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Acute lymphoblastic leukemia

T-ALL
e The commonest childhood tumor 60 53.4% .
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* B-or T-lineage (B lineage ~80%)

e Cure rates > 90% in children but <
50% in adults
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Mullighan, NEJM 2015; Roberts, JCO 2016
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Stepwise genetic evolution of ALL

Initiation
Aneuploidies
Chromosomal translocations
Single point mutation
Self renewal
Transcription regulation

Epigenetic remodeling
Signaling

! . .

Lymphoid

) Predisposition Pre-B cell
progenitor

Inherited variants 1
IKZF1
CEBPE
ARID5B
CDKNZ2A
GATA3
Rare Mutations
TP53
PAX5
ETV6

Diagnosis
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Arrest in maturation

Mutation of lymphoid
transcription factors
PAX5
IKZF1
EBF1
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Cooperating mutations in
Tumor suppressors
Kinase/Ras signaling
Transcriptional regulators
Epigenetic regulators

Mature B cell

i ee
Mutations in |
IKZF1
CREBBP
NT5C2, PRPS1

v

Relapse

N Engl J Med. 2015,373(16); J Clin Oncol. 2017,35(9); Best Pract Res Clin Haematol. 2019, 32(4)
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Classification of ALL post “genomics”

T-ALL 1vL1
1.4% =
T-ALL Others
7% LX1] gTp TLX3
7 0.3% 29 2.3% TAL1
ETV6-RUNX1 7%
22% y

Hyperdiploid i f B -1 : .
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2% DUX4 Ph “yp:r‘;):;‘md AMP21 PAXS P8OR TCF3-PBX1 MEF:
B-ALL
Cytogenetics, FISH, targeted assays Genome-wide seq (transcriptome/exome)
* Aneuploidy * Cryptic rearrangements
» Chromosomal rearrangements/gene * Diverse rearrangement partners to a single gene

fusions (ETV6-RUNX1, BCR-ABL, TCF3-PBX1) « “phenocopies” of subtypes
 MLL (KMT2A) rearrangements
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Gene expression classification of B-ALL

e > 20 subtypes defined by constellations of genetic alterations

* Convergence on distinct gene expression profiles Aneuploidies
25.5%
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tSNE analysis of 1988 ALL transcriptomes
1402 childhood, 208 young adult, 378 adult, Gu et al. Nat Genet 2019
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Gene expression classification of B-ALL

* Transcription factor rearrangements (KMT2Ar, MEF2Dr,  Transcription factor
TCF3-PBX1, TCF3-HLF, NUTM1r, DUX4r, ETV6- rearrangements
RUNX1/like, ZNF383/ZNF362r) -
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tSNE analysis of 1988 ALL transcriptomes
1402 childhood, 208 young adult, 378 adult, Gu et al. Nat Genet 2019
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Molecular classification of B-ALL
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Transcription factor
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Distribution of subtypes
within age group (%)
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Updated from Gu et al. Nat Genet 2019
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Prognosis

® @ Very good
® Good
@ Intermediate
® Poor

®® Very poor
© Unknown
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ETV6-RUNX1-like ALL subtype

» Similar gene expression profile and immunophenotype to ETV6-RUNX1+,
but lacking the ETV6-RUNX1 fusion

e Common ETV6 and IKZF1 fusions Age

Gender
MEF2D fusions

TCF3-PBX1
I__ ETV6-RUNX1
ETVE-RUNX1-like
CASC15-ETV6 \
ETV6-AMPH
Global ETV6-ELMO1
deregulation of ETVE-EXTLI
g ETV6-LHFPL3-AS2
lymphoid ETV6-RNU6G-19P_locA

ETV6-SLC30A7
ETV6-SRRM1
ETV6-STYK1
IKZF1-CLNK
IKZF1-ETV6
IKZF1-ZPBP
STIM2-1KZF1

k TCF3-FLI1

development

Lilljebjorn H, et al. Nat Commun 2016
Li JF et al. PNAS 2018
Gu et al. Nat Genet 2019
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Molecular classification of B-ALL

B Old adult
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Aneuploid Transcrlptlon factor
rearrangement

Updated from Gu et al. Nat Genet 2019
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Prognosis

® @ Very good
® Good
@ Intermediate
® Poor

®® Very poor
© Unknown
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NUTM1-rearrangements define a distinct
B-ALL subtype

:: IKZF1
) BRDY
@7NF618 OBRD9 @ ACINA

* 3’ NUT Family Member 1 (NUTM1) fused to
different partner genes that drive its expression

%i(l':?nﬁ% OZT???_’?CUXW Breakpoint junction 9 NUTMITrB-ALL
) NUTM1 c i
A ni- e g W | LA § 4
§ (TR Y g% 2]
I IBREEE _ = o Normal
IKZF1 ::mon3 R | N=1 g *“k § : 0 hCD34
<Zf | eklaihl E é')
Bro9 [ | I E P = )
m ’ exon 14”exon3 o - | N DE: .|u < 2]
L
sroo [ | TN TN T | nN=2 NUTM1 A 2002 et
exon 11 exon 5 '
znFets i T EEENE | N=1
exon 12 exon 3
nFets [ TTTITE T | ne2 * NUTM1 is normally NOT expressed in
exon 10 exon 3 . . .
stz L S— s hematopoietic cells nor in other B-ALL cases
eonteons  Expression is normally restricted to post-
aciNt [ T BRI | N=1 meiotic spermatids
exon 4 exon 3
* BRD4-NUTM1 most common (~75%) fusion in
ACINT[ JBiEE | N=1 . 1. .
exon 3 exon 6 NUT midline carcinoma
cuxt[[T] | {ITE [N | N=2 * Excellent prognosis

exon 20 exon 6

Li JF et al. PNAS 2018; Gu et al Nature Genetics 2019; https://pecan.stjude.cloud/proteinpaint/study/PanALL; Hormann FM et al. Haematologica 2019.
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NUTM1-rearrangements define a distinct
B-ALL subtype

NUTM1 acts as a chromatin modifier by recruiting EP300 to increase local histone
acetylation and potently activates transcription

EMP2 NUTM1 fusions (G14)

Up-regulated
» Down-regulated

HOXA9
sKkipA1-NUTM1
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Li JF et al. PNAS 2018
Gu et al. Nat Genet 2019
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ZNF384-rearrangements

* Median age of presentation
9 years old (range, 1 - 25
years)

w
o

25

20 [ ~2-4% * Immunophenotype:
15 i classical pre-B ALL
10 > 70% CD13 expression

> 80% has CD33 expression

Distribution of subtypes
within age group (%)
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* 48% B/M mixed phenotype
acute leukemia (MPAL)

D) Transcription factor * ZNF384/ZNF362 are C2H2-
rearrangement type transcription factors

containing six zinc fingers

Li JF et al. PNAS 2018

Alexander T, Zhaohui G., lacobucci | et al. Nature 2018

Gu et al Nature Genetics 2019

Updated from Gu et al. Nat Genet 2019 Ponte Di Legno Childhood ALL Working Group, Leukemia 2019
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ZNF384-rearrangements

* Fusion partners include transcription factors and epigenetic
regulators
* The zinc-finger domains are retained in all fusion proteins

High FLT3 expression
EP300 ZNF384 .
' T ooa
60+ | D W T 5. —
(=] exon 1 2 3 4 5 6 3 4 5 6 74 8 9 10 11 = <0.0001 e
9_\/ 50 CREBBPl l > | ZNF384: =N _l_ 3 T
- E 9} e & ¢
UC) T 2 3 4 5 63 45 7 89 10 1 812 T TT
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% 20 23456789 10 118 4 5 6 7 8910 N /\3@5;\\@0@%@ [ QQ@\\&(@\’
LL ] B NS M Transactivation QA ®f<\’ \Qf‘\/
% 10 ;ﬁg;-like =IF122C2 Zinc finger O El;li-crr:(:h < A
O——7——1—1—
%QQéfb((,\ng & * Intermediate prognosis (EP300 fusion better prognosis)
Q/Q & «v Q/%O&(\ Alexander T, Zhaohui G., lacobucci | et al. Nature 2018
Li JF et al. PNAS 2018

Gu et al Nature Genetics 2019
Ponte Di Legno Childhood ALL Working Group. Leukemia 2019
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B-ALL with PAX5 aberrations

T

PAX5-altered

PAXS5 P8OR
(PAX5alt)
="~7% B-ALL =~3% B-ALL
" rearrangements, sequence = distinct gene expression
mutations and focal profile

intragenic amplifications

= > 20 fusion partner genes
(most frequent PAX5-ETV6)
" high risk > standard risk



LEUKEMIA2020-2021 April 26-27, 2021

Coordinator: A.M. Carella
AlL President: S. Amadori

nnnnn

PAX5 alterations: PAX5 PS8OR

= 68% have hemizygous or homozygous PAX5 p.Pro80Arg

= 32% harbor a second frameshift, nonsense or
deleterious missense PAX5 mutation

P80RI/fs

eP32L
@ D35fs
®=R38C/H

®

®

®

®

®
oR197fs
@ OE201fs/*
oG211fs

R377*

j
i

[ ]

[ ]

[ ]

[ ]

[ ]
L@A100P
-0D193fs

A

"“'_/.V26fs

Paired Box DNA-binding dofnain J Homeodomain Transactivating domain

Octapeptide Nuclear localization signal

@ missense @ frameshift @ nonsense

Biallelic PAX5 alterations are a hallmark of this subtype

|
50 100 i 15 200 260! PAX5 I

Chromosome 9

[}
EEE==  CDKN2A
I i & —— PAX5

B Homo gain Hemi gain W CN-LOH
M Homo loss M Hemi loss

Passet M Blood 2018

Li JF et al. PNAS 2018

Gu et al. Nat Genet 2019
Bastian L. et al. Leukemia 2019
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PAX5 alterations: PAX5 PS8OR

* >95% cases harbor CDKNZ2A loss and signaling pathway mutations

ooooo

RAS JAK-STAT
 N_DEN_DNNEN BN BN EEEEEEEEY N N DEDEN ¢ PAX5 P80R and PAX5alt confer

intermediate/favorable

outcome in children and adults
with B-ALL

Age group
PAX5 CNA

N ||
PAXs psorMEERER AEENEEEEEE EEEE BNRES EEEEEN
PAXS5 (44) Illll=ii=i==lllllIIII==IIII==I I=Illllli=
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(COKN2A CNAY N ol N

RB1 (1)
NRAS (21)
PTPN11 (13)
KRAS (8
NF1 (3)
IL7R (12
JAKZ 52
CRLF2 (2
FLT3 (2
BRAF (2
PIK3CA (1
SETD2 (11) H |
EZH2 (1 . .
TBL1XR1 513 B Epigenetic
WHSC1 (1)

TF

Cell cycle

[ [ [ ] Ras 1.0

P<0.0001
DUi(4

< PAXS P8OR >

1 ‘."||\ I
0.4
C a2

0.24

i JAK/STAT 0.8
[ | LI Other
[ | signalling

0.6

Probability of OS

Age group Mutation types , ) ke
i BCLZ/ KMT2A
M cChildhood B Missense M Frameshitt peL Aypodiploid

" AYA B Adult M Protein del M Protein ins 0.0

) I Nonsense M Splice
PAX5mut zygosity B Fusion = CEI-LOH Years

B Hetero [ Second hit Il Deletion M NA

M Homo Gu et al. Nat Genet 2019
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PAX5P30R gutcome in adult with Ph-negative
BCP-ALL (GRALL and GMALL)

¢ ~5-7% PAX5 P80R in adult patients with newly diagnosed Ph-negative B-ALL

* Favorable prognosis with high-intensity, pediatric-inspired chemotherapy regimen

1.0
'l [T} 'l L L J lu‘

0.80 08 Rt s PAXS5-plus (n=10) P> PAXS plus
= 2z hay PAX5 P8OR
£ 3 T NRAS/KRAS mut
E 060 A ®m 06 B B e el
2 8 CDKN2A deletion
= o
g 0.40 % ot
© 0.20 - NO PAXS PSOR I‘J:'; 02 remaining cohort (n=118)

P=0.036
0-00 l T T T T L L T L L P:0.45

o
=}

Time (years)

Time (years)

N=312 patients with Ph-negative BCP-ALL  N= 128 adult patients with B-ALL who
enrolled in the GRAALL-2003 and GRAALL- received intensive treatment on subsequent
2005 trials GMALL trials

Bastian L et al. Leukemia 2019
Passet M Blood 2018
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B-ALL Subtype defined by a single TF alteration
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=% P e ge ‘}-’3’# 2, .,':" b '3.'.'5?{:.51 22 oy
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tSNE analysis of 1988 ALL transcriptomes
1402 childhood, 208 young adult, 378 adult, Gu et al. Nat Genet 2019
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IKZF1 N159Y (~1% ALL)

15% ALL IKZF1 deletions (>50% high risk ALL)

Distinctive nuclear
mislocalization and

https://proteinpaint.stjude.org/

s [ ] induction of aberrant
o I ; ‘ : s intercellular adhesion
C —
o)
= iy e
9 DEL4-8(10%) 4+——
A
) IKZET (p.N159Y) (G11
weseo 2 HHAT Up-regul)aged )
> LRRK1: Down-regulated
DEL4-7 IK6 aog| FLT3 signaling
ks PR35
g [SLCT7AS R ARKIGEF24
Do EBF3:-ARSG GNB3
s W
o 2 cxcLiZpl & AP — oncogenesis
L S s SALLT
_9 ! T : T T T T \
= ‘ -15-10 -5 0 5 10
o | (.. ®eo ® (1Y ¢ o o log2 (fold change) chromatin
§ ‘ i 5ci 100 1250 : 300 350 400 450 500 remode“ng
[] 2n finger @ FRAMESHIFT
@ MISSENSE
@ PROTEININS Gain chr 21
75%

Churchman ML et al. Cancer Cell 2015
Li JF et al. PNAS 2018
Gu et al. Nat Genet 2019

Mullighan CG et al NEJM 2009, lacobucci | et al. Blood 2009, Vairy S et. al Blood Reviews 2020,
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Activated kinase signaling-driven B-ALL

== Aneuploides

mm TF rearangements

mm Other TF-driven

m Kinase-driven
Other

Childhood AYA Adult
(< 15 years) (15-39 years) (= 40 years)
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Ph-like acute lymphoblastic leukemia

* Gene expression profile similar to Ph+ (BCR-ABL1) ALL, but negative for BCR-ABL1

* Frequent alterations of IKZF1; poor outcome

* > 60 rearrangements in
kinases and cytokine

,,,,,,

% E g - [Js g 5 receptors
] q < S N . . :
2 B g E =~ * Gene fusions activating kinases
o w -
8 g e : — :
ém < 5 2 g g 38 e Mutations activating cytokine
J w w E r%)
= IGH-EPOR S = a7 2 receptors
P2RY8-CRLF2 JELSS OIS ABL Slanali . . e .
o - ignaling - * Gene fusions hijacking cytokine
JAK-STAT Signaling Other Signaling .
receptor expression (CRLF2)
seLzi @ T, @ g  Gene fusions hijacking and
TR i | - - truncating cytokine receptor
PI3BK/mTOR = i H
k expression (EPOR)
Transcription X
IKZF1/EBF1 )
PAX5/CDKN2A/B Mullighan NEJM 2009; Roberts Cancer Cell 2012;
Roberts NEJM 2014; lacobucci Cancer Cell 2016;

lacobucci I, Mullighan CG. JCO 2017 Roberts JCO 2017
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Ph-like acute lymphoblastic leukemia

* Gene expression profile similar to Ph+ (BCR-ABL1) ALL, but negative for BCR-ABL1

* Frequent alterations of IKZF1; poor outcome

,,,,,,

: M
5 R B
. > [
. 35 B &
5 TS S
g‘ '_2- g} E), L]
v < Q
> (GHEPOR Blinatumomab
IGK-EPOR
P2RY8-CRLF2 . .
ABL Signaling
IGH-CRLF2 ) AK-STAT Signaling Other Signaling Inotuzumab
AR-T cell
C cells
BCL2| STAT @ FLTI?i
P13K| MEKIi
mTORi FAKi R
f-4 P13ki
mTORI

Transcription

X

IKZF1/EBF1
PAXS/CDKN2A/B

Mullighan NEJM 2009; Roberts Cancer Cell 2012;
Roberts NEJM 2014; lacobucci Cancer Cell 2016;

Roberts JCO 2017

lacobucci I, Mullighan CG. JCO 2017
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Conclusions

* >20 age related B-ALL
subtypes defined by
constellations of mutations
(disease-initiating +
secondary cooperating
lesions)

* Distinct gene expression
profiles with prognostic and
therapeutic significance

* Implementation of gene
expression approaches into
the clinical diagnostic
workup of ALL

JAKI
BCL2i STAT
PI3Ki
mTORi PI3K/MTOR

nnnnn

EPO

2 x : i i 7
I -
T euw =.< - w :‘
= 2 = 5 x
< L (L3 (%]
£ 3
Signaling mutations (Ras, JAK-STAT, other) =
ABL Signaling Other Signaling
JAK-STAT Signaling
TRKi|
FLT3i|
MEKi
FAKi

X

IKZF1/EBF1
PAX5/CDKN2A/B

ETV6-RUNX1/like

Transcription

PAX5™ \a IGH-CEBPE
* B, MLL fusions
X X e TCF3/4-HLF
N159G H1038R b k‘“@ MEF2D fusions
2R ZEB2Z™ ZNF384/362 fusions

& e

) o S
/ ap r? /’ PAXS fusi
_{% ‘D // ‘; Q// usions

-

Modified from lacobucci I, Mullighan CG. JCO 2017
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