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ʉʧʠʩʦʢ ʩʦʢʨʘʱʝʥʠʡ 
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ʧ.ʥ. ï ʧʘʨ ʥʫʢʣʝʦʪʠʜʦʚ 
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ʪ.ʧ.ʥ. ï ʪʳʩʷʯ ʧʘʨ ʥʫʢʣʝʦʪʠʜʦʚ 

MAF ï ʯʘʩʪʦʪʘ ʤʠʥʦʨʥʦʛʦ ʘʣʣʝʣʷ (g ï ʚ ʤʠʨʦʚʦʡ ʧʦʧʫʣʷʮʠʠ, max ï 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʚ ʧʦʧʫʣʷʮʠʠ)  
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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

 ɺʨʦʞʜʸʥʥʳʝ ʤʦʟʞʝʯʢʦʚʳʝ ʘʪʘʢʩʠʠ ʷʚʣʷʶʪʩʷ ʦʨʬʘʥʥʳʤʠ 

ʟʘʙʦʣʝʚʘʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʥʘʨʫʰʝʥʠʶ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, ʟʘʜʝʨʞʢʝ 

ʨʘʟʚʠʪʠʷ ʠ ʠʥʚʘʣʠʜʥʦʩʪʠ [ʀʣʣʘʨʠʦʰʢʠʥ ʠ ʜʨ., 2006, Ashizawa, Xia, 2016]. ʇʦ 

ʜʘʥʥʳʤ ʙʘʟʳ, ʦʙʲʝʜʠʥʷʶʱʝʡ ʛʝʥʳ ʠ ʢʣʠʥʠʯʝʩʢʠʝ ʬʝʥʦʪʠʧʳ, ñOnline 

Mendelian Inheritance in Manò, OMIM, ʠʟʚʝʩʪʥʦ ʙʦʣʝʝ ʩʦʪʥʠ ʨʘʟʣʠʯʥʳʭ 

ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ. ʇʦ ʪʠʧʫ ʥʘʩʣʝʜʦʚʘʥʠʷ ʨʘʟʣʠʯʘʶʪ ʘʫʪʦʩʦʤʥʦ-

ʜʦʤʠʥʘʥʪʥʳʝ, ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʝ, ʍ-ʩʮʝʧʣʝʥʥʳʝ ʜʦʤʠʥʘʥʪʥʳʝ, ʍ-

ʩʮʝʧʣʝʥʥʳʝ ʨʝʮʝʩʩʠʚʥʳʝ ʠ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʝ ʘʪʘʢʩʠʠ. ʅʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʘʪʘʢʩʠʠ, ʚʳʟʚʘʥʥʳʝ ʵʢʩʧʘʥʩʠʝʡ ʧʦʚʪʦʨʦʚ ʠ ʷʚʣʷʶʱʠʝʩʷ 

ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʩ ʧʦʟʜʥʠʤ ʥʘʯʘʣʦʤ ʠ 

ʧʨʦʛʨʝʩʩʠʨʫʶʱʠʤ ʪʝʯʝʥʠʝʤ [ʂʣʶʰʥʠʢʦʚ ʠ ʜʨ., 2022]. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ 

ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʝ  ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʳʝ ʘʪʘʢʩʠʠ (SCA1, 2, 3, 6, 7, 12 ʠ 

17),  ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʘʷ ʘʪʘʢʩʠʷ ʌʨʠʜʨʝʡʭʘ, ʩʠʥʜʨʦʤ ʤʦʟʞʝʯʢʦʚʦʡ 

ʘʪʘʢʩʠʠ, ʥʝʡʨʦʧʘʪʠʠ ʠ ʚʝʩʪʠʙʫʣʷʨʥʦʡ ʘʨʝʬʣʝʢʩʠʠ (CANVAS) ʠ ʩʠʥʜʨʦʤ 

ʣʦʤʢʦʡ ʍ-ʭʨʦʤʦʩʦʤʳ ʩ ʪʨʝʤʦʨʦʤ/ʘʪʘʢʩʠʝʡ (FXTAS). ɹʦʣʴʰʠʥʩʪʚʦ 

ʘʫʪʦʩʦʤʥʦ- ʠ ʍ-ʩʮʝʧʣʝʥʥʳʭ ʨʝʮʝʩʩʠʚʥʳʭ ʩʠʥʜʨʦʤʦʚ ʠʤʝʶʪ ʨʘʥʥʝʝ ʥʘʯʘʣʦ (ʜʦ 

25 ʣʝʪ). ʏʘʩʪʦʪʘ ʚʩʪʨʝʯʘʝʤʦʩʪʠ ʘʪʘʢʩʠʡ ʩʨʝʜʠ ʜʝʪʝʡ ʚ ʝʚʨʦʧʝʡʩʢʦʡ ʧʦʧʫʣʷʮʠʠ 

ʩʦʩʪʘʚʣʷʝʪ 26 ʥʘ 100 000 ʯʝʣʦʚʝʢ [Musselman et al., 2014]. ɸʪʘʢʩʠʠ ʩ ʨʘʥʥʠʤ 

ʥʘʯʘʣʦʤ ʤʦʛʫʪ ʙʳʪʴ ʚʳʟʚʘʥʳ ʢʘʢ ʥʝʡʨʦʜʝʛʝʥʝʨʘʮʠʝʡ, ʥʘʧʨʠʤʝʨ, ʘʪʘʢʩʠʷ-

ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʷ ʠʣʠ ʘʪʘʢʩʠʠ ʩ ʛʣʘʟʦʜʚʠʛʘʪʝʣʴʥʦʡ ʘʧʨʘʢʩʠʝʡ 1-ʛʦ ʠ 2-ʛʦ ʪʠʧʘ, 

ʪʘʢ ʠ ʩʚʷʟʘʥʳ ʩ ʥʘʨʫʰʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʤʦʟʞʝʯʢʘ ð ʚʨʦʞʜʸʥʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ. 

ɺʨʦʞʜʸʥʥʳʝ ʤʦʟʞʝʯʢʦʚʳʝ ʘʪʘʢʩʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʙʰʠʨʥʫʶ ʛʨʫʧʧʫ ʨʝʜʢʠʭ 

ʢʣʠʥʠʯʝʩʢʠʭ ʬʝʥʦʪʠʧʦʚ, ʠʤʝʶʱʠʭ ʛʝʪʝʨʦʛʝʥʥʫʶ ʧʨʠʨʦʜʫ, ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ 

ʢʦʪʦʨʳʭ ʦʪʷʛʦʱʝʥʳ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ ʠ ʨʘʟʣʠʯʥʳʤʠ ʥʘʨʫʰʝʥʠʷʤʠ ʩʦ 

ʩʪʦʨʦʥʳ ʜʨʫʛʠʭ ʦʨʛʘʥʦʚ ʠ ʪʢʘʥʝʡ.  
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 ɻʝʥʦʤʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ 

ʦʪʢʨʳʚʘʶʪ ʙʦʣʴʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʜʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ ʧʨʠ 

ʧʦʩʪʘʥʦʚʢʝ ʜʠʘʛʥʦʟʘ ʠ ʧʦʠʩʢʘ ʧʨʠʯʠʥ ʟʘʙʦʣʝʚʘʥʠʡ ʥʝʠʟʚʝʩʪʥʦʡ ʵʪʠʦʣʦʛʠʠ, 

ʦʜʥʘʢʦ ʚʚʠʜʫ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʠ ʩʣʦʞʥʦʩʪʝʡ ʚ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʡ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʦʩʪʘʶʪʩʷ ʥʝʜʦʩʪʫʧʥʳʤʠ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʧʘʮʠʝʥʪʦʚ 

[Claussnitzer et al., 2020]. ɺʟʘʤʝʥ ʠʩʧʦʣʴʟʫʶʪ ʧʘʥʝʣʠ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ʜʣʷ 

ʢʦʥʢʨʝʪʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʦʜʥʘʢʦ ʚ ʙʦʣʝʝ ʯʝʤ ʧʦʣʦʚʠʥʝ ʩʣʫʯʘʝʚ ʤʦʟʞʝʯʢʦʚʳʭ 

ʘʪʘʢʩʠʡ ʛʝʥʝʪʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ ʦʩʪʘʶʪʩʷ ʥʝ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ [Ruano et al., 

2014; Klockgether et al., 2019; Jiao et al., 2020; Galatolo et al., 2021; Sakamoto et 

al., 2022]. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʛʝʥʝʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ 

ʦʪʩʫʪʩʪʚʠʝ ʜʦʩʪʘʪʦʯʥʳʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʥʘʥʠʡ ʦʙ ʦʨʛʘʥʠʟʘʮʠʠ ʠ 

ʨʝʛʫʣʷʮʠʠ ʛʝʥʦʤʘ, ʤʦʣʝʢʫʣʷʨʥʦ-ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʟʥʘʥʠʡ ʦ ʩʪʨʦʝʥʠʠ ʠ ʬʫʥʢʮʠʷʭ 

ʙʝʣʢʦʚ ʠ ʵʚʦʣʶʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʘʭ, ʣʝʞʘʱʠʭ ʚ ʠʭ ʦʩʥʦʚʝ. ʇʦ ʧʦʩʣʝʜʥʠʤ 

ʜʘʥʥʳʤ ʛʝʥʦʤʥʦʛʦ ʙʨʘʫʟʝʨʘ Ensembl ʥʘ 2022 ʛʦʜ, ʚ ʤʠʨʦʚʦʡ ʯʝʣʦʚʝʯʝʩʢʦʡ 

ʧʦʧʫʣʷʮʠʠ ʠʟʚʝʩʪʥʦ ʙʦʣʝʝ 715 ʤʣʥ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʠ 6 ʤʣʥ ʩʪʨʫʢʪʫʨʥʳʭ 

ʚʘʨʠʘʥʪʦʚ, ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʨʘʩʪʸʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʝʥʦʤʥʳʭ ʠ ʵʢʟʦʤʥʳʭ ʜʘʥʥʳʭ 

[Cunningham et al., 2022]. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʚʘʨʠʘʥʪʦʚ ʚ ʛʝʥʦʤʝ ʥʝʢʨʠʪʠʯʥʘ ʜʣʷ 

ʥʦʨʤʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ, ʦʜʥʘʢʦ ʤʘʣʘʷ ʯʘʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʦʨʬʘʥʥʳʤʠ 

ʟʘʙʦʣʝʚʘʥʠʷʤʠ [Xiao et al., 2021]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʦʠʩʢ ʧʘʪʦʛʝʥʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʥʘʠʙʦʣʝʝ ʫʩʧʝʰʝʥ ʚ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ 

ʛʝʥʦʚ, ʠʤʝʶʱʠʭ ʩʚʷʟʴ ʩ ʢʦʥʢʨʝʪʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ, ʥʦ ʣʠʰʴ ʚ 26-33% 

ʩʣʫʯʘʝʚ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ ʩ ʥʝʫʪʦʯʥʸʥʥʳʤ ʜʠʘʛʥʦʟʦʤ ʫʜʘʸʪʩʷ ʚʳʷʚʠʪʴ 

ʧʘʪʦʛʝʥʥʳʝ ʚʘʨʠʘʥʪʳ, ʝʱʸ ʧʨʠʤʝʨʥʦ ʚ 15-20% ʩʣʫʯʘʝʚ ʚʳʷʚʣʷʝʤʳʝ ʚʘʨʠʘʥʪʳ 

ʠʤʝʶʪ ʥʝʠʟʚʝʩʪʥʦʝ ʢʣʠʥʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ [Kim et al., 2020; Galatolo et al., 

2021]. ʉʨʝʜʠ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʯʘʱʝ ʚʩʝʛʦ (ʚ 60-80% ʩʣʫʯʘʝʚ) 

ʚʩʪʨʝʯʘʶʪʩʷ ʤʠʩʩʝʥʩ ʟʘʤʝʥʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʨʝʜʩʢʘʟʘʥʠʝ ʠʭ ʚʣʠʷʥʠʷ ʥʘ 

ʙʝʣʦʢ ʠ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [Galatolo et al., 2021, Xiao et al., 

2021]. ʄʦʟʞʝʯʢʦʚʳʝ ʘʪʘʢʩʠʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʛʝʪʝʨʦʛʝʥʥʦʩʪʴʶ, 

ʧʦʵʪʦʤʫ ʩʪʨʘʪʝʛʠʷ ʘʥʘʣʠʟʘ ʜʦʣʞʥʘ ʙʳʪʴ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʧʦʠʩʢ ʧʘʪʦʛʝʥʥʳʭ 
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ʚʘʨʠʘʥʪʦʚ ʥʝ ʪʦʣʴʢʦ ʚ ʫʞʝ ʠʟʚʝʩʪʥʳʭ ʛʝʥʘʭ, ʥʦ ʠ ʚ ʛʝʥʘʭ, ʨʘʥʝʝ ʥʝ ʩʚʷʟʘʥʥʳʭ 

ʩ ʤʦʟʞʝʯʢʦʚʳʤʠ ʧʘʪʦʣʦʛʠʷʤʠ.   

 ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ ʦʪʩʫʪʩʪʚʫʝʪ ʵʬʬʝʢʪʠʚʥʦʝ 

ʣʝʯʝʥʠʝ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʘʟʨʘʙʦʪʢʫ 

ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʚ ʪʝʨʘʧʠʠ ʜʘʥʥʦʡ ʛʨʫʧʧʳ ʟʘʙʦʣʝʚʘʥʠʡ. ɹʦʣʴʰʠʥʩʪʚʦ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʷʟʘʥʦ ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʧʦʜʭʦʜʦʚ ʢ ʣʝʯʝʥʠʶ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʳʭ ʘʪʘʢʩʠʡ, ʚʳʟʚʘʥʥʳʭ ʵʢʩʧʘʥʩʠʝʡ 

ʧʦʚʪʦʨʦʚ [Ashizawa et al., 2018; Buijsen et al., 2019, Borbolla-Jim®nez et al., 

2021]. ʊʦʛʜʘ ʢʘʢ ʜʣʷ ʨʝʜʢʠʭ ʚʨʦʞʜʸʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ, 

ʚʝʨʦʷʪʥʦ, ʷʚʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝ ʨʘʥʥʝʡ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʛʝʥʦʤʥʦʛʦ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ [Ilyas et al., 2020; Falabella et al., 2022; Reshetnikov et al., 2022]. 

 ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʥʦʚʳʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ ʷʚʣʷʝʪʩʷ 

ʧʝʨʚʦʦʯʝʨʝʜʥʳʤ ʰʘʛʦʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʛʝʥʝʪʠʯʝʩʢʠʭ 

ʤʝʭʘʥʠʟʤʦʚ ʧʘʪʦʛʝʥʝʟʘ ʟʘʙʦʣʝʚʘʥʠʡ ʢʘʢ ʧʨʠ ʦʧʨʝʜʝʣʸʥʥʦʡ ʬʦʨʤʝ, ʪʘʢ ʠ ʜʣʷ 

ʮʝʣʦʡ ʛʨʫʧʧʳ ʧʘʪʦʣʦʛʠʡ.  ʈʘʩʰʠʨʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʥʘʥʠʡ, ʣʝʞʘʱʠʭ ʚ 

ʦʩʥʦʚʝ ʨʘʟʚʠʪʠʷ ʤʦʟʞʝʯʢʘ, ʤʦʪʦʨʥʳʭ ʠ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ, ʠʛʨʘʝʪ ʚʘʞʥʫʶ 

ʨʦʣʴ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʠ ʣʝʯʝʥʠʷ ʠ ʧʨʦʬʠʣʘʢʪʠʢʠ ʟʘʙʦʣʝʚʘʥʠʡ. 

ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʜʝʬʝʢʪʥʳʭ ʛʝʥʦʚ ʧʨʠ ʚʨʦʞʜʸʥʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʷʭ 

ʪʘʢʞʝ ʧʦʣʝʟʥʘ ʜʣʷ ʠʟʙʝʞʘʥʠʷ ʥʝʵʬʬʝʢʪʠʚʥʦʛʦ ʠ ʚʦʟʤʦʞʥʦ ʜʘʞʝ ʧʨʠʥʦʩʷʱʝʛʦ 

ʚʨʝʜ ʩʠʤʧʪʦʤʘʪʠʯʝʩʢʦʛʦ ʣʝʯʝʥʠʷ. ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʨʦʚʦʡ ʧʦʧʫʣʷʮʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʧʦʚʳʰʝʥʠʷ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʛʨʫʟʘ, ʧʦʵʪʦʤʫ ʚʳʷʚʣʝʥʠʝ 

ʨʝʜʢʠʭ ʧʘʪʦʛʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʧʣʘʥʠʨʦʚʘʥʠʠ ʩʝʤʴʠ 

ʠ ʚ ʧʨʝʥʘʪʘʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʝ.  

 ɻʝʥʝʪʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʬʦʨʤ ʤʦʟʞʝʯʢʦʚʳʭ 

ʘʪʘʢʩʠʡ ʠʟʚʝʩʪʥʳ ʠ ʚʢʣʶʯʝʥʳ ʚ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʝ ʧʘʥʝʣʠ, ʪʦʛʜʘ ʢʘʢ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʨʦʞʜʸʥʥʳʝ ʤʦʟʞʝʯʢʦʚʳʝ ʘʪʘʢʩʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʠʤʝʥʝʝ 

ʠʟʫʯʝʥʥʫʶ ʛʨʫʧʧʫ ʥʘʩʣʝʜʩʪʚʝʥʥʳʭ ʘʪʘʢʩʠʡ, ʘ ʩʧʝʢʪʨ ʧʘʪʦʛʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʠ 

ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʜʘʥʥʦʡ ʛʨʫʧʧʦʡ ʟʘʙʦʣʝʚʘʥʠʡ, ʪʨʝʙʫʝʪ 

ʠʟʫʯʝʥʠʷ ʠ ʨʘʩʰʠʨʝʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʝ 
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ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ ʥʘʠʙʦʣʝʝ ʨʝʜʢʠʭ ʩʣʫʯʘʝʚ ʚʨʦʞʜʸʥʥʳʭ ʧʘʪʦʣʦʛʠʡ 

ʤʦʟʞʝʯʢʘ. ʆʜʥʦʡ ʠʟ ʪʘʢʠʭ ʬʦʨʤ ʷʚʣʷʶʪʩʷ ʠʩʩʣʝʜʫʝʤʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʩʣʫʯʘʠ ʚʨʦʞʜʸʥʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʙʝʟ ʢʣʠʥʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ 

ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ, ʚʳʷʚʣʝʥʥʳʝ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʝʤʴʷʭ ʠʟ ʨʘʟʥʳʭ 

ʵʪʥʠʯʝʩʢʠʭ ʛʨʫʧʧ [Illarioshkin et al., 1996; ʀʣʣʘʨʠʦʰʢʠʥ, 1997; Protasova et al., 

2022]. ɼʨʫʛʠʤ ʩʣʫʯʘʝʤ ʷʚʣʷʝʪʩʷ ʩʠʥʜʨʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ 

ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ (CAMRQ), ʚʳʷʚʣʝʥʥʳʡ ʚ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʡ ʩʝʤʴʝ 

ʠʟ ɹʨʘʟʠʣʠʠ [Garcias, Roth, 2007]. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 ɹʦʣʴʰʠʥʩʪʚʦ ʚʨʦʞʜʸʥʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ ʦʪʷʛʦʱʝʥʦ ʫʤʩʪʚʝʥʥʦʡ 

ʦʪʩʪʘʣʦʩʪʴʶ ʠ ʜʨʫʛʠʤʠ ʦʩʣʦʞʥʝʥʠʷʤʠ [Wassmer et al., 2003; Poretti et al., 2014]. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʠʩʩʣʝʜʫʝʤʳʭ ʩʣʫʯʘʝʚ ʷʚʣʷʝʪʩʷ ʚʳʨʘʞʝʥʥʦʝ 

ʥʘʨʫʰʝʥʠʝ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, ʩʚʷʟʘʥʥʦʝ ʩ ʛʠʧʦʧʣʘʟʠʝʡ ʤʦʟʞʝʯʢʘ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʩʦʭʨʘʥʝʥʳ ʢʦʛʥʠʪʠʚʥʳʝ ʬʫʥʢʮʠʠ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʳ 

ʥʝʩʢʦʣʴʢʦ ʟʘʙʦʣʝʚʘʥʠʡ (SCAR6, SCAR19 ʠ SCAR24), ʧʨʠ ʢʦʪʦʨʳʭ ʫ 

ʧʘʮʠʝʥʪʦʚ ʥʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ, ʦʜʥʘʢʦ ʦʪ ʠʩʩʣʝʜʫʝʤʳʭ 

ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʨʦʞʜʸʥʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʧʘʪʦʣʦʛʠʡ ʠʭ ʦʪʣʠʯʘʝʪ ʨʷʜ 

ʩʠʤʧʪʦʤʦʚ. ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʘʷ ʢʣʠʥʠʯʝʩʢʘʷ ʢʘʨʪʠʥʘ ʦʧʠʩʘʥʘ ʚ ʩʝʤʴʷʭ ʩ 

ʧʘʪʦʛʝʥʥʳʤ ʚʘʨʠʘʥʪʦʤ ʚ ʛʝʥʝ ATP2B3, ʧʨʠʚʦʜʷʱʠʤ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ 

p.Gly1107Asp [Zanni et al., 2012]. 

 ʉʣʫʯʘʠ ʩʠʥʜʨʦʤʘ CAMRQ ʚʩʪʨʝʯʘʶʪʩʷ ʢʨʘʡʥʝ ʨʝʜʢʦ ʠ ʨʘʥʝʝ ʦʧʠʩʘʥʳ ʚ 

ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʳʭ ʩʝʤʴʷ ʠʟ ʊʫʨʮʠʠ ʠ ʀʨʘʢʘ [T¿rkmen et al., 2006; Ozcelik et 

al., 2008; Tan, 2006; Tan, 2007; Valence et al., 2016]. ʋʥʠʢʘʣʴʥʳʤ ʦʪʣʠʯʠʝʤ ʦʪ 

ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʚʨʦʞʜʸʥʥʳʭ ʧʘʪʦʣʦʛʠʡ ʤʦʟʞʝʯʢʘ, ʷʚʣʷʝʪʩʷ ʪʷʞʸʣʘʷ ʬʦʨʤʘ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʩ ʧʦʣʥʳʤ ʦʪʩʫʪʩʪʚʠʝʤ ʨʝʯʠ ʠ ʣʦʢʦʤʦʮʠʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʥʘ ʯʝʪʳʨʸʭ ʢʦʥʝʯʥʦʩʪʷʭ ï ʢʚʘʜʨʦʧʝʜʠʷ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʣʠʟʢʫʶ 

ʢʣʠʥʠʯʝʩʢʫʶ ʢʘʨʪʠʥʫ, ʥʘʙʣʶʜʘʝʪʩʷ ʛʝʥʝʪʠʯʝʩʢʘʷ ʛʝʪʝʨʦʛʝʥʥʦʩʪʴ ʜʣʷ ʜʘʥʥʦʛʦ 

ʩʠʥʜʨʦʤʘ. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ VLDLR, ʨʝʞʝ 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʛʝʥʘʭ WDR81, ATP8A2, RELN, CA8 ʠ TUBB2B [Moheb et al., 



10 
 

2008; Ozcelik et al., 2008; T¿rkmen et al., 2009; Gulsuner et al., 2011; Onat et al., 

2013; Breuss et al., 2017; Wali et al., 2021]. 

ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʚʳʷʚʠʪʴ ʛʝʥʝʪʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ ʨʝʜʢʠʭ ʩʣʫʯʘʝʚ ʚ ʩʝʤʴʷʭ 

ʩ ʚʨʦʞʜʸʥʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ ʠ ʩʠʥʜʨʦʤʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ 

ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ. 

ɿʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

1. ʇʨʦʚʝʩʪʠ ʤʘʩʩʦʚʦʝ ʧʘʨʘʣʣʝʣʴʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ɼʅʂ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʨʘʟʥʳʭ ʩʝʤʝʡ ʩ ʨʝʜʢʠʤʠ ʬʦʨʤʘʤʠ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ. 

2.  ʇʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʠ 

ʚʳʷʚʠʪʴ ʛʝʥʝʪʠʯʝʩʢʠʡ ʜʝʬʝʢʪ, ʷʚʣʷʶʱʠʡʩʷ ʧʨʠʯʠʥʦʡ ʚʨʦʞʜʸʥʥʦʡ X-

ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʙʦʣʴʰʦʡ 

ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʠ.  

3.  ʇʨʦʚʝʩʪʠ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ʫ ʧʘʮʠʝʥʪʦʚ ʩ 

ʜʠʘʛʥʦʟʦʤ ʚʨʦʞʜʸʥʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʠʟ ʤʘʣʳʭ (ʷʜʝʨʥʳʭ) ʩʝʤʝʡ.  

4.  ʈʘʟʨʘʙʦʪʘʪʴ ʧʦʜʭʦʜ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ 

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʦʚʳʭ ʧʘʪʦʛʝʥʥʳʭ 

ʛʝʥʝʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʚ ʤʘʣʳʭ ʩʝʤʴʷʭ ʠʣʠ ʩʧʦʨʘʜʠʯʝʩʢʠʭ ʩʣʫʯʘʷʭ ʩ 

ʥʝʦʧʨʝʜʝʣʸʥʥʦʡ ʵʪʠʦʣʦʛʠʝʡ.   

5.  ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʚʳʷʚʠʪʴ ʛʝʥʝʪʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ, 

ʧʨʠʚʝʜʰʠʝ ʢ ʨʝʜʢʦʡ ʩʧʠʥʦʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʚ ʤʘʣʳʭ ʩʝʤʴʷʭ. 

6.  ʇʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʠ 

ʚʳʷʚʠʪʴ ʛʝʥʝʪʠʯʝʩʢʠʡ ʜʝʬʝʢʪ, ʷʚʣʷʶʱʠʡʩʷ ʧʨʠʯʠʥʦʡ ʩʠʥʜʨʦʤʘ 

ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ ʚ 

ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʡ ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ.  

7.  ʋʩʪʘʥʦʚʠʪʴ ʵʚʦʣʶʮʠʦʥʥʳʡ ʚʢʣʘʜ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʣʦʢʫʩʘ, ʜʝʬʝʢʪ ʢʦʪʦʨʦʛʦ 

ʩʚʷʟʘʥ ʩ ʫʥʠʢʘʣʴʥʳʤ ʬʝʥʦʪʠʧʦʤ ʚ ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ, ʠ ʦʪʚʝʪʩʪʚʝʥʥʦʛʦ ʟʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ, ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ ʠ ʨʝʯʠ ʫ 

ʩʦʚʨʝʤʝʥʥʳʭ ʣʶʜʝʡ.   
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

 ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʜʢʠʭ ʬʦʨʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʙʳʣʠ 

ʚʳʷʚʣʝʥʳ ʥʦʚʳʝ ʛʝʥʝʪʠʯʝʩʢʠʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʨʘʟʚʠʪʠʝ 

ʤʦʟʞʝʯʢʘ. ɹʦʣʝʝ ʪʦʛʦ, ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʝ ʛʝʥʳ LRCH2 ʠ 

CSMD1, ʵʢʩʧʨʝʩʩʠʨʫʶʱʠʝʩʷ ʚ ʤʦʟʞʝʯʢʝ, ʨʦʣʴ ʢʦʪʦʨʳʭ ʚ ʨʘʟʚʠʪʠʠ ʤʦʟʛʘ ʤʘʣʦ 

ʠʟʫʯʝʥʘ, ʠ ʙʳʣʦ ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʝʬʝʢʪʳ ʚ ʵʪʠʭ ʛʝʥʘʭ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ 

ʢ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʙʝʟ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ. ʅʘ ʧʨʠʤʝʨʝ ʛʝʥʦʚ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ 

ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʛʦ ʧʦʠʩʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ʛʝʥʝʪʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ 

ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʛʨʘʮʠʠ ʜʘʥʥʳʭ ʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʠ ñʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʨʝʤʝʥʥʦʡò ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʠʯʥʳʭ ʛʝʥʦʚ. ʊʘʢʞʝ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʵʚʦʣʶʮʠʠ ʛʝʥʘ GRID2, ʚʦʚʣʝʯʸʥʥʦʛʦ ʚ ʨʘʟʚʠʪʠʝ ʤʦʟʞʝʯʢʘ ʠ 

ʦʪʚʝʯʘʶʱʝʛʦ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ, ʢʦʛʥʠʪʠʚʥʳʭ 

ʬʫʥʢʮʠʡ ʠ ʨʝʯʠ; ʦʙʥʘʨʫʞʝʥʘ ʥʦʚʘʷ ʜʝʣʝʮʠʷ ʚ ʵʪʦʤ ʛʝʥʝ, ʧʨʠʚʦʜʷʱʘʷ ʢ 

ʫʥʠʢʘʣʴʥʦʤʫ ʨʝʜʢʦʤʫ ʩʠʥʜʨʦʤʫ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ 

ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ.  

ʅʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

 ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʘʞʥʦʝ ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʨʫʰʝʥʠʡ ʨʘʟʚʠʪʠʷ ʤʦʟʞʝʯʢʘ, 

ʧʣʘʥʠʨʦʚʘʥʠʷ ʩʝʤʴʠ ʠ ʧʨʝʥʘʪʘʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ, ʨʘʩʰʠʨʷʷ ʩʧʠʩʦʢ 

ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʘʫʪʦʩʦʤʥʦ- ʠ X-ʩʮʝʧʣʝʥʥʳʤʠ ʨʝʮʝʩʩʠʚʥʳʤʠ 

ʘʪʘʢʩʠʷʤ. ɺʩʝ ʥʦʚʳʝ ʤʫʪʘʮʠʠ, ʚʳʷʚʣʝʥʥʳʝ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʛʠʧʦʧʣʘʟʠʝʡ ʠ 

ʘʪʨʦʬʠʝʡ ʤʦʟʞʝʯʢʘ, ʨʘʟʤʝʱʥyʳ ʚ ʙʘʟʝ ʜʘʥʥʳʭ ClinVar 

(https://www.ncbi.nlm.nih.gov/clinvar/) ʠ ʥʘʭʦʜʷʪʩʷ ʚ ʩʚʦʙʦʜʥʦʤ 

ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʜʦʩʪʫʧʝ.  

 ɹʦʣʝʝ ʪʦʛʦ, ʜʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʣʝʟʥʦ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʟʚʠʪʠʷ ʠ 

ʢʦʥʪʨʦʣʷ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, ʪʘʢ ʢʘʢ ʦʙʘ ʛʝʥʘ LRCH2 ʠ CSMD1, 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʨʘʟʚʠʪʠʝʤ ʤʦʟʞʝʯʢʦʚʳʭ 
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ʘʪʘʢʩʠʡ, ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʚ ʠʥʪʝʨʥʝʡʨʦʥʘʭ ʤʦʟʞʝʯʢʘ ʠ, ʚʝʨʦʷʪʥʦ, ʫʯʘʩʪʚʫʶʪ 

ʚ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʥʦ ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ ʦʥʪʦʛʝʥʝʟʘ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʈʝʜʢʘʷ ʬʦʨʤʘ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ ʘʪʘʢʩʠʠ ʩ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ ʙʝʟ 

ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ ʛʝʥʝʪʠʯʝʩʢʠ ʛʝʪʝʨʦʛʝʥʥʘ, ʬʝʥʦʪʠʧʠʯʝʩʢʠ 

ʙʣʠʟʢʠʝ ʩʠʥʜʨʦʤʳ ʤʦʛʫʪ ʙʳʪʴ ʚʳʟʚʘʥʳ ʛʝʥʝʪʠʯʝʩʢʠʤʠ ʜʝʬʝʢʪʘʤʠ ʨʘʟʥʳʭ 

ʛʝʥʦʚ, ʚʦʚʣʝʯʸʥʥʳʭ ʚ ʨʘʟʥʳʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʫʪʠ ʚ ʢʣʝʪʢʘʭ ʤʦʟʞʝʯʢʘ.   

2.  ʄʫʪʘʮʠʠ ʚ ʣʝʡʮʠʥ-ʙʦʛʘʪʦʤ ʧʦʚʪʦʨʘʤʠ ʜʦʤʝʥʝ ʛʝʥʘ LRCH2, 

ʵʢʩʧʨʝʩʩʠʨʫʶʱʝʛʦʩʷ ʚ ʤʦʟʞʝʯʢʝ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ, ʤʦʛʫʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʚʨʦʞʜʸʥʥʦʡ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ 

ʘʪʘʢʩʠʠ ʩ ʛʝʥʝʨʘʣʠʟʦʚʘʥʥʦʡ ʧʦʣʠʥʝʡʨʦʧʘʪʠʝʡ ʙʝʟ ʢʦʛʥʠʪʠʚʥʳʭ 

ʥʘʨʫʰʝʥʠʡ.  

3.  ʄʠʩʩʝʥʩ ʤʫʪʘʮʠʠ ʚ ʢʦʤʧʣʝʤʝʥʪ-ʩʚʷʟʳʚʘʶʱʝʤ ʜʦʤʝʥʝ ʛʝʥʘ CSMD1, 

ʵʢʩʧʨʝʩʩʠʨʫʶʱʝʛʦʩʷ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ ʤʦʟʞʝʯʢʝ ʠ ʫʯʘʩʪʚʫʶʱʝʤ ʚ 

ʨʘʟʚʠʪʠʠ ʥʝʡʨʦʥʘʣʴʥʳʭ ʦʪʨʦʩʪʢʦʚ ʠ ʦʙʨʘʟʦʚʘʥʠʠ ʩʠʥʘʧʩʦʚ, ʤʦʛʫʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ ʘʪʘʢʩʠʠ ʙʝʟ 

ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ ʩ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ. ɺʳʷʚʣʝʥʥʳʡ ʧʘʪʦʛʝʥʥʳʡ 

ʚʘʨʠʘʥʪ ʷʚʣʷʝʪʩʷ ʨʝʜʢʠʤ ʠ ʠʤʝʝʪ ʵʬʬʝʢʪ ʦʩʥʦʚʘʪʝʣʷ.  

4.  ʄʠʩʩʝʥʩ ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ ABCB7, ʚ ʦʙʣʘʩʪʠ, ʢʦʜʠʨʫʶʱʝʡ 

ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʡ ʜʦʤʝʥ, ʧʨʠʚʦʜʠʪ ʢ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ 

ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʠ ʥʘʩʣʝʜʫʝʪʩʷ ʚ ʦʙʱʝʡ ʛʨʫʧʧʝ ʩʮʝʧʣʝʥʠʷ ʩ ʜʝʣʝʮʠʝʡ 

ʚ ʛʝʥʝ ATP7A, ʢʦʪʦʨʘʷ, ʚʦʟʤʦʞʥʦ, ʷʚʣʷʝʪʩʷ ʤʦʜʠʬʠʮʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ 

ʬʝʥʦʪʠʧʘ.  

5.  ʄʠʩʩʝʥʩ ʤʫʪʘʮʠʷ, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʚ ʩʝʜʴʤʦʤ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʤ ʜʦʤʝʥʝ 

ʛʝʥʘ GRM1, ʧʨʠʚʦʜʠʪ ʢ ʚʨʦʞʜʸʥʥʦʡ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ ʘʪʘʢʩʠʠ.  

6.  ɼʝʣʝʮʠʷ 5-7 ʵʢʟʦʥʦʚ ʚ ʛʝʥʝ GRID2, ʢʦʜʠʨʫʶʱʠʭ ʦʙʣʘʩʪʴ ʚ 

ʘʤʠʥʦʪʝʨʤʠʥʘʣʴʥʦʤ ʜʦʤʝʥʝ, ʧʨʠʚʦʜʠʪ ʢ ʩʠʥʜʨʦʤʫ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ ʩ ʧʦʣʥʳʤ ʦʪʩʫʪʩʪʚʠʝʤ ʨʝʯʠ. 
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ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

 ɸʚʪʦʨ ʣʠʯʥʦ ʧʨʠʥʠʤʘʣ ʦʩʥʦʚʥʦʝ ʫʯʘʩʪʠʝ ʚ ʧʨʦʚʝʜʝʥʠʠ ʛʝʥʝʪʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʚʦ ʚʩʝʭ ʩʝʤɹ̫ ʭ ʩ ʧʘʪʦʣʦʛʠʝʡ ʤʦʟʞʝʯʢʘ ʠ ʨʘʟʨʘʙʦʪʢʝ ʧʦʜʭʦʜʘ 

ʚʳʷʚʣʝʥʠ ̫ ʛʝʥʦʚ ʢʘʥʜʠʜʘʪʦʚ ʚ ʤʘʣʳʭ ʩʝʤʴʷʭ. ɻʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʙʳʣ 

ʧʨʦʚʝʜʸʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ 

ʛʝʥʦʤʦʚ ʠ ʵʢʟʦʤʦʚ ʧʘʮʠʝʥʪʦʚ ʩ ʜʠʘʛʥʦʟʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ. ʆʙʨʘʟʮʳ 

ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʩ ʜʠʘʛʥʦʟʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʚ ʨʘʤʢʘʭ 

ʩʦʚʤʝʩʪʥʦʛʦ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ʠʟ ʎʝʥʪʨʘ ʅʝʚʨʦʣʦʛʠʠ. ʆʙʨʘʟʮʳ ʢʨʦʚʠ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʡ ʩʝʤʴʠ ʧʦʣʫʯʝʥʳ ʚ ʨʘʤʢʘʭ ʵʢʩʧʝʜʠʮʠʠ ʚ 

ʨʝʛʠʦʥ ɹʨʘʟʠʣʠʠ, ʦʩʫʱʝʩʪʚʣʥyʥʦʡ ɻʨʠʛʦʨʝʥʢʦ ɸ. ʇ. ɻʝʥʦʤʥʳʝ ʜʘʥʥʳʝ 

ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʥʝʝ ʩʦʪʨʫʜʥʠʢʘʤʠ 

ʣʘʙʦʨʘʪʦʨʠʠ ʵʚʦʣʶʮʠʦʥʥʦʡ ʛʝʥʦʤʠʢʠ. ɼʘʥʥʳʝ ʤʘʩʩʠʚʘ SNP6.0 ʥʘ ʧʣʘʪʬʦʨʤʝ 

Affymetrix ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʩ ɹʘʟʝʣʴʩʢʠʤ ʋʥʠʚʝʨʩʠʪʝʪʦʤ ʚ 

ʐʚʝʡʮʘʨʠʠ. ɸʥʘʣʠʟ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʚ ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ Q ʙʳʣ ʧʨʦʚʝʜʸʥ 

ʙʠʦʠʥʬʦʨʤʘʪʠʢʦʤ ʈʝʰʝʪʦʚʳʤ ɼ. ɸ. ɸʚʪʦʨ ʩʦʚʤʝʩʪʥʦ ʩ ʢʦʣʣʝʛʘʤʠ ʧʨʠʥʷʣ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʛʝʥʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʧʘʮʠʝʥʪʘ AX-III -17 ʠ ʧʘʮʠʝʥʪʘ Q-IV-1, 

ʘʥʥʦʪʘʮʠʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʠʥʜʝʣʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʨʠʘʥʪʦʚ. 

ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʩʘʡʪʘ ʩʧʣʘʡʩʠʥʛʘ ʤʝʪʦʜʦʤ, ʦʧʠʩʘʥʥʳʤ ʚ ʩʪʘʪʴʷʭ [Stamm et 

al., 2000; ʅʫʨʜʠʥʦʚ ʠ ʜʨ., 2006] ʚ ʛʝʥʝ ABCB7 ʙʳʣ ʧʨʦʚʝʜʸʥ ɻʨʠʛʦʨʝʥʢʦ ɸ. ʇ. 

(ʊʘʙʣʠʮʘ 11 ʇʨʠʣʦʞʝʥʠʷ). ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʝʥʦ ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʯʘʩʪʠ 

ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʜʣʷ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ. ɼʨʫʛʘʷ 

ʯʘʩʪʴ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʙʳʣʘ ʧʨʦʩʝʢʚʝʥʠʨʦʚʘʥʘ ʚ ʛʝʥʝʪʠʯʝʩʢʦʤ ʮʝʥʪʨʝ 

ñɻʝʥʝʪʠʢʦò. ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʸʥ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ 

ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʚʳʨʘʚʥʠʚʘʥʠʝ ʜʘʥʥʳʭ, ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʘʥʥʦʪʘʮʠʷ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ 

ʚʘʨʠʘʥʪʦʚ, ʠʥʜʝʣʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʨʠʘʥʪʦʚ.  

 ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʸʥ ʧʦʠʩʢ, ʦʪʙʦʨ ʠ ʘʥʘʣʠʟ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʦʚ, 

ʘʥʘʣʠʟ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ ʚʳʷʚʣʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʧʨʝʜʩʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʥʘ 

ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʘ. ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʦ 
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ʬʫʥʢʮʠʷʭ ʠ ʧʘʪʦʣʦʛʠʷʭ ʚʳʟʳʚʘʝʤʳʭ ʢʘʥʜʠʜʘʪʥʳʤʠ ʛʝʥʘʤʠ, ʘ ʪʘʢʞʝ ʩʨʘʚʥʝʥʠʝ 

ʢʣʠʥʠʯʝʩʢʠʭ ʢʘʨʪʠʥ ʧʘʮʠʝʥʪʦʚ ʩ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ ʢʣʠʥʠʯʝʩʢʠʤʠ 

ʩʣʫʯʘʷʤʠ ʜʣʷ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ.  

 ʆʥʣʘʡʥ ʧʨʦʛʨʘʤʤʘ ʘʥʘʣʠʟʘ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʠ 

ʩʨʘʚʥʝʥʠʷ ʠʭ ʵʢʩʧʨʝʩʩʠʠ ʚ ʦʪʜʝʣʘʭ ʤʦʟʛʘ ʚ ʧʨʦʮʝʩʩʝ ʦʥʪʦʛʝʥʝʟʘ ʙʳʣʘ 

ʧʨʦʠʟʚʝʜʝʥʘ ʚʤʝʩʪʝ ʩ ʙʠʦʠʥʬʦʨʤʘʪʠʢʦʤ ɻʫʩʝʚʳʤ ʌ. ɽ. ʠ ʨʫʢʦʚʦʜʠʪʝʣʝʤ 

ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. ʉʦʚʤʝʩʪʥʦ ʩ ɻʫʩʝʚʳʤ ʌ.ɽ. ʧʦʜʛʦʪʦʚʣʝʥ ʠʣʣʶʩʪʨʘʪʠʚʥʳʡ 

ʤʘʪʝʨʠʘʣ ʜʘʥʥʳʭ ʘʥʘʣʠʟʘ ʵʢʩʧʨʝʩʩʠʠ. ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʝʥʘ ʚʘʣʠʜʘʮʠʷ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ, ʜʣʷ ʢʦʪʦʨʦʡ ʙʳʣ ʧʨʦʚʝʜʸʥ ʦʪʙʦʨ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ 

ʩ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʤʠ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʳʤʠ ʘʪʘʢʩʠʷʤʠ, ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ, 

ʜʣʷ ʢʦʪʦʨʳʭ ʠʤʝʶʪʩʷ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʜʘʥʥʳʝ ʦ ʥʘʣʠʯʠʠ ʠʣʠ ʦʪʩʫʪʩʪʚʠʠ 

ʠʟʙʳʪʦʯʥʦʩʪʠ ʛʝʥʦʚ.  

 ɸʚʪʦʨ ʣʠʯʥʦ ʫʯʘʩʪʚʦʚʘʣ ʚ ʚʘʣʠʜʘʮʠʠ ʠ ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʠ ʩ ʧʦʤʦʱʴʶ 

ʇʎʈ ʠ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫ 

ʧʘʮʠʝʥʪʦʚ ʠ ʠʭ ʨʦʜʩʪʚʝʥʥʠʢʦʚ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ ʠʟ ʙʦʣʴʰʦʡ ʙʫʨʷʪʩʢʦʡ 

ʩʝʤʴʠ ʠ ʤʘʣʳʭ ʩʝʤʝʡ. ɸʚʪʦʨ ʧʦʣʥʦʩʪʴʶ ʧʨʦʚʣy ʘʥʘʣʠʟ ʚʩʝʭ ʵʢʟʦʥʦʚ ʛʝʥʘ 

ABCB7, 20 ʵʢʟʦʥʘ ʚ ʛʝʥʝ ATP2B3 ʠ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ATP7A ʚ ʦʙʨʘʟʮʘʭ 

ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʠʟ ʤʘʣʳʭ ʩʝʤʝʡ. ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʝʥʦ ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʝ 

ʩ ʧʦʤʦʱʴʶ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʢʘʥʜʠʜʘʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʝ 

CSMD1 ʥʘ ʢʦʥʪʨʦʣʴʥʦʡ ʚʳʙʦʨʢʝ ʠʟ ʉʝʚʝʨʦ-ʂʘʚʢʘʟʩʢʦʛʦ ʨʝʛʠʦʥʘ. ɸʚʪʦʨ ʣʠʯʥʦ 

ʫʯʘʩʪʚʦʚʘʣ ʚ ʚʘʣʠʜʘʮʠʠ ʠ ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʠ ʩ ʧʦʤʦʱʴʶ ʇʎʈ ʠ ʧʨʷʤʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʚʩʝʭ ʨʝʜʢʠʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫ 

ʯʣʝʥʦʚ ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʠ. ɺʘʣʠʜʘʮʠʷ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʚ ʙʨʘʟʠʣʴʩʢʦʡ 

ʩʝʤʴʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ɻʨʠʛʦʨʝʥʢʦ ɸ. ʇ.   

 ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʸʥ ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʢʦʜʠʨʫʶʱʝʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2 ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ PAML. ɸʚʪʦʨʦʤ 

ʣʠʯʥʦ ʧʨʦʚʝʜʸʥ ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ 

ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʤʈʅʂ ʛʝʥʘ GRID2 ʫ ʯʝʣʦʚʝʢʘ ʠ ʧʨʠʤʘʪʦʚ.   
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 ɸʚʪʦʨʦʤ ʣʠʯʥʦ ʧʨʦʚʝʜʝʥʦ ʥʘʧʠʩʘʥʠʝ ʧʝʨʚʠʯʥʦʛʦ ʪʝʢʩʪʘ ʩʪʘʪʝʡ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʨʠʥʷʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʩʦʚʤʝʩʪʥʦʝ ʫʯʘʩʪʠʝ 

ʚ ʧʦʜʛʦʪʦʚʢʝ ʩʪʘʪʝʡ ʜʣʷ ʦʧʫʙʣʠʢʦʚʘʥʠʷ ʚ ʥʘʫʯʥʳʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ. 

ɸʚʪʦʨʦʤ ʧʨʠʷʪʦ ʫʯʘʩʪʠʝ ʚ ʥʘʧʠʩʘʥʠʠ ʪʝʟʠʩʦʚ ʠ ʣʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʭ ʥʘ 

ʢʦʥʬʝʨʝʥʮʠʷʭ.  

ʇʫʙʣʠʢʘʮʠʠ 

 ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 7 ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʷʭ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʚ 3 ʩʪʘʪʴʷʭ ʚ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʘʭ 

ʜʘʥʥʳʭ Scopus ʠ Wed of Science ʠ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʜʣʷ ʟʘʱʠʪʳ 

ʜʠʩʩʝʨʪʘʮʠʡ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ 

 ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 206 ʩʪʨʘʥʠʮʘʭ ʤʘʰʠʥʦʧʠʩʥʦʛʦ 

ʪʝʢʩʪʘ ʠ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʨʘʟʜʝʣʳ: ʚʚʝʜʝʥʠʝ, ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ, 

ʤʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ, ʨʝʟʫʣʴʪʘʪʳ, ʦʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʟʘʢʣʶʯʝʥʠʝ, 

ʚʳʚʦʜʳ, ʙʣʘʛʦʜʘʨʥʦʩʪʠ, ʩʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʠ ʧʨʠʣʦʞʝʥʠʷ. ʀʣʣʶʩʪʨʘʪʠʚʥʳʡ 

ʤʘʪʝʨʠʘʣ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ 9 ʪʘʙʣʠʮ ʠ 22 ʨʠʩʫʥʢʦʚ, ʧʨʠʣʦʞʝʥʠʝ 

ʩʦʜʝʨʞʠʪ 20 ʪʘʙʣʠʮ ʠ 22 ʨʠʩʫʥʢʘ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʚʢʣʶʯʘʝʪ 490 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʠʟ ʢʦʪʦʨʳʭ 476 ʠʩʪʦʯʥʠʢʦʚ ʟʘʨʫʙʝʞʥʦʡ 

ʣʠʪʝʨʘʪʫʨʳ. 
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ɻʃɸɺɸ 1. ʆɹɿʆʈ ʃʀʊɽʈɸʊʋʈʓ 

1.1. ʅʘʩʣʝʜʩʪʚʝʥʥʳʝ ʘʪʘʢʩʠʠ 

 ʅʘʩʣʝʜʩʪʚʝʥʥʳʝ ʘʪʘʢʩʠʠ ï ʛʨʫʧʧʘ ʛʝʪʝʨʦʛʝʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʥʘʨʫʰʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʠ. ɺ ʥʦʨʤʝ ʢʦʦʨʜʠʥʘʮʠʷ 

ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʨʘʙʦʪʳ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ ʦʨʛʘʥʠʟʤʘ: 

ʨʝʛʫʣʷʪʦʨʥʦʛʦ ʘʧʧʘʨʘʪʘ ï ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ (ʤʦʟʞʝʯʢʘ, 

ʢʦʨʳ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ, ʙʘʟʘʣʴʥʳʭ ʛʘʥʛʣʠʝʚ, ʧʨʦʜʦʣʛʦʚʘʪʦʛʦ ʤʦʟʛʘ), ʩʧʠʥʥʦʛʦ 

ʤʦʟʛʘ ʠ ʧʝʨʠʬʝʨʠʯʝʩʢʦʡ ʠʥʥʝʨʚʘʮʠʠ, ʩʝʥʩʦʨʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

(ʚʝʩʪʠʙʫʣʷʨʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʧʨʦʧʨʠʦʮʝʧʮʠʠ, ʟʨʠʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ), 

ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʧʦʨʥʦ-ʜʚʠʛʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʘ ʪʘʢʞʝ ʠ ʜʨʫʛʠʭ ʩʠʩʪʝʤ. ɺ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʘʩʣʝʜʩʪʚʝʥʥʳʝ ʘʪʘʢʩʠʠ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʜʠʩʬʫʥʢʮʠʠ ʤʦʟʞʝʯʢʘ ʠʣʠ ʥʘʨʫʰʝʥʠʡ ʠʥʥʝʨʚʘʮʠʠ ʚʝʩʪʠʙʫʣʷʨʥʳʭ ʠʣʠ 

ʧʨʦʧʨʠʦʮʝʧʪʠʚʥʳʭ ʘʬʬʝʨʝʥʪʥʳʭ ʚʦʣʦʢʦʥ, ʚʭʦʜʷʱʠʭ ʚ ʤʦʟʞʝʯʦʢ 

[ʀʣʣʘʨʠʦʰʢʠʥ ʠ ʜʨ., 2006; Ashizawa, Xia, 2016].  

1.1.1. ɻʝʥʝʪʠʢʘ ʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ  

 ʅʘʩʣʝʜʩʪʚʝʥʥʳʝ ʘʪʘʢʩʠʠ ï ʨʝʜʢʠʝ ʟʘʙʦʣʝʚʘʥʠʝ ʩ ʯʘʩʪʦʪʦʡ ʚʩʪʨʝʯʘʝʤʦʩʪʠ 

ʚ ʩʨʝʜʥʝʤ ʧʨʠʤʝʨʥʦ 1,5 - 4 ʩʣʫʯʘʝʚ ʥʘ 100 000 ʯʝʣʦʚʝʢ [Ruano et al., 2014]. 

ʅʘʩʣʝʜʩʪʚʝʥʥʳʝ ʘʪʘʢʩʠʠ ʠʤʝʶʪ ʛʝʪʝʨʦʛʝʥʥʫʶ ʧʨʠʨʦʜʫ: ʚ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ 

ʚʳʷʚʣʝʥʳ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʙʦʣʝʝ ʯʝʤ ʚ ʧʷʪʠ ʩʦʪʥʷʭ ʛʝʥʦʚ, ʤʫʪʘʮʠʠ ʚ ʢʦʪʦʨʳʭ 

ʧʨʠʚʦʜʷʪ ʢ ʛʠʧʦʧʣʘʟʠʠ ʠʣʠ ʘʪʨʦʬʠʠ ʤʦʟʞʝʯʢʘ ʚ ʯʠʩʪʦʡ ʬʦʨʤʝ ʠʣʠ ʚʤʝʩʪʝ ʩ 

ʜʨʫʛʠʤʠ ʧʘʪʦʣʦʛʠʷʤʠ [Stenson et al., 2003; Stenson et al., 2020]. ɻʝʥʝʪʠʯʝʩʢʠʝ 

ʜʝʬʝʢʪʳ ʧʨʠʤʝʨʥʦ ʚ ʦʜʥʦʡ ʧʷʪʦʡ ʠʟ ʵʪʠʭ ʛʝʥʦʚ ʧʨʠʚʦʜʷʪ ʢ ʛʠʧʦʧʣʘʟʠʠ 

ʤʦʟʞʝʯʢʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʢʦʛʥʠʪʠʚʥʳʤʠ ʥʘʨʫʰʝʥʠʷʤʠ, 

ʚʳʟʚʘʥʥʳʤʠ ʣʠʩʩʵʥʮʝʬʘʣʠʝʡ, ʤʠʢʨʦʮʝʬʘʣʠʝʡ ʠʣʠ ʘʪʨʦʬʠʝʡ ʢʦʨʳ ʙʦʣʴʰʠʭ 

ʧʦʣʫʰʘʨʠʡ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ.     

 ʅʘʩʣʝʜʩʪʚʝʥʥʳʝ ʘʪʘʢʩʠʠ ʨʘʟʣʠʯʘʶʪ ʧʦ ʪʠʧʫ ʥʘʩʣʝʜʦʚʘʥʠʷ ʥʘ ʘʫʪʦʩʦʤʥʦ-

ʜʦʤʠʥʘʥʪʥʳʝ, ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʝ, ʍ-ʩʮʝʧʣʝʥʥʳʝ ʜʦʤʠʥʘʥʪʥʳʝ, ʍ-

ʩʮʝʧʣʝʥʥʳʝ ʨʝʮʝʩʩʠʚʥʳʝ ʠ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʝ. ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ 
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ʛʝʥʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʩʣʝʜʩʪʚʝʥʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ ʧʦʢʘʟʘʣʠ 

ʥʘʣʠʯʠʝ ʚʳʩʦʢʦʡ ʧʝʥʝʪʨʘʥʪʥʦʩʪʠ ʚʳʷʚʣʷʝʤʳʭ ʤʫʪʘʮʠʡ, ʧʨʠ ʵʪʦʤ ʥʘʣʠʯʠʝ 

ʚʳʩʦʢʦʡ ʛʝʪʝʨʦʛʝʥʥʦʩʪʠ ʬʝʥʦʪʠʧʠʯʝʩʢʠ ʙʣʠʟʢʠʭ ʩʠʥʜʨʦʤʦʚ. ɹʦʣʝʝ ʪʦʛʦ, ʜʣʷ 

ʥʝʢʦʪʦʨʳʭ ʛʝʥʦʚ ʦʙʥʘʨʫʞʝʥʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʚʷʟʴ ʢʘʢ ʩ ʘʫʪʦʩʦʤʥʦ-

ʨʝʮʝʩʩʠʚʥʳʤʠ, ʪʘʢ ʠ ʩ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ [Deciphering 

Developmental Disorders Study, 2017]. ʊʘʢ ʠ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʤʦʟʞʝʯʢʦʚʳʤʠ ʘʪʘʢʩʠʷʤʠ, ʥʘʧʨʠʤʝʨ SPTBN2, VPS13D, GRM1 ʠ STUB1, 

ʦʧʠʩʘʥʳ ʨʘʟʣʠʯʥʳʝ ʤʫʪʘʮʠʠ, ʧʨʠʚʦʜʷʱʠʝ ʢʘʢ ʢ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʤ, ʪʘʢ 

ʠ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʤ ʬʦʨʤʘʤ [Amberger et al., 2015]. ʏʘʱʝ ʘʫʪʦʩʦʤʥʦ- ʠ 

ʍ-ʩʮʝʧʣʝʥʥʳʝ ʨʝʮʝʩʩʠʚʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ ʠʤʝʶʪ ʙʦʣʝʝ ʪʷʞʣyʦʝ ʪʝʯʝʥʠʝ ʠ ʙʦʣʝʝ 

ʨʘʥʥʝʝ ʥʘʯʘʣʦ, ʚ ʤʣʘʜʝʥʯʝʩʪʚʝ ʠʣʠ ʨʘʥʥʝʤ ʜʝʪʩʪʚʝ, ʘ ʜʦʤʠʥʘʥʪʥʳʝ ʯʘʱʝ ʚʩʝʛʦ 

ʨʘʟʚʠʚʘʶʪʩʷ ʩ ʚʦʟʨʘʩʪʦʤ ʠ ʠʤʝʶʪ ʧʨʦʛʨʝʩʩʠʨʫʶʱʠʡ ʭʘʨʘʢʪʝʨ. ɺ ʩʚʷʟʠ ʩ ʪʝʤ, 

ʯʪʦ ʚ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʥʘʩʣʝʜʩʪʚʝʥʥʳʭ ʬʦʨʤ ʘʪʘʢʩʠʡ ʤʦʛʫʪ ʣʝʞʘʪʴ ʦʙʱʠʝ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʛʝʥʝʪʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʳ, ʚ ʦʙʟʦʨʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʚʩʝ ʛʝʥʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʤʦʟʞʝʯʢʦʚʳʤʠ ʧʘʪʦʣʦʛʠʷʤʠ. 

  ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʦ ʥʝ ʤʝʥʝʝ 47 ʨʘʟʣʠʯʥʳʭ ʘʫʪʦʩʦʤʥʦ-

ʜʦʤʠʥʘʥʪʥʳʭ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʳʭ ʘʪʘʢʩʠʡ (ʉʎɸ ʠʣʠ SCA), ʩʚʷʟʘʥʥʳʭ ʩ 

ʜʝʬʝʢʪʘʤʠ ʨʘʟʣʠʯʥʳʭ ʛʝʥʦʚ [Coarelli et al., 2018, Buijsen et al. 2019]. ɺ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʠʯʠʥʦʡ ʨʘʟʚʠʪʠʷ SCA ʷʚʣʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʪʨʠʥʫʢʣʝʦʪʠʜʥʳʭ ʧʦʚʪʦʨʦʚ ʚ ʥʝʩʢʦʣʴʢʠʭ ʛʝʥʘʭ (ATXN1-3, 

CACNA1A, ATXN7, PPP2R2B, TBP), ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʷʪ ʢ 

ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ SCA (SCA1, SCA2, SCA3/MJD, SCA6, SCA7, SCA12, 

SCA17), ʠʤʝʥʫʝʤʳʝ ʪʘʢʞʝ ʪʨʠʥʫʢʣʝʦʪʠʜʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ [ʂʣʶʰʥʠʢʦʚ, 

ʀʣʣʘʨʠʦʰʢʠʥ, 2012; Klockgether et al., 2019]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʘʷ 

ʬʦʨʤʘ ʠʟ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʭ ʪʨʠʥʫʢʣʝʦʪʠʜʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʧʦ 

ʥʝʢʦʪʦʨʳʤ ʦʮʝʥʢʘʤ ʷʚʣʷʝʪʩʷ SCA3, ʠʣʠ ʥʘʟʳʚʘʝʤʘʷ ʪʘʢʞʝ ɹʦʣʝʟʥʴ ʄʘʯʘʜʦ-

ɼʞʦʟʝʬʘ, c ʵʢʩʧʘʥʩʠʝʡ CAG ʧʦʚʪʦʨʦʚ ʚ ʛʝʥʝ ATXN3, ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 20-

50% ʦʪ ʚʩʝʭ ʩʣʫʯʘʝʚ ʟʘʙʦʣʝʚʘʥʠʡ ʜʘʥʥʦʡ ʛʨʫʧʧʳ (ʩʣʫʯ. ʟʘʙ.) [Hersheson, J et 

al., 2012; Ruano et al., 2014; Klockgether et al., 2019]. ʅʘʠʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ SCA3 ʦʪʤʝʯʝʥʦ ʚ ɹʨʘʟʠʣʠʠ (69ï92% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) ʠ 
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ʇʦʨʪʫʛʘʣʠʠ (58ï74% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.), ʚ ʯʘʩʪʥʦʩʪʠ ʥʘ ɸʟʦʨʩʢʠʭ ʦʩʪʨʦʚʘʭ 

ʜʦʩʪʠʛʘʷ 4,2 ʩʣʫʯʘʷ ʥʘ 1 000 ʯʝʣʦʚʝʢ [Jardim et al., 2001; Bettencourt et al., 2008]. 

ʊʘʢʞʝ ʚʳʩʦʢʘʷ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ SCɸ3 ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʄʘʣʘʡʟʠʠ (69% ʦʪ 

ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Mohamed Ibrahim et al., 2020], ʚ ʨʝʛʠʦʥʝ ʍʦʢʫʨʠʢʫ ʚ ʗʧʦʥʠʠ 

(63% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Shibata-Hamaguchi et al., 2009], ʠ ʚ ʂʠʪʘʝ (48ī62% ʦʪ 

ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Jiang et al., 2005], ʨʝʞʝ ʚ ʩʪʨʘʥʘʭ ɽʚʨʦʧʳ ʠ ɸʟʠʠ [Bettencourt 

et al., 2011]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʛʠʦʥʘ ʜʨʫʛʠʝ ʘʪʘʢʩʠʠ ʤʦʛʫʪ ʧʨʝʚʘʣʠʨʦʚʘʪʴ. 

ʊʘʢ, ʥʘʧʨʠʤʝʨ, SCA2, ʟʘʥʠʤʘʶʱʘʷ ʚʪʦʨʦʝ ʤʝʩʪʦ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʚ 

ʤʠʨʝ, ʜʦʤʠʥʠʨʫʝʪ ʚ ʀʩʧʘʥʠʠ ʚ ʧʨʦʚʠʥʮʠʠ ʂʘʥʪʘʙʨʠʠ (30% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) 

[Infante et al., 2005] ʠ ʩʨʝʜʠ ʥʘʩʝʣʝʥʠʷ ʂʫʙʳ ʩ ʠʩʧʘʥʩʢʠʤʠ ʢʦʨʥʷʤʠ, ʫ ʢʦʪʦʨʳʭ 

ʜʦʩʪʠʛʘʝʪ 43 ʩʣʫʯʘʷ ʥʘ 100 000 ʯʝʣʦʚʝʢ [Vel§zquez-P®rez et al., 2001]. ʊʘʢʞʝ 

SCA2 ʯʘʩʪʦ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʄʝʢʩʠʢʝ (43% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.), ʀʪʘʣʠʠ (25-47% 

ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Brusco et al., 2004; Filla et al., 2000] ʠ ʉʠʥʛʘʧʫʨʝ (33% ʦʪ 

ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Zhao et al., 2002]. ɺʳʩʦʢʫʶ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʪʘʢʞʝ ʠʤʝʝʪ 

SCA6 ʩʨʝʜʠ ʥʘʩʝʣʝʥʠʷ ʦʩʪʨʦʚʘ ʍʦʢʢʘʡʜʦ ʚ ʗʧʦʥʠʠ (31% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) 

[Basri et al., 2007], ʶʛʦ-ʚʦʩʪʦʢʘ ɸʚʩʪʨʘʣʠʠ (30% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Storey et 

al., 2000], ʉʝʚʝʨʥʦʡ ɻʦʣʣʘʥʜʠʠ (23,4% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Verbeek et al., 2004] 

ʠ ɻʝʨʤʘʥʠʠ (22% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Schºls et al., 1997], ʠ ʟʘʥʠʤʘʝʪ ʪʨʝʪʴʝ 

ʤʝʩʪʦ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʚ ʤʠʨʝ [Sequeiros et al., 2012]. SCA1 ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʚ ʇʦʣʴʰʝ (42-68% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Suğek-Piatkowska et al., 

2010], ʘ ʪʘʢʞʝ ʚ ʖʞʥʦʡ ɸʬʨʠʢʝ (41% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Bryer et al., 2003] ʠ 

ʉʝʨʙʠʠ (34% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Dragaseviĺ et al., 2006]. ʅʘ ʪʝʨʨʠʪʦʨʠʠ ʈʦʩʩʠʠ 

ʧʨʝʚʘʣʠʨʫʝʪ SCA1 (41% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.), ʢʦʪʦʨʘʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ 

ʚ ɺʦʩʪʦʯʥʦʡ ʉʠʙʠʨʠ ʚ ʧʦʧʫʣʷʮʠʠ ʷʢʫʪʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ 

ʟʘʙʦʣʝʚʘʝʤʦʩʪʠ SCA1 ʠ ʧʦ ʧʦʩʣʝʜʥʠʤ ʦʮʝʥʢʘʤ ʜʦʩʪʠʛʘʝʪ 46 ʥʘ 100 000 

ʠʥʜʠʚʠʜʦʚ [Platonov et al., 2016; ʂʣʶʰʥʠʢʦʚ ʠ ʜʨ. 2022]. ʂʦʣʠʯʝʩʪʚʦ 

ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʭ ʘʪʘʢʩʠʡ, ʚʳʟʚʘʥʥʳʭ ʤʫʪʘʮʠʷʤʠ ʚ ʜʨʫʛʠʭ ʛʝʥʘʭ, 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 40% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ., ʥʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʛʠʦʥʘ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʘʨʴʠʨʫʝʪ [Sequeiros et al., 2012] ʠ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 92% ʚ 
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ʅʦʨʚʝʛʠʠ [Erichsen et al., 2009], ʦʢʦʣʦ 72% ʚ ʂʦʨʝʝ [Jin et al., 1999] ʠʣʠ 62% ʚ 

ʌʠʥʣʷʥʜʠʠ [Juvonen et al., 2005].  

 ʈʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʩʦʩʪʘʚʣʷʝʪ ʚ 

ʩʨʝʜʥʝʤ ʧʨʠʤʝʨʥʦ 1,8 ï 4,9 ʩʣʫʯʘʝʚ ʥʘ 100 000 ʯʝʣʦʚʝʢ [Ruano et al., 2014]. ɺ 

ʦʙʱʝʡ ʩʣʦʞʥʦʩʪʠ ʠʟʚʝʩʪʥʦ ʙʦʣʝʝ 59 ʨʘʟʣʠʯʥʳʭ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʭ ʬʦʨʤ 

ʟʘʙʦʣʝʚʘʥʠʡ, ʠʤʝʶʱʠʭ ʩʠʤʧʪʦʤʳ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ [Beaudin M et al., 

2019]. ʀʟ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʭ ʬʦʨʤ ʩʘʤʦʡ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʡ ʷʚʣʷʝʪʩʷ 

ʘʪʘʢʩʠʷ ʌʨʠʜʨʝʡʭʘ, ʩʚʷʟʘʥʥʘʷ ʩ ʯʨʝʟʤʝʨʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ GAA ʧʦʚʪʦʨʦʚ ʚ 

ʛʝʥʝ ʬʨʘʪʘʢʩʠʥʘ FXN [Ruano et al., 2014]. ʈʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʘʪʘʢʩʠʠ 

ʌʨʠʜʨʝʡʭʘ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʛʠʦʥʘ ʠ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʛʘʧʣʦʛʨʫʧʧʦʡ R1b, ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʘʷ ʦʪʤʝʯʝʥʘ ʚ ʀʩʧʘʥʠʠ, ʶʞʥʦʡ ʌʨʘʥʮʠʠ ʠ 

ʀʨʣʘʥʜʠʠ, ʛʜʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 2-5 ʥʘ 100 000 ʠʥʜʠʚʠʜʦʚ [Anheim et al., 2010, 

Polo et al., 1991], ʪʦʛʜʘ ʢʘʢ ʚ ʉʢʘʥʜʠʥʘʚʠʠ ʠ ʈʦʩʩʠʠ ʦʪʤʝʯʝʥ ʩʘʤʳʡ ʥʠʟʢʠʡ 

ʫʨʦʚʝʥʴ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʟʘʙʦʣʝʚʘʥʠʷ 0,13-0,30 ʩʣʫʯʘʝʚ ʥʘ 100 000 

ʠʥʜʠʚʠʜʦʚ [Juvonen et al. 2002; ʂʠʨʠʣʝʥʢʦ, 2004; Vankan et at., 2013]. ʊʝʤ ʥʝ 

ʤʝʥʝʝ ʚ ʨʦʩʩʠʡʩʢʦʡ ʧʦʧʫʣʷʮʠʠ ʘʪʘʢʩʠʷ ʌʨʠʜʨʝʡʭʘ ʟʘʥʠʤʘʝʪ ʚʪʦʨʦʝ ʤʝʩʪʦ ʧʦ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʠ ʚʩʪʨʝʯʘʝʪʩʷ ʫ 34,5% ʧʘʮʠʝʥʪʦʚ ʚʟʨʦʩʣʦʛʦ ʚʦʟʨʘʩʪʘ ʩ 

ʜʠʘʛʥʦʟʦʤ SCAR [ɽʨʰʦʚʘ 2003; ʂʣʶʰʥʠʢʦʚ ʠ ʜʨ. 2022]. ʇʦʤʠʤʦ ʫʚʝʣʠʯʝʥʠʷ 

ʚ ʦʙʣʘʩʪʠ ʪʨʭyʥʫʢʣʝʦʪʠʜʥʳʭ ʧʦʚʪʦʨʦʚ, ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʤʫʪʘʮʠʠ ʚ 

ʥʝʩʢʦʣʴʢʠʭ ʛʝʥʘʭ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʤ ʟʘʙʦʣʝʚʘʥʠʷʤ 

ʘʪʘʢʩʠʠ ʩ ʦʢʫʣʘʤʦʪʦʨʥʦʡ ʘʧʨʘʢʩʠʝʡ 1-ʛʦ ʠ 2-ʛʦ ʪʠʧʘ, ʩʚʷʟʘʥʥʦʡ ʩ 

ʧʦʚʨʝʞʜʝʥʠʝʤ ʛʝʥʦʚ APTX ʠ SETX, ʠ ʘʪʘʢʩʠʷ-ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʷ, ʢ ʢʦʪʦʨʦʡ 

ʧʨʠʚʦʜʷʪ ʨʘʟʣʠʯʥʳʝ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ ATM [Ruano et al., 2014]. ɸʪʘʢʩʠʷ-

ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʷ (ɸʊ) ʟʘʥʠʤʘʝʪ ʚʪʦʨʦʝ ʤʝʩʪʦ ʧʦʩʣʝ ʘʪʘʢʩʠʠ ʌʨʠʜʨʝʡʭʘ, 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʡʨʦʜʝʛʝʥʝʨʘʮʠʠ ʠ ʘʪʘʢʩʠʠ, ʚʳʟʳʚʘʝʪ ʧʝʨʚʠʯʥʳʡ 

ʠʤʤʫʥʦʜʝʬʠʮʠʪ ʠ ʤʫʣʴʪʠʩʠʩʪʝʤʥʳʝ ʥʘʨʫʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʯʘʩʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʟʣʠʯʥʳʤ ʬʦʨʤʘʤ ʨʘʢʘ. ʏʘʩʪʦʪʘ ʟʘʙʦʣʝʚʘʥʠʷ ʘʪʘʢʩʠʝʡ-ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʝʡ 

ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 1-2,5 ʩʣʫʯʘʝʚ ʥʘ 100 000 ʯʝʣʦʚʝʢ [Anheim et al., 2012], 

ʚʩʪʨʝʯʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʩʪʨʘʥʘʭ ʠ ʵʪʥʠʯʝʩʢʠʭ ʛʨʫʧʧʘʭ. ɺ ʥʝʢʦʪʦʨʳʭ 

ʩʪʨʘʥʘʭ, ʥʘʧʨʠʤʝʨ, ʚ ʅʦʨʚʝʛʠʠ, ʯʘʩʪʦʪʘ ʚʩʪʨʝʯʘʝʤʦʩʪʠ ʘʪʘʢʩʠʠ-
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ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʠ ʩʦʩʪʘʚʣʷʝʪ 18% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ. ʠ ʧʨʝʚʳʰʘʝʪ ʘʪʘʢʩʠʶ 

ʌʨʠʜʨʝʡʭʘ [Erichsen et al., 2009]. ɼʣʷ ʘʪʘʢʩʠʠ-ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʠ ʚʦ ʤʥʦʛʠʭ 

ʨʝʛʠʦʥʘʭ ʦʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ ʦʩʥʦʚʘʪʝʣʷ, ʠ ʥʘʡʜʝʥʥʳʝ ʧʘʪʦʛʝʥʥʳʝ ʤʫʪʘʮʠʠ 

ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʦʧʨʝʜʝʣʸʥʥʳʤʠ ʛʘʧʣʦʛʨʫʧʧʘʤʠ [Telatar et al., 1998; Campbell et 

al., 2003; Birrell et al., 2005; Carranza et al., 2016]. ɺ ʈʦʩʩʠʠ ʠ ʜʨʫʛʠʭ ʩʣʘʚʷʥʩʢʠʭ 

ʩʪʨʘʥʘʭ ʙʦʣʴʰʠʥʩʪʚʦ ʧʘʮʠʝʥʪʦʚ ʷʚʣʷʶʪʩʷ ʥʦʩʠʪʝʣʷʤʠ ʪʨʸʭ ʚʘʨʠʘʥʪʦʚ 

5932G>T (p.Glu1978*), c.450_453delTTCT (p.Ser151*) ʠ c.1564-1565delGA 

[Mitui et al., 2005; Suspitsin et al., 2020; ʅʫʞʥʳʡ ʠ ʜʨ. 2020]. ʂʨʦʤʝ ʵʪʦʛʦ, ʩ 

ʢʘʞʜʳʤ ʛʦʜʦʤ ʥʘʨʘʩʪʘʝʪ ʯʠʩʣʦ ʥʦʚʳʭ ʚʳʷʚʣʝʥʥʳʭ ʧʘʪʦʛʝʥʥʳʭ ʤʫʪʘʮʠʡ, 

ʧʨʠʚʦʜʷʱʠʭ ʢ ʨʘʟʚʠʪʠʶ ʟʘʙʦʣʝʚʘʥʠʷ, ʠ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʨʝʚʳʰʘʝʪ 1 400 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ [Amirifar et al., 2020]. ɺʝʨʦʷʪʥʦ, ʧʦʤʠʤʦ ʵʬʬʝʢʪʘ 

ʦʩʥʦʚʘʪʝʣʷ, ʜʘʥʥʘʷ ʛʝʥʝʪʠʯʝʩʢʘʷ ʦʙʣʘʩʪʴ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʴʰʦʡ 

ʤʫʪʘʙʝʣʴʥʦʩʪʴʶ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʦʚʳʭ 

ʧʘʪʦʛʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ. ʅʘʨʫʰʝʥʠʷ ʚ ʛʝʥʝ SETX, ʢʦʜʠʨʫʶʱʝʤ ʙʝʣʦʢ 

ʩʝʥʘʪʘʢʩʠʥ, ʚʳʟʳʚʘʶʪ ʘʪʘʢʩʠʠ ʩ ʦʢʫʣʘʤʦʪʦʨʥʦʡ ʘʧʨʘʢʩʠʝʡ 2-ʛʦ ʪʠʧʘ, ʢʦʪʦʨʘʷ 

ʥʘʨʷʜʫ ʩ ɸʊ ʠʤʝʝʪ ʚʳʩʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʩʣʝ ʘʪʘʢʩʠʠ ʌʨʠʜʨʝʡʭʘ ʠ ʚ 

ʥʝʢʦʪʦʨʳʭ ʩʪʨʘʥʘʭ ʟʘʥʠʤʘʝʪ ʚʪʦʨʦʝ ʤʝʩʪʦ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, 

ʚ ʇʦʨʪʫʛʘʣʠʠ (18% ʦʪ ʚʩʝʭ ʩʣʫʯ. ʟʘʙ.) [Coutinho et al. 2013] ʠʣʠ ʚ ʠʩʪʦʨʠʯʝʩʢʦʡ 

ʦʙʣʘʩʪʠ ʥʘ ʚʦʩʪʦʢʝ ʌʨʘʥʮʠʠ ʕʣʴʟʘʩ (10%) [Anheim et al., 2010]. ɸʪʘʢʩʠʷ ʩ 

ʦʢʫʣʘʤʦʪʦʨʥʦʡ ʘʧʨʘʢʩʠʝʡ 1-ʛʦ ʩʚʷʟʘʥʘ ʩ ʥʘʨʫʰʝʥʠʤ̫ʠ ʚ ʛʝʥʝ APTX, ʚʧʝʨʚʳʝ 

ʚʳʷʚʣʝʥʥʦʤ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʗʧʦʥʠʠ [Date et al., 2001] ʠ ʇʦʨʪʫʛʘʣʠʠ [Moreira 

et al., 2001], ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʧʘʮʠʝʥʪʦʚ ʚʳʷʚʣʝʥʦ ʚ ʀʪʘʣʠʠ [Castellotti 

et al., 2011; Criscuolo et al., 2004] ʠ ʚ ʊʫʨʮʠʠ [Arslan et al., 2019]. ɺ ʈʦʩʩʠʠ 

ʚʳʷʚʣʝʥʳ ʝʜʠʥʠʯʥʳʝ ʩʣʫʯʘʠ ʩ ʦʢʫʣʘʤʦʪʦʨʥʳʤʠ ʘʪʘʢʩʠʷʤʠ 1-ʛʦ ʠ 2-ʛʦ ʪʠʧʦʚ 

[ʅʫʞʥʳʡ ʠ ʜʨ., 2019]. ɺ ɽʚʨʦʧʝʡʩʢʠʭ ʠ ʉʝʚʝʨʦ-ɸʬʨʠʢʘʥʩʢʠʭ ʧʦʧʫʣʷʮʠʷʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʘʪʘʢʩʠʷ ʩ ʜʝʬʠʮʠʪʦʤ ʚʠʪʘʤʠʥʘ E (AVED), ʟʘʥʠʤʘʶʱʘʷ 

ʧʨʠʤʝʨʥʦ ʧʷʪʦʝ ʤʝʩʪʦ ʧʦ ʯʘʩʪʦʪʝ ʚʩʪʨʝʯʘʝʤʦʩʪʠ ʚ ʤʠʨʝ, ʧʨʠʯʠʥʦʡ ʢʦʪʦʨʦʡ 

ʩʣʫʞʘʪ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ TTPA [Ouahchi 1995; Schuelke, 1993; Mariotti et al., 

2004]. ɺ ʈʦʩʩʠʡʩʢʦʡ ʠ ʌʠʥʩʢʦʡ ʧʦʧʫʣʷʮʠʷʭ ʚʩʪʨʝʯʘʝʪʩʷ ʤʦʟʞʝʯʢʦʚʘʷ ʘʪʘʢʩʠʷ, 

ʚʳʟʚʘʥʥʘʷ ʥʘʨʫʰʝʥʠʷʤʠ ʛʝʥʘ POLG. ʄʫʪʘʮʠʠ ʚ ʵʪʦʤ ʛʝʥʝ ʧʨʠʚʦʜʷʪ ʢ 
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ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʤʫ ʨʝʮʝʩʩʠʚʥʦʤʫ ʩʠʥʜʨʦʤʫ ʘʪʘʢʩʠʠ (mitochondrial recessive 

ataxia syndrome, MIRAS), ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʩʠʥʜʨʦʤ 

ʩʝʥʩʠʪʠʚʥʦʡ ʘʪʘʢʩʠʠ, ʥʝʚʨʦʧʘʪʠʠ, ʜʠʟʘʨʪʨʠʠ, ʦʬʪʘʣʴʤʦʧʣʝʛʠʠ (sensory ataxic 

neuropathy, dysarthria, ophthalmoplegia, SANDO) [Van Goethem et al., 2003; 

Schulte et al., 2009]. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚ ʈʦʩʩʠʠ, 

ʌʠʥʣʷʥʜʠʠ ʠ ʅʦʨʚʝʛʠʠ, ʘ ʪʘʢʞʝ ʚʩʪʨʝʯʘʶʱʠʤʩʷ ʠ ʚ ʜʨʫʛʠʭ ʝʚʨʦʧʝʡʩʢʠʡ 

ʧʦʧʫʣʷʮʠʷʭ, ʷʚʣʷʝʪʩʷ p.Trp748Ser, ʠʤʝʶʱʠʡ ʵʬʬʝʢʪ ʦʩʥʦʚʘʪʝʣʷ [Hakonen et 

al., 2005; ʅʫʞʥʳʡ ʠ ʜʨ. 2019]. ʅʝʜʘʚʥʦ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʵʢʩʧʘʥʩʠʷ 

ʧʝʥʪʘʥʫʢʪʝʦʪʠʜʥʳʭ ʧʦʚʪʦʨʦʚ ʚ ʠʥʪʨʦʥʥʦʡ ʦʙʣʘʩʪʠ ʛʝʥʘ RFC1, ʜʘʣʴʥʝʡʰʠʝ 

ʛʝʥʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʙʠʘʣʣʝʣʴʥʳʝ ʵʢʩʧʘʥʩʠʠ ʩʦʩʪʘʚʣʷʶʪ 

ʚ ʨʘʟʥʳʭ ʧʦʧʫʣʷʮʠʷʭ ʦʪ 1 ʜʦ 30% ʩʣʫʯʘʝʚ ʧʦʟʜʥʝʡ ʘʪʘʢʩʠʠ [Cortese et al., 2019; 

Rafehi et al., 2019; Davies et al., 2022]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʘʷ ʧʘʪʦʛʝʥʥʘʷ 

ʵʢʩʧʘʥʩʠʷ AAGGG(n), ʦʙʥʘʨʫʞʝʥʥʘʷ ʚ ʌʠʥʩʢʦʡ ʧʦʧʫʣʷʮʠʠ, ʠʤʝʝʪ ʵʬʬʝʢʪ 

ʦʩʥʦʚʘʪʝʣʷ ʝʚʨʦʧʝʡʩʢʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ [Cortese et al., 2019; Rafehi et al., 

2019]. ʅʘʨʫʰʝʥʠʷ ʨʘʙʦʪʳ ʛʝʥʘ RFC1 ʧʨʠʚʦʜʷʪ ʢ ʩʠʥʜʨʦʤʫ ʤʦʟʞʝʯʢʦʚʦʡ 

ʘʪʘʢʩʠʠ, ʥʝʡʨʦʧʘʪʠʠ ʠ ʚʝʩʪʠʙʫʣʷʨʥʦʡ ʘʨʝʬʣʝʢʩʠʠ CANVAS, ʦʜʥʘʢʦ ʠʥʦʛʜʘ 

ʤʦʛʫʪ ʚʩʪʨʝʯʘʪʴʩʷ ʠ ʜʨʫʛʠʝ ʬʝʥʦʪʠʧʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʯʠʩʪʘ ̫ʤʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ [Gisatulin et al., 2020; Montaut et al. 2021; Davies et al., 2022]. ɺ 

ʨʦʩʩʠʡʩʢʦʡ ʧʦʧʫʣʷʮʠʠ ʩʠʥʜʨʦʤ CANVAS ʠʤʝʝʪ ʚʳʩʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠ 

ʟʘʥʠʤʘʝʪ ʧʝʨʚʦʝ ʤʝʩʪʦ ʩʨʝʜʠ ʧʘʮʠʝʥʪʦʚ ʚʟʨʦʩʣʦʛʦ ʚʦʟʨʘʩʪʘ [ʅʫʞʥʳʡ ʠ ʜʨ., 

2020; ʂʣʶʰʥʠʢʦʚ ʠ ʜʨ. 2022].  

 ɻʠʧʦʧʣʘʟʠʷ ʠʣʠ ʘʪʨʦʬʠʷ ʤʦʟʞʝʯʢʘ ʪʘʢʞʝ ʤʦʞʝʪ ʠʤʝʪʴ X-ʩʮʝʧʣʝʥʥʳʡ 

ʜʦʤʠʥʘʥʪʥʳʡ ʠʣʠ ʨʝʮʝʩʩʠʚʥʳʡ ʭʘʨʘʢʪʝʨ ʥʘʩʣʝʜʦʚʘʥʠʷ. ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ 

ʠʟʚʝʩʪʥʦ ʦʢʦʣʦ 20 ʨʘʟʣʠʯʥʳʭ X-ʩʮʝʧʣʝʥʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ [Zanni, 

Bertini, 2018]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʟʘʙʦʣʝʚʘʥʠʷ, ʩʚʷʟʘʥʥʳʝ 

ʩ ʵʢʩʧʘʥʩʠʝʡ CGG ʧʦʚʪʦʨʦʚ ʚ ʧʨʦʤʦʪʦʨʝ ʛʝʥʘ FMR1 ʠ ʠʤʝʶʱʠʝ X-

ʩʮʝʧʣʝʥʥʳʡ ʜʦʤʠʥʘʥʪʥʳʡ ʭʘʨʘʢʪʝʨ ʥʘʩʣʝʜʦʚʘʥʠʷ [Devys et al., 1993; Tassone 

et al., 2012]. ʋʚʝʣʠʯʝʥʠʝ ʧʦʚʪʦʨʦʚ ʚ ʢʦʣʠʯʝʩʪʚʝ ʦʪ 55 ʜʦ 200 (ʧʨʝʤʫʪʘʮʠʷ) 

ʧʨʠʚʦʜʠʪ ʢ ʩʠʥʜʨʦʤʫ ʣʦʤʢʦʡ ʍ-ʭʨʦʤʦʩʦʤʳ ʩ ʪʨʝʤʦʨʦʤ/ʘʪʘʢʩʠʝʡ (Fragile X 

tremor/ataxia syndrome, FXTAS), ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʦʷʚʣʷʝʪʩʷ ʫ ʤʫʞʯʠʥ 
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ʚ ʚʦʟʨʘʩʪʝ 50-60 ʣʝʪ, ʧʨʠʚʦʜʷ ʢ ʥʘʨʫʰʝʥʠʶ ʤʦʪʦʨʥʳʭ ʠ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʪʨʦʬʠʠ ʤʦʟʞʝʯʢʘ, ʜʝʤʝʥʮʠʠ ʠ ʧʝʨʠʬʝʨʠʯʝʩʢʦʡ ʥʝʡʨʦʧʘʪʠʠ 

[Jacquemont et al., 2003; Hagerman et al., 2015]. ʅʝʢʦʪʦʨʳʝ ʥʦʩʠʪʝʣʠ 

ʧʨʝʤʫʪʘʮʠʠ ʦʪ 55 ʜʦ 200 ʧʦʚʪʦʨʦʚ ʚ ʛʝʥʝ FMR1 ʤʦʛʫʪ ʠʤʝʪʴ ʩ ʜʝʪʩʪʚʘ ʩʣʘʙʳʝ 

ʩʠʤʧʪʦʤʳ ʠ ʥʘʨʫʰʝʥʠʷ ʘʫʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ [Farzin et al., 2006; Clifford et al., 

2007; Wheeler et al., 2016; Hagerman et al., 2018; Aishworiya et al., 2022]. 

ʕʢʩʧʘʥʩʠʷ ʧʦʚʪʦʨʦʚ ʩʚʳʰʝ 200 ʧʨʠʚʦʜʠʪ ʢ ʩʠʥʜʨʦʤʫ ʣʦʤʢʦʡ ʍ-ʭʨʦʤʦʩʦʤʳ 

(Fragile X syndrome, FXS), ʟʘʥʠʤʘʶʱʝʤʫ ʚʪʦʨʦʝ ʤʝʩʪʦ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ 

ʩʨʝʜʠ ʩʣʫʯʘʝʚ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʫ ʜʝʪʝʡ ʧʦʩʣʝ ʪʨʠʩʦʤʠʠ 21 ʭʨʦʤʦʩʦʤʳ 

[Rousseau et al., 1995]. ɼʨʫʛʦʝ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʝ ʟʘʙʦʣʝʚʘʥʠʝ, 

ʩʠʥʜʨʦʤ ʈʝʪʪʘ, ʚʩʪʨʝʯʘʝʪʩʷ ʩ ʯʘʩʪʦʪʦʡ 1 ʥʘ 10 000 ʠ ʧʨʠʚʦʜʠʪ ʢ ʪʷʞʸʣʦʡ ʬʦʨʤʝ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, ʜʠʘʛʥʦʩʪʠʨʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʫ ʜʝʚʦʯʝʢ ʚ ʚʦʟʨʘʩʪʝ ʦʪ 6 

ʜʦ 18 ʤʝʩʷʮʝʚ ʠ ʩʚʷʟʘʥʦ ʩ ʤʫʪʘʮʠʷʤʠ ʚ ʛʝʥʝ MECP2, ʧʨʦʜʫʢʪ ʢʦʪʦʨʦʛʦ 

ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʝʪʠʣʠʨʦʚʘʥʠʷ ɼʅʂ ʠ ʨʝʛʫʣʷʮʠʠ ʪʨʘʥʩʢʨʠʧʮʠʠ 

ʛʝʥʦʚ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ ʤʦʟʛʝ [Hagberg, 1985; Amir et al., 1999; Tillotson et al., 

2019; Brunetti et al., 2020; Fu et al., 2020]. ʄʫʪʘʮʠʠ ʚ ʵʪʦʤ ʛʝʥʝ ʪʘʢʞʝ ʧʨʠʚʦʜʷʪ 

ʢ X-ʩʮʝʧʣʝʥʥʳʤ ʨʝʮʝʩʩʠʚʥʳʤ ʟʘʙʦʣʝʚʘʥʠʷʤ: ʩʠʥʜʨʦʤʫ ʫʤʩʪʚʝʥʥʦʡ 

ʦʪʩʪʘʣʦʩʪʠ ʠ ʪʷʞyʣʦʡ ʥʝʦʥʘʪʘʣʴʥʦʡ ʵʥʮʝʬʘʣʦʧʘʪʠʠ, ʘ ʪʘʢʞʝ ʩʠʥʜʨʦʤʫ 

ʜʫʧʣʠʮʠʨʦʚʘʥʥʦʛʦ ʛʝʥʘ MEPC2 [Geerdink et al., 2002; Lugtenberg et al., 2009; 

Lim et al., 2017]. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ CASK, ʢʦʜʠʨʫʶʱʝʤ ʢʘʣʴʮʠʡ/ʢʘʣʴʤʦʜʫʣʠʥ-

ʟʘʚʠʩʠʤʫʶ ʩʝʨʠʥʦʚʫʶ ʧʨʦʪʝʠʥʢʠʥʘʟʫ, ʠʟʚʝʩʪʥʳ ʢʘʢ ʧʨʠʯʠʥʳ ʩʠʥʜʨʦʤʘ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, ʤʠʢʨʦʮʝʬʘʣʠʠ ʠ ʧʦʥʪʦʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ 

(intellectual development disorder with microcephaly and pontine and cerebellar 

hypoplasia, MICPCH), ʥʘʩʣʝʜʫʝʤʦʤʫ ʧʦ X-ʩʮʝʧʣʝʥʥʦʤʫ ʜʦʤʠʥʘʥʪʥʦʤʫ ʪʠʧʫ ʠ 

ʚʩʪʨʝʯʘʶʱʝʤʫʩʷ ʯʘʱʝ ʫ ʥʦʚʦʨʦʞʜʥyʥʳʭ ʜʝʚʦʯʝʢ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʵʤʙʨʠʦʥʦʚ 

ʤʫʞʩʢʦʛʦ ʧʦʣʘ ʤʫʪʘʮʠʠ ʯʘʱʝ ʬʘʪʘʣʴʥʳ ʠʣʠ ʧʨʠʚʦʜʷʪ ʢ ʙʦʣʝʝ ʪʷʞʸʣʦʤʫ 

ʬʝʥʦʪʠʧʫ [Froyen et al., 2007; Moog et al., 2011; Hayashi et al., 2017; Najm et al., 

2008; Moog et al., 2015].  

 ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ X-ʩʮʝʧʣʝʥʥʳʭ ʨʝʮʝʩʩʠʚʥʳʭ ʬʦʨʤ 

ʛʠʧʦʧʣʘʟʠʠ ʠʣʠ ʘʪʨʦʬʠʠ ʤʦʟʞʝʯʢʘ, ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳ ʨʝʜʢʠʝ ʩʠʥʜʨʦʤʳ, 



23 
 

ʧʨʠʚʦʜʷʱʠʝ ʢ ʧʩʠʭʦʤʦʪʦʨʥʦʡ ʟʘʜʝʨʞʢʝ ʩ ʤʣʘʜʝʥʯʝʩʪʚʘ ʠ ʦʪʷʛʦʱʸʥʥʳʝ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ. ʊʘʢ ʦʜʥʠʤ ʠʟ ʪʘʢʠʭ ʛʝʥʦʚ ʷʚʣʷʝʪʩʷ OPHN1, 

ʧʨʠʚʦʜʷʱʠʡ ʢ ʩʠʥʜʨʦʤʫ ʦʣʠʛʦʬʨʝʥʠʥʘ-1, ʠʣʠ ʩʠʥʜʨʦʤʫ ʟʘʜʝʨʞʢʠ 

ʫʤʩʪʚʝʥʥʦʛʦ ʨʘʟʚʠʪʠʷ (MRX60 ʠʣʠ MRXSBL). ʇʦʪʝʨʷ ʬʫʥʢʮʠʠ ʛʝʥʘ OPHN1 

ʧʨʠʚʦʜʠʪ ʢ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʠ ʣʦʙʥʦ-ʚʠʩʦʯʥʦʡ ʘʪʨʦʬʠʠ, ʠ ʢ ʠʟʤʝʥʝʥʠʷʤ 

ʚ ʛʠʧʧʦʢʘʤʧʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʨʫʰʝʥʠʷ Rho-ɻʊʌʘʟʘ-ʟʘʚʠʩʠʤʦʡ ʧʝʨʝʜʘʯʠ 

ʩʠʛʥʘʣʦʚ ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʤʠʛʨʘʮʠʠ ʠ ʤʦʨʬʦʛʝʥʝʟʘ ʢʣʝʪʦʢ ʤʦʟʛʘ, ʩʦʟʨʝʚʘʥʠʷ 

ʩʠʥʘʧʩʦʚ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʝʡʨʦʥʦʚ [Billuart et al., 1998; Fauchereau et al., 2003; 

Al -Owain et al., 2011; Schwartz et al., 2019].  

1.1.2. ʄʦʣʝʢʫʣʷʨʥʦ-ʛʝʥʝʪʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ  

 ʄʦʟʞʝʯʦʢ ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʘʣʴʥʳʤ ʦʪʜʝʣʦʤ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ, ʢʦʪʦʨʳʡ 

ʦʪʚʝʯʘʝʪ ʟʘ ʤʦʪʦʨʥʳʝ ʬʫʥʢʮʠʠ. ʆʩʥʦʚʥʳʝ ʘʬʬʝʨʝʥʪʥʳʝ ʩʚʷʟʠ ʤʦʟʞʝʯʢʘ 

ʧʦʩʪʫʧʘʶʪ ʯʝʨʝʟ ʥʠʞʥʠʝ ʤʦʟʞʝʯʢʦʚʳʝ ʥʦʞʢʠ ʩ ʧʦʤʦʱʴʶ ʚʦʩʭʦʜʷʱʠʭ ʚʦʣʦʢʦʥ 

ʦʪ ʥʠʞʥʠʭ ʦʣʠʚʢʦʚʳʭ ʷʜʝʨ ʧʨʦʜʦʣʛʦʚʘʪʦʛʦ ʤʦʟʛʘ ʠ ʯʝʨʝʟ ʩʨʝʜʥʠʝ 

ʤʦʟʞʝʯʢʦʚʳʝ ʥʦʞʢʠ ʧʦ ʤʦʭʦʚʠʜʥʳʤ ʚʦʣʦʢʥʘʤ ʤʦʩʪʘ. ʕʬʬʝʨʝʥʪʥʳʝ ʩʚʷʟʠ 

ʤʦʟʞʝʯʢʘ ʙʝʨʫʪ ʥʘʯʘʣʦ ʦʪ ʝʛʦ ʛʣʫʙʦʢʠʭ ʷʜʝʨ ʠ ʚʳʭʦʜʷʪ ʯʝʨʝʟ ʚʝʨʭʥʠʝ 

ʤʦʟʞʝʯʢʦʚʳʝ ʥʦʞʢʠ ʥʘʧʨʘʚʣʷʷʩʴ ʢ ʪʘʣʘʤʫʩʫ ʠ ʢʨʘʩʥʦʤʫ ʷʜʨʫ [Ashizawa, Xia, 

2016].  

 ʄʦʟʞʝʯʦʢ ʩʦʩʪʦʠʪ ʠʟ ʯʝʨʚʷ, ʜʦʣʝʡ ʠ ʢʦʨʳ. ɺ ʛʣʫʙʠʥʝ ʤʦʟʞʝʯʢʘ, ʚ ʝʛʦ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ, ʟʘʧʦʣʥʝʥʥʦʡ ʙʝʣʳʤ ʚʝʝɦʩʪʚʦʤ, ʨʘʩʧʦʣʦʞʝʥʳ ʷʜʨʘ: 

ʟʫʙʯʘʪʦʝ, ʧʨʦʙʢʦʚʠʜʥʦʝ, ʰʘʨʦʚʠʜʥʦʝ ʠ ʷʜʨʦ ʰʘʪʨʘ. ʆʩʥʦʚʥʫʶ ʤʘʩʩʫ ʩʝʨʦʛʦ 

ʚʝʝɦʩʪʚʘ ʤʦʟʞʝʯʢʘ ʩʦʩʪʘʚʣʷʝʪ ʢʦʨʘ ʤʦʟʞʝʯʢʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʪʨʸʭ ʩʣʦʸʚ 

ʥʘʨʫʞʥʦʛʦ (ʤʦʣʝʢʫʣʷʨʥʦʛʦ), ʛʘʥʛʣʠʦʥʘʨʥʦʛʦ ʠ ʟʝʨʥʠʩʪʦʛʦ (ʛʨʘʥʫʣʷʨʥʦʛʦ) 

[Cerminara et al., 2015; Hull et al., 2022]. ʄʦʣʝʢʫʣʷʨʥʡr ʩʣʦʡ ʩʦʩʪʦʠʪ ʠʟ 

ʢʦʨʟʠʥʯʘʪʳʭ ʠ ʟʚʸʟʜʯʘʪʳʭ ʥʝʡʨʦʥʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʩʠʩʪʝʤʫ ʚʩʪʘʚʦʯʥʳʭ 

ʥʝʡʨʦʥʦʚ ʠ ʧʝʨʝʜʘʶʱʠʭ ʪʦʨʤʦʟʥʳʝ ʥʝʨʚʥʳʝ ʠʤʧʫʣʴʩʳ ʚ ʛʨʘʥʫʣʷʨʥʳʡ ʩʣʦʡ. 

ɻʘʥʛʣʠʦʥʘʨʥʳʡ ʩʣʦʡ ʩʦʩʪʦʠʪ ʠʟ ʢʣʝʪʦʢ ʇʫʨʢʠʥʴʝ, ʢʣʝʪʦʢ ʛʨʫʰʝʚʠʜʥʦʡ 

ʬʦʨʤʳ, ʷʚʣʷʶʱʠʭʩʷ ʥʘʠʙʦʣʝʝ ʢʨʫʧʥʳʤʠ ʢʣʝʪʢʘʤʠ ʤʦʟʞʝʯʢʘ. ʂʣʝʪʢʠ 

ʇʫʨʢʠʥʴʝ ʠʛʨʘʶʪ ʦʜʥʫ ʠʟ ʚʘʞʥʝʡʰʠʭ ʨʦʣʝʡ ʚ ʬʫʥʢʮʠʷʭ ʤʦʟʞʝʯʢʘ, 
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ʙʦʣʴʰʠʥʩʪʚʦ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʘʪʦʣʦʛʠʝʡ ʤʦʟʞʝʯʢʘ, ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ 

ʵʢʩʧʨʝʩʩʠʠ ʠʤʝʥʥʦ ʚ ʜʘʥʥʦʤ ʪʠʧʝ ʢʣʝʪʦʢ. ɺ ʟʝʨʥʠʩʪʦʤ ʩʣʦʝ ʥʘʠʙʦʣʴʰʝʝ ʯʠʩʣʦ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʝʣʢʠʤʠ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤʠ ʥʝʡʨʦʥʘʣʴʥʳʤʠ ʢʣʝʪʢʘʤʠ, 

ʛʨʘʥʫʣʷʨʥʳʤʠ (ʟʝʨʥʦʚʠʜʥʳʤʠ) ʢʣʝʪʢʘʤʠ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʧʦʩʨʝʜʥʠʢʘʤʠ 

ʤʝʞʜʫ ʤʦʭʦʚʠʜʥʳʤʠ ʚʦʣʦʢʥʘʤʠ ʠ ʢʣʝʪʢʘʤʠ ʇʫʨʢʠʥʴʝ. ʊʘʢʞʝ ʚ ʟʝʨʥʠʩʪʦʤ 

ʩʣʦʝ ʩʦʜʝʨʞʘʪʩʷ ʙʦʣʴʰʠʝ ʟʚʟyʜʯʘʪʳʝ ʥʝʡʨʦʥʳ, ʧʦʜʜʝʨʞʠʚʘʶʱʠʝ ʩʚʷʟʠ ʤʝʞʜʫ 

ʢʣʝʪʢʘʤʠ ʢʦʨʳ ʤʦʟʞʝʯʢʘ ʠ ʩʧʦʩʦʙʥʳʝ ʙʣʦʢʠʨʦʚʘʪʴ ʧʦʩʪʫʧʘʶʱʠʝ ʠʤʧʫʣʴʩʳ ʦʪ 

ʤʦʭʦʚʠʜʥʳʭ ʚʦʣʦʢʦʥ, ʠ ʚʝʪʝʨʝʥʦʦʙʨʘʟʥʳʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʢʣʝʪʢʠ, 

ʦʪʧʨʘʚʣʷʶʱʠʝ ʠʥʬʦʨʤʘʮʠʶ ʚ ʙʝʣʦʝ ʚʝʝɦʩʪʚʦ. ʄʝʞʜʫ ʩʣʦʷʤʠ ʥʘʭʦʜʷʪʩʷ 

ʢʣʝʪʢʠ ʃʫʘʛʨʦ, ʩʝʥʩʦʨʥʳʝ ʠʥʪʝʨʥʝʡʨʦʥʳ ʤʦʟʞʝʯʢʘ, ʚʳʧʦʣʥʷʶʱʠʝ ʩʚʷʟʴ ʩ 

ʤʥʦʞʝʩʪʚʦʤ ʥʝʡʨʦʥʦʚ ʚʦ ʚʩʝʭ ʩʣʦʷʭ ʢʦʨʳ ʤʦʟʞʝʯʢʘ. 

 ɺʩʝ ʛʝʥʳ, ʜʝʬʝʢʪʳ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʷʪ ʢ ʧʘʪʦʣʦʛʠʠ ʤʦʟʞʝʯʢʘ, ʚʳʩʦʢʦ 

ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʚ ʢʣʝʪʢʘʭ ʤʦʟʞʝʯʢʘ ʥʘ ʦʧʨʝʜʝʣʸʥʥʦʤ ʵʪʘʧʝ ʦʥʪʦʛʝʥʝʟʘ. 

ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʟʞʝʯʢʦʚʳʤʠ ʘʪʘʢʩʠʷʤʠ, ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ 

ʚ ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ, ʥʘʧʨʠʤʝʨ PNPLA6, GBA2, GRID2 ʠ ʜʨʫʛʠʝ [Moser et al., 

2000; Marques et al., 2015; Takeo et al., 2021; Hoxha et al., 2018]. ʏʘʩʪʦ 

ʚʳʨʘʞʝʥʥʘʷ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ ʦʪʤʝʯʝʥʘ ʥʝ ʪʦʣʴʢʦ ʚ ʤʦʟʞʝʯʢʝ, ʥʦ ʠ ʚ ʜʨʫʛʠʭ 

ʦʪʜʝʣʘʭ ʤʦʟʛʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʢʦʨʝ ʙʦʣʴʰʠʭ ʧʦʣʫʰʘʨʠʡ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʛʝʥʦʚ, ʚʳʟʳʚʘʶʱʠʭ ʫʤʩʪʚʝʥʥʫʶ ʦʪʩʪʘʣʦʩʪʴ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʛʠʧʦʧʣʘʟʠʝʡ 

ʤʦʟʞʝʯʢʘ, ʥʘʧʨʠʤʝʨ, ʛʝʥʳ MEPC2 ʠ OPHN1 [Amir et al., 1999; Marano et al., 

2021; Billuart et al., 1998; Govek et al., 2004]. ʅʝʢʦʪʦʨʳʝ ʛʝʥʳ ʠʤʝʶʪ 

ʧʦʚʩʝʤʝʩʪʥʫʶ ʵʢʩʧʨʝʩʩʠʶ, ʥʘʧʨʠʤʝʨ, ʛʝʥ RUBCN, COQ8A ʠ POLG, ʤʫʪʘʮʠʠ ʚ 

ʪʘʢʠʭ ʛʝʥʘʭ ʯʘʩʪʦ ʧʨʠʚʦʜʷʪ ʢ ʢʦʤʧʣʝʢʩʥʳʤ ʤʫʣʴʪʠʩʠʩʪʝʤʥʳʤ ʟʘʙʦʣʝʚʘʥʠʷʤ 

[Kapushesky et al., 2010; ɽʨʰʦʚʘ, ʠ ʜʨ., 2018]. ʆʜʥʘʢʦ ʠʥʦʛʜʘ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʧʦʚʩʝʤʝʩʪʥʫʶ ʵʢʩʧʨʝʩʩʠʶ, ʦʩʥʦʚʥʦʡ ʦʙʣʘʩʪʴʶ ʣʦʢʘʣʠʟʘʮʠʠ ʧʘʪʦʣʦʛʠʠ 

ʦʩʪʘʸʪʩʷ ʤʦʟʞʝʯʦʢ, ʪʦʛʜʘ ʢʘʢ ʦʩʪʘʣʴʥʳʝ ʦʨʛʘʥʳ ʠ ʪʢʘʥʠ ʦʩʪʘʶʪʩʷ ʥʝ 

ʧʦʨʘʞʸʥʥʳʤʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʧʨʝʜʝʣʸʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʦ-

ʛʝʥʝʪʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʘʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʣʝʪʦʢ ʤʦʟʞʝʯʢʘ ʠ ʦʪʣʠʯʥʳʭ ʦʪ 

ʜʨʫʛʠʭ ʦʙʣʘʩʪʝʡ ʤʦʟʛʘ ʠ ʜʨʫʛʠʭ ʦʨʛʘʥʦʚ ʠ ʪʢʘʥʝʡ. ʊʘʢ ʩʨʝʜʠ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʛʝʥʦʚ, ʚʦʚʣʝʯʸʥʥʳʭ ʚ ʧʘʪʦʛʝʥʝʟ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʙʱʠʝ 
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ʤʦʣʝʢʫʣʷʨʥʦ-ʛʝʥʝʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʠ ʬʫʥʢʮʠʠ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʛʝʥʳ, 

ʧʨʠʚʦʜʷʱʠʝ ʢ ʘʫʪʦʩʦʤʥʦ- ʠ ʍ-ʩʮʝʧʣʝʥʥʳʝ ʜʦʤʠʥʘʥʪʥʳʤ ʠ ʨʝʮʝʩʩʠʚʥʳʤ 

ʤʦʟʞʝʯʢʦʚʳʤ ʧʘʪʦʣʦʛʠʷʤ, ʤʦʛʫʪ ʙʳʪʴ ʚʦʚʣʝʯʝʥʳ ʚ ʦʜʥʠ ʠ ʪʝ ʞʝ 

ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʫʪʠ, ʙʦʣʝʝ ʪʦʛʦ, ʜʣʷ ʨʷʜʘ ʛʝʥʦʚ ʠʟʚʝʩʪʥʳ ʥʝʩʢʦʣʴʢʦ ʬʦʨʤ 

ʟʘʙʦʣʝʚʘʥʠʡ ʩ ʨʘʟʥʳʤʠ ʪʠʧʘʤʠ ʥʘʩʣʝʜʦʚʘʥʠʷ, ʧʦʵʪʦʤʫ ʚ ʦʙʟʦʨʝ ʙʫʜʫʪ 

ʨʘʩʩʤʦʪʨʝʥʳ ʛʝʥʳ, ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʥʘʩʣʝʜʦʚʘʥʠʷ. ʊʘʢ, ʛʝʥʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʤʦʟʞʝʯʢʦʚʳʤʠ ʘʪʘʢʩʠʷʤʠ, ʚʦʚʣʝʯʝʥʳ ʚ ʧʨʦʮʝʩʩʳ: ʩʠʥʪʝʟʘ ʠ 

ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʪʨʘʥʩʢʨʠʧʮʠʠ ʠ ʪʨʘʥʩʣʷʮʠʠ, ʧʦʜʜʝʨʞʘʥʠ ̫ ʠ 

ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʤʝʤʙʨʘʥ ʢʣʝʪʢʠ, ʧʦʜʜʝʨʞʘʥʠ ̫ ʣʠʧʠʜʥʦʛʦ ʠ ʠʦʥʥʦʛʦ 

ʛʦʤʝʦʩʪʘʟʘ, ʦʙʝʩʧʝʯʝʥʠ ̫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʢʣʝʪʢʠ, ʬʦʨʤʠʨʦʚʘʥʠ ̫

ʮʠʪʦʩʢʝʣʝʪʘ, ʨʦʩʪʘ ʥʝʡʨʦʥʘʣʴʥʳʭ ʦʪʨʦʩʪʢʦʚ, ʦʙʨʘʟʦʚʘʥʠ ̫ ʩʠʥʘʧʩʦʚ ʠ 

ʧʝʨʝʜʘʯʠ ʥʝʡʨʦʥʘʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ.  

 ɻʝʥʳ, ʧʨʦʜʫʢʪʳ ʢʦʪʦʨʳʭ ʣʦʢʘʣʠʟʦʚʘʥʳ ʚ ʷʜʨʝ ʢʣʝʪʦʢ, ʫʯʘʩʪʚʫʶʪ ʚ 

ʩʠʥʪʝʟʝ ʠ ʨʝʧʘʨʘʮʠʠ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ. ɺ ʨʝʧʣʠʢʘʮʠʠ ɼʅʂ ʫʯʘʩʪʚʫʝʪ 

ʨʝʧʣʠʢʘʮʠʦʥʥʳʡ ʬʘʢʪʦʨ ʉ, ʢʦʜʠʨʫʝʤʳʡ ʛʝʥʦʤ RFC1, ʤʫʪʘʮʠʷ ʚ ʵʪʦʤ ʛʝʥʝ 

ʚʩʪʨʝʯʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 25% ʩʧʦʨʘʜʠʯʝʩʢʠʭ ʩʣʫʯʘʝʚ ʘʪʘʢʩʠʡ, ʜʝʬʠʮʠʪ ʛʝʥʘ 

ʧʨʠʚʦʜʠʪ ʢ ʩʠʥʜʨʦʤʫ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʥʝʚʨʦʧʘʪʠʠ ʠ ʚʝʟʠʢʫʣʷʨʥʦʡ 

ʘʨʝʬʣʝʢʩʠʠ [Cortese et al., 2019]. RFC1 ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʨʝʧʘʨʘʮʠʠ ɼʅʂ 

[Majka et al. 2004]. ɺ ʨʝʧʘʨʘʮʠʶ ɼʅʂ ʪʘʢʞʝ ʚʦʚʣʝʯʝʥʳ ʠ ʜʨʫʛʠʝ ʛʝʥʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʤʠ 

ʧʘʪʦʣʦʛʠʷʤʠ ʤʦʟʞʝʯʢʘ. ʊʘʢ, ʛʝʥ ATM, ʤʫʪʘʮʠʠ ʚ ʢʦʪʦʨʦʤ ʚʝʜʫʪ ʢ ʘʪʘʢʩʠʠ 

ʪʝʣʝʘʥʛʠʵʢʪʘʟʠʠ, ʫʯʘʩʪʚʫʝʪ ʚʦ ʤʥʦʛʠʭ ʢʣʝʪʦʯʥʳʭ ʧʨʦʮʝʩʩʘʭ, ʦʜʥʠʤ ʠʟ 

ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʠʥʠʮʠʘʮʠʷ ʨʝʧʘʨʘʮʠʠ ʧʦʩʪʨʝʧʣʠʢʘʪʠʚʥʦʡ ɼʅʂ ʠ ʨʝʛʫʣʷʮʠʷ 

ʢʣʝʪʦʯʥʦʛʦ ʮʠʢʣʘ [Shiloh et al., 2001; Stracker et al., 2013; Ceccaldi et al., 2016]. 

ɻʝʥʳ ʘʧʨʘʪʘʢʩʠʥʘ APTX, ʩʝʥʪʘʢʩʠʥʘ SETX, ʧʦʣʠʥʫʢʣʝʦʪʠʜ ʢʠʥʘʟʘ 3'-

ʬʦʩʬʘʪʘʟʳ PNKP ʠ ʙʝʣʢʘ XRCC1, ʤʫʪʘʮʠʠ ʚ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʷʪ ʢ 

ʦʢʫʣʘʤʦʪʦʨʥʳʤ ʘʪʘʢʩʠʷʤ 1, 2, 4 ʠ 5-ʛʦ ʪʠʧʘ, ʪʘʢʞʝ ʚʦʚʣʝʯʝʥʳ ʚ ʨʝʧʘʨʘʮʠʶ 

ɼʅʂ [Yoon, Caldecott, 2018; Moreira et al., 2004; Bras et al., 2015; Hoch et al., 

2017; OôConnor et al., 2018]. APTX ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʨʝʧʘʨʘʮʠʠ ʦʜʠʥʦʯʥʳʭ 

ʨʘʟʨʳʚʦʚ, ʝʛʦ ʬʫʥʢʮʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʜʘʣʝʥʠʠ ʘʜʝʥʦʟʠʥʤʦʥʦʬʦʩʬʘʪʘ (ɸʄʌ) 
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ʩ 5'-ʢʦʥʮʝʚr ʭ ʨʘʟʨʳʚʦʚ ɼʅʂ, ʘ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ɼʅʂ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʦʰʠʙʦʢ, ʟʘʪʨʫʜʥʷʶʱʠʭ ʣʠʛʠʨʦʚʘʥʠʝ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʮʝʧʝʡ ʚʦ ʚʨʝʤʷ ʨʝʧʣʠʢʘʮʠʠ ɼʅʂ [Ahel et al., 2006; Yoon, 

Caldecott, 2018]. SETX ʷʚʣʷʝʪʩʷ ɼʅʂ/ʈʅʂ ʭʝʣʠʢʘʟʦʡ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʩʪʘʙʠʣʠʟʘʮʠʶ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʨʝʧʘʨʘʮʠʠ [Moreira et 

al., 2004]. PKNP ʢʘʪʘʣʠʟʠʨʫʝʪ ʦʙʨʘʟʦʚʘʥʠʝ 5'-ʬʦʩʬʘʪʥʳʭ/3'-ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʢʦʥʮʦʚ ʚ ʦʙʣʘʩʪʠ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ ʠ ʜʚʫʮʝʧʦʯʝʯʥʳʭ ʨʘʟʨʳʚʦʚ ɼʅʂ [Jilani et 

al. 1999; Bernstein et al., 2005]. ʇʦʩʣʝʜʫʶʱʝʝ ʣʠʛʠʨʦʚʘʥʠʝ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ 

ʨʘʟʨʳʚʦʚ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʘ ʣʠʛʘʟʳ III, ʚ ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ 

ʙʝʣʦʢ XRCC1 [Caldecott et al., 1994].  

 ɻʝʥʳ ATXN1, ATXN2 ʠ TBP, ʧʦʜʚʝʨʞʝʥʥʳʝ ʵʢʩʧʘʥʩʠʠ ʧʦʚʪʦʨʦʚ ʧʨʠ 

SCA, ʚʘʞʥʳ ʥʘ ʩʪʘʜʠʷʭ ʪʨʘʥʩʢʨʠʧʮʠʠ ʠ ʪʨʘʥʩʣʷʮʠʠ, ʚʳʧʦʣʥʷʶʪ ʤʥʦʞʝʩʪʚʦ 

ʬʫʥʢʮʠʡ, ʜʝʪʘʣʠ ʢʦʪʦʨʳʭ ʜʦ ʢʦʥʮʘ ʥʝ ʨʘʩʢʨʳʪʳ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʭ ʨʦʣʴ ʚ 

ʢʘʯʝʩʪʚʝ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ, ʚ ʩʧʣʘʡʩʠʥʛʝ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʈʅʂ, 

ʘʢʪʠʚʘʮʠʠ ʪʨʘʥʩʣʷʮʠʠ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʙʝʣʢʦʚ [Tejwani et al., 2020; Olmos et al., 

2022; Egorova, Bezprozvanny, 2019; Lee et al., 2018]. ɺ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ XRCC1 ʥʝʦʙʭʦʜʠʤ ʚʦ ʚʨʝʤʷ ʪʨʘʥʩʢʨʠʧʮʠʠ ʜʣʷ ʟʘʱʠʪʳ ʦʪ 

ʪʦʢʩʠʯʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩʝʥʩʦʨʥʦʛʦ ʙʝʣʢʘ ʦʜʥʦʮʝʧʦʯʝʯʥʦʛʦ ʨʘʟʨʳʚʘ PARP1 

[Adamowicz et al., 2021]. ɼʨʫʛʦʡ ʧʨʠʤʝʨ: ʛʝʥ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦʛʦ ʬʘʢʪʦʨʘ 

MEPC2, ʩʚʷʟʘʥʥʳʡ ʩ ʩʠʥʜʨʦʤʦʤ ʈʝʪʪʘ, ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ 

ʤʦʟʛʝ ʚ ʥʝʡʨʦʥʘʣʴʥʳʭ ʢʣʝʪʢʘʭ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘʭ, ʫʯʘʩʪʚʫʝʪ ʚ ʨʝʛʫʣʷʮʠʠ 

ʤʥʦʛʠʭ ʛʝʥʦʚ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ɼʅʂ ʤʝʪʠʣʠʨʦʚʘʥʠʝ ʚ ʦʙʣʘʩʪʠ L1 

ʨʝʪʨʦʪʨʘʥʩʧʦʟʦʥʦʚ. ʆʪʩʫʪʩʪʚʠʝ ʜʘʥʥʦʛʦ ʬʘʢʪʦʨʘ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʤʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ L1 ʠ ʛʠʙʝʣʠ ʢʣʝʪʦʢ [Amir et al., 1999; 

Muotri et al., 2010; Yu et al., 2001].   

 ʅʝʡʨʦʥʘʣʴʥʳʝ ʪʢʘʥʠ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦ 

ʵʥʝʨʛʦʟʘʪʨʘʪʥʳʤʠ ʚ ʦʨʛʘʥʠʟʤʝ, ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ ʤʠʪʦʭʦʥʜʨʠʠ, ʢʘʢ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʪʘʥʮʠʠ ʢʣʝʪʦʢ, ʠʛʨʘʶʪ ʚʘʞʥʝʡʰʫʶ ʨʦʣʴ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʨʝʙʥʦʩʪʝʡ. ɹʦʣʝʝ ʯʝʪʳʨʭy ʜʝʩʷʪʢʦʚ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 
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ʧʘʪʦʣʦʛʠʷʤʠ ʤʦʟʞʝʯʢʘ, ʚʦʚʣʝʯʝʥʳ ʚ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʫʶ ʨʘʙʦʪʫ, ʠʟ ʢʦʪʦʨʳʭ 

ʧʨʠʤʝʨʥʦ ʚ ʧʦʣʦʚʠʥʝ ʛʝʥʦʚ ʤʫʪʘʮʠʠ ʠʟʚʝʩʪʥʳ ʧʨʠ ʘʫʪʦʩʦʤʥʦ- ʠ X-ʩʮʝʧʣʝʥʥʳʭ 

ʨʝʮʝʩʩʠʚʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʷʭ [Beaudin et al., 2022]. ɹʦʣʴʰʠʥʩʪʚʦ ʛʝʥʦʚ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʨʘʟʚʠʪʠʝʤ ʠ ʧʘʪʦʣʦʛʠʷʤʠ ʤʦʟʞʝʯʢʘ ʠ ʚʦʚʣʝʯʸʥʥʳʭ ʚ ʦʙʝʩʧʝʯʝʥʠʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʤʠʪʦʭʦʥʜʨʠʡ, ʢʦʜʠʨʫʶʪʩʷ ʚ ʷʜʨʝʥʦʡ ɼʅʂ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʠ ʛʝʥʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʨʝʧʣʠʢʘʮʠʶ, ʪʨʘʥʩʢʨʠʧʮʠʶ ʠ ʨʝʧʘʨʘʮʠʶ 

ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ɼʅʂ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʛʝʥʳ: ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʫʙʲʝʜʠʥʠʮʳ 

ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ʧʦʣʠʤʝʨʘʟʳ ʛʘʤʤʘ POLG, ʤʝʨʮʘʶʱʝʡ ʤʪɼʅʂ ʭʝʣʠʢʘʟʳ 

TWNK, ʘʧʨʘʪʘʢʩʠʥʘ APTX, ʪʠʨʦʟʠʣ-ɼʅʂ ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʳ TDP1 ʠ ʜʨ. [Lax et 

al. 2012; Schulte et al., 2009; Peter et al., 2020; Ahel et al., 2006; El-Khamisy et al., 

2005]. ɺʥʫʪʨʝʥʥʷʷ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʘʷ ʤʝʤʙʨʘʥʘ ʩʦʜʝʨʞʠʪ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʝ 

ʙʝʣʢʦʚʳʝ ʢʦʤʧʣʝʢʩʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʜʳʭʘʪʝʣʴʥʫʶ ʮʝʧʴ ʧʝʨʝʥʦʩʘ 

ʵʣʝʢʪʨʦʥʦʚ. ɼʳʭʘʪʝʣʴʥʘʷ ʮʝʧʴ ʠʤʝʝʪ ʪʠʧʠʯʥʦʝ ʩʪʨʦʝʥʠʝ ʚʦ ʚʩʝʭ ʢʣʝʪʢʘʭ 

ʦʨʛʘʥʠʟʤʘ ʠ ʩʦʩʪʦʠʪ ʠʟ IV ʢʦʤʧʣʝʢʩʦʚ: ʅɸɼʅ-ʜʝʛʠʜʨʦʛʝʥʘʟ,r 

ʩʫʢʮʠʥʘʪʜʝʛʠʜʨʦʛʝʥʘʟ,r ʫʙʠʭʠʥʦʣ-ʮʠʪʦʭʨʦʤ ʩ-ʦʢʩʠʜʦʨʝʜʫʢʪʘʟʳ ʠ ʮʠʪʦʭʨʦʤ ʩ 

ʦʢʩʠʜʘʟ.r ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʛʝʥ ʢʦʵʥʟʠʤʘ Q8A (COQ8A ʠʣʠ ADCK3), ʠʤʝʶʱʠʡ 

ʧʦʚʩʝʤʝʩʪʥʫʶ ʵʢʩʧʨʝʩʩʠʶ, ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʚʠʯʥʦʤʫ ʜʝʬʠʮʠʪʫ ʢʦʵʥʟʠʥʘ Q10 c 

ʚʳʨʘʞʝʥʥʦʡ ʤʦʟʞʝʯʢʦʡ ʘʪʘʢʩʠʝʡ, SCAR9 [Lamperti et al., 2003; Lagier-

Tourenne et al., 2008; Trasch¿tz et al., 2019]. ɺ ʩʙʦʨʢʝ ʜʳʭʘʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

IV, ʮʠʪʦʭʨʦʤ C ʦʢʩʠʜʘʟ,r ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʬʘʢʪʦʨ COX20, ʠʤʝʶʱʠʡ ʪʘʢʞʝ 

ʧʦʚʩʝʤʝʩʪʥʫʶ ʵʢʩʧʨʝʩʩʠʶ. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ COX20 ʧʨʠʚʦʜʷʪ ʢ 

ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʠ ʜʳʭʘʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʪʷʞʣyʦʤʫ ʢʦʤʧʣʝʢʩʥʦʤʫ 

ʟʘʙʦʣʝʚʘʥʠʶ, ʚʢʣʶʯʘʶʱʝʤʫ ʘʪʨʦʬʠʶ ʤʦʟʞʝʯʢʘ [Szklarczyk et al., 2013; Dong 

et al. 2021]. ʊʘʢʞʝ ʚ ʩʙʦʨʢʝ ʜʳʭʘʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ IV ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ 

ʬʘʢʪʦʨ COA7, ʜʝʬʠʮʠʪ ʢʦʪʦʨʦʛʦ ʚʳʟʳʚʘʝʪ ʚʨʦʞʜʸʥʥʫʶ ʤʝʜʣʝʥʥʦ 

ʧʨʦʛʨʝʩʩʠʨʫʶʱʫʶ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʫʶ ʘʪʘʢʩʠʶ ʩ ʘʢʩʦʥʘʣʴʥʦʡ ʥʝʚʨʦʧʘʪʠʝʡ-

3 (SCAN3) [Higuchi et al., 2018]. ɼʳʭʘʪʝʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ ʠʤʝʶʪ ʚ ʩʚʦʸʤ 

ʩʦʩʪʘʚʝ ʞʝʣʝʟʦ-ʩʝʨʥʳʝ ʢʣʘʩʪʝʨʥʳʝ ʙʝʣʢʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʝʨʝʥʦʩʘ 

ʵʣʝʢʪʨʦʥʦʚ. ʅʘʨʫʰʝʥʠʝ ʩʠʥʪʝʟʘ ʵʪʠʭ ʙʝʣʢʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʧʨʠʯʠʥ 

ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ. ɺ ʩʠʥʪʝʟʝ Fe-S ʢʣʘʩʪʝʨʦʚ ʫʯʘʩʪʚʫʝʪ ʙʝʣʦʢ ʬʨʘʪʘʢʩʠʥ, 
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ʢʦʜʠʨʫʝʤʳʡ ʛʝʥʦʤ FXN, ʜʝʬʠʮʠʪ ʢʦʪʦʨʦʛʦ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʷ ʚ ʩʙʦʨʢʝ 

ʨʝʩʧʠʨʘʪʦʨʥʦʛʦ ʩʫʧʝʨʢʦʤʧʣʝʢʩʘ ʠ ʥʘʨʫʰʝʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʠ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʡ 

ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ ʘʪʘʢʩʠʠ ʌʨʠʜʨʝʡʭʘ [Doni et al. 2021; Lynch, Farmer, G, 

2021]. ɺʢʣʶʯʝʥʠʝ ʞʝʣʝʟʘ ʚ ʢʣʘʩʪʝʨʥʳʝ ʙʝʣʢʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʫʯʘʩʪʠʠ 

ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʛʦ ʙʝʣʢʘ ABCB7, ʚʳʟʳʚʘʶʱʝʛʦ ʤʦʟʞʝʯʢʦʚʫʶ ʘʪʘʢʩʠʶ ʠ 

ʩʠʜʝʨʦʙʣʘʩʪʥʫʶ ʘʥʝʤʠʶ [Pearson, Cowan, 2021].  

 ʇʦʜʜʝʨʞʘʥʠʝ ʣʠʧʠʜʥʦʛʦ ʛʦʤʝʦʩʪʘʟʘ ʚ ʢʣʝʪʢʘʭ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʨʘʟʚʠʪʠʷ 

ʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʦʟʞʝʯʢʘ. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳ ʦʢʦʣʦ ʜʚʫʭ ʜʝʩʷʪʢʦʚ 

ʛʝʥʦʚ, ʚʦʚʣʝʯʸʥʥʳʭ ʚ ʧʦʜʜʝʨʞʘʥʠʝ ʣʠʧʠʜʥʦʛʦ ʛʦʤʝʦʩʪʘʟʘ ʚ ʢʣʝʪʢʘʭ ʤʦʟʞʝʯʢʘ, 

ʜʝʬʝʢʪʳ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʷʪ ʢ ʨʘʟʣʠʯʥʳʤ ʧʘʪʦʣʦʛʠʷʤ ʤʦʟʛʘ, ʚʢʣʶʯʘʶʱʠʤ 

ʛʠʧʦʧʣʘʟʠʶ ʠʣʠ ʘʪʨʦʬʠʶ ʤʦʟʞʝʯʢʘ [Zhao et al., 2022; Stenson et al., 2003; 

Stenson et al., 2020]. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʠʟ ʵʪʠʭ ʛʝʥʦʚ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʢʣʝʪʢʘʭ 

ʇʫʨʢʠʥʴʝ, ʘ ʢʦʜʠʨʫʝʤʳʝ ʠʤʠ ʙʝʣʢʠ ʣʦʢʘʣʠʟʦʚʘʥʳ ʚ ʦʩʥʦʚʥʦʤ ʚ 

ʵʥʜʦʧʣʘʟʤʘʪʠʯʝʩʢʦʤ ʨʝʪʠʢʫʣʫʤʝ, ʨʝʞʝ ʚ ʘʧʧʘʨʘʪʝ ɻʦʣʴʜʞʠ, ʣʠʟʦʩʦʤʘʭ, 

ʤʠʪʦʭʦʥʜʨʠʷʭ ʠ ʣʠʧʠʜʥʳʭ ʢʘʧʣʷʭ [Jacquemyn et al., 2017; Stevenson et al., 

2016]. ʅʝʢʦʪʦʨʳʝ ʠʤʝʶʪ ʵʢʩʧʨʝʩʩʠʶ ʚ ʛʨʘʥʫʣʷʨʥʳʭ ʢʣʝʪʢʘʭ (SRD5A3), 

ʦʣʠʛʦʜʝʥʜʨʦʮʠʪʘʭ (ELOVL4) ʠ ʤʠʢʨʦʛʣʠʠ (ABHD12, NPC1). ʇʨʦʜʫʢʪʳ ʛʝʥʦʚ 

(PNPLA6, ABHD12, GBA2, ELOVL4, ELOVL5, RUBCN, FA2H), ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʚ ʵʥʜʦʧʣʘʟʤʘʪʠʯʝʩʢʦʤ ʨʝʪʠʢʫʣʫʤʝ ʢʣʝʪʦʢ, ʚʦʚʣʝʯʝʥʳ ʚ ʣʠʧʦʛʝʥʝʟ ʠʣʠ 

ʣʠʧʦʣʠʟ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, PNPLA6 ʠ ABHD12 ʢʦʜʠʨʫʶʪ ʬʝʨʤʝʥʪʳ ʜʣʷ 

ʛʠʜʨʦʣʠʟʘ ʣʠʟʦʬʦʩʬʘʪʠʜʠʣʭʦʣʠʥʘ [van Tienhoven et al., 2002; Quistad et al., 

2003; Sunderhaus et al., 2019; Blankman et al., 2007; Blankman et al. 2013]. 

ABHD12 ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʛʠʜʨʦʣʠʟʘ ʵʥʜʦʢʘʥʥʘʙʠʥʦʠʜʥʦʛʦ 

ʥʝʡʨʦʪʨʘʥʩʤʠʪʪʝʨʘ 2-ʘʨʘʭʠʜʦʥʦʠʣʛʣʠʮʝʨʠʥʘ [Blankman et al., 2007; Blankman 

et al. 2013]. ɸ ʬʝʨʤʝʥʪ FA2H ʢʘʪʘʣʠʟʠʨʫʝʪ ʛʠʜʨʦʢʩʠʣʠʨʦʚʘʥʠʝ ʩʬʠʥʛʦʣʠʧʠʜʦʚ 

[Alderson et al., 2004; Guo et al., 2012]. GBA2 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʛʣʶʢʦʮʝʨʝʙʨʦʟʠʜʘʟʫ, ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʠ ʚ ʵʥʜʦʧʣʘʟʤʘʪʠʯʝʩʢʦʤ ʨʝʪʠʢʫʣʫʤʝ ʠ 

ʘʧʧʘʨʘʪʝ ɻʦʣʴʜʞʠ, ʢʦʪʦʨʘʷ ʛʠʜʨʦʣʠʟʫʝʪ ʛʣʶʢʦʟʠʣʮʝʨʘʤʠʜ ʜʦ ʛʣʶʢʦʟʳ ʠ 

ʮʝʨʘʤʠʜʘ [Yildiz et al., 2006; Boot et al., 2007]. ʄʫʪʘʮʠʠ ʚ ʵʪʠʭ ʛʝʥʘʭ ʧʨʠʚʦʜʷʪ 
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ʢ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʩʧʘʩʪʠʯʝʩʢʠʭ ʘʪʘʢʩʠʡ ʠ ʧʘʨʘʧʣʝʛʠʡ. ɺ ʩʠʥʪʝʟʝ ʦʯʝʥʴ 

ʜʣʠʥʥʳʭ ʮʝʧʝʡ ʞʠʨʥʳʭ ʢʠʩʣʦʪ ʫʯʘʩʪʚʫʶʪ ʙʝʣʢʠ: ELOVL5, ʢʘʪʘʣʠʟʠʨʫʶʱʘʷ ʚ 

ʦʩʥʦʚʥʦʤ ʧʦʣʠʥʝʥʘʩʳʱʝʥʥʳʝ ʞʠʨʥʳʝ ʢʠʩʣʦʪʳ ʩ 18ï20 ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ, ʠ 

ELOVL4, ʢʘʪʘʣʠʟʠʨʫʶʱʘʷ ʢʘʢ ʥʘʩʳʱʝʥʥʳʝ, ʪʘʢ ʠ ʧʦʣʠʥʝʥʘʩʳʱʝʥʥʳʝ 

ʞʠʨʥrʝ ʢʠʩʣʦʪʳ ʩ 20ï26 ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ. ɼʝʬʠʮʠʪ ʜʘʥʥʳʭ ʛʝʥʦʚ ʚʳʟʳʚʘʝʪ 

SCA34 ʠ SCA38 [Ohno et al., 2010; Agbaga et al., 2008; Moon et al., 2009; Di 

Gregorio et al., 2014; Agbaga et al., 2018]. ʅʝʩʢʦʣʴʢʦ ʛʝʥʦʚ (ANO10, TMEM30A 

ʠ ATP8A2), ʢʦʜʠʨʫʶʱʠʭ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʝ ʙʝʣʢʠ, ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʧʨʦʮʝʩʩʘ 

ʩʢʨʝʤʙʣʠʨʦʚʘʥʠʷ ʣʠʧʠʜʦʚ, ʠʭ ʜʝʬʠʮʠʪ ʚʳʟʳʚʘʝʪ ʥʘʨʫʰʝʥʠʝ ʙʠʩʣʦʷ ʣʠʧʠʜʦʚ 

ʚ ʧʣʘʟʤʘʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ [Vermeer et al., 2010; Nanetti et al., 2019; Yang et 

al., 2018; Kodigepalli et al., 2015; Onat et al., 2013]. ʊʨʘʥʩʧʦʨʪ ʨʘʟʣʠʯʥʳʭ 

ʣʠʧʠʜʦʚ ʠ ʬʦʩʬʦʣʠʧʠʜʦʚ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʦʜʫʢʪʳ ʛʝʥʦʚ VPS13D, SNX14, 

SCYL1, ʥʘʨʫʰʝʥʠʝ ʬʫʥʢʮʠʡ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʠʪ ʢ SCAR4, 20 ʠ 21, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [Velayos-Baeza et al., 2004; Lang et al., 2015; Jackson et al., 2016; 

Su et al., 2009; Afonso et al., 2018; Schmidt et al., 2015; Shohet et al., 2019]. ɺ 

ʪʨʘʥʩʧʦʨʪ ʭʦʣʝʩʪʝʨʦʣʘ ʠ ʩʬʠʥʛʦʣʠʧʠʜʦʚ ʚʦʚʣʝʯʥy ʛʝʥ NPC1, ʩʚʷʟʘʥʥʳʡ ʩ 

ɹʦʣʝʟʥʴ ʁʅʠʤʘʥʥʘïʇʠʢʘ ʪʠʧ ʉ [Vanier, 2010; Wheeler et al., 2019]. 

  ʄʥʦʛʠʝ ʛʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩcʠʚʥʳʤʠ ʤʦʟʞʝʯʢʦʚʳʤʠ 

ʘʪʘʢʩʠʷʤʠ ʩ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ ʚʦʚʣʝʯʝʥʳ ʚ ʧʨʦʮʝʩʩʳ ʘʫʪʦʬʘʛʠʠ. ɸʫʪʦʬʘʛʠʷ 

ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩʦʤ ʫʪʠʣʠʟʘʮʠʠ ʢʣʝʪʢʦʡ ʚʥʫʪʨʝʥʥʠʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʦʩʪʘʪʢʦʚ 

ʦʨʛʘʥʝʣʣ, ʙʝʣʢʦʚ, ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ ʠ ʪ.ʜ.). ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʩʦʟʨʝʚʘʥʠʠ 

ʘʫʪʦʬʘʛʦʩʦʤ ʫʯʘʩʪʚʫʶʪ ʛʝʥʳ ATG5 ʠ ATG7. ɸʫʪʦʬʘʛʠʷ-ʩʚʷʟʘʥʥʳʡ ʙʝʣʦʢ 

ATG5 ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʫʜʣʠʥʝʥʠʠ ʬʘʛʦʬʦʨʘ ʚʧʣʦʪʴ ʜʦ ʝʛʦ 

ʩʦʟʨʝʚʘʥʠ ̫ ʚ ʘʫʪʦʬʘʛʦʩʦʤʫ, ʜʣʷ ʝʛʦ ʘʢʪʠʚʘʮʠʠ ʥʝʦʙʭʦʜʠʤ ATG7, 

ʢʘʪʘʣʠʟʠʨʫʶʱʠʡ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʦʚ ATG8-LC3 ʠ ATG5-ATG12 

ʩʠʩʪʝʤʳ ʩʦʧʨʷʞʝʥʠʷ [Komatsu et al. 2007; Hu, Reggiori, 2022]. ɺ ʢʣʝʪʢʘʭ 

ʇʫʨʢʠʥʴʝ ʥʦʢʘʫʪ ʛʝʥʦʚ Atg5 ʠʣʠ Atg7 ʧʨʠʚʦʜʠʪ ʢ ʠʥʛʠʙʠʨʦʚʘʥʠʶ ʘʫʪʦʬʘʛʠʠ, 

ʥʘʢʦʧʣʝʥʠʶ ʤʝʤʙʨʘʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʘʢʩʦʥʦʧʘʪʠʠ ʠ ʜʠʩʪʨʦʬʠʠ ʥʝʡʨʦʥʦʚ 

[Komatsu et al. 2007; Nishiyama et al., 2007]. ʄʫʪʘʮʠʠ ʚ ʛʝʥʘʭ ATG5 ʠ ATG7 

ʥʘʡʜʝʥʳ ʚ ʝʜʠʥʠʯʥʳʭ ʩʣʫʯʘʷʭ ʠ ʧʨʠʚʦʜʷʪ ʢ SCAR25 ʠ SCAR31 ʩ ʨʘʥʥʠʤ 
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ʥʘʯʘʣʦʤ [Kim et al., 2016; Collier et al., 2021]. ɼʨʫʛʦʡ ʧʨʠʤʝʨ, ʛʝʥ TPP1, 

ʢʦʜʠʨʫʶʱʠʡ ʣʠʟʦʩʦʤʘʣʴʥʫʶ ʧʝʧʩʪʘʪʠʥ-ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʫʶ ʧʨʦʪʝʘʟʫ, ʤʫʪʘʮʠʠ 

ʚ ʵʪʦʤ ʛʝʥʝ ʚʩʪʨʝʯʘʶʪʩʷ ʯʘʱʝ ʠ ʧʨʠʚʦʜʷʪ ʢ ʟʘʙʦʣʝʚʘʥʠʷʤ SCAR7 ʠ 

ʚʦʩʢʦʚʠʜʥʦʤʫ ʣʠʧʦʬʫʩʮʠʥʦʟʫ ʥʝʡʨʦʥʦʚ 2 ʪʠʧʘ [Breedveld et al., 2004; Bessa et 

al., 2008; Sun et al., 2013; Dy et al., 2015]. ɽʱ yʦʜʠʥ ʧʨʠʤʝʨ, ʛʝʥ STUB1, ʤʫʪʘʮʠʠ 

ʚ ʢʦʪʦʨʦʤ ʧʨʠʚʦʜʷʪ ʢ SCAR16 ʠ SCA48, ʢʦʜʠʨʫʝʪ ʙʝʣʦʢ E3 ʫʙʠʢʚʠʪʠʥ ʣʠʛʘʟʫ, 

ʦʪʙʠʨʘʶʱʠʡ ʥʝʧʨʘʚʠʣʴʥʦ ʩʚʝʨʥʫʪʳʝ ʙʝʣʢʦʚʳʝ ʩʫʙʩʪʨʘʪʳ ʜʣʷ ʧʨʦʪʝʘʩʦʤʥʦʡ 

ʜʝʛʨʘʜʘʮʠʠ [Zhang et al., 2005; Min et al., 2008; Cocozza et al., 2020]. 

 ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʛʝʥʦʚ, ʜʝʬʝʢʪʳ ʢʦʪʦʨʳʭ ʚʳʷʚʣʝʥʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʷʭ, ʫʯʘʩʪʚʫʶʪ ʚ ʨʦʩʪʝ ʠ ʨʘʟʚʠʪʠʠ, ʤʠʛʨʘʮʠʠ 

ʥʝʡʨʦʥʘʣʴʥʳʭ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ 

ʮʠʪʦʩʢʝʣʝʪʘ ʥʝʦʙʭʦʜʠʤʦ ʢʘʢ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ ʢʣʝʪʦʢ, ʪʘʢ 

ʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʦʨʛʘʥʝʣʣ. ʊʘʢ ʛʝʥ SYNE1 ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʦʜʜʝʨʞʘʥʠʠ 

ʧʦʣʦʞʝʥʠʷ ʷʜʨʘ ʚ ʢʣʝʪʢʝ, ʫʯʘʩʪʚʫʷ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʣʠʥʢʝʨ-ʢʦʤʧʣʝʢʩʘ ʥʫʢʣʝʦ- 

ʩʢʝʣʝʪʘ ʠ ʮʠʪʦʩʢʝʣʝʪʘ (ʃʀʅʂ) [Gros-Louis et al., 2007]. ʄʫʪʘʮʠʠ ʚ ʵʪʦʤ ʛʝʥʝ 

ʠʟʚʝʩʪʥʳ ʜʣʷ SCAR8, ʢʣʠʥʠʯʝʩʢʘʷ ʢʘʨʪʠʥʘ ʢʦʪʦʨʦʛʦ ʩʠʣʴʥʦ ʚʘʨʴʠʨʫʝʪ ʦʪ 

ʯʠʩʪʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʜʦ ʪʷʞʸʣʦʛʦ ʤʫʣʴʪʠʩʠʩʪʝʤʥʦʛʦ ʩʠʥʜʨʦʤʘ 

[Synofzik et al., 2016]. ɼʨʫʛʦʡ ʧʨʠʤʝʨ, ʛʝʥ SPTBN2, ʢʦʜʠʨʫʶʱʠʡ ɓIII-ʩʧʝʢʪʨʠʥ, 

ʢʦʪʦʨʳʡ ʚʤʝʩʪʝ ʩ ʜʨʫʛʠʤʠ ʙʝʣʢʘʤʠ ʬʦʨʤʠʨʫʝʪ ʩʝʪʴ ʮʠʪʦʩʢʝʣʝʪʘ ʢʣʝʪʢʠ, ʠ 

ʩʚʷʟʘʥ ʩ ʚʥʫʪʨʠʢʣʝʪʦʯʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ, ʘʧʧʘʨʘʪʦʤ ɻʦʣʴʜʞʠ ʠ ʜʠʥʘʤʠʢʦʡ 

ʮʠʪʦʧʣʘʟʤʘʪʠʯʝʩʢʠʭ ʚʝʟʠʢʫʣ, ʠ ʪʘʢʞʝ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʞʝʥʥʦʡ ʬʦʨʤʳ ʰʝʡʢʠ ʥʝʡʨʦʥʘʣʴʥʦʛʦ ʦʪʨʦʩʪʢʘ, ʜʝʥʜʨʠʪʥʦʛʦ 

ʰʠʧʠʢʘ [Efimova et al., 2017]. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ɓIII-ʩʧʝʢʪʨʠʥʘ ʰʠʧʠʢ ʪʝʨʷʝʪ 

ʬʦʨʤʫ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʯʨʝʟʤʝʨʥʦʝ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʦʝ ʚʦʟʙʫʞʜʝʥʠʝ, ʤʫʪʘʮʠʠ ʚ 

ʵʪʦʤ ʛʝʥʝ ʧʨʠʚʦʜʷʪ ʢʘʢ ʢ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʦʡ ʬʦʨʤʝ SCA5 c ʧʦʟʜʥʠʤ 

ʥʘʯʘʣʦʤ, ʪʘʢ ʠ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ ʬʦʨʤʝ SCAR14 ʩ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ 

[Efimova et al., 2017; Ikeda et al., 2006; Lise et al., 2012].  

 ɿʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʡʨʦʥʘʣʴʥʳʭ ʦʪʨʦʩʪʢʦʚ ʪʘʢʞʝ ʦʪʚʝʯʘʶʪ ʨʝʮʝʧʪʦʨʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʧʨʝʩʠʥʘʧʪʠʯʝʩʢʦʡ ʠ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 
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ʥʝʡʨʦʥʘʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ. ɹʦʣʴʰʠʥʩʪʚʦ ʛʝʥʦʚ, ʥʘʨʫʰʝʥʠʷ ʚ ʢʦʪʦʨʳʭ ʩʚʷʟʘʥʳ 

ʩ ʤʦʟʞʝʯʢʦʚʳʤʠ ʘʪʘʢʩʠʷʤʠ, ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʚ ʩʘʤʳʭ ʢʨʫʧʥʳʭ ʥʝʡʨʦʥʘʭ 

ʤʦʟʞʝʯʢʘ, ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ. ʂʣʝʪʢʠ ʇʫʨʢʠʥʴʝ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʩʝʪʴ 

ʜʝʥʜʨʠʪʥʳʭ ʦʪʨʦʩʪʢʦʚ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʛʣʫʪʘʤʘʪʥʳʝ ʩʠʥʘʧʩʳ ʩ 

ʛʨʘʥʫʣʷʨʥʳʤʠ ʢʣʝʪʢʘʤʠ. ɸʢʩʦʥʘʣʴʥʳʝ ʦʪʨʦʩʪʢʠ ʢʣʝʪʦʢ ʇʫʨʢʠʥʴʝ 

ʠʥʥʝʨʚʠʨʫʶʪ ʛʣʫʙʦʢʠʝ ʷʜʨʘ ʤʦʟʞʝʯʢʘ, ʚ ʢʘʯʝʩʪʚʝ ʥʝʡʨʦʪʨʘʥʩʤʠʪʪʝʨʘ 

ʠʩʧʦʣʴʟʫʶʪ ʛʘʤʤʘ-ʘʤʠʥʦʤʘʩʣʷʥʫʶ ʢʠʩʣʦʪʫ (ɻɸʄʂ). ʇʨʠ ʤʦʟʞʝʯʢʦʚʳʭ 

ʘʪʘʢʩʠʷʭ ʤʫʪʘʮʠʠ ʠʥʦʛʜʘ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʛʣʫʪʘʤʘʪʥʳʭ ʨʝʮʝʧʪʦʨʘʭ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ ʜʝʥʜʨʠʪʥʳʭ ʦʪʨʦʩʪʢʦʚ 

ʢʣʝʪʦʢ ʇʫʨʢʠʥʴʝ. ʌʫʥʢʮʠʠ ʨʝʮʝʧʪʦʨʦʚ ʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʦʥʠ ʫʯʘʩʪʚʫʶʪ ʚ 

ʨʦʩʪʝ ʥʝʡʨʦʥʘʣʴʥʳʭ ʦʪʨʦʩʪʢʦʚ ʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʠʥʘʧʩʦʚ, ʧʝʨʝʜʘʯʝ 

ʥʝʡʨʦʥʘʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʠʛʨʘʷ ʚʘʞʥʫʶ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, 

ʦʙʫʯʝʥʠʠ ʠ ʧʘʤʷʪʠ. ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʛʣʫʪʘʤʘʪʥʳʭ 

ʨʝʮʝʧʪʦʨʦʚ, ʤʫʪʘʮʠʠ ʚ ʢʦʪʦʨʳʭ ʚʳʟʳʚʘʶʪ ʤʦʟʞʝʯʢʦʚʫʶ ʘʪʘʢʩʠʶ: GRID2, 

GRM1 ʠ GRIA3. ʇʘʪʦʣʦʛʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʜʝʬʝʢʪʘʤʠ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʛʝʥʦʚ, 

ʢʨʘʡʥʝ ʨʝʜʢʠʝ. ʆʜʥʘʢʦ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʤ ʧʨʠ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʷʭ 

ʷʚʣʷʝʪʩʷ ʛʝʥ GRID2, ʢʦʜʠʨʫʝʤʳʡ ʠʤ ʛʣʫʪʘʤʘʪʥr ʡ ʨʝʮʝʧʪʦʨ ʜʝʣʴʪʘ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ 

ʥʦʚʳʭ ʩʠʥʘʧʩʦʚ ʜʝʥʜʨʠʪʥʳʭ ʦʪʨʦʩʪʢʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʨʝʮʝʧʪʦʨʦʤ 

ʥʝʡʨʝʢʩʠʥʦʤ 1 (NRXN1), ʨʘʩʧʣʦʞʝʥʥʳʤ ʥʘ ʧʨʝʩʠʥʘʧʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ 

ʛʨʘʥʫʣʷʨʥʳʭ ʢʣʝʪʦʢ [Matsuda et al., 2010; Uemura et al. 2010; Elegheert et al., 

2016]. ɼʝʬʝʢʪʳ ʛʝʥʘ GRID2 ʚʩʪʨʝʯʘʶʪʩʷ ʢʨʘʡʥʝ ʨʝʜʢʦ, ʯʘʱʝ ʚʩʝʛʦ ʦʙʣʘʩʪʴ 

ʛʝʥʘ GRID2 ʧʦʜʚʝʨʛʘʝʪʩʷ ʜʝʣʝʮʠʷʤ, ʧʨʠʚʦʜʷʱʠʤ ʢ ʫʩʝʯʝʥʠʶ ʙʝʣʢʘ, ʧʨʠʚʦʜʷ ʢ 

ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʠ SCAR18 [Utine et al., 2013; Hills et al.,2013; Maier et al., 

2014]. GRM1 ʢʦʜʠʨʫʝʪ ʤʝʪʘʙʦʪʨʦʧʥʳʡ ʛʣʫʪʘʤʘʪʥʳʡ ʨʝʮʝʧʪʦʨ I, 

ʦʩʫʱʝʩʪʚʣʷʶʱʠʡ ʤʝʜʣʝʥʥʫʶ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʨʘʟʥʳʭ 

ʦʪʜʝʣʘʭ ʤʦʟʛʘ, ʠ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʦʙʥʘʨʫʞʝʥ ʚ ʩʠʥʘʧʩʘʭ ʤʝʞʜʫ 

ʜʝʥʜʨʠʪʥʳʤʠ ʦʪʨʦʩʪʢʘʤʠ ʢʣʝʪʦʢ ʇʫʨʢʠʥʴʝ ʠ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʚʦʣʦʢʥʘʤʠ, 

ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʘʭ ʩʠʥʘʧʪʠʯʝʩʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʤʦʪʦʨʥʳʭ 

ʬʫʥʢʮʠʡ ʠ ʧʘʤʷʪʠ, ʤʫʪʘʮʠʠ ʚ ʜʘʥʥʦʤ ʛʝʥʝ ʧʨʠʚʦʜʷʪ ʢ SCAR13 ʠ SCA44 
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[Guergueltcheva et al., 2012; Watson et al., 2017]. ʊʘʢʞʝ ʥʘʡʜʝʥ ʝʜʠʥʠʯʥʳʡ 

ʩʝʤʝʡʥʳʡ ʩʣʫʯʘʡ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ ʠʦʥʦʪʨʦʧʥʦʛʦ ʛʣʫʪʤʘʪʥʦʛʦ ʨʝʮʝʧʪʦʨʘ GRIA3, 

ʜʝʬʝʢʪʳ ʢʦʪʦʨʦʛʦ ʨʘʥʝʝ ʠʟʚʝʩʪʥʳ ʧʨʠ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ ʫʤʩʪʚʝʥʥʦʡ 

ʦʪʩʪʘʣʦʩʪʠ [G®cz et al., 1999; Hamanaka et al., 2022]. ɺ ʥʦʚʦʤ ʦʧʫʙʣʠʢʦʚʘʥʥʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʘʡʜʝʥ ʤʠʩʩʝʥʩ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ GRIA3, ʢʦʪʦʨʳʡ ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʢʦʛʥʠʪʠʚʥʳʤʠ ʥʘʨʫʰʝʥʠʷʤʠ ʪʘʢʞʝ ʩʪʘʣ ʧʨʠʯʠʥʦʡ ʤʠʦʢʣʦʥʠʯʝʩʢʦʡ 

ʵʧʠʣʝʧʩʠʠ ʠ ʛʠʧʦʧʣʘʟʠʷ ʤʦʟʞʝʯʢʘ [Rinaldi et al., 2022].  

 ɺʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʘʪʘʢʩʠʡ ʠʛʨʘʶʪ ʛʝʥʳ, ʢʦʜʠʨʫʶʱʠʝ 

ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʝ ʠʦʥʥʳʝ ʢʘʥʘʣʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʥʫʪʨʠʢʣʝʪʦʯʥʳʡ 

ʠʦʥʥʳʡ ʛʦʤʝʦʩʪʘʟ ʚ ʧʦʢʦʝ ʠ ʧʨʠ ʧʝʨʝʜʘʯʝ ʩʠʛʥʘʣʘ. ʅʘʨʫʰʝʥʠʷ ʚ ʛʝʥʘʭ, 

ʢʦʜʠʨʫʶʱʠʭ ʠʦʥʥʳʝ ʢʘʥʘʣʳ, ʥʘʡʜʝʥʳ ʢʘʢ ʧʨʠ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʭ, ʪʘʢ ʠ 

ʧʨʠ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʭ ʬʦʨʤʘʭ ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ. ʅʘʠʙʦʣʝʝ 

ʠʟʚʝʩʪʥʳʤʠ ʛʝʥʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʳʤʠ SCA, ʷʚʣʷʶʪʩʷ 

ʢʘʣʠʝʚʳʝ ʧʦʪʝʥʮʠʘʣ-ʟʘʚʠʩʠʤʳʝ ʢʘʥʘʣʳ KCNC3 ʠ KCND3, ʩʫʙʲʝʜʠʥʠʮʳ 

ʢʘʣʴʮʠʝʚʦʛʦ ʧʦʪʝʥʮʠʘʣ-ʟʘʚʠʩʠʤʦʛʦ ʢʘʥʘʣʘ CACNA1A ʠ CACNA1G, ʢʘʥʘʣ 

ʪʨʘʥʟʠʪʦʨʥʦʛʦ ʨʝʮʝʧʪʦʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ TRPC3 ʠ ʠʥʦʟʠʪʦʣ-1,4,5-

ʪʨʠʬʦʩʬʘʪʥʳʡ ʨʝʮʝʧʪʦʨ ITPR1 [Klockgether et al., 2019]. ʇʨʠ ʘʫʪʦʩʦʤʥʦ-

ʨʝʮʝʩʩʠʚʥʳʭ ʟʘʙʦʣʝʚʘʥʠʷʭ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳ ʛʝʥʳ ʉʘ2+-ʟʘʚʠʩʠʤʦʛʦ 

ʭʣʦʨʠʜʥʦʛʦ ʢʘʥʘʣʘ ANO10, ʢʘʣʴʮʠʡ-ʥʝʟʘʚʠʩʠʤʦʛʦ ʩʠʥʘʧʪʦʪʘʛʤʠʥʘ SYT14, 

ʥʘʪʨʠʡ-ʚʦʜʦʨʦʜʥʦʛʦ ʘʥʪʠʧʦʨʪʝʨʘ SLC9A1 ʠ Ca2+-ATʌʘʟʥʳʝ ʧʦʤʧʳ ATP2B2 ʠ 

ATP2B3. ɻʝʥ ANO10 ʠʛʨʘʝʪ ʜʚʦʡʥʫʶ ʨʦʣʴ ʚ ʢʘʯʝʩʪʚʝ ʉʘ2+-ʟʘʚʠʩʠʤʦʛʦ 

ʭʣʦʨʠʜʥʦʛʦ ʢʘʥʘʣʘ ʠ ʬʦʩʬʦʣʠʧʠʜʥʦʡ ʩʢʨʝʤʙʘʣʘʟʳ [Schreiber et al., 2020; 

Bushell et al. 2019; Schreiber et al. 2010; Tian et al., 2012], ʤʫʪʘʮʠʠ ʚ ʵʪʦʤ ʛʝʥʝ 

ʷʚʣʷʶʪʩʷ ʦʜʥʦʡ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʧʨʠʯʠʥ ʩʨʝʜʠ ʨʝʜʢʠʭ ʨʝʮʝʩʩʠʚʥʳʭ 

ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ [Vermeer et al., 2010; Balreira et al., 2014; Nanetti et al., 

2019].  

1.1.3. ɺʨʦʞʜʸʥʥʳʝ ʘʪʘʢʩʠʠ ʙʝʟ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ 

 ɸʪʘʢʩʠʷ ʩ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ, ʚʳʟʚʘʥʥʘʷ ʛʠʧʦʧʣʘʟʠʝʡ ʠʣʠ ʘʪʨʦʬʠʝʡ 

ʤʦʟʞʝʯʢʘ, ð ʨʝʜʢʘʷ ʛʝʪʝʨʦʛʝʥʥʘʷ ʛʨʫʧʧʘ ʟʘʙʦʣʝʚʘʥʠʡ, ʧʨʦʷʚʣʷʶʱʘʷʩʷ 
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ʟʘʜʝʨʞʢʦʡ ʜʚʠʛʘʪʝʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ ʩ ʤʣʘʜʝʥʯʝʩʢʦʛʦ ʚʦʟʨʘʩʪʘ ʠ ʥʘʨʫʰʝʥʠʷʤʠ 

ʢʦʦʨʜʠʥʘʮʠʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʚʨʦʞʜʸʥʥʳʝ ʘʫʪʦʩʦʤʥʦ- ʠ ʍ-

ʩʮʝʧʣʝʥʥʳʝ ʨʝʮʝʩʩʠʚʥʳʝ ʘʪʘʢʩʠʠ ʩʦʧʨʦʚʦʞʜʘʪʁʩʷ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ ʠ 

ʧʦʨʘʞʝʥʠʝʤ ʜʨʫʛʠʭ ʦʨʛʘʥʦʚ ʠ ʪʢʘʥʝʡ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʙʦʣʝʝ ʧʦʟʜʥʝʤ ʨʘʟʚʠʪʠʠ 

ʧʘʪʦʣʦʛʠʠ ʫʤʩʪʚʝʥʥʘʷ ʦʪʩʪʘʣʦʩʪʴ ʤʝʥʝʝ ʚʳʨʘʞʝʥʘ [Wassmer et al., 2003; Poretti 

et al., 2014]. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʚʩʝʛʦ ʚ ʥʝʩʢʦʣʴʢʠʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʩʪʘʪʴʷʭ 

ʦʧʠʩʘʥʳ ʚʨʦʞʜʸʥʥʳʝ ʧʘʪʦʣʦʛʠʠ, ʥʘʩʣʝʜʫʝʤʳʝ ʧʦ ʘʫʪʦʩʦʤʥʦʤʫ ʠʣʠ ʍ-

ʩʮʝʧʣʝʥʥʦʤʫ ʨʝʮʝʩʩʠʚʥʦʤʫ ʪʠʧʫ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʛʠʧʦʧʣʘʟʠʝʡ ʤʦʟʞʝʯʢʘ ʚ 

ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʥʘʨʫʰʝʥʠʷʤ ʢʦʦʨʜʠʥʘʮʠʠ ʙʝʟ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ. ʊʘʢ ʜʣʷ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʛʦ ʪʠʧʘ ʥʘʩʣʝʜʦʚʘʥʠʷ 

ʠʟʚʝʩʪʥʳ ʥʝʩʢʦʣʴʢʦ ʩʧʠʥʦʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ (SCAR6, SCAR19 ʠ SCAR24), 

ʧʨʠ ʢʦʪʦʨʳʭ ʫ ʧʘʮʠʝʥʪʦʚ ʥʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ. ʆʜʥʘʢʦ 

ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ ʠʤʝʶʪ ʨʷʜ ʩʠʤʧʪʦʤʦʚ, ʦʪʣʠʯʘʶʱʠʭ ʠʭ 

ʢʣʠʥʠʯʝʩʢʫʶ ʢʘʨʪʠʥʫ ʦʪ ʚʨʦʞʜʸʥʥʳʭ ʤʦʟʞʝʯʢʦʚʳʭ ʧʘʪʦʣʦʛʠʡ, ʠʩʩʣʝʜʫʝʤʳʭ 

ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ.  

 ʅʘʠʙʦʣʴʰʝʝ ʩʭʦʜʩʪʚʦ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʩ ʩʠʤʧʪʦʤʘʤʠ 

ʩʣʫʯʘʝʚ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʠʤʝʝʪ SCAR6, 

ʦʧʠʩʘʥʥʘʷ ʚ ʦʜʥʦʡ ʅʦʨʚʝʞʩʢʦʡ ʩʝʤʴʝ, ʚ ʢʦʪʦʨʦʡ ʫ 7 ʠʥʜʠʚʠʜʦʚ ʥʘʙʣʶʜʘʣʘʩʴ 

ʩ ʤʣʘʜʝʥʯʝʩʪʚʘ ʤʦʪʦʨʥʘʷ ʟʘʜʝʨʞʢʘ ʙʝʟ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ ʠ ʠʤʝʣʘ 

ʥʝʧʨʦʛʨʝʩʩʠʚʥʦʝ ʪʝʯʝʥʠʝ ʟʘʙʦʣʝʚʘʥʠʷ [Kvistad et al., 1985]. ʆʜʥʘʢʦ 

ʦʪʣʠʯʠʪʝʣʴʥʳʤ ʧʨʠʟʥʘʢʦʤ ʷʚʣʷʣʦʩʴ ʥʘʣʠʯʠʝ ʥʠʟʢʦʨʦʩʣʦʩʪʠ ʠ ʧʣʦʩʢʦʩʪʦʧʠʷ ʫ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʅʦʨʚʝʛʠʠ. ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʥʝʪ ʜʘʥʥʳʭ ʦ ʜʝʬʝʢʪʥʦʤ ʛʝʥʝ ʚ 

ʜʘʥʥʦʡ ʩʝʤʴʝ, ʦʜʥʘʢʦ ʫʩʪʘʥʦʚʣʝʥ ʛʝʥʝʪʠʯʝʩʢʠʡ ʣʦʢʫʩ ʩʮʝʧʣʝʥʠʷ 19.5-cM ʚ 

ʭʨʦʤʦʩʦʤʥʦʡ ʦʙʣʘʩʪʠ 20q11-q13, ʤʝʞʜʫ ʤʘʨʢʝʨʘʤʠ D20S471 ʠ D20S119 

[Tranebjaerg et al, 2003].   

 ɿʘʙʦʣʝʚʘʥʠʝ SCAR19, ʠʟʚʝʩʪʥʦʝ ʢʘʢ ʉʠʥʜʨʦʤ ʃʠʭʪʝʥʰʪʝʡʥʘ-ʂʥʦʨʨʘ, 

ʦʪʣʠʯʘʝʪ ʩʠʣʴʥʳʡ ʧʨʦʛʨʝʩʩʠʨʫʶʱʠʡ ʭʘʨʘʢʪʝʨ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʤʦʟʞʝʯʢʦʚʦʡ 

ʘʪʘʢʩʠʝʡ, ʥʝʡʨʦʩʝʥʩʦʨʥʦʡ ʪʫʛʦʫʭʦʩʪʴʶ ʠ ʧʦʣʠʥʝʡʨʦʧʘʪʠʝʡ, ʥʘʯʘʣʦ 

ʟʘʙʦʣʝʚʘʥʠʷ ʚʘʨʴʠʨʫʝʪ ʦʪ ʤʣʘʜʝʥʯʝʩʪʚʘ ʜʦ ʨʘʥʥʝʡ ʚʟʨʦʩʣʦʩʪʠ ʠ ʩʚʷʟʘʥʦ ʩ 
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ʤʫʪʘʮʠʷʤʠ ʚ ʛʝʥʝ SLC9A1 [Guissart et al., 2015; Iwama et al., 2018]. ɻʝʥ SLC9A1 

ʢʦʜʠʨʫʝʪ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʡ Na+/H+ ʘʥʪʠʧʦʨʪʝʨ (NHE1), ʠʛʨʘʶʱʠʡ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʧʦʜʜʝʨʞʘʥʠʠ ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʛʦ ʛʦʤʝʦʩʪʘʟʘ pH ʠ ʦʙʲʸʤʘ 

ʢʣʝʪʦʢ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʚʫʶʱʠʡ ʚ ʤʠʛʨʘʮʠʠ ʢʣʝʪʦʢ [Putney et al., 2002; Dong et 

al., 2021]. ɼʠʩʬʫʥʢʮʠʷ NHE1 ʚ ʤʦʟʛʝ ʚʳʟʳʚʘʝʪ ʧʨʦʛʨʝʩʩʠʨʫʶʱʫʶ 

ʥʝʡʨʦʥʘʣʴʥʫʶ ʜʝʛʝʥʝʨʘʮʠʶ ʠ ʢʣʝʪʦʯʥʫʶ ʛʠʙʝʣʴ ʚʝʩʪʠʙʫʣʷʨʥʳʭ ʠ ʢʦʭʣʝʘʨʥʳʭ 

ʷʜʝʨ ʠ, ʦʩʦʙʝʥʥʦ, ʛʣʫʙʦʢʠʭ ʷʜʝʨ ʤʦʟʞʝʯʢʘ, ʘ ʥʘʨʫʰʝʥʠʝ ʛʦʤʝʦʩʪʘʟʘ pH 

ʵʥʜʦʣʠʤʬʘʪʠʯʝʩʢʦʛʦ ʤʝʰʢʘ ʚʳʟʳʚʘʝʪ ʪʫʛʦʫʭʦʩʪʴ [Son et al., 2009; Guissart et 

al., 2015].  

 SCAR24 ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʧʠʩʘʥʘ ʪʦʣʴʢʦ ʚ ʦʜʥʦʡ ʢʠʪʘʡʩʢʦʡ ʩʝʤʴʝ ʠ 

ʚʳʟʚʘʥʘ ʛʝʪʝʨʦʟʠʛʦʪʥʳʤʠ ʢʦʤʧʘʫʥʜʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʚ ʛʝʥʝ UBA5 [Duan et al., 

2016]. ɿʘʙʦʣʝʚʘʥʠʷ ʫ ʜʚʫʭ ʨʦʜʩʪʚʝʥʥʳʭ ʧʘʮʠʝʥʪʦʚ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʩ ʜʝʪʩʪʚʘ (5 

ʠ 8 ʣʝʪ) ʠ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʦʩʴ ʟʘʜʝʨʞʢʦʡ ʨʦʩʪʘ, ʥʝʫʩʪʦʡʯʠʚʦʡ ʧʦʭʦʜʢʦʡ, 

ʟʘʪʨʫʜʥʸʥʥʦʡ ʨʝʯʴʶ ʠ ʠʤʝʣʦ ʧʨʦʛʨʝʩʩʠʚʥʦʝ ʪʝʯʝʥʠʝ ʩ ʚʦʟʨʘʩʪʦʤ. ɺ ʚʦʟʨʘʩʪʝ 

39 ʣʝʪ ʦʜʠʥ ʠʟ ʧʘʮʠʝʥʪʦʚ ʫʪʨʘʪʠʣ ʩʧʦʩʦʙʥʦʩʪʴ ʧʝʨʝʜʚʠʛʘʪʴʩʷ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ. 

ʀʤʝʣʠ ʤʝʩʪʦ ʩʣʝʜʫʶʱʠʝ ʩʠʤʧʪʦʤʳ: ʘʪʘʢʩʠʷ, ʜʠʟʘʨʪʨʠʷ, ʥʠʩʪʘʛʤ, ʠ 

ʦʪʣʠʯʠʪʝʣʴʥʳʤ ʧʨʠʟʥʘʢʦʤ ʦʪ ʜʨʫʛʠʭ ʦʙʩʫʞʜʘʝʤʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʙʳʣʦ ʥʘʣʠʯʠʝ 

ʢʘʪʘʨʘʢʪʳ ʫ ʦʙʦʠʭ ʧʘʮʠʝʥʪʦʚ. ɻʝʥ UBA5 ʢʦʜʠʨʫʝʪ ʫʙʠʢʚʠʪʠʥ-ʧʦʜʦʙʥʳʡ 

ʤʦʜʠʬʠʢʘʪʦʨ-ʘʢʪʠʚʠʨʫʶʱʠʡ ʬʝʨʤʝʥʪ 5, ʢʦʪʦʨʳʡ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʧʦʩʪʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʙʝʣʢʦʚ ʠ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʘʢʪʠʚʘʮʠʠ 

ʫʙʠʢʚʠʪʠʥʦʚʦʛʦ ʤʦʜʠʬʠʢʘʪʦʨʘ 1 (UFM1) ʠ ʩʚʷʟʘʥʥʦʛʦ ʩ ʥʠʤ ʢʘʩʢʘʜʘ [Habisov 

et al., 2016; Nahorski et al., 2018]. ʆʜʥʘʢʦ ʙʦʣʴʰʠʥʩʪʚʦ ʚʳʷʚʣʝʥʥʳʭ ʤʫʪʘʮʠʡ ʚ 

ʛʝʥʝ UBA5 ʧʨʠʚʦʜʷʪ ʢ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ ʨʘʥʥʝʡ ʤʣʘʜʝʥʯʝʩʢʦʡ 

ʵʧʠʣʝʧʪʠʯʝʩʢʦʡ ʵʥʮʝʬʘʣʦʧʘʪʠʠ 44 ʪʠʧʘ (developmental and epileptic 

encephalopathy 44, DEE1), ʢʨʘʡʥʝ ʪʷʞʣyʦʤʫ ʟʘʙʦʣʝʚʘʥʠʶ, ʧʨʠʚʦʜʷʱʝʤʫ ʢ 

ʛʣʦʙʘʣʴʥʦʡ ʟʘʜʝʨʞʢʝ ʨʘʟʚʠʪʠʷ, ʤʠʢʨʦʮʝʬʘʣʠʠ, ʵʥʮʝʬʘʣʦʧʘʪʠʠ, ʪʷʞʸʣʦʡ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, ʦʪʩʫʪʩʪʚʠʶ ʜʚʠʛʘʪʝʣʴʥʳʭ ʥʘʚʳʢʦʚ, ʛʠʧʦʪʦʥʠʠ, 

ʜʠʩʪʦʥʠʠ, ʩʧʘʩʪʠʯʥʦʩʪʠ, ʵʧʠʣʝʧʩʠʠ ʠ ʜʨʫʛʠʤ ʥʘʨʫʰʝʥʠʷʤ [Colin et al., 2016; 

Muona et al., 2016; Arnadottir et al., 2017; Mignon-Ravix et al., 2018; Low et al., 

2018]. ʇʨʠ ʄʈʊ ʫ ʧʘʮʠʝʥʪʦʚ ʚʳʷʚʣʷʪʁʩʷ ʩʣʝʜʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ: ʘʪʨʦʬʠ ̫ʠ 



35 
 

ʛʠʧʦʧʣʘʟʠ ̫ʢʦʨʳ ʙʦʣʴʰʠʭ ʧʦʣʫʰʘʨʠʡ, ʤʦʟʞʝʯʢʘ, ʠʩʪʦʥʯʝʥʠʝ ʤʦʟʦʣʠʩʪʦʛʦ 

ʪʝʣʘ, ʟʘʤʝʜʣʝʥʥʘʷ ʤʠʝʣʠʥʠʟʘʮʠʷ ʠ ʛʠʧʝʨʠʥʪʝʥʩʠʚʥʦʩʪʴ ʙʝʣʦʛʦ ʚʝʱʝʩʪʚʘ. 

ɺʝʨʦʷʪʥʦ, ʩʣʫʯʘʡ ʚ ʢʠʪʘʡʩʢʦʡ ʩʝʤʴʝ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ SCAR24 ̫ ʚʣʷʝʪʩʷ 

ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʩ ʙʦʣʝʝ ʣʛyʢʦʡ ʬʦʨʤʦʡ ʟʘʙʦʣʝʚʘʥʠʷ.  

 ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʘʷ ʢʣʠʥʠʯʝʩʢʘʷ ʢʘʨʪʠʥʘ ʢ ʠʩʩʣʝʜʫʝʤʳʤ ʚ ʵʪʦʡ ʨʘʙʦʪʝ 

ʧʘʮʠʝʥʪʘʤ ʠʟ ʙʦʣʴʰʦʡ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʠ ʠ ʤʘʣʭr ʩʝʤʝʡ ʙʳʣʘ ʦʧʠʩʘʥʘ ʚ ʦʜʥʦʡ 

ʜʘʪʩʢʦʡ ʩʝʤʴʝ ʩ ʍ-ʩʮʝʧʣʝʥʥʦʡ ʩʧʠʥʦʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ ʪʠʧʘ 1 (SCAX1) 

[Bertini et al., 2000]. ɿʘʙʦʣʝʚʘʥʠʝ SCAX1 ʫ ʧʘʮʠʝʥʪʘ ʠʟ ʜʘʪʩʢʦʡ ʩʝʤʴʠ ʙʳʣʦ 

ʚʳʟʚʘʥʦ ʤʠʩʩʝʥʩ ʤʫʪʘʮʠʝʡ ʚ ʛʝʥʝ ATP2B3 (MIM: 300014), ʧʨʠʚʦʜʷʱʝʡ ʢ 

ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ G1107D ʚ ʪʨʘʥʩʧʦʨʪʸʨʝ ʉʘ2+-ɸʊʌʘʟʝ ʧʣʘʟʤʘʪʠʯʝʩʢʦʡ 

ʤʝʤʙʨʘʥʳ (PMCA3) [Zanni et al., 2012]. ɿʘʪʝʤ ʪʦʪ ʞʝ ʚʘʨʠʘʥʪ ʙʳʣ ʚʳʷʚʣʝʥ ʠ ʚ 

ʜʨʫʛʠʭ ʩʝʤʴʷʭ ʩ ʚʨʦʞʜʸʥʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʜʘʥʥʳʡ 

ʚʘʨʠʘʥʪ ʠʤʝʝʪ ʣʠʙʦ ʵʬʬʝʢʪ ʦʩʥʦʚʘʪʝʣʷ, ʣʠʙʦ ʷʚʣʷʝʪʩʷ ʤʫʪʘʮʠʦʥʥʦʡ ʛʦʨʷʯʝʡ 

ʪʦʯʢʦʡ [Feyma et al., 2016; van der Ven et al., 2021]. ʅʘʠʙʦʣʴʰʘʷ ʵʢʩʧʨʝʩʩʠʷ 

ʛʝʥʘ ATP2B3 ʦʙʥʘʨʫʞʝʥʘ ʚ ʤʦʟʞʝʯʢʝ, ʦʩʦʙʝʥʥʦ ʚ ʧʨʝʩʠʥʘʧʪʠʯʝʩʢʠʭ 

ʦʢʦʥʯʘʥʠʷʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʦʣʦʢʦʥ, ʛʨʘʥʫʣʷʨʥʳʭ ʢʣʝʪʢʘʭ, ʚ ʢʣʝʪʢʘʭ 

ʩʦʩʫʜʠʩʪʦʛʦ ʩʧʣʝʪʝʥʠʷ ʠ ʠʥʪʝʨʥʝʡʨʦʥʘʭ [Saunders et al., 2018; Zanni et al., 2012; 

Burette A et al., 2007]. ʇʨʦʜʫʢʪ ʜʘʥʥʦʛʦ ʛʝʥʘ, PMCA3 ʦʙʝʩʧʝʯʠʚʘʝʪ ʘʢʪʠʚʥʳʡ 

ʪʨʘʥʩʧʦʨʪ ʠʦʥʦʚ ʢʘʣʴʮʠʷ ʠʟ ʥʝʡʨʦʥʘʣʴʥʳʭ ʢʣʝʪʦʢ ʚ ʤʝʞʢʣʝʪʦʯʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ [Lopreiato et al., 2014]. ʄʫʪʘʮʠʷ G1107D ʩʥʠʞʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ 

PMCA3 ʧʦʜʜʝʨʞʠʚʘʪʴ ʢʣʝʪʦʯʥʳʡ ʛʦʤʝʦʩʪʘʟ ʠʦʥʦʚ ʢʘʣʴʮʠʷ, ʫʭʫʜʰʘʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʢʘʥʘʣʘ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ ʢʘʣʴʮʠʡ ʧʨʦʪʠʚ ʛʨʘʜʠʝʥʪʘ ʠ 

ʧʨʦʪʠʚʦʩʪʦʷʪʴ ʦʙʨʘʪʥʦʤʫ ʧʨʠʪʦʢʫ ʠʦʥʦʚ [Zanni et al., 2012]. ɺ ʦʙʱʝʡ 

ʩʣʦʞʥʦʩʪʠ, ʚ ʛʝʥʝ ATP2B3 ʚʳʷʚʣʝʥʦ ʥʝ ʪʘʢ ʤʥʦʛʦ ʜʨʫʛʠʭ ʚʘʨʠʘʥʪʦʚ, 

ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ ʢʦʪʦʨʳʭ ʩʚʷʟʘʥʳ ʩ ʥʘʨʫʰʝʥʠʝʤ ʤʦʟʞʝʯʢʘ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ 

ʧʝʨʠʦʜ [Cal³ et al., 2015; Vicario et al., 2017; Pergande et al., 2020; Zhai et al., 

2021].  
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1.1.4. ʉʠʥʜʨʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ 

ʢʚʘʜʨʦʧʝʜʠʠ 

 ɹʦʣʴʰʠʥʩʪʚʦ ʚʨʦʞʜʸʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʝʬʝʢʪʳ ʚ ʛʝʥʘʭ 

ʧʨʠʚʦʜʷʪ ʢ ʛʠʧʦʧʣʘʟʠʠ ʠʣʠ ʘʪʨʦʬʠʠ ʤʦʟʞʝʯʢʘ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ 

ʨʘʟʚʠʪʠʷ, ʢʘʢ ʨʘʥʝʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʦʪʷʛʦʱʝʥʳ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ. 

ʆʜʥʘʢʦ ʚ ʨʝʜʯʘʡʰʠʭ ʩʣʫʯʘʷʭ ʦʧʠʩʘʥʳ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʳʝ ʩʝʤʴʠ, ʚ ʢʦʪʦʨʳʭ ʫ 

ʧʘʮʠʝʥʪʦʚ ʚʳʷʚʣʝʥʘ ʨʝʜʢʘʷ ʬʦʨʤʘ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ: ʩʠʥʜʨʦʤ 

ʥʝʨʘʚʥʦʚʝʩʠʷ (disequilibrium syndrome, DS ʠʣʠ DES) ʠʣʠ ʩʠʥʜʨʦʤ 

ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ (Cerebellar ataxia, 

mental rethardation with or without quadrupedal locomotion, CAMRQ). 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʩʠʥʜʨʦʤʘ ʷʚʣʷʝʪʩʷ ʫ ʙʦʣʴʰʠʥʩʪʚʘ 

ʧʘʮʠʝʥʪʦʚ ʦʪʩʫʪʩʪʚʠʝ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ ʠ 

ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʧʝʨʝʤʝʱʥyʠʷ ʥʘ ʚʩʝʭ ʯʝʪʳʨʝʭ ʢʦʥʝʯʥʦʩʪʷʭ - ʢʚʘʜʨʦʧʝʜʠʷ. 

ʉʭʦʞʠʝ ʬʝʥʦʪʠʧʳ ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ ʥʝʩʢʦʣʴʢʠʭ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʳʭ ʩʝʤʴʷʭ ʠʟ 

ʊʫʨʮʠʠ [T¿rkmen et al., 2006; Ozcelik et al., 2008; Tan, 2006; Tan, 2007], ʀʨʘʢʘ 

[Valence et al., 2016] ʠ ʩʝʤʴʠ ʠʟ ɹʨʘʟʠʣʠʠ [Garcias, Roth, 2007], ʠʩʩʣʝʜʫʝʤʦʡ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʣʠʟʢʫʶ ʢʣʠʥʠʯʝʩʢʫʶ ʢʘʨʪʠʥʫ ʚ ʨʘʥʝʝ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʝʤʴʷʭ, ʵʪʘ ʬʦʨʤʘ ʥʘʨʫʰʝʥʠʷ ʨʘʟʚʠʪʠʷ ʥʝʨʚʥʦʡ ʩʠʩʪʝʤʳ ʠʤʝʝʪ 

ʛʝʪʝʨʦʛʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʙʳʣʘ ʚʳʟʚʘʥʘ ʤʫʪʘʮʠʷʤʠ ʚ ʨʘʟʥʳʭ ʛʝʥʘʭ. ʂ 

ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʙʳʣʦ ʦʧʠʩʘʥʦ ʰʝʩʪʴ ʛʝʥʦʚ ʩ ʤʫʪʘʮʠʷʤʠ, ʢʦʪʦʨʳʝ 

ʚʳʟʚʘʣʠ ʥʘʨʫʰʝʥʠʝ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ 

ʢʚʘʜʨʦʧʝʜʠʝʡ: VLDLR, RELN, CA8, WDR81, ATP8A2, TUBB2B.  

 ɺ ʛʝʥʝ ʨʝʮʝʧʪʦʨʘ ʣʠʧʦʧʨʦʪʝʠʥʦʚ ʦʯʝʥʴ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ VLDLR 

ʦʙʥʘʨʫʞʝʥʦ ʥʘʠʙʦʣʴʰʝʝ ʯʠʩʣʦ ʤʫʪʘʮʠʡ, ʦʢʦʣʦ ʜʚʫʭ ʜʝʩʷʪʢʦʚ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ1 [Moheb et al., 2008; Ozcelik et al., 

2008; Al-Gazali et al., 2010; Ali et al., 2012; Schlotawa et al., 2013; Micalizzi et al., 

2016; Valence et al., 2016; Capalbo et al., 2019; Wali et al., 2021]. ɺ ʙʦʣʴʰʠʥʩʪʚʝ 

ʩʣʫʯʘʝʚ ʫ ʧʘʮʠʝʥʪʦʚ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ VLDLR ʧʨʠʚʦʜʷʪ ʢ ʧʦʥʪʦʤʦʟʞʝʯʢʦʚʦʡ 

ʛʠʧʦʧʣʘʟʠʠ ʠ ʣʠʩʩʵʥʮʝʬʘʣʠʠ. ʉʪʝʧʝʥʴ ʥʘʨʫʰʝʥʠʷ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ ʫ 
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ʧʘʮʠʝʥʪʦʚ ʨʘʟʣʠʯʥʘ ʠ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʩʦʭʨʘʥʝʥʘ [Boycott et al., 2005; 

Boycott et al., 2009; Kolb et al., 2010; Giorgio et al., 2016]. ɻʝʥ VLDLR ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʨʝʮʝʧʪʦʨʦʚ ʨʠʣʠʥʘ, ʢʦʜʠʨʫʝʤʦʛʦ ʛʝʥʦʤ RELN, ʠʛʨʘʶʱʝʛʦ ʢʣʶʯʝʚʫʶ 

ʨʦʣʴ ʚ ʤʠʛʨʘʮʠʠ ʥʝʡʨʦʥʦʚ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ ʤʦʟʛʝ [D'Arcangelo et al., 1999; 

Tissir et al., 2003; Moon et al., 2013; Nakamura et al., 2016; Di Donato et al., 

2018b]. ʇʘʪʦʛʝʥʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʝ RELN ʚʳʟʳʚʘʶʪ ʣʠʩʩʵʥʮʝʬʘʣʠʶ ʠ 

ʧʦʥʪʦʤʦʟʞʝʯʢʦʚʫʶ ʛʠʧʦʧʣʘʟʠʶ [Hong et al., 2000; Armstrong et al., 2019], 

ʧʘʮʠʝʥʪʳ ʤʦʛʫʪ ʠʤʝʪʴ ʬʝʥʦʪʠʧʠʯʝʩʢʠ ʙʣʠʟʢʫʶ, ʥʦ ʙʦʣʝʝ ʪʷʞʸʣʫʶ 

ʢʣʠʥʠʯʝʩʢʫʶ ʢʘʨʪʠʥʫ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ1 [Valence et al., 

2016]. ɺʘʞʥʦʝ ʫʯʘʩʪʠʝ ʚ ʥʝʡʨʦʥʘʣʴʥʦʡ ʤʠʛʨʘʮʠʠ ʧʨʠʥʠʤʘʝʪ ʛʝʥ TUBB2B, 

ʢʦʪʦʨʳʡ ʢʦʜʠʨʫʝʪ ʙʝʪʘ-ʠʟʦʬʦʨʤʫ ʪʫʙʫʣʠʥʘ (ʙʝʪʪʘ-ʪʫʙʫʣʠʥʘ 2B ʢʣʘʩʩʘ IIb), 

ʷʚʣʷʶʱʠʡʩʷ ʚʘʞʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʮʠʪʦʩʢʝʣʝʪʘ ʤʠʢʨʦʪʨʫʙʦʯʝʢ. ʄʫʪʘʮʠʠ ʚ 

ʛʝʥʝ TUBB2B, ʥʘʨʷʜʫ ʩ ʜʝʬʝʢʪʘʤʠ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʛʝʥʦʚ, ʧʨʠʚʦʜʷʪ ʢ 

ʥʘʨʫʰʝʥʠʶ ʤʠʛʨʘʮʠʠ ʥʝʡʨʦʥʦʚ ʠ ʷʚʣʷʶʪʩʷ ʧʨʠʯʠʥʦʡ ʣʠʩʩʵʥʮʝʬʘʣʠʠ, 

ʧʘʭʠʛʝʨʠʠ, ʧʦʣʠʤʠʢʨʦʛʠʨʠʠ ʠ ʤʦʟʞʝʯʢʦʚʦʡ ʜʠʩʧʣʘʟʠʠ [Parrini et al., 2016; Di 

Donato et al., 2018a]. ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ, ʠʟʚʝʩʪʝʥ ʪʦʣʴʢʦ ʦʜʠʥ ʩʝʤʝʡʥʳʡ 

ʩʣʫʯʘʡ, ʚ ʢʦʪʦʨʦʤ ʤʠʩʩʝʥʩ-ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ TUBB2B ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʫ ʪʨʝʭ 

ʧʘʮʠʝʥʪʦʚ ʩ ʪʷʞʸʣʦʡ ʛʠʧʦʧʣʘʟʠʝʡ ʤʦʟʞʝʯʢʘ ʠ ʩʠʥʜʨʦʤʦʤ CAMRQ [Breuss et 

al., 2017]. 

 ʉʣʝʜʫʶʱʠʤ ʛʝʥʝʪʠʯʝʩʢʠʤ ʣʦʢʫʩʦʤ, ʩʚʷʟʘʥʥʳʤ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ2, 

ʷʚʣʷʝʪʩʷ ʛʝʥ WDR81 (WD Repeat Domain 81), ʠʤʝʶʱʠʡ ʚʳʩʦʢʫʶ ʵʢʩʧʨʝʩʩʠʶ 

ʚ ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ ʠ ʬʦʪʦʨʝʮʝʧʪʦʨʘʭ ʠ ʫʯʘʩʪʚʫʝʪ ʚ ʚʝʟʠʢʫʣʷʨʥʦʤ ʪʨʘʥʩʧʦʨʪʝ 

ʠ ʠʥʛʠʙʠʨʦʚʘʥʠʠ ʘʫʪʦʬʘʛʠʠ [Gulsuner et al., 2011; Liu et al., 2016; Reuter et al., 

2017]. ʋ ʧʘʮʠʝʥʪʦʚ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ2 ʥʘʙʣʶʜʘʝʪʩʷ ʛʠʧʦʧʣʘʟʠʷ ʙʦʣʴʰʠʭ 

ʧʦʣʫʰʘʨʠʡ ʤʦʟʛʘ, ʤʦʟʞʝʯʢʘ ʠ ʤʦʩʪʘ [Gulsuner et al., 2011], ʘ ʚ ʙʦʣʝʝ ʪʷʞʝʣʳʭ 

ʩʣʫʯʘʷʭ ʦʪʤʝʯʝʥʘ ʤʠʢʨʦʮʝʬʘʣʠʷ ʠʣʠ ʤʠʢʨʦʣʠʩʩʵʥʮʝʬʘʣʠʷ [Kalm§r et al., 2021; 

Cavallin et al., 2017]. 

 ɼʝʬʝʢʪ ʛʝʥʘ CA8, ʠʤʝʶʱʝʛʦ ʚʳʩʦʢʫʶ ʵʢʩʧʨʝʩʩʠʶ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ 

ʤʦʟʞʝʯʢʝ ʠ ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ, ʚ ʦʜʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʝ ʙʳʣ ʩʚʷʟʘʥ ʩ ʩʠʥʜʨʦʤʦʤ 
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CAMRQ3 [T¿rkmen et al., 2009]. ɺ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʚʦʚʣʝʯʝʥʠʝ ʛʝʥʘ CA8 ʚ ʵʤʙʨʠʦʥʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʤʦʟʛʘ. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ CA8 ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʩʣʫʯʘʝʚ ʧʨʠʚʦʜʷʪ ʢ ʤʦʟʞʝʯʢʦʚʦʡ ʛʠʧʦʧʣʘʟʠʠ ʠ 

ʘʪʘʢʩʠʠ ʩ ʣʸʛʢʦʡ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ ʠʣʠ ʙʝʟ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ 

[Kaya et al., 2011; Najmabadi et al., 2011; Paternoster et al., 2020; Richmond et al., 

2020]. ɻʝʥ CA8 ʢʦʜʠʨʫʝʪ ʙʝʣʦʢ ʢʘʨʙʦʘʥʛʠʜʨʘʟʫ VIII, ʢʦʪʦʨʳʡ ʫʪʨʘʪʠʣ ʩʚʦʶ 

ʬʝʨʤʝʥʪʘʪʠʚʥʫʶ ʘʢʪʠʚʥʦʩʪʴ [Kato, 1990; Sjºblom et al., 1996], ʠ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʨʝʮʝʧʪʦʨʦʤ ITPR1, ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʚ ʤʦʜʫʣʷʮʠʠ 

ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʡ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʦʚ ʢʘʣʴʮʠʷ ʚ ʤʦʟʞʝʯʢʝ [Hirota et al., 2003; 

Hirasawa et al., 2007]. ʊʘʢ ʢʘʢ ITPR1 ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʨʝʛʫʣʷʪʦʨʦʚ 

ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʦʚ ʘʧʦʧʪʦʟʘ ʠ ʘʫʪʦʬʘʛʠʠ, ʪʦ ʧʦʩʨʝʜʩʪʚʦʤ ʠʥʛʠʙʠʨʦʚʘʥʠʷ 

ʨʝʮʝʪʦʨʘ, CA8 ʚʝʨʦʷʪʥʦ ʤʦʞʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʘʫʪʦʬʘʛʠʯʝʩʢʫʶ ʠ 

ʘʧʦʧʪʦʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʢʣʝʪʢʝ [Hirota et al., 2003; Vicencio et al., 2009].  

 ʂ ʩʠʥʜʨʦʤʫ CAMRQ4 ʧʨʠʚʦʜʷʪ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ ATP8A2, ʢʦʪʦʨʳʡ 

ʢʦʜʠʨʫʝʪ ʘʤʠʥʦʬʦʩʬʦʣʠʧʠʜʥʫʶ ʬʣʠʧʧʘʟʫ [Onat et al., 2013; Mohamadian et al 

2020], ʫʯʘʩʪʚʫʶʱʫʶ ʚ ʧʝʨʝʚʦʨʦʪʝ ʬʦʩʬʘʪʠʜʠʣʩʝʨʠʥʘ ʠ 

ʬʦʩʬʘʪʠʜʠʣʵʪʘʥʦʣʘʤʠʥʘ ʠʟ ʵʢʟʦʧʣʘʟʤʘʪʠʯʝʩʢʦʛʦ ʚ ʮʠʪʦʧʣʘʟʤʘʪʠʯʝʩʢʠʡ ʩʣʦʡ 

ʢʣʝʪʦʯʥʳʭ ʤʝʤʙʨʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠ ʧʦʜʜʝʨʞʘʥʠʷ ʘʩʠʤʤʝʪʨʠʠ ʬʦʩʬʦʣʠʧʠʜʦʚ 

[Zhu et al., 2012]. ɸʩʠʤʤʝʪʨʠʷ ʣʠʧʠʜʦʚ ʚ ʢʣʝʪʦʯʥʳʭ ʧʨʦʮʝʩʩʘʭ ʚʘʞʥʘ ʜʣʷ 

ʤʥʦʛʠʭ ʧʨʦʮʝʩʩʦʚ, ʚʢʣʶʯʘʷ ʚʝʟʠʢʫʣʷʨʥʳʡ ʪʨʘʥʩʧʦʨʪ, ʨʦʩʪ, ʨʘʟʚʠʪʠʝ 

ʥʝʡʨʦʥʘʣʴʥʳʭ ʦʪʨʦʩʪʢʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʨʠʚʠʟʥʳ ʤʝʤʙʨʘʥʳ [Andersen et al., 

2016; Lopez-Marques et al., 2014; Sebastian et al., 2012]. ʅʘʢʦʧʣʝʥʠʝ 

ʬʦʩʬʘʪʠʜʠʣʩʝʨʠʥʘ ʚ ʵʢʟʦʧʣʘʟʤʘʪʠʯʝʩʢʦʤ ʩʣʦʝ ʢʣʝʪʦʯʥʳʭ ʤʝʤʙʨʘʥ ʤʦʞʝʪ 

ʩʣʫʞʠʪʴ ʤʘʨʢʝʨʦʤ ʢʣʝʪʦʯʥʦʡ ʛʠʙʝʣʠ ʠ ʚʳʟʚʘʪʴ ʬʘʛʦʮʠʪʦʟ [Fadok et al., 1992; 

Segawa et al., 2016]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʫʪʘʮʠʠ p.Ile376Met, ʥʘʡʜʝʥʥʦʡ ʫ ʧʘʮʠʝʥʪʦʚ 

ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ4, ʬʣʠʧʧʘʟʘ ATP8A2 ʫʪʨʘʯʠʚʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ ʬʦʩʬʦʣʠʧʠʜʳ [Onat et al., 2013; Choi et al., 2019]. ʄʫʪʘʮʠʠ 

ʚ ʛʝʥʝ ATP8A2 ʪʘʢʞʝ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʙʦʣʝʝ ʪʷʞʝʣʦʤʫ ʬʝʥʦʪʠʧʫ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʤʫʩʷ ʵʥʮʝʬʘʣʦʧʘʪʠʝʡ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ, ʪʷʞʸʣʦʡ 

ʛʠʧʦʪʦʥʠʝʡ, ʭʦʨʝʝʡ ʠ ʘʪʨʦʬʠʝʡ ʟʨʠʪʝʣʴʥʦʛʦ ʥʝʨʚʘ [McMillan et al., 2018; 
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Mart²n-Hern§ndez et al., 2016]. ʇʨʠ ʙʦʣʝʝ ʪʷʞʸʣʦʤ ʬʝʥʦʪʠʧʝ ʯʘʱʝ ʧʨʦʠʩʭʦʜʠʪ 

ʥʘʨʫʰʝʥʠʝ ʬʦʣʜʠʥʛʘ ʙʝʣʢʘ ʠ ʜʝʛʨʘʜʘʮʠʷ [Choi et al., 2019]. ʊʘʢʞʝ ʠʟʚʝʩʪʥʳ ʠ 

ʤʝʥʝʝ ʪʷʞʸʣʳʝ ʩʣʫʯʘʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʫ ʧʘʮʠʝʥʪʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ 

ʥʝʢʦʪʦʨʳʝ ʠʟ ʢʣʠʥʠʯʝʩʢʠʭ ʩʠʤʧʪʦʤʦʚ: ʤʦʟʞʝʯʢʦʚʘʷ ʘʪʘʢʩʠʷ ʠʣʠ ʜʠʩʪʦʥʠʷ, 

ʫʤʩʪʚʝʥʥʘʷ ʦʪʩʪʘʣʦʩʪʴ, ʘʪʨʦʬʠʷ ʟʨʠʪʝʣʴʥʦʛʦ ʥʝʨʚʘ ʠ ʜʨ. [Guissart et al., 2020; 

Dam§sio et al., 2021; Heidari et al., 2021].    

 ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʨʘʟʥʳʝ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʬʫʥʢʮʠʠ, ʚʩʝ ʛʝʥʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ, ʠʤʝʶʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ ʚ 

ʤʦʟʞʝʯʢʝ ʚ ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ, ʠʛʨʘʶʱʠʭ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʘʭ ʦʙʫʯʝʥʠʷ, 

ʧʘʤʷʪʠ, ʨʘʚʥʦʚʝʩʠʠ ʠ ʢʦʦʨʜʠʥʘʮʠʠ [Hull et al., 2022]. ʕʢʩʧʨʝʩʩʠʷ ʦʧʠʩʘʥʥʳʭ 

ʨʘʥʝʝ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ, ʥʝ ʦʨʛʘʥʠʯʝʥʘ ʤʦʟʞʝʯʢʦʤ ʠ 

ʚʳʨʘʞʝʥʘ ʠ ʚ ʜʨʫʛʠʭ ʦʪʜʝʣʘʭ ʤʦʟʛʘ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʘʪʦʛʠʩʪʦʣʦʛʠʯʝʩʢʠʤ 

ʠʟʤʝʥʝʥʠʷʤ ʤʦʟʛʘ ʧʘʮʠʝʥʪʦʚ: ʧʦʥʪʦʤʦʟʞʝʯʢʦʚʦʡ ʛʠʧʦʧʣʘʟʠʠ ʠ ʥʘʨʫʰʝʥʠ ʁ

ʨʘʟʚʠʪʠʷ ʠʟʚʠʣʠʥ ʢʦʨʳ ʙʦʣʴʰʠʭ ʧʦʣʫʰʘʨʠʡ, ʠ ʠʥʦʛʜʘ ʣʠʩʩʝʥʮʝʬʘʣʠʠ. 

ʇʨʦʜʫʢʪʳ, ʢʦʜʠʨʫʝʤʳʝ ʛʝʥʘʤʠ, ʫʯʘʩʪʚʫʶʪ ʚ ʨʘʟʚʠʪʠʠ ʥʝʡʨʦʥʦʚ ʠ ʤʦʜʫʣʷʮʠʠ 

ʠʭ ʘʢʪʠʚʥʦʩʪʠ, ʠ ʦʩʦʙʝʥʥʦ ʚʘʞʥʳ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ. ʄʫʪʘʮʠʠ ʚ ʵʪʠʭ 

ʛʝʥʘʭ, ʥʝ ʚʩʝʛʜʘ ʧʨʠʚʦʜʷʪ ʢ ʫʥʠʢʘʣʴʥʦʤʫ ʬʝʥʦʪʠʧʫ, ʥʦ ʚʩʝ ʟʘʙʦʣʝʚʘʥʠʷ, 

ʚʳʟʳʚʘʝʤʳʝ ʜʘʥʥʳʤʠ ʛʝʥʘʤʠ, ʧʨʠʚʦʜʷʪ ʢ ʥʘʨʫʰʝʥʠʶ ʤʘʞʦʨʥʳʭ ʠʟʦʬʦʨʤ 

ʢʦʜʠʨʫʝʤʳʭ ʙʝʣʢʦʚ. ʅʝʣʴʟʷ ʠʩʢʣʶʯʘʪʴ, ʯʪʦ ʥʘ ʫʥʠʢʘʣʴʥʦʩʪʴ ʬʝʥʦʪʠʧʘ ʤʦʛʫʪ 

ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʬʘʢʪʦʨʳ ʚʥʝʰʥʝʡ ʩʨʝʜʳ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʘʙʠʣʠʪʘʮʠʠ 

ʧʘʮʠʝʥʪʦʚ ʚ ʧʝʨʚʳʝ ʜʝʢʘʜʳ ʞʠʟʥʠ. ʊʘʢ ʠʣʠ ʠʥʘʯʝ, ʤʫʪʘʮʠʠ ʚ ʦʧʠʩʘʥʥʳʭ ʛʝʥʘʭ 

ʥʘʨʫʰʘʶʪ ʨʘʟʚʠʪʠʝ ʤʦʟʞʝʯʢʘ ʠ ʢʦʨʳ ʙʦʣʴʰʠʭ ʧʦʣʫʰʘʨʠʡ ʤʦʟʛʘ ʚ 

ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ, ʧʨʠʚʦʜʷ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʢ ʧʩʠʭʦʤʦʪʦʨʥʦʡ 

ʟʘʜʝʨʞʢʝ ʨʘʟʚʠʪʠʷ, ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʠ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, ʢʦʪʦʨʳʝ ʚ 

ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʦʪʷʛʦʱʝʥʳ ʥʘʨʫʰʝʥʠʝʤ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ. 

 ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʸʥ ʧʦʣʥʦʛʝʥʦʤʥʳʡ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩʣʫʯʘʷ 

ʢʚʘʜʨʦʧʝʜʠʠ ʩ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ ʠ ʧʦʣʥʳʤ ʦʪʩʫʪʩʪʚʠʝʤ ʨʝʯʠ, 

ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʚ ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ ʠ ʚʳʷʚʣʝʥʘ ʥʦʚʘʷ ʛʝʥʝʪʠʯʝʩʢʘʷ ʧʨʠʯʠʥʘ 
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ʩʠʥʜʨʦʤʘ CAMRQ ʠ ʝʝ ʵʚʦʣʶʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʧʨʷʤʦʭʦʞʜʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ 

ʨʝʯʠ. 

1.1.5. ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʛʝʥʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

 ʈʘʟʚʠʪʠʝ ʛʝʥʝʪʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʠʛʨʘʝʪ 

ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʝʥʝʪʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ 

ʠ ʠʭ ʜʠʘʛʥʦʩʪʠʢʠ [Shendure et al., 2017; Shendure et al., 2019]. ʀʜʝʥʪʠʬʠʢʘʮʠʷ 

ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ ʤʦʥʦʛʝʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʥʘʯʠʥʘʝʪ ʨʘʟʚʠʚʘʪʴʩʷ ʚ 1980ʭ 

ʛʦʜʘʭ, ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʤʝʪʦʜʘ, ʠʩʧʦʣʴʟʫʷ ʘʥʘʣʠʟ ʩʮʝʧʣʝʥʠʷ ʠ ʪʦʯʥʦʛʦ 

ʢʘʨʪʠʨʦʚʘʥʠʷ ʚ ʩʝʤʴʷʭ ʩ ʙʦʣʴʰʠʤʠ ʨʦʜʦʩʣʦʚʥʳʤʠ [Claussnitzer et al., 2020]. 

ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚʥʝʩʣʘ ʨʘʟʨʘʙʦʪʢʘ ʧʝʨʚʳʭ ʩʧʦʩʦʙʦʚ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ: ʚ 1977 

ɸʣʘʥʦʤ ʄʘʢʩʘʥʦʤ ʠ ʋʦʣʪʝʨʦʤ ɻʠʣʙʝʨʪʦʤ ʙʳʣ ʦʧʫʙʣʠʢʦʚʘʥ ʤʝʪʦʜ 

çʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ɼʅʂ ʧʫʪʸʤ ʭʠʤʠʯʝʩʢʦʡ ʜʝʛʨʘʜʘʮʠʠè, ʠ ʥʝʟʘʚʠʩʠʤʦ, 

ʌʨʝʜʝʨʠʢʦʤ ʉʝʥʛʝʨʦʤ ï çʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ɼʅʂ ʩ ʮʝʧʴ-ʪʝʨʤʠʥʘʣʴʥʳʤʠ 

ʠʥʛʠʙʠʪʦʨʘʤʠè [Maxam et al., 1977; Sanger et al., 1977]. ɺ ʧʦʩʣʝʜʫʶʱʝʤ 

ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣ ʤʝʪʦʜ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ, 

ʢʦʪʦʨʳʡ ʙʳʣ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʠ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ. ʇʨʠʥʮʠʧ 

ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʘʤʧʣʠʬʠʢʘʮʠʠ ʪʘʨʛʝʪʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ɼʅʂ ʩ 

ʚʢʣʶʯʝʥʠʝʤ ʬʣʶʦʨʝʩʮʝʥʪʥʳʭ ʜʠʜʝʦʢʩʠʥʫʢʣʝʦʪʠʜ ʪʨʠʬʦʩʬʘʪʦʚ, ʧʨʠʚʦʜʷʱʠʭ 

ʢ ʩʣʫʯʘʡʥʦʤʫ ʦʙʨʳʚʫ ʮʝʧʠ, ʠ ʧʦʩʣʝʜʫʶʱʝʤʫ ʨʘʟʜʝʣʝʥʠʶ ʧʦʣʫʯʝʥʥʳʭ 

ʘʤʧʣʠʢʦʥʦʚ ʩ ʧʦʤʦʱʴʶ ʢʘʧʠʣʣʷʨʥʦʛʦ ʵʣʝʢʪʨʦʬʦʨʝʟʘ. ʄʝʪʦʜ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ 

ʧʦ ʉʵʥʛʝʨʫ ʥʘʰʝʣ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʛʝʥʦʚ, ʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ ʤʫʪʘʮʠʡ ʚ ʛʝʥʝʪʠʯʝʩʢʦʤ ʣʦʢʫʩʝ ʩʮʝʧʣʝʥʠʷ, ʚʳʷʚʣʝʥʥʳʭ 

ʚ ʙʦʣʴʰʠʭ ʨʦʜʦʩʣʦʚʥʳʭ, ʦʜʥʘʢʦ ʘʥʘʣʠʟ ʙʳʣ ʪʨʫʜʦʸʤʢʠʤ ʠ ʥʝ ʚʩʝʛʜʘ ʫʜʘʚʘʣʦʩʴ 

ʦʧʨʝʜʝʣʠʪʴ ʛʝʥʳ ʠ ʢʦʥʢʨʝʪʥʳʝ ʤʫʪʘʮʠʠ ʚ ʥʠʭ [Hammans, 1996; Klockgether, J. 

Dichgans, 1997]. ʄʝʪʦʜ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʧʦ ʉʵʥʛʝʨʫ, ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ, 

ʦʩʪʘʸʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʠ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʥʘʫʯʥʳʭ ʠ ʣʘʙʦʨʘʪʦʨʥʦ-ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʪʨʝʙʫʶʱʠʭ ʧʨʦʚʝʨʢʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʥʝʙʦʣʴʰʦʛʦ ʬʨʘʛʤʝʥʪʘ ɼʅʂ.  
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 ʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ʧʦʣʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ ʚʧʝʨʚʳʝ 

ʙʣrʦ ʧʨʝʜʧʨʠʥʷʪʦ ʚ ʨʘʤʢʘʭ ñʇʨʦʝʢʪʘ ɻʝʥʦʤ ʏʝʣʦʚʝʢʘò (The Human Genome 

Project, HGP). ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʜʘʥʥʦʛʦ ʧʨʦʝʢʪʘ ʙʳʣʦ ʟʘʜʝʡʩʪʚʦʚʘʥʦ 

ʤʥʦʞʝʩʪʚʦ ʣʘʙʦʨʘʪʦʨʠʡ ʧʦ ʚʩʝʤʫ ʤʠʨʫ. ʇʨʦʝʢʪ ʦʬʠʮʠʘʣʴʥʦ ʙʳʣ ʥʘʯʘʪ ʚ 

ʥʘʯʘʣʝ 1980ʭ ʛʦʜʦʚ. ʅʘ ʩʦʟʜʘʥʠʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʚʝʨʩʠʠ ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ 

ʫʰʣʦ ʙʦʣʝʝ ʜʝʩʷʪʠ ï ʧʷʪʥʘʜʮʘʪʠ ʣʝʪ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʦʧʫʙʣʠʢʦʚʘʥʘ ʚ 2001 ʛʦʜʫ 

[Lander et al., 2001]. ɺ ʧʦʩʣʝʜʫʶʱʠʝ ʛʦʜʳ ʨʝʬʝʨʝʥʩʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʜʦʨʘʙʘʪʳʚʘʣʘʩʴ ʠ ʙʳʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʝʥʘ [International Human Genome 

Sequencing Consortium, 2004; Schneider et al., 2017]. ʉʦʟʜʘʥʠʝ ʨʝʬʝʨʝʥʩʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʛʝʥʦʤʘ ʨʝʰʠʣʦ ʤʥʦʛʠʝ ʚʦʧʨʦʩʳ 

ʢʘʨʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʣʦ ʟʘʜʘʯʠ ʧʦ ʧʦʠʩʢʫ ʧʘʪʦʛʝʥʥʳʭ 

ʤʫʪʘʮʠʡ. ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚʝʨʩʠʝʡ ʩʪʘʣʘ ʚʝʨʩʠʷ 

GRCh37/hg19, ʜʣʷ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʜʘʥʥʳʭ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʥʝʩʤʦʪʨʷ ʥʘ ʧʦʷʚʣʝʥʠʝ ʥʦʚʦʡ ʚʝʨʩʠʠ GRCh38 

ʦʩʪʘʸʪʩʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʘ (GCF_000001405.25). ɺʝʨʩʠʷ ʛʝʥʦʤʘ GRCh38, ʚ 

ʢʦʪʦʨʫʶ ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʮʝʥʪʨʦʤʝʨʥʳʝ ʦʙʣʘʩʪʠ ʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʣʷ ʚʘʨʠʘʙʝʣʴʥʳʭ ʦʙʣʘʩʪʝʡ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ, ʷʚʣʷʝʪʩʷ 

ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʦʡ [Schneider et al., 2017].  ɺ 2022 ʛʦʜʫ ʙʳʣʘ 

ʦʧʫʙʣʠʢʦʚʘʥʘ ʩʘʤʘʷ ʧʦʩʣʝʜʥʷʷ ʠ ʧʦʣʥʘʷ ʚʝʨʩʠʷ ʨʝʬʝʨʝʥʩʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ, ʚ ʢʦʪʦʨʦʡ ʨʝʰʝʥʘ ʧʨʦʙʣʝʤʤʘ ʩ 

ʢʘʨʪʠʨʦʚʘʥʠʝʤ ʩʣʦʞʥʳʭ ʚʘʨʠʘʙʝʣʴʥʳʭ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʨʝʛʠʦʥʦʚ ʛʝʥʦʤʘ: 

ʮʝʥʪʨʦʤʝʨʥʳʭ ʩʘʪʝʣʣʠʪʥʳʭ ʤʘʩʩʠʚʦʚ, ʥʝʜʘʚʥʠʭ ʩʝʛʤʝʥʪʥʳʭ ʜʫʧʣʠʢʘʮʠʠ ʠ 

ʢʦʨʦʪʢʠʭ ʧʣʝʯʝʡ ʘʢʨʦʮʝʥʪʨʠʯʝʩʢʠʭ ʭʨʦʤʦʩʦʤ [Nurk et al., 2022].  

 ɺ ʥʘʯʘʣʝ 2000ʭ ʧʦʣʫʯʠʣʦ ʨʘʟʚʠʪʠʝ ʢʣʠʥʠʯʝʩʢʦʝ ʤʠʢʨʦʯʠʧʦʚʦʝ 

ʪʝʩʪʠʨʦʚʘʥʠʝ [Vissers et al., 2003]. ɺ ʦʩʥʦʚʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʣʝʞʠʪ 

ʛʠʙʨʠʜʠʟʘʮʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʫʯʘʩʪʢʦʚ ɼʅʂ ʠʣʠ ʈʅʂ ʥʘ ʩʧʝʮʠʘʣʴʥʳʝ ʟʦʥʜʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʤʠʢʨʦʯʠʧʘʭ. ɺʥʝʜʨʝʥʠʝ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʠʣʦ 

ʧʨʦʚʦʜʠʪʴ ʘʥʘʣʠʟ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʧʦʣʠʤʦʨʬʠʟʤʦʚ ʧʦ ʚʩʝʤʫ ʛʝʥʦʤʫ, 

ʚʳʷʚʣʷʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʭʨʦʤʦʩʦʤʥʳʝ ʘʥʦʤʘʣʠʠ, ʪʘʢʞʝ ʜʘʥʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʥʘʰʣʘ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʘʥʘʣʠʟʘ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ. ʅʘ ʥʘʩʪʦʷʱʠʡ 
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ʤʦʤʝʥʪ, ʜʘʥʥʳʡ ʤʝʪʦʜ ʧʨʦʜʦʣʞʘʝʪ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʦ-

ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʮʝʣʷʭ.    

 ʉ ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʝʣʣʝʣʴʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ (next generation sequencing, NGS) ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʠʩʢʘ ʥʦʚʳʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ ʧʦ ʚʩʝʤʫ ʛʝʥʦʤʫ. ɺ ʩʝʨʝʜʠʥʝ 2000ʭ 

ʥʘʯʘʣʝ 2010ʭ ʛʛ. ʙʳʣʠ ʚʳʧʫʱʝʥʳ ʪʨʠ ʥʘʠʙʦʣʝʝ ʫʩʧʝʰʥʳʝ ʧʣʘʪʬʦʨʤʳ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʦʯʠʪʘʪʴ ʛʝʥʦʤ ʯʝʣʦʚʝʢʘ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ: ʧʣʘʪʬʦʨʤʘ 

ʧʠʨʦʩʝʢʚʝʥʠʨʦʚʘʥʠ ̫ GS FLX 454 Life Science Inc./Roche, ʧʣʘʪʬʦʨʤʘ 

ʮʠʢʣʠʯʝʩʢʦʛʦ ʣʠʛʘʟʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ SOLiD Applied Biosystems ʠ 

ʧʣʘʪʬʦʨʤʘ Illumina, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʣʝʞʠʪ ʪʝʭʥʦʣʦʛʠʷ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ c 

ʧʦʤʦʱʴʶ ʩʠʥʪʝʟʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʣʫʦʨʝʩʮʝʥʪʥʦ 

ʤʝʯʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ. ʇʝʨʚʳʝ ʜʚʝ ʪʝʭʥʦʣʦʛʠʠ ʥʝ ʚʳʜʝʨʞʘʣʠ ʢʦʥʢʫʨʝʥʮʠʠ ʩ 

ʪʨʝʪʴʝʡ ʚʚʠʜʫ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʠ ʩʣʦʞʥʦʩʪʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʠʙʣʠʦʪʝʢ ʠ 

ʫʩʪʫʧʘʣʠ ʚ ʧʦʣʫʯʘʝʤʳʭ ʩʳʨʳʭ ʜʘʥʥʳʭ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ. NGS ʩʝʢʚʝʥʘʪʦʨʳ 

Illumina ʧʦʣʫʯʠʣʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦ ʚʩʝʤʫ ʤʠʨʫ. ʇʨʠʥʮʠʧ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʠʩʭʦʜʥʘʷ ɼʅʂ ʧʦʜʚʝʨʛʘʝʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʬʨʘʛʤʝʥʪʘʮʠʠ ʠ ʢ ʢʘʞʜʦʤʫ ʬʨʘʛʤʝʥʪʫ ɼʅʂ ʣʠʛʠʨʫʶʪʩʷ ʘʜʘʧʪʦʨʳ; ʩ ʧʦʤʦʱʴʶ 

ʘʜʘʧʪʦʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʛʠʙʨʠʜʠʟʘʮʠʷ ʠ ʧʨʠʢʨʝʧʣʝʥʠʝ ʬʨʘʛʤʝʥʪʦʚ ɼʅʂ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʪʦʯʥʦʡ ʷʯʝʡʢʠ, ʥʘ ʢʦʪʦʨʦʡ ʟʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʠʭ 

ʢʣʘʩʪʝʨʠʟʘʮʠʷ ʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʟʘ ʩʯʸʪ ʩʠʥʪʝʟʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ ʠ 

ʚʩʪʨʘʠʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʦʚ ʩ ʬʣʫʦʨʝʩʮʝʪʥʳʤʠ ʤʝʪʢʘʤʠ. ʅʝʦʙʨʘʙʦʪʘʥʥʳʝ 

ʯʪʝʥʠʷ, ʧʦʣʫʯʘʝʤʳʝ ʥʘ ʜʘʥʥʦʡ ʧʣʘʪʬʦʨʤʝ, ʠʤʝʶʪ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ, ʦʜʥʘʢʦ 

ʜʣʠʥʘ ʯʪʝʥʠʡ ʦʛʨʘʥʠʯʝʥʘ ʠ ʥʝʚʝʣʠʢʘ. ʇʦʵʪʦʤʫ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʘʢʪʠʚʥʦ 

ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʧʦʜʭʦʜʳ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʜʣʠʥʥʳʝ ʯʪʝʥʠʷ ʩ ʜʦʩʪʘʪʦʯʥʳʤ ʢʘʯʝʩʪʚʦʤ, ʥʦ ʧʦʢʘ ʰʠʨʦʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʥʝ ʧʦʣʫʯʠʣʠ. ɹʣʘʛʦʜʘʨʷ ʪʝʭʥʦʣʦʛʠʠ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʩʝʢʚʝʥʠʨʦʚʘʪʴ ʧʦʣʥʳʡ ʛʝʥʦʤ 

ʯʝʣʦʚʝʢʘ ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʡ - ʜʚʫʭ ʥʝʜʝʣʴ, ʯʪʦ ʧʦʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʧʦʷʚʣʝʥʠʶ 

ʢʨʫʧʥʳʭ ʧʨʦʝʢʪʦʚ, ʮʝʣʴʶ ʢʦʪʦʨʳʭ ʙʳʣʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʩʦʪʝʥ ʠ ʪʳʩʷʯ 

ʛʝʥʦʤʦʚ ʠ ʵʢʟʦʤʦʚ ʨʘʟʣʠʯʥʳʭ ʠʥʜʠʚʠʜʦʚ ʠ ʩʦʟʜʘʥʠʝ ʙʦʣʴʰʠʭ ʙʘʟ ʜʘʥʥʳʭ, 



43 
 

ʩʦʜʝʨʞʘʱʠʭ ʠʥʬʦʨʤʘʮʠʶ ʧʦ ʚʩʝʤ ʧʦʣʠʤʦʨʬʥʳʤ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʤ 

ʚʘʨʠʘʥʪʘʤ ʠ ʠʥʜʝʣʘʤ, ʨʝʜʢʠʤ ʤʫʪʘʮʠʷʤ ʠ ʩʪʨʫʢʪʫʨʥʳʤ ʚʘʨʠʘʥʪʘʤ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʦʪʢʨʳʪʳʭ ʨʝʩʫʨʩʦʚ ʷʚʣʷʝʪʩʷ ʇʨʦʝʢʪ 

1000 ɻʝʥʦʤʦʚ, ʚʢʣʶʯʘʶʱʠʡ 2,5 ʪʳʩ. ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʠʥʜʠʚʠʜʦʚ 

ʨʘʟʣʠʯʥʳʭ ʥʘʮʠʦʥʘʣʴʥʦʩʪʝʡ [1000 Genomes Project Consortium et al., 2016]. 

ɼʨʫʛʘʷ ʙʘʟʘ ʜʘʥʥʳʭ The Genome Aggregation Database (gnomAD) ʦʙʲʝʜʠʥʷʝʪ 

ʜʘʥʥʳʝ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦeʢʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ Exome Aggregation Consortium 

(ExAC), ʚʢʣʶʯʘʝʪ ʜʘʥʥʳʝ ʧʦ ʩʪʨʫʢʪʫʨʥʳʤ ʚʘʨʠʘʥʪʘʤ ʜʣʷ 10,847 ʪʳʩ. ʛʝʥʦʤʦʚ 

ʧʦ ʚʝʨʩʠʠ ʩʙʨʦʢʠ GRCh37 ʠ ʜʘʥʥʳʝ ʧʦ ʠʥʜʝʣʘʤ ʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʤ 

ʚʘʨʠʘʥʪʘʤ ʜʣʷ 125,748 ʪʳʩ. ʵʢʟʦʤʦʚ ʠ 15,708 ʪʳʩ. ʛʝʥʦʤʦʚ ʧʦ ʚʝʨʩʠʠ ʩʙʨʦʢʠ 

GRCh37, ʘ ʪʘʢʞʝ 76,156 ʪʳʩ. ʛʝʥʦʤʦʚ ʧʦ ʚʝʨʩʠʠ ʩʙʦʨʢʠ GRCh38 [Karczewski 

et al., 2020; Karczewski et al., 2021]. 

 ʇʨʠʤʝʥʝʥʠʝ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʜʣʷ ʨʫʪʠʥʥʦʡ 

ʜʠʘʛʥʦʩʪʠʢʠ ʷʚʣʷʝʪʩʷ ʜʦʨʦʛʦʩʪʦʷʱʠʤ ʠ ʥʝ ʜʦʩʪʫʧʥʦ ʙʦʣʴʰʠʥʩʪʚʫ ʧʘʮʠʝʥʪʦʚ. 

ɼʣʷ ʫʜʝʰʝʚʣʝʥʠʷ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʫʶʪ ʪʘʨʛʝʪʥʦʝ ʧʘʨʘʣʣʝʣʴʥʦʝ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ. ʊʘʢ, ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʠʟ ʪʘʨʛʝʪʥʳʭ ʧʦʜʭʦʜʦʚ 

ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʵʢʟʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ, ʧʦʟʚʦʣʷʶʱʝʝ ʧʨʦʚʝʩʪʠ ʧʦʠʩʢ 

ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʜʝʬʝʢʪʘ ʚʦ ʚʩʝʭ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ 

ʛʝʥʦʚ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʣʷʶʪ ʥʝ ʙʦʣʝʝ 1,5-2% ʦʪ ʚʩʝʛʦ ʛʝʥʦʤʘ. ʆʜʥʘʢʦ ʥʝʩʤʦʪʨʷ 

ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʧʦʣʫʯʘʝʤʳʭ ʜʘʥʥʳʭ ʧʨʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʠ, ʠʟ-ʟʘ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʪʘʨʛʝʪʥʦʛʦ ʦʙʦʛʘʱʝʥʠʷ ʙʠʙʣʠʦʪʝʢʠ ʩ ʧʦʤʦʱʴʶ 

ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʟʦʥʜʦʚ, ʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʪʘʢʞʝ ʥʝ ʷʚʣʷʝʪʩʷ ʦʙʱʝʜʦʩʪʫʧʥʦʡ. 

ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʷʚʣʷʝʪʩʷ ʪʘʨʛʝʪʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʧʘʥʝʣʝʡ ʛʝʥʦʚ ʢʘʥʜʠʜʘʪʦʚ, 

ʠʟʚʝʩʪʥʳʭ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʡ ʧʘʪʦʣʦʛʠʠ. ʀʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʘʥʝʣʠ 

ʛʝʥʦʚ, ʚʢʣʶʯʘʶʱʠʝ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʝ ʛʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʩʣʝʜʩʪʚʝʥʥʳʤʠ 

ʟʘʙʦʣʝʚʘʥʠʷʤʠ, ʚʳʙʦʨ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʜʠʘʛʥʦʟʘ ʧʘʮʠʝʥʪʘ [ʅʫʞʥʳʡ ʠ ʜʨ., 

2019]. ʆʜʥʘʢʦ ʦʢʦʣʦ ʜʚʫʭ ʪʨʝʪʝʡ ʧʘʮʠʝʥʪʦʚ ʩ ʥʘʩʣʝʜʩʪʚʝʥʥʳʤʠ ʠ 

ʩʧʦʨʘʜʠʯʝʩʢʠʤʠ ʩʣʫʯʘʷʤʠ ʘʪʘʢʩʠʡ ʦʩʪʘʶʪʩʷ ʙʝʟ ʪʦʯʥʦʛʦ ʜʠʘʛʥʦʟʘ, ʪʘʢ ʢʘʢ 

ʛʝʥʝʪʠʯʝʩʢʠʡ ʜʝʬʝʢʪ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʠʟʚʝʩʪʥʳʭ ʛʝʥʘʭ ʠ, ʧʦʵʪʦʤʫ, ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʚʳʷʚʣʝʥ ʧʨʠ ʨʫʪʠʥʥʦʤ ʘʥʘʣʠʟʝ [Klockgether et al., 2019; Jiao et al., 2020; 
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Galatolo et al., 2021]. ɼʨʫʛʠʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʪʦʛʝʥʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʩʪʴ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ NGS ʜʘʥʥʳʭ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʡ ʥʝ ʚʩʝʛʜʘ ʫʜʘʸʪʩʷ ʫʩʪʘʥʦʚʠʪʴ ʛʝʥʝʪʠʯʝʩʢʫʶ ʧʨʠʯʠʥʫ ʧʘʪʦʣʦʛʠʠ, ʚʚʠʜʫ 

ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʦʪʩʫʪʩʪʚʠʷ 

ʜʦʩʪʘʪʦʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʚʘʨʠʘʥʪʘʭ ʚ ʛʝʥʦʤʝ, ʙʦʣʴʰʘʷ 

ʯʘʩʪʴ ʠʟ ʢʦʪʦʨʳʭ ʥʝʡʪʨʘʣʴʥʘ, ʣʠʙʦ ʥʝ ʩʚʷʟʘʥʘ ʩ ʢʦʥʢʨʝʪʥʳʤ ʟʘʙʦʣʝʚʘʥʠʝʤ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʧʦʠʩʢ ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ ʨʝʜʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ 

ʠ ʨʘʟʨʘʙʦʪʢʘ ʧʦʜʭʦʜʦʚ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʜʘʥʥʳʭ.     

ɻʃɸɺɸ 2. ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ 

2.1. ʄʘʪʝʨʠʘʣʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

2.1.1. ɹʠʦʣʦʛʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

 ʄʘʪʝʨʠʘʣʘʤʠ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʣʫʞʠʣʠ ʙʠʦʣʦʛʠʯʝʩʢʠʝ 

ʦʙʨʘʟʮʳ ɼʅʂ ʠ ʢʨʦʚʠ ʧʘʮʠʝʥʪʦʚ ʩ ʛʠʧʦʧʣʘʟʠʝʡ ʤʦʟʞʝʯʢʘ. ʆʙʨʘʟʮʳ ɼʅʂ ʠ 

ʢʣʠʥʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʘʮʠʝʥʪʦʚ ʙʦʣʴhʦʡ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʠ ʠ ʤʘʣʳʭ 

(ʷʜʝʨʥʳʭ) ʩʝʤʝʡ (ʄʦʩʢʦʚʩʢʦʡ ʠ ʪʨʸʭ ʉʝʚʝʨʦ-ʂʘʚʢʘʟʩʢʠʭ) ʩ ʤʦʟʞʝʯʢʦʚʦʡ 

ʘʪʘʢʩʠʝʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ ʅʘʫʯʥʦʛʦ ʎʝʥʪʨʘ ʅʝʚʨʦʣʦʛʠʠ. ʆʙʨʘʟʮʳ ʢʨʦʚʠ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʥʝʝ ʦʪ ʧʘʮʠʝʥʪʦʚ ʩ ʩʠʥʜʨʦʤʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ ʠʟ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʡ ʩʝʤʴʠ, 

ʧʨʦʞʠʚʘʶʱʝʡ ʚ ɹʨʘʟʠʣʠʠ. ʀʥʬʦʨʤʠʨʦʚʘʥʥʳʝ ʩʦʛʣʘʩʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʪ 

ʚʩʝʭ ʠʥʜʠʚʠʜʦʚ ʠʣʠ ʠʭ ʦʧʝʢʫʥʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʛʝʥʝʪʠʯʝʩʢʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ. 

ɻʝʥʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʦʜʦʙʨʝʥʳ ʕʪʠʯʝʩʢʠʤ ʂʦʤʠʪʝʪʦʤ ʅʘʫʯʥʦʛʦ 

ʎʝʥʪʨʘ ʅʝʚʨʦʣʦʛʠʠ ʠ ʕʪʠʯʝʩʢʠʤ ʂʦʤʠʪʝʪʦʤ ʀʥʩʪʠʪʫʪʘ ʆʙʱʝʡ ɻʝʥʝʪʠʢʠ ʠʤ. 

ʅ.ʀ. ɺʘʚʠʣʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ɸʢʘʜʝʤʠʠ ʅʘʫʢ.  
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2.1.2. ʂʣʠʥʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʘʮʠʝʥʪʦʚ  

2.1.2.1. ɹʦʣʴʰʘʷ ʙʫʨʷʪʩʢʘʷ ʩʝʤʴʷ 

 ɹʦʣʴʰʘʷ ʙʫʨʷʪʩʢʘʷ ʩʝʤʴʷ (AX) ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʦʜʦʩʣʦʚʥʦʡ ʚ 5 

ʧʦʢʦʣʝʥʠʡ, ʚ ʢʦʪʦʨʦʡ ʫ ʥʝʢʦʪʦʨʳʭ ʠʥʜʠʚʠʜʦʚ ʤʫʞʩʢʦʛʦ ʧʦʣʘ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʘ 

ʚʨʦʞʜʸʥʥʘʷ ʤʦʟʞʝʯʢʦʚʘʷ ʘʪʘʢʩʠʷ (ʈʠʩʫʥʦʢ 1) [ʀʣʣʘʨʠʦʰʢʠʥ ʉ. ʅ., 1997; 

Illarioshkin et al., 1996]. ʋ ʚʩʝʭ ʧʘʮʠʝʥʪʦʚ ʠʟ ʵʪʦʡ ʩʝʤʴʠ ʙʳʣʠ ʚʳʷʚʣʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ: ʩʠʣɹʥʘʷ ʟʘʜʝʨʞʢʘ ʤʦʪʦʨʥʦʛʦ 

ʨʘʟʚʠʪʠʷ, ʜʠʟʘʨʪʨʠʷ, ʘʪʘʢʩʠʷ ʢʦʥʝʯʥʦʩʪʝʡ ʠ ʪʫʣʦʚʠʱʘ, ʥʠʩʪʘʛʤ, 

ʦʬʪʘʣʴʤʦʧʣʝʛʠʷ ʠ ʧʦʚʳʰʝʥʠʝ ʩʫʭʦʞʠʣʴʥʳʭ ʨʝʬʣʝʢʩʦʚ (ʊʘʙʣʠʮʘ 1 

ʇʨʠʣʦʞʝʥʠʷ). ʊʝʯʝʥʠʝ ʟʘʙʦʣʝʚʘʥʠʷ ʙʳʣʦ ʥʝʧʨʦʛʨʝʩʩʠʨʫʶʱʠʤ. ʀʩʩʣʝʜʫʝʤʳʝ 

ʧʘʮʠʝʥʪʳ ʥʝ ʙʳʣʠ ʩʧʦʩʦʙʥʳ ʩʠʜʝʪʴ ʙʝʟ ʦʧʦʨʳ ʜʦ 15 ʤʝʩʷʮʝʚ, ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ 

ʭʦʜʠʪʴ ʜʦ 7 ʣʝʪ. ʇʘʮʠʝʥʪʳ ʥʘʯʠʥʘʣʠ ʛʦʚʦʨʠʪʴ ʧʝʨʚʳʝ ʩʣʦʚʘ ʥʝ ʨʘʥʝʝ 4 ʣʝʪ. 

ʅʘʨʫʰʝʥʠʡ ʧʘʤʷʪʠ ʠ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ ʫ ʧʘʮʠʝʥʪʦʚ ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ. 

ʄʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʘʷ ʪʦʤʦʛʨʘʬʠʷ (ʄʈʊ) ʚʳʷʚʠʣʘ ʛʠʧʦʧʣʘʟʠʶ ʧʦʣʫʰʘʨʠʡ 

ʤʦʟʞʝʯʢʘ ʠ ʯʝʨʚʷ (ʈʠʩʫʥʦʢ 2). ʇʨʠʟʥʘʢʦʚ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ ʠʣʠ ʙʦʣʝʟʥʠ 

ʤʝʜʠ ʚʳʷʚʣʝʥʦ ʥʝ ʙʳʣʦ. ɻʝʤʘʪʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʸʥʥʳʝ ʫ 

ʧʘʮʠʝʥʪʘ (AX-III -18), ʥʝ ʚʳʷʚʠʣʠ ʘʥʦʤʘʣʠʡ ʵʨʠʪʨʦʧʦʵʪʠʯʝʩʢʠʭ ʢʣʝʪʦʢ ʠʣʠ 

ʥʘʢʦʧʣʝʥʠʷ ʛʨʘʥʫʣ ʞʝʣʝʟʘ. ʇʦʢʘʟʘʪʝʣʠ ʦʙʱʝʛʦ ʘʥʘʣʠʟʘ ʢʨʦʚʠ ʙʳʣʠ ʚ ʥʦʨʤʝ: 

ʛʝʤʦʛʣʦʙʠʥ ï 149 ʛ/ʣ (ʥʦʨʤʘ 130-180 ʛ/ʣ), ʮʚʝʪʦʚʦʡ ʧʦʢʘʟʘʪʝʣʴ ï 1,0 (ʥʦʨʤʘ 

0,80-1,05), ʉʆʕ ï 3 ʤʤ/ʯ (ʥʦʨʤʘ 0-15 ʤʤ/ʯ) ʠ ʢʦʣʠʯʝʩʪʚʦ ʣʝʡʢʦʮʠʪʦʚ ʚ 

ʧʨʝʜʝʣʘʭ ʥʦʨʤʳ. ɺʩʝ ʙʠʦʭʠʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʙʳʣʠ ʚ ʧʨʝʜʝʣʘʭ ʥʦʨʤʳ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʝʥʥʦʛʦ ʫʨʦʚʥʷ ʙʠʣʠʨʫʙʠʥʘ ï 14,5 ʤʛ/ʣ 

(ʥʦʨʤʘ 5-12 ʤʛ/ʣ). ɸʥʘʣʠʟ ʤʦʯʠ ï ʙʝʟ ʦʪʢʣʦʥʝʥʠʡ. 
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ʈʠʩʫʥʦʢ 1. ʈʦʜʦʩʣʦʚʥʘʷ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʠ (AX) [Illarioshkin et al., 1996]. 

ʂʚʘʜʨʘʪʥʳʝ ʩʠʤʚʦʣʳ ʦʙʦʟʥʘʯʘʶʪ ʠʥʜʠʚʠʜʦʚ ʤʫʞʩʢʦʛʦ ʧʦʣʘ, ʢʨʫʛʣʳʝ 

ʩʠʤʚʦʣʳ ï ʠʥʜʠʚʠʜʦʚ ʞʝʥʩʢʦʛʦ ʧʦʣʘ. ʉʧʣʦʰʥʳʤʠ ʩʠʤʚʦʣʘʤʠ ʦʙʦʟʥʘʯʝʥʳ 

ʧʘʮʠʝʥʪʳ ʩ ʜʠʘʛʥʦʟʦʤ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ; ʩʠʤʚʦʣʳ ʩ ʪʦʯʢʘʤʠ ï ʦʙʣʠʛʘʪʥʳʝ 

ʛʝʪʝʨʦʟʠʛʦʪʥʳʝ ʥʦʩʠʪʝʣʠ; ʧʨʦʟʨʘʯʥʳʝ ʩʠʤʚʦʣʳ ï ʟʜʦʨʦʚʳʝ ʠʥʜʠʚʠʜʳ; 

ʧʝʨʝʯʝʨʢʥʫʪʳʝ ʩʠʤʚʦʣʳ ï ʠʥʜʠʚʠʜʳ, ʫʤʝʨʰʠʝ ʜʦ ʤʦʤʝʥʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʇʦʣʥʦʛʝʥʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʜʣʷ ʧʘʮʠʝʥʪʘ, ʦʙʦʟʥʘʯʝʥʥʦʛʦ 

ʩʪʨʝʣʢʦʡ; ʟʚʸʟʜʦʯʢʦʡ ʦʙʦʟʥʘʯʝʥʳ ʠʥʜʠʚʠʜʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʝ ʢʘʥʜʠʜʘʪʥʳʭ ʣʦʢʫʩʦʚ.  

 

ʈʠʩʫʥʦʢ 2. ʉʥʠʤʢʠ ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ 

ʧʘʮʠʝʥʪʘ AX-III -30 [Illarioshkin et al., 1996]. ɸ ï ʂʦʨʦʥʘʣʴʥʦʝ T1-ʚʟʚʝʰʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ, ʚʳʷʚʣʝʥʘ ʛʠʧʦʧʣʘʟʠ ̫ʧʦʣʫʰʘʨʠʡ ʠ ʯʝʨʚʷ ʤʦʟʞʝʯʢʘ, ʚʩʣʝʜʩʪʚʠʝ 

ʯʝʛʦ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʯʝʪʚʸʨʪʦʛʦ ʞʝʣʫʜʦʯʢʘ ʠ ʙʦʣʴʰʦʡ 
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ʮʠʩʪʝʨʥʳ. ɹ ï ʉʨʝʜʠʥʥʦ-ʩʘʛʠʪʪʘʣʴʥʦʝ T1-ʚʟʚʝʰʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʚʳʷʚʣʝʥʘ 

ʛʠʧʦʧʣʘʟʠʷ ʢʘʫʜʘʣʴʥʦʛʦ ʯʝʨʚʷ ʠ ʧʘʨʘʤʝʜʠʘʥʥʳʭ ʟʦʥ ʧʦʣʫʰʘʨʠʡ ʤʦʟʞʝʯʢʘ, 

ʨʘʩʰʠʨʝʥʠʝ ʙʦʨʦʟʜʳ ʚ ʧʝʨʝʜʥʝʤ ʚʝʨʭʥʝʤ ʯʝʨʚʝ, ʫʚʝʣʠʯʝʥʠʝ ʯʝʪʚʸʨʪʦʛʦ 

ʞʝʣʫʜʦʯʢʘ ʠ ʙʦʣʴʰʦʡ ʮʠʩʪʝʨʥʳ ʠ ʥʝʙʦʣʴʰʦʝ ʠʩʪʦʥʯʝʥʠʝ ʚʝʨʭʥʝʡ ʯʘʩʪʠ 

ʧʦʢʨʳʰʢʠ ʩʪʚʦʣʘ ʤʦʟʛʘ, ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʨʝʥʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʙʦʨʦʟʜ ʚ 

ʣʘʪʝʨʘʣʴʥʳʭ ʦʪʜʝʣʘʭ ʧʦʣʫʰʘʨʠʡ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ.  

2.1.2.2. ʄʦʩʢʦʚʩʢʘʷ ʩʝʤʴʷ 

 ɺ ʄʦʩʢʦʚʩʢʦʡ ʩʝʤʴʝ (AI)  ʦʙʘ ʙʨʘʪʘ, ɸI-1 ʠ AI-2, ʠʤʝʣʠ ʨʝʯʝʚʫʶ ʠ 

ʤʦʪʦʨʥʫʶ ʟʘʜʝʨʞʢʫ ʨʘʟʚʠʪʠʷ ʩ ʤʣʘʜʝʥʯʝʩʪʚʘ (ʊʘʙʣʠʮʘ 2 ʇʨʠʣʦʞʝʥʠʷ, 

ʈʠʩʫʥʦʢ 3) [Protasova et al., 2022]. ʉ ʨʘʥʥʝʛʦ ʚʦʟʨʘʩʪʘ ʦʪʤʝʯʘʣʠʩʴ ʥʘʨʫʰʝʥʠʷ 

ʢʦʦʨʜʠʥʘʮʠʠ ʠ ʧʣʘʚʥʦʩʪʠ ʜʚʠʞʝʥʠʡ. ʈʝʯʴ ʙʳʣʘ ʟʘʤʝʜʣʝʥʥʦʡ ʠ ʩʢʘʥʜʠʨʫʶʱʝʡ. 

ʊʝʯʝʥʠʝ ʟʘʙʦʣʝʚʘʥʠʷ ʫ ʦʙʦʠʭ ʙʦʣʴʥʳʭ ʙʳʣʦ ʥʝʧʨʦʛʨʝʩʩʠʨʫʶʱʠʤ. ʆʜʥʘʢʦ 

ʧʦʩʣʝ ʪʷʞʸʣʦʡ ʚʠʨʫʩʥʦʡ ʠʥʬʝʢʮʠʠ ʚ ʚʦʟʨʘʩʪʝ 15 ʣʝʪ ʫ ʧʘʮʠʝʥʪʘ AI-2 ʧʦʷʚʠʣʩʷ 

ʪʨʝʤʦʨ ʨʫʢ, ʪʫʣʦʚʠʱʘ ʠ ʛʦʣʦʚʳ. ʇʨʠ ʥʝʚʨʦʣʦʛʠʯʝʩʢʦʤ ʦʙʩʣʝʜʦʚʘʥʠʠ ʦʙʦʠʭ 

ʧʘʮʠʝʥʪʦʚ ʚ ʚʦʟʨʘʩʪʝ 33 ʠ 23 ʣʝʪ ʙʣrʠ ʚʳʷʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʩʠʤʧʪʦʤʳ: 

ʜʠʟʘʨʪʨʠʷ ʩʦ ʩʢʘʥʜʠʨʫʶʱʝʡ ʨʝʯʴʶ, ʤʳʰʝʯʥʘʷ ʛʠʧʦʪʦʥʠʷ, ʜʠʩʢʦʦʨʜʠʥʘʮʠʷ 

ʢʦʥʝʯʥʦʩʪʝʡ, ʠʥʪʝʥʮʠʦʥʥʳʡ ʪʨʝʤʦʨ, ʧʦʣʦʞʠʪʝʣʴʥʘ ̫ ʧʨʦʙʘ ʈʦʤʙʝʨʛʘ, 

ʩʘʤʦʩʪʦʷʪʝʣʴʥʘʷ ʘʪʘʢʩʠʯʝʩʢʘʷ ʧʦʭʦʜʢʘ ʥʘ ʰʠʨʦʢʦʤ ʦʩʥʦʚʘʥʠʠ. ʋ ʤʣʘʜʰʝʛʦ 

ʙʨʘʪʘ, ʧʘʮʠʝʥʪ AI-2, ʪʘʢʞʝ ʦʪʤʝʯʘʣʩʷ ʚʳʨʘʞʝʥʥʳʡ ʦʩʮʠʣʣʷʪʦʨʥʳʡ ʪʨʝʤʦʨ 

ʨʫʢ, ʪʫʣʦʚʠʱʘ ʠ ʛʦʣʦʚʳ. ʇʨʠ ʄʈʊ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʚʳʨʘʞʝʥʥʘʷ ʛʠʧʦʧʣʘʟʠʷ 

ʧʦʣʫʰʘʨʠʡ ʠ ʯʝʨʚʷ ʤʦʟʞʝʯʢʘ (ʈʠʩʫʥʦʢ 3ɸ). ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʝʨʚʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʩʪʠʤʫʣʷʮʠʦʥʥʦʡ ʵʣʝʢʪʨʦʥʝʡʨʦʤʠʦʛʨʘʬʠʠ (ʕʅʄɻ) 

ʧʦʢʘʟʘʣʠ ʛʝʥʝʨʘʣʠʟʦʚʘʥʥʦʝ ʩʝʥʩʦʤʦʪʦʨʥʦʝ ʧʦʨʘʞʝʥʠʝ ʜʝʤʠʝʣʠʥʠʟʠʨʫʶʱʝʛʦ 

ʪʠʧʘ.  
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ʈʠʩʫʥʦʢ 3. ʉʝʤʴʠ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ. ɸ ï ʉʥʠʤʢʠ ʤʘʛʥʠʪʥʦ-

ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʧʘʮʠʝʥʪʘ AI-1, ʧʦʢʘʟʘʥʘ 

ʚʳʨʘʞʝʥʥʘ ̫ʛʠʧʦʧʣʘʟʠ ̫ʯʝʨʚʷ ʤʦʟʞʝʯʢʘ ʠ ʧʦʣʫʰʘʨʠʡ. ɹ ï ʈʦʜʦʩʣʦʚʥʳʝ ʩʝʤʝʡ 

AI-IV. ʂʚʘʜʨʘʪʥʳʝ ʩʠʤʚʦʣʳ ʦʙʦʟʥʘʯʘʶʪ ʠʥʜʠʚʠʜʦʚ ʤʫʞʩʢʦʛʦ ʧʦʣʘ, ʢʨʫʛʣʳʝ 

ʩʠʤʚʦʣʳ ï ʠʥʜʠʚʠʜʳ ʞʝʥʩʢʦʛʦ ʧʦʣʘ. ɿʚʸʟʜʦʯʢʦʡ ʦʙʦʟʥʘʯʝʥʳ ʠʥʜʠʚʠʜʳ, ʜʣʷ 

ʢʦʪʦʨʳʭ ʧʨʦʚʝʜʸʥ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ; ʩʪʨʝʣʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʠʥʜʠʚʠʜʳ, ʜʣʷ 

ʢʦʪʦʨʳʭ ʧʨʦʚʝʜʝʥʦ ʧʦʣʥʦʵʢʟʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ.   

2.1.2.3. ʉʝʚʝʨʦ-ʂʘʚʢʘʟʩʢʠʝ ʩʝʤʴʠ 

 ɺ ʩʝʤʴʷʭ AII ʠ AIII (ʈʠʩʫʥʦʢ 3ɹ) ʨʘʥʥʝʝ ʨʘʟʚʠʪʠʝ ʠʩʩʣʝʜʫʝʤʳʭ 

ʧʘʮʠʝʥʪʦʚ (AII -1, AII -2, AIII -1 ʠ AIII -2) ʙʳʣʦ ʥʦʨʤʘʣʴʥʳʤ [Protasova et al., 

2022]. ɺʦʟʨʘʩʪ ʜʝʙʶʪʘ ʟʘʙʦʣʝʚʘʥʠʷ ʚʘʨʴʠʨʦʚʘʣ ʦʪ 8 ʜʦ 17 ʣʝʪ (ʊʘʙʣʠʮʘ 2 

ʇʨʠʣʦʞʝʥʠʷ). ʇʝʨʚʳʤʠ ʩʠʤʧʪʦʤʘʤʠ ʟʘʙʦʣʝʚʘʥʠʷ ʙʳʣʠ ʰʘʪʢʦʩʪʴ ʧʨʠ ʭʦʜʴʙʝ, 

ʥʘʨʫʰʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʠ ʩʤʘʟʘʥʥʦʩʪʴ ʨʝʯʠ. ʋ ʙʦʣʴʥʦʛʦ AII-1 ʧʨʠ 

ʥʝʚʨʦʣʦʛʠʯʝʩʢʦʤ ʦʙʩʣʝʜʦʚʘʥʠʠ ʚ ʚʦʟʨʘʩʪʝ 14 ʣʝʪ ʚʳʷʚʣʝʥ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ 

ʥʠʩʪʘʛʤ, ʥʘʨʫʰʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʠ ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ, ʠʥʪʝʥʮʠʦʥʥʳʡ ʪʨʝʤʦʨ 

ʧʨʘʚʦʡ ʨʫʢʠ, ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʧʨʦʙʝ ʈʦʤʙʝʨʛʘ ʠ ʘʪʘʢʩʠʯʝʩʢʘʷ ʧʦʭʦʜʢʘ ʙʝʟ 

ʦʧʦʨʳ. ʋ ʙʦʣʴʥʳʭ AIII -1 ʠ AIII -2 ʧʨʠ ʥʝʚʨʦʣʦʛʠʯʝʩʢʦʤ ʦʙʩʣʝʜʦʚʘʥʠʠ ʚ 

ʚʦʟʨʘʩʪʝ 22 ʠ 20 ʣʝʪ ʚʳʷʚʣʝʥ ʨʦʪʘʪʦʨʥʳʡ ʥʠʩʪʘʛʤ, ʜʠʟʘʨʪʨʠʷ ʩ ʥʝʨʘʟʙʦʨʯʠʚʦʡ 

ʨʝʯʴʶ, ʥʘʨʫʰʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʠ ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ ʚ ʢʦʥʝʯʥʦʩʪʷʭ (ʨʫʢʠ ʠ 

ʥʦʛʠ ʧʦʨʘʞʝʥʳ ʚ ʨʘʚʥʦʡ ʩʪʝʧʝʥʠ), ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʧʨʦʙʘ ʈʦʤʙʝʨʛʘ ʠ 

ʥʝʫʩʪʦʡʯʠʚʘʷ ʧʦʭʦʜʢʘ ʙʝʟ ʧʦʜʜʝʨʞʢʠ. ʋ ʚʩʝʭ ʦʙʩʣʝʜʦʚʘʥʥʳʭ ʧʘʮʠʝʥʪʦʚ ʧʨʠ 

ʄʈʊ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʛʠʧʦʧʣʘʟʠʷ ʧʦʣʫʰʘʨʠʡ ʠ ʯʝʨʚʷ ʤʦʟʞʝʯʢʘ. ʅʘʨʫʰʝʥʠʡ 

ʠʥʪʝʣʣʝʢʪʘ ʫ ʧʘʮʠʝʥʪʦʚ ʥʝ ʚʳʷʚʣʝʥʦ. 
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 ʇʘʮʠʝʥʪ AIV -1 ʙʳʣ ʙʦʣʝʥ ʩ ʨʦʞʜʝʥʠʷ: ʥʘ ʧʝʨʚʦʤ-ʚʪʦʨʦʤ ʛʦʜʫ ʞʠʟʥʠ 

ʦʪʤʝʯʘʣʘʩʴ ʟʘʜʝʨʞʢʘ ʬʠʟʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ, ʭʦʜʠʪʴ ʥʘʯʘʣ ʧʨʠʤʝʨʥʦ ʩ 4-4,5 

ʣʝʪ, ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʭʦʜʴʙʘ ʙʳʣʘ ʥʝʣʦʚʢʦʡ, "ʩʧʦʪʳʢʘʶʱʝʡʩʷ". ʇʨʠʤʝʨʥʦ ʩ 6-

7-ʣʝʪʥʝʛʦ ʚʦʟʨʘʩʪʘ ʩʦʩʪʦʷʥʠʝ ʦʩʪʘʚʘʣʦʩʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʙʠʣʴʥʳʤ. ʆʙʫʯʝʥʠʝ 

ʧʨʦʭʦʜʠʣ ʚ ʩʧʝʮʠʘʣʴʥʦʡ ʰʢʦʣʝ-ʠʥʪʝʨʥʘʪʝ. ʆʙʩʣʝʜʦʚʘʥʠʝ ʚ ʅʘʫʯʥʦʤ ʎʝʥʪʨʝ 

ʅʝʚʨʦʣʦʛʠʠ ʧʨʦʭʦʜʠʣ ʚ ʪʨʝʪʴʝʡ ʜʝʢʘʜʝ ʞʠʟʥʠ (ʚʦʟʨʘʩʪ 20 ʩ ʥʝʙʦʣʴʰʠʤ ʣʝʪ). 

ʇʨʠ ʥʝʚʨʦʣʦʛʠʯʝʩʢʦʤ ʦʩʤʦʪʨʝ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʩʠʤʧʪʦʤʳ: 

ʜʠʟʘʨʪʨʠʷ, ʘʪʘʢʩʠʷ ʪʫʣʦʚʠʱʘ ʧʨʠ ʩʪʦʷʥʠʠ ʠ ʭʦʜʴʙʝ, ʥʝʛʨʫʙʘʷ ʜʠʩʢʦʦʨʜʠʥʘʮʠʷ 

ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʙ ʚ ʨʫʢʘʭ. ʇʘʮʠʝʥʪʫ ʙʳʣ ʧʦʩʪʘʚʣʝʥ ʜʠʘʛʥʦʟ 

ï ʚʨʦʞʜʸʥʥʘʷ ʛʠʧʦʧʣʘʟʠʷ ʤʦʟʞʝʯʢʘ. ʂʣʠʥʠʯʝʩʢʠ ʟʥʘʯʠʤʳʝ ʢʦʛʥʠʪʠʚʥʳʝ 

ʥʘʨʫʰʝʥʠʷ ʥʝ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ. 

2.1.2.4. ɹʨʘʟʠʣʴʩʢʘʷ ʩʝʤʴʷ 

 ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʛʦ ʙʨʘʢʘ ʤʝʞʜʫ ʜʚʦʶʨʦʜʥʳʤʠ ʙʨʘʪʦʤ ʠ 

ʩʝʩʪʨʦʡ (ʤʘʪʝʨʠ ʧʘʮʠʝʥʪʦʚ Q-III -2) ʨʦʜʠʣʠʩʴ ʯʝʪʳʨʝ ʠʥʜʠʚʠʜʘ (Q-IV-1, Q-IV-

2, Q-IV-3, Q-IV-4) ʩ ʥʝʚʨʦʣʦʛʠʯʝʩʢʦʡ ʧʘʪʦʣʦʛʠʝʡ (ʈʠʩʫʥʦʢ 4) [Garcias, Roth, 

2007]. ʋ ʚʩʝʭ ʧʘʮʠʝʥʪʦʚ (ʜʚʝ ʞʝʥʱʠʥʳ ʠ ʜʚʦʝ ʤʫʞʯʠʥ) ʦʪʤʝʯʘʣʦʩʴ ʦʪʩʫʪʩʪʚʠʝ 

ʩʧʦʩʦʙʥʦʩʪʠ ʭʦʜʠʪʴ ʙʝʟ ʦʧʦʨʳ ï ʢʚʘʜʨʦʧʝʜʠʷ (ʧʝʨʝʜʚʠʞʝʥʠʝ ʥʘ ʚʩʝʭ ʯʝʪʳʨʸʭ 

ʢʦʥʝʯʥʦʩʪʷʭ) ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʡ ʞʠʟʥʠ, ʥʝʩʧʦʩʦʙʥʦʩʪʴ ʧʦʜʜʝʨʞʘʥʠʷ ʧʦʟʳ 

ʩʪʦʷ ʙʝʟ ʦʧʦʨʳ, ʨʘʩʭʦʜʷʱʝʝʩʷ ʢʦʩʦʛʣʘʟʠʝ, ʩʫʜʦʨʦʛʠ (ʊʘʙʣʠʮʘ 3 ʇʨʠʣʦʞʝʥʠʷ). 

ʀʟ ʚʥʝʰʥʠʭ ʧʨʠʟʥʘʢʦʚ ʫ ʧʘʮʠʝʥʪʦʚ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʛʠʨʩʫʪʠʟʤ, ʛʨʫʙʳʝ ʯʝʨʪʳ 

ʣʠʮʘ, ʢʦʨʦʪʢʠʝ ʠ ʤʘʣʝʥʴʢʠʝ ʢʠʩʪʠ ʠ ʩʪʦʧʳ, ʥʝʙʦʣʴʰʦʡ ʨʦʩʪ. ɺʪʦʨʠʯʥʳʝ 

ʧʦʣʦʚʳʝ ʧʨʠʟʥʘʢʠ ʙʝʟ ʥʘʨʫʰʝʥʠʡ. ɺʩʝ ʧʘʮʠʝʥʪʳ ʠʤʝʣʠ ʪʷʞʝʣʫʶ ʬʦʨʤʫ 

ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʥʝ ʙʳʣʠ ʩʧʦʩʦʙʥʳ ʛʦʚʦʨʠʪʴ. ʆʜʥʘʢʦ ʦʥʠ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʜʨʫʞʝʣʶʙʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʨʫʛʠʤ ʣʶʜʷʤ ʠ 

ʥʝ ʧʨʦʷʚʣʷʣʠ ʧʨʠʟʥʘʢʦʚ ʘʫʪʠʟʤʘ. ʋ ʧʘʮʠʝʥʪʦʚ ʝʩʪʴ ʟʜʦʨʦʚʳʡ ʩʚʦʜʥʳʡ ʙʨʘʪ (Q-

IV-5) ʦʪ ʚʪʦʨʦʛʦ ʥʝʢʨʦʚʥʦʛʦ ʙʨʘʢʘ ʤʘʪʝʨʠ.  
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ʈʠʩʫʥʦʢ 4. ɹʨʘʟʠʣʴʩʢʘʷ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʘʷ ʩʝʤʴʷ (Q). ɸ ï ʨʦʜʦʩʣʦʚʥʘʷ ʩʝʤʴʠ 

Q ʚ ʯʝʪʳʨʝ ʧʦʢʦʣʝʥʠʷ (I - IV) . ʇʦʣʥʦʛʝʥʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʜʣʷ 

ʧʘʮʠʝʥʪʘ, ʦʙʦʟʥʘʯʝʥʥʦʛʦ ʩʪʨʝʣʢʦʡ. ʂʚʘʜʨʘʪʥʳʝ ʩʠʤʚʦʣʳ ʦʙʦʟʥʘʯʘʶʪ 

ʠʥʜʠʚʠʜʦʚ ʤʫʞʩʢʦʛʦ ʧʦʣʘ, ʢʨʫʛʣʳʝ ʩʠʤʚʦʣʳ ï ʠʥʜʠʚʠʜʳ ʞʝʥʩʢʦʛʦ ʧʦʣʘ. 

ʉʧʣʦʰʥʳʝ ʩʠʤʚʦʣʳ ʦʙʦʟʥʘʯʘʶʪ ʙʦʣʴʥʳʭ ʠʥʜʠʚʠʜʦʚ; ʩʠʤʚʦʣʳ ʩ ʪʦʯʢʘʤʠ ï 

ʦʙʣʠʛʘʪʥʳʝ ʛʝʪʝʨʦʟʠʛʦʪʥʳʝ ʥʦʩʠʪʝʣʠ, ʨʦʜʠʪʝʣʠ ʧʘʮʠʝʥʪʦʚ; ʧʨʦʟʨʘʯʥʳʝ 

ʩʠʤʚʦʣʳ ï ʟʜʦʨʦʚʳʝ ʠʥʜʠʚʠʜʳ; ʟʚʸʟʜʦʯʢʠ ï ʠʥʜʠʚʠʜʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʛʝʥʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ. ɹ ï ʬʦʪʦʛʨʘʬʠʠ ʧʘʮʠʝʥʪʦʚ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʜʣʷ ʧʝʨʝʤʝʝɦʥʠʷ ʚʝʨʭʥʠʝ ʠ ʥʠʞʥʠʝ ʢʦʥʝʯʥʦʩʪʠ (ʢʚʘʜʨʦʧʝʜʠʷ) 

[Garcias, Roth, 2007].  

2.2. ʄʝʪʦʜʳ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ɼʅʂ 

2.2.1. ɺ ʜrʝʣʝʥʠʝ ɼʅʂ ʠʟ ʢʨʦʚʠ ʠ ʦʮʝʥʢʘ ʢʘʯʝʩʪʚʘ 

 ɺʳʜʝʣʝʥʠʝ ɼʅʂ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟ ʧʝʨʠʬʝʨʠʯʝʩʢʦʡ ʢʨʦʚʠ ʩ ʧʦʤʦʱʴʶ 

ʥʘʙʦʨʘ QIAamp DNA Blood Mini Kit (QIAGEN, ʍʠʣʴʜʝʥ, ɻʝʨʤʘʥʠʷ) ʩʦʛʣʘʩʥʦ 

ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. ʂʘʯʝʩʪʚʦ ɼʅʂ ʦʮʝʥʠʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ 1%-ʥʦʤ ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ, ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʢʦʪʦʨʦʛʦ ʙʳʣʦ 

ʚʟʷʪʦ 1,25 ʛ ʘʛʘʨʦʟʳ (Amresco) ʠ ʨʘʟʚʝʜʝʥʦ ʚ 125 ʤʣ ʙʫʬʝʨʘ TAE (ʪʨʠʩ-ʘʮʝʪʘʪ 

40 ʤʄ, ʕɼʊɸ 1 ʤʄ, pH 7,6). ʕʣʝʢʪʨʦʬʦʨʝʟ ɼʅʂ ʧʨʦʚʦʜʠʣʩʷ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥ 
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ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 100 ɺ ʠ ʩʠʣʝ ʪʦʢʘ 180 ʤɸ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʪʦʯʥʠʢʘ 

ʧʠʪʘʥʠʷ ʕʣʴʬ-4 (ɼʅʂ-ʊʝʭʥʦʣʦʛʠʷ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʜʣʠʥʳ 

ʬʨʘʛʤʝʥʪʦʚ ʚʳʜʝʣʝʥʥʦʡ ɼʅʂ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʘʨʢʝʨ ʩ ʜʣʠʥʦʡ ʬʨʘʛʤʝʥʪʦʚ ʦʪ 

250 ʧ.ʥ. ʜʦ 10 000 ʧ.ʥ. ʬʠʨʤʳ GeneRuler 1kb DNA Ladder (Thermo Fisher 

Scientific, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ʀʟʤʝʨʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ɼʅʂ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ NanoDrop Onec (Thermo Fisher Scientific, 

ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ) ʠ ʬʣʫʦʨʠʤʝʪʨʘ Qubit (Invitrogen, Thermo Fisher Scientific, 

ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ).  

2.2.2. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʙʠʙʣʠʦʪʝʢ ɼʅʂ ʠ ʠʭ ʤʘʩʩʦʚʦʝ ʧʘʨʘʣʣʝʣʴʥʦʝ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ  

 ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʛʝʥʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟ 2 ʤʢʛ ʠʩʭʦʜʥʦʡ 

ɼʅʂ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ Paired-End DNA Sample Prep Kit (Illumina, 

ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) ʧʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʠ ʚʢʣʶʯʘʣʦ ʩʣʝʜʫʶʱʠʝ 

ʵʪʘʧʳ: (1) ʬʨʘʛʤʝʥʪʘʮʠʷ ɼʅʂ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʘ ʥʘ ʧʨʠʙʦʨʝ Covaris; (2) 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʣʠʧʢʠʭ ʢʦʥʮʦʚ ʬʨʘʛʤʝʥʪʦʚ ɼʅʂ; (3) ʘʜʝʥʠʣʠʨʦʚʘʥʠʝ 

ʬʨʘʛʤʝʥʪʦʚ ɼʅʂ; (4) ʣʠʛʠʨʦʚʘʥʠʝ Illumina-ʘʜʘʧʪʦʨʦʚ ʢ ʬʨʘʛʤʝʥʪʘʤ ɼʅʂ; (5) 

ʇʎʈ-ʦʙʦʛʘʱʝʥʠʝ ʙʠʙʣʠʦʪʝʢʠ ɼʅʂ; (6) ʩʝʣʝʢʮʠʷ ʙʠʙʣʠʦʪʝʢ ɼʅʂ ʧʦ ʨʘʟʤʝʨʫ ʚ 

2%-ʥʦʤ ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ E-gel EX 2% Agarose (Invitrogen, Thermo Fisher 

Scientific, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ʆʯʠʩʪʢʘ ʧʨʦʜʫʢʪʦʚ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʵʪʘʧʘʭ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ MinElute PCR Purification Kit  (QIAGEN, ʍʠʣʴʜʝʥ, 

ɻʝʨʤʘʥʠʷ) ʧʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. ʆʯʠʩʪʢʘ ʙʠʙʣʠʦʪʝʢ ʠʟ ʘʛʘʨʦʟʥʦʛʦ 

ʛʝʣʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ MinElute Gel Extraction Kit (QIAGEN, ʍʠʣʴʜʝʥ, 

ɻʝʨʤʘʥʠʷ). 

 ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʦʚ 

TruSeq Exome kit (Illumina, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) ʠ SureSelect Human All  Exon 

V6 (Agilent Technologies, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) ʚ ʨʘʟʥʦʝ ʚʨʝʤʷ ʠ ʚ ʨʘʟʥʳʭ 

ʣʘʙʦʨʘʪʦʨʠʷʭ. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʙʠʙʣʠʦʪʝʢ ʠʟ 200 ʥʛ ɼʅʂ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʦʚ 

TruSeq Exome kit (Illumina, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʧʨʦʪʦʢʦʣʫ 

ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʚ ʢʦʤʤʝʨʯʝʩʢʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ɻʝʥʝʪʠʢʦ. ʇʨʠʛʦʪʦʚʣʝʥʠʝ 
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ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʠʟ 400 ʥʛ ɼʅʂ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ SureSelect Human All 

Exon V6 (Agilent Technologies, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʧʨʦʪʦʢʦʣʫ 

ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʵʚʦʣʶʮʠʦʥʥʦʡ ʛʝʥʦʤʠʢʠ ʠ ʚʢʣʶʯʘʣʦ 

ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ: (1) ʬʨʘʛʤʝʥʪʘʮʠ ʁʪʦʪʘʣʴʥʦʡ ɼʅʂ ʜʦ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ 

ʬʨʘʛʤʝʥʪʦʚ 150 ʧ.ʥ. ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʘ ʥʘ ʫʣʴʪʨʘʩʦʥʠʢʘʪʦʨʝ Covaris S2 

(Covaris, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ); (2) ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʣʠʧʢʠʭ ʢʦʥʮʦʚ ʬʨʘʛʤʝʥʪʦʚ 

ɼʅʂ; (3) ʘʜʝʥʠʣʠʨʦʚʘʥʠʝ ʬʨʘʛʤʝʥʪʦʚ ɼʅʂ; (4) ʣʠʛʠʨʦʚʘʥʠʝ Illumina-

ʘʜʘʧʪʦʨʦʚ ʢ ʬʨʘʛʤʝʥʪʘʤ ɼʅʂ; (5) ʇʎʈ-ʦʙʦʛʘʱʝʥʠʝ ʙʠʙʣʠʦʪʝʢʠ ɼʅʂ; (6) 

ʚʘʣʠʜʘʮʠ ʁʙʠʙʣʠʦʪʝʢ ʥʘ ʙʠʦʘʥʘʣʠʟʘʪʦʨʝ; (7) ʛʠʙʨʠʜʠʟʘʮʠ ʁʵʢʟʦʤʥʳʭ ʟʦʥʜʦʚ 

ʤʝʯʝʥʳʭ ʙʠʦʪʠʥʦʤ; (8) ʩʝʣʝʢʮʠ ʁʪʘʨʛʝʪʥʳʭ ɻ ʢʟʦʤʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʥʘ 

ʩʪʨʝʧʪʦʚʠʜʠʥʦʚʳʭ ʙʠʜʮʘʭ; (9) ʠʥʜʝʢʩʠʨʦʚʘʥʠʝ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ. ʆʯʠʩʪʢʘ 

ʧʨʦʙ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʠ ʬʠʥʘʣʴʥʦʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ Agencourt AMPure XP Kit  (Beckman Coulter Genomics, 

ʀʥʜʠʘʥʘ, ʉʐɸ) ʧʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʥʘʙʦʨʘ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ.  

 ʇʨʦʚʝʨʢʘ ʨʘʟʤʝʨʘ ʠ ʤʦʣʷʨʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ ʙʠʙʣʠʦʪʝʢʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ High Sensitivity DNA kit ʥʘ ɻʣʝʢʪʨʦʬʦʨʝʪʠʯʝʩʢʦʤ 

ʙʠʦʘʥʘʣʠʟʘʪʦʨʝ Bioanalyzer 2100 (Agilent Technologies, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ). 

ʆʧʨʝʜʝʣʝʥʠʝ ʪʦʯʥʦʡ ʤʦʣʷʨʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʇʎʈ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʥʘ ʘʤʧʣʠʬʠʢʘʪʦʨʝ 7500 Real-Time 

PCR System (Applied Biosystems, Thermo Fisher Scientific, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). 

ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʥʘʙʦʨ KAPA Library 

Quantification Kit  (KAPA Biosystems, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). 

 ʇʦʣʥʦʵʢʟʦʤʥʦʝ ʠ ʧʦʣʥʦʛʝʥʦʤʥʦʝ ʤʘʩʩʦʚʦʝ ʧʘʨʘʣʣʝʣʴʥʦʝ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʧʣʘʪʬʦʨʤʘʭ HiSeq 2000/2500 System ʠ 

NovaSeq 6000 System (Illumina, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) (ʊʘʙʣʠʮʘ 1). 

ʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ʛʝʥʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ ʧʘʮʠʝʥʪʦʚ AX-III -17 ʠ AIV -1 ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʥʘ ʧʣʘʪʬʦʨʤʝ HiSeq 2000/2500 System ʚ ʣʘʙʦʨʘʪʦʨʠʠ 

ʕʚʦʣʶʮʠʦʥʥʦʡ ʛʝʥʦʤʠʢʠ ʀʆɻʝʥ ʈɸʅ. ʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ 
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ʧʘʮʠʝʥʪʦʚ ʠʟ ʤʘʣʳʭ ʩʝʤʝʡ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ (AI-IV) ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ 

ʨʘʟʥʦʝ ʚʨʝʤʷ ʠ ʚ ʨʘʟʥʳʭ ʣʘʙʦʨʘʪʦʨʠʷʭ. ʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ 

ʧʘʮʠʝʥʪʦʚ AI-1, AI -2, AII -1 ʠ AIV -1 ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʘ ʧʣʘʪʬʦʨʤʝ NovaSeq 

6000 System ʚ ʢʦʤʤʝʨʯʝʩʢʦʡ ʬʠʨʤʝ ɻʝʥʝʪʠʢʦ. ʉʝʢʚʝʥʠʨʦʚʘʥʠʝ ʵʢʟʦʤʥʳʭ 

ʙʠʙʣʠʦʪʝʢ ʧʘʮʠʝʥʪʦʚ AIII-1 ʠ AIII-2 ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʘ ʧʣʘʪʬʦʨʤʝ HiSeq 

2000/2500 System ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʕʚʦʣʶʮʠʦʥʥʦʡ ʛʝʥʦʤʠʢʠ ʀʆɻʝʥ ʈɸʅ.  

ʊʘʙʣʠʮʘ 1. ɸʥʘʣʠʟ ʠʩʩʣʝʜʫʝʤʳʭ ʩʝʤʝʡ ʩ ʤʦʟʞʝʯʢʦʚʳʤʠ ʘʪʘʢʩʠʷʤʠ ʩ 

ʧʦʤʦʱʴʶ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ 

ɼʠʘʛʥʦʟ 
ʉʝʤʴʷ, 

ˉ 
ʀʥʜʠʚʠʜʳ ʄʝʪʦʜ  ʇʨʠʙʦʨ 

ʇʦʢʨʳʪʠʝ 

ʛʝʥʦʤʘ 

GRCh37 

ɺʨʦʞʜʸʥʥʘʷ 

X-ʩʮʝʧʣʝʥʥʘʷ 

ʨʝʮʝʩʩʠʚʥʘʷ 

ʤʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ 

AX AX-III -17 ʇʦʣʥʦʛʝʥʦʤʥʳʡ 

ʘʥʘʣʠʟ 

HiSeq 

2000/2500 

System 

28X 

ɺʨʦʞʜʸʥʥʘʷ 

ʤʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ 

ɸI 

 

AI-1, 

AI-2 

ʇʦʣʥʦʵʢʟʦʤʥʳʡ 

ʘʥʘʣʠʟ 

(TruSeq Exome kit) 

NovaSeq 

6000 System 

112-116X;  

99,9% 

ʣʦʢʫʩʦʚ 

ʧʨʦʯʪʝʥʳ 

ʄʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ 

ɸII AII -1 ʇʦʣʥʦʵʢʟʦʤʥʳʡ 

ʘʥʘʣʠʟ 

(TruSeq Exome kit) 

NovaSeq 

6000 System 

135X; 98,9% 

ʣʦʢʫʩʦʚ 

ʧʨʦʯʪʝʥʳ 

ʄʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ 

ɸIII AIII -1, 

AIII -2 

ʇʦʣʥʦʵʢʟʦʤʥʳʡ 

ʘʥʘʣʠʟ  

(SureSelect Human 

All Exon V) 

HiSeq 

2000/2500 

System 

17X;  

99-99,1% 

ʣʦʢʫʩʦʚ 

ʧʨʦʯʪʝʥʳ 

ɺʨʦʞʜʸʥʥʘʷ 

ʤʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ 

ɸIV AIV -1 ʇʦʣʥʦʵʢʟʦʤʥʳʡ 

ʘʥʘʣʠʟ 

(TruSeq Exome kit) 

NovaSeq 

6000 System 

136X; 

94,6% 

ʣʦʢʫʩʦʚ 

ʧʨʦʯʪʝʥʳ 

ʉʠʥʜʨʦʤ 

CAMRQ 

Q  

Q-IV-1 

ʇʦʣʥʦʛʝʥʦʤʥʳʡ 

ʘʥʘʣʠʟ 

HiSeq 

2000/2500 

System 

90X 
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2.2.3. ʄʝʪʦʜʳ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ 

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʠ ʧʦʠʩʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ 

 ʂʘʯʝʩʪʚʦ ʩʳʨʳʭ ʯʪʝʥʠʡ ʚ ʬʦʨʤʘʪʝ fastq ʦʮʝʥʠʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ FastQC. ʅʝʦʙʨʘʙʦʪʘʥʥʳʝ ʯʪʝʥʠʷ ʙʳʣʠ ʚʳʨʘʚʥʝʥʳ ʥʘ ʨʝʬʝʨʝʥʩʥʳʡ 

ʛʝʥʦʤ ʯʝʣʦʚʝʢʘ GRCh37/hg19 ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ BWA MEM [Li et al., 

2009; Li , Durbin, 2010]. ɼʫʧʣʠʮʠʨʦʚʘʥʥʳʝ ʯʪʝʥʠʷ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ MarkDuplicate ʧʘʢʝʪʘ The Genome Analysis Toolkit 

(GATK) [McKenna et al., 2010]. ʂʘʯʝʩʪʚʦ ʚʳʨʘʚʥʠʚʘʥʠʷ ʦʧʨʝʜʝʣʷʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SAMtools flagstat. ʉʨʝʜʥʷʷ ʛʣʫʙʠʥʘ ʧʦʢʨʳʪʠʷ ʠ ʛʣʫʙʠʥʘ 

ʧʦʢʨʳʪʠʷ ʦʪʜʝʣʴʥʳʭ ʣʦʢʫʩʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

DepthOfCoverage ʠʟ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ GATK.  

 ɼʘʣʝʝ ʆʅʇ ʠ ʠʥʜʝʣʳ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ 

GATK, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ʜʣʷ ʘʥʘʣʠʟʘ ʚ ʛʠʜʝ Best Practices Workflows 

[McKenna et al., 2010; DePristo et al., 2011; Van der Auwera et al., 2013]. ɼʣʷ 

ʵʪʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ ʦʧʝʨʘʮʠʠ: (1) 

ʨʝʢʘʣʠʙʨʦʚʢʘ ʙʘʟʦʚʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʢʘʯʝʩʪʚʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ 

BaseRecalibrator ʠ ApplyRecalibration; (2) ʦʧʨʝʜʝʣʝʥʠʝ ʆʅʇ ʠ ʠʥʜʝʣʦʚ ʩ 

ʧʦʤʦʱʴʶ ʣʦʢʘʣʴʥʦʡ ʧʦʚʪʦʨʥʦʡ ʩʙʦʨʢʠ ʛʘʧʣʦʪʠʧʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʛʨʘʤʤʳ HapplotypeCaller; (3) ʨʝʢʘʣʠʙʨʦʚʢʘ ʢʘʯʝʩʪʚʘ ʥʘʟʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ VariantRecalibrator ʠ ApplyVQSR (ʦʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʧʘʨʘʤʝʪʨʘ --max-gaussians ʙʳʣʦ ʧʦʜʦʙʨʘʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʵʢʟʦʤʘ/ʛʝʥʦʤʘ 

ʦʪʜʝʣʴʥʦ).  

 ɿʘʪʝʤ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʘʥʥʦʪʘʮʠʷ ʚʘʨʠʘʥʪʦʚ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

Ensembl Variant Effect Predictor (VEP) [McLaren et al., 2016]. ɸʥʥʦʪʘʮʠʷ 

ʢʘʞʜʦʛʦ ʚʘʨʠʘʥʪʘ ʚʢʣʶʯʘʣʘ: (1) ʪʠʧ ʚʘʨʠʘʥʪʘ ʦʪʜʝʣʴʥʦ ʜʣʷ ʚʩʝʭ ʪʨʘʥʩʢʨʠʧʪʦʚ 

(1) ʨʘʩʧʦʣʦʞʝʥʠʝ ʚʦ ʚʩʝʭ ʪʨʘʥʩʢʨʠʧʪʘʭ ʠ ʙʝʣʢʝ (3) ʩʪʘʪʫʩ ʚʘʨʠʘʥʪʘ ʚ ʙʘʟʝ 

ʜʘʥʥʳʭ ClinVar; (4) ʧʨʝʜʩʢʘʟʘʥʠʝ ʧʘʪʦʛʝʥʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ SIFT ʠ 

PolyPhen2 [Sim et al., 2012; Adzhubei et al., 2010] (5); ʯʘʩʪʦʪʳ ʚ ʧʦʧʫʣʷʮʠʷʭ 

ʇʨʦʝʢʪʘ 1000 ɻʝʥʦʤʦʚ ʠ gnomAD (ʯʘʩʪʦʪʫ ʤʠʥʦʨʥʦʛʦ ʘʣʣʝʣʷ ʚ ʤʠʨʦʚʦʡ 
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ʧʦʧʫʣʷʮʠʠ, ʯʘʩʪʦʪʳ ʚ ʦʪʜʝʣʴʥʳʭ ʧʦʧʫʣʷʮʠʷʭ, ʤʘʢʩʠʤʘʣʴʥʫ  ʁ ʯʘʩʪʦʪʫ 

ʤʠʥʦʨʥʦʛʦ ʘʣʣʝʣʷ). ʉʪʨʫʢʪʫʨʥʳʝ ʚʘʨʠʘʥʪʳ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤ Pindel [Ye et al., 2009] ʠ BreakDancer [Chen et al., 2009]. 

ʕʚʦʣʶʮʠʦʥʥʘʷ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ ʦʮʝʥʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʦʨʪʦʣʦʛʦʚ 100 ʚʠʜʦʚ ʧʦʟʚʦʥʦʯʥʳʭ (Multiz 

Alignments of 100 Vertebrates) ʩ ʧʦʤʦʱʴʶ ʛʝʥʦʤʥʦʛʦ ʙʨʘʫʟʝʨʘ UCSC ʠ 

ʟʥʘʯʝʥʠʡ ʩʯʸʪʘ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ (PhyloP100way ʠ phastCons100way) [Pollard 

et al., 2010; Siepel et al., 2005]. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʩʢʘʟʘʥʠʝ ʧʘʪʦʛʝʥʥʦʩʪʠ 

ʚʘʨʠʘʥʪʦʚ ʧʨʦʚʦʜʠʣʦʩ ɹʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CADD [Kircher et al., 2014]. 

ʇʨʝʜʩʢʘʟʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ 

ʘʤʠʥʦʢʠʩʣʦʪʳ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʤʫʪʘʥʪʥʦʛʦ, ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ Phyre, 

iTasser ʠ AlfaFold [Kelley et al., 2015; Yang, Zhang, 2015; Jumper et al., 2021]. 

ɺʳʨʘʚʥʠʚʘʥʠʝ ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʤʦʜʝʣʝʡ ʙʝʣʢʦʚ ʩ ʘʣʣʝʣʷʤʠ 

ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʤʫʪʘʥʪʥʦʛʦ ʧʨʦʚʝʜʝʥʦ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ PyMOL Molecular 

Graphics System 97 (Version 1.2r3pre, Schrºdinger, LLC).  

 ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ ʦʮʝʥʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ Illumina Body Map 

[Barbosa-Morais et al., 2012] ʠ ʙʘʟʳ ʜʘʥʥʳʭ Expression Atlas [Kapushesky et al., 

2010; Papatheodorou et al., 2020], ʚ ʢʦʪʦʨʦʡ ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʳ ʜʘʥʥʳʝ 

ʵʢʩʧʨʝʩʩʠʠ ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ ʧʨʦʝʢʪʘ HDBR [Lindsay et al., 2016], ʠ ʚ 

ʧʦʩʪʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ Fantom5 [Lizio et al., 2015], GTEX (The Genotype-Tissue 

Expression (GTEx) Project) [GTEx Consortium, 2013]. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ 

ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ ʤʦʟʞʝʯʢʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʧʣʘʪʬʦʨʤ rʘʥʘʣʠʟʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʝʥʦʤʠʢʠ R2 (http://r2.amc.nl). ʉʨʘʚʥʝʥʠʝ 

ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʫ ʯʝʣʦʚʝʢʘ ʠ ʞʠʚʦʪʥʳʭ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ 

ʧʨʦʝʢʪʘ Mammalian Kaessmann [Cardoso-Moreira et al., 2019]. ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ 

ʚ ʤʦʟʛʝ ʫ ʤʳʰʝʡ ʦʮʝʥʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ ʧʨʦʝʢʪʘ Allen Brain Atlas 

[Lein et al., 2007]. ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ ʚ ʦʜʠʥʦʯʥʳʭ ʢʣʝʪʢʘʭ ʪʢʘʥʝʡ ʤʦʟʛʘ 

ʦʮʝʥʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʙʘʟ ʜʘʥʥʳʭ ʧʨʦʝʢʪʦʚ Brain RNA-Seq ʠ DropViz [Zhang 

et al., 2014; Zhang et al., 2016; Saunders et al., 2018]. ʕʢʩʧʨʝʩʩʠʷ ʙʝʣʢʦʚ 

ʦʮʝʥʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʙʘʟʳ ʜʘʥʥʳʭ Human Protein Atlas [Uhl®n et al., 2015; 

http://r2.amc.nl/
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Sjºstedt et al., 2020]. ɸʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ 

ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʦʥʣʘʡʥ ʧʨʦʛʨʘʤʤʳ ñEssential Paralogue 

by Expressionò (EPbE), ʥʘʧʠʩʘʥʥʦʡ ʥʘ ʧʨʦʛʨʘʤʤʥʦʤ ʷʟʳʢʝ R [Protasova et al., 

2022].  

2.2.4. ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ 

 ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʆʅʇ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʇʎʈ ʠ ʧʨʷʤʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʥʘ ʧʨʠʙʦʨʝ 3730xl DNA Analyzer (Applied 

Biosystems, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ). ʇʦʜʙʦʨ ʧʨʘʡʤʝʨʦʚ ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ Primer3 ʠ NCBI Primer BLAST [Untergasser et al., 2012; Ye et al., 

2012]. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʚʘʣʠʜʘʮʠʠ 

ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʘʭ 4-7 ʇʨʠʣʦʞʝʥʠʷ. 

ɸʤʧʣʠʬʠʢʘʮʠʷ ʣʦʢʫʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʢʘʥʜʠʜʘʪʥʳʝ ʚʘʨʠʘʥʪʳ ʧʨʦʚʦʜʠʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ GenPak PCR Master Mix Core (Isogene, ʈʦʩʩʠʷ) ʚ ʩʣʝʜʫʶʱʝʤ 

ʨʝʞʠʤʝ ʘʤʧʣʠʬʠʢʘʮʠʠ: 1ʡ ʮʠʢʣ: 94 oC ï 4 ʤʠʥ, ʩʣʝʜʫʶʱʠʝ 35 ʮʠʢʣʦʚ: 94 oC ï 

30 ʩʝʢ, Tm ʦʉ ï 30 ʩʝʢ, 72 ʦʉ ï 30 ʩʝʢ, ʟʘʚʝʨʰʘʶʱʠʭ ʮʠʢʣ ï 72 ʦʉ ï 7 ʤʠʥ, ʛʜʝ 

Tm ï ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʧʨʘʡʤʝʨʦʚ ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ ʙʳʣʘ 

ʦʧʨʝʜʝʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ NCBI Primer BLAST ʠ ʪʝʩʪʦʚʦ. ʅʘʣʠʯʠʝ ʠ 

ʢʘʯʝʩʪʚʦ ʇʎʈ ʧʨʦʜʫʢʪʦʚ ʦʮʝʥʠʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ 2% 

ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ, ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʢʦʪʦʨʦʛʦ ʙʳʣʦ ʚʟʷʪʦ 2,5 ʛ ʘʛʘʨʦʟʳ 

(Amresco) ʥʘ 125 ʤʣ ʙʫʬʝʨʘ TAE (ʪʨʠʩ-ʘʮʝʪʘʪ 40 ʤʄ, ʕɼʊɸ 1 ʤʄ, pH 7,6). 

ʈʘʟʤʝʨ ʇʎʈ ʧʨʦʜʫʢʪʦʚ ʚʘʣʠʜʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦɦ ʴʶ 100bp+50bp ɼʅʂ-ʤʘʨʢʝʨʘ, 

ʩʦʩʪʦʷʱʝʛʦ ʠʟ 11 ʬʨʘʛʤʝʥʪʦʚ ʦʪ 50 ʧ.ʥ. ʜʦ 1000 ʧ.ʥ (SibEnzyme, ʅʦʚʦʩʠʙʠʨʩʢ, 

ʈʦʩʩʠʷ).  

 ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʇʎʈ ʠ ʨʘʟʜʝʣʝʥʠʷ ʬʨʘʛʤʝʥʪʦʚ ʇʎʈ ʧʨʦʜʫʢʪʦʚ ʧʦ ʚʝʣʠʯʠʥʝ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ. ʇʎʈ ʧʨʦʜʫʢʪʳ, ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʣʦʢʫʩʘʤ, ʩʦʜʝʨʞʘʱʠʤ ʩʪʨʫʢʪʫʨʥʳʝ ʚʘʨʠʘʥʪʳ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʙʳʣʠ ʚʘʣʠʜʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʥʘ ʧʨʠʙʦʨʝ 3730xl 

DNA Analyzer (Applied Biosystems, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ).  
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 ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ɸʊʈ7ɸ ʙʳʣʘ ʧʦʜʦʙʨʘʥʘ ʩʠʩʪʝʤʘ 

ʧʨʘʡʤʝʨʦʚ. ʊʘʢ ʢʘʢ ʦʙʣʘʩʪʴ ʜʝʣʝʮʠʠ ʙʦʣʴʰʘʷ ʠ ʩʦʩʪʘʚʣʷʝʪ 41,5 ʪ.ʧ.ʥ., ʪʦ ʧʘʨʳ 

ʧʨʘʡʤʝʨʦʚ ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʥʘ ʦʙʝ ʛʨʘʥʠʮʳ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʜʠʥ 

ʧʨʘʡʤʝʨ ʙʳʣ ʢʦʤʧʣʝʤʝʥʪʘʨʝʥ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ (ʚʥʫʪʨʝʥʥʠʡ ʧʨʘʡʤʝʨ), ʘ 

ʜʨʫʛʦʡ ï ʥʝʧʦʚʨʝʞʜʥyʥʦʡ ʬʣʘʥʢʠʨʫʶʱʝʡ ʦʙʣʘʩʪʠ (ʚʥʝʰʥʠʡ ʧʨʘʡʤʝʨ), ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ 

ʜʝʣʝʮʠʷ ʦʪʩʫʪʩʪʚʫʝʪ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʘ ʧʦʜʦʙʨʘʥʘ ʧʘʨʘ ʧʨʘʡʤʝʨʦʚ ʚʥʫʪʨʠ 

ʫʥʠʢʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ, ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʩ ʢʦʪʦʨʦʡ ʪʘʢʞʝ 

ʧʦʜʪʚʝʨʞʜʘʣʦ ʦʪʩʫʪʩʪʚʠʝ ʜʝʣʝʮʠʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʦʜʫʢʪʘ ʘʤʧʣʠʬʠʢʘʮʠʠ, 

ʧʦʜʪʚʝʨʞʜʘʶʱʝʛʦ ʥʘʣʠʯʠʝ ʜʝʣʝʮʠʠ, ʘʤʧʣʠʬʠʢʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʚʥʝʰʥʠʭ 

ʧʨʘʡʤʝʨʦʚ, ʣʝʞʘʱʠʭ ʚʦ ʬʣʘʥʢʠʨʫʶʱʠʭ ʛʨʘʥʠʮʳ ʜʝʣʝʮʠʠ ʛʝʥʦʤʥʳʭ ʦʙʣʘʩʪʷʭ. 

ʊʘʢ ʢʘʢ ʨʘʟʤʝʨ ʜʝʣʝʪʠʨʫʝʤʦʡ ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ, ʦʙʨʘʟʦʚʘʥʠʝ 

ʧʨʦʜʫʢʪʦʚ ʩ ʪʘʢʦʡ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʝʣʝʮʠʷ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʘʡʤʝʨʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 

5 ʇʨʠʣʦʞʝʥʠʷ. ʉ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʧʨʦʜʫʢʪʘ 

ʘʤʧʣʠʬʠʢʘʮʠʠ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ ʩ ʦʙʝʠʭ ʛʨʘʥʠʮ ʬʣʘʥʢʠʨʫʶʱʠʭ 

ʜʝʣʝʪʠʨʦʚʘʥʥʫʶ ʦʙʣʘʩʪʴ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʥʘʣʠʯʠʝ ʜʝʣʝʮʠʠ ʠ ʛʨʘʥʠʮʳ 

ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ, ʬʣʘʥʢʠʨʫʶʱʠʭ ʜʝʣʝʪʠʨʦʚʘʥʥʫʶ ʦʙʣʘʩʪʴ. 

 ʇʦʜʪʚʝʨʞʜʝʥʠʝ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩ ʧʦʤʦʱʴʶ 

ʩʠʩʪʝʤʳ ʧʨʘʡʤʝʨʦʚ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʘʡʤʝʨʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 7 

ʇʨʠʣʦʞʝʥʠʷ. ʊʘʢ ʢʘʢ ʦʙʣʘʩʪʴ ʜʝʣʝʮʠʠ ʙʦʣʴʰʘʷ 36,2 ʪ.ʧ.ʥ., ʧʨʦʚʝʨʢʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 3ʭ ʧʨʘʡʤʝʨʦʚ, ʠʟ ʢʦʪʦʨʳʭ ʜʚʘ ʧʨʘʡʤʝʨʘ (ʧʝʨʚʘʷ ʧʘʨʘ 

ʧʨʘʡʤʝʨʦʚ, ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʳʡ) ʙʳʣʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳ ʬʣʘʥʢʠʨʫʶʱʠʤ 

ʛʨʘʥʠʮʳ ʜʝʣʝʮʠʠ ʛʝʥʦʤʥʳʤ ʦʙʣʘʩʪʷʤ ʠ ʝʱʸ ʦʜʠʥ ʧʨʘʡʤʝʨ (ʚʪʦʨʦʡ ʦʙʨʘʪʥʳʡ) 

ʙʳʣ ʢʦʤʧʣʝʤʝʥʪʘʨʝʥ ʜʝʣʝʪʠʨʦʚʘʥʦʡ ʦʙʣʘʩʪʠ. ɺ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʜʝʣʝʮʠʠ 

ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʜʫʢʪʘ ʘʤʧʣʠʬʠʢʘʮʠʠ ʨʘʟʤʝʨʦʤ 432 ʧ.ʥ. ʩ ʧʝʨʚʦʡ 

ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ. ɺ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʜʝʣʝʮʠʠ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʜʫʢʪʘ 

ʘʤʧʣʠʬʠʢʘʮʠʠ ʨʘʟʤʝʨʦʤ 345 ʧ.ʥ. ʧʨʦʠʩʭʦʜʠʣʦ ʩʦ ʚʪʦʨʦʡ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ 

(ʧʨʷʤʦʛʦ ʠ ʚʪʦʨʦʛʦ ʦʙʨʘʪʥʦʛʦ). ɺ ʩʣʫʯʘʝ ʛʝʪʝʨʦʟʠʛʦʪʳ ʦʙʘ ʧʨʦʜʫʢʪʘ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʚ ʦʜʥʦʡ ʨʝʘʢʮʠʠ ʇʎʈ. ʉ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ 
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ʧʨʦʜʫʢʪʦʚ ʘʤʧʣʠʬʠʢʘʮʠʠ ʩ ʧʝʨʚʦʡ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʜʝʣʝʮʠʷ ʠ ʛʝʥʝʪʠʯʝʩʢʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʬʣʘʥʢʠʨʫʶʱʠʝ ʜʝʣʝʪʠʨʦʚʘʥʥʫʶ 

ʦʙʣʘʩʪʴ. 

 ɸʤʧʣʠʬʠʢʘʮʠʷ ʣʦʢʫʩʦʚ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ GenPak PCR Master Mix Core (Isogene, ʈʦʩʩʠʷ) ʚ ʩʣʝʜʫʶʱʝʤ 

ʨʝʞʠʤʝ ʘʤʧʣʠʬʠʢʘʮʠʠ: 1ʳʡ ʮʠʢʣ: 94 oC ï 4 ʤʠʥ, ʩʣʝʜʫʶʱʠʝ 35 ʮʠʢʣʦʚ: 94 oC 

ï 30 ʩʝʢ, Tm ʦʉ ï 1 ʤʠʥ, 72 ʦʉ ï 30 ʩʝʢ, ʟʘʚʝʨʰʘʶʱʠʭ ʮʠʢʣ ï 72 ʦʉ ï 7 ʤʠʥ, ʛʜʝ 

Tm ï ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʧʨʘʡʤʝʨʦʚ ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ ʙʳʣʘ 

ʦʧʨʝʜʝʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ NCBI Primer BLAST ʠ ʪʝʩʪʦʚʦ.  

 ʆʯʠʩʪʢʘ ʇʎʈ ʧʨʦʜʫʢʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ Cleanup 

Standard ʜʣʷ ʚʳʜʝʣʝʥʠʷ ɼʅʂ ʠʟ ʘʛʘʨʦʟʥʦʛʦ ʛʝʣʷ ʠ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ 

(ɽʚʨʦʛʝʥ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ) ʧʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. ʉʠʢʚʝʥʩʥʘʷ ʨʝʘʢʮʠʷ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ BigDye Terminator v3.1 cycle sequencing kit 

(Thermo Fisher Scientific, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ʈʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʩʠʢʚʝʥʩʥʦʡ 

ʨʝʘʢʮʠʠ ʩʦʜʝʨʞʘʣʘ BigDye Terminator v3.1 Ready Reaction Mix ï 2 ʤʢʣ, 5ʭ 

ʩʠʢʚʝʥʩʥʳʡ ʙʫʬʝʨ ï 1 ʤʢʣ, ʧʨʷʤʦʡ ʠʣʠ ʦʙʨʘʪʥʳʡ ʧʨʘʡʤʝʨ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 1 

ɛM ï 1 ʤʢʣ, ʇʎʈ ʧʨʦʜʫʢʪ ʦʪ 1 ʜʦ 4 ʤʢʣ. ʆʙʱʠʡ ʦʙʲʝʤ ʨʝʘʢʮʠʦʥʥʳʡ ʩʤʝʩʠ 

ʜʦʚʦʜʠʣʩʷ ʦʯʠʱʝʥʥʦʡ DEPQ ʚʦʜʦʡ ʜʦ 10 ʤʢʣ. ʂʦʣʠʯʝʩʪʚʦ ʚʥʦʩʠʤʦʛʦ ʇʎʈ 

ʧʨʦʜʫʢʪʘ (ʥʛ) ï Q, ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʧʦ ʬʦʨʤʫʣʝ: Q=Lʣʦʢ./50, ʛʜʝ Lʣʦʢ. ï ʜʣʠʥʘ 

ʘʤʧʣʠʬʠʮʠʨʫʝʤʦʛʦ ʣʦʢʫʩʘ (ʧ.ʥ.). ʈʝʞʠʤ ʘʤʧʣʠʬʠʢʘʮʠʠ ʜʣʷ ʚʩʝʭ 

ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʣʦʢʫʩʦʚ ʙʳʣ ʩʣʝʜʫʶʱʠʡ: 96 oC ï 1 ʤʠʥ, ʩʣʝʜʫʶʱʠʝ 25 ʮʠʢʣʦʚ: 

96 oC ï 10 ʩʝʢ, 50 ʦʉ ï 5 ʩʝʢ, 60 ʦʉ ï 4 ʤʠʥ. ʆʯʠʩʪʢʘ ʧʨʦʜʫʢʪʦʚ ʩʠʢʚʝʥʩʥʦʡ 

ʨʝʘʢʮʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ DyeEx 2.0 Spin Kit (QIAGEN, 

ʍʠʣʴʜʝʥ, ɻʝʨʤʘʥʠʷ) ʧʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. ʇʝʨʝʜ ʧʨʷʤʳʤ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʝʤ ʧʦ ʉʵʥʛʝʨʫ ʢ 10 ʤʢʣ ʦʯʠʱʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩʠʢʚʝʥʩʥʳʭ 

ʨʝʘʢʮʠʡ ʜʦʙʘʚʣʷʣʦʩʴ 20 ʤʢʣ ʬʦʨʤʘʤʠʜʘ. ɼʘʥʥʳʝ ʩʠʢʚʝʥʩʥʳʭ ʨʝʘʢʮʠʡ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Sequencing Analysis Software Version 

5.4 (Applied Biosystems, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ). 
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2.2.5. ɸʥʘʣʠʟ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ 

ʧʦ ʉʵʥʛʝʨʫ  

 ɸʥʘʣʠʟ ʚʩʝʭ ʵʢʟʦʥʦʚ ʚ ʛʝʥʝ ABCB7 ʚ ʦʙʨʘʟʮʘʭ ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʝʡ 

AI-IV ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. 

ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʘʡʤʝʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 

4 ʇʨʠʣʦʞʝʥʠʷ. ɸʤʧʣʠʬʠʢʘʮʠʷ ʚʩʝʭ ʣʦʢʫʩʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ 

GenPak PCR Master Mix  Core (Isogene, ʈʦʩʩʠʷ) ʚ ʩʣʝʜʫʶʱʝʤ ʨʝʞʠʤʝ 

ʘʤʧʣʠʬʠʢʘʮʠʠ: 1ʡ ʮʠʢʣ: 94 oC ï 4 ʤʠʥ, ʩʣʝʜʫʶʱʠʝ 35 ʮʠʢʣʦʚ: 94 oC ï 30 ʩʝʢ, 

Tm ï 30 ʩʝʢ, 72 ʦʉ ï 30 ʩʝʢ, ʟʘʚʝʨʰʘʶʱʠʭ ʮʠʢʣ ï 72 ʦʉ ï 7 ʤʠʥ, ʛʜʝ Tm - 

ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʧʘʨ ʧʨʘʡʤʝʨʦʚ. ɸʥʘʣʦʛʠʯʥʦ ʧʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ 20 ʵʢʟʦʥʘ 

ʛʝʥʘ ATP2B3, 2 ʠ 3 ʵʢʟʦʥʦʚ ʛʝʥʘ ATP7A, ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʘʡʤʝʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 4, 5 ʇʨʠʣʦʞʝʥʠʷ. 

ʊʘʢʞʝ ʚ ʩʝʤʴʷʭ AI-IV ʧʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʨʝʪʨʦʛʝʥʘ PGAM4. ʊʘʢ ʢʘʢ ʨʘʟʤʝʨ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʵʢʟʦʥʘ ʨʝʪʨʦʛʝʥʘ ʩʦʩʪʘʚʣʷʝʪ 

1690 ʧ.ʥ., ʠʟ ʢʦʪʦʨʳʭ 762 ʧ.ʥ. ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʯʪʦʙʳ 

ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʧʨʦʯʪʝʥʠʷ ʚʩʝʡ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʜʣʷ ʝʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ ʧʦʜʦʙʨʘʥʦ ʜʚʝ ʧʘʨr ʧʨʘʡʤʝʨʦʚ: 

ʚʥʝʰʥʠʝ, ʦʭʚʘʪʳʚʘʶʱʠʝ ʚʩʶ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʵʢʟʦʥʘ, 

ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʥʫʪʨʝʥʥʠʝ. ʇʎʈ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʪʦʣʴʢʦ ʩ ʚʥʝʰʥʝʡ ʧʘʨʳ 

ʧʨʘʡʤʝʨʦʚ ʚ ʩʣʝʜʫʶʱʝʤ ʨʝʞʠʤʝ ʘʤʧʣʠʬʠʢʘʮʠʠ: 1ʡ ʮʠʢʣ: 94 oC ï 4 ʤʠʥ, 

ʩʣʝʜʫʶʱʠʝ 35 ʮʠʢʣʦʚ: 94 oC ï 30 ʩʝʢ, 60 ï 30 ʩʝʢ, 72 ʦʉ ï 2 ʤʠʥ, ʟʘʚʝʨʰʘʶʱʠʭ 

ʮʠʢʣ ï 72 ʦʉ ï 7 ʤʠʥ. ʉʠʢʚʝʥʩʥʘʷ ʨʝʘʢʮʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʇʎʈ ʧʨʦʜʫʢʪʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʢʘʞʜʳʤ ʧʨʘʡʤʝʨʦʤ ʦʪʜʝʣʴʥʦ (ʩ ʜʚʫʭ ʧʨʷʤʳʭ: ʚʥʝʰʥʝʛʦ ʠ 

ʚʥʫʪʨʝʥʥʝʛʦ; ʠ ʜʚʫʭ ʦʙʨʘʪʥʳʭ: ʚʥʝʰʥʝʛʦ ʠ ʚʥʫʪʨʝʥʥʝʛʦ). ʋʩʣʦʚʠʷ ʩʠʢʚʝʥʩʥʦʡ 

ʨʝʘʢʮʠʠ ʠ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʥʝ ʦʪʣʠʯʘʣʠʩʴ ʦʪ 

ʚʳʰʝʦʧʠʩʘʥʥʳʭ. 

2.2.6. ʄʝʪʦʜʳ ʘʥʘʣʠʟʘ ʵʢʩʧʨʝʩʩʠʠ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ 

 ɺʳʜʝʣʝʥʠʝ ʈʅʂ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟ ʧʦʩʪʤʦʨʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʤʦʟʛʘ 

(ʤʦʟʞʝʯʦʢ ʠ ʣʦʙʥʘʷ ʢʦʨʘ) ʠ ʧʝʯʝʥʠ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ RNeasy Mini Kit  
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(QIAGEN, ʍʠʣʴʜʝʥ, ɻʝʨʤʘʥʠʷ) ʩʦʛʣʘʩʥʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. 

ɺ ʜrʝʣʝʥʥʫʶ ʈʅʂ ʦʙʨʘʙʘʪʳʚʘʣʠ ɼʅʂʘʟʦʡ (Thermo Fisher Scientific, 

ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ʂʘʯʝʩʪʚʦ ʈʅʂ ʦʮʝʥʠʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ 

1%-ʥʦʤ ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 100 ɺ ʠ ʩʠʣʝ ʪʦʢʘ 

180 ʤɸ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʕʣʴʬ-4 (ɼʅʂ-ʊʝʭʥʦʣʦʛʠʷ, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʜʣʠʥʳ ʬʨʘʛʤʝʥʪʦʚ ʚʳʜʝʣʝʥʥʦʡ ʈʅʂ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʘʨʢʝʨ ʩ ʜʣʠʥʦʡ ʬʨʘʛʤʝʥʪʦʚ ʦʪ 250 ʧ.ʥ. ʜʦ 10 000 ʧ.ʥ. ʬʠʨʤʳ 

GeneRuler 1kb DNA Ladder (Thermo Fisher Scientific, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). 

ʀʟʤʝʨʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʈʅʂ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ 

NanoDrop OneC (Thermo Fisher Scientific, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ).  

 ɸʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʢʘʥʜʠʜʘʪʦʚ ʚ ʩʝʤʴʝ AX ʚ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ 

ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʇʎʈ ʩ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʮʠʝʡ. ʈʝʘʢʮʠʷ ʦʙʨʘʪʥʦʡ 

ʪʨʘʥʩʢʨʠʧʮʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ The AffinityScript Multiple 

Temperature cDNA Synthesis Kit  (Agilent Technologies, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ) ʧʦ 

ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʧʨʘʡʤʝʨʦʚ ʥʘ ʪʨʘʥʩʢʨʠʧʪʳ ʛʝʥʦʚ ABCB7 ʠ ATP7A ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʩ ʧʦʤʦʱʴʶ 

Primer3 ʠ NCBI Primer BLAST, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ (ʊʘʙʣʠʮʘ 8 

ʇʨʠʣʦʞʝʥʠʷ). ɺ ʢʘʯʝʩʪʚʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʧʨʘʡʤʝʨʳ ʥʘ ʪʨʘʥʩʢʨʠʧʪ ʛʝʥʘ HPRT, ʚ ʢʘʯʝʩʪʚʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʘʡʤʝʨʳ ʥʘ ʥʝʵʢʩʧʨʝʩʩʠʨʫʝʤʫʶ ʦʙʣʘʩʪʴ ɼʅʂ.  

2.2.7. ʄʝʪʦʜʳ ʵʪʥʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʨʦʜʩʪʚʘ 

 ʀʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ, ʙʳʣʘ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʘ ʧʦʣʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʛʦ ʛʝʥʦʤʘ. 

ʄʠʪʦʭʦʥʜʨʠʘʣʴʥʘ ̫ ʛʘʧʣʦʛʨʫʧʧʘ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

MitoMaster ʠ ʙʘʟr ʜʘʥʥʳʭ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʛʦ ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ MitoMap 

[Ruiz-Pesini et al., 2007]. ɻʘʧʣʦʛʨʫʧʧʘ Y ʭʨʦʤʦʩʦʤʳ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʳ ʜʘʥʥʳʭ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʦʙʱʝʩʪʚʘ ʛʝʥʝʪʠʯʝʩʢʦʡ 

ʛʝʥʝʘʣʦʛʠʠ ɼʝʨʝʚʘ ʛʘʧʣʦʛʨʫʧʧʳ Y-ɼʅʂ 2014 (International Society of Genetic 

Genealogy Y-DNA Haplogroup Tree 2014, http://www.isogg.org/tree/). ɸʥʘʣʠʟ 
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ʨʦʜʩʪʚʘ ʙʳʣ ʚʳʧʦʣʥʝʥ ʩ ʧʦʤʦʱʴʶ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʥʘʙʦʨʘ AmpFlSTR Identifiler 

Plus Kit (ʧʘʥʝʣʴ Identifier Plus v1.2X), ʚʢʣʶʯʘʶʱʝʛʦ 15 CODIS STR ʤʘʨʢʝʨʦʚ. 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʠ ʘʥʘʣʠʟ STR ʤʘʨʢʝʨʦʚ ʧʨʦʚʝʜʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

GeneMapper (Applied Biosystems, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ). 

2.2.8. ʄʝʪʦʜʳ ʵʚʦʣʶʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ  

 ɹʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʨʘʥʩʢʨʠʧʪʘ ʛʝʥʘ 

GRID2 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ NCBI [Pruitt et al., 2014], Ensembl [Aken 

et al., 2016] ʠ ʛʝʥʦʤʥʦʛʦ ʙʨʘʫʟʝʨʘ UCSC [Karolchik et al., 2004]. ʊʨʘʥʩʣʷʮʠʷ ʠ 

ʚr ʨʘʚʥʠʚʘʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʙʳʣʠ ʚʳʧʦʣʥʝʥ r ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʣʛʦʨʠʪʤʘ MUSCLE ʚ ʧʨʦʛʨʘʤʤʝ MEGA v6 [Tamura et al., 2013]. 

ʌʠʣʦʛʝʥʝʪʠʯʝʩʢʦʝ ʜʨʝʚʦ, ʚʢʣʶʯʘʶʱʝʝ 23 ʚʠʜʘ ʪʘʢʩʦʥʘ ʠʟ ʧʨʠʤʘʪʦʚ, ʙʳʣʦ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʬʠʣʦʛʝʥʠʝʡ [Perelman et 

al., 2011]. ɺ ʢʘʯʝʩʪʚʝ ʘʫʪʛʨʫʧʧʳ ʙʳʣʘ ʚʳʙʨʘʥʘ ʧʠʢʘ (Ochotona princeps). 

ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CodeML ʚ ʧʘʢʝʪʝ 

PAML v4.8 [Yang, 1997; Yang, 2007]. ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʥʦʞʝʩʪʚʝʥʥʦʝ 

ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʦʜʝʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʪʝʨʠʝʚ AIC, cAIC ʠ BIC, ʠ 

ʥʘʠʙʦʣʝʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦ ʧʦʜʭʦʜʷʱʝʡ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʤʦʜʝʣʴ ʟʘʤʝʥʳ 

ʢʦʜʦʥʦʚ FMutSel-F [Yang et al., 2008]. ɺʝʪʚʴ-ʩʧʝʮʠʬʠʯʥʳʡ ʘʥʘʣʠʟ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʧʨʠʤʘʪʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦ-

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠ ʩʚʦʙʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʤʦʜʝʣʝʡ. ɺʝʪʚʴ-ʩʘʡʪ-ʩʧʝʮʠʬʠʯʥʳʡ ʘʥʘʣʠʟ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʧʨʠʤʘʪʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ A. 

ɸʧʦʩʪʝʨʠʦʨʥʳʝ ʚʝʨʦʷʪʥʦʩʪʠ ʦʮʝʥʠʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʵʤʧʠʨʠʯʝʩʢʦʛʦ 

ʙʘʡʝʩʦʚʩʢʦʛʦ ʪʝʩʪʘ (Bayes empirical Bayes, BEB), ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʚ ʧʨʦʛʨʘʤʤʝ 

CodeML.  

  ɼʣʷ ʚʩʝʭ ʩʠʥʦʥʠʤʠʯʥʳʭ ʟʘʤʝʥ ʚ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʦʚʨʝʤʝʥʥʦʛʦ ʯʝʣʦʚʝʢʘ (Homo sapiens) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʨʝʚʥʠʤʠ ʛʦʤʠʥʠʜʘʤʠ (Homo neanderthalensis, Denisovans) ʠ ʰʠʤʧʘʥʟʝ 

ʦʙʳʢʥʦʚʝʥʥʳʤ (Pan troglodytes) ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʥʘ 
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ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʈʅʂ. ʊʘʢʦʡ ʞʝ ʘʥʘʣʠʟ ʙʳʣ ʧʨʦʚʝʜʸʥ ʜʣʷ 

ʚʩʝʭ ʟʘʤʝʥ ʚ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʘʡʪʘʭ ʜʝʨʝʚʘ ʧʨʠʤʘʪʦʚ. ʉʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ 

ɻʠʙʙʩʘ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ ʜʣʠʥʦʡ 25, 51, 75, 151 ʠ 301 

ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʧʦʣʥʦʨʘʟʤʝʨʥʳʭ ʢʦʜʠʨʫʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Mfold [Zuker, 2003; Zuker, 1998; Waugh, 2002]. ʋʨʦʚʝʥʴ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʟʥʘʯʠʤʦʩʪʠ ʦʮʝʥʠʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʂʨʠʪʝʨʠʷ ɿʥʘʢʦʚ. 

ɻʃɸɺɸ 3. ʈɽɿʋʃʔʊɸʊʓ 

3.1. ɸʥʘʣʠʟ ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ ʚʨʦʞʜʸʥʥʦʡ X-ʩʮʝʧʣʝʥʥʦʡ 

ʨʝʮʝʩʩʠʚʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʚ ʙʦʣʴʰʦʡ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʝ  

 ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʙʳʣ ʧʨʦʚʝʜʸʥ ʜʣʷ ʧʘʮʠʝʥʪʦʚ ʩ 

ʚʨʦʞʜʸʥʥʦʡ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ ʥʝʧʨʦʛʨʝʩʩʠʨʫʶʱʝʡ ʬʦʨʤʦʡ 

ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʠʟ ʙʦʣʴʰʦʡ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʠ (AX) (ʈʠʩʫʥʦʢ 1). ɼʝʪʘʣʠ 

ʢʣʠʥʠʯʝʩʢʦʡ ʢʘʨʪʠʥʳ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʙʳʣʠ ʦʧʠʩʘʥʳ ʨʘʥʝʝ [Illarioshkin 

et al., 1996]. ʂʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʟʘʙʦʣʝʚʘʥʠ ̫ʠ ʨʦʜʦʩʣʦʚʥʘʷ ʩʝʤʴʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʨʘʟʜʝʣʝ ʚ ʛʣʘʚʝ 2, ʧʫʥʢʪ 2.1.2.1. ɻʣʘʚʥʳʤ ʢʣʠʥʠʯʝʩʢʠʤ ʦʪʣʠʯʠʝʤ ʦʪ ʤʥʦʛʠʭ 

ʜʨʫʛʠʭ ʠʟʚʝʩʪʥʳʭ ʚʨʦʞʜʸʥʥʳʭ ʘʪʘʢʩʠʡ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʢʦʛʥʠʪʠʚʥʳʭ 

ʥʘʨʫʰʝʥʠʡ ʧʨʠ ʥʘʣʠʯʠʠ ʩʠʣʴʥʦʡ ʤʦʪʦʨʥʦʡ ʟʘʜʝʨʞʢʠ, ʚʳʟʚʘʥʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ 

ʛʠʧʦʧʣʘʟʠʝʡ.  

3.1.1. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ɼʅʂ ʧʘʮʠʝʥʪʘ ʩ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ 

ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ 

 ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʘʩʩʦʚʦʝ ʧʘʨʘʣʣʝʣʴʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʘ ɼʅʂ 

ʧʘʮʠʝʥʪʘ AX-III -17 ʩ ʜʠʘʛʥʦʟʦʤ ʚʨʦʞʜʸʥʥʦʡ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ 

ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʠʟ ɹʦʣʴʰʦʡ ɹʫʨʷʪʩʢʦʡ ʩʝʤʴʠ (AX). ɺʩʝʛʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 

542 ʤʣʥ ʩʳʨʳʭ ʯʪʝʥʠʡ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʚʳʨʘʚʥʝʥʳ ʥʘ ʨʝʬʝʨʝʥʩʥʳʡ ʛʝʥʦʤ 

ʯʝʣʦʚʝʢʘ (ʚʝʨʩʠʷ ʩʙʦʨʢʠ GRCh37), ʜʦʩʪʠʛʥʫʚ ʥʝ ʤʝʥʝʝ 14ʍ ʧʦʢʨʳʪʠ ̫

ʛʘʧʣʦʠʜʥʦʛʦ ʛʝʥʦʤʘ. ɺ ʦʙʱʝʡ ʩʣʦʞʥʦʩʪʠ ʙʳʣʦ ʧʨʝʜʩʢʘʟʘʥʦ 4,2 ʤʣʥ 
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ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʠʥʜʝʣʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʨʠʘʥʪʦʚ. ɹʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ɼʅʂ ʧʘʮʠʝʥʪʘ ʠ ʧʦ ʞʝʥʩʢʦʡ 

ʣʠʥʠʠ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʛʘʧʣʦʛʨʫʧʧʘ C4b (ʊʘʙʣʠʮʘ 9 ʇʨʠʣʦʞʝʥʠʷ). 

ɺʳʷʚʣʝʥʥʘʷ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʘʷ ʛʘʧʣʦʛʨʫʧʧʘ ʷʚʣʷʝʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʡ ʩʨʝʜʠ 

ʢʦʨʝʥʥʦʛʦ ʥʘʩʝʣʝʥʠʷ ʖʞʥʦʡ ʉʠʙʠʨʠ [Derenko et al., 2010; Ruiz-Pesini et al., 

2007]. ʉ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ Y-ʭʨʦʤʦʩʦʤʳ ʧʦ ʤʫʞʩʢʦʡ 

ʣʠʥʠʠ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʛʘʧʣʦʛʨʫʧʧʘ N1c1a1a* (ʊʘʙʣʠʮʘ 10 ʇʨʠʣʦʞʝʥʠʷ), 

ʢʦʪʦʨʘʷ ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʧʦʜʛʨʫʧʧʝ N1c1, ʠʤʝʶʱʝʡ ʘʟʠʘʪʩʢʦʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ 

ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʩʨʝʜʠ ʙʫʨʷʪ ʠ ʤʦʥʛʦʣʦʚ (International Society of Genetic 

Genealogy Y-DNA Haplogroup Tree 2007, [Rootsi et al., 2007; ʍʘʨʴʢʦʚ ʠ ʜʨ., 

2014]). ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʛʘʧʣʦʛʨʫʧʧ ʧʦʜʪʚʝʨʞʜʘʶʪ ʙʫʨʷʪʩʢʦʝ 

ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʧʘʮʠʝʥʪʘ. ʆʪʩʝʢʚʝʥʠʨʦʚʘʥʥrʡ ʧʦʣʥʳʡ ʛʝʥʦʤ 

ʧʘʮʠʝʥʪʘ AX-III -17 ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʛʝʥʦʤʦʤ ʵʪʥʠʯʝʩʢʦʛʦ 

ʙʫʨʷʪʘ ʤʦʥʛʦʣʴʩʢʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ. ʅʝʦʙʨʘʙʦʪʘʥʥʳʝ ʜʘʥʥʳʝ ʛʝʥʦʤʘ 

ʟʘʛʨʫʞʝʥʳ ʚ ʙʘʟʫ ʜʘʥʥʳʭ NCBI Sequence Read Archive ʧʦʜ ʥʦʤʝʨʦʤ ʜʦʩʪʫʧʘ 

SRP049620. ʇʦʣʥʘʷ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʘʷ ʛʝʥʦʤʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʟʘʛʨʫʞʝʥʘ ʚ ʙʘʟʫ ʜʘʥʥʳʭ NCBI GenBank ʧʦʜ ʥʦʤʝʨʦʤ ʜʦʩʪʫʧʘ KR153486.  

 ʉ ʧʦʤʦʱʴʶ ʨʘʥʝʝ ʧʨʦʚʝʜʸʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʘʨʥʦʛʦ ʩʮʝʧʣʝʥʠʷ ʠ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʛʘʧʣʦʪʠʧʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʘʪʦʛʝʥʥʳʡ ʚʘʨʠʘʥʪ ʚ ʩʝʤʴʝ 

AX ʨʘʩʧʦʣʦʞʝʥ ʚ ʭʨʦʤʦʩʦʤʥʦʤ ʣʦʢʫʩʝ Xp11.21-q24 ʤʝʞʜʫ STR ʤʘʨʢʝʨʘʤʠ 

DXS991 ʠ DXS1001, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʦʦʨʜʠʥʘʪʘʤ X:55519052-119836873 

ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ ʚʝʨʩʠʠ GRCh37 [Illarioshkin et al., 1996]. ʇʦʵʪʦʤʫ ʜʘʣʴʥʝʡʰʠʡ 

ʧʦʠʩʢ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʚ ʜʘʥʥʦʤ ʣʦʢʫʩʝ. ɹʳʣʠ ʦʪʦʙʨʘʥʳ 

ʚʩʝ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ ʩ ʤʠʥʦʨʥʦʡ ʘʣʣʝʣʴʥʦʡ ʯʘʩʪʦʪʦʡ (MAF) ʤʝʥʝʝ 5% ʧʦ 

ʜʘʥʥʳʤ ʧʨʦʝʢʪʘ 1000 ɻʝʥʦʤʦʚ. ɺʩʝʛʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ 5 ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʠ ʦʜʥʘ ʙʦʣʴʰʘʷ ʜʝʣʝʮʠʷ ʨʘʟʤʝʨʦʤ 41 456 ʧ.ʥ. (ʊʘʙʣʠʮʘ 2).  
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ʊʘʙʣʠʮʘ 2. ʈʝʜʢʠʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʦʤʝ ʧʘʮʠʝʥʪʘ AX-III -17 ʚ ʣʦʢʫʩʝ 

ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʚ ʩʝʤʴʝ AX.  

ɻʝʥ 
ʂʦʦʨʜʠʥʘʪʳ 

ʚ ʛʝʥʦʤʝ 

GRCh37 

RS ʅʫʢʣ. 

ʟʘʤʝʥʘ 

ɸʂ 

ʟʘʤʝʥʘ 

g/max MAF  SIFT/ 

PolyPhen2 

CAD

D 

Phylo

P 

ɿʘʙʦʣʝʚʘʥʠʝ, 

ʠʟʚʝʩʪʥʦʝ ʜʣʷ 

ʛʝʥʘ  
1000G gnomAD 

AMER1 X:63412133 rs7634
38860 

G>A A345V -/- 
0.00002/ 

0.00007 
ɺ.ɸʟʠʘʪʳ 

ʜʦʧʫʩʪʠʤ./ 

ʚʦʟʤʦʞʥʦ 
ʧʘʪʦʛʝʥʥʳʡ 

23,5 5,87 

ʇʦʣʦʩʯʘʪʘʷ 

ʦʩʪʝʦʧʘʪʠʷ ʩ 

ʢʨʘʥʠʘʣʴʥʳʤ 

ʩʢʣʝʨʦʟʦʤ 

(OMIM: 300373) 

NHSL2 X:71354380 rs7263

0038 
G>A E196K 

0.031/ 

0.189 

ʗʧʦʥʮʳ 

0.0103/ 

0.136 

ɺ.ɸʟʠʘʪʳ 

ʜʦʧʫʩʪʠʤ./ 

ʜʦʙʨʦʢʘʯ. 
16,9 2,47  - 

PHKA1 X:71830999 rs7821

59405 
C>T R802Q 

0.0003/ 

0.0063 

ʍʘʥʴ 

0.00023/ 

0.003 

ɺ.ɸʟʠʘʪʳ 

ʜʦʧʫʩʪʠʤ./ 

ʜʦʙʨʦʢʘʯ. 
7,40 0,18 

ʍ-ʩʮʝʧʣ. 

ʤʳʰʝʯʥʳʡ 

ʛʣʠʢʦʛʝʥʦʟ 
(OMIM: 300559) 

ABCB7 X:74273420 - C>T G682S -/- -/- 

ʧʘʪʦʛʝʥʥʳʡ/ 

ʥʘʠʙʦʣʝʝ 

ʚʝʨʦʷʪʥʦ 

ʧʘʪʦʛʝʥʥʳʡ 

34,0 7,34 

 ʍ-ʩʮʝʧʣ. 

ʩʠʜʝʨʦʙʣʘʩʪʥʘʷ 

ʘʥʝʤʠʷ ʠ 

ʘʪʘʢʩʠʷ  

(OMIM : 301310) 

ATP7A 

X:77190006-

77231471 
- 

ɼʝʣʝʮʠʷ 

41 456 

ʧ.ʥ. 

ɼʝʣʝʮʠʷ 

1-68 ɸʂ 

-/- -/- - 

 

max 

6,48 

 ɹʦʣʝʟʥʴ 

ʄʝʥʢʝʩʘ 

(OMIM: 

309400), 

ʉʠʥʜʨʦʤ 

ʟʘʪʳʣʦʯʥʦʛʦ 

ʨʦʛʘ (OMIM: 

304150),            

ʍ-ʩʮʝʧʣ. ɼʉʄɸ 

3 ʪʠʧʘ (OMIM: 

300489) 

PGAM4 

ɼʝʣʝʮʠʷ 

ʮʝʣʦʛʦ 

ʧʨʦʜʫʢʪʘ 

 

- 

RGAG1 X:109697207 
rs7711
30284 

C>T S1121L -/- 

0.000016/ 
0.000073 

ʃʘʪʠʥʦ/ 
ʩʤ.ʘʤʝʨ. 

ʧʘʪʦʛʝʥʥʳʡ 

ʥʠʟʢʘʷ 

ʜʦʩʪʦʚʝʨʥ./ 

ʜʦʙʨʦʢʘʯ. 

16,7 1,86 - 

 

 ʅʘ ʦʩʥʦʚʝ ʧʦʧʫʣʷʮʠʦʥʥʦʛʦ ʠ ʵʚʦʣʶʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ, ʘʥʘʣʠʟʘ 

ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʠ ʪʦʧʦʣʦʛʠʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʟʘʤʝʥ ʚ ʙʝʣʢʝ ʚʘʨʠʘʥʪʳ ʚ 

ʛʝʥʘʭ NHSL2, AMER1, PHKA1 ʠ RGAG1 ʙʳʣʠ ʠʩʢʣʶʯʝʥʳ ʠʟ ʜʘʣʴʥʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ (ʊʘʙʣʠʮʘ 2, ʈʠʩʫʥʦʢ 1 ʇʨʠʣʦʞʝʥʠʷ, ʈʠʩʫʥʦʢ 2A ʇʨʠʣʦʞʝʥʠʷ). 

ɺʘʨʠʘʥʪ rs72630038 ʚ ʛʝʥʝ NHSL2 ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʩʨʝʜʠ ɺʦʩʪʦʯʥʳʭ 

ɸʟʠʘʪʦʚ (MAF 0.1357 gnomAD) ʠ ʧʦ ʜʘʥʥʳʤ ʧʨʦʝʢʪʘ 1000 ɻʝʥʦʤʦʚ ʜʦʩʪʠʛʘʝʪ 

ʥʘʠʙʦʣʴʰʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ (MAF 0.1892) ʩʨʝʜʠ ʗʧʦʥʮʝʚ ʚ ʊʦʢʠʦ, ʧʨʠ ʵʪʦʤ 

ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʧʘʪʦʛʝʥʥʦʩʪʠ ʚʘʨʠʘʥʪʘ rs72630038 (ʊʘʙʣʠʮʘ 2). ɺ ʛʝʥʘʭ-
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ʦʨʪʦʣʦʛʘʭ ʤʠʥʦʨʥʳʡ ʘʣʣʝʣʴ ʧʨʠʩʫʪʩʪʚʫʝʪ ʫ ʥʝʢʦʪʦʨʳʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ 

(ʈʠʩʫʥʦʢ 1 ʇʨʠʣʦʞʝʥʠʷ). ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʵʪʦʤʫ ʜʘʥʥʳʡ ʛʝʥ ʠʤʝʝʪ ʥʠʟʢʫʶ 

ʵʢʩʧʨʝʩʩʠʶ ʚ ʤʦʟʞʝʯʢʝ ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ [Lindsay et al., 2016]. ʄʫʪʘʮʠʠ 

ʚ ʛʝʥʝ AMER1 ʠʟʚʝʩʪʥʳ ʢʘʢ ʛʝʥʝʪʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ ʧʦʣʦʩʯʘʪʦʡ ʦʩʪʝʦʧʘʪʠʠ ʩ 

ʢʨʘʥʠʘʣʴʥʳʤ ʩʢʣʝʨʦʟʦʤ ʠ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴ  ʁ(OMIM: 300373). ɺʘʨʠʘʥʪ 

ʚ ʛʝʥʝ AMER1 ʙʳʣ ʠʩʢʣʶʯʸʥ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʡ ʚ ʢʣʠʥʠʯʝʩʢʦʤ ʬʝʥʦʪʠʧʝ, 

ʦʧʠʩʘʥʥʦʤ ʜʣʷ ʜʘʥʥʦʛʦ ʛʝʥʘ ʠ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX, ʘ ʪʘʢʞʝ ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʣʦʢʘʣʠʟʘʮʠʠ ʚʘʨʠʘʥʪʘ rs763438860 ʚ ʵʚʦʣʶʮʠʦʥʥʦ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ 

ʙʝʣʢʘ. ɻʝʥ PHKA1 ʠʤʝʝʪ ʥʠʟʢʫʶ ʵʢʩʧʨʝʩʩʠʶ ʚ ʤʦʟʞʝʯʢʝ [Lindsay et al., 2016], 

ʘ ʤʫʪʘʮʠʠ ʚ ʜʘʥʥʦʤ ʛʝʥʝ ʧʨʠʚʦʜʷʪ ʢ ʍ-ʩʮʝʧʣʝʥʥʦʤʫ ʤʳʰʝʯʥʦʤʫ ʛʣʠʢʦʛʝʥʦʟʫ 

(OMIM 300559), ʢʦʪʦʨʳʡ ʥʝ ʦʙʥʘʨʫʞʝʥ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX. 

ɸʤʠʥʦʢʠʩʣʦʪʥʘʷ ʟʘʤʝʥʘ ʘʨʛʠʥʠʥʘ ʥʘ ʛʣʫʪʘʤʠʥ ʚ ʙʝʣʢʝ PHKA1 ʧʨʦʠʟʦʰʣʘ ʚ 

ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʤ ʧʦʣʦʞʝʥʠʠ, ʘ ʤʠʥʦʨʥʳʡ ʚʘʨʠʘʥʪ ʧʨʠʩʫʪʩʪʚʫʝʪ ʫ ʥʝʢʦʪʦʨʳʭ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ (ʈʠʩʫʥʦʢ 1 ʇʨʠʣʦʞʝʥʠʷ). ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʘ RGAG1 ʚ 

ʤʦʟʞʝʯʢʝ ʦʯʝʥʴ ʥʠʟʢʘʷ ʠʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ, ʘ ʥʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ ʚ 

ʵʪʦʤ ʛʝʥʝ ʪʘʢʞʝ ʣʦʢʘʣʠʟʦʚʘʥ ʚ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʤ ʧʦʣʦʞʝʥʠʠ. 

 ʊʦʣʴʢʦ ʦʜʠʥ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʡ ʚʘʨʠʘʥʪ, ʟʘʤʝʥʘ C>T ʚ ʧʦʟʠʮʠʠ 

X:74273420 (NM_001271696.3:c.2044G>A), ʦʙʥʘʨʫʞʝʥʥʳʡ ʚʧʝʨʚʳʝ ʫ 

ʧʘʮʠʝʥʪʘ AX-III -17 (ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ 1000 ɻʝʥʦʤʦʚ ʠ gnomAD, 

ʧʦʟʜʥʝʝ ʜʘʥʥʦʤʫ ʚʘʨʠʘʥʪʫ ʙʳʣ ʧʨʠʩʚʦʝʥ ʥʦʤʝʨ rs797044558 ʚ ʙʘʟʝ ʜʘʥʥʳʭ 

dbSNP), ʙʳʣ ʥʘʡʜʝʥ ʚ ʣʦʢʫʩʝ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ, ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʝʡ ʦʙʣʘʩʪʠ ʛʝʥʘ ABCB7 (ʊʘʙʣʠʮʘ 2, ʈʠʩʫʥʦʢ 5). ɼʘʥʥʳʡ ʛʝʥ 

ʢʦʜʠʨʫʝʪ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʡ ɸʊʌ-ʩʚʷʟʳʚʘʶʱʠʡ ʪʨʘʥʩʧʦʨʪʸʨ ʩʫʙʩʝʤʝʡʩʪʚʘ ɺ 

ʯʣʝʥ 7, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ʤʝʤʙʨʘʥʝ, 

ʠʛʨʘʶʱʠʡ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʪʨʘʥʩʧʦʨʪʝ ʠʦʥʦʚ ʞʝʣʝʟʘ ʠ ʩʠʥʪʝʟʝ ʛʝʤʦʧʨʦʪʝʠʥʦʚ 

[Hollenstein et al., 2007]. ɺ ʧʝʨʠʦʜ ʧʨʝʥʘʪʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ ABCB7 

ʵʢʩʧʨʝʩʩʠʨʫʝʪʩ ̫ʚ ʤʦʟʞʝʯʢʝ, ʘ ʥʘʨʫʰʝʥʠ ̫ʬʫʥʢʮʠʡ ʜʘʥʥʦʛʦ ʛʝʥʘ ʚʳʟʳʚʘʶʪ 

ʥʘʢʦʧʣʝʥʠʝ ʠʦʥʦʚ ʞʝʣʝʟʘ ʠ ʧʨʦʪʦʧʦʨʬʠʨʠʥʘ IX ʚ ʤʠʪʦʭʦʥʜʨʠʷʭ, ʧʨʠʚʦʜʷ ʢ 

ʟʘʙʦʣʝʚʘʥʠʶ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ ʠ ʘʪʘʢʩʠʠ (ASAT) [Nikpour et al., 2013; 

D'Hooghe et al., 2012; Sato et al., 2011; Boultwood et al., 2008; Pondarre et al., 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001271696.3?report=graph&mk=2044|NM_001271696.3/:c.2044G%3eA|green
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2007]. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ ABCB7 ʙʳʣ ʦʪʦʙʨʘʥ ʚ ʢʘʯʝʩʪʚʝ ʢʘʥʜʠʜʘʪʥʦʛʦ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ.  

 

ʈʠʩʫʥʦʢ 5. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʥʦʚʦʛʦ ʢʘʥʜʠʜʘʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʝ ABCB7 ʚ 

ʩʝʤʴʝ AX. A ï ɺʠʟʫʘʣʠʟʘʮʠʷ ʦʙʣʘʩʪʠ ʛʝʥʦʤʘ, ʩʦʜʝʨʞʘʱʝʡ ʢʘʥʜʠʜʘʪʥʳʡ 

ʥʝʩʠʥʦʥʠʤʠʯʥʳʡ ʚʘʨʠʘʥʪ chrX:g.74273420C>T ʚ ʛʝʥʝ ABCB7 ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ IGV (Integrative Genomics Viewer); ɹ ï ʇʨʦʚʝʨʢʘ ʛʝʤʠʟʠʛʦʪʥʦʛʦ 

ʚʘʨʠʘʥʪʘ ʫ ʧʘʮʠʝʥʪʘ AX-III -17, ʛʝʪʝʨʦʟʠʛʦʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʫ ʦʙʣʠʛʘʪʥʦʛʦ 

ʥʦʩʠʪʝʣʷ, ʝʛʦ ʤʘʪʝʨʠ (AX-II -7), ʠ ʛʦʤʦʟʠʛʦʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʧʦ ʘʣʣʝʣʶ ʜʠʢʦʛʦ 

ʪʠʧʘ ʫ ʟʜʦʨʦʚʦʛʦ ʨʦʜʩʪʚʝʥʥʠʢʘ ʤʫʞʩʢʦʛʦ ʧʦʣʘ (AX-III -22) c ʧʦʤʦɦʴʶ ʧʨʷʤʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ.   

 ʇʦʤʠʤʦ ʵʪʦʛʦ ʚ ʣʦʢʫʩʝ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʢʨʫʧʥʘʷ ʜʝʣʝʮʠʷ 

X:77190006-77231471 ʚ ʛʝʥʝ ATP7A (NC_000023.10:g.77190006_77231471del), 

ʧʨʠʚʦʜʷʱʘʷ ʢ ʧʦʣʥʦʤʫ ʫʜʘʣʝʥʠʶ ʚʪʦʨʦʛʦ ʵʢʟʦʥʘ ʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʠʥʪʨʦʥʦʡ 

ʯʘʩʪʠ ʤʝʞʜʫ 1 ʠ 3 ʵʢʟʦʥʘʤʠ, ʙʦʛʘʪʫʶ ʨʝʛʫʣʷʪʦʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʠ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʤʠ ʧʦʚʪʦʨʘʤʠ (ʊʘʙʣʠʮʘ 2, ʈʠʩʫʥʦʢ 6). ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʘʥʥʦʡ 

ʜʝʣʝʮʠʠ ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʦʝ ʫʜʘʣʝʥʠʝ ʨʝʪʨʦʛʝʥʘ PGAM4, 
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ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ ʘʥʪʠʩʤʳʩʣʦʚʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʠʥʪʨʦʥʥʦʡ ʦʙʣʘʩʪʠ ʛʝʥʘ 

ATP7A. ɹʝʣʦʢ, ʢʦʜʠʨʫʝʤʳʡ ʜʘʥʥʳʤ ʛʝʥʦʤ, ʷʚʣʷʝʪʩʷ ʪʨʘʥʩʧʦʨʪʸʨʦʤ ʤʝʜʠ, 

ʨʘʩʧʦʣʘʛʘʶʱʠʤʩʷ ʚʥʫʪʨʠʢʣʝʪʦʯʥʦ ʥʘ ʤʝʤʙʨʘʥʘʭ ʘʧʧʘʨʘʪʘ ɻʦʣʴʜʞʠ, 

ʵʥʜʦʧʣʘʟʤʘʪʠʯʝʩʢʦʛʦ ʨʝʪʠʢʫʣʫʤʘ, ʘ ʪʘʢʞʝ ʥʘ ʮʠʪʦʧʣʘʟʤʘʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ 

[Uhlemann et al., 2021]. ɻʝʥ ATP7A ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚʦ ʤʥʦʛʠʭ ʪʢʘʥʷʭ, ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʚ ʧʝʯʝʥʠ, ʛʝʤʘʪʦʵʥʮʝʬʘʣʠʯʝʩʢʦʤ ʙʘʨʴʝʨʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʤʦʟʛʝ (ʈʠʩʫʥʦʢ 2 ʠ 4 ʇʨʠʣʦʞʝʥʠʷ) [Telianidis et al., 2013; Kapushesky et al., 

2010; Fagerberg et al., 2014; Miller et al., 2014]. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ ATP7A ʧʨʠʚʦʜʷʪ 

ʢ ʥʘʨʫʰʝʥʠʶ ʪʨʘʥʩʧʦʨʪʘ ʤʝʜʠ ʠ ʚʳʟʳʚʘʶʪ ʝ yʥʘʢʦʧʣʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʪʢʘʥʷʭ, 

ʠ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʥʝʩʢʦʣʴʢʠʤ ʟʘʙʦʣʝʚʘʥʠʷʤ: ʢʣʘʩʩʠʯʝʩʢʦʡ ʠ ʫʤʝʨʝʥʥʦʡ 

ʬʦʨʤʘʤ ʙʦʣʝʟʥʠ ʄʝʥʢʝʩʘ [Mßller et al., 2013; Bull et al., 1993; Chelly et al., 

1993], ʍ-ʩʮʝʧʣʝʥʥʦʡ ʜʠʩʪʘʣʴʥʦ-ʩʧʠʥʘʣʴʥʦ-ʤʳʰʝʯʥʦʡ ʘʪʨʦʬʠʠ 3-ʛʦ ʪʠʧʘ 

(ɼʉʄɸ, DSMAX, SMAX3) [Kennerson et al., 2010], ʩʠʥʜʨʦʤʫ ʟʘʪʳʣʦʯʥʦʛʦ 

ʨʦʛʘ (OHS) [Byers et al., 1980; Das et al., 1995]. 

 

ʈʠʩʫʥʦʢ 6. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ATP7A ʚ ʩʝʤʴʝ AX. A ï 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʦʙʣʘʩʪʠ ʛʝʥʦʤʘ, ʩʦʜʝʨʞʘʱʝʡ ʜʝʣʝʮʠʶ hg19 

chrX:g.77190006_77231471del ʚ ʛʝʥʝ ATP7A ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ IGV. ɹ ï 

ʇʨʦʚʝʨʢʘ ʛʝʤʠʟʠʛʦʪʥʦʡ ʜʝʣʝʮʠʠ ʫ ʧʘʮʠʝʥʪʘ AX-III -17 c ʧʦʤʦʱʴʶ ʧʨʷʤʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. B ï ʉʭʝʤʘ ʩʠʩʪʝʤʳ ʧʨʘʡʤʝʨʦʚ ʜʣʷ ʚʘʣʠʜʘʮʠʠ 
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ʙʦʣʴʰʦʡ, 41,5 ʪ.ʧ.ʥ., ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ATP7A, ʩʦʩʪʦʷʱʝʡ ʠʟ 4ʭ ʧʘʨ ʧʨʘʡʤʝʨʦʚ: 

ʦʜʥʘ ʧʘʨʘ ʚʥʝʰʥʠʭ ʧʨʘʡʤʝʨʦʚ, ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʦʙʝʠʤ ʛʨʘʥʠʮʘʤ ʩ ʜʝʣʝʮʠʝʡ 

ʠ ʧʦʜʪʚʝʨʞʜʘʶʱʘʷ ʝʸ ʥʘʣʠʯʠʝ (ɼ); ʪʨʠ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʭ 

ʦʪʩʫʪʩʪʚʠʝ ʜʝʣʝʮʠʠ, ʠʟ ʥʠʭ ʜʚʝ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳ ʛʨʘʥʠʮʘʤ 

ʜʝʣʝʮʠʠ (ʇ ʠ ʃ) ʠ ʦʜʥʘ ʧʘʨʘ ï ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʥʫʪʨʠ ʜʝʣʝʮʠʠ (ɺ). ɻ ï 

ʕʣʝʢʪʨʦʬʦʨʝʛʨʘʤʤʘ ʇʎʈ ʧʨʦʜʫʢʪʦʚ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ: ʥʘʣʠʯʠʝ ʪʨʸʭ ʧʨʦʜʫʢʪʦʚ 

(ʇ, ɺ ʠ ʃ) ʠ ʦʪʩʫʪʩʪʚʠʝ ʧʨʦʜʫʢʪʘ ʩ ʚʥʝʰʥʠʭ ʛʨʘʥʠʮ ʜʝʣʝʮʠʠ (ɼ) ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʛʝʤʠʟʠʛʦʪʫ ʜʠʢʦʛʦ ʪʠʧʘ ʫ ʟʜʦʨʦʚʦʛʦ ʥʝʨʦʜʩʪʚʝʥʥʦʛʦ ʠʥʜʠʚʠʜʘ; ʥʘʣʠʯʠʝ 

ʧʨʦʜʫʢʪʘ ʩ ʚʥʝʰʥʠʭ ʛʨʘʥʠʮ ʜʝʣʝʮʠʠ (ɼ) ʠ ʦʪʩʫʪʩʪʚʠʝ ʦʩʪʘʣʴʥʳʭ ʧʨʦʜʫʢʪʦʚ (ʇ, 

ɺ ʠ ʃ) ʧʦʜʪʚʝʨʞʜʘʝʪ ʛʝʤʠʟʠʛʦʪʥʫʶ ʜʝʣʝʮʠʶ ʫ ʧʘʮʠʝʥʪʘ AX-III -17; ʥʘʣʠʯʠʝ 

ʚʩʝʭ ʯʝʪʳʨʭy ʧʨʦʜʫʢʪʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪ ʛʝʪʝʨʦʟʠʛʦʪʥʫʶ ʜʝʣʝʮʠʶ ʫ ʦʙʣʠʛʘʪʥʦʛʦ 

ʥʦʩʠʪʝʣʷ AX-II -7, ʤʘʪʝʨʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʘʮʠʝʥʪʘ.  

 ɺ 1-2 ʠʥʪʨʦʥʝ ʛʝʥʘ ATP7A ʧʦ ʘʥʪʠʩʤʳʩʣʦʚʦʡ ʮʝʧʠ ʥʘʭʦʜʠʪʩʷ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʠʡ ʨʝʪʨʦʛʝʥ PGAM4, ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʣʝʮʠʠ ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ 

ʧʦʣʥʦʝ ʫʜʘʣʝʥʠʝ (ʈʠʩʫʥʦʢ 6). PGAM4 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ 

ʨʝʪʨʦʢʦʧʠʶ ʛʝʥʘ PGAM1, ʢʦʜʠʨʫʶʱʫ  ʁ ʬʦʩʬʦʛʣʠʮʝʨʘʪʤʫʪʘʟʫ, ʢʦʪʦʨʘʷ 

ʢʘʪʘʣʠʟʠʨʫʝʪ ʨʝʘʢʮʠ ʁʠʟʦʤʝʨʠʟʘʮʠʠ 3-ʬʦʩʬʦʛʣʠʮʝʨʘʪʘ ʚ 2-ʬʦʩʬʦʛʣʠʮʝʨʘʪ ʚ 

ʛʣʠʢʦʣʠʪʠʯʝʩʢʦʤ ʧʫʪʠ. ɼʘʥʥʳʡ ʨʝʪʨʦʛʝʥ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʫ ʯʝʣʦʚʝʢʘ ʠ 

ʙʣʠʞʘʡʰʠʭ ʝʤʫ ʧʨʠʤʘʪʦʚ, ʰʠʤʧʘʥʟʝ ʠ ʛʦʨʠʣʣʳ. ʊʘʢ ʢʘʢ PGAM4 ʨʝʪʨʦʛʝʥ ʥʝ 

ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʤʦʟʛʝ ʠ ʜʨʫʛʠʭ ʪʢʘʥʷʭ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʝʩʪʠʢʫʣ (Illumina 

Human Body Map 2.0, ʥʦʤʝʨ ʜʦʩʪʫʧʘ ArrayExpress E-MTAB-513), ʜʘʥʥʳʡ 

ʨʝʪʨʦʛʝʥ ʥʝ ʙʳʣ ʦʪʦʙʨʘʥ ʚ ʢʘʯʝʩʪʚʝ ʢʘʥʜʠʜʘʪʥʦʛʦ ʛʝʥʘ, ʩʚʷʟʘʥʥʦʛʦ ʩ 

ʚʨʦʞʜʸʥʥʦʡ ʧʘʪʦʣʦʛʠʝʡ ʤʦʟʞʝʯʢʘ ʚ ʩʝʤʴʝ AX. ɺʚʠʜʫ ʥʘʣʠʯʠʷ ʥʝʢʦʪʦʨʳʭ 

ʜʘʥʥʳʭ ʦ ʩʚʷʟʠ ʜʘʥʥʦʛʦ ʨʝʪʨʦʛʝʥʘ ʩ ʙʝʩʧʣʦʜʠʝʤ [Okuda et al., 2012], ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʧʨʝʜʤʝʪ ʬʝʨʪʠʣʴʥʦʩʪʠ ʧʘʮʠʝʥʪʦʚ ʚ 

ʩʝʤʴʝ AX.  
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3.1.2. ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚ ʩʝʤʴʝ AX 

 ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʚʳʷʚʣʝʥʥʳʭ ʚ ʜʘʥʥʳʭ 

ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʘʮʠʝʥʪʘ AX-III -17, ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʥʘ 

ʦʙʨʘʟʮʘʭ ɼʅʂ ʯʝʪʳʨʸʭ ʧʘʮʠʝʥʪʦʚ ʠ ʠʭ ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʨʦʜʩʪʚʝʥʥʠʢʦʚ 

ʠʟ ʩʝʤʴʠ AX ʩ ʧʦʤʦʱʴʶ ʇʎʈ ʠ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. ʇʨʦʚʝʨʢʘ 

ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʝ ABCB7 ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ 

ʧʨʦʜʫʢʪʦʚ ʇʎʈ, ʩʦʜʝʨʞʘʱʠʭ ʦʙʣʘʩʪʴ 16 ʵʢʟʦʥʘ ʠ ʧʨʠʤʳʢʘʶʱʝʡ ʠʥʪʨʦʥʥʦʡ 

ʦʙʣʘʩʪʠ. ʇʨʦʚʝʨʢʘ ʢʨʫʧʥʦʡ ʜʝʣʝʮʠʠ 41,5 ʪ.ʧ.ʥ. ʚ ʛʝʥʝ ATP7A ʧʨʦʚʦʜʠʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʇʎʈ ʥʘ ʨʘʟʥʳʝ ʫʯʘʩʪʢʠ ʜʝʣʝʪʠʨʫʝʤʦʡ ʦʙʣʘʩʪʠ (ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ 

ʜʝʣʝʮʠʠ ï ʪʨʸʭ ʧʨʦʜʫʢʪʦʚ ʫʯʘʩʪʢʦʚ, ʬʣʘʥʢʠʨʫʶʱʠʭ ʜʝʣʝʮʠʶ ʩ ʦʜʥʦʡ ʠʟ 

ʩʪʦʨʦʥ ʠ ʚʥʫʪʨʠ ʜʝʣʝʮʠʠ ʠ, ʚ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʜʝʣʝʮʠʠ, ʧʨʦʜʫʢʪʘ ʩ ʦʙʦʠʭ ʩʪʦʨʦʥ 

ʬʣʘʥʢʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʭ ʨʘʟʜʝʣʝʥʠʝʤ ʧʦ 

ʜʣʠʥʝ ʚ ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʧʨʦʜʫʢʪʦʚ ʇʎʈ (ʈʠʩʫʥʦʢ 6ɺ). 

ʅʘʣʠʯʠʝ ʜʝʣʝʮʠʠ ʪʘʢʞʝ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʨʷʤʳʤ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝʤ ʧʦ 

ʉʵʥʛʝʨʫ ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʬʣʘʥʢʠʨʫʶʱʝʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ (ʩʤ. ʨʘʟʜʝʣ ʄʝʪʦʜʳ). 

 ʆʙʘ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʘ, ʦʜʥʫʢʣʝʦʪʠʜʥʘʷ ʟʘʤʝʥʘ ʚ ʛʝʥʝ ABCB7 ʠ 

ʜʝʣʝʮʠʷ ʚ ʛʝʥʝ ATP7A, ʙʳʣʠ ʧʦʜʪʚʝʨʞʜʝʥʳ ʚ ʛʝʤʠʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʧʘʮʠʝʥʪʦʚ (4 ʠʥʜʠʚʠʜʘ) ʠ ʚ ʛʝʪʝʨʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʞʝʥʱʠʥ-ʥʦʩʠʪʝʣʝʡ (4 ʠʥʜʠʚʠʜʘ). ʊʘʢ ʞʝ 

ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʟʜʦʨʦʚʳʝ ʤʫʞʯʠʥʳ (4 ʠʥʜʠʚʠʜʘ) ʠʟ ʩʝʤʴʠ AX, ʫ 

ʢʦʪʦʨʳʭ ʥʝ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʩʣʫʯʘʠ ʨʦʞʜʝʥʠʷ ʙʦʣʴʥʳʭ ʜʝʪʝʡ. ɺʩʝ ʯʝʪʚʝʨʦ 

ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʤʫʞʯʠʥ ʥʝ ʠʤʝʶʪ ʜʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʠ ʷʚʣʷʶʪʩʷ 

ʛʝʤʠʟʠʛʦʪʘʤʠ ʧʦ ʚʘʨʠʘʥʪʘʤ ʜʠʢʦʛʦ ʪʠʧʘ ʚ ʦʙʦʠʭ ʛʝʥʘʭ (ʊʘʙʣʠʮʘ 3). 

 

 

 



70 
 

ʊʘʙʣʠʮʘ 3. ʈʝʟʫʣʴʪʘʪʳ ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ABCB7 ʠ ATP7A ʫ ʧʘʮʠʝʥʪʦʚ ʠ 

ʠʭ ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʨʦʜʩʪʚʝʥʥʠʢʦʚ ʠʟ ʩʝʤʴʠ AX.  

ˉ ʇʦʣ ɼʠʘʛʥʦʟ 
ABCB7 ATP7A PGAM4 

16 ɻ ʢʟʦʥ 2 ʵʢʟʦʥ 1 ʵʢʟʦʥ 

AX-III -6 ʤʫʞ. ʧʘʮʠʝʥʪ ʤʫʪʘʮʠʷ, T ʜʝʣʝʮʠʷ 

AX-III -17 ʤʫʞ. ʧʘʮʠʝʥʪ ʤʫʪʘʮʠʷ, T ʜʝʣʝʮʠʷ 

AX-III -18 ʤʫʞ. ʧʘʮʠʝʥʪ ʤʫʪʘʮʠʷ, T ʜʝʣʝʮʠʷ 

AX-IV-26 ʤʫʞ. ʧʘʮʠʝʥʪ ʤʫʪʘʮʠʷ, T ʜʝʣʝʮʠʷ 

AX-II -7 ʞʝʥ. ʥʦʩʠʪʝʣʴ ʜʠʢʠʡ ʪʠʧ / ʤʫʪʘʮʠʷ, ʉT ʛʝʪʝʨʦʟʠʛʦʪʥʘʷ ʜʝʣʝʮʠʷ 

AX-II -11 ʞʝʥ. ʥʦʩʠʪʝʣʴ ʜʠʢʠʡ ʪʠʧ / ʤʫʪʘʮʠʷ, ʉT ʛʝʪʝʨʦʟʠʛʦʪʥʘʷ ʜʝʣʝʮʠʷ 

AX-III -19 ʞʝʥ. ʥʦʩʠʪʝʣʴ ʜʠʢʠʡ ʪʠʧ / ʤʫʪʘʮʠʷ, ʉT ʛʝʪʝʨʦʟʠʛʦʪʥʘʷ ʜʝʣʝʮʠʷ 

AX-III -31 ʞʝʥ. ʥʦʩʠʪʝʣʴ ʜʠʢʠʡ ʪʠʧ / ʤʫʪʘʮʠʷ, ʉT ʛʝʪʝʨʦʟʠʛʦʪʥʘʷ ʜʝʣʝʮʠʷ 

AX-III -22 ʤʫʞ. ʟʜʦʨʦʚʳʡ ʜʠʢʠʡ ʪʠʧ, ʉ ʜʠʢʠʡ ʪʠʧ 

AX-III -35 ʤʫʞ. ʟʜʦʨʦʚʳʡ ʜʠʢʠʡ ʪʠʧ, ʉ ʜʠʢʠʡ ʪʠʧ 

AX-III -37 ʤʫʞ. ʟʜʦʨʦʚʳʡ ʜʠʢʠʡ ʪʠʧ, ʉ ʜʠʢʠʡ ʪʠʧ 

AX-III -4 ʤʫʞ. ʟʜʦʨʦʚʳʡ ʜʠʢʠʡ ʪʠʧ, ʉ ʜʠʢʠʡ ʪʠʧ 

 

3.1.3. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʘʭ ʩ ʚʳʷʚʣʝʥʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʚ ʩʝʤʴʝ AX 

 ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʷʚʠʪʴ ʧʘʪʦʛʝʥʥʳʡ ʚʘʨʠʘʥʪ, ʷʚʣʷʶʱʠʡʩʷ ʧʨʠʯʠʥʦʡ 

ʨʘʟʚʠʪʠʷ ʟʘʙʦʣʝʚʘʥʠʷ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʚ ʩʝʤʴʝ AX, ʙʳʣ ʧʨʦʚʝʜʸʥ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʳ ʚ ʛʝʥʝ ABCB7 ʠ ʢʨʫʧʥʦʡ 

ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ATP7A ʠ ʠʭ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠ ʚʣʠʷʥʠʝ ʥʘ ʠʟʤʝʥʝʥʠʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʦʚ. 

3.1.3.1. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʝ, ʚʳʟʚʘʥʥʳʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʦʡ ʚ ʛʝʥʝ ABCB7  

 Oʜʥʦʥʫʢʣʝʦʪʠʜʥʘʷ ʟʘʤʝʥʘ C>T ʚ ʧʦʟʠʮʠʠ X:74190145 ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʧʝʨʚʦʤ ʢʦʜʦʥʝ 16 ʵʢʟʦʥʘ ʛʝʥʘ ABCB7 ʨʜ̫ʦʤ ʩ ʩʘʡʪʦʤ ʘʢʮʝʧʪʦʨʘ ʩʧʣʘʡʩʠʥʛʘ. 

ʇʦʵʪʦʤʫ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜ ɹʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʜʘʥʥʦʡ 

ʟʘʤʝʥʳ ʥʘ ʩʘʡʪ ʩʧʣʘʡʩʠʥʛʘ. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ 

ʣʝʞʠʪ ʘʥʘʣʠʟ ʧʦ ʯʘʩʪʦʪʘʤ ʥʫʢʣʝʦʪʠʜʦʚ ʚ ʢʘʞʜʦʤ ʧʦʣʦʞʝʥʠʠ ʩʘʡʪʘ (ʦʪ -20 ʜʦ 

+3), ʧʨʝʜʩʢʘʟʘʣ ʦʪʩʫʪʩʪʚʠʝ ʠʟʤʝʥʝʥʠʡ ʩʘʡʪʘ ʩʧʣʘʡʩʠʥʛʘ (ʊʘʙʣʠʮʘ 11 

ʇʨʠʣʦʞʝʥʠʷ) [Stamm et al., 2000; ʅʫʨʜʠʥʦʚ ʠ ʜʨ., 2006]. ɼʦʧʦʣʥʠʪʝʣʴʥʦ 
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ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʩʘʡʪʘ ʩʧʣʘʡʩʠʥʛʘ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ ʧʦʤʦʱʴʶ ʦʥʣʘʡʥ 

ʧʨʦʛʨʘʤʤʳ SpliceAI [Jaganathan et al., 2019], ʢʦʪʦʨʘʷ ʪʘʢʞʝ ʧʦʢʘʟʘʣʘ 

ʦʪʩʫʪʩʪʚʠʝ ʠʟʤʝʥʝʥʠʡ ʜʣʷ ʚʩʝʭ ʪʨʘʥʩʢʨʠʧʪʦʚ (ʊʘʙʣʠʮʘ 12 ʇʨʠʣʦʞʝʥʠʷ). 

 ɿʘʪʝʤ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥ r

ʛʣʠʮʠʥʘ ʥʘ ʩʝʨʠʥ ʚ ʧʦʣʦʞʝʥʠʠ 682 (p.Gly682Ser) ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʘ. ʇʨʝʜʩʢʘʟʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ABCB7 

ʪʨʘʥʩʧʦʨʪʸʨʘ ʩ ʤʫʪʘʥʪʥʳʤ ʠ ʜʠʢʠʤ ʚʘʨʠʘʥʪʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ Phyre2. ɺʘʨʠʘʥʪ p.Gly682Ser ʨʘʩʧʦʣʦʞʝʥ ʚ ʜʦʤʝʥʝ, ʩʚʷʟʳʚʘʶʱʝʤ 

ʥʫʢʣʝʦʪʠʜʳ (NBD), ʨʘʩʧʦʣʘʛʘʶʱʝʤʩʷ ʚʦ ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ (ʈʠʩʫʥʦʢ 7). ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʦʨʪʦʣʦʛʠʯʥʳʭ ʠ 

ʧʘʨʘʣʦʛʠʯʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ABC ʪʨʘʥʩʧʦʨʪʸʨʦʚ 

ʧʦʢʘʟʘʣ ʚʳʩʦʢʫʶ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʴ ʘʤʠʥʦʢʠʩʣʦʪʳ ʛʣʠʮʠʥʘ ʚ ʧʦʣʦʞʝʥʠʠ 682 

(ʈʠʩʫʥʦʢ 8). ʉ ʧʦʤʦʱʴʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʚ ʧʨʦʛʨʘʤʤʝ Phyre2 

ʧʨʝʜʩʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʥʘ ʥʘ ʩʝʨʠʥ ʚ ʜʘʥʥʦʤ ʧʦʣʦʞʝʥʠʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʧʦʷʚʣʝʥʠʶ ʚʨʘʱʝʥʠʷ ʚ ʥʝʧʦʜʚʠʞʥʦʤ ʩʘʡʪʝ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʵʪʦʤʫ ʜʘʥʥʘʷ 

ʟʘʤʝʥʘ p.Gly682Ser ʪʘʢʞʝ ʧʨʝʜʩʢʘʟʘʥʘ, ʢʘʢ ñʧʘʪʦʛʝʥʥʘò̫ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ 

SIFT ʠ ñʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʧʘʪʦʛʝʥʥʘʷò ʩ ʧʦʤʦʱʴʶ PolyPhen2.   
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ʈʠʩʫʥʦʢ 7. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ ABCB7 ʠ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʥʦʚʦʡ ʟʘʤʝʥʳ, ʚʳʷʚʣʝʥʥʦʡ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX (ʩʦʟʜʘʥʦ ʩ 

ʧʦʤʦʱʴʶ Protter [Omasits et al., 2014] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ UniProt 

[Salamov et al., 1998]). ɸ ï ɹʝʣʦʢ ABCB7 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʡ ʪʨʘʥʩʧʦʨʪʸʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ 6 ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʭ ʜʦʤʝʥʦʚ, 

ʬʦʨʤʠʨʫʶʱʠʭ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʡ ʢʘʥʘʣ, ʠ ʜʚʫʭ ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʭ 

ʦʙʣʘʩʪʝʡ, ʬʦʨʤʠʨʫʶʱʠʭ ʥʫʢʣʝʦʪʠʜ-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ (ABCC ATM1 

ʪʨʘʥʩʧʦʨʪʸʨ). ʅʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ p.Gly682Ser (G682S), ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʉ-

ʢʦʥʮʝʚʦʡ ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʚʳʜʝʣʝʥ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ ʠ 

ʧʦʢʘʟʘʥ ʩʪʨʝʣʢʦʡ.  
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ʈʠʩʫʥʦʢ 8. ɸʥʘʣʠʟ ʦʙʣʘʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʟʘʤʝʥʫ p.Gly682Ser (G682S) ʚ 

ʪʨʘʥʩʧʦʨʪʸʨʝ ABCB7. A ï ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʦʨʪʦʣʦʛʦʚ, Gly682 ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʝʥ; ɹ ï 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʣʘʩʪʠ ABCB7 ʪʨʘʥʩʧʦʨʪʸʨʘ, ʩʦʜʝʨʞʘʱʘʷ 

ʘʤʠʥʦʢʠʩʣʦʪʫ Gly682, ʧʨʝʜʩʪʘʚʣʝʥʘ ʙʝʪʘ-ʩʢʣʘʜʢʦʡ (ʩʦʟʜʘʥʘ AlfaFold), ʛʣʠʮʠʥ 

ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʞʸʩʪʢʦʡ ʧʝʪʣʠ, ʜʦʧʦʣʥʠʪʝʣʥɹʳʡ ʘʥʘʣʠʟ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Phyre2 ʧʨʝʜʩʢʘʟʘʣ ʧʦʚʳʰʝʥʠʝ ʨʦʪʘʮʠʠ ʚ ʩʣʫʯʘʝ ʟʘʤʝʥʳ 

ʥʘ ʩʝʨʠʥ ʚ ʜʘʥʥʦʤ ʧʦʣʦʞʝʥʠʠ. ɺ ʚʝʨʭʥʝʤ ʧʨʘʚʦʤ ʫʛʣʫ ʩʭʝʤʘʪʠʯʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ABCB7 ʪʨʘʥʩʧʦʨʪʸʨʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʤʝʤʙʨʘʥʝ 

ʤʠʪʦʭʦʥʜʨʠʠ, ʚʳʷʚʣʝʥʥʡr ʚʘʨʠʘʥʪ ʥʘʭʦʜʠʪʩʷ ʚʦ ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʤ 

ʥʫʢʣʝʦʪʠʜ-ʩʚʷʟʳʚʘʶʱʝʤ ʜʦʤʝʥʝ (ʚʳʜʝʣʝʥʘ ʢʨʘʩʥʳʤ). ɺ ï ʕʚʦʣʶʮʠʦʥʥʳʡ 

ʘʥʘʣʠʟ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʧʘʨʘʣʦʛʦʚ ʯʝʣʦʚʝʢʘ ʠ ʙʝʣʢʘ 

ʛʦʤʦʣʦʛʘ ATM1 (Saccharomyces cerevisiae), Gly682 ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʝʥ ʚʦ 

ʚʩʝʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ. ɸʂ- ʘʤʠʥʦʢʠʩʣʦʪʘ.  
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3.1.3.2. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʝ, ʚʳʟʚʘʥʥʳʭ ʜʝʣʝʮʠʝʡ ʚ ʛʝʥʝ ATP7A 

 ɼʝʣʝʮʠʷ ʚ ʛʝʥʝ ATP7A ʧʨʠʚʦʜʠʪ ʢ ʫʜʘʣʝʥʠʶ 2 ʵʢʟʦʥʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʩʘʡʪ 

ʠʥʠʮʠʘʮʠʠ ʪʨʘʥʩʣʷʮʠʠ ʤʘʞʦʨʥʦʛʦ ʪʨʘʥʩʢʨʠʧʪʘ. ʆʪʩʫʪʩʪʚʠʝ ʜʘʥʥʦʛʦ ʵʢʟʦʥʘ 

ʧʨʠʚʦʜʠʪ ʢ ʫʩʝʯʝʥʠʶ ʦʩʥʦʚʥʦʡ ʠʟʦʬʦʨʤʳ ʙʝʣʢʘ ʥʘ ʧʝʨʚʳʝ 68 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʥʘʣʠʯʠʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʩʘʡʪʘ ʠʥʠʮʠʘʮʠʠ 

ʪʨʘʥʩʣʷʮʠʠ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ ʦʩʪʘʣʴʥʫʶ ʯʘʩʪʴ ʙʝʣʢʘ. ɹʝʣʦʢ, ʢʦʜʠʨʫʝʤʳʡ 

ʛʝʥʦʤ ATP7A ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʢʣʘʩʩʫ ɸʊʌʘʟ ʪʠʧʘ ʈ, ʠʤʝʶʱʠʡ ʥʝʩʢʦʣʴʢʦ 

ʠʟʦʬʦʨʤ. ʆʩʥʦʚʥʘʷ ʠʟʦʬʦʨʤʘ ATP7A ʪʨʘʥʩʧʦʨʪʸʨʘ, ʩʦʜʝʨʞʠʪ 6 ʤʝʪʘʣʣ-

ʩʚʷʟʳʚʘʶʱʠʭ ʜʦʤʝʥʦʚ. ɼʝʣʝʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʜʘʣʝʥʠʶ ʧʝʨʚʦʛʦ ʤʝʪʘʣʣ-

ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ ʠ ʩʦʭʨʘʥʝʥʠʶ ʦʩʪʘʣʴʥʦʡ ʯʘʩʪʠ ʙʝʣʢʘ ʚʦ ʚʩʝʭ ʙʦʣʴʰʠʭ 

ʠʟʦʬʦʨʤʘʭ ATP7A ʪʨʘʥʩʧʦʨʪʸʨʘ (ʈʠʩʫʥʦʢ 9). ʊʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʦʝ 

ʥʘʨʫʰʝʥʠʝ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ ʠ ʧʦʣʥʘ ̫ʫʪʨʘʪʘ ʜʚʫʭ ʤʘʣʳʭ ʤʠʥʦʨʥʳʭ ʠʟʦʬʦʨʤ, 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʳʭ ʥʝʠʟʚʝʩʪʥʦ (ʈʠʩʫʥʦʢ 3 ʇʨʠʣʦʞʝʥʠʷ). 

ʆʨʪʦʣʦʛʠ ʛʝʥʘ ATP7A ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʦ ʤʥʦʛʠʭ ʦʨʛʘʥʠʟʤʘʭ ʦʪ ʦʜʥʦʢʣʝʪʦʯʥʳʭ 

ʜʦ ʤʥʦʛʦʢʣʝʪʦʯʥʳʭ. ʇʝʨʚʳʡ ʤʝʪʘʣʣ-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ ʢʦʥʩʝʨʚʘʪʠʚʝʥ ʫ 

ʙʦʣʴʰʠʥʩʪʚʘ ʤʣʝʢʦʧʠʪʘʶʱʠʭ, ʘ ʪʘʢʞʝ ʫ ʥʝʢʦʪʦʨʳʭ ʨʝʧʪʠʣʠʡ. ʆʜʥʘʢʦ ʫ 

ʥʠʟʰʠʭ ʵʫʢʘʨʠʦʪ ʠ ʧʨʦʢʘʨʠʦʪ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʦʪ ʦʜʥʦʛʦ ʜʦ ʪʨʸʭ ʤʝʪʘʣʣ-

ʩʚʷʟʳʚʘʶʱʠʭ ʜʦʤʝʥʦʚ ʚ ʦʨʪʦʣʦʛʝ ATP7A ʪʨʘʥʩʧʦʨʪʸʨʘ. ɺ ʩʚʷʟʠ ʩ ʯʝʤ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʫʪʨʘʪʘ ʦʜʥʦʛʦ ʠʟ ʜʦʤʝʥʦʚ ʥʝ ʨʘʟʨʫʰʘʝʪ ʬʫʥʢʮʠʶ ʙʝʣʢʘ, 

ʦʜʥʘʢʦ ʤʦʞʝʪ ʦʪʨʘʞʘʪʴʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʨʘʥʩʧʦʨʪʘ ʠʦʥʦʚ ʤʝʜʠ.  
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ʈʠʩʫʥʦʢ 9. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʪʨʘʥʩʧʦʨʪʸʨʘ ʤʝʜʠ ATP7A ʠ 

ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʜʝʣʝʪʠʨʫʝʤʦʡ ʦʙʣʘʩʪʠ, ʚʳʷʚʣʝʥʥʦʡ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ 

ʩʝʤʴʠ AX. ɸ ï ʩʪʨʫʢʪʫʨʘ ʪʨʘʥʩʧʦʨʪʸʨʘ ʤʝʜʠ ATP7A, ʙʝʣʦʢ ʩʦʩʪʦʠʪ ʠʟ 8 

ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʭ ʜʦʤʝʥʦʚ (I-VIII ), ʬʦʨʤʠʨʫʶʱʠʭ ʠʦʥʥʳʡ ʢʘʥʘʣ; 6 

ʚʥʫʪʨʠʢʣʝʪʦʯʥʳʭ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥʦʚ (ʄɼ1-6) ʠ 1 ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ 

ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ (ʄɼ1ɸ); ʠ ʦʙʣʘʩʪʠ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʤʝʜʴ 

ʪʨʘʥʩʧʦʨʪʠʨʫʶʱʝʡ ɸʊʌʘʟʳ ʪʠʧʘ ʈ, ʚʢʣʶʯʘʁ ʱʝʡ ʥʫʢʣʝʦʪʠʜ-ʩʚʷʟʳʚʘʶʱʠʡ 

ʜʦʤʝʥ (N), ʬʦʩʬʦʨʠʣʠʨʫʶʱʠʡ ʜʦʤʝʥ (ʈ) ʠ ʜʦʤʝʥ E1-E2 ɸʊʌʘʟʳ; ʚ ʉ-
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ʢʦʥʮʝʚʦʡ ʦʙʣʘʩʪʠ ʥʘʭʦʜʠʪʩʷ PZD11-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʥʘʡʜʝʥʥʦʡ ʜʝʣʝʮʠʠ (ʚʳʜʝʣʝʥʘ ʢʨʘʩʥʦʡ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ) ʪʨʘʥʩʧʦʨʪʸʨ 

ATP7A ʫʪʨʘʯʠʚʘʝʪ ʧʝʨʚʳʡ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ (ʄɼ1). ɹ ï 

ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ ʩʨʝʜʠ ʦʨʪʦʣʦʛʦʚ. ɺ ï ʵʚʦʣʶʮʠʦʥʥʳʡ 

ʘʥʘʣʠʟ ʪʨʘʥʩʧʦʨʪʸʨʦʚ ʤʝʜʠ, ʛʦʤʦʣʦʛʦʚ ʪʨʘʥʩʧʦʨʪʸʨʦʚ ɸʊP7A ʠ ɸʊʈ7ɺ 

ʧʦʟʚʦʥʦʯʥʳʭ, ʫ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʙʦʣʝʝ ʧʨʠʤʠʪʠʚʥʳʭ ʦʨʛʘʥʠʟʤʦʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ. ʋ ʙʦʣʴʰʠʥʩʪʚʘ ʧʦʟʚʦʥʦʯʥʳʭ 

ATP7A ʩʦʜʝʨʞʠʪ 6 ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʭ ʜʦʤʝʥʦʚ (ʚʳʜʝʣʝʥʳ ʩʚʝʪʣʦ-ʛʦʣʫʙʳʤ). 

ʋ ʜʘʥʠʦ-ʨʝʨʠʦ ʧʝʨʚʳʡ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ, ʘʥʥʦʪʠʨʦʚʘʥ ʢʘʢ ʰʘʧʝʨʦʥ 

(ʚʳʜʝʣʝʥ ʩʚʝʪʣʦ-ʢʨʘʩʥʳʤ). ʆʙʣʘʩʪʴ ʤʝʜʴ ʪʨʘʥʩʧʦʨʪʠʨʫʶʱʝʡ ɸʊʌʘʟʳ ʪʠʧʘ ʈ 

ʢʦʥʩʝʨʚʘʪʠʚʥʘ ʫ ʚʩʝʭ ʦʨʛʘʥʠʟʤʦʚ (ʚʳʜʝʣʝʥʘ ʪʸʤʥʦ-ʛʦʣʫʙʳʤ ʫ ʧʦʟʚʦʥʦʯʥʳʭ ʠ 

ʩʚʝʪʣʦ-ʬʠʦʣʝʪʦʚʳʤ ʫ ʦʩʪʘʣʴʥʳʭ), ʪʦʛʜʘ ʢʘʢ ʢʦʣʠʯʝʩʪʚʦ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʭ 

ʜʦʤʝʥʦʚ ʩʥʠʞʘʝʪʩʷ ʫ ʙʝʩʧʦʟʚʦʥʦʯʥʳʭ ʞʠʚʦʪʥʳʭ ʠ ʦʜʥʦʢʣʝʪʦʯʥʳʭ ʛʨʠʙʦʚ 

(ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʝ ʜʦʤʝʥʳ ʚʳʜʝʣʝʥʳ ʪʤyʥʦ-ʬʠʦʣʝʪʦʚʳʤ, ʰʘʧʝʨʦʥʳ ï 

ʩʚʝʪʣʦ-ʢʨʘʩʥʳʤ). 

3.1.4. ɸʥʘʣʠʟ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʥʦʢʘʫʪʘ ʨʝʪʨʦʛʝʥʘ PGAM4 ʠ ʝʛʦ 

ʚʣʠʷʥʠʝ ʥʘ ʬʝʨʪʠʣʴʥʦʩʪʴ.  

 ʈʝʪʨʦʛʝʥ PGAM4 ʠʤʝʝʪ ʩʧʝʮʠʬʠʯʥʳʝ ʜʣʷ ʧʨʦʤʦʪʦʨʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʊɸʊɸ-ʙʦʢʩʦʚ ʠ ʉɸɸʊ-ʙʦʢʩʦʚ ʠ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʩʝʤʝʥʥʠʢʘʭ (Illumina Human Body Map 2.0, ʥʦʤʝʨ ʜʦʩʪʫʧʘ 

ArrayExpress E-MTAB-513). ʊʘʢʞʝ ʝʩʪʴ ʥʝʢʦʪʦʨʳʝ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ ʤʫʪʘʮʠʡ 

ʚ PGAM4 ʨʝʪʨʦʪʨʦʛʝʥʘ ʥʘ ʤʫʞʩʢʦʝ ʙʝʩʧʣʦʜʠʝ, ʚʩʣʝʜʩʪʚʠʝ ʥʘʨʫʰʝʥʠ ̫

ʠʥʘʢʪʠʚʘʮʠʠ ʧʦʣʦʚʳʭ ʭʨʦʤʦʩʦʤ ʚʦ ʚʨʝʤʷ ʤʝʡʦʟʘ [Okuda et al., 2012], ʭʦʪʷ ʝʩʪʴ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥrʝ ʜʘʥʥʳʝ [Jin et al., 2013]. ʇʘʮʠʝʥʪʳ ʠʟ ʩʝʤʴʠ AX ʷʚʣʷʶʪʩʷ 

ʥʦʩʠʪʝʣʷʤʠ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʥʦʢʘʫʪʘ PGAM4 ʛʝʥʘ, ʥʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʦʜʠʥ ʠʟ 

ʧʘʮʠʝʥʪʦʚ ʚ ʨʦʜʦʩʣʦʚʥʦʡ ʠʤʝʝʪ ʪʨʭy ʟʜʦʨʦʚʳʭ ʩʳʥʦʚʝʡ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʝʛʦ ʟʜʦʨʦʚʳʝ ʩʳʥʦʚʴʷ (2 ʠʥʜ.), ɼʅʂ ʢʦʪʦʨʳʭ ʙʳʣʘ ʜʦʩʪʫʧʥʘ, ʥʘ 

ʥʘʣʠʯʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʜʝʣʝʮʠʠ. ʋ ʦʙʦʠʭ ʩʳʥʦʚʝʡ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ 

ʦʪʩʫʪʩʪʚʠʝ ʜʝʣʝʮʠʠ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʥʘʩʣʝʜʦʚʘʥʠʝʤ X ʭʨʦʤʦʩʦʤʳ ʧʦ 
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ʤʘʪʝʨʠʥʩʢʦʡ ʣʠʥʠʠ. ʏʪʦʙʳ ʧʦʜʪʚʝʨʜʠʪʴ ʨʦʜʩʪʚʦ ʜʘʥʥʦʛʦ ʧʘʮʠʝʥʪʘ ʠ ʝʛʦ 

ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʩʳʥʦʚʝʡ, ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ STR ʛʝʥʝʪʠʯʝʩʢʠʭ 

ʤʘʨʢʝʨʦʚ. ʀʩʧʦʣʴʟʫʷ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʠ ʢʦʤʤʝʨʯʝʩʢʠʝ ʠʥʬʦʨʤʘʪʠʚʥʳʝ STR 

ʤʘʨʢʝʨʳ, ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʦʜʣʠʥʥʦʝ ʙʠʦʣʦʛʠʯʝʩʢʦʝ ʦʪʮʦʚʩʪʚʦ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʦʪʩʫʪʩʪʚʠʝ ʜʘʥʥʦʛʦ ʛʝʥʘ ʥʝ ʚʝʜʪy ʢ ʧʦʣʥʦʤʫ ʥʘʨʫʰʝʥʠʶ 

ʬʝʨʪʠʣʴʥʦʩʪʠ. ʆʜʥʘʢʦ, ʫʯʠʪʳʚʘʷ, ʯʪʦ ʚʩʝ ʧʦʪʦʤʢʠ ʧʘʮʠʝʥʪʘ ʙʳʣʠ ʤʫʞʩʢʦʛʦ 

ʧʦʣʘ, ʥʝʣʴʟʷ ʠʩʢʣʶʯʘʪʴ ʧʘʪʦʛʝʥʥʳʡ ʵʬʬʝʢʪ ʧʦʪʝʨʠ ʛʝʥʘ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʠʣʠ 

ʧʦʜʜʝʨʞʘʥʠʝ ʩʧʝʨʤʘʪʦʟʦʠʜʦʚ, ʥʝʩʫʱʠʭ ʍ-ʭʨʦʤʦʩʦʤʫ.  

3.2. ɸʥʘʣʠʟ ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʚ 

ʩʝʤʴʷʭ AI -IV  

 ɼʘʣʴʥʝʡʰʠʡ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʙʳʣ ʧʨʦʚʝʜʸʥ ʥʘ ̫ʜʝʨʥʳʭ (ʤʘʣʳʭ) 

ʩʝʤʴʷʭ (AI-IV), ʚ ʢʦʪʦʨʳʭ ʙʳʣʠ ʧʘʮʠʝʥʪʳ, ʙʨʘʪʴʷ, ʩ ʚʨʦʞʜʸʥʥʦʡ ʘʪʘʢʩʠʝʡ 

ʚʩʣʝʜʩʪʚʠʝ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ. ɿʘʙʦʣʝʚʘʥʠʝ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AI ʙʳʣʦ 

ʚʳʷʚʣʝʥʦ ʩ ʤʣʘʜʝʥʯʝʩʪʚʘ, ʪʦʛʜʘ ʢʘʢ ʚ ʩʝʤʴʷʭ AII  ʠ AIII  ʧʝʨʚʳʝ ʩʠʤʧʪʦʤʳ 

ʧʦʷʚʠʣʠʩʴ ʚ ʧʦʟʜʥʝʤ ʜʝʪʩʪʚʝ ʠʣʠ ʚ ʧʫʙʝʨʪʘʪʥʳʡ ʧʝʨʠʦʜ. ʉʠʤʧʪʦʤʘʪʠʢʘ ʚʦ 

ʚʩʝʭ ʩʝʤʴʷʭ ʙʳʣʘ ʧʦʭʦʞʘ, ʫ ʧʘʮʠʝʥʪʦʚ ʥʘʙʣʶʜʘʣʠʩʴ ʘʪʘʢʩʠʷ, ʜʠʟʘʨʪʨʠʷ, 

ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ, ʥʝʫʩʪʦʡʯʠʚʘʷ ʩʘʤʦʩʪʦʷʪʝʣʴʥʘʷ ʧʦʭʦʜʢʘ, ʥʘʨʫʰʝʥʘ 

ʢʦʦʨʜʠʥʘʮʠʷ ʚ ʢʦʥʝʯʥʦʩʪʷʭ ʠ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʧʨʦʙʘ ʈʦʤʙʝʨʛʘ. ʂʣʠʥʠʯʝʩʢʘʷ 

ʢʘʨʪʠʥʘ ʚ ʩʝʤʴʷʭ AI-IV ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʬʦʨʤ 

ʤʦʟʞʝʯʢʦʚʳʭ ʘʪʘʢʩʠʡ, ʦʜʥʘʢʦ ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʩʭʦʜʩʪʚʦ ʩʦ ʩʣʫʯʘʷʤʠ ʚ ʩʝʤʴʝ 

AX ʠ ʩ ʦʧʠʩʘʥʥʳʤ ʨʘʥʝʝ [Zanni et al., 2012]. ʇʦʜʨʦʙʥʦʝ ʢʣʠʥʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʟʜʝʣʝ ñʄʘʪʝʨʠʘʣʳ ʠ ʄʝʪʦʜʳò.  

3.2.1. ʊʘʨʛʝʪʥʳʡ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ABCB7, 

ATP7A, PGAM4 ʠ ATP2B3 ʠ ʥʘʡʜʝʥʥʳʭ ʚ ʥʠʭ ʤʫʪʘʮʠʡ 

 ʂʣʠʥʠʯʝʩʢʘʷ ʢʘʨʪʠʥʘ ʧʘʮʠʝʥʪʦʚ ʠʟ ʤʘʣʳʭ ʩʝʤʝʡ (AI-IV) ʠʤʝʣʘ ʙʦʣʴʰʦʝ 

ʩʭʦʜʩʪʚʦ ʩʦ ʩʣʫʯʘʝʤ, ʚʳʷʚʣʝʥʥʳʤ ʚ ʩʝʤʴʝ AX, ʠ ʠʤʝʣʦ ʩʭʦʜʩʪʚʦ ʩʦ ʩʣʫʯʘʝʤ, 

ʦʧʠʩʘʥʥʳʤ ʚ ʣʠʪʝʨʘʪʫʨʝ [Zanni et al., 2012]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʙʳʣ ʧʨʦʚʝʜʸʥ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʩʝʭ ʵʢʟʦʥʦʚ ʛʝʥʘ ABCB7 ʩ ʧʦʤʦʱʴʶ 
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ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ (ʊʘʙʣʠʮʘ 4). ʀ ʥʝ ʙʳʣʦ ʚʳ̫ʚʣʝʥʦ ʥʠ 

ʦʜʥʦʡ ʠʟ ʤʫʪʘʮʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʠʟʤʝʥʝʥʠ  ʁʩʪʨʫʢʪʫʨʳ ABC ʪʨʘʥʩʧʦʨʪʸʨʘ B7. 

ɿʘʪʝʤ ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ATP7A ʠ ʨʝʪʨʦʛʝʥʘ PGAM4 

ʩ ʧʦʤʦʱʴʶ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʳ ʇʎʈ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. ɸʥʘʣʦʛʠʯʥʦ ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʥʠʢʘʢʠʭ ʨʘʟʣʠʯʠʡ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʬʝʨʝʥʩʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ ʯʝʣʦʚʝʢʘ (ʚʝʨʩʠʷ ʩʙʦʨʢʠ 

GRCh37). ɺ ʟʘʢʣʶʯʝʥʠʝ ʙʳʣ ʧʨʦʚʝʜʸʥ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʥʘʣʠʯʠʷ ʤʫʪʘʮʠʠ 

NM_001001344.2:c.3321G4A (p.Gly1107Asp) ʚ ʛʝʥʝ ATP2B3, ʨʘʥʝʝ ʦʧʠʩʘʥʥʦʡ 

ʚ ʩʣʫʯʘʝ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʢʣʠʥʠʯʝʩʢʠ ʩʭʦʞʝʡ ʩ ʠʩʩʣʝʜʫʝʤʳʤʠ ʩʣʫʯʘʷʤʠ 

ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ [Zanni et al., 2012]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʞʝ ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ 

ʥʦʩʠʪʝʣʴʩʪʚʘ ʧʘʪʦʛʝʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʠ ʢʘʢʠʭ-ʣʠʙʦ ʦʪʣʠʯʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʪ 

ʨʝʬʝʨʝʥʩʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ.  

ʊʘʙʣʠʮʘ 4. ʈʝʟʫʣʴʪʘʪʳ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʛʝʥʦʚ ABCB7 ʠ ATP7A, PGAM4 

ʠ ATP2B3 ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʝʡ AI-IV c ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ.  

ʉʝʤʴʷ ʇʘʮʠʝʥʪ 
ABCB7 ATP7A PGAM4 ATP2B3 

ɺʩʝ ʵʢʟʦʥʳ 2 ʵʢʟʦʥ 1 ʵʢʟʦʥ  21 ɻ ʢʟʦʥ 

AI AI-1 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʨʝʬʝʨʝʥʩʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ 

(GRCh37/hg19). ʄʫʪʘʮʠʡ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. 

AI AI-2 

AII  AII -1 

AII  AII -2 

AIII  AIII -1 

AIII  AIII -2 

AIV  AIV -1 

 

3.2.2. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʣʥʦʵʢʟʦʤʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ 

 ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦʣʥʦʵʢʟʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ʫ ʰʝʩʪʠ ʧʘʮʠʝʥʪʦʚ ʠʟ 

ʯʝʪʳʨʭy ʩʝʤʝʡ ʠʟ ʄʦʩʢʦʚʩʢʦʛʦ ʠ ʉʝʚʝʨʦ-ʂʘʚʢʘʟʢʦʛʦ ʨʝʛʠʦʥʘ. ʅʝʦʙʨʘʙʦʪʘʥʥʳʝ 

ʯʪʝʥʠʷ ʙʳʣʠ ʚʳʨʘʚʥʝʥʳ ʥʘ ʨʝʬʝʨʝʥʩʥʳʡ ʛʝʥʦʤ ʯʝʣʦʚʝʢʘ (ʚʝʨʩʠʷ ʩʙʦʨʢʠ 

GRCh37) ʠ ʜʣʷ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʝʡ AI ʠ AII ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ 112-132X 

ʧʦʢʨʳʪʠʝ ʪʘʨʛʝʪʥr ʭ ʵʢʟʦʤʥʳʭ ʣʦʢʫʩʦʚ. ɼʣʷ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AIII ʙʳʣʦ 
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ʧʦʣʫʯʝʥʦ 17X ʧʦʢʨʳʪʠʝ, ʪʝʤ ʥʝ ʤʝʥʝʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʨʘʚʥʦʤʝʨʥʦʝ 

ʚʳʨʘʚʥʠʚʘʥʠʝ ʯʪʝʥʠʡ ʥʘ ʮʝʣʝʚʳʝ ʵʢʟʦʤʥʳʝ ʣʦʢʫʩʳ ʚ ʩʚʷʟʠ ʩ ʠʟʙʳʪʦʯʥʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ɼʅʂ, ʚʟʷʪʦʡ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʵʢʟʦʤʥʳʭ ʙʠʙʣʠʦʪʝʢ (ʊʘʙʣʠʮʘ 

1). ɼʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʙʦʣʝʝ 98,4% ʮʝʣʝʚʳʭ ʣʦʢʫʩʦʚ ʵʢʟʦʤʦʚ ʙʳʣʦ ʧʦʢʨʳʪʦ. 

ɺ ʩʨʝʜʥʝʤ ʙʳʣʦ ʚʳʷʚʣʝʥʦ 13,8 ʪʳʩ. ʛʦʤʦʟʠʛʦʪʥʳʭ ʠ 26,1 ʪʳʩ. ʛʝʪʝʨʦʟʠʛʦʪʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʥʘ ʦʙʨʘʟʝʮ. ɿʘʪʝʤ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʚʘʨʠʘʥʪʳ, ʢʦʪʦʨʳʝ 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʫ ʦʙʦʠʭ ʧʘʮʠʝʥʪʦʚ ʠʟ ʦʜʥʦʡ ʩʝʤʴʠ ʩ ʯʘʩʪʦʪʦʡ ʤʠʥʦʨʥʦʛʦ 

ʘʣʣʝʣʷ (MAF) <0,01 ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ ʇʨʦʝʢʪʘ 1000 ɻʝʤʦʥʦʚ ʠ gnomAD [1000 

Genomes Project Consortium et al., 2012; Lek et al., 2016; Karczewski et al., 2020; 

Karczewski et al., 2021] ʠ ʢʦʪʦʨʳʝ ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʜʘʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʟʜʦʨʦʚʳʭ ʠʥʜʠʚʠʜʦʚ ʣʘʙʦʨʘʪʦʨʠʠ ʵʚʦʣʶʮʠʦʥʥʦʡ ʛʝʥʦʤʠʢʠ 

ʀʆɻɽʅ ʈɸʅ. ʊʘʢ ʢʘʢ ʪʠʧ ʥʘʩʣʝʜʦʚʘʥʠʷ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʝʤʴʷʭ ʤʦʞʝʪ ʙʳʪʴ 

ʣʠʙʦ ʍ-ʩʮʝʧʣʝʥʥʳʤ, ʣʠʙʦ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʤ (ʈʠʩʫʥʦʢ 3), ʙʳʣʠ 

ʦʪʦʙʨʘʥʳ ʚʩʝ ʚʘʨʠʘʥʪʳ ʚ ʵʢʟʦʤʝ, ʢʦʪʦʨʳʝ ʥʘʨʫʰʘʶʪ ʮʝʣʦʩʪʥʦʩʪʴ ʢʦʜʠʨʫʝʤʦʛʦ 

ʧʨʦʜʫʢʪʘ ʠʣʠ ʧʨʠʚʦʜʷʪ ʢ ʠʟʤʝʥʝʥʠʶ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. 

ʉʨʝʜʠ ʚʩʝʭ ʛʝʪʝʨʦʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʪʦʣʴʢʦ ʪʝ, ʢʦʪʦʨʳʝ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʙʳʪʴ ʢʦʤʧʘʫʥʜʥʳʤʠ. ɿʘʪʝʤ ʙʳʣʠ ʦʪʦʙʨʘʥ  rʚʘʨʠʘʥʪʳ, 

ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʤ ʢʨʠʪʝʨʠʷʤ: ʨʘʩʧʦʣʦʞʝʥʠʝ ʚ ʵʚʦʣʶʮʠʦʥʥʦ 

ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʘʡʪʘʭ, ʠʟʤʝʥʝʥʠʝ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʚ ʛʝʥʘʭ, ʵʢʩʧʨʝʩʩʠʨʫʶʱʠʭʩʷ ʚ ʛʦʣʦʚʥʦʤ ʤʦʟʛʝ, ʚ ʯʘʩʪʥʦʩʪʠ ʚ 

ʤʦʟʞʝʯʢʝ, ʠ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʘʟʚʠʪʠʠ ʥʝʡʨʦʥʦʚ ʠʣʠ ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʟʞʝʯʢʦʚʦʡ 

ʧʘʪʦʣʦʛʠʝʡ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚʥʠʤʘʥʠʝ ʙʳʣʦ ʫʜʝʣʝʥʦ ʛʝʥʘʤ, ʚʦʚʣʝʯʸʥʥʳʤ ʚ 

ʪʝ ʞʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʫʪʠ, ʯʪʦ ʠ ʛʝʥʳ ABCB7, ATP7A ʠ ATP2B3, ʦʪʦʙʨʘʥʥʤr 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ GeneMania (N=51) [Warde-Farley et al., 2010]. 

ʆʜʥʘʢʦ ʩʨʝʜʠ ʚʩʝʭ ʚʳʷʚʣʝʥʥʳʭ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʦʚ, ʥʠ ʦʜʠʥ ʥʝ ʙʳʣ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʢʘʥʜʠʜʘʪʥʦʛʦ. 
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3.2.2.1. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʣʥʦʵʢʟʦʤʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ ɸI 

 ɺ ʦʙʱʝʡ ʩʣʦʞʥʦʩʪʠ ʫ ʦʙʦʠʭ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AI ʙʳʣʦ ʥʘʡʜʝʥʦ 8 

ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʦʚ, ʠʟʤʝʥʷʶʱʠʭ ʘʤʠʥʦʢʠʩʣʦʪʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ: 1 

ʚʘʨʠʘʥʪ ʩ ʦʧʠʩʘʥʥr ʤ ʢʣʠʥʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ ʠ 7 ʚʘʨʠʘʥʪʦʚ ʩ ʥʝʠʟʚʝʩʪʥʳʤ 

ʢʣʠʥʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ (ʊʘʙʣʠʮʘ 5). ʇʝʨʚʳʡ ʚʘʨʠʘʥʪ rs45439799, 

ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ X ʭʨʦʤʦʩʦʤʝ, ʧʨʠʚʦʜʠʪ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ 

p.Asn1860Ser ʚ ʛʝʥʝ ATRX, ʢʦʪʦʨʳʡ ʩʚʷʟʘʥ ʩ ʘʣʴʬʘ-ʪʘʣʘʩʩʝʤʠʝʡ ʠ ʫʤʩʪʚʝʥʥʦʡ 

ʦʪʩʪʘʣʦʩʪʴʶ. ɺʘʨʠʘʥʪ rs45439799 ʠʤʝʝʪ ʥʝʦʜʥʦʟʥʘʯʥʦʝ ʢʣʠʥʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ; 

ʧʦ ʙʦʣʝʝ ʨʘʥʥʠʤ ʜʘʥʥʳʤ ʦʥ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʧʘʪʦʛʝʥʥʳʡ [Gibbons et al., 1995], 

ʥʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʯʠʪʘʝʪʩʷ ʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʳʤ 

[Landrum et al., 2018]. ʂʨʦʤʝ ʪʦʛʦ, ʵʪʦʪ ʚʘʨʠʘʥʪ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʛʝʤʠʟʠʛʦʪʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʫ ʣʶʜʝʡ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ NHLBI ESP, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʠʥʜʠʚʠʜʦʚ 

ʙʝʟ ʩʥʠʞʝʥʠʷ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʪʦʛʦ, ʯʪʦ ʢʣʠʥʠʯʝʩʢʘʷ 

ʢʘʨʪʠʥʘ ʫ ʧʘʮʠʝʥʪʦʚ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʦʧʠʩʘʥʥʦʡ ʧʨʠ ʧʘʪʦʣʦʛʠʠ ATRX ʠ 

ʧʨʦʛʥʦʟʠʨʫʝʤʦʛʦ çʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʦʛʦè ʩʪʘʪʫʩʘ, ʤʘʣʦʚʝʨʦʷʪʥʦ, ʯʪʦ ʚʘʨʠʘʥʪ 

rs45439799 ʧʨʠʚʣy ʢ ʘʪʘʢʩʠʠ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʝʤʴʝ. ʀʟ ʦʩʪʘʣʴʥʳʭ 7 ʨʝʜʢʠʭ 

ʚʘʨʠʘʥʪʦʚ ʩ ʥʝʠʟʚʝʩʪʥʳʤ ʢʣʠʥʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ ʙʳʣʠ ʠʩʢʣʶʯʝʥʳ ʠʟ 

ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ 5 ʚʘʨʠʘʥʪʦʚ (ʈʠʩʫʥʦʢ 2 ʠ 5 ʇʨʠʣʦʞʝʥʠʷ). ʅʘʡʜʝʥʥʳʡ 

ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ CCDC22 ʧʨʠʚʦʜʠʪ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ ʚʘʣʠʥʘ ʥʘ 

ʠʟʦʣʝʡʮʠʥ ʚ ʧʦʣʦʞʝʥʠʠ 143, ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʴ ʚʘʣʠʥʘ ʚ ʜʘʥʥʦʤ ʧʦʣʦʞʝʥʠʠ 

ʥʝʚʳʩʦʢʘ ʠ ʚʘʨʠʘʥʪ ʩ ʠʟʦʣʝʡʮʠʥʦʤ ʦʙʥʘʨʫʞʝʥ ʫ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʦʪʨʷʜʘ 

ʧʨʳʛʫʥʯʠʢʦʚʳʭ. ɺʘʨʠʘʥʪʳ ʚ ʛʝʥʝ CCDC22 ʧʨʠʚʦʜʷʪ ʢ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ 

ʠ ʪʷʞʸʣʦʡ ʤʫʣʴʪʠʦʨʛʘʥʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʠ, ʯʪʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫ 

ʠʩʩʣʝʜʫʝʤʳʭ ʧʘʮʠʝʥʪʦʚ [Starokadomskyy et al., 2013; Kolanczyk et al., 2015]. 

ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ ZNF674, RAB40A ʠ DNAH2 ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʘ ʠʣʠ 

ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʤʦʟʞʝʯʢʝ [Papatheodorou et al., 2020; Lindsay et al., 2016; GTEx 

Consortium, 2013; Miller  et al., 2014]. ɹʦʣʝʝ ʪʦʛʦ, ʫʩʝʯʝʥʥʳʝ ʚʘʨʠʘʥʪʳ ʛʝʥʘ 

ZNF674 ʧʨʠʩʫʪʩʪʚʫʶʪ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʚ NHLBI Exome 

Sequencing Project [Piton et al., 2013]. ɻʝʥ DNAH2 ʩʚʷʟʘʥ ʩ ʜʨʫʛʦʡ ʧʘʪʦʣʦʛʠʝʡ 
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[Li  et al., 2020]. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʡʜʝʥʥʳʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ 

ʢʦʜʠʨʫʝʤʳʭ ʧʨʦʜʫʢʪʘʭ ʛʝʥʦʚ CCDʉ22 ʠ DNAH2 ʧʨʝʜʩʢʘʟʘʥʳ ʢʘʢ 

çʜʦʧʫʩʪʠʤʳʝè ʠʣʠ çʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʳʝè c ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ SIFT ʠ 

PolyPhen2. 

ʊʘʙʣʠʮʘ 5. ʈʝʜʢʠʝ ʨʝʮʝʩʩʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ʩ ʥʝʠʟʚʝʩʪʥʳʤ ʢʣʠʥʠʯʝʩʢʠʤ 

ʟʥʘʯʝʥʠʝʤ, ʚʳʷʚʣʝʥʥʳʝ ʚ ɻʢʟʦʤʘʭ ʧʘʮʠʝʥʪʦʚ AI-1 ʠ AI-2.  

ɻʝʥ 
ʂʦʦʨʜʠʥʘʪʳ 

ʚ ʛʝʥʦʤʝ 

GRCh37 

RS ʅʫʢʣ. 

ʟʘʤʝʥʘ 

ɸʂ 

ʟʘʤʝʥʘ 

g/max 

MAF  
SIFT/ 

PolyPhen2 

CA

DD 
PhyloP 

ɿʘʙʦʣʝʚʘʥʠʝ, 

ʠʟʚʝʩʪʥʦʝ ʜʣʷ 

ʛʝʥʘ  1000G gnomAD 

ɻʝʤʠʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ 

ZNF674 X:46359564 rs7762

25546 
T>C H487R - / - 

0,00003/ 

0,00021 

ɽʚʨʦʧ. 

ʧʘʪʦʛʝʥʥʳʡ/ 

ʚʦʟʤʦʞʥʦ 
ʧʘʪʦʛʝʥ. 

24,1 
 

6,72 

X-ʩʮʝʧʣʝʥʥʘʷ 

ʫʤʩʪʚʝʥʥʘʷ 

ʦʪʩʪʘʣʦʩʪʴ 92 
ʪʠʧʘ 

(OMIM: 
300851) 

CCDC2

2 
X:49099417 rs1459

76849 
G>A V143I 

0,0005/ 

0,013 

ʌʠʥʥʳ 

0,00024/ 

0,0018 
ʕʩʪʦʥʮʳ 

ʜʦʧʫʩʪʠʤ./ 

ʜʦʙʨʦʢʘʯ. 
14,4 

2,14, 

I ʝʩʪʴ ʫ 

ʧʨʳʛʫʥ-

ʯʠʢʦʚʳ
ʭ 

ʉʠʥʜʨʦʤ 

ʈʠʪʯʝʨʘï

ʐʠʥʮʝʣʷ 2 
ʪʠʧʘ 

(OMIM: 
300963) 

FAAH2 X:57475107 rs7600

74041 
A>C K460T - / - 

0,000095/ 

0,00199 

ʕʩʪʦʥʮʳ 

ʜʦʧʫʩʪʠʤ./ 

ʚʦʟʤʦʞʥʦ 

ʧʘʪʦʛʝʥ. 

22,5 

1,31, 

ʛʝʥ ʦʪʩ. 

ʫ ʥʝʢʦʪ. 

ʚʠʜʦʚ 

ɸʪʘʢʩʠʷ ʠ 

ʘʫʪʠʟʤ [Sirrs 

et al., 2015] 

RAB40A X:102755560 rs6173
9206 

G>A P42L 

0,0032/ 
0,025 

ʀʙʝʨʳ 

0,0058/ 
0,0127 

ɸʰʢʝʥʘʟ. 

ʧʘʪʦʛʝʥʥʳʡ / 

ʚʝʨʦʷʪʥʦ 
ʧʘʪʦʛʝʥ. 

19,2 

4,17, 

ʛʝʥ ʦʪʩ. 

ʫ ʥʝʢʦʪ. 
ʚʠʜʦʚ 

- 

LRCH2 X:114414082 - T>C K258E - / - - / - 

ʧʘʪʦʛʝʥʥʳʡ / 

ʚʦʟʤʦʞʥʦ 

ʧʘʪʦʛʝʥ. 

- 7,35 - 

ɻʝʪʝʨʦʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ, ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʢʦʤʧʘʫʥʜʥʳʝ 

DNAH2 

17:7644167 
rs3451
1268 

T>C Y516H 
0,0010/ 

0,016 
ʂʦʣʫʤʙ. 

0,0029/ 
0,013 

ʕʩʪʦʥʮʳ 

 

ʜʦʧʫʩʪʠʤ./ 
ʜʦʙʨʦʢʘʯ. 

25,0 4,74 ʄʫʞʩʢʦʝ 

ʙʝʩʧʣʦʜʠʝ 45 
ʪʠʧʘ 

(OMIM: 
619094) 17:7669761 

rs3578
8701 

G>A E1213K 
0,0068/ 

0,029 

ɻʫʜʞʘʨ. 

0,017/ 

0,024 

ʌʠʥʥʳ 

- /ʜʦʙʨʦʢʘʯ. 23,1 5,41 

 

 ɼʚʘ ʚʘʨʠʘʥʪʘ ʩ ʥʝʠʟʚʝʩʪʥʦʡ ʢʣʠʥʠʯʝʩʢʦʡ ʟʥʘʯʠʤʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʟʘʜʘʥʥʳʤ ʢʨʠʪʝʨʠʷʤ ʠ ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʝʨʚʳʡ ʚʘʨʠʘʥʪ, hg19 chrX:g.114414082T>C 
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(NM_020871.4:c.772A>G), ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ 

ʦʙʣʘʩʪʠ ʛʝʥʘ LRCH2 (ʩʦʜʝʨʞʘʱʠʡ ʙʦʛʘʪʳʝ ʣʝʡʮʠʥʦʤ ʧʦʚʪʦʨ rʠ ʢʘʣʴʧʦʥʠʥ 

ʛʦʤʦʣʦʛʠʯʥʳʡ ʜʦʤʝʥ 2) (ʈʠʩʫʥʦʢ 10). ɺʘʨʠʘʥʪ ʧʨʠʚʦʜʠʪ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ 

ʟʘʤʝʥʝ ʣʠʟʠʥʘ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʤ ʧʦʣʦʞʝʥʠʠ 258 ʥʘ ʛʣʫʪʘʤʠʥʦʚʫʶ 

ʢʠʩʣʦʪʫ (p.Lys258Glu). ʅʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ 

ʇʨʦʝʢʪʘ 1000 ɻʝʥʦʤʦʚ, gnomAD ʠ dbSNP, ʘ ʪʘʢʞʝ ʫ ʟʜʦʨʦʚʳʭ ʠʥʜʠʚʠʜʦʚ ʚ 

ʜʘʥʥʳʭ ʣʘʙʦʨʘʪʦʨʠʠ ʵʚʦʣʶʮʠʦʥʥʦʡ ʛʝʥʦʤʠʢʠ. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʙʳʣ 

ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ çʧʘʪʦʛʝʥʥʳʡè ʠ çʚʦʟʤʦʞʥʦ ʧʘʪʦʛʝʥʥʳʡè ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ 

SIFT ʠ PolyPhen2 [Sim et al., 2012; Adzhubei et al., 2010]. ɻʝʥ LRCH2 

ʵʚʦʣʶʮʠʦʥʥʦ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʝʥ ʠ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 

ʤʦʟʛʘ, ʚʢʣʶʯʘʷ ʤʦʟʞʝʯʦʢ [Lindsay et al., 2016; GTEx Consortium, 2013; Miller 

et al., 2014] (ʈʠʩʫʥʦʢ 2 ʠ 6 ʇʨʠʣʦʞʝʥʠʷ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʡ ʛʝʥ ʙʳʣ 

ʚʳʙʨʘʥ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ. 

 

ʈʠʩʫʥʦʢ 10. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʨʝʜʢʠʭ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚ ʩʝʤʴʝ AI. A ï 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʦʙʣʘʩʪʝʡ ʛʝʥʦʤʘ, ʩʦʜʝʨʞʘʱʠʭ ʤʠʩʩʝʥʩ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ FAAH2 

(hg19 chrX:g. 57475107A>C) ʠ LRCH2 (hg19 chrX:g.114414082T>C) ʩ ʧʦʤʦʱʴʶ 

https://www.ncbi.nlm.nih.gov/nuccore/NM_020871.4?report=graph&mk=772|NM_020871.4/:c.772A%3eG|green
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ʧʨʦʛʨʘʤʤʳ IGV. ɹ ï ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʤʠʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫ 

ʧʘʮʠʝʥʪʦʚ I-1 ʠ I-2, ʛʝʪʝʨʦʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫ ʠʭ ʤʘʪʝʨʠ (I-M) ʠ 

ʛʝʤʠʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʜʠʢʦʛʦ ʪʠʧʘ ʫ ʠʭ ʦʪʮʘ (I-F). 

 ɺʪʦʨʦʡ ʚʘʨʠʘʥʪ, hg19 chrX:g.57475107A>C (NM_174912.4:c.1379A>C, 

rs760074041), ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʛʝʥʝ FAAH2 (ʛʠʜʨʦʣʘʟʘ ʘʤʠʜʦʚ ʞʠʨʥʳʭ ʢʠʩʣʦʪ 

2). ɺʳʷʚʣʝʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʠʚʦʜʠʪ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ ʣʠʟʠʥʘ ʥʘ 

ʪʨʝʦʥʠʥ ʚ ʧʦʣʦʞʝʥʠʠ 460 (p.Lys460Thr) ʚ ʙʝʣʢʝ FAAH2 (ʈʠʩʫʥʦʢ 10). 

ʇʨʝʜʩʢʘʟʘʥʠʝ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤ ʦʢʘʟʘʣʠʩʴ ʨʘʟʣʠʯʥʳ: ʜʘʥʥʳʡ 

ʚʘʨʠʘʥʪ ʙʳʣ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ çʜʦʧʫʩʪʠʤʳʡè ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ SIFT [Sim et 

al., 2012] ʠ çʚʦʟʤʦʞʥʦ ʧʘʪʦʛʝʥʥʳʡè PolyPhen2 [Adzhubei et al., 2010]. ɻʝʥ 

FAAH2 ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʛʝʥʦʤʝ ʥʝʢʦʪʦʨʳʭ ʞʠʚʦʪʥʳʭ, ʦʩʦʙʝʥʥʦ ʫ ʤʳʰʝʡ. ʆʜʥʘʢʦ 

ʘʤʠʥʦʢʠʩʣʦʪʘ ʣʠʟʠʥ ʩʦʭʨʘʥʷʝʪʩʷ ʚʦ ʚʩʝʭ ʦʨʪʦʣʦʛʠʯʥʳʭ ʛʝʥʘʭ (ʈʠʩʫʥʦʢ 7 

ʇʨʠʣʦʞʝʥʠʷ). ɻʝʥ FAAH2 ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʪʢʘʥʷʭ, ʚʢʣʶʯʘʷ 

ʤʦʟʞʝʯʦʢ [Lindsay et al., 2016; GTEx Consortium, 2013; Miller et al., 2014]. 

ʂʨʦʤʝ ʪʦʛʦ, ʝʩʪʴ ʦʧʠʩʘʥʠʝ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ, ʫ ʢʦʪʦʨʦʛʦ ʨʝʜʢʠʡ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ 

FAAH2 ʩʚʷʟʘʥ ʩ ʚʨʦʞʜʸʥʥʦʡ ʘʪʘʢʩʠʝʡ ʠ ʘʫʪʠʟʤʦʤ [Sirrs et al., 2015]. 

ʅʝʩʠʥʦʥʠʤʠʯʥʘʷ ʟʘʤʝʥʘ ʘʣʘʥʠʥʘ ʥʘ ʩʝʨʠʥ ʚ ʧʦʣʦʞʝʥʠʠ 458 (p.Ala458Ser) ʫ 

ʧʘʮʠʝʥʪʘ ʩ ʚʨʦʞʜʸʥʥʦʡ ʘʪʘʢʩʠʝʡ ʠ ʘʫʪʠʟʤʦʤ ʙʳʣʘ ʣʦʢʘʣʠʟʦʚʘʥʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

2 ʘʤʠʥʦʢʠʩʣʦʪ ʦʪ ʟʘʤʝʥʳ p.Lys460Thr ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʝʤʴʝ AI. ʅʝʩʤʦʪʨʷ ʥʘ 

ʥʝʢʦʪʦʨʳʝ ʨʘʟʣʠʯʠʷ ʚ ʬʝʥʦʪʠʧʘʭ, ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʥʘʙʣʶʜʘʣʘʩʴ ʚʨʦʞʜʸʥʥʘʷ 

ʘʪʘʢʩʠʷ, ʧʦʵʪʦʤʫ ʵʪʦʪ ʚʘʨʠʘʥʪ ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ. ʉ 

ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʚʳʙʨʘʥʥʳʝ 

ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ FAAH2 ʠ LRCH2 ʷʚʣʷʶʪʩʷ ʛʝʤʠʟʠʛʦʪʥʳʤʠ ʫ ʦʙʦʠʭ 

ʧʘʮʠʝʥʪʦʚ, ʛʝʪʝʨʦʟʠʛʦʪʥʳʤʠ ʫ ʠʭ ʤʘʪʝʨʠ ʠ ʦʪʩʫʪʩʪʚʫʶʪ ʫ ʠʭ ʦʪʮʘ (ʈʠʩʫʥʦʢ 

10). 

3.2.2.2. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʣʥʦʵʢʟʦʤʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ɼʅʂ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʝʡ ɸII ʠ AIII  

 ʉʝʚʝʨʦ-ʂʘʚʢʘʟʩʢʠʝ ʩʝʤʴʠ AII  ʠ AIII  ʥʝ ʷʚʣʷʶʪʩʷ ʨʦʜʩʪʚʝʥʥʳʤʠ ʠ 

ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʨʘʟʥʳʤ ʵʪʥʠʯʝʩʢʠʤ ʛʨʫʧʧʘʤ. ʇʦʵʪʦʤʫ ʚ ʥʘʯʘʣʝ ʛʝʥʝʪʠʯʝʩʢʠʡ 
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ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʡ ʩʝʤʴʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʥʘʡʜʝʥʦ 

ʥʝʩʢʦʣʴʢʦ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʦʚ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʩʢʣʶʯʝʥʳ ʚ ʩʚʷʟʠ ʩ 

ʥʝʩʦʦʪʚʝʪʩʪʚʠʝʤ ʟʘʜʘʥʥʳʤ ʢʨʠʪʝʨʠʷʤ. ɺ ʩʝʤʴʝ AII  ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʵʢʟʦʤʥʦʝ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ɼʅʂ ʧʘʮʠʝʥʪʘ AII -1, ʫ ʢʦʪʦʨʦʛʦ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʨʝʜʢʠʝ 

ʥʝʩʠʥʦʥʠʤʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ FECH ʠ HEPH, ʚʦʚʣʝʯʝʥʥʳʝ ʚ ʪʦʪ ʞʝ 

ʙʠʦʣʦʛʠʯʝʩʢʠʡ ʧʫʪʴ, ʯʪʦ ʠ ʛʝʥ ABCB7, ʚ ʙʠʦʩʠʥʪʝʟ ʛʝʤʦʛʣʦʙʠʥʘ [Chiabrando et 

al., 2020; Taketani et al., 2003; Maio et al., 2019]. ɻʦʤʦʟʠʛʦʪʥʳʡ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ 

FECH, ʢʦʜʠʨʫʶʱʝʤ ʬʝʨʤʝʥʪ ʬʝʨʨʦʭʝʣʘʪʘʟʫ, ʷʚʣʷʝʪʩʷ ʧʘʪʦʛʝʥʥʳʤ ʠ ʧʨʠʚʦʜʠʪ 

ʢ ʵʨʠʪʨʦʧʦʵʪʠʯʝʩʢʦʡ ʧʨʦʪʦʧʦʨʬʠʨʠʠ [Lamoril et al., 1991]. ɼʨʫʛʦʡ ʚʘʨʠʘʥʪ 

ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʛʝʥʝ HEPH, ʢʦʜʠʨʫʶʱʝʤ ʙʝʣʦʢ ʛʝʬʝʩʪʠʥ, ʧʘʪʦʣʦʛʠʷ 

ʢʦʪʦʨʦʛʦ ʩʚʷʟʘʥʘ ʩ ʪʷʞʸʣʦʡ ʤʠʢʨʦʮʠʪʘʨʥʦʡ ʘʥʝʤʠʝʡ ʫ ʤʳʰʝʡ [Vulpe et al., 

1999; Zheng et al., 2018; Chen et al., 2019]. ʆʙʘ ʛʝʥʘ ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʚ 

ʛʦʣʦʚʥʦʤ ʤʦʟʛʝ, ʥʦ ʥʝʪ ʜʘʥʥʳʭ ʦ ʜʝʬʝʢʪʘʭ ʵʪʠʭ ʛʝʥʦʚ, ʧʨʠʚʦʜʷʱʠʭ ʢ 

ʧʘʪʦʣʦʛʠʠ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ. ʆʙʘ ʚʘʨʠʘʥʪʘ ʙʳʣʠ ʚʘʣʠʜʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʫ ʧʘʮʠʝʥʪʘ AII -1. ʆʜʥʘʢʦ ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʫ ʝʛʦ 

ʤʣʘʜʰʝʛʦ ʙʨʘʪʘ, ʧʘʮʠʝʥʪʘ ɸII-2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʝ ʚʘʨʠʘʥʪʳ ʥʝ ʩʚʷʟʘʥʳ 

ʩ ʧʘʪʦʣʦʛʠʝʡ ʤʦʟʞʝʯʢʘ ʚ ʵʪʦʡ ʩʝʤʴʝ. 

 ɺ ʩʝʤʴʝ AIII ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʵʢʟʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ ɼʅʂ ʧʘʮʠʝʥʪʦʚ 

AIII-1 ʠ AIII -2. ʋ ʦʙʦʠʭ ʧʘʮʠʝʥʪʦʚ ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʚʘʨʠʘʥʪ rs61752387 

ʚ ʛʝʥʝ MECP2. ʍʦʪʷ ʜʘʥʥʳʡ ʛʝʥ ʩʚʷʟʘʥ ʩ ʪʷʞʸʣʦʡ ʥʝʦʥʘʪʘʣʴʥʦʡ 

ʵʥʮʝʬʘʣʦʧʘʪʠʝʡ ʩ ʤʠʢʨʦʮʝʬʘʣʠʝʡ ʠ ʩʠʥʜʨʦʤʦʤ ʈʝʪʪʘ, ʚʳʷʚʣʝʥʥʳʡ ʚʘʨʠʘʥʪ 

ʙʳʣ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʫ ʟʜʦʨʦʚʳʭ ʣʶʜʝʡ ʠ ʠʤʝʝʪ ʩʪʘʪʫʩ çʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʳʡè 

ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʙʘʟʝ ʜʘʥʥʳʭ ClinVar [Amano et al., 2000; 

Lee et al., 2001; Laccone et al., 2002; Kleefstra et al., 2004]. 

 ʆʜʠʥ ʨʝʜʢʠʡ ʛʦʤʦʟʠʛʦʪʥʳʡ ʤʠʩʩʝʥʩ ʚʘʨʠʘʥʪ, hg19 chr8:g.2824257 C>T 

((NM_033225.6:c.8935G>A, rs117633452) ʚ ʛʝʥʝ CSMD1 (ʤʥʦʞʝʩʪʚʝʥʥʳʝ 

ʜʦʤʝʥʳ CUB ʠ Sushi 1, CUB and Sushi multiple domains 1), ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʫ 

ʚʩʝʭ ʯʝʪʳʨʭy ʧʘʮʠʝʥʪʦʚ ʠʟ ʜʚʫʭ ʩʝʤʝʡ ʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʚʩʝʤ ʢʨʠʪʝʨʠʷʤ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ (ʈʠʩʫʥʦʢ 11). ɺʳʷʚʣʝʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʠʚʦʜʠʪ ʢ 
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ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ ʛʣʠʮʠʥʘ ʥʘ ʩʝʨʠʥ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ 

p.Gly2979Ser (ʈʠʩʫʥʦʢ 8 ʇʨʠʣʦʞʝʥʠʷ). ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʝʜʩʢʘʟʘʥ 

çʜʦʧʫʩʪʠʤʳʤè ʚ ʩʘʤʦʤ ʜʣʠʥʥʦʤ ʪʨʘʥʩʢʨʠʧʪʝ ʠ çʧʘʪʦʛʝʥʥʳʤè ʚ ʦʜʥʦʤ 

ʘʣʴʪʝʨʥʘʪʠʚʥʦʤ ʪʨʘʥʩʢʨʠʧʪʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SIFT, ʪʦʛʜʘ ʢʘʢ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ PolyPhen2 ʜʘʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ çʥʘʠʙʦʣʝʝ 

ʚʝʨʦʷʪʥʦ ʧʘʪʦʛʝʥʥʳʡè ʚʦ ʚʩʝʭ ʟʘʪʨʦʥʫʪʳʭ ʪʨʘʥʩʢʨʠʧʪʘʭ. MAF ʜʣʷ ʚʘʨʠʘʥʪʘ 

rs117633452 ʩʦʩʪʘʚʣʷʝʪ 0,0042 ʚ ʙʘʟʝ ʜʘʥʥʳʭ ʇʨʦʝʢʪʘ 1000 ɻʝʥʦʤʦʚ ʠ 0,0055 

ʚ ʙʘʟʝ ʜʘʥʥʳʭ gnomAD. ʅʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʛʦʤʦʟʠʛʦʪʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʚ ʙʘʟʝ ʜʘʥʥʳʭ ʇʨʦʝʢʪʘ 1000 ʛʝʥʦʤʦʚ [1000 Genomes Project 

Consortium et al., 2012] ʠ ʚ ʢʦʥʪʨʦʣʴʥʦʡ ʛʨʫʧʧʝ ʚ ʙʘʟʝ ʜʘʥʥʳʭ gnomAD 

[Karczewski et al., 2020; Karczewski et al., 2021]. ɻʝʥ CSMD1 ɻ ʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ, ʚʢʣʶʯʘʷ ʤʦʟʞʝʯʦʢ [Lindsay et al., 2016; GTEx 

Consortium, 2013; Miller et al., 2014] (ʈʠʩʫʥʦʢ 10 ʇʨʠʣʦʞʝʥʠʷ). CSMD1 

ʘʩʩʦʮʠʠʨʦʚʘʥ ʩ ʰʠʟʦʬʨʝʥʠʝʡ, ʘʫʪʠʟʤʦʤ, ʢʦʛʥʠʪʠʚʥʳʤʠ ʨʘʩʩʪʨʦʡʩʪʚʘʤʠ ʠ 

ʨʘʟʣʠʯʥʳʤʠ ʚʠʜʘʤʠ ʨʘʢʘ [Woo et al., 2020; Gialeli et al., 2018]. ɼʘʥʥʳʭ ʦ 

ʚʨʦʞʜʸʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʷʭ, ʚʳʟʚʘʥʥʳʭ ʤʫʪʘʮʠʷʤʠ ʚ ʜʘʥʥʳʤ ʛʝʥʝ, ʥʝ ʙʳʣʦ. 
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ʈʠʩʫʥʦʢ 11. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʨʝʜʢʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʝ CSMD1 ʚ ʩʝʤʴʷʭ AII ʠ 

AIII . ɸ ï ɺʠʟʫʘʣʠʟʘʮʠʷ ʦʙʣʘʩʪʠ ʛʝʥʦʤʘ, ʩʦʜʝʨʞʘʱʝʡ ʢʘʥʜʠʜʘʪʥʳʡ ʤʠʩʩʝʥʩ 

ʚʘʨʠʘʥʪ (hg19 chr8:g.2824257 C>T, rs117633452) ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ IGV. 

ɹ ï ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʛʦʤʦʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫ ʧʘʮʠʝʥʪʦʚ (II -1, II -2, III -

1 ʠ III -2) ʠ ʛʦʤʦʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʜʠʢʦʛʦ ʪʠʧʘ ʫ ʟʜʦʨʦʚʳʭ ʥʝʨʦʜʩʪʚʝʥʥʳʭ 

ʠʥʜʠʚʠʜʦʚ (IND1-2). 

 ʆʙʝ ʩʝʤʴʠ AII ʠ AIII ʧʨʦʠʟʦʰʣʠ ʠʟ ʉʝʚʝʨʦ-ʂʘʚʢʘʟʩʢʦʛʦ ʨʝʛʠʦʥʘ ʈʦʩʩʠʠ. 

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ, ʠʤʝʝʪ ʣʠ ʜʘʥʥʳʡ ʚʘʨʠʘʥʪ ʦʙʱʝʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʵʬʬʝʢʪʘ ʦʩʥʦʚʘʪʝʣʷ ʠʣʠ ʠʤʝʝʪ ʥʝʟʘʚʠʩʠʤʦʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʠ 

ʷʚʣʷʝʪʩʷ ʤʫʪʘʮʠʦʥʥʦʡ çʛʦʨʷʯʝʡ ʪʦʯʢʦʡè, ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʛʦʤʦʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʵʢʟʦʤʥʳʭ ʜʘʥʥʳʭ ʧʘʮʠʝʥʪʦʚ ʠʟ ʦʙʦʠʭ ʩʝʤʝʡ AII ʠ 

AIII . ɹʳʣ ʦʙʥʘʨʫʞʝʥ ʛʦʤʦʟʠʛʦʪʥʳʡ ʫʯʘʩʪʦʢ ʨʘʟʤʝʨʦʤ 911,088 ʪ.ʧ.ʥ. ʫ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʦʙʝʠʭ ʩʝʤʝʡ. ʀ ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ 
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ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʠʥʦʨʥʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʩʝʤʴʷʭ AII ʠ AIII ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ 

ʵʬʬʝʢʪʘ ʦʩʥʦʚʘʪʝʣʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʯʘʩʪʦʪʘ ʜʘʥʥʦʛʦ 

ʤʠʥʦʨʥʦʛʦ ʘʣʣʝʣʷ ʤʦʞʝʪ ʙʳʪʴ ʧʦʚʳʰʝʥʘ ʚ ʧʦʧʫʣʷʮʠʷʭ ʉʝʚʝʨʥʦʛʦ ʂʘʚʢʘʟʘ. 

ɼʣʷ ʵʪʦʛʦ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʯʘʩʪʦʪʳ ʚ ʧʦʧʫʣʷʮʠʷʭ ʠʟ ʢʦʥʢʨʝʪʥʦʛʦ 

ʨʝʛʠʦʥʘ ʠ ʚ ʤʠʨʦʚʦʡ ʧʦʧʫʣʷʮʠʠ. ʆʙʱʠʡ MAF rs117633452 ʩʦʩʪʘʚʣʷʝʪ 

0,005932 ʜʣʷ 60 703 ʯʝʣʦʚʝʢ ʠʟ ExAC v.1.0 [Lek et al., 2016; Karczewski et al., 

2017]. ɸʥʘʣʦʛʠʯʥʦ MAF ʜʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʩʦʩʪʘʚʣʷʝʪ 0,0056 ʫ 533 ʯʝʣʦʚʝʢ ʩ 

ʂʘʚʢʘʟʘ ʧʦ ʜʘʥʥʳʤ ʙʘʟʳ ʜʘʥʥʳʭ ɹʨʘʫʟʝʨʘ RuSeq (http://ruseq.ru, Barbitoff et al., 

2021, medRxiv). ɼʣʷ ʦʮʝʥʢʠ MAF ʚʘʨʠʘʥʪʘ rs117633452 ʩʨʝʜʠ ʥʘʩʝʣʝʥʠʷ 

ʉʝʚʝʨʥʦʛʦ ʂʘʚʢʘʟʘ ʠʟ ʛʝʦʛʨʘʬʠʯʝʩʢʦʛʦ ʨʝʛʠʦʥʘ, ʩʦʚʧʘʜʘʶʱʝʛʦ ʩ 

ʘʥʘʣʠʟʠʨʫʝʤʳʤʠ ʩʝʤʴʷʤʠ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʝ ʜʘʥʥʦʛʦ 

ʚʘʨʠʘʥʪʘ ʩ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʫ 42 ʥʝʨʦʜʩʪʚʝʥʥʳʭ 

ʠʥʜʠʚʠʜʦʚ ʙʝʟ ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʭ ʥʘʨʫʰʝʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ 

ʥʦʩʠʪʝʣʝʡ ʤʠʥʦʨʥʦʛʦ ʘʣʣʝʣʷ. ɺ ʩʚʷʟʠ ʩ ʯʝʤ MAF ʚ ʢʘʚʢʘʟʩʢʠʭ ʧʦʧʫʣʷʮʠʷʭ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 0,0119. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ ʤʦʞʝʪ ʙʳʪʴ ʬʘʢʪʦʨʦʤ 

ʨʠʩʢʘ ʨʝʜʢʦʛʦ ʟʘʙʦʣʝʚʘʥʠʷ.  

3.2.2.3. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʣʥʦʵʢʟʦʤʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ɼʅʂ ʧʘʮʠʝʥʪʘ ʠʟ ʩʝʤʴʠ AIV   

ʋ ʧʘʮʠʝʥʪʘ AIV -1 ʙʳʣ ʥʘʡʜʝʥ ʥʦʚʳʡ ʛʦʤʦʟʠʛʦʪʥʳʡ ʤʠʩʩʝʥʩ ʚʘʨʠʘʥʪ 

hg19 chr6:g.146720646 C>G (NM_000838.2:c.2471C>G), ʦʪʩʫʪʩʪʚʫʶʱʠʡ ʚ 

ʙʘʟʘʭ ʜʘʥʥʳʭ 1000 ɻʝʥʦʤʦʚ, gnomAD ʠ dbSNP, ʚ ʛʝʥʝ GRM1 (ʈʠʩʫʥʦʢ 12). 

ʄʫʪʘʮʠʠ ʚ ʜʘʥʥʦʤ ʛʝʥʝ ʚʳʟʳʚʘʶʪ ʘʫʪʦʩʦʤʥʦ ʜʦʤʠʥʘʥʪʥʫʶ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʫʶ ʘʪʘʢʩʠʶ 44, SCA44 (OMIM 617691), ʠ ʘʫʪʦʩʦʤʥʦ-

ʨʝʮʝʩʩʠʚʥʫʶ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʫʶ ʘʪʘʢʩʠʶ 13, SCAR13 (OMIM 614831). 

ʅʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ ʨʘʩʧʦʣʦʞʝʥ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ (PhyloP 

ʩʯʸʪ 7,7842, ʈʠʩʫʥʦʢ 9 ʇʨʠʣʦʞʝʥʠʷ). ʉ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ SIFT ʠ PolyPhen 

ʥʦʚʳʡ ʚʘʨʠʘʥʪ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ ñʧʘʪʦʛʝʥʥʳʡò ʠ ñʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ 

ʧʘʪʦʛʝʥʥʳʡò. ɺʘʨʠʘʥʪ ʧʦʜʪʚʝʨʞʜʥy ʩ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʠ 

ʦʪʦʙʨʘʥ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ.  
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ʈʠʩʫʥʦʢ 12. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʥʦʚʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʝ GRM1 ʫ ʧʘʮʠʝʥʪʘ AIV-1. 

ɸ ï ɺʠʟʫʘʣʠʟʘʮʠʷ ʦʙʣʘʩʪʠ ʛʝʥʦʤʘ, ʩʦʜʝʨʞʘʱʝʡ ʢʘʥʜʠʜʘʪʥʳʡ ʤʠʩʩʝʥʩ ʚʘʨʠʘʥʪ 

(hg19 chr6:g.146720646 C>G) ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ IGV. ɹ ï ʇʨʦʚʝʨʢʘ 

ʢʘʥʜʠʜʘʪʥʦʛʦ ʛʦʤʦʟʠʛʦʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʫ ʧʘʮʠʝʥʪʘ AIV -1 ʩ ʧʦʤʦʱʴʶ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. 

3.2.3. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʘʭ ʩ ʚʳʷʚʣʝʥʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʚ ʩʝʤʴʷʭ AI-IV  

ʏʪʦʙʳ ʧʨʝʜʩʢʘʟʘʪʴ, ʢʘʢʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʙʝʣʢʦʚ ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʥʘʡʜʝʥʥʳʝ ʚʘʨʠʘʥʪʳ, ʠ ʫʩʪʘʥʦʚʠʪʴ, ʢʘʢʠʝ ʚʘʨʠʘʥʪʳ 

ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳ ʠ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʥʘʨʫʰʝʥʠʷʤʠ ʨʘʟʚʠʪʠʷ ʤʦʟʞʝʯʢʘ, 

ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʦʚ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ.  
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3.2.3.1. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʝ, ʚʳʟʚʘʥʥʳʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʦʡ ʚ ʛʝʥʝ FAAH2 

ɹr ʣʦ ʧʨʦʚʝʜʝʥʦ ʧʨʝʜʩʢʘʟʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨ r ʙʝʣʢʘ 

FAAH2, ʩʦʜʝʨʞʘʱʝʛʦ ʦʜʠʥ ʠʟ ʤʠʥʦʨʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʡ ʨʘʥʝʝ 

ʢʘʥʘʜʩʢʠʤʠ ʘʚʪʦʨʘʤʠ p.Ala458Ser [Sirrs et al., 2015] ʠ ʦʙʥʘʨʫʞʝʥʥʳʡ ʚ ʩʝʤʴʝ 

AI p.Lys460Thr, ʘ ʪʘʢʞʝ ʙʳʣʘ ʧʨʝʜʩʢʘʟʘʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

FAAH2, ʩʦʜʝʨʞʘʱʘʷ ʚʘʨʠʘʥʪʳ ʜʠʢʦʛʦ ʪʠʧʘ. ʆʙʘ ʚʘʨʠʘʥʪʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚ 

ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʘʤʠʜʘʟʥʦʛʦ ʜʦʤʝʥʘ. ʇʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩ 

ʧʦʤʦʱʴʶ iTasser ʥʝ ʚʳʷʚʠʣʦ ʨʘʟʣʠʯʠʡ ʤʝʞʜʫ ʘʥʘʣʠʟʠʨʫʝʤʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ 

ʙʝʣʢʦʚ. ɸʥʘʣʠʟ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Phyre2 

ʧʨʝʜʩʢʘʟʘʣ, ʯʪʦ ʟʘʤʝʥʘ p.Lys460Thr ʫʤʝʥʴʰʘʝʪ ʙʣʠʟʣʝʞʘʱʫʶ ʘʣʴʬʘ-ʩʧʠʨʘʣʴ 

(ʈʠʩʫʥʦʢ 13). ʊʘʢʦʡ ʞʝ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʜʣʷ ʧʘʪʦʛʝʥʥʦʛʦ ʚʘʨʠʘʥʪʘ 

p.Ala458Ser. ʊʝʩʪʠʨʦʚʘʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʘʡʪʘ ʢ ʤʫʪʘʮʠʠ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ Phyre2 ʧʦʢʘʟʘʣʦ, ʯʪʦ ʟʘʤʝʥʘ Ala458 ʥʘ ʣʶʙʫʶ ʜʨʫʛʫʶ 

ʘʤʠʥʦʢʠʩʣʦʪʫ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʨʦʣʠʥʘ, ʥʝʙʣʘʛʦʧʨʠʷʪʥʘ, ʪʦʛʜʘ ʢʘʢ ʟʘʤʝʥʘ 

Lys460 ʥʘ ʜʨʫʛʠʝ ʘʤʠʥʦʢʠʩʣʦʪʳ ʤʝʥʝʝ ʢʨʠʪʠʯʥʘ. ʉʨʘʚʥʝʥʠʝ ʙʝʣʢʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʘʤʠʜʘʟʥʳʡ ʜʦʤʝʥ, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʘʡʪ Ala458 ʙʦʣʝʝ 

ʢʦʥʩʝʨʚʘʪʠʚʝʥ, ʯʝʤ ʩʘʡʪ Lys460. 
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ʈʠʩʫʥʦʢ 13. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʟʘʤʝʥ p.Ala458Ser ʠ 

p.Lys460Thr ʥʘ ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʘ FAAH2. ɸ, ɹ ï ʇʨʝʜʩʢʘʟʘʥʠʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ FAAH2 ʩ ʧʦʤʦʱʴʶ Phyre2 (ʟʝʣyʥʳʤ 

ʚʳʜʝʣʝʥ ʙʝʣʦʢ ʜʠʢʦʛʦ ʪʠʧʘ; ʬʠʦʣʝʪʦʚʳʤ ï ʙʝʣʦʢ, ʩʦʜʝʨʞʘʱʠʡ ʟʘʤʝʥʫ 

p.Ala458Ser [Sirrs et al., 2015]; ʞʸʣʪʳʤ ï ʙʝʣʦʢ ʩ ʟʘʤʝʥʦʡ, ʚʳʷʚʣʝʥʥʦʡ ʚ ʩʝʤʴʝ 

AI). ɺ, ɻ ï ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ ʦʙʣʘʩʪʠ ʙʝʣʢʘ FAAH2, 

ʩʦʜʝʨʞʘʱʝʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ p.Ala458Ser (A458S) ʠ p.Lys460Thr 

(K460T), ʩʨʝʜʠ ʦʨʪʦʣʦʛʦʚ (ɺ) ʠ ʧʘʨʘʣʦʛʦʚ (ɻ). 

3.2.3.2. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʝ, ʚʳʟʚʘʥʥʳʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʦʡ ʚ ʛʝʥʝ LRCH2 

ɸʤʠʥʦʢʠʩʣʦʪʥʘʷ ʟʘʤʝʥʘ p.Lys258Glu ʚ ʙʝʣʢʝ LRCH2 ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʣʝʡʮʠʥ-ʙʦʛʘʪʦʛʦ ʧʦʚʪʦʨʘ (LRR8). ɸʥʘʣʠʟ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝ ʚʳʷʚʠʣ ʢʘʢʠʭ-ʣʠʙʦ ʠʟʤʝʥʝʥʠʡ ʚ ʙʝʣʢʝ, 

ʩʦʜʝʨʞʘʱʝʤ ʚʘʨʠʘʥʪʳ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʤʫʪʘʥʪʥʳʡ (ʈʠʩʫʥʦʢ 14). ʆʜʥʘʢʦ 

ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʩʝʤʝʡʩʪʚʘ ʙʝʣʢʦʚ LRCH ʧʦʢʘʟʘʣ, ʯʪʦ ʜʦʤʝʥ LRR8 

ʷʚʣʷʝʪʩʷ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤ ʠ ʩʦʜʝʨʞʠʪ ʪʦʣʴʢʦ ʘʤʠʥʦʢʠʩʣʦʪʳ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦ 



91 
 

ʟʘʨʷʞʝʥʥʦʡ ʙʦʢʦʚʦʡ ʮʝʧʴʶ (ʣʠʟʠʥ ʠʣʠ ʘʨʛʠʥʠʥ) ʚ ʵʪʦʤ ʧʦʣʦʞʝʥʠʠ (ʈʠʩʫʥʦʢ 

14ɺ). ɹʦʣʝʝ ʪʦʛʦ, ʧʦʚʪʦʨ LRR8 ʚ ʙʝʣʢʝ LRCH2 ʢʣʘʩʩʠʬʠʮʠʨʫʝʪʩʷ ʢʘʢ SD22-

ʧʦʜʦʙʥʳʡ; ʧʨʠ ʵʪʦʤ ʪʠʧʝ LRR ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʧʦʣʦʞʝʥʠʠ ʦʩʪʘʶʪʩʷ ʪʦʣʴʢʦ 

ʘʤʠʥʦʢʠʩʣʦʪʳ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʙʦʢʦʚʦʡ ʮʝʧʴʶ (ʣʠʟʠʥ ʠʣʠ ʘʨʛʠʥʠʥ) (ʈʠʩʫʥʦʢ 

14ɻ) [Kajava, 1998; Rivi r̄e et al., 2020; Kobe, Kajava, 2001; Ng et al., 2011]. 

ʅʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʥʝ ʥʘ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʫʶ 

ʛʣʫʪʘʤʠʥʦʚʫ  ʁ ʢʠʩʣʦʪʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʪʘ ʟʘʤʝʥʘ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ 

ʘʬʬʠʥʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠʷ LRCH2 ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʩ ʥʠʤ ʙʝʣʢʘʤʠ.  

 

ʈʠʩʫʥʦʢ 14. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʳ p.Lys258Glu 

(K258E) ʥʘ ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʘ LRCH2. A, ɹ ï ʇʨʝʜʩʢʘʟʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʦʙʣʘʩʪʠ ʙʝʣʢʘ LRCH2, ʩʦʜʝʨʞʘʱʝʡ ʣʝʡʮʠʥ ʙʦʛʘʪʳʝ ʧʦʚʪʦʨʳ LRR7-

9 (A) ʠ ʚʩʝʡ ʦʙʣʘʩʪʠ LRR ʮʝʣʠʢʦʤ (ɹ) ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Phyre2. 

ɺʳʨʘʚʥʠʚʘʥʠʝ ʜʦʤʝʥʦʚ ʙʝʣʢʦʚ LRCH2, ʩʦʜʝʨʞʘʱʠʭ ʚʘʨʠʘʥʪ ʜʠʢʦʛʦ ʪʠʧʘ 

(ʚʳʜʝʣʝʥ ʟʝʣʸʥʳʤ) ʠ ʤʫʪʘʥʪʥʳʡ ʚʘʨʠʘʥʪ (ʚʳʜʝʣʝʥ ʢʨʘʩʥʳʤ), ʚʳʧʦʣʥʝʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ PyMOL. ɺ ï ɸʥʘʣʠʟ ʧʦʣʦʞʝʥʠʷ 

ʟʘʤʝʥʳ ʚ ʣʝʡʮʠʥ ʙʦʛʘʪʳʭ ʧʦʚʪʦʨʘʭ, LRR, ʛʜʝ L ð Leu, Ile, Val ʠʣʠ Phe; N ð 
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Asn, Thr, Ser ʠʣʠ Cys; C ð Cys, Ser ʠʣʠ Asn [Kajava, 1998; Rivi r̄e et al., 2020; 

Kobe, Kajava, 2001; Ng et al., 2011]; ʤʫʪʘʥʪʥʳʡ ʚʘʨʠʘʥʪ E ð Glu. ɻ, ɼ ï 

ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ ʦʙʣʘʩʪʠ ʙʝʣʢʘ LRCH2, ʩʦʜʝʨʞʘʱʝʡ 

ʜʘʥʥʫʶ ʟʘʤʝʥʫ, ʩʨʝʜʠ ʧʘʨʘʣʦʛʦʚ (ɻ) ʠ ʦʨʪʦʣʦʛʦʚ (ɼ). 

3.2.3.3. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʝ, ʚʳʟʚʘʥʥʳʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʦʡ ʚ ʛʝʥʝ CSMD1 

ʄʠʩʩʝʥʩ-ʚʘʨʠʘʥʪ rs117633452 ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʥʝ p.Gly2979Ser ʚʦ 

ʚʥʝʢʣʝʪʦʯʥʦʤ ʉʫʰʠ ʜʦʤʝʥʝ 23 (sushi 23, ʢʦʤʧʣʝʤʝʥʪ-ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʡ 

ʜʦʤʝʥ) ʚ ʙʝʣʢʝ CSMD1. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʩʦʭʨʘʥʷʝʪʩʷ ʫ ʚʩʝʭ ʦʨʪʦʣʦʛʦʚ ʠ 

ʧʘʨʘʣʦʛʦʚ (ʈʠʩʫʥʦʢ 15). ʆʜʥʘʢʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʢʘʢʠʭ-ʣʠʙʦ ʨʘʟʣʠʯʠʡ ʚ ʦʙʣʘʩʪʷʭ, 

ʩʦʜʝʨʞʘʱʠʭ ʜʠʢʠʡ ʪʠʧ ʠʣʠ ʤʠʥʦʨʥʳʡ ʚʘʨʠʘʥʪʳ. ɺ ʦʜʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚ 

ʩʝʤʴʷʭ ʩ ʧʦʟʜʥʠʤʠ ʬʦʨʤʘʤʠ ʙʦʣʝʟʥʠ ʇʘʨʢʠʥʩʦʥʘ ʙʳʣʠ ʚʳʷʚʣʝʥʳ 

ʛʝʪʝʨʦʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʜʦʤʝʥʝ ʤʦʜʫʣ ̫ʙʝʣʢʘ ʢʦʥʪʨʦʣʷ ʢʦʤʧʣʝʤʝʥʪʘ (CCP) 

CSMD1, ʘ ʫ ʥʝʢʦʪʦʨʳʭ ʧʘʮʠʝʥʪʦʚ ʟʘʙʦʣʝʚʘʥʠʝ ʦʩʣʦʞʥʷʣʦʩʴ ʜʠʟʘʨʪʨʠʝʡ, 

ʘʪʘʢʩʠʝʡ ʠ ʥʘʨʫʰʝʥʠʷʤʠ ʭʦʜʴʙʳ [Ruiz-Mart²nez et al., 2017]. CSMD1 ʩ 

ʧʦʤʦʱʴʶ ʩʚʦʝʛʦ CCP-ʤʦʜʫʣʷ ʤʦʞʝʪ ʠʥʛʠʙʠʨʦʚʘʪʴ ʢʣʘʩʩʠʯʝʩʢʠʡ ʧʫʪʴ 

ʢʦʤʧʣʝʤʝʥʪʘ, ʠʥʛʠʙʠʨʫʷ ʥʘʢʦʧʣʝʥʠʝ ʦʩʥʦʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʢʦʤʧʣʝʤʝʥʪʘ C3 

ʥʘ ʢʣʝʪʦʯʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [Kraus et al., 2006; Kraus et al., 2007; Escudero-

Esparza et al., 2013]. ɹʦʣʝʝ ʪʦʛʦ, ʫʜʘʣʝʥʠʝ CCP ʚ CSMD3 ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʰʠʧʠʢʦʚ ʠ ʨʘʟʚʝʪʚʣʝʥʠʡ ʜʝʥʜʨʠʪʦʚ [Mizukami et al., 

2016]. ʇʦʩʢʦʣʴʢʫ ʚʘʨʠʘʥʪ ʦʙʥʘʨʫʞʝʥ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ 

ʜʦʤʝʥʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʜʨʫʛʠʤʠ ʙʝʣʢʘʤʠ, ʥʘʡʜʝʥʥʘʷ 

ʟʘʤʝʥʘ p.Gly2979Ser, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʚʣʠʷʝʪ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 
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ʈʠʩʫʥʦʢ 15. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʳ p.Gly2979Ser (G2979S) 

ʥʘ ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʘ CSMD1. ɸ, ɹ ï ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ 

ʦʙʣʘʩʪʠ ʙʝʣʢʘ CSMD1, ʩʦʜʝʨʞʘʱʝʡ ʜʘʥʥʫʶ ʟʘʤʝʥʫ, ʩʨʝʜʠ ʦʨʪʦʣʦʛʦʚ (ɸ) ʠ 

ʧʘʨʘʣʦʛʦʚ (ɹ). ɺ ï ʇʨʝʜʩʢʘʟʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨ rʦʙʣʘʩʪʠ Suchi 

ʜʦʤʝʥʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʚ ʢʦʪʦʨʦʤ ʥʘʡʜʝʥʘ ʘʤʠʥʦʢʠʩʣʦʪʥʘʷ ʟʘʤʝʥʘ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤ Phyre2. 

3.2.3.4. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʙʝʣʢʝ, ʚʳʟʚʘʥʥʳʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʦʡ ʚ ʛʝʥʝ GRM1 

ʅʫʢʣʝʦʪʠʜʥʘʷ ʟʘʤʝʥʘ C>G ʚ ʛʝʥʝ GRM1 ʧʨʠʚʦʜʠʪ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ 

ʟʘʤʝʥʝ ʪʨʝʦʥʠʥʘ ʥʘ ʘʨʛʠʥʠʥ ʚ ʧʦʣʦʞʝʥʠʠ 824 (p.Thr824Arg) ʚ ʜʣʠʥʥʦʡ (ʘʣʴʬʘ) 

ʠ ʢʦʨʦʪʢʦʡ (ʙʝʪʘ) ʠʟʦʬʦʨʤʘʭ ʛʣʫʪʘʤʘʪʥʦʛʦ ʤʝʪʘʙʦʪʨʦʧʥʦʛʦ ʨʝʮʝʧʪʦʨʘ 1 

(mGluR1). ʊʨʝʦʥʠʥ ʨʘʩʧʦʣʦʞʝʥ ʚ ʙʦʣʴʰʦʡ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʠ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʫ ʚʩʝʭ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦʨʪʦʣʦʛʦʚ ʦʪ ʢʨʫʛʣʦʨʦʪʳʭ ʜʦ 

ʧʨʠʤʘʪʦʚ (ʈʠʩʫʥʦʢ 16). ʊʨʝʦʥʠʥ ʪʘʢʞʝ ʢʦʥʩʝʨʚʘʪʠʚʝʥ ʚ ʦʙʦʠʭ ʠʟʦʬʦʨʤʘʭ 

mGluR5, ʢʦʪʦʨʳʡ ʚʤʝʩʪʝ ʩ mGluR1, ʩʦʩʪʘʚʣʷʶʪ ʛʨʫʧʧʫ I ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʠʭ 

ʛʣʫʪʘʤʘʪʥʳʭ ʤʝʪʘʙʦʪʨʦʧʥʳʭ ʨʝʮʝʧʪʦʨʦʚ, ʧʦʚʳʰʘʶʱʠʭ ʘʢʪʠʚʥʦʩʪʴ ʨʝʮʝʧʪʦʨʘ 

NMDA [ Mao et al., 2022]. ʋ ʦʩʪʘʣʴʥʳʭ ʤʝʪʘʙʦʪʨʦʧʥʳʭ ʛʣʫʪʘʤʘʪʥʳʭ 

ʨʝʮʝʧʪʦʨʦʚ ʚʤʝʩʪʦ ʪʨʝʦʥʠʥʘ ʚ ʜʘʥʥʦʤ ʧʦʣʦʞʝʥʠʠ ʥʘʭʦʜʠʪʩʷ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʘʷ 

ʝʡ ʧʦ ʩʪʨʫʢʪʫʨʝ ʘʤʠʥʦʢʠʩʣʦʪʘ ʩʝʨʠʥ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʤʝʪʘʙʦʪʨʦʧʥʦʛʦ 

ʛʣʫʪʘʤʘʪʥʦʛʦ ʨʝʮʝʧʪʦʨʘ mGluR3, ʫ ʢʦʪʦʨʦʛʦ ʚ ʜʘʥʥʦʤ ʧʦʣʦʞʝʥʠʠ 
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ʥʝʟʘʨʷʞʝʥʥʘʷ ʛʠʜʨʦʬʦʙʥʘʷ ʘʤʠʥʦʢʠʩʣʦʪʘ ʬʝʥʠʣʘʣʘʥʠʥ. ɿʘʤʝʥʘ p.Thr824Arg 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʤ ʜʦʤʝʥʝ (ʊʄ7), ʬʦʨʤʠʨʫʶʱʝʤ ʤʝʪʘʙʦʪʨʦʧʥʳʡ 

ʢʘʥʘʣ. ʇʦʣʥʦʝ ʫʜʘʣʝʥʠʝ ʊʄ7 ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʩʪʨʫʢʪʫʨʳ mGluR1 ʠ 

ʬʦʨʤʝ SCAR13, ʢʦʪʦʨʦʝ ʙʳʣʦ ʦʧʠʩʘʥʦ ʨʘʥʝʝ ʚ ʩʝʤʴʝ ʠʟ ʈʠʤʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ 3 

ʧ.ʥ. ʜʝʣʝʮʠʠ ʚ 8 ʵʢʟʦʥʝ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʤʫʪʘʮʠʝʡ ʚ ʩʘʡʪʝ ʩʧʣʘʡʩʠʥʛʘ ʠʥʪʨʦʥʘ 8 

[Guergueltcheva et al., 2012]. TM7 ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʣʠʛʘʥʜʦʚ, 

ʢʦʪʦʨʳʝ ʤʦʜʫʣʠʨʫʶʪ ʧʝʨʝʜʘʯʫ ʩʠʛʥʘʣʦʚ, ʜʝʡʩʪʚʫʷ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠʣʠ 

ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʘʣʣʦʩʪʝʨʠʯʝʩʢʠʝ ʤʦʜʫʣʷʪʦʨʳ [Wu et al., 2014; Pin et al., 2016; 

Koehl et al., 2019; Zhang et al., 2021]. ɸʨʛʠʥʠʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʝʦʥʠʥʦʤ ʠʤʝʝʪ 

ʜʣʠʥʥʫʶ ʵʣʝʢʪʨʠʯʝʩʢʠ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʫʶ ʮʝʧʴ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴ ʠʟʙʳʪʦʯʥʳʝ ʚʦʜʦʨʦʜʥʳʝ ʠʣʠ ʠʦʥʥʳʝ ʩʚʷʟʠ ʠ, 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʤʦʞʝʪ ʤʝʰʘʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩ 

ʣʠʛʘʥʜʦʤ. 

 

ʈʠʩʫʥʦʢ 16. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʟʘʤʝʥʳ p.Thr824Arg (T824R) ʥʘ ʩʪʨʫʢʪʫʨʫ 

mGluR1. ɸ, ɹ ï ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ, 

ʩʦʜʝʨʞʘʱʝʡ ʜʘʥʥʫʶ ʟʘʤʝʥʫ, ʩʪʨʫʢʪʫʨʘ ʙʝʣʢʘ ʧʨʝʜʩʢʘʟʘʥʘ ʩ ʧʦʤʦʱʴʶ Phyre2 
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(ʟʝʣʥyʳʤ ʮʚʝʪʦʤ ʚʳʜʝʣʝʥ ʙʝʣʦʢ ʩ ʚʘʨʠʘʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ; ʩʠʥʠʤ ï ʩ 

ʤʫʪʘʥʪʥʳʤ ʚʘʨʠʘʥʪʦʤ). ɺ, ɻ ï ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʦʙʣʘʩʪʠ mGluR1, 

ʩʦʜʝʨʞʘʱʝʡ ʜʘʥʥʫʶ ʟʘʤʝʥʫ, ʩʨʝʜʠ ʦʨʪʦʣʦʛʦʚ (ɺ) ʠ ʧʘʨʘʣʦʛʦʚ (ɻ).   

3.2.4. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ 

ʌʫʥʢʮʠʷ ʦʪʦʙʨʘʥʥʳʭ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʠ ʠʭ ʨʦʣʴ ʚʦ ʚʨʦʞʜʸʥʥʦʡ 

ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʠʟʫʯʝʥʳ ʥʝʜʦʩʪʘʪʦʯʥʦ. ʏʪʦʙʳ 

ʩʜʝʣʘʪʴ ʪʦʯʥʳʝ ʧʨʦʛʥʦʟʳ ʠ ʦʧʨʝʜʝʣʠʪʴ ʛʝʥʳ-ʢʘʥʜʠʜʘʪʳ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʥʘʣʠʟʝ ʠ ʩʨʘʚʥʝʥʠʠ ʩ ʠʭ ʧʘʨʘʣʦʛʘʤʠ, ʠʩʧʦʣʴʟʫʷ 

ʥʘʢʦʧʣʝʥʥʳʝ ʟʥʘʥʠʷ ʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʜʘʥʥʳʭ ʵʢʩʧʨʝʩʩʠʠ. ɼʣʷ 

ʘʥʘʣʠʟʘ ʛʝʥʥʦʡ ʠʟʙʳʪʦʯʥʦʩʪʠ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʧʨʠ ʨʝʜʢʠʭ 

ʤʦʥʦʛʝʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʷʭ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʦʥʣʘʡʥ-ʧʨʦʛʨʘʤʤʘ çʆʩʥʦʚʥʦʡ 

ʇʘʨʘʣʦʛ ʧʦ ʕʢʩʧʨʝʩʩʠʠè çEssential Paralogue by Expressionè (EPbE). ɺ ʦʩʥʦʚʝ 

ʜʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ ʣʝʞʠʪ ʩʣʝʜʫʶʱʠʡ ʘʣʛʦʨʠʪʤ: EPbE ʦʮʝʥʠʚʘʝʪ, ʤʦʛʫʪ ʣʠ 

ʧʘʨʘʣʦʛʠ ʟʘʜʘʥʥʦʛʦ ʛʝʥʘ-ʢʘʥʜʠʜʘʪʘ ʧʦʪʝʥʮʠʘʣʴʥʦ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʧʦʪʝʨʶ 

ʵʢʩʧʨʝʩʩʠʠ ʝʛʦ ʤʘʞʦʨʥʦʡ ʠʟʦʬʦʨʤʳ ʜʠʢʦʛʦ ʪʠʧʘ. ʊʘʢʦʡ ʘʥʘʣʠʟ ʦʩʥʦʚʘʥ ʥʘ 

ʥʘʙʦʨʝ ʧʘʨʘʣʦʛʦʚ ʛʝʥʘ-ʢʘʥʜʠʜʘʪʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʳʧʦʣʥʷʪʴ ʪʝ ʞʝ ʬʫʥʢʮʠʠ, 

ʯʪʦ ʠ ʛʝʥ-ʢʘʥʜʠʜʘʪ, ʠ ʠʭ ʵʢʩʧʨʝʩʩʠʠ. EPbE ʧʦʣʫʯʘʝʪ ʧʨʝʜʩʢʘʟʘʥʠʷ ʧʘʨʘʣʦʛʦʚ 

ʠʟ çʆʨʪʦʣʦʛʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳè (OMA) [Altenhoff et al., 2021]. ɸʣʛʦʨʠʪʤ OMA 

ʠʩʧʦʣʴʟʫʝʪ ʪʨʠ ʵʪʘʧʘ: ʦʮʝʥʢʘ ʛʦʤʦʣʦʛʠʯʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ, 

ʦʧʨʝʜʝʣʝʥʠʝ ʦʨʪʦʣʦʛʠʯʥʳʭ ʧʘʨ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʙʣʠʞʘʡʰʠʭ ʛʦʤʦʣʦʛʦʚ ʥʘ 

ʦʩʥʦʚʝ ʵʚʦʣʶʮʠʦʥʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. ʆʜʥʘʢʦ ʬʫʥʢʮʠʠ ʤʥʦʛʠʭ ʛʝʥʦʚ ʠ ʠʭ 

ʧʘʨʘʣʦʛʦʚ ʚ ʛʝʥʦʤʝ ʯʝʣʦʚʝʢʘ ʪʦʯʥʦ ʥʝ ʠʟʚʝʩʪʥʳ, ʠ ʧʘʨʘʣʦʛʠ ʤʦʛʫʪ ʚʳʧʦʣʥʷʪʴ 

ʥʝʠʜʝʥʪʠʯʥʳʝ ʬʫʥʢʮʠʠ. ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʦʮʝʥʠʪʴ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʪʠʭ ʛʝʥʦʚ. EPbE ʠʩʧʦʣʴʟʫʝʪ ʜʘʥʥʳʝ 

ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ ʠ ʚ ʨʘʟʥʦʤ ʚʦʟʨʘʩʪʝ ʠʟ ʧʨʦʝʢʪʘ 

çʅʦʨʤʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʤʦʟʛʘè (BrainSpan) [Miller et al., 2014]. EPbE ʚʳʧʦʣʥʷʝʪ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʦʚ ʩ ʧʦʤʦʱʴʶ ʪʝʩʪʘ ɼʘʥʥʘ çʤʥʦʛʠʝ 

ʢ ʦʜʥʦʤʫè ʠ ʢʦʨʨʝʢʪʠʨʫʝʪ P ʟʥʘʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦʵʪʘʧʥʦʛʦ ʤʝʪʦʜʘ. ɼʣʷ 

ʧʨʦʚʝʨʢʠ ʧʨʦʛʨʘʤʤʳ EPbE ʙʳʣʦ ʚʳʙʨʘʥʦ ʥʝʩʢʦʣʴʢʦ ʠʟʚʝʩʪʥʳʭ ʛʝʥʦʚ, 
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ʩʚʷʟʘʥʥʳʭ ʩʦ SCAR, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʧʘʨʘʣʦʛʠ ʩ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘʤʠ ʠʭ 

ʠʟʙʳʪʦʯʥʦʩʪʠ: SYNE1 ʠ SNX14 (ʊʘʙʣʠʮʘ 6A).  

ʊʘʙʣʠʮʘ 6. ɻʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʤʠ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʳʤʠ ʘʪʘʢʩʠʷʤʠ, ʠ ʠʭ ʧʘʨʘʣʦʛʠ ʧʦ ʜʘʥʥʳʤ OMA, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʨʦʛʨʘʤʤʳ EPbE. 

ɸ. ɻʝʥʳ ʠ ʠʭ ʧʘʨʘʣʦʛʠ, ʢʦʪʦʨʳʝ ʯʘʩʪʠʯʥʦ ʢʦʤʧʝʥʩʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ 

ɻʝʥ ʆʧʠʩʘʥʠʝ ɿʘʙʦʣʝʚʘʥʠʝ ɸʙʙʨʝʚʠʘʪʫʨʘ ʀʩʪʦʯʥʠʢ 

SYNE1 ʅʝʩʧʨʠʥʳ, ʙʝʣʢʠ ʷʜʝʨʥʦʡ 

ʦʙʦʣʦʯʢʠ, ʩʦʜʝʨʞʘʱʠʝ 

ʩʧʝʢʪʨʠʥʦʚʳʝ ʧʦʚʪʦʨʳ, ʠʤʝʶʪ 

ʥʝʩʢʦʣʴʢʦ ʠʟʦʬʦʨʤ ʠ ʠʛʨʘʶʪ 
ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʣʦʢʘʣʠʟʘʮʠʠ ʷʜʨʘ. 

ɸʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʘʷ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʘʷ ʘʪʘʢʩʠʷ 8-ʛʦ 
ʪʠʧʘ 

SCAR8 
OMIM: 
610743  

SYNE2 

ɸʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʘʷ 

ʤʳʰʝʯʥʘʷ ʜʠʩʪʨʦʬʠʷ ʕʤʝʨʠ-
ɼʨʝʡʬʫʩʘ 5-ʛʦ ʪʠʧʘ 

EDMD5 
OMIM: 

612999 

SNX14 ʉʦʨʪʠʨʫʶʱʠʝ ʥʝʢʩʠʥʳ ʷʚʣʷʶʪʩʷ 

ʮʝʥʪʨʘʣʴʥʳʤʠ ʨʝʛʫʣʷʪʦʨʘʤʠ 

ʢʣʝʪʦʯʥʦʛʦ ʪʨʘʬʠʢʘ ʠ ʧʝʨʝʜʘʯʠ 
ʩʠʛʥʘʣʦʚ. 

ɸʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʘʷ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʘʷ ʘʪʘʢʩʠʷ 20-ʛʦ 
ʪʠʧʘ 

SCAR20 
OMIM: 
616354 

SNX13 
ɿʘʜʝʨʞʢʘ ʨʘʟʚʠʪʠʷ 

 - PMID:  
34879376 SNX15  - 

ɹ. ɻʝʥʳ ʠ ʠʭ ʧʘʨʘʣʦʛʠ ʩ ʜʠʚʝʨʛʝʥʪʥʳʤʠ ʬʫʥʢʮʠʷʤʠ 

ɻʝʥ ʆʧʠʩʘʥʠʝ ɿʘʙʦʣʝʚʘʥʠʝ ɸʙʙʨʝʚʠʘʪʫʨʘ ʀʩʪʦʯʥʠʢ 

VPS13D 
ʉʝʤʝʡʩʪʚʦ ʚʘʢʫʦʣʷʨʥʳʭ ʙʝʣʢʦʚ, 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ ʩʦʨʪʠʨʦʚʢʦʡ, 

13-ʛʦ ʪʠʧʘ. ʀʩʢʣʶʯʠʪʝʣʴʥʦ 

VPS13D, ʥʦ ʥʝ VPS13AïC, 

ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʥʦʨʤʘʣʴʥʦʡ 

ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʠ 
ʧʦʜʜʝʨʞʘʥʠʷ ʧʝʨʦʢʩʠʩʦʤ 

ɸʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʘʷ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʘʷ ʘʪʘʢʩʠʷ 4-ʛʦ 
ʪʠʧʘ 

SCAR4 
OMIM: 

607317  

VPS13C 
ɹʦʣʝʟʥʴ ʇʘʨʢʠʥʩʦʥʘ 23-ʛʦ ʪʠʧʘ, 

ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʘʷ ʬʦʨʤʘ ʩ 

ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ 

PARK23 
OMIM: 

616840 

SPTBN2 

ɓIII-ʩʧʝʢʪʨʠʥ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ 

ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʮʠʪʦʩʢʝʣʝʪʘ ʫʟʢʦʡ 

ʰʝʠ ʜʝʥʜʨʠʪʥʳʭ ʰʠʧʠʢʦʚ. ʂʨʦʤʝ 

ʪʦʛʦ, ʢʦʤʧʣʝʢʩ ŬII/ɓIII ʨʝʛʫʣʠʨʫʝʪ 

ʦʨʠʝʥʪʘʮʠʶ ʜʝʥʜʨʠʪʥʳʭ ʦʪʨʦʩʪʢʦʚ 
ʢʣʝʪʦʢ ʇʫʨʢʠʥʴʝ 

ɸʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʘʷ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʘʷ ʘʪʘʢʩʠʷ 14-ʛʦ 

ʪʠʧʘ; Cʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʘʷ 
ʘʪʘʢʩʠʷ 5-ʛʦ ʪʠʧʘ 

SCAR14;  
SCA5 

OMIM: 

615386;  

OMIM: 
600224 

SPTB ɓ-ʩʧʝʢʪʨʠʥ  
ʕʣʣʠʧʪʦʮʠʪʦʟ 3-ʛʦ ʪʠʧʘ; 
ʉʬʝʨʦʮʠʪʦʟ 2-ʛʦ ʪʠʧʘ 

EL3; SPH2 

OMIM: 

617948; 

OMIM: 
616649 

SPTBN1 ɓII-ʩʧʝʢʪʨʠʥ  
ɿʘʜʝʨʞʢʘ ʨʘʟʚʠʪʠʷ, ʥʘʨʫʰʝʥʠʝ 
ʨʝʯʠ ʠ ʧʦʚʝʜʝʥʯʝʩʢʠʝ ʘʥʦʤʘʣʠʠ 

DDISBA 
OMIM: 
619475 

SPTBN4 ɓIV-ʩʧʝʢʪʨʠʥ 
ʅʘʨʫʰʝʥʠʝ ʨʘʟʚʠʪʠʷ ʥʝʨʚʥʦʡ 

ʩʠʩʪʝʤʳ ʩ ʛʠʧʦʪʦʥʠʝʡ, 
ʥʝʚʨʦʧʘʪʠʝʡ ʠ ʛʣʫʭʦʪʦʡ 

NEDHND 
OMIM: 
617519 

ɻʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩʦ SCAR, ʚʳʜʝʣʝʥʳ ʞʠʨʥʳʤ ʰʨʠʬʪʦʤ. 

SYNE1 ʠ ʝʛʦ ʧʘʨʘʣʦʛ SYNE2 ʢʦʜʠʨʫʶʪ ʙʝʣʢʠ ʩʧʝʢʪʨʠʥʦʚʳʭ ʧʦʚʪʦʨʦʚ 

ʷʜʝʨʥʦʡ ʦʙʦʣʦʯʢʠ (ʥʝʩʧʨʠʥʳ), ʢʦʪʦʨʳʝ ʫʯʘʩʪʚʫʶʪ ʚ ʟʘʢʨʝʧʣʝʥʠʠ ʤʠʦʷʜʝʨ ʠ 

ʠʥʥʝʨʚʘʮʠʠ ʜʚʠʛʘʪʝʣʴʥʳʭ ʥʝʡʨʦʥʦʚ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ ʤʳʰʘʭ ʪʦʣʴʢʦ ʧʨʠ 

ʜʚʦʡʥʦʤ ʥʦʢʘʫʪʝ ʛʝʥʦʚ SYNE1 ʠ SYNE2 ʧʨʦʠʩʭʦʜʠʣʘ ʛʠʙʝʣʴ ʦʩʦʙʝʡ ʩʨʘʟʫ 
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ʧʦʩʣʝ ʨʦʞʜʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʳʰʠ ʩ ʦʜʠʥʦʯʥʳʤ ʥʦʢʘʫʪʦʤ ʙʳʣʠ 

ʞʠʟʥʝʩʧʦʩʦʙʥʳ ʠ ʬʝʨʪʠʣʴʥʳ [Zhang et al., 2007]. ʏʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, 

ʯʪʦ ʧʘʨʘʣʦʛʠ SYNE1 ʠ SYNE2 ʤʦʛʫʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʨʫʛ ʜʨʫʛʘ. ɻʝʥ SNX14 ʠ 

ʝʛʦ ʧʘʨʘʣʦʛʠ SNX13 ʠ SNX25 ʢʦʜʠʨʫʶʪ ʥʝʢʩʠʥʳ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʢʣʝʪʦʯʥʦʡ 

ʧʝʨʝʜʘʯʝ ʩʠʛʥʘʣʦʚ, ʤʝʪʘʙʦʣʠʟʤʝ ʣʠʧʠʜʦʚ ʠ ʘʫʪʦʬʘʛʠʠ. SNX14, SNX13 ʠ SNX25 

ʠʤʝʶʪ ʦʯʝʥʴ ʩʭʦʞʫʶ ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʦʚʳʭ ʜʦʤʝʥʦʚ, ʘ ʚ ʥʝʜʘʚʥʝʤ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʥʘʣʠʯʠʝ ʠʟʙʳʪʦʯʥʦʩʪʠ ʛʝʥʦʚ 

[Lauzier et al., 2022]. ɺ ʢʘʯʝʩʪʚʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ ʙʳʣʠ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʧʘʨʘʣʦʛʠ, ʬʫʥʢʮʠʠ ʢʦʪʦʨʳʭ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ: 

VPS13D ʠ SPTBN2 [Baldwin et al., 2021; Efimova et al., 2017, Armbrust et al., 

2014, Fujishima et al., 2020] (ʊʘʙʣʠʮʘ 6ɹ). ɻʝʥ VPS13D ʥʘ ʦʩʥʦʚʝ ʛʦʤʦʣʦʛʠʠ ʫ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʠʤʝʝʪ ʪʨʠ ʧʘʨʘʣʦʛʘ (VPS13A, B ʠ C), ʦʜʥʘʢʦ ʘʣʛʦʨʠʪʤʦʤ OMA 

ʙʳʣ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ ʧʘʨʘʣʦʛ ʪʦʣʴʢʦ VPS13C. ʕʪʠ ʛʝʥʳ ʫʯʘʩʪʚʫʶʪ ʚ ʪʨʘʥʩʧʦʨʪʝ, 

ʦʩʫʱʝʩʪʚʣʷʝʤʦʤ ʘʧʧʘʨʘʪʦʤ ɻʦʣʴʜʞʠ. ʀʟ ʚʩʝʭ ʧʘʨʘʣʦʛʦʚ ʪʦʣʴʢʦ ʧʦʣʥʘʷ ʧʦʪʝʨʷ 

VPS13D ʷʚʣʷʝʪʩʷ ʣʝʪʘʣʴʥʦʡ ʜʣʷ ʵʤʙʨʠʦʥʦʚ ʤʳʰʝʡ, ʤʫʭ ʠ ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ 

[Baldwin et al., 2021, Anding et al., 2018, Seong et al., 2018]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

VPS13D ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʤʦʨʬʦʣʦʛʠʠ ʤʠʪʦʭʦʥʜʨʠʡ ʠ ʙʠʦʛʝʥʝʟʝ 

ʧʝʨʦʢʩʠʩʦʤ [Baldwin et al., 2021]. SPTBN2 ʢʦʜʠʨʫʝʪ ɓIII-ʩʧʝʢʪʨʠʥ, ʢʦʪʦʨʳʡ 

ʫʯʘʩʪʚʫʝʪ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʮʠʪʦʩʢʝʣʝʪʘ, ʥʝʡʨʦʥʘʣʴʥʳʭ ʧʨʦʝʢʮʠʡ ʠ ʩʠʥʘʧʩʦʚ 

[Efimova et al., 2017, Armbrust et al., 2014]. ɼʣʷ ʨʝʛʫʣʷʮʠʠ ʦʨʠʝʥʪʘʮʠʠ 

ʜʝʥʜʨʠʪʦʚ ʢʣʝʪʦʢ ʇʫʨʢʠʥʴʝ ʥʝʦʙʭʦʜʠʤʦ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ɓIII-ʩʧʝʢʪʨʠʥ 

ʩ ʝʛʦ ʙʣʠʞʘʡʰʠʤ ʧʘʨʘʣʦʛʦʤ ï ŬII-ʩʧʝʢʪʨʠʥʦʤ, ʚ ʩʣʫʯʘʝ ʥʦʢʘʫʪʘ ʦʜʥʦʛʦ ʠʟ 

ʛʝʥʦʚ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʦʙʦʠʭ ʙʝʣʢʦʚ ʚ 

ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ ʠ ʥʘʨʫʰʝʥʠʝ ʚʝʪʚʣʝʥʠʷ ʜʝʥʜʨʠʪʦʚ [Fujishima et al., 2020]. 

ʕʢʩʧʨʝʩʩʠʶ ʚ ʢʦʨʝ ʤʦʟʞʝʯʢʘ ʚʩʝʭ ʚʳʙʨʘʥʥʳʭ ʛʝʥʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʥʘ 

ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʦʥʪʦʛʝʥʝʟʘ ʦʪ ʚʥʫʪʨʠʫʪʨʦʙʥʦʛʦ ʨʘʟʚʠʪʠʷ ʜʦ ʚʟʨʦʩʣʳʭ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ EPbE (ʊʘʙʣʠʮʘ 7). ɼʣʷ ʛʝʥʦʚ SYNE1 ʠ SNX14, 

ʧʘʨʘʣʦʛʠ ʢʦʪʦʨʳʭ ʯʘʩʪʠʯʥʦ ʢʦʤʧʝʥʩʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ, ʙʳʣ ʦʧʨʝʜʝʣʥy 

ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ ʚ ʢʦʨʝ ʤʦʟʞʝʯʢʘ, 

ʯʝʤ ʜʣʷ ʠʭ ʧʘʨʘʣʦʛʦʚ, ʠ ʵʪʦ ʨʘʟʣʠʯʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʯʘʣʫ ʟʘʙʦʣʝʚʘʥʠʷ. ɺ ʪʦ 
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ʞʝ ʚʨʝʤʷ ʛʝʥʳ ʩ ʜʠʚʝʨʛʝʥʪʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʩ ʠʭ ʧʘʨʘʣʦʛʘʤʠ (ʦʪʨʠʮʘʪʝʣʴʥʳʡ 

ʢʦʥʪʨʦʣʴ) ʥʝ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ EPbE. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʧʦʣʝʟʥʘ ʜʣʷ ʧʦʠʩʢʘ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʧʫʪʤy ʘʥʘʣʠʟʘ 

ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʦʚ, ʘ ʧʨʝʜʩʢʘʟʘʥʠʝ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʵʢʩʧʨʝʩʩʠʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʧʘʨʘʣʦʛʘʤʠ ʚ ʦʧʨʝʜʝʣʥyʥʦʡ ʦʙʣʘʩʪʠ ʤʦʟʛʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ 

ʩ ʢʦʥʢʨʝʪʥʦʡ ʧʘʪʦʣʦʛʠʝʡ. 

ʊʘʙʣʠʮʘ 7. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩʦ SCAR, ʠ ʠʭ 

ʧʘʨʘʣʦʛʦʚ ʚ ʢʦʨʝ ʤʦʟʞʝʯʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ EPbE. 
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A. ɻʝʥʳ ʠ ʠʭ ʧʘʨʘʣʦʛʠ, ʢʦʪʦʨʳʝ ʯʘʩʪʠʯʥʦ ʢʦʤʧʝʥʩʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ 

SCAR8 

ʩ ʨʘʥʥʝʛʦ 

ʜʝʪʩʪʚʘ ʜʦ 

ʟʨʝʣʦʛʦ 
ʚʦʟʨʘʩʪʘ 

SYNE1 SYNE2 

P ʟʥʘʯ. 0,04 0,04 0,02 0,01 0,04 ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥ-ʢʘʥʜʠʜʘʪ ʷʚʣʷʝʪʩʷ 

ʥʝʟʘʤʝʥʠʤʳʤ ʧʘʨʘʣʦʛʦʤ ʩ 4 
ʤʝcʷʮʝʚ ʜʦ 40 ʣʝʪ. 

M ʵ.ʧ.  5,36 3,88 3,34 3,23 2,47 

Log2FC 0,94 -1,66 -2,05 -1,84 -1,53 

SCAR20 
ʩ ʨʘʥʥʝʛʦ 
ʜʝʪʩʪʚʘ 

SNX14  

SNX13 

P ʟʥʘʯ. 0,000014 0,0022 0,07 0,05 0,03 

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥ-ʢʘʥʜʠʜʘʪ ʷʚʣʷʝʪʩʷ 

ʥʝʟʘʤʝʥʠʤʳʤ ʧʘʨʘʣʦʛʦʤ ʚ 

ʧʝʨʠʦʜ ʧʨʝʥʘʪʘʣʴʥʦʛʦ 
ʨʘʟʚʠʪʠʷ 

M ʵ.ʧ.  2,00 2,07 2,21 2,38 1,83 

Log2FC -1,85 -1,82 -1,62 -1,63 -2,23 

SNX25 

P ʟʥʘʯ. 0,04 1,00 0,78 0,56 0,97 

M ʵ.ʧ.  3,63 7,45 8,10 9,25 8,37 

Log2FC -0,99 0,02 0,25 0,33 -0,04 

ɹ. ɻʝʥʳ ʠ ʠʭ ʧʘʨʘʣʦʛʠ ʩ ʜʠʚʝʨʛʝʥʪʥʳʤʠ ʬʫʥʢʮʠʷʤʠ 

SCAR4 

ʩ ʨʘʥʥʝʛʦ 

ʜʝʪʩʪʚʘ ʜʦ 

ʟʨʝʣʦʛʦ 
ʚʦʟʨʘʩʪʘ 

VPS13D VPS13C 

P ʟʥʘʯ. 0,40 0,29 0,15 0,17 0,25 
ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥ-ʢʘʥʜʠʜʘʪ ʅɽ ʷʚʣʷʝʪʩʷ 
ʥʝʟʘʤʝʥʠʤʳʤ ʧʘʨʘʣʦʛʦʤ  

M ʵ.ʧ.  3,10 3,18 3,36 3,69 2,27 

Log2FC -0,13 -0,35 -0,68 -0,50 -0,71 

SCAR14 
ʩ ʨʘʥʥʝʛʦ 

ʜʝʪʩʪʚʘ 
 SPTBN2  

SPTB 

P ʟʥʘʯ. 0,03 0,00 0,10 0,03 0,16 

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥ-ʢʘʥʜʠʜʘʪ ʅɽ ʷʚʣʷʝʪʩʷ 

ʥʝʟʘʤʝʥʠʤʳʤ ʧʘʨʘʣʦʛʦʤ  

M ʵ.ʧ.  4,14 15,87 19,70 22,80 17,56 

Log2FC -2,25 -2,15 -1,68 -1,52 -1,57 

SPTBN1 

P ʟʥʘʯ. 0,26 0,76 1,00 0,89 0,97 

M ʵ.ʧ.  44,92 41,43 57,74 57,67 39,83 

Log2FC 1,19 -0,76 -0,12 -0,18 -0,39 

SPTBN4 

P ʟʥʘʯ. 0,03 0,00 0,03 0,00 0,03 

M ʵ.ʧ.  4,22 15,16 14,25 14,66 12,41 

Log2FC -2,22 -2,21 -2,14 -2,16 -2,07 

ɻʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩʦ SCAR (ʛʝʥ-ʢʘʥʜʠʜʘʪ), ʚʳʜʝʣʝʥʳ ʞʠʨʥʳʤ ʰʨʠʬʪʦʤ. ɺ ʪʘʙʣʠʮʝ ʧʦʢʘʟʘʥʦ 

ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʚ ʨʘʟʥʦʤ ʚʦʟʨʘʩʪʝ: ʝʩʣʠ ʨ ʟʥʘʯʝʥʠʝ 
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< 0,05, ʪʦ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ-ʢʘʥʜʠʜʘʪʘ ʠ ʧʘʨʘʣʦʛʘ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʟʣʠʯʥʘ (ʚʳʜʝʣʝʥʦ 

ʢʨʘʩʥʳʤ); M ʵ.ʧ. ï ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʘ; Log2FC ï ʣʦʛʘʨʠʬʤ ʢʨʘʪʥʦʩʪʠ 

ʠʟʤʝʥʝʥʠʷ, ʝʩʣʠ Log2FC <0, ʪʦ ʵʢʩʧʨʝʩʩʠʷ ʧʘʨʘʣʦʛʘ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʝʥʦʤ-

ʢʘʥʜʠʜʘʪʦʤ. ɽʩʣʠ ʚ ʦʧʨʝʜʝʣʥyʥʦʤ ʚʦʟʨʘʩʪʝ ʵʢʩʧʨʝʩʩʠʷ ʚʩʝʭ ʧʘʨʘʣʦʛʦʚ ʥʠʞʝ ʛʝʥʘ-ʢʘʥʜʠʜʘʪʘ 

(ʷʯʝʡʢʘ ʪʘʙʣʠʮʳ ʚʳʜʝʣʝʥʘ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ), ʪʦ ʧʨʝʜʩʢʘʟʳʚʘʝʤʳʡ ʧʨʦʛʨʘʤʤʦʡ EPbE ʛʝʥ-

ʢʘʥʜʠʜʘʪ ʷʚʣʷʝʪʩʷ ʥʝʟʘʤʝʥʠʤʳʤ ʧʘʨʘʣʦʛʦʤ ʚ ʢʦʨʝ ʤʦʟʞʝʯʢʘ. 

 

3.2.4.1. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ FAAH2 ʠ ʝʛʦ ʧʘʨʘʣʦʛʘ ʚ 

ʤʦʟʞʝʯʢʝ, ʜʨʫʛʠʭ ʦʪʜʝʣʘʭ ʛʦʣʦʚʥʦʛʦ ʠ ʩʧʠʥʥʦʛʦ ʤʦʟʛʘ, ʘ ʪʘʢʞʝ 

ʧʝʨʠʬʝʨʠʯʝʩʢʠʭ ʥʝʨʚʘʭ 

FAAH2 ʠʤʝʝʪ ʧʘʨʘʣʦʛ FAAH (ʠʣʠ FAAH1). ʆʙʘ ʬʝʨʤʝʥʪʘ FAAH ʠ 

FAAH2 ʫʯʘʩʪʚʫʶʪ ʚ ʛʠʜʨʦʣʠʟʝ ʧʝʨʚʠʯʥʳʭ ʘʤʠʜʦʚ ʞʠʨʥʳʭ ʢʠʩʣʦʪ, N-

ʘʮʠʣʵʪʘʥʦʣʘʤʠʥʦʚ ʠ N-ʘʮʠʣʘʤʠʥʦʢʠʩʣʦʪ [Cravatt et al., 1996; Saghatelian et al., 

2004]. ʉʭʦʜʩʪʚʦ ʤʝʞʜʫ ʬʝʨʤʝʥʪʘʤʠ FAAH ʠ FAAH2 ʩʦʩʪʘʚʣʷʝʪ 20%, ʘ 

ʦʙʣʘʩʪʴ, ʩʦʜʝʨʞʘʱʘʷ ʚʘʨʠʘʥʪʳ p.Ala458Ser ʠ p.Lys460Thr, ʚʘʨʠʘʙʝʣʴʥʘ; 

ʪʦʣʴʢʦ ʧʝʨʚʳʡ ʚʘʨʠʘʥʪ ʢʦʥʩʝʨʚʘʪʠʚʝʥ ʚ ʦʙʦʠʭ ʬʝʨʤʝʥʪʘʭ, ʪʦʛʜʘ ʢʘʢ 

ʥʘʡʜʝʥʥʳʡ ʚʘʨʠʘʥʪ p.Lys460Thr ʥʝʢʦʥʩʝʨʚʘʪʠʚʝʥ. ʌʝʨʤʝʥʪʘʪʠʚʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʙʝʣʢʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ FAAH ʤʦʞʝʪ ʛʠʜʨʦʣʠʟʦʚʘʪʴ ʪʦʪ ʞʝ 

ʩʫʙʩʪʨʘʪ (ʦʣʝʘʤʠʜ ʠʣʠ ʘʥʘʥʜʘʤʠʜ), ʚ ʦʪʥʦʰʝʥʠʠ ʢʦʪʦʨʦʛʦ FAAH2 ʤʦʞʝʪ ʙʳʪʴ 

ʘʢʪʠʚʝʥ [Wei et al., 2006; Sirrs et al. 2015; Cravatt et al., 1996; Saghatelian et al., 

2004]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʪʩʫʪʩʪʚʠʝ ʛʝʥʘ FAAH2 ʤʦʞʝʪ ʙʳʪʴ ʢʦʤʧʝʥʩʠʨʦʚʘʥʦ 

ʝʛʦ ʧʘʨʘʣʦʛʦʤ FAAH. ɻʠʧʦʧʣʘʟʠʷ ʤʦʟʞʝʯʢʘ ʩʚʷʟʘʥʘ ʩ ʧʦʚʨʝʞʜʝʥʠʝʤ 

ʛʝʥʝʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ, ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ, ʦʜʥʘʢʦ ʚ ʵʪʦʪ 

ʧʝʨʠʦʜ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ FAAH2 ʚ ʤʦʟʞʝʯʢʝ ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ FAAH (ʈʠʩʫʥʦʢ 17A). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʣʦʚʝʨʦʷʪʥʦ, ʯʪʦ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʡ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ FAAH2 ʚʥʦʩʠʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ 

ʛʠʧʦʧʣʘʟʠʶ ʤʦʟʞʝʯʢʘ, ʦʜʥʘʢʦ ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʠʪʴ ʤʦʜʠʬʠʮʠʨʫʶʱʠʡ 

ʵʬʬʝʢʪ ʤʫʪʘʥʪʥʦʛʦ ʛʝʥʘ ʥʝʣʴʟʷ. 
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ʈʠʩʫʥʦʢ 17. ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʚ ʢʦʨʝ ʤʦʟʞʝʯʢʘ ʚ 

ʧʨʝʥʘʪʘʣʴʥʳʡ ʠ ʧʦʩʪʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜʳ. ɿʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʝʥʥʘʷ 

ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ LRCH2 ʠ CSMD1 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʧʘʨʘʣʦʛʘʤʠ ʩʦʚʧʘʜʘʝʪ ʩ 

ʥʘʯʘʣʦʤ ʟʘʙʦʣʝʚʘʥʠʷ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʝʤʴʷʭ (ɸ ʠ ɺ, ʚʳʜʝʣʝʥʳ ʢʨʘʩʥʳʤ). A 

ï ʧʨʝʥʘʪʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ, ɹ ï ʧʦʩʪʥʘʪʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʚ ʨʘʥʥʝʤ ʜʝʪʩʪʚʝ, ɺ ï 

ʧʝʨʠʦʜ ʥʘʯʠʥʘʷ ʩʦ ʰʢʦʣʴʥʦʛʦ ʚʦʟʨʘʩʪʘ, ʶʥʦʩʪ ɹʠ ʥʘʯʘʣʦ ʟʨʝʣʦʩʪʠ, ɻ ï ʟʨʝʣʳʡ 

ʚʦʟʨʘʩʪ. ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʨʦʝʢʪʘ 

çʅʦʨʤʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʤʦʟʛʘè (BrainSpan) [Miller et al., 2014]. Padj ï 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ. 

3.2.4.2. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ LRCH2 ʠ ʝʛʦ ʧʘʨʘʣʦʛʦʚ ʚ 

ʤʦʟʞʝʯʢʝ, ʜʨʫʛʠʭ ʦʪʜʝʣʘʭ ʛʦʣʦʚʥʦʛʦ ʠ ʩʧʠʥʥʦʛʦ ʤʦʟʛʘ, ʘ ʪʘʢʞʝ 

ʧʝʨʠʬʝʨʠʯʝʩʢʠʭ ʥʝʨʚʘʭ 

ɻʝʥ LRCH2 ʠʤʝʝʪ ʪʨʠ ʧʘʨʘʣʦʛʘ, LRCH1, LRCH3 ʠ LRCH4, ʢʦʪʦʨʳʝ ʪʘʢʞʝ 

ʠʤʝʶʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ ʚ ʛʦʣʦʚʥʦʤ ʤʦʟʛʝ. ʉʪʨʫʢʪʫʨʳ ʙʝʣʢʦʚ 

ʩʝʤʝʡʩʪʚʘ LRCH ʦʯʝʥʴ ʧʦʭʦʞʠ: ʚʩʝ ʙʝʣʢʠ ʠʤʝʶʪ 9-10 LRR ʩ N-ʢʦʥʮʝʚʦʡ ʯʘʩʪʠ 

ʠ ʉʅ-ʜʦʤʝʥ ʩ ʉ-ʢʦʥʮʝʚʦʡ ʯʘʩʪʠ [Kajava et al., 1998]. ɹʦʣʝʝ ʪʦʛʦ, ʥʝʜʘʚʥʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʪʠ ʛʝʥʳ ʤʦʛʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʙʝʣʢʘʤʠ 

DOCK6-8, ʢʦʪʦʨʳʝ ʠʛʨʘʶʪ ʨʦʣʴ ʚ ʨʝʦʨʛʘʥʠʟʘʮʠʠ ʮʠʪʦʩʢʝʣʝʪʘ [M¿ller et al., 

2020]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʢʦʤʧʝʥʩʘʮʠʷ ʛʝʥʘ LRCH2 ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʘ ʟʘ ʩʯʪy ʝʛʦ 

ʧʘʨʘʣʦʛʦʚ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ EPbE ʚ ʢʦʨʝ ʤʦʟʞʝʯʢʘ ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʘʤʳʡ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ LRCH2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʝʛʦ ʧʘʨʘʣʦʛʘʤʠ (ʟʥʘʯʝʥʠʝ p = 0,038, ʈʠʩʫʥʦʢ 17ɸ). 
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ʇʦʩʣʝ ʨʦʞʜʝʥʠʷ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ LRCH2 ʩʥʠʞʘʝʪʩʷ, ʘ ʵʢʩʧʨʝʩʩʠʷ ʝʛʦ 

ʧʘʨʘʣʦʛʦʚ, ʦʩʦʙʝʥʥʦ ʛʝʥʘ LRCH1, ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʈʠʩʫʥʦʢ 17ɹ-ɻ). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚ ʩʝʤʴʝ ɸI ʛʠʧʦʧʣʘʟʠʷ ʤʦʟʞʝʯʢʘ ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ ʩʦʚʧʘʜʘʝʪ ʩ 

ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʢʩʧʨʝʩʩʠʝʡ ʛʝʥʘ LRCH2. ɺ ʢʦʨʝ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʚ 

ʧʨʝʥʘʪʘʣʴʥʦʤ ʧʝʨʠʦʜʝ, ʢʨʦʤʝ ʛʝʥʘ LRCH2, ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʧʘʨʘʣʦʛʘ LRCH1, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʤʦʪʦʨʥʦ-ʩʝʥʩʦʨʥʦʡ ʢʦʨʳ 

ʠ ʦʨʙʠʪʦʬʨʦʥʪʘʣʴʥʦʡ ʢʦʨʳ (ʈʠʩʫʥʦʢ 11 ʇʨʠʣʦʞʝʥʠʷ). ʉ ʚʦʟʨʘʩʪʦʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ LRCH2 ʚ ʢʦʨʝ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ (ʈʠʩʫʥʦʢ 12 

ʇʨʠʣʦʞʝʥʠʷ). ʅʘʠʙʦʣʴʰʠʝ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ LRCH2 ʠ ʝʛʦ ʧʘʨʘʣʦʛʘʤʠ 

ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʪʝʤʝʥʥʦʡ ʠ ʩʣʫʭʦʚʦʡ ʢʦʨʝ (ʈʠʩʫʥʦʢ 12 ʇʨʠʣʦʞʝʥʠʷ). 

ʕʢʩʧʨʝʩʩʠʷ ʩʝʤʝʡʩʪʚʘ ʛʝʥʦʚ LRCH ʫ ʤʳʰʝʡ ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʘʢʦʚʦʡ 

ʫ ʣʶʜʝʡ. ʅʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʨʘʟʚʠʪʠʷ ʤʦʟʛʘ ʩʘʤʳʡ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ LRCH1 [Lein et al., 2007]. LRCH2 ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ 

ʵʢʩʧʨʝʩʩʠʠ ʚ ʤʦʟʛʝ ʤʳʰʠ [Lein et al., 2007]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʦʪʩʫʪʩʪʚʠʝ ʚʠʜʠʤʳʭ ʘʥʦʤʘʣʠʡ ʫ ʵʤʙʨʠʦʥʦʚ ʤʳʰʝʡ ʜʦ E9.5 ʩ ʥʦʢʘʫʪʦʤ ʛʝʥʘ 

LRCH2, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʦʣʦʛʠʠ ʛʝʥʥʳʭ ʣʦʚʫʰʝʢ [Cox et al., 2010]. 

ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʵʢʩʧʨʝʩʩʠʠ ʦʪʜʝʣʴʥʳʭ ʢʣʝʪʦʢ ʧʦʢʘʟʘʣ, ʯʪʦ ʛʝʥ LRCH2 ʚ 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʥʝʡʨʦʥʘʭ ʠ ʯʪʦ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʘʩʪʨʦʮʠʪʘʭ ʠ ʦʣʠʛʦʜʝʥʜʨʦʮʠʪʘʭ ʯʝʣʦʚʝʢʘ [Zhang et al., 2016] 

(ʈʠʩʫʥʦʢ 16 ʇʨʠʣʦʞʝʥʠʷ). ʋ ʤʳʰʝʡ ʛʝʥ LRCH2 ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʢʣʝʪʢʘʭ-

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘʭ ʦʣʠʛʦʜʝʥʜʨʦʮʠʪʦʚ ʠ ʟʘʪʝʤ ʩʥʠʞʘʝʪʩʷ [Zhang et al., 2014]. 

ʇʦ ʜʘʥʥʳʤ DropViz [Saunders et al., 2018], ʚ ʤʦʟʞʝʯʢʝ ʚʟʨʦʩʣʳʭ ʤʳʰʝʡ ʛʝʥ 

LRCH2 ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʚ ʟʝʨʥʠʩʪʳʭ ʥʝʡʨʦʥʘʭ ʠ ʠʥʪʝʨʥʝʡʨʦʥʘʭ 

(ʈʠʩʫʥʦʢ 18ɸ), ʯʪʦ ʥʝ ʧʨʦʪʠʚʦʨʝʯʠʪ ʜʘʥʥʳʤ ʄʈʊ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AI. 

ʇʨʠ ʵʪʦʤ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ LRCH2 ʚ ʠʥʪʝʨʥʝʡʨʦʥʘʭ ʚʳʰʝ, ʯʝʤ ʝʛʦ ʧʘʨʘʣʦʛʦʚ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʝʨʚʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ ɸI ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʧʨʠʟʥʘʢʠ ʜʝʤʠʝʣʠʥʠʟʠʨʫʶʱʝʡ ʤʦʪʦʨʥʦʡ ʠ ʩʝʥʩʦʨʥʦʡ 

ʥʝʚʨʦʧʘʪʠʠ. ʇʨʠ ʪʨʘʥʩʢʨʠʧʪʦʤʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʛʝʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʩʝʥʩʦʨʥʦʡ ʥʘʩʣʝʜʩʪʚʝʥʥʦʡ ʥʝʚʨʦʧʘʪʠʝʡ, ʩʨʝʜʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʛʝʥʦʚ ʩ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʵʢʩʧʨʝʩʩʠʝʡ ʚ ʛʘʥʛʣʠʠ ʟʘʜʥʠʭ ʢʦʨʝʰʢʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʩʝʜʘʣʠʱʥʳʤ ʥʝʨʚʦʤ ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ LRCH2 [Sapio et al., 2016]. ʂʨʦʤʝ 

ʪʦʛʦ, ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ LRCH2 ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ ʰʚʘʥʥʦʚʩʢʠʭ ʢʣʝʪʢʘʭ, 

ʬʦʨʤʠʨʫʶʱʠʭ ʤʠʝʣʠʥʦʚʫʶ ʦʙʦʣʦʯʢʫ ʧʝʨʠʬʝʨʠʯʝʩʢʠʭ ʥʝʨʚʦʚ [Kim et al., 

2017] (ʈʠʩʫʥʦʢ 17 ʇʨʠʣʦʞʝʥʠʷ). ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʛʝʥʝʨʘʣʠʟʦʚʘʥʥʳʤ ʜʝʤʠʝʣʠʥʠʟʠʨʫʶʱʠʤ ʧʦʨʘʞʝʥʠʝʤ ʩʝʥʩʦʤʦʪʦʨʥʳʭ 

ʚʦʣʦʢʦʥ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤɹʠ AI. 

 

ʈʠʩʫʥʦʢ 18. ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʚ ʢʣʝʪʢʘʭ ʤʦʟʞʝʯʢʘ 

ʚʟʨʦʩʣʳʭ ʤʳʰʝʡ (ʜʘʥʥʳʝ ʵʢʩʧʨʝʩʩʠʠ ʦʜʠʥʦʯʥʳʭ ʢʣʝʪʦʢ ʧʦʣʫʯʝʥʳ ʠʟ ʙʘʟʳ 

ʜʘʥʥʳʭ DropViz). ʀʟʦʙʨʘʞʝʥʳ ʥʝʡʨʦʥʘʣʴʥʳʝ ʢʣʝʪʢʠ, ʚ ʢʦʪʦʨʳʭ ʦʙʥʘʨʫʞʝʥʘ 

ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ-ʢʘʥʜʠʜʘʪʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ: A ï ʩʝʤʝʡʩʪʚʦ ʛʝʥʦʚ LRCH, ɹ ï 

ʩʝʤʝʡʩʪʚʦ ʛʝʥʦʚ CSMD. 

3.2.4.3. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ CSMD1 ʠ ʝʛʦ ʧʘʨʘʣʦʛʦʚ ʚ 

ʤʦʟʞʝʯʢʝ ʠ ʜʨʫʛʠʭ ʦʪʜʝʣʘʭ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ 

ɻʝʥ CSMD1 ʠʤʝʝʪ ʜʚʘ ʧʘʨʘʣʦʛʘ, CSMD2 ʠ CSMD3, ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʩʭʦʜʩʪʚʘ ʙʝʣʢʦʚ 61-65%. ɺʩʝ ʪʨʠ ʙʝʣʢʘ ʠʤʝʶʪ ʙʦʣʴʰʦʡ ʚʥʝʢʣʝʪʦʯʥʳʡ ʜʦʤʝʥ, 

ʩʦʜʝʨʞʘʱʠʡ ʧʦʚʪʦʨʳ ʜʦʤʝʥʦʚ CUB ʠ Sushi, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʩʚʷʟʳʚʘʥʠʠ 
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ʢʦʤʧʣʝʤʝʥʪʘ, ʠ ʦʜʠʥ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʡ ʜʦʤʝʥ ʩ ʥʝʙʦʣʴʰʦʡ ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʡ 

ʉ-ʢʦʥʮʝʚʦʡ ʦʙʣʘʩʪʴʶ. ʊʦʯʥʳʭ ʜʘʥʥʳʭ ʥʝʪ, ʩʧʦʩʦʙʥʳ ʣʠ ʙʝʣʢʠ ʩʝʤʝʡʩʪʚʘ 

ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʨʫʛ ʜʨʫʛʘ. ʅʝʜʘʚʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ, ʧʦʜʦʙʥʦ 

CSMD1, ʝʛʦ ʧʘʨʘʣʦʛʠ ʫʯʘʩʪʚʫʶʪ ʚ ʨʦʩʪʝ ʧʨʦʝʢʮʠʡ ʥʝʡʨʦʥʦʚ [Kraus et al., 2007; 

Mizukami et al., 2016; Gutierrez et al., 2019]. ʈʘʟʣʠʯʠʡ ʚ ʫʨʦʚʥʝ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥʦʚ ʵʪʠʭ ʩʝʤʝʡʩʪʚ ʚ ʤʦʟʞʝʯʢʝ ʚʦ ʚʥʫʪʨʠʫʪʨʦʙʥʦʤ ʧʝʨʠʦʜʝ ʠʣʠ ʚ ʨʘʥʥʝʤ 

ʜʝʪʩʪʚʝ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ʆʜʥʘʢʦ ʩ ʧʦʤʦʱʴʶ EPbE ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʨʘʟʥʠʮʘ ʚ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʟʘʤʝʪʥʘ ʚ ʧʝʨʠʦʜ ʧʦʣʦʚʦʛʦ ʩʦʟʨʝʚʘʥʠʷ ʠ ʨʘʥʥʝʛʦ 

ʚʟʨʦʩʣʝʥʠʷ (11-23 ʛʦʜʘ), ʚ ʵʪʦʪ ʧʝʨʠʦʜ ʩʘʤʳʡ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ ʚ 

ʢʦʨʝ ʤʦʟʞʝʯʢʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʫ ʛʝʥʘ CSMD1, ʘ ʵʢʩʧʨʝʩʩʠʷ ʝʛʦ ʧʘʨʘʣʦʛʦʚ 

ʩʥʠʞʝʥʘ (ʈʠʩʫʥʦʢ 17ɺ). ʕʪʦʪ ʧʝʨʠʦʜ ʩʦʚʧʘʜʘʝʪ ʩ ʧʦʷʚʣʝʥʠʝʤ ʢʣʠʥʠʯʝʩʢʠʭ 

ʩʠʤʧʪʦʤʦʚ ʚ ʩʝʤʴʷʭ AII-III, ʚ ʢʦʪʦʨʳʭ ʫ ʧʘʮʠʝʥʪʦʚ ʚʳʷʚʣʝʥ ʨʝʜʢʠʡ ʚʘʨʠʘʥʪ ʚ 

ʛʝʥʝ CSMD1. ʕʪʘ ʨʘʟʥʠʮʘ ʩʥʦʚʘ ʠʩʯʝʟʘʝʪ ʩ ʚʦʟʨʘʩʪʦʤ, ʠ ʚ ʙʦʣʝʝ ʧʦʟʜʥʝʤ 

ʚʦʟʨʘʩʪʝ ʚʩʝ ʛʝʥʳ ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ ʦʜʥʦʤ ʫʨʦʚʥʝ. ʕʢʩʧʨʝʩʩʠʷ 

ʛʝʥʘ CSMD1 ʚ ʧʨʝʥʘʪʘʣʴʥʦʤ ʧʝʨʠʦʜʝ ʚ ʢʦʨʝ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʪʘʢʞʝ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʵʢʩʧʨʝʩʩʠʶ ʝʛʦ ʧʘʨʘʣʦʛʦʚ (ʈʠʩʫʥʦʢ 11 ʇʨʠʣʦʞʝʥʠʷ). ɿʘʪʝʤ 

ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ CSMD1 ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʚʦʟʨʘʩʪʦʤ (ʦʪ 8 ʜʦ 40 ʣʝʪ), ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʵʢʩʧʨʝʩʩʠʷ ʧʘʨʘʣʦʛʦʚ ʩʥʠʞʘʝʪʩʷ ʠʣʠ ʦʩʪʘʪyʩʷ ʥʘ ʪʦʤ ʞʝ ʫʨʦʚʥʝ (ʟʥʘʯʝʥʠʝ 

p = 0,033). ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣ ʧʨʦʚʝʜʸʥ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥʦʚ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʨʢʝʨʦʚ ʘʢʪʠʚʥʳʭ ʧʨʦʤʦʪʦʨʦʚ (H3K4me3) ʫ ʣʠʮ 

ʨʘʟʥʦʛʦ ʚʦʟʨʘʩʪʘ (0-20 ʣʝʪ) ʚ ʢʦʨʝ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʨʫʛʦʛʦ 

ʥʘʙʦʨʘ ʜʘʥʥʳʭ (ʈʠʩʫʥʦʢ 15 ʇʨʠʣʦʞʝʥʠʷ). ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʪʘʢʠʝ ʞʝ 

ʨʝʟʫʣʴʪʘʪʳ: ʨʘʟʣʠʯʠʡ ʤʝʞʜʫ ʨʘʟʤʝʨʘʤʠ ʧʠʢʦʚ ʤʘʨʢʝʨʘ H3K4me3 ʩ ʚʦʟʨʘʩʪʦʤ 

ʥʝ ʦʙʥʘʨʫʞʝʥʦ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʦʚ CSMD2 ʠ CSMD3 ʥʘʠʙʦʣʝʝ 

ʚʳʩʦʢʘ ̫ʚ ʤʣʘʜʝʥʯʝʩʪʚʝ, ʘ ʟʘʪʝʤ ʩʥʠʞʘʝʪʩʷ, ʵʢʩʧʨʝʩʩʠʷ CSMD1 ʥʝ ʤʝʥʷʝʪʩʷ ʠ 

ʦʩʪʘʪyʩʷ ʥʘ ʦʧʨʝʜʝʣʥyʥʦʤ ʫʨʦʚʥʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʥʥʝʤ ʚʦʟʨʘʩʪʝ ʧʘʨʘʣʦʛʠ 

ʤʦʛʫʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʝʬʠʮʠʪ ʛʝʥʘ CSMD1. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʩʝʤʝʡʩʪʚʘ 

CSMD ʚ ʧʨʝ- ʠ ʧʦʩʪʥʘʪʘʣʴʥʦʤ ʧʝʨʠʦʜʝ ʫ ʤʳʰʝʡ ʚʳʷʚʠʣʦ ʦʪʣʠʯʠʷ ʦʪ ʯʝʣʦʚʝʢʘ; 

ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʨʘʟʚʠʪʠʷ ʤʦʟʛʘ ʩʘʤʳʡ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʛʝʥʘ CSMD3 [Lein et al., 2007]. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʥʦʢʘʫʪ ʛʝʥʘ 
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CSMD1 ʫ ʤʳʰʝʡ ʩ ʧʦʚʝʜʝʥʯʝʩʢʠʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʪʘʢʞʝ ʧʦʢʘʟʘʣ ʥʝʢʦʪʦʨʳʝ 

ʥʘʨʫʰʝʥʠʷ ʧʨʦʠʟʚʦʣʴʥʳʭ ʜʚʠʞʝʥʠʡ [Steen et al., 2013]. ɻʝʥ CSMD1 ʫ ʯʝʣʦʚʝʢʘ 

ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʚ ʥʝʡʨʦʥʘʭ ʠ ʚ ʢʣʝʪʢʘʭ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘʭ 

ʦʣʠʛʦʜʝʥʜʨʦʮʠʪʦʚ ʠ ʘʩʪʨʦʮʠʪʘʭ [Zhang et al., 2016; Zhang et al., 2014] (ʈʠʩʫʥʦʢ 

16 ʇʨʠʣʦʞʝʥʠʷ). ʇʦ ʜʘʥʥʳʤ DropViz [Saunders et al., 2018], ʫ ʤʳʰʝʡ 

ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ CSMD1 ʥʠʟʢʘʷ. ʆʜʥʘʢʦ ʚ ʤʦʟʞʝʯʢʝ ʚʟʨʦʩʣʳʭ ʤʳʰʝʡ 

ʵʢʩʧʨʝʩʩʠʷ CSMD1 ʚʳʩʦʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʢʩʧʨʝʩʩʠʝʡ ʝʛʦ ʧʘʨʘʣʦʛʦʚ ʚ 

ʠʥʪʝʨʥʝʡʨʦʥʘʭ, ʪʘʢʞʝ ʢʘʢ ʚ ʩʣʫʯʘʝ ʛʝʥʘ LRCH2 (ʈʠʩʫʥʦʢ 18ɹ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʙʘ ʛʝʥʘ-ʢʘʥʜʠʜʘʪʘ ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʚ 

ʤʦʟʞʝʯʢʝ ʠ ʩʚʷʟʘʥʳ ʩ ʢʦʨʢʦʚʳʤʠ ʠ ʧʦʜʢʦʨʢʦʚʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʤʦʟʛʘ, 

ʫʯʘʩʪʚʫʶʱʠʤʠ ʚ ʜʚʠʛʘʪʝʣʴʥʳʭ ʬʫʥʢʮʠʷʭ. 

3.3. ɻʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʯʠʥ ʉʠʥʜʨʦʤʘ CAMRQ  ʚ 

ɹʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ 

ɺ ʧʦʩʣʝʜʥʝʤ ʨʘʟʜʝʣʝ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʙʳʣ ʧʨʦʚʝʜʸʥ ʫ ʯʣʝʥʦʚ 

ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʡ ʩʝʤʴʠ ʠʟ ɹʨʘʟʠʣʠʠ (Q), ʚ ʢʦʪʦʨʦʡ ʫ ʯʝʪʳʨʸʭ ʩʠʙʩʦʚ 

ʧʦʩʪʘʚʣʝʥ ʜʠʘʛʥʦʟ ʨʝʜʢʦʛʦ ʩʠʥʜʨʦʤʘ CAMRQ (ʈʠʩʫʥʦʢ 4), ʦʪʣʠʯʠʪʝʣʴʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʪʷʞʣyʘʷ ʫʤʩʪʚʝʥʥʘʷ ʦʪʩʪʘʣʦʩʪʴ ʩ ʧʦʣʥʳʤ 

ʦʪʩʫʪʩʪʚʠʝʤ ʨʝʯʠ ʠ ʣʦʢʦʤʦʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʝʪʳʨʸʭ ʢʦʥʝʯʥʦʩʪʝʡ. 

ʂʣʠʥʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʨʘʥʝʝ 

[Garcias, Roth, 2007]. ʂʨʘʪʢʦʝ ʠʟʣʦʞʝʥʠʝ ʫʥʠʢʘʣʴʥʦʛʦ ʢʣʠʥʠʯʝʩʢʦʛʦ ʬʝʥʦʪʠʧʘ 

ʠ ʨʦʜʦʩʣʦʚʥʘʷ ʩʝʤʴʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʛʣʘʚʝ 2, ʧʫʥʢʪ 2.1.2.4.  

3.3.1. ɹʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ɼʅʂ ʧʘʮʠʝʥʪʘ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ  

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʛʝʥʝʪʠʯʝʩʢʠʝ ʣʦʢʫʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʘʪʦʛʝʥʥʦʡ 

ʤʫʪʘʮʠʝʡ ʚ ʩʝʤʴʝ Q (ʈʠʩʫʥʦʢ 19), ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʢʘʨʪʠʨʦʚʘʥʠʝ ʦʙʣʘʩʪʝʡ 

ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʫ ʪʨʸʭ ʙʦʣʴʥʳʭ (Q-IV-1, Q-IV-2 ʠ Q-IV-3), ʠʭ ʟʜʦʨʦʚʦʡ ʤʘʪʝʨʠ 

(Q-III -2), ʠ ʟʜʦʨʦʚʦʛʦ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ (QIV-5) ʩ ʧʦʤʦʱʴʶ Affymetrix Genome-

Wide Human SNP Array 6.0. ʉ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Homozygosity Mapper 
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[Seelow et al., 2009] ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʧʷʪʴ ʛʦʤʦʟʠʛʦʪʥʳʭ ʨʝʛʠʦʥʦʚ ʩ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʦʮʝʥʢʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ 3000 ʜʣʷ ʧʘʮʠʝʥʪʦʚ (Q-IV-1, Q-IV-2 ʠ 

Q-IV-3) (ʈʠʩʫʥʦʢ 19A, ʊʘʙʣʠʮʘ 14 ʇʨʠʣʦʞʝʥʠʷ). ɿʘʪʝʤ ʜʣʷ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ 

(Q-IV-1) ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ. ɺ ʦʙʱʝʡ 

ʩʣʦʞʥʦʩʪʠ 3,1 ʤʠʣʣʠʘʨʜʘ ʯʪʝʥʠʡ (95% ʚʩʝʭ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʯʪʝʥʠʡ) ʙʳʣʠ 

ʢʘʨʪʠʨʦʚʘʥʳ ʥʘ ʨʝʬʝʨʝʥʩʥʳʡ ʛʝʥʦʤ ʯʝʣʦʚʝʢʘ, GRCh37, ʩ 90-ʢʨʘʪʥʦʡ ʛʣʫʙʠʥʦʡ 

ʧʦʢʨʳʪʠʷ [Li et al., 2009; Li, Durbin, 2010]. ɺʩʝʛʦ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ GATK 

ʠ Pindel ʙʳʣʦ ʥʘʟʚʘʥʦ 5,2 ʤʣʥ ʚʘʨʠʘʥʪʦʚ [McKenna et al., 2010; DePristo et al., 

2011; Van der Auwera et al., 2013; Ye et al., 2009]. ʊʘʢʞʝ ʫ ʧʘʮʠʝʥʪʘ Q-IV-1 ʙʳʣʠ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ  rʛʝʥʳ ʩ ʛʦʤʦʟʠʛʦʪʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʚ ʦʙʣʘʩʪʠ ʩ ʥʠʟʢʠʤ 

ʟʥʘʯʝʥʠʝʤ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ (ʊʘʙʣʠʮʘ 14 ʇʨʠʣʦʞʝʥʠʷ). ʋ ʧʘʮʠʝʥʪʘ Q-IV-1 ʙʳʣʠ 

ʦʪʦʙʨʘʥʳ ʚʩʝ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ ʩ ʛʣʦʙʘʣʴʥʦʡ MAF < 0,05 [1000 Genomes Project 

Consortium et al., 2012]. ʆʙʱʝʝ ʯʠʩʣʦ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʦʚ ʚ ʢʦʜʠʨʫʶʱʝʡ ʦʙʣʘʩʪʠ 

ʛʝʥʦʚ ʩʦʩʪʘʚʠʣʦ 3780. ʆʜʥʘʢʦ ʦʙʣʘʩʪʠ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʥʝ ʚʢʣʶʯʘʶʪ ʛʝʥʳ, 

ʢʦʪʦʨʳʝ ʨʘʥʝʝ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʧʨʠ CAMRQ ʚ ʜʨʫʛʠʭ ʩʝʤʴʷʭ 

(VLDLR, WDR81, CA8, ATP8A2, RELN ʠ TUBB2B). ɹʳʣʠ ʧʨʦʚʝʨʝʥʳ ʚʩʝ ʨʝʜʢʠʝ 

ʛʦʤʦʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʵʪʠʭ ʛʝʥʘʭ. ʀ ʪʦʣʴʢʦ ʦʜʠʥ ʛʦʤʦʟʠʛʦʪʥʳʡ ʚʘʨʠʘʥʪ 

rs140526335 (MAF 0,0005) ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʛʝʥʝ VLDLR. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʙʳʣ 

ʧʨʝʜʩʢʘʟʘʥ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CADD ʚ ʯʠʩʣʝ ʧʘʪʦʛʝʥʥʳʭ ʟʘʤʝʥ ʚ ʛʝʥʦʤʝ 

ʯʝʣʦʚʝʢʘ, ʩʦʩʪʘʚʣʷʶʱʠʭ 1% ʦʪ ʛʝʥʦʤʘ. ɸ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ SIFT ʠ 

PolyPhen2 ʵʪʦʪ ʚʘʨʠʘʥʪ ʙʳʣ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ çʜʦʧʫʩʪʠʤʳʡè ʠ 

çʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʳʡè, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʊʘʙʣʠʮʘ 8ɸ). ʆʜʥʘʢʦ, ʥʘʩʣʝʜʦʚʘʥʠʝ 

ʚʘʨʠʘʥʪʘ rs140526335 ʫ ʯʣʝʥʦʚ ʩʝʤʴʠ ʥʝ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʩʪʘʪʫʩʫ ʟʘʙʦʣʝʚʘʥʠʷ, 

ʪʘʢ ʢʘʢ ʛʝʪʝʨʦʟʠʛʦʪʥʳʡ ʚʘʨʠʘʥʪ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʫ ʧʘʮʠʝʥʪʘ IV-2. ʇʦʵʪʦʤʫ 

ʜʘʥʥʳʡ ʚʘʨʠʘʥʪ ʙʳʣ ʠʩʢʣʶʯʥy ʠʟ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ. 
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ʈʠʩʫʥʦʢ 19. ʀʜʝʥʪʠʬʠʢʘʮʠ̫ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʚ ʩʝʤʴʝ Q. ɸ ï ʣʦʢʫʩʳ 

ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʫ ʪʨʝʭ ʧʘʮʠʝʥʪʦʚ Q-IV-1, Q-IV-2 ʠ Q-IV-3 (ʦʪʤʝʯʝʥʳ 

ʢʨʘʩʥʳʤ). ɹ ï ʦʙʣʘʩʪ ɹʜʝʣʝʮʠʠ, ʦʭʚʘʪʳʚʘʶʱʘ ̫ 5ï7 ʵʢʟʦʥ rʛʝʥʘ GRID2 ʚ 

ʜʘʥʥʳʭ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʘʮʠʝʥʪʘ Q-IV-1, ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʘ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ IGV. ɺ ï ʵʣʝʢʪʨʦʬʦʨʝʛʨʘʤʤʘ ʧʨʦʜʫʢʪʦʚ ʇʎʈ, 

ʧʦʜʪʚʝʨʞʜʘʶʱʠʭ ʜʝʣʝʮʠ ʁʚ ʛʝʥʝ GRID2: ʄ ï ɼʅʂ ʤʘʨʢʝʨ; ʧʨʦʜʫʢʪ ʨʘʟʤʝʨʦʤ 

432 ʧ.ʥ. ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʠ ʚʳʷʚʣʝʥ ʚ 

ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʪʦʣʴʢʦ ʫ ʧʘʮʠʝʥʪʦʚ (Q-IV-1, Q-IV-2 ʠ Q-IV-3); 

ʧʨʦʜʫʢʪ ʨʘʟʤʝʨʦʤ 345 ʧ.ʥ., ʧʦʜʪʚʝʨʞʜʘʶʱʠʡ ʦʪʩʫʪʩʪʚʠʝ ʜʝʣʝʮʠʠ ʠ ʚ 

ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʚʳʷʚʣʝʥ ʫ ʟʜʦʨʦʚʳʭ ʥʝʨʦʜʩʪʚʝʥʥʳʭ ʠʥʜʠʚʠʜʦʚ. ʆʙʘ 

ʧʨʦʜʫʢʪʘ ʇʎʈ ʚʳʷʚʣʝʥʳ ʫ ʦʙʣʠʛʘʪʥʳʭ ʥʦʩʠʪʝʣʝʡ: ʫ ʤʘʪʝʨʠ ʧʘʮʠʝʥʪʦʚ ð Q-

III -2, ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ ʧʘʮʠʝʥʪʦʚ ð Q-IV-5. ɻ - ʇʨʦʚʝʨʢʘ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 

ʩ ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʧʝʨʚʦʡ ʧʘʨʳ 

ʧʨʘʡʤʝʨʦʚ ʫ ʧʘʮʠʝʥʪʦʚ (432 ʧ.ʥ.). ʇ. ï ʧʘʮʠʝʥʪ; ʆ.ʅ. ï ʦʙʣʠʛʘʪʥʳʡ ʥʦʩʠʪʝʣʴ. 
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ʊʘʙʣʠʮʘ 8. ʈʝʜʢʠʝ ʨʝʮʝʩʩʠʚʥʳʝ ʛʦʤʦʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ ʩ ʥʝʠʟʚʝʩʪʥʳʤ 

ʢʣʠʥʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ, ʚʳʷʚʣʝʥʥʳʝ ʚ ʛʝʥʦʤʝ ʫ ʧʘʮʠʝʥʪʘ Q-IV-1. 

ɻʝʥ 

ʂʦʦʨʜʠʥʘʪ

ʳ ʚ ʛʝʥʦʤʝ 

GRCh37 

RS 
ʅʫʢʣ. 

ʟʘʤʝʥʘ 

ɸʂ 

ʟʘʤʝʥʘ 

g/max 

MAF  
SIFT/ 

Polyphen2 

CAD

D 
PhyloP 

ɿʘʙʦʣʝ-

ʚʘʥʠʝ, 

ʠʟʚʝʩʪʥʦʝ 

ʜʣʷ ʛʝʥʘ 1000G gnomAD 

ɸ. ɻʦʤʦʟʠʛʦʪʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ CAMRQ* 

VLDLR 9:2639898 
rs14052

6335 
A>G N81S 

0,0024/ 

0,0196 

ʊʝʣʫʛʫ 

0,0018/ 

0,00699 

ʖ.ɸʟʠʪʳ 

ɼʦʧʫʩʪʠʤ./ 

ʜʦʙʨʦʢʘʯ. 
26,6 4,41 

CAMRQ1 

(OMIM: 
224050) 

ɹ. ɺʘʨʠʘʥʪʳ ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ 

COQ2 4:84206004 
rs11203

3303 
T>A R22* 

0,01/ 

0,056 
ʀʙʝʨ  r

0,018/ 

0,031 

ɸʰʢʝʥ. 

-/- 25,8 -2,83 

ɼʝʬʠʮʠʪ 

ʢʦʵʥʟʠʤʘ 

Q10, 1 ʪʠʧ 

(OMIM: 

607426) 

CDS1 4:85525421 
rs11809

9717 
G>C G48A 

0,0004/ 

0,0097 
ʍʘʥʴ 

0,0012/ 
0,0042 

ʖ.ɸʟʠʪʳ 

ʜʦʧʫʩʪʠʤ./ 
ʜʦʙʨʦʢʘʯ. 

18,43 2,69  - 

GRID2 
4:94112040-

94148272 
- 

ɼʝʣʝʮʠʷ 

ʚ ʨʘʤʢʝ 

36,2 ʪ.ʧ.ʥ.  

ɼʝʣʝʮʠʷ 

130 ɸʂ 

(V246-

K375) 

 -/-  -/- -/-  - 
max 

9,87 

SCAR18 

(OMIM: 

616204) 

ɺ. ɺʘʨʠʘʥʪʳ ʚ ʤʘʣʳʭ ʛʦʤʦʟʠʛʦʪʥʳʭ ʨʝʛʠʦʥʘʭ* 

PUM3 9:2831011 
rs12417
79268 

T>C S210G 

0,0002/ 

0,0052 
ɹʘʨʙʘʜ. 

0.000005/ 

0.00001 

ɽʚʨʦʧ. 

ʜʦʧʫʩʪʠʤ./ 
ʜʦʙʨʦʢʘʯ 

23,5 3,68  - 

ARNT2 
15:8086655

7 
rs75063

7347 
C>G S462C 

0,0002/ 

0,0047 
ʀʙʝʨʳ 

0,000018/ 
0,00004 

ɸʬʨ. 

ʧʘʪʦʛʝʥʥʳʡ 
/ 

ʚʦʟʤʦʞʥʦ 
ʧʘʪʦʛʝʥʥʳʡ 

23,6 6,59 

ʉʠʥʜʨʦʤ 

ʋʵʙʙʘ-

ɼʘʪʪʘʥʠ 

(OMIM: 
615926) 

ODF3L2 19:467696 
rs75667

1415 
C>T R101H 

0,0004/ 

0,0118 
ʇʝʨʫʘʥ. 

0,00005/ 

0,0004 

ʌʠʥʥʳ 

ʧʘʪʦʛʝʥʥʳʡ 

/ 

ʥʘʠʙʦʣʝʝ 

ʚʝʨʦʷʪʥʦ 
ʧʘʪʦʛʝʥʥʳʡ 

26,9 2,21  - 

* - ʚʘʨʠʘʥʪʳ ʚ ʤʘʣʳʭ ʛʦʤʦʟʠʛʦʪʥʳʭ ʨʝʛʠʦʥʘʭ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʫʪʦʩʦʤʥʦ-

ʨʝʮʝʩʩʠʚʥʦʤʫ ʪʠʧʫ ʥʘʩʣʝʜʦʚʘʥʠʷ ʚ ʩʝʤʴʝ Q.  

ɿʘʪʝʤ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥr  ʚʩʝ ʚʘʨʠʘʥʪʳ ʧʦ ʩʣʝʜʫʶʱʠʤ ʢʨʠʪʝʨʠʷʤ: 

ʯʘʩʪʦʪʝ ʚ ʧʦʧʫʣʷʮʠʠ, ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ ʤʦʟʛʝ ʠ ʤʦʟʞʝʯʢʝ ʠ 

ʩʪʨʫʢʪʫʨʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʙʝʣʢʝ. ɺ ʩʘʤʦʡ ʙʦʣʴʰʦʡ ʦʙʣʘʩʪʠ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʛʦʤʦʟʠʛʦʪʥʦʩʪʴʶ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʪʨʠ ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʘʭ COQ2, CDS1 ʠ GRID2 

(ʊʘʙʣʠʮʘ 8ɹ). ɺ ʛʝʥʝ COQ2 ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚʘʨʠʘʥʪ rs112033303, ʢʦʪʦʨʳʡ 

ʧʨʝʜʩʢʘʟʘʥ ʧʨʦʛʨʘʤʤʦʡ CADD ʢʘʢ ʚʭʦʜʷʱʠʡ ʚ 1% ʥʘʠʙʦʣʝʝ ʧʘʪʦʛʝʥʥʳʭ ʟʘʤʝʥ 

ʚ ʛʝʥʦʤʝ ʯʝʣʦʚʝʢʘ. ɻʝʥ COQ2 ʢʦʜʠʨʫʝʪ ʢʦʬʝʨʤʝʥʪ Q2, 4-
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ʛʠʜʨʦʢʩʠʙʝʥʟʦʘʪʧʦʣʠʧʨʝʥʠʣʪʨʘʥʩʬʝʨʘʟʫ, ʠ ʰʠʨʦʢʦ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʪʢʘʥʷʭ [Kapushesky et al., 2010]. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ COQ2 ʧʨʠʚʦʜʷʪ ʢ 

ʤʥʦʞʝʩʪʚʝʥʥʦʡ ʩʠʩʪʝʤʥʦʡ ʘʪʨʦʬʠʠ [Quinzii et al., 2006; Jakobs et al., 2013; 

Multiple-System Atrophy Research Collaboration, 2013; Ogaki et al., 2014] ʠ 

ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ [Montero et al., 2007]. ɺʘʨʠʘʥʪ rs112033303 ʚ ʛʝʥʝ COQ2 

ʧʨʠʚʦʜʠʪ ʢ ʩʪʦʧ-ʢʦʜʦʥʫ ʥʘ 22-ʡ ʘʤʠʥʦʢʠʩʣʦʪʝ ʩʠʛʥʘʣʴʥʦʛʦ ʧʝʧʪʠʜʘ ʩʘʤʦʡ 

ʜʣʠʥʥʦʡ ʠʟʦʬʦʨʤ rʙʝʣʢʘ. ʆʜʥʘʢʦ ʥʝʩʢʦʣʴʢʦ ʪʨʘʥʩʢʨʠʧʪʦʚ, ʢʦʪʦʨʳʝ ʢʦʜʠʨʫʶʪ 

ʧʦʣʥʦʨʘʟʤʝʨʥʳʝ ʠʟʦʬʦʨʤʳ ʙʝʣʢʘ ʩ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʩʪʘʨʪʦʚʳʤʠ ʢʦʜʦʥʘʤʠ, 

ʨʘʩʧʦʣʦʞʝʥʳ ʥʠʞʝ ʵʪʦʛʦ ʚʘʨʠʘʥʪʘ (ʈʠʩʫʥʦʢ 19 ʇʨʠʣʦʞʝʥʠʷ). ʄʠʥʦʨʥʳʡ 

ʚʘʨʠʘʥʪ rs112033303 ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʧʦʧʫʣʷʮʠʠ ʠ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʝʪʩʷ 

ʫ ʠʙʝʨʠʡʮʝʚ ʩ MAF 0,056119. ɼʘʥʥʦʤʫ ʚʘʨʠʘʥʪʫ ʥʘ ʦʩʥʦʚʝ ʥʝʩʢʦʣʴʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʩʚʦʝʥ ʩʪʘʪʫʩ çʥʫʣʝʚʦʡ ʵʬʬʝʢʪè ʠʣʠ çʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʳʡè ʚ 

ʙʘʟʝ ʜʘʥʥʳʭ ClinVar [Ogaki et al., 2014; Landrum et al., 2018; Lee et al., 2017]. 

ɸʣʣʝʣʴ ʜʠʢʦʛʦ ʪʠʧʘ ʨʘʩʧʨʦʩʪʨʘʥʥy ʩʨʝʜʠ ʧʣʘʮʝʥʪʘʨʥʳʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ, 

ʦʩʦʙʝʥʥʦ ʫ ʧʨʠʤʘʪʦʚ, ʥʦ ʥʝ ̫ʚʣʷʝʪʩʷ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʤʠʥʦʨʥʳʡ ʘʣʣʝʣʴ ʥʝ ʷʚʣʷʝʪʩʷ ʤʘʞʦʨʥʳʤ ʬʘʢʪʦʨʦʤ 

ʟʘʙʦʣʝʚʘʥʠʷ ʚ ʩʝʤʴʝ Q. 

ɼʨʫʛʘʷ ʥʫʢʣʝʦʪʠʜʥʘʷ ʟʘʤʝʥʘ ʚ ʛʝʥʝ CDS1, G>C (rs118099717), ʧʨʠʚʦʜʠʪ 

ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʝ ʛʣʠʮʠʥʘ ʥʘ ʘʣʘʥʠʥ ʚ ʵʚʦʣʶʮʠʦʥʥʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʤ 

ʩʘʡʪʝ. ɺʘʨʠʘʥʪ ʜʠʢʦʛʦ ʪʠʧʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʫ ʙʦʣʴʰʠʥʩʪʚʘ ʧʣʘʮʝʥʪʘʨʥʳʭ 

ʞʠʚʦʪʥʳʭ ʠ ʨʝʧʪʠʣʠʡ, ʢʨʦʤʝ ʷʱʝʨʠʮ, ʫ ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʘʣʘʥʠʥ 

(ʈʠʩʫʥʦʢ 18 ʇʨʠʣʦʞʝʥʠʷ). ʄʠʥʦʨʥʳʡ ʚʘʨʠʘʥʪ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʯʝʣʦʚʝʯʝʩʢʦʡ 

ʧʦʧʫʣʷʮʠʠ ʩ MAF 0,001, ʥʦ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ 

ʠʥʜʠʚʠʜʦʚ ʠʟ ʦʪʢʨʳʪʳʭ ʙʘʟ ʜʘʥʥʳʭ gnomAD ʠ ʇʨʦʝʢʪ 1000 ɻʝʥʦʤʦʚ [1000 

Genomes Project Consortium et al., 2012; Karczewskiet al., 2017]. ɼʣʷ ʵʪʦʛʦ 

ʚʘʨʠʘʥʪʘ ʝʛʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʵʬʬʝʢʪ ʙʳʣ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ çʜʦʧʫʩʪʠʤʳʡè ʩ 

ʧʦʤʦʱʴʶ SIFT ʠ ʢʘʢ çʜʦʙʨʦʢʘʯʝʩʪʚʝʥʥʳʡè ʩ ʧʦʤʦʱʴʶ PolyPhen, ʙʦʣʝʝ ʪʦʛʦ, 

ʧʦ ʧʨʝʜʩʢʘʟʘʥʠʶ CADD ʜʘʥʥr ʡ ʚʘʨʠʘʥʪ ʧʦ ʩʪʝʧʝʥʠ ʧʘʪʦʛʝʥʥʦʩʪʠ ʚʭʦʜʠʪ ʚ 

ʯʠʩʣʦ ʟʘʤʝʥ, ʩʦʩʪʘʚʣʷʶʱʠʭ 10% ʦʪ ʛʝʥʦʤʘ. ɻʝʥ CDS1 h ʠʨʦʢʦ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ 

ʚ ʨʘʟʣʠʯʥʳʭ ʪʢʘʥʷʭ ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ ʠ ʚʦ ʚʟʨʦʩʣʦʤ ʚʦʟʨʘʩʪʝ, ʦʩʦʙʝʥʥʦ 
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ʚ ʪʦʣʩʪʦʡ ʢʠʰʢʝ, ʧʨʠʜʘʪʢʝ ʩʝʤʝʥʥʠʢʘ, ʜʚʝʥʘʜʮʘʪʠʧʝʨʩʪʥʦʡ ʢʠʰʢʝ, ʧʣʘʮʝʥʪʝ, 

ʪʦʥʢʦʤ ʢʠʰʝʯʥʠʢʝ, ʱʠʪʦʚʠʜʥʦʡ ʞʝʣʝʟʝ ʠ ʢʦʞʝ, ʘ ʪʘʢʞʝ ʚ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ 

ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʤʦʟʞʝʯʢʝ ʥʘ 16-ʡ ʥʝʜʝʣʝ ʧʦʩʣʝ ʟʘʯʘʪʠʷ [Kapushesky et al., 

2010; Fagerberg et al., 2014; Miller et al., 2014]. ʍʦʪʷ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q ʥʝ 

ʙʳʣʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʢʘʢʠʭ-ʣʠʙʦ ʛʨʫʙʳʭ ʥʘʨʫʰʝʥʠʡ ʚ ʜʨʫʛʠʭ ʪʢʘʥʷʭ, ʥʝʣʴʟʷ 

ʠʩʢʣʶʯʘʪʴ ʥʝʢʦʪʦʨʳʡ ʤʦʜʠʬʠʮʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʛʝʥʘ CDS1 ʥʘ ʬʝʥʦʪʠʧ. 

ʊʨʝʪʴʠʤ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʚʘʨʠʘʥʪʦʤ, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʤ ʚ ʦʙʣʘʩʪʠ 

4q22 ʭʨʦʤʦʩʦʤʳ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʴʶ, ʙʳʣʘ ʢʨʫʧʥʘʷ ʜʝʣʝʮʠ ̫ʚ 

ʛʝʥʝ GRID2 (hg19 chr4:g.94112040-94148272del, NM_001510.4:c.736-

16515_1125+2346del) (ʈʠʩʫʥʦʢ 19, ʊʘʙʣʠʮʘ 8). ɼʝʣʝʮʠʠ ʫʜʘʣʷʝʪ ʩ 5 ʧʦ 7 

ʵʢʟʦʥʳ ʩʘʤʦʡ ʜʣʠʥʥʦʡ ʠʟʦʬʦʨʤʳ ʠ ʚʣʠʷʝʪ ʥʘ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʠʟʦʬʦʨʤʳ. ɻʝʥ 

GRID2 ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʵʢʩʧʨʝʩʩʠʶ ʚ ʤʦʟʞʝʯʢʝ ʚ ʧʨʝ- ʠ ʧʦʩʪʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ, 

ʧʨʠʯʸʤ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʚ ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ (ʈʠʩʫʥʦʢ 20, 21 ʠ 22 

ʇʨʠʣʦʞʝʥʠʷ). ɺ ʜʨʫʛʠʭ ʦʪʜʝʣʘʭ ʤʦʟʛʘ ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ ʢʨʘʡʥʝ ʤʘʣʘ ʠʣʠ 

ʦʪʩʫʪʩʪʚʫʝʪ. ʅʘʨʫʰʝʥʠʷ ʚ ʛʝʥʝ GRID2 ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ ʩʝʤʝʡʥʳʭ ʩʣʫʯʘʷʭ ʩ 

ʚʨʦʞʜʸʥʥʦʡ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ SCAR18 [Maier et 

al., 2014; Utine et al., 2013; Hills et al., 2013; Van Schil et al., 2015; Coutelier et al., 

2015; Veerapandiyan et al., 2017; Taghdiri et al., 2019; Ceylan et al., 2020; Hetzelt 

et al., 2020] ʠ ʥʘ ʤʳʰʠʥʦʡ ʤʦʜʝʣʠ [Lalouette et al., 1998]. ʉʨʘʚʥʠʪʝʣʴʥʳʡ 

ʘʥʘʣʠʟ ʢʣʠʥʠʯʝʩʢʦʡ ʢʘʨʪʠʥr ʧʘʮʠʝʥʪʦʚ ʩ ʜʝʬʝʢʪʘʤʠ ʚ ʛʝʥʝ GRID2 ʠ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʠʩʩʣʝʜʫʝʤʦʡ ʩʝʤʴʠ ʧʦʢʘʟʘʣ ʚʳʩʦʢʦʝ ʩʭʦʜʩʪʚʦ ʟʘʙʦʣʝʚʘʥʠʡ, ʚ 

ʩʚʷʟʠ ʩ ʯʝʤ ʜʘʥʥʳʡ ʚʘʨʠʘʥʪ ʚʳʙʨʘʥ ʚ ʢʘʯʝʩʪʚʝ ʢʘʥʜʠʜʘʪʥʦʛʦ, ʦʜʥʘʢʦ ʠʤʝʝʪ 

ʤʝʩʪʦ ʥʘʣʠʯʠʝ ʩʠʤʧʪʦʤʦʚ, ʦʪʣʠʯʘʶʱʠʭ ʜʘʥʥʳʡ ʩʣʫʯʘʡ ʦʪ ʚʩʝʭ ʨʘʥʝʝ 

ʦʧʠʩʘʥʥʳʭ (ʊʘʙʣʠʮʘ 15 ʇʨʠʣʦʞʝʥʠʷ).  

ʇʦʣʥʦʛʝʥʦʤʥʳʡ ʧʦʠʩʢ ʨʝʜʢʠʭ ʥʝʩʠʥʦʥʠʤʠʯʥʳʭ ʛʦʤʦʟʠʛʦʪʥʳʭ 

ʚʘʨʠʘʥʪʦʚ, ʥʝʧʦʧʘʜʘʶʱʠʭ ʚ ʦʙʣʘʩʪʠ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʴʶ, 

ʧʦʟʚʦʣʠʣ ʚʳʷʚʠʪʴ ʝʱʸ ʪʨʠ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʛʦʤʦʟʠʛʦʪʥʳʭ ʚʘʨʠʘʥʪʘ ʚ 

ʛʝʥʘʭ PUM3, ARNT2, ODF3L2 ʫ ʧʘʮʠʝʥʪʘ Q-IV-I ʠʟ ʩʝʤʴʠ Q (ʊʘʙʣʠʮʘ 8ɺ). 

https://variantvalidator.org/service/validate/
https://variantvalidator.org/service/validate/
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ɼʘʥʥʳʝ ʚʘʨʠʘʥʪʳ ʙʳʣʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʤʘʣʳʭ ʛʦʤʦʟʠʛʦʪʥʳʭ ʨʝʛʠʦʥʘʭ ʠ ʙʳʣʠ 

ʦʪʦʙʨʘʥʳ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʚʘʣʠʜʘʮʠʠ ʫ ʦʩʪʘʣʴʥʳʭ ʯʣʝʥʦʚ ʩʝʤʴʠ Q.  

3.3.2. ʇʨʦʚʝʨʢʘ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚ ʩʝʤʴʝ Q 

ɺʩʝ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ, ʚʳʷʚʣʝʥʥʳʝ ʚ ʛʝʥʦʤʥʳʭ ʜʘʥʥʳʭ ʧʘʮʠʝʥʪʘ Q-IV-1, 

ʙʳʣʠ ʧʨʦʚʝʨʝʥʳ ʩ ʧʦʤʦʱʴʶ ʇʎʈ ʠ ʧʨʷʤʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ 

(ʊʘʙʣʠʮʘ 9). ɺʩʝ ʨʝʜʢʠʝ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʝ ʟʘʤʝʥʳ ʙʳʣʠ ʧʨʦʚʝʨʝʥʳ ʩ 

ʧʦʤʦʱʴʶ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ ʫ ʧʘʮʠʝʥʪʘ Q-IV-1. ɿʘʪʝʤ ʥʘʣʠʯʠʝ 

ʜʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʚʝʨʷʣʦʩʴ ʫ ʦʩʪʘʣʴʥʳʭ ʯʣʝʥʦʚ ʩʝʤʴʠ: ʙʦʣʴʥʳʭ ï ʨʦʜʥʳʭ 

ʙʨʘʪʘ Q-IV-2 ʠ ʩʝʩʪʨʳ Q-IV-3, ʠʤʝʶʱʠʭ ʪʦʪ ʞʝ ʜʠʘʛʥʦʟ; ʠ ʢʣʠʥʠʯʝʩʢʠ 

ʟʜʦʨʦʚʳʭ ï ʤʘʪʝʨʠ ʧʘʮʠʝʥʪʦʚ Q-III -2 ʠ ʠʭ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ Q-IV-5. ʊʦʣʴʢʦ 

ʚʘʨʠʘʥʪʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ, ʙʳʣʠ 

ʧʦʜʪʚʝʨʞʜʝʥʳ ʚ ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ ʚʩʝʭ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʧʘʮʠʝʥʪʦʚ ʠ 

ʚ ʛʝʪʝʨʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ ʦʙʣʠʛʘʪʥʳʭ ʥʦʩʠʪʝʣʝʡ, ʤʘʪʝʨʠ ʧʘʮʠʝʥʪʦʚ ʠ ʠʭ 

ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʦʛʦ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ. ʅʘʩʣʝʜʦʚʘʥʠʝ ʚʘʨʠʘʥʪʦʚ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʥʝ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ, ʥʝ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʩʪʘʪʫʩʫ ʟʘʙʦʣʝʚʘʥʠʷ ʠ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʤʫ ʪʠʧʫ 

ʥʘʩʣʝʜʦʚʘʥʠʷ. ɺʘʨʠʘʥʪ rs140526335 ʚ ʛʝʥʝ VLDLR ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ 

ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦ ʤʠʥʦʨʥʦʤʫ ʘʣʣʝʣʶ ʪʦʣʴʢʦ ʫ ʜʚʫʭ ʧʘʮʠʝʥʪʦʚ (Q-

IV-1 ʠ Q-IV-3), ʚ ʛʝʪʝʨʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ (Q-IV-2), 

ʤʘʪʝʨʠ (Q-III -2) ʠ ʠʭ ʟʜʦʨʦʚʦʛʦ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ (Q-IV-5). ɺʘʨʠʘʥʪ 

rs1241779268 ʚ ʛʝʥʝ PUM3 ʙʳʣ ʦʧʨʝʜʝʣʥy ʚ ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦ 

ʤʠʥʦʨʥʦʤʫ ʘʣʣʝʣʶ ʪʘʢʞʝ ʪʦʣʴʢʦ ʫ ʜʚʫʭ ʧʘʮʠʝʥʪʦʚ (Q-IV-1 ʠ IV-2), ʚ 

ʛʝʪʝʨʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ (Q-IV-3), ʤʘʪʝʨʠ (Q-III -2) ʠ 

ʟʜʦʨʦʚʦʛʦ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ (Q-IV-5). ɺʘʨʠʘʥʪ rs750637347 ʚ ʛʝʥʝ ARNT2 ʙʳʣ 

ʧʦʜʪʚʝʨʞʜʸʥ ʚ ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦ ʤʠʥʦʨʥʦʤʫ ʘʣʣʝʣʶ ʫ ʜʚʫʭ 

ʧʘʮʠʝʥʪʦʚ (Q-IV-1 ʠ Q-IV-2), ʚ ʛʝʪʝʨʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʝ ʫ ʤʘʪʝʨʠ (Q-III -2) ʠ 

ʟʜʦʨʦʚʦʛʦ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ (Q-IV-5), ʠ ʦʪʩʫʪʩʪʚʦʚʘʣ ʫ ʦʜʥʦʛʦ ʠʟ ʧʘʮʠʝʥʪʦʚ (Q-

IV-3), ʫ ʢʦʪʦʨʦʛʦ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʛʦʤʦʟʠʛʦʪʘ ʧʦ ʜʠʢʦʤʫ ʘʣʣʝʣʶ. ɺʘʨʠʘʥʪ 

rs756671415 ʚ ʛʝʥʝ ODF3L2 ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʛʦʤʦʟʠʛʦʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦ 
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ʤʠʥʦʨʥʦʤʫ ʘʣʣʝʣʶ ʚʩʝʛʦ ʫ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ (Q-IV-1), ʚ ʛʝʪʝʨʦʟʠʛʦʪʥʦʤ 

ʩʦʩʪʦʷʥʠʝ ʝʱʸ ʫ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ (Q-IV-3), ʤʘʪʝʨʠ (Q-III -2) ʠ ʟʜʦʨʦʚʦʛʦ 

ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ (Q-IV-5), ʠ ʦʪʩʫʪʩʪʚʦʚʘʣ ʫ ʪʨʝʪʴʝʛʦ ʧʘʮʠʝʥʪʘ (Q-IV-2), ʢʦʪʦʨʳʡ 

ʷʚʣʷʝʪʩʷ ʥʦʩʠʪʝʣʝʤ ʛʦʤʦʟʠʛʦʪʳ ʜʠʢʦʛʦ ʪʠʧʘ.  

ʊʘʙʣʠʮʘ 9. ʈʝʟʫʣʴʪʘʪʳ ʛʝʥʦʪʠʧʠʨʦʚʘʥʠʷ ʛʝʥʦʚ, ʚ ʢʦʪʦʨʳʭ ʚʳʷʚʣʝʥʳ ʥʦʚʳʝ ʠ 

ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ ʫ ʧʘʮʠʝʥʪʦʚ ʠ ʠʭ ʢʣʠʥʠʯʝʩʢʠ ʟʜʦʨʦʚʳʭ ʨʦʜʩʪʚʝʥʥʠʢʦʚ ʠʟ 

ʩʝʤʴʠ Q.  

ˉ ʇʦʣ ɼʠʘʛʥʦʟ 

ɻʝʥʳ ʠ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ 

VDLRL, 

rs14052

6335 

COQ2, 

rs11203

3303 

CDS1, 

rs1180

99717 

GRID2, 

ʜʝʣ. 36,2 

ʪ.ʧ.ʥ. 

PUM3, 

rs12417

79268 

ARNT2, 

rs75063

7347 

ODF3L2,  

rs756671415 

Q-IV-1 ʞʝʥ. ʧʘʮʠʝʥʪ GG AA CC ɼʝʣ./ɼʝʣ. CC GG TT 

Q-IV-2 ʤʫʞ. ʧʘʮʠʝʥʪ AG AA CC ɼʝʣ./ɼʝʣ. CC GG CT 

Q-IV-3 ʞʝʥ. ʧʘʮʠʝʥʪ GG AA CC ɼʝʣ./ɼʝʣ. TC CC CC 

Q-IV-5 ʤʫʞ. ʥʦʩʠʪʝʣʴ AG AT CG ɼʝʣ./ɼ.ʊ. TC CG CT 

Q-III -2 ʞʝʥ. ʥʦʩʠʪʝʣʴ AG AT CG ɼʝʣ./ɼ.ʊ. TC CG CT 

 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʨʘʟʤʝʨ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢ (36,2 

ʪ.ʧ.ʥ.), ʜʣʷ ʚʘʣʠʜʘʮʠʠ ʜʝʣʝʮʠʠ ʇʎʈ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʧʘʨ 

ʧʨʘʡʤʝʨʦʚ ʩ ʦʜʥʠʤ ʦʙʱʠʤ ʧʨʷʤʳʤ ʠ ʜʚʫʤʷ ʨʘʟʥʳʤʠ ʦʙʨʘʪʥʳʤʠ 

ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘʤʠ. ʇʝʨʚʘʷ ʧʘʨʘ ʧʨʘʡʤʝʨʦʚ ʦʪʞʠʛʘʣʘʩʴ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ 

ʥʘʣʠʯʠʷ ʜʝʣʝʮʠʠ ʥʘ ʛʝʥʦʤʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ, ʬʣʘʥʢʠʨʫʶʱʠʭ ʝʸ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʨʦʜʫʢʪʘ 432 ʧ.ʥ. ɺʪʦʨʘʷ ʧʘʨʘ ʧʨʘʡʤʝʨʦʚ ʦʪʞʠʛʘʣʘʩʴ ʚ ʩʣʫʯʘʝ 

ʦʪʩʫʪʩʪʚʠʷ ʜʝʣʝʮʠʠ (ʚʘʨʠʘʥʪ ʜʠʢʦʛʦ ʪʠʧʘ) ʥʘ 5'-ʬʣʘʥʢʠʨʫʶʱʝʡ ʦʙʣʘʩʪʠ ʠ ʥʘ 

ʛʝʥʦʤʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʥʫʪʨʠ ʦʙʣʘʩʪʠ ʜʝʣʝʮʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʧʨʦʜʫʢʪʘ 345 ʧ.ʥ., ʦʙʥʘʨʫʞʠʚʘʝʤʳʤ ʫ ʟʜʦʨʦʚʳʭ ʠʥʜʠʚʠʜʦʚ (ʈʠʩʫʥʦʢ 19ɺ ʠ ɻ). 

ɻʦʤʦʟʠʛʦʪʥʘʷ ʜʝʣʝʮʠʷ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʫ ʚʩʝʭ ʪʨʸʭ ʘʥʘʣʠʟʠʨʫʝʤʳʭ 

ʧʘʮʠʝʥʪʦʚ Q-IV-1-3, ʠ ʛʝʪʝʨʦʟʠʛʦʪʥʘʷ ʜʝʣʝʮʠʷ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʫ ʠʭ ʤʘʪʝʨʠ 

Q-III -2 ʠ ʟʜʦʨʦʚʦʛʦ ʩʚʦʜʥʦʛʦ ʙʨʘʪʘ Q-IV-5. 
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3.3.3. ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʛʣʫʪʘʤʘʪʥʦʤ ʨʝʮʝʧʪʦʨʝ 

GRID2 ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʣʝʮʠʠ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q 

ɼʝʣʝʮʠʠ ʪʨʸʭ ʵʢʟʦʥʦʚ 5-7 ʚʥʫʪʨʠ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ 

ʫʜʘʣʝʥʠʶ ʦʙʣʘʩʪʠ ʚ ʙʝʣʢʝ ʨʘʟʤʝʨʦʤ 130 ʘʤʠʥʦʢʠʩʣʦʪ (V246ïK375) ʚʦ 

ʚʥʝʢʣʝʪʦʯʥʦʤ ʘʤʠʥʦ-ʢʦʥʮʝʚʦʤ ʜʦʤʝʥʝ (ATD), ʘʣʴʪʝʨʥʘʪʠʚʥʦ ʥʘʟʳʚʘʝʤʦʤ N-

ʢʦʥʮʝʚʳʤ ʜʦʤʝʥʦʤ ʚʥʝʢʣʝʪʦʯʥʦʛʦ ʙʝʣʢʘ, ʩʚʷʟʳʚʘʶʱʝʛʦ 

ʣʝʡʮʠʥ/ʠʟʦʣʝʡʮʠʥ/ʚʘʣʠʥ (LIVBP). ɼʘʥʥʘʷ ʦʙʣʘʩʪʴ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʘ ʫ 

ʧʦʟʚʦʥʦʯʥʳʭ ʞʠʚʦʪʥʳʭ (ʈʠʩʫʥʦʢ 20B). ʋʪʨʘʯʠʚʘʝʤʳʡ ʜʦʤʝʥ ATD 

ʛʣʫʪʘʤʘʪʥʦʛʦ ʨʝʮʝʧʪʦʨʘ ʜʝʣʴʪʘ 2 ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʣʠʛʘʥʜʘ (ʈʠʩʫʥʦʢ 

20) [Matsuda et al., 2010; Uemura et al., 2010]. ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʢʨʫʧʥʳʝ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʥʘʨʫʰʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʪʨʝʪʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ ʠ ʝʛʦ ʪʨʘʥʩʧʦʨʪ ʠʟ ʵʥʜʦʧʣʘʟʤʘʪʠʯʝʩʢʦʛʦ 

ʨʝʪʠʢʫʣʫʤʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢʣʝʪʢʠ [Matsuda et al., 2002].  

 

ʈʠʩʫʥʦʢ 20. ʉʭʝʤʘ ʩʪʨʫʢʪʫʨʳ ʛʣʫʪʘʤʘʪʥʦʛʦ ʨʝʮʝʧʪʦʨʘ ʜʝʣʴʪʘ 2 (GRID2) ʠ 

ʦʙʣʘʩʪʠ ʥʦʚʦʡ ʜʝʣʝʮʠʠ, ʚʳʷʚʣʝʥʥʦʡ ʚ ʩʝʤʴʝ Q. A ð ʇʨʝʜʰʝʩʪʚʝʥʥʠʢ ʜʝʣʴʪʘ-

2 ʛʣʫʪʘʤʘʪʥʦʛʦ ʨʝʮʝʧʪʦʨʘ ʩʦʩʪʦʠʪ ʠʟ N-ʢʦʥʮʝʚʦʛʦ ʩʠʛʥʘʣʴʥʦʛʦ ʧʝʧʪʠʜʘ (NSP), 

ʚʥʝʢʣʝʪʦʯʥʦʛʦ ʘʤʠʥʦ-ʢʦʥʮʝʚʦʛʦ (ATD), ʣʠʛʘʥʜ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ (LBD), 



113 
 

3 ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʭ ʜʦʤʝʥʦʚ (ʊʄ) ʠ ʉ-ʢʦʥʮʝʚʦʛʦ ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʛʦ ʜʦʤʝʥʘ 

(CTD) ʩ ʦʙʣʘʩʪʴʶ PZD [Burada et al., 2020]. ʉʪʨʫʢʪʫʨʘ ʙʝʣʢʘ ʩʦʟʜʘʥʘ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ IBS [Liu et al., 2015]. ʇʘʪʦʛʝʥʥʳʝ ʚʘʨʠʘʥʪʳ ʚʳʜʝʣʝʥʳ 

ʮʚʝʪʦʤ: ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ ð ʜʝʣʝʮʠʷ ʵʢʟʦʥʦʚ 5-7, ʢʦʜʠʨʫʶʱʠʭ ʯʘʩʪʴ ATD, 

ʦʙʥʘʨʫʞʝʥʥʘʷ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q; ʪʤyʥʦ-ʢʨʘʩʥʳʤ ð ʛʦʤʦʟʠʛʦʪʥʳʝ 

ʚʘʨʠʘʥʪʳ (ɼʝʣ. ð ʜʝʣʝʮʠʠ, ɼʫʧʣ. ð ʜʫʧʣʠʢʘʮʠʠ, ʥʦʥʩʝʥʩ ʠ ʤʠʩʩʝʥʩ), 

ʦʧʠʩʘʥʥʳʝ ʨʘʥʝʝ ʚ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ; ʩʚʝʪʣʦ-ʢʨʘʩʥʳʡ ð ʛʝʪʝʨʦʟʠʛʦʪʥʳʝ 

ʚʘʨʠʘʥʪʳ, ʦʧʠʩʘʥʥʳʝ ʨʘʥʝʝ ʚ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ; * ï ʩʪʦʧ-ʢʦʜʦʥ. ɹ ð 

ʧʨʝʜʩʢʘʟʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʥʦʤʝʨʘ ʨʝʮʝʧʪʦʨʘ GRID2 

(NP_001501.2) ʩ ʧʦʤʦʱʴʶ Phyre2. ɼʝʣʝʪʠʨʦʚʘʥʥʘʷ ʦʙʣʘʩʪʴ ʟʘʪʨʘʛʠʚʘʝʪ ʯʘʩʪʴ 

ʙʦʣʴʰʦʛʦ ʚʥʝʢʣʝʪʦʯʥʦʛʦ ʜʦʤʝʥʘ ʘʣʴʬʘ-ʮʝʧʠ ʠ ʦʜʥʫ ʙʝʪʘ-ʮʝʧʴ (ʦʪʤʝʯʝʥʘ 

ʢʨʘʩʥʳʤ). ɺ ð ʘʥʘʣʠʟ ʵʚʦʣʶʮʠʦʥʥʦʡ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ ʜʝʣʝʪʠʨʦʚʘʥʥʦʡ 

ʦʙʣʘʩʪʠ ʫ ʞʠʚʦʪʥʳʭ, ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʥʳʡ ʚ ʧʨʦʛʨʘʤʤʝ GeneDoc [Nicholas et al., 

1997]. ʕʚʦʣʶʮʠʦʥʥʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʝ ʘʤʠʥʦʢʠʩʣʦʪʳ ʦʙʦʟʥʘʯʝʥʳ ʟʝʣʥyʳʤ 

ʮʚʝʪʦʤ. 

3.3.4. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʛʝʥʘ GRID2  

ʊʘʢ ʢʘʢ ʥʦʚʳʡ ʜʝʬʝʢʪ ʚ ʛʝʥʝ GRID2 ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʙʠʧʝʜʘʣʴʥʦʡ 

ʣʦʢʦʤʦʮʠʠ ʠ ʥʘʨʫʰʝʥʠʶ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ ʠ ʨʝʯʠ, ʙʳʣ ʧʨʦʚʝʜʸʥ 

ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʜʘʥʥʦʛʦ ʛʝʥʘ. ɸʥʘʣʠʟ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʛʝʥʘ GRID2 ʫ ʩʦʚʨʝʤʝʥʥʦʛʦ ʯʝʣʦʚʝʢʘ, ʜʨʝʚʥʠʭ ʛʦʤʠʥʠʜ 

ʠ 20 ʚʠʜʦʚ ʧʨʠʤʘʪʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CodeML, ʚʭʦʜʷʱʝʡ 

ʚ ʧʘʢʝʪ PAML [Yang, 1997; Yang, 2007]. ɹʝʣʦʢ-ʢʦʜʠʨʫʶʱʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ GRID2 ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʘ ʩʨʝʜʠ ʚʩʝʭ ʧʦʟʚʦʥʦʯʥʳʭ ʠ 

ʜʦʩʪʠʛʘʝʪ ʥʘʠʙʦʣʴʰʝʡ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ (93ï99%) ʫ ʧʨʠʤʘʪʦʚ. ʉʢʦʨʦʩʪʴ 

ʥʘʢʦʧʣʝʥʠʷ ʠʟʤʝʥʝʥʠʡ ʚ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2 

ʨʘʟʣʠʯʥʘ ʫ ʨʘʟʥʳʭ ʪʘʢʩʦʥʦʚ ʧʨʠʤʘʪʦʚ ʚʚʠʜʫ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʡ 

ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʛʠʧʦʪʝʟ r ʪʝʩʪʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʯʘʩʦʚ, ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʩ 

ʧʦʤʦʱʴʶ CodeML (ʟʥʘʯʝʥʠʝ p < 0,0025, 2ælnL ī45,257462), df 22). ʇʦʵʪʦʤʫ ʥʘ 

ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘʣʠʯʠʷ ʠʟʤʝʥʝʥʠʡ, 
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ʩʚʷʟʘʥʥʳʭ ʩ ʥʘʧʨʘʚʣʝʥʥʳʤ ʵʚʦʣʶʮʠʦʥʥʳʤ ʦʪʙʦʨʦʤ, ʚ ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʤ 

ʬʠʣʦʛʝʥʝʪʠʯʝʩʢʦʤ ʜʝʨʝʚʝ ʧʨʠʤʘʪʦʚ. ɼʣʷ ʵʪʦʛʦ ʢʘʞʜʘ ̫ ʚʝʪʚ ɹ ʜʝʨʝʚʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʙʳʣʘ ʥʘʟʥʘʯʝʥʘ ʚ ʢʘʯʝʩʪʚʝ ʚʝʪʚʠ ʧʝʨʝʜʥʝʛʦ ʧʣʘʥʘ ʚʦ ʚʨʝʤʷ 

ʘʥʘʣʠʟʘ CodeML. ɿʥʘʯʝʥʠʝ ɤ ʧʦ ʚʝʪʚʷʤ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚ ʨʘʤʢʘʭ ʦʜʥʦ-

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ (M0), ʢʦʪʦʨʘʷ ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʜʠʥʘʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ɤ 

ʜʣʷ ʚʩʝʭ ʚʝʪʚʝʡ, ʠ ʩʚʦʙʦʜʥʦ-ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ (M1), ʢʦʪʦʨʘʷ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʝʟʘʚʠʩʠʤʦʝ ʦʪʥʦʰʝʥʠʝ ɤ ʜʣʷ ʢʘʞʜʦʡ ʚʝʪʚʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ 

ʛʠʧʦʪʝʟʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʯʘʩʦʚ, ʧʨʝʜʧʦʣʘʛʘʶʱʘʷ ʝʜʠʥʦʦʙʨʘʟʠʝ ʩʢʦʨʦʩʪʝʡ 

ʵʚʦʣʶʮʠʠ ʚ ʪʘʢʩʦʥʘʭ, ʙʳʣʘ ʦʪʚʝʨʛʥʫʪʘ, ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʨʘʟʣʠʯʠʡ 

ʤʝʞʜʫ ʤʦʜʝʣʷʤʠ ʄ0 ʠ ʄ1 ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ (ʊʘʙʣʠʮʘ 16 ʇʨʠʣʦʞʝʥʠʷ). 

ɿʥʘʯʝʥʠʝ ɤ ʚ ʤʦʜʝʣʠ M0 ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʨʘʚʥʳʤ 0,027, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʩʠʣʴʥʫʶ ʦʯʠʱʘʶʱʫʶ ʪʝʥʜʝʥʮʠʶ. ɿʘʪʝʤ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2 ʧʨʠʤʘʪʦʚ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥ r ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʪʚʴ-ʩʘʡʪ-ʩʧʝʮʠʬʠʯʥʦʡ ʤʦʜʝʣʠ A. ɸʣʴʪʝʨʥʘʪʠʚʥʘʷ ʛʠʧʦʪʝʟʘ 

ʚ ʚʠʜʝ ʤʦʜʝʣʠ MA1 ʙʳʣʘ ʦʪʚʝʨʛʥʫʪʘ, ʘ ʥʫʣʝʚʘʷ ʛʠʧʦʪʝʟʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ 

ʤʦʜʝʣʴ ʁMA0, ʙʳʣʘ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ (ʊʘʙʣʠʮʘ 17 ʇʨʠʣʦʞʝʥʠʷ). ʊʘʢʞʝ 

ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʩʘʡʪʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʦʪʙʦʨʘ ʩ ʧʦʤʦʱʴʶ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʙʘʡʝʩʦʚʩʢʦʛʦ ʤʝʪʦʜʘ 

(BEB). ɹʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʪʦʣʴʢʦ ʩʘʡʪʳ ʩ ʥʠʟʢʦʡ ʙʘʡʝʩʦʚʩʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ 

(0,5 < BEB <0,8), ʠʟ ʢʦʪʦʨʳʭ ʰʝʩʪʴ ʩʘʡʪʦʚ ʚ ATD ʠ ʚʦʩʝʤʴ ʩʘʡʪʦʚ ʚ ʣʠʛʘʥʜ-

ʩʚʷʟʳʚʘʶʱʝʤ ʜʦʤʝʥʝ (LBD) (ʈʠʩʫʥʦʢ 21, ʊʘʙʣʠʮʘ 17 ʇʨʠʣʦʞʝʥʠʷ). ɺ ʚʝʪʚʠ 

ʯʝʣʦʚʝʢʦʦʙʨʘʟʥʳʭ ʦʙʝʟʴʷʥ (Hominoidea) ʚ ATD ʙʳʣ ʦʧʨʝʜʝʣʥy ʦʜʠʥ ʩʘʡʪ ʩ 

ʥʠʟʢʦʡ ʙʘʡʝʩʦʚʩʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ (153 H 0,654), ʜʘʥʥʳʡ ʩʘʡʪ ʷʚʣʷʝʪʩʷ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʦʪʣʠʯʠʝʤ ʯʝʣʦʚʝʢʦʦʙʨʘʟʥʳʭ ʦʙʝʟʴʷʥ ʦʪ ʜʨʫʛʠʭ ʧʨʠʤʘʪʦʚ. 

ɹʝʣʦʢ-ʢʦʜʠʨʫʶʱʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʙʣʠʞʘʡʰʠʭ ʞʠʚʳʭ ʚʠʜʦʚ ʢ ʯʝʣʦʚʝʢʫ 

(Pan troglodytes ʠ Pan paniscus) ʦʪʣʠʯʘʝʪʩʷ 13 ʟʘʤʝʥʘʤʠ, 12 ʠʟ ʢʦʪʦʨʳʭ 

ʷʚʣʷʶʪʩʷ ʩʠʥʦʥʠʤʠʯʥʳʤʠ (ʈʠʩʫʥʦʢ 21). ɺʩʝʛʦ ʦʜʥʘ ʘʤʠʥʦʢʠʩʣʦʪʥʘʷ ʟʘʤʝʥʘ ʚ 

ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2 ʦʪʣʠʯʘʝʪ Pan troglodytes 

ʠ Pan paniscus ʦʪ Homo sapiens, ʦʜʥʘʢʦ ʵʪʘ ʟʘʤʝʥʘ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʩʠʛʥʘʣʴʥʦʤ 

ʧʝʧʪʠʜʝ ʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʦʩʥʦʚʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʜʦʤʝʥʳ. ʅʠʢʘʢʠʭ ʟʘʤʝʥ 
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ʤʝʞʜʫ ʩʦʚʨʝʤʝʥʥʳʤ ʯʝʣʦʚʝʢʦʤ (Homo sapiens sapiens) ʠ ʥʝʘʥʜʝʨʪʘʣʴʮʘʤʠ 

(Homo sapiens neanderthalensis) ʥʝ ʦʙʥʘʨʫʞʝʥʦ. ɹʝʣʦʢ-ʢʦʜʠʨʫʶʱʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʛʝʥʘ GRID2 ʜʝʥʠʩʦʚʮʘ (Denisovan) ʦʪ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʯʝʣʦʚʝʢʘ (Homo sapiens sapiens) ʦʪʣʠʯʘʝʪʩʷ ʦʜʥʦʡ ʩʠʥʦʥʠʤʠʯʥʦʡ ʟʘʤʝʥʦʡ ʠ 

ʦʜʥʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʛʝʪʝʨʦʟʠʛʦʪʥʦʡ ʥʝʩʠʥʦʥʠʤʠʯʥʦʡ ʟʘʤʝʥʦʡ rs373866971, 

ʦʜʥʘʢʦ ʜʘʥʥʘʷ ʟʘʤʝʥʘ ʉ>ʊ ʠʤʝʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʢʨʳʪʠʷ ʨʝʬʝʨʝʥʩʥʦʛʦ ʘʣʣʝʣʷ 

ʢ ʤʠʥʦʨʥʦʤʫ 21/3 ʠ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʪʝʭʥʠʯʝʩʢʦʡ ʦʰʠʙʢʦʡ, ʚʦʟʥʠʢʰʝʡ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʛʠʜʨʦʣʠʪʠʯʝʩʢʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ ʜʨʝʚʥʝʡ ɼʅʂ. ɼʘʥʥʘʷ 

ʥʝʩʠʥʦʥʠʤʠʯʥʘʷ ʟʘʤʝʥʘ ʠʤʝʝʪ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ ʙʘʡʝʩʦʚʩʢʦʡ ʚʝʨʦʷʪʥʦʩʪʠ (330 

T 0,779) ʠ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʦʙʣʘʩʪʠ, ʜʝʣʝʪʠʨʦʚʘʥʥʦʡ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q. 

ɺʦʟʤʦʞʥʦ, ʵʪʦʪ ʩʧʝʮʠʬʠʯʥʳʡ ʜʣʷ ʜʝʥʠʩʦʚʮʝʚ ʚʘʨʠʘʥʪ rs373866971 

ʦʪʨʠʮʘʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʬʫʥʢʮʠʶ ʙʝʣʢʘ, ʧʦʩʢʦʣʴʢʫ ʘʣʣʝʣʴ ʜʠʢʦʛʦ ʪʠʧʘ ʚʳʩʦʢʦ 

ʢʦʥʩʝʨʚʘʪʠʚʝʥ. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ rs373866971 ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʩʦʚʨʝʤʝʥʥʦʡ 

ʤʠʨʦʚʦʡ ʧʦʧʫʣʷʮʠʠ ʯʝʣʦʚʝʢʘ ʩ ʦʯʝʥʴ ʥʠʟʢʦʡ ʯʘʩʪʦʪʦʡ ʤʠʥʦʨʥʦʛʦ ʘʣʣʝʣʷ 

0,000039 ʧʦ ʜʘʥʥʳʤ ʙʘʟ rgnomAD, ʩ ʥʘʠʙʦʣʴʰʝʡ ʯʘʩʪʦʪʦʡ ʫ ʖʞʥʳʭ ɸʟʠʘʪ 

(maxMAF 0,0002510) [Karczewski et al., 2020; Karczewski et al., 2021], ʢʨʦʤʝ 

ʪʦʛʦ, ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥ ʢʘʢ çʚʝʨʦʷʪʥʦ ʧʘʪʦʛʝʥʥʳʤè ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ PolyPhen2 ʠ çʧʘʪʦʛʝʥʥʳʤè ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SIFT. 
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ʈʠʩʫʥʦʢ 21. ʌʠʣʦʛʝʥʝʪʠʯʝʩʢʦʝ ʜʝʨʝʚʦ ʧʨʠʤʘʪʦʚ ʛʝʥʘ GRID2. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ 

ʩʘʡʪʳ, ʧʨʝʜʩʢʘʟʘʥʥʳʝ ʚ ʤʦʜʝʣʠ A1 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʤʧʠʨʠʯʝʩʢʦʛʦ 

ʙʘʡʝʩʦʚʩʢʦʛʦ ʤʝʪʦʜʘ ɹʘʡʝʩʘ (BEB), ʫʢʘʟʘʥʳ ʚ ʚʝʪʚʷʭ ʪʦʯʢʘʤʠ (ʫʢʘʟʘʥʦ 

ʧʦʣʦʞʝʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʩʘʡʪʘ ʩʦ ʟʥʘʯʝʥʠʝʤ ʚʝʨʦʷʪʥʦʩʪʠ BEB ʠ ʙʝʣʢʦʚʳʤ 

ʜʦʤʝʥʦʤ). ç?è ð ʥʘʣʠʯʠʝ ʛʝʪʝʨʦʟʠʛʦʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʫ ʜʝʥʠʩʦʚʮʘ ʥʝʦʜʥʦʟʥʘʯʥʦ 

ʠ ʤʦʞʝʪ ʙʳʪʴ ʨʝʟʫʣʴʪʘʪʦʤ ʛʠʜʨʦʣʠʪʠʯʝʩʢʦʛʦ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ ʜʨʝʚʥʝʡ ɼʅʂ. 

ʊʘʢ ʢʘʢ ʫ ʩʦʚʨʝʤʝʥʥʦʛʦ ʯʝʣʦʚʝʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʣʠʞʘʡʰʠʤʠ 

ʧʨʠʤʘʪʘʤʠ ʙʦʣʴʰʠʥʩʪʚʦ ʟʘʤʝʥ ʚ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ 

GRID2 ̫ ʚʣʷʶʪʩʷ ʩʠʥʦʥʠʤʠʯʥʳʤʠ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʵʪʠʭ 

ʟʘʤʝʥ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʤʈʅʂ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Mfold. 

ɹʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʧʦʣʥʦʨʘʟʤʝʨʥʳʭ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʩʦʚʨʝʤʝʥʥʦʛʦ ʯʝʣʦʚʝʢʘ ʠ ʜʝʥʠʩʦʚʮʘ ʥʠʞʝ, 

ʯʝʤ ʜʣʷ ʰʠʤʧʘʥʟʝ ʦʙʳʢʥʦʚʝʥʥʦʛʦ: -954,5 ʠ -954,4 ʢʢʘʣ/ʤʦʣʴ ʚ ʦʪʣʠʯʠʝ ʦʪ -947 
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ʢʢʘʣ/ʤʦʣʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʵʬʬʝʢʪʠʚʥʫʶ ʩʪʨʫʢʪʫʨʫ ʫ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʨʦʜʘ Homo. ʇʦʩʢʦʣʴʢʫ ʘʥʘʣʠʟ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Mfold ʪʦʯʥʝʝ ʨʘʙʦʪʘʝʪ ʜʣʷ ʢʦʨʦʪʢʠʭ ʬʨʘʛʤʝʥʪʦʚ, ʙʳʣʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ  rʬʨʘʛʤʝʥʪʳ ʨʘʟʤʝʨʦʤ ʧʦ 25, 51, 75, 151 ʠ 301 ʥʫʢʣʝʦʪʠʜʦʚ 

ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ GRID2, ʩʦʜʝʨʞʘʱʠʝ ʥʫʢʣʝʦʪʠʜʥʳʝ 

ʟʘʤʝʥʳ ʫ ʩʦʚʨʝʤʝʥʥʦʛʦ ʯʝʣʦʚʝʢʘ, ʜʝʥʠʩʦʚʮʘ ʠ ʰʠʤʧʘʥʟʝ ʦʙʳʢʥʦʚʝʥʥʦʛʦ 

(ʊʘʙʣʠʮʘ 18 ʇʨʠʣʦʞʝʥʠʷ) [Zuker, 2003; Edwards et al., 2012]. ɹʦʣʴʰʠʥʩʪʚʦ 

ʚʘʨʠʘʥʪʦʚ (10 ʠʟ 15) ʙʳʣʠ ʥʝʡʪʨʘʣʴʥʳʤʠ ʠʣʠ ʥʝ ʠʤʝʣʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʟʥʘʯʠʤʦʡ ʨʘʟʥʠʮʳ ʚ ʠʟʤʝʥʝʥʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ. ʆʜʥʘʢʦ ʚ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2 ʩʦʚʨʝʤʝʥʥʦʛʦ ʯʝʣʦʚʝʢʘ ʜʚʘ 

ʚʘʨʠʘʥʪʘ G94436426 ʠ G94436547 ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʠ ʪʨʠ ʚʘʨʠʘʥʪʘ A94159638, T94316763 ʠ G94376878 

ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʝʥʠʩʦʚʮʝʤ ʠ ʰʠʤʧʘʥʟʝ ʦʙʳʢʥʦʚʝʥʥʳʤ.  

ɿʘʪʝʤ ʘʥʘʣʠʟ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʙʳʣ ʧʨʦʚʝʜʸʥ ʜʣʷ ʙʦʣʝʝ 

ʢʨʫʧʥʳʭ ʪʘʢʩʦʥʦʚ, ʦʙʲʝʜʠʥʷʶʱʠʭ ʯʝʣʦʚʝʢʘ ʩ ʜʨʫʛʠʤʠ ʧʨʠʤʘʪʘʤʠ. ɹʳʣʠ 

ʦʪʦʙʨʘʥʳ ʢʦʥʩʝʨʚʘʪʠʚʥʳʝ ʟʘʤʝʥ r ʚ ʩʣʝʜʫʶʱʠʭ ʪʘʢʩʦʥʘʭ: Hominini (ʜʚʝ 

ʟʘʤʝʥʳ), Homininae (ʰʝʩʪʴ ʟʘʤʝʥ) ʠ Hominoidea (ʧʷʪʴ ʟʘʤʝʥ) (ʊʘʙʣʠʮʘ 19 

ʇʨʠʣʦʞʝʥʠʷ). ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʚʘʨʠʘʥʪʦʚ (11 ʠʟ 14) ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ 

ʠʟʤʝʥʝʥʠʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. ʆʜʥʘʢʦ ʪʨʠ ʟʘʤʝʥʳ 

ʧʨʠʚʝʣʠ ʢ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʤʫ ʩʥʠʞʝʥʠʶ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ 

(ʊʘʙʣʠʮʘ 20 ʇʨʠʣʦʞʝʥʠʷ). ɼʚʝ ʠʟ ʥʠʭ ʷʚʣʷʶʪʩʷ ʩʠʥʦʥʠʤʠʯʥʳʤʠ ʟʘʤʝʥʘʤʠ ʫ 

Hominini ʠ ʨʘʩʧʦʣʦʞʝʥʳ ʨʷʜʦʤ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʥʘʯʘʣʝ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2. ʊʨʝʪʴʷ ʷʚʣʷʝʪʩʷ ʥʝʩʠʥʦʥʠʤʠʯʥʦʡ ʟʘʤʝʥʦʡ 

N153H ʚ ʪʘʢʩʦʥʝ Hominoidea, ʨʘʩʧʦʣʦʞʝʥʘ ʪʘʢʞʝ ʙʣʠʞʝ ʢ ʥʘʯʘʣʫ ʠ ʪʘʢʞʝ 

ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʤʫ ʩʥʠʞʝʥʠʶ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ 

(ʈʠʩʫʥʦʢ 21). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʸʥʥʦʛʦ ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʚʦʣʶʮʠʦʥʥʳʡ ʦʪʙʦʨ ʚʘʨʠʘʥʪʦʚ ʚ ʚʝʪʚʷʭ 

ʪʘʢʩʦʥʘ Hominoidea ʜʣʷ ʛʝʥʘ GRID2 ʥʘʧʨʘʚʣʝʥ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʧʪʠʤʘʣʴʥʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʈʅʂ. 



118 
 

ɻʃɸɺɸ 4. ʆɹʉʋɾɼɽʅʀɽ ʈɽɿʋʃʔʊɸʊʆɺ 

ɻʠʧʦʧʣʘʟʠʷ ʩ ʘʪʨʦʬʠʝʡ ʤʦʟʞʝʯʢʘ ʠʣʠ ʙʝʟ ʥʝʸ ð ʨʝʜʢʘʷ ʧʘʪʦʣʦʛʠʷ 

ʥʝʜʦʨʘʟʚʠʪʠʷ ʟʘʜʥʝʛʦ ʤʦʟʛʘ, ʢʦʪʦʨʘʷ ʚʳʟʳʚʘʝʪ ʠʥʚʘʣʠʜʥʦʩʪʴ ʩ ʨʘʥʥʝʛʦ 

ʚʦʟʨʘʩʪʘ ʚʚʠʜʫ ʧʩʠʭʦʤʦʪʦʨʥʦʡ ʟʘʜʝʨʞʢʠ ʨʘʟʚʠʪʠʷ ʠ ʥʘʨʫʰʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʠ 

ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʞʠʟʥʠ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʧʘʮʠʝʥʪʦʚ ʛʝʥʝʪʠʯʝʩʢʦʝ 

ʪʝʩʪʠʨʦʚʘʥʠʝ ʠʟʚʝʩʪʥʳʭ ʪʘʨʛʝʪʥʳʭ ʣʦʢʫʩʦʚ ʥʝ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʛʝʥʝʪʠʯʝʩʢʫʶ 

ʧʨʠʯʠʥʫ ʟʘʙʦʣʝʚʘʥʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʧʦʣʥʦʵʢʟʦʤʥʦʝ ʠ 

ʧʦʣʥʦʛʝʥʦʤʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʝʜʢʠʭ ʩʣʫʯʘʝʚ ʚʨʦʞʜʸʥʥʳʭ ʬʦʨʤ ʤʦʟʞʝʯʢʦʚʳʭ 

ʘʪʘʢʩʠʡ ʙʝʟ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ ʠ ʨʝʜʢʦʛʦ ʩʠʥʜʨʦʤʘ ʤʦʟʞʝʯʢʦʚʦʡ 

ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ 

ʚʳʷʚʣʝʥʳ ʥʦʚʳʝ ʛʝʥʳ ʠ ʥʦʚʳʝ ʤʫʪʘʮʠʠ, ʷʚʣʷʶʱʠʝʩʷ ʧʨʠʯʠʥʘʤʠ ʤʦʟʞʝʯʢʦʚʳʭ 

ʧʘʪʦʣʦʛʠʡ. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʛʝʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ ʨʝʜʢʠʭ ʥʘʩʣʝʜʩʪʚʝʥʥʳʭ ʠʣʠ 

ʚʨʦʞʜʸʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ ʢʣʶʯʝʚʳʤ ʰʘʛʦʤ ʢ ʧʦʥʠʤʘʥʠʶ 

ʧʘʪʦʛʝʥʝʟʘ ʵʪʠʭ ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʣʝʯʝʥʠʷ ʠ 

ʧʨʝʜʫʧʨʝʞʜʝʥʠʷ ʟʘʙʦʣʝʚʘʥʠʡ ʚ ʩʣʝʜʫʶʱʠʭ ʧʦʢʦʣʝʥʠʷʭ. 

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚ ʙʦʣɹʰʦʡ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʝ 

AX, ʩʦʩʪʦʷʱʝʡ ʠʟ ʨʦʜʦʩʣʦʚʥʦʡ ʚ ʧʷʪʴ ʧʦʢʦʣʝʥʠʡ ʠ 106 ʠʥʜʠʚʠʜʦʚ, ʚ ʢʦʪʦʨʦʡ 

ʨʘʥʝʝ ʙʳʣʘ ʦʧʠʩʘʥʘ ʨʝʜʢʘʷ ʬʦʨʤʘ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ 

ʥʝʧʨʦʛʨʝʩʩʠʨʫʶʱʝʡ ʤʦʟʞʝʯʢʦʚʦʡ ʛʠʧʦʧʣʘʟʠʠ.  [Illarioshkin et al., 1996]. ɺ ʵʪʦʡ 

ʩʝʤʴʝ ʙʳʣʘ ʥʘʡʜʝʥʘ ʥʦʚʘʷ ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ ABCB7, ʩʪʘʚʰʘʷ ʧʨʠʯʠʥʦʡ 

ʤʦʟʞʝʯʢʦʚʦʡ ʛʠʧʦʧʣʘʟʠʠ/ʘʪʨʦʬʠʠ ʠ ʥʝʧʨʦʛʨʝʩʩʠʨʫʶʱʝʡ ʘʪʘʢʩʠʠ, 

ʨʘʩʰʠʨʷʶʱʘʷ ʩʧʠʩʦʢ ʜʝʬʝʢʪʦʚ ʚ ʵʪʦʤ ʛʝʥʝ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʟʞʝʯʢʦʚʦʡ 

ʘʪʘʢʩʠʝʡ. ʈʘʥʝʝ ʦʙʥʘʨʫʞʝʥʥʳʝ ʯʝʪʳʨʝ ʨʘʟʣʠʯʥʳʝ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ ABCB7 ʙʳʣʠ 

ʩʚʷʟʘʥʳ ʩ ʩʠʥʜʨʦʤʦʤ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ ʠ ʘʪʘʢʩʠʠ (ʊʘʙʣʠʮʘ 13 

ʇʨʠʣʦʞʝʥʠʷ). ʉʠʤʧʪʦʤʳ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ ʚ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʩʝʤʴʷʭ 

ʙʳʣʠ ʚʳʟʚʘʥʳ ʥʘʨʫʰʝʥʠʝʤ ʚʢʣʶʯʝʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ ʚ ʛʝʤ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ 

ʛʝʤʦʛʣʦʙʠʥʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʣʦ ʧʘʪʦʣʦʛʠʯʝʩʢʦʝ ʥʘʢʦʧʣʝʥʠʝ 

ʠʦʥʦʚ ʞʝʣʝʟʘ ʠ ʧʨʦʪʦʧʦʨʬʠʨʠʥʘ IX ʚ ʤʠʪʦʭʦʥʜʨʠʷʭ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʥʘʨʫʰʝʥʠʝ ʩʦʟʨʝʚʘʥʠʷ ʵʨʠʪʨʦʮʠʪʦʚ ʚ ʢʨʘʩʥʦʤ ʢʦʩʪʥʦʤ ʤʦʟʛʝ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ 
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ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʣʫʯʘʷ ʚ ʩʝʤʴʝ AX ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʫ ʧʘʮʠʝʥʪʦʚ ʚ ʧʦʣʥʦʡ ʤʝʨʝ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʠʤʧʪʦʤʳ ʥʝʧʨʦʛʨʝʩʩʠʨʫʶʱʝʡ ʘʪʘʢʩʠʠ, ʦʜʥʘʢʦ ʦʪʩʫʪʩʪʚʫʶʪ 

ʢʣʘʩʩʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ. ʆʩʦʙʝʥʥʦʩʪʠ ʪʘʢʦʛʦ 

ʬʝʥʦʪʠʧʘ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʦʜʥʦʡ ʠʟ ʜʚʫʭ ʧʨʠʯʠʥ, ʧʝʨʚʘʷ ð ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʤʫʪʘʮʠʠ ʚʦ ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʤ ʮʠʪʦʧʣʘʟʤʘʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ 

ʪʨʘʥʩʧʦʨʪʸʨʘ ABCB7, ʚʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʤʦʜʠʬʠʮʠʨʫʶʱʠʤ ʵʬʬʝʢʪʦʤ ʥʦʚʦʡ 

ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ʪʨʘʥʩʧʦʨʪʸʨʘ ʤʝʜʠ ATP7A. ʊʨʘʥʩʧʦʨʪʸʨ ABCB7 ʨʘʩʧʦʣʘʛʘʝʪʩʷ 

ʚ ʢʣʝʪʢʘʭ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʤʝʤʙʨʘʥʝ ʤʠʪʦʭʦʥʜʨʠʡ, ʘ ʪʘʢʞʝ 

ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥ ʚ ʮʠʪʦʧʣʘʟʤʝ ʠ ʥʘ ʮʠʪʦʧʣʘʟʤʘʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ [Zutz et 

al., 2009]. ʊʨʘʥʩʧʦʨʪʸʨ ABCB7 ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʚʢʣʶʯʝʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ ʚ 

ʧʨʦʪʦʧʦʨʬʠʨʠʥ IX, ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʢʩʧʦʨʪ ʛʣʫʪʘʪʠʦʥ-ʢʦʦʨʜʠʥʠʨʫʝʤʳʭ ʞʝʣʝʟʦ-

ʩʝʨʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠʟ ʤʠʪʦʭʦʥʜʨʠʡ ʠ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʧʨʠ ʩʦʟʨʝʚʘʥʠʠ 

ʞʝʣʝʟʦ-ʩʝʨʥʳʭ ʢʣʘʩʪʝʨʥʳʭ ʙʝʣʢʦʚ. [Pondarr® et al 2006; Pandey et al., 2019; Paul 

et al., 2017; Dietz et al., 2021; Pearson, Cowan, 2021]. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʙʝʣʦʢ 

ABCB7 ʫʯʘʩʪʚʫʝʪ ʚ ʨʝʛʫʣʷʮʠʠ ʢʣʝʪʦʯʥʦʡ ʛʠʙʝʣʠ, ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ 

ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʨʝʧʘʨʘʮʠʠ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ, 

ʪʠʦʤʦʜʠʬʠʢʘʮʠʠ ʪʈʅʂ ʠ ʙʠʦʛʝʥʝʟʝ ʨʠʙʦʩʦʤ [Hollenstein et al., 2007; Kim et al., 

2020]. ɺʦ ʚʩʝʭ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʷʭ ʩʠʥʜʨʦʤʘ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ ʠ 

ʘʪʘʢʩʠʠ ʤʫʪʘʮʠʠ ʙʳʣʠ ʣʦʢʘʣʠʟʦʚʘʥʳ ʚʙʣʠʟʠ ʠʣʠ ʚʥʫʪʨʠ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʭ 

ʜʦʤʝʥʦʚ ʠ, ʧʦ ʚʩʝʡ ʚʝʨʦʷʪʥʦʩʪʠ, ʥʘʨʫʰʘʣʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʛʦ 

ʢʘʥʘʣʘ ʠ ʟʘʢʨʝʧʣʝʥʠʝ ʪʨʘʥʩʧʦʨʪʸʨʘ ABCB7 ʥʘ ʤʝʤʙʨʘʥʝ [Nikpour et al., 2012; 

D'Hooghe et al., 2012; Sato, 2011; Boultwood et al., 2008, Pondarre et al., 2007]. 

ʊʦʛʜʘ ʢʘʢ ʥʘʡʜʝʥʥʘʷ ʤʫʪʘʮʠʷ ʚ ʩʝʤʴʝ AX ʨʘʩʧʦʣʦʞʝʥʘ ʚʦ 

ʚʥʫʪʨʠʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʤ ʜʦʤʝʥʝ ʪʨʘʥʩʧʦʨʪʸʨʘ ABCB7 (ʈʠʩʫʥʦʢ 7, 8). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʘʡʜʝʥʥʘʷ ʤʫʪʘʮʠʷ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʛʦ 

ʢʘʥʘʣʘ, ʥʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʚʣʠʷʝʪ ʥʘ ʬʫʥʢʮʠʠ ʥʫʢʣʝʦʪʠʜ-ʩʚʷʟʳʚʘʶʱʝʛʦ 

ʜʦʤʝʥʘ. 

ʅʝʚʨʦʣʦʛʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʠʤʝʶʪ ʩʭʦʜʩʪʚʦ ʩ 

ʜʨʫʛʠʤʠ ʩʣʫʯʘʷʤʠ ʤʫʪʘʮʠʡ ʚ ʛʝʥʝ ABCB7 (ʤʦʟʞʝʯʢʦʚʘʷ ʘʪʘʢʩʠʷ, ʜʠʟʘʨʪʨʠʷ, 

ʜʠʩʤʝʪʨʠʷ, ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ, ʩʪʨʘʙʠʟʤ, ʦʪʩʫʪʩʪʚʠʝ ʤʳʰʝʯʥʦʡ ʩʣʘʙʦʩʪʠ ʠ 
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ʥʘʨʫʰʝʥʠʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ) (ʊʘʙʣʠʮʘ 13 ʇʨʠʣʦʞʝʥʠʷ). ʋ ʙʦʣʴʰʠʥʩʪʚʘ 

ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʧʘʮʠʝʥʪʦʚ, ʢʘʢ ʠ ʚ ʩʝʤʴʝ AX, ʢʦʛʥʠʪʠʚʥʳʝ ʬʫʥʢʮʠʠ 

ʩʦʭʨʘʥʝʥʳ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʨʝʜʢʠʤ ʜʣʷ ʚʨʦʞʜʸʥʥʳʭ ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʳʭ 

ʘʪʘʢʩʠʡ. ʍʦʪʷ ʫ ʥʝʩʢʦʣʴʢʠʭ ʧʘʮʠʝʥʪʦʚ ʚ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʩʝʤʴʷʭ ʩ ʤʫʪʘʮʠʷʤʠ 

ʚ ʛʝʥʝ ABCB7 ʚʩʸ ʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʩʪʚʝʥʥʘʷ ʦʪʩʪʘʣʦʩʪʴ ʠ ʥʝʡʨʦʧʩʠʭʠʯʝʩʢʠʝ 

ʥʘʨʫʰʝʥʠʷ (ʜʝʧʨʝʩʩʠʷ, ʰʠʟʦʬʨʝʥʠʷ). ʂʘʢ ʧʦʢʘʟʘʣʘ ʄʈʊ ʚ ʩʣʫʯʘʝ ʩʝʤʴʠ AX, 

ʛʠʧʦʧʣʘʟʠʷ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʯʝʨʚʝ ʠ 

ʧʦʣʫʰʘʨʠʷʭ ʤʦʟʞʝʯʢʘ, ʪʦʛʜʘ ʢʘʢ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʘʥʦʤʘʣʠʡ ʚ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ, 

ʚʢʣʶʯʘʷ ʚʘʨʦʣʠʝʚ ʤʦʩʪ ʠ ʧʨʦʜʦʣʛʦʚʘʪʳʡ ʤʦʟʛ, ʦʧʠʩʘʥʥʳʝ ʚ ʜʨʫʛʠʭ ʩʝʤʴʷʭ. 

ʄʫʪʘʮʠʷ ʚ ʛʝʥʝ ABCB7 ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʩʦʯʝʪʘʝʪʩʷ ʩ ʜʝʣʝʮʠʝʡ 

ʚ ʛʝʥʝ ʪʨʘʥʩʧʦʨʪʸʨʘ ʤʝʜʠ ATP7A. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʦʙʥʘʨʫʞʝʥʥʘʷ ʜʝʣʝʮʠʷ ʚ 

ʵʚʦʣʶʮʠʦʥʥʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ N-ʢʦʥʮʝʚʦʡ ʯʘʩʪʠ ATP7A ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ 

AX ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʘʙʦʣʝʚʘʥʠʷʤ, ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʥʦʩʠʪʝʣʝʡ ʤʫʪʘʮʠʡ ʚ ʵʪʦʤ 

ʛʝʥʝ. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ ATP7A ʧʨʠʚʦʜʷʪ ʢ ʥʘʨʫʰʝʥʠʶ ʪʨʘʥʩʧʦʨʪʘ ʤʝʜʠ ʠ 

ʚʳʟʳʚʘʶʪ ʝʸ ʥʘʢʦʧʣʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʪʢʘʥʷʭ ʠ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʥʝʩʢʦʣʴʢʠʤ 

ʟʘʙʦʣʝʚʘʥʠʷʤ: ʙʦʣʝʟʥʠ ʄʝʥʢʝʩʘ [Mßller et al., 2013; Bull et al., 1993; Chelly J et 

al.,1993], X-ʩʮʝʧʣʝʥʥʦʡ ʜʠʩʪʘʣʴʥʦ-ʩʧʠʥʘʣʴʥʦ-ʤʳʰʝʯʥʦʡ ʘʪʨʦʬʠʠ 3-ʛʦ ʪʠʧʘ 

[Kennerson et al., 2010], ʩʠʥʜʨʦʤʫ ʟʘʪʳʣʦʯʥʦʛʦ ʨʦʛʘ [Byers et al., 1980; Das et 

al., 1995; Ronce et al., 1997]. ʂʣʘʩʩʠʯʝʩʢʘʷ ʬʦʨʤʘ ʩʠʥʜʨʦʤʘ ʄʝʥʢʝʩʘ ʷʚʣʷʝʪʩʷ 

ʢʨʘʡʥʝ ʪʷʞʸʣʳʤ ʟʘʙʦʣʝʚʘʥʠʝʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʭʘʨʘʢʪʝʨʥʳ ʟʘʜʝʨʞʢʘ 

ʧʩʠʭʦʤʦʪʦʨʥʦʛʦ ʨʘʟʚʠʪʠʷ, ʪʷʞʸʣʘʷ ʫʤʩʪʚʝʥʥʘʷ ʦʪʩʪʘʣʦʩʪʴ, ʦʪʩʪʘʚʘʥʠʝ ʚ ʨʦʩʪʝ, 

ʛʠʧʦʪʝʨʤʠʷ, ʜʨʷʙʣʦʩʪʴ ʢʦʞʠ, ʛʠʧʝʨʧʦʜʚʠʞʥʦʩʪʴ ʩʫʩʪʘʚʦʚ, ʛʠʧʦʧʠʛʤʝʥʪʘʮʠʷ, 

ʛʨʫʙʳʝ ʠ ʭʨʫʧʢʠʝ ʚʦʣʦʩʳ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʞʠʟʥʠ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 3 ʣʝʪ. 

ʇʨʠ ʙʦʣʝʝ ʨʝʜʢʦʡ, ʫʤʝʨʝʥʥʦʡ ʬʦʨʤʝ ʩʠʥʜʨʦʤʘ ʄʝʥʢʝʩʘ ʩʠʤʧʪʦʤʳ ʚʳʨʘʞʝʥʳ 

ʩʣʘʙʝʝ, ʙʦʣʴʥʳʝ ʞʠʚʫʪ ʜʦʣʴʰʝ, ʜʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʳ ʙʦʣʝʝ ʣʸʛʢʠʝ 

ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʝ ʨʘʩʩʪʨʦʡʩʪʚʘ, ʪʘʢʞʝ ʟʘʜʝʨʞʢʘ ʚ ʨʘʟʚʠʪʠʠ, ʥʘʨʫʰʝʥʠʷ 

ʩʦʝʜʠʥʠʪʝʣʴʥʦʡ ʪʢʘʥʠ, ʤʦʟʞʝʯʢʦʚʘʷ ʘʪʘʢʩʠʷ, ʜʠʟʘʨʪʨʠʷ. X-ʩʮʝʧʣʝʥʥʘʷ 

ʜʠʩʪʘʣʴʥʦ-ʩʧʠʥʘʣʴʥʦ-ʤʳʰʝʯʥʘʷ ʘʪʨʦʬʠʷ 3-ʛʦ ʪʠʧʘ ʠʤʝʝʪ ʧʦʟʜʥʝʝ ʥʘʯʘʣʦ ʚ 20-

30-ʣʝʪʥʝʤ ʚʦʟʨʘʩʪʝ ʠ ʩʚʷʟʘʥʘ ʩ ʥʝʨʚʥʦ-ʤʳʰʝʯʥʳʤʠ ʜʝʛʝʥʝʨʘʪʠʚʥʳʤʠ 

ʨʘʩʩʪʨʦʡʩʪʚʘʤʠ. ʉʠʥʜʨʦʤ ʟʘʪʳʣʦʯʥʦʛʦ ʨʦʛʘ ʦʪʣʠʯʘʶʪ ʚʠʜʠʤʳʝ ʥʘʨʫʰʝʥʠʷ 
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ʩʦʝʜʠʥʠʪʝʣʴʥʦʡ ʪʢʘʥʠ, ʟʘʪʳʣʦʯʥʳʡ ʦʩʪʝʦʧʦʨʦʟ ʠ ʣʸʛʢʘʷ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʘʷ 

ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴ. ʂʣʠʥʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʠʤʝʶʪ 

ʥʘʠʙʦʣʴʰʝʝ ʩʭʦʜʩʪʚʦ ʩ ʫʤʝʨʝʥʥʦʡ ʬʦʨʤʦʡ ʙʦʣʝʟʥʠ ʄʝʥʢʝʩʘ. ʆʜʥʘʢʦ ʫ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʥʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʥʘʨʫʰʝʥʠʡ ʦʙʤʝʥʘ ʤʝʜʠ, ʠ 

ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʩʠʤʧʪʦʤʳ ʥʘʨʫʰʝʥʠʷ ʩʦʝʜʠʥʠʪʝʣʴʥʦʡ ʪʢʘʥʠ, ʩʪʨʫʢʪʫʨʳ ʚʦʣʦʩ, 

ʧʠʛʤʝʥʪʘʮʠʠ ʠ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ.  

ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʦʪʩʫʪʩʪʚʠʝ ʧʝʨʚʦʛʦ ʠʟ ʰʝʩʪʠ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʭ 

ʜʦʤʝʥʦʚ ʚ ʪʨʘʥʩʧʦʨʪʸʨʝ ATP7A ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʥʝ ʚʳʟʚʘʣʦ ʢʘʢʠʭ-

ʣʠʙʦ ʢʣʠʥʠʯʝʩʢʠʭ ʩʠʤʧʪʦʤʦʚ, ʠʟʚʝʩʪʥʳʭ ʥʘ ʤʦʤʝʥʪ ʘʥʘʣʠʟʘ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ 

ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʣʦʢʫʩʘ, ʢʦʜʠʨʫʶʱʝʛʦ ʵʪʦʪ ʪʨʘʥʩʧʦʨʪʸʨ. ʉʨʝʜʠ ʚʩʝʭ ʤʫʪʘʮʠʡ, 

ʦʧʠʩʘʥʥʳʭ ʜʣʷ ʛʝʥʘ ATP7A, ʢʨʫʧʥʳʝ ʜʝʣʝʮʠʠ ʚʩʪʨʝʯʘʶʪʩʷ ʧʨʠʤʝʨʥʦ ʫ 15% 

ʧʘʮʠʝʥʪʦʚ ʩ ʙʦʣʝʟʥʴʶ ʄʝʥʢʝʩʘ [T¿mer et al., 2003]. ʇʦʵʪʦʤʫ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʪʨʘʥʩʧʦʨʪʸʨʘ ATP7A ʜʦʩʪʘʪʦʯʥʦ 

ʥʘʣʠʯʠ ̫ʧʷʪʠ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʭ ʜʦʤʝʥʦʚ. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʝʣʝʮʠʷ 

ʧʝʨʚʦʛʦ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ ʚ ʛʝʥʝ ATP7A ʤʦʞʝʪ ʠʤʝʪʴ 

ʤʦʜʠʬʠʮʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʥʘʨʫʰʝʥʠʷ ʛʦʤʝʦʩʪʘʟʘ ʞʝʣʝʟʘ, ʚʳʟʚʘʥʥʦʛʦ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ ABCB7 (ʈʠʩʫʥʦʢ 22). ʊʘʢ, ʚʦ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʜʴ ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʚ ʨʝʛʫʣʷʮʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʞʝʣʝʟʘ ʠ ʝʛʦ 

ʚʢʣʶʯʝʥʠʠ ʚ ʧʨʦʪʦʧʦʨʬʠʨʠʥ IX ʧʨʠ ʩʠʥʪʝʟʝ ʛʝʤʘ ʚ ʢʨʘʩʥʦʤ ʢʦʩʪʥʦʤ ʤʦʟʛʝ 

[Reeves, DeMars, 2006; Pyatskowit, Prohaska, 2008a; Pyatskowit, Prohaska, 

2008b; Collins et al., 2010]. ʊʦʛʜʘ ʢʘʢ ʜʝʬʠʮʠʪ ʞʝʣʝʟʘ ʚʳʟʳʚʘʝʪ ʧʦʚʳʰʝʥʠʝ 

ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ ATP7A ʚ ʪʢʘʥʷʭ ʤʦʟʛʘ ʠ ʢʠʰʝʯʥʠʢʘ [Jiang et al., 2011; Monnot 

et al., 2011]. ʊʘʢ ʢʘʢ ʦʙʘ ʛʝʥʘ ABCB7 ʠ ATP7A ʵʢʩʧʨʝʩʩʠʨʫʶʪʩʷ ʚ ʢʨʘʩʥʦʤ 

ʢʦʩʪʥʦʤ ʤʦʟʛʝ, ʛʦʣʦʚʥʦʤ ʤʦʟʛʝ ʠ ʜʨʫʛʠʭ ʪʢʘʥʷʭ [Kapushesky et al., 2010; 

Fagerberg et al., 2014], ʢʣʠʥʠʯʝʩʢʠʡ ʬʝʥʦʪʠʧ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʤʦʞʝʪ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʠʥʪʝʨʝʩʥʳʡ ʩʣʫʯʘʡ ʚʟʘʠʤʦʚʣʠʷʥʠʷ ʤʠʩʩʝʥʩ ʤʫʪʘʮʠʠ ʠ 

ʜʝʣʝʮʠʠ ʚ ʵʪʠʭ ʛʝʥʘʭ, ʥʘʩʣʝʜʫʝʤʳʭ ʢʘʢ X-ʩʮʝʧʣʝʥʥʳʡ ʤʦʥʦʛʝʥʥʳʡ ʧʨʠʟʥʘʢ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʠ ʢʣʠʥʠʯʝʩʢʦʛʦ 

ʬʝʥʦʪʠʧʘ ʘʪʘʢʩʠʠ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʷʚʣʷʝʪʩʷ ʥʦʚʘʷ ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ 

ABCB7. ʅʝʜʘʚʥʦ ʚ ʙʘʟʝ ʜʘʥʥʳʭ ClinVar ʦʧʫʙʣʠʢʦʚʘʥ ʥʝʟʘʚʠʩʠʤʳʡ 
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ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʚ ʢʦʪʦʨʦʤ ʫ ʛʚʘʪʝʤʘʣʴʩʢʦʛʦ ʧʘʮʠʝʥʪʘ ʩ ʛʠʧʦʧʣʘʟʠʝʡ 

ʤʦʟʞʝʯʢʘ ʚʳʷʚʣʝʥ ʪʦʪ ʞʝ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ ABCB7, ʯʪʦ ʠ ʥʘʡʜʝʥʥʳʡ ʚ ʙʫʨʷʪʩʢʦʡ 

ʩʝʤʴʝ AX [Landrum et al., 2018]. ʆʧʠʩʘʥʥʘʷ ʢʣʠʥʠʯʝʩʢʘʷ ʢʘʨʪʠʥʘ ʫ 

ʛʚʘʪʝʤʘʣʴʩʢʦʛʦ ʧʘʮʠʝʥʪʘ ʠʤʝʝʪ ʚʳʩʦʢʦʝ ʩʭʦʜʩʪʚʦ ʩ ʦʧʠʩʘʥʥʦʡ ʚ ʩʝʤʴʝ AX, ʠ 

ʪʘʢʞʝ ʥʝ ʦʪʤʝʯʝʥʦ ʩʠʤʧʪʦʤʦʚ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ. 

 

ʈʠʩʫʥʦʢ 22. ʇʨʝʜʧʦʣʘʛʘʝʤʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʙʝʣʢʘʤʠ ABCɺ7 ʠ 

ATP7A. ɹʝʣʦʢ ABCB7 ʣʦʢʘʣʠʟʦʚʘʥ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ 

ʤʝʤʙʨʘʥʝ ʠ ʫʯʘʩʪʚʫʝʪ ʚ ʪʨʘʥʩʧʦʨʪʝ ʛʣʫʪʘʪʠʦʥʘ ʠ Fe-S-ʢʣʘʩʪʝʨʦʚ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʩʠʥʪʝʟʘ ʛʝʤʘ. ʈʘʟʨʫʰʝʥʠʝ ʙʝʣʢʘ ABCB7 ʥʘʨʫʰʘʝʪ ʩʠʥʪʝʟ ʛʝʤʘ ʠ 

ʚʳʟʚrʘʝʪ ʜʝʬʠʮʠʪ ʞʝʣʝʟʘ. ɹʝʣʦʢ ATP7A, ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʥʘ 

ʮʠʪʦʧʣʘʟʤʘʪʠʯʝʩʢʦʡ ʤʝʤʙʨʘʥʝ, ʪʨʘʥʩʧʦʨʪʠʨʫʝʪ ʠʦʥʳ ʤʝʜʠ ʠʟ ʮʠʪʦʧʣʘʟʤʳ 

ʢʣʝʪʢʠ. ʄʘʣʳʝ ʠʟʦʬʦʨʤʳ ʙʝʣʢʘ ATP7A ʚ ʮʠʪʦʧʣʘʟʤʝ ʘʛʨʝʛʠʨʫʶʪ ʩ ʠʦʥʘʤʠ 

ʤʝʜʠ ʠ ʨʝʛʫʣʠʨʫʶʪ ʢʦʥʮʝʥʪʨʘʮʠʶ ʤʝʜʠ ʚ ʢʣʝʪʢʘʭ. ʇʦʪʝʥʮʠʘʣʴʥʦ ʠʟʤʝʥʸʥʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ATP7A ʠʟ-ʟʘ ʜʝʣʝʮʠʠ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ 

ʢ ʠʟʤʝʥʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʜʠ. ʀʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʜʠ ʚʣʠʷʝʪ ʥʘ 

ʛʦʤʝʦʩʪʘʟ ʞʝʣʝʟʘ ʠ ʝʛʦ ʥʘʢʦʧʣʝʥʠʝ ʚ ʢʣʝʪʢʘʭ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʯʘʩʪʠʯʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʜʝʬʠʮʠʪʘ ABCB7 ʚ ʵʨʠʪʨʦʮʠʪʘʭ. 
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ʆʧʠʩʘʥʥʳʡ ʚ ʩʝʤʴʝ AX ʩʣʫʯʘʡ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʨʝʜʢʠʤ, ʪʦʣʴʢʦ ʦʜʠʥ 

ʩʣʫʯʘʡ ʫ ʧʘʮʠʝʥʪʘ ʜʘʪʩʢʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʙʳʣ ʦʧʫʙʣʠʢʦʚʘʥ ʥʘ ʤʦʤʝʥʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ [Zanni et al., 2012]. ʆʜʥʘʢʦ ʜʣʷ ʩʠʥʜʨʦʤʘ ʚʨʦʞʜʸʥʥʦʡ 

ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʛʝʥʝʪʠʯʝʩʢʘʷ ʛʝʪʝʨʦʛʝʥʥʦʩʪʴ. ʋ ʜʘʪʩʢʦʛʦ 

ʧʘʮʠʝʥʪʘ ʤʫʪʘʮʠʷ ʙʳʣʘ ʚ ʛʝʥʝ ʪʨʘʥʩʧʦʨʪʸʨʘ ʢʘʣʴʮʠʷ ATP2B3. ʇʨʠ 

ʪʝʩʪʠʨʦʚʘʥʠʠ ʩʝʤʝʡ AI-IV ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʤʫʪʘʮʠʡ ʥʠ ʚ ʛʝʥʝ ABCB7, ʥʠ ʚ 

ATP2B3, ʥʠ ʚ ʛʝʥʘʭ, ʚʦʚʣʝʯʸʥʥʳʭ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʫʪʠ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʩ ʥʠʤʠ. 

ʏʪʦʙʳ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʘʥʜʠʜʘʪʥʳʝ ʛʝʥʳ ʚ ʤʘʣʳʭ ʩʝʤʴʷʭ, ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʨʘʚʥʠʪʝʣʴʥʦʤ ʘʥʘʣʠʟʝ ʧʘʨʘʣʦʛʦʚ, 

ʚʢʣʶʯʘʶʱʠʡ ʘʥʘʣʠʟ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʜʘʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʠ ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʚ ʨʘʟʚʠʚʘʶʱʝʤʩʷ ʤʦʟʞʝʯʢʝ ʠ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ. 

ɸʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʦʚ ʛʝʥʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦ 

ʥʘʧʠʩʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ EPbE. ɺ ʩʝʤʴʝ AI ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʜʚʘ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʘ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ X-ʭʨʦʤʦʩʦʤʝ ʥʘ ʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ (57 ʤʣʥ ʧ.ʥ.) ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ. ʇʝʨʚʳʡ ʚʘʨʠʘʥʪ, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʡ ʚ ʛʝʥʝ FAAH2, ʨʘʩʧʦʣʦʞʝʥ 

ʦʯʝʥʴ ʙʣʠʟʢʦ ʚ ʜʚʫʭ ʘʤʠʥʦʢʠʩʣʦʪʘʭ ʩ ʜʨʫʛʠʤ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʤ ʧʘʪʦʛʝʥʥʳʤ 

ʚʘʨʠʘʥʪʦʤ ʫ ʦʜʥʦʛʦ ʧʘʮʠʝʥʪʘ ʝʚʨʦʧʝʦʠʜʥʦʡ ʨʘʩʳ ʩ ʩʠʤʧʪʦʤʘʤʠ ʘʪʘʢʩʠʠ ʠ 

ʘʫʪʠʟʤʘ [Sirrs et al., 2015]. ʇʘʮʠʝʥʪʳ ʠʟ ʦʙʝʠʭ ʩʝʤʝʡ ʠʤʝʶʪ ʦʙʱʠʝ ʩʠʤʧʪʦʤʳ: 

ʟʘʜʝʨʞʢʫ ʤʦʪʦʨʥʦʛʦ ʨʘʟʚʠʪʠʷ, ʘʪʘʢʩʠʶ, ʜʠʟʘʨʪʨʠʶ, ʪʨʝʤʦʨ ʠ ʤʳʰʝʯʥʫʶ 

ʛʠʧʦʪʦʥʠʶ. ʉʧʦʩʦʙʥʦʩʪʴ ʢ ʦʙʫʯʝʥʠʶ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ. ɻʣʘʚʥʦʝ 

ʦʪʣʠʯʠʝ ð ʦʪʩʫʪʩʪʚʠʝ ʘʫʪʠʟʤʘ, ʪʨʝʚʦʛʠ, ʜʝʧʨʝʩʩʠʠ ʠ ʧʩʠʭʦʛʝʥʥʳʭ ʩʫʜʦʨʦʛ. 

ʂʨʦʤʝ ʪʦʛʦ, ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AI ʚʳʷʚʣʝʥʳ ʛʠʧʦʧʣʘʟʠʷ ʤʦʟʞʝʯʢʘ ʠ 

ʜʝʤʠʝʣʠʥʠʟʠʨʫʶʱʘʷ ʧʦʣʠʥʝʡʨʦʧʘʪʠʷ. ʊʦʛʜʘ ʢʘʢ ʚ ʩʣʫʯʘʝ, ʦʧʫʙʣʠʢʦʚʘʥʥʦʤ 

ʢʘʥʘʜʩʢʠʤʠ ʘʚʪʦʨʘʤʠ, ʫʧʦʤʠʥʘʣʠʩʴ ʪʦʣʴʢʦ ʫʚʝʣʠʯʝʥʥʘʷ ʤʦʟʞʝʯʢʦʚʦ-ʤʦʟʛʦʚʘʷ 

ʮʠʩʪʝʨʥʘ (ʣʘʪ. cisterna magna) ʠ ʟʘʤʝʜʣʝʥʥʘʷ ʤʠʝʣʠʥʠʟʘʮʠʷ. ʈʘʟʣʠʯʠʷ ʚ 

ʢʣʠʥʠʯʝʩʢʦʡ ʢʘʨʪʠʥʝ ʙʦʣʴʥʳʭ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʨʘʟʥʳʤ ʚʣʠʷʥʠʝʤ ʟʘʤʝʥ 

p.Ala458Ser ʠ p.Lys460Thr ʥʘ ʙʝʣʦʢ FAAH2, ʪʘʢ ʢʘʢ ʚʪʦʨʦʡ ʤʝʥʝʝ 

ʢʦʥʩʝʨʚʘʪʠʚʝʥ. ɿʥʘʯʝʥʠʝ ʛʝʥʘ FAAH2 ʜʣʷ ʨʘʟʚʠʪʠʷ ʩʧʦʨʥʦ. ɺ ʦʜʥʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʦʥʩʝʥʩ-ʚʘʨʠʘʥʪ p.W392* ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʫ ʧʘʮʠʝʥʪʘ ʩ 
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ʣʝʪʘʣʴʥʳʤ ʬʝʥʦʪʠʧʦʤ, ʩʠʥʜʨʦʤʦʤ ɿʝʣʣʚʝʛʝʨʘ [Shamseldin et al., 2021]. ʅʦ ʚ 

ʜʨʫʛʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʢʘʢʠʭ-ʣʠʙʦ ʢʣʠʥʠʯʝʩʢʠʭ ʧʨʦʷʚʣʝʥʠʡ 

ʧʨʠ ʫʩʝʯʝʥʠʠ ʙʝʣʢʘ FAAH2 ʩ C-ʢʦʥʮʝʚʦʡ ʦʙʣʘʩʪʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʦʥʩʝʥʩ-

ʚʘʨʠʘʥʪʘ p.E432* [Lim et al., 2013]. ɹʦʣʝʝ ʪʦʛʦ, ʘʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ-

ʧʘʨʘʣʦʛʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʛʝʥ FAAH2, ʚʝʨʦʷʪʥʦ, ʠʛʨʘʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʧʨʠ 

ʨʘʟʚʠʪʠʠ ʤʦʟʞʝʯʢʘ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʣʝʜʫʝʪ 

ʧʦʣʘʛʘʪʴ, ʯʪʦ FAAH2 ʥʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ ʨʘʟʚʠʪʠʷ ʛʠʧʦʧʣʘʟʠʠ 

ʤʦʟʞʝʯʢʘ ʚ ʩʝʤʴʝ AI.  

ɺʪʦʨʦʡ ʚʘʨʠʘʥʪ, ʥʦʚʘʷ ʤʫʪʘʮʠʷ ʚ ʩʝʤʴʝ AI, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʚ ʛʝʥʝ 

LRCH2. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ ʦʧʠʩʘʥʦ ʥʠ ʦʜʥʦʛʦ ʩʣʫʯʘʷ ʩ ʚʨʦʞʜʸʥʥʦʡ 

ʧʘʪʦʣʦʛʠʝʡ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʜʝʬʝʢʪʦʤ ʵʪʦʛʦ ʛʝʥʘ. ɽʩʪʴ ʪʦʣʴʢʦ ʦʜʥʦ 

ʫʧʦʤʠʥʘʥʠʝ ʦʜʥʦʛʦ ʚʘʨʠʘʥʪʘ rs1333479504 ʚ ʘʢʮʝʧʪʦʨʥʦʡ ʦʙʣʘʩʪʠ ʛʝʥʘ LRCH2 

ʫ ʧʘʮʠʝʥʪʘ ʩ ʛʣʦʙʘʣʴʥʦʡ ʟʘʜʝʨʞʢʦʡ ʨʘʟʚʠʪʠʷ ʙʝʟ ʜʝʪʘʣʠʟʘʮʠʠ ʜʠʘʛʥʦʟʘ [Martin 

et al., 2021]. ɹʣʘʛʦʜʘʨʷ ʧʦʜʭʦʜʫ, ʦʩʥʦʚʘʥʥʦʤʫ ʥʘ ʘʥʘʣʠʟʝ ʬʫʥʢʮʠʡ ʠ 

ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ-ʧʘʨʘʣʦʛʦʚ, ʫʜʘʣʦʩʴ ʦʮʝʥʠʪʴ ʟʥʘʯʝʥʠʝ ʛʝʥʘ LRCH2 ʚ 

ʵʤʙʨʠʦʥʘʣʴʥʦʤ ʨʘʟʚʠʪʠʠ ʤʦʟʞʝʯʢʘ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʝʨʠʦʜ 

ʥʘʠʙʦʣʴʰʝʡ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ LRCH2 ʠ ʥʠʟʢʦʡ ʵʢʩʧʨʝʩʩʠʠ ʝʛʦ ʧʘʨʘʣʦʛʦʚ ʚ 

ʵʤʙʨʠʦʥʘʣʴʥʦʤ ʤʦʟʞʝʯʢʝ ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʟʚʠʪʠʝʤ ʧʘʪʦʣʦʛʠʠ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ 

ʩʝʤʴʠ AI. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ ʧʝʨʠʦʜ ʥʘʙʣʶʜʘʣʘʩʴ ʚʳʩʦʢʘʷ 

ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ LRCH2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʘʨʘʣʦʛʘʤʠ ʚ ʜʨʫʛʠʭ ʯʘʩʪʷʭ ʤʦʟʛʘ, 

ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʢʦʥʪʨʦʣʝ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʢʦʨʪʠʢʘʣʴʥʳʤʠ 

ʩʝʥʩʦʤʦʪʦʨʥʳʤʠ ʮʝʧʷʤʠ ʠ ʬʨʦʥʪʦ-ʩʪʨʠʘʨʥʳʤʠ ʮʝʧʷʤʠ (ʈʠʩʫʥʦʢ 12, 13 ʠ 14 

ʇʨʠʣʦʞʝʥʠʷ). ɸʥʘʣʠʟ ʵʢʩʧʨʝʩʩʠʠ ʦʜʠʥʦʯʥʳʭ ʢʣʝʪʦʢ ʫ ʚʟʨʦʩʣʳʭ ʤʳʰʝʡ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʛʝʥ LRCH2, ʚ ʦʪʣʠʯʠʝ ʦʪ ʝʛʦ ʧʘʨʘʣʦʛʦʚ, ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ 

ʦʩʥʦʚʥʦʤ ʚ ʠʥʪʝʨʥʝʡʨʦʥʘʭ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʝʛʦ ʫʯʘʩʪʠʝ ʚ ʜʚʠʛʘʪʝʣʴʥʳʭ 

ʮʝʧʷʭ ʚ ʛʦʣʦʚʥʦʤ ʤʦʟʛʝ [Saunders et al., 2018] (ʈʠʩʫʥʦʢ 18). ʆʜʥʘʢʦ ʷʚʥʳʭ 

ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʫ ʙʦʣʴʥʳʭ ʥʝ ʙʳʣʦ. ɺʦʟʤʦʞʥʦ, 

ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʩʠʣʴʥʳʤ ʢʦʤʧʝʥʩʘʪʦʨʥʳʤ ʵʬʬʝʢʪʦʤ ʩʦ ʩʪʦʨʦʥʳ ʝʛʦ ʧʘʨʘʣʦʛʦʚ, 

ʣʠʙʦ ʩ ʜʨʫʛʠʤʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʤʝʭʘʥʠʟʤʘʤʠ, ʪʘʢʞʝ ʤʦʞʝʪ 

ʠʤʝʪʴ ʤʝʩʪʦ ʯʘʩʪʠʯʥʦʝ ʩʦʭʨʘʥʝʥʠʝ ʬʫʥʢʮʠʡ ʙʝʣʢʘ LRCH2. ʕʢʩʧʨʝʩʩʠʷ ʛʝʥʘ 
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LRCH2 ʚ ʛʘʥʛʣʠʷʭ ʟʘʜʥʠʭ ʢʦʨʝʰʢʦʚ ʠ ʰʚʘʥʥʦʚʩʢʠʭ ʢʣʝʪʢʘʭ ʧʦʜʪʚʝʨʞʜʘʝʪ ʝʛʦ 

ʫʯʘʩʪʠʝ ʚ ʛʝʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʜʝʤʠʝʣʠʥʠʟʠʨʫʶʱʠʭ ʧʦʨʘʞʝʥʠʷʭ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ 

ʩʝʤʴʠ AI [Sapio et al., 2016; Kim et al., 2017]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʜʥʦʡ ʠʟ 

ʦʩʥʦʚʥʳʭ ʧʨʠʯʠʥ ʜʝʤʠʝʣʠʥʠʟʠʨʫʶʱʠʭ ʧʦʣʠʥʝʚʨʦʧʘʪʠʡ ʷʚʣʷʶʪʩʷ 

ʘʫʪʦʠʤʤʫʥʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ. ʍʦʪʷ ʜʘʥʥʳʝ ʦ ʬʫʥʢʮʠʷʭ ʛʝʥʘ LRCH2 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʩʝʤʝʡʩʪʚʦ ʙʝʣʢʦʚ LRCH ʫʯʘʩʪʚʫʝʪ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʤʤʫʥʠʪʝʪʘ ʠ ʤʠʛʨʘʮʠʠ ʢʣʝʪʦʢ [Rivi¯re et al., 2020].  

ɺ ʜʚʫʭ ʜʨʫʛʠʭ ʥʝʨʦʜʩʪʚʝʥʥʳʭ ʩʝʤʴʷʭ ɸII ʠ ɸIII ʩ ʙʦʣʝʝ ʧʦʟʜʥʠʤ ʥʘʯʘʣʦʤ 

ʟʘʙʦʣʝʚʘʥʠʷ (ʚ ʧʦʜʨʦʩʪʢʦʚʦʤ ʚʦʟʨʘʩʪʝ), ʥʦ ʩ ʢʣʠʥʠʯʝʩʢʦʡ ʢʘʨʪʠʥʦʡ, ʙʣʠʟʢʦʡ 

ʢ ʪʘʢʦʚʦʡ ʚ ʩʝʤʴʝ ɸI, ʚʳʷʚʣʝʥ ʥʦʚʳʡ ʛʝʥʝʪʠʯʝʩʢʠʡ ʬʘʢʪʦʨ ð ʛʝʥ CSMD1. 

ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʤʘʥʠʬʝʩʪʘʮʠʷ ʟʘʙʦʣʝʚʘʥʠʷ ʩʦʚʧʘʜʘʝʪ ʩ 

ʧʝʨʠʦʜʦʤ ʩʥʠʞʝʥʠʷ ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʦʚ ʛʝʥʘ CSMD1 ʠ ʧʦʚʳʰʝʥʠʝʤ ʝʛʦ 

ʵʢʩʧʨʝʩʩʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʠʤʠ ʚ ʤʦʟʞʝʯʢʝ. ʆʜʥʘʢʦ ʚ ʵʪʦʤ ʚʦʟʨʘʩʪʝ ʪʘʢʞʝ 

ʥʘʙʣʶʜʘʣʠʩʴ ʨʘʟʣʠʯʠʷ ʚ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ CSMD1 ʠ ʝʛʦ ʧʘʨʘʣʦʛʦʚ ʚ ʢʦʨʝ 

ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ (ʈʠʩʫʥʦʢ 12 ʇʨʠʣʦʞʝʥʠʷ). ɺʧʦʣʥʝ ʚʦʟʤʦʞʥʦ, ʯʪʦ ʚʳʩʦʢʘʷ 

ʵʢʩʧʨʝʩʩʠʷ ʧʘʨʘʣʦʛʦʚ ʚ ʧʨʝʥʘʪʘʣʴʥʦʤ ʧʝʨʠʦʜʝ ʠʛʨʘʝʪ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʨʘʟʚʠʚʘʶʱʝʛʦʩʷ ʤʦʟʛʘ, ʘ ʦʪʩʫʪʩʪʚʠʝ ʛʝʥʘ CSMD1 ʚ ʙʦʣʝʝ 

ʩʪʘʨʰʝʤ ʚʦʟʨʘʩʪʝ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʩʣʘʙʦʤʫ ʧʨʦʷʚʣʝʥʠʶ ʟʘʙʦʣʝʚʘʥʠʷ. ɺ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʵʪʦʡ ʛʠʧʦʪʝʟʳ ʫ ʧʘʮʠʝʥʪʘ ʩ ʙʦʣʝʝ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ ʟʘʙʦʣʝʚʘʥʠʝ 

ʧʨʦʪʝʢʘʝʪ ʙʦʣʝʝ ʪʷʞʝʣʦ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʘʥʘʣʠʟ ʬʫʥʢʮʠʡ ʧʨʦʜʫʢʪʦʚ ʛʝʥʦʚ 

CSMD1 ʠ LRCH2 ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ ʚʳʷʚʠʣ ʦʜʥʠ ʠ ʪʝ ʞʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, 

ʚʨʦʞʜʸʥʥʳʡ ʠʤʤʫʥʠʪʝʪ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʮʠʪʦʩʢʝʣʝʪʘ ʠ ʤʠʛʨʘʮʠʶ ʢʣʝʪʦʢ 

[Gialeli et al., 2018; Kajava, 1998]. ʊʘʢ, ʙʝʣʢʠ ʩʝʤʝʡʩʪʚʘ CSMD ʠʤʝʶʪ ʙʦʣʴʰʦʝ 

ʩʭʦʜʩʪʚʦ ʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʢʦʥʫʩʝ ʨʦʩʪʘ ʦʪʨʦʩʪʢʦʚ ʥʝʡʨʦʥʦʚ, ʫʯʘʩʪʚʫʶʪ ʚ 

ʨʦʩʪʝ ʠ ʚʝʪʚʣʝʥʠʠ ʜʝʥʜʨʠʪʦʚ ʠ ʦʙʨʘʟʦʚʘʥʠʠ ʥʦʚʳʭ ʩʠʥʘʧʩʦʚ [Kraus et al., 2007; 

Mizukami et al., 2016; Gutierrez et al., 2019]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʚ ʦʙʦʠʭ ʛʝʥʘʭ 

CSMD1 ʠ LRCH2 ʦʙʥʘʨʫʞʝʥʳ ʚʘʨʠʘʥʪʳ ʚʦ ʚʥʝʢʣʝʪʦʯʥʳʭ ʜʦʤʝʥʘʭ, 

ʫʯʘʩʪʚʫʶʱʠʭ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʜʨʫʛʠʤʠ ʙʝʣʢʘʤʠ ʠ, ʩʢʦʨʝʝ ʚʩʝʛʦ, 

ʥʘʨʫʰʘʶʱʠʝ ʵʪʠ ʩʚʷʟʠ. ʊʘʢ, ʥʘʨʫʰʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ CSMD1 ʩ ʦʩʥʦʚʥʳʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ʢʦʤʧʣʝʤʝʥʪʘ C3 ʠʟ-ʟʘ ʧʘʪʦʛʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʤʦʞʝʪ ʙʳʪʴ 
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ʨʝʟʫʣʴʪʘʪʦʤ ʫʩʠʣʝʥʥʦʛʦ ʘʫʪʦʠʤʤʫʥʥʦʛʦ ʦʪʚʝʪʘ ʠ ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʡ ʛʠʙʝʣʠ ʠ 

ʥʝʜʦʨʘʟʚʠʪʠʷ ʥʝʡʨʦʥʦʚ [Escudero-Esparza et al., 2013]. ʇʘʪʦʛʝʥʥʳʡ ʚʘʨʠʘʥʪ ʚ 

ʙʝʣʢʝ LRCH2 ʪʘʢʞʝ ʨʘʩʧʦʣʦʞʝʥ ʚ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʘʷ, ʚʝʨʦʷʪʥʦ, ʧʦʜʘʚʣʷʝʪ 

ʠʤʤʫʥʥʳʡ ʦʪʚʝʪ [Rivi¯re et al., 2020; Ng et al., 2011]. ʇʦʩʢʦʣʴʢʫ ʦʙʘ ʛʝʥʘ 

ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳ ʥʘ ʵʚʦʣʶʮʠʦʥʥʦʤ ʠ ʧʦʧʫʣʷʮʠʦʥʥʦʤ ʫʨʦʚʥʷʭ ʠ 

ʦʪʩʫʪʩʪʚʫʶʪ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʜʘʥʥʳʝ ʦ ʛʦʤʦ- ʠ ʛʝʤʠʟʠʛʦʪʥʳʭ ʤʫʪʘʮʠʷʭ, 

ʧʨʠʚʦʜʷʱʠʭ ʢ ʥʘʨʫʰʝʥʠʶ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ, ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʦ, ʯʪʦ ʧʦʣʥʦʝ 

ʠʭ ʦʪʩʫʪʩʪʚʠʝ ʤʦʞʝʪ ʙʳʪʴ ʥʝʩʦʚʤʝʩʪʠʤʦ ʩ ʞʠʟʥʴʶ.  

ʅʝ ʠʩʢʣʶʯʝʥʦ, ʯʪʦ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʵʢʩʧʨʝʩʩʠʠ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ 

ʜʨʫʛʠʝ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ CSMD1 ʠ LRCH2 ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʧʘʪʦʣʦʛʠʷʤ, ʩʚʷʟʘʥʥʳʤ ʩ ʧʦʨʘʞʝʥʠʝʤ ʥʝ ʪʦʣʴʢʦ ʜʚʠʛʘʪʝʣʴʥʳʭ, ʥʦ ʠ 

ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ. ʊʘʢ, ʚ ʧʨʦʮʝʩʩʝ ʨʝʮʝʥʟʠʨʦʚʘʥʠʷ ʠ ʦʧʫʙʣʠʢʦʚʘʥʠʷ 

ʩʪʘʪʴʠ ʚ ʞʫʨʥʘʣʝ ʚʳʰʣʘ ʩʪʘʪʴʷ ʩ ʜʨʫʛʠʤ ʥʘʨʫʰʝʥʠʝʤ ʚ ʛʝʥʝ CSMD1 ʫ 

ʧʘʮʠʝʥʪʘ ʩ ʩʠʤʧʪʦʤʘʤʠ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫ ʢʦʪʦʨʦʛʦ ʪʘʢʞʝ ʙʳʣʠ ʦʧʠʩʘʥʳ 

ʥʝʡʨʦʧʩʠʭʠʯʝʩʢʠʝ ʦʪʢʣʦʥʝʥʠʷ [Costanzo et al., 2022], ʵʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʥʝʟʘʚʠʩʠʤʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʘ ʪʘʢʞʝ ʛʠʧʦʪʝʟʫ, 

ʧʦʣʫʯʝʥʥʫʶ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʵʢʩʧʨʝʩʩʠʠ ʧʘʨʘʣʦʛʦʚ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʜʨʫʛʠʭ 

ʤʫʪʘʮʠʡ ʚ ʜʘʥʥʦʤ ʛʝʥʝ ʚʦʟʤʦʞʥʦ ʧʨʦʷʚʣʝʥʠʝ ʙʦʣʝʝ ʪʷʞʸʣʦʛʦ ʬʝʥʦʪʠʧʘ. 

ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʤʦʞʝʪ ʧʦʩʣʫʞʠʪʴ ʥʦʚʳʡ ʚʘʨʠʘʥʪ, ʚʳʷʚʣʝʥʥʳʡ ʚ ʵʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʫ ʧʘʮʠʝʥʪʘ AIV-1 ʚ ʛʝʥʝ ʤʝʪʘʙʦʪʨʦʧʥʦʛʦ ʛʣʫʪʘʤʘʪʥʦʛʦ 

ʨʝʮʝʧʪʦʨʘ GRM1. ʄʫʪʘʮʠʠ ʚ ʵʪʦʤ ʛʝʥʝ ʧʨʠʚʦʜʷʪ ʢ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʦʡ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ ʘʪʘʢʩʠʠ 44-ʛʦ ʪʠʧʘ ʠ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ ʘʪʘʢʩʠʠ 13-ʛʦ ʪʠʧʘ. ɼʣʷ ʘʫʪʦʩʦʤʥʦ-ʜʦʤʠʥʘʥʪʥʦʡ ʬʦʨʤʳ 

ʭʘʨʘʢʪʝʨʥʳ ʧʦʟʜʥʝʝ ʥʘʯʘʣʦ ʠ ʩʣʘʙʘʷ ʧʨʦʛʨʝʩʩʠʷ ʟʘʙʦʣʝʚʘʥʠʷ, ʭʦʪʷ ʚ ʦʜʥʦʤ ʠʟ 

ʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʝʚ ʥʘʙʣʶʜʘʣʦʩʴ ʨʘʥʥʝʝ ʥʘʯʘʣʦ ʩ ʙʦʣʝʝ ʪʷʞʸʣʳʤ ʪʝʯʝʥʠʝʤ ʠ 

ʥʘʨʫʰʝʥʠʝʤ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ [Watson et al., 2017]. ɺ ʩʣʫʯʘʝ ʘʫʪʦʩʦʤʥʦ-

ʨʝʮʝʩʩʠʚʥʦʡ ʬʦʨʤʳ ʪʝʯʝʥʠʝ ʟʘʙʦʣʝʚʘʥʠʷ ʙʦʣʝʝ ʪʷʞʸʣʦʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝʩʷ 

ʧʩʠʭʦʤʦʪʦʨʥʦʡ ʟʘʜʝʨʞʢʦʡ ʨʘʟʚʠʪʠʷ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʴʶ, ʥʠʟʢʠʤ ʨʦʩʪʦʤ, 

ʤʳʰʝʯʥʦʡ ʛʠʧʦʪʦʥʠʝʡ ʠ ʩʠʣʴʥʳʤ ʥʘʨʫʰʝʥʠʝʤ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʞʠʟʥʠ, ʥʝʢʦʪʦʨʳʝ ʧʘʮʠʝʥʪʳ ʥʝʩʧʦʩʦʙʥʳ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ 
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ʧʝʨʝʜʚʠʛʘʪʴʩʷ ʠ ʛʦʚʦʨʠʪʴ [Guergueltcheva et al., 2012; Davarniya et al., 2015; 

Cabet et al., 2019]. ʊʷʞʝʩʪʴ ʟʘʙʦʣʝʚʘʥʠʷ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʘ ʩ ʪʠʧʦʤ ʤʫʪʘʮʠʠ ʚ 

ʛʝʥʝ, ʚ ʜʚʫʭ ʠʟ ʪʨʸʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʩʣʫʯʘʝʚ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʳʭ 

ʟʘʙʦʣʝʚʘʥʠʡ ʥʘʨʫʰʝʥʠʝ ʚ ʛʝʥʝ ʧʨʠʚʦʜʠʣʠ ʢ ʥʘʨʫʰʝʥʠʶ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ ʠ 

ʫʩʝʯʝʥʠ ʁʨʝʮʝʧʪʦʨʘ [Guergueltcheva et al., 2012; Cabet et al., 2019]. ʅʦʚʘʷ 

ʛʦʤʦʟʠʛʦʪʥʘʷ ʤʫʪʘʮʠʷ ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʚ ʦʜʥʦʤ 

ʠʟ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʭ ʜʦʤʝʥʦʚ ʨʝʮʝʧʪʦʨʘ mGluR1 ʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʨʘʥʝʝ 

ʦʧʠʩʘʥʥʳʭ ʩʠʥʜʨʦʤʦʚ, ʧʨʠʚʝʣʘ ʢ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ ʬʦʨʤʝ ʟʘʙʦʣʝʚʘʥʠʷ, 

ʠʤʝʶʱʝʡ ʙʦʣʴʰʦʝ ʩʭʦʜʩʪʚʦ ʩʦ ʩʣʫʯʘʷʤʠ ʚ ʩʝʤʴʝ AX ʠ AI, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠʩʷ ʨʘʥʥʠʤ ʥʘʯʘʣʦʤ ʟʘʙʦʣʝʚʘʥʠʷ, ʟʘʜʝʨʞʢʦʡ ʤʦʪʦʨʥʦʛʦ 

ʨʘʟʚʠʪʠʷ, ʛʠʧʦʧʣʘʟʠʝʡ ʤʦʟʞʝʯʢʘ, ʜʠʟʘʨʪʨʠʠ ʠ ʘʪʘʢʩʠʝʡ ʙʝʟ ʢʣʠʥʠʯʝʩʢʠ 

ʟʥʘʯʠʤʳʭ ʢʦʛʥʠʪʠʚʥʳʭ ʥʘʨʫʰʝʥʠʡ.  

ɺ ʩʝʤʴʷʭ AX ʠ AI-IV ʠʩʩʣʝʜʦʚʘʥʳ ʛʝʥʝʪʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ ʫʥʠʢʘʣʴʥʳʭ 

ʩʣʫʯʘʝʚ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʥʘʨʫʰʝʥʠʶ ʨʘʟʚʠʪʠʷ ʤʦʪʦʨʥʳʭ 

ʬʫʥʢʮʠʡ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʠʥʪʝʣʣʝʢʪʘ ʠ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ. ʀʥʪʝʨʝʩʥʳʤ 

ʷʚʣʷʝʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʩʣʫʯʘʡ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʝʤʴʝ Q: ʜʝʬʝʢʪ ʥʘʡʜʝʥ ʚ 

ʛʝʥʝ GRID2, ʵʢʩʧʨʝʩʩʠʷ ʢʦʪʦʨʦʛʦ ʦʛʨʘʥʠʯʝʥʘ ʢʣʝʪʢʘʤʠ ʇʫʨʢʠʥʴʝ ʢʦʨʳ 

ʤʦʟʞʝʯʢʘ, ʜʝʬʠʮʠʪ ʜʘʥʥʦʛʦ ʛʝʥʘ, ʥʘʧʨʦʪʠʚ, ʧʨʠʚʸʣ ʢ ʢʨʘʡʥʝ ʨʝʜʢʦʤʫ 

ʩʠʥʜʨʦʤʫ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ ʩ ʪʷʞʸʣʦʡ ʬʦʨʤʦʡ ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, 

ʧʦʣʥʳʤ ʦʪʩʫʪʩʪʚʠʝʤ ʨʝʯʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ. ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʩʰʠʨʠʣʦ 

ʛʝʥʝʪʠʯʝʩʢʠʡ ʠ ʵʚʦʣʶʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʧʦʥʠʤʘʥʠʝ ʧʘʪʦʛʝʥʝʟʘ ʯʨʝʟʚʳʯʘʡʥʦ 

ʨʝʜʢʦʛʦ ʬʝʥʦʪʠʧʘ, ʦʧʠʩʘʥʥʦʛʦ ʚ ʙʨʘʟʠʣʴʩʢʦʡ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʦʡ ʩʝʤʴʝ Q.  

ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʨʝʜʢʦʝ ʟʘʙʦʣʝʚʘʥʠʝ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q ʚʳʟʚʘʥʦ 

ʜʝʣʝʮʠʝʡ ʚ ʛʝʥʝ GRID2, ʪʦʛʜʘ ʢʘʢ ʚʦ ʚʩʝʭ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʷʭ ʥʘʨʫʰʝʥʠʝ 

ʵʪʦʛʦ ʛʝʥʘ ʧʨʠʚʦʜʠʣʦ ʢ ʧʨʦʛʨʝʩʩʠʨʫʶʱʝʡ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʡ 

ʩʧʠʥʦʮʝʨʝʙʝʣʣʷʨʥʦʡ ʘʪʘʢʩʠʠ 18-ʛʦ ʪʠʧʘ, ʦʙʱʠʝ ʢʣʠʥʠʯʝʩʢʠʝ ʧʨʠʟʥʘʢʠ 

ʢʦʪʦʨʦʡ ʚʢʣʶʯʘʶʪ ʥʘʨʫʰʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʠ ʦʙʱʫʶ ʟʘʜʝʨʞʢʫ ʨʘʟʚʠʪʠʷ ʠ 

ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʘʪʨʦʬʠʠ ʤʦʟʞʝʯʢʘ ʚ ʵʤʙʨʠʦʥʘʣʴʥʳʡ ʧʝʨʠʦʜ [Maier et 

al., 2014; Utine et al., 2013; Hills et al., 2013; Van Schil et al., 2015; Coutelier et al., 
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2015; Taghdiri et al., 2019; Ceylan et al., 2020; Hetzelt et al., 2020; Ali et al., 2017, 

Iodice et al., 2020] (ʊʘʙʣʠʮʘ 15 ʇʨʠʣʦʞʝʥʠʷ). ʆʜʥʘʢʦ ʥʝʣʴʟʷ ʧʦʣʥʦʩʪʴʶ 

ʠʩʢʣʶʯʠʪʴ, ʯʪʦ ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʥʝʡʨʦʨʝʘʙʠʣʠʪʘʮʠʷ ʚ ʧʝʨʚʳʝ ʛʦʜʳ ʞʠʟʥʠ ʤʦʛʣʘ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʢʚʘʜʨʦʧʝʜʠʠ ʚ ʩʝʤʴʝ Q. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʫ ʧʘʮʠʝʥʪʦʚ ʩ 

ʜʝʬʝʢʪʘʤʠ GRID2 ʧʨʠʩʫʪʩʪʚʦʚʘʣʘ ʙʠʧʝʜʘʣʴʥʘʷ ʣʦʢʦʤʦʮʠʷ ʢʘʢ ʩ ʦʧʦʨʦʡ, ʪʘʢ ʠ 

ʙʝʟ ʥʝʸ, ʥʝʩʤʦʪʨʷ ʥʘ ʟʘʜʝʨʞʢʫ ʤʦʪʦʨʥʦʛʦ ʨʘʟʚʠʪʠʷ. ʊʘʢʞʝ ʚ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ 

ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʷʭ ʩ ʤʫʪʘʮʠʷʤʠ ʚ ʛʝʥʝ GRID2 ʨʝʯʝʚʳʝ ʨʘʩʩʪʨʦʡʩʪʚʘ ʫ 

ʧʘʮʠʝʥʪʦʚ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠʩʴ ʜʠʟʘʨʪʨʠʝʡ, ʧʨʠ ʵʪʦʤ ʨʝʯʴ ʙʳʣʘ ʥʝʦʛʨʘʥʠʯʝʥʘ, 

ʣʠʙʦ ʩʦʩʪʦʷʣʘ ʠʟ ʧʨʦʩʪʳʭ ʧʨʝʜʣʦʞʝʥʠʡ. ʇʦʪʝʥʮʠʘʣʴʥʦ ʜʨʫʛʠʝ ʛʝʥʝʪʠʯʝʩʢʠʝ 

ʚʘʨʠʘʥʪʳ ʤʦʛʫʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤ ʠʣʠ ʥʝʡʨʦʧʘʪʦʣʦʛʠʯʝʩʢʠʤ 

ʦʩʦʙʝʥʥʦʩʪʷʤ ʩʠʥʜʨʦʤʘ çʠʥʚʦʣʶʮʠʠè ʚ ʩʝʤʴʝ Q (ʊʘʙʣʠʮʘ 8). ʅʘʧʨʠʤʝʨ, ʙʳʣ 

ʦʙʥʘʨʫʞʝʥ ʨʝʜʢʠʡ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ CDS1, ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʚ ʪʦʡ ʞʝ ʦʙʣʘʩʪʠ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʚ ʨʘʡʦʥʝ 4q22. ɻʝʥ CDS1 ʫʯʘʩʪʚʫʝʪ ʚ 

ʙʠʦʩʠʥʪʝʟʝ ʬʦʩʬʦʠʥʦʟʠʪʠʜʦʚ ʠ ʙʠʦʛʝʥʝʟʝ ʣʠʧʠʜʥʳʭ ʢʘʧʝʣʴ, ʘ ʪʘʢʞʝ 

ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʛʦʣʦʚʥʦʤ ʤʦʟʛʝ ʠ ʜʨʫʛʠʭ ʪʢʘʥʷʭ. ʆʜʥʘʢʦ 

ʙʠʦʠʥʬʦʨʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʦ, ʯʪʦ ʥʘʡʜʝʥʥʳʡ ʛʝʥʝʪʠʯʝʩʢʠʡ ʚʘʨʠʘʥʪ ʚ ʛʝʥʝ 

CDS1 ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʥʝʟʥʘʯʠʪʝʣʝʥ. ʊʘʢʞʝ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʨʝʜʢʠʝ 

ʛʝʥʝʪʠʯʝʩʢʠʝ ʚʘʨʠʘʥʪʳ ʚ ʛʝʥʘʭ ʠʟ ʛʝʥʦʤʥʳʭ ʨʝʛʠʦʥʦʚ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ (ʊʘʙʣʠʮʘ 8ɺ). ʉʘʤʦʝ ʠʥʪʝʨʝʩʥʦʝ, ʯʪʦ ʩʨʝʜʠ ʥʠʭ 

ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʧʘʪʦʛʝʥʥʘʷ ʤʠʩʩʝʥʩ ʤʫʪʘʮʠʷ ʚ ʵʚʦʣʶʮʠʦʥʥʦ ʚʳʩʦʢʦ 

ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʛʝʥʘ ARNT2. ɻʝʥ ARNT2 ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʵʢʩʧʨʝʩʩʠʶ 

ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ ʠ ʚ ʦʜʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣ ʩʚʷʟʘʥ ʩ ʘʫʪʦʩʦʤʥʦ-

ʨʝʮʝʩʩʠʚʥʳʤ ʩʠʥʜʨʦʤʦʤ ʋʵʙʙʘ ð ɼʘʪʪʘʥʠ [Webb et al., 2013]. ʆʜʥʘʢʦ ʥʠ ʦʜʥʘ 

ʠʟ ʤʫʪʘʮʠʡ ʚ ʦʙʣʘʩʪʷʭ ʩ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʥʝ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʦʞʠʜʘʝʤʦʤʫ ʘʫʪʦʩʦʤʥʦ-ʨʝʮʝʩʩʠʚʥʦʤʫ ʪʠʧʫ ʥʘʩʣʝʜʦʚʘʥʠʷ 

(ʊʘʙʣʠʮʘ 9). 

ʋ ʥʝʢʦʪʦʨʳʭ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q ʥʘʨʫʰʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ 

ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʩʫʜʦʨʦʛʘʤʠ, ʢʦʪʦʨʳʭ ʥʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʥʠ ʚ ʦʜʥʦʤ ʜʨʫʛʦʤ 

ʦʧʠʩʘʥʥʦʤ ʩʣʫʯʘʝ; ʙʦʣʝʝ ʪʦʛʦ, ʥʝʪ ʫʧʦʤʠʥʘʥʠʡ ʦ ʛʠʨʩʫʪʠʟʤʝ ʠ ʟʘʜʝʨʞʢʝ ʨʦʩʪʘ 

ʚ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʷʭ ʧʘʪʦʣʦʛʠʠ ʛʝʥʘ GRID2 [Maier et al., 2014; Utine et 
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al., 2013; Hills et al., 2013; Van Schil et al., 2015; Coutelier et al., 2015; Ceylan et 

al., 2020; Hetzelt et al., 2020; Ali et al., 2017, Iodice et al., 2020; Taghdiri et al., 

2019]. ʅʝʣʴʟʷ ʠʩʢʣʶʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʩʠʤʧʪʦʤʳ ʛʠʨʩʫʪʠʟʤʘ 

ʩʚʷʟʘʥʳ ʩ ʜʨʫʛʠʤʠ ʛʝʥʝʪʠʯʝʩʢʠʤʠ ʬʘʢʪʦʨʘʤʠ. ɼʝʣʝʮʠʷ ʫʜʘʣʷʝʪ 5-7 ʵʢʟʦʥʳ 

ʛʝʥʘ GRID2, ʢʦʪʦʨʳʝ ʢʦʜʠʨʫʶʪ ʧʦʣʦʚʠʥʫ ʜʦʤʝʥʘ ATD, ʧʨʠʣʝʛʘʶʱʝʛʦ ʢ 

ʣʠʛʘʥʜ-ʩʚʷʟʳʚʘʶʱʝʤʫ ʜʦʤʝʥʫ LBD. ʊʘʢʘʷ ʜʝʣʝʮʠʷ ʚʣʠʷʝʪ ʥʘ ʚʩʝ 

ʧʨʝʜʩʢʘʟʘʥʥʳʝ ʠʟʦʬʦʨʤʳ ʙʝʣʢʘ GRID2, ʪʦʛʜʘ ʢʘʢ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʥʝʝ 

ʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʝʚ [Maier et al., 2014; Utine et al., 2013; Hills et al., 2013; Van 

Schil et al., 2015; Coutelier et al., 2015; Ceylan et al., 2020; Hetzelt et al., 2020; Ali 

et al., 2017, Iodice et al., 2020], ʢʨʦʤʝ ʦʜʥʦʛʦ [Taghdiri et al., 2019], ʤʫʪʘʮʠʠ ʥʝ 

ʧʨʠʚʦʜʷʪ ʢ ʥʘʨʫʰʝʥʠʶ ʚʩʝʭ ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʠʟʦʬʦʨʤ. ɼʝʣʝʮʠʷ, ʚʳʷʚʣʝʥʥʘʷ ʫ 

ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ Q, ʯʘʩʪʠʯʥʦ ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʩ ʜʝʣʝʮʠʝʡ, ʦʧʠʩʘʥʥʦʡ ʫ 

ʤʳʰʝʡ ho-4J, ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʧʨʦʷʚʣʷʶʪ ʘʪʘʢʩʠʶ, ʘʥʦʤʘʣʴʥʦʝ ʜʚʠʛʘʪʝʣʴʥʦʝ 

ʦʙʫʯʝʥʠʝ, ʥʘʨʫʰʝʥʠʝ ʙʘʣʘʥʩʘ ʠ ʢʦʦʨʜʠʥʘʮʠʠ [Lalouette et al., 1998]. 

ɸʥʪʨʦʧʦʣʦʛʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʧʠʩʳʚʘʝʪ ʙʠʧʝʜʘʣʴʥʫʶ ʣʦʢʦʤʦʮʠʶ 

ʘʚʩʪʨʘʣʦʧʠʪʝʢʘʤ [Latimer, Lovejoy, 1990; Fern§ndez et al., 2016]. ɺ ʜʘʥʥʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʵʚʦʣʶʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ ʛʝʥʘ GRID2 ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, ʣʦʢʦʤʦʮʠʶ, ʨʝʯʴ ʠ ʠʥʪʝʣʣʝʢʪ ʫ ʧʨʠʤʘʪʦʚ. 

ɸʤʠʥʦʢʠʩʣʦʪʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʝʮʝʧʪʦʨʘ GRID2 ʫ ʯʝʣʦʚʝʢʘ ʥʝ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʘʢʦʚʦʡ ʫ ʰʠʤʧʘʥʟʝ; ʢʨʦʤʝ ʪʦʛʦ, ʚ ʵʚʦʣʶʮʠʦʥʥʦʤ ʜʝʨʝʚʝ 

ʧʨʠʤʘʪʦʚ ʦʪʩʫʪʩʪʚʫʶʪ ʚʝʪʚʠ ʩʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʤʠ ʧʨʠʟʥʘʢʘʤʠ 

ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʦʪʙʦʨʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʡ ʪʝʩʪ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʈʅʂ 

ʧʨʝʜʩʢʘʟʘʣ ʥʝʩʢʦʣʴʢʦ ʟʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʣʷ 

ʩʠʥʦʥʠʤʠʯʥʳʭ ʟʘʤʝʥ, ʩʧʝʮʠʬʠʯʥʳʭ ʜʣʷ Homo sapiens, ʚ ʚʳʩʦʢʦ 

ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʦʣʦʞʝʥʠʷʭ. ɼʚʝ ʟʘʤʝʥʳ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʘ GRID2 ʧʨʠʚʦʜʷʪ ʢ ʧʦʚʳʰʝʥʠʶ ʫʨʦʚʥʷ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ, ʘ ʝʱʸ ʜʚʝ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʚʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ʙʝʣʦʢ-

ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʩʥʠʞʘʶʪ ʫʨʦʚʝʥʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 

ɻʠʙʙʩʘ. ɹʦʣʝʝ ʪʦʛʦ, ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʘʥʘʣʠʟʳ ʪʘʢʩʦʥʦʚ Hominoidea ʪʘʢʞʝ 

ʧʦʢʘʟʘʣʠ ʪʝʥʜʝʥʮʠʶ ʢ ʩʥʠʞʝʥʠʶ ʫʨʦʚʥʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ. 
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ʀʟʤʝʥʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʈʅʂ ʚʣʠʷʝʪ ʥʘ ʜʘʣʴʥʝʡʰʠʡ 

ʪʨʘʥʩʧʦʨʪ ʠ ʪʨʘʥʩʣʷʮʠʶ ʙʝʣʢʘ; ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʧʪʠʤʘʣʴʥʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʈʅʂ ʩʧʦʩʦʙʩʪʚʫʝʪ ʣʫʯʰʝʡ ʧʨʦʜʫʢʮʠʠ, ʪʦʯʥʦʩʪʠ 

ʠ ʬʦʣʜʠʥʛʫ ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʙʝʣʢʘ [Faure et al., 2017; Dhindsa et al., 2020]. 

ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʛʝʥ GRID2 ʜʦʩʪʠʛʘʝʪ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʵʢʩʧʨʝʩʩʠʠ ʚ ʢʣʝʪʢʘʭ 

ʇʫʨʢʠʥʴʝ, ʥʘʯʠʥʘʷ ʩ ʵʤʙʨʠʦʥʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ ʠ ʩʦʭʨʘʥʷʝʪ ʝʸ ʥʘ ʚʳʩʦʢʦʤ 

ʫʨʦʚʥʝ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʡ ʞʠʟʥʠ ʯʝʣʦʚʝʢʘ (ʈʠʩʫʥʦʢ 20 ʠ 22 ʇʨʠʣʦʞʝʥʠʷ). 

ʂʨʦʤʝ ʪʦʛʦ, ʵʢʩʧʨʝʩʩʠʷ ʛʝʥʘ GRID2 ʪʘʢʞʝ ʩʦʭʨʘʥʷʝʪʩʷ ʩʨʝʜʠ ʤʣʝʢʦʧʠʪʘʶʱʠʭ 

(ʈʠʩʫʥʦʢ 21 ʇʨʠʣʦʞʝʥʠʷ). ʅʠʟʢʠʡ ʫʨʦʚʝʥʴ ʵʢʩʧʨʝʩʩʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ 

ʜʨʫʛʠʭ ʦʪʜʝʣʘʭ ʤʦʟʛʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʣʦʙʥʦʡ ʢʦʨʝ, ʛʜʝ ʛʝʥ GRID2 

ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʚ ʥʝʡʨʦʥʘʭ ʧʷʪʦʛʦ ʩʣʦʷ ʢʦʨʳ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ, ʢʦʪʦʨʳʡ 

ʫʯʘʩʪʚʫʝʪ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʜʚʠʛʘʪʝʣʴʥʳʭ ʬʫʥʢʮʠʡ (ʈʠʩʫʥʦʢ 22 ʇʨʠʣʦʞʝʥʠʷ). 

ʇʦʢʘʟʘʥʦ ʧʨʠ ʨʘʟʚʠʪʠʠ ʫ ʤʳʰʝʡ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʬʫʥʢʮʠʡ ʨʝʮʝʧʪʦʨʘ 

GRID2 ʚ ʢʣʝʪʢʘʭ ʇʫʨʢʠʥʴʝ ʷʚʣʷʝʪʩʷ ʩʠʥʘʧʪʦʛʝʥʝʟ. ɿʘʚʠʩʠʤʘʷ ʦʪ D-ʩʝʨʠʥʘ 

ʧʝʨʝʜʘʯʘ ʩʠʛʥʘʣʦʚ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʜʦʣʛʦʚʨʝʤʝʥʥʦʡ ʜʝʧʨʝʩʩʠʠ ʚ ʩʠʥʘʧʩʘʭ 

ʤʝʞʜʫ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʚʦʣʦʢʥʘʤʠ ʠ ʢʣʝʪʢʘʤʠ ʇʫʨʢʠʥʴʝ, ʜʣʷ ʘʢʪʠʚʘʮʠʠ 

ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʨʝʩʠʥʘʧʪʠʯʝʩʢʠʤ ɓ-ʥʝʡʨʝʢʩʠʥʦʤ-1 

(ɓ-NRXN1). [Matsuda et al., 2010; Uemura et al. 2010; Elegheert et al., 2016]. 

ɼʦʤʝʥ ATD ʚ ʨʝʮʝʧʪʦʨʝ GRID2 ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʦʩʨʝʜʥʠʢʦʤ 

Cbln1 ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ʩ ɓ-NRXN1 [Elegheert et al., 2016]. ʇʦʪʝʨʷ 

ʜʦʤʝʥʘ ATD ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʣʝʮʠʠ ʚ ʩʝʤʴʝ Q, ʚʦʟʤʦʞʥʦ, ʥʘʨʫʰʠʣʘ ʵʪʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʨʘʟʠʣʴʩʢʘʷ ʩʝʤʴʷ Q ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʣʫʯʘʡ ʥʘʨʫʰʝʥʠʷ ʙʠʧʝʜʘʣʴʥʦʡ ʣʦʢʦʤʦʮʠʠ, ʨʝʯʠ ʠ ʢʦʛʥʠʪʠʚʥʳʭ ʬʫʥʢʮʠʡ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʛʝʥʝʪʠʯʝʩʢʠʤ ʜʝʬʝʢʪʦʤ, ʥʘʨʫʰʘʶʱʠʤ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʣʝʪʦʢ 

ʇʫʨʢʠʥʴʝ ʚ ʤʦʟʞʝʯʢʝ. 

ɿɸʂʃʖʏɽʅʀɽ 

ɺ ʵʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣ ʧʨʦʚʝʜʸʥ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚ ʰʝʩʪʠ ʩʝʤʴʷʭ 

ʩ ʨʝʜʢʠʤʠ ʚʨʦʞʜʸʥʥʳʤʠ ʧʘʪʦʣʦʛʠʷʤʠ ʤʦʟʞʝʯʢʘ c ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʡ 
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ʪʝʭʥʦʣʦʛʠʠ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ, ʠ ʚʳʷʚʣʝʥʳ ʥʦʚʳʝ 

ʛʝʥʝʪʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʨʝʜʢʠʤ ʬʦʨʤʘʤ ʨʘʥʥʝʡ 

ʘʪʘʢʩʠʠ ʩ ʛʠʧʦʧʣʘʟʠʝʡ ʤʦʟʞʝʯʢʘ. ʏʪʦʙʳ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʛʝʥʝʪʠʯʝʩʢʠʝ 

ʥʘʨʫʰʝʥʠʷ ʧʨʠ ʨʝʜʢʠʭ ʟʘʙʦʣʝʚʘʥʠʷʭ ʚ ʤʘʣʳʭ ʩʝʤʴʷʭ ʠʣʠ ʝʜʠʥʠʯʥʳʭ ʩʣʫʯʘʷʭ, 

ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ 

ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ, ʧʦʠʩʢ ʠ ʩʨʘʚʥʝʥʠʝ ʛʝʥʦʚ-ʧʘʨʘʣʦʛʦʚ, ʠʭ ʬʫʥʢʮʠʡ ʠ ʥʘʣʠʯʠʝ 

ʠʟʙʳʪʦʯʥʦʩʪʠ ʛʝʥʦʚ, ʘʥʘʣʠʟ ʠʭ ʵʢʩʧʨʝʩʩʠʠ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ ʚ ʧʝʨʠʦʜ 

ʧʨʝʥʘʪʘʣʴʥʦʛʦ ʠ ʧʦʩʪʥʘʪʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ.  

ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʥʦʚʳʝ 

ʛʝʥʝʪʠʯʝʩʢʠʝ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʝ ʤʠʩʩʝʥʩ ʤʫʪʘʮʠʠ ʚ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ 

ʦʙʣʘʩʪʷʭ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʦʚ LRCH2 ʠ CSMD1, 

ʥʘʩʣʝʜʩʪʚʝʥʥʳʝ ʧʘʪʦʣʦʛʠʠ ʜʣʷ ʢʦʪʦʨʳʭ ʨʘʥʝʝ ʥʝ ʙʳʣʠ ʦʧʠʩʘʥʳ. ɸʥʘʣʠʟ ʵʪʠʭ 

ʛʝʥʦʚ ʧʦʢʘʟʘʣ ʦʙʱʠʝ ʘʥʘʪʦʤʠʯʝʩʢʠʝ ʠ ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʝ ʨʝʛʠʦʥʳ ʵʢʩʧʨʝʩʩʠʠ ʠ 

ʦʙʱʠʭ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʫʪʠ ʠ ʧʨʦʮʝʩʩʳ, ʚ ʢʦʪʦʨʳʝ ʚʦʚʣʝʯʝʥʳ ʦʙʘ ʛʝʥʘ, 

ʧʨʦʠʩʭʦʜʷʱʠʝ ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ ʨʘʟʚʠʪʠʷ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʯʝʣʦʚʝʢʘ. ʊʘʢ, 

ʧʦʚʳʰʝʥʥʘʷ ʵʢʩʧʨʝʩʩʠʷ ʦʙʦʠʭ ʛʝʥʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʧʘʨʘʣʦʛʘʤʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʠʥʪʝʨʥʝʡʨʦʥʘʭ ʤʦʟʞʝʯʢʘ ʠ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ ʤʦʟʛʘ, ʦʪʚʝʯʘʶʱʠʭ 

ʟʘ ʤʦʪʦʨʥʳʝ ʬʫʥʢʮʠʠ. ʆʙʘ ʛʝʥʘ ʚʥʦʩʷʪ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʥʝʡʨʦʥʦʚ ʤʦʟʞʝʯʢʘ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʦʪʦʨʥʳʭ ʬʫʥʢʮʠʡ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʫʯʘʩʪʚʫʶʪ ʚ ʤʠʛʨʘʮʠʠ 

ʢʣʝʪʦʢ ʠ ʧʨʦʮʝʩʩʘʭ ʚʨʦʞʜʸʥʥʦʛʦ ʠʤʤʫʥʠʪʝʪʘ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʚ ʧʨʝʥʘʪʘʣʴʥʳʡ 

ʧʝʨʠʦʜ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʠʛʨʘʝʪ ʛʝʥ LRCH2, ʪʦʛʜʘ ʢʘʢ ʚ ʧʦʩʪʥʘʪʘʣʴʥʳʡ 

ʧʝʨʠʦʜ, ʥʘʯʠʥʘʷ ʩ ʧʦʟʜʥʝʛʦ ʜʝʪʩʪʚʘ ʜʦ ʨʘʥʥʝʡ ʚʟʨʦʩʣʦʩʪʠ, ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ 

ʜʣʷ ʨʘʟʚʠʪʠʷ ʠʤʝʝʪ ʛʝʥ CSMD1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʣʴʥʝʡʰʝʝ ʠʟʫʯʝʥʠʝ 

ʚʳʷʚʣʝʥʥʳʭ ʛʝʥʦʚ ʠ ʛʝʥʝʪʠʯʝʩʢʠʭ ʚʘʨʠʘʥʪʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ 

ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʩʥʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʜʚʠʛʘʪʝʣʴʥʳʭ ʬʫʥʢʮʠʡ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ.  

ʇʦʣʥʦʛʝʥʦʤʥʳʡ ʘʥʘʣʠʟ ʚ ʙʦʣʴʰʦʡ ʙʫʨʷʪʩʢʦʡ ʩʝʤʴʝ (ʩʝʤʴʷ AX) ʚʳʷʚʠʣ 

ʫʥʠʢʘʣʴʥʦʝ ʩʦʯʝʪʘʥʠʝ ʜʚʫʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ, ʥʘʩʣʝʜʫʝʤʳʭ ʚ ʦʜʥʦʡ 

ʛʨʫʧʧʝ ʩʮʝʧʣʝʥʠʷ: ʤʠʩʩʝʥʩ ʤʫʪʘʮʠʶ ʚ ʛʝʥʝ ABCB7 ʠ ʜʝʣʝʮʠʶ ʚ ʛʝʥʝ ATP7A. 
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ɼʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʛʠʧʦʧʣʘʟʠʠ 

ʤʦʟʞʝʯʢʘ ʠ ʢʣʠʥʠʯʝʩʢʦʛʦ ʬʝʥʦʪʠʧʘ ʘʪʘʢʩʠʠ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AX ʷʚʣʷʝʪʩʷ 

ʥʦʚʘʷ ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ ABCB7, ʪʦʛʜʘ ʢʘʢ ʜʝʣʝʮʠʷ ʚ ʛʝʥʝ ATP7A ʥʝ ʥʘʨʫʰʘʝʪ 

ʦʩʥʦʚʥʳʝ ʬʫʥʢʮʠʠ ʛʝʥʘ, ʦʜʥʘʢʦ ʤʦʞʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʪʨʘʥʩʧʦʨʪʸʨʘ ʠ ʚʣʠʷʪʴ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʶ ʠʦʥʦʚ ʞʝʣʝʟʘ ʠ ʤʝʜʠ ʚ ʢʣʝʪʢʘʭ ʠ, 

ʚʦʟʤʦʞʥʦ, ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʥʝʜʦʩʪʘʪʦʢ ʞʝʣʝʟʘ ʚ ʢʣʝʪʢʘʭ. ʊʝʤ ʩʘʤʳʤ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ ʦʪʩʫʪʩʪʚʠʝ ʚʳʨʘʞʝʥʥʳʭ ʩʠʤʧʪʦʤʦʚ ʩʠʜʝʨʦʙʣʘʩʪʥʦʡ ʘʥʝʤʠʠ ʫ 

ʧʘʮʠʝʥʪʦʚ. ɺ ʩʝʤʴʝ AX ʥʘʡʜʝʥʘ ʝʱʸ ʦʜʥʘ ʫʥʠʢʘʣʴʥʘʷ ʛʝʥʝʪʠʯʝʩʢʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ: ʜʝʣʝʮʠʷ ʚ ʛʝʥʝ ATP7A ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ ʥʘʪʫʨʘʣʴʥʦʤʫ 

ʥʦʢʘʫʪʫ ʨʝʪʨʦʛʝʥʘ PGAM4. ʕʪʦʪ ʨʝʪʨʦʛʝʥ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ 

ʪʝʩʪʠʢʫʣʘʭ, ʠ ʚ ʥʝʩʢʦʣʴʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʝʛʦ ʨʦʣʴ ʚ 

ʩʧʝʨʤʘʪʦʛʝʥʝʟʝ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʦʣʥʦʝ ʦʪʩʫʪʩʪʚʠʝ ʨʝʪʨʦʛʝʥʘ PGAM4, ʫ 

ʧʘʮʠʝʥʪʦʚ ʩʦʭʨʘʥʝʥʘ ʬʝʨʪʠʣʴʥʦʩʪʴ ʚʚʠʜʫ ʥʘʣʠʯʠʷ ʨʦʜʥʳʭ ʩʳʥʦʚʝʡ ʫ ʦʜʥʦʛʦ 

ʠʟ ʧʘʮʠʝʥʪʦʚ, ʧʦʜʪʚʝʨʞʜʸʥʥʳʭ ʛʝʥʝʪʠʯʝʩʢʠʤ ʘʥʘʣʠʟʦʤ STR-ʤʘʨʢʝʨʦʚ. 

ʆʜʥʘʢʦ ʥʝ ʠʩʢʣʶʯʝʥʦ ʚʣʠʷʥʠʝ ʥʘ ʩʧʝʨʤʘʪʦʟʦʠʜʳ, ʥʝʩʫʱʠʝ X-ʭʨʦʤʦʩʦʤʫ, ʪʘʢ 

ʢʘʢ ʫ ʧʘʮʠʝʥʪʘ ʥʝ ʙʳʣʦ ʜʦʯʝʨʝʡ, ʘ ʚʩʝ ʪʨʦʝ ʝʛʦ ʜʝʪʝʡ ʠʤʝʶʪ ʤʫʞʩʢʦʡ ʧʦʣ.  

ɺ ʧʦʩʣʝʜʥʝʡ, ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ (ʩʝʤʴʷ Q) ʧʨʦʚʝʜʸʥ ʛʝʥʝʪʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʨʝʜʢʦʛʦ ʩʠʥʜʨʦʤʘ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, 

ʥʘʨʫʰʝʥʠʷ ʨʝʯʠ ʠ ʢʚʘʜʨʦʧʝʜʠʠ, ʚʳʟʚʘʥʥʦʛʦ ʜʝʣʝʮʠʝʡ ʚ ʚʳʩʦʢʦ 

ʢʦʥʩʝʨʚʘʪʠʚʥʦʤ ʛʝʥʝ GRID2, ʠ ʠʟʫʯʝʥʦ ʵʚʦʣʶʮʠʦʥʥʦʝ ʟʥʘʯʝʥʠʝ ʵʪʦʛʦ 

ʠʟʤʝʥʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ 

ʵʚʦʣʶʮʠʦʥʥʦʡ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʛʝʥʘ GRID2. ʅʘʨʫʰʝʥʠʝ ʵʪʠʭ ʦʙʣʘʩʪʝʡ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʙʠʧʝʜʘʣʴʥʦʡ 

ʣʦʢʦʤʦʮʠʠ ʠ ʟʘʪʨʘʛʠʚʘʝʪ ʵʚʦʣʶʮʠʦʥʥʦ ʜʨʝʚʥʠʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ 

ʤʦʟʛʘ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʧʝʨʝʜʚʠʞʝʥʠʝ, ʢʦʛʥʠʪʠʚʥʳʝ ʬʫʥʢʮʠʠ ʠ ʨʝʯʴ. ɺʘʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʨʫʛʠʝ ʛʝʥʝʪʠʯʝʩʢʠʝ ʩʦʙʳʪʠʷ, ʪʘʢʠʝ ʢʘʢ ʩʠʥʦʥʠʤʠʯʥʳʝ ʟʘʤʝʥʳ, 

ʚʣʠʷʶʱʠʝ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʈʅʂ, ʤʦʛʫʪ 

ʧʨʦʠʟʚʦʜʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʠʣʠ ʤʦʜʠʬʠʮʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʥʘ ʢʣʠʥʠʯʝʩʢʠʡ 

ʬʝʥʦʪʠʧ. 
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ɺʓɺʆɼʓ 

7. ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ ABCB7, ʢʦʪʦʨʘʷ ʧʨʠʚʝʣʘ ʢ X-ʩʮʝʧʣʝʥʥʦʡ 

ʨʝʮʝʩʩʠʚʥʦʡ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʙʦʣʴʰʦʡ ʙʫʨʷʪʩʢʦʡ 

ʩʝʤʴʠ. ɼʘʥʥʘʷ ʤʫʪʘʮʠʷ ʥʘʩʣʝʜʫʝʪʩʷ ʚ ʛʨʫʧʧʝ ʩʮʝʧʣʝʥʠʷ ʩ ʢʨʫʧʥʦʡ 

ʜʝʣʝʮʠʝʡ ʚ ʛʝʥʝ ATP7A, ʧʨʠʚʦʜʷʱʝʡ ʢ ʫʜʘʣʝʥʠʶ ʚʪʦʨʦʛʦ ʵʢʟʦʥʘ ʠ 

ʨʝʪʨʦʛʝʥʘ PGAM4. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʝʣʝʮʠʠ ʪʨʘʥʩʧʦʨʪʸʨ ATP7A ʫʪʨʘʯʠʚʘʝʪ 

ʧʝʨʚʳʡ ʠʟ ʰʝʩʪʠ ʤʝʜʴ-ʩʚʷʟʳʚʘʶʱʠʭ ʜʦʤʝʥʦʚ, ʩʦʭʨʘʥʷʷ ʦʩʥʦʚʥʫʶ 

ʬʫʥʢʮʠʶ. ʆʪʩʫʪʩʪʚʠʝ ʨʝʪʨʦʛʝʥʘ PGAM4, ʵʢʩʧʨʝʩʩʠʨʫʝʤʦʛʦ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʪʝʩʪʠʢʫʣʘʭ, ʥʝ ʥʘʨʫʰʘʝʪ ʤʫʞʩʢʫʶ ʬʝʨʪʠʣʴʥʦʩʪʴ. 

8. ɸʥʘʣʠʟ ʚ ʯʝʪʳʨʸʭ ʤʘʣʳʭ ʩʝʤʴʷʭ ʚʳʷʚʠʣ ʛʝʥʝʪʠʯʝʩʢʫʶ ʛʝʪʝʨʦʛʝʥʥʦʩʪʴ 

ʢʣʠʥʠʯʝʩʢʠ ʙʣʠʟʢʠʭ ʨʝʜʢʠʭ ʩʣʫʯʘʝʚ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ. ɺ ʦʜʥʦʡ ʠʟ 

ʩʝʤʝʡ ʚʳʷʚʣʝʥʘ ʥʦʚʘʷ ʤʫʪʘʮʠʷ ʚ ʛʝʥʝ GRM1, ʩʪʘʚʰʘʷ ʧʨʠʯʠʥʦʡ 

ʚʨʦʞʜʸʥʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ.    

9. ʈʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʤʘʩʩʦʚʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʥʦʚʳʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʨʝʜʢʠʭ 

ʟʘʙʦʣʝʚʘʥʠʡ ʚ ʩʧʦʨʘʜʠʯʝʩʢʠʭ ʩʣʫʯʘʷʭ ʠ ʩʣʫʯʘʷʭ ʚ ʤʘʣʳʭ ʩʝʤʴʷʭ ʩ 

ʥʝʦʧʨʝʜʝʣʸʥʥʦʡ ʵʪʠʦʣʦʛʠʝʡ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʩʨʘʚʥʠʪʝʣʴʥʳʡ 

ʘʥʘʣʠʟ ʬʫʥʢʮʠʡ ʠ ʵʢʩʧʨʝʩʩʠʠ in silico ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ʠ ʠʭ ʧʘʨʘʣʦʛʦʚ 

ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ ʦʥʪʦʛʝʥʝʟʘ. 

10. ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʚʳʷʚʣʝʥʳ ʥʦʚʳʝ ʛʝʥʳ LRCH2 ʠ 

CSMD1, ʚ ʢʦʪʦʨʳʭ ʤʠʩʩʝʥʩ ʚʘʨʠʘʥʪʳ ʧʨʠʚʝʣʠ ʢ ʛʠʧʦʧʣʘʟʠʠ ʤʦʟʞʝʯʢʘ ʚ 

ʩʣʫʯʘʷʭ ʩ ʨʝʜʢʦʡ ʘʫʪʦʩʦʤʥʦ- ʠ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ ʬʦʨʤʦʡ 

ʩʧʠʥʦʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ.   

11. ʆʙʥʘʨʫʞʝʥʘ ʜʝʣʝʮʠʷ ʚ ʛʝʥʝ GRID2, ʷʚʣʷʶʱʘʷʩʷ ʧʨʠʯʠʥʦʡ ʨʝʜʢʦʛʦ 

ʩʠʥʜʨʦʤʘ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʠ, ʫʤʩʪʚʝʥʥʦʡ ʦʪʩʪʘʣʦʩʪʠ, ʥʘʨʫʰʝʥʠʷ ʨʝʯʠ 

ʠ ʢʚʘʜʨʦʧʝʜʠʠ ʚ ʙʨʘʟʠʣʴʩʢʦʡ ʩʝʤʴʝ. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʛʝʥʘ GRID2 ʫ 

ʧʨʠʤʘʪʦʚ ʚʳʷʚʠʣ ʥʫʢʣʝʦʪʠʜʥʳʝ ʟʘʤʝʥʳ, ʩʧʝʮʠʬʠʯʥʳʝ ʜʣʷ ʣʠʥʠʠ Homo, 

ʢʦʪʦʨʳʝ ʚʣʠʷʶʪ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʈʅʂ.  
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ʇʈʀʃʆɾɽʅʀʗ 

ʊʘʙʣʠʮʘ 1 ʇʨʠʣʦʞʝʥʠʷ. ʆʩʥʦʚʥʳʝ ʢʣʠʥʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ, ʚʳʷʚʣʝʥʥʳʝ ʫ 

ʧʘʮʠʝʥʪʦʚ ʩ X-ʩʮʝʧʣʝʥʥʦʡ ʨʝʮʝʩʩʠʚʥʦʡ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ ʠʟ ʩʝʤʴʠ AX 

[Illarioshkin et al., 1996].  

ʇʘʮʠʝʥʪ AX-III -6 AX-III -

17 

AX-III -18 AX-III -30 AX-IV-26 AX-IV-40 

ɺʦʟʨʘʩʪ ʥʘ 

ʤʦʤʝʥʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ 

54 ʛʦʜʘ 40 ʣʝʪ 38 ʣʝʪ 39 ʣʝʪ 11 ʣʝʪ 16 ʣʝʪ 

ʉʠʜʝʥʠʝ ʙʝʟ 

ʦʧʦʨʳ (ʚʦʟʨʘʩʪ) 
>10 ʤʝʩ. ʥ.ʜ. ʥ.ʜ. 15 ʤʝʩ. 14 ʤʝʩ. 6 ʤʝʩ. 

ʍʦʞʜʝʥʠʝ ʙʝʟ 

ʦʧʦʨʳ (ʚʦʟʨʘʩʪ) 
4 ʛʦʜʘ 7 ʣʝʪ 7 ʣʝʪ 4 ʛʦʜʘ 4 ʛʦʜʘ 11 ʤʝʩ. 

ʇʝʨʚʦʝ ʩʢʘʟʘʥʥʦʝ 

ʩʣʦʚʦ (ʚʦʟʨʘʩʪ) 
ʥ.ʜ. 3 ʛʦʜʘ 4 ʛʦʜʘ 4 ʛʦʜʘ 4 ʛʦʜʘ 15 ʤʝʩ. 

ɸʪʘʢʩʠʷ + + + + + + 

ɼʠʟʘʨʪʨʠʷ + + + + + + 

ʅʠʩʪʘʛʤ - + + - + + 

ʆʬʪʘʣʴʤʦʧʣʝʛʠʷ + + + + + - 

ɼʠʩʬʦʥʠʷ - - + + - - 

ʉʥʠʞʝʥʠʝ 

ʢʦʛʥʠʪʠʚʥʳʭ 

ʩʧʦʩʦʙʥʦʩʪʝʡ 

- - - - - - 

ʄʳʰʝʯʥʳʡ ʪʦʧ - - - ʩʥʠʞʝʥ - ʩʥʠʞʝʥ 

ɼʨʫʛʠʝ ʩʠʤʧʪʦʤʳ 
- - - 

ʤʠʦʢʣʦʥʠʷ; 

ʜʝʧʨʝʩʩʠʷ 
- - 

 

 

 

 

 

 



173 
 

ʊʘʙʣʠʮʘ 2 ʇʨʠʣʦʞʝʥʠʷ. ʆʩʥʦʚʥʳʝ ʢʣʠʥʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ, ʚʳʷʚʣʝʥʥʳʝ ʫ 

ʧʘʮʠʝʥʪʦʚ ʩ ʤʦʟʞʝʯʢʦʚʦʡ ʘʪʘʢʩʠʝʡ ʠʟ ʩʝʤʝʡ AI-III  [Protasova et al., 2022].  

ɻʝʦʛʨʘʬʠʯʝʩʢʠʡ 

ʨʝʛʠʦʥ 
ʄʦʩʢʚʘ ʉʝʚʝʨʥʳʡ ʂʘʚʢʘʟ 

ʉʝʤʴʷ AI ɸII ɸIII 

ʇʘʮʠʝʥʪ AI-1 AI-2 AII -1* AIII -1 AIII -2 

ɺʦʟʨʘʩʪ ʥʘ ʤʦʤʝʥʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ 
33 23 14 22 20 

ɺʦʟʨʘʩʪ ʥʘʯʘʣʘ 

ʟʘʙʦʣʝʚʘʥʠʷ 
6 ʤʝʩ. 4ï6 ʤʝʩ. 12 ʣʝʪ 17 ʣʝʪ 8 ʣʝʪ 

ʕʪʘʧʳ ʨʘʟʚʠʪʠʷ ʚ 

ʜʝʪʩʪʚʝ 

ʅʘʯʘʣ ʭʦʜʠʪʴ 

ʚ 1 ʛʦʜ 7 ʤʝʩ. 

ʅʘʯʘʣ ʭʦʜʠʪʴ ʚ 

1 ʛʦʜ 2 ʤʝʩ., 

ʛʦʚʦʨʠʪʴ ʚ 2 

ʛʦʜʘ 

ʥʦʨʤʘʣʴʥʦʝ 

ʨʘʟʚʠʪʠʝ 

ʥʦʨʤʘʣʴʥʦʝ 

ʨʘʟʚʠʪʠʝ 

ʥʦʨʤʘʣʴʥʦʝ 

ʨʘʟʚʠʪʠʝ 

ɼʚʠʞʝʥʠʷ ʛʣʘʟʥʳʭ 

ʷʙʣʦʢ 

ɺ ʧʦʣʥʦʤ 

ʦʙʲʝʤʝ 

ʅʘʨʫʰʝʥʳ 

ʧʣʘʚʥʳʝ 

ʩʣʝʜʷʱʠʝ 

ʜʚʠʞʝʥʠʷ ʚ 

ʩʪʦʨʦʥʳ 

ɺ ʧʦʣʥʦʤ 

ʦʙʲʝʤʝ 

ɺ ʧʦʣʥʦʤ 

ʦʙʲʝʤʝ 

ɺ ʧʦʣʥʦʤ 

ʦʙʲʝʤʝ 

ʅʠʩʪʘʛʤ  -  - 
ɻʦʨʠʟʦʥ-

ʪʘʣʴʥʳʡ 
ʈʦʪʘʪʦʨʥʳʡ ʈʦʪʘʪʦʨʥʳʡ 

ɼʠʟʘʨʪʨʠʷ  +  +  -  +  + 

ʅʘʨʫʰʝʥʠʝ 

ʢʦʦʨʜʠʥʘʮʠʠ ʚ 

ʢʦʥʝʯʥʦʩʪʷʭ 

 +  +  +  +  + 

ɼʠʩʜʠʘʜʦʭʦʢʠʥʝʟ  +  +  +  +  + 

ʇʨʦʙʘ ʈʦʤʙʝʨʛʘ  +  +  +  +  + 

ʇʦʭʦʜʢʘ 
ʐʘʪʢʘʷ, ʙʝʟ 

ʦʧʦʨʳ 

ʐʘʪʢʘʷ, ʙʝʟ 

ʦʧʦʨʳ 

ʐʘʪʢʘʷ, ʙʝʟ 

ʦʧʦʨʳ 

ʐʘʪʢʘʷ, ʙʝʟ 

ʦʧʦʨʳ 

ʐʘʪʢʘʷ, ʙʝʟ 

ʦʧʦʨʳ 

ʊʨʝʤʦʨ 
ʀʥʪʝʥʮʠ-

ʦʥʥʳʡ  

ʀʥʪʝʥʮʠʦʥʥʳʡ 

ʠ 

ʦʩʮʠʣʣʷʪʦʨʥʳʡ 

ʀʥʪʝʥʮʠʦʥʥʳʡ   -  - 

ʄʳʰʝʯʥʘʷ 

ʛʠʧʦʪʦʥʠʷ 
 +  +  -  -  - 

ʉʝʥʩʦʨʥʳʝ 

ʥʘʨʫʰʝʥʠʷ 
 -  -  -  -  - 

ʂʦʛʥʠʪʠʚʥʳʝ 

ʥʘʨʫʰʝʥʠʷ 
- -  -  - - 

ʄʈʊ ʤʦʟʛʘ 
ʄʦʟʞʝʯʢʦʚʘʷ 

ʛʠʧʦʧʣʘʟʠʷ 

ʄʦʟʞʝʯʢʦʚʘʷ 

ʛʠʧʦʧʣʘʟʠʷ 

ʄʦʟʞʝʯʢʦʚʘʷ 

ʛʠʧʦʧʣʘʟʠʷ 

ʄʦʟʞʝʯʢʦʚʘʷ 

ʛʠʧʦʧʣʘʟʠʷ 

ʄʦʟʞʝʯʢʦʚʘʷ 

ʛʠʧʦʧʣʘʟʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʥʝʨʚʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ 

ɼʝʤʠʝʣʠʥʠ- 

ʟʠʨʫʶʱʘʷ 

ʧʦʣʠʥʝʚʨʦ-

ʧʘʪʠʷ 

ɼʝʤʠʝʣʠʥʠ- 

ʟʠʨʫʶʱʘʷ 

ʧʦʣʠʥʝʚʨʦ-

ʧʘʪʠʷ 

ʆʪʢʣʦʥʝʥʠʡ ʥʝ 

ʚʳʷʚʣʝʥʦ 

ʆʪʢʣʦʥʝʥʠʡ 

ʥʝ ʚʳʷʚʣʝʥʦ 

ʆʪʢʣʦʥʝʥʠʡ ʥʝ 

ʚʳʷʚʣʝʥʦ 

*ʇʘʮʠʝʥʪ ɸII-2, ʤʣʘʜʰʠʡ ʙʨʘʪ ʧʘʮʠʝʥʪʘ ɸII-1, ʠʤʝʝʪ ʘʥʘʣʦʛʠʯʥʦʝ ʟʘʙʦʣʝʚʘʥʠʝ. 
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ʊʘʙʣʠʮʘ 3 ʇʨʠʣʦʞʝʥʠʷ. ʆʩʥʦʚʥʳʝ ʢʣʠʥʠʯʝʩʢʠʝ ʩʠʤʧʪʦʤʳ, ʚʳʷʚʣʝʥʥʳʝ ʫ 

ʧʘʮʠʝʥʪʦʚ ʩ ʩʠʥʜʨʦʤʦʤ CAMRQ [Garcias, Roth, 2007].  

ʇʘʮʠʝʥʪ Q-IV-1 Q-IV-2 Q-IV-3 Q-IV-4 

ɺʦʟʨʘʩʪ ʥʘ 

ʤʦʤʝʥʪ 

ʦʙʩʣʝʜʦʚʘʥʠʷ 

35 34 33 32 

ʇʦʣ ɾʝʥ. ʄʫʞ. ɾʝʥ. ʄʫʞ. 

ɿʘʜʝʨʞʢʘ 

ʨʘʟʚʠʪʠʷ 

+ + + + 

ʇʦʭʦʜʢʘ ʂʚʘʜʨʦʧʝʜʠʷ ʂʚʘʜʨʦʧʝʜʠʷ ʂʚʘʜʨʦʧʝʜʠʷ ʂʚʘʜʨʦʧʝʜʠʷ 

ʈʝʯʴ ʆʪʩʫʪʩʪʚʫʝʪ ʆʪʩʫʪʩʪʚʫʝʪ ʆʪʩʫʪʩʪʚʫʝʪ ʆʪʩʫʪʩʪʚʫʝʪ 

ʅʠʩʪʘʛʤ + + + + 

ʉʪʨʘʙʠʟʤ + + + + 

ʋʤʩʪʚʝʥʥʘʷ 

ʦʪʩʪʘʣʦʩʪʴ 

+ + + + 

ʉʫʜʦʨʦʛʠ - - + - 

ʈʦʩʪ 1,47 ʤ 1,50 ʤ 1,42 ʤ 1,59 ʤ 

ɻʨʫʙʳʝ ʯʝʨʪʳ 

ʣʠʮʘ 

+ + + + 

ʂʦʨʦʪʢʠʝ 

ʢʦʥʝʯʥʦʩʪʠ 

+ + + + 

ɻʠʨʩʫʪʠʟʤ + + + + 
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ʊʘʙʣʠʮʘ 4 ʇʨʠʣʦʞʝʥʠʷ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʣʷ 

ʚʘʣʠʜʘʮʠʠ ʢʘʥʜʠʜʘʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʠ ʘʥʘʣʠʟʘ ʤʫʪʘʮʠʡ ʚʦ ʚʩʝʭ ʵʢʟʦʥʘʭ ʛʝʥʘ 

ABCB7, ʘ ʪʘʢʞʝ ʘʥʘʣʠʟʘ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʛʝʥʝ ATP2B3 ʩ 

ʧʦʤʦʱʴʶ ʇʎʈ ʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. 

ʕʢʟʦʥ, 

ɻʝʥ 
ʅʘʟʚʘʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʈʘʟʤʝʨ 

ʧʨʦʜʫʢʪʘ 

(ʧ.ʥ.) 

Tm, ʦʉ 

1, ABCB7 
ABCB7-Ex1-F TATTCCCGGTTGTGTAAGGA 

513 55 
ABCB7-Ex1-R CACTTACTGCTGCTCCCAGT 

2, ABCB7 
ABCB7-Ex2-F AAGTGTCCACTCTGAAACTTCC 

190 54 
ABCB7-Ex2-R GGGAAATACTCCAAGGGTTT 

3, ABCB7 
ABCB7-Ex3-F TCAAGCCAAATTGTGAAACA 

206 55 
ABCB7-Ex3-R TGCAAGGACAATCATCAAGA 

4, ABCB7 
ABCB7-Ex4-F TGAAAGATATTAGCCTTAGATTCAGA 

340 54 
ABCB7-Ex4-R CAGGCCCAGGATTCATAAC 

5, ABCB7 
ABCB7-Ex5-F TTTTGTGTATAATGGGTAATTGATG 

287 54 
ABCB7-Ex5-R CAAACATCCAAAACGCTAAG 

6, ABCB7 
ABCB7-Ex6-F TTTCTGAGCCCTTGTCATTTC 

441 55 
ABCB7-Ex6-R ATGGGCATGCAACAGTACAA 

7-8, 

ABCB7 

ABCB7-Ex7-8-F ACCGAGATTTGCTGTTGTGT 
392 60 

ABCB7-Ex7-8-R CAGTGTGAAAGGCAGAGGA 

9, ABCB7 
ABCB7-Ex9-F CATACATGAAGTCTGATGAAAAGT 

346 55 
ABCB7-Ex9-R TAAGCATGCACATTCCTTTC 

10, ABCB7 
ABCB7-Ex10-F TTAAGAATATTTTGTTCCGTCGT 

361 57 
ABCB7-Ex10-R TTGGTTTGCTAATGTGGTGA 

11-12, 

ABCB7 

ABCB7-Ex11-12-F CTAGGCAGTGCGTAAAGTGG 
540 54 

ABCB7-Ex11-12-R CAACCCAATAAATCCTCCAA 

13, ABCB7 
ABCB7-Ex13-F CCCTTTATGCCTTTGTCTCTT 

396 57 
ABCB7-Ex13-R TGTGACTCAACGAGCACTACA 

14, ABCB7 
ABCB7-Ex14-F ATGCATGCACTATGCTTCCT 

222 54 
ABCB7-Ex14-R TGCAGCCATTTTACTGAAAC 

15, ABCB7 
ABCB7-Ex15-F CATTTGCCTAATGTGTACTTCTT 

278 56 
ABCB7-Ex15-R CAGGATTCAGTCTCAACCAA 

16, ABCB7 
ABCB7-Ex16-F TGTGTATGAGGAATTGGGAGA 

540 60 
ABCB7-Ex16-R GGGATAAATACAGATGCCACA 

20, 

ATP2B3 

ATP2B3-Ex20-F GGGAGCTACACACCGAAGTC 
375 60 

ATP2B3-Ex20-R GTGGACGAGGGGTCTTGAA 
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ʊʘʙʣʠʮʘ 5 ʇʨʠʣʦʞʝʥʠʷ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʣʷ 

ʚʘʣʠʜʘʮʠʠ ʠ ʘʥʘʣʠʟʘ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ ATP7A, ʥʘʡʜʝʥʥʦʡ ʚ ʩʝʤʴʝ AX, ʩ ʧʦʤʦʱʴʶ 

ʇʎʈ ʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. 

ʆʙʣʘʩʪʴ, ɻʝʥ ʅʘʟʚʘʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʈʘʟʤʝʨ 

ʧʨʦʜʫʢʪʘ 

(ʧ.ʥ.) 

Tm, 

ʦʉ 

2 ʵʢʟʦʥ, ATP7A 
ATP7A-Ex2-F AAGCAGGAAGAATGCTTACCATA 

398 58 
ATP7A-Ex2-R TCAGTGTGTCTGCTTCTATCTCA 

3 ʵʢʟʦʥ, ATP7A 
ATP7A-Ex3-F ACTCTTCTTGAATGTGGTGTGA 

693 58 
ATP7A-Ex3-R GCAAGCACTCTAGTCTCATGGAT 

ʆʙʣʘʩʪʴ ʚʥʫʪʨʠ 

ʜʝʣʝʮʠʠ, ATP7A 

ATP7A-del_IN_ F GCCTGGGATGGAAGGTAAAT 
392 58 

ATP7A-del_IN_ R TCTGTGCTGTGCATTGTGAA 

ʇʨʘʚʘʷ ʛʨʘʥʠʮʘ 

ʜʝʣʝʮʠʷ, ATP7A 

ATP7A-del_at_R_F TGCCAAAAGCTTGAGGATTC 
746 58 

ATP7A-del_at_R_R CCAGTGGACAAAGCTTTCATT 

ʃʝʚʘʷ ʛʨʘʥʠʮʘ 

ʜʝʣʝʮʠʷ, ATP7A 

ATP7A-del_at_L_F TTGAGTCTGTTTTTAACCATTATGC 
1460 60 

ATP7A-del_at_L_R TGACCACCCCAACTAATGCT 

ɼʝʣʝʮʠʷ 

ʮʝʣʠʢʦʤ, ATP7A 

ATP7A-del_at_L_F TTGAGTCTGTTTTTAACCATTATGC 
1327 58 

ATP7A-del_at_R_R CCAGTGGACAAAGCTTTCATT 

PGAM4 
PG4_for_out GGGAAAAAGAATTTTCAGCGTA 

1921 60 
PG4_rev_out GGGTGGTCTAATTGTTCAAAGC 

PGAM4 
PG4_for_in CCTGCTGGTCTTGTCCCTCT ʜʣʷ ʩʠʢʚʝʥʩʥʦʡ 

ʨʝʘʢʮʠʠ PG4_rev_in CCCATCTGCAGCTACAACTC 
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ʊʘʙʣʠʮʘ 6 ʇʨʠʣʦʞʝʥʠʷ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʣʷ 

ʚʘʣʠʜʘʮʠʠ ʢʘʥʜʠʜʘʪʥʳʭ ʚʘʨʠʘʥʪʦʚ, ʥʘʡʜʝʥʥʳʭ ʚ ʩʝʤʴʷʭ AI-IV, ʩ ʧʦʤʦʱʴʶ 

ʇʎʈ ʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. 

ʅʘʟʚʘʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʈʘʟʤʝʨ 

ʧʨʦʜʫʢʪʘ 

(ʧ.ʥ.) 

Tm, ʦʉ 

FAAH2_for GGACTGGCTTTGTTGGAAGA 

264 

58 

FAAH2_rev TGCTTTCCTTGGAAACATACATC 

LRCH2_for TGGCTCTTGATTTAGGTGCTT 

325 

57 

LRCH2_rev TGCCAGATGGTAAGATGTTCA 

ZNF674_for AGTTCTGTGATGCACAATGAGA 

545 

58 

ZNF674_rev CCTCTGATGAGAAGCCCAGT 

ATRX_for ATTCTGCTTCCAATAGATGCTT 

374 

55 

ATRX_rev TTTGATAATTTCTATATGATGGGTTTC 

CCDC22_for GTCAGGAGTGGAGGCTGGT 

300 

58 

CCDC22_rev AGAATCTCCAGGGTGAAGTGG 

HEPH_for CAGGCCTCCTGTCCTATTTG 

199 

58 

HEPH_rev GAGGCCAGCATCTCAACATT 

FECH_for TCTTGCACTGGGCTTAGGAC 

183 

58 

FECH_rev CTGGACCATTTTCCACTTGA 

CSMD1_for TGGAGAACAGAATGCCATCA 

199 

58 

CSMD1_rev GGATTGTGTGCTTTGGGTTT 

GRM1_for GCGTTCACCATGTACACCAC 

214 

59 

GRM1_rev ATGCGGACAACATCAGAGG 
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ʊʘʙʣʠʮʘ 7 ʇʨʠʣʦʞʝʥʠʷ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʣʷ 

ʚʘʣʠʜʘʮʠʠ ʜʝʣʝʮʠʠ ʚ ʛʝʥʝ GRID2 ʠ ʜʨʫʛʠʭ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʦʚ, ʥʘʡʜʝʥʥʳʭ ʚ 

ʩʝʤʴʝ Q, ʩ ʧʦʤʦʱʴʶ ʇʎʈ ʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦ ʉʵʥʛʝʨʫ. 

ʅʘʟʚʘʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʈʘʟʤʝʨ 

ʧʨʦʜʫʢʪʘ 

(ʧ.ʥ.) 

Tm, ʦʉ 

VLDLR_For AGTGCCCATTGACTCAGCTT 224 59 

VLDLR_Rev TGAACCATCTTCGCAGTCAG 

COQ2_For GACGAGCTCGGATTGACG 194 57 

COQ2_Rev GCCTTTTGCCAATAGAAATCC 

CDS1_For GAATGTATTGGCCAGCCTGT 158 58 

CDS1_Rev AGGGGTTCTATCTGAGGATGG 

GRID2_flanked_region_For GACCTACGCTATTTCCTAGCTTT ɼʝʣʝʮʠʷ: 

432; 

ɼʠʢʠʡ 

ʪʠʧ: 345 

59 

GRID2_deletion_region_Rev GCAATTATGCCAGATCATTCTC 

GRID2_flanked_region_Rev TGTAGTCCCAGCTACTCAGGA 

PUM3_For  TGTTTAGGTTTGTCTTCTCCAGA 491 57 

PUM3_Rev  ATGCCAACAAATCAGAAGGTG 

ARNT2_For  CCTCTGAGGTATGGGAAAAGTC 300 58 

ARNT2_Rev  TGTAGGTCTGCTCTTTCCATTG 

ODF3L2_For  CTGGTGGGAGTGTCTCGG 362 59 

ODF3L2_Rev CTCCTCCGTGTCCCTTGG 
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ʊʘʙʣʠʮʘ 8 ʇʨʠʣʦʞʝʥʠʷ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʣʷ 

ʘʥʘʣʠʟʘ ʵʢʩʧʨʝʩʩʠʠ ʢʘʥʜʠʜʘʪʥʳʭ ʛʝʥʦʚ ʚ ʩʝʤʴʝ AX. 

ʅʘʟʚʘʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʈʘʟʤʝʨ 

ʧʨʦʜʫʢʪʘ 

(ʧ.ʥ.) 

Tm, ʦʉ 

ABCB7_transc_for AGAGCCATTTTGAAGGACCC 300 58 

ABCB7_transc_rev CCATTTGGGGTTATCATGGTTCT 

ATP7A_transc_full_1ex_for TCTGCGTAGCTCCAGAGGTT 586 59 

ATP7A_transc_full_3ex_rev CTTCAGCACGACTTCACCAG 

ATP7A_transc_short_18ex_rev CAGCAGTCCGACCTTTTCTC 576 59 

ATP7A_transc_nc_rev GGCAAGCTCTTCCACTTGAG 228 59 

HPRT_transc_for GACCAGTCAACAGGGGACAT 164 59 

HPRT_transc_rev CTTGCGACCTTGACCATCTT 
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ʊʘʙʣʠʮʘ 9 ʇʨʠʣʦʞʝʥʠʷ. ɺʘʨʠʘʥʪʳ, ʚʳʷʚʣʝʥʥʳʝ ʚ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʤ ʛʝʥʦʤʝ 

ʙʫʨʷʪʩʢʦʛʦ ʠʥʜʠʚʠʜʘ AX-III -17, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʝʨʝʩʤʦʪʨʝʥʥʦʡ 

ʂʝʤʙʨʠʜʞʩʢʦʡ ʵʪʘʣʦʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ (NC_012920.1). ʅʘ ʦʩʥʦʚʝ 

ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʳʡ ʛʝʥʦʤ ʙʳʣ ʦʪʥʝʩʝʥ ʢ 

ʛʘʧʣʦʛʨʫʧʧʝ C4b. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʙʦʨʢʠ ʧʦʣʥʦʛʦ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʛʦ 

ʛʝʥʦʤʘ ʜʦʩʪʫʧʥʘ ʚ NCBI GenBank ʧʦʜ ʥʦʤʝʨʦʤ ʜʦʩʪʫʧʘ KR153486. 

ʇʦʟʠʮʠʷ 
ʈʝʬʝʨʝʥʩʥʳʡ 

ʘʣʣʝʣʴ 

ɺʳʷʚʣʝʥʥʳʡ 

ʘʣʣʝʣʴ 

MT:73 A G 

MT:152 T C 

MT:247 GA G 

MT:263 A G 

MT:310 T TC 

MT:489 T C 

MT:750 A G 

MT:1438 A G 

MT:2226 T TA 

MT:2706 A G 

MT:3106 CNT CT 

MT:3552 T A 

MT:3816 A G 

MT:4715 A G 

MT:4769 A G 

MT:6026 G A 

MT:7028 C T 

MT:7196 C A 

MT:8584 G A 

MT:8701 A G 

MT:8860 A G 

ʇʦʟʠʮʠʷ 
ʈʝʬʝʨʝʥʩʥʳʡ 

ʘʣʣʝʣʴ 

ɺʳʷʚʣʝʥʥʳʡ 

ʘʣʣʝʣʴ 

MT:9540 T C 

MT:9545 A G 

MT:10398 A G 

MT:10400 C T 

MT:10873 T C 

MT:11719 G A 

MT:11914 G A 

MT:11969 G A 

MT:12705 C T 

MT:13263 A G 

MT:14318 T C 

MT:14766 C T 

MT:14783 T C 

MT:15043 G A 

MT:15204 T C 

MT:15301 G A 

MT:15326 A G 

MT:15487 A T 

MT:16223 C T 

MT:16298 T C 

MT:16327 C T 

MT:16519 T C 
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ʊʘʙʣʠʮʘ 10 ʇʨʠʣʦʞʝʥʠʷ. ɺʘʨʠʘʥʪʳ ʥʘ Y-ʭʨʦʤʦʩʦʤʝ, ʚʳʷʚʣʝʥʥʳʝ ʫ 

ʙʫʨʷʪʩʢʦʛʦ ʠʥʜʠʚʠʜʘ AX-III -17, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ 

ʨʝʬʝʨʝʥʩʥʦʛʦ ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ GRCh37. ʎʚʝʪʦʤ ʠ ʧʦʣʫʞʠʨʥʳʤ ʰʨʠʬʪʦʤ 

ʚʳʜʝʣʝʥʳ ʟʘʤʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʛʘʧʣʦʛʨʫʧʧʳ. ʅʘ ʦʩʥʦʚʝ 

ʜʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʜʣʷ Y-ʭʨʦʤʦʩʦʤʳ ʦʧʨʝʜʝʣʝʥʘ ʛʘʧʣʦʛʨʫʧʧʘ N1C1a1a*.  

ɻʘʧʣʦʛʨʫʧʧʘ ʄʘʨʢʝʨ ʇʦʟʠʮʠʷ 
ʅʫʢʣʝʦʪʠʜʥʘʷ 

ʟʘʤʝʥʘ 

ɺʳʷʚʣʝʥʥʳʡ 

ʘʣʣʝʣʴ 

A0-T L1085 Y:2790726 T->C C 

A0 L991 Y:14497059 C->A C 

A1 P305 Y:2710154 G->A G 

A1a M31 Y:21739754 G->C G 

A1b P108 Y:15426248 C->T T 

BT M91 Y:21907538 del->T T 

CT   M168 Y:14813991 C->T T 

CF P143 Y:14197867 G->A A 

F M89 Y:21917313 C->T T 

GHIJK    F1329 Y:8589031 C->T T 

IJK    L15 Y:6753519 A->G G 

K M9 Y:21730257 C->G G 

LT L298 Y:8467290 T->C T 

L M20 Y:21733454 A->G A 

T M184 Y:14898163 G->A G 

NO M214 Y:15471925 T->C C 

N M231 Y:15469724 G->A A 

N M232 Y:15437152 C->T T 

N1 LLY22g.1_1 Y:23714649 C->A A 

N1 LLY22g.1_2 Y:24022786 C->A A 

N1C   L729.1 Y:19431608 A->C C 

N1C1   M46 Y:14922583 T->C C 

N1C1   L395 Y:19048725 G->A A 

N1C1a   M178 Y:21741755 C->T T 

N1C1a1   L708 Y:7629512 C->A A 

N1C1a1a   L392 Y:6753265 A->C C 

N1C1a1a1   CTS2929 Y:14570424 T->C T 

N1C1a1a2   Z1936 Y:21463326 C->T C 
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ʊʘʙʣʠʮʘ 11 ʇʨʠʣʦʞʝʥʠʷ. ʈʘʩʯʝʪ ʢʦʥʩʝʥʩʫʩʥʳʭ ʟʥʘʯʝʥʠʡ ʢʘʥʦʥʠʯʝʩʢʠʭ ʠ 

ʢʨʠʧʪʠʯʝʩʢʠʭ ʩʘʡʪʦʚ ʩʧʣʘʡʩʠʥʛʘ ʜʣʷ ʜʠʢʦʛʦ ʠ ʤʫʪʘʥʪʥʦʛʦ ʚʘʨʠʘʥʪʦʚ C>T ʚ 

ʛʝʥʦʤʥʦʡ ʧʦʟʠʮʠʠ X:74273420 ʚ 16-ʦʤ ʵʢʟʦʥʝ ʛʝʥʘ ABCB7. 

ɹʘʟʘ ʜʘʥʥʳʭ\ 

ɺʝʩ ʩʘʡʪʘ 

ʂʘʥʦʥʠʯʝʩʢʠʡ ʩʘʡʪ ʩʧʣʘʡʩʠʥʛʘ 

ʘʢʮʝʧʪʦʨʘ  

ʂʨʠʧʪʠʯʝʩʢʦʛʦ ʩʘʡʪ ʩʧʣʘʡʩʠʥʛʘ 

ʘʢʮʝʧʪʦʨʘ 

 ɼ.ʊ. ʤʫʪ. ɼ.ʊ. ʤʫʪ. 

ʂʦʥʩʪʠʪʫʪʠʚʥʳʡ 6,29 5,28 - -3,77 

 

ʊʘʙʣʠʮʘ 12 ʇʨʠʣʦʞʝʥʠʷ. ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʩʘʡʪʘ ʩʧʣʘʡʩʠʥʛʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʪʨʘʥʩʢʨʠʧʪʦʚ ʛʝʥʘ ABCB7 ʧʨʠ ʥʫʢʣʝʦʪʠʜʥʦʡ ʟʘʤʝʥʝ C>T ʚ ʛʝʥʦʤʥʦʡ ʧʦʟʠʮʠʠ 

X:74273420, ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SpliceAI [Jaganathan K et al., 2019].  

ʅʘʟʚʘʥʠʝ ʪʨʘʥʩʢʨʠʧʪʘ 

ȹ ʪʠʧ (ȹ ʩʯʸʪ*/ʧʦʟʠʮʠʷ ʚ ʧʨʝ-ʤʈʅʂ) 

ʇʦʪʝʨʷ 

ɸʢʮʝʧʪʦʨʘ 

ʇʦʪʝʨʷ 

ɼʦʥʦʨʘ 

ʆʙʨʘʟʦʚʘʥʠʝ 

ɸʢʮʝʧʪʦʨʘ 

ʆʙʨʘʟʦʚʘʥʠʝ 

ɼʦʥʦʨʘ 

ENST00000645829.3_1 0,1 / 0 ʧ.ʥ. 0 0,01 / -6 ʧ.ʥ. 0 

ENST00000253577.9_1 / 

NM_004299.6 0,25 / 0 ʧ.ʥ. 0 0 0 

ENST00000339447.8_1 / 

NM_001271697.3 0,09 / 0 ʧ.ʥ. 0 0,01 / -6 ʧ.ʥ. 0 

ENST00000373394.8_1 / 

NM_001271696.3 0,25 / 0 ʧ.ʥ. 0 0 0 

ENST00000529949.5_1 / 

NM_001271698.3 0,3 / 0 ʧ.ʥ. 0 0 0 

ENST00000620875.5_1 / 

NM_001271699.3 0,16 / 0 ʧ.ʥ. 0 0 0 

ENST00000644766.1_1 0,09 / 0 ʧ.ʥ. 0 0,01 / -6 ʧ.ʥ. 0 

ENST00000669573.1_1 0,12 / 0 ʧ.ʥ. 0 0,01 / -6 ʧ.ʥ. 0 

ENST00000490858.1_1 0,3 / 0 ʧ.ʥ. 0 0 0 

ENST00000663420.1_1 0,31 / 0 ʧ.ʥ. 0 0 0 

ENST00000666534.1_1 0,21 / 0 ʧ.ʥ. 0 0,01 / -6 ʧ.ʥ. 0 

*ȹ ʩʯʸʪ - ʜʝʣʴʪʘ ʩʯʸʪ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ ʦʪ 0 ʜʦ 1 ʠ ʦʪʦʙʨʘʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ, ʯʪʦ ʜʘʥʥʘʷ 

ʟʘʤʝʥʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʘʡʪʘ ʩʧʣʘʡʩʠʥʛʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ +/ -50 ʧ.ʥ. ɿʥʘʯʝʥʠʷ ʜʝʣʴʪʘ 

ʩʯʸʪʘ ʤʝʥʝʝ 0,5 ʧʦʜʨʘʟʫʤʝʚʘʶʪ ʦʪʩʫʪʩʪʚʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʩʘʡʪʘ 

ʩʧʣʘʡʩʠʥʛʘ.    
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ʊʘʙʣʠʮʘ 13 ʇʨʠʣʦʞʝʥʠʷ. ʉʨʘʚʥʝʥʠʝ ʢʣʠʥʠʯʝʩʢʦʡ ʢʘʨʪʠʥʳ ʧʘʮʠʝʥʪʦʚ 

ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʫʪʘʮʠʷʤʠ ʚ ʛʝʥʝ ABCB7. ʊʄ ï ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʡ ʜʦʤʝʥ. 

ʆʧʫʙʣʠʢʦʚʘʥʥʳʡ 

ʩʣʫʯʘʡ 

ʉʣʫʯʘʡ ʚ ʩʝʤʴʝ 

AX 

Allikmets 1999; 

Pagon 1985 

Bekri 2000 Maguire 2001; 

Hellier 2001 

DôHooghe 2012 

dbSNP rs797044558 rs72554632 rs80356714 rs80356713  - 

ʅʫʢʣ. ʟʘʤʝʥʘ X:74273420 C>T X:74291351 T>G X:74290268 

G>A 

X:74290334 G>C X:74295428 A>T 

ɸʤʠʥʦʢʠʩʣ. ʟʘʤʝʥʘ  G682S V400M E433K V411L E208D 

ɼʦʤʝʥ ʚ ʙʝʣʢʝ ATM1 5 ʊʄ ʨʷʜʦʤ ʩ 6 ʊʄ 6 ʊʄ ʨʷʜʦʤ ʩʦ 2 ʊʄ 

ʏʠʩʣʦ ʧʘʮʠʝʥʪʦʚ/ 

ʦʙʣʠʛ. ʥʦʩʠʪʝʣʝʡ 

5/4 4/9 2/- 4/1 1/1 

ʄʠʢʨʦʮʠʪʘʨʥʳʝ 

ʛʠʧʦʤʦʨʬʥʳʝ 

ʢʣʝʪʢʠ 

- + + +/- + 

ʊʝʣʴʮʘ ʇʘʧʧʝʥʛʝʡʤʘ  - + ʥ.ʜ. +/- + 

ʆʙʲʝʤ ʢʣʝʪʦʢ = ʥ.ʜ. Ź =/Ź = 

ʂʣʝʪʦʯʥʳʡ 

ʛʝʤʦʛʣʦʙʠʥ 

= Ź Ź =/Ź Ź 

ʇʨʦʪʦʧʦʨʬʠʨʠʥ ʥ.ʜ. ʍ10ŷ ʍ10ŷ ʍ2-3ŷ ʍ10ŷ 

ʉʠʜʝʥʠʝ ʙʝʟ ʦʧʦʨʳ >6-15 ʤʝʩ. ʥ.ʜ. 4 ʛʦʜʘ ʥ.ʜ. 7 ʤʝʩ. 

ʍʦʞʜʝʥʠʝ ʙʝʟ ʦʧʦʨʳ 11 ʤʝʩ. - 7 ʣʝʪ <= 8 ʣʝʪ >6 ʣʝʪ 3-11 ʣʝʪ >4,5 ʣʝʪ 

ʇʝʨʚʦʝ ʩʢʘʟʘʥ. 

ʩʣʦʚʦ 

15 ʤʝʩ. - 4 ʣʝʪ ʥ.ʜ. 5 ʣʝʪ ʥ.ʜ. ʥ.ʜ. 

ɸʪʘʢʩʠʷ  + +/- ʥ.ʜ. + + 

ɼʠʩʤʝʪʨʠʷ + +/- ʥ.ʜ. + + 

ɼʠʩʜʠʘʜʦʭʦʢʠʥʝʟ + +/- + -/+ ʥ.ʜ. 

ɼʠʟʘʨʪʨʠʷ + +/- + + + 

ʉʪʨʘʙʠʟʤ +/- +/- ʥ.ʜ. + + 

ʅʠʩʪʘʛʤ +/- - + + - 

Cʫʭʦʞʠʣʴʥʳʝ 

ʨʝʬʣʝʢʩʳ 

ŷ/Ź ŷ -/Ź ŷ = 

ʈʝʬʣʝʢʩ ɹʘʙʠʥʩʢʦʛʦ ʦʪʩʫʪʩʪʚʫʝʪ ʵʢʩʪʝʥʟʦʨ, 

ʬʣʝʢʩʦʨ 

ʬʣʝʢʩʦʨ ʬʣʝʢʩʦʨ ʦʪʩʫʪʩʪʚʫʝʪ 

ʂʦʛʥʠʪʠʚʥʳʝ 

ʥʘʨʫʰʝʥʠʷ 

- - + -/+ - 

ʄʳʰʝʯʥʘʷ ʩʣʘʙʦʩʪʴ - - ʥ.ʜ. - - 

ʇʦʪʝʨʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

- - - - - 

ɻʠʧʦʧʣʘʟʠʷ 

ʤʦʟʞʝʯʢʘ 

+ + + + - 

ɼʨʫʛʠʝ ʩʠʤʧʪʦʤʳ ʫ 

ʦʜʥʦʛʦ ʠʣʠ 

ʥʝʩʢʦʣʴʢʠʭ 

ʧʘʮʠʝʥʪʦʚ 

ʜʠʩʬʘʛʠʷ, 

ʜʠʩʬʦʥʠʷ, 

ʤʠʦʢʣʦʥʠʯʝʩʢʠʝ 

ʩʫʜʦʨʦʛʠ, 

ʜʝʧʨʝʩʩʠʷ 

ʜʨʦʞʴ, 

ʘʥʦʤʘʣʴʥʳʡ 

ʪʝʩʪ ʈʦʤʙʝʨʛʘ,  

ʧʦʥʠʞʝʥʥʳʡ ʚʝʩ 

ʧʨʠ ʨʦʞʜʝʥʠʠ, 

ʫʤʩʪʚʝʥʥʘʷ 

ʦʪʩʪʘʣʦʩʪʴ  

ʜʠʧʣʦʧʠʷ, 

ʛʠʧʦʤʝʪʨʠʯʝʩʢʠʝ 

ʩʘʢʢʘʜʳ, 

ʰʠʟʦʬʨʝʥʠʷ 

 - 



184 
 

 
 

ʊʘʙʣʠʮʘ 14 ʇʨʠʣʦʞʝʥʠʷ. ʆʙʣʘʩʪʠ ʛʦʤʦʟʠʛʦʪʥʦʩʪʠ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ 

ʩʝʤʴʠ Q, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ HomozygosityMapper. 

ʉʯʸʪ ʍʨʦʤʦʩʦʤʘ 
ʅʘʯʘʣʦ 

(ʧ.ʥ.) 

ʂʦʥʝʮ  

(ʧ.ʥ.) 
ʇʝʨʚʳʡ ʆʅʇ 

ʇʦʩʣʝʜʥʠʡ 

ʆʅʇ 

ɼʣʠʥʘ 

ʦʙʣʘʩʪʠ, 

(ʧ.ʥ.) 

3000 4 78 505 578 94 129 968 rs355687 rs994011 15 624 390 

3000 7 103 397 404 113 529 740 rs694894 rs8180864 10 132 336 

3000 14 56 348 506 66 419 099 rs28496257 rs12880549 10 070 593 

3000 3 10 627 561 13 516 646 rs12490065 rs2597506 2 889 085 

2452 14 66 448 348 69 163 110 rs1147455 rs8013046 2 714 762 

3000 11 132 719 646 134 944 770 rs4575282 rs11224232 2 225 124 

2687 4 94 142 499 96 324 373 rs1875705 rs12510417 2 181 874 

 

ʊʘʙʣʠʮʘ 15 ʇʨʠʣʦʞʝʥʠʷ. ʉʨʘʚʥʝʥʠʝ ʢʣʠʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʘʮʠʝʥʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʫʪʘʮʠʷʤʠ ʚ ʛʝʥʝ GRID2. 

ʊʫʙʫʵʸ 
ʅʬʫʙʯʡʸ ʛ 

GRID2 
ʄʧʣʧʥʧʯʡʸ ʉʞʰʵ 

ʃʧʜʦʡʫʡʛʦʴʞ 
ʭʬʦʣʯʡʡ 

ɼʤʙʠʧʝʛʡʜʙʫ. 
ʨʩʡʠʦʙʣʡ ʡ 
ʠʩʞʦʡʞ 

ʆʞʛʩʧʤʧʜʡʰ. 
ʪʡʥʨʫʧʥʴ ʡ 
ʥʴʱʞʰʦʴʢ 
ʫʧʦʬʪ 

ɽʩʬʜʡʞ 
ʪʡʥʨʫʧʥʴ 

Maier et 
al., 2014 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʘ 1  

(de novo) 

ɹʠʧʝʜʘʣʴʥʘʷ, 
ʦʛʨʘʥʠʯʝʥʘ  

10 ʤ 

ɼʠʟʘʨʪʨʠʷ, 
ʜʠʩʬʘʛʠʷ  

ɺʥʠʤʘʥʠʝ ʠ 
ʘʥʪʝʨʦʛʨʘʜʥʳʝ 
ʥʘʨʫʰʝʥʠʷ ʧʘʤʷʪʠ; 
ʩʢʦʨʦʩʪʴ ʦʙʨʘʙʦʪʢʠ 
ʠʥʬʦʨʤʘʮʠʠ 
ʟʥʘʯʠʪʝʣʴʥʦ 
ʩʥʠʞʝʥʘ 

 - 

ʉʧʘʩʪʠʯʝʩʢʘʷ 
ʧʘʨʘʧʣʝʛʠʷ, 
ʧʦʚʳʰʝʥʥʳʡ 
ʩʫʭʦʞʠʣʴʥʳʡ 

ʨʝʬʣʝʢʩ, ʣʘʜʦʥʥʦ-
ʧʦʜʙʦʨʦʜʦʯʥʦʛʦ 
ʨʝʬʣʝʢʩ, 
ʜʠʩʤʝʪʨʠʷ 

 - 

Van Schil 
et al., 
2015 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʘ 2 

(ʛʦʤʦʟʠʛʦʪʘ) 
 - ɼʠʟʘʨʪʨʠʷ  - 

ɻʣʘʟʦʜʚʠʛʘʪʝʣʴʥʘʷ 
ʘʧʨʘʢʩʠʷ, 
ʪʨʫʜʥʦʩʪʠ 

ʬʠʢʩʘʮʠʠ ʚʟʛʣʷʜʘ, 
ʥʠʩʪʘʛʤ, ʨʝʟʢʦʝ 
ʩʥʠʞʝʥʠʝ ʨʝʘʢʮʠʠ 
ʧʘʣʦʯʝʢ ʠ ʢʦʣʙʦʯʝʢ 

ɸʥʦʤʘʣʴʥʳʝ 
ʜʚʠʞʝʥʠʷ ʛʦʣʦʚʳ 
ʥʘʟʘʜ; ʛʠʧʦʪʦʥʠʷ; 
ʥʦʨʤʘʣʴʥʳʝ 
ʛʣʫʙʦʢʠʝ 
ʨʝʬʣʝʢʩʳ, 
ʥʝʙʦʣʴʰʦʝ 
ʩʛʠʙʘʥʠʝ 

ʛʦʣʝʥʦʩʪʦʧʥʦʛʦ 
ʩʫʩʪʘʚʘ ʠ 
ʠʥʚʝʨʩʠʦʥʥʳʝ 
ʢʦʥʪʨʘʢʪʫʨʳ 

ɺʦʨʦʥʢʦʦʙʨʘʟʥʘʷ 
ʜʝʬʦʨʤʘʮʠʷ 
ʛʨʫʜʥʦʡ ʢʣʝʪʢʠ; 
ʛʠʧʝʨʤʦʙʠʣʴʥʦʩʪʠ 
ʩʫʩʪʘʚʦʚ 

Veerapan
-diyan  

et al., 
2017 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʘ 2 

(ʛʦʤʦʟʠʛʦʪʘ) 

ɹʠʧʝʜʘʣʴʥʘʷ, 
ʩʧʦʩʦʙʥʦʩʪʴ 
ʭʦʜʠʪʴ ʙʝʟ 
ʦʧʦʨ rʩ 7 ʣʝʪ 

ɿʘʜʝʨʞʢʘ 
ʨʝʯʠ ʠ 
ʦʛʨʘʥʠʯʝʥ-
ʥʳʡ ʩʣʦʚʘʨʴ 

ɿʘʜʝʨʞʢʘ 
ʨʘʟʚʠʪʠʷ, ʩʪʝʧʝʥʴ 
ʢʦʛʥʠʪʠʚʥʳʭ 
ʥʘʨʫʰʝʥʠʡ ʥʝ 
ʫʪʦʯʥʷʝʪʩʷ 

 ʇʨʝʨʳʚʠʩʪʳʡ 
ʪʦʥʠʯʝʩʢʠʡ ʚʟʛʣʷʜ 

ʚʚʝʨʭ, 
ʚʝʨʪʠʢʘʣʴʥʳʡ ʠ 
ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ 
ʥʠʩʪʘʛʤ, 

ɻʣʘʟʦʜʚʠʛʘʪʝʣʴʥʘʷ 
ʘʧʨʘʢʩʠʷ  

ɿʘʜʝʨʞʢʘ 
ʤʦʪʦʨʥʦʛʦ 
ʨʘʟʚʠʪʠʷ, 
ʛʠʧʦʪʦʥʠʷ, 

ʛʠʧʝʨʨʝʬʣʝʢʩʠʷ, 
ʘʪʘʢʩʠʷ 

ʢʦʥʝʯʥʦʩʪʝʡ ʠ 
ʪʫʣʦʚʠʱʘ 

ɻʨʫʜʦʧʦʷʩʥʠʯʥʳʡ 
ʢʠʬʦʟ ʠ ʩʢʦʣʠʦʟ 
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ʊʫʙʫʵʸ 
ʅʬʫʙʯʡʸ ʛ 

GRID2  
ʄʧʣʧʥʧʯʡʸ ʉʞʰʵ 

ʃʧʜʦʡʫʡʛʦʴʞ 
ʭʬʦʣʯʡʡ 

ɼʤʙʠʧʝʛʡʜʙʫ. 
ʨʩʡʠʦʙʣʡ ʡ 
ʠʩʞʦʡʞ 

ʆʞʛʩʧʤʧʜʡʰ. 
ʪʡʥʨʫʧʥʴ ʡ 
ʥʴʱʞʰʦʴʢ 
ʫʧʦʬʪ 

ɽʩʬʜʡʞ 
ʪʡʥʨʫʧʥʴ 

Utine et 
al., 2013 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʘ 3 ʠ 4 
(ʛʦʤʦʟʠʛʦʪʘ) 

ɹʠʧʝʜʘʣʴʥʘʷ ʩ 
ʦʧʦʨʦʡ  

(ʚ 8 ʠ 11 ʣʝʪ)  

ɼʠʟʘʨʪʨʠʷ 
ɿʘʜʝʨʞʢʘ 
ʛʣʦʙʘʣʴʥʦʛʦ 
ʨʘʟʚʠʪʠʷ 

ʅʠʩʪʘʛʤ, 
ʛʣʘʟʦʜʚʠʛʘʪʝʣʴʥʘʷ 
ʘʧʨʘʢʩʠʷ, 
ʥʘʨʫʰʝʥʠʝ 

ʬʠʢʩʘʮʠʠ ʚʟʛʣʷʜʘ, 
ʥʝʩʧʦʩʦʙʥʦʩʪʴ 
ʥʘʟrʚʘʪʴ ʮʚʝʪʘ 

ɸʥʦʤʘʣʴʥʳʝ 
ʜʚʠʞʝʥʠʷ ʛʦʣʦʚʳ 
ʥʘʟʘʜ, ʪʫʣʦʚʠʱʥʘʷ 

ʘʪʘʢʩʠʷ, 
ʜʠʩʤʝʪʨʠʷ, 

ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ, 
ʧʦʚʳʰʝʥʥʳʡ 
ʩʫʭʦʞʠʣʴʥʳʡ 
ʨʝʬʣʝʢʩ ʠ 
ʜʚʫʩʪʦʨʦʥʥʠʡ 
ʨʝʬʣʝʢʩ 
ɹʘʙʠʥʩʢʦʛʦ 

ɺʦʨʦʥʢʦʦʙʨʘʟʥʘʷ 
ʜʝʬʦʨʤʘʮʠʷ 
ʛʨʫʜʥʦʡ ʢʣʝʪʢʠ, 
ʩʫʩʪʘʚʥʘʷ ʩʣʘʙʦʩʪʴ, 
ʚʳʩʪʫʧʘʶʱʘʷ 
ʧʷʪʦʯʥʘʷ ʢʦʩʪʴ, 
ʜʚʫʩʪʦʨʦʥʥʝʝ 
ʫʚʝʣʠʯʝʥʠʝ 

ʧʦʜʢʦʞʥʦʡ ʞʠʨʦʚʦʡ 
ʢʣʝʪʯʘʪʢʠ ʚ ʦʙʣʘʩʪʠ 
ʩʪʦʧ, ʣʦʧʦʫʭʦʩʪʴ 

Hill et al., 
2013 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʘ 4 

(ʛʝʪʝʨʦʟʠʛʦʪʘ) 
ʠ ɻ ʢʟʦʥʘ 2 

(ʛʦʤʦʟʠʛʦʪʘ) 

ɹʠʧʝʜʘʣʴʥʘʷ ʩ 
ʦʧʦʨʦʡ, 

ʟʘʚʠʩʠʤʳʡ ʦʪ 
ʠʥʚʘʣʠʜʥʦʛʦ 
ʢʨʝʩʣʘ 

ʆʜʠʥʦʯʥʳʝ 
ʩʣʦʚʘ ʠ 
ʢʦʨʦʪʢʠʝ 
ʧʨʝʜʣʦʞʝʥʠʷ 

ɿʘʜʝʨʞʢʘ ʨʝʯʝʚʦʛʦ 
ʠ ʢʦʛʥʠʪʠʚʥʦʛʦ 
ʨʘʟʚʠʪʠʝ 

ʅʠʩʪʘʛʤ, 
ʧʨʠʩʪʘʣʴʥʳʡ 

ʚʟʛʣʷʜ, ʪʦʥʠʯʝʩʢʠʡ 
ʚʟʛʣʷʜ ʚʚʝʨʭ 

ʊʫʣʦʚʠʱʥʘʷ ʠ 
ʘʧʧʝʥʜʠʢʫʣʷʨʥʘʷ 
ʘʪʘʢʩʠʷ, ʛʠʧʦʪʦʥʠʷ 

ɻʠʧʝʨʤʦʙʠʣʴʥʦʩʪ ɹ
ʩʫʩʪʘʚʦʚ 

Coutelier 
et al., 
2015 

ʄʠʩʩʝʥʩ 
ʤʫʪʘʮʠʷ 

(c.1966C>G/ 

p.Leu656Val) 
(ʛʝʪʝʨʦʟʠʛʦʪʘ/ 

ʛʦʤʦʟʠʛʦʪʘ) 

ɹʠʧʝʜʘʣʴʥʘʷ ʩ 
ʧʨʠʟʥʘʢʘʤʠ 
ʥʝʩʪʘʙʠʣʴ-
ʥʦʩʪʠ (43% 
ʛʝʪʝʨʦʟʠʛʦʪ); 
ʥʝʩʧʦʩʦʙʥʦʩʪʴ 
ʩʘʤʦʩʪʦʷʪʝʣʴ-
ʥʦ ʭʦʜʠʪʴ  

ʚ 7 ʠ 5 ʣʝʪ 
(ʛʦʤʦʟʠʛʦʪʳ) 

ʆʛʨʘʥʠʯʝʥ-
ʥʘʷ, 

ʜʠʟʘʨʪʨʠʷ 

 (71% 
ʛʝʪʝʨʦʟʠʛʦʪ ʠ 
ʛʦʤʦʟʠʛʦʪ) 

ʂʦʛʥʠʪʠʚʥʳʝ 
ʥʘʨʫʰʝʥʠʷ (43% 
ʛʝʪʝʨʦʟʠʛʦʪ ʠ 
ʛʦʤʦʟʠʛʦʪʳ); 
ʪʨʫʜʥʦʩʪʠ ʩ 
ʚʥʠʤʘʥʠʝʤ; 
ʜʝʬʠʮʠʪ 
ʟʨʠʪʝʣʴʥʦʡ 

ʧʘʤʷʪʠ; ʥʠʟʢʠʡ IQ 

ɸʥʦʤʘʣʴʥʦʝ 
ʩʘʢʢʘʜʠʯʝʩʢʦʝ 
ʧʨʝʩʣʝʜʦʚʘʥʠʝ 

(71% ʛʝʪʝʨʦʟʠʛʦʪ ʠ 
ʛʦʤʦʟʠʛʦʪʳ); 
ʥʠʩʪʘʛʤ (29% 
ʛʝʪʝʨʦʟʠʛʦʪ) 

ʄʝʜʣʝʥʥʦ 
ʧʨʦʛʨʝʩʩʠʨʫʶʱʘʷ 
ʤʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ; ʛʠʧʦʪʦʥʠʷ 
ʩ ʦʞʠʚʣʝʥʥʳʤ 
ʚʨʘʱʘʪʝʣʴʥʳʤ 
ʨʝʬʣʝʢʩʦʤ ʠ 
ʧʠʨʘʤʠʜʥʳʤʠ 
ʟʥʘʢʘʤʠ 

(ʛʦʤʦʟʠʛʦʪʳ) 

ɹʝʩʩʠʤʧʪʦʤʥʦʝ 
ʪʝʯʝʥʠʝ (29% 
ʛʝʪʝʨʦʟʠʛʦʪ), 
ʩʥʠʞʝʥʠʝ ʩʣʫʭʘ 

(43% ʛʝʪʝʨʦʟʠʛʦʪ) 

2 ʤʠʩʩʝʥʩ 
ʤʫʪʘʮʠʠ 

(c.1960G>A/ 

p.Ala654Thr, 
c.1961C>A/ 

p.Ala654Asp)  

ɹʠʧʝʜʘʣʴʥʘʷ, 
ʉʧʦʩʦʙʥʦʩʪʴ 
ʭʦʜʠʪʴ ʩ 

ʦʧʦʨʦʡ ʩ 3 ʠ 7 
ʣʝʪ 

ʉʧʦʩʦʙʥʦʩʪʴ 
ʛʦʚʦʨʠʪʴ 
ʧʦʣʥʳʤʠ 
ʧʨʝʜʣʦʞʝ-
ʥʠʷʤʠ; 
ʜʠʟʘʨʪʨʠʷ 

ʅʝʪ ʥʘʨʫʰʝʥʠʡ 

ɸʥʦʤʘʣʴʥʦʝ 
ʩʘʢʢʘʜʠʯʝʩʢʦʝ 
ʧʨʝʩʣʝʜʦʚʘʥʠʝ, 
ʢʦʩʦʛʣʘʟʠʝ, 
ʥʠʩʪʘʛʤ 

ɿʘʜʝʨʞʢʘ 
ʤʦʪʦʨʥʦʛʦ 
ʨʘʟʚʠʪʠʷ, 

ʧʨʦʛʨʝʩʩʠʨʫʶʱʘʷ 
ʤʦʟʞʝʯʢʦʚʘʷ 

ʘʪʘʢʩʠʷ, ʛʠʧʦʪʦʥʠʷ  

 - 

Ali et al., 
2017 

ʄʠʩʩʝʥʩ 
ʤʫʪʘʮʠʷ 

(c.2128C>T, 
p.Arg710Trp, 
ʛʦʤʦʟʠʛʦʪʘ) 

ɹʠʧʝʜʘʣʴʥʘʷ, 
ʉʧʦʩʦʙʥʦʩʪʴ 
ʭʦʜʠʪʴ ʙʝʟ 
ʦʧʦʨ rʩ 7-8 
ʣʝʪ 

ɼʠʟʘʨʪʨʠʷ 
ʦʛʨʘʥʠʯʝʥ-
ʥʳʡ ʩʣʦʚʘʨʴ 
(å100 ʩʣʦʚ), 
ʯʘʩʪʦ ʙʝʟ 
ʣʦʛʠʢʠ 

ʋʤʝʨʝʥʥʘʷ 
ʫʤʩʪʚʝʥʥʘʷ 
ʦʪʩʪʘʣʦʩʪʴ 

 ʅʦʨʤʘʣʴʥʦʝ 
ʟʨʝʥʠʝ 

ɿʘʜʝʨʞʢʘ 
ʤʦʪʦʨʥʦʛʦ 
ʨʘʟʚʠʪʠʷ, 
ʧʦʚʳʰʝʥʥʳʡ 
ʪʦʥʫʩʘ 

ʧʝʨʠʬʝʨʠʯʝʩʢʠʭ 
ʤʳʰʮ, 

ʘʪʘʢʩʠʯʝʩʢʘʷ 
ʧʦʭʦʜʢʘ, 
ʜʠʩʤʝʪʨʠʷ, 

ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ 

 - 

Ceylan et 
al., 2020 

ɼʫʧʣʠʢʘʮʠʷ 
ʵʢʟʦʥʘ 14 ʠ 
ʚʦʟʤʦʞʥʦʝ 
ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʧʨʝʞʜʝʚʨʝ-
ʤʝʥʥʦʛʦ ʩʪʦʧ 
ʢʦʜʦʥʘ 

(p.Ile788*), 
(ʛʦʤʦʟʠʛʦʪʘ) 

ʉʧʦʩʦʙʥʦʩʪʴ 
ʭʦʜʠʪʴ ʩ 

ʦʧʦʨʦʡ ʩ 5 ʣʝʪ 
ʥ.ʜ. 

ʃʝʛʢʘʷ ʫʤʩʪʚʝʥʥʘʷ 
ʦʪʩʪʘʣʦʩʪʴ 

ʉʣʘʙʦʩʪʴ ʛʣʘʟʥʳʭ 
ʤʳʰʮ, ʥʠʩʪʘʛʤ ʠ 
ʛʣʘʟʦʜʚʠʛʘʪʝʣʴʥʘʷ 
ʘʧʨʘʢʩʠʷ 

ʊʫʣʦʚʠʱʥʘʷ 
ʘʪʘʢʩʠʷ, ʪʠʪʫʙʘʮʠʷ 
ʛʦʣʦʚʳ, ʜʠʩʤʝʪʨʠʷ, 
ʜʠʩʜʠʘʜʦʭʦʢʠʥʝʟ, 
ʧʦʭʦʜʢʘ ʥʘ 
ʰʠʨʦʢʦʡ ʦʧʦʨʝ, 
ʧʦʚʳʰʝʥʥʳʡ 
ʧʝʨʠʬʝʨʠʯʝʩʢʠʡ 
ʤʳʰʝʯʥʳʡ ʪʦʥʫʩ ʠ 
ʜʠʩʪʘʣʴʥʘʷ 

ʛʠʧʝʨʨʘʩʪʷʞʠʤʦʩʪʴ 

ɻʨʫʜʥʦʡ 
ʢʠʬʦʩʢʦʣʠʦʟ 
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ʊʫʙʫʵʸ 
ʅʬʫʙʯʡʸ ʛ 

GRID2  
ʄʧʣʧʥʧʯʡʸ ʉʞʰʵ 

ʈʧʠʦʙʛʙʫʞʤʵʦʙʸ 
ʪʨʧʪʧʚʦʧʪʫʵ ʡ 
ʨʙʥʸʫʵ 

ɼʤʙʠʧʝʛʡʜʙʫ. 
ʨʩʡʠʦʙʣʡ ʡ 
ʠʩʞʦʡʞ 

ʆʞʛʩʧʤʧʜʡ-
ʰʞʪʣʡʞ 

ʪʡʥʨʫʧʥʴ ʡ 
ʥʴʱʞʰʦʴʢ 
ʫʧʦʬʪ 

ɽʩʬʜʡʞ 
ʪʡʥʨʫʧʥʴ 

Iodice et 
al., 2020 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʦʚ 12-13, 
ʥʦʥʩʝʥʩ 
ʤʫʪʘʮʠʷ 

(c.2564G > A 
p.Ile788*) 

(ʢʦʤʧʘʫʥʜʥʳʝ 
ʚʘʨʠʘʥʪʳ) 

ʉʧʦʩʦʙʥʦʩʪʴ 
ʭʦʜʠʪʴ ʩ 
ʦʧʦʨʦʡ ʩ 18 
ʤʝʩ. 

ʅʝʙʦʣʴʰʘʷ 
ʟʘʜʝʨʞʢʘ 
ʨʝʯʠ, 
ʜʠʟʘʨʪʨʠʷ 

ʥ.ʜ. 

ʅʠʩʪʘʛʤ, ʩ 
ʚʦʟʨʘʩʪʦʤ: 
ʦʢʫʣʷʨʥʳʡ 
ʬʣʘʪʪʝʨ, 

ʛʣʘʟʦʜʚʠʛʘʪʝʣʴʥʘʷ 
ʘʧʨʘʢʩʠʷ ʠ 
ʜʚʫʩʪʦʨʦʥʥʷʷ 
ʵʢʟʦʬʦʨʠʷ 

ɸʪʘʢʩʠʷ, ʪʨʝʤʦʨ 
ʜʝʡʩʪʚʠʷ, 
ʪʫʣʦʚʠʱʥʳʝ 
ʢʦʣʝʙʘʥʠʷ, 

ʛʠʧʦʪʦʥʠʷ, ʣʝʛʢʘʷ 
ʜʠʩʪʘʣʴʥʘʷ 

ʛʠʧʦʪʨʦʬʠʷ ʥʠʞʥʠʭ 
ʢʦʥʝʯʥʦʩʪʝʡ ʙʝʟ 
ʧʠʨʘʤʠʜʥʳʭ 
ʧʨʠʟʥʘʢʦʚ 

- 

Taghdiri 
et al., 
2019 

ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʦʚ 3-16 
(ʛʦʤʦʟʠʛʦʪʘ) 

ʉʧʦʩʦʙʥʦʩʪʴ 
ʭʦʜʠʪʴ ʩ 

ʦʧʦʨʦʡ ʩ 6 ʣʝʪ 

ɿʘʜʝʨʞʢʘ 
ʨʝʯʠ, 

ʛʥʫʩʘʚʦʩʪʴ, 
ʟʘʠʢʘʥʠʝ  

ɿʘʜʝʨʞʢʘ ʨʘʟʚʠʪʠʷ 
ʩ ʣʸʛʢʦʡ ʩʪʝʧʝʥʴʶ 
ʫʤʩʪʚʝʥʥʦʡ 
ʦʪʩʪʘʣʦʩʪʠ 

ɻʦʨʠʟʦʥʪʘʣʴʥʳʡ 
ʥʠʩʪʘʛʤ 

ʊʫʣʦʚʠʱʥʘʷ ʠ 
ʘʧʧʝʥʜʠʢʫʣʷʨʥʘʷ 
ʘʪʘʢʩʠʷ, ʩʥʠʞʝʥʠʝ 
ʩʠʣʳ ʢʦʥʝʯʥʦʩʪʝʡ, 

ʩʣʝʛʢʘ 
ʩʧʘʩʪʠʯʝʩʢʠʡ ʪʦʥʫʩ 
ʤʳʰʮ, ʧʦʚʳʰʝʥʠʝ 
ʛʣʫʙʦʢʠʭ 
ʩʫʭʦʞʠʣʴʥʳʭ 

ʨʝʬʣʝʢʩʦʚ ʥʠʞʥʠʭ 
ʢʦʥʝʯʥʦʩʪʝʡ, 
ʧʠʨʘʤʠʜʘʣʴʥʳʝ 
ʧʨʠʟʥʘʢʠ, 

ʥʘʨʫʰʝʥʠʝ ʧʘʣʴʮʝ-
ʥʦʩʦʚʦʛʦ ʪʝʩʪʘ 

ɼʚʫʩʪʦʨʦʥʥʠʝ 
ʧʣʦʩʢʦʩʪʦʧʠʝ ʠ 
ʚʘʣʴʛʫʩʥʘʷ 
ʜʝʬʦʨʤʘʮʠʷ 
ʙʦʣʴʰʦʛʦ ʧʘʣʴʮʘ 

ʩʪʦʧʳ 

Hetzelt et 
al., 2020 

ʅʦʥʩʝʥʩ 
ʤʫʪʘʮʠʷ 

(c.568C > T, 
p.Gln190* 
ʛʦʤʦʟʠʛʦʪʘ) 

ʥ.ʜ. 
ʆʪʩʫʪʩʪʚʫʝʪ, 
ʪʦʣʴʢʦ ʩʣʦʛʠ  

ɺʳʨʘʞʝʥʥʘʷ 
ʟʘʜʝʨʞʢʘ 

ʧʩʠʭʦʤʦʪʦʨʥʦʛʦ 
ʨʘʟʚʠʪʠʷ, ʦʯʝʥʴ 

ʤʘʣʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʅʠʩʪʘʛʤ, 
ʪʦʥʠʯʝʩʢʠʡ ʚʟʛʣʷʜ 

ʚʚʝʨʭ, 
ʛʣʘʟʦʜʚʠʛʘʪʝʣʴʥʘʷ 
ʘʧʨʘʢʩʠʷ, 

ʥʝʧʦʣʥʘʷ ʧʦʪʝʨʷ 
ʟʨʝʥʠʷ 

ʊʷʞʝʣʘʷ, 
ʧʨʦʛʨʝʩʩʠʨʫʶʱʘʷ 
ʪʫʣʦʚʠʱʥʘʷ ʠ 
ʘʧʧʝʥʜʠʢʫʣʷʨʥʘʷ 
ʘʪʘʢʩʠʷ, 

ʛʝʥʝʨʘʣʠʟʦʚʘʥʥʘʷ 
ʤʳʰʝʯʥʘʷ 
ʛʠʧʦʪʦʥʠʷ, ʥʝʪ 
ʫʧʨʘʚʣʝʥʠʷ 
ʛʦʣʦʚʦʡ, ʥʝ 
ʩʧʦʩʦʙʝʥ 

ʧʦʚʝʨʥʫʪʴʩʷ ʠʣʠ 
ʩʝʩʪ ɹ

ɼʠʩʪʨʦʬʠʷ; ʣʠʮʝʚʳʭ 
ʜʠʩʤʦʨʬʠʟʤʦʚ ʥʝ 
ʦʪʤʝʯʝʥʦ 

ʉʝʤʴʷ Q  
ɼʝʣʝʮʠʷ 
ʵʢʟʦʥʦʚ 5-7 
(ʛʦʤʦʟʠʛʦʪʘ) 

ʂʚʘʜʨʦʧʝʜʠʷ ʆʪʩʫʪʩʪʚʫʝʪ 
ʊʷʞʝʣʘʷ 
ʫʤʩʪʚʝʥʥʘʷ 
ʦʪʩʪʘʣʦʩʪʴ 

ʉʪʨʘʙʠʟʤ 
ʊʫʣʦʚʠʱʥʘʷ 

ʘʪʘʢʩʠʷ, cʫʜʦʨʦʛʠ 

ɻʠʨʩʫʪʠʟʤ, ʛʨʫʙʳʝ 
ʯʝʨʪʳ ʣʠʮʘ, 
ʢʦʨʦʪʢʠʝ ʠ 
ʤʘʣʝʥʴʢʠʝ 

ʢʦʥʝʯʥʦʩʪʠ, ʥʠʟʢʠʡ 
ʨʦʩʪ 
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ʊʘʙʣʠʮʘ 16 ʇʨʠʣʦʞʝʥʠʷ. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʙʝʣʦʢ ʢʦʜʠʨʫʶʱʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʛʝʥʘ GRID2 ʧʨʠʤʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦ-, 

ʩʚʦʙʦʜʥʦ- ʠ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʚʝʪʚʴ-ʩʧʝʮʠʬʠʯʥʳʭ ʤʦʜʝʣʝʡ. 

ʅʧʝʞ
ʤ ɻ

 
NP lnL  ɥM0     2ælnL ʩ-ʠʦʙʰ. 

 
M0 

 
50 -7471,5742 0,02747           

M1 
 

94 -7445,4004    52,35 0,182   

ʅʧʝʞ
ʤ ɻ

ʐʡʪʤʧ 
ʛʞʫʛʞʢ NP lnL ɥM1 ɥM2 (backgr)  ɥM2 (foregr) 2ælnL ʩ-ʠʦʙʰ, 

ʩ-ʠʦʙʰ, 
ʣʧʩʩ, 

M2 45 51 

 

Min: -7471,57; 

Max: -7466,60 

Min: 0,0001; 

Max: 0,5641 
Min: 0,02573; 
Max: 0,0315 

Min: 0,0001; 

Max: 115,97 

Min: -52,35; 

Max: -42,40 >0,15 >0,23 

 

ʊʘʙʣʠʮʘ 17 ʇʨʠʣʦʞʝʥʠʷ. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʙʝʣʦʢ-ʢʦʜʠʨʫʶʱʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʛʝʥʘ GRID2 ʧʨʠʤʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʪʚʴ-ʩʘʡʪ-

ʩʧʝʮʠʬʠʯʥʦʡ ʤʦʜʝʣʠ A. 

    MA0 MA1         

# ɻʞʫʛʵ NP lnL NP lnL 2ælnL ʩ-ʠʦʙʰ, 

ʩ-
ʠʦʙʰ, 
ʣʧʩʩ, BEB 

1 Homo sapiens 52 -7447,2991 53 -7447,2991 6E-06 0,4990228 0,5   

2 
Homo sapiens 
neanderthalensis 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

3 
Homo sapiens ssp 
óDenisovaô 52 -7445,3979 53 -7445,3979 4E-06 0,4992021 0,5   330 T 0,779 

4 Homo 52 -7447,2991 53 -7447,2991 2E-06 0,4994358 0,5   

5 Pan troglodytes 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

6 Pan paniscus 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

7 Pan 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

8 Hominini 52 -7447,2991 53 -7447,2991 2E-06 0,4994358 0,5   

9 Gorilla gorilla 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

10 Homininae   52 -7447,2991 53 -7447,2991 2E-06 0,4994358 0,5   

11 Pongo abelii 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

12 Hominidae 52 -7447,2991 53 -7447,2991 2,6E-05 0,4979658 0,5   

13 Nomascus leucogenys 52 -7447,2991 53 -7447,0931 0,411976 0,2604841 0,5   248 E 0,563 

14 Hominoidea 52 -7446,6573 53 -7446,6573 6E-06 0,4990228 0,5   153 H 0,654 

15 Papio anubis 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

16 Theropithecus gelada 52 -7445,8937 53 -7445,8937 0 0,5 0,5   244 T 0,746 

17 Papio&Theropithecus 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

18 Macaca fascicularis 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   



188 
 

 
 

ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮ r17 ʇʨʠʣʦʞʝʥʠʷ. 

    MA0 MA1         

# ɻʞʫʛʵ NP lnL NP lnL 2ælnL ʩ-ʠʦʙʰ, 

ʩ-
ʠʦʙʰ, 
ʣʧʩʩ, BEB 

19 Macaca nemestrina 52 -7446,5422 53 -7446,2213 0,641836 0,2115234 0,5   19 D 0,508 

20 Macaca 52 -7447,2991 53 -7447,2991 2E-06 0,4994358 0,5   

21 Papionini 52 -7447,2991 53 -7447,2992 0,00013 0,4954515 0,5   

22 Chlorocebus sabaeus 52 -7446,7419 53 -7446,7419 0 0,5 0,5   830 S 0,636 

23 Cercopithecinae  52 -7447,2991 53 -7447,2991 0 0,5 0,5   

24 Rhinopithecus bieti 52 -7446,5335 53 -7446,5335 0 0,5 0,5   836 C 0,677 

25 Colobus angolensis 52 -7444,0159 53 -7443,8565 0,318818 0,2861594 0,5 
  210 T 0,778 
  764 T 0,778 

26 Piliocolobus tephrosceles 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

27 African Colobinae   52 -7447,2991 53 -7447,2991 8,4E-05 0,4963437 0,5   

28 Colobinae   52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

29 Cercopithecidae 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

30 Catarrhini 52 -7447,2991 53 -7447,2991 2E-06 0,4994358 0,5   

31 Callithrix jacchus 52 -7446,509 53 -7446,509 0 0,5 0,5 
  630 T 0,546 
  842 I 0,542 

32 Aotus nancymaae 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

33 Callithrix&Aotus 52 -7447,2991 53 -7447,2991 6E-06 0,4990228 0,5   

34 Saimiri boliviensis 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

35 Cebus capucinus 52 -7444,042 53 -7444,042 2E-06 0,4994358 0,5 

  233 V 0,657 
  490 V 0,652 
  713 N 0,656 

36 Saimiri&Cebus 52 -7447,2991 53 -7447,2991 2E-06 0,4994358 0,5   

37 Platyrrhini  52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

38 Simiiformes 52 -7447,2991 53 -7447,2991 4E-06 0,4992021 0,5   

39 Microcebus murinus 52 -7447,2991 53 -7447,2992 0,000168 0,4948293 0,5   

40 Propithecus coquereli 52 -7447,2991 53 -7447,2991 0 0,5 0,5   

41 Lemuriformes 52 -7447,2991 53 -7447,299 9,2E-05 0,4961735 0,5   

43 Otolemur garnettii 52 -7447,2992 53 -7447,2991 0,00015 0,4951141 0,5   

44 Strepsirrhini 52 -7447,2683 53 -7447,2991 0,061648 0,401955 0,5   676 E 0,508 

45 Primates 52 -7446,2892 53 -7446,2892 4E-06 0,4992021 0,5   

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Papionini
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ʊʘʙʣʠʮʘ 18 ʇʨʠʣʦʞʝʥʠʷ. ɿʥʘʯʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ 

ʬʨʘʛʤʝʥʪʦʚ ʤʈʅʂ ʛʝʥʘ GRID2 ʠ ʠʭ ʠʟʤʝʥʝʥʠʝ ʧʨʠ ʥʫʢʣʝʦʪʠʜʥʳʭ ʟʘʤʝʥʘʭ. 

ʇʦʟʠʮʠʷ ʚ 
ʛʝʥʦʤʝ ʥʘ 
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ʅʫʢʣʝʦʪʠʜʥʘʷ 
ʧʦʟʠʮʠʷ ʚ 
ʙʝʣʦʢ-ʢʦʜ.ʧʦʩʣ. 
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ʇʨʝʜʢʦʚʳʡ 
ʘʣʣʝʣʴ 

Hs Pt Pt Hs  - Hs Pt Pt Pt Pt Pt Pt Pt Pt Hs 

  dG (kcal/mol) 

301 ʦ.ʫ.                               

Homo sapiens -84,5 -68 -75,4 -79,9 -87,9 -89,6 -92 -91 -79,4 -79,9 -87,6 -76,2 -77,7 -86,3 -84 

Denisovan -84,5 -68 -75,4 -79,9 -87,5 -89,9 -92,3 -91,3 -79,4 -79,9 -87,6 -76,2 -77,7 -86,3 -84 

Pan troglodytes -82,9 -67,9 -74,8 -79,5 -87,9 -90,3 -94,3 -93,3 -79,2 -79,1 -87,9 -78,3 -72 -80,8 -87,6 

151 ʦ.ʫ. 
 

            

  
Homo sapiens -35,8 -29,6 -29,7 -30,5 -37,4 -32,6 -30,5 -31,3 -37,9 -33 -35,5 -36,1 -43,8 -39 -39,4 

Denisovan -35,8 -29,6 -29,7 -30,5 -36,6 -35,1 -31,5 -32,5 -37,9 -33 -35,5 -36,1 -43,8 -39 -39,4 

Pan troglodytes -36 -28,6 -31 -31,7 -37,4 -34,6 -31,8 -33,6 -35,2 -28,9 -36,2 -36,6 -38,7 -38,5 -40,3 

75 ʦ.ʫ. 
 

            

  
Homo sapiens -17,6 -16,6 -11 -5,9 -11 -11,2 -16,7 -15 -11,4 -12,6 -15,5 -17 -21,3 -11,7 -18,8 

Denisovan -17,6 -16,6 -11 -5,9 -11 -11,2 -17 -15,3 -11,4 -12,6 -15,5 -17 -21,3 -11,7 -18,8 

Pan troglodytes -17 -15,9 -9,4 -7 -11 -11,1 -18,3 -16,6 -10,6 -9,7 -16,2 -18,8 -15,8 -11,1 -17,9 

51 ʦ.ʫ. 
               

Homo sapiens -9,5 -7,3 -3,7 -2,8 -2 -4,4 -9,5 -10 -7,6 -7,6 -8,6 -9,6 -12 -7,9 -6,5 

Denisovan -9,5 -7,3 -3,7 -2,8 -2,7 -4,4 -9,5 -10,3 -7,6 -7,6 -8,6 -9,6 -12 -7,9 -6,5 

Pan troglodytes -7,3 -8,1 -3,7 -2,9 -2 -4,3 -11,1 -11,6 -7,9 -5,1 -9,3 -9,6 -10,2 -6,7 -7,3 

25 ʦ.ʫ. 
               

Homo sapiens -1,1 -2,3 1,7 -0,6 -1 0,1 -1,3 0,3 -0,7 -1,2 -1,9 -9,6 -1,5 -4,9 -2,6 

Denisovan -1,1 -2,3 1,7 -0,6 -1 0,1 -1,3 -3,4 -0,7 -1,2 -1,9 -9,6 -1,5 -4,9 -2,6 

Pan troglodytes 1,1 -3,7 1,7 -1,5 -1 0 -1,7 -3,4 -0,9 -1,6 -1,9 -9,6 -0,9 -4,2 -2,7 

ddG (Homo-Pan) 

301 ʥ.ʪ. -1,6 -0,1 -0,6 -0,4 0,0 0,7 2,3 2,3 -0,2 -0,8 0,3 2,1 -5,7 -5,5 3,6 

151 ʥ.ʪ. 0,2 -1,0 1,3 1,2 0,0 2,0 1,3 2,3 -2,7 -4,1 0,7 0,5 -5,1 -0,5 0,9 

75 ʥ.ʪ. -0,6 -0,7 -1,6 1,1 0,0 -0,1 1,6 1,6 -0,8 -2,9 0,7 1,8 -5,5 -0,6 -0,9 

51 ʥ.ʪ. -2,2 0,8 0,0 0,1 0,0 -0,1 1,6 1,6 0,3 -2,5 0,7 0,0 -1,8 -1,2 0,8 

25 ʥ.ʪ. -2,2 1,4 0,0 0,9 0,0 0,1 0,4 3,7 0,2 0,4 0,0 0,0 -0,6 -0,7 0,1 

p ʟʥʘʯ. 0,180 0,655 0,564 0,180 
 

0,655 0,025 0,025 0,653 0,180 0,046 0,08 0,025 0,025 0,178 

ddG (Homo-Den) 

301 ʥ.ʪ. 0 0 0 0 -0,4 0,3 0,3 0,3 0 0 0 0 0 0 0 

151 ʥ.ʪ. 0 0 0 0 -0,8 2,5 1 1,2 0 0 0 0 0 0 0 

75 ʥ.ʪ. 0 0 0 0 0 0 0,3 0,3 0 0 0 0 0 0 0 

51 ʥ.ʪ. 0 0 0 0 0,7 0 0 0,3 0 0 0 0 0 0 0 

25 ʥ.ʪ. 0 0 0 0 0 0 0 3,7 0 0 0 0 0 0 0 

p ʟʥʘʯ. 
    

0,564 0,157 0,083 0,025 
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ʊʘʙʣʠʮʘ 19 ʇʨʠʣʦʞʝʥʠʷ. ɿʥʘʯʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʣʷ 

ʬʨʘʛʤʝʥʪʦʚ ʤʈʅʂ ʛʝʥʘ GRID2 ʫ ʨʘʟʥʳʭ ʚʠʜʦʚ ʧʨʠʤʘʪʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ 

ʤʝʪʦʜʦʤ Mfold. ʎʚʝʪʦʤ ʚʳʜʝʣʝʥʳ ʘʥʘʣʠʟʠʨʫʝʤʳʝ ʪʘʢʩʦʥʳ: ʢʨʘʩʥʳʤ ï 

Hominini, ʦʨʘʥʞʝʚʳʤ ï Homininae, ʬʠʦʣʝʪʦʚʳʤ ï Hominoidea.  

ʅʫʢʣʝʦʪʠʜʥʘʷ 
ʧʦʟʠʮʠʷ ʚ 
ʙʝʣʦʢ-ʢʦʜʠʨ. 
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301 ʦ.ʫ. dG (kcal/mol) 

H.sapiens -84,50 -88,10 -76,50 -71,50 -66,70 -77,00 -82,20 -84,00 -79,20 -80,80 -80,30 

P.troglodytes -82,90 -88,10 -76,10 -71,40 -70,50 -76,20 -84,40 -81,00 -81,30 -80,80 -80,30 

P.panicus -82,90 -86,50 -76,10 -72,40 -70,50 -76,20 -85,80 -84,20 -81,30 -80,80 -80,30 

G.gorilla -82,40 -86,20 -76,10 -72,40 -68,00 -76,90  na  na -85,40 -80,80 -80,30 

P.abelii -83,00 -88,10 -81,20 -70,30 -68,70 -74,40 -87,40 -82,10 -78,40 -83,00 -75,20 

N. leucogenys -80,30 -87,90 -76,60 -70,30 -67,70 -74,30 -90,10 -82,10 -83,10 -80,80 -80,30 

P.anubis -82,40 -88,00 -78,70 -68,70 -68,30 -76,00 -86,30 -84,80 -84,90 -82,50 -79,40 

M. fascicularis -81,70 -88,00 -75,00 -68,40 -66,80 -76,30 -86,20 -83,50 -85,50 -79,60 -78,60 

C. angolensis -84,50 -88,00 -75,40 -69,80 -71,70 -76,20 -86,20 -83,20 -85,60 -82,20 -80,30 

151 ʦ.ʫ.   

H.sapiens -35,80 -32,90 -39,00 -33,40 -30,80 -29,90 -36,50 -39,00 -33,50 -36,10 -38,50 -32,60 

P. troglodytes -36,00 -32,90 -39,00 -33,40 -30,10 -29,90 -36,50 -39,00 -32,90 -36,10 -38,50 -32,60 

P.panicus -36,00 -32,90 -39,00 -33,40 -30,10 -29,90 -36,50 -39,00 -32,90 -36,10 -38,50 -32,60 

G.gorilla -34,30 -32,60 -39,00 -33,40 -30,10 -29,90 -38,00 na na -36,10 -38,50 -32,60 

P.abelii -35,20 -32,60 -39,00 -33,40 -29,40 -30,40 -38,00 -41,40 -32,90 -40,10 -38,50 -32,00 

N. leucogenys -34,80 -30,40 -39,50 -33,40 -29,40 -28,70 -36,30 -44,00 -32,90 -39,10 -38,50 -32,00 

P.anubis -37,00 -31,70 -40,30 -33,20 -33,30 -31,30 -37,60 -40,20 -37,20 -37,60 -35,20 -32,60 

M. fascicularis -35,80 -34,00 -40,30 -34,00 -33,60 -31,30 -38,00 -40,20 -36,30 -41,20 -30,70 -32,00 

C. angolensis -36,10 -34,00 -40,30 -33,20 -33,20 -31,30 -38,00 -40,20 -37,40 -38,80 -38,40 -35,50 

75 ʦ.ʫ.   

H.sapiens -17,60 -11,90 -11,80 -12,90 -11,30 -14,90 -13,70 -16,40 -16,80 -10,80 -19,40 -14,90 -14,10 

P. troglodytes -17,00 -11,90 -11,80 -12,90 -11,30 -14,90 -13,70 -16,40 -16,80 -11,50 -21,20 -14,90 -14,10 

P.panicus -17,00 -11,90 -11,80 -12,90 -11,30 -14,90 -13,70 -16,40 -16,80 -11,50 -21,20 -14,90 -14,10 

G.gorilla -17,60 -10,40 -11,10 -12,90 -11,30 -14,90 -13,70 -15,20 na -11,50 -19,30 -14,90 -14,10 

P.abelii -14,90 -9,80 -13,00 -12,90 -10,90 -13,80 -13,70 -15,20 -19,70 -11,50 -24,10 -14,90 -14,10 

N. leucogenys -16,70 -9,80 -13,00 -12,90 -10,90 -13,80 -13,70 -15,20 -22,30 -11,50 -24,50 -14,90 -14,10 

P.anubis -16,90 -11,90 -13,00 -12,60 -9,90 -12,40 -16,00 -15,20 -18,50 -16,10 -24,80 -15,00 -14,10 

M. fascicularis -16,10 -9,80 -13,00 -12,60 -9,90 -12,40 -16,00 -15,20 -18,50 -16,10 -24,20 -15,00 -14,10 

C. angolensis -16,70 -9,80 -13,00 -12,60 -9,90 -12,40 -16,00 -15,20 -18,50 -16,10 -24,20 -15,00 -13,00 
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ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 19 ʇʨʠʣʦʞʝʥʠʷ 

ʅʫʢʣʝʦʪʠʜʥʘʷ 
ʧʦʟʠʮʠʷ ʚ 
ʙʝʣʦʢ-ʢʦʜʠʨ. 
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51 ʦ.ʫ.   

H.sapiens -6,60 -9,10 -9,20 -10,00 -7,00 -8,80 -6,00 -10,80 -11,20 -9,20 -13,10 -6,70 -10,50 

P.troglodytes -5,70 -9,10 -9,20 -10,00 -7,00 -8,80 -6,00 -10,80 -11,20 -9,20 -13,10 -6,70 -10,50 

P.panicus -5,70 -9,10 -9,20 -10,00 -7,00 -8,80 -6,00 -10,80 -11,20 -9,20 -13,10 -6,70 -10,50 

G.gorilla -6,60 -7,60 -7,70 -10,00 -7,00 -8,80 -6,00 -10,70 na -9,20 -13,10 -6,70 -10,50 

P.abelii -5,70 -7,00 -8,30 -10,00 -6,60 -9,50 -6,00 -10,70 -14,40 -9,20 -15,60 -6,70 -9,80 

N. leucogenys -5,70 -7,00 -8,30 -10,00 -6,60 -9,50 -6,00 -10,70 -17,00 -9,20 -16,00 -6,70 -9,80 

P.anubis -6,80 -7,00 -8,30 -9,70 -5,00 -7,90 -5,30 -10,70 -13,20 -9,50 -15,60 -6,50 -9,80 

M. fascicularis -6,80 -7,00 -8,30 -9,70 -4,80 -7,90 -5,30 -10,70 -13,20 -9,50 -15,70 -6,50 -9,80 

C.angolensis -6,80 -7,00 -8,30 -9,70 -5,00 -7,90 -5,30 -10,70 -13,20 -9,50 -15,70 -6,50 -9,80 

25 ʦ.ʫ.   

H.sapiens -0,60 -0,30 -3,00 -2,40 0,20 -2,10 -0,30 -2,80 -3,30 -5,90 -6,70 -3,00 0,60 

P. troglodytes -0,60 -0,30 -3,00 -2,40 0,20 -2,10 -0,30 -2,80 -3,30 -5,90 -6,70 -3,00 0,60 

P.panicus -0,60 -0,30 -3,00 -2,40 0,20 -2,10 -0,30 -2,80 -3,30 -5,90 -6,70 -3,00 0,60 

G.gorilla -0,60 -0,30 -2,50 -2,40 0,20 -2,10 -0,30 -0,60 -3,30 -5,90 -6,70 -3,00 0,60 

P.abelii -0,60 -3,50 -2,60 -2,40 -1,90 -0,30 -0,30 -0,60 -3,00 -5,90 -5,80 -3,00 0,60 

N. leucogenys -0,60 -3,50 -2,60 -2,40 -1,90 -0,30 -0,30 -0,60 -3,00 -5,90 -5,90 -3,00 0,60 

P.anubis -0,60 -3,50 -2,60 2,40 -1,90 -0,30 0,40 -0,60 -3,00 -4,10 -5,80 -3,10 0,60 

M. fascicularis -0,60 -3,50 -2,60 2,40 -1,90 -0,30 0,40 -0,60 -3,00 -4,10 -1,10 -3,10 0,60 

C. angolensis -0,60 -3,50 -2,60 2,40 -1,90 -0,30 0,40 -0,60 -3,00 -4,10 -1,10 -3,10 0,60 
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ʊʘʙʣʠʮʘ 20 ʇʨʠʣʦʞʝʥʠʷ. ɿʥʘʯʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʣʷ 

ʬʨʘʛʤʝʥʪʦʚ ʤʈʅʂ ʛʝʥʘ GRID2 ʠ ʠʭ ʠʟʤʝʥʝʥʠʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʘʨʠʘʥʪʦʚ 

ʥʫʢʣʝʦʪʠʜʦʚ ʫ ʨʘʟʥʳʭ ʪʘʢʩʦʥʦʚ ʧʨʠʤʘʪʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʤʝʪʦʜʦʤ Mfold. ɺʠʜʳ 

ʠʟ ʪʘʢʩʦʥʘ ʚʟʷʪʳ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʚʘʨʠʘʥʪʦʚ, 

ʢʦʪʦʨʳʭ ʥʝʪ ʫ ʜʨʫʛʠʭ ʚʠʜʦʚ ʠʟ ʵʪʦʛʦ ʪʘʢʩʦʥʘ.  

ʅʫʢʣʝʦ-
ʪʠʜʥʘʷ 
ʧʦʟʠʮʠʷ ʚ 
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dG (kcal/mol) 

301 ʥ.ʪ. -82,40 -82,40 -84,50 -88,10 -76,60 -72,40 -68,00 -77,00 -84,40 -81,00 -81,30 -80,80 -80,30 

151 ʥ.ʪ. -34,30 -32,60 -32,90 -39,00 -33,40 -30,10 -29,90 -36,50 -39,00 -32,90 -36,10 -38,50 -32,60 

75 ʥ.ʪ. -17,60 -10,40 -11,80 -12,90 -10,90 -14,90 -13,70 -16,40 -16,80 -11,50 -21,20 -14,90 -14,10 

51 ʥ.ʪ. -6,60 -7,60 -9,20 -10,00 -6,60 -8,80 -6,00 -10,80 -11,20 -9,20 -13,10 -6,70 -10,50 

25 ʥ.ʪ. -0,60 -0,30 -3,00 -2,40 -1,90 -2,10 -0,30 -2,80 -3,30 -5,90 -6,70 -3,00 0,60 
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dG (kcal/mol) 

301 ʥ.ʪ. -80,30 -80,30 -82,40 -88,00 -75,40 -70,30 -71,70 -76,90 -87,40 -83,50 -78,40 -82,20 -80,30 

151 ʥ.ʪ. -34,80 -30,40 -32,60 -40,30 -33,20 -29,40 -31,30 -38,00 -41,40 -36,30 -40,10 -38,40 -32,00 

75 ʥ.ʪ. -16,70 -9,80 -11,10 -9,70 -5,00 -13,80 -16,00 -15,20 -19,70 -16,10 -24,10 -6,50 -14,10 

51 ʥ.ʪ. -5,70 -7,00 -7,70 -9,70 -5,00 -9,50 -5,30 -10,70 -14,40 -9,50 -15,60 -6,50 -9,80 

25 ʥ.ʪ. -0,60 -3,50 -2,50 2,40 -1,90 -0,30 0,40 -0,60 -3,00 -4,10 -5,80 -3,10 0,60 

ddG (kcal/mol) 
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301 ʥ.ʪ. -2,10 -2,10 -2,10 -0,10 -1,20 -2,10 3,70 0,70 3,00 1,10 -2,90 1,40 0,00 

151 ʥ.ʪ. 0,50 -2,20 -0,30 1,30 -0,20 -0,70 -1,20 1,50 2,40 3,40 4,00 -0,10 -0,60 

75 ʥ.ʪ. -0,90 -0,60 -0,70 -0,30 -1,00 -1,10 2,30 -1,20 2,90 4,60 2,90 0,10 0,00 

51 ʥ.ʪ. -0,90 -0,60 -1,50 -0,30 -1,60 0,70 -0,70 -0,10 3,20 0,30 2,50 -0,20 -0,70 

25 ʥ.ʪ. 0,00 3,20 -0,50 -4,80 0,00 -1,80 -0,70 -2,20 -0,30 -1,80 -0,90 0,10 0,00 

p ʟʥʘʯ.  0,317 0,180 0,025 0,655  0,046  0,180 0,655 0,180 0,180 0,180 0,655 0,655 0,157 
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ʈʠʩʫʥʦʢ 1 ʇʨʠʣʦʞʝʥʠʷ. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʨʝʜʢʠʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʟʘʤʝʥ, ʥʘʡʜʝʥʥʳʭ ʫ ʧʘʮʠʝʥʪʘ AX-III -17 ʠʟ ʩʝʤʴʠ AX. 

 

 

ʈʠʩʫʥʦʢ 2 ʇʨʠʣʦʞʝʥʠʷ. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʚ ʧʝʨʠʦʜ 

ʵʤʙʨʠʦʥʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ ʚ ʤʦʟʞʝʯʢʝ, ʚ ʢʦʪʦʨʳʭ ʥʘʡʜʝʥʳ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ, 

ʠʟʤʝʥʷʶʠɦʝ ʘʤʠʥʦʢʠʩʣʦʪʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʫ ʧʘʮʠʝʥʪʦʚ: A ï ʠʟ ʩʝʤʴʠ 

AX, ɹ ï ʠʟ ʩʝʤʴʠ AI, B ï ʠʟ ʩʝʤʴʠ Q. 
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ʈʠʩʫʥʦʢ 3 ʇʨʠʣʦʞʝʥʠʷ. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ ATP7A ʚ ʤʦʟʞʝʯʢʝ ʠ 

ʬʨʦʥʪʘʣʴʥʦʡ ʢʦʨʝ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ. A ï ʕʣʝʢʪʨʦʬʦʨʝʛʨʘʤʤʘ ʧʨʦʜʫʢʪʦʚ ʆʊ-

ʇʎʈ ʤʘʞʦʨʥʦʛʦ ʪʨʘʥʩʢʨʠʧʪʘ (1) ʠ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ (2). ɹ ï ʉʭʝʤʘ ʩʪʨʫʢʪʫʨʳ 

ʨʘʟʣʠʯʥʳʭ ʪʨʘʥʩʢʨʠʧʪʦʚ ʤʈʅʂ ATP7A: 1 ï ʢʘʥʦʥʠʯʝʩʢʦʡ (ʤʘʞʦʨʥʳʡ) 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʪʨʘʥʩʢʨʠʧʪʘ, ʢʦʜʠʨʫʶʝɦʡ ʜʣʠʥʥʳʝ ʠʟʦʬʦʨʤʳ ʙʝʣʢʘ 

(ENST00000341514, ENST00000343533). ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʢʩʧʨʝʩʩʠʠ 

ʤʘʞʦʨʥʦʛʦ ʪʨʘʥʩʢʨʠʧʪʘ ʚ ʦʪʜʝʣʘʭ ʤʦʟʛʘ ʠ ʧʝʯʝʥʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʧʨʘʡʤʝʨʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ 1 ʠ 3 ʵʢʟʦʥʝ (ʕ1 ʠ ʕ3). 2 ï ʥʝʢʦʜʠʨʫʶʱʠʡ 

ʧʨʦʮʝʩʩʠʨʦʚʘʥʥʳʡ ʪʨʘʥʩʢʨʠʧʪ (ENST00000602791) ʙʳʣ ʦʧʠʩʘʥ ʜʣʷ 

ʩʧʣʘʡʩʠʨʦʚʘʥʥʳʭ ʢʦʨʦʪʢʠʭ ʠʟʦʬʦʨʤ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ 

ʵʢʟʦʥ (ɸʕ1) ʚ 5'-ʥʝʪʨʘʥʩʣʠʨʫʝʤʦʡ ʦʙʣʘʩʪʠ ATP7A. ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ 

ʵʢʩʧʨʝʩʩʠʠ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʪʨʘʥʩʢʨʠʧʪʘ ʚ ʦʪʜʝʣʘʭ ʤʦʟʛʘ ʠ ʧʝʯʝʥʠ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʘʡʤʝʨʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ 1 ʠ 2 ʘʣʴʪʝʨʥʘʪʠʚʥʦʤ ʵʢʟʦʥʝ (ʕ1 ʠ 

ɸʕ2). 
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ʈʠʩʫʥʦʢ 4 ʇʨʠʣʦʞʝʥʠʷ. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʧʠʢʦʚ ʛʠʩʪʦʥʦʚ H3K4me3, 

ʷʚʣʷʶʱʠʭʩʷ ʤʘʨʢʝʨʘʤʠ ʦʪʢʨʳʪʦʛʦ ʭʨʦʤʘʪʠʥʘ ʜʣʷ ʧʨʦʤʦʪʦʨʦʚ ʛʝʥʦʚ. ʅʘʣʠʯʠʝ 

ʜʘʥʥʳʭ ʧʠʢʦʚ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʤʦʞʥʦʝ ʘʢʪʠʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʤʦʪʦʨʦʚ ʛʝʥʦʚ 

ATP7A ʠ ABCB7, ʥʦ ʥʝ ʛʝʥʘ PGAM4, ʚ ʥʝʡʨʦʥʘʭ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʧʨʠʤʘʪʦʚ, 

ʇʠʢʠ H3K4me3 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ ʜʘʥʥʳʭ ChIP-seq ʜʣʷ ʥʝʡʨʦʥʦʚ ʢʦʨʳ 

ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ [Shulha et al., 2012]. ɺ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ ʚʟʷʪ ʛʝʥ ACTB. 

 

ʈʠʩʫʥʦʢ 5 ʇʨʠʣʦʞʝʥʠʷ. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʨʝʜʢʠʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʟʘʤʝʥ, ʥʘʡʜʝʥʥʳʭ ʫ ʧʘʮʠʝʥʪʦʚ ʠʟ ʩʝʤʴʠ AI, ʠʩʢʣʶʯʸʥʥʳʭ ʠʟ ʜʘʣʴʥʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ ʚʚʠʜʫ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʢʨʠʪʝʨʠʷʤ ʦʪʙʦʨʘ, ʥʦ ʚʦʟʤʦʞʥʦ ʠʤʝʶʱʠʭ 

ʤʠʥʦʨʥʳʡ ʵʬʬʝʢʪ ʥʘ ʬʝʥʦʪʠʧ ʟʘʙʦʣʝʚʘʥʠʷ.  


