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Abstract

Cytokine receptor like factor 2 (CRLFZ) is dysregulated in approximately 50% of high-
risk and 60% of Down Syndrome (DS) acute lymphoblastic leukaemia (ALL) patients.
CRLF2 is most commonly rearranged in DS-ALL patients via a 320 KB deletion in the
pseudoautosomal region of the X/Y chromosome resulting in the PZRY8-CRLFZ2 gene
fusion, or can become mutated; CRLFZ p.F232C. Dysregulation of CRLFZ results in the
upregulation of thymic stromal lymphopoietin receptor (TSLPR) and JAK/STAT, PI3K
and Ras signalling pathways and is associated with poor survival outcomes.
Constituents of these signalling pathways are targetable with small molecule
inhibitors. The increased frequency of the P2ZRY8-CRLFZ2 fusion in DS-ALL patients
indicates a predisposition to the development of this fusion, however, the genetic basis

is unknown and warrants further investigation.

Many groups have postulated the involvement of the high mobility nucleosome binding
protein 1 (HMGN1) in DS-ALL, however, this body of work identifies its role and
cooperation with P2ZRY8-CRLF2. Using in vivo and in vitro models, as well as novel
CRISPR/Cas9 modelling, the role of HMGN1 in the development, proliferation and

persistence of CRLFZ rearranged ALL is demonstrated here, for the first time.

The trisomy 21 human xenograft HMGNI knockout (KO) model presented here
demonstrates that HMGN1 KO in CRLFZ p.F232C cells halts leukaemic progression in
mice, reverses the leukaemic phenotype and increases murine survival outcomes. This
indicates that HMGN1 has driver potential in DS-ALL. Significantly, HMGN1
overexpression occurs due to trisomy 21, suggesting DS patients who acquire PZRYS-

CRLF2 may not require a ‘second hit’ for leukaemic transformation.
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Using in vitro Ba/F3 and unique CRISPR/Cas9-generated P2ZRY8-CRLF2 models, the
cooperation between PZRY8-CRLFZ and HMGN1 was also confirmed. Leukaemic
transformation was achieved via the co-expression of PZRY8-CRLFZ2 and HMGN1 in
Ba/F3 cells. To support this finding, modelling HMGN1 overexpression prior to
generating the endogenous PZRY8-CRLFZ fusion with CRISPR/Cas9 increased the

efficiency of fusion development.

The identification of PZRY8-CRLF2 and HMGN1 cooperation could positively affect the
treatment of patients with DS-ALL, CRLFZ2r or +21 and lead to better treatment
outcomes for patients who currently have poor overall survival. Furthermore, the
mechanism of leukaemic transformation in PZRY8-CRLF2 and HMGN1 co-expressing
cells was identified in both the Ba/F3 model and CRISPR PZRY8-CRLF2 model via
increased CRLFZ expression and an upregulation of TSLPR, as well as JAK/STAT
signalling and increased gene activation marks via HMGN1 nucleosome remodelling. A
synergistic combination therapy comprising the JAK2 inhibitor, fedratinib, and de-
methylase inhibitor, GSK-J4, was identified to target PZRY8-CRLF2 and HMGN1 co-
expressing cells, however, CRLFZ p.F232C cells were less sensitive to this therapy and
activated different signalling pathways. Furthermore, also presented here, is an
additional combination therapy of fedratinib and the MEK inhibitor, selumetinib, to

synergistically target cells harbouring the aggressive CRLF2 p.F232C mutation.

In summary, this thesis provides critical insight into the development and persistence
of CRLFZ rearranged DS-ALL. For the first time, the important role of HMGN1 in the

proliferation and survival of DS-ALL cells and cooperation with P2ZRY8-CRLFZ2 for



increased cell signalling has been identified. These findings suggest HMGN1 is a
potential target for a precision treatment approach in DS-ALL. Two synergistic
combination therapies targeting CRLFZ and/or HMGN1 co-expressing cells, as well as
an endogenous model of PZRY8-CRLF2 that provides a clinically relevant tool for
identification of cooperating genes have been produced. Together, this body of work
describes the leukaemic potential of HMGN1 and significant understanding of its
cooperation with PZRY8-CRLF2. Findings from this thesis present an opportunity to
reduce the toxicity DS-ALL patients experience from current treatment regimens and

improve outcomes in this high-risk group of patients.
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ABSTRACT

Breakthrough studies over the past decade have uncovered unique gene fusions implicated in acute lympho-
blastic leukaemia (ALL). The critical gene, cytokine receptor-like factor 2 (CRLF2), is rearranged in 5-16% of B-
ALL, comprising 50% of Philadelphia-like ALL and cooperates with genomic lesions in the Jak, Mapk and Ras
signalling pathways. Children with Down Syndrome (DS) have a predisposition to developing CRLF2 rearranged-
ALL which is observed in 60% of DS-ALL patients. These patients experience a poor survival outcome. Mutations
of genes involved in epigenetic regulation are more prevalent in DS-ALL patients than non-DS ALL patients,
highlighting the potential for alternative treatment strategies. DS-ALL patients also suffer greater treatment-
related toxicity from current ALL treatment regimens compared to non-DS-ALL patients. An increased gene
dosage of critical genes on chromosome 21 which have roles in purine synthesis and folate transport may
contribute. As the genomic landscape of DS-ALL patients is different to non-DS-ALL patients, targeted therapies
for individual lesions may improve outcomes. Therapeutically targeting each rearrangement with targeted or
combination therapy that will perturb the transforming signalling pathways will likely improve the poor survival
rates of this subset of patients.

1. Introduction to Down Syndrome Acute Lymphoblastic
Leukaemia

Children with Down Syndrome (DS) have a 20-fold increased risk of
developing acute lymphoblastic leukaemia (ALL); the most common
paediatric cancer worldwide, and are 150 times more likely to develop
acute myeloid leukaemia (AML) by the age of 5 years [1-3]. DS-ALL
patients are grouped into a high-risk treatment category as they have
poorer survival outcomes and experience higher treatment related
toxicity compared to non-DS-ALL patients [2,4]. Common good-risk
cytogenetic alterations (such as ETV6-RUNX1) present in non-DS-ALL
patients do not frequently occur. Instead, higher-risk fusions that are
often associated with a more aggressive leukaemic phenotype, in-
cluding rearrangements of cytokine receptor like factor 2 (CRLF2r), are

often observed [5,6]. This may contribute to the higher rate of relapse
in DS-ALL compared to non-DS-ALL patients. A better understanding of
the genomic landscape of DS-ALL patients will lead to the investigation
of targeted therapies. ALL can be grouped into different subsets based
on driving genomic lesions, and a current focus of treatment in ALL is
the use of rationally selected tyrosine kinase inhibitors (TKI) and small
molecule inhibitors in the setting of clinical trials [7]. The impact of
these therapies has not been extensively studied in the context of DS-
ALL, however, the successful implementation of such molecules in a
precision medicine approach could potentially result in the reduction of
toxic chemotherapeutic elements.
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2. Current therapeutic strategies for DS-ALL

Children with DS-ALL are reported to experience greater treatment-
related toxicities [2,8,9] and treatment is often adjusted to reflect this.
Methotrexate (MTX) is a fundamental chemotherapeutic agent in-
corporated in high doses in nearly all ALL chemotherapy regimens. By
inhibiting dihydrofolate reductase, it interferes with de novo thymidine
synthesis, an essential building block for DNA replication. MTX can
cause stomatitis and myelosuppression, which can be particularly se-
vere in DS-ALL patients [10,11]. The exact mechanism for this is un-
clear, though the increased dosage of chromosome 21 genes involved in
purine synthesis may contribute [8]. DS-ALL patients also experience
folate depletion as a result of increased cystathionine B-synthase and
overexpression of the reduced folate carrier (RFC) [12]. DS-ALL pa-
tients are more susceptible to infections, often due to MTX side effects
and impaired B- and T-cell function, with infection a significant cause of
treatment-related mortality [2,5,17].

Commonly, leucovorin (folinic acid) is administered as a rescue
therapy for non-leukaemic cells by overcoming the block in dihy-
drofolate reductase. The recent children's’ oncology group (COG)
AA111131 study reduced the dose of MTX and brought forward the
schedule of leucovorin rescue, to tailor therapy specifically to reduce
toxicity for DS-ALL patients. Doses of other drugs may also be atte-
nuated for DS-ALL patients, and some physicians choose to augment
anti-bacterial prophylaxis. All protocols (including the Tokyo children's
cancer study group (TCCSG), Dutch children's oncology group (DCOG),
United Kingdom (UK), Italian-German consortium (AIEOP-BFM),
France Acute Lymphoblastic Leukaemia (FRALLE) and COG) decrease
the high dosage of MTX, and most will attenuate other drugs, such as
daunorubicin (UKALL and DCOG). A number of clinical studies are
currently underway, either designed specifically for DS-ALL, or with
separate cohort of DS-ALL patients with specifically tailored therapy, in
order to preserve efficacy and reduce toxicity in this patient group (e.g.
NCT03286634).

Many studies demonstrate that DS-ALL patients have a poorer
therapeutic outcome compared to non-DS-ALL patients. Conversely,
some reports suggest there is no difference in induction failure for DS-
ALL patients compared to non-DS-ALL [5,9,13]. It is, however, agreed
upon that DS-ALL patients do experience a higher rate of relapse and

‘-
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Fig. 1. 1) Thymic stromal lymphopoietin receptor signalling
cascade where Crlf2 and the IL-7 receptor alpha chain
(IL7ra) heterodimerise resulting in the functional receptor
for thymic stromal lymphopoietin (Tslp) initiating the Jak/
Stat p y. 2) The phosphoinositide 3-kinase (Pi3k) sig-
nalling pathway initiated by B-cell activating factor binding
(Baff) binding to its receptor. 3) The Ras signalling pathway
activated by stem cell factor (Scf) binding to c-kit. All three
pathways lead to the activation of transcription of FOXOs,
Bcl-2, Cyclin D1, D2, D3 and Glut25 and play a role in B-cell
survival, angiogenesis, proliferation and inflammation.
P = phosphorylation. Adapted from Bibi et al. [26].

lower event free survival [5,11]. In the event of relapse DS-ALL pa-
tients, like their non-DS-ALL counterpart, undergo salvage therapy,
proceeding to haematopoietic stem cell transplant (HSCT) if a second
remission can be achieved [2]. Due to the complex treatment ap-
proaches to address the additional toxicities experienced by this cohort
of patients, advances in precision medicine may allow for the in-
vestigation of a targeted therapy based on each patients karyotypic or
molecular profile.

3. Biological and genomic features of DS-ALL

In DS-ALL, there is a decreased prevalence of both favourable (e.g.
ETV6-RUNX1) and unfavourable chromosomal aberrations (e.g. BCR-
ABL1) [5,6], suggesting that there may be a different driver(s) of leu-
kaemogenesis in DS-ALL. Multiple studies have found that CRLF2 is
frequently overexpressed in DS-ALL cases [1,3,5,11,14-18]. CRLF2 is
commonly overexpressed via a 320 KB deletion in the pseudoautosomal
region (PAR1) of the X or Y chromosome (Xp22.33 and Yp11.22),
placing it downstream of the first non-coding exon of the G-protein
coupled purinergic receptor (P2RY8) [15]. A translocation of CRLF2 to
chromosome 14, downstream of the Immunoglobulin heavy chain
(IGH) enhancer elements also causes CRLF2 overexpression. Upregula-
tion of Crlf2, activates the Janus Kinase (Jak) and signal transducer and
activator of transcription (Stat) signalling pathway. The genes ampli-
fied from this pathway include FOXOs, Bcl-2, Cyclin D1, D2, D3 and
Glut25, which are implicated in B-cell survival, angiogenesis, pro-
liferation and inflammation [19]. This usually occurs when the ligand
thymic stromal lymphopoietin (Tslp) binds to the Crlf2/IL-7Ra receptor
(Fig. 1.1) [15,20,21].

In both IGH-CRLF2 and P2RY8-CRLF2 rearrangements, the entire
coding sequence of CRLF2 remains intact and the P2RY8-CRLF2
breakpoint is identical in most patients [22]. The IGH-CRLF2 re-
arrangement is likely a primary lesion due to its manifestation in hae-
matopoietic precursor cells [23] and is more commonly observed in
older ALL patients [25]. P2RY8-CRLF2 fusions are likely secondary le-
sions and are the result of illegitimate V(D)J-mediated recombinations
during B-cell ontogeny. Patients with P2RY8-CRLF2 often also harbour
primary genomic lesions such as intrachromasomal amplification of
chromosome 21 (iAMP21) [23]. DS patients with CRLF2r are often
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young with a mean of 5.5 years of age [11,24] and almost exclusively
harbour P2RY8-CRLF2 indicating that a PAR1 deletion is a common
feature in these patients. The P2RY8-CRLF2 fusion is found in a higher
proportion of fusions identified in DS-ALL children (60%) compared to
non-DS children (5-16%) [15,23,24,56]. However, when considering
only patients with CRLFZ2r, the frequency of P2RY8-CRLF2 is similar.

CRLF2 rearrangements are an obligate scaffold for JAK2 mutations
which occur in 50% of the subtype. These alterations often cluster in
the pseudokinase domain at residue R683, however, have also been
reported in the ATP and kinase domains [24,27,28]. Knockdown of
CRLF2 has demonstrated that Tslp signalling is cytokine independent
when additional JAK2 mutations are present [28]. A point mutation in
CRLF2 at 695T > G causes constitutive activation of B-cell prolifera-
tion pathways and cooperates with Jak2 to provide significant growth
advantage [24,29]. Mutations in IL-7Ra have been reported in the ab-
sence of CRLF2 mutations [30,31]. These mutations in critical signal-
ling genes are more significant in leukaemic transformation than the
P2RY8-CRLF2 fusion which may be lost at relapse [23] and instead RAS
or IKZF1 mutations often predominate. In 25% of CRLF2r DS-ALL cases
a loss of the ubiquitin specific peptidase 9, X linked (USP9X) gene is
observed [32]. Usp9x normally functions to stabilise phosphorylated
Jak2 to confer active signalling, however, it is possible that activating
JAK mutations are compensating for the loss of USP9X in these cases
[32].

Non-DS-ALL frequently harbour polysomy 21 indicating that the
gene dosage of chromosome 21 may be associated with the develop-
ment of ALL [15,21,24,33]. A subset of patients with a gene signature
similar to that of BCR-ABL1 have been termed Philadelphia like (Ph-
like). To date, no studies have identified concomitant DS-ALL with Ph-
like ALL (15-20% of patients in non-DS-ALL) [34,35]. Studies com-
paring the genomic features of DS-ALL patients to other ALL patients
have found an increase in deletions or mutations in the PAX5, IKZFI,
and histone genes [18]. Histone gene mutation analysis and methylome
sequencing have detailed numerous genes enriched for high or low
methylation in DS-ALL patients compared to non-DS-ALL patients [14].

Despite the characteristic lesions of ALL observed in both DS and
non-DS-ALL patients, there are specific DS-associated genes that are not
dysregulated in non-DS-ALL and are being investigated as potential
therapeutic targets for DS-ALL. Lane et al. [17] have produced a mouse
model (Ts1Rhr) containing critical DS-genes that are linked to ALL and
encode epigenetic regulators, signalling proteins (particularly reg-
ulators of the Pi3k pathway), transporter proteins and many with on-
cogenic effects (Table 1). However, these genes are yet to be in-
vestigated to fully elucidate their role in DS-ALL. Many more genes on
chromosome 21 have also been linked to haematopoiesis and pro-
liferative pathways in ALL but are also yet to be studied in the context
of DS-ALL (Table 1).

4. Therapeutic targeting of genomic lesions

Ruxolitinib was developed as an inhibitor for Jakl and Jak2 in
myeloproliferative neoplasms [37] and is being investigated in clinical
trials to target ALL fusions involving JAK, EPOR and CRLF2 with con-
comitant JAK mutations. In vitro studies have demonstrated ruxolitinib
decreases the proliferation of ALL cell lines and patient samples with
CRLF2r and JAK mutations [7,31,38-41]. Nevertheless, ALL fusions
with cooperative lesions such as JAK mutations can survive by gen-
erating resistance to small molecule therapy targeting Jak, including
ruxolitinib [42]. Kesarwani et al. [43] demonstrated a variety of Jak2
clones with different amino acid substitutions in both the kinase and
pseudokinase domains that are resistant to ruxolitinib. A potential
source of this survival is through the Pi3k pathway, as Jak phosphor-
ylation can activate protein kinase B (Akt), promoting the transcription
of cyclin D1 and inhibiting cyclin dependent kinase (CDK) inhibitors,
progressing the cell cycle forward to the S phase. Further limitations of
Jak TKI therapy include the short half-life of the drug which is
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Table 1
DS-critical genes located on chromosome 21 that may be associated with ALL
due to the function of the resultant proteins [3,17,36].

Gene Function of protein

ERG haematopoietic oncoprotein

DYRKIA regulates oncogenes and tumour suppressors (kinase)
ETS2 transcription factor and oncoprotein

IFNAR1 activates Jak/Stat signalling (membrane protein)

DSCRI g ion of i
development of haematopoiesis

y markers

RUNX1

ETV6 regulates cell growth and differentiation (transcription factor)

TIAM induces T-cell lymphoma and metastasis

GATAI 1 h ietic devel ( iption factor)

GABPA 1 | ic stem cells and di
(transcription factor)

SLC7A1 transports arginine

U2AF1 splicing factor

SLK1 governs morphogenesis and cell growth

PAXBP3 links PAX transcription factors to methylation machinery (adaptor
protein)

NRIP1 transcriptional coregulator

USP25 ubiquitin specific protease

MCM3AP initiates DNA replication

TTC3 degrades Akt

PIGP anchors Pip in Pi3k pathway

BRWDI1 governs epigenetic regulation and transcriptional activation

CHAF1B chromatin regulator of histones

HMGN1 histone demethylase

MORC3 remodels chromatin

HLCS binds biotin to histones

DNMT3L DNA methyltransferase

PSMG1 proteasome chaperone

DSCR3 transports protein (suggested)

approximately half a day, depending on the inhibitor [39]. Exposure to
Jak inhibitors allows the accumulation of phosphorylated Jak2, how-
ever, once the inhibitor concentration reduces, Jak is already phos-
phorylated and downstream signalling can recommence [39].

Targeting Jak2 in myeloproliferative neoplasms has been successful
with the competitive Jak2 inhibitor ruxolitinib, approved by the FDA
after positive results from the COMFORT-I and II trials (NCT00952289
and NCT00934544). It was later approved for treatment of poly-
cythaemia vera after the RESPONSE trial (NCT01243944) and is now
currently in a phase II COG trial for the treatment of ALL for use
alongside chemotherapy (NCT02723994), however, trisomy 21 patients
are excluded from this study. Similarly, ruxolitinib has been included in
the St. Jude phase II Total Therapy XVII trial for B and T-ALL patients
(NCT03117751). A phase II trial for ruxolitinib with dasatinib is un-
derway at MD Anderson (NCT02420717), while other small molecule
inhibitors such as venetoclax for Bcl2 is in a phase I trial with che-
motherapy at the Dana-Farber Cancer Institute (NCT03319901).

Due to a high incidence of JAK2 mutations in both ALL and DS-ALL,
combinatorial TKI targeting of Jak2 and the Pi3k pathway has de-
monstrated promise in vitro due to the cooperating signalling con-
stituents [44]. Similarly, dual targeting of Jak and Pi3k has been suc-
cessful against myeloproliferative neoplasms [26]. Combination
therapies of the mechanistic target of rapamycin (mTOR) and Akt have
also decreased proliferation of ALL cell lines [45] indicating that in-
hibition of multiple targets may be required for ALL therapy and si-
milarly, DS-ALL therapy [46]. Histone deacetylase (HDAC) inhibitors
have been found to overcome resistance to Jak TKI's and reduce
treatment related toxicities in conjunction with chemotherapeutics for
DS-ALL patients [47].

5. The role of trisomy 21 in ALL pathogenesis

The trisomy of chromosome 21 is the presence of a third, un-
matched chromosome 21. The most common phenotype is Down
Syndrome, however, somatic trisomy 21 can also be observed in ALL



Chapter 1: Introduction

E.C. Page et al.

iAMP21

DYRKIA ————»
HMGN1 ————*

Fig. 2. Chromosome 21 depicting the intrachromosomal amplification of
chromosome 21 (iAMP21) region and location of novel upregulated genes as-
sociated with ALL on the q arm. The iAMP21 region contains the DS critical
genes that may have important functions for ALL (Table 1).

patients who do not have Down Syndrome. The link between trisomy
21 and disease has been well documented, yet not fully investigated in
the context of leukaemia [36]. The presence of trisomy 21 may result in
altered chromatin interactions, disrupting gene expression. However, a
more likely scenario is that the increased dosage of chromosome 21
genes play a role in tumori; is or alter haer is (Fig. 2) [3].
There are at least 16 genes on chromosome 21 that are directly involved
in haematological malignancies or abnormal haematopoiesis, and many
more that are involved in epigenetic regulation which recent studies
demonstrate may be a contributing factor to DS-ALL (Table 1) [3,17]. A
region on chromosome 21 spanning 5.1-24 MB, that includes the
RUNX1 gene, is known as the intrachromosomal amplification of
chromosome of 21 (iAMP21). While this region also encompasses the
same DS-critical genes attributing to leukaemogenesis, it is not asso-
ciated with DS-ALL and is instead a transforming lesion in non-DS-ALL
[20,48].

Overexpression of dual specificity tyrosine-phosphorylated and
regulated kinase 1A (DYRKIA) due to gene dosage (as a result of
trisomy 21) has also been found to play a role in DS-ALL pathogenesis
[49]. Dyrk1a controls the expression of cyclin D1 and regulates the cell
cycle to cause entry or exit into quiescence or persistent arrest [50].
This is dependent on a balance between cyclin D1 and p21, however,
with an increased dosage of DYRKIA in DS-ALL, the cell enters an ex-
tended G1 phase [51]. Dyrkla dysregulation promotes ALL via negative
regulation of the transcription factors Nfatc2, Nfatc3 and Nfatc4, which
have tumour suppressive properties [52]. Conversely, Dyrkla is a po-
sitive regulator of Nfatcl which stabilises its structure, and has been
demonstrated to promote oncogenic activity [50,53]. Dyrkla also
phosphorylates Stat3 and prolongs Erk activation, stimulating key sig-
nalling pathways in ALL as well as being associated with pre-B cell
formation [51]. The multifaceted functions of Dyrkla promote cell
cycle perturbation and differentiation at critical stages of B-cell devel-
opment that are susceptible to leukaemic transformation [51,54].

There is still much to learn about Dyrk1a's role in DS-ALL, however,
therapeutic targeting of this protein has begun in other diseases. Small
molecule inhibitors of Dyrk1la such as B-carboline alkaloid harmine and
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epigallocatechin-3-gallate (EGCG) have been identified as a potential
therapeutic for Alzheimer's disease [55,56], however, their effects have
not yet been investigated in DS-ALL.

6. Epigenetic modifications play a role in DS-ALL

Haematological malignancies harbour a variety of different epige-
netic modifications causing chromatin dysregulation. Epigenetic mod-
ifications in ALL have not been as well characterised as activating
mutations in the genes of key signalling pathway. Histone acetylase
genes CREBBP and EP300, cytosine modifier DNMT3A and methylation
associated genes MLL]1 and EZH2 are commonly involved in gene fu-
sions or mutated in ALL [25,34]. However, the signalling pathways that
are altered due to epigenetic alterations are the main feature of dys-
regulation. DNA methylation profiles of B-ALL patients have demon-
strated that important signalling molecules in the B-cell receptor (BCR)
pathway including CD79A and B, CD22, KRAS and NFKBI are hypo-
methylated, while SHP1, RAC2, AKT1, GSK3 and MEKI are hy-
permethylated [57]. The regulation of these integral molecules must be
precise, however, the upstream epigenetic aberration may have a bigger
contribution to leukaemic transformation [58] and epigenetic therapies
are an avenue only recently being investigated [17,59,60]. Methyl-
transferase inhibitors targeting DOT1 Like Histone Lysine Methyl-
transferase (DOT1L) have completed phase I trials for MLL rearranged
leukaemia (NCT02141828 & NCT01684150) [61] and inhibitors of the
methyltransferase component of the polycomb repressor 2 (PRC2)
complex, EZH2, are in phase II clinical trials for B-cell lymphoma
(NCT01897571).

Few studies have considered epigenetic modifications in DS-ALL,
besides well characterised genes such as CREBBP. Histone gene dele-
tions occur more frequently in DS-ALL than non-DS-ALL, particularly at
the 6p22 cluster and result in differential cytokine-cytokine receptor
interactions [14,25]. One significant finding was that CRLF2r DS-ALL
patients had more similarities to the DS-ALL genomic profile rather
than the CRLF2 profile in the Molecular Signatures Database
[14,24,29]. This suggests that CRLF2r ALL and CRLF2r DS-ALL have
significantly different downstream effects and require different thera-
pies, highlighting the importance of precision medicine.

In DS-ALL, a transcriptional profile was defined based on analysis of
B-lymphocytes [17]. The analyses revealed highly enriched clustering
in pathways related to PRC2 targets and sites of trimethylated Lysine 27
of histone 3 (H3K27me3). H3K27me3 is the repressive epigenetic mark
added by PRC2. DS-ALL demonstrates global reduction in H3K27me3,
which in turn leads to an increased gene expression pattern that drives
B-cell development. A nucleosome remodelling protein encoded on
chromosome 21, Hmgnl, has been found to be responsible and im-
plicated in H3 modification of critical genes in the B-cell developmental
pathway in DS model Ts1Rhr mice [17]. Hmg proteins compete with
the linker histone H1 for nucleosome binding in order to reduce chro-
matin compaction for transcriptional activation. This is achieved by
decreasing phosphorylation of histone H3 at Serl0 and H2a at Serl,
while increasing the acetylation of H3 at Lys14 [62,63].

In the study of HMGN1 overexpression in Ph+ B-ALL cells [17], the
PRC2 targets of H3K27me3 were de-repressed by Hmgn1. This included
the binding sites of transcription factor 3 (E2a) and lymphoid enhancer-
binding factor 1 (Lefl) which are key transcription factors in lympho-
poiesis and may contribute to the leukaemic phenotype. This study
concluded that persistent expression of HMGN1 was required for cell
proliferation. Upon the administration of demethylase inhibitor GSK-
J4, targeting Hmgn1, the methylation of critical lymphopoiesis tran-
scription factors E2a and LEF1, was restored, decreasing proliferation
(Fig. 3). Furthermore, when Hmgnl was overexpressed, a more ag-
gressive form of BCR-ABL1 + ALL was induced [17]. Targeting Hmgn1
in this setting, could therefore, provide a novel therapeutic focus. In-
hibitors of demethylases, such as Hmgnl, are currently being in-
vestigated as potential therapeutics in DS-ALL [17,36].
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Fig. 3. Hmgn1 reverses the methylation of transcription factors Lefl and E2a
resulting in the relaxing of the chromatin to allow transcription of the gene. The
H3K27 methylase inhibitor GSK-J4 inhibits Hmgn1, allowing methylation and
silencing of E2a and Lefl.

7. Conclusion and future directions

Novel therapies for DS-ALL are being investigated to reduce the risk
of relapse and improve the survival rates of DS-ALL patients. Small
molecule inhibitors targeting Jak2, Bcl2, HDAC and methyltransferases
are being considered in addition to chemotherapy. These therapeutics
have the potential to be included in DS-ALL patients treatment regi-
mens in the future, so that cytotoxic chemotherapeutics can be de-es-
calated. Currently, clinical trials are investigating Jak inhibitors for
patients with CRLF2r, as well as reducing the dose of MTX for DS-ALL
patients, and administering leucovorin earlier after high dose MTX.
Genomic profiling of DS-ALL patients will improve knowledge of the
cytogenetics these patients harbour, and will significantly aid in the
investigation of new therapeutic targets. The predisposition of DS-ALL
patients to acquire the P2RY8-CRLF2 fusion is unknown, however,
novel genes including HMGN1 and DYRKIA have been identified as
genes of interest, yet their specific roles in disease pathogenesis have
not been elucidated [17,54]. Epigenetic modifications occur more fre-
quently in DS-ALL than non-DS-ALL and may provide a novel ther-
apeutic avenue targeting proteins such as Hmgnl. A personalised
medicine approach is likely to improve the long term survival of DS-ALL
patients with high-risk fusions by using targeted therapies and reducing
the dosage of toxic elements of chemotherapy.
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Abstract

Children with Down Syndrome (DS) are predisposed to developing Acute Lymphoblastic Leukaemia (ALL) and
experience lower overall survival (75%) compared to children without Down syndrome (85-90%). The mortality rate for
paediatric DS-ALL patients is four times higher than non-DS-ALL patients in the first two years after their diagnosis.
Increased chemotherapy-related toxicity is experienced by DS-ALL patients, however, new immunotherapies
including bi-specific T-cell engagers and chimeric antigen receptor T-cell therapies are being pursued in clinical trials.
Fundamental research has identified 31 genes in the Down syndrome critical region of chromosome 21 which play
a role in leukaemogenesis. Understanding these genes will be critical to identify the predisposition DS patients have
for developing ALL, as well as discovering new targeted therapeutic approaches. The aim is to identify the role(s) of
chromosome 21 genes to establish less toxic treatment options for DS-ALL patients.

Keywords:

Down syndrome; Leukaemia; Chromosome 21

Commentary

Trisomy of chromosome 21 occurs via nondisjunction at meiosis
and results in Down Syndrome (DS) in 1 in 700 births. Chromosome
21 is the smallest human chromosome encoding ~225 genes. Trisomy
of chromosome 21 is associated with neurodevelopmental disorders
and early onset Alzheimer’s disease. Increased expression of B-amyloid
precursor protein (APP) encoded on chromosome 21 is implicated
in Alzheimer’s disease providing a mechanism of Alzheimer’s
development in DS patients [1]. Children with DS are predisposed
to developing haematological malignancies and have a 150-fold and
20-fold increased risk of developing Acute Myeloid leukaemia (AML)
and Acute Lymphoblastic Leukaemia (ALL), respectively [2]. Acute
megakaryoblastic leukaemia (AMKL) is frequently observed in DS
patients as trisomy 21 is required for AMKL development. DS-ALL
patients have poor survival outcomes and experience significant
treatment related-toxicity from contemporary chemotherapeutic
regimes. Higher relapse rates and risk of infections are observed in
DS-ALL patients compared to non-DS-ALL patients [3). Therefore,
improved treatment strategies are urgently needed to reduce adverse
effects and improve survival outcomes.

DS-ALL patients experience toxicity from treatment due to the
presence of trisomy 21. The roles of chromosome 21 genes, particularly
in the Down syndrome critical region (DSCR) must be investigated
to identify new targets for precision therapy (Figure 1). The DSCR
encodes many genes involved in cancer associated pathways including
cell signalling, proliferation and epigenetic pathways (Table 1) [4].
A number of genes have been identified to play roles in DS-AML,
however, these genes do not necessarily have leukaemogenic roles
in ALL. For example, GATAI mutations are prevalent in 30% of DS
children, resulting in a pre-leukaemic haematological disorder called
Transient Abnormal myelopoiesis (TAM). DS patients with TAM
often undergo transformation to AML at a frequency of 20% [2,5,6].
However, GATAI mutations are not observed in DS-ALL patients.
ETS-related gene (ERG) dysregulation on chromosome 21 has been
demonstrated to promote TAM transformation to AML and recently,

J Alzheimers Dis Parkinsonism, an open access journal
ISSN: 2161-0460

DYRKIA (the dual specificity tyrosine-phosphorylation-regulated
kinase 1A) on chromosome 21 was demonstrated to promote AMKL
growth [7,8]. These genes have not yet been fully investigated in the
context of ALL. The high mobility group nucleosome binding protein
1 (HMGNI1) has been demonstrated to activate transcription in B-cells
and promote B-cell proliferation in vivo and may be involved in DS-
ALL transformation [4,9].

DS-ALL patients harbour gene fusions involving cytokine receptor
like factor 2 (CRLF2) at a frequency of 60%, compared to non-DS-ALL
patients at 5-16%. CRLF2 gene fusions are associated with activating
mutations in Janus Kinase 2 (JAK2), constitutively activating JAK/
STAT signalling [3]. JAK2 mutations are observed in 50% of CRLF2
rearranged ALL patients, however, RAS activating mutations are
prevalent when JAK2 mutations are not present [10]. Interestingly,
patients with intrachromosomal amplification of chromosome 21
(iAMP21) also have a high incidence of CRLF2 rearrangements,
suggesting a link between genes on chromosome 21 and CRLF2.
Treatment for other cancers utilise many FDA approved small molecule
inhibitors targeting JAK/STAT and RAS signalling that could be re-
purposed for use in for a precision treatment approach in DS-ALL.
Methotrexate that forms part of many chemotherapeutic regimens
inhibits dihydrofolate reductase and interferes with thymidine
synthesis to halt DNA replication. This can cause adverse effects for
DS patients who have increased expression of genes involved in purine
synthesis on chromosome 21 [2].
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Figure 1: Chromosome 21 schematic depicting critical leukaemic genes located in the Down syndrome critical region and intrachromosomal amplification of

Gene
PAXBP1
IFNAR1
RUNX1
MORC3
SETD4
CHAF1B
DYRK1A
ERG
HMGN1
ETS2
BRWD1
DNMT3L

Function
Binds to PAX3 and PAX7 to regulate transcription
Activates JAK/STAT signaling
Transcription factor that regulates development of hematopoiesis
Chromatin remodeler
Methyltransferase
Chromatin regulator
Kinase that regulates oncogenes and tumor suppressors
Hematopoietic oncoprotein
Histone demethylase
Transcription factor and oncoprotein
Involved in chromatin regulation and transcriptional activation
DNA methyltransferase

Table 1: Chromosome 21 genes with functions potentially implicated in leukaemic development or persistence.

Folinic acid (leucovorin) is administered to DS patients
(NCT00103285 and NCTO00075725) to combat the block in
dihydrofolate reductase, as well as risk adapted chemotherapy
(NCT01190930 and NCT03286634) which were previously the only
precision approaches available for DS patients. Due to the risk of
toxicity, DS patients have been excluded from trials of small molecule
inhibitors (NCT02723994). However, recent advances have been made
in immunotherapies including monoclonal antibodies (mAb), bi-
specific T-cell engagers (BiTEs) and chimeric antigen receptor (CAR)
T -cell therapies potentiating a new avenue of therapy for DS patients.

Blinatumomab is a single chain antibody construct with bi-
specificity, binding to both cytotoxic T-cells through CD3 receptors
and B-cells through CD19 receptors (Figure 2). The BiTE engages
the immune system to eradicate both B-ALL and normal B-cells
which received FDA approval in 2014 [11]. Multiple clinical trials of
blinatumomab (NCT03914625, NCT04546399, NCT03117751 and
NCT04307576) are currently being established for ALL and DS-ALL
patients. Inmunotherapies are considered to have less side effects due
to their engagement with the patients’ immune cells, compared to
targeted small molecule inhibitors which are associated with off target
effects.

J Aizheimers Dis Parkinsonism, an open access journal
ISSN: 2161-0460

Blinatumomab has been associated with toxicities including
Cytokine Release Syndrome (CRS) and neurotoxicity in trials for
lymphoma [12]. CRS symptoms can range from headache and fatigue,
to multi system organ failure and therefore, must be monitored closely
[13]. Despite high response rates, a higher relapse rate has also been
observed with the use of blinatumomab. Therefore, blinatumomab is
being considered as a bridging treatment prior to haematopoietic stem
cell transplant (HSCT), although DS patients have poorer outcomes to
HSCT compared to non-DS patients [14].

Trials for the anti-CD19 CAR T-cell, CTL019 (NCT02435849
and NCT02228096), have demonstrated promising results for the
treatment of DS-ALL patients with high survival outcomes. Similar
rates of toxicities including CRS, neutropenia and neurological effects
were observed between DS and non-DS patients. However, a larger
patient cohort is needed to determine the safety and efficacy of CTL019
in DS-ALL.

While trials for immunotherapies commence for DS-ALL
patients, it is critical to continue investigating chromosome 21 genes
and their roles in ALL development or persistence. Previous studies
identified the genes responsible for the toxicity DS-ALL patients
experience to chemotherapy, and different genes could also affect the
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Project Rationale

CRLF2 rearrangements (CRLFZ2r) represent the largest subgroup of high-risk ALL
patients with poor survival outcomes. Down Syndrome (DS) patients are predisposed
to developing CRLF2r and experience extreme treatment related toxicity. Genes located
in the Down Syndrome critical region of chromosome 21 are potentially involved in
CRLF2rleukaemogenesis. Recent reports have implicated HMGN1 in gene activation of
leukaemic cells, however, its role in ALL and particularly, CRLFZ2r ALL remains

unknown.

[ hypothesise that HMGN1 increases the leukaemogenicity of CRLF2r ALL cells, which
can be targeted with small molecule inhibitors. Therefore, this project investigates
HMGN1 using a CRISPR/Cas9 knockout to determine whether it plays key roles in
leukaemic cell survival. An overexpression model using Ba/F3 cells was also used to
characterise the function of HMGN1. This study is critical for our understanding of the
predisposition of DS-ALL patients to developing PZRY8-CRLFZ. Furthermore,
validating HMGN1 as a therapeutic target for rational combination treatment
approaches, has the potential to reduce the toxicity DS CRLFZr ALL patients currently

experience with contemporary chemotherapeutic regimens.
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The specific aims for this project are:

Aim 1: Identify the role of HMGN1 in the proliferation and survival of trisomy 21

CRLF2+ cells using an in vivo xenograft knockout model (Chapter 2).

Aim 2: Explore the cooperation between P2ZRY8-CRLF2 and HMGN1 in a Ba/F3 model

and compare active signalling pathways (Chapter 2).

Aim 3: Determine targetability of PZRY8-CRLF2, CRLF2 p.F232C and/or HMGN1

expressing cells with small molecule inhibitors (Chapters 2 and 4).

Aim 4: Create an endogenously expressed PZRY8-CRLF2 model using CRISPR/Cas9 to

use as a research tool for identification of cooperating oncogenes (Chapter 3).

These aims will be addressed via the processes outlined in figure 1.
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Chapter 2
Chapter 3

Chapter 4

= [
5 e
=

Figure 1: Flow chart outlining the methodology used to address the thesis aims and

subsequent thesis result chapters
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Abstract

The genetic basis for the predisposition for Down Syndrome (DS) patients to develop
cytokine receptor like factor 2 rearranged (CRLFZr) acute lymphoblastic leukemia
(ALL) is currently unknown. As DS is characterised by trisomy 21, genes located on this
chromosome and expressed in hematopoietic cells are likely candidates for
investigation in CRLF2r DS-ALL pathogenesis. Here, we explored the chromosome 21
gene, HMGN1 (high mobility group nucleosome binding protein 1), in an inducible
CRISPR/Cas9 knockout in vivo xenograft model to assess the effect of HMGN1 loss of
function on leukemic burden. We also present an in vitro model with HMGN1
overexpression in combination with either CRLF2r or the CRLF2 p.F232C activating
mutation, to confirm its role in proliferation and survival. This identified a novel role
for HMGN1 in the upregulation of thymic stromal lymphopoietin receptor (TSLPR).
Finally, in vitro screening determined targetability of CRLFZ2r and HMGNI co-
expressing cells using a combination of fedratinib (JAKZ inhibitor), and GSK-J4
(demethylase inhibitor). Increased expression of HMGN1 due to trisomy 21 provides a
proliferative and survival advantage to CRLF2r or CRLF2 p.F232C DS-ALL cells and
identified here is a synergistic combination of small molecule inhibitors to target these
cells. Together, these data provide critical insight into the development and
persistence of CRLF2r DS-ALL and identify a potential target for a precision treatment
approach to reduce the toxicity DS-ALL patients experience from current treatment

regimes.
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Introduction
Down Syndrome (DS) is characterised by the triplication of chromosome 21, commonly
arising from nondisjunction during meiosis. DS patients display an elevated risk of
neurodevelopmental disorders, congenital heart defects and hematological
malignancies including acute lymphoblastic leukemia (ALL)! Trisomy 21 is implicated
in many cancer associated pathways3-> as 16 genes overexpressed on chromosome 21
are directly involved in hematopoiesis, tumorigenesis and epigenetic regulation?2.
Children diagnosed with ALL have an overall survival (0S) of 85-90% however, DS-ALL
patients have a lower OS of 75%, and a mortality rate four times greater than non-DS
patients within the first two years of diagnosis®. Higher relapse rates and treatment

related toxicities are observed in DS-ALL cohorts compared to non-DS ALL78,

Approximately 60% of DS-ALL patients, compared to 5-16% of non-DS-ALL patients,
harbor rearrangement of cytokine receptor like factor 2 (CRLF2r), associated with poor
survival outcomes®-12. An interstitial deletion of the intervening genes between CRLFZ2
and the purinergic receptor (PZRY8) on the X/Y chromosome result in the PZRYS-
CRLF2 fusion gene; the most common alteration seen in children with DS-ALL13. Of
these, ~9% acquire the aggressive CRLFZ p.F232C activating mutation®. CRLFZr are
often associated with point mutations in Janus Kinase 2 (JAKZ) which is essential for
leukemic transformation in CRLF2r cells!4, resulting in an increase in thymic stromal
lymphopoietin receptor (TSLPR) and JAK/STAT signaling. There is currently no
effective targeted treatment against CRLFZr ALL, despite it being one of the most
frequently observed high risk subtypes of ALL in children>-17. However, ruxolitinib (a

JAK1/2 inhibitor) is currently being assessed in a Phase 2 trial, in combination with

23



Chapter 2: HMGN1 is necessary for leukemic cell transformation and proliferation in CRLF2 related

Down Syndrome leukemia
chemotherapy, for children with CRLFZ2r and/or JAK mutations (NCT02723994).
Interestingly, DS is an exclusion criterion for this study. Due to the toxicities DS patients
experience from chemotherapy!> the development of personalised treatment

approaches are of particular significance for the treatment of DS-ALL.

Increased gene dosage as a result of trisomy 21 have been implicated in the
development of DS-ALLL 18, Recent reports have demonstrated a role for the high
mobility group nucleosome binding protein 1 (HMGNI) in global activation of
transcription in DS-ALL patients#19, HMGN1 is a chromatin modulator that competes
with histone H1 for binding to the nucleosome to modulate histone post-translational
modifications?%2! and changes the expression pattern of 1,200 genes??2. There are no
current pharmacological inhibitors of HMGN1, however, previous studies have
demonstrated efficacy using the demethylase inhibitor GSK-J4 to reduce global

demethylation and counteract HMGN 1423,

We hypothesised targeting HMGN1 could decrease the leukemic burden of DS-ALL
patients harboring the PZRY8-CRLFZ fusion. We report in vitro and in vivo findings of
the involvement of HMGN1 in leukemic proliferation and transformation of previously
non-transformed PZRY8-CRLF2 B-cells via the upregulation of TSLPR and JAK/STAT,
ERK and S6 signaling pathways. This study interrogates the biology and function of
increased gene dosage of HMGN1 by modelling with CRLFZ2r ALL and the findings
presented here have the potential to positively impact treatment for 60% of DS-ALL

patients who harbor the PZRY8-CRLFZ fusion.
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Results
Generation of a HMGN1-null CRLF2 Down Syndrome leukemic cell pool in SET-2
cells
The trisomy 21 acute megakaryoblastic leukemia (AMKL) cell line, SET-2, the only
trisomy 21 leukemic cell line currently available, was transduced to express the CRLF2
p.F232C (CRLF2F232C) activating mutation. An 11-fold upregulation of surface TSLPR
was demonstrated by flow cytometry (Fig S1A) compared to isotype control. Using this
model, a CRISPR/Cas9 KO of HMGN1 was created via transduction of Cas9 and a single
inducible guide RNA (gRNA) system?2> (Fig S1B) to create a frameshift mutation in an
early coding exon of the gene. SET-2 cells endogenously express the JAKZ p.V617F
mutation that is responsible for driving cell proliferation?t. To contrast the effects of
the HMGN1 KO, a KO of JAKZ was also generated. As a control, HMGN1 and JAK2 KOs

were replicated in the non-trisomy 21, non-CRLFZ expressing Jurkat cell line (Fig S1C).

The targeted exon of each gene was amplified, and Sanger sequencing confirmed the
presence of an indel (A) (AHMGN1 exon 5 or AJAKZ exon 5) and subsequent frameshift
mutation in the pool of CRISPR/Cas9 edited cells (Fig 1A & C). CRISPR/Cas9 ICE gene-
editing analysis indicated a KO score of 53 in JAKZ (r?=0.94) with 55% of alleles
containing indels and a KO score of 56 in HMGN1 (r?=0.93) with 66% of the alleles
containing indels (Fig 1B & D). The SET-2 CRLF2F232C and Jurkat JAKZ and HMGN1 KO
lines each had a two-fold depletion in mRNA expression of the KO gene compared to

the Cas9 control lines (Fig 1E, JAKZ p=0.01; Fig 1F, HMGN1 p=0.048).
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To examine specificity of the CRISPR/Cas9 HMGN1 gRNA, the expression level of
HMGNZ was confirmed to remain the same regardless of HMGN1 KO (Fig S2A). Western
blotting confirmed a 98% reduction of HMGN1 (p=0.009) and an 80% reduction in
JAK2 (p=0.017) protein expression in SET-2 CRLF2232¢ KO lines (Fig 1G-H & S3) and a
60% reduction of HMGN1 and 40% reduction of JAK2 protein expression in Jurkat KO

cells compared to their respective Cas9 control lines.

HMGN1 is necessary for Down Syndrome leukemic cell proliferation and survival
To elucidate the effect of HMGN1 on proliferation rates, a CellTiter-Glo 2.0®
proliferation assay was used to determine the effect of HMGN1 loss of function in SET-
2 CRLF2¥232C and Jurkat cells. gRNA expression was induced at day 0 and luminescence
was measured daily for five days. While the SET-2 CRLF2F232C Cas9 line proliferated
over the five-day period, the JAKZ2 and HMGN1 KO cells halted proliferation post day
three [JAK2: p<0.001; HMGN1: p=0.005 compared to Cas9 control line (Fig 2A)]. This
finding was specific to the SET-2 CRLF2F232C cells as JAKZ and HMGN1 KOs in Jurkat cells
proliferated throughout the five-day period (Fig 2B). These results were replicated

with an alternate set of gRNAs to confirm on target effects (Fig S4).
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Figure 1: Knockouts of JAKZ2 and HMGN1 were generated in SET-2 CRLF2 p.F232C
and Jurkat cell lines by CRISPR/Cas9. JAK2 and HMGN1 KO was confirmed by Sanger
sequencing and electropherograms show mixed trace downstream of the gRNA cut site
(indicated by the dotted line) in JAKZ (A) and HMGN1 (C) compared to the Cas9 control
cell line. Synthego ICE analysis demonstrating sequencing variations and KO score in
JAKZ2 (B) and HMGN1 (D) KO line DNA. Fold change of mRNA production in JAKZ (E)
and HMGN1 (F) KOs in SET-2 CRLFZ2 p.F232C cells normalised to Cas9 control line and
housekeeper -actin gene. Quantification of western blotting using a LiCor Odyssey®
and ImageStudio™ for HMGN1 (G) and JAK2 (H) KOs in SET-2 cells relative to GAPDH
housekeeper protein. All graphs show mean of n=3 with SEM error bars, *p<0.05,

**p<0.01, ***p<0.001 using t-test comparing the gRNA lines to the Cas9 control line.
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Figure 2: Knockouts of JAK2 or HMGN1 result in decreased proliferation and
survival of SET-2 cells expressing CRLFZ2 p.F232C. The fold change in proliferation
of A) SET-2 and B) control Jurkat cells when either JAKZ or HMGN1 gRNA was induced
with doxycycline at day 0 was measured by CellTiter Glo 2.0® and assessed over 5 days.
Absorbance reading measured using a Perkin Elmer Victor X5 luminometer. C) Viable
cells from Aqua LIVE/DEAD™ cell death assay when gRNA was induced at day 0 to day
3 and 6 in SET-2 cells. All graphs represent the mean of biological replicate n=3 with
SEM error bars, *p<0.05, **p<0.01, ***p<0.001 using t-test comparing the gRNA lines

to the Cas9 control line.
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To ascertain whether the HMGN1 KO also induced cell-death, gRNAs were induced in
both cell lines at day 0 and were stained with Aqua LIVE/DEAD™ on day 3 and 6. The
SET-2 CRLF2F232CKO lines demonstrated a 50% reduction in viability by day 6 (p<0.001
compared to Cas9 control, Fig 2C), while the equivalent Jurkat KO cells did not induce

cell death (Fig S2B).

Knockout of HUGN1 in CRLFZ Down Syndrome cells reduces leukemic burden in
vivo

SET-2 CRLF2%232C cells harboring Cas9 only, or the HMGN1 or JAK2Z gRNA, and a
luciferase construct were injected into 6-week old sub-lethally irradiated NSG mice
(Fig 3A). The mice were monitored via bioluminescent imaging for precise
quantification of leukemic burden and response to the KO of JAKZ2 or HMGN1. BM
leukemic engraftment was observed on day 10 with a radiance signal of ~1x10%
p/s/cm?/sr (Fig 3B). Following gRNA induction (day 11), a significant reduction in
tumor burden (Cas9: 8.4x10°+#1.7x10° JAK2: 2.7x10%+8.9x103; HMGN1:
1.5x105+1.7x10%p/s/cm?/sr) was observed in both prone and supine views of the JAK2
and HMGN1 KO mice by day 20 [JAKZ and HMGN1 KO compared to Cas9: prone:

p<0.001; supine: p=0.005 (Fig 3C & S5C) consistent with previous pilot study (Fig S5)].

Cas9 control mice (n=6) were culled at day 35 due to advancing leukemia and
subsequent health deterioration as per experimental protocol. To directly compare the
leukemic burden of the KO and control mice, 3 each of the JAKZ and HMGN1 KO mice
were also culled at day 35. Blood counts from the Cas9, JAKZ and HMGN1 KO mice

indicated similar white blood cell (WBC) counts (p>0.05, Fig 4A), however, the HMGN1
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KO mice had significantly increased platelet counts and hematocrit (HCT) and JAKZ KO
mice demonstrated the same trend (Fig 4B-C, HMGN1 KO platelets: 1503+83 K/uL,
p<0.001; HCT: 38+3.4%, p=0.004; JAKZ KO platelets: 3046+775 K/uL; HCT: 47+6.8%)
compared to Cas9 mice (platelets: 705+43 K/uL, HCT: 22.5%£2%). KO mice also had
reduced spleen weight [(Fig 4D) HMGN1: 51+6 mg, p=0.046; JAK2: 46+2 mg, p=0.019
compared to Cas9: 81+7 mg] and liver weight (Fig 4E). Megakaryoblastic infiltration
was noted in the spleen, liver and BM of Cas9 mice but not in KO mice; these were large
cells with irregular nuclei and high nuclear-cytoplasmic ratio (Fig 4G & S6A). This
correlated with decreased HMGN1 or JAKZ expression in respective organs of KO mice
compared to Cas9 mice as demonstrated by RQ-PCR (Fig 4H-I). Importantly, JAK2 and
HMGN1 KO mice survived 62 and 56 days respectively, as compared to Cas9 control

mice that had to be culled at 35 days. [p=0.0009 (Fig 4F)].

To determine gene editing efficacy in the persisting cells (post day 35), gDNA was
extracted from the GFP+ BM cells of JAKZ and HMGN1 KO mice. Predominantly WT JAKZ
or HMGN1 was detected, along with a non-lethal isoform AJAKZ or AHMGN1 exon 5
present in KO mice demonstrating evidence of gene editing that resulted in outgrowth
of cells harboring functional genes rather than a KO (Fig S6C-E). CRISPR ICE editing
analysis performed on the non-lethal, 69 bp AHMGN1 exon 5, identified only 23%
indels in the population with a KO score of 10 (r?=0.23) in the forward sequence and

7% indels in the reverse with a KO score of 2 [r?=0.07 (Fig S6F-G)].
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Figure 3: Knockout of HMGN1 reduces CRLFZ p.F232C leukemic burden in vivo. A)
Inducible CRISPR/Cas9 xenograft model schematic. B) Bioluminescent imaging of NSG
mice engrafted with SET-2 CRLF2 p.F232C cells with Cas9 vector only, or with a gRNA
targeting JAK2 or HMGN1. Doxycycline was administered on day 11 (dashed line) to
induce KO. Images taken using a Perkin Elmer IVIS Imager and analysed using Living
Image® Software. C) Luminescent data of each mouse as a region of interest (ROI)
shown in radiance, normalised to the background signal ROI and luminescence signal
of cell lines injected. Graph represents median, *p<0.05, **p<0.01, ***p<0.001 using t-

test comparing the KO mice to the Cas9 control mice.
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Figure 4. Knockout of HMGN1 does not alter leukocyte counts, increases
platelets, rescues leukemic phenotype and increases survival outcomes.
Complete blood counts performed on Cas9 control (n=6) and JAKZ (n=2) or HMGN1
(n=3) KO mouse cohorts at Day 35, leukocyte count (A), platelet count (B) and

hematocrit (C). Spleen (D) and liver (E) weights from Cas9, JAK2 KO and HMGN1 KO
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mice at day 35. Values represent mean * SEM. Student’s t-test was used to determine
significance *p<0.05, **p<0.01, ***p<0.001. Note: JAKZ KO mice n=2 due to insufficient
sample. F) Kaplan-Meier survival curve of NSG mice with a JAKZ or HMGN1 KO in SET-
2 CRLF2 p.F232C cells. Cas9 n=6, JAKZ KO n=3, HMGN1 KO n=3. Significance
determined using a log-rank test. Censored mice culled at days 37 and 38 are indicated.
G) Representative H&E staining of BM, spleen and liver sections from Cas9, JAK2 KO
and HMGN1 KO mice. Images analyzed at 40x magnification using CaseViewer
Software. RQ-PCR demonstrating decreased expression of HMGN1 (H) or JAKZ (I) in

HMGN1 or JAK2 KO mice organs compared to Cas9 control mice.
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P2RY8-CRLF2 and HMGN1 contribute to leukemic transformation in DS-ALL

To characterise the leukemic potential of HMGN1 in a CRLFZ altered ALL model,
overexpression constructs of HMGNI1 alone, P2ZRY8-CRLF2 (CRLF2r), WT CRLF2
(CRLF2WT) or CRLF2%232¢ +tHMGN1 were expressed in Ba/F3 cells. CRLF2 and HMGN1
overexpression was confirmed by RQ-PCR (Fig S7B) and surface TSLPR expression by
flow cytometry (Fig S7A). Cells were cultured without IL-3 allowing the driver
potential of each lesion to be assessed. Under these conditions parental Ba/F3 cells,
CRLF2r, CRLF2"T and HMGN1 individually expressing lines were unable to proliferate
(Fig 5A). Importantly, the co-expression of HMGN1 in CRLFZ2r and CRLF2"T lines was
associated with cytokine independent growth and a 1000-fold increase in proliferation
(p<0.001) indicating the addition of HMGN1 is sufficient for leukemic transformation
when CRLF2 is present. Ba/F3 CRLF2F232C cells were also cytokine independent as
previously reported!927, however, the proliferation rate did not change with the co-

expression of HMGN1.

Overexpression of HMGN1 results in upregulation of PZRY8-CRLF2 and cell
signaling pathways

To explore the relationship between CRLFZr, CRLF2232C and HMGN1, Ba/F3 cells
expressing CRLF2 with or without HMGN1 were used. Significantly, CRLFZr+HMGN1
cells resulted in a 7-fold increase in TSLPR [mean fluorescence intensity (MFI) 141 to
7680, p=0.008] compared to cells expressing CRLFZr alone (Fig 5B-C). The co-
expression of HMGN1 with CRLF2WT or CRLF2232¢ cells also resulted in an increasing
trend in TSLPR expression (normalised MFI from 83 to 128 and 200 to 266

respectively, both p>0.05).
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Similarly, RQ-PCR for CRLF2 demonstrated a significant, 5.8-fold increase in CRLFZ2
mRNA  expression in  CRLF2r+HMGN1 cells (p=0.034). Interestingly,
CRLF27232C+ HMGNT1 cells had lower expression of CRLF2 mRNA than CRLF2r+HMGN1
cells (Fig 5D, p=0.028) despite having equivalent TSLPR surface expression (Fig 5B),
indicating HMGN1 may be influencing post translational modifications in addition to
influencing mRNA expression. These results suggest a direct link exists between

HMGN1 and CRLFZr specifically.

In CRLEFZr or CRLF2VT cells, overexpression of HMGN1 resulted in increased levels of
phosphorylated (p)STATS5 (CRLFZr: p<0.001, CRLF2"T: p=0.013), pERK (CRLF2"T &
CRLF2r: p<0.001) and pS6 kinase (CRLF2WT & CRLFZr: p<0.001, Fig 5E-G & S8). A
decrease in H3K9me2 (CRLF2"T: p<0.001) and H3K27me3 (both p<0.01) and increase
in H3K9ac [both p=0.04 (Fig 5H-])] was also observed. The impact of the addition of
HMGN1 was markedly different in the CRLF2F232C cells. While an increase in H3K9ac
(p=0.028) was also noted in CRLF2F232C+ HMGN1 cells, there was no increase in pSTATS,
or pERK, nor was there significant reductions in H3K9me2 or H3K27me3. A significant
decrease in pS6 (p<0.001) was noted in CRLF2F232¢C+ HMGNT1 cells, suggesting that the

addition of HMGN1 to Ba/F3 CRLF2F232C cells impacts different pathways.
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Figure 5: Characterising the signaling profile when HMGN1 is overexpressed in
CRLF2+ Ba/F3 cells. A) Factor independent growth was assessed by CellTiter Glo 2.0®

proliferation assay over 6 days, culturing Ba/F3 cells in media in the absence of IL-3.
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Absorbance reading measured using a Perkin Elmer Victor X5 luminometer. B)
Quantifying the surface expression of TSLPR-APC in Ba/F3 HMGN1 and CRLFZ cell lines
starved of IL-3 for 6 hours via flow cytometry. C) Representative histogram depicting
data displayed in panel B. D) Using RQ-PCR to measure CRLF2 mRNA expression in
Ba/F3 HMGN1 and CRLF2 cell lines starved of IL-3 for 6 hours. RQ values were
determined using housekeeper actin expression and normalised to the parental Ba/F3
control cell line. Phosphorylation levels of STAT5-PE (E), ERK-PE (F), S6 kinase-APC
(G), and methylation of H3K9me2 (H), H3K27me3 (I) and acetylation of H3K9-AF647
(J) of Ba/F3 cell lines expressing CRLFZ2r and/or HMGN1 measured by intracellular
flow cytometry after being starved of IL-3 for 6 hours. All graphs represent the mean
of biological replicate of n=3 with SEM error bars and a Student’s t-test was used
between each Ba/F3 cell line and its corresponding +HMGN1 expressing line to

determine significance, *p<0.05, **p<0.01, ***p<0.001.
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Drug targeting of cells co-expressing PZRY8-CRLF2 and HMGN1 using a
combination of fedratinib and GSK-]J4

Although a targeted inhibitor specific to HMGN1 does not currently exist, decreased
global methylation as a result of HMGN1 can be corrected by GSK-J4 (J4), a demethylase
inhibitor, as demonstrated in a Ba/F3 model*1°. We confirmed a dose dependent
decrease in viability of Ba/F3 cells co-expressing CRLF2+HMGN1 when treated with J4
(Fig 6A). CRLF2r+HMGN1 were the most sensitive (LD50 3.6 pM+0.04,
CRLF2WT+HMGN1 (LDs¢/* 3.7 uM+0.05) and CRLF2¥232¢+ HMGN1 were the least sensitive
(LDso)* 4.4 pM=#0.04). Inhibition of de-methylation influenced signaling, as
demonstrated by a decrease in pSTAT5 and pS6 kinase (p<0.05) and a significant
increase in pERK (p<0.05) when cells were treated with J4 for 2 hours compared to the
vehicle control in all CRLF2+HMGNT1 lines (Fig 6B-D & S9). Interestingly, an increase in
H3K9me2 (p<0.05) was observed in all |4 treated cells (Fig 6E), despite HMGN1 having
no impact on CRLF2F232C methylation (Fig 5H-I). No change was observed in H3K27me3
when comparing to the vehicle control in CRLF2+HMGN1 lines, except for a decrease in

CRLF27232¢+ HMGN1 [p=0.004 (Fig 6F)].

We demonstrated that JAK2 inhibition could influence survival of HMGN1 expressing
cells by using the specific JAK2 inhibitor, fedratinib, in a cell death assay. The
LDsofedratinib jn CRLF2r+HMGN1 cells was 0.58+0.02 uM (Fig 6G) and CRLF2WT+HMGN1
lines was 0.8+0.1 uM. CRLF2F232C+ HMGN1 cells were less sensitive [LDso of 1.6+0.07 uM
(Fig 6G)], but still within the clinically achievable range of 1-3 uM?28. When J4 and
fedratinib were combined, a significant synergistic effect [Combination Index CI

(CI<1)] was observed for all Ba/F3+HMGN1 expressing lines (Fig 6H & Table SIV);
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CRLF2r+HMGN1 (0.3 pM fedratinib+1 pM J4), CRLF2ZWT+HMGN1 (0.6 pM

fedratinib+2.1uM J4) and CRLF2¥232C+ HMGN1 (0.84 uM fedratinib+2.1 uM J4).

CRLF2F232c+ HMGN1 cells exhibited altered phosphorylation of pSTATS5, pERK and pS6
kinase, compared to WT or CRLF2r+HMGNT1 cells, but still increased gene activation
marks H3K9ac (Fig 5E-G & J). To determine the effect of HMGN1 on CRLF2F232C cells,
RQ-PCR was performed on genes downstream of STAT5. CDKN1, MYC, MCL1 and BCLZ2
were significantly increased (3-5-fold) compared to CRLF2F232C cells, whereas this

upregulation was not observed in CRLF2"T or CRLF2r+HMGNT1 lines (Fig 61).
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Figure 6: Effective targeting of Ba/F3 cell lines expressing CRLF2 and HMGN1 with
fedratinib and GSK-J4 combination therapy. The H3K27 demethylase inhibitor GSK-
J4 was assessed for its ability to induce cell death as assessed by AnnexinV/7-AAD over
three days(A). LDso determined using non-linear regression model. Levels of pSTAT5-
PE (B), pERK-PE (C), pS6 kinase-APC (D), H3K9me2-AF647 (E) or H3K27me3-AF647
(F) measured by intracellular flow cytometry in Ba/F3 cells harboring CRLF2 and/or
HMGN]1 after being starved of IL-3 for 6 hours and exposed to 3 uM GSK-J4 for 2 hours.
All graphs represent the mean of biological replicate of n=3 with SEM error bars and a
Student’s t-test was used between each Ba/F3 cell line and its corresponding +HMGN1
expressing line to determine significance, *p<0.05, **p<0.01, ***p<0.001. The effect of
the JAK2 inhibitor, fedratinib (G), or synergistic combinations of fedratinib and GSK-]4
(H) on cell death was assessed by AnnexinV/7-AAD over three days. LDso determined
using non-linear regression model. CalcuSyn used to determine synergistic
combinations where *=CI<1. I) RQ-PCR of STAT5 downstream genes: SOCS1, CDKN1,
GATA3, MYC, MCL1, BCL2 and VEGFA to determine differential mRNA expression
between CRLF2 expressing Ba/F3 cells with the addition of HMGNI. RQ values
determined using housekeeper actin expression and each +HMGN1 line normalised to
the corresponding -HMGN1 control line. Filled bar represent vehicle control, hashed

bars HMGN1 + vehicle and grey bars with GSK-]4.
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Discussion
Genes located in the Down Syndrome critical region of chromosome 21 have been
implicated in the development of ALL in DS patients!18, Here, a CRISPR/Cas9 KO of
HMGNI1 in a trisomy 21 leukemic cell line (SET-2) and xenograft have been generated
to develop a deeper understanding of the role of HMGN1 in DS-ALL development and
progression. To exclude the limitations of CRISPR/Cas9 such as off-target effects29:39,
two sets of gRNAs targeting each gene have been used and characterised in parallel. An
inducible CRISPR/Cas9 system?> allows for the identification of possible driver genes

that may be lethal to the cell if knocked-out.

HMGN1 plays a central role in cell-cycle and transcriptional events3! and here, using
an in vitro HMGN1 KO and control JAKZ KO, the important role of HMGN1 in both
proliferation and survival pathways of trisomy 21 SET-2 CRLF2F?32C cells were
confirmed. While the SET-2 cell line is notan ALL line, it is the only trisomy 21 leukemic
cell line available to model CRLFZ altered DS-ALL. Previous reports have implicated
aberrant HMGN1 expression in the transcriptional dysregulation of over 1000
genes'?22 and increased global transcription, which is hypothesised to enhance
oncogenesis. We hypothesised pre-leukemic, trisomy 21 cells rely on the enhanced
transcription profile provided by the increased dosage of HMGNI1 expressed from
chromosome 21, to prime the cell for leukemic transformation. JAK2 p.V617F is the
core driving mutation in SET-2 cells, and hence KO of JAKZ is expected to arrest cellular
proliferation. Remarkably, the HMGN1 KO in SET-2 CRLF2F232C cells resulted in the

same reduction in proliferation and cell survival in vitro as the JAK2 KO cells. This is
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the first demonstration that HMGN1 can play a driving role in a hematological

malignancy.

In our DS-ALL xenograft model, the Cas9 control mice at day 35 demonstrated
hepatosplenomegaly, thrombocytopenia and anemia, consistent with a phenotype of
DS AMKL and ALL32, JAK2 and HMGN1 KO mice demonstrated a rescued AMKL
phenotype with no hepatosplenomegaly, cytopenia or BM megakaryoblastic
infiltration. SET-2 CRLF2F232C leukemic cells were significantly reduced in the spleen
and BM of JAKZ or HMGN1 KO mice by day 10 post leukemic engraftment, while the
leukemic burden of Cas9 control mice increased until they became moribund at day 35.
Cells that did not incur a KO of JAKZ or HMGN1 in vivo expanded in the BM, as evident
by the late outgrowth, indicating either JAKZ or HMGN1 expression provides a survival
advantage in this system. Importantly, consistent with our in vitro data, HMGN1 KO
resulted in the same proliferative arrest in our xenograft model as the JAKZ KO.
Together, this body of data is the first evidence of HMGN1 driving leukemic cell growth,
suggesting the need for further investigation into its contribution to leukemogenesis

and its potential as a therapeutic target.

Cytokine dependent Pro-B Ba/F3 cells allowed for assessment of HMGN1 gene dosage
effects, as occurs in trisomy 21, in combination with either CRLF2WT, the PZRY8-CRLF2
gene fusion or CRLF2F232C. The PZRY8-CRLFZ gene fusion is not leukemogenic, but
requires additional lesions, such as JAK mutations!333, While overexpression of HMGN1
alone in Ba/F3 cells is also non-transforming, co-expression with the PZRY8-CRLFZ2

gene fusion or CRLF2VT leads to cytokine independence and altered methylation and
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signaling profiles. Previous studies have established the important role of HMGN1 in
transcriptomic activation*1922.34 and we confirm that HMGN1 decreases gene silencing
marks H3K9me2 and H3K27me3and increases activation mark H3K9ac when co-
expressed with CRLFZr and CRLF2"T. This increase in gene activation facilitated by
HMGN1 appears to overcome the need for an additional co-occurring lesion usually

required for PZRY8-CRLFZ to cause leukemic transformation in DS-ALL patients.

Interestingly, previous reports have identified a similar pattern in activation of
constitutive pSTATS5, AKT and pS6 kinase3® signaling when the PZRY8-CRLFZ fusion is
coupled with mutations in JAK21335-38 However, these activated signaling pathways
were not observed in CRLF2F232C+ HMGN]1 cells. CRLF2F232C alone is a highly aggressive
lesion in ALL and is found in approximately 9% of CRLFZ2+ DS-ALL patients1018. [t is
possible that additional leukemic events are unnecessary for cells with this lesion as
there is no evolutionary pressure to develop a secondary lesion in this genomic
subtype, or that HMGN1 is modulating other mechanisms!®, such as directly
upregulating mRNA expression. An increase in expression of CDKN1, MYC, MCL1 and
BCL2 was identified in CRLF2F232C+ HMGN1 cells, indicating possible targetability with

a BET and BCL2 inhibitor which is being trialled in double hit lymphoma#9.

A significant upregulation of CRLFZ mRNA and TSLPR was unique to PZRYS8-
CRLF2+HMGN1 cells, demonstrating the important relationship between HMGN1 and
P2RY8-CRLF2. Further studies are warranted to determine whether HMGN1 is having
a direct nucleosome remodelling effect on the PZRY8 promotor. A previous report has

demonstrated HMGN1 binding to specific gene regulatory elements in promoter
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regions to modulate gene regulation and also interact with transcription factors#!
which we hypothesise to be the case for HMGN1 binding to the PZRY8 promoter. This
could indicate a role for HMGN1 in leukemic development rather than progression.
Recent studies!? have shown that increased HMGN1 expression shifts B-cells towards

a progenitor phenotype, which is required for ALL development.

The involvement of HMGN1 in DS-ALL progression and survival revealed here makes
it an attractive candidate for targeted therapy. We demonstrated the efficacy of the
inhibitor J4 against cells overexpressing HMGN14. J4 is a specific inhibitor of JMJD3 and
UTX?23, both potent demethylases responsible for removing repressive methylation
marks from DNA. HMGN1s role of unravelling silenced chromatin has a similar effect3!
and consequently, cells overexpressing HMGN1 are more sensitive to J4* and result in
a significant reduction pSTATS5 and pS6 signaling which has not previously been

reported.

Furthermore, we observed a synergistic effect between J4 and the JAK2 inhibitor,
fedratinib, in CRLF2+HMGN]1 cells, particularly cells harboring PZRY8-CRLFZ. Recently,
fedratinib was the first new drug approved for the treatment of myelofibrosis in almost
10 years*? which could be another promising agent for CRLFZr ALL patients. Trials for
JAK2 inhibitors to treat CRLFZr patients have been conducted (NCT02723994 and
NCT02420717). By combining fedratinib and J4, a significant synergistic decrease in
leukemic cell viability was observed at much lower concentrations than when either

drug was used alone and needs to be explored further in vivo. Such approaches would
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be invaluable in DS-ALL, where patients are disproportionately affected by toxicities

from chemotherapy?”15.

This study reveals the critical role of HMGN1 in the proliferation and survival of
trisomy 21 CRLF2 expressing cells and provides a novel target for improved
therapeutic outcomes for DS-ALL patients. Specifically, our results indicate the KO of
HMGN1 in a CRLF2 DS leukemia has the ability to terminate leukemic cell proliferation
and provide a survival advantage in our xenograft model. The involvement of HMGN1
in transforming the transcriptomic profile to upregulate CRLFZ and TSLPR is a
significant finding for DS-ALL patients as trisomy 21 predisposes 60% of patients to
develop PZRY8-CRLFZ2 ALL. Interestingly, the combination of fedratinib and J4 was able
to synergistically instigate cell death in cells expressing CRLF2+HMGN1; comprising a
prospective therapeutic approach for DS-ALL patients. Patients with DS-ALL have
extremely poor outcomes and elevated toxicity to chemotherapy, therefore a precision
or genomic subset specific approach is required. As demonstrated by this study, it
would be extremely valuable to develop a targeted small molecule inhibitor to HMGN1

in order to improve survival for this group of high-risk patients.

Methods

Cell lines and maintenance

HEK293T (ATCC, Manassas, VA) cells were maintained in DMEM supplemented with
10% Fetal Calf Serum (FCS). Jurkat and Ba/F3 cells (DSMZ, Braunschweig, Germany)
were maintained in RPMI supplemented with 10% FCS and Ba/F3 cells supplemented

5% WEHI-3B conditioned media as a source of murine IL-343. The trisomy 21 acute
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megakaryoblastic leukemia (AMKL) cell line with JAKZ p.V617F, SET-2 (DSMZ), was
maintained in RPMI supplemented with 20% FCS. All cell line media contained 200 mM
L-Glutamine (SAFC Biosciences), 5000 U/mL penicillin and 5000 pg/mL streptomycin

sulphate.

Constructing the FgH1tUTG gRNA vector

The Benchling gRNA design tool (Biology Software, 2019, https://benchling.com) was

used to design two sets of 20 bp gRNAs targeting exon 5 of HMGN1 or JAKZ (Table SII)
with 5’ Esp3I restriction sites. The FUCas9Cherry and FgH1tUTG plasmids were a gift
from Marco Herold (Addgene, Watertown, MA) (29). FgH1tUTG vector was digested
with Esp31 and rSAP (New England Biolabs (NEB), Notting Hill, VIC) for 1 hour at 37°C.
The complementary gRNAs were phosphorylated at a final concentration of 10 pM
using T4 PNK (NEB), then diluted 1:125 with nuclease free water. Five ng/uL of
FgH1tUTG vector was digested with 0.8 pmol of diluted gRNA and ligated with T4

ligase overnight (NEB) at 4°C.

Site directed mutagenesis

The NEBaseChanger® tool was used to design mutagenesis primers (Table SII) to
create CRLFZ p.F232C. The pRufIRES-WT-CRLFZ2-mCherry vector was used as template
for the mutagenesis reaction, and the Q5 Site Directed Mutagenesis Kit (NEB) was used

according to the manufacturer’s instructions.

Viral Transduction
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Retrovirus or lentivirus was produced by transfecting 1 x 106 HEK293T cells in 5 mL
recipient cell media in a T25 culture flask with 4 pg of the pRUF-IRES-CRLFZ p.F232C
vector, 4 pg of the pEQ-Eco packaging vector and 20 pL lipofectamine (Invitrogen,
Carlsbad, CA) or 5.5 pg of the FuCas9mCherry vector and FgH1tUTG gRNA vector, with
packaging constructs pMD2.G (2.25 pg), pMDL-PRRE (3.375 pg) and pRSV-REV (1.575
ug) with 30 pL lipofectamine respectively. Viral supernatant was harvested 48 hours
post transfection, spun and passed through a 0.45 um filter. Jurkat or SET-2 cells at a
concentration of 5 x 105/mL or Ba/F3 cells at a concentration of 3 x 10>/mL were
centrifuged at 1800rpm for 1 hour with 30 pg/mL polybrene in 4 mL of viral
supernatant in a 6-well plate at room temperature. Cells were washed 24 hours later
and sub-cultured in original media. SET-2 CRLF2 p.F232C and Jurkat cells were sorted
at a concentration of 1 x 107/mL in RPMI and 2% FCS on a BD FACSAria™ for GFP and
mCherry double positive cells and Ba/F3 cells were sorted for GFP and TSLPR at >95%

purity.

Animal Model

Experiments with mice were conducted according to the guidelines of the South
Australian Health and Medical Research Institute animal ethics committee. The pCDH-
EFla-eFFly-eGFP vector was a gift from Irmela Jeremias (Addgene)?4. NOD.Cg-
Prkdcscid]]2rgtmiWijl /Sz] (NSG) mice (The Jackson Laboratory) were treated with 0.1 mg
Baytril in 0.9% sodium chloride per 10 g bodyweight prior to sub-lethal gamma-
irradiation at 200 cGy. SET-2 CRLF2 p.F232C CRISPR/Cas9 cells transduced with
pCDH-EF1a-eFFly-eGFP to express firefly luciferase (3x105 cells) were injected into the

tail vein of NSG mice (Cas9 n=6, HMGN1 KO n=5, JAK2 KO n=4). Mice were injected
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intraperitoneally with 0.2 mL of 30 mg/mL D-Luciferin (BioSynth, Staad, SG) in 1xPBS
prior to 5% isoflurane administration at 2 L/min. Mice were subsequently imaged for
bioluminescence using a Perkin Elmer IVIS imager and analysed using Living-Image®
software by measuring radiance (photons/second/cm2 /steradian) quantified over the
whole animal normalised to the background signal. Tumor engraftment was confirmed
on day 10 when bioluminescent imaging had reached a radiance of ~1x10%
photons/second/cm?/steradian and tumor burden was visible in the bone marrow
(BM). On day 11, 100 pg doxycycline in 0.9% sodium chloride was administered
intraperitoneally to activate the gRNAs for knockout (KO) induction. Leukemic burden
was monitored with ongoing bioluminescent imaging twice weekly. Mice were
maintained on 0.3 mg/mL Baytril supplemented water for the duration of the
experiment. Animals were monitored daily and were euthanized when moribund. A
cardiac bleed and complete blood count were performed and spleen, liver and BM
harvested. Formalin fixed organ sections were stained with hematoxylin and eosin

(H&E).

Genome targeting efficiency assay

SET-2 CRLFZ2 p.F232C and Jurkat cells containing Cas9 and gRNA vectors for JAKZ or
HMGNI1 (Table SI) were exposed to aqueous 1 pg/mL doxycycline hyclate (dox) (Sigma-
Aldrich, St. Louis, MO) for 72 hrs to induce a frameshift mutation. Genomic DNA was
isolated from dox treated cells by phenol chloroform extraction and the targeted exon
of JAK2 or HMGN1 was amplified via PCR using Phusion kit (NEB) using primer
sequences outlined in Table SII. Heteroduplexes were formed by denaturing and re-

annealing the exon amplification PCR product which was digested with T7
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endonuclease (NEB). The resulting products were gel purified using a QIAquick gel
extraction kit (Qiagen, Venlo, NL) and Sanger sequenced. Synthego Performance ICE
Analysis (V2.0. Synthego; 2019) was used to determine the percentage of the
population containing insertion/deletions (indels) with a knockout score above 50

indicating a successful gene knockout.

Western blotting

Total protein lysates from cell lines were prepared in NP40 lysis buffer containing
protease and phosphatase inhibitors (Table SI). Lysates were quantified using the DC
Assay (BioRad, Hercules, CA) and measured on the Perkin Elmer Victor X5
luminometer. Total protein lysates were separated via 4-15% Criterion™ TGX Stain-
Free™ Protein Gel (BioRad) and transferred to PVDF membrane via BioRad TransBlot-
Turbo. Membranes were blocked in Odyssey® Blocking Buffer (Millenium Science,
Mulgrave, VIC) and probed with antibodies purchased from (Cell Signalling
Technologies (CST), Table SIII) compared to Chameleon Duo Marker (Millenium
Science). Membranes were imaged on a Li-Cor Odyssey® CLx Infrared scanner and

quantified using ImageStudio™ software.

Real Time PCR Analysis

RNA was isolated from transduced Ba/F3 cells using TRIzol® (Invitrogen) and cDNA

was synthesised using Quantitect reverse transcriptase (Qiagen). SYBR green reagents

(Qiagen) were used with 10 uM gPCR primers outlined in Table SII.

Proliferation assay
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Jurkat cells were seeded at 390 cells/mL in a 24-well plate and SET-2 cells were seeded
at 12,500 cells/mL in 1 ml in duplicate. On days 0, 2, 4 and 6, 20 pL of CellTiter-Glo
2.0® reagent (Promega, Madison, WI) was added to 20 pL of cell suspension. Following
30 min incubation in the dark, luminescence was measured on a Perkin Elmer Victor

X5 luminometer set to luminescence at 0.1 seconds.

Flow cytometric analysis of Annexin V / 7AAD staining, intracellular staining analysis
Cell death was assessed by seeding Jurkat cells at 8x10* cells/mL and SET-2 cells at
6x10° cells/mL in a 96-well plate with doxycycline and incubated for 6-days. Cells were
then stained with 0.1 pL Aqua LIVE/DEAD™ diluted 1:10 in water (ThermoFisher,
Waltham, MA) and analysed on a FASCanto™ analyser. Ba/F3 cell death was assessed
by seeding at 3.5x10% cells/mL in a 96-well plate with a dose-response of drug (in the
presence of 0.5% IL-3 conditioned supernatant if required) for a 3-day cell death assay.
At 72 hours cells were stained with 0.4 uL. AnnexinV-PE (BD, Franklin Lakes, NJ) and
0.04 pL 7-AAD (ThermoFisher) in 20 uL. HANKS with 1% HEPES and 5% CaClz. Drug
synergy was calculated using CalcuSyn where the combination index (CI) <1 indicated
synergy. Following a 6-hour starvation of Ba/F3 cells were fixed with a final
concentration of 1.6% paraformaldehyde for 10 mins, washed in 1xPBS and then
permeabilised with 80% methanol overnight at -80°C. Cells were then washed in
1xPBS, and subsequently in 1xPBS/1% bovine serum albumin (BSA). Cells were
stained with antibodies outlined in Table SIII and all intracellular staining was carried
out in the dark, on ice, for 60 mins at room temperature in 1xPBS/1% BSA. Cells were
washed in 1xPBS before reading on a BD FACSCanto™ analyser.

Quantification and Statistical Analysis
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GraphPad Prism software Version 8.4.0© (GraphPad Software Inc.) and Flow]o
software version 10.6.1 (Flow]Jo LLC) were used for analyses. All assays were carried
outin triplicate and graphs represent the median value or mean with stand error of the
mean (SEM) error bars as indicated in the figure legends. Unpaired t-test was used to
determine the difference between experimental groups. Kaplan-Meier survival curve
was analysed using log-rank test. Differences were considered statistically significant

when the p-value was <0.05. *p<0.05, **p<0.01, ***p<0.001.

Materials and Correspondence
Additional data and requests for resources should be directed to the lead contact,

Deborah White (deborah.white@sahmri.com). Materials can be obtained via material

transfer agreement from authors’ institutions upon reasonable request to

corresponding authors.
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Supplementary Methods

Cell lines and maintenance

HEK293T (ATCC, Manassas, VA) cells were maintained in DMEM supplemented with
10% Fetal Calf Serum (FCS). Jurkat and Ba/F3 cells (ATCC) were maintained in RPMI
supplemented with 10% FCS and Ba/F3 cells supplemented 5% WEHI-3B conditioned
media as a source of murine IL-343. The trisomy 21 acute megakaryoblastic leukemia
(AMKL) cell line with JAKZ2 p.V617F, SET-2 (ATCC), was maintained in RPMI
supplemented with 20% FCS. All cell line media contained 200 mM L-Glutamine (SAFC
Biosciences), 5000 U/mL penicillin and 5000 pg/mL streptomycin sulphate. All cell
lines were mycoplasma negative according to MycoAlert™ Mycoplasma Detection Kit

(Lonza, Basel, Switzerland).

Constructing the FgH1tUTG gRNA vector

The Benchling gRNA design tool (Biology Software, 2019, https://benchling.com) was

used to design two sets of 20 bp gRNAs targeting exon 5 of HMGN1 or JAKZ (Table SII)
with 5’ Esp3I restriction sites. The FUCas9Cherry and FgH1tUTG plasmids were a gift
from Marco Herold (Addgene) (29). FgH1tUTG vector was digested with Esp3l and
rSAP (New England Biolabs (NEB), Notting Hill, VIC) for 1 hour at 37°C. The
complementary gRNAs were phosphorylated at a final concentration of 10 uM using
T4 PNK (NEB), then diluted 1:125 with nuclease free water. Five ng/uL of FgH1tUTG
vector was digested with 0.8 pmol of diluted gRNA and ligated with T4 ligase overnight

(NEB) at 4°C.

Site directed mutagenesis
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The NEBaseChanger® tool was used to design mutagenesis primers (Table SII) to
create CRLF2 p.F232C. The pRufIRES-WT-CRLFZ2-mCherry vector was used as template
for the mutagenesis reaction, and the Q5 Site Directed Mutagenesis Kit (NEB) was used

according to the manufacturer’s instructions.

Viral Transduction

Retrovirus or lentivirus was produced by transfecting 1 x 106 HEK293T cells in 5 mL
recipient cell media in a T25 culture flask with 4 pg of the pRUF-IRES-CRLFZ p.F232C
vector, 4 pg of the pEQ-Eco packaging vector and 20 pL lipofectamine (Invitrogen,
Carlsbad, CA) or 5.5 pg of the FuCas9mCherry vector and FgH1tUTG gRNA vector, with
packaging constructs pMD2.G (2.25 pg), pMDL-PRRE (3.375 pg) and pRSV-REV (1.575
ug) with 30 pL lipofectamine respectively. Viral supernatant was harvested 48 hours
post transfection, spun and passed through a 0.45 um filter. Jurkat or SET-2 cells at a
concentration of 5 x 105/mL or Ba/F3 cells at a concentration of 3 x 10>/mL were
centrifuged at 1800rpm for 1 hour with 30 pg/mL polybrene in 4 mL of viral
supernatant in a 6-well plate at room temperature. Cells were washed 24 hours later
and sub-cultured in original media. SET-2 CRLF2 p.F232C and Jurkat cells were sorted
at a concentration of 1 x 107/mL in RPMI and 2% FCS on a BD FACSAria™ for GFP and
mCherry double positive cells and Ba/F3 cells were sorted for GFP and TSLPR at >95%

purity.

Genome targeting efficiency assay

SET-2 CRLFZ2 p.F232C and Jurkat cells containing Cas9 and gRNA vectors for JAKZ or

HMGNI1 (Table SI) were exposed to aqueous 1 pg/mL doxycycline hyclate (dox) (Sigma-
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Aldrich, St. Louis, MO) for 72 hrs to induce a frameshift mutation. Genomic DNA was
isolated from dox treated cells by phenol chloroform extraction and the targeted exon
of JAK2 or HMGN1 was amplified via PCR using Phusion kit (NEB) using primer
sequences outlined in Table SII. Heteroduplexes were formed by denaturing and re-
annealing the exon amplification PCR product which was digested with T7
endonuclease (NEB). The resulting products were gel purified using a QIAquick gel
extraction kit (Qiagen, Venlo, NL) and Sanger sequenced. Synthego Performance ICE
Analysis (V2.0. Synthego; 2019) was used to determine the percentage of the
population containing insertion/deletions (indels) with a knockout score above 50

indicating a successful gene knockout.

Western blotting

Total protein lysates from cell lines were prepared in NP40 lysis buffer containing
protease and phosphatase inhibitors (Table SI). Lysates were quantified using the DC
Assay (BioRad, Hercules, CA) and measured on the Perkin Elmer Victor X5
luminometer. Total protein lysates were separated via 4-15% Criterion™ TGX Stain-
Free™ Protein Gel (BioRad) and transferred to PVDF membrane via BioRad TransBlot-
Turbo. Membranes were blocked in Odyssey® Blocking Buffer (Millenium Science,
Mulgrave, VIC) and probed with antibodies purchased from (Cell Signalling
Technologies (CST), Table SIII) compared to Chameleon Duo Marker (Millenium
Science). Membranes were imaged on a Li-Cor Odyssey® CLx Infrared scanner and

quantified using ImageStudio™ software.
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Real Time PCR Analysis

RNA was isolated from transduced Ba/F3 cells using TRIzol® (Invitrogen) and cDNA
was synthesised using Quantitect reverse transcriptase (Qiagen). SYBR green reagents

(Qiagen) were used with 10 uM qPCR primers in Table SII.

Proliferation assay

Jurkat cells were seeded at 390 cells/mL in a 24-well plate and SET-2 cells were seeded
at 12,500 cells/mL in 1 ml in duplicate. On days 0, 2, 4 and 6, 20 pL of CellTiter-Glo
2.0® reagent (Promega, Madison, WI) was added to 20 pL of cell suspension. Following
30 min incubation in the dark, luminescence was measured on a Perkin Elmer Victor

X5 luminometer set to luminescence at 0.1 seconds.

Statistical Analysis

GraphPad Prism software Version 8.4.0© (GraphPad Software Inc.) and Flow]o
software version 10.6.1 (Flow]Jo LLC) were used for analyses. All assays were carried
outin triplicate and graphs represent the median value or mean with stand error of the
mean (SEM) error bars as indicated in the figure legends. Unpaired t-test was used to
determine the difference between experimental groups. Kaplan-Meier survival curve
was analysed using log-rank test. Differences were considered statistically significant

when the p-value was <0.05. *p<0.05, **p<0.01, ***p<0.001.
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Table SI: Materials

Western Blotting Lysis Buffer Reagents

Reagent Concentration
Tris-HCL pH 7.4 10mM
s 137 mM
Glycerol 10%
NP-40 (Igepal™) 1%
B-glycerol phosphate 10 mM
Sodium Vanadate 2mM
Sodium Fluoride > mM
PMSF 2mM
Sodium Pyrophosphate 10mM
Leupeptin 1 pg/mtL
Aprotinin 5 pg/mL

Complete, mini EDTA-free protease inhibitors Cocktail tablet (Roche) 1 per 10 mL

Vectors
FUCas9Cherry Addgene plasmid Cat no: 70182
FgH1tUTG Addgene plasmid Cat no: 70183

pCDH-EF1a-eFFly-eGFP

Addgene plasmid Cat no: 104834

plenti6.2/V5-DEST-HMGN1

DNASU Cat no: 330173

MSCV-P2RY8-CRLF2-GFP This paper
pRUfIRES-CRLF2-F232C-mCherry This paper
pRufIRES-WT-CRLF2-mCherry This paper

Other Reagents

Doxycycline Hyclate

Sigma-Aldrich Cat no: D9891

PCR Phusion Kit

NEB Cat no: EO553L

Q5 Site Directed Mutagenesis Kit

NEB Cat no: E0554

TRIzol

Invitrogen Cat no: 15596026

Quantitect reverse transcriptase

Qiagen # Cat no: 205313

SYBR Green

Qiagen # Cat no: 330503

CellTiter-Glo 2.0®

Promega # Cat No: G9243

T7 endonuclease

NEB Cat no: M0263L

QlAquick gel extraction kit

Qiagen Cat no: 28704

D-Luciferin BioSynth Cat No: L-8220
Esp3l NEB Cat no: RO734L
rSAP NEB Cat no: M0371L
T4 PNK NEB Cat no: M0201L
T4 Ligase NEB Cat no: M0204L

Lipofectamine 2000

Invitrogen Cat no: 11668-019

BioRad DC Assay

BioRad Cat no: 5000111

Odyssey blocking buffer

Millenium Science Cat no: 927-40000
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Table SII: Primer Sequences

Sigma-Aldrich

JAK2 gRNA 5’ -TTTCCTCGTTGGTATTGCAG- 3’
HMGN1 gRNA 5’ -CGGGGAAACGAAGACTGAGG- 3’
JAK2 gRNA 2 5’ -TATCGGCATGGAATATCTCG- 3’
HMGN1 gRNA 2 5’ -AGACTTACCTGCGGAAAACG- 3’
CRLF2 F232CF 5’ —-CTGTCCAAATGTATTTTAATTTCCAGCC- 3’
CRLF2 F232CR 5’ —-CTTTGGTTTGGGAGGCGT- 3’
JAK2 exon 5 F 5’ -TGTATTTGAACTATTTGGAAGC- 3’
JAK2 exon 5R 5’ -AACTGCAATTTTCCCATATG- 3’
HMGN1 exon 5 F 5’ -GCACATTACTTGTCTGACATG- 3’
HMGN1 exon 5R 5’ -TCACTTTGGGATACCGTACA- 3’
CRLF2 qPCR F 5’ -TGGATCACAGACACCCAGAA- 3’
CRLF2 qPCRR 5’ -TCTTGGCCAACTGGACTACC- 3’
HMGN1 qPCR F 5’ -TGCAAACAAAAGGGAAAAGG- 3’
HMGN1 qPCRR 5’ —-CATCAGAGGCTGGACTCTCC- 3’
mVEGFA_qPCR_F 5’ —-AGCACAGCAGATGTGAATGC- 3’
mVEGFA_qPCR_R 5% =“PTTCTTGCGECTTTCGTTTTT-: 37
mBCL2_qPCR_F 5’ -AAGCTGTCACAGAGGGGCTA- 3’
mBCL2_gPCR_R 5’ -CAGGCTGGAAGGAGAAGATG- 3’
mMCL1_qPCR_F 5’ -GCTCCGGAAACTGGACATTA- 3’
mMCL1_qPCR_R 5’ -CCCAGTTTGTTACGCCATCT- 3’
mMYC_qPCR_F 5’ -CCAGATCCCTGAATTGGAAA- 3’
mMYC_qPCR_R 5’ -TCGTCTGCTTGAATGGACAG- 3’
mMGATA3_qPCR_F 5’ -CTTATCAAGCCCAAGCGAAG- 3’
mGATA3_qPCR_R 5’ -CATTAGCGTTCCTCCTCCAG- 3’
mCDKN1A_qPCR_F 5’ -CGGTGGAACTTTGACTTCGT- 3’
mCDKN1A_qPCR_R 5’ -CAGGGCAGAGGAAGTACTGG- 3’
mSOCS1_qPCR_F 5’ -CCTCCTCGTCCTCGTCTTC- 3’
mSOCS1_qPCR_R 5’ -AAGGTGCGGAAGTGAGTGTC- 3’
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Table Slli: Antibodies List

Protein Conjugate Manufacturer

pSTATS Millipore # 05-495
STATS CST # 94205s

HMGN1 CST # 5692

JAK2 CST # 3230s

GAPDH CST # 14C10

pERK CST # 9106

ERK CST #9102
donkey-anti-rabbit-IRDye 680LT Li-Cor # 926-68023
donkey-anti-mouse-IRDye 800CW Li-Cor # 926-32212
TSLPR APC Invitrogen # 17-5499-41
1gG2a APC Invitrogen # 17-4724-81
1gG2a PE BD # 556653

1gG1 APC BD # 551019

1gG XP AF647 CST # 2985

pSTATS PE BD # 612567

pERK PE BD # 612566

pS6 kinase APC CST # 665426

pJAK2 AF647 Abcam # ab200340
Total H3 AF647 CST # 12230

H3K9ac AF647 CST # 4484

H3K27me3 AF647 CST # 12158

H3K9me2 AF647 CST # 66070

Annexin V PE BD # 556421

7-AAD ThermoFisher # A1310

Aqua LIVE/DEAD™

ThermoFisher # L34957
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Supplementary Figure 1: Generation of a SET-2 CRLF2 p.F232C CRISPR/Cas9 cell
line model. A) surface Expression of TSLPR in SET-2 cells and SET-2 cells transduced
with the CRLF2 p.F232C mutation measured by flow cytometry. B) SET-2 CRLFZ2
p.F232C or Jurkat (C) cells were transduced with the FuCas9mCherry vector and
FgH1tUTG gRNA encoding GFP and gRNAs targeting JAKZ or HMGN]1. Cells were sorted

using the FACSAria™ cells expressing both mCherry and GFP.
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A B
HMGN2 expression in HUGN1 knockout lines
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o
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Supplementary Figure 2: Confirming on target effects of HMGN1 gRNA in SET-2
and Jurkat knockout cells by screening HMGNZ2 expression. A) RQ-PCR used to
measure HMGNZ expression in SET-2 CRLF2 p.F232C HMGN1 KO and Jurkat HMGN1
KO cells compared to their respective Cas9 control cells. RQ values determined using
housekeeper actin expression and normalised to the Cas9 control cell lines. B) Viable
cells from Aqua LIVE/DEAD™ cell death assay when gRNA was induced at day 0 to day
3 and 6 in Jurkat cells. All graphs represent the mean of biological replicate n=3 with

SEM error bars, *p<0.05, **p<0.01, ***p<0.001 using t-test comparing the gRNA lines

to the Cas9 control line.
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Supplementary Figure 3: Immunoblotting confirms reduced protein expression

of JAK2 or HMGN1 following either JAKZ and HMGN1 knockout in SET-2 CRLF2

p-F232C and Jurkat cell lines. Western blotting for total JAK2 and HMGN1 KOs in SET-

2 CRLF2 p.F232C and Jurkat cells compared to GAPDH housekeeper protein. Western

blots imaged on a LiCor Odyssey® are representative of biological replicate n=3.
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Supplementary Figure 4: Assessing protein expression and proliferation of JAK2
and HMGN1 knockouts in SET-2 CRLF2 p.F232C and Jurkat cell lines using a
second gRNA to confirm specificity, efficacy and targeted effects of gRNA. A)
Western blotting using a LiCor Odyssey® and ImageStudio™ software for total JAK2
and HMGN1 KOs in SET-2 and Jurkat cells compared to GAPDH housekeeper protein
and relative to another two gene knockout lines, DYRK1A and ERG. Western blots are
representative of biological replicate n=3. Highlighted box indicates relevant KO line

™

for each protein probed for. B) Quantification of western blotting using ImageStudio
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for JAK2 and HMGN1 KOs in SET-2 cells relative to GAPDH housekeeper protein. All
graphs show mean of n=3 with SEM error bars. The fold change in proliferation of SET-
2 (C) and control Jurkat cells (D) when a second JAK2 or HMGN1 gRNA was induced
with doxycycline over 120 hours. Absorbance reading measured using a Perkin Elmer

Victor X5 luminometer.
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Supplementary Figure 5: Pilot Study to assess in vivo HMGN1 knockout in SET-2
CRLF2 p.F232C cells. A) Bioluminescent Imaging of NSG mice engrafted with SET-2
CRLF2 p.F232C cells with Cas9 only, or witha HMGN1 gRNA. Doxycycline administered

on day 11 to induce KO. Images captured using a Perkin Elmer IVIS Imager and Living

75



Chapter 2: HMGN1 is necessary for leukemic cell transformation and proliferation in CRLF2 related

Down Syndrome leukemia
Image® software. * indicates images taken on day 16. B) Luminescent data normalised
to the background signal. t-test used to calculate significance. Day 13 prone: p=0.001,
supine: p=0.011, day 17: prone and supine: p=0.009, day 20 prone: p=0.005, supine:
p=0.02.JAK2 KO data not plotted due to non-significant number of mice remaining after
day 12. C) Prone view BLI quantification of experimental study normalised to
background signal and luminescence signal of cell lines injected. Graph represents
median, *p<0.05, **p<0.01, ***p<0.001 using t-test comparing the KO mice to the Cas9

control mice.
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Supplementary Figure 6: Analysis of HMGN1 CRISPR/Cas9 gene editing from
HMGN1 KO mouse organs. A) Spleens harvested from Cas9 control mice demonstrate
white megakaryoblast growths, whereas JAK2 or HMGN1 KO mice spleens have a small
appearance at day 35. B) Bioluminescent Imaging indicates a non-lethal knockout

isoform of HMGN1 results in outgrowth of leukemic cells in BM of HMGN1 knockout
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mice at 27 days post engraftment. C) HMGN1 was amplified from gDNA extracted from
mouse organ harvested cells harvested at day 52 and 56 via PCR and electrophorized
on an agarose gel. The product was denatured and reannealed and mismatched DNA
was digested with T7 endonuclease to reveal indels. Sanger sequencing of WT HMGN1
300 bp band (D) and HMGN1 with 69 bp deletion (E). Synthego ICE analysis used to
determine the KO score and percentage of indels in the forwards (F) and reverse (G)

sequence of HMGN1 A 69 bp.
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Supplementary Figure 7: Confirming overexpression of HMGN1 in transduced
Ba/F3 cells. A) HMGN1 overexpression in Ba/F3 cells increase HMGN1 mRNA
expression. RQ values determined using housekeeper actin expression and normalised
to the parental Ba/F3 control cell line. Graph represents the mean of biological
replicate of n=3 with SEM error bars. *p<0.05, **p<0.01, **p<0.001 using t-test
comparing the -HMGN]1 line to the +HMGN1 line. B) Measuring the surface expression
of TSLPR in transduced Ba/F3 cell lines via flow cytometry. Histogram represents

biological replicate of n=3.
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Supplementary Figure 8: Characterising signaling profiles of Ba/F3 cells with
CRLF2 * HMGN1. Ba/F3 cells were starved of IL-3 for six hours to determine effect of
HMGN1 expression on signaling pathways. pSTATS5, pERK, pS6 kinase, H3KO9ac,
H3K9me2 and H3K27me3 were measured by intracellular flow cytometry. WT CRLF2

(A), CRLF2r (B) and CRLFZ2F23z2¢ (C). Representative histograms from biological

replicate of n=3.
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Supplementary Figure 9: Profiling signaling changes in Ba/F3 cells with CRLF2 *
HMGN1, with or without GSK-]J4 treatment. Ba/F3 cells were starved of IL-3 for six

hours to determine effect of HMGNI1 expression and/or 2-hour GSK-J4 treatment.
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pSTATS, pERK, pS6 kinase, H3K9ac, H3K9me2 and H3K27me3 were measured by
intracellular flow cytometry. WT CRLFZ2 (A), CRLFZr (B) and CRLF2F?32C (C).

Representative histograms from biological replicate of n=3.
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Table SIV: Synergistic combinations of fedratinib and GSK-J4

fedratinib 0.3 0.3 0.6 0.6 0.84 0.84 0.3 0.6 0.84
J4 1 2.1 1 2.1 1 2.1 3 3 3
HMGN1 0.839 0749 1081 0936 1089 0530  0.634  0.660  0.619
WT CRLF2
Al 1016  0.845 1224 0977 1237 0678 0742  0.918  0.409
e 0782 0378 0578  0.487  0.653 0782  0.625  0.837 1.258

CRLTZPIZSZC 0789 0.882 1.208 1.113 1.316 0.963 1.021 0952  0.273

Supplementary Table IV: Synergistic combinations of fedratinib and GSK-J4 on Ba/F3
HMGN1 and CRLFZ2 cell lines were identified using CalcuSyn where Cl<1. Synergistic
concentrations are highlighted in bold text; red text indicates synergistic concentration

at LDso.
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Abstract

Gene fusions are an integral part of acute lymphoblastic leukemia (ALL) pathogenesis
and have allowed for risk-stratified subtypes to be identified. CRISPR/Cas9 presents
the opportunity to model ALL gene fusions endogenously rather than overexpressing
them in a cell-line. We efficiently generate a 320 KB deletion in the pseudoautosomal
region of the X/Y chromosome in leukemic cells resulting in the purinergic receptor
and cytokine receptor-like factor-2 (PZRY8-CRLFZ2) gene fusion found in 60% of Down
Syndrome (DS) ALL patients. CRISPR/Cas9 generated PZRY8-CRLFZ cells exhibit
increased proliferation, thymic stromal lymphopoietin receptor expression and
JAK/STAT signaling consistent with patient PZRY8-CRLFZ cells. We use this model to
investigate potential oncogenes cooperating with PZRY8-CRLF2 in DS-ALL such as the
high mobility group nucleosome binding-protein 1 (HMGN1) and validate HMGN1 as a
potential predisposing factor to PZRY8-CRLF2 development. Using CRISPR/Cas9 to
model gene fusions provides valuable insight into their functions and a clinically

relevant tool for further studies.
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Introduction

The genome engineering system CRISPR/Cas9' 2 has delivered the potential to create
permanent, precise changes in a living cell, with reduced off target effects compared to
RNA interference (RNAi)3. CRISPR/Cas9 has the potential to revolutionise
personalised medicine with the ability to model individual patient mutations or gene
rearrangements in vitro or in vivo. This application can result in physiological level of
fusion gene expression for precise study and drug testing. Currently, acute
lymphoblastic leukemia (ALL) modelling relies on the use of viral expression vectors
which risks insertional mutagenesis, and also elicits a host immune response in the cell
line, which can unintentionally change the expression patterns of other genes in the
cell*. Modelling loss of function tumor suppressors or gain of function oncogenes is
fundamental to studying cancer, and CRISPR/Cas9 has streamlined this process with
higher efficacy than technologies including zinc finger nucleases and transcription-
activator-like effector nucleases3 5. Although many groups®-¢ have used CRISPR/Cas9
to create or reverse interchromosomal translocations, or CRISPR directed
mutagenesis? 10 to model gene variants, including the chronic myeloid leukemia gene
fusion, BCR-ABL1'1, or to induce the p.T315I mutation!?, this technology has only
recently been applied to acute myeloid leukemia (AML) gene fusions and
translocations, but not acute lymphoblastic leukemia (ALL). A lentiviral CRISPR/Cas9
approach was used to induce the ALL MLL-AF9 fusion gene to demonstrate its role in
tumorigenesis!3 which was previously modelled using TALENs!4, establishing the

benefit of modelling leukemic fusion genes to inform disease outcome.
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ALL is frequently characterised by gene fusions resulting in upregulated cell
signaling!®. A particular gene fusion found in 5-16% of ALL patients'6-18 occurs when a
320 KB deletion in the pseudoautosomal region (PAR1) of the X or Y chromosome
arises, resulting in the coding sequence of cytokine receptor like factor 2 (CRLF2) being
placed downstream of the first non-coding exon of the purinergic receptor (PZRY8)1°.
This generates the P2ZRY8-CRLF2 gene fusion which allows CRLF2 to heterodimerise
with IL-7Ra and results in the thymic stromal lymphopoietin receptor (TSLPR) and
upregulated cell signaling’>. The P2RY8-CRLFZ fusion is not alone sufficient for
leukemic transformation and frequently co-occurs with mutations in Janus kinase 2
(JAK2)6. P2RY8-CRLF2 is abundant among Down Syndrome (DS) ALL patients with a
frequency of ~60%?18 20,21, Patients with CRLFZ alterations are high risk and there are
no effective targeted therapies for this cohort?2. Currently, there are no cell lines
endogenously expressing the P2ZRY8-CRLFZ fusion to investigate the subtype and use
for pre-clinical drug testing. Creating the P2ZRY8-CRLFZ fusion endogenously allows for
the exploration of the genomic landscape to determine predisposing factors or

cooperating genes involved in leukemogenesis.

Recently, we identified the high mobility group nucleosome binding domain containing
1 (HMGN1) protein to cooperate with the PZRY8-CRLFZ gene fusion to cause leukemic
transformation in Ba/F3 cells. HMGN1 is a nucleosome remodelling protein expressed
in haematopoietic cells, encoded on chromosome 21, and therefore, overexpressed in
Down Syndrome patients?3. The use of CRISPR/Cas9 to create the PZRY8-CRLFZ gene
fusion will allow for further investigation into HMGN1 to determine whether it could

be predisposing DS patients to develop PZRY8-CRLF2 ALL.
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We hypothesise a physiological expression level of the P2ZRY8-CRLFZ2 fusion can be
generated using CRISPR/Cas9 which will create a novel platform to investigate new
aspects of CRLFZ rearranged ALL compared to viral overexpression. We report efficient
generation and screening of the PZRY8-CRLFZ fusion using CRISPR/Cas9 in an ALL cell
line and the use of this platform to identify HMGN1 as a predisposing factor to increase

the probability of P2ZRY8-CRLFZ2 generation.

Results
A 320 KB CRISPR/Cas9 deletion generates cells expressing the P2ZRY8-CRLF2

fusion

The P2RY8-CRLF2 fusion frequently occurs with a consistent breakpoint in ALL
patients, with an increased prevalence in DS-ALL patients?é, In all cases, the first non-
coding exon of PZRY8 is juxtaposed to the first exon of CRLFZ, leaving the entire coding
sequence of CRLFZ intact?4. Currently, there is no human ALL cell line model harboring
P2RY8-CRLF2. Two sets of gRNAs were designed targeting the first intron of PZRY8 and
either upstream of CRLFZ exon 1 (pre-CRLFZ) or the 5'UTR (CRLF2Z UTR) with
reported!® cryptic splice site intact upstream of the CRLF2 start codon (Fig 1). Cas9-
mCherry and gRNA-GFP constructs were transduced into the ALL Jurkat cell line with
high efficiency (Fig 2A) and sorted for two pure populations for cells harboring either
P2RY8 and pre-CRLFZ gRNAs or P2ZRY8 and CRLF2 UTR gRNAs. Jurkat cells are a human
T-ALL cell line with a fast doubling time of 25 hrs suitable for viral transduction and

developing clonal lines from a single cell. Jurkat cells from both pre-CRLF2 and CRLFZ2
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UTR populations were activated with doxycycline for 72 hrs to induce the PZRYS-
CRLF?2 fusion resulting in increased CRLF2 expression and cells were single cell sorted

for the CRLF2/IL-7Ra heterodimer (TSLPR) as outlined in figure 2B.
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Figure 1: CRISPR/Cas9 gRNA design to create P2ZRY8-CRLF2. gRNAs designed using

Benchling targeting the intron after the first non-coding exon of PZRY8 and either the
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DNA region upstream of CRLFZ or the CRLFZ 5’ UTR to create the PZRY8-CRLFZ2
breakpoint found in patients. Primers and gRNAs are shown, and reported splice sites

are depicted in lime green.
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Breakpoint PCR from genomic DNA (gDNA) confirmed the presence of the PZRYS-
CRLF?2 fusion in a polyclonal pool and single cell clones of CRISPR/Cas9 edited TSLPR+
cells with distinct isoforms present in the pre-CRLFZ cells compared to the CRLFZ UTR
cells (Fig 3A). The CRLFZ UTR isoform was comparable in size to Ba/F3 cells
overexpressing the PZRY8-CRLFZ fusion originating from patient cDNA(Fig S1A), while
the pre-CRLFZ isoform was ~200 bp larger, consistent with the gRNA target sites. Both
isoforms observed have been identified in patient samples (Table SI), however, the
CRLF2 UTR isoform is most prevalent. Negative control cell line gDNA without CRLFZ2
rearrangements (Jurkat Cas9, Ba/F3 and SET-2) and a cell line with an IGH-CRLFZ2

rearrangement (MUTZ5) were also used (Fig S1A).

To characterize the difference in breakpoint between the two different isoforms
detected, gDNA and cDNA breakpoint PCRs were sequenced. The CRLFZ UTR pool of
cells and clonal lines resulted in the same sized PCR product regardless of DNA
template used as the first exon of PZRY8 was juxtaposed to the first exon of CRLFZ and
therefore, no intron sequence was included in the gene fusion (Fig 3C-D). Sequencing
identified only 4 bp present between the first PZRY8 exon and the beginning of the
CRLF2 coding sequence in the UTR pool and clones, the same canonical breakpoint
identified in patients!® (Fig 3B-D). The pre-CRLFZ cDNA PCR product resulted in two
isoforms of which sequencing identified 6 different breakpoints (Fig S2),
predominantly with either intron retention either side of the gRNAs, or a 55 bp
insertion at the cut site of the PZRY8 gRNA resulting in a larger product (Fig 3E). The
smaller pre-CRLF2 cDNA product resulted in a band the same size as the CRLFZ UTR

isoform which contained a partial 5’UTR sequence of CRLFZ (Fig 3F). Importantly,
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mutations in the splice site and within the first 20 bp from the CRLFZ2 start site
frequently occurred in the pre-CRLFZ population (Fig S2), however, the sequence was

conserved in the CRLF2 UTR population.
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Figure 2: Experimental strategy to create the PZRY8-CRLF2 fusion using
CRISPR/Cas9. A) Transduction of the Cas9-mCherry and gRNA-GFP constructs into
Jurkat cells sorted for dual mCherry/GFP + populations of either P2ZRY8 +pre-CRLF2
gRNA or P2RY8 + CRLF2 UTR gRNA. B) Schematic for creating PZRY8-CRLFZ by sorting

CRISPR/Cas9 edited cells to select for TSLPR+ cells harboring PZRY8-CRLF2.
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Figure 3: Generating PZRY8-CRLF2 expressing cells. PCR amplification from gDNA

(A) and cDNA (B) of the PZRY8-CRLFZ breakpoint in a pool and single cell clones of

Jurkat CRISPR/Cas9 edited PZRY8-CRLFZ cells. Sanger sequencing of pooled

populations of Jurkat CRISPR/Cas9 edited CRLF2 UTR cells (C-D) or pre-CRLF2 cells

(E-F).

99



Chapter 3: Unique modelling of P2ZRY8-CRLFE2 using CRISPR/Cas9 reveals HMGN1 as a predisposing

factor in Down Syndrome Acute Lymphoblastic Leukemia
CRISPR/Cas9 edited PZ2RY8-CRLF2 clones increase TSLPR, proliferation and

JAK/STAT signaling

Successful generation of the PZRY8-CRLF2 in a pool of CRISPR/Cas9 edited cells
allowed TSLPR+ cells to be seeded as single cells to generate clonal populations for
further investigation (Fig 2B). Twelve clones from each of the pre-CRLF2 and CRLFZ2
UTR populations were screened for surface levels of TSLPR (Fig 4A-C). Pre-CRLF2
clones expressed TSLPR at low levels (MFI: 510 * 94), while CRLF2 UTR clones had
significantly higher TSLPR expression (MFI: 35,902 + 2,638) (p<0.001). gDNA PZRYS-
CRLFZ2 breakpoint PCR from clonal populations revealed 33% of TSLPR+ pre-CRLF2
clones harbored the PZRY8-CRLFZ fusion compared to 100% of TSLPR+ CRLFZ UTR
clones (Fig S1B), indicating the CRLF2 UTR gRNA was more efficient and resulted in a

product more functionally similar to CRLF2 ALL patient cells.

To confirm all fusions were functional and resulted in increased CRLFZ expression,
gRT-PCR was used to assess mRNA expression. Similar to the surface expression of
TSLPR in each population, the CRLFZ UTR populations had significantly higher
expression of CRLF2 compared to the pre-CRLFZ populations (pre-CRLFZ RQ: 47 + 10;
CRLF2UTRRQ: 4.8x107 + 1.3x107 p<0.001) (Fig 4D), demonstrating this fusion isoform
is more active than the fusion produced from pre-CRLF2 cells, possibly due to the
retention of CRLF2 enhancer elements rather than relying on the P2ZRY8 promoter in

pre-CRLF2 cells.
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The downstream effects from the PZRY8-CRLF2 fusion were then assessed to
determine if the CRISPR/Cas9 generated fusion exhibited the same signaling and
proliferation changes as normally observed in ALL patients. A CellTiter-Glo 2.0® Assay
was used to measure the proliferation rate of Jurkat cells with P2ZRY8-CRLFZ2 compared
to Cas9 control cells over a period of 6 days. The pre-CRLFZ pool of cells proliferated at
the same rate as the Cas9 control cells, however, the CRLF2 UTR pool of cells grew at a
significantly more rapid rate, 7-fold higher than Cas9 control cells (Fig 4E) (p<0.001
comparing to Cas9 control cells at day 4). This result was the same for the clonal
populations, with the CRLF2 UTR clones proliferating at a 7-fold higher rate than the
pre-CRLF2 clones (CRLF2 UTR #1: p=0.005; CRLF2 UTR #7: p=0.015 compared to Cas9

control cells at day 4) (Fig 4F).

The activation of JAK/STAT, PI3K and Ras signaling pathways were investigated to
determine if the CRISPR/Cas9 generated PZRY8-CRLFZ cells were able to activate
JAK/STAT signaling as observed in patients with CRLFZ2 rearranged ALL. The CRLFZ2
UTR clones exhibited significantly increased phosphorylation (p) of STAT5 with an MFI
of 2500 compared to Cas9 control cells MFI of 250 (Fig 4G; p<0.001). This increase in
pSTATS is consistent with Ba/F3 cells expressing P2ZRY8-CRLF2 from an expression
vector encoding a patient fusion transcript (Fig S3). An upregulation of pERK from a
MFTI of 690 in Cas9 control cells to 2300 (Fig 4H) and downregulation of pSé6 kinase
from an MFI of 9500 in Cas9 control cells to 450 (p<0.001, Fig 41) were also observed
in both CRLF2 UTR clones, once again consistent with Ba/F3 PZRY8-CRLFZ cells. These
results suggest cells harboring the CRISPR/Cas9 PZRY8-CRLFZ gene fusion have

proliferation and signaling characteristics that are equivalent to those seen in patients.
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The pre-CRLFZ2 clones, however, displayed different signaling patterns to one another
and the CRLF2 UTR clones. Pre-CRLF2 #6 displayed similar signaling patterns to the
CRLF2 UTR clones and sequencing of this clone demonstrated a normal ATG start
codon. The pre-CRLFZ #11 displayed a much lower level of activation of pSTAT5 with
an MFI of 390 (p<0.001). It was also the only clone to demonstrate an increase in pS6
kinase with an MFI of 23,500 (p<0.001) and no change in pERK (Fig S4). Sequencing of
this clone indicated a 1 bp deletion 8 bp upstream of the CRLFZ start codon, therefore
these signaling changes may be due to a non-functional or shorter PZRY8-CRLFZ2

transcript.
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Figure 4: Evaluation of functional changes in CRISPR/Cas9 edited PZRY8-CRLF2
cells. A-C) TSLPR expression of single cell clones of Jurkat CRISPR/Cas9 edited PZRYS-
CRLF2 cells measured by flow cytometry. D) Using qRT-PCR to measure CRLFZ mRNA
expression in Jurkat CRISPR/Cas9 edited PZRY8-CRLFZ cell lines. RQ values
determined using housekeeper actin expression and normalised to the parental Jurkat
Cas9 control cells. The fold change in proliferation of Jurkat CRISPR/Cas9 edited
P2RY8-CRLF2 cells (E) or single cell clones (F) measured over a period of 6 days.

Phosphorylation levels of STAT5 (G), ERK (H), S6 kinase (I) of Jurkat CRISPR/Cas9
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edited PZRY8-CRLFZ cells measured by flow cytometry. All graphs represent the mean
of biological replicate of n=3 with SEM error bars and a student’s t-test was used
between each PZRY8-CRLFZ cell line comparing to control Jurkat Cas9 cells to

determine significance, *p<0.05, **p<0.01, ***p<0.001.
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High expression of HUGN1 increases efficacy of PZRY8-CRLFZ2 fusion generation

As an example of how this system can be used to validate candidate predisposing
factors for the development of PZRY8-CRLF2, the nucleosome remodelling protein
HMGN1 encoded on chromosome 21 has been investigated. HMGN1 was virally
expressed at a low level to recapitulate a trisomy expression level in Jurkat cells
harboring Cas9 and gRNAs targeting PZRY8 and CRLFZ as previously described. After
72 hours of HMGN1 expression, cells expressed HMGN1 1.8-fold higher than Cas9
control cells confirmed by qRT-PCR (Fig S5A), similar to a trisomy expression level.
The gRNAs were subsequently activated in Jurkat cells. Another 72 hours post gRNA
induction, the cells were stained for TSLPR. Cell populations with increased HMGN1
expression upregulated TSLPR on the cells surface in both the pre-CRLFZ2 cells from
0.45 to 0.71 with HMGN1 expression (p=0.003) and CRLF2 UTR cells from 0.3 to 0.5
with HMGN1 expression (p=0.034, Fig 5A). This indicates the effect of HMGN1 could be
assisting in the repair of the Cas9 mediated double stranded DNA breaks to resultin a

productive PZRY8-CRLFZ2 gene fusion.

TSLPR+ cells were sorted to create a pure population of high TSLPR expressing cells.
Co-expressing HMGN1 and pre-CRLFZ cells resulted in a 50% increase in TSLPR+ cells
sorted compared to pre-CRLFZ cells without HMGN1 expression. Co-expressing HMGN1
and CRLFZ UTR cells resulted in a 130% increase in TSLPR+ cells sorted compared to
CRLF2 UTR cells without HMGN1 expression (Fig S5B), therefore HMGN1 expression
promotes PZRY8-CRLF2 formation. An increase in CRLFZ mRNA expression was

identified in P2ZRY8-CRLFZ2 cells expressing HMGN1 (Fig 5B, p=0.019). Interestingly, no
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difference in proliferation was observed between PZRY8-CRLFZ cells with or without

HMGN]1 expression, despite the increase in CRLFZ2 and TSLPR (Fig 5C).
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Figure 5: HMGN1 expression facilitates repair and creation of P2ZRY8-CRLF2. A)
Jurkat cells with or without HMGN1 expression were stained with TSLPR for flow
cytometry after three days of gRNA induction to assess the efficiency of PZRY8-CRLF2
generation. B) Using qRT-PCR to measure CRLFZ mRNA expression in Jurkat
CRISPR/Cas9 edited P2ZRY8-CRLFZ cell lines. RQ values determined using housekeeper
actin expression and normalised to the parental Jurkat Cas9 control cells. The fold
change in proliferation of Jurkat CRISPR/Cas9 edited PZRY8-CRLFZ cells. C) The fold
change in proliferation of Jurkat CRISPR/Cas9 edited PZRY8-CRLFZ cells measured
over a period of 6 days. Graphs represents the mean of biological replicate of n=3 with
SEM error bars and a student’s t-test was used between each PZRY8-CRLFZ cell line

comparing to control Jurkat Cas9 cells to determine significance, *p<0.05, **p<0.01.
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The HMGN1 expressing cells P2RY8-CRLFZ2 breakpoints were sequenced from the pure
TSLPR+ populations. gDNA breakpoint PCR identified the same sized band from pre-
CRLF2 cells and HMGN1 pre-CRLF2 cells. However, when comparing cells
overexpressing HMGN1 in the CRLF2 UTR population, a different isoform of 280 bp was
revealed compared to the CRLF2 UTR only 100 bp isoform (Fig 6A). Sanger sequencing
revealed a new breakpoint in the 280 bp HMGN1 CRLF2 UTR product with PZRY8
intron retention upstream of the PZRY8 gRNA, which has been identified in patients,
compared to only 4 bp of intron present in the CRLF2 UTR only cells, however both
populations resulted in the same PZRY8-CRLFZ transcript produced once splicing

occurred (Fig 6C-D).

Cas9 gene editing activity was quantified with or without HMGN1 expression using a
T7 endonuclease assay to reveal heteroduplexes present in the purified PCR product.
The pre-CRLF2 or CRLF2 UTR only lines resulted in only one isoform after T7
endonuclease digestion, whereas the co-expressing HMGN1 lines resulted in increased
gene editing with three bands present in each population (Fig 6B). This demonstrates
HMGN1 expression could influence the development of PZRY8-CRLFZ via increased
gene editing and cellular repair activity. Increased isoforms due to outgrowth of clones
has been excluded due to the same proliferation rates observed between the PZRYS8-

CRLF2 and co-expressing HMGN1 lines previously demonstrated.

To determine the effect of HMGN1 on cell signalling, phosphoflow was once again used

to assess phosphorylation levels of STAT5, AKT and ERK. Interestingly, a stepwise

increase in phosphorylation of all three proteins was observed from the Cas9 control
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cells, to CRLF2 UTR cells, to CRLF2 UTR + HMGNT1 cells. (Fig 7A-C, all p<0.001). As
HMGN1 is a demethylase protein, the acetylation of H3K9 and trimethylation of H3K27
were also assessed. No change in gene activation was identified (Fig 7D), however,
once again, a stepwise decrease in H3K27me3 was identified from Cas9 control cells to
CRLF2 UTR cells (Fig 7E, p<0.001) and then a further reduction in CRLFZ UTR + HMGN1
cells (p=0.003). This reduction in H3K27me3 indicated genes that were previously
silenced have become active in this line. To screen for gene activation downstream of
the main signalling pathway, pSTATS5, qRT-PCR was used. Interestingly, a higher
expression level of BCLZ, CDKN1 and particularly MCL1 and MYC was identified in cells
co-expressing HMGN1 and PZRY8-CRLFZ compared to Cas9 control cells (Fig 7F). A
decrease in GATA3 expression was also observed, indicating a shift in T-cell

differentiation.
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Figure 6: Characterising breakpoints of HUGN1 expressing PZRY8-CRLF2 cells. A)
PCR amplification from gDNA of the PZRY8-CRLFZ breakpoint in Jurkat CRISPR/Cas9
edited PZRY8-CRLFZ2 cells with and without HMGNI overexpression. B) T7

endonuclease gene editing analysis identifies additional PZRY8-CRLFZ breakpoint PCR
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products presentin HMGN1 expressing cells. C-D) Sanger sequencing from gDNA of the
P2RY8-CRLF2 breakpoint in Jurkat CRISPR/Cas9 edited CRLF2 UTR P2RY8-CRLF2 cells

with or without HMGN1 overexpression.
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Figure 7: Assessing the functional effect of HMGN1 expression on CRISPR/Cas9

edited PZRY8-CRLF2 cells. Phosphorylation levels of STAT5 (A), AKT (B), ERK (C) or

H3K9ac (D) and H3K27me3 (E) of Jurkat CRISPR/Cas9 edited PZRY8-CRLFZ cells with

or without HMGN1 measured by flow cytometry. F) Measuring the expression of STAT5

downstream genes by qRT-PCR in Jurkat CRISPR/Cas9 edited PZRY8-CRLFZ cell lines.

RQ values determined using housekeeper actin expression and normalised to the
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parental Jurkat Cas9 control cells. Graphs represents the mean of biological replicate
of n=3 with SEM error bars and a student’s t-test was used between each PZRY8-CRLF2
cell line comparing to control Jurkat Cas9 cells to determine significance, *p<0.05,

*4p<0.01, ***p<0.001.
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Discussion

Gene fusions are a hallmark of ALL; countless recurrent chromosomal alterations have
been discovered and novel fusions are still being identified today?>. To personalise
treatment for ALL patients, these genomic alterations need to be modelled using in
vitro and in vivo systems to understand the downstream pathways they activate and
their driver potential. Subsequently, mechanistic assays and drug panels can be used
to identify an approach to eliminate the leukemic cells. Current modelling of ALL
chromosomal alterations involves cloning, which can be complex for fusion genes with
repetitive sequences or very large transcripts. CRISPR/Cas9 presents a solution to
overcome these difficulties and has been used to create chromosomal alterations found

in other diseases 811, but has not previously been attempted in ALL.

This study demonstrates the creation of a 320 KB deletion of PAR1 on the X or Y
chromosome in leukemic Jurkat cells using two CRISPR/Cas9 gRNAs and employing
cellular non homologous end joining (NHE]) machinery. Previously, CRISPR/Cas9 has
been used to create a 30 KB deletion in Saccharomyces cerevisiae %¢ and a 105 KB
deletion in a rabbit embryo?7 utilising NHE]. This is the first report of a 320 KB deletion
resulting in a clinically relevant fusion gene found in ALL. This deletion was
significantly larger than previously attempted, and therefore a lower efficiency than
the aforementioned studies was to be expected. The experimental system involved
leukemic cell lines which relied on the use of a lentiviral CRISPR/Cas9 system?? rather
than a nucleofection?? or microinjection?’” system previously described with high
editing efficiencies. However, the P2ZRY8-CRLF2 fusion occurring from the 320 KB

deletion also results in the upregulation of CRLFZ mRNA production and an increase in
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TSLPR?>. Therefore, it is possible to screen these cells for a productive fusion gene by
measuring surface levels of TSLPR; which is not expressed basally in Jurkat cells and

therefore streamlined this process with a very accurate selection marker.

The use of two different gRNAs targeting CRLFZ resulted in two different isoforms of
P2RY8-CRLF2. Both isoforms produced functional mRNA transcripts concordant to
P2RY8-CRLF2 patient transcripts. The CRLF2 UTR cells increased proliferation, TSLPR
expression and had the most clinically relevant trends in cell signaling compared to
previous reports of patient CRLFZ2 cell signaling3? and was the prime candidate for
further experiments. Therefore, the use of CRISPR/Cas9 to create endogenous gene
fusions could be a useful tool for modelling clinically relevant gene fusions in ALL for
further investigation. The endogenously expressed gene fusion will reproduce the
characteristics of precious patient material to allow for xenograft studies or drug
screening3l. A frameshift mutation at CRLF2 +15 bp of pre-CRLFZ #11 may have
resulted in a non-functional transcript as the fusion generated from this clone did not
display the characteristics anticipated from P2ZRY8-CRLFZ2 patient cells!® 19, however
pre-CRLF2 #6 maintained signaling and proliferation increases comparable to the
CRLF2 UTR cells. Due to the discrepancy between clones in the pre-CRLFZ group, these
cells have been used as a gRNA control for fusion development rather than the

experimental system.

Once the efficiency of the CRISPR/Cas9 PZRY8-CRLF2 model was confirmed by

screening TSLPR and exhibiting the same transcripts and signaling pathways expected

in a patient cell, the system was able to be exploited to investigate the phenotypic
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impact of the gene fusion. DS-ALL patients are predisposed to developing the PZRYS8-
CRLF2 fusion as it is found in 60% of patients!®. However, it has been difficult to assess
predisposing factors without a useful model system. Many reports have implicated
chromosome 21 genes from the Down Syndrome critical region in the leukemogenesis
of DS-ALL but not yet demonstrated why P2ZRY8-CRLFZ2 occurs so frequently 18 20, 23,32
34 As an example of this application, this study investigated the potential of HMGN1
promoting leukemogenesis in DS-ALL. By overexpressing HMGN1 prior to the
induction of the gene fusion, it allows for the exploration of the effects of one specific
chromosome 21 gene on PZRY8-CRLFZ. Previous reports have demonstrated increased
HMGN1 expression results in a B-cell progenitor phenotype?3. Therefore, to test the
hypothesis that HMGN1 is a predisposing factor for PZRY8-CRLFZ development, a cell
line in a state prior to developing PZRY8-CRLFZ2 was required. This model system was
tailored to test this hypothesis and demonstrated HMGN1 expression does increase the
efficiency of P2ZRY8-CRLFZ2 occurring. While many reports1® 23.32,34-37 have shown roles
for HMGN1 in ALL, this is the first report to validate increased HMGN1 expression as a
pre-disposing factor for PZRY8-CRLFZ2 generation. In addition, it will be of interest to

confirm these findings in a DS-ALL patient cohort.

To confirm the role of HMGN1 cooperating with PZRY8-CRLFZ2, increased JAK/STAT,
PI3K and RAS signalling pathways were identified, along with a decrease in the gene
silencing mark H3K27me3. As HMGN1 is a demethylase, a level of increased
transcriptional activity is expected, as previously reported?3. In addition to the
increased cell signalling pathways, this study also identifies an increase in a variety of

STATS downstream genes, including MCL1 and MYC; proposing potential leukemic
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survival mechanisms in DS patients who have increased expression of HMGN1 and the
P2RY8-CRLFZ fusion. Similar rates in proliferation were observed between CRLF2-UTR
populations with or without HMGN1 expression, despite the increase in CRLF2
expression, suggesting HMGN1 plays epigenetic roles, rather than a direct role on cell

proliferation.

This study provides valuable evidence of using CRISPR/Cas9 to create a large deletion
and endogenous ALL fusion gene that exhibits a clinically relevant phenotype. This
type of model will be of particular use to investigate the heterogenous landscape of ALL
patients. Endogenous expression of fusion genes is a more accurate model than
retroviral overexpression of fusion genes to create xenograft models or trial small
molecule inhibitors to create a personalised approach for the treatment of ALL
patients. Importantly, as described here, this model will be valuable to advance the
field by investigating leukemic initiating events due to the inducible gRNAs allowing
for a pre-leukemic state to be modelled. Here, HMGN1 expression has been identified
as a predisposing event for PZRY8-CRLFZ generation in DS-ALL patients. Further
evaluation has demonstrated HMGN1 and P2RY8-CRLF2 cooperating to increase cell
signalling via increased TSLPR and increased CRLFZ2 and STAT5 downstream gene
expression. Modelling the cells of individual ALL patients to understand gene
relationships, cell signalling and to create targeted therapeutic approaches will likely

be the future of ALL research.
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Methods
Contact for reagent and resource sharing
Additional data and requests for resources should be directed to the lead contact,

Deborah White (deborah.white@sahmri.com). Materials can be obtained via material

transfer agreement from authors’ institutions upon reasonable request to

corresponding authors.

Experimental Model and Subject Details

Cell lines and maintenance

HEK293T cells (ATCC, Manassas, VA) were maintained in DMEM and Jurkat cells
(ATCC, Manassas, VA) in RPMI, supplemented with 10% Fetal Calf Serum (FCS), 200
mM L-Glutamine (SAFC Biosciences), 5000 U/mL penicillin and 5000 pg/mL

streptomycin sulphate.

Constructing the FgH1tUTG gRNA vector

The Benchling gRNA design tool (Biology Software, 2019, https://benchling.com) was

used to design gRNAs targeting the intron following the first non-coding exon of PZRY8
and preceding the first exon of CRLFZ with 5’ Esp3l restriction sites (Table SI). The
FUCas9Cherry and FgH1tUTG plasmids were a gift from Marco Herold (Addgene #
70182 and # 70183)?1. FgH1tUTG vector was digested with Esp3l (New England
Biolabs (NEB) # R0734L) and rSAP (NEB # MO0371L) for 1 hour at 37°C. The
complementary gRNAs were phosphorylated at a final concentration of 10 pM using

T4 PNK (NEB # M0201L), then diluted 1:125 with nuclease free water. Five ng/uL of
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FgH1tUTG vector was digested with 0.8 pmol of diluted gRNA and ligated with T4

ligase overnight (NEB # M0204L) at 4°C.

Lentiviral Transduction

Lentivirus was produced by transfecting 5.5 pg of the FuCas9mCherry vector or
FgH1tUTG gRNA vector, with packaging constructs pMD2.G (2.25 pg), pMDL-PRRE
(3.375 pg) and pRSV-REV (1.575 pg) with 30 pL lipofectamine added into 1x10°
HEK293T cells in a T25 culture flask in 5mL media. Viral supernatant was harvested
48 hours later and passed through a 0.45 um filter. Jurkat cells at a concentration of
5x10° /mL were centrifuged at 1800 rpm for 1 hour with 30 pg/mL polybrene in 4 mL

of viral supernatant in a 6-well plate at room temperature.

Flow cytometry cell sorting

Jurkat cells transduced with FuCas9mCherry and FgH1tUTG were resuspended in 1 mL
of RPMI with 2% FCS at a concentration of 1x107 cells. This suspension was sorted on
a BD FACSAria™ for GFP and mCherry double positive cells. Pure populations were
resuspended in 1 mL RPMI with 2% FCS and sorted into single cells in a 96-well round
bottom plate with 100 pL. RPMI with 20% FCS on a BD FACS Melody™. Clones were

sub-cultured into 1 mL of media in a 24 well plate three weeks post sort.

Method Details
Genome targeting efficiency assay
Jurkat cells transduced with Cas9 and gRNA vectors (Key Resources Table) were

exposed to 1 pg/mL doxycycline hyclate (Sigma-Aldrich, St. Louis, MO) in milli-Q water
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for 72 hrs to induce the 320 KB deletion. gDNA was isolated from transduced cells by
phenol chloroform extraction and the PZRY8-CRLFZ2 fusion breakpoint was amplified
via PCR using Phusion kit (New England Biolabs (NEB), Notting Hill, VIC). Primer
sequences are outlined in the Key Resources Table. Heteroduplexes were formed by
denaturing and re-annealing the breakpoint amplification PCR product which was
digested with T7 endonuclease (NEB). The resulting products were gel purified

(Qiagen, Venlo, NL) and Sanger sequenced.

Surface flow cytometry

Transduced Jurkat cells were stained with TSLPR-APC or isotype control IgG2a
(Invitrogen, Carlsbad, CA) for 30 min in 100 pL. RPMI with 10% FCS on ice.
Approximately 5x10° cells were washed with 1 mL RPMI with 10% FCS and

resuspended in 200 pL 1x PBS and read on a BD FACS Fortessa™ analyser.

Phospho-flow cytometry

Jurkat cells were fixed with a final concentration of 1.6% paraformaldehyde for 10
mins, washed in 1 x PBS and then permeabilised with 80% methanol overnight at -
80°C. Cells were then washed in 1x PBS, and subsequently in 1 x PBS containing 1%
bovine serum albumin (BSA). All intracellular staining was carried out in the dark, on
ice, for 60 mins at room temperature in 1 x PBS/ 1% BSA with antibodies outlined in
the Key Resources Table. Cells were washed in 1x PBS before reading on a BD

FACSCanto™ analyser.
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Real Time PCR Analysis
RNA was isolated from transduced Jurkat cells using TRIzol® (Invitrogen) and cDNA
was synthesised using Quantitect reverse transcriptase (Qiagen). SYBR green reagents
(Qiagen) were used with 10uM CRLFZ OR HMGNI1 primers outlined in the Key

Resources Table.

Proliferation assay

Jurkat cells were seeded at 390 cells/mL in a 24-well plate in duplicate. On days 0, 2, 4
and 6 20 pL of CellTiter-Glo 2.0® reagent (Promega, Fitchburg, WI) was added to 20
uL of cell suspension. Following 30 min incubation in the dark, luminescence was

measured on a Perkin Elmer Victor X5 luminometer set to luminescence at 0.1 seconds.

Quantification and Statistical Analysis

GraphPad Prism software Version 8.4.0© (GraphPad Software Inc.) and Flow]o
software (Flow]Jo LLC) were used for analyses. Graphs represent the median value or
mean with stand error of the mean (SEM) error bars as stated in the figure legends.
Students t-test was used to determine the difference between experimental groups.
Differences were considered statistically significant when the p-value was <0.05.

Experiments were carried out a minimum of three times (n=3) unless otherwise stated.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER |
Antibodies \
TSLPR-APC | Invitrogen | Cat#17-5499-41
IgG2a-APC | Invitrogen | Cat#17-4724-81
IgG2a-PE BD Cat#556653
IgG1-APC | BD | Cat#551019
pSTAT5-PE | BD | Cat#612567
pERK-PE ' BD | Cat#665426
pS6 kinase Cell Signaling Cat#665426
| Technologies |
pAKT | BD | Cat#560378
H3KS8ac Cell Signaling Cat#4484
Technologies
H3K27me3 Cell Signaling Cat#12158
Technologies

Bacterial and Virus Strains
FuCasSmCherry Addgene Cat#70182
FgH1tUTG Addgene Cat#70183
pMD2.G | Addgene | Cat#12259
pMDL-PRRE Addgene Cat#12251
pRSV-REV Addgene Cat#12253
pMImCII HMGN1 This paper
Chemicals, Peptides, and Recombinant Proteins

| Doxycycline Hyclate Sigma-Aldrich Cat#D9891

\ Esp3l New England Biolabs Cat#R0734L
rSAP New England Biolabs Cat#éM0371L
T4 PNK New England Biolabs Cat#M0201L

| T4 Ligase New England Biolabs Cat#M0204L

| Lipofectamine 2000 Invitrogen Cat#11668-019

| Polybrene Merck Cat#TR-1003-G

| TRIzol Invitrogen Cat#15596026
T7 endonuclease New England Biolabs Cat#M0263L
Critical Commercial Assays !
CellTiter Glo 2.0 Promega Cat#G9243
SYBR Green Qiagen Cat#330503

| PCR Phusion Kit New England Biolabs Cat#E0553L
Quantitect Reverse Transcriptase Qiagen Cat#205313
QlAquick Gel extraction kit Qiagen Cat#28706
Experimental Models: Cell Lines |
Jurkat cells ATCC | (ATCC® TIB-152™)
HEK293T cells ATCC (ATCC® CRL-

11268™)

Experimental Models: Organisms/Strains !
DH5a New England Biolabs Cat#12297016
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Oligonucleotides

P2RY8 intron gRNA 5’ -CGTGTACGGTGAGAACATGG- 3’ This Paper N/A

Pre-CRLF2 gRNA 5 -GTGCGTGGCAGTCCTGATCC- 3’ This Paper N/A
CRLF2UTRgRNA 5 -CTGTTCGTTGTAGGTCCCTG- 3’ This Paper N/A

CRLF2 qPCR F 5 -TGGATCACAGACACCCAGAA- 3’ This Paper N/A

CRLF2qPCR R 5 -TCTTGGCCAACTGGACTACC- 3’ This Paper N/A

HMGN1 gPCR F 5' -TGCAAACAAAAGGGAAAAGG- 3 This Paper N/A

HMGN1 gPCR R 5’ -CATCAGAGGCTGGACTCTCC- 3 This Paper N/A

P2RY8 seq 5’ -AAGCGTTGCATCCTGTTACCTGG- 3 This Paper N/A

CRLF2 seq 5’ -GCCTCCCAGCAGAAAGACGG- 3’ This Paper N/A
VEGFA_qPCR_F 5 ~AGCACAGCAGATGTGAATGC- 3 This Paper N/A
VEGFA_gPCR_R 5 -TTTCTTGCGCTTTCGTTTTT-3 This Paper N/A

BCL2 _gqPCR_F 5 -AAGCTGTCACAGAGGGGCTA- 3’ This Paper N/A

BCL2 _gPCR_R 5’ -CAGGCTGGAAGGAGAAGATG- 3 This Paper N/A

MCL1_gPCR_F 5 -GCTCCGGAAACTGGACATTA- 3’ This Paper N/A

MCL1_gPCR_R 5’ -CCCAGTTTGTTACGCCATCT- 3 This Paper N/A

MYC_qPCR_F 5’ -CCAGATCCCTGAATTGGAAA- 3’ This Paper N/A

MYC_gPCR_R 5’ -TCGTCTGCTTGAATGGACAG- 3’ This Paper N/A
GATA3_gPCR_F 5" -CTTATCAAGCCCAAGCGAAG- 3 This Paper N/A
GATA3_gPCR_R 5’ -CATTAGCGTTCCTCCTCCAG- 3 This Paper N/A
CDKN1A_gPCR_F 5 -CGGTGGAACTTTGACTTCGT- 3’ This Paper N/A
CDKN1A_gPCR_R 5 -CAGGGCAGAGGAAGTACTGG- 3’ This Paper N/A
SOCS1_gPCR_F 5 -CCTCCTCGTCCTCGTCTTC- 3 This Paper N/A
SOCS1_gPCR_R 5 -AAGGTGCGGAAGTGAGTGTC- 3 This Paper N/A

Software and Algorithms

Prism version 8.4.0 GraphPad https://www.graphpad

.com
FlowJo FlowJo, LLC https://www.flowjo.co
| m/solutions/
Benchling Biology Software, https://benchling.com
2019
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Te ‘name Cove|
\YAII-0492- JlongSeq [P2RY8_exoni_CRLFfinsert [77:/TCCCTGAGGACCTCACTCTCCACT| 0.16 227} OJACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTITCA
1 bn  [cCTGTTTCAGG:77 ecc T T \GGAG
FA1747- [longSeq [P2RY8_exon1 CRLFnserti 77/TCOCTGAGGACCTCACYCTCCACY 0.0 21 0ACTYAAGCGITGCATOCTGWACCTGGAGACCCTCTGAGCTCTCACCTGCTAC'ﬂC’TGCCGCTGCWCTSCACAGGTCOCTGABGACCTCACTCTCCACTCCYGWCA
L1 fo_exont o [cCTGTTTCAGG:7! GGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAG
-A2273 [longSeq [P2RY8_exon1 CRLFinsert [/7:/TCOCTGAGGACGTCAGTCTCCAGT| 0154 43.7] IJNCTTMGCGTTGCATCCTGI'TACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCQCTGCTTCTGCACAGGTO(XTTGAGGACCTCACTCTCCACTCCYGWCA
Jo_ex ko fccTaTTICAGG77 TGCCGTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAG
-A2426 [longSeq [P2RY8_exon1 CRLFJRefere. S 3muecermarcmsnAccTcGAaAcccrcmAscrcYcAcchcTacrrcmccscmcrrcmc.«cmwmmmmmaenmecrmmasmm
pce GTCTT
-A3100- [longSeq [PZRYS_exon1 CRLF[Refere. 7 E \CTTAAGCGITGCATCCTGTTACCTGGAGACCCTCTGAGC TCTCACC TGCTACTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGGCTGGT TCTGCTGTGGGGAGCT
1 Jo_exont e ‘GTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAG
-A3100- [longSeq [PZRY8_exon1 CRLFfinsert |77/ TCCCTGAGGACCTCACTCTCCACT| 0.185) 369 \CTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTICTGCCGCTGCT TCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCA]
1 fo_exont o fccTaTTTCAGG:77 TGGGGCGGCTGGTTCTGCTGTGAGGAGCTGCCGTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAG
- jongSeq_[P2RY8_exon1_CRLF[Refere| 1 AAGccrchATocmnAcc‘rGGAmcccTcmAGcrcTcAccTGcTAcﬂc’chcscTGchTGacAGGcATmoGGcTGGnCTGchTGGGGMcT
L1 _exont ce GTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAS
10171 flongSeq [P2RY8_exon1_CRLF|Refere [NA i 2 22|ACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGC T TCTGCACAGGCATGGGGCGGCTGGT TCTGCTGTGGGGAGCT
fo_exont ce ol GGATGGC AAGGAG
0197~ [longSeq [P2RY8_exon1 CRLF|Refere| 1 T
L1 fp_exont ce GTCTT TTGGGGCAAGGA
10197~ [longSeq [P2RY8_exon1 CRLFnsert [77/TCCCTGAGGAGGTCAGTCTCCAGT| 0151 601 17JACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCAGCTGCTACTTCTGCCGCTGCT TICTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCA]
L1 Jo_ex: bn  [ccTaTTTCAGG:77 & T TTGGGGCAAGGAG
10251 flongSeq [P2RY8_exon1_CRLF|Refere| 1 E 34JACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCT
L1 fo_exont ce [GCCGTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAG
iI-0354  [longSeq [P2RY8_exon1_CRLF|Refere| g 7 S7|ACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGACTGGT TCTGCTGTGGGGAGCT
fo_exont ce GTCTT TIGGGGCAAGGAG
10354 [longSeq [P2RY8_exon1_CRLFnsert [77/TCCCTGAGGAGGTCAGTGTCCAGT| 0.2 BE 7JACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTICTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCA]
fo_exont bn  fccTGTTTCAGG:77 les T TTGGGGCAAGGAG
10399 [longSeq [P2RY8_exon1 CRLFfnsert 77JTCCCTGAGGACCTCACYCTCCACY 017 3 ACTTAAGCGTTGCATCCTGI TACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCA]
fo_exont lcCTGTTTCAGG: T ecc T TTGGGGCAAGGAG
1:0429- flongSeq [P2RY8_exon1_CRLF[fefere| 1 E QEFCWAAGCGWGCATCCmnAccTsGAﬁAcccrcTGAacTcYcAcchcTAcwcmccscmcmTscAcAGmATGGGGCGGmGGTTchrGTGGGGAGcT
1-PB fo_exont = CGTCTTTCTGC
10420 [longSeq [P2RY8_exon1 CRLFJnserti[77:/TCCCTGAGGACGTCACTCTCCAGT| 0.2 532 crrAAGcGrchAchTGnAccTcGAAAcccrcmAacrcYcAcc'erAcrrcmccccmcrrmwcAGGchmsamAcmAcrcrccAcchmch
1-PB 2_exon1 n  [CCTGTTTCAGG:77 TCT TGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAG
-0894 [longSeq [P2RY8_exon1 CRLF[efere| T 29 2 AAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTAGTTCTGCCGCTGCTTCTGCACAGGCATGGGGCGGC TGGTTCTGC TGTGGGGAGCT
fo_exont e GTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAS
jongSeq_[P2RY8_exon1_CRLF efere| 1 4 44JACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGC T TCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCT
1629901 fo_exont e GTCTTTCTGCT GGATGGCTTTGGGGCAAGGAG
YAII-0492- |medSeq [P2RY8_exoni GRLF| TGAGGACCTCACTGTCCACT| 0.134] 159 0[GGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCT TCTGCACAGGTCCCTGAGGAGCTCAGTCTCCACTCCTGTT TCAGGCATGGGGCGGCTGGTTCTGCT
fo_exont :52 TGGGGAGCTGCCGTCTTTCTGCTGGGA
FAT747- [medSeq [P2RY8_exon1 CRLF] 2:/TCCCTGAGGACCTCACTCTCCACT| 0.041]  13.7] 0 cAochcTGAGcrcrcAcc’chTAc’rTcTocmcchncTacAcAGGrcccTGAm‘rcM:‘rcrccAcchvsm(wchArsGchecmGGﬂcTecv
lo_exont TGTTTCAGGS2 TGGGGAGCTGCCGTCTTT(
-A2273 _|medSeq [PZRYB_exon1 CRLFnsert [52/TCCCTGAGGACCTCACTCTCCACT| 0.126)  29.) 0|GGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCT TCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCT
fo_exont bn  fccTGTTTCAGG:S2 TGGGGAGCTGCCGTCTTTCTGCTGGGA
-A2426 [medSeq [PZRY8_exon1 CRLF|Refere| S 35|GGAGACCCTCTGAGCTCTCACCTGCTAGTTCTGCCGGTGCT TCTGGACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGOCGTCTTTCTGCTGGGA
fo_exont ce
-A3100- [medSeq [PZRY8_exon1 CRLF|Refere| 7 E 102|GGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCT TCTGGACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGOCGTCTTTCTGCTGGGA
1 fp_exont ce
-A3100- [medSeq [PZRYS_exoni CRLFfinsert |52/ TCCCTGAGGAGGTCACTCTCCACT| 0.174) 334 AGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCOCTGAGGACCTCACTCTCCAGTCCTGT T TCAGGCATGGGGOGGCTGGTTCTGCT
1 bn  [ccTGTTTCAGGS2 TGGGGAGCTGCCGTCTTTCTGCTGGGA
I-Ad680- [medSeq [P2RY8_exon1 CRLF|Refere| Kl AGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGGA
L1 X ce
0171 [medSeq [P2RY8_exon1 CRLF|Refere [NA i 2 22|GGAGACCCTCTGAGCTCTCACCTGCTAGTTGTGCCGGTGCT TCTGCACAGGCATGGGGCGGCTGGTTCTGC TGTGGGGAGCTGOCGTCTTTCTGCTGGGA
x pce
10197~ [medSeq [P2RY8_exon1 CRLF[pefere| 1 1 238{GGAGACCCTCTGAGCTCTCACCTGCTAGTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGOCGTCTTTCTGCTGGGA
L1 _exont pce
0197~ [modSeq [PZRYE_exon1 CRLFJrsert [52/TCCGTGAGGACC CT| 027 435 2 TGAGCTCTC TCTGCCGCTGCTTCTGOACAGGTCOCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGOGGCTGGTTCTGCT
L1 fo_exont o [ccTGTTTCAGGS2 TGGGGAGCTGCCGTCTTTCTGCTGGGA
10251 [medSeq [P2RY8_exon1 CRLFRefere. I 34|GGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGOCGTCTTTCTGCTGGGA
L1 fo_exont pce
0354 [medSeq [P2RY8_exon1 CRLF[Refere| 1 7 97|GGAGACCCTCTGAGCTCTCACCTGGTAGTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGGCTGGTTCTGC TGTGGGGAGCTGCCGTCT TTCTGCTGGGA
fo_exont ce
10354 [medSeq [P2RY8_exon1 CRLFnserti [52/TCCCTGAGGAGGTCAGTCTCCACT| 019 335 GACCCTCTGAGCTCTCACCTGCTAGTTCTGCCGGTGCTTCTGGACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTT TCAGGCATGGGGCGGCTGGTTCTGCT
fp_exont pn GTTTCAGG:52 TGGGGAGCTGCCGTCTTTCTGCTGGGA
I:0399 [ medSeq [P2RY8_exon1 CRLFnserti [52/TCCCTGAGGACGTCAGTCTCCAGT| 0157 23.1 0[GGAGACCCTCTGAGCTCTCACCTGCTACTTICTGCCGCTGCT TCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCT
bn  [ccTGTTTCAGG:S2 TGGGGAGCTGCCGTCTTTCTGCTGGGA
i1-0429- [ medSeq [P2RY8_exon1 CRLF|Refere| g E 92|GGAGACCCTCTGAGCTCTCACCTGCTAGTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCT TTCTGCTGGGA
1-PB. fo_exont pce
0429~ [ meaSeq [PZRYS_exont CRLFJinsert [52/TCCCTGAGGACCTCAGTGTCCACT| 0.175)  35.6) AGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGOGGCTGGTTCTGCT
1-PB. lo_exont bn  [cCTGTTTCAGG:S2 TGGGGAGCTGCCGTCTTTCTGCTGGGA
[medSeq [P2RY8_exoni CRLFjpefere [NA g 26{GGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCT TCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGOCGTCTTTCTGCTGGGA
lo_exont pce
|medSeq [P2RY8_exoni_CRLFjpefere 1 4 AGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC TGCCGTCTITCTGCTGGGA
1629901 X pce
\YAII-0492- [shortSeq [P2RYE_exon1 CRLFfinserti [537/TCCCTGAGGA i ICEEE IR \CCTGCTACTICTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
1 lo_exont o TGTTTCAGG33
\YAII-0492- [shortSeq [P2RY8_exoni CRLF [refere
1 fp_exont ce
-A1747- [shortSeq [P2RY8_exon1_CRLFnserti anccchmAcchcrmccAcr TGCTACTTCTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGOGGCTGGTTCTGCTGTGGGGAGC
o [cCTGTTTCAGG:
-AT747- [shortSeq [P2RY8_exon1 CRLF[efere| g 0| 271JACCTGCTACTICTGCOGCTGCTICTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
L1 fo_exont pce
FA2273 _ [shortSeq [P2RY8_exon1_CRLFJnserti [33./TCCCTGAGGACCTCACTCTCCACT| 0.0 193] 9JACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
fo_exont bn  lccTaTTICAGG:S
FA2273 _[shortSeq [P2RY8_exon1 CRLF[fefere| 1 E T60]ACCTGCTACTICTGCOGCTGC TTCTGCACAGGCATGGGGCGGCTGATTCTGCTGTGGGGAGC
fo_exont ce
-A2426 [shortSeq [P2RYS_exont CRLFMua S 35ACCTGCTACTTCTGCOGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
fo_exont
-A3100~ [shortSeq [PZRY8_exont ,CRLF inserti [33/ TCCCTGAGGACCTCACTCTCCACT| 0.126] 17§ \CCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCOCTGAGGACCTCAGTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
1l _exont lccTaTTTCcAGG:33
-A3100-  [shortSeq [P2RY8_exon1_CRLF[Refere| 1 E TGCTACTICTGCCGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
1 _exont pce
-A4680- [shortSeq [PZRYE_exon1 CRLF [Refere [NA 1 \CCTGCTACTICTGCCGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
L1 fo_exont ce
0171 [shortSeq [P2RYE_exon1_CRLF [Refere [NA 1 \CCTGCTACTICTGCOGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
Jo_exon pce
iI-0197- _[shortSeq [PZRY8_exon1 CRLFfinserti |53/ TCCCTGAGGAGGTCACTCTCCACT| 0.099] 293 17JACCTGCTACTICTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTGTCCAGTCCTGTT TCAGGCATGGGGOGGCTGGTTCTGC TGTGGGGAGC
L1 fo_exont bn  [cCTGTTTCAGG:S
10197~ [shortSeq [P2RY8_exon1_CRLF[Refere| 1 17 244ACCTGCTACTICTGCOGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
L1 _exont e
1-0251- _ [shortSeq [PZRY8_exon1_CRLF|Refere [NA I 34ACCTGCTACTICTGOCGCTGCTTCTGCACAGGCATGGGGCGGCTGGT TCTGCTGTGGGGAGC
L1 _exont ce
1:0354 _ [shortSeq [P2RY8_exon1_CRLF] free Fs/rcccmwcacmcmrmcc;\cr 0158 207] 7JACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
'CTGTTTCAGG:
0354 [shortSeq [PZRY8_exon1 CRLF[refere T 7 97JACCTGCTACTTCTGCCGC TGO TTCTGCACAGGCATGGGGCGGCTGGT TCTGCTGTGGGGAGC
Jo_exont pce
1:0399 _ [shortSeq [P2RY8_exon1_CRLFnserti [33./TCCCTGAGGACGTCAGTCTCCAGT| 0.149] 20§ 13JACCTGCTACTICTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGOGGCTGGTTCTGC TGTGGGGAGC
exont o [cCTGTTTCAGG:3S
1:0399 _ [shortSeq [P2RY8_exon1_CRLF|Refere| L E 91JACCTGCTACTICTGCOGCTGCTTCTGCACAGGCATGGGGCGGCTGGT TCTGCTGTGGGGAGC
Jo_exont pce
1-0429-  [shortSeq [P2RY8_exon1 CRLF] proerd i3/ TCCCTGAGGACCTCACTCTCCACT| 0.101] 12 TGCTACTICTGCCGCTGCTTCTGCACAGGTCCCTGAGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGOGGCTGGTTCTGCTGTGGGGAGC
1-PB. ICCTGTTTCAGG:33
1-0429-  [shortSeq [P2RY8_exon1_CRLF|Refere| q E 92JACCTGCTACTICTGCOGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
1-PB. X pce
JshortSeq [P2RY8_exoni_CRLFfRefere [NA| 1 26JACCTGCTACTTCTGCOGCTGCTTCTGCACAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGC
fo_exont ce
JshortSeq [P2RY8_exoni_GRLF [Refere [NA g M[ urxocvacm:ncmomcmcrrcchcAchmeccecmGrrcmcmeAsc
1629901 x ce
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Pre-CRLF2 gRNA CRLF2 UTR gRNA
Clone#1 6 8 9 10 11 1 3 4 7 8 9

actin controls

Supplementary Figure 1: Confirmation of the PZRY8-CRLF2 breakpoint in Jurkat
CRISPR/Cas9 cells. A) Two isoforms of the PZRY8-CRLFZ breakpoint detected by
breakpoint PCR in Jurkat CRISPR/Cas9 edited cells with the pre-CRLF2 gRNA and the
CRLF2 UTR gRNA. B) PCR amplification of the PZRY8-CRLFZ breakpoint in single cell

clones of Jurkat CRISPR/Cas9 edited PZRY8-CRLF2Z cells.
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P2RY8-CRLF2 alignment with CRLF2 UTR sequences

CCCCGAGTCCCGGGCTCTGAGGCACGGCCGTCGACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGG-=T!

T
e P2RYS sea —

CRLF2 UTR POOL TCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGG-=T!

CRLF2 UTR POOL ACCTGCTACTTCTGCCGCTGCTTCTGCA====--=

CRLF2UTR 1 CTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGEAT!

CRLF2UTR 7 TGGAACTCTCCCTGCTACTTCTGCCGCTGCTTCTGCA====-—=

GAGCCGCCGAGCTGGACTTTTATGCTTGTCCTGCACTGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAACATGGGTGCGTGGCAGTCCTGATCCT!

[E— /) S—

[E— T S——

CRLF2 UTR POOL GAGCCGCCGAGCTGGACTTTTATGCTTGTCCTGCACTGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAAC
CRLF2 UTR POOL
CRLF2 UTR 1 GAGCCGCCGAGCTGGACTTTTATGCTTG=====CACTGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAACAT === mmmmm e e e
CRLF2UTR 7
GAAAATCAACTGTCACTGTGCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG,

CRLF2 UTR POOL
CRLF2 UTR POOL
CRLF2UTR 1 CCTCTG,
CRLF2UTR7
AGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAGGAGCAGH
_ QUF2seq |
— codingexon '

CRLF2 UTR POOL AGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTT

CRLF2 UTR POOL CAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGGAGGC:
CRLF2 UTR 1 AGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGAAAGCAA:
CRLF2UTR 7 CAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGGAGGC

P2RY8-CRLF2 alignment with pre-CRLF2 sequences
(CCCCGAGTCCCGEGCTCTGAGGCACGGCCGTCGACTTAAGCGTTGCATCCTGTTACCTGGAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGTH

T
72878 sea 3 —
Pre-CRLF2 POOL GTTGCATCTTGTTTCACGGAGACCCTCTGAGCTCTCTCCTGCTTTTTCTCCCGCTGTTTCTGCACAGGT
Pre-CRLF2 POOL GTTGCATTTTGTTTCACGGAGACCCTCTGAGCTCTCTCCTGCTTTTTCTGCCGCTGTTTITGCACAGGT!
Pre-CRLF2 POOL AGGGASCYGC====ATTTCACTGGCAACTTCTGCGGCTGCTTCGCAAGAGGAY
Pre-CRLF2 POOL GGAGACCCTCTGAGCTCTCYCYTGCTACTTCTGCCGCTGCTTCTGCACAGGT!
Pre-CRLF2 POOL GGCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGET!
Pre-CRLF2 POOL GGCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGT
Pre-CRLF2 6 GAACCTCACCTGCTACTTCTGCCGCTGCTTCTGCACAGGT!
Pre-CRLF2 11 GCTTCTGCACAGGT!
TGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAACATGGG TGCGTGGCAGTCCTG ===, ATCC
———— U S—
S ——————
Pre-CRLF2 POOL TCTCAAGGGAGAAGACACGGTCGBEGGGAGGGTCCGTGTACGGTGAGAAC: ATCO
Pre-CRLF2 POOL TCTCAAGGGAGAAGACAGGGTBGBEGGGAGGGTCCGTGTACGGAGAGAAC: ATCC

Pre-CRLF2 POOL TGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTA GAG
Pre-CRLF2 POOL TSTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAACCYGGATTGATCTTCCTGTCATCCTGGAGTTTGCACCGTCTTCCTGTCATCCCAGTTATCC
Pre-CRLF2 POOL TGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAA: CCTG ATCC
Pre-CRLF2 POOL TGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAACCTGGATTGATCTTCCTGTCATCCTGGAGTTTGCACCGTCTTCCTGTCATCCCAGTTATCC

Pre-CRLF2 6 TGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAG
Pre-CRLF2 11 TGTCAAGGGAGAAGACAGGGTCGCTGGGAGGGTCCGTGTACGGTGAGAACCYGGATTGATCTTCCTGTCATCCTGGAGTTTGCACCGTCTTCCTGTCATCCCAGTTATCC

‘GCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG)

Pre-CRLF2 POOL GCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG,
Pre-CRLF2 POOL GCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG)
Pre-CRLF2 POOL GCTTCCTGCCTGTTCTCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG,
Pre-CRLF2 POOL GCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG!
Pre-CRLF2 POOL GCTTCCTGCCTGTAATCTTTTCCCTITTTTCTTTTCTGATTTTTTAAAATCGATGGTGACCTCTGCTTAAGAGTCATGAGTGATCTGTTTGTTGTAGGTCCCTG!
Pre-CRLF2 POOL GCTTCCTGCCTGTAATCATTTCCCTAKTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGTTTATGAGTCATGAGAGATGTGTTCGTTGTAGGTCCCTG!
Pre-CRLF2 6 GCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG!
Pre-CRLF2 11 GCTTCCTGCCTGTAATCATTTCCCTAGTTTCCTTTCTGACTTTTTAAAATCGATGGTGACCTCTGCTTATGAGTCATGAGTGATCTGTTCGTTGTAGGTCCCTG!

{AGGACCTCACTCTCCACTCCTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGAGCTGCCGTCTTTCTGCTGGGAGGCTGGATGGCTTTGGGGCAAGGAGGAGCAGH
, c—
e —

Pre-CRLF2 POOL AGGACCTCACTCTCCACTCCTG=TTCAGGCATGGG CGGC
Pre-CRLF2 POOL AGGACCTCACTCTCCACTCCTG=TTCAGGCATGGGGCGGCTGGTTCTGCTGTGG GC:
Pre-CRLF2 POOL ;AAGACCTCTCTCTCCACTCCTGTCTCACTCATGGGGCGGCTGGTTCTGCTGTGG
Pre-CRLF2 POOL ;AGGACCTCACTCTCCACTCCTG=TTCAGGCATGGGGCGGCTGGTTCTGCTGTGG
Pre-CRLF2 POOL ;AACACCTCCCTCTCCTCTTTTGTTTCAGGCATGGGGCGGCTGGTTCTGCTGTGGGGA
Pre-CRLF2 POOL iAGGACCTCACTCTCCACTCCTG=TTCAGGCATGGGGCGGCTGGTTCTGETTT
Pre-CRLF2 6 AAGACCTCECTCTCCACTCCTGTTTCACGCATGGGGCGGCTGGTTCTGCTGTGG:
Pre-CRLF2 11 AGGACCTCACTCTCCACTCCTG=TTCAGGCATGGGGCGGCTGGTCTEE
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Supplementary Figure 2: Characterising the breakpoints of Jurkat PZRY8-CRLF2
cells. Sequencing alignments identifying multiple P2ZRY8-CRLF2 breakpoints in CRLF2

UTR and pre-CRLF2 cells.
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Supplementary Figure 3: Characterising the signaling profile of Ba/F3 cells
expressing P2ZRY8-CRLF2 from patient cDNA. Ba/F3 cells overexpressing PZRYS-
CRLF2 have increased phosphorylation of STAT5 and ERK, and decreased
phosphorylation of S6 kinase compared to Ba/F3 control cells. Protein
phosphorylation measured by flow cytometry. All graphs represent the mean of
biological replicate of n=3 with SEM error bars and a student’s t-test was used between
the Ba/F3 cell line and the Ba/F3 PZRY8-CRLFZ expressing line to determine

significance, ***p<0.001.
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Supplementary Figure 4: Signalling profile pf pre-CRLF2 cells compared to
CRLF2 UTR and Cas9 control cells.

Phosphorylation levels of STAT5, ERK and S6 kinase of Jurkat CRISPR/Cas9 edited
P2RY8-CRLF2 cells measured by flow cytometry.All graphs represent the mean of
biological replicate of n=3 with SEM error bars and a student’s t-test was used between
the Jurkat Cas9 cell line and each PZRY8-CRLF2 expressing line to determine

significance, ***p<0.001.
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Cell line name Total number of events Number of TSLPR+ cells
Jurkat Pre-CRLF2 gRNA 3,304,950 1,898
Jurkat CRLF2 UTR gRNA 3,217,190 2,706
Jurkat HMGN1 Pre-CRLF2 gRNA 3,152,885 4,043
Jurkat HMGN1 CRLF2 UTR gRNA 3,307,666 9,170

Supplementary Figure 5: Efficacy of sorting high expressing TSLPR+ Jurkat
CRISPR/Cas9 edited cells with and without HMGN1 expression. A) Using qRT-PCR
to measure HMGNI mRNA expression in Jurkat CRISPR/Cas9 cell lines prior to
transduction of gRNAs. RQ values determined using housekeeper actin expression and
normalised to the parental Jurkat Cas9 control cells. B) Number of TSLPR + cells sorted

from CRISPR/Cas9 PZRY8-CRLFZ cells with or without HMGN1 overexpression.
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Abstract

Gene fusions converging on cytokine receptors and activating kinase signalling
pathways in acute lymphoblastic leukaemia (ALL) are targetable with specific small
molecule inhibitors to arrest cell proliferation. Activating mutations in the JAK/STAT
and RAS signalling pathways are frequently observed in cytokine receptor like factor 2
(CRLF2) rearranged ALL patients. CRLF2 gene fusions and activating mutations make
up approximately 50% of high-risk ALL patients. We explore cell signalling using the
Pro-B Ba/F3 cell line model harbouring PZRY8-CRLFZ or the CRLFZ p.F232C mutation
to identify the need for different treatment approaches dependent on the individual
upregulated signalling pathways. Twelve clinically available small molecule inhibitors
that target the JAK/STAT, RAS, PI3K and epigenetic pathways have been screened to
determine their efficacy. A synergistic combination of fedratinib and selumetinib was
identified to reduce viability of human B-ALL cells harbouring IGH-CRLF2 with JAKZ
p.R683G or the aggressive CRLFZ p.F232C mutation in Ba/F3 cells. We demonstrate the
ability of fedratinib/selumetinib to terminate pSTAT5 and pERK signalling, resulting
in leukaemic cell death as well as decreasing the expression level of c-MYC. Targeting
these signalling pathways with a precision medicine approach, in addition to

chemotherapy, could improve survival outcomes for high-risk ALL patients.
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Introduction

Targeted small molecule inhibitors (SMI) have been introduced into the therapeutic
regime for acute lymphoblastic leukaemia (ALL) patients with Philadelphia positive
(Ph+) ALL!. These patients harbour a reciprocal translocation between chromosomes
9 and 22 known as the Philadelphia chromosome?, resulting in the BCR-ABL1 gene
fusion. Ph+ ALL occurs in less than 5% of children with ALL3 4, and there are currently
no clinically available targeted SMI for the remaining 95% of paediatric ALL patients
at diagnosis, therefore, conventional chemotherapy is the only treatment approach.
Approximately 20% of childhood ALL patients harbour kinase activating gene fusions
with a gene signature similar to the BCR-ABL1 fusion*. Paediatric ALL patients with
these kinase activating fusions are high risk and approximately 50% of these patients

harbour a rearrangement of cytokine receptor like factor 2 (CRLF2r)> .

CRLF2 is commonly rearranged in two ways; a 320 KB deletion in the X or Y
chromosome, placing the entire coding sequence of CRLFZ directly downstream of the
first non-coding exon of the purinergic receptor (PZRY8) creating PZRY8-CRLF27. The
second CRLFZ rearrangement is via a translocation to the chromosome 14
immunoglobulin heavy chain (IGH) enhancer elements, resulting in the IGH-CRLFZ2
fusion®°. Both CRLFZ2 gene fusions result in the upregulation of the thymic stromal
lymphopoietin receptor (TSLPR) and increased cell signalling, however, these fusions
are not sufficient to cause leukaemic transformation alone and additional lesions are
required?. A point mutation in the transmembrane domain of CRLF2 at position
p.F232C induces constitutive JAK/STAT signalling® °. Patients harbouring CRLFZ
p.F232C do not require additional lesions for leukaemic transformation!l.

Approximately 50% of CRLFZr ALL cases harbour point mutations in Janus Kinase 2
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(JAK2)1. Therefore, targeting JAK/STAT signalling with SMl is a viable treatment option
for CRLF2r patients? >12.13 and the JAK1/2 inhibitor, ruxolitinib, is currently in phase

2 clinical trials (NCT02723994 and NCT03117751).

Ruxolitinib was originally approved in 2011 by the US Federal Drug Administration
(FDA) for the treatment of myelofibrosis!#. Ten years later, the highly selective JAK2
ATP competitive inhibitor, fedratinib, also gained approval for myelofibrosis treatment
1517 JAK2 inhibitors have become important in the treatment of hematological
malignancies!8, and will be central to developing a precision medicine approach for
high-risk ALL patients!# 19, Point mutations in JAKZ are acquired in many subtypes of
ALL?0, particularly in the pseudokinase domain, resulting in constitutive activation of
JAK/STAT signalling. JAKZ can also be rearranged with 14 known partner genes?},

therefore it is an attractive candidate for targeted therapy in ALL.

Many ALL gene fusions or point mutations including CRLFZr activate JAK/STAT, PI3K
or RAS signalling pathways! which have the potential to be targeted with different SMI
that are already clinically available>22. Currently, clinical trials of targeted SMI for ALL
patients incorporate not only ruxolitinib, but also the PI3K inhibitor idealisib, p-raf
inhibitor, sorafenib, and the multiple receptor tyrosine kinase (RTK) inhibitor,
sunitinib (NCT02779283). In this trial, the targeted inhibitor used is determined via
precision medicine functional laboratory testing. Similarly, trial NCT02551718 uses
personal gene expression data and drug sensitivity assays to guide treatment using a

variety of SMI and other drugs in combination with chemotherapy.
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RAS pathways mutations are also commonly observed in ALL 23, particularly in patients
with CRLFZ2r lacking JAK mutations?! 23, Inhibitors for RAS pathway constituents -Raf
and MEK are being considered for use in ALL2?% 25, The highly selective allosteric
MEK1/2 inhibitor selumetinib?> has been trialled in solid tumours2¢ and more recently
in acute myeloid leukaemia (AML)27. Selumetinib has been demonstrated to act
synergistically in combination therapies including chemotherapy?8 2° and with the JAK
inhibitor AZD1480 in ALL3? and is a potential candidate for targeting multiple subsets

of ALL including CRLFZr, hypodiploidy and early thymic precursor (ETP) ALL13.

We hypothesised cells harbouring CRLFZ rearrangements or the CRLFZ p.F232C point
mutation would activate different signalling pathways, and therefore, be targetable
with different small molecule inhibitors. We have screened 12 SMI for efficacy and
identified a synergistic combination of fedratinib and selumetinib against CRLFZr and
the CRLFZ p.F232C activating mutation. Using a combination of SMI in ALL treatment

could lead to improved survival outcomes for high-risk ALL patients.

Materials and Methods

Cell lines and maintenance

HEK293T (ATCC, Manassas, VA) cells were maintained in DMEM supplemented with
10% Fetal Calf Serum (FCS). Jurkat and Ba/F3 cells (ATCC) were maintained in RPMI
supplemented with 10% FCS and Ba/F3 cells supplemented 5% WEHI-3B conditioned
media as a source of murine IL-331, The human B-ALL cell line with IGH-CRLFZ and JAK2
p.R683G, MUTZ5 (ATCC), and NALM-19 (ATCC) were maintained in RPMI
supplemented with 20% FCS. All cell line media contained 200 mM L-Glutamine (SAFC

Biosciences), 5000 U/mL penicillin and 5000 pg/mL streptomycin sulphate.
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Site directed mutagenesis

The NEBaseChanger® tool was used to design mutagenesis primers (Table SI) to create
CRLF2 p.F232C. The pRufIRES-WT-CRLFZ-mCherry vector was used as template for the
mutagenesis reaction, and the Q5 Site Directed Mutagenesis Kit (New England Biolabs

(NEB), Notting Hill, VIC) was used according to the manufacturer’s instructions.

Viral Transduction

Retrovirus was produced by transfecting 1 x 106 HEK293T cells in 5 mL recipient cell
media in a T25 culture flask with 4 pg of the pRuf-IRES-CRLFZ p.F232C vector, or the
MSCV PZ2RYS8-CRLF2 vector, 4 pg of the pEQ-ECO packaging vector and 20 pL
lipofectamine (Invitrogen, Carlsbad, CA). Viral supernatant was harvested 48 hours
post transfection, spun and passed through a 0.45 pum filter. Ba/F3 cells at a
concentration of 3 x 105/mL were centrifuged at 1800rpm for 1 hour with 30 pg/mL
polybrene in 4 mL of viral supernatant in a 6-well plate at room temperature. Cells
were washed 24 hours later and sub-cultured in original media before sorting at a
concentration of 1 x 107/mL in RPMI and 2% FCS on a BD FACSAria™ for GFP and

TSLPR expression at >95% purity.

Proliferation assay

Ba/F3 cells were seeded at 390 cells/mL in media starved of IL-3 in a 24-well plate in
duplicate. On days 0, 2,4 and 6, 20 pL of CellTiter-Glo 2.0® reagent (Promega, Madison,
WI) was added to 20 uL of cell suspension. Following 30 min incubation in the dark,
luminescence was measured on a Perkin Elmer Victor X5 luminometer set to

luminescence at 0.1 seconds.
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Flow cytometric analysis

Transduced Ba/F3 cells were stained with TSLPR-APC (Invitrogen) on ice for 30 mins
and were analysed on a BD FACSCanto™ analyser. Ba/F3 cell death was assessed by
seeding at 3.5x10% cells/mL in a 96-well plate with a dose-response of drug (in the
presence of 0.5% IL-3 conditioned supernatant if required) for a 3-day cell death assay.
At 72 hours cells were stained with 0.4 uL. AnnexinV-PE (BD, Franklin Lakes, NJ) and
0.04 pL 7-AAD (ThermoFisher, Waltham, MA) in 20 pL. HANKS with 1% HEPES and 5%
CaCl,. Drug synergy was calculated using CalcuSyn where the combination index (CI)
<1 indicated synergy. Following a 6-hour starvation from IL-3, Ba/F3 cells were fixed
with a final concentration of 1.6% paraformaldehyde for 10 mins, washed in 1xPBS and
then permeabilised with 80% methanol overnight at -80°C. Cells were then washed in
1xPBS, and subsequently in 1xPBS/1% bovine serum albumin (BSA). Cells were
stained with antibodies outlined in Table SI and all intracellular staining was carried
out in the dark, on ice, for 60 mins at room temperature in 1xPBS/1% BSA. Cells were

washed in 1xPBS before reading on a BD FACSCanto™ analyser.

Real Time PCR Analysis
RNA was isolated from transduced Ba/F3 cells using TRIzol® (Invitrogen) and cDNA
was synthesised using Quantitect reverse transcriptase (Qiagen, Venlo, NL). SYBR

green reagents (Qiagen) were used with 10uM primers outlined in Table SI.

Statistical Analysis
GraphPad Prism software Version 8.4.0© (GraphPad Software Inc.) and Flow]o

software version 10.6.1 (Flow]Jo LLC) were used for analyses. All assays were carried
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outin triplicate and graphs represent the median value or mean with stand error of the
mean (SEM) error bars as indicated in the figure legends. Unpaired t-test was used to
determine the difference between experimental groups. Benjamini-Hochberg false
discovery rate adjustment was used for multiple comparisons. LDso was determined
from cell death assays by applying a nonlinear regression model and using the 95%
confidence interval. Differences were considered statistically significant when the p-

value was <0.05. *p<0.05, **p<0.01, ***p<0.001.

Results
CRLF2 p.F232C confers cytokine independence in Ba/F3 cells through activation

of JAK/STAT signalling

Ba/F3 cells transduced with PZRY8-CRLFZ or CRLF2 p.F232C (CRLF2F?32C) were starved
of IL-3 over 6 days in a cytokine independent assay. Non-transduced Ba/F3 cells or
P2RY8-CRLF2 cells were unable to proliferate past day 2 and 4, respectively, while
CRLF2F232C cells underwent cellular transformation (Fig 1A, p<0.001 compared to
parental Ba/F3 cells). The amount of CRLFZ mRNA expressed by the transduced Ba/F3
cells was quantified using RQ-PCR. PZRY8-CRLFZ2 produced significantly more CRLFZ2
mRNA with an RQ value of 1.5x10¢ + 8x10%, compared to CRLF2F232C cells RQ of 5.6x10°
+ 1.7x10> (Fig 1B, p=0.008). Conversely, a higher level of TSLPR was detected on the
surface of CRLF2F232C cells (MFI: 13,344) compared to PZRY8-CRLFZ2 cells (MFI: 4,162,

p<0.001, Fig 1C).

The phosphorylation levels of PZRY8-CRLF2 and CRLFZ2F?32¢ Ba/F3 cells indicated

different signalling profiles. CRLF2F232C cells significantly upregulated pSTATS5
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compared to parental Ba/F3 cells after a 5-hour starvation from IL-3 (Fig 1D, MFI: 182
+ 26, compared to Ba/F3 cells MFI: 49 + 10, p=0.043). P2ZRY8-CRLFZ2 cells resulted in a
significant increase in pAKT (Fig 1E, MFI: 85 + 8, compared to Ba/F3 cells MFI: 12 + 1,
p=0.013) and pERK (Fig 1F, MFI: 99 + 9, compared to Ba/F3 cells MFI: 28 + 5, p=0.019).
A 15 min TSLP stimulation did not have an effect on CRLF2F232C cells (Fig 1G-I), however
an increase in pSTAT5 was observed in TSLP stimulated PZRY8-CRLFZ cells (Fig 1G,

MFI: 57 + 16 compared to DMSO control MFI: 49 + 10, p=0.022).
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Figure 1: Characterising the signalling profile of CRLF2r Ba/F3 cells. A) Cytokine
independence assessed by CellTiter Glo 2.0® proliferation assay over 6 days, culturing
Ba/F3 cells in media with no IL-3. Absorbance reading measured using a Perkin Elmer
Victor X5 luminometer. B) Using qRT-PCR to measure CRLFZ mRNA expression in
Ba/F3 HMGN1 and CRLFZ2 cell lines starved of IL-3 for 6 hours. RQ values determined
using housekeeper actin expression and normalised to the parental Ba/F3 control cell
line. C) Representative histogram depicting TSLPR-APC expression of Ba/F3 CRLFZ2
cell lines starved of IL-3 for 6 hours. Phosphorylation levels of STAT5-PE (D), AKT-PE

(E) or ERK-PE (F) basally or with the addition of 15min TSLP stimulation before
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staining (G, H & I) of Ba/F3 cell lines expressing CRLFZr measured by phospho-flow
cytometry after being starved of IL-3 for 6 hours. All graphs represent the mean of
biological replicate of n=3 with SEM error bars and a student’s t-test was used between
parental Ba/F3 cells and CRLF2r or CRLFZ2mut cells to determine significance, *p<0.05,

*4p<0.01, ***p<0.001.

149



Chapter 4: Dual targeting of JAK and MEK is effective against CRLF2+ Acute Lymphoblastic Leukaemia
Screening small molecule inhibitors against PZRY8-CRLF2 and CRLF2 p.F232C

cells

Due to the increase in JAK/STAT, PI3K and RAS signalling pathways, small molecule
inhibitors of each pathways were trialled against PZRY8-CRLFZ2 and CRLF2F232C cells.
The JAK2 inhibitors fedratinib, AZ960, ruxolitinib and cerdulatinib reduced the
viability of PZRY8-CRLFZ cells at similar concentrations with LDso ~350 nM (Fig 2A).
The JAK inhibitors were less effective against CRLF2232C cells with LDso ~750 nM for
AZ960 and cerdulatinib and LDso ~3-4 uM for both ruxolitinib and fedratinib (Fig 2B).

All doses were within the clinically achievable range.

The PI3K inhibitors GSK-1059615 and MK-2206 had similar high LDso between 5-7 uM
for both PZRY8-CRLFZ and CRLF2F?32C cells, while duvelisib did not impact cell viability
in either line (Fig 2C-D). Therefore, the investigation of PI3K pathway inhibitors
against these lines was discontinued. The RAS pathway inhibitors selumetinib and
PD0325901 were more effective against PZRY8-CRLF2 cells than CRLF2F232C cells.
P2RY8-CRLF2 cells had LDsg values, LDspselumetinib 10 yM and LDs(PP0325%01 4.5 uM (Fig
2E), however, PD0325901 had no effect on CRLF2F?32C cells up to 10 uM and
selumetinib had a higher LDso of ~12 uM (Fig F). The histone deacetylase (HDAC)
inhibitor givinostat had LDso of 200 nM for PZRY8-CRLFZ2 cells and 450 nM for
CRLF27232C cells, and panobinostat had LDso of 25 nM for PZRY8-CRLFZ cells and 75 nM
for CRLF27232¢ cells. The last inhibitor trialled was luminespib, inhibiting heat shock
protein 90 (HSP90) which targeted PZRY8-CRLFZ and CRLF2F232C cells similarly, with

an LDso of 400 nM (Fig 2G-H).
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Figure 2: Screening small molecule inhibitors effective against CRLFZ2r Ba/F3
cells. A & B) JAK2 inhibitors, C & D) PI3K pathway inhibitors, E & F) RAS pathway
inhibitors, or G & H) HDAC or HSP90 inhibitors were assessed via an AnnexinV/7-AAD
cell death assay over three days against Ba/F3 P2ZRY8-CRLFZ2 cells, supplemented with

2.5% IL-3 (left) or Ba/F3 CRLF2¥232C cells starved of IL-3 (right).
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A combination of fedratinib and selumetinib is mildly synergistic against the

CRLF2 p.F232C activating mutation

The CRLF2F232C mutation stimulates constitutively active signalling pathways through
a CRLF2 homodimer receptor. A combination of the JAK2 inhibitor, fedratinib, and the
MEK inhibitor, selumetinib, was trialled to target both JAK/STAT and RAS pathways. A
significant decrease in cell viability was achieved with a combination of 1 uM fedratinib
and 1 or 2 puM selumetinib (CI=0.9, Fig 3A). The human B-ALL cell line MUTZ5
harbouring IGH-CRLF2 and JAKZ2 p.R683G also achieved the same synergistic
combinations as the Ba/F3 CRLF2F232C]ine (CI=0.9), in addition to lower concentrations
of 0.5 pM fedratinib and 1 or 2 puM selumetinib (CI=0.6) as well as 1 uM fedratinib and
0.5 pM selumetinib (Fig 3B, CI=0.9). The human B-ALL line, NALM-19 was used as a
negative CRLFZ2 control and the fedratinib and selumetinib combination was not

synergistic for this line (Fig 3C, CI>1) indicating specificity for CRLF2+ lines.
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Figure 3: Effective targeting of Ba/F3 cell lines expressing CRLF2 p.F232C or
human IGH-CRLF2 +JAK2 p.R683G cells with fedratinib and selumetinib

combination therapy. The inhibitors fedratinib, selumetinib, or a combination of the
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two were assessed by an AnnexinV/7-AAD cell death assay over three days against
Ba/F3 CRLF2F232¢ cells (A), MUTZ5 cells (B), or control human NALM-19 cells (C). All
graphs represent the mean of biological replicate of n=3 with SEM error bars and

*synergistic combinations were identified using CalcuSyn where CI<1.

154



Chapter 4: Dual targeting of JAK and MEK is effective against CRLF2+ Acute Lymphoblastic Leukaemia
To determine the functional effect of the combinationfed/sel, pSTAT5 and pERK were
profiled using phosphoflow (Fig 4). Interestingly, neither fedratinib alone or the
combination were sufficient to reduce pSTATS5 in the Ba/F3 CRLF2232¢ line (Fig 4C).
However, a significant decrease in pERK was observed when CRLFZ2F232¢ cells were
treated with selumetinib alone (p=0.006) or the combinationfed/sel (p=0.009, Fig 4D).
The CRLF2F232¢]ine was compared to the parental Ba/F3 line starved of [L-3 for 6 hours
which expressed low levels of pSTAT5 and pERK (Fig 4A-B). fedratinib alone (p=0.044)
and the combinationfed/sel (p=0.014) decreased pSTATS5 in Ba/F3 cells, and a non-
significant decrease of pERK was observed with selumetinib or combinationfed/sel
treatment. Interestingly, fedratinib (p=0.015) and the combinationfed/sel (p=0.013)
treatment of MUTZ5 cells resulted in a significant decrease in pSTATS5 (Fig 4E),
however, the selumetinib and combinationfed/sel treatment did not result in a significant
decrease in pERK (Fig 4F). The human NALM-19 line was used as a control with
nominal pSTATS5 expression and minor pERK expression, of which none of the

treatments had an effect (Fig 4G-H).

Using the Ba/F3 CRLFZ+ cell lines, the expression of genes downstream of pSTAT5
were quantified using RQ-PCR after treatment with 1 pM fedratinib and 2 uM
selumetinib (Fig 4I). Interestingly, the expression of MYC was decreased with
combinationfed/sel treatment in parental Ba/F3, P2ZRY8-CRLF2 and CRLF2F232C lines.
GATA3 expression was also reduced in parental Ba/F3 and PZRY8-CRLFZ cells,
however, GATA3 expression in CRFL2F232C cells was not sensitive to treatment. CDKN1
and SOCS1 expression were only decreased in parental Ba/F3 cells with
combinationfed/sel treatment, and their expression was not altered in drug treated

CRLF2+ lines.
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Figure 4: A combination of fedratinib and selumetinib decreases JAK/STAT and
RAS signalling in CRLF2 expressing cells. Levels of pSTAT5-PE (A, C, E, G) or pERK-
PE (B, D, F, H) measured via flow cytometry in parental Ba/F3 cells or cells harbouring
CRLF2F232C after being starved of IL-3 for 6 hours and MUTZ5 or NALM-19 cells exposed
to 1 uM fedratinib and 2 pM selumetinib for 2 hours. All histograms are representative
of biological replicate of n=3. All graphs represent the mean of biological replicate of
n=3 with SEM error bars and a student’s t-test was used between each treatment and
its corresponding vehicle control to determine significance, *p<0.05, **p<0.01,
*#*p<0.001. I) Using qRT-PCR to measure MYC, GATA3, CDKN1, and SOCSI mRNA
expression in Ba/F3 CRLFZ2 cell lines starved of IL-3 for 6 hours and exposed to 1 uM
fedratinib and 2 pM selumetinib for 2 hours. RQ values determined using B-actin

expression and normalised to the vehicle control of each cell line.
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Discussion

The use of JAK inhibitors for CRLFZ2 rearranged ALL is well established with ruxolitinib
in Phase II trials32. Ruxolitinib was approved for the use in treating myelofibrosis!#,
and recently, the JAK2 inhibitor fedratinib was also approved for myelofibrosis in
201915, Fedratinib is likely to enter clinical trials for ALL, following in the footsteps of
ruxolitinib. However, patients with the aggressive CRLF2232¢ mutation rarely harbour
JAK mutations® and therefore, JAK inhibitors are not always sufficient to target CRLF2+
B-ALL cells. The MEK inhibitor, selumetinib has been demonstrated to target B-ALL in
combination therapies?® 29, in particular, combined with JAK inhibitors for JAK-
mutated ALL30. Here, we have demonstrated efficacy of fedratinib and selumetinib in

combination to target CRLF2F232C cells and JAKZ mutated cells harbouring IGH-CRLFZ2.

We have used the Pro-B Ba/F3 cell line to model the P2ZRY8-CRLF2 gene fusion and
CRLF2F232C activating mutation. Consistent with previous reports®?, we demonstrated
cytokine independent growth of CRLF2F232C cells, but not PZRY8-CRLF2 Ba/F3 cells.
After 6 hours IL-3 starve of Ba/F3 cells, an increase in different signalling pathways in
cells harbouring PZRY8-CRLFZ compared to CRLF2F232C was observed. PZRY8-CRLF2
cells increased phosphorylation of pAKT and pERK, whereas CRLF2F232C cells relied
solely on STATS signalling. This could be due to the CRLF2/IL7Ra heterodimer that
occurs in P2ZRY8-CRLF2 cells, compared to homodimerization of CRLF2 in CRLF2F232C
cells'l, To consolidate this model, an increase in pSTAT5 in PZRY8-CRLFZ cells upon

TSLP stimulation was demonstrated, as previously described33.

To determine efficacy of SMI against PZRY8-CRLFZ and CRLF2232¢ cells, 12 SMI were

screened in a cell death assay. Overall, P2ZRY8-CRLFZ2 cells were more sensitive to all
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SMI compared to CRLF2F232C cells as expected from the activating mutation. We
demonstrate efficacy of type 1 JAK2 inhibitors fedratinib, AZ960, ruxolitinib and
cerdulatinib in a dose dependent manner against PZRY8-CRLFZ2 cells. Due to the lower
sensitivity of type 1 JAK2 inhibitors in CRLF2F232C cells, type 2 inhibitors including
CHZ868 may be a better candidate as recently identified to target the mutated

receptor34,

PI3K pathway dysregulation is observed in CRLFZr patients!? 33, therefore, inhibition
of PI3K or AKT was hypothesised to be efficacious against P2ZRY8-CRLFZ2 or CRLF2232C,
The PI3K and AKT inhibitors trialled were effective against PZRY8-CRLFZ cells as an
increase in pAKT was also observed, however CRLF2F232C cells were less sensitive as
they did not activate pAKT. The inhibitor, duvelisib, which is FDA approved for the
treatment of chronic lymphocytic leukaemia3> was not successful in targeting either of

the CRLF2+ lines.

The allosteric MEK inhibitors selumetinib and PD0325901 decreased the viability of
P2RY8-CRLF2 cells in a dose dependent manner, while CRLF2F232C cells required a
higher concentration of selumetinib to be affected, and no change in viability was
observed with the use of PD0325901. Interestingly, the RAS signalling pathway is often
upregulated in iamp2136 and Down Syndrome ALL?3 37, both of which frequently co-
occur with CRLFZr38 indicating MEK inhibitors may be viable candidates for the

therapeutic targeting CRLFZr ALL.

Alterations in epigenetic regulator genes are also frequently associated with CRLF2r

ALL. The HDAC inhibitors givinostat and panobinostat both potently reduced PZRY8-
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CRLF2 and CRLF2¥F232C cell viability. Sensitivity to givinostat has been demonstrated in
CRLF2r and JAK inhibitor resistant CRLFZr cells3? and could be a potential candidate
for treatment resistant or relapsed ALL patients. HSP90 inhibition is proposed to be
effective against aggressive ALL subtypes. In particular, HSP90 inhibitors target
CRLF2r cells that rely on JAK2, by promoting JAK2 degradation*® 4. In this study, the
HSP90 inhibitor luminespib effectively targeted P2ZRY8-CRLF2 and CRLF2F?32C cells,
confirming efficacy of targeting this pathway. Similarly to the HDAC inhibitors, HSP90
inhibition has been demonstrated to overcome JAK inhibitor resistance in CRLFZr

cells41,

The emergence of resistance to either chemotherapy, or targeted inhibitors has led to
trials of combination therapies!. We have endeavoured to dual target CRLF2+ cells
with the JAK2 inhibitor, fedratinib and the MEK inhibitor, selumetinib. Synergistic
therapies that result in a lower dose of either drug are associated with less toxicity and
minimal resistance generation*?. JAK2 inhibitors have previously been trialled in
combination with other SMI43. Interestingly, selumetinib has shown efficacy when used
in combination therapies in ALL** and AML?7. We demonstrated efficacy of fedratinib
and selumetinib in combination against both CRLF2F232C and the IGH-CRLFZ gene fusion
with the JAKZ p.R683G activating mutation. Individually, selumetinib was not effective
unless used at high concentrations of 10 uM, whereas in combination with fedratinib,
this concentration was reduced to 2 puM. CRLFZr cells rely on JAK/STAT signalling!?,
therefore, ERK pathway activation may only occur when JAK/STAT signalling is
terminated allowing selumetinib to be effective. This mild synergistic effect was

specific to CRLF2 expressing lines, as the control NALM-19 cell line did not exhibit

synergy.
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The combination of fedratinib and selumetinib ceased pSTAT5 and pERK signalling in
MUTZ5 cells. However, pSTATS5 signalling remained active in CRLF2F232C cells as the
p.F232C results in homodimer formation and constitutive JAK2 recruitment®. A type 2
JAK inhibitor in combination with selumetinib may be more beneficial when targeting
the aggressive CRLF2F232C mutation34. The combination was, however, able to decrease
expression of MYC in CRLF2F232C cells, but not GATA3, CDKN1 or SOCS1, confirming
active STATS5 signalling. Combination JAK2 and c-MYC inhibition has been successful
in targeting CRLFZr and JAK mutant B-ALLs, demonstrating the importance of MYC
expression cessation#>. RAS pathway and JAK mutations are two of the most frequently
observed lesions in high-risk ALL?1, therefore, a synergistic combination of a JAK and
MEK inhibitor such as fedratinib and selumetinib may be a therapeutic option for a
range of ALL subtypes. However, this will need to be explored further in preliminary

in vivo models.

High-risk ALL patients are associated with lower survival rates and higher relapse
rates?139, A precision medicine approach using targeted inhibitors could greatly
increase their chances of survival. Currently, clinical trials are evaluating the use of
gene expression data to inform treatment using targeted inhibitors. We have screened
12 SMI and discovered an effective combination therapy using fedratinib and
selumetinib to arrest pSTAT5 and pERK signalling which could benefit not only CRLF2r
patients, but many high-risk ALL patients with activating mutations in JAK or RAS

signalling pathways.
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Table SI: Materials

Antibodies

Protein Conjugate Manufacturer

TSLPR APC Invitrogen # 17-5499-41
1gG2a APC Invitrogen # 17-4724-81
1gG2a PE BD # 556653

1gG1 APC BD # 551019

1gG XP AF647 CST # 2985

pSTATS PE BD # 612567

pERK PE BD # 612566

pS6 kinase APC CST # 665426

pJAK2 AF647 Abcam # ab200340
Total H3 AF647 CST #12230

H3K9ac AF647 CST #4484

H3K27me3 AF647 CST #12158

H3K9me2 AF647 CST # 66070

Annexin V PE BD # 556421

7-AAD ThermoFisher # A1310

Primer Sequences — Sigma-Aldrich

CRLF2 F232CF 5’ —-CTGTCCAAATGTATTTTAATTTCCAGCC- 3’

o

CRLF2 F232CR ! —CTTTGGTTTGGGAGGCGT- 3’

v

CRLF2 qPCR F ! -TGGATCACAGACACCCAGAA- 3’

CRLF2 qPCR R 5/ -TCTTGGCCAACTGGACTACC- 3’
mVEGFA_qPCR_F 5’ -AGCACAGCAGATGTGAATGC- 3’
mVEGFA_qPCR_R 5/ —TTTCTTGCGCTTTCGTTTTT- 3’
mBCL2_qPCR_F 5’ -AAGCTGTCACAGAGGGGCTA- 3’

o

mBCL2_qPCR_R ! -CAGGCTGGAAGGAGAAGATG- 3’

mMCL1_qPCR_F 5’ -GCTCCGGAAACTGGACATTA- 3’

w

mMCL1_qPCR_R ! —-CCCAGTTTGTTACGCCATCT- 3’

v

mMYC_qPCR_F ! —-CCAGATCCCTGAATTGGAAA- 3’

v

EP_mMYC_qPCR_R ! —TCGTCTGCTTGAATGGACAG- 3’

mGATA3_qPCR_F 5’ -CTTATCAAGCCCAAGCGAAG- 3’
mGATA3_qPCR_R 5’ -CATTAGCGTTCCTCCTCCAG- 3’
mCDKN1A_qPCR_F 5’ -CGGTGGAACTTTGACTTCGT- 3’

w

mCDKN1A_gPCR_R ’ -CAGGGCAGAGGAAGTACTGG- 3’

mSOCS1_qPCR_F 5’ -CCTCCTCGTCCTCGTCTTC- 3’
mSOCS1_qPCR_R 5’ -AAGGTGCGGAAGTGAGTGTC- 3’
Vectors

CLC20-MSCV-P2RY8-CRLF2-GFP

pRUfIRES-CRLF2-F232C-mCherry

pEQ-ECO

169



This page has been intentionally left blank

170



Chapter 5:

Discussion and Future Directions

171



Chapter 5: Discussion and Future Directions
Many genes in the Down Syndrome critical region of chromosome 21 are involved in
cancer-associated or gene activation pathways and have potential involvement in
leukaemogenesis!2. Genes including the dual specificity tyrosine phosphorylated and
regulated kinase 1A (DYRKI1A), ETS related gene (ERG), ETS variant transcription
factor 6 (ETV6) and RUNX family transcription factor 1 (RUNX1) have been studied in
ALL so far3-8. This thesis builds upon the investigation of HMGN1 in the development
and persistence of CRLFZ2r ALL. Critical initial studies conducted by Lane and Mowery
et all? defined genes in the Down Syndrome critical region of chromosome 21 and
highlight the involvement of HMGN1 in transcriptional activation. Deciphering the role
of chromosome 21 in leukaemogenesis is imperative to determine the predisposition
DS-ALL patients have to leukaemia development, as well as non-DS ALL patients who

harbour polysomy 21 or intrachromosomal amplification of chromosome 21910,

The articles presented in this thesis investigate the cooperation between PZRY8-CRLF2
and chromosome 21 gene, HMGN1, to understand its role, and develop targeted
therapeutic approaches urgently needed for DS-ALL patients. Together, the data from
chapters 2 and 3 identify HMGN]1 as a critical leukaemic gene, and potential target in
DS-ALL. This is because of its important functions in nucleosome remodelling,
proliferation, survival and cooperation with PZRY8-CRLFZ2. In chapters 2 and 4,
different combination therapies have been identified for cells harbouring the PZRYS-
CRLF2 gene fusion or the CRLF2 p.F232C activating mutation to target their different
signalling patterns. The role of HMGN1 identified here, provides significant insight into
the predisposition of DS-ALL patients harbouring PZRY8-CRLF2 and demonstrates

mechanisms for the persistent nature of these cells.
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Chapter 2 of this thesis demonstrates, for the first time, that HMGN1 has driver
potential similar to that of JAKZ, in the proliferation and survival of trisomy 21
leukaemic cells. JAKZ has been well characterised as a driver gene in haematological
malignancies!-13, Driver potential of HMGN1 was identified using a CRISPR/Cas9
knockout of HMGN1, and its role was explored in a trisomy 21 CRLFZ2 xenograft model.
Bioluminescent imaging was used to track engraftment and also the reduction in
leukaemic burden when the inducible HMGN1 knockout was activated. When HMGN1
was knocked out of the trisomy 21 CRLF2+ murine model, not only was leukaemic cell
proliferation perturbed, but also a significant survival advantage was gained.
Furthermore, known leukaemia associated pathologies including anaemia,
thrombocytopaenia and hepatosplenomegaly were mitigated. These findings are
particularly significant as the trisomy 21 cells expressed the aggressive CRLF2 p.F232C
activating mutation that constitutively activates cell signalling!%14. Based on this data,
targeting HMGN1 in patients harbouring CRLF2 p.F232C, would have the potential to
significantly decrease treatment related toxicity. This is clinically relevant, as patients
harbouring CRLFZ p.F232C currently have limited therapeutic options and are at high
risk of relapse. Repeating this model using DS-ALL patient derived xenografts would
further validate the leukaemic role of HMGN1 in ALL, however, the low transduction

efficiencies of primary ALL material may limit this study.

To support the findings from the in vivo model in Chapter 2, [ demonstrate for the first
time, cooperation between PZRY8-CRLF2 and HMGN1 in leukaemic transformation.
This link between PZRY8-CRLFZ and HMGN1 was identified using two in vitro models
described in chapters 2 and 3. Using the pro-B Ba/F3 cell line, I demonstrate that

neither gene (HMGN1 or P2RY8-CRLF2) was alone transformativel>16, thus clearly
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elucidating the critical synergistic role of HMGNI in proliferation and factor
independent transformation when co-expressed with PZRY8-CRLFZ2. Further, the
endogenous CRISPR/Cas9 PZRY8-CRLFZ model described in chapter 3, provides
additional mechanistic insight into the role of HMGN1 in this process. By creating the
P2RY8-CRLF2 gene fusion endogenously, the pre-leukaemic state of a cell can be
explored. It has previously been demonstrated that overexpression of HMGN1, as a
result of trisomy 21 changes the transcriptional activation patterns of a celll”.
Expressing HMGN1 in Jurkat cells for 72 hours prior to inducing the CRISPR/Cas9
gRNAs to generate PZRY8-CRLFZ resulted in increased efficiency of PZRY8-CRLFZ2
formation and as a result, surface expression of TSLPR. This suggests that HMGN1 is
likely a predisposing factor to the PZRY8-CRLFZ fusion gene formation and may explain
why this fusion is prevalent among patients with DS-ALL. Supporting the results
identified in chapter 2, the endogenous PZRY8-CRLF2 and HMGN1 expressing cells
demonstrate the same trends in cell signalling and histone activation as the Ba/F3
model, further validating HMGN1 as an important leukaemic gene. HMGN1 also plays a
role in DNA repair'8, and therefore, it may have a role in facilitating the 320 KB deletion

and ligation event that results in the formation of PZRY8-CRLFZ2 at the PAR1 locus.

To confirm this mechanism, further experiments are required to determine HMGN1
action at the PZRY8 promotor. This will be done using ATAC seq (Assay for
Transposase-Accessible Chromatin using sequencing) in the endogenously expressing
P2RY8-CRLF2Z cell lines generated in chapter 3. This method exposes DNA to a highly
active transposase (Tn5). Open chromatin sites will preferentially bind Tn5 which will
fragment the DNA and add sequencing primers to identify regions of active chromatin.

As ATAC seq assesses chromatin accessibility, an endogenously expressing PZRY8-
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CRLF2 cell line will be a favourable option compared to virally overexpressing the
fusion gene such as in the Ba/F3 cells developed in chapter 2. While HMGN1 will be
virally overexpressed, it can be determined whether the protein produced acts on the
endogenous PZRY8 promotor at PAR1 in a human cell line. The Ba/F3 cells, however,
may express PZRY8-CRLF2 at random insertion sites in the genome and are a murine
cell line rather than of human origin. ATAC seq has been used to determine if HMGN1
is responsible for transcriptional activation in B-cells, however, this was not in the
context of CRLFZr?. In addition to ATAC seq, chromatin immunoprecipitation (ChIP)
will provide valuable information on HMGN1 binding sites and targets. Using ChIP for
HMGN1 and H3K27me3 will validate the flow cytometry methylation and acetylation

data generated in chapter 2, as well as demonstrate its role in cell signalling.

The endogenous PZRY8-CRLFZ cell line model provides a useful research tool as a
physiological level of gene expression is achieved, in contrast to the overexpression
observed in the context of retroviral vectors'®20. An endogenously expressing PZRYS8-
CRLF2 cell line is a valuable research tool as there are currently only cell lines
harbouring the IGH-CRLFZ fusion, not PZRY8-CRLFZ2. This model, which recapitulates a
pre-leukaemic state, will also be valuable for the identification of new cooperating
genes or investigation of other chromosome 21 genes in DS-ALL. As PZRY8-CRLFZ2 is
not a transforming fusion gene alone, but a leukaemia initiating event, the co-
expression of other potential leukaemic genes can be assessed prior to inducing the
CRISPR/Cas9 PZRY8-CRLFZ fusion generation. For example, DYRK1A, which has been
demonstrated to promote DS megakaryoblastic leukaemia in a murine model* can be
expressed to determine its cooperation with PZRY8-CRLFZ for leukaemic

transformation and changes in cell signalling.
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Evidence for the cooperation between PZRY8-CRLF2 and HMGN1 has been established
in Chapters 2 and 3 through the achievement of cytokine independence in Ba/F3 cells
and increased efficiency in the development of PZRY8-CRLFZ in the novel CRISPR/Cas9
model cell line. To further characterise this relationship, the development of a
cooperative bone marrow transplant mouse will be of value. Murine bone marrow
transplants have been used to identify cooperative genes in leukaemic
transformation?!. In this experiment, lineage negative haemopoietic precursors will be
harvested from male C57BL/6 mice and transduced with PZRY8-CRLFZ2, CRLF2 p.F232C
and HMGN1 individually, as well as PZRY8-CRLFZ2 and HMGN1, CRLF2 p.F232C and
HMGN1 or P2RY8-CRLF2 and DYRK1A as a control. Transduced cells will be injected
into syngeneic C57BL/6 female mice and monitored to determine leukaemia latency
and to confirm PZRY8-CRLF2 and HMGN1 are cooperating to develop leukaemia.
Leukaemic cells harvested from these mice could later be used in a pre-clinical model
to validate targeted therapies for DS-ALL, including the combination therapies
identified in chapters 2 and 4. The application of CRISPR/Cas9 for P2ZRY8-CRLFZ2 fusion
generation could also be used in murine haematopoietic precursors to demonstrate
leukaemic driver -capabilities. Combinations of chromosome 21 genes with
endogenous expressing PZRY8-CRLF2 murine haematopoietic cells could be injected

into recipient mice to determine engraftment, leukaemic potential and cooperation.

Using the cooperative in vitro Ba/F3 CRLFZ model developed in chapter 2, the function
of PZRY8-CRLF2 and HMGN1 was further elucidated. Dual expression of PZRY8-CRLF2
and HMGN1 lead to increased CRLFZ mRNA production and surface TSLPR when

compared to cells expressing PZRY8-CRLFZ2 alone. This finding was unique to PZRYS-
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CRLF2 cells as HMGN1 expression did not upregulate CRLFZ2 in WT CRLFZ or CRLF2
p.F232C cells. This supports the endogenous PZRY8-CRLF2 model described in Chapter
3 and provides insight into the role of HMGN1 expression in cells predisposed to
P2RY8-CRLF2 fusion formation. The CRLF2 p.F232C mutation does not require
additional lesions for leukaemic transformation!®2?2 and has high constitutive
expression of TSLPR. With HMGN1 expression, PZRY8-CRLFZ cells also have
upregulated TSLPR, akin to that observed in cells harbouring CRLF2 p.F232C. This
finding raises mechanistic questions as to whether HMGN1 has a direct role binding to
the P2RY8 promotor, as it has been demonstrated to bind to promotor regulatory
elements?3. Alternatively, it may have an indirect role activating other transcription
factors that can then activate PZRY8-CRLF2217. This warrants further investigation
such as ATAC seq previously described. In addition, chromatin immunoprecipitation
for HMGN1 would identify the genes HMGN1 binds to, that result in activation. This
will determine if HMGN1 binding patterns change in the presence of the PZRY8-CRLF2
fusion, and identify genes becoming active via HMGN1 demethylation that may

cooperate with PZRY8-CRLF2.

Co-expression of PZRY8-CRLF2 and HMGN1 in the Ba/F3 model also identified
upregulated cell signalling, postulating a mechanism for the observed cooperation. In
non-DS CRLFZr ALL patients, 50% present clinically with JAKZ mutations and
upregulated JAK/STAT signalling!324. In the models generated herein, upregulated
JAK/STAT, PI3K and Ras signalling was observed when HMGN1 was co-expressed with
P2RY8-CRLF2Z cells. This signalling profile is similar to that identified in CRLFZr JAK2
mutated patients®25-28, These cells also had increased acetylation of the gene activation

mark, H3K9ac, and decreased methylation of the gene silencing marks, H3K9me?2 and
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H3K9me3, which is indicative of HMGN1 expression®17, Therefore, PZRY8-CRLF2 and
HMGN]1 cells may cooperate via nucleosome remodelling to activate cell signalling
pathways resulting in leukaemic transformation and cell survival. Interestingly, cells
co-expressing HMGN1 and CRLFZ p.F232C did not share these signalling and epigenetic
patterns. The CRLF2 p.F232C mutation results in maximal TSLPR expression and as a
result, constitutive JAK/STAT cell signalling319, and therefore do not require additional
cancer associated lesions. While cells harbouring the CRLFZ p.F232C mutation
exhibited increased gene activation marks upon co-expression with HMGN1, this did
not impact signalling pathways, and no increase in PI3K or RAS signalling was
observed. This further highlights the need for a precision medicine approach for DS-
ALL patients, including those within the same subset of CRLFZ rearrangements, as the
fusion and mutant have different signalling patterns, and therefore, are highly unlikely

to be targetable with the same therapies.

To determine which genes are activated in the Ba/F3 CRLF2 p.F232C cell line when
HMGN]1 is co-expressed, ChIP or ATAC seq will once again be beneficial. Furthermore,
mass spectrometry profiling and RNA sequencing will be useful to determine signalling
patterns and the gene expression profile of CRLF2 p.F232C HMGN1 cells to better target
with small molecule inhibitors. In chapter 2, an increase in the gene activation mark,
H3K9ac, was observed in Ba/F3 cells co-expressing CRLFZ p.F232C and HMGN1, but
not an increase in cell signalling or CRLFZ2 expression. Using RQ-PCR, an increase in
BCL2 and MYC expression was identified in this line, however, this was a targeted
experiment rather than a whole genome approach. Given the upregulation of BCLZ and

MYC, it will also be worthwhile to trial BCL2 and BET inhibitors such as venetoclax and
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JQ1 in a cell death assay against the CRLF2 p.F232C cells. These agents are currently

being trialled in double hit lymphoma?°.

To address the need for precision medicine treatment for patients with PZRY8-CRLF2
or the CRLFZ p.F232C mutation due to their differing cell signalling profiles, I assessed
two combination therapies for each CRLFZ2 subset. Both therapies centred around the
use of fedratinib, a specific JAK2 inhibitor recently approved for the treatment of
myelofibrosis?® as both CRLFZ subsets upregulate JAK/STAT signalling. Cells
expressing HMGN1 have been demonstrated to respond to the demethylase inhibitor
GSK-J41 which I have confirmed using Ba/F3 cells. Therefore, in chapter 2, when a
combination of fedratinib and GSK-]J4 was trialled against cells co-expressing PZRYS8-
CRLF2 and HMGN1, a significant decrease in cell viability was observed, indicating the
two compounds act in synergy and validating HMGN1 as a therapeutic target in CRLF2r
DS-ALL. This drug combination also proved synergistic against cells co-expressing
CRLF2 p.F232C and HMGN1, however, to a much lesser extent. Therefore, in chapter 4,
my focus was on targeting cells harbouring CRLF2 p.F232C with small molecule
inhibitors. The MEK inhibitor, selumetinib, was first trialled alone due to the
upregulation of pERK in CRLF2 p.F232C cells. A modest level of cell death was achieved
when selumetinib was used alone. Interestingly, the combination of fedratinib and
selumetinib acted in synergy to target CRLF2 p.F232C cells. Surprisingly, a similar
result was identified in an AML study3! with selumetinib exhibiting modest single
agent efficacy but a low toxicity profile suitable for combination therapies. The
fedratinib and selumetinib combination was also identified to act synergistically in
cells expressing the IGH-CRLFZ fusion and JAKZ activating mutation. Therefore, a

combination therapy effective for the CRLF2 p.F232C mutation may also be successful
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in targeting CRLF2 fusions and will be trialled in cells harbouring PZRY8-CRLF2. The
development of targeted therapies is important for CRLFZr patients, in particular DS-
ALL patients who experience treatment toxicity to chemotherapy, as well as poor

survival outcomes and high relapse rates?:32.
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Concluding Remarks

In this thesis [ have established novel roles for HMGN1 in the proliferation and survival
of CRLF2+ cells as well as cooperation with PZRY8-CRLF2 for leukaemic
transformation. The findings presented have identified several potential mechanisms
including the upregulation of CRLFZ and TSLPR, in addition to nucleosome remodelling
resulting in increased cell signalling and gene activation. Finally, for clinical translation,
assessment of therapeutic interventions has revealed two synergistic combination
therapies for either the P2ZRY8-CRLF2 fusion co-expressing HMGN1, or the CRLFZ2
p.F232C mutation. Importantly, taken together, these data provide much needed
evidence on the predisposition of DS-ALL patients developing PZRY8-CRLFZ2, suggest
potential mechanisms to this cooperation, and propose a therapeutic option that would
reduce the toxicity DS-ALL patients experience from current chemotherapy regimens.
This is important as the role of chromosome 21 is largely unknown in
leukaemogenesis, and DS-ALL patients have a poor prognosis and need targeted
therapies to improve their treatment tolerability. To add complete clarity of the role of
HMGN]1 in leukaemic development and persistence, further investigations including

ATAC seq and additional cooperative in vivo models will be valuable.
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Background

Down Syndrome (DS) Acute Lymphoblastic Leukemia (ALL) patients have

extremely poor outcomes with mortality rates four times greater than non-DS

ALL patients within their first two years of diagnosis. They are more View Metrics
suspectible to treatment related toxicities and experience higher relapse rates

compared to other ALL patients. Approximately 60% of DS-ALL patients

harbor rearrangement of cytokine receptor like factor 2 (CRLF2r), specifically
P2RY8-CRLF2, and/or the CRLF2 F232C activating mutation. These lesions Cited By
are considered poor risk and currently no targeted therapy exist. How Google Scholar
increased chromosome 21 gene dosage affect disease phenotype is not yet

fully elucidated. However, the high mobility group nucleosome-binding
domain-containing protein 1 (HMGNT1) on chromosome 21, which competes B Email Alerts
with histone H1 to bind the nucleosome and results in gene activation may be Article Activity Alert

a candidate for targeted therapy in DS-ALL. Latest Issue Alert

Methods

We aimed to determine the role of HMGN1 in CRLF2r DS-ALL. To model
CRLF2r DS-ALL, the trisomy 21 cell line, SET-2, was transduced with a
retroviral vector encoding the CRLF2 F232C activating mutation. Gene
knockdown of HMGNT using CRISPR/Cas9 was performed in the SET-2
CRLF2r line and the non-trisomy-21, non-CRLF2 expressing Jurkat line.
Individual knockdowns of another two genes on chromosome 21, DYRKIA and
ERG were also performed. Knockdown of JAK2 was used as a control as it is

critical for CRLF2 signaling. CellTiter-Glo was used to investigate proliferation
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of knockdown lines to test the hypothesis that HMGNT is essential for CRLF2r
DS-ALL cell proliferation.

Lentiviral vectors encoding the P2RY8-CRLF2 fusion gene, CRLF2 F232C
activating mutation or an overexpression construct of HMGNT were
transduced into BaF3 cells individually or in combination to test the
hypothesis that overexpressing HMGNI1 is associated with activation of
CRLF2. Quantitative PCR (QRTPCR) for CRLF2 and flow cytometry for the
CRLF2/1L7Ra receptor (TSLPR) were used to determine the effect of
increased HMGNT on CRLF2 expression. AnnexinV/7-AAD cell death assays
were performed to determine if the effects of HMGN?1 could be reduced by
the demethylase inhibitor GSK-J4.

Results

Knockdown of HMGNT resulted in an 80-90% decrease in HMGN1 protein
expression in SET-2 CRLF2 and Jurkat lines compared to the Cas9 controls.
While knockdowns of DYRKIA and ERG did not impair the proliferation of
SET-2 CRLF2 cells, HMGN1 and JAK2 knockdowns led to a complete
proliferation arrest over a period of 120hrs (p=<0.001, n=3), demonstrating
their effect on cell division. However, no change in proliferation was observed

in the Jurkat knockdown lines.

Overexpression of either HMGN1 or P2RY8-CRLF2 alone in BaF3 cells did not
result in cytokine independent transformation. However, cytokine
independence was triggered in BaF3 cells when HMGN1 and P2RY8-CRLF2
were co-expressed (p=<0.001, n=3); demonstrating a role for HMGNT in
leukemic transformation. Importantly, the overexpression of HMGNT in the
BaF3 P2RY8-CRLF2 line increased the mRNA expression of CRLF2 by 5.8-fold
compared to the BaF3 P2RY8-CRLF2 line without HMGNT (p=0.034, n=3) and
increased the mean fluorescence intensity of TSLPR by flow cytometry from
42 to 308 (p=0.008, n=3) (figure 1.a-c) indicating a novel role for HMGN1 in
P2RY8-CRLF2 activation.

While there are no pharmacological inhibitors for HMGN?, Lane et al. (2014)
have shown that the restoration of H3K27 methylation using the demethylase
inhibitor GSK-J4 was able to prevent DS-ALL cells from repassaging.
Therefore, we have employed the inhibitor GSK-J4 to determine if it can
reduce cell survival in HMGN1 overexpressed BaF3 cells. Specific inhibition of
BaF3 P2RY8-CRLF2 HMGNI1 cells was evident by decreased cell viability at a
concentration of 3.8uM compared to BaF3 P2RY8-CRLF2 or BaF3 HMGN1
lines (p=<0.001, n=3) (figure 4.d). Thus, demonstrating a role for HMGN1in
the modification of the P2RY8-CRLF2 methylome and suggesting HMGNT1 as a
potential therapeutic target.

Conclusion

These data support the hypotheses that HMGNI has a significant role in DS-
ALL cell proliferation and that overexpression of HMGN1 results in activation
of P2RY8-CRLF2. This is the first report of a novel role for HMGNT1 in P2RY8-
CRLF2 activation and leukemic transformation in CRLF2r DS-ALL.
Additionally, we show that HMGN1 is a potential candidate for the
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development of a pharmacological inhibitor for CRLF2r DS-ALL.

Cot viabisty (Annexin V- & TAAD:)

PrAL PSP
S £

Figure 1: HMGN1 upregulates CRFLZ and can be targeted by the small molecule inhibitor, GSK-4.
AZB) HMGN overexpression in BaF3 PZRYS-CRLF2 cells leads to an increase in surface expression of TSLPR
demonstrated by flow cytometry. €) An increase of CRLF2 expression is observed when HMGN1 is overexpressed in

CRLF2r BaF3 cell lines. RQ volues actin ic compared to the parentol 8aF3
control cell line. D) The demethylase inhibitor GSK-J4 decreases the viability of the BoF3 P2RYS-CRLF2 cell line
overexpressing HMGNL. All graphs represent n=3 with SEM error bors. Students T test was used to determine
significance (*p<0.05, **p<0.01, ***p<0.001).
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Introduction

Down Syndrome (DS) patients are at high risk of developing hematological
malignancies and ~10% are born with a pre-leukemic disorder characterised

by the overproduction of immature megakaryoblasts. Children with DS have a
20-fold increased risk of developing acute lymphoblastic leukemia (ALL) of
which 60% are associated with high expression of cytokine receptor like View Metrics
factor 2 (CRLF2) and of these, ~9% acquire the aggressive CRLF2 p.F232C

mutation. DS-ALL children also experience high treatment toxicity and high

relapse rates compared to non-DS leukemia patients. Genes on chromosome Cited B

. ) ) - . . - ite
21including the high mobility group nucleosome-binding domain-containing Y
protein 1 (HMGN?1) are likely to play a role in DS leukemogenesis and may be Google Scholar

targets for a personalized treatment approach. We aimed to determine if

HMGNT1 is necessary for leukemic cell proliferation using an inducible
CRISPR/Cas9 guide (g)RNA murine xenograft model. B Email Alerts
Article Activity Alert

Methods
Latest Issue Alert

A DS leukemic cell line model was created using the human trisomy 21
megakaryoblastic SET-2 cell line harboring JAK2 pV617F; the only trisomy 21
leukemic cell line currently available. SET-2 cells were transduced with CRLF2
p.F232C to model an aggressive DS-ALL mutation. NOD.Cg-
Prkdcscid,ll2rgtm1Wijl/Szj (NSG) mice were each injected with 3x10° SET-2
CRLF2 p.F232C CRISPR/Cas9 cells expressing luciferase in 3 groups; Cas9
only control, HMGN1 gRNA, or JAK2 positive control gRNA.

Doxycycline was administered post leukemic engraftment to induce the

194



Appendix

gRNAs and create a knockout (KO) and leukemic burden was monitored by
bioluminescent imaging (BLI) twice weekly for the remainder of the
experiment. Once Cas9 control mice became moribund, they were culled
along with 50% of the JAK2 or HMGN1 KO mice and complete blood counts
were performed. Bone marrow (BM), spleen and liver sections were stained
with hematoxylin and eosin (H&E) and survival analysis was carried out for
remaining JAK2 or HMGN1 KO mice. RQ-PCR was used to detect HMGN1
expression levels in KO mice organs at endpoint and DNA was extracted from
cells harvested from each organ to undertake a gene editing analysis.

Results

Leukemic engraftment in mouse BM was observed 10 days post transplant
with a radiance signal of ~1x 10°p/s/cm?/sr, therefore gRNAs were induced
on day 11. On day 20, a significant reduction in tumor burden was detected in
JAK2 and HMGN1 KO mice compared to Cas9 control mice (Fig. 1, Cas9:
8.4x10°+1.7x10%; JAK2 KO: 2.7x104£8.9x10%; HMGN1 KO: 1.5x105£1.7x10*
p/s/cm2/st, prone: p<0.001, supine: p=0.005).

Blood counts at day 35 indicated similar white cell counts across Cas9, JAK2
and HMGN1 KO mice, however, the Cas9 mice demonstrated
thrombocytopenia and anemia (platelet count: 705+43 K/pL, HCT: 22.5+2%)
which was rescued in JAK2 and HMGN1 KO mice (JAK2 KO platelet count:
30461775 K/pL, p<0.001; HCT: 471+6.8%, p=0.002; HMGN1 KO platelet count:
1503483 K/pL, p<0.001; HCT: 38+3.4%, p=0.004). JAK2 and HMGN1 KO mice
had reduced spleen weight (JAK2 KO: 46+2 mg, p=0.019; HMGN1 KO: 516
mg, p=0.046; Cas9: 81+7 mg) and liver weight compared to Cas9 control

mice.

Megakaryoblast infiltration identified with H&E staining was evident in the
BM, spleen and liver of Cas9 control mice, whereas megakaryoblasts were
not observed in JAK2 or HMGN1 KO mice organs. Similarly, RQ-PCR
demonstrated a 24% decrease in HMGN1 expression in the BM, 99% in the
spleen and 92% in the liver; and a 38% decrease in JAK2 expression in the
BM, 99% in the spleen and 70% in the liver of HMGN1 and JAK2 KO mice
respectively compared to Cas9 control mice.

Significantly, survival analysis of the remaining JAK2 and HMGN1 KO mice
indicated a substantial survival advantage from 35 days (Cas9) to 62 and 56
days respectively for JAK2 and HMGN1 KO mice (p=0.0009).

Conclusion

Our CRISPR/Cas9 DS leukemic xenograft HMGNT KO model demonstrates
the important role of HMGN1 in CRLF2 p.F232C DS leukemia. Significantly,
HMGNI1KO decreased the leukemic burden of mice to the same extent as the
JAK2 (SET-2 driver gene) KO. The HMGN1 KO mitigated ALL phenotypes
including hepatosplenomegaly, anemia and thrombocytopenia, preventing
leukemic progression and resulting in a significant survival advantage over
Cas9 control mice. As HMGNT has a distinct role in proliferation and survival
of DS leukemic cells, it is a potential candidate for targeting with a
pharmacological inhibitor as a personalized treatment for DS leukemia
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Figure 1: Bioluminescent Imaging of NSG mice engrafted with SET-2 CRLF2 p.F232C cells with Cas9

vector only, or with a gRNA targeting JAK2 or HMGN1. Doxycycline was administered on day 11 to

induce KO. Images taken using a Perkin Elmer IVIS Imager and analysed using Living Image" Software,
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