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Abstract

The ability to specifically reactivate epigenetically silenced genes would have great utility in
experimental studies and potential therapeutic value. Here, we describe the specific targeting of
thymidine DNA glycosylase (TDG), an enzyme involved in the mechanism of methylcytosine
demethylation, to the promoter of NosZ, a gene silenced by methylation in fibroblasts, using
artificial zinc finger DNA binding domains. Individual targeted TDG constructs had a small effect
on NosZ2 expression and methylation, but simultaneous targeting of a quartet of TDG constructs
significantly restored responsiveness to LPS and IFN stimuli in association with marked cytosine
demethylation at the promoter and CpG island; catalytically inactive TDG complexes had no
effect. Whole-genome expression microarray and pathway analysis found only 42 genes that were
affected by targeted TDG constructs; the majority are likely downstream of the effect on Nos2.
This study therefore shows highly specific, directed reactivation of a single, silenced gene by
targeting of a demethylase to the promoter.
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Introduction

Virtually all cells in an organism contain all the genes of that organism’s genome; it is the
epigenetic silencing of “unused” genes that underlies the difference in structure and function
of cells::2 This silencing is a powerful and heritable mechanism controlling gene function.2
DNA methylation plays a pivotal role in epigenetic silencing of transcription:3 conversely,
demethylation of promoters or regulatory intragenic regions can enhance transcription.*>
Gene-specific DNA demethylation would thus allow selective re-activation of many silenced
genes for experimental or therapeutic purposes. However, existing approaches lack either
specificity or efficiency in mammalian systems, as reviewed in reference 6. Recent studies
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demonstrate that thymine-DNA-glycosylase (TDG)?~10 acts in concert with other factors to
demethylate cytosine residues, although the mechanism is only partially understood. By
using a specific DNA-binding domain of NF-xB we previously demonstrated!! that
tethering TDG molecules to gene promoters allows local demethylation and leads to
transcriptional enhancement. TDG must be directly targeted to the DNA, since
overexpressed, untethered TDG did not affect methylation or transcription. However,
endogenous transcription factors target many genes simultaneously, limiting the utility of
their DNA binding domains for specific regulation of individual genes. Because DNA-
binding motifs may be highly sequence-specific, this approach has promising potential for
precise demethylation of individual promoters. In this study, we therefore designed custom
DNA-binding domains comprising artificial zinc finger (ZF) arrays constructed to
specifically bind to 4 target sequences in the promoter of nitric oxide synthase 2 (Nos2).
This gene is silenced by DNA methylation in 3T3 fibroblasts,12 hence these cells have
limited ability to upregulate production of nitric oxide (NO), a valuable defensive and
regulatory factor.13 However in our prior study, the Nos2 gene, among others, was
responsive to demethylation,1! hence we chose it as a sample target for the gene-specific
assays reported here.

While it is not currently possible to design a single ZF to reliably target a unique promoter
with no off-target binding, a difficulty in common for all existing DNA-binding domains, we
postulated that simultaneously targeting multiple ZF-TDG constructs to the Nos2 promoter
could allow a substantial improvement of the specificity and magnitude of the effect because
of the cumulative activity of several TDG molecules. Off-target effects would be minimized,
since, even if individual constructs may bind elsewhere in the genome, target sequences are
clustered only at the NMos2 promoter. Here, we demonstrate that targeting the promoter with
multiple ZF-TDG constructs indeed provided a cumulative effect and led to significant
decreases in methylation in the promoter and CpG island of Mos2. This was associated with
highly specific enhancement of transcriptional responsiveness of the gene to stimulation by
LPS and IFNvy leading to ~3—4-fold increases in mRNA expression and to elevated
production of NO (which is not a typical product of 3T3 fibroblasts). The controls included
identical constructs with catalytically inactive TDG (single amino-acid mutation) and ZF-
alone constructs.

Results

Figure 1A presents the schematic of targeting the NMos2 promoter. In the cells expressing all
4 ZF-TDG constructs DNA methylation has decreased significantly in multiple sites across
the promoter and the nearest downstream CpG island by approximately 10-20% (Fig. 1B)
compared with the inactive TDG or ZF-alone. Interestingly, even in the CpG sites with
relatively low initial methylation we observed a significant reduction in mC content. Out of
8 sites tested, the drop in methylation was significant in 6. In contrast, in the cells expressing
each single construct separately the decreases in methylation were comparatively small,
although statistically significant. Figure 1C shows the three largest effects we observed were
in the 2-5% range. This supports our hypothesis that multiple ZF-TDG constructs provide a
cumulative effect when positioned in proximity to each other.
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To confirm binding of the constructs to DNA in the promoter area we performed ChIP-PCR.
In the example of ZF2 shown in Figure 2 we used anti-Myc Ab to precipitate sonicated
fragments of DNA approximately 300-400 bp long followed by amplification of the DNA
products by PCR against custom primers designed to flank the putative binding site of ZF2.
In Figure 2 both ZF2-TDG and ZF2-alone provided similar signal, indicating that both
constructs bound with similar affinity. Construct ZF1 includes Flag, not Myc, and therefore
remained negative. Construct ZF3 includes Myc, but is positioned more than 700 bp away
from ZF2 and therefore also remained negative. The table underneath the bar chart in Figure
2 summarizes the expectations from experimental and control groups in this assay. Similar
testing for other constructs is not shown. In summary, these data indicate that binding of ZF
constructs was sufficiently effective and specific to the desired target.

As shown in Figure 3, responsiveness to both LPS and IFN+y was increased by several fold
in cells expressing all 4 constructs, compared with any of the controls, which showed
minimal upregulation (Fig. 3A-D). In a separate series of experiments we tested the effect of
only one construct per cell and found that a single construct provides, on average, a weaker
response (Fig. 3E and F). In summary, we postulate that transcriptional effect of ZF-TDG
constructs is also cumulative (Fig. 3G). Interestingly, ZF #2 was the closest to TSS and the
proved the most effective construct to enhance responsiveness to both LPS and IFN.
Construct #1 was slightly farther and provided less prominent responses; #4 was still farther
and led to a significant enhancement of response only to LPS but not IFN, while #3 being
the most remote was minimally effective. This suggests that proximity to TSS may play a
role in targeted demethylation-based gene function enhancement, but the effect can also be
explained by confinement of the differentially methylated site to the proximal Nos2
promoter.12

To determine whether the effect was gene-specific we performed gene chip microarray
analysis on ZF-TDG and control ZF -mutant inactive TDG samples from the cells
expressing 4 constructs at once. While LPS exposure induced multiple expression changes in
both groups, factorial ANOVA shows that only 42 genes (out of 14 000 genes over 22 690
probesets in the Affymetrix 430A 2.0 array) were differentially upregulated by LPS in ZF-
TDG compared with ZF-Mut (Fig. 4A), with MosZ2 showing the most significant Pvalue (P=
0.0002). Pathway analysis (Metacore) showed that 38 of these 42 genes were linked to Nos2
in a Dijkstra’s algorithm “shortest paths” network over < 2 steps in the path, indicating that
differential elevation of these genes may be secondary to upregulation of Nos2. While more
than just MosZtranscription was affected, we conclude that the results of transcriptional
enhancement by ZF-TDG are highly gene-specific.

To establish biological effect of the transcriptional enhancement of AMos2we performed
analysis of NO production based on the total nitrate levels in culture supernatants. Figure 5
demonstrates significant (£ < 0.05) elevation of nitrate after 48 h of LPS incubation.
Effectively we obtained an almost 2-fold enhancement of NO production in the ZF-TDG
cells compared with controls.
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We conclude that direct tethering of multiple TDG molecules via custom designed ZFs to
the Nos2 promoter led to decreased methylation and highly specific transcriptional
enhancement of NMosZ2allowing elevated NO production in fibroblasts.

Discussion

Two key attributes that distinguish epigenetic methods from other approaches to modify
gene expression are heritability and regulation. An epigenetic mark may persist across cell
division, even after the causative stimulus has ceased. It may not affect constitutive gene
expression, but rather enhance (or decrease) a gene’s susceptibility to environmental or
developmental stimulus. Thus, the ability to specifically target epigenetically silenced genes
for reactivation would have powerful and diverse applications. Experimentally, it would
enable study of the biological role of individual genes and their silencing in different
developmental and pathological states while, in contrast to conventional overexpression
studies, preserving the regulatory context and subtleties. The approach might also provide
novel therapeutic avenues for a multitude of diseases where aberrant gene silencing
contributes to the pathology.614-16 |n this work we are the first to address the cutting edge
questions of epigenetic manipulation with our focus on demonstrating the gene specificity
and magnitude of transcriptional enhancement that can be accomplished via targeted
tethering of an epigenetically active enzyme.

We have targeted the Nos2 gene, important for signaling and host defense, and whose
promoter is silenced by methylation in fibroblasts.12:13 We have previously shown that TDG
can demethylate the silenced NosZ promoter when artificially targeted, and that this
demethylation is associated with increased transcriptional responsiveness to stimuli.11
However, the use of endogenous DNA-binding domains, as in our earlier study, limits
flexibility for targeting, increases the likelihood of off-target effects, and raises issues of
competition between the demethylation construct and endogenous transcription factors. For
the potential widespread utility of the approach the off-target effects must be minimal. In
this report, we address these issues by using multiple artificial DNA-binding domains,
targeted to neighboring sites in the AMos2 promoter. Artificial zinc finger domains have been
used successfully by others to tether nucleases!’ or methylases!8 to DNA, thus enabling
editing of gene structure or inhibition of gene function, respectively. Other artificial targeting
approaches include transcription activator-like effectors (TALES). Our reasons for choosing
ZF in this case include: (1) TALEs have difficulty binding to highly methylated sites'%; and
(2) ZF proteins can naturally internalize into cells and nuclei, without the need for encoding
in lentivirus, which increases the future potential of this approach.1” In addition to the role
of TDG, mechanistic studies suggest ten-eleven translocation proteins (Tet) are important in
the demethylation process,2° likely in collaboration with TDG. However, unlike TDG,1
untethered Tet overexpression induces genome-wide demethylation,” making TDG more
suitable for targeted editing.

We created four constructs, in which TDG was tethered to a different ZF array, targeting
separate sites in the Nos2 promoter. Each individual ZF-TDG construct produced a modest
reduction in methylation (Fig. 1C). This may be expected: an artificial DNA binding domain
designed in silico is unlikely to bind with the affinity of a natural transcription factor, refined
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over many generations of evolution. However, simultaneous targeting of four different ZF-
TDG constructs had a cumulative effect, with prevalence of methylation being reduced by
over a third at some sites (Fig. 1B). This reduced methylation correlated with increased
responsiveness to LPS and IFNy (classical inducers of Aos2in cell types where the gene is
not silenced) at the level of MRNA (Fig. 3), and led to significant elevation of NO
production (Fig. 5). We reasoned that the requirement for multiple TDG activities may
increase specificity: while a single 9 bp binding motif (for 3 ZFs in each ZF array) might
occur at random every 260 kB, the probability of multiple sites occurring in proximity will
be many times lower. Even if clusters of off-target binding sites do occur, they may not be
close enough to a silenced promoter to have an effect. This hypothesis is supported by
genome-wide transcriptional profiling: targeting catalytically active TDG to the Nos2
promoter of 3T3 cells conferred inducibility to only forty-two (42) additional genes (0.3%),
of which 38 were linked to the NOS2 activity, and so are likely downstream effects of Mos2
activation rather than true off-target effects. We chose to screen for secondary effects at the
level of gene expression using microarray rather than global methylcytosine analysis
because (1) off-target modulation of gene expression is the primary practical concern, rather
than the underlying changes in methylation; and (2) the changes in methylation we found
when a single construct bound the AosZ2 promoter were too small to be reliably detected by
existing global epigenomic techniques, indeed they required repeated pyrosequencing runs
for reliable detection; hence it would be difficult to rely on epigenome-wide data

We point out that we have not determined the mechanism of the small number of off-target
outcomes. We postulate that they reflect a combination of off-target effects of the construct
and (largely) secondary effects of elevated NOS2 levels. Further studies are necessary to
rigorously address these possibilities. Nevertheless, the results show a >99% specificity in
the observed transcriptional enhancement.

Notably, the background trace levels of Nos2 expression and NO production were not
affected by ZF-TDG and control constructs. Only the stimulated transcription was enhanced,
which is a desirable effect of epigenetic manipulation for future applications.

Our analysis of the target area of Nos2was limited to its promoter and the nearest
downstream CpG island; other CpG sites in this region were not analyzed. We note that
some of the CpG’s we interrogated did not change their methylation status when the
majority did. We also note that the CpG island is located approximately 1000 bp into the
gene, and we detect similar mC% changes in the island as we do in the promoter. In contrast,
however, we observe an apparent reduction in transcriptional efficacy as the distance
between the TDG tethering site and TSS increases. Further study will be required to describe
the range of effect of tethered TDG, how this relates to the looping and packaging of
chromosome in the nucleus, and to what extent the spatial considerations are applicable
between different loci.

In conclusion, in this report we show that tethering of TDG to a tetrad of artificial DNA
binding domains allows highly specific restoration of the responsiveness of an epigenetically
silenced gene to external stimuli.
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Construct design and delivery

Cell culture

Zinc finger arrays were designed using Zifit (zifit.partners.org), a free utility that provides
both context-dependent assembly (CoDA) and oligomerized pool engineering (OPEN)
algorithms.2! For added reliability we selected only the ZFs that were suggested by both of
the algorithms. We designed 4 arrays, two of them for the coding strand, and two for the
reverse strand of the Nos2 promoter, with the aim of delivering 4 tethered fusion molecules
at once. Polynucleotides encoding each array were custom synthesized as “mini-genes”
(IDT, Inc.). Murine TDG was tethered to each ZF via a poly-glycine linker, and transduced
into NIH-3T3 cells as previously descibed.!! Control cells were identically transduced,
except with a mutant, inactive TDG (a single mutation in catalytic Asn151—Alal51
[N151A]),22 or with ZF alone. The fusion constructs also included a selection marker
(LNGFR) and an epitope flag (Myc, HA, or FLAG) to enable ChIP and protein studies. All
eight ZF-TDG and mutant catalytically inactive ZF-Mut (TDG N151A) genes were
expressed at similar levels (data not shown).

Packaging of lentivirus into 293T cells, transduction into NIH-3T3 cells (ATCC) and
selection using paramagnetic anti-LNGFR antibody coated nanoparticles (Miltenyi) were
performed as described previously.1! Transduction efficiency was typically greater than
90%. We performed 4 consecutive transductions in order to deliver each of the 4 constructs.

We performed flow cytometry using FacsCanto Il cytometer (BD Biosciences). We used
anti-LNGFR antibody (Miltenyi) to confirm success of transduction and selection, and a cell
viability kit (Invitrogen) with Cytox Green and Annexin V stains for necrotic and apoptotic
cells. Presence of ZF-based constructs did not compromise cell viability (data not shown).

NIH-3T3 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with fetal bovine serum, glutamine, penicillin, streptomycin and HEPES
(VWR) in tissue-culture treated 6-well plates (BD). For colorimetric NO assay the cells were
cultured in the Phenol Red-free version of DMEM supplemented similarly. We performed
nitric oxide assay in the supernatants after 48hrs of exposure to 1 ng/mL LPS using the
colorimetric nitrate kit based on the modified Griess assay (Cayman, Inc.); the procedure
was performed in full adherence to manufacturer’s recommendations including the nitrite to
nitrate conversion step.

Except where stated otherwise, cells were stimulated with 250 pg/ml of murine recombinant
IFNy (Peprotech) or with 0.5 ng/ mL of LPS (Sigma).

Gene expression analysis

Cells were harvested by trypsinisation followed by immediate isolation of RNA and DNA
using Qiagen RNEasy and DNEasy Kkits, in complete adherence to the manufacturer’s
instructions. RNA was reverse transcribed into cDNA using iScript cDNA Synthesis Kit
(Bio-Rad) and amplified in a CFX96 real-time PCR system (Bio-Rad) with respective
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primers (IDT, Inc.), see Table 1 for sequences, using the SsoAdvanced SYBRGreen Master
Mix (Bio-Rad) with a typical protocol including a hot start of 95 °C for 1 min, 40 cycles of
amplification of 95 °C, 60 °C, and 72 °C, and a melt curve from 65 °Cto 95°Cin1ls.
increments. Expression was normalized to p-actin, expression values were calculated as
2(=dCa) multiplied by an appropriate quotient to remove decimals and zeros. Fold
upregulation was calculated by normalizing the stimulated expression to background (delta
delta Cqg). DNA (500 ng) was converted in a bisulfite reaction using Qiagen EpiTect kit
following the manufacturer recommended procedure. PCR amplification with respective
primers (IDT DNA, see Table 1 for sequences) continued for 40-49 cycles, depending on the
target. PCR product was verified by gel electrophoresis. Remaining product was loaded into
a pyrosequencing reaction and analyzed using Pyromark Q96 MD pyrosequencer (Qiagen)
in compliance with manufacturer recommended procedure.

Microarray expression assays were performed at the Dana- Farber Cancer Institute core
facility using the Affymetrix 430A 2.0 murine arrays (n = 3 per group). Microarrays were
validated by testing several random genes via real-time PCR. We used RMA Express and
TIGR MeV software to identify the genes upregulated after LPS exposure only in the ZF-
TDG, not in the ZF-mut group with at least 1.1-fold change. Specifically, RMA values were
extracted without log transformation or filtering and assembled into a single matrix, which
was loaded into MeV, annotated and analyzed by factorial ANOVA with the threshold P
value of 0.05 (without Bonferroni correction). The resultant list was processed to exclude the
genes downregulated by LPS exposure, poorly annotated targets and targets with <1.1-fold
upregulation to LPS and with <1.1-fold difference between ZF-TDG and ZF-mut.

Pathway analysis was performed using Metacore online pathway portal (GeneGo) which
allows building networks and maps of interacting factors based on extensive proprietary
curated database. The list of 42 gene names was processed to evaluate any direct and indirect
interactions allowing a maximum of 2 intermediary factors that are not on the list (Dijkstra
algorithm); the analysis was performed with default settings.

Statistical analysis

Experiments were repeated 3 times. In each of the biological repeats, each RNA sample was
analyzed at least in triplicates; each DNA and protein sample was analyzed at least in
duplicates. Pyrosequencing assays were repeated 3 times in quadruplicates. Data other than
microarrays were analyzed in Prism 5.0 (GraphPad Software, Inc.) using ANOVA with post-
tests or Mann-Whitney test, as appropriate based on normality and variance requirements.
Statistical significance was acceptable when £< 0.05. Data in the bar charts are expressed as
MEAN + SEM.
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Figure 1.
(A) Four ZF-TDG constructs (TDG) were transduced into 3T3 fibroblasts. Controls included

4 constructs with mutant catalytically inactive TDG (mut), ZF-only (ZF-) and mock-
transduced cells (not shown). (B) To analyze methylation changes induced by the constructs,
we performed pyrosequencing assay to positions in the promoter (top, 11:78734001-
78734136) and in the nearest CpG island (bottom, 11:78738499-78738571). We found
statistically significant decrease in methylation at most sites in the ZF-TDG group (TDG) vs.
mutant control (mut) or ZF-only control (ZF). Interestingly, even the 10-20% reduction in
methylation at these sites was associated with a strong transcriptional response (Fig. 3),
which emphasizes the potential of DNA demethylation for manipulation of gene expression.
Of note, not all CpG sites (6 out of 8 tested) showed decreased methylation suggesting some
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CpG are causative for transcription and some are not. (C) To compare the magnitude of the
effect we interrogated these sites in cells transduced with single ZF-TDG constructs and
respective ZF-alone controls. Decreases in methylation in these cells were substantially less
prominent, as shown in these three representative sites. All experiments were performed at
least 3 times in triplicates, pyrosequencing measurements were performed in quadruplicates,
*P<0.05.
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To confirm the binding of ZF constructs to desired DNA target areas in the promoter we
performed ChIP-PCR using a standard sonication-based shearing protocol followed by Myc
precipitation (ChIP kit, Sigma) and real-time PCR for a set of primers amplifying a small
fragment of the NMos2 promoter. Both ZF2-TDG and the control ZF2 construct include Myc
marker and, as evident, precipitated the desired fragment in MosZ2 promoter indicating they
were bound. ZF1-TDG uses FLAG instead of Myc, while ZF3-TDG is located ~700 bp
away from ZF2 and is outside of the amplicon; they served as biological negative controls in
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the assay, together with control 1gG they indicate that non-specific precipitation was
minimal. Unprecipitated input DNA (diluted 1:100) served as positive control. *P < 0.05.
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Figure 3.

(A-D) Four simultaneous ZF-TDG constructs provided a strong transcriptional enhancement

of Nos2in response to stimuli without affecting background expression. Cells were

stimulated either by LPS (0.5 ng/mL for 2 h) (A and B); or by IFN-y (200 U/mL 24 h) (C
and D). Expression is normalized to B-actin. In B and D fold upregulation was obtained by
dividing expression after stimulation to background unstimulated expression in that group.
(E and F) To identify the efficiency of each construct separately, we transduced cells with
each ZF-TDG or its ZF-only control (1+ vs. 1-, etc.) and tested effects on upregulation of
Nos2in identical conditions. ZF-TDG #2 led to the greatest increase in Nos2transcription >
#1 >># 4 and #3. Interestingly, ZF #2 was the closest to TSS, followed by #1 and #4, with
#3 being the most remote, which suggests that proximity to TSS may play a role. Notably,
the fold change by each single construct was substantially lower than the cumulative effect
of all 4, most prominently for the case of LPS, as seen in (G) where the fold upregulation is

normalized to the level in Mock. All experiments were performed at least 3 times in

triplicates, *P< 0.05; **P< 0.01.
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To determine gene-specificity of the effect microarray analysis was performed over LPS-
stimulated and control RNA samples from cells carrying ZF-TDG and ZF-mutant control
TDG. (A) RMA values were extracted using RMA Express; after quality control and outlier
removal the resultant RMA matrix was analyzed in TIGR MeV software by factorial
ANOVA to identify genes upregulated after LPS exposure only in the TDG, and not in the
Mut groups with at least 1.1 fold. (B) Pathway analysis of the list in 4A using GeneGo
MetaCore indicates that all except 4 of the genes are linked to Mos2in a “shortest paths”
network over <2 intermediaries, indicating that differential elevation of these genes may be
secondary to upregulation of NosZ2.
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Figure 5.

In cells expressing all 4 constructs, NO production was measured in the supernatants
(phenol-free DMEM complete) after 48 h of 1 ng/mL LPS stimulation using the colorimetric
Griess method. (A) The values are total nitrate after nitrite-to-nitrate conversion. (B) Total
nitrate normalized to cell counts per well. All experiments were performed at least 3 times in
triplicates, *P< 0.05; **P< 0.01.
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Table 1
Primer sequences
Name 1D Primers
FF: 5-CTTCAATGGT TGGTACAT-3
Nos2 (expression) | NM_010927
RR: 5-TCTGCTTCTG GAAACTAT-3
FF: 5-GTGTTGGAAT ATTGGTATTA TTTAATTTTA TTGAGAGAA-3
NosZ (promoter) 11:78734001 | RR:5-/5Biosg/TCTTAACTAA ACCACATACC CTAACTTACA ACTACT-3
Sequencing: 5-ATAGATAGAA AGTTAGAG-3
FF: 5-TGTAGTTATA AAGTAGGGGT AGTAAAGAAT TGT-3
Nos2 (CpG island) | 11:78738430 RR: 5-/5Biosg/CCTCCTACTA CCAACAAAAC TCAACTCT-3
Sequencing: 5-GGGTGTGAGG ATATAAT-3
FF: 5-AGCCTTCCTT CTTGGGTATG-3
Actb NM_007393

RR:5-CTTGCTGATC CACATCTGC-3
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