Received: 17 September 2024

Revised: 7 December 2024

Accepted: 6 January 2025

DOI: 10.1096/1j.202402184R

RESEARCH ARTICLE

ThI:-)ASEBJouran

Characterization and molecular targeting of CFIm25
(NUDT21/CPSF5) mRNA using miRNAs

Naazneen Khan'*

'Department of Pharmaceutical
Sciences, Butler University,
Indianapolis, Indiana, USA

Department of Neurology, Indiana
University, Indianapolis, Indiana, USA

Correspondence

Chioniso Patience Masamha,
Department of Pharmaceutical
Sciences, Butler University,
Indianapolis, IN 46208, USA.
Email: cmasamha@butler.edu

Funding information

HHS | NIH | National Institute of
General Medical Sciences (NIGMS),
Grant/Award Number: RO1 GM135361/
GM/NIGMS

| Mahesh Gupta'

| Chioniso Patience Masamha'

Abstract

Changes in protein levels of the mammalian cleavage factor, CFIm25, play a role
in regulating pathological processes including neural dysfunction, fibrosis, and
tumorigenesis. However, despite these effects, little is known about how CFIm25
(NUDT21) expression is regulated at the RNA level. A potential regulator of
NUDT21 mRNA are small non-coding microRNAs (miRNAs). In general,
miRNAs bind to the 3'untranslated regions (3'UTRs) and can target the bound
mRNA for degradation or inhibit translation thus affecting the levels of protein
in cells. Interestingly, a mechanism known as alternative polyadenylation (APA)
enables mRNAs to escape miRNA regulation by generating mRNAs with 3'UTRs
of different sizes. As many miRNA target sites are located within the 3'UTR,
shortening the 3'UTR allows mRNAs to evade miRNAs targeting this region.
The differences in the lengths and the sequence composition of the 3'UTRs may
also impact the mRNA's translatability and subcellular localization. APA has
been reported to regulate over 70% of protein coding genes, thus increasing the
transcript repertoire. Several proteins, including mammalian cleavage factor,
CFIm25 (NUDT21), have been shown to regulate APA. In this study we wanted to
determine whether CFIm25 (NUDTZ21), itself a regulator of APA, undergoes APA
to evade miRNA regulation. We used the blood cancer mantle cell lymphoma
(MCL) cells as a model and showed that in these cells, NUDTZ21 is relatively stable
with a long half-life. In addition, the NUDT21 pre-mRNA undergoes alternative
APA within the same terminal exon. The three different sized NUDT21
mRNAs have different 3'UTR lengths and they each use a different canonical
polyadenylation signal, AAUAAA, for 3'end cleavage and polyadenylation. Use
of miRNA mimics and inhibitors showed that miR-23a, miR-222, and miR-323a
play a significant role in regulating NUDT21 expression. Hence, these results
suggest that NUDT21 mRNA is stable and the different 3"UTRs generated through
APA of NUDT21 play an important role in evading miRNA regulation and offers
insights into how levels of CFIm25 (NUDT21) may be fine-tuned as needed under
different physiological and pathological conditions.
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INTRODUCTION

The RNA-binding protein and mammalian cleavage fac-
tor CFIm25 (NUDT21) is increasingly being recognized
as an important regulator of normal biological processes
including spermatogenesis, regulation of male fertility,
embryonic development, and cell fate.!™ In humans,
changes in CFIm25 protein levels are also associated
with several pathological conditions including can-
cer, neuropsychiatric disorders and different types of
fibrosis®** (and reviewed'?). Before these discoveries,
CFIm25 was only believed to play a supportive role in
3’end formation. Formation of the 3’end occurs during
pre-mRNA processing and involves 3’end cleavage and
polyadenylation resulting in mature polyadenylated
transcripts.>'® Among other roles, polyadenylation en-
ables nuclear to cytoplasmic shuttling and translation of
the polyadenylated mRNAs.'” Although over 80 proteins
have been found associated with the 3’end processing
machinery, the core proteins consist of about 15 pro-
teins that are subdivided into four major complexes in
humans.'>'®!® These consist of the mammalian cleav-
age factors I and II (CFIms and CFIIms), the cleav-
age stimulation factors (CstFs), and the cleavage and
polyadenylation specificity factors (CPSFs).">'® Some
members of these factors recognize and bind to spe-
cific sequence elements within the pre-mRNA. Wdr33
and CPSF30, bind to the polyadenylation signal which
typically consists of the canonical hexanucleotide se-
quence AAUAAA.'" Cstf64 (or CstF64t) binds to a
downstream G/U rich sequence.'>'® CFIm25 binds to
UGUA sequences and is recruited in the initial stages of
3’end formation. CFIm25 is believed to enhance 3’end
cleavage and polyadenylation.**** CFIm25 is a small 25
kilodalton protein that is encoded by the Nudix hydro-
lase 21 gene (NUDT21/CPSF5). During 3’end formation,
two CFIm25 subunits bind to a UGUA sequence on pre-
mRNA and recruit either two CFIm59 or two CFIm68
subunits.?*** The CPSF73 endonuclease cleaves the pre-
mRNA downstream of the polyadenylation signal and
the 3’end is then polyadenylated.

Recent studies have shown that in addition to tradi-
tional 3’end formation, CFIm25 can regulate several other
RNA processing events. These include regulating alterna-
tive splicing of pre-mRNAs, cyclization of circular RNAs,
miRNA biogenesis and miRNA activity, as well as alterna-
tive polyadenylation (APA).>**=° APA occurs when there
are multiple polyadenylation signals within the same pre-
mRNA that can be used for 3’end formation. APA allows
the fine-tuning of over 70% of protein coding genes in the
human genome.’! Inhibition of APA in specific cancers
may make them more vulnerable to treatments with DNA
damage repair based therapies.’* There are several types

of APA, some of which are linked to splicing. However,
the most common type of APA occurs when the protein
coding region is unaltered but there are changes in the
length and sequence content of the 3’'UTR due to usage of
alternative polyadenylation signals within the same termi-
nal exon.* These polyadenylation signals can be canoni-
cal (AAUAAA) or non-canonical.** Our study is focused
on the latter type of APA which only involves changes in
the size of the UTR, and we will refer to it as APA through-
out the paper. The different 3’'UTRs that are generated act
as loading docks for several regulatory elements includ-
ing RNA-binding proteins and miRNAs.***® Hence, the
size of the 3'UTR determines the sequence content which
affects different aspects of mRNA metabolism including
stability, translatability, as well as subcellular localization
and thus function.””* Reduction in the levels of CFIm25
(and other members of the CFIm complex) result in global
shortening of the 3'UTRs of thousands of transcripts
through APA %204

Despite the emerging roles of CFIm25 in normal bi-
ology and disease, the mechanisms that drive normal
CFIm25 expression as well as CFIm25 dysregulation are
not fully understood. Moreover, how CFIm25 (NUDT21)
is regulated at the transcriptional, post-transcriptional
level remains largely unknown. The goal of this study
was to determine how this important regulator, CFIm25
(NUDT21) is itself regulated at the RNA level. To ac-
complish this, we used the hematological malignancy,
mantle cell lymphoma (MCL) as a model to examine
CFIm25 (NUDTZ21) transcript expression. MCL is a dis-
tinct subtype of non-Hodgkin's lymphoma (NHL) which
follows an aggressive clinical pattern in up to 90% of the
patients.**"** Before the advent of immunotherapy and
other targeted therapies, MCL had a short remission pe-
riod, was considered clinically incurable upon relapse
and thus had the worst overall prognosis of all B-cell
lymphomas.*>**™* Despite the use of targeted thera-
pies, patients with drug-resistant disease or who have
disease recurrence still have a poor clinical outcome.™
Further understanding of MCL biology at the molecular
level allowing for patient stratification is crucial for all
MCL patients but especially those with relapsed or drug-
resistant disease.”™' A subset of MCL patients with
highly proliferative disease were observed to express the
G1-S phase cell cycle rate-limiting oncogene, cyclin D1
(CCND1) transcripts with truncated 3'UTRs which re-
duced their survival by 2years.” This shortening of the
CCND1 3'UTR transcript was through APA due to muta-
tions in the polyadenylation signal, deletions of a major
section of the 3'UTR as well as chromosomal transloca-
tions resulting in a fusion transcript that only involves
the CCND1I 3'UTR. MCL cell lines have been identified
that contain these diverse CCND1 3'UTRs making these



KHAN ET AL.

30f13

ideal model cell lines to study transcript diversity.>*>*

Furthermore, the aberrant chronic presence of cyclin
D1 in MCL makes it the B-cell lymphoma with the high-
est level of genetic instability of all the B-cell lympho-
mas.>*>° Hence, we posited that just like for CCNDI, if
there is any naturally occurring 3'UTR based transcript
variation in our target, CFIm25 (NUDT21), this would
be found in MCL cells due to their inherent nature that
allows for the potential generation of alternate tran-
scripts through diverse means. We used a combination
of different techniques to determine the stability of
NUDT21 mRNAs, identify different NUDT21 transcripts
expressed in MCL cells, measure their expression levels
based on differences in the 3'UTR as well as the impact
of miRNA mimics and inhibitors on the 3'UTRs. Our
experiments provide strong support that there is a drive
for MCL cells to express NUDT21 transcripts which are
relatively stable and whose expression can be fine-tuned
using miRNAs. As such, modulating the expression of
CFIm25 (NUDT21) will have an impact on the biological
and pathological processes it is now known to regulate.

2 | MATERIALS AND METHODS

2.1 | Cell culture

We purchased the MCL cell lines Jeko-1 (ATCC CRL-
3006), Mino (ATCC CRL-3000), Z-138 (ATCC CRL-3001),
and Rec-1 (ATCC CRL-3004) from the American Tissue
Culture Collection (ATCC) (Manassas, VA, USA). We
also used the Granta-519 MCL cell line (Cat# ACC 342,
DSMZ-German Collection of Microorganisms and Cell
Cultures, GmbH, Germany). In addition to the MCL
cell lines we also used the HeLa cell line (Cat# ATCC
CCL-2, ATCC Manassas, VA, USA) for some of our
assays. Cells were grown in DMEM with GlutaMAX
(Cat# 10569044 ThermoFisher Scientific, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum
(Cat# 16140071, ThermoFisher Scientific, Carlsbad, CA,
USA) and 1% Penicillin—Streptomycin (Cat# 15070063,
ThermoFisher Scientific, Carlsbad, CA, USA). Cells were
cultured at 37°C in a 5% CO, incubator.

2.2 | RNA extraction and PCR primers

After cell culture and appropriate treatment, total RNA
was harvested using TRIzol® reagent (Cat# TRIzol®
Reagent, Invitrogen™, ThermoFisher Scientific,
Carlsbad, CA, USA) using the manufacturer's
protocol. The RNA was then reverse transcribed
using RevertAid first strand cDNA synthesis kit (Cat#
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K1622, ThermoFisher Scientific, Carlsbad, CA, USA).
For qRT-PCR the random hexamer primer was used
for reverse transcription while the oligo(dT)18 primer
(both from the kit) was used for 3’Rapid Amplification
of ¢cDNA ends (3’'RACE). Primers to measure total
levels of NUDT21 within the open reading frame were
forward GAGAAGGACAGCTCTGTTGCAGCCA
and reverse TGCAGCTACCAGCTTGTAA. The
primers used to measure NUDT2I long 3'UTRs
located downstream of the PAS2 near the distal PAS3
were forward CAGTACTTGTTCAGTCACTTGAG
and reverse GATACAAAATACACCTGAACTGGC.
The design of primers to measure total mRNAs
and mRNAs with long 3'UTRs was previously
described.® Primers for GAPDH qRT-PCR were
forward TGACTTCAACAGCGACACCCA and reverse
CACCCTGTTGCTGTAGCCAAA.

2.3 | 3’rapid amplification of cDNA ends
We performed 3'RACE with the reverse primers oligo(dT25)
T7 used for the first nested PCR and the T7 primer for the
second round of PCR as we previously described.”*’ The
two sets of forward nested primers used to detect the first
polyadenylation signal (PAS1) 3'UTR of NUDT2I were
primer 1, TCACTCAGTTCGGCAACAAG and primer 2,
GAGAAGGACAGCTCTGTT.Forwardnested primersused for
PAS2 were primer 1, GAAGAACTAGATAGTGGTGTAAAC
and primer 2, TACCATTCTTGGGCACATACTC.
The forward primers used for PAS3 were primer 1,
GGACAAAGTGTGACCAAATTAGCC and primer 2,
ATTCAACAGGCCAGCAAGC.

2.4 | Cloning and Sanger sequencing

After 3'RACE, the PCR products were run on a gel and
after gel extraction, we used the Zero Blunt TOPO PCR
cloning kit (Cat# K280020, ThermoFisher Scientific
Carlsbad, CA, USA) to perform topoisomerase-based
cloning as per manufacturer's protocol. Positive clones
were screened using restriction enzyme digestion and
sent for Sanger Sequencing at LoneStar Labs (Houston,
TX, USA).

2.5 | Inhibition of translation with
actinomycin D

To determine mRNA stability, we treated our suspension
cells with 10ug/ml of actinomycin (Cat# DSBRO00013,
Sigma-Aldrich, St. Louis, MO, USA) and collected samples
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over time as previously reported with slight modifications
that included plating 1x 10° cells in 6-well plates for treat-
ment.”® RNA extraction and cDNA synthesis were con-
ducted as described in Section 2.2.

2.6 | Plasmid and miRNA mimic/
inhibitor transfection and luciferase assays

The full-length 3'UTR of NUDT21 was cloned into
the psiCHECK2 dual luciferase vector (Cat# C8021,
Promega, Madison, WI, USA) downstream of the
synthetic Renilla luciferase gene (Rluc) between Xhol
and Not1.°**° HeLa cells were plated into 12-well plates
(190000 cells/well) and after 4 h, cells were transfected
with 200 ng per well of plasmid using Lipofectamine2000
(Cat# 11668019, Invitrogen part of ThermoFisher
Scientific, Carlsbad, CA, USA). After 24h, the media
was changed and cells were transfected with 20nM of
the miRNA mimic negative control (Cat# 4464058), and
either the miRNA mimic or miRNA inhibitor for each
of the following hsa-miR-23a-3p (mimic (MC10644)
and inhibitor (MH10644)), hsa-miR-27b-3p (mimic
(MC10750) and inhibitor (AM10750)), hsa-miR-
181b-5p (mimic (MC12442) and inhibitor (AM12442)),
hsa-miR-222-3p (mimic (MC11376) and inhibitor
(MH11376)), hsa-miR-323a-3p (mimic (MC12418) and
inhibitor (MH12418)).”*° All the miRNA mimics and
inhibitors were purchased from Life Technologies (a
part of ThermoFisher Scientific, Carlsbad, CA, USA).
The next day the media was changed, and the cells
were transfected for the second time with the miRNA
mimics or inhibitors. All the miRNA inhibitor or mimic
transfections were done in quadruplicate. Twenty-four
hours after this second transfection, cells were harvested
and assayed using the Dual-Luciferase® Reporter Assay
System (Cat# E1910, Promega, Madison, WI, USA) as
per manufacturer's instructions.

2.7 | Measuring effects of miRNA on
endogenous NUDT21

For qRT-PCR of endogenous NUDT21, Hela cells were
plated in 6-well plates (300000 cells/well). After four
hours, cells were transfected with miR-222-3p mimic or
inhibitor (as previously described in Section 2.6) using
Lipofectamine 2000 (Cat# 11668019, Invitrogen part of
ThermoFisher Scientific, Carlsbad, CA, USA). Twenty-
four hours later, the media was changed, and transfection
was done a second time. Total RNA was extracted from
cells 48 h after the second transfection, and qRT-PCR was
carried out for NUDT21 and GAPDH.

2.8 | Transduction and MTT assays
Transduction of Jeko-1 and Granta-519 cells was
done using hexadimethrine bromide (Cat# H9268,
MilliporeSigma, St. Louis, MO, USA) per manufacturers'
protocol. We used 3'UTR targeted NUDT21 shRNA clone
ID TRCN0000000145 (Cat# SHCLNV, NM_007006, Sigma-
Aldrich, MilliporeSigma, St. Louis, MO, USA), and con-
trol MISSION® pLKO.1-puro-UbC-TurboGFP™ Positive
Control Plasmid (Cat# SHC014, MilliporeSigma, St. Louis,
MO, USA). Eight days after starting puromycin (Cat#
P9620, MilliporeSigma, St. Louis, MO, USA) selection,
cells were plated in 96-well plates (20000 cells/well). After
72h, we performed the MTT assay (Cat# ATCC® 30-1010K,
ATCC Manassas, VA, USA) as previously described.™

2.9 | Western Blot

After shRNA (as previously described in Section 2.8),
cell pellets were collected and lysed with M-PER™
Mammalian Protein Extraction Reagent (Cat# 78503
ThermoFisher Scientific, Carlsbad, CA, USA) and
protein was resolved on an 8% SDS-PAGE gel and
transferred to a PVDF membrane. After blocking for 1h
at room temperature with 5% non-fat milk resuspended
in phosphate buffered saline (with 0.001% Tween 20), the
membrane was probed with primary antibodies against
the CFIm25 protein using rabbit anti NUDT21 (1:1000
overnight at 4°C) polyclonal antibody (Cat# 10322-1-AP,
Proteintech Rosemont, IL, USA) and GAPDH (1:5000
for 1h) using Anti-GAPDH antibody [EPR6256] (Cat#
ab128915, Abcam Waltham, MA, USA). For detection,
the membrane was probed with Goat anti-Rabbit
IgG (H+L), Superclonal™ Recombinant Secondary
Antibody, Alexa Fluor 680 (at 1:5000 for 1h-Cat#
A27042, Invitrogen a part of ThermoFisher Scientific,
Carlsbad, CA, USA).

2.10 | Statistics

GraphPad Prism software was used to analyze the results
(Student's independent t-test where n>3, p<.05).

3 | RESULTS

3.1 | Determination of NUDT21 mRNA
stability in MCL

Despite the ability of the CFIm25 protein to regulate the
3'UTR through alternative polyadenylation (APA) for
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thousands of genes and affect mRNA stability, not much
is known about the stability of its NUDT21 mRNA. To de-
termine the stability of the NUDT21 mRNA we used the
MCL cell lines, Jeko-1 and Z-138 cell lines whose CCND1
mRNAs arising from very different mechanisms are well
documented, as well as the Mino cell line whose CCND1
transcripts are unknown.’>>* We treated the cells using
actinomycin D to inhibit transcription and performed
qRT-PCR to determine the total levels of NUDT2I tran-
scripts at different timepoints.®® The levels of NUDT21
mRNA remained high with 70% of the transcript still pre-
sent after 4h in both the Mino and Z-138 MCL cell lines
(Figure 1). After 8h, Mino still had 60% of the NUDT21
transcript while 54% remained in Z-138 cells. In Jeko-1
cells 54% of the NUDTZ21 transcript was present 4h after
treatment with actinomycin D and after 8h, 21% of the
transcript remained.

3.2 | Identification of different NUDT21
mRNA 3'UTRs and polyadenylation
signals used

A previous study in the HeLa model cell line identified
three different NUDT21 mRNAs containing the same
open reading frame, but different sized 3'UTRs.®! This
was the first indication that NUDT21 pre-mRNAs can un-
dergo APA. To determine the diversity of NUDT21 tran-
scripts, we expanded the number of cell lines we screened
to five MCL cell lines. The cell lines have different sen-
sitivities to anti-cancer drugs and different molecular
profiles.62'64 In terms of CCND1, the Jeko-1 and Z-138
cell lines contain CCND1 transcripts with short and long
3'UTRs resulting from APA driven by mutations that
generate a canonical polyadenylation signal proximal to

1.50 -~ Jeko-1
‘B Z138
1.254 - Mino

fold change in expression

0.00 T T T T

0 2 4 6 8
Time/hr

FIGURE 1 NUDT21 mRNA levels over time. qRT-PCR of
NUDT21 levels after actinomycin D treatment. Fold change in
expression was normalized to levels of GAPDH. Data shown are the
mean =+ SD of three biological replicates.
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the open reading frame.’*> The Granta-519 cell line ex-
presses a 3'UTR CCNDI1 truncated fusion transcript with
the fusion gene partner sequences from CDC42BPA/
MRCK fused to sequences within the CCNDI 3'UTR.
A canonical polyadenylation signal, AAUAAA derived
from the fused CDC42BPA/MRCK sequence is used
for 3’end formation.” Although Rec-1 and Mino MCL
cell lines express cyclin D1 protein, the nature of their
CCNDI transcripts in not well defined.”®> We performed
3’end rapid amplification of cDNA ends (3'RACE) for
NUDT21 and ran the Jeko-1, Granta-519, Rec-1, Mino
and Z-138 PCR products on an agarose gel. Three differ-
ent sized 3'UTRs were present in all the five MCL cell
lines similar to those found in HeLa cells. These three
transcripts were due to usage of the polyadenylation sig-
nal most proximal to the open reading frame (PAS1), an
intermediate polyadenylation signal (PAS2) and a dis-
tal polyadenylation signal (PAS3) all within the same
terminal exon (Figure 2A). When we performed Sanger
sequencing, we found that all the three polyadenylation
signals are identical consisting of the canonical hexanu-
cleotide AAUAAA (Figure 2B). We also compared the
full-length reference NUDT21 sequence from Ensembl
genome browser (NUDT21-201 ENST00000300291.10) to
the Sanger sequences we obtained for all five MCL cell
lines for 3’'RACE PCR products from PAS1, PAS2, and
PAS3 using the multiple sequence alignment software
(MUSCLE). We found that the AAUAAA canonical hex-
amer was conserved for each PAS in all the cell lines
(Figure S1-C).

3.3 | Quantifying differences in levels of
mRNAs containing short and long 3'UTRs

To compare the usage of the different polyadenylation
signals in NUDT21, we developed primers that target
the open reading frame (ORF) and give total mRNA
levels, as well as primers that only target the distal full-
length 3'UTR allowing measurement of mRNAs with
full-length 3'UTRs only as previously described.® A
schematic showing the relative location of the primers
for qRT-PCR is provided (Figure 3A). Our qRT-PCR re-
sults consistently show that in all the cell lines, there
are much lower levels of mRNAs containing full-length
3’UTRs and that the most distal polyadenylation sig-
nal (PAS3) is used less than the other polyadenylation
signals (PAS2 and PAS1) (Figure 3B). Our primers are
unable to distinguish between usage of PAS1 and PAS2
which are more proximal to the open reading frame.
Hence, in MCL cells NUDT21 undergoes APA to pref-
erentially generate NUDT21 mRNAs with shorter
3’UTRs.
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FIGURE 2 Characterization of NUDT21 mRNAs. (A) Ethidium bromide-stained agarose gel showing the 3'rapid amplification of
cDNA end (3’'RACE) products of RNA extracts from five mantle cell lymphoma cell lines. The products obtained from usage of the first
polyadenylation signal (PAS1), second polyadenylation signal (PAS2) and third polyadenylation signal (PAS) in each cell line are shown

in duplicate together with the negative control (—). (B) Sanger sequencing chromatograms after 3'RACE showing the location of the

polyadenylation signals (shown by blue line for PAS1, PAS2, PAS3).

3.4 | Determining the impact of miRNAs
on the 3’'UTR of NUDT21

Alternative polyadenylation plays many roles including
evading miRNA regulation and increasing the stability
of specific transcripts.®® In order to determine the role of
miRNAs in regulating the NUDT21 3'UTR, we used miR-
walk (Figure $2)°"% and Starbase v2.0/the Encyclopedia
of RNA interactomes (ENCORI) (Figure $S3)**™ to iden-
tify potential miRNA-binding sites on the NUDT21 tran-
script. The relative locations of select miRNA target sites
within the NUDT21 3'UTR and polyadenylation signals
(PAS) are also shown (Figure 3A).

To determine the impact of select miRNAs on the
NUDT21 3'UTR, we then cloned the full-length 3'UTR
of NUDT21 into a psicheck-2 dual luciferase reporter
plasmid. We did transient transfection of the reporter
plasmid into HeLa cells which also express the same en-
dogenous NUDT21 transcripts as MCL cells, as MCL cell
lines, similar to other lymphoma and leukemia cell lines,
are as notoriously difficult to transfect for gene expres-
sion and have a low transfection efficiency.”"’* Use of the

more easily transfected HeLa cells eliminates variability
in transfection efficiency. After additional transfection
of a miRNA mimic or inhibitor, the Renilla luciferase ac-
tivity was measured and normalized it to Firefly lucifer-
ase activity. Treatment with the miR-23a mimic did not
result in a significant change in luciferase activity, how-
ever treatment with the miR-23a inhibitor resulted in a
significant increase in luciferase activity relative to the
control (Figure 4A). There were no significant changes
in luciferase activity after treatment with either the miR-
27b mimic or inhibitor (Figure 4B). Although there was
a slight decrease in luciferase activity after treatment
with the miR-181b mimic, this was not accompanied by
an increase in luciferase activity after treatment with the
inhibitor (Figure 4C). Treatment with either the miR-222
(Figure 4D) or miR-323a mimics (Figure 4E) resulted in a
significant decrease in luciferase activity. Treatment with
the inhibitor for each miRNA resulted in a significant in-
crease in luciferase activity. To determine the effects of
miR-222 mimic and inhibitor on endogenous NUDT21
transcripts, we transfected them into HeLa cells and
performed qRT-PCR. We found that the miR-222 mimic
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showing the relative location of the polyadenylation signals (PASs), and the primers used for qRT-PCR. The relative location of the binding
sites of select miRNAs within the 3'UTR is also shown. The NUDT21 sequence this is based on was obtained from Ensembl (Transcript ID
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of total NUDT21mRNAs when compared to the long mRNAs in B cells. Results were normalized to levels of GAPDH. Data shown is the
mean + SD of three biological replicates. Statistical representation shown is *p <.05; ***p <.0001 from Student -tests.
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with the psiCHECK2 dual luciferase plasmid containing the full-length NUDT21 3'UTR after treatment with negative control miRNA mimic
(control), a specific miRNA mimic or miRNA inhibitor (inhibit.). Shown is data for (A) hsa-miR-23a, (B) hsa-miR-27b-3p, (C) hsa-miR-181b,
(D) hsa-miR-222-3p, and (E) hsa-miR-323a-3p. Representative data are shown of experiments done on the same day with three biological
triplicates all normalized to the same control. (F) qRT-PCR results of endogenous NUDT21 levels after treatment of HeLa cells with hsa-
miR-222-3p mimic and inhibitor.
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resulted in a decrease in endogenous NUDT21 levels while
the miR-222 inhibitor resulted in an increase in endoge-
nous NUDT21 levels (Figure 4F).

3.5 | Determining the impact of the
loss of full-length 3'UTR NUDT21 mRNAs
using 3'UTR targeted shRNA

In order to determine the potential role of the NUDT21
mRNAs with the longest 3'UTRs in MCL, we initially
used siRNA to target the NUDT21 3'UTR in MCL cells
using a nucleofection protocol we had successfully used
before in the MCL cell lines Jeko-1 and Granta-519, to
target CCNDI transcripts and cyclin D1 protein expres-
sion,” but did not detect any decrease in CFIm25 pro-
tein (results not shown). As MCL cells are known to be
difficult to transfect,”” we used specific ShRNA targeting
the 3'UTR to knock out NUDT21 mRNA in Jeko-1 and
Granta-519. We then performed MTT proliferation as-
says. We found that NUDT21 depletion resulted in in-
creased cell proliferation in both Jeko-1 (p=7.52x10""")
and Granta-519 (p=6.8x 10~®) when compared to control
(Figure 5A,B). Interestingly despite increased cell prolif-
eration, there was only a 17% reduction in protein levels in
Jeko-1 (Figure 5C) and a 39% decrease in protein levels in
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S 25-
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3
o 104
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E
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control KD
(C) Jeko-1
~
Q
S
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37 e GAPDH

0.73 0.61

Granta-519 (Figure 5D) after using sShRNA targeting the
NUDT21 3'UTR.

4 | DISCUSSION

Despite the impact of CFIm25 in cancer and other biologi-
cal and physiological processes (as recently reviewed'*),
how the expression of CFIm25 is regulated still remains
an active area of research. In a recent study, the NUDT21
protein, CFIm25, was posited to play a role in indepen-
dently regulating transcription.” A previous study of
mRNA half-life measurements showed that in general,
the half-lives of transcription and other related factors
were less than one hour.”” To determine the stability of
NUDT21 transcripts we treated cells with actinomycin D
and performed qRT-PCR. Our results show that in con-
trast to transcription factors, NUDT21 mRNA is relatively
stable. This agrees with observations made so far that the
effects of CFIm2S5 in cell biology in vivo do not seem to be
related to drastic changes in its expression but may be as-
sociated with tightly regulated slight changes in its levels.
The stability of the NUDT21 mRNA suggests that in the
cell there are mechanisms normally in place to keep levels
of the NUDT21 mRNA and protein stable underscoring its
essential roles within the cell.
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FIGURE 5 Effects of CFIm25 (NUDT21) depletion in mantle cell lymphoma. Graphs depicting cell proliferation as determined by MTT
assays after depletion (KD) of NUDT21 using shRNA in (A) Jeko-1 and (B) Granta-519 cells. Results were normalized to control. Western Blot
results after probing control and NUDT21 shRNA transduced Jeko (C) and Granta-519 (D) cell lysates with antibodies to detect CFIm25 protein
and GAPDH. Shown is the control sShRNA and NUDT21 shRNA (KD). Densitometric quantification of bands was performed using Image Lab
Software (Bio-Rad) and the levels of CFIm25 normalized to that of the GAPDH is shown for each lane. ***p < .0001 from Student ¢-tests.
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CFIm25 (NUDT21)is amember of the 3’end processing
machinery and until recently was known in its traditional
role in 3’end cleavage and polyadenylation. In addition to
3’end formation, CFIm25 and some members of the 3’end
processing machinery have been shown to be involved in
regulating transcript diversity through an emerging form
of gene regulation known as alternative polyadenylation
(APA). APA allows for the generation of transcripts con-
taining the same open reading frame but different sized
3’UTRs thus greatly contributing to transcript diversity.
The length of the 3'UTR and the sequences it contains
may affect the subcellular localization and subcellular
translation of the different sized transcripts, as well af-
fect the transcripts translatability and stability. How APA
is regulated is still being elucidated. Downregulation of
several other 3’end processing factors has been shown to
regulate APA. Reduction in levels of the CFIIm member
Pcf11 resulted in widespread lengthening of the 3'UTR.”
Loss of Fipl, CstF64 as well as its paralog CstF64t also re-
sulted in generation of transcripts with long 3'UTRs.®”>7¢
Reduction in levels of the CFIm complex including
CFIm68, CFIm59, and CFIm25 resulted in global short-
ening of 3'UTRs.***' Compared to the other 3’end pro-
cessing factors, in general, genome-wide shortening of
3'UTRs after CFIm25 (NUDT21) knockdown has been
shown to have the most impact on cellular physiology
and has be associated with increased cell proliferation,
increased tumorigenesis and larger tumor size in mouse
xenograft models of solid cancer.®®”” As the CFIm25
protein regulates APA, we wanted to determine whether
NUDT?21 transcripts also undergo APA. Our work showed
that CFIm25 is post-transcriptionally regulated through
APA of the NUDT21 pre-mRNA giving rise to three differ-
ent transcripts in all five MCL cell lines. The occurrence
of different sized NUDT21 transcripts, which only differ
in their 3'UTR lengths, in MCL is consistent with the find-
ings in HeLa cells.” Interestingly, all three transcripts are
due to usage of the same canonical polyadenylation signal
consisting of the hexanucleotide, AAUAAA, which is opti-
mal for 3’end cleavage and polyadenylation.*® In this case,
the sequence of the polyadenylation signal is not expected
to be the main driver of the polyadenylation signal used
for APA. Other cis and/or trans signals surrounding the
polyadenylation signal may play a more important role in
regulating APA of NUDT21. This includes the numerous
UGUA sequences found throughout the NUDT21 tran-
script or downstream U/GU-rich elements.”®” Binding of
transcription factors to enhancers may also play a role in
cleavage and polyadenylation site choice when the polya-
denylation signals are identical.** The redundancy in the
sequence of the three canonical polyadenylation signals
used in generating the NUDT21 transcripts suggests that
based on the polyadenylation signals alone, there is an
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innate drive to generate polyadenylated NUDT2I tran-
scripts regardless of the size of the 3'UTR. Our results
showed that levels of NUDT21 mRNAs with the longest
3'UTR were much lower than those with the shorter
3’UTRs. As the NUDT21 pre-mRNA has numerous UGUA
which are potential CFIm25-binding sites, it cannot be
ruled out that the protein may play a role in its own APA.
Thus, NUDT21 undergoes APA, and this may function as
a mechanism to regulate its expression.

Reduction of the 3'UTR length through APA eliminates
destabilizing sequences as well as miRNA target sites lo-
calized within the longer 3'UTR. Apart from enabling the
transcripts to evade regulation by target miRNAs hence
increasing their stability, the miRNAs are now available to
target other transcripts for degradation.®* To experimen-
tally identify miRNAs that target the NUDT21 3'UTR, we
used several miRNA mimics and inhibitors in cells trans-
fected with the NUDT21 3'UTR dual luciferase plasmid.
The ability of the synthetic miR-23a inhibitor to increase
luciferase activity suggests that the inhibitor was able to
bind to endogenous miR-23a and function as a molecu-
lar sponge. The inability of the miR23-a mimic to reduce
luciferase activity suggests that in HeLa cells, the dual lu-
ciferase reporter containing the NUDT21 3'UTR already
have maximal endogenous miR-23a bound to it. This con-
firms previous findings that miR-23 regulates NUDT21.**
Supplementing endogenous miRNAs, miR-222 and miR-
323a with their respective mimics significantly decreased
luciferase activity showing that these two miRNAs play
a key role in regulating the NUDT21 mRNA and this is
further supported by the effects of their respective inhibi-
tors which increased luciferase activity. Furthermore, use
of the miR-222 mimic and inhibitor also resulted in sim-
ilar changes in the endogenous NUDT21 levels as shown
by qRT-PCR. Thus, our experiments validated that miR-
23a, miR-323a and miR-222 are important regulators of
NUDT21. This is in addition to several other miRNAs that
have been previously shown to target NUDT21.%? Though
this offers mechanistic insights into miRNA regulation, it
is unknown if these miRNAs would have the same impact
under normal physiological conditions or in MCL in vivo.
More recently, another study showed that miR-181a and
miR-181b regulate Nudt21 in a mouse model bleomycin-
induced dermal fibrosis further underscoring the interest
in and the importance of understanding NUDT21 regu-
lation.’ The different miRNAs that target NUDT21 may
allow for cell specific and/or context specific regulation
and fine-tuning of NUDT21 mRNAs and hence CFIm25
protein expression.

Individuals with NUDT21 duplications or deletions
had intellectual disabilities."* Reduced levels of CFIm25
protein in Nudt21™'~ mice resulted in learning deficits."
This suggests that there is a level of CFIm25 protein
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expression required for normal brain development and
other physiological processes. To determine the effects of
losing NUDT21 transcripts with the full-length 3'UTR on
cell survival we used RNAI targeting the 3'UTR. When
we used siRNA to target the NUDT21 3'UTR in MCL
cells using a nucleofection protocol we had used before™
we did not detect any changes in CFIm25 protein lev-
els. Due to well documented challenges associated with
transfecting MCL cells’*> we used shRNA targeting the
3’UTR region to knock out NUDT21 mRNA. We found
that depletion of CFIm25 (NUDT21) in the MCL cell
lines, Jeko-1 and Granta-519, resulted in increased cell
proliferation. This was despite only a slight decrease in
the CFIm25 protein levels. A similar increase in cell pro-
liferation, after CFIm25 knockdown, has been reported
for other tumors including cervical cancer cell lines®®
and hepatocellular carcinoma cell lines*™ after tar-
geting the open reading frame using RNAi. Hence, like
these solid cancers, CFIm25 levels may play an important
tumor suppressive role. The slight decrease in CFIm25
after ShRNA targeting the 3'UTR may correspond to the
low levels of full-length 3'UTR NUDT21 we initially de-
tected using qRT-PCR in the MCL cell lines. However,
dosage compensation at the protein level through some
unknown mechanism cannot be ruled out. Interestingly,
a previous study in Nudt21*'~ mice, found that although
the Nudt2I mRNA levels were decreased by 50%, there
was partial compensation at the protein level with only a
30% decrease in CFIm25 the protein levels.'? This poten-
tial aspect of specific dosage compensation suggests that
levels of CFIm25 are tightly regulated in a tissue- or state-
specific manner. Our results suggest that even a slight
reduction in levels of NUDT21 full-length transcripts is
sufficient to alter the cell phenotype. Hence, fine-tuning
of CFIm25 protein levels in MCL may affect tumorigen-
esis and other biological states. Further studies to un-
cover how slight changes in NUDT21 mRNAs affect the
CFIm25 protein levels and how this is normally triggered
in cell biology still need to be done.

The increasing repertoire of the different molecular
roles of CFIm25 in normal cellular processes and its in-
volvement in human diseases behooves further studies in
how it is regulated in vivo. Furthermore, CFIm25’s emerg-
ing role in tumorigenesis, either as tumor suppressor, or an
oncogene based on the cancer, makes it a viable therapeu-
tic target.>®*® There is interest in developing therapeutics
that regulate 3’end processing factors, including CFIm25,
and the discovery of a compound JTE-607, which inhib-
its the activity of the 3’end factor CPSF73, suggests that
targeting and regulating 3’end factors, including CFIm?25,
may have therapeutic applications in the disease state.’
In conclusion, our experimental results suggest that APA
of NUDT21 resulting in the presence of different sized

3'UTRs allows for the fine-tuning of NUDT21 mRNA lev-
els by evading miRNAs as needed to maintain CFIm25
protein levels in cells that are needed to maintain normal
cellular physiology.
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