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ABSTRACT 
 

Master's thesis on the topic «Algorithm of genetic examination of patients with 
erythrocytosis» contains 60 pages of a text document, 22 illustrations, 19 tables and 
56 references. 

FAMILIAL ERYTHROCYTOSIS, POLYCETEMIA VERA, SOMATIC 
MUTATIONS, CALR, EPOR, VHL, HIF2α, HETERODUPLEX ANALYSIS, 
ELECTROPHORESIS IN VERTICAL PAGE, SEQUENCING BY SUNGER. 

The aim of the work is to review and supplement the algorithm of genetic 
examination of patients with erythrocytosis. 

Based on the aim, the following tasks were formulated: 
1. To develop technologies using heteroduplex analysis in vertical PAAG 

for screening qualitative assessment of the presence of somatic 
mutations in the CARL gene in order to identify primary acquired 
erythrocytosis or polycythemia vera; 

2. To develop technologies using Sanger sequencing to analyze mutations 
in the EPOR, VHL, HIF2α genes to determine the type and group of 
familial erythrocytosis. 

3. To review the algorithm of genetic examination of patients with 
erythrocytosis for differential diagnosis. 

4. To analyze the DNA of patients with high clinical and hematological 
probability for the presence of one of the types of erythrocytosis using 
the proposed algorithm. 

The relevance of the thesis is that in Russia, and, in particular, in the city of 
Krasnoyarsk and the region, a fairly representative group of patients with 
erythrocytosis after standard diagnostic procedures are left without a precisely 
established diagnosis and type of erythrocytosis. The introduction of molecular 
genetic methods in recent years to identify the main driver somatic mutations in the 
JAK2 gene has significantly improved the differential diagnosis in identifying 
patients with clonal disease – polycythemia vera. At the same time, those patients 
who have not identified these mutations and remain without a clearly established 
diagnosis and have an uncertain diagnosis of "erythrocytosis of unknown etiology." 
Since, apart from the clonal process, other processes can cause the erythrocytosis, for 
example, mutations in the oxygen genes of the sensitive path, and today many cases 
of familial erythrocytosis associated with germinal mutations in the EPOR, VHL, 
HIF2α genes that are involved in maturation, are described in the literature. 
differentiation of erythroid germ, as well as in the cellular response under hypoxic 
conditions. In this regard, it is very important to conduct a comprehensive molecular 
– genetic analysis to identify such already known or new mutations. In this regard, it 
is important to review the algorithm of genetic examination of patients with 
erythrocytosis and to make the necessary changes that will help hematologists 
correctly diagnose patients. 

In the course of work, changes were made to the algorithm of genetic 
examination of patients with erythrocytosis, the technology for studying mutations in 
the CALR gene was developed using heteroduplex analysis and with detection of 
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amplification products in vertical PAAG, the technology for studying mutations in 
oxygen-sensitive genes (EPOR, VHL, HIF2α) Sanger sequencing method, and 38 
patients with erythrocytosis were analyzed using the revised algorithm. 
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2    

2.1   

 
    ,   

       
  ,      

–   –   . 
      .  
   38 ,    32 (85%) 

  6 (15%) .      2012–2018  
  : 
    (> 120–140 / ); 
    (> 50%); 
   ,    

 (> 5,5*1012 / ); 
     12  14   JAK2, 

  .      
    –  

      
  . 

   –    
        . 

        
  « – – » (  «   

»),       GeneJET™ 
(ThermoFisherScientific).      

 dsDNA HS Assay Kit   Qubit («Invitrogen»). 
      CALR     

        
 –      

        
    [56]. 

      EPOR (8 ),VHL (2  3 ) 
HIF2α (9  12 )     Applied 
Biosystems 3500 (ThermoFisherScientific, ). 

 

2.2        
 « - -B»  

 
        « –

–B» (« »)    : 
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1.    « – – »      
 1      ,  

  «  1»   65° . 
2.       

Eppendorf  1,5 .   (    № ;  
 : № ,  ,   ).  

,       
 ( ),    « »  ,     
.   (  ,  « »)   1   

(  ).        250  
   (    

 (     « »)   5-
6  (     « »),      

. 
3.       5 ,   

       5 . 
4.      8  /   

 2 .   ,   ,  
       .  
      ,   

       (   
). 

5.   « »  100   (    
  .). 

6.      300    (  
).  

       5   
 65 ° .  5   5  /   

. 
     .  

      25  
  .   , 

    2 ,         5 
.  

6.        
5  /    30 .   ,  

       .  
7.     300     1 (  

),       
 .    

  5  /      30 . 
  ,     

    .  
8.     500     2 (  

),       
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 ,  30   10  /   
.   ,   

      .  
9.   ,   8,  

  .  
10.       65 °   5-10  

   .     
  .  

11.     50  -    . 
  .      65 °   5 

,    .  
12.    13  /    1   

.     . 
 

2.3      «Gene JET Whole Blood 
Genomic DNA Purification», Thermo Fisher Scientific 
 

     «Gene JET Whole Blood Genomic 
DNA Purification» (Thermo Fisher Scientific). 

     : 
!     Lysis Solution  37°C  

 .       25 °C.  
!       ,  

  30   (96-100%)  Wash buffer WB 1  Wash Buffer WB 2. 
        
 -20°C.  

1.  20    (Proteinase K)  200  , 
  .  400    (Lysis Solution) 

        
. (       200 ,   
   200  1 PBS  TE– .    
,    ).  
2.   10   56°C ,  ,  
    .  

3.  200   (96–100%)   .  
4.     .  1 

  6000 g (8000 rpm).  ,   
 .     2  .  

5.  500  Wash Buffer 1.  1   8000 g 
(10000 rpm).         .  

6.    500  Wash Buffer 2.  3 
    (≥20000 g, ≥14000 rpm). : 

  ,       
   1   (≥20000 g, ≥14000 rpm). 
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 1,5   .  

7.  200  Elution Buffer      
  .  2      

  1   8000 g (10000 rpm).  
*         

 200    .  
*           

      ( , 50 ), 
( , 50 ),          50-
100 .   ,        

      . 
8.      .  

       -20°C.   
   ,     

   –      ,  
     . 

2.4      Qubit (Invitrogen)  
   Quant-iT™ dsDNA HS Assay Kit 

 
       Quant-

iT™ dsDNA HS Assay Kit   Qubit (Invitrogen)  
  : 

     . 
1.    0,5    (n),    

  2 .       
. 

2.   : 1×n   + 199×n   
3.   :  
)   190    + 10  ; 
)   : 199-180    + 1-20   

4.  2-3 ,  . 
5.  2 . 
6.  Qubit  .      , 
       . 

7.    (dsDNA HS Assay),   ↑  ↓. 
 GO. 

8.  : 
)    – Use last calibration.  GO. 

 
)   : 

-   №1,  GO; 
-   №2,  GO. 
9.   ,  GO.    . 
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10.      :  Calculate 
sample concentration   ↑  ↓,  GO. 

11.  . 
12.     ,    
 GO. 

 

2.5       9   CALR 
 

     9   CALR  
        

  [56]      
     .    

       
       . 

 

2.5.1       9   CALR 
 

      «   
–    «EVA Green» ( , ).  

,        1. 
 

 1 –       
    ,  

ddH2O,   14,3 
10     + EVAGreen 2,5 

dNTP, , 2,5  2,5 
MgCl2, 25  2,5 

, 10 /  
 1 
 1 

SynTaq - , 5 /  0,2 
  1 

 
  9   CALR     [57]. 

     265  ,  
  9   CALR: 

Forward:5’-GGCAAGGCCCTGAGGTGT-3’, 
Reverse:5’-GGCCTCAGTCCAGCCCTG-3’. 

       24    
.      1   .  

     .   
    .     

      2.  
   CFX96 (Bio-Rad, ). 
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 2 –    CALR  
     

1 1 1 3  95°C 

2 40 1 
2 
3 

10  
10  
20  

95°C 
57°C 
72°C 

3 1 1 1  95°C 

4 1 1 1  42°C 

 
       8%-  

 . 
 

2.5.2     
 

  –      
    ( )   (  ,    

 ,  ).    
 ,     , 
       .  

           
,  ,   .   

    ,     ,   
   .     

   ( , , 
 )    .  , 

    ,  ,    
  .    , 

  .    , 
 ,    : TAE  TBE.    

   ,      
      .   

        
,    , ,   

   ,     
     - .   

       (DNA 
ladder, « ») –     .  

      (  
   )   (   

   , ,   ) . 
        .  

     8%-   
 (  :  = 29:1)  0,5x - . 
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   5-7      

  c   –  
GelDoc (Bio-Rad, ).     

      GeneRuler™ Low Range 
DNA Ladder (Thermo Scientific™, ),    700  265 . .). 

 
 3 –  8%    65  

 ,   ,   

ddH2O 44,420 

65 

 . 

10  3,250 
 . 

 0,5 . 

(30%) 17,330 
 . 

 8%. 
10%  0,650  . 

 0,065  . 
 

2.6        –  
    Applied Biosystems 3500 (Thermo Fisher 

Scientific, ) 
 

     EPOR (8 ), VHL(2  3 ) HIF2α 
(9  12 )       3500 
(Thermo Fisher Scientific, ). 

 

2.6.1        8   
EPOR 

 
      DreamTaq PCR 

Master Mix (2X) ( Thermo Scientific™, ).     
   EPOR ,  1  : 

EPOR_F (5–̀ AGAGAGCGAGTTTGAAGGC–3`),  
EPOR_R (5–GCCATCCCTGTTCCATAAGTC). 

       
Vector NTI Software (Thermo Fisher Scientific),  ,  
      4. 

 
 4 –       

    ,  
DreamTaqPCRMasterMix (2X)  12,5 

Water, nuclease-fre 7,5 
, 10 /   1 
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 1 
  3 

 
       22    

.      3   .  
     .   

    .    
 CFX96 (Bio-Rad, ).     
 5. 

 
 5. –    8 EPOR  

     

1 1 1 3  95°C 

2 35 1 
2 
3 

10  
30  
1  

95°C 
60°C 
72°C 

3 1 1 15  72°C 

 

2.6.2        2  3  
 VHL 
 

      2   VHL 
 1  : 

F_GAGGTTTCACCACGTTAGCC; 
R_AGCCCAAAGTGCTTTTGAGA. 

    486     
 2   VHL.  
 ,        

   3   VHL ,    
       

 .598C> T(p.Arg200Trp). 
F_CAGAGGCATGAACACCATGA 
R_AAGGAAGGAACCAGTCCTGT 

  3   VHL    462  
.        [2]. 
    2  3   VHL   
  «  –    EVAGreen» ( , ). 

 ,        6. 
 

 6 –       
    ,  

1 2 
ddH2O,   13,25 

1 2 
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10     + EVAGreen 2,5 
dNTP, , 2,5  2,5 

MgCl2, 25  1,5 

, 10 /  
 1 
 1 

SynTaq - , 5 /  0,25 
  3 

 
       22    

.      3   .  
     .   

    .    
 CFX96 (Bio-Rad, ).     
 7. 

 
 7. –    2  3   VHL 
     

1 1 1 3  95°C 

2 35 1 
2 
3 

10  
30  
30  

95°C 
61°C 
72°C 

3 1 1 3  72°C 

 

2.6.3        9  12  
 HIF2α. 
 

     9  12   HIF2α   
      9  12.  

  9   HIF2α: 
F_CCATGCATCTAGGGGAGCAGA 
R_AACTCTTCCCAGCCCCAACG 

  12   HIF2α: 
F_TCTGCAGGAGCTGAGTTG 
R_CTTACTAGTGGGTGCCTCT 

  9   HIF2α    343  
,    12    631  .  

      [2]. 
      9   HIF2α 

    «  –    EVAGreen» 
( , ).  ,     

   8. 
 

 8 –         
 9   HIF2α 
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    ,  
ddH2O,   13,25 

10     + EVAGreen 2,5 
dNTP, , 2,5  2,5 

MgCl2, 25  1,5 

, 10 /  
 1 
 1 

SynTaq - , 5 /  0,25 
  3 

 
       22    

.      3   .  
     .   

    .     
      9.  

   CFX96 (Bio-Rad, ). 
 

 9. –    9  HIF2α 
     

1 1 1 3  95°C 

2 35 1 
2 
3 

10  
30  
30  

95°C 
64°C 
72°C 

3 1 1 3  72°C 

 
      12   HIF2α 

   DreamTaq PCR Master Mix (2X) (Thermo 
Scientific™, ).  ,      
  8. 

 
 10 –         

 12   HIF2α 
    ,  

DreamTaqPCRMasterMix (2X)  12,5 
Water, nuclease-fre 7,5 

, 10 /  
 1 
 1 

  3 
 

       22    
.      3   .  

     .   
    .     

      10. 
    CFX96 (Bio-Rad, ). 
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 11. –    12   HIF2α 
     

1 1 1 3  95°C 

2 35 1 
2 
3 

10  
30  
1  

95°C 
60°C 
72°C 

3 1 1 15  72°C 

 

2.6.4       ExoSAP-IT. 
 

 ExoSAP-IT       
    ,     

    (SNP).  -  
, ExoSAP-IT    dNTP  , 

    .    ExoSAP-IT 
   10. 

 

 
 10. –    ExoSap-IT. 

 
ExoSAP-IT        

 37°C   15 .   -  ExoSAP-IT 
     80°C   15 . ExoSAP-

IT    :  I   
 (SAP)      dNTP    

 .  I   , 
  - . SAP   dNTP   . 
   –   ExoSAP-IT. 
:   ExoSAP-IT   –20°C  

 . 
1.   ExoSAP-IT      

        . 
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2.  5   –   2  ExoSAP-IT – .  
   –   5     

  ExoSAP-IT. 
3.   37°C   15 ,    

  . 
4.   80°C   15 ,   

ExoSAP-IT . 
5.  –     .   – 

    –20°C   ,    . 
 

2.6.5    
 

         
 BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems, ).      
    11. 

 
 12 –       (  

  1 ). 

   
,    

( ) 
BigDye™ Terminator 3.1 Ready 

Reaction Mix 
8 

Forward primer or reverse primer 2 
 

  -      5-
20 .     2   20 . 

 

2.6.6.   –     BigDye® 
XTerminator™ Purification Kit (Applied Biosystems, ). 

 
 -      BigDye® 

XTerminator™ Purification Kit (Applied Biosystems, ).   
 2 : XTerminator™ Solution (     

    ), SAM™ Solution (  
  XTerminator™ Solution    

 ). 
    –      20 

      XTerminator™ 
Solution  SAM™ Solution. 

  - : 
1.   ,  - ,  90 

  SAM™ Solution. 
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2.   XTerminator™Solution    20   
. 

3.    30  ,    
    . 

      
 3500 (AppliedBiosystems, ). 

 

2.6.7.    –    
   

 
 :  

75    + 25  dH2O 
  - : 

1. 5   –     + 80  
  (75%),  . 2.   

XTerminator™Solution    20   . 
2.   20          

.       
  3500 (AppliedBiosystems, ) 

3.          30 
 10º   3,5 . ./ . 
4.       . 

  ,    45º. 
5.   50   (2 –  )    

  10 , 10º   3,5 ./  
6.     ,  

  45º. 
7.    (Veriti)     : 

63º  – 3 , 25º  – . 
8.         (     
 ).      10 

. 
9.    (Veriti): 95º  – 5 ., 4º  – 10 ., 4º  – 

. 
10.         . 
 

2.6.7      
 

 
SeqScanner Software –   ( ),  

   ( )   ,  
   .       

  ,      
  . 
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SeqScape Software – ,      
,    SNP   . 

,     ,       
 . 
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3     

3.1       , 
      –

 : EPOR, HIF2α, VHL 
 

   ,     
,      2012    
 –        

   .    
,         

   –     
   JAK2  12  14 ,  11.    20%  
         

   «   ».   
    –    

     –  ,    
,       , 

   EPOR, HIF2α, VHL. 
 

 
 11 –    

 
 ,    ,    
    ,   

 ,       14  12 
  JAK2,   38     

  . 
    ,       

         CALR  
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 13  
 



  54 

 
 

: 
 

1.      
        

      
    CARL     

    . 
2.       

      EPOR, VHL, HIF2α   
     . 

3.       
      

    . 
4.      

  8  38 :      
  –  ),  7   
   ,     

    (ECTY1),    
    (ECTY2),     
    (ECTY4).  
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 –    

 –   
 –   
 –  
 –    

CALR -      
JAK – -  
EPO –  
EPOR –   
Hb –  
Ht –  
ECTY1 –     
ECTY2 –     
ECTY3 –     
ECTY4 –     
VHL –  —  
HIF –    
GATA1 –    
pO2 –   
PHD –  

 –   
SOCS –     
SHP–1 –  
VEGF –     
SLC2A1 –  -1  
TF –   
PDGFβ –     

 –   
-P  –        

ADP –  
ATP –  
dNTP –  
EDTA –  
STAT –      
Ph –   

 –    
 –   

 –    
 –  

TAE  – -   
TBE  – -    

 –  



56 

 –   
Glut-1 –    
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