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SUMMARY

Adult hematopoietic stem cell (HSC) self-renewal requires precise control of protein synthesis, but fetal and adult HSCs have distinct self-
renewal mechanisms and lineage outputs. This raises the question of whether protein synthesis rates change with age. Here, we show that
protein synthesis rates decline during HSC ontogeny, yet erythroid protein synthesis rates increase. A ribosomal mutation that impairs
ribosome biogenesis (RpI245*/*) disrupts both fetal and adult HSC self-renewal. However, the Rpl24%* mutation selectively impairs fetal
erythropoiesis at differentiation stages that exhibit fetal-specific attenuation of protein synthesis. Developmental changes in protein syn-

thesis thus differentially sensitize hematopoietic stem and progenitor cells to impaired ribosome biogenesis.

INTRODUCTION

Adult hematopoietic stem cells (HSCs) maintain exqui-
site control of protein synthesis (Signer et al., 2014).
Inappropriately high or low protein synthesis rates
impair HSC self-renewal and can lead to leukemia or
bone marrow (BM) failure (Cai et al.,, 2015; Signer
et al., 2014). Adult HSCs exhibit very low protein synthe-
sis compared with other hematopoietic cells (Signer
et al., 2014, 2016), which is required to protect HSCs
from stress associated with protein misfolding (Hidalgo
San Jose et al., 2020). Most adult HSCs are quiescent,
but, when forced into cycle, their protein synthesis re-
mains low (Signer et al.,, 2014, 2016). This raises the
question of whether HSCs maintain low protein synthe-
sis when they cycle in other contexts, such as fetal devel-
opment (Morrison et al., 1995). Ontogeny-driven
changes in protein synthesis carry potential implications
for human disease. Ribosomopathies, such as Diamond-
Blackfan anemia and Shwachman-Diamond syndrome,
cause congenital anemia and BM failure, and present
early in life (Armistead and Triggs-Raine, 2014; Mills
and Green, 2017; Narla and Ebert, 2010; Sakamoto
et al., 2010). This could reflect the germline nature of
the mutations, but it could also reflect exquisite sensi-
tivity to altered protein synthesis in fetal HSCs or
erythroid progenitors. We therefore investigated whether
hematopoietic stem and progenitor cells undergo cell-
type- and developmental stage-specific changes in pro-
tein synthesis that can alter the susceptibility to the dele-
terious effects of a ribosomal mutation in vivo.
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RESULTS AND DISCUSSION

Fetal HSCs Do Not Have Low Protein Synthesis

To investigate protein synthesis in adult and fetal hemato-
poietic stem and progenitor cells, we administered O-prop-
argyl-puromycin (OP-Puro) (Hidalgo San Jose and Signer,
2019; Liu et al., 2012; Signer et al., 2014) to young adult
wild-type (8-12 weeks old) or timed pregnant mice. One
hour later, we quantified OP-Puro incorporation in BM and
E15.5 fetal liver hematopoietic stem and progenitor cells by
flow cytometry. Consistent with previous reports (Signer
etal., 2014, 2016), adult HSCs exhibited significantly lower
protein synthesis than restricted hematopoietic progenitors
(Figure 1A). Bulk protein synthesized per hour in adult
CD150*CD48 Lineage SCAI*CKIT" (CD150"CD48 LSK)
HSCs (Kiel et al., 2005) was ~3.5-fold lower than unfractio-
nated BM cells, ~6.6-fold lower than CDI127~
Lineage ckit*Scal™ myeloid progenitors (Akashi et al.,
2000), ~7.3-fold lower than CD71*TER119* erythroid pro-
genitors, ~4.1-fold lower than IgM~B220* B cell progenitors,
and ~2.4-fold lower than GR1* granulocytes (Figure 1A; p <
0.001). In contrast, fetal liver HSCs did not exhibit low pro-
tein synthesis compared with most fetal hematopoietic pro-
genitors (Figure 1B). Bulk protein synthesis in fetal HSCs was
~2.6-fold lower than myeloid progenitors (p < 0.001), but
was ~1.3-fold higher than unfractionated liver cells (p <
0.001), ~1.5-fold higher than erythroid progenitors (p <
0.001), ~1.6-fold higher than B cell progenitors (p < 0.001),
and ~1.4-fold higher than granulocytes (p < 0.01). These
data indicate that fetal HSCs do not exhibit low protein syn-
thesis compared with most other fetal hematopoietic cells.
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Figure 1. Distinct Protein Synthesis Rates in Fetal and Adult Hematopoietic Stem and Progenitor Cells
(A and B) Protein synthesis in hematopoietic stem and progenitor cells relative to unfractionated cells in (A) young adult BM and (B) E15.5

fetal liver. Data are shown for unfractionated BM cells, liver cells,

(D150"CD48LSK HSCs, (D127 Lineage SCA17CD117" myeloid pro-

genitors (MyP), CD71"TER119™ erythroid progenitors (E), IgM~B220" B lineage progenitors (B), GR1" cells (GR).

(C and D) Relative protein synthesis in young adult BM and fetal liver HSCs normalized to (C) unfractionated cells or (D) GR1" cells.

(E) Relative protein synthesis in young adult BM and fetal liver restricted hematopoietic progenitor cells normalized to GR1* cells.

All data represent mean + SD. N = 7 adult mice and 11 embryos. Statistical significance was assessed relative to HSCs using a repeated-
measures one-way ANOVA followed by Dunnett’s multiple comparisons test (A and B), or using a two-tailed Student’s t test to compare
differences between fetal and adult cells (C-E); *p < 0.05, **p < 0.01, ***p < 0.001.

Because of differences in OP-Puro perfusion/uptake in
distinct tissues (Hidalgo San Jose and Signer, 2019), we
could not directly compare OP-Puro fluorescence between
adult BM and fetal liver cells. To circumvent this roadblock,
we compared adult and fetal HSC protein synthesis by
normalizing OP-Puro fluorescence to unfractionated he-
matopoietic cells in the BM and fetal liver, respectively.
On this basis, fetal HSCs exhibited ~4.5-fold higher protein
synthesis than adult HSCs in vivo (Figure 1C; p < 0.001).
Since the hematopoietic cell compositions of adult BM
and fetal liver are quite distinct, we sought a secondary
benchmark for normalization of adult and fetal HSC pro-
tein synthesis rates. Therefore, we also assessed differences
in adult and fetal HSC protein synthesis by normalizing
OP-Puro fluorescence to adult and fetal GR1* cells, respec-
tively. Using this standard, we found that fetal HSCs ex-
hibited ~3.5-fold higher protein synthesis than adult
HSCs (Figure 1D; p < 0.001). Despite limitations in the abil-
ity to directly compare protein synthesis between fetal and
adult cell populations in vivo, data obtained using these
distinct benchmarks strongly suggest that fetal HSCs syn-
thesize substantially more protein per hour than adult
HSCs in vivo.

Protein synthesis differences between adult and fetal
HSCs cannot be fully explained by differences in prolifera-
tion, as adult HSCs driven to undergo rapid proliferation
exhibit only modestly elevated protein synthesis (Signer
et al., 2014, 2016). Thus, protein synthesis rates change
during HSC ontogeny, and they decline between fetal
development and adulthood.

Next, we wondered if elevated protein synthesis in fetal
compared with adult HSCs was a general feature that distin-
guishes fetal and adult hematopoietic progenitors. When
normalized to age-matched GR1* cells, fetal myeloid pro-
genitors also exhibited significantly increased protein syn-
thesis compared with their adult counterparts, but the ef-
fect was much smaller than in HSCs (Figure 1E; ~1.3-fold;
p < 0.05). However, in contrast to the situation in HSCs,
fetal erythroid and B cell progenitors exhibited signifi-
cantly lower rates of protein synthesis than their adult
counterparts (Figure 1E; p < 0.001). Overall, these data indi-
cate that there are significant developmental and hemato-
poietic cell-type-specific differences in protein synthesis,
including a substantial reduction in protein synthesis
within HSCs as they progress from the fetal to adult stage
of development.
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Developmental Differences in Protein Synthesis
Dynamics Distinguish Fetal and Adult Erythroid
Differentiation

While investigating developmental stage-specific differ-
ences in HSC protein synthesis, we found that adult
CD71*TER119" erythroid progenitors synthesized ~3.5-
fold more protein than their fetal counterparts (Figure 1E;
p < 0.001). The magnitude of this change was similar to
HSCs, but in the inverse direction. Intrigued by this differ-
ence, we more closely investigated protein synthesis in
adult and fetal erythroid progenitors.

The differentiation trajectory of erythroid lineage pro-
genitors can be broken down into at least five distinct cell
populations in adult BM and fetal liver based on surface
expression of CD71 and TER119 as follows (Zhang et al.,
2003): CD71"°"TER119~ (R1), CD71™M8"TER119~"°% (R2),
CD71M&"TER119* (R3), CD71"“TER119* (R4), and
CD71"TER119" (RS) (Figures 2A and 2D). We examined
protein synthesis by assessing OP-Puro incorporation
within adult and fetal R1-R4 erythroid populations in vivo
(Figures 2B and 2E). RS cells were reproducibly lost during
the fixation and permeabilization procedure that is
required to assess OP-Puro incorporation and were thus
not included in the analyses.

Erythroid differentiation was associated with significant
and dynamic changes in protein synthesis, but the timing
was distinct between adult and fetal stages. In young adult
BM, differentiation of R1 to R2 cells was associated with a
~2-fold increase in protein synthesis (Figure 2C; p <
0.05). Protein synthesis remained elevated through the
R3 stage before a 4-fold reduction at the R4 stage (Figure 2C;
p < 0.001). Similar to adult BM, fetal liver erythroid differ-
entiation from the R1 to R2 stage was accompanied by a
~2-fold spike in protein synthesis (Figure 2F; p < 0.001).
However, in contrast to adult BM, protein synthesis
declined at the R3 stage of differentiation. Protein synthesis
within fetal R3 cells was reduced ~2.5-fold compared with
R2 cells (Figure 2F; p < 0.001). Protein synthesis continued
to decline as fetal R3 erythroid cells further differentiated.
Fetal R4 cells exhibited ~6-fold less protein synthesis
than R2 cells and ~2.5-fold less protein synthesis than R3
cells (Figure 2F; p < 0.001). These data reveal cell-type and
developmental stage-specific differences in protein synthe-
sis among erythroid progenitors. Specifically, fetal
erythroid progenitors attenuate protein synthesis earlier
in their differentiation program than their adult
counterparts.

We next sought to directly compare protein synthesis
rates between adult and fetal erythroid progenitors. Similar
to HSCs, we did this by normalizing protein synthesis rates
to both unfractionated cells (Figure 2G) and GR1" cells (Fig-
ure 2H). Fetal R1, R3, and R4 cells exhibited significantly
reduced protein synthesis compared with their adult coun-
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terparts when normalized to unfractionated cells (Fig-
ure 2G). When normalized to GR1™ cells, all fetal erythroid
progenitor subsets exhibited significantly lower protein
synthesis rates than their adult counterparts. Fetal R1 and
R2 cells exhibited ~40% lower protein synthesis compared
with their adult counterparts (Figure 2H; p < 0.001). Fetal
R3 and R4 cells exhibited ~75% and 60% lower protein
synthesis than their respective adult counterparts (Fig-
ure 2H; p < 0.001). These data suggest that fetal erythroid
progenitors generally exhibit lower protein synthesis
than adult erythroid progenitors, with particularly pro-
nounced differences at the R3 and R4 stage of differentia-
tion. Thus, fetal erythroid progenitors exhibit lower pro-
tein synthesis than their adult counterparts, and they
attenuate protein synthesis earlier in the differentiation
program.

Fetal and Adult HSCs Are Both Sensitive to Impaired
Ribosome Biogenesis

Our findings raised the question of whether ontogeny-
dependent changes in protein synthesis correlate with
changes in sensitivity to ribosomal mutations. To test
this, we utilized mice with a ribosomal protein L24 mu-
tation (Rpl24®t*) (Oliver et al., 2004). Fetal and adult
Rpl24®¥+ HSCs exhibited 30%-50% reductions in pro-
tein synthesis (Figures 3A and 3B). Reduced protein syn-
thesis did not significantly affect adult BM cellularity,
HSC frequency, or HSC number (Figures 3C, 3D, and
S1A). In contrast, Rpl245V* fetal liver cellularity was
significantly reduced, and HSC frequency and number
were increased compared with controls (Figures 3E-3G).
RpI24Pt+ fetal HSCs proliferated at normal rates (Fig-
ure 3H), consistent with the notion that protein synthe-
sis and proliferation are partially decoupled in HSCs
(Signer et al., 2016).

To test whether fetal HSC function is compromised by
the RpI24®°Y* mutation, as we previously observed for adult
HSCs (Figures S1B and S1C) (Signer et al., 2014), we trans-
planted 10 E15.5 HSCs from Rpl24®V* or control mice
(CD45.2%) with 3 x 10° recipient-type BM cells into irradi-
ated mice (CD45.1%) (Figure 3I). Long-term hematopoietic
reconstitution from Rpl24®Y* fetal liver HSCs was severely
reduced compared with controls (Figures 3]-3N). Overall,
only 38% (3 out of 8) of recipients of RpI24®¥* fetal liver
HSCs exhibited long-term multilineage reconstitution
compared with 100% (9 out of 9) of recipients of wild-
type littermate control HSCs (Figure 30; p < 0.01). These
data indicate that RpI245"/* fetal liver HSCs have impaired
reconstituting activity. Reduced protein synthesis thus im-
pairs the function of both adult and fetal HSCs, demon-
strating that HSCs are exquisitely sensitive to impaired
ribosome biogenesis, irrespective of whether they have
high or low baseline protein synthesis.
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Figure 2. Dynamic Changes in Protein Synthesis during Erythroid Differentiation Are Distinct in Adult Bone Marrow and Fetal Liver
(A) Representative flow cytometry plot showing gating strategy for R1-R5 erythroid lineage cells in young adult BM.

(B) Representative histograms showing OP-Puro incorporation in R1-R4 erythroid progenitors in young adult BM.

(C) Relative protein synthesis based on OP-Puro incorporation in young adult R1-R4 erythroid progenitors relative to unfractionated BM
cells 7n vivo. Statistical differences are summarized in the adjacent table.

(D) Representative flow cytometry plot showing gating strategy for R1-R5 erythroid lineage cells in E15.5 fetal liver.

(E) Representative histograms showing OP-Puro incorporation in R1-R4 erythroid progenitors in E15.5 fetal liver.

(F) Relative protein synthesis based on OP-Puro incorporation in E15.5 fetal liver (FL) R1-R4 erythroid progenitors relative to un-
fractionated liver cells in vivo. Statistical differences are summarized in the adjacent table.

(G and H) Relative protein synthesis in young adult BM and E15.5 fetal liver R1-R4 erythroid progenitors normalized to (G) unfractionated
cells or (H) GR1" cells. All data represent mean + SD. N = 7 adult mice and 11 embryos. Statistical significance was assessed using a
repeated-measures one-way ANOVA followed by Tukey’s multiple comparisons test (C and F), or using a two-tailed Student’s t test to
compare differences between fetal and adult cells (G and H); *p < 0.05, **p < 0.01, ***p < 0.001.
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Rp124®Y+ Mutation Impairs Fetal but Not Adult
Erythroid Progenitors

Since both fetal and adult HSC function was disrupted by
the RpI245sY* mutation, we tested if the same was true for

erythroid lineage cells given the temporal differences in
erythroid progenitor protein synthesis rates. The Rpl245s7*
mutation reduced protein synthesis by 25%-55% in fetal
and adult erythroid progenitors (Figures 4A and 4B). Adult
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Figure 3. Fetal Liver Rp(245%/* HSCs Have Impaired Long-Term Multilineage Reconstituting Activity

(A and B) Relative protein synthesis rates in (A) unfractionated BM and HSCs in young adult Rp(24%%* and control mice, and (B) un-
fractionated fetal liver cells and HSCs in E15.5 Rp[24%%/* and littermate control embryos. Values are normalized to control BM (N = 4 mice/
genotype) or control liver cells (N = 12-13 embryos/genotype).

(C and D) (C) BM cellularity and (D) HSC frequency in young adult Rp{24%%* and control mice (1 femur +1 tibia/mouse; N = 4 mice/
genotype).

(E-G) (E) Fetal liver cellularity, (F) HSC frequency, and (G) HSC number in E15.5 Rpl245*/* and littermate control embryos (N = 10 embryos/
genotype).

(H) Frequency of fetal liver HSCs that incorporated EdU after a 1-h pulse in vivo (N = 3-5 embryos/genotype).

(legend continued on next page)
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RpI245* BM contained similar frequencies and numbers of
erythroid progenitors to controls (Figures 4C, 4D, S2A, and
S2B), and there was no change in erythroid progenitor
apoptosis (Figure S2C) or peripheral red blood cells (Signer
et al., 2014).

In contrast to adult BM, Rpl24®"* fetal livers con-
tained significantly more R2 and R3 erythroid progeni-
tors and significantly fewer R4 and RS cells compared
with controls (Figures 4E and 4F). Overall, RpI24%V* fetal
livers contained ~45% fewer TER119" erythroid cells
than controls (Figure 4G). The decline in erythroid cells
largely accounted for the overall reduction in Rpl24®"*
fetal liver cellularity (Figure 3E). The depletion of fetal
erythroid progenitors was not attributable to changes
in apoptosis, as Annexin V labeling was similar in
RpI245Y* and control R1-R5 cells (Figure 4H). However,
Rpl24557+ fetal R3 and R4 cells exhibited significantly
reduced proliferation in vivo (Figure 4I), which coincides
with the stage at which fetal progenitors specifically
exhibit a decline in protein synthesis. Low protein syn-
thesis may thus hypersensitize differentiating fetal
erythroid progenitors to ribosomal mutations by restrict-
ing proliferation and translation of essential mRNAs (Ba-
sak et al., 2020; Chua et al., 2020; Khajuria et al., 2018;
Liu et al., 2017; Ludwig et al., 2014).

This study reveals that protein synthesis is dynamically
controlled in a cell-type- and developmental stage-specific
manner in the hematopoietic system. Adult HSCs depend
on maintaining low protein synthesis (Signer et al., 2014,
2016), and modest increases in protein synthesis partially
impair adult HSC self-renewal by increasing the biogenesis
of misfolded proteins (Hidalgo San Jose et al., 2020). Fetal
HSCs maintain relatively high protein synthesis, yet they
retain self-renewal capacity, suggesting that they can cope
with misfolded proteins more effectively than adult
HSC:s. Bile acids in the fetal liver protect HSCs by restricting
activation of the unfolded protein response (Sigurdsson
et al., 2016), but a more complete understanding of how
fetal HSCs cope with protein misfolding that accompanies
high protein synthesis could yield interventions to
improve proteostasis maintenance in adult HSCs (Chua
and Signer, 2020).

Unlike HSCs, erythroid progenitors exhibit fetal-specific
susceptibility to defects in ribosome biogenesis, suggesting
that ribosomal mutations may disrupt erythropoiesis to a
greater degree in early stages of life when protein synthesis
is low. Indeed, some Diamond-Blackfan anemia patients go
into spontaneous remission as they age (Vlachos and Muir,
2010). An intriguing possibility is that this remission is
associated with maturation of their erythroid compart-
ment into the adult stage. Since different ribosomal muta-
tions could have distinct effects on translation, further
studies should resolve whether temporal changes in pro-
tein synthesis convey susceptibility to disease-relevant mu-
tations (Ulirsch et al., 2018).

EXPERIMENTAL PROCEDURES

Mice

RpI24%Y+ mice (Oliver et al., 2004; Signer et al., 2014) were ob-
tained from The Jackson Laboratory (000516) and backcrossed
for 10+ generations onto a C57BL background. Wild-type litter-
mates or age-matched C57BL/Ka-Thy-1.1 mice were used as con-
trols for experiments with adult mice, and wild-type littermates
were used as controls for fetal experiments. C57BL/Ka-Thy1.2
(CD45.1) mice were used as transplant recipients. Young adult
mice were 8-12 weeks old. Embryos were utilized at ~ E15.5. Ani-
mals were housed in the Animal Resource Center at UT South-
western and the vivarium at the UC San Diego Moores Cancer Cen-
ter. Protocols were approved by the UT Southwestern and UC San
Diego Institutional Animal Care and Use Committees.

Cell Isolation and Flow Cytometry

BM cells were isolated by flushing the long bones and fetal liver
cells were isolated by crushing the fetal liver between frosted slides
in Hank’s buffered salt solution (HBSS; Corning) supplemented
with 2% heat-inactivated bovine serum (Gibco). Cell number
was assessed with a Vi-CELL cell viability analyzer (Beckman
Coulter).

For flow cytometric analysis and isolation, cells were incubated
with combinations of antibodies (eBiosciences or BioLegend) to
the following cell-surface markers, conjugated to FITC, PE,
PerCP-CyS5.5, APC, PE-Cy7, Alexa Fluor 700, or APC-eFluor 780:
CD3e (17A2; Cat #100204), CD4 (GK1.5; Cat #100406), CDS5
(53-7.3; Cat #100606), CD8a (53-6.7), CD11b (M1/70; Cat #12-
0112-83 and 17-0112-82), CD45.1 (A20; Cat #47-0453-82),

(I) Diagram of experimental strategy to test long-term multilineage reconstituting activity of fetal liver Rp(245%/* HSCs.
(3) Donor-cell engraftment when 10 Rpl24%7* (Bst/+) or littermate control (+/+) HSCs were transplanted with 3 x 10° recipient-type
young adult BM cells into irradiated mice. Total hematopoietic, B-, T-, and myeloid-cell engraftment is shown 4, 8, 12, and 16 weeks after

transplantation (N = 8-9 recipients per genotype).

(K-N) Long-term (16-week) donor (K) hematopoietic, (L) B, (M) T, and (N) myeloid cell engraftment in the peripheral blood of individual

recipient mice from (J).

(0) Frequency of recipient mice in (J) that exhibited long-term (16-week) multilineage reconstitution (> 0.5% donor-derived peripheral

blood B, T, and myeloid cells).

Data represent mean + SD (A-H) or SEM (J-N). Statistical significance was assessed using a two-tailed Student’s t test or a Fisher’s exact

test (0); *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. The Rpl245%* Mutation Impairs Fetal But Not Adult Erythroid Lineage Cells

(A and B) Relative protein synthesis in Rpl24%%* (Bst/+) or control (+/+) erythroid progenitor cells in (A) young adult BM (N = 4 mice/
genotype) and (B) E15.5 fetal liver (N = 12-13 embryos/genotype) in vivo.

(C) Frequency and (D) absolute number of erythroid progenitors in Rpl245%* (Bst/+) or control (+/+) young adult BM (1 femur +1 tibia/
mouse; N = 3-4 mice/genotype).

(E) Frequency and (F) absolute number of erythroid progenitors in Rplo4®t/+ (Bst/+) or control (+/+) E15.5 fetal liver (FL; N = 10 embryos/
genotype).

(G) Number of TER119" cells in Rp(245"/* (Bst/+) or control (+/+) E15.5 fetal liver (N = 10 embryos/genotype).

(H) Frequency of erythroid progenitors that are Annexin V* in Rplo4Bt/+ (Bst/+) or control (+/+) E15.5 fetal liver (N = 7 embryos/ge-
notype).

(I) Frequency of Rp(245%/* (Bst/+) or control (+/+) fetal liver erythroid progenitors that incorporated EdU after a 1-h pulse in vivo (N = 3-5
embryos/genotype).

Data represent mean = SD. Statistical significance was assessed using a two-tailed Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.

CD45.2 (104; Cat #109806), CD45R (RA3-6B2; Cat #11-0452-85
and #45-0452-82), CD48 (HM48-1; Cat #103404), CD71
(R17217; Cat #11-0711-85), CD117 (2B8; Cat #17-1171-83),
CD127 (A7R34; Cat# 135010), CD150 (TC15-12F12.2; Cat
#115904 and #115910), TER119 (TER-119; Cat# 116212), Sca-1
(D7, E13-161.7; Cat# 45-5,981-82), GR1 (RB6-8C5; Cat #108406
and #108416) and IgM (II/41; 17-5,790-82). For HSCs, lineage
markers included CD3, CDS5, CD8, B220, GR1, and TER119. For
myeloid progenitors, lineage markers were supplemented with an-
tibodies against CD4 and CD11b. Incubations were for at least
30 min on ice.

Mouse HSCs were pre-enriched by selecting CKIT* cells using
paramagnetic microbeads and an autoMACS (Miltenyi) before
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sorting. Non-viable cells were excluded using DAPI. Apoptotic cells
were identified using APC-conjugated anti-Annexin V (BD Biosci-
ences). Data acquisition and cell sorting were performed on a
FACSAria I, LSRII, or FACSCanto flow cytometer (BD Biosciences).
Data were analyzed by FlowJo (TreeStar) software.

Measurement of Protein Synthesis

OP-Puro (Liu et al., 2012) (Medchem Source; 50 mg/kg) was in-
jected intraperitoneally into young adult or pregnant female
mice. BM or fetal liver cells were collected 1 h later and 4 x 10° cells
were stained with antibodies and processed as previously described
(Hidalgo San Jose and Signer, 2019).



Transplantation Assays

Recipient mice were administered two doses of 540 rad at least
3 h apart using an XRAD 320 X-ray irradiator (Precision X-
Ray). For fetal HSC transplants, 10 CD150"CD48 LSK HSCs
(Kim et al., 2006) and 3 x 10° recipient-type BM cells were
transplanted. For adult BM transplants, 5 x 10° donor BM cells
were transplanted with 5 x 10° recipient-type BM cells. Blood
was obtained from tail veins of recipient mice every 4 weeks
for 16 weeks. Red blood cells were lysed with ammonium chlo-
ride potassium buffer. Remaining cells were stained with anti-
bodies against CD45.2, CD45.1, CD45R, CD11b, CD3, and
GR1 to assess donor-cell engraftment. Mice were considered
long-term multilineage reconstituted if they exhibited >0.5%
donor-derived peripheral blood B, T, and myeloid cells 16 weeks
post transplant.

Cell Proliferation Analysis

Two milligrams of EAU (Thermo) in PBS was injected intraperitone-
ally into pregnant female mice. Fetal livers were harvested 1 h later,
and 3 x 10° cells were stained with antibodies as described above.
EdU incorporation was assessed as previously described (Signer
et al., 2016).
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