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                                                                                                                        Abstract

                                                            The formin protein mDia2 plays a critical role in a number of cellular processes through its ability to promote nucleation and elongation of actin filaments. In erythroblasts, this includes control of cytokinesis and enucleation by regulating contractile actin ring formation. Here we report a novel mechanism of how mDia2 is regulated: through acetylation and deacetylation at lysine 970 in the formin homology 2 domain. Ectopic expression of an acetyl-mimic mDia2 mutant in mouse erythroblasts is sufficient to abolish contractile actin ring formation at the cleavage furrow and subsequent erythrocyte cytokinesis and enucleation. We also identified that class II histone deacetylase 6 deacetylates and subsequently activates mDia2. Knockdown or inhibition of histone deacetylase 6 impairs contractile actin ring formation, and expression of a non-acetyl-mimic mDia2 mutant restores the contractile actin ring and rescues the impairment of enucleation. In addition to revealing a new step in mDia2 regulation, this study may unveil a novel regulatory mechanism of formin-mediated actin assembly, since the K970 acetylation site is conserved among Dia proteins
                                                            
                                                            Introduction
Formin proteins play important roles in many different cellular processes such as cell adhesion, cell migration, cytokinesis, phagocytosis, endosomal trafficking, synaptic growth and the maintenance of cell polarity by directing actin nucleation and polymerization.21 The Diaphanous-related formins are a subfamily of formins that are effectors of Rho-family GTPases.31 The mammalian Diaphanous-related formin (mDia2) is important for cell motility, cell polarity, vesical trafficking and cytokinesis.631 All formin proteins contain the formin homology 2 (FH2) domain, which directly mediates actin assembly.873 Two FH2 domains form a doughnut-shaped dimer that nucleates new, unbranched actin filaments and moves along the actin filaments to promote the addition of further actin monomers.1192 The adjacent formin homology 1 domain accelerates actin assembly by recruitment of profilin-bound G-actin.12112
The process of erythropoiesis starts with the multipotent hematopoietic stem cell. The erythroid progenitor cells derived from these multipotent cells undergo terminal erythroid differentiation through a series of maturation stages to produce enucleated reticulocytes which subsequently mature into red blood cells. At the late stage of differentiation, the nuclear chromosomes become highly condensed and F-actin bundles accumulate between the extruding nucleus and nascent reticulocyte. Resembling the process in cytokinesis, non-muscle myosin and F-actin form a contractile actin ring (CAR) at the cleavage furrow between the incipient reticulocyte and pyrenocyte, resulting in subsequent enucleation.1413 Mice deficient in mDia2 survive until E11.5 and exhibit severe anemia with multi-nucleated erythroblasts. The mDia2-deficient erythroid cells fail to complete cytokinesis and have decreased accumulation of F-actin in the cleavage furrow during late differentiation from proerythroblasts.15 Conditional knockout of mDia2 at adult stage shows ineffective erythropoiesis with bi-and multi-nucleated erythroblasts,16 demonstrating the critical roles of mDia2 in erythropoiesis.
Lysine acetylation is a widely occurring post-translational protein modification involved in various functions in transcriptional regulation and cellular processes in eukaryotic cells.17 The enzymes responsible for acetyl group addition to or removal from the ε-amino groups of target proteins are known as histone acetyltransferases and histone deacetylases (HDAC), respectively. HDAC6, a class IIb member of HDAC, has been shown to play essential roles in regulating cell migration, protein trafficking and accumulation of misfolded proteins into the aggressome.1817 HDAC6 is a primary tubulin deacetylase and regulates tubulin-mediated cell motility, migration and cytokinesis.2119 HDAC6 also regulates cell motility and endocytosis through regulating actin remodeling.2322 The role of HDAC6 in hematopoiesis, especially erythropoiesis, is completely unknown.
In this study, we found that knockdown of HDAC6 or inhibition of HDAC6 activity prevents cytokinesis and enucleation in cultured mouse fetal erythroblasts through disruption of CAR formation. We further discovered that HDAC6 regulates these processes through deacetylation of mDia2. The overexpression of non-acetyl-mimic mDia2 rescues the HDAC6 knockdown defect in enucleation. Our study therefore unveils a novel regulatory mechanism of formin protein by which mDia2 mediates actin organization and subsequently controls terminal erythroblast maturation.
Methods
Retroviral production and infection
The generation of retroviral particles and viral infection have been described previously.24 The infection rate was determined at around 60% by infection of green-fluorescent protein (GFP)-containing virus. For cells co-infected with MSCV–GFP-mDia2 shRNA and MICD4 mDia2, positive cells were selected by GFP and CD4 surface marker. For cells co-infected with pSuper HDAC6 shRNA and MICD4 mDia2, positive cells were selected by CD4 surface marker.
Purification and culture of mouse fetal liver cells
All mouse procedures were conducted in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals for research purposes and the collection of mouse fetal liver cells was approved by the University of Florida Institutional Animal Care and Use Committee (IACUC) (#201309309; #201609309). Mouse fetal liver cells were obtained from E13.5 C57BL/6 embryos. The purification and in vitro culture of mouse fetal liver erythroblast precursors (Ter119-negative cells) were performed as previously described.25 Purified cells were seeded in fibronectin-coated wells (BD Pharmingen) and differentiation induced in Iscove modified Dulbecco medium (IMDM) containing 1 U/mL erythropoietin (Amgen). The medium was changed to erythropoietin-free IMDM 24 h after induction.
Bone marrow transplantation
Bone marrow cell infection and transplantation have been described elsewhere16 and were approved by the Northwestern University IACUC (2015-IS00001416). Briefly, c-Kit-positive stem/progenitor cells from mDia2 knockout mice were purified by mouse CD117 (c-KIT)-positive selection kit (STEMCELL Tech.). The cells were cultured in serum-free StemSpan SFEM medium and spin-infected with concentrated virus supernatants supplied with 8 μg/mL of polybrene at 2500 rpm for 90 min. The infected cells were recovered for 24 h at 37°C and then 2×10 cells were injected retro-orbitally into lethally irradiated CD45.1-positive recipient mice (gamma-irradiation, 1000 rad). One month after transplantation, reconstitution was achieved and recipient mice were sacrificed for the flow cytometric bone marrow enucleation assay staining with Ter119 and Hoechst 33342.
Immunocytochemistry and confocal microscopy
Immunocytochemistry is described in the Online Supplementary Methods. Staining was examined with a Leica TCS-SP5 confocal imaging system (Leica Microsystems Inc.). To quantify polarized florescent signals, a line, with a thickness of 20 pixels, was drawn across the center of the cell towards the polarization direction using Fiji software. The polarization of the target signal was defined as a more than 2-fold change of florescence intensity between the maximal peak values from the side of the polarized cytoplasm and the nuclear side. At least five random pictures were taken from one slide, and more than 30 cells were measured for each experiment.
Flow cytometric analysis
For the in vitro analysis of differentiation, the mouse fetal erythroid progenitors were cultured in vitro for 24 h with erythropoietin and then the culture was continued for an additional 24 h without erythropoietin. Detached cells from culture were subjected to FACS analysis using antibodies against Ter119 PE and CD71 FITC (BD Pharmingen). For the in vitro analysis of enucleation, cells were stained with Hoechst 33342 (Sigma-Aldrich) and Ter119 PE. The FACS analysis was carried out using a BD LSR II (BD Biosciences).
Statistics
Statistical significance was determined by a Student t test. P values <0.05 are considered statistically significant.
Results
Inhibition of HDAC6 impairs cytokinesis and erythrocyte enucleation
During erythropoiesis, erythroid progenitors undergo a series of differentiation stages with cell division, nuclear condensation and eventually enucleation, a type of cytokinesis which requires actin remodeling.2826 It has been shown that the class IIb HDAC6 plays a role in cytokinesis and endocytosis.2320 We, therefore, investigated whether HDAC6 is also involved in erythrocyte maturation. We first examined the expression and localization of HDAC6 during erythroid differentiation using Ter119-negative erythroid progenitor cells purified from E13.5 mouse fetal livers. The progenitor cells were cultured and induced to differentiate into erythroblasts in vitro by addition of erythropoietin.25 HDAC6 was evenly distributed in cytoplasm during the early stage of erythropoiesis. As the nucleus became polarized during the later stage of erythropoiesis, HDAC6 gradually accumulated at the boundary of the cytoplasm and nucleus (Figure 1A). During enucleation, HDAC6 localized at the sites of CAR formation between the incipient reticulocytes and pyrenocytes (Figure 1A). The total protein and gene expression level of HDAC6 did not change significantly during erythropoesis (Online Supplementary Figure S1A, S1B). The dynamic localization of HDAC6 to the cytokinetic furrow suggests that it may play an important role there. To determine whether HDAC6 is involved in erythroid cell maturation, the mouse erythroid progenitor cells were induced to differentiate by addition of erythropoietin and treated with tubastatin A (TubA), a HDAC6-specific inhibitor.29 The expression level of HDAC6 was not affected by TubA treatment (Online Supplementary Figure S1A–C); however the deacetylase activity of HDAC6 was inhibited (Online Supplementary Figure S1B). FACS analysis was utilized to study the erythrocyte differentiation. Cell populations were gated and quantified based on expression levels of CD71 and Ter119.25 The population of differentiated erythrocytes, which were positive for both CD71 and Ter119 (R3 + R4), was profoundly reduced by TubA (Figure 1B). The enucleation efficiency was also analyzed by FACS using co-staining with Hoechst for DNA and Ter119. The population of enucleated cells, which were positive for Ter119 and negative for Hoechst, was also reduced by TubA treatment (Figure 1C). These results demonstrate that inhibition of HDAC6 affects erythroid progenitor cell differentiation and enucleation. An alternate explanation for these results could be that the loss of enucleated cells is due to a reduction of differentiated cells. However, when the erythroid progenitor cells were induced to differentiate by erythropoietin for 36 h prior to treatment with TubA for 12 h, there was a significant decrease in the enucleated cell population (Figure 1D) without the R3 + R4 population being affected significantly (Figure 1E). It is known that the class III HDAC SIRT2 and HDAC6 have an overlapping function as both enzymes can deacetylate tubulin.30 We, therefore, tested whether SIRT2 also affects enucleation. However, treatment with class III HDAC inhibitors, sirtinol or nicotinamide, did not affect enucleation (Online Supplementary Figure S1D,E). These results reveal a functional significance of HDAC6 in differentiation and enucleation during the late stage of terminal erythropoiesis.
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Figure 1.Inhibition of HDAC6 impairs cytokinesis and erythrocyte enucleation. (A) Confocal microscopy analysis of HDAC6 cellular distribution during Ter119-negative mouse fetal progenitor cell differentiation. The Ter119-negative erythroid progenitor cells were harvested from E13.5 mouse fetal livers, and cultured in vitro with erythropoietin for 24 h, and then the culture continued for an additional 24 h without erythropoietin. The cells were fixed at 0, 6 h, 12 h, and 48 h during the culture and immunostained with anti-HDAC6 conjugated with Alexa Fluor 488 and DAPI. Scale bar is 5 μm. The dashed line indicates the cell boundary. (B) Flow cytometric analysis of cultured Ter119-negative mouse fetal progenitors. DMSO, TubA (5 μM) or TubA (10 μM) was added at the time of erythropoietin induction and the cells were treated for 48 h. Cells were stained with Ter119 and CD71, and analyzed by FACS. The percentages of cells in an undifferentiated state (R1+R2) and differentiated state (R3+R4) were analyzed. (C) Flow cytometric analysis of induced Ter119-negative mouse fetal progenitors. DMSO, TubA (5 μM) or TubA (10 μM) was added at the time of erythropoietin induction and the cells were treated for 48 h. Cells were stained with Ter119 and Hoechst 33342, and analyzed by FACS. The percentage of the gated cells (Ter119-positive and Hoechst-negative cells), which represent the pool of enucleated reticulocytes, was analyzed. (D and E) DMSO, TubA (5 μM) or TubA (10 μM) was added 36 h after erythropoietin induction and the cells were treated for an additional 12 h. Cells were stained with (D) Ter119 and Hoechst 33342, or (E) Ter119 and CD71, and analyzed by FACS. The error bars represent mean +SD (n=3), *P<0.05 compared to DMSO treatment.
Inhibition of HDAC6 blocks recruitment of mDia2 at the contractile actin ring
Remodeling of actin filaments is critical to erythroblast enucleation.2827 The formation of a CAR at the boundary between the incipient reticulocyte and pyrenocyte (condensed nucleus) is a phenomenon distinct to enucleation. At the late erythroblast stage, HDAC6 gradually moves toward the boundary of the nucleus and cytoplasm (Figure 1A), which led us to further examine HDAC6 function on the formation of the CAR. During the early stages of erythropoiesis, actin filaments are distributed at the plasma membrane and are partially co-localized with HDAC6 (Figure 2A). During nuclear condensation, actin filaments gradually accumulate at the cleavage furrow to form the CAR (Figure 2A). In cells treated with TubA, F-actin remains at the cell periphery and CAR formation is blocked, even though there is no significant defect in nuclear polarization (Figure 2B,C, Online Supplementary Figure S2A,B). To further confirm the role of HDAC6 in enucleation, HDAC6 was knocked down with retrovirus encoding shRNA. Knockdown of HDAC6 also significantly blocked F-actin polarization to the CAR (Figure 2D,E). Interestingly, a few erythroblasts with inactivated HDAC6 or HDAC6 knockdown eventually enucleated (Figure 2F,G). However, even in these cells, CAR formation was disrupted. Taken together, these results suggest that HDAC6 is required for the organization of actin filaments into the CAR.
[image: ]

Figure 2.Inhibition of HDAC6 blocks contractile actin ring formation. (A) Immunostaining of HDAC6 and F-actin in cultured Ter119-negative mouse fetal progenitors. i–iv indicate progressive stages during enucleation. (B) Immunostaining of HDAC6 and F-actin in differentiating Ter119-negative mouse fetal progenitors treated with DMSO or TubA. (C) Quantification of cells with polarized F-actin [as shown in stages ii to iv in (A)] in cells treated with DMSO or TubA. (D) Immunostaining of HDAC6 and F-actin in Ter119-negative mouse fetal progenitors infected with retrovirus harboring pSuper vector or HDAC6 shRNA. (E) Quantification of polarized F-actin in cells with HDAC6 knockdown. (F) Immunostaining of HDAC6 and F-actin in cultured Ter119-negative mouse fetal progenitors treated with TubA or HDAC6 shRNA. (G) Quantification of enucleated cells in induced mouse fetal liver progenitor cells with HDAC6 shRNA or treated with TubA. Scale bar is 5 μM. The error bars represent mean +SD (n=3), *P<0.05 compared to DMSO.
An earlier study indicated that formin protein mDia2 is required for the formation of the CAR and subsequent enucleation.6 We therefore examined whether inhibition of HDAC6 affects mDia2 function. In normal cultured mouse fetal erythroblasts, mDia2 gradually polarizes to one side of the plasma membrane and partially co-localizes with actin filaments where the CAR is formed during the enucleation process (Figure 3A). Treatment with TubA significantly impaired the polarization of mDia2 (Figure 3A,B). Since mDia2 is also important for cytokinesis,154 we then tested whether HDAC6 is also important for mDia2-mediated cytokinesis. Control dividing cells form the CAR at the cleavage furrow (Figure 3C, left panel). mDia2 is polarized to the front edge of the CAR (Figure 3C, left panel). TubA-treated cells failed to form the cleavage furrow or CAR and lacked mDia2 localization at the cleavage site. Some TubA-treated cells had two or more nuclei, indicating that nuclear division had occurred (Figure 3C, top right panel; Figure 3D; Online Supplementary Figure S3A). These cells grew at a slower rate (Online Supplementary Figure S3B,C), supporting the notion that cytokinesis is blocked. A few treated cells did manage to go through complete cytokinesis without the formation of an actin ring (Figure 3C, bottom right panel), suggesting an alternative mechanism for cytokinesis without the CAR. Other cell types, such as NIH3T3 fibroblasts, also require HDAC6 activity for cytokinesis (Online Supplementary Figure S3D). Our study therefore demonstrates that HDAC6 is important for mDia2-mediated cytokinesis and enucleation.
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Figure 3.HDAC6 is required for recruitment of mDia2 at the contractile actin ring. (A) Immunostaining of mDia2 and F-actin in cultured erythropoietin-induced Ter119-negative mouse fetal progenitors treated with DMSO or TubA. (B) Quantification of cells with polarized mDia2. (C) Immunostaining of mDia2 and F-actin in cultured uninduced Ter119-negative mouse fetal progenitors treated with DMSO or TubA. (D) Quantification of multi-nuclear cells as described in (C). Scale bar is 5 μm. The error bars represent mean +SD (n=3), *P<0.05 compared to DMSO.
mDia2 is a novel target of HDAC6
To further investigate how HDAC6 affects mDia2-mediated enucleation, we first examined whether HDAC6 interacts with mDia2 in erythroid cells. mDia2 co-localized with HDAC6 during both early and late stages of erythropoiesis in mouse fetal erythroid progenitors, suggesting that these two proteins may have an interaction (Figure 4A). The co-localization was not affected by TubA treatment (Figure 4B). The interaction between HDAC6 and mDia2 was confirmed by immunoprecipitation analysis. GFP-Flag-mDia2 was co-transfected into 293T cells with either wild-type Flag-HDAC6 or catalytically inactive Flag-HDAC6 mutant. HDAC6 was co-precipitated with GFP mDia2 (Figure 4C). Consistent with the imaging results described above, both wild-type HDAC6 and catalytically inactive HDAC6 were found in the mDia2 complex (Figure 4C), indicating that deacetylase activity is not required for the interaction. We further confirmed this interaction with endogenous proteins in cells of the murine erythroleukemia (MEL) line. The endogenous HDAC6 protein interacted with mDia2 in both TubA-treated and control cell lysates (Figure 4D). These results indicate that mDia2 forms a complex with HDAC6 and that the inhibition of deacetylase activity does not interfere with the integrity of the complex.
[image: ]

Figure 4.mDia2 interacts with HDAC6 during erythropoiesis. Confocal microscopy analysis of HDAC6 and mDia2 co-localization in cultured Ter119-negative mouse fetal progenitors treated with (A) DMSO or (B) TubA. The florescent intensity was measured using Volocity imaging software. Scale bar is 5 μm. (C) 293T cells were transfected with GFP-Flag-tagged mDia2 and Flag-tagged HDAC6 or HDAC6 mutant as indicated. The cell lysate was immunoprecipitated with GFP antibody. Associated proteins were detected by western blotting with antibodies as indicated. (D) Endogenous HDAC6 in MEL cells treated with TubA and immunoprecipitated with HDAC6 antibody. Associated mDia2 was detected by western blotting using anti-mDia2 antibody.
As HDAC6 is a deacetylase for a number of cellular proteins, we hypothesized that mDia2 is a novel target of HDAC6. First, we examined whether mDia2 can be acetylated in vivo. In mouse fetal erythroid progenitors, mDia2 was acetylated at a low level and the acetylation was dramatically increased after treatment with trichostatin A (TSA), a broad-spectrum HDAC inhibitor (Figure 5A). This shows that mDia2 may be dynamically acetylated and deacetylated during erythropoiesis and inhibition of HDAC activity enhances mDia2 acetylation in vivo. Next, we wanted to identify the acetylation site on mDia2. Since TubA treatment blocks the recruitment of mDia2 and F-actin at the CAR, it is conceivable that the acetylation site is localized at the FH2 domain, the domain that mediates actin binding and polymerization.2 Through a protein alignment study with mDia proteins among model organisms, we found that lysine 970 of the FH2 domain of mDia2 is highly conserved (Figure 5B, Online Supplementary Figure S4). To determine whether K970 is a potential acetylation site, we generated Flag-tagged K970R and K970Q mDia2 mutants to mimic unacetylated and acetylated forms, respectively, and expressed them in 293T cells. The wild-type (WT) mDia2 in 293T cells was acetylated. Mutations on lysine 970 abolished the acetylation (Figure 5C). Taken together, these results suggest that mDia2 is an acetylated protein and lysine 970 in the FH2 domain of mDia2 is a major acetylation site in vivo.
[image: ]

Figure 5.mDia2 is acetylated in vivo and HDAC6 is responsible for deacetylation of mDia2. (A) Total acetylated protein was immunoprecipitated by anti-acetyl-K antibody from the cell extracts treated with or without TSA in Ter119-negative mouse fetal progenitors. mDia2 protein was detected by specific anti-mDia2 antibody using western blotting. (B) Schematic representation of mDia2 protein structure. K970 is the acetylation site in the FH2 domain of mDia2. (C) 293T cells were transfected with Flag-tagged mDia2 WT (F-WT), mDia2 K970R (F-KR), or mDia2 K970Q (F-KQ). The cell extracts were incubated with anti-Flag antibody and acetylated mDia2 and total Flag-tagged mDia2 were detected by anti-acetyl-lysine (anti-acetyl-K) and anti-Flag antibodies. (D) Total acetylated protein was immunoprecipitated by anti-acetyl-K antibody from the cell extracts treated with or without inhibitors in MEL cells as indicated. Acetylated mDia2 protein was detected by anti-mDia2 antibody. The numbers indicate the relative density of the bands. (E) Total acetylated protein was immunoprecipitated by anti-acetyl-K antibody from the cell extracts of stable HDAC6 knockdown (KD) or scramble control MEL cells. mDia2 protein was detected by anti-mDia2 antibody. The numbers indicate the relative density of the bands. Each experiment was repeated three times.
To examine whether HDAC6 is responsible for mDia2 deacetylation, we treated MEL cells with various HDAC inhibitors, TubA, valproic acid (a class I and IIa inhibitor), or sirtinol (a class III HDAC inhibitor). Total acetylated lysine proteins were immunoprecipitated with an acetyl-lysine antibody from cell lysates and the presence of mDia2 protein was detected. mDia2 acetylation was dramatically increased in TubA-treated cells, but not in the other inhibitor-treated cells (Figure 5D). Furthermore, mDia2 acetylation was significantly increased with HDAC6 knockdown (Figure 5E), indicating that HDAC6 is indeed a major deacetylase for mDia2 in vivo.
HDAC6 regulates enucleation through deacetylation of mDia2
In order to determine whether deacetylation of mDia2 is required for CAR formation, we simultaneously knocked down mDia2 with shRNA (Online Supplementary Figure S5A,B) and re-expressed shRNA resistant mDia2 WT, non-acetyl-mimicking mDia2 K970R, or acetyl-mimicking mDia2 K970Q (Online Supplementary Figure S5C). The WT and K970R mutant, but not the K970Q mutant, rescued the defective F-actin polarization phenotype in mDia2 knockdown cells (Figure 6A,B). The K970Q mutant also failed to rescue the mDia2 polarization phenotype (Figure 6C,D). Importantly, WT or K970R rescued the enucleation in mDia2 knockdown cells (Figure 6E,F). As expected, the mDia2 K970Q mutant was not able to rescue the defects of enucleation in mDia2 knockdown cells (Figure 6E,F). To test whether this is also the case in vivo, bone marrow cells from mDia2 knockout mice were infected with retrovirus encoding WT mDia2 or K970Q mutant. Infected bone marrow cells were transplanted into lethally irradiated recipient mice and bone marrow was collected 1 month later. The mice with mDia2 knockout had low red blood counts and low hemoglobin levels. This phenotype was not rescued in mice transplanted with K970Q bone marrow, while it was partially rescued in those transfected with WT mDia2 (Figure 6G,H). Importantly, the number of enucleated red cells in bone marrow was significantly reduced in K970Q-rescued mice (Figure 6I). The more severe effect of K970Q in bone marrow than in the in vitro assay may be due to the fact that K970Q affects both cytokinesis and enucleation in bone marrow. We, thus, demonstrated that deacetylation of mDia2 is required for terminal erythropoiesis in vitro and in vivo.
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Figure 6.Acetylation of mDia2 impairs enucleation. (A) Ter119-negative mouse fetal progenitors were infected with retrovirus carrying GFP or mDia2 shRNA (KD), and shRNA resistant mDia2 WT, mDia2 K970R (KR), mDia2 K970Q (KQ), or control vector as indicated. Cells were fixed and subjected to immunostaining at 48 h after erythropoietin induction. Scale bar is 5 μm. (B) Quantification of cells with polarized F-actin in cells described in (A). The error bars represent mean +SD (n=3), *P<0.05 compared to the GFP/vector control. (C) Immunostaining of mDia2 in cultured Ter119-negative mouse fetal progenitors infected with mDia2 shRNA (KD) and shRNA resistant mDia2 WT, or mDia2 K970Q (KQ). Representative images are shown. Scale bar is 5 μm. (D) Quantification of cells with polarized mDia2 in cells described in (C). The error bars represent mean +SD (n=3), *P<0.05 compared to mDia2 KD/WT. (E) Flow cytometric analysis of cultured Ter119-negative mouse fetal progenitors described in (A). Cells were harvested 48 h after erythropoietin induction and GFP and CD4-positive cells, which harbor mDia2 shRNA and mDia2 KD, were collected and subjected to FACS analysis. The percentage of enucleated reticulocytes from a representative experiment is indicated. (F) Quantification of enucleation in cultured Ter119-negative mouse fetal progenitors described in (E) at 48 h. The enucleation rate was normalized to the GFP/vector control. The error bars represent mean +SD (n=3), *P<0.05 compared to the vector control. (G to I) c-Kit-positive stem/progenitor cells from control or mDia2 conditional knockout (cKO) mice were infected with empty retroviral vector or retrovirus encoding mDia2 WT and KQ mutant as indicated. The cells were then transplanted into lethally irradiated CD45.1-positive recipient mice. One month after bone marrow transplantation, mice were sacrificed for analysis of (G) circulating red blood cell count; (H) hemoglobin level and (I) flow cytometry analysis of enucleation in bone marrow cells by Ter119/Hoechst 33342 staining. Results are representative of three experiments. Data were shown as mean ± SEM. *P<0.05; **P<0.01 and ***P<0.001.
Since we identified that HDAC6 is the deacetylase for mDia2, and mDia2 deacetylation is essential for CAR formation, we hypothesized that HDAC6 mediates erythroblast enucleation through deacetylation of mDia2. If this is the case, then overexpression of an unacetylated mDia2 mimic mutant should rescue CAR and enucleation defects in HDAC6 knockdown cells. To test this, we overexpressed mDia2 K970R or control vector in HDAC6 knockdown Ter119-negative erythroid progenitors (Online Supplementary Figure S6). The re-expression of mDia2 K970R mutant rescued F-actin polarization at the cleavage furrow in the HDAC6 knockdown cells (Figure 7A,B). These results provide direct evidence that mDia2 acts downstream of the HDAC6-regulated pathway in erythroblast enucleation and deacetylation of mDia2 by HDAC6 is required for CAR formation and proper enucleation during erythropoiesis (Figure 7C).
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Figure 7.mDia2 rescues enucleation in HDAC6 knockdown mouse fetal progenitors. (A) Immunostaining of actin in cultured Ter119-negative mouse fetal progenitors infected with HDAC6 shRNA (KD) and mDia2 K970R or control viruses. Representative images are shown. Scale bar is 5 μm. (B) Quantification of cells with polarized F-actin in cells described in (A). (C) Schematic representation of the HDAC6-mDia2 pathway in cytokinesis and enucleation. Deacetylation of mDia2 by HDAC6 promotes formation of the CAR and subsequent cytokinesis and enucleation. Inhibition of HDAC6 could cause the accumulation of acetylated mDia2, which impairs CAR formation and subsequent cytokinesis and enucleation processes.
Discussion
HDAC6 regulates various cellular processes, such as cell migration, vesicle trafficking, endocytosis and cytokinesis.3331231918 Our study here demonstrates that HDAC6 can regulate actin nucleation through deacetylation of the formin protein mDia2, which reveals a Rho-GTPase-independent mechanism that regulates mDia2 activity. Other reports show that HDAC6 plays an important role in regulating actin-mediated endocytosis and osteoclast maturation.342520 It is yet to be determined whether other HDAC6-dependent processes, such as endocytosis or cell motility, also involve deacetylation of mDia2 or other formin proteins.
It has been well demonstrated that HDAC6 interacts with and deacetylates cytoplasmic α-tubulin and subsequently affects microtubule organization.35332519 Although there is no direct evidence showing that tubulin acetylation affects cytokinesis, it has been shown that inhibition of Arl3 results in increased tubulin acetylation and failure of cytokinesis.36 In addition, mDia2 stabilizes microtubules by enhancing HDAC6 tubulin deacetylase activity.3734 It is, therefore, possible that tubulin deacetylation by HDAC6 may also be involved in cytokinesis. The F-actin binding protein cortactin is an acetylated protein and is important for CAR formation.3822 Acetylated cortactin dissociates from actin filaments and HDAC6 deacetylates cortactin.22 It is, therefore, conceivable that HDAC6-mediated cortactin deacetylation may also play an important role in cytokinesis. Thus, HDAC6 may have multiple roles in regulating cytokinesis and enucleation through modulating acetylation levels of various proteins that are involved in the regulation of actin and tubulin networks. However, tubulin and cortactin deacetylation may not play an essential role in cytokinesis or enucleation as non-acetyl-mimicking mDia2 can rescue HDAC6 knockdown defects.
Enucleation is considered as an asymmetric cytokinesis event.13 In mammalian cells, formation of the CAR is required for successful cytokinesis. However, in our study, we found that although in low percentage, erythrocytes without functional HDAC6 can divide or enucleate without apparent accumulation of mDia2 or F-actin bundles at the cleavage farrow (Figures 2F and 3C). This is interesting but consistent with a recent finding in vivo using a mDia2 whole body knockout mouse model. These mice die as embryo on day 13.5 with severe defects in primitive erythropoiesis. Similar to what we observed here, although enucleation is significantly influenced, some primitive erythroblasts managed to enucleate.15 We suspect that an alternative pathway may be utilized when the CAR is absent. Indeed, yeast and Dictyostelium cells are able to divide without actin or myosin II, two key components of the CAR.4139 Furthermore, it has been shown that an actin-binding protein, cortexillin, may rescue cytokinesis in the absence of the CAR.42 It remains unclear what mechanism is involved in erythrocyte enucleation in the absence of the CAR in mammalian cells.
It is worth mentioning that HDAC6 knockout mice are viable with no developmental defect.4323 Although the mice have hyperacetylated tubulin and elevated acetylated HSP90, they do not have significant cellular defects, as shown in transient knockdown cell lines,4318 suggesting that germline deletion of HDAC6 may result in a compensation of HDAC6 function. Consistent with this notion, except no response to HDAC6 inhibitor, the Ter119-negative fetal progenitor cells isolated from knockout mice differentiate and enucleate normally (data not shown). These cells can form a normal CAR and mDia2 recruitment is also normal (data not shown). Since HDAC6 is a unique deacetylase for cellular functions, it remains to be determined which protein or deacetylase plays a role in compensating HDAC6 function.
Formin proteins play critical roles in cell morphology, motility, polarity, and division, which are essential for cell growth and differentiation.2 Formin protein activities are regulated through interactions with various binding proteins. Post-translational modifications are also important in modulating formin activity. There is one report describing that phosphorylation of mDia2 on the diaphanous autoregulatory domain (DAD) enhances its activity by reducing the interaction with the diaphanous inhibitory domain (DID).44 In this study, we uncovered a novel post-translational modification for formin proteins at their FH2 domain. We found that mDia2 is acetylated and that the acetylation abolishes mDia2-mediated CAR formation. We further discovered that the acetylation is reversible and HDAC6-mediated deacetylation of mDia2 restores CAR formation. Interestingly, the acetylation site of mDia2, K970, is located in the FH2 domain, the key domain that forms dimers and promotes actin filament nucleation and actin polymerization through an interaction with the barbed end of actin filaments. The FH2 domain is highly conserved throughout formin proteins (Online Supplementary Figure S4).2 Importantly, the acetylation site on FH2 is sequence- and structurally-conserved within model organisms, indicating that acetylation may have a conserved function (Online Supplementary Figure S4).4511 The crystal structure shows that FH2 domains form a stable, but flexible dimeric “donut” structure.1211 Interestingly, the crystal structure of the FH2 domain with actin suggests that the acetylation site may not be important for direct actin binding and FH2 dimerization.12 The function of FH2 domain acetylation on actin nucleation does, therefore, require further investigation. In addition, the acetylation site is also conserved in mDia1 and the acetylation may, therefore, have a more general effect on actin nucleation beyond cytokinesis and erythrocyte enucleation processes.
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