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Sphingosine-1-phosphate signal
ing modulates terminal erythroid

differentiation through the regulation of mitophagy
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Erythropoiesis is a highly coordinated stepwise process involving the progressive clear-

ance of mitochondria via mitophagy. Based on the expression of several macroautophagy

and mitophagy specific genes, we identified a sequential change in the transcriptional

pattern during terminal erythroid differentiation. Because erythroid cells are a major

source of serum sphingosine-1-phosphate, we analyzed the role of sphingolipid signaling

in erythropoiesis and demonstrate that sphingosine kinase activity promotes terminal

erythroid differentiation by regulating the expression of key mitophagy genes Pink1 and

Bnip3l/Nix. Sphingosine kinase 1 (Sphk1) inhibition also disrupted Pink1-p62 mediated

mitochondria clearance in late erythroblasts. Notably, we show that supplementing

sphingosine-1-phosphate in vitro can promote erythroid differentiation. Our study clari-

fies the role of sphingolipid signaling in regulating mitophagy during terminal erythroid

differentiation and highlights the potential utility of modulating sphingolipid signaling

to facilitate the large-scale production of transfusable red blood cells. © 2019 Published

by Elsevier Inc. on behalf of ISEH – Society for Hematology and Stem Cells.
Erythropoiesis, the process of differentiation from hemato-

poietic/stem progenitor cells (HSPCs) to mature red blood

cells (RBCs), is responsible for the daily production of

»2£ 1011 RBCs to maintain homeostatic oxygen supply

to various tissues [1,2]. Adult erythropoiesis occurs in the

bone marrow (BM) via three stages: early erythropoiesis,

terminal erythroid differentiation, and reticulocyte matura-

tion [1,3]. Early erythropoiesis involves the differentiation

of HSPCs into megakaryocyte−erythroid progenitors

(MEPs), followed by burst-forming unit-erythroid cells,

colony-forming unit-erythroid (CFU-E) cells and finally

pro-erythroblasts [4]. Terminal erythroid differentiation

consists of a stepwise transition from proerythroblasts to

basophilic erythroblasts, polychromatic erythroblasts,

orthochromatic erythroblasts, and finally enucleated
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reticulocytes, which degrade their intracellular organelles

to become mature RBCs. A well-recognized stimulus of

terminal erythroid differentiation is erythropoietin (EPO),

which drives the proliferation and differentiation of eryth-

roblasts and prevents apoptosis [5]. However, apart from

EPO, few other factors that promote terminal erythroid dif-

ferentiation have been identified. Therefore, there remains

a need to identify factors that regulate terminal erythroid

differentiation to facilitate the large-scale in vitro produc-

tion of transfusable RBCs for clinical use.

During terminal erythroid differentiation, clearance

of intracellular organelles occurs during erythroblast

maturation into fully functional RBCs [6]. In particu-

lar, the selective clearance of mitochondria, termed

mitophagy, is known to be an essential biological pro-

cess for RBC maturation [7]. Key regulators of mitoph-

agy include PTEN-induced putative kinase 1 (PINK1)

and the E3 ubiquitin ligase PARKIN, which interact on

the outer mitochondrial membrane to facilitate mito-

chondria aggregation and autophagosome formation

[8,9]. In addition, the macroautophagy components

Atg5 and Atg7 have also been shown to mediate

canonical mitophagy; aberrant accumulation of mito-

chondria during terminal erythroid differentiation was
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reported in Atg7-deficient mice [10,11]. Interestingly,

Atg5- or Atg7-depleted erythroid cells are still able to

induce mitophagy and form autophagosomes indepen-

dently of LC3 lipidation, but this is dependent on

Beclin1, Ulk1, and Bnip3l/Nix [12−15], suggesting that

mitophagy during terminal erythroid differentiation

also involves an Atg5- and Atg7-independent mode of

mitophagy [16].

Recent studies have highlighted the potential molec-

ular crosstalk among mitophagy, autophagy, and sphin-

gosine signaling [17]. Autophagy and cell fate are

highly interconnected biological processes that share

many key regulators [18]. Similarly, sphingolipids dif-

ferentially regulate cell fate due to the disparate nature

of pro-apoptotic ceramide and sphingosine, as well as

prosurvival sphingosine-1-phosphate (S1P) [19]. Within

the hematopoietic system, RBCs exhibit elevated

sphingosine kinase (Sphk) activity, which generates the

bioactive lipid S1P from sphingosine [20−23]. Distinct

genes encode two Sphk isoforms, Sphk1 and Sphk2,

which differ in their biochemical properties, subcellular

localization, and function [21,24]. In RBCs, Sphk1 is

the predominant isoform and previous observations

suggest that S1P synthesis may be regulated in erythro-

cytes in response to changes in plasma S1P levels [25].

In addition, RBCs are essential sources of S1P that

regulate embryonic vascular development during

embryogenesis [26]. However, the relationship between

sphingosine signaling and mitophagy in the context of

terminal erythroid differentiation remains unknown.

Moreover, the role of S1P and sphingolipid signaling

in adult erythropoiesis remains to be clarified. There-

fore, using primary BM and erythroblast cell line mod-

els of erythropoiesis, we sought to investigate how S1P

regulates terminal erythroid differentiation. Here, we

uncover the importance of S1P-mediated signaling in

erythropoiesis and present evidence that S1P-mediated

signaling regulates terminal erythroid differentiation by

modulating mitophagy.
Methods

Mice

Mice used in this study were in the C57/BL6 background. They

were used for experiments at 8 to 12 weeks of age. PhAMexcised

mice were obtained from The Jackson Laboratory. All mice are

maintained under experimental protocols approved by institutional

animal care and use committees under the National University of

Singapore. Atg7fl/fl; Mx1Cre mice were generated at Kumamoto

University by crossing Atg7fl/fl mice with Mx1-Cre-transgenic

mice. Mx1-cre was induced by two intraperitoneal injections of

polyinosine-polycytidylic acid (200 mg/kg) into 4-week-old mice,

which were euthanized for experiments 4 weeks after induction.

All animal experiments were approved by Kumamoto University

and carried out according to the guidelines of Kumamoto

University.
Chemicals

The Sphk1 inhibitor Sk1-I was from Enzo Life Sciences

(BML-EI411-0005) and diluted in dimethylsulfoxide. Exoge-

nous S1P (D-erythro-sphingosine-1-phosphate) was from

Avanti. For exogenous S1P treatment assays, 1 mmol/L stock

sphingosine was dissolved in ethanol.

Cell culture

The MEDEP-BRC5 cell line was purchased from RIKEN

BioResource Center, Japan. Cells were cultured in Iscove’s

modified Dulbecco’s medium (IMDM) (2 mmol/L L-gluta-

mine) supplemented with 15% fetal bovine serum (FBS),

Insulin-transferrin-selenium liquid media supplement (Sigma-

Aldrich), 0.45 mmol/L a-monothioglycerol (Sigma-Aldrich),

50 ng/mL mouse stem cell factor (SCF) (PeproTech),

1 mmol/L dexamethasone, and 50 mg/mL ascorbic acid

(Sigma-Aldrich).

In vitro liquid culture assays for primary BM cells

BM cells were collected from tibia and femur and subse-

quently treated with RBC lysis buffer to deplete erythrocytes.

RBC depleted BM cells were treated with CD117 microbeads

(Miltenyi Biotec), and the CD117-positive population was

separated out with the autoMACS Pro Separator (Miltenyi

Biotec) following the manufacturer’s instructions, and cells

were cultured in IMDM supplemented with 10% FBS, SCF

(PeproTech), and EPO (BD Biosciences).

shRNA knock-down studies

For short hairpin RNA (shRNA) knock-down studies, the

mouse SphK1 (mSphK1)-targeting shRNA, which included

an enhanced green fluorescent protein (EGFP) reporter (pLV

[shRNA]-EGFP-U6>mSphk1[shRNA#4]), was obtained from

Vectorbuilder (Santa Clara, CA).

Antibodies for fluorescence-activated cell sorting and

immunostaining

Primary antibodies used for flow cytometry were as follows: c-Kit

(2B8, eBioscience), Sca-1 (E13-161.7, BioLegend), TER-119

(Ter119, BD Biosciences), CD71 (C2, BD Biosciences), CD44

(IM7, BD Biosciences), CD34 (RAM34, BD Biosciences), CD16/

32 (93, eBioscience), interleukin-7 receptor-alpha (SB/199, BioLe-

gend), CD4 (L3T4, BD Biosciences), CD8 (53-6.72, BD Bioscien-

ces), B220 (RA3-6B2, BD Biosciences), Gr-1 (RB6-8C5, BD

Biosciences), and Mac-1 (M/70, BD Biosciences). Primary antibod-

ies used for immunofluorescence staining were as follows: rabbit

polyclonal anti-PINK1 (ab23707, Abcam) and mouse monoclonal

anti-SQSTM1/p62 antibody (ab56416, Abcam). Secondary antibod-

ies were conjugated with Alexa Fluor 555 (red) and Alexa Fluor

647 (magenta) (both from Invitrogen).

Flow cytometry analysis of erythroid populations

Flow cytometric cell sorting was performed using a FACSA-

ria II cell sorter (BD Biosciences) and analyzed using the

FlowJo software package (TreeStar). Procedures of isolation

and staining of Lin¡Sca1+c-Kit+ cells and progenitors were

as described previously [27]. Erythroblast isolation from BM

was analyzed as follows. Briefly, BM cells were collected

from tibias and femurs and stained without RBC lysis.

https://doi.org/10.1016/j.exphem.2019.01.004


Table 1. List of primer sequences used for RT-PCR analysis in this study

Primer name Primer sequence(50-30)

mSphk1-F ACCTTTAAACTGATACTCACCGAAC

mSphk1-R GACCATCACCGGACATGACT

mAtg5-F GCAGAATGACAGATTTGACCAG

mAtg5-R AGCTTCTGGATGAAAGGCC

mAtg7-F TTGACATGAGTGCCTCCAC

mAtg7-R ACCTGACTTTATGGCTTCCC

mPink1-F GACTCCCACCTTTCCCTTTG

mPink1-R GTAACTGCTCCATACTCTCCAG

mNix-F TCTTCCTTTCTCATGTGCTGG

mNix-R GCTTTTCGTCTCCCTCAGTAG

mGapdh-F CTTTGTCAAGCTCATTTCCTGG

mGapdh-R TCTTGCTCAGTGTCCTTGC

mHprt-F GCCTAAGATGAGCGCAAGTTG

mHprt-R TACTAGGCAGATGGCCACAGG

F=forward; R=reverse.
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Erythroid cells were first treated with Fcblock (CD16/CD32,

BD Biosciences) and subsequently stained with phycoery-

thrin-conjugated CD44 and allophycocyanin-conjugated-

Ter119. Ter119high populations were further separated into

various stages of erythroblasts by CD44 versus forward scat-

ter. Hoechst staining was used to identify and exclude dead

cells. Erythroid maturation was analyzed by the staining of

CD71 and Ter119.

Tetramethyl-rhodamine ethyl ester mitochondrial membrane

potential assay

The mitochondrial membrane potential was analyzed from

the staining of tetramethyl-rhodamine ethyl ester (TMRE;

Enzo) following the manufacturer’s instructions. Briefly, cells

were treated with TMRE at a final concentration of 5 mmol/L

for 30 minutes at 37˚C. The cells were further treated with

Fcblock and stained with a Ter119 and CD44 FACS anti-

body. The fluorescent intensities of TMRE were measured by

flow cytometry.

MitoTracker Green mitochondria content assay

The mitochondrial content was analyzed with staining from Mito-

Tracker Green (MTG; Thermo Fisher Scientific) following the

manufacturer’s instructions. Briefly, cells were treated with MTG

at a final concentration of 5 mmol/L for 30 minutes at 37˚C. The

cells were further treated with Fcblock and stained with a Ter119

and CD44 FACS antibody. The fluorescent intensities of MTG

were measured by flow cytometry.

Intracellular reactive oxygen species level detection assay

The intracellular reactive oxygen species (ROS) level was

analyzed with the CellROX Deep Red probe (Thermo Fisher

Scientific) according to the manufacturer’s instructions.

Briefly, cells were treated with CellROX at a final concentra-

tion of 5 mmol/L for 30 minutes at 37˚C. The cells were fur-

ther treated with Fcblock and stained with a Ter119 and

CD44 FACS antibody. The fluorescent intensities of Cell-

ROX were measured by flow cytometry.

Immunostaining and confocal microscopy

Cultured erythroblasts (Ter119+/CD71−) were sorted onto the

slides, followed by 4% paraformaldehyde fixation and 0.25% Tri-

ton X-100 permeabilization. Cells were subsequently incubated in

Protein Block Serum-Free reagent (Dako X0909) at room tempera-

ture for 1 hour. and then subjected to immunofluorescence staining

using standard protocols. For the PINK1/p62/mito-dendra2 colocal-

ization experiment, PermaFluor Aqueous Mounting Medium from

Thermo Fisher Scientific was used to enhance fluorescein isothio-

cyanate intensity.

Fluorescence images were obtained using an A1R HD

(Nikon) following the manufacturer’s instructions. Images

obtained from various erythroblasts were analyzed using NIS

Elements software (Nikon).

RNA extraction and quantitative real-time polymerase chain

reaction

Total RNA was extracted and purified with the RNeasy kit

(Qiagen). Subsequently, total RNA was reverse transcribed to

cDNA using the SuperScript IV VILO Master Mix (Thermo
Fisher Scientific) following the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction (qRT-PCR)

was performed using SYBR green master mix (Thermo

Fisher Scientific, A25742). Data were collected and analyzed

on a QuantStudio 3 (Thermo Fisher Scientific). Gapdh and

Hprt housekeeping genes were used to normalize samples.

Table 1 shows the primers that were used.

RNA-sequencing data extraction and analysis

Processed RNA-sequencing (RNA-seq) datasets in four stages

of murine terminal erythroid differentiation generated by An

et al. [28] were downloaded from the Gene Expression

Omnibus (GEO) datasets (GEO accession: GSE53983). RNA-

seq raw reads were aligned to the murine mm9 genome using

TopHat with default parameters [29] and aligned reads in

every gene were counted using htseq-count [30]. Reads per

kilobase of transcript per million mapped reads was used as

a normalized measure of gene expression.

Statistical analysis

All results were performed at least three times independently

under similar conditions. Statistical significance was calcu-

lated using two-tailed unpaired t tests; p< 0.05 was consid-

ered statistically significant.

Results

Dynamic changes in functional mitochondria content

occur during terminal erythroid differentiation

We identified different stages of terminal erythroid dif-

ferentiation by flow cytometry using a combination of

cell size (i.e., forward scatter) and expression levels of

Ter119 and CD44. Consistent with prior observations

[31], we confirmed the presence of proerythroblasts,

basophilic erythroblasts (I), polychromatic erythroblasts

(II), orthochromatic erythroblasts (III), and reticulo-

cytes (IV) in murine BM (Figure 1A).

To assess mitochondrial content during terminal ery-

throid differentiation, we first quantified the mitochondrial

mass and activity of mitochondria at each differentiation

https://doi.org/10.1016/j.exphem.2019.01.004
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Figure 1. Dynamic changes in mitochondria content and activity during terminal erythroid differentiation. (A) Representative flow cytometric

plots showing the gating of erythroid populations based on Ter119 and CD44 expression. (B) MTG staining of various erythroid populations.

(C) TMRE staining of various erythroid populations. (D) CellRox staining of various erythroid populations. (E,F) Dendra2 fluorescence intensity

of various erythroid populations isolated from PhAMexcise mice as determined by (E) flow cytometry and (F) confocal imaging. Scale bars, 20

mm. Data shown are representative of three independent experiments.
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stage. Using MTG and TMRE staining, we observed a pro-

gressive reduction in the mass (Figure 1B) and activity

(Figure 1C) of mitochondria with differentiation. Notably,

we observed a prominent reduction in mitochondrial activ-

ity between the proerythroblast and basophilic erythroblast

stages, as well as the polychromatic erythroblast and reticu-

locyte stages (Figure 1C). Importantly, this decrease in

mitochondrial activity correlated with a similarly progres-

sive decrease in intracellular ROS levels (Figure 1D), con-

sistent with the current opinion that erythroid progenitors

metabolically switch from oxidative phosphorylation to gly-

colysis to meet energy demands during differentiation [32].

Therefore, our observations confirm that terminal erythroid

differentiation involves a stepwise reduction in mitochon-

drial activity.

Because MTG staining might be influenced by the

efflux capacity of erythroid cells [33], we employed

PhAMexcised mice, which ubiquitously express mito-

chondrial-specific Dendra2 monomeric fluorescent pro-

tein that serves as a robust indicator of mitochondria

content [34]. In agreement with the MTG and TMRE

results (Figures 1B and 1C), Dendra2 fluorescence

intensity decreased with differentiation, particularly

between the proerythroblast and basophilic erythroblast

stages and the polychromatic erythroblast and reticulo-

cyte stages (Figure 1E). Using confocal microscopy,

we likewise confirmed the decrease in Dendra2 inten-

sity, which coincides with enucleation at the polychro-

matic erythroblast stage (Figure 1F), suggesting that

the decrease in mitochondrial activity is due to the

reduction in the content of functional mitochondria.

Therefore, terminal erythroid differentiation is closely

associated with a decrease in mitochondria content.

Sequential changes of the macroautophagy and

mitophagy gene expression occur during terminal

erythroid maturation

We next clarified the underlying mechanism mediating

clearance of functional mitochondria. To do so, we first

analyzed the transcriptome of murine erythroblasts at vari-

ous stages of terminal differentiation using RNA-seq data

previously obtained [28]. Interestingly, we observed that

macroautophagy factors (e.g., Atg3, Atg5, Atg7, and

Atg10) and several mediators of mitophagy (e.g., Pink1,

Park2, Bnip3l/Nix, and P62/Sqstm1) were expressed in a

distinct, inversely correlated pattern that coincided with

erythroblast maturation stage (Figure 2A). For instance,

the macroautophagy genes Atg5 and Atg7 were highly

expressed in the early stage of terminal erythroid differen-

tiation and gradually downregulated with erythroblast mat-

uration (Figure 2A). In contrast, expression of the

mitophagy-specific genes Pink1 and Nix/Bnip3L increased

with erythroblast maturation and peaked at the orthochro-

matic erythroblast stage. The expression patterns of these

genes (Atg5, Atg7, Pink1, and Nix) were further validated
by qRT-PCR (Figure 2B). Functional mitochondria con-

tent (Figure 1) correlated positively with Atg5 and Atg7

expression, but correlated inversely with Nix and Pink1

expression.

Consistent with these observations, terminal erythro-

poiesis was only partially affected in ATG7-deficient

mice (Atg7fl/fl;Mx1-Cre mice), which exhibited a partial

decrease in the proportion of late erythroblasts/reticulo-

cytes (Ter119 single positive) and early erythroblasts

(Ter119/CD71 double positive; Figure 2C). These

observations suggest that mitochondria clearance is dis-

tinctly regulated during the early and late stages of ter-

minal erythroid differentiation.

SPHK1 activity is required for terminal erythroid

differentiation in vitro

We next sought to uncover novel autophagic regulators

of terminal erythroid differentiation, and the reported

role of sphingosine signaling in autophagy regulation

and its relation to RBCs drew our attention [17,23,25].

We first assessed the expression level of Sphk1 at vari-

ous stages of terminal erythroid differentiation. Consis-

tent with the high SPHK1 activity reported in RBCs

[25], we observed high Sphk1 expression from the

MEP phase onward and throughout terminal erythroid

differentiation (Figure 3A).

We then determined the functional relevance of

SPHK1 and its product (S1P) at various stages of ter-

minal erythroid differentiation using a murine primary

BM cell culture model of erythropoiesis. In addition,

we used the mouse embryonic stem cell (BRC5)-

derived erythroid progenitor cell line MEDEP-BRC5 as

an alternative model to facility subsequent investiga-

tion. The MEDEP-BRC5 line was established by Hir-

oyama et al., RIKEN BioResource Center, Japan, and

exhibits characteristics of early erythroblasts with the

capability of differentiating into enucleated RBCs [35];

therefore, it serves as a robust model to study erythroid

terminal differentiation. Erythroid differentiation of c-

Kit-enriched BM cells was impaired upon pharmacological

inhibition of SPHK1 using a SPHK1-specific inhibitor

(SK1-I), as evidenced by the significant reduction in the

proportion of Ter119+ cells (Figure 3B). Similarly, treat-

ment with SK1-I significantly inhibited erythroid differenti-

ation of MEDEP-BRC5 4 days after EPO induction

(Figure 3C), which ultimately resulted in a visible reduc-

tion in hemoglobinization (Figure 3D). Therefore, these

results indicate that SPHK1 activity and the signaling

mediated by S1P are important for terminal erythroid dif-

ferentiation.

SPHK1 regulates mitochondria content by promoting

the expression of BNIP3L/NIX and PINK1

Next, we sought to determine the underlying molecular

mechanism by which SPHK1 regulates terminal

https://doi.org/10.1016/j.exphem.2019.01.004
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erythroid differentiation. Regulation of the mitochon-

drial BH3-only protein BNIP3, which promotes autoph-

agy, is mediated by ceramide (a bioactive sphingolipid)

[17,36]. Therefore, we hypothesized that its homolog,

BNIP3L/NIX, which is known to regulate mitophagy, is

likewise regulated by SPHK1 via the production of the

sphingolipid S1P. To address our hypothesis, we measured

the expression of Bnip3l/Nix and Pink1 in MEDEP-BRC5

cells upon SPHK1 depletion. Interestingly, SK1-I treatment

or shRNA knock-down of Sphk1 significantly reduced the

expression of both Bnip3l/Nix and Pink1 in a dose-depen-

dent manner (Figures 4A and 4B). In contrast, SK1-I treat-

ment or shRNA knock-down of Sphk1 had no apparent

effect on Atg5 or Atg7 expression (Figures 4C and 4D).

Therefore, these findings suggest that SPHK1/S1P func-

tions during terminal erythroid differentiation to facilitate

mitophagy, but not ATG5/7-mediated autophagy, by pro-

moting the expression of Bnip3l/Nix and Pink1.

In further support of our hypothesis, SK1-I treat-

ment of primary erythroblast cultures (derived from

PhAMexcised mice) led to an accumulation of mitochon-

dria in Ter119+/CD71+ erythroid cells (Figure 4E), as

shown by the increase in mito-Dendra2 fluorescence

intensity following SPHK1 inhibition. Furthermore, we

observed a significant increase in TMRE intensity of

the erythroid cells (Ter119+/CD71+) upon SPHK1 inhi-

bition (Figure 4F). Therefore, these findings support

the role of SPHK1/S1P in regulating functional mito-

chondria content, possibly via BNIP3L/NIX and

PINK1, during terminal erythroid differentiation.

SPHK1 inhibition disrupts PINK1-p62 mediated

mitophagy

To investigate how SPHK1 activity affects mitochondria

clearance, we examined the PINK1-p62 axis upon SPHK1

inhibition given that PINK1 activity and its localization to

mitochondria not only regulate the clustering of depolar-

ized mitochondria, but also facilitate the subsequent

recruitment of the autophagic adaptor p62/SQSTM1 to

mediate mitochondria clearance [37,38].

After 7 days of primary erythroid liquid culture, we

specifically isolated the late erythroblast (Ter119+/

CD71−) population, a stage when expression of Pink1

and p62/SQSTM1 is markedly increased (Figure 2A).

Interestingly, under control conditions, PINK1 and p62

are both recruited to mitochondria, which exhibit peri-

nuclear colocalization with PINK1 and p62

(Figure 5A). However, upon SPHK1 inhibition, a

reduction in PINK1 is observed (Figure 5B), which is

consistent with the decreased Pink1 mRNA expression

upon SPHK1 inhibition (Figure 4A). Moreover, we

also observed that SPHK1 inhibition compromises the

recruitment of p62 to mitochondria (Figure 5B). There-

fore, our findings suggest that the decrease in PINK1

expression upon SPHK1 inhibition subsequently
impairs the recruitment of p62 to the mitochondria,

which ultimately results in compromised mitochondria

clearance and impaired erythroid maturation.

Supplementation of exogenous S1P promotes terminal

erythroid differentiation

Given the role of SPHK1/S1P in driving terminal erythroid

differentiation, we next assessed the utility of exogenous

S1P supplementation for in vitro RBC production. Supple-

menting murine primary BM erythroid cell cultures with

exogenous S1P resulted in a significant increase in the pro-

portion of Ter119+ erythroid cells (Figure 6A). Likewise,

exogenous S1P supplementation also significantly

increased the Ter119+ fraction in the MEDEP-BRC5 cell

line (Figure 6B). Therefore, exogenous S1P supplementa-

tion facilitates RBC production in vitro by promoting ter-

minal erythroid differentiation.

Our data demonstrate that SPHK1 activity in ery-

throid cells promotes terminal erythroid differentiation

through the regulation of mitophagy.

Discussion

Our findings uncover the novel role of sphingolipid

signaling to modulate key mitophagy genes (i.e., Pink1

and Nix/Bnip3l) that regulate terminal erythroid differ-

entiation. We first reveal that terminal erythroid differ-

entiation entails a progressive reduction in functional

mitochondria content. More importantly, we show that

macroautophagy factors and key mediators of mitophagy

are distinctly expressed during the course of terminal ery-

throid differentiation. Surprisingly, the expression of macro-

autophagy factors (Atg5, Atg7, etc.) during the early stages

of terminal erythroid differentiation corresponds with the

upregulation of genes associated with cell cycle, ribosome

biogenesis, and DNA metabolism [28]. In contrast, the

expression of key mediators of mitophagy (Pink1, Parkin,

Nix/Bnip3l, etc.) during the late stages of terminal ery-

throid differentiation corresponds to an increased expres-

sion of genes associated with macromolecule catabolism

and apoptosis [28]. This suggests that macroautophagy may

be primarily involved in supporting cell proliferation, rather

than mitochondria clearance, during the early stages of ter-

minal erythroid differentiation, after which specialized

organelle clearance mechanisms (e.g. mitophagy) and asso-

ciated catabolic activities are induced to facilitate late-stage

terminal erythroid differentiation. Therefore, the progressive

reduction in mitochondria observed during terminal ery-

throid differentiation is directed by distinct, transcription-

ally regulated programs.

Given the distinct transcription expression pattern

observed and the partially impaired erythropoiesis in

ATG7-deficient mice, we postulate that mitochondria

clearance during the late stages of terminal erythroid

differentiation involves a mode of mitophagy that is

independent of Atg7 regulation. Interestingly, recent

https://doi.org/10.1016/j.exphem.2019.01.004
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(C,D) qRT-PCR analysis of Atg5 and Atg7 mRNA expression after (C) Sphk1 inhibition and (D) sh-RNA knock-down of Sphk1 in the MEDEP-
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after Sphk1 inhibition. Error bars indicate the standard error of the mean (SEM) for three independent experiments. *p < 0.05, two-tailed

unpaired t test for all experiments.
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studies reported that Atg9a can target mitochondria and

form autophagosomes in the absence of LC3 [39,40].

In agreement, we observed upregulation of Atg9a dur-

ing the late stages of terminal erythroid differentiation

(Figure 2A). We also show that terminal erythroid differ-

entiation also correlated with upregulation of Nix/Bnip3l

(Figure 2B), which has previously been implicated in
mitophagy during erythroid maturation [13,14]. Mechanisti-

cally, Nix was reported to prime mitochondria for autopha-

gic recognition [41] and interact directly with gamma-

aminobutyric acid type A (GABA[A]) receptor-associated

protein (GABARAP), which is involved in autophagy [42].

Therefore, mitophagy during the late stages of terminal

https://doi.org/10.1016/j.exphem.2019.01.004
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erythroid differentiation appears to be mediated via an

Atg7-independent mechanism.

It was previously reported that ceramide inhibits CFU-

E colony formation and that this effect is reversed by the

ceramide antagonist S1P [43]. Consistent with the anti-

apoptotic role of S1P [19], we observed that SPHK1 inhi-

bition results in increased apoptosis of erythroid cells in

vitro (Supplementary Figure E1, online only, available at

www.exphem.org). Apoptosis is associated with elevated

cellular ROS levels (i.e., oxidative stress) [44], which

decrease in the late stage of terminal differentiation

(Figure 1D) and have been shown to negatively regulate

terminal erythropoiesis [45]. More importantly, our data

strongly suggest that, during terminal erythroid differentia-

tion, mitochondria clearance, which effectively mitigates

the elevated ROS level, is regulated by the activity of

SPHK1- and S1P-mediated signaling. In support of this

hypothesis, we confirmed that Sphk1 is preferentially

expressed in the erythroid lineage. Importantly, we demon-

strated that disruption of sphingolipid signaling led to

reduced expression of the key mitophagy genes Pink1 and

Nix/Bnip3l, which likely accounts for the impaired mito-

chondria clearance and terminal erythropoiesis observed.

More specifically, the role of Nix/Bnip3l in the regulation

of mitophagy in erythropoiesis has been validated in

knock-out mice models [14]. We further show that

reduced Pink1 expression upon Sphk1 inhibition results in

suppressed p62 recruitment to mitochondria for mitochon-

drial degradation in late erythroblasts. Therefore, the

increased apoptotic erythroid cells upon Sphk1 inhibition

is possibly due to elevated ROS levels resulting from

impaired mitochondria clearance, which is required for

optimal erythroid differentiation. In further support, we

show that supplementing exogenous S1P facilitated termi-

nal erythroid differentiation. Therefore, sphingosine sig-

naling involving S1P regulates mitophagy during terminal

erythroid differentiation, although it remains unclear how

S1P signaling leads to transcriptional upregulation of these

mitophagy-associated genes identified.

Our results demonstrate that sphingolipid signaling

involving Sphk1-derived S1P promotes terminal differ-

entiation through the regulation of Pink1-p62- and Nix/

Bnip3l-mediated mitophagy (Figure 6C) and provide

insight into potentially addressing the demand for the

large-scale in vitro production of RBCs.
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Figure E1. Pharmacological inhibition of Sphk1 moderately affects apoptosis in (A) primary cell (Ter119+/CD71+) liquid culture after 7 days

and (B) MEDEP-BRC5 cell culture after 4 days. Percentage of apoptotic cells (annexin V+/Hoechst¡) are presented. Error bars indicate the stan-

dard error of the mean for three independent experiments.
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