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Cytokine Receptor and JAKs Form Functional Units
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Phenotypic Drivers

Polycythemia Vera Essential Thrombocythemia Myelofibrosis (PMF, sMF)
97% JAK2 V617F 64% JAK2 V617F 55-64.7% JAK2 V617F
3% JAK2 ex 12 4.3% MPL W515X 4% MPL W515X

<5% LNK (SH2B3) ≤6% CBL
15.5% CALR <5% LNK (SH2B3)
16.1% Unknown 22.7-27% CALR

8.6% Unknown

Mutations in MPNs

Clonal dominance and progression

Gene PV1

(%)
ET1
(%)

MF1
(%)

MF2
(%)

TET2 16 7 9 9.7

IDH1/2 3 0 0 2.6

DNMT3A 3 9 3 5.7

EZH2 2 1 9 5.1

ASXL1 3 1 18 21.7

1. Lundberg P et al. Blood. 2014;123:2220-2228. 
2. Vannucchi A et al. Leukemia. 2013;27:1861-9.



JH1:    Kinase domain
JH2:    Pseudokinase domain
JH7-4: FERM domain
JH4-3: SH2 domain

Structure of Janus Kinases (Just Another Kinase)

V617F

(+)

JH1JH2JH4-JH3JH7-JH5

NH3 FERM SH2-like PSEUDOKINASE KINASE COOH

K539L

James C et al., Nature. 2005 Apr;434(7037):1144-8, Kralovics R et al., N Engl J Med. 2005 Apr;352(17):1779-90, Baxter EJ 
et al., Lancet. 2005 Mar;365(9464):1054-61., Levine R et al., Cancer Cell. 2005 Apr;7(4):387-97



JAK2 V617F Binds to and Activates EpoR, TpoR and G-CSFR



Myeloproliferative Neoplasms Induced by W515 
Mutations in TpoR
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Tryptophan is “Absolutely” Required at Juxtamembrane Position 
515 in Order to Maintain the Unliganded TpoR Inactive
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CALR del52 binding and activation of human TpoR



The 𝜶-helical of the mutant tail is required for dimerization and activation of TpoR

Papadopoulos et al., under review - Nature Communication



Pecquet et al., Blood 2019

CALR del52 binding and activation of human TpoR





Oncogenic mutations in MPNs
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-KDEL

Globular N-
domain
1-197

P-domain
198-307

C-domain
308-417

- Sugar binding domain 
- Chaperone activity
- Zn2+ binding site
- ATP binding
- interaction with 𝛼-integrins 

- ERp57 binding 
- Protein-protein 

interactions

High capacity, low 
affinity Calcium 

binding

KDEL=ER
retention 

motif

QRKEEEEDKKRKEEEEAEDKEDDEDKDEDEEDEEDKEEDEEEDVPGQA

QR……………………………………..TRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQ

QRLKEEEEDKKRKEEEEAED NCRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQ

CRT WT

CRT Del 52

CRT Ins 5

-KDEL

-GWTEA

-GWTEA



Klampfl T,  et al. N Engl J Med. 2013;369:2379-90, Nangalia J, et al. N Engl J Med. 2013;369:2391-2405.

CALR Mutations in MPNs
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Major clinical problem: the correct choice of transplant time

Too early: 15 % mortality due to transplant (graft versus host)

Too late: 0 % remission, total failure

True for MPNs, MDS, CMML and other mixed MPN/MDS/CMML



Bone marrow hematopoietic stem cell niches

Myeloid progenitors feedback on HSCs and limit cycling; destruction of myeloid cells leads to HSC cyclying

Beerman and Mendez-Ferrer 



Are there differences between normal and leukemia stem cells?

Such as HSCs carrying BCR-ABL in CML/MPN?



Dr Elisabeth PAIETTA, Educational Session ASH 2012



Dr Ross Levine Educational Session ASH 2012, Atlanta
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MPN Development and Progression 
Hypotheses

HSC

JAK2 V617F, MPL, 
CALR…

MPN MPN sAML

Loss of one p53 allele
(mutation, HR…)

Loss of the second 
p53 allele

Secondary AML

HSC

JAK2 V617F, MPL, 
CALR…

MPN MPN sAML

Loss of TET2/EZH2
or ASXL1 or IDH1/2

Further loss of 
epigenetic regulators



P53 is a tumour suppressor 
 
Key concepts: 
 
 
The p53 gene is mutated in human cancer 
 
 
The P53 is “activatable”  

Courtesy Dr. Tedd Hupp



Abegglen, L. M. et al. J. Am. Med. Assoc. 
http://dx.doi.org/10.1001/jama.2015.13134 
(2015). 

Sulak, M. et al. Preprint at bioRxiv 
http://dx.doi.org/10.1101/028522 (2015). 

Peto, R., Roe, F. J., Lee, P. N., Levy, L. & 
Clack, J. Br. J. Cancer 32, 411–426 (1975). 

More than a dozen TP53 copies in two 
extinct species of mammoth, but just one 
copy in elephants’ close living relatives, 
manatees and hyraxes  

Elephant blood cells seem exquisitely 
sensitive to DNA damage from ionizing 
radiation 

Elephants have 20 copies of a p53 (or, 
more properly, TP53), in their genome, 
where humans and other mammals have 
only one 

P53 in the news 

Courtesy Dr. Tedd Hupp



Schematic Representation of p53 Variants
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Epigenetic changes in leukemia



Dr Marie Figueroa, Educational Session ASH 2012, Atlanta
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Example of potentially successful 
treatment

Targeting cell-surface mutant CALR in 
MPNs and sAML



CALR del52 binding and activation of human TpoR



How Can Calreticulin Mutants Induce Myeloproliferative
Neoplasms?

Jak2

Mutated Calreticulin

Activation
JAK2-STAT5

ER

Nucleus

Constitutive
activation

Target genes

JAK2-P**

* *

?

Unpublished, Vainchenker W, Kralovics R, Constantinescu SN



CALR mutants are exposed at the cell surface



CALR del52

CALR del52 …QMKDKQDEEQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA

CALR WT

N domain

P C

CALR del52 P C

P domain C domain

N

N Mutant tail+++

KDEL

…QMKDKQDEEQRLKEEEEDKKRKEEEEAEDKEDDEDKDEDEEDEEDKEEDEEEDVPGQAKDELCALR WT

+1 Frameshift



Structural Basis of Oncogenesis by Mutants of Calreticulin

Human proteome

N-glycosylated proteins
> 50% of human proteome CALR mutant specific partner(s)

Out of >25 tested cytokine receptors
only TpoR is activated by mutated
calreticulins



The Arg rich segment of the mutant tail is 𝜶-helical

Sample α-Helix (%) ß-sheet (%) Turn (%) Random (%)
CALR WT 13.3 ± 0.9 29.9 ± 0.3 11.6 ± 0.2 40.4 ± 0.5

CALR ∆c-tail 0.1 ± 0.2 33.8 ± 0.2 15.4 ± 0.2 44.2 ± 0.3

CALR del52 8.4 ± 0.8 29.6 ± 0.2 13.1 ± 0.1 43.8 ± 0.6

CALR del52 A394* 12.1 ± 0.7 31.5 ± 0.7 12.4 ± 0.3 40.1 ± 40.7

Papadopoulos et al., under review - Nature Communications

a-helix
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HDx-MS mapping of interacting sites between CALR del52 and immature TpoR

Papadopoulos et al., under review - Nature Communications



Papadopoulos et al., under review - Nature Communication

HDx-MS mapping of interacting sites between CALR del52 and immature TpoR



Papadopoulos et al., under review - Nature Communications

HDx-MS reveals direct interaction between mature TpoR ECD and CALR mutant tail



CALR mutant tail interacts with acidic patches on TpoR D1 domain

Papadopoulos et al., under review - Nature Communications



The TFED motif is required for TpoR activation by CALR mutant

Papadopoulos et al., under review - Nature Communications



Conclusions

• The specific interaction beteween mutated CALRs and TpoR require both the tail
interaction with negative charges in TpoR D1 and the lectin binding domain of 
CALR forming a complex with immature N-linker sugars on TpoR (N117).

• The charged and helical novel tail of mutated CALRs forms a dimer that induces
cross-dimerization of TpoR.

• The interaction of mutated CALRs with TpoR leads dimerization of TpoR
transmembrane domains in an active conformation.

• Mutated CALRs act as rogue chaperones for TpoR, exposing immature TpoR at the 
cell-surface and as rogue cytokines as they activate TpoR.

• The cell-surface accessibility allows one to target mutCALR on the clone and 
potentially eliminate the clone starting from mutated stem cells.



Clonal Hematopoiesis of Indeterminate Potential

*

Ø 2% clonality in peripheral blood without overt blood count anomaly
Ø Mutations in DNMT3A, TET2, ASXL1, but also JAK2, Splicing Factors Genes, TP53, PPMD1

Aside from TP53 and PPMD1 mutations, JAK2 mutations are the highest predictors for AML
evolution of CHIP individuals

Hypothesis: CHIP mutations increase fitness of aged Hematopoietic Stem Cell



Personalized prevention

• The same mutations that are present in 
certain MPN, MDS and AML patients can 
induce earlier in lige CHIP which increases the 
risk to evolve to those diseases and for 
vascular diseases, thrombosis and 
athersclerosis.



Luquez Paz et al. Blood 2022, Nov 8, 200217578



Events from the acquisition of JAK2-p.V617F until the development of MPN.

Acquisition of disease driver mutation -) 5-15 years CHIP-) decades MPN

Luquez Paz et al. Blood 2022, Nov 8, 200217578
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Mutated non-coding regions

Impaired expression of coding regions

Altered kinetics and levels of 
expression of coding regions





Guessing The Future...............

“The future is no longer what it isued to be”



Check up for cars, when will we check for early cancer in humans by cell free DNA?

Personalised Medicine, Precision Medicine, Personalised Prevention- within sight?
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