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DNA hypomethylation activates Cdk4/6 and Atr to induce
DNA replication and cell cycle arrest to constrain liver
outgrowth in zebrafish
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Abstract

Coordinating epigenomic inheritance and cell cycle progression is essential for organogenesis. UHRF1 connects these functions during develop-
ment by facilitating maintenance of DNA methylation and cell cycle progression. Here, we provide evidence resolving the paradoxical phenotype
of uhrf1 mutant zebrafish embryos which have activation of pro-proliferative genes and increased number of hepatocytes in S-phase, but the
liver fails to grow. We uncover decreased Cdkn2a/b and persistent Cdk4 /6 activation as the mechanism driving uhrf1 mutant hepatocytes into
S-phase. This induces replication stress, DNA damage and Atr activation. Palbociclib treatment of uhrf7 mutants prevented aberrant S-phase
entry, reduced DNA damage, and rescued most cellular and developmental phenotypes, but it did not rescue DNA hypomethylation, transposon
expression or the interferon response. Inhibiting Atr reduced DNA replication and increased liver size in uhrf1 mutants, suggesting that Atr
activation leads to dormant origin firing and prevents hepatocyte proliferation. Cdkn2a/b was downregulated pro-proliferative genes were also
induced in a Cdk4/6 dependent fashion in the liver of dnmt7 mutants, suggesting DNA hypomethylation as a mechanism of Cdk4/6 activation
during development. This shows that the developmental defects caused by DNA hypomethylation are attributed to persistent Cdk4/6 activation,
DNA replication stress, dormant origin firing and cell cycle inhibition.
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Introduction on CpG-dense transposons and absent from CpG islands in
Cell proliferation during organogenesis requires precise co- promoters. This pattern is essential for transposon suppres-
ordination of the machinery that replicates the genome with sion (3), is established during early development and is main-

those that pattern the epigenome. During S-phase, both CpG  tained during DNA replication through interactions between
density and the chromatin landscape influence when, where  proteins at the replication fork. Newly synthesized DNA is
and the efficiency with which the origins of replication fire unmethylated and the hemimethylated structure of DNA that
(1,2). Widespread changes to the epigenome change this land- is generated during replication is recognized by Ubiquitin-
scape, and thus the epigenetic repatterning that occur during like, containing PHD and RING finger domains, 1 (UHRF1)
development, aging or in cancer can influence the pattern,  which, through a base flipping mechanism (6-9), allows DNA

timing and successful progression of DNA replication (3,4). methyltransferase 1 (DNMT1) to access and methylate cy-
The mechanism by which cells in the developing embryo cou-  tosines on the daughter strand (10-12). Both proteins are
ple epigenetic patterning with efficient DNA replication isnot ~ anchored to the DNA replication fork (13,14) through in-
well understood. teractions with PCNA (12), LIG (15) and modified histones

DNA methylation is the best studied epigenetic mark. There (12,16,17). In a cell free extract system, Uhrfl was shown
is little variation in the DNA methylation pattern across  to load onto chromatin prior to origin licensing and to be
healthy somatic cells as in nearly all cell types, it is enriched required for origin replication complex (ORC) binding and
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origin firing (18). Thus, the colocalization and coactivity of
the methylation and replication factors assures faithful prop-
agation of methylation patterns from parent to daughter cells
and can coordinate these two processes.

The factors essential for DNA replication and maintenance
DNA methylation are able to act together because their ex-
pression is co-regulated. UHRF1, DNMT1 and all of the genes
required for DNA replication are targets of the E2F fam-
ily of transcription factors (19-23). E2F is activated when
retinoblastoma (Rb1) becomes phosphorylated by the cyclin-
dependent kinases 4/6 (CDK)-Cyclin D complex which drives
cells from G1 into S-phase. Therefore, the downstream conse-
quence of CDK4/6 activation in response to mitogen stimula-
tion assures that the factors required for both DNA replication
and DNA methylation are present as cells enter S-phase. This
coupling is essential, as in both during development and in
cancer cells, inactivation of either UHRF1 or DNMT1 blocks
cell proliferation (24-32).

Just as cell cycle regulatory pathways can regulate DNA
methylation, the chromatin landscape can influence the cell
cycle. For instance, repressive epigenetic marks restrict acces-
sibility of E2F to it’s target genes, and removal of repressive
marks is essential for E2F function (33). The redistribution of
repressive epigenetic marks during malignant transformation
in many cell types leads to repression of the tumor suppres-
sor, Cdkn2a (i.e. p16INK**), and thereby alleviates it’s repres-
sion of Cdk4/6, and provides a constitutive signal to enter
S-phase (34). A causative relationship between DNA methy-
lation machinery and DNA replication was demonstrated by
the finding that DNMT1/DNMT3B deficient cells have ran-
domized replication timing (35). These examples demonstrate
the complexity of the interplay between the ubiquitous cell
cycle machinery and epigenetic modifiers to ensure fidelity of
the epigenetic patterns as cells proliferate. Most studies link-
ing epigenetic changes to the cell cycle are carried out in the
context of cancer or using in vitro models, and it is not known
whether similar mechanisms are at play during the rapid cell
cycles that take place during vertebrate development.

The developing liver provides an optimal model to study
this relationship, as liver outgrowth is mediated by prolifer-
ation of differentiated hepatocytes. In zebrafish, hepatocytes
are specified and determined during the organogenesis stage
of development (between 24-48 hpf) (36,37) and the differen-
tiated hepatocytes proliferate while the liver undergoes mor-
phogenesis during hepatic outgrowth. This stage is largely
complete by 120 hpf (38). A few studies indicate that the
mechanisms of cell cycle regulation during hepatic outgrowth
utilize the same signaling pathways that control proliferation
in most other cell types. For instance, genetic approaches in
mice showed that E2F regulates hepatocyte proliferation dur-
ing liver development and regeneration (39,40) and that hepa-
tocyte specific knockout of Rb1 is sufficient to promote cell cy-
cle entry, increased ploidy and generated large nuclei in post-
natal and adult mouse hepatocytes (41,42). We discovered a
functional relationship between ubhrf1 and cell cycle progres-
sion during hepatic outgrowth in zebrafish. ubrf1 mutant em-
bryos have multiple developmental abnormalities, including
small head, defective gut, defective jaw, and a properly pat-
terned liver that fails to grow (26,29,43). These phenotypes
are first evident between 80-96 hours post fertilization (hpf)
and are exaggerated at 120 hpf, resulting in lethality by 10
days post fertilization (dpf) (28). The cellular phenotypes of
ubrfl deficient hepatocytes are similar to those of dnmt1 mu-
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tants: both have large, misshapen nuclei, near complete loss
of nuclear structures (44), and widespread cell death (26,28),
which is dependent on Tnfa (45). Paradoxically, at 120 hpf,
when DNA replication is complete in wild-type larvae (WT),
nearly half of all uhrf1 mutant hepatocytes continue to repli-
cate their DNA and mutants have a gene expression signature
typical for proliferating cells (28) but the liver fails to grow.
The size of ubrfl mutant hepatocyte nuclei is nearly dou-
ble that of controls (44), a phenotype that reflects increased
ploidy (46). From this, we conclude that #hrf1 mutant hepato-
cytes are arrested in S-phase, and undergo DNA rereplication.
As in all other systems studied (10,11,29,47,48), ubrf1 and
dnmi1 deficient zebrafish have DNA hypomethylation, which
unleashes transposons that act as viral mimetics and trigger an
interferon response (45,49). The mechanisms that contributes
to the cell cycle defects in #hrf1 mutants is not known and,
more broadly how DNA methylation causes developmental
defects also remains unclear.

Here, we reconcile the paradoxical observation that ubrf1
zebrafish mutants a cellular and molecular phenotype as-
sociated with increased DNA replication and cell prolifera-
tion but the liver fails to grow. We identify Cdk4/6 activity
as the mechanism giving rise to most of the developmental
and cellular defects in ubrfl mutants, except for DNA hy-
pomethylation, transposon activation and induction of the
interferon response. The Cdk4/6 inhibitor, Palbociclib, res-
cues all embryonic morphological defects in #hrf1 mutants,
including liver size, DNA replication, nuclear enlargement,
cell death and larval survival. Cdk4/6 signaling is also acti-
vated in dnmtl mutants, and both mutants show cases, the
Cdk4/6 inhibitor suggesting that DNA hypomethylation as
the underlying mechanism. Since DNA replication does not
occur in dnmtl mutants and Dnmt1 depletion in ubrfl mu-
tant hepatocytes blocks DNA replication, we concluded that
Dnmtl is essential at the replication fork (13,14). ubrf1 mu-
tants have replication stress and DNA damage, which induces
the Ataxia Telangiectasia And Rad3 Related (Atr) pathway,
and we show that DNA replication and the small liver size
in uhrfl mutants in part requires Atr signaling. These data
provide new mechanistic insight into the interaction between
key cell cycle regulatory pathways and DNA methylation dur-
ing development, indicate the importance of the Cdk4/6 path-
way as mediating the cellular consequences of Uhrfl deple-
tion. This also suggests that the important chemotherapeutic,
Palbociclib, may modulate the cellular response to epigenetic
defects.

Materials and methods

Biological resources

Adult zebrafish were maintained in a circulating aqua-
culture system on a 14:10 hours light: dark cycle at
28°C. The ubrf1"272 allele (50) was maintained by geno-
typing adults by PCR to identify heterozygous carriers
as described (26). Homozygous mutant embryos were
generated by crossing heterozygous adults and were
identified based on distinctive phenotypes as described
(26,28,29) or by genotyping individual embryos as de-
scribed (26). Tg(fabp10a: nls-mCherry)subrf1”272+/~ and
Tg(fabp10a: CAAX-EGEP);ubrf1"272+/= were used for all
experiments to enable liver detection (51). Homozygous
ubrf1"27>"mutant larvae are hereafter called uhrfl1=/~. Ho-
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mozygous dnmt1*°°*/~ mutants (dnmt1~/~) were generated
by crossing dnmt15°0%/= adults in dnmt15°0%/~;Tg(c269°;
10XUAS:dsRed); (fabp10a:Gal4; cmlc2:EGFP) background
to monitor DNA methylation in the liver as described (45).
All protocols were approved by the NYU Abu Dhabi Institu-
tional Animal Care and Use Committee (IACUC; protocol #
for zebrafish: 22-0003A3).

Mice maintenance and experiments were approved by the
New York University Abu Dhabi IACUC (protocol # for mice:
20_0006A4). Temperature, humidity, and light:dark cycles
were controlled and mice were fed standard chow and water
ad libitum. C57BL/6 mice with hepatocyte-specific deletion of
the Uhrf1 gene (Ubrf17/7;Alb-Cre; referred to as Ubrf1HerKO
mice) were generated by crossing mice homozygous for floxed
Uhbrfl (Ubrf1?/f) with mice expressing the Cre recombinase
under the liver-specific albumin promoter back- crossed onto
the Ubrf1"/1 background (Alb-Cre’8/*; Ubrf11/+) as described
previously (48). P4 mice were sacrificed and their livers were
collected, flash frozen in liquid nitrogen, and stored at -80°C
then processed for RNA extraction.

CRISPR/Cas9 generation and T7 endonuclease
assay

sgRNAs for dnmtl were designed using ChopChop
(https://chopchop.cbu.uib.no/) and were co-injected with the
control sgRNA targeting the slc45a2 gene, which is involved
in pigmentation to enable sorting of efficiently targeted em-
bryos (43,52). Genotyping primers were designed by Primer3
(https://bioinfo.ut.ee/primer3-0.4.0/) and validated in USCS
Genome Browser (https:/genome.ucsc.edu/cgi-bin/hgPcr).
The sgRNA and primer sequences are provided in
Supplementary Table S1. sgRNAs were produced by sgRNA
IVT kit (Takara Bio) by following the manufacturer’s instruc-
tions and RNA was isolated by Trizol (Invitrogen). sgRNAs
were quantified by Qubit RNA BR kit and diluted at 50
ng/ul and stored as single use aliquots. The efficiency of
the sgRNAs were assessed by injecting all 4 dnmil sgRNAs
into WT embryos with equal volume of previously diluted
nls-Cas9 protein (IDT; 0.5 pl of nls-Cas9 added with 9.5
ul of 20 mM HEPES; 150 mM KCI, pH 7.5) and sgRNAs,
incubated at 37°C for 5 min and then 1 nl was injected in 1-2
cells stage embryos. At 24-72 hpf, 12-16 sgRNA injected
embryos were individually collected and genomic DNA was
extracted by heat shock denaturation in 50 mM NaOH
(95°C for 20 min). For each embryo, PCR was performed
on genomic DNA by using Q5 High-Fidelity Taq Polymerase
(New England Biolabs) followed by T7 endonuclease I assay
(New England Biolabs) to detect indel mutations. For T7
endonuclease I assay, 10 ul of PCR product was incubated
with 0.5 ul of T7el enzyme (New England Biolabs) for 30
min at 37°C. Digested and undigested fragments were run in
parallel in 2% agarose gel to assess the presence of indels.
Efficiency was calculated as the number of embryos that show
a positive result based on T7el assay divided by the total
number of embryos assayed for the sgRNAs. Once established
for efficiency, the pool of 4 dnmtl sgRNAs were injected
into the 1 cell embryos generated by an incross of uhrf1*/~
adults as previously described. Uninjected embryos or slc45a2
crispants were used as control. The resulting Fy larvae were
considered crispants. For each clutch, ubrfl—/—mutants
were divided from phenotypically WT siblings at 5 dpf
based on morphological differences and T7el assay. sgRNA
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sequence information and genotyping primers are provided
in Supplementary Table S1.

Chemical treatment

The CDK4/6 inhibitor Palbociclib (PD-0332991, Sigma
Aldrich) (53) was dissolved in DMSO (Sigma) to yield a 10
mM stock solution and stored at —80°C. Palbociclib was dis-
solved in 0.5% DMSO embryo water at a concentration of
20 uM and added to 48 hpf dechorionated embryos in 6 well
plates; siblings that were treated with 0.5% DMSO were used
as controls and collected at indicated timepoints. The ATR
inhibitor VE-821 (ab219506, Abcam) (54) was dissolved in
DMSO (Sigma) to yield a 20 mM stock solution and stored at
—20°C. For the in vivo experiments, VE- 821 was dissolved
in embryo water at a concentration of 10 uM and added to
48 hpf dechorionated embryos; DMSO (1:2000 dilution) in
embryo water was used as a control. To induce DNA damage,
120 hpf control embryos were treated in 0.25% H, O, (Sigma
Aldrich) for 30 min and processed either for EdU incorpora-
tion or for western blot.

Survival assay

Heterozygous ubrf1"272+/=; Tg(fabp10a: nls-mCherry) */~
adults were incrossed and split into 40 embryos per 90 mm
Petri plate, with around 25% ubrf1=/~ per plate. The embryos
were dechorionated and treated with either 0.5% DMSO or
20 pwm Palbociclib at 48 hpf. At 120 hpf, the larvae were trans-
ferred to fresh embryo water and monitored until 9 dpf, indi-
vidually collected and genotyped.

Protein lysates and western blotting

For western blots, whole larvae from uhrf1=/~ and control
siblings were collected at 120 hpf in RIPA buffer (10 mM Tris—
HCI pH 8.0, 1 mM EDTA, 0.5mM EGTA, 1% Triton X-100,
0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl sup-
plemented with protease inhibitor cocktail (Machery-Nagel),
sonicated using a hand sonicator (Hielscher Ultrasonics), and
centrifuged at 14 000 g for 15 min at 4°C to remove cell
debris. Supernatant was collected and SDS-PAGE loading
Leammli buffer (BioRad) was added and run on SDS-PAGE
gel. Volume corresponding to 4-5 larvae was loaded on 10—
12.5% acrylamide gels, transferred onto PVDF membranes,
blocked with 5% w/v Bovine Serum Albumin (Sigma) in
TBST (20 mM Tris—HCI, 150 mM NaCl, 0.1% v/v Tween
20, pH 8.0) for 1 h at room temperature and incubated
overnight in primary antibody (1:1000 Chk1(S345) (Cell Sig-
naling Technologies), 1:1000 anti-Phospho-RPA32 (S33) (Ab-
cam), 1:1000 H2AX (S139) (Genetex), 1:1000 1:1000 H3
polyclonal (Santa Cruz) diluted in blocking buffer at 4°C.
The following day membranes were washed 3 times in TBST
for 5 min and incubated in secondary antibody (1:2500 anti-
rabbit or anti-mouse HRP-conjugated, Promega) diluted in
blocking buffer for 1 h at room temperature and washed 3
times with TBST for 5 min at room temperature. Chemilu-
minescent signals using Pierce™ ECL Western Blotting Sub-
strate (Thermo Fisher Scientific) or Clarity ECL substrate
(BioRad) and imaged using Bio-Rad ChemiDoc. Immunoblot
bands are quantified by densitometry using GelAnalyzer
(http://www.gelanalyzer.com) and plotted using GraphPad
Prism 9. 3 independent clutches were used for quantification.
Levels of were normalized to the level of H3 for each sample.
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RNA and DNA extraction

For each clutch, 10 to 20 livers were microdissected from ei-
ther dnmt1=/~ or ubrfl=/~ and their phenotypically normal
siblings in Tg(fabp10a: CAAX-EGFP) background larvae to
facilitate liver identification as described (55). RNA was ex-
tracted using Trizol (Invitrogen) following the manufacturer’s
instructions with modifications. Briefly, during precipitation
in isopropanol, 10 pug of Glycoblue (Thermo Fisher Scientific)
was added, and precipitation performed overnight at —20°C
followed by 1 h centrifugation at 12 000 g at 4°C. The resul-
tant RNA pellet was resuspended in water and quantified by
Qubit RNA High Sensitivity kit (Thermo Fisher). For genomic
DNA extraction, each embryo was subjected to DNA extrac-
tion buffer (10 mM Tris-HCI pH9, 10 mM EDTA, 200 mM
NacCl, 0.5% SDS, 200 pg/ml proteinase K) followed by DNA
precipitation with isopropanol as described (49). DNA was
resuspended in water and quantified by Qubit dsDNA High
Sensitivity kit (Thermo Fisher).

Slot blot analysis

Slot blot was performed as previously described (28). Briefly,
2 ng of genomic DNA was denatured in 400 mM NaOH/10
mM EDTA and each sample was blotted onto nitrocellu-
lose membrane in duplicate in the slot blot apparatus, with
one replicate probed for dsDNA and the other for 5-methyl-
cytosine (5-MeC). Membranes were incubated 1 h at 80°C,
blocked with 5% skim milk in TBST (37 mM NaCl, 20 mM
Tris pH 7.5, 0.1% Tween 20), and incubated overnight at 4°C
in either anti-dsDNA (Abcam, 1:8000 in 2% BSA in TBST)
or 5-meC (Aviva Biosystem clone 33D3, 1:2000 in 2% BSA
in TBST). Membranes were washed in TBST and probed with
anti-mouse HRP secondary antibody (Promega; 1:5000 in 2%
BSA in TBST) for 1 hour at room temperature followed by de-
velopment in ECL (Thermo Fisher Scientific). ChemiDoc (Bio-
Rad) was used to detect and quantify the chemiluminescent
signal. Samples from seven clutches were analyzed using the
GelAnalyzer (http://www.gelanalyzer.com) to measure the sig-
nals and ratio between 5-MeC and dsDNA was plotted for
controls and mutants in each clutch using GraphPad Prism 9.

cDNA production and gPCR

RNA extracted from microdissected liver was retrotran-
scribed to ¢cDNA using Qscript cDNA synthesis kit (Quanta
Bio) following the manufacturer’s instructions. cDNA was di-
luted to 1 ng/pl, and 5 pl was used per reaction for qPCR us-
ing Maxima R SYBR green/ROX master mix (Thermo Fisher
Scientific). rplp0 (in zebrafish) and Gapdh (in mice) were used
to normalize expression levels by using the calculations for
delta-Ct, and control siblings were used to calculate delta-
delta-Ct (DDCt) as previously described (56). To determine
changes in expression between control and experimental sam-
ples, the fold change was calculated and expressed as the log,
value (L2FC) for display. All experiments were performed
on samples from at least two independent clutches, with the
number of biological replicates indicated for each experiment.
Primers information is provided in Supplementary Table S1.

Left lobe liver size and cell number measurements

Liver size measurements were carried out based on the 2D area
of the left liver lobe in 120 hpf larvae. Embryos from cross
of Tg(fabp10a: nls-mCherry) in ubrf1*/~ and Tg(fabp10a:
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CAAX-EGFP) in ubrf1*/~ background was used for all ex-
periments for ease of liver detection. The live embryos were
mounted in 3% methylcellulose on the right side and the
left liver lobe was imaged using Nikon Elements on a Nikon
SMZ2S5 Stereoscope. Liver size measurements were calculated
in Image] using free hand selection of the EFGP/ cherry
labeled area corresponding to the left liver lobe, and ana-
lyzed using the shape descriptor sub-function to determine
the area of the left liver lobe, expressed in uM?. For Palbo-
ciclib treatment, ubrfl=/~ liver size of 20000 uM? and be-
low was considered small liver phenotype and ubrf1 =/~ liver
size above 20 000 uM? considered as rescued. For cell num-
ber measurements, embryos from incross of Tg(fabp10a: nls-
mCherry);ubrf1*/~ were fixed in 4% PFA for 2 h at room
temperature and washed with PBS. Embryos were mounted
in 1% low melting agarose and Z-stacks of of the whole liver
were acquired with Leica Stellaris Confocal Microscope. nls-
mCherry positive nuclei were counted using the interactive 3D
measurement tool in LASX. Z-stacks were compiled into a 3D
image, were adjusted for threshold and noise and a minimum
size of 100 voxels was set to define the nuclei. For each con-
dition, at least three livers were analyzed.

Immunofluorescence

120 hpf control siblings and ubrf1~/~ zebrafish embryos con-
taining the Tg(fabp10a: nls-mCherry) transgene to identify
hepatocyte nuclei were fixed in 4% paraformaldehyde for 4
h at room temperature, washed in PBS, and treated with 150
mM Tris-HCI at pH 9.0 for 5 min, followed by heating at
70°C for 15 min according to an established protocol (57)
and following incubation at room temperature to cool the em-
bryos and washed in PBS. Livers were dissected as described,
permeabilized with 10 pg/ml Proteinase K (Macherey-Nagel)
in PBS containing 0.1% tween (PBST) for 10 min, washed 3
times with PBS, and incubated in a blocking solution contain-
ing 5% fetal bovine serum (GIBCO) in PBS for 60 min at room
temperature. The blocking solution was removed, and the liv-
ers were then incubated in 100 ul of Cdkn2a/b sc-1661, San-
taCruz), Phospho RPA32 (S33) (ab211877), or H2AX (phos-
pho S139) (GTX127342, GeneTex Inc.) primary antibody in
blocking solution (1:200 dilution) overnight at 4°C. After 3
washes in PBST, the livers were incubated in secondary an-
tibody (Molecular Probes) in blocking solution (1:400 dilu-
tion) in the dark for 2 h on a shaker. After 5 washes with
PBST, the nuclei were counterstained with Hoechst (Thermo
Fisher Scientific) diluted 1:1000 in PBS, washed twice with
PBS to remove excess Hoechst, and mounted on a microscope
slide with Vectashield (Vector Laboratories) and covered with
a 0.1 mM coverslip for imaging using Leica SP8 confocal
microscope.

Terminal deoxynucleotidyl transferase dUTP nick
end labeling assay (TUNEL)

Larvae collected at 5 dpf were fixed in 4% paraformalde-
hyde for 4 h at room temperature, and gradually dehy-
drated through a graded series of methanol and stored in
100% methanol at 4°C overnight. Gradual rehydration to PBS
through a graded series of methanol/PBS dilutions was car-
ried out at room temperature. Larvae were permeabilized with
10 pug/ml Proteinase K (Macherey-Nagel) in PBS containing
0.1% tween (PBST) and fixed in 4% Paraformaldehyde for
10 min at room temperature. Livers were then dissected and
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subjected to TUNEL assay according to manufacturer’s in-
structions (In Situ Cell Death Detection kit, Fluorescein;
Roche). Nuclei were counterstained with Hoechst (Thermo
Fisher Scientific) diluted 1:1000 in PBS, mounted on a micro-
scope slide with Vectashield (Vector Laboratories) and cov-
ered with a 0.1 mM coverslip for imaging using Leica SP8
confocal microscope.

EdU incorporation for S-phase analysis

Ten live larvae at 80 hpf, 96 hpf or 120 hpf were transferred
into 50 ml falcon tube with 250 ul solution 1 mM EdU (Ther-
moFisher) in 10% DMSO in embryo water, and incubated on
ice for 20 min. Room temperature embryo water was added to
50 ml, and embryos were further incubated for either 12 min
or 30 min at 28.5°C. After removing the embryo water, the
embryos were fixed in 4% paraformaldehyde (Electron Mi-
croscopy Sciences) overnight at 4°C, then dehydrated through
a graded series of methanol and incubated in 100% methanol
overnight at 4°C and gradually rehydrated back to PBS by se-
rial dilutions of methanol. The embryos were then permeabi-
lized with 10 pg/ml Proteinase K (Macherey-Nagel) in PBST
for 15 min prior to the Click-iT reaction to attach the Alexa
azide (Invitrogen). The larvae were transferred to a solution
of 172 ul PBS, 8 ul CuSO4 (100 mM), and 0.2 ul Alexa azide
ina 0.6 ul microcentrifuge tube, and rocked in the dark for 10
min. 20 pl of ascorbic acid (0.5 M) was added, and the samples
were rocked in the dark for additional 20 min. Then the mix-
ture was removed and a fresh Alexa azide solution was added,
and the same steps were repeated once more. 80 hpf embryos
were individually genotyped by collecting tail samples. The
larvae were washed 4 times in PBST prior to dissection and
mounted in Vectashield mounting medium with DAPI before
they were imaged with the Leica SP8 confocal microscope.

Confocal imaging, image processing and analysis

Confocal imaging was performed using Leica TCS SP8 mi-
croscope with a 40x oil immersion at a scan speed of 100
Hz. For antibody immunofluorescence stains and TUNEL ex-
periments, images were acquired at different focal distances
from each liver and LAS X software (Leica software) was
used for quantification from three separate optical sections per
liver, which were then averaged from three livers per clutch
per condition, and a minimum of two clutches were ana-
lyzed for every condition. For EAU and nuclear morphology
measurements, Z-stacks were acquired using the galvo stage,
with 2 um intervals. Bit depth was 12, and to enhance image
quality, field of view and laser intensity were adjusted sepa-
rately for each sample. The acquired images were visualized
using LASX software. 3D analysis of Z-stacks of Hoechst-
stained nuclei was performed using the interactive 3D mea-
surement tool in LASX for volume, surface area, sphericity, el-
liptical mean, and nuclei counting with DAPI and EdU stains.
Z-stacks were compiled into a 3D image, were adjusted for
threshold and noise to define the nuclei clearly, set for mini-
mum size to be measured as 100 voxels, and measurements of
the previously mentioned parameters obtained and exported
in excel spreadsheets. For each time point and parameter mea-
sured, no less than 100 nuclei were sampled from at least
three livers per condition. Results were plotted in GraphPad
Prism 9. Intensity measurements were analyzed on 2D sec-
tions with Image] using published methods (58). To calculate
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the co-localization between YH2AX and EdU staining, an au-
tomatedapproach was used to measure colocalization using
Image] (Pearson’s R value, JACoP plugin, Image]) using pub-
lished methods (59,60).

RNA-Seq

Fifty livers were dissected at 120 hpf from Palbociclib or
DMSO treated control sibling or wubrfl=/~; Tg(fabp10a:
CAAX-EGFP) larvae as previously described. The livers were
individually collected and stored at -80°C while the carcasses
were genotyped for ubrf1 mutation (26). Once genotyped, the
ubrf1=/~ livers and control livers from each individual clutch
were pooled and RNA extracted according to established pro-
tocols (45). 100 ng of RNA was used for library preparation
according to the manufacturer’s instructions (Illumina, San
Diego, CA, USA). Libraries were sequenced on NovaSeq (Il-
lumina) to obtain 150 bp paired-end reads. Raw Fastq files
quality was assessed by using FASTQC and the reads were
quality trimmed using Trimmomatic (61) to remove low qual-
ity reads and adapters. Qualified reads were mapped to the
reference genome Danio rerio GRCz10. To estimate and com-
pare gene expression in different data sets, raw reads were
uploaded to http://tsar.abudhabi.nyu.edu/ for pre-processing
and DeSeq?2 for Differential gene expression analysis. Datasets
of RNAseq performed on 120 hpf ubrfl1=/~ and dnmt1=/~
and their controls is previously published (45) and available
at GEO (GSE160728). Dataset of RNAseq performed on 120
hpf ubrf1=/~ and sibling controls treated with Palbociclib or
DMSO are available on GEO (GSE234993).

Bioinformatic analysis

For Gene Ontology and Ingenuity Pathways Analysis (IPA)
zebrafish gene names were converted into human gene names
using Biomart. Differentially expressed genes were determined
by P-value adjusted <0.05 and log; fold change 0. GO enrich-
ment analysis of differential expressed genes was conducted
using REVIGO (62) to find enriched terms for different DEG
data sets. An adjusted P-value <0.05 was considered signif-
icant for all analyses. UPSET plots were generated to show
intersections of enriched terms from REVIGO, their size and
unique terms (63). Heatmaps were generated with Pheatmap
on z-score of normalized counts. For plotting and statistical
analysis, R package ‘ggplot’ and GraphPad Prism 9 software
were used.

Statistical analysis

All experiments were carried out on multiple larvae from at
least two clutches, with exact numbers of animals and clutches
indicated in each figure legend. Data represented as the me-
dian with the range and, where appropriate, individual sam-
ple measurements are plotted. The unpaired two-sided student
t test was employed to compare the medians between groups
with adjustment for multiple comparisons. One exception was
the liver size segregation where mean with SD was plotted. All
of the data were considered to be significant at *P < 0.03,
**P < 0.005, ***P < 0.0005. All plots along with statis-
tical analysis were generated in GraphPad Prism 9 (Graph-
Pad Software). Bioinformatic analysis and visualization of ge-
nomic data were performed and plotted in RStudio.


http://tsar.abudhabi.nyu.edu/
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Reagents

Enzymes: Proteinase K (740396, Machery-Nagel, Germany),
QS Hot Start High-Fidelity DNA Polymerase (M0493S, New
England Biolabs, USA), DNase I (EN0521, Thermo Fisher,
UAE), T7 Endonuclease I (M0302S, New England Biolabs,
USA).

Antibodies and stains: Primary antibodies- Cdkn2a/b (sc-
1661, SantaCruz, USA), Phospho RPA32 (S33) (ab211877,
USA), H2AX (phospho S139) (GTX127342, GeneTex
Inc, USA.), Chkl (phospho S345) Clone 133D3 (2348P,
Cell Signaling Technology), H3 (sc-10809, SantaCruz,
USA). Secondary antibodies (A21202, A21422, A11010,
A21245, Molecular Probes, USA), HRP-conjugated antibod-
ies (W4021, W4011, Promega). Click-IT reagents: Alexa
Fluor 647 Azide, Triethylammonium Salt (A10277, Invitro-
gen, USA), Alexa Fluor 488 Azide, Triethylammonium Salt
(A10266, Invitrogen, USA), EAU (A10044, Thermo Fisher,
UAE). Hoechst (62249, Thermo Fisher, UAE), Vectashield
(H1000, Vector Laboratories, USA).

Kits: Guide-it sgRNA In Vitro Transcription Kit (6326335,
Takara, Japan), Qubit RNA BR kit (Q10210, Invitrogen,
USA), Trizol (15596026, Thermo Fisher, UAE), qScript cDNA
synthesis kit (95047, Quanta Bio, USA).

Results

DNA replication is a primary cellular response to
uhrf1 loss

We previously reported that #hrf1 mutant livers have an in-
creased number of cells that incorporate nucleotides during
hepatic outgrowth, that the nuclei are large, and that nu-
cleotide incorporation continues over several days during de-
velopment, despite the livers being smaller sized (28), suggest-
ing DNA rereplication or aberrant origin firing. To identify
when this defect first occurred during hepatic outgrowth, we
pulsed embryos at 80, 96 and 120 hpf for 30 min with EdU,
sorted u#hrf1 mutants based on morphological phenotypes at
96 hpf and 120 hpf, and, since the phenotype is not appar-
ent at 80 hpf, all embryos at this time point were individ-
ually genotyped. All embryos were assessed for the number
of hepatocytes with EdU incorporation. Nearly all hepato-
cytes in ubrfl mutants and their phenotypically normal sib-
lings (heretofore referred to as controls) were EdU positive at
80 hpf. At 96, and 120 hours, EdU positive hepatocytes were
reduced to 25% and 10%, respectively in control larvae, while
55% and 43% of ubrf1 mutant hepatocytes were EdU positive
at these same time points (Figure 1A, B).

The stereotypical pattern of DNA replication has euchro-
matic DNA replicated in early S-phase, visualized as homo-
geneous EdU labeling in the nucleoplasm, followed by repli-
cation of DNA in the nuclear lamina during mid-S-phase and
heterochromatin replicated last (64). If the increase in EdU
incorporation in uhrfl mutant hepatocytes reflected DNA
replication, then these patterns should be apparent. Scoring
S-phase stage based on the patterns of EdU incorporation
showed that at 80 hpf, most hepatocytes in controls and u#hrf1
mutants were in early S-phase, while at 96 hpf and 120 hpf
there was a significant increase in the number of ubrfl=/~
hepatocytes in mid and late S-phase, respectively (Figure 1C).
These data rule out the possibility that EAU incorporation in
ubrf1 mutant hepatocytes reflects DNA damage repair, as re-
pair mediated nucleotide incorporation does not mirror the
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stereotypical stages of DNA replication (65,66). Interestingly,
we observed that ubrfl1~/~ hepatocytes incorporate EdU in a
pattern that reflects a pattern of heterochromatin and intact
nuclear lamina even though these hepatocytes are devoid of
the nuclear lamina marker Lamin A (44).

We hypothesized that the EAU incorporation phenotype in
uhrfl mutant hepatocytes reflected either an acceleration of
the fork progression rate or an increase in the number of ac-
tive origins. To test this, we optimized the duration of the EdU
pulse to be just below the limit of detection in control hepa-
tocytes at 120 hpf (Supplementary Figure S1). Following a 12
min pulse with EdU, no hepatocytes were labeled at either 80
or 120 hpf in control larvae or in ubrfl~/~ larvae but nearly
40% of ubrfl mutant hepatocytes were labeled at 120 hpf
(Figures 1D and Supplementary Figure S1). Most of the cells
that incorporated EdU during this short pulse had a pattern
that reflected early S-phase, (Figure 1D), suggesting that Uhrf1
deficiency either induces firing of more DNA replication ori-
gins or increases replication fork speed.

CDK4/6 is activated in uhrf1 mutant livers

To identify the basis of the DNA replication defect, we an-
alyzed bulk RNAseq data from pools of control and ubrf1
mutant livers collected at 120 hpf (45), when the hepatic
developmental and cellular phenotypes are fully penetrant.
Gene ontology (GO) analysis using REVIGO revealed that
downregulated genes were mainly involved in hepatic func-
tions, such as protein modification and lysis, signaling and
metabolic process, while the upregulated genes were enriched
in pathways involved in cell cycle regulation, DNA replica-
tion, anti-viral and immune response and cell death (Figure
2A, Supplementary Table S2). UPSET analysis of the differen-
tially expressed genes (DEGs) in all of the cell cycle pathways
identified by REVIGO demonstrated that many genes were
common to multiple genesets, however a cluster of genes in-
volved in DNA replication and cell division were unique (Fig-
ure 2B; Supplementary Table S2). These data confirm and ex-
tend our previous findings (26,28,45) that #brf1 mutant livers
have aberrant cell cycle regulation.

We next used Ingenuity Pathway Analysis (IPA) of the uni-
fied set of all DEGs in the GO term genesets related to the
cell cycle to identify potential upstream regulators of the cell
cycle DEGs in ubrf1 mutant livers. This uncovered a pat-
tern whereby the G1/S and G2/M checkpoint pathways were
downregulated and cell cycle regulation, proliferation and
transition through the cell cycle were upregulated (Figure 2C,
Supplementary Table S3). The key upstream regulators of the
G1/S transition and S-phase entry and progression, Cdk4/6-
Cyclin D, Cdk2-Cyclin E and the DNA replication initiation
factor, Cdc25a, were upregulated in ubrfl mutant livers. Ad-
ditionally, the cell cycle inhibitor cdkn1b and the cell cycle
regulated gene rbl2, which prevents access of E2F1 and is a
UHRF1 interacting protein (67), were downregulated (Figure
2D). Interestingly, this analysis uncovered DNA damage re-
sponses to be induced, with atr upregulation as a leading gene
implicated in several the pathways. It also showed that the cell
cycle inhibitor Cdkn2c is highly expressed in ubrfl mutant
livers, suggesting that both pro- and anti-proliferative signals
are simultaneously activated in ubrf1 deficient hepatocytes.
Together, these data suggest that loss of ubrf1 results in re-
pression of G1/S and G2/M cell cycle checkpoints, activation
of Cdk4/6 and its downstream targets. It also suggests activa-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae031#supplementary-data
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Figure 1. uhrf1 mutant hepatocytes accumulate in late S-phase with increased DNA replication. (A) Representative Z-stack projection confocal images of
EdU and Hoechst stained control and uhrf1=/~ livers. Control and uhrf1=/~ embryos were pulsed with EdU for 30 min at 80 hpf, 96 hpf and 120 hpf and
processed for EAU fluorescence by Click-it. (B) Quantification of EdU incorporation in A. (C) 80 hpf, 96 hpf and 120 hpf hepatocytes were sorted into

early, mid and late S phase based on EdU pattern and quantified. (D) Quantification of EAU incorporation from a 12 min EdU pulse at 80 hpf and 120 hpf
control and uhrf1=/~ hepatocytes. Pie chart represents percentage of hepatocytes in each stage of S phase. Scale bar = 50 um, the number of samples
and clutches indicated for each condition and represented as median with range. P-value * < 0.05, ** < 0.005, *** < 0.0005 by unpaired Student'’s t-test

with adjustment for multiple comparisons.

tion of other cell cycle checkpoints so that cells receive signals
that both promote G1/S transition and DNA replication and
prevent full cell cycle progression.

These data establish a developmental timeline of the ubrf1
mutant hepatic phenotypes whereby DNA hypomethylation
(45), and nuclear size defects are first detected at 80 hpf (44),
followed by increased DNA replication (Figure 1A, B) and cell
death at 96 and 120 hpf. Since no cell cycle DEGs were de-
tected at 80 hpf (28) but qPCR analysis on RNA from pooled
livers dissected at 96 hpf showed that several cell cycle regula-
tory genes (ccnel, ccna2), replication licensing factors (mdm?2,
mcm3, orc3, cdc6) and processivity factors (polal, pold1 and
pcna) were upregulated at this time point (Figure 2E), we gen-
erate a time course in which DNA hypomethylation occurs
as a first consequence of Uhrfl loss, followed by upregula-
tion of Cdk4/6, increased DNA replication and cell death
from 96 hpf onwards. Importantly, we found a similar ef-
fect on cell cycle genes in the liver of neonatal mice at P4
where the Uhrfl locus has been deleted by Cre (Figure 2F,
inset) in hepatocytes ((Alb:Cre®/*;Uhrf1/f i.e. Ubrf1HerKO)
(48). All cell cycle genes analyzed (except Mcm6 were upreg-
ulated in Ubrf11¢PXO Jivers (Figure 2F, G). This suggests that
Uhrf1 plays a conserved role in regulating the cell cycle during
hepatic outgrowth.

Cdk4/6 activation is required for the uhrf1 mutant
phenotype

We hypothesized that Cdk4/6 and E2F activation combined
with loss of G1/S checkpoints could drive Uhrf1 deficient cells
into S-phase. To test this, we used the Cdk4/6 inhibitor Palbo-
ciclib (PD in figures), which is an approved chemotherapeutic
for breast cancer (68) that effectively suppresses DNA repli-
cation and cell proliferation in liver cancer cells (53). We op-
timized the dose and timing of Palbociclib exposure to obtain
the maximal tolerable administration dose to achieve no ef-
fects on control larvae based on survival, overall embryo phe-
notype, morphological criteria and liver size (Supplementary
Table S4). The final treatment scheme outlined in Figure 3A
involved adding 20 uM Palbociclib in 0.5% DMSO or 0.5%
DMSO as a control to 48 hpf embryos generated from an
incross of ubrf1*/~ adults which expressed nuclear localized

signal targeted cherry transgene in hepatocytes (Tg(fabp10a:
nls-mCherry)) to mark the livers. The resulting larvae were
collected at 120 hpf, imaged to assess morphological features
characteristic of uhrf1 mutants and then all larvae were indi-
vidually genotyped.

At 120 hpf, ubrfl mutants are distinguished by smaller
head, lower jaw deformity, microphthalmia, underdeveloped
gut and small liver (Supplementary Figure S2A; (26,28)).
These phenotypes are fully penetrant at 120 hpf, so that on av-
erage, 25% of embryos resulting from an incross of ubrf1*/~
adults display all of these phenotypes (Supplementary Figure
S2B). However, we found only 7% of embryos produced from
an incross of uhbrf1*/~ adults treated with 20 pM Palbociclib
have all mutant phenotypes while 18% of embryos showed a
partial mutant phenotype, with restoration of the lower jaw
defect, increase in liver size, or both (Supplementary Figure
S2B, C). When these embryos were genotyped, we uncovered
the expected genotype-phenotype relationship in 100% of em-
bryos in DMSO treated clutches, so that all embryos display-
ing the mutant phenotypes were uhrfl1~/~ and all embryos
that lacked these phenotypes were either WT or heterozygotes.
However, in Palbociclib treated clutches, embryos with a par-
tial phenotype and even a few scored as normal were homozy-
gous mutants (ubrfl1~/~;Supplementary Figure S2C, D).

Palbociclib had no significant effect on liver size in WT em-
bryos, but significantly increased the size of the liver (Figure
3B-D), the number of hepatocytes (Figure 3D) and eye size
(Supplementary Figure S2E) in uhrf1 mutants. The liver size
of nearly all ubrf1 mutants treated with Palbociclib exceeded
the average liver size in DMSO treated mutants, and 20% of
treated mutants had a liver size that was within the range of
WT embryos (Figure 3C).

To differentiate aspects of the uhrf1 mutant phenotype that
were a direct consequence of Uhrfl loss compared to those
that were mediated by Cdk4/6 activation, we assessed the
effects of Palbociclib on the cellular aspects of hepatic phe-
notypes: EdU incorporation, nuclear size and shape and cell
death. These parameters were unchanged by Palbociclib treat-
ment of control embryos, but were significantly rescued in
ubrfl mutants. The number of hepatocytes with EAU incor-
poration at 120 hpf was reduced from 40% in untreated mu-
tants to 28% in Palbociclib treated uhrf1 mutants (Figure 3E).
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Figure 2. CDK4/6 is activated in uhrf1 mutant livers. (A) Gene ontology (REVIGO) of the significant upregulated and downregulated genes in 120 hpf
uhrf1=/= liver RNA-Seq (P-adj < 0.05) for each category. The cell cycle GO terms are highlighted in bold. (B) UPSET plot of all the cell cycle GO category
genes from A. (C) Ingenuity Pathway Analysis (IPA) of all the cell cycle genes differentially expressed in 120 hpf uhrf1=/~ liver RNA-Seq, pathways
involved in cell cycle checkpoint regulation in bold, z- score in IPA indicates a predicted activation or inhibition of a pathway. (D) Genes from the G1/S
checkpoint pathway generated by IPA plotted with log2fold change, important cell cycle genes highlighted in red. (E) gPCR on key cell cycle genes of 96
hpf uhrf1=/= and control livers. (F) gPCR on key cell cycle genes in the livers of P4 neonatal mice deficient for Uhrf7 in hepatocytes (Uhrf1HEPKO) and
controls, inset shows band for Cre transgene by RT-PCR. (G) Heatmap of Log2 fold change of key cell cycle genes and Uhrf1 in individual P4 neonatal
mice livers ranked by Uhrf1 expression levels. The number of clutches (zebrafish) or individual animals (mouse) are indicated for each condition and
represented as median with range. P-value *< 0.05, **< 0.005, *** < 0.0005 by unpaired Student's t-test with adjustment for multiple comparisons.
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Figure 3. Cdk4/6 inhibition by Palbociclib (PD) rescues the uhrf1 mutant liver phenotype. (A) Treatment scheme for inhibitor Palbociclib (PD). (B)
Representative images of 120 hpf uhrf1~/~ and control embryos after DMSO or PD treatment, liver indicated in red. (C) Quantification of the left liver
lobe area of 120 hpf PD treated and untreated livers, segregated based on the liver size. Normal, medium and small liver size ranges are defined based
on mean of DMSO treated controls and mutants +1 standard deviation, as shown by the error bars. (D) Quantification of the number of hepatocytes at
120 hpf uhrf1=/~ and control embryos after DMSO or PD treatment based on Z-stack images of larvae with the hepatocyte nuclear marker,
Tg(fabp10a:nis-mCherry). (E) Quantification of 30 min and 12 min EdU incorporation at 120 hpf in DMSO and PD treated controls and uhrf1=/~. (F)
Representative confocal image of 120 hpf Hoechst stained control and uhrf1=/~ hepatocytes from DMSO or PD treatment and quantification of the
nuclear surface area. (G) TUNEL assay was performed to detect cell death in 120 hpf in DMSO and PD treated controls and uhrf1~/~ and quantified. (H)
Genotype of all larvae that survived at 9 dpf following treatment with vehicle or PD from 48-120 hpf. The number of larvae that were treated and the
number that remained at 9 dpf are indicated below the graph. (l) Representative slot blot for 5-mC and double stranded (ds) DNA in 120 hpf uhrf1=/=
whole embryos and sibling controls, with quantification of the methylation levels from seven clutches. Scale: 1000 pum in B, 50 um in F, the number of
samples and clutches indicated for each condition and represented as median with range. P-value * < 0.05, **< 0.005, *** < 0.0005 by unpaired
Student’s t-test with adjustment for multiple comparisons.
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During a short (12 min) EdU pulse, however, Palbociclib treat-
ment completely eliminated any EdU incorporation in uhrf1
mutants (Figure 3E), suggesting that Cdk4/6 is required for
either increased fork speed or multiple origin firing in uhrf1
mutant hepatocytes. Moreover, the nuclear size, shape, and
DNA patterning in #hrf1 mutant hepatocytes were virtually
restored to the WT phenotype by Palbociclib treatment (Fig-
ure 3F) and the amount of cell death was significantly re-
duced by Palbociclib (Figure 3G). Strikingly, Palbociclib also
increased survival of ubrfl mutants at 9 dpf (Figure 3H).
Therefore, Cdk4/6 activity is required for both the develop-
mental and cellular phenotypes caused by Uhrf1 loss.

Since Uhrf1 is a required component of the maintenance
methylation machinery (10,11), DNA hypomethylation is a
direct consequence of Uhrfl loss. Assessment of bulk DNA
methylation levels confirmed this, as both DMSO and Palbo-
ciclib treated ubrf1 mutants had significant DNA hypomethy-
lation (Figure 3I). Since Palbociclib treatment rescued most of
the developmental and cellular defects in ubrf1 mutants de-
spite persistent DNA hypomethylation, we conclude that the
developmental and cellular phenotypes caused by Uhrf1 loss
is due to persistent activation of Cdk4/6 and is not a direct
consequence of DNA hypomethylation.

Cdk4/6 inhibition blocks cell cycle and Tnfa target
genes activation in uhrf1 mutant livers but does not
suppress TE activation or the interferon response

We hypothesized that the cellular and developmental pheno-
typic rescue of ubrf1 mutants by Palbociclib was attributed to
downregulation of the G1/S transition and S-phase promot-
ing genes. In contrast, we expected that activation of trans-
posable elements (TEs) and the ensuing interferon response
(45,49) would not be affected by Palbociclib, since these are
directly mediated by DNA methylation loss in #hrf] mutants.

We assessed this using bulk RNAseq analysis of the livers
of 120 hpf ubrfl mutants and their phenotypically normal
siblings (control) treated with DMSO or Palbociclib. Princi-
pal component analysis showed that controls cluster together
regardless of treatment, while mutants treated with Palbo-
ciclib were closer to control samples (Figure 4A). Palboci-
clib treatment of control larvae resulted in modest downreg-
ulation of genes that play roles in hepatocyte function and
metabolism, but had no effect on genes that regulate the cell
cycle (Supplementary Figure S3A, B; Supplementary Tables
S5, S6). In contrast, Palbociclib dramatically changed the hep-
atic transcriptome in #hrfl mutants, reducing the number of
DEGs from 2272 in DMSO treated mutants to 650 in the liver
of ubrfl mutants treated with Palbociclib, 560 DEGs common
to both (Figure 4B, Supplementary Table S7). While the com-
mon DEGs showed a very high correlation in their expression
(r = 0.974), the genes that were unique to each dataset genes
were less correlated (r = 0.666; Supplementary Figure S3C).
In contrast, the upregulation of transposable elements (TEs)
in ubrfl mutant livers was not suppressed by Palbociclib
(Supplementary Figure S3D-E).

We predicted that Cdk4/6 inhibition in u#hrfl mutants
would reduce the induction of E2F targets, but would have
no effect on the interferon response as this is caused by TE ac-
tivation. Unsupervised clustering of the unified set of DEGs
from both DMSO and Palbociclib treated mutants showed
that most of the upregulated genes in DMSO treated ubrf1
mutant livers were still upregulated, but to a lesser extent
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in Palbociclib treated mutants (Figure 4C, cluster 5), how-
ever, a subset of genes remains elevated in both samples (clus-
ter 4 and 5) (Figure 4C, Supplementary Table S8). GO anal-
ysis of these two clusters shows that DNA replication re-
lated genesets were predominant in cluster 5, and that im-
mune pathways were predominant in cluster 4 (Figure 4D-
E, Supplementary Table S9). Specific analysis of key genes
involved in the pre-replication phase of cell cycle, such as
ccnal, the orcs, mems and cdc45 which is important for ori-
gin firing at the replication forks in association with mcms
(69,70), showed that they were highly induced in DMSO
treated mutants, but expressed at significantly lower levels in
the liver of ubrf1 mutants treated with Palbociclib (Figure 4F,
Supplementary Figure S3F and Supplementary Table S10).

Interestingly, the immune genes which were all upregu-
lated in uhrf1 mutants showed a nuanced response to Palboci-
clib treatment: interferon response genes remained highly ex-
pressed while genes downstream of Tnfa were downregulated
in the liver of ubrf1 mutants exposed to Palbociclib (Figure
4F, Supplementary Table S11). Since CDK6 positively regu-
lates TNFa (71), we conclude that Tnfa induction in ubrfl
mutants is attributed to Cdk4/6 activation, in contrast to in-
terferon related genes which are due to TE activation.

We further investigated the effect of Palbociclib on the ex-
pression of cell cycle regulatory genes in uhrfl mutants us-
ing IPA. We first analyzed the genes activated in uhrf1 mu-
tants compared to controls treated with DMSO and found
significant activation of genes regulating G1/S ccndl, ccne
and cdk4/6, which lead to upregulation of transcription fac-
tors e2fs, hdac, ftdp1, as well as activation of DNA dam-
age sensors atm, atr and tp53 (Supplementary Figure S4A).
qPCR analysis of several of these genes confirmed that Palbo-
ciclib downregulated their expression the liver of ubrfl mu-
tants (Supplementary Figure S4B). We next compared the gene
expression patterns in #hrfl mutants treated with Palboci-
clib to mutants treated with DMSO, and identified 280 DEGs
(Supplementary Figure S4C; Supplementary Table S12). IPA
analysis of these DEGs showed that genes involved in cell cycle
checkpoints were upregulated and genes involved in cell cycle
control and S-phase were downregulated in #hrf1 mutant liv-
ers treated with Palbociclib (Figure 4G) and while Palbociclib
suppressed Atr signaling, it had no effect on atm and tp53 in-
duction in #brfl mutants (Figure 4G, Supplementary Figure
S4D, Supplementary Table S13), suggesting that some DNA
damage persists even when DNA replication is suppressed.

Together, these data indicate that Cdk4/6 activation does
not affect DNA methylation, TE induction, interferon re-
sponse and DNA damage caused by Uhrf1 loss, but is required
for the downregulation of G1/S checkpoints, E2F targets, in-
creased DNA replication and cell death. Based on our previous
finding that blocking Tnfa reduced cell death in #hrf1 mutant
livers but has no effect on the mutant phenotype or liver size
at 120 hpf (45), combined with the current finding that Palbo-
ciclib reduced Tnfa activation, we deduce Palbociclib prevents
cell death in uhrf1 mutants by inactivation of Tnfa.

Cdk4/6 is activated by dnmt1 mutation

To understand if the cellular phenotypes that cause hep-
atic outgrowth failure in uhrfl mutants are attributed to
DNA hypomethylation, we assessed larvae with a loss
of function mutation in dnmtl (27). These have a strik-
ingly similar phenotype to ubrfl mutants, including DNA
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hypomethylation, large and disorganized hepatocyte nuclei
and a small liver (28,29,44,45,72). We asked whether the cell
cycle related geneset that was differentially expressed in uhrf1
mutant livers (i.e. the unified set of all cell cycle genes in Figure
2B) were also differentially expressed in bulk RNAseq data
from the liver of 120 hpf dnm#l mutants (45). Many of the
genes required for DNA replication (pcna, orcs, mcms, cdc45
and pold2) were upregulated in dnmtl mutant livers (Figure
5A). In contrast to the high number of hepatocytes undergo-
ing DNA replication in uhrfl mutants, dnmt1 mutant livers
had significantly lower number of hepatocytes that incorpo-
rate EAU at both 96 hpf and 120 hpf (Figure 5B). Thus, Dnmt1
loss prevented DNA replication, consistent with a requirement
for Dnmt1 at the replication fork (13,14). Previous analysis
showed that ubrf1 and dnmtl mutant livers have a similar
gene expression profile characterized by upregulation of genes
required for DNA replication (28,45). IPA provided a more
detailed comparison of this pattern, showing that while the
Atm and Tp53 mediated DNA damage responses were up-
regulated in both samples, some genes that regulate S-phase
(chek1, chek2, tlk1/2, cdc25), M phase progression (cdkl,
cyclin B) and Atr mediated DNA damage response signaling
were upregulated only in #hrf1 mutant livers (Figures SA and
S5). Thus, while both mutants have a global upregulation of
cell cycle promoting genes and the Atm mediated response to
double stranded breaks, ubrf1 loss specifically induces a re-
sponse to single stranded breaks.

If Cdk4/6 is upstream of cell cycle activation in ubrf1 and
dnmtl mutants, treatment of dnmtl mutants with Palboci-
clib should downregulate these genes. Palbociclib had no sig-
nificant effect on the developmental phenotype or liver size
in dnmtl mutants (Figure 5C-D). While there was variabil-
ity in the induction of cell cycle genes in dnmtl mutant liv-
ers, treatment with Palbociclib decreased the expression of
assessed cell cycle genes, with ccnel, cdc6 and poldl reach-
ing significance. As in ubrfl mutants, Palbociclib had no ef-
fect on interferon response gene expression in dnmtl mutant
livers (Figure SE). Thus, while dnmit1 and ubrf1 loss activate
Cdk4/6 and E2F target genes, derepress TEs and induce an in-
terferon response, these responses are independent. Induction
of cell cycle genes requires Cdk4/6 signaling while TE activa-
tion and the interferon response do not. Moreover, the finding
that dnmit1 mutants are not rescued by Palbociclib reflects the
fact that Dnmt1 deficient cells cannot undergo DNA replica-
tion, likely due to the requirement of Dnmt1 at the replication
fork (14,73,74).

To investigate the mechanism of Cdk4/6 activation in
dnmtl and wubrfl mutants, we assessed the expression of
Cdkn2a/b in hepatocytes. Immunofluorescence shows a sig-
nificant depletion of Cdkn2a/b protein in the liver of both
mutants at 120 hpf (Figure S5E G), suggesting the loss of this
inhibitor as a mechanism by which Cdk4/6 is upregulated in
these mutants.

DNA replication in uhrf1 mutant hepatocytes
requires dnmt1

To determine if Dnmtl was required for the EdU incor-
poration phenotype in ubrfl mutant hepatocytes, we used
CRISPR-Cas9 to target dnmt1. Efficacy was verified using an
in vivo reporter of DNA methylation in which the UAS:GFP
cassette is silenced by DNA methylation, and GFP expression
occurs in response to Gal4 when methylation is lost on the
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UAS promoter (Tg(c2690ff*/~; 14X UAS:dsRed) (45,75). All
Tg(c2690ff"'~; 14X UAS:dsRed*/~);dnmt1° larvae had GFP
expression in the head at 120 hpf (Supplementary Figure S6A),
but had a mild phenotype compared to dnmtl mutants (Fig-
ure 5C). Crispr deletion of dnmt1 did not change liver size of
ubrfl mutants (Figure 6A, B) or the volume or shape of the
ubrfl mutant hepatocyte nuclei (Supplementary Figure S6B—
D). dnmt1 deletion did not rescue aberrant expression of cell
cycle genes in ubrfl mutant livers (Figure 6C) but did signifi-
cantly reduce EdU incorporation in hepatocytes compared to
uninjected ubrf1—/—(Figure 6D). We conclude that Dnmt1 is
required for DNA replication in uhrf1 mutant hepatocytes,
consistent with a role for Dnmt1 at the replication fork.

Replication stress as a mechanism for Atr activation
and hepatic outgrowth failure in uhrf1 mutants

ATR responds to DNA replication stress by stabilizing repli-
cation forks, delaying or blocking the progress of the cell cy-
cle, promoting DNA repair (76,77). In response to replication
stress, ATR activates dormant origins within active replica-
tion clusters while repressing firing within those that are not
yet activated (78). Since Atr was specifically activated in ubrf1
mutants, but not dnmt1 mutants (Figures SA and S5), we hy-
pothesized that the DNA replication phenotype in #hrf1 mu-
tants, which is absent from dnmt1 mutants, causes replication
stress, DNA damage and Atr activation. To test this, we as-
sessed the staining pattern and expression levels of YH2AX
as a marker of DNA damage, phosphorylated replication pro-
tein A (pRPA) as a marked of replication stress and phospho-
rylated Chk1, as an assay for Atr activation in uhrf] mutants
(Figure 7A-C). All were induced, and, importantly, yYH2AX
staining was found to co-localize with EdU incorporation in
uhrfl mutant hepatocytes at 120 hpf, but did not co-localize
with EdU in controls or in cells with DNA damage induced
by H,O; and was not present at 96 hpf (Figure 7A). Together,
these data indicate that in ubrfl mutant hepatocytes, DNA
damage accumulates at the site of DNA replication and that
there is replication stress and Atr.

These data predict that Atr is activated in response to repli-
cation stress in Uhrf1 deficient hepatocytes. We hypothesized
that Atr could be responsible for the increased EAU incorpo-
ration following replication fork collapse by triggering repli-
cation from dormant origins. To test this, we established a
treatment protocol using the highly selective and potent ATR
inhibitor VE- 821 (79) which we demonstrated effectively
blocked Chk1p activation in response to H, O, induced DNA
damage in control embryos (Supplementary Figure S7A).
While treatment from 48 to 120 hpf with 10 pm VE-821
had no obvious effects on control larvae and had minimal ef-
fects on the overall uhrf1 mutant phenotype, it significantly
increased liver size (Figure 7D, E), reduced EAU incorpora-
tion in u#hrfl mutant hepatocytes from 36% to 24%, respec-
tively (Figure 7C, D) and modestly restored nuclear morphol-
ogy (Supplementary Figure S7B). This demonstrates that DNA
replication in uhrf] mutants is, in part, dependent on Atr.

Discussion

We report that Cdk4/6 activation is the mechanism account-
ing for the unusual cell cycle defect caused by uhrf1 mutation
in zebrafish and present a model that illustrates the relation-
ship between DNA methylation, cell cycle regulation, DNA
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Figure 5. Cdkna2a/b depletion as a mechanism of Cdk4/6 activation in dnmt7 and uhrf1 mutants. (A) Unsupervised clustering heatmap of all the cell
cycle genes of 120 hpf dnmt1=/~ liver with z-scores based on rows, important S-phase genes are indicated. (B) EdU quantification (pulse 30 minute) of
96 hpf and 120 hpf control and dnmt1~/~ hepatocytes. (C) Representative images of 120 hpf dnmt1~/~ and controls with c2690ff*/~; 14X
UAS:dsRed*/~; Tg(fabp10a:Gal4;,cmic2:GFP)*/~ treated with DMSO or Palbociclib (PD), showing the liver (dsRed), the heart (GFP) as a marker of
transgenesis and in green, the liver with hypomethylation in mutants only. (D) Quantification of the left liver lobe area of dnmt7~/~ and controls, treated
with PD or DMSO. Scale: 50 um, the number of samples and clutches indicated for each condition. (E) QPCR of key cell cycle genes and immune genes
in 120 hpf dnmt1=/~ livers. (F) Representative immunofluorescent images of Cdkn2a/b in 120 hpf uhrf1=/=, dnmt1=/~ and their respective control livers
and (G) quantification of the Cdkn2a/b pixel intensity in hepatocytes. Scale: 1000 um in C, 100 um in F, the number of samples and clutches indicated
for each condition. P-value *< 0.05, **< 0.005, *** < 0.0005 by unpaired Student’s t-test with adjustment for multiple comparisons and represented as

median with range.
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replication and development (Figure 7G). Our data are consis-
tent with a model in which the absence of Uhrf1 or Dnmt1 in
hepatocytes leads to Cdkn2a/b downregulation and constitu-
tive Cdk4/6 activation to drive cells into S-phase. DNA repli-
cation cannot proceed without Dnmt1, so in dnmt1 mutants,
hepatocytes arrest without replicating their DNA. In contrast,
ubrf1 mutants have sufficient Dnmt1 (28) so that DNA repli-
cation can be initiated, but is futile, causing replication stress,
DNA damage and Atr activation. We propose that Atr activa-
tion has two consequences: (i) firing of dormant origins, which
then repeats the cycle of replication fork collapse, DNA dam-
age and further Atr activation and (ii) cell cycle checkpoint ac-
tivation, preventing cells from exiting S-phase. Moreover, The
data presented here, combined with our finding that reduc-
ing cell death does not rescue liver size (45), indicates that the
cell cycle defect is the main mechanism of hepatic outgrowth
failure.

The striking rescue of the cellular and developmental de-
fects in Uhrf1 deficient zebrafish embryos by Cdk4/6 inhibi-
tion suggests that a persistent signal to enter S-phase causes all
the downstream phenotypes. The data showing that mice with
Uhrf1 deficient in hepatocytes have a similar cell cycle gene
expression profile to ubrf1 mutant zebrafish suggests that this
role is conserved. Surprisingly, the cellular and developmental
phenotypes resolve, despite persistent DNA hypomethylation,
TE activation and an interferon response. This finding differ-

entiates between the direct targets of Uhrfl—i.e. DNA hy-
pomethylation —and those that are secondary consequences—
i.e. Cdk4/6 activation and DNA replication. These data also
show that loss of DNA methylation and TE activation per se
do not cause the developmental defects that occur in ubrfl
mutants. Rather it is the downstream consequences of DNA
hypomethylation which are responsible.

The finding of similar Cdk4/6 dependent gene expression
and downregulation of Cdkn2a/b protein in dnmt1 and ubrf1
mutants suggests that DNA hypomethylation is the mech-
anism for Cdkn2a/b downregulation and Cdk4/6 activa-
tion. In mammalian cells, Cdkn2a transcription is suppressed
by repressive epigenetic marks, including DNA methylation
(80,81). While it would be surprising if ubrfl and dnmtl
mutation caused hypermethylation of the cdkn2a/b regula-
tory sequences, it is possible that loss of methylation causes
redistribution of another repressive epigenetic marks to the
p16™K4 regulatory regions, as we described in other con-
texts (48). However, RNAseq data does not show a significant
downregulation of cdkn2a/b expression in ubrf1 mutant liv-
ers, suggesting a post-transcriptional regulation of Cdkn2a/b
in these mutants. Further investigation is required to de-
termine the relationship between Uhrfl, Dnmt1, DNA hy-
pomethylation and Cdkn2a/b regulation.

We previously published that #hrfl mutant hepatocytes
have both an abnormal DNA replication pattern and
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Figure 7. Atr inhibition increases liver size and decreases DNA replication in uhrf7 mutant hepatocytes. (A) Representative images of yH2AX
immunofluorescence and EdU labeling at 96 hpf and 120 hpf embryos following H, O, treatment as a positive control and of uhrf1=/~ mutants and
sibling control livers. rvalues indicate Pearson’s correlation of co-localized pixels from yH2AX and EdU fluorescence. (B) Western blot of whole embryo
extracts from 120 hpf uhrf1=/~ and control siblings for Chk1P, RPAP, yH2AX and H3 as a loading control. (C) Quantification of the RPA® pixel intensity in
120 hpf uhrf1=/= and their respective control hepatocytes. Insets show representative images of RPAP stained hepatocytes. (D) Representative images
of 120 hpf uhrf1=/= and control larvae with Tg(fabp10a:nis-mCherry) after DMSO or VE- 821 treatment, liver highlighted in red. (E) Quantification of the
left liver lobe area of 120 hpf VE- 821 treated and untreated embryos from uhrf1=/~ and control larvae. (F) Quantification of EdU positive cells following
30 min of incorporation at 120 hpf in DMSO and VE- 821 treated control and uhrf1~/~ livers. Scale: 50 um in A, 100 um in C, 1000 um in D, the number
of samples and clutches indicated for each condition. P-value *< 0.05, **< 0.005, *** < 0.0005 by unpaired Student's t-test with adjustment for
multiple comparisons. Data represented as median with range. (G) Model of the relationship between uhrf7 mutation, DNA methylation, cell cycle
regulation, DNA replication and hepatic outgrowth failure. Uhrf1 and Dnmt1 loss causes DNA hypomethylation, upregulation of TEs and inflammatory
response. This also inhibits Cdkn2a/b at protein levels, causing Cdk4 /6 activation, induction of DNA replication, replication stress, DNA damage and Atr
mediated dormant origin firing. In a parallel pathway, Cdk4/6 also activates Tnfa and cell death. \We speculate that the DNA damage response inhibits
cell division, restricting organ outgrowth and causing lethality in uhrf7 mutants.
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widespread cell death (26,28). We demonstrate that both
ubrf1 and dnmt1 mutants activate cell cycle genes in a Cdk4/6
dependent manner, but while #hrf1 mutant hepatocytes un-
dergo increased DNA replication, dnmtl mutant hepato-
cytes do not. Since DNA replication in uhrf1 mutant hepa-
tocytes was rescued by dnmil depletion, we conclude that
the ubrf1 mutant phenotype could be attributed to elevated
Dnmt1 levels (28,82,83) or, more likely, due to the require-
ment for Dnmtl in forming a functional replication fork
(73,74). Hence, Dnmt1 is both upstream and downstream of
Cdk4/6 in this model. Taken together, these results provide
mechanistic insight into cell cycle regulation during develop-
ment and uncover a more epigenetic regulation and cell cycle
control.

Uhrf1 loss has been implicated in the mis-regulation of both
G1 and G2/M phases of the cell cycle (21,31,84) and here we
provide evidence for a functional role in regulating DNA repli-
cation. There are several possible mechanisms underlying this
phenotype. The first, discussed above, is that DNA replica-
tion stress activates Atr to prevent cell cycle progression while
promoting dormant origin firing and triggering further repli-
cation stress as the forks at dormant origins should be dys-
functional in the absence of Uhrfl (Figure 7G). During nor-
mal DNA replication, fork speed has to be moderated for the
fidelity of normal cell cycle, with an increased fork speed trig-
gering replication stress and DNA damage response (85,36).
However during DNA rereplication, DNA synthesis was re-
ported to progress slowly, and repeatedly utilize the same main
origins (87). In contrast, unscheduled firing of dormant ori-
gins can lead to increased and uncoordinated DNA synthe-
sis (4,88). While experimental approaches required to assess
fork speed and origin utilization is challenging in whole em-
bryos, the Atr inhibition data in #hrf1 mutants supports the
hypothesis that the increased DNA replication in ubrf1 defi-
cient hepatocytes is caused by Atr dependent firing of dormant
origins, not a repeated firing of the same origins. The question
of why origins of replication can be fired at all if there is a
checkpoint activated by Atr is addressed by data from a study
where Atr/Chk1 pathway activation in response to replication
stress caused dormant origin firing within active replication
clusters (89-91). We hyopothesize that dormant origin firing
is a mechanism to assure that DNA replication is sufficient
to allow liver expansion during this critical stage of develop-
ment when organ expansion is essential for embryo survival.
This mechanism may be different in mature cells or in cancer,
where Uhrf1 deficiency has been shown to block Cdk4 acti-
vation and DNA replication (92).Moreover, in cancer, overex-
pression of UHRF1 may act as a dominant negative, blocking
DNA methylation and altering histone modifications, with the
result, the cells become progenitor like (93,94).

An alternative, intriguing mechanism that could contribute
to the DNA replication defect in #hrf1 mutants involves a de-
fect in regulating which origins fire due to a failure to degrade
replication licensing factor Cdt1, which is required to prevent
reuse of replication origins. Since the levels of Cdt1 protein are
regulated by the Cul4-Ddb1-Cdt2 E3 ubiquitin ligase com-
plex (935), it is feasible that Cdt1 stabilization due to nuclear
Cyclin D1/CDK4, as shown in other models (96), could result
in repeated origin use. Further, Cyclin D1/CDK4 activation
during S-phase specifically represses transcription of CUL4,
resulting in CDT1 stabilization (97). Our finding that uhrf1
loss induced overexpression of ccnd1 and cdk4 and downreg-
ulation of cul4 suggests that Ctd1 levels may persist and pro-
mote DNA rereplication (98). Combining the lack of this ‘off
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signal’ for DNA replication with Atr mediated dormant origin
firing and constitutive Cdk4/6 activation could induce the un-
scheduled and unproductive DNA replication that is observed
in ubrfl deficient cells.

We were intrigued by the finding that Palbociclib blocked
cell death in uhrfl mutant hepatocytes. In other studies, Pal-
bociclib has been shown to activate NF-kB and TNF-induced
gene expression in mammalian cells (99). Given our previ-
ous finding that Tnfa depletion in ubrf1 mutants prevented
hepatocyte cell death but did not rescue liver size(45), we at-
tribute the rescue of cell death in Palbociclib treated ubrf1 mu-
tants to the downregulation of Tnfa signaling, and conclude
that cell death is not caused by cell cycle defects. These data
also show that the small liver phenotype in this context is not
caused by cell death, but rather is due to failure of hepatocyte
proliferation.

In summary, this work provides the first insight into two
distinct functions of Uhrf1 during liver development. Here we
show that Uhrf1 loss induces Cdk4/6, E2f and all the genes
that are required for S-phase. This is paradoxical, as UHRF1
is overexpressed in nearly all types of solid tumors (100), in-
cluding HCC (51,101), Palbociclib effectively suppressed cell
proliferation in tumor growth in preclinical models of HCC
by promoting a reversible cell cycle arrest (53). Therefore, it
is possible that in HCC, UHRF1 overexpression can act as a
dominant negative to activate CDK4/6 and promote cell pro-
liferation, and future studies may investigate whether Palboci-
clib functions as a therapeutic by counteracting the oncogenic
effects of UHRF1.
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