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ABSTRACT

The Kriippel-associated box (KRAB) domain is a
transcription repression module from the largest
family of transcriptional regulators encoded by
higher vertebrates. We developed a drug-controllable
regulation system based on an artificial KRAB-
containing repressor (tTS) that targets the endoge-
nous Hprt gene to explore the regulatory mecha-
nism and molecular basis of KRAB-containing reg-
ulators within the context of an endogenous gene in
vivo. We show that KRAB can mediate irreversible
and reversible regulation of endogenous genes in
mouse that is dependent on embryonic develop-
mental stage. KRAB-induced stable DNA methyla-
tion within the KRAB binding region during the early
embryonic stage, resulting in irreversible gene re-
pression. In later stages, KRAB mainly induced de-
acetylation and methylation of histone, resulting in
reversible gene repression. Thus, we have charac-
terized the KRAB-mediated regulation system within
the context of an endogenous gene and multiple
spatiotemporal ranges, thereby providing a basis for
identifying the function of KRAB-containing regula-
tors and aiding development of novel KRAB-based
gene regulation tools in vivo.

INTRODUCTION

There are ~400 zinc finger proteins containing Kriippel-
associated box (KRAB) domains in both human and
mouse (1-3). Zinc finger proteins are the largest family
of transcriptional regulators encoded by higher vertebrate

genomes. After binding to DNA through zinc finger mo-
tifs, these transcription factors recruit KAP1/TIF1B core-
pressor complexes via the KRAB domain, and act as po-
tent transcriptional repressors (4-6). KAP1 acts as a scaf-
fold to further recruit factors associated with DNA methy-
lation and formation of repressive chromatin, such as hete-
rochromatin protein 1 (HP1), histone deacetylases and his-
tone methyltransferases (7-10).

Recently, the potent transcriptional repressor activity of
the KRAB domain was used to develop a conditional gene
regulation system (11). In this system, the KRAB domain
was fused to the DNA binding domain of the Escherichia
coli tetracycline repressor (tetR), forming an artificial tran-
scriptional silencer, tTS (also known as tTRKRAB) (11).
In turn, tTS binds to tetracycline response elements (TRE;
also known as ‘tetO’, tetracycline operator) that are inserted
close to a target promoter and recruit corepressors, thereby
causing transcriptional repression of the target gene. Re-
pression can be released by doxycycline (dox) administra-
tion, enabling dox-controlled exogenous gene expression
and endogenous gene knockdown (11). This system also
provides an excellent platform to explore the mechanism(s)
of the KRAB/KAPI system in regulating gene expres-
sion. By decreasing histone H3-acetylation and increasing
H3 lysine 9 trimethylation at the cell level, KRAB/KAP1
mediates reversible and long-range transcriptional repres-
sion through heterochromatin spreading (12). In an ear-
lier report, transgenic mice expressing tTRKR AB and tetO-
controlled green fluorescent protein (GFP) were generated
using lentiviral vectors. GFP expression was irreversibly
silenced with tTRKRAB binding to tetO sequences dur-
ing early embryogenesis. This irreversible silencing was due
to KRAB-induced de novo DNA methylation of the pro-
moter (13). However, a recent study suggested that tether-
ing of KRAB to an endogenous gene body does not con-
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tribute to irreversible gene silencing, even under the same
circumstances as previously described, as KRAB binding
to gene bodies did not induce stable DNA promoter methy-
lation (14). It is worthy to note that in these experiments,
tetO-controlled GFP was inserted into the genome using
a lentivirus vector, and in some cases, KAP1 has silenced
retroviruses in embryonic stem (ES) cells and early embryos
(15-18). Thus, there is reasonable uncertainty as to whether
irreversible silencing is due to KRAB binding or coopera-
tion between KRAB binding and retrovirus elements.

The tTS conditional gene regulation system has also been
used to regulate endogenous genes. In the limited examples,
the tTS system has been effective in regulating endogenous
gene expression (19-23), and could be a potentially versa-
tile genetic tool that is advantageous over conventional gene
targeting methods as it can be widely used to induce re-
versible regulation of endogenous genes in mice. Neverthe-
less, it is still unclear if irreversible silencing is induced by
KRAB binding within the vicinity of an endogenous gene
promoter. Furthermore, its application has been hampered
because the advantages, limitations and potential solutions
are not fully understood.

In the current study, we explored the regulatory mech-
anisms of KRAB in vivo to address application of the
tTS system. Hypoxanthine guanine phosphoribosyl trans-
ferase (Hprt), a housekeeping gene responsible for recycling
purines and located on the X chromosome (24), was selected
as the target gene for tTS system regulation. We character-
ized repression performance of the KRAB domain in differ-
ent tissues and stages, demonstrating that the KRAB do-
main induces irreversible and reversible regulation modes
depending on the developmental stage. Tethering of KRAB
within the vicinity of a gene promoter induced irreversible
regulation during early embryogenesis, while reversible reg-
ulation was mediated by dox administration at other devel-
opmental stages. Our data identifies the potential regula-
tory mechanism of KRAB-containing zinc finger proteins
in vivo, and suggests that they may play an important role
in establishing DNA methylation patterns during early em-
bryogenesis. Our results also further demonstrate the power
of the tTS system for controlling endogenous gene expres-
sion.

MATERIALS AND METHODS
Animals

Mice (tTS transgenic and Hprt™®EF knockin) were housed
in a pathogen-free facility and maintained under controlled
conditions (21°C-24°C; 12-h light-dark periods). As de-
scribed previously (22), for inducible and reversible experi-
ments, doxycycline hydrochloride (dox) (Sigma-Aldrich, St.
Louis, MO, USA) was administered in drinking water at a
concentration of 2 mg/ml supplemented with 5% sucrose,
and was refreshed every 2 days. All animal study protocols
were reviewed and approved by the Institutional Animal
Care and Use Committee in Shanghai Research Center for
Model Organisms (No. 2010-0007).

Generation of Hprt™R knockin mice

Construction of targeting vectors has been described pre-
viously (22). The TRE site was amplified from pLVCT-
tTRKRAB (Addgene, Cambridge, MA, USA). The final
targeting construct contained a 2.469 kb 5’-homology arm,
2.302 kb knockin fragment (TRE-loxp-FRT-PGK-Neo-
FRT-loxp) and 4.046-kb 3’-homology arm. The targeting
vector was linearized by NotI digestion. The ES cell target-
ing and screening procedure has been described previously
(22). Surviving ES cell colonies were polymerase chain re-
action (PCR) amplified using primer sets I/II and III/IV
(Figure 1B) and confirmed by sequencing. Positive ES cell
clones were expanded and injected into C57BL/6J blasto-
cysts to generate chimeric offspring. Chimeric mice were
mated with C57BL/6J mice. Targeted F1 offspring were
genotyped from tail genomic DNA.

Mouse embryonic fibroblast (MEF) isolation and treatment

Isolation and propagation of MEFs has been previously de-
scribed (25). For drug-based assays, MEFs were plated at an
appropriate density in medium with or without dox (1 pg
/ml). For analyzing Hprt and neomycin expression, MEFs
were treated with 6-thioguanine (6-TG, 8 pg/ml; Sigma)
or geneticin (G418, 600 wg/ml; Life Technologies, Grand
Island, NY, USA) for 4 days before obtaining images. To
investigate epigenetic mechanisms involved in gene regula-
tion, MEFs were treated with trichostatin A (TSA, 300 nM;
Sigma) or 5-Aza-2'-deoxycytidine (5-Aza, 7.5 pM; Sigma)
for the indicated time before analysis (13).

Quantitative real-time PCR (qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and cDNA synthesized using the
PrimeScript RT reagent kit (Takara, Dalian, China).
qPCR was performed using the Mastercycler Realplex2
detection system (Eppendorf, Hamburg, Germany) and
SYBR Premix Ex Taq mixture (Takara). Primer sequences
were: Hprt forward: 5-GCTGGTGAAAAGGACCTCT-
3, reverse: 5-CACAGGACTAGAACACCTGC -3
Actin  forward: 5'-CCTGTATGCCTCTGGTCGTA-3,
reverse:  5-CCATCTCCTGCTCGAAGTCT-3; Kapl
forward: 5-CCTCGGCGGCCTCTGGTAG-3', reverse:
5-TGGCTGGGCATTATCTTCACA-3'. For expression
analysis, all samples were normalized to actin signal.

Western blotting

MEFs were harvested and lysed in Radioimmunoprecipi-
tation assay buffer (RIPA buffer) containing protease in-
hibitor cocktail (Sigma). The cerebral cortex was homog-
enized in RIPA buffer containing protease inhibitor cock-
tail using a glass homogenizer. Lysates were incubated for
10 min on ice and centrifuged at 13 000 x g for 10 min at
4°C. Supernatants were collected, separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis, and trans-
ferred to polyvinylidene difluoride membranes (Amersham
Biosciences, Piscataway, USA). Membranes were blocked
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Figure 1. Schematic diagram of the genetic modification system for regulation of the endogenous Hprt gene and generation of Hprt™RE ES clones.
(A) Schematic representation of the model principle for regulating endogenous Hprt expression. (B) Structures of wild type Hprt, targeting vector and
Hprt™E In Hprt™E a TRE-loxp-FRT-Neo-FRT-loxp cassette was inserted into the first intron of the murine Hprt gene between sites 198 and 199. (C)
Representative PCR identifying Hprt TRE from targeted HprtT™RE ES cell clones using primers I-IV (arrows in panel B). Primer sets I and II, which identified
the 5’-homology arm (left half of panel C), yielded a single fragment (3.074 kb) in positive clones and no product in negative clones (top). Primer sets I1I
and IV, which identified the 3’-homology arm (right half of panel C), separately yielded single 4.863 and 5.386 kb fragments in positive and negative clones,
respectively. BS, B8, C10, F6 and H5: positive ES cell clones; con-: a negative clone; WT: wild type ES cell as a negative control; M: 1 kb DNA ladder from

Fermentas.

with Tris-Buffered Saline and Tween 20 (TBST) buffer con-
taining 5% fat-free milk powder for 1 h at room tem-
perature, and then incubated overnight at 4°C with pri-
mary antibodies against Hprt (1:5000; Abcam, Cambridge,
UK) and B-Actin (1:2000; Santa Cruz, CA, USA). Af-
ter washing, membranes were incubated with fluorescent-
conjugated secondary antibody for 1 h (1:10000; LI-COR
Biosciences, Lincoln, USA). Protein bands of interest were
analyzed using the Odyssey Infrared Imaging System (LI-
COR).

DNA methylation analysis

Bisulfite sequencing was performed using the EpiTect
bisulfite kit (Qiagen, Hilden, Germany), according to the
manufacturer’s recommendations. Methylation levels of
two CpG islands located in the promoter and intron 1 of
the Hprt gene were assayed. Converted DNA was amplified
by PCR. PCR reaction conditions were: 94°C for 4 min,
followed by 34 cycles of 94°C for 30 s, 57°C for 30 s and
72°C for 40 s. PCR amplified products were cloned into a T
vector (Takara). At least 10 positive clones were sequenced.
Primer sequences for amplification of the Hprt promoter
were: forward 5-TTTTTGAGTTATTGTTGAGG-3;
reverse  5'-AATCCCCTTAACTCACCAC-3. To am-
plify the Hprt intronic region, a nested PCR reaction
was performed. The first set of primer sequences were:
forward  5-GTGGGGATGTTTTTTTAGTGAGTT-3;
reverse 5-CCAAACCTAAACATACCCTCTCATA-

3’. The second set of primer sequences were: forward
5-GTGGGGATGTTTTTTTAGTGAGTT-3; reverse
5-ATAGAGAGAGAGGGTAGGTTG-3'.

Chromatin immunoprecipitation (ChIP)

ChIP was performed using the EZ-CHIP kit (Millipore,
MA, USA) according to the manufacturer’s recommen-
dations but with minor modification. Approximately 107
MEFs were crosslinked using 1% formaldehyde at room
temperature for 10 min. The crosslinked reaction was
quenched by adding glycine and cells washed on ice with
phosphate buffered saline. Cells were harvested by scrap-
ing the dish, resuspended in 200 .l lysis buffer and son-
icated on ice to shear genomic DNA. Sonicated super-
natants were divided into 100 pl aliquots per tube. One
aliquot was directly de-crosslinked and used as the to-
tal input reference in subsequent quantitative analysis.
The other aliquots were diluted with 900 wl dilution
buffer and then pre-cleared using Protein G agarose. The
antibodies for immunoprecipitation were added and in-
cubated overnight at 4°C: anti-acetyl-Histone H4, anti-
trimethyl H4 (Lys20), anti-trimethyl-Histone H3 (Lys9),
ChIPAb+Acetyl-Histone H3 (Lys9) (2 g for 10° cells; Mil-
lipore) and anti-Histone H3 antibody-Chip Grade (2 pg
for 10° cells; Abcam). Antibody/antigen/DNA complexes
were captured by Protein G agarose, washed and eluted
with elution buffer. Crosslinked protein/DNA complexes
were reversed, and captured chromatin harvested using spin
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columns. DNA fragments pulled down by antibodies were
detected by qPCR using a primer pair targeting the Hprt
promoter (5-CCTTTCTTGGTAGCTGGGCAT-3"and 5'-
GCCCTCTGTCGTCTCCCAGA-3).

Statistical analysis

Data from the same litters was analyzed. Data are expressed
asmean + SEM. Statistical differences between groups were
analyzed using one-way analysis of variance, with P < 0.05
considered significant for all statistical analyses.

RESULTS
Mode of tTS regulating endogenous Hprt gene expression

Figure 1A outlines tTS-dox system regulation of endoge-
nous Hprt gene expression. A TRE site was artificially in-
serted into the vicinity of the endogenous Hprt promoter. In
the absence of dox, tTS binds to the TRE site and recruits
co-repressors to inhibit transcriptional activity of the Hprt
gene promoter, therefore, the status of the Hprt gene will be
‘off’. In the presence of dox, tTS binds to dox and not the
TRE site, therefore, the Hprt gene will be ‘on” with normal
expression.

tTRE

Construction of Hpr mouse

To reduce the risk of interfering with normal Hprt transcrip-
tion by TRE site insertion, the TRE site was inserted into
the first intron, which had less potential transcription fac-
tor binding sites identified by JASPAR database analysis.
To generate Hprt™F knockin mice (Hprt™R¥), a TRE-loxP-
Flippase Recognition Target (FRT)-neomycin resistance
gene (Neo)-FRT-1oxP cassette was inserted into the first in-
tron of the murine Hprt gene (Figure 1B). Hprt™F posi-
tive ES cells were identified by PCR (Figure 1C) and con-
firmed by DNA sequencing. Three positive ES cell clones
were used to generate chimeric Hprt™8F founder mice. F1
offspring of these founder mice were genotyped by tail ge-
nomic DNA to detect heterozygous Hprt™8F mice. As Hprt
is located on the X chromosome, homozygous Hprt"RE fe-
male and male mice were separately named as HprtTRE/TRE
and Hprt™E/Y mice. Hprt™E/? mice did not have their gen-
der distinguished.

Reversible dox-dependent on/off regulation of Hprt expres-
sion in MEFs

To test tTS performance in regulating Hprt expression,
Hprt™F mice were crossed with tTS transgenic mice, as
described previously (22), generating Hprt™RE/Y:+TS mice
and HprtTRE/TRE Jittermates. Offspring were genotyped by
PCR. MEFs from Hprt™RE/Y:tTS and Hprt™RE/TRE mice
that had developed with dox exposure from conception to
embryonic day 13.5 (E13.5) were harvested and cultured
with or without dox. Tight and rapid regulation of Hprt
gene expression was observed by qPCR (Figure 2A). After
removing dox for 2 days, Hprt expression levels sharply de-
creased to 2.3% of normal expression. Increasing the time
of dox removal to 4 days resulted in only 0.04% Hprt ex-
pression (relative to normal expression) (Figure 2A, red).

After adding 1 pwg/ml dox to the culture medium, Hprt
expression levels returned to normal in only 1 day (Fig-
ure 2A, black). High dox responsiveness was also shown
using a range of doses for dox treatment, and 0.0004-0.002
g /ml dox could switch Hprt expression status from ‘off
to on’ (Figure 2B, black bars) or ‘on to off’ within 2 days
(Figure 2B, gray bars). Hprt expression status (‘on’ or ‘off”)
could be freely switched by adding or removing dox (Fig-
ure 2C and D). Thus, these cells are in a ‘reversible’ condi-
tion. Dox-induced on or off regulation of Hprt expression
was confirmed by the phenotype of MEFs exposed to 6-
thioguanine (6-TG) (Figure 2E). In the presence of Hprt,
6-TG is converted to a guanine analog that is incorporated
into DNA and induces cell apoptosis (26). In the presence
of dox, Hprt was normally expressed and 6-TG cytotoxic to
MEFs. In the absence of dox, Hprt was silenced and 6-TG
not converted into the guanine analog, resulting in MEF
survival. The capacity and effectiveness of tTS-mediated
gene regulation was also shown by the phenotype of MEFs
exposed to geneticin (G418), as tTS also synchronously reg-
ulated Neo expression (Figure 2E).

Irreversible regulation of Hprt expression in MEFs

In a previous study (13), tTS-induced irreversible silenc-
ing of lentivirus-mediated exogenous gene expression dur-
ing early embryogenesis. To determine if tTS induces ir-
reversible regulation of an endogenous gene, MEFs from
Hprt™RE/Y TS and Hprt™RE/TRE mice were harvested and
cultured with or without dox. HprtTRE/Y :tTS MEFs lost re-
sponsiveness to dox and Hprt expression was silenced, even
if the culture time was extended to 5 days in the presence
of dox (Figure 3Aand B). This was also confirmed by the
survival status of MEFs under 6-TG and G418 treatment
(Figure 3C), showing these cells are in an ‘irreversible’ con-
dition.

Reversible dox-dependent on/off regulation of Hprt expres-
sion in vivo

To test performance of this system in vivo, Hprt expression
was analyzed by qPCR in E10.5 embryos. In E10.5 embryos
without dox exposure, Hprt expression from Hprt™RE/?:{TS
mice was less than 0.8% (P < 1077 levels observed in
Hprt™E/” mice (Figure 4A). In Hprt™E/?:tTS embryos ex-
posed to dox since E0.5, Hprt expression was not signifi-
cantly different between genotypes (Figure 4A).

To determine performance of dox-dependent reversible
regulation in vivo, pregnant mice were given dox-containing
(2 mg/ml) drinking water for 10 days beginning at EQ.5, fol-
lowed by no exposure for 14 days, and then access to dox-
containing drinking water again for 7 days, no dox for 14
days and dox again for 7 days (Figure 4B). During repeated
‘on—off” switches, changes in Hprt expression levels in mul-
tiple tissues were monitored by qPCR, with different reg-
ulation efficiency observed in different tissues (Figure 4C).
The expected dox-dependent reversible regulation was ob-
served in heart, liver, kidney, cerebrum, intestine and stom-
ach (Figure 4C and D). However, in spleen and thymus, no
significant regulation of Hprt expression was observed af-
ter dox withdrawal (Figure 4C), and in lung, efficient reg-
ulation was lost at the second dox withdrawal (Figure 4C).
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Figure 2. Reversible dox-dependent ‘on/off” regulation of Hprt expression in MEFs isolated following dox exposure from conception to E13.5. (A) qPCR
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To investigate the reason for distinct regulation efficiency
in different tissues, expression of 7S and the corepressor,
Kapl, were measured by qPCR in different tissues (Figure
4E). No obvious correlation between ¢7'S or Kapl expres-
sion and regulation efficiency was observed.

tTS-induced irreversible regulation of Hprt expression in vivo

To determine if tTS can induce irreversible regulation of an
endogenous gene in vivo, pregnant mice were exposed to
no dox-containing drinking water for 10 days from EO.5,
followed by dox exposure for 14 days. Compared with lit-
termate mice, Hprt expression was silenced in all tissues of
Hprt™E/Y 4TS mice (Figure 5A). This silencing could not
be reversed, even if the time the mice were exposed to dox
was increased to 1 month (data not shown).

To determine if tTS-mediated irreversible silencing ob-
served in Hprt™E:(TS mice is applicable to other tTS-
regulated mouse models, a N-myc endogenous gene model
was used. In this model (22), a TRE site is inserted in
an intron near the promoter of the N-myc gene, and an
EGFP cassette fused to the endogenous start codon of N-
myc to monitor transcriptional activity of the N-myc pro-

moter. Similar tTS-mediated irreversible silencing was ob-
served using the N-myc mouse model (Figure 5B). Exposing
the dam to no dox-containing drinking water during preg-
nancy caused irreversible EGFP expression silencing, even
if the dam was subsequently exposed to dox for 7 days (Fig-
ure 5B).

To investigate the time window of irreversible silencing,
pregnant mice were exposed to dox for different durations
(Figure 5C), beginning from E1.5 to E10.5, and Hprt ex-
pression in brain was measured at E15.5. If dox was added
at B3.5 or earlier, Hprt expression in Hprt™E/Y:TS mice
was normal. With delayed dox introduction, progressive
and significant decreased Hprt expression was observed.
Starting dox administration at E7.5 or later caused irre-
versible silencing of Hprt. These results demonstrate that
KRAB domain-induced irreversible gene silencing occurs
between E3.5 and E7.5. Time-dependent irreversible silenc-
ing was also observed in tTS-mediated irreversible N-myc
endogenous promoter silencing. A similar dox introducing
strategy as for Hprt regulation was performed (Figure 5D).
Dox exposure at E4.5 or earlier resulted in normal EGFP
expression in NmycFSFP:tTS mice, but if dox was intro-
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levels, and the effect of repressing Hprt expression in different tissues at the first ‘on to off” switch.
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duced at E7.5 or later, no EGFP fluorescence was observed
at E13.5 (Figure 5D).

Epigenetic mechanism of tTS-induced Hprt reversible and ir-
reversible regulation

To investigate the potential epigenetic mechanism behind
tTS-induced Hprt reversible and irreversible regulation, re-
versible or irreversible MEF's were treated with inhibitors of
DNA methyltransferases (5-Aza) and histone deacetylases
(TSA) with or without dox.

In irreversible MEFs without dox, 5-Aza slightly but sig-
nificantly elevated Hprt expression. With dox for 3 days, 5-
Aza progressively and significantly increased Hprt expres-
sion by 548-fold. Additionally, TSA also significantly in-
creased Hprt expression by 12- to19-fold compared with no
dox (Figure 6A). These results suggest that relative to his-
tone deacetylation, DNA methylation plays a major role in
silencing Hprt expression in irreversible MEFs.

In reversible MEFs, both 5-Aza and TSA attenuated Hprt
expression switching after dox removal (Figure 6B), sug-



>

- | -dox
600

I +dox+5-Aza
I +dox+TSA _ kkk

level
(6]
o
'

4004

ression
w
o
bt

1\

Hprt relative exp
—_ — N

© OO o o o
| IR TR S |

1 day

2 days

*k%*

I +dox e
I -dox+5-Aza T

3 days

Nucleic Acids Research, 2015, Vol. 43, No. 3 1557

w

1.1 -

1.0 -

0.9 -

0.8 -

0.151
0.10 1

prt relative expression level

£0.05.

0.00 A

2 days 3 days

Figure 6. Epigenetic analysis of tTS-induced Hprt reversible and irreversible regulation. (A) qPCR analysis of Hprt expression levels in 5-Aza or TSA-
treated Hprt TRE/Y :tTS MEFs. MEFs were isolated from embryos that developed with (A) or without (B) dox exposure from conception to E13.5d, and
cultured without (A) or with dox (B). In (A), Hprt expression was normalized to the ‘-dox’ group at the same time point. In (B), Hprt expression was
normalized to the ‘+dox’ group at the same time point. The start time of 5-Aza or TSA treatment was designated point 0.

gesting that both histone deacetylation and DNA methyla-
tion play important roles in tTS-induced reversible repres-
sion.

To support the role of DNA methylation in irreversible
and reversible regulation of Hprt expression, bisulfite se-
quencing analysis of CpG islands within the Hprt promoter
and intronl was performed. In irreversible MEFs, bisulfite
sequencing revealed a very high proportion of CpG methy-
lation in the Hprt promoter and intron 1 region. No sig-
nificant changes in methylation were observed in the pres-
ence or absence of dox (Figure 7A, right and C, right). In
contrast, in reversible MEFs, low levels of promoter methy-
lation were observed. Similarly, significantly low levels of
intron methylation were observed without dox (Figure 7A,
left and C, left). Although removing dox increased the aver-
age methylation level in reversible MEFs, the increase was
not significant. Statistical graphs were shown in Figure 7B
and D. Overall, these findings demonstrate that tTS bind-
ing during the early embryonic period induces a high level
of DNA methylation within the binding region, resulting
in irreversible gene silencing. Our results also indicate that
binding or removing of tTS does not change DNA methy-
lation levels in reversible MEFs.

To investigate the role of histone modifications in ir-
reversible and reversible regulation of Hprt expression,
histone modifications within the Hprt promoter region,
namely, histone H3-acetylation (H3Ac), H3 lysine 9
trimethylation (H3K9me3), histone H3-acetylation (H4Ac)
and H4 lysine 20 trimethylation (H4K20me3) were exam-
ined by ChIP (Figure 8 A and B). In both irreversible and
reversible MEFs, dox removal caused decreased H3Ac and
H4Ac levels, and increased H3K9me3 and H4K20me3 lev-
els upon tTS-binding. Compared with reversible MEFs,
lower H3Ac and H4Ac levels, and higher H3K9me3 and
H4K20me3 levels were observed with or without dox. Dif-
ferences in histone modification levels between irreversible
and reversible MEFs were particularly notable with H4Ac

levels. These results demonstrate that tTS binding results in
a heterochromatin status of increased histone methylation
and decreased histone acetylation.

In conclusion, we have described two distinct regulatory
modes mediated by the KRAB domain for regulation of
endogenous genes in vivo (Figure 8C). Depending on the
developmental time point, KRAB-mediated regulation is
divided into irreversible or reversible regulation modes. If
a KRAB-containing regulator acts during the early em-
bryonic development, irreversible gene silencing is medi-
ated mainly by stable DNA methylation. Otherwise, re-
versible gene regulation induced by rewriteable acetylation
and methylation of histone H3 and H4 occurs.

DISCUSSION

In this study, we have shown that a KRAB-containing reg-
ulator can induce irreversible or reversible regulation of en-
dogenous genes in vivo by mediating different chromatin
states dependent on developmental stage. Tethering the
KRAB domain to chromosomal DNA during early mouse
embryonic development induces irreversible endogenous
gene silencing mainly through stable DNA methylation
near the binding region. Previously, two different types of
KRAB-mediated regulation were reported using lentivirus-
mediated transgenes. In one study, KRAB induced irre-
versible exogenous gene silencing by KRAB-induced de
novo DNA methylation of the promoter (13). Alternatively,
in the other study, KR AB induced reversible heterochroma-
tization of the endogenous Kif2 A gene in vivo, and not stable
DNA promoter methylation (14). In contrast to these previ-
ous studies (13,14), we used homologous recombination to
insert a TRE site, and thereby eliminated the possibility of
lentivirus-induced DNA methylation. We have shown that
gene silencing is mainly due to stable de novo DNA methyla-
tion, consistent with the gene silencing role of DNA methy-
lation. However, methylation and deacetylation of histone
H3 or H4 are also involved in gene silencing, as indicated
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Figure 7. DNA methylation analysis of tTS-induced Hprt reversible and irreversible regulation. Bisulfite sequencing analysis of Hprt promoter (A) and
intron 1 (C) methylation levels in HprtTRE/Y +TS MEFs. Quantification of (A) and (C) are presented in (B) and (D). MEFs were isolated from six mice.
Three mice were exposed to dox during development from EO0.5, while the other three mice received no dox. MEFs were cultured in presence or absence
of dox. DNA methylation levels of 17 and 19 CpG dinucleotides within the Hprt promoter and intron 1, respectively, were assayed. Ten clones amplified
from each mouse were sequenced and are presented. Each circle represents one CpG dinucleotide, with empty and full circles representing unmethylated

and methylated CpGs, respectively (*P < 0.05; **P < 0.01; ***P < 0.001).

by TSA treatment and ChIP analysis. Although the max-
imum range of KRAB-mediated DNA methylation is still
unknown, it is reasonable to speculate that such methyla-
tion occurs within the vicinity of the KRAB binding site
(27). In our study, within at least a 2-kb radius distal from
the binding site is hypermethylated. The limited size of the
methylated region may explain why KRAB did not induce
irreversible gene silencing at the early developmental stage
in the previous study, as KRAB was bound to the gene body
and 5 kb distal to the promoter (14).

Furthermore in our current study, a definite time win-
dow during which KRAB induces irreversible gene silenc-
ing was identified using two endogenous gene regulation
models. Before E3.5, KRAB binding does not induce irre-
versible gene silencing, and results in progressive repression
from E3.5 to E6.5. If KRAB binding persists until E7.5,
irreversible gene silencing occurs. This time course is con-
sistent with the genomic demethylation-remethylation pro-
cess in mouse development. During early embryonic de-
velopment, genomic DNA methylation inherited from the
gametes is erased, reaching its lowest point in the blasto-
cyst at E3.5(28,29). DNA methylation is then progressively

restored and established, and in which, KRAB-containing
transcription factors may play a key role.

KRAB-mediated reversible regulation of endogenous genes in
vivo

The KRAB domain can recruit KAP1 (5,6), which acts
as a scaffold to further recruit HP1, histone methyltrans-
ferase SETDBI1 and the NuRD histone deacetylase com-
plex to mediate transcriptional repression through hete-
rochromatin spreading (7,8,12,30). In the KRAB-KAPI re-
pression system, SETDB1 has histone H3 lysine 9 (H3K9)-
specific methyltransferase activity and mediates H3K9
methylation (8,31). HP1 can bind to methylated H3K9
residues and recruit more histone methyltransferase for a
second round of H3K9 methylation/HP1 binding (12,32—
35). Therefore, H3K9 methylation is a hallmark of KARB-
KAPI-mediated gene repression, with H3Ac widely re-
ported (12,14,15,23,32). In our study, increased H3K9me3
and decreased H3Ac were observed after dox removal and
KRAB tethering to DNA. Of note, increased H4K20me3
and decreased H4Ac were also observed. Consistent with
our findings, increased H4Ac at the 5 UTR of intracister-
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Figure 8. Schematic representation of the KRAB-mediated irreversible and reversible regulation model. (A) ChIP analysis of histone modifications within
the Hprt promoter region. MEFs isolated from embryos that developed without or with dox exposure were named ‘irreversible MEFs’ or ‘reversible
MEFs’, respectively. Chromatin immunoprecipitated DNA was analyzed by qPCR. Input was used as the control. Modification levels in Hprt TRE/Y:tTS
MEFs were denoted 1, and used to normalize data from the other samples. (B) Chromatin immunoprecipitated DNA analysis by semi-quantitative gel
electrophoresis within the Hprt promoter region. (C) Schematic representation of the KRAB-mediated irreversible and reversible regulation model.

nal A-type particles was shown in KAP1 knockout ES cells
(15). H4K20me3 enrichment at the proximal regulatory re-
gion was also reported in KAP1-mediated repression at the
cell level (36).

Compared with uniform gene silencing efficiency in dif-
ferent tissues, tight control of Hprt expression was not de-
tected during reversible regulation in spleen and thymus af-
ter dox removal. A similar lack of complete repression was
also observed in thymus for the tTS-based mouse model tar-
geting the N-myc gene (unpublished data). Normal ¢7'S and
higher Kapl expression were observed in thymus, and does
not explain the low levels of tTS and Kapl. Nevertheless,
these results suggest that KR AB may mediate different reg-
ulatory mechanisms in thymus and spleen compared with
other tissues. Results from the Kapl conditional knockout
mouse model provides further support for this (37,38). In

contrast with the role of KRAB/KAPI in transcriptional
repression, genome-wide chromatin studies in T cells have
shown that markers of active transcription, including the
histone acetyltransferase CBP and TFIIB, are significantly
enriched at Kapl binding sites (37,38), although this hy-
pothesis needs further verification. Moreover, the reason for
repression failure in the spleen and thymus needs to be fur-
ther examined. Differences in repression efficiency between
irreversible and reversible regulation also reflect differences
in regulatory mechanisms.

Application of KRAB-mediated endogenous gene regulation
in vivo

In our previous study, we developed an inducible and re-
versible system based on an artificial KRAB-containing
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regulator (‘tTS’) to regulate endogenous genes in vivo (22).
Although this system showed strong potential for regulat-
ing endogenous gene expression and could be a versatile
tool to replace conditional targeting methods, application
of this system was limited to a few examples, for example,
Htrla, Mlcl, N-myc and CD4 locus (20-23). Expression of
these target genes was limited to some tissues or a specific
period, which precluded general evaluation of the efficiency
of this system. To overcome these limitations, we selected
Hprt, a ubiquitously expressed housekeeping gene, for tTS
system regulation in this study. We proposed that the tTS
system would irreversibly silence Hprt in all studied tissues if
no dox was added during early embryogenesis. Indeed, tTS-
mediated reversible regulation of Hprt was achieved in most
tissues examined, except spleen and thymus. Feasibility of
tTS-mediated irreversible and reversible regulation of an en-
dogenous gene in 10 different cells and tissues during mul-
tiple time windows in this study, suggests a potential appli-
cation range for tTS-mediated endogenous gene regulation
system in vivo. Furthermore, development of new genomic
modification tools, such as zinc finger effectors, TAL effec-
tors and Cas9, provides the potential for designing DNA
binding effectors according to DNA sequence (39-41). Ac-
cordingly, KRAB has been fused with TAL effector or Cas9
to specifically repress transcription of an endogenous gene
at the cell level (42). Our work will accelerate use of these
artificial DNA binding effectors and KRAB to regulate en-
dogenous genes in vivo.
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