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KEYWORDS Abstract The fetal liver (FL) is the key erythropoietic organ during fetal development, but knowl-
Human fetal liver; edge on human FL erythropoiesis is very limited. In this study, we sorted primary erythroblasts
Terminal erythropoiesis; from FL cells and performed RNA sequencing (RNA-seq) analyses. We found that temporal gene
Transcriptome; expression patterns reflected changes in function during primary human FL terminal erythropoiesis.
Immortalized erythroid cell Notably, the expression of genes enriched in proteolysis and autophagy was up-regulated in
line; orthochromatic erythroblasts (OrthoEs), suggesting the involvement of these pathways in enucle-
Enucleation

ation. We also performed RNA-seq of in vitro cultured erythroblasts derived from FL CD34 ™ cells.
Comparison of transcriptomes between the primary and cultured erythroblasts revealed significant
differences, indicating impacts of the culture system on gene expression. Notably, the expression of
lipid metabolism-related genes was increased in cultured erythroblasts. We further immortalized ery-
throid cell lines from FL and cord blood (CB) CD34™ cells (FL-iEry and CB-iEry, respectively).
FL-iEry and CB-iEry were immortalized at the proerythroblast stage and can be induced to differ-
entiate into OrthoEs, but their enucleation ability was very low. Comparison of the transcriptomes
between OrthoEs with and without enucleation capability revealed the down-regulation of path-
ways involved in chromatin organization and mitophagy in OrthoEs without enucleation capacity,
indicating that defects in chromatin organization and mitophagy contribute to the inability of
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OrthoEs to enucleate. Additionally, the expression of HBEI, HBZ, and HBG2 was up-regulated in
FL-iEry compared with CB-iEry, and such up-regulation was accompanied by down-regulated
expression of BCL11A4 and up-regulated expression of LIN28B and IGF2BP]1. Our study provides
new insights into human FL erythropoiesis and rich resources for future studies.

Introduction

Erythropoiesis is a process by which red blood cells are pro-
duced. It occurs first in the yolk sac as the “primitive” form,
and is then gradually replaced by the “definitive” form in the
fetal liver (FL) and bone marrow (BM) during fetal develop-
ment and after birth [1,2]. The earliest committed erythroid
progenitor is the burst-forming unit-erythroid (BFU-E); the
progenitors differentiate into a late-stage erythroid progenitor,
the colony-forming unit-erythroid (CFU-E). CFU-Es undergo
terminal erythroid differentiation to become erythroid precur-
sors, including proerythroblasts (ProEs), basophilic erythrob-
lasts (BasoEs), polychromatic erythroblasts (PolyEs), and
orthochromatic erythroblasts (OrthoEs) [3,4]. During terminal
erythroid differentiation, cell size progressively decreases,
while chromatin condensation and hemoglobin synthesis
increase. Finally, OrthoEs expel their nuclei to become reticu-
locytes, which mature into red blood cells in the bloodstream
[5]. These changes enable the morphologic differentiation of
erythroblasts at different developmental stages.

For more than 10 years, flow cytometry-based methods
using surface markers to separate both mouse and human ery-
throid cells at each developmental stage have been developed
by us and others [3,6-10]. These novel methods have enabled
the study of normal and disordered erythropoiesis in a stage-
specific manner [11-16]. Global transcriptomic, proteomic,
and epigenetic analyses of these cell populations have provided
novel insights into the biology of erythropoiesis [17-19]. Our
previous transcriptome analyses of human and murine ery-
throblasts revealed significant stage- and species-specific differ-
ences across stages of terminal erythroid differentiation [17].
The epigenetic landscape of human erythropoiesis reveals that
erythroid cells exhibit chromatin accessibility patterns distinct
from other cell types. It also reveals stage-specific patterns of
regulation [19]. However, it should be noted that for human
erythropoiesis, all omics analyses were performed on in vitro
cultured erythroid cells derived from cord blood (CB) or
peripheral blood (PB) CD34" cells. In marked contrast, there
is a lack of knowledge on human FL erythropoiesis.

In the present study, we first showed that the surface mark-
ers we identified for separating cultured human erythroblasts
[3] could be used to sort primary erythroblasts at different
developmental stages from human FL cells. We then differen-
tiated human FL CD34 ™ cells into erythroid cells in vitro using
a three-phase erythroid culture system and showed that the
in vitro erythropoiesis profile of FL CD34" cells was more
similar to that of CB CD34" cells than to that of PB
CD34" cells. We performed RNA sequencing (RNA-seq)
analyses on erythroblasts at each developmental stage sorted
from both human FL and in vitro cultured erythroblasts
derived from human FL CD34 ™ cells. Comparison of the tran-
scriptomes between human primary FL erythroblasts and cul-
tured erythroblasts derived from human FL CD34" cells
revealed many differences in gene expression between the pri-
mary human FL erythroblasts and cultured erythroblasts,

indicating the influence of the culture system on terminal ery-
thropoiesis. We also established immortalized erythroid cell
lines from human FL cells and CB CD34 " cells, which we ter-
med FL-iEry and CB-iEry, respectively. Characterization and
RNA-seq analyses revealed that both FL-iEry and CB-iEry
were immortalized at the ProE stage and could be induced
to undergo terminal erythroid differentiation. Interestingly,
the expression levels of embryonic and y-globin genes were
up-regulated in FL-iEry compared with CB-iEry. Together,
our findings provide novel insights into human FL erythro-
poiesis. The establishment of an FL-iEry cell line should facil-
itate studies in human FL erythropoiesis.

Results

Combination of surface markers enables separation of primary
erythroblasts from human FL cells

Using a three-phase erythroid culture system, we developed a
flow cytometry-based method for separating human erythrob-
lasts at each distinct developmental stage using glycophorin A
(GPA), band 3, and ad-integrin as surface markers [3,20-22].
This method can be used to separate primary erythroblasts
at different stages of terminal erythroid differentiation in
human BM with high purity [3]. We examined whether the
combination of these markers could separate primary ery-
throblasts in human FL. Figure S1A shows the representative
expression profile of band 3 vs. ad-integrin of GPA™ cells.
Based on the expression levels of band 3 and o4-integrin, five
clusters were gated and sorted. Cytospin analyses of the sorted
cells showed that they morphologically resembled ProE, early
BasoE, late BasoE, PolyE, and OrthoE (Figure S1B). These
results demonstrate that the combination of the surface mark-
ers GPA, band 3, and od-integrin can be used to obtain pri-
mary human FL erythroblasts at each distinct stage using
fluorescence-activated cell sorting (FACS).

Opverall transcriptome profiles of primary human FL erythro-
blasts confirm FACS-based separation

To examine the changes in gene expression patterns during ter-
minal differentiation of human FL cells in vivo, we obtained
the transcriptome of the sorted primary human FL erythrob-
lasts of each stage across terminal erythropoiesis. Consistent
with our previous report [17], decreasing numbers of expressed
genes were detected from ProE to OrthoE with 10,215, 9060,
7808, and 5750 expressed genes (> 1 transcript per million in
at least one stage). All the expressed genes are listed in
Table S1. Principal component analysis (PCA) showed clear
separation of samples from each stage with the exception of
one sample from PolyE (Figure 1A). Distance analysis revealed
a shorter distance between samples within each stage and a
longer distance between samples from different stages
(Figure 1B). Pairwise correlation analyses revealed decreasing
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Figure 1 RNA-seq analyses of primary erythroblasts from human FL
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A. PCA showing the separation of human FL primary erythroblasts at distinct developmental stages. B. Heatmap of pairwise distances
between samples. C. Mixed plot of pairwise correlation coefficients between distinct stages of human FL primary erythroblasts. D. Bar
plot of DEG numbers between adjacent stages. E. Heatmap representation of the gene expression of all DEGs from adjacent stages.
F. Venn diagram of DEGs from adjacent stages. RNA-seq, RNA sequencing; FL, fetal liver; PCA, principal component analysis;
DEG, differentially expressed gene; FLP-ProE, fetal liver primary proerythroblast; FLP-BasoE, fetal liver primary basophilic
erythroblast; FLP-PolyE, fetal liver primary polychromatic erythroblast; FLP-OrthoE, fetal liver primary orthochromatic erythroblast.

similarity in gene expression profiles during the differentiation
process, from 0.95 between ProE and BasoE to 0.82 between
ProE and OrthoE (Figure 1C).

We then compared gene expression between adjacent stages
and obtained a total of 2331 differentially expressed genes
(DEGs), with 1667 DEGs between ProE and BasoE, 598
DEGs between BasoE and PolyE, and 639 DEGs between
PolyE and OrthoE (Figure 1D). A heatmap representation of
all DEGs is shown in Figure 1E. A list of DEGs between adja-
cent stages is provided in Table S2. Notably, the greatest
changes in gene expression (almost 70% of all DEGs) were
seen between ProE and BasoE, indicating that the most nota-
ble changes occur at the early stage of human FL terminal ery-
thropoiesis in vivo. A Venn diagram of DEGs between adjacent
stages (ProE vs. BasoE, BasoE vs. PolyE, and PolyE vs.
OrthoE) showed that 77% of DEGs identified in ProE vs.
BasoE were found only in one comparison (Figure 1F), sug-
gesting stage-specific changes from ProE to BasoE.

Temporal patterns of gene expression during primary human FL
terminal erythropoiesis reflect changes in function

Dramatic changes occur during terminal erythropoiesis. To
examine the dynamic changes in gene expression during this pro-
cess, we performed a time-course analysis of the gene expression
of all 2331 DEGs identified from the pairwise comparison of
adjacent stages, followed by Gene Ontology (GO) enrichment
analyses of the identified clusters. Heatmaps representing the
gene expression patterns and their enriched GO terms are shown

in Figure 2. The expression of genes in cluster 1 increased from
ProE to OrthoE, with significant up-regulation in OrthoE. These
genes were involved in proteolysis and autophagy, suggesting an
increasing need for the clearance of proteins and organelles
before enucleation. The genes in cluster 2, which showed decreas-
ing expression from ProE to OrthoE, were enriched in the non-
coding RNA (ncRNA) and transfer RNA (tRNA) metabolic
processes, indicating a decrease in protein synthesis. The genes
in cluster 3, which showed progressively increasing expression
from ProE to OrthoE, were enriched in histone deacetylases,
porphyrin-containing compound metabolic processes, and ery-
throcyte differentiation, consistent with increased hemoglobin
synthesis and chromatin remodeling during terminal erythro-
poiesis. Gene expression in cluster 4 was characterized by abun-
dant expression in ProE and decreasing expression at later stages.
The genes in this group were enriched in positive regulation of
cell adhesion, consistent with previous findings that adhesion
molecules were decreased during human terminal erythropoiesis
[3]. The expression of genes in cluster 5 was up-regulated from
ProE to BasoE and then remained stable from BasoE to OrthoE.
These genes were enriched in the cell cycle, implying a more
active cell cycle in ProE than erythroblasts at later stages.

The in vitro erythropoiesis profile of human FL CD34 ™ cells is
more similar to that of CB CD34 " cells than that of PB CD34 "
cells

Many previous studies used CB-, PB-, or BM-derived CD34 "
cells to model neonatal or adult human erythropoiesis [23-25].
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Figure 2 Clusters of DEGs across stages during primary human FL terminal erythropoiesis

The gene expression patterns of five identified clusters of all DEGs from adjacent-stage comparisons are shown in a heatmap (left panel)
and a curve plot (middle panel). Enriched GO terms of genes within clusters are shown in a bar plot (right panel). The Q value represents
the log-transformed adjusted P value. GO, Gene Ontology.
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In the present study, we differentiated human FL CD34"
cells into the erythroid lineage wusing the three-phase
erythroid culture system described in our previous studies
[3,20-22]. Figure 3A shows the growth curve of FL CD34™"
cell-derived erythroid cells, showing that the cell population
expanded approximately 263,000-fold over the 15-day culture
period. We previously reported that BFU-E and CFU-E
cells are immunophenotypically defined as GPA™
IL-3R"CD34°CD36~ and GPA IL-3R"CD34 CD36",
respectively [8]. Using this flow cytometry-based strategy,
we monitored early-stage erythropoiesis during the first
7 days of culture. The representative expression profiles of
GPA vs. IL-3R are shown in the upper panel of Figure 3B,
which reveals a gradual acquisition of GPA accompanied by

>
@

a decrease in IL-3R expression. The expression profiles of
CD34 vs. CD36 are shown in the lower panel of Figure 3B,
which reveals a gradual loss of CD34 expression accompa-
nied by a gradual gain of CD36 expression. Yan et al. [10]
showed that a subset of CD34"CD36" cells, phenotypically
located in the transition between BFU-E and CFU-E, were
present with notable abundance in PB- but not CB-derived
cultures from day 3 to day 6 of culture. Notably,
FL-derived cultures presented a pattern similar to that of
CB-derived cultures, indicating close similarity between FL
and CB. We also examined the erythroid colony-forming
ability of erythroid progenitors. Figure 3C shows that
although BFU-E colonies peaked on day 3, CFU-E colonies
peaked on day 5.
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Figure 3 In vitro erythropoiesis profile of human FL CD34" cells

A. Growth curve of the FL CD34 cell-derived erythroid cells. Error bars indicate standard deviation (n = 6). B. Representative dot plots
of GPA vs. IL-3R (upper panel) and CD34 vs. CD36 (lower panel) of GPATIL-3R™ cells cultured from day 1 to day 7. C. Quantitation of
colony-forming ability of BFU-E and CFU-E on the indicated days. Error bars indicate standard deviation (z = 3). D. Representative dot
plots of band 3 vs. ad-integrin of GPA™ cells cultured from day 7 to day 15. E. Gating strategy of terminal erythroblasts on cultured day 7
or day 14 based on the expression levels of band 3 and ad-integrin of all GPA™ cells. Population I (ProE) was band3"°€*""® g4-integrin™e",
population II (early BasoE) was band3'" o4-integrin™®", population III (late BasoE) was band3™4"™ g4-integrin"€", population IV
(PolyE) was band3™¢4 "™ 54-integrin™"™ and population V (OrthoE) was band3™e" s4-integrin'™. F. Representative images of sorted
erythroblasts from the five populations shown in (E). Scale bar, 10 pm. G. Representative enucleation profile on cultured day 17. H.
Quantitative analyses of enucleation. Error bars indicate the standard deviation (» = 3). BFU-E, burst-forming unit-erythroid; CFU-E,
colony-forming unit-erythroid; GPA, glycophorin A.
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Next, we examined the terminal erythroid differentiation of
FL CD34" cells by flow cytometry using GPA, band 3, and
od-integrin as surface markers [3,20,26]. The expression
profiles of band 3 vs. ad-integrin of GPA™ cells are shown in
Figure 3D. As terminal erythroid differentiation proceeded,
band 3 expression increased, whereas od-integrin expression
decreased. Based on the expression levels of band 3 and
ad-integrin, we sorted ProE, early BasoE, and late BasoE from
cells cultured for 7 days and sorted PolyE and OrthoE from
cells cultured for 14 days. The gating strategies are shown in
Figure 3E. Cytospin analyses of the sorted cells showed that
the sorted cells morphologically resembled ProE, early BasoE,
late BasoE, PolyE, and OrthoE, respectively (Figure 3F).
These results indicate that the combination of GPA, band 3,
and o4-integrin can be used to monitor terminal differentiation
of FL CD34™ cells and isolate erythroblasts derived from FL
CD34" cells.

Enucleation is the last step of terminal erythroid differenti-
ation. Therefore, we assessed enucleation using SYTO 16
staining by flow cytometry. The representative enucleation
profiles and quantitative analyses are shown in Figure 3G
and H, respectively. Unexpectedly, on day 17, the enucleation
rate of erythroblasts derived from FL CD34" cells only
reached < 20%, which is significantly lower than that of ery-
throblasts derived from PB, CB, or BM CD34 " cells (the enu-
cleation rate of which ranged from 45% to 65%) [20,26,27].

Overall transcriptome profiles of cultured FL-derived erythro-
blasts reveal many more DEGs during in vitro terminal erythro-
poiesis

Next, we performed RNA-seq analyses of the cultured ery-
throblasts derived from human FL CD34™" cells. On average,
the numbers of expressed genes were 10,115, 9620, 7240, and
5819 in the cultured ProEs, BasoEs, PolyEs, and OrthoEs,
respectively, and these numbers were comparable to those of
primary erythroblasts at the same stage. A list of expressed
genes is provided in Table S3. PCA showed clear separation
of the four stages (Figure 4A). We also analyzed the transcrip-
tome profiles of primary and cultured erythroblasts using all
expressed genes together and found different trajectories of
in vivo and in vitro terminal erythropoiesis (Figure S2). The dis-
tance analysis showed that in contrast to the continuous sepa-
ration of each stage of primary erythroblasts (Figure 1B), the
cultured erythroblasts exhibited two-part separation, with
ProE/BasoE as one part and PolyE/OrthoE as the other part
(Figure 4B). Pairwise correlation analysis showed that the cor-
relation coefficient between the cultured BasoEs and PolyEs
was the smallest among all correlation coefficients between
adjacent stages (Figure 4C), indicating more changes from
BasoEs and PolyEs in the culture system. Pairwise transcrip-
tome comparison between adjacent stages in cultured erythro-
poiesis revealed 5263 DEGs in total (Table S4), which was a
much larger number than that in primary erythroblasts (2331
DEGs). Notably, of the total DEGs, 77% (4058 of 5263) were
identified between the cultured BasoEs and PolyEs, whereas
only 259 DEGs were identified between the cultured ProEs
and BasoEs (Figure 4D). This indicated high similarity
between the cultured ProEs and BasoEs but dramatic differ-
ences between the cultured BasoEs and PolyEs. A heatmap
representing gene expression of all DEGs is shown in

Figure 4E. Venn diagram analyses revealed that 83% of DEGs
in cultured erythroblasts were only identified in one compar-
ison (Figure 4F), indicating strong stage-specific changes from
BasoEs to PolyEs. The many differences described above sug-
gest different differentiation patterns of primary and cultured
terminal erythropoiesis, most likely due to the effects of the
in vitro culture environment.

Predominant changes at PolyE and OrthoE stages during in vitro
terminal erythropoiesis

We next performed a time-course analysis of the expression
patterns of all 5263 DEGs identified above to examine the
dynamic patterns of gene expression during the in vitro termi-
nal erythropoiesis of human FL CD34" cells. As shown in
Figure 5, six clusters were identified. Of these six clusters, only
two were similar to the clusters of terminal erythropoiesis in
primary human FL cells. In cluster 1, the expression of genes
increased from ProE to OrthoE, and these genes were enriched
in proteolysis and autophagy (similar to cluster 1 in primary
erythropoiesis). In cluster 2, the expression of genes decreased
from ProE to OrthoE, and these genes were enriched in the
ncRNA, DNA, and tRNA metabolic processes (similar to
cluster 2 in primary erythropoiesis). In cluster 3, the expression
of genes increased from ProE to PolyE but slightly decreased
in OrthoE, and these genes were enriched in hemostasis, ery-
throcyte differentiation, and phospholipid metabolism. In clus-
ter 4, the expression of genes decreased from ProE to PolyE
but slightly increased in OrthoE, and these genes were enriched
in mitochondrial gene expression, mitochondrial RNA meta-
bolic processes, and mitochondrion organization. In cluster
5, the expression of genes was relatively stable from ProE to
PolyE and specifically up-regulated in OrthoE, and these genes
were enriched in the cellular response to topologically incorrect
proteins, regulation of the apoptotic signaling pathway, and
mitochondrion organization. The expression of genes in cluster
6 was decreased and specifically down-regulated in OrthoE but
enriched in portions of the cell cycle, such as G2/M transition
and DNA metabolic processes. The patterns and GO enrich-
ment of clusters 3—6 were not noted in human FL primary ery-
thropoiesis but were similar to those reported in terminal
erythropoiesis of CB CD34 " cells [17], demonstrating the sim-
ilarity of erythroblasts cultured from CB CD34" and FL
CD34" cells. The DEGs with up-regulated expression at each
specific stage compared with other stages in FL in vitro and
in vivo terminal erythropoiesis are listed in Table S5. Together,
these results demonstrate that although there are conserved
changes during in vivo and in vitro terminal erythropoiesis of
human FL, in vitro culture leads to specific changes, particu-
larly in the very late stage of terminal erythropoiesis.

Increased lipid metabolism in cultured erythroblasts

In the above-described results, we analyzed DEGs between
adjacent stages during in vivo or in vitro terminal erythropoiesis
of human FL. One notable limitation of such an approach is
that it may fail to detect differences when the expression of a
given gene does not change during terminal erythropoiesis.
To clarify this issue, we next compared gene expression at
the same developmental stage in vivo and in vitro. The numbers
of DEGs between primary and cultured erythroblasts
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A. PCA showing the separation of FL cultured erythroblasts. B. Heatmap of pairwise distances between each stage of terminal
erythroblasts. C. Mixed plot of pairwise correlation coefficients between stages. D. Bar plot of DEG numbers of adjacent stages. E.
Heatmap representation of the gene expression of all DEGs from adjacent-stage comparisons. F. Venn diagram of DEGs from adjacent
stages. FLC-ProE, fetal liver cultured proerythroblast; FLC-BasoE, fetal liver cultured basophilic erythroblast; FLC-PolyE, fetal liver
cultured polychromatic erythroblast; FLC-OrthoE, fetal liver cultured orthochromatic erythroblast.

increased from ProE to OrthoE, with DEG numbers of 553,
790, 2614, and 3599 in ProE, BasoE, PolyE, and OrthoE,
respectively. These results imply increased effects of the culture
system on erythroblasts during the differentiation process
(Figure 6A). A list of DEGs at each stage is provided in
Table S6. We then performed clustering analyses of all 5148
DEGs identified above and identified 10 clusters (Figures 6B,
Figure S3). Notably, among all these clusters, only one cluster
(cluster 6) exhibited a stable expression pattern during both
in vitro and in vivo terminal erythropoiesis. Interestingly, the
expression levels of genes in this cluster were much higher in
cultured erythroblasts than in primary erythroblasts at all
stages (Figure 6C). These genes included genes involved in
the metabolism of lipids (Figure 6D). Given that lipid metabo-
lism is reportedly important in the energy production of termi-
nal erythropoiesis [28,29], these findings suggest that cultured
erythroblasts may need higher energy supplies than primary
erythroblasts.

Generation and characterization of an immortalized erythroid
cell line from human FL CD34™ cells

In other studies, immortalized erythroid cell lines have been
generated from CB, PB, and BM CD34 ™" cells to model neona-
tal and adult human erythropoiesis [30-32]. However, an
immortalized erythroid cell line from human FL is still lacking.
To address this, we immortalized FL CD34 " cells under ery-
throid culture conditions utilizing a tetracycline-inducible
human papillomavirus (HPV)-E6/E7 system [30-32]. As a
control and for comparison purposes, we also immortalized
CB CD34" cells under the same conditions. Successful

immortalization of the cell line was demonstrated by the fact
that the cells continuously proliferated for more than 200 days.
Figure 7A shows the growth curves of FL-iEry and CB-iEry
with mean doubling times of 27 h and 24 h, respectively
(Figure 7B). Cytospin analyses showed that the immortalized
cells morphologically resembled early-stage erythroblasts
(Figure 7C). We further examined the expression profile of
surface membrane proteins by flow cytometry. As shown in
Figure 7D, both FL-iEry and CB-iEry showed moderate
expression of GPA; high expression of CD147, CD71, CD36,
and od4-integrin; and no expression of band 3. Additionally,
neither FL-iEry nor CB-iEry was able to form erythroid colo-
nies (data not shown). Together, these results strongly suggest
that the cell lines are immortalized at the ProE stage.

Terminal erythroid differentiation profiles of FL-iEry and CB-
iEry cell lines

To induce terminal erythroid differentiation, FL-iEry and CB-
iEry cells maintained in expansion medium were transferred to
differentiation medium. Figure 8A shows that in the differenti-
ation medium, the proliferation of FL-iEry and CB-iEry cells
lasted for 8 and 6 days, respectively, before they reached a pla-
teau. Monitoring the terminal erythroid differentiation process
by flow cytometry using band 3 and a4-integrin as markers
showed that FL-iEry and CB-iEry underwent terminal ery-
throid differentiation in a similar manner, as demonstrated
by the dynamic changes in the expression of band 3 and 04-
integrin (Figure 8B). Cytospin analyses showed that morpho-
logically, FL-iEry and CB-iEry progressively matured to
BasoE, PolyE, and OrthoE, as demonstrated by a decrease
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in cell size and an increase in chromatin condensation
(Figure 8C). Unexpectedly, the OrthoE cells derived from both
FL-iEry and CB-iEry failed to enucleate (data not shown).

Immortalized human erythroid cell lines provide valuable
tools for genetic manipulation to study human erythropoiesis
in vitro [30-32]. We employed a CRISPR/Cas9 approach to
delete two abundantly expressed blood group antigens,
CD44 and CDI147, in FL-iEry. Gene manipulation was con-
firmed by genome sequencing (Figure 8D), and deletion of
protein expression was further confirmed by flow cytometry
analyses (Figure 8E).

Transcriptome analyses of immortalized erythroid cell lines reveal
immortalization at the ProE stage

Next, we conducted RNA-seq analyses of the FL-iEry and CB-
iEry cells and compared their transcriptomes with FL CD34 ™
cell-derived and CB CD34 " cell-derived erythroblasts at each
developmental stage. PCA showed that CB-iEry and FL-iEry
were closely clustered and separated from nonimmortalized
erythroblasts and that CB-iEry and FL-iEry were closest to
ProE (Figure S4A). This indicates that CB-iEry and FL-iEry
are immortalized at the ProE stage, consistent with the mor-
phology and flow cytometry analyses of the surface markers
described above. Although the gene expression profiles of
CB-iEry and FL-iEry were closest to ProE, differences were
expected to exist between CB-iEry/FL-iEry and ProE. To

examine these differences, we compared the transcriptomes
of iEry and ProE from the same source: FL-iEry vs. FLC-
ProE and CB-iEry vs. CB cultured proerythroblasts (CBC-
ProE). In total, 1345 common DEGs were identified, and their
expression levels are shown in Figure S4B and Table S7. Genes
with up-regulated expression in iEry were enriched in meiotic
synapses, including genes involved in telomere maintenance,
such as TERT (Figure S4C and D). Given that overexpression
of TERT leads to the generation of immortalized human cell
lines [33], our findings suggest that establishment of the
immortalized erythroid cell lines CB-iEry/FL-iEry by the
HPV-E6/E7 element occurs at least in part via up-regulated
expression of TERT.

Differential hemoglobin expression between FL-iEry and CB-
iEry

Although FL-iEry and CB-iEry share the expression of some
common characteristic genes, we were also interested in their
differences. PCA showed a clear separation between FL-iEry
and CB-iEry (Figure 9A). In total, 2488 DEGs were identified;
the expression of 891 genes was up-regulated, and the expres-
sion of 1597 genes was down-regulated in FL-iEry (Table S8).
The DEG expression pattern is represented by a heatmap in
Figure 9B. GO analyses of the DEGs revealed enrichment of
embryonic morphogenesis, reflecting the earlier stage of
FL-iEry in development (Figure 9C). Genes with decreased
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expression levels in FL-iEry compared with CB-iEry were
enriched in the regulation of cell activation and cytokine sig-
naling in the immune system (Figure 9D), implying a possibly
lower cytokine response in FL-iEry. Among all DEGs, we also
examined the expression of different hemoglobin genes (Fig-
ure 9E). For B-like hemoglobin genes, the expression of the

CD147

adult B hemoglobin genes HBB and HBD was significantly
down-regulated, whereas the expression of the fetal y hemoglo-
bin gene HBG2 and the embryonic € hemoglobin gene HBE]
was significantly up-regulated in FL-iEry. For a-like hemoglo-
bin gene, the expression of the embryonic { hemoglobin gene
HBZ was significantly up-regulated in FL-iEry. The increased
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Figure 9  Transcriptome comparison between FL and CB CD34™ cell-derived immortalized erythroid cells

A. PCA of immortalized cells generated from CB and FL CD34 " cells. B. Heatmap of expression of DEGs between CB-iEry and FL-iEry.
C. Bar plot of enriched GO terms of up-regulated genes in FL-iEry. D. Bar plot of enriched GO terms of down-regulated genes in FL-iEry.
E. Expression of hemoglobin genes and their regulators by normalized counts in CB-iEry and FL-iEry. The Q value represents the log-

transformed adjusted P value.

expression levels of the embryonic hemoglobin genes HBEI
and HBZ in FL-iEry compared with CB-iEry further indicate
the earlier stage of FL-iEry than CB-iEry in development.
Consistent with the up-regulated expression of y hemoglobin
in FL-iEry, the expression of BCL11A, which plays an impor-
tant role in the y globin to B globin switch [34], was down-
regulated in FL-iEry compared with CB-iEry. In contrast,
the expression levels of LIN28B and IGF2BP1, both of which
promote y globin expression [35,36], were increased in FL-iEry
compared with CB-iEry. These results indicate that FL-iEry
and CB-iEry could be useful cellular models for studying the
hemoglobin switch.

Transcriptome comparison of various OrthoE proteins reveals
common mechanisms for impaired enucleation

To investigate the mechanisms underlying the inability of
OrthoEs derived from immortalized erythroid cell lines to enu-
cleate, we performed RNA-seq on OrthoEs derived from CB-
iEry (CB-iEry-OrthoEs) and compared the results with the
transcriptomes of other OrthoEs, including FL CD34" cell-
derived OrthoEs (FLC-OrthoEs), CB CD34" cell-derived
OrthoEs (CB-OrthoEs) [17], and embryonic stem cell-derived
OrthoEs (ES-OrthoEs) [13]. FLC-OrthoEs and CB-OrthoEs
were able to enucleate, whereas CB-iEry-OrthoEs and ES-
OrthoEs were not. PCA showed clear separation of the four
cell groups as well as separation of cells with and without enu-
cleation capability (Figure 10A). In total, 1929 DEGs were
identified between these two groups (Figure 10B; Table S9).
Genes with decreased expression in cells without enucleation
capability were enriched in chromatin organization, protein

phosphorylation, and mitophagy (Figure 10C). These GO
enrichment terms are similar to the terms identified in OrthoEs
derived from embryonic stem cells that also failed to enucleate
[35]. We further examined the expression of genes known to
affect enucleation, such as HDACS [26], FOXO3 [37], XPO7
[38], TRIMS5S [39], RIOK3 [40], and TETS3 [20]. The results
showed that all of these genes were DEGs, and their expression
was significantly down-regulated in OrthoEs without enucle-
ation capability (Figure S5). Together, our findings strongly
suggest that defects in chromatin organization, protein phos-
phorylation, and mitophagy are common mechanisms for the
inability of immortalized OrthoEs and ES-OrthoEs to
enucleate.

Discussion

The FL is the key erythropoietic organ in the fetus. In contrast
to extensive studies on mouse FL erythropoiesis [41,42], very
little is known about human FL erythropoiesis because of lim-
itations in obtaining human FL tissue. In this study, we per-
formed comprehensive characterization and stage-specific
transcriptome analyses of human FL terminal erythropoiesis
using primary human FL erythroblasts, in vitro cultured ery-
throblasts derived from human FL CD34™" cells, and a human
FL CD34" cell-derived immortalized erythroid cell line. Our
study revealed novel aspects of human FL erythropoiesis.
The transcriptomes we generated and the immortalized ery-
throid cell lines we established provide resources for future
studies.

RNA-seq analyses of human erythroid cells have been per-
formed using cultured erythroid cells in vitro from CB or PB
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CD34" cells [17,43]. Our study provides the first comprehen-
sive analysis of the global transcriptome of primary human
FL erythroblasts. The FL cells used in this study were obtained
from 16 to 20 weeks of gestation. Given that same markers
(Ter119, CD44) can be used to distinguish erythroblasts at dif-
ferent developmental stages from both adult bone and FL
[9,44], we speculate that these markers are unlikely to mark-
edly change that much during fetal development. However,
the transcriptomic profiles are likely to change. Unfortunately,
the samples required to perform some tests were unavailable.
Comparison of the transcriptomes between the primary human
FL erythroblasts and the in vitro cultured erythroblasts derived
from human FL CD34™" cells revealed several conserved fea-
tures between in vivo and in vitro human FL terminal erythro-
poiesis. First, the numbers of expressed genes progressively
decreased as terminal erythropoiesis proceeded. Decreasing
numbers of expressed genes were also revealed in our previous
RNA-seq analyses of erythroid cells derived from CB CD34"
cells [17], indicating a decrease in transcription activity during
terminal erythropoiesis. Other commonly changed pathways
include autophagy and chromatin modification, suggesting
that these conserved biological processes are the core mecha-
nisms for terminal erythropoiesis. In addition to conserved
biological processes, we also found differences between
in vivo and in vitro terminal erythropoiesis. First, the overall
trajectory of in vivo and in vitro terminal erythroid differentia-
tion was different. Whereas in vivo erythropoiesis showed a
continuous differentiation process, in vitro erythropoiesis
showed a two-part separation of the process (ProE/BasoE as
one part and PolyE/OrthoE as the other part). Second,
whereas the most significant changes in gene expression were
detected between ProE and BasoE in vivo, the most significant
changes were seen between BasoE and PolyE in vitro. Third,
more DEGs were detected during in vitro than in vivo terminal
erythropoiesis, particularly in the PolyE and OrthoE stages.
One dramatic difference is that the pathway involved in lipid
metabolism was significantly up-regulated in cultured ery-
throblasts at all stages. Together, our results provide strong
suggestions regarding the environmental effects on gene
expression during terminal erythropoiesis.

Immortalized erythroid cell lines have been established
from CB, PB, and BM CD34" cells [30-32]. However, the
mechanisms and stages by which the cell lines are immortalized
remain unclear. Our cytospin analyses, flow cytometry analy-
ses of surface proteins, and global transcriptomic analyses of
immortalized FL-iEry and CB-iEry demonstrated that the cells

were immortalized at the ProE stage, indicating their useful-
ness for the study of terminal erythropoiesis but not for
early-stage erythropoiesis. Moreover, the finding that the
expression of telomere maintenance genes was up-regulated
in FL-iEry and CB-iEry compared with nonimmortalized
ProE suggests that the establishment of immortalized ery-
throid cell lines by the HPV-E6/E7 element occurs at least in
part via the up-regulated expression of TERT. Another inter-
esting finding of our study is that FL-iEry and CB-iEry
expressed different types of hemoglobin and their regulators.
The specific expression of hemoglobin HBZ in FL-iEry sug-
gests the potential application of FL-iEry to studies of the o-
like hemoglobin switch.

The enucleation rate of OrthoEs derived from ES cells,
induced pluripotent stem cells, or immortalized erythroid cells
is usually very low [13,30,45,46]. However, the mechanisms
underlying the impaired enucleation ability are largely unclear.
We compared the transcriptomes of CB-iEry-derived OrthoEs,
which failed to enucleate, with those of CB CD34" cell-
derived OrthoEs, which were able to enucleate [20], and found
that expression of genes involved in chromatin organization
and mitophagy was significantly down-regulated in OrthoEs
without enucleation capability. Interestingly, down-
regulation of chromatin organization and mitophagy was also
detected in ES-derived erythroblasts that exhibited very low
enucleation ability [13]. These findings indicate that defects
in chromatin organization and mitophagy are key contributors
to the inability of erythroblasts to enucleate. Strategies target-
ing these pathways should help improve enucleation.

Materials and methods

Antibodies

Mouse monoclonal antibodies against human band 3 and Kell
were generated in our laboratory [3,20,21]. Commercial anti-
bodies included BV42l-conjugated CD45 (Catalog No.
563879, BD Biosciences, Franklin Lakes, NJ), PE-conjugated
CD235a/GPA (Catalog No. 555570, BD Biosciences),
APC-conjugated CD235a/GPA (Catalog No. 551336, BD
Biosciences), PE-Cy7-conjugated CDI123 (Catalog No.
25-1239-42, Invitrogen, Carlsbad, CA), APC-conjugated
CD49d (Catalog No. 304307, BioLegend, San Diego, CA),
PE-conjugated CD34 (Catalog No. 555822, BD Biosciences),
APC-conjugated CD36 (Catalog No. 550956, BD Biosciences),
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FITC-conjugated CD36 (Catalog No. 555454, BD Bio-
sciences), PE-conjugated CD49¢ (Catalog No. 103805, BioLe-
gend), FITC-conjugated CD47 (Catalog No. 556045, BD
Biosciences), PE-conjugated CD71 (Catalog No. 555537, BD
Biosciences), AF647-conjugated CDI147 (Catalog No.
562551, BD Biosciences), and Hoechst 33342 (Catalog No.
561908, BD Biosciences).

Preparation of human FL single-cell suspension

Human FLs of gestational age ranging from 16 to 20 weeks
were obtained from Advanced Bioscience Resources, Inc.
(Alameda, CA). Single human FL cells were prepared as
described previously [47]. Briefly, FL tissues were cut into
small pieces and suspended in warm Hank’s solution plus
0.2% collagenase type IV (Catalog No. C5138, Sigma-
Aldrich, St. Louis, MO), 2 U/ml DNase I (Catalog No.
4716728001, Sigma-Aldrich), 3.26 mM CaCl, (Catalog
No. 499609, Sigma-Aldrich), and 40 mM HEPES (Catalog
No. 15630080, Gibco, Grand Island, NY). The tissues were
incubated at 37 °C for 30 min. The cells were diluted with
Iscove’s modified Dulbecco’s medium (IMDM; Catalog No.
12440053, Gibco) and passed through a 70-pum cell strainer.
Centrifugation was performed at 100 g for 3 min. The super-
natant was collected, and single cells were obtained.

Flow cytometry analysis of human FL erythroblasts

Single human FL cells were suspended in staining buffer
[phosphate-buffered saline (PBS) supplemented with 0.5%
bovine serum albumin (BSA) and 2 mM ethylenediaminete-
traacetic acid (EDTA)] at a concentration of 1 x 10°® and
blocked with 0.4% human AB serum for 10 min. The cells
were incubated with BV42l-conjugated CD45, FITC-
conjugated band 3, PE-conjugated GPA, and APC-
conjugated ad-integrin at room temperature in the dark. After
15 min, the cells were washed with staining buffer by centrifu-
gation at 300 g for 5 min. The supernatant was discarded, and
the cell pellet was resuspended in staining buffer with 7-AAD
(Catalog No. 559925, BD Biosciences). The cells were analyzed
within 1 h of staining using a BD LSRFortessa cell analyzer
(BD Biosciences).

FACS of human FL erythroid precursors

Single human FL cells were separated by Ficoll density gradient
centrifugation at 400 g for 30 min. The mononuclear cells were
collected and incubated with CD45 magnetic microbeads (Cat-
alog No. 130-045-801, Miltenyi Biotec, Bergisch Gladbach,
Germany) for 30 min at 4 °C in the dark, according to the man-
ufacturer’s protocol. The CD45™ cells were collected using a
magnetic-activated cell sorting magnetic bead system. The iso-
lated CD45™ cells were suspended in staining buffer (PBS sup-
plemented with 2 mM EDTA and 0.5% BSA) and blocked with
0.4% human AB serum for 10 min. The cells were stained with
PE-conjugated GPA, APC-conjugated a4-integrin, and FITC-
conjugated band 3 at room temperature in the dark. After
15 min, the cells were washed with staining buffer by centrifuga-
tion at 300 g for 5 min at 4 °C and then resuspended in staining
buffer with 7-AAD. The cells were finally sorted on a BD FAC-
SAria fusion cell sorter (BD Biosciences).

Purification and erythroid culture of human FL CD34 " cells

The FL single cells were separated on a Ficoll gradient as
described above. CD34 " cells were purified from mononuclear
cells using CD34 magnetic microbeads. The purified CD34 "
cells were cultured in a three-phase liquid culture system
[3,20,21]. In the first phase (day 0—day 7), CD34 " cells were
cultured in IMDM with 3% human AB serum, 10 pg/ml insu-
lin, 2% human plasma, 200 pg/ml holo-transferrin, 3 1U/ml
heparin, 1 ng/ml IL-3, 3 IU/ml erythropoietin (EPO),
10 ng/ml stem cell factor (SCF), and 1% penicillin/strepto-
mycin. In the second phase (day 7-day 11), the EPO concen-
tration was decreased to 1 IU/ml, and the IL-3 was removed.
In the third phase (day ll1-day 17), the EPO concentration
was decreased to 1 TU/ml, the holo-transferrin concentration
was increased to 1 mg/ml, and the IL-3 and SCF were rem-
oved. The cells were cultured at 37 °C in 5% carbon dioxide.

Monitoring of in vitro erythropoiesis of human FL CD34 " cells
by flow cytometry analyses

For analysis of the early stage of erythropoiesis, 2 x 10° cells in
25 ul staining buffer (PBS supplemented with 2 mM EDTA and
0.5% BSA) were stained with FITC-conjugated CD36, PE-
conjugated CD34, APC-conjugated GPA, and PE-
conjugated Cy7-IL3. To monitor terminal erythroid differentia-
tion, 2 x 10° cells in 25 ul staining buffer were stained with PE-
conjugated GPA, APC-conjugated od-integrin, and FITC-
conjugated band 3. The stained cells were analyzed with the
BD LSRFortessa system (BD Biosciences) as described above.

Erythroid colony assay

Colony assays were performed as described previously [8,21].
Briefly, the cells were diluted at a density of 200 cells by StemS-
pan serum-free expansion medium (SFEM; Vancouver, BC,
Canada) in 1 ml of MethoCult H4434 for BFU-Es and
MethoCult H4330 for CFU-Es, and they were then incubated
at 37 °C in 5% carbon dioxide. CFU-E and BFU-E colonies
were counted after 7 and 14 days of incubation, respectively.

Construction of plasmids for immortalization

HPV-E6/E7 genomic DNA was subcloned and inserted into a
pLVX-Tight-Puro backbone (a gift from Genmedic, China)
downstream of the Tet operator by the restriction enzyme cut-
ting sites EcoRI (NEB) and BamHI (NEB). A tetracycline-
controlled transcriptional activator pLVX-Tet-On Advanced
plasmid was also prepared (a gift from Genmedic, China).
The plasmids were sequenced by the Genewiz sequencing ser-
vice (Azenta Life Sciences, Burlington, MA).

Lentivirus preparation, transfection, and immortalization of FL
CD34" and CB CD34" cells

Lentivirus was prepared as described in our previous studies
[20-22]. For virus transfection, human CD34" cells isolated
from FL or CB were cultured in differentiation medium (phase
1 medium of three-phase medium, described above) for 2 days.
On day 2, the cells were transduced with the lentiviral vector
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pLVX-Tight-Puro-E6/E7, as described previously. On day 3,
the medium was changed to fresh medium. On day 4, trans-
duced cells were selected by puromycin (1 pug/ml) and G418
(400 pg/ml). On day 5, the cells were transferred into expan-
sion medium (SFEM containing 50 ng/ml SCF, 3 IU/ml
EPO, 1 uM dexamethasone, and 1 pg/ml doxycycline). The
cells were then cultured in the expansion medium for more
than 60 days to select the immortalized cells. The medium
was changed to fresh medium every other day, and the cell
density was maintained at < 2 x 10° cells/ml. When the
growth curve became stable, single cells were sorted into a
96-well plate to select the immortalized cell colonies.

Terminal differentiation of immortalized erythroid cell lines

For immortalized cell differentiation, the cells were transferred
into differentiation medium for 6 days along with doxycycline.
After day 6, the cells were cultured in IMDM containing 3%
AB serum, 2% PB plasma, 10 pg/ml insulin, 3 TU/ml heparin,
3 IU/ml EPO, 1 mg/ml transferrin, and 1% penicillin/
streptomycin.

CRISPR/Cas9-mediated gene knockout in immortalized cell
lines

Single guide RNAs (sgRNAs) targeting CD44 (forward:
5-CACCGCGTGGAATACACCTGCAAAG-3, reverse:
5-AAACCTTTGCAGGTGTATTCCACGC-3") or CDI47
(forward:  5-CACCGCGTCAGAACACATCAACGAG-3,
reverse: 5-AAACCTCGTTGATGTGTTCTGACGC-3') were
designed by CRISPR design tools (http://crispr.mit.eduy/).
sgRNAs were synthesized by Eurofins Scientific (Luxembourg,
UK). sgRNAs were constructed into a CRISPR-Cas9-V3 vec-
tor (kindly provided by Xianfang Wu at Rockefeller Univer-
sity) at the Bbsl restriction site. Lentivirus packaging and
virus transduction procedures were performed as described
previously [21,22]. On day 6 posttransduction, GFP " CD44~
or GFP'BSG™ single cells were sorted into 96-well plates.
After culturing for 2 weeks, clones were picked for validation
of CD44 or BSG gene knockout by genome DNA sequencing.

Cytospin and May—Griinwald—Giemsa staining

Cytospins were prepared on coated slides with 1 x 10° cells
using the Thermo Fisher Scientific Shandon Cytospin 4
centrifuge. The slides were then stained with May—Griin
wald-Giemsa solution (Catalog No. MG500, Sigma Aldrich)
for 5 min. After rinsing for 90 s in 40 mM Tris buffer at pH
7.4, the slides were stained with Giemsa solution (Catalog
No. GS500, Sigma-Aldrich) for 15 min. Finally, the slides were
rinsed twice with water. The cells were imaged using a Leica
DM2000 inverted microscope.

RNA-seq and analysis

We used a QIAGEN RNA isolation kit (Catalog No. 74104,
QIAGEN, Dusseldorf, Germany) to extract RNA. Samples
with an RNA integrity number > 9 were used for construction
of a cDNA library by an Illumina TruSeq kit (Illumina, San

Diego, CA). The sequencing strategy was 100 bp paired-end
by an Illumina HiSeq 4000. We used the RNA-seq data of
CB-derived erythroblasts from a previous study [29]. Low-
quality reads were removed and filtered by fastp. Filtered reads
were quantified by Kallisto using the hgl9 transcriptome index
[48]. Pairwise comparison of two groups was performed by
DESeq?2 [49], and the batch effect was included in the design
of DESeq2. The cutoffs of fold change > 2, adjusted
P < 0.05, and > 1 transcript per million in at least one group
were adopted to identify DEGs in the pairwise comparisons.
Log-transformed normalized counts were used in PCA. GO
enrichment analyses were applied by Metascape [50]. GO
terms with a Q value < 0.001 were considered significant,
and the top 10 terms with the smallest Q values are listed in
the results. For transcriptome analysis of primary or cultured
terminal erythropoiesis, expression patterns were analyzed on
all pairwise adjacent DEGs by the time-course clustering R
package TCseq using log-transformed normalized counts.
For comparison between primary and cultured terminal ery-
thropoiesis, stage-specific DEGs between the same stage of pri-
mary and cultured erythroblasts were identified and clustered
by TCseq. For transcriptome analysis, we only used late BasoE
as BasoE in the comparison.
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