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    Abstract
Background: Facioscapulohumeral muscular dystrophy (FSHD) occurs as a consequence of genetic deletion of D4Z4 repeats on chromosome 4q35. Onset of FSHD is earlier in males, suggesting that testosterone may trigger the disease. In accordance, the rapid progression of disease in women after menopause suggests a protective role for estrogen and progesterone. No studies have examined levels of all these hormones in relation with the severity of FSHD. Aims: To evaluate the possible correlation between the severity of FSHD with sex hormones, age, and genetic deletion on chromosome 4q35. Subjects and Methods: D4Z4 repeat units were investigated in 33 patients (19 males/14 females) with FSHD. In the blood samples, luteinizing hormone, follicle-stimulating hormone, free estriol, estradiol, free testosterone and total testosterone, progesterone, 17-OH progesterone, prolactin, albumin, and fibrinogen were measured. The severity of FSHD was identified using a Clinical Severity Score (CSS) scaling system. Spearman's correlation and regression analyses were performed as statistical analyses. Results: Age (P = 0.001, r = 0.541) and total testosterone (P = 0.045, r = 0.351) were positively correlated, and the progesterone/total testosterone (P = 0.025, r = −0.390) and estradiol/total testosterone ratios (P = 0.025, r = −0.389) were negatively correlated with the severity of FSHD. Conclusions: Our results indicate that age, total testosterone, ratios of estradiol and progesterone to total testosterone, but not deletion on chromosome 4q35, have a significant relation with the severity of FSHD. Given that both estrogen and testosterone treatment are considered in therapy, our results suggest that estrogen and progesterone but not testosterone are likely to be more effective on the severity of FSHD.
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    Introduction


    Facioscapulohumeral muscular dystrophy (FSHD) is the third most common dystrophy with an incidence of 1:15,000–1:20,000.[bookmark: ft1][1] Drug studies have been continuing, yet there is no specific treatment for the disease.


    D4Z4 repeats located on chromosome 4q35 region have been associated with the disease by linkage studies, and FSHD (OMIM#15890) is an autosomal dominantly inherited genetic disorder. In the normal population, the D4Z4 sequence consists of 11-100 repeats, each of which is 3.3 kb in length. There is a contraction of these repeats in 95% of patients with FSHD, and this group is referred to as FSHD1. The repeat number has been shown to vary between 1 and 10 repeats in individual FSHD cases, and DUX4 has been attributed to be the responsible gene, which is located in each D4Z4 repeat unit.[bookmark: ft2][2] Less than 5% of patients with FSHD have mutations in SMCHD1, DNMT3 and LRIF1 genes, known as FSHD2. These genes act by reducing the levels of methylation on D4Z4 repeats.[bookmark: ft3][3],[bookmark: ft4][4],[bookmark: ft5][5] Clinically, FSHD manifests with asymmetrical progressive loss of strength in face–shoulder–scapular muscles, and less frequently in peroneal muscles.[bookmark: ft6][6],[bookmark: ft7][7] Commonly, onset is around the second and third decades of life.[bookmark: ft6][6] However, there is no typical clinical manifestation; the severity of the disease is rather variable between individuals. In some patients, the disease manifests in their 20s–30s and it progresses over the years making patients wheelchair bound, whereas in others, the disease could be mild, with involvement being limited to a few muscles.


    In contrast to autosomal dominant inheritance in which male and female segregation is equal, significant clinical differences between female and male patients have also been identified. In males, the disease manifestation is earlier compared with females,[bookmark: ft8][8],[bookmark: ft9][9] which indicates the role of testosterone in FSHD. In addition, the observation of exacerbations in female patients with FSHD just after menopause indicates a possible effect for estrogen. There is clinical and molecular evidence supporting this hypothesis. Puma et al. showed that patients with FSHD who were taking antiestrogen treatment for breast cancer had an acceleration of muscle scores, whereas other patients with cancer who were treated with common chemotherapy agents did not exhibit this acceleration.[bookmark: ft10][10] On the other hand, in a clinical study that investigated lifetime estrogen exposure on disease severity, no significant relation was identified.[bookmark: ft11][11] The hypothesis that estrogen is thought to have an impact on FSHD had also been tested in molecular studies. Teveroni et al. revealed that there was an epigenetic modulation by estrogen on DUX4 target genes via histone modification.[bookmark: ft12][12] In addition, Banerji et al. showed that PGC1/ERR alpha was related to the muscle wasting of FSHD, and this phenotype was rescued with phytoestrogen (e.g. genistein, daidzein) treatment.[bookmark: ft13][13] Based on our own experience with estrogen treatment invitro, we observed that DUX4 protein was downregulated after estradiol treatment in a primary FSHD cell line,(unpublished data) supporting the protective role of estrogen in FSHD. Based on these studies, it may be considered that sex steroids, especially estrogen, have a relation in the pathophysiology of FSHD. The aim of this study was to reveal whether sex steroids had a role in FSHD by investigating the relation between the severity of the disease and sex steroid levels.


    Subjects and Methods


    This study was examined by local ethics committee and it is pursuant to the Declaration of Helsinki. This was two-center research study conducted in the universities of Akdeniz and Cukurova.


    All patients were genetically tested and diagnosed as having FSHD1. The D4Z4 repeat unit of each patient is given in [Table - 1].
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        	Table 1: Clinical severity scores, age, onset, and repeat units of 19 male and 14 female patients with facioscapulohumeral muscular dystrophy
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    The patients with FSHD were contacted and requested to undergo a physical examination and peripheral blood sampling.


    Study design


    The severity of the disease was defined: Clinical severity scoring (CSS) was estimated through neurologic physical examinations. Age, D4Z4 repeat number on chromosome 4, age at onset of disease, and duration of the disease (current age-onset) were also incorporated as other indicators of the disease. Peripheral blood samples were collected from 33 patients with FSHD (19 males/14 females) to determine the levels of the endocrinologic parameters. Statistical analysis was performed to evaluate the effect of the hormone levels on clinical severity through correlation analysis with CSS.


    Physical examination and CSS calculation


    CSS was used to assess the severity of FSHD in the clinical approach.[bookmark: ft14][14],[bookmark: ft15][15] Neurologic physical examinations were performed to estimate the CSS in the control and FSHD groups. The CSS form can be reached from the University of Rochester Medical Center website: https://www.urmc.rochester.edu/MediaLibraries/URMCMedia/fields-center/documents/ClinicalSeverityScoring.pdf.


    Endocrinologic parameters and their biochemical analysis


    The investigated endocrinologic parameters were as follows: luteinizing hormone (LH), follicle-stimulating hormone (FSH), free estriol, estradiol, free testosterone and total testosterone, progesterone, 17-OH progesterone, prolactin, albumin, and fibrinogen. Hormonal ratios were calculated by simple division. The calculated ratios were estradiol/free testosterone (E/fT), estradiol/total testosterone (E/tT), progesterone/estradiol (P/E), progesterone/free testosterone (P/fT), progesterone/total testosterone (P/tT), 17OH progesterone/estradiol (17OH P/E), 17-OH progesterone/free testosterone (17OH P/fT), 17-OH progesterone/total testosterone (17OH P/tT), and free testosterone/total testosterone (fT/tT).


    Peripheral blood samples were collected to analyze the hormone levels of the patients with FSHD. For each male patient, blood sampling was performed once. Furthermore, from eight nonmenstruating females, blood sampling was performed once (one child and women in menopause). Blood samples were obtained twice in seven menstruating women because of the fluctuation of hormone levels, on the 1st and 21st day of menstruation. The mean values of the 1st and 21st day were used for correlation analysis to eliminate a possible bias in hormone levels.


    Body mass index (BMI) was calculated using the formula weight/(height2) for each patient.


    Measurement methods of biochemical parameters


    LH, FSH, total testosterone, estradiol, progesterone, and prolactin levels were measured using an ADVIA Centaur XP (Siemens Healthcare Diagnostics, Forchheim, Germany) system with a commercial chemiluminescent immunoassay kit.


    17-OH progesterone was quantified using Shimadzu LCMS-8040 triple quadrupole mass spectrometry (Shimadzu Corporation, Japan).


    Free testosterone was determined via a Beckman Coulter (Beckman Coulter, Brea, CA, USA) system using a radioimmunoassay kit.


    DHEA-s and free estriol levels were evaluated using a chemiluminescent kit with an Immulite 2000 system (both from Siemens Healthcare Diagnostics, Forchheim, Germany). Free estriol was excluded from the study due to undetectable low levels in all patients with FSHD.


    Albumin measurements were performed on a Siemens ADVIA 2400 biochemical autoanalyzer (Siemens Healthcare Diagnostics, Forchheim, Germany) using spectrophotometry.


    Fibrinogen levels were measured via a Siemens BCS XP coagulation analyzer (Siemens Healthcare Diagnostics, Forchheim, Germany) using coagulometry.


    Statistical analysis


    Statistical analyses were performed using the Statistical Package for the Social Sciences ver. 23.0 (SPSS). (IBM, Armonk, New York, USA). The relevance of normal distribution was tested using the Shapiro–Wilk test. Having a restricted number of patients, regression analysis could not be performed for all hormones, thus nonparametric Spearman's analysis were used instead of a parametric test. The Mann–Whitney U-test was used to reveal whether there was a significant difference of CSS between male-female patients with FSHD. Spearman's correlation analysis was used to determine whether endocrinologic parameters were correlated with CSS. After Spearman's analysis, the most powerfully correlated hormone with CSS was investigated via regression analysis together with age and disease duration.


    Free estriol was not included in any statistical analysis because it was found to be under the detection limit for each patient.


    Results


    All clinical (sex, age, onset, and CSS) and genetic (repeat units) parameters of the 33 patients with FSHD are summarized in [Table - 1]. Twenty-seven of the patients were from 10 different families in which a minimum of two and maximum of four patients were from the same family. Six patients had no relatives in the study. Before the correlation analysis, the CSS of the male and female patients with FSHD was compared and no significant difference was detected (P = 0.733).


    In the correlation analysis, CSS was analyzed with age, age at onset, disease duration, and D4Z4 repeat unit numbers on chromosome 4, hormone levels, and the ratios of these hormone levels. The correlation analysis of the patients with FSHD is summarized in [Table - 2]. Age, duration of disease, total testosterone, progesterone ratio to testosterone, estradiol ratio to testosterone, and BMI were found to be correlated with disease severity. Of these, the ratios of progesterone and estradiol to testosterone were the parameters that were negatively correlated with disease severity, the others were correlated positively. Of note, repeat units on chromosome 4q35 D4Z4 had no significant correlation with FSHD severity.
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        	Table 2: Data of Spearman's correlation analysis between CSS and D4Z4 repeat unit number, age, onset, duration of disease, and hormone levels
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    To observe whether age at onset was affected by sex hormone levels and the D4Z4 repeat number, additional correlation analyses were performed with these factors. The results are given in [Table - 3]. As seen in the table, the D4Z4 repeat number of the patients showed no relation with age at onset. 17-OH progesterone and its ratio levels to estradiol and free testosterone were found to have a relation with the beginning of disease symptoms.


    
      
        	[image: ]

        	Table 3: Components correlated with onset
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    In the literature, age and repeat unit are accepted as other positively correlated concomitant factors affecting clinical severity. To clarify the independent positive effects of age, repeat unit, and total testosterone, further statistical regression analyses were performed. The results of these regression analyses are given in [Table - 4].
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        	Table 4: Results of regression analysis including total testosterone, age, and D4Z4 repeat unit number
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    As seen in [Table - 4], repeat unit number also had no significant effect in the regression analysis (P = 0.429). As a result of regression analysis, it might be calculated as: CSS corresponds to 1.161 constant plus 0.024-fold of age plus 0.044-fold of the total testosterone value. This formulation of 33 patients with FSHD can be summarized as: CSS = 1.161+ (0.024 × Age) + (0.044 × total testosterone).


    Discussion


    This study explored the correlation of hormonal levels, age, age at disease onset, disease duration, and repeat unit number with clinical severity in 33 patients with FSHD.


    In our study, age and duration of disease were correlated with CSS, but age at onset and repeat unit number were not correlated with CSS. The effect of repeat unit number on the severity of FSHD remains controversial. Tawil et al. found a significant (r = 0.92, P < 0.004) correlation between disease severity and the size of the 4q35-associated deletion.[bookmark: ft16][16] In addition, Statland et al. observed a milder phenotype within patients with 7-10 repeats compared with shorter repeat units.[bookmark: ft17][17] However, Klinge et al. observed a discordant case in their sample group.[bookmark: ft18][18] One patient in their study with the largest D4Z4 repeat (21 kb), inversely to all patients with short alleles, displayed a very severe phenotype with the general inverse relationship established between disease severity and the residual D4Z4 repeat size.[bookmark: ft18][18] Importantly, 10% of patients with FSHD have borderline size (9-10 RU), which is also found in healthy people or in a different myopathies,[bookmark: ft19][19] and 5%–10% of patients carry the range of the general population (11 RU or more) on both chromosomes.[bookmark: ft20][20] All these data indicate that the D4Z4 repeat unit on chromosome 4q35 is not specific to characterize FSHD severity. Our study results also support that the D4Z4 repeat unit is not a direct factor that affects the severity of FSHD. Recent literature revealed a more complex interaction of genetic factors including the D4Z4 repeat unit, methylation, and as yet unknown components,[bookmark: ft21][21] as well as other known components including sex hormones.


    Onset is variable between patients with FSHD.[bookmark: ft22][22] Including the effect of D4Z4 repeat unit contraction, we investigated whether hormone levels had a relation with the onset of the disease. As a result, we found 17-OH progesterone and its ratio to estradiol and testosterone were important for the beginning of symptoms. Similar to CSS, onset was not found to be correlated with the D4Z4 repeat unit number.


    Progression velocity is also variable between patients with FSHD.[bookmark: ft22][22] In male patients with FSHD, onset is earlier and symptoms are more severe.[bookmark: ft8][8],[bookmark: ft9][9] The main responsible protein in the pathogenesis of FSHD, DUX4, is expressed only in the testis of healthy men,[bookmark: ft23][23] where the testosterone is highly expressed, indicating a possible interaction or common pathway between testosterone and DUX4. We found higher total testosterone levels with greater disease severity in patients in whom DUX4 had been expected to be highly expressed. These data draw attention to the fact that testosterone may be one of the trigger factors in FSHD. Paradoxically, there is one ongoing research on recombinant human growth factor and testosterone together for the treatment of FSHD. The trial started on December 18, 2017. This is a study of daily human growth hormone (Genotropin®, 5.0 μg/kg s. c.) and testosterone injections (testosterone enanthate, 140 mg i. m.) every 2 weeks for 24 weeks in men with FSHD with a 12-week washout period.[bookmark: ft24][24] Even though the results of our study indicate testosterone as a trigger factor rather than a treatment option, with the results of the clinical testosterone trial, we will be able to learn more clear and detailed data on the role of testosterone in FSHD.


    In female patients with FSHD, there is a clear aggravation of symptoms after menopause.[bookmark: ft25][25] In parallel with this, in women there is a sharp decrease in estradiol levels after menopause.[bookmark: ft26][26] With the overlap between FSHD aggravation and hormonal changes in menopause, estrogen and other hormones have become worthy of further investigation. The protective effect of estrogen on FSHD has also been supported by recent molecular studies. Estradiol was shown to downregulate DUX4 levels (unpublished data) or DUX4 target genes by histone modification[bookmark: ft12][12] in FSHD cell lines. Our results indicate a relative effect of both estradiol and progesterone to total testosterone on the severity of FSHD. These results are also in harmony with clinical disease progression, especially after menopause in women.[bookmark: ft25][25]


    Conclusion


    In summary, our findings suggest that the increase in disease severity might have a relation with high testosterone levels. On the other hand, a decrease in severity might have a relation with high estradiol, progesterone levels, and the ratios of these two hormones to testosterone.


    In the literature, one study has investigated lifetime estrogen exposure on FSHD severity.[bookmark: ft11][11] However, our study is the first pilot research to investigate both estrogen and free testosterone, and total testosterone, progesterone, 17-OH progesterone, prolactin, albumin, fibrinogen levels, and hormonal ratios with disease severity. All the results of our study indicate that estradiol, testosterone, and progesterone orchestrate changes in the severity of FSHD. By finding a correlation, especially with estradiol and progesterone levels relative to testosterone levels, we suggest that studies on FSHD should focus on the balance between these hormone levels rather than the solitary levels of each hormone.
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  Table 1: Clinical severity scores, age, onset, and repeat units of 19 male and 14 female patients with facioscapulohumeral muscular dystrophy
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  Table 2: Data of Spearman's correlation analysis between CSS and D4Z4 repeat unit number, age, onset, duration of disease, and hormone levels
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  Table 3: Components correlated with onset
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  Table 4: Results of regression analysis including total testosterone, age, and D4Z4 repeat unit number
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Prolactin —0.281 0.113 33
A —0.225 0207 33
F 0.170 0345 33
PE ratio —0.063 0.726 33
PIT ratio —0.226 0205 33
PIT ratio —0390% 0.025 33
170HPE ratio —0.096 0597 33
170HPIT ratio —0.225 0209 33
170HPIT ratio —0.331 0.060 33
EfT ratio —0.224 0209 33
ET ratio —0389*% 0.025 33
TYT ratio —0.165 0359 33
BMI 0345 0.049 33

~ Low positive or negative correlation, **: Moderate-high positive or negative correlation, CSS: Clinical severity score, LH: Luteinizing
hormone, FSH: Follicle-stimulating hormone, BMT: Body mass index
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Correlations

Onset
R values correlation P Number of patients
coefficient Significant (two-tailed)

D4Z4 repeat units on chromosome 435 0.195 0276 33
LH 0.491%* 0.004 33
FSH 0.526%* 0.002 33
170HP 0.390% 0.025 33
170HPE ratio 0.420%* 0015 33
170HPIT ratio 363+ 0.038 33

~Low positive or negative correlation, **: Moderate-high positive or negative correlation, DAZ4 repeat units on chromosome 4q35 are

also noted even though it was not correlated with onset. LH: Luteinizing hormone, FSH: Follicle-stimulating hormone
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Coefficients*

Model 1 Unstandardized coefficients Standardized t Significant
B SE coefficients, p

Constant 1.161 0482 2407 0.023

Repeat units 0.049 0.061 0.117 0.802 0429

Age 0.024 0.010 0385 2447 0.021

Total testosterone 0.044 0.019 0377 2359 0.025

“Dependent variable: CSS. CSS: Clinical severity score, B: unstandardized beta, S]

standard error for the unstandardized beta, t: test statistic





