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Holocarboxylase synthetase (HLCS) is a chromatin protein that facilitates the creation of histone H3 lysine 9-methylation
(H3K9me) gene repression marks through physical interactions with the histone methyltransferase EHMT-1. HLCS
knockdown causes a depletion of H3K9me marks in mammalian cell cultures and severe phenotypes such as short
lifespan and low stress resistance in Drosophila melanogaster. HLCS displays a punctuate distribution pattern in chromatin
despite lacking a strong DNA-binding domain. Previous studies suggest that the binding of HLCS to chromatin depends
on DNA methylation. We tested the hypothesis that HLCS interacts physically with the DNA methyltransferase DNMT1
and the methyl CpG binding protein MeCP2 to facilitate the binding of HLCS to chromatin, and that these interactions
contribute toward the repression of long-terminal repeats (LTRs) by H3K9me marks. Co-immunoprecipitation and
limited proteolysis assays provided evidence suggesting that HLCS interacts physically with both DNMT1 and MeCP2.
The abundance of H3K9me marks was 207% greater in the LTR15 locus in HLCS overexpression human embryonic kidney
HEK293 cells compared with controls. This gain in H3K9me was inversely linked with a 87% decrease in mRNA coding
for LTRs. Effects of HLCS abundance on LTR expression were abolished when DNA methylation marks were erased by
treating cells with 5-azacytidine. We conclude that interactions between DNA methylation and HLCS are crucial for
mediating gene repression by H3K9me, thereby providing evidence for epigenetic synergies between the protein biotin

ligase HLCS and dietary methyl donors.

Introduction

HLCS is the sole protein biotin ligase in the human proteome!
and has translational start sites in methionine-1, methionine-7
and methionine-58.2 The classical role of HLCS is to catalyze the
covalent binding of biotin to five distinct carboxylases in cyto-
plasm and mitochondria.> More recently, it became evident that
HLCS also enters the cell nucleus*> where it binds to chroma-
tin in a punctuate, locus-specific pattern.®” Unambiguous evi-
dence suggests that recombinant HLCS catalyzes biotinylation
of histone H3 in vitro and that HLCS knockdown causes a loss
in histone H3 and H4 biotinylation marks in vivo.5'" HLCS-
dependent histone biotinylation marks are enriched in repressed
genomic loci such as long-terminal repeats (LTRs) suggesting a
role of HLCS in gene repression.”"? Biotinylation of histones H3
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and H4 is a natural modification, but the abundance of bioti-
nylation marks is too low (< 0.001%) to account for the severe
phenotypes seen in HLCS knockdown cells and flies."*'® These
phenotypes include a de-repression of LTRs in human and
murine cell lines and in Drosophila melanogaster, and short life
span and low stress resistance in Drosophila.®’ Collectively, these
observations point toward a role of HLCS in gene repression at
the epigenetic level that is independent of histone biotinylation.

We recently proposed that the roles of HLCS in gene repres-
sion are caused by interactions between HLCS and other chro-
matin proteins (Fig. 1).! This theory integrates the discoveries
described above with the following observations into a coherent
model. First, HLCS binds to chromatin despite lacking a strong
DNA-binding domain.®” Second, two HLCS-binding proteins
have been identified, namely histone H3 and the histone H3
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Figure 1. HLCS facilitates methylation events in the epigenome through physical interactions with DNA methyltransferase 1 (DNMT1), methyl CpG
binding protein 2 (MeCP2) and eukaryotic histone methyltransferase (EHMT-1).

lysine-9 methyltransferase EHMT-1.%" Lysine-9 methylated
histone H3 (H3K9me) is an abundant gene repression mark
and EHMT-1 is one of the enzymes capable of creating this
mark.”® HLCS physically interacts with EHMT-1 and cata-
lyzes the biotinylation of lysine (K) residues in EHMT-1, which
strengthens the interactions between the proteins in vitro.” Both
biotin depletion and loss of HLCS cause a decrease of H3K9me
marks.”'"" Third, when DNA methylation marks are erased by
5-azacytidine treatment in human cell cultures, the abundance
of histone biotinylation marks decreases considerably in LTRs;
this is an uni-directional effect and biotin depletion has no effect
on the abundance of DNA methylation marks.’

Here we tested the hypothesis that HLCS interacts with
DNA methyltransferases (DNMT) and methyl-CpG-binding
proteins (MeCPs), and that the binding of HLCS to loci rich
in methylated DNA increases the local abundance of H3K9me
marks, thereby contributing toward the repression of LTRs.
Our rationale for testing DNMT1, as opposed to DNMT3a
and DNMT3b, was that the maintenance methyltransferase
DNMT1 mediates DNA methylation in all somatic cells, whereas
the de novo methyltransferases DNMT3a and DNMT3b medi-
ate DNA methylation only in embryonic cells.?>*' However,
DNMT3aand DNMT3b were tested as specificity controls. Our
rationale for testing MeCP2, as opposed to other methylated
DNA binding proteins such as MBD1, MBD2 and MBD4**
was that MeCP2 binds exclusively to methylated DNA to cause
gene repression, whereas MBD1 can bind to non-methylated
DNA and MBD4 does not cause gene repression; also MeCP2 is
more abundant and widely expressed compared with MBD1.2%%
Our rationale for assessing the effects of DNA methylation on
HLCS-mediated and H3K9me-dependent repression of LTRs,
as opposed to other loci, was that DNA methylation, HLCS
activity, biotin availability and H3K9me have been implicated in
LTR repression.”'***? At least 54 LTRs in the human genome

are transcriptionally active,?

and pose a threat to genome sta-
bility, as their mobilization facilitates recombination between
non-homologous loci, leading to chromosomal deletions and
translocations.”* Drug-induced hypomethylation of DNA is
associated with activation of LTRs in mice®®*° and with chro-
mosomal instability and tumors.>"3? Mobilization of LTR trans-
posons is associated with 10% of all spontaneous mutations in
mice.?® Pericentromeric o satellite repeats on chromosomes 1
(Chrlalpha) and 4 (Chr4alpha) were tested as specificity con-

trols because HLCS-dependent biotinylation events are impli-
cated in their repression.'?
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Results

HLCS interacts with DNMT1 and MeCP2. HLCS interacts
physically with both DNMT1 and MeCP2, based on the fol-
lowing lines of evidence. Human embryonic kidney HEK293
cells were co-transfected with pCMV-Myc-HLCS and pCMV-
HA-DNMT1. When cell lysates were precipitated with anti-Myc
and probed with anti-DNMTT, a distinct signal was obtained for
DNMTT1 (Fig. 2A, first lane). Likewise, when cell lysates were
precipitated with anti-HA and probed with anti-HLCS, a dis-
tinct signal was obtained for HLCS (Fig. 2B, first lane). When
empty vectors (PCMV-Myc or pPCMV-HA) were substituted for
pCMV-Myc-HLCS and pCMV-HA-DNMT1, respectively, no
signals were obtained (negative controls, second lane in both
gels). Overexpression of DNMT1 and HLCS was confirmed by
probing whole cell extracts with anti-DNMTT and anti-HLCS
(input control, third and fourth lane in both gels). In contrast,
no signal was obtained when HEK293 cells were co-transfected
with pCMV-Myc-HLCS and pCMV-HA-DNMT3a or pPCMV-
HA-DNMT?3b, followed by probing anti-Myc precipitates with
anti-HA, or when anti-HA precipitates were probed with anti
HLCS (specificity control, data not shown).

Similar experiments were conducted for MeCP2. HEK293
cells were co-transfected with pCMV-Myc-HLCS and pCMV-
HA-MeCP2. When cell lysates were precipitated with anti-Myc
and probed with anti-MeCP2, a distinct signal was obtained for
MeCP2 (Fig. 2C, first lane). Likewise, when cell lysates were
precipitated with anti-HA and probed with anti-Myc, a dis-
tinct signal was obtained for HLCS (Fig. 2D, first lane). When
empty vectors (PCMV-Myc or pPCMV-HA) were substituted for
pCMV-Myc-HLCS and pCMV-HA-MeCP2, respectively, no
signals were obtained (second lane in both gels). Overexpression
of MeCP2 and HLCS was confirmed by probing whole cell
extracts with anti-MeCP2 and anti-Myc (input control, third and
fourth lane in both gels).

Next, limited proteolysis assays were conducted using recom-
binant HLCS, DNMT1 and MeCP2. Limited proteolysis assays
are based on the principle that physical interactions between
proteins delay their degradation by dilute solutions of proteases
such as trypsin.** When His-tagged DNMT1 was mixed with
GST-tagged HLCS prior to treatment with trypsin, the proteo-
lytic digestion of DNMT1 and HLCS was slow, as evidenced by
staining gels with blue stain (Fig. 3A, left panel). Meaningful
amounts of protein were detected even after 90 min of incuba-
tion with trypsin. In contrast, when DNMT1 was incubated
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Figure 2. HLCS interacts with both MeCP2 and DNMT1 in vivo, judged by co-immunoprecipitation assay. Myc-HLCS and HA-DNMT1 were overex-
pressed in HEK293 cells and protein extracts were immunoprecipitated using anti-Myc (A) and anti-HA (B). Proteins were resolved by electrophoresis
and probed with anti-DNMT1 (A) and anti-HLCS (B). (C and D) are similar to (A and B). But HA-MeCP2 was substituted for HA-DNMT1 in overexpression
experiments and anti-MeCP2 (C) and anti-Myc (D) were substituted for anti-DNMT1 and anti-HLCS, respectively. Transfections with empty vectors
were used as negative controls (second lane in each gel), and whole cell lysates were used as input controls (third and fourth lane in each gel). Gels

with GST tag alone, DNMT1 was degraded within less than 5
min, and GST started to degrade within 5 min of incubation
(Fig. 3A, right panel). Likewise, when His-tagged MeCP2 was
mixed with GST-tagged HLCS prior to treatment with tryp-
sin, the proteolytic digestion of HLCS and MeCP2 was slow.
Meaningful amounts of protein were detected even after 45 min
of incubation with trypsin. (Fig. 3B, left panel). In contrast,
when MeCP2 was incubated with GST tag alone, both MeCP2
and GST were degraded within 10 to 30 min of incubation
(Fig. 3B, right panel).

Synergies between DNA methylation events and HLCS in
the repression of LTRs. Our central hypothesis is that DNMT]1
and MeCP2 facilitate the binding of HLCS to distinct loci in
chromatin, and that HLCS recruits the histone methyltransfer-
ase EHMT-1 to repress genes through creating H3K9me marks.
This hypothesis is partly based on previous observations sug-
gesting that HLCS knockdown causes a loss of H3K9me mark
in LTRs.? Here we substantiated these previous observations by
conducting HLCS overexpression experiments. HLCS was stably
overexpressed in HEK293 cells. The abundance of mRNA cod-
ing for HLCS was 69 + 4.6 times greater in overexpression cells
compared with non-transfected controls; values were normalized
by the abundance of mRNA coding for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). The differences were similar
when HLCS was probed with anti-HLCS or anti-Myc in western
blots (Fig. 4).
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Consistent with our central hypothesis, HLCS overexpres-
sion caused a 207% increase of H3K9me marks in the LTR15
locus in HEK293 cell compared with non-transfected controls
(Fig. 5A). A similar HLCS-dependentincrease (33%) of H3K9me
marks was also seen in the LTR22 locus but the difference was
not statistically different between HLCS overexpression cells and
controls. The HLCS-dependent enrichment of H3K9me marks
was not specific for LTRs but was also seen in Chrlalpha and
Chré4alpha repeats (Fig. 5A). In contrast, HLCS overexpression
had no effect on the enrichment of H3K9me marks in promoter
of GAPDH gene in euchromatin and the promoter of the tran-
scriptionally repressed, colon-specific Apobecl gene.

The HLCS-dependent enrichment of H3K9me marks in
LTRs caused an 87% decrease in the abundance of mRNA cod-
ing for LTRs (Fig. 5B). Importantly, this effect was abrogated
when DNA methylation marks were erased by treating HEK-293
cells with 5-azacytidine. Note that transcripts coding for dis-
tinct LTRs are nearly identical and cannot be distinguished by
regular quantitative real-time PCR. Therefore the mRNA values
reported for LTRs represents the global expression of LTRs, as
opposed to representing individual LTRs. Also note that LTRs
may produce two distinct transcripts, U5 and R-U5, and that
both transcripts depended on HLCS expression and DNA meth-
ylation. Again, effects of HLCS overexpression and 5-azacytidine
treatment on transcriptional activity were not specific for LTRs,

but were also seen in Chrlalpha and Chr4alpha repeats (Fig. 5B).
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Figure 3. HLCS interacts with both MeCP2 and DNMT1 in vitro, judged by limited proteolysis assay. (A) Purified recombinant GST-HLCS protected His-
DNMT1 from trypsin digestion (left panel) compared with DNMT1 that was pre-incubated with GST (right panel). (B) Purified recombinant GST-HLCS
protected His-MeCP2 from trypsin digestion (left panel) compared with MeCP2 that was pre-incubated with GST (right panel).
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Figure 4. Transfection with plasmid FLAG/Myc-HLCS produced a stable
overexpression of HLCS compared with non-transfected controls. The
Myc-tagged HLCS in cell extracts was probed with anti-HLCS and anti-
Myc. GAPDH was probed as loading control.

Discussion

This is the first report offering a potential mechanism for recruit-
ing HLCS to distinct loci in chromatin. Based on this report,
physical interactions between HLCS and DNMT1 and MeCP2
contribute toward the positioning of HLCS in human chroma-
tin. This observation goes beyond our previous studies, which
suggest that HLCS interacts physically with the core histones
H3 and H4 and the histone methyltransferase EHMT-1."7 The
interactions between HLCS and histones may account for the
binding of HLCS to chromatin, but does not explain the punc-
tuate pattern of HLCS localization that was observed in previ-
ous studies,®” simply because core histones can be found in all
nucleosomes in chromatin. Likewise, the interactions between
HLCS and EHMT-1 are unlikely to mediate the initial position-
ing of HLCS, based on previous observations that HLCS knock-
down causes a loss of EHMT-1 dependent H3K9me marks.”'*¥
This study provides compelling evidence that HLCS interacts

www.landesbioscience.com

physically with DNMT1 and MeCP2 and that DNA methyla-
tion marks are important for subsequent HLCS/EHMT-1 inter-
actions leading to the creation of H3K9me marks.

This paper is also the first report to identify epigenetic syner-
gies between dietary methyl donors such as folate, methionine
and choline, which are essential one-carbon donors in DNA
and histone methylation events,®?” and the micronutrient bio-
tin, which appears to be essential for the creation of H3K9me
marks.”'®" It remains to be determined whether methyl donors
and biotin can compensate for each other’s deficiency or whether
the deficiency of one of the two can precipitate the other’s defi-
ciency symptoms. We do not propose that biotinylation of his-
tones per se contributes in quantitatively meaningful ways to
gene repression, because histone biotinylation marks are too rare
to elicit such effects.!'¢

Our model that HLCS is member of a multiprotein gene
repression complex is more complicated than shown in Figure 1.
For example, we have developed an algorithm to predict HLCS-
interacting proteins and that algorithm identified not only
EHMT-1 but also the nuclear co-repressor N-CoR2 as an HLCS
interacting protein.”” N-CoR participates in the recruitment of
histone deacetylases to human chromatin.*® Histone deacety-
lases catalyze the removal of acetylation marks from histones,
thereby causing gene repression.*” Ongoing studies in our labora-
tory suggest that HLCS interacts physically with both N-CoR
and histone deacetylases (D. Liu and J. Zempleni, unpublished).
Depending on the outcome of these studies, the model shown in
Figure 1 will need to be amended in the future.

The chromatin HLCS/multiprotein complex constitutes a
plausible machinery contributing toward transcriptional repres-
sion of LTRs. Transcriptionally competent LTRs are enriched
with H3K9me3 marks and the CpGs located in LTRs are gen-
erally hypermethylated.®**" Evidence suggests that LTRs are
also docking sites for HLCS, judged by the local enrichment of
HLCS-dependent biotinylation marks.” Both LTR15 and LTR22
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Figure 5. The effects of HLCS on LTR repression depend on DNA methylation. (A) The enrichment of H3K9me3 marks in loci coding for LTR15, Chr1al-
pha, Chr4alpha, GAPDH and Apobec1 was quantified by chromatin immunoprecipitation assay/qRT-PCR in HEK293 HLCS overexpression cells and
control cells (H=6.9018, 1 d.f., *p-value = 0.0086 HLCS overexpression vs. control; H = 4.8402, 1 d.f., *p-value = 0.0278 for Chrlalpha; H = 6.8598, 1 d.f.,
p-value = 0.0088 for Chr4alpha; H = 0.1756, 1 d.f., p-value = 0.6752 for GAPDH; H = 0.7245, 1 d.f., p-value = 0.3947 for Apobec1). (B) The transcription of
LTRs, Chrlalpha and Chr4alpha was repressed in HLCS overexpression HEK293 cells compared with controls. Treatment of 5-azacytidine (1 wM) abro-
gated the effects of HLCS on repeat repression (**p-value < 0.0001, *p-value < 0.05, 5-azacytidine treatment vs. control).

are transcriptionally active and were chosen as representative
examples of abundant 3' proviral and solitary LTRs respectively,

in the human genome.?

Considering the importance of repress-
ing LTRs for maintaining genome stability, this paper may have
implications for methyl/biotin and HLCS/protein synergies in
gene regulation and disease risk. Importantly, our studies suggest
that these synergies are not limited to the repression of LTRs, but
also play roles in the repression of other repeats including peri-
centromeric a satellite repeats.

Some uncertainties remain. One might ask why HLCS par-
ticipates in the creation of repression marks in the LZ7RI5 locus,
but to a much small extent in the LTR22 locus, and at non-
detectable levels in the Apobecl locus. A possible explanation
could be that LTRI1S5 is a proviral LTR, whereas LTR22 is a soli-
tary LTR.?® Redundancies among histone K9-methyltransferases
might also contribute to site specificity. The human genome
encodes for H3K9 methyltransferases other than EHMT-1,
e.g., SETDBI and ESET.** Histone methyltransferases other
than EHMT-1 might not interact with HLCS. This issue will
need to be addressed in future studies demonstrating co-local-
ization of HCS and EHMT-1 in the same loci by using chro-
matin immunoprecipitation studies, or by using transgenic cell
lines in which histone methyltransferases other than EHMT-1
have been knocked down. Likewise, methyl-CpG-binding pro-
teins other than MeCP2 may have distinct effects in regard to
recruiting HLCS to target loci. The absence of effect in the
Apobecl locus might be due to the fact that HLCS containing
multiprotein complexes specifically target repeat regions such as
LTRs and pericentromeric a satellite repeats, but that is untested
speculation.

We conclude that HLCS exerts some of its roles in gene reg-
ulation through the formation of multiprotein gene repression
complexes in human chromatin. Possible members of this com-
plex include proteins involved in DNA methylation, EHMT-1,
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N-CoR2 and histone deacetylases. This theory would integrate
previous observations that HLCS and biotin are important for
gene repression, the low abundance of biotinylated histones in
chromatin, and the known roles of members of the putative mul-
tiprotein complex in mediating gene repression into a coherent
model.

Materials and Methods

Plasmids. Full-length human HLCS (NM_000411) was sub-
cloned from plasmid pET41a (+)-HLCS* into vector p3XFLAG-
CMV-26 (Sigma-Aldrich, Cat# E7283) using Notl and Xbal,
thereby creating plasmid FLAG/Myc-HLCS for studies of
HLCS overexpression and its effects on H3K9me marks and
LTR transcriptional activity. Plasmid pCMV-myc-HLCS was
created as described previously” and was used for overexpres-
sion of Myc-tagged HLCS in co-immunoprecipitation studies.
Full-length human MeCP2 (GenBank Accession:NM_004992)
was subcloned from plasmid pGADT7-MeCP2 (unpublished)
into vector pCMV-HA (Clontech, Cat# 635690) using Sfil
and Xhol for overexpression of HA-tagged MeCP2. Full-
length DNMT1 (GenBank Accession:NM_001130823.1) was
subcloned from pBluescript SK (+)-DNMT1 (unpublished)
into pCMV-HA vector using Ndel and Sall for overexpres-
sion of HA-tagged DNMT1. Plasmid pET4la (+)-HLCS was
used to prepare GST-tagged recombinant full-length HLCS
as described previously.® Full-length MeCP2 was subcloned
from plasmid pET4la (+)-MeCP2 (unpublished) into vector
pET28a+ (Novagen, Cat# 698646) using EcoRI and Xhol (cre-
ating pET28a-MeCP2), and full-length DNMT1 was subcloned
from pET4la (+)-DNMT1 (unpublished) into pET28a+ vec-
tor using EcoRI and Sall (creating pET28a-DNMT1) for the
preparation of recombinant proteins. As specificity controls, full-

length human DNMT3a and DNMT3b were subcloned from
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Table 1. PCR primers
Target Sequence F/Ra Templateb
Apobec1 5-TCC CAT AAC TGC CTG AGA TG-3' F DNA
5-TTGTTC CTG GACTTT GTT GC-3' R DNA
Chrlalpha 5'-TCA TTC CCA CAA ACT GCG TTG-3' F DNA/Transcript
5'-TCC AAC GAA GGC CAC AAG A-3' R DNA/Transcript
Chr4alpha 5'-CTG CAC TAC CTG AAG AGG AC-3' F DNA/Transcript
5'-GAT GGT TCA ACA CTC TTA CA-3' R DNA/Transcript
GAPDH 5'-CGT AGC TCA GGC CTC AAG A-3' F DNA
5'-GCT GCG GGC TCA ATT TAT AG-3' R DNA
GAPDH 5'-TCC ACT GGC GTC TTC ACC-3' F Transcript
5'-GGC AGA GAT GAT GAC CCT TT-3' R Transcript
HLCS 5'-TGA GAC CTG ATC CTT AAC TTC C-3' F Transcript
5'-ATG GAA GAT AGA CTC CAC AT-3' R Transcript
LTR15 5'-TTG TCATTG GTT CTG TGT AGG G-3' F DNA
5'-CCT CCA TAT GCT GAA CGC TG-3' R DNA
LTR22 5'- GAC CAT TTG CAT GGA CAA ATC-3' F DNA
5'- CCT CCA TAT GCT GAA CGC TG-3' R DNA
LTR, R-U5 5'-GCG GGC AGC AAT ACT GCT TTG TAA-3' F Transcript
5'-ACC AGC GTT CAG CAT ATG GAG GAT-3' R Transcript
LTR, U5 5'-AAC TCA GAG GCT GGC G-3' F Transcript
5'-AGA CAC AGA GAC AAA GTA TAG AGA-3' R Transcript

Apobec], apolipoprotein B mRNA editing enzyme, catalytic polypeptide
1 (GenBank NC_000012.11); Chrlalpha, chromosome 1 a satellite repeats
(GenBank M26919); Chr4alpha, chromosome 4 « satellite repeats (Gen-
Bank M38467); GAPDH, glyceraldehyde-3-phosphate dehydrogenase
(GenBank NG_007073.2 for genomic DNA, NM_002046.4 for transcript);
HLCS, Holocarboxylase Synthetase (GenBank NM_000411.6); LTR15, in-
tact LTR (GenBank AC116309);%° LTR22, solitary LTR (GenBank AL451165);%
LTR R-U5, region between R and U5 of LTR of HERV-K families;* LTR

U5, U5 region of LTR of HERV-K families.*°?f, Forward; R, Reverse. °DNA,
genomic DNA for ChlIP assay; Transcript, cDNA for gRT-PCR.

plasmids pCMV-sport6-DNMT3A (Invitrogen, Cat# 6150112)
and pENTR223.1-DNMT3B (Invitrogen, Cat# 40080762)
into vector pCMV-HA using EcoRI and Sall to create plasmids
pCMV-HA-DNMT3a and pCMV-HA-DNMT3Db, respectively,
for overexpression of HA-tagged DNMT3a and DNMT3b. The
identities of all plasmids were verified by sequencing.

Cell lines. Human embryonic kidney HEK293 cells
(American Type Culture Collection, CRL-1573) were cultured
following the vendor’s recommendations. Cells were transfected
with plasmid FLAG/Myc-HLCS by using electroporation and
the transfectants were selected using 1 mM G418 for 14 d, and
maintained in medium containing 0.4 mM G418. The expres-
sion of HLCS and GAPDH (control) was assessed by quantita-
tive real-time PCR (qRT-PCR; see below) and by western blot
analysis using anti-Myc (Abcam, Cat# ab9106) and anti-HLCS
serum.” For co-immunoprecipitation assays, HLCS, DNMT1
and MeCP2 were transiently overexpressed as described below.

Co-immunoprecipitation assays. HEK293 cells were seeded
in 25-cm? flasks (2.5 x 10° cells/flask) 24 h before transient
transfection with 8 pg of plasmids (4 pg each for Myc- and
HA-tagged proteins) in TurboFect reagent (Fermentas, Cat#
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R0531) and Opti-MEM I medium (Invitrogen, Cat# 31985).
Cells from six flasks were collected 48 h after transfection and
lysed in 20 mM TRIS-HCI buffer (pH 8.0), containing 137
mM NaCl, 10% glycerol, 1% CA-630, 2 mM EDTA, phenyl-
methylsulfonyl fluoride and protease inhibitor cocktail (Sigma-
Aldrich, Cat# P2714). Samples were pre-cleared using rabbit
IgG before precipitation of proteins with rabbit polyclonal anti-
HA (Abcam, Cat# ab9110), anti-Myc (Abcam, Cat# ab9106),
and protein A resin (Thermo Scientific, Cat#20338). Western
blots were performed using anti-MeCP2 (Abcam, Cat# ab2028),
anti-DNMT1 (Abcam, Cat# ab16632), anti-Myc, anti-HLCS,®
and appropriate fluorophore conjugated secondary antibodies.'

Limited-proteolysis assays. Recombinant proteins were over-
expressed in ArcticExpress (DE3) E. coli and purified using a
Glutathione resin (Genscript, Cat# L00206) or a HisTrap FF
column (GE Healthcare, Cat# 17-5319-01) as described previ-
ously.® Limited proteolysis was performed at 37°C in 75 mM
TRIS-acetate buffer (pH 7.5), containing 0.3 mM dithiothrei-
tol and 45 mM MgCl,. One aliquot (time-zero sample) was col-
lected before adding trypsin (Sigma-Aldrich, Cat# T6567), and
equal volumes of aliquots were collected at timed intervals after
initiation of digestion. Proteins were separated by gel electropho-
resis and stained using Coomassie blue."” In control experiments
MeCP2 and DNMT1 were incubated with GST peptide to for-
mally eliminate the possibility that the GST tag protected the
proteins against proteolytic digestion.

5-Azacytidine treatment. 5-Azacytidine solutions were pre-
pared freshly immediately prior to use. Pilot tests suggested
that 1 wM 5-azacytidine does not affect HEK293 cell viability.
HEK?293 cells were seeded in T25 flasks in fresh growth medium
at day 0 and 5-azacytidine was added on day 1 to produce a final
concentration of 1 wM. Media were changed daily maintaining
the concentration of 5-azacytidine at 1 WM. On day 5, the cells
were washed with phosphate-buffered saline and collected for
analysis of gene expression by qRT-PCR.

Micro chromatin immunoprecipitation assay. The enrich-
ment of H3K9me in distinct loci in human chromatin was
assessed by micro chromatin immunoprecipitation (wChIP)
assay as described before, using 2.5 x 10° HEK293 cells.!*4
ChIP-grade anti-H3K9me was purchased from Abcam (ab8898).
Quantification of amplicons, calculation of relative enrichment
of histone marks and normalization of nucleosomal occupancy
using (nonmodified) C-terminus in histone H3 (Abcam, Cat#
abl1791) were conducted as described previously.”!! Data are
expressed as percent of input DNA.

qRT-PCR. Power SYBR Green PCR Master Mix (Applied
Biosystems, Cat# 4309155) was used to quantify the abundance
of transcripts by gqRT-PCR. Perfecta SYBR Green FastMix
(Quanta Biosciences, Cat# 95073) was used to quantify the
abundance of amplicons in immunoprecipitated chromatin.'
PCR primers are listed in Table 1. Pericentromeric o satellite
repeats are repressed through HLCS- and methylation-depen-
dent epigenetic events and were used as specificity controls.'>?
Apobecl is specifically expressed in colon and its expression is
silenced in kidney tissues as confirmed by searching against the

BioGPS database.?
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for normality of distribution and homogeneity of variances by

Statistical analysis. Data from WwChIP assays were tested

constructing the probability plot of the residues, the stem-and-

leaf plot of the residuals, and the normal probability plot and
performing the Shapiro-Wilk test* using the SAS 9.2 software

package (SAS Institute). After log transformation, the data were
still not normally distributed and, therefore, were analyzed by the

Kruskal-Wallis test as a robust substitute for one-way Anova.”’
Calculations are based on five repeats. Differences were consid-
ered statistically significant if p-value was < 0.01. The data for
quantification of LTR transcripts were analyzed by Student’s

and DKO077816.

t-test. Calculations were based on three repeats. Differences were
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