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Editorial on the Research Topic
Insights in Cancer Endocrinology: 2021
This Research Topic entitled “Insights in Cancer Endocrinology: 2021” provides a

collection of work highlighting important issues in the field, for example, furthering our

understanding of important cell signalling pathways and optimization of treatment

options in different cancers. Panigoro et al. report on a multicentre, case-control study

conducted in six public referral hospitals in Indonesia and assessed the use of triglyceride

glucose index (TyG) as a reliable and cost-effective surrogate marker of insulin resistance.

The authors found it to be associated with the risk of breast cancer in a non-linear

fashion. Mutations in the breast and ovarian cancer susceptibility gene (BRCA1) are also

associated with an increased risk of developing cancers, including those of the breast and

ovary. Werner’s review emphasizes the emerging non-genomic roles of BRCA1, for

example being an important regulator of endocrine and metabolic axes, including the

insulin/IGF1 signalling pathway. BRCA1 mutations are also correlated with metabolic

disorders, such as metabolic syndrome and diabetes. A mini-review written by

Bulatowitcz et al. discusses the role of another important regulator of cell behavior in

cancer progression, the insulin-like growth factor 1 receptor (IGF-1R). The IGF-1R has

mostly been described as pro-tumorigenic, but the authors highlight that both pro- and

anti-tumorigenic roles have been described mainly in mouse models of breast cancer and

they provide hypotheses to support these conflicting data [IN PRESS].

Prostate cancer (PCa) remains the second most common cancer in men globally and

Wang et al. describe the ‘burden’ of PCa in China from 1990- 2019. Whilst the incidence

in China is still relatively low compared with other countries, it appears to be on the

increase and the rates and disease burden amongst the provinces in China are very

different. The authors conclude that based on this, implementing more targeted and

effective strategies should be considered [IN PRESS]. In terms of new therapeutic options

for men with advanced PCa, Licitra et al. have written a review highlighting the limited

approaches available. They report that a better understanding in recent years of for

example, the role of the tumor micro-environment, has led to the emergence of novel

therapeutic approaches.
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There are many adverse side effects of cancer therapies and a

vitally important one is highlighted by Eugeni et al. who

reviewed current available approaches to protect or restore

fertility in young prepubertal male patients, before they

undergo potentially damaging treatments, such as radiotherapy

[IN PRESS]. In addition, immune checkpoint inhibitors are

currently now used to treat cancer patients and Barnabei et al.

have reported that a rare side-effect of these drugs is central

diabetes insipidus (CDI) and to provide better management of

the adverse effects and the specific drugs that trigger it, they

describe a new, improved grading system for CDI.

Von Hippel-Lindau (VHL) disease is a hereditary condition

associated with tumors occurring in multiple organs, including

the brain, spine, eyes, kidneys, pancreas, adrenal glands, inner

ears, reproductive tract, liver, and lung, and is caused by

mutations in a tumor suppressor gene called VHL. Mathó

et al. characterise two novel variants of this gene, to help

understand how they may affect the function and fate of VHL

protein and impact on disease progression.

Neuroendocrine tumors (NETs) are rare cancers and can

develop in different locations, as neuroendocrine cells are found

in most organs of the body. Puliani et al. have written a mini

review to provide a new vision for the potential increased use,

safety and prognostic and predictive factors of two

radiopharmaceuticals, 177Lu-DOTATATE and 90Y-DOTATOC

in peptide receptor radionuclide therapy (PPRT) for NETs.

Contarino et al. focused on medullary thyroid carcinoma and

in their case series and review of the literature they asked the

question: “Is encapsulated medullary carcinoma associated with

a better prognosis?”. Cui et al. retrospectively analysed clinical

data from patients with local-regional recurrence of

pheochromocytoma/paraganglioma and reported on their

characteristics, risk factors and outcome. Giuffrida et al.

analyzed the methylation profile from eleven growth

hormone-secreting (GH-omas) and ten non-functioning (NF-

omas) pituitary adenomas and report that the epigenetic
Frontiers in Endocrinology
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landscape of these tumors is complicated. Whilst

hypermethylation is considerably more prevalent in NFPA

compared with GH-omas, its contribution to the disease is still

to be determined. Furthermore, Mangili et al. performed in vitro

studies to examine if cabergoline in combination with mTOR

inhibitors may be a potential treatment specifically for patients

with b-arrestin2 expressing pituitary neuroendocrine tumors or

other subtypes also resistant to conventional therapy

[IN PRESS].

It has been our pleasure to host this exciting Research Topic

and we thank all the authors for their excellent contributions.
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Mardiana Madjid12, Dedy Yulidar13, Jane Estherina Fransiska14, Retno Widyawati15,
Effif Syofra Tripriadi16, Wiwit Ade F. W.17, Dewi Krisna Yunda18 and Raymond Pranata19

1 Department of Surgical Oncology, Dr. Cipto Mangunkusumo Hospital, Faculty of Medicine, Universitas Indonesia, Jakarta,
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4 Department of Pathological Anatomy, Dr. Cipto Mangunkusumo Hospital, Faculty of Medicine, Universitas Indonesia, Jakarta,
Indonesia, 5 Department of Surgical Oncology, Dharmais Hospital National Cancer Center, Jakarta, Indonesia, 6 Department of
Nutrition, Dharmais Hospital National Cancer Center, Jakarta, Indonesia, 7 Department of Hematology and Medical Oncology, Dr.
Kariadi General Hospital, Faculty of Medicine, Diponegoro University, Semarang, Indonesia, 8 Department of Surgical Oncology,
Dr. Kariadi General Hospital, Faculty of Medicine, Diponegoro University, Semarang, Indonesia, 9 Department of Nutrition, Dr.
Kariadi General Hospital, Faculty of Medicine, Diponegoro University, Semarang, Indonesia, 10 Department of Surgical Oncology,
Wahidin Sudirohusodo General Hospital, Faculty of Medicine, Hasanuddin University, Makassar, Indonesia, 11 Division of
Hematology-Medical Oncology, Department of Internal Medicine, Hasanuddin University General Hospital, Faculty of Medicine,
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Johannes General Hospital, Kupang, Indonesia, 15 Department of Pathological Anatomy, Prof. Dr. WZ Johannes General
Hospital, Kupang, Indonesia, 16 Department of Surgical Oncology, Arifin Achmad General Hospital, Faculty of Medicine, Riau
University, Pekanbaru, Indonesia, 17 Department of Pathological Anatomy, Arifin Achmad General Hospital, Faculty of Medicine,
Riau University, Pekanbaru, Indonesia, 18 Department of Nutrition, Arifin Achmad General Hospital, Faculty of Medicine, Riau
University, Pekanbaru, Indonesia, 19 Department of Nutrition, Nutrition Cancer Reaserch Team, Dharmais Hospital National
Cancer Center, Jakarta, Indonesia

Background: This study aims to evaluate the association and dose-response between
triglyceride-glucose (TyG) index and breast cancer.

Method: This is a multicenter case-control study conducted in six public referral hospitals
in Indonesia. Cases are individuals aged 19 years or above who were diagnosed with
breast cancer within 1 year of diagnosis, based on histopathology and
immunohistochemistry. Controls were recruited from corresponding hospitals. TyG
index was determined by the formula: ln (fasting TG [mg/dl] × fasting glucose [mg/dl]).

Results: There were 212 participants in the breast cancer group and 212 participants in
the control group. TyG index was higher in patients with breast cancer (median 8.65 [7.38,
10.9] vs. 8.30 [7.09, 10.84], p < 0.001). When compared with TyG quartile of Q1, Q4 was
associated with an OR of 2.42 (1.77, 3.31), p < 0.001, Q3 was associated with an OR of
1.53 (1.21, 1.93), p < 0.001, Q2 was associated with an OR of 1.39 (1.12, 1.73), p = 0.002
n.org October 2021 | Volume 12 | Article 74523617
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for the risk of breast cancer. The dose-response relationship was nonlinear (p < 0.001).
On univariate analysis, smoking (OR 2.15 [1.44, 3.22], p < 0.001), use of contraception
(1.73 [1.15, 2.60], p = 0.008), alcohol consumption (OR 2.04 [0.96, 4.35], p = 0.064), and
TyG Index >8.87 (OR 3.08 [1.93, 4.93], p < 0.001) were associated with risk of breast
cancer. Independently associated with increased risk of breast cancer included smoking
(OR 1.93 [1.23, 3.01], p = 0.004), use of contraception (OR 1.59 [1.02, 2.48], p = 0.039),
and TyG Index >8.87 (OR 2.93 [1.72, 4.98], p < 0.001)

Conclusion: TyG index was associated with breast cancer in a nonlinear dose-response
fashion.
Keywords: breast cancer, insulin resistance, triglyceride, glucose, insulin
INTRODUCTION

Breast cancer is the most common cancer worldwide (1, 2). There
were an estimated 2.3 million new cases of female breast cancer
out of 19.3 million new cases of cancer (i.e., breast cancer
represents 11.7% of all new cancer cases) worldwide in 2020 (2).
Breast cancer accounts for one in six cancer deaths and has
become the leading cause of cancer death in the majority of
countries. This trend also occurs in Indonesia where the incidence
rate of breast cancer is 44.0 and mortality rate is 15.3 out of
100,000 (2, 3). Breast cancer is associated with several risk factors
which numerous studies have investigated (4–7). Risk factors are
commonly differentiated into two categories namely
nonmodifiable and modifiable risk factors. The nonmodifiable
risk factors consist of age, age of menarche, genetic factors, family
history, and history of breast cancer, while the modifiable category
includes weight status, fat intake, parity, breastfeeding status,
alcohol consumption, smoking habit, and the use of
contraception (4–6, 8).

Recent studies suggest that insulin resistance was associated
with breast cancer and may affect its prognosis (9, 10).
Euglycemic-hyperinsulinemic clamp (clamp-IR) is the gold
standard for IR diagnosis (11); however, its use is impractical
(12). Triglyceride-glucose (TyG) index is a reliable surrogate
marker of insulin resistance (13), which is calculated by formula
comprising fasting glyceride and glucose, which is usually
assessed in apparently healthy individuals (14). Thus, risk
stratification for breast cancer using TyG index is practical,
feasible, and cost-effective. Although ideally evaluated using a
prospective cohort study, this case-control study may provide
early evidence regarding the association between insulin
resistance and breast cancer. This study aims to evaluate the
association between TyG index and breast cancer and assess the
dose-response between TyG index and breast cancer.
PATIENTS AND METHODS

Study Population
This was a multicenter case-control study conducted in six public
referral hospitals in Indonesia, namely, Ciptomangunkusumo
Hospital in Jakarta, Dharmais Cancer Center in Jakarta, Arifin
n.org 28
Achmad General Hospital in Pekanbaru, Dr. Kariadi Hospital in
Semarang, Wahidin Sudirohusodo Hospital in Makassar, and
Prof. Dr. WZ. Johannes Hospital in Kupang. Recruitment of
study participants was performed consecutively between April to
August 2019. A total of 432 women consisting of 216 cases and
216 controls were recruited. The sample size was derived from
proportion estimate of two population with the formula (Z1−a/
2√2PQ + Z1−b√P1Q 1+P2Q2)2/(P1−P2)2.

The inclusion criteria for the case group are as follows (1):
individuals aged 19 years or above who were diagnosed with breast
cancer based on histopathology and immunohistochemistry
between April to August 2019. The maximum year
postdiagnosis was 1 year (2), patients with breast cancer that
has not received therapy, (3) can read, understand, and provide
consent, and (4) complete medical record and paraffin block.
Those with incomplete questionnaire data were excluded.
Controls were recruited from corresponding hospitals. Inclusion
criteria for the control group were as follows: (1) women aged 19
years or above (matched 5 years), (2) in healthy conditions based
on anamnesis and physical examination results, (3) no evidence of
cancer or history of cancer, and (4) no evidence of chronic disease.
Most individuals recruited as controls were hospital employees.
The study was approved by Ethical Committee of Health Research
in the Faculty of Medicine, Universitas Indonesia, Rumah Sakit
Cipto Mangunkusumo, Jakarta, Indonesia (450/UN2.F1/
ETIK/2018).

Measurements
Data were collected through medical records and a self-
administered structured questionnaire. The questionnaire
included information on age at menarche, smoking history,
reproductive risk factors (i.e., breastfeeding and use of
contraception), family history of malignancy, alcohol
consumption, and nutrition intake.

TyG index was determined by the formula: ln (fasting TG
[mg/dl] × fasting glucose [mg/dl]) (14).

Weight and height were measured to the nearest 0.1 kg and
0.5 cm according to standardized procedures. The study
participants wore light clothes and no shoes during the
measurement. Body mass index (BMI) was calculated as weight
in kilograms divided by the square of height in meters. BMI was
classified according to WHO into underweight (<18.5 kg/m2),
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normal weight (18.5–24.9 kg/m2), and overweight and obese
(>24.9 kg/m2).

Menarche was defined as the age when the first menstruation
occurred. The use of contraception, breastfeeding history, smoking
status, and alcohol consumption were defined from the
questionnaire. Participants were classified as using contraception/
breastfeeding/having smoking history/consuming alcohol if they
answered “yes” to the question “have you ever used contraception/
breastfed/smokedcigarettes/drunkalcoholduringyour entire life?”.
Those who answered yes were then asked for the duration of using
contraception/breastfeeding/having smoking history/consuming
alcohol. Type of contraception was also asked to those who ever
used contraception.

Statistical Analysis
Categorical data are presented as proportions. The distribution
of continuous data was inspected using QQ plots, histograms,
Kolmogorov-Smirnoff, and Shapiro-Wilk test. Normally
distributed data are presented as means and standard
deviations (SD), while nonparametric data are presented as
median, minimum, and maximum values (median (min-max)).
Comparison of categorical variables was tested using Chi-square
test. Continuous variables were compared using independent t-
test or Mann-Whitney U test, where appropriate.

The TyG was divided into four quartiles, and the odds ratios
(ORs) for each quartile were calculated using the first quartile as
the reference. Restricted cubic spline model was constructed
using four knots at 7.9, 8.3, 8.7, and 9.4; nonlinearity of the dose-
response curve was also assessed. The ORs for TyG index and
breast cancer were calculated using logistic regression. A cutoff
point for TyG index was set at the beginning of the fourth
quartile for multivariate analysis. Multivariate logistic regression
was used to test the association between breast cancer and each
independent variable. The results are presented as ORs with 95%
Frontiers in Endocrinology | www.frontiersin.org 39
confidence intervals (CIs). Statistical significance was defined as
p < 0.05. Data were managed and analyzed using SPSS 25.0 (IBM,
Armonk, US) and STATA® version 16 (StataCorp, College
Station, TX, USA).
RESULTS

Baseline Characteristics
There were 212 participants in the breast cancer group and 212
participants in the control group. The baseline characteristics of
the participants in this study can be seen in Table 1. The
distribution of BMI categories was more or less the same, except
in the underweight group, in which there was a significantly
higher breast cancer patient in the underweight group.

Triglyceride-Glucose Index and
Breast Cancer
TyG index was higher in patients with breast cancer (median 8.65
[7.38, 10.9] vs. 8.30 [7.09, 10.84], p < 0.001). The patients were
divided into four quartiles based on the TyG index, namely, Q1
(7.09–8.12), Q2 (8.13–8.47), Q3 (8.48–8.86), and Q4 (8.87–10.90);
comprising of 101, 108, 108, and 107 patients, respectively. When
compared with TyG quartile of Q1, Q4 was associated with an OR
of 2.42 (1.77, 3.31), p < 0.001, Q3 was associated with an OR of
1.53 (1.21, 1.93), p < 0.001, Q2 was associated with an OR of 1.39
(1.12, 1.73), p = 0.002 for the risk of breast cancer (Table 2). There
was a non-linear relationship between TyG index and breast
cancer (p < 0.001) (Figure 1).

Univariate Analysis
On univariate analysis, variables that contribute to increased risk
of breast cancer were smoking (OR 2.15 [1.44, 3.22], p < 0.001),
TABLE 1 | Baseline characteristics of study participants.

Breast cancer (+) Breast cancer (−) p-Value
n = 212 n = 212

Age (year) 48 (22–78) 46 (22–75) 0.001
Smoking 100 (49.3) 65 (31.1) 0.001
Age at menarche (year) 13 (9–19) 13 (8–18) <0.001
Breastfeeding ≥12 months 81 (42) 87 (43.7) 0.726
Use of contraception 96 (48.7) 67 (35.4) 0.008
Family history of malignancy 35 (16.6) 45 (21.5) 0.197
Alcohol consumption 21 (10.1) 11 (5.2) 0.060
Body mass index (kg/m2)
Underweight 15 (7.2) 2 (1) 0.001
Normal 60 (28.8) 47 (22.5) 0.137
Overweight 39 (18.8) 46 (22) 0.409
Obese 94 (45.2) 114 (54.5) 0.056
TyG index 8.65 (7.38–10.9) 8.30 (7.09–10.84) <0.001
Q1 (7.09–8.12) 28 (13.2) 73 (34.4) <0.001
Q2 (8.13–8.47) 52 (24.5) 56 (26.4) 0.656
Q3 (8.48–8.86) 57 (26.9) 51 (24.1) 0.504
Q4 (8.87–10.90) 75 (35.4) 32 (15.1) <0.001
Total cholesterol 201.5 (71–343) 206 (113–561) 0.190
LDL 135 (39–268) 136 (67–268) <0.001
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use of contraception (1.73 [1.15, 2.60], p = 0.008), alcohol
consumption (OR 2.04 [0.96, 4.35], p = 0.064), and TyG Index
>8.87 (OR 3.08 [1.93, 4.93], p < 0.001) (Table 3).
Multivariate Analysis
On multivariate analysis, variables that were independently
associated with increased risk of breast cancer included
smoking (OR 1.93 [1.23, 3.01], p = 0.004), use of contraception
(OR 1.59 [1.02, 2.48], p = 0.039), and TyG Index >8.87 (OR 2.93
[1.72, 4.98], p < 0.001) (Table 3).
DISCUSSION

This study indicates that TyG index was associated with breast
cancer in a nonlinear dose-response fashion. TyG index >8.87
was independently associated with a threefold risk of breast
cancer. Although there was no statistically significant difference
in terms of overweight and obesity between the two groups, TyG
index, which is a marker of insulin resistance, was higher in
patients with breast cancer.

Hyperinsulinemia has been shown to be a risk factor for
breast cancer as shown by previous studies using fasting insulin
or c-peptide measurement (15–18). A Post Genome-Wide Gene–
Frontiers in Endocrinology | www.frontiersin.org 410
Environment Interaction Study identify insulin resistance single-
nucleotide polymorphisms (SNPs) in combination with lifestyle
as a synergistic factors for the risk of breast cancer (9). A study
involving 22,837 postmenopausal women found that insulin
resistance measured using homeostatic model assessment for
insulin resistance in postmenopausal women were associated
with higher incidence of breast cancer and mortality (10).
Interestingly, a study by Kabat et al. indicates that although
elevated serum insulin was associated with breast cancer, glucose
alone was not (18). A study by Zhu et al. on 2,536 patients with
breast cancer and 2528 patients with benign breast disease
showed that insulin and insulin resistance was associated with
breast cancer risk in Chinese women (19).

Gunter et al. showed that insulin resistance, and not adiposity
per se, is a risk factor for postmenopausal breast cancer (20).
Several reports indicate that overweight with normal insulin
sensitivity does not have increased risk for cardiovascular disease
(21–23), which might also be the case for breast cancer. In our
study, alike to that of the study of Gunter et al. (20), TyG index
was independently associated with breast cancer despite similar
baseline BMI characteristics. Since the dose-response
relationship between TyG index and risk of breast cancer was
nonlinear, a TyG index >8.87 which marks the beginning of the
fourth quartile was used as the cutoff point.

This present study showed that contraception use was
positively associated with the risk of breast cancer, although
statistical significance was lost in the multivariate analyzed. This
finding was well-reported in previous studies (24–26). In the
present study, we did not distinguish the type of hormonal
contraception. Several studies indicated no significant
differences regarding the type of oral contraception being used
by individuals with breast cancer (24, 25), while another study in
the USA shows that progestin-only pill consumption was not
correlated with the risk of breast cancer (27). Moreover, some
studies found that the duration of hormonal contraception use
was correlated with increased risk of breast cancer (24, 25).

Although there is tendency towards increased risk of breast
cancer related to alcohol consumption in the present study, it did
not reach statistical significance. Previous studies have shown
that alcohol was associated with breast cancer (28–32). A meta-
analysis reported that there is a significant association between
light drinking and breast cancer (32). Another study identified
that increased alcohol intake in postmenopausal women was
linked to a higher risk of breast cancer (31). It has been widely
accepted that the biological mechanism underlying the
correlation between alcohol and breast cancer is through the
effects of alcohol on circulating estrogen levels and thus mostly
associated with positive estrogen receptor breast cancer (28, 33).
This study did not stratify the amount of alcohol consumption,
the association might be dose related.

We did not found association of breast cancer with age at
menarche and breastfeeding. Yet, the association between age at
menarche and breast cancer has been established in previous
studies. Several studies showed that early age at menarche was
associated with increased risk of breast cancer (6, 34–36). A
meta-analysis of 117 studies reported that every year younger at
FIGURE 1 | Dose-response relationship between triglyceride-glucose index
and breast cancer.
TABLE 2 | Quartiles of triglyceride-glucose index and the risk of breast cancer.

TyG index quartiles Odds ratio p-Value

Q1 (7.09–8.12) [n = 101] Reference value Reference value
Q2 (8.13–8.47) [n = 108] 1.39 (1.12, 1.73) p = 0.002
Q3 (8.48–8.86) [n = 108] 1.53 (1.21, 1.93) p < 0.001
Q4 (8.87–10.90) [n = 107] 2.42 (1.77, 3.31) p < 0.001
TyG index, triglyceride-glucose index.
October 2021 | Volume 12 | Article 745236

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Panigoro et al. TyG Index and Breast Cancer
menarche led to increasing the risk of breast cancer by the odds
of 1.050 (95% CI 1.044–1.057, p < 0.0001) (35). In the present
study, the crude analysis indicated a significant association
between age at menarche and breast cancer, while such
association was not shown in the adjusted model. Lack of
power may be a reason for this null association.

The association between breastfeeding and breast cancer has
been contradictive. The present study found a null association of
breastfeeding with breast cancer. This finding is in line with
several studies (6, 37). In contrast, other studies reported that
breastfeeding has a protective effect on breast cancer (8, 38, 39).
The risk of breast cancer who breastfed exclusively was 28%
lower compared with those who had never breastfed (38). One of
the biological explanations for this association is that prolonged
breastfeeding leads to decreased exposure to the cyclic
reproductive hormones (39).

A few studies have shown association between smoking and
breast cancer (40, 41). This study support the link between
smoking and breast cancer. A study in the UK found that
women who smoked have a higher risk of breast cancer,
particularly those who smoked >5 cigarettes per day, 10+pack-
years of use (40). This finding indicated that relationship
between smoking and breast cancer is stronger in a dose-
response pattern, rather than as a binary association.
Limitations
One of the limitations was due to self-reported measurements
used in the study, recall bias and social desirability bias might
have occurred. Furthermore, selection bias might have occurred
due to hospital-based study design. In addition, as different
histological subtypes of breast cancer might have different risk
factors, a larger longitudinal study is needed to assess factors
associated with histological subtypes of breast cancer. Finally,
levels of triglycerides and glucose are variable and are related to
the time since the last meal.
CONCLUSION

TyG index was associated with increased risk for breast cancer in
a non-linear fashion. Further prospective studies are required to
confirm this finding.
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TABLE 3 | Univariate and multivariate analysis of risk factors for breast cancer.

Univariate analysis Multivariate analysis

Age >60 years old 1.64 [0.85, 3.16], p = 0.142 1.46 [0.71, 3.04], p = 0.305
Early menarche (<12 years old) 1.19 [0.62, 2.27], p = 0.599 1.32 [0.64, 2.74], p = 0.450
Family history of malignancy 0.73 [0.44, 1.18], p = 0.197 0.66 [0.38, 1.15], p = 0.143
Smoking 2.15 [1.44, 3.22], p < 0.001 1.93 [1.23, 3.01], p = 0.004
Use of contraception 1.73 [1.15, 2.60], p = 0.008 1.59 [1.02, 2.48], p = 0.039
Alcohol consumption 2.04 [0.96, 4.35], p = 0.064 2.24 [0.97, 5.18], p = 0.059
TyG index >8.87 3.08 [1.93, 4.93], p < 0.001 2.93 [1.72, 4.98], p < 0.001
Total cholesterol > 200 mg/dl 0.86 [0.59, 1.26], p = 0.436 0.87 [0.53, 1.41], p = 0.565
LDL >100 mg/dl 0.68 [0.39, 1.18], p = 0.164 0.75 [0.38, 1.47], p = 0.400
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Objective: To study the characteristics, risk factors, and outcomes of local-regional
recurrence of pheochromocytoma and paraganglioma (PPGL).

Methods: Clinical data of 96 PPGL patients with local-regional recurrence and 112
patients without recurrence were retrospectively analyzed.

Results: Recurrent patients exhibited a median recurrence time of 6.0 (4.0, 9.0) years
after resection of the primary tumor. SDHBmutation [HR 4.1 (1.7, 9.5), p=0.001), primary
tumor size ≥5cm [HR 2.3 (1.1, 4.7), p=0.028], and average Ki-67 count ≥3% in the primary
tumor [HR 2.6 (1.4, 4.9), p=0.003] were independent predictors for recurrence of PPGL.
Primary tumor sizes ≥5cm [HR 5.1 (1.7, 15.3), p=0.003] and average Ki-67 counts ≥3% of
the primary tumor [HR 2.4 (1.1, 5.2), p=0.035] were independent predictors for recurrence
of pheochromocytoma, while SDHB mutation [HR 4.6 (1.5, 13.9), p=0.007] was a
predictor for paraganglioma recurrence. Among recurrent patients, 47% (45/96) had
multiple nodules in recurrent sites, and 58% (56/96) had metastases, with 20% (19/96)
being implantation metastases. The risk of metastases (42% vs. 25%, p=0.030) and death
(15% vs. 8%, p=0.003) was significantly increased in untreated patients after recurrence
compared with treated patients.

Conclusion: Long-term follow-up is necessary for all PPGL patients. Risk factors for
recurrence of pheochromocytoma and paraganglioma differ, with primary tumor size and
average Ki-67 count representing independent predictors for pheochromocytoma
patients and SDHB mutations predicting paraganglioma recurrence. Although the
treatment of recurrence can be difficult, patients should be treated once recurrence is
detected as it decreases the risk of metastases and death.
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INTRODUCTION

Pheochromocytoma (PHEO) and paraganglioma (PGL), together
referred to herein as PPGL, are rare neuroendocrine tumors arising
from chromaffin cells of the adrenal medulla and extra-adrenal
autonomic paraganglia, respectively. The incidence of PPGL is
approximately 0.6 cases per 100,000 personyears (1). Once PPGL
is diagnosed, surgery is the mainstay of treatment. Long-term
follow-up is recommended for patients who have undergone
surgery as even tumor-free patients are at risk of recurrence and
metastases. Recurrence after resection is reported to occur in 3-16%
of patients (2–7) and can be difficult to treat, especially if diagnosis is
delayed. So far, few studies focused on the characteristics of local-
regional PPGL recurrence, all which were small scale studies (2, 3,
7). The aim of this study was to study the characteristics, risk factors,
and outcomes of local-regional recurrence of PPGL. The data
presented in this article represents the largest study of PPGL
recurrence to date.
METHODS

Patients
We retrospectively studied clinical data of 96 patients diagnosed
with local-regional recurrent PPGL in Peking Union Medical
College Hospital, China. Local-regional recurrence referred to a
reappearance of disease at the original site with or without
metastases after complete surgical resection of the original tumor
which had been confirmed by negative biochemical and imaging
tests. Radiological features of local recurrence were often irregular in
shape and closely adhered to surrounding tissues, and may be
multiple nodules fused together. The recurrence-free survival was
defined as the time elapsed from initial surgery until recurrence.
Patients withmetastases at onset, failure of complete resection of the
primary tumor or new lesions which were not located at the original
site of disease were excluded. We also retrospectively analyzed
clinical data of 112 patients without recurrence with a median
follow-up time of 8.0 (7.0, 9.8) years to study risk factors for
recurrence. Patients without local-regional recurrence referred to
those patients without recurrence or metastasis after complete
resection of the primary tumor during the entire follow-up.
Metastases were defined in accordance with the 2017 WHO
classification of endocrine tumors. Metastases-free survival was
defined as the time elapsed from initial surgery until metastasis.
Clinical data, including gender, age at diagnosis, recurrence and
metastases, symptoms, blood pressure (BP), primary tumor
location, the maximum diameter of primary tumor, tumor
secretion function (24-hour urinary catecholamine excretion),
primary tumor pathology, genetic characteristics, treatment, and
prognosis of recurrence were collected. The study was approved by
the Institutional Review Board of Peking Union Medical College
Hospital(S-K431). Written informed consent was obtained from all
included patients.

Statistical Analysis
All statistical analyses were conducted using Statistical Product and
Service Solutions, version 21.0. Categorical data are presented as
Frontiers in Endocrinology | www.frontiersin.org 215
frequencies and percentages. Normally distributed data are
expressed as mean ± standard deviation (x̄ ± s). Non-normally
distributed data are presented as median and quartile range (25%,
75%). The association between two independent samples with a
normal distribution was determined using independent sample T
tests, while the association between two independent samples with a
non-normal distribution was assessed using Wilcoxon rank sum
tests. Associations between two dichotomous parameters were
evaluated utilizing the Chi-square test. Kaplan-Meier testing was
employed to describe progression-free recurrence. Factors validated
in univariate analysis were further tested in multivariate analysis
using Cox proportional hazard models. Results are reported as
hazard ratios (HR) with 95% confidence intervals. All tests were
conducted two-sided, with P values< 0.05 being considered
statistically significant.
RESULTS

Patient Characteristics
The 96 PPGL patients with local-regional recurrence included in
this study, consisting of 67 PHEO patients and 29 PGL patients,
exhibited an average diagnosis age of 32.2 ± 14.9 years, average
recurrence age of 39.0 ± 15.4 years, and a median recurrence time
of 6.0 (4.0, 9.0) years after resection of the primary tumor
(Figure 1). Twenty-one percent of patients (20/96) exhibited
recurrence between 10 to 20 years after the initial surgery, and
one patient exhibited recurrence 23 years after the initial surgery.
Among recurrent patients, 47% (45/96) had multiple nodules in
recurrent site, and 58% (56/96) had metastases, of which 71%
(40/56) were synchronous metastases (recurrence accompanied
with metastases) and 34% (19/56) were implantation metastases.
At the current follow-up, seven recurrent patients had died. The
112 non-recurrent patients included 75 PHEO patients, 33 PGL
patients and 4 patients with both PHEO and PGL. Non-
recurrent patients had an average diagnosis age of 40.5 ± 12.9
years and a median follow-up of 8.0 (7.0, 9.8) years. Germline
mutations were screened in 182 patients by using next-
generation sequencing (including genes VHL, RET, NF1,
SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX, TMEM127, FH
and KIF1B) (8), and Sanger sequencing. 33% (60/182) patients
carried pathogenetic mutations in genes including SDHB, VHL,
RET, MAX, SDHD and SDHA.

The Characteristics and Risk Factors of
Recurrent PPGL
Compared with non-recurrent patients, recurrent patients
exhibited at a younger diagnosis age (32.2 ± 14.9 in recurrent
vs. 40.5 ± 12.9 in non-recurrent patients, p=0.000). Moreover,
among the recurrent patients was a higher proportion of patients
with primary tumor sizes ≥ 5cm (78% vs. 51% in non-recurrent
patients, p=0.000), and a higher proportion of patients with gene
mutations (42% vs. 26%, p=0.020), in particular in the SDHB
gene (19% vs. 6% p=0.005). The proportion of patients with a
primary tumor resection by laparotomy was higher than in the
non-recurrent group (54% vs. 27% p=0.001) and the pathological
October 2021 | Volume 12 | Article 762548
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features of the primary tumors of recurrent patients were more
aggressive, manifesting more frequently as capsular invasion
(20% vs. 5%, p=0.002), with vascular tumor emboli occurring
more frequently (14% vs. 4%, p=0.018). Moreover, both the
average Ki-67 count [4.5% (2%, 8%) vs. 1% (<1%, 2%),
P=0.001] or the proportion of patients with an average Ki-67
count ≥ 3% (43% vs. 17%, p=0.001) were higher in recurrent than
in non-recurrent patients. In contrast, there were no statistically
significant differences in tumor functionality, levels of serum
neuron specific enolase, primary tumor sites, proportion of
patients presenting with typical symptoms, or RET/VHL/
SDHD/SDHA/MAX mutation frequencies between the two
groups (Table 1).

SDHB mutation [HR 2.1 (1.2, 3.4), p=0.014], primary tumor
size ≥5cm [HR 2.0 (1.2, 3.4), p=0.007], capsular invasion of the
primary tumor [HR 2.0 (1.1, 3.7), p=0.016], and an average Ki-67
count ≥3% [HR 2.6 (1.5, 4.4), p=0.001] in the primary pathology
were risk factors for recurrence in PPGL patients in univariable
COX regression analysis (Table 2). SDHBmutation [HR 4.1 (1.7,
9.5), p=0.001), a primary tumor size ≥5cm [HR 2.3 (1.1, 4.7),
p=0.028], and average Ki-67 count ≥3% [HR 2.6 (1.4, 4.9),
p=0.003] represented independent predictors for recurrence in
multivariate analysis (Table 2 and Figure 2).

The Characteristics and Risk Factors of
Recurrent PHEO
The study included 146 PHEO patients, including 67 recurrent
patients and 79 non-recurrent patients. Compared with non-
recurrent PHEO patients, recurrent patients of PHEO presented
at a younger diagnosis age (32.8 ± 15.3 in recurrent vs. 39.4 ±
13.3 in non-recurrent patients, p=0.007) and exhibited a larger
Frontiers in Endocrinology | www.frontiersin.org 316
primary tumor size (6.3 ± 2.3 vs. 5.5 ± 2.5 p=0.048). Among
patients with recurrence there was a larger proportion of patients
with a primary tumor size ≥5cm (75% vs. 46%). Both the average
Ki-67 count [2% (1%, 5%) vs. 1% (1%, 2%), P=0.005] or the
proportion of patients with an average Ki-67 count ≥3% (38% vs.
13%, p=0.002) were higher in recurrent patients (Table 3).
Primary tumor sizes ≥5cm [HR 5.1 (1.7,15.3), p=0.003] and an
average Ki-67 count ≥3% of primary tumor [HR 2.4 (1.1, 5.2),
p=0.035] were independent predictors for recurrence of PHEO
in multivariate COX regression analysis (Figure 3).

The Characteristics and Risk Factors of
Recurrent PGL
The study consisted of 66 PGL patients, including 29 recurrent
patients (27 retroperitoneal PGL, 1 bladder PGL, and 1 cardiac
PGL) and 37 non-recurrent patients (33 retroperitoneal PGL, 3
bladder PGL, and 1 cardiac PGL). Compared with the non-
recurrent PGL patients, recurrent patients of PGL presented at a
younger diagnosis age (30.7 ± 13.8 in recurrent patients vs. 43.7 ±
11.9 years in non-recurrent patients, p=0.000) and a higher
proportion of patients with a SDHB mutation (40% vs. 9%,
p=0.004). The primary tumors pathological characteristics of
recurrent patients were more aggressive, manifesting more
frequently as capsular invasion (29% vs. 6% in non-recurrent
patients, p=0.023), vascular tumor emboli happened more
frequently (17% vs. 0%, p=0.008), and both the average Ki-67
count [3% (1%, 4%) vs. 1% (1%, 3%), p=0.021] or the proportion
of patients with an average Ki-67 count ≥ 3% was higher in
recurrent patients (53% vs. 23%, p=0.049) (Table 4). SDHB
mutations [HR 4.6 (1.5, 13.9), p=0.007] were independent
predictors for PGL recurrence in multivariate analysis (Figure 4).
FIGURE 1 | The recurrence-free survival of recurrent patients with pheochromocytoma and paraganglioma.
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The Characteristics of Metastatic Patients
Among recurrent patients, 58% (56/96) had metastases. Most of
these patients exhibited multi-system metastases, including 34%
(19/56) implantation metastases, 34% (19/56) lung metastases, 30%
(17/56) bone metastases, 27% (15/56) lymph node metastases, and
21% (12/56) liver metastases. SDHB mutations [HR 3.6 (1.3, 10.2),
p=0.017] were an independent predictor for metastases by
multivariate analysis (Figure 5). The study included 19 patients
with implantation metastases. These patients exhibited an average
diagnosis age of 37.1 ± 15.3 years, an average recurrence age of 42.8 ±
15.5 years, and a median recurrence time of 5 (4, 7) years. The
average primary tumor diameter was 6.1 ± 1.8 cm, and 89% (17/19)
were PHEO, of which 37% (7/19) were left adrenal PHEO, 42% (8/
Frontiers in Endocrinology | www.frontiersin.org 417
19) were right adrenal PHEO, 10% (2/19) were bilateral adrenal
PHEO. Ten percent of patient with implantation metastases (2/19)
had distant metastases, with one patient exhibiting a liver metastasis
and the other exhibiting bone and lymph node metastasis. No
independent predictors for implantation metastases were found in
multivariate analysis.

Treatment of Recurrence
Thirty-two percent of recurrent patients (31/96) underwent surgery,
of which 81% (25/31) patients underwent surgery only. However,
48% (12/25) exhibited recurrence after reoperation with a median
time of recurrence of 3 (1.8, 4.2) years (Figure 6). Recurrent lesions
in 19% (6/25) of these recurrent patients had not been completely
TABLE 2 | Hazard ratios for the risk of recurrence of pheochromocytoma/paraganglioma.

Factors Univariable Multivariate

HR 95%CI P HR 95%CI P

SDHB mutation 2.1 1.2, 3.4 0.014 4.1 1.7, 9.5 0.001
Tumor size≥5cm 2.0 1.2, 3.4 0.007 2.3 1.1, 4.7 0.028
Capsular invasion 2.0 1.1, 3.7 0.016 1.4 0.6, 3.3 0.424
Ki-67 count ≥3% 2.6 1.5, 4.4 0.001 2.6 1.4, 4.9 0.003
October 20
21 | Volume 12 | Article 7
Bold values indicate significant P values.
TABLE 1 | Differences in clinical characteristics between pheochromocytoma/paraganglioma patients with and without recurrence.

Patients Total patients Recurrence group No recurrence group P value

Male 42% (87/208) 39% (37/96) 45% (50/112) 0.400
Age at diagnosis,y 36 ± 15 32.2 ± 14.9 40.5 ± 12.9 0.000
Follow-up time,y 7.0 (4.0,9.3) 6.0 (4.0,9.0) 8.0 (7.0,9.8)
BPmax, mmHg
Systolic BP 189 ± 39 196 ± 36 179 ± 51 0.203
Diastolic BP 115 ± 26 120 ± 25 108 ± 32 0.104
Typical symptomsa 80% (167/208) 77% (74/96) 72% (81/106) 0.911
Functionality
NE, ug/24h. 166 (58,386) 220 (73,555) 127 (42,323) 0.099
E, ug/24h. 3.7 (2.7,7.6) 3.8 (2.5,7.4) 3.6 (2.7,10.4) 0.592
DA, ug/24h. 221 (156,319) 252 (166,327) 212 (149,304) 0.244
NSE, ng/mL 14.1 (11.0, 17.2) 14.7 (12.0,18.1) 12.7 (10.6,16.7) 0.801
Primary tumor size 5.8 ± 2.4 6.2 ± 2.3 5.6 ± 2.5 0.078
Tumor size≥5cm 64% (124/195) 78% (69/88) 51% (55/107) 0.000
Tumor site
Left adrenal gland 28% (59/208) 30% (29/96) 27% (30/112) 0.585
Right adrenal gland 28% (60/208) 29% (27/96) 29% (33/112) 0.832
Bilateral adrenal glands 11% (23/208) 10% (10/96) 12% (13/112) 0.785
Paragangliomas 32% (66/208) 30% (29/96) 33% (37/112) 0.662
Multiple primary tumors 15% (31/208) 16% (15/96) 14% (16/112) 0.787
Laparotomy 36% (70/196) 54% (42/87) 27% (28/109) 0.001
Gene mutation 33% (60/182) 42% (33/78) 26% (27/104) 0.020
SDHB 12% (21/182) 19% (15/78) 6% (6/104) 0.005
VHL 6% (11/182) 9% (7/78) 4% (4/104) 0.210
RET 10% (19/182) 8% (6/78) 13% (13/104) 0.336
SDHD 3% (5/182) 3% (2/78) 3% (3/104) 0.896
SDHA 1% (2/182) 1% (1/78) 1% (1/104) 0.837
MAX 1% (2/182) 3% (2/78) 0% (0/104) 0.101
Capsular invasion 11% (21/186) 20% (15/76) 5% (6/110) 0.002
Vascular tumor embolus 9% (16/186) 14% (11/76) 4% (5/110) 0.018
Ki-67 count 1% (<1%, 3%)) 4.5% (2%, 8%) 1% (<1%,2%) 0.001
Ki-67 count ≥3% 26% (40/154) 43% (23/54) 17% (17/100) 0.001
BP, blood pressure; a, the classic triad of headache, palpitation, and profuse sweating; NE, 24-hour urinary norepinephrine excretion (normal range: 17-41 mg/24 h); E, 24-hour urinary
epinephrine excretion (normal range: 1.74-6.42 mg/24 h; DA, 24-hour urinary dopamine excretion (normal range: 121-331 mg/24 h); NSE, neuron specific enolase (normal range: 0-16.3 ng/mL).
Bold values indicate significant P values.
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resected, and patients therefore received MIBG, radiotherapy, and
chemotherapy, amongst other therapeutic options. Forty-three
percent of recurrent patients (41/96) could not undergo surgery.
Of these patients, 78% (32/41) patients received MIBG treatment,
12% (5/41) patients underwent chemotherapy/targeted therapy, and
10% (4/41) patients underwent radiotherapy. Fourteen percent of
recurrent patients (13/96) were recommended for surgery, but
refused and did not receive any other treatment. Of these
patients, five developed metastases during the observation period,
one patient could not undergo surgery during the observation
peried as the lesion progressed and invaded surrounding organs,
and 2 patients died of metastases. Compared with the treated
patients, the risk of metastases and death was significantly
increased in the untreated patients (42% vs. 25%, p=0.030, and
15% vs. 8%, p=0.003, respectively). The treatment records of the
remaining 11% (11/96) recurrent patients were unclear due to lost
to follow-up after the diagnosis of recurrence.
Frontiers in Endocrinology | www.frontiersin.org 518
DISCUSSION

Recurrence of PPGL after resection occurred in 13.3% patients who
were followed up for more than five years after tumor resection in
our center (unpublished data). A recent systematic review showed
that the overall rate of recurrent PPGL was 0.98 events/100 person-
years, which suggested the risk of recurrence after complete
resection was previously underestimated (9). In a meta-analysis of
13 studies, the mean time to recurrence was approximately 4 years
(0.5-12) (6). In our study, recurrent patients exhibited a median
recurrence time of 6.0 (4.0, 9.0) years after resection of the primary
tumor, which is longer than previous reports (2, 6). Our data suggest
that the follow-up of all patients after tumor resection should be at
least 10-20 years, as recurrences may occur after a prolonged time
after initial treatment.

In our study, we found SDHB mutation, primary tumor
sizes ≥5cm, and average Ki-67 counts ≥3% in the primary
TABLE 3 | Differences in clinical characteristics between pheochromocytoma patients with and without recurrence.

Patients Total patients Recurrence group No recurrence group P value

Male 43% (63/146) 39% (26/67) 47% (37/79) 0.329
Age at diagnosis, y 36 ± 15.0 32.8 ± 15.3 39.4 ± 13.3 0.007
Follow-up time, y 7.0 (5.0,9.0) 6.0 (4.0,9.0) 8.0 (7.0,9.0) 0.000
Primary tumor size 5.8 ± 2.4 6.3 ± 2.3 5.5 ± 2.5 0.048
Tumor size≥5cm 64% (86/135) 75% (50/67) 46% (36/79) 0.000
Gene mutation 33% (42/126) 39% (21/53) 29% (21/73) 0.067
SDHB 6% (8/126) 9% (5/53) 4% (3/73) 0.226
VHL 8% (10/126) 13% (7/53) 4% (3/73) 0.062
RET 13% (19/126) 11% (6/53) 18% (13/73) 0.315
MAX 2% (2/126) 4% (2/53) 0% (0/73) 0.090
Tumor site
Left adrenal gland 41% (59/146) 45% (29/67) 38% (30/79) 0.515
Right adrenal gland 40% (60/146) 40% (27/67) 41% (32/79) 0.857
Bilateral adrenal glands 16% (23/146) 15% (10/67) 16% (13/79) 0.800
Multiple primary tumors 18% (27/146) 16% (11/67) 20% (16/79) 0.552
Laparotomy 25% (34/136) 40% (24/60) 13% (10/76) 0.000
Capsular invasion 9% (12/130) 15% (8/52) 5% (4/78) 0.064
Vascular tumor embolus 8% (11/130) 12% (6/52) 6% (5/78) 0.303
Ki-67 count 1% (1%,2%)) 2% (1%, 5%) 1% (1%,2%) 0.005
Ki-67 count ≥3% 22% (24/108) 38% (15/39) 13% (9/69) 0.002
October 2021 | Volume 12 | Article
Bold values indicate significant P values.
FIGURE 2 | The recurrence-free survival in pheochromocytoma/paraganglioma patients (SDHB mutation patients versus SDHB wildtype patients; primary tumor
size <5 versus primary tumor size ≥5cm; average Ki-67 count <3% versus Ki-67 count ≥3%).
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tumor were independent predictors of recurrence. The results in
our study were similar to previous reports (3, 7, 10–13).
Moreover, we separately studied the predictors of PHEO and
PGL, and found that the risk factors for recurrence of PHEO and
PGL were different. The risk of recurrence was 5.1- and 2.4-fold
higher in PHEO patients with primary tumor sizes≥ 5cm and
average Ki-67 counts ≥3%, respectively. SDHB mutations were
predictors for recurrence in PGL patients and not for PHEO,
with the risk of recurrence being 4.6 fold higher in PGL patients
with SDHB mutation than those without. Recent studies have
shown that higher Pheochromocytoma of the Adrenal Gland
Scaled Score (PASS) and Grading system for Adrenal
Pheochromocytoma and Paraganglioma(GAPP) score were
significantly associated with recurrence, and it was,
respectively, 1.2- and 3.4-fold higher in patients with higher
PASS and GAPP scores (13, 14).

In our study, 19 patients unfortunately exhibited implantation
metastases which are considered to be related to tumor cells
scattered in peritoneal cavity during surgical resection (15). The
Frontiers in Endocrinology | www.frontiersin.org 619
initial surgery of most patients was not performed in our hospital.
Laparoscopic surgery may be more challenging if the tumor is
large since these tumors more likely to be broken and tumor cells
scattered when manipulated. The guideline recommends open
resection for large (>6 cm) PHEO and PGL to ensure complete
tumor resection, preventing tumor rupture and avoiding local
recurrence (16). However, several studies have suggested that
larger PPGL may be amenable to laparoscopy with safety levels
similar to those for smaller tumors (4, 17). Here, we did not find
that laparoscopic surgery can increase the risk of recurrence. The
key to preventing implantation metastases is an endocrine surgeon
with expertise in laparoscopic techniques and operating on PPGL.
Furthermore, in cases of tumor rupture during surgical resection,
careful follow-up is mandatory.

Recurrence is difficult to treat especially if diagnosis is
delayed. Unfortunately, surgery was not an option in 43% of
recurrent patients included in this study. Several reasons can lead
to difficulty of recurrence treatment, for instance, 47% recurrent
patients had multiple nodules in recurrent site in our study,
TABLE 4 | Clinical characteristics of paraganglioma with and without recurrence.

Patients Total patients Recurrence group No recurrence group P value

Male 39% (26/66) 38% (11/29) 19% (15/37) 0.830
Age at diagnosis, y 37 ± 14 30.7 ± 13.8 43.7 ± 11.9 0.000
Follow-up time, y 7.0 (4.0,9.3) 5 (2.5,10.0) 7.0 (5.5,9.5)
Primary tumor size 5.8 ± 2.3 5.8 ± 2.4 5.6 ± 2.3 0.654
Tumor size≥5cm 61% (39/64) 66% (19/29) 57% (20/35) 0.494
Gene mutation 30% (18/60) 44% (11/25) 23% (8/35) 0.082
SDHB 22% (13/60) 40% (10/25) 9% (3/35) 0.004
Multiple primary tumors 12% (8/66) 14% (4/29) 11% (4/37) 0.713
Laparotomy 55% (35/64) 67% (18/27) 46% (17/37) 0.100
Capsular invasion 15% (9/60) 29% (7/24) 6% (2/36) 0.023
Vascular tumor embolus 8% (5/60) 17% (5/29) 0% (0/36) 0.008
Ki-67 count 2% (1%, 3%) 3% (1%, 4%) 1% (1%, 3%) 0.021
Ki-67 count ≥3% 32% (16/50) 53% (8/15) 23% (8/35) 0.049
October 2021 | Volume 12 | Article
Bold values indicate significant P values.
FIGURE 3 | The recurrence-free survival (primary tumor size <5 versus primary tumor size ≥5cm, average Ki-67 count <3% versus Ki-67 count ≥3%) in
pheochromocytoma patients.
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FIGURE 4 | The recurrence-free survival (SDHB mutation patients versus SDHB wildtype patients) in paraganglioma patients.
FIGURE 5 | Progression-free metastases (SDHB mutation patients versus SDHB wildtype patients) in PPGL patients.
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recurrent patients were often accompanied by metastases, 58%
had metastases in our study (7). Although treatment of
recurrences is challenging, patients should be treated as soon
as possible after detection of recurrence as we found that
treatment significantly decreased the risk of metastases and
death compared to untreated patients.

There were some limitations in our study. Firstly, local-
regional recurrence referred to a reappearance of disease at the
original site after complete surgical resection which had been
confirmed by negative biochemical and imaging tests. However
we cannot completely exclude the situation that a separate,
metachronous PPGL arising in the same location. Another
weakness of our study was the lack of PASS/GAPP scores
which may be beneficial to predicting tumor recurrences.
CONCLUSION

Long-term follow-up in all PPGL patients is necessary. PHEO
patients with primary tumor sizes ≥5cm, average Ki-67
counts ≥3%, and PGL patients with SDHB mutation exhibited an
elevated risk of recurrence. Recurrence is difficult to treat as it is often
accompanied bymultiple nodes in recurrent sites, distantmetastases,
and implantation metastases, however it is recommended as it can
reduce the risk of further metastases and death.
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Department of Precision Medicine, University of Campania ‘L. Vanvitelli’, Naples, Italy

Prostate cancer is the second most frequently diagnosed cancer in men and several
therapeutic approaches are currently available for patient’s care. Although the androgen
receptor status represents a good predictor of response to androgen deprivation therapy,
prostate cancer frequently becomes resistant to this approach and spreads. The
molecular mechanisms that contribute to progression and drug-resistance of this
cancer remain still debated. However, few therapeutic options are available for patient’s
management, at this stage. Recent years have seen a great expansion of the studies
concerning the role of stromal-epithelial interactions and tumor microenvironment in
prostate cancer progression. The findings so far collected have provided new insights
into diagnostic and clinical management of prostate cancer patients. Further, new
fascinating aspects concerning the intersection of the androgen receptor with survival
factors as well as calcium channels have been reported in cultured prostate cancer cells
and mouse models. The results of these researches have opened the way for a better
understanding of the basic mechanisms involved in prostate cancer invasion and drug-
resistance. They have also significantly expanded the list of new biomarkers and
druggable targets in prostate cancer. The primary aim of this manuscript is to provide
an update of these issues, together with their translational aspects. Exploiting the power of
novel promising therapeutics would increase the success rate in the diagnostic path and
clinical management of patients with advanced disease.

Keywords: nerve growth factor signalling, calcium influx, cancer-associated fibroblasts, prostate cancer,
new drugs
Abbreviations: a-SMA, a-smooth muscle actin; ADT, androgen deprivation therapy; AR, androgen receptor; B2R, bradykinin
2 receptor; BDNF, brain-derived neurotrophic factor; BPH, benign prostatic hyperplasia; CAF, cancer associated fibroblast;
CHRM4, cholinergic receptor muscarinic 4; CRPC, castration resistant prostate cancer; CTD, C-terminal domain; EMT,
epithelial-to-mesenchymal transition; FAP, fibroblast activating protein; FlnA, filamin A; HER3, Receptor tyrosine-protein
kinase erbB-3; HIF-1a, hypoxia-induced factor 1 a; IFN-g, interferon-g; IHC, immunohistochemistry; M-CSF, macrophage
colony stimulating factor; MAPK, mitogen-activated protein kinase; MHR, melastatin homology region; MMP, matrix
metalloproteinase; NEPC, neuroendocrine prostate cancer; NGF, nerve growth factor; NGFR, nerve growth factor receptor;
NGS, next generation sequencing; NRG1, neuregulin-1; NT, neurotrophin; PC, prostate cancer; PGC1a, peroxisome
proliferator-activated receptor gamma coactivator 1-a; PI3-K, phosphatidylinositol 3-kinase; PIN, prostatic intraepithelial
neoplasia; PLCg, phospholipase C g; PSA, prostate specific antigen; RTK, receptor tyrosine-kinase; SIRT1, sirtuin 1; TGF-b,
transforming growth factor-b; TMD, transmembrane domain; TME, tumor microenvironment; TrkA/B/C, tropomyosin
receptor kinase A/B/C; TRPM8, transient receptor potential melastatin-8; VEGF-A, vascular endothelial growth factor-A.
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INTRODUCTION

Prostate cancer (PC) still remains the second most commonly
diagnosed neoplasia in men (1). Depending on the availability of
specific screenings, including the prostate-specific antigen (PSA)
assay, the lifestyle and environmental factors, PC incidence
varies among men of different ethnicities (2). Despite the
recent advances in early diagnosis and detection, the disease’s
onset is often asymptomatic, accounting for numerous late
diagnoses. Additionally, the prognosis can be favorable at early
stage’s disease, given the progresses of advanced radiotherapy
technology (3, 4 and refs therein). However, PC still represents
the second leading cause of cancer-related death in men, albeit its
mortality rate is relatively low (almost 20-30%), as compared
with other solid cancers (5). New therapeutic options are needed
for patients with advanced disease.

PC pathogenesis and progression depend on androgen/
androgen-receptor (AR) circuit. As such, the mainstream
pharmacological approach relies on the androgen deprivation
therapy (ADT), which shows a satisfactory response in a
significant number of cases. However, many PC relapse and
progress towards a more aggressive phenotype, often
character ized by ADT insensit iv ity and androgen-
independence. Such phenotype, also called castrate-resistant
prostate cancer (CRPC), may be metastatic or not (6, 7).
Additionally, a subset of PC might further differentiate into
neuroendocrine phenotype, also called neuroendocrine PCs
(NEPCs). These cancers lose AR signaling, become more
aggressive and exhibit androgen-independence in a quite
scantly known molecular landscape (8). Among the various
factors elsewhere excellently discussed (9–11), PC progression
is often characterized by abnormal AR-mediated signaling
activation or AR variants (12), which might help the tumor to
achieve ADT unresponsiveness. However, emerging findings
have identified unexpected drivers of PC progression. Some of
them are implied in the survival response elicited by the receptor
tyrosine-kinase (RTK) signaling, such as the nerve growth factor
(NGF) and its high-affinity receptor, tropomyosin-related kinase
receptor A (TrkA; 13). Recent papers, including ours, have
investigated this issue in PC (14–18). Other findings have
identified the transient receptor potential melastatin-8 (TRPM-
8) as a playmaker in PC (19–21 and refs therein), likely because
of its role in connecting the androgen endocrine system with
intracellular calcium levels (22). At last, the role of cancer-
associated fibroblasts (CAFs) in PC progression is undeniable
(23). The finding that CAFs harbor significant amounts of AR
has opened new ways for a better understanding of the role of
tumor microenvironment in PC progression and more tailored
approaches of this cancer (23–29).

In search for a link between these three apparently unlinked
items, it might be argued that NGF and other neurotrophins
secreted from PC cells or CAFs sustain tumor survival and
aggressiveness through a paracrine loop, as it occurs in breast
cancer (30–33). However, NGF and calcium signaling might
intersect each other in PC, as it occurs in neurons (34) or
Schwann cells (35). In this manuscript, we will discuss these
emerging findings and their connections. The potential
Frontiers in Endocrinology | www.frontiersin.org 224
application of these data in diagnostic and therapeutic
guidance of PC will be outlined.
NERVE GROWTH FACTOR AND ITS
RECEPTORS IN PROSTATE CANCER

The action of neurotrophins is mediated by the binding to
membrane receptors, mainly the neurotrophin receptor
p75NTR (also called NGF receptor; NGFR) and the
neurotrophin tyrosine kinase receptor (Trk) family, which
consists of three members, TrkA, B and C, with a variable
affinity for the four identified neurotrophins (NGF; brain-
derived neurotrophic factor, BDNF; neurotrophin 3 and 4,
NT3 and NT4; Figure 1). Their dependent signaling mediates,
indeed, the activation of several downstream effectors, such as
MAPK, PI3-K, PLCg as well as the small GTP binding proteins
that strongly impact differentiation and survival, cytoskeletal
remodeling, receptor cross-talk and ion channels in various cell
types, other than neurons (13). Beyond their role in neuronal
cells, neurotrophic factors are emerging as potential drivers of
cancer progression, and therapies specifically affecting the
neurotrophin-mediated signaling might hold value for
innovative treatments of human cancers (36, 37).

PCs release NGF and express the neurotrophin receptors,
which undergo significant changes during PC progression, as
primary PC express both TrkA and NGFR, while losing NGFR
during the disease progression. This behavior has been linked
with PC onset and androgen-resistance development (38). At
last, NGFR is almost completely absent in metastatic PC, making
the TrkA receptor the lead driver of NGF signaling in aggressive
PC (16). Previous findings have reported that NGF triggers
mitogenesis and promotes PSA release through TrkA
activation in LNCaP cells, and this effect is additive to that
exerted by androgens (39). As such, it was thereafter found that
the tyrosine kinase inhibitor, CEP-701 blocks the TrkA-mediated
events, thereby reducing invasiveness of PC cultured cells (40).
Derangements of NGF and its dependent signaling can be often
detected in PC (41), where the neurotrophin might be released by
PC cells and/or the surrounding stromal cells. As such, a
paracrine loop between the two counterparts occurs (42). We
recently reported that a reciprocal cross-talk between AR and
TrkA fosters the mitogenesis or motility of LNCaP cells in
response to NGF or androgens (15). The obvious impact of
these findings is that combinatorial treatment with
antiandrogens and TrkA inhibitors might be explored in PC
patients. Consistent with the hypothesis that TrkA is involved in
PC motility and spreading, it has been shown that non-
proteolytic ubiquitination of TrkA by the ubiquitin-ligase
TRAF4 increases the kinase activity of the receptor and
mediates PC spreading. The finding that TRAF4 is
overexpressed in advanced PC specimens strongly supports the
involvement of this mechanism in PC aggressiveness (14). The
role of NGF in PC malignancy has been further highlighted by
the finding that NGF-elicited activation of TrkA increases
mitogenesis, epithelial-mesenchyme transition (EMT) and
February 2022 | Volume 13 | Article 840787
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invasion of various CRPC-derived cells through activation of the
downstream Ras- and PI3-K-dependent signaling cascades.
Chemical inhibitors of TrkA or siRNA approaches have
definitely indicated a role for this receptor in NGF-elicited
responses of CRPC-derived cells or spheroids (16). In addition
to suggesting the clinical benefit from TrkA inhibitor usage in PC
patients (37), the findings so far presented point to the role of
NGF axis in PC survival. This circuit might substitute the
androgens in controlling PC cell survival and lead to disease’s
progression towards the CRPC stage. As before stated, similar
findings have been reported in various ‘hormone-dependent’
cancers, including breast cancers. Thus NGF might intersect the
steroid endocrine system in various solid cancers.

Beyond the well described mechanism(s) responsible for PC
progression and drug-resistance, neuroendocrine differentiation
of PC is recently emerging as a process by which a subset of
CRPC escapes the ADT. These tumors acquire some signatures
(low or absent AR signaling, Rb and p53 loss, amplification of
Myc-N and epigenetic changes) which lead to a highly aggressive
phenotype and patient’s death within 2 years (8 and therein refs).
To date, no therapies are available for NEPC patients. Therefore,
the identification of NEPC drivers represents a major challenge.
Some years ago, it was shown that PC cells overexpress Myc-N
after a prolonged ADT. The oncogene activation correlated with
a low or absent AR expression. It was proposed that this feature
leads to development of undifferentiated, invasive PC cells that
exhibit characteristics similar to those of human NEPC (43).
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Subsequent reports have confirmed that a small fraction of PCs
differentiate into NEPCs upon protracted ADT. These cancers
lose the AR-dependent signaling and progress towards an
aggressive phenotype, whose molecular drivers are still under
investigation (44). Simultaneously, it was shown that ZBTB46
transcription factor might act as one of these key players. It
induces NGF expression upon a prolonged ADT treatment in PC
patients. Mechanistically, NGF interacts with the peripheral
nerve cholinergic receptor muscarinic 4 (CHRM4) to trigger
PC cell differentiation by AKT and Myc-N activation. These
events might finally lead to the development of neuroendocrine
phenotype and ADT-resistance (18). In addition to identifying
ZBTB46 as a signature for NEPC, these findings significantly
contribute to the understanding of unwanted effects caused by
prolonged ADT in PC patients.

Although the role of NGF and its dependent signaling in PC
pathogenesis and progression is well established, genetic
aberrations of NGF receptors have not been so far reported in
PC (45). Thus, derangements of NGF-signaling caused by
deregulation of the NGF-RTK or excessive production of NGF
might be involved in PC progression. An increased expression
and/or release of NGF was firstly detected in human PC
specimens and PC-derived cell lines (46) and subsequently
confirmed by several labs. Neurotrophic factors can be
currently assayed in urine samples from PC patients (47), thus
indicating a reliable, non-invasive approach for detection of
novel PC biomarkers in body fluids. Extension of these
FIGURE 1 | Neurotrophin receptors and their structure. The three members of the Trk family share a common structure, encompassing a cysteine-rich cluster
(CRC), three leucine-rich repeats (LRR), a second cysteine cluster and two immunoglobulin-like domains (IG-Like), responsible for ligand binding, in their extracellular
domains. A transmembrane domain (TMD) anchors the receptor to the plasma membrane. The intracellular region consists of the tyrosine kinase domain (TKD). On
the left, the low-affinity neurotrophin receptor, p75NTR (called NGFR) is also depicted. It consists of four cysteine-rich clusters in the extracellular domain, a
transmembrane region and an intracellular region exhibiting a chopper domain (CD) and a death domain (DD). Shown beside each Trk member is reported the
corresponding high-affinity binding neurotrophin. p75NTR might bind all neurotrophins at low affinity. The indicated domains are colored as follows: CRC, green;
LRR, yellow; IG-Like, light blue; TMD, red; TKD, purple; CD, pink; DD, dark blue.
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findings to a large cohort of PC patients might expand the
current strategies for patient’s stratification. By contrast, RTK
derangements cannot be easily detected. Nevertheless, from the
findings previously discussed, it appears that some biomarkers,
such as TRAF4 or ZBTB46, emerge as predictors of TrkA
activation. Their overexpression correlates with aberrant TrkA
activation and metastatic events or would predict, as in the case
of ZBTB46, the increase in NGF levels with the subsequent
signaling derangement in PC patients. These findings, together
with the well-established role of neurotrophins for autonomic
innervation of PC into the tumor microenvironment, indicate
that NGF and their receptors are clinically actionable in PC (48
and therein refs). On the basis of preclinical findings (40, 49), the
RTK inhibitor, lestaurtinib (CEP-701) entered clinical trials
(NCT00081601) in PC patients, with promising data from
phase I studies. However, the drug failed to show a significant
PSA response in patients with localized hormone-refractory PC
(50). Subsequently, another small-molecule RTK inhibitor,
cabozantinib was approved for the treatment of metastatic PC.
Noteworthy, these and other currently used inhibitors, such as
NCT02219711, block a broad range of RTK and frequently
induce side-effects, mainly the drug-resistance. Thus, only in-
depth investigation in 3Dmodels from PC specimens or patient’s
derived xenografts might allow a more tailored therapy. In this
regard, the design and synthesis of small bioavailable peptides
specifically perturbing the key signaling functions of NGF
receptors can be envisaged. Similar approaches have been
successfully applied in our lab to disrupt the upstream
interactions of sex steroid receptors with signaling effectors in
quite different experimental settings (15, 29, 51–55).

Lastly, it cannot be neglected the role of NGF in PC-related
pain, which is the most common symptom of PC bone metastasis
(56). Anti-NGF blocking antibodies were firstly used to reduce
PC-related bone pain in mouse models. Interestingly, this
pharmacologic approach showed limited adverse effects, as
compared with nonselective non-steroidal drugs or opioids
(57). After many years of investigations, we are now aware that
neurotrophins control the autonomic innervation of tumor
microenvironment and, hence, PC progression. As such,
neurotrophic factor assays would predict the progression and
metastatic events in PC patients. Their pharmacologic
manipulation can be used to prevent PC progression, reduce
the PC-related bone pain and improve the quality of life in
patients (48).
THE ROLE OF TRANSIENT RECEPTOR
POTENTIAL MELASTATIN-8 (TRPM8) IN
PROSTATE CANCER

The calcium channels mediate activation of several intracellular
pathways by modulating the influx of cations (58 and therein
refs). Some of them have emerged in recent years as important
players in PC pathogenesis. As such, they represent ‘druggable’
targets in PC therapy (59, 60).
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The transient receptor potential melastatin-8 (TRPM8) is a
Ca2+-permeable cold-sensing channel, which has received
increasing attention for its role in a plethora of human solid
cancers, including PC (20, 61–63). TRPM8 belongs to a family of
eight members, classified from TRPM1 to TRPM8. They share a
common structure, including a N-terminal region of almost 700
amino-acids, which endows four Melastatin Homology Regions
(MHRs). MHRs are required for channel assembly and ion
trafficking. The channels also exhibit a trans-membrane
domain (TMD) with six helices, together with an additional
intracellular helix (TRP helix). The C-terminal coiled-coil
domain links the C-terminal domain (CTD) to the TRP helix
(64). Figure 2 illustrates the TRPM8 molecular organization.
Among the various members, TRPM8 is involved in ion’s
homeostasis and it is sensitive to redox-state and temperature
changes. Additionally, the channel can be activated by thermal
stimuli (cold), depolarization of cell membranes or chemical
compounds, such as the menthol and icilin (65).

TRPM8 expression was initially discovered in sensory
neurons (66, 67). Subsequent studies of genome wide
expression profiling showed that it is abundantly expressed in
prostate tissue and PC samples (68, 69). TRPM8 expression is
regulated by androgens, while ADT and the androgen-
independence status both reduce its expression in PC tissues
(69). Again, negligible levels of TRPM8 can be detected in PC3
and DU145 cells (22, 68, 70). These data highlight the
importance of the TRPM8 channel in PC progression and hint
at the usage of TRPM8 as a prognostic marker of PC progression.

Low levels of TRPM8 were detected at plasma membrane or
endoplasmic reticulum of the androgen-dependent LNCaP cells.
In these cells, the channel activation leads to mitogenesis by
regulating Ca2+ and Na+ homeostasis (70). Subsequent studies in
the same cells have shown that the trpm8 gene is responsive to
androgens, as its hormone regulation can be mediated by an
androgen response element (ARE). Beyond this transcriptional
regulation, a ligand-regulated degradation of TRPM8 has been
detected in LNCaP cells (71). These findings underline the
importance of hormone regulation in TRPM8 expression, at
both transcriptional or post-translational level. Such regulation
might impact the proliferation, survival and motility of PC cells.
However, TRPM8 can also be regulated by PSA. In PC3 cells
engineered to overexpress TRPM8, PSA acts as a channel
agonist, prompting the Ca2+ intake. As such, bradykinin 2
receptor (B2R) activation occurs, with the consequent
activation of protein kinase C pathway and inhibition of cell
migration (72). Thus, once released, PSA activates TRPM8 by an
autocrine loop, thereby impairing the invasive potential of PC
cells. These findings point to the protective role for TRPM8 in
PC. Recent findings have consistently shown that WS-12, a
selective TRPM8 agonist, sensitizes the locally advanced PC to
a sublethal dose of X-rays. These findings indicate that
pharmacologic manipulation of TRPM8 by agonists would
avoid the side effects correlated to high-dose ionizing radiation
approach in PC patients (63).

We have recently reported that androgen stimulation of
various PC-derived cells rapidly induces the complexation of
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AR with TRPM8 at extra-nuclear level. Previous findings have
consistently shown that androgens trigger the AR/TRPM8
interaction within the lipid rafts microdomains of PC3 cells
engineered to express AR (73). Whatever the intracellular
localization of the complex, our data indicate that the
androgen-induced AR/TRPM8 complex assembly controls the
aggressive behaviour of PC cells through the increase in cytosolic
[Ca2+] levels. Newly synthesized TRPM8 antagonists revert these
effects, impair the mitogenesis and invasion of PC cells and
reduce the growth of PC cell-derived spheroids. Remarkably, the
designed antagonists impair the proliferation and invasion of
CRPC cells still expressing AR or the AR-V7 variant (22). As this
mutant confers the anti-androgen resistance to PC patients (74),
our recent study indicates that TRPM8 channel is clinically
actionable in CRPC patients. In summary, we posit that
TRPM8 acts as a molecular link between the androgen- and
calcium-dependent signaling in PC. Therefore, the discovery of
new selective TRPM8 antagonists hold promising results in PC
therapy, since the lead compounds we used combine the selective
modulation of AR-mediated rapid actions with the release of
intracellular calcium. This combinatorial approach may be more
effective than the currently used ADT. The arguments put
forward here, together with the recent identification of TRPM8
mRNA as a bloodstream signature for PC aggressiveness (75),
strongly encourage further studies in this direction.

The finding that TRPM8 regulates key features of PC cells call
for additional comments. Other members of the same family can
be regulated by sex steroids. TRPM4 and TRPM6, for instance,
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have been linked to non-transcriptional estrogen action in
various cell types (76, 77). Pregnenolone sulfate, the precursor
of steroid hormones, transiently activates TRPM3, thereby
increasing the calcium influx and the insulin secretion from
pancreatic islets (78). As such, the TRPM family members
connect the steroid endocrine system with calcium and insulin
pathways. Notably, NGF induces through TrkA signaling
activation the up-regulation of TRPM8 in neuronal cells. This
process requires the reversible activation of the Src tyrosine
kinase as well as PI3-K (79), the two mainstream effectors
activated by rapid actions mediated by AR in target cells. Thus,
it might be argued that an intricate network made up of TrkA/
TRPM8/AR components sustains the activation of pathways
triggered by NGF or androgens or calcium in PC. If that were
to happen, drug escape would easily occur. As such, ADT or
TrkA inhibitors or even TRPM8 antagonists might fail
in monotherapy.
THE ROLE OF CANCER ASSOCIATED
FIBROBLASTS IN PROSTATE CANCER
PATHOGENESIS AND PROGRESSION

CAFs represent the most important component of the tumor
microenvironment (TME), which surrounds the neoplastic
tissue. Together with the extracellular matrix (ECM), blood
vessels and immune cells, CAFs have emerged as key
regulators of cancer cell proliferation and metastasis. They
FIGURE 2 | TRPM8 structure. A schematic representation of the TRPM8 channel shows all the common structures between TRPM members. The cytosolic N-
terminal region is connected to four Melastatin Homology Regions (MHRs), which are required for channel assembly and ion trafficking. The MHRs are connected to
six helices within the plasma membrane, which constitute the trans-membrane domain (TMD). At last, the intracellular TRP helix is connected via a coiled-coil domain
to the C-terminal domain (CTD). The indicated domains are colored as follows: MHR, orange; TMD helices: green; TRP helix: purple. As indicated in Figure, TRPM8
channel activation leads to an increase in cytosolic calcium levels.
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respond to the tumor-released growth factors or cytokines and
secrete cytokines, chemokines and growth factors of their own.
Again, by depositing or degrading ECM proteins, CAFs also
influence the TME architecture, thus creating a favorable or a
disadvantageous environment for the onset and progression of
several tumors. The study of CAFs origin and analysis of their
actions have emerged during the last years as a main road for a
better understanding of cancer pathogenesis and progression, as
well as the design of novel strategies for diagnostic and
therapeutic guidance in patients (reviewed in 80, 81).

In normal tissues, fibroblasts contribute to the production of
ECM and are major players in restoring the tissue integrity upon
injury or chronic damage. Under such conditions, they acquire
an activated phenotype, characterized by the expression of a
subset of mesenchymal markers, including a-smooth muscle
actin (a-SMA), fibroblast activating protein (FAP) and vimentin
(82, 83). At this stage, they become myofibroblasts, contribute to
the tissue recovery by releasing cytokines, chemokines and
growth factors, such as the TGF-b and the vascular endothelial
growth factor A (VEGF-A), and also recruit immune cells. CAFs
derived from neoplastic tissues lack the markers for epithelial/
endothelial lineages, show a decrease in CD36 expression and
exhibit few genetic mutations, in the presence of an elongated cell
morphology. They can be detected before the onset of a proper
neoplasia, as a consequence of a tissue injury or damage.
However, CAFs may also arise from a population of fibroblasts
surrounding primitive lesions, with the initial aim to suppress
the tumor growth. Additional events might switch this function,
addressing them towards a tumor-supporting activity. Other
studies have also indicated a possible, though less likely, origin
of CAFs from mesenchymal stem cells, pericytes or adipocytes in
different tumor types. Finally, CAF activation typically depends
on soluble molecules, including interleukins and growth factors,
which activate several intracellular signaling pathways, such as
the TGF-b, Notch and NF-kB ones. Direct contact between
cancer cells and fibroblasts could be also responsible for their
activation, even if only in some cancer types. Simultaneously,
other TME components could induce fibroblasts activation,
regardless of cancer cells presence (81, 84).

Pioneering studies have pointed to the fundamental role of
CAFs in supporting the onset of PC (85). Currently available data
indicate that prostate CAFs establish a reciprocal, paracrine
interaction with PC cells, resulting in EMT of the latter.
Interleukin-6 (IL-6) produced by PC3 cells activates fibroblasts
derived from patients with benign prostatic hyperplasia (BPH).
Interestingly, different markers of fibroblast activation can be
detected in these conditions, as compared with those expressed
upon TGF-b-mediated activation (86). At the same time, CAFs
activated by IL-6 promote EMT of PC3 cells and increase
invasiveness in a similar fashion to that achieved by TGF-b-
activated fibroblasts. Interestingly, only transformed prostate
cells trigger CAFs activation, and such skill strictly depends on
cell aggressiveness. Unlike PC3 or DU145, androgen-sensitive
LNCaP cells seem, indeed, unable to activate CAFs. The
mechanism by which PC cells acquire invasive phenotype,
together with the EMT, depends on secretion of matrix
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metalloproteinases 2 and 9 (MMP2, MMP9) by CAFs. This
response can be only detected on IL-6 stimulation and is
reversed by MMPs inhibitors, thus indicating a role for MMPs
in the observed findings. Additionally, CAFs are required for PC
onset and metastatic spreading in mouse xenograft models, since
their absence impairs the PC3 cell ability to generate
subcutaneous tumors. Again, CAF-induced EMT of PC cells
contributes to the formation of PC stem cells, thus enhancing
cancer stemness (87). CAFs also play an energy-supporting role
in PC, since prolonged exposure of PC3 and DU145 cells to
CAF-conditioned media increases PC cell mitochondrial activity
through sirtuin 1/peroxisome proliferator-activated receptor
gamma coactivator 1-a (SIRT1/PGC-1a) axis. SIRT1 or PGC-
1a silencing impairs the CAF-induced EMT in PC3 cells.
Moreover, metabolic deregulation of PC cells by CAFs
ultimately increases PC cells invasive potential by stabilization
of hypoxia-induced factor 1a (HIF-1a), a reported feature of
enhanced PC cell malignancy. Additionally, CAFs are also able to
transfer horizontally and unidirectionally their dispensable,
functional mitochondria to PC cells, thus contributing to their
increased metabolic capacity, both directly or through activation
of the SIRT1/PGC-1a pathway. By this mechanism, CAFs
establish a symbiotic interaction with PC cells, which sustains
their proliferative and metastatic behavior through metabolic
regulation, production of high-energy metabolites and
mitochondria supply (88). Recent findings have also indicated
a role for CAFs in the development of castration-resistance.
Accordingly, PC resistance to the 2nd generation antiandrogen,
enzalutamide, would depend on CAFs, as shown in a PC mouse
model progressing from castration-sensitive to castration-
resistant state. The process seems mediated by the activation of
the specific NRG1 receptor, HER3, by CAFs-secreted
neuregulin-1 (NRG-1). Altogether, the proposed findings
identify the NRG1/HER3 axis as a main candidate in the
antiandrogen resistance. In support of this concept, high levels
of NRG1, together with an enhanced NRG1 mRNA expression,
can be detected in CAFs from ADT-treated PC patients (17).
These results suggest that targeting of the NRG1/HER3 axis may
be beneficial in CRPC patients. Figure 3 schematically depicts
the interplay between CAFs and PC cells.

However, the findings so far presented raise an important
question. It concerns the expression of AR in CAFs. Previous
findings from prostate CAFs have shown that the receptor is
expressed at lower levels, as compared with LNCaP cells. Its
somatic knockdown reduced the proliferative and migratory
potential of PC3 cells, suggesting a role for stromal AR in
sustaining the growth and invasion of PC cells (24). By
contrast, subsequent studies reported that inhibition of AR in
murine CAFs increases the expression of stemness markers in
co-cultured PC cells. This effect was attributed to the release of
interferon-g (IFN-g) and macrophage colony stimulating factor
(M-CSF) by AR-depleted murine CAFs (25). Consistent with a
protective role for stromal AR, it has been reported that
expression of the receptor reduces the release of CCL2 and
CXCL8 by CAFs, thereby inhibiting PC cell motility (89).
These findings further corroborate the idea that PC
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progression might be paradoxically fostered by ADT or AR
blocking therapies. Additional findings have supported an
inverse correlation between stromal AR and disease’s
malignancy. Immunohistochemistry (IHC) analysis has shown,
indeed, that expression of AR is more abundant in non-
malignant stroma, as compared with PC-related stroma,
further suggesting a protective and antioncogenic role for
stromal AR (90–92). In contrast with these findings, our recent
study in short-term primary culture of CAFs derived from PC
specimens has revealed low, but appreciable AR levels in almost
all the CAFs analyzed, even in about 30% of CAFs from PC
patients at high Gleason’s score (29). The conflicting findings so
far reported might be explained by different considerations.
Firstly, the IHC approach for detection of sex steroid receptors
often exhibits pitfalls because of the type of cell permeabilization
or the primary antibody used (93). Again, AR might be lost in
stromal cells as a consequence of CAF selection and/or cell
culture manipulation. Additionally, the receptor might
undergo degradation as a consequence of ubiquitin-
proteasome pathway activation (94) or epigenetic changes
(95). Whatever the case, many studies support an oncogenic
role for stromal AR, whichmight induce prostatic intraepithelial
neoplasia (PIN; 96) or even metastatic events (97). We have
Frontiers in Endocrinology | www.frontiersin.org 729
consistently reported that stromal AR directs CAFs towards PC
epithelial cells. This process requires AR complexation with
filamin A (FlnA) and is strongly stimulated by androgens in 2
and 3D cell culture models. As such, a significant increase in PC-
derived organoid’s size can be detected (29). A similar process
might occur in vivowhen the local androgen levels increase, as it
frequently occurs in PC (98). Nevertheless, the role of other
factors, including NGF, cannot be neglected. In such a way,
stromal AR might change the TME composition and allow
metastatic events. In support of a role for stromal AR in cancer
aggressiveness, it has been shown that AR targeting in CAFs
reduces skin cancer aggressiveness traits (26) or even inhibit the
development of chemo-resistant skin cancers (27). Thus, AR-
directed therapies in CAFs might help the therapeutic approach
of different cancer types. We designed and successfully used a
small modified peptide that perturbs the androgen-induced AR/
FlnA complex assembly (53). By thisway, the peptide inhibits the
androgen-induced invasion of CAFs in 2D models and reduces
the overall tumor size in androgen-treated 3D co-culture (29).
Our translational findings identify the AR/FlnA complex as a
new ‘druggable’ biomarker in prostate CAFs. The strategy we
propose might be profitably used for a more efficient
PC treatment.
FIGURE 3 | CAFs and PC cells as signal exchangers. CAFs or PC cells release neurotrophins, growth factors, cytokines and chemokines. These signals are
exchanged by the cells to foster a plethora of responses that lead to PC progression and drug-resistance.
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CONCLUDING REMARKS

PC still represents the second leading cause of cancer death in
men inWestern society. In most cases (~70%), PC has a slow and
symptom-free growth, whereas it is more aggressive in the
remaining patients. Current therapies for advanced PC remain
unsatisfactory and new inhibitors of androgen synthesis and AR
activation have been designed to improve patient survival.
Despite these therapies, PC often progress towards a metastatic
and/or CRPC phenotype. Preclinical and clinical studies
currently aim at identifying the molecular basis for PC
spreading and drug-resistance. Nevertheless, few biomarkers
predictive of metastatic phenotype have as yet been identified
and few efficient therapeutic options are available for advanced
PC. Recent years, have seen important advances in large scale –
omics approaches to identify novel biomarkers of PC malignancy
and ameliorate patients’ stratification as well as clinical
management of the disease. The combination of next
generation sequencing (NGS) approaches with proteomic
profiling has revealed important differences between malignant
and benign specimens, together with the identification of
clinically actionable biomarkers. Additionally, tools for
transcriptional expression classification have allowed the PCs
characterization based on their pathological features, thereby
addressing the patients towards a proper care (99). Several
epigenetic modifications have been also identified and linked
to altered gene expression, resulting in increased PC risk.
Transcriptome-wide association studies confirmed the
correlation with the expression of several predicted genes
(100). Similar tools have been also applied to prostate CAFs to
show that increased expression of ECM remodelling proteins is
linked to cancer-supporting properties (101) or that specific
epigenetic alterations are correlated to PC malignancy (102).
These approaches might further provide important information
on PC molecular landscape.

In this review, we aimed to address novel aspects of PC
biology, which impinge on the interconnections between AR and
other key intracellular signalling regulated by NGF or calcium
Frontiers in Endocrinology | www.frontiersin.org 830
channels. Communications between these partners seem
relevant, since their breakdown might underly PC pathogenesis
and progression. Current PC therapies prevalently target
proliferative functions of AR and may only be effective within
a short time frame. Primary PC show, instead, a marked
heterogeneity and tumor cells may rapidly change as a
consequence of pressures exerted by CAFs. Thus, further
analysis of tumor microenvironment, identification of its
molecular signatures, including the AR expression and its main
partners, together with in depth study of signals delivered by PC-
or CAF-derived exosomes (103), would provide additional
information for patient’s stratification, avoiding expensive
therapies with considerable side effects. In this context, the
synthesis of new biologically active molecules, such as the new
calcium-channel antagonists or the small bioavailable peptides,
specifically perturbing the extranuclear AR functions in TME or
PC cells, should improve the pharmacologic response in patients
and ameliorate their quality of life.
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VHL-P138R and VHL-L163R
Novel Variants: Mechanisms
of VHL Pathogenicity Involving
HIF-Dependent and HIF-
Independent Actions
Cecilia Mathó1†, Marı́a Celia Fernández1, Jenner Bonanata2, Xian-De Liu3,
Ayelen Martin1, Ana Vieites1, Gabriela Sansó1, Marta Barontini 1, Eric Jonasch3,
E. Laura Coitiño2 and Patricia Alejandra Pennisi1*

1 Centro de Investigaciones Endocrinológicas Dr. César Bergadá (CEDIE), Consejo Nacional de Investigaciones Científicas y
Técnicas- Fundación de Endocrinología Infantil (CONICET-FEI) División de Endocrinologı́a, Hospital de Niños Dr. Ricardo
Gutiérrez, Buenos Aires, Argentina, 2 Laboratorio de Quı́mica Teórica y Computacional (LQTC), Instituto de Quı́mica
Biológica, Facultad de Ciencias and Centro de Investigaciones Biomédicas (CEINBIO), Universidad de la República,
Montevideo, Uruguay, 3 University of Texas MD Anderson Cancer Center, Houston, TX, United States

The von Hippel–Lindau (VHL) disease is an autosomal dominant cancer syndrome caused
by mutations in the VHL tumor suppressor gene. VHL protein (pVHL) forms a complex
(VBC) with Elongins B-C, Cullin2, and Rbx1. Although other functions have been
discovered, the most described function of pVHL is to recognize and target hypoxia-
inducible factor (HIF) for degradation. This work comprises the functional characterization
of two novel variants of the VHL gene (P138R and L163R) that have been described in our
center in patients with VHL disease by in vitro, in vivo, and in silico approaches. In vitro, we
found that these variants have a significantly shorter half-life compared to wild-type VHL
but still form a functional VBC complex. Altered fibronectin deposition was evidenced for
both variants using immunofluorescence. In vivo studies revealed that both variants failed
to suppress tumor growth. By means of molecular dynamics simulations, we inspected in
silico the nature of the changes introduced by each variant in the VBC complex. We have
demonstrated the pathogenicity of P138R and L163R novel variants, involving HIF-
dependent and HIF-independent mechanisms. These results provide the basis for
future studies regarding the impact of structural alterations on posttranslational
modifications that drive pVHL’s fate and functions.

Keywords: VHL, von Hippel–Lindau, novel variants, P138R, L163R, functional characterization, molecular
dynamics, simulations
1 INTRODUCTION

The von Hippel–Lindau (VHL) disease is a hereditary autosomal dominant syndrome (1, 2) that
predisposes to the formation of cysts and benign and malignant tumors in different organs (3).
Clinically, VHL disease can be divided into two subtypes based on the absence (type 1) or presence
(type 2) of pheochromocytoma (4).
n.org March 2022 | Volume 13 | Article 854365134
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VHL disease’s incidence ranges from 1/36,000 to 1/45,000 live
births (3, 5) and is caused by mutations in the VHL tumor
suppressor gene, which is located in the short arm of
chromosome 3 (3p25-26) (3). Its coding sequence spans three
exons and encodes a 213-amino acid protein (pVHL) widely
expressed in human tissues (4, 6).

The correct folding of pVHL is coupled to the formation of the
VBC complex with Elongin B and Elongin C (7, 8). The VBC
complex together with Cullin 2 is part of the substrate-binding
subunit of an E3 ubiquitin ligase that negatively regulates the
expression of the hypoxia-inducible factors (HIFs) (9, 10). At
normal oxygen level, HIF-a is hydroxylated at proline residues, in
this form is recognized by pVHL, leading to rapid ubiquitination
and degradation by the proteasome (11, 12). In hypoxic conditions,
the prolyl-hydroxylases are inactive and HIF-a is stabilized,
dimerizes with HIF-b (constitutively expressed), and translocates
to the nucleus (12, 13). The dimer functions as a transcription
factor, negatively regulating the expression of diverse hypoxia-
inducible genes involved in metabolism, angiogenesis, and
apoptosis (12, 14). In the past years, research has demonstrated
that the SUMOylationofpVHLby theproteinRSUMEprevents the
formation of the VBC complex, thus HIF-a is not degraded even
undernormaloxygenconditions (15, 16).Ontheotherhand,pVHL
has HIF-independent actions, such as microtubule stabilization
(17), primary cilium formation (18), and extracellular matrix
fibronectin assembly (19, 20), which are also important for
tumor development.

To this day, more than 500 VHL mutations have been reported
according to the Human Gene Mutation Database (HGMD®

Professional 2020.3, accessed on November 5, 2020). Interestingly,
most of the families presenting with pheochromocytoma (type 2
VHL disease) harbor missense mutations, while families with type 1
VHL disease usually present with gene deletions or nonsense
mutations (21–24). In the present work, we performed functional
characterizationof twogenetic variants (P138RandL163R) that have
beendescribedatour center inpatientswithVHLdisease (25).P138R
variant was identified in 5 patients of a family with Type 2B VHL.
L163R variant was identified in 2 patients of a family with
pheochromocytoma only (Type 2C VHL). The P138R variant
implies the change of a proline for an arginine in the b domain of
pVHL, involved in the interaction with HIF-a, while the L163R (25)
variant is located in the a domain, involved in the union with
Elongins B and C. Through in vitro, in vivo, and in silico studies,
we demonstrated the pathogenicity of P138R and L136R variants
affecting not only pVHL capacity to formHIF’s recognition complex
and its functioning in pseudo hypoxic conditions but also some of
HIF’s independent actions.
2 MATERIALS AND METHODS

2.1 Site-Directed Mutagenesis
The vector VHL-wild-type (WT)-Venus-Retro (26) and the
Quikchange II XL Site-Directed Mutagenesis Kit were used
following manufacturer’s protocols to perform the specific
mutations P138R (CCA➔CGA) and L163R (CTC➔CGC).
Mutations were verified by DNA sequencing in ABI PRISM
Frontiers in Endocrinology | www.frontiersin.org 235
310 Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA).

2.2 Stable Cell Line Development
HEK293T cells were used as a helper cell line in order to obtain
retrovirus with the desired vectors as previously described by
Ding et al. (27). Briefly, HEK293T cells were transfected with 3
different vectors: 1) pcGp, 2) pVSVG, and 3) either one of the
following: GFP-Retro/VHL-WT-Venus-Retro/VHL-P138R-
Venus-Retro/VHL-L163R-Venus-Retro using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA). Upon assembly,
supernatant was used to infect RCC 786-0 cells (ATCC® CRL-
1932™, American Type Culture Collection, Manassas, VA,
USA), and after 20h, selection was performed with 1 mg/ml of
G418 antibiotic (Sigma Aldrich, St. Louis, MO, USA). Four
different cell lines were obtained expressing green fluorescent
protein (GFP), VHL-WT-Venus, VHL-P138R-Venus, and VHL-
L163R-Venus. All cell lines were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and maintained at 37°C in a
humidified 5% CO2 environment.

2.3 Western Blotting
Proteinswere obtained aspreviously described (28) and resolved on
a 12.5% sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). After transferring to polyvinylidene fluoride (PVDF)
membranes, blots were blocked and probed with different primary
antibodies: VHL (BD Biosciences, # 556347, diluted 1/5,000), GFP
(Santa Cruz, sc-8334, diluted 1/1,000), HIF-2a (Novus Biologicals,
NB100-122, diluted 1/1,000),b-actin (Cell Signaling, #4970, diluted
1/1,000), Elongin B (Santa Cruz, sc-133090, diluted 1/500), and
Elongin C (Santa Cruz, sc-1559, diluted 1/500). The following
secondary antibodies were used accordingly: anti-rabbit (Cell
Signaling, #7074, diluted 1/5,000), anti-goat (Santa Cruz, sc 2020,
diluted 1/2,000), and anti-mouse (Cell Signaling, #7076, diluted
1/2,000).

2.4 Cell Treatments
Cell lines were seeded on 6-well plates and incubated with 50 µg/ml
cycloheximide to interfere with protein synthesis, or 5 µg/ml
MG132 to inhibit the proteasome, or 100 µM CoCl2 (29) to
simulate hypoxia. After treatment, proteins or RNA was extracted.

2.5 Immunoprecipitation
The amount of protein coming from GFP, WT VHL-Venus,
P138R VHL-Venus, and L163R VHL-Venus cell lines was
determined by Bradford assay, and 1 mg of protein was
immunoprecipitated using GFP-Trap®_A kit (Chromotek
GmbH, Germany). The immunocomplexes were detected by
Western blot using the antibodies described above. Protein
from WT VHL-Venus cell line was used as positive control
and that from the cell line expressing GFP as a negative one.

2.6 Real-Time PCR
Total RNA from the different cell lines was extracted with Direct-
Zol RNA Kit (Zymo Research, Irvine, CA, USA) following
manufacturer’s protocol. To perform RT-qPCR, 1 µg of RNA
March 2022 | Volume 13 | Article 854365
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from each sample was used together with random hexamers and
Super Script II (Invitrogen, Carlsbad, CA, USA). Resulting cDNA
was diluted by 1:10, and 3 ml from each dilution was subject to
qPCR in triplicate using Kapa Syber Fast qPCR master mix (Kapa
Biosystems, Boston, MA, USA) in Step One Plus Real-Time PCR
System (Life Technologies, Carlsbad, CA, USA). mRNA values
were calculated using relative quantitation method and are
presented as fold change compared to control conditions.
Specific primers were designed to assess fibronectin, vascular
endothelial growth factor A (VEGF-A), and glucose transporter
1 (GLUT1) normalized to TATA box-binding protein (TBP) or
VHL and a subunit a of HIF-2 (HIF-2a) normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.7 Fibronectin Deposition by
Immunofluorescence
Using anti-fibronectin antibody combined with a secondary
antibody conjugated with Cy5, matrix deposition by all cell lines
was analyzed according to the protocol of Debnath et al. (30).
Briefly, cells were plated on coverslips, fixed, and permeabilized
after 6 days of culture. Nuclei were dyed with Hoechst (5 µg/ml),
and pictures were taken on a Carl-Zeiss AxioScope A1microscope.

2.8 Xenografts
Immunodeficient mice [N:NIH (S)-Fox 1nu] were housed in
standard conditions of 12-h light/12-h dark cycle with water
and food ad libitum, in accordance with National Institutes of
Health guide for the care and use of laboratory animals (31).

A solution of 1 × 107 viable cells was injected subcutaneously on
6–8-week-old male mice and monitored weekly for tumor
development. At 16 weeks post cell injection or when tumor
reached 2-cm diameter, mice were sacrificed, and tumor histology
was evaluated by hematoxylin and eosin (H&E) staining.

All animals were treated and cared for in accordance with
standard international animal care protocols. All procedures
were approved by the Animal Care and Use Committee of the
Hospital de Niños Dr. Ricardo Gutiérrez.

2.9 Database Search and Online Predictions
We searched for these variants in the Genome Aggregation
Database (gnomAD) (32), dbSNP (33), and ClinVar (34)
databases to look at allele frequency, and if they had been
reported by other groups. We also used online tools that
predict the effect of protein variants: SIFT (35), Polyphen (36),
Mutation Taster (37), and Human Splicing Finder (38). To
classify these variants according to the American College of
Medical Genetics Guidelines (39), we used VarSome (40).

2.10 In Silico Studies: Molecular
Dynamics Simulations
The crystal structure of a humanVBC:HIF-1a complex PDB 4AJY
(X-Ray diffraction, 1.73 Å resolution) was used as starting structure
(41). Missing residues of EloC (amino acids 106–118) were added
using the SWISS-MODEL workspace (42, 43). The following six
macromolecular systems were considered: WT and P138R and
L163R variants of pVHL inserted in VBC:HIF-1a complexes, both
under normoxia or hypoxia (the latter simulated replacingHyp564
Frontiers in Endocrinology | www.frontiersin.org 336
by Pro564 in HIF-1a). Lacking experimental structures of the two
variants considered, in silico mutations were introduced by
replacing the residue of interest at the native structure using the
SWISS-PDB Viewer software (42). Protonation states of titratable
residues were determined with PROPKA 3.0 (44), then all missing
hydrogen atomswere addedwith the ProToss utility of the Proteins
Plus server. All the systems were solvated with a truncated-
octahedral box of TIP3P water 12 Å around the solute and
neutralized with K+ ions using the leap module of AmberTools17
(45). Eachof the systemswasminimized (2,000 steps applying a 500
kcal mol−1 Å−2 harmonic potential over solute atoms, followed by
20,000 steps without restraints), then heated to 310 K [500 ps
molecular dynamics (MD) simulation in NVT ensemble] and
equilibrated at 1 atm (1 ns MD simulation at 310 K in NPT
ensemble), prior to run 400 ns of productive MD simulations
(NPT, 310 K and 1 atm). Minimizations and MD simulations
were carried out with the pmemd.cudamodule of AMBER16 (45).
Protein residues were treated using the AMBER ff14SB force field.
An integration step of 2 fs was used, constraining bonds involving
hydrogen with SHAKE algorithm (46). Temperature and pressure
were controlled applying the Langevin thermostat (47) and the
Monte Carlo barostat (48), respectively. An 8.0-Å cutoff was used
for direct non-bonded interactions, and the Particle Mesh Ewald
(PME) method (49) was applied to long-range electrostatic
interactions. Trajectory processing and analysis were performed
with cpptrajmoduleofAmberTools 17.Trajectory convergencewas
monitored following Ca-RMSDs, and flexibility was examined by
means of per-residue Ca-RMSF. Snapshots of the trajectory were
clustered into5 clusters—eachonewith a representative structure—
using a hierarchical agglomerative algorithm. Binding free energies
of HIF-1a to the VBC complex were calculated using the MM-PB
(GB)SA methods (50). For those calculations, the first 50 ns of the
trajectories were discarded, then 100 snapshots separated by 3.5 ns
were used. Representative structures of clusters with appreciable
population (>10%)were used to calculate the electrostatic potential
of VBC using the APBS software (51) implemented in the APBS/
PDB2PQR web server (52).

2.11 Statistical Analysis
For real-time PCR analysis, one-way ANOVA was used with a
Tukey test post evaluation. The chi-square test was used to
analyze the differences in tumor incidence, and crosstabs were
created. Statistical significance was defined as a p-value <0.05,
and all data were graphed as mean ± standard deviation unless
indicated otherwise.

3 RESULTS

3.1 P138R and L163R pVHL Variants
Exhibit Lower Protein Levels Than
Wild-Type pVHL
We analyzed the effect of P138R and L163R novel variants onVHL
protein stability using Venus-tagged proteins. Human 786–0 RCC
cell line (VHL-deficient) was infected with retroviral vectors to
stably express VHL-P138R-Venus, VHL-L163R-Venus, andVHL-
WT-Venus. Protein levels for both variants were significantly lower
March 2022 | Volume 13 | Article 854365
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than those for VHL-WT-Venus (Figure 1A). Assessed by
RT-qPCR, mRNA levels showed that VHL-P138R-Venus and
VHL-L163R-Venus variants were similar and even higher than
VHL-WT-Venus mRNA levels (Figure 1B), suggesting that
transcription levels are not responsible for the differences in
protein levels evidenced by Western blot.

Cell lines were treated with cycloheximide to inhibit protein
translation and enable the determination of half-lives for both
VHL variants and WT pVHL. After 6 h, results showed that
VHL-P138R-Venus and VHL-L163R-Venus have a significantly
shorter half-life (≈1.2 h and 1 h, respectively) compared to that of
VHL-WT-Venus (≈3.4 h) (Figure 1C).

Inhibiting the proteasome with MG132 (proteasome
inhibitor) significantly increased both variants’ protein levels,
Frontiers in Endocrinology | www.frontiersin.org 437
achieving quantities comparable to WT pVHL levels after
MG132 treatment for the case of P138R and slightly lower for
L163R (Figure 1D).

3.2 VBC Complex Formation Is Apparently
Diminished but Still Functional for P138R
and L163R
To date, pVHL’s most described function is its interaction and
consequent downregulation of HIF-a protein subunits (53). To
this end, pVHL needs to form the VBC complex (pVHL-Elongin
B-Elongin C). Immunoprecipitation of GFP Trap showed a
specific band of 25 kD for GFP alone and 50 kD on cells
expressing GFP-pVHL-Venus Tag (Figure 2A). Consistent
with previous results (Figure 1A), pVHL levels are different for
A B

D

C

FIGURE 1 | Reduction in protein levels and half-life for P138R and L163R pVHL variants. (A) Representative Western blot showing the levels of GFP and VHL
protein obtained in each cell line and b-actin as loading control. (B) Expression of VHL measured by qrPCR and graphed as fold change for P138R and L163R
pVHL variants compared to pVHL WT. *p < 0.0001, **p = 0.0424, one-way ANOVA and Tukey’s posttest. (C) Proteins levels obtained by Western blot after
treatment with 50 µg/ml cycloheximide to inhibit protein translation. Quantification was done in order to plot the proportion of protein levels on the different time
points evaluated. The dotted line indicates the 50%. (D) Inhibition of proteasome by 5 µg/ml MG 132 for cell lines expressing WT, and P138R and L163R pVHL
variants. Results are shown by a representative Western blot for VHL and b-actin. Relative quantification of the bands is shown under each line.
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the WT and P138R and L163R variants, resulting in less
coimmunoprecipitation of Elongin B and C for the variants
compared to WT VHL cell line (Figure 2A). We calculated the
ratio between the bands obtained: Elongin C/pVHL and Elongin
B/pVHL for WT pVHL, P138R and L163R pVHL-expressing cell
lines. Ratios were normalized to WT pVHL’s set as 1, and we
observed that P138R immunoprecipitates less Elongin B and
Elongin C (approximately 0.6) and L163R manages to
immunoprecipitate a similar proportion of Elongin C but a
lower quantity of Elongin B (0.25).

Since VBC complex was evidenced for both variants, we sought
to evaluate its functionality. Firstly, the capacity of pVHL variants
to downregulate HIF-2a was assessed. HIF-2a is overexpressed in
Frontiers in Endocrinology | www.frontiersin.org 538
the parental cell line used (786-0) (54), and its levels decrease
significantly in the derived cell line expressing VHL-WT-Venus
(Figure 2B, lanes 1 and 2). Protein levels for both P138R and
L163R cell lines (Figure 2B, lanes 3 and 4) were intermediate for
HIF-2a assessed by Western blot, although mRNA levels did not
change in the different cell lines (Figure 2B). To evidence the
consequence of these intermediate levels of HIF-2a protein, we
quantified mRNA levels of two of its downstream targets: VEGF-A
and GLUT1 using qRT-PCR in normoxic and pseudohypoxic
conditions (Figure 2C). Despite different HIF-2a protein levels,
mRNA levels in normoxia for VEGF-A and GLUT1 were similar
among cell lines expressing WT and P138R and L163R pVHL
(Figure 2C, upper panel). Under pseudohypoxic conditions, we
A B

C

FIGURE 2 | P138R and L163R pVHL variants form less VBC complexes without losing functionality. (A) Representative Western blot showing immunoprecipitation of GFP-
trap for each cell line expressing GFP, VHL-WT, P138R, or L163R. Membranes were blotted with anti-GFP, anti-VHL, anti-Elongin C, and anti-Elongin B. (B) Representative
Western blot showing the levels of HIF-2a protein and mRNA measured by RT-qPCR and graphed as fold change for 786-O, WT, P138R, and L163R cell lines. (C) VEG-F
andGLUT1mRNA expression was calculated by RT-qPCR under normoxia or 24 h of pseudohypoxia generated with 100 µM CoCl2. Results are presented as fold change
relative to pVHLWT expression. ns, not significant; *p < 0.0001, **p = 0.0401, ***p = 0.0002, one-way ANOVA and Tukey’s posttest.
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found significantly higher levels of VEGF-A and GLUT1 mRNAs
on the variant cell lines compared to the one expressing WT
pVHL (Figure 2C, lower panel).
3.3 Altered Fibronectin Deposition in
P138R pVHL and L163R pVHL With
Different RNA Levels
pVHL is known to regulate fibronectin mRNA levels, although
the underlying molecular mechanism has not been yet described.
We assessed fibronectin mRNA levels in the 786-0 and 786-0-
Frontiers in Endocrinology | www.frontiersin.org 639
derived cell lines expressing VHL-WT-Venus, VHL-P138R-
Venus, and VHL-L163R-Venus by RT-qPCR. Cells expressing
WT-VHL have higher fibronectin mRNA levels than the parental
786-0, which is pVHL null (Figure 3A). Regarding the variants,
P138R expression shows similar fibronectin mRNA levels to that
of WT-VHL-expressing cell line. On the other hand, L163R
expression resulted in diminished fibronectin mRNA levels and
significantly different to the WT-VHL but comparable to the
levels obtained for 786-0 cell line (Figure 3A).

Fibronectin expression per se does not ensure its proper
extracellular matrix organization. Using immunofluorescence,
A

B

FIGURE 3 | Differences in mRNA fibronectin expression for P138R and L163R pVHL variants with similar disrupted deposition patterns. (A) Fibronectin mRNA
expression of 786-O, WT, P138R, and L163R cell lines. Results are presented as fold change compared to WT cells. Values are expressed as ± SD of three
independent experiments performed in triplicate. ns, not significant; *p = 0.0011, **p = 0.0030, one-way ANOVA and Tukey’s posttest. (B) Cell lines were cultured
on coverslips to assess fibronectin deposition with anti-fibronectin Cy5 conjugated (in red) by immunofluorescence. Nuclei were dyed with 5 mg/ml Hoechst as
shown in blue. Images were taken at ×40 on a Carl-Zeiss AxioScope A1 microscope.
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we evidenced fibronectin deposition in the 786-0 cell line as a
dotted pattern, while in VHL-WT-Venus resulted in fibrillar
network of fibronectin deposition (Figure 3B). Both variants,
P138R and L163R, failed to generate this fibrillar organization,
demonstrating a pattern similar to that observed in the parental
786-0 cell line where pVHL is absent (Figure 3B).

3.4 Cells Expressing P138R and L163R
pVHL Do Not Suppress Tumor Growth
as Wild-Type pVHL Does
To test the tumor suppressor role of the novel variants, we
injected the cell lines expressing WT-VHL and P138R and L163R
pVHL into male nude mice. Also, 786-0 cell line was injected as
an internal control for the experiments. In our hands, visible
tumors were developed, on average, 9 weeks after injection for all
the tested cell lines (Figure 4A).
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As expected, the ratio between the number of tumors
developed and the number of sites injected was significantly
higher in 786-0 compared to the cells expressing the WT-VHL
protein. Moreover, P138R and L163R pVHL-expressing cells
developed more tumors when compared to WT-VHL cell line
(Figure 4B). Contingency tables were obtained, showing a
significant difference between P138R, L163R, or 786-0 cells
with WT pVHL, where tumors developed in 55% (11/20 for
both variants) or 40% (4/10 for 786-0 cells) of the sites injected
compared to a 10% for WT pVHL (3/30) (Figure 4B). Also, the
variants showed a similar ratio of developed tumors to that of the
parental cell line.

H&E staining confirmed that developed tumors had
histological characteristics that are compatible with clear cell
renal carcinoma (Figure 4C). These solid tumors were composed
of atypical polyhedral cells that have a large, acidophilic, or
A

B D

C

FIGURE 4 | In vivo studies showed tumor development for P138R and L163R pVHL variants. (A) Representative picture of nude mice and the tumors developed.
The arrow points toward a tumor (upper panel). The bottom panel shows the macroscopical aspect of the tumors. (B) Left plots represent the incidence obtained for
each cell line when injected on immunodeficient mice, and percentages are plotted on the right panels. ns, not significant; *p = 0.0306, **p = 0.0005, two-tailed chi-
square test. (C) Histological features of the experimentally obtained tumors and stained with H&E. Panel I, Tumor cells distributed as lobes of polyhedral cells
separated by fine fibers of connective tissue (CT) and striated muscle (SM) ×20 (Panel I). Panel II, a magnification of a sector of panel I shows a connective septum
with central endothelial nuclei corresponding to the capillary vessel (marked with black arrowheads), surrounded by tumor cells with nuclei (red arrows) with
prominent central nucleolus; ×100. Panel III presented tumor infiltrating the neighboring striated muscle, and the asterisks (*) indicate traces of tumor progression
between the muscle bundles. Panel IV shows mitotic figures indicated with black arrows; ×100. (D) Representative Western blot showing the expression of VHL
protein in the tumors developed by 786-O, WT, P138R, and L163R cell lines. b-Actin was blotted as loading control.
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optically empty cytoplasm with large nuclei where its membrane
was observed thickened and a prominent central nucleolus. Cells
are grouped into clusters separated by thin collagen tracts
through which small blood vessels pass (Figures 4C, I, II).
Tumors had infiltrating growth toward neighboring tissues
(Figures 4C, III) and showed histological signs of proliferative
activity, evidenced by the numerous mitotic figures found
(Figures 4C, IV).

pVHL protein expression was verified on tumors developed
by 786-0 cells, WT pVHL, P138R, and L163R cell lines by
Western blot. As shown in Figure 4D, pVHL was not
detectable on 786-0 cells and had higher levels on WT pVHL-
expressing cells compared to both variants (P138R and L163R).
3.5 Database Search and
Online Predictions
The results of our database and online prediction tools are
summarized in Table 1.

Our variants were not found in the Genome Aggregation
Database (gnomAD) that includes thousands of genomes and
exomes; this information allows us to infer that they have a very
low allelic frequency. Most of the effect prediction tools used
suggest that both variants are deleterious. L163R was previously
reported by our group and reported in ClinVar by a genetic
testing laboratory that classifies it as a variant of unknown
significance (VUS). Using VarSome to follow the ACMG
guidelines for classification of new variants, they are classified
as likely pathogenic (P138R) and pathogenic (L163R).
3.6 In Silico Studies of VBC: HIF-1a
Complexes by Molecular Dynamics
Simulations
MD simulations enabled us to inspect at a molecular level the
effects of introducing P138R and L163R pVHL variants in the
VBC: HIF complex structure (Figure 5A) and stability, flexibility
of the protein components, and other features relevant toward
molecular recognition of pVHL by HIF (here represented by a
559-577 peptide fragment from HIF-1a containing either
hydroxyproline Hyp564 or P564 in a carboxyl-terminal
oxygen-dependent CODD motif, as representative of normoxia
and hypoxia, respectively) in the VBC complex and by other
possible interactors (Figure 5A).
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All of the six MD 400-ns simulations promptly converged,
showing formation of structurally stable complexes in all the
cases. Introducing variants P138R and L163R in pVHL
(Figure 5B) appears not to considerably disrupt HIF-1a
binding to VBC under normoxic conditions: as shown in
Table 2, the three complexes display similar binding strength
values. Although VBC: HIF-1a complexes still form as evidenced
in vitro (Figure 2A), binding strength is significantly reduced in
all the cases under hypoxia, particularly for variant
P138R (Table 2).

Global structural fluctuations in protein backbones appear to
be smaller under hypoxia (when HIF-1a Hyp564 is replaced by
P564) with respect to normoxia (See Figure S1 in the
Supplementary Material). Differences in dynamic behavior
among WT and P138R and L163R variants of pVHL are more
pronounced under conditions representative of normoxia and
accompanied by side-chain shifts in residues relevant for the
pathophysiological functions of pVHL.
3.6.1 Structure and Dynamics of VBC: HIF Involving
Wild Type and P138R/L163R Variants
No major changes are detected in the tertiary and secondary
structure of the pVHL: HIF complexes after introduction of
variants P138R and L163R. Introducing variants affects specific
interactions at the level of amino acid side chains directly in their
local environment, and for L163R, it is propagated far away into
the pVHL: HIF-1a interface. P138R introduces changes in a loop
composed of residues 136–151.
3.6.2 Flexibility of the Components of the
Multiproteic Complex–Root-Mean-Square
Fluctuation (RMSF)
pVHL backbone flexibility and VCB interunit adaptation in the
VBC complex are essential features toward successfully
recruiting Cullin 2 (Cul2) E3 ubiquitin ligase and HIF-1a (55).
Under high oxygen conditions, P138R variant significantly
increases pVHL backbone flexibility in the region around P138
substitution comprising residues 136–151 (Figure S1, left
bottom). More precisely, while lining the floor of the b-domain
in native pVHL, this flexibilized region constitutes a
hydrophobic patch from where P138 establishes direct
hydrogen-bonding interactions with H115 (one of the residues
clamping Hyp564 from HIF-1a at the B-interface of pVHL) and
TABLE 1 | Databases and online predictions for our pVHL variants.

Variant ACMG Classification using
VarSome

Databases Mutation Effect Predictions

gnomAD
(v3.1.2&2.1.1)

dbSNP ClinVar SIFT Polyphen Mutation
Taster

Human Splicing Finder

P138R Likely pathogenic NA NA NA Affect protein
function

Probably
damaging

Deleterious New donor splice site

L163R Pathogenic NA rs28940297 VUS Affect protein
function

Probably
damaging

Deleterious No significant impact on
splicing signals
March 2022
NA, not available; VUS, Variant of Unknown Significance.
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Y112. In the P138R variant, the more extended and charged
Arg138 lies at the bottom of the b-domain but displaced outward
from the hydrophobic core and oriented toward helix H4. On the
opposite direction, both variants slightly reduce the flexibility of
Frontiers in Endocrinology | www.frontiersin.org 942
the protein in the region 86–96, also in the b-domain of pVHL,
as a part of the HIF-1a binding surface [primary binding site S1,
quite shallow, rigid (13, 56)] including some of the well-
conserved residues lining the Hyp564 binding cavity. No
A

B C

FIGURE 5 | 3D representative structures from MD simulations. (A) VBC complex with pVHL : HIF-1a and pVHL : EloC interfaces where variants are located circled
and evidencing relevant residues. (B, C) Overlapped representative structures for the most populated clusters from 400-ns MD simulation under normoxia. Circled
residues correspond to pVHL variants amino acids P138R and L163R in (B, C), respectively. Color code: green, wild type pVHL; yellow, P138R pVHL variant; red,
L163R pVHL variant.
TABLE 2 | MMPB(GB)SA-binding free-energies (DbG) for VBC: HIF-1a complexes.

System DbG (MMPBSA, kcal mol−1) D(DbG)

Normoxia Hypoxia

Wild type −34 ± 12 −23 ± 12 11
P138R −33 ± 08 −12 ± 10 21
L163R −33 ± 09 −24 ± 10 9
March 2022 | Volume 13 | Article
MMPBSA, Molecular Mechanics Poisson-Boltzmann Surface Area MMPBSA.
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significant alterations are introduced by the L163R variant
located in the a-domain of pVHL at the hydrophobic surface
patch defining the interface with EloC where L163 establishes
hydrophobic interactions with pVHL residues K159, L188, and a
leucine from EloC. No significant alterations in flexibility are
observed under conditions representative of hypoxia (Figure S1,
panel C) other than a small reduction in the native protein
around 86–96. Introducing variants in pVHL does not affect in a
significant way HIF-1a flexibility (Figure S1, left bottom), which
remains bound to VBC in all the cases with similar strengths
under normoxia (Table 2). In the case of P138R, a small increase
in flexibility is noticed under hypoxia in the region after Pro564,
partially comprising the primary (S1) and secondary (S2) HIF-
binding sites to pVHL. Introduction of variants in pVHL also
reduces EloB flexibility in the region comprising residues 77–90.
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Whereas L163R does not alter EloC flexibility with respect to
VBC formed with native pVHL, P138R induces a reduction
mainly in the region defined by residues 83–93.
3.7 Changes Toward Molecular
Interactions After Introducing
Variants in pVHL
3.7.1 Electrostatic Reorganization Influencing
Molecular Recognition Properties
As shown in Figure 6, front-view representations, HIF-1a
binding site in the native VBC complex has two regions of
clearly defined positive and negative electrostatic potential that
may be guiding HIF-1a recognition and proper positioning.
Introduction of both variants in pVHL induces charge
FIGURE 6 | In silico studies showed both reorganization in shape and/or surface electrostatic potential in pVHL variants. Molecular electrostatic potential (MEP) is
mapped on the Connolly surface as calculated for WT and P138R or L163R pVHL variants. Representative structures were extracted from the most populated
cluster from each MD simulation. Units of potential range from -7 to 7 kT/e (red, negative values; blue, positive values). Relevant modifications in shape and/or
surface MEP between WT and mutants are evidenced by placing black asterisks nearby. The interaction domains of pVHL with HIF and EloC/EloB are shown in the
left for each of the three views displayed.
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redistribution reflected in the molecular electrostatic potential
(MEP) and changes in the surface molecular shape, with an
influence in molecular recognition.

3.7.2 Exposition to Solvent (SASA) of Relevant pVHL
Lys Residues: K159, K171, and K196
We calculated the solvent-accessible surface area (SASA) for
lysine residues 159, 171, and 196 (see Figures 5B, C for their
location and orientation in each variant), which are targets for
posttranslational modifications. Figure S2 and Table S1 in the
Supplementary Material show the results for each of these. K159
is the most buried of the three Lys identified as relevant in the
interaction with NEDD8. L163R variant further reduces solvent
exposure of K159 in several frames of simulation, and this
residue is reoriented. K171 is the most exposed of the three
Lys inspected, and none of the variants affected its exposition.
K196 is less exposed to solvent for the case of the L163R variant.
4 DISCUSSION

In this study, we aimed to describe two novel variants of the VHL
protein: P138R and L163R, which have been found in families with
VHL disease and have not been functionally characterized before.

Firstly, by Western blot, we observed lower protein levels of
the variants when compared to WT pVHL and showed that they
have significantly lower half-lives compared to WT pVHL. Other
groups have reported similar results for other pVHL variants
such as S65W (57), N78S (57), Y98H (57, 58), W117A (26),
P138L (59), V155A (60), L158P (57), L158Q (60), Q164R (60),
R167Q (57, 61), R167W (58), L188Q (57), and L188V (60).
There are striking differences among other authors’ results
regarding the absolute value of WT pVHL and variant half-
lives, even if we only consider those that use the same
cycloheximide concentration (50 µg/ml). To compare our
results with previous studies, we calculated the ratio between
WT pVHL and our variants’ half-lives, resulting in 2.8 (P138R)
and 3.4 (L163R) approximately. Lanikova et al. (59) have
described P138L variant, obtaining different absolute values for
the half-lives, but a similar ratio to the one reported here for
P138R. If we compare mutations near L163R, Park et al. (58)
have shown that Q164R’s half-life was reduced ≈3-fold
compared to WT, while V155A and L158Q ≈5.5–6-fold. Ding
et al. (61) showed a ≈3-fold reduction of R167Q’s half-life. When
regarding absolute half-life values, Bangiyeva et al. (57) showed
that after 2 h of cycloheximide treatment, levels of L158P and
R167Q diminished drastically, becoming very low or
undetectable by Western blot, resembling our results.

On the other hand, when cell lines were treated with the
proteasome inhibitor MG132, we observed accumulation of WT
pVHL, P138R, and L163R. Both variants increased their levels in a
higher proportion than WT pVHL. Taken together, the above data
suggest that the lower protein levels observed for VHL-P138R-
Venus and VHL-L163R-Venus are due to proteasomal degradation.

The most studied mechanism for pVHL proteasome-
mediated degradation is UCP-mediated polyubiquitination.
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Other authors have shown that UCP mediates the degradation
of V155A, L158Q, and Q164R variants (60). P138R and L163R
variants do not involve the substitution of lysine residues (subject
to ubiquitination) directly, but they could alter their
surroundings, favoring their exposure and thus their
ubiquitination. Particularly for L163R variant, lysine 196
appears to be less exposed to the solvent, a result that would
not favor polyubiquitination of this residue. Given that the
region of interaction of pVHL with UCP has not been
determined yet, one could speculate that this region might vary
its conformation as a result of changes introduced in the pVHL
protein. Therefore, an increase in the affinity of UCP for pVHL
variants might explain their increased degradation compared to
WT pVHL.

We showed that both pVHL variants maintain their ability to
form a VBC complex, although it is apparently formed at a lower
rate: P138R appears to bind less Elongin B and C, while L163R
appears to bind Elongin C appropriately but less Elongin B.
These results are in agreement with other groups’ findings, since
the majority of inherited VHLmutations are defective in Elongin
B and C binding (62–65). Other groups have shown that variants
close to P138R and L163R such as D121G (66), Q145H (67),
F148A (61), V155A (60), Q164R (60), and R167Q (61, 66, 68)
form less VBC complex compared to WT pVHL, while L158P
(69) and C162F (63, 70) are unable to form this complex and
therefore do not have the capacity to downregulate HIF-a
subunits (69, 71, 72).

On the other hand, VBC complex formation itself does not
ensure its functionality, as it must recognize HIF-a subunits in
order to target them for proteasomal degradation. Ding et al. (61)
have shown that W117A and F148A mutations form less VBC
complex and also lose their ability to interact with HIF-2a. We
interrogated the capacity of the P138R and L163R pVHL variants
to form a functional VBC complex and therefore accomplish the
interaction and proteasome-mediated degradation of HIF-2a. By
Western blot, intermediate levels of HIF-2a were observed by the
cell lines expressing P138R and L163R; therefore, we decided to
evaluate the consequence of these intermediate levels by
evaluating the expression (mRNA) of two target genes: VEGF-
A and GLUT1. We showed that under normoxic conditions,
these genes exhibit the same regulation in cell lines expressing
either the variants or WT pVHL. Nevertheless, after 24 h of
pseudohypoxia, significant, though subtle, differences were
observed between the cell lines expressing the variants
compared to WT pVHL. As a consequence, variants’ VBC
complexes could not appropriately regulate HIF-2a levels
under these experimental conditions. This result suggests that
the novel pVHL variants might have a different behavior
compared to WT pVHL under more physiologically
challenging conditions. The results obtained in silico suggest
that VBC-HIF-1a complexes formed by the variants are
thermodynamically favorable because of their negative DG.

In summary, our results indicate that although the protein levels
for P138R and L163R pVHL variants are lower compared to WT
pVHL, these interact forming a functional VBC complex capable of
targeting HIF-2a for proteasome-mediated degradation.
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As mentioned before, numerous pVHL HIF-independent
mechanisms account for pVHL as a tumor suppressor (18, 19,
73). We decided to explore the relationship of these variants with
fibronectin regulation, since it has been explored since 1998 and
is the most described HIF-independent function to date (19).
Other authors have shown that cell lines with pVHL mutant
expression result in a defective fibronectin matrix deposition (19,
71, 74).

Our results indicate that although the novel variants exhibit a
different regulation of fibronectin mRNA levels, they both fail in
assembling a proper extracellular fibronectin matrix. For the
L163R variant, less exposure to solvent of lysine 196 could
explain a lower NEDDylation level and therefore the defective
interaction with fibronectin, since NEDDylation has been
described as a necessary switch for fibronectin interaction (75).
These findings are speculative at this point and need to be tested
in vitro in future studies.

The 786-0 cell line develops tumors when injected into nude
mice, while clones of this cell line expressing WT-pVHL do not,
or in some cases, they do but in a much smaller proportion of the
injected mice compared to 786-0. Our xenograft experiments
revealed that P138R-pVHL and L163R-pVHL failed to suppress
tumor growth, obtaining 11 tumors out of 20 sites injected with
each variant (55% incidence), a similar proportion to the one
obtained by parental 786-0 cell line that does not express pVHL
(40% incidence). These results confirm the pathogenic role for
P138R and L163R pVHL variants, since they are unable to
suppress tumor growth such as WT pVHL does. A study
conducted by Ding et al. (61) revealed that the amount of a
missense-mutated VHL protein (R167Q) could impact its
function suppressing tumorigenesis when proteasome is
inhibited, and this protein is therefore accumulated. Using the
same approach and experimental tools, our pVHL variants were
not able to compensate their functional deficiencies and
demonstrated tumorigenic capacity, suggesting that there are a
variety of mechanisms driving tumor formation. Our work
reinforces the importance of studying specific variants to
identify their biological impact. This work sets the stage for
mechanistic studies exploring the altered mechanisms that
explain pathogenesis and could lead to more targeted therapies
for specific mutations.

Overall, our results show that P138R and L163R pVHL
variants can be classified as pathogenic, since they failed to
suppress tumor development in nude mice. Future studies are
suggested for the elucidation of the mechanisms underlying their
pathogenicity. In the current omics era, our study sets the basis
for future proteomic and genomic approaches to compare cell
lines expressing these variants with the WT protein to fully
understand this missense variants’ global effects.
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Central diabetes insipidus (CDI) is a rare endocrine disease deriving from an insufficient
production or secretion of anti-diuretic hormone. Recently, CDI has been reported as a
rare side effect triggered by immune checkpoint inhibitors (ICI) in cancer patients. Despite
its current rarity, CDI triggered by ICI is expected to affect an increasing number of patients
because of the expanding use of these effective drugs in a growing number of solid and
hematologic malignancies. An appropriate assessment of the severity of adverse events
induced by anticancer agents is crucial in their management, including dosing adjustment
and temporary withdrawal or discontinuation treatment. However, assessment of the
severity of CDI induced by ICI may be challenging, as its main signs and symptoms
(polyuria, dehydration, weight loss, and hypernatremia) can be incompletely graded.
Indeed, the current grading system of toxicity induced by anticancer treatments does not
include polyuria. Additionally, dehydration in patients affected by diabetes insipidus,
including ICI-induced CDI, is different in certain aspects from that due to other
conditions seen in cancer patients, such as vomiting and diarrhea. This prompted us to
reflect on the need to grade polyuria, and how to grade it, and to consider a specific
grading system for dehydration associated with CDI induced by ICI. Here we propose a
new grading system for polyuria and dehydration, as critical symptoms of the CDI
syndrome occurring in patients on ICI treatment, to obtain better management of both
the adverse event and the triggering drugs.

Keywords: central diabetes insipidus, immune checkpoint inhibitors, grading system, CTCAE, endocrine toxicities
INTRODUCTION

Anti-diuretic hormone (ADH) (also called Vasopressin) is produced by hypothalamic supraoptic and
paraventricular nuclei, stored and secreted at the level of the posterior pituitary. ADH is initially
synthesized as a pro-hormone (pre-pro-ADH) that is cleaved generating a 9-amino-acid hormone
(ADH) and equimolar amounts of a more stable C-terminus peptide called copeptin. ADH causes water
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reabsorption through the V2 receptor-mediated insertion of
aquaporin water channels into the luminal membrane in the
collecting duct of the kidney (1). Diabetes insipidus (DI)
manifests when a decreased activity of ADH occurs. It can be due
to partial or complete secretion failure (central DI, CDI), or to renal
resistance to its effect (nephrogenic DI, NDI) (2). CDI may derive
from injury to the pituitary or the hypothalamus, while NDI is due
to insensitivity of the kidney receptor to ADH. The leading causes of
CDI and NDI are reported in Table 1. The work-up for CDI
diagnosis in cancer patients follows the recognition of critical early
symptoms, including polyuria, nocturia, excessive thirst, polydipsia,
dehydration, weight loss, lethargy, and confusion (44, 45). Once
CDI is suspected, endocrinological consultation is recommended
(2). As the first diagnostic step, the presence of hypotonic polyuria
should be confirmed, then the type of polyuria-polydipsia disorder
(central DI vs. nephrogenic DI vs. primary polydipsia) should be
identified (44, 45). To this aim, the endocrinologist will opt either to
Frontiers in Endocrinology | www.frontiersin.org 249
require the water deprivation test (WDT) or the hypertonic saline
infusion test, along with serum copeptin measurements (45). Once
the disorder is recognized, the underlying etiology needs to be
identified among several potential causes, based on an accurate
medical history and choosing the appropriate biochemical and
imaging tests (44, 45).

The consequence of DI is a variably decreased ability to
concentrate urine, leading to polyuria and polydipsia. However,
polyuria (arbitrarily defined as a urine volume >3 Liters/day or ≥50
ml/Kg/24 hours) is considered the hallmark of DI and may arise
suddenly in CDI, being usually more insidious in NDI (44). The
grade of polyuria severity depends on the total solute load, the
circulating volume, and the DI severity. Nocturia may be the main
symptom in mild DI and the first clue to its diagnosis (2, 44). When
DI derives from an injury to the hypothalamus-pituitary (CDI), it
may be accompanied by deficiency of anterior pituitary hormones
such as adrenocorticotropic hormone (ACTH), resulting in adrenal
TABLE 1 | Causes of central (injury to the pituitary and/or hypothalamus) and nephrogenic diabetes insipidus.

Central diabetes insipidus Nephrogenic diabetes insipidus

Autoimmune/
Inflammatory (2–6)

•Lymphocytic hypophysitis
•Xanthogranulomatous hypophysitis
•IgG4 disease
•Anti-vasopressin neuron antibodies
•Guillain-Barré syndrome

—

Congenital (genetic)
(1, 7–12)

•AVP-neurophysin II gene alterations
•Wolfram (DIDMOAD) syndrome
•Septo-optic dysplasia
•Schinzel-Giedion syndrome
•Culler-Jones syndrome
•Alstrom syndrome
•Hartsfield syndrome
•Webb-Dattani syndrome
•X-linked defects with subnormal AVP levels

•Aquaporin-2 channel gene alterations
•X-linked V-2 receptor gene alterations
•PMSE syndrome (polyhydramnios, megalencephaly, and symptomatic
epilepsy)
•Type 4b Bartter syndrome

Drugs/toxins
(4, 13–29)

•Temozolomide
•Immune checkpoint inhibitors
•Phenytoin
•Ethyl alcohol, snake venom

•Lithium
•Demeclocycline, Methoxyflurane
•Cisplatin, pemetrexed
•Aminoglycosides, amphotericin B

Granulomatous or systemic
disease
(4, 30–33)

•Sarcoidosis
•Granulomatous hypophysitis
•Langerhans’ cell histiocytosis
•Erdheim-Chester disease

•Amyloidosis
•Sarcoidosis
•Sjogren’s syndrome

Infectious
(2–4, 34)

•Meningitis, encephalitis
•Tuberculosis
•Pituitary or hypothalamic abscess

—

Neoplastic
(4, 35–37)

•Craniopharyngioma, germinoma, meningioma
•Invasive pituitary macroadenoma
•Pituitary and/or hypothalamus metastasis

•Multiple myeloma

Trauma
(38–42)

•Deceleration injury
•Intracranial surgery
•Transsphenoidal pituitary surgery

—

Vascular
(4, 43)

•Hypothalamic infarction/hemorrhage
•Cerebral infarction/hemorrhage
•Anterior communicating artery ligation/
aneurysm
•Sheehan’s syndrome
•Sickle cell disease

•Renal infarction
•Sickle cell disease

Renal disease
(1–4)

— •Chronic kidney disease
•Polycystic kidney disease
•Obstructive uropathy

Metabolic (1–4) — •Hypokalemia
•Hypercalcemia
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insufficiency, TSH in central hypothyroidism, gonadotropins in
hypogonadism, and deficit of growth hormone and prolactin (3,
44). Notably, in mild CDI, polyuria may not be revealed until the
adrenal insufficiency is treated since cortisol deficiency increases
fluid reabsorption and ADH release and reduces glomerular
filtration rate (44). When thirst mechanisms are intact, and access
to water is accessible, DI does not result in dehydration and overt
hypernatremia (defined as a serum Na >145 mEq/L) (2, 3, 44, 45).
Conversely, if thirst or access to water (or both) is somewhat
impaired, the persistence of polyuria may cause fluid depletion,
leading to hypernatremia and a rapid weight loss (2, 44). This, in
turn, may also reduce the effective circulating volume
(hypovolemia), causing impairment of tissue and organ perfusion.
If severe hypovolemia is not timely corrected, ischemic end-organ
damage occurs, leading to life-threatening conditions, up to death if
patients are in shock (or affected by other severe comorbidities) (46).
Unrecognized or new-onset DI leading to symptomatic
hypernatremia in a patient with altered mental status, impaired
thirst mechanism, or restricted access to water, may become an
emergency condition. In particular, hypothalamic disorders (e.g.,
tumors, granulomatous disorders, and vascular disease) can result in
both DI and impaired thirst sensation (“adipsic DI”) (2, 44, 46).
Notably, cancer patients may not suffer from any of those
conditions, but they may reduce their fluid intake due to nausea,
vomiting, fatigue, and malaise, symptoms frequently caused by
anticancer treatments and malignancy itself. These conditions
may hamper compensating hypernatremia by drinking, leading to
a rapid and potentially severe worsening of DI.

Herein, we focused on CDI in cancer patients on treatment
with immune checkpoint inhibitors (ICI) and the hurdles of
assessing its severity in this subgroup of patients.
CDI IN CANCER PATIENTS

In cancer patients, CDI may arise when local malignancies or
metastases compress or infiltrate the posterior pituitary or the
supraoptic/paraventricular nuclei of the hypothalamus, or when
the function of these structures is impaired by anticancer
treatments, such as brain surgery and/or radiotherapy. CDI is
rarely diagnosed as a paraneoplastic syndrome (3, 47) or as a side
effect of certain anticancer drugs (i.e., temozolomide) (13–16). In
recent years, CDI has been reported in a limited number of cancer
patients on ICI (17–28). Three classes of ICI are currently available
in the clinic: anti-CTLA4 monoclonal antibodies (anti-CTLA4
mAb) and monoclonal antibodies targeting the programmed cell
death receptor-1 (PD-1) or its ligands (PD-L1) (anti-PD1 mAb and
anti-PDL1 mAb) (48). ICI have demonstrated improvements in
survival in patients affected by several malignancies, and their use is
expected to increase in the near future with further indications and
new agents. ICI act by restoring the immune competence against
cancer cells after escaping the control of the immune system (49).
However, ICI may trigger several autoimmunity/autoinflammatory
adverse events (irAEs) intimately related to their mechanism of
action, i.e., the selective stimulation of the host immune system (48,
50). Endocrine irAEs are among the most frequent ICI-related
Frontiers in Endocrinology | www.frontiersin.org 350
toxicities, being thyroid and pituitary dysfunction prevalent
(51–53).
CDI IN PATIENTS ON TREATMENT
WITH ICI

CDI induced by ICI is a rare endocrine irAE. Bai et al., in theWHO
global database of individual case safety reports (54), in the period
between January 2011 and March 2019, found a total of 6,089 ICI-
related endocrine side effects. Out of these side effects, 1,144 (18.8%)
were pituitary events, including hypophysitis (835 reports),
hypopituitarism (268 reports), pituitary enlargement (52), other
(18), while CDI was reported in 7 out of 1,072 (0.7%) of the
registered hypophysitis/hypopituitarism cases. Recently, we
systematically reviewed the literature and found eleven papers
reporting on patients who suffered from ICI-induced CDI
(Barnabei et al., accepted manuscript; in press). In five of those
cases, CDI was diagnosed in the context of a panhypophysitis
induced by ipilimumab (an anti-CTLA4 mAb): in three of them,
ipilimumab was administered as a single agent (18–20), while in the
other two cases, ipilimumab was administered in combination with
nivolumab (an anti-PD1mAb) (21, 22). In four of the 11 cases, CDI
was diagnosed as an isolated endocrine irAE: the triggering drug
was either avelumab (an anti-PDL1mAb) (23), nivolumab (an anti-
PD1 mAb) (24), or sintilimab (an anti-PD1 mAb) (25), while in the
fourth case, CDI was reported in a patient who received a
combination treatment (tremelimumab + durvalumab, an anti-
CTLA4 mA and an anti-PDL1 mAb, respectively) (26). In
another case, CDI occurred in the context of hypothalamitis
caused by atezolizumab (an anti-PDL1 mAb) (28). In the last
case, CDI was reported in a patient on nivolumab, diagnosed
with a concomitant anterior pituitary metastasis (27). The analysis
of those case reports did not provide unifying clinical features of the
ICI-induced CDI syndrome. Indeed, the work-up that led to the
diagnosis and even terms used to describe the CDI syndrome varied.
Obviously, once CDI was diagnosed, therapy with vasopressin or its
longer acting analog de-amino D-arginine vasopressin (DDAVP or
desmopressin) was rapidly started in most cases, and compensation
was obtained, but information about how long replacement therapy
was continued is unavailable in many reports. Also, the
management of the causal drug(s) varied, as in two cases, the
anticancer treatment was transiently stopped, in two cases
completed, while in the other 9 cases, ICI was permanently
discontinued. However, the reasons leading to either maintenance
or withdrawal of the triggering ICI(s) were based on clinical
judgment, in the absence of specific guidelines for the
management of CDI as an irAE induced by ICI.

Studies exploring the pathogenic mechanisms leading to the
onset of CDI in patients on ICIs are currently unavailable. It is
speculated that autoimmunity triggered by these drugs might
impair the anterior pituitary leading to the inflammatory damage
of the posterior pituitary or both (51, 55–57). The hypothesis reflects
the pathogenesis of other ICI-induced organ damage, including
thyroid and other endocrine glands (58, 59). Interestingly, selective
injury to the posterior pituitary or the hypothalamus has been
March 2022 | Volume 13 | Article 840971
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suggested. Specifically, the expression of the PD-L1 on
hypothalamic cells of a primate has been recently demonstrated
(60), providing the basis for a potential explanation for the onset of
hypothalamitis that occurred during treatment with atezolizumab
(28). Histological data would be essential in clarifying the
pathogenesis of ICI-induced CDI; however, biopsy specimens are
difficult to obtain for various reasons, including the unethicality of
the procedure in certain clinical conditions. Therefore, studies
exploiting autoimmunity antibodies in this subgroup of patients
would be essential (61–64).

As in other rare irAEs triggered by ICI (65), with the growing
clinical use of these agents, a better knowledge of the CDI syndrome
induced by ICI may help oncologists early suspect its onset and
early activation endocrinologist consultation. Moreover, a specific
grading system capable of adequately assessing the severity of CDI
as an irAE triggered by ICI would be helpful in the choice of
maintaining, delaying, or withdrawing the causative drug(s).
However, some hurdles need to be overcome.
EMERGING PROBLEMS IN GRADING
ICI-INDUCED CDI

Anticancer drugs have a narrow therapeutic range. Therefore, their
starting dose is carefully assessed in clinical practice, based on the
drug schedule, patient’s parameters (i.e., performance status,
comorbidities, age, organ function impairments, etc.), and, when
available, pharmacogenetic factors predicting toxicity (i.e.,
polymorphisms of dihydropyrimidine dehydrogenase gene if
fluoropyrimidines will be used, etc.) (63, 64, 66, 67). After that,
the management of anticancer drugs includes the severity of adverse
events (level of toxicity) reported after each administration,
measured according to the Common Terminology Criteria for
Adverse Events (CTCAE) (68). In detail, CTCAE is an updated
list of terms describing adverse events (AE) commonly encountered
in oncology practice and research, intended to be an agreed-on
terminology for the designation, reporting, and grading of AE. Each
term indicating an AE is defined, and the severity of AE is classified
according to a 5-level scale corresponding to increasing levels of
Frontiers in Endocrinology | www.frontiersin.org 451
severity (from mild, categorized as grade 1, to patient’s death due to
toxicity, categorized as grade 5). Laboratory parameters or clinical
features are used to grade the severity of each AE (examples in
Table 2). The CTCAE grading system, through the objective
assessment of toxicity experienced by single patients at each
treatment administration, informs clinicians if dose adjustments
to the treatment plan are needed (CTCAE). Consistently, the
management of ICI is based on the level of the reported toxicity,
assessed according to the current CTCAE grading system, recently
updated including irAEs. Based on CTCAE assessment, the major
scientific societies (e.g., ESMO, ASCO, SITC, NCCN) provided
detailed guidelines for managing ICI-related toxicities, including
endocrine irAEs (69–72). However, recommendations for the
management of the causal drug(s) in patients diagnosed with ICI-
induced CDI are not yet available, presumably due to the rarity of
this irAE. Only the NCCN guidelines suggest “considering workup
for diabetes insipidus if a patient complains of polyuria/polydipsia
and elevated natremia” (NCCN). However, as CDI is emerging as a
new irAe induced by ICI, a reflection on the potential hurdles in
assessing the severity of the related symptoms has appeared
as timely.

It is widely agreed that polyuria is the hallmark of DI. Similarly,
it is well known that polyuria in DI, if not compensated (by
adequate fluid intake or vasopressin or desmopressin), may lead
to hypernatremia, dehydration, and weight loss. Indeed, the ADH
deficit is responsible for pure water loss, leading to elevation in
serum osmolality and sodium concentration and, therefore, to the
passage of water from the cells into extracellular fluid (due to an
osmotic gradient) (3, 46, 47). As in DI approximately two-thirds of
the pure water loss derives from the intracellular fluid, the condition
is more appropriately defined as “dehydration” than “hypovolemia”
(46). Importantly, patients with pure water loss display the
symptoms of hypernatremia (produced by the water deficit)
before those of marked extracellular fluid depletion (46).
Therefore, the assessment of polyuria, dehydration, and
hypernatremia are the three critical components of the DI
syndrome to consider in evaluating CDI severity. However, in the
current CTCAE grading system hypernatremia and dehydration are
graded, but not polyuria (Table 2) (68). The closer condition to
TABLE 2 | Toxicity level of the main symptoms (dehydration, hypernatremia, weight loss) of diabetes insipidus according to the current CTCAE grading system (version
5.0).

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Dehydration Increased oral fluids indicated; dry
mucous membranes; diminished
skin turgor

IV fluids indicated Hospitalization indicated Life-threatening consequences;
urgent intervention indicated

Death

Definition: A disorder characterized by excessive loss of water from the body. It is usually caused by severe diarrhea, vomiting or diaphoresis.
Hypernatremia >ULN - 150 mmol/L >150 - 155 mmol/L; intervention

initiated
>155 - 160 mmol/L;
hospitalization indicated

>160 mmol/L; life-threatening
consequences

Death

Definition: A disorder characterized by laboratory test results that indicate an elevation in the concentration of sodium in the blood.
Weight loss 5 to <10% from baseline;

intervention not indicated
10 - <20% from baseline;
nutritional support indicated

>=20% from baseline; tube
feeding or TPN indicated

– –

Definition: A finding characterized by a decrease in overall body weight; for pediatrics, less than the baseline growth curve.
Urinary
frequency

Present Limiting instrumental ADL;
medical management indicated

– – –

Definition: A disorder characterized by urination at short intervals
March 2022 | Volume 13 | Artic
ADL, activities of daily living; IV, intravenous; TPN, total parenteral nutrition; ULN, upper limits of normal values.
le 840971

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Barnabei et al. Grading ICI-Induced CDI
polyuria categorized in the CTCAE grading system could be
“urinary frequency”, defined as “a disorder characterized by
urination at short intervals” (68). Grade 1 urinary frequency is
determined as “present”, while grade 2 occurs when urinary
frequency limits instrumental ADL and/or medical management
is/are indicated (Table 2). However, according to its definition,
urinary frequency is a synonym of pollakiuria, which describes the
frequent elimination of normal volumes of daily urine, while
polyuria indicates the urination of larger than normal urine
volume. It could be speculated that grading polyuria could not be
necessary to assess the severity of ICI-induced CDI, as
hypernatremia and dehydration provide enough information
about the seriousness of DI. However, in patients affected by CDI,
normal natremia or mild hypernatremia, like mild dehydration,
may not be informative about the severity of the condition, as
patients may compensate through a variably high intake fluid.
Notably, the compensation obtained by drinking could mask the
severity of DI if polyuria (and polydipsia) are not considered in the
evaluation. In other words, the patient on ICI who develops CDI
could present with mild hypernatremia or even normal values of
natremia and/or mild (or no) dehydration, at the cost of an
increased fluid intake. Importantly, the patient’s conditions may
rapidly worsen if not adequately diagnosed and assessed. Therefore,
polyuria seems to be the key symptom to evaluate not only to obtain
an early diagnosis of CDI but also to estimate the severity of ICI-
induced CDI (essential in the further management of ICI).

Moreover, other symptoms are reported among those that may
worsen the “day and night” quality of life of patients affected by DI
(e.g., thirst and the compelling need for quick water drinking,
urinary frequency, nocturia, and the quality of sleeping, etc.).
These symptoms should also be considered in the comprehensive
evaluation of ICI-induced CDI and its management.

Finally, the assessment of dehydration related to DI needs
careful considerations in cancer patients. In the current CTCAE
grading system, the assessment of dehydration severity is not
quantitative, based on the need for fluid supplementation and the
level of assistance required by the patient (Table 2) (68). This is a
proper evaluation in patients presenting with loss of fluids due to
diarrhea and vomiting. Notably, diarrhea and vomiting, even in
their severe forms, may lead to weight loss in a longer time
compared with the “rapid” (in a few hours) weight loss induced
by polyuria due to DI. This highlights the need for a proper
grading system for dehydration in the context of DI, which
would be helpful particularly when dehydration occurs in
patients with CDI induced by ICI.
Frontiers in Endocrinology | www.frontiersin.org 552
CAN ICI-INDUCED CDI BE BETTER
ASSESSED?

In our opinion, the assessment of ICI-induced CDI severity
would improve if a quantitative evaluation of both polyuria and
dehydration/weight loss is considered. In the literature,
approaches considering the quantitative assessment of these
symptoms are available.

Vedig (73) identified different severity levels of polyuria based
on the loss of urine volume/body weight unit/hour and
arbitrarily classified polyuria into two grades: mild (<3ml/kg/h)
and severe (>7 ml/kg/h for 4-6 h). To respect the standard
CTCAE setting, where toxicities are classified into five severity
levels, we suggest maintaining the two grades as proposed by
Vedig (i.e., mild = grade 1 and severe = grade 3), adding both the
grade 2 level, corresponding to moderate polyuria (3-7 ml/kg/h)
and grade 4, corresponding to a life-threatening condition
(Table 2). In the last level, patients with any grade polyuria
associated with moderate-severe dehydration and/or moderate-
severe hypernatremia should be included (while level 5 toxicity
will remain the case of patient death due to treatment toxicity).

Regarding dehydration, it should be noted that the term is
often used interchangeably with volume depletion/hypovolemia
to indicate a reduction in the circulating volume because of
vomiting, diarrhea, diuretics, bleedings, and polyuria as
occurring in DI. To better classify the weight loss induced by
polyuria due to DI, we considered the yardstick criteria of WDT,
and the classification created to define weight loss in the pediatric
setting. In infants and children, a quantitative approach is used
to assess dehydration based on evaluating signs and symptoms
related to volume depletion (74). Hypovolemia is divided into
three grades: mild (corresponding to 3-5% volume loss),
moderate (6-9% volume loss), and severe (≥10% volume loss).
With this premise, to harmonize the scale as mentioned earlier
with the standard 5-grade classification used in the CTCAE, we
propose to adapt this classification of dehydration to the CTCAE
setting by adding the level “mild”, indicating a volume/weight
loss <3% to the other toxicity levels (considering 3-5% volume
loss as moderate, i.e., G2; 6-9% volume loss as sever, i.e., G3;
≥10% volume/weight loss or a shock condition as life-
threatening, i.e., G4 (G5 defining death occurring due to
treatment toxicity) (Table 3). Additionally, considering the
time frame in which dehydration ensues may further improve
the assessment. This is because dehydration due to loss of water
(weight loss) occurring in moderate-severe DI is typically more
TABLE 3 | Suggested classification of polyuria and dehydration in the ICI-induced CDI syndrome.

Grade 1 (mild) 2 (moderate) 3 (severe) 4 (life-threatening) 5

Polyuria <3 ml/kg/h 3÷7 ml/kg/h >7 ml/kg/h Any grade polyuria + moderate-severe dehydration ± moderate-severe
hypernatremia

Death

Dehydration Loss of
<3%
body
weight
in 2 hours

Loss of 3 ÷ 5% body
weight
in 2 hours

Loss of 6 ÷ 9% body
weight
in 2 hours

Loss of ≥10%
body weight
in 2 hours or shock

Death
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rapid compared to that caused by most other conditions (e.g.,
diarrhea or vomiting). Therefore, we suggest grading the severity
of polyuria-induced dehydration in patients developing ICI-
induced CDI, considering weight loss/unit of time (another
quantitative assessment) (Table 3). This derives from the fact
that weight loss/unit of time is used in theWDT, an essential tool
in diagnosing DI. WDT measures the capacity of the kidney to
concentrate urine in response to dehydration. It can also assess
kidney response to desmopressin, verifying if replacement with
desmopressin can correct the defect identified in urine
concentrating ability. Weight, urine volume, and serum and
urine osmolality are measured at baseline and every two hours
along with the test. WDT ends if thirst becomes unbearable or if
the patient loses >5% initial weight, as measured at each unit of
time (two hours) (2, 44, 45). Notably, in older patient excessive
fluid loss often presents with nonspecific signs and symptoms,
being acute weight loss the most specific sign for hypovolemia.
As there is less water in fat than muscle, older individuals have
lower total body water (relative to weight). Consequently, for a
given degree of fluid loss, those individuals will have a more
significant reduction in extracellular fluid volume. Therefore,
acute fluid loss reflects body weight loss, so that a two-liter of
fluid loss corresponds to two-kilogram weight loss (46).
PRACTICAL MANAGEMENT OF PATIENTS
DIAGNOSED WITH ICI-INDUCED CDI

Specific guidelines to properly manage patients who develop ICI-
induced CDI are urgently needed. Meanwhile, we suggested
managing ICI-induced CDI within a multidisciplinary team,
including oncologists and endocrinologists (Figure 1).
Endocrinology consultation should be required early, as soon
as the patients or their caregivers report the onset of polyuria and
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polydipsia. In case of mild (grade 1 or moderate (grade 2)
toxicity, patient hospitalization is not indicated, being
recommended in case of grade 3 toxicity and mandatory in
case of grade 4 toxicity. Replacement therapy is always indicated
in the case of grade 2-4 toxicity, while in grade 1 toxicity, it
should be considered by the endocrinologist based on the impact
of symptoms (mainly polyuria) on the patient’s quality of life.
Fluid replacement can be obtained by oral intake in grade 1
polyuria, dehydration/weight loss, or hypernatremia. While
vasopressin must be administered parenterally and has a short
duration of action (2-8 hours), desmopressin’s effect is longer (6-
9 hours and possibly longer, often allowing for twice a day
administration) and it can also be administered intranasally,
sublingually, or orally (75). Oral and sublingual absorption rates
are <1%, whereas intranasal is approximately 6% (76). The mean
dose ratio of sublingual to intranasal DDAVP is 1:24 (77).
Physicians should be familial with different modalities of ADH
replacement, their duration of action and equivalencies when
transitioning from one therapy to another one. Intravenous fluid
replacement becomes recommended when toxicities are graded
as 2-4, together with an hourly diuresis monitoring. Finally, in
the case of ICI-induced CDI, the causal agent should not be
withdrawn unless other life-threatening irAEs have been
experienced or persist. This approach is commonly
recommended in patients presenting with other endocrine
irAEs (69–72). However, it should be noticed that,
independently of the severity of CDI symptoms, the ICI
administration should be delayed to when the toxicity lessens
to G1 (mild) level or symptom(s) disappear, indicating a
compensation of the dysfunction. The delay allows testing the
efficacy of vasopressin or desmopressin and its dose titration in
every patient. This is in the perspective of restarting ICI(s) as
soon as clinically indicated, considering the need for cancer
control. Importantly, patients on ICI and their caregivers should
FIGURE 1 | The suggested management of desmopressin and ICI(s) in patients with ICI-induced CDI.
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receive clear information on the importance of alerting the
reference care team at the onset of polyuria, polydipsia, and
weight loss to timely obtain the appropriate diagnostic work-up
and treatment.
CONCLUSIONS

CDI is a rare side effect triggered by ICI, but with the expanding
use of these effective drugs, it is expected to be increasingly
diagnosed in cancer patients. The current assessment of the
severity of ICI-induced CDI may be challenging. We suggested a
new grading system of polyuria and dehydration, as critical
symptoms of the CDI syndrome occurring in patients on ICI
treatment, to obtain better management of both the adverse
event and the triggering drugs. Our proposals are attempts to
overcome the emerging hurdles in assessing ICI-induced CDI
Frontiers in Endocrinology | www.frontiersin.org 754
severity. Studies are ongoing to define the reliability of the
suggested classifications in clinical practice. At the moment,
the evaluation of the severity of ICI-induced CDI should be
only based on dehydration and hypernatremia levels, assessed by
using the current CTCAE grading system, while the management
of patients and ICI(s) treatment should still be based on a case-
by-case approach in a multidisciplinary team.
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Pituitary adenomas (PAs), usually benign lesions, can sometimes present with
“aggressive” features (rapid growth, local invasiveness, scarce response to
conventional treatments). Despite the fact that a few genetic alterations have been
associated to this clinical behavior, the role of epigenetic modifications, mainly
methylation and miRNAs activity, is now opening new frontiers in this field. We
evaluated the methylation profile of 21 PA (11 GH-omas, 10 nonfunctioning tumors—
NFPAs) samples from TNS surgery and 5 normal pituitaries, collected at our neurosurgery
between 2015 and 2017. DNA was extracted and sequenced, selecting 184,841 target
regions. Moreover, methylation profiles were correlated with demographic, radiological,
and clinicopathological features. NFPAs showed higher methylation levels vs. GH-omas,
with 178 differentially methylated regions (DMRs) mainly consisting of noncoding and
intronic sequences, and mostly localized in the open sea regions. We also found three
hypermethylated genes (C7orf50, GNG7, and BAHCC1) involved in tumorigenesis
processes and potentially influencing pituitary tumor pathophysiology. Among the
clinicopathological features, only the maximum diameter resulted significantly higher in
NFPAs. Our data provide further evidence of the complex epigenetic background of
pituitary tumors. In line with the current literature, we confirmed a significant prevalence of
hypermethylation in NFPAs vs. GH-omas, whose pathophysiological consequence is yet
to be defined.

Keywords: GH-OMAs, methylation, pituitary adenomas, NFPAs, pituitary tumors
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INTRODUCTION

Pituitary adenomas (PAs) are distinguished by the presence of
hormonal secretion and/or the expression of cell line-specific
growth factors (1, 2). Although the presence of distant
metastases is linked to the definition of pituitary carcinomas,
even PAs can show an aggressive biological behavior, being
characterized by local invasion, rapid proliferation, and scarce
response to conventional treatments in up to 45% of cases (3, 4). In
this context, there is a growing amount of data about PA (epi)
genetic features predicting their behavior and/or their treatment
response/relapse. In terms of genetics, for example, germinal
mutations of the AIP (aryl hydrocarbon receptor-interacting
protein) gene are associated to the development of familial
isolated pituitary adenomas (FIPA), with early onset, higher
aggressiveness, and resistance to somatostatin analogs (SSAs) (5).
Similarly, the mutations involving the MEN1 oncosuppressor,
linked to the homonymous syndrome, are associated with PAs
in 15–50% of affected patients and a higher frequency of
macroadenomas, that in 1/3 of cases are more invasive than
non-MEN1 tumors (6). On the other hand, there is some
evidence about somatic changes in sporadic pituitary tumors.
These mutations can consist of sequence changes, qualitative
alterations of chromosomes, or modification in their copy
numbers, but they are often aspecific and infrequent, suggesting
an additional oncogenic contribution from nonmutational factors
(7, 8). Epigenetic modifications, which take place without altering
the DNA sequences, comprehend both the alterations in mRNA
transcription (nucleotides methylation, histones acetylation) and
the different expression of long noncoding mRNAs (lncmRNAs)
and, as also recently described by our group, microRNAs
(miRNAs) (9). Methylation, that is, the apposition of methyl
groups on DNA chains by specific enzymes—the DNA methyl-
n-transferases (DMNTs)—is a physiological mechanism acting to
silence specific genes in order to regulate their expression (8).
Many DMNT isoforms are known, but DMNT1 and 3A are
overexpressed in more aggressive PTs, with the DMNT1 more
frequently found in macroadenomas (10). On the contrary, it
seems that this DMNT hyperactivity would lead to
hypomethylation of other DNA regions, which consequently
result to being overtranscripted, as already observed in
tumorigenesis processes (7). In such a context, the search for
epigenetic changes can be crucial in order to identify potential
predictors of clinical behavior and/or treatment response, as well
as targets for tailored therapies (8). For example, in the case of GH-
secreting PAs causing acromegaly, the presence of parameters
predicting treatment response would be useful to avoid potentially
inefficacious therapies that could have an impact on other
conditions like glucose metabolism, or to guide drug dosing (11–
14). Furthermore, even environmental factors, especially pollutants
with endocrine disrupting activities, which have been increasingly
demonstrated to have a role in PA pathophysiology, could have an
impact on tumor epigenetic profile and molecular features, and
consequently on their biological behavior (15–18).

This study aimed to assess the methylation status, as
compared to normal pituitary tissues, of nonfunctioning
pituitary adenomas (NFPAs) and GH-omas, and to correlate
Frontiers in Endocrinology | www.frontiersin.org 258
the methylation status of NFPAs and GH-omas with their
epidemiological and clinicopathological features.
MATERIALS AND METHODS

Tumor Sample Collection and
DNA Extraction
Twenty-one PA samples (11 GH-omas, 10 NFPAs) were
collected by the Neurosurgery Unit of Messina University
Hospital between 2015 and 2017. All patients gave their
written informed consent to the study. Demographic
information, including sex, age, and clinical data, of the
enrolled patients are summarized in Table 1. Five nontumor
pituitary tissue samples were collected through an autopsy of
subjects who died due to non-endocrine causes. The research
protocol was approved by the local ethics committee. For DNA
methylation analyses (see below), genomic DNA was extracted
from each collected tissue using the QIAamp DNA mini kit
(Qiagen), according to the manufacturer’s instructions.

Whole-Genome DNA Methylation
Sequencing
The whole-genome DNA methylation profiling of 11 GH-omas,
10 NFPAs, and 5 normal pituitaries was carried out with the
TruSeq Methyl Capture EPIC library preparation protocol
followed by next-generation sequencing (NGS) (Illumina).
Genomic DNAs underwent picogreen quantification on the
Qubit fluorimetric system (dsDNA HS assay, Life Technologies)
in order to obtain 1,000 ng of DNA/sample for subsequent
library preparation. Libraries were carried out following the
manufacturer’s instructions. In detail, 1,000 ng of each sample
was sonicated (Covaris M220 System) to obtain small DNA
fragments (average size 150–200 bp) as assessed by the Tape
Station quality check system (High Sensitivity D1000, Agilent).
After end repair and adapter ligation, these DNA fragments were
enriched by hybridization with specific capture probes. The
enriched fragments were bisulfite converted and amplified. These
obtained libraries were checked for quantity (Qubit, dsDNA HS
assay, Life Technologies) and quality (Tape Station, High
Sensitivity D1000, Agilent) before sequencing. NGS was carried
out on the Illumina HiSeq1500 System. Up to 12 different DNA
libraries, each univocally identified by a specific barcode or index,
were pooled in equimolar amounts and sequenced in 4 different
lanes in order to avoid analytical biases.

Methylation Sequencing Data Analysis
Amultistep bioinformatic pipelinewas used to analyze the obtained
sequencing data. First, sequencing reads quality check was carried
out using the FASTQC software. For the sequence alignment and
downstream quantification steps, we used the “QuasR” (version
1.22.1), an R-Bioconductor package installed on R (version 3.5.0)
(19). The QuasR package integrates the functionality of several R
packages for genomic intervals and alignment files manipulation
and external software [e.g., Bowtie (20)] for the real sequence
alignment. Sequence mapping was carried out using a BS pre-
processed reference genome version (version GRCh37/hg19) that
March 2022 | Volume 13 | Article 841118
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was generated exploiting the “QuasR” functions. The tool was run
with default parameters. PCR duplicated reads were removed
during the alignment. Subsequently, to quantify methylated and
unmethylatedcytosines ineach sample,weused the functionqMeth
of the QuasR package. We considered a total of 437,792 genomic
regions (mean length of 245 bp; from 2 to 8,131 bp) covered in the
manifest file of the TruSeq Methyl Capture EPIC Library Prep kit
(Illumina). In this step, the tool collapses the information of
individual cytosines by query region. Finally, the methylation
fraction of each target region for each sample was obtained as the
ratio between methylated reads and the total number of aligned
reads and ranged between 0 (un-methylated) and 1 (totally
methylated). The tools were run with default parameters.

Differential Methylation Analysis
For the differential methylation analysis, we considered GH-oma
and NFPAs samples. To improve the consistency of the results, we
kept all the target regions (n=184,841) that were covered in all
the GH-oma and NFPAs samples and calculated the methylation
fold enrichment (as Log2) between NFPAs and GH-omas mean
methylation. Statistical significance was calculated with t-test, and
P-values were corrected for multiple testing with the Bonferroni
method. Significant results were considered if the Bonferroni
adjusted P value was less than 0.05 and if the Log2 fold change
Frontiers in Endocrinology | www.frontiersin.org 359
was above or below 0.5. Functional annotation, to get distances
from the nearest genes and other genomic information, of
differentially methylated regions was performed with the
ANNOVAR software.

The statistical evaluation of demographic and clinicopathological
parameters was performed by means of t-test and chi-square test
(with Yates’ correction), and significance was set at a P value less
than 0.05.
RESULTS

Sequencing reads quality evaluation returned good-quality paired-
end reads of length between 35 and 101 bp. The percentage of reads
with quality scores above 20 (Q20) and above 30 (Q30) was 98.91
and 94.42, respectively (Supplementary Figure 1A). Themean base
quality was 36.20 (Supplementary Figure 1B). The overall
mapping rate ranged between 71.3% and 78.95%, as reported in
Supplementary Figure 1C.

The methylation quantification step was performed by
restricting the analysis to the genomic regions covered in the
TruSeq Methyl Capture EPIC manifest file provided by Illumina.
A total of 437,792 regions with a mean length of 245 bp (from 2 to
8,131 bp), being equivalent to 301,525 non-CpGs, 61,703 CpG
TABLE 1 | Demographic, radiological, and clinicopathological features of the studied cohort of patients.

ID Sex h.r. areas Age at diagnosis Micro/macro-
adenoma

dmax
mm

Cavernous s.
invasion*

Ki-
67%

p53% TNS
surgeries

AIP
mutation

GH1 F 27 Macro 22 No 2 0 1
GH2 F Yes 76 Macro 15 No 1 0 1
GH3 F 46 Macro 10 No 2 <1 1
GH4 M NA Macro NA No NA NA 1
GH5 M 57 Macro 22.5 No 1 1
GH7 F 48 Macro 11 No 1 2 1
GH8 F 28 Macro 18 5 2 1
GH9 F 22 Micro 5 No <1 1 Yes
GH10 F 35 Macro 12 No <1 0 1
GH11 M Yes 63 Macro 43 Yes 5 0 2
GH12 M 57 Macro 11 Yes <1 0 1
total 4M, 7F 2/11
median 47 12 2 1
SD 17.69 11.13 1.81 0.31

NFPA1 F 46 Macro 30 Yes 3 1 1
NFPA5 F 46 Macro 22 No <1 1
NFPA6 M 42 Macro 30 No NA NA 1
NFPA8 F NA Macro NA No NA NA 1
NFPA11 F Yes 55 Macro 15 No 2 1
NFPA13 M 68 Macro 30 No 2 <1 1
NFPA14 F 70 Macro 25 No <1 1
NFPA16 M 72 Macro 23 Yes <1 1
NFPA18 M 40 Macro 34 Yes 1 2
NFPA19 F 36 Macro 30 Yes 1 3 3
total 4M, 6F 4/10
median 46 30 2 1
SD 13.94 5.60 0.83 0.70
P value** 0.78 0.36 0.02 0.53 0.48 0.35
March 20
22 | Volu
me 13 | Artic
NFPA, nonfunctioning pituitary adenoma; AIP, arhyl hydrocarbon receptor interacting protein (gene); cavernous s., cavernous sinus; h.r. areas, areas classified at high risk for health (highly
polluted) by the Italian Government; NA, not available; SD, standard deviation; TNS, trans-nose sphenoidal.
*Cavernous sinus invasion defined by mean of 1.5 T MRI (magnetic resonance imaging) studies.
**P-value set at <0.05.
The P-value 0.02 (in bold italic) indicates statistical significance.
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islands, 18,707 N_shelf, 19,038 N_shore, 19,201 S_shelf, and 17,618
S_shore regions, were analyzed. The general positioning of these
sequences in the human genome is summarized in Figure 1A.

For the differential methylation analysis, we compared GH-
oma and NFPAs samples. To improve the consistency of the
results, we kept all the target regions (n=184,841) that were
covered in all the GH-oma and NFPAs samples. As reported in
Figure 1B and Supplementary Figure 1D, globally, NFPAs
showed higher methylation levels (median=0.68) compared to
GH-secreting pituitary tumors (median=0.48) (P<2.2x10-16;
Mann–Whitney test). Moreover, we evaluated the methylation
levels of CpG-related regions and found that NFPAs were
Frontiers in Endocrinology | www.frontiersin.org 460
hypermethylated, as compared to GH-secreting pituitary
tumors. In particular, we found hypermethylation in Open sea
(median=0.7210 vs median=0.5236, respectively); in N
Shelfs (median=0.7707 vs median=0.5786, respectively); in N
Shores (median=0.6534 vs median=0.4517, respectively); in
Islands (median=0.04584 vs median=0.030993, respectively); in S
Shores (median=0.6526 vs median=0.4569, respectively), and in S
Shelfs (median=0.7748 vs median=0.5855, respectively)
(Figure 1C; P<2.2x10-16; Mann–Whitney test).

Next, we calculated the methylation fold enrichment (as
Log2) between NFPA and GH-oma samples to identify the
differentially methylated regions (DMRs).
A

B

D

C

FIGURE 1 | NFPAs are hypermethylated when compared to GH-secreting tumors. (A) Schematic representation of the CpG-related region annotation. (B) Boxplot
showing the global level of methylation in nonfunctioning pituitary adenomas (NFPAs—brown) and GH-secreting (blue) tumors. (C) Methylation levels in CpG-related
regions. (D) The scatterplot compares the methylation levels of 184,841 regions in NFPAs (x-axis) and GH-omas (y-axis). Data points in gray did not pass the Log2
fold change cutoffs. Points in red or green passed the Log2 fold change cutoffs. Points in dark red or dark green were significantly hypermethylated in NFPAs or GH,
respectively. Mann–Whitney test was used in (B, C) t-test was used in (D). P < 0.0001 (***).
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NFPAs showed a distinct methylation profile as compared
to GH-omas. In particular, we obtained 178 target regions that
were differentially methylated (corrected P-value ≤0.05; Log2
Fold Change ± 0.5) between the two tumor types (Figure 1D
and Supplementary Table 1). Of note, only two regions
resulted significantly hypermethylated in GH-omas compared
to NFPAs (Figure 1D).

We classified as H-DMRs (high differentially methylated
regions) those regions having Log2 FC above 2 or below -2.
This category counted a total of 111 DMRs (62.36%), one of
which was hypomethylated in NFPAs as compared to GH-oma.
DMRs with Log2 FC values between 2 and -2 were deemed as L-
DMRs (low differentially methylated regions). This class
included a total of 67 DMRs (37.64%), one of which was
hypermethylated in NFPAs as compared to GH-oma.

Subsequently, we functionally annotated the list of DMRs and
found that the majority of them mapped in noncoding regions
(92.7%), of which 64.85% were intronic sequences (Figure 2A).
Moreover, we found that DMRs within the coding regions were
Frontiers in Endocrinology | www.frontiersin.org 561
significantly hypermethylated in NFPAs (median beta
value=0.83 and 0.25 for NFPAs and GH-oma, respectively; P =
1.92x10-07). Accordingly, also noncoding sequences were
significantly hypermethylated in NFPAs (median beta
value=0.81 and 0.16 for NFPAs and GH-oma, respectively; P =
4.38x10-53) (Figure 2B, and Supplementary Table 1).

The CpG-centric annotation of DMRs (see Figure 1A)
highlighted that the large majority of DMRs were annotated as
Open sea (82.02%) (Figure 2C). These DMRs were significantly
hypermethylated in NFPAs (median beta value=0.82 and
0.17 for NFPAs and GH-oma, respectively; P = 4.60x10-47).
Overall, as reported in Figures 2B, D, we observed generalized
hypermethylation in NFPAs as compared to GH-oma
(P < 4.38x10-53).

To assess if the DMR-related genes were involved in specific
pathways, we conducted a Gene Ontology Biological Process
Enrichment Analysis using the web app ShinyGO (v0.741)
(PMID: 31882993) and set the FDR cutoff to 0.05. Of note,
among the significantly enriched GO terms, we found biological
A B

DC

FIGURE 2 | NFPAs and GH tumors are differentially methylated. (A) Barplot showing the gene annotation of the 178 DMRs. (B) Boxplot reporting the comparison of
methylation levels of coding and noncoding regions between nonfunctioning pituitary adenomas (NFPAs) and GH tumors. (C) Barplot showing the CpG-related
annotation of the 178 DMRs. (D) Boxplot reporting the comparison of methylation levels of CpG-related regions between NFPAs and GH tumors. Mann–Whitney test
was used in (B, D) P = 0.1 (°), P < 0.01 (*), P < 0.0001 (***).
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processes related to cell and neuron development (Figure 3 and
Supplementary Table 2).

With regard to the correlation between methylation profile
and demographic (including the degree of pollution of the
residence area) or clinicopathological features of pituitary
tumors, no statistically significant differences were observed
between GH-omas and NFPAs, except for the maximum
tumor diameter (Table 1), which resulted significantly higher
in the latter group (median ± SD: 30 ± 5.6 vs 12 ± 11.13 mm; P =
0.02). Of note, 4 out of 10 (40%) patients with NFPAs presented
with a neuroradiologically documented invasion of cavernous
sinus vs 2 out of 11 (18.2%) in the GH-oma group, but this
difference was not statistically significant (Table 1).

Finally, we found three hypermethylated genes (C7orf50,
GNG7, and BAHCC1), involved in tumorigenesis processes,
whose role could be related to pituitary tumor pathophysiology.
DISCUSSION

The role of epigenetic modifications, especially methylation, has
increased its importance in the genetic background of sporadic
pituitary tumors in the last few years. In fact, only a few somatic
mutations with significant effects are known, such as GNAS
alterations (this gene codifies for the a stimulatory subunit of G
proteins) in GH-omas or USP8 mutations in ACTH-omas causing
EGFR overexpression and promoting corticotroph cells growth and
ACTHhypersecretion (21). Also, our group recently demonstrated a
novel somatic deletion in exon 10 of the AHR (aryl hydrocarbon
receptor) gene in patients affected by GH-omas, whose role could be
related to an altered AHR/AIP pathway favoring tumorigenesis (22).
On the other hand, in pituitary tumors, it has been observed that
methylation is preferentially concentrated in the so-called CpG
islands, sequences of about 500 bp strictly connected to promoter
regions, leading to the silencing of genes often involved in cell cycle
regulation (23).Ofnote, a lotofoncosuppressorscanbe foundamong
these genes, as for the coupleCDKN2A/Rb1, whose deregulation can
cause altered apoptosis regulation (8). In fact, methylation of
CDNK2A leads to a reduced expression of p16, which, in turn,
determines pRb phosphorylation and cell cycle progression
through the activation of E2F transcription factors (24). However,
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the hardest challenge in the assessment of pituitary tumor
methylation profile is to find a consistent “signature,” potentially
useful as biological/prognostic/therapeutic marker. As it emerges
frommany studies—also confirmedbyourfindings—NFPAs tend to
present with a higher degree of methylation compared to GH-omas,
although some invasive NFPAs can even be characterized by
hypomethylation (7, 23, 25, 26). Besides, NFPAs more frequently
harborCDKN2A/p16 alterations, inversely fromwhat were observed
inGH-secretingpituitary tumors,whichoftendonotexpresspRb(8).
CDKN2A methylation has been related to the pituitary tumor
volume, grade, and patients’ age, with higher methylation levels in
macroadenomas (8). Furthermore, p27 hypermethylationwas found
in ACTH-omas, while EML2, HOXB1, and RHOD epigenetic
modifications have been reported in NFPAs, GH-omas, and PRL-
omas, respectively (7, 8). Gu et al. demonstrated that methylation
would lead to the downregulation of genes likeGALNT9,CDH1, and
CDH13 (E-cadherin and H-cadherin, respectively), involved into
cellular adhesion processes, and potentially linked to the
development of invasiveness (26). The same study observed that
DMRswere located not only inCpG islands but also in the gene body
in40%of the cases (26).Accordingly, inour study, only 3DMRswere
found in known CpG islands, while the remaining alterations were
found in genome open sea regions. Other genome elements prone to
methylation are lncRNAs, RNA fragments of about 200 nucleotides
functionally similar to the respective coding RNAs (27). In this
regard, the downregulation following the hypermethylation of
MEG3, which interacts with p53 and acts as oncosuppressor, has
been found ingonadotropinomas (8, 27, 28).Another lncRNA, called
C5orf66-AS1, regulates several genes, including PAQR7, a
progesterone receptor that causes a progesterone A-B receptor-
independent reduction in GnRH, whose expression has been found
to have a role in progression and invasion of null-cell pituitary
adenomas (24, 29).

With regard to our findings, DMR analysis revealed a prevalence
of methylation of noncoding sequences, including lncRNAs
(Figure 2A). Most of the methylation profile alterations were
localized in open-sea regions more than involving promoters,
with an inverse trend if compared to the literature (Figure 2C).
Anyway, the prevalence of hypermethylation in NFPAs vs GH-
omas has been confirmed (Figures 2B, D). Interestingly, we found
hypermethylation of 3 known CpG islands belonging to genes
FIGURE 3 | Gene Ontology Biological Process Enrichment results. The dotplot shows the top 20 significantly enriched GO terms. The Gene Ontology Biological
Process Enrichment Analysis was run using the web app ShinyGO (v0.741) with the FDR cutoff set to 0.05.
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thought to have a role in tumorigenesis processes: C7orf50, GNG7,
and BAHCC1.

C7orf50 is a ubiquitarian gene whose product is implicated in
the assembling of ribosomal RNA to the nucleus, even if part of
its sequences could also originate some regulatory miRNAs. Its
full function is still unknown, although some evidence suggests it
could bind the Sp1 transcriptional factor, which has several
regulatory functions (i.e., cell cycle, apoptosis, etc.) including
an interaction with AHR favoring the ubiquitination and
consequent degradation of the estrogenic receptor a (ERa) in
murine breast and uterine cancer (30).

GNG7 is a gene located on chromosome 19 codifying for the
g7 subunit of guanin-binding G proteins, which is involved in
contact-mediated cell growth blockade and acts as an
oncosuppressor (31), whose promoter methylation has been
found in many cases of head/neck cancer and associated with
higher tumor volume and lesser metastatic potential (31).
Similarly, Xu et al. observed methylation-mediated, reduced
expression of GNG7 in renal clear cell carcinoma. In this case,
methylation, not present in normal tissue, led to the impairment
of the mTOR1 signaling pathway and was linked to a higher
stadium/grade of the disease and a reduced overall survival (32).

BAHCC1 is a chromatin transcriptional silencer, implied into
cell replication and transcriptional regulation mechanisms.
Amplifications and deletions of this gene would make it
potentially part of aberrant cell regeneration processes linked
to the development of liver cancer, according to still-not-well-
known mechanisms, but possibly due to downstream alterations
in the signaling pathways (33). However, there are few data about
epigenetic modifications of BAHCC1, although an experimental
study by Gitik et al. found an increase in its methylation in the
dorsal hippocampus of mice treated with nicotine before
adolescence, in an animal model correlating substance abuse in
the age of adolescence (or alcohol exposure in utero) with
addiction. These chromatin modifications were linked to the
development of cognitive deficits in the adult age, otherwise
preventable by the simultaneous administration of choline (34).

With regards to the correlation between methylation profile and
clinicopathological features, the higher maximum diameter of
NFPAs could hypothetically be linked to a higher proliferative
potential in this subtype of pituitary tumors. The same could apply
to the higher frequency of cavernous sinus invasion—although not
statistically significant—in theNFPAgroup.Thesefindingsare in line
with the study by Gu et al. in which hypermethylation altered the
expression profile of cell adhesion proteins (26). Finally, no
relationship was observed between the methylation status and the
degree of pollution of the residence area of our patients, but the
number of pituitary tumors evaluated in this study is very small.
Furthermore, the hypermethylation of C7orf50, a gene interacting
withAHR, should be investigated in larger cohorts of patients. In fact,
better defining such an interaction could add new information to the
complex role playedbyAHR, which along the yearswedemonstrated
to significantly influence morphology, secretion, and therapeutic
response in GH-omas (16–18, 35).

In conclusion, our data provide further evidence on the
complexity of the epigenetic background of pituitary tumors.
We found a significant prevalence of hypermethylation in
Frontiers in Endocrinology | www.frontiersin.org 763
NFPAs, as compared to GH-omas, whose pathophysiological
consequence is yet to be defined. Further studies are needed to
clarify the role and relevance of C7orf50, GNG7, and BAHCC1
genes—which have been found to be methylated—in pituitary
tumor biology, oncogenesis, and clinical expression.
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The breast and ovarian cancer susceptibility gene (BRCA1) is a tumor suppressor whose
mutation has been associated with the development of breast, ovarian and, probably,
other malignancies at young ages. The BRCA1 gene product participates in multiple
biological pathways including the DNA damage response, transcriptional control, cell
growth and apoptosis. Inactivating germline mutations of the BRCA1 gene can be
detected in a substantial portion of families with inherited breast and/or ovarian cancer.
While the genomic and cancer-related actions of BRCA1 have been extensively
investigated, not much information exists regarding the cellular and circulating factors
involved in regulation of BRCA1 expression and action. The present review article dissects
the emerging role of BRCA1 as an important regulator of various endocrine and metabolic
axes. Experimental and clinical evidence links BRCA1 with a number of peptide and
steroid hormones. Furthermore, comprehensive analyses identified complex interactions
between the insulin/insulin-like growth factor-1 (IGF1) signaling axis and BRCA1. The
correlation between metabolic disorders, including diabetes and the metabolic syndrome,
and BRCA1 mutations, are discussed in this article.
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DISCOVERY AND EARLY CHARACTERIZATION OF BRCA1

The race for the identification of the gene responsible for inherited breast and ovarian cancer ended
in 1994 with the cloning of the BRCA1 gene by Miki and colleagues (1, 2). Positional cloning
methodology allowed identification of a 17q-linked gene whose mutation affected susceptibility to
breast and ovarian cancer. The BRCA1 gene encodes a predicted protein of 1863 amino acids,
containing a distinct ring finger element in its N-terminal domain. The high penetrance of the
BRCA1 gene was recognized early on in the course of BRCA1 characterization by analyses showing
that mutation carriers have an increased lifetime risk of developing breast (40–85%) and/or ovarian
(16–64%) cancers (3–8). In classical terms, BRCA1 fits the criteria of a candidate tumor suppressor
gene and some of its archetypal biological activities are described in the next section.

While inactivating BRCA1 germline mutations are linked to a small portion of the total number
of breast tumor cases worldwide, the cloning and subsequent characterization of the BRCA1 gene
had an unprecedented impact on our understanding of breast cancer etiology (9). In fact, lessons
learned from molecular and genetic analyses of BRCA1 transcended the area of familial breast and
ovarian cancer and are regarded as universal biological paradigms in cancer (10). In addition to its
genomic and cancer-related activities, more recent evidence revealed that BRCA1 displays a number
of metabolic and hormone-like types of action. The present review article focuses on the
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involvement of tumor suppressor BRCA1 in endocrine system
control. Our assay attempts to shed new light on the rapidly
expanding spectrum of actions of BRCA1. Their potential
clinical ramifications are discussed in detail.
BRCA1 DEVELOPS ITS IDENTITY

Early studies identified BRCA1 as a critical player in the
maintenance of genomic stability (11–13). Consistent with this
role, cells with a defective BRCA1 gene exhibit a series of typical
anomalies, including impaired DNA damage response, defects in
homologous recombination with ensuing low efficiency DNA
repair, and faulty cell cycle checkpoints (14–16). BRCA1 was
shown to interact with a wide range of molecules, including
BARD1 (via its N-terminal ring finger domain), DNA repair
enzymes (mainly via its central domain), and transcriptional
activators (primarily via two tandem BRCA1 C-terminal, or
BRCT, motifs) (17–19) (Figure 1). A number of excellent
review articles focusing on the physical and functional
interactions of BRCA1 have been published (18, 20).

The involvement of BRCA1 in transcriptional regulation is
supported by solid experimental evidence (21, 22). Specifically:
(i) BRCA1 is predominantly found within the nucleus (23, 24),
albeit DNA damage as well as viral infection can alter its
subcellular distribution (25); (ii) BRCA1 has been identified as
a component of the RNA polymerase II holoenzyme by a
number of biochemical criteria (19); (iii) the C-terminal
domain of BRCA1 is highly acidic and exhibits a potent
transcriptional transactivation activity (21, 26); and (iv) the N-
terminal ring finger element resembles a similar motif described
in several DNA-binding proteins, including the Wilms’ tumor
suppressor, WT1 (1). Finally, a novel transcriptional mechanism
responsible for autoregulation of BRCA1 gene transcription has
been described (27). This regulatory loop involves the formation
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of a multimeric complex that contains, in addition to BRCA1,
nuclear proteins E2F1 and RB. This complex displays a
constitutive repressive activity pattern that leads to inhibition
of BRCA1 transcription. Disruption of the complex by various
genotoxic stresses results in displacement of the BRCA1 protein
from the BRCA1 promoter region with subsequent upregulation
of BRCA1 transcription.
BRCA1 INHIBITS IGF1 RECEPTOR GENE
EXPRESSION AND ACTION

The insulin-like growth factors (IGF1, IGF2) have an important
role in the development and maturation of the mammary gland.
In addition, IGFs are key players in breast cancer initiation and
progression (28–31). Epidemiological analyses conducted over
the past twenty-five years identified IGF1 as a risk factor for
breast cancer (32–34). These population studies are in agreement
with IGF1 function as a progression factor during the cell cycle
(35, 36). Furthermore, studies reflect the well-established pro-
survival role of IGF1 as well as its involvement in metabolic and
nutritional control. The cell-surface IGF1 receptor (IGF1R),
which mediates the biological actions of both IGF1 and IGF2,
is regarded as a central player in breast cancer (31, 37–39).
Constitutive activation of the IGF1R tyrosine kinase domain is a
common event in cancer cells, although the prognostic
significance of IGF1R levels and activation status in clinical
settings remain unsettled (40).

Molecular, genetic and biochemical analyses identified
complex physical and functional interactions between BRCA1
and the IGF1 signaling pathway (41, 42). Consistent with its
tumor suppressor role, wild-type BRCA1 was shown to repress
IGF1R gene transcription and promoter activity as well as
endogenous IGF1R levels in breast cancer cells (43, 44). In
contrast, a truncated form of BRCA1 (185delAG, a mutation
FIGURE 1 | Structure of BRCA1. The BRCA1 gene encodes a 1863-amino acid protein with tumor suppressor activity. BRCA1 plays a critical role in DNA damage
sensing and it forms a complex that repairs double-strand breaks. The N-terminal portion of the molecule includes a particular type of zinc finger element, termed
RING motif. Among other roles, this domain interacts with proteins involved in BRCA1 ubiquitination. The central portion of the molecule includes a number of nuclear
localization signals. The tandem C-terminal BRCT domain has important roles in DNA repair, transcription regulation and tumor suppressive functions.
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with a high incidence among Ashkenazi Jews) was unable to
inhibit IGF1R promoter activity (45, 46). The mechanism of
action of BRCA1 involves interaction with Sp1, a zinc-finger
transactivator of the IGF1R gene (Figure 2). Specifically, binding
of BRCA1 to Sp1 prevents Sp1 from binding the IGF1R promoter
region, leading to reduction in IGF1R levels and ensuing
decrease in IGF1-mediated proliferation. In agreement with the
inability of mutant BRCA1 to suppress IGF1R transcription,
primary breast tumors derived from BRCA1 mutation carrier
patients expressed significantly higher levels of IGF1R than
sporadic breast tumors (47).

Of importance, the transcriptional activity of BRCA1 is
strongly dependent on the cellular status of tumor suppressor
p53. Thus, BRCA1 was capable of repressing IGF1R
transcription in both p53-expressing and p53-null cellular
backgrounds, but not in mutant p53-containing cells (48). As a
corollary, loss-of-function mutation of the p53 gene in human
cancer may affect the capacity of BRCA1 to repress IGF1R gene
expression, with major clinical implications (49). In addition to
breast cancer, BRCA1 was identified as a transcriptional
repressor of the IGF1R gene in prostate and endometrial
cancer cells (50–53).
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Besides the IGF1R gene, BRCA1 was shown to target other
components of the insulin-IGF1 axis. Intratumoral IGF1
concentrations were elevated in tumors from BRCA1 or
BRCA2 mutation carriers compared with matched sporadic
tumors (54). In addition, BRCA1 was shown to interact with
the insulin receptor substrate-1 (IRS-1) promoter and to inhibit
its activity (55). This effect at the promoter level was associated
with epigenetic modifications of histone H3 and H4, leading to a
transcriptional repressive chromatin configuration. Consistent
with this inhibitory role, BRCA1-deficient mammary tumor cells
exhibited high levels of IRS-1. Furthermore, suppression of IRS-1
using RNA interference markedly inhibited cell growth. Table 1
summarizes key concepts on the interaction between BRCA1 and
the IGF1 axis.
DEVELOPMENTAL AND HORMONAL
REGULATION OF BRCA1 EXPRESSION

Ontogenetic analysis of BRCA1 gene expression in the normal
mouse showed that BRCA1 is highly expressed in rapidly
proliferating cells (56). In addition, BRCA1 expression is
A

B

C

FIGURE 2 | Regulation of IGF1R gene expression by BRCA1. (A) The IGF1R gene promoter includes a number of high affinity binding sites for transcription factor
Sp1 in its proximal region. (B) The mechanism of action of BRCA1 involves binding to, and sequestration of, Sp1, thus preventing its binding to cis-elements in the
promoter region. Lack of Sp1 binding leads to a reduction in IGF1R promoter activity and IGF1R levels. (C) Loss-of-function mutation of BRCA1 in familial and,
potentially, sporadic breast cancer may lead to inactivation of BRCA1. Mutant BRCA1 is unable to bind Sp1 and suppress IGF1R gene transcription. Enhanced
IGF1R levels are usually associated with augmented cell proliferation.
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induced by positive growth signals at the cell cycle point where
cells become committed to replicate their DNA and undergo cell
division (57, 58). Maximal BRCA1 expression was detected
during the pre-replicative (G1) phase of the cell cycle (59), and
it was proved that BRCA1 is involved in the control of the G1-S
and G2-M transition checkpoints (12, 16, 60). Finally, structure-
function analyses have demonstrated that the tandem BRCT
domain is essential in cell cycle checkpoint control by interacting
in a phosphorylation-dependent fashion with specific DNA
damage-induced proteins (61).

While BRCA1 has an important role in regulating IGF1R gene
expression, as described in the previous section, experimental
evidence indicates that both IGF1 and IGF2 stimulate BRCA1
expression in a dose-dependent fashion (62). The effect of the
growth factors was mediated at the transcriptional level, as
revealed by transfection experiments using BRCA1 promoter-
luciferase reporter constructs. Given the fact that IGFs regulate
cell division by controlling events that occur mainly during G1, it
is reasonable to assume that at least part of the bioactivities of the
IGFs are mediated by BRCA1. This concept is supported by
experiments showing that BRCA1 silencing was associated with a
two-fold increase in the IGF1-induced portion of cells that
arrested at SubG0, and with a ~33% reduction in the portion
of cells at the M-phase. In view of the fact that IGF1 is mainly
produced by stromal cells whereas IGF2 biosynthesis occurs
directly in breast tumor cells, data indicate that BRCA1 gene
expression is potentially regulated by both autocrine (IGF2) and
paracrine/endocrine (IGF1) stimuli (54).

Finally, AKT, a downstream IGF1 target, was shown to
regulate BRCA1 stability independent of new protein synthesis
(63). Hence, IGF1 signaling is capable of modulating BRCA1
abundance at various levels of regulation. Taken together, studies
suggest that a feedback loop controls expression and action of the
IGF1 and BRCA1 signaling pathways in a synchronized manner.
Deregulated expression of BRCA1 as a result of aberrant IGF
signaling might bear consequences in breast cancer
development (41).
METABOLIC ROLES OF BRCA1

The impact of obesity and diabetes on cancer risk in BRCA1
mutation carriers has been the topic of major clinical concern
(64–66). While obesity and hyperinsulinemia are well established
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risk factors for breast cancer, and given the fact that BRCA1
exhibits a number of metabolic types of action, it is of medical
relevance to explore the effects of a defective BRCA1 pathway on
the linkage between diabetes and breast pathologies. The
BRCA1-induced metabolic reprogramming of breast cancer
cells was examined using global metabolomics and
transcriptomics platforms (67). Wild-type BRCA1 induced
numerous metabolic modifications, including a marked
inhibition of glycolysis. Thus, all glycolysis indicators were
largely (~50%) decreased in BRCA1wild-type, in comparison
to BRCA1 mutant, cells. Five major enzymes of this pathway,
including HK2 and PFKFB3, and both pyruvate and lactate were
down-regulated by BRCA1 transfection. On the other hand, the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation
were activated in BRCA1-expressing cells. In addition, BRCA1
induced a decrease of ketone bodies and free fatty acids, which
were probably employed to supply Acetyl-CoA for the TCA
cycle. Furthermore, BRCA1-transfected cells displayed enhanced
activity of antioxidative pathways, most likely as a result of ROS
production by oxidative phosphorylation. The overall
implication of these analyses is that BRCA1 is capable or
reversing the Warburg effect (see Table 2). The impact of this
novel mechanism on tumor suppression has yet to be assessed.

A recent study examined the impact of reduced BRCA1
expression on metabolic reprogramming of ovarian cancer cells
(68). Authors showed that BRCA1 depletion led to diminished
mitochondrial respiration and reduced ATP concentrations. Of
interest, these metabolic alterations sensitized the cells to agents
that inhibit mitochondrial activity and glucose import. Hence,
inhibition of energy metabolism might constitute a useful
strategy to target BRCA1-deficient high grade serous ovarian
cancer, a type of tumor characterized by frequent BRCA1
loss (69).

Bordeleau et al. examined the medical histories of 6,052 women
with BRCA1 or BRCA2 mutations, half of whom had been
diagnosed with breast cancer (70). Authors reported that there
was no excess of diabetes among patients with breast cancer in the
period before diagnosis, compared with control individuals
without cancer. However, there was a doubling in the risk of
diabetes among BRCA1 or BRCA2mutation carriers in the 15-year
period after diagnosis of breast cancer. Importantly, the risk was
even higher for women with a BMI higher than 25. Authors
suggested that the enhanced risk might be linked to weight gain
after tumor therapy. Finally, Oliverio et al. examined the risk of
metabolic exposures with respect to a number of BRCA1/2
variants in a cohort of 438 women carriers of BRCA1/2
mutations (71). Authors reported that loss-of-function variant
TABLE 1 | Interactions between BRCA1, steroid hormones and the IGF1
signaling pathway.

The IGF1R gene is a bona fide downstream target for BRCA1 action
Wild-type, but not mutant, BRCA1 suppresses IGF1R promoter activity
IGF1R levels are higher in tumors from BRCA1 mutation carriers than in sporadic
tumors
IGF1 and IGF2 enhance BRCA1 gene expression
IGF1 levels are upregulated in tumors from BRCA1/BRCA2 mutation carriers
BRCA1 inhibits IRS-1 promoter activity
BRCA1 inhibits the estradiol-inducible transcriptional activity of ERa
The stress hormone hydrocortisone represses BRCA1 gene expression
The glucocorticoid receptor physically interacts with the BRCA1 gene promoter
TABLE 2 | Metabolic actions of BRCA1.

BRCA1 induces several metabolic modifications, including inhibition of glycolysis
BRCA1 activates the TCA cycle and oxidative phosphorylation
BRCA1 induces a decrease of ketone bodies and free fatty acids
BRCA1-transfected cells display enhanced activity of antioxidative pathways
Mutant BRCA1 leads to increased lipogenesis
BRCA1 depletion leads to reduced mitochondrial respiration and reduced ATP
levels
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carriers had significantly higher levels of plasma glucose and serum
insulin than nonsynonymous variant carriers. Given that BRCA
mutations confer a lower ability to repair DNA damage, authors
suggested that mutation carriers may be more sensitive to the
proliferative effects of insulin.
INVOLVEMENT OF BRCA1 IN
LIPOGENESIS

Given the connection between obesity and cancer risk, as
described above, studies investigated the potential role of
BRCA1 in regulation of lipogenesis and energy metabolism.
Mutant BRCA1 has been associated with increased lipogenesis
due to relaxation of the repressive action of wild-type BRCA1 on
acetyl-CoA carboxylase, a key enzyme in fatty acid synthesis
(72). Furthermore, BRCA1 mutation carriers seem to have
decreased blood IGF-binding proteins concentrations and,
sometimes, lack an allele containing cytosine–adenine repeats
in the IGF1 gene promoter, which has been linked to decreased
insulin sensitivity (7).

A recent study by Koobotse et al. reported that loss of BRCA1
in breast cancer cells led to downregulation of a phosphorylated
and inactive form of acetyl CoA carboxylase-a (ACCA) (73).
This effect was linked to a concomitant increase in levels of fatty
acid synthase (FASN). In addition, IGF1 stimulated de-
phosphorylation of ACCA by inhibiting the interaction
between BRCA1 and phospho-ACCA. In consequence, deficit
of BRCA1 increased the non-genomic effects of IGF1 as well as
the mitogenic response of cells to IGF1. Furthermore, the effect
of high glucose, as compared to physiological concentrations, on
the tumor suppressive role of BRCA1 was investigated (74).
Normal glucose levels blocked ACCA dephosphorylation by
enhancing the association between BRCA1 and phospho-
ACCA. The mitogenic response of breast cancer cells to IGF1
was decreased under physiological glucose values whereas no
differences were seen in normal mammary epithelial cells. Hence,
it is reasonable to assume that normal glucose concentrations
facilitate the role of BRCA1 as a metabolic restraint of IGF1
actions. As a corollary, maintaining physiological levels of
glucose may improve BRCA1 function and delay breast
cancer progression.

In conclusion, the association between metabolic disorders,
including diabetes and the metabolic syndrome, and BRCA1 and
BRCA2 mutations is of major clinical relevance and warrants
further investigation.
INTERACTIONS BETWEEN BRCA1 AND
STEROID HORMONES

Early studies have identified functional interactions between
BRCA1 and a number of steroid hormones, including the
estrogen receptor-a (ERa) and androgen receptor (AR). BRCA1
inhibited the estradiol-inducible transcriptional activity of ERa in
breast and prostate cancer cells whereas cancer-associated
Frontiers in Endocrinology | www.frontiersin.org 570
BRCA1-mutant cells did not exhibit depressed ERa activity
(75, 76). On the other hand, estrogens are capable of enhancing
BRCA1 expression, probably as a result of the mitogenic activity
of estrogens. In addition, a direct effect of estrogens was suggested
by studies showing that estradiol directly stimulates BRCA1
promoter activity.

Rosen et al. suggested that BRCA1 regulation of ERa
signaling might be important in sporadic carcinogenesis given
that this type of breast cancer, unlike BRCA1-associated tumors,
are usually ERa-positive and often exhibit loss of BRCA1
expression. Loss of BRCA1 could result in unopposed estrogen
stimulation of mammary epithelial cell proliferation (77). The
impact of BRCA1/2 mutations on steroid hormone activity was
assessed by examining endometrial thickness for each menstrual
cycle day as an index of hormone regulation in a cohort of 228
women in the UK Familial Ovarian Cancer Screening Study (78).
In addition, estradiol and progesterone titers for the same days
were measured. Authors reported that BRCA1/2 mutation
carriers were exposed to enhanced levels of both steroid
hormones. Higher values of estradiol in mutation carriers are
consistent with a potential carcinogenic role of this hormone in
the ovary.

Evidence for functional interactions between BRCA1 and
androgens was suggested by experiments showing differential
regulation of the IGF1R gene by BRCA1 in androgen receptor
(AR) positive, as compared to AR negative, prostate cancer cells
(50). BRCA1 was expressed at relatively high levels in prostate
cancer compared with a low BRCA1 immunostaining in normal
prostate epithelium. In addition, there was a negative correlation
between IGF1R and BRCA1 expression levels in AR-negative
prostate cancer cells whereas in cells with an active AR there was
a positive correlation. Finally, cotransfection experiments
revealed that BRCA1 expression enhanced AR transcriptional
activity. Taken together, analyses identified a new mechanism for
IGF1R and AR stimulation of prostate cancer, and further
support the relevance of targeting AR and IGF1R in this type
of tumors with BRCA1 serving as a marker for defining the
target activity.
BRCA1 MUTATIONS AND REPRODUCTION

The potential impact of BRCA1 mutations on reproduction and
fertility has been the focus of major interest (79). However,
despite many efforts involved data remain controversial. A study
by Kwiatkowski et al. suggested that BRCA1 mutations increase
fertility in families at hereditary breast/ovarian cancer risk (80).
Authors evaluated the following hypothesis: if mutations that
favor cancer development have survived selection pressure
through generations, it is reasonable to assume that these
mutations must provide clear advantages that compensate for
the reduction in life expectancy. Analyses were conducted on
2,150 families with hereditary cancer, including approximately
96,000 individuals. Authors reported that fertility advantages
were seen in a subgroup of 746 BRCA1mutation carriers and 483
non-carriers from BRCA1mutated families. Female carriers were
less often nulliparous (9.1% of carriers in comparison to 16.0% of
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non-carriers) and had more children (1.8 ± 1.4 vs 1.5 ± 1.3).
Likewise, male carriers had more children (1.7 ± 1.3 vs 1.4 ± 1.3).
While moderate, this increase in fertility in both male and female
carriers is suggestive of a mechanism that compensates for
shortening of the reproductive phase of life.

An additional report based on two longitudinal studies
provides evidence that female BRCA1/2 mutation carriers had
more children, shorter birth intervals and reproduced later in life
when compared to matched controls (81). Authors suggested
that the positive correlation between BRCA1/2 mutations and
fertility can probably be explained by reported associations
between BRCA mutations and telomere length and between
telomere length and fertility.

In contrast, a negative impact of BRCA1/2mutations on fertility
was suggested by studies showing that these mutations negatively
affect ovarian reserve through accumulated DNA damage (82).
Ovarian stimulation was performed in 126 women with breast
cancer by using letrozole and gonadotropins for the purpose of
fertility preservation by embryo or oocyte cryopreservation.
Compared to controls, BRCA1, but not BRCA2, mutation positive
women produced lower numbers of eggs (7.4 vs 12.4) and had very
high chances of low response to ovarian stimulation. Therefore,
authors suggested that BRCA1mutations are associated with occult
primary ovarian insufficiency. Finally, a study by Shapira et al.
shows no evidence of an association between BRCA1/2 mutations
with a lower ovarian response in IVF treatment (83).
INTERACTIONS BETWEEN BRCA1 AND
STRESS HORMONES

The stress hormone hydrocortisone (cortisol) was shown to
repress BRCA1 gene expression in a mouse mammary cell line
(84). Furthermore, hydrocortisone was also demonstrated to
inhibit the stimulatory effect of estrogen on BRCA1 expression,
hence interfering with estrogen-related signaling in mammary
epithelial cells. Hence, down-regulation of BRCA1 by cortisol
may constitute a distinct pathological mechanism for
involvement of stress hormones in breast carcinogenesis.

In addition, studies have identified a direct role for the
unliganded glucocorticoid receptor (GR) in BRCA1 upregulation
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in the absence of hydrocortisone (85). GR was shown to physically
interact with the BRCA1 gene promoter in the absence of
hydrocortisone, whereas the positive effect of GR was lost upon
addition of the ligand. Given the fact that low levels of BRCA1 have
been correlated with the initiation and progression of sporadic
breast cancer, this molecular mechanism may explain the finding
that prolonged stress signaling increases breast cancer risk.
CONCLUSIONS

Studies summarized in the present review article emphasize the
emerging role of BRCA1 as an important player in metabolic and
endocrine regulation. While BRCA1 was discovered by virtue of
its roles in cancer biology and its genomic activities,
accumulating evidence indicates that BRCA1 displays a
spectrum of actions that do not fall within the classical cancer-
related types of action.

Among other physiological activities, BRCA1 was shown to
induce the metabolic reprogramming of breast cancer cells with
ensuing reversal of the Warburg effect. BRCA1 governs
important steps of the lipogenetic pathway and has a key role
in energy metabolism. BRCA1 interacts with several hormones,
including IGF1, estrogens and androgens, cortisol, etc. In
addition, BRCA1 seems to be involved in the process
of reproduction.

In conclusion, a better understanding of the complex physical
and functional interactions between BRCA1 and hormonal
and metabolic pathways will have major basic and
translational relevance.
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Peptide receptor radionuclide therapy (PRRT) using radiolabeled somatostatin analogs
has been used for over two decades for the treatment of well-differentiated
neuroendocrine tumors (NETs), and the publication of the NETTER-1 trials has further
strengthened its clinical use. However, many aspects of this treatment are still under
discussion. The purpose of this review is to collect and discuss the new available
evidence, published in 2021, on the use of 177Lu-Oxodotreotide (DOTATATE) or 90Y-
Edotreotide (DOTATOC) in adult patients with NETs focusing on the following hot topics:
1) PRRT use in new clinical settings, broaden its indications; 2) the short- and long-term
safety; and 3) the identification of prognostic and predictive factors. The review suggests a
possible future increase of PRRT applications, using it in other NETs, as a neoadjuvant
treatment, or for rechallenge. Regarding safety, available studies, even those with long
follow-up, supported the low rates of adverse events, even though 1.8% of treated
patients developed a second malignancy. Finally, there is a lack of prognostic and
predictive factors for PRRT, with the exception of the crucial role of nuclear imaging for
both patient selection and treatment response estimation.

Keywords: peptide receptor radionuclide therapy, radioligand therapy, predictive factors, prognostic factors,
neuroendocrine tumors, neuroendocrine neoplasms, safety
1 INTRODUCTION

Peptide receptor radionuclide therapy (PRRT) with radiolabeled somatostatin analogs has been
used for two decades for the treatment of well-differentiated neuroendocrine tumors (NETs)
expressing somatostatin receptor (SSTR) type 2. The two most commonly used peptides are
177Lutetium (177Lu)-DOTATATE and 90Yttrium (90Y)-DOTATOC, respectively, beta- or gamma-
emitting radionuclides (1). The publication of the NETTER-1 trial in 2017 has further confirmed the
efficacy of this kind of therapy in NETs, also considering that the control arm of the study was
represented by above label doses of somatostatin analogs, a very effective treatment (2). This study
led to the approval of 177Lu-oxodotreotide (®Lutathera) by the European Medicines Agency and
thus facilitated access to this treatment. However, this treatment is actually recommended only for
progressive grade 1–2 gastroenteropancreatic (GEP) NETs. European Society for Medical Oncology
(ESMO) guidelines recommend considering PRRT also in carcinoid syndrome (CS) and functional
pancreatic (Pan) NETs refractory to somatostatin analogs and in selected cases of NET G3 (3).
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Although PRRT represents a major cornerstone of treatment
of well-differentiated low-grade GEP-NETs, some important
aspects such as additional clinical indications, long-term safety,
and predictive markers are not well established, and great
attention is paid to these topics in recent literature.

This review aims to collect the evidence published in 2021 on
the use of 177Lu-DOTATATE or 90Y-DOTATOC in adult
patients with NETs in order to summarize the new evidence in
3 main research fields: 1) the use of PRRT in new settings, to
broaden clinical indications; 2) short- and long-term safety
assessment; and 3) the identification of prognostic and
predictive factors.
2 METHODS

We searched the PubMed database for articles in English on
PRRT published in 2021. The search strategies used were
“peptide receptor radionuclide therapy” and “radioligand
therapy.” The latest search was carried out on November 18,
2021. We have selected all the articles concerning the use of
PRRT in human patients affected by neuroendocrine neoplasms
of any origin regarding one of three reported topics. Articles not
on humans, not using 177Lu or 90Y compounds, or on children
were excluded from this review. Excluding duplicate articles,
from the original number of 531 articles, 453 were excluded after
abstract screening and 33 after full-text evaluation. Ultimately,
45 studies were included, as reported in Supplementary
Figure S1.
3 RESULTS

3.1 New Indications and Settings for
Peptide Receptor Radionuclide Therapy
3.1.1 Expanding the Clinical Indication
The overexpression of SSTRs in NETs other than GEP has led
PRRT to be used in these neoplasms even if not actually approved.

A retrospective study evaluated the long-term outcome of
177Lu-DOTATATE in patients with paragangliomas (PGLs),
demonstrating a disease control rate (DCR) of 67%. At 40
months, the observed progression-free survival (PFS) rate was
63% (95% CI: 30–96) and the overall survival (OS) rate was 65%
(95% CI: 32–97) (4). These data were confirmed in a prospective
phase II clinical trial (5), in which an overall DCR of 80% was
observed (95% CI: 68.9–91.9) after a mean offive cycles of PRRT.
Patients treated with 177Lu-DOTATATE showed a better OS
compared with those treated with 90Y-DOTATOC (143 vs. 92
months). No high-grade renal and hematological toxicities
occurred in both studies. Regarding the risk of PRRT-induced
acute catecholamine crisis, premedication combining alpha- and
beta-adrenergic blocking agents was effective in preventing this
complication in a series of 5 patients (6).

A retrospective multicenter study aimed at evaluating the role
of 68Ga-DOTATATE PET/CT in metastatic medullary thyroid
cancer (MTC) and for patients’ selection for PRRT. Twenty-one
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of 71 patients, with tumor expressing SSTR, were treated with
PRRT, with 177Lu-DOTATATE or 90Y-DOTATOC or both
(median number of treatment cycles, 3; range, 1–4). At
baseline, 10 patients had radiological and 3 had biochemical
progression. After a median follow-up of 12 months, 12 patients
had radiological progression, 1 had biochemical progression, and
3 patients died. The median time to treatment failure (including
radiological or biochemical progression or death) was 14 months
(95% CI: 8–25) without difference in terms of age, type of
radionuclide, calcitonin serum level, or gallium avidity (7).

Bronchopulmonary NETs expressing SSTR may also benefit
from PRRT. A retrospective study evaluated the role of combined
68Ga-DOTATATE and 18F-FDG PET/CT imaging to guide the
choice of PRRT treatment in patients with typical and atypical
carcinoids (TC and AC). About half of the patients (46% TC,
53% AC) were unsuitable for PRRT. In 16 patients who were
treated with PRRT, DCR at 3 months was 85% with an OS of 54.6
months (95% CI 44–70). Patients with all lesions 68Ga-
DODATATE positive and 18FDG PET/CT negative were less
likely to develop disease progression (8).

Finally, patients with functioning tumors can benefit from
PRRT. A retrospective cohort study that included patients with
refractory CS, without evidence of disease progression,
demonstrated a reduction in bowel movement frequency of
more than 30% with PRRT in 47% of patients, also with a
benefit on flushing. Importantly, no carcinoid crisis occurred
with the use of short-acting octreotide subcutaneously between
cycles (9).

3.1.2 Peptide Receptor Radionuclide Therapy in the
Neoadjuvant Setting
Promising evidence is emerging on the use of PRRT as a
neoadjuvant treatment. In an open-label retrospective study,
enrolling patients with unresectable GEP-NET, 177Lu-
DOTATATE resulted in a significant tumor shrinkage,
allowing primary tumor resection in 26.3% of the patients.
Baseline significant response predictors were primary duodenal
tumor site, the size of the primary tumor (<5 cm), absence of
regional lymph node involvement, the size (≤1.5 cm) and
number (≤3) of liver metastases, and 18F-FDG uptake
(SUVmax <5) in the primary tumor (10).

3.1.3 Retreatment With Peptide Receptor
Radionuclide Therapy
Several uncontrolled studies have evaluated the outcome and
feasibility of retreatment after an initial response to the first
single course of PRRT followed by later disease progression
(rechallenge with PRRT).

A retrospective study on 40 patients with advanced GEP-
NETs with progressive disease after the first PRRT course
demonstrated that the second PRRT course determined partial
remission in 5% of patients, stable disease in 52.5% of patients,
and disease progression in 42.5% of patients. The median OS was
122.1 months and was significantly longer in patients without
uptake at 18F-FDG-PET CT (145.50 vs. 95.06 months,
respectively) (11).
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In a large Danish retrospective study, progression after the
first PRRT course was seen in 62% of patients. Thirty-two
patients were submitted to a second series of PRRT, and
progression was observed in 64% of patients. The median PFS
was 19 (range, 10–32) months. Interestingly, this study also
included 8 patients who underwent a third PRRT series, with a
PFS of 12 (range, 8–15) months (12).

Two meta-analyses have been published on the rechallenge
with PRRT (the term “salvage treatment” was used in some
articles included in the meta-analyses). A meta-analysis on 13
studies involving 560 patients evaluated the efficacy and safety of
PRRT retreatment in patients with GEP-NETs, with encouraging
results. Median pooled PFS was 12.52 months (95% CI: 9.82–
15.22), and pooled DCR was 71% (95% CI: 66–75). The safety
profile for retreatment was comparable to the initial PRRT, with
grade 3–4 adverse events occurring in 5% (95% CI: 2–8) of
patients (13).

Similar results emerged from another meta-analysis,
including 9 studies on 426 patients. After PRRT retreatment,
pooled DCR was 76.9% (95% CI: 72.3–81.0) months, pooled PFS
was 14.1 (95% CI: 12.2–15.9) months, and pooled median OS of
26.8 (95% CI: 18.8–34.9) months. As expected, PRRT showed a
significantly lower DCR and shorter PFS compared to initial
PRRT, without significant differences in hematologic and renal
toxicities (14).

3.1.4 Positioning Peptide Receptor Radionuclide
Therapy in the Treatment Sequence
Until now, the optimal treatment sequence for NETs is not well
established. A retrospective study in patients with metastatic G2
Pan-NETs, treated with more than one systemic therapy, showed
that patients who received PRRT in the treatment sequence
(most frequently as third or fourth line) had significantly
prolonged survival compared with those who did not receive
PRRT [median, 84 vs. 56 months; hazard ratio (HR), 0.55; 95%
CI: 0.31–0.98] (15).

Parghane et al. (16) evaluated the long-term outcome of a
combined chemotherapy and PRRT protocol with a “sandwich”
regimen in the treatment of metastatic progressive NETs with
both 18F-FDG and 68Ga-DODATOC avid lesions. In 38 patients
analyzed, DCR of 84%, PFS of 72.5%, and OS of 80.4% at 36
months were observed. A longer PFS and higher DCR were
noted in patients without metastatic bone involvement. Only
low-grade and transient toxicities were registered, without renal
toxicities of any grade (16).

The features of the main articles on the new indications and
settings and safety of PRRT are summarized in Table 1.

3.2 Short- and Long-Term Safety of
Peptide Receptor Radionuclide Therapy
The critical organs to consider before PRRT are the kidney and
bonemarrow. Until now, the accepted upper limit doses have been
adapted by external radiotherapy (23 Gy for kidneys and 2 Gy for
bone marrow) (28). Data from a retrospective study including 37
patients receiving 177Lu-DOTATATE showed that only 5.5%
reached 2 Gy to the bone marrow and the threshold value of 23
Frontiers in Endocrinology | www.frontiersin.org 376
Gy for kidney was reached in 21% of patients receiving 4 cycles
and in 37.5% in case of more than 4 cycles. However, no long-term
renal dysfunction occurred with a kidney dose of 23–29 Gy,
suggesting a possible increase of kidney threshold levels (17).
Accordingly, an open-label, prospective, phase II study showed the
absence of grade 3–4 hematological toxicities and renal
impairment using 177Lu-DOTATATE at two different doses
(18.5 and 27.5 GBq in 5 cycles) (18). Globally, PRRT was safe,
with a low incidence of severe nephrotoxicity and hematotoxicity.
Notably, in the majority of the studies, a protocol of amino acid
infusion was used in order to reduce renal injury. A large study
described an impairment in kidney function and hemoglobin in
20.6% of patients 1 year after the start of the treatment. Age over
65 years seems to be a risk factor for the development of anemia.
Leukocyte and platelet count reduction was 14.7% and 10.8% of
patients, respectively (19). Another retrospective study did not
confirm any significant change in glomerular filtrate after PRRT
(20). Considering the late effects of PRRT, in a large series of 1,631
treated patients, only 1.8% developed therapy-related myeloid
neoplasm, including myelodysplastic syndrome and acute
myeloid leukemia, after a median time of 43 months (range, 6–
123) (21). A case series on 5 patients with bonemarrow infiltration
of NETs and myelosuppression demonstrated that PRRT could be
safe also in these patients when prophylactic peripheral blood stem
cell collection was performed before PRRT (29). In another study,
grade 1–2 hematological toxicities were observed in 60.3% of
patients and grade 3–4 toxicities were observed in 25 patients
(32.1%), without the development of myelodysplasia or the need
for dialysis or liver failure (27).

Two studies have evaluated the effect of PRRT on pituitary
function, as normal pituitary tissue expresses SSTRs. Comparing
patients treated or not with PRRT, after a long follow-up (68
months), the prevalence of hypopituitarism was the same in the
two groups (22). Another study evaluated pituitary function at
baseline and 1 year after high-dose PRRT. The study
demonstrated a significant decrease in insulin like growth factor
1 (IGF1) levels, which was related to the number of cycles and the
absorbed radiation dose, without changes in the adrenal and
thyroid axes (23).

Strosberg et al. (30) reported a 3% incidence of risk of bowel
obstruction within 3 months in patients receiving PRRT. All
patients had a mesenteric or peritoneal disease and responded to
high doses of corticosteroid (30). PRRT-related cardiotoxicity
has been investigated in 13 patients affected by NETs. No
significant change in serum troponin I was demonstrated after
PRRT (24).

The safety of 177Lu-DOTATATE was also confirmed in
patients with advanced PanNET heavily pretreated with
chemotherapy. Grade 3–4 bone marrow toxicities occurred in
10.8% and were unrelated to the type and duration of previous
chemotherapy, amount of activity administered, and dose
absorbed from the bone marrow. One patient (1.0%)
developed acute myeloid leukemia (25). In older patients (≥70
years) treated with PRRT, the most common adverse events were
fatigue and grade 1–2 gastrointestinal disturbances, occurring in
98.3% of patients. The most common hematological adverse
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TABLE 1 | List of the main studies published in 2021 on (A) additional indications, (B) neoadjuvant role, (C) rechallenge, and (D) safety of PRRT treatment in patients affected by NETs.

riteria Aim of the study Follow-up Median
(range) months

CT positive PFS 40 (NA)
OS

Activity and safety 73 (5–146)

d by 68Ga- Role of 68Ga- PET in
MTC

12 (2–47)

lled Role of 68Ga- PET
and 18F-FDG PET for
treatment selection

TC: 37 (NA)

AC: 38 (NA)

A refractory Efficacy for symptoms
reduction

>1 year

with or Efficacy of
neoadjuvant PRRT

24 (NA)

RRT Efficacy of a second
PRRT

NA

one course Treatment response NA

PRRT Evaluating critical
organ threshold
values

20 (2–61)

Ga- PET DCR and Toxicity 118 (12.6–139.6)

Long-term safety >52 weeks
ic treatment

fter third Safety NA
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Authors (ref) Design Patientsa total
(M/F) number

Age Median
(range) years

NET type NET Grade Prior treatment
n (%)

PRRT Scheme Radionuclide,
median dose, median n cycles

Main inclusion

A) Additional indications of PRRT
Parghane RV (4) R 10 (5/5) 49 (33–61) Metastatic PGLs – RT: 6 (60%) 177Lu: 10 (100%) Negative 131I-MIBG SPE

68Ga-PETCHT: 1 (10%) 24.42 GBq (range 7.4–37)
in 4 (1–6) cycles

Severi S (5) P 46 (20/26) 52 (NA) Progressive locally
advanced or
metastatic PGLs

– NA 90Y: 12 (26%) SSTR2 positive
(Ph 2) 9.2 GBq

in 5 cycles
177Lu: 34 (74%)
24.42 GBq
in 5 cycles

Hayes AR (7) R 21 (14/7) 50 (27–74) MTC – NA 90Y: 5 (24%) SSTR2 positive evaluate
PET177Lu: 12 (57%)

Both: 4 (19%)
in 3 cycles (1–4)

Zidan L (8) R 56 (24/32) TC: 63(21–81) Lung carcinoids TC: 22 (39%) Surgery ± SSA:
25 (44.6%)

177Lu: 14 (87.5%) Progression or uncontro
symptoms

(only 16 treated
by PRRT)

AC: 68.5 (33–83) AC: 34 (61%) CHT: 3 (5.4%) in 4 cycles (3–4)
Both: 2 (12.5%)

Zandee WT (9) R 22 (12/10) 62.7 ± 8.2b Metastatic midgut
NET with CS

G1: 7 (32%) CHT: 2 (9%) 177Lu: 22 (100%) Non-progressive and SS
CSG2: 7 (32%) Other: 8 (37%) 27.8-29.6 GBq

UK: 8 (36%) 4 cycles
B) PRRT as neoadjuvant treatment
Parghane RV (10) R 57 (33/24) 51.5 (30–78) unresectable

GEP-NET
G1: 26 (45.6%) CHT: 15 (26%) 177Lu: 57 (100%) Unresectable GEP NET

without liver metastasis
P: 32 (56.1%) G2: 30 (52.6%) SSA: 12 (21%) 22.2-27.5 GBq
GI: 25 (43.9%) G3: 1 (1.7%) (14.8–40.7)

in 4 cycles (2–5)
C) Rechallenge with PRRT
Rodrigues M (11) R 40 (26/14) 54.6 (29–83) Advanced GEP G1: 2 (5%) LRT: 16 (40%) 177Lu: 40 (100%) At least two courses of

P: 18 (45%) G2: 29 (72.5%) cumulative 48.8 ± 11.8b GBq
GI: 22 (55%) G3: 8 (20%)

UK: 1 (2.5%)
Zacho MD (12) R 133 (72/61) 70 (64–76) P: 31 (23.3%) G1: 24 (20%) SSA: 113 (85%) First series Patients treated at least

PRRTGI: 82 (61.6%) G2: 78 (63%) IFN: 42 (37%) 177Lu: 60 (45%)
Lung: 14 (10.5%) G3: 21 (17%) CHT: 67 (51%) 90Y: 66 (50%)
Oth: 6 (4.5%) LRT: 11 (8%) Both: 7 (5%)

Second series
177Lu: 25 (69%)
90Y: 8 (23%)
Both: 3 (8%)
Third series
177Lu: 6 (75%)
90Y: 2 (25%)

D) Safety of PRRT
Kovan B (17) R 36 (18/18) 54.7 ± 12.9b P: 8 (22.2%) NA NA 177Lu: 36 (100%) NET patient treated with

GI: 2 (5.5%) 691 ± 257b mCi
MTC: 6 (16.7%) in 3.91 ± 1.33b cycles
Lung: 2 (5.5%)
UK: 18 (50%)

Paganelli G (18) P 43 (28/15) 65 (44–82) GI NETs G1: 13 (30%) 177Lu: 43 (100%) Positive octreoscan or 6

(Ph 2) G2: 18 (42%) 27.5 GBq (25 pts)
UK: 12 (28%) 18.5 GBq (18 pts)

in 5 cycles
Nilica B (19) R 102 (67/35) 44 pts ≥65 years GI: 47 (46.1%) NA NA 177Lu: 86 (84%) ≥4 PRRT cycles

P: 24 (23.5%) 29.6 GBq in 4 cyclesd No concomitant oncolo
(excl. SSA)

Lung: 5 (4.9%) 90Y: 16 (16%) ≥52 weeks FU
PGLS: 3 (2.9%) 16 GBq in 4 cyclesd

MTC: 1 (1%)
FTC: 3 (2.9%)
UK: 6 (5.9%)
NA: 13 (12.7%)

Guhne F (20) R 32 (16/16) 64.2 ± 11.1b For: 16 (50%) NA NA 177Lu: 32 (100%) Availability of 68Ga-PET
cycleMid: 6 (18.7%) 20.7 ± 3.7 GBq

UK: 4 (12.5%) in 3 cycles

77
c

P

8

g

a
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TABLE 1 | Continued

s
Main inclusion criteria Aim of the study Follow-up Median

(range) months

Development of therapy-related
hematologic neoplasms

OS 55 (17–145)

Unresectable NET without pituitary
disease

Prevalence of
hypopituitarism

68 (NA)

Progressive NET with SSRT
expression

Evaluate long –term
pituitary function after
PRRT

30 (11–39)

–

NET treated by PRRT Evaluating PRRT
cardiotoxicity

21 (4–28)

Patients had previously received one
(67%) or multiple (33%)
chemotherapy lines prior to
177LuPRRT

PFS 34 (4–160)

OS

>70 years Safety 29 (NA)

QOL

Efficacy

Metastatic NETs with at least 1 dose
of PRRT

PFS 15.5 (8.7–19.8)
OS

omatostatin analogs; SI, small intestine; NA, not available in the article; UK, unknown;
p; FTC, follicular thyroid cancer; for, forgut; mid, midgut; t-MN, therapy-related myeloid
T, peptide receptor radioligand therapy; n, number; QOL, quality of life; PET, positron
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Authors (ref) Design Patientsa total
(M/F) number

Age Median
(range) years

NET type NET Grade Prior treatment
n (%)

PRRT Scheme Radionuclide
median dose, median n cycle

Others: 6 (18.7%)
Chantadisai M (21) R 1631 59 (32-70) GI: 11 (37%) G1: 8 (27%) SSA: 12 (40%) 90Y: 3 (10%)

[30 pts
developed

P: 13 (43%) G2: 10 (33%) 1-line CHT: 8
(27%)

10.5 GBq in

t-MN 15/15)] Lung: 1 (3%) NET G3: 1
(3%)

>1-line CHT: 3
(10%)

4 cycles

UK: 2 (7%) UK: 11 (37%) Others 11 (37%) 177Lu: 8 (27%) 22.1 GBq in 3.5
cycles

Oth: 3 (10%) No: 5 (17%) Both: 18 (60%) 25 Gbq in 5
cyclesc

Elston MS (22) Cohort 34 PRRT (23/
11)

65.1 (56.1–71.7) GI: 13 (38.2%) NA CHT: 17 (50%) NA
P: 18 (52.9%) 31.8 (31.2–35.0) in 4 cycles (4–

4.25)Lung: 1 (2.9%)
UK: 2 (5.9%)

32 no PRRT
(15/17)

61.6 (54.9–68.7) GI: 18 (56.2%) NA CHT: 1 (3.1%) –

P: 10 (31.2%)
Lung: 1 (3.1%)
UK: 3 (9.4%)

Sundlov A (23) P 68 (37/31) 66 (41–80) GI: 40 (59%) G1–G2 1-line CHT: 4
(6%)

177Lu: 68 (100%)

(Ph 2) P: 14 (21%) 2 lines CHT: 2
(3%)

37 Gbq (14.8–66.6) in 5 cycles (
9)

Lung: 5 (7%) 3 lines CHT: 2
(3%)

Oth: 9 (13%) SSA: 55 (81%)
LRT: 27 (40%)
Others: 11 (16%)

Jafari E (24) R 13 (9/4) 52 (27–71) NA NA NA 177Lu: 13 (100%)
14.8 GBq (6–44) in 2 cycles (1–6

Fross-Baron K (25) R 102 (64/38) 57.1 (29–79) P: 102 (100%) G1: 2 (1.9%) 1-line CHT: 68
(66.7%)

177Lu: 102 (100%)

G2: 76 (74.5%) 2-lines CTH: 29
(28.4%)

32 ± 10.9 GBq, in 4 cycles (44
patients >4 cycles)

G3: 7 (6.9%) 3-lines CHT: 5
(4.9%)

UK: 17 (16.7%) Other: 16
(15.7%)
LRT: 39 (38.2%)
RT: 4 (3.9%)

Chen L (26) R 71 (42/29) 70 (55–80) GI: 55 (77.5%) G1 or TC: 38
(53.5%)

SSA: 66 (93%) 177Lu: 71 (100%)

P: 8 (11.3%) G2 or AC: 29
(40.8%)

CHT: 10 (14.1%) 29.6 GBq

Lung: 3 (4.2%) G3: 2 (2.8%) 90Y: 3 (4.2%) (78.9% of patients completed 4
cycles)UK: 5 (7%) UK: 5 (7%)

Kipnis ST (27) R 78 (39/39) 59.8 (53.5–69.2) GI: 34 (43.6%) G1: 27 (34.6%) SSA: 49 (62.8%) 177Lu: 78 (100%)
P: 22 (28.2%) G2: 35 (44.9%) LRT: 49 (62.8%) 29.6 GBq in 4 cyclesd

Oth: 22 (28.2%) G3: 8 (10.3%)
UK: 8 (10.3%)

R, retrospective; LRT, locoregional therapy; OS, overall survival; PFS, progression-free survival; PGL, paraganglioma; CS, carcinoid syndrome; SSA, s
P, pancreas; CHT, chemotherapy; G, grade; GI, gastrointestinal; MTC, medullary thyroid cancer; LRT, locoregional treatment; Pts, patients; FU, follow-u
neoplasm; RT, radiotherapy; Oth, other; DCR, disease control rate. ref, reference; M, males; F, females; NET, neuroendocrine tumor; ph, phase; PRR
emission tomography; SSTR, somatostatin analogs receptor.
areferred to patients treated by PRRT, unless otherwise stated; bmean ± standard deviation; c1 patient received 36.5 GBq; dreported protocol.
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events were grade 1–2 lymphocytopenia and anemia. An increase
in creatinine values after PRRT occurred in 12.7% of patients
(grade 1–2) (26). In a small study evaluating the combination of
177Lu-DOTATATE and 90Y-DOTATOC therapy in 9 patients
affected by NETs with a large bulky lesion (≥5 cm),
posttreatment imaging showed excellent uptake of the
radionuclides in the lesions in almost all patients, and only
mild-grade adverse events were observed (31).

The frequencies of adverse events described in the main
studies are summarized in Supplementary Table S1.

3.3 Prognostic and Predictive Factors
Many studies have focused on the role of factors that could
predict prognosis or response to PRRT, including circulating
biomarkers, clinical parameters, and imaging.

Starting from the role of inflammation in NET progression,
Ohlendorf et al. (32), in a study on 33 patients with advanced
GEP-NETs treated with PRRT, evaluated the predictive role of
inflammatory markers. C-reactive protein (CRP), composite
index as Platelet × CRP multiplier (PCM), CPR/albumin ratio,
and absolute neutrophil count were all significantly higher in
patients who were non-responders to PRRT. Interestingly, in this
study, the first 68Ga-DOTATATE PET/CT was performed early
(after two cycles of treatment); at this time point, CRP and
neutrophil-to-lymphocyte ratio were predictors of change in
tumor burden (32). Another inflammatory biomarker, platelet-
to-lymphocyte ratio (PLR), was evaluated in a retrospective study
on a heterogeneous population of 42 patients affected by NET
(all grades and sites) and treated by 177Lu-DOTATATE. Patients
with PLR greater than 173.1 had significantly reduced PFS, with a
univariate HR for progression or death of 3.82 (95% CI: 1.21–
12.03) (33).

The predictive role of the classical neuroendocrine markers is
debated. A study by Papantoniou et al. (34) demonstrated that
changes in chromogranin A and 5-hydroxyindoleacetic acid
during treatment were not predictors of PRRT response (34),
although baseline values correlated to PFS (34, 35).

In the field of biochemical markers, growing attention is paid
to NETest, an application of liquid biopsy in the field of NET,
which has also demonstrated a prognostic role (36). In a larger
study on the personalized approach to patients affected by
neuroendocrine neoplasms, Frilling et al. (37) described that
NETest scores decreased after 6 months in 9/9 patients with
metastatic small bowel NETs treated with a combination of
surgery and PRRT, and NETest values directly correlated with
tumor volume. On the contrary, cell-free DNA levels, although
higher in patients with NETs than those in healthy controls, were
unable to predict OS and response to PRRT (38).

Many clinical parameters have been proposed as prognostic
markers. Factors associated with a reduction in PFS and OS in
PRRT-treated patients were ascites (35), marked liver metastasis
burden (18, 25, 35), unusual metastatic sites (35), and age >65
years at the time of PRRT (18). Other factors such as interim
ascites, the presence of ≥5 bone metastases, and NETs other than
GEP were predictors of worse OS (35). The importance of bone
metastasis is also confirmed by the evidence that an increase in
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baseline alkaline phosphatase is associated with poorer PFS and
OS (25, 26). Das et al. (39) developed an interesting clinical score
that included 5 elements, availability of treatments other than
177Lu-DOTATATE, prior systemic treatments, symptoms,
tumor burden of critical organs, and peritoneal carcinomatosis,
that was able to predict PFS only in patients treated with PRRT.
One study failed in demonstrating the role of sarcopenia and
myosteatosis in predicting PFS in 49 patients with NET (any
grade) treated by PRRT (40). Finally, one study confirmed that
resection of the primary tumor had a beneficial effect in
increasing OS after PRRT (41).

Morphological and functional imaging has been proposed
for treatment response prediction. In a study on 66 patients with
PanNET undergoing PRRT, the authors evaluated the tumor
growth rate (TGR), expressed as change/month. TGR decreases
significantly during PRRT with 177Lu-DOTATATE, and
patients with TGR ≥0.5%/month had shorter PFS (HR, 2.82;
95% CI: 1.05–7.57) (42). Many studies focused on the
prognostic role of 18F-FDG PET/CT status even in the setting
of PRRT-treated patients (18, 43, 44). An interesting prospective
10-year follow-up study of 166 patients demonstrated that 18F-
FDG PET/CT is more effective than grading in predicting OS
and PFS. In the subgroup of 78 patients who received PRRT,
18F-FDG PET/CT negative cases had significantly longer
survival. Interestingly, PRRT increased OS in patients with
positive 18F-FDG PET/CT when compared with non-treated
patients, while no difference in OS was found between treated
and not-treated subgroup of patients with negative 18F-FDG
PET/CT (43). A recent meta-analysis on 12 studies and 1,492
patients evaluated the prognostic role of pretreatment 18F-FDG
PET/CT in patients affected by any grade NETs treated with
PRRT. Positive uptake at 18F-FDG PET/CT was associated with
a higher risk of worse outcome [odds ratio (OR), 4.85; 95% CI:
2.27–10.36]. Regarding PFS, the pooled HR for progression was
higher in case of positive 18F-FDG PET/CT (HR, 2.45; 95% CI:
1.48–4.04), and likewise, OS was lower (HR, 2.25; 95% CI: 1.55–
3.28) (44). SSTR2 expression assessment by nuclear imaging is
mandatory for selecting patients for PRRT. However, its
prognostic value is less clear. Two studies evaluated the role of
standardized uptake value (SUV) parameters at 68Ga-
DOTATATE PET/CT in predicting PFS and response to
treatment (45, 46). The mean SUVmax was significantly higher
in responders than that in non-responders (45, 46) and was
higher in patients with PFS >18 months (46). In a subset of 36
patients, another 68Ga-DOTATATE PET/CT scan was
performed before the second cycle of PRRT, and SUVmax

correlated to therapy response (45). Accordingly, another
study demonstrated that the evaluation after two cycles can
predict further response. With stable disease after 2 cycles,
patients with PanNET were more likely than patients with
other NETs to achieve a response (0.60 vs. 0.11) after 4 cycles.
In patients with a response after two cycles, all PanNETs
demonstrated a continuous response after 4 cycles compared
with only 66% of other NETs (47).

PRRT absorbed dose may play a role in predicting the
response. Both for small intestine and PanNETs, a dose–
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response relationship was found between the absorbed dose
and tumor shrinkage, which was more pronounced in PanNET
(48). Histological parameters have also been proposed as
predictors of treatment response. The expression of SSTR2,
assessed by immunohistochemistry in tumor samples, was not a
predictive factor for PRRT response in a study on 42 patients
with small intestine NETs (49). It has also been proposed that
in unresponsive patients, PRRT may result in a clonal selection
of resistant cells. In a case series on 7 patients with metastatic
PanNET treated by PRRT and with evidence of progressive
disease within 6 months from treatment, 3 patients underwent
a new biopsy. In 2 cases, Ki 67 labeling index increased
significantly, and in one patient morphology changed to
poorly differentiated. The hypothesis of initial tumor
heterogeneity was also supported by the positivity of both
gallium and 18F-FDG PET/CT (50).
4 CONCLUSIONS

In 2021, many articles have been published on three hot topics of
PRRT treatment in NETs: new clinical indications, safety, and
prognostic and predictive markers. The main findings are
summarized in Figure 1. Considering the evidence that this
treatment has been used in PGLs, MTC, pulmonary carcinoids,
and uncontrolled CS and in the neoadjuvant or salvage settings,
PRRT indications are likely to increase in the near future. Despite
the concern of the kidney and bone marrow toxicities of PRRT,
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available studies, including long follow-up studies, demonstrated
the safety of this treatment, with the worse complication, the
development of second neoplasia, appearing in 1.8% of treated
patients. Finally, as in other aspects of NETs, prognostic and
predictive factors are also lacking for PRRT. New evidence
confirmed the crucial role of nuclear imaging not only for the
selection of the patients but also for estimating treatment response.
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Context: Medullary thyroid carcinoma (MTC) is a malignant neuroendocrine neoplasm
that may spread to lymph nodes before the primary tumor is diagnosed; moreover, distant
metastases are already present in about 10% of patients at diagnosis. Serum calcitonin
(Ctn) usually reflects the spread of disease, thus orienting the extent of surgery and
predicting the possibility of biochemical remission. Tumor size and vascular invasion are
important prognostic factors, but little is known on the relationship between other
histopathological features, such as the presence of a tumor capsule, and long term
outcome of MTC.

Purpose: To evaluate the prevalence of encapsulated tumors among MTCs and the
association of tumor capsule with a favorable outcome after surgery.

Methods: A retrospective observational single-center study was conducted together with
a narrative review of the available literature.

Results: Among 44 patients (27 female, 17 male; median age: 56 years) with MTC (6
hereditary, 37 sporadic) followed up at our center in the last four years (median follow-up:
29.2 months), seven (15.9%) showed an encapsulated tumor at histology and a clinical
remission after surgery. None of them had nodal metastases and median preoperative Ctn
(398 pg/mL, IQR 126.5–7336) did not differ significantly from that of the 14 patients
(31.8%) with persistent disease after surgery (787 pg/mL, IQR 340.5–2905.5; p=0.633),
although their tumor size was significantly higher (median 33 mm versus 16 mm
respectively, p=0.036). Among patients with preoperative Ctn levels above 500 pg/mL
(n=11), only two (18.2%) showed undetectable Ctn levels during follow-up, both having an
encapsulated MTC (OR 0.000, p=0.02). Notably, they were two similar cases of large
MTC (> 3 cm) with extensive hyalinization and calcification, associated with very high Ctn
levels (> 13’500 and 1’100 pg/mL, respectively) but no nodal nor distant metastases,
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in complete remission after surgery although one of them carried the aggressive M918T
somatic RET mutation.

Conclusion: MTC rarely shows a tumor capsule, which seems to correlate with a better
prognosis and absence of nodal metastases, regardless of RET or RASmutational status.
Among encapsulated MTCs (E-MTC), Ctn levels and tumor size are not predictive of
persistence of disease after surgery.
Keywords: thyroid tumors, medullary thyroid carcinoma, tumor encapsulation, capsular invasion, calcitonin,
desmoplastic stromal reaction
INTRODUCTION

Medullary thyroid carcinoma (MTC) is a rare neuroendocrine
tumor originating from calcitonin-secreting thyroid C-cells (1).
It accounts for 3-5% of all primary thyroid malignancies and
occurs sporadically in 75-80% of cases. Activating germline
mutations of the RET proto-oncogene are responsible for
remaining hereditary forms, which include multiple endocrine
neoplasia (MEN) syndromes type 2A and 2B (2). MTC shows
variable clinical course but an overall more aggressive behavior,
for different tumor cell lymphovascular dissemination compared
to well-differentiated papillary and follicular thyroid carcinomas,
and it is more prone to have lymph node and distant metastases
at diagnosis (50-75% and 10%, respectively) (3).

Calcitonin (Ctn) serum concentration is a sensitive and
specific biomarker useful for early detection of MTC (4).
Furthermore, preoperative Ctn levels in MTC may be
indicative of tumor burden, as with every increment of basal
Ctn levels (above 20, 50 and 200 pg/mL, respectively) there is a
successive involvement of the ipsilateral, contralateral
paratracheal and bilateral laterocervical lymph node
compartments, with upper mediastinal and distant metastases
becoming more common above a basal Ctn threshold of 500 pg/
mL (5). Therefore, Ctn is very useful for orienting the
locoregional extent of surgery (after proper preoperative
radiological staging) and predicting postoperative biochemical
cure of patients with MTC (6). A similar relation with tumor size,
number of lymph nodes metastases and outcome was seen for
carcinoembryonic antigen (CEA) levels and, recently, also for
procalcitonin (PCT) levels (5, 7).

Patients with intrathyroidal disease have a 10-year survival
rate of 95.6%, whereas the presence of locoregional involvement
or distant metastases at the time of diagnosis are associated with
overall survival rates of 75.5% and 40%, respectively (8).
Therefore, radical neck (thyroid and involved cervical lymph
nodes) surgery represents the first-line therapy to achieve MTC
cure (9). Systemic treatment is to be considered for those patients
with progressive advanced disease (10). Current available drugs
for MTC include multikinase inhibitors (MKIs) Vandetanib and
Cabozantinib and new selective RET inhibitors Selpercatinib and
Pralsetinib, but none of these have been shown to improve
patients’ overall survival (OS) (11). Moreover, numerous side
effects have frequently been reported and primary or acquired
resistance mechanisms may be present (12).
n.org 284
Some histological features of the primary tumor have been
proposed for predicting the outcome of MTC (13). Among these,
lymphovascular invasion, intense desmoplastic stromal reaction
(DSR), evidence of infiltrative tumor margins and extrathyroidal
extension (ETE) (14, 15) significantly correlate with the presence
of node metastases which is, in turn, the most relevant predictor
of distant metastatic disease in MTC (16). On the contrary, the
presence of a complete tumor capsule is a strong predictor of the
absence of lymphatic spreading of the disease (17).

To date, just over a dozen published studies have described
patients with encapsulated MTC (E-MTC) and correlated the
presence and infiltration of the tumor capsule with the presence
of lymph node metastases or disease remission after surgery,
respectively. Very recently, Machens et al. (18) proposed the
possibility of avoiding lymph node dissection in the case of well-
encapsulated tumors without associated desmoplastic reaction,
tested at intraoperative examination. Considering this interesting
hypothesis, in the present article we have retrospectively
researched cases of encapsulated tumors within the series of
MTC patients in follow-up at our Institution to assess their
staging at diagnosis and subsequent response to therapy. In
addition, previously published research studies focusing on this
histopathological issue have been reviewed and discussed.
MATERIAL AND METHODS

Atotalof53consecutivepatientswithMTCunderwentoneormore
follow-up visits at our Institution between January 2017 and
January 2022. From this cohort, 44 patients with sufficiently
detailed histopathological examination were selected, and samples
of 26MTCs diagnosed at Fondazione IRCCS Ca’Granda Ospedale
Maggiore Policlinico, Milan, Italy between 2010 and 2021 were
identified and independently reviewed by three pathologists with
experience of endocrine pathology, blinded to the patient lymph
nodes status and clinical outcome. The study was conducted in
accordance with the World Medical Association’s Declaration of
Helsinki and approved by the local ethics committee.

All patients with a preoperative diagnosis of MTC underwent
total thyroidectomy (except for one subject who was submitted
to lobo-isthmectomy for surgical contraindications) and
systematic central neck compartment lymphadenectomy.
Patients with clinical evidence or suspicion of laterocervical
metastases also underwent dissection of lateral neck
April 2022 | Volume 13 | Article 866572
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compartments (ipsilateral or bilateral, as appropriate).
Preoperative assessment of distant metastases was performed
with total body CT or CT/PET in patients with Ctn levels above
500 pg/mL. The diagnosis of MTC was confirmed histologically
and the following common pathological features were assessed:
primary tumor size and extension (single focus or multifocal
tumor), tumor margins, intratumoral gross calcifications,
extrathyroid extension (ETE), vascular invasion, number of
removed lymph nodes metastases, total removed lymph nodes.
Tumoral encapsulation was defined as the presence of a fibrous
rim of tissue enveloping the tumor and capsular invasion was
defined as full-thickness tumor infiltration of the capsule into the
adjacent thyroid tissue. DSR was defined as newly formed
collagen-rich stroma into a peritumoral circumferential area of
0.5 cm from the tumor margins; it was evaluated semi-
quantitatively by visually estimating the presence or absence of
fibrosis. The TNM classification and tumor staging were
performed according to the criteria described in the 8th
Edition of American Joint Committee on Cancer (AJCC) TNM
Classification of MTC (19).

The selected patients’ medical records were retrospectively
assessed up until the last follow-up (January 2022). Pre- and
postoperative serum levels of Ctn and CEA, when available, were
de te rmined us ing chemoluminescen t (CLIA) and
electrochemiluinescent (ECLIA) assays. Patients diagnosed at
Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico,
Milan, Italy between 2018 and 2021 also performed PCT dosage
with ECLIA method (Elecsys BRAHMS PCT, normal values
between 0.02 and 0.06 ng/mL). The follow-up was based on
regular clinical examination, neck ultrasound imaging and serum
Ctn and CEA measurement every 3 to 12 months, depending on
the patient’s response to treatment. Further radiological
investigations, such as neck-torax-abdomen CT and total body
CT/PET were performed to assess any distant metastases in
patients with permanently elevated or progressively increasing
Ctn values after surgery. Of the patients with persistent disease
after the first surgery, three underwent a second surgery on the
neck lymph nodes. At last control, patients were considered in
remission when there was neither biochemical (basal Ctn levels <
2 pg/mL) nor structural evidence of disease.

Molecular genetics investigations to discover the presence of
germline RET mutations on peripheral blood of all MTC patients
were performed by targeted Sanger or NGS (in the last 5 years)
sequencing. Somatic RET and RAS pathogenetic variants were
tested on the genomic DNA extracted from FFPE samples of
surgically resected E-MTCs. DNA was obtained with the
MagMAX FFPE DNA/RNA Ultra Kit (Applied Biosystems, US)
according to the manufacturer’s instructions and the analysis was
performed by targeted NGS sequencing on the Illumina MiSeq
platform, using the HaloPlex Target Enrichment System kit
(Agilent Technologies, Santa Clara, CA) for the library
preparation; data analysis, including alignment, categorization
and annotation of variants, was done with the SureCall
application (Agilent Technologies, Santa Clara, CA). Some
extremely degraded FFPE-derived DNAs were pre-amplified with
the SsoAdvanced PreAmp Supermix (BioRad, US) to obtain
Frontiers in Endocrinology | www.frontiersin.org 385
amplicons of sufficient quality for subsequent Sanger sequencing
(BigDye Terminator v3.1, Applied Biosystems, US); target
sequences were previously amplified with the high fidelity
polymerase Takara Taq HS polymerase (Takara, Japan).

Statistical analysis was performed with GraphPad Prism
(version 9.3.1). Quantitative variables were expressed as
medians with interquartile ranges (IQR) and complete ranges
(fromminimum to maximum) and were compared with the two-
tailed Mann-Whitney U test. Qualitative variables were
presented as absolute and relative (percentage) frequencies and
were tested with a Chi-square test or Fisher’s exact test. Odds
ratios (OR) were expressed together with their 95% confidence
interval (95%CI). Correlations between quantitative variables
were assessed by calculating Pearson’s correlation coefficient.
The level of statistical significance (two-tailed) was set at p < 0.05.
RESULTS

Between January 2017 and January 2022, a total of 53 patients
with MTC underwent a follow-up visit at our Institution. Among
them, we retrieved complete pre- and postoperative medical
records for 44 patients (female to male ratio: 27/17) who were
diagnosed with MTC between February 1996 and August 2021
(median age at thyroidectomy of 56 years, IQR 46.5–66 years).

As shown in Table 1, preoperative serum Ctn was available for
37 of 44 patients of the study cohort and its median level was 184
pg/mL (IQR 75 – 720.5 pg/mL). Ctn was significantly correlated
with tumor size (r = 0.723, 95%CI 0.521–0.848, p < 0.001) but not
with the number of positive lymph nodes (r = 0.272, p = 0.109).
DNA analysis for germline RET mutations showed 4 cases of
hereditary MTC in the context of a MEN2A syndrome and 2 cases
of FMTC (belonging to four different families).

After histopathological examination, median primary tumor
size was 14 mm (IQR 8–21 mm) andmultifocality was present in 6
(13.6%) cases, five of whom showed bilateral tumor foci. We found
that 7 of 44 MTCs had a tumor capsule (Figure 1). Among the
non-encapsulated (NE-MTC) tumors (84.1%), defined by the total
absence of a capsule surrounding the tumor, infiltrative margins
were reported in 14 and expansive or well-defined margins in 14
out of 28 cases. Concerning other histopathological findings, 6 out
of 44 (13.6%) exhibited diffuse (50%) or focal (50%) intratumoral
gross calcifications, vascular invasion was observed in 10 (22.7%)
and ETE in 4 (9.1%) of 44 cases. Fifteen (34.1%) patients had
histologically confirmed lymph node metastases (pN1) at initial
surgery, in all cases involving the central compartment (VI level)
of the neck and in 60% of cases also the laterocervical
compartment. Peritumoral desmoplasia was present in 18 of the
26 (69.2%) reviewed MTC specimen at our Institution. Half of
these were associated with lymph node metastases (positive
predictive value of 50%), whereas no DSR-negative cases had
lymph node metastases (negative predictive value of 100%, p =
0.023) neither at primary surgery nor during the follow-up.
According to the 8th edition AJCC TNM Staging System, 22
(50%) patients had a Stage I tumor after surgery, 7 (15.9%)
patients were at Stage II, 6 (13.6%) at Stage III and 9 (20.5%) at
April 2022 | Volume 13 | Article 866572
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stage IVA. At diagnosis, as well as at the last outpatient visit, no
radiologically proven distant metastases were detected.

At the last follow-up (median follow-up period of 29.2
months, IQR 15.9–80.7), 30 (68.2%) patients (including 3 of
the 15 pN1 patients) achieved biochemical cure, 13 (29.5%)
showed a biochemical incomplete response and a single patient
(2.3%) had a structural incomplete response with stable disease.
Statistically significant predictive factors of persistence of disease
after primary surgery were vascular invasion (OR infinity, 95%CI
Frontiers in Endocrinology | www.frontiersin.org 486
12.3–infinity, p < 0.0001), lymph nodes involvement (OR 54,
95%CI 6.99–279.2, p < 0.0001) and ETE (OR infinity, 95%CI
2.29–infinity, p = 0.007).

Non-Encapsulated MTCs
Clinical and pathological features of NE-MTC patients (84.1%)
were reported in the right side of Table 2, subgrouping them
according to the presence or absence of biochemical remission at
last visit (23 ‘cured’ and 14 ‘non-cured’ patients).
FIGURE 1 | Medullary thyroid carcinoma showing a tumor capsule. The neoplastic cells (right) are demarcated from the normal thyroid parenchima (left) by a fibrous
capsule (center). (Hematoxylin and eosin, original magnification 10x).
TABLE 1 | Clinical and histopathological characteristics of the study cohort.

No. of patients 44

Age at thyroidectomy, years [median, (IQR), range] 56 [46.5–66] (7–78)
Gender, no. of female/male patients 27/17
Hereditary/sporadic MTC 6/38
Preoperative Ctn level, pg/mL [median, (IQR), range]* 184 [75–720.5] (12.6–13540)
Primary tumor size, mm [median, (IQR), range] 14 [8–21] (1–65)
Single focus/multifocal tumor 38/6
No. of patients with intratumoral gross calcifications (%) 6 (13.6)
No. of patients with desmoplastic stromal reaction, DSR (%)** 18/26 (69.2)
No. of patients with extrathyroid extension, ETE (%) 4 (9.1)
No. of patients with vascular invasion (%) 10 (22.7)
No. of patients with nodal disease, N+ (%) 15 (34.1)
N+ in the central compartment, N1a 15 (100)
N+ in the laterocervical compartment, N1b 9 (60)

No. of node metastases removed, total [median, (IQR), range]*** 147 (0) [0–2] (0–39)
No. of nodes removed, total [median, (IQR), range]*** 544 (7) [1–22] (0–82)
AJCC TNM 8th edition clinical staging (%)
Stage I 22 (50)
Stage II 7 (15.9)
Stage III 6 (13.6)
Stage IVA 9 (20.5)
Stage IVB 0 (0)
Stage IVC 0 (0)

No. of patients with biochemical cure (%) 30 (68.2)
Follow-up, months [median, (IQR), range] 29.2 [15.9–80.7] (0.3–350.6)
April 2022
AJCC TNM, American Joint Committee on Cancer Tumor-Node-Metastases; Ctn, calcitonin; IQR, interquartile range.
*Preoperative Ctn levels were available for 37 of 44 patients of the study cohort.
**DSR was evaluated on the 26 samples of MTCs diagnosed at Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy.
***Number of removed and metastatic node was available for 43 of 44 patients of the study cohort.
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There were no significant differences in term of germline RET
mutations (p = 0.174) and patients’ age when comparing patients
in remission and those not in remission, whereas a statistically
significant difference was noted concerning the preponderance of
males among those non-cured (64.3% versus 17.4% among cured
patients, p = 0.006).

Higher preoperative serum Ctn (p < 0.0001), greater tumor
size (p = 0.008) and presence of ETE (p = 0.015) were
significantly associated with lack of biochemical cure after
surgery. Multifocality was not different between the two groups
of NE-MTC patients. Vascular invasion was observed only in
non-cured MTCs (p < 0.0001) and lymph nodes involvement
was significantly more frequent in this subgroup of patients (12/
15 positive nodes in non-cured versus 3/25 in cured patients,
p < 0.0001). DSR was detected in 9 out of 9 (100%) non-cured
NE-MTCs, almost always associated with lymph node metastases
(88.9%), and in 63.6% (7/11) of cured NE-MTCs, only in one
case (14.3%) associated with lymph node metastases.

Among all NE-MTCs, a significant correlation was found
between serum Ctn at diagnosis and the number of node
metastases removed (r = 0.515, 95%CI 0.197–0.735, p = 0.003).

Encapsulated MTCs
Prevalence of encapsulated tumors in the present cohort of
patients with histologically proven MTC was 15.9% (95%CI
5.1– 26.7%). Full-thickness invasion of the capsule was
detected in 3 (42.9%) cases but such invasion was observed
only in a single focus per case. No E-MTC was associated with
nodal or distant metastases and all seven patients achieved
Frontiers in Endocrinology | www.frontiersin.org 587
biochemical and structural remission after neck surgery
(excellent response).

All E-MTCs were sporadic tumors and concerned male
patients in 57.1% and female in 42.9%, with a median age at
thyroidectomy comparable with that of the entire study cohort
(57 years, IQR 34–60 years).

Comparing E-MTCs with non-cured NE-MTCs (Table 2),
there were no significant differences in term of preoperative Ctn
levels (median 398 pg/mL, IQR 126.5–7336 pg/mL versus
median 787 pg/mL, IQR 340.5–2905.5 pg/mL respectively,
p = 0.633) but there were for primary tumor size (median 33
mm, IQR 20–38 mm versus median 16 mm, IQR 12–22.3 mm
respectively, p = 0.036), as shown in Figure 2. However, E-MTCs
did not show multifocality, extrathyroidal extension nor vascular
invasion (p = 0.004). One case had a large central cystic
component, whereas intratumoral gross calcifications were
detected in 3 out of 7 E-MTCs (42.9%). DSR was significantly
more present among the NE-MTCs examined (76.9%) compared
to the E-MTCs (23.1%, p = 0.029). Among the latter, the two
cases associated with peritumoral desmoplasia (only mild grade)
both showed focal capsular invasion. Unlike non-cured NE-
MTCs, in which AJCC/TNM stages III and IV prevailed
(p = 0.003), E-MTCs were only stage I (28.6%) and Stage II
(71.4%) tumors, depending exclusively on their size.

Tumor tissue mutational status was known for four (57.1%) of
the E-MTCs: one case was positive for the two RET polymorphisms
Gly691Ser (rs1799939) and Arg982Cys (rs17158558), other two
cases showed the previous two RET variants combined with the
somatic Met918Thr mutation (p.G691S/M918T/R982C compound
TABLE 2 | Clinical and histopathological characteristics of encapsulated (all cured) and non-encapsulated MTC (cured and not cured).

Tumor capsule Present Absent

No. of patients (%) 7 (15.9) 37 (84.1)
Biochemical cure Cured (n = 30, 68.2%) Not cured (n = 14, 31.8%)
No. of patients (%) 7 (100) 23 (62.2) 14 (31.8)
Age at thyroidectomy, years [median, (IQR), range] 57 [34–60] (27–65) 56 [48–69] (7–78) 55 [45.3–66] (31–77)
Gender, no. of female/male patients 3/4 19/4 5/9
Hereditary/sporadic MTC 0/7 2/21 4/10
Preoperative Ctn level, pg/mL [median, (IQR), range] 398 [126.5–7336] (102–13540) 75 [42.2–127] (12.6–337) 787 [340.5–2905.5] (90.2–9916)
Primary tumor size, mm [median, (IQR), range] 33 [20–38] (14–65) 8.6 [6–15] (1–35) 16 [12–22.3] (7–41)
No. of patients with multifocal MTC (%) 0 (0) 2 (8.7) 4 (28.6)
No. of patients with intratumoral gross calcifications (%) 3 (42.9) 0 (0) 3 (21.4)
No. of patients with desmoplastic stromal reaction, DSR (%) 2/6 (33.3) 7/11 (63.6) 9/9 (100)
No. of patients with extrathyroid extension, ETE (%) 0 (0) 0 (0) 4 (28.6)
No. of patients with vascular invasion (%) 0 (0) 0 (0) 10 (71.4)
No. of patients with nodal disease, N+ (%) 0 (0) 3 (13) 12 (85.7)
N+ in the central compartment, N1a 0 (0) 3 (100) 12 (100)
N+ in the laterocervical compartment, N1b 0 (0) 0 (0) 9 (60)

No. of node metastases removed, total [median, (IQR), range] 0 (0) 7 (0) [0] (0–3) 140 (7) [2–15.5] (0–39)
No. of nodes removed, total [median, (IQR), range] 72 (7) [1–13] (0–39) 92 (1) [0–7] (0–22) 380 (31) [15.5–48] (6–82)
AJCC TNM 8th edition clinical staging (%)
Stage I 2 (28.6) 18 (78.3) 2 (14.3)
Stage II 5 (71.4) 2 (8.7) 0 (0)
Stage III 0 (0) 3 (13) 3 (21.4)
Stage IVA 0 (0) 0 (0) 9 (64.3)
Stage IVB 0 (0) 0 (0) 0 (0)
Stage IVC 0 (0) 0 (0) 0 (0)

Follow-up, months [median, (IQR), range] 18.9 [16.1–23.9] (11–132.8) 54.8 [19.6–112] (3.5–350.6) 20.9 [6.3–47.1] (0.3–158.3)
April 202
AJCC TNM, American Joint Committee on Cancer Tumor-Node-Metastases; Ctn, calcitonin; IQR, interquartile range.
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genotype), whereas the last one was both RET and RAS wild-type.
The remaining samples were not analyzable despite appropriate
DNA amplification techniques.

MTCs With Preoperative Ctn > 500 pg/mL
Eleven of 37 (29.7%) MTCs of the present study were associated
to preoperative serum Ctn levels higher than 500 pg/mL (median
1730 pg/mL, IQR 787–3145 pg/mL), with a median CEA of 44.2
Frontiers in Endocrinology | www.frontiersin.org 688
ng/mL (IQR 29–120 ng/mL) and a median PCT of 45.9 ng/mL
(IQR 10.9–65.9 ng/mL). Their clinical and histopathological
characteristics as well as response to surgery were reported
in Table 3.

Median primary tumor size was 21 mm (IQR 14–35 mm),
vascular invasion and lymph node metastases were observed in 7
(63.6%) and ETE in 2 (18.2%) of 11 cases. Biochemical cure was
reported only in two of the high preoperative Ctn-associated
TABLE 3 | Clinical and histopathological characteristics and response to surgery of MTCs presenting with preoperative serum Ctn levels above 500 pg/mL.

ID Sex Age
(yrs)

Preoperative
markers

Tumor
size (mm)

Tumor
capsule

ETE Vascular
invasion

Lymph nodes
involvement

AJCC TNM 8th
ed. staging

Clinical
setting

Postoperative
markers

Cured

Ctn
(pg/
mL)

CEA
(ng/mL)

Ctn
(pg/
mL)

CEA
(ng/mL)

#29 F 77 535 52.4 11 No No No No pT1b, N0, M0 sMTC 8.7 2.5 No
#23 F 77 654 N/A 20 No No Yes No pT1b, N0, M0 sMTC 348 34.3 No
#24 M 55 787 41.1 35 No Yes Yes Yes pT4a(m), N1b, M0 sMTC 92.6 16.3 No
#30 M 31 996 18.1 8 No No Yes Yes pT1a(m), N1b, M0 sMTC 320 6.9 No
#21 M 59 1132 88.0 33 Yes No No No pT2, N0, M0 sMTC < 2 3.8 Yes
#10 M 66 1730 39.9 14 No Yes Yes Yes pT1b, N1b, M0 sMTC 88.3 1.8 No
#20 F 49 2815 44.2 41 No No Yes Yes pT3a, N1b, M0 FMTC 375 5.0 No
#4 M 55 2996 13.0 19 No No Yes Yes pT1b, N1b, M0 MEN2A 485 4.2 No
#39 F 61 3145 N/A 26 No No No Yes pT2, N1a, M0 sMTC 16.1 2.7 No
#3 M 46 9916 339 21 No No Yes Yes pT2, N1b, M0 sMTC 184 7.5 No
#40 M 60 13540 152 65 Yes No No No pT3a, N0, M0 sMTC < 2 4.3 Yes
A
pril 2022 |
 Volume 13 | Article 8
AJCC TNM, American Joint Committee on Cancer Tumor-Node-Metastases; CEA, carcinoembrion antigen; Ctn, calcitonin; ETE, extrathyroid extension; FMTC, familial medullary thyroid
carcinoma; MEN2A, multiple endocrine neoplasia type 2A; N/A not assessed; sMTC, sporadic medullary thyroid carcinoma; Yrs, years.
FIGURE 2 | Comparing E-MTCs with non-cured NE-MTCs (Table 2), there were no significant differences in term of preoperative Ctn levels (p = 0.633, left side)
but there were for primary tumor size (p = 0.036, right side), which was higher in the former (median 33 mm versus median 16 mm, respectively). Among NE-MTCs,
higher preoperative serum Ctn (p < 0.0001) and greater tumor size (p = 0.008) were seen in non-cured patients than those cured. Ctn, calcitonin; ns, not significant.
The asterisks refer to the different p values indicated in the caption of the figure (*p = 0.036, **p = 0.008, ****p < 0.0001).
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MTCs and both were encapsulated, so the presence of a tumor
capsule was predictive of disease remission in this specific
subgroup (OR 0.000, 95%CI 0–0.3, p = 0.02) but not in the
entire MTC cohort (OR 0.000, 95%CI 0–1.185, p = 0.078).
Notably, both E-MTCs were largely replaced by sclero-hyaline
tissue with abundant intratumoral calcifications at the
histological examination.
DISCUSSION

Tumoral encapsulation is a well-known important, if not
fundamental, element for the pathological definition of follicular
cell-derived thyroid tumors. According to the 4th edition WHO
Classification of Tumors of Endocrine Organs, published in 2017
(20), the detection of a whole and preserved tumor capsule in
thyroid lesions allows to define benign tumors such as follicular
adenoma and new borderline tumors such as the “follicular tumor
of uncertain malignant potential” (FT-UMP) and the “non-
invasive follicular thyroid neoplasm with papillary-like nuclear
features” (NIFTP), which share a more indolent behavior and a
favorable prognosis (21). Among malignant tumors, the presence
of an encapsulated nodule, without evidence of the invasion of the
tumor capsule, seems to be an independent prognostic factor for a
good prognosis also in the classical variant of papillary thyroid
carcinomas (encapsulated non-invasive CV-PTC), according to
recent studies (22). Furthermore, it is known that follicular thyroid
carcinomas (FTC) showing limited capsular infiltration, but not
foci of vascular invasion (so called minimally invasive FTC), have
a low recurrence risk after surgery (23).

Against so many evidences regarding both the diagnostic and
prognostic value of tumoral encapsulation in differentiated thyroid
tumors of follicular origin, only a limited number of studies
(including several not recent case reports) have investigated the
possible correlation between the presence of a complete tumor
capsule with the clinical behavior and outcome in the setting of
MTC.As shown inTable 4, so farfifteen studies on the pathological
features ofMTCs have described the presence of about 30% grossly
and/or microscopically encapsulated tumors, of which at least half
surrounded by a continuous and/or invasion-free capsule. Five
(2.9%) cases were reported to have an extra-thyroidal involvement,
exclusively limited to neck lymph nodes, but it was not known
whether tumor capsule was intact or infiltrated or neither. Only ten
(66.7%) of the 15 selected studies also analyzed clinical data on the
follow-up and treatment response of patients with E-MTC. Where
available, these studies showed biochemical remission of disease in
almost all cases (98.9%).

According to their apparent more benign prognosis (than
typical MTC), these encapsulated thyroid lesions have been
named “C-cell adenomas” by some Authors (25, 26, 32) for the
lack of malignant morphological features commonly found in
MTC (mainly infiltrative growth pattern). However, they did not
better define a reproducible pathological or molecular profile
typical of this entity. A possible shared element between these
cases could be the association with low serum CEA levels.
Although less sensitive and specific than Ctn, CEA levels tend
Frontiers in Endocrinology | www.frontiersin.org 789
to increase with the disease stage in MTC. However, MTC
associated with normal CEA values have been described both
at diagnosis (some of which with ascertained lymph node
metastases) and at the time of relapse (34), so that negativity
to CEA can hardly be considered as a marker of benign behavior.

These promising albeit limited data have led some Authors
(Miccoli et al.) to hypothesize the possibility of reconsider the
extension of MTC surgical treatment on the basis of the lack of a
preserved tumor capsule, that may be intraoperatively revealed
by a frozen section analysis (17).

Other morphological parameters have been proposed as useful
intraoperativemarkers to exclude node involvement and thereby to
modulate the extent of the surgery in MTC patients, such as DSR
(35). Peritumoral desmoplasia is defined as the presence of a newly
formed fibrotic stroma surrounding the invasive epithelial tumor
cells and can be demonstrated in the majority of MTCs
(approximately 80%). In the remaining 20% of sporadic MTCs, as
well as in a number of hereditaryMTCs, DSR is completely lacking;
these cases,which are usuallywell circumscribedbut not necessarily
enveloped by a tumor capsule, are typically associated with a very
low metastatic potential (36). Combining both the favorable
features of tumor encapsulation and absence of peritumoral
desmoplasia, very recently Machens et al. proved that patients
with E-MTC without associated DSR (or minimal/low
desmoplasia), if confirmed on frozen section analysis by
experienced pathologists, could avoid even routine central
compartment lymph node dissection (18).

In the present study, we have retrospectively researched cases
of encapsulated tumors within a series of MTC patients in
follow-up at our Institution to assess their staging at diagnosis
and subsequent response to therapy. To this purpose, we studied
44 cases of MTC, both hereditary (13.6%) and sporadic (86.4%)
cases, and found that prevalence of E-MTC was 15.9%.

Within the entire cohort, preoperative Ctn significantly
correlated with tumor size but not with the number of positive
lymph nodes; excluding encapsulated tumors from these, however,
a significant correlation was found between serum Ctn levels and
the number of nodemetastases. This is because, althoughCtn levels
of E-MTCswere not significantly different from those of non-cured
NE-MTCs (Table 2), none of the E-MTCs was associated with
nodal or distant metastases, so they were only Stage I-II tumors.
Furthermore, they did not show ETE nor vascular invasion, both
histological features known to be associated with lymph node
involvement in MTC, and all affected patients achieved clinical
remission after the first surgical treatment. In the present study
(Table 2), vascular invasion, lymph nodes involvement and ETE
were statistically significant predictive factors of persistence of
disease after primary surgery.

Peritumoral desmoplasia was a frequent finding among the
reviewed MTC of the present study, always but not exclusively
detected in non-cured NE-MTC, where it was almost invariably
associated with lymph node metastases. DSR-negative MTCs did
not involve lymph nodes neither at primary surgery nor during
the follow-up, confirming the negative predictive value already
described by various Authors. In support of this evidence, in a
large retrospective study of 360 patients with MTC who
April 2022 | Volume 13 | Article 866572
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underwent intraoperative frozen-section analysis before surgery,
patients with DSR-negative tumor (18%) did not undergo lateral
lymph nodes dissection and all maintained biochemical
remission for up to 100 months after surgery. Patients with an
intraoperative diagnosis of a DSR in the MTC specimen (82%)
underwent total thyroidectomy and bilateral central and
functional lateral neck dissection; in this group, lymph node
and distant metastases were present in 31% and 6% of patients,
Frontiers in Endocrinology | www.frontiersin.org 890
respectively. As no patient in the DSR-negative group presented
with LN metastases in any compartment (negative predictive
value of 100%) and each of them had an excellent long-term
prognosis, Authors proposed to avoid lateral neck surgery in
MTC patients with intraoperative frozen-section negative for
DSR (37). Among the E-MTCs of the present study, only two
cases showed a mild grade DSR, and both were associated with
focal capsular invasion.
TABLE 4 | Review of previously published reports and series of E-MTCs.

Author, year
[reference]

Description of reported E-MTCs
(with definition of encapsulation when available)

E-MTC
(%)

Capsule
integrity

(%)

Tumor
size
(mm)

Metastatic
MTC (%),

site

Biochemical
Cure (%)

Williams et al.,
1966 (24)

MTC sharply demarcated from the surrounding thyroid tissue by a complete or partial
fibrous capsule

9/67
(13.4)

2/9 (22.2) NR NR NR

Beskid, 1979
(25)

“C cell adenoma” surrounded by a thick hyaline capsule with no infiltration of the
capsule by the nodule cells

1/1
(100)

1/1 (100) 40 0 1/1 (100)

Kodama
et al., 1988
(26)

“C cell adenomas” (one with incomplete very thin capsule without infiltrative growth)
with positive Ctn and no CEA staining; low serum CEA

1/2 (50) 0/1 (0) 40 (both) 0 2/2 (100)

Driman et al.,
1991 (27)

MTC surrounded by a distinct fibrous capsule with weak Ctn, CEA and CgA staining;
normal-high serum Ctn and low serum CEA

1/1
(100)

NR 20 0 1/1 (100)

Ozkara et al.,
2002 (28)

Encapsulated (intact capsule) papillary variant MTC with extensive cystic degeneration
and positive Ctn, CEA, CgA staining

1/1
(100)

1/1 (100) 40 0 1/1 (100)

Miccoli et al.,
2007 (17)

MTCs divided in completely encapsulated and non-encapsulated 18/70
(34.6)

18/18
(100)

NR 0 18/18 (100)

Santosh
et al., 2011
(29)

Well-encapsulated HTA-like variant MTC with positive Ctn staining 1/1
(100)

1/1 (100) 30 0 1/1 (100)

Bhat and
Jena, 2012
(30)

Well-encapsulated HTA-like variant MTC with positive Ctn staining 1/1
(100)

1/1 (100) 30 0 NR

Aubert et al.,
2018 (14)

MTCs with or without tumor capsule (not otherwise specified) 21/54
(38.9)

NR NR 3 (14.3), N 18/18 (100)

Cipri et al.,
2019 (31)

Encapsulated microMTC with positive Ctn and CgA staining; undetectable serum Ctn 1/1
(100)

NR ≤ 10 0 1/1 (100)

Censi et al.,
2019 (32)

Well-encapsulated “borderline tumor” (between adenoma and carcinoma) with weak
CEA and no CgA staining; low serum CEA

1/1
(100)

1/1 (100) 70 0 1/1 (100)

Alzumaili
et al., 2020
(13)

MTCs divided in completely encapsulated/well circumscribed, partially encapsulated or
totally lacking a capsule; capsular invasion defined as complete tumoral penetration of
the capsule

26/143
(18.2)

8/26
(30.8)

NR NR NR*

Singh et al.,
2020 (33)

Encapsulated papillary variant MTC with extensive cystic degeneration and positive Ctn
and CgA staining

1/1
(100)

NR 80 1 (100), N NR§§

Moura et al.,
2021 (15)

Collateral reporting of encapsulated MTC (not otherwise specified) 8/65
(12.3)

NR NR 1 (12.5), N NR

Machens
et al., 2021
(18)

Tumor capsule integrity was classed into 5 subgroups: tumor capsule evenly
demarcated; tumor capsule irregular but intact, with or without invasion; breach of the
tumor capsule with ≤3 tumor extensions measuring ≤3 mm in width; breach of the
tumor capsule with >3 tumor extensions or one tumor extension measuring >3 mm in
width; diffuse tumor growth without tumor capsule.

81/139
(58.3)

47§/81
(58)

Between
7 and
12§§

(median)

0 45/46§§§

(97.8)

Sum of
published
cases

172/
548
(31.4)

80/140
(57.1)

– 5 (2.9), N 89/90 (98.9)

Present series 7/44
(15.9)

4**/7
(57.1)

0 7/7 (100)

Total cases 179/
592
(30.2)

84/147
(57.1)

– 5 (2.8), N 96/97 (98.9)
A
pril 2022 |
 Volume 13 |
E-MTC, encapsulated medullary thyroid carcinoma; CEA, carcinoembrion antigen; CgA, cromogranin A; Ctn, calcitonin; HTA, hyalinizing trabecular adenoma; N, nodal metastases; NR,
not reported.
*Tumor encapsulation improved loco-regional free survival but had no effect on disease specific survival and distant metastasis free survival.
§ Included cases with tumor capsule evenly demarcated, irregular but intact, or with less than 3 tumor extensions < 3 mm in width.
§§Only tumors with size ≤ 25 mm on histopathologic evaluation were included in the entire study.
**Only encapsulated tumors without full-thickness capsular invasion (albeit focal).
§§§One patient lost at follow-up.
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Among NE-MTCs, male gender was significantly associated
with lymph nodes metastases (but not with larger primary tumor
size) and with persistence of disease after surgery. According to
the current literature, men with MTC present with larger tumors
and are less likely to have localized disease (38), since male sex
was recognized as a possible risk factor for lateral neck lymph
node metastasis (39). Male gender independently predicts worse
overall survival in MTC, even if both disease burden at initial
surgery and biochemical response to surgery appear to be
stronger prognostic factors (40). Gender differences in term of
MTC presentation and outcome could be attributed to a later
diagnosis in men, for behavioral reasons and possibly for the
lower tendency to perform thyroid tests compared to women,
although an underlying biological explanation has been
proposed recently but not yet confirmed in larger studies (41).
Notably, men and women were almost numerically equal among
E-MTC patients in the present study.

Primary tumor size was higher for E-MTCs than non-cured
NE-MTCs, so neither serum Ctn nor tumor diameter were
predictive of persistence of disease when tumor encapsulation
was present (Figure 2). It was hypothesized that tumor lymphatic
dissemination might be correlated with an infiltrative behavior,
depending on the ability of the tumor cells to invade lymphatic
vessels located in surrounding normal thyroid tissue (42).
Conversely, encapsulated tumors are prevented from loco-
regional dissemination due to the containing effect exerted by
the capsule itself, and tend to reach much larger size as a result of
their expansive growth pattern.

The different predictive value of preoperative Ctn between E-
and NE-MTC is particularly evident in the patients subgroup
with serum Ctn levels higher than 500 pg/mL (Table 3). Above
this threshold, distant metastases become very common while
biochemical cure rate is progressively reduced (6). No distant
metastases were detected in the present series and tumor
encapsulation was a statistically significant predictive factor of
biochemical remission in this specific subgroup, but not in the
entire MTC cohort. Among high preoperative Ctn-associated
MTCs, only the two E-MTCs showed undetectable postoperative
Ctn levels during a mean follow-up period of 17.4 months
(versus 20.1 months in MTCs with persistent disease). It is
noteworthy that they were two similar cases of large MTC
characterized by extensive tumoral hyalinization and
calcification, associated with very high preoperative Ctn and
CEA levels, in complete remission after surgery although one of
them carried the aggressive M918T somatic RET mutation.
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Somatic RET mutations are present in 40-50% of sporadic
MTC (sMTC), with the most common occurring in codon M918
(which is present in up to 90% of RET-positive cases) and in
codon C634 (43). Recently, activating point mutations in RAS
genes (H-, K-, and NRAS) have been described predominantly in
RET-negative sMTC, with a percentage ranging from 10 to 60%
depending on the different series (44) but a better prognosis than
those harboring RET mutations or presenting no mutations.
Trying to define a genotype–phenotype correlation in MTC,
tumors with somatic p.Met918Thr RET mutation and those
having no detectable RET or RAS mutations have been
typical ly associated with lymphovascular invasion,
extrathyroidal extension and more advanced stages of disease
(15). It is not known whether this more aggressive behavior is
maintained even in the presence of more favorable pathological
features, such as the tumor capsule. So far only two studies (15,
32), in addition to the present one, have analyzed the mutational
status of sporadic E-MTC (Table 5). Overall, four cases (30.8%)
carried pathogenic mutations in RET exons 10 and 11 (C620S
and C630S) and three (23.1%) the aggressive somatic M918T
mutation (isolated or in combination with other polymorphic
variants), while in two cases (15.4%) there were only RET
polymorphisms (G691S variant alone or combined G619S/
R982C variant). RAS mutations emerged in two RET wild-type
cases and no mutations of either RET or RAS were detected in
other two. Therefore, E-MTCs seem to be genetically
heterogeneous, with a relative low prevalence of M918T
somatic mutations (3 out of 7 RET mutated E-MTCs), but
retain a more benign behavior regardless of the presence and
type of underlying driver molecular alteration.

In conclusion, the current research, along with previously
published findings here reviewed, provides support for the idea
that tumor encapsulation may represent a valid tissue biomarker
of node-negative MTC, even in the setting of focal full-thickness
capsular invasion, and thus be predictive of a better prognosis,
similar to what is well established in follicular-derived thyroid
carcinomas. We cannot say how much and in what way this can
change the surgical approach to MTC, with the aim of limiting
the number of unnecessary lymph node dissections for achieving
disease remission with fewer side effects, as proposed by
Machens and colleagues (18). From the literature review
presented here, some E-MTCs with lymph node metastases
have been described, although univocal definitions and shared
criteria for the evaluation of tumor capsule, its continuity and
integrity have not been provided.
TABLE 5 | RET and RAS genes mutational status in encapsulated MTC samples from previously published studies and present series.

Somatic mutations Censi et al., 2019 (32) Moura et al., 2021 (15) Present series Total cases

RET (%) 0/1 (0) 5/8 (62.5) 4/4 (100) 9/13 (69.2)
C620S 0 1 0 1
C630S 0 3 0 3
G691S or G691S/R982C 0 0 2 2
G691S/M918T/R982C 0 0 2 2
M918T 0 1 0 1
HRAS (%) 0/1 (0) 2/8 (25) 0/4 (0) 2/13 (15.4)
RET+RAS wild type (%) 1/1 (100) 1/8 (12.5) 0/4 (0) 2/13 (15.4)
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Further studies would be also necessary to clarify the possible
correlation of the presence of a complete capsule with other
histological characteristics and with the molecular profile of the
tumor, as well as larger longitudinal studies to better understand
the outcome of patients with E-MTC on longer follow-up
periods. Therefore, our proposal is to always describe the
tumor capsule when present at the histopathological
examination of a MTC, specifying its integrity and possible
tumor invasion. Although this is not a necessary element for
the diagnosis, as in other histotypes of thyroid cancer, this could
be the first step in recognizing a standalone variant of MTC.
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Our study is the first to illustrate the age and geographic distribution differences in the
epidemiology of prostate cancer from 1990 to 2019 in China.
Prostate cancer (PC) is a malignant tumor derived from prostate epithelial cells and is one of
the most commonly diagnosed cancers in men. In recent years, the global incidence and the
annual deaths number of PC showed a continuous increase, which has caused a huge
disease burden on human health. In terms of the global average, the incidence andmortality of
PC in China are relatively low. However, the age-standardized incidence rate of PC was 17.3/
100,000 in 2019 in China, with a 95.2% rise compared to 1990, while the global growth rate
of incidence rate over the same period is 13.2%. This showed that the development trend of
PC in China is not optimistic. There are few precise studies on the epidemiology of PC in
China. After the general analysis strategy used in the Global Burden of Diseases, Injuries and
Risk Factors Study (GBD) 2019, we elaborated on the incidence, mortality, and disability-
adjusted life-years (DALYs) and the corresponding age-standardized rate of the Chinese PC
population from 1990 to 2019 according to different ages and provinces. We used joinpoint
regression analysis to estimate the incidence and mortality trends. Our analysis shows that
elderly people over 80 are still the main focus of incidence and death. The epidemiology and
disease burden of PC of different provinces in China show obvious regional differences, and
some certain provinces such as HongKong, Macao, and Zhejiang should be paid more
attention. More targeted and effective strategies should be developed to reduce the burden of
PC in China.
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INTRODUCTION

Prostate cancer (PC) ranks second in the current global incidence of
male malignant tumors and is the fifth leading cause of cancer
deaths in male patients (1). In 2019, there were an estimated
1410451 new cases of PC worldwide, and about 486836 patients
died of PC. The age-standardized incidence rate and age-
standardized death rate were 38.6/100,000 and 15.3/100,000. In
termsof the global average (2), the incidenceofPA inChina is still at
a relatively low level, but it has shown a significant upward trend in
recent years. With the increasing aging of the Chinese population,
the continuous westernization of diet and lifestyle, etc., the
development of PA in China is even less optimistic (3–5).

Considering the major threat that PC poses to human health,
there is an urgent need to accurately assess the epidemiological
trends of PC. PC is particularly common in developed countries (6),
so previous epidemiological studies mainly focus on the PC disease
burden among different countries (2, 7), and more concentrated on
European and American countries (8, 9). Currently, few targeted
studies are focusing on the burden of PC in China. Due to the
differences in important factors such as economic development level
and medical level, the incidence, and death of PC have large spatial
distributiondifferences (10, 11).China ismadeupofmanyprovinces
and there are varying degrees of differences in the economy,medical
level, lifestyle, and the degree of population aging among different
provinces. Therefore, there are bound to be differences in the
epidemiological characteristics of PC among these provinces.
Regrettably, there is no comparison of the epidemiological
characteristics and disease burden of PC among different
provinces in China. Our research is beneficial to the adjustments
to the medical strategy by governments and medical institutions
according to the development level and regional characteristics of
PC. Clarifying the epidemiological distribution and trend of the
incidence and death of PC in different provinces of China canmake
public health resources more reasonable distribution so that PC
patients can obtain more balanced medical resources, which is
beneficial for them to receive better treatment.

Based on the epidemiological data related to PC from theGlobal
Burden of Diseases, Injuries and Risk Factors Study (GBD) 2019,
our research clarified the current status, the spatial patterns, and
temporal trends of PC in China according to age and region. Our
research canhelp the public andpolicymakers assess the currentPC
disease burden, coordinate resource allocation, and improve the
efficiency of PC prevention and treatment.
MATERIALS AND METHODS

Data Sources
The GBD 2019 includes more than 3.5 billion estimates of 286
causes of death, 369 diseases and injuries, and 87 risk factors in 204
Abbreviations: 95% CI, the 95% confidence interval; 95% UI, the 95% uncertainty
interval; DALYs, disability-adjusted life-years; GBD, the Global Burden of
Diseases, Injuries and Risk Factors Study; ICD, International Classification of
Diseases; MI: mortality-to-incidence; YLDs, years lived with disability; YLLs, years
of life lost
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countries and regions (12, 13). Input data were extracted from
various sources were extracted from censuses, including household
surveys, civil registration and vital statistics, disease registries, health
service use, air pollution monitors, and so on. It is the largest and
most comprehensive quantification of health loss across regions and
times research. We obtained the related data on PC from the Global
Health Data Exchange (GHDX, http://ghdx.healthdata.org/gbd-
results-tool). Data of China were mainly obtained from the
following sources: the Maternal and Child Surveillance System,
the Chinese Center for Disease Control and Prevention cause-of-
death reporting system, cancer registries, the Disease Surveillance
Point system, and reports from Hong Kong and Macao (14). The
data included the annual case data and the age-standardized rates of
the incidence, the deaths, the years of life lost (YLLs), the years of life
lived with disability (YLDs), the disability-adjusted life-years
(DALYs) of PC in 204 countries, and regions around the world
from 1990 to 2019. International Classification of Diseases
(ICD),10th revision codes C61‐C61.9, D29.1, and D40.0 were
used to represent PC.

Estimates of Disease Burden
GBD 2019 provides a standardized approach for estimating the
prevalence, incidence, mortality, YLDS, YLLS, and DALYs of each
disease (13). The general approach of GBD2019 to estimate causes
of death and incidence is the same as GBD2017 (15, 16). In short, it
is to first analyze data from different sources to generate a specific
cause of mortality (17), then use the linear-stepmixed-effects model,
sociodemographic index, and general spatiotemporal Gaussian
process regression to analyze the incidence and mortality data
from multiple sources to obtain mortality-to-incidence ratios
(MIRs) (18). The final estimated incidence of PC is obtained by
dividing the estimatedmortality byMIRs. YLDs are estimated as the
product of the disability weight in the Bayesian regression model
and the prevalence. YLLs were estimated by multiplying the
estimated number of deaths with the life loss value for the
corresponding age. Disability-adjusted life years (DALYs) were
generated by summing of the YLLs and the YLDs.

As in the previous studies (19), we use Joinpoint regression
analysis to assess the trend in the disease burden of PC by
Joinpoint software (4.5.0.1). Annual percentage change (APC)
and 95% confidence interval (CI) were calculated.
RESULTS

Overall Findings
Table 1 showed the overall age-standardized rate, number, and
percentage change of PC from 1990 to 2019 at the global and China
levels, respectively. In 1990, the incidence numbers of PC were
26,440 (20103-31,916.887) in China, and the age-standardized
incidence rate was 8.9 (7.1-10.9) per 100,000. In 2019, the values
of the above two indicators are 153,448 (118,400-204,943) and 17.3
(13.6-22.7) per 100,000. The death numbers and the DALYs
number of PC in China in 1990 were 20,382 (15,817-24,679) and
403,112 (606,178-488,113), respectively. By 2019, it has grown to
54,391 (42,904-71,307) and 1,002,594 (794,010-1,322,635)
respectively. The age-standardized DALYs rate has dropped from
May 2022 | Volume 13 | Article 853623
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TABLE 1 | The age-standardized rate, numbers and percent change for PC globally and for China, 1990–2019.

Variables Global China

1990 2019 Change
(%)

1990 2019 Change
(%)

Incidence Rate 34.1(26.8-39.7) 38.6 (33.6-49.8) 13.2 8.9(7.1-10.9) 17.3 (13.6-22.7) 95.2
Incidence
Numbers

524,110 (409,133-613,005) 1,410,452 (1,227,900-
1,825,766)

169.1 26,440 (20,103-31,917) 153,448 (118,400-204,943) 480.4

Deaths Rate 18.1(14.7-21.2) 15.3 (13.0-18.6) -15.7 8.2 (6.6-10.3) 7.8 (6.2-9.9) -5.3
Deaths Numbers 232,999 (191,398-268,882) 486,836(420,498-593,689) 108.9 20,382 (15,817-24,679) 54,391 (42,904-71,307) 166.9
DALYs Rate 286.3 (232.8-326.2) 244.1 (211.8-297.7) -0.1 125.9 (99.5-151.8) 118.9 (95.1-154.1) -5.6
DALYs Numbers 4,360,506(3,528,030-

4,951,007)
8,644,870 (7,548,020-

10,559,866)
98.3 403,112 (606,178-

488,113)
1,002,595 (794,010-

1,322,635)
148.7

Wang et al. The Analysis of China PC
125.9 (99.5-151.8) per 100,000 in 1990 to 118.9 (95.1-154.1) per
100,000 in 2019. The global average of the indicators mentioned
above is higher than that of China. From 1990 to 2019, the growth
rate of China’s PC incidence rate and the decline rate of DALYs rate
were higher than the world level, and the decline rate of deaths rate
was lower than the world average.

Temporal Trends of Burden of Prostate
Cancer From 1990 to 2019
Figure 1 shows the related epidemiological indicators of the age-
standardized rate of PC in China from 1990 to 2019. Table 2
showed the APC of the age-standardized rate. The age-
standardized incidence rate of PC increased from 1990-1997 in
China (Figure 1A), during this period, the APC during 1990-
1994 was 1.3 (0.7,1.8), 1994 to 2001 was 2.1 (1.9,2.4), 2001 to
2007 was 2.9 (2.5,3.3), 2007 to 2010 was 4.2 (2.5,6.0) and 2010 to
2019 was 1.9 (1.7,2.0), respectively.

The age-standardized death rate and the age-standardized
DALYs rate from 1990 to 2019 of PC in China showed an overall
downward trend (Figures 1B, C). The two important parts of the
DALYs rate, YLDs, and YLLs, show opposite trends (Figure 2D, E).
The age-standardized YLLs rate gradually decreases, while the age-
standardized YLDs rate increases year by year.
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Age Distribution Pattern
We compared the incidence numbers and the deaths numbers of
PC patients in different age groups in China in 1990 and 2019
(Table 3). We found that the incidence numbers of PC in all age
bands in 2019 were higher than the corresponding age range in
1990. In 2019, the incidence numbers of PC is mainly
concentrated in the age bands above 60 years old, and the age
group with the largest number of cases is 80 plus.

As for the number of deaths of PC, although the total number
of deaths from PC in 2019 was significantly higher than that in
1990, the number of deaths from PC in the age group under 40 in
2019 was lower than in 1990. In 2019, the death numbers in each
age group increased with age, reaching a peak in the 80 plus age
group. In 1990, the deaths numbers in each age group showed the
same trend as in 2019 and peaked in the 80 plus age group.

The incidence, death, and DALYs rate of PC in 1990 and 2019
were compared by age groups (Figures 2A–C). In 2019, the
incidence rate of each age group was significantly higher than
that in 1990, but the 80 plus group of death and DALYs rate
showed a difference from other groups. The PC death and
DALYs rate of people under 80 years old in 2019 showed a
downward trend compared with 1990, but the above two
indicators of people over 80 years old are opposite.
A B

D E

C

FIGURE 1 | Age-standardized incidence (A), Death (B), DALYs (C), YLDs (D), and YLLs (E) rate for Prostate Cancer in China from 1990 to 2019.
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TABLE 2 | Trends in age-standardized incidence rate, death rate and DALYs rate for China, 1990–2019.

Measure Trend Years Annual Percentage Change (95% CI)

DALYs rate 1 1990-2001 0.0 (-0.1,0.1)
2 2001-2008 -0.6* (-0.8,-0.4)
3 2008-2011 0.3 (-0.8,1.5)
4 2011-2019 -0.4* (-0.5,-0.2)

Deaths Rate 1 1990-1997 0.3* (0.1,0.5)
2 1997-2007 -0.6* (-0.7,-0.4)
3 2007-2015 0.2 (-0.0,0.4)
4 2015-2019 -0.9* (-1.3,-0.4)

Incidence rate 1 1990-1994 1.3* (0.7,1.8)
2 1994-2001 2.1* (1.9,2.4)
3 2001-2007 2.9* (2.5,3.3)
4 2007-2010 4.2* (2.5,6.0)
5 2010-2019 1.9* (1.7,2.0)

*p-value < 0.05.
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FIGURE 2 | Incidence (A), death (B), DALYs (C), YLDs (D), and YLLs (E) rate by age for prostate cancer in China in 2019.
TABLE 3 | The incidence and death numbers for Prostate Cancer by age bands a in 1990 and 2019.

Age Bands 1990 2019

Incidence numbers Death numbers Incidence numbers Death numbers

Under 40 354 (248-433) 160 (113-194) 1,068 (843-1,424) 141 (112-189)
40 to 44 149 (105-188) 79 (55-98) 599 (449-830) 93 (69-126)
45 to 49 283 (186-362) 144 (97-184) 1,702 (1,227-2,435) 257 (188-361)
50 to 54 743 (493-950) 371 (247-480) 4,624 (3,329-6,638) 677 (483-973)
55 to 59 1,885 (1,257-2,458) 967 (639-1,241) 9,482 (6,747-13,565) 1,476 (1,075-2,077)
60 to 64 3,300 (2,335-4,147) 1,910 (1,311-2,407) 17,569 (13,007-24,057) 3,301 (2,459-4,542)
65 to 69 4,777 (3,468-5,974) 3,036 (2,158-3,773) 29,882 (22,282-40,959) 6,515 (4,926-8,730)
70 to 74 5,542 (4,086-6,763) 4,073 (3,026-4,970) 32,692 (24,396-45,960) 9,066 (6,944-12,600)
75 to 79 4,957 (3,739-6,006) 4,494 (3,392-5,435) 26,301 (20,423-36,011) 10,952 (8,443-15,066)
80 plus 4,450 (3,619-5,834) 5,149 (4,142-6,781) 29,528 (23,376-37,374) 21,912 (17,360-27,453)
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Both YLLs and YLDs rates increase with age, and the 80plus
group has the highest YLDs and YLLs rate (Figures 2D, E).
However, the comparison of the YLDs and YLLs rates in 2019
and 1990 shows that the YLLs rate of each age group in 2019 is
lower than in 1990, while the YLDs rate is just the opposite.

Geographic Differences in China
From 1990 to 2019, the incidence of PC in different provinces of
China has undergone significant changes (Figures 3A–C). In
2019, the top three provinces with age-standardized incidence
rate per 100,000 were Hong Kong 28.7 (19.6,39.8), Macao 25.2
(17.1,36.0) and Zhejiang 25.0 (17.4,36.8). The age-standardized
incidence rate of Xizang was 8.1 (5.6,11.1) per 100,000 in 2019,
which was the lowest among the provinces. By 2019, the age-
standardized incidence rate of PC in 23 provinces in China
exceeded 15. In 1990, only Hong Kong had an age-standardized
incidence rate of PC exceeding 15.

In 2019, the top three provinces with the highest DALYs
rate of PC in China are Xinjiang 145.2 (101.5,192.2), Shanghai
130.6 (80.5,179.6), Yunnan 130.2 (102.1,173.2) (Figure 3E). In
1990, the three provinces with the highest DALYs rate were
Shanghai 163.7 (112.7,206.2), Tianjin 146.2 (113.6,188.3), and
Zhejiang 142.7 (98.1,183.5) (Figure 3D). From 1990 to 2019,
the highest growth rate of PC disease burden was Xinjiang
20.7%, and the lowest was Tianjin -21.6% (Figure 3F).
DISCUSSION

In 1990, the incidence numbers of PC in China accounted for
5.0% of the incidence numbers of PC in the world. By 2019, the
incidence of PC in China has accounted for 10.8% of the total
Frontiers in Endocrinology | www.frontiersin.org 598
number of incidences of PC in the world. The proportion of
China PC death numbers in the world is also increasing,
respectively 8.8% in 1990 and 11.2% in 2019. These indicated
that Chinese PC accounts for an increasing proportion of PC
patients in the world, and we need to pay more attention to the
epidemiology of PC in China.

Our research found that from 1990 to 2019, one of the most
obvious epidemiological features of PC in China was the
continuous increase of the incidence. Moreover, the rate of
increase in the incidence of PC in China is much higher than
the world average. The year-on-year increase in the incidence of
PC in China may be mainly due to the continuous progress of the
aging of the population, the westernization of the diet and
lifestyle, the active development of PSA screening, and so on.

PC is a typical senile disease, and age is one of the definite
risk factors (20). The aging population in China is a
particularly noteworthy issue. The proportion of the
population aged 65 and over in China has increased from
5.6% in 1990 to 12.0% in 2020, and this proportion is still
rising. It is estimated that the proportion of the population
aged 65 and over will reach 23.7% by 2040 (21). Our research
found the incidence, the mortality and the DALYs rate of PC
are positively correlated with age in China. The elderly not only
have a high incidence of PC but also have a high degree of
malignancy and a low survival rate (22). This may be related to
the weakening of body functions such as the function of
important organs and immunity due to aging. The elderly
over 65 should still be the focus of attention.

It is worth noting that although the incidence numbers of PC
population under the age of 40 have increased, the death
numbers have decreased. This phenomenon reflects the
progress of medical standards in China, but it also implies that
A B

D E F

C

FIGURE 3 | The age-standardized incidence rate of Prostate Cancer in 33 provinces of China in 1990 (A), 2019 (B), and the percentage change of incidence (C).
The age-standardized DALYs rate of Prostate Cancer in 33 provinces of China in 1990 (D), 2019 (E) and the percentage change of incidence (F).
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the overall age of onset of PC in China is moving forward, and it
is necessary to further explore PC prevention and treatment
strategies suitable for national conditions. More attention should
be paid to the status of PC among young people.

Our analysis showed that the incidence of PC increased
significantly from 2007 to 2010 (APC=4.21), which may be
related to the 2007 Chinese Urology Guidelines that added
recommendations for annual PSA testing for men over 55 years
of age (23). Before 2007, there was no standard guideline for
PSA testing in China. PSA testing is provided based on the
experience of clinicians. The early detection and treatment of
PC are of great significance to improve the duration and quality
of life of the PC patients. However, PSA is not a specific
indicator of PC, so PSA is still controversial in the early
screening of PC.

The China Statistical Yearbook showed that Chinese
residents’ consumption expenditures on meat and dairy
products are increasing rapidly, and residents’ nutritional diets
consume excessive amounts of protein, fat, and sugar. Chinese
population’s malnutrition is becoming more and more serious.
Studies have shown that increased dietary intake of animal fat,
meat, and dairy products may increase the risk of PC (24–26).
Unhealthy eating habits have continued to increase the rate of
overweight and obesity in China. The obesity prevalence rose
from 3.1% in 2004 to 8·1% in 2018 (27). Obesity is positively
correlated with the incidence and mortality of high-grade
advanced PC (28). Therefore, the construction of a reasonable
dietary structure is of great significance in reducing the incidence
of PC.

One of the exciting news is that from 1990 to 2019, the age-
standardized death rate and DALYs rate showed a relatively
steady decline. The main components of DALYs, YLDs, and
YLLs show opposite time trends, YLLs increase year by year
while YLDs decrease. It shows that with the improvement of
medical standards, the overall disease burden caused by PC is on
a downward trend. YLDs account for an increasing proportion of
the disease burden of PC.

Previous studies have shown that there are large differences in
the incidence of PC between different geographic regions (29).
There are many reasons for the regional differences in the
epidemiology of PC. For example, the incidence of PC in Asian
populations in European and American developed countries is
quite different from other ethnic groups (11), indicating that
genetic background plays a certain role in the occurrence and
development of PC in different ethnic groups. In addition to race
and family history, which are two relatively clear risk factors for
PC (30–32), diet and lifestyle among different regions may also
play an important role in it. Our research showed that there are
significant differences in the spatial distribution and temporal
changes of PC among different provinces in China. China has a
vast territory with 34 provincial-level administrative regions.
There are obvious differences in environment, diet, climate,
economic development level, and medical level among different
regions. The severity of population aging in different provinces is
different, which may be another important reason for the
difference in the burden of PC disease in different provinces. In
2018, six provinces including Liaoning, Shanghai, Shandong,
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Sichuan, Jiangsu and Chongqing all crossed the 14.0% deep
aging standard.

With the global PC incidence rate increasing year by year, the
incidence of PC in China is increasing rapidly, especially in the
western and central provinces of China. China has entered a
society with an aging population, and the disease burden of PC
will further increase. Therefore, PC should be paid more
attention to cancer prevention and control in the future.

A certain degree of limitation exists in our research. On the
one hand, our data is mainly based on GBD 2019, but the data
may not fully represent the real situation in different provinces in
China, which may lead to inaccurate estimates of disease burden.
On the other hand, our research only uses age as a grouping
factor and has not conducted an in-depth exploration of many
factors that are closely related to the evolution of the disease
burden of PC, such as the lifestyles of people in different regions.
CONCLUSION

In summary, our studies suggested that PC has caused a huge
health burden on the Chinese population and has obvious
geographical differences. More effective strategies and policies
are urgently needed to reduce the disease burden of PC and
improve the quality of life of people, especially older men.
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mTOR Inhibitor Everolimus in
Tumoral Pituitary Cells
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Giusy Marra1, Genesio Di Muro1, Anna Maria Barbieri 1, Marco Locatelli 2,3,
Andrea G. Lania4,5, Alessandra Mangone1,6, Anna Spada1, Maura Arosio1,6,
Erika Peverelli 1* and Giovanna Mantovani1,6

1 Department of Clinical Sciences and Community Health, University of Milan, Milan, Italy, 2 Neurosurgery Unit, Fondazione
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy,
3 Department of Pathophysiology and Transplantation, University of Milan, Milan, Italy, 4 Department of Biomedical Sciences,
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Scientifico (IRCCS) Humanitas Research Hospital, Rozzano, Italy, 6 Endocrinology Unit, Fondazione Istituto di Ricovero e Cura
a Carattere Scientifico (IRCCS) Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy

The mammalian target of rapamycin (mTOR) inhibitor everolimus has been shown to
display antiproliferative effects on a wide spectrum of tumors. In vitro studies
demonstrated that everolimus inhibited pituitary neuroendocrine tumor (PitNET) cell
growth in a subset of patients. Sensitivity to everolimus is reduced by an escape
mechanism that increases AKT phosphorylation (p-AKT), leading to pro-survival
pathway activation. Dopamine receptor type 2 (DRD2) mediates a reduction of p-AKT
in a subgroup of non-functioning PitNETs (NF-PitNETs) and in prolactin-secreting tumor
cells (MMQ cells) through a b-arrestin 2-dependent mechanism. The aim of this study was
to investigate the efficacy of everolimus combined with DRD2 agonist cabergoline in
reducing NF-PitNET primary cells and MMQ cell proliferation and to evaluate AKT
phosphorylation and a possible role of b-arrestin 2. We found that 9 out of 14 NF-
PitNETs were resistant to everolimus, but the combined treatment with cabergoline
inhibited cell proliferation in 7 out of 9 tumors (-31.4 ± 9.9%, p < 0.001 vs. basal) and
reduced cyclin D3 expression. In the everolimus-unresponsive NF-PitNET group,
everolimus determined a significant increase of p-AKT/total-AKT ratio (2.1-fold, p <
0.01, vs. basal) that was reverted by cabergoline cotreatment. To investigate the
molecular mechanism involved, we used MMQ cells as a model of everolimus escape
mechanism. Indeed everolimus did not affect MMQ cell proliferation and increased the p-
AKT/total-AKT ratio (+1.53 ± 0.24-fold, p < 0.001 vs. basal), whereas cabergoline
significantly reduced cell proliferation (-22.8 ± 6.8%, p < 0.001 vs. basal) and p-AKT.
The combined treatment of everolimus and cabergoline induced a reduction of both cell
proliferation (-34.8 ± 18%, p < 0.001 vs. basal and p < 0.05 vs. cabergoline alone) and p-
AKT/total-AKT ratio (-34.5 ± 14%, p < 0.001 vs. basal and p < 0.05 vs. cabergoline alone).
To test b-arrestin 2 involvement, silencing experiments were performed in MMQ cells. Our
n.org June 2022 | Volume 13 | Article 8678221101
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data showed that the lack of b-arrestin 2 prevented the everolimus and cabergoline
cotreatment inhibitory effects on both p-AKT and cell proliferation. In conclusion, this
study revealed that cabergoline might overcome the everolimus escape mechanism in NF-
PitNETs and tumoral lactotrophs by inhibiting upstream AKT activation. The co-
administration of cabergoline might improve mTOR inhibitor antitumoral activity, paving
the way for a potential combined therapy in b-arrestin 2-expressing NF-PitNETs or other
PitNETs resistant to conventional treatments.
Keywords: pituitary neuroendocrine tumors, mTOR inhibitors, everolimus, AKT phosphorylation, dopamine
receptor type 2, cabergoline
INTRODUCTION

In recent years, PI3K–AKT–mTOR inhibitors have been
proposed as an alternative therapeutic strategy for tumors
resistant to conventional drugs. Indeed mTOR inhibitors, like
everolimus, torin-1, or rapamycin, displayed successful results in
a wide spectrum of tumors. Specifically, everolimus showed a
promising perspective in tumors such as HER2/neu negative
advanced breast cancer, bronchial and renal cell carcinoma,
unresectable or metastatic neuroendocrine pancreatic tumors,
or nonfunctional gastrointestinal and lung-originating ones (1).

The PI3K–AKT–mTOR pathway is known to have a
fundamental role in regulating cell proliferation, survival, and
metabolism. In particular, this pathway has been found
overactivated in pituitary neuroendocrine tumors (PitNETs)
compared with normal pituitary (2–4), supporting its
contribution to PitNET progression (5).

Non-functioning (NF)-PitNETs cause visual field deficits and
neurologic manifestations due to mass spread effects, and even if
generally benign, they may invade surrounding structures and
present resistance to medical treatments. Surgical tumor
debulking is currently considered the first-line approach, and
to date, NF-PitNETs are still orphans of effective medical therapy
(6, 7).

In vitro studies displayed that mTOR inhibitors induced a
reduction of cell growth and viability in primary cultured NF-
PitNET cells (8–11). On the other hand, several different
mechanisms have been demonstrated in literature to explain how
sensitivity tomTOR inhibitors could be reduced in different kinds of
tumors (12).

Among these, one of the most outlined is an escape
mechanism that induces an upstream increase of AKT
phosphorylation levels (p-AKT) through insulin receptor
substrate-1 (IRS-1) triggering, leading to pro-survival pathway
activation (13). Indeed the PI3K–AKT–mTOR pathway
activation results in a negative feedback loop, mediated by the
mTOR/S6K-dependent loss of IRS-1 expression (14). This
mechanism of negative feedback is lost when mTOR activity is
inhibited with everolimus, flowing into an increase of p-AKT
levels and thereby in an enhancement of cell proliferation
(13, 15).

The inhibition of mTORC1 has been reported to induce AKT
activation in numerous cell types (16–18), unveiling the fact that
n.org 2102
mTOR inhibitors block mTORC1 activity but do not alter
mTORC2 assembly, accordingly with the direct phosphorylation
of AKT at Ser 473 (19). In this regard, an increase of AKT activity
has been shown to be one of the major contributors that diminished
mTOR inhibitors’ anticancer activity (20).

This limited efficacy of everolimus due to p-AKT re-activation
could be overcome by upstream AKT phosphorylation inhibition.

In this connection, a new molecular mechanism that
contributes to confer sensitivity or resistance to dopamine
agonists (DAs) in PitNETs was recently revealed (21). More
specifically, it was demonstrated that, in a subset of NF-PitNETs
and in rat prolactin (PRL)-secreting tumoral cells (MMQ), the
treatment with a DRD2-selective agonist (BIM53097) leads to p-
AKT inhibition, flowing into a reduction of cell proliferation
through a b-arrestin 2-dependent mechanism. Briefly, in this
work, it was demonstrated that b-arrestin 2 transfection in NF-
PitNETs lacking its expression restored the ability of the
dopamine agonist to exert its antimitotic action (21).
Moreover, in MMQ cells silenced for b-arrestin 2, an opposite
effect of BIM53097 on p-AKT was observed, together with a
complete loss of its antiproliferative activity. These data unveiled
a newmolecular mechanism that contributes to confer sensitivity
or resistance to DAs in pituitary tumors. In tumoral lactotrophs
and NF-PitNETs, the lack of b-arrestin 2 prevents the inhibitory
effect of DRD2 on AKT pathway activation with a consequent
resistance to the antimitotic action of DAs.

Based on the above-mentioned premises, the aim of this study
was to test the efficacy of cabergoline in increasing the sensitivity
of human primary cultured NF-PitNET cells to the
antiproliferative effects of everolimus and to investigate the
contribution of b-arrestin 2.
MATERIALS AND METHODS

Cell Cultures
The local ethics committee previously approved the study, and
each patient involved gave informed consent to the use of his/her
tumor sample. A brief description of the patient and tumor
characteristics is reported in Table 1. Human pituitary cells were
obtained by trans-sphenoidal surgery from patients with NF-
PitNET. The tissues were partially frozen for subsequent
molecular analysis and partially enzymatically dissociated as
June 2022 | Volume 13 | Article 867822
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previously described (22). The dispersed cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, and antibiotics
(Gibco, Invitrogen, Life Technologies Inc., Carlsbad, CA,
USA). Rat tumoral pituitary MMQ cells (ATCC CRL-10609)
were grown in RPMI medium (Life Technologies, Thermo
Fisher, Carlsbad, CA, USA) supplemented with 15% horse
serum, 2.5% FBS, 2 mM glutamine, and antibiotics.

Chemicals
Everolimus and cabergoline were both purchased from Sigma-
Aldrich. The powders were suspended in sterile dimethyl
sulfoxide, stocked at -80°C, and diluted immediately before use
in complete culture medium.

Proliferation Assay
Cell proliferation was determined by the colorimetric measurement
of 5-bromo-2′-deoxyuridine (BrdU) incorporation during DNA
synthesis in proliferating cells as previously described (23). MMQ
and NF-PitNET cells were seeded in starved medium in a 96-well
polylysine-coated plate at a density of 2 or 5 × 104 cells/well,
respectively. The cells were incubated for 72 h in complete medium
with cabergoline, everolimus, or their combination. BrdU
incorporation in newly synthesized DNA was then allowed at 37°
C for 24 h (NF-PitNETs) or 2 h (MMQ). Therefore, the assay was
performed in accordance with the instruction of the manufacturer
(Cytiva, Life Science, Marlborough, MA, USA).

Western Blot Analysis
MMQ and NF-PitNETs cells were seeded at a density of 3 × 105

cells/well in a 6-well plate for western blot analysis. After 24 h, the
cells were treated with cabergoline and everolimus, alone or in
Frontiers in Endocrinology | www.frontiersin.org 3103
combination, for 3 h at 37°C. Total proteins were quantified by
bicinchoninic acid assay; 60 µg were separated on SDS/
polyacrylamide gels and transferred to a nitrocellulose filter.
Total-AKT and cyclin D3 antibodies were used at 1:1,000,
phospho-AKT (Ser473) and b-arrestin 2 antibodies at 1:2,000
(Cell Signaling, Danvers, MA, USA). Primary antibodies were
incubated overnight at 4°C; secondary antibodies anti-rabbit or
anti-mouse (Cell Signaling, Danvers, MA, USA) was used at
1:2,000 at room temperature for 1 h. Anti-GAPDH antibody
(Invitrogen, Thermo Fisher, CA, USA) were used at 1:4,000 for
1 h at room temperature. Chemiluminescence was detected using
ChemiDOC-IT Imaging System (UVP, Upland, CA, USA) and
analyzed with NIH ImageJ software. b-arrestin 2 expression level
analysis was performed on frozen samples of human NF-PitNETs.

b-Arrestin 2 Silencing
MMQ cells were silenced with rat b-arrestin 2 smart pool siRNAs
and Dharmafect transfection agent 4 (Dharmacon, GE
Healthcare Life Sciences, Chicago, IL, USA) as previously
described (21). In each experiment, a negative control siRNA
(non-targeting sequence without a significant homology to the
sequence of human, mouse, or rat transcripts) was used. For each
experiment, the silencing efficiency was tested by western blot
analysis, and only experiments with at least 70% silencing
efficiency were considered.

Transcription Factor Analysis
Total RNA was extracted from human NF-PitNET frozen tissues
conserved at -80°C with Trizol Reagent (Life Technologies,
Carlsbad, CA, USA) using standard methods. Moreover, 2 mg
of total RNA were reverse-transcribed with RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
TABLE 1 | Radiological pre- and post-surgery information of NF-PitNET patient’s derived samples.

NF-
PitNET
samples

Gender Age at
surgery
(years)

Radiology information Pre-surgery information Post-surgery information

Macroadenoma Tumor’s
maximum

dimension (mm)

Cavernous
sinus

invasion

Pre-
surgery
therapy

Hypopituitarism Number
of

deficits

Hypopituitarism Number
of

deficits

1 F 44 Yes 27.5 Yes No Yes 1 Yes 2
2 F 74 Yes 23 Yes No Yes 1 No 0
3 F 35 Yes 33 Yes No Yes 1 Yes 1
4 F 54 Yes 19 Yes No Yes 2 Yes 2
5 F 72 Yes 25 Yes No No 0 No 0
6 F 54 Yes 26 Yes No No 0 Yes 3
7 M 83 Yes 30 Yes No Yes 1 No 0
8 F 43 Yes 27 No No No 0 No 0
9 M 72 Yes 26 No Yesa Yes 3 Yes 3
10 M 53 Yes 26 Yes No Yes 1 Yes 1
11 M 68 Yes 27 Yes No Yes 1 No 0
12 F 62 Yes 24 Yes No No 0 Yes 1
13 M 68 Yes 25 Yes No Yes 3 Yes 4
14 M 68 Yes 14 No No No 0 No 0
June 2022
 | Volume 13 | Artic
aCabergoline, 1 mg/week for 2 years.
A summary of the characteristics of the patients from whom the samples are derived is shown. The gender and age at surgery of the patients are shown, together with the radiological
characteristics of the tumor (presence of macroadenomas, its maximum dimension, and if cavernous sinus was invaded). Details about the presence of hypopituitarism and deficits before
and after the surgery are reported
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Whaltam, MA, USA). Then, 1 ml of cDNAwas used for PCR with
a specific primer amplifying human SF-1 (Fw: 5 ′-
A G C T G C A A G G G C T T C T T C A A - 3 ′ ; R w : 5 ′ -
GAATCTGTGCCTTCTTCTGC-3′) and DRD2 (Fw: 5′-
A G A C C A G A A C G A G T G C A T C A - 3 ′ ; R w : 5 ′ -
CGCCAAACCAGAGAAGAATG-3′). A GAPDH transcript
was used as the housekeeping standard.

Statistical Analysis
The results are expressed as mean ± SD. A paired two-tailed
Student’s t-test was used to detect the significance between two
series of data. Two-way ANOVA test was used to analyze the
significance between two different groups of data. In addition,
p <0.05 was accepted as statistically significant.
RESULTS

In Vitro Responsiveness of NF-PitNET
Primary Cultures to Cabergoline,
Everolimus, and Their Cotreatment
The everolimus treatment was effective in reducing cell proliferation
in 5 out of 14 NF-PitNET primary cultured cells (-39.2 ± 25.8% at 1
nM, p < 0.01 vs. basal) (Figure 1A). An everolimus dose was chosen
based on literature data (8), and preliminary dose–response
experiments were performed in NF-PitNET cultured cells
(Supplementary Figure S1A). In unresponsive tumors, no
reduction of cell proliferation was observed even at higher doses
of everolimus (10 nM, 100 nM, and 1 µM) (Supplementary Figure
S1B). Cabergoline incubation determined a reduction of NF-
PitNET primary cell proliferation in 5 out of 14 samples
(-32 ± 21.2% at 100 nM, p < 0.01 vs. basal, Figure 1B). In total, 4
out of these 5 tumors were responsive to both drugs. In responsive
tumors, the cotreatment of everolimus and cabergoline did not
enhance the efficacy of the drugs administered singularly
(Figures 1A, B). Moreover, 8 out of 14 NF-PitNETs were
resistant to both cabergoline and everolimus (Table 2).

Interestingly, in NF-PitNETs resistant to everolimus, the
coadministration of cabergoline was effective in inhibiting cell
proliferation in 7 out of 9 tumors (-31.4 ± 9.9%, p < 0.001 vs.
basal) (Figure 1C and Table 2). Similarly, the combined
treatment exerted a strong reduction of cyclin D3 expression
(-52 ± 18%, mean of 3 different tumors, p < 0.01 vs.
basal, Figure 1D).

In order to establish if NF-PitNET lineage derivation might
affect the responsiveness to cabergoline, everolimus, or both, the
expression of transcription factor steroidogenic factor-1 (SF-1),
marker of a gonadotrophic lineage (24), was evaluated by RT-
PCR analysis. Our results showed a positive expression of SF-1 in all
tumor samples (Figure 1E). Moreover, all tumors expressed both
the long (D2L) and short (D2S) isoforms of DRD2 (Figure 1E).
Everolimus and Cabergoline Effects on
AKT Phosphorylation in NF-PitNETs
We then evaluated the AKT activity, testing its phosphorylation
status on Ser473 (p-AKT). Our data unveiled that in 6 out of 7
Frontiers in Endocrinology | www.frontiersin.org 4104
everolimus-unresponsive NF-PitNET group, the 3h everolimus
treatment determined a significant increase of the p-AKT/total-
AKT ratio (2.1-fold, p < 0.01 vs. basal), and this effect was reverted
by cabergoline cotreatment (Figure 1F).

Interestingly, cabergoline was unable to revert the increase of
AKT phosphorylation in one everolimus-resistant sample that
was also resistant to the antiproliferative effects of the
everolimus-and-cabergoline combined treatment, suggesting
that the ability to reduce everolimus-dependent AKT
phosphorylation is required for the antiproliferative effect
(Figures 1G, H).

Cabergoline and Everolimus Cotreatment
Reduced Cell Proliferation and AKT
Phosphorylation in Everolimus-Resistant
MMQ Cells
In MMQ cells, everolimus administration did not affect
cell proliferation in a range of doses from 0.1 to 100 nM
(Supplementary Figure S1C), while cabergoline inhibited cell
growth (-22.8 ± 6.8%, p < 0.001 vs. basal), and a greater inhibition
was reached after cabergoline and everolimus coincubation (-34.8±
18%, p < 0.001 vs. basal and p < 0.05 vs. cabergoline) (Figure 2A).

In order to test everolimus’ effects on AKT activity, the AKT
phosphorylation levels on Ser473 were evaluated by western blot
analysis after 3 h of incubation with everolimus and/or cabergoline.
As shown in Figure 3B, everolimus significantly increased the p-
AKT/total-AKT ratio (+1.53 ± 0.24-fold, p < 0.001 vs. basal), while
cabergoline induced a reduction (-18.6 ± 5.6%, p < 0.001 vs. basal).
Cotreatment with cabergoline and everolimus resulted in a strong
decrease of p-AKT/total-AKT ratio (-34.5 ± 14%, p < 0.001 vs.
basal) (Figure 2B).

b-Arrestin 2 Silencing Prevented
Everolimus and Cabergoline Cotreatment
Inhibitory Effects on Both p-AKT and Cell
Proliferation in MMQ Cells
To test a possible involvement of b-arrestin 2 in mediating
cabergoline ’s inhibition of everolimus-induced AKT
phosphorylation, genetic silencing experiments were performed in
MMQ cells. Our data show that cell proliferation inhibition induced
by cabergoline, both alone and in combination with everolimus, was
reverted by b-arrestin 2 silencing (Figure 3A). Accordingly, the lack
of b-arrestin 2 prevented the ability of cabergoline to reduce the p-
AKT/total-AKTratioafter3hof exposure to everolimus (Figure3B).

In addition, in cells silenced for b-arrestin 2, cabergoline
induced a stimulatory effect on AKT according to the observed
increase in cell proliferation (Figures 3A, B).
DISCUSSION

This study demonstrated that the cotreatment with the mTOR
inhibitor everolimus and DRD2 agonist cabergoline is able to
overcome the resistance of a consistent subgroup of NF-PitNETs
to everolimus’ antiproliferative effects by preventing the upstream
activation of AKT.
June 2022 | Volume 13 | Article 867822
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A B

C D

E G

F

H

FIGURE 1 | NF-PitNET cell primary culture response to everolimus, cabergoline, and cotreatment on AKT phosphorylation and cell proliferation. Primary cultured of
NF-PitNET cells (A–H) were treated with 100 nM cabergoline and 1 nM everolimus for 72 h (A–C, H) or 3 h (D, F, G) at 37°C, administered singularly or in combination.
(A–C) BrdU incorporation in newly synthesized DNA was measured. Data represent the mean ± SD normalized vs. respective basal of 14 different NF-PitNETs primary
cultures: n = 5 responsive to everolimus (A), n = 5 responsive to cabergoline (B), n = 7 resistant to both drugs but responsive to the cotreatment (C). Each determination was
done in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001 vs. corresponding basal. (D) The graph shows the quantification of cyclin D3 normalized to GAPDH (mean value ± SD
from 3 primary cultures of NF-PitNETs cells). *p < 0.05, **p < 0.01 vs. corresponding basal. (E) RT-PCR analysis of NF-PitNET samples (n = 10) in order to detect SF-1, D2L,
and D2S DRD2 isoform expression. GAPDH expression was analyzed as control. Representative images are shown. (F) The graph shows the quantification of p-AKT/total
AKT normalized to the basal. Data represent mean ± SD of 6 different NF-PitNET samples. Representative immunoblots are shown. *p < 0.05; **p < 0.01, vs. corresponding
basal. (G, H) NF-PitNET primary cultured cells resistant to cabergoline, everolimus, and cotreatment were analyzed. (G) The graph shows the quantification of p-AKT/total AKT
normalized to the basal and representative immunoblots. (H) Measurement of BrdU incorporation in newly synthesized DNA.
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This work’s results highlighted that about two-thirds of NF-
PitNETs were resistant to everolimus treatment in terms of
cell proliferation inhibition, and almost all tumors of this
subgroup were also resistant to cabergoline. However, the
Frontiers in Endocrinology | www.frontiersin.org 6106
coadministration of everolimus and cabergoline was able to
significantly reduce cell proliferation, while it did not potentiate
the effects of each agent singularly administered in
responsive tumors.
A B

FIGURE 2 | Cabergoline and everolimus cotreatment reduced both cell proliferation and AKT phosphorylation in MMQ cells. MMQ cells were cultured with 100 nM
cabergoline and 1 nM everolimus for 72 h (A) or 3 h (B), administered singularly or in combination. (A) BrdU incorporation in newly synthesized DNA was measured. The
experiments were repeated 4 times, and each determination was done in quadruplicate. Values represent mean (± SD) normalized vs. respective basal. *** p < 0.001 vs.
corresponding basal; § p < 0.05 vs. cabergoline administered alone. (B) The graph shows the quantification of p-AKT on Ser473 normalized to total AKT (mean value ± SD
from 4 independent experiments). Representative immunoblots are shown. *** p < 0.001 vs. corresponding basal.
TABLE 2 | NF-PitNETs primary cultured responsiveness to everolimus, cabergoline, and their cotreatment.

NF-PitNET
sample Cabergoline Everolimus Cabergoline + everolimus

1

2

3

4

5

6

7

8

9

10

11

12

13

14
June
aPrimary cultures (n = 14) of NF-PitNET cells were treated with 100 nM cabergoline and 1 nM everolimus for 72 h at 37°C, administered singularly or in combination, and BrdU incorporation
in newly synthesized DNA was measured. The table presents the responsiveness, in terms of proliferation reduction, of each sample to each treatment. Responsive NF-PitNETs are
indicated in green color and the unresponsive ones in red.
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In agreement, it has been previously shown that a subset of
NF-PitNETs is resistant to the antiproliferative in vitro effects of
everolimus (8, 11) or rapamycin (10). In particular, Zatelli and
co-authors demonstrated that everolimus, used at a higher
concentration compared to the present investigation, was
effective in reducing cell proliferation in about 70% of NF-
PitNETs, and cabergoline did not potentiate the effect of
everolimus in responsive tumors (8). Moreover, a study by
Rubinfeld et al . unveiled that the l imited tumoral
responsiveness to mTOR inhibitors in human-derived NF-
PitNET cells could be overtaken by combining different kinds
of drug or targeting multiple players of the PI3K–AKT–mTOR
pathway, emphasizing the cell type-specific effects of these
treatments (11). Another work suggested that mTOR
inhibitors’ efficacy could be improved by cotreatment with
other drugs. Particularly, it was shown that, in NF-PitNETs,
octreotide cotreatment potentiated the effects of rapamycin and
conferred responsiveness to resistant NF-PitNETs (10).
Frontiers in Endocrinology | www.frontiersin.org 7107
A lot of potential mechanisms leading to mTOR inhibitor
resistance have been described in literature in various kinds
of tumors (12)—for instance, earlier studies suggested that
tumors with PTEN, FKBP-12, or FKB domain mutations or
constitutive PI3K activity displayed scarce responses to mTOR
inhibitors. Alterations in protein translation (decreased 4E-BP1
or increased eIF4E) have also been demonstrated to interfere
with the effects of mTOR inhibitors on protein synthesis. The
stimulation of autophagy and the increased levels of anti-
apoptotic molecules, such as Bcl-2, represent additional
mechanisms of resistance. Moreover, non-functional
apoptotic pathways have been highlighted to potentially
confer resistance together with modulation of apoptotic
regulators ’ st imulation of autophagy and enhanced
angiogenesis. In addition, another way can be addressed to
the increase in ERK/MAPK signaling, activation of the serin/
threonine PIM kinases, the activation status of PDK1, or the
altered expression levels of 4E-BP1, a downstream substrate of
A B

FIGURE 3 | b-arrestin 2 lack reverted everolimus and cabergoline cotreatment ability in reducing both p-AKT and cell proliferation in MMQ cells. The MMQ cells
were transiently transfected with b-arrestin 2 siRNAs or negative control siRNAs (C-) for 72 h and then incubated with 100 nM cabergoline and 1 nM everolimus for
72 h (A) or 3 h (B), administered singularly or in combination. (A) BrdU incorporation in newly synthesized DNA was measured. The experiments were repeated 4
times, and each determination was done in quadruplicate. Values represent mean ± SD normalized vs. respective basal. *p < 0.05, ***p < 0.001 vs. corresponding
basal, §§ p < 0.01; §§§ p < 0.001 vs. corresponding treated negative control. (B) Densitometrical analysis of p-AKT (Ser473)/total AKT ratio normalized vs. respective
basal (mean ± SD from 3 independent experiments), and representative immunoblots are shown. The equal amount of proteins was confirmed by stripping and
reprobing with an anti-GAPDH antibody. *p < 0.05, **p < 0.01, ***p < 0.001 vs. corresponding basal.
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mTOR, which suppresses eIF4E activity. Furthermore, it was
demonstrated that preventing the downregulation of p27Kip1
levels can lead to a less response to this kind of drugs (12).
Nevertheless, the increase in AKT activation has been shown to
be one of the major contributors that diminished everolimus’
anticancer activity effectiveness, which was induced by an
escape mechanism.

Specifically, in different human-derived tumoral cell lines,
everolimus blocked mTOR’s ability in inhibiting the ribosomal
protein S6 kinase (p706SK), determining an activation of IRS-1
that leads to AKT phosphorylation. This cascade of events flows
into an increase of AKT activity and, consequently, into an
enhancement of cell proliferation (13).

This suggests that a combined therapy that inhibits mTOR
function and prevents AKT activation might have improved the
antitumoral activity.

A possible therapeutic potential of DRD2 as a target in
PitNETs has been also reported in a previous study in which it
was stated that, in ACTH-secreting PitNET cell model, an
association of 9-cis retinoic acid and the DRD2 agonist
bromocriptine modulates the receptor’s signaling in terms of
hormone secretion and cell viability (25).

We have recently demonstrated that the DRD2 agonist
cabergoline was effective in inhibiting AKT phosphorylation
through a b-arrestin 2-dependent mechanism in tumoral
lactotrophs and NF-PitNETs (21). Here we showed that
cabergoline improved everolimus’ efficacy by blocking the AKT
upstream reactivation.

The AKT phosphorylation levels were analyzed in order to
study its activation status after everolimus and cabergoline
treatment, singularly and in combination. Our data
demonstrated that everolimus-unresponsive NF-PitNETs
showed a substantial enhancement of the p-AKT/total-AKT
ratio when incubated with everolimus alone, in agreement with
the escape mechanism mentioned above. On the other side, the
combined treatment with cabergoline strongly reduced this
increase of AKT activity, and this ability is correlated with its
antimitotic effect. In order to test the relevance of DRD2
expression for NF-PitNETs’ responsiveness to cabergoline and
to evaluate the different expressions in DRD2 or its isoforms,
long (D2L) and short (D2S), RT-PCR was performed. From our
analysis, it emerged that all tumors positively expressed both
isoforms of DRD2, regardless of responsiveness to dopamine
agonist, ruling out a possible a role of both specific DRD2
isoforms in mediating opposite effects on the everolimus
escape mechanism. Our results are in accordance with the
observation that the clinical sensitivity to DAs was not
associated with the expression of DRD2 or its isoforms (26).

In this sense, we might assume that everolimus’ poor efficacy
in NF-PitNETs might be caused by the loss of the negative
upstream feedback on AKT, thereby determining the resistance
to treatment.

An effect of cabergoline in potentiating the effect of
everolimus administration by a reduction of the mTOR
inhibitor-induced escape mechanisms was previously reported
in lung carcinoid tumoral cells (27).
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In PRL-secreting PitNETMMQ cells, cabergoline determined a
significant reduction of both cell proliferation and the p-AKT/
total-AKT ratio as previously reported (21). On the contrary,
everolimus was unable to reduce cell proliferation due to a
significant increase of AKT phosphorylation. This effect was
reverted by the combined treatment with cabergoline. The co-
incubation with everolimus and cabergoline significantly induced
a reduction of both cell proliferation and the p-AKT/total-AKT
ratio with respect to cabergoline treatment alone, suggesting a
possible synergic effect. These observations allow us to consider
MMQ cells as a model of “everolimus escape”. Conversely, in rat
somatolactotroph tumoral GH3 cells that are responsive to
everolimus’ antiproliferative effects, no increase of AKT activity
was detected after the everolimus treatment (28). With regard to
this, a previous study demonstrated that, in aggressive PRL-
PitNETs, everolimus exhibited an antiproliferative action in
vitro, suggesting it as a novel therapeutic option in PRL-
PitNETs resistant to conventional therapy with cabergoline.
Moreover, they demonstrated how the everolimus and
cabergoline combination determined in vivo tumor size
reduction and PRL level normalization (29).

In addition, we demonstrated the involvement of b-arrestin 2 in
mediating cabergoline’s inhibition of AKT activity and cell
proliferation after everolimus cotreatment.

Genetic silencing experiments in MMQ cells revealed that
the lack of b-arrestin 2 reverted the antimitotic effect induced
by the combined treatment with everolimus and cabergoline as
well as the inhibition of AKT. It should be noted that MMQ cells
only express D2L (21, 30), and studies in literature seem to attribute
the postsynaptic phenomena to D2L, such as AKT regulation (31).

However, a specific role of DRD2 isoforms in b-arrestin 2
recruitment has not yet been specifically investigated.

In conclusion, the present study revealed that cabergoline might
overcome the everolimus escape mechanism in NF-PitNETs and
tumoral lactotrophs by inhibiting the upstreamAKT activation. The
coadministration of cabergoline might improve mTOR inhibitors’
antitumoral activity, paving the way for a potential combined
therapy in b-arrestin 2-expressing NF-PitNETs or other PitNETs
resistant to conventional treatments.
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Fertility preservation for prepubertal male patients undergoing gonadotoxic therapies,
potentially depleting spermatogonial cells, is an expanding necessity, yet most of the
feasible options are still in the experimental phase. We present our experience and a
summary of current and novel possibilities regarding the different strategies to protect or
restore fertility in young male patients, before proceeding with chemotherapy or
radiotherapy for malignances or other diseases. Adult oncological patients should
always be counselled to cryopreserve the semen before starting treatment, however
this approach is not suitable for prepubertal boys, who aren’t capable to produce sperm
yet. Fortunately, since the survival rate of pediatric cancer patients has skyrocketed in the
last decade and it’s over 84%, safeguarding their future fertility is becoming a major
concern for reproductive medicine. Surgical and medical approaches to personalize
treatment or protect the gonads could be a valid first step to take. Testicular tissue
autologous grafting or xenografting, and spermatogonial stem cells (SSCs)
transplantation, are the main experimental options available, but spermatogenesis in
vitro is becoming an intriguing alternative. All of these methods feature both strong and
weak prospects. There is also relevant controversy regarding the type of testicular material
to preserve and the cryopreservation methods. Since transplanted cells are bound to
survive based on SSCs number, many ways to enrich their population in cultures have
been proposed, as well as different sites of injection inside the testis. Testicular tissue graft
has been experimented on mice, rabbits, rhesus macaques and porcine, allowing the birth
of live offspring after performing intracytoplasmic sperm injection (ICSI), however it has
never been performed on human males yet. In vitro spermatogenesis remains a mirage,
although many steps in the right direction have been performed. The manufacturing of 3D
scaffolds and artificial spermatogenetic niche, providing support to stem cells in cultures,
seems like the best way to further advance in this field.

Keywords: fertility, spermatogonial cell, gonadotoxic cancer treatment, cryopreservation, testicular tissue
transplantation, SSCs transplantation, de novo morphogenesis, In vitro spermatogenesis
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INTRODUCTION

The increasing incidence of cancer during childhood and the
rising survival rate, currently estimated around 84% after 5 years
from diagnosis (1), is leaving behind a large population of young
male patients whose fertility is at stake (2, 3). The most common
cancers in children are leukemias, lymphomas, tumors involving
the brain or CNS, bone or soft tissue sarcomas, germ cell tumors,
and embryonal tumors (4)

In adult patients, cryopreservation of seminal fluid is a safe
and proven approach to preserve fertility prior to initiating
gonadotropic treatments and should be routinely proposed by
the caregiver in consultation with a reproductive medicine
specialist (5, 6). Pre-pubertal patients are not capable yet of
producing spermatozoa; therefore, this approach is not
sustainable in their course of treatment (7, 8).

Although several valid studies have been published in recent
years regarding methods to protect or restore fertility in children,
and some practices are now likely to be ready for clinical use,
these options still remain exclusive to the experimental field.

It is estimated that about half of adult patients with an history
of pediatric malignancy will have difficulty conceiving children,
with a major impact on their quality of life (9–11).

A variety of oncological treatments could threaten testicular
function (12–16), such as surgery, chemotherapy, radiotherapy,
or combination therapy, with potential synergistic effects in
causing gonadal toxicity. In the pre-pubescent male patient,
the seminiferous tubules are populated by Spermatogonial
Stem Cells (SSCs) which, being actively proliferating, are
particularly sensitive to damage by chemotherapy or
radiotherapy (17, 18). A fraction of SSCs is not rapidly
proliferating and constitutes a reserve of stem cells. Such cells,
referred as A dark spermatogonia or State 0 SSCs, have been
widely investigated over the years and are expressed in higher
percentage in the testis of humans and non-human primates
than in rodents (22% vs 0.3%). These SSCs are less
chemosensitive, but their damage might lead to a condition of
irreversible infertility, as the pool of SSCs is no longer able to
proliferate and subsequently differentiate (19, 20).

Several chemotherapeutic agents have been associated with
risk of testicular toxicity, mainly alkylating agents (19–21),
platinum agents (22, 23) or cytarabine (21). Therapy with
cyclophosphamide or the combination of chlormethine and
procarbazine may cause alterations in spermatogenesis, and
this risk increases as the dose increases (21). Other
chemotherapies that may be implicated in spermatogenesis
damage include ifosfamide, busulfan/cyclophosphamide or
fludarabine/melphalan, used in some protocols for
Hematopoietic stem-cell transplantation (HSCT) conditioning,
although studies that evaluate the specific adverse effects for
some of them are lacking and their toxicity is only deemed as
probable (21). Risk assessment of the impact of chemotherapy on
spermatogenesis is not straightforward, as many protocols
involve the administration of several drugs together or in
combination with radiotherapy, and the patient’s age and
follow-up time are also relevant, given the potential recovery of
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spermatogenetic capacity after a period of time. Even taking all
these elements into account, individual patient variability and
genetic predisposition may play a major role in the gonadotoxic
effect of therapy (21).

Leydig cells are more resistant to the toxic action of
chemotherapeutic agents and their function is generally
preserved (24). Combined treatments with alkylating agents
and pelvic radiotherapy, however, may impair their function,
bringing to a clinical condition characterized by increased LH
and decreased Testosterone (25). Pre- hematopoietic cell
transplantation conditioning protocols and treatments
including chemotherapy and irradiation are generally capable
of damaging both germ cells and Leydig cells (26, 27).

Given their known toxicity, alkylating agents are used with
caution in pediatric oncology protocols, either by attempting to
reduce the cumulative dose or by choosing drugs with a more
favorable harmful profile (28), but this is often not feasible in
cancer in advanced stages. The risk of testicular toxicity increases
when multiple alkylating agents are used together, when
treatments are prolonged, or when the patient is young (28).

Several scores such as alkylating agent dose (AAD) (29) or
cyclophosphamide equivalent dose (CED) (30) are available to
quantify exposure to alkylating agents and assess the risk of
potential adverse events, but they do not account for all drugs
currently in use. The recovery of spermatogenesis after therapy
depends on the ability of quiescent SCCs to survive and resume
differentiation, so the duration of azoospermia increases
progressively depending on the extent of damage and the
scarcity of the residual stem cell population (31).

Radiation therapy is also capable of damaging the delicate
SCCs, as the germinal epithelium is very sensitive to radiation.
Cranial radiotherapy could also damage the hypothalamic-
pituitary region and cause a form of central hypogonadism,
triggered by impaired stimulation of the testis by the lack of LH
and FSH. Even doses of 0.1 Gy can temporarily alter
spermatogenesis (32, 33), while doses greater than 6 Gy
permanently damage the subject’s spermatogenetic capacity
causing irreversible azoospermia (34). Gonadotoxic protocols
include abdomen, pelvis, and total body irradiation, total node
irradiation, and cranial radiotherapy, which can cause alterations
in the pituitary- testicle axis, leading to hypogonadotropic
hypogonadism if administered at doses above 35-40 Gy (21).
Leydig cells are more resistant to these effects, but even fractional
doses of testicular irradiation of 12 Gy can increase LH values in
pre-pubertal patients, thus suggesting a toxic effect (35). Doses
greater than 20 Gy generally require hormone replacement
therapy to achieve normal pubertal development. In the adult
male, however, the irreversibly toxic dose is greater than 30
Gy (36).

The overall gonadotoxic effect of radiation therapy is related
to total dose, irradiated volume, fractionated dose, and patient
age (37).

Green et al. (38) demonstrated that patients exposed at pre-
pubescent age to testicular radiotherapy at cumulative doses >
7.5 Gy, an AAD > 2, or treatment with procarbazine or high dose
of cyclophosphamide showed reduction in their ability to
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procreate. Specifically, patients included in the study who
survived childhood cancers were half as likely to produce
offspring as their siblings (Hazard Ratio of pregnancy of 0.56
versus 0.91). Treatment doses and patterns are relevant to this
risk, as is age at the diagnosis.

Unilateral orchiectomy for the treatment of testicular tumors
can reduce the number of germ cells available, but it is not
generally associated with azoospermia. An observational study
showed that 85% of patients who underwent unilateral
orchiectomy were able to procreate during the subsequent 11-
year follow-up (13). The combination of surgical treatment,
chemotherapy and radiation therapy increases the risk of long-
term gonadotoxicity in the child.

Preserving and protecting the fertility of young cancer
patients is now a shared goal within their treatment plan, but
nevertheless many doubts still remain about which strategies
should be proposed to the patient and family, as many
approaches are still considered in the experimental and
research phase.

Current guidelines (5, 6) recommend informing the patient
and family about the potential infertility risk of planned
therapies and referring them to a reproductive medicine
specialist at the earliest possible opportunity, to help them to
evaluate the available options for preserving future
fertility (Figure 1).
PHARMACOLOGICAL APPROACHES TO
PRESERVE TESTICULAR FUNCTION

One of the hypothesized gonadoprotective strategies is the use of
molecules capable of inhibiting the pituitary secretion of LH and
FSH, the hormones that stimulate the testis to produce
testosterone and spermatozoa. Agonists or antagonists of the
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pituitary receptor of GnRH are able to block this hormonal
production, generating a state of hypogonadotropic
hypogonadism that could be exploited to protect the gonads.
However, the use of GnRH agonist or antagonist for gonado-
protective purposes during or before treatment for neoplasms
does not appear to be useful in humans, and it is not
recommended in ASCO guidelines. Such a strategy had
appeared promising following some studies in rats (39–41) in
which administration of GnRH before, during, or after therapy
with alkylating agents or radiotherapy resulted in a marked
increase in proliferating germ cells and a resumption of
spermatogenic capacity. A similar effect has not been
demonstrated in humans in several studies in which GnRH
antagonist was associated with Testosterone (42–45). A single
study (46) in which only Testosterone was administered showed
positive results, although under conditions, as in the treatment of
nephrotic syndrome and during therapy with cyclophosphamide
alone (46). Several studies in nonhuman primates have
confirmed this disappointing fact (47). However, GnRH
agonist treatment seems to have a positive effect on the success
of SCC transplantation, as proven in rats (48, 49). Testosterone
suppression induced by such treatment, however, may induce an
increased immune response (50), and this may justify the
conflicting data obtained in the same pre-transplant treatment
in nonhuman primates (47).

Some in vivo and in vitro studies in animal models have tested
the protective effect of anti-apoptotic substances, such as
sphingosine-1-phosphate (51) or immunomodulatory substances
such as AS101 (52). In mice, these compounds offer some
testicular protection against radiation or cyclophosphamide
damage, but no relevant effect has been demonstrated in
humans so far. Similar approaches have been used to test the
protective effect of L- Carnitine (53), and several antioxidant
substances, including curcumine nanocrystals (54), Moringa
oleifera (55), alpha-tocopherol-succinate (56) and ascorbic acid
FIGURE 1 | Current approaches to preserve and restore fertility in prepubertal males undergoing cancer treatment. On the left side: current clinical approaches
available before and during treatment. On the right side: experimental methods, mainly tested on animal models (including rodents, non human primates and others)
or in vitro. *Cryopreservation of testicular material is only available in selected centers during experimental protocols.
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(57), all tested on the gonads of cyclophosphamide-exposed
rodents, with encouraging results but yet to be proven in humans.

The rationale behind the use of these substances is that some
chemotherapy drugs, such as cyclophosphamide, are capable of
generating radical oxygen species (ROS) and causing cellular
apoptosis or altering DNA synthesis (51–56). Oxidative stress
can activate enzymes such as sphingomyelinases, which can
release ceramide from cell membranes and trigger cell
apoptosis, and substances such as S1P might inhibit this
specific process (51). A different detrimental effect of some
chemotherapy drugs is the fragmentation of cellular DNA,
resulting in an abnormal chromatin structure, a condition that
reduces seminal quality and is known to decrease fertility (52).
Immunomodulatory substances capable of limiting this
alteration would be very useful for their gonadoprotective
action. On the other hand, the administration of substances
with antioxidant power may be able to reduce the oxidative stress
produced by chemotherapic agents such as cyclophosphamide,
which also seems to be able to damage the structure of the blood-
testis barrier, altering the expression of Occludin proteins,
produced by Sertoli cells (53).

To understand how to pharmacologically protect the testis in
pre-pubertal children, it is thus essential to study the
mechanisms involved in cytotoxic damage and survival of the
SSCs population, as well as understanding the functioning
of the complex spermatogenetic niche (Figure 2). The ability
of germinal spermatogonial cells to ensure a continuous
population of cells that can differentiate is essential for
spermatogenic capacity (58). Several studies have investigated
the recovery capabilities of spermatogonial stem cells after
chemotherapeutic damage (59, 60). Many papers published by
Parker et al. (61, 62) have focused on the effect of glial cell line-
derived neurotrophic factor (GDNF) produced by Sertoli cells
and essential for the survival of SSCs. GDNF is a member of the
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TGF-b superfamily, and by binding to its receptor and RET/
GFRA1 on SCCs it regulates their survival and differentiation
(63, 64).

Evidence in mice suggest that GDNF expression levels
decrease with ageing, while it might increase with stem cell
depletion (65). After a treatment with low dose busulfan, GDNF
expression was found to be increased and that might be
necessary to restore the pool of SSCs and their subsequent
proliferation (65).

However, when this factor is lacking, the germline population
gradually declines, reducing its replication and increasing
downstream differentiation, down to a condition where the
tubules are populated solely by Sertoli cells (SCO) (61).
Providing GDNF stimulation again may allow for a new
expansion of the cell pool (62).

One of the potential ways in which chemotherapeutic agents
might reduce GDNF expression is through DNA methylation,
the main epigenetic mechanism capable of affecting male
fertility. Several agents, including cisplatin (66) and
doxurubicin (67) have been proven to induce important
epigenetic modifications to cellular DNA. Methylation of some
sequences called CpG islands, rich in dinucleotides composed of
Cytosine and Guanine, is able to block access to transcription
factors and reduce the expression of some genes (68, 69). This
would make the employ of some demethylating agents
promising, such as eicosapentaenoic acid (EPA) which is able
to activate several enzymes that can counteract cytosine
methylation, promoting the re-expression of silenced genes (69).

Our group has studied the effect of cisplatin, doxurubicin, and
4-Hydroperoxycyclophosphamide, chemotherapeutics known to
be gonadotoxic, in vitro on pre-pubescent porcine Sertoli cells
(70), a model known to be adequate for toxicity study (71). Drug
exposure resulted in reduced expression of the GDNF gene and
protein, as well as reduced expression of AMH and Inhibin B,
FIGURE 2 | Known gonadotoxic damage of cancer treatments and potential pharmacological approaches. On the left side: the major effects with which various
chemotherapeutic agents could impair testicular function. On the right side: potential pharmacological approaches that have been tested so far, with more or less
promising results in protecting the male gonad.
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which are markers of function in pre-pubertal Sertoli cells. In
cultures treated with high dose of cisplatin and EPA, there was a
recovery of GDNF, AMH and Inhibin B expression, showing a
protective effect on the male gonad. Treatment with cisplatin and
d 5-aza-2’-deoxy- cytidine, a known demethylating agent used in
several chemotherapy protocols, allowed to obtain similar
results, supporting the hypothesis of the ability of EPA to
protect against epigenetic alterations of DNA and opening the
future to further studies to evaluate the effect of this substance on
the human pre-pubescent testis.

Despite promising evidence in animal models, guidelines do
not currently include the use of protective substances during
cancer therapy in children (5, 6).
SURGICAL APPROACHES TO PRESERVE
TESTICULAR FUNCTION

Pediatric testicular tumors are rare nosological entities, the most
common being germ cell tumors, but they can occur bilaterally
and synchronous or metachronous in up to 5% of cases (72). In
such cases, a treatment with enucleation of the neoplasm (73, 74)
instead of a total bilateral orchidectomy can be considered, if the
tumor is of a small size and it is confined to the testis. Careful
follow-up is necessary, as there is a risk of recurrence after
enucleation of about 5%. The same approach is possible with
Leydig cell tumors, in which the risk of recurrence after
conservative treatment appears low (75).

There are several clinical cases reported in the literature, the
first dating back to more than 30 years (76), in which a testicular
transposition was performed to protect the residual gonad from
adjuvant radiotherapy treatment. The healthy testis was
transposed at the inguinal (77), abdominal (78) or leg region
(79) and then repositioned in the scrotum at the end of therapy.
It is interesting to note that in one clinical case report (80), the
testis was able to resume spermatogenesis during the following
months after post-traumatic repositioning in a subcutaneous
pocket at tight level.

In cases of scrotal neoplasia in which extensive excision of
skin and muscle layers is necessary, displacement of the testis in
the contralateral hemiscrotum has been attempted to preserve its
function (81). However, such approaches should be considered
experimental and are not currently recommended in guidelines
until further investigation (5, 6).
CRYOPRESERVATION: TESTICULAR
TISSUE OR CELL SUSPENSION

Young peripubertal patients might be able to produce
spermatozoa and a semen sample can be obtained as early as
12 years old (82). Once spermatogenesis is initiated, seminal
parameters are comparable to those of adult patients (83, 84). In
younger patients, in whom the sperm production has not started
yet or who for whatever reason are unable to produce seminal
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fluid, only experimental approaches are available, such as
preservation of testicular tissue obtained by biopsy or
orchiectomy, when required for the treatment course of the
clinical condition.

The experience of several centers both in Europe (85) and in
the USA (86) is remarkable with respect to the possibility of
cryopreserving pre-pubescent testicular tissue for use in
approaches aimed at restoring fertility in the future. Proposed
freezing protocols are numerous (86–92), including fast or slow
freezing and the use of various cryoprotectants. Most centers
employ slow freezing combined with the use of Dimethylsulfoxide
(DMSO) to protect cells from damage (88, 93) while other facilities
use DMSO and sucrose, DMSO and human serum albumin or
DMSO & ethylene glycol (93). Some studies have alternatively
tested vitrification, a protocol of ultrarapid freezing associated with
different concentrations of cryo-protective substances, with the
aim of preventing the formation of ice crystals (94).

This approach appears promising, but further studies are
needed to verify its actual superiority. It is also possible to choose
to freeze a testicular cell suspension, which would reduce some
complications due to the freezing of a macroscopic tissue sample,
such as creating an uneven cellular cooling rate. This procedure
would not allow to preserve the spermatogenetic niche in its
entirety (95, 96) and has also been studied in humans less
intensively (97). Freezing cells rather than tissue fragments will
make it impossible to employ some techniques, such as testicular
graft transplantation or tissue culture, whereas a cryopreserved
tissue fragment could undergo further enzymatic digestion to
obtain SSCs and other testicular cells (98). It is essential to
improve the freezing protocol, trying to reduce the generation of
alterations in thawed sperm quality (99).

A questionnaire proposed to 24 facilities by the European
Society for Human Reproduction and Embryology (ESHRE) in
2012 reported that several centers in Europe offered this
possibility and have already involved 260 young patients (85).
A subsequent survey in 2019 (86) brought the number of patients
involved up to 1033, more than a 4-fold increase. Numerous
hospital facilities in the US (86) are currently able to cryopreserve
testicular tissue, and the current goal is to create networks with a
well-defined common protocol to offer this possibility to as many
patients as possible. It is also important to note that
approximately one third of the patients enrolled had already
started cycles of gonadotoxic chemotherapy, which can
potentially compromise the quality of the preserved tissue.

Current guidelines (5, 6) recommend that cryopreservation of
testicular tissue be performed only during approved clinical trials
or experimental protocols.
FERTILITY RESTORATION EMPLOYING
TESTICULAR TISSUE

Testicular Tissue Transplantation
One of the potential options to restore fertility in a patient
undergoing gonadotoxic therapies is the transplantation of
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previously frozen testicular tissue. This option has been under
investigation for several years and numerous studies have been
published on animals, the majority of which have tested
testicular tissue xenograft into adult immunodeficient nude
mice. Xenotransplantation of pre-pubescent human testicular
tissue into laboratory animals is not a technique that is expected
to be employed to restore fertility in patients undergoing
gonadotoxic therapies, due to the high risk of zoonosis
transmission (100), nevertheless it is useful to study the
mechanisms of transplantation and the survival of
spermatogonial cells after it has been performed. Moreover,
this technique could be in the future exploited to exclude the
presence of neoplastic cells contamination in the testicular tissue,
in preparation for a future autograft in the patient (101)

Data is available regarding xenotransplantation of tissue
obtained from goats, pigs, mice (102), horses (103), cats (104),
cattle (105), rhesus monkeys (106), dogs (107), hamsters (108),
and rabbits (109). In all these species, once the transplanted
tissue was recovered from mice and analyzed, complete donor
spermatogenesis was demonstrated, and in some of these
experiments (109–113) live and healthy progeny has
been obtained.

Despite the undoubtedly promising results, several
questions remain to be clarified. Studies that have performed
xenografts of pre-pubertal human testicular tissue (92, 100,
114) have not shown appearance of complete spermatogenesis
yet. There could be several obstacles, including placement of the
transplant in an ectopic or orthotopic location. Early attempts
at xenotransplantation, both from human and animal donors,
were almost all placed in the ectopic site, but transplantation
placed in the testicular site has been shown to have a higher
probability of survival and maturation, probably on account of
the different local temperature (114, 115). In contrast, whether
the tissue is fresh or thawed from previous cryopreservation
does not seem to make a difference (116, 117).

Xenograft experiments from pre-pubescent human donors
have, however, demonstrated prolonged (up to 9 months)
survival of SSCs and Sertoli cells, and obtained secondary
spermatocytes (114) or spermatid- like cells (92).

Nevertheless, the survival of spermatogonial cells in transplants
is not high (117) and it seems to be closely related to the future of
tissue vascularization, which must proceed with capillary
formation that is supplied by host vessels (118), since the graft is
transplanted without any vascular anastomoses. To improve tissue
survival, several approaches with pro-angiogenic,anti-apoptotic
and anti-oxidant molecules have been attempted. The use of
recombinant FSH (119) and Testosterone (120) has not shown
encouraging results on testicular graft survival.

Bovine testicular tissue treated with vascular endothelial
growth factor (VEGF) at the time of implantation in mice (121)
was heavier at recovery than the untreated control and showed a
higher percentage of seminiferous tubules containing
differentiated cells. Since the early approaches, numerous
experiments have begun to treat the tissue with VEGF, whether
in the context of autografts in mice (122), bovine tissue xenografts
(123), and even pre-pubescent human testis xenografts (124).
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On the pre-pubescent human testis, in vitro pretreatment
with VEGF appears to increase vascularization and survival of
SSCs and seminiferous tubule integrity (124). Subsequent
experiments (122) on autograft in mice tested the combined
effect of VEGF and platelet-derived growth (PDGF)
nanoparticles, showing that the combination of the two factors
appears to further improve vascularization. The use of necrosis
inhibitor substances also seems promising (125).

Autotransplantation, the method more desirably applicable to
pre-pubertal patients undergoing gonadotropic therapies, has been
tested on nonhuman primates (111, 126, 127). These studies
demonstrated on marmosets (126) better survival of transplants
at the orthopedic site, which achieved complete spermatogenesis,
probably because of reduced scrotal temperature compared with
other body regions, and better results of tissues taken from pre-
pubertal animals compared with adults, perhaps because of greater
resistance to hypoxia. A study in rhesus monkeys (127)
showed the achievement of complete spermatogenesis after
orthotopic autotransplantation of testicular tissue, subjected to
cryopreservation for a period longer than two years. A
subsequent study in rhesus monkeys (111) showed complete
spermatogenesis obtained from autologous transplants of
testicular tissue placed subcutaneously either in the scrotum or
behind the back, cryopreserved or fresh. Spermatozoa were also
shown to fertilize oocytes, and via ICSI viable and healthy offspring
were generated.

In a study of autotransplantation of testicular tissue in mice
(128), alginate-encapsulated tissue with or without the addition
of VEGF nanoparticles also appeared to improve spermatogonial
recovery post-transplantation.

It should be emphasized that testicular tissue transplantation
is not able to restore fertility in the recipient in the absence of
medically assisted procreation, since it has not been proven that
the graft is able to create anastomoses with the seminal tract, thus
leading to ejaculation of spermatozoa with seminal fluid and
fertilization during natural sexual intercourse. As today, these
methods appear to be entirely experimental and have not yet
been tested on human patients, either pre-pubescent or adult.

Spermatogenesis In Vitro From
Testicular Tissue
Achieving spermatogenesis in vitro from testicular tissue would
allow to avoid the risks related to other methods, in particular the
transmission of zoonosis via xenografts (100) and the possible
neoplastic contamination of tissues obtained from cancer
patients (101, 129–132). This approach has been studied for
many years (133, 134), but it is still experimental, and the current
goal is to optimize culture systems in order to further progress in
this direction (135).

In mouse, in vitro spermatogenesis has been obtained from
testicular tissue cultures (135–137) and these spermatozoa were
found to be able of fertilizing embryos and producing healthy
offspring. Sato et al’s (137) experiments developed a culture
system called “in vitro transplantation” (IVT), in which SSCs
from one donor are injected into the empty seminiferous tubules
of another animal, and the result is incubated in a culture system.
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In other studies (138) the air- liquid interphase method has been
used, obtaining competent spermatozoa capable of generating
healthy and fertile offspring, even exploiting previously
cryopreserved tissue. The quality of spermatozoa obtained with
such cultures has been evaluated (139), showing that the majority
of them are characterized by normal haplody, non-fragmented
DNA and condensed chromatin.

Full in vitro spermatogenesis was reached even in bovine
(140) and rat (141) testicular tissue culture

Obtaining human spermatozoa in vitro has proven more
challenging. Numerous attempts have been made to
understand the best culture conditions of testicular fragments
(142), investigating proper temperature, serum, and wheter
gonadotropin stimulation is necessary.

So far, postmeiotic haploid cells have been obtained from
pre-pubescent human testicular tissue fragments, both in
organotypic culture (143) and exploiting a 3D culture
system (144). One study (145) obtained haploid spermatids
from SSCs obtained from testes of cryptorchid patients
cultured in 2D systems enriched with arachidonic acid
and stem cell factor (SCF). Such spermatids were able to
fertilize murine oocytes by Microinjection of round
spermatids (ROSI).

Recreating the complex microenvironment of the
spermatogenic niche seems to be essential to achieve progress
(135, 146) so there has been a clear shift towards 3D culture
systems over the old 2D systems. Also, the potential of the
culture to generate an intact and functioning blood-testicular
barrier (147) seems to be relevant, as occurs in vivo
during puberty.
FERTILITY RESTORATION EMPLOYING
CELL SUSPENSION

SSCS Transplantation
Different approaches exploiting testicular cell suspension are
under study. A promising one is SSCs autotransplantation. This
mechanism has been described since 1994 in mice (148) and
over the years has been the subject of numerous studies on
different experimental animals, also it appears to be the only
one potentially able to restore fertility without the need to
employ medically assisted procreation. The ability to colonize
seminiferous tubules, as well as the possibility to initiate
spermatogenesis, is related to the amount of SSCs
transplanted (149). Furthermore, it has been estimated that
only 10% of transplanted spermatogonial stem cells are able to
form colonies (149). Such cells are rare, representing
approximately 1 in 3500 cells in the adult mouse testis (150),
and the amount of testicular tissue that can be harvested in the
pre-pubescent would not be sufficient to provide an adequate
number of cells.

For this reason, several methods have been developed to
generate efficient culture systems of SSCs, amplifying their
number in vitro before transplantation, and this approach has
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been initially studied in mice (151). The collected testicular tissue
undergoes enzymatic digestion in several steps according to well-
defined protocols (152, 153) and great attention has been paid to
find a method that allows to efficiently isolate SCCs as soon as
this stage (154).

A further complication is the difficulty in identifying SSCs,
based on the markers they express and the proteins they produce
(155, 156) since a large proportion of them are also expressed by
testicular somatic cells and differentiating them appears complex
(157). The ability to characterize these cells, purify and amplify
them is essential for successful colonization of the seminiferous
tubules in the recipient. Stage- specific embryonic antigen-4
(SSEA-4) (158) is one of the many promising markers of this
cell population. However, in recent studies, this marker has
shown reduced expression in quiescent State 0 cells, making
SSEA-4 less suitable for the isolation of SSCs. The search for the
most appropriate marker remains ongoing (159).

Many potential growth factors to achieve adequate
proliferation of these cells have been extensively evaluated
(160–163), including proposed leukemia inhibitory factor
(LIF), epidermal growth factor (EGF), basic fibroblast growth
factor (bFGF), Insulin like grow factor 1 (IGF-1), Colony
stimulating factor 1 (CSF-1) and the importance of GDNF,
and the possible addition of its soluble receptor alpha-1 in
culture has been demonstrated (160). The required growth
factors appear to be identical in rats and mice (164) and
therefore some kind of conservation between species has
been hypothesized.

In vitro proliferation of SSCs obtained from different animals,
including mice and rats (151, 164, 165) porcine (166), cattle
(167) and tree shrew (168), has been achieved. The same
approach has allowed in vitro proliferation of human SSCs,
taken from testicular tissue obtained from pre-pubertal
patients during orchidopexy (169), for cryopreservation in
cancer patients (170) or from adult patients undergoing
orchiectomy (171), from patients with obstructive or non-
obstructive azoospermia (172) or from deceased organ
donors (158).

Using subcultures, human adult SSCs were cultured and
propagated up to 28 weeks and their numbers increased more
than 18,000-fold (171). The proliferation capacity of SSCs from
pre-pubertal patients seems to be even higher (169).
Nevertheless, the long-term fate of SSCs cultures seems
unclear. Several promising studies have been carried out to
elucidate the best culture conditions, but many of them have
not characterized SSCs with suitable surface markers, nor
defined the ideal conditions for promoting the development of
cells at different stages of maturation. More recent work has been
able to identify the full gene expression of SSCs and to assess the
molecular pathways activated in their proliferation. This
approach appears useful for better understanding their
development and improve our culture system (173).

Cancer patients, especially those with hematological diseases,
may harbor neoplastic infiltrates in the testicle, as shown in pre-
treatment biopsies of children with Acute Lymphocytic
Leukemia (174). Such neoplastic cells if transplanted can give
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rise to new neoplasms (101, 129–132) so it is essential to ensure
purification of the SSCs sample. It has been proven that in rats it
is enough to transplant in the testis only 20 leukemic cells, mixed
with germ cells, to initiate a relapse of the disease (175).

The most studied mechanics so far are culture systems (176),
Fluorescence-activated cell sorting (FACS) (129, 130, 132), and
Magnetic-activated cell sorting (MACS) (131, 177) but their
evaluation has shown conflicting and sometimes not sufficient
results to ensure the safety of the method, making further
studies necessary.

The first approach for SSCs transplantation was characterized
by multiple microinjections into the seminiferous tubules of the
recipient mouse (148), a procedure that required open surgery
with exteriorization of the testis and reflection of the vaginal
tunica. Afterwards, different approaches were tried on dissected
mouse, bovine, monkey and human testes (178), attempting
injection of SSCs into the efferent duct or into rete testis
network under ultrasound guidance, the latter method being the
most promising. Some studies on human testis obtained from
cadavers have tested injections of contrast agent (179) or murine
SSCs (180, 181) to study the best possible operating conditions,
showing that a single injection into rete testis network seems to be
effective (179) and that it is necessary to find the right filling
pressure, perhaps using an infusion pump, to adequately fill the
tubules and reduce fluid leaking into the testicular interstitium
(180, 181).

Allografting of SSCs has been tested in sheep (182), goats
(183), and nonhuman primates (47, 184), generating healthy live
offspring. Only one human clinical trial is reported (185), in
which some adult patients who had cryopreserved SSCs prior to
chemo-radiotherapy treatment underwent transplantation of
such cells with intra-testicular injections. Unfortunately, there
are no reports on subsequent follow-up and their seminal
parameters (186).

The main doubts to be dispelled, concern the safety of these
protocols and the absence of major alterations in the progeny. In
mouse SSCs allografts, first and second-generation offspring
appear to develop with comparable weight and height to
controls and do not appear to show differences in methylation
patterns of maternal, paternal, or non-imprinted genes (187).
However, seminal parameters after transplantation were worse
than controls, with reduced sperm concentration and motility
(188). A subsequent study on a similar murine allograft showed
no notable genetic alterations in either spermatozoa or progeny
(189), such as chromosome number alterations, deletions,
or amplifications.

in vitro Spermatogenesis From SSCS and
From De Novo Testicular Morphogenesis
Cryopreserved or fresh SSCs suspension could also be used to try
to achieve in vitro-spermatogenesis, in specific culture systems. A
type of approach is developing culture systems in which injecting
SSCs, exploiting different types of matrixes, such as soft agar or
methylcellulose (190) or microfuidic system (191) that allowed to
obtain functioning spermatozoa in some studies.

The construction of testicular organoids (192) seems
promising to create the right supportive environment for the
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development of SSCs. A wide variety of proposals is available,
including models relying on extracellular matrix (ECM) (193) or
ECM- free (194), the use of microwells (195) or 3D printing with
particular bio-inks (196). A scaffold-based and scaffold-free
approach has also been applied to generate human testis
organoids (197) and this strategy opens the way to new
future prospectives.

A different method that has been studied, is performing,
under the back skin of immunodeficient mice, a graft of
testicular cell suspension containing other cells besides SSCs,
including Sertoli cells, Leydig cells and peritubular myoid cells, in
a definite proportion (198). Such a cell mix seems to be able to
organize into a testis-like structure, via a complex process that
has been named de novo testicular morphogenesis, generating a
spermatogenic niche and recovering steroidogenic capacity, up
to complete spermatogenesis (198). This approach has been
studied utilizing cells obtained from rodents (199, 200)
zebrafish (201), sheep (202) and cattle (203), as well as from
pigs (198, 204). Some of these studies have included the cell
suspension in matrices as scaffolds to support their growth (205,
206). Seminiferous tubule formation has also been noted after
cell suspension grafting inside the testis of rhesus monkeys (207)
with resumption of donor spermatogenesis.

This possibility seems to be very interesting to study the
interactions between different testicular cell types and to better
understand the mechanisms of gonadal development (203, 205).
CONCLUSION: FUTURE CHALLENGES
AND PROMISING METHODS

During the last years we have witnessed a swift progress in
studies regarding potential approaches to preserve and restore
male fertility, but few of these methods are currently clinically
applicable in the prepubertal oncological patient. Current clinical
guidelines and approaches involve prompt counseling with a
reproductive medicine specialist, reduction of gonadotoxicity of
the chosen therapy when possible, and potential participation in
experimental protocols where offered.

Cryopreservation of testicular tissue or cell suspension is
offered in the context of experimental protocols in several
centers around the world, which have developed shared
methods and a considerable experience on this field, however
there is still no certainty about which are the best methods and
the potential damage to sperm quality. Cryopreserved
testicular material, either tissue fragment or cell suspension,
has shown in several experimental animals the ability to re-
initiate spermatogenesis and even to generate healthy living
offspring, but there is not yet sufficient evidence in humans.
Out-of-body approaches, such as in vitro spermatogenesis,
are promising but early in their development. We believe
that there is a need to pursue these approaches, while
continuing to evaluate the potential efficacy of numerous
chemicals and pharmacological substances that could help to
protect the delicate prepubescent testis from the insult of
oncological therapies.
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Historically, the body of literature surrounding the insulin-like growth factor type 1 receptor
(IGF1R) has described a largely pro-tumorigenic role in breast cancer cells and in several
transgenic or xenograft mouse models of breast cancer. Interestingly, however, more
recent evidence has emerged that suggests an additional, previously undescribed, tumor
and metastasis suppressive function for IGF1R in both human breast tumors and
mammary oncogenesis in mice. These seemingly conflicting reports can be reconciled
when considering what is currently known about IGF1R function in the context of tissue
development and cancer as it relates to cellular growth, proliferation, and differentiation. In
this mini review, we will summarize the currently existing data with a particular focus on
mouse models that have been developed to study IGF1R function in mammary
development, tumorigenesis, and metastasis in vivo and propose hypotheses for how
both the tumor-promoting and tumor-suppressing schools of thought regarding IGF1R in
these histological contexts are compatible.

Keywords: IGF1R, breast cancer, mammary gland, development, metastasis, differentiation
INTRODUCTION

The critical functions of the insulin-like growth factor (IGF)/IGF type 1 receptor (IGF1R) signaling
axis in normal biological development (both systemic and tissue specific) have been extensively
studied in several genetically altered mouse models. In vivo systemic deletion of IGF ligands or their
receptors has resulted in related, but distinct, phenotypes exhibiting varying degrees of
developmental impairment and/or lethality (1, 2). Perinatal lethality following systemic deletion
of Igf1r necessitated the need for subsequent transplantation assays in order to define the role of the
receptor in the mammary gland (3). Work performed with these models laid the foundation for the
field’s current understanding of the importance of IGF1R function during embryogenesis and
development of the mammary gland during puberty.

In addition to earlier studies focused on IGF1R developmental functions, more recent mouse
models have been developed to investigate the receptor’s role in primary tumorigenesis. Consistent
with the status of IGF1R as a receptor tyrosine kinase and its vigorously established function in
promoting cell proliferation and survival, it was identified as a promising target for therapeutic
intervention in human cancer patients. This led to the initiation of a number of clinical trials to
disrupt IGF1R function in human tumors utilizing monoclonal antibody or small-molecule tyrosine
kinase inhibitor-based therapies. Unfortunately, while early results were promising, the eventual
n.org June 2022 | Volume 13 | Article 9110791125

https://www.frontiersin.org/articles/10.3389/fendo.2022.911079/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.911079/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:terri.wood@rutgers.edu
https://doi.org/10.3389/fendo.2022.911079
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.911079
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.911079&domain=pdf&date_stamp=2022-06-17


Bulatowicz and Wood IGF1R: Dual Role in Breast Cancer
conclusion from these trials was less than encouraging and, in
some instances, led to worse outcomes denoted by systemic
toxicity or worse patient prognosis [for reviews, see (4–7)].

In this mini review, we summarize the phenotypes of existing
mouse models of modified IGF1R expression in mammary tissue
(Table 1) and discuss observations made using human breast
cancer data. We then attempt to reconcile these observations in
order to shed light on the seemingly contradictory roles for
IGF1R in breast cancer with a focus on mammary gland biology
and tumorigenesis.
IGF1R IN MOUSE MAMMARY GLAND
DEVELOPMENT

A number of techniques and mouse models (Table 1) have been
developed to study the role of IGF1R in mammary gland
development. Due to the immediate postnatal lethal phenotype
exhibited by Igf1r-/- animals, alternative approaches were
necessitated to study how loss of Igf1r influences mammary gland
development (1). To bypass this technical limitation, pioneering
experiments by Bonnette and Hadsell utilized tissue transplantation
of mammary buds from Igf1r-/- embryos into host mice with
mammary fat pads cleared of endogenous epithelium to examine
epithelial growth during both puberty and pregnancy (3). Eight
weeks post-transplantation, the Igf1r-/- transplanted animals had a
significant decrease in the number of developed glands, as well as
macroscopic abnormalities in ductal branching and terminal end
bud (TEB) growth. Despite normal cellular organization of the ducts
and TEBs in these animals, BrdU and TUNEL staining of 4-week
post-transplantation mammary outgrowths revealed a significant
decrease in proliferation and no evidence of cell death in TEB cells,
specifically in the cap cell layer, which is responsible for most ductal
outgrowth during puberty and harbors stem/progenitor populations
Frontiers in Endocrinology | www.frontiersin.org 2126
necessary for formation of the ductal tree. This phenotype is
strikingly similar to the developmental phenotype in the Igf1
knockout mouse, where the number of TEBs and ductal
expansion through the mammary fat pad was dramatically
reduced, independently validating these observations (14). In
contrast, mice with a heterozygous knockout of Igf had defects in
alveogenesis during pregnancy, however, the lumens of preexisting
alveoli were occluded with clusters of hyperproliferative epithelial
cells (15). The phenotype observed in the Igf1r-/- transplantation
model was partially rescued during pregnancy, where the pregnant
Igf1r-/- transplanted animals exhibited a larger, hormone-induced
fat pad outgrowth than wildtype transplanted mice relative to their
virgin counterparts (3). This finding may be a result of a
hypothetical decrease in dependence on IGF signaling and an
increase in progesterone and prolactin signaling that takes place
during the early stages of pregnancy and drives cellular proliferation
and differentiation to fill the fat pad in preparation for lactogenesis
(16, 17). Another potential explanation could be compensatory
insulin receptor (INSR) signaling in the absence of Igf1r expression,
supported by the observations that INSR substrates 1 and 2 undergo
significant hormone-mediated changes during pregnancy (18).

To further define how IGF1R signaling influences mammary
gland development during pregnancy, Sun et al. developed a model
denoted as WAP-dnIGF1R (8). In this mouse model, the whey acid
protein (WAP) promoter controls expression of a dominant-
negative human IGF1R that is activated during mid-pregnancy at
the onset of lactogenesis. These mice exhibited decreased alveolar
outgrowth accompanied by a decrease in proliferation and no
change in apoptosis (similar to the Igf1r-/- transplantation studies)
suggesting the absence of required growth signals, i.e. IGF1 and
IGF2 acting through the IGF1R. Additionally, these glands had
alveolar differentiation as well as myoepithelial defects including a
less elongated cellular morphology and a decrease in myoepithelial
cell number as determined by reduced keratin (Krt)14 expression
(8). Consistent with these in vivo observations indicating that IGF1/
June 2022 | Volume 13 | Article 911079
TABLE 1 | Summary of the mouse models used to study the function of IGF1R in development and tumorigenesis.

Models of IGF1R Function in the Mammary Gland

Genotype Biological
Context

IGF1R Status Phenotype Effect on Tumor
Phenotype

Reference

Igf1r-/- systemic KO Development Deleted Embryonic lethal, 45% normal birthweight, delayed bone/skin
development

N/A (1)

Igf1r+/+, Igf1r+/-, Igf1r-/-

transplantation
Development Deleted Limited branch outgrowth and TEB formation during puberty N/A (3)

WAP-dnIGF1R Pregnancy Inhibited; mutated
receptor

Decreased branching outgrowth, delayed alveolar density/
differentiation during pregnancy

N/A (8)

MMTV-dnIGF1R Development Inhibited; mutated
receptor

Decreased post-pubertal branching, increased luminal progenitor
and basal populations

N/A (9)

MMTV-CD8a-IGF1R Tumorigenesis Constitutively
activated

Induced tumorigenesis, increased luminal progenitor population Promoting (10)

MTB-IGF1R Tumorigenesis Overexpressed Induced tumorigenesis Promoting (11)
Eef1a1-Kras*/WAP-Cre/

Igf1rfl/fl
Tumorigenesis Deleted Increased tumor latency Promoting (12)

MMTV-Wnt1/dnIGF1R Tumorigenesis Inhibited; mutated
receptor

Increased luminal progenitor and basal populations, decreased
latency, increased metastasis

Suppressing (9)

MMTV-Wnt1/K8-CreERT/
Igf1rfl/fl

Tumorigenesis Deleted Increased luminal progenitor and basal populations, decreased
latency, increased metastasis

Suppressing (13)
N/A, Not Applicable.
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IGF1R signaling functions in mammary epithelial cell
differentiation, Merlo et al. showed that HC11 cells, an
immortalized and undifferentiated mouse mammary epithelial cell
line, can be induced to differentiate and activate milk protein gene
casein (Csn)2 expression in vitro using media containing prolactin,
dexamethasone, and IGF1 (19, 20). These studies solidified the
importance of IGF1R in normal mammary gland differentiation in
addition to TEB cap cell proliferation during puberty.

Much of the subsequent studies and models developed to
expand on the role of IGF1R in mammary gland biology were
performed in the context of mammary carcinogenesis and,
consequently, will be introduced and discussed partly in this
section on IGF1R in mammary gland development and
elaborated on in the next section. The first such model in
order of publication was the MMTV-CD8a-IGF1R mouse (10).
This line utilizes the mouse mammary tumor virus (MMTV)
promoter that is highly active in mammary epithelial cells to
express a constitutively active CD8a-IGF1R chimeric protein.
The biochemical nature of the CD8a extracellular domain results
in homodimerization after expression due to its affinity to form
intramolecular disulfide linkages (10, 21). Homodimerization of
the chimeric protein induces transphosphorylation and
constitutive activation of the intracellular IGF1Rb subunits.
Whole mount staining of these glands during pubertal growth
demonstrated an obvious phenotype of reduced TEB and fat pad
outgrowth, defective ductal branching, and hyperproliferation of
epithelial cells within the lumen of the ducts. As a result, the
glands were morphologically dense and hyperplastic, resulting in
tumorigenesis at about 8 weeks of age (10).

The MMTV-CD8a-IGF1R model addresses the role of
constitutively active IGF1R in mammary gland development
but may not recapitulate overexpression of IGF1R that would
rely on endogenously expressed ligand activation. The MTB-
IGF1R mouse is a mammary epithelium specific doxycycline-
inducible IGF1R overexpression model that was created to
investigate this gap in knowledge (11). Interestingly, this group
found a similar developmental phenotype to the CD8a-IGF1R
mice where ductal outgrowth was ablated and the tissue was
densely clustered, hyperplastic, and hyperproliferative. This
increase in proliferation was subsequently shown to be
controlled by expression of cyclin D1 (22). As with the CD8a-
IGF1R model, the hyperplasia eventually developed into palpable
mammary tumors with an average latency of 71-78 days (11).

We also generated additional mouse lines to explore IGF1R
function in both mammary gland development and
tumorigenesis. The results of these studies yielded the MMTV-
dnIGF1R line that expresses the same kinase-dead IGF1R mutant
as the WAP animals referenced above (9). As with the gain of
function models, this line with reduced IGF1R signaling makes
use of the MMTV promoter that is activated in all mammary
epithelial cells early in development. Post-pubertal glands
expressing the dnIGF1R lacked extensive tertiary ductal
alveolar budding at late pubertal stages after multiple estrous
cycles, consistent with the Igf1r-/- transplantation studies
showing reduced alveolar differentiation during pregnancy.
Flow cytometry analyses of the MMTV-dnIGF1R post-pubertal
Frontiers in Endocrinology | www.frontiersin.org 3127
glands revealed enriched luminal (Lin-CD24+CD29low) and
luminal progenitor (Lin-CD24+CD29lowCD61+) and decreased
myoepithelial (Lin-CD24+CD29high) cell populations (9).
IGF1R IN MOUSE MAMMARY
TUMORIGENESIS

Tumor Promoting Functions
A common conclusion of numerous published reports
investigating IGF/IGF1R function in mammary tumorigenesis
in vivo is that dysregulation of this pathway is sufficient to either
induce tumorigenesis or to modulate the primary tumor
phenotype (for summary, see Table 1). In the CD8a-IGF1R
model, the authors described the primary tumors as highly
proliferative and histologically homogeneous with areas of
apparent necrosis (10). The high proliferation phenotype
allowed the authors to culture primary cells and create
xenograft models to determine the efficacy of IGF1R inhibitors
on tumor cell growth. In this case, inhibition of IGF1R was
sufficient to decrease proliferation, suggesting IGF1R as a
potential target for chemotherapeutics (10). Farabaugh and
colleagues continued to characterize this model and performed
flow cytometry to investigate potential changes in epithelial
lineages (23). Their findings revealed an increase in the basal
population (Lin-CD24+CD29highCD61+) in the preneoplastic
glands; however, this population was absent in CD8a-IGF1R
tumors where, instead, the luminal progenitor population (Lin-

CD24+CD29lowCD61+) was increased (23). Furthermore, when
these tumors were dissociated and subjected to in vitro
differentiation assays, the resulting tumorspheres more closely
resembled myoepithelial-like colonies, distinguished from their
luminal counterparts by morphological analysis. This is
consistent with the observations that luminal progenitors
retain the capacity to differentiate into basal cells and further
suggests an influence of IGF1R activation on mammary
epithelial cell differentiation (24).

Perhaps not surprisingly, theMTB-IGF1R overexpression model
showed a similar histological tumor phenotype to the CD8a-IGF1R
model. Two tumor pathologies were described where smaller
tumors histologically presented as solid sheets of cells with sparse
extracellular space, similar to CD8a-IGF1R tumors, and larger
tumors were more vacuous and likened to the phenotype of Wnt-
driven mammary tumors (11). More recently, work in the MTB-
IGF1R model revealed that expression of the microRNA cluster
miR-200b/200a/429 suppresses tumor initiation driven by IGF1R
overexpression although the intricacies of the mechanism remain
unclear (25). Another, previously unmentioned, mouse mammary
tumor model is the Eef1a1-Kras*/WAP-Cre/Igf1rfl/fl mouse line.
This mouse line contains a mutated Kras gene including a
premature stop codon, flanked by loxP sites for Cre recombinase
recognition, under the control of a translational elongation factor
promoter, Eef1a1, that is ubiquitously expressed in all cell types.
Constitutive activation of Kras is controlled through tissue specific
expression of Cre recombinase in order to remove the premature
stop codon, resulting in constitutive Kras activation in a tissue of
June 2022 | Volume 13 | Article 911079
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interest and subsequent tumor formation. Utilizing the WAP-Cre
allowed the authors to study tumorigenesis specifically in pregnant
mice. Tumors arising in these animals exhibit a basal-like gene
expression signature in addition to upregulation of Igf1r expression,
determined bymicroarray analysis, which led the authors to identify
IGF1R as a viable therapeutic target. This model was developed as a
proof-of-concept with the goal of inhibiting tumorigenesis in
Eef1a1-Kras*/WAP-Cre animals. Conditional deletion of Igf1r
significantly increased tumor latency in pregnant mice,
reaffirming the status of IGF1R as an oncogene (12). These
models provided strong in vivo evidence to support the
conclusions that IGF1R is indeed pro-tumorigenic and has a
particular role in promoting tumor cell proliferation.

Tumor Suppressing Functions
In contrast to the above studies, other transgenic mouse lines exist
that provide evidence supporting tumor and metastasis suppressive
functions for the IGF1R (Table 1). We have generated novel
transgenic mouse lines that alter either IGF1R function or
expression in the context of Wnt1-driven tumorigenesis.
Previously, we crossed the aforementioned MMTV-dnIGF1R line
with the widely studied MMTV-Wnt1 mammary tumor model, to
generate a double transgenic animal, MMTV-Wnt1/dnIGF1R, to
investigate the role of IGF1R signaling in a basal-like mouse model
of breast carcinogenesis. Attenuating IGF1R signaling in this model
resulted in a dramatic phenotype characterized by decreased tumor
latency, increased tumor multiplicity, and a significant increase in
lung metastasis in an otherwise low (<15%) metastatic tumor
model, an observation that is unreported in the IGF1R
overexpression models. These tumors have enhanced basal cell
(Lin-CD24+CD29high) and luminal progenitor (Lin-

CD24+CD29lowCD61+) populations, suggesting inhibition of
IGF1R interferes with differentiation or maintenance of a
differentiated state (9). In addition to changes in cell population
heterogeneity, these tumors have increased matrix
metalloproteinase-secreting monocyte infiltration, collagen
staining, as well as decreased epithelial adhesion originating from
changes in cadherin expression (13, 26). Working with the MMTV-
Wnt1/dnIGF1R animal model led to the question of cell lineage
contribution to tumor initiation and metastasis. This resulted in the
development of a novel system with a lineage-specific deletion of
Igf1r in the context of Wnt-driven mammary gland tumorigenesis.
The MMTV-Wnt1/K8-CreERT/Igf1rfl/fl line allows for investigation
into the role of IGF1R specifically in the luminal lineage and to
determine its effect on tumor phenotype. Similar to the dnIGF1R
expressing Wnt tumors, luminal specific deletion of IGF1R resulted
in lower tumor latency and increased metastasis compared to
control animals (13). Work to fully characterize this model is
still ongoing.
IGF1R IN HUMAN BREAST CANCER

Early studies investigating IGF1R expression in human breast
cancer patients produced conflicting reports as to the prognostic
value of IGF1R expression in patient samples (27–29). This was
Frontiers in Endocrinology | www.frontiersin.org 4128
likely due to the varied methodologies employed in each study to
determine expression, which was usually limited to
immunohistochemical analysis of a small, finite number of
relevant markers. In addition, the studies had relatively small
sample sizes and lacked other relevant information, such as tumor
molecular subtype. Microarray technology to evaluate gene
expression in human breast cancer samples allowed researchers
to identify gene expression profiles that characterized several
genetically distinct tumor subtypes denoted as normal-like,
luminal-A, luminal-B, HER2+, and triple-negative/basal-like (30,
31). In one of the earliest and largest (n = 2871) reports applying
these criteria in conjunction with IGF1R expression data from
human breast cancer patients, Yerushalmi et al. found a significant
positive correlation between high IGF1R expression (IHC Allred
score ≥ 7) and breast-cancer-specific survival (BCSS) in patients
with luminal-B tumors. Conversely, high IGF1R expression was
elsewhere associated with worse BCSS in patients with HER2/
ERBB2-enriched tumors (32). Around the same time, other
groups reported a strong positive correlation between IGF1R
expression and patients harboring luminal type tumors and with
BCSS (33–36). Additionally, a subsequent meta-analysis including
data from these publications amongst others (10 studies, 5,406
patients) reiterated the findings that IGF1R expression levels
positively correlated with overall survival and BCSS in hormone
receptor positive tumors, but negatively correlated with survival in
triple negative tumors (37). Taken together, these observations
support the hypothesis that the role of IGF1R in the primary
tumor phenotype is highly context dependent.

The relatively recent development of free, internet-based
genomics tools to help facilitate advancement in cancer
research has been become an invaluable resource. One such
tool is the cBioPortal which functions to consolidate the ever-
increasing number of publicly available human cancer datasets
into one, easily searchable, user-friendly application (38, 39). To
date, one such analysis through cBioPortal has been published
employing The Cancer Genome Atlas (TCGA) RNA-sequencing
breast cancer subset to further delineate correlations between
IGF and insulin signaling molecule expression and PAM50
tumor molecular subtype (40–42). The major finding of this
analysis, that included a number of molecules involved in these
pathways was that IGF-related molecules are enriched on the
transcriptional level in normal-like, luminal-A, and luminal-B
tumors, and decreased in HER2+ and basal-like tumors,
consistent with previous reports. Interestingly, INSR signaling
has frequently been discussed as a possible compensatory
mechanism for tumor cells when IGF1R is inhibited; however,
these data suggest a positive correlation between IGF1R
expression and INSR expression in human tumors. We
performed a similar analysis for IGF1R expression using a
different human breast cancer dataset, the Molecular
Taxonomy of Breast Cancer International Consortium
(METABRIC) database, with a focus on correlations between
IGF1R expression and PAM50 subtype, as well as probability of
survival (43, 44). This analysis further confirmed a positive
association with IGF1R expression and hormone receptor
positive tumors and a negative correlation with triple-negative
June 2022 | Volume 13 | Article 911079
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tumors. Importantly, high IGF1R expression was associated with
a better probability of survival, regardless of hormone receptor
status (26).

Here, we extend these analyses by using cBioPortal to further
explore the human data in both TCGA (TCGA Firehose Legacy)
and METABRIC databases. Narrowing the available patient set
to only include tumors which express higher than average IGF1R
Frontiers in Endocrinology | www.frontiersin.org 5129
(z-score > 1) and lower than average IGF1R (z-score < -1), we see
a shift in the PAM50 subtypes where IGF1Rhigh tumors are more
commonly luminal-A and luminal-B and IGF1Rlow tumors are
classified more commonly as basal, ERBB2+/HER2+, or claudin-
low (Figure 1A). Additionally, in both the METABRIC and
TCGA subsets, there are lower levels of hormone receptor
expression in the IGF1Rlow cohort compared to IGF1Rhigh as
A B

D

E

F

C

FIGURE 1 | Clinical characteristic and gene expression analysis of IGF1Rhigh and IGF1Rlow human breast tumors from the Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) and The Cancer Genome Atlas (TCGA) databases. Cohorts were generated by classifying patients by either high (z-score > 1,
METABRIC n = 300, TCGA n = 128) or low (z-score < -1, METABRIC n = 415, TCGA n = 153) expression of IGF1R, while average patients (-1 < z-score < 1) were
excluded. (A) PAM50 classification of patient tumors and hormone receptor expression status. (B) Lymph node positivity. (C) Gene expression microarray data for
ESR1, PGR, GATA3, and CCND1. (D) Hormone receptor status in the TCGA cohorts. (E) Mutation count. (F) Gene (left) and protein (right) expression data for ESR1,
PGR, GATA3, and CCND1. Statistical analyses were generated by cBioPortal and are student t-tests, where significance was defined as p < 0.05. N/A, Not Available.
June 2022 | Volume 13 | Article 911079
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well as a correlation with HER2+ tumor classification
(Figures 1A, C, D, F), similar to the findings of Farabaugh et
al. (41). Interestingly, lymph node positivity, a readout of early-
stage metastasis, is ~20% higher in the METABRIC IGF1Rlow

group, providing a human correlation between low IGF1R levels
and metastasis, consistent with our previous observations in the
MMTV-Wnt1/dnIGF1R model [Figure 1B (9)]. In the TCGA
dataset, these observations are consistent and extend beyond the
level of transcription with the protein expression data that is also
available for each tumor sample (Figure 1F, right). Mutational
load was another clinical characteristic that was altered between
the groups with IGF1Rlow patients having a higher mutational
burden (Figure 1E). Expression of CCND1 in both datasets is
increased in the IGF1Rhigh groups and recapitulates the findings
from the MTB-IGF1R model that tumorigenesis resulting from
IGF1R overexpression is cyclin D1-driven [Figures 1C, F (22)].
Furthermore, expression of IGF1R is also positively correlated
with GATA3, a well characterized promoter of luminal lineage
differentiation and whose loss of expression is associated with
enrichment of the luminal progenitor population [Figures 1C, F
(45, 46)].
DISCUSSION

The field’s understanding of the role of IGF1R in breast cancer
has continued to evolve over decades of study. Early work
summarized above convincingly justified the classification of
IGF1R as an oncogene with potent value as a therapeutic
target in human patients. More recently, though, following the
failure of the many clinical trials initiated with the goal of
inhibiting IGF1R in human patients, and recent data
illustrating the effect of inhibiting IGF1R on enhancement of
metastasis, it has become clear that the receptor’s role in
tumorigenesis is more nuanced and complicated than
previously thought. This is also reflected in the literature by a
number of studies that attempt to identify different mechanisms
of compensation induced by IGF1R inhibition and the efficacy of
a dual inhibitory approach with drugs such as cisplatin,
trastuzumab, and others (47–51). Conversely, in some
contexts, it may be beneficial to subsequently target the IGF
pathway in situations where upregulation or activation is
observed secondary to administration of therapy (52).
Importantly, however, the mechanistic questions still remain as
to how both driving and blocking IGF signaling via IGF1R result
in a tumor promoting phenotype.

Constitutive activation or overexpression of IGF1R is
sufficient to induce tumorigenesis characterized by tumors with
an increased luminal progenitor population (11, 23). Previous
work from our lab utilizing the MMTV-Wnt1/dnIGF1R mouse
tumor model also observed a similar increase in the tumor
luminal progenitor population (9). This seemingly
contradictory observation could potentially be explained when
considering the different biological processes in which IGF1R
plays a role, context (or cell type/stage) specificity, and the
unlikely compatibility of data from many of the models
Frontiers in Endocrinology | www.frontiersin.org 6130
outlined above. In the case of the MMTV-CD8a-IGF1R model,
it is feasible to hypothesize that constitutive activation of IGF1R
is driving proliferation of the luminal progenitors at the
adolescent stage prior to the onset of puberty, since this is the
developmental stage during which the MMTV-LTR activates
(53). This is further supported by the data demonstrating that
these mice have stunted ductal outgrowth accompanied by
hyperproliferation of epithelial cells within the lumens of the
rudimentary ductal tree, as well as similar developmental defects
also observed in the MTB-IGF1R overexpression model. This
suggests that the cell-of-origin for the CD8-IGF1R tumors is
possibly a luminal progenitor cell whose proliferation may be
driven early in development through IGF1R signaling.

On the other hand, the shift seen in the luminal progenitor
population of the MMTV-Wnt1/dnIGF1R model could be
attributed to both the fact that the tumors are formed as a
result of Wnt1 overexpression [which could potentially drive
progenitor cell expansion (54)] and the strongly supported role
of IGF1R in luminal lineage differentiation. Early work in the
MMTV-Wnt1model has shown that these tumors express both
Krt6 and Sca1, markers for mammary progenitor cells that are
not expressed in tumors arising from MMTV-Neu or MMTV-
PyMT animal, suggesting a role of progenitors in initiation of
Wnt-driven tumors (54). Tumors resulting from the MMTV-
Wnt1 mouse tumor model are phenotypically basal-like, and
historically, basal-like tumors were hypothesized to originate
from a transformed myoepithelial progenitor cell (55).
However, Molyneux et al. demonstrated that basal-like
tumors resulting from BRCA1 mutations are derived from
luminal progenitors, and not myoepithelial cells (24, 56).
Similar to the MMTV-Wnt1 mouse, tumors containing
BRCA1 mutations have a significant population of luminal
progenitors. Additionally, BRCA1 plays a role in the DNA
damage response, a process that IGF1R has also been shown to
positively regulate, suggesting inhibition of BRCA1 could
potentially result in a similar phenotype as inhibition of
IGF1R [Figure 1E (47, 57, 58)]. This mechanism could
hypothetically be influenced by a decrease in IGF1R signaling
resulting in a block of luminal lineage differentiation while
concomitantly hampering the DNA damage response, driving
accumulation of luminal progenitors, and increasing the
statistical odds of tumor initiation in this population as a
result of an increase in mutational burden, especially in the
context of Wnt1-driven proliferation.

Another important piece of data unique to the MMTV-Wnt1/
dnIGF1R model was an observed shift in insulin receptor isoform
expression. The gene expression ratio of INSR-A to INSR-B is
significantly higher in these tumors and is of importance due to the
high affinity of IGF2 for INSR-A, identifying one potential
mechanism of resistance to IGF1R inhibition (9). Critically, a
similar correlation was seen in human participants of at least one
unsuccessful IGF1R-targeting clinical trial where patients, regardless
of treatment group, with higher expression levels of INSR-A or
INSR-B had significantly shorter progression-free survival (59).
These observations serve to further support the translational
relevance of the MMTV-Wnt1/dnIGF1R model to human disease.
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An important distinction between the overexpression/
constitutive activation and inhibition models is the fact that
tumors arising from inhibition of IGF1R are metastatic, while the
existence of metastases in the former has not been reported (9).
This is particularly of interest considering metastasis is the
overwhelming cause of death in cancer patients (60). A recent
study of breast cancer patients published in 2017 revealed a
correlation between metastasis and low levels of IGF1R in
isolated circulating tumor cells, further supporting the
metastatic phenotype seen in our model and the human
METABRIC data [Figure 1B (61)]. In conclusion, the studies
summarized in this mini review highlight the clinical relevance of
contextual IGF1R expression during breast cancer tumorigenesis
and emphasize the need for further research in order to more
thoroughly define the mechanisms distinguishing IGF1Rhigh and
IGF1Rlow tumors with the ultimate goal being more targeted and
effective therapeutic strategies for patients.
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