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De Novo Mutations Activating Germline TP53
in an Inherited Bone-Marrow-Failure Syndrome
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Inherited bone-marrow-failure syndromes (IBMFSs) include heterogeneous genetic disorders characterized by bone-marrow failure,

congenital anomalies, and an increased risk of malignancy. Many lines of evidence have suggested that p53 activation might be central

to the pathogenesis of IBMFSs, including Diamond-Blackfan anemia (DBA) and dyskeratosis congenita (DC). However, the exact role of

p53 activation in each clinical feature remains unknown. Here, we report unique de novo TP53 germline variants found in two individ-

uals with an IBMFS accompanied by hypogammaglobulinemia, growth retardation, and microcephaly mimicking DBA and DC. TP53 is

a tumor-suppressor gene most frequently mutated in human cancers, and occasional germline variants occur in Li-Fraumeni cancer-pre-

disposition syndrome. Most of these mutations affect the core DNA-binding domain, leading to compromised transcriptional activities.

In contrast, the variants found in the two individuals studied here caused the same truncation of the protein, resulting in the loss of 32

residues from the C-terminal domain (CTD). Unexpectedly, the p53 mutant had augmented transcriptional activities, an observation

not previously described in humans. When we expressed this mutant in zebrafish and human-induced pluripotent stem cells, we

observed impaired erythrocyte production. These findings together with close similarities to published knock-in mouse models of

TP53 lacking the CTD demonstrate that the CTD-truncation mutations of TP53 cause IBMFS, providing important insights into the pre-

viously postulated connection between p53 and IBMFSs.
Inherited bone-marrow-failure syndromes (IBMFSs) include

a heterogeneous group of genetic disorders characterized

by bone-marrow failure, congenital anomalies, and an

increased risk of malignacy.1 Many lines of evidence sug-

gested that p53 activation may be central to the pathogen-

esis of IBMFSs, including Diamond-Blackfan anemia (DBA

[MIM: 105650]) and dyskeratosis congenita (DC [MIM:

305000]).2,3

DBA is characterized by macrocytic pure red-cell aplasia

involving a decreased number of erythroid progenitors

in the bone marrow and various constitutive abnormal-

ities.4 Except for rare germline GATA1 (MIN: 305371) mu-

tations,5 all known causative mutations involve ribosomal
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protein (RP) genes.6 It is widely accepted that the patho-

genesis of DBA involves elevated p53 accumulation caused

by haploinsufficiency of a ribosomal component; this hap-

loinsufficiency leads to an increased stability of the protein

by anMDM2-mediated mechanism, thereby inducing cell-

cycle arrest and apoptosis of erythroid precursors.2 DC is

caused by germline mutations in the telomerase complex

or the shelterin telomere protection complex.7 An individ-

ual with DC typically presents with a classic triad of pheno-

types, including nail dystrophy, oral leukopathies, and

skin hyperpigmentation. However, these phenotypes are

usually not evident until the second decade of life. In

most DC cases, the initial hematologic abnormalities
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Figure 1. Clinical Features of the
Individuals
(A) Bone-marrow smears from individual 1
(top) and individual 2 (bottom) show se-
lective erythroid hypoplasia.
(B) Growth curves of individual 1 (red)
and individual 2 (green) exhibit marked
growth retardation.
(C) Reticular skin pigmentation and severe
microcephaly as demonstrated by mag-
netic resonance imaging noted in individ-
ual 1 at 16 years of age.
(D) Telomere lengths in peripheral blood
lymphocytes from individual 1 (red) and
individual 2 (green) compared to normal
individuals (gray) (median age, 29 years;
range, 1–47 years) and an individual with
DC (blue); telomere lengths were esti-
mated by flow-cytometry fluorescent in
situ hybridization (flow-FISH) and ex-
pressed as the FISH signals relative to the
signal from a normal control (1301 cell
line).
include thrombocytopenia or macrocytic anemia followed

by pancytopenia.1 Hypogammaglobulinemia is also com-

mon.8,9 It is widely accepted that telomere or telomerase

dysfunction in DC leads to uncapped chromosomes, re-

sulting in p53 activation and induction of apoptosis.3

Although the p53 pathway appears to be a critical medi-

ator in both diseases, the exact role of p53 activation in

each clinical feature remains unknown. In this report, we

describe two individuals with a unique form of IBMFS

caused by de novo germline mutation of TP53 (MIM:

191170), unequivocally suggesting a role of augmented

p53 functions in the pathogenesis of bone-marrow failure.

The two individuals in our DBA cohort had similar

clinical phenotypes that partially mimicked DBA (e.g.,

pure red-cell aplasia [Figure 1A] and growth retardation

[Figure 1B]).4 Other features, such as hypogammaglobu-

linemia and microcephaly (Figure 1C), are also seen in

DBA4,10 but are more common in DC.8 In fact, the older

case (individual 1) presented typical DC-like features,

including reticular skin pigmentation (Figure 1C), hypogo-

nadism, and tooth anomalies (Table 1) (see Supplemental

Note).9 Their anemia did not respond to steroid therapy.

They required a regular blood transfusion from early in-

fancy. However, anemia of individual 1 showed sponta-
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neous remission at 13 years of age,

and he became transfusion indepen-

dent. Both individuals needed regular

IgG replacement therapy for persis-

tent hypogammaglobulinemia. No

cancers were identified in either indi-

vidual. No mutations or deletions

were detected in the known DBA-

associated genes. To identify causa-

tive mutations, we first performed

whole-exome sequencing (WES) of

germline DNA obtained from the pe-
ripheral blood of the two individuals and their parents

and/or siblings as previously described (Supplemental Ma-

terial and Methods).12 Gene mutations were confirmed by

Sanger sequencing, performed with their hair follicles

and/or buccal tissues. Written informed consent was ob-

tained from their parents. The ethics committees at Hiro-

saki University and the University of Tokyo approved

this study. In WES and copy-number analysis, we did not

find mutations or deletions in the genes associated with

IBMFSs (Tables S1 and S2). Intriguingly, however, in both

individuals we identified heterozygous frameshift variants

commonly affecting TP53 (c.1083delG in individual 1

[II-3] and c.1077delA in individual 2 [II-3]: RefSeq acces-

sion: NM_001126112.2) (Figure 2A). These TP53 muta-

tions were not found in their parents (Figure 2A and 2B),

indicating that both variants represented de novo germline

mutations. These frameshift mutations led to identical

C-terminal truncations (p.Ser362Alafs*8) (Figure 1C).

Both variants were located in exon 10, resulting in the

introduction of premature terminal codons in the last cod-

ing exon (exon 11) (Figure 1D). Therefore, mutant tran-

scripts most likely escaped from the nonsense-mediated

mRNA decay pathway.13 Indeed, Sanger sequencing de-

tected the mutant transcripts in amounts comparable to
ics 103, 440–447, September 6, 2018 441



Table 1. Clinical Characteristics of DCTD Mutant Mice and the Individuals Carrying a TP53-DCTD Allele

Individuals Mice (No. Analyzed) Reported Frequencies in

1 2 p53D31/D31 22 p53D24/D24 23 DBA1,4,11 DC1,8,9,11

Age at diagnosis 2 m 15 d NA NA NA NA

Gender M M NA NA NA NA

Bone-Marrow Failure

PRCA þ þ � � �100% þd

Pancytopenia � � þ þ � >95%

Aplasia in BM þa þa þ (8/8) þ þa þ

Spontanous remission þ � � � 20% ND

Physical Anomalies

Microcephaly þ þ þ þ reported 6%

Growth retardation þ þ þ (16/25) þ 30% 20%

Mental retardation þ þ ND ND reported 25%

Hypogonadism þ ND þ (10/11) ND reported 6%

Physical Anomalies Associated with DC

Pulmonary fibrosis � � þ (7/8) ND ND 20%

Nail dystrophy � � þ (2/8) ND ND 88%

Oral leukoplakia � � þ (8/8) ND ND 78%

Skin hyperpigmentation þ � þ (25/25) þ ND 89%

Teeth abnormal þ � ND ND ND 17%

Abnormal Laboratory Findings

Hypogammaglobulinemia þ þ ND ND rare common

Telomere shortening þb þb þ ND þb 100%c

Abbreviations are as follows; d: day, m: month, y: year, M; male, NA: not applicable, PRCA: pure red cell aplasia, ND: not described.
aAplasia is limited to erythroid lineage in BM.
bTelomere length is between the 1st and 10th percentile.
cMost patients with DC have very short telomeres, less than 1st percentile (< 1%).
dIn most cases with DC, the initial hematologic abnormalities are thrombocytopenia or macrocytic anemia followed by pancytopenia.
those of normal transcripts in peripheral blood mononu-

clear cells (PBMCs) from individual 1 (Figure S1). A sponta-

neous remission of the IBMF phenotype within the second

decade of life in individual 1 suggests the possibility of a

clonal genetic reversion event. However, deep sequencing

showed comparable variant allele frequency (VAF) of the

TP53 mutation in PBMC in remission (VAF: 0.49).

TP53 is a tumor-suppressor gene most frequently

mutated in human cancers; occasional germline variants

also occur in Li-Fraumeni cancer-predisposition syndrome

(LFS [MIM: 151623]).14,15 Most of these mutations affect

the core DNA-binding domain, leading to compromised

transcriptional activities.16 In contrast, the variants found

in two individuals showed the same protein truncations,

resulting in the loss of 32 residues from the C-terminal do-

mains (CTDs) (Figure 2C). Significantly, no mutations

involving the CTD have been reported in human cancers

or LFS according to the International Agency for Research

on Cancer TP53 database v.R18, which compiles >29,000

somatic mutations in cancer and >880 germline muta-
442 The American Journal of Human Genetics 103, 440–447, Septem
tions.16 Furthermore, we could not find IBFMS cases with

the CTD-truncating mutations of TP53 in the published

literature. To test whether the loss of the CTD affected

the transcriptional activities of p53, we first assessed the

transcriptional activity of the p53mutant seen in two indi-

viduals by luciferase assay involving the promoter of

CDKN1A as described in the Supplemental Material and

Methods. The transcriptional activation of the mutant

was significantly higher than that of wild-type p53

(Figure 2E), suggesting that the variants found in both in-

dividuals were activating mutations.

To investigate the biological effects of the TP53 muta-

tions in vivo, we developed zebrafish expressing a CTD-

truncated p53. Thus, using one-cell-stage embryos, we

injected a Morpholino antisense oligo (MO) that targeted

the 30 splice site of intron 10 (spMO) (Figure 3A and Sup-

plemental Material and Methods). The MO-injected em-

bryos were grown at 28.5�C. Total RNA was isolated from

wild-type and MO-injected embryos at 8 hr post-fertiliza-

tion (hpf). Reverse transcription (RT)-PCR was used for
ber 6, 2018



Figure 2. TP53 Gene Alteration Observed in Individuals with Inherited Bone-Marrow-Failure Syndrome
(A) Pedigrees for individuals 1 (left) and 2 (right). Each individual had a de novo germlinemutation. The red arrows indicate the positions
of the single-nucleotide deletions. Blue arrows indicate the frameshift signals.
(B) The TP53 mutation in different tissues from individuals 1 and 2. The right lower panel shows the DNA sequences of the subcloned
molecule derived from individual 2, demonstrating the deletion of c.1077A. Red arrows indicate positions of the single-nucleotide dele-
tion. Blue arrows indicate the frameshift signals.
(C) Structure of the TP53 locus in which the locations of the mutations in individual 1 (red) and individual 2 (green) are indicated by
arrowheads (top). Structure of human p53 consisting of domains for transactivation (TAD), specific DNA binding (DBD), and tetrame-
rization (TD), as well as proline-rich (PRD) and C-terminal (CTD) domains (middle). The two heterozygous frameshift variants in TP53 in
individuals 1 and 2 resulted in identical C-terminal truncations (arrowhead). A comparison of the amino acid sequences of the C termini
of the wild-type and mutant p53s is shown (bottom). Deleted or altered sequences in p53 variants in both individuals are shown in red
and blue, respectively.
(D) The position of TP53 c.1077A is shown in red and c.1083G in green. c.1083G was deleted in individual 1, c.1077A was deleted in
individual 2, and both translated products had identical amino acid sequences. Altered amino acid residues are indicated in blue.
Both variants in exon 10 resulted in the introduction of premature terminal codons in the last coding exon (exon 11).
(E) Luciferase activities from a CDKN1A promoter co-transduced with indicated constructs in QT6 (left) and MG63 (right) cell lines.
Blank: no DNA. MOCK: mock vector. WT: wild-type TP53. c.1083delG: c.1083delG TP53 variant. c.1077delA: c.1077delATP53 variant.
*p < 0.01; **p < 0.001, t test. Error bars indicate standard deviation.
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Figure 3. Functional Analyses Based on a Zebrafish Model
(A) The structures of human TP53 and zebrafish tp53. The sequences at the intron 10/exon 11 boundary regions are indicated. Uppercase
and lowercase letters show the exon and intron sequences, respectively. The MO target site is underlined. The arrowhead indicates the
position of the mutated nucleotides in the affected individuals.
(B) The amino acid sequences of the C-terminal regions of human TP53 and zebrafish Tp53. The conserved lysine residues in the CTD for
human and zebrafish are shown in red. The arrows indicate the positions of the mutant nucleotides in the individuals. The tetrameriza-
tion domain is shaded in pink.
(C) RT-PCR-based detection of tp53 and actb in MO-injected and wild-type embryos. A larger transcript retaining intron 10 is detected in
the MO-injected embryos. Injection of spMO perturbed the splicing of intron 10 and introduced a premature stop codon just after exon
10, leading to the elimination of the lysine-rich CTD in Tp53.
(D) Representative hemoglobin staining of cardial veins at 48 hpf and cell divisions at 8 hpf found in MO-injected and wild-type em-
bryos. Approximately 40% of the embryos injected with spMO at 2.5 mg/mL show a severe to moderate reduction of erythrocytes.
The injection of MO at 5 mg/mL led to developmental arrest at 8–9 hpf.
distinguishing normal and intron-containing sizes of the

tp53 transcripts. Injection of spMO into the one-cell-stage

embryos perturbed the splicing of intron 10 and intro-

duced a premature stop codon just after exon 10, leading

to the elimination of the lysine-rich CTD in Tp53 (Fig-

ures 3B and 3C). The spMO-injected embryos presented

developmental defects with severe morphological abnor-

malities and died by 96 hpf. Hemoglobin staining at

48 hpf reflected reduced erythrocyte production in the car-

dial vein of the embryos (Figure 3D). These results suggest

that the CTD-truncated p53 perturbed the early develop-

ment and erythrocyte production of zebrafish.

To further examine the effects of the mutated TP53 in

human cells, we used CRISPR/Cas9-mediated gene editing

(Supplemental Material and Methods) to establish a hu-

man-induced pluripotent stem cell (hiPSC) line carrying

a heterozygous TP53 mutant allele (Figure 4A). We pre-

pared the plasmids expressing CRISPR guide RNA and

Cas9 by ligating oligos into the BbsI site of pX330 (Addg-
444 The American Journal of Human Genetics 103, 440–447, Septem
ene no. 42230). We designed the candidate sequences for

CRISPR guide RNA by using UCSC Genome Browser to

introduce frameshift mutations in the CTD of TP53. The

targeting constructs for genome editing and neomycin

resistance gene expression plasmids were transfected

into hiPSCs #817 and selected with neomycin (G418). We

confirmed significantly elevated expression of the down-

stream targets of p53 in the mutant hiPSCs compared

to isogeneic wild-type iPSCs, for all the targets tested,

including CDKN1A (OMIN: 116899), MDM2 (OMIN:

164785), PMAIP1 (OMIM: 604959), and TIGAR (OMIN:

610775) (Figure 4B). We then assessed the ability of the

mutant hiPSCs to produce erythroid lineage cells upon

induced erythroid differentiation as previously reported

(Figure 4C).17 Twelve and 18 days after induction, the

number of CD71- and glycophorin-A-positive cells was

significantly lower in mutant hiPSCs than in the isogenic

control (Figure 4D and Table S3). These results suggest

that hiPSCs carrying the heterozygous TP53 mutations
ber 6, 2018



Figure 4. Functional Analyses Based on a Human iPSC Model
(A) An hiPSC line carrying a heterozygous TP53 mutant allele was generated by CRISPR/Cas9-mediated gene editing (upper). Compar-
ison of the amino acid sequences of the C termini of wild-type andmutant p53s in the affected individuals and mutant hiPSC (bottom).
Deleted or altered sequences in p53 variants in both individuals and the mutant hiPSC are shown in red and blue, respectively.
(B) Comparison of the expression of four downstream targets of p53 in the mutant hiPSC (M) and isogenic control (W) by real-time
quantitative RT-PCR. Error bars indicate standard deviation.
(C) Scheme for differentiation of erythroid lineage from hiPSCs. To differentiate hiPSCs into erythroid cells, we used our previously es-
tablished protocol.16

(D) Effects of the truncating p53 mutant on erythropoiesis as measured by the numbers of glycophorin-A (Gly-A)-positive cells after
in vitro erythroid induction. The combined results of three independent experiments are shown. *p < 0.01; **p < 0.001, t test. Error
bars indicate standard deviation.
possess enhanced p53 activity and impaired erythroid

differentiation.

In response to a variety of stresses, p53 undergoes exten-

sive post-translational modification, including phos-

phorylation and acetylation. The CTD is subjected to mul-

tiple and diverse post-translational modifications that are

thought to be essential for the regulation of p53 stability

and activity.18 Although the precise roles and functions

of the p53 CTD are not fully understood,19 the p53 CTD

has been shown to act as a docking site for negative regu-
The American
lators such as Smyd2 and SET.20,21 Thus, the deletion of

the CTD might result in compromised binding of these

p53 variants to the negative regulators and impairment

of their transcriptional repression.

Recent studies using mouse models demonstrated that

the CTD plays key roles in postnatal homeostasis of the

hematopoietic compartment and development of the

brain.22,23 Simeonova et al. described a genetically engi-

neered mouse carrying a mutant Tp53 knock-in allele

that lacked the C-terminal 31 amino acids and was very
Journal of Human Genetics 103, 440–447, September 6, 2018 445



similar to the mutations found in both individuals.22

Mice homozygous for the mutant allele showed bone-

marrow aplasia, short telomere lengths, abbreviated life

expectancy, microcephaly, a small body size, and pulmo-

nary fibrosis, a collection of characteristics that are essen-

tially a phenocopy of DC. Hamard et al. reported that

another mouse line expressing a truncated p53 lacking

the C-terminal 24 amino acids presented similar pheno-

types.23 Both affected individuals described here shared

several phenotypes, including bone marrow failure,

microcephaly, and severe growth retardation (Table 1),

with these mutant mice. However, there exist some dif-

ferences between our cases and the mouse models. For

example, telomere shortening was not prominent in

either individual compared to typical DC-affected indi-

viduals with mutated TERT-related genes (Figure 1D).11

Notably, although the heterozygous mice appeared to

show minimal phenotypes, both individuals developed

severe phenotypes even with a heterozygous TP53 muta-

tion. An hiPSC line carrying a heterozygous TP53 muta-

tion also showed impairment of erythrocyte production.

It is unclear how these truncations (and augmented p53

functions) lead to the observed phenotype and exactly

which of many p53 functions are affected by these muta-

tions. Further studies are warranted to clarify these issues.

In conclusion, we identified germline TP53mutations in

two cases of IBMFS. These mutations have not been previ-

ously described in humans. The p53 varaint was shown to

have augmented p53 functions, rather than loss of func-

tion. The close similarities of genotypes and phenotypes

among the individuals and the zebrafish, hiPSC andmouse

models strongly suggest that the clinical phenotypes in our

individuals could be explained by activated p53 functions

caused by truncation of the C terminus. These findings will

provide important insights into the previously postulated

connection between p53 and IBMFSs.
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and regulation of the nonsense-mediated decay pathway. Nu-

cleic Acids Res. 44, 1483–1495.

14. Kandoth, C., McLellan,M.D., Vandin, F., Ye, K., Niu, B., Lu, C.,

Xie, M., Zhang, Q., McMichael, J.F., Wyczalkowski, M.A., et al.

(2013). Mutational landscape and significance across 12major

cancer types. Nature 502, 333–339.

15. Malkin, D., Garber, J.E., Strong, L.C., and Friend, S.H. (2016).

CANCER. The cancer predisposition revolution. Science 352,

1052–1053.

16. Bouaoun, L., Sonkin, D., Ardin, M., Hollstein, M., Byrnes, G.,

Zavadil, J., and Olivier, M. (2016). TP53 variations in human
The American
cancers: New lessons from the IARC TP53 database and geno-

mics data. Hum. Mutat. 37, 865–876.

17. Ochi, K., Takayama, N., Hirose, S., Nakahata, T., Nakauchi, H.,

and Eto, K. (2014). Multicolor staining of globin subtypes re-

veals impaired globin switching during erythropoiesis in hu-

manpluripotent stemcells. StemCellsTransl.Med.3, 792–800.

18. Feng, L., Lin, T., Uranishi, H., Gu, W., and Xu, Y. (2005). Func-

tional analysis of the roles of posttranslational modifications

at the p53 C terminus in regulating p53 stability and activity.

Mol. Cell. Biol. 25, 5389–5395.

19. Laptenko, O., Tong, D.R., Manfredi, J., and Prives, C. (2016).

The tail that wags the dog: How the disordered C-terminal

domain controls the transcriptional activities of the p53 tu-

mor-suppressor protein. Trends Biochem. Sci. 41, 1022–1034.

20. Huang, J., Perez-Burgos, L., Placek, B.J., Sengupta, R., Richter,

M., Dorsey, J.A., Kubicek, S., Opravil, S., Jenuwein, T., and

Berger, S.L. (2006). Repression of p53 activity by Smyd2-medi-

ated methylation. Nature 444, 629–632.

21. Wang, D., Kon, N., Lasso, G., Jiang, L., Leng, W., Zhu, W.G.,

Qin, J., Honig, B., and Gu, W. (2016). Acetylation-regulated

interaction between p53 and SET reveals a widespread regula-

tory mode. Nature 538, 118–122.

22. Simeonova, I., Jaber, S., Draskovic, I., Bardot, B., Fang, M.,

Bouarich-Bourimi, R., Lejour, V., Charbonnier, L., Soudais,

C., Bourdon, J.C., et al. (2013). Mutant mice lacking the p53

C-terminal domain model telomere syndromes. Cell Rep. 3,

2046–2058.

23. Hamard, P.J., Barthelery, N., Hogstad, B., Mungamuri, S.K.,

Tonnessen, C.A., Carvajal, L.A., Senturk, E., Gillespie, V., Aar-

onson, S.A., Merad, M., andManfredi, J.J. (2013). The C termi-

nus of p53 regulates gene expression by multiple mechanisms

in a target- and tissue-specific manner in vivo. Genes Dev. 27,

1868–1885.
Journal of Human Genetics 103, 440–447, September 6, 2018 447

http://refhub.elsevier.com/S0002-9297(18)30247-7/sref8
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref8
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref8
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref8
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref9
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref9
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref9
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref9
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref10
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref10
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref10
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref10
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref11
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref11
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref11
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref11
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref11
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref12
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref12
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref12
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref12
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref13
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref13
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref13
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref14
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref14
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref14
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref14
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref15
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref15
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref15
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref16
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref16
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref16
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref16
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref17
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref17
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref17
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref17
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref18
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref18
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref18
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref18
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref19
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref19
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref19
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref19
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref20
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref20
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref20
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref20
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref21
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref21
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref21
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref21
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref22
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref22
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref22
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref22
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref22
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref23
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref23
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref23
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref23
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref23
http://refhub.elsevier.com/S0002-9297(18)30247-7/sref23

	De Novo Mutations Activating Germline TP53 in an Inherited Bone-Marrow-Failure Syndrome
	Accession Numbers
	Supplemental Data
	Acknowledgments
	Declaration of Interests
	Web Resources
	References


