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SUMMARY
Fanconi anemia (FA) causes bone marrow failure early during childhood, and recent studies indicate that a hematopoietic defect could

begin in utero.We performed a unique kinetics study of hematopoiesis in Fancg�/�mouse embryos, between the early embryonic day 11.5

(E11.5) to E12.5 developmental window (when the highest level of hematopoietic stem cells [HSC] amplification takes place) and E14.5.

This study reveals a deep HSC defect with exhaustion of proliferative and self-renewal capacities very early during development, together

with severe FA clinical and biological manifestations, which aremitigated at E14.5 due to compensatorymechanisms that help to ensure

survival of Fancg�/� embryos. It also reports that a deep HSC defect is also observed during human FA development, and that human FA

fetal liver (FL) HSCs present a transcriptome profile similar to that ofmouse E12.5 Fancg�/� FLHSCs. Altogether, our results highlight that

early mouse FL could represent a good alternative model for studying Fanconi pathology.
INTRODUCTION

In children, bone marrow failure (BMF) represents a life-

threatening condition whose most common genetic cause

is Fanconi anemia (FA). FA is a genetic disorder due to mu-

tations in one of the 22 FANC complementation group

genes involved in DNA repair and prevention of cellular

stress (Bluteau et al., 2016; Deans and West, 2011; Dong

et al., 2015; Hays, 2012; Kim et al., 2012; Knies et al.,

2017; Kottemann and Smogorzewska, 2013; Kupfer,

2013; Park et al., 2016; Zhang et al., 2015). Early during

childhood (median age 6.5 years) (Dokal and Vulliamy,

2008; Faivre et al., 2000; Kutler et al., 2003), 80% of the

FA patients suffer from this main symptom (Kutler et al.,

2003) and hematopoietic stem cell (HSC) transplantation

remains the only curative treatment (Ayas et al., 2013; Pef-

fault de Latour et al., 2013). Furthermore, FA also strongly

predisposes patients to myelodysplastic syndrome and

acute myeloid leukemia (AML). To date, the pathogenesis

of BMF and AML remains incompletely understood (Dumi-

triu and Young, 2012; Garaycoechea and Patel, 2014;

Muller andWilliams, 2009; Nalepa andClapp, 2014; Quen-

tin et al., 2011; Tischkowitz and Dokal, 2004; Walter et al.,

2015; Zhang et al., 2016).
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Most of the time, FA patients do not show any signs of

blood cytopenia at birth (Soulier, 2011). However, a deficit

in the CD34+ cell numbers in FA subjects is observed very

early during childhood, even before the onset of the BMF

clinical symptoms (Ceccaldi et al., 2012; Kelly et al.,

2007). This, added to the early developmental defects of

the hematopoietic commitment described for human em-

bryonic stem cells after knockdown of FANCA and FANCD2

genes, led us and others to hypothesize that the FAhemato-

poietic defect could already begin in utero (Ceccaldi et al.,

2012; Kamimae-Lanning et al., 2013; Suzuki et al., 2017;

Tulpule et al., 2010; Yoon et al., 2016).

Indeed, in contrast to adult HSCs, which are quiescent in

the bone marrow (BM), embryonic HSCs are in active pro-

liferation and migrate through multiple anatomical sites

before they settle in the BM (Dzierzak and Speck, 2008;

Mikkola and Orkin, 2006). In the mouse, between the

time of their emergence in the floor of dorsal aorta in the

aorta/gonad/mesonephros (AGM) region and the coloniza-

tion of BM, HSCs migrate through fetal liver (FL) and

placenta (Pl), where they are amplified (Dzierzak and Speck,

2008). Amplification takes place between embryonic day

11.5 (E11.5) and E15.5 in the FL (Ema and Nakauchi,

2000; Kumaravelu et al., 2002; Morrison et al., 1995),
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with a peak at E12.5 (30- to 50-fold increase between E11.5

and E12.5) (Gekas et al., 2005; Kumaravelu et al., 2002),

and between E11.5 and E12.5 in the Pl (25-fold) (Gekas

et al., 2005; Ottersbach and Dzierzak, 2005). During hu-

man embryonic development, the sequence of events lead-

ing to production of HSCs parallels that of mice, and FL

represents the key organ for HSC amplification and matu-

ration (Tavian and Peault, 2005).

In this study, we investigated whether FA pathway defi-

ciency impairs the expansion of the HSC pool in response

tohigh replicative stressduring thefirst stagesofHSCampli-

fication during embryonic development, using Fancg�/�

mice. Together with FANCA and FANCC, FANCG is one of

the most frequently mutated gene in FA patients, and its

product is part of the nuclear FA core complex that signals

the cellular response to DNA damage (Dong et al., 2015).

Adult Fancg�/�mice present a phenotype virtually identical

to that of Fanca�/� and Fancc�/� mice (Parmar et al., 2009),

with a reduction of BMHSCs andhematopoietic progenitor

(HP) subsets but no BMF (Barroca et al., 2012).

We focused on early development times, when HSC

amplification takes place both in FL and Pl, i.e., E11.5–

E12.5. At E12.5 expansion is important in both organs,

and any DNA repair defect would have a significant impact

leading to an alteration of HSC pool. Our results demon-

strate that an important hematopoietic defect occurs

from the very first stages of hematopoietic amplification

in Fancg�/� FL and Pl, and that clinical and biological com-

pensations occur at E14.5. In addition, we show that an

HSC defect is also present in an FL sample from a human

FA embryo. Transcriptomic analysis of HSCs sorted from

Fancg�/� E12.5 and from the human FA FLs revealed that

similar biological processes are down- and upregulated in

Fanconi HSCs.
RESULTS

Fancg Deficiency Leads to Impaired Phenotype and

Profound Erythrocyte Defect in Fetal Liver and

Placenta during EarlyMouse EmbryonicDevelopment

Fancg�/� homozygous mice being hypofertile (Koomen

et al., 2002), embryos were obtained after timed mating
Figure 1. Dysmorphology of Fancg�/� Embryos Accompanied wit
FL and Pl
(A) smaller size and microphthalmia (blue asterisk) of Fancg�/� embry
(red arrowhead). Respective numbers of Fancg�/� and WT embryos stud
n = 52 and n = 53 at E14.5.
(B) Total cellularity of FL and Pl at E11.5, E12.5, and E14.5.
(C) Total number of erythroid (TER119), myeloid (GR1), and B lymphoid
bars, Fancg�/�.
Error bars correspond to standard deviation. ***p < 0.001, **p < 0.0
of C57Bl6 Fancg+/� heterozygous breeders. Fancg�/� em-

bryos were obtained at a lower frequency than expected

at E11.5 and E12.5 (20% and 21.7%, respectively, instead

of 25%, 958 embryos tested in total; p < 0.001). As observed

in Fancc�/� and Fancd2�/� mice (Kamimae-Lanning et al.,

2013; Suzuki et al., 2017), this frequency dramatically

declined at birth (11% ± 0.8, 82 postnatal day 0 [P0] to P1

pups tested, p < 0.001), suggesting a late perinatal lethality.

Interestingly, at E11.5 and E12.5 Fancg�/� embryos were

systematically smaller than wild-type (WT) control litter-

mates, while at E14.5 only half of the Fancg�/� embryos

remained smaller than control (Figure 1A). This size differ-

ence between Fancg�/� and WT embryos became less pro-

nounced around birth. Eye defects, such as anophthalmia

or microphthalmia, were observed in Fancg�/� embryos at

all stages of development studied (Figure 1A).

FLs of all Fancg�/� embryos were systematically smaller

than their WT counterpart between E11.5 and E14.5 (Fig-

ure 1A). This was associated with a concomitant significant

reduction of total FL cellularity (2.4-, 2.2-, and 1.7-fold at

E11.5, E12.5, and E14.5, respectively) (Figure 1B). Some

but not all E11.5 and E12.5 Fancg�/� Pl were also smaller

than their WT counterparts, and this reduction in size

was always accompanied with a softer structure. Further-

more, overall cellularity of Fancg�/� Pl was reduced

compared with that of WT Pl (1.3-fold at E11.5 and 1.2-

fold at E12.5) (Figure 1B).We next investigated hematopoi-

etic cell content of E12.5 Fancg�/� Pl and FL, and E14.5 FL.

Fluorescence-activated cell sorting (FACS) analysis markers

revealed an important defect of Ter119+ erythroid cells

both in Fancg�/� Pl and FL compared with WT at E12.5

(2- and 8-fold, respectively), and to a significant decrease

of GR1+ myeloid and B220+ lymphoid B cells, but only in

the FL (Figure 1C). This overall decrease in hematopoietic

lineages in FL was less marked at later stages of develop-

ment (E14.5, Figure 1C).

Early Defect in Hematopoietic Stem and Progenitor

Cells in Fancg�/� FL and Pl

We next studied hematopoietic stem and progenitor cell

(HSPC)-enriched populations in different sites of hemato-

poiesis during embryonic development, i.e., AGM, FL,

and Pl at E11.5, FL and Pl at E12.5, and FL at E14.5. At
h Cellular Defect and Abnormal Hematopoietic Content in the

os between E11.5 and E14.5, accompanied with a smaller size of FL
ied was n = 20 and n = 43 at E11.5, n = 186 and n = 254 at E12.5, and

(B220) cells per FL and Pl at E12.5 and E14.5. Black bars, WT; white

1, *p < 0.05; NS, not significant.
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E11.5, we chose a CD34+c-KIT+/hi (34K) population, which

are enriched in HP/HSCs at this early stage of development

in the AGM, FL, and Pl (M.S. and L.P., personal communi-

cation) (Gekas et al., 2005; Sanchez et al., 1996). These

markers were also used for E12.5 PL (Gekas et al., 2005),

while for E12.5 and E14.5 FL we used LineagenegSCA-

1+AA4.1+ (LSA) as the reference HSC population (Jordan

et al., 1995). At E11.5, we found an overall significant

decrease of the 34K population in Fancg�/� Pl and FL

compared with WT (38% and 72%, respectively), but not

in the AGM (Figure 2A). This 34K defect is still present in

E12.5 PL (30%). The LSA population was also found to be

significantly reduced in E12.5 (57%) and E14.5 FL (37%)

(Figure 2A).

Next, we performed in vitro functional assays such as clo-

nogenic and long-term culture-initiating cell (LTC-IC)

(Petit-Cocault et al., 2007) assays to quantify progenitors

and HSPC/HSCs in the FL of Fancg�/� embryos at E12.5

and E14.5. As shown on Figure 2B, clonogenic assays

revealed that a significant decrease of bipotent colony-

forming unit granulocyte macrophage (CFU-GM), burst-

forming unit erythroid (BFU-E), and multipotent mixed

colony-forming unit (CFU-mixed) was observed at all the

stages studied in Fancg�/� Pl and FL compared with WT.

Collectively, these results uncover a quantitative HP and

HSC defect in Pl and FL early during Fancg�/� embryonic

development, during stages where highHC/HSC amplifica-

tion takes place.

LTC-IC assays showed that the LTC-IC frequency was

10-fold lower in FL of Fancg�/� as compared with WT em-

bryos at E12.5 (Figure 2C). This difference in LTC-IC fre-

quency was less marked in Fancg�/� FL at E14.5 (Figure 2C).

Altogether these results indicate a severe hematopoietic

defect in the immature HP/HSC compartment of Fancg�/�

FL at E12.5 that gradually attenuates during embryonic

development.

Qualitative and Quantitative HSC Defect of Fancg�/�

FL and Pl at E12.5 Revealed by In Vivo Transplantation

Assays

To further investigate the HSC compartment at early stages

of development in Fancg�/� mice, we injected unfractio-

nated FL and Pl cells from E12.5 Fancg�/� andWT embryos

(CD45.2) into lethally irradiated congenicCD45.1mice and
Figure 2. Defect of HSPC-Enriched Populations and CFUs in the P
(A) Total number of HSPC-enriched cells in the Pl and FL at E11.5 and E
and FL (n = 3), and at E12.5 in the Pl (n = 9) the HSPC-enriched populat
(B) Total CFUs and CFU-GM, BFU-E, and CFU-mixed content per FL at E1
represent the mean ± SE and correspond to 3–5 independent experime
(C) In vitro comparison of LTC-IC frequency in Fancg�/� and WT FL at
Error bars correspond to standard deviation. Black bars, WT; white bars
not significant.
tested their ability to provide long-term multilineage he-

matopoietic reconstitution (long-term repopulation [LTR]).

As shown on Figure 3A, when 5 3 105 unfractionated

Fancg�/� andWT FL cells (which contain the same percent-

age of 34K and LSA HSC-enriched population [Figure S1]

and equivalent to injection of 1,000 Fancg�/� or WT LSA)

were implanted, only 50% of the recipients injected with

Fancg�/� FL reconstituted with a low median of blood

chimerism (7.1%) while all recipients injected with WT

FL reconstituted with a median of engraftment of 70.5%.

When 1 3 106 Fancg�/� FL cells were injected, 100% of

the recipients reconstituted and the median of blood

chimerism increased to 57.4%, but remained lower than

that of mice injected with the same amount of WT FL cells

(79.1%, Figure 3A). This reveals a qualitative defect of E12.5

FL Fancg�/� HSCs. This HSC defect is even more important

in the Pl, since primary recipients barely reconstituted

when 5 3 105 or 1 3 106 unfractionated E12.5 Fancg�/�

Pl cells were injected (median of blood chimerism of 5%

and 9.1%, respectively, versus 91.7% for mice injected

with 5 3 105 WT Pl cells) (Figure 3B).

Twenty to 24 weeks post injection, extensive FACS anal-

ysis of reconstituted recipient BM for co-expression of

CD45.2 and specific lineage markers indicated that HSCs

from FL and Pl of Fancg�/� mice were able to give rise to

all hematopoietic lineages in adult recipients, although

less efficiently thanWT FL or Pl, especially for GR1myeloid

lineage, and to a lesser extent for B220 B lymphoid lineage

(Figures 3C and 3D, respectively). This suggests a loss of

myeloid potential of E12.5 Fancg�/� FL and Pl HSCs at

this stage. No secondary reconstitution was observed

with 5 3 105 unfractionated BM cells from primary recipi-

ents injected with Fancg�/� FL or Pl, evenwhen BM cells in-

jected presented a high CD45.2 chimerism (79.6%), while

all mice injected with BM cells from primary recipients in-

jected with WT FL or Pl reconstituted (Table 1). Taken

together, these results suggest that early during develop-

ment, when high HC/HSC amplification takes place in FL

and Pl, there is an impairment of proliferative and self-

renewal capacities of HSCs in Fancg�/� FL and Pl, along

with an important loss of all hematopoietic lineages poten-

tial, especially myeloid.

This HSC qualitative defect persists in Fancg�/� FL at

E14.5, as described by others for Fancc�/� and Fancd2�/�
l and FL of Fancg�/� Embryos Is Observed as Soon as E11.5
12.5, and in the FL at E14.5. At E11.5 in the AGM (n = 4), Pl (n = 3),
ion is 34K, while in the FL at E12.5 (n = 7) and E14.5 (n = 6) it is LSA.
1.5, E12.5, and E14.5 and per Pl at E11.5 and E12.5. Results shown
nts, with two independent Petri dishes scored for each experiment.
E12.5 (n = 3) and E14.5 (n = 3). n represents distinct experiments.
, Fancg�/�. **** p<0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; NS,
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Table 1. Secondary Reconstitutions with BM from Primary
Recipients Injected with Fancg�/� and WT Pl and FL

Primary
Transplantation

Secondary Transplantation

No. of
BM Cells
Injected

Engrafted
Micea/
Total Mice

Median
Reconstitution (%)
[Lower Rec �
Higher Rec]

E12.5 PL WT 5 3 105 5/5 11.6 [6.3 � 25.5]

Fancg�/� 5 3 105 0/5 0.07 [0 � 2]

E12.5 FL WT 5 3 105 3/3 15.9 [9.3 � 18.6]

Fancg�/� 5 3 105 0/6 1.7 [0.5 � 3.6]

aEngraftment was considered as positive when CD45.2 chimerism in the

blood was >5%.
(Kamimae-Lanning et al., 2013; Suzuki et al., 2017; Yoon

et al., 2016). An HSC-enriched LSA population sorted

from Fancg�/� and WT E14.5 FL was injected into lethally

irradiated primary CD45.1 mice. Twenty weeks post injec-

tion,median blood chimerismwas only 20.5%when 1,000

Fancg�/� LSA cells were injected, compared with 86.8% for

1,000WT LSA cells (Figure S2A). When 5,000 LSA Fancg�/�

cells were injected, high blood chimerism (R70%) was

observed in 50% of the mice (Figure S2A). However, an

overall important defect in the GR1 myeloid lineage in

the BMwas still observed (Figure S2B), as well as a low level

of blood chimerism when secondary transplantations were

performed (Figure S2C), which indicates that at E14.5

Fancg�/� LSA HSCs are still defective for proliferation,

self-renewal, and myeloid differentiation. Collectively,

these analyses highlight a compromised function of

Fancg�/� HSCs during embryonic development, which is

more important at early stages when hematopoietic ampli-

fication peaks.
No Cell-Cycle Changes or Increased Apoptosis but

Mild Increase of DNA Damage in E12.5 Fancg�/�

FL HSCs

Given the high level of amplification of HSCs occurring at

early stages of embryonic development, we investigated

whether there was an increase in DNA damage as assessed
Figure 3. High LTR Ability Defect and Impaired Myeloid Potentia
(A) CD45.2 chimerism in the blood of primary recipients 20–24 week
Fancg�/� (white) total FL cells.
(B) CD45.2 chimerism in primary recipients’ blood 20–24 weeks post in
(white) Pl cells.
(C and D) Analysis of BM hematopoietic content of primary recipie
of CD45.2+ erythroid (TER119), myeloid (GR1), B lymphoid (B220), a
1 3 106 cells injected; black, WT FL or Pl cells; white, Fancg�/� FL o
***p < 0.001, **p < 0.01, *p < 0.05; NS, not significant.
by evaluation of gH2AX level in various E12.5 Pl and FL,

and E14.5 FL populations (fractionated and unfractio-

nated) from Fancg�/� and WT by flow cytometry. At

E12.5, no difference in gH2AX level (mean fluorescence in-

tensity [MFI]) was observed between E12.5 Fancg�/� and

WT HCs (CD45) and HSCs (34K) in Pl, while in FL,

although overall not statistically significant, higher levels

of gH2AX were found in all Fancg�/� hematopoietic popu-

lations compared with WT for each individual experiment

performed, especially in the HSC-enriched LSA population

(Figure 4A). This increase in gH2AX-positive cells was no

longer observed in all hematopoietic populations tested

at E14.5 in Fancg�/� FL (Figure 4A). No increase in apoptosis

was observed in the E12.5 FL LSA population (Figure S3A).

G0, G1, S, and G2/M phases of cell cycle were analyzed by

flow cytometry in Fancg�/� and WT HSCs using Hoechst

33,342/pyronine staining. At E12.5, no significant differ-

ence for any of the cell-cycle phases was observed between

Fancg�/� and WT HCs or HSCs populations in FL or Pl,

except an increase in G0 for 34K Pl HSCs (p < 0.05) (Fig-

ure 4B). In E14.5 Fancg�/� FL, there was an increase in G1

phase for CD45 HCs and LSA HSCs (p < 0.05) compared

with WT FL, and a decrease in S phase for CD45 HCs

(Figure 4B).

HSPC Defect in the FL of Human FA Embryo

We could obtain FL samples from six human fetuses after

medical abortion, strongly suspected, based on malforma-

tive signs, to have FA. Among the six, one fetus (13 weeks

of gestation [WG]) was subsequently confirmed as FA and

specifically diagnosed FANCB, while FA was ruled out in

the others. FANCB is part of the FA core complex, as

FANCG, and it has been recently shown in mouse that

Fancb deficiency impairs HSC function (Du et al., 2015).

We isolated a CD34+CD38�CD45+CD117(cKIT)hi cell

population in normal human FL, which presents typical

functional and molecular features of HSCs (L.M. et al., un-

published data). We therefore used this combination of

markers to sort HSCs from the FA FL and from two normal

FL of matched stages of development (13 and 17.7WG). As

shown in Figure 5A, the CD34+CD38�CD45+CD117hi pop-

ulation is 55-fold less frequent in FA FL than in control FL

(0.0017 versus 0.093%). In vitro LTC-IC assays revealed a
l in E12.5 Fancg�/� Pl and FL
s post injection of 5 3 105 (circles) or 106 (squares) WT (black) or

jection of 53 105 (circles) or 106 (squares) WT (black) or Fancg�/�

nts transplanted with FL (C) or Pl (D), expressed as a percentage
nd T-lymphoid (CD4) cells. Circles, 5 3 105 cells injected; squares,
r Pl cells.
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Figure 5. Important Frequency and LTC-IC Defect in the CD34+CD38�CD45+CD117hi HSC-Enriched Population of a Human FA
13 WG FL
(A) Comparison of the frequency of CD34+CD38�CD45+CD117hi HSC-enriched population from an FA (FANCB) FL or from an age-matched
control FL (13 WG).
(B) Comparison of LTC-IC frequency of CD34+CD38�CD45+CD117hi cells sorted from an FA (FANCB) FL (13 WG) and from two age-matched
control FL (13 and 17.7 WG).
Error bars correspond to standard deviation. Black bar, control FL; white bar, FA FL.
3.9-fold lower frequency of LTC-IC in the CD34+CD38�

CD45+CD117hi HSC-enriched population sorted from the

FA FL as compared with the same population sorted from

the two control FLs (Figure 5B). In addition, wewere unable

to amplify FA CD34+CD38�CD45+CD117hi LTC-ICs

when reseeded on fresh MS5 (extended LTC-IC), while

CD34+CD38�CD45+CD117hi LTC-ICs issued from a

normal FL of 15 WG and cultured in the same conditions

could be amplified for more than 6 months (from 102

HCs to 1014, L.M. et al., unpublished data). These data

demonstrate that a hematopoietic deficit is also already

present during embryonic hematopoietic development in

a human FA fetus.
Figure 4. Induced DNA Damage in E12.5 and E14.5 Fancg�/� HCs
(A) MFI of gH2AXpos cells in total, HC (CD45), and HSC (34K or SA)
represents an individual mouse), measured by flow cytometry.
(B) Histograms of G0, G1, S, and G2/M phases of the cell cycle determ
E12.5 FL and Pl and E14.5 FL. Dots of same colors are related to the
Error bars correspond to standard deviation. Gray bars, WT; white bar
Similar Transcriptome Profiles of E12.5 Fancg�/� and

Human FA FL HSCs and Identification of

Compensatory Transcriptomic Regulation in E14.5

Fancg�/� FL

To identify signaling pathways or gene regulatory networks

deregulated in mouse Fancg�/� and in human FA HSCs,

we performed gene expression analysis and compared

Fancg�/� and WT HSCs sorted from mouse FL at E12.5

and E14.5, but also FA and normal HSCs sorted from

human FL.

Mouse FL LSA HSC-enriched populations were sorted in

three independent experiments. A total of 11,071 genes

were found to be differentially expressed between Fancg�/�
and HSCs without Apoptosis or Cell-Cycle Changes
in E12.5 PL (n = 3), FL (n = 4), and E14.5 FL (n = 3, and each dot

ined after Hoechst staining, for Fancg�/� and WT HC, and HSCs of
same experiment.
s, Fancg�/�. *p < 0.05; NS, not significant.
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andWTHSCs in E12.5 FL (one-way ANOVA, p < 0.05), with

4,033 upregulated and 2,024 downregulated in Fancg�/�

(fold change [FC] >1.5 or < �1.5). Gene ontology (GO)

analysis indicated that the main biological processes (BP)

downregulated in Fancg�/� FL HSCs at E12.5 were involved

in transcription process, cell cycle, covalent chromatin

modification, and DNA repair (Figure 6A and Table S1).

Strikingly, for upregulated genes BP were associated with

sensory perception of smell and GPCR signaling pathway

(Figure 6A and Table S1). At E14.5, only 561 genes were

differentially expressed (p < 0.05), with 166 upregulated

and 82 downregulated in Fancg�/� (FC >1.5 or <�1.5), indi-

cating that at this stage differences in gene expression be-

tween Fancg�/� and WT HSCs are fading. No significant

BPwas found for downregulated genes, and for upregulated

genes themain BPs were related to angiogenesis, cell migra-

tion, and hypoxia (Table S1). Gene set enrichment analysis

(GSEA) confirmed that genes upregulated in E12.5 FL

Fancg�/� HSCs were most enriched in the ‘‘reactome olfac-

tory signaling pathway,’’ but also in H3K4 and H3K27

trimethylation (H3K4Me3 and H3K27Me3) pathways (Fig-

ure 6B), which allows discriminating genes that are ex-

pressed, repressed, or poised for expression (Mikkelsen

et al., 2007). It also supported the fact that genes downregu-

lated are most enriched in cell cycle and metabolism of

RNA reactomes (Figure 6B). Interestingly, GSEA analysis

of E14.5 FL Fancg�/� HSC transcriptome revealed the exact

opposite situation, i.e., that Fancg�/� LSA upregulated

genes are most enriched in cell cycle and RNAmetabolism,

while downregulated genes aremost enriched in ‘‘reactome

olfactory signaling pathway’’ and in both H3K4 and

H3K27 trimethylation (H3K4Me3 and H3K27Me3) path-

ways, as if at E14.5 a compensatory transcriptome regula-

tion is accompanying the phenotypical and functional

compensation that we describe. An anticorrelation study

between Fancg�/� and WT HSCs at E12.5 against E14.5

shows an inversion of FC (Pearson correlation coefficient

between M values [or log2(FC)] between E12.5 and E14.5

is �0.6). This result supports this compensation at E14.5

(Figure 6C).

We also achieved human transcriptome on sorted

CD34+CD38�CD45+CD117hi HSC-enriched population

from the unique FA FL (13 WG), and from two normal

FLs from fetuses at the same stage of development (i.e., sec-

ond trimester, 13 and 17.7 WG). Transcriptome analysis
Figure 6. Highly Conserved GO Biological Processes between E12
(A) Enriched GO biological process (BP) terms for downregulated (wh
HSCs and in human FA FL HSCs. GO BPs determined using DAVID an
enrichment score.
(B) GSEA plots for up- and downregulated genes, specifically express
(C) Anticorrelation study. Plot of log2(FC) between Fancg�/� and WT
(D) GSEA plots for up- and downregulated genes, specifically express
showed that 5,806 genes were differentially expressed

between FA and normal FL HSCs (one-way ANOVA,

p < 0.05), with 3,156 genes upregulated and 1,631 downre-

gulated in FA FL. GO analysis indicated that as for E12.5

Fancg�/� FL CSHs, the main BP downregulated were also

involved in the transcription process, cell cycle, and cell di-

vision, while the GPCR signaling pathway was the most

significant upregulated BP, GSEA supporting that upregu-

lated genes were most enriched in the ‘‘reactome olfactory

signaling pathway’’ (162 out of 297 genes) (Figures 6A and

6D; Table S1).

Regarding a short list of genes involved in cell-cycle con-

trol, we found a dysregulation of these genes in E12.5 FL

Fancg�/� HSCs and FA FL HSCs, with downregulation of

both positive (CDK1, CDK6, CDC7, CDKN3) and negative

(P16, P19) regulators of cell cycle (Table S2). This dysregula-

tion is no longer observed at E14.5, and only CDKN1A

(p21) is significantly upregulated (Table S2). This upregula-

tion is also observed in FA HSCs, as described by Ceccaldi

et al. (2012) for whole FA fetal liver samples. p53 gene is

also significantly downregulated in E12.5 Fancg�/� FL

HSCs and in human FA FL HSCs (Table S2), which was

confirmed by qRT-PCR (Figure S3B). Analyses of phosphor-

ylated p53 expression by flow cytometry did not reveal any

significant difference between Fancg�/� and WT E12.5 FL

HCs or HSPCs (Figure S3C).

We also investigated transcriptional regulators and

markers described as being important for HSC develop-

ment and maintenance. As shown on Table S3, most of

these genes were significantly and highly decreased in FL

Fancg�/� HSCs at E12.5, while no significant change was

detected at E14.5. Decrease of Hlf, Flt3, and Mll1 in E12.5

FL Fancg�/� HSCs was confirmed by qRT-PCR (Figure S3D).

Decreased expression of transcriptional regulators and

markers important for HSCs was also observed in human

FA FL HSCs, although to a lesser extent (Table S3).

Altogether our analysis indicates that HSCs isolated from

a second trimester human FANCB FL present a transcrip-

tomic profile very close to E12.5 Fancg�/� FL HSCs.
DISCUSSION

In the present paper, using a Fancg�/� mouse model of

FA we show that HSC defect starts very early during
.5 Fancg�/� Pl and FL and Human FA FL HSCs
ite bars) and upregulated (black bars) genes in E12.5 Fancg�/� FL
notation tool are expressed as –log10 (p value). NES, normalized

ed in E12.5 and E14.5 Fancg�/� FL HSCs.
HSCs at E12.5 against E14.5.
ed in human FA FL HSCs.
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embryogenesis, during the earliest steps of hematopoietic

amplification in FL and Pl.We also show that anHSCdefect

is also observed in the FL of a human FA (FANCB) fetus.

The hypothesis that FA BMF could take its origin in utero

was suggested by the study of Ceccaldi et al. (2012) andwas

corroborated by studies of fetal hematopoiesis in E14.5

Fancc�/� and Fancd2�/� FL (Kamimae-Lanning et al.,

2013; Suzuki et al., 2017; Yoon et al., 2016). In the present

work, we followed hematopoiesis in Fancg�/� mice

using state-of-the-art experimental hematopoiesis assays

including long-term engraftment experiments on highly

purified mouse and human cells. In an original way

compared with previous studies, we focused on a crucial

developmental window that spans from the onset of hema-

topoiesis in the AGM region at E11.5 until late HSC ampli-

fication in E14.5 FL, and also studied the Pl, which has been

shown to be an important reservoir of HSCs during mouse

development (Gekas et al., 2010; Ottersbach and Dzierzak,

2010). We paid particular attention to E12.5 when amplifi-

cation peaks, both in Pl and FL (Medvinsky et al., 2011).

Our study demonstrates that HSC impairment starts both

in FL and Pl early during mouse development at E11.5,

and is still present at E12.5 in these organs. In vivo trans-

plantations revealed important quantitative and qualita-

tive defect of Fancg�/� E12.5 FL and Pl HSCs, and pointed

out an exhaustion in their proliferative and self-renewal ca-

pacities, with a loss of hematopoietic lineage potential,

especially myeloid. This applies also to Fancg�/� FL LSA

HSCs at E14.5, but to a lesser extent. Between E11.5 and

E14.5 in the FL and between E11.5 and E12.5 in the Pl,

HSCs are rapidly cycling, and therefore under high DNA

replication stress, which could explain their compromised

function in the Fancg�/� context. Actually, although not

significant, an elevation of gH2AX in the hematopoietic

populations (especially HSCs) studied by flow cytometry

was observed in E12.5 Fancg�/� FL, indicative of a replica-

tion stress at this stage. Nevertheless, no increase in

apoptosis, nor cell-cycle change, could be observed. Eleva-

tion of gH2AX was no longer detected in E14.5 FL.

All these observations indicate that during Fancg�/� em-

bryonic development, HSC deficit is worse at E12.5 than at

E14.5. Of note, external phenotypic signs of Fanconi dis-

ease such as smaller size, microphthalmia, or anophthal-

mia are also more pronounced early during development

(E11.5–E12.5) and tend to attenuate around E14.5 (Fig-

ure 1). Indeed, as development progresses, phenotypic fea-

tures of Fancg�/� embryos aremore heterogeneous, some of

them looking almost like WT embryos, including FL size

(data not shown). Likewise, transcriptomic analysis also

showed that in contrast to E12.5 FL, very few genes were

significantly differentially expressed in E14.5 FL between

Fancg�/� and WT HSCs. One possible explanation is that

Fancg�/� embryos that are more deeply affected die around
1086 Stem Cell Reports j Vol. 11 j 1075–1091 j November 13, 2018
E14.5 (which could also explain the collapsed frequency of

Fancg�/� mice at birth) and that a compensatory amplifica-

tion takes place when proliferative stress decreases, making

transcriptomic differences between Fancg�/� andWT HSCs

less important, although functional defect remains. Actu-

ally, GSEA analysis of the transcriptome of E12.5 and

E14.5 Fancg�/� and WT FL HSCs is in agreement with a

compensatory molecular regulation at E14.5, since BP

downregulated at E12.5 are upregulated at E14.5, and vice

versa (Figure 6B).

Importantly, we also show that HSC function is also

already impaired in utero in humans. During human devel-

opment HSC amplification takes place in the FL, during the

first and part of the second trimester. Our analysis of HSC-

enriched CD34+CD38�CD45+CD117hi population from a

13 WG FANCB FL revealed both an important decrease in

the frequency (55-fold) and functional activity (LTC-IC fre-

quency) (4-fold) of this population compared with normal

FL of matched stages of development.

Interestingly, transcriptomic analysis showed that differ-

entially up- and downregulated genes inHSCs fromhuman

FA were found to be involved in the very same BP as in

HSCs from E12.5 Fancg�/� FL, i.e., cell division, cell cycle,

mRNA processing, and covalent chromatin modification

for downregulated genes and GPCR pathway and olfactory

signaling pathway for upregulated genes. This indicates

that pathways dysregulated in fetal FA HSCs seem to be

highly conserved between mouse and human during

development.

Most of the genes involved in cell-cycle regulation are

downregulated in Fancg�/� E12.5 FL, whether they are pos-

itive or negative regulators (Table S2). This dysregulation is

also observed in human FA FL HSCs (Table S2). In line with

the results described for Fancd2�/� E14.5 FL HSCs (Suzuki

et al., 2017; Yoon et al., 2016), p53 gene is significantly

downregulated both in Fancg�/� and FA fetal HSCs. In a

genotoxic stress model, Milyavsky et al. (2010) showed

that upon serial transplantations, HSCs submitted to g-irra-

diation with disabled p53 accumulated DNA damage and

exhibited decreased self-renewal capacity. In the same

way, during the replicative stress that occurs in the FL dur-

ing embryonic development, the decrease in p53 signaling

pathway in HSCs could lead to the defect in self-renewal

that we observed during secondary transplants of BM

from primary recipients injected with Fancg�/� FL or Pl,

even when BM cells injected presented a high CD45.2

chimerism.

GSEA analysis also uncovered epigenetic dysregulations

of E12.5 Fancg�/� and human FA FL HSCs (Figures 6B and

6D), which could play an important role during the phases

of high cell division and DNA replication that take place

during embryogenesis. Epigenetic control is important

to preserve normal homeostasis by regulating stem cell



self-renewal versus differentiation in multiple tissue-spe-

cific stem cells (Beerman and Rossi, 2015). An aberrant

epigenetic control of gene expression-maintaining HSC

compartment has been recently hypothesized to explain

defective FA hematopoiesis (Brosh et al., 2017), and our re-

sults during embryonic development are in line with this

proposition.

GPCRandolfactory signaling pathwayswere themainBP

covering upregulated genes in Fancg�/� and FA FL HSCs.

Actually GPCRs contribute to hematopoietic regulation,

these receptors being thedirect linkbetweenHSCsand their

microenvironment that hosts many hematopoietic regula-

tors andneurotrophic factors (Ramkissoon et al., 2006). The

importance of the sympathetic systemhas been underlined

not only formaintaininghomeostasis of adult BM (Mendel-

son and Frenette, 2014), but also in emergence of HSCs in

mouseAGM(Fitch et al., 2012). A recent report also demon-

strates an olfactory control of blood progenitor mainte-

nance in Drosophila (Shim et al., 2013).

Our unique kinetics study reveals that a deepHSCs defect

is already present very early during Fancg�/� mouse devel-

opment, and that FA clinical and biological manifestations

are more severe at early times of development (E11.5–

E12.5), and are mitigated at E14.5. A deep HSC defect is

also observed during human FA development, and human

FA FL HSCs present a transcriptome profile similar to that

of mouse E12.5 Fancg�/� FL HSCs. Our model sheds light

on the interest of positioning the study of Fanc knockout

hematopoiesis earlier than E14.5, during the steps of high-

est HSC/HC amplification in the mouse embryo. Indeed,

despite the fact that FL failure seems to go through different

mechanisms than adult BM failure, it might represent a

good alternative model to study hematopoietic failure and

certainly presents important potential clinical relevance.
EXPERIMENTAL PROCEDURES

Fancg�/� Embryos
Fancg�/� mice (Koomen et al., 2002) were back-crossed on C57Bl6

background (n = 8). Fancg�/� and WT embryos were produced by

naturalmating of C57Bl6/J Fancgheterozygotemice. Vaginal plugs

were checked in the morning, marking E0.5. The stages of the em-

bryos usedwere confirmed by somite counting and/ormorpholog-

ical analysis. Embryos were dissected further to recover placenta

and liver. Embryo tails were genotyped using the Phire PCR Kit

(Thermo Scientific). All animal procedures reported in this paper

were carried out in accordance with French Government regula-

tions (Services Vétérinaires de la Santé et de la Production Animale,

Ministère de l’Agriculture).
Human Fanconi Embryo
Control FL samples, as well as FL used for medical diagnosis of FA

after termination of birth, were obtained from therapeutic abor-
tions, with informed consent of the family. This was in compliance

with French laws, and with a specific authorization of the French

Biomedicine Agency for this project.

Cell Preparation
Single-cell suspensions of FL were prepared in DMEM medium

(Fischer) with 10% fetal calf serum (FCS) (Eurobio) by repeated

flushing through 23- to 26-gauge needles. Placentas were dissected

and treated for 1 hr at 37�C with type I collagenase (Sigma)

(0.125% in PBS with 10% FCS). After washing, cell suspension

was filtered through 70-mm nylon mesh and resuspended in

DMEM supplemented with 10% FCS.

Clonogenic Assays
Methylcellulose progenitor assays were performed as previously

described (Petit-Cocault et al., 2007): 53 104 FL or 13 105 PL cells

were plated in 1 mL of 0.8% methylcellulose in IMDM supple-

mented with 30% FCS, 1% BSA (Sigma), and 10�4 M b-mercaptoe-

thanol (Sigma), in the presence of 2 U/mL erythropoietin,

10 ng/mL mouse interleukin-3, 50 ng/mL stem cell factor, and

20 ng/mL human thrombopoietin (Promocell). Samples were

plated in duplicate 35-mmPetri dishes and the number of total col-

onies was scored after an incubation of 7 days at 37�C and 5%CO2.

Long-Term Culture-Initiating Cells Assay
LTC-IC assay was performed as previously described (Petit-Cocault

et al., 2007). In brief, 3 3 103 MS5 stromal cells (Itoh et al., 1989)

were seeded in LTC-IC medium in 96-well flat-bottommicroplates

and serial half-dilutions of test cells seeded over 24 hr later. Cul-

tures were maintained at 37�C, 5% CO2 with weekly half-medium

changes. Presence of cobblestone area forming colony (CAF-C)

after 4 (mouse) or 5 (human) weeks of culture was quantified.

Frequency of LTC-ICs was determined using L-Calc software

(STEMCELL Technologies).

Analysis of Long-Term Repopulating Ability
Adult C57Bl6/Ly5.1 mice were lethally irradiated (9.5 Gy), and

Fancg�/� or WT E12.5 total FL or Pl (C57Bl6/Ly5.2) were injected

intravenously into the retro-orbital venous plexus. For E14.5 FL,

lineagenegSCA-1+AA4.1+ (LSA) sorted cells were co-injected with

5 3 105 C57Bl6/Ly5.1 spleen cells for short-term radioprotection.

Peripheral blood was collected at different times after injection

and nucleated cells were incubated with CD45-LY5.1 (CD45.1)

APC-conjugated and CD45-LY5.2 (CD45.2) PE-conjugated (Bio-

legend, BLE110714 and BLE109808), and analyzed by flow cytom-

etry for the presence of donor-derived (LY5.2+) cells. The percent-

age of reconstitution was determined as follows: (%LY5.2/%

LY5.1 + %LY5.2)3 100. A recipient mouse was considered positive

when the percentage of reconstitution was above 10% for primary

reconstitutions and 5% for secondary reconstitutions.

Multilineage Analysis and Secondary Transplantation
Primary recipient mice were sacrificed 20–24 weeks after primary

transplant, andBMcontentwas analyzedbyflowcytometry after in-

cubation with CD45.2 (PE), c-KIT (PE-Cy7), and APC-conjugated

SCA-1, TER119, CD71, GR1, CD11B, CD41, CD61, CD19, B220,
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CD4, or CD8 (PE-Cy7) antibodies (Biolegend, BLE109808,

BLE105814, and BLE108112; BLE116211, BLE113820, BLE108412,

BLE101212, BLE133914, BLE104316, BLE115512, BLE103211,

BLE100412, or BLE100722) (Petit-Cocault et al., 2007). The percent-

ageof co-expressionofCD45.2 and lineagemarkerswasdetermined

using the software FlowJo 10.1 (TreeStar). At the same time, 53 105

BM cells from primary mice transplanted with Fancg�/� and WT

samples were injected into new C57Bl6/Ly5.1 irradiated mice for

secondary reconstitution.Micewere bled 7–10weeks after injection

to determine the percentage of reconstitution.

Cytometry Analysis and Cell Sorting
Murine FL cells were depleted of lineage-positive cells using MACs

Micro Beads (Miltenyi Biotec) with a mixture of TER119, GR1,

B220, CD4. and CD8a monoclonal antibodies (Biolegend,

BLE116202, BLE108402, BLE103202, BLE100402, and

BLE100702). This lineageneg fraction was incubated with SCA-1

(APC) and AA4.1 (PE) antibodies (Biolegend, BLE108112 and

BLE136504) and SCA-1+AA4.1+ cells (LSA) sorted on a FACSAria

SORTcell sorter (BD Biosciences). Human FL cells were sorted after

incubation with CD34 (APC), CD38 (FITC), CD45 (PE-Cy7) and

CD117 (PE) antibodies (Biolegend, BLE343510, BLE303504,

BLE304016 and BLE313204). DAPI (40,6-diamidino-2-phenylin-

dole) was used to exclude dead cells. For Pl, HSC CD34+c-KIThi

population was sorted without lineage depletion (Biolegend,

BLE343506 and BLE313212).

Cytometric analysis for FL and Pl cells used similar antibodies

as for LTR studies and sorted cells, with an exclusion of dead

cells by DAPI. Data were collected on LSRII (BD Biosciences) or

MACSQuant analyzer 10 (Miltenyi), and analyzed using FlowJo

10.1 (TreeStar).

Cell Cycle and Apoptosis
Cell-cycle analysis was performed on E12.5 FL and Pl and E14.5 FL

HC and HSC populations with Hoechst 33,342 staining protocol

(Kim and Sederstrom, 2015). Cells were suspended at a concentra-

tion of 1 3 106/mL in pre-warmed medium, and Hoechst was

added to a final concentration of 5 mg/mL. After incubation at

37�C for 45 min, Pyronin Y was added to a final concentration of

0.4 mg/mL and the cells were incubated at 37�C for 15 min. Cold

PBS was added before incubation at +4�C with antibodies. Dead

cells were excluded with 7-AAD and samples were run on a

FACS-FORTESSA cytometer (BD Biosciences).

For apoptosis, immunostained cells were suspended in Annexin

V buffer and stainedwith FITC-AnnexinV (Biolegend, BLE640905)

and DAPI, according to the manufacturer’s guidelines. FACS anal-

ysis was performed on a FACSCanto analyzer (BD Biosciences).

DNA Damage-Induced Phosphorylation of H2AX

(gH2AX) and Analysis of p53 Phosphorylation
Replicative stress induces DNA damage, which induces phosphor-

ylation of the histone H2AX variant to gH2AX (Greve et al., 2012).

E12.5 FL cells were incubated with CD45 or CD34, c-KIT, SCA-1,

and AA4.1 antibodies, fixed with paraformaldehyde 4% at +4�C,
washed and permeabilized in 0.25% Triton X-100, and incubated

withmonoclonal anti-phosphateHistoneH2AX (Ser139) antibody

(clone N1-431) conjugated to PerCP-Cy5.5 (BD Pharmingen,
1088 Stem Cell Reports j Vol. 11 j 1075–1091 j November 13, 2018
564718). For p53 analysis, after permeabilization cells were incu-

bated with monoclonal anti-phosphate p53 (Ser15) antibody

(clone D4S1H) (Cell Signaling Technologies, 12571), then washed

and incubated with Alexa Fluor 488 goat anti-rabbit immunoglob-

ulin G (Life Technologies, A11034). Samples were analyzed on a

FACSCanto analyzer (BD Bioscience).

RNA Preparation and Transcriptome Analysis
RNA of sorted cells was purified using an RNeasy Plus Micro Kit

(Qiagen) according to manufacturer’s protocol. In brief, cells

were lysed in RLT Plus buffer supplementedwith 10�4M b-mercap-

toethanol, and DNA was removed using a gDNA Eliminator spin

column. RNA was purified using an RNeasy column, eluted in

RNase-free water, and stored at�80�C. RNAwas used for transcrip-

tomic assay or real-time qRT-PCR assay (Supplemental Experi-

mental Procedures). RNA concentration and integrity were

evaluated with the Agilent Bioanalyzer 2100. Affymetrix Mouse

Gene MTA1.0 and Hu-Gene 2.0 ST arrays were respectively used

for mouse and human samples. Supervised analyses were per-

formed to identify genes specifically up- or downregulated in

Fancg�/� or FA HSCs, and lists of differentially expressed genes

were analyzed for GO with DAVID (database used for annotation,

visualization, and integrated discovery) (http://david.abcc.ncifcrf.

gov), KEGG (Kyoto Encyclopedia of Genes and Genomes)

pathway, and reactome analyses. The global expression profile

was also analyzed with GSEAwith the functional (curated) dataset

present in the Molecular Signature Database of the Broad Institute

(www.broadinstitute.org/gsea) (Subramanian et al., 2005). An anti-

correlation study was performed using R. M values (or log2(FC) be-

tween Fancg�/� and WT) of E14.5 was plotted against M values of

E12.5, and Pearson correlation coefficient calculated.

Statistical Analysis
Statistical analysis was performed using the Mann-Whitney, Wil-

coxon, and c2 tests. p < 0.05 was considered significant. Data

were expressed as mean or median ± SD.
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