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the ESCRT-III complex, is regulated by mDia2-dependent activation of serum response factor and required
for membrane remodeling and autophagosome-lysosome fusion. Mice with loss of Chmp5 in hematopoietic
cells in vivo resembled the phenotypes in mDia2 knockout mice. Furthermore, over-expression of Chmp5 in
mDia2 deficient hematopoietic stem and progenitor cells significantly restored terminal erythropoiesis
in vivo. These findings reveal a formin-regulated signaling pathway that connects membrane skeleton to
proteome remodeling, enucleation, and organelle clearance during terminal erythropoiesis.
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Key Points: 

1. mDia2 is a master regulator of membrane skeleton integrity that modulates reticulocyte 

maturation 

2. Chmp5 mediates the functions of mDia2 through the regulation of proteome remodeling 

and organelle clearance 

 

Abstract: 

The final stages of mammalian erythropoiesis involve enucleation, membrane and proteome 

remodeling, and organelle clearance. Concomitantly, the erythroid membrane skeleton 

establishes a unique pseudohexagonal spectrin meshwork that is connected to the membrane 

through junctional complexes. The mechanism and signaling pathways involved in the 

coordination of these processes are unclear. Here we reveal an unexpected role of membrane 

skeleton in the modulation of proteome remodeling and organelle clearance during the final 

stages of erythropoiesis. We found that diaphanous-related formin mDia2 is a master regulator 

of the integrity of the membrane skeleton through polymerization of actin protofilament in the 

junctional complex. The mDia2-deficient terminal erythroid cell contained a disorganized and 

rigid membrane skeleton that was ineffective in detaching the extruded nucleus. In addition, the 

disrupted skeleton failed to activate the ESCRT-III complex, which led to a global defect in 

proteome remodeling, endolysosomal trafficking, and autophagic organelle clearance. We 

revealed that Chmp5, a component of the ESCRT-III complex, is regulated by mDia2-dependent 

activation of serum response factor and required for membrane remodeling and 

autophagosome-lysosome fusion. Mice with loss of Chmp5 in hematopoietic cells in vivo 

resembled the phenotypes in mDia2 knockout mice. Furthermore, over-expression of Chmp5 in 

mDia2 deficient hematopoietic stem and progenitor cells significantly restored terminal 

erythropoiesis in vivo. These findings reveal a formin-regulated signaling pathway that connects 
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membrane skeleton to proteome remodeling, enucleation, and organelle clearance during 

terminal erythropoiesis.   

 

Introduction: 
 

Reticulocytes formed after enucleation of the orthochromatic erythroblasts contain organelles 

and non-hemoglobin proteins that are largely eliminated during maturation. Maturation of 

reticulocytes is divided into two stages. The early stage reticulocytes (R1) immediately after the 

extrusion of nuclei are motile, irregular, and large in size. The more mature R2 stage 

reticulocytes are nonmotile and clear of organelles. Through R1 to R2, membrane transferrin 

receptor, adhesion molecules, and many other cytoplasmic proteins are depleted to establish a 

hemoglobin predominant proteome1,2. Reticulocytes also undergo volume reduction that 

involves membrane loss and exocytosis3. In addition, reticulocyte membrane skeleton is 

remodeled to establish the biconcave and stable erythrocyte structure 4-8. Knowledge 

accumulated in the past few decades reveals several processes in protein removal and 

organelle clearance during reticulocyte maturation, in which multivesicular body formation, 

autophagy, and exocytosis are involved (see review1,9). However, the mechanisms of these 

processes still remain elusive. Particularly, it is unclear whether and how membrane skeleton 

coordinates with proteome remodeling and organelle clearance during terminal erythropoiesis. 

 

mDia2 is a diaphanous-related formin protein involved in linear actin polymerization and highly 

upregulated in the late stages of terminal erythropoiesis10,11. mDia2 contains a formin homology 

1 (FH1) domain and a FH2 domain that are important for actin polymerization. The N terminus 

of mDia2 protein contains a Rho GTPase binding domain (GBD), a diaphanous-inhibitory-

domain (DID), and a dimerization domain (DD). On the C terminus, there is a diaphanous auto-

regulatory domain (DAD) that binds to the DID domain to form an auto-inhibitory loop when 
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 4 

mDia2 is inactivated 11-13. Mutations in DAD domain or N-terminal regions disrupt this auto-

inhibitory structure and lead to the constitutive activation of mDia formin proteins 14-17. In addition, 

binding of Rho GTPase to the GBD domain relieves the auto-inhibitory loop to activate mDia 

formins under physiologic conditions11.  

 

mDia formins are reported to be involved in a variety of cellular processes 11,18. Recent mouse 

genetic studies from us and others showed embryonic lethality in mDia2 knockout mice with 

major defects in the hematopoietic system19,20. Loss of mDia2 influences terminal erythropoiesis 

at different stages, which is manifested as compromised cytokinesis and enucleation. In this 

respect, the mDia2 conditional and hematopoietic-specific knockout mouse model provides a 

valuable tool to study terminal erythropoiesis in vivo in adult, which is not possible to perform 

using the whole-body knockout mice. With this model, we show here that mDia2 is 

indispensable for the motility of R1 reticulocytes, membrane skeleton integrity, and clearance of 

unnecessary proteins and organelles in maturing reticulocytes. We also revealed a novel 

mDia2-Chmp5 pathway and mDia2-regulated ESCRT III complex in reticulocyte maturation. 

These studies underline the critical roles of the integrity of membrane skeleton in the modulation 

of erythroid proteome remodeling and organelle clearance.  

 

 

 

 

Methods 

 

Mice 
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Genetically modified and tissue-specific mDia2 knockout mice in C57/BL6 background were 

described previously 20,21. Congenic mice carrying CD45.1 antigen were purchased from 

Charles River (B6-LY-5.2/Cr, strain code: 564). C57/BL6 wild-type mice, CAG-Cas9 transgenic 

mice (026179), Vav-Cre mice (008610) were purchased from Jackson Laboratory. GFP-LC3 

mice were kindly provided by Dr. Congcong He (Northwestern university, Chicago, USA). GFP-

LC3 transgenic mice were crossed with mDia2fl/fl Vav-Cre mice to obtain mDia2fl/fl GFP-LC3 and 

mDia2fl/fl Vav-cre GFP-LC3 mice. All the experiments involving animals were conducted in 

accordance with the Guide for the Care and Use of Laboratory Animals and were approved by 

the Institutional Animal Care and Use Committee at Northwestern University. 

 

In vitro culture of erythroid cells 

Purification and in vitro culture of mouse bone marrow lineage negative cells to the erythroid 

lineage were performed as previously described 10. Briefly, lineage negative cells were purified 

using mouse lineage antibody cocktail (BD Biosciences, 559971) and cultured in erythropoietin-

containing medium for 48 hours. By day 2, approximately 20-30% of the cells were enucleated. 

The cells were harvested at various time points as indicated in different experiments for further 

characterization.  

 

Expression Constructs 

The MSCV-IRES-hCD4 (MICD4) construct was described previously10. pCINeo-mChmp5 

construct was purchased from Addgene (11771), mChmp5 was PCR amplified and subcloned 

into the MICD4 vector through EcoRI and NotI sites. MICD4-SRF construct was described 

previously 22. The expression construct carrying a HA-tagged, constitutively active form of 

human SRF was kindly provided by Dr. Naren Ramanan (India), and was PCR amplified and 

sub-cloned into the MICD4 vector. pGL4-Chmp5 promoter fragments were sub-cloned into 

pGL4.24(luc2P/minP) vector (E842A, Promega) between HindIII and XhoI sites. The autophagy 
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 6 

reporter construct pCDH-puro-mCherry-EGFP-LC3 was kindly provided by Dr. Congcong He 

(Chicago, USA). 

 

Stochastic optical reconstruction microscopy (STORM) imaging 

The STORM imaging analysis was performed as previously described 23.  

 

Scanning Electron Microscopy  

Erythroblasts and reticulocytes were cultured as above. The cells were collected or sorted, and 

washed three times with PBS, followed by the fixation in 2% glutaraldehyde (Polysciences) in 

100 mM phosphate buffer (pH 7.2) overnight at 4℃. The cells were then processed and 

examined with a JEOL NeoScope SEM scanning electron microscope.  

 

Transmission Electron Microscopy (TEM) and immuno-gold staining 

In vitro cultured erythroblasts and reticulocytes were collected and washed three times with PBS, 

followed by the fixation in 2% glutaraldehyde (Polysciences) and 100 mM phosphate buffer (pH 

7.2) overnight at 4℃. For RBC membrane skeleton TEM, ghost RBCs were prepared through 

incubation of RBCs in a hypotonic buffer (0.5 mM phosphate, 0.1 mM EDTA, pH 7.4) for 15 min 

and mounted on cover slides. Immuno-gold staining was employed to detect mDia2 localization 

on RBC membrane skeleton as previously described 24. Human mDia2 antibody was purchased 

from Proteintech (catalog number: 14342-1-AP), which was previously validated25,26. The cells 

were processed and examined with a FEI Tecnai Spirit G2 transmission electron microscope. 

 

Live imaging of reticulocyte motility 

Erythroblasts purified from the bone marrow were cultured in erythropoietin-containing medium 

for 48 h. A fluorescence nuclear-staining dye was added in the culture medium (ThermoFisher, 

R37106) at 37°C for 15 min. Movies were taken by a Nikon W1 Dual Cam Spinning Disk 
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Confocal Microscope (objective lens used: Apo TIRF 60X/1.49 Oil). The data were analyzed by 

NIS software and ImageJ. 

 

Red blood cell (RBC) ghost preparation 

RBC ghost preparation was performed as previously described 27.  

 

Bone marrow transplantation  

The bone marrow transplantation was performed as previously described 21,28-30.  

 

Immunofluorescence analysis  

Immunofluorescence analysis was performed as previously described29,31. Primary antibodies 

used: Chmp5 (Santa Cruz, sc-374338), LAMP1 (Sigma, L1418), LBPA (Sigma, MABT837), 

M6PR (Abcam, ab2733), lysosome tracker green (ThermoFisher, L7526), mitochondrial tracker 

deep red (Invitrogen, M22426), LC3B (Abcam, ab48394). Immunofluorescence images were 

taken with an Olympus IX70 Inverted Fluorescence Microscope (objective lens used: U-PLAN 

S-APO 1003 oil, 1.4 NA, 0.12 mm WD, DIC) and a Nikon X1 Spinning Disk Confocal 

microscope (objective lens used: objective lens used: Apo TIRF 100X/1.49 Oil). The images 

were analyzed using NIS Elements software and ImageJ.  

 

Flow Cytometric Analysis  

Flow cytometric analyses of differentiation and enucleation of cultured mouse bone marrow 

erythroblasts were performed as previously described 10,31-34.  

 

Chloroquine treatment 
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 8 

Chloroquine (CQ) was purchase from Sigma (C6628-25G). Bone marrow lineage negative cells 

were purified and cultured for 48 h. CQ was then added in cell medium to the final concentration 

of 100 µM and incubated for an additional 2 h. Cells were collected and fixed for further 

analyses. 

 

Retroviral shRNA design 

Retroviral shRNA oligo against mChmp5 were designed based on an online shRNA designer 

(http://sirna.wi.mit.edu). shRNA oligos were cloned into MSCV-U3-H1 retroviral vector as 

previously described 10.  

 

Statistics 

Results are expressed as mean ± SEM unless otherwise indicated. Statistical comparisons 

between two groups were performed with a two-tailed unpaired Student's t test using GraphPad 

Prism version 6.0 software. 

 

 

 

Results: 

 

mDia2 is essential for the integrity of membrane skeleton 

We previously showed that hematopoietic specific mDia2 deficient mice exhibit anemia and 

ineffective erythropoiesis20. To determine the role of mDia2 in reticulocyte maturation, we 

analyzed bone marrow reticulocytes from these mice using live imaging. Knockout of mDia2 

was first confirmed by the loss of mDia2 expression with hematopoietic-specific Cre expression 

(Supplemental Figure 1A-B). We found that R1 reticulocytes from mDia2-deficient mice were 
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rigid and showed little motility during enucleation compared to their wild-type counterparts 

(Figure 1A, Supplemental Movie 1-2). Work from us and others also demonstrated that mDia2 

is critical for terminal erythropoiesis and enucleation10,19,20. Loss of mDia2 compromises 

cytokinesis and leads to a significant increase of bi-nucleated orthochromatic erythroblasts, 

precursor cells in the last stage of terminal erythropoiesis before enucleation. Interestingly, we 

also found enucleating cells with two nuclei attached to the rigid reticulocyte (Figure 1A-B, 

Supplemental Movie 3), indicating that orthochromatic erythroblasts with dysplastic nuclei 

could still enucleate.  

      We previously reported that Rac GTPases are upstream regulators of mDia2. Brief Rac 

inhibitor treatment of the cultured mouse erythroblasts immediately before enucleation 

significantly inhibits enucleation10. To investigate whether Rac GTPases are also involved in 

reticulocyte motility, we treated mouse bone marrow erythroblasts at 35 h in culture, when the 

cells started to enucleate, for 5 min and analyzed the motility of R1 reticulocytes in real time. 

Indeed, this brief treatment phenocopied the motility defects of mDia2 deficient reticulocytes 

(Supplementary Figure 1C). Overall, these results demonstrate that mDia2 is involved in the 

motility of R1 reticulocytes that is critical for the detachment of the extruded nuclei in the last 

step of enucleation35.  

      The defects in the motility of R1 reticulocytes prompted us to analyze the membrane 

skeleton of the erythrocytes in mDia2fl/flVav-Cre mice. Red blood cells in mDia2 deficient mice 

show macrocytosis (Figure 1C) and anisopoikilocytosis with numerous irregularly shaped 

erythrocytes (Figure 1D)20. Through a transmission electron microscopy on hemoglobin-

depleted ghost red blood cells, we found that mDia2 deficient cells showed significantly 

elongated spectrin chains (Figure 2A), which indicates a reduced flexibility of the 

pseudohexagonal erythroid membrane skeleton meshwork. The median calculated length 

distribution of spectrin tetramer in the erythrocytes of mDia2fl/flVav-Cre mice was shifted 

significantly to the right side, i.e. longer spectrin length, comparing to that of control (Figure 2B). 
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 10 

This led to an enhanced increase of membrane skeleton stress with membrane stretch under a 

uniaxial tension (Figure 2C). The extended spectrin chains are also compatible with 

macrocytosis and suggest a failure of volume reduction in the maturing reticulocytes. Consistent 

with the role of mDia2 in actin polymerization, stochastic optical reconstruction microscopy 

(STORM) imaging analysis showed that the short actin protofilaments were irregularly 

distributed in mDia2 deficient erythrocytes (Figure 2D). Western blot analyses on ghost 

erythrocytes further revealed that many membrane skeleton proteins were significantly 

decreased in mDia2 deficient erythrocytes (Figure 2E). These results demonstrate a critical role 

of mDia2 in maintaining the integrity of erythroid membrane skeleton. To determine the 

localization of mDia2 on the skeleton, we performed a co-immunoprecipitation assay in ghost 

erythrocytes from normal human red blood cells. The result showed that mDia2 bound to band 3, 

actin, and glycophorin C, which are protein components of the junctional complex critical for the 

maintenance of the pseudohexagonal meshwork in erythroid membrane skeleton (Figure 2F). 

We further performed an immunogold labeling of mDia2 in normal human erythrocytes followed 

by electron microscopy, which also revealed localization of mDia2 at the junctional complex 

(Figure 2G). 

 

Loss of mDia2 leads to impaired membrane and proteome remodeling and organelle 

clearance 

       Given the significance of mDia2 for the integrity of membrane skeleton, we next 

investigated whether it is also involved in membrane remodeling and organelle clearance during 

reticulocyte maturation. We first analyzed several proteins, such as CD71 and CD44, that are 

programed to be down-regulated during the late stages of terminal erythropoiesis36-38. Indeed, 

the surface levels of CD71 and CD44 were significantly increased in mDia2 deficient 

reticulocytes compared to the wild-type control cells (Figure 3A). This defect in the 

downregulation of surface proteins in mDia2 deficient erythroid cells was also readily detected in 
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 11 

the orthochromatic stage of the terminal erythropoiesis (Supplemental Figure 2A). The same 

phenotypes were observed in another mDia2 hematopoietic-specific knockout model in which 

mDia2 depletion was induced in adult (Supplemental Figure 2B-C). mDia2 deficient 

reticulocytes were also much larger (forward scatter) than their wild-type counterparts. Although 

some managed to enucleate, mDia2 deficient reticulocytes contained higher content of residual 

DNA compared to the controls (Figure 3A, Supplemental Figure 2B). These data indicate that 

although the levels of many structural proteins were reduced in mDia2 deficient erythrocytes 

(Figure 2E), those that are programed to be removed from the membrane failed to do so. To 

further determine whether loss of mDia2 affects organelle clearance, we stained lysosomes and 

mitochondria in reticulocytes sorted from the cultured erythroblasts and indeed found increased 

levels with loss of mDia2 (Figure 3B-D).  

         Consistent with the flow cytometry and immunofluorescence assays, transmission electron 

microscopy analyses revealed significantly enlarged size of mDia2 deficient reticulocyte with 

numerous organelles that failed to be cleared. Large multivesicular bodies (MVBs) that were 

uncommon in wild-type reticulocytes were also frequently observed in mDia2 deficient ones 

(Figure 4A, insert III). Accordingly, extracellular vesicles that are normally released through 

MVB fusion with the membrane were significantly reduced in the medium cultured with mDia2 

deficient erythroid cells (Figure 4B). Furthermore, autophagic vacuoles, many resembling 

autophagosomes with double membranes, were also readily detected in mDia2 deficient 

orthochromatic erythroblasts (Figure 4C).  

         We next compared the proteome of mDia2 deficient and wild type reticulocytes using 

tandem mass tagging (TMT) mass spectrometry in hemoglobin-depleted ghost reticulocytes. As 

expected, many membrane and skeleton proteins were decreased in mDia2 deficient cells. On 

the other hand, many nuclear and chromosome associated proteins were elevated (Figure 4D, 

Supplemental Figure 3A-B, and Supplementary Data 1). Recent studies revealed that 

UBE2O remodels the proteome of reticulocytes through ubiquitination and proteasome 
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degradation of many substrates, predominantly ribosome proteins39. Our data demonstrate that 

mDia2 is involved in the clearance of other substrates, mainly DNA associated proteins that are 

known to be cleared after extrusion of the nucleus during reticulocyte maturation 40. This is also 

consistent with the increased DNA levels in mDia2 deficient reticulocytes (Figure 3A). 

 

Chmp5 is regulated by mDia2 and mediates mDia2’s function during reticulocyte 

maturation 

        Defects in the detachment of the extruded nuclei in mDia2 deficient reticulocytes could also 

be related to compromised cytokinesis, which is supported by the increased bi-nucleated 

orthochromatic erythroblasts that failed cytokinetic abscission in mDia2fl/flVav-Cre mice20. 

Cytokinesis involves the constriction of an actomyosin ring formation of microtubule arrays, and 

final abscission mediated by the endosomal sorting complex required for transport (ESCRT) 

proteins. ESCRT proteins are known to be critical for various membrane remodeling activities, 

including endocytosis and subsequent degradation in the lysosomes. In this process, ESCRT-0, 

I, and II complexes are involved in the recognition of ubiquitinated cargo and inclusion in 

multivesicular bodies (MVBs). ESCRT-III complex is critical as a multi-functional machinery for 

the invagination of vesicles to form MVBs, abscission of the vesicles, and regulation of late 

endosome function to lysosome degradation 41-47. Given the defects in cytokinetic abscission 

and increased MVBs in the late stages of terminal erythropoiesis, we reasoned that ESCRT-III 

complex could be important in mediating mDia2’s functions, including membrane and proteome 

remodeling and organelle clearance. To test this hypothesis, we first analyzed the expression of 

the components of ESCRT-III complex in the late stage of terminal erythropoiesis in 

mDia2fl/flVav-Cre and the wild-type controls. Indeed, the mRNA levels of many genes encoding 

various ESCRT-III components were significantly downregulated in mDia2 deficient 

erythroblasts (Supplemental Figure 4A-B).  
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          Among these downregulated ESCRT-III components, Chmp5 is unique in that it is not 

required for MVB formation like other proteins in the complex. Instead, it is critical for the 

maturation of MVBs into lysosomes48,49. The reported phenotypes of Chmp5 deficient cells, 

including the enlarged late endosomes/MVBs and upregulation of surface receptors48, resemble 

what we observed in mDia2 deficient terminal erythroid cells. Indeed, we found increased co-

localization of LBPA and LAMP1 (endosome/MVB markers) in mDia2 deficient orthochromatic 

erythroblasts and reticulocytes (Figure 5A, Supplemental Figure 4C), demonstrating a 

compromised maturation of MVBs to lysosomes. The expression level of Chmp5 remains 

constant across different stages of terminal erythropoiesis (Supplemental Figure 4D-E). To 

study the relationship between mDia2 and Chmp5, we first confirmed the downregulation of 

Chmp5 protein, as well as several other components of the ESCRT-III complex, in the late stage 

of bone marrow terminal erythropoiesis in mDia2fl/flVav-Cre mice (Supplemental Figure 4F). 

Immunofluorescence analysis showed Chmp5 localization between the dividing erythroblasts in 

cultured bone marrow erythroid cells from wild-type mice. In comparison, Chmp5 was barely 

detectable in the binucleated erythroblasts frequently found in mDia2 deficient mice (Figure 5B).  

       The mDia formin proteins not only function in cell migration and adhesion through their 

direct roles in linear actin polymerization, but they are also involved in transcriptional regulation 

through activation of the MAL-SRF pathway11,50,51. By promoting actin polymerization, mDia 

formins release G-actin monomers from megakaryocytic acute leukemia (MAL) protein. The 

released MAL translocates into the nucleus, where it dimerizes with serum response factor 

(SRF) to drive SRF-dependent gene expression of many cytoskeleton-related genes52,53. Given 

the reduced expression of Chmp5 in mDia2 deficient cells, we next determined whether Chmp5 

could be a direct transcriptional target of SRF. To this end, we performed an analysis to identify 

SRF responsive elements (SRE), so called “CArG” box, on the promoter region of Chmp5 using 

a transcription factor online binding site prediction tool 54 and found two putative SREs in the 

Chmp5 promoter (Figure 5C). We then cloned these two SREs and inserted them individually 
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ahead of the luciferase gene. SRE site 1, but not site 2, induced a strong luciferase activity that 

was inhibited by the mutation that disrupted the SRE (Figure 5C). To confirm the binding of 

SRF to this site, we performed a chromatin immunoprecipitation assay and indeed revealed 

specific binding of SRF to the SRE on Chmp5 (Figure 5D). Consistent with the role of mDia2 in 

the regulation of SRF, loss of mDia2 significantly reduced the binding of SRF to the SRE on 

Chmp5 (Figure 5E). To further confirm the mDia2-SRF axis in the regulation of Chmp5 

expression, we overexpressed SRF and transduced it into mDia2 deficient erythroblasts. As 

expected, the expression of Chmp5 was largely rescued by SRF (Figure 5F). Functionally, 

knockdown of Chmp5 in vitro through shRNA in wild-type bone marrow lineage negative cells 

led to a significantly increased number of binucleated orthochromatic erythroblasts (Figure 5G-

H). Knockout of Chmp5 in vitro and hematopoietic specific knockout of Chmp5 in vivo through 

CRISPR-Cas9 also resulted in significantly increased binucleated orthochromatic erythroblasts, 

organelle retention, and defects in membrane remodeling (Supplemental Figure 5A-H).  

 

mDia2-Chmp5 pathway is critical for the fusion of autophagosome and lysosome 

       ESCRT-III complex is reported to play a role in the fusion of autophagosome with 

lysosome55. The presence of increased autophagosomes in mDia2 deficient terminal erythroid 

cells indicates a defect in autolysosome formation. We first analyzed the levels of autophagic 

flux in the late stages of terminal erythropoiesis through immunofluorescence stain and western 

blot analysis of LC3, which was dramatically increased in mDia2 deficient terminal erythroid 

cells (Figure 6A-B). In addition, we crossed mDia2 deficient mice with GFP-LC3 mice and 

obtained mDia2fl/fl/GFP-LC3 and mDia2fl/flVav-Cre/GFP-LC3 mice. The late stage erythroblasts 

purified from the bone marrow of these mice indeed demonstrated significantly increased GFP 

signals in cells from mDia2fl/flVav-Cre/GFP-LC3 mice (Figure 6C-D). To directly determine 

whether the fusion of autophagosome with lysosome is compromised, we transduced primary 

bone marrow erythroid progenitors with a tandem fluorescent-tagged LC3 (mCherry-EGFP-LC3). 
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EGFP is sensitive to the acidic environment of lysosome whereas mCherry is more stable. 

Increase in the merged yellow signal suggests a defect in the fusion with lysosome56. We 

analyzed the transduced erythroblasts following their maturation as measured by progressive 

nuclear condensation. Compared to the control, mDia2 deficient erythroblasts showed markedly 

increased yellow signals across the differentiation stages (Figure 6E). Chloroquine is known to 

block autophagosome and lysosome fusion57. Treatment of chloroquine in mDia2 deficient 

erythroblasts induced no further increase in LC3 signal, which supports the defect in 

autophagosome and lysosome fusion with loss of mDia2 (Supplemental Figure 6A). As 

expected, knockout of Chmp5 through sgRNA significantly induced autophagic flux 

(Supplemental Figure 6B).  

 

Overexpression of Chmp5 ameliorates the defects in terminal erythropoiesis in mDia2 

deficient mice 

       Our results strongly suggest that Chmp5 acts as a downstream effector of the mDia2-SRF 

axis in regulating ESCRT-III complex-mediated cytokinesis and global clearance of proteins and 

organelles during the late stages of terminal erythropoiesis. To further demonstrate this, we first 

purified lineage-negative hematopoietic stem and progenitor cells from the bone marrow of 

mDia2fl/flVav-Cre mice and infected them with retroviruses expressing a constitutively active 

mDia2 mutant, DAD (Supplemental Figure 7A). The cells were cultured in vitro for 48 h in 

erythroid differentiation media. As we expected, mDia2 DAD mutant significantly induced 

overexpression of Chmp5 (Supplemental Figure 7B), rescued the defect in lysosome 

clearance and increase of LC3B (Supplemental Figure 7C-D) in mDia2 deficient erythroid cells. 

We next tested the role of Chmp5 in vivo using a transplantation model. To this end, the 

lineage-negative hematopoietic stem and progenitor cells from the bone marrow of mDia2fl/flVav-

Cre mice were infected with retroviruses expressing Chmp5. The transduced cells that 
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overexpress Chmp5 were then transplanted into lethally irradiated wild-type recipient mice 

(Figure 7A). Compared to mice transplanted with vector-transduced mDia2 deficient bone 

marrow cells, those transplanted with mDia2 deficient cells that overexpress Chmp5 significantly 

rescued the red blood cell count and hemoglobin level two months after transplantation (Figure 

7B, Supplemental Figure 7E). Splenomegaly in mice transplanted with mDia2 deficient bone 

marrow was diminished with overexpression of Chmp5 (Figure. 7C). When the bone marrow 

cells were harvested, we found that the binucleated orthochromatic erythroblasts that comprised 

almost half of the cells at this stage in mDia2 deficient mice were dramatically reduced with 

Chmp5 overexpression (Figure 7D-E). As expected, overexpression of Chmp5 also reverted 

the defects in organelle and protein clearance (Figure 7F), as well as the increase in 

autophagic flux (Supplemental Figure 7F).  

 

 

Discussion: 

 

        Our study reveals an important connection between erythroid membrane actin skeleton 

and the global proteome remodeling and organelle clearance during terminal erythropoiesis. 

The formin protein mDia2 functions as a master regulator of this connection through 

polymerization of actin protofilaments, which signals the activation of SRF-mediated expression 

of different components of the ESCRT-III complex. Our results also demonstrate multiple 

functions of ESCRT-III complex in the regulation of endolysosomal and autolysosomal formation 

that are essential for membrane remodeling and cytoplasmic clearance during reticulocyte 

maturation. Furthermore, our study suggests that hereditary anemias that involve defects in 

membrane skeleton could also have compromised reticulocyte maturation. In addition, mDia 

formin proteins and ESCRT-III complex could play broader roles in mediating proteome 

remodeling and autophagy in other cell types. 
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       One of the unsolved questions in erythroid membrane biology is how actin protofilaments 

are formed58. Our study reveals that mDia2 plays a critical role in this process. The disrupted 

actin protofilaments in mDia2 deficient reticulocytes lead to reduced flexibility of the 

pseudohexagonal membrane skeleton meshwork, which explains the rigidity and lack of 

movement of the R1 reticulocytes during enucleation. Together with its role in contractile actin 

ring formation during enucleation10,20, mDia2 is essential in the membrane integrity in the late 

stages of terminal erythropoiesis.  

        Notably, mDia2 plays multiple functions at different stages of terminal erythropoiesis. We 

and others previously demonstrated that loss of mDia2 in fetal liver and adult bone marrow 

erythroid cells led to cytokinesis defects before enucleation19,20. In this respect, we cannot 

completely exclude the possibility that the phenotypes we observed in mDia2 deficient 

reticulocytes are related to the absence of mDia2 in the early stages. However, the fact that a 

brief Rac inhibitor treatment of the cultured erythroblasts right before enucleation caused a 

significant inhibition of enucleation suggests that nuclear detachment and reticulocyte motility 

are directly related to mDia2’s specific function at this differentiation stage. Future studies using 

mDia2 agonist or antagonist would be helpful to dissect its specific roles in different stages of 

terminal erythropoiesis.  

       Our data demonstrate that erythroid cells are more sensitive to mDia2 deficiency but not its 

activation or overexpression. The sensitivity to mDia2 up or down regulation appears to be cell 

type specific. In HeLa cells, expression of a constitutively active mDia2 mutant led to defects in 

cytokinesis 59. In contrast, NIH 3T3 cells are more like erythroid cells and sensitive to the loss of 

mDia2 60. The sensitivity to mDia2 deficiency is also common in hematopoietic cells in that loss 

of mDia2 can also lead to defects in the engraftment of hematopoietic stem and progenitor cells 

22.   

       Our results also reveal an important role of membrane skeleton in protein sorting and endo-

lysosome trafficking during reticulocyte maturation. Many surface proteins such as CD71 and 
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CD44 are programmed to be down regulated during the late stage of terminal erythropoiesis36-38. 

The possible mechanisms involve endocytosis, intracellular vesicle trafficking, and 

exsocytosis61,62. During this process, surface proteins, as well as many other intracellular 

organelles and DNA associated proteins, are removed through endosome-MVB-lysosome-

autolysosome formation. Loss of mDia2 significantly compromises this process, which leads to 

the accumulation of large MVBs in orthochromatic erythroblasts and reticulocytes. More 

interestingly, mDia2 deficiency also significantly affects the fusion of autophagosome and 

lysosome. This multi-functional properties of mDia2 prompted us to evaluate the ESCRT 

complexes that are involved in many of the similar processes. Indeed, many components of the 

ESCRT III complex are downregulated, including Chmp5.  

        As a formin protein, mDia2 not only functions on actin polymerization, but also involves in 

transcriptional regulation through MAL-SRF pathway50. The mDia2-SRF-Chmp5 pathway 

represents one of the first signaling cascades involved in the final stages of terminal 

erythropoiesis. This pathway regulates cytokinesis of the last step of mitosis in orthochromatic 

erythroblasts, membrane and proteome remodeling, and endo-lysosome trafficking. Defects in 

all of these processes together contribute to lethal anemia during embryogenesis and ineffective 

erythropoiesis in adult mDia2 null mice, which also mimic certain inherited diseases in human, 

such as congenital dyserythropoietic anemia (CDA)63. Therefore, our studies could shed light on 

the pathogenesis of these human diseases. 
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Figure Legend: 

 

Figure 1. mDia2 is required for the mobility of R1 reticulocytes. (A) Time lapse real-time 

microscopy of enucleating erythroid cells from the cultured bone marrow erythroblasts from the 

indicated mice. Still frames of cells at the indicated time (seconds) are illustrated. The bottom 

panels illustrate an enucleating cell with two extruding nuclei. Nuclei were stained with NucRed 

Live 647.  Scale bars: 1 m. White dots outline R1 reticulocytes. Far right panels show the 

overlapped outlines of the dynamic reticulocytes at different time points. (B) Scanning electro-

microscopy analyses of enucleating cells from A. (C) Mean corpuscular volume of red blood 

cells from peripheral blood of indicated mice at 1 month old. (D) Wright-Giemsa stains of 

peripheral blood smears from indicated mice at 1 month old. Scale bars: 10 m.  

 

Figure 2. Loss of mDia2 compromises erythrocyte membrane skeleton structure. (A) 

Transmission electron microscopy study of membrane skeleton of ghost erythrocytes from the 

indicated mice. Data are representative of 13 randomly selected fields. (B) The length 

distributions of the spectrin tetramers with corresponding frequencies in ghost erythrocytes 
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calculated based on the electron microscopy images in A. (C) Computationally predicted stress 

of the membrane skeleton under a uniaxial tension with the increased deformation (1) of the 

indicated mice. A shear modulus 𝜇0 = 13.1 𝑝𝑁/𝜇𝑚  is estimated for mDia2fl/fl cells and 𝜇0 =

26.5 𝑝𝑁/𝜇𝑚 for mDia2fl/flVav-Cre cells. (D) STORM imaging analyses of actin protofilaments in 

ghost erythrocytes from indicated mice. Scale bars: 1 m. (E) Western blot analyses of 

indicated erythroid membrane skeleton proteins of ghost erythrocytes from the indicated mice. 

Equal number of cells were used. (F) Immunoprecipitation assay using IgG or mDia2 antibodies 

in normal human ghost erythrocytes. Western blot analyses were performed to determine the 

co-precipitated proteins. (G) Immuno-gold stain of mDia2 and electron microscopy analysis of 

normal human ghost erythrocytes. Yellow dots and blue stripes in the schematic spectrin graph 

indicate gold particles and spectrin bands, respectively. 

 

Figure 3. mDia2 is involved in membrane remodeling and organelle clearance during 

terminal erythropoiesis. (A) Lineage-negative cells from the bone marrow of the indicated 

mice were cultured in erythropoietin-containing medium for 2 days. Flow cytometric analysis 

was performed to determine the surface levels of the indicated proteins, DNA, and forward 

scatter (FSC) in wild type and mDia2 deficient reticulocytes. (B) Same as A except the cells 

were also stained with lysosome tracker and MitoTracker for the detection of lysosome and 

mitochondria content, respectively. (C-D) Fluorescence analyses of the indicated organelles on 

the orthochromatic stages of the erythroblasts (C) and reticulocytes (D) in cells from B. 

 

Figure 4. Defect in endolysosomal and autolysosomal formation and proteome 

remodeling in mDia2 deficient erythroid cells. (A) Transmission electron microscopy studies 

of reticulocytes from mDia2fl/flVav-Cre mice (bottom) and mDia2fl/fl mice (top). An adjacent 
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orthochromatic erythroblast (bottom right) with numerous organelles and vesicles is also seen. 

Scale bars: 1 m. Arrows in insert III indicate vesicles. (B) Lineage-negative cells from the bone 

marrow of the indicated mice were cultured in erythropoietin-containing medium for 2 days. 

Quantitative analyses of extracellular vesicles from the culture media were performed. * p < 

0.05. (C) Transmission electron microscopy analysis of a representative orthochromatic stage 

erythroblast from mDia2fl/flVav-Cre mice. Images are representative of 10 randomly selected 

fields. (D) Volcano plot of quantitative proteomic study. Proteins significantly up (red) or down 

(blue) regulated in mDia2 deficient reticulocytes are presented. KEGG pathway enrichment 

analyses of proteins up or down regulated by >25% are shown. Numbers of proteins per group 

are indicated on the right. The experiments were repeated three times and the data were 

obtained with combined individual analysis.   

 

Figure 5. ESCRT-III complex mediates the function of mDia2. (A) Bone marrow lineage 

negative cells from the indicated mice were cultured in erythropoietin-containing medium for 2 

days. Immunofluorescent stains of the indicated markers on the orthochromatic erythroblasts 

were performed on day 2. Scale bar: 1 m. Images are representative of 10 randomly selected 

fields. (B) Immunofluorescent stain of Chmp5 in dividing cells of cultured erythroblasts from 

control and mDia2 deficient mice. Scale bar: 1 m. Images are representative of 10 randomly 

selected fields. (C) Schematic view of the genomic region of Chmp5 with two predicated SREs 

in its promoter region. The sequences of these SREs and their mutant forms used in the 

luciferase assay are listed. The lower panel is the luciferase reporter assay. 293T cells were co-

transfected with luciferase reporters containing the indicated wild type (WT) or mutant SREs 

(MUT) together with SRF-expressing construct in the presence of a Renilla luciferase 

expression vector (pRL-TK). Firefly and Renilla luciferase activities were measured after 24 h. 

(D) Chromatin immunoprecipitation (ChIP) assay in day 2 cultured wild-type erythroblasts with 
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indicated antibodies followed by PCR of the SREs on Chmp5 promoter. (E) ChIP assays as D 

using SRF antibody or IgG on day 2 cultured erythroblasts from the indicated mice followed by 

PCR of the SREs on Chmp5 promoter. (F) Real time RT-PCR analyses of Chmp5 mRNA levels 

of day 2 cultured erythroblasts from control or mDia2fl/flVav-Cre (KO) mice transduced with 

indicated genes on day 0. *** p < 0.001. (G) Wild-type bone marrow lineage negative cells were 

transduced with MSCV retroviruses expressing GFP and different shRNAs targeting Chmp5. 

The transduction efficiency was ~40% across all the constructs (not shown). The cells were 

then cultured for 2 days in erythropoietin-containing media. Immunofluorescent stains of Chmp5 

were performed. Images are representative of 5 randomly selected fields. (H) Quantification of 

bi-nucleated orthochromatic erythroblasts in G. * p < 0.05; *** p < 0.001. 

 

Figure 6. Defects of autophagosome-lysosome fusion in mDia2 deficient erythroid cells. 

(A) Lineage-negative cells from the bone marrow of the indicated mice were cultured in 

erythropoietin-containing medium for 2 days. Representative images of LC3B-stained 

orthochromatic erythroblasts were presented. Scale bars: 2 m. Images are representative of 

10 randomly selected fields. The bottom panels illustrate a binucleated orthochromatic 

erythroblast. (B) Western blot analyses of the cells from A. (C) Lineage negative cells from the 

bone marrow of the indicated mice were cultured in erythropoietin-containing medium for 2 days. 

Flow cytometric analyses of GFP intensity on the Ter119+ DNA+ erythroblasts were performed. 

(D) Western blot analyses of cells in C for the detection of GFP-LC3 and LC3. (E) Lineage 

negative cells from the indicated mice were transduced with Lenti-mCherry-EGFP-LC3. The 

cells were cultured in erythropoietin-containing medium for 2 days. Representative images of 

erythroblasts at different developmental stages based on the nuclear size were presented. 

Scale bars: 10 m. Images are representative of 10 randomly selected fields. 
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Figure 7. Overexpression of Chmp5 ameliorates defects in late stage terminal 

erythropoiesis in mDia2 deficient mice. (A) Schematic outline of the transplantation strategy. 

(B) Red blood cell count and hemoglobin levels in recipient mice transplanted with indicated 

bone marrow cells for 2 months. (C) Spleen weigh of mice in B. (D) Bone marrow smear 

morphologic analyses of mice in B. Arrows indicate binucleated orthochromatic erythroblasts. 

Scale bar: 20 m. Flow cytometric assays on the bottom quantify the percentage of S/G2/M 

phases reflecting the number of binucleated cells. (E) Quantitative analysis of d. * p < 0.05; ** p 

< 0.01; *** p < 0.001. (F) Lineage-negative cells from the bone marrow of the indicated recipient 

mice were cultured in erythropoietin-containing medium for 2 days. Flow cytometric analyses of 

indicated parameters and proteins on reticulocytes were performed. 
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