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ABSTRACT

Myeloproliferative neoplasm (MPN) is the disorder of hematopoietic stem cells and progenitor
cells with various mutations implicated in its pathogenesis, including Janus kinase 2 (JAK2),
thrombopoietin receptor (TpoR), and calreticulin (CALR) mutations. MPN patients harbouring
frameshift CALR mutations exhibit megakaryocyte hyperplasia, thrombocytosis, with or
without marrow fibrosis. Two of the most prevalent mutations implicated in 80% of CALR-
mutated patients are CALR Type I (A52) and CALR Type II (ins5) mutations. All the CALR
mutations are characterised by a unique C-terminal tail rich in positively charged amino acids
and loss of KDEL ER retrieval sequence located in the exon 9 tail of the CALR gene. Mutant
CALR binds to the N117 residue in the extracellular domain of the TpoR to dimerise the
receptor inducing ligand-independent activation of TpoR. This renders the JAK2/STAT1/3/5
pathway active, promoting megakaryopoiesis, leading to MPN. The CALR mutants are
efficient in driving ligand-independent activation of TpoR. Despite this, the difference between
the two CALR mutants lie in the prognosis and prevalence. The Type I CALR harbouring
patients have higher myelofibrosis cases, whereas younger age at presentation is seen in Type
IT CALR patients. This difference in patient outcome cannot be explained by the ability of
CALR Type I and Type II mutants to activate TpoR. Furthermore, CALR mutations are not
restricted to the myeloid lineage but penetrate the lymphoid lineage. This highlights the
possible oncogenic capabilities of mutant CALR beyond TpoR and JAK-STAT pathway.
Therefore, studying the oncogenic properties of mutant CALR independent of TpoR is
imperative. Moreover, KDEL deletion enables the mutant CALR to secrete from the ER and is
reported to be found in the Golgi (cis and trans), vesicles, cell membrane, and even in the
nucleus. Thus, we hypothesised that mutant CALR might have gained new interacting partners
in the various compartments. Hence, we cloned and expressed the recombinant CALR WT and
mutant tail. The bead-bound recombinant CALR WT and mutant tails were used as the bait to
perform a pulldown followed by mass spectrometry to identify their interacting partners. We
identified 21 pulldown partners of the CALR mutant tail, out of which 8 were shared with
CALR WT tail. Among the shared pulldown partners of CALR WT and mutant tail, we report
ARHGAP21 (a GTPase activating protein (GAP) for CDC42 activity) and USP9X, (a
deubiquitinase) interacted with CALR WT and Ins5 exclusively. We showed TGFBR3, co-
receptor for TGF-f signalling, to interact with CALR WT/AS52 /ins5 tail. TGFBR3, is the third

receptor to interact with CALR mutants apart from the already reported and characterized



receptors TpoR and Transferrin receptor. Moreover, VPS13C and BORCS5, which are involved
in the lysosome movement and distribution, were found to interact with CALR WT and
mutants. Interestingly, our results suggested low lysosomal count resulting in low mTOR
colocalization on the lysosomes in CALR mutants (A52 and ins5) compared to the CALR WT.
However, the difference between the two CALR mutants was apparent in terms of lysosomal
distribution inside the cells. On one hand, CALR A52 exhibited majorly perinuclear clustering
of lysosomes, whereas CALR ins5 showed peripheral localization of the lysosomes, leading to
robust activation of mTOR (S2481) by CALR ins5 and diminished mTOR (S2481) activity by
CALR A52. This differential activation of mTOR (S2481) by the CALR mutants disappears
when supplemented with pyruvate-rich medium. Therefore, CALR mutations differentially
dictate the lysosomal dynamics impacting their number and distribution by modulating mTOR
signalling. Furthermore, we also report downmodulation of basal mTORC2-Akt S473 axis
mediated through c-JUN in CALR Type I mutant. Type II CALR mutations rendered robust
activation of the mTORC2-Akt S473 axis. Our data supports that Type I CALR mutation
compromised mTORC2 assembly which was rescued either by overexpression of mTORC2
assembly subunits RICTOR and mSINI or by c-JUN knockdown. We report that CALR A52
occupies the promoter and distal enhancers of jun, hence, directly regulating c-JUN expression
through chromatin immunoprecipitation. Finally, we observed implications of downregulated
mTORC2-Akt S473 axis in terms of reduced glucose uptake and ATP levels in cells expressing
Type I CALR mutations. This was reversed by c-JUN knockdown. Hence, c-JUN mediated
mTORC2-Akt S473 axis interplay was found to be responsible for diminished glucose
metabolism in CALR Type I mutant. In contrast, CALR Type II mutations enhanced the
glucose uptake in the cells by activating basal mTORC2-Akt S473 signalling, demarking a

crucial difference between the two CALR mutations.



AR
areifethRied e (Myeloproliferative Neoplasm, MPN) U et ﬁ?ﬁl il
gHACIUNfed WH HIfRabrsf (Hematopoietic stem cells) AR UNfAeR PifRrwret
(progenitor cells) 3T Bt 8, SH 3 USR & @Tﬂ:{ S AT (pathogenesis)
@[Gﬁ@% — S Janus kinase 2 (JAK?2), Yirsggfe RApY (TpoR), ﬁ?%ﬁﬂ{{ﬁﬂ
(CALR) TCRF| CALR WORME TERE d/d MPN AT & BreeiRaNse
STSURWITRA, YEgeIRd, 3R dHt-w 1t a9 R BresiRg <@ &1 a8 1 CALR
Type I (A52) 3R CALR Type II (ins5) & YW TSR &, S T 80% CALR-TICCS
AT 7 urg ord § 1 9t CALR =IRRH ) U I IR I8 § 6 59 U uifsifea
TS aTelt C-efHa ¢ gt § 3R KDEL ER Rélad d1éhd (ST CALR 9 & Tadi- 9 #
@IH@HT%) WW@W%I ICE?:’CALR, TpoR%EﬂE{@fﬂ (extracellular domain) &
N117 399V (residue) ¥ §¢dT 8, Y RAPR &7 ferfis-add SHHRISHRA gidT &1 I8
JAK2/STAT1/3/5 RfeitT Uty &1 afosd &= Sl 8, For) A RaeRig sgdt § $iR
URUMER=T MPN 30 81dT 81 8Taiife &l CALR RIETH (Type I 3R Type IT) TpoR
&1 forls-ada ©U ¥ Fiohy B3 | GeH §, Afb 37 ala THIR [N-gaigaH) 3R
Udcld (prevalence) 7 ofR URl S gl Type I CALR Elj.r!ﬂ:[ CINERULRIR:]
ARGAGIESIRN Bt geTg e gl §, Stafd Type 11 CALR TICRM daTal A & e 1
T g1 SUETHd HH 1Y H SJ1 9I1dl ¢ | T8 3R Had TpoR Alchddl I Ta! THATAT off
F&dll CALR TCRM $Had AIARS 4% (myeloid lineage) d% JifHd -8l &, few o
NICIESER (Iymphoid lineage) # oft 7o Fd § 1 SO Hobd i g fb @? CALR
DI Do (FER IAR®) & TpoR 3R JAK-STAT T4 ¥ IR it 8 Tehdil 8 1 ST,
TpoR-XacH ¥U H CALR TILC & SHI-bIol-dh 01 BT 3T HIRIS ¢ | b MfaRa,
KDEL 3hH & 8+ ¥ B CALR T ER ¥ W14 (secretion) ¥HT B Ol §, 3R 34
Golgi (cis Ud trans), IRTH e, HIRDT f=Aect!, Tal ad b TS (nucleus) o oft urar
g1 37 T8 URS T ®1 T3 fh TIe CALR A fafid SR R § 7Y Sexfaet ureR
T & forg g1 39 35%9 ¥, 84 CALR WT (d15eS €3Y) 3R ®ee o & daH Ud
TR forerT | S-S S Rapifianc CALR WT S8R RIde ¢ &1 IUaNT Jasis T o
o 7T, foradh ST AT Wae ] §RT 30 Sexfaet UIe-d & UgdM &1 1Ts IgH CALR
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RICC <A & 21 JASI3 Ure-Y ugdH, o I 8 Ui CALR WT <d & 1 7= |
TS UIeY H, ARHGAP21 (U GTPase Ufdedfet UieH St CDC42 Tafafd &t fAdfad
FRAT ) AR USPIX (T SIgfafdsicol) & faRT E U W CALR WT 3R ins5 & AT Sexac
HRd T | g9 I8 it g=ifar f TGFBR3, S TGF-p Riutfeit &1 #1-RAPT B, CALR
WT, A52 3R ins5 <@ & T §E¥aC Bl g | T8 IRRT RAPR 8 S CALR T TH I §eXae
W%,%ﬁﬁ%ﬁﬁmmTpoRGﬁTTransfemn receptor%l W\’ﬁﬂ?ﬂ VPS13C
3fR BORCS, Sl Argur &1 Tfd 3R faaRor & wnfiid €, CALR WT 3R ®dcH aHl &
1Y $XaE HRd UTE Y| feqey ¥ 0 ¥, AR URUE! ¥ 98 UdT IaT fd CALR RI¢cH
(A52 3R ins5) T AU B A HH ot 3R mTOR FT AT R BIAIb Ao
Y greT g3HT UT| gTetifoh, Tl RIS & o arsaray fadRor & Ty SiaR rar 11 —

« CALR A52 & A2 &0a: TR Faee i (AT & U 99qfed) fo,

« Ol§fb CALR ins5 H AS9H URGRA (fb-RI ) fRUd 9, foR mTOR (S2481)
&I Aolgd fhad gs, SIdid CALR A52 T 98 Fishadi gfed gt

g 3R UISede-qg A1EH ¢ R 91 g1 T, Ry a8 sy e fs CALR
RICTF mTOR RAEfe &) gHIfdd Hd gU Ay &1 TRedm iR faaRur &1 fAa i #vd
21 897 U8 W urn & CALR Type 17 H ¢-JUN GRT AT mTORC2-Akt S473 3{ef
BT STSTHISIARM BIdT &, STafdb Type 11 CALR RIS 9 3{&f &1 Holgq! I Wichd Hdl
g1 AR 3fihe §dTd & 1 Type I CALR TICRF H mTORC?2 HIAIRT BT et Frferd
g1 &, Rt a1 @l RICTOR S8R mSIN1 &1 $fdd Nl a1 c-JUN Alders gRl
Wﬁm (rescue) forar S goar g1 g9 g fF CALR AS2, jun S & YR 3R
e TR &3 I SUdT § 3R 39 UHR WY cJuN ffiefad &1 Fafd sxar g1 sida:
U U fdh Type I CALR BICYH H mTORC2-Akt S473 3& Dl HH! J WD IS Sa=NTUT
3R ATP TR & w4l 3Kl &, o ¢-JUN Al Srs ¥ G: F8Td a1 off Il 51 39d
fausid, Type 11 CALR WY mTORC2-Akt S473 Rufei o1 fchd o Tabrel
SR 9G4 &, fST GHf CALR RICRH & o9 T Hgayul ifddh SiaR RITUd gl g |
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Figure 23: A. Confocal imaging to check mTOR colocalization on lysosomes in DMEM media. B.
Percentage of lysosomes exhibiting colocalization with mTOR. Data represent the percentage of
colocalization = SEM. Error bars represent sem. The p-value is indicated in the plot. **p <0.01
and ***p <0.001. No. of cells, n=5-8 for each case. C. Comparison of expression of mTOR
(S2448) and mTOR (S2481), AKT (S473) in CALR WT/AS52 /ins5 expression cells in DMEM
media and DMEM media + 0. 1mMM PYTUVALE.........cceecvirierieeieeieeieeiesteereeresneesesnseensesssesssesnns 43

Figure 24: Schematic representation of the impact of lysosomal distribution and mTORC?2 activity in
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Figure 26: A. Diagram illustrating mTOR signalling and its associated downstream targets. B-C.
Western blot results displaying the comparative levels of phosphorylation for mTOR at the sites
S2448/S2481, AKT at the sites T308/S473, as well as NDRG1 and RICTOR proteins that are
part of mMTORC1 and mTORC?2 signalling via the AKT/ERK pathway in the HEK293 cell line.
Loading control was used as actin in all the cases. D. The corresponding quantification for three
independent replicates (n=3). Data is expressed as the mean + SEM. Statistical significance was
determined using the Student’s t-test. An asterisk (*) denotes statistical significance. *p < 0.05,
#5p < 0.01, #*¥¥P<0.001 (NT3). et 55

Figure 27: A-B. Western blot panels showing comparative expression of phosphorylation level of
mTOR at site S2481, AKT at S473, NDG1, and RICTOR protein involved in mTORC2
signalling in the U20S cell line. C. The corresponding quantification for three independent
replicates (n=3). D. HEK293 control and overexpressing CALR WT to compare mTORC2 and
AKT S473 phosphorylation corresponding to mTOR and AKT total proteins. E. HEK293 control
and overexpressing CALR WT to compare mTORC1 and AKT T308 phosphorylation
corresponding to mTOR and AKT total proteins. Loading control was used as actin in all the
cases. The corresponding quantification for three independent replicates (n=3). Data is expressed
as the mean + SEM. Statistical significance was determined using the Student’s t-test. An asterisk
(*) denotes statistical significance. *p < 0.05, **p <0.01, (N=3).cceeoiriereninieeireeeeeceee, 5

Figure 28: (a) Sequence comparison between CALR WT truncation mutations and calr mutants. (b-c)
Cell surface expression of CALR WT tail truncation mutants through flow cytometry using anti-
HA antibody. (d-e) Western blot panels showing comparative expression of phosphorylation level
of mTOR at sites S2448/S2481, (f-g) AKT at sites T308/S473 in CALR WT truncation
mutations. Loading control was actin in each case. The corresponding quantification for three
independent replicates (n=3). Data is expressed as the mean + SEM. Statistical significance was
determined using the Student’s t-test. An asterisk (*) denotes statistical significance. *p < 0.05,
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Figure 29: Western blot in CALR WT/A52/ins5 expressing HEK cells for the expression of (a.) c-JUN
(b.) FOXO-1 (c.) GSK3p. Actin was used as the loading control in each case. The mRNA level in
CALR-expressing HEK cells for (d.) c-JUN and (e.) FOXO-1 were normalized against PPIA as a
housekeeping gene. Data is expressed as the mean + SEM. Statistical significance was
determined using the Student’s t-test. An asterisk (*) denotes statistical significance. *p < 0.05,
FED CO.0T (T3). e 61

Figure 30: Western blot panel for (a.) c-JUN overexpression (b.) c-JUN knockdown in cells
expressing CALR A52. (c.) CALR A52 in combination with overexpression of either mSIN1 or
RICTOR or both. (d.) Schematic representation of c-JUN-mTORC2-AKT (S473) axis in CALR
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Figure 31: A. Diagram displaying the promoter and distal enhancer regions used in the chip analysis.
B. CHIP-qPCR assessment of samples transfected with calr constructs in HEK293 cells, focusing
on the jun promoter and distal enhancer regions. The fold change is analyzed in comparison to
the IgG control. Results are presented as mean + SEM. Statistical significance was determined
using ANOVA with Tukey’s post hoc test. Asterisks (*) indicate statistical significance. *p <
0.05, **p < 0.01, **#p < 0.001, (NT3). .ceeiiiiiiiieieeeee et 64

Figure 32: (a-b)- western blot panels displaying the comparative expression of mTOR
phosphorylation levels at the S2448 and S2481 sites, as well as AKT phosphorylation at the T308
and S473 sites, which are involved in mMTORC1 and mTORC?2 signalling in the presence of AKT
inhibitors (MK2208 and GDC-0068) and the PDK1 inhibitor (GSK2334470). .......ccccevvereevuennene 65

Figure 33: (a-b). Expression of AKT 1 and AKT2 specific phosphorylation in CALR WT and mutants
corresponding to AKT 1 and AKT2. Actin served as the loading control. C. The corresponding
quantification for three independent replicates (n=3). Data is expressed as the mean + SEM.
Statistical significance was determined using the Student’s t-test. An asterisk (*) denotes
statistical significance. *p < 0.05, **p < 0.01, (N=3). cuveviirierierieriereeree e seeens 66

Figure 34: A. Glucose uptake assay by 2-NBDG uptake by CALR WT and mutant cells through flow
cytometry. Statistical analysis is done through ANOVA followed by Tukey’s post hoc test.
(*p<0.05, **p<0.01). B. ATP determination assay in CALR WT and mutants expressing cells.
Statistical evaluation is performed through ANOVA followed by Tukey’s post hoc test. (*p<0.05,
**p<0.01). C. Glucose uptake assay by 2-NBDG uptake by CALR A52 expressing cells in the
presence of RICTOR and or mSIN1 through flow cytometry. Statistical analysis is done through
the Student’s t-test. (*p<0.05). D. ATP determination assay in CALR A52 expressing cells
alongside RICTOR and or mSIN1. Statistical evaluation is performed through the Student’s t-
test. (*p<0.05). E. Glucose uptake assay by 2-NBDG uptake by cells expressing CALR A52 with
or without c-JUN knockout cells through flow cytometry. Statistical evaluation is performed
through Student’s t-test (*p<0.05, F¥P<O.01). ..eecvieeiiriieieeie et 68
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Figure 35: a. Western blot for CALR WT and mutants in Ba/f3 cell line showing p-mTOR (S2481)

and AKT (S473). Actin served as the loading control. B. Western blot for CALR WT and mutants
in the K562 cell line showing p-mTOR (S2481), AKT (S473), and c-JUN. Actin served as the
loading control. C. Quantification of the qPCR data for c-JUN. On the y-axis is relative fold
change. Statistical evaluation was performed through ANOVA in combination with Tukey’s post
hoc test. (n=3). D. Glucose uptake assay by 2-NBDG uptake by CALR A52 expressing cells with
or without c-JUN knockout cells through flow cytometry. The y-axis represents relative fold
change. Statistical evaluation is performed using ANOVA in combination with Tukey’s post hoc

test. (¥p<0.05 and **FP<O.01) (N73). cecueivieiieeie ettt ste st e st e sebeseseenseenseessesnseanns 69

Figure 36: The regulation of mTORC?2 signaling differs due to type 1 and type 2 calreticulin (CALR)

mutations, which drive myeloproliferative neoplasms. The diagram illustrates how mTORC2
signaling is differentially modulated by CALR type 1 and type 2 mutants. In cells harboring the
type 1 CALR mutant (CALR A52), c-jun diminishes mTORC?2 activation via RICTOR and its
subsequent target AKT S473, leading to a reduction in glucose uptake in these cells. On the other
hand, the C-terminal tail of CALR is essential for stimulating the mTORC2 pathway, resulting in
increased levels of p-AKT S473 and elevated glucose uptake in cells with the type 2 CALR
MUtation (CALR INSS). .oouviiiiiiiiee ettt ettt et e e e ve e et e etaeeeteeeeareesareesanee e 71
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ABBREVIATIONS AND SYMBOLS

Beta
n Micron
pL Microlitre
ng Microgram
A Deletion
°C Degree Celsius
4EBP1 Eukaryotic translation initiation factor 4E-binding protein-1
AKGDH a-ketoglutarate dehydrogenase
AMP Adenosine monophosphate
AMPK AMP-activated protein kinase
ARHGAP21  Rho GTPase activating protein 21
ATP Adenosine triphosphate
BORC BLOC-1 Related Complex
CALR Calreticulin
CLP Common Lymphoid Progenitors
CMP Common Myeloid Progenitor
DEPTOR DEP domain-containing mTOR-interacting protein
EpoR Erythropoietin receptor
ER Endoplasmic reticulum
ERAD ER-associated degradation
ERK Extracellular signal-regulated kinase
ET Essential thrombocythemia
FOXO Forkhead box class O
G-CSF-R Granulocyte colony-stimulating factor receptor

GM-CSF-R Granulocyte macrophage colony-stimulating factor receptor

GSK3p Glycogen synthase kinase 3 beta
GST Glutathione S-Transferase

GTP Guanosine-5'-triphosphate

HACBP High-affinity calcium-binding protein
HSC Hematopoietic stem cell

IDH Isocitrate dehydrogenase

IL Interleukin
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JAK
JNK
LAMP1
MAPK
MHC
Mk
mLSTS§
MPN
mSIN1
mTORC1
mTORC2
NDRG1
PDH
PDK1
PI3K
PIP2
PIP3
PMF
PRAS40
PV
RAPTOR
RBC
RHEB
RICTOR
RTK
RTK
S6K1

Ser

SGK
SOCE
STAT
TFE3
TFEB

Janus Kinase

c-Jun N-terminal kinases
Lysosomal-associated membrane protein 1
Mitogen-activated protein kinase

Major histocompatibility complex
Megakayocyte

mTOR-associated protein, LST8 homolog
Myeloproliferative neoplasms

Mammalian stress-activated MAP kinase-interacting protein-1
Mechanistic target of rapamycin complex 1
Mechanistic target of rapamycin complex 2
N-Myc Downstream Regulated 1

Pyruvate dehydrogenase
Phosphoinositide-dependent kinase 1
Phosphoinositide 3-kinase
Phosphatidylinositol 4,5 bisphosphate
Phosphatidylinositol (3,4,5) trisphosphate
Primary myelofibrosis

40-kDa proline-rich Akt substrate
Polycythemia vera

Regulatory-associated protein of mTOR
Red blood cells

Ras homolog enriched in brain
Rapamycin-insensitive companion of mammalian target of rapamycin
Receptor tyrosine kinase

Receptor tyrosine kinase

Ribosomal protein S6 kinase beta-1

Serine

Serum and glucocorticoid-regulated kinase
Store-operated calcium entry

Signal transducer and activator of transcription
Transcription factor E3

Transcription factor EB
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TGFB3
Thr
TPO
TpoR
TSC
ULK1
UPR
USPIX
VPS13C
WHO
WT

Transforming growth factor beta 3
Threonine

Thrombopoietin

Thrombopoietin receptor

Tuberous sclerosis complex

Unc-51 like autophagy activating kinase 1
Unfolded protein response

Ubiquitin specific peptidase 9 X-linked
Vacuolar protein sorting 13 homolog C
World Health Organization

Wildtype
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