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C A N C E R

Epinephrine promotes breast cancer metastasis 
through a ubiquitin- specific peptidase 22–mediated 
lipolysis circuit
Yuanzhang Zhou1†, Peng Chu1,2†, Ya Wang3†, Na Li1, Qiong Gao1,4, Shengnan Wang1,4,  
Juncheng Wei4, Guoqing Xue1, Yue Zhao5, Huijun Jia1, Jiankun Song1, Yue Zhang3, Yujie Pang3, 
Houyu Zhu1, Jia Sun2, Suxian Ma2, Chen Su1, Bingjin Hu2, Zhuoyue Zhao1, Hui Zhang6, Janice Lu7, 
Jian Wang8, Hongjiang Wang3*, Zhaolin Sun1,2*, Deyu Fang4*

Chronic stress–induced epinephrine (EPI) accelerates breast cancer progression and metastasis, but the molecular 
mechanisms remain unclear. Herein, we found a strong positive correlation between circulating EPI levels and the 
tumoral expression of ubiquitin- specific peptidase 22 (USP22) in patients with breast cancer. USP22 facilitated 
EPI- induced breast cancer progression and metastasis by enhancing adipose triglyceride lipase (ATGL)–mediated 
lipolysis. Targeted USP22 deletion decreased ATGL expression and lipolysis, subsequently inhibiting EPI- mediated 
breast cancer lung metastasis. USP22 acts as a bona fide deubiquitinase for the Atgl gene transcription factor 
FOXO1, and EPI architects a lipolysis signaling pathway to stabilize USP22 through AKT- mediated phosphoryla-
tion. Notably, USP22 phosphorylation levels are positively associated with EPI and with downstream pathways 
involving both FOXO1 and ATGL in breast cancers. Pharmacological USP22 inhibition synergized with β- blockers 
in treating preclinical xenograft breast cancer models. This study reveals a molecular pathway behind EPI’s tumor- 
promoting effects and provides a strong rationale for combining USP22 inhibition with β- blockers to treat aggres-
sive breast cancer.

INTRODUCTION
Breast cancer is the most common cancer in women worldwide. 
While patients with early- stage, nonmetastatic disease often expe-
rience positive outcomes, the mortality rate for those with meta-
static disease to distant organs remains high (1). Patients with 
breast cancer frequently endure various forms of chronic emotional 
stress, including depression, anxiety, and fear (2), leading to in-
creased production of stress hormones such as epinephrine (EPI) 
and norepinephrine. Chronic stress–induced neuroendocrine ac-
tivity, particularly EPI, has been shown to promote the progression 
and metastasis of breast cancer through binding to β- adrenergic 
receptors (3–7). β- Blockers, which inhibit EPI- induced signaling, 
can suppress proliferation, invasiveness, and angiogenesis in pre-
clinical breast cancer models. Retrospective studies suggest that β- 
blockers may improve the prognosis of patients with breast cancer 
(8). However, evidence from multiple clinical trials indicates that 
β- blockers are ineffective in treating more advanced breast cancers 
or human epidermal growth factor receptor 2 (HER2)- positive 
cancers. The molecular mechanisms by which EPI contributes to 

breast cancer pathogenesis and the resistance of late- stage cancers 
to β- blockers remain unclear.

The ubiquitin- specific peptidase 22 (USP22) was initially iden-
tified as 1 of the 11 death- from- cancer signature genes that operate 
a crucial role in regulating tumor cell growth and death (9). Further 
analysis of clinical samples has shown that USP22 is up- regulated in 
nearly all human cancer types including breast cancers, and its 
expression is further elevated with the progress of breast cancers, 
which has been correlated with poor prognosis (9–11). We and 
others have defined USP22 as an oncogene through c- Myc activa-
tion, antagonism of the tumor suppressive function of p53, and 
stabilization of cyclins including B1 and D1 (12–15). USP22 also 
restricts antitumor immunity through potentiating regulatory T cell 
(Treg) immune suppressive activity (16) and Treg adaptation in the 
tumor microenvironment (17). More recently, we have found that 
USP22 controls breast cancer cell stemness and metastasis through 
selectively up- regulating a group of integrin family members on 
cancer cells (18). However, while accumulated evidence suggests 
that USP22 is involved in metabolic regulation in cancer cells, the 
molecular pathways that links the USP22 oncogenic function to 
metabolic regulation such as during chronic stress have not been 
identified.

In this investigation, we uncovered a strong positive association 
between circulating EPI levels and USP22 protein expression in 
patients with breast cancer. Intriguingly, EPI signaling was found 
to stabilize USP22 protein, thereby facilitating the transcription of 
adipose triglyceride lipase (ATGL), an enzyme pivotal in triacylg-
lycerol (TAG) breakdown into diacylglycerol (DAG) and free fatty 
acids (FFAs), which subsequently promotes breast cancer metastasis 
(19, 20). Furthermore, under EPI stimulation, USP22 functions as a 
deubiquitinase for the ATGL transcription factor, the forehead box O1 
(FOXO1), a crucial regulator of lipid and glucose metabolism 
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(21–27). This study underscores the role of stress- induced EPI in 
augmenting ATGL- mediated lipolysis, consequently propelling 
breast cancer metastasis through an AKT- USP22- FOXO1- ATGL 
axis. Notably, pharmacological inhibition of USP22, in combina-
tion with β- blockers, exhibits synergistic effects in breast cancer 
therapy.

RESULTS
High serum of EPI is associated with elevated tumoral USP22 
expression in patients with breast cancer
To investigate the potential involvement of USP22 in EPI- induced 
breast cancer progression, we collected paired para- cancer and cancer 
tissues, along with serum samples, from 65 patients with breast cancer 
(Table 1). Serum EPI concentrations were quantified using enzyme- 
linked immunosorbent assay ELISA as previously reported (28), and 
tumoral USP22 expression was assessed via immunohistochemistry 
(IHC) staining. Consistent with previous findings (11), USP22 pro-
tein levels were notably elevated in cancer tissues compared to their 
adjacent para- cancerous tissues (Fig. 1, A and B). Across the patient 
cohort, the average serum EPI concentration was 30.4 ± 39.5 pg/ml, 
with a median of 13.03 pg/ml (Table 1). Notably, serum EPI levels 
showed no associations with tumor stage, volume, or other clinical- 
pathological characteristics (fig. S1 and table S1).

Patients were stratified into two groups based on EPI levels: EPIhigh 
with EPI levels higher than the median of 13.03 pg/ml and EPIlow 
(EPI ≤ 13.03). Cancer tissues from the EPIhigh group exhibited mark-
edly elevated USP22 protein expression compared to those from the 
EPIlow group (Fig. 1, C and D). The serum EPI concentrations were 
positively correlating with tumoral USP22 protein expression levels 
(Fig. 1E). These findings suggest a potential mechanism whereby 
EPI may contribute to tumorigenesis, at least in part, through the 
up- regulation of USP22.

We sought to investigate if EPI stimulates USP22 expression in 
breast cancer cells. Treatment of human triple- negative breast cancer 
(TNBC) MDA- MB- 231 cells with EPI resulted in a dose- dependent 
increase in USP22 protein expression (Fig. 1F). Intriguingly, the 
induction of USP22 protein expression by EPI reached a plateau as 
early as 2 hours after treatment (Fig. 1G). However, real- time reverse 
transcription polymerase chain reaction (RT- PCR) analysis revealed 
no alterations in USP22 mRNA levels following EPI treatment in 
MDA- MB- 231 cells (Fig. 1H). Consistent with these findings, the 
treatment of MCF- 7 and SK- BR- 2 human breast cancer cells with 
EPI also markedly induced USP22 protein expression within 2 hours 
in a dose- dependent manner (Fig. 1, I, J, L, and M). In contrast, the 
mRNA levels of USP22 remained unchanged by EPI treatment (Fig. 1, 
K and N). These observations suggest the possibility that EPI in-
duces USP22 protein expression posttranslationally in human breast 
cancers.

USP22 inhibition abolished EPI- induced breast 
cancer metastasis
To further investigate USP22’s involvement in EPI- mediated tumori-
genesis, we generated USP22- null MDA- MB- 231 and 4T1 cells using 
CRISPR technology. Western blotting analysis confirmed the com-
plete deletion of USP22 (Fig. 2A). As expected, the genetic deletion of 
USP22 notably inhibited MDA- MB- 231 xenograft tumor growth in 
immunodeficient NYG mice, as evidenced by reduced tumor volume 
(Fig. 2B), luminol fluorescence activity (Fig. 2, C to E), and tumor 

weight (Fig. 2, F and G). Notably, the treatment of mice with EPI 
at 2 mg/kg, as previously reported (29), markedly promoted the 
growth of wild- type (WT) MDA- MB- 231 tumors but not USP22- null 
tumors (Fig. 2, B to D, F, and G), indicating that EPI drives breast 
cancer progression in a USP22- dependent manner. In addition, luminol 
fluorescence activity was observed in the lung area of mice with 
WT tumors but not in mice with USP22 knockout (KO) tumors, and 
EPI treatment increased this activity (Fig. 2, C and E). Histological 
analysis further confirmed EPI- induced breast cancer lung metastasis 
and the inhibitory effect of USP22 ablation (Fig. 2, H and I), under-
scoring the essential role of USP22 in EPI- induced breast cancer 
metastasis.

Further supporting this conclusion, EPI treatment markedly 
increased the number of lung tumor nodules upon intravenous injec-
tion of WT MDA- MB- 231 cells into immune compromised NYG 
mice, whereas targeted deletion of USP22 completely prevented 
EPI- induced breast cancer lung metastasis as analyzed by luminol 
fluorescence activity (Fig. 2, J and K) and hematoxylin and eosin 
(H&E) staining of the lung tissue sections (Fig. 2, L and M). The serum 
EPI concentration was measured to be 335.53 ± 41.21 pg/ml in mice 
treated with EPI, nearly twice as high as in the control phosphate- 
buffered saline (PBS) group (175.75 ± 35.14 pg/ml) (fig. S2). These 
findings highlight the role of elevated EPI levels in both mice and 
humans in promoting breast cancer metastasis.

Subsequently, we validated our findings using an orthotopic model 
of 4T1 TNBC in BALB/c mice. As expected, USP22 ablation markedly 
impeded the growth of 4T1 breast cancer and markedly mitigated the 
tumor- promoting effects of EPI, as demonstrated by reductions in 
tumor volume, weights, and luminol fluorescence (Fig. 2, N to R). 
Moreover, USP22 ablation completely prevented lung metastasis, even 
in mice with tumors treated with EPI, because the lung luminol fluo-
rescence activity and tumor nodules were both markedly decreased 
by USP22 deletion (Fig. 2, S to U). Similarly, intravenous injection 
of 4T1 cells showed that suppressing USP22 entirely nullified the 
EPI- induced enhancement in TNBC metastasis (Fig. 2, V to Y). Cor-
respondingly, in vitro EPI treatment resulted in a statistical signifi-
cance but modest increase in 4T1 cell growth (fig. S3A), while the 
migration of 4T1 cells was increased for more than threefold by EPI 
treatment (fig. S3, B and C). However, targeted deletion of USP22 
completely abolished EPI- induced 4T1 cell growth and migration 
(fig. S3). These results reinforce our initial conclusion that USP22 
plays a critical role in EPI- mediated breast cancer progression and 
metastasis.

USP22 is critical for EPI- induced lipolysis in breast cancer 
cells through up- regulating ATGL transcription
It has been established that EPI stimulates the expression of ATGL 
in adipocytes, promoting lipolysis, a process involved in cancer 
progression and metastasis (20, 30–33). Coupled with our discovery 
that targeted USP22 inhibition completely negated EPI- induced breast 
cancer progression and metastasis, we hypothesized that USP22 may 
play a role in regulating EPI- induced lipolysis in breast cancer. When 
comparing para- tumoral normal tissues to breast cancer tissues, there 
were lower levels of TAG but with notably higher levels of DAG and 
FFAs in the tumor tissues (fig. S4, A to C). This pattern aligns with the 
crucial roles of EPI in lipolysis as breast cancer tissues from patients in 
the EPIhigh group show reduced TAG levels accompanied by increased 
DAG and FFAs when compared with those from patients in the EPIlow 
group (fig. S4, D to F). IHC staining revealed that the expression levels 
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Table 1. All information from clinical patients. 

No. Age Gender EPI  
concentration

Tumor stage ER HER PR

1 59 Female 30.08944917 pt2n2M0 + − +
2 44 Female 19.76304268 pt1cn1M0 + − +
3 52 Female 20.30978666 pt1an0M0 + + +
4 48 Female 16.4201555 pt2n1M0 + − +
5 43 Female 16.91745943 pt1n2M0 − + −
6 84 Female 17.03529099 pt1cn0M0 + − +
7 65 Female 18.58534115 pt2n3M0 − − −
8 65 Female 19.21640434 pt2n2M0 + + +
9 58 Female 13.75522267 pt4n2aM0 + − +
10 71 Female 15.59517372 pt2n0M0 + − +
11 52 Female 20.91037779 pt2n0M0 − − −
12 38 Female 22.22811182 pt3n1M0 + − +
13 69 Female 22.98317942 pt2n1M0 + − +
14 58 Female 24.97132521 pt1cn0M0 + + +
15 61 Female 26.56093979 pt1cn0M0 + − +
16 47 Female 123.7253926 pt2n0M0 − + −
17 55 Female 28.32988565 pt1cn1M0 + − +
18 53 Female 146.4413857 pt1cn0M0 + − +
19 38 Female 37.55151171 pt2n0M0 − − −
20 52 Female 39.99299396 pt1cn0M0 + − −
21 60 Female 142.6477335 pt2n1M0 + − +
22 77 Female 51.27230258 pt1cn0M0 + − +
23 66 Female 62.83211285 pt2n0M0 + − +
24 58 Female 74.56981374 pt1cn0M0 + − +
25 48 Female 87.33969051 pt2n1M0 + − +
26 33 Female 95.32837132 pt2n0M0 + − +
27 57 Female 103.0518796 pt1bn0M0 + − +
28 64 Female 111.7721427 pt1cn0M0 − + +
29 55 Female 27.54935444 pt2n0M0 + − +
30 52 Female 125.5680438 ptis(dcis)n0M0 + + +
31 82 Female 140.6945155 pt1cn0M0 − + −
32 68 Female 49.59331707 pt2n0M0 + − +
33 63 Female 13.031525244 pt3n1M0 − + −
34 64 Female 1.53453364 pt2n0M0 + + +
35 64 Female 2.653448814 pt2n3M0 + + −
36 49 Female 2.973902716 pt1bn0M0 − − −
37 57 Female 3.197128007 pt1cn0M0 + − +
38 47 Female 11.929401027 pt1cn0M0 + − +
39 39 Female 3.851752002 pt2n1M0 + − +
40 64 Female 3.869871156 pt2n1M0 + − +
41 53 Female 4.046442175 pt2n0M0 + − −
42 61 Female 4.171561597 pt2n1M0 + + +
43 62 Female 4.352005244 pt2n3M0 + − +
44 54 Female 4.418306235 ypt3n3M0 + − +
45 61 Female 4.742769948 pt2n1M0 + − +
46 50 Female 5.362233546 ypt3n2M0 + − +
47 49 Female 5.680236149 pt1n0M0 + − +
48 66 Female 5.893910998 pt1n1M0 + − +

(continued)
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of ATGL protein were elevated in human breast cancers compared to 
para- tumor control tissues (Fig. 3, A and B). ATGL protein expression 
was also higher in the breast cancer tissues from patients in the EPIhigh 
group comparing to that in the EPIlow group (Fig. 3, C and D), and 
it positively correlated with both serum EPI concentration and 
USP22 expression (Fig. 3, E and F). These findings suggest that 
EPI enhances lipolysis in patients with breast cancer, potentially 
through the up- regulation of ATGL expression.

Both the mRNA and protein expression levels of ATGL were 
substantially up- regulated in MDA- MB- 231 cells after treatment with 
EPI, indicating that EPI induces ATGL expression at the transcrip-
tional level (Fig. 3, G and I). USP22 ablation led to a substantial reduc-
tion in ATGL expression, even in the presence of EPI treatment 
(Fig. 3, H and J). Consequently, USP22- targeted deletion resulted in 
a marked increase in lipid accumulation in breast cancer cells, regard-
less of EPI treatment (Fig. 3, K and L). Further analysis of intracel-
lular DAG and FFA levels confirmed that USP22 inhibition largely 
diminished the EPI- induced DAG and FFAs increases in the in vitro 
cultured MDA- MB- 231 cancer cells (Fig. 3, M and N). Similarly, analy-
sis of the cancer cells isolated from MDA- MB- 231 xenograft tumors 
from EPI- treated mice as shown in Fig. 2B demonstrated that USP22 
suppression markedly reduced EPI- induced lipolysis (Fig. 3, O and P) 
and diminished EPI- induced DAG and FFA accumulation (Fig. 3, Q 
and R). A similar result was further confirmed in mouse 4T1 TNBCs 
(fig. S5). In addition, treating 4T1 TNBC cells with an ATGL- specific 
inhibitor, atglistatin, completely inhibited EPI- induced lipolysis 
in USP22 WT 4T1 cells but had no additional inhibitory effect on 
the lipolysis of USP22 KO cells (fig. S6), clearly indicating that 
ATGL is required for EPI- induced lipolysis in breast cancer cells. 
Unexpectedly, reconstitution of ATGL expression markedly, albeit 
not entirely, restored the migration but was ineffective in restoring the 

proliferation of USP22- null 4T1 cells (fig. S7). Collectively, our data 
demonstrate that USP22 plays a critical role in EPI- induced lipolysis 
by promoting Atgl gene transcription for TNBC migration.

An interesting question arises: Can stable ectopic expression of 
ATGL reverse the progression and metastasis of breast cancer? Unex-
pectedly, while ATGL expression did not restore the growth of 4T1 
TNBC at the primary orthotopic sites, which is consistent with our 
in vitro analysis that ATGL failed to reconstitute USP22- null cell 
growth (fig. S7), it did partially mitigate their lung metastasis (Fig. 3, 
S to Za). Likewise, upon intravenous injection of both WT and USP22 
KO 4T1 breast cancer cells, the quantity of lung tumor nodules mark-
edly decreased by USP22 deletion, which was partially reinstated 
by stable ATGL expression (fig. S8). These studies suggest that USP22- 
mediated ATGL expression plays a key role in breast cancer metastasis 
in both MDA- MB- 231 xenograft and 4T1 syngeneic tumor models.

USP22 promotes EPI- induced lipolysis through stabilizing 
the ATGL transcription factor FOXO1
Because USP22 promotes EPI- induced lipolysis through up- regulating 
Atgl mRNA transcription, together with the fact that EPI induces 
lipolysis of the transcription factor FOXO1- mediated ATGL expres-
sion (33, 34), we then investigated if USP22 regulates the transcription 
factor FOXO1 expression. When treated with EPI, FOXO1 protein 
levels increased without a corresponding increase in its mRNA expres-
sion (Fig. 4, A, B, and E), suggesting that EPI influences FOXO1 
expression at a posttranscriptional level. Further support for this 
hypothesis, we detected that FOXO1 protein accumulated to similar 
levels in MDA- MB- 231 cells treated with the proteasome inhibitor 
MG132, regardless of EPI stimulation (Fig. 4, C and D). Conversely, 
USP22 gene deletion resulted in a marked decrease in FOXO1 protein 
levels without affecting its mRNA expression and largely prevented 

 (continued)

No. Age Gender EPI  
concentration

Tumor stage ER HER PR

49 66 Female 6.841821665 pt2n0M0 − − −
50 52 Female 6.991946894 pt2n0M0 + − +
51 58 Female 12.606259832 pt1n0M0 + − +
52 34 Female 7.311725729 pt2n0M0 + − +
53 77 Female 7.618189254 pt3n1M0 + − +
54 72 Female 7.790290593 pt2n0M0 + − +
55 65 Female 8.008178739 pt1n0M0 + − +
56 69 Female 8.134525005 pt2n0M0 + − +
57 76 Female 8.201616335 pt1n0M0 + − +
58 66 Female 8.440578721 pt1n1M0 + − −
59 55 Female 9.349572877 pt2n0M0 + + −
60 76 Female 9.377327706 pt1n0M0 + − +
61 77 Female 9.582287895 pt1n0M0 + − +
62 63 Female 10.069014381 pt1n0M0 + − +
63 60 Female 10.468748695 pt2n0M0 − − −
64 74 Female 3.84711759 pt1n1M0 + − +
65 81 Female 7.242336207 pt2n1M0 + − +
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Fig. 1. High EPI in patients with breast cancer is accompanied with the increasing expression of USP22. (A) Representative ihc photomicrographs of tissues 
stained with USP22 antibodies in patients with breast cancer in clinical breast cancer tissues and para- cancer tissues; Scale bars, 50 μm. (B) Quantification of USP22 
expression in breast cancer tissues and para- cancer tissues (n = 65). (C and D) Representative images of USP22 staining in patients with breast cancer (ePilow, n = 33; 
ePihigh, n = 32); Scale bars, 50 μm (c). Analysis of USP22 expression in human breast cancer tissues in patients with high and low levels of ePi (d). (E) Relationship between 
serum ePi levels and USP22 from the ihc staining score in human breast cancer tissues. Pearson correlation coefficient was used as a measure of association. (F to 
N) Analysis of USP22 protein expression in MdA- MB- 231 [(F) to (h)], McF- 7 [(i) to (K)], and SK- BR- 3 [(l) to (n)] breast cancer cells treated with indicated concentrations 
of ePi [(F), (J), and (M)] or time course [(G), (i), and (l)]. expression of mRnA of USP22 was measured by quantitative Rt- PcR [(h), (K), and (n)]; Pearson correlation coefficient 
was used as a measure of association. data are expressed as means ± Sd of three or more independent experiments. Statistical significance was concluded by unpaired 
Student’s t test. ****P < 0.0001; ns, no statistical significance.
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Fig. 2. EPI increases the expression of ATGL to induce the lipolysis of breast cancer through USP22. (A) validation of USP22 protein expression in Wt and USP22 KO 
MdA- MB- 231 cells (top) or 4t1 cells (bottom). (B to I) A total of 1 × 106 Wt or USP22 KO MdA- MB- 231 cells were injected into the mammary fat pad of immune compro-
mised nYG mice and treated with PBS or ePi (2 mg/kg) per day for 7 days. tumor volume (B), bioluminescence activity [(c) and (d)], and tumor weight [(F) and (G)] were 
measured. lung metastases were measured by luminol fluorescence [(c) and (e)] and h&e staining of their lung sections [(h) and (i)]. N = 5 each group. (J to M) A total of 
0.5 × 106 Wt or USP22 KO MdA- MB- 231 cells were injected via the tail vein into nYG mice. lung metastases were measured by luminol fluorescence [(J) and (K)] and h&e 
staining [(l) and (M)]. (N to U) A total of 1 × 105 Wt or USP22 KO 4t1 cells were injected into the mammary fat pad of BAlB/c mice and treated with PBS or ePi (2 mg/kg) 
per day for 7 days. tumor volume (n), bioluminescence activity [(O) and (P)], and tumor weight [(Q) and (R)] were measured. lung metastases were measured by luminol 
fluorescence [(O) and (S)] and h&e staining of their lung sections [(t) and (U)]. N = 5 each group. (V to Y) A total of 0.5 × 105 Wt or USP22 KO 4t1 cells were injected via 
the tail vein into BAlB/c mice. lung metastases were measured by luminol fluorescence [(v) and (W)] and h&e staining [(X) and (Y)]. Statistical significance was deter-
mined by one- way AnOvA test or unpaired Student’s t test. data are expressed as means ± Sd of five independent experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001; 
ns, no statistical significance.
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Fig. 3. USP22 promotes ATGL transcription and lipolysis in breast cancer cells. (A to F) AtGl expression in breast cancer tissues by ihc staining. Representative im-
ages from para- tumor normal tissue and cancer sections (A) and quantification from 65 patients (B) are shown. Scale bars, 50 μm. the data were further analyzed by ePi 
levels [(c) and (d)]. the correlation of AtGl with ePi (e) and USP22 (F) was analyzed. (G to J) the mRnA [(G) and (h)] and protein [(i) and (J)] levels of AtGl in MdA- MB- 231 
cells treated with ePi (10 nM) were determined by real- time PcR and Western blotting, respectively. (K to M) intracellular lipid analysis, including BOdiPY [(K) and (l)], dAG 
(M), and FFAs (n) in Wt and USP22- null MdA- MB- 231 cells treated with ePi in vitro. (O to R) intracellular lipid analysis in Wt and USP22- null MdA- MB- 231 cells isolated from 
the xenograft tumors as shown in Fig. 2e. (S) the protein levels of USP22, FOXO1, and AtGl in the Wt 4t1 cells, USP22 KO 4t1 cells, and the USP22 KO 4t1 cells transduced 
with AtGl were measured. (T to Za) A total of 1 × 105 Wt, USP22 KO 4t1 cells, or USP22 KO 4t1 cells transduced with AtGl were injected into the mammary fat pad of 
BAlB/c mice. tumor volume (t), bioluminescence activity [(U) and (v)], and tumor weight [(W) and (X)] were measured. lung metastases were measured by luminol fluo-
rescence [(U) and (Y)] and h&e staining of their lung sections [(Z) and (Za)]. N = 5 each group. Pearson correlation coefficient was used as a measure of association. Statis-
tical significance was determined by one- way AnOvA test or unpaired Student’s t test. data are expressed as means ± Sd of five independent experiments. *P < 0.05; 
**P < 0.01; ***P < 0.001; ns, no statistical significance.
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Fig. 4. USP22 is a deubiquitinase for Atgl transcription factor FOXO1. (A to E) effect of ePi on FOXO1 protein expression in Wt and USP22- null MdA- MB- 231 cells 
without [(A) and (B)] or with MG132 treatment [(c) and (d)]. the mRnA levels of FOXO1 were analyzed by real- time Rt- PcR (e). (F to I) Analysis of USP22, FOXO1, and AtGl 
expression levels by ihc in syngeneic tumor tissues as shown in Fig. 2d. Representative images (F) (scale bars, 50 μm) and quantification data [(G) to (i)] are shown. (J to 
M) FOXO1 interaction in heK239t cells transiently transfected with FOXO1 and USP22 (J) or USP22 truncated mutants (K) expressing plasmids and in MdA- MB- 231 cells 
(l) or further with ePi treatment (M). WB, Western blotting. Wcl, whole cell lysate. (N to P) Analysis of FOXO1 ubiquitination in heK293t cells coexpressed with USP22 (n) 
and its mutants (O) and in USP22 Wt and KO MdA- MB- 231 cells (P). (Q) immunoblot analysis of FOXO1 protein degradation in heK293t cells transfected with or without 
USP22 (n = 3). (R) Analysis of FOXO1 binding to Atgl promoter by chiP in Wt and USP22 KO MdA- MB- 231 cells (n = 5). (S) Reconstitution of FOXO1 expression in USP22- null 
MdA- MB- 231 cells restored AtGl expression. (T to Y) Analysis of FOXO1 expression in human breast cancer tissues [(t) and (U) with para- tumor tissues as controls or (v) 
and (W) in ePihigh and ePilow groups] as well as its correlation with USP22 (X) and ePi (Y). Scale bars, 50 μm. Pearson correlation coefficient was used as a measure of as-
sociation. Statistical significance was determined by one- way AnOvA test or unpaired Student’s t test. data are expressed as means ± Sd of three or more independent 
experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, no statistical significance.
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EPI- induced FOXO1 up- regulation (Fig. 4, A, B, and E). This suggests 
that USP22 plays a role in promoting FOXO1 protein expression at the 
posttranslational level in breast cancer cells. Further IHC analysis 
confirmed that EPI treatment markedly increased the protein expres-
sion of USP22, FOXO1, and ATGL in xenograft MDA- MB- 231 breast 
cancer tissues, while USP22 inhibition largely suppressed EPI- induced 
up- regulation of both FOXO1 and ATGL (Fig. 4, F to I). Similarly, 
EPI- induced USP22, FOXO1, and ATGL protein expression was also 
observed in 4T1 syngeneic breast cancer tissues by IHC staining. 
Targeted USP22 ablation completely suppressed EPI- induced FOXO1 
and ATGL protein expression (fig. S9). In addition to mouse and 
human TNBC cells, we further demonstrated that treatment with EPI 
in vitro notably increased the protein expression levels of USP22, 
FOXO1, and ATGL in both ER+HR+HER2− MCF- 7 and HER2+ 
SK- BR- 3 cells (fig. S10, A and B). Consistent with our findings show-
ing that targeted deletion of USP22 inhibited lipolysis in TNBC 
cells, pharmacological inhibition of USP22 completely prevented 
EPI- induced lipolysis in both MCF- 7 and SK- BR- 3 breast cancer cells 
(fig. S10, C to J). These findings indicate that USP22 plays a crucial role 
in EPI- induced lipolysis across a wide range of human breast cancers, 
irrespective of their HER expression status.

To define USP22 functions as a possible FOXO1- specific deu-
biquitinating enzyme, we first determined if USP22 interacts with 
FOXO1. Western blotting analysis detected the Flag- tagged FOXO1 
in anti- Myc immunoprecipitants of human embryonic kidney (HEK) 
293T cells when myc- USP22 but not empty vector was cotrans-
fected (Fig. 4J). The endogenous USP22 interaction with FOXO1 
was further confirmed in MDA- MB- 231 cells (Fig. 4L). Further analy-
sis of FOXO1 interactions with USP22 truncated mutants revealed 
that the zinc finger–containing N terminus of USP22 mediates 
its interaction with FOXO1 (Fig. 4K). Stimulation with EPI markedly 
increased USP22 interaction with FOXO1 in breast cancer cells 
(Fig. 4M). These results indicate that USP22 is an interacting partner 
of FOXO1. As a consequence, coexpression of USP22 largely inhib-
ited the polyubiquitin of FOXO1 (Fig. 4N). In contrast, the deubiq-
uitinase catalytic- inactive USP22/C185A mutant failed to suppress 
FOXO1 ubiquitination (Fig. 4O). EPI stimulation, which induced 
USP22 protein expression and promoted USP22- FOXO1 interaction, 
markedly inhibited FOXO1 polyubiquitination in USP22 WT cancer 
cells, and targeted USP22 deletion resulted in a significant increase in 
FOXO1 ubiquitination and reduced FOXO1 protein expression even 
with EPI stimulation (Fig. 4P). These results indicate that USP22 is an 
EPI- induced FOXO1- specific deubiquitinase in breast cancer cells. 
Therefore, overexpression of USP22 protected FOXO1 protein from 
ubiquitination- mediated degradation and prolonged FOXO1 half- life 
(Fig. 4Q).

FOXO1 has been shown to regulate lipolysis through ATGL 
expression (34). Consistently, our chromatin immunoprecipitation 
(ChIP) analysis detected the binding of FOXO1 to ATGL promoter 
in breast cancer cells, and the treatment of cells with EPI markedly 
increased FOXO1 binding to ATGL promoter. CRISPR deletion 
of USP22 markedly reduced FOXO1 binding to ATGL promoter 
(Fig. 4R), indicating that USP22 facilitates breast cancer lipolysis 
through stabilizing FOXO1 to enhance Atgl gene transcription. To 
support this conclusion, we further detected a substantial reduction 
in ATGL protein expression by USP22- targeted deletion, and ex-
pression of FOXO1 fully rescued ATGL expression in USP22- null 
breast cancer cells (Fig. 4S). Therefore, USP22 achieves its oncogen-
ic function through stabilizing FOXO1 protein to promote ATGL 

transcription. Similar to both USP22 and ATGL, IHC staining 
detected a statistically increased FOXO1 expression in cancer cells 
comparing to that in adjacent normal control tissues (Fig. 4, T and 
U), and FOXO1 protein was higher in the breast cancers from the 
EPIhigh group when compared to that in the EPIlow group (Fig. 4, V 
and W). The FOXO1 protein expression is positively associated with 
both USP22 protein expression and serum EPI concentration in 
human breast cancers (Fig. 4, X and Y). Therefore, our data suggest 
that EPI promotes USP22- mediated FOXO1 protein stabilization 
for ATGL up- regulation in breast cancer cells.

EPI stabilizes USP22 through AKT- mediated 
phosphorylation in breast cancer cells
Because EPI induces USP22 protein expression without affecting its 
mRNA levels, we tested if EPI- mediated signaling controls USP22 
protein expression at posttranslational levels. Stimulation with EPI 
markedly reduced USP22 ubiquitination levels (Fig. 5A), support-
ing our speculation that EPI protects USP22 from ubiquitination- 
mediated degradation. As expected, the half- life of USP22 was 
prolonged over 4 hours by EPI treatment (Fig. 5, B and C). It has been 
shown that EPI signaling is involved in protein stabilization through 
AKT- mediated phosphorylation (35–37). We then determined the 
potential cross- talk of AKT with USP22 in breast cancer cells. 
The interaction of AKT with USP22 was detected in transiently trans-
fected HEK293T cells as well as in human MDA- MB- 231 breast can-
cer cells (Fig. 5, D and E). Stimulation of MDA- MB- 231 breast cancer 
cells with EPI markedly enhanced both AKT and USP22 interaction 
(Fig. 5F) as well as their phosphorylation (fig. S11, A and B). This 
p- USP22- T147 antibody is highly specific because it detected a band 
in USP22 KO cells when expressed with WT but not USP22/T147A 
mutant (fig. S11C). Further treatment with the AKT- specific inhibitor 
largely diminished EPI- induced USP22 phosphorylation (Fig. 5G), 
indicating that AKT is a kinase for USP22 phosphorylation in breast 
cancer cells upon EPI stimulation. As a consequence, overexpression 
of AKT markedly inhibited USP22 ubiquitination and prolonged its 
half- life (Fig. 5, H to J). Conversely, treatment with the AKT- specific 
inhibitor facilitated USP22 protein degradation (Fig. 5, K and L), 
increased the USP22 ubiquitination (Fig. 5M), and inhibited the AKT 
and USP22 interaction in breast cancer cells (Fig. 5N). These results 
indicate that EPI stabilizes USP22 through AKT- mediated USP22 
phosphorylation.

AKT- mediated phosphorylation links USP22 protein stability 
with its oncogenicity in breast cancer
We then used an unbiased proteomic approach to identify the po-
tential phosphorylation sites of USP22 by AKT. As shown in Fig. 6 
(A and B), USP22 peptides carrying each of the five phosphorylated 
amino acid residues including T50, T147, T168, T173, and S355 
were markedly enriched in cells when AKT was overexpressed 
(Fig.  6, A and B), indicating that AKT phosphorylates USP22 
through multiple sites. Of note, mass spectrometry (MS) analysis 
also detected 10 AKT phosphorylated peptides in the anti- USP22 
immunoprecipitants (Fig. 6, A and B), confirming our initial discov-
ery of AKT- USP22 interaction and suggesting that USP22 interacts 
with the phosphorylated AKT upon EPI stimulation in breast can-
cer cells. We then generated a USP22 mutant by replacing all five 
identified S/T residues with alanine (A) (USP22- TP) and confirmed 
that the mutation totally abolished AKT- mediated USP22 phos-
phorylation (Fig.  6C). Loss of AKT- mediated phosphorylation 
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Fig. 5. EPI promotes the phosphorylation of USP22 by AKT to enhance the stability of USP22. (A to C) the effect of ePi on USP22 ubiquitination (A) and protein stabil-
ity [(B) and (c)] in MdA- MB- 231 cells were determined (n = 3). (D and E) co- iP and immunoblot analysis of USP22 interaction with AKt in transiently transfected heK293t 
cells (d) and MdA- MB- 231 cells (e). (F and G) effect of ePi on USP22 interaction with AKt and USP22 phosphorylation in MdA- MB- 231 cells. (H to J) effect of AKt overex-
pression on USP22 ubiquitination (h) and protein stability [(i) and (J)] (n = 3). (K to N) effect of AKt inhibition on USP22 protein degradation [(K) and (l)] (n = 3), ubiquitina-
tion (M), and interaction with AKt (n) in MdA- MB- 231 cells. AKt- i, AKt inhibitor. Statistical significance was determined by unpaired Student’s t test. data are expressed as 
means ± Sd of three independent experiments. *P < 0.05.
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Fig. 6. AKT- mediated USP22 phosphorylation controls its protein stability. (A and B) Proteomic analysis of USP22 phosphorylation from heK293t cells transfected 
with or without Flag- AKt. the spectra of peptides carrying phosphorylated peptides (A) and the identified phosphorylation residues of USP22 (top) and AKt (bottom) (B) 
are shown. (C and D) Analysis of phosphorylation (c) and ubiquitination (d) with USP22 and its phosphorylation mutant. (E) Analysis of FOXO1 interaction with USP22 and 
its phosphorylation mutant. (F and G) Analysis of protein stability of USP22 and its phosphorylation mutant (n = 3). (H to O) Analysis of USP22 phosphorylation in human 
breast cancer by ihc. Representative images in tumor and para- controls (h) or in ePihigh and ePilow groups (J) as well as the quantification from 65 patients [(i) and (K)] are 
shown. Scale bars, 50 μm. Statistical analyses of the correlation p- USP22- thr147 levels with ePi (l), total USP22 (M), FOXO1 (n), and AtGl (O) are shown. Pearson correlation 
coefficient was used as a measure of association. Statistical significance was determined by unpaired Student’s t test. data are expressed as means ± Sd of three or more 
independent experiments. **P < 0.01; ****P < 0.0001; ns, no statistical significance.
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markedly increased USP22 ubiquitination and abolished EPI- 
induced inhibitory efficacy (Fig. 6D). Therefore, mutation of the 
phosphorylation sites in USP22 promoted its degradation. Con-
versely, the phosphorylation mimicking mutation to aspartic acid at 
all five residues (USP22- DP) resulted in a marked improvement in 
USP22 stabilization (Fig. 6, F and G). These results indicate that 
AKT- mediated phosphorylation is critical for USP22 stabilization 
during EPI- induced tumorigenesis. To further support this conclu-
sion, expression of WT USP22, but not its TP mutant, resulted in the 
increased FOXO1 and ATGL expression (fig. S12, A to C). As previ-
ously reported (38), the AKT inhibitor markedly inhibited tumor 
growth, even in mice treated with EPI, suggesting that EPI- induced 
tumor growth largely occurs through an AKT- dependent mecha-
nism (fig.  S13, A to C). Consistent with our in  vitro findings 
(Fig. 5G), EPI treatment augmented USP22 phosphorylation and 
protein expression in the tumor tissues (fig. S13, D to F). Treatment 
of mice with the AKT inhibitor completely abolished EPI- induced 
USP22 phosphorylation in 4T1 tumors (fig. S13, D and F). These 
results indicate that EPI induces USP22 phosphorylation both in vitro 
and in tumor tissues in an AKT- dependent manner.

We then analyzed the phospho- USP22 (p- USP22) levels by IHC 
staining using specific antibodies to one of the USP22 phosphoryla-
tion sites, T147, that is catalyzed by AKT (Fig. 6, A and B). The levels 
of p- USP22 were elevated, as expected, in breast cancers comparing 
to that in adjacent normal controls (Fig. 6, H and I). Consistent with 
our conclusion that EPI induces USP22 phosphorylation through 
AKT activation, we observed a statistically substantial increase in 
p- USP22 levels in breast cancers from EPIhigh versus EPIlow groups 
(Fig. 6, J and K). Further analysis revealed a strong positive correla-
tion between p- USP22 with serum EPI levels in patients with cancer 
(Fig. 6L) as well as with both FOXO1 and ATGL levels (Fig. 6, M to 
O). Unexpectedly, neither the expression levels of USP22, FOXO1, 
and ATGL nor USP22 phosphorylation show any statistically sub-
stantial increase in para- tumoral normal tissues (fig. S14).

Moreover, unbiased analysis of a dataset (GSM5740291) from a 
study on the treatment of a human medulloblastoma cell line, ONS- 
76 cells with the β- blocker propranolol, revealed a marked reduc-
tion (over 50%) in Atgl mRNA levels, while USP22 and FoxO1 
mRNA levels remained unchanged (fig. S15). This aligns with our 
study, which suggests that EPI up- regulates USP22 and FoxO1 at 
posttranslational levels to stimulate Atgl mRNA transcription. Col-
lectively, our study revealed a previously unappreciated molecular 
mechanism underlying how USP22 controls EPI- induced cancer 
progression and metastasis through potentiating FOXO1- medited 
ATGL expression and lipolysis.

Pharmacological USP22 inhibition synergizes with 
β- blockers in breast cancer treatment
Our discovery that EPI promotes breast cancer growth and metasta-
sis through an AKT- USP22- FOXO1- ATGL lipolysis axis provides a 
rationale for a combined synergistic treatment by USP22 inhibition 
with β- blockers. We then examined the effect of combination treat-
ment with USP22 inhibitor (USP22i- S02) and β receptor inhibitor 
propranolol on tumor growth and metastasis using an orthotopic 
breast cancer model. Daily monitoring the tumor volume detected 
that USP22i- S02 treatment inhibited the tumor growth to a similar 
efficacy as that by β- blocker treatment, and the combined treatment 
leads to a near- complete resection of the tumor growth (Fig. 7A). 
Consistently, either USP22i- S02 or β- blocker treatment resulted in a 

significant reduction in the tumoral luminol fluorescence activity at 
20 days after treatment, and the combined treatment largely dimin-
ished the luminol fluorescence activity, even in mice with EPI 
administration (Fig. 7, B and C), which was confirmed by tumor 
weight at 20 days after treatment (Fig. 7, D and E).

Treatment of mice with USP22i- S02 and β- blocker in treating 4T1 
largely diminished the breast cancer lung metastasis as analyzed 
through histological analysis of metastatic nodules in lung tissue sec-
tions (Fig. 7, F and G) and luminol fluorescence activity (Fig. 7H). 
These results clearly indicate that targeting USP22 synergizes with β- 
blocker, which target the two steps in the EPI/AKT/USP22/FOXO1/
ATGL lipolysis pathway in the treatment of the aggressive breast can-
cer. To support this, our flow cytometry analysis detected a marked 
reduction in lipid BODIPY, as well as DAG and FFAs, in breast cancer 
cells from syngeneic tumors treated with USP22i- S02 and β- blocker 
(Fig. 7, I to L). We have previously reported that USP22i- S02 inhibitor 
treatment resulted in a reduction of USP22 proteins in cancer cells 
(17). IHC staining detected that the protein expression levels of 
USP22, and its downstream FOXO1 and ATGL, were decreased by 
both USP22i- S02 and β- blocker treatment in syngeneic tumor tissues 
(Fig. 7, M to O, and fig. S16). Collectively, our study revealed a previ-
ously unknown tumorigenic metabolic pathway, EPI/AKT/USP22/
FOXO1/ATGL lipolysis in breast cancer progression and metastasis, 
and USP22 inhibition synergizes with β- blocker to inhibit breast can-
cer growth and lung metastasis (Fig. 7P).

DISCUSSION
This study has defined a USP22- mediated lipolysis circuit that links 
the chronic stress–induced EPI production to breast cancer patho-
genesis through the AKT- USP22- FOXO1- ATGL pathway. This con-
clusion is documented by the following observations: First, the 
increase in the death- from- cancer signature gene USP22 expression 
is positively associated with the circulating blood EPI levels in pa-
tients with breast cancer, and EPI promotes TNBC progression and 
metastasis in a USP22- dependent manner; second, EPI stabilizes 
USP22 protein through AKT- mediated phosphorylation, which 
consequently inhibits ubiquitination- induced USP22 degrada-
tion; third, USP22 functions as a bona fide deubiquitinase of the 
transcription factor FOXO1 to promote the expression of ATGL, an 
enzyme critical for cancer cell lipolysis; fourth, both genetic and 
pharmacological USP22 inhibition totally abolished EPI- induced 
lipolysis in breast cancer cells; and last, USP22 suppression syner-
gizes with EPI blocking in the treatment of breast cancer metastasis.

It is well established that stress- induced activation of sympathetic 
nervous system in patients with cancer, especially adrenergic signal-
ing, operates the important role in the cancer cell proliferation 
and metastasis (4, 6, 39–42). Chronic stress–induced EPI promoted 
breast cancer stem–like properties via promoting lactate dehydroge-
nase A expression and allowing breast cancer cells using lactate (29). 
In liver cancer, EPI has been shown to promote hypoxia- inducible 
factor 1α–dependent glucose metabolism through suppressing au-
tophagy activity (35). In addition to lactate and glucose metabolism, 
we show here that EPI promotes breast cancer metastasis through a 
USP22- mediated lipolysis circuit. Molecularly, USP22 functions as 
an endogenous deubiquitinase of FOXO1, a transcription factor 
known for ATGL expression leading to the enhancement of lipolysis 
(33). It has been reported that Gα12 ablation exacerbates liver ste-
atosis and obesity by suppressing USP22/SIRT1(Sirtuin 1)- regulated 
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Fig. 7. Synergistic effects of USP22 and β receptor inhibitors on tumors. (A to E) 4t1 tnBc cells were injected into the mammary fat pad of BAlB/c mice (N = 5 each 
group). tumor volume (A), bioluminescence activity [(B) and (c)], and tumor weight [(d) and (e)] were measured. (F to H) the metastases of the lung were measured by 
luminol fluorescence [(B) and (h)] and h&e staining [(F) and (G)]. lung tissue sections were analyzed by h&e staining [(F) and (G)]. Representative lung metastasis (F) and 
quantifications of five mice each group (G) are shown. (I to L) lipid analysis of syngeneic tumors from (d) by lipid BOdiPY [(i) and (J)], dAG (K), and FFAs (l). MFi, mean 
fluorescence intensity. (M to O) ihc analysis of USP22, FOXO1, and AtGl expression levels in syngeneic tumor tissue sections from (d). Quantification data of all five mice 
each group [(M) to (O)] are shown. (P) Model of targeting chronic stress–mediated cancer metastasis and lipolysis by USP22. Statistical significance was determined by 
one- way AnOvA test or unpaired Student’s t test. data are expressed as means ± Sd of five independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; 
ns, no statistical significance.
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mitochondrial respiration (43). USP22 was also found to regulate 
lipogenesis through PPARγ (peroxisome proliferator–activated re-
ceptor γ) in hepatocellular carcinoma tumorigenesis (44). In addi-
tion, mice lacking Usp22 in all hematopoietic cells display profound 
systemic emergency hematopoiesis (45), and USP22 supports the 
aggressive behavior of basal- like breast cancer by stimulating cellu-
lar respiration (46). Therefore, chronic stress–induced EPI executes 
its tumor- promoting functions through metabolic reprogramming. 
It will be interesting to analyze the association between psychologi-
cal stress levels and EPI concentrations in the patients as well as 
their correlation with lipid metabolism. Future studies integrated 
with a psychologist team are needed to address this critical question.

Our study revealed that USP22- mediated lipolysis circuit links 
the chronic stress–induced EPI production to breast cancer patho-
genesis through the AKT- USP22- FOXO1- ATGL pathway across 
a wide range of human breast cancers, irrespective of their HER ex-
pression status. In addition, because the stress- induced EPI pro-
motes the development and progression in a variety of human 
cancer types (47), the EPI- AKT- USP22- FOXO1- ATGL pathway 
may be a common molecular mechanism in tumorigenesis.

We acknowledge that, while reintroducing ATGL expression into 
USP22- null breast cancer cells fully restored their lung metastasis, 
it only partially rescued the growth of USP22- null tumors at the pri-
mary site. To support this, we further found that ATGL expression 
partially rescued USP22- null 4T1 cell transwell migration but not 
proliferation in vitro. This suggests that USP22 may have an ATGL- 
independent role in EPI- induced tumorigenesis. USP22 has been 
known to achieve its oncogenic functions through inhibiting cell 
apoptosis and promoting cell cycle progression through targeting 
cyclins, c- Myc, and SIRT1, which controls p53 expression (12, 14, 
15, 48–50).

Our study identifies FOXO1, an evolutionarily conserved tran-
scription factor of longevity and stress response (51, 52), as a bona 
fide substrate of USP22 in breast cancer cells. USP22 stabilization of 
FOXO1 is regulated by EPI- induced activation of AKT, which phos-
phorylates FOXO1, such as at the Ser256, Thr24, and Ser319 residues 
(53), to provide the docking sites for USP22 binding. Consequently, 
the elevated FOXO1 transcribe ATGL for promoting the lipolysis 
during breast cancer cell proliferation and metastasis. In addition to 
ATGL- mediated lipolysis, FOXO1 has been shown to promote the 
expression of SOX2 to facilitate the stem cells of breast cancer (54). 
Also, FOXO1 is shown to enhance transcription of the matrix me-
tallopeptidase 1, leading to the enhanced breast cancer cell metasta-
sis possibly through easing cell migration simply by breaking down 
matrix barriers (55). Therefore, USP22- mediated stabilization of 
FOXO1 may promote breast cancer metastasis possibly through 
multiple cellular and molecular mechanisms. In addition to USP22, 
many other downstream factors, such as breast cancer resistance 
protein of AKT, are involved in drug resistance of breast cancers 
(56); therefore, future works are needed to dissect each substrate 
of phosphatidylinositol 3- kinase–AKT pathways in breast cancer 
tumorigenesis.

One unexpected observation is the EPI- induced posttranscriptional 
stabilization of USP22, the cancer stem cell gene with increased ex-
pression in breast cancer stem cells (18). While USP22 has been known 
to regulate the stability of a variety of proteins at both physiological 
and pathological contact (15, 18, 57), the molecular mechanisms un-
derlying how USP22 regulates its own protein stability remain unde-
fined. Our data suggest that ATK- mediated phosphorylation of USP22 

is critical for its stabilization because mutation of the phosphorylation 
residues increased USP22 ubiquitination and facilitated its proteasom-
al degradation. In addition, the deubiquitinase- inactive mutation 
completely abolished AKT- mediated USP22 stabilization. Therefore, 
ATK- mediated phosphorylation upon EPI stimulation promotes 
USP22 autodeubiquitination for self- stabilization. Our study does not 
only defines a molecular pathway of lipolysis in breast cancer metasta-
sis but also provides a rationale for the combined therapy of β- blocker, 
which has been clinically tested to be beneficial in chronic stress–
mediated tumorigenesis treatment (58), and USP22 inhibitor in the 
treatment of breast cancer metastasis. Our data show a synergy be-
tween propranolol and USP22- specific inhibitor S02 in the treatment 
of the xenograft TNBCs.

MATERIALS AND METHODS
Cell lines and culture conditions
The human breast cancer cell line MDA- MB- 231 and the mouse 
breast cancer cell line 4T1 were obtained from Haixing Biology. The 
HEK293T cell line was generously provided by F. Wang from Dalian 
Medical University, Dalian, China. The MCF- 7 and SK- BR- 3 cell lines 
were kindly provided by W. Guo from Dalian Medical University, 
Dalian, China. MDA- MB- 231, HEK293T, MCF- 7, and SK- BR- 3 
cell lines were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (FBS). The 4T1 cell line 
was maintained in RPMI 1640 medium also supplemented with 
10% FBS. All cell lines were incubated at 37°C in a humidified incu-
bator with 5% CO2.

Animal studies
Six-  to 8- week- old female NYG and BALB/c mice were purchased 
from the Animal Center of Dalian Medical University (Dalian, China) 
for use in the study. In the orthotopic breast cancer model, MDA- MB- 
231- luc cells (1 × 106) suspended in a 1:1 mixture of PBS/Matrigel 
(Biocoat, 354234) were injected into the right mammary fat pad of 
NYG mice. In addition, 4T1- luc cells (1 × 105) suspended in PBS/
Matrigel (1:1) were injected into the mammary fat pad of BALB/c 
mice. For the experimental metastasis model, MDA- MB- 231- luc cells 
(5 × 105) suspended in 150 μl of PBS were injected into 4-  to 6- week- old 
female NYG mice via the tail vein. Similarly, 4T1- luc cells (5 × 104) sus-
pended in 150 μl of PBS were injected into female BALB/c mice via the 
tail vein. All cell lines were stably labeled with a luciferase- expressing 
vector. Monitoring of primary tumor growth and the occurrence of 
lung metastasis was conducted using bioluminescence imaging after 
intraperitoneal injection of d- luciferin sodium (150 mg/kg; MedChem-
Express HY- 12591). Bioluminescence signals were measured using an 
IVIS Spectrum (PerkinElmer). The mice were randomized into four 
groups and received intraperitoneal injections of either vehicle or 
EPI. Mice underwent a 7- day pretreatment of EPI acclimation to ha-
bituate them to the study conditions. The EPI group received EPI (2 mg/
kg per day, subcutaneous) for 7 days before tumor cell injection to 
mimic the chronic stress conditions as previously reported (29).

After tumor implantation, primary tumor sizes in NYG mice 
were measured every 5 days, and lung metastasis was assessed at 
25 days. In BALB/c mice, primary tumor sizes were also measured 
every 5 days, with lung metastasis assessed at 20 days. Following tail 
vein injection, lung metastasis in NYG mice was measured at 20 days, 
while in BALB/c mice, it was measured at 15 days. Tumor sizes were 
measured using calipers, estimating volumes using the formula 
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(a2 × b)/2, where a is the shorter of the two dimensions and b is the 
longer one. At protocol- defined end points, mice were euthanized 
and tissues were collected and fixed in 4% paraformaldehyde (PFA). 
Paraffin- embedded lung samples were subjected to H&E staining. 
All animal studies were approved by the Dalian Medical University 
Institutional Animal Care and Use Committee (AEE22017).

Human sample
Patient tissue samples and serum were collected from The First Af-
filiated Hospital of Dalian Medical University (Dalian, China). The 
patients with breast cancer included in this study met the following 
criteria: (i) complete pathological data were available; (ii) tissue 
samples for immunohistochemical staining were provided; and (iii) 
no patient had received adjuvant chemotherapy, immunotherapy, or 
radiotherapy prior to surgery. Patients with metastatic disease at ini-
tial presentation, recurrent tumors at the study’s onset, or those who 
had undergone prior neoadjuvant treatment were excluded from the 
study. As part of standard clinical practice, estrogen or progester-
one, and HER2 were routinely stained for all patients with breast 
cancer. Clinical and pathological data were obtained from medical 
charts and pathology reports. Tumor staging was based on the American 
Joint Committee on Cancer pathologic tumor- node- metastasis clas-
sification (eighth edition). Tumor size was measured in centimeters 
by a pathologist. The study received approval from the Ethical Re-
view Committee of The First Affiliated Hospital of Dalian Medical 
University (certificate number PJ- KS- KY- 2022- 278). Informed con-
sent was obtained from all participants included in the study. The 
study protocol was approved by the Ethical Review Committee of The 
First Affiliated Hospital of Dalian Medical University, and all proce-
dures were performed in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki and its later amendments.

Measurement of EPI concentration
Peripheral blood was collected from patients with clinical breast can-
cer using a syringe treated with EDTA to prevent clotting. The blood 
was centrifuged for 15 min at 3000g, and the serum layer was trans-
ferred to separate vials and stored at −80°C. In mouse studies, 
12 hours after administration of EPI treatment on the fifth day, blood 
was drawn from the mice via the tail vein using an EDTA- treated 
syringe to prevent clotting. The blood samples were then centrifuged 
for 15 min at 3000g, and the serum layer was carefully transferred to 
separate vials and stored at −80°C. EPI levels were measured using 
an Adrenaline ELISA kit (Abcam, ab287788) following the manufac-
turer’s protocols.

Plasmids and other reagents
Hemagglutinin (HA)- ubiquitin, Flag- ubiquitin, HA- USP22, His- USP22, 
myc- USP22, myc- 185a- USP22, HA- TP- USP22, HA- DP- USP22, 
Flag- AKT, Flag- FOXO1, Lenti- luciferase- P2A- Neo, and pLV3- 
CMV- Pnpla2(mouse)- Blast plasmids were purchased from Miaoling 
Biology. Plasmid pcDNA.3.1 was purchased from GenePharma Biology, 
HA- 147a- USP22 plasmids were used as previously reported (57, 59), 
and USP22 mutations were generated by PCR.

Transfection, generating stable cell line, and cell treatment
Transfections were carried out using Lipofectamine 3000 (Invitro-
gen, L3000150) according to the manufacturer’s instructions. Cells 
were harvested 48 hours after transfection and subjected to various 
assays. CRISPR- Cas9–mediated ablation of the USP22 gene was 

achieved using CRISPR- Cas9 RNP provided by Haixing Bioscience, 
containing expression cassettes for hSpCas9 and chimeric guide 
RNA. To knock out the USP22 gene, two guide RNA sequences (listed 
in table S2) were selected via the http://crispr- era.stanford.edu web-
site. The plasmid containing the guide RNA sequence was elec-
trotransfected into cells using the Neon transfection system 
(Thermo Fisher Scientific) as per the manufacturer’s instructions. 
After 2 days, single colonies were transferred to 96- well plates. To 
detect insertions or deletions (indels) in USP22- targeted clones, ge-
nomic DNA was isolated using a Quick- DNA Miniprep kit (Zymo 
Research), and PCR amplification was performed using a 2× Taq 
Master Mix (Dye Plus; Vazyme, P112) with primers flanking the 
exon (primer sequences listed in table  S3). Plasmids were isolated 
from 8 to 10 single colonies and sequenced by Sanger sequencing 
(GENEWIZ, China). Clones with mutations in both alleles were cho-
sen for downstream studies.

To establish a luciferase- stable cell line, Lenti- luciferase- P2A- Neo 
plasmids were transfected into cells using Lipofectamine 3000 
according to the manufacturer’s instructions. After 48 hours of 
transfection, cells were selected with G418 (500 μg/ml; Med-
ChemExpress, HY- 17561) for at least 2 days to generate stable cell 
lines. To overexpress ATGL in USP22 KO 4T1 cells, pLV3- CMV- 
Pnpla2(mouse)- Blast plasmids were transfected into USP22 KO 4T1 
cells. After 48 hours, cells were selected with blasticidin (2 μg/ml; 
MedChemExpress, HY- 103401) for at least 2 days to generate stable 
cell lines.

For cell degradation experiments, transfected HEK293T or MDA- 
MB- 231 cells were treated with cycloheximide (CHX) (200 μg/ml; 
Cell Signaling Technology, 2112) for various times. Cells were treat-
ed with 10 nM EPI (Selleck, S2521) and 0.5 μM AKT inhibitor (Med-
ChemExpress, HY- 15431) for the indicated time.

Pharmacological studies
The concentrations of all drugs were based on effective activation or 
inhibition observed in prior studies: EPI (10 nM), AKT inhibitor 
(0.5 μM), CHX (200 μg/ml), atglistatin (Selleck, S7364, 50 μM), and 
USP22i- S02 (10 μM). The mice were pretreated with a dose of 2 mg/
kg via subcutaneous injection once a day before tumor cell injection 
to mimic chronic stress conditions, as previously reported (29). Fol-
lowing tumor cell implantation, the mice received the same dose 
(2 mg/kg) via subcutaneous injection once a day for 25 days (NYG 
mice) or 20 days (BALB/c mice). USP22i- S02 was injected intraper-
itoneally at a dose of 10 mg/kg per day in 100 μl of corona oil, once 
daily, starting on the first day of tumor cell injection for a duration 
of 20 days. In pharmacological β- blocker experiments, propranolol 
was administered intraperitoneally at a dose of 2 mg/kg per day, 
once daily, starting from the initial day of tumor cell injection, and 
continued for 20 days. AKT inhibitor [100 mg/kg per day in 2.5% 
dimethyl sulfoxide (DMSO) and 25% β- cyclodextrin] was orally ad-
ministered once daily, starting on the first day of tumor cell injec-
tion, and continued for 15 days.

Flow cytometry
To stain intracellular FOXO1, cells were initially treated with a vi-
ability dye (Invitrogen, L34955) at a 1:1000 dilution in fluorescence- 
activated cell sorting (FACS) Buffer (2% FBS in PBS) for 30 min at 
4°C. After washing the cells three times in FACS Buffer, the cells 
were fixed, permeabilized, and stained for transcription factors us-
ing the Foxp3 Transcription Factor Staining Buffer Set (eBioscience, 

http://crispr-era.stanford.edu
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00- 5523- 00), following the manufacturer’s instructions. The cells 
were then stained with specific antibodies against PE- FoxO1 (14262, 
Cell Signaling Technology) for 1 hour at 4°C. After washing the cells 
three times in FACS Buffer, they were analyzed by flow cytometry, 
and the data were evaluated using FlowJo software.

For lipid staining, cells were initially treated with a viability dye 
(Invitrogen, L34955) at a 1:1000 dilution in FACS Buffer (2% FBS in 
PBS) for 30 min at 4°C. After washing the cells three times in FACS 
Buffer, the cells were fixed with 4% formaldehyde for 15 min and 
stained with BODIPY 493/503 (Invitrogen, D3922; stock concentra-
tion, 1 mg/ml; working solution, 1:1000 dilution) for 15 min at room 
temperature. After washing the cells three times in FACS Buffer, they 
were analyzed by flow cytometry, and the data were evaluated using 
FlowJo software as we recently reported (60).

Chromatin immunoprecipitation
ChIP was performed in MDA- MB- 231 cells using the Simple Chip 
Enzymatic Chromatin IP kit (9002, Cell Signaling Technology, United 
States), as previously reported (16). Cells were fixed with 1% formal-
dehyde for 10 min at room temperature, and the fixation was halted 
by adding glycine and incubating for an additional 5 min at room 
temperature. Afterward, the cells were scraped, pelleted, and lysed in 
1 ml of Buffer A with a protease inhibitor cocktail and dithiothreitol 
(DTT) for 10 min on ice. Following centrifugation at 2000g for 5 min 
at 4°C, the pelleted nuclei were resuspended in 1 ml of Buffer B 
with DTT and incubated for 10 min at 4°C. After repeating the cen-
trifugation step, the pelleted nuclei were resuspended in 100 μl of 
Buffer B, mixed with 0.5 μl of micrococcal nuclease, and incubated 
for 20 min at 37°C with frequent mixing to digest the DNA into 
~150– to 900–base pair (bp) fragments. Digestion was stopped by 
adding 10 μl of 0.5 M EDTA. After centrifugation at 16,000g for 
1 min at 4°C, the pelleted nuclei were resuspended in 500 μl of 
ChIP buffer and sonicated for 20 min. After centrifugation at 9400g 
for 10 min at 4°C, the supernatant, which contained cross- linked 
chromatin, was collected. For optimal ChIP results, 5 to 10 μg of 
digested, cross- linked chromatin were used per immunoprecipita-
tion (IP) reaction.

For each IP reaction, immunoprecipitating antibodies were add-
ed to 500 μl of diluted chromatin. IP samples were incubated for 
4 hours to overnight at 4°C with rotation, followed by the addition 
of ChIP- grade protein G agarose beads to each IP reaction. After a 
2- hour incubation at 4°C with rotation, the beads were washed three 
times with 1 ml of low- salt wash buffer and once with 1 ml of high- 
salt wash buffer. DNA was eluted in elution buffer, and cross- links 
were reversed by incubating overnight at 65°C. RNA and protein 
were digested using ribonuclease A and proteinase K, and the DNA 
was purified by phenol- chloroform extraction and isopropanol pre-
cipitation. Target DNA abundance in ChIP eluates was assayed by 
quantitative PCR with primers designed to produce 100-  to 200- bp 
products. An isotype- matched immunoglobulin G (IgG) antibody 
was used as a control. The antibodies used for ChIP assays were 
FOXO1 antibody (2880, Cell Signaling Technology) and a corre-
sponding IgG control (Cell Signaling Technology, 2729). Sequences 
of the primers used for ChIP assays are listed in table S4.

Immunohistochemistry
The samples were fixed with 4% PFA and then embedded in paraf-
fin. The paraffin- embedded human tissues were deparaffinized and 
rehydrated. Following heat- induced antigen retrieval, the samples 

were blocked with goat serum blocking solution at room tempera-
ture for 30 min and subsequently incubated with primary antibodies 
overnight at 4°C. The next day, the sections were washed and incu-
bated with biotin- conjugated secondary antibodies for 1 hour at 
room temperature, followed by a 3,3′- diaminobenzidine chromo-
genic reaction. Nuclei were counterstained using hematoxylin stain-
ing solution.

Images were captured using a Nikon microscope and analyzed 
with Aipathwell software. Antibodies used in this study included 
USP22 (1:100), ATGL (1:200), FOXO1 (1:200), and p- USP22- Thr147 
(1:50). Depending on the antibody instructions, either EDTA or 
citrate solution was used for antigen retrieval. Integrated optical 
density per area (IOD/area) was calculated to assess the staining 
intensity.

Co- IP and Western blotting
Cells were washed with ice- cold PBS and then lysed in radioimmu-
noprecipitation assay (RIPA) lysis buffer containing protease and 
phosphatase inhibitors. The lysates were incubated on ice for 15 min, 
followed by centrifugation at 15,000g for 15 min. The supernatants 
were precleaned three times with protein G Sepharose (GE Health-
care, 17- 0618- 02), each time for 15 min. The precleaned superna-
tants were then subjected to IP with the indicated antibodies, 
followed by a 2- hour incubation on ice. Next, 50 μl of protein G 
Sepharose beads was added and incubated for an additional 2 hours. 
The beads were washed five times and then boiled in 50 μl of 2× loading 
buffer for 5 min. Proteins were separated on 8 to 10% SDS–polyacrylamide 
gel electrophoresis gels and transferred to nitrocellulose membranes. 
The membranes were blocked in 5% fat- free dried milk in tris- 
buffered saline with 0.5% Tween 20 (TBST) for 1 hour. The membranes 
were then incubated with appropriate primary antibodies overnight 
at 4°C. After washing with TBST, the membranes were incubated 
with horseradish peroxidase (HRP)–conjugated secondary antibodies 
(CST, HRP conjugate; goat, HRP conjugate) for 1 hour. The mem-
branes were washed again with TBST, and signals were visualized 
using an enhanced chemiluminescence substrate (Abbkine, BMU102- 
CN) and quantified using the Bio- Rad Image software. If necessary, 
membranes were stripped using stripping buffer (Solarbio, SW3020) 
and reincubated with corresponding antibodies. Primary antibodies 
used are listed in table S5.

Quantitative RT- PCR
Total RNA was extracted using the Total RNA kit (Omega, R6834- 01), 
followed by reverse transcription using the iScript cDNA Synthesis 
Kit (Bio- Rad, 1708891). Real- time RT- PCR was conducted with the 
SuperReal PreMix Plus Kit (Tiangen, FP205- 02) following the manu-
facturer’s protocol. The mRNA levels were calculated using the ΔCt 
method and normalized to β- actin. Primers for human genes and 
β- actin were obtained from Thermo Fisher Scientific, while USP22, 
ATGL, and FOXO1 primers were sourced from GenePharma 
Biology. All primers used in this study are listed in table S6.

Measurement of TAG, DAG, and FFA contents
Lipid analysis was performed as previously reported (61). Briefly, 
TAG contents were determined using the Triglyceride Assay Kit 
(Abcam, ab65336). Tissue samples (10 mg) were washed with cold 
PBS and then resuspended and homogenized in a 5% NP- 40/ddH2O 
solution using a Dounce homogenizer or pestle with 10 to 15 passes. 
The samples were slowly heated to 80° to 100°C in a water bath until 
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the NP- 40 solution became cloudy and then cooled to room tem-
perature. This heating and cooling process was repeated to solubilize 
all triglycerides. Following the kit’s requirements, the operation 
continued, and the output was measured on a microplate reader at 
an optical density (OD) of 570 nm for colorimetric assay.

DAG contents were determined using the DAG ELISA Kit (Blue-
Gene Biotech, E01D0010). Tissue homogenate preparation varied 
depending on the tissue type. For this assay, tissues were rinsed in 
ice- cold PBS to remove excess blood thoroughly and weighed before 
homogenization. Tissues (10 mg) were minced into small pieces and 
homogenized in a certain amount of PBS with a glass homogenizer 
on ice. The resulting suspension was subjected to ultrasonication or 
two freeze- thaw cycles to further break the cell membranes. After-
ward, the homogenates were centrifuged for 15 min at 5000 rpm. 
The supernatant was removed, and the assay was performed imme-
diately or aliquoted and stored at −20°C. Following the kit’s require-
ments, the operation proceeded, and the output was measured on a 
microplate reader at an OD of 450 nm for colorimetric assay.

FFA contents were determined using the Free Fatty Acid Quanti-
tation Kit (Sigma- Aldrich, MAK044). The tissue (10 mg) was 
homogenized in 200 μl of a 1% (w/v) Triton X- 100 in chloroform 
solution. The samples were then centrifuged at 13,000g for 10 min to 
remove the insoluble material. The organic phases (lower phase) 
were collected and air- dried at 50°C to remove chloroform. Vacuum 
drying was performed for 30 min to remove trace chloroform. The 
dried lipids were dissolved in 200 μl of Fatty Acid Assay Buffer by 
vertexing extensively for 5 min. Following the kit’s requirements, the 
operation continued, and the output was measured on a microplate 
reader at an OD of 570 nm for colorimetric assay.

Proteomic analysis of the phosphorylation sites in 
USP22 and AKT
Cells were harvested 24 hours after transfection, washed twice with 
ice- cold PBS, resuspended in RIPA lysis buffer, and sonicated. The 
protein concentrations were determined using a bicinchoninic acid 
assay. A 1- mg protein was incubated with 1 μl of anti- Myc tag 
monoclonal antibody (2 mg/ml) in a rotating mixer for ~6 hours at 
4°C. Then, 30 μl of protein A/G agarose (Santa Cruz) was added to 
the mixture and rotated overnight. The beads were spun down at 
700g for 2 min, and the pellets were resuspended in 100 μl of 50 mM 
Triethylammonium bicarbonate (TEABC) and 2 M urea. The sam-
ples were incubated with 10 mM DTT for 60 min, followed by al-
kylation with 20 mM indole- 3- acetic acid in the dark for 30 min, 
and then 100 μl of 50 mM TEABC and 4 μg of trypsin were added to 
digest the enriched proteins on the beads at 37°C overnight. The 
phosphopeptides from the desalted peptides were enriched using 
the Phosphopeptide Enrichment Kit (Thermo Fisher Scientific, no. 
A32992) according to the provided instructions.

For MS, the enriched phosphopeptides were analyzed by a Q- 
Exactive HF- X coupled to an UltiMat 3000 RSLCnano system (Ther-
mo Fisher Scientific, MA). Phosphopeptides were reconstituted in 0.1% 
formic acid (FA) and loaded onto a 360- μm outer diameter × 150- μm 
inner diameter silica- based column packed with ReproSil- Pur 120 
C18. An 88- min liquid chromatography–tandem MS (MS/MS) method 
was used to analyze the sample with a flow rate of 300 nl/min. The 
solvent A (0.1% FA) and solvent B (80% acetonitrile/0.1% FA) were 
used as a loading pump solvent. The elution program was as follows: 
0 to 10 min, 6% B; 15 min, 10% B; 70 min, 30% B; 80 min, 40% B; 80 to 
85 min, 95% B; and 85 to 88 min, 6% B. The top 25 most intense ions 

from the MS1 scan spectrum [mass range from mass/charge ratio 
(m/z), 350 to 1550; resolution, 120,000; and Automatic Gain Control 
(AGC) target, 3 × 106] were measured to MS2 (mass range from m/z 
200 to 2000; resolution, 15,000; AGC target, 2 × 104) with a normalized 
collision energy of 27; the dynamic exclusion time was set to 15 s.

Cell proliferation assay
The proliferation of indicated WT- 4T1 cell was measured by Cell 
Counting Kit- 8 (CCK- 8) (MedChemExpress, HY- K0301) assay as 
previously reported (62). Briefly, cells were seeded into 96- well 
plates with 3 × 103 cells per well and incubated for the cell attach-
ment. Then, each well was added with 10 μl of CCK- 8 solution and 
incubated at 37°C for 2 hours. The absorption values were measured 
at 450 nm using a microplate reader.

In vitro migration assays
4T1 cells were pretreated with EPI for 5 days. Subsequently, cells 
(5 × 104) resuspended in serum- free medium were placed into un-
coated membranes in the upper chamber (24- well insert, 8 μm, 
Corning Costar, China). The lower chamber was filled with growth 
medium supplemented with 10% FBS as an attractant. After 24 hours 
of incubation, cells that migrated through the membrane were fixed 
with 4% paraformaldehyde (Santa Cruz, United States) and stained 
with 0.1% crystal violet solution (Shanghai Sangon Company, China). 
Microscopic images of the stained cells were captured using an 
Olympus microscope (Japan), and counts were performed on five 
random fields at 10× magnification.

Data analysis
Raw MS files from the entire study were searched by MaxQuant (63) 
(version 2.0.1.0) against a nonredundant UniProt human database 
(containing 20,387 sequences and downloaded from the website 
www.uniprot.org). Carbamidomethyl cysteine was set as a fixed 
modification, and phosphorylation of serine, threonine, and tyro-
sine and oxidation of methionine were allowed as variable modifica-
tions. Trypsin was specified as the proteolytic enzyme with up to 
two missed cleavage sites allowed. Mass tolerances were 20 parts per 
million for precursor ions and 0.05 Da for Ion Trap MS, MS/MS 
ions. The false discovery rate was controlled to <0.01 at both the 
peptide and protein level. The other settings were the same as the 
conventional search. The reverse hits and potential contaminant hits 
were removed for further analysis. The identified peptides showed 
in this work were screened by Score ≥ 40. The obtained phosphory-
lated sites were further filtered by Localization Probability ≥ 0.75 
and Score Difference ≥ 5, which means a high confidence level 
of phosphorylated sites. And all these parameters are commonly 
used in phosphoproteomics studies (64, 65). The MS data and Max-
Quant output files have been deposited onto the iProX database 
(https://iprox.cn/) with an accession code of IPX0003657000.

The differential phosphorylated sites were processed by R pack-
age Prostar (66). Phosphorylation sites in which the number of 
missing data was observed in less than two replicates were kept in 
at least one condition. Then, the intensity data were logarithmic 
transformed and normalized by median centering within condition. 
The missing values were imputed with 1 quantile of each replicate. 
Differentially expressed phosphorylation sites were detected using 
a Welch’s t test. Phosphorylation sites were regarded as markedly 
differentially expressed between two groups with a P value of less 
than 0.05 and a fold change of <−2 or >2.

https://iprox.cn/
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Statistical analyses
Statistical analyses were performed with SPSS software (version 21.0) 
or GraphPad Prism 8.0 (GraphPad Software Inc.). Shapiro- Wilk test 
to exam the data normality was used prior to the t test, one- way 
analysis of variance (ANOVA), and Pearson correlation. One- way 
ANOVA was used to compare the means of more than two groups. 
Student’s t test was used to compare the mean value of two groups. 
χ2 test was used to analyze the association of the plasma EPI level 
with clinical and pathological characteristics of patients with breast 
cancer. Pearson correlation analysis was performed to determine 
the correlation between two variables. Results are presented as 
means ± SD of three or more independent experiments. *P < 0.05; 
** P < 0.01; *** P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S16
tables S1 to S6
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