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ABSTRACT Mitochondria play essential and specific roles during erythroid differentia-
tion. Recently, FAM210B, encoding a mitochondrial inner membrane protein, has been
identified as a novel target of GATA-1, as well as an erythropoietin-inducible gene.
While FAM210B protein is involved in regulate mitochondrial metabolism and heme bio-
synthesis, its detailed function remains unknown. Here, we generated both knockout
and knockdown of endogenous FAM210B in human induced pluripotent stem-derived
erythroid progenitor (HiDEP) cells using CRISPR/Cas9 methodology. Intriguingly, ery-
throid differentiation was more pronounced in the FAM210B-depleted cells, and this
resulted in increased frequency of orthochromatic erythroblasts and decreased frequen-
cies of basophilic/polychromatic erythroblasts. Comprehensive metabolite analysis and
functional analysis indicated that oxygen consumption rates and the NAD (NAD1)/
NADH ratio were significantly decreased, while lactate production was significantly
increased in FAM210B deletion HiDEP cells, indicating involvement of FAM210B in mi-
tochondrial energy metabolism in erythroblasts. Finally, we purified FAM210B-interact-
ing protein from K562 cells that stably expressed His/biotin-tagged FAM210B. Mass
spectrometry analysis of the His/biotin-purified material indicated interactions with
multiple subunits of mitochondrial ATP synthases, such as subunit alpha (ATP5A) and
beta (ATP5B). Our results suggested that FAM210B contributes prominently to ery-
throid differentiation by regulating mitochondrial energy metabolism. Our results pro-
vide insights into the pathophysiology of dysregulated hematopoiesis.

KEYWORDS FAM210B, mitochondria, erythroid differentiation, mitochondrial ATP
synthase

GATA-1 is the founding member of the GATA family of transcription factors. This fam-
ily contains a zinc finger domain that recognizes the DNA-binding consensus site

(A/T)GATA(A/G) (1) in gene promoters. GATA-1 is critical for erythroid differentiation, as
shown by cell-based ex vivo assays and gene deletion mouse models (2–4). GATA-1 regu-
lates the expression of numerous erythroid-specific genes, including erythroid transcription
factors, signaling molecules, and membrane proteins (5–7). Despite much research on the
GATA-1 family, there are many uncharacterized genes that may contribute to erythroid dif-
ferentiation in vivo (5–7). Given the pleiotropic roles of GATA-1-regulated genes, it is likely
that identification and characterization of novel GATA-1 target genes would provide valua-
ble new insights into erythroid biology (4, 5).

Mitochondria play essential and specific roles during erythroid differentiation. In early-
lineage commitment from hematopoietic stem cells, mitochondria regulate the progres-
sion from pluripotency to a differentiated state (8). In late erythropoiesis, mitochondria
play a role in iron metabolism and heme biosynthesis and in reticulocyte maturation (8, 9).
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Mitochondria drive their own elimination through mitophagy in the process of erythrocyte
maturation (10, 11). The transition from cell expansion to cell differentiation has been cor-
related with a metabolic switch from glycolysis to oxidative phosphorylation; however,
these activities during erythroid differentiation remain to be fully elucidated. We recently
identified the gene encoding the mitochondrial protein; that is FAM210B (indicating the
family with sequence similarity 210 member B, also known as C20orf108) as a previously
unrecognized target of GATA-1 (12). The FAM210B gene encodes an inner mitochondrial
protein and is abundantly expressed in the later stages of erythroid differentiation (12, 13).
While studies in breast cancer cells have suggested that the FAM210B protein may regulate
mitochondrial oxidation (14), its detailed function in primary erythroblasts remains is
unknown.

In the present study, we extended the characterization of FAM210B protein in ery-
throid cells. We generated FAM210B-deficient cells using CRISPR/Cas9-based genome
editing and conducted comprehensive metabolite analysis to reveal the role of
FAM210B in mitochondrial metabolism during erythroid differentiation. We performed
mass spectrometry to identify proteins that coimmunoprecipitated with His/biotin-
tagged FAM210B and reveal detailed mechanistic insights.

RESULTS
Generation of FAM210B-depleted erythroid progenitor cell lines. First, we con-

formed that endogenous FAM210B protein was abundantly detected in a mitochon-
drial fraction of HiDEP cells (Fig. 1A). Then, we generated both FAM210B-knockdown
and -knockout HiDEP cell lines (Fig. 1B to D) with CRISPR/Cas9-mediated gene editing
to rule out the possibility of an off-target effect. No significant impact on cell prolifera-
tive activity was observed with FAM210B depletion in HiDEP cells (Fig. 1E). There was
also no significant impact on either the intracellular heme concentration (Fig. 1F) or
the expression of erythroid-related genes, such as ALAS2 (59-aminolevulinate synthase
2), HBG (hemoglobin subunit gamma), HBA (hemoglobin subunit alpha), and HMOX1
(heme oxygenase 1; Fig. 1G). We compared gene expression profiling in FAM210B-
knockout and control HiDEP cells to predict the consequences of FAM210B depletion.
The analysis revealed .1.5-fold up- and downregulation of 100 and 56 genes, respec-
tively (Fig. 1H; see also Table S1 in the supplemental material). Quantitative RT-PCR-
based validation analysis confirmed upregulation of the genes asparagine synthase
(ASNS) and aldo-keto reductase family 1 member B (AKR1B1) and downregulation of
the gene tetratricopeptide repeat domain 19 (TTC19) in FAM210B-knockout HiDEP cells
(Fig. 1I). GO analysis identified significant enrichment of genes involved in extracellular
vesicle and RNA binding (P = 0.01 and 0.04, respectively; Fig. 1J). Of note, the downre-
gulated cohort includes TTC19, which encodes a protein involved in mitochondrial re-
spiratory chain complex III assembly (15); mitochondrial alanyl-tRNA synthase (AARS2),
which can contribute to mitochondrial cardiomyopathy (16); and chloride intracellular
channel 1 (CLIC1), which regulates mitochondrial membrane potential (17) (Fig. 1H; see
also Table S1). On the other hand, the upregulated cohort includes mitochondrial ribo-
somal protein L53 (MRPL53), transmembrane protein 126A (TMEM126A), which is
located at mitochondrial inner membrane and is necessary for the correct function of
mitochondrial complex I (18), cytochrome c1 (CYC1), which is a heme-containing subu-
nit of mitochondrial complex III and is required for energy production (19), NADH:ubiq-
uinone oxidoreductase subunit B1 (NDUFB1), which is a component of mitochondrial
complex I (20), pyruvate dehydrogenase complex component X (PDHX), which is
located at mitochondrial matrix and is involved in the pathophysiology of Leigh’s dis-
ease (21), and pantothenate kinase 2 (PANK2), which encodes an enzyme critical for
the biosynthesis of coenzyme A (22) (Fig. 1H; see also Table S1 in the supplemental
material). Thus, while the GO analysis failed to identify significant enrichment of genes
involved in mitochondrial biology, FAM210B depletion in erythroblasts might be asso-
ciated with altered mitochondrial metabolism.
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Erythroid differentiation was more pronounced in FAM210B-depleted HiDEP
cells. Studies on human and mouse primary erythroblasts indicated that FAM210B
undergoes upregulation during later stages of erythroid differentiation (12, 13). HiDEP
cells largely correspond to the proerythroblast stage (23) and, as such, phenotypic
changes resulting from FAM210B depletion might be difficult to detect (Fig. 1). Thus,
we differentiated FAM210B-depleted HiDEP clones from later-stage erythroblasts by
coculturing with OP9 stromal cells and the addition of ferrous iron (24) (Fig. 2A). We
first evaluated FAM210B mRNA expression kinetics for up to 10 days during erythroid
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FIG 1 Deletion of endogenous FAM210B in HiDEP cells. (A) Western blot analysis to detect endogenous
FAM210B protein in HiDEP cells. Whole-cell lysates (W) were separated into mitochondrial (Mt) and cytosolic (Cy)
fractions, with the purity of each fraction validated based on a-tubulin (cytosolic) and HSP60 (mitochondrial). (B)
Sequence analysis of FAM210B-KD (knockdown) and FAM210B-KO (knockout) HiDEP cells. (C and D) Quantitative
RT-PCR analysis (C) and Western blot analysis (D) of FAM210B and HSP60 expression in wild-type, FAM210B-KD
(knockdown), and FAM210B-KO (knockout) HiDEP cells (n = 3, means 6 the standard deviations [SD]). Each
mRNA level was normalized to GAPDH (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001). Blots probed
with anti-a-tubulin were used as loading controls. (E and F) Changes in the total numbers of cells (E) and
intracellular heme concentrations (F) by FAM210B knockdown or knockout (n = 3, means 6 the SD). (G)
Quantitative RT-PCR analysis of transcripts encoding ALAS2, HBG, HBA, and HMOX1 in wild-type, FAM210B-KD,
and FAM210B-KO HiDEP cells, all normalized to GAPDH (n = 3, means 6 the SD; *, P , 0.05; **, P , 0.01). (H)
Expression profiling of wild-type and FAM210B-KO HiDEP cells. The heat map depicts the fold changes in
expression secondary to FAM210B knockout; the 50 most upregulated and most downregulated genes are
shown. (I) Quantitative RT-PCR analysis of transcripts encoding ASNS, AKR1B1, and TTC19 in wild-type, FAM210B-
KD, and FAM210B-KO HiDEP cells, all normalized to GAPDH (n = 3, means 6 the SD; *, P , 0.05; **, P , 0.01). (J)
Gene Ontology (GO) analysis for differentially expressed genes by .1.5-fold after FAM210B knockout.
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differentiation of wild-type HiDEP cells. We then confirmed that expression was upreg-
ulated in the later stages of erythroid differentiation (Fig. 2B and C). The FAM210B
expression pattern was similar to the pattern observed with other GATA-1 target genes
(ALAS2, HBA, and HBB) as well as HMOX1, which was also upregulated in the later stage
of erythroid differentiation (25). In addition, the oxygen consumption rate (OCR) was
significantly decreased with induction of erythroid differentiation (Fig. 2D), indicating
that erythroid differentiation was accompanied by decreased mitochondrial activity.
To estimate the consequences of decreased OCR on mitochondrial metabolism, we
evaluated the expression of SLC16A1, encoding lactate transporter MCT1 (26), demonstrat-
ing that the gene was moderately increased in a later stage of erythroid differentiation

GO term N p-value
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FIG 1 (Continued)
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FIG 2 Kinetics of FAM210B expression during erythroid differentiation of HiDEP cells. (A) Protocol for erythroid differentiation of HiDEP cells.
SFC, sodium ferrous citrate; IMDM, Iscove modified Dulbecco medium. (B) May-Grunewald-Giemsa staining of wild-type HiDEP cells in

(Continued on next page)
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(Fig. 2E). Though we did not directly evaluate lactate levels, the results might imply that
lactate levels were increased during erythroid differentiation.

Intriguingly, we found that FAM210B-knockdown and -knockout cells exhibited a
higher proportion of orthochromatic erythroblasts and a lower proportion of baso-
philic/polychromatic erythroblasts at day 6 of differentiation (Fig. 3A and B). This indi-
cated promotion of erythroid differentiation. Concomitantly, the intracellular heme
concentration at day 6 was significantly enhanced by FAM210B depletion (Fig. 3C).
Flow cytometric analysis suggested that erythroid differentiation was more pro-
nounced in FAM210B-depleted HiDEP cells upon inducing erythroid differentiation on
day 4, as indicated by marginally increased frequency of CD235a1/CD71– in FAM210B-
knockout cells (Fig. 3D). Quantitative RT-PCR analysis confirmed significant upregula-
tion of erythroid genes (i.e., ALAS2, HBG, HBA, and HMOX1), as well as SLC2A1, which
encodes glucose transporter (GLUT1), which is abundantly expressed in erythrocytes
(27) (Fig. 3E). Taken together, these findings show that HiDEP cells are capable of more
profound erythroid differentiation after the depletion of endogenous FAM210B.

FAM210B is involved in mitochondrial energy metabolism. Based on the poten-
tial role of FAM210B in mitochondrial energy metabolism (Fig. 1), we evaluated OCR in
both wild-type and FAM210B-depleted cells. As shown in Fig. 4A, FAM210B-depleted
HiDEP cells exhibited significantly lower OCR. Although oxidative phosphorylation is
tightly associated with ATP production, the ATP level in the culture medium was not
significantly decreased by FAM210B depletion (Fig. 4B). While glucose consumption
was not affected, lactate production in the culture medium was significantly increased
with FAM210B knockout (Fig. 4C and D), indicating a shift toward anaerobic glycolysis.
Because lactic acidosis could be induced by dysfunction of the mitochondrial complex
I (28), which is responsible for controlling the NAD1/NADH redox ratio, we also eval-
uated the status of NAD1/NADH (Fig. 4E), demonstrating that the ratio was signifi-
cantly decreased by FAM210B depletion. Because accumulation of lactate could be
induced by the dysfunction of mitochondrial pyruvate carrier (MPC1 and MPC2)
(29, 30), we evaluated the expressions of these genes, demonstrating that FAM210B
depletion did not significantly compromise the expression of MPCs (Fig. 4F and G).

Next, we elucidated the global metabolic changes induced by FAM210B depletion.
We confirmed weakly decreased intracellular ATP levels in FAM210B depleted cells (rel-
ative areas, 0.0321 and 0.0225 for wild-type cells and FAM210B knockout HiDEP cells,
respectively; Fig. 5A; see also Table S2). In contrast to increased lactate level in the cul-
ture media (Fig. 4D), intracellular lactate levels were not significantly increased by
FAM210B knockout (Fig. 4H and 5A). In addition, the analysis indicated that metabo-
lites derived from acetyl coenzyme A (acetyl-CoA), such as citric acid and isocitric acid,
were decreased by FAM210B depletion, whereas the a-ketoglutaric acid (2-oxoglutaric
acid [2-OG]) level was almost comparable, indicating that tricarboxylic acid (TCA) cycle
activity might not be globally compromised by FAM210B depletion (Fig. 5A and B; see
also Table S2). Based on electron microscopy assessment, we noticed smaller mitochon-
drial sizes with FAB210B depletion (Fig. 5C), while the total amount of mitochondria was
not significantly affected (Fig. 5D). We also quantified the amount of mitochondrion-spe-
cific protein (HSP60), as well as mtDNA (Fig. 1D and 5F), demonstrating that FAM210B
depletion did not affect mitochondrial content. Taken together, these results indicated
that FAM210B may be involved in mitochondrial energy metabolism in erythroblasts.

FAM210B interacts with multiple subunits of mitochondrial ATP synthases.
Human FAM210B is a mitochondrial inner membrane protein that has been predicted
to function as an adaptor protein (12, 13). We hypothesized that FAM210B may interact

FIG 2 Legend (Continued)
coculture with OP9 stromal cells for 0, 2, 4, 6, 8, and 10 days. (C) Quantitative RT-PCR analysis of transcripts encoding FAM210B, ALAS2,
HMOX1, HBG, and HBA during erythroid differentiation of wild-type HiDEP cells for 0, 2, 4, 6, 8, and 10 days, normalized to GAPDH (n = 3,
means 6 the SD). (D) Basal oxygen consumption rate (OCR) in wild-type HiDEP cells at days 0, 3, and 6 of erythroid differentiation (n = 3,
means 6 the SD; *, P , 0.05). (E) Quantitative RT-PCR analysis of transcripts encoding SLC16A1 during erythroid differentiation of wild-type
HiDEP cells for 0, 2, 4, 6, 8, and 10 days, normalized to GAPDH (n = 3, means 6 the SD).
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directly with many mitochondrial proteins and may be involved in mitochondrial
energy metabolism. To explore this issue, FAM210B-interacting proteins were purified
from genetically modified K562 cells that stably expressed His/biotin-tagged FAM210B
(Fig. 6A and B). Our results showed significant enrichment of multiple subunits of mito-
chondrial ATP synthases in association with FAM210B, especially subunits alpha
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FIG 4 Altered mitochondrial metabolism by FAM210B depletion. (A) Basal and maximum (FCCP-treated) oxygen consumption rates in
wild-type, FAM210B-KD, and FAM210B-KO HiDEP cells shown at day 3 of erythroid differentiation (n = 3, means 6 the SD; *, P , 0.05;
**, P , 0.01; ***, P , 0.001). (B to D) ATP production (B), glucose consumption (C), and lactate production in the culture supernatant
(D) in wild-type, FAM210B-KD, and FAM210B-KO HiDEP cells (n = 3, means 6 the SD; *, P , 0.05; **, P , 0.01; ***, P , 0.001). (E)
Total NAD1(H) level, NADH level, NAD1 level, and NAD1/NADH ratio (right) in wild-type, FAM210B-KD, and FAM210B-KO HiDEP cells
(n = 3, means 6 the SD; *, P , 0.05). (F and G) Quantitative RT-PCR analysis of MPC1 (F) and MPC2 (G) mRNA, all normalized to GAPDH
in wild-type, FAM210B-KD, and FAM210B-KO HiDEP cells (n = 3, means 6 the SD; *, P , 0.05). (H) Intracellular lactate level in wild-type,
FAM210B-KD, and FAM210B-KO HiDEP cells (n = 3, means 6 the SD).
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(ATP5A) and beta (ATP5B), based on an affinity purification method (Fig. 6C; see also
Table S3). Immunoprecipitation of His/biotin-tagged FAM210B using streptavidin
beads confirmed interactions with endogenous ATP5A and ATP5B in K562 cells, based
on both whole-cell lysate and mitochondrial fraction (Fig. 6D), indicating that FAM210B
would interact ATP5A and ATP5B in the mitochondria. While FAM210B depletion did not
affect endogenous expression level of ATP5A, ATP5B expression was weakly decreased
by the FAM210B knockout (Fig. 6E). We also demonstrated that ATP5B expression was
also decreased during erythroid differentiation of HiDEP cells (Fig. 6F). Recently, Yien et
al. found that FAM210B could interact with heme biosynthetic enzymes, including ferro-
chelatase (FECH) and protoporphyrinogen oxidase (PPOX) (13). However, our analysis
revealed no interaction with heme biosynthetic enzymes or transporters (i.e., iron, heme,
and porphyrin intermediates) that are critical for heme biosynthesis (see Table S3).

In summary, FAM210B was associated with mitochondrial ATP synthases, which
indicated it may be involved in mitochondrial energy metabolism.

DISCUSSION

In this study, we generated CRISPR/Cas9-mediated FAM210B-knockdown and
FAM210B-knockout HiDEP cells and showed that the potential for erythroid differentia-
tion was more pronounced with FAM210B depletion (Fig. 3). Furthermore, both proteo-
mic and metabolome analyses indicated that FAM210B was involved in mitochondrial
energy metabolism (Fig. 4 to 6).

Proteomic analysis identified the association of FAM210B with multiple subunits of
mitochondrial ATP synthases; for example, FAM210B depletion resulted in decreased
oxidative phosphorylation as indicated by decreased OCR (Fig. 4A). Furthermore, the
expression level of ATP5B was weakly decreased by FAM210B depletion (Fig. 6E). Since
mitochondrial ATP synthase subunits alpha and beta are involved in the F1F0-ATP syn-
thase complex located on the mitochondrial inner membrane that belongs to complex
V of the mitochondrial chain (31), we speculated that FAM210B might be an adaptor
protein that is responsible for maintaining the structure of the F1F0-ATP synthase com-
plex for proper ATP production. However, why FAM210B depletion preferentially com-
promised ATP5B, rather than ATP5A, remained unknown. We demonstrated that the
expression of ATP5B protein was moderately decreased during erythroid differentia-
tion of HiDEP cells (Fig. 6F). Because erythroid differentiation levels were almost com-
parable between wild-type and FAM210B-depleted cells on day 0 (Fig. 1 and 3), we
speculate that the weak decrease of ATP5B in the FAM210B knockout cells (Fig. 6E)
might not reflect enhanced erythroid differentiation, but might contribute to increased
lactate production (Fig. 4D). In addition, decreased expression of TTC19 (Fig. 1I), which
encodes a protein involved in mitochondrial respiratory chain complex III assembly
(15), might also contribute to decreased OCR as a result of FAM210B depletion.
Furthermore, we also found a decreased NAD1/NADH redox ratio (Fig. 4E), which
reflected impaired mitochondrial complex I activity. Although a direct mechanistic link
with FAM210B remains unclear, strong reduction of coenzyme Q10 by FAM210B deple-
tion was observed (99% reduction by FAM210B depletion; see Table S2). Coenzyme Q10
is a lipid-soluble component of the mitochondrial inner membrane, which is critical for
carrying electrons from complexes I and II to complex III (32). Thus, we speculate that
decreased coenzyme Q10 levels due to FAM210B depletion might impair mitochondrial
complex I activity and contribute to decreased OCR. Increased expressions for TMEM126A
and NDUFB1, which is associated with the function of mitochondrial complex I (18, 20),
might be compensatory changes by FAM210B depletion (Fig. 1H; see also Table S1).

FIG 5 Legend (Continued)
(n = 3, means 6 the SD; **, P , 0.01; ***, P , 0.001). (C) Electron microscopy of wild-type, FAM210B-KD, and FAM210B-KO
HiDEP cells on day 3 of erythroid differentiation. (D) Total amounts of mitochondria in wild-type, FAM210B-KD, and FAM210B-
KO HiDEP cells on day 3 of erythroid differentiation. The left and right panels indicate representative data and the average of
three independent experiments, respectively (means 6 the SD). (E) Quantification of mtDNA in wild-type, FAM210B-KD, and
FAM210B-KO HiDEP cells (n = 3, means 6 the SD; **, P , 0.01).
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During erythroid differentiation of HiDEP cells, we found decreased OCR (Fig. 2D).
Thus, it may be possible that decreased OCR, and several mitochondrial phenotypes
observed by FAM210B knockout (Fig. 4) are likely be due to the enhanced differentia-
tion in the FAM210B knockout cells. However, based on the comparable differentiation
levels between wild-type and FAM210B-depleted cells on day 0 (Fig. 1 and 3), we spec-
ulate that enhanced lactate levels in the culture media (Fig. 4D) might be caused by
mitochondrial dysfunction through FAM210B defect, rather than reflecting enhanced
erythroid differentiation status in FAM210B-depleted cells.

Despite decreased OCR due to FAM210B depletion (Fig. 4A), ATP production (Fig. 4B)
was not obviously decreased by FAM210B depletion. We therefore speculated that a
shift toward anaerobic glycolysis might compensate for compromised ATP production
by oxidative phosphorylation, as indicated by increased lactate levels in the culture su-
pernatant (Fig. 4D). However, intracellular lactate levels were not significantly increased
or marginally increased in the FAM210B knockout cells (Fig. 4H and 5A). Though the
underlying mechanisms that cause the discrepancy remains unknown, we speculate that
FAM210B depletion might weakly induce lactate production by inducing a shift toward
anaerobic glycolysis, which would gradually accumulate in the culture media. On the
other hand, while metabolites derived from acetyl-CoA, such as citric acid and isocitric
acid, were decreased with FAM210B depletion, the 2-OG level was almost unchanged
(Fig. 5B; see also Table S2). In addition to isocitric acid, glutamine could be an important
source for the generation of 2-OG (Fig. 5A) and is involved in several biological processes,
such as cell growth, lipid metabolism, and insulin secretion (33). In later stages of erythro-
poiesis, exogenous glutamine, rather than the TCA cycle intermediates, could provide car-
bons for succinyl-CoA for heme biosynthesis (34). Intriguingly, glutamine levels were obvi-
ously enhanced with FAM210B depletion (1.8-fold increase by FAM210B KO; Fig. 5A; see
also Table S2). Thus, in consideration of our observations that erythroid differentiation was
more pronounced in FAM210B-depleted HiDEP cells (Fig. 3), we speculated that the gluta-
mine supply might compensate for the decreased TCA cycle intermediates (Fig. 7).
Nevertheless, the molecular mechanism by which glutamine levels could be enhanced by
FAM210 knockout remained elusive in the present study. Thus, further analyses are
required.

There are several published reports that demonstrated an association between mi-
tochondrial ATP levels and erythroid differentiation: specifically, depletion of the mito-
chondrial ATP transporter, Ant2, and impaired erythropoiesis in mice (35). In addition,
increased oxidative phosphorylation in response to ATG7 knockdown induced ery-
throid differentiation of CD341 chronic myeloid leukemia cells (36). These reports sug-
gested that ATP production might have a positive impact on erythroid differentiation.
In contrast, depletion of mitochondrial ATPase inhibitory factor 1 (Atpif1) results in inhi-
bition of heme biosynthesis and erythroid differentiation (37), which are findings that
are consistent with our observations. In addition to the role of mitochondrial ATP pro-
duction on erythroid differentiation, Richard and colleagues revealed that an increase
in lactate levels could serve as an important driving force toward erythroid differentia-
tion (38). Similarly, we found increased lactate levels in the culture media as a result of
FAM210B depletion (Fig. 4D), which might represent a shift toward glycolytic metabo-
lism in response to reduced OCR (39), or it may be partly related to reduced complex I
activity, as indicated by a decreased NAD1/NADH redox ratio (Fig. 4E). Therefore, we
speculated that dynamic changes in the glycolytic metabolism versus oxidative phos-
phorylation that are involved in erythroid differentiation might be dependent on the
specific context and microenvironment in which these events take place. Although the
total amount of mitochondria was not affected (Fig. 1D and Fig. 5C to E), we observed

FIG 6 Legend (Continued)
fraction, respectively. (E) Western blot for ATP5A and ATP5B in wild-type and FAM210B-KO HiDEP cells. ATP5A and ATP5B protein signals were
quantified and normalized to that of a-tubulin. The result was representative of two independent experiments. (F) Western blot for ATP5A and
ATP5B in days 0, 3, and 6 of erythroid differentiation of wild-type HiDEP cells. ATP5A and ATP5B protein signals were quantified and normalized
to that of a-tubulin. The result was representative of two independent experiments.
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smaller mitochondrial sizes with FAB210B depletion, which might be associated with
reduced mitochondrial respiratory activity or simply reflect greater promotion of ery-
throid differentiation (40). Nevertheless, our results showed that FAM210B depletion
resulted in increased lactate levels and decreased OCR contributed to stimulation of
erythroid differentiation (Fig. 7).

In a previous study, we demonstrated that small interfering RNA (siRNA)-mediated
transient knockdown of FAM210B in undifferentiated HiDEP cells resulted in moderate
downregulation of ALAS2, HBG, and HBA (12). In addition, a recent study indicated that
antisense morpholino-mediated knockdown in zebrafish produced an anemic pheno-
type (13). Because HiDEP cells are derived from iPS cells (23), we need to consider the
possibility that FAM210B depletion might result in mitochondrial metabolic reprog-
ramming, which ultimately favors erythroid differentiation. This interpretation is sup-
ported, at least in part, by the observation that stable FAM210B depletion resulted in
altered expression of mitochondrial genes (i.e., TTC19, AARS2, CLIC1, MRPL53, TMEM126A,
CYC1, NDUFB1, PDHX, and PANK2; Fig. 1H and I; see also Table S1). As such, the role of
FAM210B should be evaluated in other cell types, such as human cord blood CD341 he-
matopoietic progenitors (HUDEP-2) (23) or primary erythroblasts. In addition, we recog-
nize that erythroid differentiation was induced by coculturing with OP9 cells with the
addition of ferrous iron (24). This may result in compensation for the impaired iron
import observed in response to FAM210B depletion. It is also possible that the erythroid
differentiation protocols used in this study might only be effective when targeting
FAM210B-depleted HiDEP cells. Additional means of promoting erythroid differentiation
should be explored. Further studies of other cell types, including different culture proto-
cols, are required to address this question.

In this study, we generated both FAM210B-knockdown and -knockout HiDEP cell
lines (Fig. 1) with CRISPR/Cas9-mediated gene editing and confirmed the phenotypic
changes were mostly FAM210B knockdown efficiency dependent (Fig. 3 to 5). However,
to completely rule out the possibility of an off-target effect, it would be desirable to es-
tablish FAM210B-disrupted clones based on different guide RNA sequences or to check
whether the phenotypic changes by FAM210B depletion could be restored by exogenous

FIG 7 Proposed model for the role of FAM210B in promoting erythroid differentiation. The scheme indicated glucose and
mitochondrial energy metabolism in wild-type (left) and FAB210B-depleted (right) erythroblasts. Our results suggested that
FAM210B depletion resulted in decreased ATP production by oxidative phosphorylation (OXPHOS), while increased lactate
levels by anaerobic glycolysis were observed; both might contribute to promotion of erythroid differentiation by affecting
the mitochondrial energy metabolism.
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FAM210B reconstitution in the knockout clone. This issue would be a limitation of the
study to be addressed in the future.

The human FAM210B gene is located on the long arm of chromosome 20. Deletion
of this region (del 20q) has been observed in 3 to 7% of patients with myelodysplastic
syndrome (MDS) (41). Interestingly, individuals diagnosed with del 20q MDS showed
increased reticulocyte counts (42). Although the contribution of FAM210B to aug-
mented erythropoiesis remains unknown, this evidence supports our observations and
suggests the involvement of FAM210B in human disease.

In summary, we characterized the actions of FAM210B in erythroid progenitor cells.
Specifically, FAM210B contributes prominently to erythroid differentiation by regulat-
ing mitochondrial energy metabolism, through interacting with multiple subunits of
mitochondrial ATP synthases. Our results provide insights into the pathophysiology of
underlying states of decreased erythropoiesis.

MATERIALS ANDMETHODS
Cell culture. All cells were cultured in a humidified incubator at 37°C with a 5% carbon dioxide

atmosphere. Human K562 erythroleukemia cell lines were maintained in RPMI 1640 medium containing
10% fetal bovine serum (FBS; Life Technologies) and 1% penicillin-streptomycin (Life Technologies). The
HEK293T cell line (ATCC CRL-1573) was maintained in Dulbecco modified Eagle medium containing 10%
FBS (Life Technologies) and 1% penicillin-streptomycin (Life Technologies). Human induced pluripotent
stem (iPS) cell-derived erythroid progenitors (HiDEPs) (23) were cultured in StemSpan serum-free expan-
sion medium (SFEM; Stem Cell Technologies, Vancouver, BC, Canada) containing 3 U/mL erythropoietin
(EPO; Kyowa Hakko Kirin, Tokyo, Japan), 1 mg/mL doxycycline (DOX; Sigma-Aldrich Corp., St. Louis, MO),
and 1 mM dexamethasone (DEX; Sigma-Aldrich Corp.). OP9 cells were cultured in a-minimum essential
medium (a-MEM; Gibco, Grand Island, NY) supplemented with 20% FBS (Life Technologies) and 1% peni-
cillin-streptomycin (Life Technologies).

To induce erythroid differentiation of HiDEP cells, we applied coculture system with OP9 stromal
cells, obtained from the American Type Culture Collection (Manassas, VA). At 48 h before coculture,
50,000 OP9 cells were seeded onto a 10-cm dish in Iscove modified Dulbecco medium (IMDM; Sigma-
Aldrich Corp.) supplemented with 20% FBS, 1% penicillin-streptomycin. Then, the 50,000 HiDEP cells
were seeded onto the OP9 cells in IMDM supplemented with 20% FBS, insulin-transferrin-selenium
(Gibco), 50 mg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich Corp.), 0.45 mM 1-thioglycerol (MTG;
Sigma-Aldrich Corp.), 1% penicillin-streptomycin, 3 IU/mL EPO, 1 mg/mL DOX, and 1 mM DEX (24).
Erythroid differentiation was conducted for up to 6 days.

Generation of FAM210B knockdown and knockout cell lines using the CRISPR/Cas9 system. The
target sequence that was used to disrupt the human FAM210B gene was 59-GATTGCATAGGCCACCACGA-
39, which was located at exon 3 of the protein coding sequence. The PrecisionX LentiCas9 SmartNuclease
System (System Bioscience, Palo Alto, CA) was used to introduce a mutation into HiDEP cells, as described
previously (24). Briefly, we first established HiDEP cells stably expressing Cas9 nuclease based on Cas9 and
Nickase lentivector. Subsequently, the gRNA expressing lentiviral plasmid (Cas9 SmartNuclease vector)
containing target sequence against FAM210B was transduced into the Cas9-expressing HiDEP cells. Each
lentiviral vector was cotransfected with psPAX (Addgene, catalog no. 12260) and pMD2.G (Addgene, cata-
log no. 12259) into HEK293 cells for the production of lentiviral particle. Clonal cell lines were isolated by
serial dilution and mutations were detected by direct sequencing of PCR amplicons. The experimental pro-
tocol was approved by the Committee for Safe Handling of Living Modified Organisms of Tohoku
University Graduate School of Medicine.

Primers. Primer sequences that were used to detect human FAM210B mRNA (mRNA) were as fol-
lows: human FAM210B, forward (59-CCTTGGGCATATTTTACATGGT-39) (located on exon 2) and reverse (59-
AAACAGCTTGTGGATTGCATAG-39) (located on exon 3); human TTC19, forward (59-AAGCGAGCCAAGTTGAGCAT-
39) and reverse (59-GCATTTTCAAGCTGACCCCG-39); human ASNS, forward (59-CTGCACGCCCTCTATGACAA-39)
and reverse (59-GGAGTCCAAGCCCCCTGATA-39); human AKR1B1, forward (59-CTACCTTATTCACTGGCCGACT-39)
and reverse (59-GTTGGAGATGCCAATAGCTTTC-39); human SLC2A1, forward (59-CAGTTTGGCTACAACACTGGAG-
39) and reverse (59-GGACCCATGTCTGGTTGTAGA-39); human MPC1, forward (59-GGACTATGTCCGAAGCAAGG-39)
and reverse (59-AAATGTCATCCGCCCACTGA-39); human MPC2, forward (59-TGTGTGCTGGATTGGCTGAT-39) and
reverse (59-CCAAATAAACCCTGTAGCCATCAA-39); and human SLC16A1, forward (59-CATGCCACCACCAGCGAAG-
39) and reverse (59-TGACAAGCAGCCACCAACAATC-39). All other primers that were used were described previ-
ously (5, 43).

Genome analysis. Sanger sequence was conducted based on genome DNA derived from wild-type
and FAM210B-depleted K562 cells, using ABI3730xl DNA analyzer and ABI BigDye terminator cycle
sequencing kit (Applied Biosystems, Foster City, CA). Genomic DNA was extracted with a DNeasy blood
and tissue kit (Qiagen, Valencia, CA).

Cytospin. Cultured cells were centrifuged at 500 rpm (rpm) for 3 min and placed onto glass slides
using a Shandon Cytospin 4 Cytocentrifuge (Thermo, Pittsburgh, PA). The cells were subsequently ana-
lyzed with microscopy after staining with May-Grünwald Giemsa (Merck KGaA, Darmstadt, Germany).

Gene transfer and vectors. The human FAM210B coding sequence was cloned into His/Biotin-
Tagged pQCX retroviral vectors. The retroviral vector and the env (envelope glycoprotein) gene from the
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vesicular stomatitis virus (VSV-G) were cotransfected into target cells using PLAT-GP Packaging Cell
Lines with FuGene HD (Promega). After spin infection into K562 cells at 3,400 rpm for 2 h, the cells were
cultured with medium containing 1mg/mL Puromycin (Sigma) for selection of the transduced cells.

Mass spectrometry. Fifty million K562 cells that stably expressed the FAM210B-HisBio protein were
harvested and then lysed in 1.5 mL of the lysis buffer consisting of 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 0.3% (wt/vol) NP-40, protease inhibitor complete (Roche), and PhosStop (Roche). After centrifuga-
tion at 15,000 rpm for 5 min, the cleared lysate was mixed with Dynal streptavidin beads (20 mL of slurry
was equilibrated by the lysis buffer three times) with rotation for 1.5 h. The beads were washed three
times using a lysis buffer and the isolated proteins were eluted twice using an elution buffer (50 mM
Tris-HCl [pH 8], 0.2 M NaCl, 2% sodium dodecyl sulfate [SDS], and 1 mM biotin). The proteins were sepa-
rated with 5 to 20% SDS-polyacrylamide gels (Oriental Instruments) and then stained with Coomassie
brilliant blue staining. Every lane was divided into three sections and these gel pieces were cut out.
After the samples were destained and dehydrated with acetonitrile, they were reduced with 10 mM di-
thiothreitol in 25 mM ammonium bicarbonate and then alkylated with 55 mM acrylamide in 25 mM am-
monium bicarbonate. Every sample was subsequently digested with 30 ng of trypsin (Promega) at 37°C
overnight. The resulting tryptic peptides were extracted three times with an elution solution composed
of 75% acetonitrile and 1% formic acid. Finally, the sample volume was reduced with a SpeedVac. The
samples were subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS) using an
Orbitrap Fusion mass spectrometer equipped with an Easy-nLC 1000 HPLC system (Thermo Fisher
Scientific). Next, the peptides were separated using a C18 tip column (75-mm [inner diameter] � 10-cm L;
Nikkyo Technos) at a 300-nL/min flow rate with a 40-min gradient, which was generated by solvent A
(0.1% formic acid in water; Thermo Fisher Scientific) and solvent B (0.1% formic acid in acetonitrile;
Thermo Fisher Scientific). The protocol was 5% B to 25% B in 31 min, to 35% B in 36 min, to 95% B in
38 min, to 95% B from 38 to 39 min, and finally to 5% B in 40 min. MS1 scans from m/z = 321 to 1,500
were performed with an Orbitrap mass spectrometer with the resolution set to 120,000 and lock masses
at m/z = 445.12003 and 391.28429. This was followed by the acquisition of collision-induced dissociation
(CID)-MS2 scans in an ion trap. The settings for the MS2 scans were as follows: intensity threshold = 1,000,
charge states = 12 to 16, isolation width = 1.2 m/z, AGC target = 5,000, maximum ion injection
time = 50 ms, normalized collision energy = 35%, and dynamic exclusion enabled with a 30-s exclusion
duration. The MS/MS cycle time was set to 4 s. The MS/MS data were acquired over 46 min after the LC
gradient began. Every three raw data files of the samples derived from the same SDS-PAGE lane were
converted to a single mascot generic format (mgf) file with Proteome Discoverer software (v1.4; Thermo
Fisher Scientific). Protein identification was performed using the MASCOT search engine (v2.6.0; Matrix
Science) by searching the human protein database in Swiss-Prot (Jan. 2018) and a “lab made” protein
list, including common contaminating proteins. A maximum of three trypsin miscleavages was allowed.
Propionamidated cysteine (171.0371) was set as a fixed modification, and protein N-terminal acetylation
(142.0106 Da) and oxidation of methionine (115.9949 Da) were selected as variable modifications. The
peptide mass tolerance and MS/MS tolerance were set at 5 ppm and 0.5 Da, respectively (44).

Real-time quantitative RT-PCR analysis. Total RNA was purified with TRIzol (Invitrogen). cDNAs
were synthesized from purified total RNA using ReverTra Ace qPCR RT Master Mix (Toyobo, Tokyo,
Japan). A QuantiTect SYBR green PCR kit (Qiagen, Hilden, Germany) was used for mRNA quantification.
PCR product abundance was normalized relative to amplified GAPDHmRNA (43).

Quantification of mitochondrial DNA. To quantify mitochondrial DNA amount, human mitochon-
drial DNA (mtDNA) Monitoring Primer set and MightyAmp for Real Time (TB Green Plus; TaKaRa Bio, Inc.,
Otsu, Japan) were used.

Microarray analysis. Human Oligo chip 25k (Toray, Tokyo, Japan) was used for expression profiling
(43). Gene ontology (GO) analysis was performed using Genecoids (https://www.hsls.pitt.edu/obrc/index
.php?page=URL1253281518).

Western blotting.Western blot analyses were performed as described previously (5, 43). Dynabeads
M-280 streptavidin (Thermo Fisher Scientific, Waltham, MA) was used to purify biotinylated FAM210B-
interacting proteins. For separation of mitochondrial fraction, Mitochondrial isolation kit for Cultured
Cells (Thermo Fisher Scientific) was used. Anti-ATP5A, -ATP5B, and -HSP60 antibodies were obtained
from Proteintech (Rosemont, IL) and Sigma, respectively. Anti-a-tubulin antibody (CP06) was obtained
from Calbiochem (San Diego, CA). The anti-FAM210B antibody was obtained from Atlas Antibodies
(Bromma, Sweden). The proteins were measured with ECL-Plus (Thermo Fisher Scientific) and CL-X
Posure Film (Thermo Scientific, Rockford, IL). For the detection of FAM210B protein, SuperSignal West
Femto Maximum Sensitivity Substrate, SuperSignal Western Blot Enhancer, and SuperBlock (TBS) block-
ing buffer (Thermo Fisher Scientific) were used. Each band was quantified with ImageJ software (http://
rsbweb.nih.gov/ij/). For calculating relative intensity, control samples (wild-type) were set to 1.

Flow cytometry. The cells were washed and resuspended in phosphate-buffered saline containing
3% FBS, followed by incubation with fluorescence-conjugated antibodies specific for CD71 (clone M-
A712, allophycocyanin conjugated), and CD235a (clone GA-R2, BV421 conjugated) (Becton Dickinson,
Franklin Lakes, NJ). Propidium iodide (Thermo Fisher Scientific) was used to mark dead cells. Data were
acquired with a FACS Aria II (Becton Dickinson) and analyzed using FlowJo software (TreeStar, Ashland, OR).

Intracellular heme concentrations. The intracellular heme concentration was quantified using a
spectrofluorometer (RF-5300PC; Shimadzu, Kyoto, Japan), as described previously (45). Cells were har-
vested and centrifuged at 300 � g for 5 min. Cell pellets were suspended in 2 M oxalic acid (Sigma-
Aldrich) and boiled at 100°C for 30 min to dissociate protoporphyrin IX and iron from heme.
Subsequently, fluorescence for protoporphyrin IX was measured with excitation at 400 nm and emission
at 662 nm.
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Electron microscopy. HiDEP cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M cacodylate buffer, as described previously (24). The cells were then postfixed in 1% osmium tetrox-
ide for 30 min at 4°C, rinsed in 0.1 M cacodylate buffer containing 8% sucrose, dehydrated in a graded
series of alcohol and propylene oxide, and finally embedded in epoxy resin. Ultrathin (75 nm) sections
were prepared with an ultramicrotome (UC-7; Leica, Heerbrugg, Switzerland), and the sections were
stained with uranyl acetate and lead citrate before viewing with electron microscopy (H-7600; Hitachi,
Tokyo, Japan).

Evaluation of mitochondrial mass. To assess mitochondrial mass, MitoBright LT Deep Red (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) was used.

Evaluation of the oxygen consumption rate. A PHERAstar FSX microplate reader (BMG Labtech,
Germany) and MitoXpress Xtra (Agilent) were used to evaluate the oxygen consumption rate, according
to the manufacturer’s protocol.

Global metabolite analysis. Global metabolite analysis of control and FAM210B-knockout HiDEP
cells was performed by Human Metabolite Technologies (Tokyo, Japan) as a contracted service. We pre-
pared the samples for both CE (capillary electrophoresis)-TOFMS (time-of-flight mass spectrometry) and
LC (Liquid Chromatography)-TOFMS analyses. For preparation of CE-TOFMS samples, 5 million cells were
washed with 10 mL of 5% mannitol solution, then treated with 800 mL of methanol and vortexed for
30 s. The cell extract was treated with 550 mL of internal standard solution (provided by Human
Metabolite Technologies) and vortexed for 30 s. After centrifugation at 2,300 � g for 5 min at 4°C, the
upper layer was collected and centrifugally filtered through a Millipore 5-kDa cutoff filter at 9,100 � g
for 120 min at 4°C to remove proteins. The filtrate was centrifugally concentrated and resuspended with
800 mL of water. For preparation of LC-TOFMS samples, 5 million cells were washed with 10 mL of 5%
mannitol solution and subsequently centrifuged to completely remove mannitol. Then, the cells were
treated with the metabolite extract ethanol solution containing internal standard solution (provided by
Human Metabolite Technologies). All samples were measured and analyzed by Human Metabolite
Technologies.

Measurement of mitochondrial metabolism. Glucose consumption and lactate production were
measured with a glucose assay kit and lactate assay kit, respectively (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan). The redox state of the NAD1/NADH ratio was evaluated with an NAD/NADH
assay kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). The ATP level was measured with a
luminescent ATP detection kit (Abcam, Cambridge, UK). To measure lactate levels in the culture superna-
tant, samples were obtained after 18 h of culture.

Statistics. Statistical significance was assessed with a two-tailed Student t test or one-way analysis
of variance with Tukey’s multiple-comparison tests.
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