@

MEDICAL UNIVERSITY
OF VIENNA

MUTANT SELECTIVE SMALL
MOLECULE INHIBITORS OF
CALRETICULIN FOR THE TREATMENT
OF CALR MUTATION POSITIVE
MYELOPROLIFERATIVE NEOPLASMS

Doctoral thesis at the Medical University of Vienna
for obtaining the academic degree

Doctor of Philosophy

Submitted by
MSc, Ruochen Jia

Supervisor:
Professor, Robert Kralovics

Department of Laboratory Medicine, Medical University of Vienna
Lazarettgasse 14 BT 25.2 1090 Wien, Osterreich

CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences
Lazarettgasse 14, BT 25.3, 1090 Vienna, Austria

Vienna, date of submission (format: 08/2019)



Declaration

All the work from the author was conducted in the research group of Robert Kralovics. The
majority of the work was carried out in CeMM Research Center for Molecular Medicine of the
Austrian Academy of Sciences before the lab moved to the department of Laboratory Medicine

on 1 June 2019. The work since then was done in the current department.

All the experimental work was conducted by the author of the thesis except the ones mentioned
below. For result 2.1, the computational docking study and chemical synthesis were conducted
in collaboration with Roman Lesyk’s group in Danylo Halytsky Lviv National Medical University
Ukraine. The NanoBRET assay (Figure 2.1.4a) was carried out by Thomas Balligand from
Stefan Constantinescu’s group in Ludwig Cancer Research/de Duve Institute, Brussels,
Belgium. For result 2.2, the chemical screening in CALR mutated cell lines was conducted in
collaboration with Platform Austria for Chemical Biology (PLACEBO) led by Stefan Kubicek.
The platform supplied and prepared the drug library and conducted the CellTiter-Glo reading
as well as the preliminary data analysis. Leon Kutzner, the former master student from
Kralovics group, conducted his master project relating to result 2.2 under the supervision of
the author. He performed experiments relating to Figure 2.2.2, 2.2.3 and 2.2.4a as well as
Supplementary figure 2.2.1 and Supplementary figure 2.2.2. The relevant results were
recorded in his master thesis. Figure 2.2.1 was generated by the author but was permitted to
be included in Leon Kutzner's master thesis due to scientific logistics of it. Jakob Weinzierl
provided hands-on help to create CALR KO cell line models that were used in some assays.
MyeloPro Diagnostics and Research GmbH, Vienna, Austria provided mutant calreticulin
specific antibodies which were used in western blot. The patient samples was provided by
Professor Heinz Gisslinger. My supervisor Robert Kralovics initiated the ideas of the two
projects included in the thesis and provided supervision throughout the projects. He also

advised on the thesis writing.

All the illustration figures from the introduction section were drawn by the author. In the case
of published concept or summarized information adapted into the illustration, the related

publications were referenced.

Part of the result 2.1 was used for a patent application of which the author designated as one
of the inventors. The notification from the European Patent Office was included in the Appendix

section.



Table of contents

DECIAIATION ...t s 1
Table Of CONTENTS.....oiiii ettt e e e e e e e e e e e e e e 2
ACKNOWIEAGEMENTS ... s 4
ADSTITACT ... e 5
ZUSAMMENTASSUNG ....eei i ittt e oottt et e e e e e e e s e bbb b et e e e e e e e e e e nnbbsereeeaaeeeaaannns 7
LISt Of FIQUIES ...t e e e e e r e e e e e e e s e e e e eeaaens 9
LISt Of tADIES ..o 11
ADDIEVIGTION ...t s 12
T INTRODUGCTION ...ttt ettt e e e e e e s ettt e e e e e e e e e e nnsnbbseeeeaaeeeaannns 14
R (=T 0 4 F= o oo L= L 14
1.2 Overview of myeloproliferative NEOPIASMS ..........uuuiiiiiiieiecece e 17
1.2.1 Overview of genetic pathogenesis of MPN ... 17
1.2.2 Overview of MPN therapy.........c..uueiiiiiiiii e 18
1.2.3 JAK/STAT pathway and its central role in MPN pathogenesis.............cccccccceeeennn. 19

1.3 Main driver mutations in IMPN L...... e 22
1.3.1 JAKZ MUEATION ...ttt 22
1.3.2 MPL MUEALION ..ottt nnnnes 23
1.3.3 CALR MUEALION ..ot 24

1.4 Molecular pathogenesis of CALR MULAtIoN ...........coooiiiiiiiiii e 29
1.5 DNA repliCation SIrESS.......u et 31
1.5.1 Oncogene-induced replication Stress...........cooooiiiiiiiiiieeee 33
1.5.2 Targeting ATR-CHKT pathway ... 34

T 3 2 P PPERPT 36

P2 =S | I PP PEPPTR 37

2.1 Mutant selective small molecule inhibitors of calreticuliln for the treatment of CALR

mutation positive myeloproliferative Nneoplasms ... 37

g (o] (oo U= USRS 37



2.1.1 Molecular docking study identifies a chemical library as potential compounds

targeting calretiCulin ... 38

2.1.2 Hematoxylin selectively reduce the viability of CALR mutant cells compared to wild

EYPE CEIIS ... 38

2.1.3 Hematoxylin binds to calreticulin and disrupt MPL interaction with mutant CALR .40

2.1.4 Hematoxylin reduces mutant calreticulin and inhibits STATS5 activation................ 40
2.1.5 Potency and selectivity of chemical analogs of hematoxylin ..............cccccccooinnne 41
2.1.6 Hematoxylin showed selective cytotoxicity in patient CD34+ cells......................... 41
2.2 Targeting ATR-CHK1 pathway in CALR mutated MPN ............cccooiiiiiee, 59
PrOIOQUE. ...ttt 59

2.2.1 High-throughput chemical screening identified ATR and CHK1 inhibitors as hits

targeting CALR mutated CellS.............ouiiiiiiiiii e 61
2.2.2 Cytotoxic selectivity of CHK1 inhibitors in CALR mutated cells..............ccconne. 61
2.2.3 CHK1 inhibitors did not show selective effect on CALR KO cells.......................... 62

2.2.4 CHK1 inhibitor reduced viability of hematopoietic stem cell from CALR patients ..62

2.2.5 Replication stress was induced by CHK1 and Wee1 inhibitors in CALR mutant cells

...................................................................................................................................... 62

3 DISCUSSION ...ttt ettt e e ettt e e e e e te e e e e e e neeeeaeaansseeaeaanneeeeeeannseeaeaanseeaeann 77
3.1 General discussion of calreticulin biology............oociiiiiiiiiii e 77
3.2 DiISCUSSION Of FESUIL 2.1 ... e e 78
3.3 DiISCUSSION Of FESUIE 2.2 ... 81
3.4 Conclusion & fULUre PrOSPECES ........uuuiiiiiiiiiiiiiiiiii s 84

4 Materials and MEthOdS ...........ooiiiiiiiiiiiiiiiiiiiee et nnnnne 86
4.1 Materials and Methods for result 2.1 ... 86
4.2 Materials and Methods for result 2.2 ... 92
REFEIENCE. ...ttt e e e e e e e e e eeeeas 96
Y 0] 011 T | U 117
Vet e e et e e ha et e e e e hete et e eheeeeeeanteeaeeaanteeeeeeananeeeeanaeeaans 118



Acknowledgements

| would like to thank CeMM providing me an opportunity to conduct PhD study. CeMM has
always been a dynamic and interactive place where | have made many friends during the years.

It has been my pleasure to be part of this institute as a PhD student.

I would like to thank my supervisor Robert Kralovics for his guidance in the project
management and the training to be a qualified scientist. It has been a great experience working
in an environment where | feel very trusted by my supervisor and have always been given
freedom to express my ideas and explore the science. Robert also affects me by his passion

in science and his optimism when we encounter difficulties.

| would like to thank the whole Kralovics group for creating a helpful and friendly environment
during my PhD. Many members have left the group but they have been an important part of
my PhD life. Particularly, | appreciate Harini Nivarthi for her guidance during my first year of
PhD to help me adapt to the group. Leon Kutzner was a wonderful master student who | worked
with for one year and he has made a great contribution to one of the projects included in the
thesis. Roland Jaeger helped me with the German translation of the thesis abstract. | would

also like to thank members from Myelopro for their support in the projects.

Another very important group of people are the PhD students of my year. They have been my
most reliable friends in Vienna. They are the people that | would like to share my work and my

life stories with. We also had some wonderful trips together.

| appreciate the constructive scientific input from my PhD committee members Stefan Kubicek
and Veronika Sexl. Stefan made some crucial suggestions to the project with his expertise in

chemical biology and provided valuable collaboration in both projects.

| also appreciate our collaborators from Group of Roman Lesyk and Stefan Constantinescu for

their data and intelligence input in the projects.



Abstract

Myeloproliferative neoplasms (MPNs) are driven by clonal expansion of mutated clones among
hematopoietic stem and progenitors. Searching for pharmaceuticals that can selectively Kkill
mutated clones has great implications in MPN therapy. In this thesis, two independent research
projects were described, both aiming to find small molecule inhibitors for CALR mutated MPN
patients. We first applied direct targeting approach by computationally screen for chemicals
that bind to the glycan binding domain of calreticulin. A mutagenesis study was conducted to
show the essentiality of this domain to the oncogenicity of the mutant protein. A comprehensive
virtual screening approach was applied to generate the candidate drug library that was used
for cytotoxicity screen in our cell line models. Hematoxylin was selected as our top hit, as it
preferentially depleted the CALR mutated cells, confirmed by both the CellTiter-Glo assay and
the competition assay. Significant induction of apoptosis was observed in mutant cells upon
drug treatment. The cytotoxic effect was specific to the mutant C-terminus of CALR, since
neither knock out nor C-terminus truncation of CALR did not show hypersensitivity. A reduced
CALR-MPL interaction was observed following hematoxylin treatment in a dose-dependent
manner, as measured by the NanoBRET assay. The cellular thermal shift assay (CETSA)
suggested binding of the chemical to both mutant and wild type calreticulin. The drug also
reduced the cellular abundance of mutant calreticulin by increasing the secretion of the protein
and downregulating JAK2-STATS signaling. Lastly, the number of colony forming units (CFUs)
from CD34+ cells derived from CALR mutant patients was significantly reduced by hematoxylin
treatment. We thus proposed hematoxylin as a candidate drug lead and the glycan binding

domain of CALR as a promising drug target for MPN treatment.

In the second project, we applied an unbiased high-throughput screening approach to search
for CALR mutant specific drugs based on their selective cytotoxicity in CALR mutated cell lines.
We endeavoured to reveal drug targets that were synthetic lethal with mutant CALR. The
screen revealed theATR-CHK1 pathway as our top candidate. Several CHK1 inhibitors were
subsequently used in validation assays that confirmed the selective cytotoxicity of those drugs
in CALR mutant clones. We also conducted experiments in CALR knockout and JAK2V617F
mutated cell lines to show drug specificity. The CFU assay was performed with CD34+ cells
isolated from CALR patients and healthy control individuals to confirm drug selectivity. We
hypothesized that mutant cells showed increased vulnerability to ATR-CHK1 inhibition due to
increased replication stress. A significantly higher level of H2AX and RPA phosphorylation was
induced by the drug treatment in mutant cells compared with wild type control. An elevation of

pan-nuclear staining of yH2AX was observed in mutant cells by the immunofluorescence assay.



The mutant cells also underwent an intra-S cell cycle arrest. Based on those findings we

propose the use of CHK1 inhibitors in the treatment of mutated CALR driven MPN treatment.



Zusammenfassung

Myeloproliferative Neoplasien (MPNs) werden durch klonale Expansion mutierter Klone
hamatopoetischer Stamm- und Vorlauferzellen ausgelést. Die Suche nach Arzneimittel,
welche mutierte Klone selektiv abtéten kénnen, hat grofle Auswirkungen auf die MPN-
Therapie. In dieser Arbeit sind zwei unabhangige Forschungsprojekte beschrieben, die beide
darauf abzielen, niedermolekulare Inhibitoren flir CALR-mutierte MPN-Patienten zu finden. Wir
haben zuerst einen direkten Targeting-Ansatz angewendet, indem wir computerunterstutzt
nach Chemikalien gesucht haben, die an die Glycan-Bindungsdomane von Calreticulin binden.
Eine Mutagenese-Studie wurde durchgefiihrt, um die Wesentlichkeit dieser Domane fur die
Onkogenitat des mutierten Proteins aufzuzeigen. Des Weiteren wurde ein umfassender
virtueller Screening-Ansatz angewendet, um eine Wirkstoffkandidatensammlung zu
generieren, aus welcher die Wirkstoffe flr ein Zytotoxizitatsscreening in Zelllinienmodellen
verwendet wurden. Hamatoxylin wurde als Top-Hit identifiziert, da es bevorzugt die CALR-
mutierten Zellen dezimiert hat, was sowohl durch einen CellTiter-Glo-Assay als auch durch
einen Kompetitions-Assay bestatigt wurde. Eine signifikante Induktion von Apoptose wurde in
mutierten Zellen unter Zugabe von Hamatoxylin beobachtet. Die zytotoxische Wirkung war
spezifisch flir den mutierten C-Terminus von CALR, da sowohl ein Knockout als auch die
Verkiirzung des CALR C-Terminus keine Uberempfindlichkeit induzierten. Nach einer
dosisabhangigen  Hamatoxylin-Behandlung wurde eine verringerte = CALR-MPL-
Wechselwirkung beobachtet, gemessen mit einem NanoBRET-Assay. Die Ergebnisse eines
Cellular Thermal Shift Assay (CETSA) legen die Bindung der Chemikalie sowohl an mutiertes
als auch an Wildtyp-Calreticulin-Proteine nahe. Der Wirkstoff reduzierte auch mutiertes
Calreticulin, indem es die Sekretion des Proteins erhdhte und den JAK2-STAT5-Signalweg
herunterregulierte. Schliellich wurde die Anzahl der koloniebildenden Einheiten (CFUs) von
CD34+ Zellen isoliert aus Patienten mit mutietem CALR durch Hamatoxylin-Behandlung
signifikant verringert. Anhand dieser Resultate identifizierten wir Hamatoxylin als Lead-
Wirkstoffkandidat, und die Glycan-Bindungsdomane von CALR als vielversprechendes
Wirkstoffziel fur die MPN-Behandlung.

Im zweiten Projekt haben wir einen unvoreingenommenen Hochdurchsatz-Screening-Ansatz
angewendet, um nach CALR-mutationsspezifischen Wirkstoffen zu suchen, basierend auf
ihrer selektiven Zytotoxizitat in CALR-mutierten Zelllinien. Wir haben versucht, Drug Targets
zu finden, welche synthetisch lethal zu mutiertem Calreticulin sind. Das Screening identifizierte
den ATR-CHK1-Pathway als unser top Target. Darauf aufbauend wurden mehrere CHK1-
Inhibitoren fir anschlieRende Validierungstests verwendet, welche die selektive Zytotoxizitat

dieser Arzneimittel in CALR-mutierten Klonen bestatigten. Des Weiteren flhrten wir
7



Experimente in CALR-knockout und JAK2V617F-mutierten Zelllinien durch, um die Spezifitat
der Wirkstoffe zu zeigen. CFU-Assays wurden mit aus CALR-Patienten und gesunden
Kontroll-Individuen isolierten CD34+ Zellen durchgefiihrt, um die Selektivitat zu bestatigen. Wir
stellten die Hypothese auf, dass mutierte Zellen aufgrund von erhéhtem Replikationsstress
anfalliger fur die Hemmung des ATR-CHK1-Pathways sind. Unter Zugabe der Wirkstoffe
wurde ein signifikant hdherer Phosphorylierungsgrad von H2AX und RPA in mutierten Zellen
im Vergleich zu Wildtyp-Kontrollen induziert. Anhand von Immunfluoreszenz-Assays konnten
wir eine Erhdhung der pan-nuklearen Farbung von yH2AX in mutierten Zellen zeigen. Des
Weiteren wurde ein Stillstand der mutierten Zellen in der S-Phase des Zellzyklus beobachtet.
Unsere Erkenntnisse weisen auf eine potentielle Wirksamkeit von CHK1-Inhibitoren in der

Behandlung von CALR-mutierten MPN-Patienten hin.
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1 INTRODUCTION

1.1 Hematopoiesis

Human hematopoiesis describes the process of the generation and maintenance of human
hematopoietic system. Starting from a hematopoietic stem cell (HSC) and ending with
terminally differentiated blood cells of multiple lineages, a cellular hierarchy is formed. HSCs
possess the capacity of self-renewal as well as differentiation into multipotent progenitor cells
(MPPs). Further differentiation generates progenitor cells for both myeloid and lymphoid
lineages. This process is well regulated both temporally and spatially. Hematopoiesis occurs
as early as in the embryonic yolk sac and goes through major development in fetal liver(1,2).
It also lasts throughout the adult life for the replenishment of human blood system constantly.
HSCs are homing to adult bone marrow that serves as a major site of hematopoiesis. The
bone marrow niche consists of not only HSCs, but also osteoblast, endothelial cells and stroma
cells. Cytokines and chemokines secreted from these cells support HSCs migration and their
self-renewal(3,4). Multiple organs such as spleen, thymus and lymph node are also involved
in subsequent hematopoiesis or differentiation and maturation of certain hematopoietic

lineages(2,5-8).

Cytokine regulation is another key factor in hematopoietic cell differentiation. Hematopoietic
cells from different lineages or differentiation status selectively express cytokine receptors on
their surface and therefore activate different cytokine signaling. Cytokines such as colony-
stimulating factor (CSF), erythropoietin (EPO), thrombopoietin (TPO), interleukins (ILs) play
important roles in stem cell maintenance as well as committed differentiation to certain lineages
(Figure 1.1)(8-12). The cytokine receptors undergo homo- or heterodimerization and
conformational change upon receiving their ligands and engage components of the
downstream signaling pathways. A cascade of phosphorylation events catalyzed by kinases
occur and subsequently activate or repress transcription factors that are involved in
hematopoietic cell differentiation and proliferation. The Box1/2 motif of the cytokine receptors
mediate the interaction with Janus kinases (JAK) that plays a central role in the signaling
cascade regulation(13,14). The cytokine receptors are categorized into type | and type Il that
are distinguished by the presence of WSXWS motif(15).
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Figure 1.1  Simplified schematic diagram of hematopoiesis and hematopoietic

cytokine regulation

Human HSCs have the capacity to repopulate themselves as well as construct the
whole hematopoietic system. Cytokines play an indispensable role in hematopoietic
differentiation. Divergent differentiation paths are taken by MPPs, leading to
progenitors committed to myeloid and lymphoid lineage. Stem cell factor (SCF) and
thrombopoietin (TPO) tend to induce the production of common myeloid progenitors
(CMPs). Interleukin-7 (IL-7) is believed to induce the differentiation into common
lymphoid progenitors (CLPs). In myeloid lineages, CMPs are further differentiated into
megakaryocyte-erythroid progenitors (MEPs) or granulocyte-monocyte progenitors
(GMPs). Granulocyte-macrophage colony-stimulating factor (GM-CSF) is particularly
important for the formation of GMPs. TPO and erythropoietin (EPO) are essential for
megakaryocytic and erythroid lineage differentiation respectively. In lymphoid lineages,
CLPs further differentiate into precursors for B,T and NK cells. Several interleukins (IL)-
2, 4, 15 are important for this procedure. It is worth to mention that many cytokines
such as CSF, GM-SCF, IL-2, IL-3, IL-7 and Fms-like tyrosine kinase 3 ligand (FIt-3)
(not in the figure) broadly activate multiple processes of hematopoiesis rather than

exclusively specific lineage differentiation(5,7-9).
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The discovery of lineage specific cell surface markers has contributed tremendously to the
isolation and classification of hematopoietic stem and progenitor cells. For instance, CD34, a
cell surface glycoprotein, is the first marker identified to enrich human HSCs(16). Similarly, Lin-
Scal+cKit+ (LSK) is experimentally used to isolate and enrich mouse HSCs(17). Combined
with in vitro colony assay and in vivo transplantation assay in mice models, this allows
experimental study of the function of hematopoietic stem and progenitor cells. Although
advanced transcriptomic technologies have recently challenged the conventional use of cell
surface marker to identify different hematopoietic lineages and differentiation status(18,19),
these markers are still widely used in laboratory due to its long-standing credibility and
practicability. Here we have listed common surface markers used in both human and mouse
(Table 1) (7,20,21).

Table 1 Cell surface markers for human and murine hematopoietic progenitor
cells

Cell type  Surface markers in human Surface markers in mice

HSC CD34+CD38-CD45RA-CD90+CD49f+ Long-term: Lin-Sca1+cKit+CD34-

CD150+CD48-CD41-FIt3-
Short-term: Lin-Sca1+cKit+CD34-
CD150+CD41-FIt3+

MPP CD34+CD38-CD45RA-CD90-CD49f- Lin-Sca1+cKit+CD34+CD150-
Flt3+
CMP CD34+CD38+CD45RA-CD135+CD10-  Lin- Scal-
CD7- cKit+CD34+CD16/32(low)
CLP CD34+CD38-CD45RA+CD10+CD7- Lin-
Scal(low)cKit(low)FIt3+CD127+
GMP CD34+CD38+CD45RA+CD135+CD10-  Lin-cKit+Sca1-
CD7- CD16/32(high)CD34(high)
MEP CD34+CD38+CD45RA-CD135-CD10- Lin-cKit+Sca1-
CD7- CD16/32(low)CD34(low)

Considering the importance of early stem and progenitor cells in the generation of the whole
hematopoietic system, genetic or epigenetic dysregulation in these compartments often lead
to various blood diseases. In the case of the acquisition of oncogenes or loss of tumor
suppressor genes, stem and progenitor cells often cause clonal expansion of malignant cells.

This results in hyperplasia in certain lineages depending on the biological context.
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1.2 Overview of myeloproliferative neoplasms

Myeloproliferative neoplasms (MPN) is one of the major disease categories of chronic
hematological malignancies. Like other hematological disorders, MPN is characterized by
somatic mutations that occur in HSCs, which lead to clonal expansion and excessive
production of mature blood cells. As a myeloid disease, hyperplasia of differentiated blood cells
in MPN is mainly restricted in myeloid lineages including erythrocytes, megakaryocytes and
granulocytes(22,23). Among sub-categories of MPN, chronic myelogenous leukemia (CML)
distinguishes itself from others by a predominant translocation mutation called BCR-ABL or
Philadelphia chromosome. BCR-ABL is the driver mutation in the majority of CML cases and
the presence of this mutation shapes the diagnosis and treatment of the disease(24-26). BCR-
ABL negative MPN consists of polycythemia vera (PV), essential thrombocythemia (ET),
primary myelofibrosis (PMF), chronic eosinophilic leukemia (CEL), chronic neutrophilic
leukemia (CNL), not otherwise specified (NOS) and unclassifiable MPNs. PV, ET and PMF
together are also classified as classical MPN. PV is characterized by excessive production of
progenitors and mature cells in erythroid lineage. ET is featured with hyperplasia in
megakaryocytic lineage. PMF is a more aggressive disease than PV and ET with bone marrow

fibrosis and megakaryocytic lineage expansion as main features(23).
1.2.1 Overview of genetic pathogenesis of MPN

The genetic basis of classical MPNs has been extensively studied. A single amino acid
mutation of Janus Kinase 2 (JAK2), named JAK2V617F mutation, is present in more than 95%
of PV patients and over 50% of ET and PMF patients(27-30). JAK2V617F is the main
causative mutation of the disease and its discovery has changed the genetic landscape of
MPN. CALR mutation is the second most frequent mutation following JAK2V617F and is
present in 25-35% of ET and PMF patients(31,32). Mutation of thrombopoietin receptor (MPL)
is the other main driver that contribute to 3-5% of ET and PMF(33,34). The three mutations
occur in an almost mutually exclusive way, although few cases of co-occurrence have been
reported(35-38). Patients who carry none of these three mutations are reported to be

polyclonal and classified as “Triple negative” patients(39).

Apart from JAK2, CALR and MPL mutations, many other mutations also contribute to MPN
phenotype and the disease heterogeneity. Although most of them are not MPN-specific, these
mutations are believed to play roles in different stages of MPN development including the
initiation of clonal hematopoiesis, disease progression to secondary myelofibrosis and
leukemic transformation(40—42). Multiple epigenetic regulators have been identified to carry
somatic mutations in MPN patients such as TET2, DNMT3A, IDH1/2, PRC1/2, ASXL1 and
EZH2(40-43). These genes are involved in the regulation of DNA methylation and histone
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modification(41). Several of these mutations, for instance TET2 and DNMT3A, are believed to
cause clonal hematopoiesis which is the prior step to establish MPN and other hematological
malignancies. The term CHIP (clonal hematopoiesis of indeterminate potential) is used to
describe this process(44—46). Both DNMT3a and EZH2 mutations have been shown to induce
myelofibrosis phenotype in mice in the presence of JAK2V617F mutation(47—49). Mutations
of transcription factors such as TP53, CUX1, RUNX1 are also among the frequent recurrent
mutations of the disease. TP53 mutation has been associated with leukemic transformation in
MPN and poor prognosis of the disease(50,51). Mutations of splicing factors, particularly
SF3B1 and SRSF2, also occur in cohort of MPN patients(52).

1.2.2 Overview of MPN therapy

In comparison to the advanced progress in the knowledge of the disease genetic pathogenesis,
the therapeutic need for MPN patients in clinic is still unmet. MPN patients suffer from various
disease symptoms such as fatigue, inactivity and weight loss, a higher risk of thrombotic and
hemorrhagic events, disease progression to secondary myelofibrosis and leukemia. Patients,

in particular those with MF and high-risk PV, also have reduced life expectancy(53-56).

For low-risk PV and ET patients, since the disease might not affect overall survival, the
treatment has been focused on symptomatic management, notably thrombosis and
hemorrhage. Low-dose aspirin, phlebotomy and cytoreductive drugs have been used for this
purpose for decades in the clinic. Among the cytoreductive drugs, hydroxyurea (HU) shows its
superiority over pipobroman and busulfan, as the latter two drugs have proven to induce the

risk of leukemic transformation(57-59).

In contrast to PV and ET, MF is a more aggressive disease with severe symptoms such as
splenomegaly and anemia. Both life quality and expectancy are compromised in MF patients,
which raised the need for more effective treatment. Allogeneic stem cell transplantation (allo-
SCT) is the only curative treatment for MF, but carries a risk of graft-related complications and

even mortality(60).

The discovery of JAK2 mutation and the subsequent development of JAK1/2 inhibitor, in
particular ruxolitinib, have improved the medical condition of the patients. Ruxolitinib has
shown its efficacy in reducing splenomegaly and weight loss as well as the alleviation of
systemic inflammation(61,62). Long-term treatment with ruxolitinib has also achieved reduction
of mutant allele burden in some patients and improved overall survival. Ruxolitinib is the first
approved targeted therapy in MPN, first in MF and later in PV (61-72). Despite its success in
clinics, one should keep in mind that the drug is designed to target the kinase domain of both
JAK1 and JAK2 kinase with no evidence of superior affinity against JAK2V617F mutant(73,74).

Patients treated with ruxolitinib also rarely achieve complete molecular remission(64,66—68).
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Therefore, the development of more effective JAK2 inhibitors including allosteric inhibitors are

always ongoing and some of them are being tested in clinical trials(75-78).

Although restricted by its severe toxicity, interferon-a (IFNa) has emerged as a promising
treatment in MPN. Pegylated IFNa has effectively reduced its toxicity and has been tested in
clinical trial. Of a particular note is the high response rate of molecular remission in JAK2
patients treated with IFNa, suggesting the treatment somehow selectively targets JAK2 mutant
clones with mechanism still elusive(79-81). Investigation of the efficacy and mechanism of

IFNa is still particularly interesting for MPN researchers and clinicians.
1.2.3 JAK/STAT pathway and its central role in MPN pathogenesis

Janus kinase (JAK)/signal transducer and activators of transcription (STAT) pathway plays a
central role in hematopoiesis and MPN pathogenesis. The pathway is the link between surface
receptors that receive cytokine signals and the transcriptional regulation of responsive genes
(15,82,83). JAK kinase family consists of 4 members including JAK1, JAK2, JAK3 and tyrosine
kinase 2 (TYK2). Among them, JAK7 and JAK2 are essential genes. The deletion of JAKT
leads to embryonic lethality in mice due to the lack of cytokine response(84). JAK2 knockout
mice are also embryonic lethal due to defect in hematopoiesis(85,86). Conditional knockout of
the gene in adult mice causes impairment in erythropoiesis and thrombopoiesis as well as
compromised development of monocytic and granulocytic lineages, suggesting its
indispensable role in myeloid hematopoiesis(87). JAK3 regulates lymphopoiesis and deletion
of JAK3 gene in mice impairs lymphoid development(88,89). Patients carrying JAK3 mutation
reportedly develop immunodeficiency (90,91). TYK2 is particularly important for interferon
response and IL-12/18 signaling(92,93).

Taken JAK2 as an example, the kinase mediates the downstream signaling of a number of
type 1/2 cytokine receptors like erythropoietin receptor (EPOR), thrombopoietin receptor
(TPOR), granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor as well as
members of interleukin (IL) receptors, which are essential to myeloid lineage development and
differentiation(15,94,95). Once receptors bind to cytokines, they form homodimers and
subsequently activate JAK2 to phosphorylate itself and cytosolic domain of the receptors.
STAT molecules, mainly STAT3 and STAT5a/b are then engaged and are phosphorylated by
JAK2. STAT form homo/hetero-dimers or even tetramers and translocate into nucleus for
transcription regulation(96) (Figure 1.2). JAK2 kinase is constitutively associated with cytokine
receptors but is activated only upon cytokine induction in healthy state. The structure of the
kinase has been partially resolved and the important function domains are shown (Figure 1.3)
(97,98).
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Figure 1.2 Cytokine induced JAK-STAT pathway

Upon induction by cytokines such as EPO, TPO, GM-SCF, IL-3/5, cytokine receptors
dimerize and activate JAK2 that phosphorylate and activate STAT3/5 as well as
phosphotidylinositol 3-kinase (PI3K)/AKT/mTOR and mitogen activated protein kinase
(MAPK) pathways. The downstream signaling pathways eventually activate
transcription of pro-survival and proliferation genes. Negative regulators of the pathway
such as SOCS and LNK were also mutated in small cohort of MPN
patients(94,95,99,100).

20



JH4
JH7 JH6 JH5  JH3 JH2 JH1

N-terminus —-— SH2 [— Hseu:dﬂkinase-— C-terminus

Receptor interaction V->F

FERM domain: 37-380

SH2 atypical domain: 401-482 Receptor interaction: 1-239
Pseudokinase domain: 545-809 ATP binding site: 882
Kinase domain: 849-1124 Mutation: 617

Figure 1.3 Schematic structure of JAK2 kinase

JAK2 kinase is a tyrosine kinase with a length of 1132 amino acids. It consists of 4
functional domains including a FERM domain to mediate the binding with receptors, a
Src-homology-2(SH2)-like domain for binding of phosphorylated tyrosine peptides, a
pseudokinase domain for regulatory function of kinase activity and a ATP binding
kinase domain(101). It also contains 7 Janus kinase homology (JH) domains (JH1-7)
shared with other kinases in the family. The binding site of cytokine and interferon
receptors is located at N-terminus. Pseudokinase domain plays a negative regulatory
role in kinase activity. Structure information was collected from UniProt
database(102,103).

STAT family consists of 7 members including STAT1, STAT2, STAT3, STAT4, STAT5a,
STATS5b and STAT6 (104). Upon activation, oligomerization is formed through the N-terminal
domain. Their transcription factor activity is mediated through the DNA-binding domain and the
transactivation domain at C-terminus (Figure 1.4)(96). STAT1 is mainly activated by interferon
receptors. STAT1 knockout mice has impaired interferon signaling and immunodeficiency in
response to viral infection(105,106). STAT2 is also involved in interferon signaling regulation
by forming heterodimer with STAT1(107,108). STAT1 and STAT2 are linked with potential
mechanism of interferon-a treatment in MPN patients(109-111). STAT4 and STAT6 are both
regulators of T cell development by mediating IL-3 and IL-12 signaling(112-116). STAT5a
deleted mice have impaired mammary gland development and a defect in
lactogenesis(117,118). Sexual dimorphism is lost in STAT5b knockout mice(119). STAT3 is
essential for early embryonic development(120). STAT3 and STAT5 are extensively
associated with MPN disease, as they are constitutively activated in the presence of either
JAK2, CALR or MPL mutations(121,122). STAT5a and STAT5b play an essential role in the
establishment and development of JAKV617F driven PV, as the disease phenotype are
abolished upon STAT deletion(123,124). Interestingly, although activated by JAK2 mutation,
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STAT3 ablation exacerbate the disease in JAK2V617F mice by increasing thrombocytosis and
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reducing survival(122).
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Figure 1.4 Schematic structure of STAT protein

Human STAT family consists of 5 domains as showed. Tyrosine phosphorylation by
JAK or other tyrosine kinases occurs at transactivation domain(102,103). Coiled coil
domain is formed by 4 strands of helix and seems to mediate the nuclear exportation
of STAT. All STAT family members could function as homodimers except STAT2 which

requires dimerization with STAT1 in response to interferon stimulation(96,104).

1.3 Main driver mutations in MPN

1.3.1 JAK2 mutation

As the most predominant somatic mutation present in BCR-ABL negative MPN, JAK2V617F
occurs as a point mutation from G to T at the exon 14 of JAK2 gene. The mutation substitutes
a valine with phenylalanine in the pseudokinase domain of JAK2 kinase, blocking its inhibitory
effect and therefore constitutively activates JAK2 kinase(27-30). The discovery of acquired
uniparental disomy of chromosomal 9p (9pUPD) explains the frequent occurrence of
homozygosity of the mutation(125). Other than V617F mutation, JAK2 exon 12 mutations have
also been identified in MPN. They occur at residues between 537 and 543 located at the linker
between SH2 and pseudokinase domain(126). These mutations also lead to constitutive
activation of JAK-STAT pathway but possibly act in a different mechanism compared with
V617F mutation, as the former ones only present in PV but not ET and PMF patients(127).

Interestingly, JAK2V617F mutation could lead to both PV and ET and the mechanism of
disease subtype selectivity is still elusive. JAK2V617F allele burden seems to be highly
relevant to MPN disease phenotype, as ET patients tend to have low burden (around 25% or
lower) and PV patients tend to have higher burden (around 50% or higher). Secondary PV and
ET patients are often to be fully clonal(128-130). This correlation is also revealed in transgenic
mice model, as mice with high copy number of JAK2V617F tend to show PV
phenotype(131,132).
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1.3.2 MPL mutation

Liver is the primary organ for TPO production. TPO is crucial in megakaryopoiesis and
thrombopoiesis by inducing CMP and MEP cells differentiating into megakaryocytic lineage. It
also plays an important role in stem cell maintenance. Instead of transcriptional level of
modulation, the regulation of TPO relies on a negative feedback that platelets internalize TPO
to reduce its circulated abundance. Therefore, high circulating TPO is observed in both
thrombocytopenia patients and MPL knockout mice model(133,134).

As the receptor of TPO, MPL is expressed mainly in HSCs and megakaryocytic lineage (Figure
1.5). It seems that MPL is not essential for the development of other hematological lineages

as MPL knockout mice have normal blood count except megakaryocytes and platelets(133).
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Figure 1.5 Schematic structure of thrombopoietin receptor

The receptor has 635 amino acids, consisting of an extracellular domain (ECD), a
transmembrane domain (TMD) and a cytosolic domain (CD). A signal peptide is located
at the first 25 amino acids at N-terminus(134). 4 N-linked glycosylation sites are
identified at ECD of the protein which mediate the trafficking of the receptor(135).
Although crystal structure of the receptor is not resolved, predication of the structure
could be obtained through the sequences in homology with other type-1 cytokine
receptors. TMD and the adjacent amphipathic helical RWQFP motif block the activation
of the receptor without the cytokine(136). Box1 motif at the CD is required for the
docking and activation of JAK2(137,138). The activation of the receptor requires
homodimerization like the other type-1 cytokine receptors such as EPOR and GM-SCF
receptor(139).

Tryptophan 515 located at the boundary of TMD and CD is the mutation hotspot in ET and
PMF patients. The most common mutation is W515L followed by W515R(34,140). Other
missense mutations at the same position also occur in small cohort of patients. Serine 505 is
another site where mutations are identified in MPN, although the frequency is much lower(141).

All these mutations are located at the RWQFP motif or TMD, leading to cytokine-independent
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activation of the receptor and the downstream JAK-STAT pathway. Unlike JAK2V617F and
CALR mutations, no knock-in mouse model for MPL mutations have been described. Instead,
retroviral-transduced transplantation model suggest an ET to MF phenotype which also

significantly reduce the life expectancy of the animals(41).

1.3.3 CALR mutation

The discovery of CALR mutation in MPN was a surprise finding, as calreticulin had not been
connected to the disease pathogenesis before(31,32). Wild type calreticulin is a 46kDa protein
located primarily in endoplasmic reticulum (ER) lumen (Figure 6). The main functions of the
protein are the maintenance of calcium (Ca2+) homeostasis in ER and as molecular chaperone
for quality control of protein folding(142—-144). Apart from that, surface localization of
calreticulin on apoptotic cells has been found as a signal to macrophages for being cleared
up(145). The structure of calreticulin has been partially resolved, as the X-ray crystal structure
of globular domain has been published and nuclear magnetic resonance (NMR) of P-domain
is also available (Figure 1.6)(146—148).
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Figure 1.6 Schematic structure of human wild type calreticulin

Human calreticulin consists of 417 amino acids, containing an N-terminal ER signal
peptide, an N-domain, P-domain, C-domain and an ER-retention signal (KDEL) at C-
terminus. The globular lectin domain has a jelly-roll structure with two anti-parallel 8-
sheets formed by N-domain and part of C-domain. An extended a-helix structure is
formed by a stretch of C-domain. The surface patches of lectin domain bind to

glycosylated or non-glycosylated protein for the protein chaperone function(146,148).
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4 amino acids at N-domain form interaction with a Ca2+ ion, which is important for
maintaining the secondary structure of the protein. An intra-molecular disulfide bond is
formed between C105 and C137, leaving a free cysteine (C163) which might be
involved in inter-molecular interaction. The majority of P-domain and the C-terminal
part of C-domain was deleted in the crystallography study due to its flexible structure.
P-domain is proline-rich and has an extended arm-like structure, revealed by NMR
study(147). It is where the oxidoreductase ERp57 binds and is crucial for the molecular
chaperone function. The C-terminus of calreticulin contains several stretches of
negative charged amino acids that bind to Ca2+ with high capacity, serving as the
structure basis of the Ca2+ buffering function of the protein. The last 4 amino acids
KDEL make a ER retention signal which is responsible for the ER localization of the

protein.

Calreticulin is the main protein in the ER that have high capacity Ca2+ binding sites(149,150).
They are the key regulators of Ca2+ storage in the ER lumen and hence mediate the cytosolic
Ca2+ concentration(144). As the fluctuation of Ca2+ concentration could trigger a variety of
signaling and its homeostasis is essential for the function of many intracellular proteins, ER
storage of Ca2+ is tightly regulated by the ER membrane transporters and Ca2+ buffering
proteins. In the case of calreticulin deficiency or overexpression, Ca2+ storage capacity is
heavily affected and therefore the regular release/influx of Ca2+ into cytosol cannot be
maintained (Figure 1.7)(151-153).
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Figure 1.7 Calcium buffering function of calreticulin
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The acidic region at C-terminus of calreticulin has high capacity (25mol/molecule) and
low affinity binding to free Ca2+. This allows calreticulin to be the main Ca2+ buffering
protein in the ER, responsible for more than 50% of the Ca2+ storage. Ca2+
homeostasis is important for both the signaling cascades inside ER such as ERAD or
apoptotic pathway and the release of the stored Ca2+ to cytosol where Ca2+
concentration is approximately 100 times lower than that in the ER(144).
Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) and inositol 1,4,5-
trisphosphate receptor (InsP3R) are the transporters for Ca2+ exchange between ER
and cytosol(154,155).

The molecular chaperone function of calreticulin relies on its glycan binding domain and its
vicinity to interact with glycosylated or non-glycosylated proteins(156). The concave B-sheet
of the protein contains a cavity binding to tetrasaccharide of the glycosylated protein(Figure
1.8)(157). Calreticulin and its ER membrane-bound homologs calnexin create
calreticulin/calnexin cycle for the quality control of N-linked glycosylated proteins (Figure
1.9)(143,158,159). The chaperone functions of calreticulin and calnexin are partially
redundant with some shared substrates identified(160—-162). Cells carrying loss-of function
mutations of calreticulin still retain chaperone activity compensated by calnexin(143).
Independent from its glycan binding activity, calreticulin also mediates folding of non-
glycosylated proteins. The most extensively studied example is the binding of calreticulin to
B2-microglobulin (B2M) in the process of folding and loading of major histocompatibility

complex (MHC)-class | complex(163—-165).
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Figure 1.8 Zoom in structure of calreticulin lectin domain interacting with

carbohydrate
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The glycan binding domain of calreticulin is located in the cavity of the lectin domain.
One glucose and three mannoses (labeled magentas) from the carbohydrate chain of
the mono-glucosylated protein interact with a couple of amino acid residues (labeled
cyans) through hydrogen bonds (labeled orange dashes). Mutations of these residues
could lead to defects of calreticulin chaperone activity on N-linked glycosylated
proteins(148,166,167).
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Figure 1.9 Calreticulin/Calnexin cycle for N-linked glycosylated protein in ER

Calreticulin and its homologous lectin protein calnexin function as molecular chaperone
for N-linked glycosylated protein. In ER lumen, after being catalyzed by a-glucosidase
I and Il to remove 2 glucoses on the oligosaccharide chain of the newly synthesized
protein, the mono-glucosylated protein enter calreticulin/calnexin cycle by interacting
with their lectin domain. Together with ERp57, calreticulin/calnexin facilitate the proper
folding of the protein. As a quality control step, UGGT and a-glucosidase Il decide
whether to exit the cycle by removing or adding back the last glucose on the sugar
chain of the protein. Until the protein is properly folded, the last glucose will be removed
and the protein move on to the next step of the process of being catalyzed by ER a-
mannosidase /Il before being secreted out of ER. Alternatively, improperly folded
protein will be degraded through endoplasmic-reticulum-associated protein
degradation (ERAD) pathway(158,159,161).

The study in transgenic mouse model has shown that calreticulin is essential for early cardiac
development, as knockout of CALR causes defects in cardiomyeogenesis and leads to
embryonic lethality(151). This is due to that calcium homeostasis cannot be maintained in the
absence of calreticulin, supported by that ectopic expression of calcineurin in heart could
rescue the embryos(168). Calreticulin might also be crucial to the central nervous system (CNS)

development at embryonic stage, as a defect in neural tube closure has been observed in in
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vitro culture of CALR -/- embryonic stem cells(151,153). Calreticulin expression in cardiac
tissue, brain and liver is high in early embryonic stage but is later downregulated during
development. In fact, many CALR -/- cell lines are viable and the embryonic development of
organs other than heart and CNS does not dependent on calreticulin, indicating that whether
CALR is essential in adult mice still needs to be clarified. Moreover, the essentiality of the gene
in early tissue development is mostly associated with its function in calcium homeostasis rather

than its chaperone function(143).

CALR mutations are a group of insertion and deletions located at the exon 9 of CALR gene,
all leading to +1 frameshift and a novel C-terminal peptide sequence (Figure 1.10). Deletion of
52bp (del52), named type-l mutation, and insertion of Sbp (Ins5), named type-ll mutation, are
the most frequent mutation types identified in approximately 85% of CALR patients. The rest
of CALR mutations can be categorized into type I-like or type Il-like mutations. The mutations
substitute the C-terminal acidic residues of calreticulin with an arginine/lysine-rich basic
peptide and remove the KDEL ER retention sequence(31,32). Heterozygous mutation is the
predominant form in clinical cases and very few patients carrying homozygous CALR mutation
have been identified. Interestingly, the majority of homozygous mutations are type-Il and the
reason for this is unclear. Type-I mutation has higher penetrance of PMF, but the patients have
better prognosis than those with JAK2 or type-Il CALR mutations(169-171). CALR patients
also tend to have higher allele burden than JAK2 patients, suggesting the CALR mutation

might be a stronger clonal driver than JAK2 mutation.

3'UTR
wt CALR — Exon 9 1]
CALR del52 — - — -
CALRins5 —

/

wt CALR  QMKDKQDEEQRLKEEEEDKKRKEEEEAEDKEDDEDKDEDEEDEEDKEEDEEEDVPGQA
CALRdel52 QMKDKQDEEQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA

CALRins5 QMKDKQDEEQRLKEEEEDKKRKEEEEAEDNCRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA

Figure 1.10 Sequence alignment of type-I/ll CALR mutations and WT CALR

CALR mutations are generated at the last exon of CALR gene. Both mutations replace
the original acidic peptide at C-terminus with basic peptide sequence (colored orange).
CALR del52 mutation starts at Leucine 367 of the original protein sequence. CALR ins5
starts at lysine 385 position and retains two more stretches of acidic sequence than
CALR del52(172). Both mutations remove the KDEL ER retention sequence. Amino
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acid sequence coloring: green indicates acidic/negatively charged amino acids; red

indicates basic/positively charged amino acids.

1.4 Molecular pathogenesis of CALR mutation

Like JAK2 and MPL mutations, CALR mutations also drive MPN disease by activating JAK-
STAT pathway. STAT5 luciferase reporter assay in JAK2 deficient y2A cells and cytokine-
independent growth of BaF3 cell lines have been used as the most common models to study
this. It has been revealed that mutant calreticulin depends on MPL for its activity, as both
STATS activation and cytokine-independent growth of Ba/F3 cells requires the presence of
MPL (Figure 1.11)(173—-178). This also explains why CALR mutations are only present in ET
and PMF patients but not in PV patients, considering MPL is mainly expressed in
megakaryocytic lineage. Interestingly, when mutated, calreticulin has been found to form a
stable complex with  MPL and activate it constitutively regardless of cytokine
presence(178,179). The mechanism of how this interaction is formed still requires further
investigation, but a couple of discoveries have helped to elucidate this. Firstly, the binding and
activation of MPL by mutant calreticulin requires its N-glycan binding domain, as glycan-
deficient CALR del52 is unable to activate JAK-STAT pathway(173). Several studies also show
that this protein-protein interaction could not be maintained when certain amino acid residues
at this domain is mutated(179,180). Secondly, since N-glycan binding domain is located at the
common part of wild type and mutated calreticulin, it is reasonable to hypothesize that the
mutant peptide at C-terminus plays a role in the binding mechanism. Araki and his colleagues
has proposed a P-domain interference model. In this model, N-domain of calreticulin is able to
bind to MPL but the binding is inhibited by its P-domain. The mutant C-terminus blocks the
inhibitory effect of P-domain and enables the interaction to occur(178). They have also showed
that unlike wild type form of the protein, mutant calreticulin tend to form homomultimerization
due to its novel C-terminus. They also bind to MPL as multimers(181). Moreover, EIf and the
colleagues have shown that the positive charge rather than the actual amino acid sequence of
the mutated C-terminal tail is the key for the oncogenic activation, as substitution of lysine and
arginine residues with glycine abrogates its activity whereas changing the neutral residues do

not show such effect(177).

The localization of mutant calreticulin is also intriguing. Since the ER retention signal is lost,
mutant form of the protein is expected to leave ER. Indeed, mutant calreticulin is primarily
located in Golgi apparatus, supported by both immunofluorescence and subcellular
fractionation experiments(173,180). Cell surface localization of MPL-CALR complex has also
been detected and is believed to be essential for the oncogenic activity by a recent study from
Pecquet and the colleagues. They show that whether mutant CALR is able to activate a few

traffic deficient MPL mutants depending on whether MPL could travel to the cell surface. Also,
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the ER signal peptide is required for the oncogenic function of mutant calreticulin, suggesting
that the MPL-CALR interaction starts from ER(180). Another important finding, firstly made by

Han and the colleagues, is mutant calreticulin is secreted out of cells and brefeldin A increases

the intracellular abundance of the protein(182). This could explain the observation that mutant

form of the protein seems to be much less abundant compared with the wild type form whereas

no proteasome or lysosome inhibitors could rescue it.
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Figure 1. 11 Mechanism of mutant calreticulin in MPN

Mutant CALR

I
ﬁm

86886858

N117

N178
N298

N358

JAK2

(

Golgi

ER

N117

Nucleus

v @

i ? 2 J ? 2 ? ? Cell membrane

N117
N178
N298

N358 MPL

In normal physiological condition, MPL goes through N-glycosylation process and

traffic to cell surface where it is activated only in the presence of TPO. Wild type

calreticulin is primarily located in the ER and might have a temporary interaction with

MPN during the glycosylation process. In CALR mutated ET and PMF patients, mutant

calreticulin binds to the extracellular domain of MPL in the ER and the complex then

traffics to Golgi apparatus through secreted vesicles before making its way to the cell

surface membrane. The surface located CALR-MPL complex constitutively activate
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JAK-STAT pathway independent from TPO binding. The N-glycosylation sites of MPL,
particularly N117, are crucial to its activation by mutant calreticulin. Immature
glycosylated form of MPL has been found in mutated CALR cells(173).

Additionally, a couple of in vivo studies of mutated CALR in mice model have been published.
Marty and her colleagues first generated a retrovirally transduced-transplantation model using
both type | and type Il mutant CALR. The primary transplanted mice develop an ET-like
phenotype with thrombocytosis as the main disease feature. Secondary transplanted mice
develop myelofibrosis and splenomegaly. Mice carrying type | mutation have stronger
phenotype than type Il mutation(174). Shida and colleagues generated a transgenic model by
ectopically express cDNA encoding CALR del52 under H2K promoter. The mice develop
thrombocytosis but not myelofibrosis or leukocytosis(183). Li and co-workers generated
conditional knock-in CALR del52 model and investigated the phenotype under Mx1-Cre and
Vav-Cre. Although both heterozygous and homozygous model show ET phenotype, the latter
one has a much stronger phenotype with higher platelets count and transformation into
myelofibrosis featuring bone marrow fibrosis, splenomegaly and reduced hematocrit(184).
Unexpectedly, neither Shida nor Li’'s mice model shows competitive advantage of mutant cells
over wild type cells in the transplantation assay(183,184). However, a concrete conclusion

requires further in vivo studies.

1.5 DNA replication stress

DNA replication stress occurs when the progression of DNA replication faces obstacles during
S-phase. Although referring to the term of replication stress (RS), it is not a single defined
biological phenomenon due to its complexity, as the actual physical structure and the molecular
response vary in different conditions. In general, RS is often associated with stalled replication
forks, exposure of stretches of single-strand DNA (ssDNA) and the involvement of ataxia
telangiectasia and Rad3-related protein (ATR)-checkpoint kinase 1 (CHK1) pathway in
response to the stress. The source of the stress inducers could be exogenous, such as DNA
damaging agents, antimetabolite and UV lights, causing DNA lesions that serve as physical
obstacles to DNA replication. Alternatively, endogenous source of stress inducers can also
cause RS. Uncoordinated replication and transcription, DNA secondary structure caused by
certain nucleotide sequences and incorporation of ribonucleotides during replication are

sources of RS.

Once DNA replication stress is induced, ATR-CHK1 pathway plays a central role in the
response pathway (Figure 12). As the first step, replication protein A (RPA) complex binds to
ssDNA as a heterotrimer consisting of a 70kDa-subunit RPA1, a 32kDa-subunit RPA2 and a
14kDa-subunit RPA3(185-187). RPA trimer has 4 oligonucleotide/oligosaccharide-binding
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(OB) domains for ssDNA binding(188). RPA2 subunit contains a couple of serine and threonine
residues that are phosphorylated by cyclin-dependent kinases (CDKs) in G1/S phase transition
or by the family members of phosphatidylinositol-3-kinase-like kinase family (PIKKSs) in
response to replication stress(189-192). RPA hyperphosphorylation coordinate DNA
replication and DNA repair and is important for the cells to recover from RS(189,192,193).
Apart from stabilizing ssDNA, RPA functions as the recruiter of other proteins which are
needed for RS response. ATR-interacting protein (ATRIP) co-localizes with RPA-coated
ssDNA and enables the engagement of ATR(194). ATR is a serine/threonine kinase which
belongs to PIKK family. It autophosphorylates at T1989 site in the presence of RS or DNA
damage and activates many downstream protein regulators(195). One of the important
substrates is Histone H2AX which is phosphorylated at serine 139, referring to as yH2AX(196).
YH2AX is the most commonly used DNA damage marker and is responsible for the
engagement and activation of the DNA repair machinery(197). ATR also phosphorylate and
activate the serine/threonine kinase CHK1(198,199). The kinase modulates cell cycle
checkpoints control the phosphorylation of CDC25A/B/C, phosphatases that inhibit cyclin-
dependent kinase activity(200). CHK1 also controls origin firing, as the inhibition of ATR or
CHK1 causes an uncontrolled global origin firing and an exhaustion of RPA(201). The kinase
is required for multiple DNA repair pathways such as homologous recombination and Fanconi
anemia(202,203).

32



lagging strand

SI

NA Pol e

Rad17 1 opep1

ETAA1

Leading strand

ATRIP

ATR
®

TIPIN
TIMELESS

CLASPIN

—> /
: D CHK1 Cell cycle arrest

Fork rescue and restart ®

—C®

DNA lesion repair

Fork stablization

Dormant origin firing  Late origin firing

Figure 1. 12 DNA replication stress and the central regulation role of CHK1

In S-phase, once a replication fork is stalled, RPA is recruited to bind to the exposed
ssDNA to stabilize it. ATR kinase is recruited to the locus through ATRIP and is
activated by a protein complex consisting of Rad17, TOPBP1, 9-1-1 (RAD9-RAD17-
HUS1) and ETAA1. ATR phosphorylates histone H2AX and CHK1 kinase through
TIMELESS/TIPIN/CLASPIN complex. CHK1 subsequently regulate multiple biological
processes responding to the stalled replication fork that include cell cycle arrest at G1/S,
intra-S, G2/M phases, fork stabilization, inducing dormant origin firing, inhibiting late

origin firing, fork rescue and restart and initiating DNA repair(204,205).

1.5.1 Oncogene-induced replication stress

Additionally, multiple oncogenes have been shown to induce RS and consequently genomic

instability as a hallmark of cancer. For instance, it has been revealed that MYC co-localizes
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with pre-replication complex and regulates replication origin activity. The overexpression of c-
MYC generates RS and DNA damage(206). Overexpression of H-RAS induces RS by
increasing the global transcription activity and causing the accumulation of RNA-DNA hybrids
(R-loops)(207). Ectopic activation of cyclin E and CDC25A inhibits the progression of
replication forks and induces DNA damage response(208). AKT activation causes replicative
senescence or apoptosis through the induction of reactive oxygen species (ROS)(209). The
mechanisms of the oncogene-induced RS are still not fully understood, but increasing number

of oncogenes have been linked to RS.
1.5.2 Targeting ATR-CHK1 pathway

The dependence of ATR-CHK1 pathway in coping with oncogene-induced RS could give
cancer cells vulnerability to inhibitors targeting this pathway. For this rationale, a number of
inhibitors have been developed to target ATR, CHK1 as well as another pathway component
Wee1, the tyrosine kinase phosphorylating CDK1 at Y15. The maijority of the inhibitors target
the ATP binding site of those kinases and inhibit the kinase activity on its downstream target
(Figure 13). A number of the inhibitors have been tested in clinical trials for the use in various
cancer types, but often in combination with radio- or chemotherapy that can induce DNA
damage or replication efficiency(210-215). The inhibitors are shown to enhance the efficacy
of the DNA replication targeting agents, inducing DNA damage and impairing cell cycle
checkpoint. Interestingly, it has been found that combinatorial targeting of CHK1 and Wee1
shows synergistic effect with the mechanism of releasing the unrepaired DNA lesions into
mitotic stage(216,217). Moreover, synthetic lethal effect has been identified for ATR and CHK1
inhibitors when another key component of DNA damage response pathway is defective, for
instance ATM and p53(218).
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Figure 1. 13 Targeting ATR-CHK1 pathway by small molecule inhibitors

MK1775

In response to DNA damage or replication stress, multiple kinases and phosphatases
are involved in the central regulation of ATR-CHK1 pathway. Most of the available small
molecular inhibitors are ATP competitors for kinases including ATR, CHK1 and WEE1.
ATR inhibitors reduce the phosphorylation of CHK1 at S345 and therefore inhibit CHK1
kinase activity. CHK1 inhibitors stabilize phosphatases like CDC25A, CDC25B and
CDC25C by suppressing their phosphorylation by CHK1 kinase. Some of them show
inhibitory effect on the autophosphorylation at S296 of CHK1 kinase, but induce
phosphorylation at S345. WEE1 has been identified as another kinase target in the
pathway, as the inhibitor MK1775 shows synergistic effect when combined with CHK1
inhibitors(219,220).
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1.6 Aims

The aim of the scientific projects in the thesis was to identify novel drug or target in the
treatment of CALR mutated MPN including:

a)

b)
c)
d)

e)

Explore the therapeutic potential of glycan binding domain of calreticulin by small
molecule inhibitors

Establish CALR mutated cell line models for in vitro test of drug candidates

Ex vivo test of drug candidates using primary patient samples

Mechanistic study of drug candidates to explore vulnerability of CALR mutated cells
Establish high-throughput drug screening method to identify synthetic lethal partner of

mutant calreticulin
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2 RESULTS

2.1 Mutant selective small molecule inhibitors of
calreticuliln for the treatment of CALR mutation positive

myeloproliferative neoplasms

Prologue

Somatic mutations of CALR gene have been discovered as disease driver mutations of primary
myelofibrosis and essential thrombocythemia, diseases that belong to the classical
myeloproliferative neoplasms (MPN). The requirement of thrombopoietin receptor in the
activation of the oncogenic function of mutant CALR has been described previously and the
N-glycan binding domain of mutant CALR is found to be crucial to its downstream pathway
activation. Here, we show that through an in silico molecular docking study, a chemical library
targeting calreticulin is identified and further validated. Hematoxylin, together with its chemical
analogues are found to be lead compounds targeting CALR N-glycan binding domain. CALR
mutated cell lines show hypersensitivity to the treatment of hematoxylin. Knockout of
calreticulin or truncation of its C-terminus can rescue this selective cytotoxicity. We
demonstrate a direct binding of the compound to both mutant and wild type CALR as well as
a disruption of the interaction between mutant CALR and MPL upon the compound treatment.
Hematoxylin also reduces the intracellular abundance of mutant calreticulin by inducing the
secretion of the protein. Altogether, we here propose the N-glycan binding domain of CALR to

be an attractive drug target for small molecule inhibitors.
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211 Molecular docking study identifies a chemical library as potential
compounds targeting calreticulin

Based on the published crystal structure of the globular domain of wild type calreticulin
(146,147,156,157), the lectin domain of the protein consists of an N-glycan binding site, an
ATP binding site and a calcium binding site (Figure 2.1.1a). The N-glycan binding site is of
particular interest based on the previous findings suggesting the importance of this domain in
mutant CALR function. To validate the therapeutic potential of this domain in our models, we
mutated human CALR del52 sequence at residue lysine-111 and aspartate acid-317
respectively (Figure 2.1.1b). These are two amino acid residues which are shown to be
essential for the N-glycan binding capacity of calreticulin(157,167,221,222). We transduced
Ba/F3-MPL cells with retroviral vectors carrying CALR WT and CALR del52 as well as the
glycan domain mutated CALR del52 respectively. Both K111G and D317G mutations
abolished the transforming properties of CALR del52 in Ba/F3-MPL cell line in the absence IL-
3 or TPO, which confirmed the essentiality of N-glycan binding domain of mutant calreticulin

in its oncogenic function (Figure 2.1.1c).

Since the pathological mutations of calreticulin in MPN only changes the sequence at the c-
terminus of the protein, we expect the globular domain of the mutant protein to be conserved
and the structure information based on the wild type protein can be used in the study. We
therefore generated a 3D structural model based on crystallized structures of both human and
mouse calreticulin and performed a molecular docking study to identify potential chemical
candidates targeting this domain (Figure 2.1.1d). To get an insight on the specificity and
selectivity of each ligand interacting with calreticulin, we selected two other proteins as
negative controls including calnexin which is structurally and functionally similar to calreticulin,
and ER Mannosidase |, an enzyme involved in ER-associated degradation of glycoproteins in
mammalian cells but structurally different compared to calreticulin(223,224). Among 140000
structures, a list of compounds which have the highest binding energy and specificity to
calreticulin was generated. By searching for the available compounds either commercially or
from the DTP Databases of NCI, we managed to build up a docking compound library for

experimental validation.

2.1.2 Hematoxylin selectively reduce the viability of CALR mutant cells
compared to wild type cells

To exclude the compounds with low biological activity, we performed a cytotoxicity screen at
10uM concentration in Ba/F3-MPL and UT7-TPO cell lines carrying heterozygous CALR
mutations. The chemicals which show cytotoxic effect in both cell lines (inhibitory effect >10%)

and have more than 50% inhibitory effect in at least one of the cell lines were taken as hits for
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the subsequent multiple-dose response test (Figure 2.1.2a). The hits were tested in both CALR
wild type and mutant cell lines to acquire data of their cytotoxic selectivity. We identified
hematoxylin, the compound predicted to form hydrogen bonds with 4 amino acids at CALR
glycan domain through its hydroxyl groups, to be our top hit, as both heterozygous and
homozygous mutant CALR Ba/F3-MPL cell lines showed hypersensitivity to the compound
treatment compared with the wild type control (Figure 2.1.2b,c). In UT7-TPO cell lines, the
hypersensitivity of mutant cell line to the compound also occurred despite a smaller effective

magnitude and a higher drug concentration used (Figure 2.1.2d).

In order to further confirm the selective cytotoxicity of hematoxylin, we set up a two-color
competition assay by co-culture of CALR wild type and mutant cells in the presence of the
compound treatment (Figure 2.1.2¢). In Ba/F3-MPL cells, the CALR mutant cells were rapidly
depleted during the 7 days treatment while mutant cells gradually dominated the population by
outgrowing the wild type cells in the DMSO control group. We used reverse-color setup to
avoid potential artefact brought by mCherry expression and could reproduce the data (Figure
2.1.2f, S2.1.1). The differential killing effect of hematoxylin can also be observed in UT7-TPO
cell lines. While the depletion effect was not achieved, hematoxylin inhibited the outgrowth of
the mutant cells from the cell population (Figure S2.1.2). This result is consistent to the result
in the short-term dose response assay. As the CALR mutant cells in this assay were cultured
in the presence of TPO, it also suggests that the drug hypersensitivity cannot be rescued by

the addition of cytokines.

To elucidate the mechanism of cell death caused by the drug treatment, an apoptosis assay
by Annexin V/PI staining was conducted. We observed significantly elevated apoptosis
induced by hematoxylin in CALR mutated cell line but not in wild type control. The addition of

TPO did not have a significant impact on apoptosis (Figure 2.1.3a).

To validate target specificity, we first knocked out CALR in Ba/F3-MPL cell line and checked
the dose response of hematoxylin. The removal of the expected target of the drug abolished
the hypersensitivity we observed in the mutant cell lines (Figure 2.1.3b). To clarify if the efficacy
is specifically caused by the mutant calreticulin, we used CRISPR-Cas9 technology to
generate Ba/F3-MPL cell lines that carry the alternative frameshift mutations at the exon 9 of
CALR gene, leading to the reading frame that encounters a stop codon shortly after the
mutation and a truncation at CALR C-terminus (Figure 2.1.3c top panel). In the cytotoxicity
assay, the cell lines carrying the truncated mutations did not show hypersensitivity to the drug
treatment, suggesting the efficacy of hematoxylin is caused specifically by the mutant c-
terminus (Figure 2.1.3c bottom panel). Furthermore, we tested the drug effect in cells carrying
JAK2V617F mutation and did not observe any vulnerability (Figure S2.1.3), indicating specific
drug effect on CALR mutations but not JAK2 mutations or activated JAK-STAT pathway.
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2.1.3 Hematoxylin binds to calreticulin and disrupt MPL interaction with mutant
CALR

As the glycan binding domain might mediate the interaction of MPL and mutant CALR, we
hypothesized that the binding of a docking compound could disrupt this interaction. Therefore,
we used NanoBRET assay to measure CALR del52-MPL interaction. EPOR was used as a
background control, as the receptor has large in homology sequence with MPL and no
interaction was supposed to form with CALR del52. As expected, the addition of hematoxylin
reduced CALR-MPL interaction in a dose-dependent manner, indicating that the occupancy of
glycan binding pocket by the drug blocked MPL binding to mutant CALR (Figure 2.1.4a). To
further prove the direct binding of the compound to calreticulin, we performed cellular thermal
shift assay (CESTA)(225,226). Calreticulin ins5, wild type and MPL were transfected into
HEK293T cells and hematoxylin was added into the cell lysates. The melting temperatures of
both mutant and wild type calreticulin were increased compared with DMSO control,
suggesting the expected target engagement of the drug. This is not surprising to us that the
drug binds to both mutant and wild type proteins, since the target region is a common domain.
We also used MPL as a control protein in the assay to test the specificity of the drug. The drug-
treated sample showed no significant change in MPL protein level in response to heat
compared with the DMSO control (Figure 2.1.4b).

2.1.4 Hematoxylin reduces mutant calreticulin and inhibits STATS5 activation

To investigate how hematoxylin affects mutant calreticulin as well as JAK-STAT signaling, we
treated Ba/F3-MPL CALR WT and mutant cell lines with the drug for 24h and collected both
RNA and protein samples. The real-time PCR result suggested a less than 1.5-fold up-
regulation of both wild type and mutant CALR expression caused by the drug treatment,
possibly due to a stress response (Figure 2.1.5a). Interestingly, western blot analysis showed
a striking down-regulation of both mutant calreticulin and MPL in both heterozygous and
homozygous mutant cell lines, whereas the wild type calreticulin was not affected in CALR WT
cell line. There was an up-regulation of wild type calreticulin in CALR heterozygous mutant cell
line, which was likely due to a stress response effect caused by the drug (Figure 2.1.5b). A
time-course experiment showed a decrease of mutant calreticulin and MPL starting from 4
hours post treatment and more drastic reduction at 8-hour time point, which was accompanied
by a decrease of STATS5 phosphorylation and upregulation of PARP cleavage which was used
as an apoptotic marker (Figure 2.1.5c). The result suggests that hematoxylin may induce cell
death of mutant CALR cell lines by inhibiting mutant calreticulin-MPL complex at protein level
as well as its downstream JAK-STAT pathway. Combined with the real-time PCR result, we
hypothesized that this downregulation of mutant CALR was due to post-translational

modification or protein secretion. We used MG132 as proteasome inhibitor and chloroquine as
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lysosome inhibitor. Neither the two inhibitors managed to rescue the reduction of mutant CALR.
In contrast, brefeldin A (BFA), the drug that inhibits protein secretion, drastically upregulates
mutant CALR level and could regain the loss of the protein induced by hematoxylin (Figure
2.1.5d). This result indicated that the reduction of mutant CALR by hematoxylin might be a
consequence of increasing secretion of the protein out of the cells. We also generated
hematoxylin resistant cell lines by incubating CALR mutant cells with high dose hematoxylin
continuously. All the selected clones showed an upregulation of mutant calreticulin and
resistance to the drug-induced reduction, revealing a universal hematoxylin resistant

mechanism (Figure S2.1.4).
2.1.5 Potency and selectivity of chemical analogs of hematoxylin

Compared with the synthetic tetrasaccharide G1M3, hematoxylin also contains several
hydroxyl groups that are predicted to form hydrogen bonds with amino acid residues in the
glycan binding pocket of CALR. To explore the chemical space of our docking study, we tested
a few chemical analogs based on hematoxylin structure. We could identify a couple of
chemicals that also preferentially killed CALR mutant cells. Brazilin, the closely related natural
compound of hematoxylin, showed the lowest IC50 among all the compounds tested.
Methylation of the hydroxyl groups of hematoxylin seemed to reduce the potency of the drug
and the change of the poly-heterocyclic ring structure largely compromised the selectivity
(Figure 2.1.6, S2.1.5).

2.1.6 Hematoxylin showed selective cytotoxicity in patient CD34+ cells

To further validate our result in primary patient samples, we isolated CD34+ cells from healthy
individuals and CALR patients and performed the colony formation assay. The compound
showed significant inhibitory effect on colony forming units from CALR patients, which

suggested the efficacy of the drug can be translated into patient samples (Figure 2.1.7a).
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Figure 2.1.1 Molecular docking of calreticulin glycan binding domain
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Figure 2.1. 2 Cytotoxic selectivity of hematoxylin in CALR mutated cell lines
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Figure 2.1. 3 C-terminal truncation and knockout CALR rescue apoptosis induced by

hematoxylin in CALR mutated cells
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Figure 2.1. 4 Effect of hematoxylin on CALR-MPL interaction
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Figure 2.1. 5 Effect of hematoxylin on mutant CALR and JAK-STAT signaling
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Figure 2.1. 6 Test of chemical analogs of hematoxylin in CALR WT/Mutant cell lines
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Figure 2.1. 7 Effect of hematoxylin on colony forming unit of CD34+ cells
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Figure 2.1.1 Molecular docking of calreticulin glycan binding domain

a.

Structural model of human calreticulin. Colored surface representations indicate
experimentally identified interaction sites: glycan binding site (cyan); ATP-binding
site (magenta); main Ca2+ binding site (grey).

PDB (ID: 300X) Structure of mouse calreticulin lectin domain interacting with
tetrasaccharide Glc-Man-Man-Man (blue) with lysine 111 and aspartate acid 317
labeled (red).

Cytokine dose response of glycan domain mutated Ba/F3-MPL cells. Ba/F3-MPL
cells were transduced with pMSCV-gw-puro constructs carrying CALR WT, CALR
del52 as well as Lys111 and Asp317 mutated CALR del52. The CellTiter-Glo
luminescent Cell Viability Assay was used to detect cell viability 72h after the
addition of cytokine. WEHI-3B conditioned media and TPO conditioned media were

used as murine IL-3 and human TPO supplement.

. Top panel: PDB (ID: 300X) Surface structure of mouse calreticulin lectin domain

interacting with tetrasaccharide Glc-Man-Man-Man (blue) with lysine 111 and
aspartate acid 317 labeled (red). Bottom panel: Zoom in structure of hydrogen-

bond network formed at glycan binding domain.
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Figure 2.1.2 Cytotoxic selectivity of hematoxylin in CALR mutated cell lines

a.

Single dose cytotoxic screen of the docking library in Ba/F3-MPL and UT7-TPO cell
lines. CRISPR-Cas9 generated Ba/F3-MPL CALR del79/WT and UT7-TPO CALR
del61/WT were treated by each compound at 10uM for 72h. All luminescent signals
were normalized to DMSO control to calculate percentage of reduced viability. N=3.
Positive hits are shown in red.

Molecular docking model of hematoxylin with calreticulin glycan binding domain.
Dose response test of hematoxylin in Ba/F3-MPL cell lines. 1 heterozygous and 1
homozygous CALR mutated cell line were used in comparison to wild type control.
Wild type cells were grown with 1% TPO conditioned media and mutant cell lines
were grown without cytokine. All drug treatment groups contain equal amount of
DMSO. N=6.

Dose response test of hematoxylin in UT7-TPO cell lines. CALR heterozygous
mutant cell line was used in comparison to wild type control. Wild type cells were
grown with 1% TPO conditioned media and mutant cell lines were grown without
cytokine. All drug treatment groups contain equal amount of DMSO. N=6.
Schematic diagram of the experimental process of the competition assay
Cytotoxicity test of hematoxylin in Ba/F3-MPL by the two-color competition assay.
Left panel: Ba/F3-MPL CALR WT (mCherry positive) and Ba/F3-MPL CALR
del79/'WT (mCherry negative) cells were treated with indicated concentration of
hematoxylin for 7 days. 1% TPO conditioned media and the drug were refreshed
every 2-3 days. Right panel: reverse color setting was used. Ba/F3-MPL CALRWT
(mCherry negative) and Ba/F3-MPL CALR del79/WT (mCherry positive) cells were
used. N=3.
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Figure 2.1.3 C-terminal truncation and knockout CALR rescue apoptosis induced by

hematoxylin in CALR mutated cells

a. Annexin V/PI staining of Ba/F3-MPL cells following hematoxylin treatment of 24h.
Left panel: representative FACS plots of Annexin V/PI staining in both CALR WT
and mutant cell lines. Mutant cell lines were tested in +/- 1%TPO condition. Right
panel: quantification of early apoptotic cells (Annexin V+/PI-) and late apoptosis
cells (Annexin V+/Pl+). N=3. Statistical test was conducted by one-way ANOVA

followed by Bonferroni’s multiple comparison tests. **** P<0.0001.

b. Dose response of Ba/F3-MPL CALR WT and CALR knockout (CALR KO) cell lines.
CALR KO cell lines were generated by CRISPR-Cas9 targeting exon 3 of CALR
gene from Ba/F3-MPL cell lines. 3 individual KO clones and 2 WT clones which
went through the same CRISPR-Cas9 workflow were used in the experiment. N=5.

c. Top panel: sequence alignment of c-terminal sequences of wild type CALR, disease
frameshift mutant CALR (CALR del79 and CALR del37 as two examples), c-
terminal truncated CALR (CALR del2 and CALR ins1 as two examples) from Ba/F3
cells. * stands for stop codon.

Bottom panel: dose response of Ba/F3-MPL cell lines carrying wild type CALR,

disease frameshift mutant CALR and c-terminal truncated CALR. N=3.
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Figure 2.1.4 Effect of hematoxylin on CALR-MPL interaction

a.

Interaction of mutant CALR and MPL detected by the NanoBRET assay. EBNA
cells were transfected with CALR del52-HaloTag and NanoLuciferase-MPL/EPOR
constructs. Cells were treated with hematoxylin for 24h at respective concentrations.

EPOR-CALRdel52 was used as negative control for background signal.

Compound engagement with mutant and wild type calreticulin tested by the cellular
thermal shift assay. HEK293T cells were transfected with pcDNA3.1 CALR
ins5/CALR WT/MPL constructs. Hematoxylin or DMSO was added to cell lysates
before heating at respective temperatures for 6min. Top panel: western blot for the
detection of the soluble fraction of the protein lysates. Bottom: the densitometry of
bands was quantified by Fiji and normalized to the band density of the lowest

temperature tested.

52



Figure 2.1.5 Effect of hematoxylin on mutant CALR and JAK-STAT signaling

a.

Real-time PCR analysis of 24h treatment of hematoxylin in Ba/F3-MPL cell lines.
CRISPR-Cas9 generated Ba/F3-MPL CALR WT, CALR homozygous mutant
del37/del37 cell line were treated with 20uM hematoxylin or equivalent amount of
DMSO as control for 24h before cell collection and RNA extraction. N=4.
Statistical test was conducted by two-tailed paired t-test. ** P<0.01, *** P<0.001.

Western blot analysis of 24h treatment of hematoxylin in Ba/F3-MPL cell lines.
CRISPR-Cas9 generated Ba/F3-MPL CALR WT, CALR WT/del79 and CALR
del37/del37 cell lines were treated with 20uM hematoxylin or equivalent amount of
DMSO as control for 24h before cell extraction and lysis.

Effect of time course treatment of hematoxylin on Ba/F3-MPL CALR WT/del79
cell line. Hematoxylin was added at 20uM for the indicated time before collection
and cell lysis.

Effect of multiple inhibitors on calreticulin protein level. All the indicated inhibitors
were added for 8h in Ba/F3-MPL CALR del79/WT cell line.
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Figure 2.1.6 Test of chemical analogs of hematoxylin in CALR WT/Mutant cell lines

Top panel: chemical structure of the tetrasaccharide as the substrate of calreticulin
and structures of other tested hematoxylin analogs. Bottom panel: table of IC50 of
tested compounds in Ba/F3-MPL CALR WT and mutant cell lines.
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Figure 2.1.7 Effect of hematoxylin on colony forming unit of CD34+ cells

a. The colony formation assay of healthy individuals and CALR patients following
hematoxylin treatment. CD34+ cells from 5 healthy control and 5 CALR patients
were isolated and plated for 7 days with DMSO or 40uM of hematoxylin treatment
before colony counting. Two-way ANOVA followed by Sidak’s multiple comparisons

test was used for p value calculation.

b. Diagram of mechanism of action of hematoxylin. In MPN disease model, mutant
calreticulin physically interact with MPL and constitutively activate JAK-STAT
pathway. Our drug binds to mutant calreticulin and disrupt the interaction. Mutant
calreticulin therefore lose their membrane-bound interacting partner and are

secreted out of cells.

55



Supplementary figure $2.1. 1
in Ba/F3 cells.

>1 Day 5

Representative FACS plot of the competition assay

600 mCherty-
1349

600 1

mCherry+
651

- 1
Day 0 - DMSO
° 0
3]
800 mCherry- mCherry+ ]
54.6 454 2004
600 TT
1]
E T é L, RRRALERL ¢ 3 LARA | 4 il | :
3 400+ -0 0 10 10 10
© mCherry
200
i— 800 mCherry- mCherry+
J 8.8 1.2
0
TR Ty BALL me
3 3 4 5 600 7
-10 0 10 10 10
mCherry »
3 -
s 400 HEM 10uM
200
{
|—
0 k
T Ty T
3 3 4 5
-0 0 10 10 10
mCherry

Supplementary figure S2.1. 2
UT7-TPO cell lines.

S2

Day 0 Day 2 Day 5 Day 7 Day 9 Day 12
1001

504

% of total cells

Competition assay with hematoxylin treatment in

UT7 CALRWT
BEm UT7 CALR mutant

56



Supplementary figure S$2.1. 3 Dose response test of hematoxylin in JAK2 mutant

cell line
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Supplementary figure S2.1. 5
in Ba/F3-MPL cell lines.
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Figure S2.1.1 Representative FACS plot of the competition assay in Ba/F3 cells.

CALR WT (mCherry negative) and CALR mutant cells (mCherry positive) treated
with 10uM hematoxylin or equivalent amount of DMSO. Day 0 and day 5 time points

were used for representation.
Figure S2.1.2 Competition assay with hematoxylin treatment in UT7-TPO cell lines.

UT7-TPO CALR WT (mCherry negative) and UT7-TPO CALR del58/WT (mCherry
positive) were treated with 40uM hematoxylin or DMSO for 12 days in the presence
of 1%TPO.

Figure S2.1.3 Dose response test of hematoxylin in JAK2 mutant cell line.

Ba/F3-MPL cells transduced with JAK2WT or JAK2V617F were treated with
hematoxylin for 72h. Wild type cells were grown with 1% TPO conditioned media
and mutant cell lines were grown without cytokine. All drug treatment groups

contain equal amount of DMSO. N=4.
Figure S2.1.4 Effect of hematoxylin in Ba/F3-MPL resistant cell lines.

Ba/F3-MPL CALR del79/WT and Ba/F3-MPL CALR del37/del37 were cultured with
hematoxylin at 20uM for 4 weeks. CALR del79/WT resistant clone 1 and CALR
del37/del37 resistant clone were cultured without cytokine. CALR del79/WT

resistant clone 2 were cultured with 5%TPO.

Figure S2.1.5 Dose response of chemical analogs of hematoxylin in Ba/F3-MPL cell

lines.

CALR WT, heterozygous mutant and homozygous mutant cell lines were treated

with indicated drugs for 72h. Mutant cells were cultured with no cytokine.

2.2 Targeting ATR-CHK1 pathway in CALR mutated MPN

Prologue

In this project, we aimed to identify small molecule drugs that could preferentially inhibit the
growth or be cytotoxic to CALR mutated cells in comparison to CALR wild type cells by
performing high-throughput drug screening approach. Through mutant CALR selective drugs,
we also hope to identify vulnerabilities of CALR mutated cells and exploit its synthetic lethal

targets for further drug development.
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Through our drug screen in UT7-TPO cell line, we identified several inhibitors all targeting
ATR-CHK1 pathway as promising hits for follow-up studies. In a mixed population with wild
type cells, CALR mutated cells were depleted over time by the treatment of ATR and CHK1
inhibitors. We confirmed these results also in Ba/F3 cell line model and excluded the possibility
that the cytotoxic selectivity was due to different proliferation rates. Downstream pathway
analysis showed that replication stress was induced by CHK1 inhibitors treatment in mutated
CALR cells using elevated pan-nuclear staining of yH2Ax and phosphorylation of RPA as
markers. The drug treatment also promoted S-phase cell cycle arrest in mutant cells and
prohibited them from completing replication. Following CHK1 inhibitor treatment, there was a
statistically significant reduction in colony forming potential of CD34+ cells from CALR mutation
positive patients, but no such effect was detected in samples from healthy individuals. CALR
knockout cells did not show hypersensitivity to the drug treatment, suggesting the vulnerability
of CALR mutated cells to ATR-CHK1 inhibition is caused by the oncogenic activation of mutant

calreticulin.
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2.2.1 High-throughput chemical screening identified ATR and CHK1 inhibitors as
hits targeting CALR mutated cells

To discover novel drug candidates for CALR mutated MPN, we performed a high-throughput
drug cytotoxicity screen with a library of 89172 compounds in UT7-TPO cell line model. To
exclude the compounds with low cytotoxicity, compounds were tested at in a single dose with
relatively high concentration (10uM or higher) in CALR mutated cell line in the first round of
screen. Compounds which showed more than 75% reduction on cell viability compared with
DMSO control, and those that exhibited 50% to 75% inhibition but with annotated targets were
taken as toxic compound hits. In the follow-up screen, the selected hits were then tested in
both UT7-TPO CALR wild type and mutant cell lines to generate 4-dose response curves.
Selectivity of each compound was assessed by comparing its cytotoxicity in CALR wild type

and mutant cell lines (Figure 1a).

We performed two independent analysis with the screen result. Firstly, we compared the effect
on viability from every tested dose of individual drugs between control and mutant cell lines
(Figure 1b). The hits were called when any dose of the drug showed 25% larger inhibitory
effect on mutant cells compared to wild type cells with a p value lower than 0.05 (Figure 1c).
Alternatively, we calculated Area Under the Curve (AUC) value as a cumulative measure of
compound potency (Figure 1d). The hits were called when AUC of the mutant cell line were at
least 50% lower than the wild type cell line with at least one standard deviation difference

between the two means (Figure 1e).

Interestingly, we observed ATR inhibitor AZD6738 and CHK1 inhibitor LY2603618 as hits in
both analysis and another ATR inhibitor AZ20 as a hit in the first analysis (Figure 1c,e). As
multiple compounds targeting ATR-CHK1 pathway were called in this unbiased screen, we
hypothesized that there might be vulnerability of CALR mutated cell line in this DNA damage

response pathway.

2.2.2 Cytotoxic selectivity of CHK1 inhibitors in CALR mutated cells

We then manually validated the hits in a 72-hour 8-dose response assay. All the 3 ATR-CHK1
inhibitors showed only minor selectivity in kiling CALR mutant cells (Figure S1). However,
ATR-CHK1 is a DNA-damage response pathway and our inhibitors were not tested in
combination with any DNA damaging agents. We argued that 72h might not be enough time
for UT7 cells to accumulate DNA damage considering that the doubling time of the cell line is
between 48-60 hours. Therefore, a long-term cytotoxicity assay needed to be established for
a proper test of drug selectivity. Since CALR mutations are somatic and to imitate the clonal
expansion model of CALR mutated cells in patients, we then set up a two-color competition

assay by co-culturing CALR wild type and mutant cells in the presence of CHK1 inhibitors. By
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transducing either CALR mutant or control cell line a construct carrying mCherry, we could
distinguish the two populations and detect cytotoxic selectivity of the drug over time (Figure
2a). As the results showed, in the presence of TPO as cytokine, CALR mutated cells outgrew
wild type cells in the DMSO control group. Whereas, when treated with CHK1 inhibitors
LY2603618 or SCH900776, the clonal expansion of mutant population was reversed and
mutant cells were selectively diminished over time (Figure 2b,c). To avoid artefacts brought by
mCherry transduction, we performed reverse-color setting for both experiments and the result

could be reproduced.

To explore whether this selectivity was due to the inhibitory effect of DNA damage response
inhibitors on fast-proliferating cells, we used another UT7 CALR mutant clone that did not show
clear growth advantage over wild type cells. The selective effect could still be observed in the
presence of CHK1 inhibitors (Figure S2). Moreover, for a further validation of the efficacy, we
used murine BaF3-MPL cell line model to test the drug in the same setting. As BaF3 cells have
doubling time of less than 24 hours, a shorter length of treatment is expected to show the drug

effect. Indeed, over 90% of mutant cells was depleted after 6 days of treatment (Figure 3a).

2.2.3 CHK1 inhibitors did not show selective effect on CALR KO cells

To evaluate the target specificity as well as the possibility of CALR loss-of-function effect on
the drug selectivity, we generated CALR knockout cell lines in BaF3-MPL and set up the
competition assay co-cultured with wild type control. CHK1 inhibitor SCH900776 did not show
selective effect until day 8, suggesting the selectivity was due to mutant CALR (Figure 3b). We
also tested the drug in cells carrying JAK2V617F mutation and did not observe selective
cytotoxicity, suggesting the drug effect was specific to CALR mutation rather than general
effect on the activated JAK-STAT pathway (Figure S3).

2.2.4 CHK1 inhibitor reduced viability of hematopoietic stem cell from CALR

patients

To further confirm the drug efficacy in a clinical relevant model, we performed the colony
formation assay using CD34+ cells from CALR patients and healthy controls. As the result
suggested, SCH900776 showed cytotoxic effect at nanomolar concentration range. 0.25uM of
the drug significantly reduced colony forming units of CALR patients’ cells but showed almost

no effect on healthy individuals (Figure 3c).

2.2.5 Replication stress was induced by CHK1 and Wee1 inhibitors in CALR

mutant cells

To explore the underlying mechanism that results in the selective inhibition of CALR mutant

cells, we used western blot to detect the DNA damage response markers of drug treated UT7-

62



TPO cells. CHK1 inhibitors LY2603618 and SCH900776 were used both as single agents and
in combination with Wee1 inhibitor MK1775, for the reason that CHK1 and Wee1 inhibitors
were reported to work synergistically(216,217). We thus used 6-fold lower concentration of
CHK1 inhibitors in the combination treatment. We could observe elevated y-H2AX in mutant
cells compared to wild type cells in any of these treatment groups, indicating more DNA
damage or replication stress in mutant cells upon treatment (Figure 4a top panel). A slight
basal level induction of y-H2AX could also be detected, indicating a potential vulnerability of
DNA replication or damage response regulation in mutant cells. RPA, as a principal component
at replication fork which binds and stabilizes single-strand DNA, showed higher
phosphorylation at both S33 and S4/S8 sites upon treatment in mutant cells. We used
phosphorylation at S345 of CHK1 as a marker of drug effect. Consistent to previous report, it
was induced upon CHK1 inhibitors treatment (227,228). We also detected slight decrease in
mutant CALR by LY2603618 and a reduction of MPL in combination treatments. We

speculated this to be a secondary effect of cell stress.

Furthermore, we expanded CD34+ cells from a CALR ins5 patient and a healthy individual and
treated the cells with SCH900776. Patient cells showed higher induction of y-H2AX as we

observed in UT7 cells (Figure 4a bottom panel).

y-H2AX was then stained in the immunofluorescence assay in UT7 cells responding to CHK1
inhibitor treatment. Pan-nuclear staining of y-H2AX was observed, indicating DNA replication
stress rather than DNA strand breaks was induced by the drug treatment (Figure 4b top panel).
Significant higher percentage of y-H2AX positive cells was detected in drug treated CALR
mutant cells compared to control (Figure 4b bottom panel). This was consistent with our result

from western blot.

We then asked the question how the drug affected cell cycle of mutant and wild type cells.
After 24 hours treatment of CHK1 inhibitor, S-phase cell cycle arrest was induced in mutant
cells. Co-staining of y-H2AX and DAPI showed the majority of S-phase cells were y-H2AX
positive (Figure 5a). Continuation of the treatment to 72 hours caused most of the mutant cells
trapped in S-phase and unable to progress to G2/M phase (Figure 5b). This result suggested
a therapeutic window of CHK1 inhibition that might induce origin firing and cause replication
stress and eventually cell death in CALR mutant cells. It is still elusive why CALR mutant cells

are vulnerable to this inhibition.
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Figure 2.2. 1 Drug screen identified ATR-CHK1 pathway as treatment target in

mutated CALR cell line.
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Figure 2.2. 2 Selective cytotoxicity of CHK1 inhibitors in CALR mutated cell lines
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Figure 2.2. 3 Selective cytotoxicity of CHK1 inhibitors in Ba/F3 and primary patient

cells
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Figure 2.2. 4 CHK1 inhibition induced replication stress in CALR mutated cells
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Figure 2.2. 5 Cell cycle analysis of CHK1 inhibitor treated UT7-TPO cells
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Figure 2.2.1 Drug screen identified ATR-CHK1 pathway as treatment target in
mutated CALR cell line
a. Schematic diagram of drug screening workflow. UT7-TPO CALR del61/WT cell line
was used for the first round of screen. 10uM or higher dose of each drug was tested
in a 3-day CellTiter-Glo Cell Viability Assay. The hits were called based on
cytotoxicity and were used for the second round of screen in both UT7-TPO CALR
WT and UT7-TPO CALR del61/WT cell line in a 4-dose response. Wild type cell

line was growing in 1% TPO.

b. Volcano plot of all single doses of all drugs in the second round screening result.
POC (percentage of control) represents cell viability with one individual dose of drug
normalized to DMSO control. POC difference= POC of CALR wild type cell line —
POC of CALR mutant cell line. Each value is calculated by means of 3 technical
replicates. Color of each points indicates the dose of drug in use. P value is
calculated by unpaired t-test comparing viability of wild type and mutant cells of
each dose of drugs.

c. Hits calling of screen using single-dose comparison between mutant and wild type
cells. Hits were called when any dose of an individual drug met these criteria: POC
of wild type cell line — POC of mutant cell line >25% AND p-value < 0.05. 2 ATR
inhibitors (AZD6738, AZ20) and 1 CHK1 inhibitor (LY2603618) were labeled in the
graph.

d. Plot of area under the curve (AUC) of all the drugs tested in the second round of
screen. AUC is calculated as a sum of all POC values of each individual drug in a
4-dose response. Each POC value is calculated as mean of 3 technical replicates.
Color represents toxic frequency. If the lowest tested concentrations of a given
compound give POCs lower than 50, the compound is labeled “Toxic”. Toxic
frequency represents the number of cell lines in which a compound was toxic (0=
not toxic in any cell lines, 1 = toxic in one cell line, 2 = toxic in both cell lines).

e. Hits calling using AUC comparison in CALR mutant and wild type cell lines. Hits
were called when one drug met the following criteria: AUC(CALRWT) - AUC(CALR
mutant) > 50 AND AUC(CALR WT) — stdev(CALR WT) > AUC(CALR mutant)) —
stdev(CALR mutant). One ATR inhibitor (AZD6738) and one CHK1 inhibitor
(LY2803618) were called as hits and labeled in the graph.
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Figure 22.2 Selective cytotoxicity of CHK1 inhibitors in CALR mutated cell lines

a. Representative FACS plot of the competition assay in UT7-TPO cell lines treated
with CHK1 inhibitor. Day 12 time point of CALR WT (mCherry negative) and CALR
del58/WT (mCherry positive) cells treated with DMSO or 1uM of SCH900776.

b. Competition assay of UT7-TPO CALR wild type and mutant cell lines incubated
with 0.8uM of CHK1 inhibitor LY2603618. Wild type (mCherry negative) and mutant
cells (mCherry positive) (left panel) or reverse color set-up (right panel) were mixed
at 1:1 ratio and were co-cultured with LY2603618 and supplemented with 1% of
TPO conditioned media for 12 days. Cells were collected at each time point and
measured by FACS.

c. Competition assay of UT7-TPO CALR wild type and mutant cell lines incubated
with 1uM of CHK1 inhibitor SCH900776. Wild type (mCherry negative) and mutant
cells (mCherry positive) or reverse color set-up (right panel) were mixed at 1:1 ratio
and were co-cultured with SCH900776 and supplemented with 1% of TPO

conditioned media for 12 days.
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Figure 2.2.3 Selective cytotoxicity of CHK1 inhibitors in Ba/F3 and primary patient cells

a. Competition assay in BaF3-MPL CALR wild type and CALR del79/WT cell line
incubated with 0.8uM LY2603618. Wild type (mCherry postive) and mutant cells
(mCherry negative) were co-cultured with LY2603618 and supplemented with 1%
of TPO conditioned media for 6 days.

b. Competition assay of BaF3-MPL CALR wild type and CALR knockout cell line
incubated with 1TuM SCH900776. Top panel: CALR WT (mCherry negative) and
CALR mutant (mCherry positive). Bottom panel: CALR WT (mCherry positive) and
CALR mutant (mCherry negative).

c. Colony formation assay of healthy individuals and CALR patients following
SCH900776 treatment. CD34+ cells were isolated from PBMCs of 3 healthy
individuals and 3 CALR patients. 2000 cells were plated with 0.25uM, 1uM
SCH900776 or DMSO in MethoCult H4434 classic media for 10 days.

71



Figure 22.4 CHK1 inhibition induced replication stress in CALR mutated cells

a. Top panel: western blot analysis of UT7-TPO CALR WT and CALR del58/WT whole
cell lysates following treatment of indicated drugs for 24h. 1uM SCH900776, 0.8uM
LY2603618, 0.3uM MK1775 were used as single agent treatment. 0.2uM MK1775
combined with 0.17uM SCH900776 and 0.2uM MK1775 combined with 0.13uM
LY2603618 were used for combination treatment. Bottom panel: western blot
analysis of cell lysates of CD34+ cells from 1 healthy control and 1 CALR ins5
patient. CD34+ cells were treated with 1TuM SCH900776 for 24h before collection.

b. Top panel: Immunofluorescence of UT7-TPO CALR WT and CALR del58/WT
following 1TuM SCH900776 treatment for 6h. Green: y-H2AX; blue: DAPI. Bottom
panel: Quantification of y-H2AX positive cells in UT7-TPO WT and mutant cells
after 6 and 24h treatment of SCH900776. Two-way analysis of variance followed
by Tukey’s multiple comparisons test was used for statistical analysis. * p<0.05;
**** p<0.0001.
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Figure 22.5 Cell cycle analysis of CHK1 inhibitor treated UT7-TPO cells

a. Left panel: histogram of DAPI staining at 24h time point in UT7-TPO CALRWT and
del58/WT cell lines with the treatment of 1TuM SCH900776 or DMSO control. Right
panel: co-staining with DAPI and y-H2AX.

b. Staining of 72h time point collection.
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Supplementary figure $2.2. 1 Dose response curves of ATR and CHK1 inhibitors
in UT7-TPO cell lines
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Supplementary figure S2.2. 2 Competition assay using CALR del61/WT cell line with
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Supplementary figure S$2.2. 3 Competition assay in Ba/F3-MPL JAK2 WT and
JAK2V617F cells lines with CHK1 inhibitor treatment
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Figure S2.2.1 Dose response curves of ATR and CHK1 inhibitors in UT7-TPO cell lines

72h drug dose response of CHK1 inhibitor LY2603618, ATR inhibitor AZD6738 and
AZ20 in UT7-TPO wild type and mutant cell lines. 1%TPO conditioned media was
added to UT7-TPO wild type cells. No cytokine was used for mutant cell lines. 2
individual mutant clones were tested.

Figure S2.2.2 Competition assay using CALR del61/WT cell line with CHK1 inhibitor treatment

Wild type (mCherry positive) and mutant cells (mCherry negative) were with 1uM
of CHK1 inhibitor SCH900776 or 0.8uM LY2603618.

Figure S2.2.3 Competition assay in Ba/F3-MPL JAK2 WT and JAK2V617F cells lines with CHK1
inhibitor treatment

Ba/F3-MPL cells transduced with pMSCV-JAK2WT (GFP negative) and pMSCV-
JAK2V617F type (GFP positive) were with 1uM of CHK1 inhibitor SCH900776 or
0.8uM LY2603618.
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3 DISCUSSION

3.1 General discussion of calreticulin biology

In this thesis, Although the focus of the scientific projects was on discovering novel therapeutic
approaches of CALR mutated MPN, we were also interested in gain further in depth
understanding of mutant CALR biology in the context of MPN disease. In this section, | would
like to discuss a few key points of elusive mechanistic questions of mutant CALR and the effect

on the scientific projects recorded in the thesis.

The current disease mechanistic model of mutant CALR has been established, supported by
experimental evidence from a number of studies(173-182). Mutant calreticulin activate JAK-
STAT pathway through thrombopoietin receptor, leading to clonal expansion of HSCs and
megakaryocytic lineages. It is worth to mention that, although it seems to be a gain-of-function
effect of mutant protein the acts as disease phenotype driver, it is likely that the mutation also
partially impairs the wild type protein function. One of the supporting study of this hypothesis
was conducted by the group of Mario Cazzola, describing a vulnerability of CALR mutated
megakaryocytes to perturbations of intracellular calcium metabolism(172). This phenomenon
was more striking in cells carrying type | mutation in which more calcium binding sequences
of CALR were lost. However, it is surprising that the effect of CALR mutations on calcium
metabolism has been mostly overlooked in the field. Indeed, the gain-of-function effect on
thrombopoietin receptor perfectly explains the clinical phenotype that the mutations only occur
in ET and PMF with thrombocytosis as main disease feature. Deficiency in calcium metabolism,
on the other hand, could potentially uncover vulnerability of CALR mutated cells, which might
suggest novel therapeutic approach. Therefore, the author believes this to be a promising

venue for MPN research.

The other unanswered question is the mechanism of the occurrence of CALR mutation
subtypes. A few studies have tried to explore the difference between type | and type Il mutation.
From our experience in protein purification and expression in cell lines, CALR ins5 seems to
be a more stable protein than CALR del52, which was also observed by a study from Araki
and colleagues(178). However, we could not rule out the potential artefact that the Flag-tag at
c terminus of the protein affects the protein stability. Marty and colleagues revealed a stronger
phenotype of thrombocytosis and myelofibrosis transformation from mice carrying type | CALR
mutation over type Il mutation(174). In a later study carried out by the same group, no
significant phenotypic change was induced by rare type-l and Il like mutations compared with

the predominant type | and Il mutations respectively(229). This is another interesting finding,
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suggesting that the predominance of type | and Il mutations might be partially due to the
genetic occurrence rather than the clonal driving and disease causing ability of the mutations.
Despite the mentioned discoveries, the biology behind the biased frequency of different

subtypes of CALR mutations is still elusive.

The protein structure of mutant calreticulin is another intriguing point to discuss. As neither
mutant nor wild type specific c-terminal peptide has been structurally resolved, it is only based
on the biochemical assays to conclude the mutant tail mediates the formation of
multimerization of CALR and the interaction with MPL(181). Cryo-electron microscopy
technology has emerged to be an alternative powerful tool to solve the structure of proteins
that cannot be crystallized. It might be a possible way to acquire mutant protein structure in

the future.

3.2 Discussion of result 2.1

MPN remain to be a group of diseases with very high-unmet medical needs. The discovery of
JAK2, CALR and MPL mutations have revolutionized the management of MPN patients but
the corresponding therapeutic approaches are relatively under-developed. In particularly, few
treatment approaches manage to specifically eliminate malignant clones, manifested by the
reduction of mutant allele burden. Given the fact that MPN diseases are caused by clonal
expansion of those clones, it would always be an ultimate goal of the treatment to remove
them, The Interferon-a based treatment remains to be the most promising therapy to trigger
patients’ molecular remission, as a number of clinical trials have shown sustainable molecular
effect in both JAK2V617F and CALR patients (79-81,230-232). However, a recent study has
shown that CALR patients are less sensitive to the treatment compared with JAK2V617F
patients(110). Apart from interferon-based treatment, ruxolitinib and hydroxyurea also reduced

JAK2V617F allele burden in some patients, but the molecular responders are minority(233).

Among the clinically approved first-line therapies for MPN, ruxolitinib is the only targeted
therapy. As the most important disease driver other than JAK2V617F, CALR mutations
contribute to a large cohort of JAK2 negative ET and PMF patients who could potentially benefit
from a CALR-based targeted therapy. Thus, to search for pharmaceuticals that inhibit the
oncogenic function of mutant CALR has great clinical significance. However, different from
JAK2, a kinase that belongs to the second most targeted group of proteins, calreticulin is a
novel target for small molecule inhibitors and requires an exploration of an effective targeting
domain. In this study, we propose a group of docking compounds targeting glycan binding
domain of calreticulin. We chose this domain as target for two reasons. Firstly, genetic
evidence supporting the importance of glycan binding domain of mutant calreticulin in its

oncogenic function has been obtained by a few studies(173,179,180). Mutagenesis

78



experiments pinpoint specific amino acids such as W319, D135 and Y109 to be indispensable
for JAK-STAT pathway activation. Our own study suggested other amino acids in the pocket
such as K111 and D317 to be essential too (Figure 2.1.1c). Secondly, co-crystallization of
calreticulin and the synthetic tetrasaccharide has provided high-resolution structural
information for computational docking study. Since disease-causing mutations of calreticulin
are exclusively located at its c-terminus, we have speculated that the structure information of

globular domain from wild type calreticulin should apply also to the mutant protein.

Through an exploration of a large set of chemical structures by computational analysis as well
as cell-based cytotoxicity screen validation, we selected hematoxylin as our top hit. In our
Ba/F3-MPL cell line models, we compared the selectivity of hematoxylin with HU and ruxolitinib
which are standard-use treatments in MPN clinics and a superior selectivity effect of our
compound was observed (Figure 2.1.6, S2.1.5). The on-target effect of the drug could also be
confirmed by testing the drug in cells carrying CALR with a truncation of c-terminus as well as
in CALR KO cells. In both cases the hypersensitivity to the drug was abolished (Figure
2.1.3b,c). To show this selective cytotoxicity as an effect in more than just one cell line model,
we performed the drug cytotoxicity study in UT7-TPO cell line model as well as in patients’
CD34+ cells, where the selectivity was retained (Figure 2.1.2d, 2.1.7a, S2.1.2). The result from
patient primary samples was indeed encouraging to us, so we carried on exploring the

mechanism of the drug efficacy.

It is worth to mention that we as well bear certain risks of targeting this domain. As it is located
in the common part of wild type and mutated calreticulin, the compound would potentially affect
the chaperone function of the wild type protein. Our CETSA result also suggested the
compound binding to both mutant and wild type proteins as expected (Figure 2.1.4b). For this
reason, we initiated our validation through a cell-based cytotoxicity assay, aiming to find
compounds that show a dose range in which mutant cells are killed but wild type cells from an
isogenic background tolerate. Interestingly, we manage to generate viable CALR knockout cell
lines in Ba/F3 cells and the CALR -/- cell lines do not show growth deficiency, suggesting the
gene is dispensable to the cells. This is also supported by the evidence that CALR is generally
not highly expressed in hematopoietic tissues. Moreover, the essentiality of CALR suggested
by mice study is due to its function in maintaining calcium homeostasis especially in the
embryonic stage(168). Targeting glycan binding domain should not affect its calcium binding
function and therefore could have a compromised toxicity in wild type cells. We also expect a
quantitative abundance difference between intracellular wild type and mutant calreticulin
proteins, supported by multiple studies and our own results(178,182). This could as well

contribute to a therapeutic dosing window of the drug.
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We set up the co-culture competition assay that mimicked the in vivo clonality of the malignant
cells. The selective depletion of mutant clones by hematoxylin treatment suggested the
potential use of the drug to reduce allele burden (Figure 2.1.2f, S2.1.2). Furthermore, since the
mixed wild type and mutant clones were cultured and treated in the presence of TPO, this is a
proof that cytokine is unable to rescue the mutant cells from hematoxylin-induced cell death,
which is also confirmed by our apoptosis assay result (Figure 2.1.3a). This phenomenon could
be at least partially explained by our western blot result showing the MPL is also downregulated
together with mutant CALR following the drug treatment (Figure 2.1.5bc). The mechanism of
how the drug reduces MPL is still elusive to us. The other hypothesis is that MPL is not properly
glycosylated in the presence of mutant CALR and this could affect the receptor trigger
downstream signaling upon TPO. The aberrant glycosylation of MPL in CALR mutated cells is
supported by two studies(173,180). Thirdly, upon the drug treatment, both the inhibition of JAK-
STATS signaling along with induction of apoptotic pathway contribute to the selective killing,

which cannot be rescued by the rescue of cytokine signaling only.

The interaction of mutant calreticulin with MPL is an important marker for the on-target effect
of our drug. Through the NanoBRET assay, it was the first time that a small molecule inhibitor
was shown to reduce this interaction (Figure 2.1.4a). This result further confirmed that glycan
binding domain is crucial to this interaction, supported by the previously published
mutagenesis studies(179,180). To elucidate the binding mechanism, a structural study of co-
crystallized drug-protein interacting complex is demanded, which is also important for a search

of high-affinity binding compound.

An interesting observation upon the drug treatment was that mutant CALR protein was reduced
by hematoxylin treatment. In contrast, wild type CALR was not reduced concurrently in the
heterozygous mutant cells, which suggested that the effect was unlikely to be at transcriptional
level (Figure 2.1.5bc). Indeed, mRNA level of both wild type and mutant CALR was slightly
upregulated rather than downregulated (Figure 2.1.5a). After showing that blocking
proteasomal or lysosomal degradation could not rescue the reduced mutant protein, we
inhibited the secretary pathway by using brefeldin A and managed to achieve a rescue effect
(Figure 2.1.5d). We hypothesize that after losing KDEL ER retention signal, the mutant protein
relies on its interaction with MPL to retain its presence intracellularly. The disruptive interaction
upon the compound treatment makes the protein lose its anchor at the cellular membrane and

therefore increases its secretion (Figure 2.1.7 bottom panel).

The medical use of hematoxylin and its derivatives also requires further investigation. As a
natural chemical compound that has been primarily used for histology staining, whether
hematoxylin can be used as a pharmaceutical is still a question mark. It worth to point out that

hematein, the oxidized form of hematoxylin, rather than hematoxylin itself is the actual dye
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used in histology H&E staining. Hematein also needs metal ions as mordant to act as basic
dye for nuclear staining. We believe the selective cytotoxicity of hematoxylin in mutant cells
was not due to its DNA binding property, supported by the fact that hematein was less effective
than hematoxylin in our assay(Figure 2.1.6, S2.1.5). However, it still requires experimental
investigation that if oxidization or other chemical reactions of hematoxylin occurs when it is
delivered to the cells. Interestingly, hematein was identified as a casein kinase Il inhibitor in a
study and was injected into mice without severe toxicity(234,235), which provides evidence of

usage safety of the compound in vivo.

Also, hematoxylin’s effective dose in our cell-based assays is in micromolar to milimolar range.
The relatively high usage dose might imply low affinity of the target engagement of the
compound. We endeavor to search for more potent analogues or derivatives but only brazilin
achieves lower IC50 in the cytotoxicity assay whereas compromised selectivity is observed.
The production of hematoxylin is also limited to the extraction from its original wood source.
De novo synthesis of the chemical has not been achieved so far, which also restricts the
production of other derivatives. Despite the issues of the chemical, we hope to propose
hematoxylin as a pioneer lead compound and glycan binding domain of calreticulin as a valid
drug target. Further understanding of the chemical space would be required to develop more

potent drugs.

3.3 Discussion of result 2.2

Apart from the strategy of directly targeting our protein of interest, we have also tried to search
for a synthetic lethal pathway of CALR-mutated cells. Through an unbiased large library
chemical screen, we identified ATR-CHK1 pathway as the potential target (Figure 2.2.1a-e).
This is supported by the screening result that although our drug library includes the majority of
clinical tested drugs with annotated targets, no pathway other than ATR-CHK1 has more than
two inhibitors showed up as top hits. We further validated our result by the competition assay
(Figure 2.2.2). Different from hematoxylin which induces apoptotic effect in less than 24 hours
after adding to the cells, CHK1 and ATR inhibitors require longer treatment time that allows
cells to replicate in order to show the selectivity. This is also the case shown by previous
studies involving DNA repair targeting agents. For instance, the effect of PARP inhibitors on
BRCA1/2 deficient cells were assessed by colony formation assays over 10 days culture(236).
In our assay, CHK1 inhibitors showed better effect than ATR inhibitors, which could be
explained by the fact that the development of CHK1 inhibitors are at a more advanced stage
than ATR inhibitors due to the technical difficulty in ATR protein purification and lack of
structure information(220). In the treatment of primary human samples, CHK1 inhibitor showed
a preferential inhibition in CALR patient samples at nanomolar concentration range (Figure

2.2.3¢).
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There has been a few studies linking MPN pathogenesis to DNA damage and repair pathways.
An in vivo study of transgenic mice model showed that elevation of ROS and DNA double
strand breaks was caused by JAK2V617F mutation(237). Impairment of replication fork
progression as well as defective cell cycle checkpoint was found in JAK2V617F patient
samples in another study(238). A more recent study showed that MPN driver mutations
upregulate components of homologous recombination and non-homologous end joining
pathways to cope with increased DNA double-strand breaks. Although the variability of
sensitivity to PARP inhibitor is present in patient samples, combination treatment with
ruxolitinib and HU showed efficacy in xenograft mice models(239). Even though the
association of aberrant DNA damage and repair with MPN diseases has been shown, it seems
that increased DNA damage is a general phenomenon in MPN regardless of the mutation
types. However, in our study, we showed that cells carrying CALR mutation but not
JAK2V617F mutation were vulnerable to CHK1 inhibitors (Figure S2.2.3). We also did not
observe activation of ROS in CALR-mutated cell line regardless of the inhibitor treatment,

which rules out the ROS involvement in the drug vulnerability (Data not shown).

Upon the inhibition of ATR and CHK1, we observed induction of pan-nuclear staining of y-
H2AX, phosphorylation of RPA and S-phase cell cycle arrest, leading to an RS phenotype
(Figure 2.2.4a,b, Figure 2.2.5). We first hypothesized that this might be due to a loss-of-
function of wild type calreticulin in mutant cells. As two independent studies have found
enrichment of CALR at stalled replication fork, this suggests a possible involvement of wild
type calreticulin in DNA replication(240,241). However, we exclude this hypothesis because
the lack of selectivity of CHK1 inhibitors in CALR knockout cell lines, indicating that gain-of-
function of mutant CALR is the cause of drug selectivity (Figure 2.2.3b). A recent publication
has shown nuclear localization of mutant CALR and the interaction with transcription
factors(242). However, the proteomics or biochemical fractionation study often involves
nuclear protein contamination, particularly when the interactome of a chaperone protein is
studied. Whether mutant CALR could translocate into nucleus and participate in DNA

replication is still elusive.

As CHK1 inhibitors have been tested in clinical trials for a few types of cancer, the safety and
toxicity of the drug has been well studied. In the majority of cases, CHK1 or ATR inhibitors are
tested in combination with another DNA replication targeted chemotherapy such as alkylating
agents and antimetabolites drugs. This could suggest a potential enhanced efficacy if the drugs
are combined with hydroxyurea which is used as a first-line therapy in MPN. A preclinical study
has suggested efficacy of combination treatment of CHK1 inhibitor and HU in melanoma and
lung cancer models(214). In our study, we could also show a significant enhancement of DNA

replication stress when the two agents combined, suggest a promise in applying this treatment
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in MPN. Another study has shown global RPA exhaustion as the mechanism of cell death
caused by ATR inhibition upon induction of RS by HU(201). All these studies support the use
of ATR-CHK1 inhibition in MPN therapy.
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3.4 Conclusion & future prospects

We conclude from our results that glycan binding domain of calreticulin is a promising drug
target and hematoxylin is our top drug hit to achieve this goal. Selective killing of CALR mutated

clones can be achieved by our drug based on in vitro and ex vivo studies.

We also conclude that ATR-CHK1 as another promising target in CALR mutated cells. The
mutant cells might possess vulnerability in response to DNA damage inhibitors due to elevated

replication stress.

Limited by the time and resources, our research has limitations and further experiments are
needed for the development of calreticulin targeted therapy in MPN. To evaluate the suitability
of calreticulin as a drug target, we propose animal studies to clarify the potential harm by the
loss of wild type calreticulin. Although the embryonic lethal effect of CALR germline knockout
has been addressed, no in vivo study clarifies CALR function in adult stage. CALR expression
is comparably low in hematopoietic tissue and CALR deletion does not impair cell growth in
our Ba/F3 cell line, indicating that the gene might not be essential in the hematopoietic system.
However, delivering small molecule inhibitors will not be restricted to the hematopoietic system,
so it is still an important task to evaluate the toxicity of targeting calreticulin. An inducible CALR
KO transgenic mice model should be generated to assess the essentiality of calreticulin in
adult mice. Furthermore, a glycan binding deficient CALR knock-in transgenic model will be of
great value to genetically validate this domain as drug target. As a further step of in vitro
mutagenesis study, to assess whether or not a glycan binding deficient mutant CALR can
induce an ET-like phenotype in vivo would be a crucial proof-of-principle experiment. With the
same purpose, the experiment could also be done using a transduction-transplantation model

instead to shorten the experiment length.

We would also like to develop a high-throughput screening assay using purified recombinant
mutant CALR. Although we have shown the promise of targeting glycan binding domain by
docking compounds, searching for more potent compounds as well as allosteric inhibitors
would be necessary for further drug development. It would also be interesting to investigate if
any chemicals show superior affinity binding to the mutant protein. To achieve this, we need
to purify both mutant and wild type calreticulin protein as native form and develop an assay to
detect compound binding. The potential assays to be used for this purpose include thermal
shift assay (TSA), surface plasmon resonance (SPR) based assay and DNA-Encoded Library
Technology (ELT). Considering the requirement of high sensitivity for many assays to detect

small molecule binding, we could also use CALR-MPL interaction as readout for screening.

We also would like to test our drugs in a mutant CALR transgenic mice model for in vivo efficacy
evaluation. Many CHK1 inhibitors have been tested in vivo or even in clinical trials. These data
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can provide us references regarding concentration of the drug to be tested. In the case of
hematoxylin, a dose-escalation toxicity study will be required prior to the efficacy study
because the chemical is not regularly used for in vivo injection. Using CD45.1/2 system, we
could distinguish donors from transgenic CALR mutated and wild type mice. Bone marrow
transplantation of a mixture of mutated and wild type cells into lethally radiated recipient mice
is planned to be conducted. After the engraftment, the drug will be injected and both

hematological and molecular response will be recorded.
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4 Materials and Methods

4.1 Materials and Methods for result 2.1

Molecular docking

A complete 3D structural model of human calreticulin was built through homology modeling,
using several experimental structures from Protein Data Bank as templates (Table
2)(146,147,157,243).

Table 2 Experimental structures used as templates to build the complete

structural model of human calreticulin

PDB | Organism Length Resolution A | Year Ligand

3POW | Homo sapiens 265 1.65 2011 Ca2+

3RGO | Mus musculus 332 2.57 2011 Ca2+

300W | Mus musculus 273 1.95 2010 a-d-glucose, a-d-mannose,
Ca2+

1HHN | Raftus norvegicus | 101 NMR 2001 NA

The structure of human calnexin and human ER mannosidase | was built using their published
X-ray structure PDB 1JHN(223) and PDB 1FMI(224).

The sequences of target and template proteins were aligned initially using Multalin and
resulting alignment was further refined based on secondary structure propensity and disorder

profiles. Templates secondary structure elements were assigned using DSSP (244).

Ligands  structure files were  downloaded from  ChemSpider  Database

(http://www.chemspider.com).

Before the docking procedure, all structures of proteins and ligands were prepared using

Autodock Tools(245) in the following steps:
1) Gasteiger partial charges were added

2) Rotatable bonds were set. For ligands, default rotatable bonds (identified by Autodock

Tools) were maintained, while protein structures were maintained rigid.
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3) In afirst step of coarse docking, gridbox size was set to cover the whole protein structure
(Table 3), to identify all putative interaction sites in each protein-ligand system. Grid

spacing was set at 1A.

Table 3 Grid dimensions and position of grid center for all protein systems

X points | y points | z points | Grid center coordinates (X, y, z)

calreticulin 110 110 110 7.216;0; 0
calnexin 88 100 106 0.15; -14.058; 30.61
ERManl 70 70 70 0.113; -1.693; 3.429

Number of modes was set at 100; exhaustiveness search value was set at 50.

Autodock Vina was used for compounds docking(246). Each compound was subjected to 5
independent runs of blind docking, each round generating 20 conformations (in total 100

conformations for each protein-ligand complex).

For all protein-ligand complexes, each set of 100 was visually analysed in PyMol 2.0 (247)

(https://pymol.org) and involved several steps:

1) identification of binding regions on protein surface and detailed description of favorable

interactions between protein residues and ligand atoms
2) identification of protein secondary structure elements in each complex

3) analysis of sequence conservation level for each residue involved in interaction with

ligands
Cell culture

Ba/F3, UT-TPO and HEK293T cells were cultured in RPMI, IMDM and DMEM media (Sigma-
Aldrich, Austria) respectively, supplemented with 10% fetal bovine serum (Sigma-Aldrich) and
1% Penicillin Streptomycin (Sigma-Aldrich). Ba/F3 cells were maintained with 5% WEHI-3B
conditioned media as murine IL-3 supplement. UT7-TPO cells were maintained with 5% TPO
conditioned media produced by murine 3T3 fibroblasts overexpressing vector encoding human

TPO. Ba/F3-MPL cell lines were generated as previously described(176).
Compound

All the compounds were dissolved in DMSO or Milli-Q H20. Hematoxylin, hematein and
hydroxyurea/Hydroxycarbamide, brefeldin A, chloroquine diphosphate salt, MG132 were

purchased from Sigma-Aldrich.
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Brazilin, NSC7241 and NSC681607 were provided by the NCI Developmental Therapeutic
Program's Open Compound Repository.

Protosappanin B was purchased from Cambridge Chemicals USA.
Ruxolitinib (CAS 1092939-17-7) was purchased from Selleckchem USA.

L-HEM1, L-HEM2 and L-HEMS3 were synthesized by Lesyk group from Danylo Halytsky Lviv

National Medical University.
Transduction

Human CALR wild-type (WT) and CALR del52 sequences were cloned into the pMSCV-IRES-
puromycin retroviral vector. The plasmids were then used to transfect the Platinum-E (Plat-E)
Retroviral Packaging Cell Line (CELL BIOLABS, INC, USA) using the Calcium Phosphate
Transfection Kit (Thermo Fisher Scientific, USA) for retroviral production. Viral supernatant
was then collected, and spin-infection of Ba/F3-MPL cells at 1200g, 37°C, for 45min, was
performed for viral transduction. The transduced cell lines were selected with 1ug/ml

puromycin until they were stably proliferating.

Generation of CALR mutant and knockout cell line models by CRISPR/Cas9
technology

The following single guide RNAs were used to target murine and human endogenous CALR

gene locus:
Table 4 List of sgRNA sequences to generate mutations in CALR
Aim sgRNA sequence Species

CALR exon9 mutations in Ba/F3 cells GAGGCTTAAGGAAGAAGAAG Mouse
CALR exon9 mutations in UT7-TPO cells | GGACGAGGAGCAGAGGCTTA | Human
CALR knockout in Ba/F3 cells GTGAGCAGAATATCGACTGTG | Mouse

The gRNA oligos were cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 vector which is a gift
from Feng Zhang lab (Addgene plasmid # 62988)(248). The recipient cell lines were
transfected using the Amaxa® Cell Line Nucleofector® Kit V (Lonza, Switzerland) and selected
by 1ug/ml puromycin for 48h. Puromycin was then withdrawn and cells were singularized into
384-well plates. Cytokines were refreshed every 3 days during the process with the exception

that disease frameshift CALR mutant clones were selected with cytokine-free media for 7 days
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after singularization. The genotype of the outgrown colonies was analyzed by Fragment Length

Analysis and Sanger Sequencing (Microsynth, Austria).

Cell viability assay

Ba/F3 and UT7-TPO were plated 5000 cells/well and 16000 cells/well into 96-well plates with
the desirable concentrations of drugs or cytokines added in a total volume of 100ul. 72 hours
later, the CellTiter-Glo luminescent Cell Viability Assay (Promega, Austria) was used to
determine the cell viability. The luminescent signal was detected by a VICTOR Multilabel Plate

Reader (PerkinElmer, USA). Dose response data was analyzed by Graphpad Prism 7.0.
Competition assay

To determine long-term viability, a two-color competition assay was used. Cell lines were
transduced with pMSCV-IRES-GFP/mCherry constructs and the fluorescence positive cells
were sorted by SH800Z Cell Sorter (Sony, Austria). GFP/mCherry positive cell lines were 1:1
ratio mixed with their non-fluorescent control cells and went through drug treatment for 3-12
days. Drugs and cytokines were refreshed every 3 days. Cell samples at each time point were

analyzed by BD LSRFortessa™ cell analyzer (BD Biosciences, USA).

Alternatively, QlAamp DNA Mini Kit (Qiagen, Germany) was used to extract DNA samples from
the mixed population and polymerase chain reaction (PCR) was performed with the following

primer pairs to amplify the human CALR mutated sequence:
5’-[FAM]|GGCAAGGCCCTGAGGTGT-3’
3’-GGCCTCAGTCCAGCCCTG-5

The PCR products were diluted 1:50 and analyzed by Fragment Length Analysis (Microsynth)

and the mutant CALR allelic burder was calculated as follows:
Mutant CALR allelic burden = Mutant peak height / (Mutant peak height + WT peak height)

Apoptosis assay by Annexin V/PI staining
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Ba/F3-MPL CALR WT and mutant cell lines were treated with hematoxylin at 20uM or
equivalent DMSO control for 24h before collection. eBioscience™ Annexin V Apoptosis
Detection Kit (Invitrogen) was used based on manufactorer’s instruction. 5ul of eBioscience™
Propidium lodide Staining Solution (Invitrogen) was added to each sample for 10min before

analyzed by BD LSRFortessa™ cell analyzer without washing.

Western blot

2 million Ba/F3-MPL CALR wild type or mutant cells were treated with hematoxylin or the
equivalent volume of DMSO in total volume of 15ml of RPMI media in T75 flasks (Thermal
Fisher Scientific). Cells were collected and lysed in NP-40 buffer supplemented with
cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) and PhosSTOP™
(Sigma-Aldrich). The following antibodies were used for western blot: Calregulin Antibody (F-
4) (Santa Cruz Biotechnology), Anti-HSC70(B-6) (Santa Cruz Biotechnology), Anti-Stat5
(N20)( Santa Cruz Biotechnology), anti-pYSTATS (Tyr694)( Thermo Fisher Scientific, USA),
anti-TPOR/cMpl (Merck Millipore), Cleaved PARP (Asp214) (Cell Signaling Technology). HRP-
linked anti-mouse and anti-rabbit antibodies (GE Healthcare Life Sciences) were used as
secondary antibodies. Clarity™ Western ECL Blotting Substrates (Bio-Rad) were used for the

chemiluminescence detection method.

NanoBRET assay

cDNAs coding for MPL and erythropoietin receptor (EpoR) were cloned into a modified pNL-N
vector (Promega, Neitherland) to generate an N-terminal fusion of the Nano-luciferase to the
receptors. cDNAs coding for wild type and the del52 mutant CALRs were cloned into the pHT-
C vector to generate C-terminal HaloTag fused constructs (Promega). EBNA cells were
transiently transfected using the Transit-LT1 reagent (Mirus Biotech, Belgium) with both one
NanoLuciferase-receptor construct and one CALR-HaloTag construct per condition. 24 hours
post transfection, cells were re-plated into 96-well luciferase plate following manufacter
instructions (Promega) in OptiMeM — 4 % FBS — 100nM 618-ligand (NanoBRET Kit, Promega)
with specific concentrations of hematoxylin (from 2mM to 20nM), vehicle (water) or no

additional substrate. Cells were then kept for another 24 hours in an incubator at 37°C — 8%
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CO2. The next day, each well was washed with DMEM/F12 (50:50) — no FBS — no Phenol red
medium before adding pre-warmed (37°C) DMEM/F12 (50:50) — 1X NanoGlo substrate
(NanoBRET kit, Promega) to each well. The plate was then analyzed for bioluminescence
resonance energy transfer (BRET) according to the manufacturer’s protocol on a GloMax
Discover multiplate reader (Promega) at 37°C using the 450BP (donor) and 600LP (acceptor)
built-in filters. Each condition was repeated as three biological replicates in each independent
experiment (n experiments = 2). Statistical test was calculated by non-parametric multiple

comparison with control Steel's method.

Cellular thermal shift assay

Human CALR WT, ins5 and MPL sequences were cloned into pcDNA3.1 vector. HEK293T
cells were transfected with pcDNA3.1 CALR WT, pcDNA3.1 CALR ins5 and pcDNA3.1 CALR
MPL constructs respectively using Calcium Phosphate Transfection Kit (Thermo Fisher
Scientific) according to manufacture instructions. Cells were lysed in NP40 Cell Lysis Buffer
containing cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich). Cell
lysates were diluted to 0.8-1.2mg/ml. Hematoxylin or DMSO were added into cell lysate
followed by 30min incubation on ice. Each sample was then aliquoted into Eppendorf tubes
and heated at different temperatures on a heating block for 6min before cooling down at room
temperature for 3min. All the samples were then centrifuged at 14000 x g for 40 min at 4C.
The soluble fractions were then transferred to new tubes and analyzed by western blot. The

assay was adapted from published protocols(225,226).

Real-time PCR

1 million cells from each sample were collected and washed by PBS twice. RNA samples were
extracted by RNeasy Mini Kit (Qiagen). Tagman(R) Gene Expression Assays
(MmO01545399 m1) was used to quantify the expression of CALR and the real-time PCR
reaction was performed using a 7500 Fast Real-Time PCR machine (Thermo Fisher Scientific).

Statistical test was calculated using the two-tailed Student’s t test.
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CD34 positive cell isolation and expansion

The collection and study of the patients’ samples was approved by the ethics committee in the
Medical University of Vienna and conducted in accordance with the Declaration of Helsinki.
The patients was given written informed consent in advance. Whole blood or buffy coat was
collected in EDTA tubes. Peripheral blood mononuclear cells (PBMCs) were isolated by

SepMate ™-50 (STEMCELL Technologies, Germany) according to manufactorer’s instructions.

After isolation of PBMCs, EasySep™ Human CD34 Positive Selection Kit (STEMCELL
Technologies) was used to isolate CD34 positive cells according to the manufacturer’s
instructions. The isolated cells were then expanded in StemSpan™ SFEM Il (STEMCELL
Technologies) with addition of StemSpan™ CD34+ Expansion Supplement (STEMCELL

Technologies) for no more than 8 days before assays or storage.
Colony formation assay

2000 human CD34 positive cells were plated in 1ml of Methocult H4434 classic medium
(STEMCELL Technologies, Germany) with 40uM hematoxylin or DMSO control. Cells were
incubated for 14 days before colony counting. Statistical test was calculated using two-way

ANOVA with Sidak’s multiple comparisons test.

4.2 Materials and Methods for result 2.2

High-throughput drug screen

The screen was performed in Platform Austria for Chemical Biology (PLACEBO) using a
customized library of 89172 compounds. UT7-TPO cells were seeded at a density of 16000
cells/well in 384-well plates. UT7-TPO CALR del61/WT cell line was used for first-round
cytotoxicity screen. Both UT7-TPO parental and UT7-TPO CALR del61/WT cell lines were
used for the second-round selectivity screen. Each condition had 3 technical replicates. The
CellTiter-Glo assay was used to measure cell viability after 72 hours incubation. Proteosomal
inhibitor Bortezomib was used as the positive control at an assay concentration of 13.5 uM.
Equivalent amount of DMSO (0.135%) was used as negative control. Z-factor was calculated
for each plate(249). Only the plates with Z-factor > 0 passed quality control and were taken

into analysis.
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To compare compounds across plates with different signal, a percentage of control (POC) was
calculated by linear regression, setting the mean signal of the DMSO wells to 100% and the

mean signal of the PosCon wells to 0% for each plate individually.

Chemicals

All drugs used for initial screen and dose-response validation were provided by PLACEBO.
Follow up validation used for other assays were performed with drugs from the following

suppliers:

LY2603618 (CAS No.: 911222-45-2, Cayman Chemical Company)
SCH900776/MK8776 (CAS No.: 891494-63-6, MedChemEXxpress)
MK1775 (CAS No.: 955365-80-7, MedChemExpress)

Dose response assay

UT7-TPO and BaF3-MPL cell lines were seeded at a density of 16000/well and 5000/well
respectively in 96-well plates. 72 serial dilution of the drug was used and equivalent amount of
DMSO was added to each well. Cell viability was measured by the CellTiter-Glo® Luminescent

Assay (Promega) according to the manufacture instruction at 72h after the treatment.

Competition assay

All mCherry positive cell lines were generated by transducing recipient cells with retrovirus
carrying pMSCV-mCherry constructs produced by HEK293T cells and sorted by Sony SH800
sorter. mCherry positive and negative cells were mixed at 1:1 ratio in the presence of cytokine
and drug at day 0. 2.5 million were seeded for UT7-TPO cells and 0.5 million were seeded for
BaF3-MPL cells both in 10ml of media. Cells were counted and re-plated at the initial density
after each time point collection. Media, cytokine and drugs were also refreshed. Samples were
analyzed by BD LSRFortessa™ (BD Biosciences).

Western blot

Western blot was conducted as described in Materials and Methods 4.1. The following

antibodies was used (Table 5).
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Table 5 List of antibodies used in western blot

Catalog
Antibody Species | Manufacturer number Dilution
pRPA (54/S8) Rabbit Bethyl Laboratories A300-245A | 1:1000
pRPA (S33) Rabbit Bethyl Laboratories A300-246A | 1:1000
RPA Mouse |Abcam ab2175 1:1000
HSC70 Mouse |Santa Cruz Biotechnology |sc-7298 1:30000
yH2AX-S139 Rabbit Cell Signalling Technology |9718 1:1000
pChk1-S345 Rabbit Cell Signalling Technology |2348 1:1000
Chk1 Mouse |Santa Cruz Biotechnology |sc-56291 1:1000
SAT601 (mutant calreticulin) | Rabbit Myelopro 1:5000
Calregulin (calreticulin) Mouse |Santa Cruz Biotechnology |sc-373863 1:2000
c-MPL Rabbit Merck/Millipore 06-944 1:3000
GAPDH Mouse |Santa Cruz Biotechnology |sc-32233 1:30000

Immunofluorescence

After treatment, cells were plated on 10% (v/v) poly L-lysine (Sigma) coated slides 1h at 37C
for immobilization. Cells were then washed twice with PBS and fixed in 4% Paraformaldehyde
solution (PFA) (Santa Cruz) at room temperature for 15 minutes. For y-H2AX staining, a pre-
extraction step was done by adding 0.2% (v/v) Triton-X (Sigma) in PBS on slides for 1 minute
on ice. Permeablization was done by 0.5% Triton-X in PBS for 5min at room temperature. Cells
were then washed in PBS with 0.1% (v/v) Tween20 (Sigma) for 5min three times. 5% (m/v)
BSA in PBS with 0.1% Tween was used for blocking 1h at room temperature. Primary
antibodies were then diluted in blocking buffer for overnight staining at 4°C. Cells were then
washed in PBS Tween solution for 3 times before secondary antibody staining for 1h at room
temperature. Cells were again washed for 3 times before nuclei staining by 0.1% (m/v) DAPI
for 10min at room temperature. Cells were then washed twice and ProLong™ Gold Antifade
Mountant medium (ThermoFisher Scientific) was applied. The slides were covered by a cover

slip and dried for 48h at room temperature before analyzed or stored at 4°C.

Zeiss LSM700 confocal microscope was used for image scanning. 405nm laser was used for
DAPI signal detection and 639nm laser was used to detect Alexa-fluor 647 signal. 20X (0.8NA)
Plan-Apochromat objective lens and a pinhole size of 1 airy unit was used for image capture.
Image was analyzed by ZEN black 2010 software. Quantification of positive stained cells was

analyzed by CellProfiler.
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Table 6 List of antibodies used in immunofluorescence

Primary Antibody Species | Manufacturer | Catalog number | Dilution
pRPA (54/S8) Rabbit |Sigma PLA0O71 1:100
yH2AX-S139 Mouse | Merck Millipore | JBW301 1:1000
Rabbit IgG Isotype Control Rabbit | Invitrogen 02-6102

Mouse IgG1 kappa Isotype control Mouse | eBioscience 14-4714-82

Secondary Antibody

Anti-rabbit IgG (H+L) Alexa Fluor 488 Goat Invitrogen A-11034 1:1000
Anti-mouse 1gG (H+L) Alexa Fluor 647 Goat Invitrogen A-21235 1:1000

Cell cycle analysis by FACs

1 million cells were collected and fixed in 70% ice-cold ethanol (Bartelt) for minimum 2 hours.
Cells were then washed with PBS and blocked in 5% BSA solution for 1h. yH2AX antibody
(1:1000, Merck) was used as primary antibody for 1h staining at room temperature. Cells were
washed by PBS and stained with anti-mouse IgG (H+L) Alexa Fluor 647 (1:1000, Invitrogen)

for 1h at room temperature in the dark. 1mg/ml DAPI solution was then used to stain DNA for

20min at RT in dark. Samples were analyzed by BD LSRFortessa™ (BD Biosciences).
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