 RM 29 45.6 132 81 3 92 2 
242 94/3629 RM 30 70.5 153 35 2 6 2 
244 96/3170 RM 32 73.5 99 41 2 0 0 
246 96/5503 RM 34 49.8 143 54 2 43 2 
247 94/3573 RM 35 65.2 134 5 1 66 2 
251 95/2532 RM 39 48.7 155 71 2 94 2 

254 96/4664, 
4662/6/7 RM 42 37.3 131 37 2 0 0 

256 95/1794X RM 44 45.5 160   60 2 
258 96/2810 RM 46 66.7 89 71 2 72 2 
260 96/5222 RM 48 43.3 110 62 2 95 3 
261 94/3682 RM 49 37.6 111 0 0 0 0 
262 94/1319 RM 50 55.5 171 77 3 88 2 
264 97/4510 RM 52 50.2 129 13 2 0 0 
265 97/3300 RM 53 58.6 77 87 3 71 2 
267 97/1147 RM 55 55.7 135 4 1 69 2 
268 97/5339 RM 56 41.2 132 16 2 9 1 
274 97/3554 RM 62 72.8 95 5 1 100 2 
280 97/2971 RM 68 67.3 130 82 3 0 0 
281 97/3389 RM 69 51.5 135 3 1 80 2 
285 97/2638 RM 73 61.6 133 2 1 0 0 
288 98/3968 RM 76 42.1 117 4 1 0 0 
290 98/4874 RM 78 40.8 122 9 1 9 2 
291 98/2370 RM 79 39.6 75 0 0 66 2 
294 98/7174 RM 82 63.6 118 85 3 0 0 
295 98/3768 RM 83 63.0 106 47 2 0 0 
298 98/9072 RM 86 64.6 117 100 3 0 0 
300 98/3737 RM 88 66.0 88 77 3 0 0 
301 98/1642 RM 89 67.0 77 79 3 8 2 
303 98/8533 RM 91 44.3 101 6 1 0 0 
305 98/3165 RM 93 66.0 112 0 0 0 0 
306 98/1566 RM 94 61.6 123 4 1 4 2 
311 98/1187 RM 99 41.3 125 21 2 63 2 
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313 99/11766 RM 101 53.2 107 8 1 0 0 
314 99/10805 RM 102 51.9 104 97 3 0 0 
316 99/2464 RM 104 48.0 37 5 1 0 0 
317 99/793 RM 105 46.9 113 0 0 41 2 
319 99/11878 RM 106 56.3 57 0 0 62 2 
320 99/10246 RM 107 50.6 68 74 3 0 0 
322 99/1994 RM 109 51.9 86 46 2 40 2 
323 99/795 RM 110 46.9 82 0 0 68 3 
325 99/10154 RM 112 42.1 55 89 3 0 0 
326 99/4615 RM 113 44.9 107 33 2 0 0 
327 99/1579 RM 114 70.6 79 26 2 0 0 
328 99/794 RM 115 46.9 82 3 1 7 2 
330 99/10091 RM 117 33.9 108 0 0 0 0 
331 99/4087 RM 118 56.7 77 41 2 0 0 
332 99/1378 RM 119 37.3 115 48 2 0 0 
333 99/707 RM 120 59.4 49 6 1 61 2 
334 99/11246 RM 121 51.8 104 2 1 0 0 
335 99/9569 RM 122 65.1 107 3 1 0 0 
336 99/2441 RM 123 68.3 85 95 3 0 0 
339 00/2106 RM 126 35.6 98 9 1 4 2 
341 00/1325/2 RM 128 66.3 60   64 1 
343 99/13089 RM 130 56.7 68 0 0 69 1 
345 00/3002/1 RM 132 62.1 60   0 0 
346 00/1182 RM 133 65.6 101 0 0 98 3 
347 99/13376 RM 134 66.8 104 81 3 36 1 
348 99/12969 RM 135 55.6 99 85 3 0 0 
349 00/4188 RM 136 72.3 33 77 3 0 0 
350 00/2579 RM 137 62.6 99 8 1 100 3 
351 00/467 RM 138 61.1 103 92 3 100 3 
352 99/13331 RM 139 53.6 66 0 0 0 0 
353 99/12422/2 RM 140 39.0 82   0 0 
354 00/4225 RM 141 67.1 97 70 3 0 0 
355 00/1798 RM 142 66.1 43 97 3 0 0 
356 00/395 RM 143 61.2 99 6 1 94 2 
358 99/12089 RM 145 59.6 101 90 3 0 0 
360 00/1521/5 RM 147 43.6 103   0 0 
361 00/26 RM 148 73.4 97 29 2 0 0 
362 99/12324/1 RM 149 68.0 69   0 0 
364 00/468 RM 151 53.9 70 94 3 0 0 
365 00/3295 RM 152 76.0 45 96 3 0 0 
366 00/4998 RM 153 38.9 94 6 1 0 0 
367 00/5256 RM 154 46.1 91 80 3 0 0 
368 00/7139 RM 155 61.5 91 2 1 46 1 
369 00/1570 RM 156 53.8 52 100 3 0 0 
370 00/5073 RM 157 46.6 49 8 1 0 0 
371 00/4999 RM 158 61.6 46 2 1 72 2 
372 00/7167 RM 159 37.8 94 3 1 95 2 
373 00/5082 RM 160 64.9 99 5 1 0 0 
375 00/3394 RM 162 67.2 90 9 1 100 2 
376 00/5119 RM 163 40.9 98 12 2 90 2 
377 00/7215 RM 164 69.6 94 11 2 100 3 
378 00/1610 RM 165 66.5 98   0 0 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 24, 2020. ; https://doi.org/10.1101/2020.07.01.181883doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.01.181883
http://creativecommons.org/licenses/by/4.0/


SUPPLEMENTARY MATERIAL: USP19 modulates cancer cell migration and invasion and acts as a novel prognostic marker in patients with early breast cancer 

	 XX 

379 00/1957/7 RM 166 75.0 48   87 2 
380 00/3625 RM 167 56.8 53 10 2 69 2 
381 00/5192 RM 168 43.9 90 7 1 91 2 
382 00/7240 RM 169 59.3 89 0 0 72 2 
385 00/2617 RM 172 74.6 56 81 3 13 1 
386 00/4397 RM 173 45.4 100   94 2 
387 00/5234 RM 174 32.8 54 5 1 91 2 
389 99/2946 RM 176 55.2 107   0 0 
391 01/2658 RM 178 51.5 34   52 1 
392 01/7932 RM 179 58.4 82 0 0 85 1 
394 01/6229 RM 181 40.4 6 0 0 0 0 
397 01/7712 RM 184 50.3 77 81 3 0 0 
398 01/7037 RM 185 57.7 82 26 2 0 0 
399 01/5438 RM 186 82.9 39 4 1 0 0 
400 01/3265 RM 187 44.6 83 59 2 0 0 
403 01/6840 RM 190 52.9 81 2 1 0 0 
404 01/5320 RM 191 68.2 29 10 2 0 0 
407 01/7617/2 RM 194 47.1 79   0 0 
408 01/6580 RM 195 56.7 82 0 0 7 1 
409 01/4931/1 RM 196 59.1 86   8 2 
411 01/2037/7 RM 198 66.6 63   61 2 
412 01/7581 RM 199 68.4 41 86 3 0 0 
413 01/6307/1 RM 200 55.2 42   0 0 
414 01/3414/1 RM 201 67.1 88   0 0 
416 01/693 RM 203 55.6 89 90 3 0 0 
418 01/2037 RM 205 66.4 57   0 0 
419 01/4291 RM 206 73.4 83 0 0 0 0 
420 01/7 RM 207 54.3 81 93 3 17 2 
421 01/887 RM 208 44.3 89 3 1 100 2 
425 01/160 RM 212 31.2 78 9 1 4 1 
426 01/946 RM 213 64.6 51 0 0 93 2 
428 01/3458 RM 215 55.8 83 77 3 0 0 
429 01/4128 RM 216 35.7 82 16 2 0 0 
430 01/155 RM 217 64.1 93 6 1 5 1 
431 01/1268 RM 218 51.4 92 46 2 0 0 
433 01/5091 RM 220 72.1 82 100 3 4 1 
435 01/3192 RM 222 50.9 53 4 1 5 1 
436 01/1275/2 RM 223 75.0 73   0 0 
437 01/1936 RM 224 39.0 77 6 1 90 2 
439 01/3739 RM 226 76.0 75 5 1 54 2 
442 98/1603 RM 229 59.6 46 86 3 0 0 
443 96/404 RM 230 50.7 12 18 2 0 0 
444 92/1605 RM 231 53.3 94   0 0 
446 93/3375 RM 233 65.1 90 8 1 0 0 
447 97/4228 RM 234 82.9 57 2 1 100 2 
450 96/4480 RM 237 50.6 12 85 3 9 1 
451 90/1158 RM 238 66.6 158 5 1 57 2 
455 91/2410 RM 242 45.5 144   98 2 
457 96/3988 RM 244 47.0 67 100 3 97 3 
458 95/5063 RM 245 72.7 23 76 3 71 2 
459 91/1312 RM 246 39.7 93 5 1 96 2 
460 94/2465 RM 247 61.5 135 28 2 61 1 
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461 00/3494 RM 248 76.6 11 0 0 91 3 
462 96/169 RM 249 45.2 47 91 3 100 3 
463 93/4502 RM 250 54.4 42 35 2 83 2 
464 87/8972 RM 251 36.2 121 2 1 95 2 
465 00/5709 RM 252 68.4 73 0 0 0 0 
466 97/6196 RM 253 70.4 98 94 3 0 0 
467 94/2414 RM 254 45.6 166 0 0 16 1 
469 00/2106/4 RM 256 35.3 166   47 2 
470 97/4512 RM 257 58.1 78   0 0 
471 90/2010 RM 258 65.9 166   4 2 
473 99/2622 RM 260 42.7 43 95 3 0 0 
475 98/1991 RM 262 63.6 120 47 2 0 0 
477 91/2728 RM 264 61.9 110 7 1 0 0 
479 96/4304 RM 266 73.8 94 84 3 93 2 
482 98/5936 RM 269 55.9 14 8 1 93 2 
483 98/6391 RM 270 67.8 24 10 2 55 2 
485 98/328 RM 272 76.0 40   0 0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S3| E-cadherin and USP19 staining in human biopsies.  
Detailed description of E-cadherin and USP19 staining in the patients’ breast cancer biopsies used in this study. 
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Variable Value (%)

Median 56.7
<50     51 (30.4)
50-65     69 (41.1)
>65     48 (28.6)

Pre/perimenopausal 54 (32.1)
Postmenopausal 114 (67.9)

Luminal A 71 (42.3)
Luminal B 57 (33.9)
HER2 positive 8 (4.8)
Triple negative 32 (19.0)

 2 cm 109 (64.9)
> 2 cm 59 (35.1)

Ductal carcinoma 135 (80.4)
Lobular carcinoma 24 (14.3)
Other 9 (5.3)

1 21 (12.5)
2-3 . 147 (87.5)

Negative 43 (25.6)
Positive 125 (74.4)

Negative 59 (35.1)
Positive 109 (64.9)

Negative 90 (53.6)
Positive 78 (46.4)

Negative 149 (88.7)
Positive 19 (11.3)

Low 106 (63.1)
High 62 (36.9)

Without recurrence 119 (70.8)
Local recurrence 20 (11.9)
Distant recurrence 29 (17.3)

Age at diagnosis (yr)

Menopausal status

Molecular subtypes

Tumor size

Histotypes

Tumor grade

ER

Patient outcome

USP19 

HER2   

Ki-67

PR

Table S4| Characterization of patient cohort used in this manuscript.  
168 N0 patients with T1/T2 tumors with primary unilateral breast carcinoma from the Regina Elena National 
Cancer Institute, Rome, Italy were included in this study. Patients age at diagnosis, menopausal status and outcome are 
indicated in the table. Moreover, their tumors characteristics are stated, including molecular subtype, tumor size, 
histological type, grade, estrogen receptor (ER) status, progesterone receptor (PR) status, Ki-67 status, Human Epidermal 
Growth Factor Receptor 2 (HER2) status and USP19 staining level, as absolute and percentual values. 
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Low: n (%) High: n (%) P*

 2 cm 74 (69.8) 35 (56.5)
> 2 cm 32 (30.2) 27 (42.5)

1 17 (16.0) 4 (6.5)
2-3 . 89 (84.0) 58 (93.5)

Negative  27 (25.5) 16 (25.8)
Positive 79 (74.5) 46 (74.2)

Negative 40 (37.7) 19 (30.6)
Positive 66 (62.3) 43 (69.4)

Negative 61 (57.5) 29 (46.8)
Positive 45 (42.5) 33 (53.2)

Negative 100 (94.3) 49 (79.0)
Positive 6 (5.7) 13 (21.0)

Luminal A 48 (67.6) 23 (32.4)
Luminal B 31 (54.4) 26 (45.6)
HER2 2 (25.0) 6 (75.0)
TN 25 (63.1) 7 (36.9)

0.404

0.201

0.095

0.091

USP19

0.003*

0.014*

Ki-67

HER2

Subtype

Variable

Tumor size

Tumor grade 

ER

PR

1,000

Table S5| Characterization of USP19 protein expression in human samples.  
The table shows USP19 status according to clinicopathological features of patients, including tumor size and grade, estrogen 
receptor (ER), progesterone receptor (PR) and Human Epidermal Growth Factor Receptor 2 (HER2) status, subtype and ki-
67 staining (Pearson’s χ2 test). Cases are indicated as absolute and percentual values.  
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