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epigenetic therapeutics.

Introduction

Epigenetic modifications are a major determinant of gene
expression programs, and inappropriate changes in these modi-
fications can lead to a wide spectrum of diseases. Cancer is per-
haps the most widely recognized disease area associated with
aberrant epigenetic programs, and more recently, epigenetic
changes have been implicated in neurological, metabolic, and
cardiovascular diseases (1). These modifications are known to
be reversible, making them attractive drug targets. To date, cli-
nicians have relied exclusively on general inhibitors of globally
expressed epigenetic regulators, which are responsible for main-
taining integrity of the entire epigenome (2). Thus, unintended
effects of such epigenetic inhibitors may be particularly perva-
sive and deleterious. Therefore, there is a need for novel tools for
producing specific epigenetic changes in the laboratory to enable
novel therapeutic strategies.

DNA methylation has emerged as an important mechanism
governing cellular reprogramming processes such as cell differ-
entiation, cellular senescence, and disease. In mammalian cells,
DNA methylation is most abundant on cytosine residues in the
context of cytosine-guanine dinucleotides, or CpGs, and, when
occurring at enhancers and promoters, is frequently associated
with gene repression (3). DNA methylation patterns are estab-
lished by the de novo DNA methyltransferases DNMT3a and
DNMT3b and propagated across cell divisions by the maintenance
DNA methyltransferase DNMT1 (4, 5).
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Current strategies to alter disease-associated epigenetic modifications target ubiquitously expressed epigenetic regulators.
This approach does not allow specific genes to be controlled in specific cell types; therefore, tools to selectively target
epigenetic modifications in the desired cell type and strategies to more efficiently correct aberrant gene expression in disease
are needed. Here, we have developed a method for directing DNA methylation to specific gene loci by conjugating catalytic
domains of DNA methyltransferases (DNMTs) to engineered transcription activator-like effectors (TALEs). We demonstrated
that these TALE-DNMTs direct DNA methylation specifically to the targeted gene locus in human cells. Further, we determined
that minimizing direct nucleotide sequence repeats within the TALE moiety permits efficient lentivirus transduction, allowing
easy targeting of primary cell types. Finally, we demonstrated that directed DNA methylation with a TALE-DNMT targeting
the CDKNZ2A locus, which encodes the cyclin-dependent kinase inhibitor p16, decreased COKN2A expression and increased
replication of primary human fibroblasts, as intended. Moreover, overexpression of p16 in these cells reversed the proliferative
phenotype, demonstrating the specificity of our epigenetic targeting. Together, our results demonstrate that TALE-DNMTs can
selectively target specific genes and suggest that this strategy has potential application for the development of locus-specific

In an experimental or therapeutic setting, targeted de novo
DNA methylation may be accomplished by tethering of the cata-
lytic domain of a DNA methyltransferase (DNMT) to DNA-bind-
ing proteins designed to bind specific gene loci, thereby affecting
gene expression. Siddique and colleagues have pioneered this
strategy by fusing DNMT catalytic subunits to an artificial zinc
finger protein targeting the promoter of vascular endothelial cell
growth factor A (VEGF-A) in a human cancer cell line, SOKV3 (6).
However, challenges in designing artificial zinc fingers have limit-
ed the widespread use of this technology (7). Transcription activa-
tor-like effectors (TALEs) are a newer technology that is extremely
modular, easy to assemble, and therefore a more efficient choice
for targeted epigenome editing.

TALEs are DNA-binding proteins endogenous to bacterial
plant pathogens, including the genus Xanthomonas. This class of
proteins binds to regulatory regions in the host genome to modu-
late gene expression and promote bacteria survival. The central
DNA binding domain of TALE proteins consists of a series of
approximately 34-amino acid repeats, or monomers, which are
polymorphic only at positions 12 and 13. These polymorphic resi-
dues, termed the repeat-variable-di-residue (RVD), determine
DNA binding specificity, as each amino acid pair preferentially
binds to 1 of the 4 nucleotides (8). Consequently, by assembly of
monomers in a particular order, TALEs can be engineered to bind
specific DNA sequences.

Customized TALEs have been used to modulate transcrip-
tion through conjugation to activator domains, such as VP64, and
repressor domains, such as the mSin interaction domain (SID)
(9, 10). The potential for implementing TALEs to direct targeted
epigenetic modifications has become increasingly recognized, as
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Figure 1. Targeted CpG methylation of the p16 (CDKN2A) locus using TALE-DNMT fusion proteins. (A) TALE-DNMT strategy for altering the epigen-
etic state of the p76 (COKN2A) promoter. Locus-specific TALEs were fused to the catalytic domain of DNA methyltransferase (p16 TALE-DNMT), or a
catalytically inactive DNA methyltransferase with the point mutation E752A (p16 TALE-DNMT Mut). (B) Detailed diagram of TALE-DNMT construct and
target site in the p16 (CDKN2A) locus. Black boxes indicate the 3 exons of the p16 transcript, and green boxes indicate CpG islands. The TALE-DNMT was
targeted to the CpG island at the promoter just before the transcription start site. The legend on the right side of the diagram indicates which nucleo-
tide is targeted by each of the 4 different TALE repeat monomers, which are color-coded. (C) Percent methylation of individual CpGs within the CDOKN2A
promoter in FACS-sorted GFP-positive populations compared with untreated Hela cells. HeLa cells were transfected with the p16 TALE-DNMT WT or
p16 TALE-DNMT mutant construct and cultured for 48 hours. Cells were then FACS-sorted for GFP to isolate transfected populations. DNA methylation
was quantified by sequencing of PCR-amplified bisulfite-converted genomic DNA. Graphs reflect percent DNA methylation at each CpG and its position
relative to the transcription start site (TSS) (mean + SEM; n = 3). The diagram below the graph illustrates the region of the p76 (CDKN2A) promoter that
was analyzed. Data points outlined in black are significantly elevated in the p16 TALE-DNMT population compared with the p16 TALE-DNMT mutant

population (P < 0.05, multiple t tests).

shown in recent studies targeting DNA and histone demethylation
(11, 12). However, this approach has not yet been used to repress
gene expression by targeted DNA methylation. A key hurdle in
widespread use of TALEs is that they are incompatible with len-
tivirus technology, a common approach in stable transmission
of genes into host genomes, particularly with primary cells. The
highly repetitive sequences of the TALE modules have a strong
tendency to recombine (13), and we addressed this issue by re-
engineering the TALE repeat moieties to minimize direct DNA
repeats without altering the coding sequence.

Our primary target for development of this novel “TALE-
DNMT” strategy was the cell cycle inhibitor p16, which is encoded

by the CDKN2A gene (Figure 1A). pl6 is a universal regulator of
cellular senescence, and CDKN2A was found to be the most com-
mon locus associated with age-related disease in a metaanalysis
of GWAS conducted by Jeck and colleagues (14, 15). Prior studies
have shown that CDKN2A is regulated by DNA methylation, and
decreasing p16 levels might aid in coaxing terminally differenti-
ated cells back into the cell cycle, allowing for cell expansion for
experimental or cell therapeutic uses (16, 17).

Thus, we sought to target DNA methylation to the pl6
(CDKN2A) locus using lentiviral delivery of TALE-DNMT fusion
proteins to repress gene expression and thereby increase cellu-
lar proliferation. We also characterized the specificity of TALE-
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Figure 2. Minimizing direct repeats permits lentiviral expression of TALE fusion proteins. Hela cells were infected with p16 jumbled TALE-DNMT, p16
jumbled TALE-DNMT mutant, or GFP control lentiviruses and harvested after 4 days. (A) Western blot of HeLa cells infected with p16 jJTALE-DNMT or p16
JTALE-DNMT mutant lentivirus showing production of the full-length protein. (B) PCR amplification of the full-length TALE repeat moiety from genomic
DNA (gDNA), demonstrating integration of the intact construct into the host genome, and from cDNA, demonstrating transcription of full-length mRNA,
in infected Hela cells. Amplification of plasmid DNA is shown as a reference. JTALE, jumbled TALE; WPRE, woodchuck hepatitis virus post-transcriptional
regulatory element. (C) Percent DNA methylation of the p16 (CDKN2A) locus in HelLa cells infected with p16 JTALE-DNMT WT and p16 jTALE-DNMT mutant
lentivirus (mean + SEM; n = 3). Data points outlined in black indicate CpGs in which DNA methylation is significantly elevated in p16 JTALE-DNMT WT-
infected cells compared with p16 JTALE-DNMT mutant-infected cells (P < 0.05, multiple t tests).

mediated epigenetic modifications, which, to our knowledge,
has not been reported to date. Here, we show that epigenetic tar-
geting of a single locus can indeed alter its gene expression and
cellular functions without appreciable “off-target” effects, thus
demonstrating that the phenotype of primary human cells can be
altered using epigenetic tools.

Results

Custom TALE-DNMT fusion proteins direct DNA methylation to
target loci. Sanjana and colleagues have described a protocol for
assembly of custom TALEs using monomer templates and TALE
cloning backbones (18). We modified these TALE constructs by
conjugating a DNA methyltransferase catalytic subunit consisting
of the C-termini of DNMT3a and DNMT3L (6) to the C-terminus
of the TALE protein. The cloning backbone contains EGFP and
was further modified to include a 3x FLAG-tag, modifications
that we used for cell sorting and protein detection, respectively.
We also constructed a catalytically inactive TALE-DNMT as a
negative control by introducing a point mutation in the DNMT3a
subunit at the E752A position (19). TALE monomers were assem-
bled into the backbone-cloning vector through a series of Golden
Gate digestion-ligation reactions (18). Following this protocol, we
constructed TALE-DNMTs targeting 24-bp sequences within the
CDKN2A promoter (20). The TALE-DNMT illustrated in Figure 1B
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is engineered to bind the target sequence 5-CCTCCTTCCTT-
GCCAACGCTGGCT-3', at position -28 to -4 upstream of the
pl6 (CDKN2A) transcription start site. The complete coding
sequence of the p16 TALE-DNMT is provided in Supplemental
Figure 1 (supplemental material available online with this article;
doi:10.1172/JCI77321DS1).

To test our strategy, we transfected HeLa cells, a human cer-
vical adenocarcinoma cell line, with p16 TALE-DNMT WT and
mutant expression constructs and compared DNA methylation
of the CDKN2A locus between the 2 transfected populations, and
also untreated HeLa cells. Cells were collected 48 hours after
transfection, and FACS-sorted for GFP to isolate transfected
populations. Average transfection efficiency was 12.1% and 14.6%
for the WT and mutant constructs, respectively. DNA methylation
was then evaluated using bisulfite conversion of genomic DNA
followed by PCR amplification and high-throughput sequencing.
Strikingly, we found that transfection of a single TALE-DNMT
construct is sufficient to dramatically alter DNA methylation
across the entire CpG island within the CDKN2A promoter (Fig-
ure 1C). DNA methylation was significantly elevated in the p16
TALE-DNMT GFP-positive cells compared with both mutant
GFP-positive and untreated cells (P < 0.0001). On average, DNA
methylation increased by 17% across the entire CpG island, and
by as much as 66.5% at individual CpGs, when WT- and mutant-
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Figure 3. Targeted CpG methylation at the p16 (CDKN2A) locus results in decreased gene expression in primary human cells. Primary human fibroblasts
were transduced with p16 JTALE-DNMT WT or p16 jJTALE-DNMT mutant lentiviruses and incubated for 4 days. (A) Percent DNA methylation of CpGs within
the p16 (CDKN2A) promoter region. Graphs reflect percent DNA methylation at each CpG (mean + SEM; n = 3) and position relative to the transcription start
site. Data points outlined in black are significantly elevated in the p16 jJTALE-DNMT population compared with the p16 JTALE-DNMT mutant population

(P < 0.05, multiple t tests). (B) p76 transcript expression in fibroblasts treated with p16 JTALE-DNMT WT or mutant lentiviruses relative to the mutant
negative control. Expression levels were normalized to HPRTT mRNA levels (mean + SEM; n = 3). *P < 0.05, 2-tailed t test. (C) Average percent DNA meth-
ylation of CpGs at each CpG island within the p16 (CDOKN2A) locus and at B-actin (ACTB), a housekeeping gene located on a different chromosome. The
diagram below the graph illustrates the position of CpG islands at the p76 (CDKN2A) locus (mean + SEM; n = 3). *P < 0.05, **P < 0.01, 2-tailed t test. (D)
Average percent methylation at genes adjacent to p16 (CDKN2A), as described in C. The diagram above the graph indicates the position of each gene rela-
tive to p16 (CDKN2A). (E) mRNA expression of genes adjacent to p16 (COKNZ2A) in lentivirally transduced human fibroblasts, determined as described in B.

transfected populations were compared (Figure 1C). There was
no difference between p16 TALE-DNMT mutant-transfected and
untreated populations, confirming that the E752A mutation com-
pletely eliminates the catalytic activity of the enzyme.

Despite the dramatic increase in DNA methylation at the
CDKN2A promotet, pl6 expression decreased by only a small
amount in pl6 TALE-DNMT WT-transfected HeLa cells com-
pared with mutant and uninfected populations (data not shown).
This is likely due to the fact that p16 expression is often upregulat-

ed in cervical cancers, and may be subject to aberrant regulatory
mechanisms in these transformed cells (21, 22). Thus, we hypoth-
esized that a primary human cell line might be a more suitable sys-
tem to study functionality at this particular target.

Minimizing divect repeats in TALE modules permits lentiviral
delivery. We next considered alternate strategies for gene deliv-
ery that might be more suitable to targeting primary human cells,
which are often difficult to transfect even ex vivo. Lentiviral vec-
tors provide an efficient method for stably introducing genes into
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Figure 4. Alterations in p16 levels due to p16 TALE-DNMT result in increased proliferation in primary human cells. (A) Representative immunofluo-
rescence image of EdU incorporation in human fibroblasts infected with WT or mutant p16 jJTALE-DNMT lentivirus. After 72 hours of infection, cells were
incubated with EdU for 1 hour and stained for EdU. Cell nuclei are stained blue (DAPI), and EdU-positive nuclei are stained red. Images were taken at x10
magnification (n = 7). (B) Percent EdU incorporation of cells infected with p16 JTALE-DNMT WT or mutant lentivirus, with (n = 4) or without (n = 7) coinfec-
tion of CMV-p16 lentivirus. Three random images were counted for each biological replicate (mean + SEM). ***P < 0.001; NS, not significant; 2-tailed ¢ test.
(C) Population doubling time of human fibroblasts infected with p16 JTALE-DNMT WT or mutant lentivirus (mean + SEM; n = 4). *P < 0.05, 2-tailed ¢ test.
(D) Transcript levels of cell cycle regulators in human fibroblasts transduced with WT p16 JTALE-DNMT lentivirus relative to mutant lentivirus. Expression
was normalized to HPRTT mRNA levels (mean + SEM; n = 3). Two-tailed t test. (E) Average percent DNA methylation of CpGs at the nearest CpG island of
cell cycle regulators evaluated in D. Average DNA methylation was measured by PCR amplification of bisulfite-converted genomic DNA followed by high-
throughput sequencing (mean + SEM; n = 3). **P < 0.01, ***P < 0.001, 2-tailed t test. CKI, cyclin-dependent kinase inhibitor.

host genomes of multiple cell types. However, standard TALE
technology is incompatible with lentiviral delivery because of the
large number of tandem repeats in the TALE moiety that lead to
sequence loss by DNA recombination (13). In order to promote
efficient integration of intact TALEs into host genomes using len-
tivirus, we used the degeneracy of the genetic code to minimize
direct repeats across the TALE DNA binding domain to build
“jumbled” TALE-DNMTs (jTALE-DNMTs) (Supplemental Figure
2), similar to the strategy pursued by Yang and colleagues (23).

2002

jci.org  Volume125  Number5  May 2015

Furthermore, in order to accommodate the size limitation of the
lentiviral genome, we made several modifications to the TALE-
DNMT constructs by decreasing the number of repeats from 24
to 18, such that the revised TALE targets the sequence 5-TCCTT-
GCCAACGCTGGCT-3. We also truncated the promoter and
removed the EGFP sequence.

We prepared lentivirus for WT and mutant p16 JTALE-DNMT
constructs and tested their functionality in HeLa cells. Western
blots confirmed that full-length JTALE-DNMT protein was indeed
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produced following infection (Figure 2A). In order to demonstrate
that the entire, unrecombined jumbled TALE repeat moiety was
integrated into the host genome, we PCR-amplified the repeat
region from genomic DNA of transduced cells. We also amplified
the jJTALE repeat region from cDNA to determine that the full-
length repeat region was transcribed (Figure 2B). Together, these
assays confirmed integration and expression of full-length TALE
constructs. We then established that p16 jJTALE-DNMT lentivirus-
es target CpG methylation at the CDKN2A locus, with an average
increase of 13.8% in the pl6 JTALE-DNMT-infected population
compared with the mutant (Figure 2C). The lesser extent of DNA
methylation in the lentivirus infections compared with transfect-
ed cells is likely due to the fact that cells could not be sorted into
infected populations. These data demonstrate convincingly that
jumbled TALE repeats can be administered stably using lentiviral
vectors, removing a significant obstacle for widespread applica-
tion of the TALE technology.

Targeted DNA methylation in primary human cells vesults in
decreased gene expression of the target gene. Having successfully
developed jTALE-DNMTs for lentiviral delivery, we next tested
whether TALE-DNMTs can methylate the p16 (CDKN2A) locus in
primary human fibroblasts. After infection with WT and mutant
pl6 jJTALE-DNMT constructs, DNA methylation was again evalu-
ated by sodium bisulfite conversion followed by PCR amplification
and high-throughput sequencing. Average DNA methylation was
significantly increased by approximately 10% across the CDKN2A
CpG island in fibroblasts infected with WT versus mutant pl6
JTALE-DNMTs (P < 0.005), with several CpGs showing increases
in methylation of 30%-50% (Figure 3A). To evaluate the func-
tional consequence of increased CpG methylation at this locus,
we measured pI6 mRNA levels and found an approximately 50%
decrease in pl6 expression in pl6 jJTALE-DNMT-infected fibro-
blasts relative to mutant-infected fibroblasts (P < 0.05) (Figure 3B).
In order to validate the broad applicability of the TALE-DNMT
strategy, we also tested the p16 TALE-DNMT lentiviruses in pri-
mary human coronary artery smooth muscle cells, and showed
that p16 JTALE-DNMT WT-infected cells had increased DNA
methylation and a corresponding decrease in pI6 (CDKN2A)
expression compared with mutant-infected cells (Supplemental
Figure 3). As further validation of our strategy, we also designed
anew pl6 TALE-DNMT targeted to the p16 (CDKN2A) promoter
118-136 bp upstream from the transcription start site (5'-TAA-
CAGAGTGAACGCACT-3/). This additional TALE-DNMT, p16
TALE-DNMT.2, also increased DNA methylation and led to even
stronger repression of pl6 transcription when WT- and mutant-
infected cells were compared (Supplemental Figure 4). Remark-
ably, this stronger gene repression was associated with fewer
affected CpGs, suggesting that specific CpGs are more relevant
than others. In sum, the overall TALE-DNMT strategy can be
extended to multiple primary human cell types and multiple tar-
get DNA binding sites.

To further characterize the effects of the p16 TALE-DNMT
locally and genome-wide, we measured DNA methylation at the 2
other CpG islands within the p16 (CDKN2A) locus, and at B-actin,
a housekeeping gene located on a different chromosome (Figure
3C). Interestingly, we found that the effect of the TALE-DNMT on
average DNA methylation decreased with distance from the tran-
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scription start site at the p16 (CDKN2A) locus, as DNA methylation
increased significantly by 6% at CGI2, but not significantly at CGI3.
The B-actin locus on chromosome 7 was completely unaffected.

Given the increase in DNA methylation observed at the adja-
cent CpG island, we considered the possibility that other nearby
genes might display altered levels of DNA methylation (Figure
3D). Indeed, we measured increased methylation in several genes
adjacent to p16 (CDKN2A), including p14ARF, another transcript
within the CDKN2A locus, CDKN2B, and MTAP. No changes were
observed in IFNE. We next measured mRNA levels at these genes
to determine the functional consequence of the small increase in
DNA methylation and observed no changes in the mRNA levels
of CDKN2B, or MTAP and IFNE (Figure 3E). We also analyzed
expression of the 3 other transcripts at the CDKN2A locus and did
not observe a significant change in expression of pI14ARF (Figure
3E), while p12 and pI16y were not detectable by quantitative PCR
in human fibroblasts.

DNA methylation of the p16 (CDKN2A) locus results in increased
rveplication in primary human cells. Our goal in decreasing pl6
expression was to more readily permit entry into the cell cycle.
Therefore, we next evaluated rates of DNA replication in prima-
ry human fibroblasts infected with WT and mutant p16 jTALE-
DNMTs. Following infection and subsequent incubation for
72 hours, we measured incorporation of the thymidine analog
5-ethynyl-2'-deoxyuridine (EdU) by immunofluorescence stain-
ing after a 60-minute incubation period. pl6 jTALE-DNMTs
increased DNA replication nearly twofold in the WT-infected
compared with mutant-infected populations (Figure 4, A and B).
In order to confirm that the altered proliferation observed in p16
jTALE-DNMT-transduced human fibroblasts was specifically due
to suppression of pl6 transcription, and not some unknown off-
target effect, we restored p16 levels by coinfection with a lentivi-
rus driving p16 expression under control of the CMV promoter. As
shown in Figure 4B, re-expression of pl6 completely ablated the
pro-proliferative effect of p16 JTALE-DNMT activity, providing
strong evidence that increased replication in human fibroblasts
was indeed caused by reduced p16 levels. Since p16 mediates pro-
gression through the G1 phase of the cell cycle, we also wanted
to confirm that increased DNA replication rates translated into
cellular proliferation. We therefore calculated population dou-
bling time of infected human fibroblasts and found that this was
reduced by 10% in the p16 JTALE-DNMT WT-infected cells com-
pared with mutant (Figure 4C).

To further eliminate the possibility that increased proliferation
of epigenetically targeted human fibroblasts might be impacted by
other cell cycle regulators, we determined the expression levels of
a panel of cyclin-dependent kinase inhibitors, cyclin-dependent
kinases, and other molecules related to the p16 inhibitory path-
way. As shown in Figure 4D, none of these cell cycle regulators
were affected by p16 JTALE-DNMT infection comparing WT- and
mutant-infected populations, attesting to the specificity of our
strategy. Although we demonstrated that p16 TALE-DNMT infec-
tion does not affect expression of other cell cycle regulators, we
also assessed DNA methylation at these loci. We found that some
genes showed increased methylation while others did not (Figure
4E). Since changes across cell cycle regulators are inconsistent, we
cannot say for certain whether or not these changes are a direct
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consequence of pl6 TALE-DNMT activity, or an indirect conse-
quence of decreased p16 expression and accelerated proliferation.
In summary, targeting DNA methylation to the pl6 (CDKN2A)
promoter led to changes in expression exclusively of the p16 tran-
script, resulting in increased cell proliferation, without altering the
activity of other cell cycle regulator genes.

Discussion

We have demonstrated that customized TALEs can be used to
direct DNA methylation to specific gene loci, and thereby decrease
gene expression. We selected p16 as our primary target because of
its role in mediating cellular senescence with the idea that epigen-
etic suppression of p16 might facilitate cell cycle entry in termi-
nally differentiated cells in the context of regenerative medicine.
In developing this novel technology, we used a primary human
fibroblast cell line that is not transformed, in contrast to the major-
ity of human cells lines, which are often subject to dysfunctional
cell cycle regulation. Importantly, even in this readily dividing cell
population we have shown that increasing DNA methylation at a
single cell cycle inhibitor gene locus is sufficient to increase cel-
lular proliferation. Further, the observed changes in replication
rate were entirely dependent on suppression of the intended gene
product, p16. We have also proven that these targeted epigenetic
modifiers can be delivered using lentiviral vectors, which will dra-
matically expand the breadth of their application in different bio-
logical systems. We validated our findings of TALE-DNMT-medi-
ated targeted DNA methylation and pl6 suppression in primary
human coronary artery smooth muscle cells, and with an indepen-
dent TALE-DNMT construct targeting the p16 (CDKN2A) locus,
attesting to the broad applicability of this technology. We have
shown that the TALE-DNMT strategy is a powerful and robust tool
that can be used to change cell fate.

We also found that nearby loci are more likely to be susceptible
to off-target effects by TALE-DNMTs than distal loci, which until
now has been an underreported consequence of TALE-mediated
epigenetic modifiers. These “near-target” effects appear to be dis-
tance dependent, and in our case functionally irrelevant as altered
gene expression was detected only at the target gene, CDKN2A.
It is likely that the “near-target” effects can be attributed to the
3-dimensional structure of chromatin. Chromatin interactions
such as chromatin looping may bring nearby loci into the vicin-
ity of the TALE-DNMT construct, permitting DNA methylation
in the absence of direct TALE DNA binding. We also observed
small increases in DNA methylation at some but not all cell cycle
inhibitors and other cell cycle regulators implicated in the p16/
pRb pathway. Critically, these changes did not impact gene activ-
ity. Nevertheless, future efforts will be directed toward further
improving specificity by strategies such as attenuating DNMT
subunit catalytic activity, or splitting the DNMT domain, similar
to the TALEN system, such that 2 separate TALE fusion proteins
are required for methyltransferase activity. Also, the TALE-DNMT
strategy may be further optimized through large-scale screens of
TALEs to determine whether certain target binding sites are more
effective than others.

While there are several techniques being developed for direct-
ing epigenetic modifiers to specific genomic loci, they differ in
their DNA targeting strategies. Current approaches include zinc
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fingers, TALEs, and clustered regularly interspaced short palin-
dromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9).
Zinc fingers represent one of the earliest examples of engineered
DNA-binding proteins, and have been coupled to a wide range
of effector domains, including DNA methyltransferases, as dis-
cussed earlier. Zinc finger DNA binding modules interact with
a series of 3-bp elements, somewhat limiting potential target
sequences. Therefore, TALEs have largely replaced zinc fingers
in these efforts, since they are modular, inexpensive, and quick to
make. The CRISPR/Cas9 system has emerged as an exciting new
tool for genome editing, as the Cas9 nuclease can be directed to
target DNA sequences by 20-bp small guide RNAs, eliminating
the need to engineer sequence-specific DNA-binding proteins.
While most work to date has focused on genomic engineering,
the field is rapidly evolving into the gene expression space, using
a catalytically inactive or “dead” variant of the Cas9 nuclease,
dCas9. In fact, the concept of using Cas9 toward targeted epi-
genetic modifications has already been proposed, although not
yet demonstrated (24). Despite differences in underlying mech-
anisms, any of these systems are subject to potential oft-target
effects, and improving specificity is an ongoing challenge in the
field. The preferred method is likely to be determined in a con-
text-dependent manner.

Here, we demonstrate the utility of TALE-directed DNA
methylation as a strategy for altering the epigenetic state in a tar-
geted, locus-specific fashion. We have amended this strategy to
accommodate lentiviral delivery to primary human cells, and have
shown that this system can be used to alter cellular behavior. We
also shed light on the specificity of TALE-mediated epigenetic tar-
geting, which is an ongoing area of future investigation. This study
may have widespread implications for investigating gene regula-
tion, and in developing novel therapeutic strategies for correcting
aberrant gene expression in disease.

Methods

TALE target selection and construction. Twenty-four-base pair TALE
target sequences within the CDKN2A promoter were selected using
the Web-based tool TAL Effector-Nucleotide Targeter (TALE-NT)
2.0, which optimizes unique binding sites within a specified tar-
get region (8, 25). The sequence targeted in the present work was
5-CCTCCTTCCTTGCCAACGCTGGCT-3. Cloning vectors and
TALE repeat monomer plasmids were obtained from the TALE Tool-
box kit (Addgene). pTALETF vectors were modified to replace the
VP64 domain with FLAG-tagged DNMT3a-3L by cloning. Following
target selection, the 24 corresponding monomers were assembled
into a modified TALE backbone containing either the DNMT3a-3L
catalytic subunit or the mutant DNMT3a-3L catalytic subunit through
a series of Golden Gate digestion-ligation reactions, as described by
Sanjana and colleagues (18). The mutant DNMT catalytic domain con-
tained a catalytically inactive DNMT3a subunit due to a point muta-
tion, E752A (19). The DNMT3a-3L DNA sequence was synthesized by
Eurofins MWG Operon and cloned into the TALE backbone by restric-
tion enzyme digestion followed by ligation. PCR primers including
the E752A point mutation were used to amplify a DNA fragment from
the TALE-DNMT plasmid containing the point mutation, and the
fragment was subsequently cloned into the TALE-DNMT backbone
by restriction enzyme digestion followed by ligation to generate the
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mutant construct. The point mutation is underlined in the reverse
primer (PCR primers: forward, 5-CAAGCCCCAAGAAGAAGAGA-3;
reverse: 5-CCCATGGCCACCACATTGGCAAAGAG-3).

Jumbled TALE lentivirus design and construction. Jumbled TALEs
were designed by disruption of direct repeats greater than 11 nucle-
otides using the degeneracy of the genetic code to change DNA
sequence without altering protein coding sequence. In order to accom-
modate the size limitation of the lentiviral genome, the TALE target
sequence was decreased to 18 bases instead of 24, a minimal CMV
promoter was used, and EGFP was removed. The 18-bp sequence tar-
geted with the jumbled TALE was 5-TCCTTGCCAACGCTGGCT-3'.
Series of plasmids containing jumbled sequences for 6 monomers
were ordered from Eurofins MWG Operon with appropriate restriction
sites such that these hexamers could be incorporated into the protocol
described by Sanjana and colleagues at a Golden Gate digestion-liga-
tion step. TALE-DNMT constructs were then cloned into a lentiviral
vector obtained from The Wistar Institute Protein Expression Core
(Philadelphia, Pennsylvania, USA). Lentiviruses were also prepared
by The Wistar Institute Protein Expression Core.

Transfection of HeLa cells. HeLa cells (ATCC) were seeded at a den-
sity of 5 x 106 cells per 10 cm?. After 24 hours, cells were transfected
with 12.5 pg of plasmid DNA using Lipofectamine 2000 reagent (Life
Technologies) according to the manufacturer’s protocol. Forty-eight
hours after transfection, cells were trypsinized with 0.25% trypsin plus
EDTA and dispersed for FACS sorting for GFP. FACS was performed
by the Flow Cytometry and Cell Sorting Resource Laboratory at the
University of Pennsylvania. Sorted populations were harvested using
the Qiagen AllPrep DNA/RNA Mini Kit.

DNA methylation analysis. Genomic DNA was bisulfite-converted
using the Qiagen EpiTect Bisulfite Kit (Qiagen GmbH), and target loci
were PCR-amplified using the PyroMark PCR Kit (Qiagen GmbH). Four
primer pairs were designed to PCR-amplify across the entire CDKN2A
CpG island within the promoter region. Additional primer pairs were
also designed to amplify regions within each control locus. Primers
were designed to amplify approximately 250- to 300-bp regions at
the CpG island closest to the transcription start site of each gene. In
instances when no CpG island was present, a sequence within the gene
promoter was chosen. All primer sequences and genomic coordinates
for each amplicon are listed in Supplemental Table 1. PyroMark PCR
reactions were carried out according to the manufacturer’s instruc-
tions. DNA sequencing libraries were prepared with the automated
Ovation SP+ Ultralow DR Multiplex System (NuGEN Technologies
Inc.) and subsequently sequenced on an Illumina MiSeq with 150-bp
paired-end reads. DNA sequences were aligned to an in silico bisulfite-
converted human genome using the BS Seeker program and analyzed
by the Next Generation Sequencing Core at the University of Penn-
sylvania (26). Only CpGs with sequence coverage greater than 1,000
reads were considered. Average DNA methylation across regions was
analyzed by 1-way ANOVA with Tukey’s correction for multiple com-
parisons when comparing more than 2 groups, and by a 2-tailed ¢ test
when comparing 2 groups. Individual CpGs were compared by multiple
t tests (P < 0.05). All next-generation sequencing data were deposited
to the Gene Expression Omnibus (GEO) public database according to
MINSEQE standards (accession no. GSE66456).

Quantitative real-time PCR for gene expression. To assess mRNA
levels, RNA extracted with the Qiagen AllPrep DNA/RNA Mini Kit
was reverse-transcribed using SuperScript II Reverse Transcriptase
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(Life Technologies) to synthesize cDNA. Quantitative RT-PCR was
performed on the Agilent Technologies Stratagene Mx3000P using
2x Brilliant III SYBR Green qPCR Master Mix plus ROX reference
dye (Agilent Technologies). Thermal profiles were set according
to the manufacturer’s protocol. mRNA levels were normalized to
HPRTI. Quantitative PCR primer sequences are listed in Supple-
mental Table 2. Differences in mRNA levels were compared by
2-tailed ¢ tests (P < 0.05).

PCR assay. To demonstrate integration and transcription of full-
length TALE DNA in lentiviral infections of HeLa cells, the TALE repeat
moiety was amplified from genomic DNA and cDNA, respectively, with
Herculase II Fusion DNA polymerase (TALE repeat primers: forward,
5-CCAGTTGCTGAAGATCGCGAAGC-3'; reverse, 5-TGCCACTC-
GATGTGATGTCCTC-3). The woodchuck hepatitis virus post-tran-
scriptional regulatory element (WPRE) present in lentiviral constructs
was used as a control (forward, 5~AGCGTCGACAATCAACCTCT-3';
reverse, 5-GGCATTAAAGCAGCGTATCC-3'). PCR products were
purified using the QIAquick PCR Purification Kit (Qiagen GmbH), and
100 ng of each product was run on a 0.8% agarose gel.

HeLa cell lentivirus transduction. HeLa cells were seeded at a densi-
ty of 1 x 10¢ cells per 10 cm?® in DMEM culture medium supplemented
with 10% FBS and penicillin/streptomycin. Twenty-four hours after
seeding, cells were treated with 1 x 107 titration units of lentivirus.
Polybrene was added at a concentration of 8 ng/ul to enhance viral
infection. Cells were harvested 4 days after infection for either DNA/
RNA extraction or preparation of protein lysate as described.

Western blotting. Following transduction, cells were sedimented
and homogenized in radioimmunoprecipitation assay buffer. Cell
lysates were sonicated, and sedimented to remove cellular debris, and
protein concentration was measured by the Millipore Direct Detect
system. Fifty micrograms of protein lysate was denatured with DTT
and separated by size on a NuPAGE 4%-12% Bis-Tris gel (Life Tech-
nologies). Samples were transferred onto a PVDF membrane (Novex;
Life Technologies) and blocked with PBST 5% nonfat dry milk. Mem-
branes were incubated with anti-FLAG antibody (F1804-200UG
monoclonal ANTI-FLAG M2 antibody; Sigma Life Sciences) and anti-
B-actin antibody (B-actin antibody 4967; Cell Signaling Technology
Inc.), and then with HRP-conjugated secondary antibodies (sc-2030
goat anti-rabbit IgG-HRP and sc-2005 goat anti-mouse IgG-HRP;
Santa Cruz Biotechnology). Blots were developed using ECL Prime
Western Blotting Detection Reagent (GE Healthcare).

Primary human fibroblast transduction. Primary human foreskin
fibroblasts purchased from ATCC, CCD-1112Sk (ATCC CRL-2429),
were seeded at a density of 1 x 106 cells per 10 cm? in Iscove’s modi-
fied Dulbecco’s medium supplemented with 10% FBS and penicillin/
streptomycin. After 24 hours, cells were infected with 1 x 107 titration
units of lentivirus in complete medium with polybrene at a concentra-
tion of 8 ng/ul and harvested 4 days later using the Qiagen AllPrep
DNA/RNA Mini Kit.

Primary human coronary artery smooth muscle cell transduction.
Primary human coronary artery smooth muscle cells were purchased
from Lonza (CC-2583) and plated in 6-well plates at a density of
75,000 cells per well in culture media prepared from the Lonza Clo-
netics SmMGM-2 BulletKit (CC-3182). After 24 hours in culture, cells
were infected with lentivirus as described for human fibroblasts.

EdU incorporation. Primary human fibroblasts were plated in
8-well chamber slides and infected with either p16 jTALE-DNMT
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WT or mutant lentivirus as described above. After 72 hours in culture,
cells were incubated with 5-ethynyl-2-deoxyuridine (EQU) for 1 hour.
EdU incorporation was visualized by immunofluorescence staining
using the Click-iT Plus EAU Imaging Kit, Alexa Fluor 555 picolyl azide
(Molecular Probes; Life Technologies). Percentage EAU incorporation
was calculated as the number of EdU-positive cells divided by the total
number of cells (n = 7). Differences in percentage EAU incorporation
were compared in a 2-tailed ¢ test (P < 0.05).

P16 re-expression. For pl6 re-expression experiments, a lentivi-
ral vector incorporating the human pI6 cDNA clone under a CMV
promoter was purchased from OriGene Technologies Inc. (catalog
RC220937L1). Lentivirus was prepared by The Wistar Institute Pro-
tein Expression Core. In separate EAU incorporation experiments,
CMV-pl6 lentivirus was added in combination with either p16 jTALE-
DNMT WT or mutant lentivirus. Titers for CMV-pl6 lentivirus were
reduced to approximately 1 x 10° titration units per 1 million cells.
Percentage EAU incorporation was calculated as the number of EdU-
positive cells divided by the total number of cells (n = 4). Differences
in percentage EAU incorporation were compared in a 2-tailed ¢ test.

Population doubling time assay. Human fibroblasts were infected as
described above, except that a lower seeding density of 4 x 10° cells
per 10-cm?® plate was used to prevent contact growth inhibition during
the 4-day infection period. Cells were counted before plating and at
the end of the experiment. Population doubling time (DT) was calcu-
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lated as DT = Tln2/In(Xf/Xi), where T is incubation time (days), Xi is
initial cell number, and Xfis final cell number.

Statistics. Data are displayed as mean * SEM, and at least 3 rep-
licates were conducted for each experiment. Data were assessed by
1-way ANOVA with Tukey’s correction for multiple comparisons or
by 2-tailed ¢ test, as appropriate. Significance was defined as P < 0.05.

Study approval. All experiments were performed in accordance
with guidelines set forth by the University of Pennsylvania. Study
approval was not required since no animals were used and primary
human tissues were obtained from commercially available sources.
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