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TSPO2 (translocator protein 2) is a transmembrane protein
specifically expressed in late erythroblasts and has been postu-
lated to mediate intracellular redistribution of cholesterol. We
identified TSPO2 as the causative gene for the HK (high-K�)
trait with immature red cell phenotypes in dogs and investigated
the effects of the TSPO2 defects on erythropoiesis in HK dogs
with the TSPO2 mutation and Tspo2 knockout (Tspo2�/�)
mouse models. Bone marrow– derived erythroblasts from HK
dogs showed increased binucleated and apoptotic cells at vari-
ous stages of maturation and shed large nuclei with incomplete
condensation when cultured in the presence of erythropoietin,
indicating impaired maturation and cytokinesis. The canine
TSPO2 induces cholesterol accumulation in the endoplasmic
reticulum and could thereby regulate cholesterol availability by
changing intracellular cholesterol distribution in erythroblasts.
Tspo2�/� mice consistently showed impaired cytokinesis with
increased binucleated erythroblasts, resulting in compensated
anemia, and their red cell membranes had increased Na,K-AT-
Pase, resembling the HK phenotype in dogs. Tspo2-deficient
mouse embryonic stem cell– derived erythroid progenitor
(MEDEP) cells exhibited similar morphological defects associ-
ated with a cell-cycle arrest at the G2/M phase, resulting in
decreased cell proliferation and had a depletion in intracellular
unesterified and esterified cholesterol. When the terminal mat-
uration was induced, Tspo2�/� MEDEP cells showed delays in
hemoglobinization; maturation-associated phenotypic changes
in CD44, CD71, and TER119 expression; and cell-cycle progres-
sion. Taken together, these findings imply that TSPO2 is essen-
tial for coordination of maturation and proliferation of erythro-
blasts during normal erythropoiesis.

Erythropoiesis is an essential process that produces sufficient
numbers of the enucleate red blood cell (RBC) from the

erythroid precursor cell. This process proceeds through inexo-
rably linked terminal maturation and cell proliferation of eryth-
roblasts and is tightly regulated by the cooperation among
mitogenic, differentiating, and antiapoptotic factors (1, 2).
Recent advances as well as earlier studies have defined the
mechanisms for various changes during erythropoiesis, includ-
ing nuclear condensation (3), enucleation (4, 5), expulsion of
organelles (6), and plasma membrane remodeling (7–9). These
findings are directly relevant to pathobiology of various ane-
mias, precise evaluation of different hematologic conditions,
and improvement of ex vivo production of functional RBCs for
therapeutics. However, the factors implicated in regulation of
maturation and proliferation in erythroblasts are yet to be fully
defined, although previous studies have documented several
genetic factors that determine the RBC traits in humans (10).

Cation contents in mature RBCs (erythrocytes) are quite dif-
ferent among species (11). Human and rodent erythrocytes
possess high Na,K-ATPase activity, resulting in high intracellu-
lar K� concentration (HK RBCs). In contrast, canine erythro-
cytes have low K� concentration (LK RBCs) because of total
loss of Na,K-ATPase during reticulocyte maturation into eryth-
rocytes (12, 13). However, some dogs possess HK RBCs because
they retain Na,K-ATPase in their erythrocytes (12, 14–16). This
HK phenotype, an autosomal recessive trait, is accompanied
with various characteristics of precursor cells, including the
persistence of immature-type glycolytic isozymes and increased
energy consumption (17, 18). Hence, the HK RBC phenotype
likely represents an impaired regulation in orderly maturation of
erythroblasts, and the molecular basis of the HK trait would pro-
vide clues to some aspects of erythropoiesis.

Here, we first report identification of the mutations in the
translocator protein 2 (TSPO2) gene as the molecular cause for
HK RBC trait based on genome-wide linkage analysis. TSPO2
has been recognized as a paralogue of TSPO (19). TSPO is a
five-membrane–spanning protein that is localized primarily in
the outer mitochondrial membrane and is ubiquitously
expressed in various tissues. TSPO has been implicated in var-
ious cellular processes, including cholesterol and heme trans-
port, steroidogenesis, mitochondrial respiration, apoptosis,
and cell proliferation (20, 21). In contrast to TSPO, TSPO2
shows erythroid-specific expression and localization at the
endoplasmic reticulum (ER), nuclear, and plasma membranes
(19, 22). It has the ability to bind cholesterol and is involved in
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cholesterol redistribution during erythropoiesis (19). Intrigu-
ingly, impaired reticulocyte maturation due to markedly
increased cellular cholesterol (6) and a role for lipid raft assem-
bly with GTPases and F-actin in enucleation (23) indicate the
importance of cholesterol homeostasis. Further, hypocholes-
terolemia in patients of chronic anemias suggests increased
cholesterol requirements for erythroid cell expansion (24).
However, the roles of cholesterol metabolism in regulating
erythropoiesis have not been fully defined.

Based on unexpected finding that the HK trait is associated
with the TSPO2 mutations, we examined erythropoiesis in HK
dogs and found morphological abnormalities in maturing
erythroblasts. To further investigate the roles of TSPO2 in
erythropoiesis, we analyzed the effects of Tspo2 on erythropoi-
esis in mice and in a murine erythroid precursor cell line,

MEDEP-BRC5 (25), which exhibited terminal differentiation
most similar to primary murine erythroid cells among several
murine erythroid cell lines (26). Our findings demonstrate that
TSPO2 function is essential in coordination of erythroblast
maturation, cell-cycle progression, cytokinesis, and cell prolif-
eration to ensure efficient erythropoiesis.

Results

TSPO2 gene mutations as the cause of the HK trait in dogs

Genome-wide linkage analysis was conducted on seven HK
and 17 LK dogs, including 15 dogs from two independent fam-
ilies of Japanese mongrel dogs (Fig. 1A). The analysis showed
that SNP markers in a region of chromosome 12 (9.4 –10.7 Mb),
encompassing 22 annotated genes, were significantly associ-

Figure 1. Identification of the TSPO2 mutations as the molecular basis for the HK RBC trait in dogs. A, pedigrees of two independent families of Japanese
mongrel dogs including six HK and nine LK dogs (a mixed breed of Shiba, numbered 1–15) used in the present study are shown. Another dog with HK RBCs out
of these families (purebred Shiba) and eight beagles with LK RBCs were also used in this study. B, SNP markers and candidate genes in a region of canine
chromosome 12 (9.4 –10.7 Mb). Whole-genome genotyping demonstrated that SNP markers shown in red had significant association with the HK trait (p �
2.59 � 10�12 to 4.27 � 10�11, indicated as �log10(p) values). Sequencing of all exons of the 20 annotated genes in this region (indicated by black arrows) was
carried out for HK and LK dogs. C, mutation positions for C40Y and VFT (V89F, �F98, and T120I) in cTSPO2 are illustrated on the predicted secondary structure
of TSPO2. A cholesterol-binding region (cholesterol recognition amino acid consensus (CRAC)) is indicated.
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ated with the HK trait (p � 2.59 � 10�12 to 4.27 � 10�11). We
sequenced all exons for the 20 expressed genes localized in this
region for HK and LK dogs and found that only the TSPO2 gene
(TSPO2) contained significant mutations, namely C40Y and
VFT (Fig. 1). No mutations that altered amino acid sequences of
the proteins were found to be associated with the HK trait in the
exons from other 19 genes examined. The C40Y mutation com-
pletely co-segregated with the HK phenotype, and individuals
homozygous for C40Y mutation exhibited the HK phenotype in
pedigree 1 (Fig. 1A). In pedigree 2, there were no HK dogs
homozygous for C40Y or VFT mutations, and VFT heterozy-
gotes (No. 12 and No. 14) had the LK phenotype, whereas two
HK dogs (No. 11 and No. 15) were compound heterozygotes of
C40Y and VFT alleles. These data demonstrate that autosomal
recessively inherited C40Y and VFT mutations in TSPO2 are
independent molecular causes for the HK trait in dogs (14, 15).

TSPO2 was previously shown to be highly expressed in late
stage erythroblasts and mediate intracellular trafficking or
redistribution of cholesterol (19). Indeed, immunofluorescent
microscopy of canine bone marrow (BM) cells with anti-cTSPO2
antibody showed that the fluorescent signals of cTSPO2 are found
in the cytoplasm of some of the cells with spherical nuclei, presum-
ably erythroid-lineage cells, but not in granulocytic cells (Fig. 2A).
Staining of RBC membranes was also apparent.

Immunoblot analysis showed that the anti-cTSPO2 antibody
reacted with the 16-kDa cTSPO2 polypeptide in RBC mem-
branes from both LK (homozygous for the WT (WT/WT) and
heterozygous for WT and C40Y mutation (WT/C40Y)) and HK
(homozygous for C40Y mutation (C40Y/C40Y)) dogs (Fig. 2B).
Quantification of the relative abundance of cTSPO2 by den-
sitometry scanning demonstrated that the cTSPO2 levels in
WT/C40Y and C40Y/C40Y (HK) RBCs were �63 and 15%,
respectively, of the mean levels of expression in the WT/WT
cells (Fig. 2C). Na,K-ATPase �-subunit was detectable only
in HK RBCs, and a raft-associated protein, stomatin, was
most abundant in HK RBCs and was detectable in WT/C40Y
but not in WT/WT cells, consistent with our previous data
(12, 13).

TSPO2 gene mutations impair the function of TSPO2 in
transfected cells

To examine whether C40Y and VFT mutations impaired the
function of TSPO2, we analyzed the intracellular cholesterol
distribution in K562 cells stably expressing the WT or the
mutant cTSPO2. These cell lines integrated the transfected
cDNAs at nearly equivalent levels (Fig. 3A). However, K562
cells expressing C40Y or VFT mutant had significantly lower
levels of expression of both cTSPO2 mRNA and protein
(detected as the �16-kDa polypeptide in immunoblots) than
the WT-expressing cells (Fig. 3A and Fig. S1).

The K562 cells expressing WT cTSPO2 exhibited dispersed
cytoplasmic incorporation of NBD-cholesterol as reported pre-
viously for human TSPO2 (19). In contrast, the cells expressing
C40Y or VFT mutant, as well as the empty vector–transfected
control cells, showed nonpolar and vesicular distribution of
NBD-cholesterol (Fig. 3B). Likewise, whereas filipin staining
demonstrated massive accumulation of free cholesterol in the
cytoplasm and the cell periphery of the WT-expressing cells,

weaker fluorescent signals were observed in cells expressing the
mutants as well as in control cells. In contrast, vesicular signals
of cholesteryl esters (CEs), lipid droplets, detected with Nile
Red were less abundant in the WT-expressing cells than in
other cell lines (Fig. 3, B and C). Interestingly, no apparent dif-
ference was observed among these cell lines in the uptake of
transferrin (Fig. 3B), which shares the clathrin-mediated endo-
cytosis pathway with cholesterol for incorporation into the cell
(27). These data suggest that cTSPO2 induces specific altera-
tions in intracellular distribution of cholesterol and that the
cTSPO2 mutants failed to induce such redistribution.

Figure 2. Canine TSPO2 in BM cells and RBCs. A, BM cells from LK (LK,
WT/WT homozygote) and HK (HK, C40Y/C40Y homozygote) dogs were
reacted with the anti-cTSPO2 followed by staining with secondary antibodies
and 4�,6-diamidino-2-phenylindole. The cells with granulocytic nuclei are
indicated by arrowheads. Bars, 20 �m. B, RBC membrane proteins from LK (LK)
and HK (HK) dogs were separated by SDS-PAGE on 10% gels followed by
immunoblotting with anti-cTSPO2 (cTSPO2; 16 kDa), anti-Na,K-ATPase �-sub-
unit (�-Subunit; 96 kDa), anti-stomatin (Stomatin; 31 kDa), and anti-actin
(Actin; 43 kDa) antibodies, respectively. Membranes were prepared from six
LK dogs (three each of the WT/WT and WT/C40Y dogs) and three HK dogs
(C40Y/C40Y). Each lane contained 55 �g (cTSPO2) or 10 �g (others) of proteins.
Cell extract from K562 cells stably expressing the WT cTSPO2 was loaded as
the control (K562 cTSPO2). The migrating positions of the size markers are
shown in kDa. C, signal intensities of cTSPO2 in B were analyzed by densito-
metric scanning and shown as relative values normalized with those of actin.
Data are expressed as the means 	 S.D. (error bars) (n � 3). *, p 
 0.05; **, p 

0.01.
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Moreover, K562 cells expressing WT cTSPO2 showed a
marked reduction of �93%, compared with control cells, in the
reporter luciferase activity (Fig. 3D) that was driven by sterol
regulatory element– binding protein (SREBP)-mediated low-
density lipoprotein receptor (LDLR) promoter (28). This indi-
cated that the expression of the WT cTSPO2 caused an accu-
mulation of cholesterol in the ER, leading to a marked
suppression of the SREBP-mediated LDLR promoter activa-
tion. Because there were no significant differences in total cho-
lesterol contents among different cell lines (Fig. 3E), cholesterol
accumulation in the ER in the WT-expressing cells was likely
the consequence of change in distribution of intracellular cho-
lesterol. Interestingly, cells expressing the C40Y or VFT mutant
elicited reporter luciferase activity of 40 and 63%, respectively,

of that in control cells (Fig. 3D), demonstrating that ER accu-
mulation of cholesterol in the mutant-transfected cells was sig-
nificantly reduced. These data suggest that the TSPO2 function
involves, in part, an accumulation of cholesterol in the ER and
that the C40Y and VFT mutations are detrimental to this
function.

Erythroid cell phenotype in the HK dog

We studied functional consequences of these TSPO2 muta-
tions for erythropoiesis. Examination of cells from BM aspi-
rates showed the presence of abundant numbers of binucleated
erythroblasts at different developmental states, basophilic, pol-
ychromatic, and orthochromatic erythroblasts in HK dogs
(homozygotes for C40Y mutation), with their numbers being

Figure 3. TSPO2 mutations causative of the HK RBC phenotype are detrimental to the TSPO2 function. A, copy numbers of transfected cTSPO2 cDNAs
(indicated by open bars) and the contents of cTSPO2 mRNA (indicated by gray bars) in stably transfected K562 cells were estimated by quantitative PCR and
quantitative RT-PCR, respectively, for the WT (WT), C40Y (C40Y), and VFT (VFT) cTSPO2. The cellular contents of 16-kDa cTSPO2 were quantitated by densito-
metric scanning of the immunoblots using the anti-cTSPO2 antibody and normalized with actin (43 kDa; indicated by black bars). A representative immunoblot
from three independent experiments is shown in the right panel (an entire blot is shown in Fig. S1). Data are expressed as the means 	 S.D. (error bars) (n � 3).
**, p 
 0.01. The migrating positions of the size markers are shown in kDa. B, fluorescent signals of incorporated NBD-cholesterol (NBD-cholesterol), nonest-
erified cholesterol stained with filipin III (Filipin), CEs stained with Nile Red (Nile Red), and incorporated FITC-transferrin (FITC-Tf) in K562 cells stably transfected
with the empty vector (Control) and WT (WT), C40Y (C40Y), or VFT (VFT) cTSPO2 cDNA. Bars, 20 �m. C, lipid droplets stained with Nile Red in B were counted, and
the numbers of vesicles larger than 1 �m in the major axis were compared. Data are expressed as the means 	 S.D. (error bars) (n � 22–28). ***, p 
 0.001. D,
cholesterol accumulation in the ER was assessed by an LDLR-promoter luciferase assay. Activities relative to the control cells are expressed as the means 	 S.D.
(n � 3). **, p 
 0.01; ***, p 
 0.001. E, total cholesterol contents in the cells are expressed as the means 	 S.D. (n � 3).
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7-fold higher than that seen in LK dogs, indicative of a cell-
division defect (Fig. 4A).

We further characterized the morphological defects of HK
erythroblasts during the second phase of two-phase liquid cul-
ture, where BM-derived nonadherent mononuclear cells were
cultured in the presence of erythropoietin. At days 0 and 2 in
culture, basophilic and polychromatic erythroblasts were pre-
dominant erythroid cell types in both HK and LK cells (Fig. 4, B
and C). Of note, upon enucleation that was observed on day 3
through day 8, HK orthochromatic erythroblasts shed nuclei
with morphologically incomplete chromatin condensation, and
the sizes of expelled pyrenocytes and nascent reticulocytes were
1.7- and 1.5-fold, respectively, larger than those of LK cells (Fig.
4, D and E). Incomplete condensation was also confirmed by

the gray values of the nuclei that were decreased by �20 –30%
from those of LK cells on image analysis (Fig. 4D, right). More-
over, HK cells showed various abnormal morphological fea-
tures, involving binucleated cells, long intercellular bridges,
abnormal cell division, and apoptotic appearance (Fig. 4E).
These data suggest that the TSPO2 mutations impair matura-
tion and cytokinesis during late stages of terminal erythroid
differentiation.

Erythroid cell maturation in Tspo2 knockout mice

To gain further insight into the role of TSPO2 defect on
erythropoiesis, we examined hematopoiesis in germline Tspo2-
deficient mice (Fig. S2). Adult Tspo2�/� mice at 20 weeks of age
showed significant reduction in RBC count, hemoglobin con-

Figure 4. Abnormal morphologies in erythropoiesis in HK dogs. A, Wright–Giemsa–stained BM aspirate from HK dogs showed increased numbers (shown
in the right panel) of binucleated erythroblasts (arrows) at various stages (a– c) compared with LK dogs (d and e). Bars, 20 �m. Data in the right panel are
expressed as the means 	 S.D. (error bars) (n � 4). ***, p 
 0.001. B, representative Wright–Giemsa–stained BM-derived cells from HK (HK) and LK (LK) dogs at
days 0, 2, 4, and 8 in the second phase of a two-phase liquid culture. Enucleating cells are indicated by arrows. Bars, 20 �m. C, basophilic erythroblasts (Baso),
polychromatic erythroblasts (Poly), orthochromatic erythroblasts (Ortho), and enucleate reticulocytes (Reticulo) were counted on Wright–Giemsa–stained
smears and shown as a percentage of total erythroid cells. D and E, enucleating cells on day 4 in the culture were analyzed for the sizes (areas in �m2) of expelled
pyrenocytes and enucleated reticulocytes. D, typical enucleating cells from LK and HK dogs (left panels). The RGB color images were converted to gray scale, and
the brightness intensities are shown in gray values together with the distance (right panel) for the axes exemplified in yellow lines in the left panels. Bars, 10 �m.
***, p 
 0.001, n � 75. F, BM-derived erythroblasts from HK dogs in the second phase of a two-phase liquid culture showed various abnormal morphological
features, involving binucleated cells (asterisks), long and thin intercellular bridges (arrowhead), abnormal cell division (double asterisks), and apoptotic appear-
ance (arrows). Bars, 20 �m.
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centration, and hematocrit values and a marked increase in
reticulocyte count implicating well-compensated mild anemia
(Fig. 5A). Tspo2�/� mice also had a mild but significant reduc-
tion in RBC count. However, no remarkable differences were
noted in the mean corpuscular volume and the mean corpus-
cular hemoglobin. Tspo2�/� mice at 6 – 8 weeks of age also
showed a significant decrease in hematocrit value and an
increase in reticulocyte count (Fig. 5B). Because hypocholester-
olemia due to increased cholesterol requirements has been
demonstrated in patients with chronic anemia (24), we mea-
sured the plasma cholesterol levels in Tspo2-deficient mice.
There was no significant change in total cholesterol levels in
Tspo2�/� and Tspo2�/� mice compared with those in the WT

mice (Fig. 5C), possibly due to the modest anemic phenotype in
these mice.

Na,K-ATPase contents in RBC membranes were higher in
Tspo2�/� mice than in control Tspo2�/� mice (1.04 	 0.57
versus 0.34 	 0.13 for the relative abundance, mean 	 S.D., n �
6; Fig. 5B), compatible with the HK RBC phenotype shown in
Fig. 2 and our previously reported findings (12, 13).

In BM cells, there was a marked increase in binucleated
erythroblasts in both Tspo2�/� and Tspo2�/� mice. Polychro-
matic and orthochromatic erythroblasts constituted the major
proportion (�70%) of binucleated cells (Fig. 6, A and B). The
size of pyrenocytes in Tspo2�/� mice was significantly larger
than that in Tspo2�/� mice (Fig. 6, C and D). Flow cytometric

Figure 5. RBC phenotypes in Tspo2 knockout mice. A, RBC counts (RBC), hemoglobin concentration (Hb), hematocrit (Hct), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), and reticulocyte counts (Reticulocytes) in peripheral blood of 20-week-old Tspo2�/� (�/�, n � 4), Tspo2�/� (�/�, n �
4), and Tspo2�/� (�/�, n � 4) mice. Data are expressed as the means 	 S.E. (error bars) *, p 
 0.05; **, p 
 0.01. B, hematological parameters are shown for
Tspo2�/� (�/�, n � 11), Tspo2�/� (�/�, n � 8), and Tspo2�/� (�/�, n � 11) mice at 6 – 8 weeks of age. Sample numbers for reticulocyte counts are 5, 5, and
7 for �/�, �/�, and �/�, respectively. Data are expressed as the means 	 S.E. *, p 
 0.05. C, total cholesterol levels in plasma were determined for Tspo2�/�

(n � 6 for male (M) and n � 5 for female (F)), Tspo2�/� (n � 5 for both M and F), and Tspo2�/� (n � 2 for M and n � 3 for F) mice at ages of 6 – 8 weeks. Data are
expressed as the mean value for two male Tspo2�/� mice or the means 	 S.E. for others. D, RBC membranes were prepared from Tspo2�/� and Tspo2�/� mice,
and the contents of Na,K-ATPase �-subunit were analyzed by immunoblotting as described previously (12). The blot was probed with an antibody to
Na,K-ATPase �-subunit (�) and an anti-�-actin antibody to detect �-actin (Actin) for the internal control. Each lane contained 25 �g of RBC membrane proteins.
The abundance of �-subunit relative to actin determined by densitometric scanning was 0.34 	 0.13 (mean 	 S.D. (error bars), n � 6) in Tspo2�/� mice and
1.04 	 0.57 (mean 	 S.D., n � 6) in Tspo2�/� mice, respectively (p 
 0.05).
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analysis of CD44 surface expression together with forward scat-
ter for BM-derived erythroid cells from age-matched Tspo2�/�

and Tspo2�/� mice showed similar profiles, and the erythroid
cells could be divided into six fractions, as reported previously
(29, 30). Compatible with the increase in their binucleated
forms, relative abundance of polychromatic and orthochro-
matic erythroblasts (populations III and IV) was significantly
higher in Tspo2�/� mice than in WT mice (Fig. 6, E and F).
Indeed, sorted cells in populations I–IV from Tspo2�/� mice
contained binucleated cells (data not shown).

These hematological and morphologic features in Tspo2�/�

mice appear very similar to erythroid phenotypes seen in HK
dogs and reveal that the Tspo2 defect predominantly impairs
cytokinesis of erythroblasts and causes differentiation defects

between the basophilic and orthochromatic erythroblast
stages.

Erythroid cell maturation of Tspo2 knockout cell line

To further understand the effect of the TSPO2 defect on
terminal erythropoiesis, we created a Tspo2-deficient cell clone
of MEDEP-BRC5 cells (Tspo2�/� MEDEP cells), which exhibit
characteristics of proerythroblasts or CFU-E. These cells can be
differentiated into reticulocytes (25), and their terminal differ-
entiation is very similar to that of primary murine erythroid
cells (26). Two independent clones of Tspo2�/� MEDEP cells
(KO13 and KO26) obtained exhibited similar impairments in
cell proliferation and hemoglobinization, and further detailed
studies were performed using the clone KO13.

Figure 6. Erythroid phenotypes in Tspo2 knockout mice. A and B, Wright–Giemsa–stained BM aspirates from 20-week-old Tspo2�/� (Tspo2�/�) and
Tspo2�/� (Tspo2�/�) mice showed increased numbers of binucleated erythroblasts (arrows) at various stages in Tspo2�/� mice. Bars, 50 �m. Relative abun-
dance of binucleated erythroblasts are expressed as the means 	 S.E. (error bars) (n � 4) in B. Columns in gray or black indicate the abundance of polychromatic
and orthochromatic erythroblasts (*, p 
 0.05) or basophilic erythroblasts, respectively. C and D, enucleating cells on Wright–Giemsa–stained BM aspirates
from 20-week-old Tspo2�/� and Tspo2�/� mice were analyzed for the sizes (areas in �m2) of expelled pyrenocytes. **, p 
 0.01, n � 200. Bars, 10 �m. E and F,
BM-derived erythroid cells from 20-week-old Tspo2�/� (�/�, n � 4) and Tspo2�/� (�/�, n � 3) mice were analyzed for their CD44 expression (CD44) together
with forward scatter (FSC) by flow cytometry (29, 30). Relative abundance of the cells in populations I–VI shown in E are indicated in F. *, p 
 0.05; **, p 
 0.01.
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Tspo2�/� MEDEP cells revealed reduced Tspo2 mRNA
expression (Fig. S3). Various morphological and cellular defects
in self-renewal, including reduced cell proliferation (Fig. 7A),
increased binucleated and multinucleated cells (Fig. 7B), and a
33% increase in annexin V–positive apoptotic cells (Fig. 7C)
compared with control cells could be documented. These
defects in Tspo2�/� cells were accompanied by an arrest at
G2/M stage as demonstrated by the cell number in the G2/M
population that was increased by 39% compared with control
cells (Fig. 7, D and E). In addition, whereas staining with filipin
and Nile Red showed abundant cytoplasmic signals of free cho-
lesterol and CEs, respectively, in control cells, both filipin and
Nile Red signals in Tspo2�/� cells exhibited profound reduc-
tions in staining. In contrast, Tspo2�/� cells showed uptake
of NBD-cholesterol comparable with that in the control cells

(Fig. 7F). These data imply that Tspo2�/� MEDEP cells had a
decreased ability to regulate both free and esterified choles-
terol, despite their ability to incorporate extracellular choles-
terol into the cells.

After induction with erythropoietin, the control cell num-
bers increased by 8-fold at 48 h, whereas Tspo2�/� cells showed
only a 4.5-fold increase (Fig. 8A). During this period, both con-
trol and Tspo2�/� MEDEP cells matured progressively and
underwent enucleation. After 48 h, the control culture com-
prised mainly the cells whose morphology resembled that of
orthochromatic erythroblasts, enucleated reticulocytes, and
pyrenocytes. In contrast, cells in Tspo2�/� culture were heter-
ogeneous in appearance, containing cells ranging from baso-
philic to orthochromatic erythroblasts with considerably
increased numbers of binucleated and apoptotic cells (Fig. 8B).

Figure 7. Morphological and cellular phenotypes in self-renewal of Tspo2 knockout MEDEP cells. A, proliferation of control (Control) and Tspo2�/�

(Tspo2�/�) MEDEP cells. Cells were cultured in the absence of erythropoietin. Data are expressed as the means 	 S.D. (error bars) (n � 4). *, p 
 0.05; **, p 
 0.01.
B, after 48 h in culture, cytospin smears were prepared, stained with Wight–Giemsa, and counted for binucleated and multinucleated cells. Data are expressed
as the means 	 S.D. (n � 4). *, p 
 0.05. C, the relative abundance of annexin V-positive apoptotic cells was determined by flow cytometry, and the data are
expressed as the means 	 S.D. (n � 7). *, p 
 0.05. D and E, cell-cycle analysis of control and Tspo2�/� cells. Cells were collected at 48 h, stained with PI, and
subjected to flow cytometry. Relative abundance of G0/G1, S, and G2/M phases was determined using FlowJo software, and representative histograms are
shown in D. Data shown in E are expressed as the means 	 S.D. (n � 6). *, p 
 0.05. F, control and Tspo2�/� MEDEP cells were counterstained with filipin III
(Filipin) and Nile Red (Nile Red) to detect free cholesterol and CEs, respectively. NBD-cholesterol incorporated into the cells after 10 min of incubation
(NBD-cholesterol) is also shown. Bars, 20 �m.
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There were much fewer enucleating cells in Tspo2�/� cell cul-
ture compared with the control culture (10.0 	 1.3% versus
45.7 	 2.4%, mean 	 S.D., n � 3; Fig. 8C). The size of pyreno-
cytes in Tspo2�/� cell culture was significantly larger than that
in control cell culture (Fig. 8, D and E).

Maturing Tspo2�/� MEDEP cells also showed a remarkable
reduction in hemoglobin content that was less than 60% of that
in control cells at 48 h (Fig. 9, A and B). However, there was no
major difference through the maturation process in the mRNA
levels of the genes relevant to hemoglobin synthesis, such as
Hba, Hbb, TfR, and Alas2, as well as several other genes essen-
tial for the terminal erythropoiesis, such as Gata1, Klf1, Setd8,
and Slc4a1, between Tspo2�/� and control cells (Fig. S3).

Furthermore, we found marked differences in the expression
of phenotypic markers of erythropoiesis following Tspo2
knockout. The major population of control and Tspo2�/� cells
had high CD71 and low TER119 expression levels (CD71high/

TER119low) before induction. Control cells progressed into
CD71high/TER119high cells after 24 h, and a subpopulation of
cells matured into CD71low/TER119high cells at 48 h. In con-
trast, significant numbers of Tspo2�/� cells remained in the
CD71high/TER119low population at 24 h and in the CD71high/
TER119high population with no increase of CD71low/
TER119high cells after 48 h (Fig. 9, C and D). At 72 h, although
both control and Tspo2�/� cells showed a further reduction in
CD71 expression, the CD71low/TER119high population was
retained at a low level in Tspo2�/� cells. Moreover, the median
fluorescent intensity (MFI) of CD44 in Tspo2�/� MEDEP cells,
that was slightly higher than that in control cells at the begin-
ning of culture, remained at higher levels compared with con-
trol cells at 48 h and then decreased to levels compatible with
control cells at 72 h (Fig. 9E). At 48 h, cells could be divided into
two populations according to their sizes (P1 fraction and oth-
ers; Fig. 9F). The population of more mature cells with smaller

Figure 8. Impaired proliferation and abnormal morphology in maturing Tspo2 knockout MEDEP cells. A, control (Control) and Tspo2�/� (Tspo2�/�)
MEDEP cells were cultured in the presence of erythropoietin to induce erythroid terminal maturation. The changes in cell counts are shown in multiples of the
initial cell counts and are expressed as the means 	 S.D. (error bars) (n � 3). *, p 
 0.05; **, p 
 0.01. B, at the indicated time of incubation, cytospin smears were
prepared and stained with Wight–Giemsa. Tspo2�/� cell culture contained increased numbers of binucleated cells and the cells with apoptotic features (arrow).
Bars, 20 �m. C, at 48 h in culture, enucleating cells in the control and Tspo2�/� cell cultures were counted, and their relative abundance against total cells (200
cells) is shown as the enucleation rate. Data are expressed as the means 	 S.D. (n � 3). **, p 
 0.01. D and E, enucleating cells in the control and Tspo2�/� cell
cultures (n � 50 for each; representatives are shown in D) were analyzed for the size of extruded pyrenocytes. *, p 
 0.05.
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sizes (P1 fraction) in Tspo2�/� cells was less abundant com-
pared with that in control cells (29.3 	 2.6% versus 43.6 	 1.0%,
mean 	 S.D., n � 3; Fig. 9G). In addition, the MFI of CD44 in P1
fraction of Tspo2�/� cells was significantly higher than that in
control cells (840 	 95 versus 323 	 62, mean 	 S.D., n � 3; Fig.
9H). These data indicate that morphologic and phenotypic
maturation of Tspo2�/� cells is markedly delayed.

These delays in morphologic maturation, hemoglobiniza-
tion, and changes in phenotypic markers suggest delayed ter-
minal erythroid differentiation of Tspo2�/� cells. To test this,
we labeled the cells with the tracer dye CellTrace Violet and
analyzed the reduction in tracer dye intensities. The profile for
the reduction in tracer dye intensities suggested that Tspo2�/�

cells slightly lagged behind the control cells in cell division (Fig.
9I). In Tspo2�/� cells, therefore, the alteration in the cell-cycle
progression but not the number of cell divisions is likely to
account for the delayed terminal maturation.

Together with an increase in apoptotic cells associated with
cell-cycle arrest (Fig. 7), these data supposed that multiple cel-
lular factors inherent to cell-cycle progression and apoptosis
were affected by aberration of Tspo2. Actually, the mRNA
expression levels of the genes involved in negative control of
erythropoiesis through apoptosis, such as Fas, Fasl, and Trail
(2, 31, 32), were higher in Tspo2�/� MEDEP cells compared
with control cells through the maturation process with an
exception at 24 h following induction (Fig. S4). mRNA levels of

Figure 9. Impaired maturation in Tspo2 knockout MEDEP cells. Control (Control) and Tspo2�/� (Tspo2�/�) MEDEP cells were incubated as described in the
legend to Fig. 8. A and B, cells were collected at the indicated time, and the color of cell pellets (A) and hemoglobin (B) contents was examined. In B, data are
expressed as the means 	 S.D. (error bars) (n � 3). *, p 
 0.05; **, p 
 0.01. C and D, representative data for CD71 versus TER119 in control and Tspo2�/� MEDEP
cells at the indicated time of incubation (C). The cells are divided into four fractions (I–IV) as indicated in C, and the relative abundance (%) of the cells in each
fraction at different time points is shown in D. Data are expressed as the mean values (n � 3). S.D. values are not shown for simplification. *, p 
 0.05. In D, control
and Tspo2�/� cells are indicated as C and KO, respectively. E–H, representative data from three independent flow cytometric analyses for cell-surface CD44
versus cell counts in control and Tspo2�/� cells at the indicated time in culture (E) and CD44 versus FSC at 48 h (F). P1 fractions from control and Tspo2�/� cells
shown in F were analyzed for the abundance relative to the total numbers of cells (G) and MFI of CD44 (H). Data are expressed as the means 	 S.D. (n � 3). **,
p 
 0.01. I, control and Tspo2�/� cells were labeled with a tracer dye CellTrace Violet and chased for the decline of incorporated dye by flow cytometry.
Representative data from four independent analyses is shown for the fluorescent intensity versus cell counts at 0, 24, and 48 h after labeling.
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p16 and p53 involved in cell-cycle progression and apoptosis of
erythroid cells (1, 33–35) were also higher in Tspo2�/� cells
(Fig. S4).

Integrating the findings from MEDEP cells, Tspo2�/� mice,
and HK dogs implies that the Tspo2 defect causes the delays in
multifaceted events during terminal erythroid differentiation
and cell-cycle progression.

Discussion

The findings from the present study revealed an important in
vivo functional role for TSPO2 in both maturation and prolif-
eration of late-stage erythroblasts. The noted defects are prom-
inent in basophilic, polychromatic, and orthochromatic eryth-
roblasts, the erythroid differentiation stages at which TSPO2 is
highly expressed (19). Considering the reduced cell prolifera-
tion and hemoglobinization in Tspo2�/� MEDEP cells and ane-
mic phenotypes in Tspo2�/� mice, the TSPO2 defect may
reduce the efficiency of RBC production by �50%. The finding
that key erythroid genes in terminal erythropoiesis, such as
Gata1, Klf1, TfR, Alas2, Hba, Hbb, and Setd8 (1–3, 36), are
expressed at similar levels in control and Tspo2�/� MEDEP
cells implies that TSPO2-deficient erythroblasts are able to exe-
cute principal aspects of the terminal erythropoiesis program.
As there is no reduction in the number of cell divisions prior to
enucleation in TSPO2-deficient cells, perturbed maturation
and cell proliferation due to the TSPO2 defects are most likely
attributable to a delayed cell-cycle progression associated with
impaired cytokinesis and death of the cells with cytokinesis fail-
ure. Although TSPO2 has originally been suggested to have a
role in cholesterol redistribution in erythroblasts (19), the func-
tional sequela of this observation was not defined. Our findings
have implicated a major functional role for TSPO2 in
erythropoiesis.

Because cholesterol is an essential component of cell mem-
branes, proliferating cells have highly active cholesterol metab-
olism. Indeed, frequent hypocholesterolemia in patients with
chronic anemias (24) and acute leukemia (37) suggests
increased demand for cholesterol in proliferation of hemato-
poietic cells. In cytokinesis, cholesterol is essential for vesicular
trafficking to form a membrane domain at the cleavage furrow
ingression (38, 39) and mid-body tubules, a novel membrane-
bound intracellular bridge (40). Lack of availability of choles-
terol therefore causes cells to spend a prolonged period in cyto-
kinesis and an increase in multinucleation (40). Furthermore,
earlier studies had demonstrated that cholesterol starvation in
human leukemia HL-60 cells induces the inhibition of cell pro-
liferation and cell-cycle arrest selectively in G2/M phase and the
consequent formation of multinucleated polyploid cells (41–
43). The phenotypes observed in several distinct models in our
study are compatible with such reported manifestations and
confirm that cholesterol is essential for cell division and cell-
cycle progression in hematopoiesis. Notably, a profound reduc-
tion in cholesterol content in Tspo2�/� MEDEP cells strongly
suggests that the Tspo2 aberration causes cholesterol depletion
in maturing erythroblasts. Taken together, our findings with
both in vivo and in vitro models imply that restricted availability
or depletion of cholesterol is most likely the primary cause for
the impairments in cell-cycle progression and cytokinesis due

to the TSPO2 defect. Lack of reduction in total plasma choles-
terol levels found in our Tspo2�/� mice is likely due to the
modest anemic phenotype compared with patients with more
severe anemia and markedly increased erythropoietic activity
that result in reductions in hemoglobin and total cholesterol of
�70 and 50%, respectively (24). Further studies in Tspo2�/�

mice and MEDEP cells under various cholesterol levels will be
required to investigate the role of TPSO2 in physiological mat-
uration and proliferation of late-stage erythroblasts.

Moreover, it is intriguing that ablation of RhoA GTPase has
previously been shown to play a significant role in cytokinesis
and abscission through cleavage furrow, impairs cytokinesis,
and leads to cell-cycle arrest and cell death in murine fetal
erythroblasts. Cytokinesis failure in RhoA-deficient erythro-
blasts at basophilic to orthochromatic stages manifested as
polyploidy, maturation delay, cell-cycle arrest in G2/M phase,
and increased cell death (35). These erythroblast phenotypes
are very similar to those observed in our mouse or dog models
of TSPO2 deficiency. The major difference was that the failure
of definitive erythropoiesis in RhoA deficiency caused pro-
found reduction in maturing erythroblasts and fetal death,
whereas TSPO2 deficiency caused modest and compensated
anemia. Defective cytokinesis in RhoA-deficient erythroblasts
resulted in increased phosphorylation of p53 and transcrip-
tional up-regulation of p21, leading to cell-cycle arrest and apo-
ptotic cell death (35). Although it is unclear how TSPO2 defect
leads to cytokinesis failure, increased mRNA levels of genes
inherent to the cell cycle or apoptosis, such as p53, p16, Fas/
Fasl, and Trail, in maturing Tspo2�/� MEDEP cells suggest
that the downstream cell-cycle arrest and cell death caused by
the TSPO2 defect occurs through a mechanism similar to that
observed in RhoA-deficient erythroblasts (35) and/or through
increased activities of other apoptotic pathways in late-stage
erythroblasts (31–34).

Our work also demonstrated that the expression of cTSPO2
in K562 cells causes cholesterol accumulation in the ER. In gen-
eral, the ER receives cholesterol from the plasma membrane,
other intracellular organelles including the endocytic recycling
compartment and the trans-Golgi network, or via de novo syn-
thesis and then recycles it back to the plasma membrane
through several distinct pathways (44 –47). Excess cholesterol
is esterified and stored as CEs in lipid droplets and is released
again after esterification hydrolysis when needed. Interestingly,
both of these conversions occur in the ER (46, 48), and it is
suggested that excess cholesterol is exported from the ER rather
than being esterified (48). As the appearance of TSPO2 parallels
down-regulation of de novo synthesis of cholesterol during
erythroblast maturation (19), we suggest that TSPO2 partici-
pates in redistribution, including accumulation of free choles-
terol in the ER, from internal or extracellular resources to effi-
ciently provide cholesterol to the plasma membrane. Our
finding of a reduction in CEs and a simultaneous increase in
free cholesterol in K562 cells expressing WT cTSPO2 and the
decreased cholesterol availability in Tspo2�/� MEDEP cells are
supportive of this thesis and suggest that lipid droplets can be
the intracellular source of cholesterol. Moreover, this assump-
tion is consistent with role for a the cholesterol-enriched mem-
brane domain that has been implicated in vesicular trafficking
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and cytokinesis (38 –40). It is also compatible with the require-
ment of cholesterol in enucleation that involves endocytic
vesicular trafficking, Rac GTPase– dependent assembly of lipid
rafts, and coalescence of lipid rafts between reticulocytes and
pyrenocytes (23, 49). On the other hand, cholesterol levels in
the ER have been shown to selectively regulate secretory pro-
tein trafficking through the COPII vesicular transport pathway
(50 –52). Accordingly, a possible regulation of cholesterol levels
in the ER by TSPO2 may also affect the ER-to-Golgi transport
and the plasma membrane expression of some membrane pro-
teins during erythropoiesis.

Thus, the TSPO2 defects result in immature RBC pheno-
types, as demonstrated in HK dog RBCs (13, 17, 22), presum-
ably due to the delayed and incomplete maturation. The HK
RBC trait in dogs is a recessive phenotype that depends on the
total loss of Na,K-ATPase in erythrocytes. However, the TSPO2
defects appear to have dominant effects in erythropoiesis, as
demonstrated by the cTSPO2 contents in dog RBC membranes
as well as the erythroid phenotypes in the knockout mice,
although they have modest RBC phenotypes (12, 13, 15). One
inconsistency in our models is that TSPO2 defects result in a
larger size of nascent reticulocytes both in dog BM-derived
erythroblasts and in MEDEP cells, whereas there was no signif-
icant difference in the size of circulating RBCs in knockout
mice. This discrepancy may be attributable to a further matu-
ration of released reticulocytes by phagolysosome expulsion of
organelles (6) and the plasma membrane remodeling (7–9).
Indeed, HK erythrocytes possess no remnant organelles, and
HK and LK reticulocytes exhibit similar changes in the mem-
brane protein composition by proteolysis or exosome expulsion
during maturation into erythrocytes (12, 13). Thus, TSPO2 is
essential for survival and coordinated maturation and prolifer-
ation of erythroblasts, whereas it is dispensable in further mat-
uration of the enucleate progeny.

Apart from the cholesterol-related function, TSPO2 has
recently been reported to be involved in the membrane trans-
port of a heme analogue protoporphyrin IX or ATP in human
RBCs by forming a supramolecular complex with the voltage-
dependent anion channel and adenine nucleotide transporter
(22, 53). A mitochondrial paralogous protein, TSPO, also forms
a complex with voltage-dependent anion channel and adenine
nucleotide transporter to mediate various mitochondrial
functions, including cholesterol and porphyrin transport,
generation of reactive oxygen species, and cell proliferation
(20, 21). Although we have shown that the TSPO2 mutations
affect the cTSPO2 contents in canine RBCs, it remains
unknown whether it has some effect on the functions and
characteristics of mature RBCs. Further studies need to
define whether TSPO2 is involved in the formation of a sim-
ilar protein complex and its relevant membrane transport
function in the ER in erythroblasts.

In conclusion, the present study has identified a regulatory
role of TSPO2 on cell-cycle progression and cytokinesis in
erythropoiesis. Although the precise mechanism remains to be
fully defined, TSPO2 appears to play an essential role in main-
taining cholesterol availability, leading to harmonized matura-
tion and proliferation of late erythroblasts.

Experimental procedures

Animals

The dogs used in this study included 15 Japanese mongrel
dogs with HK or LK RBCs (mixed breed of Shiba; Fig. 1A), a
purebred Shiba with HK RBCs, and eight beagles with LK RBCs.
These dogs appear clinically healthy, although the HK RBCs
had a shortened lifespan, increased mean corpuscular volume,
and normal mean corpuscular hemoglobin compared with the
LK cells (15, 17, 18). Tspo2�/� mice were produced as
described below. Dogs and mice were kept at the animal exper-
imentation facility of the Graduate School of Veterinary Med-
icine, Hokkaido University. All experimental procedures were
reviewed and approved by the Laboratory Animal Experimen-
tation Committee, Graduate School of Veterinary Medicine,
Hokkaido University with approval numbers 15-0017, 15-0019,
and 15-0023.

Antibodies

Rabbit anti-canine TSPO2 (cTSPO2) antibody was raised
against the synthetic C-terminal pentadecapeptide of cTSPO2
(NH2-CPNHHQPLPMGEKRD-COOH) and was purified by
affinity chromatography on the antigen peptide-coupled
HiTrap NSH-activated resin (GE Healthcare). Other antibodies
used are anti-canine Na,K-ATPase �-subunit (12), anti-human
stomatin (13), phycoerythrin (PE)-conjugated anti-mouse
CD71 (BD Pharmingen), PE-Cy7– conjugated anti-mouse
CD44 and FITC-conjugated anti-mouse TER119 (both from
Tonbo Biosciences, Tokyo, Japan), and allophycocyanin
(APC)-conjugated anti-mouse CD45.2, Gr1, and CD11b (all
from BioLegend). Secondary antibodies labeled with Alexa
Fluor 488 or 568 were obtained from Molecular Probes.

Genome-wide linkage analysis and mutation analysis

Whole-genome genotyping was performed with CanineSNP50
BeadChip (Illumina) on the dogs described above. Genomic
DNA was prepared from peripheral blood using a QIAamp
DNA blood minikit (Qiagen). The SNP genotyping data were
analyzed for homozygosity mapping by allelic association anal-
ysis using PLINK software (54). All exons of the candidate genes
in the critical region (chromosome 12, 9.4 –10.7 Mb; Fig. 1B)
were amplified by PCR (primers listed in Table S1) from
genomic DNA obtained from the HK and LK dogs, and their
nucleotide sequences were determined. After defining the
mutations in TSPO2, dogs were genotyped by KpnI digestion
or sequencing of appropriate PCR fragments for the C40Y or
VFT mutations, respectively. DNA sequences of WT, C40Y,
and VFT cTSPO2 were deposited in GenBankTM with acces-
sion numbers MN397823, MN397824, and MN397825,
respectively.

Generation of K562 cells stably expressing cTSPO2

cTSPO2 and the mutant cTSPO2 cDNAs were amplified by
PCR, cloned into a lentiviral vector, and transduced into K562
cells to produce cells stably expressing the WT, C40Y, and VFT
cTSPO2 as described previously (55). We confirmed that the
expression of endogenous human TSPO2 was at an undetect-
able level in control K562 cells by PCR as reported previously
(19).
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Production of Tspo2 knockout mice

The Tspo2 mutant mice were generated by CRISPR/Cas9-
mediated gene knockout (56) by injecting the exon 3-specific
sgRNA (5�-CTTTGTAGGTGTGCCC-3�), Cas9 mRNA, and
the single-strand donor DNA (5�-CTTTGTAGGTGTGC-
CCtaatagactagtctagCTGcag-3�) into the pronucleus of em-
bryos of C57BL/6 mice. The donor DNA contained several
mutations to create terminating codons and restriction sites
(shown in lowercase) at the targeted region. The founder
mouse obtained was compound heterozygous for a deletion
mutation of 105 nucleotides (�105, g.1374_1478del) and an
insertion mutation of 2 nucleotides (Ins2, g.1486_1487insCG).
This mouse was backcrossed to C57BL/6 mice to generate
heterozygous (Tspo2�/�) offspring for two independent muta-
tions �105 and Ins2, and mice were crossed within the same
strain to obtain WT (Tspo2�/�), heterozygous (Tspo2�/�), and
homozygous (Tspo2�/�) progeny. In this study, we used mice
with the �105 mutation. Mice were genotyped by PCR followed
by digestion of the PCR products with PstI (Fig. S2).

Complete blood count

The complete blood count was carried out for blood from
animals using the hematology analyzer ProCyte (IDEXX Labo-
ratories). Reticulocytes were counted after supravital staining
with new methylene blue.

Morphology and culture of bone marrow cells

BM cells from dogs and mice were stained with Wright–
Giemsa for morphological examination. Mononuclear cells
from dog BM were cultured using two-phase liquid culture (57).
Briefly, the cells were grown for 7 days in Iscove’s modified
Dulbecco’s medium containing 15% fetal bovine serum, 10
�g/ml insulin (Sigma), 1 �M �-mercaptoethanol, 10 ng/ml stem
cell factor, and 1 ng/ml interleukin-3 (both from R&D Systems),
200 �g/ml holo-transferrin (Wako Pure Chemicals, Japan), and
3 units/ml erythropoietin (Kyowa-Kirin, Japan) and then differ-
entiated (second phase) in a similar medium supplemented
with 10 units/ml erythropoietin, 1 �M triiodothyronine, and
800 �g/ml transferrin for 10 days. At appropriate intervals dur-
ing the second phase of culture, cytospin smears of cells in
culture were stained with Wright–Giemsa, and the size of
extruded nuclei (pyrenocytes) and nascent reticulocytes gener-
ated by enucleating cells were determined using ImageJ
(National Institutes of Health).

Preparation of Tspo2�/� MEDEP-BRC5 cell line and culture

MEDEP-BRC5 cells (25) were purchased from the Riken
Bioresource Research Center (Tsukuba, Japan). Tspo2�/�

MEDEP-BRC5 cells were generated by the CRISPR/Cas9-me-
diated gene knockout technique (58). Briefly, mouse Tspo2
exon 1–specific sgRNA (5�-GTCAGCATCCAGTCGGGTGT-
G-3�) was inserted into BbsI-treated pX330-U6-Chimeric_BB-
Cbh-hSpCas9 (Addgene). MEDEP cells were transfected with
this plasmid and pCDH-CMV-MCS-puro (Addgene). Two
days later, cells were selected for 48 h with 1 �g/ml puromycin
and cloned by limiting dilution. We obtained two independent
clones of Tspo2�/� cells. The clone KO13 was compound

heterozygous for p.Arg29fs (c.85_88del) that resulted in a pre-
mature termination and p.Ser27X (c.80_90del) mutations. The
other clone KO26 was homozygous for p.Cys30X (c.89_90del)
mutation. The derived cells were maintained and induced into
terminal differentiation as reported previously (25). Pyrenocyte
and reticulocyte sizes were measured as described above, and
hemoglobin contents were measured (59). Because clones
KO13 and KO26 showed impairments similar to each other in
cell proliferation and hemoglobinization, further studies were
carried out on the clone KO13.

Flow cytometry of bone marrow cells and cultured cells

Flow cytometric analysis for expression of phenotypic mark-
ers of erythropoiesis followed the established protocol (29, 30).
Bone marrow cells from mice or cultured MEDEP cells (0.5
�1 � 106) were stained with PE-conjugated anti-CD71, FITC-
conjugated anti-TER119, and PE-Cy7– conjugated anti-CD44.
After washing with PBS plus 0.2% BSA, cells were reacted with
APC-conjugated streptavidin in PBS plus 0.2% BSA followed by
washing in the same buffer. Bone marrow cells were collected
from femurs of 20-week-old mice. The cells were washed in PBS
plus 0.2% BSA and stained with the same antibodies described
above and APC-conjugated anti-CD45.2/Gr1/CD11b antibod-
ies followed by washing in PBS plus 0.2% BSA. Finally, these
cells were stained with the viability marker propidium iodide
(PI) and analyzed on a FACSVerse flow cytometer (BD Biosci-
ences). Data were analyzed by FlowJo version 10 (FlowJo).

Cholesterol uptake and intracellular distribution

The uptake of NBD-cholesterol was carried out as described
previously (19). Intracellular unesterified cholesterol and CEs
were stained with filipin III and Nile Red, respectively. Endocy-
tosis of FITC-conjugated transferrin was also examined (60).
Cholesterol accumulation in the ER of K562 cells was analyzed
by SREBP-mediated stimulation of the reporter gene driven by
the LDLR promoter (28, 44). A reporter plasmid pGL4LDLR-
Luc was constructed as reported previously (28). Briefly, �308
to �61 of human LDLR promoter region was amplified by PCR
from genomic DNA of K562 cells, cloned, and inserted into
pGL4.17 vector (Promega). K562 cells stably expressing WT,
C40Y, or VFT cTSPO2 and the cells transduced with empty
vector were transfected with pGL4LDLR-Luc. Simultaneously,
an internal control luciferase plasmid pGL4.74 (Promega) was
also transfected for normalization. Luciferase activity was
determined using a Dual-Luciferase reporter assay system
(Promega).

Analyses of cell division, cell cycle, and apoptotic cell death

Flow cytometric analysis for cell division using CellTrace
Violet (Thermo Fisher) was carried out as recommended by the
manufacturer using a FACSAriaII cell sorter (BD Bioscience),
and the number of cell divisions was estimated as reported pre-
viously (10). For cell-cycle analysis, cells were harvested and
washed in PBS followed by fixation in chilled 70% ethanol plus
PBS. Fixed cells were incubated at 37 °C for 30 min in PBS
containing 250 �g/ml RNase. Then PI was added to obtain 50
�g/ml, and the cells were incubated for 30 min on ice followed
by flow cytometric analysis. Apoptotic cell death was analyzed

TSPO2 is essential for terminal erythroid differentiation

8060 J. Biol. Chem. (2020) 295(23) 8048 –8063

https://www.jbc.org/cgi/content/full/RA119.011679/DC1


by flow cytometry using the Annexin V-FITC apoptosis detec-
tion kit (BioVision).

Other procedures

Immunofluorescence microscopy, SDS-PAGE and immuno-
blotting, PCR, quantitative RT-PCR, transfection of the plas-
mids into cultured cells, protein concentration determination,
and total cholesterol measurement were performed as de-
scribed previously (13, 55, 61).

Statistical analysis

Unpaired two-tailed statistical analysis or Mann–Whitney U
test for nonparametric data was performed on GraphPad
Prism. All analyses were considered statistically significant at
p 
 0.05.

Data availability
DNA sequences were deposited in GenBankTM with accession

numbers MN397823, MN397824, and MN397825. All other data are
contained within the article and supporting information.
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