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Abstract 

 Epigenetic changes are fundamental for cancer. To our knowledge, these are the only ones that include alterations 
that are consistently present in many cancer entities at once. Hence they may provide targets for general cancer therapy. Now, 
fortunately, the exciting in-vivo genome targeting CRISPR/Cas technology has been developed and one new perspective has 
arisen to take advantage of these common epigenetic targets to fight cancer.
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CRISPR/Cas differential substrate and chromatin spec-
ificity
 Clustered regularly interspaced short palindromic re-
peats ((CRISPR)/CRISPR-associated (Cas)) technology holds 
the potential to decisively impact almost all disciplines in current 
biological and medical research. For that reason, it is current-
ly discussed how it may contribute to new cancer gene therapy 
strategies. Here, I wish to suggest one approach to apply this new 
CRISPR/Cas technology to target cancer cells based on their ab-
errant chromatin structure. I will discuss this approach primarily 
for urological cancers, my subject of research, but in addition, 
it should be promising to be applied in a wide range of cancer 
entities.
 CRISPR/Cas systems evolved as widespread adaptive 
immunity systems that protect bacteria and archaea against 
phages and plasmids [1] by directing sequence-specific Cas9 en-
donuclease mediated double-strand DNA cleavage (DSB) to the 
intruder´s DNA and hence destruct its genetic information [2]. 
In its native species, this system has evolutionary never encoun-
tered as a substrate DNA which is organized in complex, high-or-
der structured chromatin, which serves in mammalian cells to 
control accessibility, transcription and epigenetic functionality. 
One would therefore intuitively expect that Cas9 cleavage of eu-
karyotic DNA, especially if organized as heterochromatin, would 
be less efficient than that of its original substrate. Indeed, evi-
dence in multiple reports indicates that Cas9 has a high prefer-
ence for binding to more easily accessible chromatin regions [3-
5] consistent with the observation that active sg RNAs map in the 
areas of open chromatin [6]. Furthermore, active transcription 
can directly stimulate DNA cleavage by CRISPR/Cas. This has 
been shown on allele-specific euchromatic and heterochromat-
ic, respectively, states of the p16INK4a locus CpG-island [7] and 
for imprinted alleles where the repressed heterochromatic allele 
accumulated Cas9 mutations slower than the active one. Thus 
tightly packed heterochromatin nucleosomes negatively affect 
Cas9 binding and functioning [8].

Adjustment of CRISPR/Cas methodological parameters 
to trigger efficiency
 Brief exposure and low Cas9 expression confer further 
differences in efficiency [9], indicating that differential efficiency 
can be further adjusted by sophisticatedly selected methodolog-
ical parameters. Obviously, the system offers a wide spectrum of 
possible adjustments in order to optimize efficiency and target 
specificity. For instance, the ratio of on- to off-target cleavage is 
improved by the reduction of the concentrations of sgRNA and 
Cas9 nuclease expressed in the cell [10]. The specificity of the nu-

clease is complex and target site-dependent. For instance, single 
and double mismatches are often well tolerated even when one 
or more mismatches occur in the 3‟ half of the sgRNA target-
ing sequence but not all mismatches in the 5‟ half of the sgRNA/
DNA interface are necessarily well tolerated [10]. Furthermore, a 
high GC-content, as e.g. exists in the Long Interspersed Nuclear 
Element 1 (LINE-1) promoter region and in CpG islands, has 
been shown to stabilize RNA: DNA hybrids and is therefore ex-
pected to make sgRNA/genomic DNA hybrids more stable and 
more tolerant to mismatches, i.e. to enhance on-target specificity. 
On the other hand two or more intentionally interspaced mis-
matches dramatically reduce Cas9 cleavage [10,11] Finally it is 
mentioned that the rapidly evolving Cas9 research field is steadi-
ly providing newly discovered or recombinantly modified Cas 
variants and Cas9 homologs with a plethora of new and adjusted, 
respectively, features which e.g. reduce non-specific interactions 
and contribute to an improved efficiency and specificity [12].

Characteristic configuration of cancer chromatin and 
the example of LINE-1
 Cancer cell-specific reorganization of chromatin con-
figuration leads to microscopically visible, profound alterations 
in chromatin structure which include dense “hyperchromatic” 
chromatin. This is a hallmark of cancer known since 1914, first 
described by Teodor Boveri [13] and one criteria to distinguish 
cancer cells in routine pathology. For instance, it has been exem-
plary exploited worldwide, for over 65 years clinically applied, 
‟Pap test”, a central pillar of screening for cervical cancer which 
has probably saved millions of lives, constituting a true public 
health success [14]. An outstanding and motivating achievement 
by George Papanicolaou in the 1930s [15]. 
 One basic assumption underlying my considerations 
outlined below is that within their huge “chromatinome”, the ma-
jority of cells of one cancer entity share common chromatin sig-
natures, which contain consistently euchromatic regions, which 
are heterochromatic in the corresponding healthy cells of origin. 
These would constitute primary targets for intentional, differen-
tially effective operating Cas9 endonucleolytic disruption. Com-
parative global chromatin analyses between a significant number 
of primary tumors and the appropriate cells of origin should re-
veal such cancer-specific, consistent euchromatic signatures and 
I hypothesize that this would be possible for presumably many 
cancer entities.
 One issue I have been working on in the last two de-
cades, namely the epigenetic deregulation of Long Interspersed 
Nuclear Elements 1 (LINE-1) retroelements in cancer, provides a 
first paradigm and an exciting opportunity in this respect.
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 In all healthy somatic cells, LINE-1 retroelements are 
densely methylated at their CpG dense promoter regions, tightly 
packaged into inactive chromatin and poorly accessible for tran-
scription [16]. This state is established in healthy differentiated 
somatic cells during ontogenesis by coordinately acting epigen-
etic mechanisms to ensure repression of these dispersed genet-
ic elements which otherwise could become activated and mo-
bile, threatening the integrity of the genome. LINE-1 elements 
of healthy differentiated somatic cells typically bear histone H3 
methylated at Lys9 (H3K9me2/me3) as a mark of repressed chro-
matin [17] are enriched in heterochromatic regions of the ge-
nome as shown by bioinformatics data [18] and experimentally 
by FISH [19,20]. They are associated with H2A.Z, a repressive 
histone variant and HP1α, a canonical heterochromatin protein 
repressing transcription [21] while showing an anti-correlation 
with euchromatic marks [22,23]. Noteworthy, the γH2AX sig-
nal which marks DNA double-strand breaks is weaker in het-
erochromatin and LINE-1 elements presented a lower γH2AX 
signal after irradiation with 2 Gy X-rays [22]. This observation 
indicates that LINE-1s are indeed situated in heterochromatic 
regions that are less susceptible to the induction of DNA dou-
ble-strand breaks than euchromatic regions.
 In addition, recent evidence demonstrates that the si-
lencing of LINE-1 elements decreases chromatin accessibility, 
whereas activation prevents chromatin compaction and suggests 
that LINE-1 functions primarily at the chromatin level and acts 
as a global chromatin accessibility regulator [24].
 This repressed state is alleviated in many cancers. A loss 
of DNA methylation in the CpG rich LINE-1 promoter sequenc-
es is documented to occur in a broad variety of cancers, e.g. co-
lon, lung, prostate and breast cancer, hepatocellular and gastric 
carcinoma, chronic lymphocytic leukemia (CLL) and this loss 
contribute to “genome-wide” or “global” DNA hypomethylation 
[25,27]. Loss of methylation at LINE-1 promoters is thought to 
favor a gain of transcriptional competence. It is estimated that 
about 3000 full-length LINE-1s exist in a human genome, of 
which about 100 contain intact open reading frames [26], which 
could become expressed if they became more euchromatic and 
accessible. DNA hypomethylation of LINE-1 retrotransposons 
is, in particular, an early and very frequent epigenetic event 
during urothelial carcinogenesis [25], occurring in over 90% of 
all cases [28,29]. There is accumulating evidence that this is as-
sociated with increased levels of full-length LINE-1 transcripts 
[30]. Of note, LINE-1 hypomethylation is associated with can-
cer progression, becoming more pronounced in high-stage and 
high-grade cancer [31,32].

The example of prostate and Epi CRISPR/ Cas Cancer 
Therapy (ECCT)
 In contrast to bladder cancer, global LINE-1 hypometh-
ylation is a late event in prostate carcinogenesis and is clearly 
associated with tumor progression [31,28,33]. Here hypometh-
ylation increases with tumor grade and stage and particularly 
pronounced hypomethylation is seen in lymph node-positive 
tumors [31]. Analyses on mortality from prostate cancer strati-
fied for the Gleason score revealed that LINE-1 hypomethylation 
was associated with mortality in patients with higher Gleason 
scores of at least 8 [33]. These data suggest that increased mortal-
ity from prostate cancer is associated with lower levels of LINE-1 
methylation in the tumor tissue.
 In conclusion, I wish to suggest here that CRISPR/Cas 
targeting of hypomethylated LINE-1 elements in cancer could 
lead to a selective disruption of cancer DNA and subsequent-
ly cause cancer cell death while sparing healthy somatic cells. It 
could be helpful that these repetitive DNA elements are scattered 
in large numbers over the whole genome, presenting multiple 
targets, so that it might be possible to overcome residual can-
cer cell DNA repair mechanisms by simply adjusting the above 
discussed methodological parameters. Among DNA damages, 
double-strand breaks (DSBs) are one of the most harmful, con-
sidered to be lethal lesions to a cell [34]. A hierarchical signal-
ing pathway is orchestrated by various proteins that sense DNA 
damages, transduces the signals to the effectors, and determines 
the cell fate [35]. When DNA damages are too severe and unre-
pairable, cells are forced to undergo programmed cell death [35]. 
Noteworthy, the expression of DSB repair genes is disturbed in 
various cancers, which has been exploited by using genotoxic 
agents to generate DNA double-strand breaks as an intermediate 
in radio- and chemotherapy strategies [34]. 

 Notably, cancer cell-specific facultative euchromat-
ic chromatin signatures extend to sequences beyond LINE-1, 
which may serve as further potential CRISPR/Cas targets in ad-
dition to LINE-1.

 As with any genetic approach, delivery is expected to 
present a major hurdle to the application of the ECCT. In this 
respect, superficial bladder cancer could be used to test this ap-
proach based on accessibility through the transurethral applica-
tion, ease of administration, limited systemic dissemination, as 
routinely used in the application of BCG immunotherapy, but 
also experimentally for virus-based gene and immunotherapy 
[36]. Moreover, healthy uroepithelial cells of the bladder are cov-
ered by surface glycans, specialized lipid molecules, and uroplak-
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ins at their apical surface which ensures the low permeability of 
the urothelium and provides a barrier function which protects 
it from extrinsic and toxic components of urine [37]. Further-
more, in contrast to the rapid cell division of urothelial tumors, 
the healthy uroepithelial cells of the bladder have a low rate of 
the division-leading to a turnover rate of the uroepithelium of 
∼3–6 mo [38]. Both characteristics would additionally support 
the differential response of uroepithelial cancer cells compared 
to uroepithelial cells in an in vivo application of a CRISPR/Cas 
euchromatic LINE-1 targeting therapeutic approach. Notewor-
thy, CRISPR/Cas9 cancer cell specificity and its therapeutic ef-
fects could be further enhanced by using appropriate delivery ve-
hicles, e.g. vaccinia or retroviruses that infect only dividing cells.
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