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Abstract: Chromosomal rearrangements of the mixed lineage leukaemia (MLL, also known as KMT2A)
gene on chromosome 11q23 are amongst the most common genetic abnormalities observed in human
acute leukaemias. MLL rearrangements (MLLr) are the most common cytogenetic abnormalities
in infant and childhood acute myeloid leukaemia (AML) and acute lymphocytic leukaemia (ALL)
and do not normally acquire secondary mutations compared to other leukaemias. To model these
leukaemias, we have used clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
gene editing to induce MLL-AF9 (MA9) chromosomal rearrangements in murine hematopoietic
stem and progenitor cell lines and primary cells. By utilizing a dual-single guide RNA (sgRNA)
approach targeting the breakpoint cluster region of murine Mll and Af9 equivalent to that in human
MA9 rearrangements, we show efficient de novo generation of MA9 fusion product at the DNA
and RNA levels in the bulk population. The leukaemic features of MA9-induced disease were
observed including increased clonogenicity, enrichment of c-Kit-positive leukaemic stem cells and
increased MA9 target gene expression. This approach provided a rapid and reliable means of de
novo generation of Mll-Af9 genetic rearrangements in murine haematopoietic stem and progenitor
cells (HSPCs), using CRISPR/Cas9 technology to produce a cellular model of MA9 leukaemias which
faithfully reproduces many features of the human disease in vitro.

Keywords: CRISPR/Cas9; chromosomal translocation; mixed lineage leukaemia; tumourigenesis;
stem cells

1. Introduction

Rearrangements of the mixed lineage leukaemia gene (MLLr) are the most common cytogenetic
abnormalities found in infant and childhood acute lymphocytic leukaemia (ALL) and acute myeloid
leukaemia (AML) [1] and are found in 80% and 35–50% of all paediatric ALL and AML cases
respectively [1]. These leukaemias do not typically acquire many secondary mutations [2] and are
thought to result from inappropriate repair of DNA double strand breaks (DSBs) via nonhomologous
end joining (NHEJ) in haematopoietic cells [3]. As the 8.3-kb breakpoint cluster region of mixed
lineage leukaemia (MLL) is located between exons 8 and 13 for almost all MLLr cases [4], these fusion
genes contain the first 8–13 exons of MLL and a variable number of exons from the fusion partner
genes (FPGs). Up to 135 MLL FPGs have been identified and are well described elsewhere [5–7].
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These include cytoplasmic proteins (AF6, GAS7 and EEN), septins (SEPT2, SEPT5, SEPT6, SEPT9
and SEPT11) and histone acetyltransferases (CBP and P300) as well as the largest subset, the nuclear
proteins. This category contains the most common FPGs such as ENL, ELL, AF4, AF9 and AF10,
which account for approximately 80% of all MLL fusions [5]. Of these, MLL-AF9 (MA9) t(9;11)(p22;q23)
translocations are found in 30% of MLLr AML cases [5] irrespective of age and are commonly found in
a subset of adult patients with therapy-related AML [8].

Although the precise functional properties of AF9 are unknown, it has been demonstrated to
form multimer complexes with members of the polycomb repressive complex 1 (PRC1) complex
and disruptor of telomere silencing (DOT1L) via a conserved ANC1 homology domain (AHD),
indicating a role in transcriptional regulation [9,10]. These properties appear to play a critical role in
leukaemic transformation [11,12]. Oncogenic properties of MLL fusion proteins include interference
with transcriptional elongation, resulting in dysregulation of target genes [13,14]. Aberrant expression
of MLL target genes is strongly dependent on DOT1L-mediated H3K79 methylation [15], which is
a critical requirement for MA9 leukaemogensis [16]. Members of the Homeobox (HOX) family are
commonly overexpressed in MLLr leukaemias as a direct target of MLL fusion proteins [4,17]. The HOX
family are critical factors in the self-renewing properties of haematopoietic stem cells (HSCs) and their
overexpression results in a differentiation block and an increase in self-renewal of immature myeloid
progenitor cells. The HOX cofactors MEIS1 [18,19] and PBX3 [20] are also direct targets of MLL fusion
proteins [21] frequently found upregulated in coordination with HOX targets. Importantly, there is
evidence to suggest that MA9-mediated leukaemia can progress even in the absence of HOX genes
such as HOXA9 [22], indicating an important role of non-HOX family genes. This includes CDK6 [23],
EVI-1 [24,25] and EYA1 [26,27], which are also found upregulated in MLLr leukaemias as a result of
direct binding of MLL-FPG proteins to gene promoters [26,28,29], and play a vital role in leukaemic
transformation including cellular immortalization [26], hyperproliferation [23,24], chemoresistance [24]
and dysregulated self-renewal [25,27]. CDK6 specifically has been highlighted as a critical effector of
MLLr leukemogenesis as its depletion in mice with MA9-driven AML was shown to overcome the
myeloid differentiation block and to prolong survival in vivo [29].

Numerous murine models of MLLr have been generated and have each offered valuable insights.
Limitations with murine models are in large part due to the technology used to mimic MLL chromosomal
rearrangements. An early knock-in model [30] utilized homologous recombination (HR) to generate
an Mll-Af9 fusion gene and displayed a myeloproliferative disorder (MPD), leading primarily to AML
characterized by expansion of immature myeloid populations with a small percentage developing
B-cell ALL (B-ALL) [31]; thus, this model resembles the phenotypic heterogeneity of MLLr leukaemias,
which can manifest as AML; ALL; or in a minority of cases, mixed phenotype acute leukaemia (MPAL).
However, this system lacked tissue-specific control of MA9 expression throughout development and
mice were prone to developmental defects as a result of heterozygosity for wild type (WT) Mll [32].
To gain more insight into cell-type specific effects, a subsequent approach involved enrichment of
haematopoietic populations from these HR-generated MA9 knock-in mice, followed by secondary
transplantation into WT recipients [33]. This also demonstrated efficient generation of AML, especially
when Lin−Sca-1+c-Kit+ (LSK) cells, which include HSCs and haematopoietic stem and progenitor
(HSPCs), were transplanted. An advantage of these methods is the expression of the MA9 transgene from
the endogenous Mll promoter, which results in physiological transgene expression levels. This model
cannot however address the leukaemia stem cell origin with respect to de novo AML initiation.

Translocator models utilizing the Cre-loxP system have generated MA9 translocations via loxP
sites inserted into those intronic regions of endogenous Mll and Af9 genes where breakpoints are
most frequently found in human MLLr patients [34]. Using Lmo2-Cre to express Cre recombinase,
Mll-Af9 was generated in pluripotent stem cells and led exclusively to myeloid leukaemia whereas
T-cell-restricted expression using lck-Cre did not lead to leukomogeneis [35]. The advantage of
this Cre-loxP system is that MA9 expression can be driven by lineage-restricted promoters from
the endogenous loci [35], reflecting physiological expression. Further models targeting Mll-Af9
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expression to specific cells within the haematopoietic system have utilized retrovirus-driven expression
followed by transduction and transplantation approaches. These methods benefit from its speed
and ease of use [36,37] and has led to the identification of both the HSC and the granulocyte and
macrophage progenitor (GMP) as potential leukaemic stem cells-of-origin with divergent clinical
features [38]. Retrovirus-mediated expression models however drive transgene expressions that
are not physiological. To gain greater control over the level of cell-restricted transgene expression,
Dox-inducible transgenic models have since been developed [39,40] enabling close-to-physiological
levels and reversible transgene expression in a Dox dose-dependent manner. Using this model, it was
demonstrated that long-term HSC (LT-HSC) populations result in an invasive and chemoresistant AML
with a primitive progenitor phenotype and a distinct stemness-related gene expression pattern [39].
Dox-inducible transgene expression is however not controlled by an endogenous promoter. “Leaky” Cre
expression from tissue-specific promoters together with the expensive and time-consuming nature of
tissue-restricted strain generation are major limitations with the Cre-loxP and Dox-inducible transgenic
model systems. More recent attempts to circumvent some of the issues highlighted above have utilized
transcription activator like effector nucleases (TALEN) technology to generate endogenous MA9 [41,42].
These cells exhibited a significantly higher clonogenic potential with colony morphologies consistent
with an immature cell type and development of AML, ALL and MPAL upon xenotransplantation [41].

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology facilitates
creation of DSBs at almost any genomic sequence of interest technology and has revolutionised the
way in which we are able to manipulate the genome, affording a more flexible and readily applicable
method for generating novel disease models, including chromosomal translocations, with an ease and
simplicity far outweighing prior technologies such as TALEN and Cre-LoxP. CRISPR technology has
facilitated generation of chromosomal deletions [43] and rearrangements, including inversions [44] and
translocations [45–48]. Here, we demonstrate efficient CRISPR-mediated generation of an endogenous
Mll-Af9 reciprocal translocation in a murine cell line and primary HSPCs. By utilizing a dual-single
guide RNA (sgRNA) approach to target the most common breakpoints in human MA9 rearrangements,
we show rapid, reliable generation of simultaneous breakpoints and a fusion product at the DNA
and RNA levels. The resultant transformed cells reliably recapitulated features of human MLLr
leukaemias. These include increased expression of MA9 target genes, reduced IL3 dependency,
higher clonogenic potential and self-renewal in primary murine HSPCs. This multiplexed CRISPR
technology offers a robust and malleable approach for generating murine models of the multitude of
human translocation-associated leukaemias.

2. Results

2.1. A CRISPR/Cas9 System for Mll-Af9 Genome Editing (302)

We utilized a CRISPR/Cas9 system for the generation of murine t(4;9) MA9 chromosomal
translocations in murine HSPCs, utilizing simultaneous targeting of the Mll and Af9 genes by CRISPR
sgRNAs directed to chromosomes. Based on prior investigation of common MLL and AF9 breakpoint
regions in AML patient samples [49] and murine models of MA9 [35], we designed guides targeting
frequently translocated intronic regions between Mll exons 8 and 9 (Mll sg1 and 2) and exons 10 and 11
(Mll sg3 and 4) and between Af9 exons 8 and 9 (Af9 sg1, 2 and 3) (Figure 1A) to generate two potential
MLL-AF9 fusion products (Figure 1B). Guide sequences were generated using the CRISPR.MIT web
tool (http://crispr.mit.edu) [50,51], which scores each sequence based on a combination of on- and
off-target potentials. We selected those guides with the highest scores, indicating an appropriate
efficiency of on-target cleavage with minimal off-target potential. Single guide sequences were cloned
into a lentiviral CRISPR-green fluorescent protein (GFP) vector (Supplementary Figure S1), and the
resultant high-titre lentivirus was used to transduce the murine HSPC myeloid progenitor 32D cell line,
which is IL3-dependent. At day 5 post-transduction, cells were fluorescent activated cell sorting (FACS)
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sorted for GFP expression and indel formation in GFP+ populations were assessed by a surveyor assay
(Figure 1C).

Int. J. Mol. Sci. 2020, 21, 4266 4 of 15 

 

frequency of 7% (Figure 1C). These data demonstrate efficient cleavage of Mll and Af9 loci using a 
CRISPR system detectable in the bulk population. Based on these results, Mll sg2 was selected for 
targeting of Mll introns 8 and 9, sg3 was selected for introns 10 and 11, and Af9 sg1 and –3 were 
selected for Af9 introns 8 and 9. 

 
Figure 1. Design and validation of clustered regularly interspaced short palindromic repeats 
(CRISPR)/Cas9 gene editing tools targeting murine mixed lineage leukaemia (Mll) and Af9 genes: (A) 
Schematic representation of partial Mll and Af9 genomic regions with sgRNA location. Four guides 
were designed targeting either introns 8 and 9 (Mll sg1 and -2) or introns 10 and 11 (Mll sg3 and -4) 
of the Mll gene, and three were designed to target introns 8 and 9 (AF9 sg1–3) of Af9. sgRNA 
locations/Cas9 cleavage sites are shown in orange. Red (Mll) and green (Af9) arrows represent PCR 
primers flanking cleavage sites. Blue and purple arrows represent RT-PCR primers on MLL and AF9 
transcripts, respectively. (B) Representation of two predicted Mll-Af9 fusion gene products following 
editing with either set of Mll and Af9-targeting sgRNAs. (C) Surveyor assay of 32D cells transduced 
with a CRISPR vector expressing the indicated sgRNAs. PCR was performed on genomic DNA from 
transfected GFP+ cell populations using primers as indicated in Figure 1A. Products were assayed by 
the surveyor and analysed by 2% gel electrophoresis. Percentage indel formation was calculated by 
quantification of each DNA band. Cells transduced with an empty CRISPR vector (Cas9 only) were 
used as the control sample for each. 
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Figure 1. Design and validation of clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 gene editing tools targeting murine mixed lineage leukaemia (Mll) and Af9 genes:
(A) Schematic representation of partial Mll and Af9 genomic regions with sgRNA location. Four guides
were designed targeting either introns 8 and 9 (Mll sg1 and -2) or introns 10 and 11 (Mll sg3 and
-4) of the Mll gene, and three were designed to target introns 8 and 9 (AF9 sg1–3) of Af9. sgRNA
locations/Cas9 cleavage sites are shown in orange. Red (Mll) and green (Af9) arrows represent PCR
primers flanking cleavage sites. Blue and purple arrows represent RT-PCR primers on MLL and AF9
transcripts, respectively. (B) Representation of two predicted Mll-Af9 fusion gene products following
editing with either set of Mll and Af9-targeting sgRNAs. (C) Surveyor assay of 32D cells transduced
with a CRISPR vector expressing the indicated sgRNAs. PCR was performed on genomic DNA from
transfected GFP+ cell populations using primers as indicated in Figure 1A. Products were assayed by
the surveyor and analysed by 2% gel electrophoresis. Percentage indel formation was calculated by
quantification of each DNA band. Cells transduced with an empty CRISPR vector (Cas9 only) were
used as the control sample for each.

Of those guides targeting Mll introns, Mll sg1-3 showed approximately equal indel efficiencies of
31–38%, with no cleavage seen using sg4 (Figure 1C and Figure S2). Similarly, Af9-targeting sgRNA1
and -3 showed approximately equal efficiencies of 28–37%, while sg2 gave a significantly poorer indel
frequency of 7% (Figure 1C). These data demonstrate efficient cleavage of Mll and Af9 loci using a
CRISPR system detectable in the bulk population. Based on these results, Mll sg2 was selected for
targeting of Mll introns 8 and 9, sg3 was selected for introns 10 and 11, and Af9 sg1 and –3 were
selected for Af9 introns 8 and 9.

2.2. Endogenous Generation of MA9 Translocation in Murine HSPCs (368)

To generate MLL-AF9 translocations, simultaneous DNA DSBs in the Mll and Af9 genes of
murine 32D HSPCs were created (Figure 2A). Cells were transduced with a CRISPR lentivirus
targeting either the Mll or Af9 loci or both in combination and were FACS sorted for GFP at day
5 post-transduction. In 32D murine HSPCs, GFP expression > 20% was noted with each combination
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of dual guides (Figure 2B) and GFP+ populations were sorted for verification of the MA9 translocation
and downstream functional analysis.
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Figure 2. Endogenous generation of MLL-AF9 (MA9) translocation in murine haematopoietic cells:
(A) Workflow schematic for generation of t(4;9) translocated 32D HSPCs. Cells were transduced with
single or dual CRISPR/Cas9 lentivirus and sorted for GFP at day 5 for downstream analysis. (B) Flow
cytometry histograms showing percentage of GFP+ cells at day 5 post-transduction. (C) Validation of
genomic MA9 translocation: Genomic DNA was extracted from sorted GFP+ populations and PCR
amplified using primers flanking the MA9 breakpoint. PCR products were then resolved by agarose
gel electrophoresis. (D) Sanger sequencing of the PCR product from the sg2/sg3 sample (red “b”
arrow, part C): Alignment of the sequence to reference genome verified the alignment with murine
Mll and Af9. (E) RT-PCR analysis of the MA9 breakpoint region verifying MA9 translocation at RNA
resolution: cDNA was reverse transcribed from RNA and PCR amplified using primers flanking the
MA9 breakpoint. (F) Sanger sequencing of the sg2/sg3 RT-PCR product: Alignment of the sequence to
reference RNA showed alignment to murine Mll and Af9 transcripts.

Verification of the MA9 translocation was carried out in GFP+ 32D cells at both the DNA and
transcript levels by utilizing PCR primers flanking the breakpoint region (Figure 2A) followed by
Sanger sequencing of PCR amplicons. Unique banding patterns were seen following electrophoretic
analysis of PCR products from 3/4 Mll and Af9 guide combinations (Figure 2C and Figure S3), with
sg3/sg3 as the only guide combination which did not generate a product. Amplicons as indicated
in Figure 2C were further analysed by Sanger sequencing and alignment to reference Mll and Af9
genomic sequences, which identified the sg2/sg3-transduced sample (band b, Figure 2C) as having
correct alignment to both murine Mll (NCBI gene ID: 214162) and Af9 (NCBI gene ID: 70122), validating
generation of the MA9 translocation at the genomic level (Figure 2D). Sequence alignment of amplicons
from samples transduced with alternative guide combinations (Figure 2C, red arrows excluding b)
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identified matches in exonic and intronic regions of the mouse genome, including a noncoding region
of chromosome 14 and the Pigz gene on chromosome 16. This may be indicative of a potential off-target
effect of these sgRNA combinations, in line with current knowledge regarding the off-target potential
of Cas9 cleavage. RT-PCR and subsequent electrophoresis of RNA from the dual sg2/sg3-transduced
sample further validated the translocation at the transcript level; utilizing primers flanking the mRNA
breakpoint region (Figure 2B), we generated an amplicon unique to this sample (Figure 2E) which
correctly aligned to murine Mll (NM_001357549.1) and Af9 (NM_027326.3) reference transcripts, thus
supporting formation of the MA9 mRNA fusion (Figure 2F). Taken together, these data indicate that
CRISPR/Cas9-mediated genome editing can be used to induce formation of a murine t(4;9) MA9
translocation in 32D HSPCs and that this fusion gene product is transcribed appropriately.

2.3. CRISPR-Mediated MA9 Translocations Recapitulate Features of MA9 Leukaemia In Vitro (622)

Multifactorial functional analysis was carried out firstly on MA9-validated 32D murine HSPCs,
in which we examined proliferative capability, IL3-dependency and expression of MA9-target genes.
Over 30 days in liquid culture, we saw no significant difference in proliferation between 32D cells
transduced with the sg2/sg3 guide combination compared to those transduced with either single
guide (Figure 3A), indicating that the MA9 translocation does not confer a demonstrable proliferative
advantage in this already immortalised cell line. MA9 leukemic cells have previously shown only
moderate IL3 dependency in contrast to 32D cells which are strictly IL3 dependent [52]. Thus, we sought
to examine the effects of IL3 starvation on MA9 32D cells in culture. Over 24 h of IL3 starvation, we noted
a slight but nonsignificant growth advantage and resistance to starvation-induced stress in the MA9
cells when compared with single guide controls (Figure 3B), suggesting a decrease in IL-3 dependency
conferred by CRISPR-generated MA9 translocation in this cell type, consistent with previous data [52].
Analysis of the expression of common MA9-associated genes in sg2/sg3 double-transduced cells
revealed significant upregulation of Dot1l, Cdk6 and Sirt1 mRNA (Figure 3C). Both DOT1l and CDK6
have critical and well-established roles in MLLr function and leukemogenesis [16,29], and Sirt1 has
been shown to be upregulated in response to MA9 expression in murine models [53]. Taken together,
these data strongly support that CRISPR-mediated generation of MA9 using the endogenous loci can
recapitulate the functional properties of MA9 leukaemic features.

Following verification of the MA9 translocation in 32D murine HSPCs, we next sought to use our
approach in primary murine HSPCs. C-Kit+ bone marrow (BM) cells were isolated from WT mice and
transduced using the validated sg2/sg3 sgRNA singly or in combination. At day 5 post-transduction,
cells were sorted for GFP+ and expanded in liquid culture for an additional 5 days prior to beginning
functional analysis of the translocation in the primary bulk cell population. Equal numbers of cells
from liquid cultures were assessed in colony forming cell (CFC) assays to determine self-renewal,
proliferation and differentiation capabilities. Following 20 days in a CFC assay, cells transduced
with the sg2/sg3 combination of guides displayed significantly increased cell numbers and formed
more colonies when compared to single transduced samples (Figure 3D,E). We next carried out
immunophenotyping of day 20 CFC colonies in order to assess the myeloid differentiation status of
the cells. We saw differences neither in the live/viable population (Figure 3G) nor in the CD11bGr1-
or CD11b+F4/80+ myeloid fractions in any of the samples (Figure 3F,I,J), suggesting that the MA9
translocation in this model does not have a negative impact on cell viability or myeloid differentiation.
However, the sg2/sg3 MA9 cells showed a significantly larger population of cells expressing the c-Kit
progenitor marker (Figure 3F,H), which has been associated with the leukaemia stem cell (LSC) in AMLs
including MA9 [36,37]. This highlights not only a proliferative advantage in the double-transduced
MA9 population but also an enrichment of a self-renewing LSC-type population. These data indicate
that the CRISPR-mediated generation of the MA9 translocation in murine HSPCs mediates leukaemic
transformation, indicated by a proliferative advantage and an increase in self-renewal properties.
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 Figure 3. CRISPR-mediated MA9 translocation recapitulates features of MA9 leukaemia:
(A) Cumulative cell number and growth curve of 32D HSPCs transduced with either Mll sg2 or
Af9 sg3 or combination. Cells did not show any significant difference in proliferation following MA9
translocation. (B) Cell number and growth curve of 32D HSPCs transduced with Mll and/or Af9 guides
as indicated with IL-3 starvation: MA9-translocated cells displayed reduced levels of IL-3 dependency
compared to single-guide controls. (C) Expression of MA9 target genes: ∆∆CT values of the sg2/sg3
sample are normalised to Mll sg2 single guide control. The graph shows mean ± SD of representative
experiments. All samples were analysed in technical duplicates. Statistical significance was calculated
by one-way ANOVA followed by Bonferroni posttest. p < 0.001 is represented as ***, and p < 0.05 is
represented as *. (D) Representative colony pictures (400×) of CFC colonies after ten days in culture
(left panel): Samples were plated in technical triplicates. (E) Mean ± SD of colony counts (left) and
cell numbers (right). (F) Representative flow cytometric plots from samples in Figure 3D with the
percentage of relevant populations indicated numerically. (G–J) Percentage of each population in
samples shown as (G) live (DAPI-), (H) c-Kit+, (I) CD11b+Gr-1+ and (J) CD11b+F4/80+. Each sample is
shown as mean ± SD from three technical triplicates. Statistical significance was calculated by one-way
ANOVA followed by Bonferroni posttest. p < 0.001 is represented as ***, p < 0.01 is represented as **
and p < 0.05 is represented as *.

3. Discussion

Herein, we have demonstrated generation of a de novo MA9 translocation in murine HSPCs using
state-of-the-art CRISPR/Cas9 technology to create a novel murine leukaemia model which faithfully
recapitulates multiple features of human MA9 leukaemia. By rational design of sgRNA flanking
breakpoint regions with common occurrence in MLLr AML patients and prior MA9 transgenic models,
we identified optimal combinations of sgRNA sequences with which to induce simultaneous DSBs
at the specific loci. Each guide was validated for individual cleavage efficiency, and subsequently,
optimal combinations were identified for multiplexed CRISPR genome editing to induce an MA9
chromosomal translocation in HSPCs. Following CRISPR editing, the presence of a successful
MA9 translocation was verified at both the genomic and transcriptional levels by PCR analysis and
sequencing. Analysis of proliferation, clonogenicity, differentiation and gene expression robustly
demonstrated the functional ways in which this model recapitulates features of the disease in vitro.
This novel approach circumvents common caveats of previous methods, with no requirement for
transgenic or immunocompromised mice or primary human material. We have demonstrated the
ease of use of this approach in cell line and primary murine HSPCs which can be applied to other
chromosomal translocations.

Increased clonogenicity and enrichment of progenitor cells with increased self-renewal capacity is a
fundamental characteristic of leukaemias with MLL rearrangements. Although we saw no proliferative
advantage in MA9 32D HSPCs, we did observe a modest reduction in growth factor dependence
as previously demonstrated. Normal primary HSPC cells have limited growth potential in vitro,
which showed increased colony growth and number when expressing MA9. Increased clonogenicity
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is associated with increased c-Kit expression, a cell surface marker found in myeloblasts in up to
80% of AML cases [54]. C-Kit expression has also been strongly associated with poor prognoses in
other instances of chromosomal translocations such as t(8;21) [55]. We saw a significant enrichment of
c-Kit-expressing cells, indicating an enrichment of colony-forming LSC-like early progenitor cells in
MA9-expressing cells consistent with leukaemic transformation. Assessment of myeloid differentiation
did not reveal a block in expression of differentiation markers in MA9-mediated cells, indicating that,
although cells have acquired self-renewal properties, they maintain the ability to differentiate toward the
myeloid lineage. A block in terminal myeloid differentiation cannot be ruled out, and whether cells can
complete myeloid differentiation remains to be investigated. Cells that are unable to differentiate to the
GMP stage of differentiation in murine models of MLLr do not undergo leukaemic transformation [56],
and so, it is understood that some level of differentiation down the myeloid pathway is required for
MLLr AML transformation. Data produced by Stavropoulou et al. utilizing a Dox-inducible MA9
model show that surface marker analysis of colonies derived from iMLL-AF9 LT-HSC and GMP
subpopulations showed cells expressing the Mac-1 and Gr-1 differentiation markers in addition to
c-Kit in the presence of Dox [39].

MA9-initiated oncogenesis has been shown to depend on MA9 modification of transcriptional
elongation, resulting in dysregulated expression of target genes. We demonstrated an increase in
expression of Dot1 and Cdk6, both of which are essential for the oncogenic function of MA9-rearranged
cells [29,57]. Interestingly, we also noted a significant increase in expression of Sirt1, which is found
significantly overexpressed at the protein level in LSC populations from AML patients [53], where it
acts to maintain their survival, growth and drug resistance. The lack of increased HoxA9 expression
observed in our cells may be due to low frequency of translocation within the bulk population analysed,
as has been previously noted in TALEN-focused studies [41,42] and CRISPR-generated models [58].

Recently, work by Jeong et al. [58] similarly demonstrated efficient generation of MA9 translocations
by CRISPR/Cas9 technology, utilizing methodologies in line with those described herein. The authors
used the human system to generate MA9 translocation in human CD34+ cord blood (CB) cells in contrast
to the murine system we have presented here. Consistent with our results, human MA9-expressing CB
cells in that study demonstrated a growth advantage in liquid culture and clonal expansion in CFC
analysis and induction of AML, ALL and MPAL following transplantation in immunocompromised
mice. The translocation efficiency achieved by Jeong et al. [58] is considerably higher than in previous
TALEN-generated models of MA9 at around 0.5–1%. However, it is important to note that this efficiency
remains low overall and so should be taken into consideration when analysing the bulk population.
In contrast to the single-cell clonal analysis performed by Jeong et al. [58], we are able to demonstrate
the leukaemic transformation effects of CRISPR-generated MA9 in the bulk population that may
be masking some effects such as increased Hox gene expression. A considerable advantage of our
methodology which allows effects to be seen in the bulk population is the reduction in time in culture
of primary HSPCs that is required with single-clone selection. Further single-cell analysis from bulk
populations in both the 32D cell line and primary HSPCS would give further insight into individual
aspects of MA9-mediated and context-specific gene regulation. A limitation with using primary human
HSPCs is the requirement for immunocompromised mice for xenografts. Our work is the first to
show the use of this technology to generate the murine MA9 translocation from the endogenous loci
faithfully recapitulating MA9-mediated transformation in murine HSPCs. A significant advantage
of the murine system is the potential for investigation into immune-, gene- and cell-specific contexts
using the myriad of murine genetic models and xenotransplantation approaches.

Our methodology has several advantages for use in genetic models. The tractability of this system
is such that we can readily study MA9 translocations in combination with other genetic or epigenetic
abnormalities. Generation of new sgRNAs targeting sequences of interest are quickly and easily cloned
into the CRISPR vector validated in this work and can be multiplexed as required. Our sgRNA target
sequences were also selected not only for their commonality within MLLr patients but also for their
prior use in alterative murine models of MA9, and as such, our approach offers not only a robust model
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of human disease but also a means of comparison to alterative methodologies [35,41,42]. The work
presented here and by others [48,58] exemplifies the ongoing shift towards precise genome editing
with CRISPR technologies to quickly and accurately recapitulate human disease in model systems.
We have demonstrated the tractability and potential of this methodology in modelling human MA9
leukaemias, which represents an important advancement in the study of MA9-driven leukaemia.

4. Materials and Methods

4.1. Cell Culture

All cell cultures were grown at 37 ◦C, 5% CO2. Human embryonic kidney (HEK)-239T and
murine embryonic fibroblast NIH-3T3 cells were maintained in Dulbecco Modified Eagle Medium
(DMEM; Gibco, Paisley, UK) supplemented with 10% heat-inactivated foetal bovine serum (FBS; Gibco,
Paisley, UK), 2 mM L-glutamine (Gibco, Paisley, UK) and 1% Penicillin/ Streptomycin (Pen/Strep;
Gibco, Paisley, UK). 32D murine myeloid progenitor cell line HSPCs were maintained in Roswell Park
Memorial Institute-1640 (RPMI-1640; Gibco, Paisley, UK) supplemented with 10% FBS, 10% WEHI-3B
conditioned media, 2 mM L-glutamine and 1% Pen/Strep. Primary murine HSPCs were cultured
in DMEM pre-stimulation media supplemented with 15 % FBS, 2 mM L-glutamine, 1% Pen/Strep,
10 ng/mL recombinant murine interleukin-3 (rmIL3; PeproTech, London, UK), 10 ng/mL recombinant
murine interleukin-6 (rmIL6; PeproTech, London, UK) and 100 ng/mL recombinant murine stem cell
factor (rmSCF; PeproTech, London, UK) immediately following isolation and were transferred to
DMEM activation media supplemented with 15% FBS, 2 mM L-glutamine, 1% Pen/Strep, 10 ng/mL
rmIL3, 10 ng/mL rmIL6, 100 ng/mL rmSCF and 4 µg/mL polybrene (Sigma-Aldrich, Dorset, UK)
for transduction.

4.2. Murine Bone Marrow (BM) Harvest and c-Kit Enrichment

C57BL/6 mice were purchased from Charles River UK and housed in the Beatson Biological
Service and Research Units. All mouse experiments were approved by the local animal welfare ethical
review body (AWERB) committee and United Kingdom (UK) home office and performed according
to UK Home Office project license 60/4512 approved 25 April 2013(Animal Scientific Procedures Act
1986) guidelines. Femur, tibia and pelvic girdle of wild-type (WT) C57BL/6 mice were crushed in
phosphate buffered saline (PBS)/2% FBS and passed through a 40-µM cell strainer (Fisher Scientific,
Loughborough, UK) to harvest BM. C-kit enrichment was carried out by magnetic activated cell sorting
(MACS) separation of BM samples following incubation with anti-CD117 microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany).

4.3. sgRNA Design, Synthesis and CRISPR Transduction

Reference mRNA transcripts of genes of interest (http://www.ncbi.nlm.nih.gov/nucleotide/) were
used for identification of suitable protospacer sequences using the CRISPR MIT tool (previously
available at http://crispr.mit.edu; accessed August 2015) [50,51]. Top and bottom strand protospacers
were purchased as single stranded DNA (ssDNA) oligos (IDT, Surrey, UK) (Supplementary Table S1)
and cloned into pL.CRISPR.EFS.GFP (Supplementary Methods and Figure S1). pL-CRISPR.EFS.GFP
was a gift from Benjamin Ebert (Addgene plasmid # 57818) [59]. The all-in-one CRISPR lentivirus
was used to constitutively express sgRNAs and Cas9 under the control of human U6 (hU6) and
elongation factor 1α (EF-1α) promotors, respectively. HEK-293T and NIH-3T3 cells were used for
lentiviral production and titration, respectively, and 32D or primary murine HSPCs were transduced
with high-titre CRISPR lentivirus as previously described [60].

4.4. Flow Cytometry and Cell Sorting

Samples were stained and analysed in PBS or PBS/2% FBS or sorted for GFP in the same buffer.
Single cells were gated by forward scatter area (FSC-A) vs height (FSC-H), and then viable cells were

http://www.ncbi.nlm.nih.gov/nucleotide/
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gated by FSC-A vs side scatter area (SSC-A). For viability staining, analysis was performed only in
single-cell gates and dead cells were excluded by 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich,
Dorset, UK) staining. Compensation was performed using unstained cells, single stained cells and
single stained UltraComp eBeads (Thermo Scientific, Paisley, UK). A complete list of antibodies and
dyes can be found in Supplementary Table S2.

4.5. Surveyor Assay

Genomic DNA was extracted using QuickExtract™ DNA Extraction Solution (Epicentre
Biotechnologies, Madison, WI, USA), and analysis with Surveyor Nuclease S was used to calculate
indel frequency. Full methods and primer sequences can be found in the Supplementary Methods and
Table S3.

4.6. Genomic Target Amplification (GTA)

Genomic DNA was extracted from GFP-sorted cells (day 5 post-sorting) using Epicentre
QuickExtract™ DNA Extraction Solution. PCR amplification of target loci was performed using
Q5 High-Fidelity DNA Polymerase (New England Biolabs; NEB, Herts, UK), and the products were
analysed on 2% agarose (Sigma-Aldrich, Dorset, UK) gel. Bands of interest were excised using the
GeneJET Gel Extraction and DNA Cleanup Micro Kit (Thermo Scientific, Paisley, UK) before analysis
by Sanger sequencing. Primer sequences can be found in Supplementary Table S3.

4.7. Reverse Transcription PCR

Total RNA was isolated from GFP-sorted cells (day 5 post-sorting) by either Arcturus PicoPure
RNA Isolation Kit (Thermo Scientific, Paisley, UK) or RNeasy Mini Kit (QIAGEN, Manchester, UK)),
and target-specific cDNA synthesis was carried out by Superscript III (Thermo Scientific, Paisley,
UK) using primers specific for locus of interest. cDNA was amplified using Taq DNA polymerase
(NEB, Herts, UK) and target-specific primers. Purified products were analysed on 2% agarose gel,
and bands of interest were excised and analysed by Sanger sequencing. Primer sequences can be found
in Supplementary Table S4.

4.8. Gene Expression Analysis (qRT-PCR)

Total RNA was isolated from GFP-sorted cells, and gene expression analysis was carried out as
previously described [60]. Results were calculated by the ∆∆Ct method with normalization to the Gusb
housekeeping gene. Primer sequences can be found in Supplementary Table S5.

4.9. Colony-Forming Cell (CFC) Assay

Methocult GF M3434 (Stem Cell Technologies, Vancouver, BC, Canada) methylcellulose media
containing recombinant murine stem cell factor (rmSCF), recombinant murine interleukin-3 (rmIL-3),
recombinant human interleukin-6 (rhIL-6) and recombinant human erythropoietin (rhEPO) was used.
Equal numbers of BM c-kit-enriched, GFP-sorted cells were prepared in triplicate and resuspended
in culture media. Cell suspension was added to methylcellulose and transferred to 3 × 35 mm
dishes (Greiner-Bio-One, Gloucestershire, UK) for 10–20 days. Colonies were scored, and cells were
analysed by flow cytometry. If required, cells were replated to a second round of CFC following the
same protocol.

4.10. Statistics

GraphPad Prism (version 5.00.288; LA Jolla, CA, USA) was used for statistical analysis and
graphing. Statistical significance was determined by one-way ANOVA with Bonferroni posttest.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/
4266/s1.

http://www.mdpi.com/1422-0067/21/12/4266/s1
http://www.mdpi.com/1422-0067/21/12/4266/s1


Int. J. Mol. Sci. 2020, 21, 4266 12 of 15

Author Contributions: E.S. designed and performed the experiments, analysed and interpreted the data, and made
all figures. L.R. and R.J.C. provided data analysis and cowrote the manuscript. B.G. supervised the study. K.K.
cowrote the manuscript, designed the research and supervised the study. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Kay Kendall Leukaemia Fund: NA, The Howat Foundation: NA, Cancer
Research UK Glasgow Centre: C596/A18076, Cancer Research UK Beatson Institute: C596/A17196, Yorkhill
Children’s Leukaemia Research Fund: NA, and Children with Cancer UK: NA.

Acknowledgments: We acknowledge the technical assistance of Jennifer Cassells and Karen Dunn for flow
cytometry and animal experiments respectively. We thank all staff at the Paul O’Gorman Leukaemia Research
Centre for their support and advice.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Slany, R.K. The molecular mechanics of mixed lineage leukemia. Oncogene 2016, 35, 5215–5223. [CrossRef]
[PubMed]

2. Andersson, A.K.; Ma, J.; Wang, J.; Chen, X.; Gedman, A.L.; Dang, J.; Nakitandwe, J.; Holmfeldt, L.; Parker, M.;
Easton, J.; et al. The landscape of somatic mutations in infant MLL-rearranged acute lymphoblastic leukemias.
Nat. Genet. 2015, 47, 330–337. [CrossRef] [PubMed]

3. Richardson, C.; Jasin, M. Frequent chromosomal translocations induced by DNA double-strand breaks.
Nature 2000, 405, 697–700. [CrossRef] [PubMed]

4. Slany, R.K. When epigenetics kills: MLL fusion proteins in leukemia. Hematol. Oncol. 2005, 23, 1–9. [CrossRef]
5. Meyer, C.; Burmeister, T.; Gröger, D.; Tsaur, G.; Fechina, L.; Renneville, A.; Sutton, R.; Venn, N.C.;

Emerenciano, M.; Pombo-De-Oliveira, M.S.; et al. The MLL recombinome of acute leukemias in 2017.
Leukemia 2018, 32, 273–284. [CrossRef]

6. Meyer, C.; Kowarz, E.; Hofmann, J.; Renneville, A.; Zuna, J.; Trka, J.; Ben Abdelali, R.; Macintyre, E.; De
Braekeleer, E.; De Braekeleer, M.; et al. New insights to the MLL recombinome of acute leukemias. Leukemia
2009, 23, 1490–1499. [CrossRef]

7. Huret, J.L.; Ahmad, M.; Arsaban, M.; Bernheim, A.; Cigna, J.; Desangles, F.; Guignard, J.C.;
Jacquemot-Perbal, M.C.; Labarussias, M.; Leberre, V.; et al. Atlas of genetics and cytogenetics in oncology
and haematology in 2013. Nucleic Acids Res. 2013, 41, D920–D924. [CrossRef]

8. Super, H.J.G.; McCabe, N.R.; Thirman, M.J.; Larson, R.A.; Le Beau, M.M.; Pedersen- Bjergaard, J.; Philip, P.;
Diaz, M.O.; Rowley, J.D. Rearrangements of the MLL gene in therapy-related acute myeloid leukemia
in patients previously treated with agents targeting DNA-topoisomerase II. Blood 1993, 82, 3705–3711.
[CrossRef]

9. Malik, B.; Hemenway, C.S. CBX8, a component of the Polycomb PRC1 complex, modulates DOT1L-mediated
gene expression through AF9/MLLT3. FEBS Lett. 2013, 587, 3038–3044. [CrossRef]

10. Zhang, W.; Xia, X.; Reisenauer, M.R.; Hemenway, C.S.; Kone, B.C. Dot1a-AF9 complex mediates histone H3
Lys-79 hypermethylation and repression of ENaCα in an aldosterone-sensitive manner. J. Biol. Chem. 2006,
281, 18059–18068. [CrossRef]

11. Erfurth, F.; Hemenway, C.S.; de Erkenez, A.C.; Domer, P.H. MLL fusion partners AF4 and AF9 interact at
subnuclear foci. Leukemia 2004, 18, 92–102. [CrossRef] [PubMed]

12. Leach, B.I.; Kuntimaddi, A.; Schmidt, C.R.; Cierpicki, T.; Johnson, S.A.; Bushweller, J.H. Leukemia fusion
target AF9 is an intrinsically disordered transcriptional regulator that recruits multiple partners via coupled
folding and binding. Structure 2013, 21, 176–183. [CrossRef] [PubMed]

13. Mueller, D.; Bach, C.; Zeisig, D.; Garcia-Cuellar, M.P.; Monroe, S.; Sreekumar, A.; Zhou, R.; Nesvizhskii, A.;
Chinnaiyan, A.; Hess, J.L.; et al. A role for the MLL fusion partner ENL in transcriptional elongation and
chromatin modification. Blood 2007, 110, 4445–4454. [CrossRef] [PubMed]

14. Mueller, D.; García-Cuéllar, M.P.; Bach, C.; Buhl, S.; Maethner, E.; Slany, R.K. Misguided transcriptional
elongation causes mixed lineage leukemia. PLoS Biol. 2009, 7, e1000249. [CrossRef]

15. Kuntimaddi, A.; Achille, N.J.; Thorpe, J.; Lokken, A.A.; Singh, R.; Hemenway, C.S.; Adli, M.; Zeleznik-Le, N.J.;
Bushweller, J.H. Degree of Recruitment of DOT1L to MLL-AF9 Defines Level of H3K79 Di- and Tri-methylation
on Target Genes and Transformation Potential. Cell Rep. 2015, 11, 808–820. [CrossRef]

http://dx.doi.org/10.1038/onc.2016.30
http://www.ncbi.nlm.nih.gov/pubmed/26923329
http://dx.doi.org/10.1038/ng.3230
http://www.ncbi.nlm.nih.gov/pubmed/25730765
http://dx.doi.org/10.1038/35015097
http://www.ncbi.nlm.nih.gov/pubmed/10864328
http://dx.doi.org/10.1002/hon.739
http://dx.doi.org/10.1038/leu.2017.213
http://dx.doi.org/10.1038/leu.2009.33
http://dx.doi.org/10.1093/nar/gks1082
http://dx.doi.org/10.1182/blood.V82.12.3705.3705
http://dx.doi.org/10.1016/j.febslet.2013.07.034
http://dx.doi.org/10.1074/jbc.M601903200
http://dx.doi.org/10.1038/sj.leu.2403200
http://www.ncbi.nlm.nih.gov/pubmed/14603337
http://dx.doi.org/10.1016/j.str.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23260655
http://dx.doi.org/10.1182/blood-2007-05-090514
http://www.ncbi.nlm.nih.gov/pubmed/17855633
http://dx.doi.org/10.1371/journal.pbio.1000249
http://dx.doi.org/10.1016/j.celrep.2015.04.004


Int. J. Mol. Sci. 2020, 21, 4266 13 of 15

16. Nguyen, A.T.; Taranova, O.; He, J.; Zhang, Y. DOT1L, the H3K79 methyltransferase, is required for
MLL-AF9—Mediated leukemogenesis. Blood 2011, 117, 6912–6922. [CrossRef]

17. Yokoyama, A.; Somervaille, T.C.P.; Smith, K.S.; Rozenblatt-Rosen, O.; Meyerson, M.; Cleary, M.L. The menin
tumor suppressor protein is an essential oncogenic cofactor for MLL-associated leukemogenesis. Cell 2005,
123, 207–218. [CrossRef]

18. Armstrong, S.A.; Staunton, J.E.; Silverman, L.B.; Pieters, R.; Den Boer, M.L.; Minden, M.D.; Sallan, S.E.;
Lander, E.S.; Golub, T.R.; Korsmeyer, S.J. MLL translocations specify a distinct gene expression profile that
distinguishes a unique leukemia. Nat. Genet. 2002, 30, 41–47. [CrossRef]

19. Zeisig, B.B.; Milne, T.; Garcia-Cuellar, M.-P.; Schreiner, S.; Martin, M.-E.; Fuchs, U.; Borkhardt, A.; Chanda, S.K.;
Walker, J.; Soden, R.; et al. Hoxa9 and Meis1 Are Key Targets for MLL-ENL-Mediated Cellular Immortalization.
Mol. Cell. Biol. 2004, 24, 617–628. [CrossRef]

20. Guo, H.; Chu, Y.; Wang, L.; Chen, X.; Chen, Y.; Cheng, H.; Zhang, L.; Zhou, Y.; Yang, F.C.; Cheng, T.; et al.
PBX3 is essential for leukemia stem cell maintenance in MLL-rearranged leukemia. Int. J. Cancer 2017, 141,
324–335. [CrossRef]

21. Prange, K.H.M.; Mandoli, A.; Kuznetsova, T.; Wang, S.Y.; Sotoca, A.M.; Marneth, A.E.; Van Der Reijden, B.A.;
Stunnenberg, H.G.; Martens, J.H.A. MLL-AF9 and MLL-AF4 oncofusion proteins bind a distinct enhancer
repertoire and target the RUNX1 program in 11q23 acute myeloid leukemia. Oncogene 2017, 36, 3346–3356.
[CrossRef] [PubMed]

22. Kumar, A.R.; Hudson, W.A.; Chen, W.; Nishiuchi, R.; Yao, Q.; Kersey, J.H. Hoxa9 influences the phenotype
but not the incidence of Mll-AF9 fusion gene leukemia. Blood 2004, 103, 1823–1828. [CrossRef] [PubMed]

23. Van Der Linden, M.H.; Willekes, M.; Roon, E.; Seslija, L.; Schneider, P.; Pieters, R.; Stam, R.W. MLL
fusion-driven activation of CDK6 potentiates proliferation in MLL-rearranged infant ALL. Cell Cycle 2014,
13, 834–844. [CrossRef]

24. Bindels, E.M.J.; Havermans, M.; Lugthart, S.; Erpelinck, C.; Wocjtowicz, E.; Krivtsov, A.V.; Rombouts, E.;
Armstrong, S.A.; Taskesen, E.; Haanstra, J.R.; et al. EVI1 is critical for the pathogenesis of a subset of
MLL-AF9-rearranged AMLs. Blood 2012, 119, 5838–5849. [CrossRef] [PubMed]

25. Laricchia-Robbio, L.; Nucifora, G. Significant increase of self-renewal in hematopoietic cells after forced
expression of EVI1. Blood Cells Mol. Dis. 2008, 40, 141–147. [CrossRef] [PubMed]

26. Wang, Q.F.; Wu, G.; Mi, S.; He, F.; Wu, J.; Dong, J.; Luo, R.T.; Mattison, R.; Kaberlein, J.J.; Prabhakar, S.; et al.
MLL fusion proteins preferentially regulate a subset of wild-type MLL target genes in the leukemic genome.
Blood 2011, 117, 6895–6905. [CrossRef]

27. Takacova, S.; Luzna, P.; Stranecky, V.; Divoky, V. The Potential Role of the Six1/Eya1 Pathway in the
Establishment of Leukemia Stem Cells in MLL-ENL—Induced Leukemia. Blood 2011, 118, 1362. [CrossRef]

28. Arai, S.; Yoshimi, A.; Shimabe, M.; Ichikawa, M.; Nakagawa, M.; Imai, Y.; Goyama, S.; Kurokawa, M. Evi-1 is
a transcriptional target of mixed-lineage leukemia oncoproteins in hematopoietic stem cells. Blood 2011, 117,
6304–6314. [CrossRef]

29. Placke, T.; Faber, K.; Nonami, A.; Putwain, S.L.; Salih, H.R.; Heidel, F.H.; Krämer, A.; Root, D.E.; Barbie, D.A.;
Krivtsov, A.V.; et al. Requirement for CDK6 in MLL-rearranged acute myeloid leukemia. Blood 2014, 124,
13–23. [CrossRef]

30. Corral, J.; Lavenir, I.; Impey, H.; Warren, A.J.; Forster, A.; Larson, T.A.; Bell, S.; McKenzie, A.N.J.; King, G.;
Rabbitts, T.H. An MII-AF9 fusion gene made by homologous recombination causes acute leukemia in
chimeric mice: A method to create fusion oncogenes. Cell 1996, 85, 853–861. [CrossRef]

31. Dobson, C.L.; Warren, A.J.; Pannell, R.; Forster, A.; Lavenir, I.; Corral, J.; Smith, A.J.H.; Rabbitts, T.H.
The Mll-AF9 gene fusion in mice controls myeloproliferation and specifies acute myeloid leukaemogenesis.
EMBO J. 1999, 18, 3564–3574. [CrossRef] [PubMed]

32. Chen, W.; Li, Q.; Hudson, W.A.; Kumar, A.; Kirchhof, N.; Kersey, J.H. Amurine Mll-AF4 knock-in model
results in lymphoid and myeloid deregulation and hematologic malignancy. Blood 2006, 108, 669–677.
[CrossRef] [PubMed]

33. Chen, W.; Kumar, A.R.; Hudson, W.A.; Li, Q.; Wu, B.; Staggs, R.A.; Lund, E.A.; Sam, T.N.; Kersey, J.H.
Malignant Transformation Initiated by Mll-AF9: Gene Dosage and Critical Target Cells. Cancer Cell 2008, 13,
432–440. [CrossRef] [PubMed]

34. Collins, E.C.; Pannell, R.; Simpson, E.M.; Forster, A.; Rabbitts, T.H. Inter-chromosomal recombination of Mll
and Af9 genes mediated by cre-lox in mouse development. EMBO Rep. 2000, 1, 127–132. [CrossRef]

http://dx.doi.org/10.1182/blood-2011-02-334359
http://dx.doi.org/10.1016/j.cell.2005.09.025
http://dx.doi.org/10.1038/ng765
http://dx.doi.org/10.1128/MCB.24.2.617-628.2004
http://dx.doi.org/10.1002/ijc.30739
http://dx.doi.org/10.1038/onc.2016.488
http://www.ncbi.nlm.nih.gov/pubmed/28114278
http://dx.doi.org/10.1182/blood-2003-07-2582
http://www.ncbi.nlm.nih.gov/pubmed/14615372
http://dx.doi.org/10.4161/cc.27757
http://dx.doi.org/10.1182/blood-2011-11-393827
http://www.ncbi.nlm.nih.gov/pubmed/22553314
http://dx.doi.org/10.1016/j.bcmd.2007.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17913523
http://dx.doi.org/10.1182/blood-2010-12-324699
http://dx.doi.org/10.1182/blood.V118.21.1362.1362
http://dx.doi.org/10.1182/blood-2009-07-234310
http://dx.doi.org/10.1182/blood-2014-02-558114
http://dx.doi.org/10.1016/S0092-8674(00)81269-6
http://dx.doi.org/10.1093/emboj/18.13.3564
http://www.ncbi.nlm.nih.gov/pubmed/10393173
http://dx.doi.org/10.1182/blood-2005-08-3498
http://www.ncbi.nlm.nih.gov/pubmed/16551973
http://dx.doi.org/10.1016/j.ccr.2008.03.005
http://www.ncbi.nlm.nih.gov/pubmed/18455126
http://dx.doi.org/10.1093/embo-reports/kvd021


Int. J. Mol. Sci. 2020, 21, 4266 14 of 15

35. Drynan, L.F.; Pannell, R.; Forster, A.; Chan, N.M.M.; Cano, F.; Daser, A.; Rabbitts, T.H. Mll fusions generated
by Cre-loxP-mediated de novo translocations can induce lineage reassignment in tumorigenesis. EMBO J.
2005, 24, 3136–3146. [CrossRef]

36. Krivtsov, A.V.; Twomey, D.; Feng, Z.; Stubbs, M.C.; Wang, Y.; Faber, J.; Levine, J.E.; Wang, J.; Hahn, W.C.;
Gilliland, D.G.; et al. Transformation from committed progenitor to leukaemia stem cell initiated by MLL-AF9.
Nature 2006, 442, 818–822. [CrossRef] [PubMed]

37. Somervaille, T.C.P.; Cleary, M.L. Identification and characterization of leukemia stem cells in murine MLL-AF9
acute myeloid leukemia. Cancer Cell 2006, 10, 257–268. [CrossRef] [PubMed]

38. Krivtsov, A.V.; Figueroa, M.E.; Sinha, A.U.; Stubbs, M.C.; Feng, Z.; Valk, P.J.M.; Delwel, R.; Döhner, K.;
Bullinger, L.; Kung, A.L.; et al. Cell of origin determines clinically relevant subtypes of MLL-rearranged
AML. Leukemia 2013, 27, 852–860. [CrossRef]

39. Stavropoulou, V.; Kaspar, S.; Brault, L.; Sanders, M.A.; Juge, S.; Morettini, S.; Tzankov, A.; Iacovino, M.;
Lau, I.J.; Milne, T.A.; et al. MLL-AF9 Expression in Hematopoietic Stem Cells Drives a Highly Invasive AML
Expressing EMT-Related Genes Linked to Poor Outcome. Cancer Cell 2016, 30, 43–58. [CrossRef]

40. Chen, X.; Burkhardt, D.B.; Hartman, A.A.; Hu, X.; Eastman, A.E.; Sun, C.; Wang, X.; Zhong, M.;
Krishnaswamy, S.; Guo, S. MLL-AF9 initiates transformation from fast-proliferating myeloid progenitors.
Nat. Commun. 2019, 10, 5767. [CrossRef] [PubMed]

41. Buechele, C.; Breese, E.H.; Schneidawind, D.; Lin, C.H.; Jeong, J.; Duque-Afonso, J.; Wong, S.H.K.; Smith, K.S.;
Negrin, R.S.; Porteus, M.; et al. MLL leukemia induction by genome editing of human CD34+ hematopoietic
cells. Blood 2015, 126, 1683–1694. [CrossRef] [PubMed]

42. Breese, E.H.; Buechele, C.; Dawson, C.; Cleary, M.L.; Porteus, M.H. Use of genome engineering to create
patient specific MLL translocations in primary human hematopoietic stem and progenitor cells. PLoS ONE
2015, 10, e0136644. [CrossRef] [PubMed]

43. Adikusuma, F.; Williams, N.; Grutzner, F.; Hughes, J.; Thomas, P. Targeted Deletion of an Entire Chromosome
Using CRISPR/Cas9. Mol. Ther. 2017, 25, 1736–1738. [CrossRef] [PubMed]

44. Maddalo, D.; Manchado, E.; Concepcion, C.P.; Bonetti, C.; Vidigal, J.A.; Han, Y.C.; Ogrodowski, P.; Crippa, A.;
Rekhtman, N.; De Stanchina, E.; et al. In vivo engineering of oncogenic chromosomal rearrangements with
the CRISPR/Cas9 system. Nature 2014, 516, 423–427. [CrossRef]

45. Torres, R.; Martin, M.C.; Garcia, A.; Cigudosa, J.C.; Ramirez, J.C.; Rodriguez-Perales, S. Engineering human
tumour-associated chromosomal translocations with the RNA-guided CRISPR-Cas9 system. Nat. Commun.
2014, 5, 3964. [CrossRef]

46. Jiang, J.; Zhang, L.; Zhou, X.; Chen, X.; Huang, G.; Li, F.; Wang, R.; Wu, N.; Yan, Y.; Tong, C.; et al. Induction
of site-specific chromosomal translocations in embryonic stem cells by CRISPR/Cas9. Sci. Rep. 2016, 6, 21918.
[CrossRef]

47. Reimer, J.; Knöß, S.; Labuhn, M.; Charpentier, E.M.; Göhring, G.; Schlegelberger, B.; Klusmann, J.H.; Heckl, D.
CRISPR-Cas9-induced t(11;19)/MLL-ENL translocations initiate leukemia in human hematopoietic progenitor
cells in vivo. Haematologica 2017, 102, 1558–1566. [CrossRef]

48. Schneidawind, C.; Jeong, J.; Schneidawind, D.; Kim, I.S.; Duque-Afonso, J.; Wong, S.H.K.; Iwasaki, M.;
Breese, E.H.; Zehnder, J.L.; Porteus, M.; et al. MLL leukemia induction by t(9;11) chromosomal translocation
in human hematopoietic stem cells using genome editing. Blood Adv. 2018, 2, 832–845. [CrossRef]

49. Jansen, M.W.J.C.; van der Velden, V.H.J.; van Dongen, J.J.M. Efficient and easy detection of MLL-AF4,
MLL-AF9 and MLL-ENL fusion gene transcripts by multiplex real-time quantitative RT-PCR in TaqMan and
LightCycler [11,12]. Leukemia 2005, 19, 2016–2018. [CrossRef] [PubMed]

50. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al.
Multiplex genome engineering using CRISPR/Cas systems. Science 2013, 339, 819–823. [CrossRef]

51. Hsu, P.D.; Scott, D.A.; Weinstein, J.A.; Ran, F.A.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E.J.; Wu, X.;
Shalem, O.; et al. DNA targeting specificity of RNA-guided Cas9 nucleases. Nat. Biotechnol. 2013, 31, 827–832.
[CrossRef] [PubMed]

52. Metcalf, D.; Glaser, S.P.; Xu, Z.; Di Rago, L.; Mifsud, S. Reversible growth factor dependency and autonomy
during murine myelomonocytic leukemia induced by oncogenes. Proc. Natl. Acad. Sci. USA 2013, 110,
17029–17034. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.emboj.7600760
http://dx.doi.org/10.1038/nature04980
http://www.ncbi.nlm.nih.gov/pubmed/16862118
http://dx.doi.org/10.1016/j.ccr.2006.08.020
http://www.ncbi.nlm.nih.gov/pubmed/17045204
http://dx.doi.org/10.1038/leu.2012.363
http://dx.doi.org/10.1016/j.ccell.2016.05.011
http://dx.doi.org/10.1038/s41467-019-13666-5
http://www.ncbi.nlm.nih.gov/pubmed/31852898
http://dx.doi.org/10.1182/blood-2015-05-646398
http://www.ncbi.nlm.nih.gov/pubmed/26311362
http://dx.doi.org/10.1371/journal.pone.0136644
http://www.ncbi.nlm.nih.gov/pubmed/26351841
http://dx.doi.org/10.1016/j.ymthe.2017.05.021
http://www.ncbi.nlm.nih.gov/pubmed/28633863
http://dx.doi.org/10.1038/nature13902
http://dx.doi.org/10.1038/ncomms4964
http://dx.doi.org/10.1038/srep21918
http://dx.doi.org/10.3324/haematol.2017.164046
http://dx.doi.org/10.1182/bloodadvances.2017013748
http://dx.doi.org/10.1038/sj.leu.2403939
http://www.ncbi.nlm.nih.gov/pubmed/16151462
http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1038/nbt.2647
http://www.ncbi.nlm.nih.gov/pubmed/23873081
http://dx.doi.org/10.1073/pnas.1317055110
http://www.ncbi.nlm.nih.gov/pubmed/24082086


Int. J. Mol. Sci. 2020, 21, 4266 15 of 15

53. Sasca, D.; Hähnel, P.S.; Szybinski, J.; Khawaja, K.; Kriege, O.; Pante, S.V.; Bullinger, L.; Strand, S.; Strand, D.;
Theobald, M.; et al. SIRT1 prevents genotoxic stress-induced p53 activation in acute myeloid leukemia. Blood
2014, 124, 121–133. [CrossRef] [PubMed]

54. Ikeda, H.; Kanakura, Y.; Tamaki, T.; Kuriu, A.; Kitayama, H.; Ishikawa, J.; Kanayama, Y.; Yonezawa, T.;
Tarui, S.; Griffin, J.D. Expression and functional role of the proto-oncogene c-kit in acute myeloblastic
leukemia cells. Blood 1991, 78, 2962–2968. [CrossRef]

55. Paschka, P.; Marcucci, G.; Ruppert, A.S.; Mrózek, K.; Chen, H.; Kittles, R.A.; Vukosavljevic, T.; Perrotti, D.;
Vardiman, J.W.; Carroll, A.J.; et al. Adverse prognostic significance of KIT mutations in adult acute myeloid
leukemia with inv(16) and t(8;21): A Cancer and Leukemia Group B study. J. Clin. Oncol. 2006, 24, 3904–3911.
[CrossRef]

56. Ohlsson, E.; Hasemann, M.S.; Willer, A.; Lauridsen, F.K.B.; Rapin, N.; Jendholm, J.; Porse, B.T. Initiation of
MLL-rearranged AML is dependent on C/EBPα. J. Exp. Med. 2014, 211, 5–13. [CrossRef]

57. Chang, M.J.; Wu, H.; Achille, N.J.; Reisenauer, M.R.; Chou, C.W.; Zeleznik-Le, N.J.; Hemenway, C.S.;
Zhang, W. Histone H3 Lysine 79 Methyltransferase Dot1 Is Required for Immortalization by MLL Oncogenes.
Cancer Res. 2010, 70, 10234–10242. [CrossRef]

58. Jeong, J.; Jager, A.; Domizi, P.; Pavel-Dinu, M.; Gojenola, L.; Iwasaki, M.; Wei, M.C.; Pan, F.; Zehnder, J.L.;
Porteus, M.H.; et al. High-efficiency CRISPR induction of t(9;11) chromosomal translocations and acute
leukemias in human blood stem cells. Blood Adv. 2019, 3, 2825–2835. [CrossRef]

59. Heckl, D.; Kowalczyk, M.S.; Yudovich, D.; Belizaire, R.; Puram, R.V.; McConkey, M.E.; Thielke, A.; Aster, J.C.;
Regev, A.; Ebert, B.L. Generation of mouse models of myeloid malignancy with combinatorial genetic lesions
using CRISPR-Cas9 genome editing. Nat. Biotechnol. 2014, 32, 941–946. [CrossRef]

60. O’Connor, C.; Yalla, K.; Salomé, M.; Ananyambica Moka, H.; Gómez Castañeda, E.; Eyers, P.A.; Keeshan, K.
Trib2 expression in granulocyte-monocyte progenitors drives a highly drug resistant acute myeloid leukaemia
linked to elevated Bcl2. Oncotarget 2018, 9, 14977–14992.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1182/blood-2013-11-538819
http://www.ncbi.nlm.nih.gov/pubmed/24855208
http://dx.doi.org/10.1182/blood.V78.11.2962.2962
http://dx.doi.org/10.1200/JCO.2006.06.9500
http://dx.doi.org/10.1084/jem.20130932
http://dx.doi.org/10.1158/0008-5472.CAN-10-3294
http://dx.doi.org/10.1182/bloodadvances.2019000450
http://dx.doi.org/10.1038/nbt.2951
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	A CRISPR/Cas9 System for Mll-Af9 Genome Editing (302) 
	Endogenous Generation of MA9 Translocation in Murine HSPCs (368) 
	CRISPR-Mediated MA9 Translocations Recapitulate Features of MA9 Leukaemia In Vitro (622) 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Murine Bone Marrow (BM) Harvest and c-Kit Enrichment 
	sgRNA Design, Synthesis and CRISPR Transduction 
	Flow Cytometry and Cell Sorting 
	Surveyor Assay 
	Genomic Target Amplification (GTA) 
	Reverse Transcription PCR 
	Gene Expression Analysis (qRT-PCR) 
	Colony-Forming Cell (CFC) Assay 
	Statistics 

	References

