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Abstract

Background Human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and induced
pluripotent stem cells (hiPSCs), can undergo erythroid differentiation, offering a potentially invaluable resource

for generating large quantities of erythroid cells. However, the majority of erythrocytes derived from hPSCs fail to
enucleate compared with those derived from cord blood progenitors, with an unknown molecular basis for this
difference. The expression of vimentin (VIM) is retained in erythroid cells differentiated from hPSCs but is absent in
mature erythrocytes. Further exploration is required to ascertain whether VIM plays a critical role in enucleation and to
elucidate the underlying mechanisms.

Methods In this study, we established a hESC line with reversible vimentin degradation (dTAG-VIM-H9) using the
proteolysis-targeting chimera (PROTAC) platform. Various time-course studies, including erythropoiesis from CD34*
human umbilical cord blood and three-dimensional (3D) organoid culture from hESCs, morphological analysis,
quantitative real-time PCR (gRT-PCR), western blotting, flow cytometry, karyotyping, cytospin, Benzidine-Giemsa
staining, immunofluorescence assay, and high-speed cell imaging analysis, were conducted to examine and compare
the characteristics of hESCs and those with vimentin degradation, as well as their differentiated erythroid cells.

Results Vimentin expression diminished during normal erythropoiesis in CD34" cord blood cells, whereas it persisted
in erythroid cells differentiated from hESC. Depletion of vimentin using the degradation tag (dTAG) system promotes
erythroid enucleation in dTAG-VIM-H9 cells. Nuclear polarization of erythroblasts is elevated by elimination of
vimentin.

Conclusions VIM disappear during the normal maturation of erythroid cells, whereas they are retained in erythroid
cells differentiated from hPSCs. We found that retention of vimentin during erythropoiesis impairs erythroid
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Graphical Abstract

~
enucleation from hPSCs. Using the PROTAC platform, we validated that vimentin degradation by dTAG accelerates the
enucleation rate in dTAG-VIM-H9 cells by enhancing nuclear polarization.
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Introduction

The in vitro generation of red blood cells (RBCs) holds
great promise for transfusion medicine and cell-based
therapies given the escalating demand for donated
blood and the declining number of blood donors [1, 2].
Research on the generation of cultured human RBCs
has been ongoing since the late 1980s [3-5]. Although
hematopoietic stem and progenitor cells (HSPCs) derived
from bone marrow, cord blood (CB), and adult periph-
eral blood can give rise to erythrocytes [6], this donor-
dependent collection method is constrained by a limited
number of cell sources and immune risks associated with
variable CD34* HSPC production heterogeneity. The
emergence of human pluripotent stem cells (hPSCs),
owing to their self-renewal capacity and differentiation

potential, presents a significant opportunity to address
these limitations in obtaining erythrocytes [7, 8]. hPSCs
include human embryonic stem cells (hESCs) and
induced pluripotent stem cells (hiPSCs). Numerous
endeavors are underway to obtain RBCs derived from
hPSCs with the aim of diminishing reliance on blood
transfusions [9-12].

The generation of circulating RBCs is the outcome of
erythropoiesis, a complex multistep process involving the
proliferation and differentiation of HSPCs into mature
enucleated RBCs [13]. Erythropoiesis is initiated when a
multipotent HSPC commits to the erythroid uni-lineage
and proceeds through the proliferation and terminal
maturation of committed erythroid progenitor cells. Ter-
minal erythropoiesis involves three to five cell divisions,
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yielding morphologically distinguishable erythroblasts,
including proerythroblasts (Pro-Es), basophilic erythro-
blasts (Baso-Es), polychromatic erythroblasts (Poly-Es),
and orthochromatic erythroblasts (Ortho-Es) [14—17].
Enucleation represents the final stage and is the most dis-
tinctive feature of terminal erythroid maturation, which
likely constitutes an evolutionary process in mammals.
Enucleation is a multistep process resembling asymmet-
ric cytokinesis, commencing with the establishment of
cell polarization followed by the formation of a contrac-
tile actomyosin ring and the clustering of membrane lipid
rafts between reticulocytes and pyrenocyte [18—-20].

The optimal outcome of cultured RBCs involves the
substantial expansion of stem cells and their precise
terminal differentiation into fully mature, functional
RBCs, primarily owing to safety concerns. In 2002,
Douay group pioneered in vitro RBC generation from
CD34* CB HSPCs, achieving an enucleation rate of 4%
[21]. An optimized four-step stroma-free protocol based
on Douay group’s method was developed by Nakamura
group in 2006; this protocol achieved an enucleation
rate of approximately 80% from CD34* CB HSPCs [22].
Attempts to generate RBCs in vitro using hPSCs began
in the early 21st century, with various research groups
reporting successful differentiation of hPSCs into HSPCs
and subsequently into erythroid cells [9, 23, 24]. How-
ever, the enucleation rate of erythroids remains low (less
than 10%) in hPSCs without stromal cell or macrophage
co-culture [25-27].

Before widespread clinical application of hPSC-derived
erythrocytes for transfusion and therapy, the molecu-
lar mechanisms underlying enucleation defects must be
thoroughly investigated. Recent data have indicated that
persistent vimentin expression during hPSC-derived
erythropoiesis may damage enucleation, although the
underlying mechanisms remain unclear [28]. Vimentin
is a nuclear anchorage element that extends from the
nuclear lamina to the center and periphery of the plasma
membrane [29]; it gradually diminishes during differen-
tiation in both murine erythroleukemia cells and murine
embryonic erythroid cells [30, 31]. Conversely, in avian
erythrocytes, which do not undergo enucleation, vimen-
tin expression is retained and intermediate filaments are
strengthened, suggesting a role for vimentin in mamma-
lian erythrocyte enucleation [32, 33]. The knockdown of
vimentin by target shRNAs in hPSC-derived erythroid
cells results in cell death, leaving the effect of vimentin on
enucleation unclear [28].

The proteolysis-targeting chimera (PROTAC) is a
potent new technology for inducing target protein deg-
radation via the ubiquitin-proteasome system [34—39].
PROTACs are heterobifunctional molecules that link
the ligand of a protein of interest (POI) to an E3 ubiq-
uitin ligase, leading to ubiquitination and subsequent
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proteasomal degradation of the POI [40-42]. The degra-
dation of target proteins is reversible in a time- and dose-
dependent manner, enabling the study of phenotypes that
cannot be observed using genetic tools such as CRISPR/
Cas9 or RNAI. In one PROTAC method, the degradation
tag (dTAG) system utilizes FKBP'**Y, a mutated form of
FKBP12, as the tag domain that facilitates the degrada-
tion of the POI [43—45]. In 2022, the Orkin group first
reported in erythropoiesis that globin changes occur
upon PROTAC-mediated degradation of the BCL11A
protein in erythroid cells [46].

In this study, to verify the importance of vimentin
degradation in inducing erythroid differentiation and
maturation in stem cells, we utilized the dTAG PROTAC
platform to rapidly deplete vimentin protein in erythroid
cells and monitored enucleation events during eryth-
ropoiesis. We demonstrate that vimentin degradation
facilitates enucleation by promoting nuclear polarization
during terminal erythroid differentiation. Our findings
provide valuable insights into the regulation of erythroid
enucleation in hPSC-derived erythroid generation.

Materials and methods

Human subjects

Human CB samples were obtained from the Beijing
Umbilical Cord Blood Bank. Women with healthy, full-
term pregnancies who met the Beijing Cord Blood Bank
criteria for inclusion and provided informed consent
were eligible for CB donation. All procedures involving
human subjects in this study were approved by the Ethics
Committee of the Academy of Military Medical Sciences
(AMMS; Approval No. AF/SC-08/02.207).

Induction of hESCs differentiation into erythrocytes and
drug treatment

Unless otherwise specified, hESCs were cultured on
Matrigel (Corning Life Sciences, Tewksbury, Massachu-
setts 01876, USA)-coated wells in mTeSR Plus medium
(STEMCELL Technology, Vancouver, British Columbia,
Canada) according to the manufacturer’s protocol. The
medium was changed daily and passaged them conflu-
ently every 4 to 6 days using ReLeSR (STEMCELL Tech-
nology, Vancouver, British Columbia, Canada). Induction
of hESCs to form 3D embryoid bodies (EBs), followed
by erythroid differentiation requires more than 20 days
and involves four distinct phases: (I) mesoderm induc-
tion, (II) hemogenic endothelium (HE) commitment, (III)
hematopoietic cell emergence and erythroid differentia-
tion, and (IV) erythrocyte maturation (Fig. 1A). Refer to
our previous work in our laboratory for detailed culture
methods, which were followed with minor modifica-
tions [47]. Specifically, 0.5-1 uM of dTAG-7 or dTAG-13
(MCE, Shanghai, China) was added to the medium dur-
ing the hESC maintenance or erythroblast derivation
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stage. The medium containing the drug was replaced
with fresh medium when necessary.

Ex vivo hUCB-derived CD34* cell erythroid culture

CD34* hUCB cells were purified using the Human CD34
MicroBead UltraPure Kit (Miltenyi, Gaithersburg, MD,
USA). The CD34* cell erythroid differentiation method
[48] comprised three phases over 25 days, as follows: (I)
HSPC expansion (Day 0-4); (II) erythroid differentiation
I (Day 5-15); and (III) erythroid differentiation II (Day
16-25). Cells cultured in expansion medium (StemS-
pan™ SFEM II, CC100 cytokine cocktail and 2% Penicil-
lin-Streptomycin) at 10° cells/mL from day O to 4. After
expansion, the cells were cultured in Iscove’s Modified
Dulbecco’s medium (IMDM)-based erythroid differen-
tiation medium supplemented with different cytokines
in EDM-1 and EDM-2. The medium base for both dif-
ferentiation phases consists of IMDM, 10% human AB
type serum, 5% human AB type plasma, 300 pg/mL holo-
human transferrin, 10 pg/mL recombinant human insu-
lin, and 2% Penicillin-Streptomycin. From day 5 to 15, the
cells were cultured in EDM-1 medium consisting of ery-
throid differentiation medium base, 5 ng/mL rhIL-3, 100
ng/mL rhSCE, and 6 IU/mL rhEPO. From day 16 to 25,
the cells were grown in EDM-2 medium containing an
erythroid differentiation medium base, 50 ng/mL rhSCEF,
and 6 U/mL rhEPO.

dTAG knock-in vector construction

PpVIM expresses the Cas9 protein and single guide RNA
(sgRNA). The sgRNA for vimentin (N-terminal targeted)
was designed using the website www.crispr.mit.edu [49].
The donor plasmid of the vimentin gene, containing
the left and right homology arms, in a Puromycin-P2A-
2XHA-FKBPV cassette was used for targeting (Additional
file S1: Fig. S1). Plasmids were synthesized and purified
using VectorBuilder (Yunzhou Biotech, Guangzhou,
China).

Generation of the dTAG-VIM-H9 knock-in cell line

For targeting, 1x10° hESCs were electroporated with
2 pg of donor plasmid and 4 pg of pVIM plasmid contain-
ing two sgRNAs targeting vimentin genes. Subsequently,
the electroporated hESCs were plated onto matrigel-
coated six-well plates supplemented with Y-27,632 (10
uM, Selleck, Shanghai, China) for 1 day. Positive clones
were selected by puromycin (2 ug/mL, InVivoGen, San
Diego, CA, USA) in mTeSR Plus medium.

PCR detection of knock-in cell clones

To confirm the dTAG-VIM-H9 knock-in clones, genomic
DNA was extracted using the TIANamp Genomic DNA
kit (TIANGEN, Beijing, China), and PCR was performed
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using 2 X Phanta Max Master Mix (Dye Plus) (Vazyme,
Nanjing, China). The primer set for each gene, including
KI-VIM-F1/R1, was used to amplify a 0.7-1.9 Kb prod-
uct of the targeted integration. A primer set for each
gene, including KI-VIM-F2/R2, was used to amplify a
2.3 Kb product to identify whether random integration
occurred. The primers used in this study are listed in
Table S2 (Additional file 1).

Karyotype analysis

Cells were treated with colchicine (Sigma Aldrich, St.
Louis, Missouri, USA) for 3 h, harvested, and then
treated with hypotonic solution for karyotype analysis, as
previously described [50]. At least 20 metaphase cells for
each sample were analyzed with regard to chromosome
number and structural rearrangements by the Beijing
Capital Bio Medical Laboratory.

Cytospin preparations and benzidine-giemsa staining
First, 5x10* cells were centrifuged onto polylysine-
coated slides for 3 min at 500 rpm (CYTOPRO, WES-
COR-7622), air-dried, and fixed in —20 °C methanol for
5 min. Benzidine solution was prepared by dissolving
one benzidine tablet (Sigma Aldrich, St. Louis, Missouri,
USA) in 10 ml of phosphate-buffered saline (PBS) and
filtered through a 0.22 pm filter. Ten microliters of 30%
hydrogen peroxide solution (Sigma Aldrich, St. Louis,
Missouri, USA) was added to the benzidine solution
immediately before staining, and then placed as drops
directly on the fixed cells for 30 min at room tempera-
ture. The cells were briefly rinsed with PBS and stained
with Wright—Giemsa solution according to the manufac-
turer’s recommendations (Baso, Zhuhai, China). Solu-
tion A was added and allowed to react for 1 min at room
temperature, followed by the addition of solution B, and
incubation for 8 min. The samples were washed and air
dried prior to imaging.

Immunofluorescence staining and imaging (high-content
imaging and confocal microscopy)

Cells were cytocentrifuged onto glass slides, fixed with
4% paraformaldehyde for 15 min at room temperature,
rinsed with PBS, permeabilized with 0.1% Triton X-100,
blocked with 4% bovine serum albumin (BSA) in PBS for
1 h, and then incubated with primary antibodies at 4 C
overnight. Isotype-specific secondary antibodies labeled
with fluorophores were added when necessary and incu-
bated for 1 h at room temperature. The cells were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI)
for visualization of cell nuclei and then observed using
a high-content imaging system (Perkin Elmer, Waltham,
Massachusetts, USA) or a Zeiss LSM 980 confocal micro-
scope (Zeiss, Oberkochen, Germany).
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Quantitative real-time PCR

Total RNA from cells was purified using an RNeasy kit
(QIAGEN, Valencia, CA, USA). cDNA was prepared
from 1 pg of RNA using the ReverTraAce™ qPCR RT
Master Mix (TOYOBO, Shanghai, China). PCR was per-
formed using the SYBR qPCR Mix (TOYOBO, Shanghai,
China) on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). Relative gene expression levels were
defined according to the comparative Ct method [51] and
were normalized to 18 S rRNA expression. The primers
used are listed in Table S2 (Additional file S2).

Protein extraction and western blotting

The cells were lysed in RIPA lysis buffer (CWBio, Bei-
jing, China) for total protein extraction. Proper amounts
of protein lysates were electrophoresed on 4-20% Fast-
PAGE™ Ready Gel (Tsingke, TSP024-12, Beijng, China),
transferred to PVDF membranes (0.22 pm) (Merck,
Shanghai, China), and probed with anti-HA Tag, anti-
VIM, or anti-GAPDH antibodies. Antibody binding
was detected using appropriate horseradish peroxidase
(HRP)-conjugated IgG and visualized using a GE Amer-
sham Imager (AI680, USA).

Flow cytometric analysis

Flow cytometric analysis was performed using the fol-
lowing antibodies: SSEA4-AF647, TRA1-60, and TRA1-
81 for the pluripotency assay of H9 and dTAG-VIM-H9
cell lines. CD309 (KDR)-APC, CD34-BV421, CD31-APC,
CD71-APC, and CD235a-FITC were used for H9 and
dTAG-VIM-H9 during erythroid differentiation in vitro.
Hoechst33342 was used to stain the cell nuclei. The cells
were stained at 4 °C for 30 min while protected from
light. The filtered (40 pm) samples were analyzed on a
Guava easyCyte flow cytometer (Luminex, Austin, Texas,
USA). All antibodies were purchased from BD Biosci-
ences (Franklin Lakes, NJ, USA) or Invitrogen (Carls-
bad, California, USA) (Additional file 1: Table S1). An
Annexin V kit (DojinDo Molecular Technologies, Kuma-
moto, Japan) was used for the apoptosis assay. Data were
analysed using Flowjo V10.1 software.

Imaging flow cytometry analysis using imagestream* mark
Il

The distribution of cytoskeletal molecules within the
enucleating erythroblasts was analyzed using the Images-
tream™ Mark II platform (Cytek Amnis), which integrates
both flow cytometry and microscopy functionalities,
employing objective lenses with magnifications of 40x
(numerical aperture, 0.75) and 60X (numerical aper-
ture, 0.9). Erythroid cells were harvested in PBS supple-
mented with 2% fetal bovine serum (FBS) on ice. Next,
the cells were centrifuged at 1,000 rpm for 30 s using a
benchtop centrifuge and fixed in PBS containing 4%
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paraformaldehyde for 20 min at room temperature.
Formaldehyde was eliminated by centrifugation at
2,000xg for 30 s followed by careful removal of the super-
natant, and the resulting cell pellet was cooled on ice for
10 min. Permeabilization was achieved through consecu-
tive immersions in ice-cold acetone solutions of 50%,
100%, and again 50% (maintained at —20 °C), respectively,
with a final wash in fluorescence-activated cell sorting
(FACS) buffer [52]. Cells were resuspended in FACS buf-
fer and incubated with CD235a-FITC or CD71-APC.
After washing once with FACS buffer, the nuclear stain
Hoechst33342 (Thermo Fisher Scientific, Waltham, MA,
USA) was added at a concentration of 2 pg/mL in FACS
buffer, and the samples were processed using Images-
tream™. Approximately 20,000 events per experiment
were collected and analyzed using the associated Image
Data Exploration and Analysis Software (IDEAS). The
“Delta Centroid BF-HO” was calculated as the distance of
the center of the CD235a-labeled erythroblast from the
center of the Hoechst33342-1abeled nucleus. A threshold
of two for the delta centroid (DC) was established to dif-
ferentiate between polarized and non-polarized nuclei
[53].

Statistical analysis

All experiments were conducted with a minimum of
three replicates under similar conditions, and the data
are presented as the mean=standard deviation (SD). Sta-
tistical significance was determined using a two-tailed
Student’s t-test using GraphPad Prism 10.2 software. A
p-value<0.05 was considered statistically significant.
Imagestream® data, including the centroid distances and
bright detail intensities from the experiments depicted
in Fig. 5C, were exported for statistical analysis. Both the
delta centroid distance and bright detail intensity mea-
surements were non-negative and exhibited an asymmet-
ric probability distribution skewed toward large values,
indicating non-normality. Therefore, to assess the statisti-
cal significance of the difference in medians between the
test and control groups, we used the Wilcoxon rank-sum
test, a nonparametric test for two independent samples
that makes no assumptions about the underlying prob-
ability distributions and is therefore suitable for non-nor-
mal data. For each set of measurements, both the mean
and median are reported for each group along with the
two-tailed p-value obtained from the Wilcoxon rank-sum
test.

Results

Vimentin expression dynamics during erythroid
differentiation and establishment of the hESC cell line
(dTAG-VIM-H9) for vimentin protein degradation

By employing our optimized four-step protocol, human
pluripotent stem cells can be induced to differentiate into
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erythrocytes in vitro within 30 days [47]. In brief, during
the initial and secondary stages of induction culture (first
6 days), pluripotent stem cells completed the formation
of 3D embryoid bodies (EBs) and the development of
the mesoderm and HE. The early phase of the third stage
mainly involves the endothelial-hematopoietic transition,
which generates a substantial number of hematopoietic
stem progenitor cells, followed by erythroid differen-
tiation initiated by key cytokines such as rhEPO, rhIL-
3, and transferrin (Fig. 1A). Initially, we examined the
expression profile of vimentin mRNA during erythropoi-
esis in both hUCB-derived CD34* cells and the pluripo-
tent stem cell line, H9, in our in vitro culture system. We
observed a gradual reduction in vimentin gene expres-
sion in CB CD34* cells by the 10th day of erythroid
differentiation, in contrast to sustained high-level expres-
sion throughout erythropoiesis in H9 cells (Fig. 1B, C).
Additionally, we evaluated vimentin protein levels during
erythroid differentiation. Consistent with the transcrip-
tion level findings, vimentin protein levels progressively
declined during erythroid differentiation of CB CD34*
cells (Fig. 1D and Additional file 2: Fig. S6). In contrast,
persistence of the VIM protein was observed throughout
the erythroid differentiation process in H9 cells (Fig. 1E
and Additional file 2: Fig. S6). In accordance with a pre-
vious report, the expression of vimentin in CD34" cells
derived from human peripheral blood gradually dimin-
ishes during erythroid differentiation, whereas erythroid
cells differentiated from hPSCs continue to express
vimentin until the orthochromatic erythroblast stage
[28]. Vimentin, which functions as an anchor protein in
the nucleus of erythroid cells [29], gradually diminishes
during the differentiation of murine erythroblasts, coin-
ciding with enucleation [30, 31, 54]. Conversely, avian
erythrocytes, which are nucleated, retain vimentin [33],
suggesting a role for vimentin in mammalian erythrocyte
enucleation.

To ascertain the necessity of vimentin degradation for
in vitro-induced erythroid differentiation and matura-
tion, we ectopically expressed VIM fused to a mutated
FKBP domain (Fig. 1F), also known as the dTAG system
[43, 55]. On the dTAG platform, a dTAGed protein is
subjected to degradation by specific chimeric degrader
molecules (e.g., dTAG-7, dTAG-13, and dTAG-47),
which simultaneously bind to CRBN and FKBP™¢V fused
to the target protein, inducing molecular proximity and
ensuing degradation by the proteasome [43, 46]. The HA-
dTAG VIM vector was transfected into the H9 cells via
electroporation. Following puromycin selection, several
homozygous knock-in clones were confirmed by electro-
phoresis and sequencing (Fig. 1G, Additional file 1: Fig.
Sland Additional file 2: Fig. S7). Both Western blotting
and immunofluorescence results confirmed the expres-
sion of 2xHA-FKBP¢V-VIM fusion protein (~70.5 kDa)
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in dTAG-VIM-H9 cells (Fig. 1H-I and Additional file 2:
Fig. S6).

The dTAG-VIM-H9 cell line exhibited normal characteristics
of hPSCs

The dTAG-VIM-H9 cells maintained a normal diploid
karyotype (46, XX) and cell morphology (Fig. 2A, B). The
pluripotency of dTAG-VIM-H9 cells was confirmed by
immunostaining for pluripotency markers (SOX2 and
OCT4) (Fig. 2C, D) and flow cytometry analysis of plu-
ripotency markers (SSEA-4, TRA-1-60, and TRA-1-81)
(Fig. 2E, F). Subsequently, these cells were effectively
induced into erythrocytes within approximately 20 days,
which is consistent with the differentiation capability of
the conventional pluripotent stem cells, H9 (Fig. 2G-1I).
In the fourth stage, erythroid cells undergo gradual matu-
ration, which is characterized by a reduction in cell size,
nuclear condensation, and polarization, with some eryth-
rocytes successfully undergoing enucleation. This stage
was also accompanied by a significant upregulation of
hemoglobin (Figs. 2H and I and 5D, and Additional file
1: Fig. S5C, D). Flow cytometry analysis revealed that the
expression levels of early mesoderm (KDR), HE (CD31),
early hematopoietic markers (CD34 and CD43), early
erythroid progenitor marker (CD71), and mature ery-
throid marker (CD235a) remained consistent between
dTAG-VIM-H9 and H9 cells at each stage of erythroid
differentiation (Additional file 1: Fig. S3). Upon comple-
tion of differentiation, over 96% of the cells in both cell
lines expressed the mature erythroid marker CD235a.

dTAG molecules mediated vimentin degradation without
affecting cell viability

Based on the investigations conducted by Nabet et al.
[43], we selected two prevalent dTAG molecules—
dTAG-7 and dTAG-13—to verify whether the HA-dTAG
VIM protein of dTAG-VIM-H9 cells could be targeted
for degradation. Initially, we added 1 uM dTAG-7 or
dTAG-13 to the medium, as previous studies have sug-
gested that 0.5-1 pM dTAG-7/13 molecules can effi-
ciently induce degradation of target proteins across
multiple cell lines in a short timeframe [43, 45, 46]. Sub-
sequently, we detected the expression of HA-dTAG VIM
protein at the embryonic stem cells culture stage using
a high-content imaging system. Immunofluorescence
results showed substantial degradation of the HA-dTAG
VIM protein (green) within 24 h, regardless of whether
dTAG-7 or dTAG-13 was used (Fig. 3A). Statistical analy-
ses conducted using high-content imaging revealed that
the average fluorescence intensity of HA-dTAG VIM in
the experimental groups supplemented with dTAG-7
or dTAG-13 was significantly lower than that in the
control group (None) (Fig. 3B). Additionally, immuno-
fluorescence detection was performed using an anti-HA
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cell; HSC, hematopoietic stem cell; EB, embryoid body; HE, hemogenic endothelium, Pro-E, proerythroblast; Baso-E, basophilic erythroblast; Poly-E, poly-
chromatic erythroblast; Ortho-E, orthochromatic erythroblast; EHT, endothelial-hematopoietic transition. Created with BioRender.com. B, C Variation of
VIM gene expression at different time points during erythroid differentiation between hUCB derived-CD34" cells (B) and the H9 cell line (C). D, E Western
blot analysis of VIM (54 kDa) in hUCB derived-CD34" cells (D) and the H9 cell line (E) at different time points during erythroid differentiation (Cropped
blots). Source blots are presented in Additional file 2: Fig. S6. F Strategy to knock in FKBP127% at the 5’ start of Vimentin. Puromycin is used as a selection
marker. For dTAG knock-in: Vimentin was tagged at the N-terminus with HA-dTAG. G Agorose gel analysis of cell clones showed the HA-dTAG fragment
was successfully inserted into the target region of the genome of dTAG-VIM-H9 cells (clone-2 and clone-10) (Cropped gel). Uncropped gel is presented
in Additional file 2: Fig. S7. H Verification of dTAG-VIM (~ 70.5 kDa) expression by Western blot analysis (Cropped blots). Source blots are presented in Ad-
ditional file 2: Fig. S6. I Immunofluorescence (HA-Tag) detection of HA-dTAG VIM protein in dTAG-VIM-H9 cells. Scale bar =50 um
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antibody, demonstrating the degradation of HA-dTAG
VIM protein within 24 h under the influence of 1 uM
dTAG-7 (Additional file 1: Fig. S2).

To assess the reversibility of the protein degradation
induced by PROTACs (dTAG-7), we conducted a wash-
out experiment with dTAG-7. Subsequent to incubating
dTAG-VIM-H9 cells with 1 uM dTAG-7 for 24 h, dTAG-7
was washed-out and replaced with a fresh medium to
observe the alterations in VIM protein expression. Fol-
lowing the washout experiment, VIM exhibited rapid and
complete recovery within 48 h (Fig. 3C, D and Additional
file 2: Fig. S8). Furthermore, we confirmed that 1 uM

dTAG-7/13 molecules had no significant impact on cell
viability at either the embryonic stem cells maintanance
stage or erythroblast induction stage, as cell viability
remained approximately 95% (Fig. 3E, F).

Vimentin degradation moderately enhances the
enucleation in dTAG-VIM-H9 cells during erythroid
differentiation

To verify whether VIM protein could also undergo deg-
radation mediated by dTAG molecules during erythroid
differentiation, we supplemented the culture system
with 0.5 uM dTAG-7 on the 13th day of culture (7th day
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of erythroid differentiation, ED-day 7). Three days later, the dTAG-7 treated group. The expression of erythroid
the immunofluorescence results demonstrated signifi- surface markers (CD71, CD235a) on the 20th day (ED-
cant degradation of the HA-dTAG VIM protein (red) day 14) was essentially consistent between the dTAG-7
(Fig. 4A and Additional file 1: Fig. S4A). The VIM protein  treated group (dTAG-VIM-H9 cells), untreated (dTAG-
in dTAG-VIM-H9 cells at the erythroid differentiation = VIM-HO cells), and WT (H9 cells) groups (Additional file
stage was completely degraded within 12 h (Fig. 4B and  1: Fig. S4B). Notably, the proportion of CD2357CD71~
Additional file 2: Fig. S9), and the cells did not undergo  cells in the dTAG-7-treated dTAG-VIM-H9 was signifi-
apoptosis owing to the action of dTAG-7 (Fig. 4C, D).  cantly higher compared to the untreated group (Fig. 4E).
Importantly, erythroid differentiation was unaffected in ~ We further assessed the the proportion of enucleated
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Fig. 4 Vimentin degradation moderately enhances the enucleation rate in dTAG-VIM-H9 cells during erythroid differentiation. A Immunofluorescence
staining of VIM, GYPA, and DAPI was conducted in cultured H9 or dTAG-VIM-H9 erythroblasts on the 14th day. Scale bars=10 um (60X). B Western blot
analysis of dTAG-VIM protein (~ 70.5 kDa) at various time points (2 h, 6 h, 12 h, 24 h and 48 h) following treatment with 0.5 uM dTAG-7 (Cropped blots).
Source blots are presented in Additional file 2: Fig. S9. C Flow cytometric analysis of apoptosis of dTAG-VIM-H9 cells induced for 14 days of erythroid
differentiation following 48 h of treatment with 0.5 uM dTAG-7, using annexin V and propidium iodide (PI). D Quantitative analysis of (C). Data was ob-
tained from three independent experiments. E Quantitative analysis of CD235*CD71" cells on the 14th day of erythroid culture by flow cytometry. Data
were obtained from three independent experiments (Related to Fig. S4B). F Flow cytometric analysis of erythroid markers and nuclear dye (CD235a,
Hoechst33342) on 16th day of dTAG-VIM-H9 erythroid culture. The CD235a*Hoechst™ population represents enucleated erythrocytes. G Statistical analy-
sis of enucleated erythrocytes following treatment with 0.5 uM dTAG-7. Data was obtained from three independent experiments (Related to F)
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erythrocytes (CD235a*Hoechst333427) at the late stage
of erythroid differentiation (ED-dayl6, total day 22)
using flow cytometry. It’s indicated that under culture
conditions with 0.5 pM dTAG-7, dTAG-VIM-H9 cells
showed an increased proportion of enucleated erythro-
cytes (approximately 6.5%) (Fig. 4F, G). In contrast, the
proportions of enucleated erythrocytes are significant
lower in the untreated group and WT group (Additional
file 1: Fig. S5A, B).

Additionally, during the erythroid induction phase, we
examined the expression of the vimentin in dTAG-VIM-
H9 and H9 cells. At ED-day 3, the relative expression of
vimentin in dTAG-VIM-H9 cells was significantly lower
than that in H9 cells (WT group) (Additional file 1: Fig.
S4C). At the subsequent three time points (ED-day 6,
14, and 20), the expression of vimentin in erythroid cells
derived from dTAG-VIM-H9 did not exhibit a consistent
change with the dTAG-7-mediated degradation of VIM
protein (Additional file 1: Fig. S4D-F), suggesting that
PROTAC-mediated protein degradation did not have a
notable impact on the transcriptional process of the tar-
get gene.

Targeted vimentin degradation promotes nuclear
polarization in preparation for enucleation during
erythroid differentiation

Terminal maturation of erythropoiesis involves nuclear
condensation, nuclear polarization, and enucleation [56]
(Fig. 1A). To demonstrate that targeted degradation of
the cytoskeletal protein VIM promotes nuclear polar-
ization, we used imaging flow cytometry to measure the
distance between the nuclear and cellular centers, using
these data to assess the degree of nuclear polarization (a
greater distance indicates higher polarization) (Fig. 5A,
B). Statistical analysis of the Imagestream® data, mea-
suring the parameter delta-centroid BF-HO (which rep-
resents the distance between the center of the cell body
observed in the bright field and the center of the nuclear
staining achieved with Hoechst33342, HO) demonstrated
that dTAG-7-mediated targeted degradation of VIM pro-
moted nuclear polarization in maturing erythrocytes
(Fig. 5C).

Moreover, following cytospin preparation, staining
with Benzidine—Giemsa revealed erythroid cells in a
reddish-brown hue, while non-erythroid cells appeared
pale purple (Fig. 5D). The cells were classified based on
whether the nucleus was localized at the center of the
cells (centered) or whether the cells were spherical and
contained a condensed nucleus located on one side close
to the plasma membrane (polarized). Other cell types,
such as multinucleate and non-erythroid cells, including
macrophages, were classified as “others” [57]. Statistical
analysis of the proportions of the three cell types revealed
a significantly higher percentage of cells exhibiting

Page 11 of 15

nuclear polarization in the dTAG-VIM-H9 cells cultured
with dTAG-7 than in the untreated and WT groups (H9
cells) (Fig. 5E). By day 20 of erythroid culture (total day
26), a higher proportion of CD2357CD71~ erythrocytes
was observed in the dTAG-7 treated group compared to
the untreated group (45.8% vs. 29.4%). Additionally, Ben-
zidine—Giemsa staining showed an increased number of
erythroid cells displaying nuclear polarization (indicated
by red arrows) and enucleated RBCs (Additional file 1:
Fig. S5C, D).

Discussion

To explore the potential involvement of vimentin in regu-
lating enucleation during erythropoiesis, we initially uti-
lized the target protein degradation platform PROTAC to
establish an inducible hESC line named dTAG-VIM-H9.
dTAG induced the degradation of vimentin within 12 h.
In contrast to the lethal effect observed following vimen-
tin mRNA knockdown by shRNAs [28], vimentin protein
degradation had no significant impact on cell viability.
Subsequently, dTAG-VIM-H9 cells differentiated into
erythroid cells with or without the addition of the dTAG
molecule. Vimentin degradation occurs in the presence
of dTAG, resulting in enhanced enucleation, indicating
that vimentin negatively regulates erythrocyte enucle-
ation without altering apoptosis. Furthermore, more
erythroid cells exhibited nuclei located farther from the
central location upon vimentin degradation, suggesting
that vimentin fine-tuning mediates erythroblast nuclear
polarization in preparation for enucleation.

Previous studies have demonstrated that cytoskeletal
systems composed of intermediate filaments (IFs), actin
filaments, microtubules, and myosin interact with each
other and exhibit interconnected functions in cell cyto-
kinesis, morphogenesis, and mechano-responsiveness
[58]. Enucleation is a multistep process that resembles
cytokinesis, initiated by the establishment of cell nucleus
polarization through microtubule function, followed by
the contraction of asymmetrically localized cytoplasmic
actin stress fibers and actomyosin, and the coalescence
of lipid rafts between reticulocytes and pyrenocytes [59].
Microtubules mediate erythroblast polarization during
preparation for enucleation. Inhibition of tubulin polym-
erization or depolymerization impedes enucleation by
inhibiting erythroblast polarization [55]. Actin is well
known to play a critical role in terminal erythropoiesis,
particularly enucleation. Blocking actin polymerization
completely inhibits erythroblast enucleation [60]. Rac
and Rho GTPases are actin remodeling proteins involved
in the enucleation regulatory system [15, 61, 62]. It has
been demonstrated that Rac/Rho GTPases regulate enu-
cleation through mDia2 activation, which mediates the
formation of the contractile actin ring (CAR) between
the pycnotic nucleus and incipient reticulocyte [63, 64].
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As a type III intermediate filament, vimentin forms
a vast intracellular network surrounding the nucleus
and extends to the cell periphery to anchor organelles,
thereby contributing to cellular rigidity and shape [65].
One study shed light on the interplay between vimentin
intermediate filament and other cytoskeletal components
in terminal erythropoiesis. In 2017, Jiu et al. reported
that upon vimentin depletion, actin stress fiber assembly
and contractility increased; they confirmed that vimen-
tin affected the assembly and contractility of actin stress
fibers by downregulating GEF-H1 and RhoA. Vimentin
inactivates GEF-H1 by modulating its phosphorylation
at Ser886 [66]. GEF-H1, a nucleotide exchange factor,
mediates the crosstalk between microtubules and Rho-
dependent regulation of the actin cytoskeleton [67].
RhoA, a member of the Rho GTPase family of proteins,
is a major regulator of actomyosin contractility and
vesicular trafficking, and plays a significant role in cyto-
kinesis [68—70]. RhoA also regulates myosin regulatory
light-chain phosphorylation and microtubule organiza-
tion during erythroblast cytokinesis, participating in the
formation of a transient midbody before abscission [71].
Moreover, VopO has been shown to bind GEF-H1 and,
consequently, activate the RhoA-ROCK pathway and
actin stress fiber formation [72].

Mechanistically, based on previous studies and our
study, we speculate that the retained vimentin IFs in
hPSC-induced erythropoiesis may affect terminal matu-
ration through their negative roles in nuclear polarization
and actin and actomyosin contractility. Specifically, upon
vimentin degradation, GEF-H1, Rac, and RhoA GTPases
are activated, promoting nuclear polarization, actomyo-
sin and actin stress fiber assembly, and contractility, thus
accelerating terminal maturation.

Notwithstanding that vimentin protein degradation
moderately enhances nuclear polarization and enucle-
ation in H9-induced erythropoiesis, enucleation remains
insufficient due to its inherent complexity and the limi-
tation of the dish-culture system. Further investigation is
required to elucidate the regulatory pathways of vimentin
in erythropoiesis. The optimal timing of vimentin deg-
radation for enhancing enucleation also remains to be
investigated.

Conclusion

Our study elucidates the critical role of vimentin in regu-
lating erythroid enucleation in hPSCs. Utilizing the dTAG
PROTAC platform, we established an inducible hESC
line, dTAG-VIM-HY, enabling the rapid and revgrers-
ible degradation of vimentin. Our findings demonstrate
that vimentin depletion enhances nuclear polarization
and terminal maturation, providing valuable insights into
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the regulation of erythroid enucleation in hPSC-derived
erythroid generation (Graphic Abstract ). It is unsurpris-
ing that our study provides a proof of concept for the
potential therapeutic application of vimentin-targeted
PROTACSs. Our work also offers a feasible framework for
functional studies of targets in erythropoiesis.
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