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p53 checkpoint ablation exacerbates
the phenotype of Hinfp dependent
histone H4 deficiency
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Histone Nuclear Factor P (HINFP) is essential for expression of histone H4 genes. Ablation of Hinfp and consequential
depletion of histones alter nucleosome spacing and cause stalled replication and DNA damage that ultimately result in
genomic instability. Faithful replication and packaging of newly replicated DNA are required for normal cell cycle
control and proliferation. The tumor suppressor protein p53, the guardian of the genome, controls multiple cell cycle
checkpoints and its loss leads to cellular transformation. Here we addressed whether the absence of p53 impacts
the outcomes/consequences of Hinfp-mediated histone H4 deficiency. We examined mouse embryonic fibroblasts
lacking both Hinfp and p53. Our data revealed that the reduced histone H4 expression caused by depletion of Hinfp
persists when p53 is also inactivated. Loss of p53 enhanced the abnormalities in nuclear shape and size (i.e. multi-lobed
irreqularly shaped nuclei) caused by Hinfp depletion and also altered the sub-nuclear organization of Histone Locus
Bodies (HLBs). In addition to the polyploid phenotype resulting from deletion of either p53 or Hinfp, inactivation of
both p53 and Hinfp increased mitotic defects and generated chromosomal fragility and susceptibility to DNA damage.
Thus, our study conclusively establishes that simultaneous loss of both Hinfp and the p53 checkpoint is detrimental to
normal cell growth and may predispose to cellular transformation.
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Introduction

Competency for DNA replication and fidelity of cell cycle
checkpoints at the G1/S or G2/M transitions are required for nor-
mal growth and proliferation potential. Deregulation of cell cycle
checkpoints is a principal contributor to tumor initiation. In
eukaryotic cells, genomic DNA is wrapped around an octamer of
core histone subunits (H2a, H2b, H3 and H4) to package DNA
into nucleosomes.'™ Histone gene expression is upregulated at the
onset of S phase to accommodate packaging of newly synthesized
DNA as chromatin during replication.”” A highly conserved Zn
finger transcription factor, histone nuclear factor P (HINFDP) is criti-
cal for control of histone H4 gene expression during the cell
cycle."””® HINFP interacts with NPAT (Nuclear Protein Ataxia-
Telangiectasia locus), a cyclin E/cyclin-dependent kinase 2 (CDK2)
effector that regulates multiple histone genes.9’]4 NPAT together
with HINFP is an integral component of sub-nuclear domains des-
ignated histone locus bodies (HLBs). Histone gene transcription
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and histone mRNA processing machinery co-localize with histone
gene clusters on chromosomes 6 and 1 to form HLBs."*'® The
HINFP-NPAT complex regulates expression of histone genes dur-
ing the G1/S phase and entry into S phase.” 17!

Our recent findings indicated that Hinfp-mediated control of
histone H4 gene expression during S phase is essential for cell
growth and proliferation.””** Complete ablation of Hinfp in
mice causes early embryonic lethality between embryonic day (E)
3.5 and E6.5. In vitro cultures of Hinfp-null embryos at E3.5
exhibit abnormal growth and proliferation.”* Our studies also
demonstrated that conditional removal of Hinfp in mouse
embryonic fibroblasts (MEFs) resulted in reduced expression of
histone H4 transcripts as well as protein and subsequently caused
a spectrum of cell cycle and proliferation defects.** Inactivation
of Hinfp and consequential reduction in histone H4 expression
directly impacted nucleosomal assembly and generated replicative
stress both during interphase and mitosis.”* Thus, Hinfp may be
a key regulatory factor that controls genomic stability.
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Eukaryotic cells utilize a series of DNA surveillance mecha-
nisms to identify and repair DNA damage. The tumor suppressor
protein p53 is an integral component of these key cellular regula-
tory pathways.”> In normal cells, DNA damage and replicative
stress activate p53 induced cell cycle arrest.”® For example, treat-
ment of p53 null MEFs with double strand break inducers such
as doxorubicin activates cell cycle arrest in G2 and also suggests a
role for p53 in S-phase checkpoint.”” Additionally, gamma-irra-
diation causes G1 arrest in MEFs wildtype for p53, but p53 null
MEFs fail to induce the cell cycle block.”® Consequently, MEFs
lacking functional p53 exhibit increased proliferative and trans-
formation properties.””*® These properties of p53 strongly sug-
gest that loss of p53 may contribute to the severity of the Hinfp
null phenotypes.

In this study, we addressed the consequences of genomic abla-
tion of Hinfp in p53 null cells on cell cycle and cell proliferation.
We crossed mice bearing a conditional allele of Hinfp with mice
mutated for p53, and generated primary cells that were co-deleted
for Hinfp and p53. Analysis of these cells revealed that removal of
both Hinfp and p53 aggravates the cellular defects caused by
Hinfp-mediated H4 deficiency. Our findings demonstrate that
simultaneous loss of Hinfp and p53 is deleterious to normal cell
growth and may predispose to cellular transformation.

Results

Compromised expression of histone H4 transcript persists
after loss of p53 in Hinfp null cells

Because Hinfp deficiency compromises H4 gene expression
and induces genomic instability, we investigated the cellular inter-
play between Hinfp and p53. Loss of p53 expression is known to
accelerate cell proliferation.29 Therefore, overall expression of all
histone mRNA is higher in p53 null cells and dKO cells compared
to wild type cells (data not shown). Because Hinfp expression is
essential for H4 gene transcription, relative expression of histone
H4 mRNAs is compromised in both ¢cKO cells lacking Hinfp
only and dKO cells depleted for both Hinfp and p53 (Fig. 1A).
Indeed the magnitude of the consequences of Hinfp deficiency
extended to altered expression of other core and linker histone
(H1, H2a, H2b, H3) genes (Fig. 1B). The data revealed transient
increase in the expression of all 4 other histone subtypes (i.e., H1,
H2a, H2b, H3) both in cKO and dKO cells. The simultaneous
decrease of histone H4 mRNA and increase in expression of other
histone subtypes indicates deregulation of normal stoichiometry
of histone gene expression, as the levels of histone H4 mRNA are
normally tightly coupled to those of the other histone subtypes.
This deregulation may reflect an imbalance in the normal auto-
regulatory mechanism that control histone mRNA accumulation
and that are p53 independent. Importantly, loss of p53 does not
affect the Hinfp dependent histone H4 deficiency.

Ablation of p53 in Hinfp depleted cells significantly disrupts
proliferation and impairs active DNA synthesis

We have recently shown that conditional removal of histone
H4 gene transcription factor Hinfp generates chromatin defects
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Figure 1. Removal of Hinfp causes reduction of histone H4 mRNA levels
in both cKO and dKO cells. Quantitative PCR analysis of relative mRNA
levels was performed for different histone genes in both cKO and dKO
cells. (A) RNAs for 2 Hinfp-dependent histone H4 genes, Hist1H4m and
Hist2H4 are reduced after Hinfp ablation, (B) Other core and linker histo-
nes upon Hinfp-mediated histone H4 depletion show transient increases
in expression levels. (Hist1H1a, Hist1H3i, H2a, H2b).

that predisposes to replicative stress and DNA damage. Because
loss of Hinfp triggers a p53 dependent cell cycle checkpoint, it is
important to address whether loss of p53 contributes to the phe-
notype of Hinfp null cells. Therefore, we examined the combined
effects of loss of both Hinfp and p53 in mouse embryonic fibro-
blasts. While loss of Hinfp compromises cell cycle progression,
loss of p53 by itself accelerates cell proliferation. Strikingly,
removal of Hinfp from p53 null cells (dKO cells) causes a signifi-
cant proliferation defect (p = 0.048) compared to cells that lack
only p53. This dramatic change in proliferation of dKO cells is
comparable to severe proliferation defect observed in cKO cells
(p = 0.045) (Fig. 2A). Notably, loss of p53 in Hinfp null cells
abolishes the compensatory response observed in p21 expression
after ablation of only Hinfp (Fig. 2B). Thus, negative pheno-
typic effects of the Hinfp null mutation on cell proliferation are
dominant over the stimulatory effects of p53 null mutation,
which are linked to abrogation of the p53-p21 pathway.
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Figure 2. Ablation of Hinfp in p53 null cells affects cell proliferation and impairs DNA synthesis. (A) Cell growth curves show loss of Hinfp causes severe
proliferation defects in both cKO (*p=0.045) and dKO (*p=0.048) cells. Wildtype (WT) cells and p53 null (—/—) cells not treated with Cre were used as
comparison. (B) Q-RT-PCR showing relative mRNA levels of p21 in response to loss of Hinfp in the presence (cKO) or absence (dKO) of p53. (C) Cell cycle
profiles of cKO and dKO cells exhibit progressive accumulation of polyploid cells after ablation of Hinfp. WT and p53 —/— cells are shown for comparison
(left panels). (D) IF microscopy performed on WT, p53 —/—, cKO and dKO cells pulse labeled with BrdU (red). Nuclei are stained with DAPI (blue). cKO cells
at D3 show a substantial decrease in BrDU incorporation, while dKO cells lacking both Hinfp and p53 show much higher frequency of BrdU incorporation.
Scale Bar 100.M. (E) Quantification of BrdU incorporation. The bar graphs show percentage of cells engaged in active DNA synthesis as calculated by
counting of BrdU positive cells. (F) FACS analysis of cells pulse-labeled with BrdU using BrdU-APC kit for quantitative measurements of percent
S-phase in cKO and dKO cells. Note the substantial increase in the fraction of BrdU +cells after removal of both p53 and Hinfp at D2.

We further evaluated the effects of removal of both p53 and
Hinfp on cell cycle properties of cKO and dKO cells by analyzing
DNA content using flow cytometry. We examined the cell cycle
profile of cKO and dKO cells with or without Cre treatment.
The data revealed that there is a substantial population of cells
with increased S-phase DNA content in both ¢cKO and dKO
cells, as observed by the increased height of the region between
the G1 and G2 peaks (D1-D4). Interestingly, there is large frac-
tion of cells with polyploid (4N/8N) DNA content in both cKO
and dKO cells (Fig. 2C). While loss of p53 is known to cause a
polyploid phenotype,®”?"** the incidence of polyploidy is much
higher in dKO cells lacking both Hinfp and p53. Hence, a poly-
ploid phenotype observed in either p53 null or Hinfp null cells is
further aggravated by simultaneous loss of both genes.
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We next investigated active DNA synthesis in cultures of cKO
and dKO cells by pulse labeling the cells with bromodeoxyuri-
dine (BrdU). BrdU incorporation was analyzed by immunofluo-
rescence (IF) microscopy (Fig. 2D, E) and flow cytometry
(FACS) (Fig. 2F). Notably, both IF and FACS analysis revealed
a higher S-phase fraction in p53 null (46.6 £ 2.3%) versus wild
type (22.2 & 2.2%) cells. This result could be explained by inher-
ently higher proliferative properties observed in cells lacking p53.
Our data also revealed that depletion of Hinfp impedes active
DNA synthesis (e.g., 9.5% at D3 for cKO) as expected. How-
ever, cells lacking both Hinfp and p53 show a higher percentage
of BrdU positive cells (e.g.,, 45.2% at D3 for dKO). These find-
ings suggest that even though proliferation is significantly com-
promised by loss of Hinfp, concomitant loss of the p53 ablates
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the normal cell cycle arrest that is linked to the p53-p21 pathway
resulting in promiscuous entry into S-phase.

Loss of p53 checkpoint further enhances the aberrant
nuclear phenotypes observed in Hinfp depleted cells

We examined the cellular morphology of the conditional
knockout and double knockout cells by immunofluorescence
microscopy because forward scatter measurements suggested an
increase in cell size (see Fig. 2). Nuclear staining with DAPI
revealed loss of Hinfp in both cKO and dKO cells generates a
much higher percentage of nuclei that are larger in size and more
irregularly shaped (fused and/or multi-lobed). It appears that
cells lacking Hinfp phenotypically progress to a bi-nucleate mor-
phology and the additional loss of p53 transitions the cells into a
multi-lobed nuclear morphology (Fig. 3A, B). At early stages in
culture we find that dKO cells lacking both Hinfp and p53 have
50—-100% more bi-nucleate cells than cKO cells (at D1: cKO =
12.5% and dKO = 24%; at D2: cKO = 24.5% and dKO =
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33%). At later stages of the culture, the number of irregularly
shaped nuclei in dKO cells is ~10 times higher than cKO cells
(at D4: cKO = 4.5% and dKO = 47.5%). The observed nuclear
changes were also examined in the context of cellular architecture
using o-tubulin staining. The images revealed that dKO cells
have a higher percentage of multi-lobed nuclei compared to cKO
cells (Fig. 3C). As denoted by a-tubulin staining, the typical
elongated fibroblastic appearance of cKO cells was severely
altered in dKO cells (Fig. 3C, lower panels). Taken together, the
findings from FACS analysis and IF revealed that loss of the p53
checkpoint enhances the defects in nuclear morphology and cell
proliferation caused by depletion of Hinfp alone.

Removal of p53 in Hinfp null cells alters histone locus
bodies (HLBs), induces DNA damage and enhances genomic
instability

Because Hinfp is required for transcription of histone H4
genes and proper assembly of histone locus bodies, we evaluated

D2 D4

Figure 3. Simultaneous loss of p53 aggravates the aberrant nuclear morphological phenotypes of Hinfp-ablated cells. (A) IF microscopy reveals drastic
changes in nuclear size and shape of cKO MEFs that are exacerbated in dKO MEFs. Nuclei stained with DAPI show increased appearance of irregularly
shaped morphology in cells lacking both p53 and Hinfp. Scale Bar 50um. (B) The bar graph shows distribution of different nuclear morphologies in cKO
and dKO MEFs (n = 200 ). (C) IF microscopy of cKO and dKO MEFs stained with a-Tubulin (red) shows increased presence of bi-nucleated cells (white
arrowheads) in cKO MEFs. The dKO MEFs have an enhanced phenotype with higher incidence of irregularly shaped fused nuclei (yellow arrowheads).

Scale Bar 50 pm.
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the effects of depleting both Hinfp and
p53 on organization of HLBs using
NPAT as a marker. Depending on the
cell cycle stage, normal diploid cells
have 2 or 4 bright NPAT foci/HLBs
per nucleus that coincide with the loca-
tion of the 2 major histone gene clusters
on 6p21 and 1q22. At early culture
stages, the majority of cKO cells (at
D1: ~85%) have a normal HLB pat-
tern that is progressively lost (at D4
~25%) due to loss of Hinfp. In con-
trast, dKO cells at D1 show normal
HLB patterns in only ~60% of nuclei.
Simultaneously, cKO cells exhibit an
increasing fraction of nuclei with dif-
fused NPAT (at D4: 47.5%), indicating
disorganized HLBs. Of note, in dKO
cells lacking both p53 and Hinfp, there
are few cells with diffused NPAT stain-
ing (at D4: 5.5%) (Fig. 4A, B). Inter-
estingly, the fraction of cKO cells with
more than 4 NPAT foci per nucleus
(D1: 11.5%, D2: 23%, D4: 25.5%)
was dramatically increased in dKO cells
lacking both p53 and Hinfp (D1: 42%,
D2: 65.5%, D4: 76.5%). The fraction
of cells with more than 4 NPAT foci
correlates with the extent of polyploidy
observed by FACS analysis in ¢KO and
dKO cells (see Fig. 3). Taken together,
these results indicate that loss of Hinfp
disrupts assembly of HLBs and addi-
tional loss of the p53 checkpoint dereg-
ulates HLB number per nucleus.

We also examined the extent of
DNA damage in ¢KO and dKO cells
by investigating 2 markers closely asso-
ciated with spontaneous double strand
DNA breaks, y-H2AX foci (phosphor-
ylation of H2AX at S-139) and distri-
bution of 53BP1 nuclear staining.%’34
Both Hinfp depleted and double
knockout cells show robust, focal stain-
ing for y-H2AX and 53BP1. However,
a higher percentage of dKO cells have
focal nuclear staining for both markers
(Fig. 4C) indicating an enhanced level
of DNA damage. Alterations in nuclear
size and the probability of increased
genomic instability prompted us to
investigate the integrity of chromo-
somes in response to loss of p53
(Fig. 4D). We mitotically blocked both
cKO and dKO MEFs at D2 after

removal of Hinfp, as well as wildtype
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Figure 4. Removal of p53 in Hinfp null cells alters histone locus body (HLB) patterns and induces geno-
mic instability. (A) IF microscopy shows the distribution of HLB by staining for the marker protein NPAT
(red), an integral component of HLBs. cKO MEFs show an increase in the fraction of cells with multiple
NPAT foci (red arrowheads) or diffused NPAT staining (white arrowheads) after Hinfp depletion. dKO
MEFs show a further increase in cells with multiple NPAT foci. Nuclei were co-stained with DAPI (blue).
Scale Bar 50 pm. (B) Quantitation of NPAT staining patterns in cKO and dKO MEFs at d1, d2 and d4
after removal of Hinfp. Nuclei were counted from 2 biological replicates (200 each) per sample for
each time point. (C) cKO and dKO MEFs were analyzed for factors associated with double-strand DNA
damage using immunofluorescence microscopy. (Upper panels) y-H2Ax S-139 (red) and Scale Bar
50 pwm. (Lower panels) 53BP1 (red) Scale Bar 50 wm. Nuclei were co-stained with DAPI (blue). Both cKO
and dKO MEFs show cells with focal staining for both y-H2Ax and 53BP1 that is even higher in dKO
cells. (D) WT, p53—/—, cKO and dKO MEFs were mitotically arrested at D2 using Colcemid (100 ng/ml).
The mitoses were analyzed by fluorescence microscopy. The DNA was stained with DAPI. cKO cells
have an increased chromosome complement compared to WT, and there is increased appearance of
chromosomal fragility (white arrowheads) in cells lacking both p53 and Hinfp. Scale Bar 20 pm.
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(WT) and p53 null cells for comparison. The morphology of
mitotic chromosomes was microscopically evaluated by DAPI
staining. Hinfp depleted cells show an increased chromosome
complement consisting of mitoses with polyploidy (cKO: ~40—
50%) compared to wild type cells (WT: ~10%). Embryonic
fibroblasts null for p53 are known to have a higher percentage of
cells  with 4n chromosome complement (p53 null:
~50%),2%132 which is further enhanced by loss of Hinfp
(dKO: ~90%). Interestingly, the morphology of mitotic chro-
mosomes in ¢cKO and dKO cells show a striking difference —
Hinfp depleted cells have chromosomes with a more thread-like
and loosely compacted morphology, whereas the dKO cells have
fragmented chromosomes (Fig. 4D). These results suggest that
loss of p53 in Hinfp depleted cells creates fragile chromosomes
that are prone to breakage. Taken together, these findings indi-
cate that loss of the p53 checkpoint worsens the chromosomal
aberrations and nuclear dysmorphology caused by -Hinfp-medi-
ated histone H4 deficiency.

Discussion

We have previously demonstrated that loss of Hinfp depletes
histone H4 in chromatin and causes major defects during DNA
replication that ultimately result in genomic instability.**
Because p53 is the guardian of the genome,®® our current study
addressed whether p53 function is functionally linked to the phe-
notype of Hinfp deficient cells. Loss of Hinfp alters H4 gene
transcription and stoichiometric auto-regulatory mechanisms
that control histone mRNA accumulation. We find that loss of
p53 does not affect this deregulation of histone H4 gene tran-
scription observed in Hinfp null cells. However, loss of the p53-
p21 pathway in Hinfp null cells bypasses a geno-protective cell
cycle arrest and results in precocious entry into S-phase. Further-
more, p53 inactivation intensifies changes in nuclear morphology
and sub-nuclear organization linked to Hinfp loss of function.
Our findings are consistent with a mechanistic model in which
p53 function mitigates Hinfp-related histone H4 deficiency and
concomitant chromatin defects. Replication of H4 deficient
chromatin in the absence of p53 generates chromosomal fragility
and susceptibility to damage. Thus, our study conclusively estab-
lishes that simultaneous loss of both Hinfp and the p53 check-
point is detrimental to normal cell growth and may predispose to
oncogenic transformation.

Apart from deleterious defects from p53 deletion that preco-
ciously licenses replication of damaged chromatin during S-phase
prior to repair, loss of p53 also has major effect on mitosis.
Because p53 is the guardian of the genome and a major tumor
suppressor, it coordinates several cellular checkpoints linked to
G1/S transition and mitotic entry.***” Key findings of our study
are the mechanisms by which p53 compounds the Hinfp pheno-
type. Loss of Hinfp generates polyploidy and reduced cell viabil-
ity. However, when p53 is simultaneously ablated it exacerbates
polyploidy because the p53 controlled mitotic checkpoint is
compromised. We have recently shown that depletion of Hinfp
causes polyploidy by triggering mitoses with muldpolar
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spindles.”* While such aberrant divisions would normally be pre-
vented or mitigated by p53, ablation of p53 in Hinfp null cells
generates polyploid cells with fragile chromosomes. This chro-
mosomal fragility may further account for the chromosomal
imbalance and aneuploidy that we observed in cells lacking both
p53 and Hinfp.

Our finding that loss of Hinfp results in chromosomal defects,
suggests that wild type Hinfp may have tumor suppressor effects
by maintaining chromatin integrity and ensuring the proper stoi-
chiometry between histone gene expression and DNA replica-
tion. This protective function of Hinfp is analogous to that of
p53, which is the frequently mutated in cancer (i.e., >50% of
cancers exhibit p53 mutations or functional inactivation).??°
Cells with p53 null mutation exhibit faster proliferation and
higher survival potential, because p53 controls cell survival/apo-
protic pathways (e.g., p53/p21 checkpoint).*>*! Unlike loss of
p53, Hinfp inactivation does not confer a proliferative advantage
because it is necessary for chromatin integrity and fidelity of
nucleosomal organization. Consequently, there are no reports
that suggest Hinfp is genetically linked to cancer. Because chro-
mosomal defects caused by Hinfp deficiency cannot be repaired
by p53 dependent checkpoints at the G1/S phase transition and
mitosis, it is evident that Hinfp is an essential transcription factor
required for both normal cell growth and proliferation of preva-
lent cancers with p53 mutations.

Materials and Methods

Mice
Conditional Hinfp and p53 knockout™ mice were
crossed to generate mice both homozygous floxed for Hinfp

F/F24

(HinfpF By and p53-heterozygous. Animals were maintained
according to Institutional Animal Care (IACUC) guidelines. To
confirm the genotypes of the mice, tail DNA from pups was sub-
jected to Southern blotting (data not shown) and genomic DNA
PCR (Fig. SIA).

Cell culture and flow cytometry

Mouse embryonic fibroblasts (MEFs) were isolated at E13.5
from embryos with genotypes: wildtype, Hinfp¥ p53~'",
cHinfp™"p53¥", and cHinfp™"p53~/~. cHinfp MEFs were cul-
tured and treated with adenoviral vector expressing Cre recombi-
nase (AdSCMVCre-eGFP;  http://www.medicine.uiowa.edu/
vectorcore/ad/stock/) at passage 3. Cre recombination of Hinpr/
F produced Hinfp#*pSBWT MEFs (conditional KO = cKO)
and Hinfp~'"p53~'~ MEFs (double knockout = dKO). The
adenoviral vector used for Cre-recombinase expression co-
expressed green fluorescent protein (GFP) marker that was used
for live-cell selection. GFP positive cells expressing the Cre-
recombinase were sorted 36 h after infection (BD FACS Aria I)
and collected cells were grown in culture for up to 4-5 d (Fig.
S1B). The GFP positive cells were genotyped post-sort to con-
firm removal of Hinfp (Fig. S1C). MEFs wild type for Hinfp
and p53 were generated from original cHinfp colony whenever
required. As described previously 2% the genomic ablation of
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Hinfp (cKO) generates truncated Hinfp gene transcripts. We also
confirmed expression of truncated Hinfp and p53 transcripts in
dKO cells (Fig. S1D and data not shown).

RNA extraction and qPCR

Total RNA was isolated from MEFs using the miRNeasy
Mini Kit (QIAGEN Cat# 217004) followed by cDNA synthesis
using the SuperScript First-Strand Synthesis System III (Invitro-
gen Cat# 18080-051). Relative transcript levels were determined
by the AACr method using the cycle threshold (Ct) obtained in
ViiA 7™ (Applied Biosystems by Life Technologies, Carlsbad,
CA, USA) and iTaq Fast SYBR Green Supermix with ROX
(Bio-Rad Laboratories Cat# 172-5122). Primer sequences are
listed in supplementary table.

Immunofluorescence (IF)

GFP sorted MEFs (cKO and dKO) or WT or p53 null
MEFs were plated on coverslips and cultured for 4 days; sam-
ples were collected at D1-D4. IF was carried out as described
previously.'> Briefly, cells were fixed with 3.7% formaldehyde
for 10 min at room temperature, permeabilized with 0.25%
Triton X-100 for 20 min, and then incubated with primary
antibody for 1h at 37°C, followed by detection using appropri-
ate fluorescent-tagged secondary antibody. The nuclei were
counterstained with DAPI. The following antibodies were used
for protein detection: NPAT mouse monoclonal (1:1000; BD
Transduction Laboratories Cat# 611344), a-tubulin mouse
monoclonal (1:1000; Sigma Cat# T5168), y-H2Ax-S139
mouse monoclonal  (1:250; Millipore  Cat#  05-636),
53BP1mouse monoclonal (1:250; Santa Cruz Biotechnology
Cat# sc22760). Cells were viewed under an epifluorescence
Zeiss Axiolmager microscope equipped with a Hamamatsu
charged coupled device (CCD) camera. Images were captured
using 10x, 40%, 63x, or 100X objective magnification and
Zen 2011 imaging software (Zeiss, Munich, Germany).

BrdU incorporation
WT, p53 null, cKO and dKO MEFs were grown cither on
coverslips (for IF) or in 6-well plates (for FACS). Incorporation
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