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ABSTRACT

We analyzed tumor mutations of 7 uterine and 2 cervical cancers with the goal of developing a Deep 
Learning (DL) software tool that can automatically classify tumors based on their somatic mutations. 
The data were obtained from the AACR Genie Project, that has a collection of more than 120,000 tumor 
samples for more than 750 cancer types. We performed a thorough analysis of the mutational data of 
tumors of the uterus and uterine cervix, selecting tumors with 3 or more mutations and cancer types 
with more than 15 cases. For each cancer type we then selected the top 12 most mutated genes among 
their neoplasms. In the introduction section we summarize our analysis of these nine diseases and in the 
methods section we present a convolutional neural network (CNN) that yields an overall classification 
accuracy of 94.3% and 89.2% on the train and test datasets, respectively. We hope this tool can be 
added to the existing arsenal of histological and immunohistochemical techniques in cases when a 
precise diagnosis cannot be clearly determined. Each cancer type has a unique somatic mutational 
profile that can be used to disambiguate two candidate malignancies with similar histologic features.
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INTRODUCTION

Uterine Cancers

This year, 2022, approximately 66,000 patients in the United 
States are estimated to be diagnosed with uterine or endome-
trial cancer [1]. The number of uterine cancer patients worldwide 
was 417,000 in 2020. Uterine cancer is the fourth most common 
cancer for women in the United States. It is estimated that in 
2022, approximately 12,550 patients will die of uterine cancer 
[1], making it the sixth most deadly cancer among women in the 
United States.

More than 90% of uterine cancers occur in the endome-
trium. Endometrial cancers are classified as Type I (endome-
trioid subtype) or Type II (non-endometrioid subtype) [2,3]. 
The differences between the two groups lie on precursor type, 
unopposed estrogen presence, menopausal status, myometrial 
invasion, histologic subtypes, and genetic mutations [4,5].

Type I neoplasms of the uterus are low grade tumors that 
start with a precursor lesion called atypical hyperplasia (AH) [6]
[7] that develops in premenopausal patients in the presence 
of unopposed estrogen, that is, in the absence of progester-
one. Endometrial hyperplasia is the proliferation of glands 
of irregular size and shape with a high gland-to-stroma ratio 
[8,9]. Endometrial hyperplasia can be cytological atypical or 
non-atypical [10,11]. The presence or absence of nuclear atypia 

is the main feature to determine if a carcinoma is of Type I. AH 
lesions show none or low myometrial invasion and thus, they are 
confined to the endometrium. The most common carcinoma of 
this type is Endometrial Carcinoma (UCEC) [12,13] (Table 1 and 
Figure 1).

At the molecular level, mutations of gene PTEN have been 
identified as an initial driver of tumorigenesis in all hyperplasias 
and endometrioid neoplasms [14–17]. PTEN is a tumor suppres-
sor gene involved in a signal transduction path that regulates 
cell growth and apoptosis [18,19]. On Table 2, it can be seen that 
all uterine cancers except Uterine Leiomyosarcoma (ULMS) have 
PTEN mutated. ULMS is a sarcoma that does not fall in any of the 
Type I or Type II categories. ULMS is a rare cancer of the uterus 
[20,21] that was included in this study due to its unique muta-
tional pattern having 3 unique mutated genes. These ULMS 
unique genes, namely, DAXX, ERBB4, and KDR, are not present 
on the mutational profiles of the other cancers on Table 2.

Tumor suppressor gene TP53 is also mutated in all endome-
trial cancers at different rates (Table 2) [22–24], but mainly on 
grade 3 tumors and not on grade 1, indicating that TP53 is impli-
cated on tumor progression but not on tumor initiation as is the 
case of PTEN.

Type II neoplasms develop even in the absence of unop-
posed estrogen. These tumors begin with a precursor lesion 
called Endometrial Intraepithelial Carcinoma (EIC) [25,26]. The 
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Figure 1 | Diagram showing the relative locations of neoplasms 
of the uterus and uterine cervix.

Table 1 | Uterine and cervical cancers
Organ Code Disease name Uterine type Cancer type Tissue/Histologic subtype

Cervix CESC Cervical Squamous Cell Carcinoma Carcinoma Squamous cell

Cervix ECAD Endocervical Adenocarcinoma Adenocarcinoma Glandular epithelium

Uterus UCCC Uterine Clear Cell Carcinoma Type II Carcinoma Clear cell

Uterus UCEC Endometrial Carcinoma Type I Carcinoma Endometrium

Uterus UCS Uterine Carcinosarcoma/Uterine  
Malignant Mixed Müllerian Tumor

Type II Sarcoma Myometrium, müllerian

Uterus UEC Uterine Endometrioid 
Carcinoma

Type I Carcinoma Endometriod

Uterus ULMS Uterine Leiomyosarcoma Sarcoma Myometrial

Uterus UMEC Uterine Mixed Endometrial Carcinoma Type II Carcinoma Mixed subtypes

Uterus USC Uterine Serous Carcinoma/Uterine  
Papillary Serous Carcinoma

Type II Carcinoma Serous

most common cancer of this type is Uterine Serous Carcinoma 
(USC) [27,28], previously named Uterine Papillary Serous 
Carcinoma [29,30] (Table 1). Patients diagnosed with Type II 
uterine cancers are usually postmenopausal. The correlation 
between EIC and USC is the overexpression of mutated p53 
protein on both. The gene responsible for the expression of p53 
is TP53 (Table 2). TP53 is a tumor suppressor gene known for 
being the most frequently mutated gene in all kinds of cancers 
[31,32]. In our study, only one cancer type, Cervical Squamous 
Cell Carcinoma (CESC) does not have TP53 in its list of 12 most 
mutated genes (Table 2). Type II endometrial cancers usually 
invade the myometrium (Figure 1). The depth of myometrial 
invasion, grossly measured as the inner-third, middle-third and 
outer-third, is associated with metastasis. Different percentages 
of lymph node and pelvic node metastasis are associated with 
tumor grade and myometrial invasion depth [33,34].

In Type II uterine cancers, tumor suppressor gene TP53 is 
mutated in precursor lesions (EIC), which indicates that TP53 
is mutated early and thus, is a key driver in the initiation of 
tumorigenesis.

Neoplasms of Type II are Uterine Clear Cell Carcinoma (UCCC) 
[35,36], Uterine Carcinosarcoma (UCS) [37,38], Uterine Serous 
Carcinoma (USC) [39,40], Uterine Mixed Endometrial Carcinoma 
(UMEC) [41,42], and others that were not part of this research 
due to the small number of cases available.

CERVICAL CANCERS

There are two main cancers of the uterine cervix: Cervical 
Squamous Cell Carcinoma (CESC) [43,44], and Endocervical 
Adenocarcinoma (ECAD) [45,46]. Their mutational profiles are 
quite different as shown on Table 2. ECAD is the neoplasia on 
Table 2 with the highest number of unique mutated genes, 
namely, APC, ERBB2, GNAS, SMAD4, and STK11. The vast majority 
of malignancies of the cervix are of the squamous cell carcinoma 
type (96%) and the rest are glandular lesions, or endocervical ade-
nocarcinomas (4%). In most cases (90% or more) these neoplasms 
begin with a human papillomavirus (HPV) infection [47,48]. HPV 
has more than 130 known strains and the particular strains associ-
ated with cervical cancers are HPV16 and HPV18 [49,50].

Squamous Cell Carcinoma (CESC) of the uterine cervix starts 
in a region of the exocervix called the transformation zone (TZ) 
(Figure 1). The endocervical canal is lined by two distinctive 
types of epithelium, squamous and glandular (columnar). The 
site where the two types of epithelium meet is known as the 
squamous-columnar junction (SCJ). The SCJ is located at birth 
in the endocervical canal. This junction moves to the external 
surface of the cervix facing the vagina after puberty. The zone 
between the original SCJ and the new SCJ is known as the trans-
formation zone (TZ) where most malignant squamous cell neo-
plasms develop [51,52]. At the molecular level, some studies 
show that the most frequently mutated gene is PI3KCA (27.1% 
of all cases) [53,54] which is in close agreement with our findings 
(35.6%) as shown on Table 2.

Cervical adenocarcinoma (ECAD) arises and develops in the 
glandular (columnar) epithelium of the endocervical canal [55]. 
ECAD in situ, also known as “the usual type” comprises 80% of 
all adenocarcinoma cases. Other subtypes are: mucinous adeno-
carcinoma [56], clear cell adenocarcinoma [57], adenosquamous 
carcinoma [58], and others. These other malignancies were 
not studied in this research due to the small number of cases 
reported. As reported by other studies, we found that PI3KCA 
and KRAS are the most highly mutated genes on ECAD, 35.9% 
and 20.5% respectively [59,60] (Table 2).
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Table 2 | Gene mutations rates by cancer type chart
GENE CESC ECAD UCCC UCEC UCS UEC ULMS UMEC USC

AKT1 0.08

APC 0.09

ARID1A 0.14 0.19 0.27 0.1 0.46 0.05 0.3 0.09

ATM 0.09 0.15 0.06

ATRX 0.39 0.05

BAP1 0.09

BCOR 0.13

BRCA2 0.05

CDKN2A 0.08

CREBBP 0.06

CTCF 0.11

CTNNB1 0.16 0.34

DAXX 0.06

EP300 0.1 0.1 0.06

ERBB2 0.15

ERBB3 0.09 0.08 0.06 0.06 0.05

ERBB4 0.05

FAT1 0.08 0.08 0.05 0.05

FBXW7 0.14 0.16 0.08 0.22 0.08 0.22 0.23

FGFR2 0.08 0.11

GNAS 0.09

HLA-B 0.07

KDR 0.05

KMT2C 0.1 0.08 0.05

KMT2D 0.22 0.15 0.09 0.1 0.07 0.07 0.05

KRAS 0.21 0.17 0.12 0.26 0.16 0.06

MED12 0.09 0.08 0.19 0.05

MUTYH 0.05

MYC 0.05

NF1 0.06

NFE2L2 0.08 0.09

NOTCH1 0.06 0.05 0.06

NOTCH3 0.05

PIK3R1 0.15 0.24 0.16 0.32 0.22 0.16

PPP2R1A 0.18 0.15 0.17 0.19 0.31

PTEN 0.1 0.11 0.37 0.17 0.7 0.05 0.22 0.07

RB1 0.07 0.07 0.17

ROS1 0.06

SMAD4 0.1

SPOP 0.15 0.06

STK11 0.1

TERT 0.1 0.1

PIK3CA 0.36 0.36 0.36 0.37 0.35 0.49 0.47 0.43

TP53 0.15 0.53 0.52 0.89 0.17 0.72 0.84 0.96

METHODS
Tumor mutational data were obtained from the AACR Project 
GENIE [61] which has a publicly available set of files that can 
be downloaded from their website. The full dataset for all 
cancer types was downloaded and imported into a local SQL 
Server database for further processing. We explored the data 

for uterine and cervical cancers and based on the number of 
cases available, we chose the nine cancers shown on Table 1. 
The nomenclature used to label the different cancer types was 
taken from project OncoTree [62].

We first determined the 12 most mutated genes for each 
cancer type (Table 2) along with the percentage of tumors that 



P. Gomez 19

show that mutation. Additional filtering was done, looking 
for tumors with more than 3 mutations on the list of 12 most 
mutated genes, or at least two mutations, one of which was a 
unique gene for the corresponding disease. The next step was 
to find a feature that could be used to train the convolutional 
neural network (CNN). We selected two features: mutation vari-
ant type (Table 3) and mutation variant classification (Table 4) 
[63]. We counted the actual number of variant types and classi-
fications, calculated the relative percentage of the population, 
and manually assigned a score that was suitable to train the 
CNN. The base score is equivalent to the percentage of cases of 
each variant classification. However, some variant classifications 
percentages are very small (under 3%), and since the actual per-
centage magnitude is not relevant for pattern recognition (the 
score is just a symbol in this case), it was decided to make the 
score higher than its corresponding percentage and compara-
ble to the other scores, to avoid the training process having to 
deal with large variations between the different samples, that 
would make the process take longer to minimize the error.

Artificial Intelligence (AI), and more specifically, Deep 
Learning (DL), has been used during the past three decades to 
solve problems in several areas such as engineering, science, 
finance, business, social sciences, and others. The solutions are 
of different kinds: from estimation and prediction to classifica-
tion, from pattern recognition to natural language processing 

Figure 2 | Convolutional neural network.

Table 3 | Mutation variant types showing the numbers of mutations found in the data sets
ID Variant type Description Count PCT% Score

1 SNP Single nucleotide polymorphism. A substitution in 
one nucleotide

231090 83.52 0.84

2 DEL Deletion. The removal of nucleotides 30067 10.87 0.44

3 INS Insertion. The addition of nucleotides 12704 4.59 0.36

4 DNP Double nucleotide polymorphism. A substitution in 
two consecutive nucleotides

2340 0.85 0.11

5 ONP Oligo-nucleotide polymorphism. A substitution in 
more than three consecutive nucleotides

486 0.18 0.11

Table 4 | Mutation classifications
ID Variant classification Count PCT% Score

1 Missense_Mutation 185939 67.2 0.67

2 Nonsense_Mutation 24966 9.02 0.46

3 Frame_Shift_Del 18554 6.71 0.38

4 Splice_Site 9252 3.34 0.23

5 Frame_Shift_Ins 8851 3.2 0.23

6 In_Frame_Del 6626 2.39 0.23

7 Splice_Region 6211 2.24 0.23

8 Intron 5629 2.03 0.23

9 5Flank 3405 1.23 0.13

10 Silent 3268 1.18 0.13

11 In_Frame_Ins 2381 0.86 0.13

12 Translation_Start_Site 369 0.13 0.13

13 3UTR 323 0.12 0.13

14 5UTR 292 0.11 0.13

15 3Flank 246 0.09 0.13

16 RNA 199 0.07 0.13

17 Nonstop_Mutation 176 0.06 0.13

(NLP). Cancer research is not the exception and several projects 
have been developed in this area [64–67].

In this research, a Convolutional Neural Network (CNN) clas-
sifier [68] was chosen to classify tumors of gynecological origin. 
The solution was implemented with a program written in the 
Python language, making use of the TensorFlow-Keras librar-
ies. The total number of genes was 42 as shown on Table 2, on 
which, at the bottom, there are 2 genes that were excluded 
because they are highly mutated in all neoplasias but one, and 
thus, do not provide any disambiguation information. Those are, 
oncogene PIK3CA, and tumor suppressor TP53.

For each gene, its variant type and its variant classification 
scores were used. Since there are 42 genes, 84 data points 
need to be presented to the CNN input layer. We converted the 
input 1D vector to a 2D matrix by adding 6 zero-valued dum-
mies at the end. That way, the 90 data points were converted 
to a 9 by 10 matrix that is fed into the Keras Conv2D input 
layer. The complete design of the CNN is shown on Figure 2.  
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Figure 3 | Training evolution.

CONCLUSION

Accurate diagnosis of specific cancer type is very important in 
determining the most adequate treatment plan in particular 
each case. In recent years it has been emphasized the relevance 
of personalized medicine and precision oncology to more effec-
tively treat cancer. This research is a contribution to this med-
ical field. Some cancer types of the same organ have similar 
histological features that makes it difficult to arrive at a precise 
diagnosis. We succeeded in developing a neural network that is 
capable of accurately classifying tumors of the uterus and uter-
ine cervix based solely on the genetic somatic mutations found 
on the tumor samples. Each cancer type has a unique somatic 
mutational profile that can be used to disambiguate between 
two candidate malignancies with similar histologic characteris-
tics. The resulting overall accuracy that was achieved is above 
90%, which makes this proposed solution a promising tool that 
should be considered for use in the clinical setting.

CONFLICT OF INTEREST

The author does not have any conflict of interest to declare.

FUNDING

The author declares no funding.

REFERENCES

[1] National Cancer Institute. https://seer.cancer.gov/statfacts/
html/corp.html

[2] J.V. Bokhman, Two pathogenetic types of endometrial car-
cinoma, Gynecol. Oncol. 15 (1983), 10–7.

[3] V.W. Setiawan, H.P. Yang, M.C. Pike, S.E. McCann, H. Yu, Y.-B. 
Xiang, et al., Type I and II endometrial cancers: have they 
different risk factors?, J. Clin. Oncol. 31 (2013), 2607–2618.

[4] P.A. Sanderson, H.O.D. Critchley, A.R.W. Williams, M.J. 
Arends, P.T.K. Saunders, New concepts for an old problem: 
the diagnosis of endometrial hyperplasia. Hum. Reprod. 
Update. 23 (2017), 232–254.

[5] A. Oaknin, T.J. Bosse, C.L. Creutzberg, G. Giornelli, P. Harter, 
F. Joly, et al., Endometrial cancer: ESMO clinical practice 
guideline for diagnosis, treatment and follow-up, Ann. 
Oncol. 33 (2022), 860–877.

[6] L. Minig, D. Franchi, S. Boveri, C. Casadio, L. Bocciolone,  
M. Sideri, Progestin intrauterine device and GnRH analogue 
for uterus-sparing treatment of endometrial precancers 
and well differentiated early endometrial carcinoma in 
young women, Ann. Oncol. 22 (2011), 643–649.

[7] K. Matsuo, R.S. Mandelbaum, M. Ciccone, M. Khoshchehreh, 
H. Purswani, E.B. Morocco, et al. Route-specific association 
of progestin therapy and concurrent metformin use in 
obese women with complex atypical hyperplasia, Int. J. 
Gynecol. Cancer. 30 (2020), 1–9.

[8] E.A. Widra, C.J. Dunton, M. Mchugh, J.P. Palazzo, Endometrial 
hyperplasia and the risk of carcinoma, Int. J. Gynecol. 
Cancer. 5 (1995), 233–235.

[9] I. Laskov, Y. Tzur, O. Zindel, N. Michaan, E. Tako, A. Aizic, et al., 
The incidence of endometrial carcinoma in patients with 
atypical endometrial hyperplasia versus atypical endome-
trial polyp, Gynecologic Oncol. 166 (2022), S220.

Table 5 | Accuracy by neoplasia by data set
Cancer Train% Test% Eval%

CESC 96.2 100 80

ECAD 95.2 75 100

UCCC 90.9 100 100

UCEC 73.3 85.7 83.3

UCS 91.2 75 100

UEC 99.5 89.2 93.4

ULMS 100 100 100

UMEC 90 100 0

USC 93.5 100 75

Average 92.2 91.7 81.3

Overall test % 89.2

Overall train % 94.3

Loss 0.97

Epochs 120

It has a Conv2D input layer, followed by auxiliary MaxPooling 
2D layer, a Dropout layer to remove redundant data, and a 2D 
to 1D (Flatten) converter layer. The next component is a stack 
of 4 dense layers, whose neuron numbers and activation func-
tions are shown on Figure 2. The CNN last layer, the output 
layer, is composed of 9 neurons, each one representing one of 
the 9 uterine and cervical cancer types. Its activation function 
is of the type Softmax.

RESULTS AND DISCUSSION

The CNN was trained during 120 epochs and in the end, the 
overall train and test accuracy were 94.3% and 89.2%, respec-
tively. The training accuracy progress during 120 epochs is 
shown on Figure 3.

Additionally, once the CNN model was saved and ready for 
evaluation, we run experiments to verify the accuracy of the 
three datasets, train, test, and evaluation for each of the nine 
cancer types. The last one, evaluation dataset, was not used 
during the training process. The number of samples assigned to 
each dataset, train, test, and evaluation, were 80%, 15%, and 5%, 
of the whole population, respectively. The results are shown on 
Table 5. In one case, for cancer type UMEC, the evaluation set 
consisted of only two tumors that were unsuccessfully classified 
and thus, the resulting accuracy is zero.

https://seer.cancer.gov/statfacts/html/corp.html
https://seer.cancer.gov/statfacts/html/corp.html
https://doi.org/10.1016/0090-8258%2883%2990111-7
https://doi.org/10.1016/0090-8258%2883%2990111-7
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1093/humupd/dmw042
https://doi.org/10.1093/humupd/dmw042
https://doi.org/10.1093/humupd/dmw042
https://doi.org/10.1093/humupd/dmw042
https://doi.org/10.1016/j.annonc.2022.05.009
https://doi.org/10.1016/j.annonc.2022.05.009
https://doi.org/10.1016/j.annonc.2022.05.009
https://doi.org/10.1016/j.annonc.2022.05.009
https://doi.org/10.1093/annonc/mdq463
https://doi.org/10.1093/annonc/mdq463
https://doi.org/10.1093/annonc/mdq463
https://doi.org/10.1093/annonc/mdq463
https://doi.org/10.1093/annonc/mdq463
https://doi.org/10.1136/ijgc-2020-001362
https://doi.org/10.1136/ijgc-2020-001362
https://doi.org/10.1136/ijgc-2020-001362
https://doi.org/10.1136/ijgc-2020-001362
https://doi.org/10.1136/ijgc-2020-001362
https://pubmed.ncbi.nlm.nih.gov/11578482/
https://pubmed.ncbi.nlm.nih.gov/11578482/
https://pubmed.ncbi.nlm.nih.gov/11578482/
https://doi.org/10.1016/S0090-8258%2822%2901660-2
https://doi.org/10.1016/S0090-8258%2822%2901660-2
https://doi.org/10.1016/S0090-8258%2822%2901660-2
https://doi.org/10.1016/S0090-8258%2822%2901660-2


P. Gomez 21

[10] A. Katcher, K. Seay, H. Juhel, W. Shan, A. Nizam, A. Kredentser, 
et al., The accuracy of pre-operative and intra-operative 
pathologic diagnosis of complex atypical hyperplasia and 
endometrial cancer, Gynecologic Oncol. 166 (2022), S190.

[11] M.L. Iversen, M. Dueholm, Complex non atypical hyperpla-
sia and the subsequent risk of carcinoma, atypia and hys-
terectomy during the following 9–14 years, Eur. J. Obstet. 
Gynecol. Reprod. Biol. 222 (2018), 171–175.

[12] B.-L. Li, X.-P. Wan, Prognostic significance of immune land-
scape in tumour microenvironment of endometrial cancer, 
J. Cell. Mol. Med. 24 (2020), 7767–7777.

[13] C. Zhou, C. Li, F. Yan, Y. Zheng, Identification of an immune 
gene signature for predicting the prognosis of patients 
with uterine corpus endometrial carcinoma, Cancer Cell 
Int. 20 (2020), 541.

[14] C. Nero, F. Ciccarone, A. Pietragalla, G. Scambia, PTEN and 
Gynecological cancers, Cancers (Basel). 11 (2019), 1458.

[15] G.M. Blumenthal, P.A. Dennis, Germline PTEN mutations as 
a cause of early-onset endometrial cancer, J. Clin. Oncol. 26 
(2008), 2234–2234.

[16] J.L. Hecht, G.L. Mutter, Molecular and pathologic aspects 
of endometrial carcinogenesis, J. Clin. Oncol. 24 (2006), 
4783–4791.

[17] Y. Zhang, J. Zhang, Z. Shao, L. Zhao, Y. Zhang, S. Zhang,  
et al., Mutational landscapes and tumour mutational 
burden expression in endometrial cancer, Ann. Oncol. 30 
(2019), v424–v425.

[18] Y.-R. Lee, M. Chen, P.P. Pandolfi, The functions and regula-
tion of the PTEN tumour suppressor: new modes and pros-
pects, Nat. Rev. Mol. Cell Biol. 19 (2018), 547–562.

[19] I. Sansal, W.R. Sellers, The biology and clinical relevance 
of the PTEN tumor suppressor pathway, J. Clin. Oncol. 22 
(2004), 2954–2963.

[20] S. Bose, G.K. Schwartz, M. Ingham, Novel therapeutics in 
the treatment of uterine sarcoma, Am. Soc. Clin. Oncol. 
Educ. Book. 42 (2022), 900–909.

[21] J.A. Rauh-Hain, T. Oduyebo, E.J. Diver, S.H. Guseh, S. George, 
M.G. Muto, et al., Uterine leiomyosarcoma: an updated 
series, Int. J. Gynecol. Cancer. 23 (2013), 1036–1043.

[22] A. Janiec-Jankowska, B. Konopka, C. Goluda, U. Najmoła, 
TP53 mutations in endometrial cancers: relation to PTEN 
gene defects, Int. J. Gynecol. Cancer. 20 (2010), 196–202.

[23] L. Vermij, A. Léon-Castillo, N. Singh, M.E. Powell, R.J. 
Edmondson, C. Genestie, et al., p53 immunohistochem-
istry in endometrial cancer: clinical and molecular cor-
relates in the PORTEC-3 trial, Mod. Pathol. 35 (2022), 
1475–1483.

[24] A.M. Schultheis, L.G. Martelotto, M.R. De Filippo, S. Piscuglio, 
C.K.Y. Ng, Y.R. Hussein, et al., TP53 mutational spectrum 
in endometrioid and serous endometrial cancers, Int. J. 
Gynecol. Pathol. 35 (2016), 289–300.

[25] S. Yadav, A. Agarwal, S. Mokal, S. Menon, B. Rekhi, K. 
Deodhar, Serous endometrial intraepithelial carcinoma: a 
clinico-pathological study of 48 cases and its association 
with endometrial polyps – a tertiary care oncology centre 
experience, Eur. J. Obstet. Gynecol. Reprod. Biol. 264 (2021), 
168–172.

[26] S. Wang, Z. Wang, K. Mittal, Concurrent endometrial intraep-
ithelial carcinoma (EIC) and endometrial hyperplasia, Hum. 
Pathol.: Case Rep. 2 (2015), 1–4. 

[27] J.S. Ferriss, B.K. Erickson, I.-M. Shih, A.N. Fader, Uterine 
serous carcinoma: key advances and novel treatment 
approaches, Int. J. Gynecol. Cancer. 31 (2021), 1165–
1174.

[28] P.A. Gehrig, D.E. Morris, L. Van Le, Uterine serous carcinoma: 
a comparison of therapy for advanced-stage disease, Int. J. 
Gynecol. Cancer. 14 (2004), 515–520.

[29] D. Faratian, A. Stillie, R.M.C. Busby-Earle, V.J. Cowie, H. 
Monaghan, A review of the pathology and management 
of uterine papillary serous carcinoma and correlation with 
outcome, Int. J. Gynecol. Cancer. 16 (2006), 972–978.

[30] B.M. Slomovitz, R.R. Broaddus, T.W. Burke, N. Sneige, P.T. 
Soliman, W. Wu, et al., Her-2/neu overexpression and ampli-
fication in uterine papillary serous carcinoma, J. Clin. Oncol. 
22 (2004), 3126–3132.

[31] M. Olivier, M. Hollstein, P. Hainaut, TP53 mutations in 
human cancers: origins, consequences, and clinical use, 
Cold Spring Harb. Perspect. Biol. 2 (2010), a001008. 

[32] F. Mantovani, L. Collavin, G. Del Sal, Mutant p53 as a guard-
ian of the cancer cell, Cell Death Differ. 26 (2019), 199–212.

[33] I. Espinosa, M.J. Carnicer, L. Catasus, B. Canet, E. D’angelo, 
G.F. Zannoni, et al., Myometrial invasion and lymph node 
metastasis in endometrioid carcinomas: tumor-associated 
macrophages, microvessel density, and HIF1A have a cru-
cial role. Am. J. Surg. Pathol. 34 (2010), 1708–1714.

[34] K.B. Lee, K.D. Ki, J.M. Lee, J.-K. Lee, J.W. Kim, C.-H. Cho, et al., 
The risk of lymph node metastasis based on myometrial 
invasion and tumor grade in endometrioid uterine can-
cers: a multicenter, retrospective Korean study, Ann. Surg. 
Oncol. 16 (2009), 2882–2887.

[35] A.B. Olawaiye, C.A. Leath, Contemporary management 
of uterine clear cell carcinoma: a Society of Gynecologic 
Oncology (SGO) review and recommendation, Gynecol. 
Oncol. 155 (2019), 365–373.

[36] I. Ben Safta, H. Mansouri, O. Jaidane, I. Zemni, N. Boujelbene, 
J. Ben Hassouna, et al., Clear cell carcinoma of the uterine 
corpus, Int. J. Gynecol. Cancer. 29 (2019), A167.

[37] C. Zhang, W. Hu, N. Jia, Q. Li, K. Hua, X. Tao, et al., Uterine 
carcinosarcoma and high-risk endometrial carcinomas: a 
clinicopathological comparison, Int. J. Gynecol. Cancer. 25 
(2015), 629–636.

[38] G. Pezzicoli, F. Moscaritolo, E. Silvestris, F. Silvestris, G. Cormio, 
C. Porta, et al., Uterine carcinosarcoma: an overview, Crit. 
Rev. Oncol. Hematol. 163 (2021), 103369.

[39] J.F. Liu, N. Xiong, S.M. Campos, A.A. Wright, C. Krasner,  
S. Schumer, et al., Phase II study of the WEE1 inhibitor 
adavosertib in recurrent uterine serous carcinoma, J. Clin. 
Oncol. 39 (2021), 1531–1539.

[40] S. Sagae, N. Susumu, A.N. Viswanathan, D. Aoki, F.J. Backes, 
D.M. Provencher, et al., Gynecologic Cancer InterGroup 
(GCIG) consensus review for uterine serous carcinoma, Int. 
J. Gynecol. Cancer. 24 (2014), S83–S89.

[41] M.C. Saez Perrotta, C.B. Chacon, A. Wernicke, Mixed endo-
metrial carcinomas: morphologic features, pathogene-
sis, and diagnostic challenges, Int. J. Gynecol. Cancer. 31 
(2021), 304–305.

[42] I. Espinosa, E. D’Angelo, M. Corominas, A. Gonzalez, J. Prat, 
Mixed endometrial carcinomas with a “low-grade serous”–
like component: a clinicopathologic, immunohistochemi-
cal, and molecular genetic study, Hum. Pathol. 71 (2018), 
65–73.

[43] X. Wang, A. Cao, Z. Hou, X. Li, B. Gao, Identification of key 
classification features of early cervical squamous cell carci-
noma, Comput. Biol. Chem. 93 (2021), 107531.

[44] M.E. Robert, Y.S. Fu, Squamous cell carcinoma of the uter-
ine cervix—a review with emphasis on prognostic fac-
tors and unusual variants, Semin. Diagn. Pathol. 7 (1990), 
173–189.

https://doi.org/10.1016/S0090-8258%2822%2901593-1
https://doi.org/10.1016/S0090-8258%2822%2901593-1
https://doi.org/10.1016/S0090-8258%2822%2901593-1
https://doi.org/10.1016/S0090-8258%2822%2901593-1
https://doi.org/10.1016/j.ejogrb.2018.01.026
https://doi.org/10.1016/j.ejogrb.2018.01.026
https://doi.org/10.1016/j.ejogrb.2018.01.026
https://doi.org/10.1016/j.ejogrb.2018.01.026
https://doi.org/10.1111/jcmm.15408
https://doi.org/10.1111/jcmm.15408
https://doi.org/10.1111/jcmm.15408
https://doi.org/10.1186/s12935-020-01560-w
https://doi.org/10.1186/s12935-020-01560-w
https://doi.org/10.1186/s12935-020-01560-w
https://doi.org/10.1186/s12935-020-01560-w
https://doi.org/10.3390/cancers11101458
https://doi.org/10.3390/cancers11101458
https://doi.org/10.1200/JCO.2007.15.8949
https://doi.org/10.1200/JCO.2007.15.8949
https://doi.org/10.1200/JCO.2007.15.8949
https://doi.org/10.1200/JCO.2006.06.7173
https://doi.org/10.1200/JCO.2006.06.7173
https://doi.org/10.1200/JCO.2006.06.7173
https://doi.org/10.1093/annonc/mdz250.048
https://doi.org/10.1093/annonc/mdz250.048
https://doi.org/10.1093/annonc/mdz250.048
https://doi.org/10.1093/annonc/mdz250.048
https://pubmed.ncbi.nlm.nih.gov/29858604/
https://pubmed.ncbi.nlm.nih.gov/29858604/
https://pubmed.ncbi.nlm.nih.gov/29858604/
https://pubmed.ncbi.nlm.nih.gov/15254063/
https://pubmed.ncbi.nlm.nih.gov/15254063/
https://pubmed.ncbi.nlm.nih.gov/15254063/
https://doi.org/10.1200/EDBK_350541
https://doi.org/10.1200/EDBK_350541
https://doi.org/10.1200/EDBK_350541
https://doi.org/10.1097/IGC.0b013e31829590dc
https://doi.org/10.1097/IGC.0b013e31829590dc
https://doi.org/10.1097/IGC.0b013e31829590dc
https://doi.org/10.1111/IGC.0b013e3181c83675
https://doi.org/10.1111/IGC.0b013e3181c83675
https://doi.org/10.1111/IGC.0b013e3181c83675
http://doi.org/10.1038/s41379-022-01102-x
http://doi.org/10.1038/s41379-022-01102-x
http://doi.org/10.1038/s41379-022-01102-x
http://doi.org/10.1038/s41379-022-01102-x
http://doi.org/10.1038/s41379-022-01102-x
https://doi.org/10.1097/PGP.0000000000000243
https://doi.org/10.1097/PGP.0000000000000243
https://doi.org/10.1097/PGP.0000000000000243
https://doi.org/10.1097/PGP.0000000000000243
https://doi.org/10.1016/j.ejogrb.2021.07.007
https://doi.org/10.1016/j.ejogrb.2021.07.007
https://doi.org/10.1016/j.ejogrb.2021.07.007
https://doi.org/10.1016/j.ejogrb.2021.07.007
https://doi.org/10.1016/j.ejogrb.2021.07.007
https://doi.org/10.1016/j.ejogrb.2021.07.007
http://doi.org/10.1016/j.ehpc.2014.07.003
http://doi.org/10.1016/j.ehpc.2014.07.003
http://doi.org/10.1016/j.ehpc.2014.07.003
https://pubmed.ncbi.nlm.nih.gov/34210768/
https://pubmed.ncbi.nlm.nih.gov/34210768/
https://pubmed.ncbi.nlm.nih.gov/34210768/
https://pubmed.ncbi.nlm.nih.gov/34210768/
https://pubmed.ncbi.nlm.nih.gov/15228426/
https://pubmed.ncbi.nlm.nih.gov/15228426/
https://pubmed.ncbi.nlm.nih.gov/15228426/
https://pubmed.ncbi.nlm.nih.gov/16803471/
https://pubmed.ncbi.nlm.nih.gov/16803471/
https://pubmed.ncbi.nlm.nih.gov/16803471/
https://pubmed.ncbi.nlm.nih.gov/16803471/
https://doi.org/10.1200/JCO.2004.11.154
https://doi.org/10.1200/JCO.2004.11.154
https://doi.org/10.1200/JCO.2004.11.154
https://doi.org/10.1200/JCO.2004.11.154
http://doi.org/10.1101/cshperspect.a001008
http://doi.org/10.1101/cshperspect.a001008
http://doi.org/10.1101/cshperspect.a001008
https://doi.org/10.1038/s41418-018-0246-9
https://doi.org/10.1038/s41418-018-0246-9
http://doi.org/10.1097/PAS.0b013e3181f32168
http://doi.org/10.1097/PAS.0b013e3181f32168
http://doi.org/10.1097/PAS.0b013e3181f32168
http://doi.org/10.1097/PAS.0b013e3181f32168
http://doi.org/10.1097/PAS.0b013e3181f32168
http://doi.org/10.1245/s10434-009-0535-0
http://doi.org/10.1245/s10434-009-0535-0
http://doi.org/10.1245/s10434-009-0535-0
http://doi.org/10.1245/s10434-009-0535-0
http://doi.org/10.1245/s10434-009-0535-0
https://doi.org/10.1016/j.ygyno.2019.08.031
https://doi.org/10.1016/j.ygyno.2019.08.031
https://doi.org/10.1016/j.ygyno.2019.08.031
https://doi.org/10.1016/j.ygyno.2019.08.031
https://doi.org/10.1136/ijgc-2019-igcs.402
https://doi.org/10.1136/ijgc-2019-igcs.402
https://doi.org/10.1136/ijgc-2019-igcs.402
https://doi.org/10.1097/igc.0000000000000350
https://doi.org/10.1097/igc.0000000000000350
https://doi.org/10.1097/igc.0000000000000350
https://doi.org/10.1097/igc.0000000000000350
https://doi.org/10.1016/j.critrevonc.2021.103369
https://doi.org/10.1016/j.critrevonc.2021.103369
https://doi.org/10.1016/j.critrevonc.2021.103369
https://doi.org/10.1200/jco.20.03167
https://doi.org/10.1200/jco.20.03167
https://doi.org/10.1200/jco.20.03167
https://doi.org/10.1200/jco.20.03167
https://doi.org/10.1097/igc.0000000000000264
https://doi.org/10.1097/igc.0000000000000264
https://doi.org/10.1097/igc.0000000000000264
https://doi.org/10.1097/igc.0000000000000264
https://doi.org/10.1136/ijgc-2020-002069
https://doi.org/10.1136/ijgc-2020-002069
https://doi.org/10.1136/ijgc-2020-002069
https://doi.org/10.1136/ijgc-2020-002069
https://doi.org/10.1016/j.humpath.2017.10.016
https://doi.org/10.1016/j.humpath.2017.10.016
https://doi.org/10.1016/j.humpath.2017.10.016
https://doi.org/10.1016/j.humpath.2017.10.016
https://doi.org/10.1016/j.humpath.2017.10.016
https://doi.org/10.1016/j.compbiolchem.2021.107531
https://doi.org/10.1016/j.compbiolchem.2021.107531
https://doi.org/10.1016/j.compbiolchem.2021.107531
https://pubmed.ncbi.nlm.nih.gov/2218146/
https://pubmed.ncbi.nlm.nih.gov/2218146/
https://pubmed.ncbi.nlm.nih.gov/2218146/
https://pubmed.ncbi.nlm.nih.gov/2218146/


P. Gomez22

[45] S. Stolnicu, K.J. Park, T. Kiyokawa, E. Oliva, W.G. McCluggage, 
R.A. Soslow, Tumor typing of endocervical adenocarci-
noma: contemporary review and recommendations from 
the International Society of Gynecological Pathologists, Int. 
J. Gynecol. Pathol. 40 (2021), S75–S91.

[46] K.L. Talia, E. Oliva, J.T. Rabban, N. Singh, S. Stolnicu, W.G. 
McCluggage, Grading of endocervical adenocarcinomas: 
review of the literature and recommendations from the 
International Society of Gynecological Pathologists, Int. J. 
Gynecol. Pathol. 40 (2021), S66–S74.

[47] S. Zhang, H. Xu, L. Zhang, Y. Qiao, Cervical cancer: epide-
miology, risk factors and screening, Chin. J. Cancer Res. 32 
(2020), 720–728.

[48] J. Lei, L.S. Arroyo-Mühr, C. Lagheden, C. Eklund, S. Nordqvist 
Kleppe, M. Elfström, et al., Human papillomavirus infection 
determines prognosis in cervical cancer, J. Clin. Oncol. 40 
(2022), 1522–1528. 

[49] E.M. Burd, Human papillomavirus and cervical cancer, Clin. 
Microbiol. Rev. 16 (2003), 1–17.

[50] H. zur Hausen, Papillomaviruses and cancer: from basic 
studies to clinical application, Nat. Rev. Cancer. 2 (2002), 
342–350.

[51] D.A. Elson, R.R. Riley, A. Lacey, G. Thordarson, F.J. Talamantes, 
J.M. Arbeit, Sensitivity of the cervical transformation zone 
to estrogen-induced squamous carcinogenesis, Cancer 
Res. 60 (2000), 1267–1275.

[52] H. Deng, E. Hillpot, S. Mondal, K.K. Khurana, C.D. Woodworth, 
HPV16-immortalized cells from human transformation 
zone and endocervix are more dysplastic than ectocervical 
cells in organotypic culture, Sci. Rep. 8 (2018), 15402.

[53] I.A. Voutsadakis, PI3KCA mutations in uterine cervix carci-
noma, J. Clin. Med. 10 (2021), 220.

[54] S. Razia, K. Nakayama, K. Nakamura, T. Ishibashi, M. Ishikawa, 
T. Minamoto, et al., Clinicopathological and biological anal-
ysis of PIK3CA mutation and amplification in cervical carci-
nomas, Exp. Ther. Med. 18 (2019), 2278–2284.

[55] J. Doorbar, H. Griffin, Refining our understanding of cervi-
cal neoplasia and its cellular origins, Papillomavirus Res. 7 
(2019), 176–179.

[56] C.M. Park, H.M. Koh, S. Park, H.S. Kang, S.S. Shim, S.Y. Kim, 
Gastric type mucinous endocervical adenocarcinoma of 
the uterine cervix: very rare and interesting case, Obstet. 
Gynecol. Sci. 61 (2018), 165–169.

[57] Z. Liu, J. Li, H. Gu, H. Tu, G. Liu, J. Liu, Clear cell adenocar-
cinoma of uterine cervix: a single institution retrospective 
experience, Front. Oncol. 10 (2020), 532748.

[58] S. Stolnicu, L. Hoang, O. Hanko-Bauer, I. Barsan, C. Terinte,  
A. Pesci, et al., Cervical adenosquamous carcinoma: 
detailed analysis of morphology, immunohistochemical 
profile, and clinical outcomes in 59 cases, Mod. Pathol. 32 
(2019), 269–279.

[59] M.L. Tornesello, C. Annunziata, L. Buonaguro, S. Losito,  
S. Greggi, F.M. Buonaguro, TP53 and PIK3CA gene muta-
tions in adenocarcinoma, squamous cell carcinoma and 
high-grade intraepithelial neoplasia of the cervix, J. Transl. 
Med. 12 (2014), 255.

[60] A. Hodgson, Y. Amemiya, A. Seth, M. Cesari, B. Djordjevic,  
C. Parra-Herran, Genomic abnormalities in invasive endo-
cervical adenocarcinoma correlate with pattern of inva-
sion: biologic and clinical implications, Mod. Pathol. 30 
(2017), 1633–1641.

[61] AACR Project GENIE Consortium, AACR Project GENIE: 
Powering Precision Medicine through an International 
Consortium, Cancer Discov. 7 (2017), 818–831.

[62] R. Kundra, H. Zhang, R. Sheridan, S.J. Sirintrapun, A. Wang, A. 
Ochoa, et al., OncoTree: a cancer classification system for pre-
cision oncology, JCO Clin. Cancer Inform. 5 (2021), 221–230.

[63] National Cancer Institute, GDC Documentation, https://
docs.gdc.cancer.gov/Encyclopedia/pages/Variant_Type/

[64] E. Ladhuis, Deep learning takes on tumours, Artificial-
intelligence methods are moving into cancer research, 
Nature. 580 (2020), 551–553.

[65] W. Jiao, G. Atwal, P. Polak, R. Karlic, E. Cuppen, PCAWG 
Tumor Subtypes and Clinical Translation Working Group; 
et al., A deep learning system accurately classifies primary 
and metastatic cancers using passenger mutation pat-
terns, Nat. Commun. 11 (2020), 728.

[66] A. Kleppe, O.J. Skrede, S. De Raedt, K. Liestøl, D.J. Kerr, H.E. 
Danielsen, Designing deep learning studies in cancer diag-
nostics, Nat. Rev. Cancer. 21 (2021), 199–211.

[67] W. Zhu, L. Xie, J. Han, X. Guo, The application of deep learn-
ing in cancer prognosis prediction, Cancers. 12 (2020), 603.

[68] S. Albawi, T.A. Mohammed, S. Al-Zawi, Understanding 
of a convolutional neural network, 2017 International 
Conference on Engineering and Technology (ICET), IEEE, 
Antalya, Turkey, 2017, pp. 1–6.

https://doi.org/10.1097/pgp.0000000000000751
https://doi.org/10.1097/pgp.0000000000000751
https://doi.org/10.1097/pgp.0000000000000751
https://doi.org/10.1097/pgp.0000000000000751
https://doi.org/10.1097/pgp.0000000000000751
https://doi.org/10.1097/pgp.0000000000000741
https://doi.org/10.1097/pgp.0000000000000741
https://doi.org/10.1097/pgp.0000000000000741
https://doi.org/10.1097/pgp.0000000000000741
https://doi.org/10.1097/pgp.0000000000000741
https://pubmed.ncbi.nlm.nih.gov/33446995/
https://pubmed.ncbi.nlm.nih.gov/33446995/
https://pubmed.ncbi.nlm.nih.gov/33446995/
https://doi.org/10.1200/jco.21.01930
https://doi.org/10.1200/jco.21.01930
https://doi.org/10.1200/jco.21.01930
https://doi.org/10.1200/jco.21.01930
https://pubmed.ncbi.nlm.nih.gov/12525422/
https://pubmed.ncbi.nlm.nih.gov/12525422/
https://doi.org/10.1038/nrc798
https://doi.org/10.1038/nrc798
https://doi.org/10.1038/nrc798
https://pubmed.ncbi.nlm.nih.gov/10728686/
https://pubmed.ncbi.nlm.nih.gov/10728686/
https://pubmed.ncbi.nlm.nih.gov/10728686/
https://pubmed.ncbi.nlm.nih.gov/10728686/
https://doi.org/10.1038/s41598-018-33865-2
https://doi.org/10.1038/s41598-018-33865-2
https://doi.org/10.1038/s41598-018-33865-2
https://doi.org/10.1038/s41598-018-33865-2
https://doi.org/10.3390/jcm10020220
https://doi.org/10.3390/jcm10020220
https://doi.org/10.3892/etm.2019.7771
https://doi.org/10.3892/etm.2019.7771
https://doi.org/10.3892/etm.2019.7771
https://doi.org/10.3892/etm.2019.7771
https://doi.org/10.1016/j.pvr.2019.04.005
https://doi.org/10.1016/j.pvr.2019.04.005
https://doi.org/10.1016/j.pvr.2019.04.005
https://doi.org/10.5468/ogs.2018.61.1.165
https://doi.org/10.5468/ogs.2018.61.1.165
https://doi.org/10.5468/ogs.2018.61.1.165
https://doi.org/10.5468/ogs.2018.61.1.165
https://doi.org/10.3389/fonc.2020.532748
https://doi.org/10.3389/fonc.2020.532748
https://doi.org/10.3389/fonc.2020.532748
https://doi.org/10.1038/s41379-018-0123-6
https://doi.org/10.1038/s41379-018-0123-6
https://doi.org/10.1038/s41379-018-0123-6
https://doi.org/10.1038/s41379-018-0123-6
https://doi.org/10.1038/s41379-018-0123-6
https://doi.org/10.1186/s12967-014-0255-5
https://doi.org/10.1186/s12967-014-0255-5
https://doi.org/10.1186/s12967-014-0255-5
https://doi.org/10.1186/s12967-014-0255-5
https://doi.org/10.1186/s12967-014-0255-5
https://doi.org/10.1038/modpathol.2017.80
https://doi.org/10.1038/modpathol.2017.80
https://doi.org/10.1038/modpathol.2017.80
https://doi.org/10.1038/modpathol.2017.80
https://doi.org/10.1038/modpathol.2017.80
https://pubmed.ncbi.nlm.nih.gov/28572459/
https://pubmed.ncbi.nlm.nih.gov/28572459/
https://pubmed.ncbi.nlm.nih.gov/28572459/
https://pubmed.ncbi.nlm.nih.gov/33625877/
https://pubmed.ncbi.nlm.nih.gov/33625877/
https://pubmed.ncbi.nlm.nih.gov/33625877/
https://pubmed.ncbi.nlm.nih.gov/32317799/
https://pubmed.ncbi.nlm.nih.gov/32317799/
https://pubmed.ncbi.nlm.nih.gov/32317799/
https://pubmed.ncbi.nlm.nih.gov/32024849/
https://pubmed.ncbi.nlm.nih.gov/32024849/
https://pubmed.ncbi.nlm.nih.gov/32024849/
https://pubmed.ncbi.nlm.nih.gov/32024849/
https://pubmed.ncbi.nlm.nih.gov/32024849/
https://doi.org/10.1038/s41568-020-00327-9
https://doi.org/10.1038/s41568-020-00327-9
https://doi.org/10.1038/s41568-020-00327-9
https://doi.org/10.3390/cancers12030603
https://doi.org/10.3390/cancers12030603
https://doi.org/10.1109/icengtechnol.2017.8308186
https://doi.org/10.1109/icengtechnol.2017.8308186
https://doi.org/10.1109/icengtechnol.2017.8308186
https://doi.org/10.1109/icengtechnol.2017.8308186

