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Editorial on the Research Topic 


Endocrinology in Cancer and Aging


The Research Topic on “Endocrinology in Cancer and Aging” associated to the 7th edition of the International Congress on « Innovative therapeutics for Cancer and Ageing diseases » held in Wuhan (China) in October, 2019 generated a lot of interest with currently (June 2020) more than 22,000 views and more than 4,700 downloads of the 15 articles of this Research Topic.

Two articles of the Research Topic are authoritative review articles written by international experts in their fields. Duvillié et al. report on the interplay between type 2 diabetes and pancreatic ductal adenocarcinoma and insulinoma. The authors expose the complex landscape of the bidirectional interaction between diabetes and cancer that includes also obesity as a risk factor for diabetes, the influence of aging, genetic risk factors and pharmacological treatments. The authors try to consolidate the multiple interactions on the cellular and molecular level. Strous et al. focus in their review on growth hormone receptor (GHR) signaling pathways playing important roles in growth, metabolism, cancer and aging. As a cytokine receptor, GHR is regulated by signaling effectors that promote (i.e. JAK/STAT) or inhibiting (i.e. SOCS) GHR signaling as well as by ubiquitination followed by receptor proteasomal degradation, endocytosis and lysosomal degradation. The significance of GHR signaling for cancer development is demonstrated by mutations in the SOCS2-GHR axis that increases lung cancer risk as pointed out by the authors.

Several original articles of this Research Topic are studying the relation between diabetes and cancer in humans. In a prospective cohort study of 37,993 cancer survivors, Tao et al. found that diabetes increases the risk of all-cause mortality among breast, prostate, and colorectal cancer survivors but not for pre- or post-diagnosis diabetes.

In a case-control study on approximately 300 women with endometrial or ovarian cancer and a similar number of matched controls Liu et al. report that women with a history of gestational diabetes mellitus (GDM) or with the delivery of “large for gestational age” infants show increased the risk of developing endometrial cancer but not ovarian cancer. In contrast, the increase in risk of endometrial cancer was not observed in women with a history of preeclampsia. The authors speculate that increased placental leptin expression observed in GDM but not in preeclampsia might explain this difference.

Two association studies focused on elderlies. The study of Li et al. shows an association between polymorphisms in the Apolipoprotein E (APOE) gene, an important phospholipid and cholesterol transporter, with less depressive symptoms and higher serum LDL in Chinese elderly patients with schizophrenia, and a negative correlation between depressive symptoms and LDL. The study of Roh et al. shows that high body weight variability, i.e. repeated loss and regain of weight, is associated with an increased risk of dementia in a cohort of 19,987 elderly Korean. These studies highlight the increasingly recognized impact of metabolic dysfunction on dementia and schizophrenia.

Other articles report new biomarkers and advances in therapeutic solutions. Huang et al. analyzed the exosomal proteins present in the urine of 16 patients with papillary thyroid carcinoma and follicular thyroid carcinoma. By comparing the profiles before and after operation they identified serum thyroglobulin as a new biomarker for thyroid cancer. In a collection of 183 familial pancreatic neuroendocrine tumors Cuthbertson et al. showed that Ga-68 PET/CT imaging, a method based on the detection of somatostatin receptors present in 70-90 percent of neuroendocrine tumors, more accurately stages and guides the treatment of these patients.

In a retrospective study with 50 patients Wang et al. conclude that early diagnosis of primary adrenal lymphoma depends on a combination of biochemical examination, imaging studies, and pathological biopsy, and that a combined chemotherapy is associated with a good prognosis. Similarly, 58 patients with primary thyroid diffuse large B cell lymphoma having received a combination chemotherapy with radiotherapy had a better prognosis as reported by Yi et al. in a retrospective study.

The Research Topic includes also two insightful case reports. One on a 47-year-old female patient with primary adenoid cystic carcinoma of the upper anterior mediastinum mimicking a thyroid tumor (Wu et al.) and another on a 67-year-old man with a history of follicular thyroid carcinoma and papillary thyroid microcarcinoma (Wang et al.).

One original article uses an animal model, the MMTV-PyVT transgenic mouse model of spontaneous mammary tumors, to pinpoint the upregulation of quinolinate phosphoribosyltransferase (QPRT), an enzyme participating in NAD+ homeostasis (Liu et al.). Complementary in vitro studies in breast cancer cells indicate that QPRT enhanced breast cancer invasiveness probably through purinergic signaling and myosin light chain phosphorylation.

The two last original articles focus on in vitro studies to better understand the molecular mechanisms of cancer development. In the first study Wang et al. wanted to understand the effect of 17β-estradiol (E2) in the treatment of pelvic organ prolapse (POP) by determining the proliferation, apoptosis, and protein expressions of fibroblasts. The authors show that E2 can inhibit the progress of POP by inhibiting the expression level of mitofusin-2, a key regulator of mitochondrial fusion and division (Wang et al.). In second in vitro study starts from Czogalla et al. with a histological observation. The authors analyzed the expression of the scaffolding protein β-arrestin 2 in 156 patients with ovarian cancer. They show that high β-arrestin 2 expression correlates with high-grade serous histology and the expression of the gonadotropin receptors FSHR and LHCGR, as well as the membrane estrogen receptor GPER and hCGβ (Czogalla et al.). These results were confirmed by in vitro experiments in several cell lines. The authors propose β-arrestin 2 as a prognostic factor and a promising target for new therapeutic approaches in advanced ovarian cancer.

In conclusion, this Research Topic spans the full range of articles from case reports to studies on large cohorts, from original to review articles, from animal to human studies and from in vitro to in vivo studies. Altogether this collection makes a significant contribution to our understanding of endocrinology in cancer and aging.
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Objective: The relationship between diabetes and all- and cause-specific mortality in individuals with common cancers (breast, colorectal, and prostate) remains both under-researched and poorly understood.

Methods: Cancer survivors (N = 37,993) from the National Health Interview Survey with linked data retrieved from the National Death Index served as our study participants. Cox proportional-hazards models were used to assess associations between pre- and post-diabetes and all-cause and cause-specific mortality.

Results: Over a median follow-up period of 13 years, 2,350 all-cause, 698 cancer, and 506 CVD deaths occurred. Among all cancer survivors, patients with diabetes had greater risk of: all-cause mortality [hazard ratio (HR) 1.35, 95% CI = 1.27–1.43], cancer-specific mortality (HR: 1.14, 95% CI = 1.03–1.27), CVD mortality (HR: 1.36, 95% CI = 1.18–1.55), diabetes related mortality (HR: 17.18, 95% CI = 11.51–25.64), and kidney disease mortality (HR: 2.51, 95% CI = 1.65–3.82), compared with individuals without diabetes. The risk of all-cause mortality was also higher amongst those with diabetes and specific types of cancer: breast cancer (HR: 1.28, 95% CI = 1.12–1.48), prostate cancer (HR: 1.20, 95% CI = 1.03–1.39), and colorectal cancer (HR: 1.29, 95% CI = 1.10–1.50). Diabetes increased the risk of cancer-specific mortality among colorectal cancer survivors (HR: 1.36, 95% CI = 1.04–1.78) compared to those without diabetes. Diabetes was associated with higher risk of diabetes-related mortality when compared to non-diabetic breast (HR: 9.20, 95% CI = 3.60–23.53), prostate (HR: 18.36, 95% CI = 6.01–56.11), and colorectal cancer survivors (HR: 12.18, 95% CI = 4.17–35.58). Both pre- and post-diagnosis diabetes increased the risk of all-cause mortality among all cancer survivors. Cancer survivors with diabetes had similar risk of all-cause and CVD mortality during the second 5 years of diabetes and above 10 years of diabetes as compared to non-diabetic patients.

Conclusions: Diabetes increased the risk of all-cause mortality among breast, prostate, and colorectal cancer survivors, not for pre- or post-diagnosis diabetes. Greater attention on diabetes management is warranted in cancer survivors with diabetes.

Keywords: diabetes, all-cause, cancer, cardiovascular disease, mortality, cohort study


INTRODUCTION

Diabetes is a major public health burden. The prevalence of diabetes is projected to increase to 439 million adults by 2030. By this time, the disease burden in adults living with diabetes is estimated to increase by 20 and 69% in developing and developed countries, respectively (1, 2).

Diabetes mellitus (DM) and cancer are two common diseases affecting aging populations worldwide, which commonly co-occur. These associations are complex and may be cancer specific (3). On one hand, strong evidence links diabetes to an increased risk of breast and colorectal cancer onset (4, 5). On the other hand, there is some evidence it may be associated with decreased risk of prostate cancer onset (6). For those with a cancer diagnosis or history of the condition, there is evidence that diabetes may increase overall mortality risk. Previous studies have reported that diabetes increased the all-cause and cancer-specific mortality for cancer survivors compared to those without diabetes (7), including breast (8), colorectal (7–9), and prostate cancer survivors (10, 11). Interestingly, individuals with both diabetes and a history of cancer also have higher rates of cardiovascular mortality when compared to those without diabetes among the general population (12, 13). However, the relationship between diabetes and all- and cause-specific mortality in individuals with common cancers (breast, colorectal, and prostate) remains both under-researched and poorly understood.

This study aimed to estimate the associations of pre- and post-diagnosis diabetes, and duration of diabetes with all-cause, cancer-specific and CVD mortality among U.S. breast, prostate and colorectal cancer survivors in a large prospective cohort study.



METHODS


Study Population

The National Health Interview Survey (NHIS) is a stratified, multistage probability survey that samples an average of 57,000 adults per year to estimate the health of the U.S. population, the prevalence and incidence of disease, the extent of disability, and the use of health care services. One adult is randomly selected from each selected household for a detailed interview on health and other behaviors.

A total of 493,365 adults from the 13 cross-sectional waves (i.e., from 1997 to 2013) and their linked mortality data ending in December 31, 2015 was included in this analysis. After excluding missing data on diabetes, we identified 37,993 adults cancer survivors, including 6,330 breast cancer patients, 3,916 prostate cancer patients, and 2,656 colorectal cancer patients. A total of 5,174 cancer survivors diagnosed as diabetes, including 1,020 in breast cancer patients, 743 in prostate cancer patients and 509 in colorectal cancer patients. Totally, we identified 4,724 patients with diabetes prior to cancer diagnosis and 450 patients with diabetes after cancer diagnosis (Figure 1).


[image: Figure 1]
FIGURE 1. Analytic sample selection.




Diabetes

Self-reported diabetes was based on responses to questions “Have you ever been told by a doctor or other health professional that you had…” Women reporting diabetes occurring only during pregnancy, or adults who responded they had borderline diabetes were considered to not have diabetes. Diabetes was dichotomized into the presence or absence of diabetes (14, 15). Duration of diabetes was calculated by the present age minus the age at diagnosis of diabetes, and was categorized as <5, 5–10, and >10 years. After excluding individuals without diabetes and those with possible type 1 diabetes adults defined by using insulin and age of onset <30 years old which has been validated as accurate in 97% of cases (16).



Covariables

We included demographic variables (i.e., race, gender, education, and marital status), lifestyle variables (i.e., body mass index, physical activity, and alcohol consumption) and comorbid conditions [i.e., hypertension, coronary heart disease (CHD), and stroke]. Body mass index (BMI) was calculated as weight in kilograms divided by height squared (<25, 25–30, and >30 kg/m2). A participant's physical activity was categorized into three groups according to metabolic equivalent task (MET) hours per week (low, 600 MET-h/wk; moderate, 600–3,000 MET-h/wk; high, >3,000 MET-h/wk). Alcohol consumption was categorized into three groups: lifetime abstainer; former drinker; current drinker. Cancer was defined as the presence of the same National Cancer Registry with a specific code (C code) more than three times within a year or an in patient hospitalization with a C code (17). Cancer diagnosed age was defined as the age at diagnosis of cancer and was categorized into <45, 45–65, and >65 years. Duration of cancer was calculated by the present age minus the cancer diagnosed age.



Mortality

Ascertainment of mortality was established using the International Classification of Diseases-10th Revision codes, and study outcomes were defined using as follows: (1) all-cause mortality; (2) cancer-specific mortality (i.e., codes C00–C97); (3) CVD-mortality (i.e., codes I00–I09, I11, I13, and I20–I51, I60–I69); (4) diabetes mellitus (E10–E14); (5) chronic lower respiratory diseases (J40–J47); (6) influenza and pneumonia (J09–J18); (7) Alzheimer disease (G30) and (8) nephritis, Nephrotic syndrome and nephrosis (N00–N07, N17–N19, N25–N27).



Statistical Analysis

We compared participants with and without diabetes for basic characteristics using chi-square test to examine categorical differences in the weighted percentages. According to the baseline hazard to capture the increase in hazard due to aging, age was used as the underlying timescale. To evaluate the association of diabetes with all-cause, cancer and CVD mortality, we computed multivariable-adjusted hazard ratios (HRs) and 95% confidence intervals (CI) using cause-specific Cox proportional hazards models. All analyses were adjusted for age (using it as a timescale), sex, race, education level, income level, marital status, body mass index, smoking status, physical activity, alcohol intake, cancer diagnosed age, duration of cancer, history of hypertension, CHD, stroke, and missing data. We also analyzed the association between duration of diabetes and the risk of disease-specific and all-cause mortality. Besides, the relationship between pre- and post-diagnosis diabetes and mortality was examined among the 5,174 men and women cancer survivors. Two sensitivity analyses were also performed: (1) exclusion of individuals who died within the first 2 years; (2) exclusion of participants with CHD or stroke at interview; (3) excluding individuals with possible type 1 diabetes (defined by being on insulin and having an age of onset <30 years).

All analyses incorporated the complex survey design and were performed by using STATA version 15.0 (Stata Corp, College Station, TX, USA). Two-sided p-values <0.05 were considered significant for statistical inferences.




RESULTS

Descriptive statistics were reported in Table 1. The mean age of cancer survivors was 63 years at baseline. Compared to cancer survivors without diabetes, cancer survivors with diabetes were more likely to be obesity (i.e., BMI > 30 kg/m2) and be less physically active (i.e., low physical activity). Cancer survivors with diabetes tend to have a degree less than high school (24.1% in patients with diabetes, 15.09% in patients without diabetes). Patients with diabetes tend to have a history of hypertension (75.51% in patients with diabetes, 43.49% in patients without diabetes), CHD (24.17% in patients with diabetes, 9.52% in patients without diabetes), and stroke (12.44% in patients with diabetes, 5.38% in patients without diabetes).


Table 1. Basic characteristics.

[image: Table 1]

After a median follow-up period of 13 years, 2,346 all-cause, 698 cancer-specific, and 506 CVD deaths occurred. Figure 2 showed the risk of all-cause, cancer and CVD mortality among diabetic cancer survivors compared to non-diabetic cancer survivors. Compared to non-diabetes cancer survivors, cancer survivors with diabetes had a 35% higher risk of all-cause mortality (HR: 1.35, 95% CI = 1.27–1.43), 14% higher risk of cancer mortality (HR: 1.14, 95% CI = 1.03–1.27), and 36% higher risk of CVD mortality (HR: 1.36, 95% CI = 1.18–1.55). These relationships were stronger for diabetes related mortality (HR: 17.18, 95% CI = 11.51–25.64) and kidney disease mortality 2.51 for (95% CI = 1.65–3.82) who were diabetic survivors when compared to non-diabetic survivors, but no associations were observed between diabetes and risk of chronic lower respiratory disease, influenza and pneumonia, and Alzheimer disease mortality.


[image: Figure 2]
FIGURE 2. Mortality of cancer survivors with diabetes compared to non-diabetic cancer survivors (adjusted for age, sex, race, education level, income level, marital status, body mass index, smoking status, alcohol intake, physical activity, cancer diagnosed age, duration of cancer, history of hypertension, coronary heart disease and stroke, and missing data).


The HRs for all-cause mortality varied from 1.20 to 1.30 among survivors with diabetes diagnosed with breast cancer (HR: 1.28, 95% CI = 1.12–1.48), prostate cancer (HR: 1.20, 95% CI = 1.03–1.39), and colorectal cancer (HR = 1.29, 95% CI = 1.10–1.50). Diabetes increased the risk of cancer-specific mortality among colorectal cancer survivors (HR: 1.36, 95% CI = 1.04–1.78) compared to non-diabetic survivors, but not in breast and prostate cancer survivors. Diabetes was associated with higher risk of diabetes related mortality in breast (HR: 9.20, 95% CI = 3.60–23.53), prostate (HR: 18.36, 95% CI = 6.01–56.11), and colorectal cancer survivors (HR: 12.18, 95% CI = 4.17–35.58), compared to non-diabetic cancer survivors. Diabetes increased the risk of chronic lower respiratory disease mortality (HR: 1.92, 95% CI = 1.14–3.24) and kidney disease mortality (HR: 2.96, 95% CI = 1.07–8.22) among breast survivors compared to non-diabetic survivors, but not in colorectal and prostate cancer survivors.

Pre-diagnosis diabetes increased the risk of all-cause mortality (HR: 1.35, 95% CI = 1.27–1.44), cancer mortality (HR: 1.14, 95% CI = 1.02–1.28), CVD mortality (HR: 1.38, 95% CI = 1.20–1.59), diabetes mellitus mortality (HR: 17.82, 95% CI = 11.86–26.79), Alzheimer's disease mortality (HR: 1.66, 95% CI = 1.01–2.72), and kidney disease mortality (HR: 2.45, 95% CI = 1.60–3.75), respectively among all cancer survivors. Post-diagnosis diabetes increased the risk of all-cause mortality (HR: 1.35, 95% CI = 1.12–1.63) and diabetes mellitus mortality (HR: 8.62, 95% CI = 3.83–19.39), but not in other mortality. For specific cancer sites, pre-diagnosis diabetes increased the risk of all-cause mortality in prostate (HR: 1.21, 95% CI = 1.01–1.43) and breast cancer survivors (HR: 1.31, 95% CI = 1.10–1.57), not in colorectal cancer survivors. Post-diagnosis diabetes did not confer obvious increased risk of all-cause mortality for prostate and colorectal cancer sites except breast cancer (HR: 1.25, 95% CI = 1.02–1.52). Additional information were detailed in Table 2.


Table 2. Mortality of cancer survivors with pre-diagnosis diabetes group compared to non-diabetic group.

[image: Table 2]

As summarized in Table 3, cancer survivors with diabetes had similar risk of all-cause and CVD mortality during the second 5 years of diabetes [(HR: 1.44, 95% CI = 1.29–1.60); (HR: 1.43, 95% CI = 1.13–1.82)] and above 10 years [(HR = 1.41, 95% CI = 1.30–1.52); (HR: 1.45, 95% CI = 1.22–1.71)] as compared to non-diabetic participants. However, cancer survivors with duration of diabetes 5–10 years (HR: 1.40, 95% CI = 1.15–1.70) achieved the highest risk of cancer mortality compared to those with duration of diabetes <5 years or more than 10 years. Compared to non-diabetic survivors, cancer survivors with diabetes with duration for 0–5 years (HR: 10.97, 95% CI = 6.28–19.16), 5–10 years (HR: 11.04, 95% CI = 6.20–19.64), and more than 10 years (HR: 24.11, 95% CI = 15.55–37.38) were at increased risk of diabetes related mortality.


Table 3. Duration of diabetes among cancer survivors compared to those without diabetes.
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We conducted a sensitivity analysis excluding individuals who were followed up for less than the first 2 years, those with CHD, stroke. Exclusion of individuals with possible type 1 diabetes did not largely affect the HRs indicating the robustness of results (data not shown).



DISCUSSION

This large prospective study showed that compared to cancer survivors without diabetes, cancer survivors with diabetes had higher risk of all-cause, cancer-specific, and CVD mortality. Further they had an increased risk of all-cause, but not cancer specific mortality as the duration of diabetes increased. These findings add to a largely equivocal evidence base on this relationship.

Diabetes elevates all-cause and cancer specific mortality is consistent with a recent study which showed similar findings in individuals with established prostate cancer (11) as well as other studies in patients with breast and colorectal cancer (8). Some types of cancer are treated less aggressively in cancer survivors with diabetes than those without diabetes (18). In our study, pre-diagnosis diabetes increased the risk of all-cause mortality after adjusting for covariables in breast and prostate cancer sites, which is not consistent with previous findings (19, 20). But additional evidence indicated that pre-existing diabetes increased the risk of all-cause mortality among women with breast cancer after adjusting for covariables related to delayed diagnosis and therapy (21). In addition, pre-diagnosis diabetes increased the risk of all-cause mortality in colorectal cancer survivors in our study, which is consistent with findings in previous study (20).

Our second finding, that all-cause (but not cancer specific) mortality risk increased with diabetes duration has been observed previously in those with colorectal and breast cancer, respectively. With respect to the former group, diabetes duration of more than 10 years was associated with a 49% higher risk of all-cause mortality (22), which is slightly greater than the magnitude of association we observed (33%). With respect to the latter group, we found the risk of all-cause mortality increased in breast cancer patients who have had diabetes for more than 10 years, while others have shown increased risk from 7 years (23).

Among non-diabetic patients, hyperinsulinemia associated with reduced insulin sensitivity may play a role in the pathogenesis of prostate carcinoma (24). Thus, our study might underestimate the effect between insulin secretion or increase of insulin resistance and mortality among cancer survivors. Cancer survivor with diabetes have the same CVD risk of mortality during the second 5 years of diabetes and above 10 years as compared to non-diabetic patients. But this is not aspected since type 2 diabetes abnormalities (such as reduced insulin secretion, increase of insulin resistance) start several years before that the diabetes clinical manifestations appears.

Previous studies indicated the possible relationship between diabetic status and less aggressive oncological treatment and worse overall survival (18). In our study, all-cause mortality (but not cancer-specific) increase in long-standing diabetes diagnosis (>10 years) is likely to be related with the increase of potentially fatal events related to diabetic complications partially explaining the reduced cancer-mortality observed in this group in comparison with the 5–10 years group. A slight increase cancer-related mortality in recently diagnosed diabetic patient (0–5 years group) is likely to be related with short-time exposure to the risk of development of diabetes complications able to influence the oncological treatment strategies.

Diabetes could increase the risk of all-cause mortality among population with different diseases. In our study, both pre- and post-diagnosis diabetes increased the risk of all-cause mortality by 35% than non-diabetic cancer survivors, which was higher than that with 23% among tuberculosis patients (25). Previous studies indicated that patients with diabetes who underwent incident amputation have a 55% higher risk for all-cause mortality than non-diabetic patients (26), and diabetes increased the total mortality markedly with a higher 70% among patients hospitalized with a confirmed acute myocardial infarction than non-diabetic patients (27). In addition, individuals with vs. those without diabetes were at increased higher risk of all-cause mortality in the earlier (144%) and later time (95%) periods in the Framingham Heart Study (28).

There are several mechanistic pathways by which diabetes may confer elevated mortality risk in individuals with cancer history. Cancer patients with diabetes often have other diabetes-related comorbid conditions, which may influence physicians' clinical decision making (29). For example, cancer survivors with diabetes have been shown to be treated less aggressively with chemotherapy and radiotherapy (18, 30). This could partially explain the worse prognosis compared to those without diabetes. Secondly, individuals with co-morbid cancer and diabetes may have poor response to cancer treatment, including increased infection rates and intraoperative mortality (31). Thirdly, they may have a greater risk of chemotherapy-related toxicity (i.e., dilated cardiomyopathy in breast cancer) (30). Thus, conservative clinical decision making or side effects of conventional cancer treatments may impair survival time for individuals with this comorbidity.

The presence of diabetes may itself influence cancer progression via physiologic processes of hyperinsulinemia, hyperglycemia, immunodeficiency, and chronic inflammation. It is possible that most glucose uptake in cancer cells is constitutively high and independent of insulin binding to insulin-like growth factor receptor, which could stimulate cancer cell proliferation and metastasis (32, 33). Another potential pathway is that acute exposure to hyperglycemia may increase endothelial cell permeability for reasons of increased generation of reactive oxidative species and structural changes in the basement membrane, increasing the probability of metastasis (34). The third possible pathway is that hyperinsulinemia related to underlying insulin resistance might stimulate tumor growth (35). Multiple downstream signaling pathways are activated after insulin receptors interact with their ligands, and can stimulate multiple cancer phenotypes contribute to tumor initiation and progression (36). Decreased immunity induced by diabetes can also lead to cancer progression. In this study, the risk of diabetes related mortality increased obviously among cancer survivors with diabetes when compared to non-diabetic survivors. The increased mortality can be reversed when diabetes is managed well in clinical practice.


Limitations

Our study has several strengths including the large, prospective nature of the cohort used. The representativeness of the sample further adds to the robustness of the findings. Nonetheless, our study had certain limitations. Firstly, we used an epidemiological definition of type 1 diabetes, which implies that misclassification of diabetes type is possible. However, a validation study has shown that those with possible type 1 diabetes adults defined by using insulin and age of onset <30 years old which has been validated as accurate in 97% of cases (16). This could be a potential bias for patients selection in our study. Secondly, we did not have extensive clinical parameters regarding disease status for diabetes and its comorbidities and cancer. For instance, insulin therapy has been associated with increased risk of newly developed colorectal cancer (37), however we could not account for this in the model. Thirdly, lacking of informations about pharmacological and/or surgical treatment received for either diabetes or cancer fail to identify subgroups of cancer survivors who may have been at risk of high mortality rate because of the cancer treatment they received. Fourthly, although diabetes assessments were from self-reports, it is always possible to include the participants who had never received the appropriate diagnostic tests of diabetes, and to misclassify the diabetes as non-diabetes. Self-report of cancer duration or diabetes implies high probability of incorrect data assumed as correct. Finally, our findings may not be generalizable to other cancer sites except for breast, colorectal, and prostate cancer.




CONCLUSION

Breast, prostate, and colorectal cancer survivors with diabetes had higher risk of all-cause mortality than did cancer survivors without diabetes. Pre-diagnosis diabetes increased risk of all-cause mortality after adjusting for covariables in breast and prostate cancer sites. Duration of diabetes is associated with increased risk of all-cause but not cancer specific mortality when compared to non-diabetic breast and prostate cancer survivors. Greater attention on diabetes control might be warranted in those with comorbid cancer and diabetes.
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Background: Subcutaneous soft tissue metastasis of follicular thyroid carcinoma (FTC) is rarely diagnosed before surgery for clinicians.

Case Report: We present a case of a 67-year-old man with a history of FTC and papillary thyroid microcarcinoma for 5 years. Multiple protruding subcutaneous nodules of the neck were found and removed from the surface of the sternocleidomastoid muscle. Ultrasound, computed tomography and technetium-99 m pertechnetate single-photon emission computed tomography of the neck were performed before the operation, which unfortunately indicated suspicious malignant lesions. Serum Tg was > 300 ng/ml (0.83–68.0 ng/ml), TSH was 36.580 uIU/ml (0.380–4.340 uIU/ml) and AbTg was negative. The pathologic diagnosis was metastatic FTC, invading the surrounding striated muscle, adipose tissue and vessels. Immunohistochemical staining revealed the tumor cells to be positive for thyroglobulin and TTF-1. The specimens of these nodules were further investigated for TERT promoter mutation and the result revealed mutated type (position g 1,295, 228 C>T).

Conclusion: Preoperative diagnosis and prognostic prediction of metastatic FTC may be available through a combination of clinical, multimodal imaging and molecular genetic test (viz. multidisciplinary diagnosis). A long-term standardized follow-up is required for patients with a previous diagnosis of FTC.

Keywords: follicular thyroid carcinoma, metastasis, TERT promoter, diagnosis, case report


INTRODUCTION

Distant metastasis of follicular thyroid carcinoma (FTC) may occur commonly to lung, skeleton and brain, which accounted for 11–25% (1). Subcutaneous soft tissue metastasis is relatively rare and difficult to diagnose before surgery (2–4). There are few available data on subcutaneous soft tissue metastasis from FTC. The clinicopathologic features of uncommon metastases of thyroid are not well-defined, which represent potential diagnostic pitfalls and may lead to treatment uncertainties (3). Here we report a subcutaneous soft tissue metastasis from FTC to investigate the clinical multiple imaging and histopathologic and molecular genetic characteristics.



CASE REPORT

In Mar 2014, a 62-year-old male visited the local hospital (second-tier hospital) with a small egg-like mass on his anterior neck. According to his medical records in the local hospital, physical examination revealed a 5 × 6 cm mass on the left region of the thyroid, which is slightly hard in texture, unfixed, clearly demarcated and fully movable with swallowing. Neck ultrasonography (US) showed a 7.8 × 4.0 cm mixed mass on the left lobe of the thyroid with a central irregular liquid component and hyperechoic periphery. The mixed mass had clear boundaries and abundant flow signals in the hyperechoic area. On the right lobe, there were multiple solid and cystic nodules, and the larger one was 1.0 × 0.5 cm. No suspicious lymph node was found in the bilateral cervical lymph node region. Without further imaging examinations, the patient underwent subtotal lobectomy of the left thyroid gland at the local hospital. The pathological diagnosis was FTC and was further confirmed at the pathology department of our hospital. Half a month later, the patient was referred to our hospital for radical thyroidectomy (right total lobectomy, isthmic resection, left residual lobectomy and left central compartment lymph node dissection). Before the radical thyroidectomy, physical examination and US of the neck revealed no enlarged lymph nodes. The pathology revealed papillary thyroid microcarcinoma with surrounding nodular goiters in the right lobe, no tumor was found in the rest of the thyroid, and no metastatic lymph node was detected in the left central compartment. Soon the patient received iodine-131 (131I) therapy (80 mCi) at another tertiary referral hospital. The serum thyroglobulin (Tg) before the 131I therapy was 1.28 ng/ml (0.83–68.0 ng/ml), while TSH was 83.645 uIU/ml (0.380–4.340 uIU/ml) because of the suspension of Levothyroxine. A week after 131I therapy, the Tg level elevated to 2.54 ng/ml (0.83–68.0 ng/ml), but neck US showed no abnormal findings in the thyroid area and bilateral lymph node region. The 131I whole body scan was later performed and showed no uptake in the thyroid bed region and no abnormal uptake in the rest of the body. Since then, the patient took Levothyroxine replacement therapy and visited the local hospital for follow-up. During the follow-up period, Tg and AbTg were never checked (they should have been tested, but for some reasons they were not), and TSH raised to 48.91 uIU/ml (0.34–5.6 uIU/ml) in Jun 2015, declined to 20.84 uIU/ml in Apr 2016 and returned to normal level (3.19 uIU/ml) in Feb 2018. Neck US was performed in Dec 2017 and Feb 2018. In Dec 2017, the US showed no abnormal echo in the thyroid area after surgery. While in Feb 2018, US suggested there were several solid hypoechoic masses in the bilateral anterior neck, with the larger one (1.3 × 0.9 cm) in the right. Spot flow signals were observed within those masses. Other features were not recorded in the report. This US report may suggest disease progress, but the patient did not take any further examination and treatment measures other than taking the Levothyroxine during the following period.

In May 2019, the patient revisited our hospital with multiple asymptomatic, soft, protruding nodules on the anterior neck (Figure 1A). Thyroid function examination showed that Tg was > 300 ng/ml (0.83–68.0 ng/ml), AbTg was <15 U/ml(0-60 U/ml), TSH was 36.580 uIU/ml (0.380–4.340 uIU/ml), FT4 was 8.28 pmol/L (10.44–24.88), and T3, FT3 and TPO-Ab were within normal levels. Physical examination found several soft, unfixed, well-defined mass in the lateral thoracic bone end of the bilateral sternocleidomastoid, immovable with swallowing. The larger one was in the right, about 3 × 3 cm. Subsequently, US, computed tomography (CT) and technetium-99 m pertechnetate single-photon emission CT (99mTcO4-SPECT) of the neck were performed. Neck US revealed several solid nodules with the similar US features in the left anterior neck, the larger one displayed a well-defined border and irregular margin (Figure 1B). In the right anterior neck, two solid nodules adjacent to each other with a partially well-defined border and partial regular margin (Figure 1C) were found. All of them showed solid hypoechogenicity, wider than tall, no calcification, absent peripheral halo and perinodular and intranodular flow, while CT revealed multiple low-density nodules in the subcutaneous tissue of the bilateral anterior neck (Figure 1D). SPECT found a shadow of a cold nodule in the right anterior neck region and a shadow of a nodule in the left anterior neck region (Figure 1E). Furthermore, the contrast-enhanced ultrasound showed hyper-vascular, larger nodules of bilateral neck with heterogeneous enhancement, no ring enhancement and partially clear enhanced boundary (Figures 2A,B). Elastosonography displayed both larger nodules mainly composed of blue color (at least 75% of the nodule was covered in blue) (Figures 2C,D). The elasticity score (ES) was classified into 4 (ES 4), which correlated with malignancy (5). As the patient refused 131I whole body scan and 18-fluorodeoxyglucose positron-emission tomography/CT (18F-FDG-PET/CT) scan, 99mTcO4-SPECT whole body scan was performed, showing no abnormal uptake in the whole body (Figure 2E). A surgical excision was performed and these nodules were removed from the surface of the sternocleidomastoid. The histopathologic examination of these nodules was FTC, invading the surrounding striated muscle, adipose tissue and vessels. Under the microscope, the tumor cells were arranged in the form of small follicles, with acidophilic cytoplasm, enlarged, hyperchromatic nuclei and vascular invasion (Figure 3). Immunohistochemistry revealed the tumor cells to be positive for Tg and TTF-1. According to the recent AJCC cancer staging manual (6), the TNM staging of this patient was T4aN0bM0. The TERT promoter mutation testing was positive (position g 1,295, 228 C>T) (Figure 4). Preoperative and postoperative US was performed by the same imaging doctor, with the latter suggesting no residual nodules and obvious abnormal echo on the bilateral anterior neck region. Up to 6 months of thyroid function and neck US follow-up, the patient has been doing well. The latest Tg was <0.1 ng/ml (0.83–68.0 ng/ml), AbTg was <15 U/ml(0–60 U/ml), and TSH was 0.320 uIU/ml (0.380–4.340 uIU/ml). The latest neck US showed no abnormal echo in the thyroid area and bilateral anterior neck region. A long-term standardized follow-up is needed for this patient in the future.


[image: Figure 1]
FIGURE 1. Images of patient and subcutaneous nodules. (A) Multiple subcutaneous soft tissue nodules of metastatic follicular thyroid carcinoma on the anterior neck. (B) Gray-scale ultrasound shows a hypoechoic nodule in the subcutaneous soft tissue of left neck (size were 16 × 11 mm), with wider than taller, well-defined border, irregular margin, perinodular, and intranodular flow and absence of calcification and peripheral halo. (C) Gray-scale ultrasound shows two solid hypoechoic nodules adjacent to each other in the subcutaneous soft tissue of right neck (size of the larger one were 28 × 23 mm), with wider than taller, partially well-defined border, partially regular margin, perinodular and intranodular flow and absence of calcification and peripheral halo. (D) Computed tomography shows several low-density nodules in the subcutaneous of the anterior neck. (E) 99mTcO4-SPECT reveals a shadow of a cold nodule in the right anterior neck region and a shadow of a nodule in the left anterior neck region.
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FIGURE 2. Contrast-enhanced ultrasound and elastosonography appearance of the larger subcutaneous nodules on the bilateral neck. (A,B) Contrast-enhanced ultrasound showed both the larger nodule in the bilateral neck are hypervascular, heterogeneous enhancement, no ring enhancement, and partially clear enhanced boundary. (C,D) Elastosonography displayed both the larger one were mainly composed of blue color (at least 75% of the nodule was covered in blue). (E) 99mTcO4-SPECT whole body scan was performed and showed no abnormal uptake in the whole body.
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FIGURE 3. Follicular thyroid carcinoma. (Hematoxylin and eosin staining of histological slides, × 200).
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FIGURE 4. The TERT promoter testing displayed a mutation type (position g 1,295, 228 C>T). Genomic DNA was isolated from four 5 μm-thick slices of formalin-fixed paraffin-embedded metastatic follicular thyroid carcinoma samples, using a commercial DNA extraction kit (TIANamp FFPE DNA Kit, TIANGEN, Catalog No. DP130608, China), according to the instruction of the manufacturer. The TERT promoter region (2 mutation hot spots—chr5:1,295, 228 C>T and chr5:1,295, 250 C>T) was amplified with a commercial kit (TERT Genetic Mutation Detection Kit, SinoMD, Catalog No. 20090031, China), according to the manufacturer's instructions. The amplified products were sequenced with Applied Biosystems 3,500 Genetic Analyzeror and mutations were recognized on sequencing electropherograms.




DISCUSSION

FTC is the second most common differentiated thyroid malignancy. It is difficult to distinguish between thyroid follicular carcinoma and follicular adenoma before the operation. Around 5.4–11% of patients with FTC have distant metastasis, which usually has a poor prognosis and affects the survival of patients (7, 8). The most unusual metastatic site reported in the literature is the skin (3, 9). In our case, the metastatic site was the soft tissue between the skin and the surface of the sternocleidomastoid muscle. Adequate imaging follow-up and thyroid function follow-up are required despite surgical excision and 131I therapy.

US is the most common non-invasive imaging method preferred for thyroid nodules, which can be used in differentiating benign and malignant lesions. Although extensive experience has been accumulated in diagnosing papillary thyroid carcinoma with US, there is limited and few data available in differentiating FTC (10, 11). Previous reports have suggested that larger size, absent sonographic halo, hypoechoic appearance, absence of cystic change and tubercle-in-nodule combination with calcification favored an FTC (12, 13). In this study, the sonographic findings of the metastatic nodules were solid hypoechoic, partially clear border, irregular margin, absent calcification, absent peripheral halo, perinodular and intranodular flow, hyper-vascularity, heterogeneous enhancement, no ring enhancement, partially clear enhanced boundary and ES 4. These findings were unfortunately indicative of suspicious malignant lesions. However, there are no specific ultrasonic features for the diagnosis of FTC at present, let alone metastatic FTC. CT/MRI is more advantageous in staging but less advantageous in diagnosing than US. 131I- or 99mTcO4-SPECT is used to image thyroid metabolism to detect and localize abnormal thyroid tissue, especially in imaging ectopic or metastatic thyroid lesions. In the current case, 131I therapy after radical thyroidectomy, there was no uptake in the thyroid bed region and no abnormal uptake in the rest of the body by the 131I whole body scanning. It could be supposed that there was no metastatic, residual or ectopic thyroid tissue in the patient's body. But 5 years later, the 99mTcO4-SPECT revealed shadows in the bilateral anterior neck region. Linking the history and previous examinations, we considered they were metastatic lesions. However, since SPECT is a projection image from the radioactive nuclide, the image may be noisy and low in resolution. Furthermore, the lack of anatomic landmarks, as well as the possibility of physiologic or other benign uptake of this tracer, may make interpretation of images more difficult (14, 15). A further study is necessary to distinguish FTC by using image diagnostics in the future.

Immunohistochemical staining has helped confirm the tissue origin in dealing with metastatic lesions (16). From published data, immunohistochemical markers that are specific for FTC such as Tg and TTF-1 can be detected in over 95 and 100% of FTC cases (17). In our case, the Tg and TTF-1 were positive in subcutaneous metastasis nodules. Besides, the tumor cells under the microscope were arranged in the form of small follicles, with acidophilic cytoplasm, enlarged, hyperchromatic nuclei and vascular invasion. All of these findings support the diagnosis of metastatic FTC.

In thyroid cancer, TERT promoter mutations are usually presented in follicular-derived thyroid carcinoma and associated with more aggressiveness, distant metastasis, tumor recurrence and poor prognosis (18, 19). In our case, the metastasis nodules harbored TERT C228T mutation (Figure 4), which implies it may contribute to the aggressiveness of the FTC and distant metastasis. Indeed, the histopathological results showed these FTCs had invaded the surrounding striated muscle, adipose tissue and vessels. As the primary FTC was not performed in our hospital, we cannot make a molecular test for the original tumor. Therefore, we do not know whether there was a difference in molecular mutation between primary and metastatic tumors. Six months since the last surgical removal, the patient has been doing well. As the TERT mutation may indicate a poor prognosis, a long-term standardized follow-up is required for the patient.

Serum Tg is a very important laboratory indicator in clinical monitoring of recurrence and metastasis after thyroidectomy of thyroid cancer (20). Tg is a specific protein produced by the thyroid gland and secreted by thyroid follicular epithelial cells. In patients whose thyroid has been completely cleared (surgery and 131I therapy), there should no longer be a source of Tg in the body. If detected in the serum, it often indicates residual disease or recurrence. However, serum Tg detection is susceptible to AbTg and TSH. When AbTg is positive, it will reduce the detection value of serum Tg by chemiluminescence immunoassay, thus affecting the accuracy of disease monitoring (21). It is noteworthy that the results of different Tg detection reagents may vary greatly, so the same detection reagent should be used in the follow-up (22). Under the TSH suppression, the ability of tumor cells to secret Tg is also inhibited. To better reflect the disease status, Tg under the stimulation of TSH (TSH >30 uIU/ml) is usually preferred in clinical practice (23). And the cut-off value above 2 ng/mL following TSH stimulation is highly sensitive in identifying patients with persistent tumor (20). In this case, AbTg is negative and Tg (>300 ng/ml) was measured under the TSH stimulation (TSH: 36.580 uIU/ml). Metastasis or recurrence is highly suggestive of for this patient.

It should be noted that in this patient there could have been possible earlier progress; however, for certain reasons, it was delayed. This can be reflected by two aspects: first, during the follow-up period after 131I therapy, Tg and AbTg were never checked; second, in Feb 2018, the US suggested there were several solid hypoechoic masses in the bilateral anterior neck. But the patient did not take any further management. If fundamental, standardized follow-up and timely treatment measurements were administered, the patient may have smaller surgical excision areas and lighter complications. This indicates that the regular standardized follow-up and timely treatment is completely necessary for FTC patients after thyroidectomy.

In summary, subcutaneous soft tissue metastasis from FTC is unusual. Multidisciplinary diagnosis, namely, combing clinical information with multimodal imaging materials and molecular genetic test, may help in diagnosing metastatic FTC and predicting prognosis before the operation. Immunohistochemical staining of Tg and TTF-1 plays a very important role in the final histopathological diagnosis of metastatic thyroid carcinoma. Postoperatively, monitoring of circulating Tg, AbTg and TSH together with neck US is very important in the follow-up of FTC. Since rare metastases identification could have a significant impact on patient management (3), the necessity for long-term standardized follow-up should be fully informed to patients, and the surgeons and physicians should take the metastasis into consideration in patients with a history of FTC.
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Primary adenoid cystic carcinoma (ACC) of the upper anterior mediastinum mimicking a thyroid tumor has rarely been seen in clinical practice and lacks a standard of care therapy. Here, we report a 47-year old female patient with an ACC originated from the upper anterior mediastinum presenting as a thyroid gland tumor. The patient received gross surgical resection of the tumor and underwent post-surgical chemotherapy and radiotherapy. The patient was free from local recurrence 3-years following initial treatment, but developed multiple lung metastases. She remains under clinical observation without discomfort and is still followed as an outpatient. Here, we also summarized recent reports of similar cases with hope to provide some experience for future clinical practice.
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INTRODUCTION

Adenoid cystic carcinoma (ACC) is one of the most common malignancy in salivary glands, accounting for 1–2% of all head and neck malignancies and about 10% of all salivary gland tumors (1). Although quite rarely seen, ACC may also be found in uncommon sites including the larynx and trachea, as well as the lung, where submucosal seromucinous glands are thought to give rises to these tumors (2). ACC deriving from the thyroid gland is extremely rare, with most cases reported originating from the upper respiratory tract and invading into the thyroid gland, mimicking a thyroid tumor (3, 4). Distinct cytological characteristics and immunohistochemical profiles are important basis for the differentiation of ACC from other classical thyroid tumors such as papillary adenocarcinoma and medullary carcinoma (5). Surgery remains the principal treatment for locally advanced ACC of the upper respiratory tract invading the thyroid gland. However, given the infiltrative properties and the perineuronal invasion activities of ACC, postoperative radiotherapy is often delivered with the purpose of improving local control (6). Distant metastasis of ACC may eventually form and pose a difficult clinical problem, as there are no efficient treatments for metastatic ACC.

The most common sites of metastasis include the lung (20%), the bones (4%), and the liver (3%) (7). Three large retrospective studies using public database comprising more than 2,000 patients showed 5-year OS from 78 to 90.3%, 10-year OS from 59.6 to 79,9%, while 15-year OS differed from 35 to 69.2% (8–10). The mostly indicated prognostic factors included pathological types, patient age, disease stage, surgical margin status, site of origin, perineural invasion, etc. (11, 12).

Comprehensive understanding of molecular mechanisms of ACC might bring new opportunities to improve the prognosis of this disease. Critical molecular alterations such as MYB-NFIB translocation, Sox 4, c-KIT, and Slug gene activation, overexpression of epidermal growth factors (EGFs), vascular endothelial growth factors (VEGFs), nerve growth factors (NGFs), and their corresponding receptors have been demonstrated to play essential roles in the pathogenesis of ACC by recent studies (13). New targeted therapies such as anti-EGFR or anti-VEGF monoclonal antibodies provide potential anti-tumor activities, but larger clinical studies are warranted to evaluate their clinical benefits (14). A better understanding of the molecular mechanisms underlying ACC pathogenesis and tumor development is therefore in urgent need for novel and more efficient anti-tumor strategies.

Thyroid invasive tracheal ACC is a rare clinical presentation. Here, we report a 47-year old female patient with a thyroid gland tumor that was confirmed by post-surgical pathology to be an ACC originated from the upper anterior mediastinum, most likely from the trachea. We describe the clinical manifestations, diagnosis, treatment, and follow-up of this patient, with a hope to provide some experience for future clinical practice.



CASE PRESENTATION

A 47-year old female with no significant past medical history presented with a thyroid mass and a foreign body feeling when swallowing. The patient denied palpitation, dysphoria, fever, insomnia, cough, dyspnea, breathlessness, hoarseness, or other symptoms. The Doppler ultrasonography showed a hypoechoic solid mass about 67 × 40 mm with blood flow signals posterior to the lower border of the right lobe of the thyroid. Another hypoechoic solid mass about 70 × 43 mm with blood flow signals posterior to the lower part of the left lobe of the thyroid gland was also noted. Multiple enlarged lymph nodes with the largest ones measuring 18 × 6 mm in the right neck, and 15 × 5 mm in the left neck, were also detected. She then received a computed tomography (CT) scan of the neck and thorax that revealed a 85 × 54 mm hypodense-to-isodense space-occupying lesion in the posterior superior mediastinum, one solid mass in the right lobe, and another solid mass in the inferior posterior part of the left lobe of the thyroid. The lesions showed slight enhancement with a contrast-enhancement scan and caused compression of the trachea, esophagus and cervical vessels (Figure 1, left panel). An esophagogastroscopy also revealed stenosis of the esophagus 15–20 cm distal to the upper incisors. Two months following the initial presentation, the patient underwent surgical treatment with right and left thyroidectomy, upper mediastinal tumor resection, left recurrent laryngeal nerve exploration, right recurrent laryngeal nerve anastomosis, and tracheotomy. During the surgery, the thyroid gland was found to be adherent to the surrounding tissue and a tumor measuring about 10 × 8 × 6 cm was present within the dorsal part of the right lobe of the thyroid gland was noted. Specifically, the tumor was between the trachea and esophagus, but the border of the tumor was indistinct. The tumor involved the tracheal membranous wall, the upper esophagus, and the right recurrent laryngeal nerve. The left lobe of the thyroid gland was not directly involved by the tumor. Pathological investigations demonstrated an ACC of the upper mediastinum involving the left lobe of the thyroid gland, the tracheal cartilage, and the adjacent muscles. The immunohistochemical staining profile was as follows: Alcian blue (AB) (+), Periodic Acid Schiff (PAS) (–), CD56 (–), Syn (–), Calponin (+), smooth muscle actin (SMA) (+), P63 (+), epithelial membrane antigen (EMA) (+), cytokeratin (CK)5/6 (+), CK8/18 (+), CD117 (+), thyroid transcription factor-1 (TTF-1) (–), thyroglobulin (Tg) (–), chromogranin A (CgA) (–) (Figure 2). Perineuronal invasion was also noticed. The mass in the left lobe of the thyroid gland turned out to be a nodular goiter.


[image: Figure 1]
FIGURE 1. Cervical-thoracic CT scans of the patient. Representative axial images of the disease before surgery, post-surgery/before radiotherapy, and 2-years after radiotherapy were shown. The red arrow highlighted the tumor and post-treatment changes in the tumor area.



[image: Figure 2]
FIGURE 2. Pathological features of the tumor. HE staining image indicated a cribriform ACC. Immunohistochemical staining images showed positive expression of Ki-67, SMA, EMA, CK8-18, CK5-6, p63, and CD117, which supported a diagnosis of ACC. ACC, adenoid cystic carcinoma; SMA, smooth muscle actin; EMA, epithelial membrane antigen; CK, cytokeratin; CD, cluster of differentiation.


Postoperative CT scan showed changes in the area of the thyroid, with thickening of the upper thoracic esophageal wall, but no obvious abnormalities elsewhere in chest (Figure 1, middle panel). Other examinations including abdominal CT and bone scintigraphy were negative. The thyroid profile was as follows: free T3 3.27 pmol/L, free T4 10.76 pmol/L, TSH 48.400 μIU/mL, anti-Tg 12 IU/mL, anti-TPO 6 IU/mL. The patient was supplemented with oral thyroid hormone. The patient then received one cycle of chemotherapy in the form of 75 mg/m2 of Cisplatin and 75 mg/m2 of Docetaxel but were canceled because of intolerable gastrointestinal side effects. Since the tumor involved the tracheal cartilage and showed perineuronal invasion, radiation therapy was proposed. The patient underwent postoperative intensity-modulated radiation therapy (IMRT) with a prescribed dose of PTV-GTV of 70 Gy, PTV-CTV1 of 60 Gy, PTV-CTV2 of 54 Gy in 31 fractions (1 fraction per day, 5 fractions per week; Figure 3). She experienced grade II leucopenia, but the treatment was otherwise well tolerated.


[image: Figure 3]
FIGURE 3. Dose distribution of post-surgical radiotherapy. Representative axial, sagittal, and coronal images of dose distribution were shown. Areas with dose coverage of over 54 Gy were presented.


The patient returned for post-treatment follow-up visit 3 months after the radiation therapy. CT scan showed no obvious changes compared with previous scans. The patient has undergone scheduled follow-up with CT scans as routine imaging since then.

Local control was quite satisfactory and the patient was free of local recurrence (Figure 1, right panel). However, multiple tiny nodules appeared in both lungs 2-years later following the initial presentation showing very slow increase in size. However, she declined any further treatment. The patient is still under follow-up 3-years after initial treatment and is not reporting any discomfort.



DISCUSSION

ACC mainly occurs in salivary glands with an relentless clinical course. However, local recurrence and distant metastasis are frequent in ACC patients due to the infiltrative characteristics of the tumor (15). Although ACC might also occur in other sites such as the trachea and the lung, primary thyroid ACC has not been described. To date, there were only few reported cases of ACC arising from the adjacent tissue of the thyroid such as the larynx and the trachea, where it invades into the thyroid gland mimicking a primary tumor. While other even rarer cases of thyroid metastasis of ACC from distant organs such as the salivary glands were also reported (Table 1).


Table 1. Cases of ACC with thyroid invasion reported in literature.

[image: Table 1]

Cytologically, ACC is characterized by monomorphic basaloid small round or oval tumor cells with round nuclei, small indistinct nucleoli, scant cytoplasm, and no inclusions, ranging in strands or clumps surrounding globules of acellular, homogenous spaces filled with mucoid or hyaline material (17). Three pathological patterns of ACC have been well-described, namely the cribriform, trabecular and solid types, with the cribriform type being the most prevalent. Cribriform ACC shows distinct microscopic “Swiss cheese” morphology and contains mucinous material strongly stained by alcian blue. Immunohistochemically, smooth muscle actin, S100, and vimentin, which are absent in thyroid malignancies. Primary thyroid tumor typically expresses thyroglobulin (Tg), thyroid transcription factor-1 (TTF-1), while these markers are absent in ACC (17).

Although CT scan and fine needle aspiration cytology (FNAC) are important diagnostic tools for thyroid tumors (17). ACC is rarely seemed in the thyroid gland and therefore misdiagnoses may occur. Post-surgical thorough histopathological examination and immunohistochemical procedures are therefore essential for an accurate diagnosis and proper differential diagnosis (5).

Surgery remains the major treatment for locally advanced ACC. However, the infiltrative properties of ACC render most surgeries non-radical. In our case, the tumor not only invaded the right lobe of the thyroid gland, but also involved the upper anterior mediastinum and the tracheal cartilage and displayed perineuronal infiltration. Therefore, postoperative radiotherapy was given in order to ensure optimal local control. Indeed, after 3-years of surgery and radiotherapy, the local control was satisfactory. However, lung metastases have developed.

On the other hand, the outcome of systemic treatment in metastatic ACC is far from satisfactory. In general, ACC is not sensitive to a variety of chemotherapeutic agents, although drugs including Cisplatin, Fluorouracil, and Taxol have shown low to moderate response rate (21). Novel targeted therapies such as anti-EGFR such as Cetuximab, and the small molecule inhibitor of VEGFR2, Apatinib, have entered clinical trials and yielded potential clinical benefit in recurrent or metastatic ACC patients (20, 22). Other agents targeting distinct molecular alterations such as c-Kit overexpression, MYB-NFIB fusion, MYB overexpression, and NF-κB over activation are still under investigations and might provide more choice for ACC patients (23).

Since ACC represents an indolent disease and patient with lung metastasis could still have relatively long overall survival (median OS 32.3 months), re-surgery for lung oligometastasis or close follow-up and best supportive care for multiple non-resected lung metastasis might also be a choice (23). For instance, Kukwa reported a case of 17-year old female patient who developed lung metastasis 3-years after the treatment of primary tracheal ACC with thyroid metastasis (4). The patient underwent metastasis resection and no recurrence was detected 1-year after the surgery.

In conclusion, although ACC is less sensitive to radiotherapy than squamous cell carcinoma, it is still important treatment to reduce local recurrence. The long-term prognosis of remains ACC is still dismal, with the 10 and 20-year OS being 52 and 28%, respectively (24). The main cause of death is distant metastasis, in particular lung metastasis (24). Further research is needed to improve the survival of ACC patients. For patients with ACC invading the thyroid gland who underwent thyroid gland removal and post-operative radiotherapy, thyroid hormone therapy is also critical.
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Background: Recent growing evidences suggest that body weight (Bwt) variability, a repeated loss and regain of weight within a specific period, causes metabolic disturbances and can be a marker for poor homeostasis. Although there have been many studies about the association between Bwt variability and various health status, its association with the incidence of dementia among elderly people has not been examined.

Methods: We performed a retrospective elderly cohort study from 19,987 participants with mean age 73 years old in the Korean National Health Insurance Service. We examined the risk of incident dementia, including Alzheimer's dementia and vascular dementia, according to the quartile of Bwt variability, represented as coefficient of variation (Bwt-CV), SD (Bwt-SD), and variability independent of the mean (Bwt-VIM).

Results: In fully adjusted model, the group with the highest Bwt variability (Bwt-VIM Q4) showed an increased risk of all-cause dementia (hazard ratio [HR] 1.39, 95% confidence interval [CI] 1.206–1.603) and Alzheimer's dementia (HR 1.46, CI 1.240–1.724) compared to the lowest quartile (Bwt-VIM Q1). We also found that subjects with the highest Bwt variability (Q4) and underweight BMI had a significantly increased risk of developing dementia (HR 1.994, 95% CI 1.302–3.054), while subjects with low Bwt variability (Q1 and Q2) and obese BMI had decreased risk of dementia (HR 0.664, 95% CI 0.505–0.872 and HR 0.648, 95% CI 0.493–0.852, respectively) compared to reference group (lowest Bwt variability (Q1) with normal baseline BMI). The effect of Bwt variability on the incidence of dementia was more prominent in subjects <75 years old and abnormal BMI groups (P for interaction < 0.05).

Conclusion: The present study revealed that high Bwt variability was associated with an increased risk of dementia in the elderly.

Keywords: body weight, variability, dementia, Alzheimer's dementia, older people, retrospective cohort study


INTRODUCTION

The worldwide epidemic of dementia is a major health problem with significant economic consequences. The number of patients with dementia has increased worldwide because of a growing population of older adults. Several risk factors for the development of dementia have been identified. Although increasing age is well-accepted as a risk factor for the development of dementia, dementia is not regarded as an inevitable consequence of aging (1). Dementia shares many modifiable risk factors, including high blood pressure, obesity, physical inactivity, and unhealthy diet, with other major chronic late-life disorders, such as ischemic heart disease and cerebrovascular disease (1). On the bases of epidemiological and clinical evidence, mid-life obesity has been identified as a risk factor for late-life dementia through the direct effect of adipocyte-derived hormones and cytokines on cognitive function as well as the indirect impact on vascular risk factors (2–6). In contrast, in late-life, a low body mass index (BMI) or being underweight late in life was a risk factor for dementia and age-related brain atrophy in several prospective and cross-sectional studies (5, 7–9). However, these studies require attention to interpretation because a low BMI in the elderly might result from decreased muscle mass, not fat mass (10), and weight loss is a potential preclinical marker for dementia 6–10 years before a clinical diagnosis (11). Therefore, body weight (Bwt) trajectory rather than Bwt at a specific time might provide more information on the risk of dementia late in life.

Recent growing evidences suggest that variability in metabolic parameters may have a role in predicting mortality and cardiovascular outcomes (12–17). A loss of physiological homeostasis in the elderly can lead to intrinsic variability in various physiological indices, ultimately impairing health or causing disease. Under physiological conditions, homeostatic adaptations protect against weight gain or loss (18). Bwt variability, same meaning as Bwt fluctuation or weight cycling, refers to the repeated loss and regain of weight within a specific period. A meta-analysis of 25 studies involving more than 400,000 participants, Bwt fluctuation was associated with a significant increase in risk of all-cause mortality, cardiovascular disease (CVD) mortality, and CVD (17). Although there have been some studies to examine the association between BMI at a specific time or Bwt changes with dementia (19–21), there has been no study to explore the effects of Bwt variability in late-life on the incidence of dementia.

Thus, to clarify the importance of healthy Bwt control in older people, which can help maintain cognitive function, the present study investigated the association between visit-to-visit Bwt variability and the risk for all-cause dementia and dementia subtypes in an elderly population by using the longitudinal National Health Insurance Service (NHIS)-Senior database. Because baseline BMI can influence the risk of dementia in the elderly, we also analyzed the association between Bwt variability and dementia according to baseline BMI.



MATERIALS AND METHODS


Study Population

The NHIS is a mandatory social health insurance program that enrolls about 98% of Koreans who participate in biannual standardized health examinations provided by the Korean government (22, 23). The NHIS-Senior database was used to randomly select ~10% of NHIS participants who were aged more than 60 years. The NHIS-Senior database contains an eligibility database (including data such as age, sex, and socioeconomic variables), a health examination database (comprising questionnaires on health-related behavioral variables and results of laboratory measurements), and a medical history database (comprising information on diagnosis, medication, admission, and death). Quality control procedures were checked by the Korean Association of Laboratory Quality Control.

Data from participants who underwent the national health examinations in 2009 (index year), and three or more health examinations from January 1, 2005, to December 31, 2009 were included. A total of 67,235 participants who underwent only one or two examinations and 1,675 participants with missing on at least one variable were excluded. An additional 206 participants were excluded due to a previous diagnosis of any type of dementia, including Alzheimer's dementia and vascular dementia, based on diagnoses coded according to the International Classification of Diseases, 10th revision (ICD-10) and questionnaires about medical history before the index year. Subjects who had diseases that could change Bwt, such as any kinds of malignant neoplasm (C00–C97; n = 16,087), hypothyroidism or thyrotoxicosis (E03, E05; n = 2,177), were excluded. A total 19,987 individuals were finally included in the analysis (Figure 1). The protocols were approved by the NHIS review committee, and the Institutional Review Board of Korea University approved the study protocol in accordance with the Declaration of Helsinki of the World Medical Association (IRB No. K2018–1107-001). Informed consent was waived because anonymous and de-identified information was used for analysis.


[image: Figure 1]
FIGURE 1. Flowchart of the study population.




Measurements and Definitions

Anthropometric and laboratory measurements were performed after an overnight fast. Body mass index (BMI) was calculated as Bwt in kilograms (kg) divided by the square of height in meters (m2). Subjects were categorized into 4 groups according to the World Health Organization recommendation for Asian population: <18.5 kg/m2 (underweight), 18.5–22.9 kg/m2 (normal), 23.0–24.9 kg/m2 (overweight), and BMI ≥25 kg/m2 (obese) (19). Information on current smoking status, alcohol consumption (at least 1 drink per week), and regular exercise (strenuous physical activity on at least 3 times per week) were obtained from a questionnaire filled-in during the health examination. Income levels were dichotomized at the lower 10%.

Diabetes was defined as fasting glucose level ≥126 mg/dL or at least one prescription claim per year for antidiabetic medication under the International Classification of Diseases, 10th revision (ICD-10) codes (E10–E14). Hypertension was defined as systolic/diastolic blood pressure ≥140/90 mmHg or at least one prescription claim per year for an antihypertensive agent under ICD-10 codes (I10–I13, I15). Dyslipidemia was defined as total cholesterol levels ≥240 mg/dL or at least one prescription claim per year for an antihyperlipidemic agent under ICD-10 codes (E78). Ischemic heart disease (I20–25) and cerebrovascular disease (I60–69) were assessed by searching for ICD-10 codes.



Definition of Bwt Variability

Visit-to-visit Bwt variability was determined from at least three Bwt measurements for each participant. A total of 17,681 participants (88.5%) had three measurements, 1,548 participants (7.8%) had four measurements, and 758 participants (3.8%) had five measurements. We measured intra-individual Bwt variability using three indices of variability, namely variability independent of the mean (Bwt-VIM), coefficient of variation (Bwt-CV), and standard deviation (Bwt-SD). Bwt-SD can increase as the mean Bwt level increases. CV was defined as (SD/mean) × 100 (%) to exclude the effect of mean Bwt level, but it had concern that it does not completely rule out the effects of mean Bwt level. Bwt-VIM is another visit-to-visit Bwt variability measurement that has no correlation with mean Bwt level over visits. VIM was (k × SD(Bwt))/mean(Bwt)x, where x is calculated from fitting a power model: SD (Bwt) = a times mean(Bwt)x and k = mean(mean(Bwt))x (24, 25).



Outcomes

We examined new cases of dementia in the governmental database from January 1, 2009 to December 31, 2015. The incidence of all-cause dementia was determined through prescriptions for an anti-dementia drug (donepezil, galantamine, rivastigmine, or memantine), defined as ICD-10 codes (F00, F01, F02, F03, and G30) used as the first or second diagnosis for medical expense claims submitted to the NHIS until the end of follow-up. Alzheimer's dementia was specified by ICD-10 codes F00 or G30, while vascular dementia was defined by ICD-10 code F01. When both Alzheimer's disease and vascular dementia codes were used, the final diagnosis was defined as vascular dementia. This definition was applied to both outpatients and hospitalized patients. To submit a valid claim for an anti-dementia drug prescription, physicians need to document evidence of cognitive decline according to relatively strict criteria: (1) Mini Mental State Examination score ≤ 26 and (2) either a Clinical Dementia Rating ≥ 1 or a Global Deterioration Scale score ≥ 3 (26).



Statistical Analysis

Data were analyzed with SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Results are presented as the median (interquartile range) for continuous variables and counts (percentage, %) for categorical variables. Normal distribution was determined by Kolmogorov-Smirnov test. Statistical analysis for between-group comparisons was based on Kruskal-Wallis test or Mann-Whitney test for continuous variables or χ2 test for categorical variables. Kaplan–Meier curves for cumulative incidence of dementia and dementia subgroups were obtained for four groups, classified as according to quartile of Bwt variability. Cox proportional hazards models were used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) for the risk of dementia by quartile of Bwt variability after adjusting for confounding factors including age, sex, BMI, alcohol consumption, current smoking, exercise, income, diabetes mellitus, hypertension, dyslipidemia, heart failure, ischemic heart disease, and cerebrovascular disease. HRs (95% CIs) for the incidence of dementia was also calculated according to quartiles of Bwt variability and four categories of baseline BMI with interaction effect after adjusting for multiple confounding factors. Subgroup analysis was conducted by stratifying for age, sex, BMI, current smoking status, alcohol consumption, regular exercise, income, diabetes, hypertension, dyslipidemia, ischemic heart disease, and cerebrovascular disease. In subgroup analyses, the HR and 95% CI of the highest quartile (Q4) group were compared with those of the lower three quartiles (Q1–Q3) as the reference group by using Cox proportional hazards regression models with interaction effect. Sensitivity analyses were also performed, excluding subjects over 85 years of age, or subjects with continuous weight loss or gain. Statistical significance was assumed at P <0.05. All statistical analyses were performed by an experienced professional statistician, who was also one of authors.




RESULTS


Baseline Characteristics and Incidence of Dementia

Baseline characteristics of the study subjects according to the presence of dementia are presented in Supplementary Table 1. The mean age of our study population in 2009 (index year) was 73.1 years (SD = 4.1, range 67–98). Subjects with dementia were older and more likely to be female when compared to subjects without dementia. Individuals with dementia had lower BMI, Bwt, and waist circumference and a higher Bwt variability. The percentages of current smokers and alcohol consumers were lower in dementia group. They also had a higher prevalence of diabetes, dyslipidemia, cerebrovascular disease, and ischemic heart disease.

Table 1 shows the baseline characteristics of study subjects according to Bwt-VIM quartile. The mean values of anthropometric measurements, BMI, proportions of lifestyle characteristics, and the prevalence of diabetes, hypertension, and cerebrovascular disease differed significantly among the Bwt-VIM quartile. During the median follow-up period of 6.5 years (range, 6.2–6.8 years), 1,592 (7.97%) of the 19,987 subjects with complete follow-up data had all-cause dementia, of which 1,217 (6.09%) had Alzheimer's dementia and 304 (1.52%) had vascular dementia. The ratio of Alzheimer's dementia to vascular dementia was 4.0, similar to previous Korean prevalence studies (27).


Table 1. Baseline characteristics of the subjects according to the quartiles of body weight (Bwt) variability.
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Effects of Bwt Variability on Incident Dementia

A Kaplan-Meier plot was used to describe the cumulative incidence of dementia according to Bwt-VIM quartile (Figure 2A). The incidence of all-cause dementia and Alzheimer's dementia increased as Bwt variability increased. The annual incidence of all-cause dementia was 10.00 per 1,000 person-years in Bwt-VIM Q1 and 15.66 per 1,000 person-years in Bwt-VIM Q4. In Alzheimer's dementia, the annual incidence was 7.24 per 1,000 person-years in Bwt-VIM Q1 and 11.92 per 1,000 person-years in Bwt-VIM Q4 group. The risk of all-cause dementia and Alzheimer's dementia were highest in Bwt-VIM Q4 (log rank test, P < 0.001, both). These results were consistent when Bwt variability was determined with CV or SD (Figures 2B,C).


[image: Figure 2]
FIGURE 2. Kaplan–Meier estimates of cumulative incidence of dementia according to quartiles of body weight (Bwt) variability (A) Bwt-VIM, (B) Bwt-CV, (C) Bwt-SD. CV, coefficients of variance; SD, standard deviation; VIM, variability independent of the mean.


Table 2 indicates that the association between Bwt variability and the incidence of all-cause dementia and Alzheimer's dementia remained after adjusting for baseline covariates. Subjects in the Bwt-VIM Q4 had a higher risk of all-cause dementia (unadjusted, HR 1.570, 95% CI 1.363–1.808) than did subjects in the Bwt-VIM Q1. After adjusting for age, sex, BMI, alcohol consumption, smoking, exercise, income, diabetes, hypertension, dyslipidemia, ischemic heart disease, and cerebrovascular disease (Model 3), the association persisted (HR 1.390, 95% CI 1.206–1.603 for Q4 compared to Q1). The association between Bwt variability and risk of Alzheimer's dementia was especially significant. The fully adjusted HRs for the incidence of Alzheimer's dementia for the Bwt-VIM Q4 vs. Bwt-VIM Q1 was 1.462 (95% CI 1.240–1.724). For vascular dementia, the association between Bwt variability and the risk of dementia was attenuated in the adjusted models (Model 3, HR 1.204, 95% CI 0.880–1.647 for Q4 compared to Q1).


Table 2. Hazard ratios and 95% confidence intervals of incidence dementia by quartiles of body weight (Bwt) variability.
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Effects of Baseline BMI and Bwt Variability on the Incidence of Dementia

We analyzed the baseline characteristics of study subjects according to baseline BMI (Supplementary Table 2). Underweight subjects had the highest Bwt variability indices and highest prevalence of all-cause dementia, Alzheimer's dementia, and vascular dementia. Subjects with a lower baseline BMI were more likely to be current smokers and less likely to exercise regularly. In contrast, obese subjects had the highest mean of Bwt, waist circumference, fasting glucose and total cholesterol, and prevalence of diabetes, hypertension, dyslipidemia and ischemic heart disease.

The association between Bwt variability and dementia differed according to baseline BMI category (Figure 3 and Supplementary Table 3, P-value for interaction between Bwt variability and baseline BMI category = 0.034). To analyze the effect of Bwt variability on the risk of dementia according to baseline BMI, we performed analyses using a single reference group (normal baseline BMI with Bwt-VIM Q1). Subjects in underweight BMI with Bwt-VIM Q4 group had a significantly increased risk of developing dementia (HR 1.994, 95% CI 1.302–3.054). Subjects in obese BMI with Bwt-VIM Q1 and Q2 groups had a decreased risk of developing dementia (HR 0.664, 95% CI 0.505–0.872 and HR 0.648, 95% CI 0.493–0.852, respectively).


[image: Figure 3]
FIGURE 3. Association between body weight (Bwt) variability and the risk of dementia according to baseline body mass index (BMI) category. CI, confidence intervals; HR, hazard ratios.




Subgroup Analysis

Stratified analyses were conducted by age, sex, smoking status, alcohol consumption, income and presence or absence of diabetes, hypertension, dyslipidemia, cerebrovascular disease, and ischemic heart disease. Bwt-VIM Q4 remained predictive of dementia in almost all subgroups when compared with Q1–Q3. In subgroup analysis, higher adjusted HRs of all-cause dementia were observed among subjects with younger age (age <75), subjects with abnormal BMI (underweight, overweight, and obese), and subjects who participated in regular exercise (Figure 4).


[image: Figure 4]
FIGURE 4. Risk of dementia in the highest vs. lower three quartiles of body weight (Bwt) variability in subgroups. Hazard ratios and 95% confidence intervals for the risk of dementia in the highest quartile (Q4) vs. lower three quartiles (Q1–Q3) of Bwt variability in subgroups. BMI, body mass index; HR, hazard ratios.




Sensitivity Analysis

The impact of body weight variability on the risk of dementia is very likely to be influenced by age. To exclude the possible effects of prodromal symptoms of Alzheimer's disease in oldest-old, an additional analysis was performed except for those over 85 years of age (Supplementary Table 4). The fully adjusted HRs for the incidence of all-cause dementia and Alzheimer's dementia for the Bwt-VIM Q4 vs. Bwt-VIM Q1 were 1.426 (95% CI 1.236–1.646) and 1.513 (95% CI 1.281–1.787), respectively. Bwt variability means intra-individual weight cycling within specific period, and it is different concept with the simple weight loss and weight gain. Thus, we conducted further analysis after excluding subjects with continuous weight loss or gain (Supplementary Table 5). Subjects in the Bwt-VIM Q4 had higher risks of all-cause dementia (HR 1.325, 95% CI 1.127–1.557) and Alzheimer's dementia (HR 1.352, 95% CI 1.122–1.63) than did subjects in the Bwt-VIM Q1 in Model 3.




DISCUSSION

The present study provides the first demonstration that high Bwt variability in the elderly was significantly associated with the risk of all-cause dementia and Alzheimer's dementia after extensive adjustment for possible covariates in the Korean population. This association remained statistical significant even after excluding the subjects with continuous weight low or gain. Furthermore, in individuals with an obese BMI at baseline, lower Bwt variability was associated with decreased risk of dementia, whereas the subjects with underweight BMI and the highest Bwt variability showed a significantly increased risk of developing dementia.

Epidemiologic studies have shown that higher adiposity at mid-life, whether measured as BMI or central obesity, was associated with a higher risk of dementia (3, 5, 6). The mechanisms linking obesity with cognitive decline and dementia have been demonstrated in several studies. In middle aged adults, visceral fat volume was associated with global brain atrophy measured by MRI (28). Furthermore, increased adiposity has been correlated with atrophy of several brain regions including the hippocampus (29, 30). Reduced hippocampal volume predicts cognitive function in the general population (31). Mid-life obesity was associated with earlier onset of Alzheimer's disease and greater severity of Alzheimer's neuropathology (4). Moreover, obesity increased the risk of cognitive impairment and dementia through vascular effects, such as atherosclerosis, endothelial dysfunction, arterial stiffness, and impairment of the blood-brain barrier (32, 33). Despite these definite direct and indirect links between mid-life obesity and dementia, epidemiological studies have focused on the association between late-life obesity and dementia and reported conflicting results. Weight reduction in midlife can lead to healthy condition via controlling various metabolic risk factors, whereas weight loss in late-life may reflect underlying illness and muscle reduction, causing unhealthy body composition. As a result, The association between a high Bwt and adverse clinical outcomes attenuates with age (10). Findings from the Whitehall II study published after the meta-analysis showed a higher risk of dementia for obesity at age 50, but not at ages 60–70 years (34). Furthermore, in the collaborative study of over 1.3 million adults, higher BMI was associated with increased dementia risk when weight was measured >20 years before dementia diagnosis, but this association was reversed when BMI was assessed <10 years before dementia diagnosis (35). Dementia-related weight loss appeared about 6 years before the onset of the clinical syndrome (36). Therefore, Bwt of elderly population cannot give accurate information for the risk of dementia.

Recently, several studies have demonstrated that Bwt variability was associated with increased risk of cardiovascular disease and mortality (12–14). According to the study in mice, weight cycling induced greater adipose tissue inflammation and insulin resistance than a consistently obese state (37) and a human study showed that Bwt fluctuation was related to poorer body-fat distribution (38). Sustained fluctuations in energy balance will lead to potential fluctuations of cardiometabolic risk variables, such as blood pressure, heart rate, blood glucose and lipids (39). In a 7-year follow-up French national cohort study, weight fluctuation was an independent risk factor for metabolic syndrome (40). Apart from this direct causal effect between Bwt variability and metabolic disturbances, Bwt fluctuation might reflect difficulty maintaining homeostasis, subsequent declining mental health. However, very few studies have assessed the effects of Bwt variability on dementia. One study suggested that mid-life Bwt variability was associated increased risk of dementia late in life (20). Another study of elderly women reported that Bwt variability was associated with increased risk of cognitive impairment or dementia, but the risk was attenuated after adjusting for covariates (21). However, those studies included a relative small-sized number with only women or men and did not utilize the accurate variability index such as CV, SD and VIM. Furthermore, the trajectory period was over 20-years covering both mid and late-life, which did not focus on the late-life Bwt variability like our research. We for the first time demonstrated that Bwt variability in the elderly was significantly associated with the increased risk for dementia after adjusting other covariates, suggesting that the inability to maintain one's weight might be an indication for poorer homeostatic control and general condition. This association remained statistical significance even after excluding the subject with continuous weight loss and very old age group (≥85 years), implying that the close relation between Bwt variability in late-life and dementia was independent from preclinical weight loss of dementia or age. Previously, Arnold et al. (41) reported that a history of weight cycling for the elderly with more than 65-years old increased the risk of physical disability by 28% after adjusting other risk factors including average weight and weight change per year. Considering that Bwt fluctuations in older persons are not benign condition, monitoring the weight of an older person for fluctuations as well as episodes of weight loss might be an important aspect of geriatric care.

Subgroup analyses in our study showed a stronger association between Bwt variability and dementia in people age <75 years compared with those older 75 years, because the older subgroup is easy to face with additional competing risk factors for dementia, such as age itself. The association between Bwt variability and dementia is stronger in subject with abnormal baseline BMI (underweight, overweight, and obese) compared to those with normal baseline BMI. Although the underlying mechanism of this association is not clear, individuals who exercised regularly had a higher risk of dementia according to Bwt variability quartile compared to those who did not (P-value for interaction = 0.048). Individuals without regular exercise might be more vulnerable to other risk factors of the dementia other than Bwt variability.

Our study has several limitations. We could not consider educational level or dietary factors due to lack of information. We could not consider the role of APOE e4, the major susceptibility allele for dementia, due to lack of data. Patients with dementia were identified according to ICD-10 codes and not confirmed by brain imaging. Thus, the prevalence of dementia may have been underestimated because we used information recorded in the claim database. The incidence of vascular dementia was relatively low, which may have reduced the significance of any associations. Finally, because of the intrinsic limitations of the observational study design, we could not define a causal relationship between Bwt variability and dementia. Despite these limitations, this study has the strength of using a large-scale nationwide database, which is standardized and validated by the Korean government and represents the entire elderly Korean population.

In conclusion, our study findings suggest that Bwt variability is an independent predictor for dementia in the elderly. The risk of developing dementia was significantly increased in subjects with highest Bwt variability and underweight BMI and significantly decreased in subjects with low Bwt variability and obese BMI. These results merit further study in order to confirm our results in different ethnic groups and to explore the mechanistic links between Bwt variability and dementia.
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Background: Most patients with thyroid cancer typically receive thyroidectomy with ablative radioactive iodine therapy. Such patients were followed with thyroid ultrasonography and serial serum thyroglobulin evaluation. Exosomes are nanovesicles secreted into extracellular environments, including plasma, saliva, urine, and other body fluids of patients with cancer. We try to find the early prognostic and exosomal biological markers of urine.

Methods: We analyzed urinary exosomal proteins, including thyroglobulin and galectin-3, to identify early prognostic biological markers in urine for patients receiving operation and radioactive iodine ablative therapy. We enrolled sixteen newly diagnosed patients with papillary thyroid carcinoma and follicular thyroid carcinoma. We collect all patient's urine samples before operation, immediately after operation, post-operatively at three and six months (4 collections per patient). The levels of pre-operative and post-ablative of U-Ex Tg and galectin-3 in patients with thyroid cancer were measured.

Results: Trends in urinary thyroglobulin concentrations in patients with post-ablative thyroid cancer were detected in the first sixteen patients. Importantly, serum thyroglobulin was not detected in five patients after operation and radioactive I-131 ablation, while U-Ex Tg still showed an increasing trend, which implicating the probable recurrence of thyroid cancer. This is the first study to evaluate whether U-Ex Tg is a future biological marker as a substitute for serum thyroglobulin.

Conclusion: Our study have developed a brand-new evaluation for tracking thyroid cancer. The most useful scenario in using a test that is potentially more sensitive than existing serological testing is to eliminate the suspicion of recurrence and remove subjects from long term follow up.

Trial Registration: ClinicalTrials.gov: NCT02862470; 5, August 2016. https://clinicaltrials.gov/ct2/show/NCT02862470?term=NCT02862470&rank=1.

ClinicalTrials.gov: NCT03488134; 3, August 2018. https://clinicaltrials.gov/ct2/show/NCT03488134?term=NCT03488134&draw=2&rank=1.
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INTRODUCTION

Papillary and follicular thyroid cancers are low-grade endocrine malignancies, and, the core issue of differentiated thyroid cancer is surgical approach, which remain the primary mode of therapy (1–3), but reliable post-operation follow-up biomarker has remained further discussable issue. Most patients typically receive thyroidectomy with ablative radioactive iodine therapy (4, 5). These patients are followed with thyroid ultrasonography and serial serum thyroglobulin evaluation. Serum thyroglobulin is a pivotal biomarker for detecting possible residual tumors or recurrence of thyroid cancer (4). Generally, such patients appear to have a higher residual risk of isolated thyroglobulinemia, and postoperative serum thyroglobulin suggest distant metastases (4). Low-risk patients with non-stimulated postoperative serum thyroglobulin are typically defined as having less than 0.2 ng/mL or with thyroid hormone withdrawal thyroglobulin of less than 1.0 ng/mL (6, 7). However, costly recombinant human TSH (rhTSH) is often required to stimulate serum thyroglobulin for detecting local recurrence or distant metastasis (8). Thus, earlier biological markers for predicting the prognosis of thyroid cancer are needed.

Exosomes are nanovesicles secreted into extracellular environments. Cancer cell-derived exosomes are found in the plasma, saliva, urine, and other body fluids of patients with cancer. Increasing evidence suggests that exosomes can be used as biomarkers for the diagnosis and prognosis of malignant tumors (9, 10). Exosomes are 40–100 nm in diameter and correspond to the intraluminal vesicles of endosomal multivesicular bodies (11). Exosomes secreted by cells transfer molecular messages between cells and may be useful biological markers of cancer (11). In addition, exosomes can be collected from the serum, tissue fluid, and urine for diseases follow-up, and collecting urine as a biosample is easier to repeatedly obtain and non-invasive (12, 13). In this study, we enrolled patients with papillary and follicular thyroid carcinoma, and collected their urine samples before operation, immediately after operation, and post-operatively 3 and 6 months. We analyzed the urinary exosomal proteins to identify early prognostic biological markers in the urine in this prospective study.



MATERIALS AND METHODS


Patients

The prospective study enrolled patients with newly diagnosed thyroid cancer. This preliminary study report included sixteen patients who were followed-up for six months. We enrolled 23 patients in the very beginning, and 16 patients completed all 4-times check-ups in our study. All sixteen patients received total thyroidectomy under clinically surgical judgment, and twelve patients received radioactive I-131 ablation at approximately four weeks after operation.



Study Design

We enrolled the newly diagnosed patients with thyroid papillary, follicular cancer. After signing inform consent, we collect their urine samples before operation, immediately after operation, post-operatively at three and six months (4 collections per patient). This prospective study was approved by (Ethical Review Board approval) Institution Responsibility Board of National Taiwan University Hospital and complete patient inform consent. We identify the committee that approved the research and confirm that all research was carried out in accordance with relevant guidelines/regulations, and informed consent was obtained from all participants.



Peptide Sequences

Thyroglobulin sequence and galectin-3 sequence are available from Peptide Atlas (https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetSELExperiments) and UniProt (http://www.uniprot.org/) in Table 1. Standard peptides were synthesized by Mission Biotech, Ltd. (Taipei, Taiwan). The synthetic peptides were dried and precipitated with ether. Peptides were purified by reverse-phase high-performance liquid chromatography while monitoring peptide elution at 230 nm.


Table 1. Peptide standards list and representative protein.
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Urine Collection

Urinary exosome precipitation was performed. First, 200 mL of fresh human urinary sample was collected for exosome precipitation. These samples were centrifuged at 3000 × g for 15 min at 4°C to remove cells and cell debris, and then centrifuged at 10,000 × g for 30 min at 4°C to remove microvesicles. Amicon® Ultra 15-centrifugal filters, 100K (Millipore, Billerica, MA, USA) were used to concentrate the 200-mL urinary samples to 5–10 mL. Urinary exosomes were isolated using ExoQuick-TC (System Biosceinces, Palo Alto, CA, USA). Supernatants were transferred to new tubes, completeTM, EDTA-free Protease Inhibitor Cocktail (Roche, Basel, Switzerland) was added, and samples were stored at−80°C. Exosome pellets were resuspended in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS). Exosome protein samples were frozen at −80°C until multiple reaction monitor (MRM) analysis.



Reagents and Chemicals

All reagents were ACS grade or higher. All solvents used, including water, were liquid chromatography (LC)/mass spectrometry (MS) grade.



Tryptic Digestion

Urinary exosome samples were precipitated with three volumes of cold methanol at −20°C, followed by centrifugation at 10,000 × g for 10 min. The pellet was then suspended in lysis buffer (4 M urea, 25 mM ammonium bicarbonate, pH 8.5). The denatured samples were reduced with 200 mM dithiothreitol at ambient temperature for 1 h and then alkylated with 200 mM iodoacetamide in the dark for 1 h. The remaining iodoacetamide was quenched by the addition of 200 mM DTT and incubated at ambient temperature for 20 min. Modified sequencing-grade trypsin (Promega, Madison, WI, USA) was added to samples. Digestion was carried out for 16 h at 37°C.



MRM Q1/Q3 Ion Pair Selection Using Direct Infusion

Synthetic standard peptides were diluted to 2 μg/mL in 0.1% formic acid for infusion at a flow rate of 10 μL/min using a syringe pump. The infused peptide solutions were analyzed by electrospray ionization using an AB SCIEX QTRAP 5500 mass spectrometer (Framingham, MA, USA) equipped with the TurboV source and controlled by Analyst software 1.5. MS analysis was conducted in positive ion mode with the ion spray voltage set to 5500 V. The source temperature was set to 550°C. Additional parameters were nebulizer and drying gas flow at 60 and 45 psi, respectively. Analyst software (version 1.5) was used to generate a list of all possible b- and y-series fragment ions for both 2+ and 3+ precursor ion-charge state spanning m/z range from 100 to 1000. MRM scans for optimization of MRM Q1/Q3 ion pairs were conducted with both Q1 and Q3 set to unit resolution (0.7 Da full width at half maximum), while the collision energy (CE) was ramped from 5 to 55 V in 1-V increments, with dwell time of 150 ms for each transition. From this data, the four transitions that produced the strongest signals were selected on a per-peptide basis.

Next, the three transitions producing the most abundant signals free of signal interferences were selected from these four transitions.



LC-MRM/MS Analysis of Urinary Exosome Digests

An Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, USA) was used to directly inject 10 μL of urine digest samples onto a reverse-phase analytical column (100 × 2.1 mm i.d., 2.7 μm, Agilent Poroshell 120 EC-C18) that was maintained at ambient temperature. Samples were separated using a 300 μL/min flow rate and gradient of 3–90% of mobile phase B over a total run time of 30 min. Mobile phase A consisted of 0.1% v/v formic acid, while mobile phase B consisted of ACN/0.1% formic acid. The gradient method is composed of multiple linear gradients as follows (time: %B) : 0.1 min, 10% B; 3.5 min, 11% B; 6.5 min, 20% B; 7 min, 21% B; 7.5 min, 22% B; 12.5 min, 22.5% B; 17 min, 25% B; 20 min, 30% B; 22.5 min, 42% B; 23.5 min, 90% B; 27 min, 3% B; 30 min, 3% B. An AB SCIEX QTRAP 5500 with a TurboV ionization source, controlled by Analyst software, was used for all LC-MRM/MS sample analyses. All acquisition methods used the following parameters: 5500 V ion spray voltage, nebulizer and drying gas flow of 60 and 45 psi, respectively, source temperature of 550°C, and Q1 and Q3 set to unit resolution (0.7 full width at half maximum).

MRM acquisition methods were initially composed of four ion pairs per peptide during determination of high-signal producing interference-free transitions and LC method development. The final analytical method was composed of one verified quantifier ion pair per peptide, and is a high-throughput, rapid 30-min method that has been evaluated for common urine interferences. However, urine analysis of the samples was performed with acquisition methods containing three verified ion-pair transitions per target peptide to ensure the detection of any minor sample-specific signals. MRM acquisition methods were constructed using fragment ion-specific tuned CE voltages and retention time constraints.



MRM Data Analysis

All MRM data were processed using AB SCIEX Analyst software (version 1.5) with the Integrator algorithm for peak integration set to default values. All integrated peaks were manually inspected to ensure correct peak detection and accurate integration. Linear regression of all calibration curves was performed using a standard 1/x2 (x = concentration) weighting option to aid in covering a wide dynamic range. The concentration of each peptide target was calculated based on the observed response and experimentally determined linear regression equation from the standard curve. The calculated concentration is reported in μM of urine and can be defined in ng/mL when the weight of the entire processed protein is taken into account.



Thyroglobulin and Anti-thyroglobulin Antibody

Thyroglobulin levels were determined using IMMULITE 2000 Thyroglobulin, a solid-phase, chemiluminescent immunometric assay. Its analytical sensitivity is 0.2 ng/mL (Siemens, Erlangen, Germany). An anti-thyroglobulin antibody survey was conducted in the ARCHITECT Anti-Tg assay, which is a two-step immunoassay for quantitative determination of thyroglobulin autoantibodies in human serum. Its sensitivity is ≤ 1.0 IU/mL (Abbott Laboratories, Chicago, IL, USA).




RESULTS


Patients Demographics

All patients receive pre-operative and post-operative investigation of thyroid function and serum thyroglobulin. All demographic information with surgical pathological findings are shown in Table 2.


Table 2. Demography of patients before and after operation.
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Urinary Biomarkers

The initial quantification of U-Ex Tg and galectin-3 is shown in Supplemental Data. Peptide concentrations are shown in units of μM. We converted the unit of μM into ng/mL using the formula: (ng/mL) = (μM) (molecular weight in Dalton).

Urinary peptide biomarkers concentrations are shown in before conversion as μM and after conversion as ng/mL. Our data showed that thyroglobulin was not detected with high sensitivity (<0.2 ng/mL), but U-Ex Tg was detected by peptide sequencing. The trends in urinary thyroglobulin concentrations were recorded individually for each patient. Particularly, serum thyroglobulin was not detected in patients 1, 3, 4, and 7 after thyroidectomy and/or radioactive I-131 ablation; however, U-Ex Tg showed an increasing trend. This condition may implicit the tumor burden and the recurrence of thyroid cancer in the future.

We classified U-Ex Tg level according to the thyroid cancer stage (Figure 1), fourteen patients (patient 3 and 9 were excluded due to distant metastasis or suspect delphian lymph node involvement) revealed that U-Ex Tg was statically significant higher in larger tumor, which point out that U-Ex Tg can implicit the tumor burden. In addition, pre-operative and post-operative serial changes of U-Ex Tg in patients receiving total thyroidectomy and/or radio-active iodine ablation are revealed in Figure 2. The U-Ex Tg levels still showed trends of elevation in patients 1, 3, and 4, who were papillary thyroid cancer with soft tissue involvement or metastasis of level IV lymph nodes. However, serum thyroglobulin cannot be detected in such patients after ablative therapy.


[image: Figure 1]
FIGURE 1. Urinary exosomal thyroglobulin revealed statistically significant in larger tumor (T3) or lymph nodes metastasis in pathological report.
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FIGURE 2. Urinary exosomal thyroglobulin showed an increasing trend in patients of post thyroidectomy and/or I-131 ablation in comparison with serum thyroglobulin.


We hope to emphasize the difference of U-Ex Tg between various surgical findings. The pathological findings of patients 1, 3, 4 revealed larger tumor (T3) or lymph nodes metastasis, in contrast to patients 6 and 7 with smaller tumor without lymph nodes metastasis. In addition, patient 1, 3, and 4 received ablative I-131 treatment without detectable serum thyroglobulin, but prominently elevated U-Ex Tg postoperatively. However, patient 6, who did not receive ablative I-131, was noted of detectable serum thyroglobulin, but very lower U-Ex Tg. The difference between these two groups revealed that U-Ex Tg will be an earlier and brand-new biomarker to predict the prognosis or recurrence for patients with DTC post-operatively.




DISCUSSION

Our study is the first study to evaluate whether urinary exosomal thyroglobulin (U-Ex Tg) is a reliable biological marker as a substitute for serum thyroglobulin. Such patients are not required to withdraw thyroid hormone or receive rhTSH stimulation. For patients with thyroid cancer who received thyroidectomy with or without ablative radioactive I-131 therapy, serum thyroglobulin is defined as a cancer biomarker during follow-up (4–8). If thyroglobulin cannot be detected in the serum, patients are considered to have completed treatment, independently of the interference of anti-thyroglobulin antibody (4). Typically, serum thyroglobulin cannot be detected even under costly rhTSH stimulation in patients with biochemically complete treatment. Therefore, currently no serial biomarkers are available for evaluating and predicting cancer recurrence.

Exosomes are membrane-derived extracellular vesicles with size about 40–100 nm, which are found in consistent concentrations in all body fluids, including blood, saliva and urine. In this study, U-Ex Tg was shown to be a non-invasive, reproducible, convenient, serial, and accurate follow-up marker for patients with thyroid cancer, as we used peptide sequences to quantify the levels of thyroglobulin in urine exosomes. Without the requirement for rhTSH, costs are reduced, and patients can continue the use of thyroid hormone during cancer follow-up. We also used galectin-3 for comparison to confirm the trends in thyroglobulin levels. Galectin-3 modulates cell growth via galactosidase-binding protein, which is correlated with occurrence and metastasis of papillary thyroid carcinoma (14–16). In this study, the trends in the changes of U-Ex Tg to be higher in patients with extra-thyroid invasion, metastasis of neck level IV lymph nodes, and lymph-vascular invasion. While the patients received ablation of radioactive I-131 therapy six months later, serum thyroglobulin was not detected. However, the increasing tendency of U-Ex Tg suggests that probable recurrence.

In recent years, progress in peptide mass spectrometry methods has provided a cost-effective, accurate method for identifying biomarkers. Large profiling of proteomics of human urine reveled different follow-up manners (17, 18). From the perspective of oncology, one option is to identify new biomarkers for earlier diagnosis of various cancers, while another option is to prevent follow-up residual tumor formation and cancer recurrence. The goal of our study is to identify a new pathway for tracking biomarkers in patients with thyroid cancer receiving ablative surgery and radioactive I-131 treatment. Exosomal proteins can influence cellular signaling, inflammation, immunity. In addition, inflammatory exosomal proteins contribute to various patho-physiological processes in cellular behavior (19). Compared with serum thyroglobulin, U-Ex Tg can be an important pro-inflammatory predictor and biomarker of thyroid cancer recurrence for certain patients. For patients receiving total thyroidectomy and/or ablation with radioactive iodine, the increasing tendency of U-Ex Tg revealed that it can be used as a substitute for undetectable serum thyroglobulin in predicting the recurrence of thyroid cancer. U-Ex Tg could be an important alternative to serum thyroglobulin which advantages technology and eases requirements for patients. Our limitation is limited current patient numbers, but the study is still ongoing with a larger cohort in patients of thyroid cancer, who received thyroidectomy and/or radioactive iodine at least one year.

In our study, the most important and useful scenario in using a test that is potentially more sensitive than existing serological testing is to eliminate the suspicion of recurrence and remove subjects from long term follow up.



STRENGTHS AND LIMITATIONS OF THIS STUDY


1. The aim of the present study is to analyze the urinary exosomal proteins to identify early prognostic biological markers in the urine in this prospective study.

2. The significant and novel finding in the present study is that in comparison with serum thyroglobulin, urinary exosomal thyroglobulin (U-Ex Tg) can be an important pro-inflammatory predictor and biomarker of thyroid cancer recurrence. U-Ex Tg could be an important alternative to serum thyroglobulin which advantages technology and eases requirements for patients.

3. Current patient numbers are limited, but the study is still ongoing to collect more data from urinary exosomal proteins of patients with thyroid cancer.
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Background: Primary thyroid diffuse large B cell lymphoma (DLBCL) is a rare type of extranodal lymphoma; optimal treatment methods and the key prognostic factors have not been established.

Methods: The clinical data of 58 patients with primary thyroid DLBCL from January 2007 to December 2017 were collected. The Kaplan–Meier method and log-rank tests were used for the survival analysis. Cox regression analysis was performed to evaluate the prognostic factors.

Results: The follow-up time was 6–120 months; 5-year overall survival (OS) and progression-free survival (PFS) were 73 and 61%, respectively. Single-factor analysis showed that IPI, Ki-67, treatment modalities, Hans classification, Myc/Bcl-2 protein co-expression, and administration of rituximab had a significant effect on the 5-year OS and PFS (P < 0.05), while age, sex, Bcl-2 protein expression, Myc protein expression, tumor stage, tumor size, Hashimoto's thyroiditis, and B symptoms were not associated with prognosis (P > 0.05). Multivariate risk regression analysis revealed that Myc/Bcl-2 protein co-expression, treatment modalities, and rituximab were independent prognostic factors (P < 0.05).

Conclusions: Patients with primary thyroid DLBCL who received combination chemotherapy with radiotherapy had a better prognosis. Surgical treatment alone was not associated with the prognosis and is used only for diagnosis. Rituximab could improve the survival time of patients.

Keywords: thyroid, lymphoma, large B-cell, prognosis, treatment


INTRODUCTION

Primary thyroid lymphoma (PTL) is an uncommon lymphoma that develops in the thyroid gland, accounting for ~2% of all extranodal lymphomas; its morbidity is higher in elderly females with chronic Hashimoto's thyroiditis (1). Generally, the main complaint is neck swelling; some patients also show B symptoms such as night sweats, fever, and weight loss (2). Histopathologically, DLBCL is the main type of PTL; other pathological subtypes include follicular lymphoma, mucosa-associated lymphoid tissue lymphoma, small lymphocytic lymphoma, and T-cell lymphoma (2, 3). Surgical biopsy or core needle biopsy can be performed to diagnose the disease. Previous studies on primary thyroid DLBCL were done on the basis of limited data due to the rarity of the disease, and there is no consensus on optimal treatment modalities and key prognostic factors. To address these issues, this study aimed to investigate treatment modalities and clinicopathological characteristics correlated with survival in patients with primary thyroid DLBCL, so as to find useful information about treatment option and key prognostic factors.



MATERIALS AND METHODS


Clinical Data

Clinical data were obtained from the medical records of 58 patients with primary thyroid DLBCL, who were diagnosed and treated at Hunan Provincial People's Hospital, Hunan Cancer Hospital, Changsha Kexin Cancer Hospital, Xiangya Hospital, and the Second Xiangya Hospital from January 2007 to December 2017. Age, sex, treatment modality, stage, Hashimoto's thyroiditis existence, LDH (lactate dehydrogenase), IPI (international prognostic index), tumor size, Hans classification, Ki-67 and Bcl-2 protein expression, Myc protein expression, B symptom, and overall survival status were evaluated. Core needle biopsy, surgical biopsy, and surgical excision were used for diagnosis. Patients who had systemic disease were excluded from the evaluation. Follow-up data were calculated from the time of initial surgery on the thyroid gland to the last follow-up. The clinical survey was finished through reviewing patient records, interview, and clinic visits. Ethical approval for this study was obtained from the ethical committee of The First Affiliated Hospital of Hunan Normal University/Hunan Provincial People's Hospital. Written informed consent was obtained from all of the local cohort participants.



Evaluation Standard

Primary thyroid DLBCL developed in the thyroid gland with or without the involvement of regional lymph nodes and without metastasis to other visceral tissues (1). All samples were reviewed by two pathologists for confirmation of the histological diagnosis. The clinical stages were defined in two categories through computed tomography, ultrasonography, and bone marrow aspiration biopsy: Stage IE refers to lesion localized within the thyroid, and stage IIE refers to lesion confined to the thyroid and regional lymph nodes (3). Fouty percentage was used for cutoff values of for Myc and 70% for Bcl-2 and Ki-67 (4, 5); the cutoff values of other markers assessed in this study were based on previous reports (6).



Patient Survival

The final follow-up was done on December 1, 2018. Overall survival (OS) was calculated from the time of initial surgery on the thyroid gland to death from any cause, while progression-free survival (PFS) was calculated from the date of diagnosis to the date of initial disease progression, relapse, or death.



Statistical Analysis

The Kaplan–Meier method was used for the survival analysis and univariate analysis. The Cox regression analysis was performed to evaluate the prognostic factors of patients with primary thyroid DLBCL. The chi-squared (χ2) test was performed to compare clinical characteristics, and differences were tested using the two-tailed test. SPSS software (version 21.0, SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. All p-values were 2-sided, and a P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics

At the time of diagnosis, of the 58 patients with primary thyroid DLBCL, 43 were women and 15 were men; 15 patients presented bilateral involvement, 21 presented right lesions, and 22 presented left lesions; 18 patients had clinical B symptoms, and 40 had no B symptoms; 28 patients had stage IE lymphoma and 30 patients had stage IIE lymphoma; 31 patients had 0–1 IPI score, and 27 patients had 2–3 IPI score; 24 patients had elevated LDH; and 22 patients had a history of Hashimoto's thyroiditis. The median age of the patients was 65 years (range, 28–78 years), and the average size of the primary thyroid DLBCL was 3.8 cm (range, 1.5–7.6 cm). A total of 30 patients presented involvement of adjacent organs, including 18 patients with neck lymph-node invasion and 12 patients with mediastinal lymph-node invasion.



Pathological Characteristics

Histopathological diagnosis was carried out on the pathological tissue sections of the patients after hematoxylin–eosin (HE) staining and immunohistochemistry, revealing a total of 58 patients with primary thyroid DLBCL. B cells were labeled with antibodies to CD20 and CD79a in all patients, BCL-2 expression in 26 patients, BCL-6 expression in 37 patients, CD10 expression in 21 patients, MYC expression in 28 patients, Myc/Bcl-2 protein co-expression in 17 patients, multiple myeloma oncogene 1 (MUM1) expression in 32 patients, and PAX5 expression in 48 patients. A proliferation index of Ki-67 ≤70% was found in 36 patients, and Ki-67 >70% in 22 patients. 21 patients had germinal center B-cell-like (GCB) DLBCL, and 37 had non-GCB DLBCL.



Treatment and Follow-Up

Overall, 15 patients received only surgical excision (four lobectomy, eight partial lobectomy, three thyroidectomy), 31 underwent surgical biopsy, 12 underwent core needle biopsy, 18 received simple chemotherapy (CT), and 25 received chemotherapy combined with radiotherapy (RT). The radiotherapy dose ranged from 30 to 40 Gy with a median value of 36 Gy. While 26 patients were treated with rituximab, 32 did not receive the treatment. Regarding chemotherapy regimens, 17 patients received cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) chemotherapy, whereas 26 received rituximab plus cyclophosphamide, doxorubicin, vincristine, and prednisone (R+CHOP) chemotherapy. The follow-up time was 6–120 months, with a median value of 60 months. All 58 patients had a follow-up rate of 100%. In the 58 patients with primary thyroid DLBCL, the 5-year OS and 5-year PFS were 73% (95% confidence interval (CI), 68–96%, and 61% (95% CI, 45–69%), respectively. Forty-eight patients did not show disease recurrence, whereas 10 did. Among the 10 patients with relapse, two had ipsilateral thyroid involvement, two had lung involvement, one had neck lymph-node involvement, two had brain involvement, two had bone involvement, and one had liver involvement. All the patients who experienced relapse received chemotherapy, including GEMOX (gemcitabine and oxaliplatin), MINE (mesna, ifosfamide, mitoxantrone, etoposide), and ESHAP (etoposide, methylprednisolone, cisplatin and cytarabine). Additionally, two patients also received radiotherapy, and one patient received intrathecal chemotherapy for intracranial involvement, whereas five died of progressive disease.



Correlation Analysis of Clinical Characteristics and Treatment Methods With 5-Year PFS and OS Rates

Univariate analysis was performed for patients' age, sex, tumor size, stage, treatment modalities, B symptoms, serum LDH level, IPI score, administration of rituximab, BCL-2 protein expression level, MYC protein expression level, Myc/Bcl-2 protein co-expression, Hans classification, Ki-67, and presence of Hashimoto's thyroiditis, as listed in Table 1. The results showed that IPI score, treatment modalities, Hans classification, administration of rituximab, and Ki-67 and Myc/Bcl-2 protein co-expression were significantly associated with prognosis (P < 0.05), while patient age, sex, tumor size, B symptoms, Hashimoto's thyroiditis existence, BCL-2 expression level, MYC expression level, serum LDH level, and tumor stage were not significantly associated with prognosis (P > 0.05; Table 1).


Table 1. Univariate analysis affecting OS and PFS of patients with primary thyroid DLBCL.
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For treatment modalities, first, stratification based on baseline demographic, and clinicopathological characteristics was performed for the patients treated with different treatment modalities; the results showed that the demographic and clinicopathological characteristics were generally well-balanced among different treatment groups at baseline (Table 2). Then, survival analysis revealed that the 5-year OS and PFS were 81.2 and 77.8%, respectively, for patients with CT plus RT, 60.9 and 53.9% for patients with CT alone, and 35.3 and 31.6% for patients that underwent surgical excision (P < 0.05; Figures 1A, 2A), thus indicating that the patients that received CT with RT had better survival than CT or surgical excision alone and that surgical excision alone did not have any advantage over CT or CT plus RT.


Table 2. The baseline characteristics of the patients treated with different treatment modalities.
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FIGURE 1. Correlation of the 5-year overall survival (OS) with the clinicopathological features in 58 patients with primary thyroid diffuse large B cell lymphoma. (A) Comparison of the 5-year OS in patients with primary thyroid DLBCL according to treatments. (B) Comparison of the 5-year OS in patients with primary thyroid DLBCL according to rituximab. (C) Comparison of the 5-year OS in patients with primary thyroid DLBCL according to Myc/Bcl-2 protein co-expression. (D) Comparison of the 5-year OS in patients with primary thyroid DLBCL according to Hans classification. (E) Comparison of the 5-year OS in patients with primary thyroid DLBCL according to the international prognostic index (IPI) score. (F) Comparison of the 5-year OS in patients with primary thyroid DLBCL according to Ki-67 expression.
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FIGURE 2. Correlation of the 5-year progression-free survival (PFS) with the clinicopathological features in 58 patients with primary thyroid diffuse large B cell lymphoma. (A) Comparison of the 5-year PFS in patients with primary thyroid DLBCL according to treatments. (B) Comparison of the 5-year PFS in patients with primary thyroid DLBCL according to rituximab. (C) Comparison of the 5-year PFS in patients with primary thyroid DLBCL according to Myc/Bcl-2 protein co-expression. (D) Comparison of the 5-year PFS in patients with primary thyroid DLBCL according to Hans classification. (E) Comparison of the 5-year PFS in patients with primary thyroid DLBCL according to the international prognostic index (IPI) score. (F) Comparison of the 5-year PFS in patients with primary thyroid DLBCL according to Ki-67 expression.


For patients who received rituximab, the 5-year OS and PFS were 78.6 and 68.3%, while for those that did not receive rituximab, the values were 50.2 and 47.5%, respectively (P < 0.01; Figures 1B, 2B), thus suggesting that rituximab could improve the survival rate of patients with primary thyroid DLBCL.

In patients with primary thyroid DLBCL with a positive Myc who received immunohistochemistry, the 5-year OS was 73.9% and 5-year PFS was 58.2%. In patients with primary thyroid DLBCL with a negative Myc treated by immunohistochemistry, the 5-year OS was 76.4% and the 5-year PFS was 63.4% (P > 0.05; Table 1). In patients with primary thyroid DLBCL with a positive Bcl-2 who underwent immunohistochemistry, the 5-year OS was 71.2% and 5-year PFS was 57.1%. In patients with primary thyroid DLBCL with a negative Bcl-2 who received immunohistochemistry, the 5-year OS was 79.2% and 5-year PFS was 64.6% (P > 0.05; Table 1). The 5-year OS and PFS in Myc/Bcl-2 protein co-expression patients were 48.9 and 47.3%, respectively, while those in patients without Myc/Bcl-2 protein co-expression were 82.3 and 68.4% respectively (P < 0.05; Figures 1C, 2C). These findings indicate that Bcl-2 protein expression or Myc protein expression alone has no significant effect on survival, but Myc/Bcl-2 protein co-expression is negatively associated with prognosis, i.e., the patients with Myc/BCL-2 protein co-expression had a worse prognosis.

For Hans classification, the 5-year OS and 5-year PFS were 79.2 and 69.4% for the patients with GCB DLBCL and those of the patients with non-GCB DLBCL were 50.7 and 48.7%, respectively (P < 0.05; Figures 1D, 2D), indicating that non-GCB subtype was significantly associated with poor prognosis.

For patients with an IPI score of 0–1, the 5-year OS was 80.6% and the 5-year PFS was 68.9%, while for patients with an IPI score of 2–3, the 5-year OS and the 5-year PFS were 51.1 and 47.3%, respectively (P < 0.05). Thus, the higher the IPI score, the worse the prognosis (Figures 1E, 2E).

The 5-year OS of patients with a proliferation index of Ki-67 ≤70% was 78.7%, and the 5-year PFS was 65.3%; the 5-year OS of patients with a proliferation index of Ki-67 >70% was 57.3%, and the 5-year PFS was 46.4% (P < 0.05), indicating that patients with a proliferation index of Ki-67 >70% had a worse prognosis (Figures 1F, 2F).

Furthermore, multivariate risk regression analysis using the Cox model revealed that Myc/Bcl-2 protein co-expression, treatment modalities, and rituximab were independent prognostic factors for patients with primary thyroid DLBCL (P < 0.001; Table 3).


Table 3. Multivariate analysis and regression analysis of COX model affecting the prognosis of patients with primary thyroid DLBCL.
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DISCUSSION

PTL is a rare neoplasm of the thyroid gland, with the most common type of PTL being DLBCL. This was a larger study that evaluated the association of clinicopathological characteristics and treatments with a survival rate in patients with primary thyroid DLBCL. With 58 cases in the final analysis, some important findings were revealed for the first time in our study.

Optimal treatment methods for primary thyroid DLBCL have not been established (2, 3). The role of surgery in PTL has changed (7, 8); although it is usually used as diagnostic biopsies now, some patients with PTL were reported to have undergone surgical excision because of various reasons (3) In our study, 15 patients underwent surgical excision; however, even with lesion resection, these patients had no significant prognostic advantage. A study from the Mayo Clinic showed that surgical excision did not have any advantage over the simply performed surgical biopsy for diagnosis. Patients who underwent surgical biopsy and chemotherapy had better prognosis than those with surgical excision followed by adjuvant chemotherapy (9). Therefore, chemotherapy and RT have replaced surgery as the main treatment measure (8). Mian et al. (10) reported that patients who underwent chemotherapy followed by radiotherapy had a longer PFS than those who received single therapy. Doria et al. (11) reported that the recurrence rate was 7.7% with combined therapy of radiotherapy and chemotherapy for thyroid primary DLBCL, 37.1% with radiotherapy alone, and 43% with chemotherapy alone. Matsuzuka et al. (12) reported the outcome of chemotherapy plus RT in patients with aggressive PTL, in which the survival rate at 8 years was 100%. Onal et al. (13) described the treatment effect of 60 patients with aggressive PTL; among those cases, there was a remarkable improvement in survival rate and local control with chemotherapy plus RT over RT or chemotherapy alone. The findings from our study also demonstrated that patients with primary thyroid DLBCL receiving CT plus RT had better prognosis, supporting the role for combined therapy of chemotherapy plus radiotherapy in those with aggressive histologic subtypes. Targeted CD20 therapy is widely being used for DLBCL with CD20 positive. CD20 is positive in primary thyroid DLBCL, and in the present study, CD20 is positive in all 58 cases with primary thyroid DLBCL; therefore, immunochemotherapy including rituximab might be a good treatment. In this study, chemotherapy combined with rituximab confers additional benefits to the patients with primary thyroid DLBCL. Consistent with our result, Vardell et al. (14) reported that CHOP plus rituximab showed better results for the management of primary thyroid DLBCL. Dralle et al. (15) suggested that rituximab could improve survival of patients with primary thyroid DLBCL. Watanabe et al. (16) showed that the inclusion of rituximab to combination therapy was effective for elderly patients with primary thyroid DLBCL. These findings suggested that chemotherapy including rituximab in combination with supplementary radiotherapy may be optimal treatment modality for patients with primary thyroid DLBCL.

Furthermore, this study also investigated the association between pathological features and prognosis in patients with primary thyroid DLBCL. Alterations in Myc gene and Bcl-2 gene, which are main regulators of cellular apoptosis and proliferation, may be related to the pathogenesis of DLBCL (17, 18). Some DLBCL also co-express high levels of Bcl-2 protein and Myc protein, which may be a key factor of pathogenesis in this disease. In DLBCLs, Myc overexpression, Bcl-2 overexpression, and Myc/Bcl-2 protein co-expression were detected by IHC staining in 29–47% and 50% and 20–35% of the cells, respectively, (19, 20). This study showed 44.8% were positive for Bcl-2, 48.3% were positive for Myc, and 29.3% were double positive for Myc and Bcl-2 protein expression. Whether Myc or Bcl-2 expression in IHC singly predicts survival outcome is controversial, with some studies showing an inferior outcome (19, 20) and others showing no association with outcome (21). However, Myc/Bcl-2 protein co-expression, the so-called double-expresser phenotype, is considered a useful prognostic tool for predicting survival outcome (19, 20). Despite that several studies showed an association of IHC-determined Myc and Bcl-2 expression with inferior outcomes in nodal DLBCL (20), there have been very few reports of Myc/Bcl-2 co-expression in primary thyroid DLBCL. Consistent with results from prior studies, this study showed that Bcl-2 or Myc protein expression alone had no significant effect on survival, while patients with primary thyroid DLBCL with Myc/Bcl-2 protein co-expression had poor clinical outcomes, with <30% rate of 5-year OS and PFS.

The positive cell rate of Ki-67 expression is referred to as the proliferation activity of cells. The prognostic value of Ki-67 expression in patients with DLBCL remains controversial. Some studies found a significantly negative relationship of prognosis with high Ki-67 expression (22); other studies showed no effect on prognosis (22). In this study, for patients with high Ki-67 expression (>70%), the 5-year OS and PFS were much lower than those in patients with low Ki-67 expression (≤70%). Thus, we inferred that Ki-67 expression status had a prognostic value to survival. Patients with high Ki-67 expression also seem to have a shorter survival. Probable explanations for the inter-report variations are differences in study populations and cutoff value of Ki-67 (22, 23).

Recent studies have shown that patients with DLBCL may be divided into two types by the Hans classification, such as GCB type and non-GCB type; previous studies showed that the majority of patients with primary extra-nodal DLBCL are of the non-GCB (24). Furthermore, the GCB type is correlated with a better prognosis than the non-GCB type (25). Consistent with prior studies, in the present study, 63.8% patients with primary thyroid DLBCL were of non-GCB type, accounting for a majority of these cases. 5-year OS and PFS in patients with GCB type were significantly higher than were patients with the non-GCB type.

IPI has been reported to stratify patients with aggressive lymphoma into distinct groups; IPI remains one of the main indices for assessing prognosis in DLBCL, even in the current era of immunochemotherapy including rituximab (26). This study also confirmed this finding; the results showed an association of high IPI scores with poor prognosis in primary thyroid DLBCL.

In our study, 26.5% of patients presented with B symptoms, 41.4% of patients had high serum levels of LDH, 51.7% of patients had stage IE lymphoma, and there were 43.8% of patients with tumor size >5 cm. Previous studies had shown that B symptoms, high serum LDH levels, bulky tumor, and advanced stage were positively correlated with poor prognosis in nodal DLBCL (3, 27, 28). However, in our study, B symptoms, serum levels of LDH, tumor size, and clinical stage were not associated with prognosis. We infer that primary thyroid DLBCL was different from nodal DLBCL in biological activity.

Hashimoto's thyroiditis is an established risk factor for PTL often accompanying PTL and a potential precursor that confers a 67- to 80-fold increase in risk (2, 29). In our study, 39% of the patients showed features of Hashimoto's thyroiditis; however, its presence was not significantly associated with 5-year OS and PFS.

In summary, this study suggested that surgery did not improve the prognosis of patients with primary thyroid DLBCL; chemotherapy including rituximab in combination with supplementary radiotherapy may be an optimal treatment modality for patients with primary thyroid DLBCL. Myc/Bcl-2 protein co-expression, rituximab, and treatment modalities were found to be independent factors of prognosis in patients with primary thyroid DLBCL. Due to the rarity of this disease, some multicenter, and prospective trials are required to guide the clinical treatment of primary thyroid DLBCL in future.



SIGNIFICANCE

This study revealed that patients with primary thyroid diffuse large B cell lymphoma who received combination immunochemotherapy with radiotherapy had a better prognosis and Myc/Bcl-2 protein co-expression, treatment modalities, and rituximab were independent prognostic factors.
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β-arrestin 2 Is a Prognostic Factor for Survival of Ovarian Cancer Patients Upregulating Cell Proliferation
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Establishing reliable prognostic factors as well as specific targets for new therapeutic approaches is an urgent requirement in advanced ovarian cancer. For several tumor entities, the ubiquitously spread scaffold protein β-arrestin 2, a multifunctional scaffold protein regulating signal transduction and internalization of activated G protein-coupled receptors (GPCRs), has been considered with rising interest for carcinogenesis. Therefore, we aimed to elucidate the prognostic impact of β-arrestin 2 and its functional role in ovarian cancer. β-arrestin 2 expression was analyzed in a subset of 156 samples of ovarian cancer patients by immunohistochemistry. Cytoplasmic expression levels were correlated with clinical as well as pathological characteristics and with prognosis. The biologic impact of β-arrestin 2 on cell proliferation and survival was evaluated, in vitro. Following transient transfection by increasing concentrations of plasmid encoding β-arrestin 2, different cell lines were evaluated in cell viability and death. β-arrestin 2 was detected in all histological ovarian cancer subtypes with highest intensity in clear cell histology. High β-arrestin 2 expression levels correlated with high-grade serous histology and the expression of the gonadotropin receptors FSHR and LHCGR, as well as the membrane estrogen receptor GPER and hCGβ. Higher cytoplasmic β-arrestin 2 expression was associated with a significantly impaired prognosis (median 29.88 vs. 50.64 months; P = 0.025). Clinical data were confirmed in transfected HEK293 cells, human immortalized granulosa cell line (hGL5) and the ovarian cancer cell line A2780 in vitro, where the induction of β-arrestin 2 cDNA expression enhanced cell viability, while the depletion of the molecule by siRNA resulted in cell death. Reflecting the role of β-arrestin 2 in modulating GPCR-induced proliferative and anti-apoptotic signals, we propose β-arrestin 2 as an important prognostic factor and also as a promising target for new therapeutic approaches in advanced ovarian cancer.
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INTRODUCTION

Epithelial ovarian cancer (EOC) is the most lethal gynecological malignancy and is considered the fifth leading cause of death among women (1), mainly due to late diagnosis in advanced tumor stage leading to overall poor prognosis. Lack of inadequate screening methods and rising resistances toward chemotherapy over the clinical course further contribute to the relatively low 5-years survival at around 45% (1, 2). Standard treatment for advanced EOC consists of primary cytoreductive surgery, followed by platinum-based combination chemotherapy followed by targeted therapies like the anti-angiogenic antibody bevacizumab or PARP inhibitors. To date, the most reliable prognostic factors include volume of post-operative residual disease, tumor stage diagnosed according to the International Federation of Gynecology and Obstetrics (FIGO) staging system, patient's age and histology (2–7). EOCs are classified into four histological subtypes: serous, mucinous, endometrioid, and clear-cell, which vary in terms of phenotype, etiology and molecular background (8). Taking the heterogeneity of ovarian cancer into account appears crucial for developing new prognostic and therapeutic strategies.

β-arrestin 2 is a multifunctional scaffold protein regulating signal transduction and internalization of activated G protein-coupled receptors (GPCRs) like follicle-stimulating hormone receptor (FSHR) and luteinizing hormone/choriogonadotropin receptor (LHCGR) by promoting clathrin-dependent endocytosis (9). The β-arrestin family is a known activator of signaling pathways involved in tumorgenesis (10–12) and proliferation of certain tumor entities (13–17), including ovarian cancer (18). Functional association between FSHR/LHCGR and β-arrestin in granulosa cells could be demonstrated after gonadotropin treatment in vitro (19, 20). In immortalized ovarian cell lines, β-arrestin 2 triggers the activation of FSH-induced mitogen-activated protein (MAP) kinase signaling cascades linked to anti-apoptotic and proliferative events (21).

In this study, we aimed to evaluate the possible prognostic impact of β-arrestin 2 on clinical course of ovarian cancer. The role of β-arrestin 2 in modulating cell viability and survival was elucidated by functional analyses in vitro, suggesting new therapeutic approaches in ovarian cancer.



MATERIALS AND METHODS


Patients and Specimens

156 ovarian cancer samples of patients that underwent surgery between 1990 and 2002 at the Department of Obstetrics and Gynecology, Ludwig Maximilian University in Munich, Germany, were analyzed (Table 1). The clinical data were received from the patient's charts, whereas the follow-up data from the Munich Cancer Registry (MCR). Only patients with a clear diagnosis of ovarian cancer and were included in this study, while benign tumors, just as borderline tumors were excluded. These patients had no history of previous or secondary cancers. Also, none of the patients had neoadjuvant chemotherapy. After the samples had been formalin-fixed and paraffin-embedded (FFPE), they were evaluated by a specialized pathologist at the department of Pathology, Ludwig Maximilian University, who classified them into histological subtypes [serous (n = 110), endometrioid (n = 21), mucinous (n = 13), clear-cell (n = 12)] and rated the tumor grading. The serous ovarian cancer samples were divided into low and high grading. Endometrioid ovarian cancer was graded according to G1–G3. For the mucinous carcinoma, there is no WHO classification; however, the subtype is often classified into G1–G3. The clear cell cancer was always categorized as G3. Staging was performed using the FIGO (WHO) and TNM classification. I (n = 35), II (n = 10,) III (n = 103), and IV (n = 3). Data on primary tumor extension was available in 155 cases: T1 (n = 40), T2 (n = 18), T3 (n = 93), T4 (n = 4), and on lymph node involvement in 95 cases: N0 (n = 43), N1 (n = 52). In nine cases available was the data on distant metastasis: M0 (n = 3), M1 (n = 6).


Table 1. Patient characteristics.
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Ethical Approval

This study was approved by the Ethics Committee of the Ludwig-Maximilians-University, Munich, Germany (approval number 227-09 and 18-392). All tissue samples used for this study were obtained from leftover material from the archives of LMU Munich, Department Gynecology and Obstetrics, Ludwig-Maximilians-University, Munich, Germany, initially used for pathological diagnostics. The diagnostic procedures were completed before the current study was performed. During all experimental and statistical analysis, the observers were fully blinded to patient's data. All experiments were performed according to the standards of the Declaration of Helsinki (1975). As per declaration of our ethics committee no written informed consent of the participants or permission to publish is needed given the circumstances described above.



Immunohistochemistry

The formalin-fixed and paraffin-embedded ovarian cancer tissue samples were dewaxed in xylene for 20 min, before adding 100% ethanol to completely remove the Xylol. Unspecific color responses were avoided by blocking the endogenous peroxidase with 3% H2O2 in methanol (3 ml 30% H2O2 + 97 ml methanol), followed by rehydrating it in 70%, then 50% ethanol. Afterwards the slides were placed in a pressure cooker for 10 min, using sodium citrate buffer (pH = 6), made from 0.1 M citric acid and 0.1 M sodium citrate). After cooling down, this was followed by washing the samples first in distilled water, then in phosphate buffered saline (PBS) twice. After preprocessing, the slides were incubated in a blocking solution (ZytoChem Plus HRP Polymer System, Berlin, Germany, POLHRP-100) for 5 min to prevent an unspecific staining reaction. This was followed by a 16-h incubation overnight at 4°C with the primary antibodies: anti-β-arrestin 2, rabbit IgG, polyclonal, Abcam, ab151774 at a 1:1,500 dilution; anti-FSHR, rabbit IgG, polyclonal, Novus Biologicals, NLS2231 at a 1:100 dilution, anti-LHCGR, rabbit IgG, polyclonal, Acris, SP4594P at a 1:800 dilution; anti-GPER, rabbit IgG, polyclonal, Lifespan Biosciences, LS92467 at a 1:600 dilution and anti-hCGβ, rabbit IgG, polyclonal, Dako, A-0231 at a 1:300 dilution—then washed in PBS twice. Next step was the application of reagent 2 (ZytoChem Plus HRP Polymer System, Berlin, Germany, POLHRP-100), consisting of a corresponding biotinylated secondary anti-rabbit IgG antibody and the associated avidin-biotin-peroxidase complex, for 20 min. For the visualization reaction 3,3 Diaminobenzidine (DAB) and a substrate buffer (Liquid DAB and Substrate Chromogen System, Dako, Munich, Germany, K3468) was used for 30 min, followed by distilled water, to stop the reaction. After counterstaining the slides with Mayer's acidic hematoxylin (Waldeck-Chroma, Münster, Germany, catalog-number 2E-038) for 2 min, they were dehydrated in an ascending series of alcohol (70, 96, 100%), brightened by adding xylol and then covered. Negative and positive controls were used to assess the specificity of the immunoreactions. Negative controls (colored in blue) were performed in kidney, placental and uterine tissue by replacement of the primary antibodies by species-specific (rabbit) isotype control antibodies (Dako, Glostrup, Denmark). For positive controls, placental and kidney tissues were used.



Staining Evaluation

All EOC specimens were examined with a Leitz photomicroscope (Wetzlar, Germany) and specific β-arrestin 2 immunohistochemically staining reaction was observed in the cytoplasm of the cells. The intensity and distribution pattern of β-arrestin 2 staining was rated using the semi-quantitative immunoreactive score (IR score, Remmele's score). To obtain the IR score result, the optional staining intensity (0 = no, 1 = weak, 2 = moderate, and 3 = strong staining) and the percentage of positive stained cells (0 = no staining, 1 = <10% of the cells, 2 = 11–50% of the cells, 3 = 51–80% of the cells and 4 = >81%) were multiplied. Cut-off points for the IR scores were selected for the β-arrestin 2 staining considering the distribution pattern of IR scores in the collective. β-arrestin 2 staining was regarded as low with IRS 0–3 and as high with IRS ≥ 4. Renal biopsies from patients with different ARRB2 expression levels served as positive and negative control staining (22) (Figures 1E,F).


[image: Figure 1]
FIGURE 1. Detection of β-arrestin 2 with immunohistochemistry. (A) Cytoplasmic β-arrestin 2 staining in ovarian cancer with serous, (B) clear cell, (C) endometrioid, and (D) mucinous histology. (E) β-arrestin 2 negative control (F) and positive control in human kidney tissue. Clear cell histology exhibited the strongest cytoplasmic β-arrestin 2 expression (Kruskal-Wallis test; p = 0.01) when compared with different histological subtypes. Arrows demonstrate representatively β-arrestin 2 stained cells. Images representative of three independent experiments.




Cell Lines and Transfection Protocol

The immortalized human granulosa (hGL5) cell line of ovarian origin (23), the human embryonic kidney (HEK293) and the ovarian carcinoma (A2780) cell lines were used for in vitro experiments. Cells were cultured and handled as previously described (21, 24–26). hGL5 cells culture medium was DMEM/F12 supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 100 IU/mL penicillin and 50 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) and 2% ITS + Premix Universal Culture Supplement (#354352; Corning Incorporated, Corning, NY, USA). The HEK293 cell line was cultured in DMEM additioned of 10% FBS, 2 mM L-glutamine, 100 IU/mL penicillin and 50 μg/mL streptomycin. The A2780 cell line served as a model of ovarian cancer and was cultured in RPMI1640 medium (Sigma-Aldrich) additioned of 10% FBS, 1% Hepes (Sigma-Aldrich), 2 mM L-glutamine, 100 IU/mL penicillin and 50 μg/mL streptomycin. Cell lines were maintained in an incubator at 37°C and 5% CO2.

The transfection protocol was described previously (25–28). Briefly, 3.5 × 104 cells were transiently transfected in a 96-well plate using increasing amount (range: 0–200 ng/well) of β-arrestin 2-encoding pcDNA3.1 plasmid (29) or commercial siRNA probes against β-arrestin 2 (#14387; Life-Technologies, Carlsbad, CA, USA) (21), using an electroporator (Gene Pulser MXcell; Bio-Rad Laboratories Inc., Hercules, CA, USA) in accordance with established protocol and settings (21, 30). Control probes without specific target mRNAs were loaded for achieving equal amount of siRNA among wells.



Western Blot Analysis and Antibodies

Overexpression and knock-down of β-arrestin 2 and pro-caspase 3 were evaluated by Western blotting, as previously described (21, 24). Briefly, transfected cells were seeded in 24-well plates (1 × 105 cells/well) and cultured 48 h before to be lysed using 4°C RIPA buffer. β-arrestin 2 and pro-caspase 3 were evaluated by 12% SDS-page and Western blotting, using specific antibodies (#3857, Cell Signaling Technology Inc., Danvers, MA, USA; #MA1-91637, Thermo-Fisher Scientific, respectively). β-actin signals served as loading controls and were detected using a horseradish peroxidase (HRP)-conjugated specific antibody (#A3854; Sigma-Aldrich). Signals were revealed by ECL chemiluminescent compound (GE HealthCare), after incubation of the membranes with a secondary anti-rabbit HRP-conjugated antibody (#NA9340V; GE HealthCare), except for β-actin. Western blotting signals were acquired by the Quantity One analysis software (Bio-Rad Laboratories Inc., Hercules, CA, USA).



Analysis of Cell Viability and Death

hGLC, HEK293, and A2780 cells were seeded in 96-well plates (1 × 104 cells/well) before viability assessment the by MTT colorimetric assay (31), using a previously validated protocol (21, 30). The absorbance was detected by a Victor3 plate reader (Perkin Elmer Inc., Waltham, MA, USA). A measure of death cells was obtained by incubating samples 30 min with propidium iodide (32). Cells were washed twice by PBS before excitation and light emission detection by a CLARIOstar microplate reader (BMG LabTech, Ortenberg, Germany), following the manufacturer's protocol. Data were represented as box and whiskers plots in a graph, as a measure of cell viability, and control of protein amount per well was performed by Bradford assay.



Statistical Analysis

IBM SPSS Statistics, version 25.0 (IBM Corporation, Armonk, NY, USA) was used for collecting and analyzing all the data for statistical significance. Overall-survival was compared with Kaplan-Meier curves and log-rank testing was used to detect differences in patients' overall survival times. The Spearman correlation coefficient (cc) was used for detecting correlations between immunohistochemical staining outcomes. For multivariate analyses, the cox regression was performed. Results obtained from cell lines were analyzed by D'Agostino and Pearson normality test before applying the Kruskal-Wallis test together with Dunn's correction for multiple comparisons, using the GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA). For all analysis a P-value of < 0.05 was considered to be statistically significant.




RESULTS


β-arrestin 2 Expression and the Correlation to Clinical and Pathological Characteristics

The clinicopathologic characteristics of the analyzed ovarian cancer patients are listed in Table 1. 104 (67%) out of 156 ovarian cancer specimens showed positive cytoplasmic β-arrestin 2 expression. The median immunoreactive score (IRS) of cytoplasm staining was 2 (with a range of 0–12). Clear cell histology exhibited the strongest β-arrestin 2 staining (Kruskal-Wallis test; p = 0.01) when compared with different histological subtypes (Figures 1A–D).

Representative staining of benign ovarian and fallopian tube tissue show positive results in epithelial cells, granulosa cells and theca cells. The ovarian and fallopian tube stroma did not show a β-arrestin 2 staining (Figures 2A,B).
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FIGURE 2. Detection of β-arrestin 2 with immunohistochemistry in benign ovary and fallopian tube. Detection of β-arrestin 2 with immunohistochemistry in benign ovary (A) and fallopian tube (B). Positive β-arrestin 2 staining was observed in epithelial cells, granulosa cells and theca cells. The ovarian and fallopian tube stroma did not show a β-arrestin 2 staining. Arrows demonstrate representatively β-arrestin 2 stained cells. Images representative of three independent experiments.


We analyzed the correlation between β-arrestin 2 and clinicopathological data, such as histology, grading, and FIGO classification (Table 2). A positive correlation was observed between high β-arrestin 2 expression and high-grade serous histology (Spearman's correlation analysis; p = 0.041; cc = 0.169). Moreover, no other correlations were observed.


Table 2. Correlation analysis between β-arrestin 2 expression and clinicopathological data.
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β-arrestin 2 Correlates With Gonadotropin Receptors Expression

We then analyzed the correlation between β-arrestin 2 expression and other parameters previously examined (33–37) in the same ovarian cancer cohort (Table 3). A positive correlation was detected to the expression of the gonadotropin receptors FSHR (p = 0.029; cc = 0.183) and LHCGR (p = 0.001; cc = 0.284), the G protein-coupled membrane estrogen receptor GPER (p = 0.0009; cc = 0.215) as well as with the choriogonadotropin beta subunit (hCGβ) (p < 0.001; cc = 0.36). Representative stainings of the correlated parameters are shown in Supplementary Figure 1.


Table 3. Correlation analysis of β-arrestin 2.
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High β-arrestin 2 Expression Is Associated With Impaired Overall Survival

Age of the patient cohort was 58.7 ± 31.4 years (median ± standard deviation, SD; n = 156) with a range of 31–88 years. The overall survival of the EOC patients was 34.4 ± 57.8 months (median ± SD; n = 156). High β-arrestin 2 expression (IRS 4–12) is associated with shorter overall survival. As depicted on the Kaplan-Meier curve, higher cytoplasmic β-arrestin 2 expression correlates with a significantly impaired prognosis (Figure 3; 50.64 vs. 29.88 months, median; p = 0.025).


[image: Figure 3]
FIGURE 3. Kaplan–Meier estimate of β-arrestin 2. β-arrestin 2 expression (IRS 4–12) was associated with impaired overall survival (50.64 vs. 29.88 months, median; p = 0.025). Censoring events have been marked in the graphs.




Clinicopathological Parameters as Independent Prognostic Factors

A multivariate cox-regression analysis was performed to detect which parameters were independent prognostic factors for overall survival in the present cohort. In this analysis, patients' age (p = 0.014) and FIGO stage (p < 0.001) were independent factors for overall survival. High β-arrestin 2 (p = 0.152), however, was not confirmed as an independent factor of prognostic independence (Table 4).


Table 4. Multivariate analysis of the analyzed ovarian cancer patients (n = 156).
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Effects of β-arrestin 2 Overexpression and Depletion on Cell Viability

Since β-arrestin 2 expression levels were found to correlate with overall survival of ovarian cancer patients, the impact of the molecule on cell proliferation and survival was evaluated, in vitro. Cell viability and death are represented by box and whiskers plots (Figure 4).


[image: Figure 4]
FIGURE 4. Evaluation of cell viability and death under 48-h β-arrestin 2 overexpression. HEK293, hGL5, and A2780 cells were transfected by increasing amount of plasmid encoding β-arrestin 2 and cell viability and death were assessed by MTT and propidium iodide, respectively. Total protein content from 0.5 × 104 70% confluent log phase cells were loaded. (A) Representative image of β-arrestin 2 detected in cell lysates by Western blotting using a specific rabbit antibody using β-actin as a normalizer. (B) Box and Whiskers plot of MTT data, collected from transfected HEK293 cells overexpressing increasing levels of β-arrestin 2, representing cell viability. (C) hGL5 cell viability evaluated by MTT. (D) β-arrestin 2-dependent cell viability of the A2780 ovarian cancer cell line. (E) Data from the β-arrestin 2-overexpressing HEK293, representing cell death, in propidium iodide-stained samples. (F) β-arrestin 2-overexpressing hGL5 cell death. (G) β-arrestin 2-overexpressing A2780 ovarian cancer cell death. Brightness/contrast of Western blotting pictures were adjusted uniformly in all panels. Asterisks indicate significantly different data distribution than mock-transfected (untransfected) cells (Kruskal-Wallis test and Dunn's correction for multiple comparisons; *P < 0.05; **P < 0.001; ***P < 0.0001; n = 8).


Western blot analysis demonstrated that β-arrestin 2 expression levels increase together with the amount of cDNA encoding the molecule, in the HEK293, hGL5 and A2780 cell lines (Figure 4A). We found increased viability of all cell models overexpressing β-arrestin 2, compared to mock-transfected cells used as controls (Figures 4B–D; Kruskal-Wallis test; p < 0.01; n = 8). Moreover, highest levels of cell viability corresponded to the highest amount of plasmid transfected. These results are corroborated by data from propidium iodide-stained HEK293 and A2780 cells overexpressing β-arrestin 2, indicating that the least cell death occurs with the highest amounts of β-arrestin 2-encoding plasmid transfected (Figures 4E–G; Kruskal-Wallis test; p < 0.01; n = 8). However, data from transfected hGL5 cells did not reveal any association between β-arrestin 2 expression and cell death (Figure 4F; Kruskal-Wallis test; p ≥ 0.05; n = 8).

Since a positive correlation between β-arrestin 2 expression and cell viability was found (Figure 4), control experiments were performed by evaluating the cell viability and death of cells maintained under β-arrestin 2 depletion, in vitro. Therefore, HEK293, hGL5, and A2780 cells were treated by increasing concentrations of siRNA probes silencing the endogenous molecule, then MTT assay and propidium iodide staining were performed (Figure 5).
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FIGURE 5. Viability and death of 48-h β-arrestin 2-silenced HEK293, hGL5, and A2780 cells. Samples were transfected by increasing amount of siRNA probes targeting the β-arrestin 2 mRNA and 48-h cell viability and death were assessed by MTT and propidium iodide. Total protein content from 3 × 104 70% confluent log phase cells were loaded. (A) Box and Whiskers plot representing the HEK293 cell viability under β-arrestin 2 depletion. (B) β-arrestin 2-silenced hGL5 cell viability. (C) β-arrestin 2-silenced A2780 ovarian cancer cell viability. (D) Data from the β-arrestin 2-silenced HEK293, representing cell death evaluated using propidium iodide staining. (E) hGL5 cell death evaluated by propidium iodide. (F) Cell death in β-arrestin 2-silenced A2780 evaluated by propidium iodide. (G) Representative Western blotting images demonstrating β-arrestin 2 depletion and pro-caspase 3 cleavage in HEK293, hGL5, and A2780 cell lysates. β-actin was the normalizer. Brightness/contrast of Western blotting pictures were adjusted uniformly in all panels. Significantly different data distribution than mock-transfected (untransfected) cells were indicated by asterisks. Kruskal-Wallis test and Dunn's correction for multiple comparisons; *P < 0.05; **P < 0.001; ***P < 0.0001; n = 8).


The viability of all the cell lines is significantly reduced upon β-arrestin 2 depletion (Figures 5A–C; Kruskal-Wallis test; p < 0.05; n = 8). These data are reflected by increased propidium iodide signals occurring together with increasing amounts of siRNAs, in HEK293 cells (Figure 5D; Kruskal-Wallis test; p < 0.05; n = 8), while similar signals were found between siRNA- and mock-treated hGL5 and A2780 cells (Figures 5E,F; Kruskal-Wallis test; p ≥ 0.05; n = 8). Western blotting analysis confirmed the siRNA-dependence of β-arrestin 2 silencing, which is linked to pro-caspase 3 cleavage in all the cell lines (Figure 5G).




DISCUSSION

Our study revealed for the first time that β-arrestin 2 expression significantly correlates with impaired overall survival of ovarian cancer patients and these results are consistent with the proliferative role of β-arrestin 2 demonstrated in vitro. β-arrestins are known to act as scaffold proteins controlling multiple cellular functions, such as MAP kinase signaling, GPCR trafficking and transcriptional modulations (38, 39). Several studies demonstrated that β-arrestins are involved in carcinogenesis of the ovary (11, 18) and other types of cancer (10, 12–17). The relevance of the GPCR/β-arrestin pathway in ovarian cancer cells is demonstrated by the finding that endothelin-1 receptor/β-arrestin complex activates beta-catenin signaling pathways with impact on carcinogenesis and metastatic progression (11). Nevertheless, conflicting results have been reported with a positive impact of angiotensin-mediated β-arrestin expression in a clinical-genomic dataset from 820 ovarian cancer patients (40). Indicative results may be provided by the analysis of gene expression data stored in public cancer repositories. For instance, The Human Protein Atlas database (https://www.proteinatlas.org; last accession: 03 March 2020) revealed that β-arrestin 2-encoding gene (ARRB2) expression is an unfavorable prognostic marker of prostate cancer, although the association is not replicated for ovarian cancer. These data corroborate, at least in part, our finding although they should be considered cautiously, since gene expression levels are not necessarily corresponding to protein levels and the database does not allow to analyze all the specific histological tumor subtypes.

The link between GPCR/β-arrestins complexes and cancer is an established concept (41) and seems to be result of sustained intracellular signaling occurring upon dysregulation of intracellular β-arrestin protein levels (42). These molecules were associated with drug resistance of breast (43) and lung cancer cells (44), cancer cell migration and invasion (45), tumor progression (46) and metastasis (47), as well as a number of other tumors (48). Thus, β-arrestins were proposed as a target for therapeutic strategies (49). Our data in vitro confirm the proliferative role of β-arrestin 2 also in an ovarian cancer cell line, as well as in hGL5 and HEK293 cells. There are converging evidences that β-arrestin 2 depletion leads to decreasing cell viability and/or activating a caspase 3-mediated cell death, at least in HEK293 cells and confirmed in the ovarian cancer cell line A2780. Interestingly, in hGL5 cells, increased β-arrestin 2 expression is linked with upregulation of cell viability, while the depletion of this molecule by siRNA did not result in cell death. This is likely due to the integration of exogenous E6 and E7 oncogenes in the hGL5 cell line genome (23), which served for immortalizing them and, likely, results in increased resistance to caspase 3 activation. On the other hand, these oncogenes encode proteins inhibiting tumor protein 53 (p53) and retinoblastoma (Rb) molecules and interfering with apoptosis and cell cycle blockade. hGL5 have characteristics reflecting epithelial tumor cells, such as fibroblast-like spindle shape and relatively high proliferation rate, a feature depending on β-arrestins functioning (21), as well as in other ovarian cancer cell lines (40). However, these results underline that β-arrestins are modulators of proliferative signals exerted through a molecular signaling module with GPCRs and the extracellular-regulated MAP kinases 1 and 2 (ERK1/2), in a number of cells (50), including ovarian cells (21). Gonadotropin receptors are expressed in ovarian cells and targeted by β-arrestin 2 (51). It is well-known that gonadotropin receptor expression is dysregulated in ovarian cancer (34, 36, 52) as well adrenal tumor (53), although the specific influence of these receptor on carcinogenesis is still not determined (54). One reason for this, may be the bi-directional regulation of pro- and anti-apoptotic signals which depend on FSHR and LHCGR expression levels (55). Interestingly, the depletion of β-arrestin 2 may be linked to increased tumor cell growth and angiogenesis, at least in certain cases, such as lung cancer (56). In this case, the absence of β-arrestin 2 would lead to uncontrolled activation of proliferative signals induced by other GPCRs, e.g., the interleukin 8 receptor beta (CXCR2). Taken together, we could speculate that β-arrestins may positively or negatively impact proliferative events, modulating the activity of various GPCRs specifically expressed in the tumor cells.

In correlation analyses, a link between β-arrestin 2 and the G-protein coupled estrogen receptor (GPER) was identified. This receptor is known for rapidly mediating non-genomic signals induced by estrogens and was found in both healthy and neoplastic human tissue (57, 58). Indeed, previous studies revealed that GPER is related to better overall survival in ovarian cancer patients (34, 59, 60). Since GPER belongs to the GPCRs family, we may suppose that β-arrestin 2 might interact with this membrane estrogen receptor and influence its physiological function. However, this issue must be further investigated because GPER recycling and intracellular trafficking seems to be regulated by mechanisms not involving β-arrestins (61).

Interestingly, we also found an association between β-arrestin 2 and one of the two LHCGR ligands, hCGβ. This hormone was shown to be associated with an increased 5-years survival in LHCGR positive/FSHR negative ovarian cancer cases (33). Although this study had limitations related to low specificity of the anti-gonadotropin receptor antibodies employed (62), it suggests that hCGβ and its receptor might be linked to survival in these patients. These data would be in line with the relatively high potency of hCGβ in inducing LHCGR-mediated intracellular cAMP increase (27), as an effect linked to the steroidogenic potential of the hormone and to pro-apoptotic effects (24). On the other hand, these data would be in contrast with the fact that hCGβ has been used as a marker of certain tumors, such as the choriocarcinoma (63), which reflects the involvement of β-arrestin 2 in the hCGβ-mediated intracellular signaling (29) and suggests that the connection between the two molecules in cancer merits further investigations.

β-arrestin 2 is associated with a significantly impaired overall survival of ovarian cancer patients. This finding is supported by in vitro data demonstrating that β-arrestin 2 upregulates the viability of an ovarian cancer cell line, and transfected HEK293 and hGL5 cells. Reflecting the role of β-arrestins as scaffold proteins linked to the GPCRs activity, correlations between the β-arrestin 2 and FSHR and LHCGR expression was identified ovarian cancer tissue. Taken together, we indicate that β-arrestin 2 may be a promising new target in ovarian cancer so that clinical implications should be further addressed in future research.
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Background and Objective: Primary adrenal lymphoma is a rare, progressive, easily misdiagnosed adrenal tumor with a poor prognosis. There are limited data on its clinical characteristics, and these have been derived from small sample studies. This study aimed to identify the clinical characteristics and prognosis of primary adrenal lymphoma.

Methods: This single-center study retrospectively analyzed data of 50 primary adrenal lymphoma patients treated between January 2008 and January 2018. Demographic information, biochemical indexes, computed tomography images, pathological findings, treatment regimens, and prognostic factors were analyzed.

Results: The median age of onset was 60.3 years, and 30 (60.0%) of 50 patients were male. Abdominal pain was the most common symptom, followed by incidentaloma and B symptoms. On average, patients presented with elevated lactate dehydrogenase (348 IU/L, normal range 110–220 IU/L) and hydroxybutyrate dehydrogenase levels (287 IU/L, normal range 72–182 IU/L) and decreased high-density lipoprotein cholesterol levels (0.88 mmol/L, normal range > 0.9 mmol/L). Bilateral lesions in the adrenal glands were observed in 30 (60.0%) patients. Computed tomography showed that 42 (84%) patients had signs of infiltration. Diffuse large B-cell lymphoma was present in 44 (88%) patients. Immunohistochemistry revealed that 70.6% (12/17), 89.5% (17/19), 92.0% (23/25), and 68.8% (11/16) of patients were positive for MYC, p53, BCL2, and both MYC and BCL2, respectively. Combined chemotherapy was associated with a good prognosis.

Conclusions: Early diagnosis of primary adrenal lymphoma depends on a combination of biochemical examination, imaging studies, and pathological biopsy, and combined chemotherapy may lead to a better prognosis.

Keywords: primary adrenal lymphoma, diffuse large B-cell lymphoma, high-density lipoprotein cholesterol, proto-oncogene, Epstein–Barr virus infection


INTRODUCTION

In clinical practice, adrenal masses are frequently incidental findings on imaging studies that are not specifically performed for adrenal diseases. A systematic review demonstrated that the estimated risk for malignancies was 0.2% in all incidentalomas (1). Computed tomography (CT) is helpful for the diagnosis of benign and malignant tumors. However, there are limited data (only two studies involving 102 true incidentalomas) indicating that a CT density of >10 HU has high sensitivity for the detection of adrenal malignancies, This indicate that adrenal masses with a density of ≤ 10 HU are unlikely to be malignant (2). Among the diverse malignant causes of incidentalomas, a primary adrenal lymphoma (PAL) is rare causative tumor (2). In 2013, a systematic review indicated that <200 PAL cases have been reported in the English literature (3). Despite the rarity of this disease, PAL induces considerable clinical concern. First, despite the absence of benign characteristics, a PAL on CT and/or magnetic resonance imaging (MRI) may lead to misdiagnosis in the initial evaluation (4); furthermore in some cases, PAL is difficult to distinguish from adrenocortical carcinoma (ACC) (5) and pheochromocytoma (6). Second, PAL is a progressive disease with a poor prognosis, and some patients die before effective treatment can be administered (3). Therefore, early diagnosis is vitally important. Third, PAL belongs to non-Hodgkin lymphoma (NHL), While, diffuse large B-cell lymphoma (DLBCL) is the most common type, the pathophysiology of PAL has not been fully elucidated. Fourth, whether there is a strong association between NHL and decreased HDL-C is inconsistent in previous research (7, 8). Decreased average HDL-C levels and increased monocytes counts have been previously described in patients with non-Hodgkin lymphoma (9) and lymphoblastic leukemia (10). The underlying mechanism may be related to cytokines, such as interleukin-10, which are excessively secreted from lymphoma cells (11, 12). Inversely, a clear or strong association between these lipid traits and the most common NHL subtypes including DLBCL was not found, using the data of genome-wide association study from the Inter Lymph Consortium Mendelian randomization (MR) analysis (8). To date, the majority of published studies on PAL have been constrained by small sample size and insufficient clinical information. So far, this is the largest cohort of 50 patients with pathologically diagnosed PAL. Patients were evaluated retrospectively, to investigate the clinical characteristics and influence of treatment on prognosis over the course of a 2-year follow up period.



METHODS

From January 2008 to January 2018, 50 Chinese patients were pathologically diagnosed with PAL at the West China Hospital of Sichuan University in accordance with criteria that were suggested by a previous study. These diagnostic criteria included the following: a histologically proven lymphoma, no prior history of lymphoma, and dominant adrenal lesions in the presence of other organs and/or lymph nodes metastases (3). Histological classification of the lymphoma was based on the 2017 World Health Organization criteria (13). The positivity of molecular markers on immune-histochemical staining was attributed by the percentage of positive cells as follows: CD10 and BCL6 >30%, MYC >40% and BCL2 >50%. DLBCL was further classified into germinal center B-cell (GCB) and non-GCB subtypes by the Hans algorithm bases on the positivity of three markers (CD10, MUM1/IRF4, and BCL6) (14). The GCB subtype was characterized by CD10+/MUM1−, CD10+/MUM1+, or CD10−/MUM1−/BCL6+. The non-GCB subtype was characterized by CD10−/BCL6−, and CD10−/MUM1+/BCL6+ cases (14, 15). The presence of Epstein-Barr virus (EBV) RNA was examined by in situ hybridization (ISH) in lymphoma biopsy specimen. Moreover, fluorescence in situ hybridization (FISH) was performed to examine gene translocations (e.g., MYC, BCL2, and BCL6) (9).

Demographics information, biochemical indices, baseline cortisol, CT findings, pathological findings, treatment regimens, and prognosis, were collected for each patient. Adrenal insufficiency was defined as an early-morning (8–10 A.M.) serum cortisol <140 nmol/L and a plasma adrenocorticotropic hormone (ACTH) level 2-fold greater than the upper limit of the normal range (16). ACTH was determined using the electrochemiluminescence technique with the normal reference range being 7.2–63.3 pg/ml. Lipid profile was collected with the normal reference range being>0.9 mmol/L for HDL-C and 0.29–1.83 mmol/L for triglyceride (TG). The Ann Arbor classification was used for staging of PAL, based on the findings of the positron emission tomography–CT (PET-CT) or CT. This study was approved by the Ethical Committee of West China Hospital of Sichuan University (approval no. 2017-378) and adhered to the principles evinced in the Declaration of Helsinki and its later amendments.

Both MS Excel 2007 and R statistical software were used for the statistical analyses. Continuous data with normal and skewed distributions were described as the mean ± standard deviation (SD) and median (interquartile range), respectively, and were compared with an independent Student's t-test. Dichotomous data were compared using the chi-square test and Fisher's exact tests, and the results were described as percentages. The levels of high-density lipoprotein cholesterol (HDL-C), monocytes, lactate dehydrogenase (LDH), and hydroxybutyrate dehydrogenase (HBDH) were compared with the reference ranges of the general population from the same area. Cox proportional hazard models were used to evaluate the risk factors that contributed to the prognosis. A Kaplan–Meier approach was used to calculate overall survival. P < 0.05 was considered statistically indicative of statistical significance.



RESULTS


General Clinical Characteristics

In this study population, 30 (60.0%) of the 50 patients were male. The median age at PAL onset was 60.3 years (range 21–84 years). Bilateral involvement was observed in 30 (60%) patients. With regard to comorbidities, six patients had hepatitis B infection, three patients each had tuberculosis and type 2 diabetes, two had gastric ulcers, two had lymphomas in other parts of body, one had small cell lung cancer, one had uveitis, one had thrombotic thrombocytopenic purpura, one had hemolytic anemia, one had rheumatoid-arthritis, and one had a human immunodeficiency virus (HIV) infection. None of the patients had a history of cancer and autoimmune adrenalitis.

Except for three patients without data, 47 patients had a clear presentation of the characteristic clinical features of PAL. Abdominal pain was the most common symptom in 23 (48.9%) patients, followed by incidentaloma in 14 (29.8%) patients, B symptoms in 13 (27.7%, fever, night sweats, and weight loss), gastrointestinal symptoms in 7 (17.0%), fatigue in 2 (4.3%), and hyperpigmentation in 2 (2.1%) (Figure 1). In addition, hepatosplenomegaly was found in 4 of 37 patients (10.8%). Elevated LDH (30 of 37; 81.1%) and HBDH (28 of 37; 75.7%) levels were observed. The blood lipid profiles of patients were characterized by decreased HDL-C levels and elevated TG levels, whereas the total cholesterol and low-density lipoprotein cholesterol (LDL-C) levels were within the normal range. Patients' total white blood cell counts were within the normal range. An evaluation of the adrenal function in the 35 patients with available data showed that only 4 (11.4%) patients had baseline cortisol (17.64, 120.4, 79.24, and 94.86 nmol/L, respectively), and ACTH levels (216.2, 391.0, 219.9, and 325 pmol/L, respectively), that were suggestive of adrenal insufficiency, including 3 (8.5%) patients with bilateral adrenal involvement and 1 (2.9%) patient with unilateral adrenal involvement. All patients were treated with prednisone (5–10 mg daily). In 8 (38.1%) patients, EBV-RNA was detected in the serum (Table 1).


[image: Figure 1]
FIGURE 1. Frequency of clinical presentations of PAL in this series.



Table 1. Clinical characteristics of PAL patients.
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Radiography Findings

As shown in Figure 2, PAL patients demonstrated versatile CT findings with regard to tumor shape, edge, enhancement patterns, liquidation/necrosis, and local infiltration. Unenhanced CT findings were available for all patients and enhanced CT findings were available for 33 (66%) patients. Briefly, the adrenal glands were unilaterally and bilaterally affected in 20 (40.0%) and 30 (60%) patients, respectively. The median diameter of the lesions was 6.5 ± 2.7 cm (1.7–12.1 cm) and 6.6 ± 3.6 cm (1.4–16.8 cm) on the left and right sides, respectively. The edges of 26 lesions were well-defined, whereas 21 lesions had ill-defined edges. The median non-contrast CT density was 31.8 (25.8, 44.4HU). None of the lesions had a measurement value of <10 HU. On contrast imaging with iopamidol, moderate enhancement in the arterial and the parenchyma phases were observed bilaterally, and enhancement patterns were heterogeneous in 42.2% of patients. A total of 76.2% of patients presented with signs of infiltration of local organs or tissues (Table 2). Only two patients underwent MRI in our cohort, 1 case was characterized by an irregular mass with ambiguous boundary, measuring 5.3 × 4.1 × 3.9 cm3, around the left kidney with uneven low signal in the T1-weighted image, slightly high signal in the T2-weighted image, and obvious inhomogeneous enhancement on the enhanced scan. The MRI data of the other case detail was not available because the patient was being examined in another hospital. Additionally, PET/CT were examined in three patients. The results showed that the glucose metabolism in the adrenal was obviously increased. Additionally, one case was accompanied by the increased metabolism of glucose involving the abdomen and neighboring lymph nodes and liver. Seventeen patients underwent head CT or MRI screening, and only one patient had lymphoma invasion in the central nervous system.


[image: Figure 2]
FIGURE 2. Different CT imaging features of PAL patients. (A,B): Bilateral PAL with oval/round shape, well-defined edge, moderately enhanced in parenchyma phase, and homogeneous enhancement patterns. (C,D): Bilateral PAL with liquidation/necrosis in the left tumor mass, which was obvious after contrast by iodamide. (E): Lymphoma cells surrounded the renal artery without invasion (White arrow). (F): Right lymphoma mass invaded inferior vena cava (Black arrow).



Table 2. Extra-adrenal infiltrations.
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Pathological Features

A total of 36 patients were pathogenically diagnosed based on CT/ultrasound-guided needle core biopsy findings, and 14 patients were diagnosed after surgical resection. Of patients diagnosed with PAL, 44 (88%) patients were diagnosed with DLBCL, 4 (8.0%) with extra-nodal natural killer (NK)/T-cell lymphoma (nasal type), and 2 (4.0%) with peripheral T-cell lymphoma (PTCL). Of the 44 patients with DLBCL, 7 were further classified to have the GCB subtype, and 37 were classified into the non-GCB subtype. The seven patients with the GCB subtype showed the following profiles: two patients, CD10+/MUM1−, two patients, CD10+/MUM1+; and three patients, CD10−/MUM1−/BCL6+, The 37 patients with non-GCB subtypes showed the following profiles: four patients, CD10−/BCL6− and 33 patients, CD10−/MUM1+/BCL6+. In Supplemental Figure 1, we present the pathological findings of a 59-year-old woman who was diagnosed with DLBCL. Immunohistochemical analysis showed that the tumor cells were positive for CD20, BCL2, BCL6, and MUM-1 and were negative for CD5 and CD10.

All patients a except for two showed strong positivity for Ki-67 (most >50%). Immunohistochemical analysis revealed that 70.6% (12/17) of patients were positive for MYC, 89.5% (17/19) for p53, 92.0% (23/25) for BCL2, and 68.8% (11/16) for both MYC and BCL2. EBV-RNA screening was performed by ISH in 25 patients, and four patients had positive results. Gene rearrangements were screened in 14 patients, 78.6% (11/14) of whom exhibited IGH/IGK rearrangement. FISH was further performed in five patients, three of whom carried the BLC6 translocation and 1 had a MYC translocation (Supplemental Figure 2). Moreover, two of the five patients with T-cell lymphoma had TCRγ gene rearrangement, and both patients tested positive for EBV-RNA in lymphoma cells. Twenty-five patients underwent bone marrow (BM) biopsy, and 8.0% (n = 4) were found to have BM involvement.



Factors Associated With the Prognosis

Of the 44 patients with available data, 14 patients had undergone surgical resection, and four subsequently accepted chemotherapy after surgical resection; A further 16 patients underwent chemotherapy after diagnosis based on CT/ultrasound-guided biopsy findings. Among the 20 patients who underwent chemotherapy, 15 had complete remission, four had partial remission, and one had one no remission. Fourteen patients only used glucocorticoid agents and/or supportive treatment due to poor clinical conditions at the time of diagnosis (Table 3).


Table 3. Types and schedules of chemotherapy and patient responses.

[image: Table 3]

The median follow-up duration was 22.45 months in 35 patients for whom data were available. The 1-year and 2-year overall survival rates were 79.5 and 72.5%, respectively, during follow-up. In this cohort, four patients died in the hospital without undergoing chemotherapy, and three patients died within 3 months to 2 years due to causes such as multi-organs failure (MOF) and severe infection.

Cox univariate proportional hazard models were employed to investigate the association of risk factors with the prognosis of PAL. The 2-year overall survival rate was 84.2% in patients who underwent chemotherapy, compared to 41.7% in patients who did not undergo chemotherapy (i.e., surgery alone and supportive treatment). The results showed that chemotherapy alone was associated with a lower risk of death (P = 0.029); and the mortality risk was 78.9% lower in patients who underwent chemotherapy compared to those who did not. The LDH, TG, and HDL-C levels, adrenal insufficiency, and international prognostic index scores were not associated with prognosis. Compared with the patients who were treated with chemotherapy and/or surgery to improve survival, the patients who only received palliative care had higher LDH and HBDH levels. In addition, baseline patient characteristics, including age, sex, HDL-C levels, pathologic type, and adrenal involvement, showed no differences between these two groups (Supplemental Table 1).

The Kaplan–Meier approach was used to examine the difference in the overall survival between the chemotherapy group and non-chemotherapy group (Figure 3). There were 19 patients in the chemotherapy group (including four patients who received postoperative chemotherapy) and 16 patients in the non-chemotherapy group (including nine patients who received supportive treatment, 5 who underwent surgery, and 2 with an unknown treatment strategy). After 24-months follow-up, the survival rate was slightly significantly higher in the chemotherapy group than in the non-chemotherapy group (P = 0.049).


[image: Figure 3]
FIGURE 3. The comparison of 2-year survival rates between the chemotherapy group and the non-chemotherapy group.





DISCUSSION

PAL is a rare but fatal disease, and understanding of its clinical manifestations, pathogenesis, and prognostic factors (3). Therefore, additional information is needed to better understand this disease. This study retrospectively analyzed the features of 50 PAL patients to evaluate their clinical presentations, laboratory results, imaging findings, pathologic details, potential mechanisms, and prognostic factors.

The median age at onset was ~60 years, and there were more male patients included than females (1.4 times more men than women), consistent with the results reported in several previous studies (5, 18). Notably, 29.8% of patients were asymptomatic, and PAL was detected during routine health checkups. This result was considerably different from that of a previous large case series, in which only a few patients (<1%) were identified incidentally (3). In another case series in Japan, two of five patients were asymptomatic (18). Furthermore, a few cases have been reported as adrenal incidentaloma without any symptoms (9, 19, 20). Strikingly, most of the asymptomatic patients had bilaterally disease, and three patients in this study and one patient in the previous study (18) developed a tumor mass with a maximum diameter of more than 8 cm. These results suggested the heterogeneity of PAL with regard to clinical manifestations and emphasized the differential diagnosis of adrenal incidentaloma, especially in those with bilateral lesions and larger sized tumors.

As expected, LDH and HBDH levels were increased in >80% of patients. In our series, the patients who only accepted palliative care had higher LDH and HBDH levels than those who were treated with chemotherapy and/or surgery to improve survival, whereas the patients who were treated with palliative care had worse conditions. Therefore, we speculate that high levels of LDH and HBDH are predictive factors for the poor prognosis of PAL. Moreover, this study demonstrated that lightly decreased average HDL-C levels and increased monocytes counts in PAL patients. Therefore, such changes in lipids profiles, white blood cell counts, and LDH/HBDH level seemed to be unique features of PAL in the setting of adrenal masses. However, our Cox multivariate proportional hazard model analysis also did not reveal an association between LDH, TG, and HDL-C levels and the prognosis of PAL.

It has been suggested that adrenal insufficiency in PAL is significantly related to older age, bilateral lesions, and hyper-segmentation (3). In our study, adrenal function was evaluated in 35 patients, and only 4 (11.4%) were found to have adrenal insufficiency: three patients had bilateral adrenal involvement, and one patient had unilateral adrenal involvement. Unilateral involvement may also be related to the patient's history of tuberculosis. The level of ACTH and baseline cortisol in patients with bilateral lymphoma who did not have adrenal insufficiency were 123.1 pmol/L (95% CI: 48.6, 197.6) and, 444.2 nmol/L (95% CI: 348.4, 540.1), respectively. In contrast, the incidence of adrenal insufficiency was largely less than those in previous studies, with a reported incidence of 61% (3). The unexpected commonness of adrenal insufficiency in PAL patients is likely due to biases related to publication and research methods (21). The data evaluated in this previous study were obtained from published literature, whereas our study used data from retrospective cases in a single medical center. Moreover, in our series, the incidence of bilateral involvement was 30 (60%), with an average age of 62 years vs. 75% bilateral involvement, with an average age of 60 years in previous research. Finally, only 54% of the cases in this previous study were from Asia, while all cases in our study were from Asian. This poses the question of whether the differences in the incidence of adrenal insufficiency were related to race; however, further observations and research are necessary to demonstrate this possible correlation.

The CT findings were similar to those in previous studies (3), including large tumor size, the incidence of slightly hypodense values in non-contrast CT scans, slight to moderate enhancement after the administration of iopamidol, a frequently observed heterogeneous appearance, and adjacent infiltration. Among these features, necrosis or cysts were observed in several patients and were misdiagnosed as pheochromocytomas or ganglioneuromas in the initial evaluation (data not shown), which is consistent with other reports (3, 22). Therefore, diagnosis of PAL at the initial evaluation based on the findings of traditional imaging modalities is challenging (23). Generally, the density of the adenomas is equal to or slightly lower than that of the normal adrenal gland tissue unless they are necrotic and/or cystic. The density is usually <10 HU in lipid-rich adenomas(70%) and between 10 and 30 HU in lipid- poor adenomas (30%). Our series show that the non-contrast CT density of PAL was 31.8 (25.8, 44.4) HU. However, it is still indistinguishable because of the similar appearance in adrenal lymphoma, pheochromocytoma, metastasis, and ACC. Heterogeneous enhancement, necrosis, and hemorrhage can be seen. Only a little sign can provide profitable alert for differential diagnosis. The enlargement of the retroperitoneal lymph nodes is common in adrenal lymphoma. The diversity in size was found in pheochromocytomas (17), It is usually larger than adenomas, but smaller than metastatic tumors, and the attenuation values are often similar to those of the muscle tissue, and are significantly higher than those of adrenal adenomas. Common primary malignancies and possible calcification were both found in metastases. Large masses (usually >6 cm) and invasion of the inferior vena cava is a common finding of ACC. Otherwise, MRI might be extra helpful for the differential diagnosis of PAL and pheochromocytoma or ganglioneuroma (23). Although T1 hypo-intense and T2 hyper-intense lesions were typically characteristic, a mild to moderate enhancement can be seen on the enhanced scan in adrenal lymphoma, isointense with ring-like or uneven enhancement after contrast administration may be found in adrenal metastases, and heterogeneous hyper-intensity was manifested in ACC. Regrettably, the one 1 case that had data available, was characterized by obvious uneven enhancement, rather than mild to moderate enhancement, which was inconsistent with the characteristics of previous literature reports (23). The value of MRI in these cases should be further evaluated in the future.

DLBCL was the commonest pathologic type (86%) in this cohort, consistent with the findings from other studies (3). Additionally, three patients had extra-nodal NK/T-cell lymphoma (nasal type), and three patients had PTCL. This distribution was different from that in previous reports, in which PTCL was more common, and only 3 NK/T-cell (nasal types) were identified among 187 cases of PAL (3). Among patients with DLBCL, seven were further classified as having the GCB subtype. A previous study suggested that those with the GCB subtype might have a better prognosis (24, 25). The longest complete remission period (56 months) was seen in a patient with GCB subtype, but the available data were not sufficient to draw a firm conclusion.

The etiology of PAL has not been fully elucidated. Immune dysfunction, EBV infection, and mutations in the p53 and proto-oncogenes have been implicated (3, 21). In this cohort, few patients had a clear history of cancer, HIV infection, or autoimmune diseases, and no patients had a history of autoimmune adrenalitis, except for Hepatitis B virus infection (16.2%). Notably, this study revealed high positivity of P53 (17/19), BCL2 (23/25), and MYC (12/17). The phenomenon of MYC and BCL2 co-expression was also frequently observed (11/16). Data on gene rearrangement are limited but suggested that the presence of the IGH/IGK rearrangement with BCL2 or MYC expression might play a significant role in lymphoma genesis. With regarding EBV infection, only 4 of 25 patients exhibited the EBV-DNA in PAL tissues, this frequency was lower than that reported previously (45%) (26). Furthermore, a study showed that EBV infection seemed more active in T-cell lymphoma (27). All three patients with extra-nodal NK/T-cell lymphoma had EBV genomes in PAL tissues, TCRγ gene rearrangement might mediate EBV-induced T-cell transformation.

PAL is an aggressive lymphoma with strong Ki-67 expression in almost all patients, different from Castleman's disease with high interleukin-6 (IL-6) expression, heterotopic ossification, and benign micro-nodular hyperplasia appeared in proximity to the lymphatic tissue invading the adrenal (28). The reported survival rate approximately almost 20%, is poor at the 12-month follow-up (3). Due to the rarity of PAL, few studies have presented follow-up data.

Moreover, the 1-year and 2-year overall survival rates in the 35 patients with available follow-up data were 79.5 and 72.5%, respectively. This survival rate is higher than previously reported. Kim et al. (29) summarized 31 PAL cases and found that for patients with DLBCL treated with a median of six cycles of R-CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) chemotherapy, the 2-year overall and progression-free survival rates were 68 and 51%, respectively. With regard to the difference, early diagnosis could be one of the possible reasons; the initial indication of PAL was an incidentaloma during routine healthy examination in 29.8% of patients, which was significantly higher than that previously reported (1%) (30). Second, central nervous system involvement in PAL has a negative impact on long-term prognosis. In our series, only one patient had lymphoma invasion in the central nervous system.

Consistent with the findings of previous studies, chemotherapy, especially with the addition of rituximab, significantly improved outcomes (3, 29, 30). In early studies, the 1-year survival rate was nearly 20%, while in a recent series with more patients receiving rituximab add-on therapy, the 2-year survival rate was nearly 62% (5). In our analysis, the overall survival rates were 84.2 and 41.7% in patients who did and did not receive chemotherapy (surgery alone and supportive treatment), respectively. Meanwhile, the 2-year survival rate in the chemotherapy group was slightly higher than that in the non-chemotherapy group. The reasons for failure to undergo chemotherapy treatment included concerns about the effectiveness of the treatment, side effects, financial burdens, and severity of co-morbidities. Notably, two patients showed rapid deterioration and died in the hospital before chemotherapy could be administered, which further emphasizes the importance of early diagnosis of PAL according to clinical indications, e.g., adrenal imaging, alterations in LDH/HBDH levels, and changes in lipid profiles.

As a single center study, we collected the largest sample of PAL so far. Additionally we analyzed the clinical characteristics, pathological types, treatment, and prognosis. However, there are several limitations to the present study. A major limitation is its retrospective design, which may have led to missing or incorrect data; further, the assessment of adrenal function was insufficient. Another limitation is the incomplete follow-up data; only 15 patients completed a follow-up of more than 2 years. Furthermore, an inaccurate result could be deduced from the incomplete data. The third limitation is that more than half of the patients were diagnosed based on needle core biopsy findings, and in some cases insufficient tumor tissue was obtained for pathological analysis, especially for FISH. Otherwise, MRI was performed in only 2 cases. Hence, most of these deficiencies should be overcome when treating the adrenal incidentaloma again. The more complete evaluation including MRI was performed and clinical data were collected to accurately analyze the clinical characteristics of PAL and provide important reference for the choice of treatment strategy.



CONCLUSIONS

In summary, this study systematically analyzed the clinical characteristics of 50 patients with PAL. Most patients developed PAL at the age of 60 years, with men making up the majority of the study cohort. Abdominal pain, incidentaloma, and B symptoms were the most common manifestations. Decreased HDL-C levels and lymphocyte counts and elevated LDH/HBDH levels demonstrated potential value for the differential diagnosis of PAL. DLBCL (non-GCB subtype) and extra-nodal NK/T-cell lymphoma (nasal type) were the most common pathological types. Moreover, tumor masses exhibited an aggressive growth pattern. Gene mutations (P53, MYC, and BCL2) and EBV infection played important roles in lymphoma genesis. Early diagnosis and combined chemotherapy were associated with a better prognosis.
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Epidemiologic analyses have shed light on an association between type 2 diabetes (T2D) and pancreatic ductal adenocarcinoma (PDAC). Recent data also suggest a potential relationship between T2D and insulinoma. Under rare circumstances, type 1 diabetes (T1D) can also be implicated in tumorigenesis. The biological mechanisms underlying such relationships are extremely complex. Some genetic factors contributing to the development of T2D are shared with pancreatic exocrine and endocrine tumors. Obesity and overweight can also contribute to the initiation and severity of T2D, while aging may influence both endocrine and exocrine tumors. Finally, pharmacological treatments of T2D may have an impact on PDAC. On the other hand, some treatments for insulinoma can trigger diabetes. In the present minireview, we discuss the cellular and molecular mechanisms that could explain these interactions. This analysis may help to define new potential therapeutic strategies.
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Introduction

Diabetes is a metabolic disorder characterized by chronic hyperglycemia. Type 1 diabetes (T1D) is less frequent (5.6%) than type 2 diabetes (T2D) and is caused by autoimmune destruction of pancreatic beta-cells. T2D represents 91.2% of diabetes cases and is generally associated with insulin resistance and compensatory hyperinsulinemia, an early indicator of metabolic dysfunction. In the longer term, T2D leads to progressive functional defects of beta-cells. The remaining cases are primarily gestational diabetes, which are represented by hyperglycemia that generally disappears after delivery. Pancreatic adenocarcinoma (PDAC), the most frequent (95%) exocrine pancreatic cancer, is also the most lethal, with a 5-year overall survival of less than 8% (1). Insulinomas are functional neuroendocrine tumors originating from beta-cells. They are generally benign but can metastasize in 5%–10% of cases (2). Interestingly, T2D and pancreatic cancers share several common risk factors, and long standing T2D represents a recognized risk for carcinogenesis. Inversely, PDAC may also be responsible for diabetes (3). This link between diabetes and cancer was first suggested by epidemiologic observations. In particular, PDAC is strongly associated with diabetes (4). Although T2D is a well-established risk factor for PDAC (5), this association is less clear for T1D. Indeed, a clinical prospective study on patients with T1D showed an increased risk of stomach, cervical and endometrium cancers, but only a very modest association with PDAC (6). These differences between T1D and T2D in the risk of developing PDAC may be attributed to differences in insulin levels, which is a risk factor (6). Finally, recent data has suggested a potential association between T2D and insulinoma (7). Despite this evidence, the causative link between T2D and PDAC, as well as insulinoma is not completely understood. The possible molecular mechanisms of this association will be discussed in this review.



Common Determinants of Diabetes and Pancreatic Cancer

T2D and PDAC have common determinants, including aging, obesity, and genetic factors (Figure 1), in addition to some environmental factors that include tobacco smocking, alcohol consumption and low level of physical activity (8). T2D and insulinoma also share causative signals.




Figure 1 | Schematic representation of the interactions between diabetes and PDAC. Some biological parameters occurring during prediabetes, including hyperglycemia, elevated insulin, and IGF bioavailability contribute to diabetes (T2D) and can further lead to PDAC (red arrows). Some genetic factors; UCP2, HNF1a, and PDX1, are also common determinants of diabetes and PDAC (written in red). Some parameters in relation with aging can cause T2D and/or PDAC (blue arrows, and the common determinants for T2D and PDAC development are written in blue). Some characteristics of obesity can contribute to T2D and/or PDAC (green arrows, and the common determinants for T2D and PDAC development are written in green).




Aging


The Effect of Aging in T2D

Aging is the time-dependent deterioration of physiological functions affecting both diabetes and PDAC. The incidence of diabetes increases with age: with 1.8 million patients aged 20–39, 11.7 millions at 40–59, to 19.3 millions at 60–79 in the European Union in 2017 (9). Moreover, the mass of islet cells increases during maturation, but slowly decreases after age 40 (10). Islet amyloidis, which is associated with insulin resistance and T2D, is more commonly found in older individuals (11). Finally, metabolic sensing pathways, such as the mTOR, AMP-activated protein kinase, and insulin/insulin-like growth factors (IGFs) pathways (12, 13) are age-dependent. Interestingly, mTOR, a kinase activated by metabolic signaling, also plays an important role in T2D (14) and PDAC (15).



Aging and PDAC

Aging dramatically increases the risk of pancreatic carcinogenesis (16). Indeed, pancreatic intraepithelial neoplasia (PanINs) is one precursor of PDAC. In an autopsy study, high grade PanIN lesions were found more frequently in T2D patients and old individuals, suggesting a role of both aging and diabetes (17). Moreover, PanINs are associated with chromosomal instability, telomere shortnening (18), and DNA damage, which all depend on aging (19). Several cellular mechanisms involved in aging also play an important role in PDAC. For example, lobulocentric atrophy, a combination of atrophy of acinar parenchyma, acinar to ductal metaplasia and fibrosis, promotes proliferation of small ductular structures and PanINs. This process is found in patients at high risk of PDAC and is age-dependent (20). Moreover, senescence is also important in cancer cells: after oncogenic transformation, cells can undergo senescence, with a reduction of their proliferation. However, some malignant cells often escape this process (21). In addition, age-related senescent-associated secretory phenotype (SASP) cells in the stromal micro-environment support cancer progression (21). In the KRASG12D model of PDAC, knock-out of the senescence-inducing factor SIN3B reduced the initiation and progression of pancreatic lesions, while decreasing secretion of the SASP factor IL-1α (22). Moreover, the conditional knock-out of IL-1α also reduces the number of neoplastic lesions. Finally, mitochondrial gene mutations, which accumulate with age, affect cell metabolism. Consequently, a selective growth advantage that promotes cancer is confered to the cells present in the aging environment (23, 24). Importantly, such mitochondrial events also enhance tumor progression in PDAC (25). Together, these data highlight the strong impact of aging in PDAC.



The Role of Aging in Insulinoma

Men1 knock-out mice provide a model of insulinoma, in which tumors develop late. Indeed, early inactivation of Men1 specific to beta-cells leads to multiple insulinoma only by 60 weeks (26), suggesting the requirement of additional somatic events. Notably, in Men1 knock-out tumors, an increase in the number of entire chromosome 11 was also found in insulinomas, and of chromosome 15 in pituitary prolactinomas. Several oncogenes, including c-MYC and ErbB2/Her2/Neu are present in these duplicated regions (26). The age-related penetrance of MEN1 in patients is 7%, 52%, 87%, 98%, 99%, and 100% at 10, 20, 30, 40, 50, and 60 years of age, respectively (27), suggesting that aging also influences tumorigenesis in human MEN1 tumors. Interestingly, different phenotypes in MEN1 monozygotic twins were observed: in (28), both twins developed parathyroidism, but only one had a pancreatic tumor. This observation suggests that one single mutation in MEN1 is insufficient to induce insulinoma. The variant V109G of p27 and inactivating mutations of CDKN1B were shown to influence the clinical phenotype of MEN1 patients (29). Moreover, some cell-cycle regulators, whose expression is age-dependent (30), are also differentially expressed in human beta-cells from insulinoma as compared to healthy tissue (31). For example, p16 is more heavily expressed at the adult stage than in prenatal beta-cells (32). Such expression restricts beta-cell proliferation with aging (30) and also promotes senescence. Interestingly, its expression is considerably reduced in insulinoma cells (31). Together, these data suggest that aging influences beta-cell proliferation, but that insulinoma cells develop a specific proliferation pattern evading this control.




Obesity


Obesity and Diabetes

Obesity, characterized by excessive accumulation of body fat, with a body mass index (BMI) of 30 kg/m2 or greater, is a well-known risk factor of diabetes (Figure 1) (33). Indeed, 87.5% of adults with T2D are also obese or overweight [BMI>25 (34, 35). The first causative link between obesity and T2D is insulin resistance. Indeed, both obesity and insulin resistance precede altered glycemia (36). Moreover, fat deposition has deleterious effects that depend on its anatomical location. The visceral adipose tissue (VAT), located in the abdominal cavity is linked to a higher risk of T2D as compared to subcutaneous adipose tissue (SCAT) (37).



Obesity and PDAC

Infiltration of adipose tissue favors pancreatic precancerous lesions (38). Indeed, in obese patients, fat has an effect on PanIN lesions and PDAC development. Obesity promotes inflammation that activates tumor associated neutrophils, and consequently pancreatic stellate cells, leading to increased desmoplasia and tumor growth (39). Moreover, chronic inflammation can promote EMT in PanIN cells, driving tumor progression and cell dissemination, leading to PDAC (40). Insulin resistance associated with obesity promotes dislypidemia (41), with elevated concentrations of triglycerides (42), and increased cholesterol synthesis (43). Hypertriglyceridemia is the third most common cause of acute pancreatitis (44), which also represents a risk for PDAC (45). Indeed, patients with acute pancreatitis had a 2-fold increased risk of pancreatic cancer when compared to the matched population. Moreover, adipokines, which include leptin, adiponectin, and lipocalin 2, also establish a connection between obesity and PDAC. In animals and humans, the leptin receptor Ob-Rb plays an important role in obesity (46). While leptin is produced by mature adipocytes, human PDAC cell lines and tissues both express the leptin receptor. Overexpression of leptin in an orthotopic model of human pancreatic cancer promotes tumor growth and lymph node metastasis (47), indicating that leptin is a key factor for PDAC. Recently, a possible interconnection between leptin and the Notch pathway, which is responsible for transformation, proliferation, tumor progression, EMT and chemoresistance, was described (48). Adiponectin is found in adipose tissue and its expression is very low in obese subjects. Prospective epidemiologic studies have shown that low concentration of adiponectin is linked to a higher risk of PDAC (49). Interestingly, adiponectin treatment inhibits the proliferation of human pancreatic cancer cells (50). Knocking-down adiponectin receptors abolished these effects, and enhanced the growth of human pancreatic cancer xenografts in nude mice. Moreover, this antiproliferative effect of adiponectin was shown to be mediated by the β-catenin signaling pathway. However, the roles of leptin and adiponectin are still debated, as a higher adiponectin/leptin ratio and lower leptin levels were found in patients with PDAC as compared to controls (51). Finally, lipocalin 2, a protein involved in innate immunity, also plays an important role in the cellular microenvironment that contributes to PDAC. Lipocalin 2 was found to be a regulator of VAT hypertrophy in animals treated with high fat diet (HFD). The deletion of Lipocalin2 decreases PDAC incidence in KRAS-G12D transgenic mice (52). More generally, diet has a strong impact on pancreatic cancer. Recently, Chang et al. showed that HFD dramatically increases the incidence of PDAC in KRAS-G12D mice. Indeed, the PanIN lesions express new genetic variants, suggesting that genetic alterations may participate to this process (53).



Obesity and Insulinoma

Obesity has thus far not been identified as a cause of insulinoma, but the reverse has been described. Insulinoma can be linked to hyperphagia in some cases by induction of hypoglycemia and hunger. This may lead to weight gain in 20%–40% of patients and even to overt obesity (54, 55). Interestingly, the orexigenic hormone ghrelin is associated with obesity (56). Co-expression of ghrelin and its receptor was detected in several pancreatic endocrine tumors, and specifically in insulinoma, but elevated circulating ghrelin is rare in these patients (57).




The Genetic Factors


The Genetics of Diabetes and PDAC

Genome wide association studies (GWAS) have been used to identify relationships between diabetes and pancreatic cancers. Several pancreatic developmental genes, NR5A2, PDX1, and HNF1A, were identified as susceptibility factors for PDAC (Figure 1) (58). Moreover, heterozygous mutations in some of these genes, PDX1 and HNF1α, are also responsible for different monogenic forms of maturity onset diabetes of the young (MODY 4 and MODY 5). Some variants of PDX1 and HNF1α are also associated with increased risks of T2D (59, 60), obesity (61), or hyperglycemia (62). The antioxidant mitochondrial uncoupling protein 2 (UCP2), which controls pancreatic development and insulin secretion (63), is overexpressed in PDAC tumors compared to normal adjacent tissues (64), suggesting that UCP2 overexpression is a biomarker of bad prognosis. However, other recent studies using the pancreatic cancer cell line Mia PACA2 showed that UCP2 inhibits cancer cell proliferation and tumorigenesis (65). This effect is mediated by retrograde mitochondrial signaling on the Warburg effect that reorients mitochondrial function toward oxidative phosphorylation rather than glycolysis. Additional analyses are needed to elucidate the discrepancy between these two studies involving UCP2. Taken together, these data indicate a link between genes controlling pancreas development, diabetes and PDAC.



The Genetic Links Between Diabetes and Insulinoma

Recently, a strong link between T2D and insulinoma has been established (Figure 2). A p.Ser64Phe mutation in MAFA that prevents GSK3-mediated MAFA phosphorylation (42, 44) was identified in 25 individuals from two independent families (7). These patients develop either insulinoma or diabetes with 90% penetrance. Interestingly, the MAF proteins are well established oncoproteins (66) and their tumorigenic activity is regulated by GSK3-mediated phosphorylation in different cancers (67, 68). Moreover, other studies have also revealed a role of MAFA in diabetes. Within the pancreas, MAFA is exclusively expressed in developing and mature beta-cells. MafA activates the insulin promoter in response to glucose, and regulates genes involved in beta-cell function such as glucose transporter 2, glucagon-like peptide 1 receptor and prohormone convertase 1/3 (69). Accordingly, glucose-stimulated insulin secretion (GSIS) is impaired in MafA knock-out mice, and the architecture of the islets is disorganized. Moreover, these mice develop T2D at 50 weeks after birth (70). In humans, data have also established a link between MAFA and different forms of diabetes. Indeed, expression of MAFA is decreased in islets from T2D patients and a polymorphism in MAFA is associated with T1D (71).




Figure 2 | Interactions between diabetes and insulinoma. Some specific MafA mutations can predispose to diabetes (T2D) or insulinoma. In some rare cases with such mutations of MafA, gestational diabetes precedes insulinoma. Moreover, other genes (Men1, YY1) are also involved positively (+) or negatively (−) in the development of diabetes or insulinoma (blue arrows). Aging also contributes to both pathologies (green arrows, common aging determinant for T2D and insulinoma written in green). Some inulinoma treatments (everolimus) can enhance the risk of diabetes (red arrow). On the other hand, exceptional cases of T1D can induce insulinoma (red arrow).



Cases of insulinoma with pre-existing diabetes are very rare (72, 73). In (7), a 27 year-old female patient with a MAFA mutation preventing its phosphorylation by GSK3 first developed gestational diabetes, and subsequent insulinoma at 55 years old. This finding suggests that the MAFA mutation may have caused metabolic disorders in relation to diabetes, that would lead to insulinoma in the long term. Another genetic link between diabetes and insulinoma was suggested by the presence of a recurrent somatic T372R mutation in YY1 (Yin and Yang 1 protein) in 30% of tumors (74). YY1 is a transcription factor that belongs to the GLI-Kruppel class of zinc finger proteins and is a target of mTOR inhibitors. In beta-cells, YY1 regulates the transcription of CXCL12, which also has antidiabetogenic potential (75). In some cases, insulinoma develop in a context of hereditary predisposition to pancreatic endocrine tumors. Indeed, MEN1, type-1 multiple endocrine neoplasm, represents the most frequent predisposition gene for insulinoma (76). Moreover, a relationship between MEN 1 and MAFA genes was also established: altered MEN1 expression was shown to disrupt the MAFA differentiation pathway in human and mice insulinoma cells (77).





Is Diabetes a Risk Factor for Pancreatic Cancers?


Hyperglycemia


Hyperglycemia and PDAC

In T2D, hyperglycemia is caused by excessive hepatic gluconeogenesis, decreased incretin activity, and peripheral glucose uptake, as well as altered insulin signaling. T2D results from a long history of metabolic disorders before diagnosis. These events can cause carcinogenesis and particularly PDAC (Figure 1) (76). Indeed, patients can remain asymptomatic for many years, with undiscovered glucose intolerance and transient hyperglycemia (78). This prediabetic period considerably increases the probability of developing PDAC (79). One possible mechanism is the activation of the TGFβ pathway by glucose, leading to reduced E-cadherin levels in pancreatic ductal cells and to a pronounced mesenchymal phenotype promoting tumor growth and metastasis (5). Hyperglycemia may also increase genomic instability leading to KRAS mutations through activation of O-GlcNAcylation and nucleotides deficiency (80). Finally, the mTOR pathway controls protein synthesis and autophagy, and its deregulation is implicated in diabetes, cancer, and the aging process (81). Interestingly, mTOR inhibition in mouse models of KRAS-dependent PDAC subtypes reduces tumorigenesis (15).



Hyperglycemia and Insulinoma

Glucose controls beta-cell proliferation both in vitro and in vivo (82). In the context of insulin demand, beta-cells undergo hypertrophy or hyperplasia to normalize glycemia (83). One hypothesis is that pre-existing diabetes leads to insulinoma through hyperglycemia. However, such cases are extremely rare. Recently, two patients with pre-existing T1D developed insulinoma (84, 85). In (84), a 31-year-old man experienced T1D for 28 years. Surprisingly, frequent hypoglycemic episodes occurred, leading to the arrest of insulin therapy. After resection, histopathology revealed a grade-2 insulinoma. One unsolved issue is the absence of an autoimmune response against tumor cells in this patient (84). Further analyses will be necessary to investigate the mechanisms involved in tumor progression in such patients.




Insulin and Insulin-Like Growth Factors (IGFs) in Diabetes and Tumorigenesis

The insulin/IGF signalization plays an important role in diabetes. Epidemiological studies have associated serum level variations of IGF-1 (86, 87), IGF-2 (88), IGF binding proteins 1 (89, 90), 2 (91), 3 (86, 90), 4 (91) with T2D. Moreover, obese subjects also exhibit alterations of the IGF system (88, 92, 93) influenced by the presence or absence of T2D (93). Non-diabetic obese subjects have elevated free IGF-1 and IGF-2, total IGF-2, IGF-BP3, and reduced IGF-BP1 and 2 levels. In obese T2D patients, IGFBP-2 is further reduced (93).


PDAC

PDAC originates from both ductal and acinar cells of the pancreas (94), which are exposed to high levels of insulin. Such proxicrine signals promote growth of pancreatic cancer cells (Figure 1) (3). Indeed, the effects of insulin and IGFs 1 and 2 are mediated by the insulin receptor (IR) and IGF1 receptor (IGF1R) (95, 96). As previously discussed, obesity and T2D are associated with increased risk of PDAC. These metabolic disorders are characterized by insulin resistance, compensatory overproduction of insulin and increased bioavailability of IGF-1 (97). To examine the role of insulin in PDAC initiation, Ptf1aCreERLSL-KRASG12DIns1+/−Ins2−/− mice, which have a sustain reduction of insulin but no altered glycemia, were used (98). Mice with reduced insulin had a significant decrease in the number of PanINs and pancreatic tumors when compared to controls. Thus, these results demonstrate that insulin regulates PDAC development. Interestingly, altered expression of the tumor suppressor p53, observed in 50% to 75% of PDAC (99), was shown to stimulate the insulin/IGF1 pathway (100). Moreover, polymorphisms in the IGF genes have been associated with decreased survival of patients with PDAC (101). Taken together, these data strongly support a role of the insulin/IGF axis in pancreatic cancer.



Insulinoma

In animals and human, some associations between IGF2 and diabetes have been shown. In particular, IGF2 overexpression in transgenic mice leads to beta-cell dysfunction (102), by inducing beta-cell de-differentiation and reticulum stress. Moreover, in a mouse model of multistage carcinogenesis induced by the SV40 large T antigen in pancreatic beta-cells, IGF2 was increased and contributed to insulinoma development (103). Recently, studies have shown that the IGF pathway is activated in insulinoma (104). Glutamine can also stimulate biosynthesis and secretion of IGF2 in mouse insulinoma cells, which regulate beta-cell mass and function in an autocrine manner (105). Interestingly, hypermethylation of the differentially methylated region 2 of IGF2 was discovered in human insulinoma, leading to loss of imprinting and overexpression of IGF2 (106). Finally, IGF2 overexpression was also detected in Men1-mutated mouse insulinoma (107). IGF signaling thus appear to be an important hallmark of insulinoma.





Diabetes Treatment to Prevent Pancreatic Cancers?


PDAC

Metformin (108) is the most frequently prescribed, first-line treatment drug for T2D (109). Metformin decreases glycemia by lowering hepatic gluconeogenesis and improves insulin sensitivity by promoting glucose uptake in skeletal muscle and adipose tissue. Several epidemiological studies have demonstrated that metformin administration reduces incidence, recurrence and mortality of pancreatic cancer in diabetic patients (110, 111). Clinical trials using metformin in combination with other drugs used to treat PDAC are actually under investigation (https://clinicaltrials.gov/ct2/results?term=metformin&cond=Pancreatic+Cancer). To delineate the molecular mechanisms involved in this protective effect of metformin, animal models were used. Metformin significantly decreased the incidence of PDAC promoted by diet-induced obesity in the conditional KRAS-G12D knock-in mouse (112). Together, these findings demonstrate that metformin, a treatment for diabetes, represents an important pharmacological tool for PDAC prevention, strengthening the link between these two pathologies. Moreover, AdipoRon, which acts as an adiponectin receptor agonist (113), has antidiabetic properties and can inhibit tumor growth of pancreatic cancer cells MIAPACa-2 in xenografts. AdipoRon can also induce cell death in cells derived from PDAC patients (114). These data suggest that AdipoRon could be a therapeutic agent for both diabetes and PDAC. Finally, several studies analyzed the antidiabetic and protective effects of aspirin against PDAC. Indeed, inflammation is a hallmark of T2D, and aspirin reduces inflammation by regulating T-cell function (115). Interestingly, clinical analysis of a subgroup of patients with diabetes showed a protective role of aspirin against PDAC (116). However, the effects of aspirin against PDAC seem to be heterogenous and controversial (116–118). Further analysis is thus required to better understand these effects.



Insulinoma

Anti-cancer drugs are used to treat insulinoma. Recently, a combination of mTOR inhibitors and streptozotocin was shown to have synergistic antitumor effects in insulinoma cells, both in vitro and in vivo (119). Everolimus, an mTOR inhibitor, was successfully used to treat advanced pancreatic neuroendocrine tumors in a phase 3 clinical trial (120) (RADIANT-3 ClinicalTrials.gov number, NCT00510068). However, other data indicate that such anti-cancer therapy also has endocrine side effects, such as increased plasma triglycerides, LDL cholesterol, and high incidence of hyperglycemia (121). Thus, despite its benefits in cancer, this treatment may enhance the risk of diabetes.




Conclusion

Pre-clinical and clinical data provide clear evidence of common characteristics shared by T2D and PDAC, as well as T2D and insulinoma. The association between diabetes and PDAC is frequent, while it is more unusual between diabetes and insulinoma. Some specific gene mutations contribute to both T2D and insulinoma, strengthening the link between these diseases, while others mutations have opposite effects on T2D and insulinoma. Diabetes and PDAC share several metabolical disorders, that are also found during obesity. Accordingly, obesity often contributes to PDAC initiation, whereas obesity is a consequence of insulinoma. Understanding the relation between T2D and PDAC and between T2D and insulinoma may have important consequences. Indeed, treatments of T2D can limit PDAC progression, while treatment for insulinoma may induce T2D. These important findings should be taken into consideration to develop new pharmacological strategies to limit tumor progression.



Author Contributions

All authors contributed to the article and approved the submitted version.



Funding
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Background: Depressive symptoms are common comorbidities in schizophrenia. However, the effect of APOE E3 on depressive symptoms has never been investigated in an aging Chinese population with schizophrenia. This cross-sectional study aimed to investigate the effects of APOE E3 on blood lipid metabolism and depressive symptoms in elderly schizophrenics in China.

Methods: Three Hundred and one elderly schizophrenics (161 males, age ranges from 60 to 92 years, with an average age of 67.31 ± 6.667) were included in the study. Depressive symptoms were assessed using the Geriatric Depression Scale (GDS). APOE gene polymorphism was determined by polymerase chain reaction (PCR). We assessed the correlations of GDS and serum low-density lipoprotein (LDL) with APOE genotypes.

Results: The concentration of LDL in the Homozygous APOE E3 group was significantly higher than that in the non-homozygous APOE E3 group, while the scores of GDS of the Homozygous APOE E3 group were lower than that in the non-homozygous APOE E3 group. Using partial correlation analysis and controlling age, gender, duration of disease, and hyperlipidemia, we found that the scores of GDS were significantly correlated with LDL (r = −0.194, p = 0.016).

Conclusions: APOE E3 is associated with less depressive symptoms and higher serum LDL in Chinese elderly patients with schizophrenia, and there is a negative correlation between depressive symptoms and LDL.

Keywords: aging, APOE E3, depressive symptom, Chinese, schizophrenia


INTRODUCTION

Schizophrenia is associated with an increased prevalence of depressive symptoms. According to previous studies, ~59% of schizophrenia patients suffer from either minor or major depression (1, 2). Depressive symptoms are commonly seen in all stages of schizophrenia, particularly in the acute phase (3). They have been found to correlate with positive symptoms, negative symptoms, and general psychopathology in patients with schizophrenia (4). The accumulated evidence from previous studies suggests that the presence of depressive symptoms in patients with schizophrenia has been associated with worse overall outcomes, greater comorbidity, work impairment, poorer quality of life, deterioration of psychosocial functioning, greater risk of relapse, and increased risk of suicide (5, 6). It is therefore extremely important to understand the prevalence and influencing factors of depression in schizophrenics and to develop effective interventions.

Various physiological factors increase the risk of depressive symptoms or depression, including lipid metabolism and genetic variations related to lipids (7). A potential genetic variant that affects lipid metabolism symptoms is the Apolipoprotein E (APOE) gene. APOE is critical in the modulation of phospholipid and cholesterol transport between cells, and it is also believed to play a significant role in neuronal growth and repair (8). Human APOE is a polymorphic protein, APOE E2, E3, and E4, which are encoded by three alleles, ϵ2, ϵ3, and ϵ4, respectively (9). Meta-analyses of genetic studies reported an association of APOE allele ϵ2 with major depressive disorder (10). Skoog et al. (11) proved that the presence of APOE allele ϵ4 predicted future depression and might be an identifier for aging people who are at high risk of clinically significant depression.

The APOE E3 allele is the most frequent allele in all human groups (12) and has been reported to have protection against cardiovascular diseases by maintaining lipid homeostasis (13). However, the effect of APOE E3 on depressive symptoms in schizophrenia has never been investigated. In response, we conducted a cross-sectional study to investigate the effects of homozygosity in the APOE 3 polymorphism on lipid metabolism and depressive symptoms in elderly Chinese schizophrenics.



MATERIALS AND METHODS


Participants

This cross-sectional study was conducted between July 1, 2015, and December 31, 2015, and included 301 hospitalized elderly schizophrenics (age ranges from 60 to 92 years, with an average age of 67.31 ± 6.667; among them, 161 were males, accounting for 53.5%), who were recruited from three mental health centers (including the Shanghai Mental Health Center, the Mental Health Center of Fengxian District in Shanghai, and the Mental Health Center of Jiading District in Shanghai). The method of sampling has been described in our previous studies (14). The inclusion criteria were as follows: (1) aged 60 or more; (2) diagnosed with schizophrenia, which was diagnosed by a senior psychiatrist according to the International Classification of Diseases 10 diagnostic standard; (3) without major medical abnormalities, including unstable, acute, or life-threatening medical illness and central nervous system diseases; (4) was able to cooperate and complete relevant inspections. Subjects with a history of major medical abnormalities (e.g., cancer and infection) and those who chose not to take part were excluded. Through face-to-face interviews, we obtained general demographic data (for example, age, education, gender, BMI, duration of disease), daily living habits (smoking, drinking, drinking tea, physical exercise, and hobbies), disease history (hypertension, diabetes, and hyperlipidemia) and currently prescribed medicines (including clozapine, olanzapine, quetiapine, risperidone, and aripiprazole).

This study was approved by the Research Ethical Committee of the affiliated mental health center of the Shanghai Jiaotong University, School of Medicine. Written informed consent was obtained from all participants before the study. All research processes were conducted according to the principles of the Declaration of Helsinki.



Neuropsychological Assessment
 
Depression Evaluation

Depression is a condition characterized by a depressed mood or loss of pleasure or interest in nearly all activities almost every day for at least 2 weeks (15). The presence of depressive symptoms was determined using the Geriatric Depression Scale (GDS) (16). The GDS consists of 30 items (hereafter referred to as the GDS-30), and participants were asked to answer “yes” or “no” to these items based on how they felt over the past week, and those with a score higher than 10 points were considered to have depression (17).




Cognitive Assessment

The Montreal Cognitive Assessment (MoCA) was used to evaluate the cognitive function of these subjects. MoCA is a widely used 10-min cognitive screening test for the detection of mild cognitive impairment (MCI), with high sensitivity (90%) and specificity (87%) (18). It has been proven to be effective in detecting cognitive impairment in schizophrenics (19).



Symptom Assessment

The Positive and Negative Syndrome Scale (PANSS) was utilized to assess the symptoms and severity of schizophrenia, as it is a reliable and valid instrument that has served the scientific research community for decades (20). The PANSS includes four scales measuring positive and negative syndromes, aggressiveness, as well as general severity of illness (21). Several subsequent studies have shown that it has strong psychometric properties in terms of reliability, validity, and sensitivity (22).



Genotyping of APOE and Biochemical Detection of Blood Lipids

The genomic DNA was removed from peripheral blood (Morning fasting whole blood) by using a Blood Genomic DNA Extraction Kit (spin column, Tiangen Biochemical Science and Technology Co., Ltd., Beijing, China). The APOE genotype was determined by multiplex amplification refractory mutation system polymerase chain reaction (PCR). The multiplex PCR reactions based on the two SNP cores of the APOE gene were measured using the rs7412 and rs429358 design primers as follows: P1:5-′GCCTACAAATCGGAACTGGACAGCTCCTCGGTGCTCTG-3′ and P2:5 ′-TAAGCGGCTCCTCCGCGATGCCCCGGCCTGGTACACTG-3′. We verified the primers on Nucleotide-nucleotide BLAST: (https://ncbiinsights.ncbi.nlm.nih.gov/tag/nucleotide-blast).

According to the methods previously described (23), the 301 subjects were divided into two groups, the Homozygous APOE E3 group (ε3/ε3, n = 205) and the non-homozygous APOE E3 group (ε2/ε2, ε2/ε3, ε3/ε4, and ε4/ε4, n = 96) group. Tables 1 and 2 list the information about gene distribution in detail. The values of serum triglyceride, cholesterol, fasting blood glucose, low-density lipoprotein, and high-density lipoprotein were obtained by using the hexokinase method on an auto-analyzer (Dimension Xpand plus).


Table 1. Allele frequencies and prevalence of APOE among Chinese elderly with schizophrenia.

[image: Table 1]


Table 2. General demographic data of the Chinese elderly with schizophrenia based on APOE E3.
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Statistical Analysis

Continuous variables were expressed as mean ± SD and categorical variables were expressed as frequencies (%). A single sample Kolmogorov-Smirnov test was used to test whether the data conformed to the normal distribution and an independent sample t-test was used to compare the data of normal distribution between the Homozygous APOE E3, and the non-homozygous APOE E3 group. The Mann-Whitney U test was used to compare the data of non-normal distribution, while the Chi-square test was used to categorical variables between the two groups. The partial correlation analysis was then used to explore the association between neuropsychological tests and blood lipids (age, education, duration of disease, and hyperlipidemia were controlled). All statistical analyses were performed using SPSS 22.0 (IBM Corporation, Armonk, NY, USA), and two-tailed tests were utilized at a significance level of P < 0.05.




RESULTS

Table 1 presents the results of the allele and genotype frequencies. Frequencies of APOE E3 were greatest (68.1%). Table 2 displays the characteristic of subjects with different APOE genotypes. By using a single sample Kolmogorov-Smirnov test, we found that BMI (p > 0.05) was in the normal distribution, while age, education, duration of disease, fasting blood sugar, triglyceride, high- density lipoprotein, low-density lipoprotein, and scores of MoCA, GDS, and PANSS (p < 0.05) were in non-normal distribution.

By using the Independent sample t-test (Normal distribution), Mann-Whitney U test (Non-normal distribution), and Chi-square test (Categorical variable), we found that there were statistical differences between the two groups in terms of low density lipoprotein (p = 0.033), the score of GDS (p = 0.006), and hyperlipidemia (p = 0.016). There was no significant difference (p > 0.05) in age, education, duration of disease, BMI, fasting blood sugar, triglyceride, high-density lipoprotein, gender, hypertension, diabetes, smoker, drinker, tea drinker, physical exercise, hobby, clozapine, olanzapine, quetiapine, risperidone, aripiprazole, and scores of MoCA and PANSS between the two groups (Table 2). The concentration of LDL in the Homozygous APOE E3 group was significantly higher than the non-homozygous APOE E3 group, while the scores of GDS in the Homozygous APOE E3 group were lower than that in the non-homozygous APOE E3 group. Table 2, Figures 1, 2 show the results. By using partial correlation analysis and controlling age, gender, duration of disease, and hyperlipidemia, we found that the scores of GDS were significantly correlated with low-density lipoprotein (r = −0.194, p = 0.016).


[image: Figure 1]
FIGURE 1. Comparsion of LDL between two groups. *means p < 0.05.



[image: Figure 2]
FIGURE 2. Comparsion of GDS between two groups. *means p < 0.05.




DISCUSSION

To the best of our knowledge, this is the first study to explore the effect of homozygosity in the APOE 3 polymorphism on depressive symptoms in a Chinese elderly population with schizophrenia. The study revealed several interesting findings: (1) that the APOE E3 genotype was associated with less depressive symptoms in elderly patients with schizophrenia; (2) the APOE E3 genotype was associated with higher serum low-density lipoprotein; and, (3) that there was a negative correlation between low-density lipoprotein and depression score.

The present study recruited 301 hospitalized elderly schizophrenics. All participants completed a neuropsychological assessment (MoCA, GDS, and PANSS), APOE gene polymorphism test, and blood lipid test. Using the Mann-Whitney U test, we found that APOE E3 was associated with lower depressive symptoms and higher concentrations of LDL. By using partial correlation analysis and controlling age, gender, duration of disease, and hyperlipidemia, we proved that scores of GDS were significantly correlated with low density lipoprotein (r = −0.194, p = 0.016).

To verify whether the above conclusions still exist in a non-schizophrenic elderly population, we recruited 154 participants as controls (age ranges from 60 to 78 years, with an average age of 68.54 ± 6.632). Among them, 72 were male, accounting for 46.8%, and there was no statistical difference in the above indexes between the schizophrenia group and control group. After controlling for age and gender, there was no statistical difference in the concentration of LDL between the Homozygous APOE E3 group and the non-homozygous APOE E3 group. However, the scores of GDS in the Homozygous APOE E3 group were still lower than those in the non-homozygous APOE E3 group. Table 3 presents these results.


Table 3. Characteristics of Chinese normal elderly subjects with different APOE groups.
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The relationship between APOE gene polymorphism and schizophrenia is very complicated. Gibbons et al. (24) have pointed out that alterations in APOE expression might lead to either the risk of developing schizophrenia or clinical manifestations, as APOE was important in CNS functions such as modulating cell signaling, protein phosphorylation, intraneuronal calcium, and storage-induced synaptic sprouting. However, other related conclusions are not consistent. For example, a French association study and meta-analysis suggested that there was no major role for APOE gene variants in schizophrenia as a whole (25). However, another study supported that the APOE epsilon 4/epsilon 4 genotypes might be associated with early-onset schizophrenia, while the APOE epsilon 3 allele might function protectively in later onset in this disease (26). Therefore, a large sample of longitudinal studies is needed to further examine the association between APOE gene polymorphism and schizophrenia.

It is well-known that lipid metabolism could be affected by the frequency of APOE (27). In our study, we found that APOE E3 was associated with higher LDL in Chinese aging patients with schizophrenia and there was a negative correlation between LDL and depression score. A systematic review and meta-analysis (28) showed that patients with depression tend to have lower LDL (Mean difference = −4.29, 95% CI = −8.19, −0.40, p = 0.03). Beasley et al. (29) found that cholesterol levels were 13% lower in major depressive disorder (p = 0.018) and 10% lower in bipolar disorder (p = 0.052) compared with controls, while there was no significant difference (p > 0.05) between schizophrenia and controls. Another study by Olsson et al. (30) also indicated that low LDL might increase the risk of depression and the mechanism might involve immunity, inflammation, and brain dysfunction. However, a previous study suggested that stroke patients with the APOE genotype ϵ3/ϵ3 had more symptoms of depression compared to the other genotypes (13). Another study showed that there was no significant association between depression and APOE genotype (31). Our findings are partially consistent, and different human populations and different disease types might be responsible for these differences.

Several mechanisms might be used to explain why the APOE E3 genotype helps prevent depression. First, APOE E3 can inhibit amyloid accumulation and increase LDL receptor levels. Second, APOE E3 also plays a crucial role in cholesterol efflux and reverse cholesterol transport, and bears anti-inflammatory and anti-oxidant properties (32). Third, E3 ubiquitin ligase IDOL determines the level of ApoER2 protein in the synapse in response to neuronal activation and regulates the morphogenesis and plasticity of dendritic spines. Furthermore, APOE E3 contributes toward maintaining the integrity of endothelial function and the blood-brain barrier (BBB) at the neurovascular junction (33).

There are some limitations to our research. First, this is a cross-sectional study, unable to establish the causal relationship between APOE E3, LDL, and depressive symptoms. Second, the relatively small sample size reduces the reliability of the study. Third, these subjects have been taking antipsychotics, which could have influenced the research conclusion.



CONCLUSIONS

The APOE E3 genotype is associated with less depressive symptoms and higher serum low-density lipoprotein in Chinese elderly patients with schizophrenia. There is a negative correlation between depressive symptoms and low-density lipoprotein. Therefore, it may be possible to improve depressive symptoms by increasing blood lipid concentration in patients with schizophrenia, but this conclusion needs to be verified by a large sample of longitudinal research.



DATA AVAILABILITY STATEMENT

The datasets analyzed in this article are not publicly available, because the database is less than ten years old, and it needs to be authorized by the data owner to be public. Requests to access the datasets should be directed to ja_1023@hotmail.com.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Research Ethical Committee of the affiliated mental health center of Shanghai jiaotong university school of medicine. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

WL and LS contributed to the study concept and design. LY and CB acquired the data. XL and SX analyzed the data and drafted the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (no. 81671402), the National Key R&D Program of China (2017YFC1310501500), the Cultivation of Multidisciplinary Interdisciplinary Project in Shanghai Jiaotong University (YG2019QNA10), the Clinical research center project of Shanghai Mental Health Center (CRC2017ZD02), Shanghai Clinical Research Center for Mental Health (SCRC-MH) (19MC1911100), and the Feixiang Program of Shanghai Mental Health Center(2020-FX-03).



REFERENCES

 1. Felmet K, Zisook S, Kasckow JW. Elderly patients with schizophrenia and depression: diagnosis and treatment. Clin. Schizophr. Relat. Psychoses. (2011) 4:239–50. doi: 10.3371/CSRP.4.4.4

 2. Xu YM, Li F, Liu XB, Zhong BL. Depressive symptoms in Chinese male inpatients with schizophrenia: prevalence and clinical correlates. Psychiatry Res. (2018) 264:380–84. doi: 10.1016/j.psychres.2018.04.016

 3. Baynes D, Mulholland C, Cooper SJ, Montgomery RC, MacFlynn G, Lynch G, et al. Depressive symptoms in stable chronic schizophrenia: prevalence and relationship to psychopathology and treatment. Schizophr. Res. (2000) 45:47–56. doi: 10.1016/S0920-9964(99)00205-4

 4. Peitl V, Vidrih B, Karlovic Z, Getaldic B, Peitl M, Karlovic D. Platelet serotonin concentration and depressive symptoms in patients with schizophrenia. Psychiatry Res. (2016) 239:105–10. doi: 10.1016/j.psychres.2016.03.006

 5. Majadas S, Olivares J, Galan J, Diez T. Prevalence of depression and its relationship with other clinical characteristics in a sample of patients with stable schizophrenia. Compr. Psychiatry. (2012) 53:145–51. doi: 10.1016/j.comppsych.2011.03.009

 6. Cotton SM, Lambert M, Schimmelmann BG, Mackinnon A, Gleeson JF, Berk M, et al. Depressive symptoms in first episode schizophrenia spectrum disorder. Schizophr. Res. (2012) 134:20–6. doi: 10.1016/j.schres.2011.08.018

 7. Zhou X, Wang J, Lu Y, Chen C, Hu Y, Liu P, et al. Anti-depressive effects of Kai-Xin-San on lipid metabolism in depressed patients and CUMS rats using metabolomic analysis. J Ethnopharmacol. (2020) 252:112615. doi: 10.1016/j.jep.2020.112615

 8. Verghese PB, Castellano JM, Holtzman DM. Apolipoprotein E in Alzheimer's disease and other neurological disorders. Lancet Neurol. (2011) 10:241–52. doi: 10.1016/S1474-4422(10)70325-2

 9. Poirier J, Davignon J, Bouthillier D, Kogan S, Bertrand P, Gauthier S. Apolipoprotein E polymorphism and Alzheimer's disease. Lancet. (1993) 342:697–99. doi: 10.1016/0140-6736(93)91705-Q

 10. Lopez-Leon S, Janssens AC, Gonzalez-Zuloeta Ladd AM, Del-Favero J, Claes SJ, Oostra BA, et al. Meta-analyses of genetic studies on major depressive disorder. Mol. Psychiatry. (2008) 13:772–85. doi: 10.1038/sj.mp.4002088

 11. Skoog I, Waern M, Duberstein P, Blennow K, Zetterberg H, Börjesson-Hanson A, et al. A 9-year prospective population-based study on the association between the APOE*E4 allele and late-life depression in Sweden. Biol. Psychiatry. (2015) 78:730–36. doi: 10.1016/j.biopsych.2015.01.006

 12. Corbo RM, Scacchi R. Apolipoprotein E (APOE) allele distribution in the world. Is APOE*4 a ‘thrifty' allele? Ann. Hum. Genet. (1999) 63(Pt 4):301–10. doi: 10.1046/j.1469-1809.1999.6340301.x

 13. Leduc V, Domenger D, De Beaumont L, Lalonde D, Belanger-Jasmin S, Poirier J. Function and comorbidities of apolipoprotein e in Alzheimer's disease. Int. J. Alzheimers Dis. (2011) 2011:974361. doi: 10.4061/2011/974361

 14. Ban C, Zhang Q, Feng J, Li H, Qiu Q, Tian Y, et al. Low prevalence of lipid metabolism abnormalities in APOE epsilon2-genotype and male patients 60 years or older with schizophrenia. BMC Psychiatry. (2017) 17:399. doi: 10.1186/s12888-017-1530-9

 15. Smith K. Mental health: a world of depression. Nature. (2014) 515:181. doi: 10.1038/515180a

 16. Lin X, Haralambous B, Pachana NA, Bryant C, LoGiudice D, Goh A, et al. Screening for depression and anxiety among older Chinese immigrants living in Western countries: the use of the Geriatric Depression Scale (GDS) and the Geriatric Anxiety Inventory (GAI). Asia Pac. Psychiatry. (2016) 8:32–43. doi: 10.1111/appy.12191

 17. Albinski R, Kleszczewska-Albinska A, Bedynska S. Geriatric depression scale (GDS). validity and reliability of different versions of the scale—review. Psychiatr. Pol. (2011) 45:555–62.

 18. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V, Collin I, et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. (2005) 53:695–99. doi: 10.1111/j.1532-5415.2005.53221.x

 19. Fisekovic S, Memic A, Pasalic A. Correlation between moca and mmse for the assessment of cognition in schizophrenia. Acta Inform. Med. (2012) 20:186–89. doi: 10.5455/aim.2012.20.186-189

 20. Aboraya A, Nasrallah HA. Perspectives on the positive and negative syndrome scale (PANSS): use, misuse, drawbacks, and a new alternative for schizophrenia research. Ann. Clin. Psychiatry. (2016) 28:125–31.

 21. Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. (1987) 13:261–76. doi: 10.1093/schbul/13.2.261

 22. Rabinowitz J, Schooler NR, Anderson A, Ayearst L, Daniel D, Davidson M, et al. Consistency checks to improve measurement with the positive and negative syndrome scale (PANSS). Schizophr Res. (2017) 190:74–6. doi: 10.1016/j.schres.2017.03.017

 23. Donohoe GG, Salomaki A, Lehtimaki T, Pulkki K, Kairisto V. Rapid identification of apolipoprotein E genotypes by multiplex amplification refractory mutation system PCR and capillary gel electrophoresis. Clin Chem. (1999) 45:143–46. doi: 10.1093/clinchem/45.1.143

 24. Gibbons AS, Udawela M, Jeon WJ, Seo MS, Brooks L, Dean B. The neurobiology of APOE in schizophrenia and mood disorders. Front. Biosci. (2011) 16:962–79. doi: 10.2741/3729

 25. Schurhoff F, Krebs MO, Szoke A, Loze JY, Goldberger C, Quignon V, et al. Apolipoprotein E in schizophrenia: a French association study and meta-analysis. Am. J. Med. Genet. B Neuropsychiatr. Genet. (2003) 119b:18–23. doi: 10.1002/ajmg.b.20007

 26. Kampman O, Anttila S, Illi A, Mattila KM, Rontu R, Leinonen E, et al. Apolipoprotein E polymorphism is associated with age of onset in schizophrenia. J. Hum. Genet. (2004) 49:355–59. doi: 10.1007/s10038-004-0157-0

 27. Guan S, Yang J, Tang Z, Fang X, Wu X, Sun F, et al. The relationship between apolipoprotein (apo) E polymorphism and lipid changes: an 8-year cohort study in Beijing elderly persons. Arch. Gerontol. Geriatr. (2012) 55:713–17. doi: 10.1016/j.archger.2011.12.001

 28. Persons JE, Fiedorowicz JG. Depression and serum low-density lipoprotein: a systematic review and meta-analysis. J. Affect. Disord. (2016) 206:55–67. doi: 10.1016/j.jad.2016.07.033

 29. Beasley CL, Honer WG, Bergmann K, Falkai P, Lutjohann D, Bayer TA. Reductions in cholesterol and synaptic markers in association cortex in mood disorders. Bipolar Disord. (2005) 7:449–55. doi: 10.1111/j.1399-5618.2005.00239.x

 30. Olsson AG, Angelin B, Assmann G, Binder CJ, Björkhem I, Cedazo-Minguez A, et al. Can LDL cholesterol be too low? Possible risks of extremely low levels. J. Intern. Med. (2017) 281:534–53. doi: 10.1111/joim.12614

 31. Lyketsos CG, Baker L, Warren A, Steele C, Brandt J, Steinberg M, et al. Depression, delusions, and hallucinations in Alzheimer's disease: no relationship to apolipoprotein E genotype. J. Neuropsychiatr. Clin. Neurosci. (1997) 9:64–7. doi: 10.1176/jnp.9.1.64

 32. Liao F, Yoon H, Kim J. Apolipoprotein E metabolism and functions in brain and its role in Alzheimer's disease. Curr. Opin. Lipidol. (2017) 28:60–7. doi: 10.1097/MOL.0000000000000383

 33. Jofre-Monseny L, Minihane AM, Rimbach G. Impact of apoE genotype on oxidative stress, inflammation and disease risk. Mol. Nutr. Food Res. (2008) 52:131–45. doi: 10.1002/mnfr.200700322

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Li, Ban, Yue, Sun, Li and Xiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





REVIEW

published: 18 November 2020

doi: 10.3389/fendo.2020.597573

[image: image2]


Growth Hormone Receptor Regulation in Cancer and Chronic Diseases


Ger J. Strous 1,2*, Ana Da Silva Almeida 1†, Joyce Putters 1†, Julia Schantl 1, Magdalena Sedek 1†, Johan A. Slotman 1†, Tobias Nespital 1†, Gerco C. Hassink 1† and Jan A. Mol 3*


1 Department of Cell Biology, Centre for Molecular Medicine, University Medical Centre Utrecht, Utrecht, Netherlands, 2 BIMINI Biotech B.V., Leiden, Netherlands, 3 Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, Utrecht University, Utrecht, Netherlands




Edited by: 
Ralf Jockers, Université de Paris, France

Reviewed by: 
Vincent Goffin, Université Paris Descartes, France

Roman L. Bogorad, Puretech Health, Inc., United States

*Correspondence: 
Ger J. Strous
 gstrous@umcutrecht.nl
 ger.strous@biminibiotech.nl
 Jan A. Mol
 j.a.mol@uu.nl


†Present addresses: 
Ana Da Silva Almeida, Biogen, Cambridge, MA, United States; Joyce Putters, Department of Life, Environment, and Health, Dutch Research Council (NWO) The Hague, Netherlands
 Magdalena Sedek, Merck Chemicals B.V., Amsterdam, Netherlands; Johan A. Slotman, Optical Imaging Centre, Erasmus Medical Center Rotterdam, Rotterdam, Netherlands
 Tobias Nespital, Biological Mechanisms of Ageing, Max-Planck Institute for Biology of Ageing, Cologne, Germany
 Gerco C. Hassink, Clinical Neurophysiology, Technical Medical Centre, University of Twente, Enschede, Netherlands



Specialty section: 
 This article was submitted to Cellular Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 21 August 2020

Accepted: 14 October 2020

Published: 18 November 2020

Citation:
Strous GJ, Almeida ADS, Putters J, Schantl J, Sedek M, Slotman JA, Nespital T, Hassink GC and Mol JA (2020) Growth Hormone Receptor Regulation in Cancer and Chronic Diseases. Front. Endocrinol. 11:597573. doi: 10.3389/fendo.2020.597573



The GHR signaling pathway plays important roles in growth, metabolism, cell cycle control, immunity, homeostatic processes, and chemoresistance via both the JAK/STAT and the SRC pathways. Dysregulation of GHR signaling is associated with various diseases and chronic conditions such as acromegaly, cancer, aging, metabolic disease, fibroses, inflammation and autoimmunity. Numerous studies entailing the GHR signaling pathway have been conducted for various cancers. Diverse factors mediate the up- or down-regulation of GHR signaling through post-translational modifications. Of the numerous modifications, ubiquitination and deubiquitination are prominent events. Ubiquitination by E3 ligase attaches ubiquitins to target proteins and induces proteasomal degradation or starts the sequence of events that leads to endocytosis and lysosomal degradation. In this review, we discuss the role of first line effectors that act directly on the GHR at the cell surface including ADAM17, JAK2, SRC family member Lyn, Ubc13/CHIP, proteasome, βTrCP, CK2, STAT5b, and SOCS2. Activity of all, except JAK2, Lyn and STAT5b, counteract GHR signaling. Loss of their function increases the GH-induced signaling in favor of aging and certain chronic diseases, exemplified by increased lung cancer risk in case of a mutation in the SOCS2-GHR interaction site. Insight in their roles in GHR signaling can be applied for cancer and other therapeutic strategies.
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Introduction

In 1989 with a background of posttranslational modifications and intracellular transport of membrane glycoproteins our lab decided to focus on studying the role of ubiquitination in membrane trafficking. Knowledge on the role of ubiquitination as a major regulator of cell functions had just started to emerge (1). To address the question of whether ubiquitination and membrane trafficking are connected processes, we sought a model membrane protein to focus on. Some evidence suggested that the growth hormone receptor (GHR), isolated from rabbit liver, is ubiquitinated (2). We choose this as our model and very soon, it became clear that the two fields were indeed connected (3). Now, we know that both the ubiquitin system and the GHR are crucially important for the regulation of cellular life and metabolism. The state-of-the-art of both fields has been described in excellent recent reviews (4–11). In this review we will connect both systems.

Loss of the GHR is not lethal, but results in sub-optimal health, short stature, decreased bone mineral density, decreased muscle strength, thin skin and hair, increased adiposity, and hepatic steatosis. Interestingly, people with non-functional GH signaling have very low plasma insulin growth factor 1 (IGF-1) concentrations, are highly resistant to cancer and diabetes type 2 and seem to have a slow cognitive decline (12, 13). GHR, whose function is more a modulator of cellular processes, may deteriorate healthy aging and act as an important stimulator of carcinogenesis. Our focus will therefore be on the mechanisms involved in the regulation of this important receptor, wherein ubiquitination and phosphorylation enzymes play major parts, and on the impact of these in health and disease.



The Growth Hormone Receptor


The Prototype Cytokine Receptor

GHR is a single membrane spanning protein of 638 amino acids, isolated for the first time from rabbit liver (14). Cloning from several species revealed a strong sequence homology (15). The human GHR is composed by 9 exons (16) encoding a cleavable amino acid signal peptide of 18 (exon 2), an extracellular domain of 246 (exon 3 to 7), a transmembrane domain of 24 (exon 8), and an intracellular domain of 350 residues (exon 9 and 10). GHR belongs to the class 1 superfamily of cytokine receptors, which includes 27 ligands and 34 human type I cytokine receptors (17). The GHR was the first member of the family to be characterized (2) and is expressed in most cells of the human body.

The class 1 cytokine receptors share many features. In the extracellular domain they contain conserved cysteine residues and a WSxWS motif (18). In the case of GHR, this motif is different, although homologous, YGEFS. Alteration of the sequence disrupts ligand binding and receptor signaling (19). Despite the limited amino acid homology, the structures of GHR, EPOR and PRLR are similar, consisting of two fibronectin- (FN) type 3 domains (β-sandwich composed of seven β strands). In GHR the N-terminal domain is composed of amino acids 19–141 and the C-terminal composed of amino acids 146–264, separated by a four-amino acid hinge region (20). The GHR extracellular domain contains 3 disulfide bridges, formed by 6 of its 7 cysteine residues (Figure 1) (23). The intracellular domain contains two conserved membrane-proximal conserved sequences, referred to as box1 and box2, equivalent to the UbE/TPR motif, with functions in JAK2 binding and GHR endocytosis, respectively. Additionally, a conserved DSGxxS degradation motif is present downstream of box2, whose function is explained later in this review.




Figure 1 | Schematic representation of the GHR. In this review we use the notation of the human GHR protein (GenBank: AAA52555). The GHR consists of an extracellular domain of 246 amino acids, a transmembrane domain (TMD) of 24 residues, and a cytoplasmic region of 350 amino acids. The extracellular domain contains 5 potential glycosylation sites (N), and seven cysteine residues, from which 6 form disulfide bonds. The YGEFS domain is located at the C-terminal part of the extracellular domain. The intracellular domain contains 9 tyrosine residues that can be phosphorylated upon receptor activation by GH. E260-D262 are involved in ADAM17 shedding activity, Box1 is responsible for JAK2 binding, the membrane-proximal 150 amino acids contain the SRC (Lyn) binding site; UbE/TPR and DSGxxS are for GHR internalization and degradation, TP495AG serves as SOCS2 binding site (21), and Y627F causes constitutive JAK2 activation (22).





GHR Life Cycle

While being translated on ribosomes, GHR is inserted in the endoplasmic reticulum (ER) membrane due the presence of the signal peptide (Figure 2). In the ER, the disulfide bonds are formed and GHR dimerizes (29). GHR is glycosylated with high mannose oligosaccharides important for the process of quality control in the ER. When correctly folded, higher order (presumably tetrameric) complexes assemble, and GHR continues its route in to the Golgi apparatus (27). In the Golgi, the high mannose oligosaccharides of GHR are processed into complex oligosaccharides.




Figure 2 | Life cycle of the GHR. GHR is synthesized in the endoplasmic-reticulum (ER) where it undergoes N-glycosylation and dimerization. The small glutamine-rich tetratricopeptide repeat-containing protein SGTA together with Large proline-rich protein BAG6 (or BCL2-associated athanogene 6), SGTA/BAG6, probably act as chaperone in GHR complex formation toward the Golgi complex. After complex glycosylation in the Golgi the GHR arrives at the plasma membrane within 30 min. With no GH present, the GHR endocytoses via coated pits catalyzed by βTrCP (on DSGxxS motif, Figure 1), Ubc13/CHIP, and the proteasome, within 30 min after arrival. Alternatively, the GH binding domain (GHBP) is shedded into the blood by the action of ADAM17. If GH binds to the GHR, signal transduction is initiated via JAK2, Lyn, and CK2; in addition, SOCS2 is recruited to the degron sequence TP495AGS, downstream of the STAT5b-interacting pY487. The activated GHR uses the same ubiquitination machinery but a different motif (UbE/TPR) for βTrCP binding and endocytosis. This shortens the residence time to 5-10 min, as explained below and in Figure 5. The endocytosed GHRs are then transported through endosomes, selected by the ESCRT-0 complexes at the multivesicular bodies (MVB) and degraded in the lysosomes. The CK2 involvement is hypothetical. Upon GH binding, JAK2 and Lyn phosphorylate downstream effectors. Phosphorylated STATs translocate to the nucleus and activate many genes. Both GHRs and JAK2 can be translocated to the nucleus (24–26). High-order functional GH-GHR complexes may occur that upon activation are phosphorylated and act as signaling platforms (27, 28). If GH and GHR are expressed in the same cell, they bind in the ER and the signaling starts from the Golgi complex.



In 2003, we identified both SGTA and BAG6 as binding partners for the GHR (30, 31). The binding depends on an intact UbE/TPR motif, similar as for CHIP and βTrCP. Also pentatricopeptide motif-containing proteins like LRP130 were identified (30). The binding was lost if F345 was mutated. Bag6/Bat3 localized to the nucleus, the Golgi complex and to mitochondria. Inhibition of protein synthesis as well as UV-treatment resulted in a reduction of Bag6 to mitochondria. According to current insight Bag6 can bind to both precursor and mature GHR via SGTA and Ubl4a (32–34). Silencing of UBL4 had no effect on GHR function at the cell surface and its endocytosis (35). Most likely the SGTA/Bag6 complex plays a role in GHR dimerization, and multimerization at the endoplasmic reticulum and in the Golgi complex (27, 36).

After this step, the GHRs traffic to the cell surface (Figure 2). Unlike most growth factor receptors, the GHR is continuously synthesized and degraded with a half-life of 30-60 min (37–39). GHR is constitutively endocytosed independently of GH binding (39, 40). GH binding at the cell surface initiates signaling, and accelerates endocytosis of the GH-GHR complex (41, 42). GHR is sorted into the multivesicular bodies (MVB), and eventually degraded in the lysosome (43). Additionally, when at the cell surface, GHRs can be cleaved by the metalloprotease tumor necrosis factor-α-converting enzyme (TACE, ADAM17), a process called shedding (44, 45). The cleaved extracellular domain circulates in the blood and is referred to as growth hormone binding protein (GHBP); the intracellular part is endocytosed and degraded. GHBP levels in the blood have been used as an indication of the amounts of GHR in the cells (46). When GH is bound to GHR or if a tri-peptide (E260–D262) is deleted or mutated, shedding is inhibited (39, 47, 48). In the bloodstream, GHBP may antagonize GH actions by competing for its binding with GHR at the cell surface (49). Alternatively, the GH-GHBP complex may increase the bioavailability of GH in the circulation. Another function of the shedding process is downregulation of the responsiveness of the cells to GH. The availability for GH at the cells surface is determined by the rate of GHR endocytosis (75%), the rate of shedding (10%), and other (unknown) mechanisms (15%) (50). Control of GHR endocytosis is crucially important. The high turnover rate allows cells to quickly respond to stresses and changing metabolic conditions.

Both GHR and its kinase, JAK2, can translocate to the nucleus. The JAK2 transport can be facilitated by the sumoylation machinery (24).Under certain conditions at defined cell cycle- regulated times in proliferative cells, activated GHR escapes via the cytoplasm to the nucleus by the importin- α/β mediated classical import pathway. This process requires interaction with the nuclear localization signal-containing protein Co-activator activator (CoAA). Through its N-terminal domain nuclear GHR can act as a transcriptional activator in conjunction with CoAA to initiate transcription of a subset of target genes to regulate cell cycle progression. Most likely, the nuclear GHR together with CoAA increases the proliferative action of GH (25, 26). Details as whether dimeric, phosphorylated GHR, or whether JAK2, or GH are needed, are currently lacking.




Growth Hormone Physiology


GH Family and Structure

Growth Hormone (GH), also known as somatotropin or somatotropic hormone, is a peptide hormone produced in the anterior pituitary gland which promotes cell division, regeneration and growth (6). Phylogenetically, GH is an ancestral hormone that has been found in the pituitary of primitive vertebrates, such as the jawless sea lamprey fish (51). In primates, GH is part of a family of highly similar genes consisting of GH1 which is mainly expressed in the pituitary, a placental GH variant gene known as GH2, and three placental lactogens also known as chorionic somatomammotropin genes (CSH1 and CSH2) and chorionic somatomammotropin-like gene (CSHL1). Several GH isoforms have been identified, but in humans the majority of the circulating GH is the 22,000 GH1 form from the pituitary gland (52, 53). Some extra-pituitary tissues (e.g. neural, immune, reproductive, digestive, respiratory systems among others) have also been found to produce GH (54). Thus, GH and also PRL expression is widely spread in many tissues throughout the body where it has autocrine or paracrine functions and may play a role in various diseases. Autocrine GH may have an even greater role in cancer development than endocrine GH (55). In mammary tissue GH1 expression has been found to be regulated by progesterone (56–58). GH belongs to the same family as prolactin (59), and in primates GH binds also to the PRLR, which presumably implicates all PRLR-mediated actions including mammary gland differentiation and lactation. Two disulfide bounds are necessary for its biological activity (60). Before closure of the growth plates, recombinant GH can be given to promote growth in children with short statue (61).



GH Secretion and Availability

GH is released from the somatotropic cells in the anterior pituitary in a pulsatile manner (Figure 3). In man, GH is secreted episodically with a major surge at the onset of the slow-wave sleep, and less pronounced secretory episodes a few hours after meals (62–64). The pulsatility of GH secretion has a major impact on the pattern of GH-induced hepatic gene expression (65–67). Sexually-dimorphic patterns of genes manifest themselves in the liver through the pulsatile nuclear and DNA occupancy of STAT5b in males, while In females a more continuous pattern leads to dramatic differences in gene expression (68–70). Pulses are regulated primarily by the interplay of hypothalamic hormones: a stimulatory GH-releasing hormone (GHRH) and an inhibitory hormone, somatostatin (SS). These factors act via their respective receptors, expressed at the cell surface of the somatotropic cells. In addition, other peptides, called secretagogues (GHS), were identified to regulate GH secretion, such as GH releasing peptides (GHRP) originating from the brain (71), and Ghrelin, produced by stomach tissue (72). Additionally, insulin-like growth factors (IGFs), of which the transcription depends on GH/STAT5b signaling, are able to inhibit GH release in a negative feedback loop (73). Expression and release of GH are mainly regulated by the transcription factor Pit-1, which has additional functions in the differentiation and maintenance of somatotropic cells (74, 75). GH secretion is also affected by other factors such as physical stress, body composition, metabolic status and others (Figure 3). For instance, during fasting and certain conditions of physical stress, GH secretion is increased, and excess of glucose or lipid intermediates inhibits GH release in healthy man (63, 76–78). After maximal GH secretion at puberty (79), adulthood is associated with its gradual decline (80). Besides the tight regulation of GH secretion, the availability of GH is also influenced by its clearance by the kidneys and by internalization through its receptor. During pregnancy, the pulsatile GH secretion is completely abolished due to the placental GH2 secretion which evokes elevated plasma IGF-1 concentrations inhibiting pituitary GH1 release by feedback inhibition. Because of this, insulin-resistance may develop eventually leading to pregnancy diabetes (81).




Figure 3 | Factors that stimulate and suppress GH secretion under physiological conditions. Several factors influence GH secretion including stress, nutrition, and exercise among others. However, two factors are the main regulators: GH releasing Hormone (GHRH) and somatostatin (SS), which stimulate and inhibit GH secretion, respectively. Ghrelin produced in the stomach also stimulates GH release. GH stimulates the synthesis of IGF-1 by the liver, and in other peripheral tissues. Both GH and IGF-1 are involved in negative feedback loops. High GH levels inhibit its own secretion by inhibiting the release of GHRH. High blood levels of IGF-1 lead to decreased secretion of GH by direct suppression in the pituitary and by stimulating the release of SS.






GHR Activation, Signaling, and Desensitization

GH signaling not only depends on the amounts of GH in circulation, but also on the levels of GHR at the cell surface. The responsiveness (sensitivity) of the cells to GH is dynamically regulated, reflecting a balance of receptor endocytosis/degradation, and transport of newly synthesized receptors to the plasma membrane (50).

If GH and GHR are synthesized in the same cell, autocrine signaling occurs. Binding and complex formation takes place in the ER, but signaling starts only in the Golgi complex (27, 82). As it is a continuous process, the kinetics of downstream signaling certainly differ from the endocrine mode. While for the latter, JAK2-induced phosphorylation is rapidly counteracted by SOCS activity and endocytosis, the autocrine signaling occurs continuously from inside and there is no information about the exact role of the different factors discussed in this review. Most likely, cells that synthesize GH, already carry GH-GHR complexes at the cell surface and react differently upon GH from outside the cell.


Receptor Activation Mechanisms

The class 1 cytokine receptors do not have intrinsic kinase activity (83). This role is mediated by JAK2 and the SRC kinase family member, Lyn, that associate with sequences in the cytosolic tail: box1 for JAK2 (84), and the membrane proximal 150 residues of the cytoplasmic domain for Lyn (85). In this review we choose Lyn as a member of the SRC family, but also c-Src and Fyn may be involved (86).

The first step in GH action is its binding to the GHR. The crystal structure of the extracellular domain of GHR bound to GH revealed that one GH molecule binds with two asymmetric binding sites two molecules of GHR (20) (Figure 4). For a long time, it was thought that GH binding to one GHR monomer at the plasma membrane recruits the second monomer of GHR to its second binding site. JAK2 activation was proposed to occur due to GHR dimerization itself. However, subsequent studies disproved this model. Studies by Gent and collaborators showed that GHR dimerizes in the ER, independently of GH, and travels to the cell surface as a pre-formed dimer (29). Subsequently, work by the group of Waters suggested that a change in conformation, induced by GH, rather than GHR dimerization, is responsible for GHR activation. In this study, the comparison of the crystal structure of the extracellular domain of GHR alone and the previous structure of GH-bound GHR revealed differences in conformation (87). Based on this knowledge, the current model for GHR activation proposes that GH binding to the GHR dimer causes a change in conformation in the extracellular binding domain This structural change causes the receptor transmembrane domain to change from a parallel to a left-handed crossover interaction. This structural transition leads to a separation of the intracellular domain, at least to the Box1–Box2 motif, dissociates the JAK2 kinase/pseudokinase trans-interaction and brings the JAK2 kinase domains in proximity, allowing trans-phosphorylation and activation (88, 89). As described for many cytokine receptors, high-order functional GH-GHR complexes of 900,000 Mr occur that upon activation are phosphorylated and act as signaling platforms as identified by native polyacrylamide gel electrophoresis (27, 28, 90).




Figure 4 | GHR activation and signaling. The binding of the two asymmetric binding sites of one GH molecule to the GHR dimer causes its rotation and subsequent activation of downstream signaling pathways, and ultimately specific gene transcription. The activation of different signaling pathways accounts for the multitude of GH functions. JAK2 binds to box1, while the SRC family member (Lyn) binding is to the membrane proximal 150 residues (85). Lyn activates PLCγ, which leads to an increase in the cytoplasmic calcium ion concentration. This process results in RAS activation and initiation of the ERK1/2 signaling pathway. In the scheme also molecules involved in signal termination (PTPs, SOCS and PIAS) are indicated. In Figure 7 the physiology and pathophysiology are further detailed.



The phosphorylation of specific tyrosine residues, brought about by JAK2 and Lyn, has extensively been studied as intermediaries for recruiting downstream signaling effectors (91). Herewith in agreement, we confirmed that tyrosine residues 487, 534, and 627, but not residue 566, are most important for GHR and STAT5b phosphorylation. In addition, we showed that the GHR(Y627F) mutation constitutively (independent of GH binding) activates JAK2 and downstream effectors (92).



JAK2 Activation

JAK2 is composed of four major domains: a N-terminal FERM (4.1 protein, ezrin, radixin, and moesin) domain, followed by a SH2 (Src homology 2) domain, pseudokinase and kinase domains. The binding to the box1 of GHR occurs through the FERM domain (93). Normally JAK2 is held in an inactive conformation, where the kinase and pseudokinase domain interact with each other (94). The activation of JAK2 requires that two catalytic domains are brought in close proximity. This was concluded after realizing that often in human leukemia there is oligomerization of JAK2 molecules which renders them constitutively active; this aggregation is due to the occurrence of a genetic fusion between the JAK2 catalytic domain and the oncogenic transcription factor TEL (95). Analysis of other mutation also contributed to the understanding of JAK2 physiology. The mutation V617A, which turns JAK2 into a constitutively active state, is found in patients with myeloproliferative disorders (96). This mutation probably disrupts the inhibitory interaction between the pseudokinase and kinase domain (97). Following mutational analysis, the SH2-pseudokinase domain linker turned out to be important for JAK2 activation (98). JAK2 activation results in the phosphorylation of multiple tyrosines. Several of these have been identified as important in the regulation of JAK2 function. For example, phosphorylation at tyrosine 1,007 is thought to expose the substrate and/or ATP binding sites (99), and phosphorylation of tyrosine 119 is thought to promote JAK2 dissociation from its receptor (100). Phosphorylation of tyrosine 813 appears to enhance JAK2 activity (101), whereas phosphorylation of tyrosine 221 decreases it (102). The importance of many of the JAK2 tyrosines is related to their roles in recruiting ancillary molecules needed for signaling propagation or signal termination.

Unexpectedly, the JAK/STAT signaling pathway is downregulated at febrile temperatures (103). JAK2 protein levels rapidly decrease in cells exposed to thermal stress, while its synthesis remains normal. The analogy of these findings in a variety of cell lines, as well as in PBMCs isolated from human blood, indicate the universal validity of this effect. Although JAK2 is a stable protein, it is degraded in a ubiquitin-dependent manner via the ubiquitin proteasome pathway (104). The significance of this process was illustrated in mouse 3T3 cells that showed a decreased GH response at 40°C. JAK2 underwent aggregation in an irreversible manner. Interestingly, kinase-inactive JAK2 did not show aggregation, although the effect of degradation in the cytoplasm at elevated temperatures was conserved. The findings predict that elevated body temperatures lower the responsiveness of cytokine receptors.



SRC Activation

For a long time JAK2 has been regarded as the only kinase activated directly via the GHR. However, recent data, indicating that not all the GH signaling events rely on JAK2, brought controversy to the field. In particular, the activation of Lyn (SRC family kinase member) can occur independently of JAK2. First evidence came from a study by Zhu et al, who showed this by using pharmacological inhibitors and kinase inactive proteins (105). Additional evidence came from Rowlinson and co-workers, who reported that interfering with the GH-induced GHR conformational change affects JAK2 and Lyn activation differently (85). Activation of STAT5b by GH seems to require only JAK2, while activation of the small GTPases RalA, RalB, Rap1 and Rap2 by GH requires both Lyn and JAK2 (105). Lyn activation by GH was shown to activate MAPKs, also referred to as extracellular signal-regulated kinase 1 and 2 (ERK1 and ERK2), through the phospholipase Cγ-Ras pathway, signaling that might promote oncogenesis (85). Genes exclusively regulated by Lyn include genes involved in mRNA transcription and metabolism, including the GHR itself: the basal GHR expression level via Lyn is 4.8-fold higher, comparing GHR Box1-/- vs. GHR-/- (106). GHR signaling via this pathway induces also HLA-G, a powerful immunosuppressive protein for NK cells and macrophages. GH-enhanced immunosuppression in tumors might evade immune attack. On the other hand, it might be used to stop excessive inflammation after partial hepatectomy allowing liver regeneration and survival, Figs. 4 and 7 (107). For 3T3-F442A preadipocytes and H4IIE hepatoma cells it has been shown that relative levels of JAK2 and SRC family kinase in any particular cell might determine which kinase is the major signaling element, with JAK2 predominating in most cases (108). Barclay and co-workers showed that targeted mutation in the box1 of GHR in mice, although abrogating JAK2 activation, did not decrease the hepatic activation of MAPK via Lyn (106). The importance of this pathway came from studies with exon 3-deleted GHR, which results in the deletion of 22 amino acids in the extracellular domain of the GHR. Males with this genotype exhibit reduced basal but enhanced ERK signaling after GH stimulation. Exon 3-deleted GHR individuals showed lower serum IGF-1 levels, and were found to be of higher stature with extended lifespan (10 years) (109).



Signaling Pathways of GH

The main pathways activated by GH are: the signal transducer and activator of transcription (STAT) pathway, the mitogen-activated protein kinase (MAPK) pathway, and the phosphoinositide-3 kinase (PI3K) pathway (Figure 4). The extent by which each pathway is activated depends on the cell types, related to differences in relative expression levels of the components of each pathway.


The STAT Pathway

STATs are latent transcription factors that upon activation by certain hormones or cytokines undergo tyrosine phosphorylation in the cytoplasm, dimerize via phosphotyrosine-SH2 interactions, and translocate into the nucleus where they activate transcription of specific genes (110). In mammals seven members of STAT have been identified with molecular weights ranging from 95 to 111,000 Mr (111). GH stimulation creates STATs binding sites in the GHR-JAK2 complex. The activation of STAT5b is critical for many of the GH biological functions, including metabolic changes, body growth and sex-dependent liver gene regulation (112, 113). Sex-biased genetic programs in liver metabolism and liver fibrosis are controlled by EZH1 and EZH2 downstream of GH-activated STAT5b (114). STATs 1 and 3 also become activated in response to GH (112), but their importance is still unclear.

STAT5b binds to the promoter elements of the IGF-1 gene, regulating its transcription in a GH-dependent manner (115, 116). A mutation in STAT5b, affecting its GH-induced tyrosine phosphorylation, caused severe growth retardation and immunodeficiency in one patient (117). Since then, more germline STAT5b missense variants with demonstrable dominant-negative effects, associated with short stature and mild immune dysregulation were identified in three unrelated families (118). This reiterates the importance of STAT5b for IGF-1 expression. STAT5b, but not STAT3, requires an intact and tyrosine phosphorylated GHR cytoplasmic tail for full activation (119). The key GHR tyrosines necessary for this event were identified (120, 121).



The MAPK Pathway

The Ras/MAPK, or ERK/MAPK has also been shown to be activated by GH. GHR phosphorylation creates docking sites for Src homology 2 domain-containing transforming protein C (Shc) (122). Shc gets then phosphorylated by JAK2, and binds growth factor receptor-bound protein 2 (Grb2) which binds Son of Sevenless (SOS), a guanine nucleotide exchange protein. Subsequently, Ras, Raf, mitogen-activated protein kinase/extracellular-regulated protein kinase (MEK), and ultimately MAPKs are sequentially activated (123). Phosphorylated MAPKs translocate to the nucleus where they transactivate transcription factors, and change gene expression to promote growth differentiation or mitosis. Data suggest that GH-dependent activation of the Ras/MEK/MAPK pathway contribute to GH-stimulated c-fos expression through serum response element (SRE). It remains controversial whether and how MAPK activation affects GH-induced proliferation and anti-apoptosis (124). As explained above, the activation of MAPKs may occur in a Lyn-dependent, JAK2 independent way. As STATs are also serine phosphorylated for full activity (125), it was suggested that this is mediated by MAPK pathway (126).

Some evidence suggests that GH signaling via MAPK pathway may engage in cross-talk with signaling pathways induced by other stimuli. Yamauchi and co-workers propose an interesting mechanism by which GH activates MAPK through stimulating the phosphorylation of a Grb2 binding site in the epidermal growth factor (EGF) receptor (127). Additionally, studies by Kim and co-workers show that GH stimulation alters the phosphorylation status of ErbB-2, a tyrosine kinase growth factor receptor member of the EGF receptor family, in a MAPK dependent manner (128). GH has also been described to activate other members of MAPK pathway, namely p38 MAP kinase and c-Jun amino-terminal kinase (JNK) (129, 130).



The PI3K Pathway

GH has also been shown to stimulate the PI-3K pathway, probably through tyrosyl phosphorylation of the large adaptor proteins, the insulin receptor substrates (IRS). GH stimulates the phosphorylation of IRS-1, -2, and -3 by JAK2, which leads to their association with multiple signaling molecules including the p85 subunit of PI-3 kinase (122, 131). This pathway is shared by the insulin signaling pathway, which may justify the insulin-like effects of acute GH stimulation under certain conditions, as discussed above. Particularly, activation of PI-3 kinase mediates the GH-induced increase in glucose transport, via induction of translocation of the glucose transporter 4 (GLUT4) to the cell surface (132), and has been suggested to mediate the ability of GH to stimulate lipid synthesis (133, 134). Additionally, PI-3 kinase activation results in AKT activation, which has been implicated in GH-promotion of cell survival. Activation of AKT depends on JAK2 binding to box1 in the GHR (135). Another kinase, p70S6K, involved in the control of cell proliferation and differentiation was shown to be activated by GH through PI-3 kinase and protein kinase C (PKC) (136). The NFκB pathway has also been shown to be activated by PI3-K and downstream AKT after GH stimulation (137).




GH Desensitization

Termination of the GHR signaling is an important mechanism for controlling GH actions (Figure 4). Protein tyrosine phosphatases (PTPs) are employed by the cells for negative regulation of GH signaling, namely SH2 domain-containing protein-tyrosine phosphatase (SHP-1), SHP-2, protein-tyrosine phosphatase (PTP)-H1, PTP1, TC-PTP, and PT1b (138). Mice, deficient in SHP-1, have prolonged JAK-2 phosphorylation and STAT5b activity, which represents strong evidence for an important role of this phosphatase in the deactivation of GH signaling (139). There are conflicting reports concerning the physiologic importance of SHP-2 in GHR: while Frank et al. concluded that SHP-2 is a positive regulator (140), Stofega et al. proposed SHP-2 as an inhibitor of GH signaling (141). GH stimulation has been shown to trigger the phosphorylation of JAK2-associated SIRP-α, signal regulatory protein alpha. This was suggested to promote SHP-2 recruitment and consequent attenuation of GH signaling (142). A study by Pasquali has identified PTP-H1, PTP1, PTP1b, and TC-PTP as specific interactors of phosphorylated GHR (143). PTP1b knockout mice display increased JAK2 and STAT5b phosphorylation, while PTP-H1 knockout mice display enhanced growth (144, 145). CD45 was shown to be a JAK2 phosphatase, being able to suppress its activity and regulate cytokine receptor signaling (146).

Other regulators are PIAS, “protein inhibitors of the activated STATs”, which display SUMO ligase activity. PIAS can bind STAT proteins, and prevent their association to the DNA. Although the majority of the PIAS interactor proteins are prone to modification by SUMO, the exact mechanism by which PIAS influences STAT5b function is still unclear (147). Some studies have also implicated the adaptor protein Grb10 as regulator of GH signaling. Grb10 interacts with GHR upon GH stimulation, and downregulates GH signaling pathways downstream of JAK2 and independently of STAT5b (148). Work of Carter-Su and colleagues found that SH2B-β association with JAK2 enhances its activity (149). Thus, decrease in SH2B-β levels could contribute for GH-signaling termination. Other cellular factors that modulate GH sensitivity are insulin, thyroid and sex hormones, as well as inflammatory cytokines (150, 151).

In addition to direct interference with the signaling molecules, cells have the capacity to tune the number of GHRs at the cell surface in several ways. As described above, the extracellular domain of GHR can be cleaved in a process called shedding. One of the consequences of this process is the reduction of the number of signaling competent receptors at the cell surface, and consequent regulation of the cell sensitivity to GH (124). Since GH binding to GHR inhibits its shedding, this mechanism cannot be regarded as signal terminator (152, 153). However, the most powerful and best studied mechanism to control GH sensitivity of cells is endocytosis. Opposite to other type 1 cytokine receptors, GHR is endocytosed both in the presence and absence of ligand (154, 155). Therefore, besides regulating the responsiveness of the cells to GH, endocytosis of GHR provides a very efficient way for GH signaling attenuation. The next paragraph will be dedicated to the advances made in understanding GHR endocytosis.




The Ubiquitin System in Receptor Trafficking

Ubiquitin is a small molecule of 76 amino acids which C-terminus is attached to proteins upon sequential action of three enzymes: a ubiquitin activating enzyme (E1), a ubiquitin conjugating enzyme (E2), and a ubiquitin protein ligase (E3). Ubiquitin may be added as a single monomer or multiple monomers, or as a polyubiquitin chain. The addition of ubiquitin to target proteins covers a great variety of functions. Endocytosis is the main way used by the cells to achieve the homeostatic regulation of plasma membrane protein abundance. Once a protein is endocytosed it is either recycled back to the cell surface or captured in the intraluminal vesicles of the MVBs, and eventually guided to lysosomes for degradation (156).

Ubiquitination has emerged as a central mechanism governing the subcellular trafficking of proteins, reviewed in (7). It is critically important for the regulation of the number of receptors and transporters at the plasma membrane. The first evidence for a role of ubiquitin in the membrane trafficking came from the work of Kölling and collaborators with the ABC-transporter Step6 in yeast (157). In mammalian cells, the first receptor reported to depend on the ubiquitination system for its endocytosis and degradation was GHR (3). From then on, many more receptors were shown to depend on the ubiquitin system to be endocytosed, often in response to ligand binding (7, 158).

Ubiquitination works as an engagement tool of the proteins with the endosomal sorting complexes required for transport (ESCRTs) (159). In fact, ubiquitination has been reported at several points along the endocytic pathway. Although monoubiquitination has been regarded as a sufficient signal for sorting, K63 linked polyubiquitin chain are now considered as the primary sorting factor. Studies with the GAP-1 permease indicated that monoubiquitination is sufficient for initial internalization, but further sorting in the endosomes requires K63-linked polyubiquitin (160). Also studies of the mammalian TrkA and MHC class 1 proteins showed the importance of this type of chains in their MVB sorting (161, 162). Within the endocytic system, ubiquitin acts as an interaction module that is recognized by a variety of ubiquitin binding domains (UBDs), including UIM, CUE, NZF, and certain VHS and SH3 domains present in several proteins (163). As illustrated in Figure 2, after endocytosis, the next step in the sorting route is the selection by the ESCRT-0 complex, which acts at a branch point in endosomal traffic: binding to certain cargo (like the GHR) commits it to degradation in the lysosome, while cargo that does not bind (like transferrin and Low Density Lipoprotein receptors will be recycled to the plasma membrane. ESCRT-0 is composed of HRS and STAM, both of which bearing UIM (ubiquitin interacting motif) and VHS (Vps27, HRS and STAM) domains, important for ubiquitin binding and cargo recognition (164–166).

Other important components to consider in the endocytic regulation are the deubiquitinating enzymes (DUBs), which are specific proteinases able to remove ubiquitin moieties from proteins. Besides the catalytic domain, DUBs contain domains that allow them to associate with scaffolding proteins and adaptors. The ESCRT machinery associates with at least two DUBs: AMSH and USP8 (UBPY). In yeast, Doa4 has been identified as an additional DUB, important for receptor recycling. Deubiquitination of endocytosed receptors before or after delivery into the MVBs may profoundly affect receptor trafficking, and ultimately substrate turnover rate (167). It remains unclear how the ubiquitinated cargo is handed from one sorting step to the other. Models have been put forward based on a gradient of sorting proteins containing ubiquitin binding domains of increasing binding affinities. More complexity can be added to this model if we consider ubiquitin ligases such as Triad1 and DUBs along the sorting pathway, which could perform additional chain editing (156, 168). In Figure 5, the different controlling factors are depicted with reference to their effects on residence time at the cell surface and consequences of loss of function for the GH/IGF-1 axis.




Figure 5 | GHR controlling factors: ADAM17, JAK2, Lyn, Ubc13/CHIP, proteasome, βTrCP, STAT5b, SOCS2 and possibly CK2. Their respective bindings sites are indicated. JAK2 and Lyn bind to the same membrane-proximal region, with overlapping substrate binding sites. Under basal conditions βTrCP binds to the constitutively phosphorylated DSGxxS sequence. The kinases responsible for DSGxxS phosphorylation are unknown. Under conditions of GH stimulation JAK2 is released from the receptor, and the serine 341 of the UbE motif gets phosphorylated probable by CK2. These events increase the affinity of βTrCP for the UbE motif, reduce the role of the DSGRTS sequence, and recruit STAT5b and SOCS2 to their respective binding sites (pY containing motifs). Overall, GH stimulation shortens the residence time at the plasma membrane and results in faster GHR endocytosis. The lower part indicates the effects of mutations and other conditions that might impact the GH sensitivity of cells: increased GH/IGF-1 activity acts pro-aging and pro-cancer, while lower activity acts anti-aging and anti-cancer.




Role of SCFTrCP1 in GHR Endocytosis

The SCF (SKP1-CUL1-F box protein) subfamily of E3 ligases was originally discovered and studied in budding yeast Saccharomyces cerevisae (Patton et al., 1998). They are the best characterized mammalian cullin RING ubiquitin ligases. The determination of the crystal structure of SCF complex by Zheng and co-workers added some insights in the roles of each of its components and the mechanistic aspects of their interlinked actions (Zheng et al., 2002; Frescas and Pagano, 2008).

The endocytosis and degradation of GHR depends on the ubiquitin conjugation system, as shown for the first time in a Chinese hamster lung cell line (ts20) with a temperature-sensitive mutation in the E1 enzyme. Whereas at the permissive temperature the endocytosis of GHR occurred normally, when the cells were put at non-permissive temperature the GHRs accumulate at the cell surface (3). Further evaluation revealed that GHR ubiquitination and clathrin dependent-GHR endocytosis are coupled events (40, 41). An important achievement in the mechanistic understanding of GHR endocytosis was the discovery of the “Ubiquitin-dependent endocytosis motif”, UbE, 340-349, which consists in the amino acid sequence DSWVEFIELD (169). If this motif is mutated the ubiquitination and endocytosis of GHR are strongly inhibited. Besides this motif, there is a di-leucine motif at the position 365-366. This motif mediates fast ubiquitin-independent, clathrin-dependent GHR endocytosis only if the receptor is truncated at position 367, probably due to its complete exposure in this case. The functionality of the di-leucine motif in the context of full-length receptor is not apparent (170). Surprisingly, a GHR truncation (at amino acid 417), where all its lysines were mutated to arginines, although not being ubiquitinated, was normally endocytosed in a ubiquitin-system dependent manner. This indicates that the ubiquitination of GHR itself is neither needed for its endocytosis nor for its degradation (169). One reason that justifies the importance of the UbE motif in GHR endocytosis is its binding site for the SCFβTrCP E3 ligase (171). The role of the UbE motif and βTrCP has been also extended to sorting at the MVB and degradation at the lysosomes (172). JAK2 was also identified as a stoichiometric regulator of GHR endocytosis. Besides its role in signaling, merely binding of JAK2 to GHR is inhibitory for its endocytosis. As many cytokine receptors are JAK2 clients, cellular levels of JAK2 play a role in cytokine sensitivity, best illustrated by its sensitivity to febrile temperatures (103). The model is that GHR can only be endocytosed if JAK2 has detached from it, which was proposed to occur after GH stimulation. It is possible that JAK2 binding/dissociation cycles have direct effects in the ubiquitination events mediated by SCFβTrCP, and thereby affect rate of GHR endocytosis (92). Not surprisingly, the life cycle of JAK2 is controlled by E3 ubiquitin ligases of the CBL family as has been shown in hematopoietic stem cells and myeloid malignancies (173).

The UbE motif works as a recruitment platform for βTrCP, the F-box substrate recognition subunit of SCFβTrCP E3 ligase, necessary for GHR endocytosis (171). Generally, SCFβTrCP recognizes the classical DSGxxS motif in its substrates (174), including receptors homologous to GHR, such as prolactin receptor (PRLR) (175), interferon-α receptor (IFNAR) (176), and erythropoietin receptor (EpoR) (177). In these receptors, βTrCP binds only upon ligand binding when the serine residues in the DSGxxS motif are phosphorylated, which leads to their endocytosis and signal termination. The GHR also contains a D383SGxxS motif. This is constitutively phosphorylated, able to bind βTrCP, and contributes to the steady state endocytosis of the GHR (the half-life of unligated (mature) GHR is 30 min) (39, 42). Therefore, in contrast with other cytokine receptor family members, GHR DSGxxS motif does not seem to contribute to signal termination. This role is carried out by the UbE motif, important for both steady state and GH-induced endocytosis (42, 92). NMR experiments demonstrated that the UbE motif is essentially unstructured, and, together with functional mapping of the UbE and βTrCP revealed a unique interaction model of βTrCP with GHR-UbE (178). Since the regulation of βTrCP-substrates interactions involves serine phosphorylation, we evaluated the potential role of the UbE serine phosphorylation (S341) as a modulator of UbE-βTrCP interaction. Binding studies comparing affinities of the interaction of βTRCP to unphosphorylated vs phosphorylated S341 peptides (Surface plasmon resonance and pulldowns) showed 100 times increase in binding affinity upon S341 phosphorylation. Accordingly, 125I-GH binding/internalisation assays in cell lines stably expressing S341A or S341D (phosphomimetic) suggest that GH stimulation triggers faster GHR endocytosis by causing phosphorylation of S341 in the GHR UbE motif and subsequent increase in UbE-βTrcP binding affinity (179). S341 phosphorylation might constitute a very efficient mechanism for signal termination after GH stimulation.

The kinase responsible for S341 phosphorylation is unknown yet. S341 is contained in a minimal consensus site for CK2 phosphorylation, which has been identified to be S-X-X-Acidic. The acidic residue may be glutamate, aspartate, or phosphorylated serine and tyrosine: in case of S341 this sequence is S341WVE (180, 181). Preliminary studies on the evaluation of a potential role for CK2 in S341 phosphorylation, by using the CK2 inhibitor 4,5,6,7-tetra-bromo-benxotriazole (TBB) (182), revealed that CK2 is a promising target. It has become apparent that the regulation of CK2 involves regulated expression, assembly and subcellular localization, post-translational modifications, and regulatory interactions with molecules and proteins (183, 184). Interestingly, there are reports of increased CK2 activation by insulin, EGF, IGF-1 (185, 186) and TNF (187, 188). EGF-activated ERK2 binds directly CK2α enhancing its activity (189). TNFα-induced activation of CK2 was also related to ERK1/2 activity (187). It is interesting to evaluate whether CK2 can be activated by GH. Other stressors or pathways that activate ERK1/2 may result in increased activity of CK2 towards S341 in GHR, resulting in increased GHR endocytosis. Future studies will elucidate this hypothesis.



The SOCS Family and GHR

The suppressor of cytokine signaling (SOCS) family of proteins plays a very important role in the GH-signal termination. This family is composed of eight members, and the expression of four of them is stimulated by GH, namely SOCS1, -2, -3, and CIS (cytokine inducible SH2-constaining protein) (138, 190). Structurally, SOCS proteins contain a central SH2 domain and a motif called SOCS box at their C-termini (138). The SOCS box mediates the formation of multi-subunit ubiquitin ligases, containing elongin BC, cullin 2 or 5 and the RING finger proteins Rbx1 or Rbx2 (191). SOCS1 and SOCS3 contain an additional kinase inhibitory region at their N-termini (KIR). Different SOCS apply different mechanisms for GH signaling downregulation. SOCS1 is thought to bind Y1007 on JAK2 activation loop, and by doing so, to inhibit JAK2 activity through KIR (192). SOCS3, besides binding to the same residue in JAK2 (193), also binds to phosphorylated tyrosines in GHR. Also, SOCS2 and CIS have been shown to bind to phosphorylated GHR, which was suggested to interfere with STAT5b-GHR binding (194). SOCS1, and possibly SOCS2 and SOCS3 use their ubiquitination activity to mediate GHR and JAK2 degradation and, therefore, signal termination (21, 104, 138). A role of CIS as a stimulator of GHR internalization and proteasomal degradation has been proposed (195). Interestingly, there is evidence that some stimuli that reduce GH sensitivity, such as estrogen or sepsis, do so by increasing expression of certain SOCS proteins (196, 197). The physiological importance of SOCS in GH signaling regulation is unclear since SOCS1-/-, CIS-/- and liver specific SOCS3-/- are not bigger than normal (198–200). Only SOCS2 knockout mice are larger than wild-type (201). SOCS2 inhibits the GHR via binding to pY487 and pY595 (202, 203). SOCS may play a key role in shifting GH action from growth-promotion to lipolysis. Two independent studies showed that a single-nucleotide polymorphism in GHR resulting in a P495T substitution was associated with lung cancer (204, 205). Y595 (and Y487) were previously indicated as a binding site for the phosphatase SHP2 (141) Recently, Chhabra and collaborators showed a causative relation with SOCS2 binding to the GHR in which both P495 and pY487 are required (21). They show that GH-induced signaling increased AKT pT308 signaling significantly in GHRP495T cells. This is a strong prognostic indicator for non-small cell lung cancer (206). In addition, STAT3 was activated. Activated STAT3 is an important oncogenic factor during carcinogenesis and metastasis of both small cell lung cancer and squamous cell lung carcinoma (207). Taken together, SOCS family members, especially SOCS2, play an important role in the regulation of the GHR.



CHIP and GHR

In an effort to identify additional ubiquitination factors involved in the fate of GH receptors we used a small siRNA library targeting a selection of ubiquitination factors (35). As K63-linked ubiquitin chains have been implied in the regulation of membrane receptor trafficking, we search for such factors (160, 208). Silencing of the ubiquitin conjugase (E2) UBC13 came up as a GHR-specific endocytosis factor (165, 209). Previously, pull-down experiments showed that the UbE motif has an affinity for tetratricopeptide repeat-containing (TPR) proteins (30). As UBC13 can serve as E2 for a ubiquitin ligase that binds substrates via its TPR motif we tested both (C-terminus of Hsp70 interacting protein) CHIP and UBC13 for endocytosis and degradation of the GHR: both factors were required and collaborated in GH-induced endocytosis of the GHR (209). Using blue native electrophoresis, Sedek et al. confirmed K63-linked proteins in large GHR-containing protein complexes stimulated and isolated through streptavidin pull-down during endocytosis (27).

CHIP is an E3 ubiquitin ligase that plays a pivotal role in the protein quality control system by shifting the balance of the folding-refolding machinery toward the degradative pathway in order to maintain balanced proteostasis networks (33, 210–212). CHIP is highly expressed in tissues with high metabolic activity and protein turnover. In addition, as a regulator of growth and metabolism, CHIP mediates monoubiquitination and subsequent endocytic-lysosomal turnover of the insulin receptor (INSR). CHIP deficiency results in increased INSR levels that lead to premature aging in various organisms. The detrimental effects of the increased INSR level are mainly due to a PI3K/AKT signaling (213). In line with this, CHIP ubiquitinates AKT independent of its phosphorylation state (214). Remarkably, transcription of CHIP is also modulated in response to changes in AKT levels (215). Similar to AKT regulation, CHIP indirectly impacts the FOXO function on various levels through modulation of upstream substrates of the insulin/IGF-1 signaling pathway, a pivotal genetic program regulating cell growth, tissue development, metabolic physiology, and longevity of multicellular organisms (210). Thus, CHIP integrates proteostasis and aging by regulation the turnover of the INSR (211). In cancer the pathogenic mechanisms of CHIP are less clear (216). Several studies on breast cancer cells have indicated CHIP as tumor suppressor (212, 217–219).




Physiological Roles of GH


Promotion of Growth

The promotion of postnatal growth is a major physiological function of GH. Initially, it was thought that GH indirectly stimulates growth via triggering the production of IGFs, or somatomedins, exclusively in the liver. This was called the “somatomedin hypothesis”. This theory was challenged when direct actions of GH on several peripheral tissues were reported (220). In fact, liver-specific IGF-1 gene-deleted mice show normal postnatal growth and development despite the low levels of IGF-1 in circulation. This indicates that direct effects of GH in target tissues (adipose tissue, bone and skeletal muscle) are involved in growth promotion, and probably in stimulation of local IGF-1 production (221). According to the dual effector hypothesis of Green et al. GH may stimulate early recruitment of stem cells followed by further clonal expansion due to GH-induced IGF1 expression (222). The critical importance of GH as the main endocrine mediator of growth is proven either by the dwarf phenotype occurring when the levels of GH are insufficient during early development, or by gigantism, due to hyper-secretion of GH before puberty (53). Apart from GH secretion, also defects in GHR and post-receptor signaling may result in phenotypes similar to GH hypo-secretion. Laron and coworkers described for the first time the clinical phenotype of severe growth defect, and for that reason it is named “Laron Syndrome” (223). Deletions and mutations in GHR have been described as causative for this phenotype (224, 225). Studies on a large cohort of individuals in northeastern Brazil who were homozygous for a mutation in the GH-releasing hormone receptor gene revealed comparable phenotypes. These individuals are characterized by severe dwarfism, due to very low GH and IGF-1 levels, increased adiposity, and increased insulin sensitivity (226). Lean body mass (LBM) is reduced, but muscle function is adequate. Their longevity and quality of life are normal, and they are largely protected from cancer and less prone to atherosclerosis (227).

Postnatal growth of mice has been shown to rely on signaling mediated by JAK2 and STAT5. GHR-/- mice with knock-in GHR1-391, which eliminates all GH-mediated STAT5b signaling while still allowing activated hepatic JAK2 and ERK2, showed substantially decreased growth (228). This study identified many genes as STAT5b-regulated, such as IGF-1, Igfals, Socs2, P450 cytochrome, Cyp2b9, and some metabolic enzymes. Eleven of these were upregulated (e.g., Sth2, Hao3, and Ang), and nine were downregulated (e.g., Igfals, IGF-1, EgfR, and Comt). These results confirm the importance of STAT5b in growth promotion. On the other hand, pituitary adenomas that cause hypersecretion of GH result into excessive growth called gigantism when present before puberty, whereas in adulthood it results in a clinical condition called acromegaly (229). In these patients excess of GH, besides affecting the size of hands, feet, and fingers, has important metabolic consequences, suggesting additional functions for GH, that will be discussed next in this review.



Metabolic Regulation

GH holds important roles in metabolic regulation (Figure 6). As soon as human pituitary extracts became available it was shown that injection of large amounts of GH both in healthy subjects and GH-deficient patients stimulated lipolysis and led to hyperglycemia (230–232). Indeed, as expected, hyper-insulinemia, impaired glucose tolerance, and overt diabetes mellitus are common features of acromegaly (233). GH works as a metabolic switch between carbohydrate and lipid utilization: in conditions of energy surplus GH acts in concert with IGF-1 to promote nitrogen retention, while during starvation GH switches fuel consumption from carbohydrates and protein to lipids. This guarantees the preservation of protein stores and consequently maintains LBM. The direct acute metabolic effects of GH in the basal state are the stimulation of lipolysis and the consequent increase of free fatty acids (FFA) in the blood. Repetitive GH pulses in presence of adequate energy supply and concomitant increased insulin levels induces IGF-1 production (234, 235). Consequently, in the long range, protein stores and LBM increases, while body fat mass decreases. GH stimulates the cell growth of the skeletal muscle by facilitating myoblasts fusion. Like in more peripheral tissues GH does not regulate IGF-1 expression in myotubes. On the other hand IGF-1 has been implicated in skeletal muscle hypertrophy, attenuation of age-related skeletal muscle atrophy, and restoring and improvement of muscle mass (236, 237).




Figure 6 | GH metabolic actions. GH has pleiotropic effects on carbohydrate, lipid, and protein metabolism. GH antagonizes the effects of insulin, secreted by the pancreas, by two direct ways: inhibiting gluconeogenesis in the liver, and increasing lipolysis in adipocytes. GH also stimulates the production of IGF-1 by the liver. IGF-1 suppresses gluconeogenesis in the liver via the insulin receptor. In the muscle, IGF-1 stimulates directly glucose uptake, and stimulates protein synthesis. IGF-1 inhibits GH secretion by the pituitary gland, and therefore indirectly blocks the insulin antagonizing effects of GH, contributing for the glucose homeostasis. The main consequences of GH metabolic actions are the increase of glucose levels in the blood and preservation of protein storages.



Studies evaluating the acute effects of GH on protein metabolism in the basal state have produced inconsistent conclusions. While some studies indicated that acute GH stimulation leads to increased muscle protein synthesis, others did not detect any effects of GH withdrawal in protein metabolism (238). Less controversial are the studies evaluating the effects of GH on protein metabolism in pathological states (acromegaly and GH deficiency) and in stress (exercise and fasting). Stress conditions are the natural domains of GH, in which the body benefits from GH effects on substrate metabolism (238). During fasting GH is the only anabolic hormone to increase (239). GH administration has been shown to be beneficial for protein preservation in conditions of dietary restriction (240). Moreover, fasting in GH-deficient subjects resulted in 50% increase in urea-nitrogen excretion and 25% increase in muscle protein breakdown (241, 242). Also, obesity has been associated with decreased levels of circulating GH, and consequent protein loss (243). Treatment of these patients with GH has been successful in preserving the protein stores and LBM (244). Although the metabolic functions of GH are well recognized, the underlying mechanisms of these actions are not yet well described.

Under certain conditions (e.g. if cells are deprived of GH for some hours), GH has acute and transient insulin-like effects (134). These effects include increased glucose utilization, increased glucose uptake, anti-lipolysis among others. It has been suggested that these effects are mediated by the insulin receptor substrate-1 (IRS-1) and phosphoinositide 3-kinase (PI3-K), which get activated by GH stimulation (245).

There is an extensive interest in taking advantage of the anabolic effects of GH for improving athletic performance (246). During moderate exercise GH appears to stimulate lipolysis without any effect on protein and glucose metabolism. Prolonged GH administration results in prevalent lipolysis and decreased protein oxidation (238). Although administration of supra-physiological doses of GH to athletes exerts potentially beneficial effects on body composition, it remains unclear whether these effects translate to improved performance (247). Nevertheless, GH abuse has been widespread among the athletes for more than 20 years, with consequences such as edema, carpal tunnel syndrome, arthralgias, myalgias, glucose intolerance and diabetes mellitus (248, 249).



Roles in the Immune System

At the cellular level, GH stimulates differentiation and mitogenesis and prevents apoptosis (137, 145, 250). There are also reports that GH signaling results in tubulin polymerization (251), cell migration and chemotaxis (252). These cellular effects are implicated in a variety of biological actions of GH in immune cells. Both GH and its receptor are expressed in various immune cells as T lymphocytes, B lymphocytes, monocytes and neutrophils. GH enhances thymopoiesis and T cell development, modulates cytokine production, enhances B cell development and antibody production, activates neutrophils and monocytes, enhances neutrophil adhesion and monocyte migration, and it has an anti-apoptotic action (253). Additionally, GH is involved in the formation and functional activation of mature blood cells (254).

GHR clearly acts in favor of an active immune system. In aging people the immune response gradually deteriorates due to a downregulated GH/IGF-1 axis (238). This became particularly clear during the Covid-19 pandemic in 2020 when death rates were very high among elderly. Lowered GH/IGF-1 activity promote inflammatory activity, causing long term tissue damage and systemic chronic inflammation due to decreased levels of anti-inflammatory adipokines such as adiponectin (255). Somewhat counterintuitive, studies of long living mutants and caloric restricted animals show decreased pro-inflammatory activity with increased levels of anti-inflammatory adipokines such as adiponectin. This suggests that reduced inflammation promoting healthy metabolism may represent one of the major mechanisms of extended longevity in long-lived mutant mice and likely also in the human. Together it shows that there is a need for insight in the molecular mechanisms underlying the relation between the GH/IGF-1 axis and immunity. Recently, Ishikawa et al. found that induction of the mouse major histocompatibility complex (MHC) antigen blastocyst H2 (H2-Bl) expression by GH is critical for suppressing innate immune cells such as natural killer (NK) cells/NK T cells (NKTs) and macrophage-mediated hepatocyte apoptosis, which favors C57BL/6 mice liver regeneration and survival after partial hepatectomy. Application of human leukocyte antigen G (HLA-G, the human homolog of H2-Bl) gave similar results (107). They used a series of knock-in mice to prove that, rather than the JAK/STAT pathway, GHR signaling from SRC, presumably Lyn, bound to the GHR receptor, activates ERK via RAS (85, 106). Thus, H2-Bl expression is crucial for reducing innate immune-mediated apoptosis and promoting survival after partial hepatectomy. This is important progress on the long road to understand the relation between GH/IGF-1 signaling and immunity regulation.



Roles in the Brain

The activity of GH/GHR in the brain is still a matter of debate. GH has been described as modulator of stress response and behavior by acting directly on the brain (256). Recent studies show that GH has direct trophic effects on the formation of proopiomelanocortin- and agouti-related peptide-expressing neurons and provide evidence that GH regulates hypothalamic neurocircuits controlling energy homeostasis (257). IGF-1 is well known to be critical for neuronal structure and function, and models of IGF-1 deficiency demonstrate important hippocampal deficits, as reduced structural complexity, excitability, learning, and memory (258–261). Interestingly, low IGF-1 levels have been associated with risk for vascular dementias (262). On the contrary, studies with growth hormone deficient (GHD) people and mouse models support the notion that a decrease in GH action is beneficial for maintenance of CNS integrity and functions as learning and memory during aging (263–265). Both in humans and rodents, circulating GH and IGF-1 levels decline with age, including in the central nervous system (CNS) (266). However, despite low overall GH/IGF-1 levels, old Ames dwarf mice have elevated levels of GH and IGF-1 in the hippocampus. Also, human subjects with Laron syndrome show improved rather than impaired memory (13). A likely explanation for the disconnect between IGF-1 and GH roles in the brain was provided by Sun et al. who demonstrated that hippocampal IGF-1 expression is not reduced in GH-deficient mice (267). Importantly, studies by Efstratiadis provided evidence that in contrast to hepatic IGF-1 expression, IGF-1 expression in the brain is not GH-dependent (268). GHD and GHR deficient mice, which have longer life expectancies than wild-type, also perform better on cognitive tasks (255). Furthermore, three prominent models of GH signaling disruption—Snell dwarf, Ames dwarf, and GHRKO mice—all suggest reduced GH is beneficial to the CNS. Ames dwarf mice, which carry a homozygous loss-of-function mutation at the Prop-1 locus, are deficient in GH, thyroid-stimulating hormone (TSH), and prolactin-producing cells in the adenohypophysis. Despite their smaller body size and unique phenotype, these mice have a significantly increased lifespan and maintain physiological and cognitive function at youthful levels longer than controls (269, 270).



GH and Aging

Knockout mice for GHR (“Laron Dwarf”) and mice with mutations causing GH deficiency or resistance (“Ames dwarf”, and “Snell dwarf”, and “Little”) live longer than their genetically normal siblings (4, 227, 271–274). This extended longevity is remarkable and reproducible, ranging from 25% to over 60%. These long-lived mice present many signs and indicators of a healthy delayed aging process. These results would lead to the conclusion that GH normally released by the pituitary limits life expectancy, probably due to acceleration of the aging process. This conclusion is supported by reports showing that reduced levels of IGF-1, or mutations interfering with IGF-1 signaling also result in increased mice longevity (275, 276). As expected, transgenic mice with elevated levels of GH and IGF-1 live shortly and reflect characteristics of an accelerated aging process (277). Studies analyzing the influence of GH signaling and lifespan in several species have been performed. Exciting new findings come from numerous tissue-specific GHRKO mice and include the role of GH in pancreatic β-cells to stimulate insulin following glucose challenge, in weight loss regulation in ablated AgRP neurons and in glucose homeostasis in LepR neurons. In muscle GHR disruption enhances insulin sensitivity and extends lifespan, while adult-onset global disruption of GHR extends female lifespan, reviewed in (278).

While Besson and co-workers reported that individuals with congenital GH deficiency live shorter (279), others reported that GH-deficient/resistant subjects live long with decreased incidence of cancer, atherosclerosis and vascular pathology, in spite of being obese (11, 280, 281). These conflicting results may be connected to another key factor influencing the aging process: the insulin sensitivity. In mouse models, GH-deficiency is associated with insulin sensitivity (low levels of circulating insulin), while GH-deficient people are insulin resistant (high levels of circulating insulin). In these models, GH-deficiency allied with insulin sensitivity contributes to low blood glucose level. This biochemical feature has been negatively correlated with oxidative stress (282). Since oxidative stress is recognized as one of the major causes of aging (283), GH may influence the aging process by acting on oxidative stress pathways. Accordingly, Ames dwarf mice produce less metabolic oxidants, and have increased levels of anti-oxidants (284, 285). On the other hand, in GH-deficient humans, insulin resistance increases the oxidative damage (282), induces accumulation of visceral fat mass (286), and increases the risk of several age-related diseases (12, 210, 287). Thus, differences in the aging process between mice and humans suffering from GH-deficiency may be explained by their difference in insulin sensitivity.

Recent studies show physical and functional interactions of GHR with IGF-1R, which might strengthen its role in aging (and cancer). Although absent in hepatocytes, IGF-1R can serve as a component of the GH signaling pathway, modulating GHR’s signaling strength and allowing for more local heterogeneity of GH/IGF-1 actions (86). Not only the GH-induced IGF-1 expression in the liver, also its secretion is subject of regulation. Studies of the energy sensing liver kinase B1-AMP-activated protein kinase (LKB1–AMPKa1) pathway implicate this pathway in the IGF-1 secretion via the small GTPase, Rab8a: the LKB1–AMPK pathway inhibits IGF-1 secretion. How this relates to the tumor suppressor functions of LKB1 remains unclear. Independent of the LKB1−AMP−activity, the insulin sensitizer and anti−aging/cancer agent, metformin also inhibits IGF-1 secretion (288–290). Once again, these studies illustrate the complexity of the GH/IGF-1 axis for metabolism, in homeostasis, as well in aging and cancer.

In humans, during aging the GH/IGF-1 axis is down regulated (238). On one hand, this probably contributes to the effects of aging on body composition, skin characteristics and functional changes that decrease the quality of life. On the other hand, decrease in the amounts of GH with age may offer protection from cancer and other age-related diseases. Therefore, GH replacement is controversial as an anti-aging therapy and involves both benefits and risks (274, 291).



GH and Cancer

There is an overwhelming number of studies that implicate GH/IGF-I in cancer growth. Organisms that lack GHR activity are virtually devoid of cancer (4, 292–299). In addition to the pituitary, GH is expressed in colon, prostate, lung, meningiomas and breast, where it binds the GHR to signal in a paracrine/autocrine fashion (21, 297, 300–303). Elegant experiments with rodents reveal an important role of GH in tumor development. Crossing GHR KO mice with mice predisposed to develop carcinomas significantly slowed down tumor progression (304). Additionally, GH deficient rats crossed with rats predisposed to prostatic cancer showed significantly reduced tumor incidence and burden (305). Interestingly, GH-deficient female rats are resistant to chemical induction of mammary carcinogenesis, whereas GH replacement restores the risk of tumor development (306). Intracellular (autocrine) GH promotes breast cancer cell transformation (292, 294, 301, 307, 308) and induces an invasive phenotype by triggering an epithelial–mesenchymal transition (EMT), cell motility, and increased cell survival (295, 297, 300–302).

Strong epidemiological evidence shows that people without GHR (Laron dwarfism) live healthy normal lives despite low IGF-1 levels. Strikingly, they do not develop cancer (nor diabetes), while overabundance of GH/IGF-1 links to cancer incidence (280, 292, 309). For common cancers (breast, colon, prostate, melanoma) tall size relates to cancer risk (308, 310–314). Most importantly, studies with cells, tissues and animals show that GH/IGF-1 stimulates growth of these same cancers, while cancer growth without GH/IGF-1 activity is absent (57, 294, 300, 301, 305). Recent data suggest that also pancreatic ductal adenocarcinomas and small-cell and squamous-cell lung cancer are driven by GH/IGF-1 (21, 315, 316). Thus, there is solid evidence that both GH and IGF-1 are important cancer drivers in humans.

Most cancer cells express GH. This raises the possibility that autocrine GHR activation might be a cancer-driver. In breast cancer tissue, that is devoid of pituitary-specific POU domain transcription factor 1, GH expression is stimulated by progesterone (58, 317). Approximately two-thirds of human breast cancers are steroid hormone receptor (ER/PR) positive and treated with combinations of selective estrogen receptor modulators. It is currently unknown whether their effect relies on inhibition of GH expression. Whether triple-negative breast cancer (TNBC) cells, that do not respond to these modulators, also depend on GH expression, is unknown. The GH-antagonist, pegvisomant, has been successfully used in cancer-derived cell lines (295), but does not inhibit autocrine-acting GH in cancer patients as it probably cannot interfere with intracellular GH/GHR signaling (82). Direct targeting of GH signaling is therefore most probably the only possibility for therapeutic intervention in most cancers.

GH treatment of intestinal organoids closely recapitulating normal human intestinal mucosa resulted in p53 suppression and increased Wnt (318). GH treatment leads to down-regulation of E-cadherin, which controls cell adhesion and prevents tumor cell dissemination (318, 319). An interesting JAK-STAT3 and Wnt–β-catenin pathway connection was revealed that fuels the growth of intestine tumors. The study presents evidence that partial suppression of systemic JAK-STAT3 signaling is sufficient to limit tumor growth by reducing Bmi-1–dependent repression of p21 and p16. Normally p21 is repressed by Bmi-1 in APC-mutant tumors (320, 321). This connection provides a route to use the GHR-STAT3 pathway for a therapeutic modality to inhibit APC mutant cancers.

A growing number of studies implicate GH also in development of therapeutic resistance in a variety of human cancers (322). Both JAK2- and Lyn-initiated pathways activate, upon anti-cancer treatment, many different systems that upregulate ABC-multidrug efflux pumps (ABCG2), block apoptosis, DNA repair (p53), and pro-apoptotic molecules (Bax, PPARγ), suppresses caspase activation, and induce EMT and markers of stemness like ALDH1, NANOG, and CD24. In melanoma, GH upregulates the melanocyte-inducing transcription factor (MITF), that targets the oncogene MET, and organizes the resistance to radiation therapy (323).




The Regulation of the GHR at the Cellular Level

Given the many factors that control the GHR activity it is important to integrate this knowledge into a concept. Except for autocrine signaling, the number of GHRs at the cell surface determines the sensitivity for GH. This is tightly controlled by the factors discussed above.

Within 20–30 min after synthesis in the ER, the GHR arrives at the cell surface, is available for GH binding during ~30 min, is endocytosed, and degraded within 5 min. A good indication for this can be delineated from the ratio between the precursor form in the endoplasmic reticulum (110,000 Mr) and the mature form at the cell surface (130,000 Mr) if separated by SDS-PAGE and immunoblotted from a crude cell extract using an anti-GHR antibody: If this ratio is approximately 1:1 at steady state, it implies that each GHR is present at the cell surface for only 30 min. Protease K treatment on ice shows that almost no 130,000-Mr species is inside, on route to the lysosomes. In Figures 2, 5 the controlling factors are shown.

Based on data from literature combined with our own data we propose the following concept for GHR endocytosis. The major regulators are: ADAM17, JAK2, Ubc13/CHIP/Proteasome, CK2/βTrCP, βTrCP (DSGxxS), and SOCS2. In steady state (no GH), endocytosis is enabled by Ubc13/CHIP and βTrCP (DSGxxS). Both systems are necessary and sufficient. If JAK2 is activated, S341 is phosphorylated, presumably by an activated CK2, SOCS2 binds to pY487/pY595, and all 4 ubiquitination systems are necessary and sufficient for endocytosis. Inactivation of each impedes endocytosis and prolongs GHR signaling capacity. Summarizing the contribution of each enzyme system to GH sensitivity is as follows:

ADAM17 (TACE) contributes ~10% to the inactivation of GHR (Figure 2). It is involved in the shedding of many membrane proteins and receptors. Its activation, whether that means increased presence at the cell surface, increased enzymatic activity via phosphorylation, or increased residence time at the cell surface is poorly documented. Many signaling pathways are known to promote ADAM17 phosphorylation including PKCs, ERKs, p38 MAPK and PLK2 (324). Shedding of the GH-GHR complex is prohibited (39, 48, 152). Interestingly, Uev1A-Ubc13 (see below) mediates the classical TNFα-induced NF-κB signaling pathway, and at the same time provides for a feedback loop together with CHIP to terminate NF-κB signaling by facilitating ADAM17 maturation via RHBDF2 ubiquitination (325). It would not be surprising if GHR signaling would act on ADAM17 in an analogous way.

High JAK2 levels inhibit GHR endocytosis, but in normal cells and tissues this might be not relevant. In IM9 lymphoblasts high levels of JAK2 may prolong the life time at the cell surface (92), but in γ2A cells, that do not express JAK2, GHR has a normal half-life (326). In addition to being controlled by ancillary factors such as SH2-B (91), their activities are subjected to auto-activation, they trans-phosphorylate tyrosine residues in specific patterns (327), they detach from activated receptors to be recycled by phosphatases (92), and in particular, JAK2 responds to heat stress by irreversible aggregation (103). Thus, elevated body temperatures lower the responsiveness of cytokine receptors, and consequently, contribute to a balanced immune system e.g. during a cytokine storm (328, 329).

Ubc13/CHIP/Proteasome are required for both unstimulated and GH-stimulated (pGHR) endocytosis (35). The exact mechanism is still unknown. The bottom-line is that endocytosis of the GHR is not possible if either proteasome activity, CHIP or Ubc13 are lacking. Other observations include: Endocytosis does not require lysine residues, and proteasome-independent endocytosis is only possible if the tail is partly truncated (40, 170). Given its nature as co-chaperone Ubc13/CHIP/Proteasome most likely act in a late step in GHR endocytosis, analogous to TPR proteins in quality control of mislocalized membrane proteins (34, 330). In an analogous way, we propose that CHIP binds with its first TPR motif to the UbE motif, with its central TPR motif to the proteasome and with its U-box to the ubiquitin conjugase Ubc13/UEV1a. Recruited by CHIP, the proteasome might remove the C-terminal part of the GHR downstream of the DSGxxS motif at amino acid 383: an action that explains why endocytosis of a truncated GHR requires both UbE and DSGxxS motifs, but no proteasomal activity (43). This is in line with our observation that degradation of the GHR cytosolic domain precedes degradation of the GH-binding domain (331). In this role CHIP cleans up and definitively terminates GH signaling at the cell surface. In such a scenario, proteasome inhibitors might be considered pro-cancer and pro-aging, as they prolong the residence time of the GHR at the cell surface (39, 209).

Phosphorylation of S341 in the UbE/TPR motif, presumably by CK2, is responsible for an 150% increase of the rate of GHR endocytosis and degradation (179). We showed that this is GH-induced, but also other conditions and stressors might stimulate S341 phosphorylation. Insulin has been suggested to reduce GHR levels and GH signaling in PI-3 kinase- and MAPK-dependent manners (332–334). Also, IGF-1 and estrogen might use phosphorylation of S341 to decrease the pool of GHRs at the cell surface (335, 336). Pro-inflammatory cytokines such as TNFα and IL-6 have been described to induce GH insensitivity. In the latter case, the kinase acts to desensitize cells for GH (337). Coincidentally or not, neighboring JAK2 that binds 45 amino acid residues upstream also is a CK2 client (338). If stressors phosphorylate the S341 in the UbE/TPR motif, the GHR endocytosis rate is increased, independent of SOCS2 (see below).

Phosphorylation of the DSGxxS motif: The DSGRTS sequence in GHR seems to be phosphorylated in basal conditions, without applying any special treatment or stressor to the cells (42). However, it is possible that under physiological conditions the phosphorylation status of DSGRTS might also be regulatable upon certain stimuli, as for the UbE/TPR motif. Additionally, in some situations that require high levels of GH signaling, the body would benefit from higher sensitivity to GH at steady state, e.g. in the process of chondrogenesis at children’s growth plate, or during adolescence to stimulate breast growth, or at the end of mitosis if cells need to growth (339, 340). A decreased kinase activity towards the DSGRTS serine residues would result in decreased basal degradation of GHR, increase in cellular levels of GHR, and consequently increase in GH sensitivity.

SOCSs induce proteasomal degradation of targets through ubiquitination (341, 342). However, in case of transmembrane receptors like GHR and prolactin receptors it is less clear, whether they contribute only to their signal termination or also to their endocytosis/lysosomal targeting/degradation. SOCS2 binds to a degron sequence TP495AGS downstream of the STAT5b-interacting pY487. If P495 is mutated to threonine, the binding to SOCS2 is prevented, and the degradation of activated GHR (pGHR) is delayed (21). Assuming that the GHR-JAK2 complex initiates signaling only from the cell surface, the results of Chhabra and co-workers imply that pGHR can endocytose and be send to lysosomes, only after SOCS2 has acted on the pGHR (at the cell surface). In that case, SOCS2 is part of a concerted action together with JAK2, βTrCP, and CHIP in initiating signal transduction and preparing the GHR for endocytosis (Figures 2 and 5). Increased time span between signal initiation and endocytosis intensifies GH-induced signaling per GHR complex. In a previous study we showed that signal transduction can continue after endocytosis (343). At that time a clear distinction between events starting at the cell surface and continuing inside was difficult to make. Endocytosis of GHR with all tyrosine residues deleted is near normal (92). Thus, SOCS2 contributes only to the deactivation and endocytosis of pY487, pY595-GHR. If the GH/GHR signaling comes from inside (autocrine activation), as is assumed in many cancer cells, there are many open questions: Do the activated GH/GHR complexes reach the cell surface or are they directly transported to MVBs, what are the signaling modes and capacities of these complexes and (how) is it regulated? These are important open questions to understand the role of the GHR in cancer growth.

STAT5b binding to tyrosine residues 487, 534, and 627 are most important for its activation (22). Like GHR knock-out mice, mice that express GHR(1-391) show insulin sensitivity with obesity (344). GH-mediated STAT5b activation acts on multiple sites in the major insulin responsive tissues to promote insulin sensitivity. These actions are regulated at both transcriptional and posttranscriptional levels, and although ChIP analysis indicates direct STAT5b action at the promoter level of key genes, it is apparent that many of the insulin-sensitizing actions of GH-STAT5b deficiency are indirect.

Tyr627: In an effort to determine the contribution of individual tyrosine residues to the STAT5b and MAPK signaling pathways, we found that the Y627F mutation resulted in constitutive GHR, JAK2 and MAPK phosphorylation and activation (22). It is expected that this mutation would act as pro-cancer and pro-aging, but to our knowledge, this variant has not been reported in humans yet (345, 346).

In this summary, the role of Lyn per se has not been discussed, as the molecular details as how it functionally interacts with JAK2 and the endocytosis machinery are unknown.



Conclusions and Perspectives

In this review, we discussed enzyme systems that regulate the GH-sensitivity of cells by direct interaction (ADAM17, JAK2, βTrCP, CHIP, SOCS2). As discussed in the previous section, except for JAK2, delayed activity of each of the systems predicts prolongation of the GHR at the cell surface. As GHR synthesis continues, delayed endocytosis results in increased GH-sensitivity. This is illustrated for SOCS2: prolonged GH signaling, due to a defective GHR-SOCS2 interaction, promotes cancer progression in human lung cancer (21, 202). Although the GH/IGF-1 axis is clearly involved in cancer, none of the other binding sites have yet been identified in genome-wide association study (204, 205). Apparently, these sites are highly relevant for life and do not allow mutations.

Considering the GH/IGF-1 axis as the mains switch, downstream effectors are the executers of the many tasks (Figure 7) (116). Without exception, these factors function in various signaling pathways and are regulated not only by signaling receptors but also in networks of other stressors. Obviously, mutations in these crucial “house-hold factors” contribute to several chronic diseases. However, in many instances, they need the supervision of the GH/IGF-1 axis. As each of the enzyme systems impact the activity of the GHR similarly (less interaction results in higher GH-sensitivity) it is plausible that their presence in the regulation of the hierarchical command-and-control mode of the GHR indicates their importance for major control systems. Accordingly, their loss of function would result in the same effect as GHR gain of function. Upregulation of the GH/IGF-1 axis in adult species leads to chronic diseases as illustrated in Figure 7 (4–10, 12, 13, 347). Indeed, there are many studies that validate this hypothesis. Taken together, literature on CHIP and SOCS shows striking analogy with the regulatory potential of the GHR: organisms with increased CHIP and SOCS2 activity live longer and suffer less from chronic diseases. This is also observed for some of the downstream GHR effectors like mTOR (348). Controlling GHR turnover in the axis: GHRH → GHRHR → GH → GHR (+IGF-1) → Growth/Aging, is a challenging mission. Accomplishment will be highly rewarding as it might offer novel tools to fight the conditions, that underlie the major diseases of aging populations.




Figure 7 | GHR signaling and its span of control. GHR acts via JAK/STAT and Lyn, and controls many aspects of cell growth and differentiation, gender, metabolism and cell cycle (middle panel). The general scheme is in Figure 4. Deregulated downstream effectors have been studied in great detail in promoting many cancers and chronic diseases (lower panel).
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Objective

To assess the effects of 17β-estradiol (E2) on proliferation, apoptosis, and protein expressions of fibroblasts at different concentrations and time intervals to reveal the mechanism of E2 in the treatment of pelvic organ prolapse (POP).



Study Design

The uterosacral ligament fibroblasts were collected from seven POP patients for primary culture of fibroblasts. The culture media containing 0, 10-6, 10-7, 10-8, and 10-9 mol/L E2 were used for 24, 48, 72, and 96 h.



Main Outcome Measures

The cells were collected for cell counting kit-8 (CCK-8), apoptosis, quantitative reverse transcription polymerase chain reaction (qRT-PCR), and Western blotting assays.



Results

Compared with the control group, in the values of fibroblasts cultured in 10-8 mol/L E2 for 72 h, the proliferation, mRNA and protein expression of Mitofusin-2 (Mfn2) separately increased (P < 0.05), decreased (P<0.001) and decreased (P<0.001). However, the expression level of procollagen 1A1/1A2/3A1 and cyclinD1 markedly increased (P<0.001, all), which was consistent with the results of protein level. What’s more, the expression of estrogen receptor α(ERα), estrogen receptor β(ERβ) and G protein-coupled receptor 30(GPR30) were significantly increased in 10-8 mol/L E2 group.



Conclusions

E2 can inhibit the progress of POP by inhibiting the expression level of Mfn2, as well as promoting expression of procollagens and proliferation of fibroblasts. This effect is time- and concentration-dependent. Only when the estrogen concentration reaches 10-8 mol/L, the therapeutic effect is the greatest after 72 h.
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Introduction

Pelvic Organ Prolapse (POP) seriously affects women’s quality of life. The symptom that most strongly correlates with POP is a vaginal bulge that can be seen or felt (1). It is now established and widely accepted that the decreased collagen fiber synthesis or increased degradation in pelvic floor tissue leads to POP (1–3). The most effective treatment method is surgery (1, 3). Estrogen can be used in the clinical treatment of POP (4, 5), making the vaginal mucosa thicker, as well as improving local blood supply, while the specific molecular mechanism has still remained elusive. It has been reported that the quality of vaginal tissue can be improved by placing a continuous low-dose estradiol releasing vaginal ring immediately after pelvic floor reconstruction (4). Local estrogen therapy can increase the blood flow to the genitourinary area and increase the lubrication of vagina (6, 7). However, the evidence-based medical data and mechanism of estrogen treatment for POP are still insufficient (5). Therefore, the present study aimed to reveal the possible role of estrogen in the treatment of POP.

Mitochondria are highly dynamic organelles. They constantly migrate, fuse, and divide to regulate their shape, size, number, and biological function. Mitofusn2 (Mfn2) is a key regulator of mitochondrial fusion and division. It affects cell metabolism, function, proliferation and apoptosis by regulating a variety of signal pathways (8–11). Previous studies on Mfn2 mostly focused on pulmonary fibrosis (10), breast cancer (9), liver fibrosis (10), and Alzheimer’s disease (11), and there was little research on pelvic floor dysfunction. To our knowledge, POP is an aging-related disease, and its relationship with the aging related protein, Mfn2 (12–14), has been rarely reported. However, our previous study (15–17) showed that the expression level of Mfn2 increased, while the expression of procollagen decreased in uterosacral ligament fibroblasts of POP patients. The increased expression level of Mfn2 could inhibit the proliferation and cell cycle of fibroblasts by mediating Ras/Raf/ERK pathway, and led to the decrease of collagen synthesis and secretion, eventually resulting in prolapse. On the basis of previous studies, we, in the current research, attempted to assess the effects of estrogen on proliferation and apoptosis of uterosacral ligament fibroblasts, Mfn2, and procollagen 1A1/1A2/3A1 in POP patients by setting different concentrations and time gradients of estrogen, and also indicate whether estrogen can affect the occurrence and development of POP via influencing the expression level of Mfn2.



Materials and Methods


Study Subjects

From October to December, 2017, the uterosacral ligament tissues of seven POP patients were collected with the help of the Department of Gynecology and Obstetrics, the First Hospital of Peking University, Beijing, China. The baseline characteristics of 7 patients were as follows: Pelvic Organ Prolapse Quantification (POP-Q) stages (14) II-IV, age of 67.43 ± 7.55 (range, 57.00–77.00) years old, body mass index (BMI) of 23.57 ± 3.33 (range, 17.00–26.30), gravidity at 3.14 ± 1.35 (range, 2.00–5.00), parity 2.14 ± 1.69 (1, 3), and menopausal period of 18.00 ± 7.11 (range, 8.00–25.00) days. The uterosacral ligament was retained for primary culture. All patients had no urinary tract infection, history of vaginal surgery, and/or diseases affecting collagen metabolism, and had not taken 17β-estradiol (E2) within 3 months. The specimens were obtained with the informed consent of the patient. The study was approved by the Ethics Committee of Peking University First Hospital Approval No. 2016(1173).



Main Reagents and Instruments

Dimethyl sulfoxide (DMSO, A3672) was purchased from AppliChem GmbH (Darmstadt, Germany). TRIzol reagent and reverse transcription polymerase chain reaction polymer kit (AQ131-02) were purchased from Beijing Full-Type Gold Biotechnology Co., Ltd. (Beijing, China); besides, DMEM/F12 (11330-032), antibiotics-antimycotic (15240-062), fetal bovine serum (FBS; 10099141), 0.25% trypsin-EDTA digestive juices (25200-056) were purchased from Gibco (New York, NY, USA). The cell counting kit-8 (CCK-8) was provided by Dojindo Molecular Technologies, Inc. (Rockville, MD USA). Mfn2 monoclonal antibody (dilution, 1/1000; Ab56889) was purchased from Abcam (Cambridge, UK). Anti-procollagen 1A1/1A2/3A1 antibodies (dilution, 1/200; Sc-293182, Sc-166572, and Sc-166333, respectively) were purchased from Santa Cruz Biotechnology Inc. (Dallas, Texas, USA). Anti-ERα (D8H8) Rabbit mAb antibody(dilution, 1/1000) and Anti-cyclinD1 (92G2) Rabbit mAb antibody(dilution, 1/1000) were purchased from Cell Signaling Technology, Inc. (USA). Horseradish peroxidase (HRP) goat anti-mouse IgG (dilution, 1/5000, ab6789), Anti-ERβ(dilution, 1/1000, ab196787) and Anti-GPR30 (dilution, 1/1000, ab39742) were purchased from Abcam (Cambridge, UK). Procedural cooling box was purchased from Sigma-Aldrich (St. Louis, MO, USA).



Primary Cell Culture, Subculture, and Cryopreservation

During hysterectomy, the fresh uterosacral ligament tissues were taken with the size of 0.5×0.5×0.5 cm3. The tissues were washed with phosphate-buffered saline (PBS) containing 1% antibiotics, and the tissues were cut into slices with a diameter of less than 0.1 cm, which were evenly distributed to the bottom of the 25 cm2 bottle. Herein, upside-down containers were used and the bottle was carefully turned over after 4–6 h to avoid floating tissue blocks. The medium was prepared with 20% FBS, 69% DMEM/F12, and 1% antibiotics. Besides, passaging the cells was performed after about 15 days. When the cells grew to 70%–80% confluence, the digestion of the cells was conducted with 2.5% trypsin for about 1–2 min, and the reactions were terminated by aspirating the medium. The samples were placed in fridge/cool storage in boxes at -80°C.



E2 Dissolves Configurations and Stimulates Cells

First, E2 was dissolved with anhydrous alcohol in 20 ug/ml mother liquor, and stored at -20˚C. The cells were then incubated with the concentrations of 0, 10-6, 10-7, 10-8, and 10-9 mol/L of serum-free Dulbecco’s modified Eagle’s medium (DMEM), respectively. When the cells were grown to 2 ~ 4 generations, they were collected after 0, 24, 48, 72 and 96h of treating with concentrations of 0, 10-6, 10-7, 10-8, and 10-9 mol/L E2.



Cell Proliferation

Cell proliferation was detected after 0, 24, 48, 72 and 96h of stimulation by E2. After addition of 10 ul CCK-8 detection solution to each well, cells were cultured for 1.5 h, and the optical density (OD) value was measured at the wavelength of 450 nm using a microplate analyzer. Absolute cell numbers were calculated according to a previously prepared standard curve.



Apoptosis

The rates of cell apoptosis were detected by acridine orange/ethidium bromide (AO/EB) staining after 0, 24, 48, 72 and 96h of E2 stimulation. AO/EB fluorescent staining was carried out by mixing AO (100 ug/ml) and EB (100 ug/ml). After washing thrice with PBS, AO/EB working solution was added. After incubation at 37°C for 30 min, the cells were washed with PBS again for 3 times. The whole process was carried out in the dark condition. The samples stained with fluorescent dyes are observed with a fluorescence microscope. Five fields were randomly selected from each sample, and apoptotic cells were counted separately for subsequent analyses. Cells treated with E2 were digested and collected without EDTA trypsin, washed twice with PBS, centrifuged at 2000 rpm for 5 min, and 5×10^5 cells were collected per sample. The cells were re-suspended in binding buffer, and then, the cells were stained with PE-Annexin V and 7AAD for 10 min at room temperature. The data were analyzed by FlowJo software.



The mRNA Expression Levels of Mfn2 and Procollagen

Total RNA was extracted by TRIzol reagent after 0, 24, 48, 72 and 96h of stimulation with E2. In each case 1 µg of total RNA was retro-transcribed via TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix which contained DNase (AT311-03, TransGen Biotech, China) and 0.05 µg of total RNA was used for the follow-up quantitative reverse transcription polymerase chain reaction (RT-qPCR). Herein, we detected the expression levels of Mfn2, procollagen 1A1/1A2/3A1 and β-actin (housekeeping gene) using RT-qPCR. The relative expressions of genes were calculated using 2 - ΔΔCT. The primers were as follows: Mfn2: forward: 5’-CATCAGCTACACTGGCTCCAACT-3’; reverse 5’-GATGAGCAAAGGTCCCAGACA-3’; Procollagen1A1: forward: 5’-CGAGGGCCAAGACGAAGA-3’; reverse: 5’-CACGTCTCGGTCATGGTACCT-3’; Procollagen1A2: forward: 5’-TGGATACGCGGACTTTGTTG-3’; reverse: 5’-GGCTGGGCCCTTTCTTACAG-3’; Procollagen3A1:forward: 5’-TCGCCCTCCTAATGGTCAAG-3’; reverse: 5’-GGTCACCATTTCTCCCAGGAA-3’; ESR1(ERα):forward: 5’ - ACTTGCTCTTGGACAGGAACC-3’; reverse: 5’- TTCAGGGTGCTGGACAGAAA-3’; ESR2(ERβ): forward: 5’ -TGCTCCCACTTAGAGGTCAC-3’; reverse: 5’- GAAAAGATCA CAAGCGACTTAACG-3’; GPR30: forward: 5’ - ACGAGACTGTGAAATCCGCA-3’; reverse: 5’- CTCTCTGGGTACCTGCCGTC-3’; cyclinD1: forward 5’-CAATGACCCCGCACGATTTC-3’, reverse5’-CATGGAGGGCGGATTGGAA-3’; β-actin forward: 5’-CACGGCTGCTTCCAGCTC-3’; reverse: 5’-CACAGGACTCCATGCCCAG-3’.



The Protein Expression of Mfn2 and Procollagen in Fibroblasts

The total protein was extracted by radioimmunoprecipitation assay (RIPA), and the protein concentration was determined by the bicinchoninic acid (BCA) assay. The protein samples with known concentrations were added in a predetermined order, with 20 ug protein per well. The proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% milk in Tris-Buffered Saline and Tween 20 (TBST) and incubated with primary antibodies overnight at 4°C. Next, the membrane was washed thrice with TBST and incubated with a HRP goat anti-mouse IgG secondary antibody (dilution, 1:5,000) at room temperature for 1 h. Membranes were washed three times, and enhanced chemiluminescence (ECL) was used for visualizing the proteins of interest as marked by HRP. Image J software was used for quantifications of Western blots bands.



Statistical Analysis

All data were statistically analyzed by SPSS 23.0 software (BM, Armonk, NY, USA). The patients’ age, BMI, and other measured data were represented by mean ± standard deviation (SD). Normally distributed data were compared by one-way analysis of variance (ANOVA) or independent-sample t-test. K-W test or one-way ANOVA was applied for comparison non-normal distributed data. P<0.05 was considered statistically significant.




Results


Primary Culture of Fibroblasts

After inoculation into the culture bottle, a small number of cells were observed, and the cells locally fused into a piece in the tissue block after around 7–10 days, which almost covered areas of the bottle bottom. After about 15 days, the cells were fully fused approximately. The cells were elongated and spindle-shaped or polygonal (Figure 1). The growth rate of cells was accelerated after passage, and the cells were then transferred for 3–5 days. The cells were in relatively satisfactory condition within 10 generations.




Figure 1 | Primary culture of fibroblasts. (A) Fibroblasts crawl out of the tissue fragments (the clumps can be observed in the center of the picture) (4X inverted microscope) (B) Morphology of fibroblasts after passage (10X inverted microscope).





Proliferation of Fibroblasts After E2 Stimulation

It was noted that proliferation of fibroblasts increased after E2 stimulation, especially after addition of 10-8 mol/L E2, and the proliferation rate of the cells was significantly different from that of the non-E2 group (Figure 2). In the NC group(non-treated cells) and the E2 group with concentrations of 10-6, 10-7, 10-8, and 10-9 mol/L, the mean optical density (OD) values at hours 0(0 h), 24, 48, 72, and 96 were as follows: (0 h: 0.333, 0.343, 0.332, 0.312, and 0.324); (24 h: 0.615, 0.604, 0.699, 0.814, and 0.749); (48 h: 0.831, 0.911, 0.980, 1.212, and 0.921); (72 h: 1.025, 1.278, 1.222, 1.725, and 1.156); and (96 h: 1.312, 1.547, 1.554, 2.121, and 1.333). The differences were statistically significant. This indicated that 10-8 mol/L E2 had the most significant effect on the proliferation of POP fibroblasts. Therefore, we focused on this concentration of E2.




Figure 2 | Proliferation of sacral ligament fibroblasts in POP patients stimulated by E2 at different concentrations. The proliferation of fibroblasts increased after E2 stimulation, especially after addition of 10-8 mol/L E2, and the proliferation rate of the cells was significantly different from that of the non-E2 group (*P < 0.05).





Apoptosis of Fibroblasts After E2 Stimulation

After 24, 48, 72, and 96 h of E2 stimulation, there was no significant difference in the number of apoptotic cells in each group treating with concentrations of 0, 10-6, 10-7, 10-8, and 10-9 mol/L E2. The AO penetrates the intact cell membrane and inserts nuclear DNA into the cell, causing emission of a bright green fluorescence. The EB can only penetrate cells with damaged membranes, embed nuclear DNA in agar, and emit orange fluorescence (18–20). Among them, normal cells appeared green. Late apoptotic cells observed in orange color and dead cells appeared red were extremely rare. There was no statistical difference in the number of early apoptotic cells between different groups of E2 whose nuclei were greenish yellow color and presented as dense plaques or fragments. For instance, after 72 h of stimulation (0, 10-6, 10-7, 10-8, and 10-9 mol/L E2), the apoptosis was shown in Figures 3A and 4A. In the meantime, the differences in fibroblast apoptosis (10-8 mol/L E2) among 0, 24, 48, 72, and 96 h were shown in Figures 3B and 4B.




Figure 3 | Apoptosis of fibroblasts treated with E2 for 72 h at different concentrations. (A) Concentration gradient result of AO/EB after the stimulation for 72h. (B) Time gradient result of AO/EB with 10-8 mol/L E2. Late apoptotic cells observed in orange color and dead cells(red) were rare among different groups. Normal cells appeared green. There was no statistical difference between early apoptotic cells observed in greenish yellow color treating with concentrations of 0, 10-6, 10-7, 10-8, and 10-9 mol/L E2 for 72 h. NC: E2 concentration was 0. Acridine orange (AO): an acridine orange that penetrates the intact cell membrane and inserts nuclear DNA into the cell, causing emission of a bright green fluorescence. Ethidium bromide (EB) can only penetrate cells with damaged membranes, embed nuclear DNA, and emit orange fluorescence.






Figure 4 | Flow cytometry to detect apoptosis. (A) Concentration gradient experiment after the stimulation for 72 h. (B) Time gradient experiment with 10-8 mol/L E2 Q5: percentage of dead cells, Q6: early apoptotic cells, Q7: late apoptotic cells, and Q8: normal living cells. There was no statistical difference between different groups.





RT-qPCR After E2 Stimulation

According to the previous results, the groups affected by 10-8 mol/L E2 were selected for intensive observation. After 48 h of treatment, compared with the NC group, the mRNA level of Mfn2 remarkably reduced (0.194, P = 0.000), and the expression levels of procollagen 1A1 (2.252, P = 0.007), 1A2 (2.813, P = 0.003), 3A1 (2.990, P=0.012), ERα(2.177, P=0.008), ERβ(10.037, P=0.000), GPR30(5.041, P=0.000), and cyclinD1(2.526, P=0.002) were noticeably elevated in E2 group with concentration of 10-8 mol/L (Figure 5A).




Figure 5 | mRNA and protein expression after stimulation of 10-8 mol/L E2. (A, B) After E2 stimulation of 10-8 mol/L for 72 and 96 h, the mRNA level of Mfn2 was decreased, while the mRNA level of procollagen 1A1/1A2/3A1, ERα, ERβ, GPR30, and cyclinD1 were increased. (C, D) When uterosacral ligament fibroblasts in POP patients were stimulated by E2 at concentration of 10-8 mol/L for 72 and 96 h, the protein level of Mfn2 significantly decreased, whereas the expression of procollagen1A1/1A2/3A1, ERα, ERβ, GPR30, and cyclinD1 were gradually increased. (*P < 0.05, **P < 0.01, ***P < 0.001).



At the same time, we did a time gradient experiment under the stimulation of 10-8 mol/L E2 (Figure 5B). Compared with the results of 0 h, the results of Mfn2, procollagen1A1/1A2/3A1, ERα, ERβ, GPR30 and cyclinD1 in 48, 72, and 96 h groups were as follows: (48 h: 0.098; 11.549; 6.079; 4.216; 2.661; 2.957; 4.988; 3.654); (72 h: 0.049; 3.199; 2.304; 6.042; 1.463; 2.723; 1.882; 3.505); (96 h: 0.022; 2.617; 1.520; 4.988; 1.852; 1.487; 1.525; 5.231).



Western Blotting After E2 Stimulation

Similarly, we first did a concentration gradient experiment (Figure 5C). We found that compared with NC group, the protein level of Mfn2 significantly reduced (0.201, P=0.000), and the protein levels of procollagen 1A1 (0.974, P=0.000), 1A2 (1.683, P=0.000), 3A1 (1.041, P=0.000), ERα(1.061, P=0.000), ERβ(0.626, P=0.000), GPR30(1.425, P=0.000), and cyclinD1(1.644, P=0.000) were markedly increased.

In Figure 5D, we did a time gradient experiment under the stimulation of 10-8 mol/L E2. Compared with the results of 0 h, the changes of Mfn2, procollagen1A1/1A2/3A1, ERα, ERβ, GPR30, and cyclinD1 in 72 and 96 h groups were the most significant: 72 h (0.028; 1.268; 1.692; 1.876; 1.306; 1.502; 0.308; 1.763; P=0.000, all), 96 h(0.017; 1.284; 1.516; 1.814; 1.204; 1.558; 0.415; 1.780; P=0.000, all). These result were consistent with those achieved by RT-qPCR.




Discussion

Previous studies demonstrated that the majority of patients with POP are postmenopausal women who have low estrogen levels (12–14). A research showed a strong negative correlation between serum estrogen levels and POP-Q scores in patients with POP (21). Therefore, understanding the effects of estrogen on POP, especially the molecular mechanism, is highly essential for prevention and treatment of POP.

In the present study, after culturing the uterosacral ligament fibroblasts and stimulating them with different concentrations of estrogen, we found that compared with medium with concentrations of 0, 10-6, 10-7, and 10-9 mol/L E2, 10-8 mol/L E2 medium had more significant effect on inhibiting Mfn2 expression, promoting fibroblast proliferation and procollagen synthesis. At the same time, under the effect of 10-8 mol/L E2, Mfn2 expression was significantly inhibited and fibroblast proliferation and procollagen1A1/1A2/3A1 synthesis were significantly increased by 72 and 96 h treatment. What’s more, the expression of ERα, ERβ and GPR30 were significantly increased in 10-8 mol/L E2 group.

After E2 stimulation, the proliferation of fibroblasts markedly elevated. Previous study (22) has found that E2 could promote cell growth by up-regulating the expression of cyclinD1, which was related to cell proliferation. This was consistent with the results of our study. Meanwhile, the protein and mRNA expressions of procollagen 1A1/1A2/3A1 significantly increased, which was closely related to POP. A number of scholars demonstrated that supportive structure of pelvic floor is mainly uterosacral ligament, and the change of collagen fiber content in ligament has a great influence on supportive function of pelvic floor (23). Types I and III collagen are the major constituents of collagen fibers, with type I collagen accounting for approximately 90% and type III accounting for the remainder (24). The type III collagen molecule is more flexible than the type I collagen molecule; thus, fibers rich in type III collagen are more extensible than those rich in type I collagen (i.e., type III collagen is less stiff than type I collagen) (25, 26). In other words, the number of fibroblasts and the procollagen secreted by the two types are important clues to explore the cause of POP. Therefore, the stimulation of E2 can ultimately enhance the elasticity and ductility of ligaments. However, cell proliferation without estrogen stimulation is weaker, and procollagen expression is lower, which may explain why POP is more serious in postmenopausal women. Analyzing the pathogenesis of POP from the perspective of fibroblast-procollagen production source is an innovative point of the present study as well.

In the current research, when estrogen was used to stimulate cells, Mfn2 expression was inhibited at both protein level and mRNA level, indicating that estrogen can play a role by inhibiting Mfn2 expression. Mfn2 is a protein that crosses the mitochondrial bilayer membrane twice (8–11). It is not only related to the fusion and division of mitochondria, but also cell proliferation, apoptosis, and signal transduction pathway (8–11). Additionally, Mfn2 is also related to aging (12–14). Our previous in vivo and in vitro research revealed the relationship between Mfn2 and aging-related diseases; it was unveiled that compared with non-POP patients, Mfn2 has a higher expression in uterosacral ligament fibroblasts of POP patients, and Mfn2 can reduce the supporting effect of ligament and promote the occurrence and development of POP via inhibiting the proliferation of fibroblasts and the secretion of procollagen (15–17). The results of the present study further supported our previous results that Mfn2 may play a pivotal role in the occurrence and development of POP. However, estrogen may improve the symptoms of POP by inhibiting the expression level of Mfn2, promoting the proliferation of fibroblasts and the synthesis of procollagen. However, a limited number of reports concentrated on the relationship between Mfn2, estrogen, and POP, which is also a novelty of the present study.

At present, the interaction between Mfn2 and E2 is not clear. Some scholars have confirmed that (27) E2 can inhibit the proliferation of breast cancer cells by inhibiting the expression of Mfn2. Denardo et al. (28) identified a group of estrogen induced genes, including Mfn2. In our study, when we stimulated POP fibroblasts with E2, Mfn2 decreased and cell proliferation increased. These were consistent with the results of previous study. According to traditional studies (29–31), functions of E2 were mainly mediated by receptors, including nuclear receptors (including ERα and ERβ) and membrane receptor GPR30 (GPER-1). After binding with the receptor, E2 activated the transcription and translation of specific genes, and synthesized new functional proteins, thus producing biological effects. There are relatively few studies on the relationship between these receptors and Mfn2. For example, ERα transcription factor was a key regulator of Mfn2 transcription (29). It has been found that a specific region of Mfn2 promoter could bind to and be activated by ERα (30). In addition, E2/GPER/ERK pathway could promote cell proliferation by up-regulating cyclinD1 (31). So far, the relationship between ERβ and Mfn2 is not clear. In this study, we found that the mRNA and protein expression of three receptors increased after E2 stimulation. Therefore, we speculated that the interaction between these three receptors and Mfn2 might play an important role in the effect of E2 on fibroblasts from POP patients. We will continue to explore the mechanism of their interaction in the follow-up study.

The researchers believed that (32, 33) E2 could play a protective role by regulating oxidative stress and preventing mitochondrial dysfunction, leading to the reduction of caspase activation and inhibition of apoptosis. In this project, we used AO/EB and flow cytometry to detect the level of apoptosis. However, there was no significant difference in apoptosis among these groups. These indicated that E2 did not affect the apoptosis of primary fibroblasts from POP patients under the concentration gradient and time gradient set in this study.

We, in the current research, found that only 10-8 mol/L of estrogen can significantly change the function of cells, while higher concentrations (10-6 and 10-7 mol/L) of E2 are not satisfactory, indicating that for in vitro tests, higher concentrations of estrogen are not superior. The 10-8 mol/L concentration of estrogen is also the physiological concentration (34). In clinical practice, the influence of estrogen concentration in blood on women’s health is highly significant. Especially for postmenopausal women, high estrogen level may increase the risk of some diseases, such as breast cancer, endometrial cancer, Alzheimer’s disease, diabetes, cardiovascular disease, etc. (34–37). For instance, People (34) found that high estrogen levels are independent predictors of dementia, especially in postmenopausal diabetic women. Additionally, a number of scholars demonstrated that (37) the health characteristics of senior females who use estrogen alone or in form of long-term combination of estrogen and progesterone are more pronounced than those who have never used them. This suggests that in terms of drug safety, in order to prevent or control the progress of POP and avoid the high blood concentration caused by systemic drug use, clinicians may further pay attention to local medication. How to control estrogen in blood at a reasonable level, not only to control POP, but also not to cause other diseases, remains to be further studied. According to the results of different time gradients, it can be concluded that the results of 72 and 96 h in vitro test are more significant than those of 24 and 48 h, indicating that it is reasonable to recommend the application of E2 once or twice a week.



Conclusions

In conclusion, the use of estrogen possesses certain benefits for the function of uterosacral ligament fibroblasts in POP patients. Estrogen can promote the expression of downstream procollagen and the proliferation of fibroblasts by inhibiting the expression level of Mfn2 in uterosacral ligament fibroblasts. This effect is time and concentration-dependent (the effect is the greatest when estrogen concentration is 10-8 mol/L for 72 and 96 h). The limitation of the present study was that the sample size was extremely small and the observation time after estrogen stimulation was not long enough, requiring further improvement. However, in order to avoid the interference of estrogen in serum, we used serum-free medium for cell culture. After being treated with E2 for more than 96 h (e.g. 120 h or more), the cells were in relatively poor condition and they were no longer suitable for objective analysis of their proliferation, apoptosis and protein expression. In addition, the interaction between E2, Mfn2, and ERs, GPR30 needs to be further improved in future research. In addition, we will further verify our findings through animal experiments.
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Perturbed Nicotinamide adenine dinucleotide (NAD+) homeostasis is involved in cancer progression and metastasis. Quinolinate phosphoribosyltransferase (QPRT) is the rate-limiting enzyme in the kynurenine pathway participating in NAD+ generation. In this study, we demonstrated that QPRT expression was upregulated in invasive breast cancer and spontaneous mammary tumors from MMTV-PyVT transgenic mice. Knockdown of QPRT expression inhibited breast cancer cell migration and invasion. Consistently, ectopic expression of QPRT promoted cell migration and invasion in breast cancer cells. Treatment with QPRT inhibitor (phthalic acid) or P2Y11 antagonist (NF340) could reverse the QPRT-induced invasiveness and phosphorylation of myosin light chain. Similar reversibility could be observed following treatment with Rho inhibitor (Y16), ROCK inhibitor (Y27632), PLC inhibitor (U73122), or MLCK inhibitor (ML7). Altogether, these results indicate that QPRT enhanced breast cancer invasiveness probably through purinergic signaling and might be a potential prognostic indicator and therapeutic target in breast cancer.
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Introduction

Breast cancer is the most common malignant disease among women and represents a major healthcare burden (1). The incidence of breast cancer has been increasing worldwide, including in Taiwan (2, 3). Despite tremendous advances in the diagnosis and treatment of breast cancer, an increase in breast cancer mortality rates without regional disparities has been observed (4). Developing new therapeutic strategies that target cancer progression and metastasis will be essential to improve patient outcomes.

Nicotinamide adenine dinucleotide (NAD+) and its reduced form NADH play an important role in biogenesis and redox balance of the human body (5). There is growing evidence of perturbed NAD+ homeostasis contributing to various disease states, including cancer and aging (6). In multiple cancer types, enzymes involving NAD+ metabolism are aberrantly expressed or dysregulated. One of the well-studied targets is nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme of the NAD+ salvage pathway (7). High NAMPT expression was associated with aggressive biological features in breast cancer and other malignancies (8, 9). Translational potential by genetic knockdown of NAMPT or pharmacologic inhibition has been rigorously evaluated in preclinical models.

In addition to the salvage pathway, NAD+ can be synthesized from a simple amino acid, tryptophan, via the de novo pathway (10). Quinolinate phosphoribosyltransferase (QPRT) is the final and rate-limiting enzyme in the kynurenine pathway (11). The role of QPRT in cancer has not been well studied. Higher QPRT expression was noted in aggressive glioblastomas than in low-grade gliomas (12). Recently, QPRT was identified as a crucial prognostic gene that was significantly associated with breast cancer overall survival (13). In this study, we aimed to explore the clinicopathological significance of QPRT expression in breast cancer and its potential biological mechanisms.



Materials and Methods


Cell Lines and Reagents

Human breast cancer cell lines (BT-20, T-47D, SK-BR-3, MCF-7, MDA-MB-468, MDA-MB-157, BT-474, DU4475, and MDA-MB-231) were all purchased from the American Type Culture Collection, Manassas, VA. An additional MCF-7 cell line derived from Dr. Jose Baselga’s laboratory (Memorial Sloan Kettering Cancer Center, New York, NY) was kindly provided by Dr. Yen-Shen Lu (National Taiwan University Hospital, Taipei, Taiwan) (14). Cell line authentication by short tandem repeat sequencing was performed to check for cross-contamination. BT-20 cells were grown in Eagle’s Minimum Essential Medium supplemented with 10% fetal bovine serum (FBS). MDA-MB-468 and MDA-MB-231 cells were grown in Leibovitz’s L-15 Medium supplemented with 10% FBS. All cells were maintained at 37°C in a 5% CO2 humidified atmosphere.

Cisplatin was purchased from Fresenius Kabi, Viman Nagar, India. Phthalic acid was obtained from Sigma-Aldrich, Merck KGaA, Darmstadt, Germany. For specific inhibitors, Y16 was obtained from MedChemExpress, Monmouth Junction, NJ; selisistat and olaparib from Selleck Chemicals, Houston, TX; NF340, Y27632, U73122, and ML7 from ApexBio Technology, Houston, TX.



Public Databases and Bioinformatic Analysis

The clinicopathologic profile and mRNA expression data of The Cancer Genome Atlas (TCGA) breast cancer dataset were downloaded through the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/) (15). High and low QPRT expression groups were assigned by the median split method, and overall survival between the groups was compared with the log-rank test statistic. Transcriptome data from tumor samples of the top 25 percent and the bottom 25 percent of QPRT expression were further examined, and gene set enrichment analysis (GSEA) was performed to explore the potential significance of differential QPRT expression (16). Additionally, we used a meta-analysis of databases, the KM Plotter Online Tool (https://kmplot.com/analysis/), to validate the relationship between QPRT expression and clinical outcomes (recurrence-free survival and distant metastasis-free survival) (17).



Immunohistochemical (IHC) Staining

Tissue microarrays of breast neoplasms were obtained from Pantomics Inc., Fairfield, CA. The BB08015 set contained 48 tissue cores from 24 patients, and BC08118a contained 100 cores from 100 patients. Overall, 10 normal breast tissues, 20 cases of ductal carcinoma in situ (DCIS), and 94 cases of invasive carcinoma were included in the analysis. Mouse anti-human QPRT antibody was purchased from GeneTex, Irvine, CA. The tissue microarray slides were deparaffinized using xylene and rehydrated using serial gradient ethanol. The anti-QPRT antibody was diluted to 1:100. IHC staining was performed as we previously reported (18). Negative control slides were obtained by omitting the primary antibody incubation, and normal liver tissues were used as positive controls.

QPRT protein expression was quantified according to the intensity and extent of immunoreactivity. When the breast epithelial cells showed no positivity or <10% positive staining, they were scored as 0 and 1, respectively. When 10%–50% or >50% positive staining was observed, they were scored as 2 and 3, respectively. The IHC scores of two cores from the same patient were averaged.



Transfection

Lentiviral plasmid vector pLKO.1-puro with short hairpin RNA (shRNA) specific for QPRT and lentiviral vector with control shRNA were purchased from Sigma-Aldrich. To knock down the QPRT expression, MDA-MB-468 and BT-20 cells were transduced with lentivirus in the presence of polybrene (Sigma-Aldrich) and selected with puromycin (InvivoGen, San Diego, CA). Knockdown efficacy was confirmed by real-time quantitative polymerase chain reaction and western blotting.

To overexpress QPRT in breast cancer cells, pCMV6-entry empty vector and pCMV6-entry QPRT expression constructs were purchased from OriGene Technologies, Rockville, MD. We transfected MDA-MB-231 cells with the constructs using Lipofectamine 3000 reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s protocol. QPRT overexpression was confirmed by western blotting 72 h after transfection.



Cell Viability

Cell growth was evaluated in MDA-MB-468 and BT-20 cells stably transfected with a control shRNA or QPRT-targeting shRNA for 24 to 96 h. MDA-MB-231 cells transfected with pCMV6-entry or pCMV6-QPRT were treated with increasing doses (0.1, 1, 10, 100, and 1000 μM) of cisplatin for 24 or 48 h. Cell viability was determined by the CellTiter Aqueous One Solution Cell Proliferation (MTS) Assay (Promega, Madison, WI) as previously described (19).



Migration and Invasion Assay

The migration and invasion assays were performed as described (20). Cells in serum-free medium were seeded onto the upper Transwell insert with 8-μm pores of polycarbonate membrane (Corning Life Sciences, Tewksbury, MA). For invasion assay, BioCoat cell culture inserts pre-coated with Matrigel matrix (Corning Life Sciences) were used. The lower chamber contained the complete culture medium. The cells migrated or invaded through the insert membrane were fixed and stained with Diff-Quick (Sysmex, Kobe, Japan). The numbers of migrated or invaded cells were counted under the microscope from five random fields.



NAD+ Quantification

Intracellular NAD+ and NADH levels were measured using the NAD/NADH Assay Kit (ab65348; Abcam, Cambridge, UK) according to the manufacturer’s protocol. Briefly, cells were extracted with the NAD/NADH extraction buffer and filtered through a 10 kD spin column to remove enzymes that consume NADH. To detect the NADH only, decomposition was performed by heating the samples at 60°C for 30 min. As such, NAD+ was decomposed while the NADH was intact. The decomposition step was omitted in the detection of total NAD+ and NADH. NAD+ in the samples was then converted to NADH by adding NADH developer. Concentrations of NADH in the samples were derived from the standard curve. NAD+/NADH ratio was calculated as ((total NAD+ and NADH) - NADH)/NADH.



Immunoblot

Proteins extracted from total cellular lysates were subjected to SDS-PAGE followed by transfer to polyvinylidene fluoride membranes (21). The membranes were incubated with the following primary antibodies: anti-QPRT (GTX83743; GeneTex), anti-phospho-ERK1/2 Thr202/Tyr204 (#9101), anti-phospho-AKT Ser473 (#9271), anti-phospho-GSK3β Ser9 (#9336), anti-phospho-Smad2 Ser465/467/Smad3 Ser423/425 (#8828), anti-phospho-MLC2 Ser19 (#3671), and MLC2 (#8505). All antibodies were obtained from Cell Signaling Technology, Danvers, MA unless otherwise specified. Anti-β-actin (A5441; Sigma-Aldrich) or α-tubulin (T5168; Sigma-Aldrich) signal served as loading controls. The immunoblot band intensities were quantified using ImageJ software.



RNA Sequencing (RNA-seq) Analysis

Total RNA was isolated from MDA-MB-468 and BT-20 cells stably transfected with a control shRNA or QPRT-targeting shRNA. RNA-seq libraries were prepared and sequenced on an Illumina NovaSeq 6000 System (Illumina, San Diego, CA). Raw reads were trimmed to remove adaptor contamination and low-quality reads. Expression levels of the annotated genes were estimated using fragments per kilobase of transcript sequence per millions of base pairs (FPKM). RNA-seq data are available at the Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/), with GEO accession number GSE151521.

Hierarchical cluster analysis was performed as described (22). Differential gene expression calculations were done in DESeq2. GSEA was used to identify significant pathways associated with QPRT silencing.



MMTV-PyVT Transgenic Mice

All animal experiments (MMH-AS-108-22) were conducted according to the guidelines established by the institutional animal care and use committee of MacKay Memorial Hospital. Male FVB/N-Tg(MMTV-PyVT)634Mul/J were randomly bred with wild-type C57BL/6J females (BioLASCO, Taipei, Taiwan) to obtain female mice heterozygous for the expression of the Polyoma Virus middle T antigen. Hemizygous MMTV-PyVT mice develop spontaneous mammary tumors that closely resemble the progression and morphology of human breast cancer (23). Mammary tumor formation was monitored by palpation twice a week. Upon the formation of palpable tumors, the mice were further observed for 3–4 weeks for tumor progression (24). Normal mammary gland tissue samples were obtained from wild-type female mice. Proteins extracted from mammary tumors and normal mammary tissues were subjected to western blot analysis. Anti-mouse Qprt antibody was purchased from Biorbyt, Cambridge, UK. Murine liver tissues were used as positive controls.



Statistical Analysis

Data were expressed as mean ± SD. Statistical analyses were performed using Prism 8.3.0 (GraphPad, San Diego, CA). Comparisons of the subgroups were performed by an unpaired t-test or Jonckheere-Terpstra trend test. A two‐sided P‐value < 0.05 was considered statistically significant.




Results


Clinical Significance of QPRT Expression in Breast Cancer

To explore the potential significance of QPRT expression in breast cancer, we set out to analyze TCGA transcriptome data. As shown in Figure 1A, primary breast tumors and metastatic lesions had significantly higher QPRT expression levels than normal breast tissues. Among breast cancer samples with available staging information (n = 1,071), a positive correlation between QPRT expression levels and disease stage was observed (Figure 1B). Divided by the median split, breast cancer patients with high QPRT expression had significantly shorter overall survival than those with low QPRT expression (P < 0.001, Figure 1C). Consistently, data from the KM Plotter indicated that breast cancer patients with high QPRT expression had significantly shorter recurrence-free and distant metastasis-free survival (Figure 1D). Taken together, these data indicate that higher QPRT expression may represent a negative prognostic factor in breast cancer.




Figure 1 | Bioinformatic analysis of the clinical significance of quinolinate phosphoribosyltransferase (QPRT) expression in breast cancer. (A) Expression of QPRT quantified by RNA-Seq by Expectation Maximization (RSEM) from The Cancer Genome Atlas (TCGA) breast cancer (BRCA) dataset. Significance was calculated using an unpaired t-test. ***P < 0.001. Horizontal lines represent median values. (B) Expression of QPRT from TCGA BRCA dataset. Significance was calculated using the Jonckheere-Terpstra trend test (n = 1071). **P for trend < 0.01. Horizontal lines represent median values. (C) Overall survival illustrated for patients from TCGA BRCA dataset. Significance was calculated using the log-rank test. ***P < 0.001. (D) Recurrence-free survival and distant metastasis-free survival data from the KM Plotter. (E) Gene set enrichment analysis (GSEA) of differential QPRT expression using TCGA BRCA dataset NES, normalized enrichment score.



GSEA was performed to identify possible alterations in association with differential QPRT expression. Interestingly, tumor invasiveness was associated with higher QPRT expression in breast cancer (Figure 1E).



QPRT Protein Expression in Human and Murine Breast Neoplasms

We next performed IHC staining in clinical breast samples. As shown in Figure 2A, normal breast tissue or DCIS generally showed weak QPRT immunoreactivity. Invasive ductal or lobular carcinoma exhibited moderate to strong cytoplasmic staining for QPRT. The IHC scores significantly increased from normal breast tissue (n = 10) and DCIS (n = 20) to invasive carcinoma (n = 94) of different disease stages (Figure 2B). A total of 76 samples of invasive carcinoma had available information of tumor grade. Among them, the IHC scores were positively correlated with higher tumor grade. Taken together, the results suggest that the QPRT protein expression in breast neoplasms was associated with the aggressiveness of breast cancer.




Figure 2 | Expression of quinolinate phosphoribosyltransferase (QPRT) in human and murine breast neoplasms. (A) Representative QPRT immunostaining of normal breast tissue, ductal carcinoma in situ (DCIS), and invasive ductal/lobular carcinoma in female patients. Original magnification, 200X. (B) Error bar plots showing means and standard deviations of immunohistochemical (IHC) scores. Significance was calculated using the Jonckheere-Terpstra trend test (normal n = 10, DCIS n = 20, invasive cancer n = 94). *P for trend < 0.05; ***P for trend < 0.001. (C) Western blot analysis of QPRT protein expression in mammary tumors and normal mammary tissues from MMTV-PyVT and wild-type mice, respectively. (D) Protein expression of QPRT in a panel of breast cancer cell lines.



QPRT overexpression in breast cancer was further validated in spontaneous mammary tumors from MMTV-PyVT transgenic mice. While normal mammary gland tissues from wild-type mice exhibited virtually undetectable QPRT expression, mammary tumors of MMTV-PyVT mice had relatively abundant QPRT protein expression (Figure 2C).

We next screened the QPRT expression in a panel of breast cancer cell lines in our laboratory. While breast cancer cell lines had variable QPRT expression, DU4475 and MDA-MB-231 cells were negative for QPRT expression (Figure 2D). Accordingly, triple-negative cancer cell line MDA-MB-231 was used for gain-of-function assays, and two triple-negative cancer cell lines MDA-MB-468 and BT-20 were used for loss-of-function assays in the subsequent experiments.



QPRT Depletion Suppressed the Migratory and Invasive Capacity

Gene silencing by lentiviral shRNA transduction remarkably reduced the QPRT expression in MDA-MB-468 and BT-20 cells (Figure 3A). QPRT depletion did not have adverse effects on cell viability or growth in breast cancer cells (Figure S1). Nonetheless, the migratory and invasive capacity were significantly suppressed by QPRT knockdown (Figures 3B, C).




Figure 3 | Effects of quinolinate phosphoribosyltransferase (QPRT) silencing in breast cancer cells. (A) Protein expression of QPRT in MDA-MB-468 and BT-20 breast cancer cells stably transfected with a control shRNA or QPRT-targeting shRNA. (B) Migration and (C) invasion determined by the Transwell assay in breast cancer cells transfected with a control shRNA or QPRT-targeting shRNA. Significance was calculated using an unpaired t-test (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. Data represent means ± standard deviations. Scale bars, 500 μm. (D) Heatmap of selected differentially expressed genes analyzed by RNA-seq in MDA-MB-468 and BT-20 cells transfected with a control shRNA or QPRT-targeting shRNA. Significantly enriched gene sets generated by Gene set enrichment analysis (GSEA) are shown. NES, normalized enrichment score.



To identify differentially expressed genes in association with QPRT silencing, RNA-seq analysis was performed in MDA-MB-468 and BT-20 cells transfected with a control shRNA or QPRT-targeting shRNA. A heatmap of selected differentially expressed genes was shown in Figure 3D. The GSEA further suggested enrichment for gene sets associated with breast cancer bone relapse and RhoA pathway in breast cancer cells with higher QPRT expression.



Ectopic QPRT Expression Increased the Migratory and Invasive Capacity

MDA-MB-231 cells showed undetectable QPRT expression and were transfected with pCMV6-QPRT. Abundant QPRT protein expression following transfection was confirmed by Western blot (Figure 4A). In malignant glioma cells, QPRT expression prevented apoptosis and increased resistance to oxidative stress induced by chemoradiotherapy (12). To test the hypothesis that QPRT overexpression may exert anti-apoptotic effects in breast cancer cells, MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with increasing doses of cisplatin. Nonetheless, we found no augmentation of cell viability in QPRT-overexpressing cells (Figure S2).




Figure 4 | Effects of ectopic quinolinate phosphoribosyltransferase (QPRT) expression in breast cancer cells. (A) Protein expression of QPRT and relevant phosphorylated molecules in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. (B) Migration and (C) invasion determined by the Transwell assay in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. Significance was calculated using an unpaired t-test (n = 6). *P < 0.05, **P < 0.01. Data represent means ± standard deviations. Scale bars, 500 μm. (D) The ratio of intracellular NAD+ to NADH levels in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. Significance was calculated using an unpaired t-test (n = 3). ***P < 0.001. Data represent means ± standard deviations.



Following QPRT overexpression, MDA-MB-231 cells had significantly increased migratory and invasive capacity (Figures 4B, C). It is consistent with the results of loss-of-function assays in MDA-MB-468 and BT-20 cells. As expected, the NAD+/NADH ratio was increased in MDA-MB-231 cells transfected with pCMV6-QPRT (Figure 4D).



QPRT Overexpression Increased the Phosphorylation of Myosin Light Chain

We next asked whether canonical oncogenic signaling pathways are involved in the QPRT-mediated increase in cellular migration and invasion. Following QPRT overexpression, the phosphorylation of ERK1/2 and myosin light chain was increased, while there was no alteration in the phosphorylation of AKT, GSK3β, and Smad2/3 (Figure 4A). Phosphorylation of the myosin light chain is a prime regulatory event of the contractile mechanism of stress fibers (25). Considering that the involvement of the RhoA pathway was suggested by our GSEA enrichment results, we hypothesized that the phosphorylation of myosin light chain might be the main effector of QPRT-associated invasiveness.

Sirtuins and poly(ADP-ribose) polymerases (PARPs) are important NAD+-consuming enzymes and play important roles in breast cancer biology (10). Furthermore, NAD+ can act as a ligand for the P2Y11 purinoreceptor (26). To further delineate the association between QPRT and the RhoA pathway, we used QPRT inhibitor (phthalic acid), SIRT1 inhibitor (selisistat), PARP inhibitor (olaparib), and P2Y11 antagonist (NF340) to examine the reversibility of the QPRT-enhanced invasiveness. At concentrations of no significant impact on the invasiveness in control cells, phthalic acid effectively reversed the augmented invasiveness in association with QPRT overexpression (Figure 5A). Paradoxically, selisistat heightened the invasiveness in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. Olaparib and NF340 were able to reverse the QPRT-enhanced invasiveness, while the latter showed a better efficacy.




Figure 5 | Effects of inhibitors on quinolinate phosphoribosyltransferase (QPRT)-induced invasiveness in breast cancer cells. (A) MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with vehicle control (dimethyl sulfoxide; DMSO), QPRT inhibitor (phthalic acid), SIRT1 inhibitor (selisistat), PARP inhibitor (olaparib), or P2Y11 antagonist (NF340) for 24 h. Cell invasive ability was determined by the Transwell assay. Significance was calculated using an unpaired t-test (n = 4). **P < 0.01, ***P < 0.001 compared to DMSO control. ###P < 0.001 compared to pCMV6-empty vector. Data represent means ± standard deviations. (B) Protein expression of QPRT and relevant phosphorylated molecules in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT and treated with vehicle control (DMSO), QPRT inhibitor (phthalic acid 100 μM), or P2Y11 antagonist (NF340 20 μM) for 24 h. Significance was calculated using an unpaired t-test (n = 4). *P < 0.05, **P < 0.01 compared to pCMV6-empty vector. #P < 0.05, ##P < 0.01 compared to DMSO control. Data represent means ± standard deviations.



Subsequently, we evaluated the effects of treatment with phthalic acid or NF340 in QPRT-overexpressing MDA-MB-231 cells. Either treatment did not alter the phosphorylation of ERK1/2, AKT, and GSK3β. Nonetheless, both agents attenuated the phosphorylation of myosin light chain induced by ectopic QPRT expression (Figure 5B).



QPRT Involved Both Rho GTPase and Phospholipase C (PLC) Pathways

G-protein-coupled P2Y11 receptors activate PLC and stimulate inositol trisphosphate generation and calcium mobilization (27). Subsequently, Ca2+/calmodulin-dependent myosin light chain kinase (MLCK) is activated, resulting in phosphorylation of myosin light chain and cell contraction. Furthermore, Gαq/11 could enhance p63RhoGEF-induced RhoA activation by direct protein-protein interaction (28). RhoA and its effector, Rho kinase (ROCK), modulate the phosphorylation of myosin light chain and its dephosphorylation by myosin phosphatase (29). Accordingly, we used Rho inhibitor (Y16), ROCK inhibitor (Y27632), PLC inhibitor (U73122), and MLCK inhibitor (ML7) to assess the reversibility of the QPRT-enhanced invasiveness. At concentrations of no significant impact on the invasiveness in control cells, all inhibitors could effectively reverse the QPRT-enhanced invasiveness (Figure 6A).




Figure 6 | Effects of inhibitors on quinolinate phosphoribosyltransferase (QPRT)-induced invasiveness in breast cancer cells. (A) MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with vehicle control (dimethyl sulfoxide; DMSO), Rho inhibitor (Y16), ROCK inhibitor (Y27632), PLC inhibitor (U73122), or MLCK inhibitor (ML7) for 24 h. Cell invasive ability was determined by the Transwell assay. Significance was calculated using an unpaired t-test (n = 4). **P < 0.01, ***P < 0.001 compared to DMSO control. ###P < 0.001 compared to pCMV6-empty vector. Data represent means ± standard deviations. (B) Protein expression of QPRT and relevant phosphorylated molecules in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT and treated with vehicle control (DMSO), Rho inhibitor (Y16 50 μM), ROCK inhibitor (Y27632 10 μM), PLC inhibitor (U73122 0.2 μM), or MLCK inhibitor (ML7 10 μM) for 24 h. Significance was calculated using an unpaired t-test (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 compared to pCMV6-empty vector. #P < 0.05 compared to DMSO control. Data represent means ± standard deviations.



Treatment with inhibitors of Rho, ROCK, PLC, or MLCK did not affect the QPRT expression. While the phosphorylation of ERK1/2 was reduced by the MLCK inhibitor, the most consistent finding was that the QPRT overexpression-induced phosphorylation of myosin light chain was decreased by treatment with either Rho, ROCK, PLC, or MLCK inhibitor (Figure 6B). Taken together, these results indicate that the Rho-ROCK and PLC-MLCK pathways are both involved in the phosphorylation of myosin light chain as a downstream of the P2Y11 activation.




Discussion

In this study, we provided strong evidence supporting the association between QPRT upregulation and tumor progression in breast cancer. First, QPRT expression was positively associated with disease stage and tumor grade, whereas normal breast tissue exhibited low or undetectable QPRT expression. Second, spontaneous mammary tumors from MMTV-PyVT transgenic mice showed a similar trend of QPRT overexpression. Third, QPRT depletion significantly hindered the invasiveness of breast cancer cells.

NAD+ participates in various cellular physiologic processes including glycolysis and oxidative phosphorylation. In mammalian cells, NAD+ can be synthesized from nicotinic acid using the Preiss-Handler pathway, synthesized from tryptophan via the de novo pathway, or generated from nicotinamide or nicotinamide riboside via the salvage pathway. The source of NAD+ generation appears to be tissue and cellular context-dependent (30). Targeting NAMPT of the salvage pathway has received much attention in recent years. Nonetheless, the metabolic plasticity of cancer cells generally leads to acquired resistance to NAMPT inhibition, and increased expression or activity of QPRT is a novel resistance mechanism (31, 32). It, therefore, highlights the need to further investigate the role of QPRT in cancer biology.

The expression of QPRT in malignant neoplasms was evaluated in only a few tumor types. Increased QPRT expression was observed in glioblastomas and follicular thyroid carcinomas (12, 33). Conversely, QPRT expression was decreased in renal cell carcinoma in comparison to normal kidney tissue (34). Furthermore, QPRT expression was decreased in metastatic melanoma after the acquisition of resistance to BRAF inhibitors (35). In the present study, upregulation of QPRT expression was validated in clinical samples and spontaneous murine tumors.

Increased QPRT expression would enhance the synthesis of nicotinic acid mononucleotide and in turn NAD+. A reduction in intracellular NAD+ in breast cancer cells may induce apoptosis and suppress cell survival (36). On the contrary, nonlethal reduction of NAD+ may render tumor cells more aggressive and increase metastasis (37). Although QPRT seems to possess anti-apoptotic properties in some tumor types (12, 38), we did not find any difference in cell growth or viability in breast cancer cells following QPRT depletion or ectopic QPRT expression. At the time of this manuscript preparation, Yue et al. reported that knocking down QPRT in MCF-7 and T47D cells increased the apoptosis rate, and QPRT overexpression marginally decreased apoptosis (39). The basis for such a difference is unclear, but our group and Yue et al. both showed that QPRT positively participates in regulating the migratory and invasive capacity of breast cancer cells.

We further examined whether the invasion-promoting effect of QPRT was mediated by NAD+-consuming enzymes. Sirtuins are a family of histone deacetylases that require NAD+ as a substrate for SIRT-mediated deacetylation reactions. Sirtuins can promote or suppress breast cancer metastasis, and several sirtuin modulators (including selisistat, a SIRT1 inhibitor) have been investigated in clinical trials (40). In breast cancer cells, SIRT1 depletion induced an epithelial shift and inhibited cell invasion (41). Nonetheless, we found that treatment with selisistat in QPRT-overexpressing cells resulted in an uprise of cell invasion. PARPs are also NAD+-consuming enzymes, and poly(ADP)-ribosylation is a unique post-translational modification affecting various protein functions. The PARP inhibitor olaparib has been approved to treat patients whose cancer is positive for homologous recombination deficiency. MDA-MB-231 is a BRCA wild-type cell line with BRCA1 allelic loss and shows normal BRCA1 transcript levels (42). Although olaparib could partially reverse the QPRT-enhanced invasiveness, we were focusing on purinergic signaling as the potential link.

Nucleotides are prometastatic factors favoring tumor cell migration and tissue colonization, and purinergic receptors play an important role (43, 44). Given that NAD+ is a P2Y11 agonist (45), we evaluated the rescue effect of a P2Y11 antagonist NF340 and found that NF340 effectively reversed the QPRT-enhanced invasiveness. The result was similar to that treatment with NF340 prevented ATP-induced stimulation of cell migration in hepatocellular carcinoma cells (46). Furthermore, we showed that both Rho GTPase and PLC pathways downstream to the P2Y11 receptor were involved. Nonetheless, we could not exclude the possibility that additional NAD+-independent mechanisms are operative in the QPRT-mediated increment in cell migration and invasion.

Currently, phthalic acid, a quinolinic acid analog, is the only competitive inhibitor of QPRT (11). Treatment with phthalic acid reduced intracellular NAD+ levels, SIRT1 activity, and cell viability in a dose-dependent manner in human astrocytes and neurons (47). Although phthalates are widely used as plasticizing agents, phthalic acid is a germ cell mutagen (48). While newer selective QPRT inhibitors are under investigation, it would be interesting to determine the synergic or additive effects of combining QPRT and NAMPT inhibitors. Additionally, QPRT blockade might undoubtfully increase the upstream quinolinic acid, and quinolinic acid will lead to neurotoxicity. A combination with inhibitors against 3-hydroxyanthranilic acid oxygenase or other enzymes along the kynurenine pathway should be taken into consideration.

In summary, the present study demonstrated a significant role of QPRT in breast cancer. QPRT promotes cell migration and invasion of breast cancer cells through, at least in part, the phosphorylation of myosin light chain via Rho GTPase and PLC pathways downstream of purinergic receptors (Figure 7). QPRT might be a potential prognostic indicator and therapeutic target in breast cancer.




Figure 7 | Model illustrating how quinolinate phosphoribosyltransferase (QPRT) promoting cell migration and invasion through phosphorylation of myosin light chain (MLC) in breast cancer.
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Supplementary Figure 1 | Effects of quinolinate phosphoribosyltransferase (QPRT) depletion on breast cancer cell growth. In MDA-MB-468 and BT-20 cells stably transfected with a control shRNA or QPRT-targeting shRNA, cell viability was determined by the CellTiter Aqueous One Solution Cell Proliferation (MTS) Assay at 24 to 96 h. Significance was calculated using an unpaired t-test (n = 3). Data represent means ± standard deviations.

Supplementary Figure 2 | Effects of ectopic quinolinate phosphoribosyltransferase (QPRT) expression on cell viability and chemotherapy sensitivity. MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with cisplatin in serial dilutions. Cell viability was determined by the CellTiter Aqueous One Solution Cell Proliferation (MTS) Assay at 24 and 48 h. Significance was calculated using an unpaired t-test (n = 3). Data represent means ± standard deviations.
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Background

The association of complications of pregnancy and the risk of developing gynecological cancer is controversial with the limited study. In this study, we investigated the association of preeclampsia, or gestational diabetes mellitus (GDM), or large for gestational age (LGA), or intrauterine growth restriction (IUGR) and the risk of endometrial or ovarian cancer.



Methods

In this case-control study, 189 women with endometrial cancer and 119 women with ovarian cancer were included. 342 women without gynecological cancers were randomly selected as a control group. Data on the history of pregnancy and age at diagnosis of gynecological cancer as well as the use of intrauterine devices (IUDs) were collected.



Results

Women with a history of preeclampsia or IUGR did not have an increased risk of developing endometrial or ovarian cancer. While women with a history of GDM or with the delivery of LGA infant increased the risk of developing endometrial cancer but not ovarian cancer. The odds of women with a history of GDM or with the delivery of LGA infant developing endometrial cancer was 2.691 (95% CI: 1.548, 4.3635, p=0.0003), or 6.383 (95% CI: 2.812, 13.68, p<0.0001) respectively, compared to the controls. The odds ratio of women who did not use IUDs developing ovarian cancer was 1.606 (95% CI: 1.057, 2.434), compared to the controls. There was no association of age at first birth and developing endometrial or ovarian cancer.



Conclusion

Our observational data suggested that GDM and delivery of an LGA infant are associated with an increased risk of endometrial cancer.





Keywords: preeclampsia, GDM, IUGR, endometrial cancer, ovarian cancer



Introduction

Endometrial and ovarian cancers are most common gynecological cancer worldwide (1). Despite the risk of cancer being greatly dependent on lifestyle factors, which may in many ways be different between multiparous and nulliparous women, strong evidence has previously suggested that women with multiparous have significantly decreased the incidence of endometrial and ovarian cancer (2–6). A recent study further reported that women with multiparous delay the time of developing endometrial cancer (7). Interestingly a recent study reported that women with multiparous have a similar overall risk of developing non-gynecological cancers compared to women with a lower parity (8). This study further confirmed a negative association of pregnancy with developing gynecological cancer.

The underlying mechanism of this long-term protective effect by multiparous has been suggested by the shift in hormonal balance (reduced levels of estrogen and elevated levels of progesterone) and lack of ovulation during pregnancy (5, 9, 10), although a recent study indicated that the shift in hormonal balance (increased levels of progesterone in third trimester) is not the sole explanation for the protective effect of pregnancy (11). Hormonal changes may affect malignant transformation such as causing DNA damage (12) and new evidence further shows that in general estrogen has an impact on carcinogenesis (13). Elevated progesterone levels during pregnancy could inhibit estrogen-driven endometrial cell proliferation and promote differentiation and apoptosis of endometrial cells (14, 15). It is also well-known that breasting feeding significantly reduces gynecological cancer development (16), which could be due to the reduced ovulation.

During pregnancy, in addition to other organs (such as ovary and uterine) the placenta also produces large amounts of estrogen and progesterone (17). Recent evidences have showed aberrant maternal serum concentration of estrogen and progesterone in complications of pregnancy, such as preeclampsia, intra-uterine growth restriction (IUGR) and preterm birth (18–22). Imbalance between estrogen and progesterone could also impair fetal maturation and growth in IUGR infants (22). It is well believed that placental dysfunction is associated with most of obstetrical complications and contributes to the aberrant production of estrogen and progesterone.

The association of complications of pregnancy and developing gynecological cancer has been recently investigated with limited data. Preeclampsia was reported to increase the risk of developing endometrial cancer (23) or ovarian cancer (24, 25), however other studies did not find the increased risk for developing endometrial cancer in women with a history of preeclampsia (24–27). Gestational diabetes mellitus (GDM) was reported to increase the risk for developing endometrial cancer (28) or ovarian cancer (29). While recent studies reported there is no association of GDM and the development of endometrial or ovarian cancer later in women’s life (30–32). These studies suggest that the association of complications of pregnancy with gynecological cancer is controversial. Therefore, in this observational case-control study, we investigated whether there is an association between complications of pregnancy and the incidence of endometrial and ovarian cancer.



Methods

This study received approval by the Ethics Committee of The affiliated Wuxi Maternity and Child Health Care Hospital of Nanjing Medical University, China. Ethic Committees granted permission for data collection from hospital medical database.


Study Cohort

A total of 189 women who were diagnosed with endometrial cancers and 119 women who were diagnosed with ovarian cancer from January 2013 to December 2016 from Wuxi Maternity and Child Health Hospital, Nanjing Medical University, China were included. In addition, during the study period, 343 women without gynecological cancer were randomly selected as a control group. All these selected women had more than one live birth. Age at diagnosis of endometrial or ovarian cancers, age at first birth, status of menopause, history of complications of pregnancy including preeclampsia, GDM and IUGR, Large for gestational age (LGA) were collected. In addition, parity, gravida, the length of breastfeeding and use of intra uterine devices (IUDs) were collected from the hospital’s electronic database.

Preeclampsia was defined as a maternal systolic blood pressure ≥140mmHg and/or diastolic blood pressure ≥ 90mmHg measured on two occasions separated by at least 6 hours, with or without proteinuria (>300 mg in a 24 hours period), and/or impaired liver function and/or lower platelet count, after 20 weeks of gestation in accordance with the guidelines of the International Society for the Study of Hypertension in Pregnancy (ISSHP) (33). GDM was defined as having any degree of glucose intolerance with onset or first recognition during pregnancy according to the World Health Organization (WHO) guidelines (http://www.who.int/iris/handle/10665/85975). LGA were defined as being of a birth weight at 90th percentile of greater for gestational age (34). IUGR was defined by an estimated fetal weight below the 10th percentile for its gestational age (35–37).



Statistical Analysis

Age at diagnosis or age at first delivery was expressed as median and range. ANOVA or Chi-square test was performed to analyze the difference in clinical characteristics of study cohort and the association of complications of pregnancy and endometrial or ovarian cancer. The odds ratio (OR) 95% confidence intervals (CI) for the association of GDM or LGA and the risk of developing endometrial or ovarian cancer was performed using GraphPad Prism version 8.4, GraphPad Software, La Jolla, CA. p<0.05 was considered as the threshold for statistical significance.




Results


Clinical Characteristics of the Study Population

The general characteristics of study participants are summarized in Table 1. The median age was 53 (range 29-65) years in women with endometrial cancer, 50 (range 24-68) years in women with ovarian cancer and 43 (range 20-65) years in women in the control group. The age at first time of delivery was 25 (range 19-33) years in women with endometrial cancer, 24 (range 20-32) years in women with ovarian cancer, and 25 (range 18-36) years in controls. There was no difference in the age of first birth (p=0.248).


Table 1 | Clinical characteristics of study population.





GDM Was Associated With Developing Endometrial Cancer

Of 189 women diagnosed with endometrial cancer, there were 33 (17.5%) patients with a history of GDM, which was significantly higher than that in controls (7.3%) (Table 2). The odds ratio of women with a history of GDM developing endometrial cancer was 2.691 (95% CI: 1.548, 4.3635, p=0.0003), compared to the controls. In addition, there were 25 (13%) patients who delivered an LGA infant in their previous pregnancies, which was significantly higher than that in controls (2.3%) (Table 2). The odds ratio of women who delivered an LGA infant developing endometrial cancer was 6.383 (95% CI: 2.812, 13.68, p<0.0001), compared to the controls.


Table 2 | The association of complications of pregnancy and endometrial cancer.



In contrast, the portion of patients with a history of preeclampsia (1.6%) or with a history of IUGR (1.5%) was similar with controls (1.7% or 1.5%, respectively, Table 2). Due to the small sample size, we were not able to perform a statistical analysis. The portion of women diagnosed with endometrial cancer who used intrauterine devices (IUDs) (53%) was not statistically different to the controls (49%) (p=0.621). The portion of women diagnosed with endometrial cancer who had breastfeeding was also no difference to the controls (91% vs 93%, p=0.447).



Complications of Pregnancy Was Not Associated With Developing Ovarian Cancer

Of 119 women diagnosed with ovarian cancer, there were 5 (4.2%) patients with a history of GDM, which was no different to the controls (2.3%) (Table 3, p=0.239). There were 5 (4.2%) patients who delivered an LGA infant in their previous pregnancies, which was also not statistically different to the controls (7.3%) (Table 3, p=0.288). In addition, the proportion of women with a history of preeclampsia (1.7%) or with a history of IUGR (0.8%) in women diagnosed with ovarian cancer was also no different to the controls (1.7% or 1.5%). Due to the small sample size, we were not able to perform a statistical analysis. The portion of women with ovarian cancer who had breastfeeding (90%) was also no difference to the controls (93%, p=0.315). However, the portion of women diagnosed with ovarian cancer who used intrauterine devices (IUDs) (39%) was significantly lower than the controls (49%) (Table 3, p=0.029). The odds ratio of women without using IUDs developing ovarian cancer was 1.606 (95% CI: 1.057, 2.435, p=0.029), compared to the controls.


Table 3 | The association of complications of pregnancy and ovarian cancer.






Discussion

In this case-control study in Chinese population, we found that women with a history of GDM or with delivery of LGA infants, but not preeclampsia increased the risk of developing endometrial cancer. In contrast, women with a history of preeclampsia or GDM or with delivery of LGA infants or IUGR did not increase the risk of developing ovarian cancer. Use of IUDs only reduced the risk for developing ovarian cancer.

The pathophysiology of cancer associated to pregnancy is not fully understood. However, the negative association of parity and the incidence of endometrial and ovarian cancer can be explained by hormonal changes, immunological suppression and increased permeability and vascularization during pregnancy. Increased level of estrogen is one of the risk factors for developing endometrial or ovarian cancer through stimulating the growth of estrogen-dependent tissue (14, 15). During pregnancy, placenta also produces large amounts of hormones and placental dysfunction is now recognized as one of the pathogenesis of complications of pregnancy. The aberrant maternal serum concentration of estrogen and progesterone are reported in complications of pregnancy (18–22). Recent study also reported that the expression of estrogen receptor α (ERα) was increased in extravillous trophoblasts in GDM (38). This consequently suggest that complications of pregnancy may increase the risk of developing gynecological cancer. However, the findings recently reported in the literature are not consistent, due to the limited studies.

To date two recent studies investigated the association of GDM and the risk of developing endometrial cancer. Study led by Wartko reported that GDM increased the risk for developing endometrial cancer later in women’s life (28), while another study did not find this association (30). In our current study, we found that a history of GDM increased the risk of developing endometrial cancer with an odd ratio of 2.69, which is consistent with the Wartko’s study (28). It is well-known that GDM is associated with delivery of LGA infants (39, 40) and the association of delivery of LGA infants and the risk of developing endometrial cancer has not been well investigated. In our current study, we also found that delivery of LGA infants in previous pregnancy significantly increased the risk of developing endometrial cancer. The odd ratio in women with a delivery of LGA infant developing ovarian cancer was 6.4 (95% CI: 2.812, 13.68), compared to the controls.

To date, only four studies investigated the association of GDM and the risk of developing ovarian cancer. Study led by Fuchs (29) reported a significant positive association of GDM and endometrial cancer, and other two studies reported a positive association of GDM and endometrial cancer, but the association did not reach statistical difference (30, 32). While, a recent study did not find this association (31). In our current study, we also did not find a significant association between GDM and the risk of developing ovarian cancer.

Prior studies investigating the association of preeclampsia and risk of developing endometrial cancer or ovarian cancer are limited in the literature due to the relatively low prevalence of preeclampsia. Although a recent study reported an increased risk of developing endometrial cancer in women with a history of preeclampsia (23), four previous studies reported that women with a history of preeclampsia did not have an increased risk of developing endometrial cancer (24–27). In our current case-control study, we also did not find an association of preeclampsia and endometrial cancer. Due to the small sample size of preeclampsia, previous studies including our current study were not able to analyze whether the time of onset of preeclampsia is associated with the risk of developing endometrial cancer. It is now believed that placental dysfunction is more related to the pathogenesis of early onset preeclampsia while maternal response is likely involved in the pathogenesis of late onset preeclampsia (41). One study reported that early onset preeclampsia increased the risk of developing endometrial cancer (26). In addition, in our current study, we found that preeclampsia did not increase the risk of developing ovarian cancer, although previous two studies reported an association of preeclampsia and risk of developing ovarian cancer. This difference could be due the small sample size seen in our study. Preeclampsia and IUGR share very similar uteroplacental pathology and the association of women with IUGR and risk of developing gynecological cancer has not been well investigated yet. In our current study we found that IUGR did not increase the risk of developing either endometrial or ovarian cancer.

Across the board, the IUD is known to lower risk for many gynecological cancers, including endometrial (42) and ovarian cancer (43). In our current study, we found that the number of women with ovarian cancer who used IUDs was significantly lower than the controls, suggesting use of IUDs has a protective effect on developing ovarian cancer. This finding was consistent with previous study. However, we did not find the lower number of women diagnosed with endometrial cancer who used IUDs, compared to the controls. We do not know the exact reason causing this difference between previous study and our study. This could be due to the types of IUD and the duration of use between two studies.

Age at first birth has been suggested to be associated with the risk of developing endometrial cancer, but this finding is not consistent. A recent study with two population-based prospective cohort studies reported that age at first birth is unlikely to increase the risk of developing endometrial cancer (44). In our current study, we also found that there was no difference in age at first birth between women diagnosed with endometrial or ovarian cancer and the controls. However, due to the previous One-Child Policy in China, the majority of cases included in this study were uniparous (one birth). This may result in that the age at first birth was relatively younger.

We acknowledge that the sample size in our current study is relatively small and all the data were collected from a single tertiary hospital. In addition, the association of subtypes of endometrial or ovarian cancer and complications of pregnancy were not able to be further analyzed. Future study with a large sample size and multicenter care is required.

In this study, we found that GDM and delivery of LGA increased the risk of developing endometrial but not ovarian cancer. Although these two types of cancer are hormonal dependents, we do not know the exact reasons for our finding. Studies have reported that women with a history of GDM have a 7-fold higher risk of developing diabetes mellitus in women’s later life (45). Previous studies also found an association of endometrial cancer, but not ovarian cancer and diabetes mellitus (46–48), suggesting diabetes mellitus is a risk factor for developing endometrial cancer.

In this study, we reported the difference in the association of endometrial cancer with complicated pregnancy between GDM and preeclampsia. We do not know the exact reason for this finding, but this could be due to the difference in the pathogenesis of these two complications. A study reported an increased placental leptin expression in GDM, and leptin is one of the most probable candidates involved in the pathophysiology of GDM (49). While, levels of human chorionic gonadotrophin (hCG) and corticotrophin-releasing hormone (CRH) which are produced by the placenta are significantly increased in women with preeclampsia.

In conclusion, our current study reported that women with a history of GDM or with a delivery of LGA infant increased the risk of developing endometrial cancer but not ovarian cancer. In contrast, women with a history of preeclampsia or IUGR did not increase the risk of developing either endometrial or ovarian cancer. Age at first birth is unlikely to be associated with the risk of developing endometrial or ovarian cancer.

During pregnancy, your placenta makes hormones that cause glucose to build up in your blood. Usually, your pancreas can send out enough insulin to handle it. But if your body can’t make enough insulin or stops using insulin as it should, your blood sugar levels rise, and you get gestational diabetes.
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Objective

Pancreatic neuroendocrine tumours (panNETs) arise sporadically or as part of a genetic predisposition syndrome. CT/MRI, endoscopic ultrasonography and functional imaging using Octreoscan localise and stage disease. This study aimed to evaluate the complementary role of 68Gallium (68Ga)-DOTA PET/CT in managing patients with panNETs.



Design

A retrospective study conducted across three tertiary UK NET referral centres.



Methods

Demographic, clinical, biochemical, cross-sectional and functional imaging data were collected from patients who had undergone a 68Ga-DOTA PET/CT scan for a suspected panNET.



Results

We collected data for 183 patients (97 male): median (SD) age 63 (14.9) years, 89.1 vs. 9.3% (n=163 vs. 17) alive vs. dead (3 data missing), 141 sporadic vs. 42 familial (MEN1, n=36; 85.7%) panNETs. Non-functional vs. functional tumours comprised 73.2 vs. 21.3% (n=134 vs. 39) (10 missing). Histological confirmation was available in 89% of individuals (n=163) but tumour grading (Ki67 classiifcation) was technically possible only in a smaller cohort (n=143): grade 1, 50.3% (n=72); grade 2, 46.2% (n=66) and grade 3, 3.5% (n=5) (40 histopathological classification either not technically feasible or biopsy not perfomed). 60.1% (n=110) were localised, 14.2% (n=26) locally advanced and 23.5% (n=43) metastatic (4 missing). 224 68Ga-DOTA PET/CT scans were performed in total for: diagnosis/staging 40% (n=88), post-operative assessment/clinical surveillance 53% (n=117) and consideration of peptide receptor radionuclide therapy (PRRT) 8% (n=17) (2 missing). PET/CT results confirmed other imaging findings (53%), identified new disease sites (28.5%) and excluded suspected disease (5%). Overall, 68Ga-DOTA PET/CT imaging findings provided additional information in 119 (54%) patients and influenced management in 85 (39%) cases.



Conclusion

68Ga-DOTA PET/CT imaging more accurately stages and guides treatment in patients with sporadic/familial panNETs with newly diagnosed/recurrent disease.





Keywords: pancreatic neuroendocrine tumours, 68Gallium DOTA PET/CT, functional imaging, multiple endocrine neoplasia type 1, sporadic and familial



Introduction

Pancreatic neuroendocrine tumours (panNETs) are rare tumours accounting for ~2% of all pancreatic malignancies (1). However, national registry data suggest there is an increasing incidence of NETs (up to 2.5-fold higher) across all sites, stages and grade of disease (overall annual age-adjusted incidence rate of NETs ~7/100,000 US population; and panNETs specifically 0.48/100,000) (2). NET prevalence is considerably higher, with more patients presenting with earlier stage disease (3), better overall survival (4) and a variety of systemic treatments for grade (G), G1/G2 tumours that prolong progression-free or overall survival, including somatostatin analogues, 177Lu-DOTATATE, systemic chemotherapy, everolimus and sunitinib (5–10).

An updated World Health Organisation (WHO) grading classification in 2017 suggested that pancreatic neuroendocrine neoplasms (p-NENs) be categorised according to the grade and degree of differentiation into well-differentiated pancreatic neuroendocrine tumours (panNETs) and poorly differentiated neuroendocrine carcinomas (NEC) (small cell and large cell subtypes) (11–13). Pancreatic NETs may be classified according to stage/disease extent (localised, regional or metastatic) and according to the histological grade using the Ki67 proliferation index from slower growing G1 and G2 tumours (G1/G2; Ki67 index <3% and 3-20% respectively) through to faster growing (well differentiated) G3 tumours (Ki67 index >20%) (14). Pancreatic NECs are characterised by a higher proliferative index (Ki67>20%) with usually a much more aggressive course (as for other poorly differentiated tumours). Histopathological data has validated prognostic value, independently predicting overall survival (15).

PanNETs may also be classified according to functionality, depending on secretion of hormones/peptides that cause specific symptoms/clinical syndromes. Patients with non-functional tumours, constituting the majority, tend to present late in the disease, often with distant metastases, and may have shorter life expectancy than those with functional panNETs (16). Finally, panNETs may arise sporadically or as part of a cancer-predisposing syndrome, such as in multiple endocrine neoplasia Type 1 (MEN1), von Hippel Lindau syndrome (VHL), tuberous sclerosis or neurofibromatosis (17). Functional panNETs occur more commonly in familial vs. sporadic panNETs (~40 vs. 10%); most commonly, insulinomas or gastrinomas (4). Indeed, panNETs occur in approximately two thirds of MEN1 patients and account for ~10% of all patients with panNETs (18).

Treatment of panNETs is dependent on multiple factors including tumour size, functionality, histological grade and stage. Imaging techniques used to stage NETs involve a combination of cross-sectional imaging (computer tomography [CT]/magnetic resonance imaging [MRI]) and endoscopic ultrasound (EUS). NETs generally over-express cell-surface somatostatin receptors (SSTRs), particularly subtypes 2a and 5, forming the basis for their detection and treatment using peptide receptor radionuclide therapy (PRRT) (19). In most NET specialist centres, functional imaging for staging of G1/G2 NETs involves somatostatin receptor scintigraphy (SRS), historically commonly using 111In-labeled-DTPA-octreotide (Octreoscan) (20). However, its diagnostic utility is limited by poor image quality, less spatial resolution and a prolonged imaging protocol. More recently somatostatin receptor-based 68Gallium positron emission tomography (68Ga)-PET/CT imaging has been used due to the higher spatial resolution of PET vs. SPECT (3-6 mm vs. 10-15mm), allowing greater visualisation of small tumours, coupled with a 10-fold greater affinity of 68Ga-DOTA peptides vs. 111In-Octreotide for SSTRs (21). The higher sensitivity and specificity of 68Ga DOTA PET/CT over conventional SRS has been shown previously (21). In a series of 51 patients with a histologically confirmed NET, who had evidence of disease biochemically or on cross-sectional imaging, but with a negative or equivocal 111In-DTPA-octreotide scan, 68Ga-DOTATATE PET was able to identify disease in 87% of cases, and in many revealed additional lesions, leading to a change in management in 71% of cases (22). This ability to provide information on primary tumour site, to facilitate accurate staging and influence management has meant it is considered the gold-standard functional imaging technique by many.

Several previous studies have determined the impact of 68Gallium-DOTA based PET/CT imaging on patient management in individuals with lung carcinoids (23) or gastroenteropancreatic (GEP) NETS, but much less is known about its impact on patient management in patients specifically with panNETs (21, 24). The primary objective of this study was to determine to what extent 68Ga-DOTA PET/CT imaging results provide complementary clinical information to cross-sectional imaging (e.g., confirming suspected metastatic disease suspected on CT/MRI or identifying additional sites of local disease or regional/distant metastasis not seen on CT/MRI) and how this information may have led to an intra-or inter-modality change in management in a clinical population with both sporadic and hereditary panNETs.



Methods


Inclusion Criteria

Patients referred to the NET multi-disciplinary team (NET MDT) meeting at 3 ENETS (European Neuroendocrine Tumour Society) Centres of Excellence (Liverpool, Manchester and London; representing four large hospitals: Aintree University Hospital, Liverpool; Royal Liverpool University Hospital, Liverpool; The Christie NHS Foundation Trust, Manchester; and King’s College Hospital, London) were identified retrospectively from local electronic case-note records. All consecutive patients who underwent a 68Ga-DOTA PET/CT scan between July 2015-July 2018 for a clinically suspected or histologically confirmed panNET were identified and included in the analysis (Figure 1 shows a typical example of imaging findings using complementary cross-sectional and functional imaging). Where multiple/serial 68Ga-DOTA PET/CT scans were performed in an individual, each episode was considered and analysed separately as the patient age, disease characteristics, previous treatments and scan findings may/will have been different. 68Ga-DOTA PET/CT was used as part of the staging process for all patients with potentially-resectable disease, to detect recurrence in patients who had previous resections and to determine eligibility for PRRT. All patients had undergone comprehensive biochemical testing and cross-sectional imaging with CT/MRI and EUS where appropriate. A data collection template was created based on our related study in lung carcinoids (23).




Figure 1 | 68Ga-DOTANOC PET, CT and MRI images of an MEN1 patient with three panNETs (T3N0M0). (A) 68Ga-DOTANOC PET/CT image showing a single panNET uptaking tracer in the pancreatic tail. (B) 68Ga-DOTANOC PET/CT image showing two additional PanNETs in the tail and neck of the pancreas. (C) MRI scan showing a single lesion in the tail of the pancreas, commented as being ‘cystic’ and needing further imaging and discussion at MDT. (D) A CT scan showing a single cystic lesion in the tail of the pancreas, commented on as likely being a cyst.





Clinical Data

Clinical data were collected retrospectively. Demographic details (age and gender), current status (alive/deceased) and date of death or last follow up were recorded. We included patients with a sporadic panNET or with a familial predisposition to a panNET (multiple endocrine neoplasia type 1 (MEN type 1), von Hippel Lindau (VHL) syndrome, tuberous sclerosis (TSC), neurofibromatosis type 1 (NF1) or miscellaneous others including MUTYH-associated polyposis (MAP) or MAX mutation (familial paraganglioma syndrome)).



Biochemical Data

All patients underwent biochemical testing for chromogranin A/B and a full fasting gut hormone profile (glucagon, gastrin, somatostatin, pancreatic polypeptide (PP) and vasoactive intestinal polypeptide). The results recorded were those closest to the date of 68Ga-DOTA PET/CT scanning, and pre-operatively if the scan was performed pre-operatively. Tumour functionality (functional vs. non-functional) was described according to either clinical symptoms (based on a hormonal hypersecretion syndrome) or biochemically (not based on immunohistochemistry analysis).



Treatment History

Details about treatments previously received were recorded (including disease surveillance). Surgical information included date of surgery, type (Whipple, distal pancreatectomy or enucleation), number of lymph nodes removed, and how many of them were involved with metastatic spread, resection margins (R0, cure or complete remission; R1, microscopic residual tumour; R2, macroscopic residual tumour) and whether there was tumour recurrence following surgery. Systemic therapy was also identified, including use of somatostatin analogues (SSAs), PRRT, molecular targeted therapies and chemotherapy.



Histopathological Data

Histopathological data was retrieved where tissue samples had been taken (using endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA), fine needle biopsies (FNB) or surgical resection specimens) and undergone histopathological analysis; all histology was reviewed by dedicated experienced NET histopathologists at each centre. Data collected (where available) included the location of the primary pancreatic lesion (unclear, tail, body, head/neck or multifocal) and the number of panNETs.

Pathological data reported included the Ki67 index (%) and mitotic count (counts per High Power Field (HPF)) and the WHO staging (G1, 2 or 3). In some instances, particularly where EUS-FNA is employed, only tumour cytology is possible (to confirm a panNET), and grading (G1, 2 or 3 based on Ki67) is not always possible. This higher diagnostic sensitivity of FNB compared with EUS-FNA has been previously reported (25). Stage at first diagnosis was also recorded incorporating the TNM data measuring the tumour size (T1-T2 vs. T3) and determining the presence of lymph node/liver/lung/bone/other metastases.



Cross-Sectional Imaging Data

All patients underwent cross-sectional imaging with CT scanning of chest, abdomen and pelvis or MRI scanning of the abdomen. Dedicated CT/MRI pancreas specific protocols and endoscopic ultrasound examinations were performed where suggested by the NET MDT.



68Ga-DOTA PET/CT Imaging Data

All patients underwent functional imaging with a 68Ga-DOTA PET/CT scan in line with the local centre-specific imaging protocols acknowledging inherent differences in radiopharmaceutical preparation, scanning equipment and protocols. 68Ga-DOTA PET/CT data included the scan date, the specific DOTA-peptide and stage of disease at time of 68Ga-DOTA scan (categorised as not present, localised, locally advanced or metastatic). Representative PET/CT images are shown in Figure 1.



Indications for Performing the 68Ga-DOTA PET/CT Scan

68Ga-DOTA PET/CT scans (in preference to Octreoscan) were performed in all centres on the recommendation of the local MDT according to initial cross-sectional imaging (+/-histological) findings and according to a proposed management strategy decided by MDT consensus. The rationale for performing 68Ga-DOTA PET/CT scanning was recorded as one of the following: i) diagnosis and staging for the initial presentation of a panNET ii) post-operative assessment/surveillance/monitoring for relapse; or iii) consideration of PRRT.



Findings From the 68Ga-DOTA PET/CT Scan

Images from all 68Ga-DOTA PET/CT images were independently reviewed by the dedicated NET MDT specialist radiologist/nuclear medicine physician (HW, SV, PM) with knowledge of relevant medical information and cross-sectional imaging or EUS findings. Information was collected regarding 68Ga-DOTA PET/CT scan findings, including primary tumour (site and size), metastatic spread to the liver, regional lymph nodes, lung, bone and ‘other’ sites and whether the area of uptake was visible on CT, MRI or EUS. In addition, all PET scans were assessed according to whether uptake was equivalent to the background uptake by the liver. Many UK ENETS centres do not routinely report SUVmax measurements on 68Ga-DOTA PET/CT scans in line with ENETS guidlelines/recommendations.

Findings were categorised as one of the following options: i) provided confirmatory information, concordant with other imaging techniques ii) identified sites of tumour not previously seen with other imaging (i.e., identification of occult metastases), iii) changed options of treatment (surgery/PRRT), iv) ruled out presence of metastases/disease suspected on previous imaging, v) confirmed resection/PRRT response after surgery or PRRT.



Impact on the Patient’s Clinical Management

Treatment decisions endorsed by the local multi-disciplinary NET team and recorded formally as an MDT outcome were analysed. This was examined by looking at two components. First, we examined the number of episodes where 68Ga-DOTA PET/CT provided either confirmatory information in suspected disease or additional information (either by identifying occult sites of disease or excluding suspected sites of disease). Secondly, we assessed the number of episodes where this information assisted or changed management (i.e. by confirmation of eligibility for PRRT or surgery or leading to an inter-modality change in treatment).



Statistical Analysis

Patient data were anonymised once data collection had been completed, and statistical analysis was carried out using IBM SPSS Statistics for Windows, Version 19.0. Armonk, NY: IBM Corp. (California, USA). Continuous variables were described with median, standard deviation (SD) and range. Categorical variables are presented as frequencies and percentages. Continuous variables were tested for normal distribution by Shapiro-Wilk and Kolmogorov–Smirnov tests. Univariate analysis of categorical variables was performed with chi-square and Fisher’s exact test when appropriate; continuous variables were analysed by Mann-Whitney test as the majority of the continuous variables were not normally distributed. Multivariable analysis consisted of logistic regression for the dichotomous variables and multivariable Mann-Whitney test.



Ethics

This work was registered as an audit at the lead site of analysis and did not require independent ethical committee approval. Furthermore, all data was completely anonymised and coded as it did not contain any patient-identifiable information it was not necessary to obtain individual patient consent.




Results

A total of 183 patients with panNETs (97 males and 86 females) were included, for which 224 scans were identified (114 male, 110 female) and analysed. Forty one individuals underwent repeat 68Ga-DOTA PET/CT scans (Liverpool Centre) at different points within their treatment pathway (data handling as outlined in Methods).


Baseline Characteristics

Baseline characteristics of the participants are shown in Table 1.


Table 1 | Summary of patients’ characteristics.





Genetic Data

Data for the whole cohort are shown, but additionally we compare data between sporadic panNETs and familial panNETs. Sporadic panNETs arose in 141 patients with panNET-associated familial syndromes in 42 individuals: 36 with MEN1, 2 with VHL, 1 each with TSC, NF1, paraganglioma, MAX mutation and MUTYH-associated polyposis.



Age

The median age of individuals with familial panNETs was younger than that for those with sporadic panNETs (51 vs. 66 years respectively).



Histopathological Classification

Where available, diagnosis was based on biopsy (either from EUS-FNA, tissue biopsy or from histopathological examination of a resected specimen) for the majority of cases (n=163; 89%); this proportion was similar for sporadic and panNETs (n=127; 90.1% vs. n=36, 85.7% respectively). In cases where a tissue biopsy was not performed, diagnosis was based on imaging characteristics. Frequency of tumour grades were G1, 2 and 3: 50.3%, 46.2% and 3.5% respectively for the whole cohort, and the proportions were similar between sporadic and familial panNETs. The reason for the overwhelming predominance of G1 and G2 tumours is likely because our retrospective analysis was based on identifying those patients who had undergone galluim PET/CT scanning. This investigation would usually be reserved for lower grade NETs.



Extent of Metastatic Spread

Similarly, most tumours were localised (60.1%) or only locally advanced (14.2%) at diagnosis with 23.5% metastatic; familial tumours tended to be more localised than sporadic tumours. The sites of metastatic spread were as expected: liver (60, 32.8% of the entire series), lung (18, 9.8% of the entire series), bone (26, 14.2% of the entire series) and peritoneum (1, 0.5%).



Functionality of the Tumour

Overall, the majority of tumours were non-functional (73.2%) (Table 2). As would be expected, functionality was more common in those with familial panNETs (40.5%) versus those with sporadic panNETs (21.3%).


Table 2 | Functional hormone secretory patterns.





Treatment Characteristics

The majority of patients were treated with curative resection (68%) (Table 3). Only a small number received somatostatin analogues, chemotherapy or PRRT.


Table 3 | Characteristics of tumour staging and treatments. Percentages are calculated on the valid data excluding the missing data.





Indications for Performing 68Ga DOTA PET/CT Scans

There were a variety of indications for performing the 68Ga-DOTA PET/CT, including diagnosis in cases of suspected panNETs; completing staging in patients with suspected localised panNETs who were being considered for surgical resection (40%), in patients being considered for PRRT (8%), or in post-surgical patients assumed to be disease-free as part of surveillance or monitoring for relapse (53%) (Table 4).


Table 4 | Rationale for performing Ga68 DOTA PET/CT scans.





The Impact of 68Ga DOTA PET/CT Imaging on Patient Management

Findings from the scan were categorised as follows (Table 5): in 53.5% of episodes (n=107) the scan findings provided confirmatory evidence available from cross-sectional imaging. In 28.5% of episodes (n=57) the scan identified sites of disease not previously seen with other imaging. There was no evidence that functional imaging provided any advantages over cross-sectional imaging for any specific sites of disease.


Table 5 | Findings from Ga68-DOTA PET/CT imaging and the impact on patient management.



In 12% of cases (n=24) this led to an inter-modality change in treatment and in 5% (n=10), the scan ruled out the presence of metastases/disease suspected on previous imaging. In 1% (n=2), the scan confirmed adequacy of resection/PRRT response. In 24 episodes these data were missing. In total, new information from the scan was provided in 53.8% of cases (n=119) and influenced management in 39.4% of episodes (n=85).



Death

Eighty nine percent of patients were still alive with only 9% deceased

Univariate analysis, comparing familial syndrome to sporadic, revealed that there were statistical differences in hormone related syndromes, favouring familial cases (p<0.001). The location of the primary was multifocal more frequently in familial cases (p<0.001) and in sporadic cases, the stage was more commonly metastatic (p=0.009). There was somatostatin analogue use more often in the sporadic cases (p=0.03). Also, there were significant differences in the outcome of the resection in the 2 groups (p=0.025); R0 was more often observed in the sporadic cases. However, no statistical difference was found regarding WHO grade, being predominantly G2 in both groups.

The multivariable analysis (logistic regression) did not show any significant independent variable associated with the change or impact on management.




Discussion

The findings of this study, conducted in a large cohort of patients with sporadic and familial (predominantly MEN1-related) panNETs highlight the role of 68Ga-DOTA PET/CT imaging in the diagnosis, staging and determination of treatment options in patients with panNETs. The scan identified sites of disease that had not been identified with other imaging in 28.5% of patients, excluded suspected disease sites in 5% and confirmed resection/PRRT response in 1% of cases. Overall 68Ga-DOTA PET/CT imaging impacted on patient management by providing additional information over cross-sectional imaging in 53.8% of cases and influenced management in 39.4% of cases. Ga68-DOTA PET/CT imaging may aid or change management by identification of additional sites of pancreatic or metastatic disease not observed using CT/MRI, or by modifying the intended surgical approach or leading to substitution of surgery for systemic therapy where unresectable disease is demonstrated. Similarly, 68Ga-DOTA PET/CT was necessary prior to PRRT treatment to demonstrate eligibility by confirming avidity of the tumour to SSTR-based tracers (26).

Our findings are consistent with those of other studies that have examined the role of functional imaging in patients with panNETs. The choice of functional imaging modality depends on the biological characteristics of the NETs, where histological grade is available: 18F-FDG PET/CT is preferred for more aggressive, higher grade and less well differentiated neuroendocrine neoplasms while 68Ga-DOTA PET/CT was found to be superior to 18F-FDG PET/CT in patients with low-grade tumours. In general, in patients with a NET with a lower Ki67 index, the use of 18F-FDG PET/CT should be limited, while for higher G2 and G3 NETs, combined 68Ga-DOTATATE and 18F-FDG PET/CT can be considered (27). In the current study, we do not report findings of the 18F-FDG PET/CT scans (if/where they were undertaken) in those patients with higher G2 and G3 NETs as this was not the focus of the research.

The role of 68Ga-DOTA PET/CT imaging in patients with NETs has generally been well established (28, 29) and it is now acknowledged as the functional imaging modality of choice in the current standards of care, where available (26, 30). Although the potential utility of SRS is acknowledged in the diagnosis of panNETs, 68Ga DOTA PET/CT is generally considered superior to conventional SRS. As no SRS was undertaken in this cohort, no comparative data between SRS and PET/CT is available. However, much of the previous analysis relating to 68Ga-DOTA PET/CT imaging in patients with NETs has related to heterogeneous populations of gastroenteropancreatic (GEP) NETs, with far fewer studies evaluating the utility in panNETs exclusively (31–33). Reassuringly, a recent systematic review and meta-analysis of 14 studies including a total of 1,561 patients demonstrated that somatostatin receptor directed PET-CT effected a change in management in 44% (range 16-81%) consistent with our findings (34).

Furthermore, in the studies examining panNETs exclusively, most reflect analysis in sporadic panNETS, and few have included MEN1-related panNETs specifically (Supplementary Table 1). The strength of this study is that it includes a large cohort of patients with MEN1-associated panNETs. Current clinical practice guidelines for the diagnosis and surveillance of non-functional panNETs suggest the use of biomarkers (such as chromogranin A), but the results of recent biomarker studies highlight a low diagnostic accuracy for MEN1-associated panNETs (35, 36). The MEN guidelines also recommend anatomical imaging modalities such as CT/MRI and EUS without mentioning these newer functional imaging modalities (17). The inclusion of the genetic cohort (who are under regular active clinical, biochemical and radiological surveillance) may explain the proportion of patients with localised disease permitting complete resection. There have been only a small number of both retrospective and prospective analyses of the role of 68Ga DOTA PET/CT specifically considering MEN1-associated panNETs (21, 24, 37, 38). Applied to MEN1 specifically, 68Ga DOTA PET/CT was more sensitive than Octreoscan or CT scan in a study of 26 cases comparing multiple imaging modalities (including 111I-pentetreotide SPECT-CT and triple phase CT); in 38.5% of patients 68Ga DOTA PET/CT detected additional metastases (24). In 31%, the addition of 68Ga DOTA PET/CT scan findings caused a change in management recommendations (related to detection of metastases). The group recommended that this imaging modality should be integrated into screening and surveillance of panNETs in MEN1. In a larger cohort of 131 patients with GEP-NETS studied prospectively (of which a proportion were panNETs), 68Ga DOTATE PET/CT was demonstrated to be significantly superior to CT and 111In-pentetreotide (demonstrating 95.1, 45.3 and 30.9% of lesions respectively) (21). However, we would argue that functional imaging is only advocated in cases where surgical resection or PRRT is being considered or in general where the results may influence management.

A recent analysis of 5287 cases of panNET in the Surveillance, Epidemiology and End Results Program (SEER) US national database, demonstrated that the median survival from diagnosis was 4.1 years (95% CI 3.9-4.4), but this varied dramatically according to patient characteristics. Functioning (vs. non-functioning) panNETs, younger age at diagnosis, localised disease, lower tumour grade and surgical treatment were all associated with lower mortality. However, even the most favourable combination of risk factors were still associated with some reduction in normal life expectancy (16) and so there is a significant need for early detection and selection of the most appropriate treatment to improve patient outcomes. The optimal management of patients with panNETs depends on their size, functionality, tumour grade and stage. The decision as to whether management should consist of ongoing surveillance, surgical resection, medical or systemic therapy requires a multidisciplinary approach. The positive impact of surgical resection on survival in patients with nonfunctioning panNETs has been repeatedly demonstrated (39, 40). Current recommendations for surgical intervention suggest that resection should be considered for any functional panNET or for non-functional panNETs >2cm (41). Small nonfunctioning panNETs are often indolent neoplasms without lymph node metastasis. However, within the context of MEN1, analysis of the literature for MEN1-related panNETs highlighted a very low growth rate of small non-functioning (NF) panNETs suggesting a need for a re-evaluation of the timing and frequency of surveillance and optimal treatment approach (42).

Our results showed a lower percentage of R0 resection in familial cases. This could be related to a more conservative surgical approach. However, in our series, it could be partially explained by a higher number of missing data within this smaller group (the familial cases).

Limitations of this study are acknowledged. First, we acknowledge that this was a retrospective data collection with the inherent limitations (e.g., less comprehensive and a lack of standardisation of data collection) and secondly that we were also unable to record detailed justification of the management decisions other than via the written NET MDT outcomes. Histopathological data was available for the vast majority (89%) of patients but not for the entire cohort. This reflects real-world management where tissue sampling may not be feasible or clinically appropriate. Furthermore, we accept PET/CT scanning equipment and scanning protocols (including use of slightly different radiolabelled somatostatin analogues (DOTA-NOC vs. TOC vs. TATE) are not perfectly aligned between centres. We do not routinely quantify tracer uptake on the PET/CT scans e.g., using SUVmax or Krenning score however this may be a more relevant consideration to assess treatment response rather than initial treatment choice. Finally, we do not have simultaneous Octreoscans to highlight the superior sensitivity of somatostatin receptor-directed PET-CT over octreoscans. However, the significant strengths of the current study include the large size of the series including both sporadic and familial, inclusion of three ENETS centre of excellence and extensive multi-disciplinary involvement including 4 experienced nuclear medicine PET/CT physicians.

Thus, although we cannot comment on the role of functional imaging (versus cross-sectional or biochemical surveillance) as part of a surveillance protocol in patients who have received treatment for their NET, we have shown that 68Ga-DOTA PET/CT has a significant complementary role in staging and guiding treatment in patients with sporadic and familial panNETs with newly diagnosed or recurrent disease, particularly where surgical resection or treatment with PRRT is considered.
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Characteristics

Age

Sex

Race

Education level

Income level

Marital status

Body mass index

Physical activity

Smoking status

Alcohol intake

Hypertension

Stroke

Coronary heart disease

Cancer diagnosed age

Subgroups

18-45 years
45-65 years
265 years

Male
Female

Hispanic

Non-Hispanic White
Non-Hispanic Black
Non-Hispanic Other

Less than high school degree
High school degree
More than high school degree

Low
Moderate
High

Married/Living with partner
Widowed/Divorced/Separated
Never married

<25 (kg/m?)
25-30 (kg/m?)
>30 (kg/m?)

Low (<600 MET-/wk)
Moderate (600-3,000 MET-h/wk)
High (>3,000 MET-h/wk)

Never smoking
Former smoking
Current smoking

Lifetime abstainer
Former drinker
Current drinker

Yes
No

Yes
No

Yes
No

<45
45-65
>65

Adult with diabetes (n = 5,174)

N (%)

260 (5.08%)
1,874 (35.91%)
3,409 (59.01%)

2,476 (49.13%)
3,067 (50.87%)

500 (6.59%)
4,143 (81.96%)
764 (9.22%)
136 (2.23%)

1,483 (24.10%)
1,717 (32.46%)
2,315 (43.44%)

903 (12.02%)
3,306 (59.37%)
1,334 (28.61%)

2,611 (61.74%)
2,547 (32.83%)
381 (5.43%)

1,078 (19.95%)
1,827 (33.88%)
2,473 (46.17%)

4,069 (73.19%)
1,100 (22.05%)
237 (4.76%)

2,424 (43.02%)
2,382 (44.37%)
700 (12.61%)

1,450 (25.17%)
1,945 (34.76%)
2,066 (40.07%)

4,243 (75.51%)
1,297 (24.49%)

707 (12.44%)
4,826 (87.56%)

1,270 (24.17%)
4,241 (75.83%)

1,295 (24.04%)
2,540 (46.63%)
1,708 (29.33%)

Adults without diabetes (n = 29,715)

N (%)

5,069 (16.71%)
11,424 (39.12%)
15,425 (44.17%)

12,036 (41.25%)
19,872 (58.75%)

1,851 (3.93%)
27,006 (88.99%)
2,363 (5.07%)
688 (2.01%)

5,531 (15.00%)
9,054 (28.75%)
17,187 (56.16%)

3,796 (8.81%)
16,748 (49.84%)
11,364 (41.35%)

16,273 (65.70%)
12,804 (27.69%)
2,791 (6.61%)

12,927 (41.04%)
11,161 (36.53%)
6,885 (22.43%)

19,331 (60.14%)
9,107 (31.41%)
2,462 (8.45%)

14,416 (45.28%)
11,384 (36.75%)
5,900 (17.95%)

6,224 (18.09%)
7,100 (21.63%)
18,129 (60.27%)

14,498 (43.49%)
17,383 (56.51%)

1,849 (5.38%)
30,014 (94.62%)

3,000 (9.52%)
28,740 (90.48%)

11,599 (37.79%)
12,537 (40.05%)
7,772 (22.15%)

P-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001





OPS/images/fendo.2020.597573/fendo-11-597573-g007.jpg
[} ° g
N e D e (R
MAPK/ERK EGFR, Hif1a, VEGF
pathway 50Cs2, Cls mTOR, p7056K Cyclin D1(Go>G1)
GHR SHP1, SHP2 Glutd Bcl-2, xL
MITF ABCG2 FOXO Survivin, Bml-1
HLA-G NFKB <-Myc, Mcl-1
GSK3p Vimentin, TWIST
+ FGF1/Adiponectin MMP-7, MMP-9
Cell growth ‘Gender control Metabolism _ Cell cycle control
Cell differentiation  Bone growth Protein synthesis Survival
Cellstress Inflammation  Autophagy inhibition EMT
Chemoresistance Chemoresistance ~ Glycogen synthesis  Anglogenesis
‘Apoptosis inhibition ‘Apoptosis inhibition  Immune system
Immunosuppression Browning adipocytes

Cancer-Acromegaly-Fibroses-Chronic inflammation-Autoimmunity






OPS/images/fendo-11-00060/crossmark.jpg
©

2

i

|





OPS/images/fendo-11-00060/fendo-11-00060-g001.gif
e s o
. N s
Mw‘"’:".,ﬁ‘:;‘m s
BN P wiorivi
I3 I
F— —

wimn || wsw | | @ | @






OPS/images/fendo-11-00235/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.597573/fendo-11-597573-g002.jpg





OPS/images/fendo-11-00235/fendo-11-00235-g001.gif





OPS/images/fendo.2020.597573/fendo-11-597573-g003.jpg
Stress

Metabolic status [GHAGF-1 axs

and others

GHRH

Stomach

GHR
(+16F-1)

Growth/Aging





OPS/images/fendo-11-00060/fendo-11-00060-t002.jpg
Cancer sites

All cancer sites

Breast (women)

Prostate

Colorectal

Mortality

All-cause mortality
Cancer mortality

VD mortality

Chronic lower respiratory disease mortality
Diabetes mellitus mortality

Azheimer's disease mortality

Influenza and pneumonia mortality

Kidney disease mortality

All-cause mortality

Cancer mortality

VD mortality

Diabstes melitus mortality

Chronic lower respiratory disease mortality
Alzheimer's disease mortality

Influenza and pneumonia mortality

Kidney disease mortality

All-cause mortality

Cancer mortality

VD mortality

Diabetes mellitus mortality

Ghronic lower respiratory disease mortality
Alzheimer's disease mortalty

Influenza and pneumonia mortality

Kidney disease mortality

All-cause mortality

Gancer mortality

VD mortality

Diabetes mellitus mortality

Ghronic lower respiratory disease mortality
Alzheimer's disease mortality

Influenza and pneumonia mortality

Kidney disease mortality

CVD, cardiovascular disease; HR, hazard ratios.
Adfusted for age, sex, race, education level, income level, marital status, body mass index, smoking stetus, alcohol intake, physical activity, cancer diagnosed age, duration of cancer,
history of hypertension, coronary heart disease and stroke, and missing data.

Deaths

2,350

506
1
189
42
35
57
426
126
i
30
25
1

1
333
103

78
21

15

Adults without diabetes
(n=29,715)

HR

1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 (refer)
1.00 refer)

Adults with diabetes (n = 5,174)

Pre-diagnosis diabetes

(n=4,724)

HR (95% Cl)

1.36 (1.27-1.44)
1.14 (1.02-1.28)
1.38 (1.20-1.59)
1.12 (0.85-1.46)
17.82 (11.86-26.79)

1.6 (1.01-2.72)
0.98 (0.61-1.56)
245 (1.60-3.75)
131 (1.10-1.57)

NA
2.05 (0.51-8.24)

NA

NA

NA

NA

79.35 (4.93-1277.73)

1.21 (1.01-1.48)
1.38 (0.38-4.98)

NA

NA
362 (1.12-11.72)

16.44 (1.86-145.26)

NA

NA
1.19 (0.7-1.84)
1.89 (051-7.02)

NA

NA

NA

NA

NA

NA

P-value

<0.001
0.02
<0.001
0.429
<0.001
0.044
0917
<0.001
0.003
NA
0313
NA
NA
NA
NA
0.002
0.036
0.621
NA
NA
0.082
0.012
NA
NA
0.441
0.34
NA
NA
NA
NA
NA
NA

Post-diagnosis diabetes

(n = 450)

HR (95% CI)

1.35 (1.12-1.63)
1.23(0.85-1.76)
1.07 (0.67-1.70)
1.73 (0.84-3.59)
8.62 (3.83-19.39)
037 (0.09-1.60)
2.18 (0.68-6.96)
1.92 (0.66-5.61)
1.25 (1.02-1.52)

NA

NA

NA

14.83 (3.67-59.88)

NA

NA

NA
1.18(0.93-1.51)
0.69(0.07-6.71)

NA

NA

NA

NA

NA

NA
098 (0.33-2.93)

NA

NA

NA

NA

NA

NA

NA

P-value

0.002
0.267
0.771
0.138
<0.001
0.185
0.188
0.234
0.03
NA
NA
NA
<0.001
NA
NA
NA
0.18
0.76
NA
NA
NA
NA
NA
NA
0.969
NA
NA
NA
NA
NA
NA
NA
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Cancer sites Mortality Adults without Adults with diabetes

diabetes
0-5 years 5-10 years >10 years
HR HR(95% Cl) P-value HR(95%Cl) P-value HR(95% Cl) P-value
All cancer sites
All-cause mortality 1.00 (refer.) 1.21(1.09,1.33) <0.001 1.44(1.29-1.60) <0.001 1.41(1.30-1.52) <0.001
Cancer mortality 1.00 (efer) 1.3 (097,1.33) 0128 140(1.15-1.70) 0001 104 (0.89-1.21) 0624
‘CVD mortality 1.00 (refer.) 1.14(091,1.43) 0.261 1.43(1.13-1.82) 0004 1.45(1.22-1.71) <0.001
Chronic lower respiratory disease mortality 1.0 (refer)  1.21(1.10,1.34) <0.001 1.4 (1.20-1.60) <0.001 1.41(1.31-153) <0.001
Alzheimer's disease mortality 1.00 (efer)  0.67 (0.26,1.74) 0408 220(1.09-4.42) 0027 1.71(091-328) 0098
Diabetes melltus mortality 1.00 (refer)  10.97 (6.28, 19.16) <0.001 11.04 (6.20-19.64) <0.001 24.11 <0.001
(15.55-37.38)
Influenza and pneumonia mortality 1.00 (efer) 097 (043,2.21) 095 055(0.20-1.55) 0258 1.29(0.76-2.20) 0342
Kidney disease mortaiity 1.00 (refer)  1.83(0.84,398) 0129 420(2.02-9.12) <0001 2.25(1.35-373) 0002
Breast (women)
All-cause mortality 1.00(refer)  1.22(094,1.56) 0.8  1.13(088-1.46) 0328 1.38(1.16-164) <0.001
Cancer mortality 1.00 (efer)  0.96(0.62,1.47) 0849 126(0.82-1.94) 0283 089 (0.64-126) 0521
VD mortality 1.00(refer)  1.18(0.64,2.18) 0588 087 0.41-187) 0727 131(087-199) 02
Chronic lower respiratory disease mortality 1.0 (refer) ~ 1.22(0.95,1.57) 0.125 1.14(0.88-1.47) 0311 1.37(1.15-163) <0.001
Alzheimer's disease mortalty 1.00(efer)  0.16(0.02,1.21) 0076 051(0.06-4.14) 0526 2.35(0.73-7.56) 0.153
Diabetes melltus mortality 1.00 (refer) 492 (1.42,16.99) 0012 5.61(1.45-21.68) 0013 13.45(4.77-37.97) <0.001
Influenza and peumonia mortality 1.00 (refer) 1,63 (035,7.53) 0529 165(0.38-7.07) 0501 053(0.11-2.48) 0414
Kidney disease mortality 1.00 (refer)  0.66(0.07,6.62)  0.72 NA NA  5.41(1.84-1587) 0.002
Prostate
All-cause mortality 1.00 (efer)  1.11(086,1.42) 0424 142(1.07-1.89) 0015 1.7 (0.96-1.41) 0418
Cancer mortality 1.00(refer)  1.31(0.90,1.91) 0.156 128(0.74-220) 0381 092(065-131) 0644
VD mortality 1.00 (refer)  1.05(058,1.92) 0871 151(081-2.83) 0194 1.12(0.74-1.71) 0592
Chronic lower respiratory disease mortalty ~ 1.00 (refer) ~ 1.11(0.86,1.43)  0.41  1.43(1.08-1.90) 0014 1.17(0.97-1.42) 0.107
Alzheimer's disease mortalty 1.00 (refer)  0.96(0.12,7.74) 0972 NA NA  1.89(0.42-856) 0.405
Diabstes melitus mortality 1.00 (refer)  10.18 (2.16, 48.02) 0008 1620 (3.29-80.75) 0.001 25.25 (7.85-81.25) <0.001
Influenza and peumonia mortality 1.00 (efer)  0.21(0.03,157) 0427 072(0.09-591) 0757 031(0.05-1.73) 0479
Kicney disease mortality 1.00 (refer)  2.72(0.47,1559) 0261 5.60(241-13.08) <0001 0.60(0.06-583) 0661
Colorectal
All-cause mortality 1.00 (refer)  1.19(090,158) 0219 134(098-1.82) 0064 1.32(1.08-1.60) 0006
Cancer mortality 1.00 (efer)  1.20(085,1.98) 0236 157 (091-2.72) 0406 1.31(0.90-1.89) 0.154
VD mortality 1.00(refer)  1.18(055,2.20) 0743 098(0.46-2.00) 0956 1.42(088-229) 0.149
Chronic lower respiratory disease mortality 1.0 (refer) ~ 1.20 (091,1.59) 0.198  1.34 (099-1.83) 0,050 1.33(1.09-1.62) 0.005
Alzheimer’s disease mortality 1.00 (refer.) 1.21(0.10,14.85) 0.881 291(0.54-15.76) 0215 0.47 (0.06-3.82) 0.476
Diabetes melltus mortality 1.00 (efer)  0.71(0.08,6.33) 0756 5.54(1.10-27.86) 0038 28.47 (7.43-74.17) <0.001
Influenza and pneumonia mortality 1.00 (refer) NA NA NA NA  0.49(0.08-309) 0444
Kidney disease mortaiity 1.00 (efer)  0.98(0.10,9.18) 0985 099(0.19-5.11) 0994 0.73(0.22-2.43) 0604

CVD, cardiovascular disease; HR, hazard ratios.
Adjusted for age, sex, race, education level, income level, marital status, body mass index, smoking status, alcohol intake, physical activity, cancer diagnosed age, duration of cancer,
history of hypertension, coronary heart disease and stroke, and missing data.
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Variables

Age,y

Education, y

Duration of disease, y

BMI, kg/m?

Fasting blood glucose, mmol/L.
Triglyceride, mmol/L

High density lipoprotein, mmol/L.
Low density lipoprotein, mmol/L
Meale, n (%)

Hypertension, n (%)

Diabetes, n (%)
Hyperlipidemia, n (%)

Smoker, n (%)

Drinker, n (%)

Tea drinker, n (%)

Physical exercise, n (%)

Hobby, n (%)

Clozapine, n (%)

Olanzapine, n (%)

Quetiapine, n (%)

Risperidone, n (%)
Aripiprazole, n (%)

MoCA

GDs

PANSS

Homozygous APOE E3 (N = 205)

67.10 + 6,542
821+ 8,652
35.45 + 13.241
23.95 + 4.217
550 & 1.491
138+ 0836
1.20 £ 0406
283+ 0.752
109(53.2)
78(38.0)
52(25.4)
72(35.1)
69(33.7)
24(11.7)

44 (21.5)
66(322)
78(33.0)
33(16.1)
54(263)
26(12.7)
61(20.8)
38(18.5)
14.28 £ 6.740
9.46 % 5.927
63.95 % 21.100

Non-homozygous APOE E3 (N = 96)

67.73 + 6,888
7.63 £ 3.807
37.71 £ 13.066
23,56 + 3,989
5.47 £1.264
1.89 +0.808
131 £0.412
262.+0.858
52(54.2)

33 (34.4)
26(27.1)

48 (50.0)
28(20.2)
9(9.4)
22(22.9)
29(30.2)
31(323)

15 (15.6)
28(20.2)

16 (16.7)
26(27.1)

17 (17.7)
12.99+7.203
1171 £6514
65.70 + 22,823

ForX?

-0.768
1.272
1874
0.749
0.177
0.076
-0.065
2.140
0.026
0.379
0.100
6.037
0.604
0.364
0.081
0.119
0.938
0011
0.263
0.864
0.227
0.030
1.335
—2.765
-0.603

0.443
0.204
0.170
0.455
0.859
0.927
0.956
0.033*
0.902
0.609
0.779
0.016*
0.509
0.693
0.767
0.791

0.369
1.000
0.677
0.375
0.684
1.000
0.183
0.006*
0.547

*p < 0.05.
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Characteristics

Age,y

Low density lipoprotein, mmol/L
Male, n (%)

GDs

“p < 0.05.

Homozygous APOE E3 (n = 97)

68.30 + 6,515
2,874 +0.870
45 (46.4)
4.769 + 8.947

Non-homozygous APOE E3 (n = 57) torx?
68.95 < 6.867 -0585

2,930 & 0.809 —0.401

27 (47.4) 0.014

6.887 % 4.718 —2.887

0.560
0.689
1.000
0.005*
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Parameters N Percentage (%)

Serous 110 705
Clear cell 12 77
Endometrioid 21 135
Mucinous 83
PNX 301
pNO 43 276
pN1 52 333
PMO/X 150 %62
pM1 6 38
Low 24 230
High 80 770
at 6 316
a2 5 263
o] 8 424
at 6 500
a2 6 500
a8 o 0
a3 9 100
I 35 23.1
" 10 66
i 108 682
% 3 20
<60 years 83 532

60 years 73 468
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Variable P Correlation coefficient

Histology 0075
FIGO stage 0673
Age 0.208
GRADING

Clear cell, endometrioid, and mucinous (G1-G3) 0.520
Serous—low grading 0052
Serous—high grading 0.041*

-0.083
0.086
0.105

-0.088
—-0.160
0.169

Clinicopathologic data and p-arrestin 2 expresssion were correlated to each other using
Spearman’s correlation analysis. Significant correlations are indicated by asterisks (‘p <

0.05). p, two-tailed significance.
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Staining p-arrestin 2 FSHR LHCGR GPER hCGg

cc 1.000 0.183 0.284 0.215 0.360
P - 0.029 0.001 0.009 0.000
n 148 143 146 148 137
cc 0.183 1.000 0.164 0214 0.082
P 0.029 - 0.046 0.009 0.340
n 143 151 149 148 137
cc 0.284 0.164 1.000 0.170 0.200
P 0.001 0.046 - 0.087 0.018
n 146 149 154 151 140
cc 0.215 0.214 0.170 1.000 0.114
P 0.009 0.009 0.037 - 0.179
n 148 148 151 158 141
cc 0.360 0.082 0.200 0.114 1.000
P 0.000 0.340 0.018 0.179 -

n 137 137 140 141 142

cc, correlation coefficient; p, two-tailed significance; n, number of patients.
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Covariate Coefficient (b;) [HR Exp (b)] 95% CI P-value

Lower Upper
Patient’s Age (<60 vs. >60) 0625 1.869 1.133 3.084 0014
FIGO (|, I vs. Il V) 0813 2255 1.499 3393 <0.001
Clear cel, endometrioid, and mucinous (G1-G3) 0.142 1.153 0.749 1774 0517
Serous—low grading —0.695 0.499 0.160 1.562 0232
Serous—high grading 0.654 1.924 0765 4838 0.164

High p-arrestin 2 -0.097 0.907 0.795 1.036 0.152
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APOE

E2 (c2/e2,
€2/e3)
E3(c3/c3)

Ed(e2/ed,
€3/ed, ed/ed)

2/e2
€2/e3
/el
€B/e3
3/ed
€dled

Male (n = 161)

23 (14.3%)

109 (67.7%)
29 (18.0%)

1(0.6%)
22 (13.7%)
2(1.2%)
109 (67.7%)
23 (14.3%)
4(2.5%)

Female (n = 140)

17 (12.1%)

96 (68.6%)
27 (19.3%)

1(0.7%)
16 (11.4%)
4(2.9%)
96 (68.6%)
20(14.3%)
3(2.1%)

‘Combined (n = 301)
40 (13.3%)

205 (68.1%)
56 (18.6%)

2(0.7%)
38 (12.6%)
6(2.0%)
205 (68.1%)
43 (14.3%)
7 (2.3%)





OPS/images/fendo.2020.563267/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.563267/fendo-11-563267-g001.jpg
i
'
i
Egg

Aging 2
prery @ N e

s L N _ 8

redabeies Type 2isbetes Porc

< tossin | [+ onteicemn
resstance 7 Chvonicand sute
< ratdeportion aflsmmaton
wan Icrezsed eptn
Low diponectn
clvstedpocsin2
Cbashy’

=






OPS/images/fendo.2020.563267/fendo-11-563267-g002.jpg
Meni mutation (+)
Mofa mutstion (1)
: 13728 mtstion

l iny1(e)
walh

mutotion

Oifereniat

expression o el

eyce eguistorsin
betacels

‘Men2 mutation (+)
Mafa mtsion (1)
73728 mutston
wm

oecens afbetr el
et smyids
st metsbosc
sesing s
Miechondn gens






OPS/images/fendo-11-00642/crossmark.jpg
©

2

i

|





OPS/images/fendo-11-00595/fendo-11-00595-t001.jpg
Total Reference

n. 50
Agelyears) 60.3 & 14.1 -
Male (n) 30 (60%) -
Unilateral/bilateral involvement 22/28 -
BMI (kg/m?)? 22432 -
Malignances(n, %) 1 (2.0%) -
Autoimmune diseases(n, %) 5(8.0%) -
Infectious disease (n, %) 10 (20%) -
TG (mmol/L 1.49 40,69 0.29-183
HDL-C (mmol/L)> 0.88+0.38 >09
UA (umol/Lp 3292 + 2069 240.0-490.0
LDH (UL 5712 +858.0 110-220
LDH %(n, %) 30(81.1%) -
HBDH (U/L)® 444.5 +289.0 72-182
HBDH %(n, %) > 28 (75.5%) -
wBe® 53+22 36-9.5 x 109/L
Neutrophils % 62.8+149 40-75.0%
Lymphocytes % 211£9.41 20-50.0%
Monocytes % 87+29 3-10.0%
Adrenal insufficiency (n)° 4(11.4%) -
Bilateral adrenal involvernent 3(8.5%)
Unilateral adrenal involvement 1(2.9%)
Serum Epstein-Barr virus-encoded small 8(38.1%)
Bilateral lesions (n, %) 30 (60%) -
Tumor Size (cm)
Left (range) 65(1.7, 12.1) -
Right (range) 6.7(1.4,16.8) -

Adrenal insufficiency was defined as an early moming (8-10A.M.) serum cortisol level
<140 nmoV/L and 2 plasma adrenocorticotropic hormone (ACTH) level that was 2-fold
greater than the upper lmit of the normal range (17), because a corticotropin stimulation
test is not feasible in the westem area of China. The cortisol level of four patients with
adrenocortical insufficiency were 94.86, 79.24, 120.40, 17.64 nmol/L, and corresponding
ACTH level were 325, 219.9, 391, 216.2 pmolL, respectively. *Twenty-five patients with
data regercing BMI; 237 patients with data regarding TG, HDL-C, UA, LDH, HBDH level,
and WBC count; ©34 patients with data regarding ACTH and early-morning cortisol level;
9n) represented the number of patents whose LDH or HBDH level were above the upper
limits of the reference range.

BMi: body mass index; TG trighyceride; UA uric acid; LDH: lactate dehydrogenase; HBDH:
hydroxybutyrate dehydrogenase; HDL-C: high-density lipoprotein cholesterol,

6 HBV, 378 and diabetes respectively, 2 gastric ulcers, 2 lymphomas in other parts, 1
smallcel lung cancer, 1 uveits, 1 thrombotic thrombocytopenic, 1 hemolytic anemiaand 1
rheumatoid arthritis. 1 HIV, and no patients with tumor history and autoimmune adrenalitis.
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Affected organ/tissues n (%)

Kidney vasculatures 1945.2)
Lymph nodes 16 (38.1)
Kidney 15(35.7)
Inferior vena cava 10 (23.8)
Liver 7(16.7)
Pancreas 6(14.9)
Spleen 4(95)
Osteomedullary invasion 4/25 (8.0)

Forty-two patients were found to have extra-adrenal infiltration.
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Chemotherapy
type

CHoOP

R-CHOP

CHOP+
R-CHOP-+Gemox

R+V4P
Gemox
R-CHOP-+ICE

GLIDE
P

Chemotherapy
regimen (*)

1
&
&
Unknown
&
&
Unknown

CHOP x 2"+R-CHOP
x 1*4+Gemox x 6°

1
.

R-CHOP x 8'+ICE
x 4"

&

2

Case (1)

R R

1
1

Response

PR

2CR

3CR
1CR+1PR+1NR
2CR

CR

CR

CR

PR
CR
CR

CR
PR

CHOR, Cyclophosphamide+ Doxorubicin+ Vincristine+ Prednisolone; R, Rituximab;

V., Vincristine; P, Prednisolone;

ICE, lfosfamide+ Cisplatin+ Etoposide; GLIDE,

Gemoitabino+ L-asparaginase+ lfosfamice+ Dexamethasone+ Etoposide; Gemox,
Gemoitebino-+Oxalplatin; CR, complete remission, PR, partiel remission, NR, no
remission; *, chemotherapy regimen.
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Peptide Sequence Molecular weight (Dalton)

Thyroglobulin FLAVQSVISGR 1176.38
Galectin-3 IALDFQR 862.00
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Patient Gender Age DateofOP. Dateof  I-131 FT4 hsTSH  Tg Tg Post-OP. Anti-TgAb  Pathology

number radioactive Ablation Post-OP. Post-OP. Pre-OP.  6months Post-OP.
1-131 Dose 6 months
1 F 49 20160820 20160929 30mCi 0981 0212 936 <02 <80 PTC with minimally
extra-thyroid soft
tissue involvement,
TNM: T3NOMO
2 F 58 20160908 NA NA 1.13 212 NA <02 50.4 PTC with clear

surgical margin,
TNM: T1aNOMO

3 F 57 20160912 20161014 30mCi 1.24 296 NA <02 <80 PTC with minimally
extra-thyroid soft
tissue involvement,
central lymph

nodes dissection
TNM: T3NOMO

4 F 42 20160912 20161014  30mCi 1.24 0611 <02 <02 6.03 PTC
TNM: T1bN1aMO

5 F 34 20161015 20161118  30mCi 1.07 13 NA <02 <3.0 PTC with minimally
capsular invasion,

TNM: T3NOMO
6 F 52 20161119 NA NA 1.01 0249  NA 38 4.47 PTC

TNM: T2NOMO
7 2 43 20161208 20170120 30 mCi <0.27 233 NA <0.2 NA PTC

TNM: T1bNOMO

8 M 48 20161205 20170112 30 mCi 0.372 57.7 NA <0.2 NA Right thyroid
follicular carcinoma

TNM: T1bNOMO

9 M 41 20170422 20170720 150 mGi 223 0059 NA 274 346 Papilary carcinoma,
‘with minimal
extrathyroid
extension,

TNM: TBNOM1 (lung)

10 F 59 20170410  NA NA 1.27 0.96 NA 9.14 <3.0 Papillary
microcarcinoma

TNM: T1aNOMO
1" F 45 20170318 20170421 30 mCi 0.963 118 NA <0.2 <3.0 PTC (multifoci)

TNM: T3NOMO
12 F 41 20170501 20170726 125 mCi 1.32 0.998 1.34 <0.2 119.52 PTC

TNM: T1bN1aMO
13 M 49 20161015 NA NA 0.999 151 204 159 <8.0 PTC

TNM: T3NOMO
14 F 39 20170619 20170721  30mCi 1.25 19799 46.2 <02 <3.0 PTC

TNM: T1aN1aMO
15 F 74 20170828 20170929 30 mCi 1.12 0.202 14.1 <02 <3.0 PTC

TNM: T1aN1aMO
16 F 31 20171005 20180208 100 mCi 1.29 19095 57.6 0.217 <3.0 PTC

TNM: T3N1bMO

T1 or T2: patients 2, 6, 7, 8, 10; T3 or lymph nodes metastasis: patients 1,4, 5, 11, 12, 13, 14, 15, 16;
T3 with distant metastasis or suspect delphian lymph nodes metastasis: patients 3, 9.
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Total () Events (n)

All-cause dementia

Qt 4,996
Q2 4,985
Q3 5,011
Q4 4,995
P for trend

Vascular dementia
Qt 4,996
Q2 4,985
Q3 5,011
Q4 4,995
P for trend
Aizheimer's dementia
Qt 4,996
Q2 4,985
Q3 5,011
Q4 4,995
P for trend

Model 1: Adjusted for age, sex.
Model 2: model 1+ BMI.

318
351
432
491

67
74
94

232
268
339
378

Follow-up
duration
(person years)

317913
31702.84
31607.93
31361.62

32433.34
32899.7
32523.6

32354.95

32053.83
31934.62
31900.59
31724.19

Incidence rate
(per 1,000
person years)

10.00
11.07
13.67
15.66

213
207
2.28
291

7.24
8.39
10.62
1.92

Unadjusted

1 (ref)
1.106 (0.951, 1.288)
1.369 (1.185, 1.583)
1.570 (1.363, 1.808)
<0001

1 (ref)

0.971 (0.694, 1.360)

1,070 (0.771, 1.486)

1.368 (1.002, 1.866)
0.040

1 (ref)
1.159 (0.972, 1.381)
1.471 (1245, 1.738)
1,649 (1.400, 1.941)
<0001

Hazard ratio (95% confidence intervals)

Model 1

1(reh)
1.079 (0.927, 1.256)
1.294 (1,119, 1.495)
1.421(1.233, 1.687)
<0001

1(eh)

0953 (0.681, 1.334)

1.025(0.738, 1.424)

1.268 (0.928, 1.732)
0.122

1(reh)
1.129/(0.947, 1.346)
1.386 (1.173,1.638)
1.483 (1.258, 1.748)
<0001

Model 2

1 (ref)
1.070 (0.919, 1.245)
1.268 (1.007, 1.467)
1.408 (1.217,1.617)
<0.001

1 (ref)

0.944 (0.674, 1.322)

1,004 (0.722, 1.395)

1.251 (0.915, 1.710)
0.149

1 (ref)
1.118 (0.938, 1.333)
1.357 (1.147, 1.605)
1.463 (1.241, 1.725)
<0001

Model 3: model 2 + alcohol, smoking, exercise, income, diabetes, hypertension, dyslipidemia, ischemic heart disease, cerebrovascular disease.

Model 3

1(ref)
1.074 (0.928, 1.250)
1.265 (1.094, 1.464)
1.390 (1.208, 1.603)
<0.001

1(reh)

0.945 (0675, 1.324)

0.982 (0.706, 1.366)

1.204 (0.880, 1.647)
0242

1 (ref)
1.124 (0.943, 1.341)
1.362 (1151, 1.611)
1.462 (1.240, 1.724)
<0.001
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Age (years)

Sex (male) (1, %)

BMI (kg/m?)

Body weight (kg)

Waist circumference (cm)

Body weight variabiity
ViM
oV (%)

SD (mg/dL)

Incidence of dementia (1, %)
All-cause dementia
Vascular dementia
Alzheimer's dementia

Systolic BP (mmHg)

Diastolic BP (mmHg)

Fasting plasma glucose (mg/dL)

Total cholesterol (mg/dL)

Aspartate transaminase (IU/L)

Alanine transaminase (IU/L)

Current smoker (1, %)

Alcohol consumption (2, %)

Regular exercise (0, %)

Diabetes (1, %)

Hypertension (1, %)

Dyslipidernia (n, %)

erebrovascular disease (1, %)

Ischemic heart disease (1, %)

Income (lower 10%)

Qat
N = 4,996

72(70,74)
3,131 (62.7)
23.85 (22,05, 25.56)
60 (55, 66)
84(79,89)
059 (0.57,0.97)
059 (0.57,0.97)
1.08 (089, 1.47)
0.58(0.58, 1)

318 (6.4)
69 (1.4)
232 (4.6)
130 (120, 140)
80 (70, 83)
97 (89, 109)
194 (172, 220)
2420, 29)
19(15, 25)
731 (14.6)
1,676 (33.6)
1,113 22.3)
1,229 (24.6)
3,107 (62.2)
1,686 (33.9)
412 8.3)
547 (1)
547 (11)

P-value derived using Kruskal-Walls test and x? test.
Data are expressed as median (interquartie range), or n (%).

BMI, body mass index; BR, blood pressure; CV, coefficients of variance; SD, standard deviation; VIM, variability independent of the mean.

Q2
N = 4,985

7270, 75)
2,946 (59.1)
2353 (21.72, 25.46)
59 (53, 6)
8378, 88)
1.21(1.13,1.5)
1.21(1.13,1.6)
217 (1.92, 2.45)
1.15 (1.15, 1.53)

351 (7.0)
67(1.9)
268 (5.4)
130120, 140)
80 (70, 84)
97 (89, 108)
195 (172, 220)
2420, 29)
19 (15, 26)
705 (14.1)
1,684 (31.8)
978 (19.6)
1,199 (24.1)
3,182 (63.8)
1,639 (32.9)
402 (8.1)
584 (11.7)
565 (11.3)

Q3
N =5011

7270, 76)
2,940 (58.7)
23.18 (21.17,25.28)
58 (50, 65)
82(76,88)
2(1.78,2.11)
2(1.78,2.11)
33(2.96,3.7)
2(1.73,2.08)

432 8.6)
74(15)
339 (6.8)

180 (120, 139)

80 (70, 84)
96 (88, 108)
195 (174, 221)
2420, 29)
19(15, 25)
774 (15.5)
1,609 (32.1)
944 (18.8)
1,200 (24)
3,177 (63.4)
1,657 (33.1)
456(9.1)
584 (11.7)
550 (11)

Q4
N = 4,995

7270, 76)
3,008 (60.2)
23.39 (2122, 25.51)
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