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Abstract: Context

Epigenetic alterations may play a role in the development and behaviour of Pituitary
Neuroendocrine Tumours (PitNETs).

Objective

To evaluate the effect of methylation of Tumour Suppressor Genes (TSGs) in their
gene expression and in the behaviour of PitNETs.

Material and Methods

We use MS-MLPA and q-RT-PCR techniques to analyse the DNA-promoter
hypermethylation and the gene expression of 35 TSGs in 105 PitNETs. We define
functionality, size and invasiveness of tumours according to their clinical
manifestations, Hardy’s classification and MRI invasion of the cavernous sinus,
respectively.

Results

We observed different methylation patterns among PitNET subtypes. CASP8 was the
most hypermethylated gene in all PitNET subtypes. The methylation status of TP73
correlated negatively with their gene expression in the overall series (p=0.013) and in
some subtypes. MSH6 and CADM1 showed higher methylation frequency in macro
than in microadenomas in the overall series and in corticotroph PitNETs (all p≤0.053).
ESR1 and RASSF1 were higher methylated in non-invasive than in invasive tumours in
the overall series (p=0.054 and p=0.031, respectively) and in the gonadotroph subtype
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(sGT) (p=0.055 and p=0.050, respectively). ESR1 and CASP8 appeared more
hypermethylated in functioning than in sCT (p=0.034 and p=0.034, respectively).

Conclusions

DNA-methylation of TSGs has a selective effect on their gene expression and on the
growth and invasiveness of PitNETs. Its involvement in their functionality is biased
because all silent operated tumours are macroadenomas while all operated
microadenomas are functioning ones. Therefore, the subtypes of PitNETs should be
considered as different entities.
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Rebuttal 1 

 2 

# jc.2018-01856 "DNA methylation of Tumour Suppressor Genes in Pituitary 3 

Neuroendocrine Tumours" 4 

Reviewer #1:  5 

Authors answered my question, informing on the presurgical hormonal results (correct 6 

typo mistake line 247) but this should be extended on the initial hormones values 7 

analysis since medical therapy was applied. 8 

 9 

Dear Editor and Reviewer,  10 

 11 

We agree. Indeed, we thought of including this data in the submitted Supplemental 12 

Table 1. However, we discarded this because there are several hormone 13 

measurements at diagnosis, for example: free urinary cortisol x 2 or 3; nocturnal 14 

salivary cortisol; several plasma ACTH and cortisol measurements; serum cortisol after 15 

DEX and at least 2 or 3 measurements of GH and IGF1 per patient. Moreover, the 16 

patients come from 4 different university hospitals and the hormone measurements 17 

were performed in the local laboratories. In this scenario, we are sending the 18 

Supplemental Table 1 (reference 24) again, with the hormone levels at diagnosis. The 19 

values represent the average of all measurements per patient that we have. We have 20 

corrected the typo mistake in line 247 too. 21 

 22 

With this new information, we hope to have answered your query. However, if you 23 

would like us to perform any additional analysis, we will be happy to do so. 24 

 25 

 26 
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Prècis 26 

The study of methylation status of 35 TSGs in a series of 105 PitNETs, allows us to 27 

show a selective effect on gene expression and on the clinical behaviour and 28 

functionality of these tumours.  29 

Abstract 30 

Context: Epigenetic alterations may play a role in the development and behaviour of 31 

Pituitary Neuroendocrine Tumours (PitNETs). 32 

Objective: To evaluate the effect of methylation of Tumour Suppressor Genes (TSGs) 33 

in their gene expression and in the behaviour of PitNETs. 34 

Material and Methods: We use MS-MLPA and q-RT-PCR techniques to analyse the 35 

DNA-promoter hypermethylation and the gene expression of 35 TSGs in 105 PitNETs. 36 

We define functionality, size and invasiveness of tumours according to their clinical 37 

manifestations, Hardy’s classification and MRI invasion of the cavernous sinus, 38 

respectively. 39 

Results: We observed different methylation patterns among PitNET subtypes. CASP8 40 

was the most hypermethylated gene in all PitNET subtypes. The methylation status of 41 

TP73 correlated negatively with their gene expression in the overall series (p=0.013) 42 

and in some subtypes. MSH6 and CADM1 showed higher methylation frequency in 43 

macro than in microadenomas in the overall series and in corticotroph PitNETs (all 44 

p≤0.053).  ESR1 and RASSF1 were higher methylated in non-invasive than in invasive 45 

tumours in the overall series (p=0.054 and p=0.031, respectively) and in the 46 

gonadotroph subtype (sGT) (p=0.055 and p=0.050, respectively). ESR1 and CASP8 47 

appeared more hypermethylated in functioning than in sCT (p=0.034 and p=0.034, 48 

respectively). 49 
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Conclusions: DNA-methylation of TSGs has a selective effect on their gene 50 

expression and on the growth and invasiveness of PitNETs. Its involvement in their 51 

functionality is biased because all silent operated tumours are macroadenomas while 52 

all operated microadenomas are functioning ones. Therefore, the subtypes of PitNETs 53 

should be considered as different entities. 54 

 55 

Introduction 56 

Emerging evidence indicates that epigenetic modifications are crucial in the gene 57 

expression alterations involved in loss of cell control and neoplastic development1,2–4. 58 

The loss of cell control can be produced, among other alterations, by the aberrant 59 

hypermethylation of promoter CpG islands of several relevant genes involved in the cell 60 

cycle regulatory pathways. Indeed, DNA methylation has been involved in the 61 

behaviour of several tumours, such as gliomas as well as colorectal, gastric and breast 62 

cancer, through the silencing of several tumour suppressor genes (TSGs) 2,5–8. TSGs 63 

are the main elements responsible for preventing the development of a neoplasia, 64 

through the coding of regulatory proteins involved in the inhibition of cell proliferation 65 

and in the promotion of apoptosis9. However, its implication in the tumorigenesis 66 

process of Pituitary Neuroendocrine Tumours (PitNETs) has been scarcely 67 

investigated, with contradictory results among studies. 68 

PitNETs account for 10% of all central nervous system tumours, with documented 69 

prevalence rising with the increasing use of brain image techniques10. Although most 70 

silent PitNETs are indolent, a few behave aggressively and some authors have 71 

suggested that epigenetic modifications could participate in their invasive behaviour.  72 

Since the first genome-wide analysis of the DNA methylome in pituitary tumours11, 73 

advances in microarray technologies and bioinformatics analysis have enabled the 74 

identification of hypermethylated genes in the different PitNETs. Therefore, several 75 

authors have studied – with inconclusive results – the relationship between the 76 
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frequency of methylation, the level of gene expression1,12–14 and the clinical behaviour 77 

of PitNETs. However, the published studies have several limitations, related to the 78 

small size of the studied series and the heterogeneity in genomic techniques used. 79 

Moreover, there is an important confusion in the literature with respect to the influence 80 

of methylation of TSGs in the growth and functioning of PitNETs, because of all silent 81 

PitNETs are macroadenomas whereas some functioning PitNETs are microadenomas. 82 

The interest in studying epigenetic modifications in the tumorigenesis of PitNETs 83 

resides in their reversible nature and the possibility that specific molecular markers 84 

could guide the treatment of these tumours. Indeed, epigenetic modifications are 85 

involved in the response to treatment in several tumours15, and there are phase III trials 86 

suggesting that analysis of MGMT methylation status may guide the treatment of 87 

glioblastoma in elderly patients16. Moreover, epigenetic biomarkers can be analysed 88 

easily and be detected in biological fluids17, allowing its use as non-invasive diagnostic 89 

and prognostic tools. Therefore, two major targets of research should be reproducing 90 

previous results in a larger series of PitNETs and identifying specific genes that could 91 

act as prognostic and predictive biomarkers in these tumours. 92 

Consequently, the aim of the present study was to determine the methylation status of 93 

35 TSGs in a big series of PitNETs and to examine the role of methylation in the gene 94 

expression and in the growth, invasiveness and function of these tumours. 95 

 96 

Material and Methods 97 

 98 

Patients and samples 99 

The study included 105 PitNETs (35 silent gonadotroph tumours (sGT), 15 silent 100 

corticotroph tumours (sCT), 15 functioning corticotroph tumours (fCT) and 40 101 

functioning somatotroph adenomas (fST)) from 105 patients operated in four Pituitary 102 

Tumour Centres of Excellence. Clinical, pathological, radiological and molecular data 103 
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were collected anonymously for each sample from the Spanish Molecular Registry of 104 

Pituitary Adenomas (REMAH) database, a Spanish multicentre clinical-basic 105 

collaborative project18. We defined invasiveness according to cavernous sinus invasion 106 

(CSI). Table 1 shows the demographic and clinical characteristics of the patients.  107 

The study complies with the Declaration of Helsinki and other applicable laws and 108 

received approval from the Institutional Ethics Committee for Clinical Research 109 

(Hospital General Universitario de Alicante). None of the donors was from a vulnerable 110 

population, and all donors or next of kin freely provided written informed consent. 111 

 112 

Clinical, IHC and molecular identification of PitNETs 113 

The tumours were separated as functioning or silent according to their clinical and 114 

biochemical characteristics18. We identify the different subtypes of PitNETs on the 115 

basis of their immunohistochemical characteristics and on the dominant pituitary-116 

specific genes, according to criteria previously defined by our group19,20. 117 

 118 

DNA and RNA extraction 119 

All specimens were preserved immediately after surgery in RNAlater solution at 4ºC for 120 

24±48 h and then frozen at −20ºC until molecular analysis. The biological samples 121 

were disrupted using the TissueLyser (Qiagen, Hilden, Germany). DNA and RNA 122 

isolation was carried out manually with the AllPrep DNA-RNA-Protein (Qiagen). We 123 

measured DNA and RNA concentration and purity using a Nanodrop 124 

spectrophotometer (Thermo Scientific; Waltham, MA, USA). 125 

 126 

Analysis of methylation by MS-MLPA 127 

We used methylation-specific multiplex ligation-dependent probe amplification (MS-128 

MLPA) to analyse promoter hypermethylation of 35 TSGs. We employed two 129 

commercial panels for this purpose: SALSA MLPA ME001 Tumour suppressor mix 130 
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1 and SALSA MLPA ME002 Tumour suppressor mix 2 (MRC-Holland, Amsterdam, 131 

Netherlands).  132 

This technique is based on probes that specifically recognise DNA sequences 133 

containing a restriction site for the methylation sensitive HhaI enzyme (New England 134 

BioLabs Inc.). The ME001 MS-MLPA probe mix contains 26 MS-MLPA probes that 135 

detect the methylation status of promoter regions of 24 different TSGs along with 15 136 

reference probes that are not affected by HhaI digestion. The ME002 MS-MLPA 137 

probemix contains 27 MS-MLPA probes that detect the methylation status of promoter 138 

regions for 25 different TSGs. In addition, 14 reference probes are included which are 139 

not affected by HhaI digestion. Some genes match on both panels, therefore the actual 140 

number of genes analysed was 35. All the information of the probe sequence and 141 

restriction sites can be found at www.mlpa.com. 142 

We performed the protocol according to the manufacturer's recommendations21 and 143 

used the GeneScan 600 LIZ reference marker. The polymerase chain reaction (PCR) 144 

product was separated by capillary electrophoresis (ABIPRISM 3500, Applied 145 

Biosystems). We analysed data from the electrophoretic separation using GeneScan 146 

software (Applied Biosystems) and Excel spreadsheet templates provided by the 147 

manufacturer. The ratios are the result of the quotient between the normalised height of 148 

each peak of the digested sample and the normalised height of the corresponding peak 149 

of its undigested control. The ratio established to discriminate between the methylated 150 

and non-methylated state of each probe was set at 0.25, as described by Jeuken et 151 

al.22. Although some genes from the SALSA MLPA ME001 panel were also in the 152 

SALSA MLPA ME002 panel, the regions interrogated in each panel were different. We 153 

considered that a gene was methylated if it showed at least one methylated probe 154 

(ratio ≥ 0.25). 155 

 156 

file:///C:/Users/Admin/OneDrive/Documentos/Autonomos/Antonio%20MIguel%20Pico%20Alfonso/www.mlpa.com
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Study of gene expression  157 

We selected five of the most hypermethylated TSGs (TP73, CADM1, CASP8, MGMT 158 

and RASSF1) to quantify their gene expression in 68 tumours (12 sCT, 15 fCT, 16 sGT 159 

and 25 fST) with enough genetic material available. We used 2 µg of RNA in each 160 

reverse transcription reaction in a total volume of 20 µL according to the High Capacity 161 

cDNA Reverse Transcription Kit (Applied Biosystems) protocol. The reaction was 162 

carried out at 25ºC for 10 min, 37ºC for 120 min and 85ºC for 5 s. Afterward we diluted 163 

the reaction volume in 100 µL at a final concentration of cDNA at 20 ng/µL. 164 

Quantitative real-time PCR was performed according to manufacturer’s instructions in a 165 

7500 Fast Real-Time PCR System (Life Technologies, CA, USA). We used TaqMan 166 

Fast Advanced PCR Master Mix and assays based on hydrolysis probes (TaqMan 167 

Gene Expression Assays, Life Technologies, CA, USA) for specific complementary 168 

DNA retrotranscribed from mRNA, whose probes span an exon junction and will not 169 

detect genomic DNA. We included negative controls to check that the probes did not 170 

amplify genomic DNA contaminant. Selected assays were TP73 (Hs01056231_m1), 171 

CADM1 (Hs00942509_m1), MGMT (Hs01037698_m1), CASP8 (Hs01018151_m1) and 172 

RASSF1 (Hs00200394). The levels of these mRNA transcripts were measured and 173 

normalised against PGK1 (Hs00943178_g1), TBP (Hs00427620_m1) and MRPL19 174 

(Hs00608519_m1) as reference genes by the GeNorm algorithm. Total RNA from 175 

normal adult brain tissue (Bionova) was used as a positive control. A pool of RNA from 176 

nine normal pituitary autopsy samples served as a calibrator. Relative changes in gene 177 

expression were calculated as the fold change by the 2−ΔΔCt method and were analysed 178 

using SDS software (Applied Biosystems). 179 

 180 

Statistical analysis 181 

We performed a phenotypic description of the population according to the clinical-182 

pathological variables. We expressed qualitative variables as relative frequencies 183 
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(percentages) and quantitative variables as mean (standard deviation; SD). We 184 

determined the distribution of the quantitative variables as parametric or non-185 

parametric (Shapiro-Wilk test). We determined the relative frequency of each 186 

methylated gene in the overall series and in the different subtypes and used the Chi-187 

square, Mann-Whitney, Kruskall-Wallis, T-Student and ANOVA tests to compare 188 

variables as appropriate. We considered p values of less than 0.05 to be statistically 189 

significant. Statistical analysis was performed with SPSS 24.0 software (IBM software).  190 

 191 

Results 192 

Methylation status and mRNA expression 193 

We used two panels, as described, to analyse the methylation status of the 35 TSGs 194 

chosen. Ten TSGs showed distinct frequencies of their promoter methylation according 195 

to different PitNET subtypes: TP73, KLLN, PAX5, ESR1, MSH6, CADM1, GATA5, 196 

CDKN2B, CASP8 and RASSF1, being CASP8 the gene with the highest frequency of 197 

methylation. The most hypermethylated pattern was shown in sGT, followed by sCT, 198 

fCT and fST (Table 2 and Supplemental Fig. 123). To study the effect of the methylation 199 

on mRNA gene expression, we selected five of the most frequently methylated TSGs 200 

(TP73, MGMT, CADM1, CASP8 and RASSF1) in the overall series (Table 2). We 201 

found quantitative differences in gene expression of the five hypermethylated TSGs 202 

selected (Table 2), between subtypes. RASSF1 and CASP8 were differentially 203 

expressed between the different lineages of PitNETs and CADM1 only between 204 

tumours of corticotroph lineage and the other subtypes (Fig. 1).  205 

The methylation status only affected negatively the expression of TP73 gene in the 206 

overall series (p =0.013) and in the fCT (p =0.066) and sCT (p =0.078) subtypes. 207 

Indeed, there was even a tendency toward higher gene expression in the methylated 208 

forms of CADM1 and CASP8 in the series as a whole and in some PitNETs subtypes 209 

(Fig. 2).  210 
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Methylation status, invasiveness and functionality of PitNETs 211 

In the overall series, we did not find any correlation between the methylation status of 212 

the 35 genes analysed and participant sex, age or tumour maximum diameter (TMD). 213 

However, macroadenomas showed a higher frequency of DNA promoter methylation of 214 

MSH6 and CADM1 genes than microadenomas (p = 0.008 and 0.049, respectively). In 215 

addition, there was a negative association of the methylation status of ESR1 and 216 

RASSF1 with the invasive behaviour of PitNETs (p=0.054 and 0.031, respectively). 217 

Finally, TP53, KLLN, PAX5, MSH6, CADM1, GATA5, CDHKN2, CASP8 and RASSF1 218 

were more methylated in silent tumours (sGT and sCT) than in functioning ones (fCT 219 

and fST) (Table 3). 220 

By subtypes, silent gonadotropinomas were the most methylated tumours. Although 221 

fifteen of the 35 TSGs studied appeared methylated in different percentages of these 222 

tumours, only CASP8 showed methylation in 100% of the cases. All of the sGT were 223 

macroadenomas, and there was no correlation between methylation status and the 224 

size of the tumour. However, ESR1 and RASSF1 were more methylated in non-225 

invasive than in invasive tumours (p=0.055 and p=0.050, respectively).  226 

Corticotroph macroadenomas (both functioning and silent) showed a higher frequency 227 

of promoter methylation in the MSH6 and CADM1 genes compared to corticotroph 228 

microadenomas (p=0.005 and p=0.033, respectively). However, all of the corticotroph 229 

microadenomas were functioning and all of the sCT were macroadenomas. An 230 

additional analysis comparing functioning vs silent macrocorticotropinomas failed to 231 

find significant differences in the methylation status of MSH6 and CADM1 between 232 

them. Indeed, while all functioning microadenomas were MSH6 non-methylated, 42.9% 233 

of the functioning macroadenomas were MSH6 methylated (p=0.017). Conversely, 234 

there were a negative correlation between the promoter methylation of RASSF1 and 235 

invasiveness of sCT (p = 0.021). Finally, although ESR1 and CASP8 genes appeared 236 

more methylated in fCT than in sCT ones (p=0.034 both), only ESR1 appeared more 237 
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methylated in macro fCT than in sCT (p=0.025) without significant differences between 238 

functioning macro and microadenomas (Table 4).  239 

Functioning somatotroph PitNETs were the less methylated PitNETs. Only CASP8 and 240 

RASSF1 were methylated in most of these tumours (87.2% and 79.5%, respectively). 241 

Two other genes (CDKN2B, TP73) also appeared methylated, although in a low 242 

proportion of cases. There was no correlation between the methylation status and the 243 

clinical behaviour in this PitNET subtype. 244 

Once identified the most hypermethylated genes in fCT and fST, we look for an 245 

association between these methylated genes and the degree of hormonal secretion 246 

prior to surgery. In supplemental table 124 we show the hormonal levels at diagnosis 247 

and the pre-surgical hormonal levels of the 55 patients with functioning PitNETs (15 248 

fCT and 40 fST). There was no relationship between the pre-surgical levels of ACTH 249 

and cortisol and the methylation status of ESR1, MSH6 and CASP8 in fCT. Neither did 250 

we find a relationship between the pre-surgical levels of GH and IGF1 with the 251 

methylation status of CASP8 and RASSF1 in fST.  252 

Moreover, 8 patients with fCT and 23 patients with fST received treatment with 253 

ketoconazol ± dopaminergic agonists (DA) or somatostatin analogues (SSA), 254 

respectively24. There was no relationship between the previous medical treatment with 255 

the methylation status, both in fCT and in fST. These results are summarized  in table 256 

5.  257 

 258 

Discussion 259 

In this paper, we analysed the methylation status of 35 TSGs on a large series of 260 

PitNETs studied to date and its effect in their clinical behaviour. The strength of the 261 

study is the high number of included tumours, which allowed us to investigate 262 

differences between PitNET subtypes. In addition, we give insights on the effect of 263 

methylation of TSGs in the functioning of PitNETs, with independence of the growth, 264 
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comparing functioning with silent macroadenomas. Finally, the MS-MLPA technique 265 

used in this study has some advantages over the widely used MS-PCR method: it is 266 

semiquantitative, can bypass the bisulphate conversion reaction and can 267 

simultaneously analyse different CpG dinucleotides. Moreover, it allows of multiple 268 

genomic DNA within a day in a small volume of DNA (20 ng)22,25.  269 

 270 

Methylation status and gene expression 271 

Several specific genes are hypermethylated in many types of tumours. Recent studies 272 

have established that the promoter methylation is tumour-cell specific and the different 273 

methylation patterns may show the stage of the tumorigenesis and the histological 274 

features17,26–28. In a recent systematic review on the effect of epigenetic alterations in 275 

tumorigenesis and clinical behaviour of PitNETs, Pease at al. identified 16 TSGs 276 

silenced via DNA methylation12. Only CASP8 coincided with the five more methylated 277 

TSG genes found in our series. However, there were important differences in the 278 

genomic techniques used and in the size of the series collected in the review and our 279 

study.  280 

There are different hypothesis about how DNA methylation leads to the silencing of 281 

gene expression17. Although down-regulation of gene expression is more likely when 282 

the gene is hypermethylated, this association not always occurs. Indeed, whereas all 283 

methylated genes reported by Pease et al.12 showed a reduction in their mRNA 284 

expression, Duong et al.11 only found a negative correlation between methylation and 285 

mRNA expression in three of 12 methylated genes. In our study, only TP73 showed a 286 

significant negative correlation between methylation and mRNA expression in the 287 

overall series and in different subtypes. We also found a negative tendency between 288 

methylation and mRNA expression in some of the other studied genes, but not in all 289 

subtypes. For instance, while hypermethylated RASSF1 showed a reduction in its 290 

expression in all subtypes except in sCT, hypermethylated CASP8 showed a low 291 

mRNA expression only in sCT.  292 
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There may be several explanations for these contradictory findings. Although it has 293 

been described that DNA methylation occurs in CpG islands, which are in the promoter 294 

or the first exon region17, recently it has come to be known that inhibition of mRNA 295 

expression may occur in non-CpG areas17,29,30. It could explain the results of the 296 

present study, since the used MS-MLPA panels only interrogate regions enriched in 297 

CpG islands and, moreover, this technique only recognizes those CpGs that are limited 298 

in the enzyme restriction site. On the other hand, several studies have also found some 299 

non-methylated genes that showed a significant decrease in expression31,32. We 300 

observed this situation in CASP8 and CADM1, where the expression of both genes 301 

was lower in the non-methylated than in methylated samples in the overall series and 302 

by some subtypes. This could be the result of the destabilisation of the transcript or 303 

repression factors of the transcription, such as miRNA regulation or modification of 304 

histones33. These contradictory findings, allows us to conclude that, although down-305 

regulation of gene expression is more likely when the gene is hypermethylated, this 306 

association not always occurs. That can justify the different reported results of the 307 

methylation on the clinical behaviour of PitNETs.  308 

 309 

Methylation and invasiveness 310 

Tumour invasion of PitNETs is one of the most important determinants of a successful 311 

surgery. It occurs very often in pituitary macroadenomas34, but its molecular 312 

determinants are not known. Several authors have studied the relationship between the 313 

methylation status and mRNA expression of several genes related to the cycle cell 314 

regulation and the clinical behaviour of PitNETs. The majority of studies have found 315 

some correlation between the methylation status of some genes and the size, 316 

invasiveness or aggressiveness of pituitary tumours. However, there is a high 317 

heterogeneity between the studied genes, the number of tumours analysed and the 318 

techniques used. In our series, focusing only on selected TSGs, we had contradictory 319 

results. Whereas the methylation status of MSH6 and CADM1 genes was higher in 320 
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macroadenomas, there was a negative association between methylation of ESR1 and 321 

RASSF1 genes and the invasive behaviour of PitNETs in the overall series and some 322 

subtypes. Our results and those of the main published studies are summarized in Table 323 

6. 324 

In conclusion, the effect of the promoter methylation of TSGs in the growth and 325 

invasiveness of PitNETs has yet to be completely understood and in any case, it 326 

should be analysed independently in the different subtypes of these tumours. 327 

 328 

Methylation of TSGs and functionality  329 

PitNETs can behave as functioning or silent tumours. At present, the silencing 330 

mechanisms of pituitary tumours are not fully known35. Although the effect of the TSGs 331 

on the progression of cells to tumour is roughly speaking defined, there are no specific 332 

studies analysing the effect of these genes on pituitary tumour-specific protein 333 

secretion. Some authors have proposed a DNA hypermethylation of the promoter 334 

region of several genes as a possible mechanism of silencing of non-functioning 335 

PitNETs. Bello et al.36 studied, by MS-PCR, the methylation status of nine genes (RB1, 336 

p14(ARF), p16(INK4a), TP73, TIMP-3, MGMT, DAPK, THBS1 and CASP8) in a series 337 

of 35  PitNETs. They found a frequency of methylation which ranged between 17% for 338 

p14 (ARF) to 54% for CASP8 with minor, non-significant, differences between silent 339 

and functioning tumours. More recently, Ling et al.13 carried out a genome-wide DNA 340 

methylation profiling in 24 PitNETs with various histopathological subtypes. Compared 341 

with functioning PitNETs, silent PitNETs showed a significant degree of DNA 342 

hypermethylation of the promoter region of the KCNAB2 gene, suggesting that a 343 

downstream ion-channel activity signal pathways could contribute to the silencing of 344 

some PitNETs. In consonance with these results, in our series the most 345 

hypermethylated PitNETs were the sGT, and the lowest the fST, with sCT and fCT 346 

showing an intermediate methylation profile. Indeed, while the sGT tumours showed 347 
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hypermethylation in 16/36 TSGs, fST tumours had only four genes with some degree of 348 

methylation (CDH13, CDKN2B, CASP8 and RASSF1).  349 

However, by definition, all of the silent operated tumours are macroadenomas, and all 350 

microadenomas that are operated are functioning, making it difficult to separate size 351 

and function. In the current series, we had functioning micro and 352 

macrocorticotropinomas and silent macrocorticotropinomas allowing us to compare 353 

functioning with silent macroadenomas and functioning micro with functioning 354 

macroadenomas. Whereas 18/36 of the studied TSGs showed some degree of 355 

methylation in sCT, only 11/36 did so in fCT tumours, strengthening the hypothesis of 356 

hypermethylation in silent tumours as a mechanism of loss of function. However, 357 

although CADM1 and MSH6 appeared more hypermethylated in macro (silent and 358 

functioning) than in microcorticotropinomas (all functioning), there were no differences 359 

between functioning and silent macrocorticotropinomas. MSH6 belongs to the 360 

mismatch repair system and CADM1 is involved in cell adhesion. While there are no 361 

studies about the methylation of CADM1 in PitNETs, loss or mutations in MSH6 are 362 

involved in the proliferation of this type of tumours37. Therefore, it seems that promoter 363 

hypermethylation of MSH6 and CADM1 genes in CT tumours could be involved in the 364 

growth of this PitNET subtype instead on their function.  365 

By contrast, ESR1 was more hypermethylated in fCT macroadenomas than in sCT (all 366 

macroadenomas), without differences between micro and macro fCT nor relationship 367 

with the severity of the disease which was estimated on the basis of their hormonal 368 

profile prior to surgery. ESR1 genes encode the oestrogen receptor alpha (ERα), a 369 

nuclear receptor activated by oestrogens. In the brain, the ESR1 gene is located in the 370 

hypothalamus and arcuate nucleus, where it is co-expressed with the gene encoding 371 

the prohormone proopiomelanocortin (POMC) in 25% to 30% of hypothalamic neurons. 372 

Therefore, some authors have considered that ESR1 could regulate POMC at 373 

hypothalamic level38. However, hypothalamic POMC-derived neuropeptides have a 374 

major role in regulating food intake39, different from the regulating role of adrenal 375 
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function of pituitary POMC-derived peptides. Accordingly, the fact that the ESR1 gene 376 

appeared in our series more methylated in functioning than in sCTs, could be an 377 

unexpected finding, no related with the mechanism of silencing of the tumours of the 378 

corticotroph lineage. 379 

CASP8 plays an important role in the execution-phase of cell apoptosis. CASP8 380 

appeared highly methylated in all subtypes of PitNETs of our series, similar to the data 381 

of Bello et al36. Other authors have found this gene frequently methylated in 382 

PitNETs12,36 and in other type of tumours40, where loss of expression is related with a 383 

more aggressive behaviour. In our series, it appeared more methylated in functioning 384 

than in silent corticotropinomas, without differences between functioning micro and 385 

macroadenomas. These findings suggest a possible role of CAPS8 in the functioning 386 

behaviour of CT. However, the differences between functioning and silent 387 

corticotropinomas were minor and more studies are necessary. Unfortunately, we did 388 

not have neither silent somatotropinomas nor functioning gonadotropinomas in our 389 

series to compare silent vs functioning tumours in other PitNET subtypes.  390 

 391 

In conclusion, although the majority of evidence, including our results, supports the 392 

participation of TSGs in the growth and invasiveness of pituitary tumours, its role in the 393 

silencing of pituitary adenomas is more questionable.  394 

 395 

 Conclusions 396 

DNA methylation of some TSGs seems to be an epigenetic event involved in gene 397 

silencing which has a relevant role in the tumorigenesis and clinical behaviour of 398 

certain PitNET subtypes and other tumours. The interpretation of their role in the 399 

clinical behaviour of PitNETs can be biased by other simultaneous epigenetic 400 

alterations, for the region of DNA analysed or by the technique used. Nevertheless, 401 

from our results, we can conclude that the methylation, measured for the first time by 402 
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the MS-MLPA technique, has a down-regulation effect on gene expression of some but 403 

not all TSGs. In addition, the methylation status plays a selective and limited effect on 404 

the growth and invasiveness behaviour of PitNETs, highly dependent of the subtype. 405 

Although some TSGs such ESR1 and CASP8 could be involved in the functionality of 406 

the some PitNETs subtypes, these results should be confirmed in additional studies. 407 

Therefore, the distinct subtypes of PitNETs should be considered as a different type of 408 

tumours and analysed separately. 409 

 410 
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 570 

 571 

Tables  572 

            573 
Table 1. Demographic and clinical characteristics of the studied patients. 574 

   Frequency 

Variables  n  %  

Sex    

     Men 45 42.9 

     Women 60 57.1 

Tumour size    

     Macro 88 83.8 

     Micro  17 16.2 

Invasiveness   

     Yes 51 48.6 

     No  54 51.4 

Molecular identification of tumours 

     sCT 15 14.3 

     fCT 15 14.3 

     sGT 35 33.3 

     fST 40 38.1 

Age, years   

     Mean ± SD 49.4 ± 14.24 

     Range 21-83 

*sCT: silent corticotroph PitNET; fCT: functioning corticotroph PitNET; sGT: 575 

silent gonadotroph PitNET; fST: functioning somatotroph PitNET; SD: standard 576 

deviation.  577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 
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Table 2. Methylation frequency in the series: overall and by subtypes. 585 

 Subtypes 

 sCT fCT sST sGT Total 

Genes 
Meth 

(%) 

No 
meth 

(%) 
Meth 

(%) 

No 
meth 

(%) 
Meth 

(%) 

No 
meth 

(%) 
Meth 

(%) 

No 
meth 

(%) 
Meth 

(%) 

No 
meth 

(%) 

BRCA1 0 100 6.7 93.3 0 100 0 100 1 99 

BRCA2 0 100 6.7 93.3 0 100 0 100 1 99 

ATM 0 100 0 100 0 100 0 100 0 100 

TP53 6.7 93.3 7.1 92.9 0 100 22.9 77.1 9.6 90.4 

KLLN 20 80 20 80 0 100 20 80 12.4 87.6 

MGMT 26.7 73.3 21.4 78.6 5 95 14.3 85.7 13.5 86.5 

PAX5 20 80 7.1 92.9 0 100 20 80 10.6 89.4 

CDH13 0 100 0 100 0 100 0 100 0 100 

TP73 
40 60 33.3 66.7 32.5 67.5 14.3 85.7 27.6 72.4 

WT1 
0 100 7.1 92.9 

5 
95 2.9 97.1 3.8 96.2 

VHL 0 100 0 100 0 100 0 100 0 100 

GSTP1 6.7 93.3 6.7 93.3 0 100 0 100 1.9 98.1 

CHFR 0 100 6.7 93.3 0 100 0 100 1 99 

ESR1 0 100 20 80 0 100 11.4 88.6 1 99 

RB1 0 100 7.1 92.9 0 100 0 100 1 99 

MSH6 
53.3 46.7 21.4 78.6 0 100 40 60 24 76 

THBS1 0 100 0 100 0 100 2.9 97.1 1 99 

CADM1 40 60 7.1 92.9 0 100 28.6 71.4 16.3 83.7 

STK11 0 100 0 100 0 100 0 100 0 100 

PYCARD 0 100 7.1 92.9 0 100 0 100 1 99 

PAX6 0 100 0 100 0 100 0 100 0 100 

CDKN2A 0 100 0 100 0 100 2.9 97.1 1 100 

GATA5 6.7 93.3 7.1 92.9 0 100 22.9 77.1 9.6 90.4 

RARB 0 100 0 100 0 100 0 100 0 100 

CD44 0 100 0 100 5 95 8.6 91.4 4.8 95.2 

TIMP3 0 100 0 100 0 100 0 100 0 100 

APC 0 100 0 100 0 100 0 100 0 100 

MLH1 0 100 0 100 0 100 0 100 0 100 

CDKN2B 
0 100 0 100 2.6 97.4 17.1 82.9 6.7 93.3 

HIC1 0 100 0 100 0 100 0 100 0 100 

CASP8 
80 20 100 0 87.2 12.8 100 0 92.3 7.7 

CDKN1B 0 100 0 100 0 100 0 100 0 100 

DAPK1 0 100 0 100 0 100 0 100 0 100 

RASSF1 
60 40 60 40 79.5 20.5 40 60 60.6 39.4 

FHIT 0 100 0 100 0 100 0 100 0 100 

sCT, silent corticotroph; fCT, functioning corticotroph; fST, somatotroph; sGT: silent 586 

gonadotroph; Meth: methylated; No meth: not methylated. 587 

 588 
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Table 3. Correlations between methylation status and clinic-demographic variables (n 
= 105) 

 p-value 

Gene Subtype Sex Macro-adenoma Age TMD Invasiveness 

BRCA1 0.109 0.393 0.060 0.466 0.095 0.258 

BRCA2 0.109 0.393 0.060 0.466 0.095 0.258 

ATM - - - - - - 

TP53 0.009 0.763 0.526 0.246 0.313 0.368 

KLLN 
0.028 0.579 0.391 0.125 

0.211 0.600 

MGMT 0.139 0.767 0.189 0.852 0.597 0.780 

PAX5 
0.022 0.763 0.120 0.117 

0.323 0.227 

CDH13 - - - - - - 

TP73 0.173 0.144 0.778 0.112 0.992 0.468 

WT1 0.742 0.827 0.458 0.617 0.990 0.887 

VHL - - - - - - 

GSTP1 0.165 0.223 0.443 0.345 0.557 0.945 

CHFR 0.109 0.393 0.060 0.466 0.095 0.254 

ESR1 0.023 0.304 0.901 0.057 0.373 0.054 

RB1 0.090 0.387 0.052 0.450 0.095 0.258 

MSH6 <0.001 0.264 0.008 0.404 0.195 0.741 

THBS1 0.574 0.387 0.602 0.069 0.754 0.218 

CADM1 <0.001 0.484 0.049 0.307 0.175 0.798 

STK11 - - - - - - 

PYCARD 0.090 0.387 0.052 0.450 0.095 0.258 

PAX6 - - - - - - 

CDKN2A 0.568 0.236 0.590 0.226 0.522 0.221 

GATA5 0.009 0.763 0.526 0.246 0.313 0.388 

RARB - - - - - - 

CD44 0.453 0.375 0.443 0.661 0.454 0.126 

TIMP3 - - - - - - 

APC - - - - - - 

MLH1 - - - - - - 

CDKN2B 0.026 0.375 0.344 0.113 0.083 0.031 

HIC1 - - - - - - 

CASP8 0.032 0.759 0.344 0.440 0.769 0.532 

CDKN1B - - - - - - 

DAPK1 - - - - - - 

RASSF1 0.007 0.055 0.338 0.369 0.690 0.031 

FHIT - - - - - - 

sCT, silent corticotroph; fCT, functioning corticotroph; fST, somatotroph; sGT: silent 589 

gonadotroph; TMD: Tumour maximum diameter. 590 

 591 

 592 

 593 
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Table 4. Methylation frequency in the corticotroph lineage.  594 

 Methylation frequency  

 CT macro* CT micro** p-value 

Genes n % n %  

MSH6 11/22 50 0/7 0 0.005 

CADM1 7/22 31.8 0/7 0 0.033 

 fCT macro fCT micro  

Genes n % n %  

MSH6 3/7 42.9 0/7 0 0.017 

 fCT  sCT  

Genes n % n %  

ESR1 3/15 20 0/15 0.0 0.034 

CASP8 15/15 100 12/15 80 0.034 

 fCT macro sCT   

Genes n % n %  

ESR1 2/7 28.6 0/15 0 0.025 

*Including functioning and silent macrocorticotropinomas. **All functioning. sCT, silent 595 

corticotroph; fCT, functioning corticotroph; fST, somatotroph; sGT: silent gonadotroph. 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 
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Table 5. Associations between pre-surgical hormonal profile and treatment with 613 
methylation status of TSG in functioning tumours.  614 

 615 

fCT (n=15) 

 Pre-surgical Treatment* (n=8) 

Methylation status ACTH Cortisol ACTH Cortisol 

 p-value 

ESR1 0.312 0.665 0.127 0.275 
MSH6 0.275 0.119 0.121 0.245 
CASP8 NCP 

fST (n=40) 

 Pre-surgical Treatment** (n=23) 

Methylation status GH IGF1 GH IGF1 

 p-value 

CASP8 0.625 0.922 0.811 0.472 
RASSF1 0.657 0.657 0.231 0.119 

fCT, functioning corticotroph tumours; fST, functioning somatotroph tumours; 616 
NCP, non-calculated parameter 617 

*Ketoconazol ± Dopaminergic Agonists (DA) 618 

**Somatostatin analogues ± DA ± Pegvisomant 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 
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Table 6. Main published studies on the effect of methylation of different cycle-cell 635 

related genes on the clinical behaviour of PitNETs. 636 

Author N Gene Correlation with size, invasiveness or 

agressiveness 

Technique 

Seeman (2001)34 72 CDKN2A, MTS1, IN4A Positive correlation only for CDKN2A MS-PCR 

Ogino (2005)41 42 RB1 No correlation MS-PCR 

Qian (2005)42 52 RASSF1A Positive correlation MS-PCR/COBRA 

Yoshino A (2007)43 34 RB1, p14, p15, p16, p21, p27, TP73 No correlation MS-PCR 

Yuan (2008)44 53 GSTP1 Negative correlation MS-PCR 

Pease (2013)12 Meta-analysis 

of several 

series 

16 TSGs Positive correlation with RB1 and 

DAPKinasa 

No correlation with E-cadherina, 

GADD45, RASSF1A, PTAG 

Several techniques 

Gu (2016)14 12 CDKN2A Positive correlation Genome-scale profiling of DNA 

methylation 

Kober (2018)1 34 SFN, STAT SA, DUSP1, PTRE 

FGFR2 

No correlation Genome-scale profiling of DNA 

methylation 

Our series 105 35TSGs CADM1 and MSH6 higher in 

macroadenomas in the overall series 

and in the CT subtype 

Negative correlation of RASSF1 with 

invasiveness in the overall series and in 

the sGT and  sCT subtypes and of 

ESR1 in the overall series and  sGT 

subtype 

MS-MLPA 

MS-PCR: Methylation-specific polymerase chain reaction; MS-MLPA: Methylation-637 

specific multiplex ligation-dependent probe amplification; TSGs: tumour suppressor 638 

genes; sCT: silent corticotroph tumours; sGT: silent gonadotroph tumours. 639 



 

  

 

 

 

 

 

 

 

 

 

Figure 1. Mean fold change (FC) of mRNA expression of the genes analyzed among 

the different subtypes of PitNET. *p-value <0.05; sCT: silent corticotroph; fCT: 

functioning corticotroph; sGT: silent gonadotroph; fST: functioning somatotroph. 

 

Figure 1 Click here to access/download;Figure;Figure 1.pdf
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Figure 2. Differences in the mean fold change (FC) of the genes analysed between 

methylated and non-methylated samples in the different subtypes of PitNET. fCT: 

functioning corticotroph; sCT: silent corticotroph; sGT: silent gonadotroph; fST: 

functioning somatotroph. METH: methylated samples (blue bars); No METH: non-

methylated samples (orange bars). *p-value<0.05 **p-value= 0.066-0.201 
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