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Abstract Erythropoietin (EPO) drives erythropoiesis and is secreted mainly by the kidney upon

hypoxic or anemic stress. The paucity of EPO production in renal EPO-producing cells (REPs)

causes renal anemia, one of the most common complications of chronic nephropathies. Although

mitochondrial dysfunction is commonly observed in several renal and hematopoietic disorders, the

mechanism by which mitochondrial quality control impacts renal anemia remains elusive. In this

study, we showed that FUNDC1, a mitophagy receptor, plays a critical role in EPO-driven

erythropoiesis induced by stresses. Mechanistically, EPO production is impaired in REPs in

Fundc1
-/- mice upon stresses, and the impairment is caused by the accumulation of damaged

mitochondria, which consequently leads to the elevation of the reactive oxygen species (ROS) level

and triggers inflammatory responses by up-regulating proinflammatory cytokines. These

inflammatory factors promote the myofibroblastic transformation of REPs, resulting in the

reduction of EPO production. We therefore provide a link between aberrant mitophagy and

deficient EPO generation in renal anemia. Our results also suggest that the mitochondrial quality

control safeguards REPs under stresses, which may serve as a potential therapeutic strategy for the

treatment of renal anemia.

Introduction
Erythropoiesis is a highly dynamic and tightly regulated process in which red blood cells are gener-

ated from immature progenitors in the bone marrow (An et al., 2015; Nandakumar et al., 2016).

This process is mainly driven by the cytokine glycoprotein erythropoietin (EPO) (Kuhrt and Woj-

chowski, 2015). Upon the engagement of EPO with its receptor, erythropoietin receptor (EPOR),

the Janus kinase (JAK) signal transducer and activator of transcription (STAT) pathway is activated to

prevent committed erythroid progenitors from apoptosis and to facilitate their proliferation and dif-

ferentiation into red blood cells (Nandakumar et al., 2016). During the final maturation step of

erythropoiesis, reticulocytes need to remove all of the remaining organelles, including mitochondria,

endocytic vesicles, ribosomes, Golgi cisternae, and endoplasmic reticulum (Koury et al., 2005;

Gronowicz et al., 1984). Among them, mitochondria are the most abundant organelles for removal

(Zhang et al., 2015). Prior studies have demonstrated that defects in mitochondrial removal are

linked to the dysfunction of red blood cells and can lead to anemia (Kundu et al., 2008;

Mortensen et al., 2010; Honda et al., 2014; Nishida et al., 2009; Schweers et al., 2007;
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Sandoval et al., 2008). Therefore, a deeper understanding of the molecular basis of mitochondrial

quality control is of great significance for dissecting normal erythropoiesis and could elucidate the

pathogenesis of dyserythropoietic diseases.

As one of the key regulators of erythropoiesis, EPO is primarily secreted by the kidneys during

adulthood by the renal EPO-producing cells (REPs) located in the renal cortex and outer medulla

(Pan et al., 2011; Yamazaki et al., 2013). REPs possess functional plasticity for EPO production in

response to hypoxia and other microenvironmental changes (Souma et al., 2015). For instance, hyp-

oxic stresses stabilize hypoxia-inducible factors (HIFs), especially HIF2a, which binds to the enhancer

region of HIF binding element of the EPO gene and upregulates its expression (Kuhrt and Woj-

chowski, 2015). Upon inflammation or with chronic diseases, however, proinflammatory cytokines,

such as TNFa and IL1b, promote the myofibroblastic transition of REPs (Asada et al., 2011), con-

comitantly repress EPO production in REPs (Frede et al., 1997), and ultimately lead to anemia

(Weiss and Goodnough, 2005; Guo et al., 1999; Inoue et al., 2010). Although mitochondrial qual-

ity control exerts protective roles in a variety of renal disorders (Liu et al., 2014), whether and how it

might be implicated in REPs during chronic or inflammatory diseases remain unclear.

Mitochondria are essential organelles that maintain cellular energy and redox homeostasis and

are the major source and target of intracellular oxidative stress (Wei et al., 2015). They also play

central roles in regulating innate immunity and apoptosis (Wei et al., 2015). Maintaining normal

mitochondrial activities and homeostasis is of great importance for cellular and organismal metabo-

lisms and functions (Simon et al., 2000; Yakes and Van Houten, 1997). Mitophagy, a selective type

of autophagy that allows the elimination of unwanted or damaged mitochondria, is the major mech-

anism sustaining mitochondrial homeostasis and quality control. Mitophagy can be mediated by the

PTEN-induced putative kinase 1-Parkin (PINK1-PAKN) pathway and/or by mitophagic receptors

residing in the outer mitochondrial membrane (Wei et al., 2015; Wu and Chen, 2015), such as

BCL2 Interacting Protein 3 Like (BNIP3L, also named as NIX) (Novak et al., 2010), BCL2 interacting

protein 3 (BNIP3) (Hanna et al., 2012), FUN14 domain containing 1 (FUNDC1) (Liu et al., 2012a;

Chen et al., 2014), Prohibitin2 (PHB2) (Wei et al., 2017), and FKBP Prolyl Isomerase 8 (FKBP8)

(Saita et al., 2013) in mammalian cells. It has been demonstrated that receptor-mediated mitophagy

is important for erythroid maturation (Kundu et al., 2008; Mortensen et al., 2010; Honda et al.,

2014; Nishida et al., 2009; Schweers et al., 2007; Sandoval et al., 2008). For example, Bnip3l-/-

mice exhibit anemia and reticulocytosis with defective mitophagy due to the persistence of the mito-

chondrial membrane potential and the resultant depolarization in the mitochondria (Schweers et al.,

2007; Sandoval et al., 2008). However, in the reticulocytes of the Bnip3l-/- mice, mitochondrial

removal still occurs, raising the possibility that additional factors are also required for mitochondrial

degradation during red blood cell maturation.

We have previously shown that FUNDC1 functions as a specific mitophagy receptor in response

to mitochondrial stresses, such as hypoxia (Liu et al., 2012a; Chen et al., 2017). FUNDC1 regulates

mitochondrial homeostasis, including mitochondrial fission and fusion, content alteration, quality sur-

veillance and physical interactions with other organelles (Li et al., 2019). Deletion of Fundc1 results

in the accumulation of dysfunctional mitochondria and the activation of inflammasomes and is associ-

ated with a wide range of pathological conditions, such as hepatocarcinogenesis (Li et al., 2018)

and heart failure (Wu et al., 2017). Although the role of FUNDC1 has been studied in an array of cel-

lular processes, whether it functions during EPO-driven erythropoiesis is still unexplored. In this

study, using Fundc1 germline deletion mice (Fundc1-/- mice), we found that despite being dispens-

able for erythroid maturation, FUNDC1 regulates EPO production during stress erythropoiesis.

Mechanistically, enhanced inflammatory responses in REPs lead to insufficient EPO production as a

consequence of compromised mitophagy. Together, our studies reveal a link between deficient

mitophagy and reduction in EPO production and demonstrate that mitochondrial quality control

safeguards REPs under stresses.

Results

Fundc1 is implicated in stress but not steady-state erythropoiesis
Previous studies have shown that BNIP3L, an important mitophagy receptor, is involved in mitochon-

drial elimination in reticulocytes and proper functions in red blood cells (Kundu et al., 2008;
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Mortensen et al., 2010; Honda et al., 2014; Nishida et al., 2009; Sandoval et al., 2008). These

findings led us to dissect the function of FUNDC1, another key mitophagy receptor we previously

characterized (Liu et al., 2012a), in erythroid development and differentiation. We found that in

Fundc1-/- mice, the hemogram parameters of the peripheral blood, including erythroid parameters

such as red blood cell (RBC) count, hemoglobin amount, hematocrit (HCT, measuring the volume

percentage of red blood cells in whole blood), and reticulocytes, were comparable to those in the

corresponding wild-type (WT) littermates at 8–10 weeks old (Figure 1—figure supplement 1A and

Supplementary file 1). Despite evident mitochondrial retention in erythroid cells of Bnip3l-/- mice

(Sandoval et al., 2008), negligible mitochondrial accumulation was detected in the Fundc1-/- cells

collected from the peripheral blood, spleen and bone marrow (Figure 1—figure supplement 1B–

D). In addition, Fundc1 deletion did not affect erythroid lineage commitment and differentiation

(Figure 1—figure supplement 1E), generation of hematopoietic stem and progenitors (Figure 1—

figure supplement 1F), or differentiation of other non-erythroid, hematopoietic lineages (Figure 1—

figure supplement 1G,H) in peripheral blood, spleen, and bone marrow, respectively. Together,

these observations suggest that FUNDC1 is dispensable for steady-state erythropoiesis and possibly

for hematopoiesis.

The role of FUNDC1 in mitophagy induced by hypoxia and other stresses led us to speculate that

FUNDC1 might play a role in stress erythropoiesis. We treated the Fundc1-/- mice (Zhang et al.,

2016) with phenylhydrazine (PHZ, 100 mg/kg), a common agent to induce acute hemolytic anemia

via the induction of lysis of mature red blood cells, and then tracked hemogram in peripheral blood

for a week (Figure 1A). We found that when compared with WT counterparts, Fundc1-/- mice exhib-

ited low survival with PHZ treatment (p = 0.04, n = 30) (Figure 1B). Time-course hemogram examina-

tion showed reduced RBC numbers, lower HGB levels, and decreased HCT values in PHZ-Fundc1-/-

mice than those of controls (Figure 1C, Figure 1—figure supplement 2A and Supplementary file

1).

Given the established function of Fundc1 in mitophagy, we next asked whether reduced RBCs in

PHZ-Fundc1-/- mice might be caused by the defects in mitophagy, which may block the maturation

of reticulocytes to red blood cells. Given that the reticulocytosis occurred in WT and Fundc1-/- mice

upon PHZ treatment (Figure 1—figure supplement 2A), we then FACS-sorted Ter119+CD71+ retic-

ulocytes in the peripheral blood of WT and Fundc1-/- mice on day 5 after PHZ treatment (Figure 1—

figure supplement 2B). The isolated reticulocytes were morphologically confirmed by Giemsa stain-

ing (Figure 1—figure supplement 2C, left) and brilliant cresyl blue staining (Figure 1—figure sup-

plement 2C, right). Next, the reticulocytes were cultured to maturation in vitro for 3 days using a

previously described method (Koury et al., 2005). The brilliant cresyl blue staining showed progres-

sive maturation of reticulocytes in WT mice after 3 days of culture (Figure 1—figure supplement

2C). Unexpectedly, there was no detectable difference in the maturation of reticulocytes between

WT and Fundc1-/- mice (Figure 1—figure supplement 2C). Consistent with these findings, the mito-

chondrial mass, as measured with MitoTracker Green, exhibited little difference between WT and

Fundc1-/- mice during reticulocyte maturation (Figure 1—figure supplement 2D). Thus, Fundc1-

mediated mitophagy seems dispensable for reticulocyte maturation.

To further decipher the cause of reduced RBCs, we assessed erythropoiesis in the spleen of PHZ-

Fundc1-/- mice because stress erythropoiesis primarily occurs in the mouse spleen. We found that

the total number of erythroid cells in the spleen of PHZ-Fundc1-/- mice was reduced compared to

WT mice after 48 hr of treatment (p<0.05, Figure 1D), while there were no apparent differences in

spleen size, weight, and color (Figure 1—figure supplement 2E). Subsequent analysis revealed a

transient reduction of the erythroid compartment such as the R2 population (CD71hiTer119+) (mean

8% vs 2%, p<0.01) (Figure 1E,F and Figure 1—figure supplement 2F). Nonetheless, the decreased

R2 population was unlikely to be due to elevated apoptosis (Figure 1—figure supplement 2G),

accumulation of mitochondrial mass (Figure 1G), aberrant mitochondrial membrane potential

(Figure 1H), or enhanced mitochondrial reactive oxygen species (ROS) level (Figure 1I). Additionally,

we examined splenic progenitors including CMP, MEP, and GMP in PHZ-Fundc1-/- mice and found

no obvious alterations in either the percentage or the total cell number (Figure 1—figure supple-

ment 2H,I).

Together, our results suggest that FUNDC1-mediated mitophagy is dispensable for steady-state

erythropoiesis, whereas it is involved in PHZ-induced stress erythropoiesis.
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Hypoactivation of JAK-STAT signaling underlies the reduction of
erythroid population
To uncover the molecular mechanism governing the reduction of R2 population, we next conducted

high-throughput transcriptome profiling using FACS-purified R2 cells from the spleen of WT and

Fundc1-/- mice after 48 hr of PHZ treatment. We identified 1065 significant differentially expressed

genes (DEGs) in total (Figure 2A). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
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Figure 1. Defects of splenic erythroid progenitor production in Fundc1-/- mice during stress erythropoiesis. (A) Schematic diagram of PHZ-induced

stress erythropoiesis. Mice around 8–10 weeks old were treated with a single dose of PHZ (100 mg/kg body weight) to induce acute anemia, and

multiple examinations were taken in the following week. (B) Survival curves of PHZ- treated WT control littermates and Fundc1-/- mice (n = 30 for each

group). (C) Hemogram parameters of red blood cell (RBC) counts and hematocrit (HCT) in the peripheral blood of WT controls and Fundc1-/- mice from

day 0 to 7 after PHZ treatment. (D) Total erythroid cell number in spleen of WT and Fundc1-/- mice at 0, 24, 48, and 72 hr after PHZ treatment,

respectively. (E, F) Flow cytometry analysis of erythroid differentiation with using CD71 and Ter119 from the spleen of WT and Fundc1-/- mice after 48 hr

of PHZ treatment. The representative flow cytometry diagram (E) and the corresponding quantitative analysis (F) are shown. (G–I) The bar graphs

showing the normalized intensity of fluorescence by using flow cytometry of mitochondrial mass assayed by MitoTracker Green (G), membrane

potential by TMRM (H) and ROS level by MitoSOX (I) within splenic R2 erythroid cells of WT or Fundc1-/- mice after 48 hr of PHZ treatment, respectively.

PBS acts as the control group for PHZ treatment. For each experiment (C–I), n = 3–5 mice for each group. Individual mice are represented by symbols.

Data shown are representative of at least three independent experiments. Similar results were found in each experiment. All data are mean ± SEM;

*p<0.05, **p<0.01. Statistical significance was analyzed by using the two-tailed unpaired Student’s t-test.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Erythroid progenitor production during stress erythropoiesis.

Figure supplement 1. Steady-state hematopoiesis and erythropoiesis in Fundc1-/- mice.

Figure supplement 1—source data 1. List of steady-state hematopoiesis and erythropoiesis in WT, Fundc1-/- and Bnip3l-/- mice.

Figure supplement 2. FUNDC1-mediated mitophagy is dispensable for reticulocyte maturation under stress erythropoiesis.

Figure supplement 2—source data 1. Reticulocyte maturation of WT and Fundc1-/- mice.
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Figure 2. Hypoactivation of JAK-STAT signaling underlies the comprised erythroid progenitor production in Fundc1-/- mice during stress erythropoiesis.

(A) Volcano Plot illustrates the differentially expressed genes (DEGs) of FACS-purified erythroid progenitors (R2 populations) in WT (n = 3) and Fundc1-/-

(n = 3) spleen at 48 hr after PHZ treatment. Top 10 genes in each group were labeled. (B) Top 5 KEGG functional enrichment pathways analysis of

downregulated DEGs in Fundc1-/- R2 cells. (C) GSEA showing the enrichment of the JAK-STAT signaling pathway in splenic R2 cells from WT and

Figure 2 continued on next page
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analysis with DEGs revealed differential regulation of key signaling pathways and biological pro-

cesses (Figure 2B). We found that the JAK-STAT signaling pathway was among the top five signifi-

cantly enriched pathways (Figure 2B), in agreement with gene set enrichment analysis (GSEA)

(Figure 2C) and gene set quantitative analysis (Figure 2D). The key components and downstream

targets of JAK-STAT signaling pathway, such as Crebbp, Ep300, Irf9, and Spred2, were also downre-

gulated in Fundc1-/- R2 cells (Figure 2E).

To further confirm the hypoactivation of JAK-STAT signaling, we analyzed the total and phos-

phorylated levels of STAT5 and STAT3 proteins in FACS-purified R2 cells, which are central players

in the JAK-STAT pathway during erythropoiesis (Richmond et al., 2005). In WT R2 cells, PHZ treat-

ment had limited effects on the total levels of STAT5 and STAT3 (Figure 2F). However, the levels of

phosphorylated STAT5 and STAT3 were markedly elevated (Figure 2F,G), indicating that the JAK-

STAT signaling pathway in R2 cells was activated upon PHZ-induced hemolytic stress. In striking con-

trast, the levels of phosphorylation of STAT5 and STAT3 were significantly lower in PHZ-Fundc1-/- R2

cells than those in the WT counterparts (Figure 2F,G). Thus, the JAK-STAT signaling pathway is

hypoactivated in PHZ-treated Fundc1-/- R2 cells.

During erythropoiesis, the JAK-STAT signaling pathway acts downstream of the EPO receptor

(EPOR) and is regulated by the serum EPO level (Kuhrt and Wojchowski, 2015). EPOR, a transmem-

brane glycoprotein, is expressed in erythroid progenitors (colony-forming unit-erythroid: CFU-E),

proerythroblasts, and early basophilic erythroblasts (Kuhrt and Wojchowski, 2015). These erythroid

progenitors and precursors are the major components of the R2 population (Socolovsky et al.,

2001), which may account for the sensitivity of the R2 compartment to EPO paucity. We then investi-

gated the Epor expression in R2 cells in WT and Fundc1-/- mice with or without PHZ treatment and

found no apparent changes when Fundc1 was deleted (Figure 2H). However, enzyme-linked immu-

nosorbent assay (ELISA) experiments showed that the serum EPO level was significantly reduced in

PHZ-Fundc1-/- mice compared with the corresponding controls (6,100 vs 4,400 and 4,500 vs 3,500

pg/mL after 24 and 48 hr of PHZ treatment, respectively, p<0.05) (Figure 2—figure supplement 1A

and Figure 2I). In contrast, a large number of inflammatory cytokines in the serum, such as IL6 and

IL1, exhibited a modest increase in PHZ-Fundc1-/- mice (Figure 2—figure supplement 1B). More

importantly, exogenous administration of EPO (1,000 IU/kg) to PHZ-Fundc1-/- mice (Figure 2J)

showed the comparable peripheral RBC number and HGB level with their WT counterparts

(Figure 2K). Erythroid differentiation in the spleen of PHZ-Fundc1-/- mice was restored to the levels

of PHZ-WT controls (particularly of R2) as well (Figure 2L). These results suggested that insufficient

EPO supply underlies the reduced RBC number in PHZ-Fundc1-/- mice. In contrast, no difference in

EPO production was observed between Fundc1-/- mice and the control mice in the pure anemic

model as determined via phlebotomy of 500 mL blood for three consecutive days (Figure 2—figure

Figure 2 continued

Fundc1-/- mice. Normalized enrichment score (NES) and false discovery rate (FDR) are shown. (D) The box plot depicts the quantitative analysis of the

genes in JAK-STAT signaling pathway in splenic R2 cells of WT and Fundc1-/- mice. The boxes represent the median and quartile of the sum of log2

transformed (FPKM +1). p-value was determined by using paired Wilcoxon signed-rank Test. (E) The expression of key components in the JAK-STAT

pathway in splenic R2 cells from WT and Fundc1-/- mice. (F) Western blotting of STAT3, STAT5 and phosphorylated STAT3 and STAT5 in FACS-sorted

R2 populations in spleen of WT and Fundc1-/- mice after 48 hr of PBS or PHZ treatment, respectively. ACTIN was used as a loading control. n = 3. (G)

The quantification of the signal intensity of phosphorylated STAT3 and STAT5 out of the total STAT3 and STAT5 in (F). (H) The expression of Epor

mRNA in the spleen of WT and Fundc1-/- mice after 48 hr of PBS or PHZ treatment. (I) The serum EPO concentration in Fundc1-/- and WT mice after 48

hr of PBS or PHZ treatment. (J) Schematic illustrating the administration of EPO to PHZ-Fundc1-/- and PHZ-WT mice. (K) RBC number (upper) and HGB

level (bottom) after EPO supplement in PHZ-Fundc1-/- and PHZ-WT mice. (L) Erythroid differentiation in spleen of PHZ-Fundc1-/- and PHZ-WT after EPO

administration. The left panel shows representative FACS plots and right bar graph shows the statistical quantification of the percentage of the R2

compartment. For each experiment (E–L), n = 3–5 mice for each group. Individual mice are represented by symbols. Data shown are representative of

at least three independent experiments. Similar results were found in each experiment. All data are mean ± SEM; *: p<0.05; ns: no statistical

significance. Statistical significance was analyzed by using the two-tailed unpaired Student’s t-test unless stated otherwise.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. The JAK-STAT signaling in WT and Fundc1-/- mice during stress erythropoiesis.

Figure supplement 1. Fundc1-/- mice resembles WT mice upon phlebotomy.

Figure supplement 1—source data 1. Erythropoiesis in WT and Fundc1-/- mice upon phlebotomy.
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supplement 1C–G), suggesting that the reduced EPO production in PHZ-Fundc1-/- mice most likely

arises from the oxidative stress of PHZ.

Taken together, these results suggest the following scenario: Fundc1 deletion reduces EPO secre-

tion and consequently leads to hypoactivation of JAK-STAT signaling in erythroid R2 cells in the

spleen during stress erythropoiesis, which ultimately results in the reduction of the red blood cell

count in Fundc1-/- mice with PHZ treatment.

Fundc1 deletion causes renal injury
The kidney is the predominant organ for EPO production in adults. EPO is produced by REPs that

are responsible for approximately 90% of total EPO synthesis (Nolan and Wenger, 2018). We there-

fore examined the impact of PHZ on the kidney in Fundc1-/- mice after 48 hr of treatment. We found

that Fundc1 was highly and ubiquitously expressed in the kidney (Figure 3—figure supplement 1A,

B). In addition, the mRNA level of Epo in kidney of Fundc1-/- mice was indeed significantly lower

than that of its WT counterparts at 48 hr after PHZ treatment (130 vs 61, p<0.05) (Figure 3A). We

also detected the elevated expression of two kidney injury markers, Lipocalin-2 (Lcn2)

(Moschen et al., 2017) and kidney injury molecule-1 (Kim1) (Humphreys et al., 2013; Figure 3B),

although hematoxylin and eosin (H&E) staining illustrated no major structural alterations in the kid-

neys of PHZ-Fundc1-/- mice (Figure 3—figure supplement 1C).

It has been shown previously that EPO production is almost exclusively controlled at the transcrip-

tion level by HIFs, predominantly by HIF2a (Kapitsinou et al., 2010; Rankin et al., 2007;

Gruber et al., 2007). These findings led us to examine the potential link between EPO and HIFs in

PHZ-treated Fundc1-/- mice. To this end, we first measured the expression of HIF2a and its down-

stream targets, Vegf and Slc2a1, in the kidneys of PHZ-treated Fundc1-/- mice. Although HIF2a pro-

tein levels were sharply enhanced in kidneys of both WT and Fundc1-/- mice after PHZ treatment,

the levels between WT and Fundc1-/- kidneys were similar (Figure 3C). Similar results were observed

for the HIF2a targets Vegf and Slc2a1 (Figure 3—figure supplement 1D). Thus, the reduction of

EPO secretion is unlikely to be caused by the aberrant transcriptional regulation of Epo. We also

excluded the possibility of apoptosis in the kidneys of PHZ-Fundc1-/- mice (Figure 3—figure supple-

ment 1E).

How is EPO supply attenuated in PHZ-Fundc1-/- mice? The key role of FUNDC1 in mitophagy led

us to further test the efficiency of mitophagy. In immunohistochemical analysis of mitochondrial

membrane protein Prohibitin 2 (PHB2), we found that PHZ treatment generally reduced the accumu-

lation of total mitochondrial mass (Figure 3D), suggesting that PHZ stress could promote the mito-

phagic process. In contrast, Fundc1 deletion resulted in more retainment of mitochondria in the

kidneys than in the WT controls after PHZ treatment (Figure 3D), indicating that mitophagy was

attenuated in Fundc1-/- kidneys under PHZ-induced stresses. To further support this notion, we

found that the mitochondrial membrane proteins TIMM23, COXIV, and TOMM20 were more abun-

dant in PHZ-Fundc1-/- renal cells than in the control cells (Figure 3E,F).

The excessive mitochondrial accumulation may be due to either enhanced mitochondrial biogene-

sis or inefficient mitochondrial elimination. To distinguish between these two possibilities, we next

examined mitochondrial biogenesis by determining the expression of the mitochondrial constitutive

components of ATP synthase, including F1 subunit delta (Atp5d), nuclear respiratory factor 1 (Nrf1),

and transcription factor A mitochondria (Tfam), and found no apparent differences between the kid-

neys of the PHZ-Fundc1-/- mice and the PHZ-treated control mice (Figure 3G). Thus, Fundc1 dele-

tion has little impact on mitochondrial biogenesis. Instead, the expression of autophagic proteins of

LC3-II and P62 in PHZ-Fundc1-/- renal cells was reduced (Figure 3E,F), suggesting that the accumula-

tion of mitochondrial content is caused by defective autophagy.

The mitochondria, when damaged, are retained in the cytoplasm and inclined to release their

DNA (mtDNA). Thus, to further confirm that deficient mitophagy was the cause of the accumulation

of damaged mitochondria in PHZ-Fundc1-/- mouse kidneys, we examined the level of total and

leaked cytosolic mtDNA from the lysed kidneys in PHZ-Fundc1-/- mice. With this aim, we removed

the nuclei (to exclude the genomic DNA contamination) and mitochondria (to exclude intrinsic mito-

chondrial DNA contamination) (see Materials and methods) and discovered that the total level of

mtDNA was elevated, while the cytosolic mtDNA was indeed induced in PHZ-Fundc1-/- renal cells

(Figure 3H,I). Because cytosolic mtDNA acts as a critical trigger for cellular inflammatory responses

(Allison, 2019), we then determined the level of inflammatory markers in renal cells and observed
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Figure 3. MtDNA cytosolic translocation caused by insufficient mitophagy induces elevated inflammation and severer renal injury in Fundc1-/- mice

upon PHZ treatment. (A) qRT-PCR analysis showing the kinetics of Epo mRNA expression in kidneys of WT and Fundc1-/- mice after PBS or PHZ

treatment. (B) Relative mRNA levels of kidney injury marker Lcn2 and Kim1 in kidneys of WT and Fundc1-/- mice with or without PHZ treatment. (C)

Western blotting showing the HIF2a expression in whole kidney lysate in WT and Fundc1-/- mice with or without PHZ treatment. ACTIN was used as a

loading control. (D) Immunohistochemistry of mitochondrial protein PHB2 in kidneys of WT and Fundc1-/- mice with or without PHZ treatment,

respectively. The indicated area (blue dash box) is zoomed in and intense signals of PHB2 are marked with red arrows. The right bar graph presents the

quantitative assay measured by ImageJ. Scale bars, 200 mm; original magnification, 10�. (E, F) Western blotting (E) and corresponding quantification

(F) showing the protein levels of mitochondrial membrane proteins (TIMM23, COXIV, and TOMM20) and autophagic proteins (P62, LC3II/I, and their

ratio) in kidneys of WT and Fundc1-/- mice with or without PHZ treatment. TUBULIN was used as a loading control. (G) Relative mRNA levels of Atp5d,

Nrf1, and Tfam in kidneys of WT and Fundc1-/- mice with or without PHZ treatment. (H, I) qRT-PCR shows the total and cytosolic mtDNA in kidneys of

WT and Fundc1-/- mice with or without PHZ treatment. (J) The mRNA levels of Il1b, Il6, and Tnfa in kidneys treated with PBS or PHZ. For each

experiment, n = 3–5 mice for each group. Individual mice are represented by symbols. Data shown are representative of at least three independent

experiments. Similar results were found in each experiment. All data are mean ± SEM; *p<0.05, **p<0.01, ns: no statistical significance. Statistical

significance was analyzed by using the two-tailed unpaired Student’s t-test.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. MtDNA cytosolic translocation and severer renal injury in Fundc1-/- mice upon PHZ treatment.

Figure supplement 1. The histology of kidney of Fundc1-/- mice after PHZ treatment.

Figure 3 continued on next page
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significant upregulation of proinflammatory cytokines, including Il6, Tnfa, and Il1b in PHZ-treated

kidneys of Fundc1-/- mice (Figure 3J). Thus, Fundc1 deletion causes renal injury upon PHZ treatment

by activating inflammation as a result of defective mitophagy.

Deficient mitophagy leads to reduced EPO production and increased
inflammation
The inflammatory milieu in the kidney is one of the major contributors to renal fibrosis (Lv et al.,

2018), which in turn facilitates REP conversion into myofibroblasts and the concomitant loss of EPO

production capability (Asada et al., 2011; Souma et al., 2013). Therefore, it is reasonable to pro-

pose that the low EPO yield in REPs might result from their fibrotic transformation in PHZ-Fundc1-/-

mice, which is induced by activation of the inflammatory milieu in the cytosol. To test this hypothesis,

we co-stained a-smooth muscle actin (a-SMA), a broadly used myofibroblast marker (Duf-

field, 2014), and platelet-derived growth factor receptor beta (PDGFRb), a REP marker

(Asada et al., 2011; Gerl et al., 2016), in the renal tissue of PHZ-treated mice. We found that REPs

exhibited stronger fibrotic signatures in PHZ-Fundc1-/- mice than in the PHZ-WT controls

(Figure 4A).

We next sought to dissect the molecular mechanism underlying the fibrotic transformation of

REPs. We sorted PDGFRb+ REPs from WT and Fundc1-/- mice (Asada et al., 2011; Lemos et al.,

2018; Figure 4B,C) and then examined Epo mRNA levels in PDGFRb+ and PDGFRb- cells by using

quantitative real-time PCR (qRT-PCR) analysis. As expected, PDGFRb+ cells exhibited more Epo pro-

duction (Figure 4D). To elucidate the potential role of FUNDC1-mediated mitophagy in REPs, we

cultured purified PDGFRb+ cells from WT and Fundc1-/- mice in vitro for 24 hr upon hypoxic stress

stimulation (1% O2). We found that in WT REPs, the levels of mitochondrial membrane proteins

(TIMM23, COXIV, and TOMM20) were sharply reduced upon hypoxic stress, concomitant with the

enhanced conversion from LC3 I to II, a hallmark of autophagy (Kabeya et al., 2000), indicating that

hypoxia promotes the degradation of mitochondria by enhancing mitophagy (Figure 4E,F). In con-

trast, these mitochondrial membrane proteins persisted at high levels in REPs of Fundc1-/- mice

under hypoxic conditions when compared with the WT counterparts (Figure 4E,F), suggesting that

mitophagy is impaired in REPs of Fundc1-/- mice under hypoxic stress.

To unravel the mitophagic activity in PDGFRb+ REPs of PHZ-treated Fundc1-/- mice, we cultured

purified PDGFRb+ cells from WT and Fundc1-/- mice with or without PHZ treatment, respectively.

Similar to hypoxia, PHZ also induced the accumulation of mitochondrial mass as revealed by Mito-

Tracker staining in Fundc1-deleted REPs (Figure 4G). Furthermore, to quantify the efficiency of

mitophagy more directly, we crossed Fundc1-/- mice with the mitophagy reporter (mito-Keima)

(Sun et al., 2015), a mitochondrial-targeted transgenic mice, and generated the mito-Keima/

Fundc1-/- mice (Figure 4H). Because Keima, a coral-derived fluorescent protein, exhibits both pH-

dependent excitation and resistance to lysosome proteinases, the mito-Keima mice allow for in vivo

assessment of mitophagy based on the state of mitochondria. In mito-Keima mice, the free mito-

chondria (pH ~8.0) without undergoing mitophagy are green, while damaged or superfluous mito-

chondria are encapsulated in the lysosomes (pH ~4.5) through mitophagy, and with the altered pH

value (from pH 8.0 to 4.5) the mitochondria become red. In a single cell, both green and red colors

can be seen if substantial mitochondrial biosynthesis and mitophagy occur. Thus, the ratio of red

and green fluorescent intensity reflects the efficiency of mitophagy in vivo.

We next used flow cytometry to examine PDGFRb+ REPs isolated from the mito-Keima/Fundc1-/-

and mito-Keima/WT mice treated with either PBS or PHZ, respectively. Although the fraction of

mitochondria in the lysosome was elevated in PHZ-REPs from both mito-Keima/Fundc1-/- (34.1 vs

48.4%) and mito-Keima/WT (32.7 vs 35.8%) mice, the proportion of encapsulated mitochondria was

lower in PHZ-mito-Keima/Fundc1-/- than in PHZ-mito-Keima/WT mice (48.4 vs 35.8%) (Figure 4H).

Thus, Fundc1 deletion in REPs impairs mitophagy and results in the retention of a large number of

damaged mitochondria under PHZ-induced stresses.

Figure 3 continued

Figure supplement 1—source data 1. The histology of kidney of Fundc1-/- mice after PHZ treatment.
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Figure 4. Impaired mitophagy triggers inflammation and reduced Epo expression in REPs. (A) Representative immunofluorescence images (left) of

PDGFRb and a-SMA co-staining in renal tissue sections from WT and Fundc1-/- mice after 48 hr of PBS or PHZ treatment, respectively. The right bar

graph shows the percentage of a-SMA positive fibrotic cells out of PDGFRb labeled REPs. For quantification, approximately 10 fields for each mouse

(200�) were randomly selected to evaluate the frequency of a-SMA+ cells out of PDGFRb+ cells. Scale bars, 30 mm. (B) The schematic diagram showing

Figure 4 continued on next page
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To examine the effects (direct or indirect) of PHZ on EPO production in Fundc1-/- REPs, we FACS-

sorted PDGFRb+ REPs from the kidneys of mito-Keima/WT and mito-Keima/Fundc1-/- mice and

treated them with various concentrations of PHZ in vitro for 12 hr (Figure 4—figure supplement

1A). Although a low dosage of PHZ (10 mM) had little effect on mitophagy (Figure 4—figure supple-

ment 1B,C) and EPO production (Figure 4—figure supplement 1D), a high dosage (100 mM) of

PHZ markedly impaired mitophagy and reduced EPO expression (Figure 4—figure supplement 1D)

in Fundc1-/- REPs when compared with their WT counterparts. Thus, the high dosage of PHZ might

have, at least in part, a direct impact on the Fundc1-/- REPs.

Consistent with and likely the result of the retention of the damaged mitochondria, we observed

the accumulation of mtDNA copy number, reduction of mitochondrial membrane potential, and ele-

vation of mitochondrial ROS level in PHZ-Fundc1-/- REPs (Figure 4I–K). At the molecular level, the

level of proinflammatory cytokines, such as Il1b and Il6, was elevated (Figure 4L). Under such an

inflammatory milieu, Epo production in PHZ-Fundc1-/- REPs was reduced (Figure 4M). These results

suggest the following scenario: the reduction of EPO generation in PHZ-Fundc1-/- REPs is caused by

deficient mitophagy, which in turn triggers the inflammatory responses and induces the fibrotic

transformation of REPs. Thus, FUNDC1-mediated mitophagy plays a protective role in REPs under

stresses.

Fundc1 deletion results in renal fibrosis
We next examined the potential link between mitochondrial quality in REPs and renal fibrosis and

reduced RBCs. To achieve this goal, we applied a commonly used renal disease model, unilateral

ureteral obstruction (UUO) mice that manifest inflammatory fibrosis (Guo et al., 1999; Inoue et al.,

2010; Figure 5A). As shown in Figure 5B, Masson’s trichrome staining of the renal sections from

UUO-Fundc1-/- mice revealed more positive blue staining of collagenous fibers, indicating that renal

fibrosis was exacerbated with Fundc1 ablation. Consistently, fibrotic markers, such as Acta2 (encod-

ing aSma) and collagen type 1 alpha one chain (Col1a1), were also significantly upregulated in kid-

neys of UUO-Fundc1-/- mice, while little difference was seen in the Fundc1-/- control (Figure 5C). In

addition, the mitochondrial content was greatly reduced in kidneys of WT mice with UUO induction,

as revealed by immunoblotting analysis of the mitochondrial proteins of TOMM20, COXIV, TIMM23,

and FUNDC1 itself (Figure 5D). In contrast, mitochondrial elimination was partially blocked in the

kidneys of UUO-Fundc1-/- mice (Figure 5D).

Furthermore, the level of autophagic genes, such as P62 and LC3-II, showed a trend of reduction

in UUO-Fundc1-/- renal cells, suggesting the accumulation of dysfunctional mitochondria due to defi-

cient autophagy (Figure 5D). Proinflammatory cytokines of Il6 and Il1b were upregulated in the

UUO-Fundc1-/- renal cells, likely as a consequence of defective mitochondrial clearance (Figure 5E).

We next focused on mitophagy in the REPs of UUO-Fundc1-/- mice. We found that Fundc1 dele-

tion induced an elevation of the mitochondrial ROS level (Figure 5F) and an alteration of the

Figure 4 continued

the procedures of isolating REPs for flow cytometry assay. (C) The representative FACS plots showing the sorting strategy for PDGFRb+ REPs. (D) Epo

mRNA expression in PDGFRb- and PDGFRb+ cells by qRT-PCR. (E) Western blotting showing protein levels of mitochondrial membrane proteins

(TIMM23, COXIV, and TOMM20) and autophagic proteins LC3 in FACS-sorted PDGFRb+ REPs from WT and Fundc1-/- mice under the treatment of

hypoxia (1% O2). (F) The quantification of the signal intensity of indicated mitochondrial membrane proteins (TIMM23, COXIV and TOMM20) and ratio

of LC3II/I from (E). (G) Mitochondrial mass examined by using MitoTracker Green in FACS-sorted PDGFRb+ REPs in WT and Fundc1-/- mice with or

without PHZ treatment. (H) Flow cytometry analysis of mitophagy in REPs of mt-Keima/WT and mt-Keima/Fundc1-/- mice after 48 hr of PBS or PHZ

treatment. (I) mtDNA copy number in FACS-purified REPs in WT and Fundc1-/- mice with or without PHZ treatment. (J, K) Mitochondrial membrane

potential detected by using TMRM (J) or ROS level (K) measured by using MitoSOX in FACS-purified REPs of WT or Fundc1-/- mice after 48 hr of PBS or

PHZ treatment. (L, M) Relative mRNA levels of proinflammatory cytokines Il1b, Il6 (L) and Epo (M) in sorted PDGFRb+ REPs in WT or Fundc1-/- mice after

48 hr of PBS or PHZ treatment, respectively. For each experiment, n = 3–5 mice for each group. Individual mice are represented by symbols. Data

shown are representative of at least three independent experiments. Similar results were found in each experiment. All data are mean ± SEM; *p<0.05,

**p<0.01. Statistical significance was analyzed by using the two-tailed unpaired Student’s t-test.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Inflammation and Epo expression in REPs.

Figure supplement 1. Fundc1 depletion impairs mitophagy and EPO production in REPs treated with PHZ in vitro.

Figure supplement 1—source data 1. Mitophagy and EPO production in REPs treated with PHZ in vitro.
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Figure 5. More severe renal fibrosis and increased inflammation in Fundc1-/- mice with UUO model. (A) Schematic diagram showing the generation of

UUO pathological model from WT and Fundc1-/- mice. (B) Masson’s trichrome staining showing collagenous fiber (blue staining) of the renal section

from UUO-Fundc1-/- and WT mice. (C) The expression of fibrosis related genes, a-Sma and Col1a1, in kidneys of sham or UUO-induced WT and

Fundc1-/- mice. (D) Western blotting of the protein levels of mitochondrial membrane proteins (TOMM20, TIMM23, COXIV, and FUNDC1) and

autophagy associated proteins (LC3 and P62) in kidney of sham, UUO-induced WT and Fundc1-/- mice. (E) The mRNA expression levels of

proinflammatory cytokines Il6 and Il1b in kidney of sham, UUO-induced WT and Fundc1-/- mice. (F–H) Flow cytometry analysis of mitochondrial ROS

level by MitoSOX (F), membrane potential by TMRM (G) and mitochondrial mass by MitoTracker Green (H) in FACS sorted, PDGFRb+ REPs of kidneys

in Sham, UUO-induced WT and Fundc1-/- mice, respectively. (I) Relative mRNA levels of Epo in sham, UUO-induced WT and Fundc1-/- mice. (J) The

mRNA expression of DNA methyltransferase Dnmt1, Dnmt3a, and Dnmt3b in sham, UUO-induced WT and Fundc1-/- mice. For each experiment, n = 3–

5 mice for each group. Individual mice are represented by symbols. Data shown are representative of at least three independent experiments. Similar

results were found in each experiment. All data are mean ± SEM; *p<0.05; ns: no statistical significance. Statistical significance was analyzed by using

the two-tailed unpaired Student’s t-test.

Figure 5 continued on next page
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mitochondrial membrane potential (Figure 5G) in REPs of UUO-Fundc1-/- mice, with minor changes

in mitochondrial mass (Figure 5H). As a result of the accumulation of dysfunctional mitochondria in

REPs, Epo transcription was significantly impaired in Fundc1-/- mice (Figure 5I). Thus, the reduction

of EPO production in Fundc1-/- REPs may result from active inflammation caused by abnormal

mitophagy.

We next asked how aberrant mitochondrial dysfunction resulted in the suppression of Epo tran-

scription. Given that the dysregulation of mitochondrial metabolism may alter the transcription pro-

gram epigenetically (Matilainen et al., 2017), we then examined the expression of epigenetic

regulators, such as DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b, in REPs. We found that

these DNA methyltransferases were upregulated in UUO-Fundc1-/- REPs when compared with their

WT counterparts (Figure 5J). Thus, impaired Epo transcription might be associated with the changes

in epigenetic modifications.

Fundc1 deletion aggravates renal anemia
To confirm the notion that Fundc1 deficiency contributes to renal anemia, we utilized cisplatin in

Fundc1-/- mice to induce renal anemia (Figure 6A). Cisplatin is a widely used chemotherapeutic drug

with notorious toxicity in the kidneys, leading to renal anemia (Kuzur and Greco, 1980; Wood and

Hrushesky, 1995). We found that cisplatin-treated Fundc1-/- mice showed a fewer number of RBCs,

lower HGB levels in the peripheral blood (Figure 6B), and a lower serum EPO level (Figure 6C) than

in cisplatin-treated WT mice. Western blotting assay of mitochondrial membrane proteins (e.

g. TOMM20 and COXIV) and autophagic proteins (e.g. P62, LC3II/I) revealed that Fundc1 ablation

impaired the clearance of damaged mitochondria (Figure 6D) and caused elevated inflammatory

signals (Figure 6E) in the kidneys of cisplatin-treated Fundc1-/- mice. More importantly, deficient

mitophagy was pronounced in REPs, as revealed by the direct assessment of the encapsulated mito-

chondria in PDGFRb+ cells in cisplatin-treated mito-Keima/Fundc1-/- mice (Figure 6F,G). We also

detected increased mitochondrial mass, dysregulated mitochondrial membrane potential (indicated

by TMRM), and enhanced mitochondrial ROS levels in the PDGFRb+ REPs in cisplatin-Fundc1-/- mice

(Figure 6H–J). As a consequence of the abnormal mitophagy, enhanced inflammation (e.g. Il6 and

Tnfa) and reduced EPO generation were found in PDGFRb+ REPs in cisplatin-Fundc1-/- mice

(Figure 6K,L). Thus, Fundc1 deficiency impairs the clearance of damaged mitochondria and activates

inflammation, which results in decreased EPO production in PDGFRb+ REPs and, ultimately, aggra-

vates the renal anemia (Figure 6M).

Discussion

FUNDC1 in stress versus steady-state erythropoiesis
Our current study showed that FUNDC1 is required for EPO production upon PHZ-induced stresses

(Figure 6M). Specifically, we found that FUNDC1-mediated mitophagy is essential for EPO produc-

tion in REPs during stress-induced kidney injuries and that damaged mitochondria accumulate in

Fundc1-/- REPs as a result of impaired mitophagy. Consequently, an elevation of the ROS level and

the release of mtDNA from damaged mitochondria in REPs incur inflammatory responses by enhanc-

ing the expression of proinflammatory cytokines including TNFa, IL6, and IL1b. These changes in the

inflammatory milieu promote myofibroblastic transformation of REPs and the concomitant loss of

EPO production capacity and, ultimately, lead to renal anemia. To the best of our knowledge, we

provide the first link between mitophagy and the inflammatory state in REPs, demonstrating that

mitophagy and mitochondrial quality control play protective roles in REP function and renal anemia.

Additionally, it is somewhat surprising that FUNDC1 is dispensable for the programmed mito-

chondrial elimination in the final step of erythroid maturation, whereas another mitophagy receptor

BNIP3L is required for the removal of mitochondria in reticulocytes during terminal erythroid differ-

entiation (Schweers et al., 2007; Sandoval et al., 2008). However, during cardiac lineage

Figure 5 continued

The online version of this article includes the following source data for figure 5:

Source data 1. Fibrosis and inflammation in UUO model.
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Figure 6. Impaired mitophagy and reduced EPO production in Fundc1-/- mice during cisplatin-induced renal anemia. (A) Schematic diagram showing

the generation of renal anemia disease model by cisplatin. (B) Hemogram parameters of red blood cell (RBC) counts and hemoglobin (HGB) in the

peripheral blood of WT controls and Fundc1-/- mice after PBS or cisplatin treatment. (C) The serum EPO concentration in Fundc1-/- and WT mice after

PBS or cisplatin treatment. (D) Western blotting (left) and the corresponding quantification (right) showing the protein levels of mitochondrial

membrane proteins (TOMM20 and COXIV) and autophagic proteins (P62 and ratio of LC3II/I) in kidneys of WT and Fundc1-/- mice with PBS or cisplatin

treatment. (E) Relative mRNA levels of Il6, Il1b, and Tgfb1 in kidneys of WT and Fundc1-/- mice with or without cisplatin treatment. (F, G) Flow cytometry

analysis of mitophagy in PDGFRb+ REPs of mt-Keima/WT and mt-Keima/Fundc1-/- mice after PBS or cisplatin treatment. The representative FACS plots

(F) and the quantification (G) are shown. (H) Mitochondrial mass detected by using MitoTracker Green via FACS in PDGFRb+ REPs of WT or Fundc1-/-

mice after PBS or cisplatin treatment. (I) Mitochondrial membrane potential detected by using TMRM by FACS in PDGFRb+ REPs of WT or Fundc1-/-

mice after PBS or cisplatin treatment. (J) Mitochondrial ROS level detected by using MitoSOX via FACS in PDGFRb+ REPs of WT or Fundc1-/- mice after

PBS or cisplatin treatment. (K) Relative mRNA levels of proinflammatory cytokines Il6 (left) and Tnfa (right) in sorted PDGFRb+ REPs in WT or Fundc1-/-

mice after PBS or cisplatin treatment. (L) Relative mRNA levels of Epo in sorted PDGFRb+ REPs in WT or Fundc1-/- mice after PBS or cisplatin treatment,

respectively. (M) A hypothetic model depicting the role of FUNDC1 in REPs. FUNDC1-mediated mitophagy is required for mitochondrial steady-state

homeostasis. However, under stresses, the damaged mitochondria are accumulated in Fundc1-/- REPs due to impaired mitophagy. Consequently,

elevated ROS levels from these damaged mitochondria of REPs incur inflammatory responses by enhancing the expression of proinflammatory

cytokines TNFa, IL6 and IL1b, which in turn promote myofibroblastic transformation of REPs, resulting in the loss of EPO generation and subsequently

anemia. For each experiment, n = 3–5 mice for each group. Individual mice are represented by symbols. Data shown are representative of at least three

independent experiments. Similar results were found in each experiment. All data are mean ± SEM; *p<0.05, **p<0.01, ***p<0.001. Statistical

significance was analyzed by using the two-tailed unpaired Student’s t-test.

The online version of this article includes the following source data for figure 6:

Source data 1. Mitophagy and EPO production during cisplatin-induced renal anemia.
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differentiation, both FUNDC1 and BNIP3L are required for the remodeling of the mitochondrial net-

work (Lampert et al., 2019). Thus, it appears that the function of FUNDC1 and BNIP3L is highly con-

text- and cell-type dependent.

Mitochondrial quality and EPO production in REPs
Renal EPO production is central for erythropoiesis. It has been well-established that HIF2a plays

essential roles in hypoxia-induced EPO gene expression (Gruber et al., 2007; Semenza et al.,

1991). In this study, we found that the expression of HIF2a is largely unaffected by Fundc1 deletion,

indicating that reduced EPO production in Fundc1-/- mice is likely to be unrelated to the oxygen-

sensing mechanism. Instead, the low yield of EPO may be due to the reduced number of REPs and/

or compromised function during REP transformation to myofibroblasts. Nonetheless, we found that

the fraction of PDGFRb+ REPs is unchanged in Fundc1-/- mice when compared with the WT controls

under stresses (data not shown). However, in the purified REPs from Fundc1-/- mice, we showed that

the increase in the mitochondrial ROS levels, as a result of defective mitophagy, provokes inflamma-

tory responses, including the upregulation of TNFa, IL6 and IL1b in REPs, and subsequently lead to

fibrotic transformation. Although prior studies demonstrated that activation of inflammatory signals,

such as NFkB (Souma et al., 2013; Liu et al., 2012b), TNFa (Frede et al., 1997), IL1b (Frede et al.,

1997), IL6 (Stenvinkel et al., 2005), repress EPO production in REPs and promote their transition to

myofibroblasts (Guo et al., 1999; Inoue et al., 2010; Souma et al., 2013; Ernandez and Mayadas,

2009), in this study we provide the first link between deficient mitophagy and EPO production in

REPs with the induction of inflammation as the intermediate step. We argue that inefficient mitoph-

agy caused by Fundc1 deletion results in the loss of EPO production in REPs, resembling the clinical

manifestations of renal anemia. Therefore, by selectively removing the damaged mitochondria,

mitophagy represents an essential element of mitochondrial quality control in response to renal

injury or anemia caused by UUO, PHZ, or cisplatin. Although PDGFRb is the most frequently used

surface marker to identify or isolate REPs (Gerl et al., 2016; Greenwald et al., 2019; Broeker et al.,

2020), PDGFRb+ cells are heterogenous and dynamic (Pan et al., 2011). Therefore, the role of

mitophagy in REPs awaits future investigation.

In addition, defective mitophagy might also result in metabolic reprogramming, which is widely

observed in renal epithelial cells or myofibroblast transformation (Xu et al., 2019; Zhao et al., 2017;

Livingston et al., 2019), and the alteration in mitochondrial metabolism may regulate EPO produc-

tion epigenetically. In line with this speculation, DNMTs, including DNMT1, DNMT3a, and DNMT3b,

are upregulated, suggesting that altered epigenetic modifications might be responsible for the

reduced EPO production in Fundc1-/- REPs, consistent with previous observations in mouse myofi-

broblast-transformed REPs (Souma et al., 2013; Chang et al., 2016) and the cell lines generated

from EPO-producing cells without the capabilities of EPO production (Yin and Blanchard, 2000;

Steinmann et al., 2011; Sato et al., 2019). Thus, our current study further highlights the promise of

applying demethylating agents to the restoration of EPO expression in patients with renal anemia.

Mitochondrial dysfunction, renal fibrosis, and renal diseases
Renal anemia is one of the most common complications among various chronic kidney diseases

(Quaggin and Kapus, 2011). Renal anemia adversely affects the quality of patients’ life and is

strongly associated with poor clinical outcomes (Collins et al., 1998). The treatment of renal anemia

has long been dependent on erythropoiesis-stimulating agents and iron supplement in chronic kid-

ney diseases, raising the concerns of increased patients’ death and cardiovascular risk

(Solomon et al., 2010; Bohlius et al., 2009). In the past decades, tremendous efforts have been

focused on understanding the cellular basis and molecular regulatory mechanism of REPs, in order

to offer more efficient and safer treatment options.

Myofibroblastic transformation of REPs, which causes REPs to lose their EPO-producing ability

(Koury, 2014), is one of the major sources of myofibroblasts contributing to renal fibrosis

(Souma et al., 2013). Despite the established correlation between inflammation and REP fibrotic

conversion, it is largely unclear how the upstream pathological inflammatory pathways are triggered

in REPs and how mitochondrial quality control is linked to REPs in chronic kidney disorders or inju-

ries. In this study, we showed that the kidney of Fundc1-/- mice displays a more severe fibrotic phe-

notype in UUO model. Concomitant with the inability of REPs to secret EPO, these cells undergo
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myofibroblastic conversion. Thus, receptor-mediated mitophagy protects against renal anemia and

possible renal fibrosis. In addition, we found that Fundc1 is abundantly and widely expressed in the

kidney. It is therefore highly likely that FUNDC1-mediated mitophagy might also play crucial roles in

other types of renal cells besides REPs, and that these cells might also contribute to the death of

Fundc1-/- mice under PHZ stresses. For example, during this study, it was reported that FUNDC1-

dependent mitophagy in tubule cells plays protective roles in ischemic acute kidney injury

(Wang et al., 2020). It appears that targeting FUNDC1-mediated mitophagy should have pleiotropic

therapeutic impacts by ‘killing two birds with one stone’. In renal fibrosis, enhanced mitophagy

might not only ameliorate anemia by attenuating inflammation in REPs, but also alleviate fibrosis by

preserving and protecting the mitochondrial quality from other fibrogenic contributing cells. These

exciting possibilities should be examined in future investigations.

Materials and methods

Mouse experiments
Mice were maintained in the animal core facility of College of Life Sciences, Nankai University, Tian-

jin, China. All experiments involving animals were reviewed and approved by the Animal Care and

Use Committee of Nankai University and were performed in accordance with the university guide-

lines. All mice in this study were of the C57BL/6 background. Fundc1 whole-body knockout mice

(Fundc1-/-) were generated as previously described (Zhang et al., 2016). The WT and Fundc1-/- mice

around 8–10 weeks old were injected intraperitoneally with phenylhydrazine (PHZ, cat# P26252,

Sigma, 100 mg/kg body weight) to induce acute hemolysis anemia. For the complementary experi-

ments, after 12 hr of PHZ treatment, EPO (cat# 46130, Epiao, 1000 IU/kg body weight) was injected

subcutaneously into PHZ-Fundc1-/- and PHZ-WT mice three times with an interval of 12 hr

(Nai et al., 2016; Patel et al., 2004; Kwak et al., 2020). These mice were sacrificed at 48 hr after

PHZ treatment for further analyses. We induced pure anemia via phlebotomy. In detail, 500 mL of

blood was taken from the tail vein of mice for three consecutive days, and they were sacrificed for

further analyses (Casanovas et al., 2013; Kautz et al., 2014). To generate the unilateral ureteral

obstruction (UUO) mice model, the left ureter was obstructed by ligation with a suture or by the

application of a ligating clip in adult mice. Kidneys were harvested on day 7 after unilateral ureteral

obstruction for further analysis, as previously described (Hesketh et al., 2014). We also injected cis-

platin (cat# S1166, Selleckchem, 10 mg/kg body weight) intraperitoneally into WT and Fundc1-/-

mice around 8–10 weeks old to induce renal anemia. These mice were sacrificed at day 14 after cis-

platin injection for further analyses (Kuzur and Greco, 1980; Wood and Hrushesky, 1995;

Wang et al., 2018). Mitochondrial-targeted transgenic mice (mt-Keima) were crossed with Fundc1-/-

mice to breed the mt-Keima/Fundc1-/- mice.

Flow cytometry and cell sorting
Primary antibodies used for flow cytometry were as follows: CD71 (clone RI7217, BioLegend), Ter-

119 (clone TER-119, BioLegend), CD3 (clone 17A2, BioLegend), B220 (clone RA3-6B2, BioLegend),

LY6G (clone 1A8, BioLegend), LY6C (clone HK1.4, BioLegend), F4/80 (clone BM8, BioLegend), Sca1

(clone D7, BioLegend), c-Kit (clone 2B8, BioLegend), CD34 (clone RAM34, eBioscience), CD16/32

(clone 93, BioLegend), PE/Cy7-Streptavidin (cat# 405206, BioLegend), Biotin-CD140b (clone APB5,

BioLegend), and Brilliant Violet 605 Streptavidin (cat# 405229, BioLegend). The erythroid cells were

stained with CD71 and Ter119; hematopoietic stem and progenitor cells were immunophenotypi-

cally labeled as LSK (Lin-Sca1+c-Kit+) and LK (Lin-c-Kit+); common myeloid progenitor (CMP) cells

were labeled as Lin-Sca1+c-Kit+CD34+CD16/32�; granulocyte-macrophage progenitor (GMP) cells

were labeled as Lin�c-Kit+CD34+CD16/32+; and megakaryocyte-erythroid progenitor (MEP) cells

were labeled as Lin�c-Kit+CD34�CD16/32�. Neutrophils, T cells, B cells, and monocytes were

marked as Gr1+, CD3+, B220+, and F4/80+, respectively.

Fluorescence-activated Cell Sorting (FACS) was conducted as previously described (Liu et al.,

2018). Briefly, the cells were collected, washed, and resuspended in ice-cold phosphate-buffered

saline (PBS) supplemented with 2% FBS. For each assay, approximately 106 cells were stained with

antibodies at 4˚C for 30 min in the dark. Cells were then washed and resuspended in 300 mL ice-cold

PBS–FBS and subjected to flow cytometry analysis on a FACS LSRII flow cytometer (BD Biosciences).
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Mitochondrial assays
The mitochondrial membrane potential was analyzed using tetramethylrhodamine methyl ester per-

chlorate (TMRM, cat# T668; Invitrogen) staining, following the manufacturer’s instructions. Briefly,

cells were stained with TMRM at a final concentration of 200 nM for 30 min at 37˚C and then stained

with Ter119 and CD71 antibodies before flow cytometry. MitoTracker Green (MTG; cat# M7514,

Thermo Fisher Scientific) was used to analyze mitochondrial content following the manufacturer’s

instructions. Cells were stained with MTG at a final concentration of 200 nM for 30 min at 37˚C and

then stained with Ter119 and CD71 antibodies before flow cytometry analysis. The mitochondrial

ROS level was analyzed with the MitoSOX red mitochondrial superoxide indicator (cat# M36008,

Thermo Fisher Scientific) according to the manufacturer’s instructions. Cells were stained with Mito-

SOX red mitochondrial superoxide indicator at a final concentration of 5 mM for 30 min at 37 ˚C and

then stained with Ter119 and CD71 antibodies before flow cytometry analysis. Data were analyzed

with FlowJo (version 7.6.1).

Ex vivo maturation of reticulocytes
FACS-sorted Ter119+CD71+ reticulocytes from the peripheral blood were cultured for 3 days in

IMDM medium (I3390, Sigma) containing 2 mM L-glutamine (cat# 25030, Gibco) and 100 U penicil-

lin-streptomycin (cat# DE17-602E, Lonza), 30% FBS (cat# 10270, Gibco), 1% BSA (cat# A1595,

Sigma), and 0.001% monothioglycerol. In the final stage, 10 mM FCCP (HY-100410, MCE) was added

to the cultured reticulocytes.

Western blotting
Western blotting was performed as previously described (Liu et al., 2018). Briefly, cells were lysed

in Laemmli sample buffer (cat# 161–0737, Bio-Rad) before SDS–PAGE. Primary antibodies used for

western blotting were as follows: anti-FUNDC1 (home-made) (Liu et al., 2012a), anti-LC3 (cat#

L8918, Sigma), anti-TIMM23 (cat# 611222, Biosciences), anti-TOMM20 (cat# 612278, Biosciences),

anti-STAT3 (cat# 9139, Cell Signaling Technology), anti-phosphorylated STAT3 (cat# 9134, Cell Sig-

naling Technology), anti-STAT5 (cat# 94205, Cell Signaling Technology), anti-phosphorylated STAT5

(cat# 4322, Cell Signaling Technology), anti-HIF2a (cat# NB100-122, Novus Biologicals), anti-bACTIN

(cat# 8H10D10, Cell Signaling Technology), and anti-aTUBULIN (cat# ab52866, Abcam). Horseradish

peroxidase-conjugated secondary antibodies were used, and signals were detected using an ECL kit

(cat# WP20005, Invitrogen).

ELISA of cytokines
The sera collected from the mice with distinct genotypes were stored at �80˚C. Inflammatory cyto-

kines were measured using Mouse Inflammation Panel (13-plex) with V-bottom Plate (cat# 740446,

BioLegend), according to the manufacturer’s instructions.

The concentrations of EPO were measured using ELISA kit (cat# ab119593, Abcam). Briefly, the

standards and samples were added to the wells and incubated for 90 min at 37˚C. After samples

were washed, a biotinylated goat polyclonal antibody specific for EPO was supplemented. Finally,

avidin-biotin-peroxidase complex was incubated for 30 min for the enzymatic reaction. The signal

was assessed by using a microplate reader (Synergy H4, BIO-TEK).

Histological analysis of the renal tissue sections
Kidneys were fixed in 4% paraformaldehyde overnight at room temperature and dehydrated in 20%

sucrose overnight on the next day. The paraffin-embedded tissues were then cut into 4 mm thick sec-

tions. For staining, the slides were dewaxed and incubated with mouse anti-a-Smooth Muscle-Cy3

antibody (cat# 1A4, Sigma, 1:200) and anti-PDGFRb antibody (cat# 28E1, Cell Signaling Technology,

1:200) at 4˚C overnight, followed by staining with an Alexa Fluor-conjugated secondary antibody.

Fluorescent images were obtained using a confocal microscope (UltraVIEW Vox, PerkinElmer).

A TUNEL assay was used to detect apoptotic cells (cat# 12156792910, Roche Applied Science),

according to the manufacturer’s instructions. In brief, tissue sections were deparaffinized and per-

meabilized with 0.1 M sodium citrate and incubated with a TUNEL reaction mixture for 1.5 hr at 37˚

C in a humidified, dark chamber. For quantification, approximately 20 fields (200�) were randomly

selected to evaluate the TUNEL-positive cells.
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Measurement of cytosol-releasing mitochondrial DNA (mtDNA) in
kidney
Fifty to 100 mg renal tissues were collected and washed with PBS. The tissues were then cut into

small pieces before the addition of 10 volumes of pre-chilled mitochondrial separation reagent A

and homogenized for 10–15 times. The produced homogenates were centrifuged at 600 g at 4˚C for

5 min to remove the cell nuclei, while the supernatant was centrifuged at 12,000 g at 4˚C for 10 min

to further remove the intact mitochondria. The remaining cytosolic free mtDNA was purified and

quantified by using qRT-PCR with mtDNA-specific primers. The primers are listed in

Supplementary file 2.

RNA extraction and qRT-PCR
Total RNA was extracted with TRIzol (cat# 15596026, Invitrogen) and reversely transcribed using

TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix (cat# AH311-03, TransGen

Biotech). The qRT-PCR was completed using the SYBR Green Master Mix kit (cat# A25742, Thermo

Fisher Scientific), and the assay was conducted with the QuantStudio5 Real-Time PCR System (Life

Technologies). The primers are listed in Supplementary file 2.

Isolation of PDGFRb+ REPs
Kidneys were decapsulated, diced on ice, and then incubated in RPMI 1640 medium containing 0.5

mg/mL liberase (cat# 423610, Roche) and 100 U/mL DNase I (cat# D8071, Solarbio) at 37˚C for 45

min, followed by supplementation of 0.1% bovine serum albumin to stop the enzymatic reaction.

After filtration and red blood cell lysis, the remaining single cells were incubated with PDGFRb+ anti-

body for 20 min at 4˚C before flow cytometry analysis.

RNA-sequencing and data analysis
Total RNA from FACS-purified R2 cells of the spleen of PHZ-treated WT (n = 3) and Fundc1-/- mice

(n = 3) were extracted with TRIzol (cat# 15596026, Invitrogen). Library construction and data proc-

essing were performed by Novogene (Beijing, China), as described previously (Liu et al., 2018). In

brief, quality control was conducted by using FastQC (http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/), and clean reads were aligned by HISAT2 (Pertea et al., 2016) to the mouse refer-

ence genome GRCm38 (https://www.gencodegenes.org/) of gencode.vM17 (https://www.gencode-

genes.org/). Next, the expression of genes was quantified by using StringTie (Pertea et al., 2016)

with default parameters, and differentially expressed genes (DEGs) were identified by using DESeq2

(Love et al., 2014) within R package. Genes with fold change > 1.5 and p- value < 0.05 were consid-

ered as significant DEGs.

Functional annotation of DEGs
Functional annotation of significant DEGs was performed using ‘Investigate Gene Sets’ in GSEA

(https://www.gsea-msigdb.org/gsea/msigdb/annotate.jsp). We selected KEGG (Kyoto Encyclopedia

of Genes and Genomes) as our target database, while the p-values were adjusted using the Benja-

mini and Hochberg method with significant enrichment as FDR < 0.05.

Gene set enrichment analysis
The JAK-STAT gene set derived from MSigDBwas used for GSEA (http://software.broadinstitute.

org/gsea/index.jsp). All of the expressed genes (average FPKM > 0.01) from different groups were

used as the input dataset. The numbers of permutations were set to 1000. p-values were corrected

for multiple testing methods, and the threshold for significantly enrichment was FDR < 0.05.

Statistical analysis
Statistical significance was calculated using the two-tailed unpaired Student’s t-test unless stated

otherwise. Data in bar graphs were represented as mean ± SEM, and statistical significance was

expressed as follows: *p<0.05; **p<0.01; ***p<0.001; ns: no significant.
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2019. BNIP3L/NIX and FUNDC1-mediated mitophagy is required for mitochondrial network remodeling during
cardiac progenitor cell differentiation. Autophagy 15:1182–1198. DOI: https://doi.org/10.1080/15548627.2019.
1580095, PMID: 30741592

Lemos DR, McMurdo M, Karaca G, Wilflingseder J, Leaf IA, Gupta N, Miyoshi T, Susa K, Johnson BG, Soliman K,
Wang G, Morizane R, Bonventre JV, Duffield JS. 2018. Interleukin-1b activates a MYC-Dependent metabolic
switch in kidney stromal cells necessary for progressive tubulointerstitial fibrosis. Journal of the American
Society of Nephrology 29:1690–1705. DOI: https://doi.org/10.1681/ASN.2017121283, PMID: 29739813

Li W, Li Y, Siraj S, Jin H, Fan Y, Yang X. 2018. FUNDC1-mediated mitophagy suppresses hepatocarcinogenesis by
inhibition of inflammasome activation. Hepatology 69:604–621. DOI: https://doi.org/10.1002/hep.30191

Li Y, Liu L, Zhu Y, Chen Q. 2019. Mitochondria organize the cellular proteostatic response and promote cellular
senescence. Cell Stress 3:110–114. DOI: https://doi.org/10.15698/cst2019.04.181, PMID: 31225505

Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, Ma Q, Zhu C, Wang R, Qi W, Huang L, Xue P, Li B, Wang X,
Jin H, Wang J, Yang F, Liu P, Zhu Y, Sui S, et al. 2012a. Mitochondrial outer-membrane protein FUNDC1
mediates hypoxia-induced mitophagy in mammalian cells. Nature Cell Biology 14:177–185. DOI: https://doi.
org/10.1038/ncb2422, PMID: 22267086

Liu Z, Huang XR, Chen HY, Penninger JM, Lan HY. 2012b. Loss of angiotensin-converting enzyme 2 enhances
TGF-b/Smad-mediated renal fibrosis and NF-kB-driven renal inflammation in a mouse model of obstructive
nephropathy. Laboratory Investigation 92:650–661. DOI: https://doi.org/10.1038/labinvest.2012.2,
PMID: 22330342

Liu L, Sakakibara K, Chen Q, Okamoto K. 2014. Receptor-mediated mitophagy in yeast and mammalian systems.
Cell Research 24:787–795. DOI: https://doi.org/10.1038/cr.2014.75, PMID: 24903109

Liu J, Li Y, Tong J, Gao J, Guo Q, Zhang L, Wang B, Zhao H, Wang H, Jiang E, Kurita R, Nakamura Y, Tanabe O,
Engel JD, Bresnick EH, Zhou J, Shi L. 2018. Long non-coding RNA-dependent mechanism to regulate heme
biosynthesis and erythrocyte development. Nature Communications 9:4386. DOI: https://doi.org/10.1038/
s41467-018-06883-x, PMID: 30349036

Livingston MJ, Wang J, Zhou J, Wu G, Ganley IG, Hill JA, Yin X-M, Dong Z. 2019. Clearance of damaged
mitochondria via mitophagy is important to the protective effect of ischemic preconditioning in kidneys.
Autophagy 15:2142–2162. DOI: https://doi.org/10.1080/15548627.2019.1615822

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-seq data with
DESeq2. Genome Biology 15:550. DOI: https://doi.org/10.1186/s13059-014-0550-8, PMID: 25516281

Lv W, Booz GW, Wang Y, Fan F, Roman RJ. 2018. Inflammation and renal fibrosis: recent developments on key
signaling molecules as potential therapeutic targets. European Journal of Pharmacology 820:65–76.
DOI: https://doi.org/10.1016/j.ejphar.2017.12.016

Matilainen O, Quirós PM, Auwerx J. 2017. Mitochondria and epigenetics - Crosstalk in homeostasis and stress.
Trends in Cell Biology 27:453–463. DOI: https://doi.org/10.1016/j.tcb.2017.02.004, PMID: 28274652

Mortensen M, Ferguson DJP, Edelmann M, Kessler B, Morten KJ, Komatsu M, Simon AK. 2010. Loss of
autophagy in erythroid cells leads to defective removal of mitochondria and severe Anemia in vivo. PNAS 107:
832–837. DOI: https://doi.org/10.1073/pnas.0913170107

Moschen AR, Adolph TE, Gerner RR, Wieser V, Tilg H. 2017. Lipocalin-2: a master mediator of intestinal and
metabolic inflammation. Trends in Endocrinology & Metabolism 28:388–397. DOI: https://doi.org/10.1016/j.
tem.2017.01.003, PMID: 28214071

Nai A, Rubio A, Campanella A, Gourbeyre O, Artuso I, Bordini J, Gineste A, Latour C, Besson-Fournier C, Lin HY,
Coppin H, Roth MP, Camaschella C, Silvestri L, Meynard D. 2016. Limiting hepatic Bmp-Smad signaling by
matriptase-2 is required for erythropoietin-mediated hepcidin suppression in mice. Blood 127:2327–2336.
DOI: https://doi.org/10.1182/blood-2015-11-681494, PMID: 26755707

Nandakumar SK, Ulirsch JC, Sankaran VG. 2016. Advances in understanding erythropoiesis: evolving
perspectives. British Journal of Haematology 173:206–218. DOI: https://doi.org/10.1111/bjh.13938, PMID: 26
846448

Nishida Y, Arakawa S, Fujitani K, Yamaguchi H, Mizuta T, Kanaseki T, Komatsu M, Otsu K, Tsujimoto Y, Shimizu
S. 2009. Discovery of Atg5/Atg7-independent alternative macroautophagy. Nature 461:654–658. DOI: https://
doi.org/10.1038/nature08455

Nolan KA, Wenger RH. 2018. Source and microenvironmental regulation of erythropoietin in the kidney. Current
Opinion in Nephrology and Hypertension 27:277–282. DOI: https://doi.org/10.1097/MNH.0000000000000420,
PMID: 29746306

Geng, Liu, Xu, et al. eLife 2021;10:e64480. DOI: https://doi.org/10.7554/eLife.64480 22 of 24

Research article Cell Biology

https://doi.org/10.1016/j.blre.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24560123
https://doi.org/10.1182/blood-2014-11-575357
http://www.ncbi.nlm.nih.gov/pubmed/25887776
https://doi.org/10.1182/blood-2008-02-137398
http://www.ncbi.nlm.nih.gov/pubmed/18539900
https://doi.org/10.1056/NEJM198007103030215
http://www.ncbi.nlm.nih.gov/pubmed/7189822
https://doi.org/10.3390/ijms21103453
https://doi.org/10.1080/15548627.2019.1580095
https://doi.org/10.1080/15548627.2019.1580095
http://www.ncbi.nlm.nih.gov/pubmed/30741592
https://doi.org/10.1681/ASN.2017121283
http://www.ncbi.nlm.nih.gov/pubmed/29739813
https://doi.org/10.1002/hep.30191
https://doi.org/10.15698/cst2019.04.181
http://www.ncbi.nlm.nih.gov/pubmed/31225505
https://doi.org/10.1038/ncb2422
https://doi.org/10.1038/ncb2422
http://www.ncbi.nlm.nih.gov/pubmed/22267086
https://doi.org/10.1038/labinvest.2012.2
http://www.ncbi.nlm.nih.gov/pubmed/22330342
https://doi.org/10.1038/cr.2014.75
http://www.ncbi.nlm.nih.gov/pubmed/24903109
https://doi.org/10.1038/s41467-018-06883-x
https://doi.org/10.1038/s41467-018-06883-x
http://www.ncbi.nlm.nih.gov/pubmed/30349036
https://doi.org/10.1080/15548627.2019.1615822
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1016/j.ejphar.2017.12.016
https://doi.org/10.1016/j.tcb.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28274652
https://doi.org/10.1073/pnas.0913170107
https://doi.org/10.1016/j.tem.2017.01.003
https://doi.org/10.1016/j.tem.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28214071
https://doi.org/10.1182/blood-2015-11-681494
http://www.ncbi.nlm.nih.gov/pubmed/26755707
https://doi.org/10.1111/bjh.13938
http://www.ncbi.nlm.nih.gov/pubmed/26846448
http://www.ncbi.nlm.nih.gov/pubmed/26846448
https://doi.org/10.1038/nature08455
https://doi.org/10.1038/nature08455
https://doi.org/10.1097/MNH.0000000000000420
http://www.ncbi.nlm.nih.gov/pubmed/29746306
https://doi.org/10.7554/eLife.64480


Novak I, Kirkin V, McEwan DG, Zhang J, Wild P, Rozenknop A, Rogov V, Löhr F, Popovic D, Occhipinti A,
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