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Ubiquitin C-terminal hydrolase L1 (UCHL1), which is a deubiquitinating enzyme, is known
to play a role in chemoresistance in cancers. However, its potential roles and mechanisms
in the chemoresistance of breast cancer (BC) remain unclear. In this study, we examined
its expression in patients with BC and employed Kaplan—Meier analysis and the log-rank
test for survival analyses. It was found that up-regulated UCHL1 expression was positively
associated with both chemoresistance and poor prognosis, especially in patients with
HER2+ BC. Moreover, UCHL1 expression was elevated in HER2+ BC cells (SK-BR-3 and
BT474). Similarly, doxorubicin (DOX)-resistant BC cells (MCF-7/DOX) had higher UCHL1
levels than MCF-7 cells. CCK-8 assay showed that BC cells with higher UCHL1 levels
were more resistant to DOX. Furthermore, by inhibiting UCHL1 in BC cells with elevated
UCHL1 expression, we demonstrated that UCHL1 promoted DOX-resistance in BC.
Mechanistically, UCHL1 probably promoted DOX-resistance of BC by up-regulating free
fatty acid (FFA) synthesis, as exhibited by reduced FFA synthase expression and
resurrected DOX-sensitivity upon UCHL1 inhibition. Overall, UCHL1 up-regulation is
associated with DOX-resistance and poor prognosis in patients with HER2+ BC.
UCHL1 induces DOX-resistance by up-regulating FFA synthesis in HER2+ BC cells.
Thus, UCHL1 might be a potential clinical target for overcoming DOX resistance in patients
with HER2+ BC.

Keywords: breast cancer, HER2+, chemoresistance, UCHL1, free fatty acid

INTRODUCTION

Breast cancer (BC) is one of the most common cancers among women worldwide. Over 1.5 million
women (25% of all women with cancer) are diagnosed with BC every year (1). BC is classified into
three categories depending on clinical and histopathological characteristics and the expression of
progesterone receptor (PR), estrogen receptor (ER), human epidermal growth factor receptor 2-
related protein (HER2), and Ki67 (2). Among these, the HER2-positive (HER2+) subtype exists in
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about 20% of patients with BC; it is associated with high risk and
is a significant poor prognostic factor in clinical therapy (3).
Anthracyclines are the most active and widely employed
chemotherapeutic drugs for BC (4), with a strong evidence
showing positive impact on BC survival (5). Among them,
doxorubicin (DOX) is one of the most common first-line
chemotherapy in the clinical treatment of early and advanced
BC. However, DOX resistance often occurs in clinical practice,
which limits long-term treatment benefits in these patients (6).

There are multiple cellular mechanisms contributing to the
development of DOX resistance. P-glycoprotein and breast
cancer resistance protein (BCRP) are significant members of
the adenosine triphosphate (ATP)-binding cassette (ABC) family
and confer DOX resistance by increasing drug efflux, thereby
reducing DOX concentrations within BC cells. This may also be
mediated by overexpression of transcription-linked DNA repair
pathways, topoisomerase II mutations, alterations in apoptotic
signaling, and increased free fatty acid (FFA) synthesis. FFAs are
critical to tumor growth, and it has been reported that these are
highly expressed in BC cells. Similarly, inhibition of fatty acid
synthase (FASN) inhibited tumor growth (7). The expression of
FASN, which is an enzyme that catalyzes the terminal step of de
novo synthesis of FFAs, was higher in BC cells than in normal
cells (8). Overexpression of FFAs confers many advantages to
tumor cells, such as BC cells. It also plays a critical role in
chemoresistance acquisition (9, 10). Therefore, it is important to
further understand the relationship between FFA synthesis and
DOX resistance, which may help improve clinical employment of
the drug.

Ubiquitination and deubiquitination are reversible post-
translational modifications that depend on ubiquitin ligases
and deubiquitinating enzymes (DUBs) (11). DUB-induced
cleavage of ubiquitin chains from substrate proteins can play
an important role in different cellular processes (12). The impact
of DUBs on chemoresistance in cancers has been reported. Our
previous studies have demonstrated that ubiquitin C-terminal
hydrolase L1 (UCHL1), which is a member of the DUB family,
could promote resistance to pemetrexed in non-small cell lung
cancer (NSCLC) by up-regulating thymidylate synthase (13).
However, the role of UCHL1 in DOX resistance in BC
remains unclear.

Thus, our findings demonstrate that UCHL1 is highly
expressed in BC tissues and cells, especially in the HER2+ BC
type, and is positively associated with poor prognosis and DOX
resistance. We also show that UCHLI induces DOX resistance in
HER2+ BC cells by promoting FFA synthesis. These data
demonstrate that UCHL1 may be a potential target to
overcome DOX resistance in clinical therapy of patients with
HER2+ BC.

MATERIALS AND METHODS

Patients and BC Specimens
Fifty-four primary BC tissues were obtained from patients in the
Affiliated Suzhou Hospital of Nanjing Medical University

(Suzhou, China) between January 2012 and March 2014. The
patients with pathologically confirmed BC disease had not
undergone chemotherapy or radiotherapy; they underwent
postoperative chemotherapy containing DOX according to the
BC guidelines provided by the National Comprehensive Cancer
Network (NCCN). All patients provided informed consent for
specimen collection and analysis. According to the Response
Evaluation Criteria in Solid Tumors (RECIST, version 1.1), the
patients with BC and their specimens were considered as
“chemosensitive” if they had complete or partial response or
“chemoresistant” if they had progressive disease (13). All
experimental protocols were approved by the ethics committee
of the Affiliated Soochow Hospital of Nanjing Medical University
and were in accordance with the principles of the Declaration
of Helsinki.

Immunohistochemistry

Immunohistochemistry (IHC) was performed using a standard
immunoperoxidase staining procedure to test the expression of
UCHLI1 in paraffin-embedded BC specimens. The primary
antibody was a rabbit anti-human UCHL1 antibody (1:400;
Cell Signaling Technology, Danvers, Massachusetts, USA), and
secondary staining was performed using an anti-rabbit
secondary antibody and the DAKO ChemMate TM Envision
TM Detection Kit (DAKO A/S, Denmark). Positive staining for
UCHLI1 (brown) was largely localized in the cytoplasm. ITHC
staining was scored using a H-score system dependent on both
the staining intensity and the percentage of UCHLI-positive
tumor cells. The staining intensity was scored as negative (0),
weak (14), moderate (2+), and strong (3+). The H-score was
calculated using the following formula: 1 x (percentage of cells
stained weakly [1+]) + 2 x (percentage of cells stained
moderately [2+]) + 3 x (percentage of cells stained intensely
[3+]), with overall scores ranging from 0 to 300 (13). For the
cohort dichotomization into two subgroups based on
chemotherapy response, UCHL1 expression in patients with
BC was assessed by the R statistical environment employing
the “survival ROC” package to determine the optimal cut-off
value for defining high or low UCHLI expression.

Validation Using Human Databases

The detailed procedure has been described previously (14).
Clinical data from patients with BC were obtained from the
Kaplan Meier-plotter database, as a publicly acceptable BC
database (https://kmplot.com/analysis/, 201387_s_at). Kaplan-
Meier survival analysis was conducted in different subtype
patients with BC.

Establishment of DOX-Resistant BC Cells

MCEF?7 cells were purchased from the American Type Culture
Collection (ATCC, USA). DOX-resistant (DOX-R) cell lines
were named MCF7/DOX and were established by exposing the
parental cell lines to stepwise increment of DOX (Haizheng,
Zhejiang, China) at a 50% inhibitory concentration (IC50) for 6
months. The DOX-R BC cells were verified to have acquired
stable resistance and were employed for subsequent experiments.
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Cell Proliferation

Cell proliferation was observed using the Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan), which was in accordance
to the manufacturer’s instructions.

Western Blot Analysis

A detailed procedure was reported in a previous study (15).
Primary anti-human antibodies against UCHL1, FASN, acetyl-
CoA carboxylase, and GAPDH were purchased from Cell
Signaling Technology.

Real-Time Quantitative PCR

Detailed procedures have been previously reported (14). The
primer sequences employed for the PCR analysis are listed in
Table S1. All primers were synthesized by Sangon Biotech
(Shanghai, China).

Cell Fatty Acid Extraction and Analysis
Fatty acid (FA) extraction: 1 ml 5% H,SO,/methyl alcohol was
added to tubes containing cell pellets (2 x 10°) and supplemented
with 100 pg nonadecanoic acid methyl ester as a confidential
standard. N, was added to exclude air from the tubes, which were
heated at 80°C for 90 min. After cooling the tubes at 4°C for
10 min, 1.5 ml double distilled H,O and 1 ml hexane were added
into the tubes. Vortexed mixtures were centrifuged at 2,000 rpm
for 2 min, and the upper phase was used for FA analysis.

FA analysis: Gas chromatography-mass spectrometry (GC-
MS, 7890A-5975C, Agilent Technologies, Santa Clara, CA, USA)
was employed to measure FA types (containing fatty acids C14:0,

C16:0, C16:1, C18:0, and C18:1) and contents. FA concentrations
were determined based on the confidential standard (16).

Flow Cytometry

Flow cytometry (FCM) was performed using an Annexin V/PI
assay kit (Thermo Fisher, Massachusetts, USA) according to the
manufacturer’s protocol and analyzed using a FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA, USA).

Statistical Analysis

Statistical analyses were performed using IBM SPSS software
(version 20) and GraphPad Prism software (version 7). All
measurement data were shown as mean * standard error. The
Mann-Whitney test and analysis of variance were employed to
compare continuous variables. Relationships between the
UCHLL1 expression and clinicopathological characteristics were
assessed using the > test or Fisher’s exact test. Survival curves
were created using the Kaplan-Meier method and compared
using the log-rank test. Differences were considered statistically
significant at a p-value of <0.05.

RESULTS

Higher UCHL1 Expression Was Associated
With DOX Resistance in Patients With BC

To explore the role of UCHL1 in DOX resistance in BC, we
evaluated THC and showed that UCHL1 was differentially
expressed in 54 patients with BC (Figure 1A), with an THC
score cut-off value of 135, which was employed to classify

A
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) Ny
LN 46.3%
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100~200
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FIGURE 1 | High UCHL1 expression was associated with chemoresistance in patients with BC. (A) The scores (ranged from 0 to 300) of IHC staining of UCHL1
expression in 54 BC samples were calculated and its proportions are shown. (B) Representative images showing both UCHL1-high and UCHL1-low expression
were presented (red bar: 200 um). Comparison of chemoresistant status in 54 BC patients with different levels of UCHL1 expression (C). Statistical analysis was
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UCHLI1-high or UCHLI-low expression (Figure 1B). Moreover,
the patients were classified as chemosensitive (37 patients) or
chemoresistant (17 patients), depending on their responses to
clinical treatment based on DOX. Patients with high UCHL1
expression showed a higher rate of resistance to clinical
chemotherapy (Figure 1C), although UCHL1 expression was
not significantly associated with any other clinicopathological
characteristics (Table 1). These results suggest that UCHLLI is a
potential marker in clinical BC therapy and is positively
associated with chemoresistance.

UCHL1 Expression Was Probably
Positively Associated With Poor Prognosis
of Patients With BC

Kaplan-Meier analysis showed that in 54 patients with BC, high
UCHLL levels had no correlation with overall survival (OS, Figure
2A) but correlated with poor recurrence-free survival (RES, Figure
2B). Based on cases from the publicly acceptable databases
(Kaplan-Meier-plotter dataset), we further ensured that there
was no correlation between UCHLI levels with OS (Figure 2C)
and RFS (Figure 2D) in patients with BC. All these findings
demonstrated that high UCHLI expression was probably
positively associated with poor prognosis in patients with BC.

UCHL1 Was Overexpressed and
Associated With DOX-Resistance in
HER2+ BC Cells

We examined UCHLI expression in normal mammary epithelial
cells (MCF-10A) and some subtypes of BC cells (ER+ HER2—:

TABLE 1 | The association between UCHL1 expression and clinical pathologic
characteristics in 54 patients with BC.

Clinical pathologic characteristics Case No. UCHL1
expression
P
low high

Total cases 54 31 23

Age (years)
<60 25 12 13 0.1943
>60 29 19 10

Grade
I~1I 21 13 8 0.8150
1l 29 17 12
unknown 4 1 3

Regional lymph node invasion
NO~N1 32 21 ihl 0.0703
N2~N3 20 8 12
Nx 2 2 0

Chemotherapeutics
(DOX-based)

Chemosensitive 37 25 12 0.0259*
Chemoresistant 17 6 11

Analysis by ) test or Fisher’s exact test, *p < 0.05 value is set for highly significant
difference.

MCEF-7 and T47D; HER2+: SK-BR-3 and BT474; ER— HER2—:
SUM-1315 and MDA-MB-231). Compared to HER2— BC cells,
the mRNA and protein levels of UCHLI in HER2+ BC cells (SK-
BR-3 and BT474) were significantly increased (Figures 3A, B).
By detecting IC50 values of subtype representative cell lines in
the presence of DOX using CCK-8, we discovered that HER2+
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FIGURE 2 | Upregulation of UCHL1 correlated with poor prognosis in patients with BC. (A, B) Kaplan-Meier analysis of overall survival (OS) and recurrence-free
survival (RFS) in 54 patients with BC based on UCHL1 expression are indicated. OS and RFS were determined according to UCHL1 expression in BC samples from
the public Kaplan—Meier-plotter dataset (C, D). Statistical analysis was carried out by Log-rank test.
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FIGURE 3 | UCHL1 level and its role in BC cells. Western blot (A) and real-time PCR (B) analysis of UCHL1 levels in BC cells are shown and were analyzed by Mann-
Whitney test (n = 3). Cell viability curves of BC cells treated with DOX, as evaluated by CCK8 assay (C). The IC50 values, as analyzed by Mann-Whitney test (n = 3) (D).
Cell viability curves and IC50 values of SK-BR-3 cells treated with DOX in the presence of 5 uM LDN or DMSO are shown (n = 3) (E, F). *p < 0.05, *p < 0.01.

BC cells had a higher survival rate at different concentrations of
DOX (Figure 3C), with a significantly increased IC50 value
(Figure 3D). LDN-57444 (LDN), which did not significantly
affect cell proliferation at 5 uM, inhibited UCHL1 (13) in SK-
BR-3 cells. Specifically, the IC50 values of SK-BR-3 cells sharply
decreased when treated together with LDN (Figures 3E, F).
Thus, we confirmed that the UCHL1 level was high and
positively associated with DOX-resistance in HER2+ BC cells.

UCHL1 Induced DOX-Resistance in BC
Cells by Promoting FFA Synthesis
Furthermore, we explored the relationship between UCHLI and
FFA synthesis in DOX-resistance in BC cells. The level of FFAs
in HER2+ BC cells was higher than that in HER2—- BC cells
(Figure 4A). The lipogenesis-associated proteins, such as acetyl-
CoA carboxylase and fatty acid synthase, were up-regulated in
HER2+ BC cells (Figure 4B). Furthermore, HER2+ BC cells (SK-
BR-3), which inhibited UCHLI activity by LDN, showed lower

FFA levels (Figure 4C). The lipogenesis-associated proteins and
genes (ACACA, FASN, and SREBF1) were downregulated in SK-
BR-3 cells with UCHLI1 inhibition (Figures 4D, E).

To further demonstrate the role of UCHLI in FFA synthesis
in DOX-resistance in other subtypes of BC cells, we established
DOX-resistant cells (MCF7/DOX) with a resistance index (RI) of
51.6 (Figures 5A, B). The UCHLI levels in MCF7/DOX were
higher than the parental cells (Figure 5C). Moreover, the mRNA
levels of lipogenesis-associated genes and the levels of FFAs in
MCF7/DOX cells were significantly higher compared to the
parental cells (Figures 5D, E). Based on these results, we then
performed UCHLLI inhibition with LDN in MCF7/DOX cells.
The FFA level in MCF7/DOX cells with UCHLI1 inhibition was
significantly reduced (Figure 5F), and its IC50 value to DOX was
lower than that of MCF7/DOX cells with DMSO (Figures 5G,
H). These findings suggested that UCHL1 was positively related
to the FFA level in HER2+ BC cells and probably induced DOX
resistance by promoting FFA synthesis.
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UCHL1 Was Positively Associated With
Poor Clinical Prognosis of Patients With
HER+ BC

To further investigate the correlation between UCHLL levels and
poor prognosis in patients with BC, HER2+ and HER2- BC
samples from the Kaplan-Meier-plotter dataset were reanalyzed.
As expected, we found that ER+ HER2+ patients with high
UCHLI expression had poorer RFS (Figures 6B, C) and distant
metastasis-free survival (DMFS, Figures 6E, F). However,
although UCHL1 expression correlated with RES in patients
with HER2- BC, it did not correlate with DMES (Figures 6A,
D). These findings suggested that UCHL1 was positively
associated with poor prognosis in patients with HER2+ BC.

DISCUSSION

Systemic chemotherapy has been the core treatment strategy for
both postoperative and non-postoperative BC for decades, and it
is still a critical component of treatment regimens.
Chemotherapeutic agents, especially anthracyclines, are useful
for most patients with BC, including patients with HER2+ BC
(17). DOX, as an anthracycline drug, is one of the first-line
chemotherapy drugs for patients with BC (18). However, DOX
resistance still hinders the treatment of patients with BC (19).

We found that UCHLI1 expression was positively associated
with poor prognosis and DOX-resistance in patients with BC.
Interestingly, UCHLI1 was highly expressed in HER2+ BC cells
and DOX-resistant BC cells, while UCHL1 inhibition
significantly improved the HER2+ cell sensitivity to DOX.
Moreover, we discovered that UCHL1 conferred DOX-
resistance in patients with BC by promoting FFA synthesis
(Figure 7).

HER?2, which is a protooncogene encoding epidermal growth
factor receptor with tyrosine kinase activity, is amplified in 15-
20% of invasive BC. HER2 amplification is a poor prognostic
factor related to a high rate of mortality and recurrence.
Similarly, it is also a predictive factor associated with response
to anthracycline-based chemotherapies in patients with BC (20).
It has been reported that increased HER2 could promote
glycolysis via activation of the Akt/mTOR/HIF-1¢ axis, thus,
inducing tamoxifen resistance in BC (21). DUBs are critical
components of the ubiquitin-proteasome system (UPS). The
basic role of DUBs is the characteristic removal of ubiquitin
from substrates. Altered DUB activity is related to multiple
cancers (22). Previous studies showed that ubiquitin-specific
peptidase 18 (USP18) could promote HER2+ BC progression
by up-regulating EGFR and activating the Akt/Skp2 pathway
(23). UCHLI, which is a member of DUBEs, is associated with
chemoresistance in many cancers. For example, the level of
UCHLL1 is negatively related to cisplatin resistance in ovarian
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FIGURE 6 | Upregulation of UCHL1 correlated with poor prognosis in patients with different subtypes of BC. Kaplan-Meier analysis of RFS and distant metastasis
free survival (DMFS) in 54 patients with BC based on UCHL1 expression and different genetic typing are indicated (A-C). RFS and DMFS, as determined according
to UCHL1 expression and genetic typing in BC samples from the Kaplan-Meier-plotter dataset (D-F). Statistical analysis was carried out by Log-rank test.
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FIGURE 7 | Schematic diagram of the mechanism by which UCHL1 confers DOX-resistance in BC.

cancer, and knockdown of UCHLI promotes cisplatin resistance
(24). However, the role of UCHLI in HER2+ BC is poorly
researched. Our study found that high UCHLI expression was
associated with poor chemosensitivity of HER2+ BC cells, and
Kaplan-Meier analysis based on the public dataset showed that
patients with high UCHLI expression, especially in ER+ HER2+
BC, had poorer RES and DMEFS, without any significant
correlation with OS. The correlation between UCHLI
expression and RFS in patients with ER- HER2+ BC was
opposite, probably owing to the limited number of patients
with this subtype of BC, or the effective targeted drug
(trastuzumab) for anti-HER2 treatment.

Chemoresistance in tumors can be caused by numerous factors
related to either acquisition or de novo mechanisms (25).
Accumulating evidence has demonstrated that DUBs play critical
roles in chemoresistance (26). Nevertheless, whether UCHLI plays
a critical role in DOX-resistance in BC remains unclear. Our
findings showed that the level of UCHL1 was positively related
to chemoresistance in patients with HER2+ BC. Although it is
difficult to discriminate between intrinsic resistance and acquired
resistance using human specimens, UCHL1 induces acquired
resistance in DOX-resistant cells, which indicates that UCHL1
plays an important role in acquired resistance.

There are various mechanisms of DOX resistance that can
affect the treatment of patients with BC. Overexpression of ABC-
transporters, topoisomerase II mutations, and inhibition of cell
apoptosis are known to mediate DOX-resistance (27, 28). The
increase in FFA utilization can also significantly promote DOX
resistance (29). Significantly, the mechanisms by which UCHL1

induces chemoresistance in some cancers, such as pediatric high-
grade gliomas and hepatoma cells, have been reported previously
(30, 31). However, the mechanism by which UCHL1 induces
DOX resistance in BC is still unknown. Here, we found that the
FFA levels were increased and expression of both lipogenesis-
associated proteins and genes (FASN) were higher in HER2+ BC
cells with highly expressed UCHLI than in HER2- BC cells with
low-expressed UCHLI1. Furthermore, the FFA levels were
decreased in HER2+ BC cells with UCHLI1 inhibition, and the
IC50 value with DOX treatment was also decreased. It was
previously reported that FFA could maintain the proliferation
and aggressiveness in BC cells by activating both the ER¢r and
mTOR pathways (32). Elevated FASN expression had also been
shown to promote cell survival and contribute to DOX resistance
in BC (33). The findings indicated that overexpression of UCHL1
promoted FFA synthesis to induce DOX resistance in HER2+ BC
cells, and combination of UCHLI1 inhibition and FASN
inhibition could improve the DOX resistance.

Although we have found a correlation between UCHLI and
FFA synthesis in DOX-resistance of BC, further studies are still
needed to explore the downstream target proteins to confirm our
findings and provide further evidence supporting the role of
UCHLI in the chemoresistance of BC. In vivo experiments are
also needed to support our findings and support the possibility of
UCHLI1 inhibition in overcoming DOX-resistance.

Our present findings revealed that DOX-resistance in HER2+
BC cells relied on UCHL1 expression. Moreover, UCHL1
induced DOX-resistance in HER2+ BC cells by promoting FFA
synthesis. Therefore, UCHL1 plays an important role in the
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DOX-resistance of HER2+ BC cells and may become a
promising therapeutic target for overcoming DOX-resistance
in patients with HER2+ BC.
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