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Little is known about whether autophagic
mechanisms are active in hematopoietic
stem cells (HSCs) or how they are regu-
lated. FIP200 (200-kDa FAK-family inter-
acting protein) plays important roles in
mammalian autophagy and other cellular
functions, but its role in hematopoietic
cells has not been examined. Here we
show that conditional deletion of FIP200

in hematopoietic cells leads to perinatal
lethality and severe anemia. FIP200 was
cell-autonomously required for the main-
tenance and function of fetal HSCs.
FIP200-deficient HSC were unable to re-
constitute lethally irradiated recipients.
FIP200 ablation did not result in in-
creased HSC apoptosis, but it did in-
crease the rate of HSC proliferation. Con-

sistent with an essential role for FIP200 in
autophagy, FIP200-null fetal HSCs exhib-
ited both increased mitochondrial mass
and reactive oxygen species. These data
identify FIP200 as a key intrinsic regula-
tor of fetal HSCs and implicate a potential
role for autophagy in the maintenance of
fetal hematopoiesis and HSCs. (Blood.
2010;116(23):4806-4814)

Introduction

FIP200 (focal adhesion kinase family interacting protein of 200
kDa) was initially identified as a putative protein inhibitor of focal
adhesion kinase and its related kinase Pyk2.! Subsequent studies
suggested that FIP200 regulates diverse cellular functions includ-
ing cell size, survival, proliferation, spreading, and migration
through its interaction with multiple other proteins.? FIP200 is
widely expressed in various human tissues and is an evolutionarily
conserved protein present in human, mouse, rat, frog, fly, and
worm,? suggesting potentially important functions for metazoan
FIP200 in vivo. Consistent with this and its diverse cellular
activities in vitro, we showed recently that germ line deletion of
FIP200 in mice resulted in embryonic lethality at mid/late gesta-
tion associated with heart failure and liver degeneration.*

Recent reports by several groups identified FIP200 as a
component of the ULK-Atg13-FIP200 complex, leading to the
assumption that it acts as a mammalian counterpart of yeast Atgl7
protein despite limited sequence homology. This complex is
essential for the induction of autophagy in mammalian cells.>8
Although the primary function of autophagy is to supply amino
acids during starvation, a basal level of constitutive autophagy is
independent of nutrient stress. Constitutive autophagy also plays an
important role in maintaining cellular homeostasis. Consistent with
a potential role of FIP200 in autophagy as identified in these
studies in vitro, we showed recently that neural-specific deletion of
FIP200 resulted in abnormal accumulation of ubiquitinated protein
aggregates and p62/sequestosome-1(SQSTM1), increased apopto-
sis and neurodegeneration.”!! However, it was unclear whether
FIP200 or basal autophagy might also be required to regulate
hematopoietic stem cells (HSCs), as protein quality control might
be unusually dependent upon autophagy in postmitotic cells such
as neurons.'?

Here we report experiments in which FIP200 was deleted in the
hematopoietic cells of mice bearing a homozygous conditional
FIP200 allele. These results reveal a cell-autonomous require-
ment for FIP200 in fetal HSCs. Deletion of FIP200 led to HSC
depletion, loss of HSC reconstituting capacity, and a block in
erythroid maturation. We also observed increased cell division by
fetal HSCs and aberrant expansion of myeloid cells associated with
an increase in mitochondrial mass and reactive oxygen species
(ROS). These results implicate FIP200 in the regulation of fetal
HSC homeostasis.

Methods

Mice and blood cell counts

The floxed FIP200 and Tie2-Cre mice were described previously.*!3
Mx1-Cre mice were obtained from The Jackson Laboratory. All mice were
backcrossed for at least 6 generations onto a C57BL/6 background. Mice
were housed and handled according to local, state, and federal regulations,
and all experimental procedures were carried out with the approval of the
Institutional Animal Care and Use Committee at the University of
Michigan. Mice genotyping for FIP200 and Cre alleles were performed by
polymerase chain reaction analysis of tail DNA, essentially as described
previously.* For analysis of blood counts, peripheral blood was collected in
a heparinized microtube (SARSTEDT) and analyzed with a hematology
analyzer (Advia 120 hematology system).

Protein extraction, sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, and Western blotting

Mouse fetal livers were collected from control or CKO mice at E14.5. The
protein lysates were prepared by homogenization in CelLytic buffer
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(Sigma-Aldrich) supplemented with protease inhibitors (5 pg/mL leupep-
tin, 5 wg/mL aprotinin, and 1mM phenylmethylsulfonyl fluoride). The
protein extraction and Western blotting procedures were performed as
described previously.!! Antibodies against FIP200 were prepared as de-
scribed previously.! Anti-p62/SQSTMI and anti-vinculin antibodies were
purchased from Enzo Life Science and Sigma-Aldrich, respectively.

Histology and in situ detection of apoptosis

Mice were killed using CO,. E14.5 and E16.5 embryos were recovered and
fixed in freshly made, prechilled (4°C) phosphate-buffered saline (PBS)—
buffered formalin at 4°C. The liver tissues were sectioned and then
embedded in paraffin, sectioned at 6 pm, and stained with hematoxylin and
eosin (H&E) for histologic examination or left unstained for TUNEL
assays. H&E-stained sections were examined under a BX41 light micro-
scope (Olympus America), and images were captured with an Olympus
digital camera (model DP70) using DP Controller software Version
1.2.1.108. For TUNEL assays, fetal liver sections were deparaffinized,
incubated in methanol containing 0.3% H,0O, for 30 minutes, washed, and
incubated with proteinase K (20 pg/mL) in PBS for 15 minutes at room
temperature. Apoptotic cells were detected as described in the ApopTag
Peroxidase In Situ Apoptosis Detection kit (Millipore). Sections were
counterstained with methyl green.

Flow cytometry

Fetal livers were triturated with Hanks buffered salt solution without
calcium or magnesium, supplemented with 2% heat-inactivated calf serum
(HBSS+; Gibco) and filtered through a nylon mesh screen (45 mm;
Sefar America) to obtain single cell suspensions. To examine different
lineages, fetal liver cells were incubated with conjugated monoclonal
antibodies of lineage markers including Ter119(Ter119)—fluorescein isothio-
cyanate (FITC), B220(6B2)-FITC, Mac1(M1/70)—phycoerythrin (PE), and
Gr1(8C5)-allophycocyanin (APC). For the analysis of erythroid matura-
tion, whole fetal liver cells were incubated with anti—-Ter119-FITC and
anti-CD71-PE (BD Biosciences). For the detection of fetal liver HSCs,
whole fetal liver cells were incubated with FITC-conjugated antibody to
CD41 (MWReg30), CD48 (HM48-1-PE), Ter119 (Ter119), PE-conjugated
antibody to CD150 (26D12:DNAX), APC-conjugated Macl (M1/70), and
biotin-conjugated Scal (Ly6A/E-biotin), followed by staining with strepta-
vidin conjugated to APC-Cy7 (PharRed, PR; Becton Dickinson). Cells
were resuspended in 2 pg/mL DAPI (4',6-diamidino-2-phenylindole) to
distinguish live from dead cells. Flow cytometry was performed on a
FACSVantage SE-dual laser, 3-line flow cytometer or a FACSCanto
(BD Biosciences).

In some experiments, BrdU (Sigma-Aldrich) was injected intraperi-
toneally into pregnant mice at 100 mg/kg 2 hours before killing the animals.
BrdU staining was performed according to producer’s manual.

In other experiments, after labeling with specific surface markers, cells
were stained by MitoTracker (Invitrogen) at 20nM for 15 minutes at 37°C,
or by 2'-7'-dichlorofluorscein diacetate (DCF-DA; Invitrogen) at 10uM for
15 minutes at 37°C, according to manufacturer’s instructions.

To detect apoptotic cells, fetal liver cells were stained with lineage
markers followed by staining with DAPI and annexin V (R&D Systems).

Blood cell staining

Dried blood smears were stained with Wright-Giemsa stain (WG16;
Sigma-Aldrich) according to manufacturer’s instructions. For neutral benzi-
dine staining, dried smears were fixed for 4 minutes in methanol, incubated
in a 1% o-dianisidine (D9143; Sigma-Aldrich) in methanol for 2 minutes,
and then in 0.9% H,0; in 50% ethanol for 1.5 minutes, rinsed with water,
and then air-dried.

Long-term competitive repopulation assay

Adult recipient mice (CD45.1) were irradiated with an Orthovoltage X-ray
source delivering approximately 300 rad/min in 2 equal doses of 570 rad,
delivered at least 2 hours apart. Cells were injected into the retro-orbital
venous sinus of anesthetized recipients. Each recipient mouse received
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500 000 CD45.1 marrow cells for radioprotection. Beginning 4 weeks
after transplantation and continuing for at least 16 weeks, blood was
obtained from the tail veins of recipient mice, subjected to ammonium-
chloride red cell lysis, and stained with directly conjugated antibodies to
CD45.2 (104, FITC), B220 (6B2), Mac-1 (M1/70), CD3 (KT31.1), and
Gr-1 (8C5) to monitor donor cell engraftment.

Polyinosine-polycytosine (plpC) administration

pIpC (Amersham Pharmacia Biotech) was administered to mice as pre-
viously described.!* Briefly, pIpC was resuspended in Dulbecco PBS
(D-PBS) at 50 pg/mL, and mice were injected with 0.4 pg/g body weight
every other day for 10 days.

Results

FIP200 deletion leads to erythroblastic anemia
and perinatal lethality

To test whether FIP200 might play a role in fetal hematopoiesis,
we mated floxed FIP200 (FIP200FF) mice* with Tie2-Cre trans-
genic mice to generate FIP2007F;Tie2-Cre mice (designated as
CKO mice). Tie2-Cre mice express Cre recombinase in hemato-
poietic and endothelial cells during embryonic development.!'?
As shown in Table 1, CKO and littermate controls (FIP200F+;
Tie2-Cre, FIP200FF, and FIP200"*; the latter 2 genotypes were
used as controls in all experiments) were observed at normal
Mendelian ratios at E14.5 and E16.5. There was a slight decrease in
the observed number of CKO embryos at E17.5 and E18.5, and
virtually all CKO mice died within the first week of birth.

To investigate the effect of FIP200 deficiency on fetal hemato-
poiesis, we first evaluated deletion of F/P200 by Western blotting
of lysates from E14.5 fetal livers of CKO and control embryos.
As shown in Figure 1A, a significantly reduced level of FIP200
was found in the sample from CKO mice compared with control
mice, indicating efficient deletion of FIP200 as expected. We
then histologically examined fetal liver sections from CKO and
control mice. At E14.5, no apparent differences were detected
in CKO fetal liver sections compared with control sections
(Figure 1B). In contrast, at E16.5 we observed robust erythro-
poiesis characterized by abundant sinuses filled with mature red
blood cells (RBCs) in the fetal liver of control mice but not in
CKO fetal liver sections, suggesting that FIP200 deletion signifi-
cantly impaired fetal erythropoiesis (Figure 1B). At E18.5, we
observed numerous mature RBCs within vascular structures of
control fetal livers, but very few erythrocytes within vascular
structures of CKO fetal livers (Figure 1B). These histologic
features were consistent with the grossly paler appearance of CKO
fetal livers at E16.5 and E18.5 (but not E14.5) compared with
littermate control fetal livers (data not shown).

Although Tie2-Cre is expressed in endothelial cells, we did not
detect hemorrhaging or edema and immunochemical analysis also
showed apparently normal density of vasculature in CKO embryos
(data not shown). There were no significant gross or histologic

Table 1. Genotypes of progeny from crosses between male
FIP200F/+;Tie2-Cre and female FIP200F/F mice

Genotype E14.5 E16.5 E17.5 E18.5 P7

FIP200F/+ 39 13 13 39 32

FIP200F/+;Cre 37 9 17 33 26

FIP200F/F 38 10 10 38 31

FIP200F/F;Cre 41 12 8 30 3
(CKO)
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Figure 1. Conditional deletion of FIP200 by Tie2-Cre causes
severe anemia in developing embryos. (A) Lysates were
prepared from E14.5 liver of control or CKO mice and analyzed by
Western blotting using anti-FIP200 (top) or anti-vinculin (bottom)
antibodies. (B) H&E staining of E14.5, E16.5, E18.5 fetal livers
from control and CKO mice. Arrows indicate the enucleated
RBCs. Scale bars, 200 um. (C-G) RBC parameters of peripheral
blood from E18.5 control and CKO mice: RBC numbers (C),
hemoglobin (D), hematocrit (E), RBC distribution width (F), and
mean corpuscular volume (G). n=7-17, *P < .01, *P < .05.
Data are mean = SE. (H) Representative fluorescence-
activated cell sorting (FACS) profile of erythroid maturation in
E14.5 fetal liver of control and CKO embryos. The cells were
double-labeled with anti-CD71 and anti-TER119 antibodies.
Regions R4 to R8 are defined by characteristic staining pat-
tern of cells, including CD71medTER119~, CD71M9h"TER119-,
CD71Me"TER119+, CD71medTER119, and CD71°“TER119, re-
spectively. (I-J) The cell frequency (I) and number (J) of R4-R8
population. Note that there were increased immature population
(R4 and R5) and decreased R6 in CKO. n = 5-8, *P < .05,
#P < .01. Data are mean = SE. (K) Wright-Giemsa staining of
the blood smears from E18.5 control and CKO embryos. The
arrowheads indicate the erythroblasts. (L) Benzidine staining of
the blood smears as in panel K. Arrowheads indicate the posi-
tively stained erythroblasts. Scale bars, 100 pm.
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defects in other major organs such as the lungs and heart in CKO
embryos (supplemental Figure 1, available on the Blood Web site;
see the Supplemental Materials link at the top of the online article).
These results suggest that deficient fetal hematopoiesis is the
primary defect in CKO embryos.

To further characterize the effects of FIP200 deletion on
defective erythropoiesis, we first analyzed the peripheral blood of
CKO and control embryos at E18.5. Consistent with the reduced
erythropoiesis observed in fetal livers, CKO embryos displayed
severely diminished numbers of RBCs (Figure 1C), decreased
hemoglobin content (Figure 1D), a lower hematocrit (Figure 1E),
and elevated RBC width distribution (Figure 1F) compared with
the circulating blood of control embryos. All of these parameters
indicated a severe impairment of definitive erythropoiesis upon
genetic loss of FIP200, although we did not observe any change in
mean corpuscular volume (Figure 1G). We then examined the fetal
liver cells at E14.5 using the surface markers CD71 and Ter119 to
determine possible erythroid maturation defects that may contrib-
ute to the defective erythropoiesis in CKO mice. We observed an
increase in the frequency of immature erythroid cells (R4 popula-
tion: CD71™¢Ter119~ and R5 population: CD71"e"Ter1197) and a
decrease in a maturing erythroid population (R6 population:
CD71"e"Ter1197) as well as a significant reduction in the absolute
number of maturing erythroid cells (R6 and R7) in CKO embryos
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compared with control embryos (Figure 1H-J). These data sug-
gested compromised erythroid maturation in CKO embryos. Anal-
ysis of the peripheral blood at E18.5 using the same cell surface
markers CD71 and Terl19 showed a significant decrease in the
frequency as well as the absolute number of CD71°"Ter119*
mature RBCs (the R8 population) in CKO mice compared with
control mice (supplemental Figure 2), providing further support for
a profound anemia in these mice. The anemia appeared to be
erythroblastic as evidenced by the significantly increased numbers
of erythroblasts in the peripheral blood of E18.5 CKO mice by
Wright-Giemsa staining (Figure 1K). Indeed, differential counting
identified 72% of the nucleated cells to be erythroblasts and 25% to
be neutrophils. The increase in erythroblasts was further confirmed
by Benzidine staining (Figure 1L). Taken together, these results
suggest a crucial role for FIP200 in fetal erythropoiesis and

demonstrate that its loss in hematopoietic cells leads to perinatal
lethality associated with severe erythroblastic anemia.

[}

FIP200 deletion cell-autonomously leads to fetal HSC depletion

Although CKO fetal livers were histologically indistinguishable
from control fetal livers at E14.5 (see Figure 1B), we noted a
decrease in total fetal liver cell number in CKO embryos at this
stage and a more dramatic reduction at E18.5 compared with
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control embryos (Figure 2A). These data raised the intriguing
possibility that the deficient hematopoiesis observed in CKO mice
might be elicited at the level of HSCs. To explore this possibility,
we examined the frequency of CD1507CD48 Lin Mac-1"Sca-1*
cells in the E14.5 fetal liver of CKO and control mice. These cells
include all fetal liver HSC activity and are highly enriched for
HSCs.'5 As shown in Figure 2B-C, the frequency of immunopheno-
typic HSCs was 6-fold lower in CKO fetal livers compared with
control samples. Coupled with the overall decrease in fetal liver
cellularity in CKO embryos, the absolute number of immunopheno-
typic HSCs was diminished roughly 10-fold in the fetal livers of
these embryos (Figure 2D). These results suggest that FIP200
deletion resulted in decreased HSC numbers in CKO embryos.

To address the hypothesis that FIP200 loss impaired fetal HSC
function and to exclude the possibility that HSCs simply changed
their immunophenotype upon FIP200 deletion, we functionally
assessed the repopulating capacity of fetal liver cells from CKO
mice in vivo. Competitive reconstitution experiments were per-
formed, in which 200 000 E14.5 fetal liver cells from CD45.2+
CKO or CD45.2" control donors were coinjected with 500 000 young
adult bone marrow cells from congenic CD45.1* mice into lethally
irradiated CD45.1% recipients (Figure 3A). We tracked donor cell
reconstitution by analyzing the blood of recipients 4, 8, and
16 weeks after transplantation. Consistent with the relatively high
proliferative potential of fetal liver cells,'® 200 000 control fetal
liver cells competed slightly better than 500 000 adult bone marrow
cells in reconstituting the peripheral blood (Figure 3B), and
contributed to the myeloid, B-cell, and T-cell lineages (Figure 3C
and supplemental Figure 3) throughout the length of the experi-
ment. In contrast, FIP200-null fetal liver cells failed to give
long-term multilineage reconstitution of any recipients. These
results confirmed the hypothesis that FIP200 loss results in a
reduced number of HSCs in CKO embryos.

Although these transplantation results were consistent with
HSC maintenance defects in vivo, it was possible that the failure of
fetal liver cells from CKO mice to repopulate recipients was due to
their inability to home to the bone marrow after transplantation
and/or the 6-fold reduction in HSC number in the input fetal liver
cells before transplantation. Moreover, other extrinsic mechanisms
could account for the failure of CKO cells in transplantation. For
example, FIP200 deletion in endothelial cells (as Tie2-Cre is also
expressed in this tissue) could potentially cause irreversible
damage to fetal HSCs by damaging an indispensable endothelial
niche, as has been suggested for HSCs.!”!8 Even though no
apparent defects in vascular development were observed in CKO
mice, we nevertheless wished to test these possibilities. We
generated inducible FIP200 deletion mice (designated FIP200FF;
Mx1-Cre mice) by crossing the floxed FIP200 (FIP200FF) mice
with Mx1-Cre transgenic mice. We performed similar transplanta-
tion experiments as above by transplanting 200 000 floxed E14.5
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fetal liver cells from CD45.2* FIP200FF;Mx1-Cre or CD45.2*
FIP200¥F embryos along with 500 000 young adult bone marrow
cells from congenic CD45.1" mice into lethally irradiated CD45.1*
recipients (Figure 4A). In one group of recipients, we administered
5 doses of pIpC every other day to induce deletion of FIP200 in the
transplanted cells of the FIP200"F;Mx1-Cre donors 5 days after
transplantation (both experimental and control donor mice re-
ceived pIpC treatment), which would allow sufficient time for
homing.'* The peripheral blood was then analyzed 4 to 18 weeks
after transplantation to monitor donor cell reconstitution. Control
donor cells successfully reconstituted all recipient mice in all
lineages throughout the length of the experiment (Figure 4B-C). In
contrast, we noted a significantly reduced reconstitution by
FIP200¥F;Mx 1-Cre donor cells starting 4 weeks after transplanta-
tion. By 18 weeks, there was a complete loss of donor cell
reconstitution from FIP200¥F;Mx1-Cre cells in all hematopoietic
lineages (Figure 4B-C and supplemental Figure 4), suggesting that
FIP200 is autonomously required for the repopulating ability of
fetal HSCs. Interestingly, we noticed that B-cell reconstitution by
FIP200¥F;Mx 1-Cre cells decreased more gradually than myeloid
cell reconstitution, which is consistent with the observation that
myeloid cells are much shorter lived than lymphoid cells. In a
second group of recipients, mice were not treated with pIpC, and
their peripheral blood was analyzed at 4 weeks after transplanta-
tion. Donor cell reconstitution levels from FIP200¥F;Mx 1-Cre cells
(in the absence of Cre recombinase induction) were roughly equal
to that of control cells at 4 weeks after transplantation (Figure 4D),
suggesting that reconstitution defects observed in plpC-treated
FIP200FF;Mx1-Cre donor cells were indeed due to induced dele-
tion of FIP200.

Taken together, these results demonstrate that FIP200 is cell-
autonomously required for the maintenance of fetal HSCs. This
requirement is consistent with the observed dramatic reduction in
HSC frequency and number in E14.5 CKO embryos before the
onset of severe anemia and defects in in vivo reconstituting ability
of FIP200-deficient HSCs. It is likely that the loss of fetal HSC
activity contributed significantly to the perinatal lethality and
anemia in CKO mice.

Increased HSC cycling and aberrant myeloid
expansion after FIP200 deletion

Our previous studies showed that F/P200 deletion led to increased
apoptosis in several cell types in germ line and conditional deletion
mutant mice.*!! Thus, we wondered if increased apoptosis of HSCs
upon FIP200 deletion led to the depletion of HSCs in CKO mice.
To examine this possibility, we measured apoptosis of fetal liver
cells in CKO and control embryos at E14.5 and E16.5 by
performing terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assays on fetal liver sections. Low levels
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Figure 3. FIP200 is essential for the maintenance of fetal
HSCs. (A) Diagram of the competitive repopulation experimental
design for data in panels B-C. Fetal liver cells (200 000) from
CD45.2* control or CKO mice were injected into lethally irradiated
CD45.1* wild-type recipients along with 500 000 CD45.1 bone
marrow cells. Reconstitution of peripheral blood by donor cells
was monitored for 16 weeks after the transplantation. (B) Con-
tribution of fetal liver-derived CD45.2-expression (donor) cells
to peripheral blood leukocytes in reconstituted mice. (C) Contri-
bution of donor cells to peripheral multilineages, including myeloid
lineage (Mac1+, Gr1"), B-cell lineage (B220*), and T-cell lineage
(CD3"). Data represent the average donor chimerism levels
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(approximately 5%) of apoptotic cells were observed in the livers BrdU incorporation was detected in FIP200-null HSCs

of both CKO and control embryos (Figure 5A). These results
were further confirmed in E14.5 fetal liver cells by staining for
annexin V followed by analysis using flow cytometry (Figure 5B).
We also examined HSC cell death at E14.5 by annexin V staining
and found that the levels of apoptosis in both CKO and control
HSCs were, on average, comparably lower than in unfractionated
fetal liver cells (Figure 5C). These results suggest that FIP200
deletion in hematopoietic cells did not appreciably increase apopto-
sis of either unfractionated fetal liver cells or HSCs and that HSC
depletion in CKO mice was not caused by increased apoptosis.

We also evaluated the effect of FIP200 deletion on the pro-
liferation of HSCs by BrdU incorporation assays. BrdU was admin-
istered intraperitoneally into pregnant mothers carrying E14.5 embryos
2 hours before killing animals for analysis. After this short pulse,
we noted a slightly lower level of BrdU incorporation in the
unfractionated fetal liver cells of CKO embryos compared with
control embryos (Figure 6A). Interestingly, a significant increase in

(37.3% = 9.9%) compared with control HSCs (24.3% = 3.3%;
Figure 6B). These results demonstrate that FIP200 plays a quantita-
tive functional role in the cell cycle of fetal HSCs.

We next investigated potential aberrant differentiation and
lineage progression of hematopoietic cells in CKO mice. Fetal liver
cells were isolated from CKO and control embryos at E14.5 and
analyzed by flow cytometry. While only slight changes were found
for erythroid and B-cell lineages, a significant increase in the
number of myeloid lineage cells (> 4-fold) was detected in CKO
liver compared with control mice (Figure 6C). Moreover, despite
the decrease in overall liver cellularity (see Figure 2A) and the
corresponding decrease in the number of erythrocytes, an increased
absolute number of myeloid cells was present per fetal liver in
CKO embryos compared with that of control embryos (Figure 6D).
The increase in frequency and absolute number of myeloid cells
indicated enhanced myelopoiesis in the fetal liver of CKO mice.
Consistent with this, Wright-Giemsa staining of peripheral blood

A B
Figure 4. FIP200 is cell-autonomously required for the main- 200,000 CD45.2 500,000 CD45.1 pIpG injection
tenance of fetal HSCs. (A) Diagram of the competitive repopula- donor fetal liver cells recipient wild type -~
tion experimental design for data in panels B-C. Fetal liver cells from: bone marrow cells -
(200 000) from CD45.2* FIP200FF;Mx1-Cre or control mice were FIP2007F;Mx1-Cre "\, & plpC e s
injected into lethally irradiated CD45.1* wild-type recipients along or control mice oS00 uul 4n e 10m1 23 " i/l/f/i
with 500 000 CD45.1 bone marrow cells. Five plpC injections 2 R 22 e Contro
were administered to one set of recipients every other day Irradiation | 4th week ;u 25 -+ FIP2007F:Mx1-Cre
CD45.1 : e B

beginning 5 days after transplantation. Reconstitution of periph-
eral blood by donor cells was then monitored for additional
16 weeks (at the 4th, 6th, 10th, and 18th weeks after transplanta-
tion). No plpC was administered to the other set of recipients.
Reconstitution of peripheral blood by donor cells was examined C
at the 4th week after transplantation. The dashed vertical lines
indicate the time points to monitor the donor contribution. (B) Con-
tribution of fetal liver-derived CD45.2-expression (donor) cells to
peripheral blood leukocytes in reconstituted mice in the group with
plpC treatment. Shaded bar in panel B indicates the plpC
administration. (C) Contribution of donor cells to peripheral blood
lineages, including myeloid (Mac1*, Gr1™), B-cell (B220"), and
T-cell (CD3") lineages in the group with plpC treatment. (D) Con-
tribution of donor cells to peripheral blood leucocytes in reconsti-
tuted mice in the group without plpC treatment. Data represent
the average donor chimerism levels from 3 independent experi-
ments with a total of 9 recipients per genotype.
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Figure 5. FIP200 deletion did not affect fetal liver cell apopto-
sis. (A) Fetal liver tissue sections from control and CKO mice at
E14.5 and E16.5 were analyzed by TUNEL assays. Arrowheads
indicate the positively stained apoptotic cells. Data on the right-
side graphs are mean + SE. n = 4-5. Scale bars, 200 pm.
(B-C) Annexin V labeling of fetal liver cells (B) or fetal HSCs (C)
from E14.5 control and CKO embryos. Data are mean = SE.
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20

o o

Annexin V+DAPI-
Fetal Liver Cells (%)
o

0
Control CKO

from E18.5 embryos displayed an increase in the number of
neutrophils in CKO embryos compared with control embryos
(Figure 6E). Further analysis of the peripheral blood by flow
cytometry indicated approximately 17-fold (from approximately
0.03% to 0.52%) and 8-fold increases in the frequency and
numbers per microliter, respectively, of myeloid cells in the blood
of CKO embryos compared with control embryos (Figure 6F).
Taken together, these data suggest significantly increased myeloid
lineage expansion in CKO mice.

Increased mitochondrial mass and
ROS in FIP200-null hematopoietic cells

Several recent studies identified FIP200 as an essential component
of the ULK1-Atg13-FIP200 complex involved in the generation of
autophagosomes.®$19-20 Autophagy is thought to mediate the clear-
ance of damaged and/or excess organelles including mitochondria,
which are a major source of intracellular ROS.?!?> While normal
HSCs contain a low level of ROS, an abnormal increase of ROS
has been associated with increased cell-cycle progression and
depletion of adult HSCs.?3-> Therefore, we investigated the possi-
bility that autophagic defects in hematopoietic cells upon FIP200
deletion may cause an abnormal accumulation of mitochondria and
increased ROS level.

Consistent with a defect in autophagy, we observed an ac-
cumulation of p62, a selective substrate for autophagy, in CKO
fetal liver cells compared with control cells (Figure 7A). Moreover,
we observed an increase in mitochondrial mass in E14.5 CKO fetal
liver cells compared with control cells by staining cells with the
cell-permeant MitoTracker Green probe and analyzing by flow
cytometry (Figure 7B). Lastly, we detected a 50% increase in ROS
levels in CKO fetal liver cells by DCF-DA (Figure 7C), consistent
with a model in which impaired autophagic clearance led to the
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accumulation of mitochondria and increased ROS levels. We also
observed that mitochondrial mass (Figure 7D) and ROS levels
(Figure 7E) increased in Mac-1*Gr-17 cells in the E14.5 CKO fetal
liver compared with controls. Likewise, we detected greater
increases in both mitochondrial content (Figure 7F) and ROS levels
(Figure 7G) in E14.5 CKO fetal liver HSCs compared with control
fetal liver HSCs. Taken together, these results suggest that F1P200
deletion results in the increased mitochondrial mass and ROS
levels in hematopoietic cells, which could contribute to the various
hematopoietic defects in CKO embryos.

Discussion

Compared with our understanding of the regulation of adult HSCs
by both intrinsic factors and extrinsic niches,???%-33 relatively little
is known about the regulatory pathways for the maintenance of
fetal HSCs. Here, we present data showing that deletion of FIP200
in hematopoietic cells resulted in the depletion of fetal HSCs in a
cell-autonomous manner. Decreased liver cellularity was observed
in CKO mice as early as E14.5 and progressed throughout
development in the fetal liver. A massive decrease in fetal HSC
frequency as well as number was found in CKO embryos. More
importantly, fetal liver cells from CKO embryos completely lost
the multilineage reconstituting ability when transplanted to wild-
type recipient mice and so did those from FIP200FF;Mx1-Cre mice
after injection of pIpC to delete floxed FIP200 after transplantation.

The mechanisms by which inactivation of FIP200 led to fetal
HSC depletion are still not clear at present. Although FIP200
deletion has been shown to increase apoptosis of cardiomyocytes,
hepatocytes, and neurons in previous studies,*!" comparable levels
of apoptosis were found in fetal HSCs of CKO and control mice,
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Figure 6. FIP200 deletion led to increased HSC cell cycling
A P< .05 B P < .001 o] and myeloid differentiation. (A-B) The percentage of BrdU
—h Control positive fetal liver cells (A) and fetal HSCs (B) in E14.5 control and
707 e, 3 759 ! P4 CKO mice after 2 hours BrdU pulse. Representative FACS profile
° 60+ _Af:_ 3 3 of fetal HSCs is shown on the right in panel B. P4 represents the
Z © 504 g . = T b BrdU* population. (C-D) Frequency (C) and number (D) of
@ 2 4o “ s s 8 . L L L different lineage fetal liver cells of E14.5 control and CKO mice.
3"- § . § — i" CKO Representative FACS profile of Mac1+Gr1+ population is shown
T= 301 § w4 3 P4 on the right in panel C. n = 6-13, *P < .05. Data are mean + SE.
o & 204 5 27 =s o (E) Wright-Giemsa staining of the blood smears from E18.5 control
“ 10 E o L and CKO embryos. The arrows indicate neutrophils. (F) Number
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Control CKO Control CKO I CKO embryos. Representative FACS profile is shown on the right.
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excluding altered cell survival as a major mechanism of fetal HSC
depletion upon FIP200 inactivation. Likewise, we did not find
decreased proliferation of fetal HSCs in CKO mice compared with
control cells, indicating that depletion of CKO HSCs was not
caused by deficient proliferation of fetal HSCs. Surprisingly, we
actually found a significant increase in the proliferation of FIP200-
null fetal HSCs compared with control cells. It is well known that
aberrantly increased cell cycling can lead to the depletion of adult
HSCs, which are quiescent under normal conditions.?830:34-38 Qur
data raise the interesting possibility that abnormally increased
cell-cycle progression in fetal HSCs could also lead to their
depletion, even though the fetal HSC pool expands rapidly under
normal conditions in contrast to the quiescent nature of adult HSCs.

Consistent with our previous observations in neurons,!! deletion
of FIP200 in hematopoietic cells led to increased accumulation of
p62/SQSTMI as a consequence of deficient autophagy. Moreover,
we also observed increased mitochondrial mass in F/P200-null
fetal HSCs as well as myeloid cells and total fetal liver cells by
MitoTracker labeling, which is also consistent with the accu-
mulation of damaged mitochondria in FIP200-null Purkinje cells
as visualized directly by electron microscopy.'! Autophagy de-
fects and associated accumulation and/or damage of mitochon-
dria often results in an abnormal increase in the cellular level of
ROS.*#2 Increased ROS has been associated with increased
cell-cycle progression and depletion of adult HSCs.?*2* Therefore,
our data are consistent with the idea that, similar to adult HSCs, the
increased mitochondrial mass and ROS after deletion of FIP200

could contribute at least in part to the depletion of fetal HSCs
in CKO mice.

We observed significantly increased myelopoiesis in CKO fetal
livers, although the total cellularity already significantly decreased
in these mice compared with control mice at E14.5. The abnormal
myelopoiesis was also confirmed by the presence of nearly a
10-fold increase in the absolute number of myeloid cells in the
peripheral blood of CKO mice (see Figure 6F). It is interesting to
note that increased ROS caused by deletion of FoxO, a transcrip-
tional activator of antioxidant scavenger protein expression, also
led to myeloid lineage expansion in adult mice,?® similar to our
observation of increased myeloid cells in fetal liver and embryonic
peripheral blood of CKO mice. Furthermore, a recent report
showed that in Drosophila, increasing the hematopoietic progenitor
ROS beyond their basal level triggers precocious differentiation
into all 3 mature blood cell types with functions reminiscent of the
vertebrate myeloid lineage.** Thus increased myelopoiesis may
occur in response to elevated ROS levels, contributing to the
depletion of HSCs, although it remains unknown whether FIP200
deficiency increases myeloid lineage commitment by fetal HSCs or
the expansion of myeloid lineage progenitors.

Similar to several recent reports implicating a role of autophagy
in erythropoiesis,*!#44¢ we observed a significant decrease in
erythroid maturation in CKO fetal livers, which likely also
contributed to the severe anemia, beyond the fetal HSC defects in
these mice. Although to a lesser extent than fetal HSCs, mitochon-
drial mass was increased in total fetal liver cells (which are mostly
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Figure 7. FIP200 deletion led to increased mito-
chondrion mass and ROS in fetal hematopoietic cells. A
(A) Lysates from E14.5 liver of control or CKO mice were
analyzed by Western blotting using anti-p62 (top) or anti-
vinculin (bottom) antibodies. Asterisk on the right indicates
the p62 band. (B-C) Relative mitochondrial mass (B) and
ROS (C) of E14.5 fetal liver cells as measured by mean
fluorescent intensity (MFI) of MitoTracker Green staining and
DCF-DA staining, respectively. (D-E) Relative mitochondrial
mass (D) and ROS (E) of myeloid cells from E14.5 fetal liver
cells as measured by MFI of MitoTracker Green staining and
DCF-DA staining, respectively. Representative FACS pro-
files of DCF-DA staining are shown on the right in panel E. -
(F-G) Relative mitochondrial mass (F) and ROS (G) of fetal

HSCs from E14.5 embryos as measured by MFI of Mito- D

Tracker Green staining and DCF-DA staining, respectively.
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composed of erythrocyte lineage cells) from CKO mice. It is
possible that deficient autophagy to clear mitochondria in FIP200-
null erythroid cells was responsible for their compromised matura-
tion as observed in Azg7 '~ cells.*>*7 Moreover, erythroid cells
accumulate hemoglobin as they mature and are highly prone to
oxidative damage. The lifespan of the erythrocyte depends on an
adequate antioxidant response.*® It was shown that the increased
ROS caused by FoxO3 deficiency had a ROS-mediated shortened
lifespan associated with oxidative damage as well as decreased
erythroid maturation.*® Interestingly, we also observed increased
ROS in the R4 population of CKO embryos compared with control
mice (supplemental Figure 5). Therefore, the increased ROS level
in FIP200-null erythrocytes could also contribute to the maturation
defect as well as anemia in CKO mice.

In conclusion, our study identified FIP200 as a critical cell-
autonomous regulator of fetal HSCs. Given the recently described
function of FIP200 in autophagy, these results provide the first
suggestion for a potential role of autophagy in HSCs. While several
previous studies established a role for autophagy in hemato-
poiesis, particularly in erythropoiesis,*#63% no specific defects in
HSCs were described in those studies. It should be noted, how-
ever, FIP200 has other cellular functions through interaction with
other proteins besides autophagy in ULKI1-Atgl13-FIP200 com-
plex, which could also potentially contribute to the fetal HSCs
defects in CKO mice. Indeed, neural deletion of FIP200 exhibited
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similar as well as distinctive phenotypes compared with mice with
Atg5 or Arg7 inactivation in the same neurons.!! Future studies
examining potential defects in HSCs upon deletion of other key
components of autophagy such as Atg5 or Atg7 will help to clarify
autophagy-dependent and -independent functions of FIP200 in the
regulation of HSCs.
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