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BSTRACT 

icroRNAs are sequentially processed by RNase III 
nzymes Drosha and Dicer. miR-451 is a highly con- 
erved miRNA in vertebrates which bypasses Dicer 
rocessing and instead relies on AGO2 for its mat- 
ration. miR-451 is highly expressed in erythrocytes 

nd regulates the differentiation of erythroblasts into 

ature red blood cells. Ho we ver, the mechanistic de- 
ails underlying miR-451 biogenesis in erythrocytes 

emains obscure . Here, we repor t that the RNA bind- 
ng protein CSDE1 which is required for the devel- 
pment of erythroblasts into erythr ocytes, contr ols 

he expression of miR-451 in erythroleukemia cells. 
SDE1 binds miR-451 and regulates AGO2 process- 

ng of pre-miR-451 through its N-terminal domains. 
SDE1 further interacts with PARN and promotes 

he trimming of intermediate miR-451 to the ma- 
ure length. Together, our results demonstrate that 
SDE1 promotes biogenesis of miR-451 in erythroid 

rogenitors. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

n the microRN A (miRN A) pathway, canonical miRN As 
ndergo sequential cleavage by the ribonuclease III en- 
ymes, Drosha and Dicer ( 1 ) which process primary miR- 
 As (pri-miRN As) into precursor miRN As (pre-miRN As) 

nd e v entuall y into mature miRN As of length 21–23 

ucleotides (nt), respecti v ely. These duple x miRNAs are 
hen loaded onto Argonaute (AGO) proteins to mediate 
ranslational r epr ession of target mRNAs coupled with 

e-aden ylation and deca y ( 2 ). Howe v er, se v eral miRNAs
ave been evolved to circumvent processing by Drosha- 
GCR8 protein complex in the nucleus. For instance, 
irtrons are deri v ed from intronic regions ( 3–5 ) and the 
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corresponding splice sites define the ends of their precursor
miRN As. Pre-miRN As also arise from tRNA genes, where
the 5 

′ end is defined b y RNaseZ cleav age and the 3 

′ end cor-
responds to transcription termination by RN A pol ymerase
III ( 6 ). Other Drosha-independent miRNAs are generated
from certain small nucleolar RNAs (snoRNAs) or directly
from the 5 

′ end of Pol II transcribed genes ( 7 , 8 ). In contrast
to these non-canonical miRNAs, miR-451, a vertebrate spe-
cific miRNA, is the only known example of a miRN A w hose
biogenesis is strictly independent of Dicer. miR-451 is tran-
scribed together with miR-144 from a bicistronic locus and
processed by Drosha into an unusually short, 41 to 42 nt
pre- miR-451 hairpin with a highly structured 17 nt stem re-
gion and 4 nt terminal loop. Pre-miR-451 is too short to be
cleaved by Dicer and is directly loaded into AGO2 protein.
Unlike canonical miRNAs, ma tura tion of miR-451 r equir es
the slicer activity of AGO2 ( 9–12 ). In zebrafish, mice and
humans, AGO2 cleaves the 3 

′ arm of pre-miR-451 through
its slicer activity and yields a 30 nt intermediate RN A w hich
undergoes 3 

′ to 5 

′ trimming mediated by poly(A)-specific ri-
bonuclease (PARN) to generate mature miR-451 ( 13 ). 

miR-451 is the most abundant miRNA in mature ery-
throcytes and the AGO2-dependent processing of miR-451
in erythropoiesis is conserved across all vertebrates ( 14–17 ).
The loss of function of miR-451 in zebrafish and mice leads
to incomplete erythrocyte dif ferentia tion and increased sus-
ceptibility to oxidati v e str ess, wher eas the gain of func-
tion of miR-451 is associated with the blood cancer, poly-
cythemia vera. miR-451 expression is linked to acute and
chronic myeloid leukemias in which the process of erythrob-
last dif ferentia tion into ma tur e r ed blood cells becomes sub-
verted ( 14 , 15 , 18–21 ). miR-451 is refractory to the global
downregulation of canonical miRNAs triggered by nega-
ti v e feedback loop between miR-144 and Dicer during ery-
thropoiesis ( 22 ). Yet, there is no direct evidence on cellular
factors that govern cell specific expression of miR-451 and
pr omote AGO2-dependent pr ocessing of miR-451 during
hematopoiesis, especially in erythrocytes. 

CSDE1, also known as UNR (upstream of N-Ras), is a
member of the evolutionarily conserved CSD (cold shock
domain) containing protein family ( 23 ). CSDE1 contains
at least 5 CSDs and is known to regulate translation and
mRNA stability in various organisms ( 24 ). In Drosophila
melanogaster , this protein is part of a translational re-
pressor comple x assemb led at the 3 

′ UTR of male-specific
lethal-2 (msl-2) mRNA and is critical for the proper reg-
ulation of X-chromosome dosage compensation ( 25 , 26 ).
In mammalian cells, CSDE1 binds to its own IRES (in-
ternal ribosome entry site) to r epr ess translation but can
also enhance IRES-dependent translation of select mR-
NAs, such as Apaf1 and Cdk11B, in co-operation with
nPTB and hnRNPC1 / C2, respecti v ely ( 27–30 ). CSDE1 was
also shown to interact with PABP to control the stabil-
ity of c-fos mRNA, and with AUF1 to regulate that of
PTH mRNA ( 31 ). Further, CSDE1 regulates the stabil-
ity and translation of FABP7 and VIM mRNAs in hu-
man Embryonic Stem Cells while it controls GATA6 post-
transcriptionally in mouse Embryonic Stem Cells ( 32 , 33 ).
Interestingly, in melanoma, CSDE1 regulates the le v els of
transcripts encoding oncogenes and tumor suppressors and
promotes the translation elongation of critical epithelial-to-
mesenchymal transition (EMT) markers, namely Vimentin
(VIM) and RAC1, to enhance invasion and metastasis both
in vitro and in vivo ( 34 ). We have recently shown that CSDE1
interacts with the miRISC, especially AGO2 in Drosophila
embryo extracts, mouse and human cell lines and further
associates with DCP1-DCP2 decapping complex to render
target mRNAs susceptible to miRNA-guided gene silenc-
ing ( 35 ). Further, CSDE1 interaction with AGO2 is par-
tially dependent on target mRNAs in melanoma cells, and
binding to its signature motifs on 3 

′ UTR of mRNAs coun-
ters AGO2 / miRNA-guided translational r epr ession, espe-
cially of PMEPA1 to promote melanoma tumorigenesis
( 36 ). Besides, CSDE1 is highly expressed in myeloid lin-
eage and critical for proliferation as well as differentiation
of erythroblasts into mature red blood cells ( 37 ). However,
the mechanisms underlying its role in erythropoiesis are
unknown. 

In the present study, we investigated the regulatory role
of CSDE1 in miRNA expression underlying the de v elop-
ment of red blood cells. Here, we used small RNA libraries
from CSDE1 KO cell lines and discovered that CSDE1 ef-
fects miR-451 expression in erythroid pro genitors. Anal ysis
of miR-451 expression at both precursor and mature le v els
show that CSDE1 controls the processing of pre-miR-451
and trimming of intermediate miR-451 in association with
AGO2 and PARN, respecti v el y. To gether, our findings re-
veal a unique role for CSDE1 in the biogenesis of erythro-
cyte specific miR-451. 

MATERIALS AND METHODS 

Cell culture and transfection 

HEK293T and MEL cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) and Roswell Park Memo-
rial Institute (RPMI) 1640 Medium respecti v ely supple-
mented with 10% fetal bovine serum, 50 U / ml penicillin,
and 50 �g / ml streptomycin. The transfections in HEK293T
cells were performed using jetPRIME reagent following the
manufacturer’s instructions (Polyplus transfection SA, Il-
lkirch, France). 

Generation of CSDE1 KO HEK293T cells 

CRISPR / Cas9-mediated gene knockout (KO) was per-
formed as described previously ( 38 ). In briefly, CSDE1
knockout cell line was generated by using CRISPR / CAS9
system vector pSpCas9(BB)-2A-Puro (Addgene, ID: 48139)
containing a single guide RNA targeting the human CSDE1
gene in HEK293T cells. Knockout single cell colonies were
isolated and screened for the absence of CSDE1 protein by
western blotting and PCR-based genotyping to check frame
shifting mutation. 

In vitro trimming assays 

HECK293T WT or CSDE1 KO lysate with transiently ex-
pressed FLA G-hA GO2 was used for in vitro trimming as-
says. ( 38 , 39 ). In vitro trimming assay was performed with
some modifications from the previously described method
( 38 ). In briefly, 2.5 �l of cytoplasmic lysate, 1.5 �l reaction
buffers, and 0.5 �l of 200 nM radiolabeled ac-pre-miR-451s



Nucleic Acids Research, 2023, Vol. 51, No. 17 9387 

w
b  

d
i
f
p
T
a

P

p
p
S
t
g
m
F
d
w
R

A

A
a
(
f
l
c
R
G
n
2
f
t

S
o

T
w
R
T
s
i
b
(
a
m
l
t  

m
s
c
c
p
l

C

C
p

a
m
M
p
m
t
t
D
w
b
a
w
f
w
t
t
w
w
i
N
a

N

T
r
G
u
d
p
h
b
t
(
b
a

G

G

G

T

T

G

S

D
p
c
c
a
*

R

C

T
p

ere used in the assay. Reaction samples were first incu- 
a ted a t 25 

◦C for 30 min and incuba ted a t 37 

◦C for the in-
icated time periods. The r eactions wer e stop by quench- 

ng with 2X formamide dye followed by heating at 95 

◦C 

or 5 min. The products were then resolved on 15% urea- 
olyacrylamide gel. The separated bands were detected by 

yphoon FLA-7000 image analyzer (Fujifilm Life Sciences) 
nd quantified by ImageJ software. 

lasmids 

CDNA6.2-hsa-miR-144 / 451 and miR-451 sensor in 

siCHECK2 were a kind gift from Eric Lai, Memorial 
loan Kettering Cancer Center, USA ( 40 ). The muta- 
ions in CSD binding motif on miR-451 sequence were 
enerated using Q5 Site-Directed Mutagenesis Kit as per 
anufacturer instructions (NEB). Plasmids expressing 

LAG-CSDE1 or deletion mutants and myc-PARN were 
escribed previously ( 35 , 38 ). The FLA G / HA-A GO2 

as recei v ed from Dr Gunter Meister, Uni v ersity of 
egensburg, Germany. 

ntibodies 

ntibodies against CSDE1 (ab201688), AGO2 (ab57113, 
b186733) and �-actin (ab49900) are from Abcam. FLAG 

F1804-200UG), STRAP (NBP2-24740SS) antibodies are 
rom Sigma-Aldrich, Oakville, Ontario and Novus Bio- 
ogicals respecti v ely. The AGO2 antibody (11A9) was re- 
ei v ed from Dr Gunter Meister laboratory, Uni v ersity of 
egensb urg, Germany. Antibodies a gainst HA (3724S) and 

ATA2 (4595S) were purchased from Cell Signaling Tech- 
ology, Massachusetts, USA. c-Myc antibody (9E10) (13- 
500) and PARN antibody (A303-562A-T) were procured 

rom Thermofisher and Bethyl Laboratories Inc., respec- 
i v ely. 

mall RNA libr ary pr epar ation and computational analysis 
f sequencing reads 

otal RNAs from the Control and CSDE1 KO MEL cells 
ere used to construct small RNA libraries that consists of 
NAs at ∼20–30 nt in length, as described previously ( 41 ). 
he small RNA libraries have undergone high throughput 

equencing and the sequence reads were subjected to qual- 
ty check using FastQC tool ( http://www.bioinformatics. 
abraham.ac.uk/projects/fastqc/ ) as described previously 

 42 ). Further the r eads wer e subjected to trimming and 

daptors were removed using TrimGalore tool ( 43 ). Mouse 
iRNA sequences (mature and precursor) were down- 

oaded from miRBase (v. 22) ( 44–45 ) database and the fil- 
er ed r eads from each r eplicate wer e matched to the known
ouse mature miRNA and precursor miRNA sequences 

eparately using Bowtie tool ( 46 ). The reads aligned to pre- 
ursor miRNAs were used to count the isomiRs. The read 

ounts were then normalized, and Transcript per Kilo Base 
er Million (TPM) values were calculated, and sequence 

engths were obtained for each isomiRs. 

o-immunoprecipitation 

ells were homogenized in the lysis buffer with protease and 

hosphatase inhibitor cocktail. The lysate was centrifuged 
t 15 000g for 15 min, the supernatant was collected and 

easured for protein concentration using Bradford reagent. 
eanwhile, Dynabeads Protein G (Thermofisher) were pre- 

ared in an Eppendorf (25 �l for a total protein extract of 2 

g and 10 �g of antibody). The beads were washed with 3 

imes the volume of lysis buffer and was repeated two more 
imes. The lysate was preincubated with the equivalent of 
ynabeads at 4 

◦C on a nutator for about 45 min. The lysate 
as collected, and the respecti v e antibody added to incu- 
ate on nutator at 4 

◦C for overnight. The next day, Dyn- 
beads were prepared (as stated previously), and the lysate 
as added to incubate on the rotator at room temperature 

or about 90 min. For RNase treatment, the RNases A&T1 

ere added at a concentration of 4 �g and 1 unit respec- 
i v ely per 1 mg of total protein extract in buffered solution 

o the beads and incubated at RT for 15 min. The beads 
ere washed about 5 times with lysis buffer and the samples 
ere extracted for western blotting by adding SDS load- 

ng buffer in 1 × concentration and heating at 100 

◦C. For 
orthern blotting, the samples were extracted using Trizol 

s per manufacturer’s instructions (Thermofisher). 

orthern blotting 

otal or immunoprecipitated (IP’ed) RNAs were sepa- 
ated on 15–20% PAGE-8M Urea gels, transferred onto a 

enescreen plus membrane (Perkin-Elmer) and crosslinked 

sing 1-eth yl-3-(3-dimeth ylaminopropyl) carbodiimide h y- 
rochloride (EDC) (Sigma) as described in ( 47 ). DNA 

robes radiolabeled with the Starfire system (IDT) were 
ybridized to the membrane. After washing, the mem- 
rane was exposed to an image plate and scanned with 

he FLA-5100 phospho-imager. The oligonucleotide probes 
the GGCGGG sequence at the 3 

′ end is the adaptor for 
inding to the extension template oligonucleotide) are listed 

s follows: 
miR-451: 5 

′ -AACTCAGT AATGGT AACGGTTT GGC 

GG-3 

′ 
miR-144–3p: 5 

′ -AGTACATCATCT AT ACTGTA GGC 

GG-3 

′ 
miR-21–5p: 5 

′ -TCAACATCAGTCTGATAAGCTA G 

CGGG-3 

′ 
miR-362–5p: 5 

′ -ACTCACACCTAGGTTCCAAGGAT 

 GGCGGG-3 

′ 
U6 snRNA: 5 

′ -GCAGGGGCCA TGCTAA TCTT CT C 

GTA GGCGGG-3 

′ 
let-7: 5 

′ -AACT AT ACAACCTACT ACCTCA GGCGG 

-3 

′ 

tatistical analysis 

ata are presented as mean ± SD and the results were com- 
ared using two-tailed Student’s t -test. P -value < 0.05 was 
onsidered statistically significant. Sample size ( n , biologi- 
al replicates) and P -values are shown in the figure legends 
nd significance was considered as *P < 0.05; ** P < 0.03; 
** P < 0.01; n.s., not significant. 

ESULTS 

SDE1 controls the expression of erythroid specific miR-451 

o investigate the regulatory role of CSDE1 in miRNA ex- 
ression, we sequenced small RNA libraries from Control 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Figure 1. CSDE1 loss downregulates miR-451 expression at post-transcriptional le v el. ( A ) Volcano plot representing miRNA differential expression 
analysis of small RNA libraries pr epar ed from total RNA of Control and CSDE1 KO murine erythroleukemia (MEL) cells. ( B ) Relati v e miRNA le v els of 
miR-451, miR-144-3p in total RNA from Control and CSDE1 KO MEL cells. Data ar e pr esented as mean ± SD (* P < 0.05, n = 3, two-tailed t test). Trizol 
extraction method was used to isolate the RNA and RT-qPCR was performed to quantify miRNA le v els. ( C ) Expression analysis of miR-451 measured 
by northern blotting of total RNA from Control and CSDE1 KO MEL cells. ( D ) Bar graph r epr esenting r ead count for r elati v e length distribution of 
miR-451 fr om Contr ol and CSDE1 KO MEL cells. E) Representati v e miR-451 read sequences observed in small RNA libraries. F) Relati v e mRNA le v els 
of miR-451 targets in total RNA fr om Contr ol and CSDE1 KO MEL cells. Data are presented as mean ± SD (*** P < 0.01, n = 3, two-tailed t test). Trizol 
extraction method was used to isolate the RNA and RT-qPCR was performed to quantify the mRNA le v els. ( G ) Western b lot confirming the e xpression 
of proteins indicated in Control and CSDE1 KO MEL cells. �-actin was used as a loading control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and CSDE1 knock out (KO) erythroid cells. The CSDE1
KO MEL cells were generated using CRISPR / Cas9, and
they were a generous gift fr om Pr of. Marieke von Lindern
( 48 ). Our miRNA differ ential expr ession analysis r e v ealed
that miR-451 is significantly downregulated in CSDE1 KO
cells relati v e to the Control cells (Figure 1 A, Supplemen-
tal File 1). Also, we observed downregulation in the expres-
sion of some of the known canonical miRNAs from the
RN A seq data, namel y, miR-449a-5p , miR-497a-5p , miR-
19b-1-5p , miR-708–5p , miR-200a-3p , miR-200b-3p , miR-
30c-5p , miR-92b-3p , let-7f-1–3p , miR-17–5p , miR-20a-5p
in CSDE1 KO cells. Howe v er, we observ ed no sequence
correlation between primary transcripts of these miRNAs,
suggesting indirect effects on their mature miRNA expres-
sion observed from RNA seq data analysis, in the absence
of CSDE1 (Supplementary Figure S1). Since CSDE1 in-
teracts with AGO2 ( 35 ) and miR-451 follows the non-
canonical route (AGO2-dependent) for its biogenesis in ery-
throid cells, unlike the canonical miRNAs that are altered
in CSDE1 KO cells, we focused on miR-451 and its rela-
tionship with CSDE1. We validated the changes in miR-451
expression under the Control and CSDE1 KO conditions,
while there was no difference observed in miR-144-3p levels
(Figure 1 B), the canonical miRNA in miR-144 / 451 cluster
specific to the haematopoietic system. We further confirmed
the reduced expression of mature miR-451 in the case of
CSDE1 KO MEL cells and interestingly, we observed an in-
crease in the le v els of processing intermediates of miR-451
which indicate that the effects of CSDE1 over miR-451 lev-
els are at the post-transcriptional le v el (Figure 1 C). Follow-
ing, we examined miR-451 read sequences and their length
distribution in the Control and CSDE1 KO libraries and
observed that sequence reads outside the lengths of 20–30nt
showed negligible read counts (Supplemental File 2). The
normalized read count of miR-451 at 21 and 22 nt is re-
duced while there was an accumulation of longer reads (pro-
cessing intermediates) at 26 nt under CSDE1 KO conditions
relati v e to the Control cells (Figure 1 D, Supplemental File
3) and a r epr esentati v e miR-451 sequence for each of the
lengths between 20nt and 30nt is presented in Figure 1 E. We
observed no such variations in the distribution of sequence
r eads (matur e vs possible pr ecursor forms) of canonical
miRNAs that showed reduced expression in CSDE1 KO
cells, such as miR-708-5p, miR-19b-1-5p and miR-220a-3p,
among others (Supplementary Figure S2). Sim ultaneousl y,
we assessed for possible variations of miR-451 sequence
reads from the data and observed that the positioning of
nucleotide changes is mostly internal to the sequence (Sup-
plemental file 2), thus supporting the comprehensi v e na-
ture of our length distribution analysis and the absence of
non-templated nucleotide additions to the miR-451 species
in MEL cells. Furthermore, we examined the expression
le v els of valid miR-451 targets (MIF, RAB14A, CPNE2,
RAB5A, IL6R ( 49 )) and observed that the levels of IL6R
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Figure 2. CSDE1 regulates the processing of miR-451 . ( A ) Expression analysis of indicated miRNAs measured by northern blotting of total RNA 

fr om Contr ol and CSDE1 KO MEL cells. ( B ) miR-451 expr ession measur ed by northern blotting of total RNA fr om Contr ol and CSDE1 knockdown 
(shCSDE1) HEK293T cells transiently expressing miR-144 / 451 operon. The RNA extracts were run on the 8M urea–PAGE gel, and the miRNAs indicated 
were probed. Migration of the molecular weight marker is indicated (nt). Pre-miR-144 was probed as a transfection control while U6 snRNA was used 
as a loading control. ( C ) Western blots confirming the depletion of CSDE1 in shCSDE1 HEK293T cells. ( D ) Northern blot of miR-451 expression from 

total RNA of CSDE1 knockdown (shCSDE1) HEK293T cells transiently expressing miR-144 / 451 operon along with FLAG-tagged full length CSDE1. 
The samples were run on the 8 M urea–PAGE gel, and the miRNAs indicated were probed. Migration of the molecular weight marker is indicated (nt). 
Pre-miR-144 was probed as a transfection control while U6 snRNA was used as a loading control. ( E ) Relati v e luciferase expr ession (r enilla / fir efly) of 
miR-451 reporter construct in CSDE1 knockdown (shCSDE1) HEK293T cells transiently expressing FLAG-CSDE1. Data are presented as mean ± SD 

(** P < 0.03, n = 3, two-tailed t test). ( F ) Western blots confirming the ectopic expression of FLAG-tagged full length CSDE1 in CSDE1 knockdown 
(shCSDE1) HEK293T cells. �-Actin was used as a loading control. 
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t both mRNA and protein le v els are enhanced in CSDE1 

O MEL cells relati v e to the Control (Figure 1 F, G). We ob-
erved no changes in the expression of miRNA protein fac- 
ors, namely, Drosha, DGCR8, Dicer and AGO2 in the ab- 
ence of CSDE1 (Supplementary Figure S3), indicating that 
he effects of CSDE1 on miR-451 le v els and target r epr es-
ion (Figure 1 ) are not a consequence of indirect effects due 
o changes in the expression of miRNA processing enzymes. 
ogether, our r esults r e v ealed tha t CSDE1 regula tes the
ost-transcriptional accumulation of non-canonical mature 
iR-451. 

SDE1 promotes the processing of miR-451 

o further investigate the role of CSDE1 in miR-451 bio- 
enesis, we examined the expression pattern of miR-451 in 

SDE1 KO erythroid cells. We observed that longer iso- 
orms of mature miR-451 were accumula ted rela ti v e to the
ontrol cells while the expression of other miRNAs, for 
xample, let-7 were unaltered (Figure 2 A). Next, to iden- 
ify the stage at which CSDE1 acts on miR-451, we tran- 
iently expressed miR-144 / 451 operon in HEK293T cells 
tab ly e xpressing shRNA targeting CSDE1 or a Control 
nd measured the expression of miR-451. We observed ac- 
umulation of longer isoforms of mature miR-451, includ- 
ng the precursor in CSDE1 knockdown conditions, rela- 
i v e to the Control (Figure 2 B, C). And vice versa, we ob-
erved a reduction in the expression of precursor miR-451 

nd an increase in the le v els of mature miR-451 in shCSDE1 

EK293T cells transiently expressing FLAG-CSDE1 rela- 
i v e to the Vector Control (Figure 2 D, F). Following, we 
valuated the r epr ession of miR-451 targets using luciferase 
eporter constructs and observed that the reintroduction of 
SDE1 expression led to a decrease in the relati v e luciferase 
ctivity (Figure 2 E, F). Collectively, these findings demon- 
tra te tha t CSDE1 stimula tes the processing of pre-miR- 
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Figure 3. CSDE1 binds miR-451 . ( A ) Northern blot analysis of miR-451 from immunoprecipitation of FLAG-CSDE1 and total RNA of Control and 
CSDE1 knockdown (shCSDE1) HEK293T cells transiently expressing miR-144 / 451 operon along with FLAG-CSDE1. ( B ) Western blot confirming the 
expr ession and immunopr ecipita tion ef ficiency of FLAG-CSDE1 fr om pr otein extracts under the afor ementioned conditions. ( C ) pr e-miR-451 hairpin 
with mutations in the CSD binding motif, UGAU. Gr een: matur e miR-451, Blue: sequence trimmed by PARN. Yellow: sequence cleaved by AGO2. 
Nucleotides in red present mutations, 23U → A, 24A → C. ( D ) Northern blot analysis of miR-451 from total RNA of HEK293T cells transfected 
with plasmids expressing WT and CSDM pre-miR-451 along with FLAG-CSDE1. ( E ) Northern blot analysis of miR-451 from immunoprecipitation of 
FLAG-CSDE1 and total RNA of HEK293T cells transfected with plasmids expressing WT and CSDM pre-miR-451 along with FLAG-CSDE1. The 
quantification of miR-451 species (densitometry analysis of band intensity) in each lane of the FLAG IP relati v e to its corresponding lane in total RNA 

is presented underneath the blot. ( F ) Western blot confirming the expression and immunoprecipita tion ef ficiency of FLAG-CSDE1 fr om pr otein extracts 
under the same conditions. ( G ) Northern blot analysis of miR-451 from immunoprecipitation of endogenous AGO2 and total RNA of HEK293T cells 
transfected with plasmids expressing WT and CSDM pre-miR-451. The RNA extracts were run on 8 M urea–PAGE gel, and the miRNAs indicated 
were probed. Migration of the molecular weight marker is indicated (nt). Pre-miR-144 was probed as a transfection control while U6 snRNA was used 
as a loading control. ( H ) Western blot confirming the expression and immunoprecipitation efficiency of AGO2 from protein extracts under the same 
conditions. GAPDH was used as a loading control. ( I ) Relati v e luciferase e xpr ession (r enilla / fir efly) of miR-451 r eporter construct in HEK293T cells 
transiently expressing the wild type pre-miR-451 and the CSD mutant pre-miR-451. Data are presented as mean ± SD (** P < 0.03, n = 3, two-tailed t 
test). ( J ) Western blot confirming the expression of IL6R in HEK293T cells transfected with the WT and CSDM pre-miR-451 constructs. �-Actin was 
used as a loading control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CSDE1 binding is critical to the processing of pre-miR-451 

Among proteins with Cold Shock Domains (CSD), Lin28
binds a four-nucleotide motif in pre-miRN As, notabl y let-
7 family and alters their processing into mature form ( 50 ).
Since CSDE1 contains fiv e canonical CSDs ( 51 ), initially
we examined the expression and length distribution of let-7
famil y miRN As, for instance let-7b-5p and let-7a-5p w hich
consists of Lin28 CSD binding motif or not, respecti v ely. As
shown in Supplementary Figur e S4, ther e was no change
in their expression pattern under CSDE1 KO conditions
(Supplemental File 3). Interestingly, the CSD binding mo-
tif, UGAU is present in miR-451 sequence and CSDE1 in-
fluences miR-451 expr ession. Ther efor e, we sought to inves-
tigate binding of miR-451 to CSDE1. Here, we transiently
expressed the miR-144 / 451 operon in CSDE1 knocked
down HEK293T cells and measured the expression of
miR-451 in RNA extracts from immunoprecipitation of
FLAG-CSDE1 and observed that CSDE1 binds both the
precursor / intermediate and mature forms of miR-451 (Fig-
ure 3 A, B). Next, we investigated whether UGAU, a se-
quence similar to Lin28 CSD binding motif ( 50 ), is re-
sponsible for CSDE1 association to miR-451. Based on
the earlier systematic m utational anal ysis of individual nu-
cleotide positions and base-pairing r equir ements in the pre-
miR-451 stem and loop sequence within the context of
a functional human pri-mir -144 / mir -451 expression con-
struct ( 52 ), we generated miR-144 / 451 plasmids with point
mutations in the motif UGAU at positions 23U, 24A on
miR-451 sequence (Figure 3 C). Our expression analysis fol-
lowed by immunoprecipitation of FLAG-CSDE1 re v ealed



Nucleic Acids Research, 2023, Vol. 51, No. 17 9391 

Figure 4. The N-terminal domains of CSDE1 influence miR-451 expression. ( A ) Schematics of the deletion mutants of CSDE1 used in the stud y. (B , 
D) Northern blot analysis of indicated miRNAs from immunoprecipitation of FLAG-CSDE1 and total RNA ( B ) as well as AGO2 IP ( D ) from CSDE1 
knockdown (shCSDE1) HEK293T cells transiently expressing miR-144 / 451 operon along with FLAG-tagged full length and deletion mutants of CSDE1. 
The RNA extracts were run on the 8 M urea–PAGE gel, and the miRNAs indicated were probed. Migration of the molecular weight marker is indicated 
(nt). Pre-miR-144 was probed as a transfection control while U6 snRNA was used as a loading control. ( C , E ) Immunoprecipitation (IP) of FLAG-CSDE1 
and AGO2 was performed under the same conditions. The immunopr ecipitates wer e run on the SDS–PAGE gel and the proteins indicated were probed. ( F ) 
Relati v e luciferase le v els (r enilla / fir efly) of miR-451 reporter construct in CSDE1 knockdown (shCSDE1) HEK293T cells transiently expressing FLAG- 
tagged full length and deletion mutants of CSDE1. Data are presented as mean ± SD (** P < 0.03; * P < 0.05; n = 3, two-tailed t test). ( G ) Representati v e 
figure for the western blot confirming the expression of FLAG-tagged CSDE1 and its mutants in CSDE1 knockdown (shCSDE1) HEK293T cells used 
for the luciferase assays. Migration of the molecular weight marker is indicated (kD). �-Actin was used as a loading control. 
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forms of miR-451 were observed in CSDE1 KO cells similar 
hat CSDE1 binds less to the mutated miR-451 relati v e to 

he wild type (WT) (Figure 3 D–F), indicating that the CSD 

inding motif UGAU is critical for CSDE1 association to 

iR-451. In addition, we observed that the mutations in the 
otif led to accumulation of miR-451 precursor bound to 

GO2 which is consistent with its le v els in total RNA (Fig- 
re 3 G-H). Further, we evaluated the importance of CSD 

inding motif in the r epr ession of miR-451 targets using lu- 
iferase reporter constructs. As shown in Figure 3 I, the rela- 
i v e luciferase activity is higher in cells transfected with the 
SD mutant (CSDM) of pr e-miR-451 r elati v e to the WT 

re-miR-451. Consistent with the reduced target gene si- 
encing evident from the reporter assays, we observed en- 
anced expression of miR-451 target IL6R in the case of 
SD mutant, relati v e to the wild type pre-miR-451 (Fig- 
re 3 J). Together, our results indicate that CSDE1 binding 

s critical to the biogenesis of miR-451. 

he N-terminal domains of CSDE1 influence the processing 

f precursor miR-451 

SDE1 interacts with AGO2 through its N-terminal do- 
ains, especially CSD1 (35, Figure 5 C). Thus, to inves- 

igate the role of cold shock domains 1 and 2 (depicted 

n pictorial r epr esentation, Figur e 4 A) in the processing 

f pre-miR-451, we transiently expressed CSDE1 deletion 

utants, � CSD1 (that lost interaction with AGO2) and 

 CSD12 and measured the expression of miR-451. The ex- 
ression of pre-miR-451 is higher in case of � CSD1 and 

 CSD12 relati v e to the full length CSDE1 in total RNA 
Figure 4 B, C) and the RNA extracts from AGO2 im- 
unopr ecipitation (Figur e 4 D, E). Howe v er, CSDE1 bind- 

ng of miR-451 is significantly reduced among the deletion 

utants � CSD1 and � CSD12 relati v e to the full length 

SDE1 (Figure 4 A, B). Next, to determine whether the do- 
ains responsible for CSDE1 interaction with AGO2 are 

ecessary for miR-451 target r epr ession, we transiently ex- 
ressed the N-terminal FLAG-CSDE1 and its deletion mu- 
ants ( � CSD1 and � CSD12) in CSDE1 depleted back- 
round and performed luciferase reporter assays for miR- 
51. As shown in Figure 4 F, there was a significant differ- 
nce in the luciferase activity in the presence of the deletion 

 utant � CSD12 w hen compared to either the full length 

SDE1 or � CSD1 proteins. The expression of full length 

SDE1 and its deletion mutants for the reporter assays were 
omparable, as presented in Figure 4 G. As a whole, these 
esults support that CSDE1 binding to both miR-451 and 

GO2 is r equir ed for efficient processing of pre-miR-451. 

SDE1 interacts with the poly(A)-specific ribonuclease 
ARN 

oly(A)-specific ribonuclease (PARN) sculpts the 3 

′ ends 
f miRNAs in human cells and depletion of PARN leads 
o the accumulation of the 26 nt intermediate miR-451 

 13 , 38 ). Since depletion of PARN leads to accumulation of 
iR-451 intermediates of 26 nt similar to that of CSDE1 

 13 , 38 ) (Figure 1 C, D), initially we juxtaposed the expres-
ion of miR-451 from PARN and CSDE1 KO cells. As 
hown in Supplementary Figure S5A, B, the longer iso- 
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Figure 5. CSDE1 is associated with PARN. ( A ) Immunoprecipitation of endogenous CSDE1 using anti-CSDE1 antibody from the lysate of MEL cells, 
before ( −) and after (+) RNases treatment. * Indicates non-specific bands. Agarose gel image of IP’ed RNA before ( −) and after (+) RNases treatment is 
presented underneath the western blots. ( B ) Schematics of the deletion mutants of CSDE1 used in the stud y. ( C ) Immunoprecipita tion (IP) of CSDE1 was 
performed using anti-FLAG antibody from the lysate of HEK293T cells transiently expressing FLAG-tagged full length and deletion mutants of CSDE1. 
The immunoprecipitates were run on the SDS–PAGE gel and the proteins indicated were probed. Migration of the molecular weight marker is indicated 
(kD). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to that of PARN KO. Next, as CSDE1 and PARN each in-
teract with AGO2, we sought to investigate whether CSDE1
interacts with PARN. As shown in Figure 5 A, CSDE1 in-
teracts with PARN, and it is RNA-independent. Follow-
ing, we examined AGO2 interaction with PARN in absence
of CSDE1 and the findings suggest that AGO2 association
with PARN is independent of CSDE1 (Supplementary Fig-
ure S5C). Later, to determine which of the CSD domains
is responsible for CSDE1 interaction with PARN, the N-
terminal FLAG-CSDE1 and its deletion mutants ( � CSD1,
� CSD12, � CSD45, � CSD5) (Figur e 5 B) wer e transiently
expressed in HEK293T cells and immunoprecipitation was
performed using FLAG antibody. We observed that the
� CSD12 deletion mutant, but not � CSD1, lost the inter-
action with PARN, unlike AGO2 which binds CSDE1 via
CSD1, while the C-terminal deletion mutants ( � CSD45,
� CSD5) retained interaction with both AGO2 and PARN
(Figure 5 C). Thus, our results indicate that CSD2 is ac-
countable for interaction between CSDE1 and PARN. 

CSDE1 regulates miR-451 trimming 

To test whether CSDE1 is involved in the trimming of miR-
451 intermediates, we performed trimming assays in vitro
using synthetic intermediate miR-451 oligonucleotides, ac-
pr e-miR-451 (WT) (Figur e 6 A, left) incubated with cellu-
lar extracts of HEK293T cells under Control and CSDE1
KO conditions. We examined trimming ef ficiency a t 48hrs,
and interestingly, the probes were trimmed to below 26nt
in length. Ther efor e, we measur ed the intensity of bands
between 23nt and 26nt by densitometry analysis and their
fraction in total are presented in the bar graph (Figure
6 C, E). Of note, as miRNA trimming progresses, miRNA
species of 23nt are generated more with a concomitant de-
crease in the miRNAs of 26nt ( 38 ). We observed that the
proportion of the intensity of trimmed miR-451 at 23nt to
26nt is lower in the absence of CSDE1 relati v e to the Con-
trol, indicating CSDE1 positi v ely regulates the trimming
of intermediate pre-miR-451 in vitro (Figure 6 B, C, Sup-
plementary Figure S6A). Similarly, we investigated whether
the CSD binding motif is r equir ed for trimming of the in-
termediate pre-miR-451. We used synthetic RNA oligonu-
cleotides mutated for the CSDE1 binding (ac-pre-miR-451
CSDM), Figure 6 A, right) and performed trimming assays.
As shown in Figure 6 D-E, Supplementary Figure S6B, pro-
cessing of ac-pre-miR-451 CSDM accumulates miR-451 of
25nt in length and does not yield efficiently into mature
miR-451 of 23nt, compared to the WT ac-pre-miR-451,
indicating CSDE1 binding of the intermediate miR-451 is
necessary for its trimming. Additionally, to delineate the
possibility tha t muta tion in CSD binding motif is too dis-
rupti v e to the overall structure and may have resulted in in-
direct effects, we performed in vitro trimming assays using
hairpin mimics, ac-pre-miR-451 WT and ac-pre-miR-451
Swapped Stem (Supplementary Figure S7A). Of note, we
s wapped the n ucleotides in the terminal stem loop at posi-
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Figure 6. CSDE1 assists miR-451 trimming. ( A ) Sequence schematics of the synthetic intermediate RNA oligonucleotides of wild type pre-miR-451 (ac-pre- 
miR-451 WT, left) and its CSD binding mutant (ac-pre-miR-451 CSDM, right) used in the trimming assays in vitro . ( B , D ) The 5 ′ ends of respecti v e RNA 

probes, ac-pre-miR-451 WT and ac-pre-miR-451 CSDM were labelled and incubated for the time periods indicated with cytoplasmic l ysate transientl y 
expressing FLAG- tagged AGO2 in Control and CSDE1 KO HEK293T cells (B) and the Control HEK293T cells only (D), respecti v el y. The RN A extracts 
wer e r esolved on ur ea–PAGE gels. C, E) Bar graph r epr esenta tion of band intensity of miR-451 of varying lengths a t 48hr in Control versus CSDE1 KO 

HEK293T cell lysate supplied with the ac-pre-miR-451 WT ( C ) and HEK293T cells supplied with ac-pre-miR-451 WT and ac-pre-miR-451 CSDM ( E ). 
The upper number of each graph bar r epr esents fraction of total. 
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ion 23 and 24, which effecti v ely mutated the motif UGAU 

ut still maintain the G:U wobble and likely to preserve 
tem loop structure similar to the WT precursor. We ob- 
erved lower trimming, i.e. lower the ratio of band intensity 

orresponding to 23–21nt, indicati v e of mature miR-451, 
n the case of ac-pre-miR-451 Swapped Stem, compared to 

he WT (Supplementary Figure S7B-C). Collecti v ely, these 
esults demonstra te tha t CSDE1 assists in the trimming of 
ntermediate miR-451. 

ISCUSSION 

he miRNA expression levels are governed by the process- 
ng efficiency of their precursors through Drosha and Dicer 
r AGO2. This efficiency can be determined either by struc- 
ural and sequence features of miRNA precursors which 

irectly affect the processing machinery, or by RBPs that 
ecognize specific sequences within miRNA precursors and 

odulate their processing depending on the cellular context 
 1 , 53–54 ). 

In the present study, we show that CSDE1 controls the 
xpression of miR-451 in erythroleukemia cells (Figure 1 – 

 ). Although, other canonical miRNAs showed reduced ex- 
ression in CSDE1 KO conditions, none of the candidates 
except miR-451) presented significant variation in the dis- 
ribution of sequence reads corresponding to both their 
ature and precursor forms (Figure 1 C, D, Supplemen- 

ary Figure S2). These observations once again highlight 
he a typical na ture of miR-451 biogenesis and supports the 
nique role played by CSDE1 in controlling miR-451 ex- 
e
ression. CSDE1 and miR-451 are highly abundant in ery- 
hrocytes ( 14–18 , 37 ). CSDE1 binds the CSD motif UGAU 

n pre-miR-451 and the loss of CSDE1 or its binding leads 
o the accumulation of pre-miR-451 (Figure 3 ). Howe v er, 
e observed no change in the expression of let-7b-5p, a 

ember of let-7 famil y, w hich consists of the CSD bind- 
ng motif. It is likely because the processing of let-7b-5p is 
ependent on Dicer unlike miR-451 which r equir es AGO2 

atalytic activity. It is evident from our da ta tha t CSDE1 

inding to pre-miR-451 and interaction with AGO2 facili- 
ates the processing of the precursor into the mature form 

Figure 4 ). 
Of note, the lower pre-miR-451 le v els in the RNA isolated 

rom the immunoprecipitation of CSDE1 deletion mutants, 
.e. � CSD1 and � CSD12, despite the corresponding accu- 

ulation of pre-miR-451 in the total RNA (Figure 4 B) sup- 
orts the importance of CSDE1 binding to pre-miR-451 for 
he efficient processing of miR-451 precursor. CSD1 and 

SD2 are responsible for RNA binding ability of CSDE1 

 24 ) and CSD1 is necessary for interaction of CSDE1 with 

GO2 ( 35 ). Since � CSD12 (devoid of both CSD1 and 

SD2) can no longer bind miR-451 species and the AGO2, 
t is likely that the miR-451 is not processed and ther efor e
tuck in AGO2, as seen in higher band intensity of miR- 
51 species (Figure 4 B, D). The loss of pre-miR-451 bind- 
ng to the N-terminal deletion mutants r einfor ces the notion 

hat CSDE1 N-terminal domains are critical for its post- 
ranscriptional role in RN A metabolism. Additionall y, the 
e v els of pre-miR-451 bound to AGO2 were reduced in cells 
xpressing the full length CSDE1 compared to the vector 
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Figure 7. CSDE1 facilitates the biogenesis of miR-451. CSDE1 acts as a 
scaffold protein that binds pre-miR-451 and recruits AGO2 and PARN to 
process and generate mature miR-451 towards gene silencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

control (Figure 4 D). Since CSDE1 interacts with AGO2
within the miRISC and the mRN A deca pping machinery to
promote the silencing of targeted mRNAs (35, Figure 4 F),
it is possible that CSDE1 regulated processing of precursor
and the generation of mature miR-451 becomes dynamic
and rapid that led to recycling of AGO2 and ther efor e seen
in terms of lower miR-451 species intensity bound to AGO2
under full length CSDE1 expression. Further, the band in-
tensity of miR-451 species observed in the case of � CSD1
points to the possibility of a dynamic exchange of miR-451
between CSDE1 and AGO2, i.e. � CSD1 retains binding of
miR-451 species and acts as a reservoir (Figure 4 B) in the
absence of AGO2 interaction or depending on the rate of
recycling and availability of AGO2, for miR-451 process-
ing and target gene silencing. This unique relation between
CSDE1 and miR-451 / AGO2 highlights the importance of
RBPs in regulating cellular repertoire of distinct miRNA
species depending on the context. It is in line with earlier
studies that demonstrate RBP binding to pri / pre-miRNAs,
for instance, in glioblastoma multiforme, the cold shock
protein YBX-1 binds to the motif AACAUC in the terminal
loop region of pri- / pre-miR-29b-2 and regulates the bio-
genesis of mature miR-29b-2 ( 1 , 55 ). Interestingly, CSDE1
acts as a tumor suppressor or an oncogene depending on
the cellular context and both CSDE1 and miR-451 are re-
quired for the dif ferentia tion of erythroblasts into mature
red blood cells, the process which becomes subverted in ery-
throleukemia ( 22 , 36–37 ). Ther efor e, it would be inter esting
for future studies to focus on the mutational landscape of
pre-miR-451, especially in CSD binding motif, in the ge-
netic background of leukemia patients and investigate how
such genetic variants influence the pathological outcomes
of blood cancers. 

CSDE1 interacts with PARN via its N-terminal domain
CSD2 and assists in the trimming of intermediate miR-451
through its CSD binding motif (Figure 5 – 6 , Supplementary
Figure S5-S7). The accumulation of intermediate miR-451
along with pre-miR-451 in the RNA samples from AGO2
immunoprecipitation under � CSD12 conditions in com-
parison to � CSD1 (Figure 4 D) re v eals the functional im-
portance of CSDE1 interaction with PARN (via CSD2) in
addition to AGO2 (via CSD1) for effecti v e processing of
miR-451. Earlier studies have shown that trimming of miR-
451 is dispensable for target silencing in vitro and in cul-
tured cells ( 13 ). Howe v er, recent studies demonstrated that
the non-canonical binding sites in the 3 

′ end of the miRNA
(beyond the seed region) determine the specificity and ef-
ficiency of target mRNA r epr ession ( 56–57 ). Ther efor e, it
would be exciting for future studies to focus on the target
r epertoir e of miR-451 in erythroleukemia cells that are de-
pendent on CSDE1 mediated trimming of the intermediate
into the mature length which may facilitate binding to spe-
cific mRNAs underlying erythrocyte dif ferentia tion in vivo.

Overall, the mechanistic details elucidated in the present
stud y demonstra te a new role for CSDE1 as a scaf fold pro-
tein that binds pre-miR-451 and recruits AGO2 and PARN
to efficiently process and generate mature miR-451 towards
specific gene silencing in erythroid progenitor cells (Figure
7 ). Having already elucidated the involvement of CSDE1
in miRNA-guided translational control and / or mRNA de-
cay ( 35–36 ), the current findings highlight the importance
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f feedback loop or coupling of miRN A bio genesis with 

pecific silencing of target mRNAs bound by RBPs. This 
s in line with earlier reports on eIF1A which interacts with 

GO2 and augments its function in the processing of miR- 
51 and translational r epr ession of its targets towards ery- 
hrocyte ma tura tion in zebrafish ( 58 ). Additionally, the dis- 
inct allocation of CSDE1 domains for its association with 

GO2 (via CSD1) and PARN (via CSD2) points to the dy- 
amics of protein complexes associated with pre-miR-451 

rocessing to generate a functional miRISC towards effi- 
ient silencing of target genes underlying erythropoiesis. We 
elie v e that findings from our study will open new avenues 
f study on the regulatory role of CSDE1 in the miRNA- 
ri v en pathology of blood cancers which could inform the 
esign of therapeutic strategies to alleviate the blockage of 
rythroblast dif ferentia tion in leukemia trea tment. 
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