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Abstract 

Leukaemia is the most common type of childhood cancer, accounting for 

35% of cases overall. Outcomes for paediatric leukaemia have significantly 

improved over the recent decades, with current 5-year overall survival being 

around 90%. However, many children with high-risk leukaemia continue to 

have a poor prognosis due to therapy resistance and relapse. These clinical 

features are exemplified in B cell leukaemia developed by children with Down 

syndrome (DS, named DS-ALL), a community of children that have a 27-fold 

increased risk of developing acute lymphoblastic leukaemia (ALL) compared 

to children without DS. Therefore, improvements must be made to current 

treatment strategies to improve the overall outcomes for children diagnosed 

with DS-ALL. Individuals with DS are characterised by the trisomy of 

chromosome 21 (ch21), and the role of trisomy 21 in leukaemia 

predisposition, development and maintenance has been reported by several 

groups. Previous research from our laboratory has identified a minimal region 

of ch21, the Down syndrome critical region (DSCR), implicated in DS-

leukaemia and genes located within this region, such as the Dual-Specificity 

Tyrosine-Phosphorylation-Regulated Kinase 1A (DYRK1A) and High Mobility 

Group Nucleosome-Binding Domain 1 (HMGN1), are critical in DS-ALL 

development. Here, we hypothesise that targeting the mechanisms altered by 

trisomy 21 may represent a new avenue to improve outcomes for children 

with DS that develop DS-ALL.  

We propose that the development of novel clinically relevant models of DS-

ALL will facilitate the discovery of novel dosage sensitive ch21 genes, and 

lead to the identification of new molecular weaknesses and actionable 

therapeutic targets. These models can be established through the 

reproduction of genetic alterations observed in DS-ALL specimens in a 

murine background. 

In Aim 1 of the PhD project, we set out to generate a triple transgenic mouse 

model of DS leukaemia by overexpressing the mutated (G12D) Kirsten Rat 

Sarcoma Viral Oncogene Homologue (KRASG12D) in murine B cell 

progenitors, with trisomy of the DSCR region (Ts1Rhr model) and loss of the 
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tumour suppressor Cyclin dependent kinase inhibitor 2a (Cdkn2a) and 

established the Ts1/Cdkn2a-KRASG12D cell line. Notably, we showed that 

without KRASG12D, the donor Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mice did not exhibit 

a fully penetrant phenotype in vivo, indicating that a third mutation is required 

to develop complete malignancy. Consequently, we assessed the 

engraftment capacity of the Ts1/Cdkn2a-KRASG12D cell line in bone marrow 

transplant (BMT) experiments and showed that all successfully transplanted 

recipient mice developed DS-ALL in vivo, which can be used for preclinical 

drug testing.  

In aim 2, we extended this approach to a larger trisomy of ch21: Tc1 mouse 

model; a DS mouse model containing an extra almost entire human ch21 

made up of 269 human genes. Notably, the haematopoietic and 

microenvironment stem cell populations were characterised, confirming 

trisomy 21 perturbs haematopoiesis, specifically multipotent progenitor 

(MPP) populations, MPP1 and MPP2. Using Tc1 mice, we overexpressed 

KRASG12D and Breakpoint Cluster Region-Abelson 1 (BCR-ABL1) oncogenes 

and were able to establish four new cell lines: WT (wild-type)-KRASG12D, Tc1-

KRASG12D, WT-BCR-ABL and Tc1-BCR-ABL. Using these models, as well as 

unique human DS-ALL cell lines developed in our laboratory, we screened 

several novel inhibitors of the ch21 kinase DYRK1A in vitro and in vivo. We 

showed that DYRK1A inhibition is correlated with decreased growth and 

survival of both murine and human DS-ALL cell lines, as well as human DS-

ALL blasts freshly harvested from patient-derived xenografts (PDX). 

Leucettinib-21 was the most potent DYRK1A inhibitor tested and thus was 

selected for in vivo efficacy. In DS-ALL PDX, we showed that in vivo 

treatment with Leucettinib-21 significantly decreased leukaemia burden in the 

peripheral blood of two animal models. In parallel, we showed that it 

synergises with the standard of care agent vincristine to decrease growth of 

the human DS-PER961 and DS-PER962 cells in vitro.  Altogether, our results 

confirmed that the ch21 kinase DYRK1A is a promising target in DS-ALL.  

Identifying new dosage sensitive mechanisms associated with specific ch21 

genes may represent new actionable targets in DS-ALL, and potentially other 

leukaemia subtypes with gain of ch21. In aim 3, we planned to use an 
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inducible clustered regularly interspaced short palindromic repeats (CRISPR) 

repression system, ER-dCas9-KRAB, to repress expression of specific ch21 

genes in both DS-PER961 and DS-PER962 cells. We set out to optimise the 

procedure to integrate the ER-dCas9-KRAB system into the genome of our 

human DS-ALL cell lines and then use single guide RNA (sgRNA) targeting 

multiple ch21 genes. Initially, we tested procedures for transfection 

(Lipofectamine Stem reagent) and lentiviral transduction but were unable to 

successfully recover genetically modified human cells. Alternatively, we 

tested electroporation and were able to successfully transfect both DS-

PER961 and DS-PER962 cell lines, with both single reporter plasmid and co-

transfection of the ER-dCas9-KRAB construct. Unfortunately, we were unable 

to recover the transfected cells in liquid culture post the electroporation 

procedure, preventing us from establishing stable clones as originally 

planned. Ultimately, we conclude that our human DS-ALL models could not 

be genetically modified with our CRISPR repression system, using the 

procedures we tested, which aligns with observations from other groups 

regarding the technical challenge of transfecting/transducing human B cell 

ALL (B-ALL) cell lines. As a follow up, we are now considering modifying the 

murine trisomy 21 DS-ALL Tc1-KRASG12D cell line we recently established. 

Overall, through our research of DS-ALL, we successfully generated and 

characterised multiple human and murine in vitro and in vivo models of DS-

ALL. Through the development of these models, we tested several inhibitors 

of the ch21 kinase DYRK1A, confirming that targeting DYRK1A activity is a 

viable option as a new therapeutic strategy to improve outcomes for children 

with DS-ALL. Notably, copy number alterations (CNA) are hallmarks of 

cancer and gain of ch21 is one of the most frequently acquired chromosomal 

alterations seen in childhood leukaemia. Thus, targeting ch21 genes like 

DYRK1A will have broad therapeutic impact on multiple subtypes of 

leukaemia. These newly established DS-ALL models will serve as the basis 

for future research aiming to understand how ch21 gene expression 

influences DS-ALL development, progression and response to treatment, and 

lead to future therapeutic development.  
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Chapter 1: Introduction to copy number variation and DS-ALL 

Introduction to copy number variation: 

Genomic copy number variation (CNV, germline), responsible for congenital 

disorders such as DS (trisomy 21) (1), and CNAs (somatic) are both 

hallmarks of cancer respectively (2). There are multiple mechanisms that 

result in these CNVs/CNAs, with the most known consequence being the 

resulting altered gene dosage imbalances (losses or gains of genetic 

material) (3, 4). In cancer, CNVs/CNAs have been shown to predispose 

cancer, contribute to tumourigenesis and impact cellular outcomes by 

affecting the dosage of oncogenes and tumour suppressors (5-7). We wrote 

a review paper outlining the impact of CNV/CNA in cancer, as well as 

discussing the targetability of CNV/CNA. This review was submitted to the 

International Journal of Molecular Sciences and was accepted on the 

17/06/2024. 
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Abstract: Copy number alterations (CNAs), resulting from the gain or loss of genetic material from as
little as 50 base pairs or as big as entire chromosome(s), have been associated with many congenital
diseases, de novo syndromes and cancer. It is established that CNAs disturb the dosage of genomic
regions including enhancers/promoters, long non-coding RNA and gene(s) among others, ultimately
leading to an altered balance of key cellular functions. In cancer, CNAs have been associated with
almost all steps of the disease: predisposition, initiation, development, maintenance, response
to treatment, resistance, and relapse. Therefore, understanding how specific CNAs contribute to
tumourigenesis may provide prognostic insight and ultimately lead to the development of new
therapeutic approaches to improve patient outcomes. In this review, we provide a snapshot of what
is currently known about CNAs and cancer, incorporating topics regarding their detection, clinical
impact, origin, and nature, and discuss the integration of innovative genetic engineering strategies,
to highlight the potential for targeting CNAs using novel, dosage-sensitive and less toxic therapies
for CNA-driven cancer.

Keywords: genetic; cancer; prognostic; targeted therapy

1. Introduction
Copy number alterations (CNAs) are a hallmark of cancer, with approximately 25% of

the genome of all tumour cells containing either chromosomal amplifications or deletions
somatically acquired during cancer development [1–3]. However, while these alterations
are clonally selected during tumourigenesis, their role, clinical impact, associations with
specific cancers and specific tumour subtypes, and whether they are therapeutically tar-
getable, remains elusive. Further emphasising their influence on cancer development, some
congenital and de novo syndromes characterised by specific germline alterations, termed
copy number variation (CNV), have a different incidence of cancer compared to the general
population, indicating that these gains or losses of genetic material can either protect or
promote tumourigenesis. The other chromosomal alterations commonly seen in cancer
are inversions and translocations; however, in most cases, they do not modify the gene
copy number.

Mechanistically, CNA/CNV arises from a myriad of mechanisms that result in small
to large genomic deletions or amplifications, and by definition lead to an altered dosage of
genetic material such as regulatory elements (enhancers/promoters, long non-coding RNA,
microRNA among others), non-protein-coding and protein-coding genes. Depending on
the size (from 50 base pairs (bp) to an entire chromosome), the genomic location altered

Int. J. Mol. Sci. 2024, 25, 6815. https://doi.org/10.3390/ijms25136815 https://www.mdpi.com/journal/ijms
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(rich or poor in regulatory elements or genes) and the magnitude (number of copy loss
or gain of a genomic region), this may affect the expression of several tumour suppressor
and tumour promotor genes that will ultimately impact cellular fitness, cell proliferation,
differentiation, maturation, survival and response to treatment [4–7]. This becomes even
more complex as, in most cases, tumour cells have more than one CNA, and thus together
can lead to a precise gene expression profile that has clinical implications [8,9]. Notably,
there is also a high level of intra-tumoural heterogeneity in most cancers [10], and CNAs
alone may not be sufficient to drive tumourigenesis but rather cooperate with other somatic
genetic events. While these cooperating driver mutations have been extensively studied
in human and animal models, the true impact of CNAs in cancer initiation, development,
response to treatment and outcome remains mostly unknown due to the complex nature of
these numerical and structural alterations.

With an incidence varying between 25 and 80% [1,5], a better understanding of the
role of CNA/CNV in cancer is key to identifying new vulnerabilities that can lead to the
development of novel targeted therapeutic strategies. In this review, we will integrate
clinical and fundamental observations of CNA/CNV in cancer, with a particular focus on
haematological malignancies to highlight the uprising interest in understanding the impact
of CNAs in tumourigenesis to develop innovative therapies.

2. CNA/CNV Detection
From early karyotyping to next-generation sequencing (NGS), the detection of

CNA/CNV has vastly evolved in recent decades. Figure 1 shows the main techniques and
key steps of this evolution; other approaches and their limitations have been extensively de-
scribed elsewhere [11,12]. Compared to historical conventional cytogenetics, new detection
tools have incrementally refined several features of CNAs such as the size, the specificity (at
the gene, transcript or single nucleotide variation (SNV) level) and the depth (to distinguish
between cancer and normal cells and assess intra-tumoural heterogeneity). Karyotyping
and fluorescence in situ hybridisation (FISH) approaches are still commonly used for the
diagnosis of many diseases, whether they are cancer-related or not, but are limited by depth.
Towards the turn of the century, the development of array platforms such as comparative
genomic hybridisation (CGH) and single nucleotide polymorphism-based microarrays
(SNP-arrays) significantly advanced our ability to detect and precisely characterise CNAs,
emphasising their incidence and complexity in cancer [13–15]. Polymerase chain reaction
(PCR)-based detection methods, such as quantitative multiplex PCR of short fluorescent
fragments (QMPSF) [16], multiplex amplifiable probe hybridisation (MAPH) [17], and
multiplex ligation-dependent probe amplification (MLPA) [18], were subsequently devel-
oped and allowed CNA detection with 150 bp resolution. MLPA is commonly used in
the clinic and allows for a cheap, fast, and precise detection of known CNAs. With the
advent of NGS, new approaches and bioinformatic pipelines can now be used to detect
CNAs and characterise them at the nucleotide level (as bulk or single cell), from DNA
and RNA [19,20]. Furthermore, the development of optical genomic mapping (OGM) that
uses chromosome band patterns from single DNA strands, assembled bioinformatically
to identify genomic alterations at high resolution (de novo assembly: 500 bp), now offers
efficient analysis of genetic alterations within a genome without sequencing [21]. Notably,
OGM provides an effective tool to detect CNAs in cancer, as shown in haematological
malignancies [22], and may represent a cost-effective option for genetic screening in future
clinical settings [23]. Implementation of these new detection methods along with a plethora
of novel bioinformatic tools has highlighted the role and incidence of CNAs in tumour
development, maintenance and response to treatment, and in several cases, associated
specific CNA/CNV with clinical outcomes, as further detailed below.
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ddPCR,

Figure 1. Main methods of detection of copy number alterations/variations. Timeline of the develop-
ment of methods for detection of CNA/CNV, spanning from the 1970s to the present. Fluorescence
in situ hybridisation (FISH), comparative genomic hybridisation (CGH), quantitative polymerase
chain reaction (qPCR), quantitative multiplex PCR of short fluorescent fragments (QMPSF), multiplex
amplifiable probe hybridisation (MAPH), multiplex ligation-dependent probe amplification (MLPA),
digital droplet PCR (ddPCR), next-generation sequencing (NGS) and optical genome mapping (OGM).
Created with BioRender.com (accessed on 21 May 2024).

3. Types of CNA/CNV
CNA/CNV is a general term describing a myriad of genomic/chromosomal aber-

rations that can be inter- and intra-chromosomal; the largest ones such as aneuploidy or
chromosomal rearrangements resulting from duplication, deletion or chromothripsis are
usually seen by conventional cytogenetic approaches.

Aneuploidy englobes gains and/or losses of whole chromosomes within a single cell,
and can affect one single chromosome (as in monosomy and trisomy), several chromosomes
(as in hypodiploidy or hyperdiploidy), and even lead to haploid (or ‘nearly’ haploid) or
polyploid (as in triploidy or tetraploidy) karyotypes in some cases (Figure 2A,B) [24]. This
large variety of aneuploidies, which can vary between tumours, within the same tumour
type, or even within the same patient, has hindered our capacity to estimate their true im-
pact on cancer development. Notably, some of these alterations have been associated with
specific outcomes and are now integrated into clinical risk stratification, as discussed below.
Aneuploidy is often, but not exclusively, the result of chromosomal instability (CIN) [25].
It can occur via various mechanisms including single mutations affecting genes encoding
key regulators of chromosomal segregation or mitotic/meiotic process, including improper
kinetochore–microtubule attachments (AURKB and AURKC), defective cohesin complex
(SMC1/3, RAD51, STAG2) and defective spindle assembly checkpoint (BUB1/3, MAD1/2,
BUBR1, MPS1) [26–28]. Importantly, CIN leads to ongoing chromosomal mis-segregation
throughout cell progeny, resulting in tumour cell populations with different karyotypes,
thus increasing intra-tumoural heterogeneity [29,30]. Notably, aneuploidy can trigger
increased genomic instability (GIN) and CIN [31,32], with Passerini et al., showing that
aneuploidy increases the frequency of pre-mitotic errors and DNA damage and enhanced
sensitivity to replication stress, ultimately leading to genomic rearrangements. The reverse
is also true as GIN induced by DNA mutations and epigenetic modifications (DNA methyla-
tion and histone modification) has been shown to lead to deletions/duplications [25,33]. In
high hyperdiploid B-cell acute lymphoblastic leukaemia (HeH B-ALL, >50 chromosomes),
chromosomal gain has been suggested to occur in various ways, including chromosome
loss from tetraploid cells, abnormal mitosis linked to impaired condensin and downstream
Aurora B kinase function, chromosomal gains resulting from CIN, as well as cell fusion
and tripolar division with additional clonal selection over multiple generations [34–36]. To
date, the exact mechanism and kinetics of the appearance of the hyperdiploid karyotype in
HeH B-ALL are still debated, with some studies indicating that it may be an early event
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during tumourigenesis [37,38]. Moreover, emphasising a putative functional advantage
of CNAs for tumourigenesis and during clonal selection, there is a lack of randomness of
the chromosomes often gained in hyperdiploid B-ALL (gains of chromosome 4, 6, 10, 14,
17, 18, 21, and X) [39], many of which are retained in hypodiploid (HoH) B-ALL (retained
chromosome X/Y, 14, 18, and 21) [40].
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Figure 2. Mechanisms of formation of copy number alterations. Aneuploidies: (A) Chromosomes
align during metaphase, followed by mis-segregation at anaphase that may lead to gain (trisomy) or
loss (monosomy) of one chromosome. (B) Hypothetical mechanisms leading to hyperdiploidy and
hypodiploidy due to mis-segregation of several chromosomes during anaphase. Rearrangements:
(C) Amplification of genomic regions by a breakage–fusion bridge (BFB); several sequential BFB cycles
can happen. (D) Chromothripsis is a catastrophic event that usually starts with BFB cycle(s), followed
by the ‘explosion’ of an unstable rearranged chromosome and reintegration of DNA fragments
prior to stabilisation. This process can lead to homogeneously staining regions/intrachromosomal
amplification (HSR/iAMP), ring chromosomes and extrachromosomal DNA (ecDNA). (E) Extra-
chromosomal circular DNA occurs when a DNA fragment is excised and circularised; or following
chromosomal rearrangements such as chromothripsis. (F) In deletions, genomic regions are lost
mostly due to DNA double-strand breaks and non-homologous repair. (G) Duplication results from
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DNA-strand breaks. Created with BioRender.com (accessed on 21 May 2024).
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For several decades, cytogenetic approaches (karyotyping, FISH or CGH arrays) have
also described chromosomal structures and chromosomal rearrangements associated with
the amplification of specific DNA segments that can be released from the original chromo-
some, such as extrachromosomal DNA (ecDNA, also known as double minutes) and ring
chromosomes, or remain integrated within the affected chromosome in homogeneously
staining regions (HSR) (Figure 2C–G). In most cases, amplification of genomic regions
due to these CNAs leads to an elevated expression of oncogenes. Among the best-known
examples are the amplifications of MYCN and MYC oncogenes in neuroblastoma and
acute myeloid leukaemia (AML), respectively, in double minutes or HSR structures [41,42].
These chromosomal alterations can result from several mechanisms that are not mutually
exclusive, including breakage–fusion bridges (Figure 2C, first reported in 1941) [43] and the
more recently described chromothripsis (Figure 2D) [44]. Chromothripsis is described as a
one-off ‘catastrophic’ event that initiates with breakage–fusion bridge cycles resulting in a
rearranged chromosome characterised by a distinctive pattern of deleted and amplified
genomic fragments, in random order and orientation [44,45]. Chromothripsis is part of
a larger family of chromosomal rearrangements, which also include chromoplexy and
chromoanasynthesis. Major breakthroughs into the nature, origin and mechanisms of
formation of these massively rearranged structures have been achieved with the imple-
mentation of next-generation sequencing approaches (reviewed in [46]). Chromothripsis
has been shown to occur in numerous cancer types, including leukaemia, brain tumour
and lung carcinoma [47]. A well-known example of chromothripsis in leukaemia is the
intrachromosomal amplification of chromosome 21 (iAMP21), a rare subtype of childhood
B-ALL associated with a high risk of relapse [48]; this rearrangement can also be found to
occur in AML [49]. The mechanism of formation of iAMP21 in B-ALL has been elegantly
revealed by Li et al. using a next-generation sequencing approach indicating a rearranged
chromosome that alternates gains and losses of key genomic regions/genes of chromosome
21; in some instances, this whole process can be promoted by a predisposing Robertsonian
translocation [50]. Chromothripsis has also been described in paediatric medulloblastoma
and is associated with TP53 mutations [45]; a functional link is also observed in AML [49].
Notably, it is commonly seen in the benign tumour, uterine leiomyoma, but does not seem
to be sufficient to drive malignant transformation [51]. Although there is still much more to
do to better understand chromothripsis, it is now well established as a significant contrib-
utor to cancer development. Additionally, chromothripsis is one of the mechanisms that
can lead to the release of extrachromosomal material (Figure 2D). ecDNA usually involves
double stranded breaks, replication and circularisation of small fragments that contain one
or a few genes and exist separately to chromosomes (Figure 2E) [52]. These ecDNA are
commonly found in cancer and a recent observation has shown that oncogene overexpres-
sion through ecDNA formation contributes to tumour heterogeneity and genome evolution
during cancer progression [53].

Somatic intrachromosomal deletions and duplications � 10 kb are observed in 87.5%
of cancer [5]. Interestingly, deletion/duplication of specific genomic regions is commonly
found as germline CNV (80–85% deletion, 10–15% duplication) [54]. Classically, deletions
are suspected to contain gene or regulatory elements with tumour suppressor function
whereas duplications/amplifications contain tumour promotor genes and oncogenes. A
well-documented example of this is the amplification of the MYCN gene (located in 2p23-24)
in approximately 20–30% of neuroblastoma cases [55,56]. MYCN amplification can exist
either intrachromosomally as well as in ecDNA and can result in over 500-fold amplification
in some cases [57]. Other key examples are amplification of EGFR (7p11.2) in about 40% of
glioblastoma cases [58], ERBB2/HER2 (17q12) in 15–20% of breast cancer cases [59] and MET
(7q31) in 1–2% of metastatic colorectal cancer cases [60]. Amplifications of these oncogenes
have been shown to have prognostic value, further discussed below. Notably, similar to the
concept of oncogene addiction [61], the term ‘aneuploidy addiction’ has also been used to
describe the nature of cancers that rely on this specific type of CNA [62]. Indeed, in their
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recent study, Girish et al. demonstrated that trisomy of chromosome arm 1q is associated
with suppression of TP53 function through overexpression of MDM4 (1q32.1) [62].

Overall, a large variety of CNAs/CNVs exist that arise through different mechanisms.
Notably, similar to what has been described for small indels (insertions/deletions) and
single nucleotide mutations [63], Steele et al. described signatures that can explain the CNA
pattern of 97% of samples across 33 tumour types, providing a mechanistic explanation
of how most of these large chromosomal rearrangements may arise in cancer [3]. These
CNAs are clonally selected throughout the tumourigenic process; therefore, the kinetics of
appearance (spatial and time-dependent), as well as their interaction with other genetic
alterations (including with other CNAs within the same cell), dictates cellular fitness,
tumourigenesis, response to treatment and relapse initiation.

4. Incidence and Clinical Impact of CNA/CNV in Cancer
Depending on the subtype of CNA/CNV, the dosage of one to thousands of genes or

regulatory elements can be affected, and consequently modify key biological processes. For
most of them, the true functional impact of these CNAs/CNVs remains elusive, but it is
now well established that they can provide clinical insight. Notably, the type of CNA and
the genomic regions implicated may strongly relate to tumour type, and some insights have
been unveiled through studying the influence of somatic and germline CNV or genetic
disorders on cancer incidence.

4.1. Somatic CNAs in Cancer
Independent of the techniques used to detect somatic CNAs, pan-cancer genomic

studies have estimated the incidence of aneuploidy (60–90%), chromothripsis (50%), and
other duplication/deletions (25–80%) in primary samples [1–3,5,64]. The amount, type
and size of somatic CNAs can be highly variable between cancer [2,5]. An overview of the
key CNAs observed in the most common solid tumours and in acute leukaemia is shown
in Table 1.

CNA burden (i.e., the ratio of total CNAs on the length of the whole genome) has been
identified as a prognostic factor for recurrence and death [4]. Pan-cancer studies have also
highlighted the impact of CNAs during tumour development, progression and therapeutic
resistance, some of which are commonly deleted/amplified across cancer [11,48,65–67].

Table 1. Overview of the main CNAs affecting autosomes in cancer.

Cancer Type CNAs (amp/del) Frequency Genes of Interest Refs.

Solid Tumour

Breast cancer

+1q
+8q
+11q13
+17q
�8p
�16q

>50%
20–40%
17–51%
9–10%
45–55%
>50%

MYC
CCND1
ERBB2 [68–70]

Prostate cancer

+8q
+16p
+7
�8p
�13q
�16q

30–35%
25–50%
25%
60–65%
50–55%
50–55%

MYC

EGFR
NKX3-1
RB1
CDH1

[71,72]

Lung cancer

+5p
+1q
+7p
�8p
�19p
�9p

60–65%
55–60%
40–45%
45%
40–45%
40–45%

TERT
ARNT
EGFR

CCNE1
CDKN2A/B

[73,74]
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Table 1. Cont.

Cancer Type CNAs (amp/del) Frequency Genes of Interest Refs.

Solid Tumour

Colorectal cancer

+7
+13q
+20q
�8p
�17p
�18

41–46%
56%
72%
50%
56%
61–66%

EGFR, MET

AURKA, ASXL1, HNF4A

TP53
CADH7

[75–77]

Skin cancer

+7
+6p
+8q
�6q
�9
�10

50–55%
20–50%
5–40%
30–50%
20–50%
5–50%

EGFR

MYC

CDKN2A/B
PTEN

[78–80]

Acute leukaemia

Adult AML

+8
+21
+22
�5/5q
�7/7q
�17/17p

10–15%
4–6%
4–6%
10–15%
6–7%
5–6%

MYC
ERG

EZH2
TP53

[81,82]

Paediatric AML

+8
+21
+19
�5/5q
�7/7q

10–14%
7–10%
5%
1.2%
4–5%

MYC
ERG

EZH2

[81,83]

Adult B-ALL

+21
�9p21
�7p12
�9p13

11%
25–40%
30–40%
20–40%

RUNX1, DYRK1A
CDKN2A/B
IKZF1
PAX5

[84,85]

Paediatric B-ALL

+21
+6
+14
�9p21
�9p13
�7p12

27% (100% HeH)
90% in HeH
90% in HeH
30–40%
20–30%
15–20%

RUNX1, DYRK1A

CDKN2A/B
PAX5
IKZF1

[38,86,87]

Data were extracted from references and using cBioportal [88] and the Mitelman database (available at
https://mitelmandatabase.isb-cgc.org/) [89,90]. Lists of CNAs are not exhaustive and represent common al-
terations seen in the selected tumour type.

Somatic CNAs affecting well-known oncogenes and tumour suppressor genes such
as MYC (located in 8q24), EGFR (7p11.2), TP53 (17q13.1), RB1 (13q14.2), and CDKN2A/B
(9p21.3) are commonly seen across cancer. A recent study using computational analysis of
10,884 patients across 33 cancer types reported that the gain of human ch1q has prognostic
value across multiple cancers [62]. In solid tumours, genomic amplification (amplicons)
of EGFR, MET, CCND1, or ERBB2 have been associated with inferior survival rates and
have correlated with resistance to targeted therapies [91–95]. In prostate cancer, a recent
study conducted by Alfahed et al. identified several markers associated with disease stage,
Gleason grade group features and progression-free survival, confirming earlier observa-
tions [67,71]. They also showed that the combination of seven markers can differentiate
patients with localised and advanced stages of prostate cancer. Another important aspect
of screening CNAs in cancer patient samples is the potential to identify if CNAs infer
sensitivity or cytotoxicity to therapeutic agents, as recently shown in melanoma and neu-
roblastoma [96,97]. Wong et al. correlated the gain of PPM1D/GNA13 genes or loss of
CBL/DNMT3A genes with enhanced cytotoxicity, whilst gains of PI3K or STAT family
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genes sensitise neuroblastoma cells to cell cycle inhibitors [97]. Moreover, using the cancer
proteome atlas, a predictive link between CNAs and phosphorylation changes has been
discovered, providing a new potential readout to assess sensitivity to kinase inhibition in
cancer [98].

At the chromosomal arm level, amplifications of 5p, 8q and 7p are among the most
frequent CNAs seen in solid tumours and are often associated with 5q, 8p and 7q deletions
through the formation of isochromosomes. This is observed in ⇡25% of solid tumours
and the most frequent are i3q, i5p, i8q and i20q, with i8q being one of the most broadly
acquired isochromosomes [99]. i8q or 8p deletions have also been associated with disease
progression and poorer prognosis in breast, colorectal and prostate cancer [7,100,101]. In
breast cancer, Cai et al. have shown that 8p deletions confer a loss of heterozygosity
(LOH) phenotype, which results in alterations to lipid metabolism with an increase in
drug resistance and tumour invasiveness [7]. Interestingly, while chromosome 7 is mostly
gained in solid tumours, it is frequently lost in haematological malignancies (Table 1). This
reflects the tissue specificity of CNAs in cancer and is most likely due to the presence of key
oncogenes in solid tumours (EGFR, MET and BRAF), and well-known tumour suppressor
genes in blood cancers (CUX1 and IKZF1).

Paediatric B-ALL is a well-known example of how treatments have been adapted using
risk-stratification based on genetic alterations, including CNAs, to successfully improve
outcomes. HeH B-ALL is the most common subtype of childhood B-ALL (25–30% of cases)
and has a good prognosis overall [102]. The presence of double (+4, +10) or triple (+4, +10,
+17) trisomy has also been shown to confer better outcomes [103,104]. Furthermore, with
regard to drug sensitivity, ex vivo pharmacotypic profiling performed in a recent study
revealed differential sensitivity to asparaginase, cytarabine and thiopurines in paediatric
HeH B-ALL. Several chromosome-specific associations were identified, including the
gain of chromosomes 7 and 9 with asparaginase resistance, the gain of chromosomes
16 and 17 with asparaginase sensitivity, and the gain of chromosomes 14 and 17 with
mercaptopurine sensitivity [105].

At least two other subgroups are strictly defined by CNAs in B-ALL: HoH and iAMP21,
both of which have poorer outcomes [102]. Inferior outcomes and drug resistance have
also been associated with deletion of the IKZF1 gene (7p12) in paediatric B-ALL but its
impact on the outcome of adult B-ALL remains controversial; IKZF1 encodes a critical
regulator of lymphoid differentiation [85,86,106]. Notably, a recent study has recently
refined the prognostic value of IKZF1 alterations in a large cohort of paediatric B-ALL,
demonstrating that MRD-positivity in patients with IKZF1plus signature (i.e., IKZF1 deletion
plus other co-occurring deletions such as CDKN2A, PAX5 or PAR1) are associated with
a very-poor prognosis [107]. CNAs also hold significant prognostic value in myeloid
leukaemia. Deletions of the long arm of chromosome 7 (�7q) occur in up to 33% of AML
cases [108,109]. In paediatric AML, monosomy 7 or 7q deletions are associated with a
poor prognosis [108,110]; 5q deletions also result in inferior survival outcomes in AML and
are sometimes observed together with 7q deletions [111]. Other common CNAs seen in
leukaemia are gain of chromosome X in HeH B-ALL and loss of chromosome Y in AML
but their role in leukaemogenesis and prognostic value remains unclear [81,87]. Notably,
some CNAs seen in childhood acute leukaemia (+21 in B-ALL) are less frequently acquired
in adult malignancies and vice versa (�5/5q in adult AML), emphasising the time and
spatial sensitivity to CNAs for cellular transformation.

Altogether, these data illustrate the impact of integrating CNAs as prognostic factors
to inform risk stratification and further explore sensitivity to conventional treatments

4.2. Constitutional CNV and Cancer
The impact of CNAs on cancer has also been unveiled by studying the phenotypes as-

sociated with inheritable and constitutional CNV-driven syndromes. Interestingly, studies
assessing CNAs amongst healthy individuals revealed that 5–12% of the genome is subject
to these genomic variations [112,113]. This includes large-scale differences of several kilo-
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bases or greater, which for the most part do not result in disease phenotypes [114]. In line
with these observations, Zarrei et al. highlighted that about 100 genes commonly implicated
in CNV could be deleted without being associated with phenotypic differences [113]. In
2010, Conrad et al. referenced 30 loci with a potential role in the predisposition to specific
diseases such as hepatitis B, schizophrenia, Crohn’s disease and cancer [115]. Several
germline or constitutional CNVs have been shown to increase the risk of cancer and affect
development, progression, response to treatment, relapse and outcomes [116] (Table 2).

Among constitutional aneuploidies, individuals with Down syndrome (DS, trisomy 21),
Turner syndrome (45,X) or Klinefelter syndrome (47,XXY) face a specific pattern of cancer
incidence compared to the general population, with both an increased and decreased risk
of developing tumours depending on time and tissue/organ [117–123]. Exemplifying this
tumourigenic pattern, children with DS, but not adults, are at a significantly higher risk of
developing both myeloid leukaemia (ML-DS, with features of megakaryoblastic leukaemia,
150-fold increased) and ALL (DS-ALL, 20-fold increased) compared to children without
DS, while they have a reduced frequency of solid tumours apart from testicular germ cell
tumour (reviewed in [117]). ML-DS is preceded by a pre-leukaemic transient abnormal
myelopoiesis (TAM) that initiates during foetal life and often regresses spontaneously
shortly after birth. Indicative of the impact of trisomy 21 in tumour initiation, Roberts et al.
showed that nearly all neonates with DS exhibit perturbed haematopoiesis characterised
by higher haematocrit and dyserythropoiesis, lower platelet count and several leukocyte
abnormalities. More than 95% of cases had blasts in the peripheral blood and 20–30% of
them developed TAM through the acquisition of a mutation in the GATA1 gene [124]; the
progression from TAM to ML-DS requires additional somatic alterations [117,125,126]. While
the event-free survival is favourable and is approaching 90% in ML-DS, a recent international
retrospective study showed that survival of relapsed/refractory ML-DS remains below
25% [127]. Children with DS are also predisposed to develop ALL with inferior outcomes
compared to non-DS children due to increased incidence of relapse, death in induction
and death in remission [128–130]. The genomic landscape of DS-ALL has been recently
refined, emphasising new potential targetable mechanisms of oncogenic cooperation with
trisomy 21 [131]. Of note, the pattern of gain of chromosome 21 as a somatic event in non-DS
leukaemia (ranging from 4–34% in blood cancer in general) is further indicative of the pro-
tumourigenic role associated with extra copies of this chromosome [132]. Other less frequent
constitutional aneuploidies affecting autosomes such as trisomy 13 and trisomy 18 have also
been shown to have an increased incidence of cancer; however, their prognostic value is
not known due to the rarity of these CNV-driven cancers [133–135]. Constitutional trisomy
8 mosaicism has been shown to predispose to myeloid leukaemia in individual cases [136],
which may correlate with somatic +8 being observed in 10–15% of AML cases [81,83].

Constitutional gain or loss of sex chromosome X has also been associated with vari-
able incidence of cancer (Table 2). Several reports have shown that females with Turner
syndrome (45,X) have a decreased incidence of breast cancer, although this remains con-
tentious [119–121]. Notably, a gain of chromosome X in Klinefelter syndrome (47,XXY)
leads to a higher rate of developing breast cancer, together with an increased incidence
of non-Hodgkin lymphoma and leukaemia compared to the general population [123]. To
date, there is no clear evidence of an increased incidence of breast cancer in constitutional
trisomy/tetrasomy X syndromes; however, it has been speculated that this may be due
to the fact that the additional X chromosomes are inactivated [137]. Strikingly, somatic
gain of chromosome X, as well as defects in X inactivation, has been associated with more
aggressive disease and poorer prognosis in breast cancer [138]. Extra copies of chromosome
X have also been reported in pancreatic cancer as well as in specific subtypes of childhood
ALL [87,139,140], but to date, its role in tumourigenesis remains unclear. Additionally, a
large study of 2561 British patients with constitutional autosomal deletions of chromosomal
arms, confirmed the known association between deletion 11p and 13q with Wilms tumour
and retinoblastoma, respectively, and identified that deletions of the genomic region 11q24
may predispose to anogenital cancer, in line with the recurrent somatic alterations described
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in these solid tumours [141–143]. Notably, several studies have reported cancer cases with
other constitutional CNV such as Prader–Willi syndrome (deletion 15q11.2-q13) [144],
DiGeorge syndrome (deletion 22q11.2) [145], Cri du Chat syndrome (deletion 5p) [146],
and Williams–Beuren syndrome (deletion 7q11.23) [147], but their true incidence and any
potential link with clinical outcomes remains unclear.

Altogether, whether they are pro- or anti-tumourigenic, the role of CNA/CNV in
tumour development and response to treatment is now well established. This is in line with
the increasing amount of pharmacogenomic studies showing that germline alterations not
only predispose to cancer but also modify treatment outcomes between patients that have
a similar tumour type [148]. However, the exact role of most CNA/CNV remains elusive
and is likely to depend on the cellular context, temporal acquisition and cooperation with
other genetic alterations (including other CNAs). Due to their high incidence, a better
understanding of the intimate link between CNAs and tumourigenesis would provide new
opportunities to prevent and improve outcomes for individuals with cancer.

Table 2. Common CNV-related disorders associated with cancer.

CNV-Driven
Syndromes (Incidence) Type of CNV Higher Incidence of Cancer Lower Incidence

of Cancer Refs.

Down syndrome
(1/700–800) Trisomy 21 ALL, TAM/ML-DS, testicular

germ cell tumour Solid tumours [117,118]

Edwards syndrome
(1/6000) Trisomy 18 Hepatoblastoma, Wilms tumour,

benign cardiac tumours * N/A [134,135]

Patau syndrome
(1/10,000–20,000) Trisomy 13

Embryonic tumours, malignant
germ cell tumours, leukaemia,

carcinoma, brain cancer
and sarcoma

N/A [133]

Turner syndrome
(1/1200–2500, female births) Monosomy X (45,X)

Benign/malignant skin
neoplasm and cancers, brain

tumours, bladder and urethral
cancer, colorectal cancer

Breast cancer [119–121]

Klinefelter syndrome
(1.72/1000 male births)

Extra X
(47,XXY)

Breast cancer, lung cancer, germ
cell tumours, non-Hodgkin

lymphoma, ALL and
myeloid leukaemia

Solid tumours,
prostate cancer [120,122,123]

Warkany syndrome 2
(1/25,000–50,000)

Mosaic
Trisomy 8 Myeloid leukaemia * N/A [136]

Prader–Willi syndrome
(1/15,000–30,000) Deletion 15q11.2-q13

ALL and myeloid leukaemia,
biliary cancer, melanoma,

hemangiopericytoma,
adenocarcinoma, colon cancer *

N/A [144,149]

11p deletion/WAGR syndrome
(<1/500,000) Deletion 11p13 Wilms tumour N/A [143]

13q deletion syndrome
(very rare) Deletion 13q14 Retinoblastoma N/A [143]

11q24 deletion syndrome
(very rare) Deletion 11q24 Anogenital cancer N/A [143]

* based on case studies. N/A = not applicable.

5. Overview of the Mechanisms Disturbed by CNA/CNV in Cancer
As CNA/CNV perturb the dosage of genes and regulatory elements (promotors, en-

hancers, microRNA), it is viewed that they ultimately alter the expression of hundreds
or thousands of genes, not only in the chromosomal regions amplified or deleted but
also genome-wide, thus impacting key biological functions such as transcription, splicing
machinery, DNA methylation, histone modification and cell metabolism, among others. In
cancer cells, it has been proposed that CNAs promote tumourigenesis by providing the cel-
lular fitness required for transformation, depending on the balance of tumour-suppressive
and oncogenic function of the genes included within the amplified/deleted genomic region.
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Whether these alterations are direct oncogenic drivers or passively promote genetic insta-
bility to facilitate tumourigenesis remains elusive. Thus, understanding the impact of this
CNA/CNV and identifying the dosage-sensitive genes may provide a detailed network
of cancer-promoting/targetable pathways. However, this is a complex task as (1) there
are a limited amount of clinically relevant models that can be used to assess CNA/CNV
function, (2) not all genes/regulatory elements included in the CNA/CNV are dosage
sensitive and so may not be targetable, (3) tumour heterogeneity (cohabitation of distinct
genetic phenotypic clones) may impede the discovery of dosage-sensitive mechanisms,
(4) CNAs may cooperate with other genetic alterations (including other CNAs) that could
be tissue-specific and may be modulated by the tumour microenvironment. As an example
of the latter, xenograft models have revealed that CNAs can provide cellular fitness and
facilitate clonal selection in an exogenous murine environment [150]. In this section, we
will present selected examples of models and experimental approaches used to dissect the
role of CNAs in cancer, drawing a snapshot of the key mechanisms they alter and exposing
the challenges that remain to fully understand their role.

5.1. Identifying Dosage Sensitive Genes
The number of genes/regulatory elements included within the CNAs does not always

correlate with tumourigenicity, as not all of them are expressed or active in a specific
cell type, at a specific time (ontogenic and/or cellular state, therapeutic response and
resistance) or in a specific clinical condition (healthy, chronic disease, cancer progression).
It is also tempting to speculate that cellular function affected by dosage sensitivity may be
dependent upon the precise ‘number of copies’ of key genes/regulatory elements. Apart
from the CNAs that affect the expression of well-known tumour-associated genes (such as
MYC, TP53, RB1 and CDKN2A/B), the true impact of many genes affected by CNAs and
whether these genes are dosage-sensitive remains unknown. Genomic analyses aiming at
refining minimal regions that are deleted or amplified between different specimens have
facilitated the identification of such genes.

According to the ‘two-hit’ Knudson hypothesis, the minimal genomic region deleted
in 11p13 deletion/WAGR syndrome led to the identification of one of the first tumour sup-
pressor genes WT1 [151,152], a gene that encodes a zinc finger transcription factor known
to control transcription via its direct interaction with DNA, DNA hydroxymethylation and
RNA metabolism. Interestingly, WT1 has been shown to regulate many cellular processes,
such as cell proliferation, survival and differentiation, as well as tissue-specific processes
such as mesenchymal–epithelial transition in the nephron and epithelial–mesenchymal
transition in the developing heart [153]. These contrasting roles are exemplified by the
observation that WT1 is now also considered as an oncogene in several cancers including
breast cancer, glioblastoma, pancreatic cancer and AML. In the latter, WT1 is overexpressed
in more than 80% of cases, has been associated with resistance to therapy, increased rate of
relapse and inferior overall survival, and can be used as a biomarker for the detection of
minimal residual disease [154]. Moreover, amplification of the tyrosine kinase receptors
HER2/ERBB2, MET and EGFR has been observed in many solid tumours (breast, lung
and brain, among others), driving tumourigenesis through the uncontrolled activation of
downstream signalling (such as PI3K/PTEN/mTOR and RAS/MAPK pathways) leading
to growth, proliferation and survival; amplifications of these genes are also commonly
associated with metastasis and therapy resistance [91,155–157].

One of the best examples of the impact of large CNA/CNV in tumourigenesis lies
in understanding the critical balance of tumour suppressor genes and tumour promotor
dosage-sensitive genes located on chromosome 21. Figure 3 proposes several scenarios
that may explain the preventative and predisposing/promoting role of trisomy 21. This
small chromosome 21 is gained more often than any other chromosome in haematological
malignancies, which is in contrast to solid tumours [2] (Table 1). Strikingly, the incidence
of complete or partial gain of chromosome 21 reaches 25–30% in paediatric B-ALL and
30–35% in acute megakaryoblastic leukaemia (AMKL), and the observation that individ-
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uals with DS are predisposed to B-ALL and AMKL indicates that both the B-cell and
megakaryocytic lineages are strongly sensitive to the increased dosage of chromosome
21 genes during childhood [132]. To investigate this dichotomy, several groups have used
murine models of DS harbouring various sizes of trisomy 21 to identify the chromosome
21 genes that are implicated (reviewed in [132]). It has been confirmed that trisomy
21 promotes leukaemia development [158–160], but also prevents solid tumour formation,
the latter being linked to the impact of trisomy 21 on neural development, angiogenesis
and metabolism [118,161–163]. Interestingly, this confirms that several dosage-sensitive
genes can either promote or suppress tumourigenesis and that several dosage-sensitive
chromosome 21 genes cooperate to drive these phenotypes. For instance, it has been
shown that trisomy of the chromosome 21 genes DYRK1A plus RCAN1 decreases solid
tumour growth through the additive inhibition of the Calcineurin/NFAT pathway [161].
Using a similar approach, Reynolds et al. demonstrated that trisomy of JAM-B, PTTG1IP,
ADAMTS1 and ERG (a well-known oncogene in prostate cancer and leukaemia) prevents
tumour growth by inhibiting neo-angiogenesis [162]. In line with tissue specificity, sev-
eral studies have shown that increased dosage and expression of ERG, ETS2, HMGN1,
CHAF1B and DYRK1A, as well as disequilibrium in transcripts of the chromosome 21 gene
RUNX1 induced by trisomy 21, promote leukaemia development [158,159,164–167]. In-
terestingly, DYRK1A has been shown to modulate the activity of many effectors with
oncogenic and tumour suppressive functions (STAT3, NOTCH1, FOXO1, Cyclin D1/D3,
Rb1, TP53, P21) in a tissue-dependent manner, altering several signalling pathways through
distinct mechanisms, regulating the cellular fitness, metabolism, DNA repair, cell division,
proliferation/growth and survival in different cancers [168].

1 
 

 

Figure 3. Dosage sensitivity and tumourigenesis. (A) Disomic cells have the right dosage of tumour-
suppressing and tumour-promoting genes (or regulatory elements) to maintain cellular homeostasis.
(B,C) Two examples of trisomic cells with different scenarios of genes/regulatory elements expressed
(solid) versus not expressed (dashed) that may protect, not affect (balanced) or promote tumourigene-
sis in different tissues. Created with BioRender.com (accessed on 21 May 2024).

5.2. Role of large CNA/CNV and Aneuploidy in Cancer Development
Characterisation of single dosage-sensitive genes has the potential to lead to novel

targeted therapies but does not offer the opportunity to understand the role of CNA/CNV
as a whole, with potentially hundreds or thousands of genes affected by dosage imbalances.
Historically, animal models harbouring aneuploidies have been used to better understand
the impact of chromosomal deletion and amplification in specific syndromes such as Prader–
Willi syndrome, Williams–Beuren syndrome or DS (reviewed in [169]). While crucial
mechanisms have been identified using these models, the location of the chromosomal
regions syntenic to the human chromosomes within the murine genome may also be a
confounding factor. As an example, syntenic regions of human chromosome 13 (Hsa13) are
spread over six murine chromosomes and Hsa21 over three murine chromosomes: Mm10,
Mm16 and Mm17. Therefore, trisomy of Mm16 (as in Ts65Dn, the most commonly used
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model to study DS) does not completely recapitulate human trisomy 21, as it is disomic
for Mm10 and Mm17 and has additional Mm16 trisomic genes that are not syntenic to
Hsa21 [170]. To bypass these limitations, new models of DS have been established. This
includes transgenic models triplicated for Mm10, Mm16 and Mm17 [171], as well as the
Tc1 and TcMAC21 models, which were developed using microcell mediated chromosome
transfer [172], that span 70–75% of the protein-coding Hsa21 genes [173,174]. As mentioned
above, many of these models have been used to dissect the role of trisomy 21 in promoting
leukaemia and preventing solid tumour development.

Whereas understanding the impact of aneuploidy remains challenging in transgenic
mice, several key observations have been obtained using cellular models. In mouse embry-
onic fibroblasts (MEF), it has been shown that single gains of murine chromosome 1, 13,
16 and 19 decrease tumourigenicity, in part by promoting premature growth arrest, while a
gain of murine chromosome 2 increased proliferation; reduction in tumourigenicity due to
specific trisomies was also reported in the colorectal cell line HCT116 [175]. However, in
another study, Vasudevan et al. demonstrated that trisomy of chromosome 5 specifically
promotes tumour progression and invasiveness of HCT116 cells [176]. Contrasting results
are also observed in MEF cells that have reduced levels of the centromere-linked motor
protein E (CENP-E+/�), where aneuploidy can both promote or inhibit transformation
in vitro, and tumourigenesis in vivo in a tissue-dependent manner (lymphoma versus liver
cancer, respectively) [177]. Other roles known to be affected by CNAs in cancer are linked
to cell metabolism (reactive oxygen species levels, glycolysis, mitochondrial activity and
endoplasmic reticulum stress) and modulation of the immune environment (reviewed
in [178]) [179,180]. This evidence supports the dichotomic role of CNAs in cancer and
re-emphasises the complexity of understanding their true impact on cancer development.

With the advent of gene editing technologies such as Transcription Activator-Like
Effector Nucleases (TALEN) and Clustered Regularly Interspaced Short Palindromic Re-
peats (CRISPR), new approaches have been designed to reproduce and dissect the role of
CNA/CNV in debilitating diseases and cancer. For example, Tai et al. applied single-guide
CRISPR/Cas targeting of repetitive elements (SCORE), a CRISPR-based approach that
targets the homologous sites in flanking segmental duplications, to create microdeletion
(15q13.3) and microduplication (16q11.2) syndromes [181]. In a model of breast cancer,
Cai et al. used TALEN to model chromosome 8p LOH by non-homologous end-joining in
MCF10A mammary epithelial cells (33 Mb deletion, downregulation of 81 protein-coding
genes) and showed that alterations in lipid metabolism result in increased drug resistance
and tumour invasiveness [7]. TALEN and CRISPR technology have also been used to re-
store gene dosage in trisomic samples. Focusing on DS and leukaemia, Banno et al. deleted
a 4 Mb region of chromosome 21 in DS induced pluripotent stem (iPS) cells to show that the
transcription factors ERG, RUNX1 and ETS2 play a role in TAM/ML-DS [182]. Alternative
applications of CRISPR and TALEN technologies have allowed for the elimination and
silencing of the extra chromosome 21 in DS iPS cells by inducing multiple DNA strand
breaks or by integrating long non-coding RNA X-inactive specific transcript into the extra
copy of chromosome 21, respectively [183,184]. Recently, CRISPR technology has allowed
for the development of elegant approaches such as molecular alteration of chromosomes
with engineered tandem elements (MACHETE) and restoring disomy in aneuploid cells
using CRISPR targeting (ReDACT) to model CNAs in cancer [62,185]. MACHETE provides
the opportunity to efficiently delete large chromosomal segments and has been used to
show that homozygous deletion of the type I interferon cluster, seen in more than 10% of
cancer, promotes metastasis by mediating immune evasion in a syngeneic murine model
of pancreatic cancer [185]. Girish et al. showed that a gain of chromosome 1q associated
with increased MDM4 expression and suppression of TP53 signalling is an early event
in cancer development and developed ReDACT to demonstrate that loss of trisomy 1q
blocked growth and prevented malignant transformation of cancer cell lines in vitro and
in vivo [62]. This system has been used for several other CNA/aneuploidy in different
cellular contexts to confirm that these chromosomal alterations modulate cellular fitness
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and draw on the concept of ‘aneuploidy/CNA addiction’ in cancer. Overall, these selected
examples show that TALEN/CRISPR technologies have been instrumental in dissecting
the roles and mechanisms induced by CNAs in cancer.

Altogether, this evidence confirms that CNAs are key drivers of tumourigenesis
with functions dependent upon multiple factors including the size (number of tumour
promotor/suppressor genes/regulatory elements), the chromosome or genomic region
affected, the cell type/tissue, tumour stage, clonal heterogeneity and the impact of the
microenvironment. Despite increasing knowledge in this area of research, the true role of
CNA/CNV remains controversial in some instances, which exemplifies the complexity
of dissecting their role in cancer, as opposed to gene mutations or translocations. Further
investigations are warranted and will require the development of innovative approaches to
unlock new mechanisms of cancer development and identify novel therapeutic targets.

6. Targeting CNA/CNV to Improve Outcomes
Due to their incidence in cancer and dosage dependency, therapeutically target-

ing CNAs/CNVs to restore disomy represents an attractive opportunity to improve
patient outcomes. Whether this can be achieved directly by targeting the key dosage-
sensitive genes/regulatory elements or the mechanisms they perturb, or by ‘unbalancing’
the cellular fitness provided by CNAs to disturb tumour homeostasis, is a promising
therapeutic avenue.

While alternative strategies are still needed to target the ‘undruggable’ MYC onco-
gene (overexpressed in about 70% of all cancers), targeting tyrosine kinases amplified
and overexpressed in specific cancers has shown some success. Perhaps one of the best
examples is therapy targeting HER2/ERBB2 amplifications in breast cancer. In recent
decades, new targeted agents have been developed, which are now used in the clinic to
treat patients with breast cancer such as monoclonal antibodies (trastuzumab, pertuzumab,
margetuximab) and tyrosine kinase inhibitors (afatinib, lapatinib, neratinib, pyrotinib and
tucatinib) [186,187]. Other well-known examples of tyrosine kinase inhibitors and mono-
clonal antibodies proven to be of clinical use are those targeting c-MET (in lung cancer),
EGFR (in breast, lung, gastric and pancreatic cancer), and FLT3 (acute leukaemia). However,
various mechanisms of resistance can develop by the tumour cells themselves (e.g., gene
amplification, mutations and clonal selection) or by the stroma (protective effects) to bypass
the efficacy of these agents, thus emphasising the need for alternative strategies to improve
long-term outcomes.

Through the identification of new dosage-sensitive genes in children with DS and
leukaemia, several groups have shown that targeting the product of the chromosome
21 genes HMGN1 and DYRK1A may be broadly applicable to many blood cancers and
potentially solid tumours [158,159,165]. Indeed, increased dosage of the high mobility
group nucleosome-binding protein N1 (HMGN1) has been shown to upregulate B-cell-
specific transcriptional signatures in DS-ALL as well as subtypes of B-ALL harbouring
gain of chromosome 21, by antagonising the PRC2 complex (reduced H3K27me3 marks)
and increasing chromatin accessibility (increased H3K27ac marks) [159]; notably, HMGN1
has also been shown to cooperate with the transcript fusion AML1-ETO9a to promote
AML [188]. Restoring chromatin accessibility using inhibitors of histone demethylase
(GSK-J4) or histone acetyl transferase (C646) has shown promising in vitro and in vivo
results for both B-ALL and AML [159,188,189]. Another attractive target encoded by
chromosome 21 is the dual-specificity tyrosine-regulated kinase DYRK1A. We and others
have shown that trisomy of DYRK1A contributes to the development of both ML-DS and
DS-ALL, and that inhibition of its kinase activity or of its targets (STAT3, FOXO1, Cyclin
D3) decreases growth and survival in vitro and prolongs in vivo survival [165,190]. Results
from in vitro drug combination testing are promising, and future directions should consider
clinical evaluation in early phase trials for leukaemia, as well as for tumours with poor
prognosis, such as glioblastoma or head and neck cancer, where DYRK1A has also been
implicated [191,192]. Finally, a recent study from Memon et al. demonstrated that CNAs
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modulate signalling pathway activity in many cancers and can be used as a predictor of
sensitivity to kinase inhibitors, suggesting that disturbing this refined and balanced activity
may help to design more adapted and less toxic therapies [98]. This ‘kinase addiction’
phenomenon indicates that the use of biologically informed inhibitors has the potential
to improve outcomes for patients with CNA-driven cancer. Interestingly, a recent study
also demonstrated that aneuploid cancer cells are sensitive to spindle assembly checkpoint
inhibitors due to their intrinsically perturbed activity of the kinesin KIF18A [193].

Further investigations are warranted to assess the functional output and crosstalk
between CNA/CNV as well as with other somatic alterations within the individual cancer
cell, between several clones, and with the tumour microenvironment. A clearer under-
standing of these mechanisms will allow the identification of biomarkers to develop new
monitoring tools to better follow response to treatments and of an “Achilles heel” to design
novel effective combination therapies to decrease treatment toxicity, prevent relapse and
improve long-term survival.

7. Future Directions
CNAs/CNVs constitute a considerable genomic phenomenon that not only affects the

primary target (i.e., the chromosome) but also creates several imbalances at the genomic,
transcriptomic and proteomic levels. Thus, CNAs/CNVs may have huge consequences on
cellular biology by affecting intracellular signalling, epigenetic mechanisms, metabolism,
immune response, and therapy resistance among others, which ultimately result in pro-
viding cellular fitness to tumour cells. While they are one of the most known and frequent
alterations seen in cancer cells, we are only just beginning to understand their true func-
tion. Clinically, CNAs/CNVs can be informative with regard to cancer predisposition,
cancer development and progression, response to treatment and resistance, and long-term
outcomes. Recent observations have emphasised that manipulation of CNAs strongly
affects tumour homeostasis, suggesting that we have opened Pandora’s box regarding new
opportunities to better understand tumourigenesis, identify new actionable targets and
integrate dosage-dependent therapies into the clinic.
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Introduction to leukaemia: 

In Australia, approximately 700 new paediatric cancer cases were diagnosed 

each year between 2011-2015, with leukaemia accounting for 35% of these 

cancer cases (myeloid and lymphoid), with lymphoid leukaemia specifically 

accounting for 27% (8). With advancements in treatment strategies, 

Australian children with lymphoid leukaemia’s, as of 2015, achieved an 

overall survival of 92%. Unfortunately, due to its high incidence in children, 

ALL remains the second highest cause of “deaths” by cancer in children at 

13% overall (59% of all deaths caused by leukaemia’s) (8). Additionally, 

current therapeutic strategies are toxic, leaving patients with negative 

secondary effects (9, 10). This indicates that there is still a need for further 

research into ALL, to identify novel therapeutic strategies that are less toxic 

and further improve survival of children with ALL. 

Leukaemia is caused by disruption of haematopoiesis, which is the 

hierarchical system whereby haematopoietic stem cells (HSCs) differentiate 

into lineage specific mature cells in a highly regulated manner (11-13). 

Homeostasis of the entire system results from the HSCs self-renewal 

capacities in which daughter HSCs will maintain the HSC pool, while the 

other daughter cells will differentiate to allow for the continuous production of 

mature blood cells (14). This process is highly regulated by intrinsic and 

extrinsic factors including cytokines and growth factors, transcription factors, 

epigenetic regulators, and bone marrow stromal cells (15-18). Disruption of 

the haematopoietic process and ultimately the deregulation cell proliferation, 

self-renewal, differentiation, and survival capacities result from mutations in 

critical oncogenes and tumour suppressors which leads to uncontrolled 

proliferation of progenitor cells and a blockage in differentiation (19).  

Introduction to DS-ALL: 

Down syndrome children are specifically susceptible to leukaemia and are 

predisposed to two types: myeloid leukaemia in DS (ML-DS; also known as 

DS acute megakaryoblastic leukaemia) and DS-ALL (7, 20, 21). Down 

syndrome was first described in 1959, where the extra copy of ch21 (trisomy 

21) was reported (1), and has since been associated with numerous 
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phenotypes, including haematopoietic abnormalities (7, 11, 22). Research 

into the leukaemia developed by children with DS has identified specific 

somatic mutations that functionally cooperate with the overexpressed genes 

of the extra copy of ch21, in both ML-DS and DS-ALL. It is known that 20-

30% of DS children develop transient abnormal myelopoiesis (TAM), of which 

30% will go onto develop ML-DS, because of GATA1 mutations and others in 

genes RAD21, Neuroblastoma (N)/KRAS, Janus Kinase (JAK) 2/3, CCCTC-

Binding Factor (CTCF) and Enhancer of Zeste Homologue 2 (EZH2), 

indicating cooperation between these mutations and trisomy of ch21 (23-26). 

In DS-ALL, there is a proportionally distinct mutational landscape, in 

comparison to non-DS-ALL, that includes genomic alterations such as 

Cytokine Receptor Like Factor 2 (CRLF2) rearrangements (most common in 

DS-ALL - 54%), ETS Variant Transcription Factor 6 (ETV6)-RUNX Family 

Transcription Factor 1 (RUNX1) fusions and Paired Box 5 (PAX5) alterations, 

mutations in N/KRAS and JAK2, as well as deletions of CDKN2A (7, 27, 28). 

These somatic mutations leading to disruption of critical cellular pathways 

that facilitates DS-ALL progression (7, 27, 28). Additionally, studies have 

shown that specific ch21 genes are implicated in DS-ALL and includes the 

ch21 genes DYRK1A (29, 30) and HMGN1 (31). These genes were identified 

as critical for DS-ALL since DYRK1A was shown to regulate B cell 

quiescence and B-ALL proliferation/survival, whilst HMGN1 overexpression 

suppresses the repressive histone methylation marker H3K27me3 promoting 

B cell proliferation (29-31). Together, this data highlights the importance of 

trisomy 21 in leukaemogenesis, which leads us to hypothesise that there are 

unidentified ch21 genes implicated in DS-ALL that may provide insight for 

novel therapeutic targets.  

To understand the oncogenic cooperation between trisomy 21 and the 

acquired somatic mutations, trisomy 21 mouse models have been used to 

successfully model ML-DS (21) and DS-ALL (31, 32), since they share a 

similar haematopoietic stem and progenitor cell compartment to humans 

(33). Specifically the Ts1Rhr mouse model, which harbours trisomy of the 

DSCR murine homologous genes (33 genes associated to the phenotypes of 

DS (34-36)), was used to investigate DS-ALL in vitro through 
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transduction/transformation of Ts1Rhr bone marrow progenitor cells with the 

addition of the KRASG12D mutation (32). This allowed the discovery of 

oncogenic cooperation between the trisomy of the ch21 DSCR and the 

activation of RAS/MAPK pathway, as well as therapeutic vulnerability to 

RAS/MAPK targeted inhibition (32). Notably, the Ts1Rhr model only contains 

trisomy of the DSCR, therefore has some limitation as it excludes any 

potential cooperation from genes outside of this region.  

To overcome this, other models such as the Tc1 mouse model may prove 

more useful since it harbours an additional copy of the entire human ch21, 

consisting of 269 human genes (37). Thus, genes outside the DSCR can be 

investigated for implication in DS-ALL development. Importantly, gene editing 

technology advancements have increased the capacity we have to analyse 

gene function in cancer. CRISPR technology has allowed for specific gene 

targeting, through its unique sequence specific RNA binding (38). This 

technology has been successfully used to perform genomic screens to 

uncover drug targets, drug resistance genes and identifying cancer 

dependent genes (39). Applying this technology to DS-ALL models with 

robust experimental design has potential to uncover novel leukaemogenesis 

pathways and aid in identifying new therapeutic targets. 

Overall, significant advances to therapeutic strategies are required to 

improve the lives of children with DS who develop DS-ALL. Using trisomy 21 

models and PDX models, we investigated the development of DS-ALL, ch21 

gene directed therapeutics and applied gene editing technology to our 

models. Ultimately, we aimed to identify advanced therapeutics that have 

high potential to be translated into the clinic. 
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Thesis Overview 

Children with DS are predisposed to leukaemia and face an unfair 

disadvantage regarding treatment options with poorer outcomes due to 

therapeutic toxicity and other complications, such as relapse and treatment 

failure. Therefore, we designed this project to unravel the impact of trisomy 

21 in DS-ALL, with hope that this work will lead to the improvement of current 

treatment strategies. This thesis aimed to identify novel ch21 genes 

implicated in DS-ALL and ultimately identify novel oncogenic pathways that 

have the potential to be therapeutically exploited. To achieve this, the aims of 

the project outlined below were followed to develop relevant models of DS-

ALL, test novel therapeutic agents, and screen for novel ch21 genes 

implicated in ALL. 

Aim 1: Generation of the DS-ALL Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse 
model and Ts1/Cdkn2a-KRASG12D cell line 

In Aim 1 of this project, we set out to develop new in vitro and in vivo models 

of DS-ALL, which is presented in Chapter 2 of this thesis. The contents of 

this chapter contain the development of a triple transgenic in vivo model of 

DS-ALL from a multigenerational breeding strategy that incorporated the 

Ts1Rhr, Mb1-Cre and Cdkn2a knock-out mice into one model. From this 

model, we successfully generated the cell line model Ts1/Cdkn2a-KRASG12D, 

that was used in following BMT assays to re-create DS-ALL in recipient mice.  

Aim 2: Therapeutically targeting the chromosome 21 gene DYRK1A 

In Aim 2, we set out to establish new human and murine in vivo and in vitro 

models of DS-ALL, which we used to test several DYRK1A kinase inhibitors. 

This data is presented across Chapters 3a and 3b. Chapter 3a consists of 

the published data from this aim, in the journal of Haematologica, and titled 

“Efficacy of DYRK1A inhibitors in novel models of Down syndrome 
acute lymphoblastic leukemia”. This chapter details the successful 

development of murine DS-ALL in vitro and in vivo models derived from the 

Tc1 mouse model, and development of the PDX human cell line models DS-

PER961 and DS-PER962, which were targeted therapeutically. Our data 

showed that DYRK1A can successfully be targeted in DS-ALL with specific 
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kinase inhibitors. Chapter 3b consists of the unpublished additional data that 

corresponds to Chapter 3a and the published work.  

Aim 3: Targeting trisomy 21 in the human DS-ALL cell lines 

In the final Aim 3 of this project, we pursued the goal of screening the human 

ch21 in our human DS-ALL cell line models DS-PER961 and DS-PER962, 

with the ER-dCas9-KRAB repression system. This data is included in 

Chapter 4 of this thesis, which covers the optimisation of transfection and 

transduction protocols within both cell lines and the final co-transfection of 

the DS-PER961 cell line with ER-dCas9-KRAB. As reported by others, 

transfecting/transducing human B-ALL cells is very challenging, and 

consequently we had difficulty genetically modifying our human DS-ALL 

models. However, this chapter warrants further optimisation in these human 

cellular models, or in the murine DS-ALL cell lines we developed (see 

Chapter 3); our ultimate goal being to screen and identify novel dosage 

sensitive ch21 genes in DS-ALL. 
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Chapter 2: Generation of the DS-ALL Ts1Rhr/Mb1-
Cre/Cdkn2afl/fl mouse model and Ts1/Cdkn2a-KRASG12D cell 
line 

Introduction: 

Since children with DS that develop ALL suffer from inferior outcomes (10, 

40), improved treatment strategies are urgently required. To this end, 

clinically relevant models of leukaemia that accurately model disease 

development are needed to uncover novel molecular weaknesses and to 

identify and test therapeutic targets. To date, only few DS-ALL models have 

been established (7, 31, 32), especially for in vivo use, thus preventing us 

from screening trisomy 21 targeted therapies. Therefore, new clinically 

relevant models are required to investigate mechanisms of disease 

development, therapeutic susceptibility, and resistance.  

In this chapter, we set out to generate new in vitro/in vivo models of DS-ALL 

that could be used to assess the mechanistic development of leukaemia and 

test new therapeutic agents. To achieve this outcome, we designed a 

breeding strategy that would incorporate homogenous expression of trisomy 

21 (DSCR) with deletion of the tumour suppressor Cdkn2a, since alterations 

of CDKN2A occurs in between 15-24% of DS-ALL cases (27, 41, 42). 

Previously, in vivo analysis performed by Sewastianik et al., utilising a CD19-

Cre induced conditional knock-out of Cdkn2a model, revealed that loss of 

one allele led to a precursor B-ALL (murine Pre-B-ALL) (43). Additionally, 

upon of the incorporation of the KrasG12D mutation and complete loss of 

Cdkn2a, mice succumbed to a rapidly progressive form of Pre-B-ALL (43). 

These results highlighting the impact of Cdkn2a deletion on B-ALL 

development, as well as its potential for oncogenic cooperation with other 

genetic abnormalities, as was observed with the KrasG12D mutation (43). 

Notably, our strategy would allow us to observe oncogenic cooperation 

between trisomy 21 and Cdkn2a knock-out in vivo and observe the impact of 

Cdkn2a deletion alone and in a trisomy 21 background. This strategy 

included cross breeding the Ts1Rhr mouse model (44) with the Mb1-Cre 

mouse model (45) and the Cdkn2afl/fl mouse model (46) to develop the triple 
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transgenic mouse model we called the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse 

model.  

The Ts1Rhr mouse model was originally generated by duplication of 3.9 

megabases of the murine genome, homologous to the 33 DSCR genes 

located on human ch21, firstly in embryonic stem (ES) cells (44). This was 

achieved via Cre-mediated recombination of LoxP (Locus of x-over P1) sites 

located on different murine chromosomes that facilitated the duplication of 

the DSCR (44). These modified ES cells were then injected into blastocysts, 

from which chimeras were bred with C57BL/6J mice to create the Ts1Rhr 

model (44). Interestingly, this model was used to determine the DSCR was 

insufficient to cause craniofacial dysmorphology (44) and brain hippocampal 

impairment (35) that is associated with DS. However, the Ts1Rhr model was 

used to generate a model of DS-ALL by Lane et al., which they demonstrated 

that five genetic alterations were required to develop B-ALL, with addition of 

trisomy of DSCR (Ts1Rhr) resulting in higher penetrance and reduced 

latency (31).  

The second transgenic model used was the Mb1-Cre mouse model (45). This 

model was developed by inserting a humanised Cyclisation recombinase 

(Cre) gene into the Mb1 (Cd79a) locus in ES cells, which were injected into 

blastocysts to create an in vivo model (45). This specific insertion of Cre in 

the Mb1 locus allowed for B cell specific deletion of floxed (flanked by LoxP) 

genes Serine/arginine-rich splicing factor 3 (SRp20) and DNA 

methyltransferase 1 (Dnmt1), within B cell progenitors of the bone marrow 

and spleen (45). Expression of Cre results in cleaved DNA at sites specified 

by flanking LoxP sites which the Cre recombinase recognises, binds and 

excises the DNA (47). Notably, this system is commonly used to create 

knock-in and knock-out models by allowing Cre expression that can 

effectively disrupt gene function through recombination (46).  

The third mouse model used for cross breeding was the Cdkn2afl/fl mouse 

model (46). The Cdkn2a gene is located on murine ch4 and encodes two 

proteins required for cell cycle regulation: p16Ink4a is a negative regulator of 

D-type cyclin Cdk4/6 complex, thus blocking phosphorylation of 
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Retinoblastoma protein (Rb) and in an alternative reading frame p19Arf 

(human p14) blocks Murine double minute 2 (Mdm2) (human HDM2) to 

inhibit the tumour suppressor p53 (48, 49). In the Cdkn2afl/fl mouse model, 

the exons 2 and 3 are deleted upon Cre excision of the LoxP flanked region 

of Cdkn2a, resulting in a knock-out of Cdkn2a upon Cre expression (46). This 

ultimately disrupts the gene and protein function, as well as its ability to 

inhibit tumour development, which was highlighted by the increased 

tumourigenesis observed in these mice (46).  

In this aim, incorporating all three transgenes into one murine model allows 

for B cell specific deletion of Cdkn2a in a trisomy 21 background (Ts1Rhr). 

Generating such a model which incorporates multiple transgenes and with 

the homozygous loss of Cdkn2a is challenging as it requires multiple 

generations. In this chapter, the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl model allowed us 

to observe potential oncogenic cooperation between trisomy of 33 ch21 

genes with Cdkn2a loss in vivo, that warrants further investigation. We also 

used this model to develop a new murine DS-ALL cell line (Ts1/Cdkn2a-

KRASG12D) and performed BMT assays showing that it successfully resulted 

in the development of an in vivo model of DS-ALL. 

Some of this data was used in the manuscript recently published in the 

journal of Haematologica: “Efficacy of DYRK1A inhibitors in novel models of 

Down syndrome acute lymphoblastic leukemia”.  

Methods: 

Triple transgenic mouse model breeding strategy: 

The Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model was generated by cross 

breeding the Ts1Rhr (B6.129S6-Dp(16Cbr1-Fam3b)1Rhr/J, JAX stock 

#:005383) (Background of origin: 129S6/SvEv x C57BL/6J x C3H) mouse 

model (44) with the Mb1-Cre (B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ, JAX stock 

#:020505) (Background of origin: BALB/c x C57BL/6) mouse model (45) and 

Cdkn2afl/fl (Background of origin: IB10 x C57BL/6J x FVB/N) knock-out 

mouse model (46), and back-crossed for multiple generations, in-house at 

the Bio-Resource’s facility (Telethon Kids Institute, Perth WA) (Fig. 1). This 

was achieved via selective breeding of parents and offspring, which were 
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back-crossed for C57BL/6J genetic background selection. All animals were 

validated via genotyping, to incorporate all three desired genotypes into one 

mouse. 

DNA extraction for genotyping Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model: 

DNA was extracted from mouse ear tags for genotype polymerase chain 

reaction (PCR) validation (extracted with Ethanol precipitation). Firstly, ear 

tags were placed into 1.5 mL Eppendorf tubes and were resuspended in 200 

µL of lysis buffer (tris(hydroxymethyl)aminomethane (Tris)-hydrochloric acid 

(HCL) 100 mM, sodium chloride (NaCl) 200 mM, sodium dodecyl sulphate 

(SDS) 0.2%, ethylenediaminetetraacetic acid 5 mM (EDTA), in double-

distilled H2O - containing 10 µg/mL of proteinase K). Samples were then 

incubated overnight on a shaker set to 350 rpm at 55°C. The next day, ear 

tag samples were heated to 95°C for 20 minutes to inactivate the proteinase 

K. Samples were then centrifuged at 14000 rpm for 5-10 minutes and 

supernatant was collected into a new 1.5 mL Eppendorf tube. Next, 160 µL of 

100% isopropanol was added to each sample and the tubes were gently 

inverted 2-3 times. The samples were then centrifuged at 14000 rpm for 10 

minutes at 4°C, discarding supernatant. The DNA pellet was then washed 

with 500 µL of 70% ethanol, then centrifuged at 14000 rpm for 5 minutes at 

4°C, discarding supernatant. DNA pellets were then air dried for 1 hour and 

then resuspended in 50 µL of diethylpyrocarbonate (DEPC) treated water. 

DNA concentration/purity was then determined with the NanoDrop 2000, 

following standard protocol (Thermo Fisher Scientific).  

PCR for genetic validation of the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model: 

Genomic DNA from ear tags was used as template DNA to amplify a section 

of the Ts1Rhr ch21, the Mb1-Cre integration, and the LoxP sites of Cdkn2a 

according to the recommended Taq Recombinant Polymerase protocol 

(Thermo Fisher Scientific), using specific primers, annealing temperature, 

and extension time (Table 1). PCR products were analysed via agarose gel 

electrophoresis (1% agarose (Fisher Biotec Australia) gel, prepared with 1x 

Tris-acetate EDTA buffer (Thermo Fisher Scientific)) with 0.1 μL/mL SYBR 

Safe (Thermo Fisher Scientific) to validate the presence of the desired 
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transgenes according to product size (Table 1). The gel was run at 100V for 

approximately 35 minutes and imaged on the BioRad GelDoc XR+ to 

visualise the bands and assess PCR product amplification.  

Primer Name Primer Sequence 
(5’-3’) 

Annealing 
Temp (°C) 

Ext 
Time 
(S) 

Product 
Size 
(bp) 

Mb1.Cre WT For CTC TTT ACC TTC 
CAA GCA CTG A 

59 45 WT: 197 
Cre: 230 

Mb1.Cre Mut For CAT TTT CGA GGG 
AGC TTC A 

Mb1.Cre Com 
Rev 

ACT GAG GCA 
GGA GGA TTG G 

Ts1Rhr Dup F GCC AGA GGC 
CAC TTG TGT AG 

62-57 30 Ts1Rhr:  
200-300 

Ts1Rhr Dup R TGT TGA CCT CGA 
GGG ACC TA 

CDKN2A F ACG TGT ATG CCA 
CCC TGA CC 

60 40 WT: 160 
LoxP: 260 

CDKN2A R GAC TGC TCG 
GGA ATC TTG CC 

Table 1. Genotyping PCR reactions. Primer name, sequence, annealing 
temperature (Temp), extension (Ext) time in seconds (S) used, and product 
size in base pairs (bp). 

Monthly blood analysis with flow cytometry of Ts1Rhr/Mb1-Cre/Cdkn2afl/fl 

mouse model cohort: 

Mice were bled at age matched monthly timepoints for more than a year (383 

days), via tail vein bleed for flow cytometry analysis. 25-50 µL of blood was 

collected in 1.5 mL Eppendorf tubes containing 10 µL of 10% EDTA. Samples 

underwent red blood cell (RBC) lysis in 500 µL of 1x ammonium chloride 

(NH4Cl) (STEMCELL Technologies) for 7 minutes at room temperature, which 

were then transferred to flow cytometry tubes and washed with 1 mL of 2% 

Cell Sera Australia foetal calf serum (FCS)/1x phosphate-buffered saline 

(PBS) solution (Thermo Fisher Scientific). Samples were then centrifuged at 

1500 rpm for 5 minutes at room temperature, discarding supernatant. Single 

stains for antibodies and the viability stain were made according to Table 2, 

with cell pellets resuspended in 100 µL of 2% FCS/PBS containing the 

fluorochrome conjugated antibody mixture (Table 2). Cells were incubated for 

≥20 minutes in the dark at 4°C. Cells were then washed with 1 mL of 2% 

FCS/PBS solution and centrifuged at 1500 rpm for 5 minutes at room 
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temperature, discarding supernatant and then resuspending in Sytox Blue 

viability stain solution. Samples were then analysed via flow cytometry using 

the BD LSRFortessa™ X-20 and analysed using FlowJo software (Version 

10.9.0, BD Biosciences).  

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

B220  APC 1/100 Invitrogen 17-0452-82 
CD19 APC-Cy7 1/100 BD Biosciences 557655 
Gr1 PE-Cy7 1/100 Invitrogen 25-5931-82 
CD11b PE 1/100 BD Biosciences 557397 
Sytox Blue BV421 1/4000 Invitrogen S11348 

Table 2. Monthly blood analysis flow cytometry antibody panel. 

Monthly blood analysis of Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort 

cell population counts: 

Initially, 10 µL of mouse blood collected from tail vein bleed was mixed with 

10 µL of Diluent V-52D (Mindray) in a 1.5 mL Eppendorf tube and then 

underwent analysis with the BC-5000 Vet Auto Hematology Analyzer 

(Mindray) post quality control with BC-5D haematology controls (Mindray). 

Analysis followed standard protocol in whole blood mode. 

Murine bone marrow and spleen sample collection:  

Samples were collected from time point culled or symptomatic mice. The hip, 

femur and tibia bones were collected, as well as the spleen. Bone marrow 

was collected from the hip, femur, and tibia into 50 mL Falcon tubes, 

containing 10 mL of 2% FCS/PBS solution, via flushing with a 3 mL syringe 

and a 21-gauge needle. Spleen was processed using a 100 µm cell strainer 

placed in a 50 mL Falcon tube, containing 10 mL of 2% FCS/PBS solution. 

The spleen was firstly placed into the cell strainer and broken down with a 3 

mL syringe plunger and washed through the 100 µm cell strainer with the 10 

mL of 2% FCS/PBS solution with a pipette. Bone marrow and spleen cells 

were then lysed with 2 mL of 1x NH4Cl RBC lysis buffer for 7 minutes at room 

temperature, which were then washed with 8 mL 2% FCS/PBS solution. 

Samples were then centrifuged at 1500 rpm for 5 minutes at room 

temperature, discarding supernatant. Samples were then resuspended in 10 
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mL of 2% FCS/PBS solution and cell density was determined using Trypan 

Blue (Thermo Fisher Scientific) exclusion. If samples were not analysed by 

flow cytometry on the same day, cell vials were made with densities from 10-

30 million cells per vial, using 10% dimethyl sulfoxide (DMSO)/FCS solution, 

with samples stored at -80°C or in liquid nitrogen.  

Flow cytometry analysis of Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort: 

Freshly harvested cells or vials collected from the triple transgenic 

Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort (which were thawed in a 

water bath at 37°C, then washed in 9 mL of 2% FCS/PBS within a 15 mL 

Falcon tube) were used for analysis. Cells were centrifuged at 1500 rpm for 5 

minutes at room temperature, discarding supernatant. Cells were then 

resuspended in 50 µL of 2% FCS/PBS and transferred to a 96 well plate for 

antibody staining, including single stain and isotype controls. The 96 well 

plate was then centrifuged at 1500 rpm for 5 minutes at room temperature, 

discarding supernatant. Cells were then stained with two fluorochrome 

conjugated antibody panels (Table 3) via resuspension in 50 µL of the 

antibody solution consisting of 2% FCS/PBS and antibody dilutions as in 

Table 3. Cells were stained for ≥20 minutes in the dark at 4°C, then 

centrifuged at 1500 rpm for 5 minutes at room temperature, discarding 

supernatant. Cells were then washed with 1 mL of 2% FCS/PBS solution as 

they were transferred to flow cytometry tubes. Cells were then centrifuged at 

1500 rpm for 5 minutes at room temperature, discarding supernatant, and 

resuspended in 200 µL of 2% FCS/PBS containing Sytox Blue viability stain 

(Table 3). The cell samples were then analysed via flow cytometry using the 

BD LSRFortessa™ X-20 and analysed using FlowJo software (Version 

10.9.0).  
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Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

Panel 1 
B220 APC 1/200 Invitrogen 17-0452-82 
CD43 PE 1/200 Invitrogen 12-0431-82 
CD117 APC-H7 1/100 BD Biosciences 560185 
IgM PerCP-Cy5.5 1/100 BD Biosciences 550881 
IgD FITC 1/100 Invitrogen 11-5993-82 
Sytox Blue BV421 1/4000 Invitrogen S11348 
Panel 2 
B220 APC 1/200 Invitrogen 17-0452-82 
CD19 APC-H7 1/200 BD Biosciences 560245 
Ter119 FITC 1/100 Invitrogen 11-5921-82 
CD11b BV510 1/500 BD Biosciences 562950 
Gr1 PE-Cy7 1/500 Invitrogen 25-5931-82 
CD4 PerCP-Cy5.5 1/200 Invitrogen 45-0042-82 
CD8a PE 1/200 BD Biosciences 553033 
Sytox Blue BV421 1/4000 Invitrogen S11348 
Controls 
Isotype APC 1/200 BD Biosciences 550854 
Isotype APC-Cy7 1/200 BD Biosciences 557873 
Isotype BV510 1/500 BD Biosciences 562951 
Isotype PE-Cy7 1/500 BD Biosciences 557872 
Isotype PerCP-Cy5.5 1/200 BD Biosciences 552834 
Isotype PE 1/200 Invitrogen 12-4714-82 
Isotype FITC 1/100 Invitrogen 11-4714-81 

Table 3. Ts1Rhr/Mb1-Cre/Cdkn2afl/fl model cohort flow cytometry 
analysis antibody panels. 

CFU Pre-B cell assay:  

Colony forming unit (CFU) Pre-B cell assays were performed by obtaining 

bone marrow cells from the 10-week-old Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mice, 

which were transduced with an mCherry expressing murine stem cell virus 

(MSCV) containing the oncogene KRASG12D (MSCV-KRASG12D) (32) or the 

empty vector control MIC (MSCV-IRES-mCherry). Cells then underwent 

fluorescence-activated cell sorting (FACS) with the FACSAria™ III (BD 

Biosciences) based upon positive mCherry expression. mCherry positive 

cells were counted using Trypan Blue exclusion, from which 1x104 cells were 

obtained and washed with 10 mL of 2% FCS/PBS in a 15 mL Falcon tube, 

centrifuged at 24°C for 5 minutes at 1500 rpm, discarding supernatant. Cell 

pellets were resuspended in 300 µL of RPMI1640 (Gibco) media and 

dispensed into the 2.7 mL of pre-aliquoted MethoCult™ M3630 medium 
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using a sterile 3 mL luer lock syringe and sterile 16-gauge blunt-end needle. 

This cell mixture was dispensed into a 35 mm petri dish, which were then 

incubated at 37°C, in 5% CO2 with 95% relative humidity for 7 days (Heracell 

VIOS 160i incubator). On day 7, cell colonies were counted. Once colony 

number was determined, the culture was resuspended with 2% FCS/PBS 

and cell number determined with Trypan Blue exclusion. Then 2x104 cells 

were replated as described and cultured for another 7 days. This process 

was serially repeated every 7 days over 4 passages. 

Cell line generation from methylcellulose culture: 

Cells were extracted from the methylcellulose (MethoCult™ M3630) by 

dispensing 5 mL of 2% FCS/PBS solution into the culture dish and mixed 

with the methylcellulose by repetitive pipetting. The medium was then 

transferred to a 50 mL falcon tube (process repeated twice), which were then 

centrifuged at 1500 rpm for 5 minutes at room temperature, discarding 

supernatant. The cell pellet was then resuspended with 2% FCS/PBS 

solution and cell number determined using Trypan Blue exclusion. Once the 

cell number and viability was determined, cells were cultured in media 

consisting of IMDM (Gibco), 20% heat inactivated FCS, 1% non-essential 

amino acids (MP Biomedicals), 1 mM of sodium pyruvate (MP Biomedicals), 

50 µM of 2-mercaptoethanol (Sigma-Aldrich), penicillin (100 U/mL)-

streptomycin (100 µg/mL) (Thermo Fisher Scientific), and supplemented with 

recombinant murine interleukin 7 (IL-7) (10 ng/mL), stem cell factor (SCF) (10 

ng/mL) and Fms-like tyrosine kinase 3 (Flt3)-ligand (10 ng/mL) (PeproTech 

and STEMCELL Technologies). The cell culture was then incubated at 37°C, 

in 5% CO2 with 95% relative humidity.  

Ts1/Cdkn2a-KRASG12D cell line phenotyping: 

The Ts1/Cdkn2a-KRASG12D cell line was incubated with the fluorochrome 

conjugated antibody panel and dilutions listed in Table 4, along with single 

stain and isotype controls. The antibody/cell mixtures were incubated at 4°C 

for ≥20 minutes in the dark, then washed with 1 mL of 2% FCS/PBS and 

centrifuged at 1500 rpm for 5 minutes, discarding supernatant. Cell pellets 

were resuspended in 200 μL of 2% FCS/PBS with Sytox Blue to determine 
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cell viability. Samples were then then analysed via flow cytometry using the 

BD LSRFortessa™ X-20 and analysed using FlowJo software (Version 

10.9.0).  

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

BP1 FITC 1/200 Invitrogen 11-5891-82 
CD24 PE-Cy7 1/300 BD Biosciences 560536 
CD19 BV510 1/100 BD Biosciences 562956 
B220 APC 1/200 Invitrogen 17-0452-82 
CD117 APC-H7 1/100 BD Biosciences 560185 
IgM PerCP-Cy5.5 1/100 BD Biosciences 550881 
Sytox Blue BV421 1/4000 Invitrogen S11348 
mCherry PE-Texas-Red N/A N/A N/A 
Isotype FITC 1/200 Invitrogen 11-4714-81 
Isotype PE-Cy7 1/300 BD Biosciences 557872 
Isotype BV510 1/100 BD Biosciences 562951 
Isotype APC 1/200 BD Biosciences 550854 
Isotype APC-Cy7 1/100 BD Biosciences 557873 
Isotype PerCP-Cy5.5 1/100 BD Biosciences 552834 

Table 4. Ts1/Cdkn2a-KRASG12D cell line phenotyping antibody panel. 

Bone marrow transplant: 

Age matched 8-week-old recipient C57BL/6J (JAX stock #:000664) mice 

were sub-lethally irradiated (550 Gray (Gy)) and injected via tail vein injection 

with 2x106 Ts1/Cdkn2a-KRASG12D cells. Mice were monitored weekly via tail 

vein bleed and assessed by flow cytometry (BD LSRFortessa™ X-20), using 

Sytox Blue viability stain (1/4000) and single stain controls, to analyse 

mCherry expression. Transplanted mice upon expression of mCherry in 

peripheral blood or if symptomatic were culled and samples of bone marrow 

and spleen were collected for analysis via flow cytometry. All mice were 

maintained at the Telethon Kids Institute preclinical facility (Bio-Resources).  

Bone marrow transplant vial analysis: 

Bone marrow and spleen vials collected from the Ts1/Cdkn2a-KRASG12D cell 

line BMT were thawed in a water bath at 37°C and then washed in 9 mL of 

2% FCS/PBS within a 15 mL Falcon Tube. Cells were then centrifuged at 

1500 rpm for 5 minutes at room temperature, discarding supernatant. Cells 

were then resuspended in 50 µL of 2% FCS/PBS and transferred to a 96 well 
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plate for antibody staining, including single stain controls. The 96 well plate 

was then centrifuged at 1500 rpm for 5 minutes at room temperature, 

discarding supernatant. Cells were then stained with two fluorochrome 

conjugated antibody panels (Table 5) via resuspension in 50 µL of the 

antibody solution consisting of 2% FCS/PBS and antibody dilutions as in 

Table 5. Cells were stained for ≥20 minutes in the dark at 4°C, then 

centrifuged at 1500 rpm for 5 minutes at room temperature, discarding 

supernatant. Cells were then washed with 1 mL of 2% FCS/PBS solution as 

samples were transferred to flow cytometry tubes. Cells were then 

centrifuged at 1500 rpm for 5 minutes at room temperature, discarding 

supernatant, and resuspended in 200 µL of 2% FCS/PBS containing Sytox 

Blue viability stain (Table 5). The cell samples were then analysed via flow 

cytometry using the BD LSRFortessa™ X-20 and analysed using FlowJo 

software (Version 10.9.0). 

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

Panel 1 
B220  APC 1/200 Invitrogen 17-0452-82 
CD19 BV510 1/100 BD Biosciences 562956 
CD117 APC-H7 1/100 BD Biosciences 560185 
IgM PerCP-Cy5.5 1/100 BD Biosciences 550881 
IgD FITC 1/100 Invitrogen 11-5993-82 
Sytox Blue BV421 1/4000 Invitrogen S11348 
mCherry PE-Texas-Red N/A N/A N/A 
Panel 2 
CD19 APC-H7 1/100 BD Biosciences 560245 
Ter119 FITC 1/200 Invitrogen 11-5921-82 
CD11b BV510 1/500 BD Biosciences 562950 
Gr1 PE-Cy7 1/500 Invitrogen 25-5931-82 
Sytox Blue BV421 1/4000 Invitrogen S11348 
mCherry PE-Texas-Red N/A N/A N/A 

Table 5. Ts1/Cdkn2a-KRASG12D cell line bone marrow transplant sample 
phenotyping antibody panels. 

Statistical analysis: 

All statistical analysis was performed in GraphPad Prism (Version 8.4.3), with 

statistical significance determined by unpaired two-tailed t-test and a 

significance P-value <0.05. Data is presented as mean with standard 

deviation.  



 

41 
 

Results: 

Development of the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model. 

Through the breeding strategy outlined in Figure 1, we were able to breed 

and generate the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl (Ts1Rhr/Mb1-Cre/Cdkn2aHOM) 

(n= 3) triple transgenic mouse model, as well as several controls: WT (n= 3), 

Ts1Rhr (n= 4), Mb1-Cre/Cdkn2aHET (n= 2), Mb1-Cre/Cdkn2aHOM (n= 1) 

and Ts1Rhr/Mb1-Cre/Cdkn2aHET (n= 1) controls. Notably, we did not 

observe a difference in the proportion of males and females for any specific 

genotype, thus only males were selected for analysis. All genotypes 

containing Mb1-Cre expressed a heterozygous genotype (to not completely 

lose Mb1 expression), while Cdkn2aHET and Cdkn2aHOM genotype mice 

were heterozygous (HET) and homozygous (HOM) for Cdkn2a floxed sites 

respectively. Therefore, Cdkn2aHET genotype resulted in heterozygous loss 

of Cdkn2a and Cdkn2aHOM genotype resulted in homozygous loss of 

Cdkn2a.  
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Figure 1. Breeding strategy to develop the triple transgenic mouse 
model Ts1Rhr/Mb1-Cre/Cdkn2afl/fl. The two breeding strategies A and B 
performed in parallel to generate the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse 
model, through back-crossing the Ts1Rhr mouse model with the Mb1-Cre 
mouse model and Cdkn2afl/fl mouse model. Created with BioRender.com. 

The cohort of Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mice and controls were followed 

with monthly aged-matched blood samples from 16-weeks to 52-weeks of 

age (Fig. 2). 
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Figure 2. Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort analysis. (A) 
Monthly blood sample flow cytometry analysis of Ts1Rhr/Mb1-
Cre/Cdkn2aHOM (Ts1Rhr/Mb1-Cre/Cdkn2afl/fl) mouse model (n= 3) and WT 
(n= 3), Ts1Rhr (n= 4), Mb1-Cre/Cdkn2aHET (n= 2), Mb1-Cre/Cdkn2aHOM 
(n= 1), Ts1Rhr/Mb1-Cre/Cdkn2aHET (n= 1) controls with B220/CD19 and 
Gr1/CD11b antibodies. (B) Monthly blood sample analysis of Ts1Rhr/Mb1-
Cre/Cdkn2afl/fl mouse model cohort total white blood cell (WBC) count (WBC 
(10^9/L)) and lymphocyte count (Lym # (10^9/L)) with the BC-5000 Vet Auto 
Hematology Analyzer. Corresponding P-value for week 20 and 48 (* P <0.05, 
** P <0.01, *** P <0.001). 
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The cohort of Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mice and controls were analysed by 

flow cytometry to assess expression of B220, CD19, Gr1 and CD11b surface 

markers (Fig. 2A). B220/CD19 markers were used to detect potential 

amplification of B cell leukaemia in the peripheral blood, while myeloid 

Gr1/CD11b positive cells were used as controls. As shown in Figure 2A, a 

high degree of variability between monthly blood samples and replicates was 

observed across B220/CD19 positive cells and Gr1/CD11b positive cells 

independently of the genotype. We therefore did not observe any phenotype 

changes that would indicate leukaemia development. In parallel, WBC and 

lymphocyte counts were analysed with the BC-5000 Vet Auto Hematology 

Analyzer (Mindray) (Fig. 2B). Similarly, we observed high variability between 

monthly blood samples and replicates, making it difficult to distinguish any 

disease development based on WBC and lymphocyte counts. Overall, we 

were unable to draw definitive conclusions on any potential leukaemia 

development from the peripheral blood data alone, especially since it was 

highly variable. Therefore, we needed to inspect the Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl model and control mice tissues for any disease burden. 

To examine the potential development of leukaemia internally, we euthanised 

the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort at 383 days of age. 

Spleens were harvested from the triple transgenic and control mice and were 

weighed to identify if there was any enlargement in size associated with a 

particular genotype, indicative of potential disease development (Fig. 3).  
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Figure 3. Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort spleen weight 
and survival. (A) Spleen weight of the Ts1Rhr/Mb1-Cre/Cdkn2aHOM 
(Ts1Rhr/Mb1-Cre/Cdkn2afl/fl) mouse model (n= 2) and WT (n= 3), Ts1Rhr (n= 
4), Mb1-Cre/Cdkn2aHET (n= 2), Mb1-Cre/Cdkn2aHOM (n= 1), Ts1Rhr/Mb1-
Cre/Cdkn2aHET (n= 1) controls at cull. (B) Survival curve of Ts1Rhr/Mb1-
Cre/Cdkn2afl/fl (n= 3) model and controls (n= as above), remaining cohort 
culled day 383. 

Probably due to the limited number of mice per group, we did not see a 

striking difference in spleen weight observed between the Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl mouse model and controls (Fig. 3A). We also tracked survival 

of the cohort for over a year (383 days, Fig. 3B). Only one triple transgenic 

Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model was found dead at day 254, 

however disease burden could not be determined due to sample loss. The 

remaining Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mice were culled at day 383 

asymptomatic compared to controls, from which bone marrow and spleen 

samples were collected for further phenotype analysis by flow cytometry. 

Phenotyping the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model.  

Bone marrow and spleen samples were collected from mice at end of 

experiment (timepoint cull 383 days), which were analysed phenotypically by 

flow cytometry to observe any identification of B-ALL development, following 

B cell differentiation (Fig. 4) and the flow cytometry gating strategy in Figure 

5. 
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Figure 4. B cell lineage flow cytometry cell surface markers. The flow 
cytometry cell surface antibody markers used to identify and differentiate the 
haematopoietic stem cells, pluripotent stem and progenitor cells, common 
lymphoid progenitors, Pro-B cell progenitors, Pre-B cell progenitors, 
immature B cells and B lymphocytes (mature B cell). This marker definition 
was used to differentiate and assess the cell populations analysed by flow 
cytometry within this study. Created partly with Servier Medical Art 
(smart.servier.com). 

Phenotype analysis was carried out by flow cytometry to examine the 

myeloid, T cell and B cell lineages. We assessed the B cell populations with 

markers B220 and CD19 to identify the B cell lineage, as well as with 

markers used to recognise B cell progenitors including CD117 for common 

lymphoid progenitors and CD43, IgD and IgM to analyse the Pro/Pre-B cell 

progenitors and immature/mature B cell populations (Fig. 4). The myeloid 

markers Gr1 and CD11b were used to observe any potential impact on the 

myeloid population, Ter119 for the erythroid population, whilst CD8a and CD4 

were used to observe the T cell lineage (Fig. 5).   

We did not see differences in the myeloid nor the T cell lineages. These 

analysis also revealed no significant differences in expression of the cell 

surface markers analysed in the B cell differentiation, with marker expression 

confirming no disease development occurred within the Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl mouse model (Fig. 6).   
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Figure 5. Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort bone marrow 
and spleen sample flow cytometry phenotyping strategy. Bone marrow 
and spleen samples collected from the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse 
models and controls were phenotypically analysed with this gating strategy, 
including antibody panel 1 and panel 2. 
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Figure 6. Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort phenotype 
analysis. Bone marrow (BM) and spleen (SP) sample flow cytometry 
analysis of the Ts1Rhr/Mb1-Cre/Cdkn2aHOM (Ts1Rhr/Mb1-Cre/Cdkn2afl/fl) 
mouse model (n= 2) and WT (n= 3), Ts1Rhr (n= 4), Mb1-Cre/Cdkn2aHET (n= 
2), Mb1-Cre/Cdkn2aHOM (n= 1), Ts1Rhr/Mb1-Cre/Cdkn2aHET (n= 1) 
controls with panel 1 and panel 2. 

Variability between genotype replicates and monthly blood samples analysed 

was likely due to small sample sizes (strongly delayed by the COVID-19 



 

49 
 

pandemic). Further increased sample size and optimisation of tracking 

disease development would improve our monitoring of B cell alterations if any 

(currently ongoing). However, obtaining a larger sample size remains 

challenging as several generations are needed to obtain the correct 

genotype, therefore we are now aiming to finish this study by increasing the 

number of samples. Overall, these results reveal that trisomy of the DSCR 

(Ts1Rhr) and knock-out of both Cdkn2a alleles is insufficient to cause B-ALL 

in vivo. 

Development of the Ts1/Cdkn2a-KRASG12D DS-ALL cell line. 

As additional alterations are required, we sought to increase the oncogenic 

potential of the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl model through the incorporation of 

the KRASG12D mutation. Previous work by our laboratory identified oncogenic 

cooperation between the Ts1Rhr trisomy of the DSCR and the KRASG12D 

mutation (32), thus we hypothesised it would allow for the transformation of B 

cell progenitors from the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model. Therefore, 

we set out to incorporate the KRASG12D mutation ectopically into bone 

marrow cells extracted from the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model via 

transduction with MSCV-KRASG12D. The MSCV vector used to transduce the 

Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model bone marrow cells expressed 

mCherry in successfully transduced cells, thus cells sorted for mCherry 

positive expression were used for the CFU Pre-B cell assay. Using this 

strategy, we compared ectopic expression of KRASG12D in the Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl mouse model and WT, Ts1Rhr and Mb1-Cre/Cdkn2aHOM 

control mice bone marrow cells. This was conducted alongside the empty 

vector MSCV control (MIC) for Mb1-Cre/Cdkn2aHOM and Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl mice (Fig. 7A); 1x104 sorted cells from each condition were 

dispensed the into B cell lineage specific methylcellulose, from which, colony 

numbers were counted every 7 days and serially replated over 4 passages. 
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Figure 7. Development of the Ts1/Cdkn2a-KRASG12D cell line model. (A) 
CFU Pre-B cell assay of the Ts1Rhr/Mb1-Cre/Cdkn2aHOM (Ts1Rhr/Mb1-
Cre/Cdkn2afl/fl) mouse model and WT, Ts1Rhr, Mb1-Cre/Cdkn2aHOM control 
bone marrow cells transduced with empty vector control MIC or MSCV-
KRASG12D (harbouring oncogene KRASG12D), followed over 4 passages (P1-
4). (B) Ts1/Cdkn2a-KRASG12D cell line flow cytometry phenotype analysis, 
gated on the total cell population, size (single cells - FSC-W), Sytox Blue 
negativity (live cells) and mCherry positivity (Pos). 

Due to the small sample size statistical significance could not be determined, 

however as previously published (32), we observed that KRASG12D 
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overexpression is associated with an increased number of CFU Pre-B cell 

colonies, cooperating with the trisomy of the DSCR over serially replated 

passages. Interestingly, we also observed that complete knock-out of Cdkn2a 

did cooperate with trisomy of the DSCR, as the Ts1Rhr/Mb1-

Cre/Cdkn2aHOM (Ts1Rhr/Mb1-Cre/Cdkn2afl/fl) MIC transduced cells had the 

highest colony number at P3 overall (Fig. 7A). Together, with the 

Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model cohort analysis, our data indicates 

that homozygous loss of Cdkn2a does cooperate with the DSCR but is 

insufficient to cause leukaemia in vivo alone. Additional experiments are 

needed to validate this interesting observation. 

In parallel, KRASG12D transduced Ts1Rhr/Mb1-Cre/Cdkn2afl/fl donor bone 

marrow cells (Ts1Rhr/Mb1-Cre/Cdkn2aHOM KRAS G12D) were collected 

from methylcellulose culture at P1 and placed into liquid culture to establish 

the Ts1/Cdkn2a-KRASG12D cell line. This cell line was phenotypically 

characterised based upon B220, CD19, CD117, IgM, BP1 and CD24 cell 

surface expression, revealing the cells were B220, CD19 and CD24 positive 

Pro-B cells (Fig. 4, 7B). 

Ts1/Cdkn2a-KRASG12D cell line bone marrow transplant.  

Donor C57BL/6J mice were sub-lethally irradiated (550 Gy) and injected with 

2x106 Ts1/Cdkn2a-KRASG12D cells. Recipient mice were monitored weekly via 

peripheral blood analysis for mCherry expression (from tail vein bleed) to 

determine disease engraftment (Fig. 8A). Survival of C57BL/6J recipient mice 

post injection was also determined, with mice surviving between 15 and 42 

days overall (Fig. 8B). 
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Figure 8. Ts1/Cdkn2a-KRASG12D cell line bone marrow transplant 
strategy and survival. (A) Bone marrow transplant strategy whereby sub-
lethally irradiated 8-week-old C57BL/6J mice were injected with 2x106 
Ts1/Cdkn2a-KRASG12D cells to assess survival and disease engraftment 
(created with BioRender.com). (B) Survival curve (days since irradiated and 
injected) of C57BL/6J recipients (n= 8) injected with Ts1/Cdkn2a-KRASG12D 

cells.  

Bone marrow and spleen cells were collected from mice transplanted with the 

Ts1/Cdkn2a-KRASG12D cell line at euthanasia and subsequently analysed by 

flow cytometry to characterise disease burden (mCherry positive cells) and 

phenotype, as outlined in the gating strategy shown in Figure 9A. This was 

done to confirm if the Ts1/Cdkn2a-KRASG12D cells had successfully engrafted 
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into recipient mice and if the mice succumbed to leukaemia. Based upon 

mCherry expression in both the bone marrow (around 80%) and spleen 

(around 60%) (Fig. 9B), the Ts1/Cdkn2a-KRASG12D cell line successfully 

engrafted into the recipient mice.  
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Figure 9. Representative flow cytometry gating strategy and mCherry 
expression from the Ts1/Cdkn2a-KRASG12D cell line bone marrow 
transplant analysis. (A) Bone marrow and spleen samples collected from 
C57BL/6J recipient mice phenotypically analysed by flow cytometry, whereby 
mCherry positive cells were analysed with antibody panel 1 and panel 2, 
following the flow cytometry gating strategy outlined. The mCherry positive 
live single cells analysed by this strategy were gated upon the total cell 
population, size (single cells - FSC-W), Sytox Blue negativity (live cells) and 
mCherry positivity. (B) Bone marrow and spleen samples from Ts1/Cdkn2a-
KRASG12D cell line C57BL/6J recipient mice (n= 3) mCherry positivity. 

Flow cytometry phenotype analysis revealed that mCherry positive bone 

marrow and spleen samples had mostly retained B220/CD19 positivity, which 
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was observed in the initial phenotype characterisation of the Ts1/Cdkn2a-

KRASG12D cell line (Fig. 10A). 

 
Figure 10. Ts1/Cdkn2a-KRASG12D cell line bone marrow transplant 
phenotype. (A) The mCherry positive bone marrow (BM) and spleen (SP) 
samples collected from Ts1/Cdkn2a-KRASG12D cell line transplanted 
C57BL/6J recipient mice (n= 3) phenotype flow cytometry analysis compared 
to the initial Ts1/Cdkn2a-KRASG12D cell line (CL) phenotype. (B) Extended 
BMT phenotype analysis with IgD, IgM, Ter119, Gr1 and CD11b.  

The variability in expression of B220/CD19 between replicates and from the 

original positivity in the Ts1/Cdkn2a-KRASG12D cell line suggests that external 

environmental factors influenced the phenotype changes between replicates, 

driving clonal selection. CD117 and IgM expression was also like the original 

cell line phenotype, however one replicate had slightly higher expression in 

the spleen, supporting the hypothesis of clonal selection in vivo. Additionally, 

there was no IgD/IgM and Ter119 positive expression, as well as very little to 

no myeloid marker expression (Gr1/CD11b) (Fig. 10B). Further investigation 
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of the bone marrow microenvironment and HSC compartment post 

engraftment would likely provide insight into reasons for phenotype evolution. 

Overall, based upon the high mCherry expression observed in both bone 

marrow and spleen samples, coincided by their B220/CD19 phenotype, the 

Ts1/Cdkn2a-KRASG12D cell line successfully engrafted the bone marrow and 

spleen of irradiated C57BL/6J recipient mice, recapitulating DS-ALL in vivo. 

Thus, development of this DS-ALL model provides a strategy and basis for 

future model development and therapeutic drug testing. 

Discussion: 

Children with DS who develop leukaemia have an inferior prognosis 

compared to non-DS children, which is mostly due to higher rate of treatment 

related toxicity and relapse (9, 10, 40, 50). Recently however, targeted 

therapy and immunotherapy have demonstrated promising results in 

leukaemia (51). Therefore, further investigation into novel therapeutic 

strategies is urgently required to adapt these novel therapies into the clinic to 

improve patient outcomes. To advance current therapeutic strategies in DS-

ALL requires the use of clinically relevant in vitro and in vivo models that 

enable investigation into the mechanisms of DS-ALL development and the 

testing of potential therapeutic targets. Existing alongside other established 

patient derived leukaemia models (52-55), PDX models of DS-ALL 

established by our laboratory have previously been used to identify sensitivity 

to DYRK1A inhibition by EHT1610 (30), and the inhibition of the RAS/MAPK 

pathway with trametinib (32). The generation of these murine models 

followed patient sample collection and subsequent PDX model development 

(30, 32, 52-55). This method limits the development of novel DS-ALL models 

as it relies on patients to develop ALL and the collection of these samples 

with successful engraftment into recipient mice. Therefore, we set out to 

generate novel DS-ALL models that accurately replicated leukaemia 

development and that did not rely on PDX.  

In this chapter, we were able to successfully incorporate three transgenes 

into one mouse model, generating the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl triple 

transgenic mouse model, which included trisomy of the DSCR (Ts1Rhr), 
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heterozygous expression of Mb1-Cre and homozygous expression of Cdkn2a 

knock-out alleles. Overall, this transgenic combination allowed for 

homozygous loss of Cdkn2a in the presence of trisomy of the DSCR. This 

model did not display any disease burden or leukaemia phenotype that was 

expected and did not impact overall survival. Variability in flow cytometry 

analysis from age-matched monthly blood samples was likely due to 

variability in blood volume collection, impacting the detection of our interest 

population (B220/CD19 positive). Variability was also observed in WBC and 

lymphocyte count analysis with the BC-5000 Vet Auto Hematology Analyzer 

and was likely impacted by the same variability as flow cytometry analysis, as 

the same blood samples were used for both flow cytometry and 

WBC/lymphocyte analysis. Methodologically, dilution of the sample with 

Diluent V-52D could have been avoided with separate blood collection dates, 

which would have provided a larger blood volume for WBC and lymphocyte 

count analysis and eliminate the need for dilution. Since no disease 

phenotype was detected upon bone marrow and spleen sample analysis with 

flow cytometry, any disease burden would not have been detected, however 

less variability would have significantly improved our blood analysis and be 

clearly represented in Figure 2. Notably, small sample size was a limitation of 

this study, which was mostly due to difficulty in generating desired genotypes 

with our breeding strategy (and due to delays caused by the COVID-19 

pandemic), as we would have ideally included 5-6 replicates per genotype 

group. Moving forward however, the laboratory is continuing to generate 

more transgenic models to complete this study. 

Deletion of CDKN2A/B is common in paediatric ALL (approximately 20% of 

cases) (56), with deletion of CDKN2A found in between 15-24% of DS-ALL 

cases (27, 41, 42) and is a known significant secondary event in leukaemia 

(57). Additionally, previous work has demonstrated that loss of Cdkn2a alone 

is sufficient to drive Pre-B-ALL (43). Thus, we hypothesised homozygous 

deletion of Cdkn2a, in the presence of trisomy 21, would be sufficient to 

cause ALL. Since our model did not spontaneously develop leukaemia, it 

suggests that although Cdkn2a deletion is a significant event in leukaemia 

development, homozygous deletion of Cdkn2a is not capable of driving 
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leukaemia development in the presence of 33 extra ch21 genes. Although 

this did not replicate previous findings where Cdkn2a deletion alone resulted 

in a pre-B-ALL that was not fully-penetrant, Cdkn2a deletion was driven by 

an alternative Cre strategy utilising CD19-Cre, and utilised a different Cdkn2a 

knock-out model (43). Due to these technical differences, there are many 

possibilities as to why we did not observe leukaemia development in our 

model. This includes the requirement for additional mutations, such as 

KRASG12D and Pax5 deletion, to result in a fully penetrant B-ALL, as 

supported by the previous literature where a combination of multiple 

mutations was required (31, 58). This was especially highlighted by Lane et 

al., who required five genetic alterations within their DS-ALL model to re-

create leukaemia (31). Alternatively, our restrictions in sample size did not 

allow us to observe an incomplete leukaemia phenotype. Moreover, perhaps 

trisomy of more than 33 genes is required to re-create DS-ALL in 

combination with Cdkn2a deletion. Therefore we attempted to incorporate a 

larger trisomy 21 (Tc1 (37)) with the Mb1-Cre and Cdkn2afl/fl models, 

however the trisomy 21 could not be maintained within the offspring of the 

second generation. Additionally, we also attempted to generate a model 

incorporating trisomy of the DSCR (Ts1Rhr) with homogenous KRASG12D 

expression and Cdkn2a knock-out alleles, however due to the COVID-19 

pandemic delays and the time limit of the project, we could not continue to 

develop this model. Overall, we concluded that trisomy of the DSCR and 

deletion of both Cdkn2a alleles was insufficient to cause DS-ALL in vivo.  

To overcome this challenge and improve the model’s ability to re-create DS-

ALL, we sought to increase the oncogenic potential of the model. To do so, 

we incorporated activation of the RAS/MAPK pathway, by introducing the 

KRASG12D mutation via retroviral transduction of Ts1Rhr/Mb1-Cre/Cdkn2afl/fl 

bone marrow cells. This approach was successfully used by Laurent et al., to 

transform Ts1Rhr mouse progenitor B cells, thus we predicted it would confer 

the appropriate cellular fitness for transformation (32). Utilising the B cell 

specific methylcellulose MethoCult™ M3630, we were able to selectively 

culture B cell progenitor colonies that were then extracted post colony 

formation in methylcellulose and placed into liquid culture. Phenotype 
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analysis confirmed the cells were B220/CD19/CD24 positive Pro-B cell 

progenitors (Fig. 7B). Thus, we successfully created an in vitro model of DS-

ALL, the Ts1/Cdkn2a-KRASG12D cell line. RAS/MAPK pathway activation 

alone cooperates with trisomy of the DSCR and leads transformation of 

Ts1Rhr progenitor B cells (32), and was also shown to cooperate with 

Cdkn2a deletion (43). Since we were not able to establish WT-KRASG12D or 

Cdkn2a-KRASG12D cell models in the Ts1Rhr background, we could not 

exclusively conclude that Cdkn2a knock-out was necessary for 

transformation in our model. Notably, generating these cell line models is 

ongoing within the laboratory, however we were able to develop a model 

incorporating some of the most common alterations seen in DS-ALL (7, 27, 

28). Overall, we hypothesised loss of Cdkn2a added to the aggressiveness of 

the cell line. Therefore, we wanted to assess its ability to re-create DS-ALL in 

vivo by investigating its engraftment capacity. 

Since we successfully created the DS-ALL Ts1/Cdkn2a-KRASG12D cell line, 

we next assessed its capacity to re-create leukaemia in vivo, via BMT in sub-

lethally irradiated C57BL/6J recipient mice. The Ts1/Cdkn2a-KRASG12D cell 

line successfully engrafted into the bone marrow and spleen of recipient mice 

with complete penetrance (Fig. 8-10). This model displayed an aggressive 

engraftment phenotype with recipient mice reaching a minimum survival of 15 

days and maximum survival of at 42 days. This is a very interesting 

phenotype as it allows for an efficient development of DS-ALL in a timely 

manner, compared to >100 days, with incomplete penetrance published by 

Lane et al., (31). To our knowledge, this is the first description of a trisomy 21 

DS-ALL model with complete penetrance in a C57BL/6J background. Thus, 

our model would be suitable for future rigorous mechanistic analysis and 

therapeutic testing, both in vitro and in vivo. Overall, successful engraftment 

of the Ts1/Cdkn2a-KRASG12D cell line into recipient mice indicated that 

trisomy 21 (DSCR), knock-out of Cdkn2a and activation of the RAS/MAPK 

pathway is sufficient to cause DS-ALL in vivo.  

Development of the in vitro Ts1/Cdkn2a-KRASG12D cell line and its ability to 

re-create DS-ALL in vivo, provides us with both a strategy to develop new 

leukaemia models, as well as providing clinically relevant models that 
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represent human disease for novel therapeutic testing. Notably, generation of 

other murine models that contain common alterations, such as CRLF2 

rearrangement (54% of DS-ALL) with JAK2 alterations (50% of CRLF2 

rearranged DS-ALL), or with IKAROS Family Zinc Finger 1 (IKZF1) alteration 

(31% of CRLF2 rearranged DS-ALL) (27), will continue add to the repertoire 

of tools for testing novel therapies, which the laboratory will aim to address in 

the future. Additionally, our model also provides an ideal setting for future 

mechanistic studies of oncogenic cooperation between trisomy 21 and 

additional somatic mutations. Notably, the ch21 genes DYRK1A and HMGN1 

contribute to the development of DS-ALL (30, 31), however the roles of other 

ch21 genes remain elusive. Moving forward, the roles of these unknown 

genes can be tested in our new model to ultimately identify novel ch21 genes 

with gene dosage effects located in the DSCR region, that have an impact on 

leukaemogenesis in vitro and in vivo. 
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Chapter 3: Therapeutically targeting the chromosome 21 
gene DYRK1A 

Introduction: 

Therapeutic advancements have drastically improved the overall survival of 

children diagnosed with ALL, however treatment of children with DS-ALL has 

proved difficult due to the toxicity related side effects of current 

chemotherapy agents, as well as a higher relapse rate (9, 10, 59, 60). 

Therefore, we need to improve our current understanding of the molecular 

pathways involved in leukaemia development to identify therapeutically 

targetable weaknesses that enable implementation of treatment strategies. 

To aid in the development of these novel improved therapeutics for DS 

children with ALL, we focused on the role of the ch21 kinase DYRK1A, which 

has been shown to be a key player in leukaemogenesis DS-related or not 

(30), and tested the efficacy of novel DYRK1A inhibitors. To this end, we 

extended our panel of DS-ALL models by establishing new in vitro/in vivo 

human and murine models of DS-ALL. These cell models were characterised 

at the genetic, phenotypic, and transcriptomic level to ensure clinical 

relevance and were then used to test novel DYRK1A inhibitors. The ch21 

gene DYRK1A has been identified as a therapeutic target of interest in DS-

ALL, as it regulates B cell development by controlling the B cells ability to 

enter quiescence via cyclin D3 phosphorylation and repression of E2F 

Transcription Factor (E2F) genes (29, 30). Notably, subsequent research 

revealed that DS-ALL is sensitive to inhibition of DYRK1A (30). Therefore, we 

analysed the efficacy of multiple DYRK1A inhibitors, including in combination 

with current chemotherapeutic agents. This research was published in the 

journal of Haematologica and is presented in Chapter 3a. 

Methods: 

Cell culture and cell lines: 

The human DS-PER961 and DS-PER962 cell lines were established from 

PDX models previously described (32). Human DS-ALL cells harvested from 

PDX models were cultured in “complete” RPMI1640 media (Gibco) 
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supplemented with 2 mM L-glutamine (Gibco), 50 µM 2-mercaptoethanol 

(Sigma-Aldrich), penicillin (100 U/mL)-streptomycin (100 µg/mL) (Thermo 

Fisher Scientific), 1% non-essential amino acids (MP Biomedicals), 1 mM 

sodium pyruvate (MP Biomedicals) and 20% of heat inactivated FCS (Cell 

Sera Australia). The DS-PER961 cell line was cultured with recombinant 

human IL-7 (10 ng/mL, PeproTech and STEMCELL Technologies), and the 

DS-PER962 cell line with recombinant human FLT3-ligand (10 ng/mL, 

PeproTech and STEMCELL Technologies). MHH-CALL4 cells were cultured 

in complete RPMI1640 media containing 20% heat inactivated FCS. Murine 

cell models were extracted from the methylcellulose (MethoCult™ M3630) in 

their generation, by dispensing 5 mL of 2% FCS/PBS solution into the culture 

dish and mixed with the methylcellulose by repetitive pipetting. The medium 

was then transferred to a 50 mL falcon tube (process repeated twice), which 

were then centrifuged at 1500 rpm for 5 minutes at room temperature, 

discarding supernatant. The cell pellet was then resuspended with 2% 

FCS/PBS solution and cell number determined using Trypan Blue (Thermo 

Fisher Scientific) exclusion. Once the cell number and viability was 

determined, cells were cultured in media consisting of IMDM (Gibco) 

containing 20% heat inactivated FCS, 1% non-essential amino acids, sodium 

pyruvate (1 mM), 2-mercaptoethanol (50 µM), penicillin (100 U/mL)-

streptomycin (100 µg/mL) and supplemented with recombinant murine IL-7 

(10 ng/mL), SCF (10 ng/mL) and Flt3-ligand (10 ng/mL) (PeproTech and 

STEMCELL Technologies). For growth curve experiments (with or without 

cytokines), 5x105 murine cells were plated and counted every second day 

with Trypan Blue exclusion. The short hairpin RNA (shRNA) DYRK1A used in 

this study to transduce murine cells were previously described (21). All cell 

lines were cultured at 37°C, in 5% CO2 with 95% relative humidity (Heracell 

VIOS 160i incubator). 

Flow cytometry: 

For all flow cytometry experiments, cells were stained in 1x PBS 

supplemented with 2% FCS for ≥20 minutes at 4°C, then washed with 2% 

FCS/PBS via centrifugation. Cells were then incubated with 1/4000 dilution 

Sytox Blue reagent (Invitrogen) in 2% FCS/PBS to determine cell viability. 
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Analyses were performed with LSRFortessaTM X-20 or LSRFortessaTM 

instruments (BD Biosciences), transduced cells were sorted on the 

FACSAria™ III or Fusion (BD Biosciences), and data was analysed using 

FlowJo software (Version 10.9.0, BD Biosciences).  

Murine cell line phenotyping: 

The murine cell lines were stained with the fluorochrome conjugated antibody 

panel and dilutions listed in Table 1, along with single stain and isotype 

controls. The antibody/cell mixtures were incubated at 4°C for ≥20 minutes in 

the dark, then washed with 1 mL of 2% FCS/PBS and centrifuged at 1500 

rpm for 5 minutes at room temperature. Cell pellets were resuspended in 200 

μL of 2% FCS/PBS with 1/4000 Sytox Blue to determine cell viability. 

Samples were then then analysed via flow cytometry. 

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

BP1 FITC 1/200 Invitrogen 11-5891-82 
CD24 PE-Cy7 1/300 BD Biosciences 560536 
CD19 BV510 1/100 BD Biosciences 562956 
B220 APC 1/200 Invitrogen 17-0452-82 
CD117 APC-H7 1/100 BD Biosciences 560185 
IgM PerCP-Cy5.5 1/100 BD Biosciences 550881 
Sytox Blue BV421 1/4000 Invitrogen S11348 
mCherry PE-Texas-Red N/A N/A N/A 
Isotype FITC 1/200 Invitrogen 11-4714-81 
Isotype PE-Cy7 1/300 BD Biosciences 557872 
Isotype BV510 1/100 BD Biosciences 562951 
Isotype APC 1/200 BD Biosciences 550854 
Isotype APC-Cy7 1/100 BD Biosciences 557873 
Isotype PerCP-Cy5.5 1/100 BD Biosciences 552834 

Table 1. Murine cell line phenotyping antibody panel. 

Human cell line phenotyping: 

A total of 2x106 DS-PER961 and DS-PER962 cells were prepared for flow 

cytometry analysis and resuspended in 2% FCS/PBS, stained with 

fluorochrome conjugated antibodies (Table 2) and incubated in the dark at 

4°C for ≥20 minutes. Stained cells were then washed with 1 mL of 2% 

FCS/PBS and resuspended in 200 μL of 2% FCS/PBS containing Sytox Blue 

at a 1/4000 dilution. Single stain controls were used to ensure correct gating 
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and compensation. All samples were analysed on the BD LSRFortessaTM X-

20 flow cytometer and data analysed using FlowJo software (Version 

10.9.0).   

Human 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

CD19 PE-Cy7 1/100 BD Biosciences 560728 
CD34 PerCP-

Cy5.5/eFluor 710 
0.5/100 Invitrogen 46-0349-42 

CD38 APC 1/100 BD Biosciences 555462 
CD10 FITC 1/100 BD Biosciences 340925 
CD45 APC-Cy7/eFluor 

780 
1/100 Invitrogen 47-0459-42 

CD135 BV510 1/100 BD Biosciences 743338  
TSLPR PE 1/100 BD Biosciences 563149 
Sytox Blue BV421 1/4000 Invitrogen S11348 

Table 2. Human cell line phenotype antibody panel. 

Sanger sequencing: 

DNA was extracted from DS-PER961 and DS-PER962 cells using the 

QIAGEN AllPrep DNA/RNA Mini kit. A PCR was carried out to amplify exon 2 

of the KRAS gene and exon 16 of the JAK2 gene using primers outlined 

below (Table 3). PCR products were separated on a 1.8% agarose gel 

(Fisher Biotec Australia) (prepared with 1x Tris-acetate EDTA buffer) with 0.1 

μL/mL of SYBR Safe (Thermo Fisher Scientific). The gel was then run at 

120V for 35 minutes and imaged on the BioRad GelDoc XR+ to visualise the 

bands and assess PCR product amplification. To prepare for Sanger 

sequencing, PCR products were purified using the QIAGEN QIAquick PCR 

Purification Kit and prepared according to the standards outlined in the 

Australian Genome Research Facility (AGRF) Sanger sequence preparation 

guide, with primers listed in Table 3. Purified products were sequenced by the 

AGRF, and sequencing results were analysed using SnapGene Version 

5.0.4. 
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Gene Primer 

Name 

Primer Sequence 

(5'-3') 

Annealing 

Temp (°C) 

Ext 
Time 
(S) 

Product 
Size 
(bp) 

KRAS Hs-KRAS-F TGA GTT TGT ATT 

AAA AGG TAC TGG 

60 30 382 

Hs-KRAS-R ATG GTT ACA TAT 

AAC TTG AAA CCC 

JAK2 Hs-JAK2-F CCA TGT CAG CCT 

TAG AAC TCA T 

58 30 616 

Hs-JAK2-R AAA ATC ACC TCA 

CAG TCC ATG G 

Table 3. Human cell line PCR and Sanger sequencing primers. Primer 
name, sequence, annealing temperature (Temp), extension (Ext) time in 
seconds (S) used, and product size in base pairs (bp) per gene. 

Human cell line bioinformatic validation: 

Bi-allelic frequencies were obtained from single nucleotide polymorphism 

(SNP) arrays using the HumanCytoSNP-12v2.1 BeadChip (Illumina) and 

analysed by AGRF. Spearman correlation of the transcriptional profiles 

obtained from the DS-PER961 and DS-PER962 cell lines was performed. 

Correlation analysis began with Raw FASTQ files which were processed 

using Trim Galore and FASTQC/MultiQC for quality control, followed by 

alignment using Kallisto (GENCODE v34 reference). Kallisto count tables 

were read into DESeq2 via TxImport. Genes with an average of 0 counts 

across all 5 samples were excluded from downstream analysis. Spearman 

correlation was then used to correlate normalised transcripts per million 

(Log2TPM) between cell lines and corresponding PDX models. 

Genomic DNA extraction for genetic validation of models by PCR: 

DNA was extracted from mouse ear tags for genotype PCR validation. Firstly, 

ear tags were placed into 1.5 mL Eppendorf tubes and were resuspended in 

200 µL of lysis buffer (Tris-HCL 100 mM, NaCl 200 mM, SDS 0.2%, EDTA 5 

mM, in double-distilled H2O - containing 10 µg/mL of proteinase K). Samples 

were then incubated overnight on a shaker set to 350 rpm at 55°C. The next 

day, ear tag samples were heated to 95°C for 20 minutes to inactivate the 
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proteinase K. Samples were then centrifuged at 14000 rpm for 5-10 minutes 

and supernatant was collected into a new 1.5 mL Eppendorf tube. Next, 160 

µL of 100% isopropanol was added to each sample and the tubes were 

gently inverted 2-3 times. The samples were then centrifuged at 14000 rpm 

for 10 minutes at 4°C, discarding supernatant. The DNA pellet was then 

washed with 500 µL of 70% ethanol, then centrifuged at 14000 rpm for 5 

minutes at 4°C, discarding supernatant. DNA pellets were then air dried for 1 

hour and then resuspended in 50 µL of DEPC water. DNA 

concentration/purity was then determined with the NanoDrop 2000, following 

standard protocol (Thermo Fisher Scientific). 

Genetic validation of models by PCR: 

Genomic DNA extracted from murine ear tags and was used as template 

DNA to amplify a section of the Tc1 ch21, Ts1Rhr ch21, the Mb1-Cre 

integration, and the LoxP sites of Cdkn2a according to the recommended Taq 

Recombinant Polymerase protocol (Thermo Fisher Scientific), using specific 

primers, annealing temperature, and extension time presented in Table 4. For 

the P2RY8-CRLF2 gene fusion validation, RNA was extracted from cells 

using the QIAGEN AllPrep DNA/RNA Mini kit. Purified RNA underwent 

reverse transcription using the SuperScript III Reverse Transcriptase Kit 

(Invitrogen) with 50 μM of random hexamers (Invitrogen) to obtain cDNA. The 

cDNA was then used as a template to amplify the P2RY8-CRLF2 fusion 

transcript with the P2RY8-F and CRLF2-R primers (Table 4), using the 

recommended Taq Recombinant Polymerase protocol. PCR products were 

analysed via agarose gel electrophoresis (1% agarose gel, prepared with 1x 

Tris-acetate EDTA buffer) with 0.1 μL/mL of SYBR Safe. The gel was then 

run at 100V for approximately 35 minutes and imaged on the BioRad GelDoc 

XR+ to visualise the bands and assess PCR product amplification (Table 4). 
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Primer Name Primer Sequence 
(5’-3’) 

Annealing 
Temp (°C) 

Ext 
Time 
(S) 

Product 
Size 
(bp) 

Mb1.Cre WT 
For 

CTC TTT ACC TTC 
CAA GCA CTG A 

59 45 WT: 197 
Cre: 230 

Mb1.Cre Mut 
For 

CAT TTT CGA GGG 
AGC TTC A 

Mb1.Cre Com 
Rev 

ACT GAG GCA 
GGA GGA TTG G 

Ts1Rhr Dup F GCC AGA GGC 
CAC TTG TGT AG 

62-57 30 Ts1Rhr: 
200-300 

Ts1Rhr Dup R TGT TGA CCT CGA 
GGG ACC TA 

CDKN2A F ACG TGT ATG CCA 
CCC TGA CC 

60 40 WT: 160 
LoxP: 260 

CDKN2A R GAC TGC TCG 
GGA ATC TTG CC 

Tc1-For CAG AGC TAC AGC 
CTC TGA CAC T 

60 45 Int-control: 
324 
Tc1: 205 Tc1-Rev TTT GAG GGA ACA 

CAA AGC TTA AC 
Tc1-int For CTA GGC CAC AGA 

ATT GAA AGA TCT 
Tc1-int Rev GTA GGT GGA AAT 

TCT AGC ATC ATC 
C 

P2RY8-F TTG CAA GGT TGC 
TGG ACA GAT GGA 
A 

64-60 30 P2RY8-
CRLF2: 500 

CRLF2-R GTC TAG GAG 
GCA CCC CGA 
AGT GTG A 

Table 4. PCR primers and conditions. Primer name, sequence, annealing 
temperature (Temp), extension (Ext) time in seconds (S) used, and product 
size in base pairs (bp). 

Animal models: 

PDX models DS01, DS02, DS03 and DS06 have been previously described 

(32). Briefly, 1x106 DS-ALL cells (from earlier generation of PDX or DS-ALL 

cell lines) were injected into (7-9 weeks old) NOD.Cg-PrkdcscidIl2rgtm1Wjll/SzJ 

(NSG) (JAX stock #:005557) mice by tail vein injection. Leukaemia 

engraftment was assessed weekly from week 3 after injection by tail vein 

bleed and flow cytometry analysis using antibodies listed in Table 5. In vivo 

treatments (4 weeks) started when 0.5-1% of human blasts were detected in 

the peripheral blood. NSG mice were then treated with two doses of 
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Leucettinib-21 (0.5 mg/kg and 5 mg/kg, by oral gavage 5 times per week) 

compared to the vehicle treated mice (0.5% carboxymethylcellulose). The 

Tc1 mice used in this study were validated by genotyping as described above 

using the primers referenced in Table 4.  

For the BMT experiments, 2x106 WT-KRASG12D, Tc1-KRASG12D or 

Ts1/Cdkn2a-KRASG12D cells were injected in 8-week-old primary recipient 

(1R) C57BL/6J sub-lethally irradiated (550 Gy) mice. Regarding secondary 

recipients (2R), 1x106 spleen cells from 1R were used for injection. Blast 

percentage was monitored via teil vein bleed and flow cytometry to follow 

mCherry expression in the peripheral blood, utilising Sytox Blue viability stain 

at 1/4000 dilution. Histological examination was performed on paraffin 

embedded spleen and stained with hematoxylin and eosin. All mice were 

maintained at the Telethon Kids Institute preclinical facility (Bio-Resources). 

Antibody Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

Human-
CD19 

PE-Cy7 1/100 BD Biosciences 560728 

Human-
CD45 

APC-Cy7/eFluor 
780 

1/100 Invitrogen 47-0459-42 

Murine-
CD45.1 

FITC 1/100 BD Biosciences 553775 

Sytox 
Blue 

BV421 1/4000 Invitrogen S11348 

Table 5. Human cell line transplant weekly flow cytometry analysis 
antibody panel. 

Murine bone marrow and spleen sample collection:  

Samples were collected from time point culled or symptomatic mice. The hip, 

femur and tibia bones were collected, as well as the spleen (weighed at 

harvest). Bone marrow was collected from the hip, femur, and tibia into 50 

mL Falcon tubes, containing 10 mL of 2% FCS/PBS solution, via flushing with 

a 3 mL syringe and a 21-gauge needle. Spleen was processed using a 100 

µm cell strainer placed in a 50 mL Falcon tube, containing 10 mL of 2% 

FCS/PBS solution. The spleen was firstly placed into the cell strainer and 

broken down with a 3 mL syringe plunger and washed through the 100 µm 

cell strainer with the 10 mL of 2% FCS/PBS solution with a pipette. Bone 



 

69 
 

marrow and spleen cells were then lysed with 2 mL of 1x NH4Cl RBC lysis 

buffer (STEMCELL Technologies) for 7 minutes at room temperature, which 

were then washed with 8 mL 2% FCS/PBS solution. Samples were then 

centrifuged at 1500 rpm for 5 minutes at room temperature, discarding 

supernatant. Samples were then resuspended in 10 mL of 2% FCS/PBS 

solution and cell density was determined using Trypan Blue exclusion. If 

samples were not analysed by flow cytometry on the same day, cell vials 

were made with densities from 10-30 million cells per vial, using 10% 

DMSO/FCS solution, with samples stored at -80°C or in liquid nitrogen.  

Mouse model bone marrow B cell characterisation: 

Bone marrow samples from Tc1 mice and WT littermates were analysed with 

flow cytometry as described above, using the antibody panel in Table 6. The 

B cell lineage fractions were determined following previously established 

protocol (61).  

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

B220 APC 1/200 Invitrogen 17-0452-82 
CD43 PE 1/200 Invitrogen 12-0431-82 
BP1 FITC 1/200 Invitrogen 11-5891-82 
CD24 PE-Cy7 1/300 BD Biosciences 560536 
Sytox Blue BV421 1/4000 Invitrogen S11348 

Table 6. Mouse model bone marrow B cell characterisation antibody 
panel. 

Bone marrow transplant vial analysis: 

Bone marrow and spleen vials collected from the BMT assays were thawed 

in a water bath at 37°C and then washed in 9 mL of 2% FCS/PBS within a 15 

mL Falcon Tube. Cells were then centrifuged at 1500 rpm for 5 minutes at 

room temperature, discarding supernatant. Cells were then resuspended in 

50 µL of 2% FCS/PBS and transferred to a 96 well plate for antibody staining, 

including single stain controls. The 96 well plate was then centrifuged at 1500 

rpm for 5 minutes at room temperature, discarding supernatant. Cells were 

then stained with two fluorochrome conjugated antibody panels via 

resuspension in 50 µL of the antibody solution consisting of 2% FCS/PBS 

and antibody dilutions as presented in Table 7. Cells were incubated for ≥20 
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minutes in the dark at 4°C, then centrifuged at 1500 rpm for 5 minutes at 

room temperature, discarding supernatant. Cells were then washed with 1 

mL of 2% FCS/PBS solution as samples were transferred to flow cytometry 

tubes. Cells were then centrifuged at 1500 rpm for 5 minutes at room 

temperature, discarding supernatant, and resuspended in 200 µL of 2% 

FCS/PBS containing Sytox Blue viability stain. The cell samples were then 

analysed via flow cytometry. 

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

Panel 1 
B220  APC 1/200 Invitrogen 17-0452-82 
CD19 BV510 1/100 BD Biosciences 562956 
CD117 APC-H7 1/100 BD Biosciences 560185 
IgM PerCP-Cy5.5 1/100 BD Biosciences 550881 
IgD FITC 1/100 Invitrogen 11-5993-82 
Sytox Blue BV421 1/4000 Invitrogen S11348 
mCherry PE-Texas-Red N/A N/A N/A 
Panel 2 
CD19 APC-H7 1/100 BD Biosciences 560245 
Ter119 FITC 1/200 Invitrogen 11-5921-82 
CD11b BV510 1/500 BD Biosciences 562950 
Gr1 PE-Cy7 1/500 Invitrogen 25-5931-82 
Sytox Blue BV421 1/4000 Invitrogen S11348 
mCherry PE-Texas-Red N/A N/A N/A 

Table 7. Bone marrow transplant sample phenotyping antibody panels. 

Lineage depletion and HSC/MPP population analysis: 

Bone marrow cells were harvested as described above and then underwent 

lineage depletion, which was performed using the EasySep Mouse 

Hematopoietic Progenitor Cell Isolation Kit (STEMCELL Technologies). 

Briefly, 80x106-100x106 total bone marrow cells were collected in a 50 mL 

Falcon tube, without rat serum. Next, cells were incubated with the 

biotinylated-antibody cocktail (50 µL/mL), washed with 40 mL of 2% 

FCS/PBS, and incubated with Rapid Sphere (streptavidin beads) for 20 

minutes. Cell-antibody-bead complexes were placed in the magnet for 5 

minutes. The beads were washed, and the supernatants were pooled. Cells 

were then placed on the magnet for an additional 5 minutes, for further 

isolation. The final supernatant was collected in a 15 mL falcon tube and cells 
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were counted by Trypan Blue exclusion. Lineage depleted cells were then 

stained with fluorochrome conjugated antibody at optimised dilutions (Table 

8) and incubated for ≥20 minutes in the dark at 4°C, to determine the 

populations of HSCs and MPP cells via flow cytometry. To ensure correct 

gating, full minus one (FMO) staining excluding the markers CD34-FITC, 

CD48-BV421, CD150-APC and CD135-PE and single stain controls were 

made. The previously described (62) gating strategy was used to identify 

HSCs, MPP1, MPP2, MPP3 and MPP4 populations. 

Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

CD135 PE 1/50 BD Biosciences 553842 
Sca-1 PE-Cy7 1/50 BD Biosciences 558162 
CD150 APC/Alexa Fluor 

647 
1/50 BD Biosciences 562647 

Streptavidin APC-Cy7 1/100 BD Biosciences 554063 
CD117 PerCP-Cy5.5 1/50 BD Biosciences 560557 
CD34 FITC 1/50 Invitrogen 11-0341-82 
CD48 BV421/eFluor 

450 
1/50 Invitrogen 48-0481-82 

Table 8. Antibody table for analysing murine HSC/MPP compartment. 

Bone marrow microenvironment analysis:  

To analyse the bone marrow microenvironment of 6-week-old, 8-10-week-old 

and 18-19-week-old WT and Tc1 mice, initially femurs were harvested, from 

which the bone marrow was flushed from the medullary cavity. The bones 

were then processed and analysed following the strategy previously 

established (63). The harvested bone marrow microenvironment cell 

populations were incubated with the antibody panel presented in Table 9, and 

analysed by flow cytometry.  
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Murine 
Antibody 

Fluorochrome 
Detection 
Channel 

Antibody 
Dilution 

Supplier Product 
Reference 

CD51-Biotin - 1/200 BD Bioscience 551380 
Sca-1 BV510 1/100 BD Bioscience 565507 
CD31 FITC 1/200 BD Bioscience 553372 
Ter119 PerCP-Cy5.5 1/400 BD Bioscience 560512 
CD45 PerCP-Cy5.5 1/400 BD Bioscience 550994 
CD140a APC 1/50 Invitrogen 17-1401-81 
CD140b PE 1/50 BioLegend 136006 
CD24 PE-Cy7 1/100 BD Bioscience 560536 
Streptavidin BV421 1/400 BD Bioscience 563259 
Horizon 
Fixable 
Viability 
Stain 700 

APC/Alexa 
Fluor 700 

1/20000 BD Bioscience 564997 
 

Table 9. Bone marrow microenvironment analysis antibody panel. 

CFU Pre-B cell assays: 

Initially, 0.5x106 bone marrow cells harvested from 8-10-week-old WT and 

Tc1 mice were plated on semi-solid MethoCult™ M3630 (STEMCELL 

Technologies) media to assess clonogenicity of B cell precursors. On day 7, 

CFU pre-B cell colonies were counted and replated with 2x104 cells weekly 

over the 4 passages to assess their proliferation and self-renewal capacities.  

To assess oncogenic cooperation, freshly harvested bone marrow cells from 

6-week and 8-10-week-old WT and Tc1 mice were spinoculated with 

retroviral particles allowing for the expression of KRASG12D (MSCV-

KRASG12D) or BCR-ABL1 (MSCV-BCR-ABL1) oncogenes as described 

previously (32, 64), and compared to the empty vector control MIC (MSCV-

IRES-mCherry). On day 2, transduced cells underwent FACS with initially 

1x104 transduced mCherry positive bone marrow cells plated on the M3630 

methylcellulose media. These CFU pre-B cell colonies were also counted on 

day 7 and replated with 2x104 cells weekly, over 4 passages.  

Western blots: 

Western blots were performed using NuPage 4-12% Bis-Tris gels with 2-(N-

morpholino)ethanesulfonic acid (MES)-SDS running buffer. Protein transfer 

was achieved using the polyvinylidene difluoride (PVDF) membrane and Bio-

Rad Trans-Blot Turbo Transfer System. Following blocking and primary 
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antibody incubation (Table 10), desired protein was revealed using secondary 

antibodies (Anti-Mouse or Anti-Rabbit IgG), membranes incubated with 

enhanced chemiluminescence (ECL) reagent (Bio-Rad) and viewed with the 

ChemiDoc MP system (Bio-Rad). To assess constitutive phosphorylation of 

the JAK2/STAT5 and RAS/MAPK pathways, human and murine cell lines 

were serum starved for 5-6 hours prior to protein extraction as described 

previously (32). For Phospho-cyclin D3 and Phospho-FOXO1 validation, cell 

lines were treated for 6 hours with increasing doses (0.001, 0.01, 0.1, 1, 2.5, 

5 and 10 µM) of DYRK1A inhibitors EHT1610, Leucettinib-21 and AM30 

before protein extraction. Antibodies used are indicated in Table 10. 

Western Blot 

Antibody 

Dilution Supplier Product 

Reference 

Primary Antibody 

Phospho-STAT5 1/1000 Cell Signalling Technology 9351S 

STAT5 1/1000 Cell Signalling Technology 94205S 

Phosho-ERK1/2 1/1000 Cell Signalling Technology 9101S 

ERK1/2 1/1000 Cell Signalling Technology 9102S 

Phospho-FOXO1 1/1000 Aviva Biosciences OAAF07382 

FOXO1 1/1000 Cell Signalling Technology 2880S 

DYRK1A 1/500 Abnova H00001859-

M01 

Phospho-JAK2 1/1000 Cell Signalling Technology 3771S 

JAK2 1/1000 Cell Signalling Technology 3230S 

Phospho-Cyclin 

D3 

1/1000 Cell Signalling Technology 53966S 

Cyclin D3 1/1000 Cell Signalling Technology 2936S 

KRAS 1/500 Santa Cruz sc-30 

Anti-HSC70  1/2000 Sigma-Aldrich SAB3701436 

Secondary Antibody 

Anti-Mouse IgG 1/10000 Sigma-Aldrich A9917 

Anti-Rabbit IgG 1/10000 Cell Signalling Technology 7074S 

Table 10. Western blot antibodies.  
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Drug treatment: 

Human and murine cell lines were dispensed into a 384 well cell culture plate 

(PerkinElmer) using the automated Multidrop Combi Reagent Dispenser 

(Thermo Fisher Scientific). These cells were then treated with varying 

concentrations (0.001-10 µM) of DYRK1A inhibitors EHT1610, AM28, AM30, 

AM45, Leucettinib-21 and inactive isomer (Iso) Leucettinib-21. Synergistic 

analysis was performed utilising various doses of Leucettinib-21 (0.01 to 10 

µM) with standard of care agents and targeted inhibitors trametinib (from 

0.0001 to 20 µM), ruxolitinib (from 0.0001 to 20 µM), vincristine (from 0.0025 

to 20 µM), dexamethasone (from 0.0025 to 20 µM) and L-asparaginase (from 

0.0025 to 20 µM) in the human DS-ALL cell lines. The drugs were delivered 

using the Tecan D300e Digital Dispenser. Cells were then incubated at 37°C 

in 5% CO2 with 95% relative humidity. After 72 hours, the cells were 

incubated with AlamarBlue reagent (Thermo Fisher Scientific) to determine 

cell viability. The BioTek SynergyMx plate reader was then used to measure 

absorbance values. Data was analysed on Microsoft Excel and GraphPad 

Prism to determine cell viability and relative IC50 values. Synergistic analysis 

was performed with SynergyFinder 3.0 (65). For survival assays, cells were 

incubated for 48 hours with increasing doses (1, 2.5, 5 and 10 µM) of 

EHT1610, AM30, Leucettinib-21 and Iso Leucettinib-21, before washed and 

stained with Annexin V-APC and propidium iodide, following standard 

protocol (BD Biosciences); data was analysed by flow cytometry and FlowJo 

software (Version 10.9.0). 

Statistical analysis: 

Statistical analysis was performed using GraphPad Prism (Version 8/9), 

unless otherwise mentioned. The log-rank test was used for survival analysis. 

For other experiments, statistical significance was evaluated using the Mann-

Whitney U test or the two-tailed unpaired t-test, unless otherwise specified. 
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Chapter 3a: Efficacy of DYRK1A inhibitors in novel models of 
Down syndrome acute lymphoblastic leukemia 

Below is the publication titled Efficacy of DYRK1A inhibitors in novel models 

of Down syndrome acute lymphoblastic leukemia. This paper was submitted 

to the Journal of Haematologica and accepted on the 19/02/2024. 
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LETTER TO THE EDITOR

Efficacy of DYRK1A inhibitors in novel models of Down 
syndrome acute lymphoblastic leukemia

Despite significant advances, outcomes for children with 
Down syndrome (DS, trisomy 21) who develop acute lym-
phoblastic leukemia (ALL) remain poor. Reports of large DS-
ALL cohorts have shown that children with DS have inferior 
event-free survival (EFS) and overall survival (OS) compared 
to children without DS.1-3

Children with DS also exhibit increased treatment-related 
mortality due to infections and toxicities following che-
motherapy, higher cumulative risk of relapse and inferior 
outcomes following relapse.4 This situation highlights the 
dire need for the development of more potent and target-
ed therapies to improve the survival and quality of care for 
these vulnerable children, who often have additional co-mor-
bidities linked to trisomy 21 that complicates their clinical 
management. Targeted approaches and immunotherapies 
have shown promising results for pediatric leukemia.5 Hence, 
the development of new models of DS-ALL are needed to 
rapidly advance drug discovery and refine existing treatment 
strategies. We recently established DS-ALL patient-derived 
xenografts (PDX) and demonstrated that targeting somatic 
alterations found in DS-ALL using MEK inhibitors combined 
with conventional treatment has the potential to improve 
outcomes for these children.6 Targeting the dosage-sensitive 
mechanisms resulting from the extra copy of chromosome 21 
is also an area of intense investigation.7-9 As such, inhibition 
of the chromosome 21 kinase DYRK1A using EHT1610 or of 
its direct targets FOXO1 and STAT3, has shown promising 
cytotoxic effects both in vitro and in vivo.8

In this study, we developed novel clinically relevant models 
of DS-ALL to facilitate the assessment of new therapeu-
tic agents. First, we modeled oncogenic cooperation seen 
in DS-ALL in vitro.10 To this end, we transduced wild-type 
(WT) and trisomic (Tc1) 8-10-week-old bone marrow cells 
with retroviruses encoding the frequently observed mutant 
KRASG12D or the more rarely seen BCR-ABL fusion11 (animal 
experiments were approved by institutional ethics committee 
and followed Australian guidelines for the care and use of 
animals). Of note, the bone marrow stroma and hematopoi-
etic stem cell and progenitor compartment composition did 
not significantly differ between disomic and trisomic mice, 
except from an increased proportion of multipotent pro-
genitors MPP2 at the expense of the less committed MPP1 
(Online Supplementary Figure S1A-C). Trisomic Tc1 progen-
itors exhibited increased capacity to form colony-forming 
unit (CFU) pre-B colonies in vitro compared to WT (Online 
Supplementary Figure S1D), as seen previously in the partially 
trisomic Ts1Rhr (Ts1) model.7 Ectopic expression of KRASG12D 
or BCR-ABL enhanced the number and replating capacity 
of both WT and Tc1 CFU pre-B colonies compared to the 

empty vector MIC (MSCV-IRES-mCherry) (Online Supple-
mentary Figure S1E, F). Next, we established two murine 
DS-ALL cell lines (Tc1-KRASG12D and Tc1-BCR-ABL), disomic 
controls (WT-KRASG12D and WT-BCR-ABL), as well as an in-
dependent Ts1/Cdkn2a-KRASG12D cell line (established from 
triple transgenic Ts1Rhr, Mb1-Cre, Cdkn2afl/fl donor mice); 
attempts to develop CRLF2-rearranged/JAK2 mutant murine 
DS-ALL cell lines were unsuccessful. Interestingly, although 
KRASG12D led to a constitutive phosphorylation of Erk1/2, 
the highest levels of Erk1/2 phosphorylation and cytokine 
independence for cell proliferation were only observed in 
WT-KRASG12D cells (Figure 1A, B). All KRASG12D-expressing mu-
rine cell lines engrafted in sub-lethally irradiated C57Bl/6J 
mice in primary and secondary recipients and ultimately 
succumbed to leukemia with complete penetrance, with 
recipients displaying mCherry-positive cells in the peripheral 
blood, bone marrow, and in the spleen (data not shown). 
Engrafted recipient mice exhibited splenomegaly associated 
with a leukemia-driven disorganized architecture (Online 
Supplementary Figure S1G, H). We also confirmed that the 
engrafted cell lines exhibit a phenotype similar to the cell 
lines cultured in vitro; although we noted clonal selection of 
a CD24+/BP1- pro-B population from the WT-KRASG12D cells 
in vivo, which was retained in secondary recipients (Figure 
1C, D; and data not shown). Altogether, we developed nov-
el murine models of DS-ALL, providing a unique platform 
suitable for testing targeted therapies.
In order to validate the clinical relevance of these murine 
cells, we focused on the therapeutically targetable chromo-
some 21 kinase DYRK1A, as recent reports have emphasized 
its role in childhood leukemia, regardless of Down syndrome.8 
First, we used short hairpin RNA (shRNA) interference to 
show that all five cell lines, disomic (N=2) or trisomic (N=3) 
and expressing either KRASG12D or BCR-ABL oncogenes, were 
sensitive to Dyrk1a knock-down (KD) (Figure 2A, B; Online 
Supplementary Figure S1I). We next assessed the efficacy of 
new potent DYRK1A inhibitors using a DYRK1A-focused library 
which included EHT1610 used as control, Leucettinib-21 and 
its inactive isomer (compounds inspired by Leucettines and 
Leucettamine B, a natural substance produced by the marine 
sponge Leucetta microraphis),12,13 and three additional DYRK1A 
inhibitors whose chemical structure is based on the 7-azain-
dole scaffold, AM28, AM30 and AM45.14 In dose-response 
experiments, we showed that AM30 and Leucettinib-21 were 
cytotoxic in both WT-KRASG12D and Tc1-KRASG12D cell lines 
(Figure 2C). We also observed that Leucettinib-21, AM30 and 
AM45 were more potent than EHT1610 in decreasing cellular 
growth in all cell lines tested, and that Tc1-KRASG12D cells 
always exhibited lower half-maximal inhibitory concentra-

Efficacy of DYRK1A inhibitors in novel models of Down syndrome acute lymphoblastic leukemia

S.L. Carey-Smith et al.
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Figure 1. Establishment of novel Down syndrome acute lymphoblastic leukemia models for preclinical testing. (A) Constitutive 
phosphorylation of Stat5 and Erk1/2 in KRASG12D and BCR-ABL-expressing murine cells (starved for 6 hours). (B) Growth of murine 
wild-type (WT)-KRASG12D, Tc1-KRASG12D and Ts1/Cdkn2a-KRASG12D cells with or without cytokines (Il-7, Scf and Flt3-L, 10 ng/mL) 
over 6 days. (C) Kaplan-Meier analysis comparing survival of primary (1R) and secondary (2R) sub-lethally irradiated recipient mice 
engrafted with 1-2x106 Tc1-KRASG12D (1R N=4, 2R N=6), WT-KRASG12D (1R N=5, 2R N=6) and Ts1Rhr/Cdkn2a-KRASG12D (1R N=5, 2R N=6) 
cell lines; **P<0.01. (D) Phenotype of the murine cell lines assessing surface expression of BP1 and CD24 (phenotype of the WT-
BCR-ABL and Tc1-BCR-ABL cell lines are in the Online Supplementary Figure 1F), and representative flow plots showing phenotype 
of mCherry-positive cell lines in primary and secondary recipients. w/: with; w/o: without. Cyt: cytokine.
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Figure 2. Genetic and pharmacological inhibition of DYRK1A decreases growth of Down syndrome acute lymphoblastic leukemia 
cells. (A) Ratio of wild-type (WT)-KRASG12D and Tc1-KRASG12D transduced with GFP-expressing Banshee vectors encoding two 
shDyrk1a compared to empty Banshee-U6 counterparts over 9 days (N=4 replicates); ***P<0.001. (B) Validation of Dyrk1a knock-
down at the protein level 48 hours after transduction (GFP-sorted). Dyrk1a band intensities were quantified and normalized as 
a ratio of shDyrk1a-transduced to control U6-transduced WT-KRASG12D cells. (C) Cytotoxic effect of increasing doses (in μM) of 
the DYRK1A inhibitors EHT1610, AM30, Leucettinib-21 (LCTB-21) and its inactive isomer iso-Leucettinib-21 (Iso LCTB-21) at 48 
hours in murine WT-KRASG12D and Tc1-KRASG12D cells assessed by flow cytometry (Annexin V staining). (D) Dose-response curves 
assessing efficacy of EHT1610, LCTB-21 and Iso LCTB-21 at 72 hours by alamarBlue cell viability assay in murine WT-KRASG12D and 
Tc1-KRASG12D cells. (E) Heatmap integrating relative half-maximal inhibitory concentration (IC50) values obtained for the DYRK1A 
inhibitors tested in our murine cell lines.
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tion (IC50) values than its disomic counterpart WT-KRASG12D 
(Figure 2D, E; Online Supplementary Figure S2A).
In order to expand our observations, we next established 
two human DS-ALL cell lines: DS-PER961 and DS-PER962 
from our previously reported DS06 (KRASG12S-positive) and 
DS02 (CRLF2-rearranged/JAK2I682F-positive) PDX.6 These 
unique models represent the first human cell lines for DS-
ALL, with comprehensive characterization at the genomic, 
transcriptomic and phenotypic levels, confirming their re-
semblance to the PDX models from which they originated 
(Figure 3A; Online Supplementary Figure S3A-E). Western 
blot analyses confirmed phosphorylation of ERK1/2 and 
STAT5 downstream of KRASG12S and JAK2I682F mutants in 
DS-PER961 and DS-PER962 respectively (Figure 3B). Using 
NOD-SCID-γc-/- (NSG) mice, we also showed that both DS-
ALL cell lines engrafted into immunocompromised recipi-
ents with DS-PER962 cells being more aggressive than their 
PDX counterparts (Figure 3C). Using these human cells, we 
confirmed that Leucettinib-21, AM30 and AM45 were potent 
inhibitors in human DS-ALL cells and in MHH-CALL4 (a non-
DS CRLF2-rearranged and JAK2 mutant ALL cell line known 
to be sensitive to DYRK1A inhibition) (Figure 3D, E; Online 
Supplementary Figure S2B-D).8 No significant effect was 
seen for AM28 nor for the inactive isomer of Leucettinib-21 
(Figure 3D; Online Supplementary Figure S2B, C). Importantly, 
efficacy of these DYRK1A inhibitors was demonstrated in DS-
ALL blasts freshly harvested from four DS-ALL PDX models 
(described in 6), validating the suitability of our DS-ALL cells 
to assess efficacy of new therapies (Figure 3E). Compared 
to EHT1610 and AM30, Leucettinib-21 was the most potent 
compound in inhibiting phosphorylation of the known DYR-
K1A target cyclin D3 in a dose-dependent manner shown 
in DS-PER962 (Figure 3F), DS-PER961 and in murine cells 
(Online Supplementary Figure S2E), but had limited effect 
on FOXO1-phosphorylation (Online Supplementary Figure 
S2F-I). Next, we evaluated in vitro drug combinations of 
Leucettinib-21 with targeted and conventional therapies 
and identified synergy with vincristine and an additive effect 
with dexamethasone and L-asparaginase (Figure 3G; Online 
Supplementary Figure S2J). An additive effect between Leu-

cettinib-21 and the targeted therapies ruxolitinib (a JAK1/2 
inhibitor) and trametinib (a MEK1/2 inhibitor) was also seen 
in DS-PER962 (CRLF2-positive/JAK2I682F mutant) and in the 
DS-PER961 (KRASG12S) cell lines, respectively (Figure 3G). 
Finally, we assessed the efficacy of Leucettinib-21 in vivo in 
the DS06 and DS02 PDX models and observed that  in vivo 
treatment with Leucettinib-21 decreased leukemia burden 
but did not fully eradicate leukemia (Figure 3H). Together, 
this data demonstrates the suitability and clinical relevance 
of the novel murine and human models we have established 
and emphasizes the key role of DYRK1A in DS-ALL.
Compared to other children, higher sensitivity to treat-
ment-related toxicity in children with DS-ALL remains a 
major clinical challenge. This has significantly limited the 
development of novel targeted therapies for this patient 
population, ultimately delaying translation into clinical tri-
als. Recently, integration of immunotherapeutic approaches 
has offered promise in reducing toxicity. Indeed, Laetsch et 
al. reported comparable outcomes between DS- and non-
DS children with relapsed/refractory B-ALL who received 
CD19-directed chimeric antigen receptor T-cell therapy, 
including similar rates of CD19-negative relapse,15  and an 
ongoing clinical trial is currently assessing whether blinatum-
omab can replace two blocks of consolidation chemotherapy 
for treatment of de novo DS-ALL (clinicaltrial gov. Identifier: 
NCT03911128). As an alternative approach, identifying key 
vulnerabilities in DS-ALL blasts could provide the molecular 
basis for development of novel targeted therapies. While 
resources such as the recent in-depth characterization of 
the genetic landscape of DS-ALL can provide such insight,10 
we have developed novel models of DS-ALL and shown that 
inhibiting dosage-sensitive mechanisms altered by trisomy 
21 may also represent a new avenue to integrate agents with 
low toxicity and ultimately improve outcomes and quality 
of care for children with DS-ALL. We demonstrated that a 
reduction in DYRK1A expression is sufficient to decrease 
the growth of DS-ALL cell lines, confirmed the sensitivity of 
human and murine cells to DYRK1A inhibition and showed 
that the leading candidate, Leucettinib-21, potentiates the 
cytotoxic effect of other chemotherapeutic and targeted 

Figure 3. Efficacy of DYRK1A inhibition in novel human Down syndrome acute lymphoblastic leukemia cell lines and patient-de-
rived xenograft models. (A) Representative flow plots assessing CD38 and TSLPR expression of the human DS-PER962 and DS-
PER961 Down syndrome acute lymphoblastic leukemia (DS-ALL) cell lines compared to their corresponding DS06 and DS02 
patient-derived xenografts (PDX), and to NSG recipients engrafted with 1x106 DS-ALL cell lines (PDXcells). (B) Western blots assess-
ing the constitutive phosphorylation of JAK2, STAT5 and ERK1/2 in DS-PER962 and DS-PER961 cell lines following a 6-hour star-
vation; the non-DS MHH-CALL4 (CRLF2-rearranged/JAK2 mutant) ALL cell line was used as control. (C) Kaplan-Meier curves 
comparing the survival of the DS-PER962 and DS-PER961 PDX (N=3-4) to their corresponding DS02 and DS06 PDX (N=9-12); 
***P<0.001. (D) Efficacy of EHT1610, Leucettinib-21 (LCTB-21) and its inactive isomer iso-Leucettinib-21 (Iso LCTB-21) in the human 
DS-PER962 and DS-PER961 cell lines (72 hours). (E) Heatmap representing the relative half-maximal inhibitory concentration 
(IC50) values obtained in the non-DS-ALL, DS-ALL human cell lines and DS-ALL cells freshly harvested from PDX models. (F) 
Western blot comparing the effect of EHT1610, LCTB-21 and AM30 on phospho-cyclin D3 and total cyclin D3 stability after 6 hours 
of treatment in the DS-PER962 cell line. (G) ZIP scores obtained from combining Leucettinib-21 (10 doses from 0.01 to 10 μM) 
with trametinib (0.0001-20 μM), ruxolitinib (0.0001-20 μM), vincristine (0.0005-0.5 μM), dexamethasone (0.00025-20 μM) and 
L-asparaginase (0.1-20 μM) in the human DS-ALL cell lines. ZIP scores <-10 =antagonism; -10 to 10 =additive; >10 =synergy. (H) In 
vivo effect of Leucettinib-21 on leukemia burden in the peripheral blood (PB) of the DS02 and DS06 PDX models (oral gavage, 2 
weeks and 4 weeks of treatment respectively); *P<0.05, **P<0.01. Veh: vehicle.
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agents and delayed leukemia expansion  in vivo, with no 
detectable toxicity identified in the peripheral blood (On-
line Supplementary Figure S2K). Leucettinib-21 has recently 
completed regulatory preclinical safety studies and is primed 
for early phase clinical assessment. Strikingly, studies have 
demonstrated the preclinical impact of targeting DYRK1A 
activity in different subtypes of childhood leukemia,8 further 
emphasizing the potential benefit for investigating Leucet-
tinib-21 or other new potent DYRK1A inhibitors in clinical 
trials for ALL.
Altogether, this study has established and comprehensively 
characterized the first DS-ALL cell lines, providing suit-
able and clinically relevant cellular models to identify new 
molecular weaknesses in DS-ALL and test the efficacy of 
novel targeted therapies (as exemplified here with DYRK1A 
inhibition), alone or in combination with standard of care, 
to ultimately develop new, less toxic treatments to improve 
the outcome for children with DS-ALL.
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Supplementary Figure 1: Establishment of murine DS-ALL cells. 

A. Representative flow plots comparing the bone marrow stroma of 8-10 week old wild-type (WT) 

and trisomic (Tc1) mice, gated on CD45-Ter119- and depicting the percentage of endothelial cells 

(endo, CD31-positive), CD31-negative PaS (PDGFRa(Cd140a)+/Sca1+), Cxcl12-abundant reticular 

cells (CAR, PDGFRb(cd140b)+/Sca1-), mesenchymal stem cells (MSC, Sca1+/CD51+) and 

osteoblastic cells (osteo, Sca1-/CD51+). Right panel: box plot integrating all data (n=6). B. Bar 

graph displaying the percentage of the different hematopoietic stem cells and progenitors in 8-

10 week old mice (n=7-9); *p<0.05. LSK = Lineage-negative/Sca1+/Kit+, LT-HSC (Long-term 

hematopoietic stem cells, LSK+CD34-FLT3-CD150+CD48-), MPP1 (multipotent progenitor 1, 

LSK+CD34+FLT3-CD150+CD48-), MPP2 (LSK+CD34+FLT3-CD150+CD48+), MPP3 (LSK+CD34+FLT3-

CD150-CD48+), MPP4 (LSK+CD34+FLT3+CD150-CD48+). C. Bar graph displaying the proportion of 

the hardy fraction in the bone marrow of WT and Tc1 mice (n=4); Fraction A (B220+CD43+CD24-

BP1-), Fraction B (B220+CD43+CD24+BP1-), Fraction C (B220+CD43+CD24+BP1+), Fraction D 

(B220+CD43-IgM-IgD-), Fraction E (B220+CD43-IgM+IgD-) and Fraction F (B220+CD43-IgM+IgD+).  

D. Number of colony-forming unit (CFU)-preB colonies obtained from 8-10 week old WT and Tc1 

donor bone marrow cells over 3 passages (n=8-9); *p<0.05, **p<0.01. E. Number of CFU-preB 

colonies obtained from sorted mCherry-positive bone marrow progenitor cells transduced with 

KRASG12D, BCR-ABL retroviruses compared to empty vector retroviruses (MIC = MSCV-IRES-

mCherry), over 4 passages (n=8).  F. Phenotype of the WT-BCR-ABL and Tc1-BCR-ABL cell lines 

assessing surface expression of CD19, IgM, BP1 and CD24. G. Representative spleen sections from 

WT-KRASG12D, Tc1-KRASG12D and Ts1/cdkn2a-KRASG12D primary recipients, stained with 

hematoxylin and eosin (10X and 40X magnification). H. Average spleen weight at endpoint in WT-

KRASG12D (n=5), Tc1-KRASG12D (n=4) and Ts1/Cdkn2a-KRASG12D (n=5) irradiated recipient mice; 

*p<0.05.  I. Ratio of GFP-expressing Banshee vectors encoding two shDyrk1a compared to empty 

Banshee-U6 counterparts over 9 days in the murine WT-BCR-ABL, Tc1-BCR-ABL and Ts1/cdkn2a-

KRASG12D cells (n=4 replicates); **p<0.01, ***p<0.001.  
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Supplementary Figure 2: Preclinical testing of new DYRK1A inhibitors in non-DS and DS-ALL. 

A. Dose-response curves for EHT1610, Leucettinib-21 (LCTB-21), AM28, AM30 and AM45 in 

murine cell lines. B. Dose-response curves for AM28, AM30 and AM45 in human DS-PER961 and 

DS-PER962 cell lines. C. Bar graphs showing the impact of increasing doses 1µM, 2.5µM, 5µM and 

10µM of the DYRK1A inhibitors EHT1610, AM30, LCTB-21 and its inactive isomer iso-Leucettinib-

21 (Iso LCTB-21) on cell viability of DS-PER961 and DS-PER962 at 48 hours assessed by flow 

cytometry (AnnexinV-positive cells). D. Western blots of phospho-Cyclin D3 performed from 

protein extracted from the DS-PER961 human cell line after a 6 hour treatment with increasing 

doses (in µM) of the DYRK1A inhibitors EHT1610, Leucettinib-21 and AM30, compared to 

treatment with DMSO. E. Western blots of phospho-Cyclin D3 performed from protein extracted 

from WT-KRASG12D and Tc1-KRASG12D murine cells after a 6 hour treatment with increasing doses 

(in µM) of the DYRK1A inhibitors EHT1610 and Leucettinib-21, compared to treatment with 

DMSO.  F-I. Assessment of FOXO1 (Ser326) phosphorylation in response to DYRK1A inhibition (6 

hour treatment) in (F) murine WT-KRASG12D, (G) human DS-PER961 (KRASG12S), (H) murine Tc1-

KRASG12D and (I) human DS-PER962 (CRLF2-rearranged/JAK2I682F) cells. J. Representative plots 

showing synergy between LCTB-21 and vincristine in DS-PER962 and DS-PER961 cell lines. K. 

Blood count assessment showing WBC (white blood cell count), RBC (red blood cell count) and 

PLT (platelet counts) at week 2 and week 4 of treatment with 0.5 mg/kg and 5 mg/kg of 

Leucettinib-21 compared to vehicle in the DS06 patient-derived xenograft (n=3 per group and 

per timepoint). 

 

  



 

88 
 

 
  

CA

W
T

DS
-P

ER
96

1

KRASG12S

G/S GA

E

W
T

DS
-P

ER
96

2

JAK2I682F

I/F RL

DS06 PDX DS-PER961 DS02 PDX DS-PER962

Gain Xq

Trisomy 21

Gain 16p

Loss chr13 (RB1)

Trisomy 21

Loss 9p (CDKN2A)

D

TSLPR CD34 CD38 CD10

BAFBAFBAFBAF

Supplementary Figure 3

B

nb
ev
en

ts

P2RY8-
CRLF2 
fusion

La
dd

er
H2

O
K5

62
 ce

lls
DS

02
 PD

X
DS

-P
ER

96
2

DS06

DS
-P

ER
96

1
DS

-P
ER

96
2

DS02

DS-PER962
DS-PER961
Isotype

MHH-CALL4



 

89 
 

  

4 
 

Supplementary Figure 3: Characterization of human DS-ALL cell lines. 

A. Sanger sequencing of genomic DNA confirming the presence of the KRASG12S and JAK2I682F 

mutations found in the DS-PER961 and DS-PER962 cell lines respectively. B. Validation of the 

P2RY8-CRLF2 fusion transcript in the DS02 patient-derived xenograft (PDX) and DS-PER962 cell 

line compared to K562 control cells (primer sequences are indicated in supplemental table 2). C. 

Spearman correlation of the transcriptional profiles obtained in the DS-PER961 and DS-PER962 

cell lines (Y-axis) compared to the PDX model they originate from (X-axis). RNA sequencing files 

are available via the Gene Expression Omnibus (GEO) database under the accession number 

GSE245056. D. Representative flow plots comparing the Mean Fluorescence Intensity (MFI) for 

the surface markers TSLPR, CD34, CD38 and CD10 in the DS-PER961 (in blue) and DS-PER962 (in 

red) compared to MHH-CALL4 cells (in green); isotypes are represented in orange. E. Bi-allelic 

frequencies obtained from SNP arrays (HumanCytoSNP-12 BeadChip (HumanCytoSNP-12v2.1; 

Illumina) comparing DS-PER961 and DS-PER962 cell lines with the PDX they originate from, 

showing that the cell lines are relatively stable at the genomic level. 
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Chapter 3b: Therapeutically targeting the chromosome 21 
gene DYRK1A additional data 

Results: 

Additional data from the study that was unpublished has been included in this 

chapter to give more insight into the research conducted on the DS-ALL 

models we developed. This chapter includes information on the 

characterisation of the Tc1 bone marrow microenvironment, the WT/Tc1 

transduced CFU Pre-B cell assay (week 6), the WT/Tc1 cell line phenotypes, 

as well as the associated BMT assay, complementing the data in the 

publication “Efficacy of DYRK1A inhibitors in novel models of Down 

syndrome acute lymphoblastic leukemia”.  

Time point analysis of WT and Tc1 microenvironment populations. 

The bone marrow microenvironment was analysed in 6 weeks, 8-10 weeks, 

and 18-19 weeks old WT and Tc1 mice. This was to determine if the extra 

human chromosome present in the Tc1 mouse model had an impact on the 

presented non-haematopoietic stromal bone marrow microenvironment and 

examine if potential variation was age related (See Fig. 1, 2 below).  
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Figure 1. Flow cytometry gating strategy to assess bone marrow 
microenvironment cell populations. Gating strategy followed to identify 
Ter119-/CD45- cells including CD31+ endothelial cells, and the CD31- PaS 
cells (PDGFRa(CD140a)+/Sca-1+), CXCL12-abundant reticular cells (CAR, 
PDGFRb(CD140b)+/Sca-1-), mesenchymal stem cells (MSC, Sca-
1+/CD51+) and osteoblastic cells (Sca-1-/CD51+). Ter119-/CD45- cells were 
gated upon total cell population (SSC-A/FSC-A), single cells (FSC-A/FSC-W) 
and live cell population (Horizon Fixable Viability Stain 700 negative) (63). 
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Figure 2. WT and Tc1 bone marrow microenvironment cell populations. 
(A) Characterisation of 6-week-old WT (n= 4) and Tc1 (n= 4) bone marrow 
microenvironment. (B) Characterisation of 8-10-week-old WT (n= 5) and Tc1 
(n= 6) bone marrow microenvironment. (C) Characterisation of 18-19-week-
old WT (n= 3) and Tc1 (n= 3) bone marrow microenvironment. 

We analysed the MSC (Ter119-, CD45-, CD31-, Sca-1+, CD51+) populations 

based upon their role in assisting ALL development (66, 67), as well as 

assessing the endothelial (Ter119-, CD45-, CD31+), PaS (Ter119-, CD45-, 
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CD31-, CD140a+, Sca-1+) CAR (Ter119-, CD45-, CD31-, CD140b+, Sca-1-), 

and osteoblastic (Ter119-, CD45-, CD31-, Sca-1-, CD51+) cell populations, 

following the flow cytometry gating strategy in Figure 1 (63). Initially, femurs 

were collected and processed whereby bone marrow microenvironment cells 

were extracted, incubated with fluorochrome conjugated antibodies, and then 

assessed by flow cytometry. Upon analysis, statistical significance could only 

be determined for the difference between the WT and Tc1 PaS cell 

population at 6 weeks of age (P-value: 0.028, Fig. 2A) and the Endothelial 

cell population at 8-10 weeks of age (P-value: 0.026, Fig. 2B). Statistical 

significance could not be determined for any other cell population regardless 

of age. Since the difference between most of the cell populations were 

insignificant, including our population of interest (MSC), we decided to cease 

further analysis and conclude that the bone marrow microenvironment of the 

Tc1 mouse model is similar to the WT littermates, at the ages we tested.  

Oncogenic cooperation in 6-week-old Tc1 mice.  

CFU Pre-B cell assays were also performed on 6-week-old Tc1 and WT 

littermate bone marrow cells, after transduction with mCherry expressing 

MSCV containing the KRASG12D mutation (MSCV-KRASG12D), the BCR-ABL1 

fusion gene (MSCV-BCR-ABL1) or the empty vector control MIC (MSCV-

IRES-mCherry). There was a trend of increased colony numbers observed at 

P2 in comparison to P1, as well as an increased replating capacity gained by 

some of the cells transduced with the KRASG12D mutation or the BCR-ABL1 

fusion gene compared to MIC transduced cells (Fig. 3). 
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Figure 3. CFU Pre-B cell assay of 6-week-old WT/Tc1 transduced bone 
marrow cells. WT and Tc1 cells transduced with mCherry expressing MSCV-
KRASG12D, MSCV-BCR-ABL1 or empty vector control MIC (MSCV-IRES-
mCherry) (n= 2). Colonies were counted and replated over 4 passages (P1-
4).  

Although transformation of B cell progenitors was not fully penetrant in this 

assay, we did observe transformation of some of the B cell progenitors due to 

the addition of the KRASG12D mutation or the BCR-ABL1 fusion gene (Fig. 3). 

This cellular transformation was validated through the generation of the WT-

KRASG12D, Tc1-KRASG12D, WT-BCR-ABL and Tc1-BCR-ABL cell lines. 

Additionally, we generated and genetically validated, several other WT and 

Tc1 KRASG12D or BCR-ABL1 transformed cell line replicates from 

independent CFU Pre-B cell assays, which the laboratory will continue to 

validate in future experiments (n= 21 cell lines). Collectively, these 

observations indicate a capacity for transformation of WT and Tc1 B cell 

progenitors, like what was described in the Ts1Rhr mouse model (32) and 

previous B-ALL models (64) through the addition of the KRASG12D mutation 

or the BCR-ABL1 fusion gene. Overall, there was no significant difference 

between the WT and Tc1 mice regarding oncogenic cooperation at 6-weeks 

of age, but a trend indicating increased proliferation capacity and self-

renewal capacity was observed. This is in line with what we observed using 

8-10-week-old donor bone marrow cells (see Chapter 3a). 

 



 

95 
 

Murine cell line model phenotype.  

The WT-KRASG12D, Tc1-KRASG12D, WT-BCR-ABL and Tc1-BCR-ABL cell 

lines were also phenotypically validated by flow cytometry with antibody 

directed against B220, CD19, CD117 and IgM (Fig. 4). Interestingly, Tc1 cells 

were mostly B220 positive, with WT mostly B220 negative, however all cell 

lines were CD19 positive, CD117 and IgM negative. This data potentially 

indicating different stages in development between WT and Tc1 cells or 

consequences of the transformation process (clonal selection). The mixed 

B220/CD19 phenotype was mostly observed within the BCR-ABL1 

transduced cell lines. This warrants further investigation and continued 

phenotype analysis of the other established (genetically validated) KRASG12D 

and BCR-ABL1 transformed cell lines will provide further insight on this 

observed phenotype. Overall, these cell lines are Pro/Pre-B cells based upon 

their cell surface phenotype, which confirms these cell lines accurately 

resemble the cells of interest regarding the investigation of DS-ALL. 
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Figure 4. WT and Tc1 cell line phenotype. WT-KRASG12D, Tc1-KRASG12D, 
WT-BCR-ABL and Tc1-BCR-ABL cell line phenotype with B220, CD19, 
CD117 and IgM markers. 
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Phenotype analysis of the WT-KRASG12D and Tc1-KRASG12D bone marrow 

transplant.  

Phenotype analysis was conducted on mCherry positive bone marrow and 

spleen samples collected from sub-lethally irradiated (550 Gy) primary 

C57BL/6J recipient mice that were injected with 2x106 WT-KRASG12D or Tc1-

KRASG12D cells. This analysis was performed by following the representative 

flow cytometry gating strategy outlined in Figure 5A.  
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Figure 5. WT-KRASG12D and Tc1-KRASG12D bone marrow transplant 
sample representative phenotype strategy and mCherry positivity. (A) 
Representative flow cytometry gating strategy of BMT sample phenotype 
analysis with panel 1 and 2. (B) Flow cytometry analysis of mCherry 
expression in bone marrow (BM) and spleen (SP) samples collected from 
sub-lethally irradiated primary C57BL/6J recipient mice injected with 2x106 
WT-KRASG12D (n= 3) or Tc1-KRASG12D (n= 4) cells.  

Phenotype analysis revealed mCherry expression within bone marrow and 

spleen samples collected from the recipient mice transplanted with the WT-
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KRASG12D or Tc1-KRASG12D cell lines (Fig. 5B). The mCherry expression was 

variable, which was likely due to the aggressiveness of the cell lines and the 

time to engraftment within the bone marrow and spleen. A significant 

difference could only be determined upon mCherry expression between WT-

KRASG12D and Tc1-KRASG12D engrafted spleen (P-value: 0.031). Interestingly, 

we also observed a lower burden in the spleen of recipient animals engrafted 

with the Tc1-KRASG12D cells in the secondary BMT, confirming what we 

observed in the initial BMT (Chapter 3a). The reason for the lower burden is 

currently unknown. However, mCherry expression within bone marrow and 

spleen confirms successful engraftment of the WT-KRASG12D and Tc1-

KRASG12D cell lines into recipient sub-lethally irradiated C57BL/6J mice. 

Flow cytometry phenotype analysis of bone marrow and spleen samples 

collected from sub-lethally irradiated primary C57BL/6J recipient mice 

revealed mCherry positive samples had variable B cell marker expression, 

however, were mostly B220/CD19 positive with low CD117 and IgM positive 

expression (Fig. 6A). In comparison to the initial cell line phenotype, there 

was variable B220+/CD19- expression between both WT and Tc1-KRASG12D 

recipient replicates, with a significant difference between recipient WT-

KRASG12D bone marrow and Tc1-KRASG12D spleen. Additionally, there was 

increased B220/CD19 positive expression observed in WT-KRASG12D 

recipient bone marrow and spleen, in comparison to the initial cell line 

phenotype. There was also significantly different expression of B220/CD19 

positivity between WT bone marrow and Tc1 bone marrow/spleen samples, 

as well as between WT-KRASG12D spleen and Tc1-KRASG12D bone marrow 

(Fig. 6A). None to very low expression of IgD/IgM was observed in the 

B220/CD19 positive population. There was also very low expression of 

myeloid markers Gr1 and CD11b observed post-transplant, with no erythroid 

lineage marker Ter119 positive expression (Fig. 6B).   
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Figure 6. WT-KRASG12D and Tc1-KRASG12D bone marrow transplant 
phenotype. (A) Flow cytometry phenotype analysis of bone marrow (BM) 
and spleen (SP) samples from primary C57BL/6J recipient mice transplanted 
with WT-KRASG12D (n= 3) or Tc1-KRASG12D cell lines (n=4), compared to 
initial cell line (CL) phenotype. (B) Extended phenotype analysis of with IgD, 
Ter119, Gr1 and CD11b. (* P <0.05, ** P <0.01, *** P <0.001). 

The increase of B220/CD19 expression observed in recipient tissue samples 

collected from transplanted mice indicated clonal selection had occurred, 

suggesting a higher B220/CD19 expressing clone outcompeted other cells 

for engraftment. Future single cell analysis, as well as further investigation of 

the bone marrow microenvironment and haematopoietic stem cell 

compartment would likely provide insight into the phenotype shift upon 

engraftment. Overall, the WT-KRASG12D and Tc1-KRASG12D cell lines 

successfully engrafted into the recipient sub-lethally irradiated C57BL/6J 

mice, based upon positive mCherry expression and phenotype analysis, 

which confirmed the engrafted population were B cell progenitors. Therefore, 



 

101 
 

we were able to successfully recapitulate DS-ALL in vitro and in vivo with the 

generation of the WT-KRASG12D and Tc1-KRASG12D cell lines.  

Discussion: 

To improve the outcomes for DS children who develop leukaemia, new non-

toxic and effective therapeutics are urgently required. Kinases, like DYRK1A, 

are commonly investigated and targeted in cancer due to the disruptive 

effects kinase inhibition has on cellular fitness and has been extensively 

studied in brain tumour Epidermal Growth Factor Receptor (EGFR) inhibition 

and used in chronic myelogenous leukaemia with imatinib treatment (68-70). 

DYRK1A inhibition is a topic of interest for many diseases, including 

Alzheimer’s (71), Down syndrome neurological disorder (72) and leukaemia 

(29, 30). In leukaemia, DYRK1A has been targeted previously with EHT1610, 

harmine and INDY (30, 73). However, Leucettinib inhibitors, such as 

Leucettinib-21 (74, 75), pose a novel and potentially less toxic and effective 

therapeutic avenue. In our models of DS-ALL, DYRK1A was proven to be a 

therapeutically targetable kinase (genetically by shRNA strategy and 

pharmacologically using DYRK1A inhibitors). 

In this chapter, we developed human (DS-PER961 and DS-PER962) and 

mouse DS-ALL cellular models and tested novel therapeutic agents directed 

against DYRK1A kinase function. Notably, we believe DS-PER961 and DS-

PER962 are the first human DS-ALL cell lines developed for research, thus 

providing crucial models for further DS-ALL investigation. Additionally, the 

murine models we developed incorporated a trisomy of an almost entire 

human chromosome 21 with the KRASG12D or BCR-ABL1 mutations, to 

create the WT-KRASG12D, Tc1-KRASG12D, WT-BCR-ABL and Tc1-BCR-ABL 

cell lines. We utilised the colony forming unit assay and methylcellulose to 

develop these models, whilst assessing oncogenic cooperation between the 

Tc1 extra ch21 and KRASG12D/BCR-ABL1 mutations. Cell line development 

coincided with characterisation of the bone marrow microenvironment and 

haematopoietic stem cell populations of the Tc1 mouse model and WT 

littermates. We concluded the bone marrow microenvironment was similar to 

WT, with no impact on MSC populations regardless of age (from 6 to 19 
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weeks of age); whether there would be differences before 6 weeks or after 19 

weeks is currently unknown. Nevertheless, this suggests that trisomy 21, at 

least in the Tc1 model, does not confer drastic differences to the bone 

marrow microenvironment. Analysis of the HSC and MPP compartment 

confirmed trisomy 21 perturbs haematopoiesis with MPP1 and MPP2 

populations significantly affected, as in the Ts1Rhr model (unpublished data 

from our laboratory). These new murine cell line models were characterised 

to identify them as Pro/Pre-B cell progenitors with the WT-KRASG12D and 

Tc1-KRASG12D cell lines used to successfully re-create DS-ALL in vivo. 

Phenotype analysis confirmed the in vivo models maintained a similar 

phenotype to the initial cell line phenotype during BMT and recipient mouse 

bone marrow and spleen engraftment. Notably, there was variability in 

expression of B cell markers, indicating clonal selection occurred. Future 

work by the laboratory will investigate the clonal selection observed in these 

experiments to obtain a deeper understanding of how it occurred. Together, 

these results confirmed we developed a reproducible model of DS-ALL, as 

shown for the Ts1/Cdkn2a-KRASG12D model (Chapter 2), but with a larger 

trisomy 21 (Tc1) and that incorporated known and relevant genetic 

alterations (7, 27). 

Since we successfully developed DS-ALL models, we next used these 

murine and human in vitro DS-ALL cell lines and PDX DS01, DS02, DS03 

and DS06 models to test therapeutic inhibition of the DYRK1A kinase. This 

was conducted with the inhibitors AM28, AM30, AM45, EHT1610 and 

Leucettinib-21, alongside the inactive isomer of Leucettinib-21. Notably, 

specificity of these inhibitors has previously been determined against the 

DYRK1A kinase (74-79). Our results confirmed that DYRK1A is a therapeutic 

target in DS-ALL, coinciding with previous reports done in non-DS-ALL 

cellular models (30), and that DS-ALL cells are sensitive to DYRK1A 

inhibition. The Leucettinib-21 inhibitor proved to be the most potent inhibitor 

of DYRK1A in our models. Interestingly, our PDX models were more sensitive 

to Leucettinib-21 treatment, than inhibition of DYRK1A with EHT1610, which 

has previously been reported as an effective inhibitor with potential 

application in DS-ALL treatment (30). Notably, Leucettinib-21 is currently in 
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phase 1 clinical trial to assess safety and tolerability in DS and Alzheimer’s 

patients, thus if approved could provide an effective adaption to current DS 

leukaemia treatment protocols (LEUCETTA - NCT06206824). We highlighted 

that Leucettinib-21 synergised with vincristine, and had an additive effect with 

dexamethasone, L-asparaginase, and with targeted therapeutics ruxolitinib 

(JAK1/2 inhibitor) and trametinib (MEK1/2 inhibitor). Thus, proposing 

Leucettinib-21 as an ideal inhibitor that could be added to current treatment 

strategies. Future work by the laboratory is now including combination 

therapeutic strategies using Leucettinib-21 with standard of care treatment in 

vivo, to continue investigating the efficacy of Leucettinib-21. Additionally, the 

laboratory will also investigate in vivo toxicity with treatment of Leucettinib-21 

alone and in combination with standard of care, utilising alanine and 

aspartate aminotransferase markers of liver toxicity, conducted via readily 

available kit assays. Notably, this work will provide further insight into the 

adaptability of Leucettinib-21 to current treatment strategies. 

Overall, we were able to successfully characterise the microenvironment of 

the Tc1 mouse model, whilst generating novel murine DS-ALL models. 

Moreover, we also successfully generated clinically relevant human models 

of DS-ALL and demonstrated the effectiveness of targeting DYRK1A within 

both murine and human DS-ALL models. Thus, we demonstrated the 

applicability of Leucettinib-21 as a novel DS-ALL therapeutic. Moving 

forward, the new models we developed in this chapter will facilitate the 

identification of novel ch21 genes and the investigation of the mechanisms 

altered by trisomy 21 (within and outside the DSCR), ultimately leading to the 

discovery of new therapeutic vulnerabilities in DS-ALL. 
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Chapter 4: Targeting trisomy 21 in the human DS-ALL cell 
lines 

Introduction: 

As DS-ALL is predisposed by trisomy of ch21 (7, 20), and since trisomy 21 is 

known to cooperate with additional somatic mutations that lead to leukaemia 

development (32), we were interested to find novel ch21 genes implicated in 

DS-ALL, using gene editing technology. Previously, HMGN1 (31) and 

DYRK1A (29, 30) have been identified as key ch21 genes involved in 

leukaemogenesis. Notably, DYRK1A has been successfully targeted 

therapeutically in our DS-ALL models (Chapter 3a) and by other laboratories 

(29, 30), to highlight the efficacy in targeting ch21 genes in DS-ALL. 

Therefore, since these ch21 genes significantly impact leukaemia 

development, we believe there may be more genes that contribute to DS-ALL 

progression, with their roles yet to be uncovered. In identifying novel genes 

involved in DS-ALL development and maintenance, new therapeutic 

vulnerabilities may be uncovered that can be used to improve clinical 

outcomes for children with DS-ALL. 

Many gene editing technologies have been developed in the past to conduct 

experiments to understand gene function, including zinc finger nucleases 

(ZFN) (80), transcription activator-like effector nucleases (TALEN) (81) and 

CRISPR-Cas9 (38), with adaptions made to alter their functions for specific 

research purposes, including gene expression regulation. Of these, the Cas9 

protein when bound to a locus specific sgRNA can recognise and bind to the 

genomic DNA of a cell and cleave both strands, resulting in a double 

stranded break (38). Notably, the Cas9 protein has been modified via point 

mutations in RuvC1 (D10A) and HNH (H840A) nuclease sites to make them 

catalytically inactive, so that it can bind to DNA without cleaving it, and is 

known as nuclease-dead Cas9 (dCas9) (38, 82). This modification has 

enabled further adaptions, such as the implementation of CRISPR 

interference (CRISPRi), leading to optimised fusion of the Krüppel-associated 

box (KRAB) repressor to dCas9 (dCas9-KRAB) that is used to selectively 

repress gene expression (82-84). Alternatively, CRISPR activating 
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(CRISPRa) constructs have also been developed, such as dCas9-VP64, 

dCas9-VPR and dCas9-p300, which are used for gene transcription 

activation (85). In the case of DS-ALL and trisomy 21, ch21 gene 

overexpression is the target for correction, thus CRISPR repression 

constructs would be suited for ch21 gene investigation. Inducibility of such 

constructs is also desirable as it can allow for controlled time point gene 

repression, as well as reversibility of function after initial activation of the 

system. Inducibility of the dCas9-KRAB fusion construct has been observed 

with doxycycline (84), whilst inducibility of Cas9 has also been achieved with 

the mutated estrogen receptor (ER) (86). Thus, we hypothesised that these 

techniques could be combined and applied to our DS-ALL research, through 

investigation of the ch21 genes responsible for DS-ALL development.  

To investigate the role of ch21 genes in DS-ALL, we set out to use our 

human DS-ALL cell lines, DS-PER961 and DS-PER962, as models to screen 

for novel ch21 genes implicated in DS-ALL. To do so, we planned to use an 

inducible CRISPR gene repression tool I finished developing during my 

Honours project called ER-dCas9-KRAB. This CRISPR repression construct 

contains a dCas9 protein, that will target and bind to a specific gene via 

sgRNA binding (82) and is fused to a mutated 4-hydroxytamoxifen (4-OHT) 

inducible ER (86) and KRAB transcriptional repressor (83). We set out to 

integrate this construct within the human adeno-associated virus integration 

site 1 (AAVS1) safe harbour locus (allows integration and stable transgene 

expression without adverse cellular effects (87)), from which, our ER-dCas9-

KRAB system would be constitutively expressed and sequestrated in the 

cells cytoplasm (ER not induced). Thus, allowing us to test a variety of 

sgRNA directed to ch21 genes in an inducible manner. As such, the 

repression function of the construct can be used to target any gene in a 

controlled on/off method, via the presence or absence of 4-OHT (Fig. 1). 

Utilising this construct’s ability to bind to a specific gene and repress its 

expression in an inducible manner, within the DS-ALL cell lines, would allow 

us to target overexpressed ch21 genes and assess the impact of correcting 

gene overexpression on leukaemogenesis. 



 

106 
 

 

Figure 1. Inducible translocation of ER-dCas9-KRAB. (A) ER-dCas9-
KRAB protein sequestrated in the cell cytoplasm and exposed to delivery of 
sgRNA directed to ch21 genes (sgRNA-ch21), coinciding treatment with 4-
OHT. (B) The ch21 directed sgRNA and dCas9 form a complex together and 
4-OHT binds to the mutated ER, allowing translocation of the ER-dCas9-
KRAB construct from the cytoplasm into the nucleus, allowing targeted ch21 
gene repression. Created partly with Servier Medical Art (smart.servier.com). 

Implementation of CRISPR technology requires a methodology that efficiently 

delivers the construct to the cells, and in our strategy, integrates it into the 

genome to allow constitutive expression of ER-dCas9-KRAB. Firstly, we 

needed to establish stable DS-ALL cell line clones, incorporating and 

expressing the ER-dCas9-KRAB construct. Then secondly, incorporate 

sgRNA directed to ch21 genes of interest in our modified DS-ALL cells, 

alongside 4-OHT treatment, and observe the impact of specific ch21 gene 

repression on DS-ALL. To implement this strategy and screen ch21 genes, 

we needed to initially optimise transfection/transduction protocols to deliver 

the ER-dCas9-KRAB construct to the cells. In parallel, we tested lentiviral 

transduction, lipofection and electroporation in our human DS-ALL cell lines. 

Overall, lipofection and transduction provided very low efficiencies, however 

we were able to successfully electroporate our DS-PER961 and DS-PER962 

cell lines and assessed our ability to incorporate the ER-dCas9-KRAB 

construct into the DS-PER961 cell line. 
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Methods: 

Cell culture: 

The DS-PER961 and DS-PER962 DS-ALL cell lines were cultured in 

RPMI1640 media (Gibco) supplemented with 2 mM L-glutamine (Gibco), 50 

µM 2-mercaptoethanol (Sigma-Aldrich), penicillin (100 U/mL)-streptomycin 

(100 µg/mL) (Thermo Fisher Scientific), 1% non-essential amino acids (MP 

Biomedicals), 1 mM sodium pyruvate (MP Biomedicals) and 20% of heat 

inactivated FCS (Cell Sera Australia). The DS-PER961 cell line was cultured 

with recombinant human IL-7 (10 ng/mL, PeproTech and STEMCELL 

Technologies), and DS-PER962 cells with recombinant human FLT3-ligand 

(10 ng/mL, PeproTech and STEMCELL Technologies). Cell line cultures were 

incubated at 37°C, with 5% CO2 and 95% relative humidity (Heracell VIOS 

160i incubator).  

Plasmid constructs:  

Plasmid constructs viewed with SnapGene Version 5.0.4. 
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Figure 2. pSpCas9(BB)-2A-GFP (PX458) (Addgene). CRISPR-Cas9 
construct containing green fluorescent protein (GFP) for determining 
transfection efficiency.  
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Figure 3. pSpCas9(BB)-2A-GFP-AAVS1_sgRNA-2 (PX458_sgRNA-2). 
Cas9 construct containing GFP and AAVS1_sgRNA-2 (Sequence: 
GTCACCAATCCTGTCCCTAG). This construct was generated, with 
functional validation via T7 endonuclease assay, during my Honours project; 
sgRNA-2 was the most efficient with the highest predicted specificity.  
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Figure 4. ER-dCas9-KRAB (AAVS1-CD43-PspXI-AgeI-KRAB-dCas9-HA-
ER) construct. ER-dCas9-KRAB CRISPR repression construct containing 
AAVS1 locus directed left and right homology arms (HA-L/HA-R) to facilitate 
homology directed repair and Puromycin resistance gene (PuroR) for 
antibiotic selection.  

Lentiviral transduction optimisation: 

The DS-PER961 and DS-PER962 cell lines were transduced with lentiviral 

particles from the FUW-Luc-mCherry-puro vector, previously prepared by our 

laboratory (32), that expresses mCherry in successfully transduced cells. DS-

PER961 and DS-PER962 cells were plated at 5x105 per 100 μL of culture 

media in a 96 well plate and transduced following the conditions in Table 1, 

including addition of 8 μg/mL of hexadimethrine bromide (Polybrene - Pb) 

(Sigma-Aldrich) to attempt to increase transduction efficiency. Non-

transduced (NT) cells did not have virus added, whilst only Pb was added to 

Pb controls (DS-PER961 Pb and DS-PER962 Pb). Cells were mixed inside 

the culture well and were incubated overnight at 37°C, with 5% CO2 and 95% 

relative humidity. The following day, cells were harvested and washed with 
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2% FCS/PBS via centrifugation to remove lentiviral particles and were 

resuspended in fresh culture media to allow for normal culture conditions. 

Cells were incubated for 48 hours, 8 and 21 days, from which mCherry 

expression was assessed with flow cytometry at each time point, with Sytox 

Blue (Invitrogen) viability stain (1/4000 dilution in 2% FCS/PBS) to assess 

cell viability post transduction, using the BD LSRFortessa™ X-20 flow 

cytometer. All flow cytometry data generated was analysed with FlowJo 

software (Version 10.9.0, BD Biosciences). 

Further lentiviral transduction optimisation was conducted by transducing the 

DS-PER962 cell line (5x105 in 100 μL of culture media) with lentiviral particles 

and the addition of Pb (8 μg/mL) and varying concentrations (5-10 µg/mL) of 

protamine sulphate (PS) (Sigma-Aldrich) to assess if its addition would 

increase transduction efficiency, according to Table 2. Post transduction cells 

were incubated overnight at 37°C, with 5% CO2 and 95% relative humidity. 

The following day, cells were harvested and washed via centrifugation to 

remove lentiviral particles and were resuspended in fresh culture media. 

Cells were then incubated for 48 hours, from which mCherry expression was 

then assessed by flow cytometry with Sytox Blue viability stain (1/4000 

dilution in 2% FCS/PBS), using the BD LSRFortessa™ X-20 flow cytometer.  
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Condition Volume of Virus (μL) Polybrene (Pb 8 μg/mL) 

DS-PER961 NT - - 

DS-PER961 Pb  - Yes 

DS-PER961 1  1 No 

DS-PER961 2  2 No 

DS-PER961 5  5 No 

DS-PER961 5 Pb 5 Yes 

DS-PER962 NT - - 

DS-PER962 Pb  - Yes 

DS-PER962 1  1 No 

DS-PER962 2 2 No 

DS-PER962 5 5 No 

DS-PER962 5 Pb 5 Yes 

Table 1. DS-PER961 and DS-PER962 lentiviral transduction parameters. 
Details the volume of virus delivered (μL) and if Pb (8 μg/mL) was added per 
condition (Yes/No). NT: non-transduced. 
 
Condition Volume of 

Virus (μL) 

Polybrene 

(Pb 8 μg/mL) 

Concentration 

of PS (µg/mL) 

DS-PER962 

NT  

- - - 

DS-PER962 

Lenti Only 

5 No - 

DS-PER962 

Lenti Pb 

5 Yes - 

DS-PER962 

Lenti PS 5 

5 No 5 

DS-PER962 

Lenti PS 8 

5 No 8 

DS-PER962 

Lenti PS 10 

5 No 10 

Table 2. DS-PER962 lentiviral transduction optimisation parameters 
with PS. Details the volume of virus delivered (μL), if Pb (8 μg/mL) was 
added (Yes/No) and the concentration of PS added per condition. NT: non-
transduced. 
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Lipofection of DS-PER962 with Lipofectamine Stem: 

Firstly, a total of 1x106 to 2x106 DS-PER962 cells were seeded into a single 

well of a 24 well cell culture plate. Lipofection/plasmid complexes were 

delivered to the cells following standard preparation protocol according to the 

Thermo Fisher Scientific Lipofectamine Stem protocol, to mix and prepare 

transfection complexes consisting of Lipofectamine Stem (Thermo Fisher 

Scientific), Opti-MEM media (Thermo Fisher Scientific) and the PX458 

plasmid (GFP reporter plasmid). Transfection efficiency was tested with 

multiple dilutions/cell number combinations as detailed in Table 3, which were 

based upon the providers recommended procedure. Post transfection, cells 

were incubated for 48 hours at 37°C, with 5% CO2 and 95% relative humidity. 

Transfection efficiency was then determined based upon the expression level 

of GFP 48 hours post transfection by flow cytometry analysis, including Sytox 

Blue viability stain (1/4000 dilution in 2% FCS/PBS), using the BD 

LSRFortessa™ X-20 flow cytometer.  

Condition Cell Number DNA Amount 

(μg)  

Lipofectamine 

Stem (μL) 
DS-PER962 1M NT  1x106 - - 
DS-PER962 1M 1μg  1x106 1 - 
DS-PER962 1M 5μL 1x106 - 5 
DS-PER962 1M 500ng + 1μL  1x106 0.5 1 
DS-PER962 1M 500ng + 2μL 1x106 0.5 2 
DS-PER962 1M 500ng + 5μL 1x106 0.5 5 
DS-PER962 1M 1μg + 1μL 1x106 1 1 
DS-PER962 1M 1μg + 2μL  1x106 1 2 
DS-PER962 1M 1μg + 5μL 1x106 1 5 
DS-PER962 2M 1μg + 1μL 2x106 1 1 
DS-PER962 2M 1μg + 2μL  2x106 1 2 
DS-PER962 2M 1μg + 5μL 2x106 1 5 

Table 3. Lipofectamine Stem transfection conditions. Details the cell 
number used, amount of DNA (μg) and volume of Lipofectamine Stem (μL) 
reagent added per condition. NT: non-transfected. 
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Electroporation with the Neon Transfection System: 

Electroporation of the PX458 plasmid DNA (GFP reporter plasmid) in the 

human DS-PER961 (within a 6 well plate) and DS-PER962 (within a 24 well 

plate) DS-ALL cell lines was conducted using the Neon Transfection System 

(Thermo Fisher Scientific, standard protocol). Electroporation was initially 

optimised by testing 29 pulse parameters (Table 4), whilst non-transfected 

(NT) controls were included for comparison and exposed to the same 

protocol without electroporation. Transfected cells were incubated for 48 

hours at 37°C, with 5% CO2 and 95% relative humidity post electroporation. 

Transfection efficiency was determined upon the expression level of GFP at 

48 hours by flow cytometry analysis, including Sytox Blue viability stain 

(1/4000 dilution in 2% FCS/PBS), using the BD LSRFortessa™ X-20 flow 

cytometer.  

Cell recovery and transfection efficiency was then further optimised through 

cell “pooling” experiments. Initially, 2x105 DS-PER961 (within a 6 well plate) 

or DS-PER962 (within a 24 well plate) cells were electroporated using the 

Neon Transfection System (following standard protocol) with optimised pulse 

parameters, to transfect PX458 plasmid DNA, with cells pooled into one well 

post electroporation. For comparison, cells were pooled to a total cell number 

of 6x105, 1.2x106 and 2x106 cells per well. Transfected and pooled cells were 

then incubated for 48 hours at 37°C, with 5% CO2 and 95% relative humidity, 

from which GFP expression was assessed with flow cytometry.  

Co-transfection with PX458 and pLuc-mCherry: 

Co-transfection optimisation within the DS-PER961 and DS-PER962 cell 

lines with PX458 (GFP reporter plasmid - 9.2 kilobases) and pLuc-mCherry 

(mCherry reporter plasmid - 9.5 kilobases) was performed using the Neon 

Transfection System, following standard protocol, utilising the 100 µL Neon 

Transfection pipette tip variant that allows 2x106 cells to be transfected per 

electroporation. Plasmid was prepared in transfection reagent with two 

plasmid dilutions tested: 1 µg total of PX458 and pLuc-mCherry in ratio (0.5 

µg and 0.5 µg respectively) or 2 µg total of plasmid (1 µg of PX458 and 1 µg 

pLuc-mCherry) per 2x105 transfected cells (2x106 total cells transfected). 
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Post transfection, cells were incubated for 48 hours at 37°C, with 5% CO2 

and 95% relative humidity, from which they were washed, stained with Sytox 

Blue (1/4000 dilution in 2% FCS/PBS) and analysed for GFP/mCherry 

expression with flow cytometry using the BD FACSAria™ III Cell Sorter.  

Co-transfection with pSpCas9(BB)-2A-GFP-AAVS1_sgRNA-2 and the ER-

dCas9-KRAB construct: 

Co-electroporation of the DS-PER961 cell line with plasmids pSpCas9(BB)-

2A-GFP-AAVS1_sgRNA-2 and the ER-dCas9-KRAB construct using the 

Neon Transfection System with the 100 µL Neon Transfection pipette tip 

variant. A total of 44x106 DS-PER961 cells were transfected with 1 µg of 

plasmid DNA dilution (0.385 µg of pSpCas9(BB)-2A-GFP-AAVS1_sgRNA-2 

and 0.615 µg of the ER-dCas9-KRAB construct) per 2x105 transfected cells. 

Post transfection, cells were incubated for 48 hours at 37°C, with 5% CO2 

and 95% relative humidity, from which they were washed, stained with Sytox 

Blue (1/4000 dilution in 2% FCS/PBS), and underwent FACS based upon 

GFP positivity using the BD FACSAria™ III Cell Sorter. Post cell sorting, the 

recovered cells were placed into liquid culture in fresh media at 37°C, with 

5% CO2 and 95% relative humidity. 

Data analysis: 

Data analysis was performed in GraphPad Prism (Version 8.4.3) and 

Microsoft Excel. All flow cytometry data was analysed with FlowJo Version 

10.9.0.  

Results:  

Firstly, to integrate our ER-dCas9-KRAB construct into the genome of our 

human DS-PER961 and DS-PER962 cell lines, we needed to optimise a 

plasmid delivery protocol. In parallel, we assessed the efficacy of using 

lentiviral transduction, lipofection and electroporation on our human DS-ALL 

cell lines, to determine and optimise the most effective method of plasmid 

delivery.  
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Lentiviral transduction optimisation in the human DS-ALL cell lines. 

We tested lentiviral transduction on the DS-PER961 and DS-PER962 cell 

lines utilising an mCherry expressing lentivirus construct, previously used by 

our laboratory (32). We assessed the effect on transduction efficiency 

through the addition of different amounts of lentivirus and addition of cationic 

polymer Pb at 8 μg/mL. Upon analysis of mCherry expression with flow 

cytometry 48 hours post transduction (Fig. 5), the DS-PER962 cell line had 

the highest efficiency with 5 µL of virus and addition of Pb, however very low 

transduction efficiency (<0.2%) was achieved across all conditions. 

Figure 5. Lentiviral transduction of DS-PER961 and DS-PER962 cell 
lines. DS-PER961 and DS-PER962 mCherry expression 48 hours post 
lentiviral transduction with multiple virus volumes (1 μL (1), 2 μL (2) or 5 μL 
(5)) and the addition of Pb (8 μg/mL). NT: non-transduced. 

To try to improve transduction efficiency, we tested the addition of the cationic 

polymer PS since it has been demonstrated as an effective alternative to Pb 

(88-90). This was performed in the DS-PER962 cell line alone, since it was 

the most efficiently transduced, comparing the addition of 5 µg/mL, 8 µg/mL 

or 10 µg/mL of PS, alongside 5 µL of lentivirus (Fig. 6). 
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Figure 6. DS-PER962 lentiviral transduction optimisation test with PS. 
DS-PER962 lentiviral transduction optimisation with the addition of varying 
concentrations (5 µg/mL (5), 8 µg/mL (8) or 10 µg/mL (10)) of PS with 5 µL of 
lentivirus (Lenti) in comparison to the addition of Pb. NT: non-transduced. 

Addition of PS did not improve transduction efficiency, with the control 8 

µg/mL of Pb (DS-PER962 Lenti Pb) having the highest efficiency (0.02%) in 

comparison to all other conditions (Fig. 6). Overall, very low transduction 

efficiency was achieved in the DS-PER961 and DS-PER962 cell lines using 

lentiviral transduction (Fig. 5, 6). Therefore, we did not pursue further 

optimisation of any transduction methodology. 

Lipofection optimisation in the human DS-ALL cell lines. 

Lipofection efficiency was assessed in the DS-PER962 cell line with 

Lipofectamine Stem reagent, transfecting the PX458 plasmid (GFP reporter 

plasmid). Transfection efficiency was determined based upon GFP 

expression which was analysed by flow cytometry 48 hours post transfection 

(Fig. 7). 
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Figure 7. Transfection with Lipofectamine Stem in DS-PER962. 
Lipofection optimisation with Lipofectamine Stem reagent, comparing 
transfection efficiency between two total cell amounts (1x106 (1M) or 2x106 
(2M) cells), two amounts of PX458 plasmid DNA (500 ng or 1 μg) with 
multiple volumes of Lipofectamine Stem reagent (1, 2 or 5 μL). NT: non-
transfected. 

Upon analysis, a very low transfection efficiency (<0.01%) was achieved for 

all lipofection conditions including plasmid DNA, since the control without 

DNA added had the highest GFP expression (Fig. 7). Thus, highlighting the 

poor transfection potential this methodology provided. Overall, lipofection 

efficiencies with Lipofectamine Stem were lower than the lentiviral 

transduction efficiencies observed, therefore lipofection plasmid delivery 

methods were deemed unsuitable for delivering the ER-dCas9-KRAB 

construct into the human DS-ALL cell lines. 

Electroporation optimisation in the human DS-ALL cell lines. 

Coinciding lentiviral transduction and lipofection, we tested electroporation 

with the Neon Transfection System on the DS-PER961 and DS-PER962 cell 

lines, with multiple transfection parameters to optimise efficiency with the 

PX458 Cas9-GFP reporter plasmid (Table 4). Transfection efficiency was 

determined by GFP positive expression 48 hours post electroporation, which 

was detected via flow cytometry following the gating strategy outlined in 

Figure 8. 
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Figure 8. Flow cytometry gating strategy to determine GFP expression 
post electroporation. Cells were initially gated upon SSC-A and FSC-A, 
followed by cell viability with live single cells gated upon negative Sytox Blue 
expression and FSC-W. Transfection efficiency determined by gating GFP 
positive cells.  
 

Cond  Cell Line Pulse 
Voltage 

Pulse 
Width 

Pulse 
Number 

Results 
Cells Cell 

Viability 

Efficiency Cell 

Number 

1 DS-PER961 0 0 0 57.50% 76.60% 0.220% 193.8 

2 DS-PER961 1800 20 1 4.58% 43.10% 19.000% 750.1 

3 DS-PER961 1850 20 1 4.92% 42.50% 23.400% 978.6 

4 DS-PER961 1900 20 1 3.29% 48.10% 10.000% 316.5 

5 DS-PER961 1800 10 3 8.83% 66.90% 41.400% 4891.2 

6 DS-PER961 1900 10 3 5.87% 55.00% 35.800% 2311.6 

7 DS-PER962 0 0 0 74.80% 91.10% 0.000% 0.0 

8 DS-PER962 1400 20 1 26.70% 63.20% 0.160% 54.0 

9 DS-PER962 1500 20 1 14.20% 41.40% 1.100% 129.3 

10 DS-PER962 1600 20 1 6.20% 26.20% 8.200% 266.4 

11 DS-PER962 1800 20 1 2.60% 77.30% 7.170% 288.2 

12 DS-PER962 1850 20 1 1.11% 66.70% 15.300% 226.6 

13 DS-PER962 1900 20 1 1.01% 79.20% 0.000% 0.0 

14 DS-PER962 1700 20 1 3.81% 17.40% 13.400% 177.7 

15 DS-PER962 1100 30 1 63.00% 86.20% 0.000% 0.0 

16 DS-PER962 1200 30 1 47.80% 76.50% 0.093% 68.0 

17 DS-PER962 1300 30 1 29.40% 68.80% 0.150% 60.7 

18 DS-PER962 1400 30 1 14.50% 46.30% 1.080% 145.0 

19 DS-PER962 1000 40 1 73.00% 87.00% 0.010% 12.7 

20 DS-PER962 1100 40 1 54.50% 79.80% 0.028% 24.4 

21 DS-PER962 1200 40 1 36.70% 75.70% 0.110% 61.1 

22 DS-PER962 1100 20 2 50.10% 76.40% 0.029% 22.2 

23 DS-PER962 1200 20 2 52.10% 79.90% 0.045% 37.5 

24 DS-PER962 1300 20 2 29.00% 64.80% 0.170% 63.9 
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Table 4 (continued). 
25 DS-PER962 1400 20 2 13.00% 43.80% 1.440% 164.0 

26 DS-PER962 850 30 2 73.60% 86.00% 0.003% 4.3 

27 DS-PER962 950 30 2 71.40% 85.50% 0.020% 24.4 

28 DS-PER962 1050 30 2 57.70% 80.50% 0.061% 56.7 

29 DS-PER962 1150 30 2 33.80% 67.60% 0.170% 77.7 

30 DS-PER962 1300 10 3 29.00% 62.10% 0.120% 43.2 

31 DS-PER962 1400 10 3 53.20% 78.70% 0.083% 69.5 

32 DS-PER962 1500 10 3 34.50% 70.60% 0.130% 63.3 

33 DS-PER962 1600 10 3 18.60% 44.00% 0.500% 81.8 

34 DS-PER962 1800 10 3 1.64% 58.00% 21.600% 410.9 

35 DS-PER962 1900 10 3 1.80% 53.70% 10.400% 201.1 

Table 4. DS-PER961 and DS-PER962 electroporation parameter 
optimisation. Optimisation of electroporation within the DS-PER961 and DS-
PER962 cells (cell line), including the electroporation parameters used per 
condition (cond: 1-35, pulse voltage, pulse width and pulse number) and the 
corresponding flow cytometry results (cells, cell viability, transfection 
efficiency (efficiency), and calculated cell number). 

Table 4, depicts the flow cytometry results post electroporation per the 

conditions tested including the total number of GFP positive cells, calculated 

on the electroporation of 2x105 cells total (cell number). Upon testing 29 

different electroporation parameters, we identified the optimal electroporation 

parameters for DS-PER961 and DS-PER962 cells as 1800V, a pulse width of 

10 and 3 pulses (Table 4: condition 5 and 34). Notably, cell viability was not 

the highest achieved overall with these parameters but was deemed the most 

efficient based upon the number of transfected cells recovered: 4891 (DS-

PER961) and 410 (DS-PER962) (Table 4). These optimised electroporation 

parameters were used for all following electroporation experiments. 

Even though these parameters provided the highest number of successfully 

transfected cells, we wanted to further optimise and maximise the return of 

GFP positive cells. To overcome the challenge of cell viability post 

electroporation, we sought to optimise the cell recovery by pooling 

transfected cells in the same cell culture well, to the final densities of 6x105, 

1.2x106 or 2x106 cells per well. After 48 hours of incubation, GFP expression 

was assessed with flow cytometry and the calculated return of GFP positive 

cells was determined (Table 5, Fig. 9). 
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Table 5. DS-PER961 and DS-PER962 pooling transfection optimisation. 
Results table comparing the effect of pooling DS-PER961 and DS-PER962 
cells to 6x105 (600K), 1.2x106 (1.2M), or 2x106 (2M) cells per well post 
electroporation. GFP positive cells (cell number) calculated based upon the 
number of transfected cells per condition. NT: non-transfected (200K - 
2x105). 

                
Figure 9. Total cell number of successfully transfected DS-PER961 and 
DS-PER962 cells from pooling transfection optimisation. Derived from 
Table 4, condition 5 and 34 cell number values (200K) and Table 5, cell 
number values. 

Upon analysis with flow cytometry, it was revealed that pooling cells post 

electroporation for 48 hours increased the number of cells that were GFP 

positive (Table 5, Fig. 9). However, this was likely due to the higher number 

of cells transfected since cell viability for both DS-PER961 and DS-PER962 

Cell Line Pool 
Number 

Pulse 
Voltage 

Pulse 
Width 

Pulse 
Number 

Results 
Cells Cell 

Viability 
Efficiency Cell 

Number 

DS-

PER961 NT 

200K 0 0 0 90.50% 90.90% 0.00% 0.0 

DS-
PER961 

600K 1800 10 3 8.35% 62.60% 73.40% 23020.1 

DS-

PER961 

1.2M 1800 10 3 12.10% 59.80% 73.30% 63646.1 

DS-
PER961 

2M 1800 10 3 9.47% 47.80% 71.40% 64640.7 

DS-

PER962 NT 

200K 0 0 0 90.10% 98.00% 0.00% 0.0 

DS-

PER962 

600K 1800 10 3 3.17% 57.00% 16.60% 1799.7 

DS-

PER962 

1.2M 1800 10 3 6.64% 45.80% 17.20% 6276.9 

DS-

PER962 

2M 1800 10 3 10.00% 12.70% 23.00% 5842.0 
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was not improved in comparison to Table 4, condition 5 (cell viability: 66.9%) 

and 34 (cell viability: 58%). Notably, transfection efficiency within the DS-

PER961 cell line was improved upon cell pooling, indicating an improved cell 

uptake of plasmid DNA across all pooling conditions. Only a small increase in 

transfection efficiency was observed within the DS-PER962 cell line upon 

pooling to 2x106 cells (Table 4, 5). The greatest return of GFP positive cells 

came from pooling 2x106 DS-PER961 cells post transfection (Table 5: 64640 

cells, Fig. 9). However, since transfection efficiency and cell viability of DS-

PER961 and cell viability of DS-PER962 from pooling 2x106 cells was less 

than what was observed from pooling 1.2x106 cells, we determined pooling 

cells to 1.2x106 per well as the most optimal condition to improve overall 

efficiency of electroporation.  

Overall, these results demonstrated that we could successfully transfect both 

the DS-PER961 and DS-PER962 human DS-ALL cell lines, using 

electroporation with the Neon Transfection System. 

Co-transfection optimisation in DS-PER961 and DS-PER962. 

Since it was proved possible to electroporate the DS-PER961 and DS-

PER962 cell lines, we moved to the next stage of the project, where we 

attempted to optimise co-transfection of the DS-PER961 and DS-PER962 

cell lines with two plasmids: PX458 and pLuc-mCherry. Transfection 

efficiency was determined by flow cytometry following the gating strategy 

outlined in Figure 10. 
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Figure 10. Flow cytometry gating strategy to determine efficiency of co-
transfection in the DS-PER961 and DS-PER962 cell lines. Cells were 
gated upon SSC-A and FSC-A, single cells gated upon SSC-A and FSC-W, 
cell viability was determined with Sytox Blue negative expression, from which 
the GFP and mCherry expression was determined. Co-transfection efficiency 
was based upon mCherry/GFP co-expression. 

In conducting co-transfection optimisation, DS-PER961 and DS-PER962 

cells were transfected with two separate plasmid dilutions. The first being a 1 

μg total plasmid dilution ratio between equal amounts of PX458 and pLuc-

mCherry (GFP mCherry Ratio), and the second being a 2 μg total plasmid 

dilution consisting of 1 μg of each plasmid (GFP 1 μg mCherry 1 μg) (Table 

6). 
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Controls Results 
Cells Single 

Cells 

Cell 

Viability 

Transfection 

Efficiency GFP 

Transfection 

Efficiency mCherry 

DS-PER961 GFP 

Only 

7.61% 100% 74.40% 19.60% 0% 

DS-PER961 
mCherry Only 

3.41% 99.40% 100% 0% 34.30% 

Condition Results 
Cells Single 

Cells 

Cell 

Viability 

Transfection 

Efficiency 
Co-T GFP 

Transfection 

Efficiency 
Co-T 

mCherry  

Transfection 

Efficiency   
Co-T 

GFP/mCherry  

DS-PER961 GFP 

mCherry Ratio 

4.14% 99.60% 87.40% 28.50% 46.90% 29.1% 

DS-PER961 GFP 

1 μg mCherry 1 μg 

1.64% 98.10% 83.40% 34.40% 41% 34.6% 

DS-PER962 GFP 

mCherry Ratio 

0.40% 89.40% 61.90% 6.25% 8.48% 6.25% 

DS-PER962 GFP 

1 μg mCherry 1 μg 

0.43% 91.40% 76.30% 0.67% 1% 0.67% 

Table 6. Co-transfection of DS-PER961 and DS-PER962 with PX458 and 
pLuc-mCherry. Table of results for co-transfection of DS-PER961 and DS-
PER962 cell lines with PX458 and pLuc-mCherry plasmids, testing two 
plasmid dilutions: GFP mCherry Ratio and GFP 1 μg mCherry 1 μg.  

Both plasmid dilutions were able to be successfully transfected into the DS-

PER961 and DS-PER962 cell lines, with the highest efficiency of co-

transfection overall in the DS-PER961 cell line (GFP mCherry Ratio: 29.1% 

GFP/mCherry co-expression, GFP 1 μg mCherry 1 μg: 34.6% GFP/mCherry 

co-expression) (Table 6). Since DS-PER961 was the most efficient cell line to 

co-transfect, we decided to try an integrate the ER-dCas9-KRAB construct 

into the genome of this cell line only.   

To achieve this, we sought to co-transfect the DS-PER961 cell line with 

PX458_sgRNA-2 and the ER-dCas9-KRAB plasmids, utilising the Neon 

Transfection System, with the optimised electroporation parameters and the 

strategy outlined in Figure 11. 
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Figure 11. ER-dCas9-KRAB genome integration strategy. (A) Co-
transfection strategy of the DS-PER961 cell line, utilising electroporation with 
the ER-dCas9-KRAB and PX458_sgRNA-2 plasmids. PX458_sgRNA-2 Cas9 
protein will recognise, bind, and cleave the AAVS1 locus for integration of 
ER-dCas9-KRAB. DNA cleavage results in a double stranded break that then 
facilitates homology directed repair between the homology arms (HA) of the 
ER-dCas9-KRAB plasmid and the AAVS1 locus of DS-PER961. (B) 48 hours 
post electroporation; cells are sorted for GFP positive expression then 
dispensed into liquid culture. (C) Cells undergo puromycin selection (ER-
dCas9-KRAB construct contains Puromycin resistance gene (Figure 4)) to 
obtain stable DS-PER961 clones constitutively expressing ER-dCas9-KRAB 
(D). Created partly with Servier Medical Art (smart.servier.com).  

The PX458_sgRNA-2 construct was developed during my Honours degree, 

whereby sgRNA-2 directs the PX458 Cas9 protein to the AAVS1 safe 

harbour locus, from which it will bind and cleave the DNA resulting in a 

double stranded break. Opening the AAVS1 locus, via Cas9 mediated double 

stranded break, allows integration of the ER-dCas9-KRAB construct into the 

cells genome via homology directed repair. This is facilitated by the ER-

dCas9-KRAB plasmid homology arms designed for the AAVS1 locus (Fig. 4, 

11A). To detect successful transfection, the PX458-sgRNA-2 vector contains 

GFP, thus FACS is used to isolate GFP positively expressing DS-PER961 

cells, that are placed back into liquid culture (Fig. 11B). Puromycin selection 

is then used to positively select for DS-PER961 clones that have successfully 

integrated the ER-dCas9-KRAB construct into their genome, as it contains a 

Puromycin resistance gene (Fig. 11C). Once stable clones are obtained (Fig. 

11D), we would then be able to proceed with screening ch21 genes of 

interest. 
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Figure 12. Incorporation of the ER-dCas9-KRAB construct into the DS-
PER961 cell line. (A) Flow cytometry gating strategy for FACS to collect 
GFP positive DS-PER961 co-transfected cells with PX458-sgRNA_2 and ER-
dCas9-KRAB plasmid. (B) Table depicting the electroporation pulse 
parameters (pulse voltage, pulse width and pulse number), gated populations 
including cells (SSC-A/FSC-A), singlets (single cells)-FSC (FSC-W/FSC-H), 
singlets-SSC (SSC-W/SSC-H), live cells (cell viability: Sytox Blue), 
transfection efficiency (mCherry/GFP) and cell number (calculated return 
from 44x106 transfected cells).  

Upon co-transfection of 44x106 DS-PER961 cells and subsequent FACS with 

the BD FACSAria™ III Cell Sorter, 11.1% of live single cells were GFP 

positive, allowing for approximately 250756 cells to be collected and placed 

into liquid culture (Fig. 12). The co-transfected DS-PER961 cells collected did 

not proliferate in liquid culture and did not survive post cell sorting. One 

explanation may be that electroporation with our optimised parameters was 

too damaging to the cells, not allowing them to recover efficiently and 

continue expanding in culture. Further optimisation of co-transfection 

conditions may lead to an improvement in recovery; we did not pursue further 
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optimisation with electroporation since we agreed we could not genetically 

modify the DS-PER961 cell line with the techniques currently available. 

Ultimately, we were only able to successfully use the Neon Transfection 

System to electroporate our DS-PER961 and DS-PER962 cell lines. Based 

upon our lentiviral transduction, Lipofectamine Stem and electroporation 

results (with both single plasmid and co-transfection), we concluded that we 

could not successfully integrate the ER-dCas9-KRAB repression system into 

our human DS-ALL cell line models.  

Discussion:  

Trisomy of ch21 in DS-ALL is the initiating alteration leading to leukaemia 

development, with studies highlighting its requirement for leukaemia 

maintenance and is a promising target in DS-ALL (7, 30). Understanding the 

impact of trisomy 21 and of the dosage sensitive genes implicated in 

leukaemia predisposition, maintenance and potential response to treatment 

is crucial for developing improved treatment strategies. To date, only the 

genes HMGN1 (31) and DYRK1A (29, 30) have been confirmed as ch21 

genes that impact leukaemogenesis in DS-ALL, however other ch21 gene 

involvement remains unknown. Therefore, we aimed to establish an inducible 

system to screen ch21 genes in our unique human DS-ALL cell line models, 

DS-PER961 and DS-PER962, to identify new candidate genes and 

determine their role in DS-ALL. Ultimately to highlight and understand any 

novel vulnerabilities and to assess if these could be targeted therapeutically.  

In our strategy, we originally planned to incorporate the ER-dCas9-KRAB 

construct into the genome of the DS-PER961 and DS-PER962 cells, via 

homology directed repair at the AAVS1 safe harbour locus. From which, our 

ER-dCas9-KRAB system would be constitutively expressed, allowing us to 

test sgRNA directed to ch21 genes in an inducible manner. Upon specific 

gene binding through sgRNA and dCas9, the KRAB repressor can then 

inhibit expression of that gene, from which we can then observe the cellular 

outcome to determine its oncogenic potential in DS-ALL. Incorporating 

CRISPR technology into a cell line requires the use of a plasmid delivery 

method, of which there are many (91), that allows for appropriate CRISPR 
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function. We tested three methodologies including lentiviral transduction, 

lipofection and electroporation in both human DS-ALL cell lines. 

Lentiviral transduction provided very low efficiency in both DS-PER961 and 

DS-PER962 cell lines overall (Fig. 5, 6). Notably, addition of Pb and PS made 

slight improvement to transduction efficiency, however, did not improve 

efficiency enough for this approach to be feasible. Therefore, we did not 

continue to optimise the transduction parameters any further, nor develop a 

lentiviral ER-dCas9-KRAB construct to suit this methodology. The lentiviral 

production used to test transduction efficiency in this project was also used 

by our collaborators in successful transduction experiments with high 

efficiency in non-B-ALL cell lines, therefore the resulting low transduction 

efficiency is likely due to our cell lines rather than the lentiviral transduction 

protocol. We currently do not know why our cell lines are not easily 

transduced; however low transduction efficiency in B cells has been 

previously demonstrated in the literature (92, 93), thus our transduction 

protocol warrants technical adaption in future experimentation, along with the 

potential use of new lentiviral constructs shown to more efficiently transduce 

human B-ALL cells (94). 

We also attempted to utilise a stem cell specific lipofection reagent 

Lipofectamine Stem to transfect the DS-ALL cells. Lipofection works by 

enabling formation of positively charged lipid aggregates that merge with the 

phospholipid bilayer of the target cell, from which plasmid can transfer from 

the lipid aggregate into the cell (95). Since the Lipofectamine Stem reagent is 

specifically designed for transfection of human stem cells, we thought it 

would be ideal to test transfection efficiency in our DS-ALL cell lines. 

However, lipofection also provided extremely low efficiency in transfecting the 

PX458 plasmid into our DS-ALL cell line models (Fig. 7) and was not 

optimised further. The low transfection efficiency could have been due to the 

size of the plasmid, however transfecting a smaller reporter plasmid would 

not have accurately informed us if the ER-dCas9-KRAB construct would be 

transfected. Additionally, poor lipofection efficiency has also previously been 

reported in B cells (93, 96-98), therefore our human cell lines are likely hard 

to transfect with lipofection.  
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We were able to achieve success in transfecting our DS-PER961 and DS-

PER962 cell lines with electroporation, utilising the Neon transfection system, 

both with single plasmid delivery (PX458) (Table 4, 5) and co-transfection of 

the PX458 plasmid alongside the pLuc-mCherry plasmid (Table 6). Overall, 

the DS-PER961 cell line was the most efficient to co-transfect, thus only this 

cell line was co-transfected with the PX458-sgRNA_2 plasmid and ER-

dCas9-KRAB construct (Fig. 12). The next step was to recover the 

successfully co-transfected cells via cell sorting for GFP positive expression, 

then placing these back into liquid culture, under normal growth conditions. 

Notably, successful integration of the construct would infer antibiotic 

resistance to puromycin, thus post recovery, cells with integrated ER-dCas9-

KRAB could be positively selected for and cultured (Fig. 11).  

Unfortunately, the DS-PER961 cell line did not successfully recover from the 

co-transfection/cell sorting procedures as we had intended, and therefore did 

not perform puromycin selection. We hypothesised this was due to several 

factors; electroporation was too damaging to the cells, the post cell sort 

recovery methodology was not optimal, and/or the DS-PER961 cell line is not 

genetically modifiable. Electroporation works by introducing an optimised 

electric charge to the cell membrane, which results in the formation of small 

hydrophilic pores that permeabilise the cell membrane, allowing the transfer 

of plasmid DNA into the cell (99). Transfected cells must then recover from 

the damage caused to the cell membrane post electroporation to survive and 

proliferate (99). Notably, including any potential cellular impact of the cell 

sorting process to obtain GFP positive co-transfected DS-PER961 cells. 

Coinciding these challenges, genetically modifying human B cell cancer cell 

lines for research has proved difficult in the past, thus is a common problem 

faced by researchers in the field that requires further investigation (93). 

Overall, we decided to cease optimisation of all delivery methods of the ER-

dCas9-KRAB construct, agreeing that the models are not suitable for genetic 

modification with our current strategy and could not be used for screening 

purposes to identify ch21 genes implicated in DS-ALL. 

Ultimately, testing other transfection methods, such as nucleofection, could 

be used to overcome the obstacle of introducing the ER-dCas9-KRAB 
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construct into the genome, without disrupting the cells stability in culture. 

Nucleofection has been shown to provide high transfection efficiency, fast 

transgene expression and improved viability/proliferation potential in cells 

post nucleofection (100-102). One method to perform nucleofection is with 

the Lonza 4D-Nucleofector system, which is now available to the laboratory. 

Notably, Lonza nucleofection systems have already been successfully used 

to introduce CRISPR systems into human primary T cells in regard to the 

development of chimeric antigen receptor T cells (CAR T cells) (103), as well 

as in human B cells, whereby the CDKN2A gene was successfully knocked-

out (104). Alternatively, a different viral vector may have improved efficiency 

with less cellular toxicity within our DS-ALL models and warrants further 

investigation. Potential alternatives include the gibbon ape leukaemia virus 

(GaLV) or feline leukaemia virus (FeLV) viral envelope, which has 

demonstrated high efficiency of gene transfer in primary chronic lymphocytic 

leukaemia cells and germinal centre B cells (105, 106). Since success with 

these techniques have been achieved in primary human cells, it may have 

potential to improve the construct delivery efficiency, cell viability and cell 

recovery potential of the DS-PER961 and DS-PER962 cell lines post genetic 

modification. 

Since both the DS-ALL cells are not easily recovered and brought back to 

normal growing conditions post modification, and since our recovery strategy 

was inefficient, perhaps more radical recovery alternatives are required. One 

method that may improve the recovery of the cells post genetic modification 

is to inject the transfected DS-PER961 and DS-PER962 cells back into a 

NSG mice, from which transfected DS-ALL cells could be engrafted to 

expand the cells in vivo, in a more adapted environment. For this assay, we 

have already established the conditions for injecting DS-PER961 and DS-

PER962 (Chapter 3) into NSG mice. Here, GFP expression would be 

monitored by flow cytometry from peripheral blood, and upon euthanasia of 

symptomatic mice or upon significant GFP expression, human GFP positive 

cells will be extracted, cell sorted and then expanded in liquid culture. Once 

obtaining stable DS-ALL clones harbouring the ER-dCas9-KRAB repression 

construct, we would be able to deliver the ch21 specific sgRNA, treat cells 
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with 4-OHT and observe the impact of gene repression in DS-ALL as 

originally intended. 

Overall, we were able to successfully electroporate the DS-PER961 and DS-

PER962 cell lines but were unable to achieve the goal of targeting ch21 

genes with the ER-dCas9-KRAB construct within these models. In future, 

applying the alternative strategies described above with further optimisation 

will need to be investigated, from which the ER-dCas9-KRAB repression 

system could be adapted to and incorporated within our DS-ALL models to 

identify novel ch21 genes of interest and identify therapeutically targetable 

vulnerabilities. 
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Chapter 5: Discussion and future directions 

Leukaemia places a significant burden upon the Australian population, with 

lymphoid leukaemia accounting for 27% of cancer cases in children under 

the age of 14 (8). Significant advancement in treatment strategies has led to 

an improvement of survival for children diagnosed with ALL, reaching 92%, 

however ALL still accounts for 13% of “deaths” in children with cancer (8). 

This is due to certain subtypes of leukaemia that still suffer from inferior 

prognosis, such as children with DS-ALL (10, 40). Suboptimal treatment 

strategies and toxic therapeutics have resulted in children with DS-ALL 

suffering from a decreased overall survival rate in comparison to non-DS 

children, previously reported at 74% vs 89% respectively (40). More recently, 

it was reported in a cohort of DS-ALL patients aged 1-30, that improved 

treatment strategies has increased the DS-ALL overall survival to 86.8%, in 

comparison to non-DS-ALL at 93.6%, however, still highlighting that there is a 

need for improved therapeutics (50). Currently, treatment for DS-ALL patients 

involves a combination of multiple chemotherapeutic agents (40, 50), thus 

the addition of less toxic therapeutic agents that synergise with current 

chemotherapy strategies would improve efficacy and clinical outcomes.  

Children with DS are characterised by a trisomy of ch21, which was first 

identified by genetic karyotyping in 1959 (1). Trisomy 21 results in an 

increase of gene dosage (3 copies) and expression, of which trisomy 21 

mouse models have demonstrated to be between a 1.4-1.6 fold expression 

increase for the majority of triplicate genes (31, 107). Interestingly in the 

Ts1Rhr model, it was shown that not all of the triplicated genes reached 

expression above 1.4-1.6 fold over WT, such as Carbonyl reductase 1 (Cbr1), 

Potassium inwardly rectifying channel subfamily j member 15 (Kcnj15), and 

Integrin subunit beta 2-like (Itgb2l), suggesting the increase in expression is 

dependent upon the function of the gene (31), however these mechanisms 

still remain elusive. Notably, our novel models will likely contribute to gaining 

a deeper understanding of this phenomenon. The research that led to the 

development of trisomy 21 models focused on discovering the ch21 genes 

responsible for the clinical features of DS (35, 37, 108, 109), and the 

haematopoietic impact of trisomy 21 in ML-DS (21) and DS-ALL (31, 32). 
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These seminal studies ultimately led to the discovery of the functional impact 

of the DSCR in leukaemia, the minimalist region associated with the 

phenotypes observed in people with DS (108). Indeed, this DSCR has been 

associated with TAM in DS children hosting GATA1 mutations and ML-DS 

development (21), as well as the identification of oncogenic cooperation 

between the DSCR and activation of the RAS/MAPK pathway (32). In DS 

leukaemia, the use of the Ts1Rhr mouse model and human PDX models has 

led to the identification of key ch21 genes, such as HMGN1 in DS-ALL (31), 

and DYRK1A in both ML-DS (21) and DS-ALL (30). Notably, these genes are 

also impacted in non-DS leukaemia (30, 110).  

HMGN1’s role in DS-ALL was discovered through experiments on 

transformed Ts1Rhr B cell progenitors and in an HMGN1 overexpression 

mouse model, identifying HMGN1 suppresses global H3K27me3 to promote 

B-ALL development (31). HMGN1 overexpression has also been 

demonstrated to cooperate with the P2RY8-CRLF2 rearrangement and 

subsequent overexpression, which together led to cytokine independent 

growth in murine stem cells (111). The CRLF2 rearrangement with P2RY8 

(P2RY8-CRLF2), which results from deletion of Pseudoautosomal Region 1 

(PAR1) (or overexpression via Immunoglobulin Heavy Locus (IGH)-CRLF2 

rearrangement) is commonly observed in DS-ALL (54% of cases) resulting in 

overexpression of CRLF2 (27, 112, 113). CRLF2 encodes a protein subunit 

of a heterodimeric complex with interleukin 7 receptor alpha, forming the 

thymic stromal lymphopoietin receptor (TSLPR), which is critical for B cell 

development (114-117). Interestingly, 50% of CRLF2 rearranged DS-ALL 

cases contain JAK2 alterations (27). JAK2 encodes an intracellular signalling 

protein activated by binding to the TSLPR upon cytokine stimulation, leading 

to downstream activation of STAT transcription factors, which induces cell 

proliferation and survival (112, 118). It has been demonstrated that co-

expression of P2RY8-CRLF2 rearrangement and JAK2 mutations 

constitutively activate the JAK-STAT pathway and provided cytokine 

independent growth of murine B cell progenitor BaF3 cells (112). Importantly, 

in vitro screening identified targeted inhibition of JAK2 with fedratinib, 

alongside demethylase inhibition with GSK-J4, and showed promising results 
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within the P2RY8-CRLF2 rearranged HMGN1 overexpressed BaF3 cells, 

highlighting HMGN1 as a therapeutic target (111). Additionally, HMGN1 

overexpression has been demonstrated to impair myeloid cell differentiation, 

providing a competitive advantage to haematopoietic stem and progenitor 

cells. It was also demonstrated to cooperate with the acute myeloid 

leukaemia (AML) oncogene fusion AML-ETO9a (also known as RUNX1-

RUNX1T1 fusion transcript) in vivo leading to fatal leukaemia in transplant 

assays (110), highlighting the broad impact of HMGN1 overexpression on 

haematopoietic malignancies which warrants further investigation. DYRK1A 

is a tyrosine kinase that can auto-phosphorylate and has activity across 

many substrates (119-121). DYRK1A regulates B and T cell development 

through cell cycle regulation, controlling the cells ability to enter quiescence 

from a proliferative state by phosphorylation of cyclin D3 and repression of 

E2F target genes (29). This research led to therapeutic testing in human DS-

ALL PDX models using the historical DYRK1A inhibitor EHT1610 (30), 

identifying DYRK1A as a therapeutic target in DS-ALL and in other B-ALL 

types. This investigation also identified the role of DYRK1A on its substrates 

STAT3 and FOXO1. DYRK1A was shown to regulate B-ALL cell growth 

through phosphorylation of STAT3, whilst its phosphorylation of FOXO1 

regulates DNA damage response. Due to these identified roles DYRK1A has 

within B cells, we sought to investigate the role of trisomy 21 in DS-ALL, 

whilst also testing the efficacy of novel DYRK1A inhibitors. 

To this end, we initially focussed on the development of clinically relevant 

models of leukaemia, thus providing a platform for screening and assessing 

efficacy of novel inhibitors. We generated several murine and human models 

of DS-ALL, housing some of the most common and clinically relevant 

genomic alterations, including trisomy of ch21 (27.3% of paediatric B-ALL), 

deletion of the tumour suppressor Cdkn2a (CDKN2A alterations - 15-24% of 

DS-ALL), activation of the RAS/MAPK pathway with the KRASG12D mutation 

(KRAS alterations - 13-21% of DS-ALL) and activation of the JAK/STAT 

pathway with the JAK2I682F mutation (JAK2 alterations - 22-31% of DS-ALL) 

with CRLF2 rearrangement (54% of DS-ALL) (7, 27, 41, 42). To achieve this 

within the murine setting, we firstly developed the Ts1Rhr/Mb1-Cre/Cdkn2afl/fl 
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mouse model, from which we identified that homozygous deletion of Cdkn2a 

in conjunction with trisomy of the DSCR was insufficient to lead to DS-ALL in 

vivo. However, since activation of the RAS/MAPK pathway and trisomy of the 

DSCR oncogenically cooperate (32), we adapted this approach to the 

Ts1Rhr/Mb1-Cre/Cdkn2afl/fl and WT/Tc1 mouse model bone marrow cells. 

This was accomplished via transduction with MSCV harbouring the 

KRASG12D mutation to generate the Ts1/Cdkn2a-KRASG12D, WT-KRASG12D 

and Tc1-KRASG12D cell lines. In doing so, validating that trisomy 21 

cooperates with activation of the RAS/MAPK pathway, aligning with previous 

investigation (32), and that activation of additional pathways are required in 

CDKN2A deleted DS-ALL. The Ts1/Cdkn2a-KRASG12D, WT-KRASG12D and 

Tc1-KRASG12D cell lines successfully engrafted the bone marrow and spleen 

of sub-lethally irradiated recipient C57BL/6J mice upon BMT, allowing us to 

re-create DS-ALL in vivo.  

Ultimately, using our strategy to develop DS-ALL models, we were able to 

investigate the genetic interplay between two distinct trisomy’s of ch21, 

containing both murine (Ts1Rhr) and human (Tc1) genes, with additional 

somatic mutations. Notably, we were unable to generate a murine model 

incorporating a CRLF2 rearrangement, however, it is a future goal of the 

laboratory since it is so prevalent in DS-ALL and will likely benefit the 

investigation of therapeutically targeting HMGN1 within CRLF2 rearranged 

DS-ALL. Additionally, we characterised the bone marrow microenvironment 

and haematopoietic stem and progenitor cell compartment, revealing the Tc1 

mouse model is similar to WT, and confirmed trisomy 21 perturbs 

haematopoiesis, aligning with previous reports (122-124), with trisomy 21 

affecting the MPP1 and MPP2 populations. Thus, highlighting the impact of 

trisomy 21 on haematopoiesis within the Tc1 model.  

Moreover, in the human setting, development of the first human DS-ALL cell 

lines, DS-PER961 (KRASG12S) and DS-PER962 (P2RY8-CRLF2/JAK2I682F), 

allowed for efficacy validation of the inhibitors tested in clinically relevant 

human models. These cell lines were established in liquid culture from PDX 

models previously published by our laboratory (32). Overall, both human 

models provided us with two genetically distinct mechanisms of DS-ALL 
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development for investigation, thus our therapeutic investigation would be 

relatable to a large proportion of DS-ALL cases. 

Since we established the models of DS-ALL, we next assessed the efficacy 

of novel DYRK1A kinase inhibitors: AM28, AM30, AM45, EHT1610, Iso 

Leucettinib-21 and Leucettinib-21. Our investigation on the impact of these 

inhibitors indicated that both non-trisomic and trisomy 21 models were 

sensitive to DYRK1A inhibition, as previously demonstrated with EHT1610 

(30). Interestingly when comparing the KRASG12D transformed murine cell 

lines, we observed that indeed the Tc1 cells were more sensitive to inhibition 

of DYRK1A. This finding will need to be further validated in additional murine 

models that harbour DS-ALL specific mutations, considering BCR-ABL1 

fusion is rarely seen in DS-ALL (0.3% (27)). Overall inhibition of DYRK1A 

with Leucettinib-21 in these models proved to be our most potent kinase 

inhibitor. Inhibition of DYRK1A by Leucettinib-21 resulted in decreased cell 

growth and survival, with a dose dependent decrease of phosphorylation of 

cyclin D3 and FOXO1, the downstream substrates of the DYRK1A kinase 

(29, 30), confirming successful inhibition of DYRK1A. In comparison 

however, the decrease in phosphorylation was less impactful on FOXO1 and 

thus has prompted further investigation of the downstream targets of 

DYRK1A. Notably, the phosphorylation of FOXO1 by DYRK1A and its impact 

on cell cycle was initially discovered in a non-DS murine background and in 

disomic murine primary pre-B cells, with its impact on leukaemia being 

validated in B-ALL models through inhibition assays (30). Thus, the DYRK1A 

phosphorylation pattern and impact on cell cycle may slightly differ in a 

context of trisomy 21 and warrants further investigation. Kinase inhibitors for 

DYRK1A, or other ch21 genes, are currently not utilised in the treatment of 

DS-ALL. Therefore, we also tested Leucettinib-21 in combination with 

chemotherapeutic agents such as vincristine, dexamethasone, L-

asparaginase, and targeted therapeutics ruxolitinib and trametinib. 

Importantly, we discovered that Leucettinib-21 synergises with vincristine in 

vitro, highlighting the potential for integrating DYRK1A inhibition to current 

treatment strategies, with future work focussing on the in vivo effects. Notably 

as mentioned in Chapter 3, Leucettinib-21 is currently in clinical trial 
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(LEUCETTA - NCT06206824), thus if approved, could be considered to be 

integrated into treatment protocols to improve outcomes for children with DS 

that develop DS-ALL.  

Coinciding this research, our laboratory is currently investigating the 

downstream phosphorylation patterns and substrates effected by DYRK1A 

inhibition, investigating both known and unknown substrates (120, 121). This 

is being conducted with DYRK1A inhibited WT-KRASG12D and Tc1-KRASG12D 

cell lines treated with Leucettinib-21 and analysed with phosphoproteomics 

and RNA sequencing (RNA-seq). Thus, we will be able to analyse the 

differences between DYRK1A inhibition in both WT and trisomy 21 

backgrounds. This work will aid in identifying novel substrates of DYRK1A 

and highlight mechanistically how DYRK1A inhibition decreases cell 

growth/survival in DS-ALL, beyond what is currently known. Therefore, 

allowing us to therapeutically test novel targets solely and in combination with 

DYRK1A inhibition. Ultimately, our results confirmed previous findings that 

DYRK1A is a therapeutic target in DS-ALL (30), whilst comparing efficacy of 

multiple DYRK1A inhibitors, identifying Leucettinib-21 as a potential 

therapeutic agent that could be applied to the clinic. 

Recently, a new de novo model of DS-ALL was developed by Junco et al., 

incorporating a murine trisomy of ch21 through the Dp(16)1Yey mouse 

model, which develops a fully penetrant B cell leukaemia upon CD19-Cre 

mediated introduction of KrasG12D and Pax5 heterozygosity (58). They 

generated ALL in vivo and established cell lines from these animal models to 

be used to screen for novel DS-ALL therapeutics. From which, 

the nicotinamide phosphoribosyltransferase (NAMPT) inhibitor FK866 was 

identified and validated in DS-ALL PDX, highlighting it significantly reduced 

leukaemic burden in a preclinical setting. In comparison to our DS-ALL 

models, the Dp(16)1Yey mouse model contains a larger trisomy of ch21 

orthologues (approximately 113-115 genes (58, 125)) than the Ts1Rhr model 

(33 genes (44)), but less than the Tc1 mouse model chromosome with 269 

human genes (37). The only genetic alteration shared between the models is 

KRASG12D; note that we overexpressed it while they used a KrasG12D 

transgene. Junco et al., crossed Dp(16)1Yey/KrasG12D models with 
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conditional knock-out of Pax5 (instead of the Cdkn2a deletion we used), 

which resulted in B-ALL development. As mentioned above, we did not 

achieve de novo leukaemia development in our transgenic Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl model in vivo (only combining two genetic alterations), but 

rather established derived cell lines ectopically overexpressing KRASG12D to 

then inject and re-create in vivo leukaemia in sub-lethally irradiated 

recipients. Addition of Pax5 heterozygosity, or endogenous expression of the 

KRASG12D mutation in our Ts1Rhr/Mb1-Cre/Cdkn2afl/fl mouse model would 

likely add to the oncogenic potential of the model, thus is worth investigating 

in future experiments. Notably, our strategy resulted in faster development of 

in vivo DS-ALL from both Ts1/Cdkn2a-KRASG12D and Tc1-KRASG12D 

transplanted models (<70, compared to >100 days), which favours effective 

therapeutic investigation. Since Junco et al., demonstrated in vivo efficacy of 

FK866, it would be interesting to assess its efficacy in our DS-ALL models, as 

well as testing Dyrk1a inhibition in their models to continue to validate these 

therapeutics in different DS-ALL subtypes.  

As presented in Chapter 4, we initially aimed to identify other novel ch21 

genes implicated in DS-ALL, utilising the DS-PER961 and DS-PER962 cell 

lines. Our strategy to identify ch21 genes implicated in DS-ALL development 

was to screen these human models with an inducible CRISPR repression 

system, ER-dCas9-KRAB. Theoretically, integration of this construct into the 

genome of the human cell lines, in combination with specific ch21 gene 

sgRNA, would result in repression of the target gene. We initially attempted 

to optimise lipofection and lentiviral transduction protocols that would 

integrate our construct, however achieved low transfection/transduction 

efficiency. Thus, we proposed that co-transfection via electroporation of the 

ER-dCas9-KRAB construct with an additional CRISPR-Cas9 construct 

containing sgRNA directed to the AAVS1 safe harbour locus would facilitate 

integration of the ER-dCas9-KRAB construct into the genome. We proved we 

were able to successfully electroporate the human models of DS-ALL but 

were unable to recover successfully co-transfected clones with the ER-

dCas9-KRAB construct and the additional CRISPR-Cas9 vector. Ultimately, 

we concluded that our human models of DS-ALL could not be genetically 
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modified, which aligns with other laboratories findings, in that modifying 

human B-ALL cell lines is extremely challenging (93).  

Moving forward, the laboratory can now apply the co-transfection strategy to 

our newly established murine Tc1-KRASG12D cell line. Since the Tc1-

KRASG12D cell line harbours an additional trisomy of human ch21 (269 

genes) (37), we can adapt our current strategy to this model. Adaption of this 

strategy to murine cell lines would initially involve development of sgRNA 

directed toward another integration site, such as the Rosa26 safe harbour 

locus (126), that would facilitate integration of ER-dCas9-KRAB into the Tc1-

KRASG12D cell line genome, as well as plasmid delivery optimisation to 

murine cells. Since only the extra copy of ch21 consists of human genes, we 

can selectively target the human chromosome with human gene specific 

sgRNA, the same we would have used for the human DS-ALL cell lines. 

Alternatively, we could also design a CRISPR-Cas9 knock-out strategy to 

individually target the human ch21 genes with human specific sgRNA and 

observe any potential impact gene loss could confer. Notably, the Tc1-

KRASG12D cell line has already undergone genetic modification in its 

establishment and demonstrated its ability to be further transduced (shRNA 

inhibition of DYRK1A in Chapter 3a), thus we hypothesise it will be able to be 

further genetically modified. Therefore, we could actively target any human 

gene located on the Tc1 models extra ch21, utilising our laboratory’s RNA-

seq investigation on treated WT-KRASG12D and Tc1-KRASG12D cells and the 

publicly available DS-ALL RNA-seq data (27) of differentially expressed 

genes to identify novel targets for repression. Ultimately, identifying novel 

ch21 genes implicated in DS-ALL will allow us to further test novel 

therapeutics in our models to attempt to improve clinical outcomes for 

children with DS-ALL.  

In completing this project, we endeavoured to reduce the impact of limitations 

on our research as much as possible, however we acknowledge the 

presence of remaining limitations that now lead to further investigation. The 

major limitation of this project was the sample size of the Ts1Rhr/Mb1-

Cre/Cdkn2afl/fl mouse model cohort and controls, which was severely 

impacted by the COVID-19 pandemic and the difficulty in generating desired 
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genotypes from our breeding strategy. Additionally, we acknowledge there is 

a large number of genetic mutations that need to cooperate to lead to DS-

ALL in vivo (31). This is hardly feasible using transgenic models as 

combining more than 3 transgenes is challenging and would require a 

significant number of animals (ethical limitations). Nevertheless, our 

laboratory will continue to find alternatives to increase the number of models 

available that represent other genetic subtypes of DS-ALL. Notably, our study 

identified novel inhibitors of the ch21 kinase DYRK1A, which warrants further 

investigation. We only tested the efficacy of Leucettinib-21 in two human DS-

ALL models available in the laboratory, which is still limiting. Therapeutic 

testing of Leucettinib-21 in other genetic subtypes of DS-ALL, as well as in 

other subtypes of childhood B-ALL that harbour gain of chromosome 21, not 

represented in this study, will require further investigation, and provide key 

results regarding potential toxicity/safety in preclinical settings. 

Throughout this project, we have significantly contributed to the DS 

leukaemia research space by developing relevant murine (n= 5) and human 

(n= 2) preclinical models of DS-ALL, as well as testing efficacy of novel 

therapeutic kinase inhibitors, highlighting Leucettinib-21 as the most potent 

inhibitor of DYRK1A within our models. The generation of these new DS-ALL 

models has formed the basis of future experimental design within our 

laboratory and abroad, as our new DS-ALL models allow for a multitude of 

investigations of how trisomy 21 impacts leukaemogensis (Fig. 1). 

Figure 1. Project outcomes, integration, and future investigation. 
Created partly with Servier Medical Art (smart.servier.com). 

These include using our newly established models to identify the novel 

downstream targets of DYRK1A with phosphoproteomics, identifying novel 
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ch21 genes implicated in DS-ALL with RNA-seq and CRISPR approaches, 

and integrating these aims to find and test novel therapies to improve 

outcomes for DS-ALL patients. Since the only other ch21 gene known to be 

implicated in DS-ALL is HMGN1, our models provide the perfect setting for 

further mechanistic investigation and therapeutic targeting of this gene. 

Notably, any novel findings from targeting HMGN1 within our models will 

likely benefit AML research, due to its impact on this malignancy (110). 

Moreover, gain of ch21 is one of the most common chromosomal 

abnormalities found in haematological malignancies (7). Thus, our models 

can be used for mechanistic and therapeutic investigation that will benefit all 

trisomy 21 malignancies, including non-DS leukaemia, to improve outcomes 

for all children with trisomy 21 leukaemia. To conclude, this project has made 

significant advancement to DS-ALL research, providing numerous DS-ALL 

models, as well as insight into the mechanisms and treatment of DS-ALL.  
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