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We have identified that NUDT21 plays a vital role in MDS transformations, while the transcription factor RUNXI is
essential for normal hematopoiesis, which is a high expression in acute myeloid leukemia (AML) and myelodysplastic
syndromes (MDS), and we aim to explore the linkage between the two genes and new pathways for MDS transforma-
tion to AML. Prediction of RUNX1 expression levels and its relationship with NUDT21 in AML and MDS patients was
performed using bioinformatics techniques and validated in patients. Using lentiviral packaging technology, NUDT21
knockdown and overexpression models were developed in AML and MDS cell lines. These models were validated using
quantitative polymerase chain reaction (QPCR) and western blotting. The cell cycle, apoptosis, differentiation, and cytokines
were examined by flow cytometry, CCK-8 analyzed proliferation, and the intracellular localization of NUDT21 and RUNX1
was examined by immunofluorescence. mRNA transcriptome sequencing was performed on THP-1, MUTZ-1, and Dapars
analyzed SKM-1 cell lines and the sequencing data to observe the knockdown effect of NUDT21 on RUNXI. qPCR and
western blot revealed a positive correlation between NUDT21 and RUNX1; both were located in the nucleus. Overexpres-
sion of NUDT21 reduced apoptosis, promoted cell proliferation, and possibly increased the invasive ability of cells. It also
altered the APA site in the RUNX1 3’-UTRs region. NUDT21 regulates RUNX1 gene expression and promotes AML trans-

formation in MDS through an APA mechanism.
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The term “myelodysplastic syndromes” (MDS) refers to a
group of clonal hematological disorders caused by the clonal
expansion of mutant pluripotent hematopoietic progenitor
cells. These disorders are distinguished by abnormal cell
differentiation, abnormal morphology, hemocytopenia, a
variable clinical course, and partial conversion to AML [1, 2].
The presence of a low percentage of primitive granulocytes in
the bone marrow of MDS is a feature that can initially differ-
entiate MDS from AML [3]. Despite being treated clinically
as two separate diseases, MDS and AML share many of the
same genes and functional categories, from clonal hemato-
poiesis of indeterminate potential (CHIP) to MDS/sAML,
raising the possibility that the two diseases may be contiguous.
MDS patients have a better prognosis and overall survival
compared to AML, and therefore it would be clinically essen-
tial to delay or stop the conversion of MDS to AML [4-6].

In mammals, there are three RUNX proteins, RUNX1,
RUNX2, and RUNX3 [7, 8]. RUNX proteins have a
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DNA-binding structural domain at their N-terminus, which
consists of a 128 amino acid structural domain [9, 10]. The
RUNZXI1 gene is located in chromosome 21922 and is associ-
ated with all stages of hematopoiesis through its interaction
with CBF [11]. The RUNX1 deletion leads to the expansion of
hematopoietic stem/progenitor cells whose altered function
can lead to the development of leukemia [12]. Meanwhile,
RUNXI1 mutations can affect one or two alleles, involving the
RUNT region that binds to DNA or truncating the more distal
protein-acting region. In cytogenetically regular patients,
RUNXI mutations are more likely to occur in older patients,
highly expressed, suggesting a poor prognosis [12, 13].
NUDT?21 is a highly conserved component of CFIm and is
involved in the early steps of eukaryotic pre-mRNA assembly.
Normally, NUDT21 and CFIM68 bind specifically as dimers
to the two UGUA elements upstream of the poly(A) site,
transforming the sequence in the two UGUA elements of the
mRNA 3’-UTRs from a linear structure to a ring-like struc-
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ture, a ring that protects the polyadenylation signal that lies
between the two UGUA elements. This prevents cleavage and
polyadenylation-specific factors (CPSF) from binding effec-
tively to the polyadenylation signal, preventing CPSF from
cleaving the mRNA at this site [14-17]. Therefore, NUDT21
can promote distal polyadenylate signaling or inhibit
proximal polyadenylate signaling. In cases where proximal
polyadenylate signaling is retained, mRNAs tend to have
longer regions of 3’>-UTRs, have stronger cis-elements distally
than proximally, and are more conserved [18-21]. Some
transcriptional regulators of miRNAs will change when the
length or structure of 3’-UTRs is altered, resulting in changes
in the regulation of mRNA by these miRNA instability
elements. These changes in the regulation of mRNA affect the
function of RNA-binding proteins, changing mRNA stability
and translation and impacting protein expression, affecting
cell phenotype and even tissue and organ function [22-24].

Over 70% of the human genome has multiple variable
polyadenylation sites that can be cleaved to produce mRNA
transcripts of different lengths, a phenomenon known as
alternative polyadenylation (APA) [25-26]. During post-
transcriptional modification, the 3’-UTR in mRNA has
abundant binding sites for RNA regulatory elements [25].
Various solid tumors are associated with regulating APA
mechanisms, but the mechanism of action in MDS is unclear
[27-29].

Our previous study found that NUDT21 is involved in the
transformation of MDS. While RUNX1 is a key gene in the
development of MDS disease, we, therefore, hypothesized
that NUDT21 might regulate RUNX1 through the APA
mechanism and affect MDS transformation into AML.

Materials and methods

Cell culture. Otto Biotech (Shenzhen, China) provided the
human MDS cell line SKM-1, KeyGEN BioTECH (Jiangsu,
China) provided the HEK293T cells, and the Blood Labora-
tory Cell Bank of the Second Hospital of Shanxi Medical
University provided the AML cell line K562 and THP-1. K562
and THP-1 cells were cultured in RPMI-1640 (Gibco) and
HEK293T cells were cultured in DMEM (Gibco). All media
were prepared using 10% fetal bovine serum (BL, IL) and 1%
penicillin (SEVEN BIOTECH, Beijing, China) concentra-
tions. All cells were cultured at 37°C in a 5% CO, thermostat
incubator (ThermoFisher, USA). All cells were STR-verified
and confirmed free of mycoplasma infection.

Plasmid construction and transfection. The shRNA for
NUDT21 was designed as shRNA(s86411), and the overex-
pression plasmid was designed for NUDT21 and purchased
from e]in Biologicals (NM_007006) (Shanghai, China). The
NUDT21-specific knockdown plasmids and overexpression
plasmids were transfected into 293T cells using Lipo8000
(Beyotime, Shanghai, China) in a serum-free double
antibody-free DMEM according to the instructions. The 48
h supernatant was collected and filtered through a 0.45 pm

membrane to construct stably transfected cell lines. THP-1,
SKM-1, and MUTZ-1 cells in logarithmic growth were
inoculated into 24-well plates with supernatant and cultured
in a standard medium after 24 h. After approximately 72 h,
the cells were screened with 4 ug/ml puromycin for 1 week.
The cell transfection rate was tested by qRT-PCR and western
blot.

RNA extraction and qRT-PCR. Total RNA was extracted
using TRIzol (Takara, Japan), and cDNA synthesis was
performed using a ¢cDNA synthesis kit (Takara, Japan).
Analysis was performed using an ABI 7500 real-time
fluorescence PCR instrument (ABI, USA) and SYBR Green
Mix reagent (Takara, Japan). Cycling conditions were
pre-denaturation at 95°C for 30 s, 95°C for 5 s, and 60°C
for 40 s for 40 cycles of amplification. Expression levels were
analyzed using the 2-**¢* method. NUDT21 and RUNXI1
expression levels were normalized with GAPDH.

To validate the results of transcriptome sequencing, a pair
of primers was designed for 50 bases upstream of pPAS of
the RUNX1 gene (GGCCACGCGCTACCACACCTACCT-
GCCGCCGCCCTACCCCGGCTCGTCGC), representing
the short transcript, using the value of AACt to represent the
use of the proximal polyadenylation site.

AACt = ACt (target average) — ACt (control average).

Primer sequences: NUDT21-F: AGATTTCAGCG-
CATGAGGGAA; NUDT21-R: GCAGCAGTAACACAT-
GGGGT; RUNXI-F: TGAGCTGAGAAATGCTACCGC;
RUNXI1-R: ACTTCGACCGACAAACCTGAG; GAPDH-F:
GAAGGTGAAGGTCGGAGTC; GAPDH-R: GAAGATG-
GTGATGGGATTTC; proximal PAS-F: CCTCAGGTTT-
GTCGGTCGAA; proximal PAS-R: CTTGCGGTGGGTTT-
GTGAAG.

Western blot. The RIPA protein lysate was mixed with
a protease inhibitor (SEVEN BIOTECH, Beijing, China)
according to the manufacturer’s instructions. The extracted
proteins concentration was tested by a BCA kit (SEVEN
BIOTECH, Beijing, China) and denatured and separated
by electrophoresis in 4-20% SDS-PAGE gels (SEVEN
BIOTECH, Beijing, China). Membranes were transferred
using nitrocellulose film, blocked with BSA (Solarbio,
Beijing, China); the membrane was washed 3 times with
a triple buffer containing Tween 20 buffer and incubated
overnight at 4°C with a specific primary antibody. Then, the
membrane was incubated for 1 h with the corresponding
horseradish peroxidase (HRP)-labeled secondary antibody.
Chemiluminescent reagents were then used to develop the
bands. The image was captured by protein simple.

The following antibodies were used in this study:
anti-NUDT21 (ab221994; Abcam, Cambridge, UK),
anti-RUNX1 (ab240639, Abcam), anti-GAPDH (E-AB-
40337, Elabscience), HRP goat anti-IgG (H+L) (RS0002,
Immunoway).

Immunofluorescence. Cells were prepared into cell
smears (polylysine-fixed slides were purchased from CITO
TEST, Jiangsu, China) and fixed with 4% paraformaldehyde
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for 15 min. Cell smears were blocked with 1% BSA and then
incubated with NUDT21, RUNXI1 primary antibody. Nuclear
staining was performed using DAPI (Soarbio, Beijing,
China). Detection was performed using a LEICA Ami8 laser
confocal microscope.

The migration test. Migration experiments were
performed using permeable scaffolds and 8.0 um clear PET
membrane (Corning). 2x10° cells were resuspended in 200 pl
of RPMI-1640 containing 2% fetal bovine serum and inocu-
lated in the upper chamber of a 24-well Transwell plate. After
24 h incubation, the lower chamber was aspirated and mixed,
and the number of migrated cells was counted using a Tissue
blue stain.

Cell cycle and apoptosis. The cell cycle was analyzed using
a kit (Bioss, Beijing, China), and the assay was performed by
multicolor flow cytometry. After two PBS rinses and blocking
with 95% ethanol overnight at 4 °C, the cells were labeled with
a solution of propidium iodide and RNaseA, incubated for 30
min without exposure to light, and then examined by FCM.
The data were then analyzed using the Modfit software.

Apoptosis assays were performed using an apoptosis detec-
tion kit (Bioss, Beijing, China). The assay was performed by
FC 500 flow cytometer (Beckman, USA).

CCK-8 assay. We inoculated cells at a density of 5x10°
cells/ml into 96-well plates, added 10 ul of CCK-8 solution
(SEVEN BIOTECH, Beijing, China) at the same time each
day, and then incubated the plates for 2-4 h. This allowed
us to determine the proliferative ability of the cells. After
incubation, the absorbance was measured at 450 nm by a
CYT3MF multifunctional enzyme marker (Bio Tek, USA)
for 4 consecutive days.

Cytokines. The supernatant was aspirated and centri-
fuged to ensure that the supernatant was free of cells and
cell debris. 25 pl of cell supernatant and the same volume of
buffer, capture microspheres, and detection antibody were
added to the flow tube and incubated for 2 h, then 25 pl of
fluorescent detection reagent was added and shaken for 0.5 h,
washed with washing buffer, and then used for flow cytom-
etry. The microspheres were then washed with wash buffer
(using the UNI-MEDICA 7 cytokine kit) and detected using
a flow cytometer.

Flow cytometry. To detect the effect of NUDT21 on cell
proliferation and differentiation, we selected the cytosolic
antigens CDI11b (IM2581U, Beckman, USA) and CD117
(C41144, Beckman, USA) for the flow cytometry assay. 1x10°
cells were incubated in a flow tube with the appropriate flow
antibody (Beckman, USA) for 2 h and then incubated on the
machine. The instrumentation and analysis software used
was as above.

Transcriptome sequencing. The c¢cDNA libraries were
sequenced on the Illumina HiSeq X Ten platform. Differ-
ential expression analysis was performed using the DESeq
(2012) R package. A p<0.05, FoldChange >2, or FoldChange
<0.5 were used as differential expression thresholds. System-
atic clustering was used to assess the differentially expressed

genes, and the gene expression patterns were examined using
the GO enrichment method and the KEGG pathway enrich-
ment method, respectively. After resequencing by StringTie,
the reference genome and known annotated genes were
compared using CuffCompare software for gene structure
extension and new transcript identification. Selective splicing
of differentially regulated transcripts, heterodimers, or exons
was analyzed using ASProfile.

Bioinformatics analysis. Comparison of RUNX1 expres-
sion levels in AML and MDS patients with normal controls
using the GEPIA (http://gepia.cancer-pku.cn/) and GEO
(https://www.ncbi.nlm.nih.gov/geo/) databases. The correla-
tion of NUDT21 and RUNXI1 expression in AML patients
was analyzed using the GEPIA database. The RUNX1 APA
locus was predicted using the UCSC database at https://exon.
apps.wistar.org/PolyA_DB/v3/index.php.

Statistical analysis. The differences between the normal
and experimental groups were tested by t-test using IBM
SPSS Statistics 25.0 statistical software and GraphPad Prism
8.3.0 statistical software. For three independent experiments,
values are shown as mean * standard deviation. A p-value
<0.05 was considered to be statistically significant. Correla-
tion analysis was performed using the Pearson correlation
test. A p-value <0.05 was considered statistically significant
(*p<0.05, **p<0.01, **p<0.001).

Results

Positive correlation between RUNXI1 expression and
NUDT21 expression. Bioinformatic analysis showed that
RUNXI1 was expressed higher in MDS and AML patients
than in healthy controls (Figure 1A). In the UCSC database,
RUNXI1 has been reported to have eight APA loci, but three
APA loci have not been identified (Figure 1C). And a signifi-
cant positive correlation between NUDT21 and RUNXI
was predicted by GEPIA (Figure 1B), so we speculate that
NUDT21 may regulate RUNXI to influence the conversion
of MDS to AML through the APA mechanism.

We designed a plasmid model of NUDT21 knockdown
and overexpression, transfected 293T using the lentiviral
packaging technique, and infected AML cell lines K562 and
THP-1, as well as the MDS cell line SKM-1 to create a model
of cells that stably express NUDT21 knockdown and overex-
pression. This was done so that we could further verify the
correlation between RUNX1 and NUDT21. Both qRTPCR
(Figure 2A) and western blot (Figure 2B) verified successful
molding.

We found that RUNXI expression levels were similarly
reduced after the knockdown of NUDT21 by qPCR. At the
same time, the overexpression of NUDT21 was reversed.
Western blot results were consistent with qRT-PCR and also
with our predictions. This indicates that the two genes are
indeed associated and positively correlated.

Reduced fluorescence intensity of RUNX1 after knock-
down of NUDT21. To verify the effect of NUDT21 on the
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Figure 1. Bioinformatics analysis results. A) Expression levels of RUNX1 are predicted to be higher than normal in both AML and MDS in the database
and higher in AML patients. B) NUDT21 expression levels in the UCSC database were positively correlated with RUNX1. C) Multiple APA loci are
predicted to be present in the RUNX1 gene in the GEPIA database. *p<0.05, **p<0.01, **p<0.001
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RUNXI1 gene and where it functions in the cell, we performed
indirect immunofluorescence staining using K562, THP-1,
and SKM-1 cells (Figure 3). The results showed that the
expression of RUNXI was also significantly reduced after the
knockdown of NUDT21. And both genes were concentrated
in the cytoplasm for expression.

Overexpression of NUDT21 can increase migratory cell
capacity. We used RPMI-1640 with various serum concen-
trations in the upper and lower chambers, respectively, to
investigate the impact of NUDT21 on cell migration ability
(Figure 4A). We inoculated a specific number of cells into
the upper chamber with a low serum concentration. Then,
we measured the migration ability of cells by counting the
number of cells in the lower chamber with a high serum
concentration after 24 h. Results demonstrated that NUDT21
overexpression in the THP-1 cell line increased its migratory
capacity, whereas NUDT21 knockdown had the opposite
effect. In addition, we did not observe significant migration

SKM-1 K562-shRNA1 K562 THP1-shRNA1 THP1

SKM-1-shRNA1

in the K562 and SKM-1 cell lines, and the results were not
statistically different.

Overexpression of NUDT21 decreases cell apoptosis
and differentiation but increases proliferation. Annexin V
as an indicator of apoptosis was utilized on flow cytometry.
In the three cell lines, the knockdown of NUDT21 resulted in
a significant increase in apoptosis, and the overexpression of
NUDT21 led to a decrease in apoptosis (Figure 4B).

In order to determine what effect, the overexpression of
NUDT21 has on cells, the proliferation ability of cells was
detected by the CCK-8 kit (Figure 4D). The results showed
that NUDT21 overexpression significantly increased cell
proliferation in K562, THP-1, and SKM-1 cells (Figure 4C).
These findings suggest that after overexpressing NUDT21,
MDS cells are very prone to proliferate excessively and
develop into AML.

CD117, also known as c-kit, is a tyrosine kinase of
membrane receptors. CD117 works by binding to stem cell

60um

60um

60um

[o)] (o)) (o)] [o)]
IO IO |O IO
= = - =
. 3 3 3

Figure 3. Inmunofluorescence test results. After the knockdown of NUDT21, the fluorescence intensity of RUNX1 was reduced in all three cell lines,

and both genes were expressed in the cytoplasm.
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factors, forming a dimer, and activating tyrosine kinase
activity, which drives individual development and balance
by influencing signal transduction molecules to regulate
cell cycling and differentiation patterns. CD11b is a molec-
ular marker of differentiation; it is often detected together
with CDI117 to indicate cell proliferation and differentia-
tion. However, our results show no significant change in the
groups (Figure 4E).

Knockdown of NUDT21 affects the cell cycle. To verify
whether NUDT21 affects the cell cycle, we performed a
cycling assay on K562, THP-1, and SKM-1 cells and found
that in overexpressing cells, the G1 phase of K562 and
THP-1 cells was shortened, and the G1 phase of SKM-1
cells was increased. In knockdown cells, the G1 phase of
K562 and THP-1 cells became longer, while the G1 phase
of SKM-1 cells remained increased. Combined with the
results of proliferation and apoptosis assays, we speculate
that this may be related to the ongoing conversion of MDS
cells to AML cells.

Knocking down NUDT21 resulted in a shortening of
the 3’-UTR of the RUNX1 gene. To investigate the reason
for the reduction of RUNX1 after NUDT21 knockdown, we
extracted total RNA from THP-1, SKM-1, and their knock-
down cell models and performed mRNA transcriptome
sequencing, which showed that RUNXI might contain
multiple APA sites (Figure 5A). The sequencing data show
that whether NUDT?21 is knocked down, the last exon of
RUNX1 mRNA has significantly different coverage. The
difference may be due to an APA mechanism, which causes
the 3’-UTR of pre-mRNA to be cleaved at different positions
and add poly(A) sequences. Moreover, the MOTTIF plot had
multiple sites with very high A content, thus suggesting
that RUNX1 may have multiple APA sites, and these loci
are associated with NUDT21, which is consistent with the
database prediction findings. We also analyzed the related
genes affecting the 3°-UTR in the control and knockdown
groups, and again RUNX1 affected the length of the 3°>-UTR
in the knockdown group cells, which showed a shortened
3’-UTR length.

qPCR results showed that the knockdown of NUDT21 in
THP-1 and SKM-1 cells led to an increase in AACt pPAS,
indicating an increased usage of the RUNXI proximal
polyadenylation site after the knockdown of NUDT21,
further validating the sequencing results (Figure 5B).

Discussion

Splicing, capping, and polyadenylation are the three main
steps in mRNA maturation. Polyadenylation is the last key
step in mRNA maturation, where the 3’ end of pre-mRNA
is cleaved, and poly(A) sequences are added, which plays
an essential role in the stability of mRNA and its cellular
function [30-32]. It is known as alternative cleavage and
polyadenylation (APA). It occurs because more than 70%
of the human genome has several variable polyadenylation

sites that can be cleaved to produce different lengths of
mRNA transcripts. The APA can affect RNA localization,
stability, translation efficiency, and function and increase
the likelihood of disease progression [27, 33].

NUDT21 is a highly conserved component of CFIm
involved in the early steps of eukaryotic pre-mRNA
assembly [19]. When the length or structure of 3’-UTRs
is changed, the function of RNA-binding proteins leads
to changes in mRNA stability and translation, and protein
expression [34].

We demonstrated the abnormal expression of NUDT21
in AML and MDS patients through databases and clinical
samples and found that the expression of RUNX1 decreased
with the knockdown of NUDT21 by transcriptome
sequencing. Meanwhile, we first performed validation on
NUDT21-related cell models to ensure the correlation of
NUDT21-RUNXI1 expression and showed that both are at the
exact location in cells. According to the findings of the prolif-
eration, differentiation, apoptosis, and cell cycle assays, high
expression of NUDT21 causes high expression of RUNX1,
which interacts with various proteins through its structural
domain to alter the normal physiological activities of the
cells. This, in turn, enables cancer cells to spread rapidly or
can lead to MDS transformation. We, therefore, suggest the
existence of NUDT21 influencing MDS to transform AML
through the APA mechanism by regulating RUNX1; a model
sketch is shown below (Figure 6).

However, some of our results do not fully reflect that
NUDT21 affects cells, such as cytokines, which will be the
focus of our subsequent study. Interestingly, in our cycle
results, we found an increase in Gl phase expression in
SKM-1 cells regardless of whether NUDT21 was knocked
down or overexpressed, which we speculate is because there
is not a single pathway in the transformation of MDS to
AML. That knockdown of NUDT21 will likely activate other
pathways leading to leukemic cell progression. In addition,
we found that apoptosis was not significantly reduced in the
three cell lines after overexpression of NUDT21 and that in
SKM-1 cells was slightly increased. In this regard, we further
performed proliferation assays on the overexpressed cells
and found that the overexpressed cells increased their prolif-
eration. Thus, we believe that the increase in cell proliferation
following overexpression, which increases the total number
of apoptotic cells, is the cause of the lack of a significant
reduction in apoptosis in overexpressed cells. As a result,
the difference in the proportion of apoptotic cells to the total
number of cells is insignificant.

MDS predominates in middle-aged and older people
but recent studies have shown a clear trend toward younger
age [35, 36]. The specific mechanism of MDS transforma-
tion into AML is not yet uniformly established, and most
current studies have focused on gene mutations and epigen-
etic modifications [37]. In recent years, various studies
have demonstrated that APA mechanisms are key to the
development of multiple types of cancers, and NUDT21,
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Figure 5. mRNA transcriptome sequencing results. Transcriptome sequencing and differential gene analysis. Sequencing results from Dapars analysis
showed that the APA locus was altered after the knockdown of NUDT21, and the 3’-UTR of the RUNX1 gene was shortened (A). qPCR results show
increased usage of the RUNX1 proximal polyadenylation site after the knockdown of NUDT21 (B).

a key component of APA, also plays a pivotal role in the
process of MDS transformation [5, 38]. Perhaps designing
targeted drugs against NUDT21 in MDS patients to restore
its expression, allowing mRNA transcripts to be cleaved at
their regular sites, and restoring normal cell physiology is a
novel therapeutic approach [20, 39]. The study of NUDT21
and APA mechanisms aims to provide new ideas and direc-

tions for developing targeted drugs to reduce the risk of their
transformation into AML.

In conclusion, this study suggests that NUDT21 has a role
in transforming MDS into AML through the regulation of
RUNXI1 by the APA mechanism, which improves our under-
standing of the transformation of MDS disease and provides
new targets and ideas for future MDS therapy.
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Figure 6. Sketch of the APA mechanism of action. NUDT21 abnormalizes the RUNX1 gene by regulating mRNA 3’-UTR length and alters normal cell
function through differentiation, apoptosis, differentiation, cycling, cytokines, etc., and MDS transformation occurs.
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