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ABSTRACT

In eukaryotes, nucleosomes form a barrier to DNA templated reactions and must be dynamically
disrupted to provide access to the genome. During nucleosome (re)assembly, histones can be
replaced by new histones, erasing post-translational modifications. Measuring histone turnover in
mammalian cells has mostly relied on inducible overexpression of histones, which may influence
and distort natural histone deposition rates. We have previously used recombination-induced tag
exchange (RITE) to study histone dynamics in budding yeast. RITE is a method to follow protein
turnover by genetic switching of epitope tags using Cre recombinase and does not rely on
inducible overexpression. Here, we applied RITE to study the dynamics of the replication-
independent histone variant H3.3 in human cells. Epitope tag-switching could be readily detected
upon induction of Cre-recombinase, enabling the monitoring old and new H3.3 in the same pool
of cells. However, the rate of tag-switching was lower than in yeast cells. Analysis of histone H3.3
incorporation by chromatin immunoprecipitation did not recapitulate previously reported aspects
of H3.3 dynamics such as high turnover rates in active promoters and enhancers. We hypothesize
that asynchronous Cre-mediated DNA recombination in the cell population leads to a low time
resolution of the H3.3-RITE system in human cells. We conclude that RITE enables the detection of
old and new proteins in human cells and that the time-scale of tag-switching prevents the capture
of high turnover events in a population of cells. Instead, RITE might be more suited for tracking
long-lived histone proteins in human cells.
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Introduction by two proteins, H3.1 and H3.2, which differ by

Chromatin in eukaryotic cells is a repeated array of
nucleosomes, which consist of DNA packaged around
an octamer of histone proteins. Nucleosomes form
barriers for DNA templated reactions such as replica-
tion, transcription and repair [1-4]. To allow access to
the DNA, nucleosomes can be temporarily disrupted
by the actions of histone chaperones and chromatin
remodelling complexes [5]. Conversely, nucleosomes
are generally reassembled rapidly after disruption to
safeguard chromatin integrity [6-9]. This reassembly
process can involve either recycling of resident his-
tones or the deposition of newly synthesized his-
tones [10].

During S-phase, the duplicated DNA daughter
strands are packaged by newly synthesized histones.
In mammalian cells, deposition of new histones
during DNA replication involves canonical his-
tones, whose expression peaks in S-phase [11].
The canonical form of histone H3 is represented

only one amino acid and are both encoded by
multiple genes [12]. H3.1 an H3.2 are deposited at
replication forks by the CAF1 (chromatin assembly
factor 1) complex [13]. CAF1 directly binds to
PCNA [14] and as a result canonical H3 deposition
is strictly coupled to DNA synthesis [15,16]. In
contrast, the histone variant H3.3, which is encoded
by two genes in humans (H3F3A and H3F3B) is
expressed throughout the cell cycle and can be
deposited in both S-phase and interphase [17-21].
H3.3 differs four and five amino acids from H3.1
and H3.2, respectively, which enables specific cha-
perones such as HIRA and DAXX/ATRX to prefer-
entially interact with H3.3 (in complex with histone
H4) and assemble nucleosomes independently of
DNA replication [22-24,25].

H3.3 accumulates in non-dividing cells [26,27],
which is consistent with both H3.3’s role as
a replacement histone and the finding that
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nucleosomes are disrupted and reassembled using
newly synthesized histones even in the absence of
DNA replication [28,29,30] Studies on genome-wide
replication-independent histone dynamics in mam-
malian cells indicate that new H3.3 is rapidly incor-
porated at active genes, particularly at enhancers and
promoters, and at regions of transcription termina-
tion [32-34]. Interestingly, despite the enrichment of
H3.3 in transcribed regions, depletion of H3.3 or its
chaperone HIRA leads to only mild gene expression
changes in dividing cells [35,36]. In contrast, in non-
dividing cells H3.3 is critical for gene regulation and
preserving genome integrity as H3.3 prevents the
accumulation of nucleosome-free DNA [26,37]. In
addition, while H3.3 seems dispensable in dividing
cells with a stable gene expression programme, H3.3
plays a prominent role in transcription regulation
during processes in which expression programmes
are altered, such as development, differentiation,
reprogramming and stress responses [36,38-46,
reviewed by 47]. This indicates that histone turnover
in interphase maintains an epigenetic landscape per-
missive for expression changes in order to facilitate
shifts in cellular states.

It is currently unknown how histone replacement
is involved in transcription regulation, but addres-
sing this issue requires methods to distinguish
between old and new histones [48]. Most studies
on genome-wide histone turnover have relied on
inducible overexpression of epitope tagged histones
[33,34], or conversely on inducible transcription
shutdown of tagged histones [49] using the Tet-on
and Tet-off system, respectively. A drawback of these
methods is that they rely on artificial expression
regulation of histones, potentially leading to altered
histone deposition and eviction rates. CATCH-IT
(covalent attachment of tags to capture histones
and identify exchange) is a complementary, meta-
bolic pulse-labelling technique which does not rely
on histone overexpression [50]. CATCH-IT pro-
vides a genome-wide overview of nucleosome turn-
over but because labelling occurs in all proteins, no
distinction can be made between different histone
variants. Recently, another approach called time-
ChIP was developed which combines SNAP-
tagging of histones with biotin-based pull-down to
map old existing histones [51]. Importantly, these
methods only allow for following either new or old
histones but not both old and new histones

simultaneously in the same pool of cells.
Specifically, CATCH-IT cannot be used to track the
fate of stable parental histone, while time-ChIP
requires an extreme sequencing depth to track the
absence of highly dynamic new histones.

Previously, we developed a method called recombi-
nation-induced tag exchange (RITE) to study histone
dynamics in budding yeast [52,53]. In RITE, epitope
tags that are integrated at an endogenous gene can be
genetically swapped by conditional activation of Cre-
mediated site-specific recombination. RITE can be
used to endogenously tag histone genes, preserving
natural expression regulation, and allows for following
old and new histones simultaneously. Using this tech-
nique, it was found that replication-independent his-
tone H3 turnover is linked to active transcription in
budding yeast [53] and promoted by the NuB4/HAT-
B histone acetyltransferase complex [54]. RITE has
also been applied to link histone turnover to other
epigenetic processes in budding yeast and to measure
histone turnover in other organisms [56-64]. An
advantage of RITE is that it can also be used to follow
old histones, even over multiple cell divisions, as the
tag switching is a permanent genetic event. In this way,
it has been determined that in replicating yeast cells
old H3 preferentially accumulates at the 5" ends of
long lowly-expressed genes [63].

Here, we developed RITE in human cells and
applied it to study the dynamics of the replication-
independent histone variant H3.3. After conditional
activation of Cre recombinase, both old and new
histones could be monitored simultaneously by
Western blot and chromatin immunoprecipitation
(ChIP). However, low time resolution due to asyn-
chronous Cre-mediated recombination in human
cells limited the ability of RITE to resolve the
dynamics of H3.3 in short time scales. Therefore,
the concept of RITE can be used to measure protein
dynamics in mammalian cells but in the current
setup RITE is not suited for measuring the dynamics
of proteins with fast turnover.

Methods
Cell culture and transfection

Human non-transformed retinal pigment epithe-
lial cells transduced with the human telomerase
gene (hTERT RPE1; designated RPE1 from here



on) from ATCC (CRL-4000) were grown in
DMEM/F12 (Gibco) supplemented with 10%
foetal calf serum (FCS). K562 chronic myeloid
cells from ATCC (CCL-243) were grown in
RPMI (Gibco) supplemented with 10% FCS.
Cells were maintained at 37°C, 5% CO, in
a humidified incubator.

The RITE system consists of two components:
a RITE cassette that is integrated in-frame with an
endogenous gene and an inducible Cre recombi-
nase. For C-terminal tagging of H3.3 with a RITE
cassette, a CRISPR-Cas9 plasmid (pX330, Cong
et al. 2013[64]; Addgene #42230) with guide RNA
(gRNA) 5-CCCGAGTGGGATTAATAGTG tar-
geting the last intron of H3F3B was co-transfected
(1:1) with a repair plasmid for homologous directed
repair (HDR). This intron targeting gRNA was
chosen in order to prevent off-target cleavage at
homologous histone H3 genes. The HDR plasmid
consists of ~1.5 kb homology arms flanking the 3
part of H3F3B with a RITE cassette placed in-frame
with H3.3. The gRNA protospacer adjacent motif
(PAM) located in the HDR plasmid was mutated
(CGG > CCA) using the Quickchange II site-
directed mutagenesis kit (Agilent) to prevent plas-
mid DNA cleavage.

For co-transfection into RPEI cells, approxi-
mately one million cells were transfected with
3 pg plasmid DNA using FugeneHD reagent
(Promega) using a DNA:FugeneHD ratio of 1:4.
For K562, one million cells were nucleofected with
3 pg plasmid DNA using an Amaxa Nucleofector
IT device (Lonza) following manufacturers’ proto-
col. Selection with puromycin (10 pg/mL for
RPEL, 2 ug/mL for K562; Invivogen) was started
72 h after transfection. Cells were selected with
puromycin for one week.

A 4-hydrotamoxifen (4OHT) inducible version of
Cre (Cre-ER™®) was introduced at the AAVS] safe-
harbour locus using CRISPR-Cas9 in polyclonal
H3F3B-RITE RPEI and K562 cells. Using identical
transfection methods as described above, pX330
with gRNA 5-GGGGCCACTAGGGACAGGAT
[65] targeting the AAVSI locus was co-transfected
with an AAVS1 HDR plasmid (derived from
AAVS1 hPGK-PuroR-pA donor, Hockemeyer et al.
2009 [66]; Addgene #22072) containing a human
PGK1 promoter driven Cre-ER"*-IRES-NeoR. Cells
were selected with G418 (500 pug/mL for RPEL,

EPIGENETICS (&) 903

800 ug/mL for K562; Invivogen) for two weeks
after which monoclonal cell lines were derived. Cre-
ER™ activity was induced by treating cells with
40HT (100 nM; Sigma T176) dissolved in 100%
ethanol.

Genomic DNA extraction and PCR

For genotyping H3F3B-RITE cell lines and deter-
mining DNA recombination efficiency, genomic
DNA (gDNA) was isolated from approximately
2 x 10° cells using the ISOLATE II Genomic
DNA Kit (BioLine) according to the manufac-
turer instructions. PCR was performed with 200
ng of gDNA and MyTaq polymerase (BioLine)
according to the manufacturer’s protocol.
Quantitative PCR of gDNA was done with
FastStart SYBRgreen Master Mix (Roche) on
a LightCycler 480 II (Roche) instrument.
Primers for (q)PCR are listed in Table 1.

Western blot

Approximately 1 x 107 cells were washed twice with
ice-cold phosphate-buffered saline (PBS). Proteins
were isolated by adding SDS lysis buffer (50 mM
Tris-HCl pH 6.8, 2% SDS, 10% glycerol) supple-
mented with protease inhibitor cocktail (PIC;
Roche). DNA was sheared by sonication for
10 min at high settings (30 s on, 30 s off) using
a Bioruptor Pico sonicator (Diagenode) to reduce
sample viscosity. Protein concentration was deter-
mined with the DC protein assay (Bio-Rad) accord-
ing to manufactures manual. An amount of 10 pug
protein was separated on a 16% SDS-PAGE gel and
blotted on 0.2 pum nitrocellulose membranes at 1
ampere for 1 h. Afterwards membranes were
blocked for 1 h with 5% Nutrilon (Nutricia) in
PBS and incubated overnight at 4°C with primary
antibodies H3 (Abcam 1791, 1:2000), LoxP [53,
1:2500], FLAG M2 (Sigma F3165, 1: 2000) or V5
(Invitrogen R960-25, 1:5000) in 2% Nutrilon in
Tris-buffered saline-Tween (TBST). The next day
membranes were washed four times with TBST
before incubating the membrane with the appro-
priate Odyssey IRDye® 800CW secondary antibody
(LI-COR Biosciences) at 1:10,000 dilution in 2%
Nutrilon in TBST for 1 h. Membranes were washed



904 e T. M. MOLENAAR ET AL.

four times with TBST before scanning on a LI-COR
Odyssey IR Imager (LI-COR Biosciences).

Chromatin immunoprecipitation

Approximately 2 x 107 cells were crosslinked by
adding formaldehyde to a final concentration of 1%
and gently agitated at room temperature (RT) for
10 min. Glycine was added to a final concentration of
125 mM and cells were agitated for 5 min at RT. Cells
were washed three times with ice cold PBS with
Protease Inhibitor Cocktail (PIC; Roche). Cells
were resuspended in 1 ml of Lysis Buffer 1 (50 mM
Tris-HCl, 140 mM NaCl, 1 mM EDTA, 10% gly-
cerol, 0.25% Triton X-100, final pH 7.5) with PIC
and rotated for 10 minutes at 4°C. Nuclei were iso-
lated by centrifugation at 2400 rpm for 4 min at 4°C
and resuspended in 1 ml Lysis Buffer 2 (10 mM Tris-
HCI, 200 mM NaCl, 1 mM EDTA, 0,5 mM EGTA,
final pH 8) with PIC and rotated for 5 min at 4°C.
Chromatin was isolated by centrifugation at
2400 rpm for 4 min at 4°C and resuspended in
300 pl Lysis Buffer 3 (50 mM Tris-HCl, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, final pH 8).
Chromatin was sheared by sonicating for 10 cycles at
high setting (30 s on and 30 s off) using a Bioruptor
Pico sonicator (Diagenode) and centrifuged at
13,000 rpm for 10 min to pellet debris. Chromatin
was pre-cleared with 40 pl Protein G Dynabeads
(Invitrogen) for 1 h at 4°C. Next, chromatin protein
concentration was determined with the DC protein
assay (Bio-Rad) and 100 ug chromatin was incubated
with 5 pg FLAG M2 (F1804; Sigma) or V5 antibody
(R96025; Invitrogen) overnight at 4°C. Next, 80 ul
Protein G Dynabeads was added and incubated for
4 h at 4°C. Thereafter the beads were washed once
with Lysis buffer 3, twice with high salt buffer
(50 mM Tris-HCl pH8, 500 mM NaCl, 1 mM
EDTA pHS, 1% Triton X- 100, final pH 8), twice
with LiCl wash buffer (50 mM Tris-HCI, 250 mM
LiCl, 1 mM EDTA, 1% Triton X-100, final pH 8) and
once with TE pH 8.0. Dynabeads were centrifuged
and resuspended in 150 pl direct elution buffer
(10 mM Tris-HCI, 0.3 M NaCl, 5 mM EDTA, 0.5%
SDS, pH 8). IPs and inputs (10%) were incubated at
65°C overnight to reverse cross-links and incubated
with 10 pg RNase A (10 mg/mL) and 30 pg
Proteinase K for 1 h at 55°C. DNA was purified using
a PCR purification kit (Qiagen) and was analysed by

quantitative PCR using FastStart SYBRgreen Master
Mix (Roche) on a LightCycler 480 II (Roche) instru-
ment. Primers used for qPCR are listed in Table 1.
The qPCR primers for PTGIS intron 1 and the Chr16
intergenic and enhancer region are from Pchelintsev
et al. [67]. The primers for GAPDH and MYC pro-
moter and exon regions are from Carvalho et al. [68].

ChIP- and RNA-sequencing

ChIP- and RNA-seq libraries were prepared using
the KAPA LTP library preparation kit (KAPA
Biosystems). ChIP-seq reads were aligned to the
human genome (hg38) using Bowtie [69]. For pro-
filing H3.3 enrichment according to gene expres-
sion, genes were divided into three bins of equal
size based on RPE1 gene expression. For this, RNA-
seq reads were aligned to hg38 using HISAT [70]

Table 1. Primers used in this study.

Primer name

Sequence

H3F3B left Fwd
H3F3B left Rev
H3F3B right Fwd

CATCATCGCACAAGGAAACTGGT
GACGACTACAAGGACGATGACG
GAGAGGGTTAGGGATAGGCTTAC

H3F3B right Rev CCACCAAGAGACCTGCTTTTTGTTA
H3F3B Junction Fwd TGCATATTAGCAACTTGTCACTCC
H3F3B Junction Rev AAGCTGCCCTTCCAGAGGT

AAVS1 left Fwd GGAACTCTGCCCTCTAACGC
AAVS1 left Rev GGACAGAAGCATTTTCCAGGTATGC
AAVS1 right Fwd GAATGGGCTGACCGCTTC

AAVST right Rev TGGGATACCCCGAAGAGTGA
AAVS1 Junction Fwd AGTCTGTGCTAGCTCTTCCAGC
AAVS1 Junction Rev GGGTTAGACCCAATATCAGGA

qV5_switch_Fwd
gFLAG_switch_Fwd

GAGAGGGTTAGGGATAGGCTTAC
CGTCATCGTCCTTGTAGTCGTC

qH3F3B_switch_Rev CCACTCTCGTCCTCAACAGG
qGAPDH_prom_Fwd CTGAGCAGTCCGGTGTCAC
qGAPDH_prom_Rev GAGGACTTTGGGAACGACTGA
qGAPDH_exon5_Fwd ATAGGCGAGATCCCTCCTCCAA
gGAPDH_exon5_Rev TGAAGACGCCAGTGGAC
gMYC_prom_Fwd TTCATAACGCGCTCTCCAAGT
gMYC_prom_Rev CGTTCAGAGCGTGGGATGTT
gMYC_exon3_Fwd CCTGAGCAATCACCTATGAACTTG
gMYC_exon3_Rev CAAGGTTGTGAGGTTGCATTTG
qREEP5_Fwd CGCAGGACAGCAGGAATAGG
qREEP5_Rev AAGGAAGCAGGGAGAGGACT
gqCCNB1_Fwd CCTTGGGAAACTGGACAATC
gqCCNB1_Rev TTTGCCAGGGTCACACATTA
qKRT6A_Fwd AAGCCCGGGTATACATTCACTG
gKRT6A_Rev CTTCTTGCTCAGGCCATCGG
Chr7q_pch_qgFwd1 AGCAGTCAAAAAGGTTAGGAAGA
Chr7q_pch_qgRev1 TGGAAGTCCACAATGCCTCC
gPTGIS_intron1_Fwd TGCCTTCTCTTTGCAGTGTG
gPTGIS_intron1_Rev GCCGACTTTGACATTTACCG
Chr16_intergenic_Fwd CCAGCGAATGGGTTCCTTCT
Chr16_intergenic_Rev CCCACGATTGCCTGAGAACT
Chr16_enhancer_Fwd AGTTAACCAGCGAGCCACTC
Chr16_enhancer_Rev CAACCATCCCGTGACACAGA




and gene expression was measured by RPKM. For
H3.3 ChIP-seq profiles, gene bodies were scaled to
6kb and H3.3 was plotted on gene bodies, 3kb
upstream of the transcription start site (TSS), and
6kb downstream of the transcription end site (TES).

Results

To measure replication-independent histone turn-
over, we used CRISPR-Cas9 to endogenously tag
one of the two H3.3 encoding genes (H3F3B) with
a C-terminal RITE-cassette in human chronic mye-
logenous leukaemia K562 cells and retinal pigment
epithelial RPE1 cells (Figure 1). The RITE-cassette
consists of a V5 epitope tag flanked by two tandem
LoxP sites with a downstream orphan FLAG tag. Old
(V5) and new (FLAG) H3.3 are under the control of
the same endogenous promoter but have a different
3'UTR; old H3.3 has an ectopic 3'UTR while new
H3.3 has the endogenous H3F3B 3'UTR. In addition,
to enable tag switching by DNA recombination, we
integrated a 4-hydroxytamoxifen (4OHT)-inducible
Cre-ER'? recombinase at the AAVS1 safe-harbour
locus using CRSIPR-Cas9. In this way, exposing cells
to 4OHT induces DNA recombination at H3F3B
leading to the permanent exchange of a V5-tag on
H3.3 for a FLAG-tag, allowing for simultaneous
measurement of old and new H3.3 (Figure 2).

To determine the kinetics of DNA recombina-
tion and H3.3 turnover in asynchronous H3F3B-
RITE cells, we harvested genomic DNA at several
time points after 4OHT exposure. Quantitative PCR
indicated that DNA recombination took about 24 h
to occur in most of the cells (Figure 3). In the
absence of 40HT, recombination rates were 1.3%
and 3.3% for RPE1 and K562, respectively, confirm-
ing the dependence of Cre-ERT?2 activity on 4OHT.
Global incorporation of new FLAG-tagged H3.3
lagged only a few hours behind DNA recombina-
tion suggesting that H3.3 is highly dynamic in
asynchronous cells.

H3.3 has been reported to be highly dynamic in
active promoter and enhancer regions but relatively
stable in heterochromatic regions in non-dividing
cells [32-34]. To look at locus-specific H3.3 turnover
with the RITE assay, we performed ChIP-qPCR
using V5 and FLAG specific antibodies at several
time points following 4OHT exposure in K562 cells
(Figure 4(a)). We examined old H3.3 (V5) and new
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H3.3 (FLAG) at active genes (GAPDH, MYC,
CCNBI and REEPS), inactive genes (KRT6A and
PTGIS), and intergenic loci, including a putative
active enhancer and a pericentric heterochromatin
(PCH) region (Figure 4(b)). As a control, we also
examined H3.3-V5 and H3.3-FLAG levels in H3F3B-
RITE K562 cells cultured for 7 days after 4OHT
exposure, in which H3.3-V5 was been nearly com-
pletely replaced by H3.3-FLAG as determined by
Western blot (Figure 2). In the absence of 40HT,
a low level of H3.3-FLAG was already detectable by
ChIP-qPCR possibly due to background recombina-
tion (Figure 3(b-C)) or non-specific immunopreci-
pitation (Figure 4(c)). After 4OHT treatment,
H3.3-FLAG accumulated at all loci while H3.3-V5
levels decreased, indicating histone replacement.
H3.3 turnover rates [measured by the turnover
index as described by 51] were comparable between
the different loci (Figure 4(d)) indicating we could
not recapitulate previously reported differences in
H3.3 turnover at active promoters and gene bodies/
intergenic regions.

As an alternative way to measure differential
H3.3 turnover at active versus inactive genes
using RITE, we assessed new H3.3-FLAG levels
8 h and 24 h after 4OHT exposure at a genome-
wide level using ChIP-seq in RPE1 cells. Steady-
state H3.3-V5 (old H3.3 before the switch) was
enriched around the transcription start sites of
active genes as previously reported (Figure 5(a,
b)). At both 8 h and 24 h, new H3.3-FLAG
resembled steady-state H3.3 in terms of enrich-
ment pattern. In agreement with the ChIP-qPCR
results in K562 cells (Figure 4), we did not observe
the strong enrichment of new H3.3 in the promo-
ters of active genes (Figure 5) reported by others
[32-34].

Discussion

RITE is a versatile method to monitor protein
replacement that has been applied to histones
[53-55, 57,59-63,31] Ramakrishnan et al., 2016
and non-histone proteins [58,71-73] Menendez-
Benito et al. 2012 [74]; in budding and fission
yeast. RITE is compatible with pull-down strate-
gies, which enables genome-wide mapping or
determining modifications of old and new histones
by mass-spectrometry [56]. In addition, RITE can
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Figure 1. Strategy to knock-in a RITE cassette at H3F3B and Cre-ER"™ at the AAVS1 safe-harbour locus. (a) A RITE cassette (V5XFLAG)
is integrated at the C-terminus of H3.3 (H3F3B gene) using CRISPR-Cas9 and a repair plasmid for homologous recombination. Note
that the gRNA is targeted to the last intron of H3F3B to prevent off-target cleavage at homologous histone H3 genes. (b) Genotyping
PCR to confirm heterozygous integration of the RITE cassette at H3F3B in RPE1 and K562 cells. The asterisk denotes non-specific PCR
amplicons. (c) A PGK1-promoter driven Cre-ER™ is integrated at the AAVS1 safe-harbour locus using a HDR (homology-directed
repair) plasmid donor derived from Mali et al. [65],. (d) Genotyping PCR to confirm homozygous integration of Cre-ER™ is at AAVS1
in RPET and K562 cells. The asterisk denotes non-specific PCR amplicons. HA, homology arm; PuroR-2A-EGFP, puromycin resistance
gene followed by self-cleaving peptide P2A from porcine teschovirus-1 polyprotein and green fluorescent protein; IRES, internal
ribosome entry site; NeoR, neomycin resistance gene.
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Figure 2. RITE allows for simultaneous monitoring of old and new H3.3 histones in human cells. Western blot of old (V5) and new
H3.3 (FLAG) after Cre-ER™ activation by 40HT in (a) K562 and (b) RPE1 cells. An antibody against the LoxP-encoded spacer peptide
recognizes both old and new H3.3. Note that the antibody directed against the C-terminus of H3 does not seem to recognize

C-terminally tagged H3.3.

be used in combination with fluorescence micro-
scopy to track the localization, stability, and
inheritance of old and new proteins [72-76].
Here, we developed RITE in human cells and
applied it to examine replication-independent his-
tone dynamics in human cells.

Using CRISPR-Cas9, we tagged one of the
endogenous histone H3.3 genes in RPE1 and
K562 cells with a RITE cassette that was able to
undergo controlled Cre-mediated DNA recombi-
nation. RITE thus enables differential tagging and
monitoring of old and new H3.3 in human cells.
A drawback of RITE, which relies on expression
from the endogenous histone promoter, is that it
depends on de novo synthesis of differentially
epitope-tagged histones after Cre-mediated recom-
bination. The time resolution of RITE is therefore
limited by both the efficiency of Cre recombinase
and the time it takes to synthesize new histone

proteins. Using RPE1 and K562 cells in which
a PGK1 promoter driven Cre-ERT2 gene was inte-
grated at the AAVSI safe-harbour locus, we found
that recombination at H3F3B took about 24 h to
occur in most of the cell population after exposure
to 4OHT. Because of this unsynchronized tag
switching and the lag in new protein synthesis,
time resolution is lower in RITE than in CATCH-
IT and time-ChIP. This low time resolution limits
the ability of RITE to track the dynamics of pro-
teins with high turnover rates. When we examined
H3.3 turnover by RITE we observed little differ-
ence between regions reported to have high turn-
over versus those that have low turnover of H3.3.
Replication-independent H3.3 turnover differs
throughout the genome but H3.3 has fast turnover
rates at active enhancers and promoters [32-
34,51]. We hypothesize that we were unable to
measure differences in H3.3 turnover rates at
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LoxP recombination (tag-switching). (b and ¢) gPCR on genomic DNA to determine tag-switching efficiency in (b) K562 and (c) RPE1
cells. Unswitched and switched qPCR signals were normalized to a control region (MYC exon 3) to normalize for input gDNA. For the
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active and inactive genomic loci due to the limited
time resolution of RITE when performing bulk
analysis in human cells.

The low time resolution of RITE in human cells
precludes its use in tracking highly dynamic his-
tones. Instead, RITE might be more suited for track-
ing long-lived histone proteins in human cells. In
addition, selection markers such as fluorescent pro-
teins or cell sorting compatible surface markers
could be used to remove unswitched cells from the
population before analysis. RITE is particularly sui-
ted for tracking long-lived histones as the tag switch
is permanent. In addition, in the current setup RITE
might be more compatible with cell-by-cell analysis
compared to bulk cell analysis. For example,
a similar strategy to RITE has been applied in
Drosophila male germ line stem cells to track the
fate of tagged histones using live-cell fluorescent

microscopy [77]. In addition, RITE was recently
used to study the localization of long-lived histones
and other proteins in mammalian cells using immu-
nofluorescence microscopy [76]. Thus, cell-by-cell
analysis of global histone levels can be used to cir-
cumvent inefficient Cre-recombination in RITE in
mammalian cells.

RITE is an attractive method to study histone
dynamics because it can be used to simultaneously
detect and pull-down old and new histones. RITE
has been successfully used to study histone
dynamics in budding and fission yeast. DNA recom-
bination is presumably more efficient in these
organisms due to a smaller genome size. In human
cells, a method that relies on tag-switching on the
protein level rather than the DNA level might there-
fore be more suitable for tracking old and new
proteins at the same time. Self-labelling tags such
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as Halo and SNAP tags [e.g. time-ChIP; 51] can be  both old and new histones will require the develop-
used for pulse-chase pull-down of proteins but have  ment of new orthogonal labelling ligands suitable
only been used so far to track old histones. Tracking ~ for pull-down. Alternatively, inhibitable self-
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cleaving degrons [i.e. small molecule assisted shutoff
or SMASh-tag; 78] could be useful for chasing old
and new histones in parallel. Specifically, it will be
interesting to determine if recently described ortho-
gonal SMASh-tags [called stabilizable polypeptide
linkers or StaPLs; 79] could be applied to studying
histone dynamics. For example, by tagging two
alleles of H3F3B with orthogonal StaPLs and epitope
tags, it might be possible to distinguish old H3.3
(degron inhibited before switch and activated after
switch) from new H3.3 (degron activated before
switch and inhibited after switch). Similar to RITE,
both self-labelling and degron type tags can be engi-
neered at endogenous loci, avoiding the need for
inducible histone overexpression.
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