
802  |  	﻿�  Cancer Science. 2022;113:802–807.wileyonlinelibrary.com/journal/cas

1  |  INTRODUCTION

Extramammary Paget’s disease (EMPD) is a rare cutaneous malig-
nancy that occurs within the genital epithelium.1 The incidence and 
mortality have been increasing over the last several decades.2 A ret-
rospective study reported that the 5-year overall survival rate for 
EMPD patients with distant metastasis was only 7%.3 Some cytotoxic 
agents, such as docetaxel, cisplatin, and 5-fluorouracil, have been 
used to treat advanced EMPD; however, their efficacies are limited.4,5 

No standard therapies for advanced EMPD have been established; 
thus, efforts are needed to develop potential treatment options.

The significance of PDX has been proven in the development of 
treatments for some cancers.6 Patient-derived xenograft models can 
be established with the transplantation of cancerous cells or tissues 
from patients’ tumors into immunodeficient mice. Patient-derived 
xenograft models can reproduce the conditions of human cancers 
better than conventional mouse models using cancer cell lines. 
In 2020, we established an EMPD-PDX model (EMPD-PDX-H1) 
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Abstract
Extramammary Paget’s disease (EMPD) is a rare adnexal neoplasm commonly seen in 
the genital areas among the senior population. The prognosis of advanced EMPD is 
not favorable; thus, the development of potential treatments has long been sought. 
Cyclin-dependent kinase (CDK) 4/6 inhibitors such as abemaciclib and palbociclib 
have been proven effective against metastatic breast cancer; however, no studies 
have addressed CDK4/6 inhibitors as an EMPD treatment. We herein examine the 
efficacy of CDK4/6 inhibitors against an EMPD patient-derived xenograft (PDX) 
model. Abemaciclib (50 mg/kg/day) or palbociclib (120 mg/kg/day) was given orally to 
tumor-bearing NOD/Scid mice over a 3-week period. We also investigated the protein 
expression levels of CDK4/6 and cyclin D1 through immunohistochemical staining 
using EMPD clinical samples. Treatment with abemaciclib or palbociclib as a single 
agent was found to significantly suppress tumor growth in EMPD-PDX. The Ki-67-
positive ratio of the treated EMPD-PDX tumors was significantly lower than that of 
the nontreated tumors. Clinically, the expression levels of CDK4 and cyclin D1 were 
significantly higher in the EMPD tumor cells than in the normal epidermis. Our results 
suggest that CDK4/6 inhibitors could be novel and potent therapeutics for the treat-
ment of EMPD.
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harboring a pathogenic ERBB2 S310F mutation for which anti-HER2 
therapies are effective.7 To the best of our knowledge, this is the 
only EMPD-PDX model that is currently available in the world.

Cyclin-dependent kinases, a family of serine-threonine kinases, 
play crucial roles in the cell cycle, neural development, and sper-
matogenesis.8 Cyclin-dependent kinase 4, and the closely related 
CDK6, are important in mammalian cell proliferation, where they 
help to lead the progression of cells into the S phase.9,10 Inhibitors of 
CDK4/6, such as abemaciclib and palbociclib, have been proven ef-
fective as therapeutics against breast cancers.11 These inhibitors are 
currently available for hormone receptor-positive, HER2-negative 
metastatic breast cancer treatment.11 Whole-exome sequencing re-
vealed that some EMPD tumors share common genetic alterations 
with breast cancers12-15; thus, we hypothesize that these drugs could 
be effective against EMPD tumor cells. No clinical or experimental 
studies have investigated CDK4/6 inhibitors against EMPD. We 
herein examine the efficacy of CDK4/6 inhibitors against an EMPD-
PDX model, and we investigate the protein expression of CDK4/6 
and cyclin D1 using EMPD clinical samples.

2  | MATERIALS AND METHODS

2.1  |  Reagents and Abs

The following items were purchased from the indicated sources: Abs 
against CDK4 (11026-1-AP; Proteintech), CDK6 (ab124821; Abcam), 
and cyclin D1 (SP1; Invitrogen). Palbociclib was purchased from Sigma 
(PZ0383), and abemaciclib (LY2835219) was purchased from Adooq 
BioScience (A12989). These drugs were dissolved in DMSO (Sigma).

2.2  |  Patient-­derived xenografts from EMPD

We established PDXs from EMPD using Matrigel (BD Biosciences; 
EMPD-PDX-H1).7 Animal use procedures were approved by the 

institutional committee of Hokkaido University (approval nos. 
19-0015 and 19-0093). NOD/Scid mice were purchased from 
Clea Japan. All animals used for this study were maintained under 
pathogen-free conditions. The tumor-transplanted NOD/Scid mice 
were observed twice a week. The tumors were measured once a 
week by caliper. Tumor volume was calculated according to the fol-
lowing formula: (long axis × short axis2)/2.8 Once the tumor volume 
reached 500–1000  mm3, the EMPD-PDX-H1 tumors were trans-
planted into the next generation of NOD/Scid mice. Treatment ex-
periments in the present study were undertaken using the fourth to 
sixth generations. Targeted gene mutation analysis using a compre-
hensive cancer panel (Qiagen) revealed neither apparent mutations 
nor copy number alterations in the CDK4 gene of the EMPD-PDX.7

2.3  |  Treatment experiments using 
CDK4/6 inhibitors

Tumor growth curves for all of the EMPD-PDX-H1 tumors were 
generated by using the kinetic measurement of tumor volume. The 
tumor volume range of 50–100 mm3 in the tumor-bearing NOD/Scid 
mice was randomized, and treatment experiments were started. All 
treatment experiments were carried out with a minimum of three 
mice per condition. Control mice were given 100  μL PBS once a 
day orally (n = 3). In the CDK4/6-targeted treatments, abemaciclib 
(50 mg/kg/day) or palbociclib (120 mg/kg/day) was given orally once 
a day for 3 weeks in accordance with previous studies (Figure 1).16,17

2.4  | Histopathological analyses

Immunohistochemical analysis was carried out on 4-μm-thick 
formalin-fixed, paraffin-embedded sections.18 Immunostaining was 
evaluated by the same observer; the total immunostaining score for 
CDK4 and cyclin D1 was calculated as the sum of proportion scores 
(0, absent; 1, 0%–25%; 2, 25%–50%; 3, 50%–75%; and 4, 75%–100%) 

F IGURE  1 Schematic of treatment experiments with cyclin-dependent kinase (CDK)4/6 inhibitors using extramammary Paget’s disease 
patient-derived xenograft (EMPD-PDX) model mice. Tumor-bearing NOD/Scid mice were randomized. In the CDK4/6-targeted treatments, 
abemaciclib (50 mg/kg/day) or palbociclib (120 mg/kg/day) was given orally once a day (n = 3)
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and intensity scores (0, absent; 1, faint; 2, moderate; and 3, strong) in 
accordance with our previous study.19 The proportion of immunore-
active cells was determined by counting 100 cells in three randomly 
chosen fields.

2.5  |  Patient selection

Sixty-one skin samples from EMPD patients were immunohisto-
chemically assessed. All of the patients had been treated at the 
Department of Dermatology, Hokkaido University Hospital. The 
EMPD samples were obtained from patients whose ages ranged from 
53 to 94 years (average, 75.0 years, male : female ratio, 36:25). This 
study was approved by the institutional review board of Hokkaido 
University Hospital (017-0392). Initial clinical stages and observed 
time were retrieved from clinical data. The clinical information is 
summarized in Table S1. The clinical stages of EMPD were assessed 
in accordance with our previous study.3,19

2.6  |  Statistical analysis

Quantitative data are shown as mean  ±  SD. All statistical analy-
ses were calculated using Excel 2016 (Microsoft Corporation). To 
evaluate the statistical significance of the treatment experiments, 
Student’s t tests were used to compare tumor volumes between the 
treatment groups and the control group. At least three independent 

experiments were carried out for statistical comparison. We used 
the Steel-Dwass test to assess pairwise comparisons among groups 
(immunohistochemistry). All analyses were carried out with a P < .05 
level of significance unless otherwise indicated. The correlation be-
tween CDK4/cyclin D1 expression levels and clinical information 
was assessed using Spearman’s correlation coefficient by rank test, 
as in our previous study.19

3  |  RESULTS

3.1  |  Cyclin-­dependent kinase 4/6 inhibitors 
suppress tumor growth in EMPD-­PDX

First, we investigated the protein expression of CDK4 and CDK6 
in EMPD-PDX using anti-CDK4 and CDK6 Abs. The tumor cells in 
EMPD-PDX were positive for CDK4 but negative for CDK6, which 
is consistent with the original metastatic tumor (Figure 2). Based on 
these results, we undertook therapeutic intervention using anti-
CDK4/6 inhibitors to investigate whether EMPD-PDX-H1 responds 
to such therapies. The CDK4/6 inhibitors, abemaciclib and palboci-
clib, were found to suppress tumor progression (Figure 3). We as-
sessed the extracted tumors by H&E and Ki-67 staining. In the Ki-67 
staining, the positive ratio was significantly lower for the treated 
EMPD-PDX-H1 tumors than for the nontreated tumors (Figure S1). 
There were no noticeable side-effects, including fatigue, diarrhea, 
or body weight loss, during the observation period. These results 

F IGURE  2 Histopathological and immunochemical manifestations in extramammary Paget’s disease patient-derived xenograft (EMPD-
PDX) and the original metastatic tumor (lymph node [LN]). Hematoxylin and eosin staining and immunohistochemistry of cyclin-dependent 
kinase (CDK)4 and CDK6 were carried out. Scale bars, 100 µm
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suggest that CDK4/6 inhibitors arrest the cell cycle, leading to the 
suppression of tumor growth.

3.2  |  Expression levels of CDK4 and cyclin D1 are 
high in EMPD

The results of the therapeutic experiments using EMPD-PDX 
prompted us to examine the CDK4 expression in clinical samples 
of EMPD. Immunohistochemically, the expression levels of CDK4 in 
EMPD tumor cells were higher than in normal epidermal keratino-
cytes or adnexal epithelium (hair follicles and sweat glands; Figure 4, 
*P < .01). The expression levels of CDK4 in lymph node metastatic 
tumor cells were also higher than in normal epidermis. These results 

are consistent with the previous study by Urata et al.20 Next, we 
assessed the expression levels of cyclin D1 in EMPD tumors. The 
EMPD primary tumor cells showed higher cyclin D1 expression lev-
els than normal epidermis (Figure S2). To examine the clinical sig-
nificance of high expression levels of CDK4 and cyclin D1 in EMPD, 
we assessed the correlations between immunostaining results and 
clinical information. No correlation was observed between CDK4/
cyclin D1 expression and clinical stage in EMPD (data not shown).

4  | DISCUSSION

Cyclin-dependent kinase 4/6 inhibitors are powerful therapeutics 
for cancer treatment, especially breast cancer. In preclinical models, 

F IGURE  3 Cyclin-dependent kinase 
4/6 inhibitors suppress tumor growth in 
extramammary Paget’s disease patient-
derived xenograft. Tumor-bearing NOD/
Scid mice were randomized into no 
therapy (control, black line), abemaciclib 
(green line), and palbociclib (orange line). 
Tumor volumes were calculated according 
to the formula: (long axis × short axis2)/2. 
The results are presented as means, with 
error bars representing the SD from the 
mean. *P < .05, **P < .01 vs control

F IGURE  4 Cyclin-dependent kinase 
4 (CDK4) expression is elevated in 
extramammary Paget’s disease (EMPD). 
Upper panels: CDK4 immunostaining was 
carried out using specimens of normal 
skin (n = 22), primary tumor (n = 61), 
and lymph node (LN) metastasis (n = 11). 
Panels show representative images. Scale 
bars, 100 µm. Lower panel: The bar graph 
shows the CDK4 immunoscore. **P < .01
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CDK4/6 inhibitors have shown positive results against many kinds 
of tumors, including colon cancer, glioblastomas, prostate carcino-
mas, sarcomas, pancreatic adenocarcinomas, melanomas, and non-
small-cell lung cancer.11 Based on the preclinical evidence, clinical 
trials using CDK4/6 inhibitors (palbociclib and abemaciclib) as single 
agents have been undertaken as a treatment for solid tumors, in-
cluding sarcomas, thymic epithelial tumors, gastrointestinal stromal 
tumors, brain tumors, teratomas, and head and neck squamous cell 
carcinomas.11 In the dermatologic field, clinical investigations of the 
concurrent inhibition of MEK and CDK4/6 have been carried out 
using data from patients with NRAS-mutant melanoma.21 It is our 
hope that in several years the results of ongoing clinical trials will 
provide novel treatment options for many kinds of solid tumors.

As the efficacy of CDK4/6 inhibition is limited by resistance 
mechanisms, combined therapeutic strategies have been studied. 
Through in vitro and in vivo investigations, some of the molecular 
mechanisms associated with resistance to CDK4/6 inhibition have 
been elucidated.22 In breast cancer, the HER2 pathway has been 
thought to be a resistance mechanism, as HER2 activation correlates 
with resistance to CDK4/6 inhibitors.22 Additionally, activation of 
the CDK4 pathway contributes to resistance to HER2-directed ther-
apies.23 It has been reported that CDK4/6 inhibitors and anti-HER2 
therapies have synergistic effects on model mice with breast can-
cer.24 Furthermore, recent clinical studies found the combination 
therapy of CDK4/6 inhibitors and trastuzumab had promising re-
sults for the treatment of HER2-positive breast cancers.24,25 The ex-
pression levels of CDK4 and cyclin D1 are high in EMPD (Figure 4); 
furthermore, pathogenic ERBB2 mutations and/or higher expression 
levels of HER2 protein are detected in some EMPD cases. In light of 
the above, not only could CDK4/6-targeted therapies be promising 
as single-agent therapies against advanced EMPD with HER2 acti-
vation, but they could also be promising therapies in combination 
with anti-HER2 Abs. Our study currently has the limitation that we 
have established only one EMPD-PDX model,7 and we used it to 
evaluate the efficacy of CDK4/6 inhibitors. We are now working on 
establishing other EMPD-PDX models and will verify our results in 
the future.

In conclusion, the present study indicates that CDK4/6 inhibitors 
suppress tumor growth in EMPD-PDX, suggesting that these drugs 
could be promising treatment options for advanced EMPD patients.
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