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Abstract
Chromosomal translocations can cause cancer, often through the formation of fusion
genes that code for an unnatural tyrosine kinase that promotes constitutive activation of a
signaling pathway controlling cell proliferation and differentiation. For example, the diagnostic
hallmark of chronic myelogenous leukemia (CML) is an oncogene fusion formed from a
reciprocal translocation (t(9;22)(q34.1;q11.2)) between chromosomes 9 and 22 that results in an
altered chromosome 22q known as the Philadelphia chromosome. Approximately 95% of all
CML patients harbor the gene fusion, BCR-ABL, which is formed via a double stranded break
(DSB) within both the Abelson oncogene 1 (ABL) on chromosome 9q, which codes for a nonreceptor tyrosine kinase (ABL), and the breakpoint cluster region gene (BCR) on chromosome
22q. BCR-ABL encodes a constitutively active tyrosine kinase BCR-ABL responsible for the
uncontrolled proliferation associated with chronic myelogenous leukemia. The identification of
these translocation events and/or associated fusion genes in clinical samples is critical to ensure
the appropriate treatment for patients where the drug and related course of therapy target an
activated fusion kinase. Clinical detection of complex chromosomal rearrangements is often
conducted using fluorescent in situ hybridization (FISH). The FISH analysis, though effective,
offers relatively poor sensitivity while being expensive, time-consuming and technically
challenging to perform.
Here we have developed and validated a new general platform for creating assays against
complex chromosomal rearrangements, including both reciprocal and non-reciprocal
translocations. It utilizes droplet digital PCR (ddPCR) technology in lieu of FISH to quantify the
rearrangement of proto-oncogenes that undergo rearrangement as part of the translocation event.
The platform is applied to the creation of two new assays of potential clinical use in cancer
diagnostics or theranostics. The first provides a reliable and sensitive measure of DSBs within
the major breakpoint region of BCR (M-BCR), permitting initial diagnosis of CML through
unequivocal detection of the BCR-ABL fusion gene to a frequency of 0.25%. The second
provides for the highly sensitive detection of DSBs in the anaplastic lymphoma kinase (ALK)
gene that result in a non-reciprocal (inversion) translocation (inv(2)(p21;p23)) associated with an
ALK-positive non-small cell lung cancer (NSCLC).
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Chapter 1: Introduction
1.1

Thesis Overview
Roukos describes translocations as
“Beautifully complex, yet threateningly dangerous”[1].
Translocations are genetic abnormalities that occur due to chromosomal rearrangement

[2]. They are classified into those that are either reciprocal or non-reciprocal. Examples of nonreciprocal translocations include breakage within a chromosome that results in either the loss of
genetic material or, if a pair of double stranded breaks (DSBs) occurs simultaneously within a
given chromosome, inversion and recombination of the released genomic fragment back into the
same chromosome. In contrast, a reciprocal translocation results in the exchange of genomic
material between two chromosomes (Figure 1-1) [1].

Figure 1-1. Schema for the formation of reciprocal and inversion translocations.
Either class of translocation is capable of forming fusion genes.

Translocations are known drivers of oncogenesis, and collectively they are attributed to
20% of all cancer-related mortalities [3]. The mechanisms resulting in formation of
1

translocations are not fully understood, though recent research into DSBs and DNA damage
response (DDR) has shed some light on this very complex phenomena [1].
The most studied of all translocations is a reciprocal t(9;22)(q34;q11) translocation
created through DSBs within the breakpoint cluster region (BCR) gene on chromosome 22, and
c-ABL oncogene 1, a non-receptor tyrosine kinase (ABL) on chromosome 9 (Figure 1-2). The
t(9;22)(q34;q11) translocation creates a BCR-ABL gene fusion [4] within the resultant aberrant
chromosome 22, commonly known as the Philadelphia chromosome (PhC) [5], which was first
observed in 1960 by Nowell and Hungerford [6]. The chimeric BCR-ABL gene encodes a nonnatural tyrosine kinase, BCR-ABL, which is highly active and deregulates proliferation of PhCpositive cells of myeloid lineage, the oncogenic signature of chronic myelogenous leukemia
(CML) [7]. Various forms of the BCR-ABL kinase exist and are dependent on the specific
breakpoints within both the BCR gene on chromosome 22 and the ABL1 gene on chromosome 9
[8].

Figure 1-2. The Philadelphia chromosome, a reciprocal translocation between chromosome
22 and chromosome 9 resulting in formation of the BCR-ABL fusion gene.

CML is the most common myeloproliferative neoplasm, developing in immature blood
cells in the bone marrow and affecting approximately 6000 patients in the USA annually [9].
Diagnosis and monitoring of this life-threatening cancer are based on detection of BCR-ABL and
quantification of its frequency within the patient’s granulocyte population. With its genetic
2

origins described by Rowley in 1973, the PhC was the first translocation to be associated with
cancer [4]. Now proven to be causative of CML (approximately 95% of all CML patients are
PhC positive in their cancerous (malignant) granulocytes), BCR-ABL and the PhC have since
become a model for other cancers where translocations occur [10-12].
Non-small-cell lung cancer (NSCLC) is one such example. NSCLC patients often carry a
non-reciprocal translocation on human chromosome 2 (Figure 1-3) in which DSBs within the
echinoderm microtubule associated protein like 4 (EML4) gene and the anaplastic lymphoma
kinase (ALK) gene allow an inversion of genetic material that forms the non-natural gene fusion
EML4-ALK [13]. The chimeric EML4-ALK gene encodes a highly active tyrosine kinase, EML4ALK, that is associated with greater than 5% of all NSCLCs. Lung cancer is the largest cause of
oncological mortalities in the World, with approximately 1.8 million patients diagnosed each
year; 85 to 90% of those patients are afflicted with NSCLC [14].

Figure 1-3. Schema of the inversion translocation on chromosome 2 that forms the EML4ALK fusion gene.
The blue arrows indicate the regions of the double stranded breaks in the ALK and EML4 genes.
The red arrows illustrate the inversion process.
The detection of either the reciprocal translocation resulting in formation of BCR-ABL or
the inversion translocation resulting in formation of EML4-ALK is currently achieved in clinics
through direct visualization via a fluorescent in-situ hybridization (FISH) assay. For the BCR3

ABL fusion gene, the FISH assay utilizes two probes – one specific to the BCR gene and the other
to the ABL gene – with fluorescence co-localization identifying BCR-ABL. Conversely, in FISHbased detection of ALK-positive NSCLC, the assay employs two probes against the ALK gene,
with separation of signal indicating a translocation event. Known weaknesses of FISH-based
translocation assays such as the ALK-positive NSCLC assay include a general inability to reliably
detect the translocation when less than 15% of the assayed cell population carries it [15].
This thesis reports on a new platform that permits cost-effective and sensitive assays
against either reciprocal or inversion translocation events. The platform exploits the unique
advantages of droplet digital PCR (ddPCR) when applied to the detection of rare chromosomal
rearrangements. The general applicability of this method is demonstrated through its use to create
two new assays. The first enables detection of DSBs within the major breakpoint region (MBCR) of the BCR gene. Breakage of BCR within its M-BCR is generally observed (> 98% of the
time) in the BCR-ABL reciprocal translocation. The second assay detects the non-reciprocal
EML4-ALK inversion translocation by assaying for DSBs within ALK. Both assays leverage the
unique capacity of the polymerase chain reaction (PCR), when conducted in a ddPCR format, to
detect and quantify complex translocations by isolating individual copies of target gene(s) or
gene fragments into sub-nanoliter droplets (nL) [16]. End-point signals recorded for each droplet
following ddPCR processing of the entire ensemble of droplets are used to count those
containing either no template, amplified copies of DSB-generated and thus translocationassociated gene fragments, or amplified copies of the germline form of the target gene. A key
benefit of this platform is the ability to directly visualize a translocation event in the raw output
data. In addition, it also permits accurate quantification of the translocation frequency through
application of a novel data-analysis method that utilizes Poisson statistics and data from
multiplexed control reactions. Initial distributions of templates are defined among available
droplets and loss of template integrity due to chromosomal shearing events during genomic DNA
purification is quantified. The resulting ddPCR assays have the advantage of being far simpler
and cheaper than the corresponding FISH assays, while providing greater reliability and a
significantly lower limit of detection. As a result, the assays may find use in cancer genetics
testing laboratories.
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1.2

Translocations and their Mechanism of Formation
Translocations are most often associated with hematological cancers such as CML, but

are increasingly being identified in solid tumors to the extent that they have now been detected in
almost every cancer type [17]. A consequence of certain translocations, most notably reciprocal
and inversion translocations, is the formation of a fusion gene that encodes an unnatural protein
conferring unique activity or attributes to the mutated cell. Many of these are highly active
transcription factors or kinases capable of disrupting or deregulating basic cellular processes,
including expansion, differentiation and anti-apoptosis. More than 350 unique gene fusions
involving 337 different oncogenes and proto-oncogenes have been identified to date in neoplasia
[3]. Similarly, 109 and 82 unique gene fusions encoding active proteins have been identified in
acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL), respectively [17].
Translocations can occur in stem cells and progenitor cells during DNA replication, and
these rare events are closely linked to cancer risk and progression. Tomasetti et al., [18] have
shown, for instance, that a correlation exists between number of stem cell divisions and cancer
risk within the associated organ(s). It is estimated that there are up to 10 DSBs per dividing cell
per day [19]. These DSB’s can occur through a variety of mechanisms, including replication
errors, exogenous stresses such as ionizing radiation or chemotherapeutic agents, or
chromosomal breaks induced during activation of the adaptive immune system [1, 20].
Translocations may form when one or more of those DSBs prompt the cell to activate the DNA
damage response (DDR), a complex repair system that targets DNA repair factors at the damaged
sites and triggers cell signaling pathways to pause the cell cycle and initiate repair [21]. The
DDR machinery includes homologous recombination repair (HRR), which occurs in the S phase
of the cell cycle, and the non-homologous end-joining (NHEJ) pathway, which is active
throughout the cell cycle.

The NHEJ pathway, including the associated microhomology-

mediated end-joining (MMEJ) process, is implicated in many translocations because it is a more
error-prone method of DNA repair. This is partly because the NHEJ pathway will often add or
delete nucleotides before rejoining the broken DNA ends [22], and the resulting microhomology
associated with these events is often observed next to DSBs that are known drivers of cancer
progression [23]. In contrast, the HRR utilizes a roughly 100 bp section of the sister chromatid as
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a template to rebuild the broken DNA with no nucleotide additions or deletions. As a result,
HRR-mediated DNA repair is far less error prone [24].
There is evidence that the likelihood of a translocation event is influenced by the time that
transpires between the DSB(s) and activation of the DDR [1]. Longer times increase the chances
of chromosomal fragment separation and rearrangement within the nucleus by diffusion.
Orthwein et al., [25] for instance, found that the DDR mechanism is inhibited during mitosis to
prevent M-phase telomeres from fusing, and that the delay in DSB repair caused by that
inhibition contributes to translocation formation. Following a DSB, the affected chromatin adopts
a more open structure to allow the repair loci to be established at the damaged site. In
mammalian cells, this chromatin opening is thought to initiate DDR [26] and enable the DSBs to
have limited local motion measured in terms of a mean squared displacement of approximately 1
µm2 per hour [27].
Roukos has reported that 80% of all chromosomal DSBs occur within 2.5 µm of each
other within a given nucleus [28]. The combined mobility and proximity of the DSBs make
unnatural recombination events possible [29], with close spatial arrangement of two different
chromosomes increasing the possibility of a translocation [1], as has been visualized by
techniques such as FISH showing that proximal chromosomes undergo translocations at higher
frequency [30, 31]. Indeed, it is the close nuclear proximity of chromosomes 22 and 9 that
facilitates the formation of the PhC and the associated BCR-ABL fusion gene [32, 33].
Finally, translocations can arise when replication of different chromosomal regions or
gene pairs occurs at the same time, and early replication timing predisposes a chromosome to a
translocation event [34, 35]. In mammalian cells, the BCR and ABL genes have been shown to be
early replicators and to replicate at the same time, explaining in part their propensity to undergo
reciprocal translocation [36].
1.3

The Philadelphia Chromosome, the BCR-ABL Fusion Gene and CML
Though the pathology of CML and the role of the PhC in the disease are not the focus of

this thesis, some knowledge in this area is useful to understanding the design and intent of the
assays and associated platform described in this thesis. There are a number of different neoplasm
disorders, including AML [37], essential thrombocythemia [38], multiple myeloma [39] and B
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cell type lymphoma [40], for which a subset of the patient population harbors the PhC. For
example, 20 – 30% of adults [41] and 2 – 3% of children [42] afflicted with ALL carry the PhC.
For 30 – 50% of that PhC-positive patient population, the DSB occurs within the M-BCR, with
the remaining population typically having a DSB within the minor breakpoint region (m-BCR)
[43].
In healthy bone marrow, hematopoietic stem cells (HSCs) may differentiate into myeloid
progenitor cells or lymphoid progenitor cells. Lymphoid-lineage committed cells produced by
lymphopoiesis include lymphoblasts, B and T cells, natural killer (NK) cells, and dendritic cells.
Many of these lymphocytes are short-lived, and maintenance of the immune system requires
continual HSC self-renewal and differentiation. Myeloid progenitor cells, in turn, give rise to
megakaryocytes, which produce platelets, as well as erythrocytes, granulocytes and
macrophages. Each of these mature blood cells can also be identified through appropriate cellspecific markers [44]. Cell enrichment based on these markers has been used to show that PhCpositive CML patients generally express the BCR-ABL fusion gene within their leukocytes, most
notably their granulocyte population, and that those malignant granulocytes generally do not
reach full maturity before entering the blood stream (50).
In 98% of the PhC-positive CML patient population, the BCR gene on chromosome 22 is
cleaved within its M-BCR [45], which spans BCR exons 12 to 16 and is approximately 5.8 kbp in
length [46, 47]. The DSB does not occur at a particular base pair, but rather can occur at any
position within this region. The DSB in the remaining ca. 2% of PhC-positive CML patients
generally occurs in one of two other regions. Between 1% and 2% of CML patients harbor a PhC
formed by a DSB within the m-BCR, a 54.4 kbp long “minor–breakpoint” section of the BCR
gene lying between alternative exons 2’ and 2 [48]. Less than 1% have a breakpoint within the
micro breakpoint region (µ-BCR), a 1 kbp segment between exons 21 and 22 of BCR [49].
The position of the DSB within the ABL gene on chromosome 9 is less defined, generally
occurring within a 150 kbp region that spans from the 5’ terminus of the ABL gene to a position
within intron a2 [50]. The reciprocal translocation process can produce a variety of different
BCR-ABL gene fusion constructs depending on where the breakpoints occur in BCR and ABL. In
CML, by far the most common construct results from breakpoints within the M-BCR and
between exons a1 and a2 of ABL. These patients transcribe BCR-ABL mRNA that produces a
BCR-ABL ‘p210” chimeric protein (210 kDa) displaying the non-natural tyrosine kinase activity
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causative of CML. However, an alternative p190 BCR-ABL kinase (190 kDa), more closely
associated with ALL, may be expressed as a result of breakpoints occurring within the m-BCR
and within intron a2 of the ABL gene [47]. A very small percentage of leukemias translate a p230
BCR-ABL kinase as a result of DBSs within the µ-BCR and intron a1 of ABL. Each BCR-ABL
fusion protein produced from these three different transcript constructs exhibits deregulated
tyrosine kinase activity and the CML phenotype in mouse models [51]. Small pathological
differences are reported. For example, there is some indication of generally lower levels of p230
kinase, leading to slower disease progression. That unique pathology is identified as neutrophilic
CML [52].
Collectively, there is compelling evidence that the malignant transformation causative of
CML is due to the BCR-ABL chimeric protein’s unnatural tyrosine kinase activity, irrespective
of the mRNA from which it was translated. In particular, the BCR-ABL tyrosine kinase is fully
active independent of signaling from upstream effectors, and its presence can result in aberrant
expression of genes that enable malignant cell proliferation [53], as well as deregulation of antiapoptotic and metabolic pathways [54]. Elements encoded within exon 1 of the BCR gene
facilitate the constitutive activation of the latent kinase activity within the ABL components of
BCR-ABL [55, 56]. Exon 1 of BCR also encodes a capacity to bind the SH2 domain of ABL, as
well as SH2 domains present in other non-receptor tyrosine kinases (e.g., SRC), in a phosphotyrosine-independent manner [57]. This is important, as the oncogenicity of BCR-ABL requires
binding to SH2 domains on ABL, other SH2-containing kinases, or both; deletion of BCR
sequences mediating SH2-binding render BCR-ABL non-transforming [58]. The BCR elements
of BCR-ABL generally bind SH2-domains through phosphorylated tyrosine residues [59]. In
particular, phosphorylation of tyrosine 177 of BCR-ABL is reported to be essential for activation
of downstream effectors such as RAS [60].
The classic PhC is created through a balanced reciprocal translocation. A corresponding
ABL-BCR fusion gene is consequently formed on derivative chromosome 9 [61, 62]. As a result,
the GTPase-activating protein (GAP) activity encoded within the BCR gene is transferred to the
ABL-BCR gene product. That finding has motivated research into the function of the ABL-BCR
fusion protein and its role in CML oncogenesis [63]. It was originally thought that the ABL-BCR
fusion protein might exert a regulatory action on BCR-ABL kinase activity, due in part to the
observed poor prognosis of patients showing loss of derivative chromosome 9 (and thus ABL8

BCR), but this has recently been disproved; when treated with the tyrosine kinase inhibitor (TKI)
imatinib, patients showing loss of derivative chromosome 9 have equal response to that of the
general CML patient population [63].
1.3.1

Stages of CML
CML develops slowly, over months to years, with patients often asymptomatic or only

mildly symptomatic early in the cancer pathogenesis [64]. Its progression is clinically defined in
three stages: chronic phase, accelerated phase, and blast phase. In the chronic phase, less than
10% of all cells in the blood and bone marrow are blasts, which are abnormal immature
leukocytes/granulocytes. CML often progresses slowly in the chronic phase, which can last
several years. CML patients in the chronic phase usually respond well to treatment with TKIs,
which act to decrease or eliminate populations of cells harboring a PhC; TKI treatment thereby
slows or prevents disease progression to the accelerated or blast phase. In the accelerated phase,
10 – 20% of cells in the blood and bone marrow are blasts, and relative to their chronic-phase
states those abnormal cells display more genomic damage and accelerated mitosis. Chromosomal
mutations within and in addition to the PhC are often observed, and symptoms include fever,
poor appetite and weight loss. Treatment with TKIs becomes less effective, with disease
reoccurrence often observed within 2 years. Allo-stem cell transplantation is a secondary
treatment option for CML patients in this phase [65].
CML in the accelerated phase can quickly progress into the blast phase, with the more
severe symptoms of high fever, malaise and an enlarged spleen collectively called blast crisis.
Blast crisis symptoms are consistent with those of an acute leukemia [66] – more than 30% of
cells in blood and bone marrow are blasts, and those blast cells often have spread to tissues and
organs outside the bone marrow and circulatory system. Leukocyte and platelet counts become
highly abnormal, and bleeding and infections may occur. TKI treatment response is limited to a
few months, and stem cell transplant therapy is less effective than observed in the accelerated
phase. Expression of BCR-ABL no longer drives disease progression, as other oncogenic
chromosomal and molecular alterations occur at the onset of and during blast phase, and these
additional genome imbalances, which include losses on chromosomes 1, 5 and 9, and significant
gains on chromosomes 1, 8, 9, 16 and 22, accelerate the cancer [67, 68].
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1.3.2

Further Variations within the Philadelphia Chromosome and Derivative

Chromosome 9
Deletions within derivative chromosome 9 have been observed in 15.7% of all CML
patients [69-72]. About 12% of patients with a classic PhC carry losses within derivative
chromosome 9, [72-76] whereas nearly 40% of patients with a variant BCR-ABL translocation
(10% of the patient population) show such deletions [72-77]. The size of the deletions vary
considerably between patients, with 260 kbp to 41.8 Mbp losses often observed on the 5′ end of
ABL and 230 kbp to 12.9 Mbp losses on the 3′ end of BCR. These deletions generally occur at the
onset of the disease, but can arise during disease progression.
Huntly et al., [78] analyzed 193 CML patients and found that 34% of patients having a
loss in derivative chromosome 9 lacked the ABL-BCR transcript. In testing 71 CML patients with
a loss in derivative chromosome 9, Albano et al., [79] found that 66% had deletions in both the
5′ABL and 3′BCR gene regions, while an additional 18% and 16% had a loss in only the 5′ABL or
the 3′BCR gene region, respectively. Deletions in derivative chromosome 9 were initially though
to be an indicator of poor prognosis during treatment with interferon α, but this became a
controversial hypothesis once treatment with imatinib was established [75].
Variations in chromosome 22 as a result of or following the translocation event have also
been observed, such that ca. 10% of all CML patients are classified as having a variant PhC
rather than a classic PhC. These patients may also display rearrangements within chromosome 9
and/or other chromosomes, but still harbor the active BCR-ABL fusion gene causative of CML
[17, 80]. Commonly observed variations in chromosome 22 include deletions [81], as well as
additional scrambling of elements of the BCR and/or ABL genes, with 11% of the variant patient
population harboring micro-insertions of ABL genetic information within the BCR gene or vice
versa [82]. Finally, elements of the 3′ end of BCR have also been shown to transfer, in some
cases, to a chromosome other than chromosome 9 [83].
There is no indication that either a variant PhC or a loss of derivative chromosome 9 has
any impact on prognosis of patients treated with TKIs [75, 84]; for example, 73% of a cohort of
patients carrying a variant PhC showed no significant change in response to imatinib therapy
relative to a classic PhC control group [85]. The pathology of CML characterized by a variant
PhC and losses in chromosome 9 is still controversial. It also remains unclear whether the
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translocation occurs in a single step, as in the formation of the PhC, or via a multistep process
[84]. Marzochi et al., [84], in analyzing 30 patients with a variant PhC, found that the majority,
80%, formed their variant translocation in a one-step process involving 3 chromosomes; 6% of
the patients instead underwent a multistep process in which a classic PhC was first formed and
then sequentially modified. But irrespective of whether a patient carries a classic or variant PhC
[75, 84, 85], the BCR-ABL fusion gene is generally expressed, and its detection is a sufficient
diagnosis of CML.
1.3.3

Tyrosine Kinase Inhibitors and Treatment of CML
The first TKI against BCR-ABL was developed by Novartis (formerly Ciba-Geigy). It is

a small-molecule aromatic compound originally named GCP57148B, but now more commonly
identified as either imatinib or imatinib mesylate [86]. Imatinib inhibits BCR-ABL tyrosine
kinase activity by binding to the kinase domain. At sub-micromolar concentrations in blood,
imatinib prevents BCR-ABL from phosphorylating activating tyrosines on downstream effectors
[87], inducing apoptosis and blocking transmission of proliferative signals to the nucleus [88].
Based on highly successful clinical trails [89], imatinib (trade name Gleevec/Glivec) was
approved by the US Food and Drug Administration (FDA) in 2002 for treatment of CML [87,
90].
Hughes et al., found that the overall survival rate for chronic CML patients on daily
imatinib therapy (400 mg standard dose) is about 88% [91]. Of the cohort of CML patients
within that large study, 14% progressed to later stages of the disease, while imatinib therapy was
discontinued in 5% due to serious side effects [91]. Early treatment of patients in the chronic
phase of CML has been shown more effective than treatment during later stages of the disease
[92]. An eight year follow-up study of patients treated early in CML pathogenesis found that
83% had a complete cytogenetic response (see Figure 1-5), with an event free survival rate of
81% [93]. An early cytogenetic response is an indicator of a positive long-term outcome, while
lack of complete cytogenetic response in 12 months of treatment correlates with a poor
prognosis, as the probability of disease progression or development of imatinib resistance
increases to 38% [91]. Overall, imatinib treatment results in an eight year survival rate of greater
than 90% for patients treated in chronic phase CML [94].
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As resistance to imatinib treatment is observed, the European LeukemiaNet (ELN) and
National Comprehensive Cancer Network have adopted a shared set of recommendations for
treatment regimens in this instance [95]. Imatinib resistance is a time-dependent diagnosis that
monitors reduced response after initiating therapy. Resistance then manifests as an increase of
leukemic load at any time during therapy. For CML patients found to be resistant or intolerant to
imatinib, treatment with a 2nd-line TKI is initiated. FDA-approved second line therapies include
dasatinib (Sprycel) and nilotinib (Tasigna) [96]. Both have therapeutic efficacies comparable to
imatinib [97], though patients in general experience more serious side effects. Dasatinib is more
promiscuous, blocking many kinases in addition to BCR-ABL [98, 99] and exhibiting tolerance
to a range of common somatic mutations in BCR-ABL.
For approximately 20% to 25% of CML patients who have developed resistance to a TKI,
higher doses may be applied, with 30% to 50% of patients showing positive response [100]. In
some instances the resistance is associated with a T315I (a threonine to isoleucine gate-keeper
type) somatic point mutation in the kinase domain of BCR-ABL [101]. The T315I mutation
alters the structure of the ATP-binding pocket and thereby eliminates binding of first- and
second-generation TKIs [94]. Ponatinib, a multi-targeted 3rd line kinase inhibitor, has been
approved by the FDA to treat CML patients who develop the T315I mutation [102]; it is
effective, though patients often experience very serious side effects [102]. Other FDA-approved
treatments are also available in this case, including omacetaxine, which is not a TKI, and
bosutinib, which is [103]. Omacetaxin’s mechanism of therapeutic action is unclear, but it is
thought to target the BCL2, MCI-1 and HSP90 pathways [104].
Though TKIs against BCR-ABL are effective, they are not a cure [66]. Patients in
complete molecular remission after TKI treatment may still harbor BCR-ABL expressing
leukemic cells [89, 105, 106]. Current research is working to complement BCR-ABL kinase
inhibition with therapies that target downstream effectors to eliminate leukemic stem cells. For
example, Hedgehog (Hh) signaling is activated via up-regulation of the smoothened (SMO) G
protein-coupled receptor by BCR-ABL tyrosine kinase, and inhibition of SMO has been shown
to reduce leukemic stem cells [107, 108]. SMO activates the GLI family of transcription factors,
which in turn activate Hh [109, 110]. Novartis is currently developing a SMO receptor antagonist
as a potential treatment option for CML patients.
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Similarly, the P13K/AKT/mTOR pathway is activated by BCR-ABL. Rapamycin-based
inhibition of mTOR signaling, including in combination with the anti-tumor agent celecoxib, is
also being pursued as a next-generation CML treatment strategy [111], with clinical trails now
underway [112]. In addition, the aurora kinase family regulates mitosis and their over expression
has been associated with many cancers [113]. Aurora kinase and ABL kinase co-inhibitors
currently being developed for CML treatment include tozasertib, danusertib and KW2449 [114].
Other potential options for targeting downstream BCR-ABL effectors include the SRC kinases
[115], protein phosphatase 2 (PP2a) [116], B-cell lymphoma 6 protein (BCL6) [117],
promyelocytic leukemia protein (PML) [117, 118], PTEN [119], and Wnt/β-catenin [120]. The
goal is to achieve remission [121] without the requirement for further treatment [122, 123].
1.4

ALK-positive Non-Small Cell Lung Cancer
Approximately 1.5 million mortalities worldwide are attributed to lung cancer each year

[124]. There are 2 major forms of lung cancer – non-small cell lung cancer (NSCLC) and small
cell lung cancer (SCLC). NSCLC accounts for 85% to 90% of all lung cancers [125] and can be
further classified into 3 major histological subtypes – adenocarcinoma, squamous-cell carcinoma
and large cell lung cancer [126]. Approximately 25% of all lung cancers are in patients who have
never smoked and are diagnosed with the adenocarcinoma NSCLC sub-type [127].
Soda et al., [13, 79] discovered that a subset of NSCLC patients harbor rearrangements in
the anaplastic lymphoma kinase (ALK) gene that encodes a transmembrane receptor tyrosine
kinase ALK thought to be involved in development. Constitutive activation of ALK has been
shown to occur in a number of different ways. In NSCLC, it most often occurs through a
paracentric (non-reciprocal) translocation (inv(2)(p21;p23)) on chromosome 2 in which the gene
fragment encoding an N terminal region of the echinoderm microtubule associated protein-like 4
protein (EML4) is inverted and fused to a fragment of the 3′ end of ALK to create an EML4-ALK
fusion gene encoding an unnatural tyrosine kinase EML4-ALK (79). This “ALK-positive
NSCLC” subtype comprises 2.6% to 6.7% of the total NSCLC population, equating to
approximately 40,000 to 100,000 patients diagnosed worldwide each year [13, 14, 128-131].
Further analysis has revealed that the EML4-ALK translocation tends to occur in younger male
adenocarcinoma NSCLC patients who have never smoked or are only light smokers [15, 128,
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132], though there have been a few documented cases of heavy smokers who are ALK positive
[15]. There is likewise some indication of heightened prevalence of EML4-ALK translocation in
the Asian community, where it most often affects younger females [128]. However, recent
studies on a Western population indicate the subset of NSCLC patients who are ALK positive is
ca. 5.6%, consistent with the levels seen in Asia [133].
The normal function of ALK is not well defined [134], but it is believed to be an insulin
receptor with a potential role in ligand binding within the nervous system [135]. The ALK gene is
currently implicated in 16 cancer-related fusions, 3 of which have been observed in solid tumors
(ALK fusions to EML4, TFG and KIF5B [3, 136, 137]. The EML4-ALK gene fusion has also been
identified in breast and colorectal cancer [137].
Though rarely observed in other types of NSCLC, the EML4-ALK fusion gene has been
shown to be a key driver of NSCLC adenocarcinoma pathogenesis [138] and is often observed in
lung fibroblasts [126], in which the gene product then activates signaling pathways such as MAP
kinase, PI3K and STAT, deregulating cell proliferation and anti-apoptotic behavior [128, 139].
1.4.1

Current Treatments for ALK-positive NSCLC
Crizotinib (xALKori; Pfizer Inc.) [140, 141] is a TKI against ALK and MET kinases that

received accelerated FDA approval for treatment of advanced stage ALK-positive NSCLC in
2011. The approval was linked to a companion diagnostic test, the Vysis ALK break-apart FISH
assay (Abbott, US). Crizotinib was later approved for therapeutic use in Canada (2012). Though
a companion assay for ALK-positive NSCLC was not specified in that instance, Health Canada
currently requires clinical evidence of the inv(2)(p21;p23) translocation (or a rearrangement in
ALK) prior to crizotinib treatment [142]. Just over half (55%) of all ALK-positive NSCLC
patients respond positively to crizotinib, exhibiting a progression free survival at 6 months of
72% [15] and a 2-year overall survival rate of 54% [141]. Crizotinib is currently the preferred
first line therapy. When compared to standard chemotherapeutic treatment, which is
characterized by a one year survival rate of 33% [143] and a 10% positive response rate [15],
crizotinib offers a much improved treatment option.
NSCLC patients on crizotinib will eventually develop resistance to treatment, usually
within 10-12 months [144, 145]. Crizotinib associates with the ATP binding domain of the
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EML4-ALK tyrosine kinase [128] to inhibit its activity. However, somatic mutations can occur
within the ALK portion of EML4-ALK, much the same way as in BCR-ABL, which prevent the
TKI from binding. L1196M has been identified as a gate-keeper mutation in EML4-ALK; it alters
the ATP binding site to create steric hindrance that prevents the TKI from binding [145-147].
A number of second generation TKIs have been developed to try and combat this
resistance,

including

ceritinib

(zykadia;

Novartis

Inc.)

[148]

and

alectinib

(RO5425802/CH5424802; Chugai-Roche Inc. [149, 150]). These differ from crizotinib through
their higher selectivity and potency against the ALK domain of the EML4-ALK fusion kinase.
In 2014, ceritinib received accelerated FDA approval [151] for treatment of ALK-positive
NSCLC in cases where there is (re)progression of the disease or an intolerance of crizotinib [152,
151]. Ceritinib has recently shown an overall response rate of 58%, with a progression free
survival of 7 months in patients previously treated with crizotinib [153]. On average,
progression-free survival of ALK-positive NSCLC patients on crizotinib is 8.2 months, with
sequential treatment with ceritinib furthering that to a total of 17.4 months [149].
Patients carrying a L1196M, G1269A, I1171T, S1206Y or C1156Y mutation in EML4ALK respond to ceritinib treatment, while those with a G1202R or F1174C point mutation show
some resistance [153]. Furthermore, patients harboring an I1151T/N/S somatic point mutation
are resistant to alectinib but sensitive to ceritinib [154]. Ceritinib has the added advantage that it
can cross the blood brain barrier and is thereby able to act at the most common site of NSCLCrelated metastasis [150].
Other treatment strategies are in development. An inhibitor to heat shock protein HSP90
(a chaperone necessary for folding and stabilization of tyrosine kinases) is currently in stage II
clinical trials and shows promise for treatment of ALK-positive NSCLC [155]. In addition, BCRABL and EML4-ALK tyrosine kinases share common downstream signaling mediators that may
undergo alterations to provide an alternative mechanism for cancer relapse in the presence of the
targeted TKI [156]. One third of patients who develop resistance to crizotinib exhibit hyperactive
epidermal growth factor receptor (EGFR) and cKIT activated MAP kinase pathways [146]. In
this patient population, a 44% increase in EGFR phosphorylation within tumor biopsies collected
at the time of resistance was observed (relative to levels prior to crizotinib treatment (negative
control)) [145]. Combining TKI therapy with other agents, particularly monoclonal antibodies,
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targeting EGFR and cKIT activated pathways is also under investigation as a treatment for ALKpositive NSCLC [157].
Finally, the kirsten rat sarcoma viral oncogene homolog (KRAS) is mutated in 15% of
NSCLC patients [158] and may serve as an alternative driver of oncogenesis. The EML4-ALK
gene fusion has been found to be mutually exclusive of KRAS and EGFR mutations [15, 159]. As
a result, ALK-positive NSCLC patients rarely harbor a KRAS or EGFR mutation [132, 160]. It is
clinically important to identify patients that harbor the EML4-ALK gene, as TKI treatment
against mutations in EGFR or KRAS is ineffective for ALK-positive NSCLC [132], while
ceritinib is effective in these cases.
1.5
1.5.1

Current Methods for Detecting Translocations
Clinical Detection of the BCR-ABL Fusion Gene
Preliminary diagnosis of CML is usually indirect and based primarily on a complete

blood count (CBC) that measures the number and quality of leukocytes, erythrocytes and
platelets. CML is suspected when granulocytes within the leukocyte population are irregular and
immature. Low platelet counts, known as thrombocytopenia, low neutrophil counts, or low red
blood cell counts are also suggestive of leukemia. Various blood chemistry, clotting,
immunohistochemical and cyto-chemical tests are used to evaluate leukemia in conjunction with
CBC data. Fatigue, weight loss, joint pain, and/or an enlarged spleen are also indirect indicators
of CML. During patient treatment, regular CBC tests are conducted to monitor treatment
outcome and disease relapse.
Unequivocal diagnosis of CML (as well as specific types of ALL) is generally provided
through direct or indirect detection of the BCR-ABL fusion gene. Several diagnostic platforms
are available to detect the BCR-ABL fusion. Until recently, conventional cytogenic analysis of
metaphases (dividing cells) in an aspirated bone-marrow sample was the method of choice [161].
That method is based on using Giemsa staining of metaphase chromosomal spreads to gauge the
percentage of PhC-positive cells. However, it suffers from several known limitations, including
high costs, applicability only to dividing cells, limited sensitivity and unacceptable failure rates
arising primarily from lack of metaphases. National Comprehensive Cancer Network (NCCN)
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guidelines require evaluation of a minimum of 20 metaphases, setting the detection limit at no
better than 5%, while requiring the patient to undergo an invasive and painful bone marrow
aspiration procedure [162].
Conventional karyotyping methods have largely been replaced by molecular tests of the
translocation, fusion gene, fusion transcript or fusion-gene product. For initial diagnosis of CML,
by far the most widely employed of these are fluorescent in-situ hybridization (FISH) assays
(Figure 1-4). FISH is a molecular cytogenetic technique that allows genes to be analyzed at the
chromosomal level. The Vysis LS1 BCR-ABL dual-color, dual-fusion translocation (D-FISH)
assay (Abbott Molecular) uses two long oligonucleotide probes. The first is 650 kbp in length,
labeled with a unique fluorescent reporter (spectrum orange: λex = 559 nm, λem = 588 nm (red))
and specific to a region of chromosome 9q34 spanning from just before the 5′ end of the ASS
gene to just after the 3′end of the ABL gene. The second targets a region of the BCR gene near its
5′ end that spans the m-BCR and most of the M-BCR; it is 300 kbp in length and is labeled with a
different reporter (spectrum green: λex = 497 nm, λem = 524 nm (green)). The BCR-ABL D-FISH
assay typically analyses 100 to 500 nuclei isolated from either bone marrow or peripheral blood
specimens and reports on the fusion patterns observed. The BCR-ABL fusion gene within each
imaged granulocyte may be identified by the co-localization of the reporters to create a yellow
fluorescence signal [163].
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Figure 1-4. Basic structure and targets of the BCR-ABL FISH assay.
Black vertical line on Chromosome 22 indicates that the 300 kbp BCR specific FISH probe
interrogates only a portion of the M-BCR.
D-FISH can be performed on metaphase cells, where it is reasonably accurate. It is less
precise when applied to interphase (non-dividing) cells because BCR and ABL specific probe
signals coincidentally overlap to give a “false fusion” co-localization signal (i.e., false positive)
in about 4 - 5% of normal nuclei [164]. The dual-probe dual-color BCR-ABL D-FISH assay is in
general unable to distinguish a normal chromosome 9 from a derivative chromosome 9, so the
information content of the assay is effectively restricted to analysis of rearrangements in
chromosome 22.
To reduce false positive readings, a tri-color FISH probe kit may be utilized, that
incorporates into the traditional 2 probe BCR-ABL FISH assay, a third 270 bp probe labeled with
a unique reporter that allows detection of both the PhC and derivative chromosome 9 in PhCpositive cells [165]. This improves analysis of interphase cells and is reported to reduce false
positives to 2 ± 0.3% [166].
False negatives may also be an issue. Chase et al., [164] analyzed the D-FISH assay to
find that the false negative rate is influenced both by the nucleus size and the position of the
breakpoint on the ABL gene. The lowest false negative rate (ca. 2%) was achieved for nuclei
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between 300 and 500 nm in nominal diameter and when the breakpoint on the ABL gene is closer
to exon a2 than the 5′ end [164].
The advantages of FISH over conventional karyotyping include its applicability to both
bone marrow and more easily accessed peripheral blood specimens, its ability to analyze both
interphase and metaphase cells, and its ability to identify variant translocations. The most
advanced BCR-ABL FISH assays have a limit of detection of 2%. The limitations of these assays
are well documented and represent a serious clinical challenge. Fluorescence signals arising from
FISH staining of nuclei can be incorrectly scored in many PhC-positive nuclei (false-negative
cells) because scoring of BCR-ABL fusion signals is subjective and generally requires a highly
trained and experienced technician [167]. The assay requires costly reagents [168] and is time
consuming [169], requiring about 48 hours to complete. Furthermore, it is unable to detect microdeletions of less than approximately 190 kbp [170]. These technical challenges limit the clinical
utility of FISH to identify and quantify BCR-ABL and PhC-positive cells.
Following diagnosis, CML patients undergoing treatment with a targeted first-line (e.g.,
imatinib) or second-line (e.g., dasatinib) TKI and are typically monitored using an appropriate
molecular test to gauge the efficacy of the therapy and to monitor minimal residual disease
(MRD) during (and following) treatment. BCR-ABL levels at initial diagnosis are used as a
reference. Poor response to treatment may thereby be identified and used clinically to guide
decisions pertaining to adoption of alternative therapeutics or treatment regimens. The high false
positive rates and corresponding high detection limit (typically 2% – 5%) observed in BCR-ABL
FISH assays make that method unsuitable for MRD monitoring, as the ability to observe a
complete molecular response in BCR-ABL fusion gene frequencies (< 10-4) is typically required.
Instead MRD monitoring is usually performed by reverse-transcription quantitative PCR (RTqPCR) analysis of CML-patient specific BCR-ABL mRNA every 3 to 6 months. Patient response
is then measured on an internationally adopted scale (Figure 1-5) that correlates leukemic cell
load to log reduction in BCR-ABL transcripts, with 1012 leukemia cells equating to a 100% BCRABL to control gene (either BCR or ABL) ratio [171]. A complete cytogenetic response is a 2-log
normalized reduction, while a major molecular response is a 3-log reduction in BCR-ABL
transcripts (i.e., ≤ 0.1% BCR-ABL frequency) [91], which is known to correlate with good
progression-free survival.
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Figure 1-5. International scale for the monitoring of Minimal Residual Disease in CML
patients.
Scale is based on a reference of 1012 Leukemic cells equating to 100 copies of BCR-ABL/(control
gene).

Reported detection limit (LOD) values for RT-qPCR BCR-ABL assays are as low as
0.0001% BCR-ABL mRNA, or about 106 leukemic cells [172]. The RT-qPCR BCR-ABL assay is
multistep, technically challenging and difficult to score. In surveys conducted by the College of
American Pathologists on identical samples [173] significant variations in BCR-ABL to control
ratio values were reported, with assay performance dependent on specimen collection and mRNA
isolation methods, internal control selection, reverse transcription efficiency, and standard curve
creation. LOD is likewise dependent on the quality of the mRNA sample and the efficiency of
the RT step, as well as the intrinsic detection limit of the quantitative PCR step [174].
Relative to the FISH assays used for initial CML diagnosis, the significantly better
sensitivity of RT-qPCR assays used for MRD monitoring is directly attributable to the fact that
the latter uses the specific BCR-ABL transcript sequence of the patient as a basis for template and
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signal amplification. In contrast, the amplification-free FISH assay is designed for general
application to all patients, and requires no prior knowledge of the patient’s BCR or ABL gene
sequence.
Weaknesses to RT-qPCR based monitoring of PhC-positive leukemic cells are well
documented [175, 176]. RNA is far less stable than DNA due to the 2′-OH group of a
ribonucleotide being more reactive that the 2′-H of a deoxyribonucleotide [177]. Results from
RT-qPCR depend on per cell BCR-ABL transcript expression levels which are variable and do
not provide a direct measure of the number of leukemic cells. Normalized BCR-ABL transcript
abundances have been shown to correlate relatively poorly and non-linearly with number of
leukemic cells. But perhaps most importantly, the significant variability in RT-qPCR assay
results has made it impossible to establish standards across all laboratories [89], and guidelines
for acceptable levels of reproducibility and sensitivity are lacking [90].
The RT-qPCR assay may be applied to mRNA isolates from either peripheral blood or
bone marrow. Differences in the levels of leukemic cells measured in these two different
specimens tend to be reasonably small, permitting less-invasive peripheral blood samples to be
used to monitor chronic-phase CML patients undergoing treatment or post-treatment. In the
advanced phases of the disease, the use of bone marrow is preferred [90]. Disease relapse in a
patient is generally indicated by a greater than 2-fold increase in BCR-ABL levels above
minimum levels during treatment [90]. When a relapse is confirmed, BCR-ABL mutation analysis
is undertaken [178].

1.5.2

Clinical Detection of the ALK Biological DSB
Due to the established clinical benefit in treating ALK-positive NSCLC patients with

crizotinib, a number of different methods have been developed to detect ALK rearrangement or
constitutive ALK (EML4-ALK) activation. These include qPCR analysis of the ALK kinase
domain

[179],

RT-qPCR

of

the

EML4-ALK

fusion

transcript

[147,

180],

and

immunohistochemical (IHC) staining of the chimeric EML4-ALK kinase [130, 140, 181].
However, the only FDA-approved testing method is a “break-apart” FISH assay (Vysis ALK
break-apart FISH assay; Abbott Molecular Laboratories). That assay (Figure 1-6) dominates
clinical use despite its complexity and the associated need for highly trained technicians.
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Figure 1-6. Basic structure and targets of the ALK break-apart FISH assay.
Testing for ALK rearrangements requires biopsy of potentially tumorous lung tissue, and
the acquisition of those specimens is difficult and painful. To reduce costs and ease patient
discomfort [147], surgical resection of the tumor is generally avoided, particularly in advance
stages of NSCLC, in favor of a fine needle biopsy, a trans-bronchial biopsy, bronchial washing
or pleural fluid collection. Much of that small formalin-fixed paraffin-embedded (FFPE) sample
is typically devoted to pathological testing, so only minimal tumorous tissue may be available for
molecular testing of ALK [142]. Furthermore, to satisfy Medicare insurance requirements in the
US, testing for oncogenic EGFR mutations is usually done before EML4-ALK testing or any
broader sequencing studies [182]. FISH testing of ALK rearrangements is based on specific
binding of two long uniquely labeled probes to sequences to the 5′ side and the 3′ side,
respectively, of the region within exon 20 of the ALK gene in which the ALK breakpoint is most
commonly observed in ALK-positive NSCLC. Co-localization of the red reporter on one probe
with the green reporter on the other to produce a yellow (“fused”) signal indicates a normal ALK
gene state within an imaged cell nucleus. Separation (break apart) of red and green signals (by at
least 2 signal diameters) indicates an ALK rearrangement, and thus the presence of tumor nuclei,
within the tissue specimen. Loss of a green signal in nuclei displaying a red signal is also
observed. This result is presumed to be positive evidence of a rearrangement, in this case
resulting in loss of the binding site for the probe specific to the 5′ side of the breakpoint region.
Because both cell imaging and signal interpretation are quite difficult in the assay, a FISH result
is considered positive for ALK rearrangement only when greater than 15% of the nuclei within a
sample have delocalized ALK 5′ and ALK 3′ probe signals, loss of 5′ probe signal, or some
combination thereof [15]. Lost signals, non-specific probe hybridization and background noise
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all serve to further complicate this assay [183]. For example, loss of red signal in nuclei
displaying a green signal is not counted as positive evidence of ALK rearrangement, due in part
to the possibility the result might indicate loss of ALK kinase activity.
Improved methods for assaying rearrangements in ALK are clearly needed and some have
been developed. Among the most advanced is the IHC test for ALK-positive NSCLC developed
by Roche, which was approved in Europe in 2012 but is not approved in either the US or Canada.
Published results for the IHC assay are of similar quality to those for the break-apart FISH assay
[184], though significant differences in the results from the two assays have been reported [140,
181]. Those differences cannot all be attributed to the technical and interpretive issues [140]
associated with the break-apart FISH assay, as quality control of the ALK antibodies used in the
IHC assay remains an issue [130], and difficulties in achieving acceptable levels of staining have
also been reported.
Similarly, the qPCR and RT-qPCR methods reported to date have not proven sufficiently
robust [147] or comprehensive [180] to establish their clinical use in ALK-positive NSCLC
testing.
As accurate diagnosis of ALK-positive NSCLC is critical to defining proper course of
therapy (182), there remains a need for a reliable method to detect ALK rearrangements, most
notably the EML4-ALK fusion gene, at low frequencies. The development of that capability
would enable early disease diagnosis and an improvement in survival rates [185].

1.6

Thesis Objectives
Chromosomal translocations are major genomic events known to correlate with cancer

risk and progression [1]. Identifying the presence and frequency of certain translocations has
been shown to allow for a targeted approach to treatment of associated cancers that improves
patient outcomes and quality of life [186]. While the FISH assays currently used clinically
provide a means of detecting cancer-associated translocations, including the reciprocal
translocation forming the BCR-ABL fusion gene and the inversion translocation associated with
ALK-positive NSCLC, they generally do so with a detection limit of no better than about 2%.
The utility of FISH assays as a means of early cancer detection is therefore limited, as the
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confidence one has in the assay output diminishes near the detection limit, while the high cost
and long processing times of FISH strain the budget and workflow of cancer genetics testing
laboratories.
The central objective of my thesis is to develop a new general method for creating
higher sensitivity assays against cancer-associated translocations that ameliorates
limitations in current assays. The method is expected to be applicable to development of
assays against either a reciprocal or non-reciprocal (inversion) translocation. This will be
demonstrated through use of the platform to develop assays that permit reliable initial
diagnoses of CML (reciprocal translocation) and ALK-positive NSCLC (inversion
translocation) early in the cancer pathogenesis. The platform will leverage the many known
advantages of detecting and quantifying genomic alterations/mutations by ddPCR, which to date
has not been applied to the direct detection and analysis of translocation events at the genomic
DNA (gDNA) level. It will operate on a purified gDNA specimen derived from relevant tissue
drawn from the patient, and will require high-quality representations of the gene(s) or
chromosomal region(s) to be interrogated.
Specific technical objectives associated with development and validation of the platform
that will be addressed include:
•

Tailoring of current protocols for purifying chromosomal DNA from human
tissues to minimize shear-associated loss of the genomic information to be
interrogated.

•

Applying ddPCR principles and technology to develop a low-cost, time-efficient
and sensitive assay to detect fragmentation events in the BCR gene indicative of
the BCR-ABL fusion gene and CML.

•

Further exploiting ddPCR to develop an improved assay to detect fragmentation
events within ALK indicative of ALK-positive NSCLC.

It is anticipated that the assays developed using the platform will permit quantitative
detection of translocations at frequencies (≥ 1%) relevant to initial cancer diagnoses.
Chapter 2 describes the refined chromosomal DNA purification method, as well as the
development and validation of a ddPCR-based diagnostic assay for initial detection of CML.
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Chapter 3 describes the development and testing of a new ddPCR-based diagnostic assay for
ALK- positive NSCLC.
1.7

Purifying Genomic DNA from Tissue Specimens and Cell Lines
As exemplified by the BCR-ABL fusion gene, the DSBs associated with a translocation

event are often not defined at a specific base pair, but rather occur anywhere within a large span
of one or more of the participating genes. This fact, when coupled with the distributed
intron/exon structures of genes, means that PCR-based assays against translocations must
generally operate on relatively long fragments of chromosomal DNA, often more than 100 kbp in
length. This is potentially problematic, as duplex gDNA is susceptible to shear, particularly
during the mechanically intensive steps used to extract it from tissue or cultures cells. The
probability of an unwanted mechanical break within the gene(s) to be interrogated depends on
the nature of the shear events associated with sample processing and, as shear–mediated
breakage of DNA is a stochastic process, fragment length [187].
A variety of methods and commercial kits are available to purify gDNA (e.g., Qiagen’s
Gene Read DNA FFPE kit, and QIAamp DNA FFPE Tissue Kit, Promega’s Wizard Genomic
DNA Purification Kit). Most of these follow the same basic sequence of processing steps – tissue
collection, cell disruption/lysis, removal of proteins and other contaminants (gDNA purification),
gDNA recovery, and gDNA re-solubilization. The precise procedure used in each step varies.
For the gDNA purification step, for example, salt or alcohol-induced precipitation (Promega’s
Wizard Genomic DNA Purification Kit), liquid-liquid extraction (Life Technologies DNAzol),
solid-phase extraction (Life Technologies Pure link genomic DNA kit, Qiagen Gene Read DNA
FFPE kit), chromatography (most often anion-exchange chromatography) (DNeasy Blood and
Tissue Extraction Kit), and various combinations of these operations have been proposed and
used.
In this thesis work, as a minor objective, comparative analysis and tailoring of methods
applied in each processing step will be used to establish a protocol for purifying gDNA from
cultured cells, blood tissue, and formalin-fixed paraffin-embedded specimens of a quality
suitable for ddPCR-based assaying of genomic events indicative of reciprocal and inversion
translocations.
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1.8

1.8.1

Digital PCR

Basic Principles and Data Analysis Methods
The ability to detect specific sequences of genomic or plasmid DNA (e.g., genes) and

quantify their abundances has become an essential capability within the modern toolkit of
molecular biology and clinical science. It permits absolute quantification of, for example,
pathogen or viral adulterants in foodstuffs and drinking water [188, 189], as well as the detection
of gene copy number variations or rare point mutations that enable genetic analyses of behavioral
traits or disease [16, 190, 191].
The real-time polymerase chain reaction (real-time PCR or qPCR) method is most
commonly used for this purpose, and a large number of commercial qPCR instruments are
available, each offering certain performance features while operating on the same basic
principles. In particular, they all link the amplification of a target DNA sequence (the “template”)
to the generation of a fluorescence signal that can be detected in real time over the course of a set
number of PCR cycles. In a well-designed amplification reaction, the number of copies
(amplicons) of the template increases at (nearly) 2n, where n is the cycle number, with
fluorescence intensity increasing in proportion to the amount of amplified DNA. Monitoring the
change in fluorescence intensity with time (the amplification curve) permits the efficiency of the
amplification reaction to be estimated. From that, the abundance of template in the original
sample may be estimated.
The PCR cycle in which fluorescence is first detected with statistical certainty is termed
the quantitation cycle (Cq) and is the central parameter of a qPCR experiment aimed at
quantifying template abundance in the initial sample – a lower Cq value means a higher initial
template concentration. Precise quantification typically involves comparing the Cq value for the
sample either to the Cq value for a reference sample (internal control, leading to a calculation of
∆Cq, from which the relative abundance of template may be determined) or to a standard curve of
known amounts of the target (permitting absolute quantification of copy number). The Cq value
is typically also compared to that obtained when the target is not present (e.g., the background
signal), in part to enable determination of detection limits. Uncertainties in Cq values vary, but
are typically of order ± 0.2 – 0.5 cycles (standard deviation). This includes the uncertainty in the
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Cq value for the template-free qPCR control. As a result of these uncertainties and other factors,
the qPCR method, though tremendously useful, exhibits limitations, most notably when used to
quantify small variations in copy number or, in certain cases, to detect target alleles or genomic
alterations present at low abundance within a sample. For example, the qPCR-based Cobas™
4800 BRAF V600 mutation assay is capable of detecting the V600E somatic point mutation in
the BRAF oncogene, a known driver of metastatic melanoma and colorectal cancer, to mutational
frequencies no lower that 5% [192].
First described by Vogelstein and Kinzler [193], who used the method to identify rare
mutations in the KRAS gene within gDNA isolated from stool samples of patients with colorectal
cancer, digital PCR (dPCR) overcomes many of the limitations of qPCR by re-imagining the
manner by which the template is quantified. In a dPCR experiment, a gDNA sample is
partitioned into a large set of elements, such that each element contains no, one or at most a few
copies of the template (e.g., allele or allele fragment) to be amplified and thereby detected. The
distribution of template copies among the elements is then reasonably well described by Poisson
statistics. A PCR reaction is simultaneously conducted on the entire ensemble of partitioned
templates. The fluorescence intensity of each element (e.g., droplet) is then recorded at the end of
the PCR, typically comprised of 40 to 50 cycles. Thus, while qPCR requires accurate
measurement of fluorescence intensity in real time over the entire time-course of the
amplification reaction, dPCR is fashioned so as to require only the end-point fluorescence
amplitude of each droplet. The total number of droplets with positive end-point fluorescence
amplitude is then recorded. From that information a number of useful analyses based on Poisson
statistics may be completed, starting with calculation of the average copies (of template) per
droplet (CPD):

𝐶𝑃𝐷 = −𝑙𝑛 1 − 𝜃

1.1

where θ is the fraction of total droplets having a positive end-point fluorescence (above a
prescribed threshold value). From this CPD, the Poisson distribution gives the probability p(n)
that a given droplet will initially contain n copies of template
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𝑝 𝑛 =

(𝐶𝑃𝐷)!   𝑒 !!"#
𝑛!

1.2

Equation 1.2 thereby allows the total copies of the target sequence in the initial sample to be
estimated. The average concentration of template ctemplate (copies/µL) in the initial sample may be
computed as well through the relation

𝑐!"#$%&!" =

𝐶𝑃𝐷
𝑉!"#$%&'

=

−𝑙𝑛 1 − 𝜃
𝑉!"#$%&'

1.3

where Vdroplet is the average droplet volume (µL).
A number of digital PCR instruments are now available commercially. Bio-Rad Inc. and
RainDance Inc. market droplet digital (ddPCR) equipment, while Fluidigm Inc. and Life
Technologies Inc. market microfluidic chip-based digital PCR (cdPCR) machines [194]. All of
these instruments partition template copies into individual elements to permit their enumeration
by end-point fluorescence detection (the two cdPCR machines are designed to also collect realtime data if required) [195, 196]. The manner by which the partitioning is conducted varies
among instruments. In the case of the Bio-Rad QX100 ddPCR instrument used in this work, an
emulsification reaction is used to partition initial copies of template among ca. 20,000 aqueous
sub nL-sized droplets, each then holding zero, one or a few template copies as well as the
necessary reagents for the amplification reaction.
Through this partitioning process, individual templates present at very low levels in the
original sample are isolated and enriched, as each droplet in the emulsion represents an
independent nL-scale PCR capable of amplifying a single template molecule to concentrations
easily detected by end-point fluorescence. For that detection process, droplets are focused and
read single file by a flow cytometry based detector to realize highly accurate enumeration of
amplicon-positive and negative droplets, and θ, at high speed. Thus, in comparison to standard
qPCR, ddPCR takes advantage of the ability to digitally count every copy of template to enable
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accurate detection of either very small changes in copy number [16] or very small absolute
numbers of template in the initial sample [197-199]. Both applications are made possible in part
by the fact that isolation of a small quantity of gDNA in each droplet promotes favorable primertemplate interactions and efficient amplification [200]. In quantifying template copy numbers by
detection of end-point fluorescence above a threshold value, dPCR data quality is far less
sensitive than qPCR results to any matrix effects that serve to inhibit amplification [201, 196].
Uncertainties in Cq values and their contribution to corresponding uncertainties in copy number
estimates are avoided [195]. Besides, unlike qPCR, ddPCR does not in principle require a
calibration curve or internal control to quantify copy numbers absolutely [202].
As with qPCR, combinations of dual labelled probes, where each carries a unique
fluorescent reporter group coupled to an effective quenching agent, may be used to monitor
amplification of multiple templates in the same reaction. The ddPCR data from an experiment in
which two different targets are PCR amplified can be viewed in a 2-D plot in which the end-point
fluorescence generated in each droplet by amplification-associated hydrolysis of probe 1 (a
FAM-labeled probe for instance) is plotted against that generated by hydrolysis of the second
probe (e.g., a HEX labeled probe). In a well-designed ddPCR experiment, each droplet will
appear in one of 4 unique clusters: droplets containing neither template (FAM-/HEX- cluster),
+
droplets containing template 1 (FAM /HEX cluster), droplets containing template 2 (FAM

/HEX+ cluster), and droplets containing both templates (FAM+/HEX+ cluster). The ability to
completely segregate clusters in the 2-D display allows accurate enumeration of cluster
populations and robust statistical analyses of the resulting data [203].
When compared to current next-generation sequencing (NGS) platforms, digital PCR
(dPCR) is far more sensitive and able to operate on much lower quantities of DNA and template
[204, 205]. In addition, dPCR may be used to verify NGS sequencing results [206], indicating
that dPCR is often complimentary to as opposed to competitive with NGS [207].
However, dPCR has limitations. In general, qPCR has a larger dynamic range [208],
although the megapixel dPCR technology pioneered by Heyries et. al., [198] largely addresses
this deficiency. Specialized mixtures (generally more expensive dPCR master-mixes) of PCR
reagents are needed, and the design of a robust dPCR assay or experiment generally requires
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more thought than does a typical qPCR experiment. Finally, understanding and accounting for
the inherent failings and sources of bias in dPCR is essential for a successful assay [209].
1.8.2

Applications of Digital PCR Analysis in Cancer Diagnostics
The many unique attributes of dPCR have enabled its rapid development as a platform for

analyses of oncogenes and other cancer biomarkers [210-212]. Through its ability to detect
mutant alleles at frequencies as low as 1 copy in a background of 100,000 copies of the germline
allele [195, 204, 213], dPCR has been used to detect rare somatic point mutations and more
complex variations within one or more codons of a (proto)-oncogene [193, 214, 215]. Variations
in allele copy numbers [195, 216-218] and/or loss of heterozygosity (LOH) [210] have also been
quantified by dPCR. As a result, dPCR assays have found clinical use in the detection of, for
example, breast cancer metastases [219], ocular infections [220], and fetal DNA in maternal
plasma [221]. The T315I mutation in ABL, the presence of which results in ineffective treatment
of CML with imatinib, has also been detected by RT-cdPCR [222].
The application of dPCR to the detection of translocation events has been minimal, with
the only published example being that of Shuga et al., [223], who developed an assay against the
t(14;18) translocation associated with follicular lymphoma. That method did not use dPCR to
detect the translocation within gDNA. Rather, a digital PCR reaction was used to generate
sufficient amplicon material to enable gel purification and deep NGS of the translocation. The
direct application of dPCR to the detection of reciprocal or inversion translocations and the
quantification of their frequency has never been demonstrated.
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Chapter 2: Initial Diagnosis of Chronic Myelogenous Leukemia Based on
Quantification of M-BCR Status Using Droplet Digital PCR
Formed from a reciprocal translocation t(9;22)(q34;q11) of genetic material between the
long arms of human chromosomes 9 and 22, the constitutively active breakpoint cluster region
(BCR) Abelson 1 (ABL) tyrosine kinase BCR-ABL is known to be causative of chronic
myelogenous leukemia (CML). In 98% of CML patients harboring the t(9;22)(q34;q11)
translocation, known as the Philadelphia chromosome, the chimeric BCR-ABL oncogene is
created through cleavage of the BCR gene within its major breakpoint region (M-BCR), and
breakage of the ABL gene within a 100 kbp region downstream of exon 2a. Clinical detection of
the fused BCR-ABL oncogene currently relies on direct visualization by FISH, a relatively
tedious assay that typically offers a detection limit of ca. 2%. This chapter describes a general
method for using droplet digital PCR (ddPCR) technology to reliably detect translocation events.
It is applied to the development of a new assay to measure M-BCR status and the presence of
BCR-ABL. When applied to cell-line models of CML, the assay accurately quantifies BCR-ABL
frequency to a detection limit of 0.25%. It consequently offers improved specificity relative to
FISH, and may allow identification of variant translocation patterns, including derivative
chromosome 9 deletions.
2.1

Introduction
Chronic myelogenous leukemia (CML), the most common chronic myeloproliferative

neoplasm, affects approximately 6000 patients in the USA [9], with 140,000 newly diagnosed
cases worldwide each year [224]. Clinically, CML pathology is described in three distinct
phases. In the chronic phase, which generally lasts several (~ 6 to 8) years, myeloid progenitor
cells expand and differentiate in an apparently normal fashion, with a gradual increase in
immature and mature myeloid elements observed in bone marrow and blood. The leukemia may
then progress through an accelerated phase (increased blasts and basophils) or directly to an
acute phase, known as the blast phase or blast crisis, in which greatly increased proliferation of
abnormal white blood cells, including 20% or more blasts in the bone marrow or blood, is
observed along with loss or inhibition of tumor suppressor genes and activation of pathways
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influencing myeloid differentiation [44]. The diagnostic hallmark of CML is an oncogene fusion
formed from a reciprocal translocation (t(9:22)(q34;q11)) between chromosomes 9 and 22 that
results in an altered chromosome 22q known as the Philadelphia chromosome (PhC).
Approximately 95% of all CML patients harbor the gene fusion, BCR-ABL [10-12], which is
formed via a double stranded break (DSB) within both the Abelson oncogene 1 (ABL) on
chromosome 9q, which codes for a non-receptor tyrosine kinase (ABL), and the breakpoint
cluster region gene (BCR) on chromosome 22q [50]. The DSB in BCR usually occurs (~ 98% of
the time) somewhere within a region bounded by exons e12 and e16, the so-called major
breakpoint region (M-BCR) [45], while that in ABL generally occurs somewhere within exon a2,
though a breakpoint in other regions of ABL can occur [75]. The DNA repair mechanism then
joins the exchanged chromosomal sections to form a BCR-ABL chimeric oncogene comprised of
the cleaved 5′ fragment of BCR fused to the 3′ fragment of ABL (A derivative chromosome 9 that
encodes a reciprocal ABL-BCR fusion gene within 9q is typically also formed [78]). BCR-ABL
encodes a constitutively active tyrosine kinase BCR-ABL responsible for the uncontrolled
proliferation associated with CML [10, 57].
The work-up for individuals exhibiting symptoms consistent with the chronic phase of
CML begins with histo-pathologic analyses (complete blood count, peripheral blood smear) to
determine counts and morphologies of white blood cells (WBCs) and platelets. When elevated
WBC counts (e.g., ≥ 20,000 per µL), blasts, and possibly abnormal platelet counts are observed,
a bone marrow specimen may be collected and used to test for the BCR-ABL oncogene and other
irregularities within the myeloid lineage. Initial clinical detection of BCR-ABL is generally
achieved using FISH [225, 226]. In its standard (S) format, the cytogenetic S-FISH (hereafter
FISH) assay utilizes two long, uniquely labeled oligonucleotide probes that together span the
most common chimeric-gene fusion points. Granulocyte nuclei staining with the probes thereby
permits detection of BCR-ABL via the fused signal created from co-localization of the two
reporters on a derivative chromosome 22q. In addition to its clinical application to initial
diagnosis of CML, FISH and alternative dual-fused-signal forms (D-FISH) have been used to
diagnose questionable cases where cytogenetics failed, investigate more complex PhC
rearrangements, and detect cryptic BCR-ABL fusions [163]. However, drawbacks and limitations
to applying FISH to BCR-ABL detection are well known and include a limit of detection (LOD)
of ~ 2% (FISH, somewhat lower for D-FISH) [227], and relatively high costs due in part to the
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time, labor [167] and high level of technical expertise required [228]. The development of a
reliable alternative that offers improved performance at lower cost could therefore be of
significant clinical value.
Alternative genotyping technologies include next generation sequencing (NGS) [229,
230], microarray-based screening [231, 232], immunohistochemical methods [233], and various
modalities of the polymerase chain reaction (PCR) [234, 235]. Each has proven effective in
detecting and quantifying oncogenic biomarkers, including somatic point and codon-hotspot
mutations [236-238], copy number variations [239-241], and loss of heterozygosity events [242,
243]. Applications of these platforms to the detection of reciprocal translocations within genomic
DNA (gDNA) are considerably more limited. In particular, though demonstrations of assaying
balanced chromosomal rearrangements by NGS or microarrays have been reported [244, 245],
neither approach has found clinical use, likely due, at least in part, to the current costs and
turnaround times of those methods relative to FISH.
In patients for whom a BCR-ABL gene fusion has been detected, quantitative RT-qPCR
may then be used to monitor breakpoint-specific BCR-ABL mRNA during treatment with TKIs as
a surrogate metric of MRD and disease relapse [97]. As the specific BCR-ABL construct
produced by a CML patient undergoing treatment is generally not known, a limited panel of
forward and reverse primers is screened to identify a pair capable of amplifying the patientspecific BCR-ABL cDNA. Calibration standards, though problematic, may then be used in
conjunction with RT-qPCR to estimate BCR-ABL abundance through comparison to the mRNA
level of a selected control gene [246]. Recently, a method for instead quantifying BCR-ABL
fusion transcripts by digital PCR has been described [247], offering the advantage of providing
absolute copy number values, which can serve to make use of standard curves potentially
unnecessary.
Here, a method is presented that enables ddPCR technology to be used effectively to
detect and quantify chromosomal rearrangements associated with a translocation event. That
method is applied to the problem of reciprocal translocation detection through the development
of a new assay that may be used in lieu of FISH to provide a reliable and sensitive measure of MBCR status within gDNA isolated from various cultured cells either positive or negative for BCRABL. The assay exploits the fact that DSBs in BCR are associated with formation of both a PhC
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and BCR-ABL in over 90% of all CML cases [248]. Most of the remaining CML patients harbor
an alternative translocation, typically still comprised of 9q34 and 22q11, but containing one or
more additional elements from other chromosomal regions. These patients generally also test
positive for BCR-ABL, though rare BCR fusions to other chromosomes and gene fragments have
been reported [249-251]. In approximately 98% all BCR-ABL positive CML cases, the DSB
occurs within the M-BCR. M-BCR status correlates with BCR-ABL in the vast majority of CML
cases.
The general method described here is based on amplifying three unique short (100 to 150
bp) sequences within a target gene, in this case BCR, with the presence of amplicons generated
from a given sequence detected using a uniquely labeled hydrolysis probe. Two of those
sequences flank the 5′ and 3′ borders of the M-BCR, respectively. Co-localization within a
droplet of end-point fluorescent signals generated by amplification of these two sequences
thereby allows one to detect and enumerate those droplets harboring an intact M-BCR. In the
platform validation and assay development work described here, the droplets are loaded to an
average copies-per-droplet (CPD) of ca. 0.2, so that only ca. 0.1% of all droplets contain more
than two copies. Virtually all droplets contain either one or no copies of intact M-BCR.
Given its length (~ 7 kbp), the M-BCR can fragment mechanically (e.g., shear-induced
fragmentation) during the required gDNA isolation process. A novel probabilistic model integral
to the platform is presented to quantify the copies of M-BCR lost due to non-biological
fragmentation. When combined with Poisson statistics and knowledge of the total copies loaded,
that model permits the frequency of biological disruption of the M-BCR in various BCR-ABL
positive cell lines to be quantified accurately and sensitively. Comparison to FISH results for the
same cell lines is used to show that the measured frequency of M-BCR disruption quantitatively
matches the BCR-ABL frequency across the full dynamic range. The digital assay can thereby be
used to accurately identify and quantify BCR-ABL to a detection limit of 0.25% at a CPD of 0.2 –
0.3. Relative to FISH, it offers a significant improvement in sensitivity in a lower cost, more
time-efficient procedure. It may therefore find clinical use in initial diagnoses of CML, and
possibly MRD monitoring, through detection of biological DSBs in BCR isolated from either
bone marrow or blood cells.
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By utilizing the unique advantages of digital PCR [16, 197, 210, 211], most notably
template partitioning and lack of need for external (calibration) standards, the platform and
associated assay add to the growing list of applications of digital amplification to cancer
diagnostics, which include detection of oncogene copy number variations, rare mutations in
liquid biopsy and transplantation, alterations to genome structure (e.g., loss of heterozygosity),
somatic mosaicism, and single nucleotide polymorphisms and related markers of inherited
disease or disease risk [195, 214-218, 252]. Relative to those more active areas of digital PCR
technology development, the use of digital amplification to detect balanced chromosomal
rearrangements is limited, likely due in part to the added complexity of analyzing these large
genomic alterations. The only significant demonstration is that of Shuga et al., [223], who
developed an elegant platform that combines multiple rounds of hemi-nested PCR and NGS to
enable detection of individual copies of the t(14;18) balanced translocation associated with
follicular lymphoma. As it requires custom-built microfluidics, multiple rounds of PCR using
hemi-nested sets of primers, as well as amplicon sequencing capabilities, that technology is well
positioned to become a powerful research tool, but is likely too costly and complex for clinical
adoption at this time. Moreover, in that work dPCR is used only for template amplification;
detection of BCR-ABL is achieved by sequencing. This work shows for the first time that ddPCR
performed on a standard commercial droplet digital PCR instrument (the Bio-Rad QX100
system; Hercules, CA) can be used to detect and quantify reciprocal translocation events in a
reliable and cost effective manner suitable for clinical adoption.

2.2
2.2.1

Materials and Methods
Oligonucleotides
All primers and dual-labeled hydrolysis probes were purchased from IDT, Inc. Probes

were HPLC purified, while primers were purified by desalting. Purified primers and probes were
re-suspended to 100 µM in IDTE (10 mM Tris, pH 8.0, 0.1 mM EDTA) buffer and stored at -20
°C prior to use.
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2.2.2

Cell Lines
KU812 and MEG01 cell lines were purchased from ATCC, while K562 and HL60 cell

lines were provided by the British Columbia Cancer Agency. The BCR-ABL positive KU812 cell
line1 was established from the peripheral blood of a 38-year-old CML patient in early blast crisis
[253]. Through passaging, it has altered karyotype to present two distinct clones, with the more
abundant (~ 80%) containing two Philadelphia chromosomes and the other presenting one classic
PhC and one acrocentric marker containing the BCR-ABL oncogene fusion at elevated copy
number [254, 255]. The K562 cell line, originally derived from a pleural effusion of a 53-yearold CML patient in blast crisis, has been a widely used model in CML research [256, 257]. The
highly passaged K562 cell line assayed here2 is hyper-diploid, displays two clones during
culturing, and is highly mutated in terms of further chromosomal arrangements [254, 258]. The
K562 used is a PhC-negative/BCR-ABL oncogene positive cell line that does not harbor the
classic PhC, has four copies of chromosome 22 per nuclei, two being marker chromosomes
containing multiple repeats of BCR-ABL [259]. Despite the substantial chromosomal
rearrangements noted, the breakpoint sequence appears to be conserved in the majority (if not all)
BCR-ABL fusions in K562, which has permitted its use as a blast crisis model [260, 261]. The
MEG01 cell line3 was established from bone marrow of a 55 year old patient in blast crisis. It is
positive for BCR-ABL [262] through a classic PhC carrying two copies of BCR-ABL, and an
acrocentric chromosome containing one BCR-ABL copy [67, 260]. The PhC negative and BCRABL negative HL60 cell line served as a negative control.

1

	
  KU812 (60,XYY,-2,-3,add(4)(p11),-5,+6,-7,+8,-9,t(9;22)(q34;q11.2)x2,-10,i(11)(q10),-12,-16,
del(17)(q11.2q24),i(17)(q10),-18,+19,-20,-22.ish del(17)(TP53+),add(4) (p11)(wcp4-)(18)/60,sl,+19)	
  
2
	
  K562 (67∼70,XX,-X,add(2)(q3?3),-3,+5,add(5)(q11.2),ins(6;?)(p21;?),+7,der(7)t(7;7) (p1?1.1;q22), 9,del(9)(p13), der(9)t(9;9)(p1?3;q22), der(10)t(3;10)(p21;q2?3),-13, add(13)(p11.2),-14,+17,der(17)
t(10;17)(q11.2;q11.2)der(10)t(3;10),der(17)t(17;20) (p11.2;p11.2),+19,-20,?der(21)t(1;21) (q21;p11.1) 22,+4mar.ish add(2) (BCR+,ABL1+,BCR con ABL1x1), add(5)(D5S23+,EGR1-), der(9)t(9;9)
(ABL1++),der(17)t(17;20) (TP53-), der(17)t(10;17)der(10)t(3;10)(p53+),mar1(BCR+,ABL1+, BCR con
ABL1++++), mar2(BCR+,ABL1+,BCR con ABL1++++)[cp7])
3
	
  MEG01 (97∼100<4n>,XX,-Y,-Y,-1,der(1)t(1;2)(p21;q21), der(2;14)(q10;q10)x2,+6,+6,-7,+8,+8,
add(8)(p13),-9,t(9;22)(q34;q11.2)x3,-10,-10,-10,add(10)(p12),+11,del(11)(q13q23)x2,-12,-13,-13,
add(13)(q34),+17,+19,+19,+19,+19,+19, add(19)(p13.1)x2,add(19)(q13.1),+21,+21,-22,+der(22)t(9;22),
+9mar[cp8])	
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All cell lines were cultured in HyClone RPMI 1640 media (GE Healthcare), with 10%
fetal bovine serum, 1% glutamine and 1% penicillin/streptomycin (all from Invitrogen Canada).

2.2.3

Genomic DNA Purification

The assay described in this work interrogates two adjacent 7 kbp regions of the BCR
gene; the limit of detection (LOD) can be diminished, in part, by excessive mechanical
fragmentation of those regions during genomic DNA (gDNA) purification from a cell culture or
tissue specimen. Various extraction protocols were evaluated, including the Qiagen Gene-read
DNA FFPE kit, which utilizes a column extraction method, and the Qiagen MagAttract HMW
DNA kit that exploits the use of magnetic beads. None proved suitable, as on average greater
than 60% of M-BCR copies in gDNA recovered from BCR-ABL cell lines were lost to nonbiologic fragmentation (shear) during purification (the method used to determine % non-biologic
fragmentation is described in detail in the Results section of this chapter).
A new gDNA extraction method was empirically developed that uses precipitation,
minimal pipetting and no vortexing to minimize shear-induced fragmentation. In addition, all
centrifugation steps following DNA extraction are performed at 2000 g. The method thereby
delivers M-BCR with less mechanical fragmentation, but at a potentially lower total DNA yield
than can be achieved using more mechanically aggressive commercial kits. Due to the gentler
low-g/precipitation approach used, typically only 15% to at most 30% of either of the 7 kbp
regions interrogated is lost via non-biologic fragmentation.
This method (Figure 2-1) begins by collecting cells (approximately 5 x 106) cultured in 20
mL of total media by centrifugation (250 g) to a final concentrate volume of 50 µL. The cell
concentrate is then washed 6X with phosphate buffered saline, and re-concentrated to 50 µL by
strong centrifugation (12,000 g for 10 secs) and supernatant removal. The gDNA is extracted by
re-suspending the washed concentrate in 600 µL of nuclei lysis solution (Promega), to which
proteinase K (20 µL; > 600 mAU/mL solution) and RNase A (2 µL; 100 mg/mL solution) are
added (Qiagen). The mixture is incubated overnight at 56 °C, after which 200 µL of protein
precipitation solution (Promega) is added. That mixture is then incubated on ice for 10 min to
facilitate precipitation of proteins, which are pelleted by centrifugation (2000 g). The gDNA
37

supernatant is decanted and recovered, to which is added 600 µL of 100% iso-propanol (Sigma)
to precipitate and recover the purified gDNA, as well as 2 µL of glycogen (10 µg/ml) to mark the
location of the DNA pellet. The gDNA is recovered, washed with 600 µL of 70% ethanol, and
then air-dried. The purified gDNA is then re-suspended in 50 µL of DNA rehydration solution
(Promega) and stored at 4 °C prior to use to avoid freeze/thaw steps that might damage gDNA.

Collect sample
wash in PBS

Lysis cells

Remove
Contaminants

Extract
DNA

Rehydrate
DNA

Cell
Culture
samples
Nuclei lysis
solution,
protease K and
RNase A
incubate
overnight

Protein ppt
solution, 10
mins on ice,
pellet proteins
centrifugation
at 2000 g

Isopropanol
Store at
ppt
4 oC
centrifugation
at 2000 g,
ethanol wash

Figure 2-1. Genomic DNA extraction method.
A two-step precipitation and extraction method was developed to purify gDNA from cell lines in
order to minimize any mechanical disruption of the gDNA. There was no vortexing,
centrifugation steps were minimized and conducted at low g, and minimal pipetting.
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2.2.4

Primer and Probe Design
The human BCR sequence was taken from the NCBI database (sequence NG_009244.1;

http://www.ncbi.nlm.nih.gov/). Forward (FP) and reverse (RP) primers were designed using
Primer3 software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi). All primers were
then analyzed by primer-BLAST to find any sequence similarities within the human genome
database (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Possible common (> 1% minor allele
frequency) single nucleotide polymorphisms that might diminish primer (or probe) performance
were analyzed using the human genome database browser (http://genome.ucsc.edu/cgibin/hgGateway), while the self-complementarity of various possible primer and probe pairs was
scored using the Exiqon OligoAnalyzer tool (https://www.exiqon.com/oligo-tools). When
annealed to their fully complementary template, primers and probes were designed to melt at 60
– 63°C and 66 – 70°C, respectively, under PCR conditions (50 mM K+, 3 mM Mg2+ and a total
strand concentration (CT) of either 250 or 900 nM) (http://biophysics.idtdna.com/). An annealing
temperature (Ta) gradient study was then used to optimize Ta (60 °C) for the assay.

2.2.5

Droplet Digital PCR (ddPCR) Assay Workflow
Samples (20 µL) for ddPCR analysis were prepared from 2X dUTP-free ddPCR™

Supermix for probes (Bio-Rad), 900 nM of each FP and RP, 250 nM of the FAM and the HEX
dual-labeled hydrolysis probe, 325 nM of the Alexa dual-labeled probe, and an amount of
purified gDNA, typically 6 – 10 ng, where DNA concentrations were measured using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Addition of gDNA was omitted for
no template control (NTC) reactions. The concentration of the Alexa probe was increased to a
value 1.5x that of the FAM probe to ensure segregation of the cluster outputs in the ddPCR 2D
output graph.
The 20 µL ddPCR mixture was loaded into the sample well of the DG8 eight-channel
disposable droplet generator cartridge (Bio-Rad); 60 µL of droplet generation oil was then loaded
into the oil well for each channel. The cartridge was processed in a QX-100 Droplet Generator
(Bio-Rad) to generate the droplet emulsion with a total CPD of 0.2 – 0.3. A 40 µL sample of the
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emulsion containing approximately 12,000 – 15,000 readable droplets was transferred by
multichannel p100 pipette to an Eppendorf Twin.tec semi-skirted 96-well PCR plate, which was
then heat-sealed with foil sheets (Bio-Rad). The droplet emulsion samples were amplified in a
CFX96™ thermocycler according to the following protocol: 95 °C for 10 min, followed by 50
cycles of 94 °C for 30 sec and 60 °C (Ta) for 1 min. Finally, the droplets were stabilized by
heating to 98 °C for 10 min. End-point fluorescence readings within each droplet were measured
using the QX100 Droplet Reader (Bio-Rad), and raw ddPCR data collected and visualized using
the QuantaSoft v1.2 program (Bio-Rad).
For dynamic-range and limit of detection evaluation, serial dilutions of BCR-ABL positive
gDNA isolated from KU812 cells into gDNA from BCR-ABL negative HL60 cells (total BCR
held constant at ca. 2000 copies) were prepared in IDTE buffer (IDT), with the total
concentration of BCR template in each dilution quantified on a Bio-Rad QX100 ddPCR
instrument.

2.2.6

BCR-ABL FISH Assay
Cells were cultured as described for 24 h, and then prepared for fixation by arresting

during division using colcemid. Aliquots of ~ 3000 - 5000 arrested cells in 10 mL RPMI 1640
culture medium were centrifuged (250 g) for 10 min and the supernatant removed. The cells were
re-suspended in 10 mL of hypotonic solution (37 °C) and incubated for 25 min. Excess hypotonic
solution was then removed by centrifugation (250 g for 10 min) and the cells fixed in up to 10
mL of a 3:1 methanol to acetic acid solution. That fixing process was repeated three times, with
the resulting fixed cells then stored at 4°C until use. When required for FISH, samples were
centrifuged and supernatant removed to leave ca. 0.75 mL. The cells were re-suspended in
fixative to a final volume of ca. 1 mL to achieve an opaque suspension. Aliquots of 8 µL were
spotted onto glass microscope slides (Leica Surgipath Snowcoat Precleaned 1 x 3 x 1mm). FISH
was then performed using the Vysis LS1 BCR-ABL dual-color, extra signal translocation probe
(Abbott Molecular) according to the manufacturer’s instructions. Interphase nuclei (200) were
analyzed using a Zeiss Axio-imager Z2 epifluorescence microscope with a triple-band pass filter
and DAPI counter stain added to aid visualization of nuclei.
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2.2.7

Statistics

Basic metrics of assay performance (LOD, limit of blank (LOB), confidence interval (CI),
coefficient of variation (CV), dynamic range) were defined by computing means and standard
deviations (SDs) from replicates. Statistical errors and the significance of recorded frequencies of
biological disruption of BCR were determined using a paired Student’s t-test. The error
associated with the CPD (= −𝑙𝑛 𝑒𝑚𝑝𝑡𝑦  𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 𝑡𝑜𝑡𝑎𝑙  𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 ) was estimate using the
method described in Dube et al., [190].

2.3
2.3.1

Results
Platform Concept
Oncogenic chromosomal translocations often comprise of gene rearrangements that

reorganize the sequences and change the locations of proto-oncogenes, which may result in
fusion genes coding active unnatural gene products. Such translocations are complex biological
processes, but irrespective of whether they are reciprocal or non-reciprocal, they include two
essential steps. First, DSBs on the same or different chromosomes occur simultaneously or nearly
simultaneously at the two loci. Second, ends created by the opposing DSBs ligate together. The
key concept behind the platform developed in this thesis work, applies ddPCR technology to the
detection and quantification of the rearrangement of a proto-oncogene that is an integral part of
the translocation event (Figure 2-2). Typically, the location of the DSB within the oncogene is
ill-defined, occurring somewhere within a region of the gene, referred to as the breakpoint
region, this may span several introns and exons, and thus several kbp. Amplification of the entire
breakpoint region, at least with a single pair of forward and reverse primers, is therefore not
possible. In theory, this problem can be addressed by a large set of nested primers covering the
entire breakpoint region, and this concept has recently been explored in a qPCR format [175].
However, that approach has obvious drawbacks, including the required massive multiplexing
(across many plates) of the qPCR reaction, and the lack of assurance that a suitable combination
of primers will be discovered.
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The alternative method described in this thesis defines templates, each comprised of
highly conserved sequences, at the two boundaries of the breakpoint region (Figure 2-2). The
unique attributes of ddPCR are then exploited by partitioning individual copies of the target
proto-oncogene, either fully intact or fragmented due to a DSB, into isolated droplets. Droplets
containing the intact gene display end-point signals from both amplicons, while those that carry a
fragment will display only the end-point signal. As demonstrated below, the method allows
enumeration of the frequency of DSBs in the gDNA sample.

WT

ddPCR Droplet
Output

Breakpoint region

5′Alexa 488

Quencher

5′6-FAM

Quencher

5′HEX

Quencher

Fusion Gene

5′Alexa 488

Quencher

5′6-FAM

Quencher

Alternative Fusion Gene

5′HEX

Quencher

Figure 2-2. Triple probe platform concept.
Detailed platform concept showing 3 uniquely labeled probes used to identify a biological and a
non-biologic DSB. The ddPCR 2D output contains 3 fluorescent probes indicative of intact
gDNA. An Alexa 488 and a FAM signal with a separated HEX signal is indicative of a biological
DSB.
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2.3.2

Assay Design
Here, the method described in section 2.3.1 is used to design an assay that utilizes ddPCR

to partition and amplify three specific segments of BCR (Figure 2-3) proto-oncogene to quantify
the fraction of total M-BCR harboring a DSB. The first two reactions are designed to amplify
short (100 to 150 bp) segments, 7 kbp apart, lying immediately to the 5′ (within BCR intron 11)
and 3′ (within intron 16) sides of the M-BCR. Poisson statistics, in combination with counts of
droplets in which the end-point fluorescence signals from the two released dyes (FAM and HEX)
co-localize, can then be used to quantify intact M-BCR. As noted above, segregation of FAM and
HEX signals between different droplets typically then reflects biological disruption (a DSB)
within the M-BCR, but may in some instances instead reflect non-biologic (e.g., shear-induced)
disruption during sample processing [263, 264]. These two M-BCR disruption mechanisms –
biological and non-biologic – are differentiated in the assay through amplification of a third short
segment of BCR (control region, detected with an Alexa-488 labeled probe) lying the same
distance from (7 kbp; within intron 8), but now to the 5′ side of the FAM-detected sequence
immediately upstream of the M-BCR. Biological DSBs within this second 7 kbp stretch of BCR
have not been reported [50]. Thus, as shear-induced breaks within gDNA are known to arise
stochastically [187] at a length-dependent frequency [265], quantification of segregated Alexa
and FAM signals may be used as a surrogate to estimate the frequency of non-biologic
disruptions within the M-BCR. The resulting data sets can then be analyzed using a probabilistic
model described below, so as to leverage the unique ability of ddPCR to partition signals from
the three equidistantly spaced amplification reactions to enumerate states of the M-BCR arising
from either non-biologic or biologic fragmentation, respectively.
Optimized primers and the dual-labeled probe used in each amplification reaction are
reported in Table 2-1, with their positions within BCR and relative to the M-BCR shown in
Figure 2-3.
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Table 2-1. Primer and probe sequences used in each amplification reaction comprising the
ddPCR based M-BCR status assay.
Amplicon

Reagent

Sequence

117 bp segment of

FP

5′-aggagcatagccagcatcat-3′

intron 8

RP

5′-aaatcatcatccccacagga-3′

Probe£

5′-(Alexa-488)- tcggctcattcccaaaggaa -(BHQ1)-3′

133 bp segment –

FP

5′-attgaatgcaggaggtcagg-3′

236 bp upstream of

RP

Template

5′-acaccatctctcacccgaac-3′
£

exon 12

Probe

5′-(6-FAM)-ctgccagcatcacaccctga-(BHQ1)-3′

142 bp segment –

FP

5′-ggctctgaaacatccatcgt-3′

214 bp downstream

RP

5′-cagctgcaaaaccaagttga-3′

of exon 16

Probe£

5′-(HEX)- aagatgcaggctgtcctggc -(BHQ1)-3′

£

Alexa-488 (Alexa Fluor® 488), 6-FAM (6-carboxyfluorescein), HEX (hexachloro-fluorescein), and BHQ1 (Black
Hole Quencher® 1)

2.3.3

Detecting M-BCR Status in BCR-ABL Positive and Negative Cell Lines
Raw data from application of the platform-derived ddPCR-based M-BCR-status assay to

gDNA isolated from the KU812 (BCR-ABL positive) or HL60 (BCR-ABL negative) cell line are
shown as two-dimensional (2D) output plots in Figure 2-4. A negative (empty) droplet cluster is
observed in the lower left quadrant, along with seven distinct non-overlapping clusters positive
for at least one of the reporting fluorophores. In the BCR-ABL positive KU812 cell line, loss of
normal chromosome 22q11 through a concomitant double-stranded break in the M-BCR results
+

+

+

in a sparsely populated Alexa FAM HEX cluster, indicating intact M-BCR is present in very
low abundance (Figure 2-4A), and thus that repeated passaging of this cell line has resulted in
+

+

+

genomic heterogeneities. Dense Alexa FAM and HEX clusters are also observed due to a
combination of biological (i.e., DSB) and mechanical disruption of the M-BCR, with the lower
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+

+

+

density of the Alexa FAM cluster (715 droplets) relative to the HEX cluster (1272 droplets)
providing a coarse indication of the level of non-biologic disruption.

M-BCR
7 kbp

m-BCR
54.4 kbp
e2

e9

e8

e12

µ-BCR
1 kbp

e16

5!"

3!"
e1

e19

e1’ e2’

5!"Alexa 488 BHQ1
FP

5!"HEX
5!"6-FAM

RP

7 kbp upstream
of M-BCR
Control Amplicon 117 bp

BHQ1

FP

236 bp upstream
of exon 12

RP

Amplicon 133 bp

FP

BHQ1
RP

214 bp downstream
of exon 16
Amplicon 142 bp

Figure 2-3. M-BCR status assay reactions schema showing amplification templates used to
detect biological cleavage and mechanical fragmentation within the M-BCR.
The intron (i)/exon (e) structure of the human breakpoint cluster region (BCR) gene on
chromosome 22q (NCBI Reference Sequence: NG_009244.1) is shown. The assay amplifies
three equidistantly spaced templates: the first (133 bp, within i11, 236 bp upstream of e12, and
detected using a 5′6-FAM labeled dual-hydrolysis probe) is positioned on the immediate 5′ side
of the M-BCR (major breakpoint region – 7 kbp sequence spanning e12 through e16); the second
(142 bp, within i16, 214 bp downstream of e16, detected using a 5′HEX labeled probe) lies to the
immediate 3′ side of the M-BCR; the last, a control template (117 bp, within i8, 7 kbp to the 5′
side of the first (6-FAM) template, detected using a 5′Alexa Fluor 488 labeled probe), is used to
quantify the degree of mechanical fragmentation of the M-BCR in the purified gDNA sample.
The fraction of the total copies of BCR showing fragmentation between templates 3 (i8) and 1
(i11), detected in the assay by segregation of Alexa and FAM signals among droplets, is used as
a surrogate to quantify the frequency of shear events within the M-BCR. The minor (m-BCR)
and micro (µ-BCR) breakpoint regions of BCR are not interrogated within this assay.
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Figure 2-4. Raw 2D data output from the M-BCR status assay applied to the (A) BCR-ABL
positive KU812 and (B) BCR-ABL negative HL60 cell lines.
The primers and probes listed in Table 2-1 were applied. For the BCR-ABL positive KU812 cell
line (A), total read droplets = 14807 and CPD = 0.256. The sparsely populated
Alexa+FAM+HEX+ cluster (94 droplets), and dense Alexa+FAM+ and HEX+ clusters indicate
disruption of the M-BCR in most copies of BCR. For the BCR-ABL negative HL60 cell line (B),
total read droplets = 15123 and CPD = 0.206. The highly populated (1585 droplets)
Alexa+FAM+HEX+ cluster indicates BCR in the sample is mainly fully intact M-BCR (Figure 23), with the more sparse populations recorded in the remaining clusters due to random
mechanical fragmentation (shearing) of M-BCR during sample processing.
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In contrast, raw 2D output data for the BCR-ABL negative HL60 cell line (Figure 2-4B)
+

+

+

+

+

show a densely populated Alexa FAM HEX cluster, as well as sparse Alexa FAM and HEX

+

clusters. The sum of droplet counts (562 droplets) in the Alexa+FAM+ cluster and HEX+ cluster
now equals that of the FAM+HEX+ cluster and Alexa+ cluster (563 droplets) due to the fact that
either sum reflects only non-biologic disruption of the M-BCR in this case. Thus, without the aid
of any data processing, direct visual interpretation of the raw 2D data output from the assay
provides clear evidence of disruption of BCR due to a biological DSB within the M-BCR.
2.3.4

Model-Based Quantification of M-BCR Status
While M-BCR status can be qualitatively defined by comparing droplet counts in the
+

+

+

+

+

+

primary (Alexa FAM HEX , Alexa FAM and HEX ) clusters of the raw 2D output plot, the
+

+

added information content within the distinct minor droplet clusters (Alexa , FAM ,
+

+

+

+

FAM HEX , and Alexa HEX ) provides a means to reliably quantify the fraction (frequency) of
total copies in the sample that have been disrupted through a biological DSB. For example,
+

droplets in the FAM cluster arise from a combination of a mechanical break in the 7 kbp control
region upstream of the M-BCR and either a biologic or non-biologic break within the M-BCR;
+

+

counts of Alexa HEX droplets, which can only arise through random co-partitioning of the
Alexa-probed sequence and the HEX-probed sequence (Figure 2-1), provide a checkpoint of
+

+

Poisson statistics, as the frequency of Alexa and HEX signals appearing in the same droplet
should satisfy the Poisson distribution for those two independent signals. Relative to more
traditional real-time PCR (qPCR) or FISH assays, ddPCR-based analysis of M-BCR status, and
by extension of other complex genomic rearrangements, can provide a significantly richer
description of the various states of the assayed target through its partitioning capabilities.
A probabilistic model was derived that uses the full 2D output data set to accurately
quantify M-BCR status by first defining all possible states of the target, and then connecting
those states to the observed droplet counts within each cluster. Figure 2-5 reports a diagram of all
possible states of the M-BCR and the adjoining (7 kbp) control region, and the sets of droplet
clusters that can be populated by each of those states. The “tree” of possible states begins with
segregation of BCR copies into those that have (b) or have not (𝑏) undergone a biological DSB
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within the M-BCR. For each of these two primary branches, all states arising from shear-induced
(s) non-biologic disruption within either the M-BCR, the 7 kbp control region flanking the MBCR, or both (ss) are then considered. As exemplified by the K562 cell line, blast crisis can
result in loss of derivative chromosome 9 and the 3′ fragment of BCR downstream of the M-BCR
that contributes to ABL-BCR. Loss of HEX+ droplets due to loss (l) or disruption of that fragment
(Figure 2-3 may thereby arise (recorded by FISH as a loss of derivative chromosome 9 [75]) and
is also considered in the model. Finally, more than one copy of M-BCR can partition into a single
+

+

+

droplet and be recorded as single event within the Alexa FAM HEX cluster, particularly at
CPD values above ca. 0.35. Poisson statistics and droplet counts are used in the model to
quantify all hidden signals within each cluster (See Appendix A). At a CPD of approximately
0.2, which was employed in the development work for this assay to help define the minimum
number of biologically disrupted M-BCR that can be reliably detected, the proportion of droplets
containing three or more copies is minimal (~ 0.1%). In this case, droplets are analyzed with a
model that considers no more than 2 copies per drop.
Total copies of BCR (taken as the average of all Alexa-positive droplets and all FAMpositive droplets) loaded may be combined with the diagram of possible states (Figure 2-5) to
quantify M-BCR status. The contributions of each possible state of the M-BCR and adjoining
control region to the set of normalized data clusters are given by
!"#$% ! !"# ! !"# !
!"#$%  !"#
!"# ! !"# !
!"#$%  !"#
!"# !
!"#$%  !"#

= 𝑏 1 − 𝑙 + 𝑠  (1 − 𝑏)
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!"#$%  !"#
!"#$% !
!"#$%  !"#

!

=𝑠 1−𝑏 1−𝑠

!"#$% ! !"# !
!"# !

= 1−𝑏 1−𝑠

= 𝑏 1 − 2𝑠 ! + 𝑠 1 − 3𝑏 − 𝑠

(2.1)
(2.2)
(2.3)
(2.4)

= 2𝑠𝑏 1 − 𝑠 + 𝑠 !

(2.5)

= 𝑠𝑏 1 − 𝑠𝑏 + 𝑠

(2.6)

where the states considered are those defined in Figure 2-5 and for example, 𝑏 represents the
fraction of total M-BCR copies that have not undergone a biological DSB, which is given by (1 –
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b) in the model. In this assay, some states, such as 𝑠𝑠𝑏 and 𝑠𝑠𝑏, are indistinguishable and are
treated as one state in the model to avoid double counting of total M-BCR.
As there are only 3 unknowns (b, s, and l), this system of equations is over-specified; we can
solve this by creating a set of 3 equations by adding pairs of equations to give:
!"#$% ! !"# ! !"# !
!"#$%  !"#
!"# !

+
!"#$%  !"#

+
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(2.7)

= 1−𝑏 1−𝑠

(2.8)

= 𝑏 2 − 𝑙 − 2𝑠 ! + 𝑠  (2 − 4𝑏 − 𝑠)

!"#$% !

(2.9)

+ !"#$%  !"# = 𝑠𝑏 3 − 2𝑠 − 𝑠𝑏 + 𝑠 1 + 𝑠 	
  
!"#$%  !"#

The solution is independent of the pairings chosen, and only one such pairing is shown and used.
All normalized values on the left-hand sides of equations 2.7 – 2.9 can be determined from the
total number of droplets and the droplet counts for the indicated cluster. As an example, the data
analysis method at the n = 2 level (i.e., no more than 2 copies per droplet considered) is applied
below to the 2D output data shown in Figure 2-4A for gDNA purified from KU812 cells.
+

+

Droplet counts for each positive cluster are: Alexa cluster = 568 droplets, FAM cluster
+

+

+

+

+

= 562 droplets, HEX cluster = 1272 droplets, Alexa FAM cluster = 715 droplets, FAM HEX
+

+

+

+

+

cluster = 63 droplets, Alexa HEX cluster = 73 droplets, and Alexa FAM HEX cluster = 94
droplets. The total number of empty droplets = 11460 droplets, and the total number of read
droplets = 14807.
The CPD (= −𝑙𝑛 𝑒𝑚𝑝𝑡𝑦  𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 𝑡𝑜𝑡𝑎𝑙  𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 = 0.256) is first computed and then
combined with Poisson statistics to estimate the fraction of total read droplets containing n = 0, 1,
2, 3, … copies as

!"# ! !"#!!"#
!!

. For this sample, the fraction of empty droplets is 0.7740, n = 1

copy droplets is 0.1983, and n = 2 droplets is 0.0254.
Using these values, we can calculate the fraction f2 of all filled droplets that contain 2
copies (0.0254/(0.1983+0.0254) = 0.1136) to enable determination of the number of droplets
+

+

+

within each cluster containing 2 copies. Beginning with the Alexa FAM HEX cluster:
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+

+

+

Alexa FAM HEX droplets containing 2 copies = cluster count x f2 = 94 x 0.1136 = 11
+

+

+

All pairs of copies that would generate a combined Alexa FAM HEX signal within a droplet
can then be defined. Each copy may either be intact BCR (which on its own generates an
+

+

+

Alexa FAM HEX signal within a droplet) or a fragment of BCR. The 5 possible fragments of
+

+

+

+

+

interest generate an Alexa signal, a FAM signal, a HEX signal, an Alexa FAM signal, or a
+

+

FAM HEX signal, respectively. Due to the 2X degeneracy of unlike pairs, there are 17
+

+

+

combinations that generate an Alexa FAM HEX
+

+

+

+

+

+

+

+

+

+

signal within a droplet (e.g., Alexa /

+

Alexa FAM HEX and Alexa FAM HEX /Alexa are two possible combinations, while the
+

+

+

Alexa FAM HEX /Alexa FAM HEX combination can only be formed in one way due to the
two contributing signals being indistinguishable). From this, the total abundance of each unique
+

+

+

signal within the Alexa FAM HEX droplets containing two copies is computed as:
+

+

Alexa

= 11 x 4/17 = 3

FAM

+

= 11 x 4/17 = 3

Alexa FAM

+

+

= 11 x 6/17 = 4

Alexa FAM HEX

+

+

HEX

+

+

FAM HEX

= 11 x 2/17 = 1
= 11 x 6/17 = 4
+

= 11 x (10/17 + 2x1/17) = 8

This analysis is repeated for the set of 5 positive clusters displaying a signal for one of the
5 possible BCR fragments generated by a biologic double stranded break (DSB) and/or a shear
event:
+

Alexa cluster droplets containing 2 copies = 568 x 0.1136 = 65
+

Alexa

= 65 x (2x1/1) = 130

+

FAM cluster droplets containing 2 copies = 562 x 0.1136 = 64
FAM

+

= 64 x (2x1/1) = 128

+

HEX cluster droplets containing 2 copies = 1272 x 0.1136 = 144
+

HEX
+

= 144 x (2x1/1) = 288

+

Alexa FAM cluster droplets containing 2 copies = 715 x 0.1136 = 81
+

Alexa

+

Alexa FAM

= 81 x 4/7 = 46
+

FAM

+

= 81 x 4/7 = 46

= 81 x (4/7 + 2x1/7) = 69
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+

+

FAM HEX cluster droplets containing 2 copies = 63 x 0.1136 = 7
FAM

+

+

= 7 x 4/7 = 4

+

+

FAM HEX

HEX

= 7 x 4/7 = 4

= 7 x (4/7 + 2x1/7) = 6
+

+

From this information and the fact that the Alexa HEX cluster (73 droplets) must be
+

+

comprised of 73 pairs of Alexa + HEX , the total abundance of each unique signal is then
computed.
+

+

+

Total Alexa FAM HEX = 94 – 11 + 8 = 91
+

Total Alexa = 568 – 65 + 130 + 3 + 46 + 73 = 755
+

Total FAM = 562 – 64 + 128 + 1 + 46 + 4 = 677
+

Total HEX = 1272 – 144 + 288 + 3 + 4 + 73 = 1496
+

+

Total Alexa FAM = 715 – 81 + 69 + 4 = 707
+

+

Total FAM HEX = 63 – 7 + 6 + 4 = 66
Finally, the total abundance of all forms of the BCR gene in the sample is estimated as
+

Total of all Alexa -containing signals = 91 + 755 + 707 = 1553
+

Total of all FAM -containing signals = 91 + 677 + 707 + 66 = 1541
Total BCR gene = (1553 + 1541)/2 = 1547
These results are used to compute the required value on the left-hand side of equations 2.7 – 2.9.
For equation 2.7, for example:
!"#$% ! !"# ! !"# !
!"#$%  !"#

+

!"# ! !"# !
!"#$%  !"#

!"

!!

= !"#$ + !"#$ = 1 − 𝑏 1 − 𝑠

Equations 2.7 to 2.9 may then be solved to determine values for b (fraction of total MBCR copies that have undergone a biological DSB in the M-BCR), s (fraction of total copies that
have undergone a shear event in the M-BCR), and l (fraction of total copies that exhibit a loss of
HEX signal).
By taking the difference between the experimental values and these calculated model
values we can use the least squares minimization approach, to achieve one value for the “Solver”
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subroutine of Excel (Microsoft Corp.) to minimize. Excel Solver has proven reliable in all fields
of biology [266] and utilizes non-linear function fitting via an iterative algorithm [267] based on
the generalized reduced gradient (GRG) method. Values of regressed parameters were
constrained by the requirement that s, b and l all be ≤ 1 and ≥ 0. (See Appendix A for
representative results).
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Figure 2-5. Tree diagram of all potential states of M-BCR within gDNA isolated and
analyzed by the ddPCR based M-BCR status assay.
Analysis of all possible states of a copy of M-BCR, where b indicates a biological DSB within
the M-BCR, s mechanical fragmentation of BCR within the M-BCR or 7 kbp control region, ss
mechanical fragmentation within both the M-BCR and control region, and l loss of HEX+ due to
loss of the template immediately to the 3′ side of the M-BCR. A bar above a letter indicates that
the event has not occurred. States are mapped to clusters within the ddPCR assay output data,
with the set of clusters populated by each state shown in the connected hashed box, where A+ =
Alexa+ cluster, F+ = FAM+ cluster, A+F+= Alexa+FAM+ cluster, F+H+ = FAM+HEX+ cluster, and
A+F+H+ = Alexa+FAM+HEX+ cluster. Note that the 𝑠𝑠𝑏 and 𝑠𝑠𝑏 states are indistinguishable and
therefore treated as one state in the model to avoid double counting of total M-BCR.
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2.3.5

Operating Conditions and Algorithm for Accurate Cluster Assignments
Use of ddPCR and model equations 2.7 to 2.9 to reliably quantify BCR status requires

accurate assignment of clusters, and those assignments are dependent on the ability to obtain
identifiable, non-overlapping clusters within the 2D output. The raw ddPCR data reported in
Figure 2-4 were collected using optimized reagents (primers/probes) and reaction conditions, and
well-defined clusters are observed for both samples. Mean cluster intensities and associated
standard deviations can then be computed and used to define cluster borders. In general,
positioning of cluster borders can be confounded by excessive numbers of droplets falling along
the vector connecting a pair of clusters – commonly known as ddPCR “rain”.

Proposed

mechanisms of rain formation include differences in amplification efficiency resulting from suboptimal primer/probe designs, template sequence variations (e.g., somatic point mutations), or
non-uniform partitioning of the PCR Mastermix components [268]. The level of rain observed is
related not only to the nature of the template(s) being analyzed, but also to the chosen reaction
conditions, reagents, and thermal cycling profile. For the M-BCR status assay reported here, the
degree of observed rain is strongly dependent on the thermal stabilities of the primers and probes,
and the stabilities of both were optimized using the thermal gradient function of the ddPCR
instrument.

An example of un-optimized ddPCR assay operating conditions resulting in

significant rain in the 2D output plot is shown in Figure 2-6.
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Figure 2-6. Example of excessive “rain” in the raw data from the ddPCR BCR status assay
when operated at un-optimized conditions.
For the BCR-ABL positive KU812 cell line (CPD =0.249) “rain effect” pattern observed due to
the non-uniform partitioning of the PCR Mastermix components
Under optimized ddPCR assay conditions (e.g., Figure 2-4), however, the rain effects are
reduced to the point (typically < 0.1% of total droplet counts) that significant interference with
clusters is avoided, allowing the droplet event data to be analyzed to assign each read droplet as
either empty (negative), rain, or positive for at least one fluorophore. Though mild rain does
skew data within a given positive cluster towards, for example, the empty droplet cluster, the bias
is quite weak, allowing expected positive data clusters and their quality to be reliably defined by
fitting a normal distribution first to the channel 1 (λem = 519 nm) signals for droplets in a chosen
cluster. From that the mean and standard deviation (σ) are computed, with the mean ± 3σ then
setting the cluster borders in the channel 1 dimension. That same analysis is repeated for channel
2 (λem = 556 nm) to define the remaining borders of each cluster. An illustration of the outcome
of this data analysis process is provided in Figure 2-6
Droplet counts within each cluster may then be read and the total number of positive
droplets and CPD computed. Total droplets successfully read (typically 12,000 to 15,000) must
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exceed a threshold value set at 10,000, while the total CPD must exceed 0.2 to avoid excessive
contributions to the total error from sub-sampling and partitioning uncertainties (see below);
failure to satisfy either criteria constitutes a failed run. In addition, the standard deviation in the
channel 1 signals of the empty (negative) population of droplets is computed and scored as a
metric of the overall quality of data clusters. We find that a σ ≤ 200 FU signifies formation of
clusters within the 2D output that are sufficiently dense and segregated that their analysis with
the model embodied in equations 2.7 – 2.9 is reliable.
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Figure 2-7. 2D output plots for the M-BCR status assay applied to gDNA from the KU816
cell line showing the result of application of the data processing algorithm for cluster
assignment.
Cluster borders are first defined by fitting a normal distribution first to the channel 1 (λem = 519
nm) signals for droplets in a chosen cluster. From that the mean and standard deviation (σ) are
computed, with the mean ± 3σ then setting the cluster borders in the channel 1 dimension. That
same analysis is repeated for channel 2 (λem = 556 nm) to define the remaining borders of each
cluster. Model fitting to the resulting cluster assignments yields the following results: total read
droplets = 14807, CPD = 0.256, frequency of biological disruption of the M-BCR = 93.3%,
frequency of mechanical disruption of the M-BCR = 20.9%. The data constitute an acceptable
run based on our assay failure criteria.
2.3.6

M-BCR Status Assay Shows 1:1 Correspondence with BCR-ABL Frequencies
For each BCR-ABL positive cell line studied, results from the M-BCR status assay were

compared to FISH. In each case, the frequency of biological disruption of the M-BCR recorded
using the ddPCR assay matches the frequency of the BCR-ABL fusion oncogene recorded by
FISH (Table 2-1). For instance, for the KU812 cell line the raw 2D output data shown in Figure
2-8 and associated data analysis process record a frequency of biologically disrupted M-BCR of
93.1%, while FISH records a corresponding BCR-ABL frequency of 97%. Note that the ddPCR
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data for KU812 shown in Figure 2-8 is from an independent experiment, and may also be
compared to those in Figure 2-4A (M-BCR DSB frequency = 93.3(±2.0)%) or to the average
value from n = 6 replicates to assess assay reproducibility.
+

As noted above, a loss of HEX droplets may be expected in the K562 cell line, and this
is indeed observed in the 2D data output (Figure 2-9). But by explicitly accounting for it, the data
analysis model embodied in equations 2.7 – 2.9 yields a biological M-BCR disruption frequency
(92.1%) that again agrees with the BCR-ABL frequency (> 83%) reported by FISH. As expected
based on K562 karyotype, the FISH data show a large number of BCR-ABL repeats on one
chromosome, which made counting difficult due to signal overlap. The BCR-ABL frequency
could only be estimated from FISH images for K562 samples.
The importance of the new gDNA extraction protocol described in section 2.2.3 to the
accuracy and precision of the ddPCR BCR status assay, and the new translocation analysis
platform described in this thesis, is made clear in Table 2-2, which reports assay results for
various samples when commercial gDNA extraction kits were instead applied. Use of the
magnetic-bead based gDNA extraction method results in ca. 60% loss of BCR template to shear
(non-biologic disruption). As a result, for the KU812 cell line, a highly variable translocation
frequency is recorded. More important, the value (10% - 18%) does not agree with the
corresponding FISH result (Table 2-3). Results when the column extraction method is employed
are even worse due to the very high levels of template lost to shear when that standard
purification method is employed. This same problem is also observed for the MEG01 cell line.
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Table 2-2. Results of the ddPCR BCR status assay applied to various samples when the new
gDNA extraction protocol is replaced with a commercial gDNA extraction kit.
Kits tested include the MagAttract HMW DNA kit (magnetic beads) and the. Qiagen Gene-read
DNA FFPE kit (column extraction) both from Qiagen
EXTRACTION METHOD
and sample gDNA
KU812 DNA magnetic beads
KU812 DNA magnetic beads
MEG01 DNA magnetic beads
MEG01 DNA magnetic beads

CPD
0.149
0.149
0.216
0.211

Translocation
%
b
18.1
10.8
83.4
84.4

KU812 DNA column extraction
KU812 DNA column extraction
KU812 DNA column extraction
KU812 DNA column extraction
KU812 DNA column extraction
KU812 DNA column extraction

0.286
0.202
0.195
0.202
0.212
0.213

0.0
12.9
13.3
10.4
0.0
5.3

Shear %
s
62.4
63.8
58.4
58.7

Loss in
HEX %
l
2.5
41.3
51.7
55.6

84.0
81.8
82.0
82.3
92.3
87.7

0.0
100.0
100.0
100.0
0.0
100.0

To evaluate if the observed disruption of the target sequence (Figure 2-3) to the
immediate 3′ side of the M-BCR could be related to (partial) loss of derivative chromosome 9 in
K562, the presence of or losses within the region of 22q spanning from the 3′ boundary of the MBCR to 23 kbp downstream of BCR was interrogated using other short PCR targets in lieu of that
sequence flanking the 3′ boundary of the M-BCR. For these additional reactions, the same
+

reduction in amplification signal was observed, suggesting that loss of HEX droplets may
indeed reflect loss of or within derivative chromosome 9 [62]. Through the same mechanism [67,
+

262] a larger than expected loss of HEX droplets is also recorded for the MEG01 cell line
(Figure 2-10). Nevertheless, concordance of the M-BCR disruption frequency with the BCR-ABL
oncogene frequency recorded by FISH is again observed, indicating that the ddPCR based MBCR status assay provides an indirect but quantitative measure of BCR-ABL when present in
either a classic or variant PhC. Representative FISH images for each cell line are also shown in
Figures 2-8, 2-9 and 2-10.
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Figure 2-8. Representative M-BCR status assay and FISH results for cell line KU812.
The raw ddPCR data for the BCR-ABL positive cell line provides clear visual evidence of
biological cleavage within the M-BCR that is consistent with the BCR-ABL fusion oncogene
detected in the corresponding FISH images. Values for the frequency of biological disruption of
the M-BCR recorded in the ddPCR assay, and for the BCR-ABL frequency recorded by FISH are
reported in Table 2-3. The ddPCR assay provides additional information: KU812 (total read
droplets = 14718, CPD = 0.265, frequency of mechanical disruption of the M-BCR = 20.9%).
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Figure 2-9. Representative M-BCR status assay and FISH results for cell line K562.
The raw ddPCR data for the BCR-ABL positive cell line provides clear visual evidence of
biological cleavage within the M-BCR that is consistent with the BCR-ABL fusion oncogene
detected in the corresponding FISH images. M-BCR status assay data for K562 show a loss of
HEX+ droplets, consistent with loss of derivative chromosome 9 in these models of blast crisis.
Values for the frequency of biological disruption of the M-BCR recorded in the ddPCR assay,
and for the BCR-ABL frequency recorded by FISH are reported in Table 2-3. The ddPCR assay
provides additional information: K562 (total read droplets = 14662, CPD = 0.246, frequency of
mechanical disruption of the M-BCR = 18.8%).
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Figure 2-10. Representative M-BCR status assay and FISH results for cell line MEG01.
The raw ddPCR data for each BCR-ABL positive cell line MEG01 provides clear visual evidence
of biological cleavage within the M-BCR that is consistent with the BCR-ABL fusion oncogene
detected in the corresponding FISH images. M-BCR status assay data for MEG01 show a loss of
HEX+ droplets, consistent with loss of derivative chromosome 9 in these models of blast crisis.
Values for the frequency of biological disruption of the M-BCR recorded in the ddPCR assay,
and for the BCR-ABL frequency recorded by FISH are reported in Table 2-3. The ddPCR assay
provides additional information: MEG01 (total read droplets = 14466, CPD = 0.261, frequency
of mechanical disruption of the M-BCR = 23.8%).
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Table 2-3. Comparison of M-BCR status assay results to benchmark FISH data for cell
lines K562, MEG01 and KU812.
FISH data (100 imaged nuclei) were analyzed by calculating translocation as the number of
BCR-ABL fusions divided by the sum of the normal BCR transcripts and BCR-ABL fusions. The
K562 data showed a large number of BCR-ABL repeats on one chromosome, making counting
difficult due to signal overlap [259]. The translocation could only be estimated in this case (>
83%), but is consistent with the corresponding value (92.1% ± 1.9%) recorded by the ddPCR
assay applied to 6 independent samples.
ABL
Cell line

K562

No.

Fusion

normal or

BCR

Total

Total

nuclei

(BCRABL)

derivative

normal

translocated

normal

FISH
%
translocation

Assay
%
translocation

(BCR-ABL/
((BCRABL)+BCR)
>83

100
>5
1
1
>500
100
92.1 ±1.9
80
3
3
0
240
0
6
3
3
0
18
0
1
3
2
1
3
1
MEG01
1
3
4
0
3
0
11
3
3
2
33
22
1
2
2
1
2
1
Sum
100
299
24
94
94.1 ± 2.0
88
1
2
0
88
0
1
0
3
1
0
1
1
0
2
1
0
1
KU812
3
1
3
0
3
0
3
1
1
0
3
0
3
1
2
1
3
3
1
0
2
1
0
1
Sum
100
97
6
97
93.3 ±2.0
Negative
93
0
2
2
0
186
Control
4
1
1
1
4
4
HL60
1
0
2
1
0
1
2
0
3
2
0
4
Sum
100
4
195
≤ 2£
0.01 ±0.02
£ - LOD for FISH provided by the Cancer Genetics Laboratory of the BC Cancer Agency.
∞ - LOD of the ddPCR M-BCR status assay based on independent replicates (n = 24) of gDNA
isolated from the BCR-ABL negative HL60 cell line, and standard deviation of the mean values
on n = 4 replicates of gDNA isolated from the indicated BCR-ABL positive cell line.
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2.3.7

Assay Limit of Detection when applied to gDNA from Cell Lines

Serial dilutions (n = 4 for each dilution) of KU812 in HL60 gDNA down to KU812derived M-BCR frequencies of 0.25% were used to define the LOD of the assay (Figure 2-9).
The assay was first applied to gDNA (n = 24) from HL60 alone (negative control), from which
the Limit of Blank (LOB (= 0.05%)), taken as the mean + 95% CI of the set of M-BCR
disruption frequencies, was determined. Measured M-BCR disruption frequencies correlate
linearly with expected BCR-ABL frequencies down to a recorded LOD of 0.25% based on the
LOB and a paired Student’s t-test. In these experiments, the CPD was set between 0.2 and 0.3,
and the reported LOB and LOD apply to those conditions. Though indirect, the assay can
therefore reliably identify a BCR-ABL positive sample through the detection of as few as ca. 3
copies of BCR showing a biological disruption within the M-BCR.
In comparison, the LOD of FISH is 2% when calculated, as was done here, from the
mean + 3 standard deviations of the expected signal pattern seen in 100 nuclei from 10 different
constitutionally normal individuals (1000 nuclei total).

2.4

Discussion
Clinical interest in applying digital technologies to analysis of molecular mutations

diagnostic or theranostic of cancer is building [269] due to the recognized advantages of the
platform [270]. Though currently no ddPCR-based molecular diagnostic test has been adopted
for CLIA-certified clinical use, several are in development or under-going clinical validation,
including but not limited to assays against mutations in epidermal growth factor receptor in nonsmall-cell lung cancer [271], cancer-associated viruses [209, 272], and HER2 in breast cancer
specimens [211].
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Figure 2-11. Accuracy, precision and limit of detection of the M-BCR status assay.
Measured BCR-ABL frequencies and standard deviations (n ≥ 4) are plotted versus expected
BCR-ABL frequencies for serial dilutions of KU812 in HL60 gDNA down to a frequency of
0.25%. Significant linear correlation (R2 ≥ 0.9995; P < 0.0001) between the measured and
expected BCR-ABL frequencies is observed down to 0.25%. Replicates (n = 24) of gDNA from
the BCR-ABL negative HL60 cell line were used to define the mean and standard deviation of
false positives, from which the 95% confidence interval was determined and used to define the
Limit of Blank (LOB = 0.05%; blue hashed line). At a CPD = 0.2, statistically significant BCRABL frequencies can be obtained to an LOD of 0.25% based on the measured LOB and a paired
Student’s t-test.
The results presented here extend the range of potential clinical applications of ddPCR
related to cancer diagnostics by describing a digital assay for initial diagnosis of CML that, when
applied to BCR-ABL positive cell lines, provides a quantitative measure of BCR-ABL frequencies
down to an LOD of 0.25% at a total CPD of 0.2. The ddPCR-based M-BCR status assay
outperforms FISH in terms of detecting low amounts of the BCR-ABL gene fusion, but only if the
raw data are appropriately analyzed. A robust data processing methodology was established that
accounts for the impact of non-biologic (mechanical) fragmentation of the M-BCR on the number
of positive data clusters observed and the distribution of read droplets among them. The method
allows one to de-convolute the raw digital data to fully enumerate copies of M-BCR that have
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been disrupted by non-biologic fragmentation or a biologically derived DSB, respectively. By
also accounting for potential loss of that portion of BCR lying to the 3′ side of the M-BCR, the
model allows quantification of BCR-ABL in cases where partial or complete deletion of
derivative chromosome 9q has occurred. Studies have shown that such deletions occur at the
onset of CML [69, 74-76, 71], and that the micro-deletions then observed in both 5′ABL and
3′BCR occur at the time of translocation [75]. The size of these deletions varies considerably
between patients, but in many cases extends several mega-bases within 9q, 22q, or both [74, 78].
Patients carrying a classic PhC (t(9;22)(q34;q11)) have been found to have 9q deletions
averaging ca. 12% [73-76, 72], while patients harboring a variant translocation (10% of the
patient population) can exhibit more significant deletions – ~ 39% on average [73, 74, 77, 75, 76,
72]. As a result, derivative chromosome 9 deletions occur in ca. 15% – 16% of the total CML
patient population [69-72]. Huntly et al., [78] analyzed patients lacking derivative chromosome 9
and found that all lacked the ABL-BCR transcript. Connections between the loss of 3′BCR and
the loss of derivative chromosome 9 were also investigated by Fourier et al., [61], who reported
that the losses occur simultaneously and correlate in ca. 90% of patients.
Without properly accounting for these potential variants, interpretation of raw data from
the M-BCR status assay might prove challenging or erroneous, possibly triggering unnecessary or
deleterious changes in therapy if applied clinically. Importantly, CML patients with deletions of
or within derivative chromosome 9 have a poor prognosis if undergoing conventional treatment
[74], possibly due to loss of one or more genes within the deleted region(s) of 9q. Losses in the
number of the HEX+ droplets may provide an indication of such deletions, highlighting the
potentially rich information content of the digital assay.
When operated at a recommended CPD of 0.2, the M-BCR status assay described here
offers improved specificity and may allow identification of variant patterns, including derivative
chromosome 9 deletions, additional questions must be addressed prior to clinical use. For
example, the observed linear correlation of assay results to BCR-ABL frequencies must be
demonstrated in patient samples, and protocols must be established to address rare cases in which
false positives are recorded, such as for a patient exhibiting an atypical chromosomal
rearrangement in which either 5′BCR fuses to another partner, or ABL-BCR is present but not
BCR-ABL. Though the latter case should be clearly identified in the assay through atypical loss
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of both Alexa and FAM droplets, clinical results of the assay may nevertheless need to be
interpreted together with standard cytogenetic data, and possibly other molecular genetic
analyses. Nevertheless, the results reported here provide the first demonstration that ddPCR can
be used to analyze genomic DNA for the presence of balanced translocations, as exemplified
through quantitative enumeration of disruptions in the M-BCR leading to the BCR-ABL fusion
oncogene and CML.
The results reported here were typically collected at a CPD between 0.2 and 0.3, in part to
enable determination of the minimum number of copies of BCR-ABL required for a unequivocal
positive call, which was found to be ~ 3 copies. The LOB and LOD values reported apply to
those sampling conditions, and yield a coefficient of variation (CV) of ±1.9%. As the combined
sub-sampling plus partitioning (Poisson) error is known to decrease with increasing CPD up to a
CPD ~ 1.6, we determined what improvements might be realized by operating the assay at a
higher CPD. Measured total errors, calculated from the standard deviation of 4 replicate ddPCR
runs, and the underlying contribution of the combined sub-sampling and partitioning error to
them where determined as a function of CPD (Figure 2-10). At low CPD, the total experimental
error equals the sub-sampling + partition error, as expected (https://mcb.berkeley.edu/.../Statistics
of ddPCR_v1DEC3.pdf) [212]. At CPDs above 1.5, the experimental error becomes larger due in
part to increased tendency for overlap of clusters, which confounds cluster assignments. Both the
total error, the subsampling + partitioning error, however, gradually decrease with CPD, such
that a reduction in the CV to ±1.6% and an associated near 2-fold improvement in the LOD
(LOD = 0.15%) can be realized by operating at a higher CPD (i.e., CPD ~ 1).
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Figure 2-12. Sources of error in the M-BCR status assay and their dependence on CPD.
Representative data set (KU812 gDNA; 93.3% biological DSB frequency of M-BCR). Blue error
bars and red dashed dotted lines report the sub-sampling + partitioning (Poisson) error. Gray
error bars and blue dotted lines report the total experimental error at each CPD. The combined
sub-sampling + partitioning error (as expected) increases non-linearly with decreasing CPD,
growing in a near exponential fashion at CPD < 0.2. The total experimental error was calculated
from the standard deviation of 4 replicate ddPCR runs. At low CPD, the experimental error
equals the sub-sampling + partition error [212, 273]. Above a CPD of ~ 1.5, the total error
becomes larger than the subsampling + partition error due to increased overlap of clusters, which
confounds cluster assignments. The purple dashed line shows as a function of CPD the BCR-ABL
frequency predicted by the assay if the data-processing model is applied to the raw data set under
the simplifying assumption that no more than two copies partition into a given droplet. The result
shows that knowledge and use of the full Poisson distribution for each state of M-BCR is
required to accurately analyze raw data at a CPD above ~ 0.35 due to the significant number of
droplets containing three or more copies.

The %BCR-ABL frequency provided by the assay may be computed either using full
Poisson statistic or by applying the data-processing model to the raw data set under the
simplifying assumption that no more than two copies partition into a given droplet. The result
(Figure 2-12) shows that knowledge and use of the full Poisson distribution for each state of M-
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BCR is required to accurately analyze raw data at CPDs above ~ 0.35 due to the significant
number of droplets containing three or more copies.
The results presented in this chapter demonstrate the validity of the proposed new digital
method for detecting and quantifying rearrangements in (proto-)oncogenes associated with
reciprocal translocation events. To achieve a successful workable assay, the method includes a
new process to gently extract gDNA from cell lines was developed (See section 2.2.3). Double
stranded gDNA is susceptible to mechanical fragmentation, particularly during extraction from
cells [274]. DNA fragmentation and associated fragment sizes can significantly impact the
ddPCR results [204, 218]. The new extraction method developed ensures an acceptably low
amount of shearing of gDNA.
The method also requires careful design of primers and probes, as well as ddPCR
operating conditions, which together serve to minimize the “rain effect” which produces less
defined clusters in the raw ddPCR output. Artifacts that can occur in a ddPCR experiment
include poorly formed droplets and droplet shearing (bubbles in sample mixture rise within the
pipette tip and may burst and shear droplets) [191]. A probabilistic model that accounts for the
effects of these potential sources of bias is included in the method to avoid false-negative and
false-positive signals that might lead to an inappropriate clinical decision [209]. The model
includes the assumption of independence between a mechanical DSBs (shear) and biological
DSBs (translocation). Based on the concordance between FISH and ddPCR assay results, that
assumptions appears valid, as should be expected since the translocation occurs within the tumor
cell well before a sample is extracted for analysis, and there is no theory or evidence to suggest a
translocated fusion gene to be more or less susceptible to mechanical shear.
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Chapter 3: Initial Diagnosis of ALK-positive Non-small Cell Lung Cancer
Based on ALK Gene Fragmentation Analysis Utilizing Droplet Digital PCR
The novel digital method proposed in this thesis for detecting and quantifying
translocation events is applied to the detection of oncogene rearrangements associated with nonreciprocal (inversion) translocations. It is used here to create a new assay to detect
rearrangements in ALK associated with ALK-positive non-small cell lung cancer (NSCLC).
NSCLC patients may carry a non-reciprocal translocation on human chromosome 2 in which
double stranded breaks (DSB) within the echinoderm microtubule-associated protein-like 4
(EML4) gene and the anaplastic lymphoma kinase (ALK) gene lead to an inversion of genetic
material that forms the non-natural gene fusion EML4-ALK. The chimeric EML4-ALK gene
encodes a highly active tyrosine kinase, EML4-ALK, which is associated with 3 to 7% of all
NSCLCs – a subclass defined as ALK-positive NSCLC.
The clinical detection of ALK rearrangements in NSCLC is currently visualized via a
FISH assay. The FISH assay utilizes two probes, both specific to the ALK gene, with a
segregation (break apart) of fluorescence signal indicating an ALK rearrangement. That assay can
detect ALK rearrangements to a limit of detection of 15%, while the ddPCR assay presented here
provides a limit of detection of 0.25% at lower cost and faster turnaround times.

3.1

Introduction

Approximately 1.5 million mortalities worldwide are attributed each year to the two
major forms of lung cancer [275] – non-small cell lung cancer (NSCLC) and small cell lung
cancer (SCLC). NSCLC accounts for 85 to 90% of all lung cancers [125] and can be further
classified into 3 major histological subtypes – adenocarcinoma, squamous-cell carcinoma and
large cell lung cancer [126]. Many NSCLC adenocarcinomas harbor tumor-associated mutations
in either the epidermal growth factor receptor (EGFR) or kirsten rat sarcoma viral oncogene
homolog (KRAS) gene, or rearrangement of the anaplastic lymphoma kinase gene (ALK) on
chromosome 2p23 encoding the tyrosine kinase receptor ALK [13, 79]. Constitutive activation of
ALK has been shown to occur in a number of different ways in NSCLC, but most often arises
from a paracentric translocation on chromosome 2 (inv(2)(p21;p23)) that inverts a 5′ fragment of
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the echinoderm microtubule-associated protein-like 4 (EML4) gene and fuses it to a 3′ fragment
of ALK to form the fusion oncogene EML4-ALK [13]. Other known ALK translocation partners
include the TRK-fused gene (TFG) and the kinase family member 5B (KIF5B) gene [158, 136,
3]. The associated adenocarcinoma subtype is defined clinically as ALK-positive NSCLC [127],
with the dominant EML4-ALK fusion observed in 2.6% to 6.7% of the total NSCLC population,
equating to approximately 40,000 to 100,000 newly diagnosed patients worldwide each year [13,
14, 128-131]. ALK-positive NSCLC occurs in lung fibroblasts [126], and generally affects
patients who have never smoked. The ALK fusion kinase constitutively activates MAP/ERK,
PI3K/AKT and other pathways, leading to the malignant phenotype [128, 139]. The EML4-ALK
gene fusion has also been identified in breast and colorectal cancer [137], but has been rarely
observed in other types of lung cancer.
Clinical detection of alterations in ALK is typically achieved using an FDA-approved
FISH assay [276]. That assay can detect (but not differentiate between) all relevant ALK
rearrangements and is currently used in determining patient eligibility for treatment with
crizotinib (Xalkori; Pfizer, La Jolla, Calif), a small-molecule ALK inhibitor [15, 277-279]. The
FISH assay is based on hybridization of two long, uniquely labeled probes to specific sequences
on the 5′ and the 3′ side, respectively, of intron 19/exon 20 of the ALK gene, where the double
strand break (DSB) in ALK associated with an oncogenic paracentric translocation event is most
commonly observed. Co-localization of the red reporter on the probe annealing to the 3′ side of
the breakpoint region with the green reporter annealing the other, producing a yellow (“fused”)
signal indicating a normal ALK gene state within an imaged cell nucleus. Separation (breakapart) of red and green signals by at least two signal diameters indicates an ALK rearrangement.
In certain cases, loss of a green signal in nuclei displaying a red signal may be observed, being
indicative of a rearranged ALK locus [280]. Regrettably, cell imaging and signal interpretation
are quite difficult in the FISH assay [15, 183] due to the fact that the inv(2)(p21;p23)
translocation results in a relatively small change in the separation of the 5′ and 3′ specific probe
signals. The resulting scoring uncertainties and signal instabilities lead to significant interobserver variability, which in turn makes the assay prone to both false positives and false
negatives. A FISH against ALK is therefore typically considered at least equivocally positive
when greater than 15% of the nuclei within a sample contain an ALK rearrangement. The break70

apart FISH assay is also time intensive, relatively expensive, and requires a highly skilled
technician [281].
Alternative methods for detecting NSCLC-predictive rearrangements in ALK have been
developed. They include real-time polymerase chain reaction (qPCR) analyses of that portion of
ALK encoding the kinase domain [179], multiplexed reverse-transcription qPCR (RT-qPCR)
based detection of the EML4-ALK fusion transcript [147, 180], and immunohistochemical (IHC)
staining of the chimeric EML4-ALK kinase [130, 140, 181]. Neither the qPCR assays nor the
RT-qPCR methods have proven sufficiently robust [147] or comprehensive [180] to establish
their clinical use in ALK-positive NSCLC testing. For example, the RT-qPCR assay detects only
certain ALK fusion-gene variants, and reproducible results have proven difficult to obtain in
FFPE tissue sections [142], presumably due to the inherent instability of RNA. Poor sensitivity
and reproducibility likewise limit IHC tests for EML4-ALK positive NSCLC, including the IHC
assay developed by Roche [180], due in part to variability in the quality of anti-ALK antibodies
used [130] and the fact that differential expression of the EML4-ALK protein occurs at a low
level [282]. Results from IHC assays are of similar quality to those for the break-apart FISH
assay [184], though significant scoring discrepancies between the two assays have been observed
[140, 181].
A reliable, simple, inexpensive, and sensitive method for assaying NSCLC-predictive
rearrangements in ALK remains a need that could provide significant clinical benefits. Ideally,
that method would preserve the strengths of the break-apart FISH assay, most notably the ability
to detect all clinically relevant ALK rearrangements. Toward that goal, we describe here a droplet
digital PCR (ddPCR) assay that uses multiplexed droplet digital PCR (ddPCR) to analyze the
break-point region within ALK for any DSB. The assay partitions individual copies of normal or
rearranged ALK into isolated sub-nL droplets. Three short templates within each copy are then
amplified in isolation, with the pattern of fluorescent signals generated during template
amplification permitting the detection and quantification of droplets harboring either an intact
ALK gene or a clinically relevant fragment of ALK derived from a DSB within the 2.4 kbp
breakpoint region spanning intron 19 and exon 20. During the required gDNA isolation process,
(chemico-)mechanical fragmentation of the ALK gene within the breakpoint region can occur
due, for example, to shear. A new data analysis tool is presented to quantify copies of ALK lost
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due to non-biologic fragmentation and thereby enable accurate quantification of the frequency of
ALK rearrangements in a gDNA specimen, as demonstrated here for various ALK positive cell
lines and FFPE reference standards. Comparison of ddPCR assay and FISH results for the same
specimens shows that the measured frequency of ALK alterations matches quantitatively. Finally,
we show that the digital assay, when operated at a copies per drop (CPD) of 0.2 – 0.35, can be
used to accurately identify and quantify ALK rearrangements to a detection limit of 0.25%.
Relative to FISH, this assay offers a significant improvement in sensitivity in a lower cost, more
time-efficient format.

3.2
3.2.1

Materials and Methods
Oligonucleotides

Primers and dual-labeled hydrolysis probes were purchased from IDT, Inc. Probes were
HPLC purified and the primers purified by desalting. Purified forward (FP) and reverse (RP)
primers, along with probes, were re-suspended to 100 µM in IDTE (10 mM Tris, pH 8.0, 0.1 mM
EDTA) buffer and stored at -20 °C prior to use.

3.2.2

Cell Lines and EML4-ALK Reference Samples
HL60 cell line (negative control) was kindly donated by the BC Cancer Agency, and

H2228 cell line was purchased from ATCC (CRL-5935). The H2228 cell line is derived from a
1998 female patient suffering from a NSCLC adenocarcinoma, and has been shown to harbor the
EML4-ALK fusion gene on chromosome 2 and to be a variant 3, indicating that ALK exons 20 to
29 join EML4 exons 1-6 to form the EML4-ALK fusion gene. All cell lines were cultured in
HyClone RPMI 1640 media (GE, Healthcare), with 10% fetal bovine serum, 1% glutamine and
1% penicillin/streptomycin (all from Invitrogen, Canada).
The following FFPE and gDNA reference samples were purchased from Horizon
Diagnostics, Inc.: gDNA having 50% EML4-ALK allele frequency (HD664), FFPE slides with
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25% EML4-ALK allele frequency (HD231), and FFPE slides (HDC170) with a 33% EML4-ALK
allele frequency (3 core slide - a wild type core + cores B and C at 50% allele frequency). For
each sample, the % reported reflects the frequency of rearranged ALK.

3.2.3

Genomic DNA Purification
The limit of detection for this assay is largely defined by the limit of blank, which was

determined by applying the assay to gDNA specimens that do not harbor an ALK-mediated
translocation. That limit of blank (LOB) will be shown to be largely defined by uncertainties in
the amount of ALK in the specimen that has undergone non-biologic fragmentation within intron
19/exon 20 during sample processing, most notably during gDNA purification. As demonstrated
in chapter 2, assay performance is improved when mechanical fragmentation (shear) is reduced,
and various gDNA extraction protocols were therefore evaluated once again, including the
Qiagen Gene-read DNA FFPE kit, which utilizes a column extraction method, and the Qiagen
MagAttract HMW DNA kit that exploits the use of magnetic beads. None of these methods
proved suitable, as on average greater than 60% of the ALK template was lost to mechanical
fragmentation.
The new gDNA extraction method described in section 2.2.3 was applied. Briefly, it uses
precipitation, minimal pipetting and no vortexing to minimize shear-induced fragmentation. In
addition, all centrifugation steps during and following DNA extraction are performed at mild
conditions (2000 g). The new protocol, which reduces total non-biologic fragmentation of ALK
to ca. 10%, is described for cultured cells in section 2.2.3 and for FFPE samples below.
FFPE samples used in this study were provided as core section mounted on glass slides
from Horizon Diagnostics (Cambridge, UK). The DNA-containing section was scraped from the
slide using a clean razor blade, deposited into a 2 ml tube containing de-paraffinization solution
(Qiagen) and incubated at 56 °C for 3 minutes. The mild gDNA purification procedure described
in section 2.2.3 was then followed for the FFPE samples from the cell lysis step onwards with the
addition of the removal of the blue de-paraffinization solution before the protein precipitation
step. FFPE samples can undergo gDNA damage from the fixing process [283, 284]. For example,
deamination can occur which may prevent binding of probes. Despite the milder process used to
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extract gDNA, larger losses in amplifiable material are expected from FFPE samples. Damage to
gDNA recovered from cellular tissue or FFPE samples (cross-linking caused by formalin fixation
is known to degrade gDNA [285]) may lead to underestimation of the number of biological
DSBs [252].
3.2.4

Primer and Probe Design
The ALK-status assay developed using the platform is a one-well multiplexed ddPCR

comprised of three qPCR-type reactions, each targeting a specific region of ALK to produce an
amplicon of ca. 100 bp and a unique fluorescent signal generated through hydrolysis of the
associated dual-labeled Taqman-type probe. The sequences and chemistries of the primers and
probe used for each reaction are reported in Table 3-1.
The sequence for human ALK was obtained from the NCBI database (sequence
NG_009445.1; http://www.ncbi.nlm.nih.gov/). From that sequence, forward and reverse primers
were designed using Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi), then
analyzed by primer-BLAST to identify sequence homology within the human genome database
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The human genome database browser
(http://genome.ucsc.edu/cgi-bin/hgGateway) was then used to identify common single nucleotide
polymorphisms (> 1% minor allele frequency) that could serve to diminish primer (or probe)
performance. Finally, the self-complimentary of possible primer and probe pairs was scored
using the Exiqon OligoAnalyzer tool (https://www.exiqon.com/oligo-tools). When annealed to
their fully complementary template, primers were designed to melt at 60 – 63 °C under PCR
conditions (50 mM K+, 3 mM Mg2+ and a total strand concentration (CT) of either 200 or 900
nM) (http://biophysics.idtdna.com/), while probes where designed to melt at 66 – 70 °C. Finally,
the optimal annealing temperature (Ta) was identified (60 °C) using a Ta gradient study on the
Bio-Rad QX-100 ddPCR instrument.
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3.2.5

Droplet Digital PCR (ddPCR) Assay Workflow
The droplet digital PCR procedure consists of three main steps: droplet generation, PCR

amplification, and droplet reading. 20 µL samples for ddPCR analysis were prepared from 1X
dUTP-free ddPCR™ Supermix for probes (Bio-Rad), 900 nM of each FP and RP, 250 nM of
each FAM and HEX dual-labeled hydrolysis probe, 375 nM of the Alexa-488 dual labeled
hydrolysis probe, and an aliquot purified gDNA (ca. 4 – 8 ng) containing 1500 – 3000 copies of
ALK. Addition of gDNA was omitted for no template control (NTC) reactions.
For dynamic-range and limit of detection evaluation, serial dilutions of gDNA isolated
from EML4-ALK positive H2228 cells into that from ALK-negative HL60 cells were prepared in
IDTE buffer (IDT), with the total copies of ALK in each dilution quantified on a Bio-Rad QX100
ddPCR instrument [286].
A set of 20 µL samples prepared in this manner were then loaded into the sample well of
the DG8 eight-channel disposable droplet generator cartridge (cat # 186-4008, Bio-Rad) using a
20 µL pipette tip (cat # 022491270, Eppendorf); 60 µL of droplet generation oil (cat # 186-3009,
Bio-Rad) was loaded into the oil well for each channel. The cartridge was processed in a Bio-Rad
QX-100 Droplet Generator to create an emulsion of each sample containing approximately
12,000 -15,000 readable droplets. The cartridge was removed from the droplet generator and 40
µL of each emulsified sample were transferred using a multichannel pipette to an Eppendorf
Twin.tec semi-skirted 96 well PCR plate (cat # 951020362, Eppendorf). The plate was heat
sealed with foil (cat #1814040, Bio-Rad) and the sample amplified in a CFX96™ thermocycler
(95 oC for 10 min, 94 oC for 30 sec, 60 oC for 1 min) for 50 cycles, with the droplets then
stabilized by a final incubation at 98 °C for 10 min. End-point fluorescence readings within each
droplet were measured using the Bio-Rad QX100 droplet reader and presentation of the raw
ddPCR data was performed using QuantaSoft analysis software (1.3.2.0).
For dynamic-range and limit of detection (LOD) evaluation, serial dilutions of gDNA
isolated from EML4-ALK positive H2228 cells into that from ALK-negative HL60 cells were
prepared in IDTE buffer (IDT), with the total copies of ALK in each dilution quantified on a BioRad QX100 ddPCR instrument.
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3.2.6

ALK Break-Apart FISH Assay
FISH was performed using the Vysis LSI ALK Break Apart Rearrangement Probes

(Abbott Molecular). FISH consists of four main parts, fixation of cells to a surface, hybridization
of DNA probes with DNA sample, washing and visualization. H2228 cells were cultured as
described for 24 h, and then prepared for fixation by arresting during division using colcemid.
Aliquots of ~ 3000 - 5000 arrested cells in 10ml RPMI 1640 culture medium were centrifuged
(250 g) for 10 min and the supernatant removed. The cells were re-suspended in 10 mL of
hypotonic solution (37 °C) and incubated for 25 min. Excess hypotonic solution was then
removed by centrifugation (250 g for 10 min) and the cells fixed in up to 10 mL of a 3:1
methanol to acetic acid solution. That fixing process was repeated three times, with the resulting
fixed cells then stored at 4 °C until use. When required for FISH, samples were centrifuged and
supernatant removed to leave ca. 0.75 mL. The cells were re-suspended in fixative to a final
volume of ca. 1 mL to achieve an opaque suspension. Aliquots of 8 µL were spotted onto glass
microscope slides (Leica Surgipath Snowcoat Precleaned 1 x 3 x 1 mm). The FFPE reference
slides (Horizon) were prepared along with the H2228 cells using the Vysis LSI ALK Break-Apart
Rearrangement Probes, (Abbott Molecular) according to the manufacturer’s instructions. Fifty
interphase nuclei were analyzed using a Zeiss Axioimager Z2 epifluorescence microscope with a
triple-band pass filter and DAPI counter stain added to aid visualization of nuclei.

3.2.7

Statistics
Basic metrics of assay performance (limit of detection (LOD), limit of blank (LOB),

confidence interval (CI), dynamic range) were defined by computing means and standard
deviations (SDs) from the mean from sets of n replicates, with the value of n specified.
Statistical errors and the significance of recorded frequencies of biological disruption of ALK
were determined using a paired Student’s t-test.
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3.3

3.3.1

Results

Assay Design

In this assay, which was again developed from the concepts described in section 2.3.1,
individual copies of intact ALK or fragments of ALK are partitioned into isolated sub-nL droplets,
typically at a CPD between 0.2 and 0.35. Into each droplet are also introduced the reagents
needed to amplify three specific sequences within the ALK (proto-)oncogene (Figure 3-1) and
then detect those amplicons with an associated uniquely labeled hydrolysis probe. The first
reaction amplifies a short sequence lying 26 base pairs (bp) upstream of exon 19, with the
amplification end-point detected by a 5′HEX labeled hydrolysis probe. The second amplifies a
sequence 97 bp downstream of exon 20, with the end-point detected by a 5′(6-FAM) labeled
probe. The sequences queried in these two reactions are ca. 2.4 kbp apart and flank the breakpoint region of ALK. Co-localized detection of both a FAM+ and a HEX+ signal in a droplet
(denoted as a FAM+HEX+ droplet) is indicative of a copy of ALK having no disruption within the
break-point region, while segregation of FAM+ and HEX+ signals represents either a biological
or non-biologic (e.g., shear) disruption within that region. To estimate the frequency of nonbiologic disruption of the ALK break-point region (which is expected to be less than that
observed for BCR due to the shorter length of the ALK breakpoint region), the assay includes a
reaction amplifying a third short sequence (detected by an Alexa-488 labeled probe) lying 2.4
kbp downstream of the second template queried. As the frequency of shear-induced
fragmentation of gDNA is known to be length-dependent and stochastic [263, 264], the three
+

+

reactions are spaced equidistantly to allow the separation of Alexa and FAM signals to serve as
a surrogate measure of the frequency of non-biologic disruption of the ALK break-point region.
In this work, as noted, the assay is conducted at a CPD of between 0.2 and 0.35, and the
distribution of copies into droplets is approximated by Poisson statistics, with most droplets
harboring either 0 or 1 copy of intact ALK or a fragment of ALK. At a CPD of 0.2, for example,
only 1.64% of all droplets contain 2 copies, 0.11% 3 copies, and 0.006% more than 3 copies.
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Figure 3-1. Digital PCR amplification targets within the ALK gene used to detect biologic
and non-biologic cleavage within the breakpoint region.
The exon structure for the human anaplastic lymphoma receptor tyrosine kinase (ALK) gene on
chromosome 2 (NCBI Reference Sequence: NG_009445.1). The assay amplifies short sequences
26 bp upstream of exon 19 (99 bp amplicon detected using a 5′HEX labeled hydrolysis probe)
and 97 bp downstream of exon 20 (119 bp amplicon detected using a 5′6-FAM labeled probe).
An additional control reaction monitored using an Alexa Fluor 488 labeled probe is used to
quantify the quality (% shear) of the gDNA across the breakpoint region of ALK. The Alexa
Fluor 488 labeled probe binds 2340 bp downstream of exon 20. The percentage of ALK copies
that undergo shear between the Alexa Fluor 488 and 5′6-FAM probes during sample processing
can thereby be quantified and used as a surrogate for shear frequency within the ALK breakpoint
region of equal length.
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Table 3-1. Forward primer (FP), reverse primer (RP) and probe sequences used in each
amplification reaction comprising the ddPCR ALK status assay.
Amplicon
Template
113 bp segment – 21
bp upstream of exon
23
119 bp segment –

Reagent

Sequence

FP

5′-gtatcctgttcctcccagtt-3′

RP

5′-cccaatgcagcgaacaat-3′

Probe£
FP

5′-(Alex488N/acatccctctctgctctgcagca/3IABkFQ/-3′
5′-cagtgtaggggctgaatgt-3′

97 bp downstream of RP
exon 20
Probe£
99 bp segment –
FP

5′-cctgaatgtcaaggcttgtc-3′

26 bp upstream of
exon 19

5′-cccactggggtattgacaac-3′

RP

5′-(6-FAM/agagccctc/ZEN/cctatgggcacc/3IABkFQ/-3′
5′-cgatgggaaggagcaagtag-3′

Probe£
5′-HEX/tgggaccaa/ZEN/ctcaaaggagacc/3IABkFQ/-3′
£
®
Alexa-488 (Alexa Fluor 488), 6-FAM (6-carboxyfluorescein), HEX (hexachloro-fluorescein),
and 3IABkFQ (3' Iowa Black® FQ) ZENTM (IDT Internal Quencher) .
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3.3.2

Quantification of ALK status
Figure 3-2 reports the raw data, presented as a 2D diagram, from application of our

ddPCR ALK-status assay to a gDNA reference sample in which 50% of the total copies of ALK
have translocated to form the EML4-ALK fusion gene. A cluster of empty droplets is observed in
the lower left quadrant along with seven distinct non-overlapping positive clusters. The dense
populations of both the HEX+ and FAM+Alexa+ droplet clusters provide clear visual evidence
of ALK disruption. For a sample in which 50% of ALK has undergone a translocation event, one
+

+

+

+

would expect to see equivalent populations in the HEX FAM Alexa (intact ALK), HEX and
+

+

FAM Alexa clusters in the absence of other disruption mechanisms. The somewhat larger
+

+

+

+

+

+

populations of the HEX and FAM Alexa clusters relative to the HEX FAM Alexa cluster, as
+

well as the presence of a small Alexa cluster, indicate non-biologic disruption of ALK, which
must be taken into account to accurately analyze the frequency of biological disruption of ALK
within its breakpoint region. Certain ALK translocations are known to result in partial or
complete loss of the 5′ fragment of ALK (i.e., that portion that does not participate in the EML4+

ALK fusion) [280, 287], which can eliminate the fragment of ALK detected by the HEX labeled
probe in the assay. Loss of signal can t occur, resulting in a concomitant change in the 2D
diagram and the need to account for this effect in the data analysis.
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Figure 3-2. Droplet Digital PCR ALK status assay output for a gDNA reference sample in
which 50% of ALK exhibits rearrangement.
Data recorded in the assay partition into 8 clearly defined non-overlapping clusters. The assay
output for the 50% ALK positive (all in the form of EML4-ALK) gDNA reference sample: 2463
droplets contain at least one copy (CPD of 0.179); Analysis of the raw data using the model
embodies in equations 3.1 – 3.3 yields values for b and s of 49.8% and 13.3%, respectively. The
+
sample shows no loss of HEX signal, and the % of rearranged ALK that was recorded in the
ddPCR assay equals that specified by the supplier of the reference material.
The arguments made above indicate that alterations to a copy of ALK within the 4.8 kbp
region queried (Figure 3-1) can arise through a biologic double stranded break within the
breakpoint region or a non-biologic break (shear) within the queried region; those
+

rearrangements in ALK may also result in loss of end-point HEX signal. The possible states of
each copy of ALK resulting from these three possible events are shown in Figure 3-3. It begins
with segregation of ALK copies into those that have (b) or do not have ((𝑏) = (1-b)) a biological
DSB. Each of those copies may (s) or may not (𝑠) be disrupted by a non-biologic mechanism,
+

and/or may have undergone alterations resulting in loss (l) of HEX signal. Figure 3-3 can be
combined with the probabilistic modeling approach defined in chapter 2 to connect the unknown
variables b, s, and l to the droplet populations for each cluster (e.g., Figure 3-2):
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(3.2)
(3.3)

The derivation of equation 3.1 – 3.3 again makes use of the fact that certain states, such as
𝑠𝑠𝑏 and 𝑠𝑠𝑏, cannot be distinguished. Those states are treated as one state in the model to avoid
double counting. In addition to the droplet counts for each cluster, solution of equations 3.1 – 3.3
requires knowledge of the total copies of ALK in the sample, which is taken as the average of all
+

+

Alexa droplets and all FAM droplets. An iterative least squares fitting routine is used to
produce optimal goodness of fit utilizing all six positive clusters to calculate the 3 variables with
constraints on s, b and l of ≤ 1 and ≥ 0. Stable numerical solutions can be achieved using the
“Solver” subroutine of Excel (Microsoft®) based on the generalized reduced gradient (GRG)
method. Solution of the model for the data set shown in Figure 3-2 yields a mechanical
disruption frequency of s = 13.1(±0.4)%, and a biological DSB frequency of b = 48.1(±1.1)%
(SD for 6 replicates). The latter frequency (b) agrees quantitatively with that reported by Horizon
Diagnostics Inc. for the reference material used. An example of method used to compute the
right-hand sides of equations 3.1 – 3.3 is provided in Appendix B.
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Figure 3-3. Map of all potential states of an ALK gene within the ddPCR based
translocation assay.
Analysis of all possible states of a ALK gene copy within the assay resulting from all relevant
combinations of translocation, shear and loss (disruption) of HEX signal, where b = biological
DSB (translocation), s = shear (mechanical fragmentation or degradation) and l = disruption or
loss of Hex signal. A bar above a letter indicates that the event has not occurred within the gene
copy. The clusters within the ddPCR output data that are populated as a result of a particular set
of events within the ALK gene copy are shown in the hashed boxes, where A+ = Alexa+, F+ =
FAM+, A+F+= Alexa+FAM+, F+H+ = FAM+HEX+ and A+F+H+ = Alexa+FAM+HEX+

3.3.3

Analyzing ALK status in EML4-ALK Positive and Negative Samples

The H2228 cell line is heterozygous for EML4-ALK and is classified as having a variant 3
translocation (containing exons 1 to 6 of EML4) [280, 287] characterized by a loss of the 5′
+

fragment of ALK, which is observed in FISH [280]. A loss in HEX signal in the ddPCR assay is
expected. Figure 3-4 reports the output from the ddPCR ALK status assay applied to gDNA
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purified from the H2228 cell line. Near complete loss (l = 99.7%) of the HEX+ cluster is indeed
observed, in accordance with FISH data [280].
The frequency of biological disruption within the breakpoint region of ALK for the
H2228 cell line was also recorded using the ddPCR assay and compared to that provided by the
break-apart FISH assay, typical results from which are shown in Figure 3-4. Data analysis using
the probabilistic model embodied in equations 3.1 – 3.3 yields a non-biologic disruption
frequency of 10.3% (significantly less than that observed for BCR, as expected), and a
biologically disruption frequency of 35.7%, which again matches the value recorded by FISH
(35%).
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Figure 3-4. Droplet digital PCR and FISH assay output for the EML4-ALK+ H2228 cell line.
DdPCR assay operated at a CPD of 0.266 ± 0.006, (SD based on 6 replicates). The high density
of the Alexa+FAM+ cluster (1000 droplets) provides direct visual evidence of ALK
rearrangement(s), with the associated loss of signal (droplets) within the HEX+ cluster consistent
with the fact that the translocation process in this cell line eliminates a fragment of ALK lying
downstream of exon 19 that includes the sequence detected in the assay by the HEX-labeled
probe. The ddPCR assay for the H2228 sample reports 35.7% of ALK has undergone
rearrangement, and 10.3% of ALK in the sample has been non-biologically fragmented. FISH
assay results for 50 probed and imaged nuclei of H2228. Most cells contained a single breakapart signal (isolated red), as well as loss of green signal indicating genetic disruption
downstream of exon 19; two fused signals (yellow) corresponding to an intact ALK gene are
generally also observed.
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As a negative control, the ddPCR assay was applied to gDNA from the HL60 cell line
(Figure 3-5). A densely populated Alexa+FAM+HEX+ cluster (2162 droplets) and sparsely
+

+

+

populated HEX and FAM Alexa clusters are observed, with comparison of, for example,
Figures 3.2 and 3.5 showing that simple visual inspection of cluster populations provides clear
evidence of biological disruption within the ALK breakpoint region. Note that sparse population
of the Alexa+FAM+ and FAM+HEX+ clusters, as well as within the secondary clusters (e.g.,
Alexa+HEX+), is observed in the negative control due to a mechanical disruption frequency of
7.8% for this sample. The model records a biologic disruption frequency of 0.01(±0.02)% (mean
± SD calculated from n = 24 replicates) for HL60 gDNA.
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Figure 3-5. Droplet digital PCR assay output for the (EML4-ALK negative) HL60 cell line.
DdPCR assay operated at a CPD of 0.192, the high density of the Alexa+FAM+HEX+ cluster
(2162 droplets) indicates an absence of ALK rearrangement(s). The ddPCR assay for the HL60
sample reports 0.01(± 0.02)% of ALK has undergone rearrangement, with the low level
population of the remaining clusters due to mechanical fragmentation or degradation of ALK
during sample processing.
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3.3.4

Assay Limit of Detection when applied to gDNA from Cell Lines

Serial dilutions (n = 3 for each dilution) of H2228 gDNA in HL60 gDNA down to an
ALK frequency of 0.25% were used to define the limit of detection of the ddPCR assay (Figure 36). The assay was first applied to gDNA (n = 24) from HL60 alone (negative control), from
which the limit of blank (= 0.05%) was determined as the mean + 95% CI of the set of b values
recorded for the negative-control replicates. Measured ALK disruption frequencies correlate
linearly with expected disruption frequencies down to the measured limit of detection of ~ 0.25%
determined based on the limit of blank and a paired Student’s t-test. In these experiments, the
CPD was set between 0.2 and 0.3; the reported LOB and LOD apply to those conditions. The
results show that the ddPCR assay can reliably identify and quantify an ALK positive sample
through the detection of as few as ca. 3 copies of rearranged ALK in a sample containing at least
1500 total copies of ALK.

87

% ALK biological DSB from
Assay

2.0
1.5
LOD = 0.25%
1.0

LOB = 0.05%

0.5
0.0
0.0

0.5
1.0
1.5
Expected % ALK biological DSB

2.0

Figure 3-6. Accuracy, precision and detection limit of the ddPCR-based ALK status assay.
Measured biologic disruption frequencies and standard deviations (n = 3) are plotted versus
expected ALK rearrangement frequencies for serial dilutions of H2228 in HL60 gDNA.
Significant linear correlation (R2 ≥ 0.99775; P < 0.0001) between the measured and expected
ALK rearrangement frequencies is observed down to 0.25%(limit of detection (LOD). Replicates
(n = 24) of gDNA from the ALK negative HL60 cell line were used to define the mean and
standard deviation of false positives, from which the 95% confidence interval was determined
and used to define the limit of blank (LOB = 0.05%; blue hashed line). At a CPD = 0.2,
statistically significant ALK rearrangement frequencies can be obtained to an LOD of 0.25%
based on the measured LOB and a paired Student’s t-test.
3.3.5

ALK Status Assay on FFPE Reference Samples

Fine-needle and other biopsies of lung tumors are typically prepared and stored as FFPE
specimens, and the associated fixation and embedding chemistries are known to degrade gDNA
quality [288, 289]. Two FFPE reference samples were analyzed using both the ddPCR assay and
FISH. For each sample, the frequency of biological disruption recorded by the ddPCR assay
matches that provided by the reference material vendor (Horizon Diagnostics) and by FISH
(Table 3-2). For example, for the 25% biological disruption FFPE reference, the ddPCR ALK
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status assay records a b of 25.4% (raw data in Figure 3-7), while FISH (representative images in
Figure 3-7) yields a value of 22% (Table 3-2). The non-biologic disruption of ALK in this sample
was 28.8% as recorded by the ddPCR assay. For reasons explained in chapter 2, a higher
frequency of non-biologic disruption in expected in samples.
Extraction of gDNA from the second FFPE reference (33% biologic disruption
frequency) was less efficient due to the manner in which the core sections were presented on the
slide (i.e., as 3 independent sections, each having to be scraped from the slide separately). An
unusually high mechanical disruption frequency of 43.3% was consequently recorded from the
ddPCR assay data (Figure 3-8). Nevertheless, the ddPCR assay reports a b of 33.1%, in
quantitative agreement with the reference specifications; a value of 27% was recorded in the
corresponding FISH assay (Figure 3-8). These results suggest that the ddPCR assay can tolerate
relatively poor quality gDNA without significant loss in accuracy. Example of raw data and
probabilistic analysis is provided in Appendix B.
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Figure 3-7. Droplet digital PCR and FISH assay output for FFPE sample having an ALK
rearrangement frequency of 25%.
The raw ddPCR data (CPD of 0.183) and associated data analysis record that 25.4% of ALK is
rearranged, in accordance with the reference value, and that 28.8% of the ALK has undergone
non-biologic fragmentation within the probed region. FISH assay results for 50 probed and
imaged nuclei. 50% of the cells have 2 normal fused signals, while the remaining 50% have one
normal chromosome 2 fused signal and one translocated (separate red and green) signal. The
FISH assay records a rearranged ALK frequency of 22% (Table 3-2).
90

Channel 1 Amplitude
(λex = 480 nm; λem = 519 nm)

16000
14000
12000

Alexa+FAM+- 157 droplets
Alexa+FAM+HEX+- 117 droplets

10000
8000

Alexa+- 286 droplets

6000

FAM+- 201 droplets
FAM+HEX+- 72 droplets
Alexa+HEX+- 29 droplets

4000
2000

Empties - 10009 droplets

HEX+- 355 droplets

0
0

1000

2000
3000
4000
5000
6000
7000
8000
Channel 2 Amplitude (λex = 520 nm; λem = 556 nm)

9000

Chromosome 2
Normal ALK

Chromosome 2
Rearranged
ALK

Figure 3-8. Droplet digital PCR and FISH assay output for FFPE sample having an ALK
rearrangement frequency of 33%.
The raw ddPCR data (CPD of 0.115) and associated data analysis record that 33.1% of ALK is
rearranged, in accordance with the reference value, and that 43.3% of the ALK has undergone
non-biologic fragmentation within the probed region. FISH assay results for 50 probed and
imaged nuclei. The cores where imaged, with the first core negative for ALK rearrangements,
while in the remaining two cores 50% had one normal chromosome 2 fused signal and one
translocated (separate red and green) signal.
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Table 3-2. Comparison of ddPCR-based ALK status assay results to benchmark FISH data
for H2228 and HL60 cell line and FFPE reference samples.

Assay
% translocation

H2228

FISH£
% translocation
(EML4-ALK)/
((EML4-ALK)+ALK)
35

25% FFPE

22

26.1 ± 1.3

33% FFPE

27

33.7 ± 0.9

Cell line

50% gDNA
HL60

35.1 ± 0.6

49.2 ± 1.1
(Negative sample) 15

0.01 ± 0.02

£

FISH data (50 nuclei) were analyzed by calculating translocation as the number of EML4-ALK
fusions divided by the sum of the normal ALK transcripts and EML4-ALK fusions. The results
show a close comparison between the FISH and the ALK ddPCR assay. The gDNA was only run
in the ALK status ddPCR assay.
3.4

Discussion
Obtaining biopsy specimens of potentially tumorous lung tissue is difficult and painful for

patients. Those biopsies tend to be small, making identification of a translocation difficult. To
lower costs and ease patient discomfort [147], surgical resection of the tumor is generally
avoided, particularly at advanced stages of NSCLC, in favor of a fine needle biopsy, a transbronchial biopsy, bronchial washing or pleural fluid collection. Much of the FFPE specimen
prepared from such samples is typically devoted to pathological testing, so only minimal tumor
tissue may be available for molecular testing of ALK [142]. To satisfy Medicare insurance
requirements in the US, testing for oncogenic EGFR mutations is performed before EML4-ALK
testing [182], further reducing the available sample.
A measured ALK frequency of ≤ 15% is taken as ALK-negative for the FISH assay,
mostly due to the inability to access sufficient intact cells from a FFPE tissue sample to enable
more sensitive detection - 50 cells are generally counted due to the limited access to biopsy
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material. For a non-reciprocal translocation such as that involving disruption of ALK, application
of the testing platform described in this thesis could provide a clinically applicable solution to
this challenge. Here, a ddPCR assay based on that platform has been created for initial diagnosis
of ALK-positive NSCLC. When applied to EML4-ALK positive cell lines and ALK-positive
translocated reference samples, it provides a quantitative measure of biological disruption of ALK
to frequencies down to a LOD of 0.25%. The ddPCR ALK-status assay is nearly two orders of
magnitude more sensitive than the break-apart FISH assay or current IHC tests [290], providing a
significantly improved detection limit with a much smaller degree of uncertainty, due in large
part to the fact that sufficient gDNA can generally be extracted from available biopsy material to
operate the ddPCR assay at a CPD between 0.2 and 0.35. Moreover, the assay is able to quantify
ALK positive samples in cases where the translocation event results in loss of some or all of the
ALK sequence lying to the 5′ side of the breakpoint, as demonstrated on the H2228 cell line. Such
losses are known to occur in certain ALK positive NSCLC cases, indicating a rearranged ALK
locus [280].
The robust data processing methodology essential to the platform has been shown to
properly account for the impact of non-biologic fragmentation of ALK on the number of positive
data clusters observed and the distribution of droplets among them. The method allows the deconvolution of the raw digital data to fully evaluate and discriminate between the number of
copies of ALK that have been disrupted either biologically or non-biologically within the
breakpoint region. Although the data processing method accounts for non-biologic fragmentation
of ALK, the LOB (and thus the LOD) of the ddPCR assay is largely defined by the uncertainty in
the % non-biologic fragmentation recorded.
Improved detection of ALK modifications leading to an aberrant ALK protein could
directly benefit NSCLC patients whose tumors are positive for the EML4-ALK fusion gene and
qualify for treatment with crizotinib [277-279]. A recent study by Johung et al., [291] found that
patients with ALK-positive NSCLC and a brain metastasis have prolonged survival when
compared to NSCLC patients with no ALK rearrangement and a brain metastasis. This further
highlights the importance of identifying the ALK rearrangement in patients to ensure that they
receive the most appropriate and effective treatment.
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Finally, Zheng et al., [292] analyzed 319 FFPE specimens from a cohort of NSCLC
adenocarcinoma patients using in-depth anchored multiplex PCR coupled with next generation
sequencing. All ALK rearrangements identified resulted in fusion to EML4. However, subsequent
studies have found rearrangements that create other ALK gene fusions, as well as fusions
involving different tyrosine kinase genes, such as ROS1, in tumors of patients with NSCLC
[293]. Similarly, Rikova et al., [158] have reported on a TFG-ALK fusion, while Takeuchi et al.,
[136] discovered one KIF5B-ALK fusion among FFPE samples from 96 NSCLC patients. Thus,
although ALK translocations in NSCLC patients generally result in fusion to EML4, other rare
ALK fusion partners may occur within this disease. Like the break-apart FISH assay, the ddPCR
assay reported here analyses ALK status and is not affected by the fusion partner. The assay could
therefore be applied to other ALK fusion gene partners where there is a clinical benefit in
determining the translocation frequency.
To conclude, the ddPCR ALK status assay offers vastly improved specificity relative to
the FISH and IHC assays currently used in clinics. As it is significantly cheaper (~ $6 per
sample) and less labor intensive (~ 8 hour turnaround time) than FISH, the assay should be of
value to clinics and hospitals for initial diagnoses of ALK-positive NSCLC. Planned clinical
validation studies will be required as part of that technology translation. More fundamentally, the
results reported here and in chapter 2 provide the first demonstration that ddPCR assay
constructed using the platform concepts central to this thesis can be used to analyze gDNA for
the presence of either reciprocal or non-reciprocal (inversion) translocations.
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Chapter 4: Conclusions and Future Work
4.1

Conclusions

Digital forms of the polymerase chain reaction are being exploited in many areas of
cancer analysis due to their high level of sensitivity and ability to precisely quantify genomic
DNA (gDNA). The commercialization of dPCR machines has enabled analysis of various cancer
biomarkers, including somatic mutations [193, 214, 215], oncogenes [294], copy number
variations (CNVs) [195, 216, 217, 295], and loss of heterozygosity (LOH) [210]. For instance,
breast cancer metastasis can be identified by quantifying the abundance of somatic mutations in
circulating tumor DNA (ctDNA) using chip-based digital PCR (cdPCR) coupled with next
generation sequencing (NGS) [219]. This and other examples exploit the ability of dPCR [204,
295] to quantify low concentrations of allelic biomarkers with increased precision relative to
conventional qPCR [16, 204, 296]. However, analyses of translocations within gDNA using
dPCR have been minimal, with the only study reported to date by Shuga et al., [223], who
successfully used a form of dPCR in combination with NGS to detect the t(14;18) reciprocal
translocation associated with follicular lymphoma. In that work, dPCR was used only for
biomarker amplification, not the detection and quantification of the translocation, which was
achieved by the coupled NGS instrument.
This thesis describes the development of a general ddPCR based platform for detecting
oncogene rearrangements and associated translocation events at the gDNA level. We show that
the method can be used to detect rearrangements associated with either reciprocal or paracentric
(inversion) translocations, which represent the two most common translocation classes associated
with cancer and cancer progression [1, 2]. The utility of this platform has been demonstrated
through the development of two new assays: the first providing highly sensitive detection of the
BCR-ABL fusion gene and the associated reciprocal t(9:22)(q34;q11) translocation that are the
hallmark of chronic myelogenous leukemia, and the second providing detection of
rearrangements in ALK associated with a paracentric translocation, most notably the
(inv(2)(p21;p23)) translocation and coupled formation of the EML4-ALK fusion gene, associated
with ALK-positive non-small-cell lung cancer (NSCLC). In both of these cases, the platform
yielded an assay capable of identifying and quantifying the relevant rearrangement down to a
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detection limit of 0.25%, making each assay far more sensitive than the corresponding FISH or
IHC methods currently used clinically. More importantly, the platform reported here represents
the first demonstration that a commercial ddPCR instrument can be used on its own to analyze
gDNA for the presence of either reciprocal or non-reciprocal chromosomal translocations
associated with cancer.
These assays exploit the single molecule counting capabilities of ddPCR to detect minute
amounts of genetic material at a performance that surpasses other, often considerably more
expensive, quantitation methods. The basic concept of absolute quantification of oncogenes by
single molecule counting was first forwarded by Sykes et al., [297], who utilized Poisson
statistical analyses in a limiting dilution assessment. They postulated that by diluting and
distributing DNA copies into a very large number of individual PCR reactions, quantification of
the number of copies in a specimen can be achieved through analysis of the number of partitions
displaying positive amplification using an appropriate amplification reporter. This partitioning
occurs randomly and independently [194], allowing for the dilution of a sample such that each
partition initially contains no more than one target molecule to be analyzed. The distribution of
copies among partitions can then be reasonably well estimated by Poisson statistics. As has been
demonstrated in this thesis work for translocation events, a key advantage of ddPCR is that the
raw data can often be interpreted directly to gain useful and reliable clinical information, as has
been shown in other dPCR applications [298].
Current commercial dPCR instruments create several thousand to several million
partitions – the droplet digital PCR instrument used in this work creates approximately 15,000
readable droplets per well [213]. This exceptional multiplexed reaction density has been shown
to deliver greatly improved sensitivity, precision and reproducibility relative to qPCR [201, 204].
This is due in part to the fact that the signal-to-noise ratio tends to be much higher because of the
end-point detection method used and the fact that the limiting dilution and partitioning process
generally reduces the concentrations of contaminant species, including non-target background
DNA, that might inhibit template amplification.
The platform developed and presented in this work exploits all of these advantages, and
adds to them the concept of simultaneously interrogating multiple segments of a target
(onco)gene or region within a chromosome by analyzing the resulting distribution of end-point
signals from amplicons among partitions.
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The ddPCR BCR status assay (Chapter 2) shares strengths with the current BCR-ABL
FISH assay. Similar to FISH, for example, the ddPCR assay allows for direct visual identification
of the BCR rearrangement in the raw data. By coupling that data with a general and powerful
probabilistic model that connects the raw data to the true distribution of states of BCR copies, a
greatly improved detection limit and level of precision is realized. Moreover, the assay is highly
reproducible and can be conducted at lower cost (factor of ca. 10) and with faster turn-around
time (assay takes ca. 6 to 8 hours to complete, as opposed to 2 days for FISH).
Those same strengths are retained in the ddPCR ALK status assay (described in Chapter
3) that arguably addresses a more pressing clinical need. The current ALK break-apart FISH
assay achieves a relatively poor limit of detection (15%) at a high degree of uncertainty, while
also being both time-consuming and requiring considerable technical expertise. Alternative
assays such as immunohistochemical (IHC) methods fair no better. The ddPCR assay developed
in this work therefore has the potential to greatly improve detection of ALK-positive NSCLC and
enable prognosis earlier in the disease progression.
There are recognized clinical benefits of robust, highly sensitive and highly specific
diagnostic assays for detecting mutations, in part because they can allow for timely intervention
that improves health outcomes for cancer patients [299] while minimizing the stress of
uncertainty and waiting on the patient [300]. By providing those clinical benefits in a lower cost
and faster turn-around format, the ddPCR based platform described here may also provide
improved health economics [301].
The primary competing technology, NGS, may prove clinically applicable to
translocation monitoring as well, but currently does not offer comparable detection limits [302],
even though a larger amount of sample is required compared to ddPCR [214, 303, 304]. Finally,
ddPCR technology is advancing in much the same ways as NGS, with hardware, chemistry and
throughput improving at rates approaching Moore’s Law. Thus, these two technologies soon may
both be considered essential tools in monitoring and diagnosing diseases, and in the future will
likely find both complementary and partnered applications [204, 205, 207].
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4.2

Future Work
The BCR status assay developed here and described in chapter 2 is specific to the M-BCR

region of the BCR gene. While the vast majority of CML patients will have a breakpoint within
this region, approximately 2% are known to instead have a breakpoint within the m-BCR (minorBCR) region (see Figure 2-3). Extension of the ddPCR BCR status assay to include the m-BCR
region is in theory possible through a multiplexed approach that analyses both the M-BCR and
the m-BCR (54.4 kbp) regions using an appropriate set of equidistantly spaced templates, which
in the case of the m-BCR might require up to 6 nested reactions. The issue of loss of copies due
to shear (non-biologic) fragmentation would obviously become more significant in this case, so
further research and development would be required to ensure the amplicon sequences chosen
and the reporter designs preserve good sensitivity and reliability. But if realized, the extended
assay has the potential to be of significant benefit to patients with either CML or AML who carry
a Philadelphia chromosome formed via a double-stranded break in the M-BCR or m-BCR region.
A potentially more impactful advance, at least from the perspective of clinical need,
would be the development of a ddPCR assay offering highly sensitive detection in gDNA of the
BCR-ABL fusion gene; that assay would be suitable for use in minimal residual disease (MRD)
monitoring. Regularly scheduled MRD monitoring of CML in patients undergoing or following
treatment is currently conducted either by FISH, which offers poor sensitivity, or RT-qPCR,
which provides an adequate LOD (frequency ~ 10-4) [207, 305], but suffers from intrinsic
difficulties in data standardization and interpretation [306]. In particular, absolute quantification
of BCR-ABL abundance is not possible, and clinical evaluation is made using an internationally
adopted relative (calibration) scale. Interpretation of the RT-qPCR results close to the LOD is
quite difficult due to the high coefficient of variation (CV) of the assay; a 1 log increase in BCRABL abundance is required before a relapse is defined [199, 202]. These problems could be
avoided by establishing a means of directly detecting the fusion, and thus leukemic load, within
chromosomal DNA, as opposed to less stable mRNA. This could in theory be achieved by
ddPCR and its associated use of limited dilution and partitioning [199]. Any improvements
realized in quantification sensitivity and CV could serve to avoid unnecessary testing and to
improve patient therapy and overall patient management [247]
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Achieving a LOD in a ddPCR assay that is comparable with the current RT-qPCR assays
used for CML monitoring would almost certainly require a larger amount of input gDNA
(approximately 5 µg) than was used in the two assays described in this thesis. With this larger
amount of DNA, a LOD of 10-5 is possible if ca. 5 – 10 positive droplets can be reliably
identified in a gDNA sample partitioned among ~ 1 million droplets. While no attempt to
conduct MRD monitoring of CML by the ddPCR concept outlined above has been attempted,
some insights into the scale of the problem are provided by Bartley et al., [175], who reported on
a RT-qPCR assay against gDNA of CML patients that uses over 600 primer sets to locate the
fusion junction, which is generally unknown in these patients. Though informative, that method
is clearly not suitable for clinical use due to the complexity of the assay, the very high loads of
gDNA required and the high rate of false positives recorded. These limitations can, at least in
theory, be overcome using ddPCR. For example, the Bio-Rad QX-200 ddPCR instrument
generates ca. 15,000 readable droplets per well, so that a filled 96 well plate running a 5 µg
gDNA sample at the CPD of 1 could be used to screen for a small population of BCR-ABL
(amplicon) positive droplets among the ca. 1.4 million total read droplets. The challenge would
then be to identify ways to properly nest the set of several hundred primer pairs needed to ensure
amplification across the fusion and subsequent detection of the fusion-gene amplicons.
It is possible that a larger level of partitioning would be required as a result of this primer
multiplexing issue, making the current Bio-Rad instrument unsuitable. However, a ddPCR-based
MRD monitoring assay might still be achieved using an alternative digital PCR platform, such as
the RainDrop instrument (RainDance Technologies, Inc.), which segregates a gDNA sample into
10 million 5 pL-volume droplets [213].
Finally, the most logical and valuable extension of this thesis work is to validate the
platform and the two assays developed from it on clinical samples through both retrospective and
prospective double-blind studies. Though they are beyond the fundamental goals of this thesis,
those studies should serve to validate the probabilistic data analysis method at the core of the
platform, as well as set limits of acceptability on shear, rain, and CPD during a given run. In
addition, the platform could be and should be applied to other reciprocal and inversion
translocations that have been shown to be prognostic or theranostic of cancer, including specific
genotypes of lung cancer, prostate cancer, breast cancer, ALCL, promyelocytic leukemia and
thyroid cancer [3, 307]. Efforts could also be made to extend the platform to the analysis of
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ctDNA, as this could potentially reduce patient suffering associated with tumor biopsy [308-310]
and enable increased testing frequency. Sundaresan et al., [311] have recently shown that NGS
can be used to analyze ctDNA for oncogenic somatic mutations, demonstrating the potential for
less invasive routes to cancer monitoring.
Finally, ALK is translocated with other fusion partners in cancers other than NSCLC.
Fourteen different fusion partners have been identified [3] to date and ongoing research may
identify more, making ALK a potentially important target in many cancers and cancer treatment
decisions. Validating the ddPCR ALK status assay on those fusions could potentially be a future
goal.
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Appendices
Appendix A Examples of Raw Data and Data Analysis for the ddPCR BCR Status Assay
Table A-1. Raw data from the ddPCR BCR status assay applied to independent replicates
of KU812 cell line gDNA, including the sample shown in Figure 2-4A (sample 8).
no& &probability&
cpd copies all&droplets
0.256
0
0.7740
0.256
1
0.1983
0.256
0.256

2
3

0.0254
0.0022
0.9999

mean&
CPD Alexa+
0.268
0.265
0.231
0.223
0.222
0.222
0.219
0.256

f2
0.1135684

408
431
321
308
257
281
327
568

FAM+

HEX+

399
372
323
308
246
295
342
562

1322
1407
1255
1282
1189
1303
1292
1272

total&
HEX+ Fam+ FAM+
doubles&
A+ total&
total&
total&
total&
total&
total&
Total&
Alexa Alexa HEX+& empty& total&
of&
F+ doubles&
doubles&
doubles&
doubles& doubles& doubles&
Total& Total& Total& Total& Total& A+F+
FAM+HEX+ +
+ Alexa+ droplets droplets A+F+H+ A+ F+ H+ A+F+ F+H+ H+ of&A+F+ A+ F+ A+F+ of&F+H+ F+ H+ F+H+ of&A+H+ A+ H+ of&A+ A+ of&F+ F+ of&H+ H+ A+ F+ H+ A+F+ F+H+ H+
57
55
41
31
27
37
39
63

46
47
40
30
20
31
29
73

894
982
902
900
819
987
984
715

112
133
103
123
101
115
101
94

10520
11291
11500
11953
10721
12273
12719
11460

13758
14718
14485
14935
13380
15322
15833
14807

13
15
12
14
11
13
11
11

3
4
3
3
3
3
3
3

1
2
1
2
1
2
1
1

3
4
3
3
3
3
3
3

4
5
4
5
4
5
4
4

4
5
4
5
4
5
4
4

9
11
8
10
8
9
8
8

102
112
102
102
93
112
112
81

58
64
59
58
53
64
64
46

58
64
59
58
53
64
64
46

87
96
88
88
80
96
96
70

6
6
5
4
3
4
4
7

4
4
3
2
2
2
3
4

4
4
3
2
2
2
3
4

6
5
4
3
3
4
4
6

46
47
40
30
20
31
29
73

46
47
40
30
20
31
29
73

46
47
40
30
20
31
29
73

46
49
36
35
29
32
37
65

46
49
36
35
29
32
37
65

45
42
37
35
28
34
39
64

45
42
37
35
28
34
39
64

150
160
143
146
135
148
147
144

150
160
143
146
135
148
147
144

566
598
450
423
352
399
446
754

512
487
413
394
320
384
435
678

1531
1626
1430
1445
1331
1469
1453
1496

Table A-2. Representative model analysis results for BCR status assay applied to replicate
samples of KU812 gDNA.

KU812

trans
b
0.9212

CPD
0.268
0.265
0.231
0.223
0.222
0.222

START
1561
1672
1446
1437
1260
1501

Shear
s
0.2100

model42
l
0.0000

A+
566
598
450
423
352
399

F+
512
487
413
394
320
384

Total4
H+ A+F+ F+H+ A+F+H+ Alexa+
1531 884
61
108
1557
1626 971
60
128
1697
1430 892
44
100
1442
1445 891
35
119
1434
1331 811
30
98
1261
1469 977
41
112
1488

x+(1Gx) SUM
models

A
F
H
AF
FH
AFH

expt
1

Total4
FAM+
1564
1646
1450
1439
1259
1513

Total4
ALK
1561
1672
1446
1437
1260
1501

expt
2

expt
3

expt
4

expt
5

expt
6

expt
1

expt
2

expt
3

expt
4

expt
5

expt
6

expt
1

expt
2

expt
3

expt
4

expt
5

expt
6

0.363 0.062 0.362 0.358
0.350 1.526 0.328 0.291
0.938 0.713 0.981 0.973
0.588
0.566 0.581
0.013
0.039 0.036
0.049
0.069 0.077

0.311
0.286
0.989
0.617
0.031
0.069

0.295
0.274
1.006
0.620
0.024
0.083

0.279
0.254
1.057
0.644
0.024
0.078

0.266 0.064 0.112 0.100 0.107 0.102 0.101
0.256 1.547 1.554 1.606 1.626 1.701 1.630
0.979 0.714 0.649 0.597 0.569 0.533 0.522
0.651
0.027
0.074

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

sum 0.0001 0.0002 0.0002 0.0001 0.0002 0.0002
SQRT 0.00830 0.01424 0.01256 0.00902 0.01371 0.01275

expt
1
2
3
4
5
6

trans
b
0.921
0.932
0.932
0.933
0.964
0.927

Shear
s
0.210
0.209
0.178
0.171
0.160
0.155

loss
l
0.000
0.000
0.000
0.000
0.000
0.000

123

884
971
892
891
811
977
974
707

61
60
44
35
30
41
42
66

108
128
100
119
98
112
98
91

Appendix B Examples of Raw Data and Data Analysis for the ddPCR ALK Status Assay
Below is an example computation of values on the right-hand side of Equations 3.1 – 3.3.
We apply our data analysis method at the n = 2 level (i.e., no more than 2 copies per droplet
considered) to the 2D output data shown in Figure 3.4A for gDNA purified from H2228 cells.
+

+

+

Alexa cluster = 245 droplets, FAM cluster = 134 droplets, HEX cluster = 129 droplets,
+

+

+

+

+

+

Alexa FAM cluster = 1000 droplets, FAM HEX cluster = 134 droplets, Alexa HEX cluster =
+

+

+

6 droplets, and Alexa FAM HEX cluster = 1627 droplets. The total number of empty droplets
= 10772 droplets, and the total number of read droplets = 14058.
From this, the CPD (= −𝑙𝑛 𝑒𝑚𝑝𝑡𝑦  𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 𝑡𝑜𝑡𝑎𝑙  𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 = 0.266) is first computed
and then combined with Poisson statistics to estimate the fraction of total read droplets
containing n = 0, 1, 2, 3, … copies as

!"# ! !"#!!"#
!!

. For this sample, the fraction of empty

droplets is 0.76625, n = 1 copy droplets is 0.20401, and n = 2 droplets is 0.02716.
Using these values, one then calculates the fraction f2 of all filled droplets that contain 2
copies (0.02716/(0.20401+0.02716) = 0.1175) to enable determination of the number of droplets
+

+

+

within each cluster containing 2 copies. Beginning with the Alexa FAM HEX cluster:
+

+

+

Alexa FAM HEX droplets containing 2 copies = cluster count x f2 = 1627 x 0.1175 =
191
+

+

+

Then all pairs of copies that would generate a combined Alexa FAM HEX signal within
a droplet can be defined. Each copy may either be intact ALK (which on its own generates an
+

+

+

Alexa FAM HEX signal within a droplet) or a fragment of ALK. The 5 possible fragments of
+

+

+

+

+

interest generate an Alexa signal, a FAM signal, a HEX signal, an Alexa FAM signal, or a
+

+

+

+

+

FAM HEX signal, respectively. There are 17 combinations that generate an Alexa FAM HEX
+

+

+

+

+

+

+

+

signal within a droplet (e.g., Alexa / Alexa FAM HEX and Alexa FAM HEX /Alexa are two
+

+

+

+

+

+

possible combinations, while the Alexa FAM HEX /Alexa FAM HEX combination can only
be formed in one way due to the two contributing signals being indistinguishable). From this, the
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+

+

+

total abundance of each unique signal within the Alexa FAM HEX droplets containing two
copies is computed as:
+

+

Alexa

= 191 x 4/17 = 45

FAM

+

= 191 x 4/17 = 45

Alexa FAM

+

+

= 191 x 6/17 = 67

Alexa FAM HEX

+

+

HEX

+

+

FAM HEX

= 191 x 2/17 = 22
= 191 x 6/17 = 67
+

= 191 x (10/17 + 2x1/17) = 135

This analysis is repeated for the set of 5 positive clusters displaying a signal for one of the
5 possible ALK fragments generated by a biologic double stranded break (DSB) and/or a shear
event:
+

Alexa cluster droplets containing 2 copies = 245 x 0.1175 = 29
+

Alexa

= 29 x (2x1/1) = 58

+

FAM cluster droplets containing 2 copies = 134 x 0.1175 = 16
FAM

+

= 16 x (2x1/1) = 32

+

HEX cluster droplets containing 2 copies = 129 x 0.1175 = 15
+

HEX
+

= 15 x (2x1/1) = 30

+

Alexa FAM cluster droplets containing 2 copies = 1000 x 0.1175 = 117
+

Alexa

= 117 x 4/7 = 67

+

Alexa FAM
+

+

FAM

+

= 117 x 4/7 = 67

= 117 x (4/7 + 2x1/7) = 101

+

FAM HEX cluster droplets containing 2 copies = 134 x 0.1175 = 16
FAM

+

= 16 x 4/7 = 9

+

+

FAM HEX

+

HEX

= 16 x 4/7 = 9

= 16 x (4/7 + 2x1/7) = 13
+

+

From this information and the fact that the Alexa HEX cluster (6 droplets) must be
+

+

comprised of 6 pairs of Alexa + HEX , the total abundance of each unique signal is then
computed.
+

+

+

Total Alexa FAM HEX = 1627 – 191 + 135 = 1571
+

Total Alexa = 245 – 29 + 45 + 6 + 67 + 58 = 392
+

Total FAM = 134 – 16 + 22 + 9 + 67 + 32 = 248
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+

Total HEX = 129 – 15 + 45 + 9 + 6 + 30 = 204
+

+

Total Alexa FAM = 1000 – 117 + 67 + 101 = 1051
+

+

Total FAM HEX = 134 – 16 + 13 + 67 = 198
The total abundance of all forms of the ALK gene in the sample is estimated as
+

Total of all Alexa -containing signals = 392 + 1051 + 1571 = 3014
+

Total of all FAM -containing signals = 248 + 1057 + 198 + 1571 = 3074
Total ALK gene = (3014 + 3074)/2 = 3044
These results are used to compute the required value on the left-hand side of equations 3.1 – 3.3.
For equation 3.1, for example:
!"#$% ! !"# ! !"# !
!"#$%  !"#

+

!"# ! !"# !
!"#$%  !"#

!"#!

!"#

= !"## + !"## = 1 − 𝑏 1 − 𝑠

Equations 3.1 to 3.3 may then be solved as described in the main document to determine
values for b (fraction of total ALK copies that have undergone a biological DSB), s (fraction of
total copies that have undergone a shear event), and l (fraction of total copies that exhibit a loss
of HEX signal).
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Table B-1. Raw data from the ddPCR ALK status assay applied to independent replicates of
H2228 cell line gDNA.

&probabilit
y&all&
cpd no&copies droplets
0.276
0
0.7591
0.276
1
0.2092
0.276
2
0.0288
0.276
3
0.0027
0.9998

f2
0.1211351

mean&
CPD Alexa+

FAM+

total&
HEX+
doubles&
total&
total&
total&
total&
total&
total&
Total&
Alexa Fam+Ale FAM+HEX empty& total&
of&
doubles&
doubles&
F+ doubles&
doubles&
doubles&
doubles& Total& Total& Total& Total& Total& A+F+
HEX+ FAM+HEX+ +
xa+ +&Alexa+ droplets droplets A+F+H+ A+ F+ H+ A+F+ F+H+ A+F+H+ of&A+F+ A+ F+ A+F+ of&F+H+ F+ H+ H+ of&A+H+ A+ H+ of&A+ A+ of&F+ F+ of&H+ H+ A+ F+ H+ A+F+ F+H+ H+

0.289
0.294
0.281
0.278
0.285
0.283
0.283
0.276

119
140
117
113
134
128
113
120

167
157
174
144
109
149
141
173

299
268
266
249
218
260
224
297

156
179
165
137
141
132
153
144

11
14
15
16
10
14
8
8

904
930
973
870
846
920
853
943

1411
1474
1547
1377
1373
1485
1362
1503

9139
9234
10053
9064
8601
9445
8742
10044

12206 171
12396 179
13310 187
11970 167
11432 166
12533 180
11596 165
13232 182.07

40
42
44
39
39
42
39
43

20
21
22
20
20
21
19
21

40
42
44
39
39
42
39
43

60
63
66
59
59
63
58
64.3

60
63
66
59
59
63
58
64

121
126
132
118
117
127
116
129

110
113
118
105
102
111
103
114

63
64
67
60
59
64
59
65

63
64
67
60
59
64
59
65

94
97
101
90
88
96
89
98

19
22
20
17
17
16
19
17

11
12
11
9
10
9
11
10

11
12
11
9
10
9
11
10

16
19
17
14
15
14
16
15

11
14
15
16
10
14
8
8

11
14
15
16
10
14
8
8

11
14
15
16
10
14
8
8

36
32
32
30
26
31
27
36

36
32
32
30
26
31
27
36

14
17
14
14
16
16
14
15

14
17
14
14
16
16
14
15

20
19
21
17
13
18
17
21

20
19
21
17
13
18
17
21

455
429
427
396
356
415
360
449

232
262
234
217
241
240
218
231

252 951 216 1359
249 980 242 1418
267 1023 229 1491
227 914 194 1328
183 891 199 1323
234 969 195 1431
217 897 210 1312
255 991 206 1449

Table B-2. Representative model analysis results for ALK status assay applied to replicate
samples of gDNA from the H2228 cell line

H2228
CPD
0.289
0.294
0.281
0.278
0.285
0.283

trans
b
0.3550

START
2761
2865
2959
2645
2612
2824

A+
455
429
427
396
356
415

Shear
Loss
s
l
0.1248 0.9693

F+
232
262
234
217
241
240

H+
252
249
267
227
183
234

x+(1Dx) SUM
models

a
f
h
AF
FH
AFH

Total1
A+F+ F+H+ A+F+H+ Alexa+
951 216
1359
2764
980 242
1418
2827
1023 229
1491
2941
914 194
1328
2637
891 199
1323
2570
969 195
1431
2814

expt
1

Total1
FAM+ Total1BCR
2757
2761
2902
2865
2977
2959
2652
2645
2654
2612
2834
2824

expt
2

expt
3

expt
4

expt
5

expt
6

expt
1

expt
2

expt
3

expt
4

expt
5

expt
6

expt
1

expt
2

expt
3

expt
4

expt
5

expt
6

0.164 0.564 0.165 0.150
0.093 0.434 0.084 0.091
0.091 0.257 0.091 0.087
0.342
0.344 0.342
0.070
0.078 0.085
0.494
0.492 0.495

0.144
0.079
0.090
0.346
0.077
0.504

0.150
0.082
0.086
0.346
0.073
0.502

0.136
0.092
0.070
0.341
0.076
0.506

0.147
0.085
0.083
0.343
0.069
0.507

0.570 0.580 0.581 0.575 0.583 0.576
0.436 0.429 0.436 0.431 0.411 0.426
0.249 0.241 0.223 0.232 0.228 0.232

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.001

0.000
0.000
0.000

0.000
0.001
0.000

0.000
0.000
0.000

sum 0.0000 0.0002 0.0008 0.0003 0.0012 0.0004
SQRT 0.00000 0.01391 0.02769 0.01838 0.03405 0.02027

expt
1
2
3
4
5
6

trans
b
0.355
0.354
0.356
0.357
0.354
0.354

Shear
s
0.125
0.122
0.113
0.115
0.112
0.114

Loss
l
0.969
0.977
0.951
0.967
1.000
0.973
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