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Talk Outline

e What are MPNs

 Haematopoietic Cytokine Signalling 101

NGS in MPNs: Diagnosis, Prognosis and Discovery
 Germline risk of MPN

* Unmet needs in MPN — a couple of current and future clinical trials
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What are MPNs?
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JAK-STAT signalling from type 1 cytokine receptors

Phosphorylation leads to
dimerization
and nuclear translocation

Excess Proliferatic
Prolonged Surviva
Differention




Designing a targeted NGS panel from the ground up:
Consider EPO and MPL receptor Signalling

£

Off Signals

PLUS

Epigenetic Regulators
Splicing factors

A few other things

{Y429/Y431
Y443

Y460
Y464

Y479

On Signals

Direct targets in the
nucleus with GAS DNA-
binding elements

Ras/MAPK/MEK/ERK1/2




What might we want to use Next Generation
Sequencing (NGS) for?

Diagnosis — increasingly important for WHO

WHO Classification of Tumouwrs of
Haematopoietic and Lymphoid Tissues

classification of all myeloid malignancies

Beven M Semrion, B Conpd. Ny Las Maors, Eare 5 000 Sfire A P,
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Prognosis

Personalised Treatment; e.g. trial options
Clonal architecture and evolution/progression
Minimal Residual Disease Monitoring

Discovery




The 3 steps of MF management

MF Step 1 MF Step 2 MF Step 3
/ DIAGNOSIS \ / PROGNOSIS \ / TREATMENT \
Calculate on: * Watch & wait
- y PMF: https://pmfscorescalculator.com : e Clinical trials
Collect info on: SMIE htos e eae ot Low risk o i
e PEG-IFN
e CBC, serum LDH
e Spleen & symptoms * JAKis
» BM features, fibrosis grade Assess & Categorize Non-low risk e Clinical trials
¢ Driver genes status e SCT
e Myeloid gene variants
* Cytogenetic analysis Low risk
If failure:
. * FEDR/JAKis
Apply Non-low risk ¢ Clinical trials
ICC/WHO

\ 2022 criteria / K j K kil /

Legend: BM= bone marrow; CBC= complete blood count; FEDR= fedratinib, HU= hydroxyurea; ICC= International Consensus Classification; JAKis= JAK inhibitors;
LDH= lactate dehydrogenase; MF= myelofibrosis; PEG-IFN= PEGylated-Interferon; PMF= primary myelofibrosis; SCT= stem cells transplantation; SMF= secondary myelofibrosis;
WHO= World Health Organization.

Francesco Passamonti, Barbara Mora, Myelofibrosis, Blood, 2023,

American Society o« Hematology

Helping hematologists conquer blood diseases worldwide

Copyright © 2023 American Society of Hematology



Diagnosis of MPNs

Pathologists love to put things in boxes

WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues

Steven H. Swerdlow, Elias Campo, Nancy Lee Harris, Elaine S. Jaffe, Stefano A. Pileri,
Harald Stein, Jiirgen Thiele, Daniel A. Arber, Robert P. Hasserjian,
Michelle M. Le Beau, Attilio Orazi, Reiner Siebert

Histology
Imaging
Cytogenetics
FISH

FACS

Molecular Testing
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Rapid Molecular Profiling of Myeloproliferative <«

Neoplasms Using Targeted Exon Resequencing of : mqter
86 Genes Involved in JAK-STAT Signaling and pathology

Epigenetic Regulation

Graham W. Magor,* Michael R. Tallack,* Nathan M. Klose,' Debra Taylor," Darren Korbie,”" Peter Mollee, "' Matt Trau,”"** and
Andrew C. Perkins* /!
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The NEW ENGLAND JOURNAL of MEDICINE

hat Genes are important

M PNS’p ORIGINAL ARTICLE

2035 MPNs (ET, PV, MF [309],

other [49]) Classification and Personalized Prognosis
69 genes including CNV in Myeloproliferative Neoplasms
>200 WES

J. Grinfeld, ). Nangalia, E.J. Baxter, D.C. Wedge, N. Angelopoulos, R. Cantrill,
A.L. Godfrey, E. Papaemmanuil, G. Gundem, C. MacLean, J. Cook, L. O'Neil,

A Recurrently Mutated Genes and Chromosom S. O’Meara, J.W. Teague, A.P. Butler, C.E. Massie, N. Williams, F.L. Nice,

Percentage of Patients

C.L. Andersen, H.C. Hasselbalch, P. Guglielmelli, M.F. McMullin, M Missense
A.M. Vannucchi, C.N. Harrison, M. Gerstung, A.R. Green, and P.J. Campbell B In frame

B Frameshift (+1 bp)
Frameshift (+2 bp)

B Gain

Bl LOH

Loss

Grinfeld et al. NEJM, 2018

B Nonsense
M Splice or other




Australian Recommendations for NGS in MPNs

Pathology (Apnl 2021) 53(3), pp. 339-348

MYELOID NEOPLASMS

Myeloid somatic mutation panel testing in
myeloproliferative neoplasms

Davip M. RDSS"""“JZ CANDICE THOMSDN"‘._ Napa Hamap'™ ._
STEVEN W. Lane'®’. KaTte Manos'®. ANDREW P. GricG'**. BELmwpa Guo'”,

g 10 () 2
WEeNDY N. ErBer' 'Y, Asniein Scorr”?, Nick Viara™'', Lynerte Chee”'”,
Mava LatimMer 7. Courtney TaTE *'*. CaroLYN Grove' 7'V,
() 2
ANDREW C. PeErkins ' . PIERS BLOMBERY "'~

i e : : :
Myeloproliferative Neoplasms Working Party, Australasian Leukaemia and Lymphoma

Just 17 genes that cover the majority of diagnostic and prognostic requirements

LEUKAEMIA & LympHOMA
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Categories of mutations in chronic myeloid malignancies

Pathways

Cytokine Receptor and Signaling

Some Genes

GoF mutations

JAK2, CALR, MPL, CSF3R, KIT, EPOR, JAKS3,

NRAS, KRAS ﬁ

Negative regulators of cytokine signalling
Epigenetics - DNA methylation
Epigenetics - histone modification
Splicing

Transcription

Cohesin Complex

SH2B3, CBL, PTPN11 @
TET2, DNMT3A, IDH1, IDH2 LoF mutations

EZH2, BCOR, IDH1, IDH2
SF3B1, U2AF1, SRSF2, ZRSR2

TP53, RUNX1, GATA2, NFE2, CEBPA
STAG1, STAG2, RAD21



Number of variants detected

NGS results in chronic myeloid malignancy (2020-2021): Prognosis
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NGS for Diagnosis
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Number of variants detected

Combinations of mutations result in specific disease entities

100

o JAK2 JAK2 +SRSF2 together

. +SRSF2 sequential

70 MPN in accelerated phase CMML or MPN/MDS overlap
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ARTICLE | Check o peatus
Clinicopathologic spectrum of myeloid neoplasms with
concurrent myeloproliferative neoplasm driver mutations and
SRSF2 mutations

Mehrnoosh Tashakori', Joseph D. Khoury(®)', Mark J. Routbort (', Keyur P. Patel (', Sa A. Wang(®', Chi Young OK(®',
Siba El-Hussein (3', Rashmi Kanagal-Shamanna (3, Rajyalakshmi Luthra', Shimin Hu(®', Pei Lin', Naveen Pemmaraju (D,
Prithviraj Bose?, Srdan Verstovsek (5, Carlos E. Bueso-Ramos', L. Jeffrey Medeiros (' and Sanam Loghavi(®' "™

PMF (n=14, 52%) . .
AML (n=4, 15%) PMF with monocytosis
CMML (n=3, 11%)

PV (n=2, 7.4%)
Post-PV/ET MF (n=2, 7.4%)
MPN-U (n=1, 3.6%)
MDS/MPN-U (n=1, 3.6%)

innnna

-

otal=27

== PI5H (n=17, 63%)
== PI5R (n=6, 22.2%)
== PI5L (n=2, 7.4%)
== P95_R102del (n=2, 7.4%)

Total=27

= JAK2 (n=19, 70.3%)
== MPL (n=7, 26%)
“ CALR (n=1, 3.7%)

Total=27

CMML with MF3




MIPSS70 score

Home

10

11

12

Question

Severe Anemia (hemoglobin <80g/L)
Moderate Anemia (hemoglobin 80-100g/L)
Leucocytosis >25x10°%/L
Thrombocytopenia (platelet count <100x10°%/L)
Peripheral blood blast count >2%

Bone marrow fibrosis grade 22
Constitutional symptoms

Absence of CALR type 1/like mutation
HMR category

>2 HMR mutated genes

Unfavorable karyotype?

Very High Risk karyotype?

Score

MIPSS70

PROGNOSIS

Answer
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes
O Yes

Result

O No

O No

O No

O No

O No

O No

O No

O No

@] No

O No

O No

O No

} IHD1, IDH2, SRSF2, ASXL1, U2AF1

O Not available

O Not available



Proportion of patients

MPN report patient survival diagram

https://www.sanger.ac.uk/science/tools/progmod/progmod/

I I I I
0 =] 10 15

Time from diagnosis (years)

Alive in
Chronic
Phase

Alive in
MF

Death in
Chronic
Phase

Death in
MF

Death in
post-CP
AML

Death in

post-MF
AML

Based on Grinfeld et al. NEJM 2018



Inherited Genetic Risk for Late Onset Development of MPNs

Article

Inherited myeloproliferative neoplasmrisk
affects haematopoietic stemcells

hitps:/{dol.org101038/41586-020-2786-7 Erik L. Bao'“**™®, Satish K. Nandakumar~*, Xiactian Liao"***, Alexander G. Bick™*"™,
: Juha Karjalasinen®, Marcin Tabaka®, Olgal. Gan™", Aki 5. Havulinna®, Tuomao T. ). Kiiskinen®,
R d: 2 October 2019 . . . . .
FeElve ohe Caleb A. Laresu™>", Ajtzkoa L. de Lapusnts Portilla™, Bo Li*™, Connor Emdin™®,
Accepted: 3 July 2020 Veryan Codd™", Christopher P. Nelson™™, Christopher J. Walker”, Claire Churchhouss®,
. - Albert de la Chapelle”, Daryl E. Klein', Bjdrn Nilsson™", Pater W. F. Wilson'™", Kelly Cho™*,
Publishad online: 14 October 2020 Saiju Pyarajan®, J. Michael Caziano™ = Nilesh J. Samani™®, FinnGan®, 23andMe Ressarch
®| Chack for updates Team®, Aviv Regev™ ", Aarno Palotie™®, Benjamin M. Neale®, John E. Dick™",
Pradeep Natarajan™ =, Christopher J. OrDonnell™, Mark ). Daly™®, Michasl Milyavsky™,
Sekar Kathiresan™* & Vijay G. Sankaran'***%=

)
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—log, (P value)

Inherited MPN Risk
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a. GWAS meta-analysis for MPNs (n = 2,949 cases
and 835,554 controls). X axis is chromosomal
position, and y axis is the -log;((P) value of
association (two-tailed, logistic regression).
Association signals reaching genome-wide
significance (P < 5 x 1078) and suggestive
significance (P < 1 x 107%) are shown in blue and
green, respectively. Red points represent

2 4 6

X YERY Y W

(I XX ] .TERT

®TET2
MKLN1

chromosome

conditionally independent lead variants within
each locus.

1~ JAK2 46/1 haplotype of four non-coding

SNPs

SH2B3

Bao et al. Nature Genetics 2020 ¢
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SH2B3 In Myeloproliferative Neoplasms

Andrew Perkins Liesl| Butler
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SH2B3 variants are frequently missense and in the SH2
domain. Clinical presentations are diverse.

o
& o Diagnosis
QD quq’q.
Qg o o0 > :
% * & IR SR AN Other Mutations
4] e
S ‘ SN
1 24 |81 194 307 364 I 162 575
)
N-{ DD | PH T( SH2 } C
o I o2 u |
,\":)QL <<‘\, (bb*b Q/V@q, P bio'\ (<s\°:
& S ¢
S
\s mm 20.59% 7 MPN
B 11.76% 4 MDS
0,

: ;73305/0/02%%['_)3/MPN mm 32.35% 11 Sole Mutation
~2.5% of all Alfred Pathology myeloid next generation sequencing B 35.29% 12 Cytoses Bl 67.65% 23 Additional Mutation/s
samples are found to have an SH2B3 variant 3 5.88% 2 Cytopenias

Bl 2.94% 1 Other
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Germline missense SH2B3 variants may lead
to myeloproliferative disease

Family 1: E395K
Family 2: E395K/E400K
Family 3: T404A

£ e 2 Fie /

o ;(" A Yy
iy M
ot LK AR R ol S

Proband’s blood and bone marrow (aspirate, trephine and
reticulin stain)

1

Father
+/E400K
150/8.0/267

O

Mother
+/E395K
138/15.2/316

¢ m =

Sister
+/E395K
137/12.8/391

Proband

E395K/E400K E395K/E400K

136/7.9/611

Brother

136/8.9/688

Brother
+/+
132/8.3/344

D Male O Female

. Affected l] Carrier

Siblings

Normal Ranges
Haemoglobin 135 - 180 g/L (Adult Male)

115 - 160 g/L (Adult Female)
115 - 155 g/L (Child)
White Cell Count 4.0 - 11.0 x10%/L (Adult)
4.5 - 13.0 x10%/L (Child)
Platelets 150 - 450 x 10°%/L

GET
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SHZ2B3-T404A mutations may represent a germline cause for
myeloproliferative disease

Family 2: T404A

O

Grandfather Grandmother Grandfather Grandmother
? ? ? ?
Aunt Uncle Uncle Uncle Father Mother Uncle Uncle Uncle
? ? ? ? ? +/+ ? ? ?
142/8.31/344
Brother Sister Proband Sister Sister Sister Brother
? ? +/T404A ? ? ? ?

152/13.05/535
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Variants in the SH2 domain of SH2B3 affect
interaction with phosphorylated JAK2

(Morris et al. 2021)
(Morris et al. 2022)
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Gene: SH2B3 (ENSG00000111252)
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missense|LC gene burden associations with Platelet count
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Inherited missense variants in SH2B3 cause thrombocytosis and leukocytosis

Platelet Count

>100
Pvalue 5e-113 () EA00K 1:2,000

70 S1861 1:200

P value 1.5 -57 ) E395K 1:5,000

-log(10) p value

Allele frequency (gnomAD)



Functional Validation: Does SHZ2B3-E395K result in a
myeloproliferative disease phenotype?

1 GCA CAG CTG GTC CAG CTC CAG GGC CCT GAT GCC CAC GGC GTG TTC
* A Q L V Q@ L Q G P D A H G V F
Xbal
E367K

46 CTG GTG CGG CAG AGT AAG TCT AGA AGA GGA GAG TAT GTA CTC ACA
# L VvV R Q S K S R R G E Y V L T

91 TTC AAC TTA CAG GGC AGA GCC AAG GTAGGGGCAG GAACT
31F F N L Q G R A K

Monash Genome Editing Platform

WT
4 No DNA

F1
N F2
F3
8 F4
F5
F6

% University




ShZ2b3-E367K mutant mice demonstrate peripheral blood
cytoses and splenomegaly

White Blood Cell

%k ok %k %k

H
o
1

Count (x 10°/L)
N w
o o
[ ]
. J
| |
| |
| 2
| 2

—
o
1 L
%.
[ ]
]
H|E
]
[ ]
[ ]
»p>
>

0 T L]
A o\ A
2 2 2
w \& ab N\ &
» @ <
e ) W
&0 (1\5;5 65‘5
r'o‘(\ \0'5
(1/
ro‘(\
Genotype

Platelets
3000- Kok
|
< 2000 © Afr
(=) T | A
% - Y
| |
ot H $e . _AKA
c °
3 1000+ ® mig 4
© S o° -
0 1 T
A N AN
P 2 X
& @.\“ &
> @ @
& '5\ ¢
) Q0 &
6‘(\ \0'5
(1/
c}\
Genotype

Spleen Of Body Weight

089

ns

Sh2b3**

Sh2b3+/E367K

Sh2b3E367K/E367K

0.0- e 1 O 0

Genotype

Statistical significance determined using the Mann Whitney test
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Sh2b3-E367K mutated mice exhibit reticulin fibrosis

Sh2b3*

Sh 2b 3+/E367K

o
 Spleen Erythroid
~ Cells

Spleen
Megakaryocytes

& & &
< < <
(o] o o
(8] o (&)
TER119 (PE Cy7) TER119 (PE Cy7) TER119 (PE Cy7)
- - -
< < <
3 3 3
o o o
FSC-A FSC-A
sh2b3+/+ sh2b3+/E367K Sh2b3E367K/E367K




Sh2b3-E367K homozygous mouse platelets have heightened
JAK-STAT activity

s Unstimulated Platelets
10 White Cells
0.035 Sh2b3 Sh2b3 Sh2b3
4 Red Cells | +/+ +/E367K E367K/E367K
10 337 i
<
L)
. & PSTAT3 (Tyr705)
Submandibular b 3 79,86 kDa
. 10
or cardiac blood
0
3
-10 B-Actin
45kDa
4
0 10
v FSC-A
— —
First centrifugation Second centrifugation 105 j 9.;6 o D?g
— 4 1
S v
Upper layer — o ':'
PRP > — \
Whole blood Intermediate 5 10
thin layer Q ~
| - 0 [ 3
Bottom layer "I'f’utg plasma ® o4 Q3
10> =037 0028
Concentr?i*.,# L LA A L) L ) L
platelets & WBGs ! ™ 4 -
0 10
CD11b (APC Cy7)
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Some Research Questions worth addressing

* What is the full repertoire of STAT targets in the nucleus?

* Are there new EPOR-directed or MPL-directed biological processes to be found?

* Are the STAT targets in humans the same as in mice?

* Are there any STAT-independent transcriptional programs? How can we find them?

* Does the JAK2-V617F driver mutation induce any different transcriptional outcomes to normal signalling?

Are we just re-inventing the wheel?

MONASH
University -
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Discovery: New targets of EPOR signalling in Erythropoiesis

MEP BFU-e CFU-e

© 0 ©
SCF
Human Cell Line Models °

ProE BasoE  PolyE  QrthoE OrthoE/Ret
©-0-06 e

EPO

C - @
--------- > >
-SCF, -Dox (HPV oncogenes)

12 copies HEL HUDEP2
JAK2-V617F +
5 copies SET2
B oy o
University +
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EPO stimulation (hour)
0 1 2 4
pS'l'AT1Tyr701
e e SN
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RS | (-actin
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- SCF - EPO
SLAM-seq
S P _
m Nascent mRNA PSTATS ChlIP-seq
mme-existing mRNA

Steady-state mRNA

Experimental Design
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EPO stimulation — 1 hour
>0

.................................................................... ‘
+4sU  +EPO +4sU
45 min 45 min
Harvest Harvest EPO-

starved cells stimulated cells

Phosphoproteomics
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T 8,

ATAC-seq
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2% UIR
1% CDS

PSTATS binds enhancers regions at the canonical STAT-binding motif

3% Promoter

20 kbl | hg19
37,135,000 | P%Mmeo I 37,145,000 | 37,150,000 | 37,155,000 |
PIM1 - PIM1
28% Distal
Rep 2 l
P : il 15%
Intergenic
3’ enhancer g
50 kb 1 hg19
30,250,&(&9_ éu 30,260,000 | 30,270,000 | 30,280,000 I 30,290,000 | 30,300,000 | 30,310,000 |
BCL2L1 Total =3128
BCLALT e RSN : ek
et " B et O
BCL2L1 0\ MEME
Multiple Em for Motif Elicitation 0
Rep 1 1 X E-value = 1.2¢853 P-value = 161347
: QIIC AA TTCIZAGAA
Laxl \

Intronic enhancer
Motif present in >80% of peaks




Integration of signals from EPOR and master transcription factors

at important enhancers for MPNs

20 kbt

T BCL2L1 = 3 e
pSTAT5 T [0-49]
pSTATS5 (Input) [0-49]

N

%I- KLF1 -~ .4 b o e o .‘....Jmnlml\"i- b tilll . ~ o it

S| GATA 4 N P . [0aq
TALA1 L R N T [0-76]
H3K27ac s . ‘ o e e I‘ [0-63] A

En2 Enl

Stress-responsive enhancer

Basal enhancer



JAK inhibitors have a variety of targets

v v

JAK1
JAK2 v v v v
ACVR1 v v
FLT3 v
IRAK1 v
CSF1R v
IC50 (nM)
Kinase Fedratinib Ruxolitinib Pacritinib Momelotinib
JAK1 105 3.3 1280 11
JAK2 3 2.8 23 18
JAK3 1002 428 520 155
TYK2 405 19 50 17

1. Harrison C, etal. N EnglJ Med 2012; 366:787-798; 2. Kuykendall AT & Komrokji RS. J Immunother Precis Oncol 2021; 4:129-141; 3.0h S et al. ASH 2022. Abstract 628 (Oral).



Temporal dynamics of pSTATS inhibition by JAK inhibitors
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DGE

DTCE

JAK2 inhibitors repress target gene expression in a time-dependent manner

Ruxolitinib Momelotinib Fedratinib Pacritinib
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DRG analysis identified 23 common target genes of JAK2 inhibitors

EGR1 Pathways:
PIM2
Intersections of DTCEs of each JAK? inhibitor in HEL cells (combined BCL3 e |Inflammation
timepoints) APOL4 ) )

NLrP3  ° Proliferation
o, * Survival

Fedratinib and Pacritinib GPR3

have unique targets in FOSL?2 . :

MPN cell lines FOSB Negative
ETVS regulation of

stcoras  JAK-STAT

FOSL1 : :
% D1 signalling
SOCS3

Intersection Size

PPP1R16B

VDR

| Fusc '.mm.l “ - IL21R
I Momekstinib » [ I [ l MAFF

UBASH3B
I i

PLCH1
100¢ . ETV4

AP3M?2
PPAN-P2RY 11
Lam and Perkins, unpublished data CNN2
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Conclusions

e pSTATS binds to ~3,000 putative enhancers in human erythroid cells (some

likely signalling centres for GATA1 and KLF1)
* EPO signalling induces new DNA binding activities via non-STAT TFs (e.g. EGR1)

* There are clues to new biological processes induced by EPOR signalling
* There is a quantitatively increased transcriptional response in JAK2-V617F

mutant cells but no new genes were identified
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Can we improve survival in MF?

* Allogeneic BMT remains the only curative therapy in MF
e Ruxolitinib improves survival, but does not cure MF

e Potential disease modifying agents in trials (need well controlled up front
trials with long end points (OS) or surrogate end points for OS (allele
burden)

Interferon-a

BET inhibitors

Telomerase inhibitors

Combination therapies: PI3K inhibitors, PIM inhibitors, ERK inhibitors
Back to the drawing board....finding new targets



* Have a look at the draft recommendations for New Guidelines on Myelofibrosis

Myelofibrosis

ASH Seeks Public Comment on Draft Recommendations for New Guidelines
on Myelofibrosis

ASH is now accepting public comments on draft recommendations on myelofibrosis. Comments will be accepted
until November 24, 2025. We encourage all interested healthcare professionals, stakeholder organizations, and
individuals to share their feedback on these draft recommendations. All comments will be reviewed by the guideline
panel before the guidelines are finalized.

MYELOFIBROSIS DRAFT RECOMMENDATIONS

Please submit all comments to guidelines@hematology.org.
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Contacts

Clinical Genomics A.ivey@Alfred.org.au

Trials
Research Genomics

Natalia.carvarjal@monash.edu.au
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