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Activating mutations in PIK3CA, the gene encoding the catalytic p110a subunit of PI3K, are some of the most frequent
genomic alterations in breast cancer. Alpelisib, a small-molecule inhibitor that targets p110q, is a recommended drug

for patients with PIK3CA-mutant advanced breast cancer. However, clinical success for PI3K inhibitors (P13Kis) has been
limited by their narrow therapeutic window. The lipid phosphatase PTEN is a potent tumor suppressor and a major
negative regulator of the PI3K pathway. Unsurprisingly, inactivating mutations in PTEN correlate with tumor progression
and resistance to PI3K inhibition due to persistent PI3K signaling. Here, we demonstrate that PI3K inhibition leads rapidly
to the inactivation of PTEN. Using a functional genetic screen, we show that this effect is mediated by a USP10-GSK3f3
signaling axis, in which USP10 stabilizes GSK33, resulting in GSK33-mediated phosphorylation of the C-terminal tail of
PTEN. This phosphorylation inhibits PTEN dimerization and thus prevents its activation. Downregulation of GSK3f or
USP10 resensitizes PI3Ki-resistant breast cancer models and patient-derived organoids to PI3K inhibition and induces
tumor regression. Our study establishes that enhancing PTEN activity is a new strategy to treat PIK3CA mutant tumors and
provides a strong rationale for pursuing USP10 inhibitors in the clinic.

Introduction PI3K pathway (re)-activation mediated by the presence of rare, pre-
The phosphoinositide 3-kinase (PI3K) pathway is the most frequent-  existing, resistance-conferring genetic mutations or through adaptive
ly altered pathway in human cancer. Numerous small molecules tar-  or epigenetic mechanisms has limited overall therapeutic sensitivity
geting the pathway have been evaluated in clinical trials (1-4), but  and prevented clinical approval for most of these agents (5).
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PI3Ks are a family of lipid kinases that regulate numerous
cellular processes, including the cell cycle, survival, metabolism,
motility, and genomic instability (6, 7). PI3Ks are holoenzymes
consisting of a regulatory subunit (p85) and 3 possible class TA
catalytic subunits p110a, B, and 3. All are activated downstream
of RTKs or GPCRs (7). Activated PI3K phosphorylates phospha-
tidylinositol 4,5-bisphosphate [PI(4,5)P,] (PIP2) to generate the
second messenger phosphatidylinositol 3,4,5-triphosphate (PIP3).
PIP3 drives the activation of several downstream effector proteins
with pleckstrin homology domains such as phosphoinositide-de-
pendent kinase-1 (PDK1) and AKT/PKB. AKT is phosphory-
lated by PDK1 at T308 and subsequently by mTORC2 at S473,
resulting in full activation of the protein (6). Once activated, AKT
facilitates downstream signaling by phosphorylating a multitude
of substrates driving several pathways, including the mTOR path-
way marked by upregulation of the ribosomal protein S6. Some
of these phosphorylation events are causally implicated in numer-
ous malignancies. This includes the phosphorylation of glycogen
synthase kinase-3 (GSK3) at Ser9, which suppresses GSK3 kinase
activity (8, 9). Signal termination within the PI3K pathway is part-
ly mediated by the phosphatase and tensin homolog (PTEN) (10).
The principle catalytic function of PTEN is to dephosphorylate
PIP3 to PIP2, leading to repression of PI3K-AKT downstream sig-
naling (11). It is, therefore, unsurprising that genomic alterations
in PTEN, and the maintenance of PIP3 activation, have been asso-
ciated with PI3K inhibitor (PI3Ki) resistance in patients (12).

Recently, it was discovered that PTEN homodimerization at
the plasma membrane represents a crucial step in enzyme acti-
vation (13, 14). PTEN dimerization is negatively regulated by
several inhibitory posttranslational modifications, including the
phosphorylation of S370, T382, T383, and T385 in the C-termi-
nal tail of PTEN (15, 16). Phosphorylation promotes the inter-
action of the acidic tail of PTEN with its membrane-binding C2
domain, masking this domain to the lipid bilayer (16, 17). This
closed conformation results in a catalytically inactive state, leading
to persistent PIP3 upregulation and AKT activation. The absence
of phosphorylation of these sites induces an open PTEN confor-
mation, facilitating dimerization, and the binding of PTEN to
the membrane (16). Hence, therapeutic approaches that promote
PTEN dimerization may be promising strategies to reactivate its
tumor-suppressor function.

Another mechanism regulating PTEN is ubiquitination (18).
The majority of ubiquitination events, such as those mediated by
K48 or K63 chain topologies, lead to proteasomal or lysosomal
degradation of the substrate, respectively. Noncanonical ubiquiti-
nation, such as K27-linked ubiquitination, can interfere with pro-
tein-protein interactions (19, 20). Recently, it was demonstrated
that K27 ubiquitination of PTEN by the WWP1 E3 ubiquitin ligase
inhibited PTEN homodimer formation (15). Both genetic and
pharmaceutical inhibition of WWP1 led to PTEN reactivation and
downregulation of AKT signaling. Along with WWP1, several oth-
er E3 ligases influence PTEN stability and/or activation through
monoubiquitination or polyubiquitination (18). The action of E3
ligases is directly opposed by deubiquitinating enzymes (DUBs).
Several DUBEs, including OTUD and USP family members, influ-
ence PTEN ubiquitination levels and thereby regulate either its sta-
bility or nuclear exclusion (21-23).
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As with all targeted therapies, resistance is principally primed
through reactivation of the targeted pathway either through mech-
anisms of primary or acquired resistance. However, the overall
effectiveness of PI3Kis in the clinic has been surprisingly modest,
partly due to a limited therapeutic index, indicating the potential
presence of a rapid intrinsic feedback loop that restricts PI3Ki
efficiency (24, 25). Therefore, in the present work, we set out to
identify potential mechanisms that may regulate PTEN activation
after PI3Ki treatment. In this study, we demonstrate that PI3K
inhibition leads directly to the inactivation of the tumor-suppres-
sor PTEN, limiting PI3K pathway downregulation. Moreover, we
have characterized this mechanism and defined potential thera-
peutic strategies to circumvent it.

Results

PTEN expression does not correlate with PI3K downregulation following
PI3K inhibition. Patient-derived xenografts (PDXs) are clinically rel-
evant preclinical models that can be used as surrogates to define
mechanisms of resistance to targeted therapies. In a previous study,
we interrogated PDXs obtained from ER*, HER2", or triple-nega-
tive breast tumor specimens grown in immune-deficient mice with
the PI3Ki BYL719 (alpelisib) and ribociclib (26). We have now
extended our original data to include a total of 27 PDXs treated
with BYL719, and 2 treated with the PI3Ki GDC-0032 (PDX329
and PDX350.1) (Figure 1A). The overall response to therapy was
classified according to relative change in tumor volume upon treat-
ment (similar to the Response Evaluation Criteria in Solid Tumors
criteria) (27). In line with clinical observations with BYL719 or
GDC-0032, we observed no complete responses, and we recorded
partial responses in 5 PDX models (20%), stable disease in 6 PDX
models (24%), and progressive disease in 16 models (56%) for a
preclinical response rate (i.e., complete + partial responses) of 18%
and a preclinical benefit rate (i.e., complete + partial responses +
stable disease) of 40% (Figure 1A). As anticipated, tumor regres-
sion tended to be associated with low levels of phosphorylated
AKT (pAKT) and downstream phosphorylated S6 (pS6) (Figure
1B) (28). In contrast, PDXs with sustained PI3K signaling tended
to progress on treatment.

Since genomic loss of PTEN has been associated with PI3Ki
resistance, we sought to correlate PTEN expression with response
rate to PI3Kis (12, 29). As expected, we observed that PDX244,
which harbors a PTEN deletion, had elevated levels of PI3K
pathway activation and resistance to PI3K inhibition. In contrast,
PDX004, which expresses high levels of PTEN, showed downregu-
lation of the pathway and a therapeutic response. Notably, we also
found 3 tumors (PDX098, PDX313, and PDX225) with relative-
ly high PTEN levels and elevated levels of pAKT and pS6. All 3
tumors displayed progressive disease (Figure 1A and Supplemental
Figure 1A). Sequencing of the original patient tumors identified
a mutation in AKT®K in PDX313 but no genomic alterations in
PTEN (Supplemental Figure 1B) (26). This suggests that in these
tumors, PTEN may be ineffective in suppressing the PI3K pathway.

USPI0 is a positive regulator of PI3K signaling. Since PTEN
activity is regulated by ubiquitination, we were interested first
in determining the role of DUBs in the regulation of the PI3K
pathway (16). Therefore, we performed an RNA1 loss-of function
screen using a library of shRNA vectors that consisted of pools
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of 4 nonoverlapping shRNAs designed to target approximately 94
known or putative DUBs (30) (Supplemental Figure 2, A and B,
and Supplemental Table 1). HEK293T cells were transfected with
each of the shRNA vector pools in duplicate, and immunoblot
analysis was performed to analyze protein levels for pAKT/AKT
and pS6/S6. The abundance of pAKT relative to total AKT or
pS6 relative to total S6 were quantified. DUB shRNA pools that
substantially decreased relative pAKT and pSé levels were select-
ed for subsequent rounds of selection. After 3 rounds of selec-
tion and validation, we observed a consistent decrease in pAKT
in cells transfected with shRNA pools targeting USP10, USP42,
USP35, Trabid, and USP40 (Figure 2A and Supplemental Fig-
ure 2C). Importantly, pS6 is downregulated in these cells as well,
suggesting that the downregulation of pAKT is independent of

J Clin Invest. 2025;135(22):e180927 https://doi.org/10.1172/)C1180927

RESEARCH ARTICLE

Figure 1. PI3K inhibitor monotherapy in PI3K mutant breast cancers. (A)
Waterfall plot representing the growth of 27 PDXs treated with BYL719
(35 mg/kg) or GDC-0032 (25 mg/kg). The number of tumors (black circles)
treated per model is indicated in the brackets (n). Bars represent the aver-
age of treated samples. Vehicle control average is represented as white
circles. The percentage change from the initial volume is shown at day 35
of treatment. Dashed lines indicate the range of PD (>20%), SD (20% to
-30%) and PR/CR (<-30%). Data are represented as mean values + SEM.
(B) Whole-cell lysates of ER* patient derived xenografts derived from A
were probed with indicated antibodies.

any S6-mediated feedback loops. We chose to focus on USP10
because it was previously reported that USP10 can form a com-
plex with PTEN (31, 32).

We first sought to establish the activity of the USP10-target-
ing shRNAs present in the sShRNA pool. Therefore, we transfect-
ed these hairpins individually into HEK293T cells. Hairpins A,
B, and D efficiently suppressed endogenous USP10 transcript and
protein levels (Supplemental Figure 3, A and B). Similar results
were observed in cells ectopically expressing FLAG-tagged USP10
(Supplemental Figure 3C), although hairpin D was not active in
this experimental setting, because it targets the 3-UTR of USP10,
which is absent in the cloned transcript. Inhibition of USP10 with
the validated knockdown (KD) vectors A and B efficiently down-
regulated pAKT, underscoring the validity of our screen (Figure
2B). To generate stable KD clones of USP10 we similarly tested
an array of pLKO1-USP10 KD vectors (Supplemental Figure 3D).
pLKO1-USP10 KD vectors L1, L2, and L3 were the most efficient
at downregulating ectopically expressed USP10 and were used
for the remainder of the experiments. Stable KD of USP10 using
nonoverlapping hairpins decreased pAKT levels compared with
a pLKO1-shGFP control (Supplemental Figure 3E). In contrast,
overexpression of USP10 increased the concentration of pAKT,
while the catalytically inactive USP10 mutant C424A (hereafter,
USP10DD, for USP10 Dub Dead) decreased pAKT similar to
USP10 KD (Figure 2C). This finding suggests the deubiquitinating
activity of USP10 is required to regulate AKT phosphorylation.

Since the PI3K pathway is frequently hyperactivated in breast
cancer typified by a high frequency of PIK3CA mutations, we ana-
lyzed the effect of USP10 depletion in the breast cancer cell lines
MCF7 (PIK3CA-E545K) and T47D (PIK3CA-H1047R), which
both harbor activating mutations in PIK3CA. In both cell lines, KD
of USP10 substantially reduced pAKT levels (Figure 2, D and E).
This also holds true upon the induction of PI3K-AKT pathway sig-
naling with IGF, as seen in T47D cells (Figure 2E).

Previous reports indicated that USP10 has both positive and
negative effects on PI3K, PTEN, and mTOR signaling (31, 33).
Therefore, we sought to confirm our observed inhibitory effect of
USP10 KD on PI3K signaling in breast cancer cells through 4 inde-
pendent methods. First, we generated CRISPR-associated protein 9
(Cas9) KOs targeting USPI0 on chromosome 16 in HEK293T and
MCF7 cells. USP10 KO decreased pAKT levels in both cell lines
(Figure 2, F and G). Furthermore, RNA-Seq analyses of MCF7
CRISPR-Cas9 USP10 KO cells revealed a decrease in the levels of
3 established PI3K signatures (Supplemental Figure 4, A-D). Next,
we probed publicly available spatial data sets comparing USP10
expression with PI3K gene expression signatures (Figure 2, H-L
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Figure 2. USP10 is a regulator of PI3K signaling in breast cancer. (A) Immunoblot analysis of HEK293T cells expressing shRNA vectors targeting the
indicated DUBs. Ctl, control. (B) Immunoblot analysis of HEK293T cells expressing USP10 shRNA vectors A and B and probed with the indicated anti-
bodies. (C) Immunoblot analysis in HEK293T cells transfected as indicated and probed with the indicated antibodies. (D) Immunoblot analysis of MCF7
cells expressing USP10 shRNA vectors L1 and L2 probed with the indicated antibodies. Mut, mutation. (E) T47D cells expressing USP10 shRNA vectors
L1and L2, treated with IGF (300 ng/mL) as indicated. Lysates were probed with the indicated antibodies. (F and G) Immunoblot analysis of HEK293T
(F) or MCF7 cells (G) or USP10 KO counterparts (USP10%%). Lysates were probed with the indicated antibodies. (H) Overview H&E image of human breast
cancer FFPE sample used for spatial transcriptomic analysis. (https://www.10xgenomics.com/datasets/human-breast-cancer-ductal-carcinoma-in-si-
tu-invasive-carcinoma-ffpe-1-standard-1-3-0). Data were visualized using the 10x Genomics Loupe browser (version 8.0). (I) K means = 2 clustering

of human breast cancer FFPE sample used to segment tumor (BRCA indicated by orange) and stromal tissue (stroma indicated by black). (J) Uniform
Manifold Approximation and Projection (UMAP) analysis of cell clustering of the 2 identified clusters displaying genetically defined subclones/differ-
ential gene expression of BRCA. (K) Correlation analysis of USP10 and PIK-AKT-Hallmark gene set (HALLMARK_PI3K_AKT_MTOR-SIGNLING, M5923)

in UMAP on the breast cancer tissue section. USP10 and PIK-AKT signature-only expression areas are represented in yellow and blue, respectively;
co-expression is visualized in green. (L) Co-expression of USP10 and the PIK-AKT signature from UMAP (). Inset demonstrates co-expression of USP10
and PIK-AKT-Hallmark genes in BRCA. (M) Lysates of HEK293T cells expressing recombinant UbV10 incubated with HA-tagged Ub-VS for 30 minutes.
Lysates were probed with a USP10 antibody. (N) MCF7 cells expressing ubiquitin binding variant-USP10 or luciferase control, as indicated. Lysates were

probed with indicated antibodies. (0) Phospholipids were isolated from cells treated with DMSO or IGF (300 ng/mL) for 1 hour, and relative PIP3 and

P1(4,5)P, levels were quantified by ELISA. *P < 0.05 by 2-tailed t test.

and Supplemental Figure 5, A-E) (34). In line with our RNA-Seq
analysis, USP10 expression correlated with upregulation of PI3K
gene expression signatures in tumor tissue only, with little to no
USP10 expression being observed in the associated tumor stroma.

Lastly, we took advantage of a previously characterized ubiquitin
binding variant 10 (UbV10) that specifically binds USP10 with high
affinity and inhibits its deubiquitinating activity (35-37). To first con-
firm the inhibitory function of UbV10, we incubated cell extracts from
HEK293T cells with or without recombinantly expressed UbV10,
then the extracts were incubated with the ubiquitin active-site suicide
probe ubiquitin vinyl sulfone (Ub-VS), which covalently modifies the
catalytic site cysteine of DUBs (Figure 2M). As expected, UbV10
blocks the interaction of Ub-VS with the catalytic cysteine of USP10
and acts as an inhibitor of USP10 DUB activity. To further explore
the inhibitory capability of UbV10 against USP10, we generated a
2'-O-methylation—capped mRINA expressing UbV10 or GFP-tagged
UbV10 and ectopically expressed this in MCF7 cells. UbV10 expres-
sion downregulated AKT phosphorylation (Figure 2N).

Since AKT activation can also occur through mechanisms
independent of PI3K activation, we sought to determine if the
downregulation of AKT phosphorylation upon USP10 KD was
due to inhibition of PIP3 (38). Changes in PIP3 levels were quan-
tified using ELISA with PIP2 as a baseline control, because PIP2
is the most abundant phosphoinositide in the membrane and its
levels are not influenced by PI3K activity (39). PIP3/PIP2 ratios
were measured in T47D cells stably expressing a KD vector tar-
geting USP10 and treated with IGF. IGF stimulation leads to an
increase in PIP3 levels in control cells, but not in USP10 KD cells
(Figure 20). Taken together, our results indicate USP10 is a critical
regulator of PI3K signaling in breast cancer.

USPI0 is linked to PI3Ki resistance in breast cancers with high PTEN
expression. Next, we sought to understand the role of USP10 for cell
survival and transformation. An analysis of large-scale, genome-
wide CRISPR-Cas9 KO data sets indicated that USP10 is classified
as an essential gene for the survival of the majority of cancer cells as
determined by both CRISPR-engineered regulatory element scoring
(CERES) and CHRONOS analysis (Supplemental Figure 6, A—C)
(40, 41). Indeed, depletion of USP10 in T47D cells substantially
hampered the ability of these cells to grow in anchorage-independent
growth conditions (Supplemental Figure 7, A and B).
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To test if USP10 is correlated with PI3Ki resistance in PDX
tumors that exhibit high AKT activation, we explored the expres-
sion of USP10 in these tumor samples. Interestingly, 2 of the 3
tumors (PDX98 and PDX313) that have enhanced PTEN expres-
sion had high levels of USP10 (Figure 1B and Figure 3A). We
next explored if USP10 upregulation is a common occurrence in
PI3Ki-resistance models that express high levels of PTEN. We first
generated MCF7 and T47D cells resistant to the PI3Kis BYL719
or GDC(0941. Resistant cells were generated either by sequentially
increasing the concentration of the PI3K pathway inhibitor over
time to a maximum concentration of 1 uM (R!) or treating 3 days
on and 3 days off with 500 nM inhibitor (R?) until resistance devel-
oped and then the drug concentration was increased to 1 pM using
the same 3 days on-3 days off protocol (R% (Figure 3B and Sup-
plemental Figure 8, A-D). Interestingly, a subset of PI3Ki-resis-
tant cell lines had a marked increase in PTEN expression with a
corresponding upregulation of USP10 (Figure 3, C and D). Taken
together, these data suggest USP10 may support PI3Ki resistance in
breast cancers that retain high levels of PTEN.

USPI0 stabilizes PTEN protein levels by inhibiting protein dimeriza-
tion. To determine the molecular mechanism by which USP10 might
affect PTEN and PI3K signaling, we first confirmed that endoge-
nous USP10 co-immunoprecipitates with endogenous PTEN in
HEK293T cells, (Figure 3E). Similarly, ectopically expressed USP10
and USP10DD interacted with PTEN (Supplemental Figure 9A).
Under normal conditions, PTEN suppresses AKT activation. The
observed upregulation of pAKT in tumors with high PTEN levels
implies that USP10 may function through means other than direct-
ly influencing PTEN stability through deubiquitination. Neverthe-
less, we tested if USP10 affects PTEN ubiquitination. Depletion of
USP10 did not enhance K48- or K63-associated PTEN ubiquitina-
tion, 2 ubiquitin chain linkages commonly associated with protea-
somal- and lysosomal-mediated degradation, respectively (Supple-
mental Figure 9B). These data suggest USP10 is unlikely to directly
influence PTEN stability through deubiquitination.

‘We noted, however, that USP10, but not USP10DD, expres-
sion led to an increase in the overall levels of PTEN (Figure 3F).
Similar results were observed for endogenous PTEN (Supplemental
Figure 9C). Concordantly, loss of USP10 expression downregulat-
ed PTEN protein levels in both HEK293T and MCF7 cells (Figure

:


https://doi.org/10.1172/JCI180927
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.jci.org/articles/view/180927#sd
https://www.10xgenomics.com/datasets/human-breast-cancer-ductal-carcinoma-in-situ-invasive-carcinoma-ffpe-1-standard-1-3-0
https://www.10xgenomics.com/datasets/human-breast-cancer-ductal-carcinoma-in-situ-invasive-carcinoma-ffpe-1-standard-1-3-0

RESEARCH ARTICLE

The Journal of Clinical Investigation

A E & F
S K - - - + FLAG-USP10DD
98 131 313 287 39 4 191 225 251 244 PDXs @ A - - + - FLAG-USP10
g = e | usp1o USP10 -+ _+ + MYC-PTEN
. o — | MYC
I"—....M-’J B-Actin | oEN
- AG
- e | JSP10 | = .
B BYL719 1uM 3 e At
.y i s s |PTEN |~ 203T
293T
MCF7
i G USP10kd H g
wT R! R? R L1 L2 L3 o
- + + + + MYC-PTEN 3 3
GDC0941 1uM —_— — —|MYC e | PTEN
— — — —
T47D USP10 USP10
\ | S v g— 5-Actin SNONNS| GAPDH
- 293T 293T
WT R’
c I Adjacent Adjacent J Adjacent Adjacent
Tumor non-tumor Tumor non-tumor Tumor  non-tumor Tumor  non-tumor
BYL719  GDCO068 2 ®
WT R2 R*R' R R 5 5
— — — . waw e SP10 ™ = ™ g
2 2 g3
e o ———> | PTEN g £ kg
> (%} w
e B-Actin © o
o <@
MCF7 £ £
w %)
D K L
S o - e F-USP10
BYL719 GDC0941 < 80
—_— g P < 0.0001 — e e e ww | PTEN
WT R'" R'" R2 R3 R r=0.489
——— o o USP10 > b s —— DAKT
2 40 *
— - - &S @8 PTEN gt | —— e w— > | AKT
O o0l -~
| ————— 3-A\CtiN g 20 N s e s i | FLAG
T47D % o . . . | —— e e e | (3-ACIN
> 60

80 293T

40
PTEN IHC intensity per core (AU)

Figure 3. USP10 binds PTEN and regulates its protein expression. (A) Whole-cell lysates of PDXs from Figure 1B were probed with indicated antibodies.
(B) Colony formation assay of MCF7 or T47D or corresponding PI3Ki-resistant clones R, R?, and R? treated with BYL719 (1 uM) or GDC0941 (1 uM) for 21 days.
(C and D) Immunoblot analysis of MCF7 cells (C) or T47D cells (D) and corresponding resistant clones. Lysates were probed with the indicated antibodies.
(E) HEK293T cells were lysed and immunoprecipitated with a PTEN antibody or IgG control (Ctl). Immunoprecipitated lysates and whole-cell extracts were
probed with the indicated antibodies. (F) HEK293T cells were transfected with MYC-tagged PTEN and FLAG-tagged USP10 or FLAG-tagged USP10DD.

After 48 hours, cells were lysed and blotted precipitates were probed with the indicated antibodies. (G) HEK293T cells were transfected with MYC-tagged
PTEN and either USP10 shRNA vectors L1, L2, or L3. After 72 hours, cells were lysed and blotted precipitates were probed with the indicated antibodies. (H)
Immunoblot analysis of HEK293T cells or HEK293T USP10 CRISPR KO cells (USP10%"). Whole-cell lysates were probed with the indicated antibodies. (I and
J) Representative immunohistology staining of tissue microarrays (TMAs) against endogenous USP10 (I) or PTEN (J) in sample and patient-matched non-
transformed and human BRCA samples. Scale bar core overview: 1 mm; zoomed in: 50 um. (K) Quantitative correlative analysis of protein abundance via
IHC intensity in human BRCA using USP10 and PTEN in TMA sections. The analysis was conducted with the image analysis software QuPath (0.5.0) and
manually by a trained pathologist. Pearson correlation between positive immunohistology signals of USP10 versus PTEN in human BRCA cores. P < 0.05
by 2-tailed t test. (L) HEK293T cells were transfected with increasing concentrations of FLAG-tagged USP10. After 48 hours, cells were lysed and blotted
precipitates were probed with the indicated antibodies.
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3, G and H, and Supplemental Figure 9, D and E). MCF7 and
T47D expressing UbV10 downregulated PTEN levels, as well (Sup-
plemental Figure 9, F and G).

To determine the relevance of PTEN stability by USP10 in
patients, we performed immunohistochemical staining of PTEN and
USP10 on sequential sections of 107 primary or metastatic breast can-
cer samples (Figure 3, I and J). A significant positive correlation (r
=0.4896; P < 0.0001) was observed between PTEN expression and
USP10 expression in these samples (Figure 3K). We next sought to
correlate USP10 expression with PTEN levels and upregulation of
pAKT. As seen in Figure 3L, increasing expression of USP10 cor-
related with an upregulation of PTEN levels and enhanced AKT
phosphorylation. Co-expression of USP10 with PTEN circumvented
the negative regulation of PTEN on the PI3K-AKT pathway, an effect
that was annulled in cells co-expressing USP10DD (Supplemental
Figure 9, H and I). Furthermore, depletion of USP10 had no effect on
pAKT levels in PTEN CRISPR KO cells (Supplemental Figure 9J).

We next analyzed publicly available single-cell sequencing
data comparing PTEN expression with USP10 expression and
upregulation of PI3K gene expression signatures in breast cancer.
Notably, USP10 expression was significantly enriched in cluster 1,
which is defined by a distinct transcriptional signature associated
with breast cancer, as evidenced by the expression of key breast
cancer—related biomarkers (Figure 4, A—C, and Supplemental Fig-
ure 10A). Furthermore, PTEN expression was significantly upreg-
ulated in both clusters 1 and 3 (stroma associated) (Figure 4, A-C).
Cluster 1 most strongly associated with PI3K pathway upregula-
tion and USP10 co-expressed genes compared with clusters 2 and
3 (Figure 4C, and Supplemental Figure 10B). Importantly, sin-
gle-cell sequencing analysis strongly suggests that a proportion of
cells overexpressing PTEN and USP10 is associated with a tran-
scriptional profile indicative of PI3K pathway activation (Figure
4, C-E). Collectively, these data suggest USP10 expression cor-
relates with PTEN upregulation in a substantial fraction of human
tumors harboring PI3K pathway activation.

Multiple studies have shown that C-terminal tail phosphory-
lation of PTEN at Ser370, Ser380, Thr382, Thr383, and Ser385
by CK2 or PLK1 promotes a closed, inactive conformation that
decreases PTEN dimerization and membrane localization (Figure
5A) (42—46). Furthermore, GSK3p has been demonstrated to phos-
phorylate PTEN at Thr366, promoting PTEN degradation, but, to
our knowledge, has not previously been shown to regulate PTEN
dimerization (45). Most importantly, the closed configuration of
PTEN limits the accessibility for E3 ligases, which target the pro-
tein for degradation, and therefore enhances protein stability (16,
47). To test if USP10 regulates PTEN dimerization, we cotrans-
fected 2 PTEN variants with different tags (GFP-PTEN [90 kDa]
and FLAG-PTEN [55 kDa]) into HEK293T cells. shRNA-medi-
ated depletion or CRISPR KO of USP10 in these cells promoted
PTEN dimerization compared with control cells (Figure 5, B and
Q). In contrast overexpression of USP10 reduced PTEN dimeriza-
tion (Figure 5D). This finding indicates USP10 likely upregulates
AKT activation by promoting the closed, inactive conformation of
PTEN, inhibiting its ability to dimerize.

To confirm the role of USP10 on PTEN activation and stabili-
zation, we co-expressed USP10 with WT-PTEN or a PTEN mutant
in which 4 C-terminal phosphorylation sites are mutated to alanines
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(PTEN-A4; S380A/T382A/T383A/S385A). PTEN-A4 expres-
sion was much lower compared with WT-PTEN, likely because of
increased activation of the protein (Supplemental Figure 11A) (44).
Although USP10 can promote the stability of WT-PTEN, as we
observed, it does not enhance the stability of PTEN-A4. This find-
ing suggests USP10 might affect PTEN dimerization by influencing
its C-terminal tail phosphorylation (Supplemental Figure 11A).

Phosphorylation of residue Thr366 regulates PTEN dimerization.
Since the C-terminal tail functions in PTEN homodimer stabili-
zation, we sought to understand the effect of phosphorylation on
homodimerization, using molecular dynamics simulation com-
bined with binding energy analysis (Figure 5, E and F, and Supple-
mental Videos 1-5). As previously reported, C-terminal tail phos-
phorylation decreases PTEN dimer stability compared with WT
(Figure 5F and Supplemental Videos 1 and 2) (13, 47, 48). Criti-
cally; however, phosphorylation at Thr366 alone completely desta-
bilized dimer formation, an effect that, curiously, was annulled
when both Thr366 and Ser370 were phosphorylated (Supplemen-
tal Videos 3 and 4). In line with these results, co-expression of
GFP-PTEN with a PTEN mutant (T366A) promoted PTEN dimer
formation compared with WT-PTEN (Figure 5G). Together, these
data suggest phosphorylation of Thr366 is a critical regulator of
PTEN dimerization.

Treatment with a PI3Ki affects phosphorylation of PTEN residue
Thr366. Some of our PDX models that were resistant to PI3Kis
displayed increased upregulation of PTEN. Therefore, we sought to
understand if PTEN C-terminal tail phosphorylation was altered in
breast cancer cell lines after exposure to the PI3Kis BYL719 (PI3K),
BEZ235 (pan-PI3K/mTOR), or GDC-0941 (pan-PI3K). PI3K or
AKT inhibition consistently upregulated the phosphorylation of
Thr366 but not phosphorylation of Ser380, Thr382, and Thr383
(Figure 5H and Supplemental Figure 11B). Next, we analyzed
PTEN phosphorylation upon exposure to P13Ki over time. Interest-
ingly, the PI3Ki and both pan-PI3Kis rapidly induced phosphoryla-
tion of Thr366, but only the pan-PI13Kis enhanced phosphorylation
of Ser380, Thr382, and Thr383, suggesting multiple modes of reg-
ulation of PTEN C-terminal tail phosphorylation (Supplemental
Figure 11, C-E). Phosphorylation of all C-terminal tail residues
decreased over time and then was again upregulated at 24 hours.
Similar results were observed in PDX0098 and PDX0479 tumors
(Supplemental Figure 11F). Interestingly, Thr366 phosphorylation
and USP10 expression were maintained at 24 hours in the BYL-re-
sistant PDXO0098 but not in the PI3Ki-sensitive PDX0479.

Next, we investigated if PI3K inhibition influenced PTEN
dimerization. In line with upregulation of PTENT™=3% PI3Kj treat-
ment substantially decreased the ability of PTEN to form homodi-
mers (Figure 5I). Taken together, these data suggest PTEN activity
is inhibited after PI3K pathway downregulation.

USPI0 regulates GSK3[ stability and phosphorylation of PTEN
residue Thr366. To further explore USP10-mediated regulation of
PTEN, we asked if USP10 could form complexes with either the
E3 ligase WWPI or the 3 known kinases that target C-terminal
tail phosphorylation [namely GSK3B(T366), ref. 45; CK2(S380/
T382/T383), refs. 43 and 49; and PLK1(S385), ref. 50]. Interesting-
ly, USP10 formed complexes with WWP1, PLK1, and GSK38, but
not CK2 (Figure 6A, and Supplemental Figure 12, A-C). Prelim-
inary analyses indicated USP10 did not alter the protein stability
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Figure 4. USP10 expression correlates with upregulation of PTEN and PI3K pathway signaling. (A and B) K means = 3 clustering of human invasive ductal
carcinoma single-cell sequencing data set (https://www.10xgenomics.com/datasets/7-5-k-sorted-cells-from-human-invasive-ductal-carcinoma-3-v-3-
1-3-1-standard-6-0-0). (A) Heatmap of differentially expressed genes in the K-means = 3 clusters. (B) USP10 expression in the different clusters is shown
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K means = 3 clusters. Data demonstrate the predominant expression of USP10 and PCNA in cancer tissue (cluster 1), PTEN expression in cluster 1 (BRCA) and
stroma (Cluster 3), and the expression of PIK-AKT hallmark genes in clusters 1and 3, respectively. Data were visualized using the 10x Genomics Loupe brows-
er (version 8.0). (D) Correlation analysis of the expression of USP10 and PTEN in the single-cell sequencing data set on human invasive ductal carcinoma.
Cells with predominantly high expression of USP10 are represented in blue and PTEN-expressing cells are marked in yellow. Co-expression is visualized in
green. The zoomed-in view shows the predominant co-expression of USP10 and PTEN in BRCA. Data were visualized using the 10x Genomics Loupe browser
(version 8.0). (E) Correlation analysis of USP10 and genes of the PIK-AKT-Hallmark gene set on human invasive ductal carcinoma. Areas of high USP10
expression are represented in yellow, PIK-AKT-Hallmark gene sets only are marked in blue, co-expression is visualized in green. The zoomed-in view shows
the predominant co-expression of USP10 and PIK-AKT-Hallmark genes in BRCA. Data were visualized using the 10x Genomics Loupe browser (version 8.0).
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of WWP1 or PLKI1 (data not shown). However, KD of USP10
diminished the levels of ectopically expressed GSK3p (Figure 6B).

To validate the regulation of GSK3f by USP10, we analyzed
GSK3p protein levels in USP10 KO cells. GSK3p protein levels
were decreased in all 3 USP10 KO clones (Figure 6C). In contrast,
ectopic expression of USP10, but not USP10DD, upregulated
GSK3B levels (Figure 6D). These data show that USP10 regulates
the stability of GSK3p.

A number of DUBEs, including USP7 and USP13, have been
demonstrated to regulate PTEN localization and stability (18, 19).
Therefore, we analyzed if either of these DUBs also affected GSK38
protein levels, but only USP10 noticeably enhanced GSK3p stabiliza-
tion (Figure 6E). Interestingly, the increase in GSK3p protein stability
was associated with an increase in phosphorylation of AKT (Thr308)
and S6 (Ser235/236) (Figure 6E). In contrast, downregulation of
GSK3p mediated by USP10 KD led to downregulation of AKT and
S6 phosphorylation (Figure 6F). As expected, GSK3p-mediated phos-
phorylation of the PTEN residue Thr366 was attenuated in cells with
decreased expression of USP10 (Figure 6G). In accordance with the
increase in Thr366 phosphorylation, ectopic expression of a hyper-
active form of GSK3p (GSK3B3®4) decreased PTEN dimerization
and upregulated overall PIP3 levels (Figure 6H and Supplemental
Figure 12D).Taken together, these data suggest the effect of USP10
on PTEN stability, dimerization, and downstream AKT activation is
facilitated by phosphorylation of PTEN mediated by GSK3p.

To study if USP10 deubiquitinates GSK3p, we cotransfected
GSK3p, and USP10 or USP10DD, with an HA-tagged Ub con-
struct. USP10 markedly decreased GSK3f ubiquitination, whereas
USP10DD did not alter the ubiquitination status of GSK3p (Sup-
plemental Figure 12E). Next, we used K27, K48, or K63 mutant
ubiquitin constructs only capable of generating representative sin-
gular chain linkages (all other lysines are mutated to arginine) to test
their individual effects on ubiquitination in cells that overexpress
USP10. USP10 decreased the overall levels of K48- and K27-incor-
porated ubiquitin, but not K63, suggesting that USP10-mediated
stabilization of GSK3p is likely due to decreased K48 ubiquitina-
tion (Figure 6I). Taken together, these results suggest USP10 deu-
biquitinates and stabilizes GSK3p, resulting in increased PTEN
phosphorylation at PTEN residue Thr366 and PTEN inhibition.

USPI0 mediates PTEN K27-linked polyubiquitination. PTEN
C-terminal tail phosphorylation at Thr366 promotes ubiquitination
(51). Recently, it has also been demonstrated that K27-linked ubig-
uitination by the E3 ligase WWP1 inhibits PTEN dimerization,
membrane recruitment, and function (15). Therefore, we explored
if the effect of USP10 on dimerization may be attributed to altered
K27-linked ubiquitination. In line with our previous results demon-
strating that USP10 decreases PTEN dimerization, only K27 ubig-
uitination chains were substantially upregulated in the presence of
USP10 (Supplemental Figure 13A). Since USP10 enhances PTEN
K27 ubiquitination rather than deubiquitinating PTEN, we specu-
lated that USP10-GSK3p may also influence WWP1. IP of WWP1
and GSK3p demonstrated that GSK3p can form a complex with
WWPI, resulting in WWP1 phosphorylation (Supplemental Fig-
ure 13, B and C). In addition, short-term treatment with BYL719
enhanced PTEN K27 ubiquitination (Supplemental Figure 13D).

Next, we sought to understand if the decreased dimerization
mediated by GSK3p alters PTEN phosphatase activity. Indeed,
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PIP3 analysis indicated that co-expression of GSK3f% almost
completely inhibited PTEN phosphatase activity but not in PTEN
cells harboring a phosphate null mutation, T366A (Supplemental
Figure 13E). These data indicate USP10-mediated regulation of
GSK3p likely results in a dynamic interplay between PTEN K27
ubiquitination and C-terminal tail phosphorylation, as previously
suggested (16). An effect induced after the addition of PI3Kis.

USPI10 is upregulated in breast cancer and contributes to PI3Ki resis-
tance. USP10 acts as both an oncogene and tumor suppressor (52).
We investigated if the oncogenic role of USP10 we identified is a
relevant factor in human breast cancer and PI3Ki resistance. Sim-
ilar to our spatial analyses, single-cell RNA profiling analysis of
6 patients with triple-negative breast cancer extrapolated from the
report by Karaayvaz et al. (53) indicated that cells annotated as
malignant, based on marker genes and inferred copy number aber-
rations, had significantly higher expression of USP10 compared
with epithelial cells (Figure 7, A and B, and Supplemental Figure
14, A—C). USP10 expression was also associated with tumor aggres-
siveness (Supplemental Figure 14D). Moreover, in line with our
results for PDX98 and PDX313 and our single-cell and spatial anal-
yses, within The Cancer Genome Atlas (TCGA) database (TCGA
cBioportal) 20% of patients with breast cancer had upregulation of
USP10 mRNA levels (Figure 7C). Stratification of patients into 2
groups based on the expression of USP10 determined that patients
with high expression of USP10 had significantly reduced overall
survival (Figure 7D). Taken together, these results show USP10 is
upregulated in a fraction of breast cancers and is linked to a more
malignant phenotype.

To investigate if USP10-mediated inactivation of PTEN
might contribute to PI3Ki resistance, we first examined if USP10
depletion by shRNAs could resensitize MCF7 or T47D PI3Ki-re-
sistant cell lines to PI3Kis. Thus, we generated BYL719 and
GDC0941 dose-response curves in the presence or absence of
USP10 KD. We observed that USP10 KD decreased the BYL719
half-maximal growth inhibitory concentration (GIL)) (50% cell
death) by 3-fold and the GDC0941 GI, by 4-fold (Figure 7E
and Supplemental Figure 15A). Similar results were observed
in USP10-KD, PI3Ki-resistant T47D cells (Supplemental Figure
15, B-E). We confirmed these observations in colony formation
assays in BYL719-resistant MCF7 cells (Figure 7F). Likewise,
CRISPR-mediated USP10 KO decreased the overall proliferative
potential of MCF7 cells when treated with various PI3Kis (Sup-
plemental Figure 15F). Furthermore, analysis of the intercellu-
lar responses in MCF7 PI3K-resistant cells to USP10 depletion
showed a marked decrease in pAKT levels upon USP10 depletion
(Figure 7G). USP10-depleted cells also exhibited an increase in
the accumulation of cells in sub-G1 compared with their resis-
tant counterparts after BYL719 treatment (Figure 7H), indicative
of an increase in cell death. These data suggest USP10 plays a
critical role in PI3Ki resistance in breast cancer and that loss of
USP10 resensitizes resistant cells to PI3Kis.

Spautin-1 resensitizes PI3Ki-resistant cells. A number of nonspe-
cific inhibitors against USP10 have been developed, including
the potent autophagy inhibitor-1 (Spautin-1), which inhibits both
USP10 and USP13 with an IC, of 0.6-0.7 uM (54). To confirm the
effect of Spautin-1 on USP10, we tested if Spautin-1 could inhibit
the ability of the Ub-VS to bind to the catalytic cleft of USP10.
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Figure 5. PI3Kis induce PTEN T366 phosphorylation, regulating its dimerization. (A) Schematic of PTEN in an open, active, unphosphorylated state

(top) and PTEN phosphorylation in the C-terminal tail inducing a closed, inactive conformation (bottom). (B) Co-IP assay from total lysate of HEK293T
cells, transfected with GFP-PTEN or FLAG-PTEN, with or without shRNA USP10". IP with anti-FLAG antibody. Western blot was probed with the indicated
antibodies. (C) Co-IP assay from total lysate of HEK293T cells or HEK293T USP10%"" cells transfected with GFP-PTEN and FLAG-PTEN. IP with anti-FLAG
antibody. Western blot was probed with indicated antibodies. (D) Co-IP assay from total lysate of HEK293T, HEK293T USP10%”", or HEK293T USP10%”" cells
ectopically expressing USP10, transfected with GFP-PTEN and FLAG -PTEN. IP with anti-FLAG antibody. Western blot was probed with the indicated
antibodies. (E) Initially prepared model of unphosphorylated PTEN dimer or phosphorylated PTEN dimer (pT366) prior to molecular dynamics simulation.
Phosphorylated residues are shown as spheres. Blue indicates monomer 1; red indicates monomer 2; teal/magenta indicates phosphothreonine residues.
(F) Molecular mechanics — general born surface area binding energies for PTEN dimers with differential phosphorylation status. (G) Co-IP assay from total
lysate of HEK293T cells, transfected with GFP-PTEN, HA-PTEN, or HA-PTEN T366A. IP with anti-GFP antibody. Western blot was probed with the indicated
antibodies. (H) MCF7 cells treated for 24 hours with 1 uM indicated PI3Kis or AKT inhibitors (AKTi). Whole-cell lysates were collected and probed with the
indicated antibodies. (I) MCF7 cells transfected with GFP-PTEN and FLAG-PTEN were treated with 10 uM BYL719, as indicated. IP with anti-FLAG antibody.

Western blot was probed with indicated antibodies.

Curiously coincubation with Spautin-1 had no effect on Ub-VS
binding (data not shown), suggesting Spautin-1 does not act as
a catalytic inhibitor of USP10. Therefore, we tested if USP10 is
required for the antiproliferative effects of Spautin-1. As previous-
ly shown, Spautin-1 decreased the proliferative capacity of MCF7
cells in nutritionally deprived conditions (54) but not in cells deplet-
ed for USP10 (Supplemental Figure 15G) (54). Our observation
that Spautin-1 was ineffective in MCF7 cells depleted for USP10
suggested USP10 is required for the antiproliferative effects of
Spautin-1 and that Spautin-1 may function either as an indirect or
allosteric inhibitor of USP10.

To confirm if the combination of Spautin-1 and PI3K inhibition
exhibits synergistic activity in PI3Ki-resistant breast cancer cell lines,
we treated each of the parental and resistant cell lines with increas-
ing concentrations of Spautin-1 and BYL719 alone or in combina-
tion. As previously demonstrated (28), PI3K inhibition alone was
relatively ineffective at inhibiting the proliferation of PI3Ki-resistant
cells (Supplemental Figure 16A). However, we observed a synergis-
tic interaction between Spautin-1 and BYL719 in suppressing cell
proliferation as determined by a zero interaction potency (ZIP) syn-
ergy score of 2.613 (Supplemental Figure 16, A—C). We further con-
firmed these observations in colony formation assays in BYL719-re-
sistant MCF7 cells treated with BYL719 alone, Spautin-1 alone, or
the combination (Supplemental Figure 16D).

Next, we sought to validate this interaction in PDX-derived
organoids (PDXOs) grown in short-term, 3-dimensional ex vivo
cultures on a laminin-rich extracellular matrix. The antiprolifer-
ative activity of BYL719 and Spautin-1 alone or in combination
was measured by PDXO metabolic activity. Importantly, Spautin-1
decreased the viability alone and further decreased the viability of
PDX0350.2 when in combination with BYL719 (Supplemental
Figure 16E). Furthermore, cotreatment with BYL719 and Spau-
tin-1 downregulated the AKT pathway compared with either inhib-
itor alone (Supplemental Figure 16F). Taken together, these results
suggest USP10 inhibition may sensitize PI3Ki-resistant tumors to
PI3K pathway downregulation and tumor regression.

GSK3p inhibition resensitized PI3Ki-resistant cells to PI3K inhibition.
Since the inhibitory phosphorylation on GSK3p is lost after PI3K
inhibition and GSK3p phosphorylates PTEN at Thr366, a site
we demonstrate to hinder PTEN dimerization and consequently
upregulates AKT signaling, we investigated whether chemical inhi-
bition of GSK3p could amplify the impact of PI3Kis in suppressing
the AKT pathway. As expected, treatment with the PI3Ki BYL719
potently decreased AKT phosphorylation and downstream S6
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phosphorylation (Supplemental Figure 17A). However, the cotreat-
ment of the GSK3p inhibitor 9-ING-41 noticeably downregulated
the pathway, compared with PI3K monotherapy treatment (Sup-
plemental Figure 17A). Importantly, the addition of 9-ING-41
also resensitized PI3Ki-resistant MCF7 cells to PI3K inhibition at
clinically relevant concentrations, as determined by the downregu-
lation of S6 phosphorylation (Supplemental Figure 17B). In con-
cordance, we observed a synergistic interaction between 9-ING-41
and BYL719 in suppressing cell proliferation in WT and PI3Ki-re-
sistant cell lines, as determined by ZIP synergy score (Figure 8,
A-F). This interaction was further validated in PI3Ki-resistant
cells and in 2 PI3Ki-sensitive PDXO models, in which cotreatment
with a GSK3p inhibitor further diminished PI3K pathway activa-
tion, as determined by pAKT and downstream pS6 protein levels,
leading to a greater reduction in proliferative capacity compared
with BYL719 alone (Figure 8, G-J, and Supplemental Figure 18, A
and B). Notably, the combination of the GSK3p inhibitor 9-ING-
41 with the USP10 inhibitor Spautin-1 was antagonistic in MCF7
WT cells and their PI3Ki-resistant counterparts (Supplemental
Figure 19, A-F). These results demonstrate that targeted inhibition
of GSK3p amplifies the effectiveness of PI3Kis in suppressing the
pathway and can potentially function in combination with PI3Kis
to overcome PI3Ki-mediated feedback loops.

Discussion

In this study, we have shown that the inhibition of PI3K/AKT sig-
naling leads to aberrant phosphorylation of Thr366 on the C-termi-
nal tail of PTEN, a residue we demonstrate to be critical for PTEN
dimerization. This phosphorylation appears to form part of a nega-
tive feedback loop that regulates overall PIP3 levels in cells. Under
such a scenario, AKT-mediated phosphorylation of GSK3p on the
inhibitory Ser9 residue of GSK3p (8) limits the ability of GSK3p to
phosphorylate its downstream substrates, including PTEN (Figure
8K). Upon selective PI3K/AKT inhibitor treatment, GSK3p phos-
phorylation on Ser9 is lost, activating the kinase. GSK3p phosphor-
ylates T366 on PTEN, inhibiting PTEN. Here, we establish that
these processes are potentially linked and demonstrate that PI3K
inhibition directly leads to phosphorylation of Thr366 and inhibi-
tion of PTEN. This results in the maintenance of higher PIP3 levels
and amplified downstream AKT signaling. These findings suggest a
rationale for the limited therapeutic index of PI3K pathway inhib-
itors in the clinic and helps explain why, in dose-escalation studies,
achieving effective target engagement with PI3K compounds con-
sistently exceeds tolerable limits (4).
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Figure 6. USP10 stabilizes GSK3p to regulate downstream PI3K signaling. (A) Co-IP assay from total lysate of HEK293T cells, transfected with
FLAG-GSK3pB and/or USP10. IP with anti-FLAG antibody. Western blot was probed with indicated antibodies. (B) Immunoblot analysis of HEK293T
cells expressing FLAG-GSK3p with or without shRNA targeting USP10 and probed with the indicated antibodies. Ctl, control. (C) Immunoblot analysis
of HEK293T cells or HEK293T USP10 CRISPR KO clones (USP10%%!, USP10%%?, USP10%®3). Whole-cell lysates were probed with the indicated antibodies.
(D) Immunoblot analysis in HEK293T cells expressing FLAG-GSK3p, with or without FLAG-USP10 or FLAG-USP10DD. Whole-cell extracts were probed
with the indicated antibodies. (E) Immunoblot analysis in HEK293T cells expressing FLAG-GSK3p and either FLAG-USP7, FLAG-USP10, or FLAG-USP13.
Whole-cell extracts were probed with the indicated antibodies. (F) Immunoblot analysis in HEK293T cells expressing FLAG-GSK3p and either shRNA
USP10"" or USP10"%. Whole-cell extracts were probed with the indicated antibodies. (G) Immunoblot analysis in HEK293T cells expressing FLAG-GSK3p
and either shRNA USP10" or USP10“2. Whole-cell extracts were probed with the indicated antibodies. (H) Co-IP assay from total lysate of HEK293T
cells, transfected with GFP-PTEN, HA-PTEN, and HA-GSK3f%. IP with anti- FLAG antibody. Western blot was probed with indicated antibodies. (1)
HEK293T cells transfected with FLAG- GSK3p, HA-tagged ubiquitin, or its mutant isoforms K27, K48, or K63, in the presence or absence of CMV-USP10.
Lysates were immunoprecipitated with anti-FLAG affinity resin, resolved by SDS-PAGE, and probed with indicated antibodies.
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Figure 7. USP10 is upregulated in breast cancer and correlates with PI3Ki resistance. (A) A batch-corrected Uniform Manifold Approximation and Pro-
jection (UMAP), representing malignant and normal epithelial cells from patients with triple-negative breast cancer (53). The cells are colored to depict
their respective cell-type annotations: epithelial (green) or malignant (red). (B) A UMAP illustrating the normalized expression of USP10 across all cells
extrapolated from A. (C) Matrix heatmap generated using cBioportal showing genetic alterations in PIK3CA, PTEN, and upregulation of USP10 mRNA. (D)
Kaplan-Meier curves from TCGA data extrapolated from the GEPIA2 genomics analysis and visualization platform showing probability of overall survival
of patients with breast cancer with a higher copy number of USP10 is significantly less than those with a lower level of USP10 (P = 0.049). HR, hazard
ratio. (E) MCF7 PI3Ki-resistant cells expressing shRNA USP10L2 or USP10 L3 or shGFP were treated with escalating doses of BYL719, as indicated, for 72
hours. Viability was assayed using CellTiter-Glo as described by the manufacturer. Data represent the mean of 5 replicates. (F) Colony formation assay of
MCF7-WT or MCF7-PI3Ki-resistant clone R? stably expressing shRNA USP10 or USP10"2 or a sShRNA GFP control. Cells were treated with BYL719 (2 uM) for
21days. (G) Immunoblot analysis of MCF7 or MCF7R3 cells expressing either shRNA USP10" or USP10. Whole-cell extracts were probed with the indicated
antibodies. (H) Quantification of the sub-G1 population after treatment with BYL719 (1 uM); the mean SEM of 3 independent experiments is reported.
Dunnett’s multiple comparison test was used to compare treated populations. **P < 0.01, ***P < 0.001.

As part of our studies, we performed a deubiquitinating enzyme  as DUB inhibitors, may be used as a rational approach to target PI3K
RNAI screen to identify DUBs that regulate AKT activity or down-  mutant cancers (55, 56). Notably, it has recently been demonstrated
stream signaling, as represented by changes in S6 phosphorylation.  that PI3Kis enhance the degradation of the mutant p110a (H1047R)
The reasoning behind this was 2-fold. First, we wanted to understand  isoform, partially explaining the increased efficacy of these com-
the puzzling upregulation of PTEN in PDXOs resistant to PI3Kis.  pounds over other PI3K pathway inhibitors in the clinic (25, 57).
Second, a number of studies have demonstrated the role of E3 ligases Here, we identify the deubiquitinating enzyme USP10 as a
affecting the PI3K pathway components negatively altering the activity ~ inhibitor of PTEN dimerization. Specifically, USP10 deubiquiti-
of the PI3K pathway suggesting that targeted protein degraders, such  nates and stabilizes GSK3p, resulting in increased phosphorylation
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Figure 8. GSK3p inhibition resensitizes PI3Ki-resistant cells to PI3Kis. (A) A dose matrix of BYL719 with 9-ING-41was created in parental MCF7 cells.
Viability was assessed after 5 days. Percentage inhibition at each dose is presented. (B and C) Synergy analysis of BYL719 and 9-ING-41in an MCF7 cell
line showing the ZIP synergy score, as analyzed using SynergyFinder software. (D) A dose matrix of BYL719 with 9-ING-41was created in MCF7 BYL719-re-
sistant cells. Viability was assessed after 5 days. Percentage inhibition at each dose is presented. Res, resistant. (E and F) Synergy analysis of BYL719

and 9-ING-41in an MCF7 BYL719-resistant cell line, showing the ZIP synergy score, as analyzed using SynergyFinder software. (G) Colony formation assay
of MCF7 or MCF7 BYL719-resistant clones treated with DMSO, BYL719 (1 uM), 9-ING-41 (1 uM), or the combination (Combo) for 21 days. Ctrl, control. (H)
Colony formation assay of MCF7 or MCF7 GDC0941-resistant clones treated with DMSO, GDC0941 (1 uM), 9-ING-41 (1 uM), or the combination for 21 days.
(1) Viability assay of PDX0479 treated with BYL719 (1 uM), 9-ING-41 (1 uM), or the combination for 5 days. (J) Immunoblot analysis of PDX0479 treated in
1. Whole-cell extracts were probed with the indicated antibodies. (K) Schematic overview of GSK3B-USP10 regulation of PTEN dimerization following PI3K

inhibition (inh). Mut, mutation.

of Thr366 on PTEN, which interferes with protein dimerization
and limits the catalytic activity of PTEN. To our knowledge, this
is the only DUB that plays a role in GSK3p stability. In addition,
we demonstrate that increased expression of USP10 upregulates
K27-linked ubiquitination of PTEN, a mechanism associated
with decreased PTEN dimerization. Recently, it was demonstrat-
ed that WWP1-mediated K27 ubiquitination of PTEN suppresses
dimerization, plasma membrane recruitment, and tumor suppres-
sive function (15). USP10 and GSK3p can form complexes with
WWPI1, with increased activation of GSK3p leading to WWP1
phosphorylation. Although we do not know the direct effect of
GSK3B-mediated phosphorylation on WWP1 catalytic activity, this
work prompts various inquiries regarding the enzymatic kinetics
of PTEN concerning C-terminal tail phosphorylation, K27-linked
ubiquitination, and PTEN dimerization. Moreover, whereas phos-
phorylation of Thr366 alone led to a reduction in dimerization, sec-
ondary phosphorylation at Ser370 completely annulled the effect
of Thr366 phosphorylation on PTEN dimerization. Introducing
yet another layer of complexity to the system. Here, we demon-
strate that USP10 binds WWP1, GSK3p, PLK1, and PTEN, sug-
gesting that USP10 might operate through multiple interdependent
pathways to impede PTEN dimerization.

Deleterious mutations in the tumor-suppressor PTEN mimic
activating mutations in the oncogene PIK3CA, both driving elevat-
ed intracellular levels of PIP3 and promoting oncogenic signaling.
Curiously, recent sequencing studies and expression analyses, includ-
ing the work presented here, have revealed distinct subsets of breast
cancer with unexpectedly high PTEN expression levels and that cor-
relate with upregulation of the PI3K signaling (58), thus suggesting
a complex, yet unresolved, relationship between PTEN abundance
and PI3K signaling activation. PTEN can adopt a closed, inactive
conformation that impedes dimerization, further amplifying PIP3
levels and impacting downstream signaling. Notably, this closed con-
formation of PTEN reduces accessibility to E3 ligases, which target
the protein for degradation, thereby enhancing its stability (16, 47).
Since USP10 expression is upregulated in human breast cancer and
correlates with PI3K activity in a large fraction of cells expressing
heightened levels of PTEN, the elevated USP10 expression may help
explain the meaning of this genetic selection in cancer and the rela-
tionship between PTEN upregulation and PI3K activity.

Genetic ablation of USP10 increased PTEN dimerization;
therefore, it would be important to determine if USP10 loss would
also enhance the formation of PTEN mutant heterodimers in
which catalytically inactive mutations of PTEN inhibit WT PTEN,
limiting their ability to dephosphorylate PIP3 (14). If so, this mech-
anism may elucidate the inconsistency observed with USP10 in the
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PI3K pathway, wherein USP10 has been demonstrated to downreg-
ulate PI3K signaling (31). This point requires additional validation
if USP10 or GSK3p inhibitors are to be used in the treatment of
PI3K-mutant breast cancers. Nevertheless, we have conclusively
demonstrated that genetic KO of USP10 or enzymatic inhibition of
USP10 using a ubiquitin-binding variant decreases PI3K pathway
activation in PIK3CA-mutant breast cancers.

The incorporation of comprehensive experimental investiga-
tions with mechanistic and clinical analyses has delineated a var-
ied molecular landscape of PI3K resistance. Here, we identify a
compensatory mechanism resulting in PI3Ki resistance that may
explain the low response rate observed in the clinic. Furthermore,
we describe a therapeutically actionable target, USP10, inhibitors
to which may be used in the near term to circumvent PI3K resis-
tance in cancer types harboring PIK3CA mutations.

Methods

Sex as a biological variant. Only female mice were used in this study,
reflecting the clinical relevance of breast cancer as a disease predomi-
nantly affecting female humans. This choice was guided by the need to
model the hormonal and physiological environment most representa-
tive of human breast cancer, thereby enhancing the translational appli-
cability of the findings.

Statistics. Data were analyzed using Prism, version 10.4.1 (GraphPad
Software). Individual statistical analyses and methodology are detailed in
the corresponding figure legends for figures presenting statistical compar-
isons and include 2-tailed ¢ test and Dunnett’s multiple comparison test.

Study approval. Human breast cancer samples were obtained
from the Pathology Department at the University Hospital Wiirz-
burg (Wiirzburg, Germany). Informed consent was obtained from
all patients. Experiments agreed with the principles set out in the
World Medical Association (WMA) Declaration of Helsinki and the
Department of Health and Human Services Belmont Report. Use
of samples was approved under University Hospital Wiirzburg Eth-
ics Approval 17/01/2006. For PDX generation, we obtained fresh
tumor samples from the Vall d'Hebron University Hospital and fol-
lowing the institutional guidelines. Informed written patient consent,
approved by the Ethics Committee for Clinical Research and Animal
Research of Vall d’Hebron Hospital [no. PR(AG)130/2015], was
obtained for the use of these patient samples. All animal procedures
were approved by the Ethics Committee of Animal Research of
the Vall d'Hebron Institute of Oncology and by the Catalan Gov-
ernment (no. FUE-2020-01541918) and conformed to the principles
of the WMA Declaration of Helsinki, the Department of Health
and Human Services Belmont Report, and following the European
Union’s animal care directive (no. 2010/63/EU).
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Data availability. All data reported in this article will be shared
upon reasonable request. RNA-Seq data generated in this study
have been deposited in the National Center for Biotechnology
Information Gene Expression Omnibus under accession number
GSE302500. Values for all data points in the graphs are provided in
the Supporting Data Values file. All remaining materials and meth-
ods are explained in Supplemental Methods in the Supplemental
Data File.
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