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Luminal breast cancer exhibits a high incidence of bone recurrence when metastasizing to distant 
organs. The mechanisms underlying the organotropism of luminal breast cancer cells remain unclear. 
In this study, we aimed to determine the role of WWP1 (WW domain-containing E3 ubiquitin protein 
ligase 1)-PTEN (phosphatase and tensin homolog deleted on chromosome ten) interaction in bone 
tropism in luminal breast cancer. We observed that WWP1 was overexpressed in luminal breast cancer 
tissues and associated with poor prognosis in breast cancer patients. In luminal breast cancer cells, 
WWP1 was found to mediate PTEN ubiquitination, resulting in the functional loss of PTEN. As a 
result, we demonstrate that WWP1 contributes to bone tropism in luminal breast cancer cells via the 
polyubiquitination of PTEN. Consequently, WWP1-mediated PTEN polyubiquitination contributed to 
the early metastasis of luminal breast cancer cells to the bone. Thus, our study provides a mechanistic 
insight into the bone tropism of luminal breast cancer cells and proposes a potential therapeutic 
strategy for mitigating cancer metastasis to the bone.
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The bone is the most common site of metastasis in breast cancer, particularly in the luminal subtype1,2. Over 
two-thirds of breast cancer patients develop bone metastasis, resulting in severe pain, pathological fractures, and 
other skeletal-related events, which are associated with poor prognosis for breast cancer patients3. Clinical studies 
have revealed that luminal breast cancer is more likely to metastasize to the bone than to the non-bone organs4,5. 
However, the molecular mechanisms that regulate this bone selectivity remain unclear. Intricate molecular 
interactions within cancer cells, which are highly context-dependent, contribute to the development of bone 
metastasis6. In particular, phosphatase and tension homolog deleted on chromosome ten (PTEN) is a significant 
tumor suppressor that cancer cells cannot afford to lose entirely before maturation7. By antagonizing the PI3K 
(phosphatidylinositol 3-kinase)/AKT (protein kinase B) signaling pathway, PTEN can govern fundamental 
cellular processes in various cancer cells8. Mice with PTEN overexpression have achieved a tumor-suppressive 
metabolic state, leading to a lifespan extension7. Therefore, the active and reactive functions of PTEN are 
considered promising therapeutic opportunities for human health. In terms of molecular mechanisms, the activity, 
expression, and localization of PTEN are frequently dysregulated through post-translational modifications, such 
as ubiquitylation9. The ubiquitylation of PTEN can be promoted by several E3 ubiquitin ligases, affecting its 
protein stability or dimer formation, both of which are highly consequential for tumor initiation, progression, 
and metastasis10–14. Post-translational modification is a complex process influenced by various molecules within 
different cells, so ubiquitylation is context-dependent15. Various evidence has demonstrated the critical role of 
PTEN post-translational modification in bone metastases, as well as lung, breast, and prostate cancer16.

Several E3 ubiquitin ligases have been reported to promote PTEN polyubiquitylation for degradation10,13. 
However, WW domain-containing E3 ubiquitin protein ligase 1 (WWP1) was found to regulate PTEN 
dimerization and membrane recruitment, rather than degradation, through K27-linked polyubiquitination 
in prostate cancer cells8. WWP1 belongs to the NEDD4 (neural precursor cell expressed, developmentally 
down-regulated 4) - like protein family, characterized by an N-terminal C2 domain, four WW domains, and 
a C-terminal catalytic HECT (homologous to the E6-associated protein carboxyl terminus) domain17. After 
binding to PTEN, WWP1 mediates polyubiquitylation of lysine residue 342, 344, or both8. Thus, WWP1 may 
suppress PTEN dimerization and membrane recruitment, ultimately resulting in neoplastic transformation8. 
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Among various cancers, breast cancer, one of the most common bone tropism cancers, is the most sensitive to 
PTEN dysfunction18. In addition, WWP1 was reported to be a potential therapy target for breast cancer. Many 
studies have demonstrated that WWP1 played a potent role in breast cancer tumorigenesis or drug resistance by 
the ubiquitination of PTEN, MUC1, CXCL12, and other breast cancer-promoting or suppressing proteins19–22. 
Though PTEN and WWP1 are reported to influence bone metastasis, reports regarding the role of the WWP1-
PTEN interaction in luminal breast cancer are lacking16,22. Therefore, the purpose of our study was to investigate 
the role of WWP1-PTEN interaction in bone tropism in luminal breast cancer and to explore their mechanisms.

In this study. We demonstrated that WWP1 was upregulated in breast cancer and contributed to the 
tumorigenesis. We confirmed the interaction between WWP1 and PTEN in luminal breast cancer cells. 
Moreover, we verified K27-linked polyubiquitination of PTEN by WWP1 in luminal breast cancer cells. In 
addition, we found that WWP1 could promote luminal breast cancer cell migration in vitro and metastasis in 
vivo. Generally, our study highlights the critical role of the WWP1-PTEN interaction in luminal breast cancer 
bone metastasis and suggests a new potential approach for managing breast cancer metastasis.

Results
WWP1 was overexpressed and related with a poor prognosis in breast cancer
To elucidate the potential role of WWP1 in breast cancer, we first analyzed data from TCGA (The Cancer 
Genome Atlas) and GTEx (Genotype-Tissue Expression) databases. The results revealed a general upregulation 
of WWP1 mRNA in breast cancer (Fig. 1A). We further validated this finding by confirming strong WWP1 
expression in the tumors of most breast cancer patients with spinal metastasis, but minimal expression in their 
adjacent noncancerous breast tissues (Fig. 1B and C). This observation indicates that WWP1 is barely expressed 
in normal breast tissues but is frequently overexpressed in breast tumor tissues that metastasize to bone. 
Moreover, the WWP1 expressions are also analyzed between luminal breast cancer patients with and without 
spinal metastases. As shown in Fig. 1D and E, the luminal breast cancers that developed spinal metastasis (M) 
had a relatively higher WWP1 expression than those that did not develop metastasis (T). In addition, Kaplan–
Meier analysis demonstrated that breast cancer patients with low WWP1 expression achieved a relatively more 
prolonged overall survival (Fig. 1F). These results indicated that WWP1 might be a risk factor in breast cancer 
metastasis.

WWP1 interacts with PTEN in luminal breast cancer cell lines
To determine the underlying mechanisms of WWP1 in breast cancer metastasis, we first assessed the protein 
levels of WWP1 in various breast cancer cell lines. As shown in Fig.  2A, WWP1 exhibited an upregulation 
in luminal cell lines compared to other cell lines. The highest expression of WWP1 in luminal breast cancer 
cell lines, especially in MCF7 cells, was further verified by immunoblot analysis (Fig. 2B and C). These results 
indicated the critical role of WWP1 in luminal breast cancer metastasis.

PTEN is well known to be dysregulated, such as through posttranslational modification, during the breast 
cancer progression. And WWP1 was reported to mediate PTEN posttranslational modification in prostate cancer. 
Therefore, we explored whether WWP1 could regulate PTEN in luminal breast cancer cells, as posttranslational 
modification is context-dependent. Binding assays revealed a strong interaction between WWP1 and PTEN 
in luminal breast cancer. As shown in Fig. 2D, WWP1 exhibited strong binding capability to PTEN in luminal 
breast cancer lines (MCF7, BT474, and T-47D), suggesting a promising role for WWP1 in regulating PTEN in 
luminal breast cancer cells. Co-immunoprecipitation experiments confirmed the binding between endogenous 
WWP1 and PTEN proteins in the three cell lines (Fig.  2E–G). These observations verified the interaction 
between WWP1 and PTEN in luminal breast cancer cells and suggested that WWP1 should be a regulator of 
PTEN in the luminal breast cancer metastasis.

WWP1 polyubiquitylates PTEN
As WWP1 is an E3 ubiquitin ligase, we went on to determine the possibility that WWP1 mediates 
polyubiquitination of PTEN, which had not been studied in luminal breast cancer cells. According to Fig. 2A–C, 
WWP1 had high expression in MCF7 cells, so we silenced endogenous WWP1 in MCF7 cells using shRNAs 
(Fig. 3A), and immunoblot analysis confirmed the successful knockdown of WWP1 in MCF7 cells (Fig. 3B). 
Moreover, from Fig. 3A, we can see that the knockdown of WWP1 did not influence the PTEN protein levels, 
and the immunoblot analysis confirmed this conclusion (Fig.  3B). Consequently, the downregulation of 
WWP1 by shRNA reduced PTEN polyubiquitination in MCF-7 cells (Fig. 3C). Immunoblot analysis exhibited 
a significant decrease in PTEN ubiquitination level when WWP1 was knocked down (Fig.  3D). Conversely, 
ectopic overexpression of wild-type WWP1 (WWP WT) in MCF7 cells, treated with WWP1 shRNA, recused 
the PTEN polyubiquitination levels. In contrast, the ectopic expression of WWP1 C890A (WWP1 CA), a 
catalytically inactive mutation, abolished this effect (Fig. 3E,F). As ubiquitination is a context-dependent and 
intricate process, these results suggested an indispensable role of WWP1 in triggering PTEN polyubiquitination 
in luminal breast cancer cells, and the WWP1-mediated PTEN polyubiquitination is dependent on the catalytic 
activity of WWP1.

WWP1 did not affect PTEN stability
Previous studies have shown that the stabilization of PTEN protein suppresses breast cancer tumorigenesis23. 
However, according to Fig. 3A,C,E, WWP1 did not affect the PTEN protein levels. Indicating polyubiquitination 
by WWP1 did not lead to PTEN degradation. To further examine the effects of WWP1 on PTEN stability, we 
subsequently assessed the correlation between the protein turnover rate and WWP1-mediated polyubiquitination 
of PTEN in luminal breast cancer cells. The cycloheximide (CHX) treatment experiment in MCF7 cells showed 
the turnover rate of PTEN was not affected by overexpression of WWP1 (Fig. 4A,B). Moreover, the knock-down 
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Fig. 1.  WWP1 was overexpressed and related with a poor prognosis in breast cancer. (A) Pan-cancer analysis 
of WWP1 expression between normal and tumor tissues from TCGA and GETx. (B) Western blot analysis of 
WWP1 expression in paired samples of breast cancer spinal metastasis (M) and adjacent nontumorous tissues 
(N). (C) Quantification of WWP1 protein levels relative to GAPDH in (B). (D) Western blot analysis of WWP1 
expression in samples of luminal breast cancer with spinal metastasis (M) and without spinal metastasis (T). 
(E) Quantification of WWP1 protein levels relative to GAPDH in (D). (F) Overall survival analysis for breast 
cancer patients based on WWP1 expression, categorized into high (red) and low (blue) expression. P-values 
were calculated using the log-rank test. *P < 0.05, **P < 0.01, ***P < 0.001, results are representative of at least 
three independent experiments and shown as mean ± SD.
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Fig. 2.  WWP1 interacts with PTEN in luminal breast cancer cell lines. (A) Western blot analysis of WWP1 
expression levels in different breast cancer cell lines. (B,C) Quantifications of WWP1 levels relative to 
GAPDH among different breast cancer cell lines are shown. (D) BT474, MCF7, and T47D cells transfected 
with Flag-WWP1 were subjected to immunoprecipitation using anti-Flag antibodies. Both cell lysates and 
immunoprecipitates were then blotted. (E–G) Interaction between WWP1 and PTEN in MCF7 cells, T47D 
cells, and BT474 cells was confirmed through Co-IP assays. Cell lysates were immunoprecipitated using control 
IgG, anti-WWP1, and anti-PTEN antibodies. The immunoprecipitates were then analyzed.
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Fig. 3.  WWP1 polyubiquitylates PTEN. (A) WWP1 was knocked down in MCF7 cells using shRNA, and 
knockdown efficiency was verified through western blotting. (B) Quantification of WWP1 (left) and PTEN 
(right) protein levels normalized to GAPDH in (A) is shown. (C) Effects of WWP1 knockdown on WWP1-
mediated PTEN polyubiquitination. WWP1-silenced MCF7 cells were transfected with the indicated 
constructs, and PTEN polyubiquitination was analyzed through western blotting. (D) Quantification of the 
ubiquitination levels of PTEN in (C) is shown. (E) Analysis of PTEN polyubiquitination level in WWP1-
knockdown MCF7 cells with ectopic overexpression of either wide-type WWP1 (WT) or C890A WWP1 
(CA, a catalytically inactive mutant of WWP1). (F) Quantification of the ubiquitination levels of PTEN in 
(F) is shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, results are representative of at least three 
independent experiments and shown as mean ± SD.
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of WWP1, using shRNA, had no influence on the half-life of PTEN (Fig. 4C,D). Together, these results showed 
that WWP1 did not mediate the stability of PTEN in MCF7 cells.

In addition, we compared the PTEN expressions between luminal breast cancers with and without spinal 
metastasis. Hardly any noticeable difference could be detected from the western blot imaging and analysis 
(Fig. 4E,F). Given that WWP1 had a higher expression in luminal breast cancers that developed spinal metastasis 
against those without spinal metastasis (Fig.  1D,E), these findings demonstrated that WWP1-regulated 
polyubiquitination does not lead to PTEN degradation. Indeed, recently, WWP1 was found to affect the 
dimerization and membrane recruitment of PTEN mediated by the K27 ubiquitination, which defunctionalized 
PTEN8. Subsequently, we verified the K27 ubiquitination of PTEN mediated by WWP1 in MCF7 cells (Fig. 4G). 
Together, these results emphasize the crucial role of WWP1 in regulating PTEN function in luminal breast 
cancer cells rather than PTEN stabilization.

WWP1 promotes luminal breast cancer cells migration via PTEN polyubiquitination
The above data lead us to propose that WWP1 might function as a promotor for luminal breast cancer metastasis 
through the regulation of PTEN. To verify this hypothesis, we generated WWP1-knockdown derivatives of MCF7 
cells using a lentiviral shRNA vector in MCF7 cells, and then stable expressing WT or C890A (CA) WWP1 in 
the WWP knock-down MCF7 cells (Fig. 5A). WWP1 knockdown downregulated Akt phosphorylation without 
affecting the PTEN and Akt protein levels (Fig. 5A). Overexpressing WWP1 WT instead of CA rescued the 
Akt phosphorylation (Fig. 5A). Subsequently, we carried out transwell assays to evaluate the migration ability 
of WWP1-knockdown MCF7 cells. As shown in Fig.  5B, WWP1 knockdown substantially suppressed the 
migration ability of MCF7 cells in vitro. However, only WWP1 WT, but not WWP1 CA, was able to reverse the 
migration phenotype (Fig. 5B,C), suggesting the essential role of WWP1 catalytic activity, which functioned in 
PTEN ubiquitination, in mediating MCF7 migration. Taken together, these results demonstrated that WWP1 
could promote the migration ability of luminal breast cancer cells through the polyubiquitination of PTEN, as 
evidenced by its requirement for catalytic activity.

WWP1 contributes to early-stage bone metastasis of luminal breast cancer in vivo
Encouraged by the in vitro results, we further explored the function role of WWP1 in breast cancer metastasis 
via an intra-iliac artery (IIA) injection model in nude mice. This model enables monitoring of early-stage bone 
colonization24, which is particularly relevant for luminal breast cancer due to its strong bone tropism. As shown 
in Fig. 5D, WWP1 knockdown markedly reduced the bone metastasis burden following the IIA injection of 
cancer cells in mice. Bioluminescent imaging (BLI) quantification substantiated the decrease in metastatic 
signal in the hind limbs within the first two weeks after cancer cell inoculation (Fig. 5E). Meanwhile, the stable 
expression of WWP1 in WWP1 knock-down MCF7 cells promoted the cancer cell metastasis ability in vivo 
(Fig. 5D,E). WWP1, PTEN, and proteins relevant to Akt in the tumors were analyzed. As shown in Fig. 5F, in 
line with the in vitro analysis, the knockdown of WWP1 downregulated the Akt phosphorylation in the MCF7 
cells injected into mice that metastasized to bone. Besides, survival analyses confirmed that mice injected with 
WWP1 overexpression clones of MCF7 cells had significantly shorter survival periods (Fig. 5G). Akt signaling 
is essential for PTEN-mediated tumor metastasis. Therefore, these results underscore the pivotal role of WWP1 
in bone metastasis of luminal cancers.

Discussion
Numerous studies have focused on bone metastasis in breast cancer. Breast cancer is categorized into different 
subtypes based on its molecular types25. Identifying molecules responsible for tumor progression, metastasis, 
and chemotherapy resistance can shed light on breast cancer treatment26. Several tumor-derived molecules, 
such as IL-6, MMP1, and Jagged127, have been identified in studies of ER− cell lines. However, while ER is 
reported to have a significant clinical association with the bone tropism of breast cancer, only a few studies have 
provided partial explanations for the bone preference in ER+ luminal breast cancer2,28. Our study identified 
the E3 ligase WWP1 as a critical regulator of bone preference in ER+ luminal breast cancer cells. WWP1 was 
upregulated in most breast cancer and luminal breast cancer cell lines, and this upregulation was linked to poor 
prognosis in breast cancer patients29. The interaction between WWP1 and the tumor suppressor PTEN, which 
regulates early bone metastasis, was detected in ER+ luminal breast cancer cells. Mechanistically, the increased 
abundance of WWP1 promotes its binding with PTEN in luminal breast cancer cells, thus increasing the K27-
linked polyubiquitination of PTEN8. This polyubiquitination of PTEN, regulated by WWP1, directly inhibits the 
formation of dimers and membrane recruitment8, ultimately promoting bone metastasis in MCF7 cells.

Increasing evidence has shown a significant relationship between HECT E3 ubiquitin ligases and the 
progression of various human cancers30,31. WWP1 belongs to the NEDD4 family, characterized by C2, HECT, 
and four WW domains17. According to the data from TCGA and GETx, WWP1 is frequently upregulated and 
amplified in breast and prostate cancers. These cancers have a higher propensity to metastasize to bone2,32,33. 
Aberrant WWP1 expression is significantly associated with the progression of human cancers17. WWP1 could 
meditate chemotherapy resistance of MCF7 cells and metastasis of MDA-MB-231 cells21,22. However, no study 
has previously focused on its function in luminal breast cancer metastasis. Accordingly, our study highlights the 
promising role of WWP1 in promoting luminal breast cancer metastasis to the bone, providing a new therapeutic 
target for bone metastasis in breast cancer.

In luminal breast cancer cells, WWP1 targets PTEN for polyubiquitination, promoting metastasis to the 
bone. Polyubiquitination mediated by WWP1 regulates PTEN dimer formation and membrane recruitment 
rather than PTEN stability8. The function of PTEN is strictly controlled through its subcellular localization, 
post-translational modifications, or both8. Maintaining the balance of PTEN plays a vital role in the proliferation 
and metastasis of various human cancers23. Breast, lung, and prostate cancer that tend to metastasize to bone 
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Fig. 4.  WWP1 did not affect PTEN stability. (A) MCF7 cells transfected with WWP1 were treated with 
cycloheximide (10 µg/ml), and analyzed at the indicated times for western blot. (B) Quantification of PTEN 
levels relative to GAPDH in (A) is shown. (C,D) MCF7 cells stably expressing WWP1 shRNA were treated 
with cycloheximide (10 µg/ml), and the half-life of PTEN was analyzed at the indicated times through western 
blot and relative quantification analysis. (E) Western blot analysis of PTEN expression in samples of luminal 
breast cancer with spinal metastasis (M) and without spinal metastasis (T). (F) Quantification of PTEN protein 
levels relative to GAPDH in (C). (G) Effect of ubiquitin K27R (Lys to Arg) or K-only (K27) ubiquitin on 
WWP1-regulated PTEN polyubiquitination in MCF7 cells. WWP1-mediated PTEN K27-linked ubiquitination 
was confirmed in MCF7 cells. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are representative of at least three 
independent experiments and are presented as mean ± SD.
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Fig. 5.  WWP1 promotes migration of luminal breast cancer cells in vitro and early bone metastasis in vivo. 
(A) WWP1, PTEN, and Akt signaling protein levels were analyzed in MCF7 cells with WWP1 knock-down, 
and stably transfected with WWP1 WT or CA in this WWP1 knock-down MCF7 cells. (B) Effects of WWP1 
on MCF7 cells migration were accessed using Transwell assays. (C) Quantification of MCF7 cell numbers in 
different groups in (B). (D) BLI analyses of early bone metastasis in nude mice 2 weeks after IIA injection of 
MCF7 control cells, WWP1 knockdown, and WT overexpression in WWP1-knockdown cells (n = 5 mice 
in each group). (E) BLI signals of all nude mice in each group of (D) at 2 weeks. (F) WWP1, PTEN, and Akt 
signaling protein levels in tumors were analyzed. (G) Percentage of metastasis-free nude mice per group. 
*P < 0.05, **P < 0.01, and ***P < 0.001. Data are representative of at least three independent experiments and 
are presented as mean ± SD.
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are subjected to PTEN dysfunction16. Moreover, PTEN also suppresses primary and metastatic bone cancer16,34. 
HER2-positive breast cancer progression and metastasis were reported to be suppressed by PTEN16. However, 
whether PTEN dimer formation and membrane recruitment can prevent luminal breast cancer cells from 
metastasizing to specific organs remains to be elucidated. To investigate the potent bone tropism of luminal breast 
cancer cells, we silenced WWP1 using shRNA. Consequently, the polyubiquitination of PTEN decreased, and 
the migration ability of MCF7 cells was reduced, as assessed using the transwell assay. Subsequent overexpression 
of WWP1 restored PTEN polyubiquitination and, thus, the migration ability of MCF7 cells. These results were 
further verified in the animal experiments. In summary, our study revealed that WWP1 could promote the early 
bone metastasis of luminal breast cancer cells by regulating PTEN function through polyubiquitination.

However, more details need to be further studied before we can target WWP1-PTEN for the treatment of 
ER+ breast cancer metastasis to bone. Firstly, more breast cancer samples need to be collected according to their 
subtype to analyze the WWP1 expression and the correlation between WWP1 and PTEN. Besides, the binding 
site between WWP1 and PTEN needs to be well-studied for designing targeted drugs. Ultimately, future studies 
are needed to demonstrate the precise mechanisms between PTEN ubiquitination and luminal breast cancer 
bone tropism. Fortunately, the identification of WWP1 as a critical regulator for luminal breast cancer bone 
metastasis may serve as a valuable treatment strategy.

In conclusion, this study is the first to establish the nonproteolytic ubiquitination of PTEN mediated by 
WWP1 in luminal breast cancer cells. It underscores the critical role of WWP1 in mediating bone colonization 
of luminal breast cancer cells by preventing PTEN dimer formation and membrane recruitment (Fig. 6). This 
non-proteolytic ubiquitination of PTEN mediated by WWP1 in luminal breast cancer cells could represent 
a general mechanism underlying their preference for bone metastasis, offering a novel insight into the bone 
preference of luminal breast cancer metastasis. Therefore, targeting the WWP1-PTEN interaction holds promise 
for ER+ breast cancer patients at high risk of bone metastasis.

Methods
Clinical analysis
Expression analysis of breast cancer patients was downloaded from GEPIA (Gene Expression Profiling Interactive 
Analysis) 2.0 (http://gepia2.cancer-pku.cn/). Frozen samples of breast cancer bone metastasis, adjacent tissues, 
and breast cancer tissues were acquired from the Department of Orthopedic Oncology of Changzheng Hospital 
(Navy Medical University), and the basic information of these samples was listed in Table SI. We obtained 

Fig. 6.  A schematic model of WWP1 in promoting luminal breast cancer bone metastasis. WWP1 could 
promote luminal breast cancer bone metastasis through polyubiquitination of PTEN.
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written informed consent and received approval from the Ethics Committee of Changzheng Hospital. Informed 
consent was provided by the patients.

Cell culture
All the cell lines used in this study were purchased from ATCC (American Type Culture Collection), and were 
authenticated by STR (Short Tandem Repeat) profiling. Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% FBS and 1% penicillin–streptomycin. The cells were grown at 37 ℃ in a 5% 
CO2 incubator and were free from mycoplasma contamination.

Plasmids and antibodies
Plasmids: pSPAX2, pMD2.G, His-Ub, His-Ub K27R, His-Ub K27, Flag-PTEN, HA-PTEN, Flag-WWP1, Flag-
WWP1-C890A (Flag-WWP1 CA) were stored in our laboratory. Antibodies: anti-WWP1 (Abcam, ab227213 
and ab104440), anti-PTEN (Abcam, ab32199 and ab267787), anti-GAPDH (Sigma-Aldrich, G9545), anti-Flag 
(Abcam, ab205606), anti-His (Abcam, ab200537), anti-HA (Abcam, ab314237), normal IgG (Santa Cruz, sc-
2025). Anti-pThr308-Akt (CST, 9275), anti-Akt (CST, 9272), and anti-pSer473-Akt (CST, 4060, D9E).

Immunoprecipitation and western blotting
Immunoprecipitation was performed as previously described8, using different antibodies and reagents. Western 
blotting was conducted as previously described35.

Lentivirus infection
We cotransfected 293T cells with plasmids pSPAX2, pMD2.G, and the lentivirus-based constructs as indicated. The 
supernatant was collected to harvest recombinant lentivirus. Lentiviruses carrying short hairpin RNA (shRNA) 
targeting human WWP1 (TRCN0000003395: ​A​T​T​G​C​T​T​A​T​G​A​A​C​G​C​G​G​C​T​T​T and TRCN0000003396: ​A​C​A​
A​C​A​C​A​C​C​T​T​C​A​T​C​T​C​C​G​T)19 were used to infect MCF7 cells with Polybrene (10 µg/ml). MCF7 cells stable 
expressing WWP1 WT or WWP1 C890A were also generated through lentivirus transduction. The infected 
MCF7 cells were selected with puromycin (2 µg/ml) to generate stable clones.

Ubiquitination assay
For the ubiquitination analysis of PTEN, MCF7 cells were transfected with the indicated constructs, along with 
His-ubiquitin. Cells were lysed as previously described8. Briefly, cells were lysed in buffer A [6 M guanidine HCl, 
10 mM imidazole, and Na2HPO4/NaH2PO4 (pH 8.0)]. The lysates were incubated with Ni-NTA agarose for 
3 h at 37 ℃, followed by western blot analysis. WWP1 WT and WWP1 C890A were cloned into pFlag-CMV-2; 
PTEN was cloned into pCMV-HA; ubiquitin was cloned into pcDNA3.1/His-N. All the plasmids were stored 
in our lab.

Animal experiments
Female nude mice (6 weeks old), housed under SPF (Specific Pathogen Free) facilities, were used in animal 
experiments. These experiments were approved by the Committee for Animal Welfare of the Naval Medical 
University, and all the experiments in this article were in accordance with ARRIVE guidelines. Intra-iliac 
artery (IIA) injection was performed according to previous reports24,36 after anesthetized by inhalation of 2.5% 
isoflurane. In summary, 1 × 105 luciferase-labeled cells were injected into the intra-iliac artery for early bone 
metastasis analysis. Mice were euthanized by intraperitoneal injection of pentobarbital sodium (200 mg/kg).

Experimental statement
The experiments and methods used in this article were all in accordance with relevant guidelines and regulations.

Statistical analyses
All data are representative of at least three independent experiments and are presented as the mean ± SD, 
analyzed by GraphPad Prism 8.0. Statistical differences between the two groups were assessed using Student’s 
t-test. Statistical analysis was performed using 1-way ANOVA and 2-way ANOVA test followed by Tukey’s or 
Fisher’s least significant difference multiple comparisons for multigroup data sets. P < 0.05 means significant 
(*P < 0.05, **P < 0.01, and ***P < 0.001).

Data availability
The data presented in this study are available on request from the corresponding author.
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