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Abstract

We recently identified germline methylation of KILLIN, a novel p53-regulated tumor suppressor
proximal to PTEN, in >1/3 Cowden or Cowden syndrome-like (CS/CSL) individuals who are
PTEN mutation negative. Individuals with germline KILLIN methylation had increased risks of
renal cell carcinoma (RCC) over those with PTEN mutations. Therefore, we tested the hypothesis
that KILLIN may be a RCC susceptibility gene, silenced by germline methylation. We found
germline hypermethylation by combined bisulfite restriction analysis (COBRA) in at least one of
the four CpG-rich regions in 23/41 (56%) RCC patients compared to 0/50 controls (P<0.0001). Of
the 23, 11 (48%) demonstrated methylation in the -598bp to -890bp region in respect to the
KILLIN transcription start site. Furthermore, 19 of 20 advanced RCC showed somatic
hypermethylation upstream of KILLIN, with the majority hypermethylated at more than one CpG
island (13/19 vs 3/23 with germline methylation, p<0.0001). qRT-PCR revealed that methylation
significantly downregulates KILLIN expression (P=0.05), and demethylation treatment by 5-
aza-2’deoxycytidine significantly increased KILLIN expression in all RCC cell lines while only
increasing PTEN expression in one line. Furthermore, targeted in vitro methylation revealed a
significant decrease in KILLIN promoter activity only. These data reveal differential epigenetic
regulation by DNA promoter methylation of this bidirectional promoter. In summary, we have
identified KILLIN as a potential novel cancer predisposition gene for nonsyndromic ccRCC, and
the epigenetic mechanism of KILLIN inactivation in both the germline and somatic setting
suggests the potential for treatment with demethylating agents.
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44195, USA engc@ccf.org; Tel: +1 216 444-3440; Fax: +1 216 636-0655.
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Introduction

Renal cell carcinoma (RCC) is the most common adult-onset kidney cancer and accounts for
~3% of all adult cancers (Banumathy and Cairns 2010). This malignancy claims 102,000
individuals each year, with 210,000 new cases annually diagnosed worldwide and the
incidence has been rising over the past 30 years. There are 4 major histological subtypes of
RCC including clear cell (~80%), papillary (~15%), chromophobe (5%), and collecting duct
(1%) (Banumathy and Cairns 2010). In general, most cases of RCC are sporadic, with
smoking, obesity, hypertension, and chemical exposure as the leading environmental causes
(Pascual and Borque 2008; Rini and Atkins 2009). As with most solid tumors, hereditary
RCCs comprise 3-5% of all RCCs but are still of great biological importance (Pfaffenroth
and Linehan 2008). Despite heritable RCC being associated with 10 different autosomal
dominant cancer syndromes, there are many RCC's that bear the “red flags” of heredity
(young age of onset, bilateral disease, multifocal disease, family history) that are not
accounted for by these syndromic predisposition genes.

Amongst syndromes with RCC, von Hippel-Lindau (VHL) disease is the most prominent
and well-studied (Coleman 2008), with approximately 50% of VHL patients exhibiting
RCCs, in a genotype-specific fashion (truncating mutations) (Lonser et al. 2003; Zbar et al.
1996). This disease affects multiple organ systems and is 90% penetrant by age 5 years
(Woodward et al. 2008). Clear cell RCC (ccRCC) is the type of RCC that is unique to VHL,
and metastatic ccRCC is the most prevalent cause of death in VHL patients (Kaelin 2007).
Germline mutations in the VHL tumor suppressor gene predispose to VHL disease. In VHL-
related tumors, such as ccRCC, the remaining wildtype allele is also often affected by
somatic loss-of-heterozygosity (LOH) or hypermethylation (Pavlovich and Schmidt 2004).
Furthermore, additional somatic mutations or epigenetic modifications of other loci have
been identified as well, reflecting the multistep mechanism of RCC pathogenesis {Morris,
2010 #3130}. RCC appears to be a minor component neoplasia of Cowden syndrome (CS)
characterized by germline PTEN mutations (Marsh et al. 1998).

PTEN negatively regulates PI3K/AKT, making it and/or its signaling pathway a very likely
candidate involved in RCC. Indeed, somatic alterations of PTEN have been identified in a
subset of RCCs (Cairns et al. 1998). PTEN is a well-characterized tumor suppressor dual
specificity phosphatase that is involved in cellular regulation (Stambolic et al. 1998) via G1
cell cycle arrest and/or apoptosis (Weng et al. 2001). Recently, a newly identified gene,
KILLIN, also residing in the 10923.31 chromosomal region, was shown to be involved in
cell cycle arrest and is regulated by p53, similar to PTEN (Cho and Liang 2008). PTEN and
KILLIN share the same transcription start site, and presumably are regulated by the same
bidirectional promoter, but are transcribed in opposite directions. KILLIN has been shown to
be necessary and sufficient for p53-induced apoptosis (Cho and Liang 2008). This high-
affinity DNA-binding protein inhibits eukaryotic DNA synthesis in vitro and causes S phase
arrest before apoptosis in vivo (Cho and Liang 2008).

We recently identified germline hypermethylation of the KILLIN promoter of the -600 to
-900bp region (in respect to the KILLIN translational start site) in CS and CS-like (CSL)
patients who are PTEN mutation negative (Bennett et al. 2010). Furthermore, patients with
germline methylation and downregulation of KILLIN expression had a higher frequency of
renal cell carcinoma than in those with germline PTEN mutations (Bennett et al. 2010).
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Therefore, we sought to determine whether germline KILLIN promoter hypermethylation
and downregulation were also present in apparently non-syndromic RCC patients.

Material and Methods

Patients

Germline DNA samples were obtained from a total of 41 patients with ccRCC, diagnosed
between the ages of 20 and 74. Power calculations revealed that a minimum sample size of
20 would achieve P>0.8 if germline KILLIN methylation occurred only in 5% assuming 0%
methylation occurred in the germline of population controls, as we have previously shown
(Bennett et al. 2010). In addition to the germline samples, we also screened a set of somatic
DNA from RCC tissues: 20 ccRCC tumor samples from 19 different individuals. Two of
these 20 cases represent primary ccRCC (0302C-146C) and metastatic tumor (0302C150)
from the same individual (whose germline DNA SU-55 derives from peripheral leukocytes).
Additionally, 6 of these 20 tumors also had paired normal renal tissue. Germline DNA
derived from peripheral blood leukocytes from 50 unaffected individuals accrued at the
Cleveland Clinic Genomic Medicine Institute served as population controls.

Among the 41 patients in the germline study, 8 had bilateral disease and 33 had unilateral
disease. Of the 19 patients in the somatic study, 13 were known to have unilateral disease
(the status was unknown for the 6 patients with matched normal tissue). Of all 59 patients,
only 1 patient, BA12, had a known history of another cancer (cutaneous melanoma).

All samples were collected in accordance with respective IRB protocols. We were unable to
obtain family histories on every research participant due to the constraints of IRB/informed
consent rules deriving from one protocol (RG, principal investigator).

Analysis of Germline Hypermethylation of the Bidrectional Promoter at 10923.13

Combined Bisulfite Restriction Analysis (COBRA) (Bennett et al. 2007) and bisulfite
sequencing were performed as previously described (Tada et al. 2006).

Cell Lines and Plasmids

The patient and control cell lines used in this study were generated from renal cell
carcinoma patients: RC-6, RC-9, RC-13, and RC-45 were all primary cell lines (Ebert et al.
1990) whereas 786-0, ACHN, CAKI-1, and CAKI-2 were obtained from ATCC (Manassas,
VA). Renal cell cancer cell line 786-0 was used for luciferase assay. CAKI-1 and CAKI-2
were maintained in McCoy's media supplemented with 2 mM L-glutamine, nonessential
amino acids (1X), 1 mM sodium pyruvate, 10% fetal bovine serum (FBS), and 2%
antibiotics. All other cell lines were maintained in RPMI supplemented with 1% L-
glutamine, nonessential amino acids (1X), 1 mM sodium pyruvate, and 10% FBS and 2%
antibiotics.

The in vitro methylated constructs used for the luciferase assay were generated by first
digesting 90ug of the original PTEN and KILLIN promoter constructs (containing 1 to
1344bp upstream of the PTEN translational start site cloned in either direction) with Bglli|
(NEB, Ipswich, MA) and BbvCl (NEB). The linearized, digested inserts and vectors were
gel extracted. The insert DNAs, which contain the sequence that is methylated in vivo in CS/
CSL patients, were then methylated with CpG Sssl methylase (NEB) for 4 hours. Following
in vitro methylation, the insert was religated with its corresponding vector using a 3:1 insert
to vector ratio with 2ug total DNA. For comparison, the unmethylated counterpart was
digested and re-ligated in parallel.
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Luciferase Assays

Luciferase assays were performed as previously described using the 786-0 cells (Yu et al.
2004).

Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

The quantitative RT-PCRs were performed as previously described (Bennett et al. 2007).

Demethylation Treatment

Demethylation treatment was performed with a cytosine analog, 5-aza-2’deoxycytidine (5-
aza; Sigma), for 96 hours at 0.5 uM concentration with ~40% confluent cells. The drug was
changed daily, and the cells collected for RNA isolation.

Statistical Analysis

Results

The statistical significance of the results from gRT-PCR and luciferase assays was
calculated by unpaired Student's t test, with P<0.05 being considered statistically significant.
Differences in the frequencies of promoter methylation and differences of demographic and
clinical characteristics were calculated by Fisher's 2-tailed exact test with alpha<0.05.

Germline Methylation in Renal Cell Carcinoma Patients

We used COBRA to analyze peripheral blood leukocyte-derived germline genomic DNA
from 41 ccRCC patients and 50 unaffected individuals for hypermethylation within the
bidirectional promoter for PTEN and KILLIN. In order to provide a comprehensive analysis
of the methylation status across the CpG islands, we screened four different regions (+102bp
to -220bp; -200bp to -400bp; -598bp to -890bp; -1200bp to -1400bp, all with respect to the
KILLIN translation start site) [Fig. 1a]. Overall, 23/41 (56%) of the specimens exhibited
germline methylation in at least one site analyzed compared to no methylation at any site in
all 50 controls (P<0.0001). Of the 23 with germline methylation, 3 (13%) harbored promoter
methylation in two or more regions (Fig. 1b, Supplemental Table 1). The most frequent
regions harboring germline methylation among the 23 with methylation were at +102bp to
-220bp in 10/23 (43%) specimens and -598bp to -890bp in 11/23 (48%), followed by -200bp
to -400bp in 3/23 (13%), and -1200bp to -1400bp in 2/23 (9%) [Fig. 1b; Suppl. Fig. 1].
There were no differences in frequencies of germline methylation in those diagnosed under
the age of 60 years compared to those over 60 (P=1.0), nor in those with bilateral compared
to unilateral disease (P=0.26; 6/8 with bilateral disease have methylation vs 16/33 with
unilateral disease with methylation).

Somatic Methylation in Renal Cell Carcinomas

Somatic hypermethylation of the bidirectional promoter was examined in genomic DNA
samples from 19 primary ccRCC tumor specimens and 1 metastatic RCC. Of the 20 total
tumor samples analyzed, 19 (95%) showed methylation in at least one of the 4 regions (Fig.
1b and c) in contrast to 23/41 (56%) of the leukocyte-derived germline DNA from ccRCC
patients (P=0.0025). To determine if methylation frequencies and patterns of normal kidney
tissue differed from peripheral leukocyte-derived germline genomic DNA, we analyzed 6
paired ccRCC-normal kidney samples (Fig. 1c). While the sample size is small, it was
important to note that normal kidney methylation was no higher than that of peripheral
leukocyte-derived DNA.

It is notable that while the germline DNAs rarely exhibited methylation in multiple regions
for any given sample (3 of the 23 [13%] with methylation), the somatic DNASs revealed
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methylation of multiple regions in nearly every sample (13 of the 19 with methylation or
68%, P<0.0001) [Fig. 1b-c]. The 3 specimens that were all from the same individual showed
different methylation patterns, such that the germline DNA was methylated for only one
region (Fig. 1b, #18), the primary tumor was methylated for three regions (Fig. 1b, #45), and
the metastatic tumor was methylated at all four regions (Fig. 1b, #51).

Methylation in RCC Cell Lines

In addition to the patient specimens, a panel of 8 renal cell carcinoma cell lines and one
normal kidney cell line was screened for methylation in these 4 regions as well as -470bp to
-638bp. The 8 RCC cell lines have varying VHL mutation and/or methylation status (Fig.
2a). Methylation was only detected in the cell lines in the -470bp/-638bp and -598bp/-890bp
regions. In the region between -470bp and -638bp, only 3/8 (38%) of the RCC cell lines
were methylated (786-0, RC-6, and CAKI-1), and the HEK293T control was completely
unmethylated across all tested regions (Figure 2b). Notably, 100% of the RCC cell lines
showed methylation at the region spanning -598bp to -890bp, whereas the control cell line
HEK?293T again revealed no methylation (Fig. 2b).

Methylation and Effect on PTEN and KILLIN Expression

Promoter methylation should result in decreased expression of the relevant gene. In order to
validate the pathogenic relevance of this methylation, the expression of PTEN and KILLIN
was analyzed in the 8 RCC cell lines and one kidney cell line used as a control for
normalization and proof-of-principle. All 8 RCC cell lines showed downregulation of
KILLIN, and 7 also showed a decrease in PTEN expression compared to the control line
(Fig. 3). Furthermore, the overall extent of downregulation was 100-fold greater for KILLIN
compared to that for PTEN (P=0.008, Fig. 3).

If, in fact, DNA promoter methylation downregulates KILLIN expression, then
demethylation should restore KILLIN expression. Therefore, we investigated whether
reversal of DNA methylation would restore KILLIN expression in the cell lines. The RCC
cell lines were treated with the demethylating drug 5-aza-2’-deoxycytidine with the
exception of the primary culture “RC-6", which did not grow well enough to perform the
demethylation treatment with this cell line. Demethylation increased KILLIN expression in
6/7 of the RCC cell lines, but only increased PTEN expression for 1 of the 7 RCC cell lines
(Fig. 4a). The one cell line (RC-45) that did not show a significant increase in KILLIN
expression may require additional treatment to reverse other histone modifications to allow
for re-expression, or the treatment may have activated potential suppressors of KILLIN. In
summary, we have shown that DNA methylation of the bidirectional promoter region
appears to downregulate the expression of KILLIN only, which can be reversed by
demethylation.

DNA Promoter Methylation Affects KILLIN Promoter Activation

To address whether the methylation seen in the patients directly affects KILLIN and not
PTEN transcription, we artificially and purposefully methylated approximately the same
CpG region in a PTEN or KILLIN promoter construct. Interestingly, we observed a
significant increase in PTEN promoter activity following methylation (1.6-fold, 95% CI
1.58-1.65, P=0.0002), whereas we observed a slight but significant decrease in the level of
activation with the methylated KILLIN construct (~0.3-fold, 95% CI 0.22-0.39, P=0.036)
[Fig. 4b]. These results again support that the methylation seen in RCC patients and tumors
specifically affects the transcriptional activation of KILLIN but not of PTEN.
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Discussion

Renal cell carcinoma affects over 100,000 individuals each year with an annual burden of
approximately $4.8 billion in the US alone. RCC patients have low survival rates in
advanced stages and currently have limited treatment options, making it critical to develop
better tools, such as genetic and epigenetic biomarkers, for early diagnosis, risk assessment,
and management. Finding mutations in RCC-predisposition genes has been an effective way
of cancer risk assessment and management as illustrated by the VHL paradigm.
Approximately 3-10% of RCC are heritable, representing 10,000 individuals a year, yet the
existing predisposition genes only account for a fraction. In this current study, we have
found germline KILLIN promoter hypermethylation in 50% of individuals diagnosed with
ccRCC compared to no germline methylation in population controls. Additionally, somatic
KILLIN promoter methylation occurred in 95% of the ccRCC analyzed, a frequency which
is different from that of the germline. Our current observations suggest that KILLIN may be
another RCC-predisposition gene with a different mechanism of inactivation, namely,
epigenetic regulation. Although the sample size is relatively small in the somatic series, it is
important to note that all tumors harbored methylation in the bidirectional promoter, and at
more than one region.

KILLIN is a recently identified gene that had previously only been associated with colon
cancer through somatic gene knockout strategies in two colon cancer cell lines (H1299 and
DLD-1) (Cho and Liang 2008). Recently, we identified germline KILLIN promoter
hypermethylation in 30% of CS and 40% of CSL individuals who did not carry germline
PTEN mutations (Bennett et al. 2010). Of relevance, CS/CSL individuals had a two-fold
increased prevalence of RCC compared to those with germline PTEN mutations. Taken
together with this observation, our current study here supports our hypothesis that KILLIN
methylation could be associated with syndromic and non-syndromic RCC. The region of
maximal hypermethylation occurs at -600 to -900 region in all 45 individuals with CS/CSL
and germline methylation. Interestingly, in the 23 ccRCC patients with germline
methylation, 11 have methylation in this same region (-598bp to -890bp, p<0.0001) and 10
in the +102bp to -220bp region. Because CS/CSL patients with germline KILLIN
methylation (all at -600 to -900) also have a three-fold increased prevalence of female breast
cancer over those with germline PTEN mutation (Bennett et al. 2010), an important but
unanswered clinical question is whether women with ccRCC with germline methylation in
the -600 to -900 region should also be offered heightened breast surveillance.

In CS/CSL, germline methylation of the region appears to provide effective downregulation
by blocking p53 binding and transcriptional activation of KILLIN (Bennett et al. 2010). In
those ccRCC patients with similar regional methylation, the mechanism must be similar.
Thus, the common denominator of epigenetic regulation in both CS/CSL and ccRCC
patients is that the germline methylation effectively downregulates KILLIN rather than
PTEN expression. While there was no difference in frequency of germline methylation in
those diagnosed before 60 years versus those after, there may be a hint of a trend of different
frequencies of germline methylation in individuals with bilateral versus unilateral disease.
We also do not have information on a subset of the unilateral cases in regard to their
focality, with unilateral multifocal disease being a genetic red flag. Thus, our comparison is
likely a conservative one. Overall, it seems worthwhile to formally examine germline
KILLIN methyation against clinical red flags in a much larger independent series to identify
and validate clinico-pathologic correlations.

We found somatic methylation universally in 18 of 19 primary ccRCC and one metastatic
deposit. The striking difference in methylation between the germline and somatic DNAs
suggests that the hypermethylation of KILLIN in these patients may indeed impact the
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pathogenesis of renal cell cancer, and in a subset, germline methylation may confer low
penetrance predisposition. Although the sample size is small, it is interesting to note that the
patient with the primary RCC and metastatic disease carried germline methylation of one
region, the primary tumor three regions and the metastatic lesion all four. This observation is
worth pursuing in a larger series which should include leukocyte-derived germline DNA,
normal kidney, primary RCC and metastatic deposit.

Targeting angiogenesis alone has proven insufficient for complete suppression of RCC, and
genetic and epigenetic markers are now being recognized for their promise in RCC
diagnosis as well as predicting therapy response (Banumathy and Cairns 2010). The
mechanism of KILLIN inactivation suggests treatment or preventive measures, which
include demethylating agents, for those found to be at-risk. Epigenetic therapies in
combination with cytokine-based treatment or tyrosine kinase inhibitors may provide a more
complete eradication in those who already have developed RCCs. Future clinical trials
should interrogate the efficacy of demethylating drugs such as 5-aza-2’deoxycytidine in
patients with varied histological RCC subtypes where methylation is prominent, including
that of KILLIN. Ultimately, this could yield more understanding to allow for personalized
treatment regimens and optimal response in ccRCC patients that meet these criteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Germline and somatic DNA methylation of PTEN/KILLIN regulatory region in RCC
patients and tumors

(@) The schematic shows the KILLIN gene in relationship to the methylated regions analyzed
depicted by the arrow-ended lines. (b) Combined Bisulfite Restriction Analysis (COBRA)
was used on germline DNA from 41 ccRCC patients, 13 primary tumor tissue specimens,
one metastatic tumor specimen, and 50 unaffected individuals. From all of the patient
specimens, three were matched from one individual: one germline sample (#18), one
primary tumor (#45), and one metastatic tumor (#51). (COBRA gels shown in Supplemental
Figure 1). The results of the COBRA analysis are displayed in this plot, where “*” indicates
methylation in that region for that sample. “1” is the region spanning +102bp to -220bp, “2”
is the region spanning -200bp to -400bp, “3” is the region spanning -598bp to -890bp, and
“4” s the region spanning -1200bp to -1400bp. Samples enclosed in boxes indicate
specimens from the same individual. “P” indicates primary tumor, “M” indicates metastatic
tumor. “Germline” specimens are obtained from the leukocytes of ccRCC patients, while
“Somatic” DNAs are acquired from the ccRCC tumors. (¢) COBRA analysis on 6 paired
normal/tumor specimens from ccRCC individuals are displayed in this plot, where “*”
indicates methylation in that region for that sample. Regions “1” through “4” are denoted
above under (a). “N” represents normal and “T” represents tumor.
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Figure 2. DNA methylation analysis by COBRA in RCC cell lines
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(a) Source and VHL gene status of the 8 RCC cell lines. (b) Schematic demonstrates the
region analyzed for methylation by COBRA. COBRA was performed on DNA from 8 RCC
cell lines and one kidney cell line used as a control (HEK293T). An increase in the intensity

of smaller, digested bands indicates methylation in that tumor DNA. “*” indicates

methylation in that RCC tumor specimen.
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Figure 3. Quantitative mRNA analysis of PTEN and KILLIN expression in 8 RCC cell lines
gRT-PCR analysis of 1 control (HEK293T) and 8 RCC cell lines. All samples were first
normalized to their own internal control (GAPDH). The control, set to 1, was used for
normalization for all samples’ values. The top panel displays the expression for PTEN. The
bottom panel reveals significantly decreased KILLIN expression in all patient samples
analyzed. * P < 0.05, **P < 8.4 x 107/,
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Figure 4. Quantitative mRNA analysis of PTEN and KILLIN expression in 8 RCC cell lines in
relationship to methylation

(@) Eight RCC cell lines were subjected to 5-aza-2’-deoxycytidine for 96 hours at 0.5mM
concentration. Quantitative RT-PCR analysis was performed on the cDNA from cells with
and without drug treatment to detect changes in expression from the demethylation and
histone deacetylase inhibition treatment. All values were first normalized to their internal
control (GAPDH). The fold-increase or decrease in expression in the drug treated samples is
derived by normalizing to its untreated counterpart, which was set as 1. The top panel shows
KILLIN expression following demethylation, which shows a significant increase in
expression in 7/8 of the cell lines. *P < 0.050, **P<0.002, ***P=2.7x10"11, PTEN
expression is shown on the bottom panel and reveals a significant increase in PTEN
expression following demethylation in only one cell line. * P=0.020. (b) In vitro methylation
with Sssl methylase was performed for both the PTEN and KILLIN luciferase promoter
constructs. The constructs contained the same promoter sequence (either in orientation for
KILLIN or in the opposite orientation for PTEN), which includes -1 to -1344 of sequence
upstream of the translation start site of PTEN (-745 to +600 in respect to the KILLIN
translation start site). Luciferase promoter analysis of PTEN and KILLIN promoter activity
was done using the RCC cell line 786-0. All values were first normalized to their internal
control, Renilla luciferase. The fold increase is attained by comparing the methylated
constructs to their unmethylated counterparts. The PTEN construct showed a significant
increase in transcription following in vitro methylation (* P=0.0002). However, the KILLIN
methylated construct showed significantly less activation compared to the unmethylated
KILLIN luciferase construct (* P=0.036).
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