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Mutational analyses of cancer genomes have identified novel candidate cancer genes with
hitherto unknown function in cancer. To enable phenotyping of mutations in such genes, we
have developed a scalable technology for gene knock-in and knock-out in human somatic
cells based on recombination-mediated construct generation and a computational tool to design
gene targeting constructs. Using this technology, we have generated somatic cell knock-outs
of the putative cancer genes ZBED6 and DIP2C in human colorectal cancer cells. In ZBED6-/cells complete loss of functional ZBED6 was validated and loss of ZBED6 induced the
expression of IGF2. Whole transcriptome and ChIP-seq analyses revealed relative enrichment of
ZBED6 binding sites at upregulated genes as compared to downregulated genes. The functional
annotation of differentially expressed genes revealed enrichment of genes related to cell cycle
and cell proliferation and the transcriptional modulator ZBED6 affected the cell growth and
cell cycle of human colorectal cancer cells. In DIP2C-/-cells, transcriptome sequencing revealed
780 differentially expressed genes as compared to their parental cells including the tumour
suppressor gene CDKN2A. The DIP2C regulated genes belonged to several cancer related
processes such as angiogenesis, cell structure and motility. The DIP2C-/-cells were enlarged
and grew slower than their parental cells. To be able to directly compare the phenotypes of
mutant KRAS and BRAF in colorectal cancers, we have introduced a KRASG13D allele in RKO
BRAFV600E/-/-/ cells. The expression of the mutant KRAS allele was confirmed and anchorage
independent growth was restored in KRASG13D cells. The differentially expressed genes both
in BRAF and KRAS mutant cells included ERBB, TGFB and histone modification pathways.
Together, the isogenic model systems presented here can provide insights to known and novel
cancer pathways and can be used for drug discovery.
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Introduction

Cancer is primarily a genetic disease, caused by mutations that confer selective growth advantage on the tumor cell. Such mutations are either germ line
(inherited from parents) or somatic (acquired in tumor cells during the life
time of the cancer patient)1. The types of mutations in cancer genomes include single base substitutions (SBSs), small and large insertions or deletions (Indels), structural rearrangements, copy number variations (CNVs).
Incorporation of viral oncogenes and epigenetic changes also contribute in
tumorigenesis by regulating gene expression2-5. The SBSs are the most prevalent mutations (95% of total mutations) and the average number of genomic
alterations per tumor varies across different tumor types6.
All cancers develop as a result of Darwinian evolution of cell populations
in the tissue microenvironment and two constituent requirements are (1)
random and continuous acquisition of heritable genetic alterations in individual cells and (2) the selection of their resultant phenotypes7. The first
neoplastic cell arises as a result of somatic mutation in a cancer gene, which
causes neoplastic clonal expansion, and subsequent mutations result in additional clonal expansions, which contribute to cancer progression8,9. Germline
mutations in cancer genes cause cancer predisposition and indirectly enhance tumorigenesis but these mutations cannot initiate the neoplastic process on their own. Among the established cancer genes, somatic mutations
are found in 90% whereas only 20% are known to have germline mutations
and 10% harbor both germ line and somatic mutations10.

Cancer mutations and genes
Somatic mutations are the results of DNA damage from errors in DNA replication or exposure to endogenous or exogenous mutagens11,12. Mutational
analyses of all 20,000 protein-coding genes in 3284 cancer genomes have
uncovered 294,881 somatic mutations6. These somatic mutations are either
(1) driver mutations that directly or indirectly confer a selective growth advantage on the cell acquiring the mutation or (2) passenger mutations that do
not confer a selective growth advantage. The genes harboring the driver
mutations are referred as Mut-Driver genes and based on the mutational
analysis of cancer genomes 138 such genes have been reported. The genes
9

whose aberrant expression confers a selective growth advantage are termed
as Epi-Driver genes6.
These cancer genes can be classified by function into (a) oncogenes, (b)
tumor suppressor genes and (c) stability genes. Oncogenes are activated as a
consequence of mutations such as translocations, gene amplifications or base
substitutions and mutation in one allele is sufficient to contribute to oncogenesis1. Mutational analyses of cancer genomes have identified 64 oncogenes including KRAS, BRAF, PIK3CA, PTEN, IDH1, ABL1, AKT1, BCL2,
and CTNNB and these oncogenes contribute in tumorigesis through core
cancer signalling pathways6. Mutations can also alter gene function instead
of activating the signalling pathway, exemplified by IDH1 mutations13. Tumor suppressor genes normally inhibit oncogenesis and are inactivated by
loss of function mutations in cancer cells. A current estimate of suppressor
genes identified in cancer genomes is 74 including APC, ATM, BRCA1/2,
CDKN2A, NF1/2, NOTCH1/2, SMAD1/2/4 and VHL. Usually, both alleles
must be functionally lost to confer a growth advantage on the cell. Biallelic
inactivating mutations in APC (3/4th of cases) and TP53 (2/3rd of cases) in
colorectal cancers, result in the activation of Wnt signalling pathway and
inactivation of the TP53 pathway, respectively1,14. In case of hemangioblastoma, inactivating mutations of the VHL gene contribute to tumor progression by promoting angiogenesis, erythropoiesis and vasculogenesis to survive in tumor microenvironment15. Loss of function of stability genes such
as BRCA1 and MLH1 increases the rate of mutation in oncogenes and tumor
suppressor genes. Hypermutated colorectal cancers (mutation rate >12 per
106 bases) with microsatellite instability either have methylated MLH1 or
CIMP or somatic mutation in other mismatch repair genes or polymerase є
(POLE) 1,14. The majority of patients with inherited predisposition to breast
and colorectal cancers have constitutional inactivating mutations in stability
genes rather than of oncogenes or tumor suppressor genes1,16.

Candidate Cancer genes
Recent large scale cancer genome analyses has revealed few previously unknown cancer genes with high mutation prevalence but rather many new
putative cancer genes with low mutation prevalence (1-5% of patient cases)
17
Recent integrative analyses across many tumor types have pinpointed 138
driver genes18 but the true number remains to be established. Despite their
mutation prevalences, functional evidence for a role in cancer pathways and
phenotypes must be established to claim cancer gene status.
Zinc finger, BED-type containing 6 (ZBED6) gene
The ZBED6 gene was described in the human genome sequencing paper as
an open reading frame on chromosome 119 and was discovered as repressor
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of Igf2 in 200920. The intron less ZBED6 gene, resides in the first intron of
ZC3H11A gene and its only exon encode 900 amino acids20. This gene belongs to DNA transposon superfamily, hAT21. ZBED6 contains two DNA
binding BED domains and one hAT dimerization domain. (Figure 1) It can
only bind to wild type binding motif in the third intron of IGF2 (AGGCTCGC) and can’t bind the quantitative trait nucleotide (QTN) (AGGCTCAC) associated with increased skeletal and cardiac muscle growth22 or
methylated wild type binding motif. Silencing of Zbed6 upregulates Igf2 and
affects Igf2 signalling that is associated with enhanced cell proliferation, and
wound healing. Among the different human disorders, cancer and developmental disorders are the ones with highly enriched ZBED6 target genes20.
ZBED6 also has been demonstrated to affect gene expression, proliferation
and cell death in pancreatic beta cell23. ZBED6 is amplified in many human
tumors including breast and liver with highest frequency of 13.6% (131/962
cases) and 13.6% (27/199 cases), respectively and also in many cancer cell
lines (Figure 1). No other types of ZBED6 mutation in human cancers have
been detected so far24,25. This gene has not been well studied in humans yet
and its involvement in cancer emphasizes to elucidate its function in human
cells and also its role in tumorigenesis

Figure 1. Frequency of ZBED6 genetic alterations found in human cancers.
Only the human tumor types harboring mutations in ZBED6 are shown and nonmutant cancer types are omitted24,25.
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DIP2 disco-interacting protein 2 homolog C (DIP2C) gene
As a candidate cancer gene, DIP2C was first identified in hormone receptor
negative breast cancers17,26. The mutational prevalence was estimated up to
5% in breast and 9-14% in small cell lung cancers27. The pan-cancer mutational analysis by TCGA revealed several types of mutations including subtle mutations and copy number variations (homozygous deletions) and small
cell lung cancer had the highest mutation frequency of 14.3% (6/42 cases).
Colorectal cancer is also among several other tumor types with a mutated
DIP2C gene and the mutations frequency is up to 3.6% (7/220 cases) including subtle mutations 3.2% and deletions 0.5% (Figure 3). DIP2C mutations
cover almost the entire length of the gene (Figure 2)24,25. However DIP2C is
a poorly understood gene and it role in cancer development and progression
remains to be studied.
DIP2C belongs to the disco-interacting protein homolog 2 family of proteins, which interact with transcription factor disco in drosophila and is expressed in the nervous system during embryonic development, both in drosophila and mouse. The human and drosophila DIP2 proteins share 61%
identity and the protein is evolutionarily conserved28. DIP2C consist of two
AMP-binding domains and one DMAP1 binding domain (Figure 2) and is a
poorly understood gene. The presence of a DMAP1 binding domain in
DIP2C and its 72.7% amino acid homology with DIP2B, suggests a role in
methylation as a DIP2B SNP is linked to methylation in Hap Map cell
lines29.

Figure 2. DIP2C gene and distribution of mutations in it found in human cancers and cancer cell lines. The gene contains a DMAP1 domain (green block) and
two AMP-binding domains (red blocks). The mutations include missense (green
circles), truncating (red circles), in-frame mutations (black circles), residue affected
by different mutations (purple circle) and all other mutations (grey circle) 24,25.
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Figure 3. Frequency of different genetic alterations found in DIP2C
across human cancers and cancer cell lines. Only the human tumor types
harboring mutations in DIP2C are shown and non-mutant cancer types are
omitted24,25.

Cancer hallmarks and pathways
For a normal cell to become a malignant tumor, it has to acquire the hallmarks of cancer which includes deregulated growth and mitogenesis, metabolic reprogramming, avoiding antimitogenic signals, suppression of apoptosis, evasion of senescence, evasion of immunity, disruption of epithelial
adhesion and polarity, gain in motility, matrix degradation, defective DNA
repair and maintenance, recruitment of normal cells and molding of the tumor microenvironment. These hallmarks confer three driver functions (a)
increased cell proliferation (b) decreased cell attrition (c) invasion and four
fostering functions: (a) genetic instability (b) inflammation (c) angiogenesis
(d) fibrosis and the consequence is the growth advantage to cancer cells as
compared to their normal neighboring cells of the tissue30. The 138 MutDriver genes are among the members of one or several of 12 core cancer
signalling pathways affecting three cellular processes (a) cell fate (b) cell
survival (c) genome maintenance and consequently confer a selective
growth advantage on the cancer cell (Figure 5)6.
Deregulated cell cycle, apoptosis, RAS, PI3K, STAT, MAPK and TGF-B
signalling pathways ensure survival of the cancer cell. The Ras pathway is
13

one of the core cancer signalling pathways and affects the cell survival to
confer as selective growth advantage to cancer cell31. Ras proteins are small
GTPases which respond to extracellular stimuli like soluble growth factor by
switching from inactive when bound to guanosine diphosphate (GDP) to the
active form, bound to gaunosine triphosphate form (GTP)31,32. BRAF and
KRAS are the most commonly mutated Ras pathway genes in human cancers
and cancer cell lines with mutation frequency up to 62.8% (76/121 cases) in
melanoma and up to 94.5% (94/99 cases) mutations frequency in pancreatic
cancer, respectively. However, in case of chromosomally stable colorectal
cancer (CRC) the mutation frequency of KRAS is up to 55% (76/138 cases)
and up to 11% (23/220 cases) in case of BRAF (Figure 4A)24,25. The most
common BRAF mutations are at codon 600 whereas at codon 12 in case of
KRAS (Figure 4B). In case of BRAF, mutations in codon 600 account for
90% of BRAF mutations and 90% of these is V600E mutation (1799
T>A)33. In the case of KRAS, mutations in codon 12 and 13 constitute almost 90% of all KRAS mutations34. These mutations have been demonstrated to confer a growth advantage in low glucose conditions in colorectal cancer cells1,35,36
KRAS and BRAF mutations are mutually exclusive and are one of the
early events in malignant transformation to cancer17,26. In CRCs oncogenic
BRAF has been demonstrated to be associated with microsatellite instability
(MSI) because of higher prevalence of mutation in mismatch repair deficient
tumors and also induce MSI in CRC cell line via its overexpression. The
tumorigenic potential of BRAF is higher than that of KRAS33 and also have
been demonstrated to have differential global gene expression profile37. For
instance, BRAF differentially induces hypoxia-inducible factor-alpha 1 and 2
(HIF1A and HIF2A), whereas KRAS induces only HIF1A38. The differential
role of BRAF and KRAS may dependent on cellular context and can be elucidated by studying their mutation in the same genetic background, which
depends on these genes for tumorigenesis. There are >20 downstream effectors of the Ras pathway such as BRAF, PI3K, RALGDS and TIAM139 and
affects various cellular functions including cell survival, proliferation, differentiations, calcium signalling and cytoskeletal organization, through these
effectors40,41.
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A.

B.

Figure 4. Distribution of mutations in BRAF (A) and KRAS (B) genes across
human cancers and cancer cell lines. The mutations include missense (green circles), truncating (red circles), in frame mutations (black circles), residue affected by
different mutations (purple circle) and all other mutations (grey circle)24,25.

The prime examples of mutations of the PI3K pathway are oncogenic mutations of PIK3CA, or inactivating mutation of PTEN42. This pathway promotes tumorigenesis by controlling cell survival, cell cycle, metabolism,
motility and angiogenesis30,43,44. The TGF-B pathway transduces an antimitogenic signal to induce cellular cytostatic program and acts as a tumor
suppressor pathway45,46. However, TGF-B switches its role to a tumorpromoting pathway by inducing endothelial to mesenchymal transition
(EMT) of cells, which is a trans-differentiation process to exchange epithelial characteristics (cellular polarity, cell-cell junctions) with mesenchymal
characteristics (high cellular motility). The EMT enables tumor cells to invade the surrounding tissue and consequently promotes metastasis47-49. The
most commonly inactivated TGF-B pathway genes in human cancers are
SMAD4 and TGFBR230. The janus kinase (JAK)/ signal transducer and activator of transcription (STAT) signalling control the immune function, cell
growth and differentiation. Inhibition of the JAK/STAT signalling induces
cell cycle arrest and decrease tumor cell invasion whereas the activated
pathway confer resistance to apoptosis30,50. Both in vitro and in vivo roles of
activated JAK/STAT pathway in tumor progression, either through an oncogene like JAK2 or a tumor suppressor gene like SOCS1 has been demonstrated51. Oncogenic mutations in JAK1/2/3, KIT, CRLF2 and inactivating
15

mutations in SOCS1, have been found in human cancers and contribute to
the cancer cell survival via activation of the JAK/STAT pathways6. Mitogen-activated protein kinase pathway (MAPK) members mutated in human
tumors include tumor suppressor gene like MAP3K1 and oncogenes such as
TSHR and GNA1. Activated MAPK pathway along with PI3K pathway
regulates cell proliferation, growth, metabolism, migration and differentiation to increase cancer cell survival6,52. Apoptosis is tightly regulated programmed cell death to regulate tissue homeostasis and development by removing the unnecessary and damaged cells for example genetically mutated
cells, to maintain the delicate balance between cell survival and cell death5355
. Cancer cells overcome apoptosis by mutating pro-apoptotic and antiapoptotic genes which includes oncogenes like MYC, ABL1, BCL2, and tumor suppressor genes like CDKN2A, TP53, RB1 regulate cell cycle and
apoptosis, mutated in many human cancers6,56.
The driver genes belonging to, chromatin remodeling and transcriptional
regulation, NOTCH, Hedgehog and APC, signalling pathways, determine
cancer cell fate6. The initial evidence for the involvement of hedgehog signalling (HH) in cancer was uncovered with the discovery of inactivating
mutations in PTCH157. In a ligand dependent manner HH signalling inhibits
apoptosis via overexpression of BCL258 and simultaneously promote cell
cycle progression and proliferation by Forkhead transcription factors
FOXM1 and FOXE159,60. In CRC, ligand independent paracrine HH, where
the tumor cell, themselves are non-responsive to HH ligands, contribute to
tumorigenesis by promoting angiogenesis61-63. The reverse paracrine signalling where tumor cell respond to stoma derived HH lingand64 and autocrine
where cancer cells produce and respond to their own HH ligand have been
described to promote tumor growth63. The NOTCH signalling, depending
upon the cellular, can be either oncogenic or tumor suppressor because both
activating and inactivating mutations were found in this pathway. For instance activating mutations in NOTCH1 and NOTCH2 in B cell tumours
enhance, the NOTCH signalling in tumour microenvironment dependent
fashion whereas inactivating mutations in NOTCH1/2/3 in squamous cell
carcinoma inactivate NOTCH signalling65,66. Inactivating mutations in APC
are present in 85% of all colorectal cancers including sporadic and hereditary tumors67. APC is a tumor suppressor gene and inactivating mutations
are considered to be early event1 and stabilize the increased β-catenin in
colon cancer cells68 which regulates a transcriptional response critical for
initiation and progression of tumour69. Cancer cells obtain genomic instability by inactivating mutation in genes, which are responsible for cell cycle
checkpoint genes for cell cycle progression e.g. TP53 or ATM, and genes,
which control mutation rates such as MLH1 or MSH2 to increase the rate of
mutation and cancer cell can get through cell cycle check points with genetic
alteration which later own are beneficial for tumour progression6.
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Figure 5. Tumor driver genes and the core cancer signalling pathways they
represent. The driver genes (outer most ring) including oncogenes (gene symbols in
red) and tumor suppressor genes (gene symbols in black) are organized into 12 core
cancer pathways and these pathways affect the three core cellular processes (the
inner most ring) to confer a selective growth advantage on the tumor cell (Modified
from 6).
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Modeling of cancer mutations
The number of cancer genes is much larger than the number of pathways,
and the rapid identification of novel putative cancer genes has created a need
for scalable functional validation of such genes in human cell systems.
Large-scale mutational analyses have identified novel candidate cancer
genes with low or intermediate mutation prevalence. The precise role of
mutations in such cancer genes in tumor progression needs to be further
investigated. Expression libraries of cDNA, ORF, miRNAs and libraries of
small chemical molecules have been used to identify cancer genes and
pathways70.

Isogenic cell models of cancer
A preferred way is reverse genetic engineering of cancer mutations in human cells to generate isogenic cell derivatives, which only differ from their
parental cells by a defined mutation. Such isogenic cell lines also provide an
isogenic negative control for cell based anticancer drug screening71. An experimental strategy termed as pharmarray was devised to test drug response
and specificity by using isogenic cell models for personalized medicine72.
Erlotinib and gefitinib of >90 drugs tested for isogenic models of BRAF,
KRAS, PIK3CA and EGFR were found to be specifically effective against
EGFRdelE746-A750 and cells harboring BRAF or KRAS mutant alleles were resistant73. Two isogenic cell models (HCT116 and DLD-1) of somatic KRAS
mutation (G13D) have been used to screen a library of 29440 small molecule libraries. Two previously unknown compounds to target Ras pathway,
triphenyl tetrazolium (TPT) and sulfyl cystidine derivative (SC-D) were
identified which show selective growth inhibition of mutant cells both in
vitro and in nude mice xenografts74. The isogenic models have also revealed
the tumor biology such as phosphorylation at Ser-181 of oncogenic KRAS as
a requirement for tumor growth75.

Genome editing
The long journey of genome editing started in 1927 with Nobel Prize winning discovery of X-rays mutagenesis76 and continued with discovery of
chemical mutagens such as mustard gas77 and transfer of exogenous DNA
into chromosomes through homologous recombination78. The increased rate
of homologous recombination either by linearizing the donor DNA molecule
or double strand breaks in the target DNA laid down the basis for molecular
scissor for genome engineering. Isogenic cell lines can be generated either
by homologous recombination (HR) of exogenous gene targeting construct
into the target cell genome or by customizable endonucleases which exploit

18

both HR and non-homologous end joining (NHEJ) mechanisms to repair
cleaved double strand DNA at the targeted locus79.
Molecular scissors
In mammalian cells, for targeted genome editing, the required site-specific
DNA double strands breaks were achieved by zinc finger nucleases (ZFNs)
at very high rate of 20-30%80. To improve the gene targeting frequency,
molecular scissors including zinc finger nucleases (ZFNs), homing endonucleases (HEs) and Transcription activator like effector nucleases (TALENs)
have recently been developed. All these molecular scissors induce the cellular DNA repair mechanism by creating either single strand nicking or double
strand DNA cleavage in the cellular genome. The faulty repair by error
prone non-homologous end joining repair of double (NHEJ) strand breaks,
results in gene knockouts79.
Zinc Finger Endonucleases
Customizable ZFNs were the first customizable molecular scissors developed for genome editing. Each ZFN is a heterodimer consisting of a common nuclease domain, derived from FokI in both monomers and two different site specific DNA binding domains, which are, customized zinc finger
domains81,82. When expressed in the cells the subunits dimerize on opposite
DNA strands at the targeted locus and the non-specific nuclease domain
create site specific DNA double strand breaks and stimulate cellular DNA
damage repair mechanism81,83. Consequently, the error prone, cellular NHEJ
DNA damage repair mechanism result in small deletions which disrupt gene
function and thus gene knockouts can be generated at high frequency (10 to
100% in rat models) without the need for a gene targeting construct84. The
HR based repair of double strand breaks created by ZFNs, can be exploited
to integrate an exogenous targeting construct or small oligos at the targeted
locus. The desired genetic change, such as a single base substitution, is incorporated in the targeting construct or oligos and will be transferred into the
cellular genome85,86. The typical length of the DNA recognition site for
ZFNs is 18-24 base pairs (bp) with 5-7 bp spacer sequence in-between. The
ZFNs are well characterized in terms of specificity, affinity and toxicity and
are easy to tailor to the target sequence but they are biased toward GC rich
sequences87. The genotoxicity due to both on target and off target DNA
breaks is a known ZFN drawback88 and off target cleavage at sites which
were not predicted in silico has also been observed89-91. Although ~1 % of
transfected cells have shown HR based gene targeting by using ZFNs, mutations due to NEJH repair of double strand breaks created by ZFNs have been
observed in up to 28% of target alleles in human embryonic cells92,93. The
genotoxicity and complicated design process make ZFNs less attractive in
large-scale gene targeting efforts.
19

Homing Endonucleases
The HEs are natural meganucleases that can recognize 14-44 base pairs of
DNA to introduce a double strand break94. Gene correction efficiency within
100 bp of double strand breaks of up to 3.5 % has been demonstrated in
human cells using engineered homing endonucleases95. As compared to
ZFNs, HEs may have higher specificity for their target sequence, high DNA
cleavage efficiency and are free of off target cleavage effects of nonspecific
FokI domain because the cutting and DNA binding domains are mostly not
from distinct proteins, but on the other hand it makes their engineering more
difficult96. Together, the difficulty in engineering HEs and their unknown
toxicity make them less attractive for genome engineering87.
Transcription activator like-effectors
Transcription activator like-effectors are used by Xanthomonas sp. to manipulate transcription in the host plant cell97,98. Each TALE consist of an Nterminal translocation domain, a nuclear localization signal and tandem 34
amino acid with two residues at position 12 and 13 called variable diresidues (RVDs) which determine DNA binding specificity99,100. The length
of tandem amino acid repeat tandem varies from 1.5 to 35.5 in 113 known
naturally occurring TALEs97. Engineered TALENs are produced by fusion
of the restriction enzyme FokI endonuclease domain and a highly specific
DNA binding domain of the transcription activator-like effectors family101.
Like ZFNs TALENs also enhance targeting efficiency by creating double
strand breaks at the targeted sequence. Genome editing frequencies of 21 %
based on NHEJ and 16 % via HR based gene targeting in human cells have
been demonstrated102. TALENs are easy to design and the length of the
recognition site can be freely adjusted but larger protein size can hamper
their delivery. However, there is no special code for guanine recognition and
the specificity and toxicity of TALENs have not yet been systematically
determined87.
CRISPR-Cas system
Clustered interspaced short palindromic repeats (CRISPR), is a bacterial and
archaeal adoptive immune system which degrades the invading viral or
plasmid DNA103. In the adaptive phase fragments of foreign DNA is incorporated in the host genome at the CRISPR locus between CRISPR repeats.
After transcription and post transcriptional processing the CRISPR transcript
results in CRISPR RNAs (crRNAs), which contain both a part of CRISPR,
repeat and a variable sequence from incorporated foreign DNA called protospacer. Then crRNA hybridizes with trans-activating crRNA (tracrRNA)
with its repeat sequence and to the target sequence using its complementary
protospacer sequence and recruits CRISPR-associated (Cas) enzyme to degrade the target nucleic acid103,104.
20

The most widely used CRISPR-Cas system for genome editing by inducing DNA double strand breaks (DSBs), is the Type II CRISPR-Cas system
from Streptococcus pyogenes105. The system has a single protein component
Cas9 to catalyze blunt ended DSBs when guided by RNA105-107 and two essential RNA components (i) CRISPR RNA (crRNA) required to guide Cas9
to complementary DNA sequence and (ii) trans-activating crRNA (tracrRNA) that hybridize with crRNA to create DSBs105,107. For simplicity these
RNA components have been combined into a single guide RNA (sgRNA)
and now the system has been reduced to once RNA component and one protein component105. RNA guides the CRISPR-Cas system unlike customizable ZFNs and TALENs, and multiple sgRNAs are easy to generate simultaneously which enables to the multiplexed genome engineering. Le Cong et
al demonstrated simultaneous expression of a pair of protospacers and efficient deletion of 118bp between then in the human cells108 and more recently
an array of 7 sgRNA and Cas9 have been successfully combined in a single
vector for multiplex genome engineering109.
In vivo modeling of tumor formation in adult mouse liver has been
demonstrated through knocking out Pten and Tp53 tumor suppressor genes
via CRISPR-Cas9 mediated genome editing110. In another effort a conditional Cre-dependent Cas9-EGFP knock-in transgenic mouse was generated and
sgRNA were delivered via AAV or by other vectors. In this system multiplexed CRISPR-Cas9 genome editing successfully introduced activating
KRASG12D, and knocked out the Tp53 and LKb1 genes simultaneously by
using a single AAV delivery vector in the lung. These mutations consequently produced fluorescent tumors in the mouse lung only111.
rAAV based genome editing
Recombinant adeno-associated vectors have been developed for homology
directed, precise editing of the human genome at high efficacies (Figure 6).
Adeno-associated virus 2 (AAV) vectors have single stranded DNA genomes of 4.7 kb and can efficiently integrate in the human genome. Naturally, the AAV2 virus has an integration site in the human genome on chromosome 19 in the AAVS1 (PPP1R12C) locus. The integration of the viral genome into other loci in the cellular genome can be specified by inserting the
homologous DNA fragments between the viral inverted terminal repeats
(ITRs). Gene targeting efficiencies as high as 0.8 % have been observed in
some settings by using rAAV vector along with nuclease expressing vector
to create double strand breaks in the target gene112. When AAV vectors were
combined with ZFNs, gene correction by homologous recombination was
observed in 6 % of the cells113. Use of promoter trap vectors like synthetic
exon promoter trap vector (pSEPT) or selection independent methodologies
have improved genome editing114,115. To assemble the AAV gene targeting
vector, conventional cloning or phusion PCR based methods and conven21

tional, restriction enzyme based cloning methods have been used116,117. Recently an ATG-less (open reading frame trap (OFR-trap) gene targeting construct containing enhanced yellow fluorescent protein (EYFP) instead of an
antibiotic gene has been developed. The targeted cells were enriched and
purified by FACS. However the expression of the EYFP depends upon the
endogenous promoter, which is variable for different genes118. However,
large-scale application of AAV based gene targeting is hampered due construction of targeting vectors and tedious cell cloning work.

Figure 6. AAV based genome editing via homologous recombination of a gene
targeting construct to engineer different type of mutations at a target locus.
Homologous recombination can be used to correct or introduce nucleotide substitutions (A), deletion of exons (B), and tentatively for generation of inversions (C) and
chromosomal translocations (D). Point mutation is depicted as pink steric and color
coded +/- sign represents presence or absence in the gene targeting construct.
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Present investigation

Aims
The aim of this thesis was to establish isogenic cell models to study the phenotypes of cancer mutations and to develop a scalable method to generate
these isogenic models. The specific aims of each of the paper were:
I.

Develop scalable molecular and bioinformatics tools for high
throughput generation of gene targeting constructs.

II.

Generation of isogenic cell models of ZBED6 and to study its biology in human colorectal cells.

III.

Knockout DIP2C gene in human colorectal cancer cells to study
it role in cancer progression.

IV.

Engineering KRASG13D mutation in human colorectal cells and
study phenotypes of BRAF and KRAS mutation in the same genetic background.
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Paper I: Computational and molecular tools for scalable
rAAV mediated genome editing.
To investigate the role of candidate cancer genes in tumor progression, isogenic cell modeling of the mutations in candidate cancer by genome editing,
enables us to study their cellular phenotypes. The rAAV mediated genome
editing is highly precise and free of off target effects because it relies on the
cellular homologous recombination mechanism. The large scale application
of rAAV mediated genome editing is hampered by manual design and conventional cloning methods to generate gene targeting constructs. In this paper we aimed to develop computational and molecular tools to facilitate
rAAV based genome editing.

Results and discussion
Here we first developed a software to facilitate the design of gene targeting
constructs for protein coding genes. Using the CCDS database, exons from
all the transcripts of a gene were compressed into a single entry by using the
concept of exon projections and this data base was further used to design
knock-in constructs. A separate database without any compression of exons
was developed for knock-out constructs. Two 700-1200 bp sequences homologous to the targeted locus, termed, homology arms are required for
rAAV based genome editing. To designs knock-in scenarios, using primer 3
we next generated HAs for 99.4% of attempted 18,667 genes from our exon
projection databases. Both left and right HAs for each target exon were clustered separately to reduce complexity and 5 best designs for each exon were
selected based on the minimum gap between them by pairing the HAs. This
reduced 98% of the human effort to manually select from 909,500 designed
knock-in scenarios. For knock-out scenarios we selected exons with exon
length which was indivisible by three and attempted whole exon deletion
scenario as knock-out strategy. For 13,443 genes, 157,746 gene knock-out
scenarios were successfully designed. However knocking in a stop codon
can also be used to knock out a gene and 81.5% of the exons eligible for
knock-out designs also have construct designs based on this strategy. The
PCR based amplification efficiency of HAs from genomic DNA, for all the
knock-in designs generated for MYC, KRAS and TP53 was 100%.
In the second part of this study, to facilitate the practical aspect of rAAV
based genome editing, we developed a vector system which is based on recombination mediated Gateway cloning. The vector system includes promoterless, polyA-trap and promoter containing selection vectors for antiobiotic based selection of cell clones and a Gateway based rAAV vector. The
gene targeting construct expressed a fusion protein containing intracellular
part which mediated antibiotic resistance and an extracellular part containing
24

Myc-tag and GFP, which potentially may enable FACS based early enrichment. All this together enables rapid, efficient and potentially automatable
generation of gene targeting constructs.

Paper II: The transcriptional modulator ZBED6
regulates cell cycle and growth of human colorectal
cancer cells
The recently discovered transcription factor Zinc finger, BED-type containing 6 (ZBED6) is a repressor of IGF220 and in CRCs the upregulation of
IGF2 is mutually exclusive with activating mutations in PI3K pathway14.
Also ZBED6 is amplified in many human cancers including breast and colorectal cancer24,25. However ZBED6 is poorly understood in the human context and its role in tumor progression has not been studied. In this paper our
aim was to develop isogenic cell models, by rAAV based genome editing
technology from paper I, to study the biology of ZBED6 and its role in tumor progression in human colorectal cancer cells.

Results and discussion
Inserting a stop codon in ZBED6 by rAAV mediated genome editing in two
human colorectal cancer cells (HCT116 and RKO) successfully generated
ZBED6-/- cells. The loss of functional ZBED6 protein was confirmed by
immunoblot analysis. In case of RKO ZBED6-/-cells loss of ZBED6 promoted the clonogenic survival and cell growth, however the effect was opposite
in case of HCT116 ZBED6-/- cells. Overexpression of Zbed6 in RKO
ZBED6-/- reversed the enhanced cell growth and clonogenic survival. The
IGF2 up regulation was confirmed in both RKO and HCT116 ZBED6-/- cells
by qPCR. However, expression of IGF2 in RKO was 250-fold higher as
compared to HCT116.
Whole transcriptome analysis revealed 2,752 differentially expressed
genes in RKO ZBED6-/- and HCT116 ZBED6-/- compared to their parental
cells. Among 593 differentially expressed genes, 302 genes had same direction of change including 194 upregulated and 108 downregulated genes. The
functional annotation of deregulated genes revealed enrichment of cell cycle
related genes in both ZBED6-/-systems. The CHIP-seq analysis of parental
HCT116 cells revealed that the enrichment of ZBED6 binding site was
higher in case of upregulated genes relative to that of downregulated genes.
The differential expression of selected genes including two cancer genes
(MYBL1119 and SPTBN1120,121) was validated by qPCR in both isogenic
models and also in parental cells where ZBED6 was knocked down. The
remaining validated differentially expressed genes also belong to CRCs can25

cer pathways such as Wnt, Hippo and TGF-β, suggesting a role in colorectal
cancers. However, only half of the differentially expressed genes have the
same direction of change in both the isogenic models, which suggests that
ZBED6 has a role as transcriptional modulator. In conclusion our cell systems have revealed the role of ZBED6 as transcriptional modulator and in
IGF2 regulation, and affects cell cycle and growth in human colorectal cancer cells.

Paper III: The candidate cancer gene DIP2C regulates
expression of CDKN2A
The disco-interacting protein homolog 2 C (DIP2C) is mutated in several
different human cancers such small cell lung cancer, hormone receptor negative breast cancer and colorectal cancers and mutations found includes largely amino acid substitutions, truncating mutations, amplifications and deletions24,25. The presence of a DMAP1 domain suggests a role in methylation,
however DIP2C is a poorly understood gene. The aim of this study was to
investigate the role of DIP2C in cancer by generating isogenic human cell
models.

Results and Discussion
We used rAAV mediated gene targeting to knock out DIP2C in human cells
and successfully generated RKO DIP2C-/- cells by deleting a part of the gene
to abrogate gene function. The complete knock out cells had fourfold decreased DIP2C transcript because the disrupted transcript is likely degraded
due to nonsense-mediated decay. The DIP2C-/- cells had 35-50% reduced
cell growth and clonogenic survival but had 8-24% increase in cell size
compared to parental cells. Whole transcriptome analysis revealed 402 upregulated and 378 downregulated genes in DIP2C-/- cells compared to parental cells. The upregulated genes included RGS4, HGF, IL13RA2, CALB2,
CDKN2A and DCDC2 and downregulated genes included TNS4, SLC1A3,
MAP1B, UCA1, GRPR and DCLK1 was confirmed by RT-qPCR in DIP2C-/cells relative parental cells. Further detailed expression analysis confirmed
the upregulation of all the three genes CDKN2A, p14ARF, p16INK4a transcribed from the CDK2A locus. The functional annotation of deregulated
genes revealed enrichment of the genes related to cancer, cell proliferation,
apoptosis and angiogenesis.
The slow growth and enlarged cells size and upregulation of tumor suppressor P16INK4a suggest the role of DIP2C in cell senescence122 but how
DIP2C-/- cells can still divide remains to be studied. Hypomethylations of
P16INK4a by knock down of DMAP1 also reduce the cell growth123. In con26

clusion DIP2C affect cell morphology, growth and expression of cancer
gene and might be involved in methylation processes, in human colorectal
cancer cells.

Paper IV: Core RAS pathway signalling in human
colorectal cancers revealed by isogenic modeling of
KRASG13D and BRAFV600E mutations.
Oncogenes from the Ras pathway such as KRAS and BRAF have oncogenic
mutations in more than 50% human CRCs and differential tumorigenic
properties of KRAS and BRAF have been demonstrated33. We here aim to
study mutagenic KRAS and BRAF in same genetic background, which also
depends on KRAS or BRAF mutations for tumorigenesis.

Results and discussion
The isogenic cells models for BRAFV600E had already been developed by
knocking out the two mutant BRAFV600E alleles from RKO cells (RKO
BRAFwt/V600E/V600E)124. In this paper, we successfully generated isogenic cells
models of mutant KRAS by knocking KRASG13D allele into RKO BRAFwt/-/-.
The expression of both mutant and wild type alleles were confirmed by sequencing RT-PCR products. The anchorage independent growth was restored by the KRAS mutant allele indicating Ras pathway activation.
Whole transcriptome analysis of RKO BRAFwt/V600E/V600E, RKO BRAFwt/-/and RKO BRAFwt/-/-KRASG13D clones was performed to identify the genes
regulated by mutant BRAF and KRAS. We selected 25 genes for validation
by qPCR based on the criteria that either they were among top 10 deregulated non-histone genes, known Ras pathway or cancer genes, signal transducers or soluble biomarker of Ras pathway activity. Fifteen upregulated genes
including BCL2A1, CBLB, CORO2B, EFNB2, EVC, GEM, GLRX, HBEGF,
ITGAX,OAS2, PBX3, TFPI, TIE1, TIMP1 and ZEB1 and seven downregulated genes including CAV1, GDF15, ID3, IRS1, MAP3K14, MYOF and
SH2D3A, were successfully validated. Functional annotation of deregulated
genes revealed down-regulation of TGF-β pathway. Amplification of BCL2
has been implicated in melanogenesis125 and it was found among the top ten
upregulated. We did not find genes, regulated by mutant KRAS and not by
mutant BRAF whereas the reverse was true. In conclusion our models system enables direct comparison of mutant BRAF and KRAS in the same genetic background which depends on BRAF or KRAS mutations for tumorigenesis and more investigation are required to validate deregulated genes.
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