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UCH-L1 down-regulates HER2 expression 
and increases lapatinib sensitivity by 
interacting with HSP90 in HER2-positive 
breast cancer

HER2-positive breast cancer exhibits high aggressiveness, a 
propensity for recurrence, and a poor prognosis. 1 Approxi-

mately 16%—22% of early stage patients still experience 
recurrence, and 22%—25% of patients with metastatic 
HER2 + breast cancer exhibit primary or acquired resis-

tance. Therefore, it is necessary to investigate the molec-

ular mechanisms that regulate HER2 status in order to 
develop new therapeutic strategies. Ubiquitin carboxyl-

terminal hydrolase-L1 (UCH-L1), also known as protein gene 
product 9.5 (PGP9.5), is a member of the ubiquitin C-ter-

minal hydrolase (UCH) family. 2 UCH-L1 can play either a 
pro- or anti-tumorigenic role in different types of cancer 
because UCH-L1 acts by regulating different substrates. 
The overexpression of UCH-L1 has been observed to induce 
G0/G1 cell cycle arrest and apoptosis by stabilizing p53. In 
another independent study, UCH-L1 was observed to 
interact with AKT in MCF-7 cells, resulting in the up-regu-

lation of phosphorylated AKT and an increase in the invasive 
capacity of MCF-7 cells. Therefore, it is crucial to investi-

gate the mode of action of UCH-L1 in different cancers. 3 

In breast cancer, the role of UCH-L1 has been reported in 
both ER + and triple negative breast cancer (TNBC), 4,5 but 
its role in HER2 + breast cancer has not been reported. In 
the GEPIA2 database, UCH-L1 expression was lower in 
HER2 + breast cancer tissue than that in normal breast tis-
sue (Fig. S1A). An analysis of the CCLE database revealed 
that UCH-L1 is expressed at low levels in both ER + and 
HER2 + breast cancer cells and at high levels in TNBC 
(Fig. S1B). Concurrently, our results showed that the 
expression of UCH-L1 was barely detectable in HER2-over-

expressing breast cancer cells (Fig. 1A). We analyzed 133 
breast cancer samples and found that UCH-L1 was lowly

expressed in HER2 + samples and highly expressed in HER2-

samples, with a significant negative correlation (Fig. 1B). 
Following treatment of SK-BR-3 and MDA-MB-453 cells with 
the DNA methylation inhibitor decitabine, both UCH-L1 
protein expression levels and transcriptional expression 
levels were up-regulated, indicating that the low expres-

sion of UCH-L1 in HER2 + breast cancer is caused by 
methylation (Fig. S1C and S1D). The Kaplan—Meier plotter 
database showed that patients with elevated UCH-L1 
expression had prolonged relapse-free survival (RFS) 
(Fig. 1C). We then orthotopically injected nude mice with 
the HER2 + breast cancer cells, MDA-MB-453, and showed 
that UCH-L1 overexpression significantly inhibited tumor 
growth in vivo (Fig. S1E).

Given that UCH-L1 is negatively correlated with HER2 
expression in breast cancer, we asked whether UCH-L1 in-

hibits HER2 expression. As shown in Figure S2A, the over-

expression of UCH-L1 significantly down-regulated HER2 
expression in SK-BR-3 and MDA-MB-453 cells, and ectopi-

cally expressed UCH-L1 inhibited HER2 expression in a dose-

dependent manner (Fig. 1D). To further validate whether 
endogenous UCH-L1 also suppresses HER2 expression, we 
knocked down UCH-L1 in HEK293T and three TNBC cells and 
found that the HER2 protein levels were up-regulated 
(Fig. S2B). However, UCH-L1 overexpression did not affect 
the HER2 mRNA levels (Fig. S2C). Based on these results, we 
suspected that UCH-L1 destabilizes the HER2 protein. 
Indeed, the proteasome inhibitor MG132 was able to rescue 
the down-regulation of HER2 protein expression induced by 
UCH-L1 overexpression (Fig. 1E; Fig. S2D). Furthermore, 
UCH-L1 overexpression decreased the half-life of the HER2 
protein in a cycloheximide (CHX) assay (Fig. 1F). Consis-

tently, the overexpression of UCH-L1 increased the HER2 
ubiquitination levels (Fig. S2E). Immunoprecipitation ex-

periments demonstrated no interaction between UCH-L1Peer review under the responsibility of Chongqing Medical 

University.
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Figure 1 UCH-L1 down-regulates HER2 expression and increases lapatinib sensitivity by interacting with HSP90 in HER2-positive

breast cancer. (A) UCH-L1 and HER2 protein expression in three breast cancer cells, as detected by Western blot. (B) IHC detection 

of UCH-L1 and HER2 protein expression in breast cancer tissues. The expression of UCH-L1 and HER2 protein was negatively 

correlated in 133 clinical breast cancer patients. (C) A high level of UCH-L1 mRNA expression is associated with good RFS in HER2 + 

breast cancer patients according to the data from the Kaplan—Meier Plotter database. (D) UCH-L1 decreased HER2 protein levels in 

SK-BR-3 cells in a dose-dependent manner. SK-BR-3 cells were transfected with increasing amounts of Myc-UCH-L1 plasmid (0, 0.5, 

1.5, or 3 μg). HER2 protein expression was determined 48 h after transfection by Western blot. (E) UCH-L1 promoted HER2 protein 

degradation through the proteasome. SK-BR-3 cells were transfected with the Myc-UCH-L1 plasmid, followed by treatment with 

20 μM MG132 for 4 h. The expression of UCH-L1 and HER2 was measured by Western blot. (F) UCH-L1 decreased the HER2 protein 

half-life. SKBR3 cells were transfected with Myc-UCH-L1. After treatment with 50 μg/mL cycloheximide (CHX) for the indicated 

times, the cells were harvested for Western blot. The band intensities were quantified using ImageJ software. (G) UCH-L1 down-

regulated the HER2 protein level independent of its deubiquitinase activity. UCH-L1 WT and C90S mutant were overexpressed in SK-

BR-3 cells. (H) UCH-L1 did not affect the HSP90 protein level. UCH-L1 WT and the C90S mutant were overexpressed in SK-BR-3 cells.

(I) UCH-L1 decreased the interaction between HSP90 and HER2. UCH-L1 was overexpressed in SK-BR-3 cells, and MG132 was added 

at 20 μM for 4 h. Endogenous HSP90 protein was immunoprecipitated with an anti-HSP90 antibody. (J) UCH-L1 did not decrease the 

HER2 protein expression when HSP90 was depleted in SK-BR-3 cells. HSP90 siRNA was transfected to silence HSP90. (K) Over-

expression of UCH-L1 WT and the C90S mutant in SK-BR-3 cells inhibited the HER2 signaling. (L) Overexpression of UCH-L1 WT and 

the C90S mutant in SK-BR-3 and MDA-MB-453 cells significantly decreased DNA synthesis, as determined by EdU assays. *P < 0.05, 

**P < 0.01. (M) Overexpression of UCH-L1 WT and the C90S mutant in SK-BR-3 and MDA-MB-453 cells significantly decreased cell 

migration. *P < 0.05, **P < 0.01. (N) UCH-L1 overexpression increased lapatinib sensitivity in SK-BR-3 and MDA-MB-453 cells. The 

cells were treated with lapatinib for 24 h, and DNA synthesis was determined via EdU assay. *P < 0.05, **P < 0.01. (O) SK-BR-3 and 

MDA-MB-453 cells were transfected with control and UCH-L1. Cell migration was determined by a cell migration assay.
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and HER2, and that UCH-L1 increases the HER2 ubiquiti-

nation levels. Therefore, we hypothesize that UCH-L1 in-

hibits HER2 protein stability independently of its ubiquitin 
hydrolase activity. We overexpressed a UCH-L1 hydrolase-

inactive mutant, UCH-L1 C90S, in SK-BR-3 and MDA-MB-

453 cells. These results indicate that UCH-L1 functions 
independently on its deubiquitinating enzyme activity 
(Fig. 1G; Fig. S3A). Subsequent immunoprecipitation ex-

periments showed no interaction between the UCH-L1 and 
HER2 proteins (Fig. S3B). These results suggest that UCH-L1 
indirectly regulates HER2 protein expression.

We performed an IP-MS experiment and identified HSP90 
as a UCH-L1-interacting protein (Fig. S3C). In the GEPIA2 
database, HSP90 expression was higher in HER2 + breast 
cancer than in normal breast tissue (Fig. S3D). We then 
overexpressed UCH-L1 and UCH-L1 C90S in SK-BR-3 and 
MDA-MB-453 cells and found that neither affected the 
HSP90 protein expression levels (Fig. 1H; Fig. S3E). HSP90 
ubiquitination was also not affected by UCH-L1 over-

expression in HEK293T cells (Fig. S3F). HSP90 is a vital 
chaperone protein with a conserved binding site that in-

teracts directly with HER2, maintaining its correct folding, 
maturation and conformation. This binding protects HER2 
from proteasomal degradation, thereby ensuring its sus-

tained signaling activity. UCH-L1 binds to HSP90 without 
affecting its expression. Therefore, we speculated that 
UCH-L1 and HER2 may compete for HSP90 so that UCH-L1 
overexpression leads to HER2 proteasomal degradation due 
to the loss of HSP90 protection. To test this, we performed 
an immunoprecipitation experiment with a HSP90 antibody. 
As expected, UCH-L1 overexpression decreased the inter-

action between HER2 and HSP90 (Fig. 1I). Next, we simul-

taneously silenced HSP90 expression and overexpressed 
UCH-L1 in SK-BR-3 and MDA-MB-453 cells and found that 
UCH-L1 overexpression could no longer reduce HER2 pro-

tein levels in the absence of HSP90 (Fig. 1J; Fig. S3G). 
Previous studies in Parkinson’s disease have reported that 
the UCH-L1 I93M mutant exhibits enhanced interaction with 
HSP90. We overexpressed both UCH-L1 and UCH-L1 I93M in 
SK-BR-3 cells and showed that UCH-L1 I93M reduced HER2 
protein levels more effectively compared to WT UCH-L1 
(Fig. S4A). Consistently, the UCH-L1 I93M mutant reduced 
the interaction between HER2 and HSP90 more strongly 
than WT UCH-L1 did (Fig. S4B), and the mutant increased 
more ubiquitination of the HER2 protein than WT UCH-L1 
did (Fig. S4C). In addition, we also overexpressed HER2 in 
SK-BR-3 cells and found that the inhibition of cell prolif-

eration by UCH-L1 overexpression was rescued by HER2 
overexpression. This suggests that UCH-L1 acts through 
HER2 (Fig. S4D). In HEK293T cells overexpressing UCH-L1, 
we examined changes in other HSP90 client proteins, such 
as CyclinD, CDK4, CDK6 and AKT, and the results showed 
that UCH-L1 is specific for HER2 degradation (Fig. S4E). To 
further investigate the interaction details among UCH-L1, 
HER2, and HSP90, we constructed three Glutathione S-

Transferase (GST) fused truncated forms of HSP90 (Fig. S5A) 
and three GST fused truncated forms of HER2. Using GST

pulldown assays, we found that HSP90 primarily binds to 
the intracellular kinase domain of HER2 (Fig. S5B). We then 
used the GST fused truncated forms of HSP90 to identify the 
domain of HER2 and UCH-L1 that bind to HSP90. We found 
that HER2 mainly binds to the N-terminus of HSP90 
(Fig. S5C) and UCH-L1 mainly binds to the C-terminus of 
HSP90 (Fig. S5D). We further confirmed that the 30—60 aa 
region of UCH-L1 binds to HSP90 (Fig. S5E-S5G).

We examined the HER2 downstream signaling, including 
p-ERK and p-AKT protein levels. As expected, UCH-L1 and 
its mutant not only down-regulated the HER2 protein levels 
but also inhibited p-ERK and p-AKT levels (Fig. 1K; Fig. S6A). 
In addition, the overexpression of both UCH-L1 and its 
mutant UCH-L1 C90S significantly reduced the proliferation 
and DNA synthesis of SK-BR-3 and MDA-MB-453 cells (Fig. 1L; 
Fig. S6B and S6C). Consistently, UCH-L1 and UCH-L1 C90S 
significantly decreased the survival and migration of the SK-

BR-3 and MDA-MB-453 cells (Fig. 1M; Fig. S6D and S6E). We 
wondered whether UCH-L1 could increase the sensitivity of 
lapatinib by inhibiting HER2 expression. We found that the 
overexpression of UCH-L1 alone or treatment with lapatinib 
in SK-BR-3 and MDA-MB-453 significantly inhibited the level 
of cell proliferation and DNA synthesis, while in the lapa-

tinib-treated and UCH-L1-overexpressed group, the cell 
proliferation ability and DNA synthesis were further 
inhibited (Fig. 1N; Fig. S7A and S7B). Consistently, the 
combination of UCH-L1 overexpression and lapatinib 
exhibited a more pronounced inhibition of cell survival and 
cell migration in these cell lines compared to the lapatinib-

treated group alone and the UCH-L1 overexpression group 
(Fig. 1O; Fig. S7C and S7D). The above results suggest that 
UCH-L1 may increase the sensitivity of HER2 + breast cancer 
to lapatinib. We also overexpressed UCH-L1 in MDA-MB-

453 cells and orthotopically injected these cells into the fat 
pads of nude mice. After the tumors were visible, we 
treated the nude mice with lapatinib (25 mg/kg, every two 
days by oral gavage) (Fig. 1P). Consistent with the in vitro 
results, UCH-L1 overexpression significantly increased the 
sensitivity to lapatinib (Fig. 1Q—S), and there were no sig-

nificant changes in the body weights of the mice (Fig. 1T).

In this study, we discovered that UCH-L1 inhibited cell 
proliferation, survival, migration, and tumor growth by 
binding to HSP90 and promoting the ubiquitination-medi-

ated degradation of HER2. UCH-L1 reduces HER2 expression 
independently of its hydrolase activity. Furthermore, UCH-

L1 enhances the inhibitory effect of lapatinib on HER2 + 

breast cancer. UCH-L1 expression was associated with a 
better prognosis in HER2 + breast cancer patients (Fig. 1U). 
Our findings provide new therapeutic ideas for the treat-

ment of HER2 + breast cancer.
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