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ABSTRACT 21 

Despite the rapid expansion in recent years of databases reporting either benign or pathogenic 22 

genetic variation, the interpretation of novel missense variants can remain challenging, particularly 23 

for clinical or genetic testing laboratories where functional analysis is often unfeasible. Previous 24 

studies have shown that thermodynamic analysis of protein structure in silico can discriminate 25 

between groups of benign and pathogenic missense variants. However, although structures exist for 26 

many human disease-associated proteins, such analysis remains largely unexploited in clinical 27 

laboratories. Here, we analysed the predicted effect of 338 known missense variants on the 28 

structure of Menin, the MEN1 gene product. Results provided strong discrimination between 29 

pathogenic and benign variants, with a threshold of >4 kcal/mol for the predicted change in stability 30 

providing a strong indicator of pathogenicity. Subsequent analysis of 7 novel missense variants 31 

identified during clinical testing of MEN1 patients showed that all 7 were predicted to destabilise 32 

Menin by >4 kcal/mol. We conclude that structural analysis provides a useful tool in understanding 33 

the impact of missense variants in MEN1, and that integration of proteomic with genomic data could 34 

potentially contribute to the classification of novel variants in this disease. 35 

  36 
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INTRODUCTION  37 

The rapid expansion in recent years of genomic data from both patient and control groups has vastly 38 

improved the quantity and quality of information that is available to clinicians in attempting to 39 

classify novel genetic variants. While it is often straightforward to interpret likely loss-of-function 40 

variants such as stop-gain or frameshift variants, the same is not true of missense variants, where 41 

the effect of an amino acid substitution is likely to be specific to its context in the protein of interest. 42 

Moreover, such variants are often rare or unique, and thus must be interpreted on a case-by-case 43 

basis. 44 

 45 

Numerous methods have been developed for predicting the phenotypic effect of missense variants. 46 

As has been comprehensively reviewed elsewhere (1), these methods rely either on analysis of DNA 47 

and protein conservation, protein structure-based analysis, or a combination of the two. In the case 48 

of the latter, widely used tools such as PolyPhen are able to incorporate information on the nature 49 

of the amino acid change itself (e.g. Grantham distance between native and variant amino acids, 50 

changes in polarity or charge), effects on predicted secondary structure and, where available, data 51 

derived from the structural context, such as changes in hydrogen bonding or atomic crowding. 52 

However, such data is used in a qualitative, rule-based manner in the final prediction (1), and the 53 

tools which are most widely used in the clinical setting do not specifically address the quantitative 54 

effects of missense variants on protein stability. Nevertheless, these effects can be calculated where 55 

there is an experimental or modeled 3D structure for the protein of interest, and programs such as 56 

FoldX (2), Rosetta (3, 4) or other computational methods have been widely used by structural 57 

biologists to investigate the effects of missense variants on protein folding and stability (5, 6). 58 

Despite this, few studies have sought to address whether there is a direct clinical application of such 59 

an approach, i.e. whether pathogenic and benign variants can be distinguished on the basis of their 60 

predicted effects on thermodynamic stability.  61 

 62 
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The potential utility of protein stability data towards the analysis of missense variants has recently 63 

been demonstrated in studies of the Lynch syndrome protein, MSH2 (7), and in phenylalanine 64 

hydroxylase (PAH) (8), in which pathogenic variants result in phenylketonuria. Both these studies 65 

combined in silico analysis with extensive functional analysis of a number of MSH2 and PAH variants; 66 

however, resources for the latter are unlikely to be routinely available in clinical genetics 67 

laboratories. We have therefore asked whether in silico analysis, based predominantly on the 68 

predicted effects of missense variants on protein stability, can help discriminate between pathogenic 69 

and benign variation in the context of clinical testing of the MEN1 gene. 70 

 71 

Pathogenic variants in the MEN1 gene cause Multiple Endocrine Neoplasia type I, an autosomal 72 

dominant disorder, in which patients develop neoplastic lesions in various endocrine tissues, 73 

principally the parathyroids, pituitary and pancreas (9). Pathogenic variants may either be inherited 74 

or acquired, but in both cases development of disease requires loss of heterozygosity consistent 75 

with a role for the MEN1 gene product as a tumor suppressor. The most common presenting feature 76 

of MEN1 is hyperparathyroidism, which occurs in ~95% of patients due to tumors of the parathyroid 77 

gland; however, tumors are also frequently observed in the pancreatic islets (40-70%) and pituitary 78 

(30-40%) (10). Patients may also develop tumors of the adrenal cortex, carcinoid tumors and non-79 

endocrine tumors, including lipomas, angiofibromas, collagenomas and meningiomas (11), resulting 80 

in a range of clinical symptoms which may overlap with other diseases of different genetic etiology 81 

(12-14). This overlap presents one of the key problems in assessing genetic variants in cases of 82 

MEN1. While a large number of pathogenic variants in MEN1 have been reported, genetic testing 83 

continues to uncover novel missense substitutions which require assessment of their potential 84 

pathogenicity. A further confounding issue is the often later onset of disease, with reported age-85 

related penetrance of 10-43% at 20 years and 81- 94% by 50 years (10, 15), which may lead to 86 

apparent non-segregation of a variant with disease within a family pedigree.  87 

 88 
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The identification of a genetic etiology has important implications for the patient and for their family 89 

members. With the exception of pituitary neuroendocrine tumors, MEN1-associated tumors are 90 

usually multiple and treatment is therefore challenging, requiring a multi-disciplinary team of 91 

experts to reduce morbidity and mortality (16). The identification of the familial disease-causing 92 

variant enables the identification of carriers when they are still asymptomatic. Clinical surveillance in 93 

these individuals allows early recognition of the clinical manifestations and therapeutic intervention. 94 

For example, primary hyperparathyroidism often remains asymptomatic in many patients but 95 

prolonged hypercalcemia usually results in bone loss and/or nephrocalcinosis (17). 96 

 97 

Approximately 20% of the variants identified in the MEN1 gene are missense variants (18). The 98 

standards and guidelines published by the American College of Medical Genetics and Genomics 99 

(ACMG) and the Association for Molecular Pathology (AMP) describe a framework for the 100 

classification of sequence variants (19). Adjustments to this framework for the interpretation of 101 

MEN1 missense variants has been proposed (20). However both agree that variants of uncertain 102 

significance should not be used to guide the clinical management of patients. This could lead to an 103 

under-diagnosis of MEN1 and a lost opportunity for screening at-risk relatives. For these reasons, 104 

methods to assist the classification of variants in MEN1 would be of clinical value. The availability of 105 

a number of experimental structures for Menin, the MEN1 gene product, raises the possibility that 106 

structural analysis may provide such clinical utility.  107 

 108 

We report here that thermodynamic analysis of MEN1 variants in silico provides a very strong 109 

positive predictive value for pathogenicity, thereby helping to assess the impact of novel missense 110 

variants on protein function and potentially allowing its use as an aid to variant classification, and 111 

discuss briefly the scope for wider application of this approach to other diseases. 112 

 113 

 114 
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MATERIALS & METHODS 115 

Variant groups, transcripts and numbering. Previously-reported missense SNVs in MEN1 were 116 

downloaded from the Human Gene Mutation Database, Professional version (HGMD Pro) (21), the 117 

Genome Aggregation Database (gnomAD) (22) and the Sydney Genomics Collaborative Database 118 

(SGCD) (23). For the purposes of this analysis, variants were divided into groups as follows: 119 

pathogenic: DM (‘disease mutation’) class variants reported in HGMD Pro but not in gnomAD or 120 

SGCD (n=162); benign: variants reported in gnomAD or SGCD but not as DM class in HGMD Pro 121 

(n=206); uncertain: variants reported as DM in HGMD Pro and present in gnomAD and/or SGCD 122 

(n=14). Different nucleotide substitutions resulting in the same coding change were regarded as a 123 

single missense substitution. In addition to these previously-reported variants, analysis was 124 

performed on seven novel missense variants: H46P; A164P; L175P; A345P; I360F; F364S; and G419D 125 

(see Table 1 for details). These variants were identified in our laboratory as part of the NHS (England) 126 

Genetic Testing service for rare inherited diseases. The patients tested fulfilled the criteria for a 127 

clinical diagnosis of MEN1 (10), presenting with at least two out of the three main MEN1-associated 128 

endocrine lesions or one typical MEN1-associated tumour and a first-degree relative with MEN1 or 129 

MEN1-associated lesion at a young age. For patients with a family history, the relevant variants 130 

(H46P, A164P, I360F and F364S) were all shown to co-segregate with disease in the family. 131 

 132 

Menin, the protein product of the MEN1 gene, occurs in two major isoforms of 615 or 610 amino 133 

acids, which arise by use of alternative splice donor sites in exon 1 such that the shorter isoform 134 

lacks residues 149-153 of the longer. While gnomAD and SGCD variants are annotated according to 135 

the 615-residue isoform encoded by transcripts NM_130803/ENST00000337652, HGMD Pro and 136 

structural databases use the 610-residue isoform encoded by NM_130799/ENST00000312049 as 137 

default. All numbering in this manuscript refers to the 610-residue form of Menin, and variants from 138 

gnomAD and SGCD have been re-annotated accordingly.  139 

 140 
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Protein structures. Structures of human Menin were downloaded as PDB files from the worldwide 141 

Protein Data Bank (24); a full list of the 29 crystal structures, containing 31 discrete Menin chains, 142 

used in this analysis is shown in Table 2. Any non-native amino acids (e.g. affinity purification tags) in 143 

these structures were removed from PDB files prior to further analysis.  144 

 145 

In silico mutagenesis and thermodynamic analysis. Prior to in silico mutagenesis, sidechain repair 146 

and energy minimization was performed on all 31 Menin chains in isolation, using the RepairPDB 147 

function of the FoldX modeling suite, version 4 (33). The FoldX BuildModel function was then used to 148 

introduce individual substitutions into each of the repaired PDB structures. Of the 389 unique 149 

missense variants, 338 were covered by at least one PDB structure (pathogenic, n=161; benign, 150 

n=161; uncertain, n=9; novel, n=7). For each substitution, FoldX reported a change in free energy 151 

(G) resulting from the substitution; from this, an average G value was calculated for each 152 

variant across all structures containing the relevant position. In total, all 31 structures were used for 153 

308/338 variants (mean for all variants = 29), whereas due to differences in coverage of individual 154 

PDB files, analysis was possible using only a single structure for 7 variants. A full list of variants, the 155 

number of PDB structures analysed for each and average G values for each variant is shown in 156 

Table 3. All structures were visualized in PyMOL (34). 157 

 158 

Calculation of solvent accessibility. The absolute area accessible to solvent (ASA) was calculated on 159 

a residue-by-residue basis for 7 representative structures of Menin using DSSP (35, 36) version 3.0.0 160 

(37). After calculating an average ASA value for each residue, relative solvent accessibility (RSA) was 161 

derived using the theoretical scale described by Tien et al. (38). A list of structures used for DSSP 162 

analysis is included in Table 2.  163 

 164 

 165 

 166 
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RESULTS 167 

Pathogenic variants in MEN1 are predicted to be destabilizing. Over 30 crystal structures have 168 

previously been reported for Menin (e.g. Figure 1A); most of these contain the protein in isolation or 169 

bound to a small (drug) ligand, while others show Menin in complex with peptides from JunD, 170 

KMT2A or PSIP (Figure 1B; Table 2). Although all structures have been derived from expression of 171 

full-length (or near full-length) Menin, a number of regions remain unresolved in crystal structures. 172 

These regions predominantly lie in the C-terminal of the protein and correspond to stretches of 173 

predicted intrinsic disorder (39) in the protein (Figure 1C, D), presumably resulting in high mobility 174 

within crystals. Interestingly, while these regions contain a similar distribution of benign variants as 175 

that seen in the protein as a whole, pathogenic variants are rare in regions of predicted disorder 176 

(Figure 1D); however, we cannot rule out the possibility that the lack of pathogenic variants in 177 

disordered regions is due to reporting bias towards variants which lie close to those already known. 178 

As a result of this distribution of pathogenic variants almost entirely within ordered regions, the vast 179 

majority (161/162) are covered by one or more PDB entries and are thus amenable to structural 180 

analysis. 181 

 182 

The overall structure of Menin is highly comparable within all reported PDB structures (alignment to 183 

PDB 6b41 yields an average root-mean-square deviation, RMSD, of 0.65 Å; range 0.55-1.10 Å). 184 

Moreover, there is no significant effect of ligand binding on Menin structure (Figure 2). Since 185 

different PDB files contain slightly different numbers of amino acids but there are no obvious 186 

structural outliers, all available structures were used for thermodynamic analysis of missense 187 

variants in silico using FoldX.  188 

 189 

Variant groups were highly distinguishable by their predicted effect on thermodynamic stability, as 190 

represented by average G value calculated across all structures, with most putatively benign 191 

(gnomAD and SGCD) variants having little or no effect (average G for all variants, 1.13 kcal/mol; 192 
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SD, 1.46 kcal/mol), whereas pathogenic (HGMD only) variants were predicted to be strongly 193 

destabilizing (average G, 5.06 kcal/mol; SD 4.25 kcal/mol) (Figure 3A). Notably, the seven novel 194 

missense variants were also predicted to be strongly destabilising (average G, 7.67 kcal/mol; SD 195 

3.14 kcal/mol). Analysis of G values for individual PDB structures showed a similar separation of 196 

putative benign and pathogenic variant groups, with the vast majority of variants falling into a 197 

similar range for all structures (Figure 3B). We further compared the effect at multi-allelic sites 198 

where different benign and pathogenic missense variants occur at the same position. Analysis of 27 199 

benign and 23 pathogenic variants co-occurring at 22 residues again showed that the difference 200 

between the two groups was highly significant (p = 0.0002), and that pathogenic missense changes 201 

were more strongly destabilizing than benign ones at the same position (average G value by 202 

group = 6.81 kcal/mol and 2.18 kcal/mol respectively) (Figure 3C). 203 

 204 

If variants which destabilize Menin structure do indeed have a greater tendency to be pathogenic, it 205 

might be expected that variants most frequently observed in the general population would have the 206 

least destabilizing effect. This appears to be the case, as variants with the highest population 207 

frequency had average predicted G values in the range -1 to +1 (Figure 4); as the error in FoldX 208 

calculations is approximately ±0.8 kcal/mol (2), this suggests little or no effect of these variants on 209 

protein stability. Notably, those variants which have also been observed in an aging healthy 210 

population, as represented by the SGCD cohort (median age, 80-85 years) and are therefore most 211 

likely to be truly benign, all occur within this range of G values. This group includes the only 212 

commonly-occurring missense MEN1 variant, R171Q, which has an average G value of 0.15 213 

kcal/mol. Conversely, we note that some variants reported in gnomAD have G values >4 kcal/mol, 214 

and in fact 2/9 of these variants (S38P, D315Y) have also been reported as disease-causing in HGMD 215 

Pro. This may reflect the confounding effect of late onset of symptoms in MEN1 on apparent 216 

constraint against coding variation, whereby some variants reported in gnomAD may in fact lead to 217 

disease in later life. 218 
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 219 

Most pathogenic variants are buried in the Menin structure. To examine whether there are 220 

differences in the spatial distribution of benign and pathogenic variants, we calculated the relative 221 

solvent accessibility (RSA) of wild-type residues at all positions of missense substitutions (Table 3). 222 

This showed that while positions of benign variants are distributed throughout the volume of the 223 

protein, 86.3% of pathogenic variants occur in solvent-inaccessible (i.e. buried) regions of RSA <0.2 224 

(Figure 5A). Notably, this is also true for the 7 novel variants, 6 of which had an RSA value <0.02. 225 

Plotting RSA against G showed that variants at buried positions were also likely to be the most 226 

strongly destabilizing to protein structure (Figure 5B). Nevertheless, we observed that a significant 227 

number of pathogenic variants exhibited both accessibility to solvent (RSA>0.2) and relatively low 228 

G. Mapping the positions of solvent-accessible variants onto the surface of Menin showed that, 229 

as for distribution throughout the internal volume of the protein, benign variants tended to be 230 

distributed across the surface. In contrast, pathogenic variants appeared to occur in clusters, one of 231 

which corresponds to binding surfaces for JunD, KMT2A and PSIP (Figure 5C, D), while another 232 

occurs on the opposite surface of Menin to the JunD binding pocket. It is possible therefore that the 233 

latter region represents the site of an as-yet uncharacterized functional interaction of Menin. As 234 

described above, 6/7 novel missense variants occur at positions which are buried in the interior of 235 

the protein, whereas the only solvent-accessible variant, H46A, occurs at the interface with KMT2A 236 

and presumably acts to impair this interaction (Figure 5E).  237 

 238 

To investigate the effects of protein interactions on the thermodynamic effects of MEN1 variants 239 

further, we compared G values for variants in PDB structure 3u88 (Menin complexed with KMT2A 240 

and PSIP peptides) by analysis both of Menin chains in isolation (chains A, B) and complexed to 241 

KMT2A and PSIP. As expected, regions of decreased solvent accessibility in the complexes aligned 242 

with residues annotated as forming protein-protein contacts (Figure 6). However, the presence of 243 

bound peptides had little effect on G values of benign variants, indicating that these have a 244 
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neutral effect on protein binding. Conversely, protein binding had a large effect on G values of a 245 

number of pathogenic variants; again, these predominantly occurred at or close to protein 246 

interfaces, indicating that these variants are likely to have a direct effect on ligand binding by Menin. 247 

 248 

Destabilizing variants reduce levels of functional Menin protein. Previous reports studying the 249 

effects of missense variants on levels of functional Menin within the cell have shown that pathogenic 250 

variants have a tendency to increase protein turnover and/or reduce the steady-state level of 251 

protein, while benign variants tend to have no such effect (40, 41). We correlated the previously-252 

reported effects of variants on levels of steady-state protein with average G values, and observed 253 

that variants which were predicted to be strongly destabilizing in silico (G >3 kcal/mol) exhibited 254 

significantly lower levels of steady-state protein in cell-based assays (p=0.0001, Figure 7), consistent 255 

with the hypothesis that variants with high G values reduce the biological activity of Menin. 256 

 257 

Can G value be used as an aid to variant classification? To evaluate the clinical validity of G 258 

values, we performed Receiver Operating Characteristic (ROC) curve analysis for the groups of 259 

benign and pathogenic variants and compared the results with the outputs from a number of 260 

commonly-used phenotypic predictions tools: SIFT (42), PolyPhen (43) and REVEL (44). All methods 261 

yielded areas under the curve (AUC) of 0.819-0.864, indicating that all have clinical validity (Figure 262 

8A). However G analysis resulted in the highest specificity but lowest sensitivity. Values of G > 263 

3 kcal/mol are generally regarded as being strongly destabilizing towards protein structure (45); 264 

taking this as a threshold for variant classification gives sensitivity and specificity of 67.1% and 89.4% 265 

(positive predictive value, 86.4%), while setting a more conservative threshold of 4 kcal/mol yields 266 

increased the specificity to 95.0%, though with a concomitant loss of sensitivity (54.0%; positive 267 

predictive value, 90.6%). A marginal increase in positive predictive value (PPV) could be obtained by 268 

combining G thresholds with a cut-off in the REVEL score of 0.7, which has been reported to 269 

exclude 95% of false positive calls (46), yielding PPV’s of 87.7% at G  3 kcal/mol and 91.5% at 270 
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G  4 kcal/mol. Notably, all seven novel missense variants reported here cluster within the upper 271 

right quadrant (Figure 8B), consistent with a severe impact on protein stability and suggesting that 272 

G values can potentially be used to provide evidence towards variant classification in MEN1. 273 

 274 

 275 

DISCUSSION 276 

Previous work has shown that predicted thermodynamic destabilization of protein structure, as 277 

measured by G values calculated by FoldX, can be used as a predictor of pathogenicity in MSH2 278 

and PAH variants (7, 8). Our data indicates that the same is true for variants in MEN1, and that a high 279 

predicted G value is a strong positive predictor for pathogenicity. Using a threshold of only 3 280 

kcal/mol, specificity for variant classification was 89.4%, rising to 95.0% for a more conservative 281 

threshold of 4 kcal/mol. By contrast, using a proposed threshold of 0.7 for the phenotypic meta-282 

prediction tool REVEL yielded a specificity of only 53%. Since MEN1 has variable penetrance and 283 

often late onset, the identification of likely pathogenic variants has significant implications for 284 

patient surveillance and genetic testing of family members. With respect to the seven novel 285 

missense variants reported here, all had high average predicted G values (range, 4.81-13.16 286 

kcal/mol) and six were deeply buried within the protein, strongly supporting pathogenicity. All these 287 

cases were also predicted as deleterious or probably pathogenic by commonly-used tools for in silico 288 

pathogenicity prediction; however, the comparatively low specificity of all these tools for variants in 289 

MEN1 highlights the value of thermodynamic analysis as a means of reducing false positive calls. 290 

 291 

As might be expected, our analysis shows that variants which are buried within the Menin structure 292 

are those that are predicted to result in greatest structural destabilization. In fact, the majority of 293 

reported pathogenic variants in MEN1 are buried, suggesting that any novel variant which is solvent 294 

inaccessible (RSA<0.2) and has a predicted G >4 kcal/mol is also highly likely to be pathogenic. 295 

Nevertheless, a number of pathogenic variants lie on the surface of Menin, and many of these have 296 
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relatively low G values. A number of these variants lie at or close to positions of known 297 

interactions with binding partners such as JunD, KMT2A or PSIP, where they presumably have an 298 

adverse effect on binding of these factors, emphasizing the value of integrating all known structural 299 

annotation into a final classification of the likely effect of a variant. Our data also suggests the 300 

possible existence of an as-yet unidentified interaction of Menin, as evidenced by the cluster of 301 

pathogenic variants lying on the protein surface opposite the JunD binding pocket. Notably, MEN1 302 

has recently been identified as one of the genes exhibiting significant spatial clustering of pathogenic 303 

variants (47); our analysis suggests that this clustering is likely to apply both to regions of structural 304 

importance, which are buried in the interior of the protein, and to surface regions which form 305 

essential interactions with binding partners. 306 

 307 

In terms of broader applicability of this approach, our work builds upon the reported analysis of 308 

MSH2 and PAH variants and applies it to the classification of novel clinical variants. Whether the 309 

same approach can be used for other proteins remains to be determined. One obvious limitation of 310 

structural analysis is, by definition, the need for a suitable structural model. However, even where 311 

no experimental structures are available for a protein of interest, it may still be possible to use 312 

comparative modelling to generate a reliable model of regions or domains which can be used for 313 

structural analysis. Another likely limitation is the architecture of the protein itself. Both Menin and 314 

MSH2 are relatively compact, globular proteins, with low surface area to volume ratio and a high 315 

proportion of amino acids in regions of secondary structure. As a result, the effect of missense 316 

variants on the internal geometry and thermodynamic stability of the proteins is amenable to in 317 

silico prediction, particularly given the availability of suitable high-quality PDB structures. However, 318 

less well-structured proteins, or fibrillar proteins where a greater proportion of amino acids are 319 

exposed to solvent, are likely to be less amenable to such study as the confidence with which the 320 

structural and thermodynamic effects of missense variants can be predicted will be greatly reduced. 321 
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Such rules are likely to be revealed only by proteome-wide study which is beyond the scope of this 322 

manuscript. 323 

 324 

In summary, we have shown that structural analysis of missense substitutions in MEN1 can be used 325 

to identify variants likely to destabilize the protein and thus potentially as an aid in variant 326 

classification. Given that all analysis described herein used publicly-available data, freely-available 327 

software and does not require specialist bioinformatic skills or infrastructure, such analysis lies 328 

within the capability of any genetics laboratory or testing service. As such, there is significant scope 329 

to make greater use of protein structural data in the routine interpretation of genetic variation. 330 
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TABLE & FIGURE LEGENDS 484 

Table 1: Details of 7 novel missense variants in MEN1. All variants refer to MEN1 transcript 485 

NM_130799.2, protein NP_570711.1 (610 amino acid isoform). 486 

 487 

Table 2: MEN1 crystal structures used in FoldX analysis. A total of 29 PDB structures containing 31 488 

Menin chains were used for thermodynamic analysis using FoldX; 7 representative structures were 489 

also used for relative solvent accessibility (RSA) analysis. 490 

 491 

Table 3: Unique missense variants, FoldX analysis (G) and relative solvent accessibility (RSA). 492 

Details are shown for unique missense variants in pathogenic (n=161), benign (n=161) and uncertain 493 

(n=9) groups as defined in Materials & Methods. Where the source database included gnomAD, 494 

frequency is shown for the variant allele. Phenotypic predictions for each variant show prediction 495 

and probability data for PolyPhen2, prediction and score for SIFT and score for REVEL prediction. 496 

Results of thermodynamic analysis are shown as average G value and standard deviation, derived 497 

from FoldX calculation using the number of PDB structures indicated (#PDBs). ‘Protein interaction’ 498 

columns indicate residues annotated in relevant PDB entries as interacting directly either with JunD 499 

and/or KMT2A, both of which bind to the JunD binding pocket of Menin, or to PSIP. Results of 500 

relative solvent accessibility (RSA) analysis are shown as average values derived from DSSP analysis 501 

of 7 representative structures. 502 

 503 

Figure 1: Structure and disorder in Menin. A) The structure of Menin, as represented by PDB entry 504 

3u88 chain A; protein surface is coloured from blue, N-terminal to red, C-terminal; the position of 505 

the binding pocket for JunD and KMT2A is indicated; numbered residues coloured magenta indicate 506 

positions flanking disordered loops which are not resolved in the crystal structure. B) Menin (grey) in 507 

complex with KMT2A (yellow) and PSIP (green), as determined in PDB 3u88; note that while one end 508 

of KMT2A occupies the binding pocket, interaction with PSIP and other regions of KMT2A extends 509 
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over a wider region of the Menin surface. C) Probability of intrinsic disorder in Menin, as calculated 510 

by the MetaDisorder predictor, plotted against amino acid position; extended regions of probability 511 

>0.5 are considered to be disordered. D) Coverage of Menin residues in the 31 PDB structures used 512 

in this analysis, aligned against amino acid position as in part C. The top line shows coverage in PDB 513 

3u88A, coloured as in 1A; numbering indicates residues flanking unstructured regions missing from 514 

the crystal structure. Below this, black horizontal lines show coverage for the 30 remaining PDB 515 

structures, while positions of benign and pathogenic variants are indicated by blue or red triangles 516 

indicate respectively. Note that regions of predicted intrinsic disorder are absent from the majority, 517 

if not all crystal structures, consistent with greater mobility of these residues within the crystal, and 518 

that few pathogenic variants have been reported in these regions. 519 

 520 

Figure 2: Alignment of Menin structures. A) The α carbon atoms of the 31 Menin structures used in 521 

this study were aligned to that of PDB 6b41; each chain is shown in ribbon format, coloured by PDB 522 

and chain identifier; the position of the JunD/KMT2A binding pocket is indicated; the short helix 523 

visible at the top right of the rotated figure corresponds to residues 596-608 at the extreme C-524 

terminal of Menin, which were resolved only in PDB 3u84 chain A. B) As A, but superimposed with 525 

the structures of MLL (blue) and PSIP (grey) from PDB 3u88. 526 

 527 

Figure 3: Pathogenic variants are predicted to destabilise Menin structure. A) In silico mutagenesis 528 

and thermodynamic analysis for Menin variants; for each variant, the average change in 529 

thermodynamic stability, G, was calculated across all structures contained the relevant residue, 530 

then plotted by variant group; black circles and vertical lines within each data area represent median 531 

and upper and lower quartiles respectively. Numbering above data points shows p values (Student’s 532 

Two-tailed t-test) between groups as indicated. B) G values for benign (blue) and pathogenic (red) 533 

variant groups calculated for 31 individual PDB structures as shown on the x-axis. C) Average G 534 

values for benign and pathogenic variants occurring at the same amino acid position (residues with 535 
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one benign and one pathogenic variant, n=16; residues with two benign and one pathogenic 536 

variants, n=5; residues with one benign and two pathogenic variants, n=1); coloured boxes show the 537 

range between upper and lower quartiles; horizontal lines within each data box show median value; 538 

data points are shown for outliers only. The difference in the average G value between groups 539 

was highly significant (p=0.0002). 540 

 541 

Figure 4: Population frequency  of MEN1 variants. The frequency of benign and uncertain missense 542 

variants in the gnomAD database plotted against G value; blue fill: variants occurring in the 543 

gnomAD database only; yellow fill: variants reported in the gnomAD and SGCD databases; grey fill: 544 

variants in both gnomAD and HGMD Pro (DM class) databases. In cases where different nucleotide 545 

substitutions give rise to the same amino acid change, frequency is shown as a total for all variant 546 

alleles.  547 

 548 

Figure 5: Molecular distribution of pathogenic and benign variants. A) Relative solvent accessibility 549 

was calculated for each variant group; black circles and vertical lines within each data area represent 550 

median and upper and lower quartiles respectively. Numbering above data points shows p values 551 

(Student’s Two-tailed t-test) between groups as indicated. B) Buried pathogenic variants are 552 

predicted to be the most destabilising to Menin structure; note that 6/7 of the novel missense 553 

variants reported here are deeply buried within the protein (RSA < 0.02), while only novel variant 554 

H46A is solvent accessible. C, D) Surface distribution of solvent-accessible variants. The surface of 555 

Menin (grey), either alone (C) or in complex (D) with KMT2A (yellow) and PSIP (green) shows all 556 

variants with RSA>0.2: blue, benign; red, pathogenic; purple colouring show positions at which 557 

different pathogenic and benign variants have been observed; the novel H46A variant is coloured 558 

cyan. The broken yellow oval indicates a cluster of pathogenic variants which may constitute an as 559 

yet unidentified interface for protein-protein interactions. E) Menin is shown as a grey ribbon; novel 560 
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missense variants are coloured cyan with sidechains displayed in stick format; KMT2A and DSIP are 561 

shown as in D. 562 

 563 

Figure 6: Effect of protein-protein interaction on G. Analysis of solvent accessibility and 564 

thermodynamic effect of variants was performed on PDB 3u88 (Menin:KMT2A:DSIP complex), both 565 

on Menin chains in isolation (chains A, B) and as part of the complex. The upper graph shows the 566 

average difference in solvent accessibility by position in the complexed and isolated Menin chains 567 

respectively (RSA = RSA [complex] – RSA [isolated]); the lower graph shows the equivalent 568 

difference in average G value at each position (i.e. G); data points are labelled for variants 569 

where G 3 kcal/mol; background shading indicates positions of Menin residues forming contacts 570 

with KMT2A (yellow) or DSIP (green) in PDB 3u88. 571 

 572 

Figure 7. Predicted thermodynamic stability correlates with observed expression. A) Steady-state 573 

expression levels have been reported for a number of Menin variants; relative expression level data 574 

was sorted into two groups according to G value as calculated in this study (neutral or weakly 575 

destabilising: G <3 kcal/mol [n=14]; strongly destabilising: >3 kcal/mol [n=27]); boxes show the 576 

range between upper and lower quartiles; horizontal lines within each data box show median value; 577 

data points are shown for outliers only. The difference in relative expression between the two 578 

groups was highly significant (p=0.0001). 579 

 580 

Figure 8. Using thermodynamic analysis to assess the impact of novel missense variants. A) ROC 581 

curves for groups of pathogenic and benign variants as functions of G value (red line; AUC, 0.833), 582 

REVEL score (blue line; AUC, 0.864) PolyPhen2 probability for pathogenicity (black line; AUC, 0.819) 583 

and SIFT score (broken black line; AUC = 0.819); open circles on G and REVEL traces indicate 584 

positions corresponding to threshold values of 3 kcal/mol and 0.7 respectively. B) Scatter plot of 585 

G value against REVEL score for all variants (red circles, pathogenic; blue fill, benign; grey fill, 586 
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uncertain; cyan fill, novel). Where different nucleotide substitutions give rise to the same amino acid 587 

change, the REVEL score was calculated as an average of values for the individual nucleotide 588 

variants. Broken horizontal and vertical lines indicate thresholds of G = 3 kcal/mol and REVEL 589 

score = 0.7 respectively; note that all 7 novel missense variants cluster in the upper right quadrant of 590 

the plot. 591 

 592 
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Table 1: Details of 7 novel missense variants in MEN1 . All variants refer to MEN1  transcript NM_130799.2, protein NP_570711.1 (610 amino acid isoform).

variant # 1 2 3 4 5 6 7

HGVS c. notation c.137A>C c.490G>C c.524T>C c.1033G>C c.1078A>T c.1091T>C c.1256G>A

HGVS p. notation p.(His46Pro) p.(Ala164Pro) p.(Leu175Pro) p.(Ala345Pro) p.(Ile360Phe) p.(Phe364Ser) p.(Gly419Asp)

genomic variant (GRCh37/hg19) chr11:64577445T>G chr11:64575527C>G chr11:64575493A>G chr11:64573720C>G chr11:64573214T>A chr11:64573201A>G chr11:64572600C>T

reported in gnomAD? no no no no no no no

SIFT prediction Damaging Damaging Damaging Damaging Damaging Damaging Damaging

PROVEAN prediction Deleterious Deleterious Deleterious Deleterious Deleterious Deleterious Deleterious

PolyPhen prediction probably damaging probably damaging probably damaging probably damaging probably damaging probably damaging probably damaging

REVEL score 0.894 0.925 0.965 0.909 0.883 0.945 0.912
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PDB ID Title resolution (Å) release date Menin chain(s) used for RSA analysis? Reference

3u84 Crystal structure of Human Menin 2.50 15/02/2012 A, B Yes (chain A)

3u85 Crystal structure of human menin in complex with MLL1 (KMT2A) 3.00 15/02/2012 A Yes

3u86 Crystal structure of human menin in complex with JunD 2.84 15/02/2012 A

3u88 Crystal structure of human menin in complex with MLL1 (KMT2A) and LEDGF (PSIP) 3.00 15/02/2012 A, B Yes (chain B)

4gpq Structural insights into inhibition of the bivalent menin-MLL interaction by small molecules in leukemia 1.46 19/09/2012 A

4gq3 Human menin with bound inhibitor MI-2 1.56 19/09/2012 A

4gq4 Human menin with bound inhibitor MI-2-2 1.27 19/09/2012 A

4gq6 Human menin in complex with MLL (KMT2A) peptide 1.55 19/09/2012 A

4i80 Crystal structure of human menin in complex with a high-affinity macrocyclic peptidomimetics 3.10 06/03/2013 A Yes 27

4og3 Human menin with bound inhibitor MIV-3R 2.01 05/03/2014 A

4og4 Human menin with bound inhibitor MIV-3S 1.45 05/03/2014 A

4og5 Human menin with bound inhibitor MIV-5 1.63 05/03/2014 A

4og6 Human menin with bound inhibitor MIV-4 1.49 05/03/2014 A

4og7 Human menin with bound inhibitor MIV-7 2.08 05/03/2014 A

4og8 Human menin with bound inhibitor MIV-6R 1.53 05/03/2014 A

4x5y Menin in complex with MI-503 1.59 15/04/2015 A

4x5z Menin in complex with MI-136 1.86 15/04/2015 A

5db0 Menin in complex with MI-352 1.50 30/03/2016 A

5db1 Menin in complex with MI-336 1.86 30/03/2016 A

5db2 Menin in complex with MI-389 1.54 30/03/2016 A

5db3 Menin in complex with MI-574 1.71 30/03/2016 A

5dd9 Menin in complex with MI-326 1.62 09/09/2015 A

5dda Menin in complex with MI-333 1.83 09/09/2015 A Yes

5ddb Menin in complex with MI-319 1.54 09/09/2015 A

5ddc Menin in complex with MI-2-3 1.62 06/07/2016 A

5ddd Menin in complex with MI-836 2.14 09/09/2015 A

5dde Menin in complex with MI-859 1.78 09/09/2015 A

5ddf Menin in complex with MI-273 1.66 09/09/2015 A Yes

6b41 Menin bound to M-525 2.61 24/01/2018 A Yes 32

Table 2: MEN1 crystal structures used in FoldX analysis. A total of 29 PDB structures containing 31 Menin chains were used for thermodynamic analysis using FoldX; 7 representative structures were also used for relative 

solvent accessibility (RSA) analysis.
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6 A P A6P benign Y 4.69E-06 possibly damaging 0.582 BENIGN 0.260 0.659 -0.5340 0.3238 31 0.4164

6 A S A6S benign Y 9.37E-06 benign 0.053 BENIGN 0.700 0.486 0.4777 0.2745 31 0.4164

12 P L P12L pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.892 3.0160 0.4390 31 0.2767

13 L P L13P benign Y 4.31E-06 probably damaging 0.952 PATHOGENIC 0.000 0.952 5.4231 1.2934 31 0.0995

14 R C R14C benign Y 4.27E-06 probably damaging 0.931 PATHOGENIC 0.010 0.829 1.2309 0.5364 31 0.4338

14 R S R14S benign Y 4.27E-06 possibly damaging 0.542 BENIGN 0.130 0.797 0.5869 0.4838 31 0.4338

15 S C S15C benign Y 4.26E-06 probably damaging 0.927 BENIGN 0.050 0.617 1.5295 0.4617 31 0.2083

15 S F S15F benign Y 3.19E-05 possibly damaging 0.904 PATHOGENIC 0.040 0.584 1.8519 1.0156 31 0.2083

17 D N D17N benign Y 3.19E-05 benign 0.344 BENIGN 0.410 0.634 0.7679 0.2995 31 0.4027

19 V M V19M benign Y 4.20E-06 probably damaging 0.982 PATHOGENIC 0.010 0.850 0.3578 0.7024 31 0.0000

21 R H R21H benign Y 8.41E-06 possibly damaging 0.731 BENIGN 0.070 0.592 0.7673 0.2664 31 0.5235

21 R L R21L benign Y 4.21E-06 benign 0.398 BENIGN 0.170 0.642 -0.0928 0.2754 31 0.5235

21 R S R21S benign Y 1.93E-04 benign 0.166 BENIGN 0.560 0.577 0.9204 0.4025 31 0.5235

22 L R L22R pathogenic Y probably damaging 0.980 PATHOGENIC 0.000 0.914 4.1552 1.2317 31 0.0043

25 A V A25V benign Y 7.42E-06 benign 0.155 BENIGN 0.280 0.547 0.0684 0.3997 31 0.3389

26 E K E26K pathogenic Y benign 0.309 BENIGN 0.090 0.826 2.7855 0.6609 31 0.0096

28 G A G28A pathogenic Y benign 0.043 BENIGN 0.690 0.638 -0.0115 0.2675 31 0.6415

29 R G R29G benign Y 4.23E-06 benign 0.007 BENIGN 0.380 0.454 1.5044 0.3584 31 0.2430

32 P S P32S benign Y 3.42E-05 probably damaging 1.000 PATHOGENIC 0.000 0.848 2.9465 0.5281 31 0.0000

34 L V L34V benign Y 4.31E-06 probably damaging 0.997 PATHOGENIC 0.000 0.836 2.0395 0.4632 31 0.0000

38 S P S38P uncertain Y Y 4.40E-06 probably damaging 0.999 PATHOGENIC 0.000 0.951 7.0856 1.1401 31 0.0212

39 L W L39W pathogenic Y probably damaging 0.965 PATHOGENIC 0.000 0.973 11.4983 2.1044 31 0.0007

40 V A V40A benign Y 9.01E-06 possibly damaging 0.697 PATHOGENIC 0.030 0.881 2.6114 0.1572 31 0.0000

42 G D G42D pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.911 10.7359 2.8194 31 0.0330

42 G S G42S pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.935 5.4387 1.1875 31 0.0330

42 G V G42V pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.937 12.6954 1.9046 31 0.0330

45 E A E45A pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.940 1.9144 0.3253 31 0.0224

45 E D E45D pathogenic Y probably damaging 0.996 PATHOGENIC 0.000 0.902 3.7314 0.5378 31 0.0224

45 E G E45G pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.938 3.2448 0.4001 31 0.0224

45 E K E45K pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.895 2.3318 1.0020 31 0.0224

45 E Q E45Q pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.878 0.0126 0.6065 31 0.0224

45 E V E45V pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.959 0.5279 0.3788 31 0.0224

49 A V A49V pathogenic Y possibly damaging 0.465 PATHOGENIC 0.020 0.836 1.1529 0.4904 31 0.0487

52 R G R52G pathogenic Y possibly damaging 0.618 PATHOGENIC 0.040 0.865 2.3807 0.8073 31 Y 0.4901

56 T A T56A benign Y 5.04E-06 benign 0.025 BENIGN 0.320 0.482 0.2220 0.6072 8 Y 0.8151

59 P L P59L benign Y 1.01E-05 probably damaging 0.998 BENIGN 0.380 0.832 0.9508 0.2605 8 0.7195

60 E Q E60Q benign Y 5.06E-06 possibly damaging 0.596 BENIGN 0.540 0.447 0.1899 0.2162 8 0.5641

63 F L F63L benign Y 4.99E-06 benign 0.186 BENIGN 1.000 0.651 2.8941 0.5955 8 Y 0.1325

63 F Y F63Y benign Y 3.19E-05 possibly damaging 0.579 BENIGN 0.990 0.654 1.2459 0.2243 8 Y 0.1325

65 P H P65H benign Y 4.96E-06 benign 0.321 BENIGN 0.160 0.619 2.5332 0.3993 8 Y 0.3434

65 P S P65S benign Y 5.00E-06 benign 0.043 BENIGN 0.600 0.534 2.4520 0.4708 8 Y 0.3434

67 P L P67L benign Y 9.95E-06 benign 0.012 BENIGN 0.480 0.636 0.7152 0.2640 8 0.7082

70 D E D70E benign Y 4.82E-06 benign 0.026 BENIGN 0.580 0.479 -0.2189 0.2592 8 0.6715

source database Phenotypic predictions protein interactionDDG  (kcal/mol)Variant details and group

Table 3: Unique missense variants, FoldX analysis (DDG ) and relative solvent accessibility (RSA). Details are shown for unique missense variants in pathogenic (n=161), benign (n=161) and uncertain 

(n=9) groups as defined in Methods. Where the source database included gnomAD, frequency is shown for the variant allele. Phenotypic predictions for each variant show prediction and probability data for 

PolyPhen2, prediction and score for SIFT and score for REVEL prediction. Results of thermodynamic analysis are shown as average DDG  value and standard deviation, derived from FoldX calculation using 

the number of PDB structures indicated (#PDBs). ‘Protein interaction’ columns indicate residues annotated in relevant PDB entries as interacting directly either with JunD and/or KMT2A, both of which bind to 

the JunD binding pocket of Menin, or to PSIP. Results of relative solvent accessibility (RSA) analysis are shown as average values derived from DSSP analysis of 7 representative structures.
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73 G D G73D benign Y 4.71E-06 benign 0.391 BENIGN 0.620 0.662 3.3262 2.1752 6 0.4784

74 G D G74D benign Y 3.20E-05 benign 0.009 BENIGN 0.170 0.547 1.6804 1.3179 30 0.6030

79 P A P79A benign Y 3.20E-05 probably damaging 1.000 PATHOGENIC 0.000 0.947 2.4887 0.1880 31 0.0305

80 V M V80M benign Y 4.34E-06 probably damaging 0.933 BENIGN 0.120 0.594 -0.3031 0.3893 31 0.0944

82 D E D82E benign Y benign 0.038 BENIGN 1.000 0.504 1.4358 0.5530 31 0.2628

83 L P L83P benign Y 1.68E-05 probably damaging 0.929 PATHOGENIC 0.020 0.839 -0.0824 0.4428 31 0.2552

84 S P S84P benign Y 4.17E-06 benign 0.020 BENIGN 0.290 0.706 0.6858 0.7237 31 0.4922

86 I V I86V benign Y 4.10E-06 benign 0.038 BENIGN 1.000 0.520 1.3403 0.1094 31 0.0015

90 Y C Y90C benign Y benign 0.346 BENIGN 0.070 0.835 4.2845 0.3601 31 0.0755

91 A V A91V pathogenic Y benign 0.056 BENIGN 0.290 0.667 0.4713 0.1697 31 Y 0.4131

92 R G R92G benign Y 4.03E-06 possibly damaging 0.826 PATHOGENIC 0.010 0.844 2.2437 0.2400 31 Y Y 0.5057

92 R H R92H benign Y 8.03E-06 probably damaging 0.933 PATHOGENIC 0.010 0.856 1.3761 0.2515 31 Y Y 0.5057

95 A G A95G benign Y possibly damaging 0.547 PATHOGENIC 0.040 0.731 0.6061 0.0835 31 Y 0.4884

98 R L R98L pathogenic Y possibly damaging 0.560 BENIGN 0.120 0.817 0.3349 0.3609 31 Y 0.4630

100 A V A100V benign Y 1.60E-05 benign 0.082 BENIGN 0.130 0.700 1.1253 0.5296 31 0.3621

101 V A V101A benign Y 3.99E-06 possibly damaging 0.779 BENIGN 0.070 0.906 3.7036 0.5968 31 Y 0.0361

101 V I V101I benign Y 3.99E-06 possibly damaging 0.851 BENIGN 0.240 0.711 -1.1771 0.1592 31 Y 0.0361

104 S A S104A benign Y 3.98E-06 possibly damaging 0.465 BENIGN 0.220 0.797 0.7002 0.3028 31 Y 0.5889

107 P S P107S benign Y 3.98E-06 benign 0.389 BENIGN 0.750 0.616 0.9495 0.2669 31 0.6577

108 R G R108G benign Y 7.96E-06 benign 0.007 BENIGN 0.360 0.571 1.3232 0.5531 31 0.3436

108 R Q R108Q benign Y 3.19E-05 benign 0.344 BENIGN 0.610 0.524 0.6114 0.3788 31 0.3436

109 E D E109D benign Y 3.98E-06 benign 0.009 BENIGN 0.910 0.292 0.0795 0.2337 31 0.6662

110 G E G110E uncertain Y Y 7.96E-06 benign 0.292 BENIGN 0.450 0.671 1.8165 1.1920 31 0.7212

116 E G E116G pathogenic Y possibly damaging 0.882 PATHOGENIC 0.010 0.942 2.4131 0.2424 31 0.5535

118 V A V118A benign Y 3.98E-06 possibly damaging 0.795 PATHOGENIC 0.010 0.942 2.3403 0.1584 31 0.0057

118 V L V118L benign Y 3.98E-06 possibly damaging 0.591 PATHOGENIC 0.040 0.823 -0.8529 0.3980 31 0.0057

121 V A V121A benign Y 3.98E-06 probably damaging 0.947 PATHOGENIC 0.010 0.968 2.4811 0.1451 31 0.0000

121 V I V121I benign Y 3.98E-06 possibly damaging 0.612 BENIGN 0.120 0.773 -0.4038 0.4065 31 0.0000

134 F L F134L benign Y 3.18E-05 benign 0.349 PATHOGENIC 0.030 0.866 -0.0536 0.2579 31 0.6690

137 R G R137G benign Y 3.98E-06 probably damaging 0.939 PATHOGENIC 0.010 0.850 0.6389 0.4195 31 Y 0.3843

139 H D H139D pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.936 4.3772 0.6484 31 0.1486

139 H N H139N pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.867 0.6698 0.3868 31 0.1486

139 H P H139P pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.862 4.9157 0.7108 31 0.1486

139 H Q H139Q pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.825 1.4896 0.3918 31 0.1486

139 H R H139R pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.855 1.0663 0.7935 31 0.1486

139 H Y H139Y pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.953 4.4160 1.1166 31 0.1486

141 Q R Q141R benign Y 3.98E-06 probably damaging 0.994 PATHOGENIC 0.000 0.968 0.8635 0.7206 31 0.0997

144 F C F144C pathogenic Y probably damaging 0.977 PATHOGENIC 0.000 0.960 3.6593 0.3648 31 0.0863

144 F V F144V pathogenic Y possibly damaging 0.736 PATHOGENIC 0.010 0.973 3.3642 0.3531 31 0.0863

147 I F I147F pathogenic Y possibly damaging 0.533 PATHOGENIC 0.020 0.822 6.5569 2.3759 31 0.0515

148 T P T148P pathogenic Y probably damaging 0.956 PATHOGENIC 0.040 0.859 3.6064 1.0523 31 0.4410

149 G R G149R benign Y 1.19E-05 probably damaging 0.992 PATHOGENIC 0.000 0.661 -0.8710 0.5338 31 Y 0.2500

150 T N T150N benign Y 4.16E-06 benign 0.010 BENIGN 1.000 0.592 -1.7141 0.6731 31 0.2849

150 T S T150S benign Y 4.17E-06 benign 0.041 BENIGN 0.600 0.588 -1.3414 0.4688 31 0.2849

153 D E D153E pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.940 0.7734 1.5967 31 Y 0.1355

153 D V D153V pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.953 1.1639 0.9191 31 Y 0.1355

153 D Y D153Y pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.941 1.8806 3.0010 31 Y 0.1355

154 S I S154I pathogenic Y possibly damaging 0.723 PATHOGENIC 0.010 0.848 1.3508 0.8337 31 Y 0.1770

155 S F S155F pathogenic Y benign 0.005 BENIGN 1.000 0.687 -0.6995 2.4066 31 Y 0.1880

156 G C G156C pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.932 3.3558 0.9748 31 Y 0.0124

156 G D G156D pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.941 13.2142 1.8654 31 Y 0.0124

156 G R G156R pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.932 10.8362 2.4296 31 Y 0.0124

156 G S G156S pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.972 2.1774 0.6195 31 Y 0.0124

156 G V G156V pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.926 6.5116 1.6951 31 Y 0.0124

158 A D A158D pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.972 7.3823 0.8188 31 0.0000

160 A G A160G benign Y 4.00E-06 benign 0.162 BENIGN 0.100 0.837 2.1783 0.0977 31 0.0011

160 A P A160P pathogenic Y probably damaging 0.982 PATHOGENIC 0.010 0.954 5.5304 0.8689 31 0.0011

160 A T A160T pathogenic Y possibly damaging 0.670 PATHOGENIC 0.010 0.936 0.8832 0.6791 31 0.0011
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162 V A V162A benign Y 8.00E-06 probably damaging 0.948 PATHOGENIC 0.000 0.966 2.3030 0.1388 31 0.0000

162 V F V162F pathogenic Y probably damaging 0.992 PATHOGENIC 0.000 0.957 13.5779 2.6237 31 0.0000

164 A D A164D pathogenic Y probably damaging 0.953 PATHOGENIC 0.010 0.971 7.9503 1.4645 31 0.0000

164 A S A164S benign Y 4.00E-06 possibly damaging 0.857 BENIGN 0.080 0.852 1.7389 0.3372 31 0.0000

165 C R C165R pathogenic Y probably damaging 0.982 PATHOGENIC 0.000 0.959 7.1080 1.4289 31 0.0000

165 C Y C165Y pathogenic Y probably damaging 0.991 PATHOGENIC 0.000 0.953 9.2796 1.3621 31 0.0000

167 A V A167V benign Y 3.99E-06 benign 0.058 BENIGN 1.000 0.488 -0.2112 0.6056 31 0.0986

168 L P L168P pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.956 6.7526 0.9219 31 0.0796

170 L V L170V benign Y 3.98E-06 benign 0.352 BENIGN 0.180 0.720 3.5141 0.7089 31 0.0092

171 R Q R171Q benign Y 1.22E-02 Y benign 0.444 BENIGN 0.150 0.434 0.1461 0.3020 31 0.5594

171 R W R171W benign Y 7.08E-05 Y benign 0.154 PATHOGENIC 0.010 0.657 0.5226 0.4582 31 0.5594

172 D V D172V pathogenic Y possibly damaging 0.615 PATHOGENIC 0.000 0.938 2.4490 0.7182 31 0.1095

172 D Y D172Y pathogenic Y probably damaging 0.987 PATHOGENIC 0.000 0.943 2.4656 0.9278 31 0.1095

174 H P H174P pathogenic Y possibly damaging 0.905 PATHOGENIC 0.000 0.944 5.9444 0.6535 31 0.1639

175 L R L175R pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.955 5.9130 0.7482 31 0.0007

176 A P A176P pathogenic Y probably damaging 0.983 PATHOGENIC 0.010 0.942 6.8178 0.8335 31 0.0000

176 A S A176S benign Y 1.99E-05 possibly damaging 0.622 BENIGN 0.100 0.868 1.5213 0.6669 31 Y 0.0000

176 A T A176T benign Y 3.98E-06 possibly damaging 0.572 PATHOGENIC 0.010 0.943 3.0286 0.8171 31 Y 0.0000

179 E D E179D pathogenic Y probably damaging 0.917 PATHOGENIC 0.000 0.893 4.7402 0.6227 31 Y 0.0378

179 E K E179K pathogenic Y possibly damaging 0.852 PATHOGENIC 0.000 0.937 6.9708 2.1935 31 Y 0.0378

179 E Q E179Q pathogenic Y possibly damaging 0.730 PATHOGENIC 0.000 0.924 2.9444 0.7707 31 Y 0.0378

180 D A D180A pathogenic Y probably damaging 0.976 PATHOGENIC 0.000 0.951 -0.8830 0.4597 31 Y 0.2073

180 D E D180E benign Y 3.98E-06 probably damaging 0.971 PATHOGENIC 0.000 0.864 0.4977 0.5395 31 Y 0.2073

180 D V D180V benign Y 3.19E-05 probably damaging 0.969 PATHOGENIC 0.000 0.949 0.0389 0.6952 31 Y 0.2073

181 H R H181R pathogenic Y probably damaging 0.939 PATHOGENIC 0.000 0.930 0.1134 1.7384 31 Y 0.0459

182 A T A182T benign Y 3.98E-06 possibly damaging 0.615 PATHOGENIC 0.030 0.905 0.8528 0.6471 31 0.0111

182 A V A182V benign Y 3.98E-06 possibly damaging 0.615 BENIGN 0.280 0.888 0.2929 0.7907 31 0.0111

183 W R W183R pathogenic Y probably damaging 0.975 PATHOGENIC 0.000 0.929 5.0966 1.2239 31 0.0000

183 W S W183S pathogenic Y possibly damaging 0.615 PATHOGENIC 0.000 0.903 4.8391 0.7219 31 0.0000

184 V E V184E pathogenic Y possibly damaging 0.682 PATHOGENIC 0.000 0.933 6.7501 1.1294 31 0.0000

185 V A V185A benign Y 3.98E-06 benign 0.132 PATHOGENIC 0.020 0.775 1.7730 0.2750 31 0.0337

185 V M V185M benign Y 3.19E-05 benign 0.384 BENIGN 0.080 0.689 0.6731 0.6493 31 0.0337

188 P L P188L uncertain Y Y 6.37E-05 benign 0.406 PATHOGENIC 0.040 0.678 1.2977 0.3977 31 0.4645

188 P S P188S benign Y 3.19E-05 benign 0.107 BENIGN 0.100 0.448 2.0940 0.3936 31 0.4645

189 N K N189K benign Y 3.98E-06 benign 0.016 BENIGN 0.600 0.405 0.0201 0.2781 31 0.7692

189 N S N189S benign Y 2.39E-05 benign 0.135 BENIGN 0.430 0.419 0.4844 0.2157 31 0.7692

192 Q K Q192K pathogenic Y benign 0.232 PATHOGENIC 0.030 0.549 -0.0430 0.3342 31 0.3543

193 T I T193I pathogenic Y possibly damaging 0.899 PATHOGENIC 0.000 0.974 0.9707 0.5893 31 0.0274

195 E G E195G pathogenic Y probably damaging 0.982 PATHOGENIC 0.000 0.955 3.4234 0.4687 31 0.0243

210 T I T210I benign Y 3.98E-06 benign 0.266 PATHOGENIC 0.040 0.752 0.6793 0.3545 31 0.2650

212 N D N212D benign Y 3.98E-06 benign 0.009 BENIGN 0.830 0.436 -0.8192 0.5023 31 0.5201

214 G S G214S benign Y 2.39E-05 possibly damaging 0.518 BENIGN 0.100 0.879 4.8407 1.4332 31 0.0302

215 V M V215M pathogenic Y possibly damaging 0.896 PATHOGENIC 0.020 0.799 -0.7025 0.1471 31 0.2135

218 R Q R218Q benign Y 3.99E-06 benign 0.020 BENIGN 0.400 0.557 0.7401 0.2913 31 0.3942

218 R W R218W pathogenic Y possibly damaging 0.755 PATHOGENIC 0.000 0.753 1.4165 0.4539 31 0.3942

220 W L W220L pathogenic Y probably damaging 0.997 PATHOGENIC 0.000 0.922 2.9227 0.5116 31 0.0015

220 W R W220R pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.921 4.0051 0.9144 31 0.0015

220 W S W220S pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.901 6.7655 0.6669 31 0.0015

223 L P L223P pathogenic Y probably damaging 0.935 PATHOGENIC 0.010 0.941 7.5767 0.8001 31 0.0014

224 K T K224T pathogenic Y benign 0.284 BENIGN 0.380 0.758 3.3049 0.9831 31 0.1634

225 G R G225R pathogenic Y probably damaging 0.995 PATHOGENIC 0.010 0.942 2.7029 0.3718 31 0.1717

226 S P S226P pathogenic Y possibly damaging 0.628 BENIGN 0.270 0.777 3.4129 1.2351 31 0.0618

228 M I M228I benign Y 3.98E-06 benign 0.018 BENIGN 0.110 0.577 0.3038 0.3738 31 0.0108

229 R C R229C benign Y 7.96E-06 benign 0.013 PATHOGENIC 0.030 0.624 0.9193 0.2721 31 0.4166

229 R H R229H uncertain Y Y 3.98E-06 benign 0.041 BENIGN 0.140 0.622 1.7757 0.3599 31 0.4166

229 R L R229L pathogenic Y benign 0.054 BENIGN 0.240 0.598 -0.0602 0.3253 31 0.4166

232 R C R232C benign Y 3.98E-06 probably damaging 0.999 PATHOGENIC 0.000 0.932 3.8895 0.7070 31 0.0381

234 M L M234L benign Y 3.98E-06 benign 0.130 BENIGN 0.180 0.780 -0.0072 0.2227 31 0.0402
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235 E K E235K pathogenic Y probably damaging 0.993 PATHOGENIC 0.000 0.948 8.2199 1.4759 31 0.0000

237 A V A237V benign Y 7.96E-06 possibly damaging 0.864 PATHOGENIC 0.010 0.931 -0.3751 0.8466 31 0.0000

239 M T M239T benign Y 3.98E-06 possibly damaging 0.526 PATHOGENIC 0.010 0.928 3.9556 0.7284 31 0.0459

240 V E V240E pathogenic Y probably damaging 0.989 PATHOGENIC 0.000 0.956 6.8257 0.9850 31 0.0008

240 V M V240M benign Y 3.98E-06 probably damaging 0.992 PATHOGENIC 0.000 0.912 2.6809 0.7526 31 0.0008

241 C F C241F pathogenic Y possibly damaging 0.628 PATHOGENIC 0.030 0.920 1.7271 3.2359 31 Y 0.1129

241 C R C241R pathogenic Y benign 0.429 PATHOGENIC 0.050 0.881 1.2109 3.7403 31 Y 0.1129

241 C Y C241Y pathogenic Y possibly damaging 0.628 PATHOGENIC 0.030 0.918 2.1882 4.7994 31 Y 0.1129

242 A V A242V pathogenic Y probably damaging 0.962 PATHOGENIC 0.010 0.960 1.8258 0.3744 31 Y 0.1872

243 I N I243N pathogenic Y probably damaging 0.968 PATHOGENIC 0.000 0.926 2.6044 0.2112 31 0.0442

243 I V I243V benign Y 3.98E-06 possibly damaging 0.672 BENIGN 0.060 0.811 0.9559 0.1608 31 0.0442

245 P A P245A benign Y 3.98E-06 possibly damaging 0.526 PATHOGENIC 0.000 0.909 2.3674 0.3147 31 0.0845

246 S A S246A benign Y 3.98E-06 benign 0.260 PATHOGENIC 0.020 0.820 -0.0399 0.1525 31 Y 0.2111

247 I T I247T benign Y 3.98E-06 probably damaging 0.924 PATHOGENIC 0.010 0.876 2.2288 0.2262 31 0.2531

248 D Y D248Y benign Y 3.98E-06 possibly damaging 0.904 PATHOGENIC 0.050 0.922 1.6610 0.6179 31 Y 0.4108

252 D H D252H benign Y 7.96E-06 probably damaging 0.997 PATHOGENIC 0.020 0.942 -0.8362 0.2275 31 Y 0.4108

252 D Y D252Y benign Y 1.06E-05 probably damaging 0.997 PATHOGENIC 0.020 0.947 -2.3017 0.3169 31 Y 0.4108

253 S L S253L pathogenic Y possibly damaging 0.819 BENIGN 0.070 0.913 4.3682 2.7866 31 Y 0.0221

253 S P S253P pathogenic Y probably damaging 0.968 BENIGN 0.160 0.872 5.8208 0.7425 31 Y 0.0221

253 S W S253W pathogenic Y probably damaging 0.994 PATHOGENIC 0.010 0.951 17.3666 12.2514 31 Y 0.0221

255 E K E255K pathogenic Y possibly damaging 0.791 PATHOGENIC 0.000 0.937 2.3874 0.7359 31 0.1608

256 L F L256F pathogenic Y probably damaging 0.931 PATHOGENIC 0.040 0.898 7.1340 1.6983 31 Y 0.0050

258 Q H Q258H benign Y 2.12E-05 possibly damaging 0.796 BENIGN 0.120 0.815 0.2473 0.3907 31 0.3117

259 L P L259P pathogenic Y probably damaging 0.992 PATHOGENIC 0.000 0.962 9.4625 0.7395 31 0.0085

259 L R L259R pathogenic Y probably damaging 0.992 PATHOGENIC 0.000 0.975 5.9008 1.5954 31 0.0085

260 Q P Q260P pathogenic Y probably damaging 0.983 PATHOGENIC 0.010 0.962 5.4437 0.4938 31 0.0413

264 L P L264P pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.931 7.6574 0.7237 31 0.0000

267 L P L267P pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.936 7.2362 0.6006 31 0.0057

268 Y C Y268C benign Y 3.55E-05 probably damaging 0.987 PATHOGENIC 0.000 0.884 2.6638 0.1960 31 0.2200

270 L Q L270Q benign Y possibly damaging 0.721 BENIGN 0.560 0.574 1.4489 0.2796 31 0.4350

274 E A E274A pathogenic Y benign 0.018 BENIGN 0.730 0.687 0.7569 0.1576 31 0.4471

275 R K R275K pathogenic Y benign 0.028 BENIGN 1.000 0.802 -0.2607 0.1339 31 0.4546

277 P H P277H pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.979 14.7731 4.8586 31 0.0099

277 P L P277L pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.980 7.2659 1.6875 31 0.0099

278 M I M278I pathogenic Y benign 0.406 PATHOGENIC 0.030 0.940 1.2111 0.7490 31 Y 0.1193

278 M V M278V benign Y 3.98E-06 possibly damaging 0.492 PATHOGENIC 0.020 0.929 2.1412 0.4918 31 Y 0.1193

280 L S L280S benign Y 1.19E-05 probably damaging 0.992 PATHOGENIC 0.000 0.944 2.9643 0.2609 31 0.0235

281 G R G281R pathogenic Y probably damaging 0.983 PATHOGENIC 0.000 0.967 21.9039 3.6992 31 0.0220

283 L P L283P pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.970 8.5846 0.6836 31 0.0000

284 A E A284E pathogenic Y probably damaging 0.953 PATHOGENIC 0.010 0.967 18.8858 2.3100 31 0.0000

286 L P L286P pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.966 5.0184 0.6794 31 0.0633

290 E A E290A benign Y 3.98E-06 benign 0.018 BENIGN 0.730 0.517 -0.5217 0.2693 31 0.5298

291 P R P291R benign Y 3.98E-06 benign 0.396 PATHOGENIC 0.010 0.612 -0.7489 0.8665 31 0.5562

292 T I T292I benign Y 3.98E-06 probably damaging 0.974 BENIGN 0.110 0.651 -0.4668 0.3403 31 0.2458

295 R Q R295Q benign Y 1.59E-05 benign 0.405 PATHOGENIC 0.020 0.588 1.8114 0.2081 31 0.3008

295 R W R295W benign Y 3.19E-05 probably damaging 0.986 PATHOGENIC 0.000 0.778 1.6398 0.9589 31 0.3008

301 L R L301R pathogenic Y probably damaging 0.994 PATHOGENIC 0.000 0.930 7.7554 1.7455 31 0.0014

303 H R H303R benign Y 3.99E-06 benign 0.018 BENIGN 0.490 0.581 0.0421 0.2505 31 0.4247

305 G D G305D pathogenic Y possibly damaging 0.780 PATHOGENIC 0.010 0.853 7.6302 1.0743 31 0.0206

305 G R G305R pathogenic Y possibly damaging 0.897 PATHOGENIC 0.010 0.934 11.8527 1.6470 31 0.0206

307 A D A307D benign Y 3.98E-06 benign 0.035 BENIGN 0.590 0.471 0.3974 0.0932 31 0.3643

309 A G A309G benign Y 3.98E-06 benign 0.056 BENIGN 0.180 0.753 1.8990 0.0900 31 0.0000

309 A P A309P pathogenic Y probably damaging 0.965 PATHOGENIC 0.020 0.924 7.2060 0.9740 31 0.0000

309 A T A309T benign Y 3.98E-06 possibly damaging 0.740 PATHOGENIC 0.010 0.878 1.2968 0.4150 31 0.0000

311 T P T311P pathogenic Y possibly damaging 0.777 BENIGN 0.280 0.720 3.6314 0.9974 31 0.5656

314 R P R314P pathogenic Y benign 0.196 BENIGN 0.260 0.682 5.1090 0.8558 31 0.6731

314 R Q R314Q benign Y 3.18E-05 benign 0.003 BENIGN 0.580 0.370 1.1370 0.6143 31 0.6731

314 R W R314W benign Y 1.19E-05 possibly damaging 0.491 PATHOGENIC 0.020 0.608 1.4379 0.5502 31 0.6731
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315 D Y D315Y uncertain Y Y 3.98E-06 probably damaging 0.974 PATHOGENIC 0.000 0.875 4.6447 0.6823 31 0.2457

316 E D E316D benign Y 7.95E-06 benign 0.295 BENIGN 0.500 0.591 0.7773 0.5619 31 0.1224

316 E K E316K benign Y 3.98E-06 benign 0.135 BENIGN 0.670 0.690 -0.6663 0.8476 31 0.1224

317 H R H317R pathogenic Y probably damaging 0.958 PATHOGENIC 0.020 0.947 0.9688 0.8820 31 0.0064

317 H Y H317Y pathogenic Y possibly damaging 0.872 PATHOGENIC 0.010 0.956 -1.2610 1.1099 31 0.0064

320 P L P320L pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.959 4.5393 0.9875 31 0.0261

320 P R P320R pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.958 11.4020 3.2030 31 0.0261

325 A P A325P pathogenic Y possibly damaging 0.897 PATHOGENIC 0.020 0.910 7.9524 0.5275 31 0.0000

330 R H R330H benign Y 3.19E-05 probably damaging 0.999 PATHOGENIC 0.000 0.923 0.4408 0.2214 31 Y 0.4254

335 R Q R335Q benign Y 3.98E-06 Y possibly damaging 0.642 BENIGN 0.240 0.531 0.3039 0.3378 31 0.3519

337 A D A337D pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.948 8.8807 1.3733 31 0.0000

337 A P A337P pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.952 8.5759 0.8298 31 0.0000

338 L P L338P pathogenic Y probably damaging 0.929 PATHOGENIC 0.010 0.937 6.6133 0.5421 31 0.0227

338 L V L338V benign Y 1.99E-05 benign 0.384 BENIGN 0.090 0.795 2.9960 0.3553 31 0.0227

341 W R W341R pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.935 4.1895 0.6008 31 Y 0.0326

342 A P A342P pathogenic Y probably damaging 0.988 PATHOGENIC 0.000 0.955 6.3422 0.5649 31 0.0011

342 A T A342T benign Y 3.98E-06 probably damaging 0.943 PATHOGENIC 0.000 0.891 4.7506 1.3042 31 0.0011

342 A V A342V benign Y 7.95E-06 possibly damaging 0.605 PATHOGENIC 0.000 0.865 5.5973 1.4952 31 0.0011

344 T M T344M benign Y 3.98E-06 possibly damaging 0.902 PATHOGENIC 0.010 0.733 0.8694 1.6832 31 0.0000

344 T R T344R pathogenic Y possibly damaging 0.822 PATHOGENIC 0.010 0.812 5.1084 3.2709 31 0.0000

348 I N I348N pathogenic Y probably damaging 0.952 PATHOGENIC 0.000 0.867 4.2577 0.4717 31 0.0000

350 D V D350V pathogenic Y benign 0.129 BENIGN 0.260 0.688 0.1842 0.4611 31 0.3745

351 Y H Y351H pathogenic Y probably damaging 0.994 PATHOGENIC 0.000 0.962 3.0878 0.2902 31 0.0043

351 Y N Y351N pathogenic Y probably damaging 0.994 PATHOGENIC 0.000 0.944 3.9461 0.4693 31 0.0043

353 Y D Y353D pathogenic Y probably damaging 0.988 PATHOGENIC 0.000 0.942 5.4037 0.5484 31 0.0744

354 C R C354R benign Y 3.98E-06 benign 0.331 BENIGN 0.150 0.661 -0.4974 0.5042 31 0.0359

355 R W R355W pathogenic Y probably damaging 0.989 PATHOGENIC 0.000 0.937 0.0721 0.3291 31 0.6726

356 E D E356D benign Y 3.98E-06 benign 0.044 BENIGN 0.830 0.524 0.9321 0.8629 31 0.2172

357 D H D357H pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.908 16.7655 2.7987 31 0.0007

357 D N D357N benign Y 3.98E-06 probably damaging 0.997 PATHOGENIC 0.000 0.797 3.2138 0.8205 31 0.0007

364 F C F364C pathogenic Y probably damaging 0.946 PATHOGENIC 0.000 0.966 4.2783 0.3465 31 0.0012

366 E D E366D uncertain Y Y 7.16E-05 benign 0.044 BENIGN 0.800 0.611 0.6620 0.1874 31 Y 0.4356

367 V I V367I benign Y 1.27E-04 benign 0.057 BENIGN 1.000 0.422 -0.6475 0.2535 31 0.0411

367 V L V367L benign Y 7.96E-06 benign 0.280 PATHOGENIC 0.020 0.604 0.7840 0.9305 31 0.0411

368 A D A368D pathogenic Y probably damaging 0.987 PATHOGENIC 0.000 0.961 3.2704 1.2425 31 0.0000

372 I M I372M pathogenic Y possibly damaging 0.779 PATHOGENIC 0.010 0.837 -0.0463 0.2576 31 0.0094

373 P A P373A pathogenic Y probably damaging 0.997 PATHOGENIC 0.000 0.959 3.0938 0.2602 31 0.0512

373 P L P373L pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.958 1.9255 0.4669 31 0.0512

373 P S P373S pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.972 3.9140 0.3660 31 0.0512

374 N S N374S benign Y 3.98E-06 benign 0.059 BENIGN 0.380 0.468 0.4952 0.2448 31 0.4637

374 N T N374T benign Y 2.12E-05 benign 0.059 BENIGN 0.500 0.459 0.8145 0.3527 31 0.4637

375 L P L375P pathogenic Y possibly damaging 0.683 PATHOGENIC 0.020 0.910 5.5098 1.1145 31 Y 0.0455

375 L V L375V benign Y 3.98E-06 benign 0.016 BENIGN 1.000 0.528 1.9319 0.3863 31 Y 0.0455

376 L P L376P pathogenic Y probably damaging 0.952 PATHOGENIC 0.010 0.940 6.7157 0.6123 31 0.0085

377 K R K377R benign Y 3.98E-06 benign 0.262 BENIGN 0.170 0.787 0.0647 0.2166 31 0.4728

380 A T A380T benign Y 7.95E-06 benign 0.067 BENIGN 0.430 0.437 0.9858 0.4990 31 0.1561

381 S G S381G benign Y 3.98E-06 possibly damaging 0.730 BENIGN 0.050 0.444 0.6972 0.2501 31 0.4488

385 A V A385V uncertain Y Y 3.98E-06 Y benign 0.024 BENIGN 0.210 0.608 0.8026 0.3563 31 0.7300

386 G D G386D benign Y 1.19E-05 benign 0.081 BENIGN 0.210 0.434 1.9634 0.2748 24 0.7524

399 S N S399N benign Y 3.99E-06 benign 0.000 BENIGN 0.230 0.358 -0.8044 0.1721 23 0.2742

401 G D G401D benign Y 3.99E-06 possibly damaging 0.653 BENIGN 0.620 0.588 1.4955 0.4410 24 0.5513

403 A T A403T benign Y 7.98E-06 possibly damaging 0.541 BENIGN 0.130 0.729 1.6106 0.8856 31 0.0866

411 A P A411P pathogenic Y probably damaging 0.990 PATHOGENIC 0.010 0.922 6.2657 1.1989 31 0.0476

411 A T A411T benign Y 3.98E-06 probably damaging 0.973 PATHOGENIC 0.010 0.870 0.7892 0.4894 31 0.0476

413 L P L413P pathogenic Y probably damaging 0.965 PATHOGENIC 0.000 0.944 7.0953 0.7535 31 0.0036

413 L R L413R pathogenic Y probably damaging 0.965 PATHOGENIC 0.000 0.950 2.7864 0.8182 31 0.0036

414 L P L414P pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.918 7.7383 0.6482 31 0.0021

414 L Q L414Q pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.934 4.0294 0.3152 31 0.0021
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415 R P R415P pathogenic Y probably damaging 0.942 PATHOGENIC 0.010 0.912 6.3502 1.1223 31 0.2138

415 R Q R415Q benign Y 3.98E-06 benign 0.139 BENIGN 0.110 0.757 1.1921 0.3848 31 0.2138

418 D N D418N pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.891 2.5381 0.8784 31 0.0215

420 I N I420N pathogenic Y probably damaging 0.986 PATHOGENIC 0.000 0.921 3.3948 0.3424 31 0.0015

421 C Y C421Y pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.952 7.0866 2.9568 31 0.0077

423 W R W423R pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.945 4.1542 0.5664 31 0.0000

423 W S W423S pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.925 6.5756 0.5713 31 0.0000

427 S I S427I pathogenic Y probably damaging 0.972 PATHOGENIC 0.000 0.960 6.7257 1.2151 31 0.1392

427 S R S427R pathogenic Y probably damaging 0.981 PATHOGENIC 0.010 0.867 9.6584 2.7474 31 0.1392

429 T M T429M benign Y 3.98E-06 probably damaging 0.999 PATHOGENIC 0.000 0.951 -0.7217 0.4454 31 0.3164

434 V M V434M benign Y 3.98E-06 probably damaging 0.929 PATHOGENIC 0.010 0.830 -0.9110 0.3113 31 0.5427

436 W C W436C pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.932 4.9191 0.4623 31 0.0000

436 W R W436R pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.933 5.3112 0.5725 31 0.0000

443 S P S443P benign Y 3.98E-06 probably damaging 0.930 PATHOGENIC 0.010 0.907 3.8273 0.8430 31 0.0037

443 S Y S443Y pathogenic Y probably damaging 0.952 PATHOGENIC 0.000 0.938 12.3672 2.3746 31 0.0037

444 L P L444P pathogenic Y probably damaging 0.929 PATHOGENIC 0.000 0.967 7.1602 0.7193 31 0.0000

447 F L F447L pathogenic Y probably damaging 0.998 PATHOGENIC 0.000 0.945 2.3714 0.5948 31 0.0125

447 F S F447S pathogenic Y probably damaging 0.999 PATHOGENIC 0.000 0.927 4.7555 0.3058 31 0.0125

448 E A E448A benign Y 3.99E-06 benign 0.016 PATHOGENIC 0.010 0.601 1.8534 0.7884 31 0.5426

451 V E V451E benign Y 4.37E-06 possibly damaging 0.865 PATHOGENIC 0.000 0.940 2.0544 0.4323 31 0.0443

452 R Q R452Q benign Y 8.74E-06 probably damaging 0.999 PATHOGENIC 0.000 0.932 4.3475 1.1805 31 0.0266

452 R W R452W pathogenic Y probably damaging 1.000 PATHOGENIC 0.000 0.961 24.8968 2.8975 31 0.0266

455 V G V455G benign Y 4.38E-06 probably damaging 0.929 PATHOGENIC 0.000 0.944 4.0447 0.3325 31 0.0443

456 R C R456C benign Y 1.16E-05 benign 0.340 BENIGN 0.060 0.477 0.4542 0.1573 31 0.5339

456 R H R456H benign Y 4.38E-06 benign 0.001 BENIGN 0.130 0.358 0.6709 0.1510 31 0.5339

457 I T I457T benign Y 4.38E-06 possibly damaging 0.844 PATHOGENIC 0.000 0.883 2.7840 0.3016 31 0.1385

458 V A V458A benign Y 4.39E-06 benign 0.058 BENIGN 0.760 0.487 0.5864 0.5185 31 0.2578

520 G R G520R benign Y 3.19E-05 benign 0.001 BENIGN 0.470 0.400 0.8000 0.7326 5 0.6154

523 A P A523P benign Y 1.22E-05 benign 0.000 BENIGN 0.280 0.282 -0.3561 0.1075 5 0.7416

523 A T A523T benign Y 2.16E-05 benign 0.002 BENIGN 0.620 0.258 -0.0516 0.3239 5 0.7416

524 G S G524S benign Y 4.05E-06 benign 0.001 BENIGN 0.540 0.254 3.4229 0.5713 5 0.5897

525 T I T525I benign Y 4.04E-06 benign 0.006 BENIGN 0.240 0.296 0.1707 0.3734 5 0.7519

526 A T A526T benign Y 4.03E-06 benign 0.001 BENIGN 0.320 0.244 0.1557 1.0816 5 0.6408

527 R Q R527Q benign Y 4.02E-06 benign 0.001 BENIGN 0.480 0.349 0.5328 0.8541 5 0.9051

534 T M T534M benign Y 4.00E-06 benign 0.058 PATHOGENIC 0.050 0.354 -0.4702 0.0000 1 0.6977

536 Q R Q536R benign Y 3.99E-06 benign 0.012 BENIGN 0.520 0.398 -0.1550 0.0000 1 0.5289

537 V G V537G benign Y 3.99E-06 benign 0.000 PATHOGENIC 0.020 0.344 0.8241 0.0000 1 0.6724

537 V L V537L benign Y 3.99E-06 benign 0.000 BENIGN 0.490 0.346 -0.3012 0.0000 1 0.6724

544 P S P544S uncertain Y Y 3.98E-06 benign 0.395 BENIGN 0.310 0.696 0.2736 0.0000 1 0.9434

546 P Q P546Q benign Y 3.98E-06 benign 0.010 BENIGN 0.360 0.360 0.8759 0.0000 1 0.3396

547 E G E547G benign Y 1.06E-05 Y benign 0.001 BENIGN 0.290 0.470 0.1271 0.0042 2 0.8072

550 V L V550L uncertain Y Y 1.19E-05 benign 0.071 BENIGN 0.350 0.708 -0.5712 0.2827 31 0.5246

552 T S T552S pathogenic Y benign 0.017 BENIGN 0.640 0.417 0.4612 0.2239 31 0.3530

555 S N S555N pathogenic Y probably damaging 0.969 PATHOGENIC 0.000 0.747 6.7505 1.7890 31 0.0000

555 S R S555R pathogenic Y probably damaging 0.986 PATHOGENIC 0.000 0.878 7.8921 2.4523 31 0.0000

557 K E K557E pathogenic Y probably damaging 0.981 PATHOGENIC 0.000 0.879 3.5375 0.6159 31 0.1416

558 M K M558K pathogenic Y probably damaging 0.923 PATHOGENIC 0.000 0.945 3.3583 0.3057 31 0.0019

561 M K M561K pathogenic Y probably damaging 0.923 PATHOGENIC 0.000 0.916 3.3142 0.7366 31 0.0000

561 M R M561R pathogenic Y probably damaging 0.944 PATHOGENIC 0.000 0.920 6.1973 1.3920 31 0.0000

568 T I T568I benign Y 7.96E-06 benign 0.217 BENIGN 0.100 0.524 -0.2177 0.1399 31 0.6254

573 S N S573N benign Y 3.98E-06 probably damaging 0.969 BENIGN 0.930 0.642 0.4434 0.2037 31 0.5041

577 L P L577P pathogenic Y probably damaging 0.997 PATHOGENIC 0.000 0.954 3.2416 0.9816 31 0.5458

579 L F L579F benign Y 3.98E-06 probably damaging 0.994 PATHOGENIC 0.020 0.798 4.7813 2.7921 31 0.0021

579 L P L579P pathogenic Y probably damaging 0.997 PATHOGENIC 0.000 0.979 8.2627 1.0957 31 0.0021

583 S P S583P pathogenic Y probably damaging 0.986 PATHOGENIC 0.000 0.963 -0.4088 0.9754 24 0.8548

597 D A D597A benign Y probably damaging 0.994 PATHOGENIC 0.030 0.827 1.2074 0.0000 1 0.6425
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