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ABSTRACT

UHRF1 is an important epigenetic regulator associ-
ated with apoptosis and tumour development. It is
a multidomain protein that integrates readout of dif-
ferent histone modification states and DNA methy-
lation with enzymatic histone ubiquitylation activ-
ity. Emerging evidence indicates that the chromatin-
binding and enzymatic modules of UHRF1 do not act
in isolation but interplay in a coordinated and regu-
lated manner. Here, we compared two splicing vari-
ants (V1, V2) of murine UHRF1 (mUHRF1) with hu-
man UHRF1 (hUHRF1). We show that insertion of nine
amino acids in a linker region connecting the differ-
ent TTD and PHD histone modification-binding do-
mains causes distinct H3K9me3-binding behaviour
of mUHRF1 V1. Structural analysis suggests that
in MUHRF1 V1, in contrast to V2 and hUHRF1, the
linker is anchored in a surface groove of the TTD
domain, resulting in creation of a coupled TTD-PHD
module. This establishes multivalent, synergistic H3-
tail binding causing distinct cellular localization and
enhanced H3K9me3-nucleosome ubiquitylation ac-
tivity. In contrast to hUHRF1, H3K9me3-binding of
the murine proteins is not allosterically regulated by
phosphatidylinositol 5-phosphate that interacts with
a separate less-conserved polybasic linker region of
the protein. Our results highlight the importance of
flexible linkers in regulating multidomain chromatin

binding proteins and point to divergent evolution of
their regulation.

INTRODUCTION

Various posttranslational modi cations (PTM) of histone
proteins establish binding sites for chromatin factors and
serve as platforms for integrating different cellular processes
(1). A number of specialized domains that recognize spe-
ci ¢ histone PTMs have been characterized. For example,
chromo, chromobarrel, tudor, MBT and PWWP domains
bind to histone methylation marks, bromodomain (2) and
tandem PHD domains (3,4) recognize acetylation marks
and SH2, BRCT, WD40 and 14-3-3 domains interact with
phosphorylation marks (5). Many chromatin-binding pro-
teins and chromatin-targeted complexes contain several do-
mains and factors that recognize histone PTMs. The dif-
ferent domains either work individually/independently or
in combination (bi-/multivalent or synergistic) with each
other. Bi- or multivalent interactions potentially enhance
overall chromatin binding. Yet, for most systems it is un-
clear to what degree there is synergy between individual hi-
stone PTM-binding domains (i.e. binding strength of the
combined domains is more than the sum of the individual
domains). Also, whether multivalent or synergistic engage-
ment with speci ¢ modi cation sites on chromatin is consti-
tutive or whether the usage of individual binding domains
in composite proteins or complexes is regulated remains to
be addressed.

Ubiquitin-like with PHD and RING Finger domains
1 (UHRF1), also known as Nuclear Protein of 95 kDa
(NP95) in mouse, is a multi-domain nuclear factor contain-

*To whom correspondence should be addressed. Tel: +966 120802498; Email: wolfgang. schle@kaust.edu.sa
TThe authors wish it to be known that, in their opinion, the rst four authors should be regarded as joint First Authors.

¢ The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

020z AInr g0 uo Jasn ABojouyos | pue 8ousIog 10 AlsIaAlUn ye(inpay Bury AQ 8019985/0Z25E.YB/IBU/SE01 "0 /I0p/10BISqe-8]01lE/eu/Wwod dno"olwapeoe//:sdiy Wol) papeojuMO(]


http://orcid.org/0000-0002-2335-8932

2 Nucleic Acids Research, 2020

ing a combination of three domains recognizing different
chromatin marks paired with enzymatic E3 ubiquitin lig-
ase activity. From N- to C-terminus the protein is com-
posed of a ubiquitin-like domain (UBL), a tandem tudor
domain (TTD), a plant homeodomain (PHD), a SET and
RING-associated (SRA) domain, and a ‘really interesting
new gene’ (RING) domain. The functionally and struc-
turally de ned domains of UHRF1 are connected by linker
regions of various lengths (Figure 1A). The TTD recog-
nizes the H3K9me3 mark (6,7) and K126me of DNA lig-
ase 1 (LIG1) (8). The PHD interacts with the unmodi ed
N-terminus of H3 (9), while the SRA domain binds hemi-
methylated DNA (10,11). The RING domain has E3 ubig-
uitin ligase activity for histone H3 residues K14, 18 and/or
23 (12,13). Recently, the UBL was shown to be essential for
H3 ubiquitylation in a nucleosomal context (14).

UHRF1 is involved in regulation of the cell cycle and
replication-dependent DNA damage control (15-19). Dele-
tion of UHRF1 in mice results in severe loss of global
DNA methylation and embryonic lethality after gastrula-
tion (20). Indeed, UHRF1 has emerged as an essential pro-
tein for DNA maintenance methylation (20,21). The protein
is thought to recognize hemimethylated DNA in chromatin
context, an event that triggers its H3 ubiquitylation activ-
ity (22,23). Ubiquitylated H3 in turn has been implied in
recruiting the maintenance methyltransferase DNMT1 to
nascent chromatin (24-26).

Based on other and our work, we have proposed before
that the multivalent interaction of UHRF1 with histone and
DNA modi cations is dictated by linker-mediated inter-
domain communication within UHRF1 (27). For instance,
we have shown that UHRFL1 histone-binding is allosteri-
cally regulated by the phosphatidylinositol phosphate P15P.
This ligand binds to a polybasic region (PBR) of Linker 4.
In the apo state the PBR is bound to the TTD thereby block-
ing its interaction with the H3-tail. PI5P-binding releases
the PBR from the TTD, which in turn enables recognition
of H3K9me3 (28).

The sequences and structural details of the different do-
mains of UHRF1 are highly conserved (29) (Figure 1A). It
is, therefore, mostly assumed that UHRF1 proteins of dif-
ferent origin share a common mode of action. As a result,
different studies have used UHRF1 proteins from different
species (e.g. Homo sapiens, Mus musculus, Danio rerio and
Xenopus laevis) interchangeably and made generic interpre-
tations about the function of the protein (6,12,14,21,30,31).
Yet, the sequence variability of the exible linkers in dif-
ferent species has until now not been taken into consid-
eration. In this study, we identi ed two murine UHRF1
splicing variants, which only differ in the Linker 2 between
the TTD and PHD by an insertion of nine amino acids
(Figure 1A). This results in altered subnuclear localiza-
tion, recruitment to H3K9me3 and H3 ubiquitylation ac-
tivity of the protein. Using functional and structural ap-
proaches, we elucidated the molecular mechanisms that give
rise to different functional outcomes of mouse variants
and human UHRFL1. Our results highlight the importance
of exible linkers in regulating multidomain chromatin-
binding proteins and point to divergent evolution of their
regulation.

MATERIALS AND METHODS
MRNA expression analysis

Mouse mm10 transcriptome data (Poly-A plus RNAseq)
for available tissue categories and different em-
bryo stages were obtained from http://genome.crg.es/
encode_RNA _dashboard. Reads were mapped to genome
version mm10 and quanti ed using STAR aligner (32)
and HTseq (33). Four different mUHRF1 transcript
annotations from GencodeM24 were used for quanti ca-
tion: MUHRF1 V1 is encoded by transcripts Uhrf1-201
(ENSMUST00000001258.10) and Uhrf1-204 (ENS-
MUST00000113039.4), mUHRF1 V2 is encoded by
transcripts Uhrf1-202 (ENSMUST00000113035.3) and
Uhrf1-203 (ENSMUST00000113038.3). Proportion of
transcripts (TPM — transcripts per million) was estimated
from the HTseq read count. Visualization of quanti ed
transcript variants was performed using clustergrammer
(34).

Recombinant proteins

cDNAs representing full-length and individual domains
of hUHRF1, mUHRF1 V1 and V2 were cloned into the
petM13 vector (EMBL) for expression of 6x His-tag and/
or Myc-tag fusion proteins. Proteins were expressed in
BL21(DE3) RIL bacteria growing in 2x YT media, puri-

ed using HisPur Cobalt-Resin (Thermo-Fisher-Scienti c)
and dialyzed to storage buffer (50 mM Tris—=HCI pH 7.5,
150 mM NacCl, 10% (v/v) glycerol, 1 mM DTT). After con-
centration using Amicon Ultra centrifugation Iter units,
proteins were stored at 4°C or —20°C. Further details are
available upon request.

Peptides

The following peptide backbones were obtained from
Synpeptide Co., Ltd: H3 aa 1-15 (ARTKQTARKSTG
GKA) and H3 aa 1-20 (ARTKQTARKSTGGKAPRK
QL). Modi cations (K9 trimethylated or R2 symmetrically
dimethylated and K9 trimethylated) and functionalization
(labelling with biotin or uorescein) were incorporated at
synthesis. mPBR corresponds to the sequence SKTGKS
KQKSTGPTLS and hPBR to GKGKWKRKSAGGGPS.

Cell culture and transfection

Tissue culture cells were maintained at 37°C, 5% CO,
in DMEM media supplemented with 10% (v/v) FCS
and 1% (v/v) MEM-NEAA with the following additions:
U20S (human osteosarcoma), NIH-3T3 (murine brob-
last) with 1 g/l glucose and 1= GlutaMAX; MCF7 (hu-
man breast cancer) with 1 g/l glucose and 2x Gluta-
MAX; and C127 (mouse mammary gland) cells with 4.5
g/l glucose and 1x GlutaMAX. For transfection of hu-
man and murine cell lines, cDNAs corresponding to full-
length hUHRF1, mUHRF1 V1 and V2 were cloned into
pmCherry-C1 or pEGFP-N2 vectors (Clontech) for expres-
sion with mCherry- or EGFP-tags, respectively. Cells were
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seeded into 10 cm dishes for lysate preparation or on cov-
erslips for immuno uorescence. U20S, MCF7 and NIH-
3T3 cells were transfected using Lipofectamine LTX Kit
(Thermo-Fisher-Scienti c). C127 cells were electroporated
using the Neon electroporation system (ThermoFisher Sci-
enti c) at 1400 V, with two pulses of 20 ms.

Immuno uorescence

Cells were xed with 4% (v/v) formaldehyde in cell cul-
ture media (10% FCS supplemented) and permeabilized
three times 5 min with 0.1% Triton X-100 (v/v) in PBS.
Cells were then incubated with primary antibody (rabbit
anti-H3K9me3, Active Motif 39161, 1:500) in PBS, 4%
(v/v) FCS overnight. After washing three times 10 min
in PBS, secondary antibody (anti-rabbit Alexa Flour®
488, A21206, or anti-rabbit Alexa Flour® 568, A10042,
Thermo Fisher, 1:500) was added in PBS, 4% (v/v) FCS
for 1.5 h. DNA was stained with 1  g/ml DAPI for 2 min
and slides were mounted with 40 | ProLong® Diamond
anti-fade mountant. Immuno uorescence analysis was per-
formed blinded on Zeiss LSM 710 or Leica SP6 microscopes
at 63> magni cation. For Fiji intensity plots three-colour
merged images were generated in Adobe Photoshop. Lin-
ear image manipulation was done where necessary. Fiji was
used to mark a region of interest, for which a three-colour
intensity plot was computed.

Flow cytometry

Cells were trypsinized and resuspended in PBS for analysis
on a BD FACSCanto™. Cell populations were gated based
on forward and side scatter. mCherry or EGFP uorescence
were recorded in the PI channel (ex 488 nm, em 610/10)
or in the GFP channel (ex 488 nm, em 530/30), respec-
tively. Post-recording analysis was performed using FloJo
software.

Nuclear extracts

Cellsin 10 cm dishes were transfected at 50% con uency. At
80% con uency cells were washed once with cold PBS, be-
fore being scraped, pelleted and lysed in 100 | PBS, 0.1%
(v/v) NP40 by pipetting. Nuclei were recovered by short
centrifugation and the supernatant was discarded. After
washing once with ice-cold PBS, nuclei were lysed succes-
sively in 100 | strip buffer (10 mM Tris—-HCI pH 7.4, 1 mM
EGTA, 1.5 mM KCI, 5 mM MgCl,, 290 mM sucrose, 0.1%
(v/v) Triton X-100, 1 mM DTT, 1= cOmplete mini EDTA-
free (Roche)), 100 I low/medium/high salt lysis buffer (20
mM HEPES-KOH pH 7.9, 25% glycerol, 200/400/800 mM
KCI, 1.5 mM MgCl,,0.2mM EDTA,1mM DTT, 1x cOm-
plete mini EDTA-free (Roche)) for 5 min on ice each. Super-
natants were combined and salt concentration was adjusted
to 150 mM KCI with lysis buffer without KCI. Extract was
cleared at 21 000 = g for 5 min and directly used for pull-
down experiments.

Peptide pull-down

40 | streptavidin paramagnetic beads (Promega) per pull-
down were washed three times with PD150 buffer (20 mM
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HEPES-KOH pH 7.9, 150 mM KClI, 0.2% (v/v) Triton X-
100, 20% (v/v) glycerol). 10 g synthetic, biotin-labelled H3
aa 1-20 peptides were added in PD150 buffer for 1 h at RT
with rotation. Beads were washed three times with PD150
buffer before adding 200 | nuclear extract for 3 h at 4°C
with rotation. Beads were washed three times 5 min with
PD150; all supernatant was discarded, and the beads were
eluted in 20 | 1.5% SDS loading buffer (94 mM Tris—HCI
pH 6.8, 3% (w/v) SDS, 6.5% (v/V) glycerol, 150 g/ ml bro-
mophenol blue, 15 mM TCEP).

Co-immunoprecipitation

10 | Myc-tag mouse mAB magnetic bead conjugate
(Pierce) were washed once with PBS and twice with 1P150
buffer (50 mM Tris—HCI, pH 8, 150 mM NaCl, 5% (v/v)
glycerol, 0.05% (v/v) Triton X-100). 0.44 nmol recombinant
m/hUHRF1 Myc-PBR-RING was added for 3 h at 4°C
with rotation in 100 | IP150 buffer, 5% (w/v) BSA. Re-
actions were supplemented with 0.44 nmol of recombinant
6> His tagged TTD-PHD of hUHFR1, mUHRF1 V1 or
V2 in 100 | IP150 buffer, 5% (w/v) BSA. After 3 h incu-
bation, reactions were washed four times 1 min in 150 |
IP150 buffer and eluted in 20 11.5% SDS loading buffer.

Western blotting

Samples in SDS loading buffer were boiled for 5 min and
run on 10% or 15% polyacrylamide gels. After transfer to
nitrocellulose or PVDF, membranes were blocked in PBST,
5% (w/v) dry milk powder or 2% (w/v) BSA. Primary
antibodies were added in blocking buffer overnight: rab-
bit anti-mCherry (ThermoFisher, PA5-34974, 1:10 000);
mouse anti-HP1 (Millipore, MAB-3448, 1:1000); mouse
anti-GFP (Santa Cruz, sc-9996, 1:1000 to 1:5000); mouse
anti-UHRF1 (Santa Cruz, sc-373750, 1:1000); mouse anti-
His-tag (Santa Cruz, sc-57598, 1:500); mouse anti-FLAG
(Sigma, F1804, 1:2000). Membranes were washed three
times 10 min with PBST and incubated with secondary
antibodies (anti-rabbit HRP, Dako, P0399, 1:10 000; anti-
mouse HRP, Dako, P0447, 1:10 000 or anti-mouse IRDye
800CW, LI-COR Biosciences, 926-32210, 1:10 000) in
blocking buffer for 1 h at room temperature. Membranes
were washed three times 10 min with PBST and incu-
bated with ECL substrate for 2 min before imaging on a
ChemiDoc (Bio-Rad) or dried and imaged on a LI-COR
Odyssey® CLx.

Quantitative binding measurements

Fluorescence polarization (FP) analysis was carried out as
described (28) on HIDEX PlateChameleon or TECAN In-
nite M1000 Pro plate readers at RT.

For microscale thermophoresis (MST), 6x His-tagged
proteins were labelled using Monolith His-tag labelling kit
RED-tris-NTA (NanoTemper; MO-L008). 400 nM protein
was incubated with 100 nM His-tag labelling dye in MIST
buffer (20 mM HEPES-NaOH pH 7.9, 150 mM NacCl,
0.05% (v/v) Tween-20) for 30 min at room temperature, fol-
lowed by centrifugation at 15 000 < g for 10 min at 4°C.
Titration series of 50 nM  uorophore-labelled protein with

020z AInr g0 uo Jasn ABojouyos | pue 8ousIog 10 AlsIaAlUn ye(inpay Bury AQ 8019985/0Z25E.YB/IBU/SE01 "0 /I0p/10BISqe-8]01lE/eu/Wwod dno"olwapeoe//:sdiy Wol) papeojuMO(]



4 Nucleic Acids Research, 2020

peptides or 16:0 phosphatidylinositol 5-phosphate (Eche-
lon P5016) were incubated at room temperature for 15 min
before measuring on Monolith NT.115 (NanoTemper, 80%
LED power, 40% MST power). Data points were tted us-
ing the following equation:

AL=Y,  ([Agl+[Lol+Ko) = (Aol +[Lol +Ko)Y—4 [Ag] [Lol

K p, dissociation constant; [Ag], concentration of uores-
cent molecule; [Lo], concentration of ligand/binding part-
ner; [AL], concentration of the complex of A and L.

All FP and MST binding measurements were performed
as biological and technical replicates with at least two in-
dependent protein preparations. Raw uorescent values of
each data set were normalized using the following formula:

y = (Yo—min)/ (max — min)

where max and min values were de ned from the curve t-
ting to a single binding site model. Normalized data were
averaged and plotted using GraphPad Prism.

Nucleosome reconstitution

Nucleosomes were reconstituted as described (35), using re-
combinant H. sapiens core histones and 187 bp DNA frag-
ments containing the 601 DNA sequence at its centre (36).
H3K9me3 was generated by native chemical ligation as de-
scribed (37).

Ubiquitylation assays

Reactions were performed in 20 L volume containing 0.5

M UHRF1, 100 nM E1 activating enzyme, 200 nM E2
UbcH5b (Boston Biochem), 5 mM Mg-ATP,5 M FLAG-
ubiquitin (Boston Biochem), 20 mM HEPES-NaOH pH
7.9, 100 mM NaCl, and 1 M nucleosomes at 24°C. Incu-
bations were stopped by adding SDS-PAGE loading buffer
and boiling.

NMR

NMR spectra were acquired on Bruker spectrometers
operating at 500, 600 or 800 MHz, equipped with TCI
cryoprobes in 20 mM sodium phosphate pH 7.5, 150
mM NaCl, 5 mM DTT, 5 mM beta-mercaptoethanol, 2
mM TCEP and 10 M ZnSO,. 'H, BC and *N reso-
nance assignments were determined for >N/*3C-labelled
hTTD-Linker 2 (hUHRF1126 301, 88% complete) and
mTTD-Linker 2 V1 (IMUHRF1112, 304, 85% complete)
and mPHD (mUHRF1 V1303330, 96% complete) using
FMCGUI (38) based on the following 3D triple and double-
resonance NMR experiments: HNCO, CBCA(CO)NH,
HBHA(CO)NH, HNCA, (H)CCH-TOCSY and H(C)CH-
TOCOSY, '°N-edited NOESY-HSQC and 3C-edited
NOESY-HSQC. Aromatic ring resonances were assigned
using a 3D *3C-edited NOESY spectrum with carbon
pulses centred at 122 ppm. All 3D spectra were acquired
with non-uniform sampling in the indirect dimensions and
were reconstructed by multi-dimensional decomposition
software MDD-NMR (39) or gMDD (40), interfaced with
NMRPipe (41).

Distance restraints for structure calculations were de-
rived from cross-peaks in the NOESY-HSQC spectra. Peak
picking was performed manually using Sparky (T.D. God-
dard and D.G. Kneller, SPARKY 3, University of Califor-
nia, San Francisco). Torsion angle restraints were derived
from TALOS+ (42). Hydrogen bond restraints were applied
only for residues that were clearly in secondary structure
regions as judged by NOE patterns, and chemical shifts
supported by TALOS+. Automated NOE assignments and
structure calculations were performed using CYANA 2.1
(43). The best 20 of 100 CYANA-calculated structures were
re ned with CNSSOLVE (44) by performing a short re-
strained molecular dynamics simulation in explicit solvent
(45). The nal 20 re ned structures compose the NMR en-
semble. The quality of the NMR structures was assessed by
PSVS (46). For mPHD, to nd out which residues are co-
ordinating the three Zn ions, the initial structural ensem-
ble was determined using only NOE distance and dihedral
angle restraints, without including the Zn ions in the cal-
culation. The Zn1 ion is coordinated by four Cys residues
(Cys307, Cys310, Cys318 and Cys321), the Zn2 ion is coor-
dinated by three Cys and one His residues (Cys323, Cys326,
His346 and Cys349), and the Zn3 ion is coordinated by
four Cys residues (Cys338, Cys341, Cys365 and Cys368).
Both the C and C chemical shifts for all eleven coordi-
nating Cys residues were in good agreement with what is
expected for Cys ligated to a zinc ion (47). The position
of the His346 side chain was well de ned by 13 experimen-
tal NOE distance restrains, and they clearly indicated that
N 1 (not Ne2) is ligated to the Zn2 ion. Additional non-
experimental distance restraints involving zinc and its co-
ordinating residues were introduced in the CYANA calcu-
lation for the nal ensemble. In order to maintain proper
tetrahedral geometry around coordinated Zn, the distances
between pairs of atoms (i.e. Zn-CysS ,Zn-CysC ,HisN ;-
Zn, His N 1-Cys S and Cys S -Cys S ) were restrained as
previously described (48). These restraints were suf cientto
keep the zinc coordination geometry intact.

SAXS and molecular modelling

Samples were measured in 20 mM HEPES-NaOH pH
7.5, 150 mM NacCl, 10 M znCl,, 0.5 mM TCEP and 2
mM DTT at the beamline 12-1D-C of the Advanced Pho-
ton Source, Argonne National Laboratory (14.0 keV, wave-
length = 0.8856 A, sample to detector distance = 1.9 m
to achieve a g range of 0.0045 < q < 0.990 A, where q
= (4 / )sin ,and 2 is the scattering angle). Thirty 2D
SAXS intensity maps were recorded with a Pilatus 2 M pixel
detector with an exposure time of 0.5-1.0 s. Data were anal-
ysed with ATSAS 2 (49). The experimental radius of gy-
ration, Ry, was calculated from data at low g values using
the Guinier approximation. The pair distance distribution
function (PDDF), p(r), and the maximum dimension of the
protein, Dnyax, in real space was calculated with the indi-
rect Fourier transform using GNOM (50). Estimation of the
molecular weight of samples was obtained by both SAXS-
MOW (51,52) and by using the Volume of correlation, V.
(53). The theoretical scattering intensity of the atomic struc-
ture model was tted to the experimental scattering inten-
sity using FOXS (54).

020z AInr g0 uo Jasn ABojouyos | pue 8ousIog 10 AlsIaAlUn ye(inpay Bury AQ 8019985/0Z25E.YB/IBU/SE01 "0 /I0p/10BISqe-8]01lE/eu/Wwod dno"olwapeoe//:sdiy Wol) papeojuMO(]



We used SAXS data in combination with rigid-body
modelling to test the conformational exibility of TTD-
PHD modules. Ry distributions were calculated by SAXS-
driven ensemble tting using SES method (55). Initial en-
semble consisting of 30 000 possible relative con gurations
of TTD and PHD domains were generated by RANCH
(56,57). In the simulations, Linker 2 between the PHD and
TTD (residues 279-306 and 279-298 for mMUHRF1 V1 and
V2, respectively) were assumed to be exible, so that the ini-
tial ensemble of conformations represents all possible ran-
dom con gurations of the TTD-PHD modules.

RESULTS

A splicing variant of mMUHRF1 shows altered subnuclear lo-
calization and recruitment to H3K9me3

Previous studies reported con icting results regarding the
mechanisms of UHRFL1 recruitment to chromatin and the
requirement of different UHRF1 domains for DNA main-
tenance methylation. For example, while several studies
show that both functional TTD and/or PHD domains are
required for chromatin binding, focal nuclear localization,
and the DNA maintenance methylation function of human
and mouse UHRF1 (7,28,30), it is still under debate which
chromatin ligand is actually involved in UHRF1 recruit-
ment: H3K9me2/3, TOP2A, LIG1 or others (7,8,31,58).
Moreover, results obtained from other studies suggest that
the SRA domain and hemimethylated DNA are the pri-
mary determinants for UHRF1 chromatin localization and
DNA maintenance methylation (12,20,59-61). Another re-
port implied that DNA binding by the SRA domain is im-
portant for chromatin localization, but its ability to specif-
ically recognize hemimethylated DNA is not (22). Two re-
cent studies found that a functional TTD is not required
for DNA methylation maintenance in mice (61) or human
cancer cells (62). These con icting results might be partially
due to murine UHRF1 (mMUHRF1) and human UHRF1
(hUHRF1) proteins being regarded as interchangeable and
being studied in various cell systems where species were not
always matched (7,12,20,28,30,31,59). We uncovered that,
in mouse, alternative splicing of exon eight gives rise to
two different variants of mUHRF1 only differing in the
mLinker 2 region between the mTTD and mPHD histone
modi cation reader domains. According to NCBI nomen-
clature, we refer to mfUHRF1 V1 as the variant that has, to
our knowledge, been used by all previous studies. mLinker
2 V1 has an insertion of nine amino acids in its centre com-
pared to variant 2 (V2). mLinker 2 V2 is, in contrast, highly
similar to hLinker 2 (Figure 1A).

In the absence of antibodies that could distinguish the
two mMUHRF1 proteins, we analysed RNA-seq data from
different mouse developmental stages as well as different
adult tissues (8 weeks old mice) to determine expression
of four mMRNA species corresponding to the two protein
variants. Both variants are expressed as two mRNAs each
that differ in their 5 UTR (mMUHRF1 V1: Uhrf1-201 and
-204, mUHRF1 V2: Uhrfl1-202 and 203). We found that
mUHRF1 V1 is the predominantly expressed isoform, both
during embryonic development and in adult tissues (Sup-
plementary Figure S1). As expected from its role in main-
tenance DNA methylation, mMUHRF1 expression is high-
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est in tissues with actively and rapidly dividing cells: the in-
testine, immune system compartments (thymus, bone mar-
row, spleen), as well as the gonads and reproductive or-
gans (mammary gland, placenta). The stomach and duo-
denum are the only organs displaying higher expression of
MUHRF1 V2 compared to V1. Terminally differentiated
cells (brain, muscle cells, kidney, liver) show low to unde-
tectable mRNA levels for both mUHRF1 variants. Consis-
tently, all early embryonic developing tissues (E11.5, E14)
express high levels of mMUHRF1, which decreases with mat-
uration of the embryo, and its organs (E14, E14.5, E18)
(Supplementary Figure S1).
Because of the observed differences in the expression pro-
les of MUHRFL1 splicing variants, we reasoned that they
might have distinct biological properties. We rst analysed
the subnuclear localization of the two murine UHRF1 vari-
ants and the human protein, hypothesizing that this might
reveal divergent functionalities. We transiently expressed
mCherry-tagged hUHRF1, mUHRF1 V1, V2 or Lacl in
different human as well as murine cell lines. Co-localization
of the mCherry-tagged proteins with DAPI-dense regions
and H3K9me3 in the nucleus of these cells was examined
using confocal microscopy and subsequent analysis via Fiji
intensity plots (Figure 1B, Supplementary Figure S2A). To
exclude effects of differing expression on the observed vari-
ations in subnuclear distribution, we veri ed comparable
protein concentrations on the level of cell culture ensem-
bles by western blotting (Supplementary Figure S2B) and
in individual cells using ow cytometric analysis (Supple-
mentary Figures S3 and S4). Regardless of the differences
in transfection ef ciency and global expression levels of the
three proteins in different cell systems, we found a repro-
ducible pattern in all investigated cell lines (Figure 1B, C).
In human U20S osteosarcoma, human MCF7 breast can-
cer, mouse C127 mammary gland and mouse NIH-3T3 -
broblast cells a signi cantly smaller fraction showed co-
localization of mCherry-hUHRF1 (13%, 34%, 19% and
13%, respectively) and mCherry-mUHRF1 V2 (10%, 21%,
23% and 17%, respectively) with H3K9me3 when compared
to mCherry-mUHRF1 V1 (35%, 71%, 53% and 36%, re-
spectively). Based on these observations, we concluded that
the chromatin association of the two murine and single hu-
man UHRF1 proteins are distinct.

Previous studies suggested that the connected TTD and
PHD (TTD-PHD module) regulate subnuclear localization
and UHRF1 ubiquitylation activity. However, the impor-
tance of the TTD domain in chromatin targeting of UHRF1
is still under debate (7,59,61,62). Since we found signif-
icant differences in subnuclear localization in respect to
H3K9me3, we mutated the aromatic cage in the mTTD do-
main (mTTD*: Y184A/Y187A) and overexpressed EGFP-
MUHRF1V1and V2WTand TTD*in C127 and NIH-3T3
cells (Figure 1D, Supplementary Figure S5A). Using con-
focal microscopy, we analysed the co-localization of EGFP
with H3K9me3 and found that mutation of the mTTD de-
creased MUHRF1 V1 co-localization with H3K9me3 to
the level of MUHRF1 V2 (Figure 1E, Supplementary Fig-
ure S5B). mMUHRF1 V2 TTD* displayed even lower co-
localization with H3K9me3 in both cell lines. These results
indicated that a functional mTTD domain is essential for
MmUHRF1 subnuclear localization.
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Figure 1. The subcellular localization of mMUHRF1 V1 is different from mUHRF1 V2 and hUHRF1. (A) Scheme illustrating domain structure and se-
quence conservation of mouse and human UHRF1 (according to ClustalV). UBL, ubiquitin-like domain; TTD, tandem tudor domain (TTDn-TTDc);
PHD, plant homeodomain; SRA, SET and RING associated domain; RING, really interesting new gene domain. Multiple sequence alignment (PRA-
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