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Triple-negative breast cancer (TNBC) is a breast cancer subtype that
lacks targeted treatment options. The activation of the Notch devel-
opmental signaling pathway, which is a feature of TNBC, results in
the secretion of proinflammatory cytokines and the recruitment of
protumoral macrophages to the tumor microenvironment. While
the Notch pathway is an obvious therapeutic target, its activity is
ubiquitous, and predictably, anti-Notch therapies are burdened with
significant on-target side effects. Previously, we discovered that,
under conditions of cellular stress commonly found in the tumor
microenvironment, the deubiquitinase USP9x forms a multiprotein
complex with the pseudokinase tribbles homolog 3 (TRB3) that to-
gether activate the Notch pathway. Herein, we provide preclinical
studies that support the potential of therapeutic USP9x inhibition to
deactivate Notch. Using a murine TNBC model, we show that USP9x
knockdown abrogates Notch activation, reducing the production of
the proinflammatory cytokines, C-C motif chemokine ligand 2 (CCL2)
and interleukin-1 beta (IL-1β). Concomitant with these molecular
changes, a reduction in tumor inflammation, the augmentation of
antitumor immune response, and the suppression of tumor growth
were observed. The pharmacological inhibition of USP9x using G9, a
partially selective, small-molecule USP9x inhibitor, reduced Notch
activity, remodeled the tumor immune landscape, and reduced tu-
mor growth without associated toxicity. Proving the role of Notch,
the ectopic expression of the activated Notch1 intracellular domain
rescued G9-induced effects. This work supports the potential of
USP9x inhibition to target Notch in metabolically vulnerable tissues
like TNBC, while sparing normal Notch-dependent tissues.
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Triple-negative breast cancer (TNBC), which can be sub-
classified into basal-like, mesenchymal, immunomodulatory,

and luminal androgen subtypes (1), is characterized by the lack of
estrogen receptor (ER), progesterone receptor, and the human
epidermal growth factor receptor 2. TNBC primarily affects young
women in the prime of life, people of African ancestry, and those
with BRCA1 mutations. This subtype accounts for only 20% of all
breast cancers yet is responsible for a disproportionate number of
breast cancer deaths because of its aggressive nature and the lack
of effective, targeted treatment (2).
The Notch signaling pathway is an intercellular communica-

tion system that tightly regulates tissue patterning during de-
velopment and adult tissue homeostasis. It plays a central role in
normal physiology, controlling a wide range of cellular properties
such as stem cell maintenance, cell fate determination, epithelial
cell polarity/adhesion, cell division, and apoptosis (3). Aberrantly
activated Notch is strongly associated with various malignancies,
including breast cancer. The expression of the Notch ligand
JAG1 and Notch activation are hallmarks of TNBC and are in-
dependent predictors of outcome (4–6).
Compared with less aggressive breast cancer subtypes, TNBCs

are heavily infiltrated by immune cells, and the pattern of

immune infiltration is strongly associated with outcome. High
tumor-associated macrophage (TAM) count is inversely related
to survival (7–9), while high tumor-infiltrating lymphocyte (TIL)
count is associated with improved survival (10–14). Our recent
work shows that Notch shapes the innate immune response in
cancer (15). Notch regulates the expression of powerful proin-
flammatory cytokines in TNBC, including C-C motif chemokine
ligand 2 (CCL2) and interleukin-1 beta (IL-1β), which play
fundamental roles in TAM recruitment, and predict poor out-
come in breast cancer (16–22). Notch also regulates the TGF-
β–mediated activation of tumor cells by TAMs, closing a Notch-
dependent paracrine signaling loop between these two cell types.
This results in a vicious cycle of TAM infiltration and amplified
cytokine secretion. TAMs promote cancer by stimulating tumor
angiogenesis, tumor cell migration and invasion, and by sup-
pressing tumoricidal cytotoxic–T lymphocytes (CTL) (23–25).
While Notch is considered a potential therapeutic target in

TNBC, the benefits of anti-Notch drugs have been outweighed by
substantial on-target side effects that reflect the ubiquity of the
pathway in normal tissues (26, 27). Obviously, targeting Notch ex-
clusively in cancer cells would have significant, clinical potential.
Our previous findings demonstrate that the pseudokinase tribbles
homolog 3 (TRB3) and the deubiquitinase (DUB) USP9x are
critical to Notch activation in human TNBC cell lines. USP9x forms
a protein complex with TRB3 andMind bomb 1 (MIB1), protecting
these proteins from ubiquitin-dependent degradation, and stimu-
lates Notch activity through two independent mechanisms: 1)
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through TRB3 stabilization and JAG1 up-regulation (28) and 2)
through deubiquitination and the activation of MIB1, an E3 ligase
required for JAG1 ubiquitination-mediated endocytosis and Notch
activation (29). As a sensor of cellular stress, TRB3 is markedly up-
regulated during nutrient deprivation, hypoxia, and endoplasmic
reticulum stress (ERS) (30, 31), prominent features of TNBC as-
sociated with tumor progression and relapse (32). These findings
identify USP9x as a putative, therapeutic target, selective to meta-
bolically stressed tumor tissue.
In this study, using a murine TNBC model, namely

K14cre;Brca1FL/FL;p53FL/FL (KBP), we demonstrate that USP9x
loss of function in mouse mammary tumors results in Notch
pathway inactivation, remodeling of the tumor microenvironment
(TME) to a “hot” immunoreactive phenotype, and suppression of
tumor growth.

Results
Cellular Stress Induces the Notch-TRB3-USP9x Axis in Murine TNBC
Cells. To confirm our previously reported findings in human
cells and to prepare for preclinical studies in rodents, we ex-
amined the interactions between USP9x and Notch in a mam-
mary carcinoma cell line derived from KBP mice. In these mice,
Cre recombinase expressed under the control of the human
keratin (K)14 promoter induces specific deletion of BRCA1 and
p53 in mammary basal epithelial cells, resulting in the formation
of mammary carcinomas reminiscent of human TNBC (33). In
KBP cells, TRB3 expression was up-regulated and the Notch
pathway activated (as measured by the presence of intracellular
NOTCH1, N1IC) upon ERS mediated by thapsigargin, a non-
competitive inhibitor of the sarco/endoplasmic reticulum Ca+2

ATPase (Fig. 1A). Consistent with the role of TRB3 as a tran-
scriptional regulator of JAG1, small interfering (si)RNA–

mediated knockdown (KD) of TRB3 reduced both JAG1 protein
and Notch activation during ERS. Consistent with our findings in
human cells (29), USP9x KD resulted in reduced TRB3 and
MIB1 and loss of the Notch response. These effects were
reproduced using doxycycline (Dox)-inducible RNA interfer-
ence, targeting a different sequence within USP9x (KBP short
hairpin [sh]USP9x; Fig. 1B) and under nutrient stress mediated
by the lack of the essential amino acid, leucine, in the cell growth
medium (Fig. 1C). Ets-1 and Itch, two other proteins involved in
cancer development and known to be deubiquitinated and sta-
bilized by USP9x (34, 35), were examined in KBP cells, and no

significant effect of USP9x KD was seen on either (SI Appendix,
Fig. S1).
To further demonstrate the importance of USP9x as a regu-

lator of Notch, KBP shUSP9x cells were transduced with a
retrovirus-expressing, activated, and cleaved Notch1 receptor
(KBP shUSP9x-N1IC) and tested for the rescued expression of
Notch target genes Il1b (15) and Plau (36) after USP9x KD (SI
Appendix, Fig. S2). Indeed, the thapsigargin-induced expression
of the Il1b and Plau genes was USP9x dependent, and this effect
was lost in cells that constitutively expressed N1IC. Interestingly,
in the absence of cellular stress, N1IC alone was insufficient to
up-regulate Il1b and Plau, suggesting the requirement of addi-
tional stress-induced factors. These data demonstrate the im-
portance of USP9x as a mediator of Notch activation during
conditions of cellular stress in murine TNBC cells.

Murine TNBC Progression Is USP9x Dependent. To test whether
USP9x is required for tumor progression, we modeled USP9x
loss of function in a murine TNBC allograft (Fig. 2A). KBP
shUSP9x cells were engrafted into the mammary fat pads of
syngeneic, immune-competent mice. Compared with untreated
animals, treatment with Dox resulted in smaller tumors (Fig. 2B)
with reduced expression of USP9x, JAG1, and N1IC (Fig. 2 C–F).
Since inflammation and immune evasion are Notch-regulated

hallmarks of tumor progression, we examined the effect of
USP9x depletion on cytokine secretion and immune infiltration.
USP9x KD resulted in reduced intracellular CCL2, while the
intracellular precursor and mature forms of IL-1β were un-
changed (Fig. 2 D and E). Since basal-like breast cancer cells
express elevated levels of inflammasome components (15), which
facilitate the maturation and secretion of IL-1β (37), we tested
for secreted IL-1β; predictably, USP9x KD tumors secreted de-
creased amounts compared with the untreated group (Fig. 2G).
Accordingly, TAM recruitment was reduced by sixfold (Fig. 3 A
and B) after USP9x KD. This was accompanied by a ninefold
decrease in the immunosuppressive, M2-polarized TAM subtype
identified by the CD206 marker (38) (Fig. 3C) and a fivefold
increase in both CD4+ and CD8+ T cells (Fig. 3 D–F), with
granzyme B–positive, cytotoxic CD8+ T cells demonstrating a
trend toward increased infiltration (Fig. 3G). To rule out the
effects of Dox treatment alone, mice with KBP tumors were
treated with or without drugs, and no difference in tumor weight
or immune infiltration was observed (SI Appendix, Fig. S3).
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Fig. 1. Cellular stress induces TRB3/USP9x-dependent Notch activation in KBP cells. (A) Immunoblot of USP9x, TRB3, MIB1, JAG1, and N1IC in murine KBP cells
transfected with either scrambled control (siSCR), TRB3, or USP9x siRNA and treated with either DMSO or 1 μM thapsigargin (Tg). (B) Immunoblot of USP9x,
TRB3, MIB1, and N1IC in KBP cells stably expressing a Dox-inducible, shRNA–targeting USP9x, without (−) or with (+) Dox and treated with either DMSO or Tg.
(C) Immunoblot of USP9x, TRB3, MIB1, and N1IC in KBP shUSP9x cells cultured in complete (+Leucine) or leucine-deprived (−Leucine) medium without and
with Dox. Densitometry of the TRB3 and MIB1 protein bands are presented, relative to β-actin. The expression of β-actin or ERK1/2 are included as loading
controls. Molecular weight markers are shown in kilodaltons.
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Collectively, these findings support a model in which USP9x-mediated
Notch signaling drives a protumoral inflammatory response.
To prove that Notch is a mediator of USP9x in mammary

tumors, allografts were created using KBP shUSP9x in which
Notch was constitutively activated (KBPshUSP9x-N1IC). In these
tumors, weight was unaffected by USP9x KD (Fig. 4A). JAG1
levels were increased upon USP9x KD (Fig. 4 B and C), likely
owing to the ectopic, N1IC-mediated up-regulation of JAG1 in

cells incapable of undergoing USP9x-MIB1–mediated JAG1
recycling (29, 39–41). N1IC expression (Fig. 4 B and C), IL-1β
secretion (Fig. 4D), and immune infiltration (Fig. 4E) were un-
affected by USP9x KD in KBPshUSP9x-N1IC tumors. Support-
ing the cell culture data (SI Appendix, Fig. S2), these data
demonstrate that ectopic N1IC can rescue the effects of USP9x
KD and they implicate Notch as the downstream effector
of USP9x.

 - Dox + Dox
0

1

2

3

4

N
or

m
al

iz
ed

 U
SP

9x
 

m
R

N
A 

ex
pr

es
si

on

**

C

KBP shUSP9x
mammary fat pad 

allograft

- Dox

+ Dox

BA

 - Dox + Dox
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

Tu
m

or
 W

ei
gh

t (
g) *

G

 - Dox + Dox
0

10

20

30

40

Se
cr

et
ed

 IL
-1

 (p
g/

m
L) *

E
D

USP9x

1 2 3 4 5 6 1 2 3 4 5 6 7 8

- Dox + Dox

N1IC
95

β-actin48

35 CCL2

25
17

Pro-IL-1β
IL-1β

JAG1180

245

*

-Dox +Dox
0

2

4

6

8

10

%
 N

1IC
 p

os
itiv

e 
ce

lls

*

-Dox +Dox
0.0

0.5

1.0

1.5

2.0

U
SP

9x
 (a

.u
)

*

-Dox +Dox
0.0

0.5

1.0

1.5

2.0

JA
G

1 
(a

.u
)

*

-Dox +Dox
0.0

0.5

1.0

1.5
C

C
L2

 (a
.u

)

-Dox +Dox
0

1

2

3

4

Pr
o 

IL
-1

 (a
.u

)

-Dox +Dox
0.0

0.5

1.0

1.5

2.0

IL
-1

 (a
.u

)

-Dox +Dox
0

1

2

3

N
1IC

 (a
.u

)

P = 0.059 

Tumor no.

Palpable 
tumor

F

Q
ua

nt
ifi

ed
 N

1I
C

 

- Dox + Dox

100μm 100μm

Fig. 2. The USP9x-TRB3-Notch axis is required for the progression of murine TNBC tumors. (A) Schematic diagram of the experimental design (see main text
for details). (B) Weight of KBP shUSP9x allografts in mice given regular (−Dox, n = 9 tumors) or Dox-containing diet (n = 10 tumors) at tumor onset. (C) qPCR
analysis of USP9x in KBP shUSP9x tumors 4 wk after tumor onset. Expression levels were normalized to RNA expression of GAPDH (n = 6 tumors per group). (D)
Immunoblot of USP9x, JAG1, N1IC, CCL2, Pro-IL-1β (precursor), and IL-1β (mature) in lysates from KBP shUSP9x tumors. The expression of β-actin is included as
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densitometry and presented relative to β-actin (a.u = arbitrary units). (F) N1IC expression determined by immunohistochemistry (representative images from
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100 μm.) (G) Enzyme-linked immunosorbent assay of secreted IL-1β in the conditioned media of tumor cells from KBP shUSP9x tumors (−Dox, n = 5 tumors and
+Dox, n = 8 tumors). Error bars represent SEM. *P < 0.05 and **P < 0.01. P values are determined by the two-tailed Student’s t test with Welch’s correction for
unequal variances.
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Previous studies have described a link between hypoxia and
Notch pathway activation in both physiological (42–45) and path-
ological settings (46, 47). KBP tumors underwent immunostaining
for the hypoxia marker pimonidazole and N1IC. Predictably, hypoxic
regions were enriched for N1IC-positive cells (SI Appendix, Fig. S4 A
and B). This relationship persisted in untreated mice harboring
KBP shUSP9x allografts (SI Appendix, Fig. S4C) but was lost after
USP9x KD in Dox-treated mice (SI Appendix, Fig. S4D). These data
confirm the relationship between cellular stress and USP9x-
mediated Notch activation in mouse TNBC.
To further evaluate the importance of USP9x in mammary

cancer, USP9x loss was explored in a model of spontaneous tu-
morigenesis. Usp9xFL/FL mice were interbred with KBP mice to
generate KBP;Usp9xFL/FL (KBPU) mice. We confirmed K14 cre-
dependent knockout (KO) of Usp9x in squamous epithelium of the
tail (Fig. 5 A and B). As expected, all KBP control animals developed
spontaneous mammary carcinomas by 200 d of life (Fig. 5 C and D).
KBPUmice began to lose weight by 90 to 120 d but remained free of
palpable mammary carcinomas until 175 d, at which point they had to
be euthanized because of the emergence of aggressive oral papillo-
mas, infection, septicemia, or other undiagnosed causes for failure to
thrive. At euthanasia, KBPU mammary glands contained primarily
mammary intraepithelial neoplasms (including ductal carcinomas
in situ) (Fig. 5 D and E). KBPU animals also contained invasive le-
sions, but these were less numerous and smaller than those found in
age-matched KBP mice (Fig. 5 E and F). These findings suggest a
requirement for USP9x during the progression of premalignant
mammary neoplasms to invasive carcinoma.

Pharmacologic USP9x Inhibition Reduces Notch Activity and Tumor
Growth and Remodels the Tumor Immune Microenvironment. The
emerging role of USP9x in multiple malignancies has prompted
the development of small-molecule DUB inhibitors. G9 is a
partially selective DUB inhibitor with activity against USP9x in
mouse and human cells (48). In ubiquitination assays, a mini-
mum of 0.5 μM G9 was required to prevent the deubiquitination
of immunoprecipitated TRB3 (SI Appendix, Fig. S5A) and MIB1
(SI Appendix, Fig. S5B), with the appearance of dominant bands
migrating at 62 and 121 kDa, the predicted molecular weights of
these monoubiquitinated fusion proteins, respectively. These
findings are consistent with a previous report that identified 0.312
to 1.25 μMG9 as the range for in vitro antitumor cell activity (48).
Next, it was confirmed that G9 treatment resulted in reduced
MIB1, TRB3, and N1IC under ERS (SI Appendix, Fig. S5C).
Progress toward therapeutically inhibiting Notch in various

cancer types has been slow, as the pathway is critical for tissue
homeostasis. The most prominent side effects induced by Notch
antagonists are gastrointestinal (GI) toxicities, which occur be-
cause of a resulting imbalance between intestinal epithelial cell
types maintained by Notch (49, 50). Our in vitro findings suggest
the theoretical potential of USP9x inhibition as an antagonist of
Notch in stressed conditions only. To explore this possibility, G9
was tested in mice at 12 mg/kg once every other day (SI Ap-
pendix, Fig. S6A). After 3 wk of treatment, compared with
vehicle-treated mice, body weight was unaffected by G9, indi-
cating no major toxicity (SI Appendix, Fig. S6B). Interestingly,
small bowel secretory cells were slightly more numerous in G9-
treated animals (SI Appendix, Fig. S6C), confirmed with Alcian
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blue–periodic acid–Schiff (AB-PAS) staining (SI Appendix, Fig.
S6D) and consistent with the known role of Notch in promoting
the differentiation to absorptive cells at the expense of cells of
the secretory cell lineage (51–53). Thus, G9 treatment at the
dose used results in subtle GI tract changes without the apparent
GI toxicity associated with γ-secretase inhibitors. We also noted
that short-term G9 treatment did not phenocopy the deleterious
effects of genetic USP9x KO seen in KBPU animals.
Next, the effect of G9 on tumorigenesis was tested in the KBP

allograft model. Consistent with genetic USP9x KO, G9 impeded
tumor growth (Fig. 6 A and B), decreased Notch activation
(Fig. 6 C and D), and decreased the secretion of IL-1β and CCL2
(Fig. 6E). With G9, TAM infiltration, specifically the CD206+

subtype, was reduced (Fig. 6F), and CD8+ (Fig. 6G) and CD4+ T
(Fig. 6H) lymphocytes were increased. Within the CD4+ pop-
ulation, there was a proportional decrease in the FoxP3+ immu-
nosuppressive (regulatory T cell) subtype (Fig. 6I). In addition,
there was a trend toward decreased myeloid-derived suppressor
cells (Fig. 6J), a population of activated, immature myeloid cells,
involved in inhibiting adaptive immune response against tumors
(54). Again, implicating Notch, ectopic N1IC reversed the effect of

G9 on tumor weight (Fig. 7A), secreted IL-1β and CCL2 (Fig. 7B),
and immune infiltrates (Fig. 7C). These findings indicate that G9
transforms the tumor immune landscape, from a protumor to an
antitumor phenotype, through Notch inhibition.
To simulate the treatment of human breast cancer, mice that

generated spontaneous KBP tumors were treated with G9. N1IC

was down-regulated in the tumors of G9-treated mice (SI Ap-
pendix, Fig. S7 A and B), but this failed to meet statistical sig-
nificance because of the paradoxical increase of N1IC in one out
of five treated mice [G9 (3)]. Tumor growth rate correlated with
N1IC expression, demonstrating the dependence of KBP tumors
on activated Notch (SI Appendix, Fig. S7C). Predictably, G9 (3)
had an elevated growth rate and likely represented a case of
treatment resistance due to G9-refractory Notch activation.
Overall, G9 treatment was associated with reduced tumor growth
(SI Appendix, Fig. S7D), demonstrating the therapeutic potential
of USP9x inhibition in TNBC.

Discussion
Herein, using a preclinical mouse model of TNBC, we demon-
strate that USP9x promotes Notch pathway activation, the
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secretion of CCL2 and IL-1β, and the recruitment of immune
infiltrates consistent with an immunosuppressive TME. The ge-
netic or pharmaceutical blockade of USP9x deactivates Notch,
reduces proinflammatory cytokine secretion, and induces a
switch to an immunologically hot tumor phenotype characterized
by a decrease in immunosuppressive FoxP3+ regulatory T cells
and M2-polarized TAMs, the emergence of cytotoxic and helper
T cells, and a reduction in tumor growth.
The last decade has witnessed a revolution in cancer treatment

toward precision medicine. This includes therapies that precisely
modify the immune system, such as chimeric antigen receptor
T cell transplantation and immune checkpoint blockade (ICB).
The overarching aim of these immunotherapies is to boost cancer-
specific T cell responses. Despite these advances, durable, clinical
responses have been appreciated in a minority of cancer patients.
This underscores the need for a deeper understanding of differing
tumor immune microenvironment configurations and how they
may predict outcome and therapeutic response.

Compared with hormone receptor–positive breast cancers,
TNBCs contain higher levels of TILs (12, 55). In TNBC, TIL
number is inversely correlated with the rates of relapse and death
(10–14, 56, 57) and is predictive of the increased response to
neoadjuvant and adjuvant chemotherapy (55, 58). These findings
make evident the immunogenicity of some TNBC and an op-
portunity to treat these cancers through immune modulation,
specifically by boosting cytotoxic CD8+ T cell activity. That being
said, attempts to boost CTL activity through ICB have only
demonstrated modest activity in TNBC, with objective response
rates (ORRs) in phase 1 studies for single-agent treatment of
around 10% and 40% when in combination with nab-paclitaxel
(59, 60). Recent phase 3 trials in early [KEYNOTE-522 (61)]
and advanced [IMpassion130 (62)] TNBC, that compared stan-
dard chemotherapy plus ICB to chemotherapy alone, demon-
strated improvements for the ICB regimen in complete pathologic
response (64.8 versus 51.2%, respectively—KEYNOTE-522) and
ORR (56.0 versus 45.9%, respectively—IMpassion130). These
promising, yet less-than-satisfactory, results support the continued
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pursuit of immune-based technologies to treat these cancers. TAMs
can function as gatekeepers within the TNBC immune microenvi-
ronment by suppressing CTL function and number through ICB-
resistant mechanisms (63, 64), and our findings raise the possibility
that anti-Notch therapies can reduce the load of immunosuppressive
TAMs in TNBC, promoting immunoconversion to ICB sensitivity.
Dysregulated Notch signaling has long been recognized as an

important driver in multiple cancer types (3). Notch steers cancer
progression by controlling epithelial-to-mesenchymal transition,
angiogenesis, inflammation, immune evasion, and metabolism
(65–68) and clinically confers resistance to radiation and chemo-
therapy (65). However, Notch is ubiquitously expressed in normal
tissues and so achieving antitumor levels of small-molecule Notch
inhibitors without debilitating side effects has been a challenge
(69, 70). This highlights the importance of precisely targeting
Notch in cancer cells. TRB3, which is dispensable during normal
cellular physiology (71) but plays a vital role in Notch activation in
cancer cells (29), is a potential therapeutic target. However, it

lacks enzymatic activity, making it technically elusive in this ca-
pacity. Here, we have shown in a mouse model of TNBC, and
previously in human TNBC (29), that USP9x is required to
maintain elevated TRB3 levels, stabilize MIB1, and to activate
Notch under cellular stress. The key role of USP9x in mediating
Notch activity in this respect is demonstrated classically through
the rescue of the USP9x null phenotype by ectopic Notch1. This
identifies USP9x as a potential anti-Notch therapeutic target, and
it predicts that drugs that target USP9x will be selective for cancer
cells while displaying minimal collateral damage to normal tissues.
Indeed, while the K14 cre-mediated permanent loss of USP9x was
incompatible with a normal lifespan, the short-term G9 treatment
of adult mice suppressed tumor growth without inducing weight
loss or other deleterious side effects. These findings strengthen the
concept of leveraging TME stress-induced pathways in malignant
cells to devise targeted and safe anticancer therapeutics.
The growing interest in understanding the role of USP9x in

development and disease has identified several proteins as their
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interactors and/or substrates. The context-dependent interac-
tions of USP9x control a wide range of cell signaling pathways, as
well as cellular processes (72). Indeed, the opposing roles of
USP9x have been reported; for instance, it can deubiquitinate and
stabilize both oncoproteins, such as MCL-1 (73), as well as tumor-
suppressors, such as FBW7 (74). Inferring which USP9x–substrate
interactions are dominant in a given context is pertinent to un-
derstand the net consequence of USP9x activity. In cancer, in
which TME stress is a major driver of cellular adaptations, the
activation of the unfolded protein response (UPR) pathway is an
early step in tumor development (66). The UPR pathway poten-
tially directs the activity of USP9x to either promote or suppress
tumor progression. While our data indicate a tumor-promoting
role for USP9x in TNBC, we lack an exhaustive list of other sig-
naling pathways that may be influenced by USP9x in this context.
Itch and Ets-1, known for their broad effects in cell signaling
pathways, were not primarily regulated by USP9x in the KBP
system. Nevertheless, further investigation will be needed to
comprehensively elucidate the input of USP9x on the vast sig-
naling network in TNBC and other hypoxic cancer types.
In summary, both USP9x and the Notch pathway confer

pleiotropic effects that can be tumor promoting or tumor sup-
pressing, dependent on the cell type. Our study indicates that
in TNBC the activities of USP9x and Notch converge to pro-
mote tumor growth by programming the TME stress response,

inflammation, and immune evasion. This work provides pre-
clinical evidence that the therapeutic targeting of USP9x in
TNBC is feasible and provides a rationale for the continued
development of anti-USP9x precision therapeutics to be used in
combination with ICB.

Materials and Methods
Cell Culture, Transfection, and Chemical Reagents. KBP cells were a kind gift
from Chiara Gorrini, Cancer Therapeutic Unit, The Institute of Cancer Research,
London, United Kingdom and were maintained as described (75). Human
embryonic kidney 293T (HEK293T) cells were from ATCC. To dissociate ad-
herent cells, cells were washed with phosphate-buffered saline (PBS)-MgCl2-
CaCl2 and trypsinized with 0.05% Trypsin-ethylenediaminetetraacetic acid
(EDTA) (Gibco). For siRNA transfection, KBP cells were seeded at 3 × 105 per
well in a 6-well format and treated with 25 pmol siRNAs (SI Appendix, Table
S1) using lipofectamine RNAiMAX (Invitrogen). Transfected cells were cultured
for 72 h before experiments. To induce ER stress, KBP cells were treated with
thapsigargin (Sigma) at 1 μM for either 18 h (protein analysis) or 5 h (RNA
analysis). To induce leucine deprivation condition, KBP cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM)/nutrient F-12 ham base (Sigma)
supplemented with 0.1545 gm/L CaCl2, 0.365 gm/L glutamine, 0.0612 gm/L
MgCl2, 0.04884 gm/L MgSO4, 1.2 gm/L NaHCO3, 0.09125 gm/L lysine, 0.0172
gm/L methionine, and lacking 0.05905 gm/L leucine. MG132 (Sigma) was used
at 10 μM and stored frozen as a 10 mM stock solution. EOAI3402143 (referred
to as G9) was obtained from Aobious and stored frozen as a 6 mg/mL stock
solution. Pimonidazole was obtained from Hypoxyprobe and stored in saline
as 12 mg/mL.

Stable Expression of Dox-Inducible shUSP9x and N1IC. For inducible USP9x KD, a
specific shRNA sequence for murine USP9x (76) (SI Appendix, Table S1) was
cloned into the lentiviral vector Tet-pLKO-puro (Addgene plasmid No.
21915). Lentiviral shUSP9x particles were produced using pMD2.G (Addgene
plasmid No. 12259) and psPAX2 (Addgene plasmid No. 12260) in lenti-X
293T cells and concentrated using lenti-X concentrator (Clontech). Concen-
trated lentivirus was used to infect KBP cells in the presence of 8 μg/mL
polybrene (Sigma). For ectopic N1IC expression, complementary DNA (cDNA)
containing N1IC as described in ref. 15 was cloned into the retroviral vector
pMIG (Addgene plasmid No. 9044). Retroviral N1IC particles were produced
in Phoenix-packaging cells and concentrated using a retro-X concentrator
(Clontech). Concentrated retrovirus was used to infect KBP cells and KBP
shUSP9x cells in the presence of 8 μg/mL polybrene.

Quantitative Real-Time PCR. Primer sequences were designed using the IDT
PrimerQuest Tool and are listed in SI Appendix, Table S1. cDNA was prepared
from 1 μg RNA using the iScript cDNA synthesis kit and subjected to quan-
titative real-time PCR using the default PCR cycle on a 7900HT Fast Real-Time
PCR System (Applied Biosystems). Amplified DNA products were detected
and quantified by SYBR green using power SYBR green PCR master mix. Each
sample was tested in triplicate for each primer set. Dissociation curve anal-
yses were also performed to ensure the absence of nonspecific amplification.
Normalization was done using murine GAPDH expression levels.

Western Blotting and Antibodies. Cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (25 mM Tris pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1%
DOC, and 0.1% SDS). Tumor tissue samples were lysed in a modified RIPA
buffer (50 mM Hepes pH 7.86, 150 mM NaCl, 1.5 mM EDTA, 10% glycerol, 1%
Nonidet P-40, 1% DOC, and 0.1% SDS). Lysates were sonicated and centri-
fuged at 13,000× g for 10 min. The concentration of proteins in the super-
natant was measured and equal amounts of protein samples were then
resolved by reducing SDS/polyacrylamide gel electrophoresis and transferred
to PVDF membranes (Bio-Rad). Blots were incubated overnight in corre-
sponding primary antibodies (listed in SI Appendix, Table S2), followed by
detection with HRP-conjugated secondary antibodies. Proteins of interest were
visualized using enhanced, luminol-based chemiluminescent (GE Healthcare).
When required, immunoblots were quantified by ImageJ software.

Cellular Ubiquitination Assay. TRB3-Flag, mMIB1-Flag, and HA-UB constructs
were prepared as described (29). HEK293T cells were seeded at 4 × 105 per
well in a 6-well format and transfected with the indicated plasmids using
Lipofectamine 2000. Around 48 h after transfection, cells were treated with
MG132 (Sigma) for 30 min prior to G9 treatment. Around 7 h after G9
treatment, cells were lysed in ionic lysis buffer as described (29), followed by
immunoprecipitation with anti-Flag M2 beads and Western blotting with
anti-HA.
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Fig. 7. Ectopic N1IC rescues the effect of G9. (A) Weight of KBP; hN1IC al-
lografts treated with G9 or vehicle (n = 6 tumors per group). (B) Enzyme-
linked immunosorbent assay of secreted IL-1β and CCL2 in conditioned me-
dia from overnight cultures of tumor cells from KBP; hN1IC tumors. Cytokine
levels are expressed per 106 cells. (C) Quantification (by flow cytometry) of
TAMs (Gr-1− F4/80+ CD11b+), M2 TAMs (Gr-1− F4/80+ CD11b+ CD206+), cy-
totoxic T cells (CD8+), helper T cells (CD4+), and regulatory T cells (CD4+

FoxP3+) in KBP; hN1IC 3 wk after treatment. Values for immune infiltrates are
expressed as percentage of CD45+ cells except for FoxP3+ CD4+ T cells, which
are expressed as percentage of CD4+ T cells. Error bars represent SEM. P
values are determined by the two-tailed Student’s t test with Welch’s cor-
rection for unequal variances.
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Mouse KBP Mammary Tumor Model. KBP cell lines (parental, shUSP9x,
shUSP9x-N1IC, or hN1IC) (6 × 105) were prepared in 25 μL PBS for injection
into the mammary fat pads of wild-type FVB mice (The Jackson Laboratory).
Once tumors were palpable, mice were matched by tumor size and assigned
to the indicated treatment groups. Dox was administered through the ro-
dent diet (Teklad) at 625 mg/kg diet. Dox-containing diet was changed twice
every week. G9 was administered in DMSO: PEG300 (1:1) by intraperitoneal
injection every other day at 12 mg/kg. After 3 wk, tumor-engrafted mice
were euthanized, followed by excision of tumors. K14cre;Brca1FL/FL;p53FL/FL

mice, developed by Liu et al. (33), were a gift from T.W.M. The genotype of
all animals was confirmed by PCR analyses of the tail tips of 3-wk-old female
mice, as previously described (33, 77, 78). All mouse protocols were approved
by the Animal Care and Use Committee of the University Health Network.

Flow Cytometry. Tumors were minced and then digested overnight using
digestion buffer (5% calf serum, 1 mg/mL collagenase, 30 μg/mL DNase I, and
1% penicillin–streptomycin in DMEM/F12). The digested samples were fil-
tered through 70-μm Falcon cell strainers, stained with a fixable viability dye
and fluorophore-conjugated antibodies (listed in SI Appendix, Table S2), and
analyzed with a BD Biosciences LSRFortessa Analyzer using FlowJo software
(TreeStar).

Enzyme-Linked Immunosorbent Assay. To determine IL-1β and CCL2 expres-
sion levels in tumor cells, freshly dissociated tumors were enriched for tumor
cells using a mouse epithelial cell enrichment kit (StemCell Technologies).
After overnight culture of enriched tumor cells, conditioned media was
centrifuged at 500× g for 10 min at 4 °C, and supernatant was collected to
determine cytokine levels using Quantikine enzyme-linked immunosorbent
assay kits (listed in SI Appendix, Table S2).

Histological Analysis and Quantification. Formalin-fixed, paraffin-embedded
mouse tissues were cut into 4-μm tissue sections, and antigen retrieval was
performed in 10 mM, pH 6.0 citrate or 10 mM, pH 9.0 Tris-EDTA (for N1IC).
Sections were incubated with the primary antibody (listed in SI Appendix,
Table S2) overnight at 4 °C. Secondary antibody and ABC reagent (Vector
Laboratories) were added sequentially, and sections were developed with
DAB reagent (Vector Laboratories) and counterstained with hematoxylin.
Stained slides were scanned on a whole-slide scanner (Nanozoomer 2.0-HT)
to acquire the whole-slide image. The quantification of immunohisto-
chemistry stained whole-slide image was done using QuPath software (79).

The small intestines were dissected and cut longitudinally, opened and
washed first with PBS and later with fixative (50% ethanol and 5% acetic acid
in distilled water), roll processed, fixed overnight in 10% neutral buffered
formalin, and embedded into paraffin for hematoxylin and eosin staining
and AB-PAS staining.

Statistics. Student’s t test (two tailed) was used for the statistical analysis of
all experiments unless otherwise specified. Mammary tumor latency was
analyzed using the Kaplan–Meier method, and the difference in mean la-
tency was tested using the log-rank test. The correlation coefficient was
measured using Pearson correlation. P values < 0.05 were considered sig-
nificant. All statistical analysis was done using GraphPad Prism software.

Data Availability.All study data are included in the article and/or SI Appendix.
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