


(USP8) is known to stabilize the EGFR protein at the
plasma membrane through cleavage of poly-ubiquitin from
EGFR, a process known as deubiquitination, which is
reversible by ubiquitination and can lead to lysosomal
degradation.
USP8 belongs to a ubiquitin-specific family of deubiquiti-

nation proteases (DUB) and is involved in endocytosis at
endosomes.12 USP8 has an important physiological func-
tion in cell growth,13 and deletion of USP8 causes embry-
onic lethality in mice,14 similarly to deletion of EGFR.15

However, the relationship of USP8 to the expression or
mutation status of EGFR in lung adenocarcinoma is still
poorly understood.
Here, we demonstrated that USP8 is correlated with the

expression or mutation status of EGFR, as well as with the
clinicopathological features of lung adenocarcinoma. USP8
showed overexpression in the early stage of lung adenocar-
cinoma and was significantly associated with shorter dis-
ease-free survival in patients overall, and also in those who
were negative for EGFR expression. These findings sug-
gest that USP8 might be a novel diagnostic and therapeutic
target in early-stage lung adenocarcinoma.

MATERIALS AND METHODS

Sample collection

Specimens of lung adenocarcinomas that had been surgi-
cally resected at the University of Tsukuba Hospital (Ibaraki,
Japan) between 1999 and 2014 were used for immunohis-
tochemistry (IHC). We randomly collected 82 cases in which
EGFR mutation had already been analyzed in order to
validate chemotherapeutic options (LSI Medience Corpora-
tion, Tokyo, Japan). Follow-up information for all of the
corresponding patients was obtainable from the medical
records, and all of the patients provided informed consent
for use of their materials. The study was approved by the
Institutional Ethics Review Committee and the lung adeno-
carcinoma cases were classified according to the UICC
TNM classification of malignant tumors (seventh edition)
and the World Health Organization (WHO) classification of
malignant tumors (fourth edition).16,17

Immunohistochemistry (IHC)

Sections 4mm thick were cut from formalin-fixed paraffin-
embedded (FFPE) tissue blocks. The sections were depar-
affinized and rehydrated, followed by blocking of endoge-
nous peroxidase using 3% H2O2 for 30min. Subsequently,
antigen retrieval was performed using an autoclave with
10mM Tris-EDTA buffer (pH 9.0) at 105°C for 10min.
Immunostaining was performed using a Dako Autostainer

Link 48 (Agilent Technologies, Santa Clara, CA, USA) with
the appropriate primary antibody and REAL Envision HRP
rabbit/mouse (Agilent Technologies) as a secondary anti-
body. The immunoreactivity was detected with DAB (Dako
REAL Envision Detection System; Agilent Technologies),
and counterstaining was performed with hematoxylin for
1min. Evaluation of USP8 and EGFR expression was based
on the intensity of cytoplasmic staining. The staining was
judged to be positive when the cytoplasm of the tumor cells
was stained more strongly than that of the alveolar epithe-
lium. Rabbit polyclonal anti-USP8 antibody (Bethyl Laborato-
ries, Montgomery, TX, USA) and mouse monoclonal anti-
EGFR antibody (Agilent Technologies, Clone DAK-H1-WT)
were used as the primary antibodies. The evaluation of
immunoreactivity was used two-tier grading as negative with
non-stained and positive with diffusely positive.

Cell culture and conditions

The PL16T cell line was established in our laboratory
from a surgically resected AIS of the lung.18 PL16T was
maintained in MCDB153HAA (Wako, Osaka, Japan) sup-
plemented with 2% FBS (Sigma-Aldrich, St. Louis, MO,
USA), 0.5 ng/mL human EGF (Toyobo, Tokyo, Japan),
5mg/mL human insulin (Wako), 72 ng/mL hydrocortisone
(Wako), 40mg/mL human transferrin (Sigma-Aldrich), and
20 ng/mL sodium selenate (Sigma-Aldrich). The cells were
cultured in a 5% CO2 incubator at 37°C and passaged
every 3–4 days.

Plasmid and siRNA transfection

Flag-USP8 plasmid was purchased from Addgene
(Cambridge, MA, USA). The day before transfection, PL16T
cells were plated to obtain 80% confluence on the day of
transfection. Fugene HD (Promega, Madison, WI, USA) was
used for plasmid transfection. USP8-specific siRNA (forward,
GGACAACCAGAAAGUGGAAUUCUAA and reverse, UUA-
GAAUUCCACUUUCUGGUUGUCC) from Thermo Fisher
Scientific (Waltham, MA, USA) and lipofectamine RNAiMAX
(Thermo Fisher Scientific), were used for siRNA transfection.
The final siRNA concentration used for PL16T cells was 5
nM. Transfections were performed in accordance with the
manufacturer's protocol. The cells were incubated at 37°C in
a 5% CO2 incubator for 24 or 48h and then further analyzed.

Quantitative real-time PCR analysis

To confirm the transfection efficiency of the Flag-USP8
plasmid or siUSP8, PL16T cells were evaluated using
quantitative real-time RT-PCR. Total RNA was extracted
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from Flag-USP8 plasmid- or siUSP8-transfected PL16T cells
using an RNeasy Mini Plus Kit (QIAGEN, Hilden, Germany)
and the quality was evaluated using an Agilent 2100
Bioanalyzer (Thermo Fisher Scientific). One microgram of
total RNA per 20ml of the reaction mixture was converted to
cDNA using a High Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). Quantitative real-time PCR
was performed with SYBR Premix Ex TaqTM (Perfect Real
Time; Takara Bio, Shiga, Japan) on a GeneAmp 7300
Sequence Detection System (Thermo Fisher Scientific) in
accordance with the manufacturer's protocol.

Western blot analysis

Total protein from the cells was prepared on ice using
Mammalian Protein Extraction Reagent (M-PER; Thermo
Fisher Scientific) containing a Halt protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific). The total protein in
the lysates was measured using a BCA protein assay kit
(Thermo Fisher Scientific). Total protein aliquots (20mg) were
mixed with 5� sample loading buffer supplemented with DTT,
denatured at 95°C for 5min, and electrophoresed on 10%
Mini-PROTEAN TGX Precast Gels (Bio-Rad Laboratories,
Hercules, CA, USA). Proteins were transferred to polyvinyli-
dene difluoride membranes using an iBlot gel transfer system
(Thermo Fisher Scientific). The blots were then blocked and
probed with various antibodies obtained from the following
commercial sources: USP8 from Cell Signaling Technology
(Danvers, MA, USA); EGFR from Medical & Biological Labora-
tories (Aichi, Japan); Flag and b-actin from Sigma-Aldrich. After
extensive washing, immunoreactivity was detected with spe-
cific secondary antibodies conjugated to horseradish peroxi-
dase (Thermo Fisher Scientific). Protein bands were visualized
using SuperSignal West Femto Maximum sensitivity substrate
(Thermo Fisher Scientific) and images were captured on a
ChemiDoc Touch Imaging System (Bio-Rad Laboratories).

Immunofluorescence

PL16T cells were plated on collagen-coated cover slips
(Iwaki Biosciences, Tokyo, Japan) and fixed with 10%
neutral buffered formalin. They were then incubated with
anti-EGFR conjugated with Alexa Fluor 488 antibody (Cell
Signaling Technology) for 1 h at room temperature, and
analyzed using a fluorescence microscope (Biorevo BZ-
9000; Keyence, Osaka, Japan).

Pulse chase assay

Pulse-chase assay was performed followed by the protocol
reported previously with some modification.19 After

transfection with siUSP8 for 48 h, the cells were washed
with PBS and incubated with prewarmed DMEM medium
without Met/Cys for 30min at 37°C in a 5% CO2 incubator.
The cells were labeled with [35S]-Met/Cys (10mCi/mL) as
the pulse radioisotope in DMEM medium without Met/Cys
for 30min at 37°C in a 5% CO2 incubator. For chasing of
the labeled protein, the isotope-labeled cells were washed 3
times with culture medium and incubated with the culture
medium for 0, 2, 5, and 10 h. After chasing, total protein
was extracted from the cells using IP Lysis Buffer (Thermo
Fisher Scientific) containing a Halt protease and phospha-
tase inhibitor cocktail (Thermo Fisher Scientific). The
labeled proteins were isolated from other cellular proteins
by immunoprecipitation with EGFR antibody and subjected
to Western blot analysis. For quantitative determination of
the proteins, the membrane containing the metabolically
labeled EGFR was subjected to b–ray scanning using a
Typhoon FLA7000 (GE Healthcare, Chicago, IL, USA)
image analysis system.

Proliferation assay

For analysis of cellular proliferation activity, a Cell Counting
Kit-8 (WST-8) (Dojindo Laboratories, Kumamoto, Japan)
was used in accordance with the manufacturer's protocol
after plasmid or siRNA transfection.

Statistical analysis

Group results are expressed as mean�SD. Data were
compared between groups using the t test for 2-tailed
distributions and the paired t test. Differences at P �<0.05,
��<0.01, and ���<0.001 were considered significant. SPSS
22 statistical software (SPSS, Chicago, IL, USA) was used
for IHC data analysis as follows. Correlations of clinico-
pathological features with the expression and mutation
status of EGFR or expression of USP8 were analyzed using
the chi-squared test. Disease-free survival was examined
using the Kaplan-Meier method, and the significance of
differences between survival curves was evaluated using
log-rank test. Univariate and multivariate analysis was
conducted using the Cox proportional hazards model.

RESULTS

Overexpression of EGFR and correlation with
clinicopathological features

We examined EGFR expression in both normal lung tissue
and tumor tissue (Fig. S1a, b). EGFR expression in tumor
tissue was higher than that in normal tissue, and staining
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was strong in the cytoplasm and on the cell membrane
of tumor cells. EGFR expression was detected in 26.8%
(22/82) of the cases and was significantly correlated with
pathological subtype, pathological stage, lymphatic perme-
ation, and vascular invasion (Table 1, left).

EGFR mutation status and correlation with
clinicopathological features

Next, we investigated the mutation status of EGFR in the
same cases. Similarly to previous reports, mutant EGFR
containing the E746-A750 deletion in exon 19 and L858R in
exon 21 was detected in 35.4% (29/82) of the cases and
was significantly correlated with patient gender, the Noguchi
classification, pathological subtype, pathological stage,

lymphatic permeation, and vascular invasion (Table 1,
right). The frequency of EGFR mutation was significantly
higher in women (75.9%, 22/29) than in men. Acinar
adenocarcinoma was the most common dominant histologi-
cal subtype with mutant EGFR (12/29; 41.4% of all mutant
cases, 12/18; 66.7% of cases with an acinar pattern).
Moreover, EGFR mutation status was correlated with EGFR
expression; mutation was detected in 63.6% (14/22) of
cases that were EGFR-positive (Table S1).

Overexpression of USP8 and correlation with
clinicopathological features

USP8 showed higher expression in tumor tissue than in
normal lung tissue (Fig. S1c, d) and was stained mainly in

Table 1 Expression of epidermal growth factor receptor (EGFR) and its mutation status in relation to clinicopathological features of patients
with lung adenocarcinoma

EGFR Expression
EGFR mutation

status

Clinicopathological features Negative Positive Total patients P-value Wild-type Mutant Total patients P-value

Age (years) 0.285 0.684
�60 18 4 22 15 7 22
>60 42 18 60 38 22 60

Gender 0.465 0.002
Female 30 13 43 21 22 43 ��

Male 30 9 39 32 7 39
Noguchi classification 0.066 <0.001
Type A 8 0 8 8 0 8 ���

Type B 12 1 13 13 0 13
Type C' 2 0 2 2 0 2
Type C 4 3 7 2 5 7
Type D 1 0 1 1 0 1
Total 27 4 31 26 5 31

Pathological subtype 0.021 0.001
AIS 20 1 21 � 21 0 21
MIA 2 0 2 2 0 2 ��

Invasive adenocarcinoma
Lepidic 10 2 12 5 7 12
Acinar 9 9 18 6 12 18
Papillary 9 3 12 5 7 12
Micropapillary 1 0 1 1 0 1
Solid 7 7 14 11 3 14

IMA 2 0 2 2 0 2
Pathological stage† 0.001 0.001
Stage I 37 5 42 33 9 42
Stage II 11 5 16 �� 9 7 16 ��

Stage III 8 12 20 10 10 20
Stage IV 4 0 4 1 3 4

Lymphatic permeation 0.035 0.012
Negative 40 9 49 � 37 12 49 �

Positive 20 13 33 16 17 33
Vascular invasion 0.002 0.006
Negative 39 6 45 �� 35 10 45 ��

Positive 21 16 37 18 19 37
†Stage I includes IA and IB, stage II includes IIA and IIB, stage III includes IIIA and IIIB. Correlation between expression of EGFR or mutation

status and clinicopathological features was analyzed using chi-squared test.
AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IMA, invasive mucinous adenocarcinoma.
P-Value� < 0.05, ��< 0.01, and ���< 0.0001.
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the cytoplasm. USP8 expression was observed in 65.9%
(54/82) of the cases and was correlated with the Noguchi
classification, pathological subtype, lymphatic permeation,
and vascular invasion (Table 2). Overexpression of USP8
was detected in not only invasive adenocarcinoma (44/57,
77.2%) but also AIS (8/21, 38.1%).

Correlation between expressions of USP8 and the
expression and mutation status of EGFR

Next, we analyzed the correlation between expressions of
USP8 and mutation status of EGFR. We found that all
cases showing EGFR overexpression also had USP8 over-
expression, the two being significantly correlated with each
other (Table 3, upper). Fig. 1 shows representative cases in
which expression of EGFR was consistent with that of
USP8. Moreover, we confirmed that USP8 expression was
in correlation with EGFR mutation status (Table 3, lower).
Similarly to EGFR expression, USP8 expression and EGFR
mutation status were significantly correlated, and 86.2%
(25/29) of cases with EGFR mutation showed USP8
overexpression.

Analysis of EGFR and USP8 expression in relation to
survival

To examine the prognostic implications of EGFR mutation
status and expression of EGFR or USP8, we analyzed the
disease-free survival of the patients. The Kaplan-Meier
curves indicated that patients with positive expression of
EGFR or USP8 had a significantly poorer outcome than
those lacking such expression (Fig. 2a, b). However, the
mutation status of EGFR did not show any association with
patient outcome (Fig. 2c).

Additionally, multivariate analysis of the variables shown
to be significant by univariate analysis revealed that vascu-
lar invasion, lymphatic permeation, and pathological stage

Table 2 Ubiquitin-specific protease 8 (USP8) expression in rela-
tion to clinicopathological features of patients with lung
adenocarcinoma.

USP8 Expression

Clinicopathological
features Negative Positive

Total
patients P-value

Age (yr) 0.434
�60 9 13 22
>60 19 41 60

Gender 0.750
Female 14 29 43
Male 14 25 39

Noguchi classification 0.018
Type A 7 1 8 �

Type B 6 7 13
Type C' 2 0 2
Type C 1 6 7
Type D 0 1 1
Total 16 15 31

Pathological subtype 0.021
AIS 13 8 21 �

MIA 2 0 2
Invasive adenocarcinoma

Lepidic 3 9 12
Acinar 3 15 18
Papillary 4 8 12
Micropapillary 0 1 1
Solid 3 11 14

IMA 0 2 2
Pathological stage† 0.060
Stage I 20 22 42
Stage II 4 12 16
Stage III 3 17 20
Stage IV 1 3 4

Lymphatic permeation <0.001
Negative 25 24 49 ���

Positive 3 30 33
Vascular invasion 0.002
Negative 22 23 45 ��

Positive 6 31 38
†Stage I includes IA and IB, stage II includes IIA and IIB, stage III

includes IIIA and IIIB. Correlation between expression of USP8 and
clinicopathological feature was analyzed using chi-squared test.

AIS, adenocarcinoma in situ); MIA, minimally invasive adenocarci-
noma; IMA, invasive mucinous adenocarcinoma.

P-value�< 0.05, ��< 0.01, and ���< 0.001.

Table 3 Correlation between expression of ubiquitin-specific protease 8 (USP8) and the expression and mutation status of epidermal
growth factor receptor (EGFR)

USP8 expression

Negative Positive Total patients P-value

EGFR expression <0.001
Negative 28 (46.7%) 32 (53.3%) 60 ���

Positive 0 22 (100%) 22
EGFR mutation status 0.004
Wild-type 24 (45.3%) 29 (54.7%) 53 ��

Mutant 4 (13.7%) 25 (86.2%) 29
Exon 19 (E746-A750 del) 2/4 9/25 11/29
Exon 21 (L858R) 2/4 16/25 18/29

P-value�< 0.05, ��< 0.01, and ���< 0.001.
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were independently associated with disease-free survival,
whereas EGFR or USP8 expression was not (Table S2).
Since our IHC results showed that USP8 overexpression

was present even in AIS, we speculated that USP8 over-
expression might be an earlier event than the appearance
of EGFR abnormalities and possibly related to prognosis,
even in patients who had no EGFR abnormalities including
overexpression or mutation. To explore this possibility, we
selected EGFR-negative or EGFR wild-type cases and
analyzed patient outcome using the Kaplan-Meier curves
obtained. Interestingly, in the EGFR-negative or EGFR wild-
type population, patients with USP8 overexpression had
significantly poorer outcome than those without it (Fig. 2d,
e), indicating that USP8 might be a useful prognostic
marker for patients with no EGFR abnormalities.

Regulation of EGFR expression by USP8 in
immortalized AIS cells

Our IHC results indicated that USP8 was overexpressed in
lung adenocarcinoma from an early stage, such as AIS or
minimally invasive adenocarcinoma (MIA). Therefore, we
employed an immortalized AIS cell line, PL16T, for analysis
of USP8 function in relation to EGFR expression. To

examine the effects of USP8 overexpression or knockdown
on EGFR expression in PL16T, we transfected the cells
with Flag-USP8 or siUSP8. To confirm the transfection
efficiency, we examined the mRNA and protein of USP8
(Fig. 3a, b). Overexpression of USP8 led to up-regulation of
EGFR expression, whereas knockdown of USP8 led to
down-regulation of total EGFR, not only on the cell surface
but also in the cytoplasm (Fig. 3b, c). In addition, knock-
down of USP8 shortened the half-life of EGFR relative to
the control, indicating that USP8 helps to stabilize EGFR by
inhibiting its degradation (Fig. 3d). Furthermore, cellular
proliferation was reduced after USP8 knockdown, and
accelerated after USP8 overexpression, relative to the
control (Fig. 3e). These changes in cellular proliferation are
thought to result from regulation of EGFR expression by
USP8. Thus, our in vitro results suggested that USP8
controls the expression of EGFR, thus possibly affecting the
clinical outcome.

DISCUSSION

In this study, we demonstrated that expression of EGFR
and USP8 in lung adenocarcinoma was higher in tumor
tissue than in normal lung tissue, and was associated with

Figure 1 Immunohistochemistry of epidermal growth factor (EGFR) and ubiquitin-specific protease 8 (USP8) in lung adenocarcinoma and
normal lung tissues. Normal: peripheral lung tissue. #1. AIS: adenocarcinoma in situ showing negativity for both EGFR and USP8. #2. AIS:
adenocarcinoma in situ showing negativity for EGFR and positivity for USP8. #3. Lepidic: lepidic adenocarcinoma showing negativity
for both EGFR and USP8. #4. Solid: solid adenocarcinoma showing negativity for EGFR but positivity for USP8. #5. Solid: solid
adenocarcinoma showing positivity for both EGFR and USP8.
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