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A B S T R A C T   

Background: Most cervical adenocarcinomas are associated with human papillomavirus (HPV). Gastric-type 
cervical adenocarcinoma (GAS), an HPV-independent adenocarcinoma, shows an aggressive clinical feature, 
resulting in a poor prognosis. Resistance to chemotherapy poses a difficulty in managing patients with metastatic 
GAS. We aimed to establish patient-derived xenografts (PDXs) of tumors from two patients with GAS and 
evaluated protein biomarkers for drug development using immunohistochemistry. 
Methods: Two PDXs were established 78 and 48 days after transplanting the patient’s tumor tissues into 
immunodeficient mice, respectively. PDX and patient’s tumor samples were stained for HER2, HER3, PMS2, 
MSH6, PanTrk, and ARID1A to evaluate biomarkers for therapeutic targets. In addition, whole exome sequencing 
and RNA sequencing were performed on available samples. 
Results: The pathological findings in morphological features and immunohistochemical profiles from the estab-
lished PDXs were similar to those from the patients’ surgical tumor specimens. HER3 was overexpressed in the 
patient’s tumors, and the corresponding PDX tumors and HER2 was weakly stained in both types of tumor 
samples. In all PDX and patient tumor samples, PMS2, MSH6, and ARID1A were retained, and PanTrk was not 
expressed. In addition, a total of 10 samples, including tumor tissue samples from 8 other GAS patients, were 
evaluated for HER3 expression scores, all of which were 2 + or higher. 
Conclusions: In summary, we evaluated biomarkers for therapeutic targets using newly established PDX models of 
GAS. Frequent HER3 overexpression and HER2 expression in GAS tumors suggest the possibility of new treat-
ments for patients with GAS by targeting HER3 and HER2.   

1. Background 

Cervical cancer is the fourth most common cancer among women 
worldwide, accounting for approximately 6.5% of all female patients 
with cancer (Sung et al., 2021). The most histological type of cervical 
cancer is squamous cell carcinoma (SCC), with adenocarcinoma (AC) as 
the second most common, accounteding for 15–25% (Castanon et al., 
2016; Galic et al., 2012). AC incidence is increasing relatively, although 
SCC incidence has decreased due to vaccination and screening in 

developed countries (Castanon et al., 2016). Most cervical ACs are 
associated with human papillomavirus (HPV), mainly HPV types 18 and 
16. In 2018, an international group of gynecological pathologists pro-
posed a new pathogenetic scheme, the International Endocervical 
Adenocarcinoma Criteria and Classification (IEACC) (Stolnicu et al., 
2018). In the classification, AC is divided into HPV-associated and HPV- 
independent types (Stolnicu et al., 2018). Since most cervical cancers 
are associated with HPV infection, The World Health Organization 
(WHO) has proposed increased vaccination and screening to eradicate 
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the disease (Brisson et al., 2020). However, HPV-independent AC is 
poorly treated and has a poor prognosis. 

GAS was added to the WHO classification in 2014 and is character-
ized by the absence of HPV infection (Mikami et al., 2004; Yoshida et al., 
2021). GAS have an aggressive clinical feature, resulting in a poor 
prognosis compared to HPV-associated ACs. Resistance to chemo-
therapy poses a difficulty in managing patients with metastatic GAS. It is 
unclear whether the same treatment strategy applicable to SCC can be 
adapted to patients with GAS. Therefore, there is a need to develop 
treatments targeting GAS. 

The patient-derived xenograft (PDX) models have attracted attention 
as a cancer research platform with a high predictive clinical efficacy. 
Compared to traditional cell line and cell line xenograft models, PDXs 
preserve tumor heterogeneity and provide a more accurate reflection of 
the clinical efficacy of treatment (Gao et al., 2015). In the current study, 
we aimed to establish GAS PDX models based on tumors from two pa-
tients and evaluated protein biomarkers for GAS for drug development 
using immunohistochemical staining. 

2. Methods 

2.1. Patient specimens and PDX establishment 

PDX models were established based on tumors from two patients 
diagnosed with GAS at the National Cancer Center Hospital, Japan, 
provided by the National Cancer Center J-PDX Library, Japan (Yagishita 
et al., 2021). The method of establishing the PDX is briefly described. 
The surgical samples were used 2 to 10–mm3. Tissues were immediately 
soaked in storage solution (Theliokeep, Bio Verde Inc) after collection 
and stored at 4 ◦C. The transplantation site was subcutaneous around the 
flank of female 6-week-old NOG mice (NOD. Cg-Prkdcscid Il2rgtm1Sug/ 
ShiJic, In-Vivo Science Inc). Mice were monitored weekly for tumor 
growth and body weight. All mice were euthanized by cervical dislo-
cation under anesthesia, and tumors were removed. Patient character-
istics are listed in Table 1. Two PDX models were established 78 and 48 
days after the transplantation of two patient tumor tissues into immu-
nodeficient mice, respectively (Table 2). 

To evaluate the reproducibility of protein expression in PDX speci-
mens, we also evaluated tumor tissue from eight other patients diag-
nosed with GAS at our institution. The characteristics of these patients 
are listed in Supplemental Table 1. The histological types of these 
specimens were defined according to the WHO classification of uterine 
cervix tumors (4th edition). 

The protocol for the human study was reviewed and approved by the 
ethics committee of the National Cancer Center Hospital, Japan 
(2014–393 and 2015–123) and was conducted in full concordance with 
the principles of the Declaration of Helsinki. Written informed consent 
was obtained from all participants. The study design and conduct 
complied with all applicable regulations, guidelines, and local policies. 

Animal experiments were performed in compliance with the guidelines 
of the Institute for Laboratory Animal Research, National Cancer Center 
Research Institute (T17-073 and T19-008). 

2.2. Immunohistochemical analysis 

Hematoxylin and eosin (HE)-stained tumor tissues on slides from 
patient tumor tissue and PDX samples were reviewed to obtain repre-
sentative sections. New 4-µm-thick sections of formalin-fixed paraffin- 
embedded surgical specimens were prepared and were immunohis-
tochemically stained. Immunohistochemistry staining was performed 
using the following antibodies: p16 (clone E6H4, Roche diagnostics), 
MUC5AC (clone CLH2, Novocastra), p53 (clone DO7, Dako), HER2/ 
ErbB2 (Herceptest, Dako), HER3/ErbB3 (clone D22C5, Cell Signaling 
Technology), PMS2 (clone EP51, Dako), MSH6(clone EP49, Dako), Pan- 
Trk (clone EPR17341, Abcam), ARID1A (rabbit polyclonal, Sigma), ac-
cording to the manufacturer’s instructions. The tumor tissue sections 
were counterstained with hematoxylin. 

An experienced pathologist evaluated HER2 (also known as ERBB2) 
expression following the HER2 testing guideline for gastroesophageal 
cancer from the College of American Pathologists, American Society for 
Clinical Pathology, and American Society of Clinical Oncology (Bartley 
et al., 2016). HER3 (also known as ERBB3) expression was assessed 
similarly for HER2 as previously described (Mizuno et al., 2020). Strong 
and continuous nuclear and cytoplasmic expression of p16 in all 
epithelial cells were regarded as block positive staining, which was re-
ported as a good surrogate test for a potentially transforming HPV 
infection. Aberrant p53 staining was defined as a strong and diffuse 
nuclear staining pattern (>70% of carcinoma cells) or completely 
negative (“null pattern”) staining of carcinoma cells, with appropriate 
staining of surrounding non-tumor cells as an internal positive control. A 
weak and heterogeneous staining pattern of tumor cells was classified as 
the wild-type pattern. Immunohistochemistry (IHC) staining of PMS2 
and MSH6 alone was reported to represent the staining with a four- 
antibody (comprising MLH1, MSH2, MSH6, and PMS2) panel for 
dMMR screening (Hall et al., 2010). Therefore, in this study, MMR- 
deficient status was defined as the complete loss of nuclear staining 
for PMS2 and/or MSH6 proteins. This is because gene mutation and the 
loss of MLH1 and MSH2 invariably result in the degradation of PMS2 
and MSH6, respectively, due to the binding properties of the mismatch 
repair heterodimer complexes. Normal mucosa, stromal cells, and in-
flammatory cells adjacent to tumor cells were used as positive controls 
for IHC staining. Cytoplasmic and/or nuclear staining of Pan-Trk was 
assessed. Lymphocytes and endocervical glandular epithelia were used 
as negative controls. Nuclear expression of ARID1A by IHC was cate-
gorized into retained expression (positivity in almost all tumor cells) or 
any loss of expression. Stainings of adjacent normal epithelial cells were 
used as positive controls. 

2.3. Whole-exome sequencing 

The genome DNAs of the PDX and patient tumor samples and a 
matched germline sample (peripheral blood) were subjected to whole- 
exome sequencing analysis. Sequencing libraries were constructed 
using the SureSelect XT Human All Exon V7 capture library (Agilent 
Technologies, St. Clara, CA, USA), the SureSelect XT Library Prep Kit 

Table 1 
Patient characteristics.   

Case 1 Case 2 

Age, year 38 34 
Race Asian (Japanese) Asian (Japanese) 
Performance status 0 0 
Past medical history none none 
Smoking history no no 
FIGO Stage (2018) IIA1 IB2 
pT 2b 2a2 
Tumor size in greatest dimension 4.8 cm 6.0 cm 
Depth of stromal invasion 18 mm thick 18 mm thick 
Lymphatic invasion positive positive 
Vascular Invasion positive positive 
pN 0 0 
Cervix, Dysplasia absent absent 

FIGO, International Federation of Gynecology and Obstetrics. 

Table 2 
Summary of the establishment of PDX models.   

Case 1 Case 2 

Type of patient sample Surgery sample Surgery sample 
Disease site of sample Primary site Primary site 
Prior chemotherapy None None 
Prior radiotherapy None None 
Time in vivo for serial xenograft, days 78 48  
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(Agilent Technologies), and the KAPA Hyper Prep Kit (KAPA Bio-
systems, Wilmington, MA, USA); the raw sequence data were generated 
by the NextSeq 500 sequencer (Illumina, San Diego, CA, USA). The 
resulting sequence reads were aligned to a combined human (GRCh38 
analysis set) and mouse (GRCm38) genome reference using the Bur-
roughs Wheeler Aligner (BWA)-MEM algorithm. Mutations [single- 
nucleotide variants (SNVs) and short insertions and deletions (Indels)] 
were detected using Mutect2. Mutations in intergenic, intronic (other 
than splicing junctions), and untranslated regions were excluded. 

2.4. RNA sequencing 

The total RNAs extracted from the PDX and the patient’s original 
tumor tissues were subjected to exome RNA sequencing analysis. 
Sequencing libraries were constructed using the SureSelect XT Human 
All Exon V7 capture library and the SureSelect XT HS2 RNA Reagent Kit 
(Agilent Technologies). The raw sequence data were generated by the 
NextSeq 500 sequencer. Using the STAR algorithm, the resulting 
sequence reads were aligned to a combined human (GRCh38 primary 
assembly with GENCODEv37) and mouse (GRCm38 with Ensembl 100) 
genome reference. The transcripts per million (TPM) value for each gene 
was calculated using the StringTie algorithm for gene expression 
analysis. 

3. Results 

3.1. Pathological findings of PDX models of GAS 

HE staining showed abundant, clear to pale eosinophilic cytoplasm 
with the well-defined cell membrane in patient tumor and PDX samples 
(Supplementary Fig. 1). In addition, the expression status of the proteins 
for GAS diagnosis was evaluated (Fig. 1). Tumor samples from both PDX 
models showed no p16 block positivity, similar to the findings from 
patient tumor samples. Similarly, tumor samples from both PDX models 
showed positive staining of MUC5AC and p53. 

Immunohistochemistry staining was performed for p16, MUC5AC, 
and p53. In all tumors examined, p16, used as a surrogate marker for 
HPV-related tumors, does not exhibit a block-type positive pattern, 
aligning with the diagnosis of HPV-independent gastric-type 

adenocarcinoma. (A-D) Immunohistochemical staining of p16 is either 
completely negative or just focally positive. (E-H) No p16 block posi-
tivity is observed. (I-L) The same staining pattern of MUC5AC is seen in 
the pair of the patient’s original tumor tissue and the corresponding PDX 
tumor tissue. The diffused strong staining pattern of p53 is observed in 
the pair of the patient’s original tumor tissue and the corresponding PDX 
tumor tissue. All images are shown at the magnification of 200x. 

3.2. Evaluation of therapeutic biomarkers according to 
immunohistochemical staining 

HER2, HER3, PMS2, MSH6, PanTrk, and ARID1A were stained for 
PDX and patient tumor samples to evaluate biomarkers for therapeutic 
targets. All staining results were consistent between patient tumor 
samples and the tumor samples from the PDX models derived from both 
patients. 

The immunostaining results for HER3 and HER2 are shown in Fig. 2 
and Supplemental Table 2. Staining results for HER3 showed that the 
scores for both patients’ tumors and the corresponding PDX samples 
were 3+; the staining scores for HER2 were 1 + in both cases. PMS2, 
MSH6, PanTrk, and ARID1A were also assessed by immunostaining, but 
no therapeutic target results were obtained (Supplemental Fig. 2). 

HER3 and HER2 expression in the patient’s original tumor tissues 
and the PDX tumor tissues was demonstrated at the magnification of 
200x. HER3 or HER2 expression was similar in the PDX specimens and 
the corresponding patient’s tumor samples. In all tumors, HER2 
expression is equivalent to a score of 1+, and the results for both cases 
and PDX are concordant. (A-D) HER2 expression score was 1 +. (E-H) 
HER3 expression score was 3 +. 

3.3. Immunohistochemical staining for HER3 and HER2 expression in 
GAS 

Eight additional tumor tissue specimens of patients with GAS diag-
nosed at our institution were stained for HER3 and HER2. A total of ten 
pathological specimens of patients with GAS were evaluated, including 
the specimens from the PDX models (Table 3). HER3 expression scores 
for all ten samples were 2 + or higher, and the scores for five samples 
(50%) were 3+ (Supplemental Fig. 3). The HER2 expression score was 3 

Fig. 1. Shared immunohistochemical profiles between the patient tumor tissues and the corresponding PDX tumor tissues.  
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+ in one, 2 + in three, and 1 + in the remaining six samples. 

3.4. Genomic features of a PDX model of GAS 

The whole exome sequencing was performed to identify somatic 
mutations in Case 1 patient tumor and its corresponding PDX tumor 
samples. Results from these two types of samples exhibited 31 over-
lapping somatic mutations, including three somatic mutations in 
AMER1, KRAS, and TP53 in Cancer Gene Census genes (Fig. 3A). 

Mutation and transcriptomic analyses of a PDX model of gastric-type 
cervical adenocarcinoma (Case 1). (A) Venn diagram exhibiting the 
overlap of somatic mutations detected in whole exome sequencing 
analysis of the patient tumor and the corresponding PDX tumor samples. 

(B) Transcript abundance (TPM) of the ERBB2 and ERBB3 genes was 
determined by RNA sequencing analysis of the patient tumor and the 
corresponding PDX tumor samples. 

To determine whether gene expression profiles are preserved in the 
PDX models, we used RNA sequencing to analyze gene expression of 
patient tumor and PDX samples, and ERBB2 and ERBB3 were highly 
expressed in both types of samples based on IHC staining (Fig. 3B). 

4. Discussion 

In the current study, we evaluated the expression of therapeutic 
target proteins using established GAS-PDX models. To our knowledge, 
this is the first report of PDXs of GAS. HER2, HER3, PMS2, MSH6, 
PanTrk, and ARID1A were evaluated, and HER3 expression was high. In 
addition, there was a high frequency of strong HER3 expression in pa-
tient samples. 

GAS is a clinically aggressive cervical cancer with a distinctive his-
tologic feature. GAS is unrelated to HPV and has poorer outcomes than 
the usual-type HPV-dependent adenocarcinomas (Kojima et al., 2007; 
Kusanagi et al., 2010); GAS’s unrelatedness to HPV is considered an 
important feature associated with its aggressiveness. In Europe, GAS 
incidence was rare, accounting for 1.5% of ACs (Holl et al., 2015); In 
contrast, it is common in Japan, accounting for up to 20% to 25% of all 
endocervical ACs (Kojima et al., 2007; Kusanagi et al., 2010). Standard 
chemotherapies have been performed in patients with recurrent or 
metastatic cervical cancer; however, the response rates to single and 
combination therapy remain poor (Tewari et al., 2014). Among cervical 
cancers, GAS is particularly refractory to anticancer drugs (Kojima et al., 

Fig. 2. HER3 and HER2 expression in the parental original tumor tissues and the PDX tumor tissues of gastric-type adenocarcinoma.  

Table 3 
HER3 and HER2 expression in tissue from the patients with gastric-type 
adenocarcinoma (N = 10).  

# HER3 HER2 

1 2+ 1+
2 2+ 3+
3 2+ 1+
4 2+ 1+
5 3+ 1+
6 2+ 2+
7 3+ 2+
8 3+ 2+
Case1 3+ 1+
Case 2 3+ 1+

Fig. 3. Genomic profile of a PDX model of gastric-type cervical adenocarcinoma.  
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2018). GAS has been reported to be difficult to diagnose in its early 
stages; it is chemoresistant (Kojima et al., 2018) and radioresistant 
(Nishio et al., 2019) with unknown mechanisms. Notably, GAS is ex-
pected to persist in the post-HPV vaccination era. Therefore, there is a 
need to develop GAS treatments. 

The PDX models were established by the direct engraftment of tumor 
tissue from a patient into an immunocompromised mouse, maintaining 
the tumor growth in vivo. PDX models maintained the characteristics of 
the parental tumors, such as protein and gene expression profiles. 
Therefore, they have become important tools for preclinical studies, 
particularly for investigating cancer pathology and developing new 
drugs. Recently, the National Cancer Institute decided to replace a panel 
of 60 human cell lines with PDX models for drug screening (Ledford, 
2016). There are several reports on PDX models of cervical cancer, 
mainly of squamous cell carcinoma (Boone et al., 2015; Dou et al., 
2014). GAS is a rare type of cervical cancer, and no previous reports of 
its PDX models exist. Preclinical data using PDX models may lead to 
developing new therapies for GAS. 

HER3 is overexpressed in several cancer types and is correlated with 
poor disease prognosis (Ocana et al., 2013; Tanner et al., 2006). For 
cervical cancer, the incidence of ERBB3 alterations was higher in pa-
tients with adenocarcinoma than in those with squamous cell carcinoma 
(Cancer Genome Atlas Research et al., 2017). A previous study reported 
that HER3 expression was associated with poor disease-free survival in 
early-stage adenocarcinoma and adenosquamous carcinoma of the cer-
vix (Mizuno et al., 2020). HER3 promotes tumor initiation and pro-
gression to activate oncogenic signaling via the PI3K/AKT pathway, a 
major cause of drug resistance (Engelman et al., 2005). Several therapies 
targeting HER3 have been recently developed, including patritumab 
deruxtecan, duligotuzumab, and seribantumab (Jaiswal et al., 2013; 
Janne et al., 2019; Liu et al., 2016) and high expression of HER3 protein 
is associated with the patient’s response to therapies targeting HER3 
(Koganemaru et al., 2019). In this study, GAS frequently showed HER3 
overexpression; therefore, our findings may provide insight into 
providing new therapeutic strategies for treating patients with GAS. 

HER2 expression in cervical cancer, mainly of squamous cell carci-
noma, is 1–21% (Yan et al., 2014). In AC of the cervix, HER2 expression 
is 11–30% (Halle et al., 2017; Kihana et al., 1994; Shi et al., 2021). 
Several studies reported that HER2 is expressed in 7.7 to 14.7% of GAS 
(Nakamura et al., 2019; Shi et al., 2021), similar to previous reports. 
Anti-HER2 agents are the standard treatment for HER2-positive gastric 
cancer; and their frequency is about 20%. Similar to gastric cancer, a 
small fraction of cervical AC and GAS may be effectively treated by anti- 
HER2 drugs. The clinical significance of HER2-targeting antibody-drug 
conjugate for low-HER2 expression (Modi et al., 2020) suggests that 
HER2 expression may be an important therapeutic target. 

Several studies investigated the genomic profiles of GAS (Garg et al., 
2019; Hodgson et al., 2020; Lu et al., 2021; Park et al., 2021), and we 
compared the previously discovered mutated genes with those disclosed 
in this report; we found consistency in the expression of mutated genes, 
such as TP53 and KRAS, which may be the typical driver mutations in 
GAS. The genes involved in the PI3K-AKT signaling pathway, frequently 
found in HPV-associated cervical cancer (Cancer Genome Atlas Research 
et al., 2017), were not detected in GAS. PDX samples with genetic pro-
files that include driver mutations are highly significant for developing 
therapeutic drugs against diseases (Sun et al., 2021). We plan a future in 
vivo study to evaluate drug efficacy using the GAS-PDX models. 

5. Conclusions 

The current study evaluated protein biomarkers for drug develop-
ment using newly established PDX models of GAS. Frequent HER3 
overexpression and HER2 expression in GAS samples suggest the pos-
sibility of therapeutic targeting of HER3 and HER2 for treating patients 
with GAS. 
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