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Abstract
Erythropoiesis is precisely regulated by multilayered networks. It is crucial for maintaining steady-state hemoglobin levels and ensuring effective 
oxygen transport. Alternative polyadenylation (APA) is a post-transcriptional regulatory mechanism generating multiple mRNA isoforms from a 
single gene based on specific 30 untranslated region sequences. While APA plays a vital role in various cellular processes, the underlying mecha
nism in erythropoiesis remains largely unexplored. In this study, we employed an integrative approach, combining bioinformatics analyses and 
experimental validations, to systematically investigate the role of APA in erythropoiesis. We mapped the APA landscape during erythroid differ
entiation and identified significant APA shifts essential for the differentiation of erythroid cells from burst-forming unit erythroid (BFU–E) to 
colony-forming unit erythroid (CFU–E). Notably, our findings highlighted polyadenylate-binding protein cytoplasmic 1 (PABPC1) as the primary 
regulator of APA during these stages. Functional analyses have revealed that knockdown of PABPC1 disrupts erythroid progenitor cell prolifera
tion and differentiation. These results implicate an essential role of PABPC1 in modulating cell fate through APA regulation. Furthermore, we 
found that decreased PABPC1 levels increased the usage of the proximal polyadenylation sites in the TSC22 domain family member 1 
(TSC22D1) gene. This shift led to elevated expression of TSC22D1, uncovering a novel mechanism by which APA influences erythroid progeni
tor expansion and differentiation. Our findings provide novel insights into APA regulation in early erythropoiesis and suggest potential therapeu
tic strategies for diseases associated with erythropoietic disorders.
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Introduction
Hematopoietic stem cells (HSCs) generate megakaryocyte/ 
erythrocyte progenitors through lineage commitment [1,2]. 
These progenitors differentiate into erythroid progenitors 
known as burst-forming unit erythroid (BFU–E) and colony- 
forming unit erythroid (CFU–E) [3,4]. Subsequently, ery
throid progenitors undergo significant developmental 
changes and ultimately mature into red blood cells [3,5]. The 
expansion of erythroid progenitor cells significantly limits the 
efficacy of in vitro erythropoiesis induction [6]. Dysregulated 
proliferation is closely associated with various hematological 
disorders. For example, reduced expansion of erythroid pro
genitor cells has been observed in Diamond-Blackfan anemia 
(DBA) and is recognized as a critical factor contributing to 
erythropoietin-unresponsive anemia [7]. Meanwhile, abnor
mal proliferation has been reported to be associated with dis
eases such as myelodysplastic syndromes (MDS), 
polycythemia vera (PV), and thalassemia [8–10]. Prior studies 
have identified multiple molecules and pathways involved in 
regulating erythroid progenitor cell expansion. For instance, 
glucocorticoids promote BFU–E expansion, whereas inhibi
tion of the TGF-β pathway and increased expression of 
ZFP36L2 enhance BFU–E proliferation [11,12]. Despite 
these advances, the specific mechanisms underlying erythroid 
progenitor cell expansion and their regulation remain incom
pletely understood [11].

Alternative polyadenylation (APA) occurs through the 
interactions of specific RNA-protein complexes and several 
key cis-elements, such as polyadenylation [poly(A)] signals 
around the different poly(A) sites (PASs). APA generates tran
script isoforms with diverse 30 untranslated regions (30 UTRs) 

[13–15]. Previous studies have indicated that approximately 
50%–80% of mammalian pre-mRNAs harbor multiple PASs 
[16,17]. The widespread occurrence of APA not only enhan
ces transcript complexity but also results in the gain or loss of 
binding sites for RNA-binding proteins (RBPs) and 
microRNAs (miRNAs). Consequently, APA influences 
mRNA stability, localization, and translation [13,14,16,18].

Over the past few years, researchers have extensively stud
ied the regulation of APA in various biological processes. 
These processes include neuronal differentiation, cell prolifer
ation, and immune cell activation [13,14,16–24]. For in
stance, in breast cancer, APA-mediated shortening of the 30

UTRs of NRAS and c-JUN has been observed [25,26]. 
Tumors harboring these shortened mRNA isoforms exhibit 
lower proliferation rates but increased invasiveness [25,26]. 
In the context of cell proliferation, increased cellular activity 
has been associated with widespread 30 UTR shortening 
[25,26]. This shortening is an integral part of the gene expres
sion program involved in cell proliferation, differentiation, 
and development [27]. Core APA factors significantly influ
ence this process. For example, PABPN1, a critical regulator 
of APA, has been shown to regulate the genome-wide APA 
dynamics in HSCs [28].

Research on APA in erythropoiesis is less extensive, with 
only a few APA-related RBP studies reported [29,30]. One 
example is the APA core regulator PABPC4, which has been 
identified to bind to and stabilize the transcript of GPA, 
along with other erythroid targets such as HBA1/HBA2, 
HBB, BTG2, and SLC4A1 [29]. These interactions are criti
cal for maintaining terminal erythroid maturation [29]. 
However, the global APA patterns during erythroid 
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differentiation and their functional roles in the early stages of 
erythropoiesis remain largely unexplored.

In this study, we employed a combination of bioinformat
ics analyses and experiments to examine global APA patterns 
across different stages of erythropoiesis. This approach en
abled us to precisely capture and map the dynamic APA land
scape during erythroid differentiation, pinpointing key APA 
shifts pivotal for the transition from BFU–E to CFU–E stages. 
Our findings revealed a marked downregulation of the APA 
factor polyadenylate-binding protein cytoplasmic 1 
(PABPC1) during these stages, which likely precipitates nota
ble APA alterations. Furthermore, we identified TSC22 do
main family member 1 (TSC22D1) as a crucial target 
influenced by PABPC1-mediated APA events. Changes in 
PABPC1 levels promoted the usage of proximal PASs 
(pPASs), resulting in increased expression of TSC22D1. In- 
depth analysis demonstrated that TSC22D1 plays a crucial 
role in the expansion and differentiation of erythroid progen
itor cells. Overall, these discoveries clarify the molecular 
mechanisms of APA at early stages of erythropoiesis and un
derscore potential therapeutic targets for disorders involving 
abnormal erythroid cell development.

Results
Global APA patterns in erythropoiesis
Efficient regulation of erythropoiesis is crucial for maintaining 
systemic homeostasis [7–10]. To explore APA’s influence on 
erythroid differentiation, we retrieved RNA sequencing (RNA- 
seq) data from our previous research, which includes both early 
(GSE61566) and late (GSE53983) stages of erythropoiesis. 
These datasets span seven phases, ranging from BFU–E to or
thochromatic erythroblasts (Figure 1A). We further employed 
DaPars (v2.0) to systematically estimate the relative usage of 
APA on these datasets [31]. DaPars (v2.0) utilizes a two-normal 
mixture model to quantify APA usage across multiple samples 
(Figure 1B). In total, we identified 8377 APA events during 
erythropoiesis. Poly(A) signal motifs are key cis-elements in
volved in poly(A) and play crucial roles in mRNA processing 
and stabilization [32,33]. To investigate the preferred poly 
(A) signal motifs of these APA events, we extracted sequences 
of ± 50 nt around each pPASs and distal PASs (dPASs). We then 
employed DREME to enrich poly(A) signal features. Our study 
revealed that the dPASs preferentially utilized canonical poly(A) 
signal motifs AATAAA and ATTAAA, while pPASs showed a 
preference for AATAAA and AAGAAA; notably, AAGAAA is 
recognized as an active poly(A) signal in mammalian cells [34] 
(Figure 1C). To validate the biological reproducibility of distal 
poly(A) site usage index (PDUI) values, we conducted Pearson’s 
correlation analyses on the PDUI matrix across erythropoiesis. 
We observed clear stage-specific clustering, indicating significant 
variations in PAS utilization across different erythropoiesis 
stages (Figure 1D).

We further investigated the structural characteristics of APA 
events during erythropoiesis. The 30 UTR lengths of genes un
dergoing APA events were significantly longer compared to 
other genes (Wilcoxon test, P < 2.2E−16) (Figure S1A). To 
explore the finer structural differences among various 30 UTR 
lengths, we categorized these lengths into distinct bins (< 500 bp, 
500–1000 bp, 1000–1500 bp, 1500–2000 bp, ≥ 2000 bp). APA 
events were predominantly located within shorter 30 UTR 

length bins, particularly those shorter than 500 bp (Figure 1E 
and F). The alternative 30 UTR (aUTR) is defined as the por
tion of the 30 UTR that exhibits length variations, whereas the 
common 30 UTR (cUTR) remains consistent across different iso
forms [35]. We observed that longer 30 UTRs correlated with 
longer aUTRs (Figure 1E, Figure S1B), whereas the cUTR 
remained relatively stable across different bin categories 
(Figure 1F, Figure S1C). The 30 UTRs contain a variety of cis- 
elements, such as miRNA target sites and RBP binding sites. 
Longer 30 UTRs and aUTRs imply an increased variability of 
these regulatory elements, potentially influencing gene expres
sion and cellular functions.

Next, we investigated APA dynamics during erythropoie
sis. We observed a decrease in PDUI during the early phases 
of erythropoiesis (Figure 1G), suggesting enhanced utilization 
of pPASs from BFU–E to CFU–E stages. Additionally, APA 
events with shorter 30 UTRs (< 1000 bp) exhibited increased 
utilization of pPASs, whereas those with longer 30 UTRs pref
erentially transitioned toward dPASs selection (Figure 1H). 
These findings highlight the complex regulatory role of APA 
and underscore its potential biological significance in early 
erythroid progenitor cells.

Functional diversity of APA dynamics in 
erythropoiesis phases associated with cell cycle 
and RNA regulation
To investigate genes undergoing significant changes in 30 UTR 
length during erythropoiesis, we compared PDUI values be
tween different stages. We identified 5435 genes exhibiting ei
ther 30 UTR lengthening or shortening. We observed a 
pronounced trend in which APA events involving 30 UTR 
shortening significantly outnumbered those showing 30 UTR 
lengthening. These APA alterations predominantly occurred 
during the transition from the BFU–E to Pro–E stages and sta
bilized during late erythropoiesis (Figure 2A and B). To eluci
date the functional roles of these genes, we categorized them 
according to their APA types (30 UTR lengthening or shorten
ing) and conducted gene enrichment analysis. We found that 
APA events at different stages were mainly enriched in path
ways associated with cell cycle and RNA regulation. 
Specifically, during the transition from BFU–E to CFU–E 
stages, APA shortening events were most significantly enriched 
in pathways such as “cell cycle” and “metabolism of RNA”. 
Conversely, during the transition from CFU–E to Pro–E stages, 
APA lengthening events were predominantly enriched in path
ways including “mitotic cell cycle” and “protein localization 
to organelle”. These results indicate a dynamic interplay be
tween APA event regulation and erythropoiesis (Figure 2C).

Next, we focused on representative APA genes previously 
demonstrated to be essential for erythropoiesis. During the 
BFU–E to CFU–E stages, the representative genes were enriched 
in pathways including: RNA metabolism (U2AF2, RPL31, and 
SF3B4), cell cycle (CCNB2, CDK2, and CDC26), and mem
brane transport (RAC1, RABEP1, and MCFD2). In the termi
nal stages of erythropoiesis, these genes were enriched in 
pathways such as: mitotic cell cycle (CDK6, CDK2, CCND3, 
JAK2, CDK1, and MYB), biogenesis of ribonucleoprotein com
plexes (PRPF39, WDR36, DDX10, EFL1, NPM1, and 
SF3B1), membrane transport (ARPC2, PPP6R3, RPN1, 
CREB3L2, and TBC1D14), and protein metabolic processes 
(USP34, SKP2, and UBE4B) (Figure 2D). These findings 
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Figure 1 Global APA patterns in erythropoiesis 
A. Schematic diagram of different stages of human erythroid differentiation. The development process of erythropoiesis includes three stages: early 
erythropoiesis, terminal erythroid differentiation, and reticulocyte maturation. B. Schematic of APA and alternative polyadenylation isoforms using pPAS 
or dPAS in the 30 UTR. The region between the PASs is named aUTR. The common region of isoforms is named cUTR. C. Enriched motifs around pPASs 
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suggest that APA dynamics play diverse functional roles across 
different erythropoiesis phases. Particularly, early erythropoiesis 
stages show a marked association with cell cycle and 
RNA regulation.

PABPC1 as a potential regulator of APA-mediated 30

UTR shortening during the transition from BFU–E to 
CFU–E
30 end processing factors regulate APA by influencing PASs 
selection [35–37]. These factors recognize specific PASs and 
determine proximal or distal site usage. Consequently, they 
generate diverse mRNA isoforms that affect gene expression, 
mRNA stability, localization, and ultimately cellular differen
tiation and development [35–37]. To investigate key regula
tors of genes exhibiting significant 30 UTR length changes 
during early erythropoiesis, we first assembled a list of 
known core APA factors. Subsequently, we calculated the 
correlation between the PDUI of each APA event and the ex
pression of each APA factor. Significant associations between 
known 30 end processing factors and APA events were identi
fied using stringent criteria (R2 ≥ 0.3 and FDR < 0.05). After 
aggregating these association results by 30 end processing fac
tors, we identified the top 10 candidate regulators of APA 
events: PABPC1, PAPOLG, CPSF2, CSTF2T, FIP1L1, 
WDR33, CPSF7, PPP1CA, PABPN1, and CPSF6 (Figure 
3A). To determine whether these factors exhibit genuine vari
ability during differentiation — and thus a potential role in 
erythropoiesis — we calculated the standard deviation of 
their expression levels (measured in TPM) across erythroid 
differentiation samples. Our findings demonstrated that 
PABPC1 exhibited the highest standard deviation, markedly 
higher than those of other factors. This observation suggests 
a considerable fluctuation in PABPC1 expression throughout 
erythropoiesis, highlighting its potential involvement in the 
regulatory mechanisms that govern erythropoiesis 
(Figure 3B). Given the significant APA changes during early 
erythropoiesis, we quantified the mRNA expression levels of 
core APA factors during these critical phases. Notably, only 
PABPC1 exhibited relatively high expression at the BFU–E 
stage (Figure 3C). To further validate this finding, we induced 
differentiation of CD34þ cells (isolated from human mobi
lized peripheral blood) into the erythroid lineage [3]. We ob
served that both mRNA and protein expression levels of 
PABPC1 peaked in the BFU–E stage and subsequently de
clined in the CFU–E stage (Figure 3D and E). Among the 
APA events significantly associated with PABPC1, we ob
served 1276 events leading to 30 UTR shortening and 243 
events resulting in 30 UTR lengthening. This result suggests 
that knockdown of PABPC1 may increase the usage of 
pPASs. Previous studies have demonstrated that PABPC1 
promotes dPAS usage and its knockdown leads to 30 UTR 
shortening [38]; however, such observations have not yet 

been reported in the erythroid lineage cells. Collectively, these 
results suggest that PABPC1 is likely a crucial APA regulator 
that mediates 30 UTR shortening of transcripts during the 
transition from BFU–E to CFU–E stages of erythropoiesis.

PABPC1 plays a crucial role in the transition from 
the BFU–E to CFU–E stage, impacting proliferation 
and differentiation
PABPC1 is widely expressed in most eukaryotes [39]. This 
factor interacts with various proteins and exhibits complex 
intracellular localization [40]. In mammals, PABPC1 is a 
multifunctional RBP, indispensable for protein translation 
initiation, RNA processing, RNA stability, and the promo
tion of dPASs utilization [39,41]. Under normal conditions, 
PABPC1 predominantly localizes in the cytoplasm [40,42]. 
However, under specific circumstances, it shuttles between 
the nucleus and cytoplasm. In the nucleus, it participates in 
polyadenylation of intron-containing precursor mRNAs by 
interacting with poly(A) polymerase, thereby influencing nu
clear RNA processing [40,42].

To further investigate the role of PABPC1 in early human 
erythropoiesis, we employed a shRNA lentivirus to knock 
down PABPC1 expression during initial erythroid differentia
tion stages in vitro (Figure 4A–C). We performed cell counting 
and generated growth curves to evaluate the effect of PABPC1 
knockdown on cell proliferation. Our results revealed a signifi
cant inhibition of cell proliferation following PABPC1 knock
down (Figure 4D). Next, we employed flow cytometry to 
examine the impact of PABPC1 knockdown on early erythro
poiesis. The results indicated a marked decrease in the propor
tion of CFU–E cells (CD34−CD36þCD71þ). However, the 
proportion of BFU–E cells (CD34þCD36−CD71−) remained 
largely unchanged (Figure 4E and F). Consistently, colony for
mation assays revealed a significant reduction in CFU–E col
ony numbers after PABPC1 knockdown, whereas BFU–E 
colony numbers showed no significant change (Figure 4G). 
Additionally, we evaluated the cell cycle and apoptosis using 
flow cytometry (Figure 4H–K). Knockdown of PABPC1 led to 
increased apoptosis and caused cell cycle arrest in the G0/G1 
phase (Figure 4H–K). To further investigate the functional 
roles of PABPC1, we overexpressed PABPC1 in CD34þ HSCs 
undergoing erythroid differentiation in vitro. Flow cytometry 
analysis showed that PABPC1 overexpression significantly in
creased the proportion of CFU–E cells, while BFU–E cells were 
largely unaffected (Figure S2A and B). Additionally, colony 
formation assays further supported these findings, showing in
creased CFU–E colony numbers upon PABPC1 overexpres
sion. No significant change was observed in BFU–E colony 
numbers (Figure S2C). Given the previously reported impor
tance of related factors (PABPN1 and PABPC4), we also mea
sured their mRNA expression levels. Our results indicated that 
both PABPN1 and PABPC4 were expressed at relatively low 

Figure 1 Continued 
and dPASs of APA events. D. Pearson’s correlation heatmap displaying the distal PDUI across erythropoiesis stages. The color of each cell represents 
the correlation coefficient, with dark red signifying a strong positive correlation and yellow denoting a weaker correlation. E. Density distribution of aUTR 
lengths across various 30 UTR length categories. The color indicates the stratification of 30 UTR lengths into different categories. F. Density distribution of 
cUTR lengths across various 30 UTR length categories. The color indicates the stratification of 30 UTR lengths into different categories. G. The average 
relative 30 UTR length at each stage of human erythropoiesis (BFU–E to Ortho–E). Statistical significance was determined by the Wilcoxon signed-rank 
test (�, P < 0.05; ns, not significant). H. Mean PDUI values across different erythroid maturation stages for 30 UTR length categories. The x-axis indicates 
the erythroid maturation stages from BFU–E to Ortho–E, while the y-axis shows the mean PDUI values. Each line represents a distinct 30 UTR length 
category. APA, alternative polyadenylation; BFU–E, burst-forming unit erythroid; CFU–E, colony-forming unit erythroid; Pro–E, proerythroblast; E-Baso–E, 
early basophilic erythroblast; L-Baso–E, late basophilic erythroblast; Poly–E, polychromatic erythroblast; Ortho–E, orthochromatic erythroblast; RBC, red 
blood cell; PAS, polyadenylation site; pPAS, proximal polyadenylation site; dPAS, distal polyadenylation site; UTR, untranslated region; aUTR, alternative 
30 UTR; cUTR, common 30 UTR; PDUI, polyadenylation site usage index.
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Figure 2 Functional diversity of APA dynamics in erythropoiesis phases associated with cell cycle and RNA regulation 
A. The heatmap shows the number of genes with 30 UTR length changes (including lengthening and shortening) at different erythroid differentiation 
stages, from BFU–E to Ortho–E. B. The line plot displays the variation in the number of APA events from BFU–E to Ortho–E stages, where the red line 
indicates the number of genes with shortened 30 UTRs, and the blue line shows the number of genes with lengthened 30 UTRs. C. The heatmap 
illustrates gene enrichment results for APA patterns (shortening and lengthening events) during erythropoiesis. The left panel lists biological processes 
enriched among genes exhibiting 30 UTR shortening. The right panel lists biological processes enriched among genes exhibiting 30 UTR lengthening. D. 
Example diagram of enriched pathway-related genes in various stages of erythropoiesis. The upper panel lists key genes associated with 30 UTR 
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levels (Figure S3A). Notably, PABPN1 expression remained 
stable throughout early erythroid differentiation (Figure S3A), 
whereas PABPC4 expression significantly increased from the 
BFU–E to CFU–E stage despite its overall low expression 
(Figure S3A). Based on this finding, we conducted functional 
studies focused on PABPC4. However, knockdown of 
PABPC4 did not significantly affect erythroid progenitor pro
liferation or differentiation (Figure S3B–E). Collectively, our 
results highlight that PABPC1 plays a critical role in regulating 
the expansion and transition of erythroid progenitor cells.

PABPC1 knockdown significantly affects APA 
events from BFU–E to CFU–E during early 
erythropoiesis
To explore the transcriptional role of PABPC1 during early 
erythropoiesis, we knocked down PABPC1 at the early stage 
of erythropoiesis and performed nanopore sequencing 
(Figure 5A). Nanopore third-generation sequencing technol
ogy generates full-length transcripts without fragmentation 
or amplification. This method accurately identifies transcript 
structural features, including alternative splicing (AS), fusion 
genes, and non-coding RNAs, and provides direct quantifica
tion at gene and transcript levels. Additionally, the Oxford 
Nanopore Technologies direct RNA sequencing (ONT-seq) 
method detects multiple base modifications directly, thereby 
reducing sequence bias introduced by PCR [43,44].

We used LAPA for a comprehensive global analysis of APA 
based on ONT-seq data (see Materials and methods). Our 
analysis revealed that PABPC1 knockdown consistently in
creased pPAS usage across different thresholds (Table S1), 
suggesting that PABPC1 deficiency shifts PAS usage toward 
proximal sites. To assess the relationship between poly(A) 
tail length and APA site selection, we extracted poly(A) tails 
from all samples and quantified their lengths (Table S2). A 
paired Wilcoxon signed-rank test demonstrated that distal 
isoforms consistently possessed significantly longer poly(A) 
tails than proximal isoforms (median 27.25 nt vs. 24.0 nt; 
P ¼ 8.1 × 10−201; Figure S4A; Table S3). Moreover, poly(A) 
tail lengths were significantly reduced in PABPC1-depleted 
samples relative to controls for both distal and proximal iso
forms (distal: P ¼ 2.1 × 10−41; proximal: P ¼ 6.6 × 10−63; 
Figure S4B), underscoring its role in poly(A) tail length main
tenance. To further dissect the relationship between tail 
shortening and APA dynamics, we evaluated the distribution 
of APA switching among genes exhibiting poly(A) tail short
ening. Within this cohort, genes undergoing proximal PAS 
upregulation substantially outnumbered those exhibiting in
creased distal PAS usage (two-sided binomial test, P ¼ 1.86 × 
10−9; Figure S4C). This suggests that PABPC1 simulta
neously regulates poly(A) tail length and APA site selection; 
its absence tips the balance toward proximal site usage and 
shorter poly(A) tails.

On the other hand, our differential gene expression analy
sis identified 1696 upregulated and 2042 downregulated 
genes, including significant downregulation of PABPC1 itself 
(log2 fold-change ¼ −2.16, P ¼ 3.45E−39; Figure 5B). 
Subsequently, Gene Ontology (GO) analysis revealed distinct 
regulatory trends. Upregulated genes were predominantly 
linked to cell activation, hemostasis, and cytokine signaling 
in the immune system. Conversely, downregulated genes 
were associated with the cell cycle, translation, and ribonu
cleoprotein complex biogenesis (Figure 5C).

Given the crucial roles of the pathways, such as cell cycle 
and cellular activation in APA and erythropoiesis, we selected 
a set of genes differentially expressed in these biological pro
cesses to examine their expression and APA changes. Under 
PABPC1 knockdown conditions, qRT-PCR analysis indi
cated increased expression of TSC22D1, DDX17, and 
P2RX1 and decreased expression of ZFP36L2 and RSL1D1, 
consistent with our RNA-seq results (Figure 5D).

For APA analysis, we quantified the pPASs and dPASs us
ing qRT-PCR and calculated relative pPAS usage. We ob
served a general increase in dPASs usage for DDX17, 
P2RX1, and ZFP36L2. In contrast, TSC22D1 and PSMA5 
showed significantly increased pPAS usage, correlating with 
elevated expression (Figure 5E). IGV snapshots confirmed in
creased pPAS usage in TSC22D1 and APA alterations in 
other significant genes (Figure S5A–D). To validate the sig
nals at the distal site, we quantified PAS usage by qRT-PCR. 
PABPC1 knockdown resulted in a significantly increased 
pPAS usage and decreased distal site usage (Figure S5E). To 
comprehensively assess PABPC1’s regulatory role in APA, we 
employed both knockdown and overexpression methods. RIP 
assays confirmed an interaction between TSC22D1 mRNA 
and PABPC1 protein in erythroid progenitor cells. mRNA en
richment was significantly higher in the PABPC1 group com
pared to the IgG control (Figure 5F). We constructed firefly 
luciferase reporters containing either (1) the cUTR of 
TSC22D1, corresponding to pPAS usage, or (2) extended 30

UTRs incorporating both the cUTR and aUTR regions from 
the longer APA isoform (Figure 5G). To standardize tran
script processing, all constructs were terminated with a heter
ologous SV40 PAS (Figure 5G). After transfection of 
equimolar reporter constructs into erythroid progenitor cells, 
we measured luciferase activity to evaluate APA-mediated 
regulatory effects. Notably, luciferase expression driven by 
pPAS-derived 30 UTRs was stable despite PABPC1 manipula
tion (Figure 5H and I, Figure S6A and B). In contrast, the ex
tended 30 UTR displayed significantly reduced luciferase 
activity upon PABPC1 overexpression and increased activity 
upon knockdown (Figure 5H and I, Figure S6A and B). These 
findings demonstrate that PABPC1 is critical for maintaining 
dPAS selection in TSC22D1, thereby modulating TSC22D1 
expression through the APA mechanism.

Figure 2 Continued 
shortening and their related biological processes. The lower panel lists key genes associated with 30 UTR lengthening and their related biological 
processes. U2AF2, U2 small nuclear RNA auxiliary factor 2; RPL31, ribosomal protein L31; SF3B4, splicing factor 3b subunit 4; CCNB2, cyclin B2; CDK1, 
cyclin-dependent kinase 1; CDC26, cell division cycle 26; CDK6, cyclin-dependent kinase 6; CDK2, cyclin-dependent kinase 2; CCND3, cyclin D3; USP34, 
ubiquitin specific peptidase 34; SKP2, S-phase kinase associated protein 2; UBE4B, ubiquitination factor E4 B; PRPF39, pre-mRNA processing factor 39; 
WDR36, WD repeat domain 36; DDX10, DEAD-box helicase 10; PARPBP, PARP binding protein; CENPS, centromere protein S; CHEK1, checkpoint 
kinase 1; ARPC2, actin related protein 2/3 complex subunit 2; PPP6R3, protein phosphatase 6 regulatory subunit 3; RPN1, ribophorin I; RAC1, Rac family 
small GTPase 1; RABEP1, RAB GTPase effector protein 1; MCFD2, multiple coagulation factor deficiency 2; MYB, V-myb avian myeloblastosis viral 
oncogene homolog; KMT5B, lysine methyltransferase 5B; KMT2E, lysine methyltransferase 2E; FOXM1, forkhead box M1; JAK2, Janus kinase 2; 
GNA13, G protein subunit alpha 13; CTNNB1, catenin beta 1; EFL1, elongation factor like GTPase 1; NPM1, nucleophosmin 1; SF3B1, splicing factor 3b 
subunit 1; CREB3L2, cAMP responsive element binding protein 3-like 2; TBC1D14, TBC1 domain family member 14.
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Figure 3 PABPC1 as a potential regulator of APA-mediated 30 UTR shortening during the transition from BFU–E to CFU–E 
A. The bar chart shows the ability of APA regulatory factors to regulate APA events during erythroid development. The vertical axis represents the 
proportion of APA-30 end processing factor associations relative to all APA events with 30 UTR lengthening or shortening during differentiation, which 
reflects the ability of core factors to regulate APA events. The horizontal axis represents the core APA regulatory factors. B. The SD of the expression 
levels of core APA factors across all samples of erythrocyte differentiation. C. qRT-PCR shows the mRNA expression of core APA factors relative to 
PABPC1 in early erythropoiesis (the BFU–E stage). Statistical significance was assessed by comparing each gene’s expression to PABPC1. ���, P <
0.001 (Student’s t-test). Human mobilized peripheral blood CD34þ cells were induced to differentiate into early erythroid lineage cells in vitro, and cells at 
the BFU–E stage were sorted for analysis. *, P < 0.05; ***, P < 0.001 (Student's t-test). D. qRT-PCR shows the mRNA expression of PABPC1 from 
BFU–E to Pro–E stages. Human mobilized peripheral blood CD34þ cells were induced to differentiate into early erythroid lineage cells in vitro, and cells at 
the BFU–E stage were sorted for analysis. �, P < 0.05; ���, P < 0.001 (Student’s t-test). E. Representative images of Western blotting showing PABPC1 
expression from BFU–E to Pro–E stages. Cells at stage from the BFU–E to Pro–E were sorted following in vitro differentiation of human mobilized 
peripheral blood CD34þ cells into the specific erythroid lineage. Quantitative analysis of PABPC1 expression from the BFU–E to Pro–E stages based on 
three independent experiments is shown. GAPDH was used as a loading control. �, P < 0.05; ���, P < 0.001 (Student’s t-test). PABPC1, polyadenylate- 
binding protein cytoplasmic 1; PAPOLG, polyadenylation polymerase gamma; CPSF2, cleavage and polyadenylation specific factor 2; CSTF2T, cleavage 
stimulation factor subunit 2T; FIPIL1, FIP1-like 1; WDR33, WD repeat domain 33; CPSF7, cleavage and polyadenylation specific factor 7; PPP1CA, protein 
phosphatase 1 catalytic subunit alpha; PABPN1, polyadenylate-binding protein nuclear 1; CPSF6, cleavage and polyadenylation specific factor 6; SYMPK, 
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PABPC1 mediates expansion and the transition 
from BFU–E to CFU–E by influencing TSC22D1 
APA changes
The TSC22D protein family encompasses a range of activities 
involved in the regulation of cell proliferation and differentia
tion [45,46]. Among these family members, TSC22D1, the 
first identified member, is well-known for its tumor suppres
sor function [47]. For instance, in cervical cancer cells, 
knockdown of the RBP MEX3D inhibits cell proliferation 
and colony formation while promoting apoptosis by stabiliz
ing TSC22D1 mRNA [47].

To determine whether PABPC1 influences the proliferation 
of early erythroid progenitor cells through TSC22D1 modu
lation, we examined TSC22D1 expression from the BFU–E 
to Pro–E stages. Database analysis and qPCR verification 
both indicated a significant increase in TSC22D1 mRNA lev
els from the BFU–E to CFU–E stages, showing an opposite 
trend to that observed for PABPC1 (Figure 3D, Figure 6A, 
Figure S7A). Western blotting assays confirmed these results 
at the protein level (Figures 3E, 6B, and 6C), suggesting a 
negative regulation of TSC22D1 expression by PABPC1.

Subsequently, we conducted sequential knockdowns of 
PABPC1 and TSC22D1. Knockdown of PABPC1 increased 
both TSC22D1 mRNA and protein expression, which was 
reversed by subsequent knockdown of TSC22D1, without af
fecting PABPC1 levels (Figure 6D–F). Further experiments 
revealed that PABPC1 knockdown increased TSC22D1 ex
pression, reduced cell proliferation, hindered differentiation 
(notably decreasing CFU–E cells), increased cell apoptosis, 
and induced cell cycle arrest at the G0/G1 phase. These 
effects were rescued by TSC22D1 knockdown, which re
stored TSC22D1 levels following PABPC1 knockdown 
(Figure 6G–L). Therefore, these results indicate that PABPC1 
regulates the ability of cells to expand and differentiate 
through APA-mediated changes in TSC22D1.

Discussion
Our study provides the first comprehensive characterization 
of alternative polyadenylation (APA) dynamics during ery
throid progenitor development. By systematically analyzing 
APA events across erythroid differentiation stages, we 
revealed a previously unrecognized wave of APA remodeling 
during the BFU–E to CFU–E transition. Importantly, we iden
tified PABPC1 as a master regulator of APA in early erythroid 
progenitors, establishing a functional link between APA regu
lation and erythroid progenitor expansion. These findings 
not only advance our understanding of post-transcriptional 
regulation in erythropoiesis but also provide a molecular 
framework for investigating progenitor cell homeostasis in 
both physiological and pathological contexts (Figure 7).

Erythropoiesis is tightly regulated to maintain homeostasis, 
and dysregulation of this process underlies various hemato
logical disorders, including polycythemia vera (PV), myelo
dysplastic syndrome (MDS), and thalassemia [7–10]. Despite 
progress in characterizing transcriptional regulators, the 
post-transcriptional mechanisms governing the erythroid 

progenitor stage remain poorly understood. Growing evi
dence implicates APA as a critical regulatory layer in cell fate 
determination, with particular importance in stem/progenitor 
cell populations [29,30]. While APA has been reported at the 
terminal stage of erythroid cells [28], its dynamic regulation 
during early erythropoiesis — a phase characterized by rapid 
progenitor expansion — has not yet been systematically 
investigated.

Our study focuses on the role of APA in erythropoiesis. We 
applied the DaPars v2.0 algorithm to RNA-seq data from dif
ferent erythroid developmental stages. We observed significant 
APA changes during the transition from BFU–E to CFU–E, 
which are early stages in erythroid progenitor development. 
This finding indicates that APA is crucial for the growth and 
self-renewal of erythroid progenitor cells. In addition, by ana
lyzing the proportion of core APA regulatory factors and com
bining this with gene expression analyses, we identified 
PABPC1 as a crucial regulator of APA during the BFU–E to 
CFU–E transition.

PABPC1 is a well-known cytoplasmic poly(A)-binding pro
tein that is expressed in most eukaryotic organisms [39]. 
Previous studies have reported that knocking down PABPC1 
can inhibit the proliferation and progression of cancer cells 
[48–50]. This factor plays a dual role by protecting mRNA 
poly(A) and promoting deadenylation, demonstrating a com
plex regulatory mechanism, and is involved in maintaining 
transcripts with long 30 UTR isoforms [39,41]. Previous re
search has documented that knockdown of PABPC1 leads to 
30 UTR shortening through APA events and inhibits the pro
gression and metastasis of various cancers [39,50]. Our 
results further demonstrate that PABPC1 maintains transcript 
stability with long 30 UTR isoforms. Notably, the erythroid- 
specific consequences of PABPC1 depletion impaired prolif
eration, differentiation arrest, and altered survival, suggesting 
its regulatory outputs are context-dependent and finely tuned 
to hematopoietic demands. This aligns with emerging para
digms of APA regulation as a cell type-specific mechanism for 
coordinating proliferation and differentiation.

Our mechanistic analysis revealed TSC22D1 as a critical 
effector linking PABPC1-mediated APA regulation to ery
throid progenitor expansion. The observed 30 UTR shorten
ing and consequent overexpression of TSC22D1 upon 
PABPC1 knockdown provide direct experimental evidence 
for APA-mediated gene regulation in erythropoiesis. Given 
that TSC22D1 functions downstream of TGF-β signaling — 
a pathway known to constrain BFU–E expansion [45,51], 
our findings suggest an elegant regulatory circuit: PABPC1 
maintains physiological TSC22D1 mRNA expression levels 
via 30 UTR-mediated control, thereby fine-tuning TGF-β sig
naling output to permit progenitor proliferation. This mecha
nistic model integrates post-transcriptional regulation with 
established signaling pathways, offering new therapeutic en
try points for manipulating erythropoietic output.

Although our results suggest that APA plays a role in eryth
ropoiesis, this study does not directly link APA disruptions to 
specific erythropoiesis disorders, such as PV, MDS, and thal
assemia. Additionally, PABPC1 is just one of several core 
APA factors involved. Other APA regulatory proteins and 

Figure 3 Continued 
symplekin; PCF11, cleavage and polyadenylation factor 11; CPSF3, cleavage and polyadenylation specific factor 3; CSTF1, cleavage stimulation factor 
subunit 1; PPP1CB, protein phosphatase 1 catalytic subunit beta; NUDT21, nudix hydrolase 21; CSTF2, cleavage stimulation factor subunit 2; CPSF4, 
cleavage and polyadenylation specific factor 4; CPSF1, cleavage and polyadenylation specific factor 1; CSTF3, cleavage stimulation factor subunit 3; 
PABPC4, polyadenylate-binding protein cytoplasmic 4; RBBP6, retinoblastoma binding protein 6; SD, standard deviation.
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Figure 4 PABPC1 plays a crucial role in the transition from the BFU–E to CFU–E stage in impacting proliferation and differentiation 
A. qRT-PCR shows PABPC1 mRNA expression in early erythroblasts infected with lentivirus containing control shRNA or PABPC1 shRNA. ���, P < 0.001 
(Student’s t-test). B. Representative images of Western blotting showing PABPC1 expression in erythroblasts infected with lentivirus containing control 
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their potential interactions with PABPC1 have yet to be fully 
explored. Thus, further studies are essential to map out the 
complete landscape of APA regulation and its implications 
for erythroid-related disease pathology.

In conclusion, our study represents a significant advance in 
the understanding of APA regulation during erythropoiesis, 
particularly highlighting the pivotal role of PABPC1. By dem
onstrating the impact of APA modulation on important genes 
like TSC22D1, we provide new insights into the molecular 
mechanisms governing erythropoiesis. Our findings establish 
APA regulation as a previously unrecognized pillar of the 
control of erythroid development, opening new avenues for 
investigating both normal and pathological erythropoiesis. 
Future studies exploring APA dynamics in primary patient 
samples and genetically engineered models will be crucial for 
translating these discoveries into clinical insights.

Materials and methods
APA analysis
To explore the APA pattern during erythroid differentiation, 
we collected RNA-seq data for human early erythropoiesis 
(BFU–E to CFU–E stages) from GSE61566, and RNA-seq 
data for human erythroid terminal differentiation (Pro–E to 
Ortho–E stages) from GSE53983. Each stage in these datasets 
contains 3 samples across 7 erythroid stages for a total of 21 
samples. We then converted RNA-seq file from SRA format 
to fastq format using fastq-dump, and then aligned the se
quence to human genome (hg19) by HISAT2. The 21 gener
ated BAM files were then utilized as input for DaPars v2.0, 
which employs a two-normal mixture model to calculate the 
percentage of PDUI, a metric for assessing APA usage for 
each gene (defined as APA event). PDUI values range from 0 
to 1, where higher values indicate increased utilization of 
dPASs. To ensure the precision of our predictions, we set a 
coverage threshold for the last exon of ≥ 30×, following the 
recommendations of DaPars (v2.0). To investigate 30 UTR 
lengthened/shortened genes during erythropoiesis, we com
pared PDUI values between different stages and set jΔPDUIj
≥ 0.15 as the criterion. If PDUI at one stage is higher than 
that of the previous stage, the 30 UTR of the APA event is 
lengthening during differentiation, and vice versa.

To investigate whether PABPC1 regulates APA, we ana
lyzed third-generation sequencing data derived from ery
throid progenitor cells, including control and PABPC1 
knockdown samples. We employed LAPA (https://github. 
com/mortazavilab/lapa/), a tool specifically designed for 
third-generation sequencing APA analysis, to systematically 
assess PASs usage in both the PABPC1 knockdown and 

control samples. Specifically, we selected the two sites exhib
iting the greatest variation in usage as the pPASs and dPASs. 
PASs choice was quantified based on the following criteria: 
(1) pPASs usage choice: an increase in proximal site usage ac
companied by a decrease in distal site usage. (2) dPASs 
choice: an increase in distal site usage accompanied by a de
crease in proximal site usage.

Finally, we applied a range of thresholds (±0, ±0.1, ±0.15, 
and ±0.2) as the criteria to determine poly(A) usage changes.

Analysis of poly(A) signal motif
A series of cis-elements that regulate APA are enriched near 
the poly(A) sites. To identify potential cis-elements that affect 
APA during erythroid development, BEDtools was used to 
extract the genome sequences ±50 bp around pPASs and 
dPASs, respectively. After obtaining the sequences, DREME 
was used to enrich the features to detect poly(A) signal motifs 
of pPASs and dPASs.

Prediction of upstream 30 end processing factors 
regulating APA
To screen for upstream 30 end processing factors regulating 
APA during erythroid differentiation, we collected a list of 
reported APA core factors from https://www.nature.com/ 
articles/ncomms6274. Pearson’s correlation analysis was 
employed to assess the relationship between the PDUI values 
of each APA event and the expression levels of corresponding 
APA core factors. The criteria for determining the signifi
cance were stringently defined as FDR ≤ 0.05 and r2 ≥ 0.3. 
Finally, the proportion of APA events linked to APA core fac
tors was counted, and APA core factors that might affect ery
throid differentiation were further screened according to the 
number of APA events with significant differences.

Poly(A) tail length analysis
To extract poly(A) tail length information, we employed a script 
available at https://github.com/ankeetashah/Benchmarking- 
APA/blob/main/scripts/01_filter_for_polyA.py, which extracts 
read IDs, poly(A) tail lengths, and transcript lengths from our 
ONT-seq files. After extracting the genomic positions of these 
read IDs from the BAM files, we matched these positions with 
APA-related poly(A) site peaks identified by LAPA, thereby 
obtaining poly(A) tail length information for APA genes. Based 
on our previous LAPA analysis, each APA gene retained two 
major peaks — defined as distal and proximal sites — and we 
compared the median poly(A) tail lengths between these sites 
within the same gene to determine which had longer tails.

Figure 4 Continued 
shRNA or PABPC1 shRNA. C. Quantitative analysis of protein expression data from three independent experiments, as shown in (B). GAPDH was used 
as a loading control. ���, P < 0.001 (Student’s t-test). D. Early erythroid cell (BFU–E) growth curves determined by cell counting. Early erythroid cells 
following infection with the same amount of lentivirus as indicated in (A). Statistical analysis of the data was based on three independent experiments 
comparing the knockdown and control groups using Student’s t-test, and the bar plot shows the mean ± SD of triplicate samples. �, P < 0.05; ��, P <
0.01; ���, P < 0.001. E. Representative flow cytometry data of early differentiation for early erythroid cells (BFU–E) infected with the same amount of 
lentivirus as indicated in (A). CD34−CD36þCD71high represents the stage of CFU–E cells, while CD34þCD36−CD71low represent the stage of BFU–E 
cells. CD34−CD36þCD71high and CD34þCD36−CD71low cells were gated from CD45þGPA−CD123− cells. F. Statistical analysis of the percentages of 
CD34−CD36þCD71high (CFU–E) and CD34þCD36−CD71low (BFU–E) cells from three independent experiments is shown. �, P < 0.05; ��, P < 0.01; ���, P 
< 0.001; ns, not significant (Student’s t-test). G. Statistical analysis of the number of BFU–E and CFU–E formed in soft agar clone formation experiments. 
�, P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, not significant (Student’s t-test). H. Representative flow cytometry data of cell cycle for early erythroid cells 
(BFU–E) infected with the same amount of lentivirus as indicated in (A). I. Statistical analysis of the PI fluorescence intensity representing each stage of 
the cell cycle (G0/G1, S, and G2/M) from three independent experiments is shown. �, P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, not significant (Student’s 
t-test). J. Representative flow cytometry data of cell apoptosis for early erythroid cell (BFU–E) infected with the same amount of lentivirus as indicated in 
(A). K. Statistical analysis of the apoptotic cell rate from three independent experiments is shown. �, P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, not 
significant (Student’s t-test). PI, propidium iodide.
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Figure 5 PABPC1 knockdown significantly affects APA events from BFU–E to CFU–E during early erythropoiesis 
A. Flow chart of sample treatment and collection for ONT-seq. CD34þ HSCs were purified from human mobilized PBMCs, peripheral blood mononuclear 
cells. BFU–E cells were sorted from the early erythroid lineage induced by CD34þ HSCs, and PABPC1 was knocked down using lentivirus. The PABPC1- 
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Cell source and culture
Human mobilized peripheral blood samples were obtained 
from Xiangya Hospital and the Second Xiangya Hospital of 
Central South University, China. CD34þ cells were purified 
from human mobilized peripheral blood. The isolated 
CD34þ cells were maintained in a two-stage liquid culture 
system. During the initial phase (day 0 to day 6), 1 × 105/ml 
CD34þ cells were seeded (day 0) in Serum-Free Expansion 
Medium containing 10% FBS, 1 U/ml EPO (Catalog No. 
78007, Stem Cell Technology, Vancouver, Canada), 10 ng/ml 
IL-3 (Catalog No. 78040, Stem Cell Technology), 50 ng/ml 
SCF (Catalog No. 78062, Stem Cell Technology) and 0.06 mM 
α-thioglycerol (Catalog No. M6145, Sigma, Louis, MO). 
On day 4, fresh medium was added to dilute the cells, and 
incubation proceeded until day 7. In the subsequent phase 
(day 7 to day 13), cells were cultured at a density of 1 × 105 

cells/ml in SFEM medium supplemented with 30% FBS, 
along with 1 U/ml EPO and α-thioglycerol [3].

Lentivirus infection
PABPC1 shRNAs and control shRNA were obtained from 
GenePharma Co., Ltd. (Shanghai, China). shRNA targeting 
sequences: shControl, 50-TTCTCCGAACGTGTCACGT-30; 
shPABPC1-1, 50-GGACAAATCCATTGATAAT-30; shPABPC1-2, 
50-GAAAGGAGCTCAATGGAAA; shTSC22D1-1, 50-GAG 
TTTACCAACTGAGACATT-30; shTSC22D1-2, 50-GCAAGCT 
ATGGATCTAGTGAA-30. Thirty million lentiviruses were used 
to infect 0.5 million CD34þ cells on day 2, and 12 h after infec
tion, cells were washed with PBS and cultured in new com
plete medium.

RNA extraction and qRT-PCR analysis
RNA extracted from primary cultured human erythroid cells 
using TRIZOL Reagent (Catalog No. R401-01, Vazyme, 
Nanjing, China) was reverse-transcribed with HiScript II Q 
RT SuperMix for qPCR (þgDNA wiper) Kit (Catalog No. 
R223-01, Vazyme, China) according to the manufacturer’s 
guidelines, and amplified by quantitative polymerase chain 
reaction (qRT-PCR) with the Cycler and appropriate primer 
pairs. The primers used for qRT-PCR are summarized in 
Table S4. Relative gene expression was calculated using the 
2−ΔΔCT method, with GAPDH used as the reference gene. 
For analysis of APA switches by qRT-PCR, the 2−ΔCT value 
was calculated. The proximal 2−ΔCT value was divided by the 

distal 2−ΔCT value, and the results were normalized. Results 
> 1 indicate a relative increase of the proximal transcript, 
whereas results < 1 indicate a relative increase of the distal 
transcript [28]. Primers were designed using NCBI 
Primer-BLAST.

Western blotting analysis
For Western blotting analysis, whole-cell lysates from cul
tured cells were prepared with RIPA buffer in the presence of 
cocktail of protease inhibitor (Catalog No. 05892791001, 
Roche, Basel, Switzerland) and PhosSTOP phosphatase in
hibitor (Catalog No. 04906837001). Protein concentration 
was measured using a Pierce BCA protein assay kit (Catalog 
No. 23227, Thermo Fisher Scientific, Waltham, MA). 
Protein extracts (30 μg) were boiled, subjected to 10% SDS- 
PAGE, and then transferred to nitrocellulose membranes. 
The membranes were blocked with 5% nonfat dry milk and 
incubated with specific primary antibodies (diluted 1:2000) 
at 4�C overnight. The HRP-conjugated secondary antibodies 
were used at 1:3000 dilutions for 1.5 h at room temperature. 
Signals were detected using ECL HRP substrate (Catalog No. 
P0018AM, Beyotime Shanghai, China). Western blotting 
analysis was performed as described previously.

RNA immunoprecipitation assay
RNA immunoprecipitation (RIP) was performed using a 
Magna RBP immunoprecipitation kit (Catalog No.17-700, 
Millipore, Bedford, MA) according to the manufacturer’s 
instructions. Briefly, cells were collected and lysed in com
plete RIPA buffer containing a protease inhibitor cocktail 
and RNase inhibitor. Next, the cell lysates were incubated 
with RIP buffer containing magnetic beads conjugated with 
human anti-PABPC1 antibody or control normal rabbit IgG. 
The samples were digested with proteinase K to isolate the 
immunoprecipitated RNA. The purified RNA was finally 
subjected to real-time PCR to demonstrate the presence of 
the binding targets.

Plasmid construction and dual-luciferase 
reporter assay
We employed the luciferase reporter system to evaluate the 
impact of PABPC1 knockdown or overexpression on the regu
latory efficiency of functional variants in the proximal or distal 
regions of the TSC22D1 gene 30 UTR. The experimental 

Figure 5 Continued 
knockdown BFU–E cells were subjected to ONT-seq. B. Differential gene expression analysis of nanopore sequencing data from early erythrocytes with 
knockdown of PABPC1. Blue circles represent downregulated genes and yellow circles represent upregulated genes. C. GO enrichment analysis on 
differentially expressed genes (PABPC1 knockdown vs. control) in early erythropoiesis. D. The validation of mRNA expression of differentially expressed 
genes by qRT-PCR. �, P < 0.05; ��, P < 0.01; ns, not significant (Student’s t-test). E. Heatmap representing normalized mean relative expression of the 
proximal to the distal mRNA isoform based on qRT-PCR analysis (PABPC1 knockdown vs. control). The ratio > 1 indicates a relative increase of the 
proximal transcript, whereas the ratio < 1 indicates a relative increase of the distal transcript. F. Top: validation of antibody specificity by IP–Western 
blotting assay. Lane 1 and Lane 2: input; Lane 3: IgG negative control; Lane 4: IP sample using anti-PABPC1 antibody. Bottom: the RIP assay was 
performed using normal rabbit IgG or anti-PABPC1 in BFU–E cell lysates. The relative expression level of TSC22D1 was detected by qRT-PCR. **, P < 0.01; 
ns, not significant (Student's t-test). G. Schematic of APA isoforms using pPASs or dPASs in the 30 UTR. The proximal and distal regulatory sequences of 
the 30 UTR of the TSC22D1 gene were cloned into the pGL3-Basic reporter vector, respectively, and validated by sequencing. H. Luciferase reporter 
assays to evaluate the impact of PABPC1 knockdown on the regulatory efficiency of functional variants in the proximal or distal regions of the 30 UTR of 
the TSC22D1 gene. Luciferase activity was measured using a dual-luciferase detection system. Quantitative analysis was conducted by calculating 
the Fluc/Rluc ratio. ��, P < 0.01; ���, P < 0.001; ns, not significant (Student’s t-test). I. Luciferase reporter assays to evaluate the impact of PABPC1 
overexpression on the regulatory efficiency of functional variants in the proximal or distal regions of the 30 UTR of the TSC22D1 gene. Luciferase activity 
was measured using a dual-luciferase detection system. Quantitative analysis was conducted by calculating the Fluc/Rluc ratio. ���, P < 0.001; ns, not 
significant (Student’s t-test). HSC, hematopoietic stem cell; PBMC, peripheral blood mononuclear cell; ONT-seq, Oxford Nanopore Technologies direct 
RNA sequencing; TSC22D1, TSC22 domain family member 1; DDX17, dead-box helicase 17; P2RX1, purinergic receptor P2X 1; PSMA5, proteasome 
subunit alpha type 5; PTP4A2, protein tyrosine phosphatase 4A2; PARP1, poly(ADP-ribose) polymerase 1; RSL1D1, ribosomal L1 domain containing 1; 
ZFP36L2, zinc finger protein 36, C3H type-like 2; GO, Gene Ontology; IP, immunoprecipitation; RIP, RNA immunoprecipitation Fluc, firefly luciferase; 
Rluc, renilla luciferase.
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Figure 6 PABPC1 mediates expansion and the transition from BFU–E to CFU–E by influencing TSC22D1 APA changes 
A. qRT-PCR shows the mRNA expression of TSC22D1 in early erythropoiesis. �, P < 0.05; ��, P < 0.01 (Student’s t-test). B. Representative images of 
Western blotting showing TSC22D1 expression in early erythropoiesis. C. Quantitative analysis of TSC22D1 expression data from three independent 
experiments in early erythropoiesis. GAPDH was used as a loading control. ��, P < 0.01; ���, P < 0.001 (Student's t-test). D. qRT-PCR shows PABPC1 
and TSC22D1 mRNA expression in early erythroblasts infected with lentivirus containing control shRNA, PABPC1 shRNA, or PABPC1 shRNA þ
TSC22D1 shRNA. ��, P < 0.01; ���, P < 0.001; ns, not significant (Student’s t-test). E. Western blotting shows PABPC1 and TSC22D1 expression in early 
erythroblasts infected with lentivirus containing control shRNA, PABPC1 shRNA, TSC22D1 shRNA, or PABPC1 shRNA þ TSC22D1 shRNA. F. 
Quantitative analysis of PABPC1 and TSC22D1 expression in early erythropoiesis. GAPDH was used as a loading control. ��, P < 0.01; ���, P < 0.001; 
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strategy was as follows: First, the proximal and distal regu
latory sequences of the TSC22D1 gene 30 UTR were cloned 
into the PGL3-BASIC reporter vector and validated by 
sequencing. Subsequently, functional validation was per
formed using a dual-luciferase reporter system: 293T cells 
seeded in 12-well plates were subjected to lentiviral infec
tion to establish stable TSC22D1 knockdown or overex
pression cell models. Following confirmation of gene 
expression modulation by Western blotting, the constructed 
reporter plasmids and pRL-TK internal control plasmid 
were co-transfected using Lipofectamine 2000 transfection 
reagent (Catalog No. 11668019, Invitrogen, Carlsbad, CA). 
Cells were harvested 48 h post-transfection, and luciferase 
activity was measured using a dual-luciferase detection sys
tem. Quantitative analysis was conducted by calculating the 
Fluc/Rluc ratio.

Cell proliferation experiment
After infection with lentivirus, 50,000 cells were taken from 
each group and placed in a 24-well plate for culturing. On 
days 2, 3, 4, and 5, the cells were gently blown and counted.

Flow-cytometric analysis
For apoptosis analysis, 5 × 105 cells were collected, washed 
with PBS, and resuspended in 100 μl 1× Annexin V Binding 
buffer (Catalog No. FL0100, Zeta Life, San Francisco, CA). 
Cells were then stained with 5 μl Annexin V-FITC and 5 μl PI 
according to the manufacturer’s protocol (Catalog No. 
FL0100, Zeta Life). After incubating at room temperature for 
15 min in the dark, cells were subjected to flow-cytometric 
analysis on a FACS LSRII flow cytometer (BD Biosciences, 
Franklin Lakes, NJ). For analysis of early erythroblast differ
entiation, cells were collected at 48 h after lentivirus 

Figure 7 A model of the role of APA in early erythropoiesis 
PABPC1 controls the expression of TSC22D1 by regulating TSC22D1 APA events, thereby modulating the expansion and differentiation of early erythroid 
progenitor cells.

Figure 6 Continued 
ns, not significant (Student’s t-test). G. Early erythroid cell (BFU–E) growth curves were determined by counting cells following infection with the same 
amount of lentivirus as indicated in (D). Statistical analysis of the data was based on three independent experiments, with the bar plot showing the mean 
± SD of triplicate samples. Statistical significance was determined using Student’s t-test to compare the knockdown and control groups. ���, P < 0.001; 
ns, not significant. H. Representative flow cytometry data of early differentiation for early erythroid cells (BFU–E) infected with the same amount of 
lentivirus as indicated in (E). CD34−CD36þCD71high represents the stage of CFU–E cells, while CD34þCD36−CD71low represents the stage of BFU–E 
cells. CD34−CD36þCD71high and CD34þCD36−CD71low cells were gated from CD45þGPA−CD123− cells. I. Statistical analysis of the percentages of 
CD34−CD36þCD71high (CFU–E) and CD34þCD36−CD71low (BFU–E) cells from three independent experiments is shown. �, P < 0.05; ns, not significant 
(Student’s t-test). J. Statistical analysis of the PI fluorescence intensity representing each stage of the cell cycle (G0/G1, S, and G2/M) from three 
independent experiments is shown. �, P < 0.05; ��, P < 0.01; ns, not significant (Student’s t-test). K. Representative flow cytometry data of cell 
apoptosis for early erythroid cells (BFU–E) infected with the same amount of lentivirus as indicated in (E). L. Statistical analysis of the apoptotic cell rate 
from three independent experiments is shown. �, P < 0.05; ns, not significant (Student’s t-test). 7-AAD, 7-aminoactinomycin D.
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infection. A total of 2 × 105 cells were washed and resus
pended. Cells were then stained with CD45-APC-Cy7, GPA- 
BV605, CD36-FITC, CD34-APC, CD71-PE, and CD123-PE- 
Cy7 antibodies at 4�C for 20 min in the dark. Samples were 
washed once with PBS and stained with 7AAD-PerCP-Cy5.5 
before analysis, then subjected to flow-cytometric analysis on 
a LSR II Flow Cytometer (BD Biosciences). Unstained cells 
and APC-Cy7-, BV605-, FITC-, APC-, PE-, PE Cy7-, and 
PerCP-Cy5.5-stained cells were used as negative controls. All 
flow-cytometric data were analyzed with FlowJo 10.4.

Colony experiment
Cultured primary CD34þ cells and infected with lentivirus at 
day 1 were plated in triplicate at a density of 300 cells in 1 ml 
of MethoCult H4434 classic medium (complete medium con
taining SCF, IL-3, Epo and GM–CSF) (Catalog No. 04100, 
StemCell, Vancouver, BC) or in 1 ml of MethoCult H4330 
medium (Catalog No. 04100, StemCell) with Epo only. The 
CFU–E and BFU–E colonies were defined according to the 
criteria described by Dover and colleagues [53]. CFU–E colo
nies were counted on day 7, and BFU–E colonies were 
counted on day 15.

Nanopore sequencing
We performed ONT-seq on early erythroid cells treated with 
PABPC1 lentiviral knockdown.
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